American Mineralogist, Volume 87, pages 983-990, 2002

Description and crystal structure of vajdakite, [(M 0% 0O,),(H,0),As*0s]-H,O0—A new

mineral from Jachymov, Czech Republic

PETR ONDRUS,** ROMAN SKALA,* IVANA CiSAROVA,2 FRANTISEK VESELOVSK Y, JIRi FRYDA,! AND

JIRi CEIK A3

1Czech Geological Survey, Klérov 3/131, PO. Box 85, CZ-118 21 Prague 1, Czech Republic
2Faculty of Science, Charles University, Hlavova 2030, CZ-128 43 Prague 2, Czech Republic
3National Museum, Véclavské nam. 68, CZ-115 79 Prague 1, Czech Republic

ABSTRACT

Vajdakite, anew mineral from Jachymov, NW Bohemia, Czech Republic, forms minute acicular,
gray-green crystals associated with arsenolite, scorodite, parascorodite, karkite, annabergite, kéttigite,
pyrite, marcasite, nickelskutterudite, and |8llingite. Microprobe analysis gave (in wt%): As= 27.72,
Mo = 35.39, O = 36.66, total = 99.77. The simplified chemical formula is [(M0®*O,),(H,0).
As%0s]-H,0. The mineral is monoclinic, P2,/c, a = 7.0515(6), b = 12.0908(9), ¢ = 12.2190(14) A,
B=101.268(9)°, V = 1021.7(2) A3, Z = 4, Dyews= 3.50(2) g/cm?, and D4 = 3.509 g/cme. The stron-
gest lines in the powder X-ray diffraction pattern d(1)(hkl) are: 6.046 (100)(020), 3.324 (59)(023),
6.915 (26)(100), 2.264 (19)(310), 3.457 (16)(200), 2.624 (15)(230), and 3.819 (10)(031). Vajdakite
isoptically positive, with X || band Z A ¢ = 12°; elongation is positive. Its birefrigenceis 0.28, with
2Vgy= 35.1°, n, = 1.757(2), ng = 1.778(2), and n, = 2.04(1). The pleochroic schemeis X ~Y =light
greenish gray, and Z = yellowish gray. Crystal size varies between 0.1 to 0.5 mm. TG curve and IR
spectra show that vajdakite contains two distinct types of water molecules. The crystal structure was
solved by direct methods (MoK radiation) and refined using 1787 unique reflectionsto R = 0.0455,
Rw = 0.1143. There are double chains built up by two individual chains with a sequence -O-As-O-
Mo- interconnected by oxygen atoms from two triangular AsO; groups and two structurally non-
equivalent MoOs(H,0) octahedra. Thetwo vertex-sharing, triangular AsO; groups form an (As,0s)*
diarsenite group. Thefirst type of water moleculeis not included in the coordination, but the second
oneisinoctahedral coordination around Mo. The water molecules are linked by acomplicated net of

interlayer and intralayer hydrogen bonds.

INTRODUCTION

The city of Jachymov (St. Joachimsthal) is located on the
southern slope of the Krusné hory Mts. (Erzgebirge), approxi-
mately 20 km north of Karlovy Vary, NW Bohemia, Czech
Republic, central Europe (Fig. 1). In this area, Mo anomalies
associated withAg + As+ Co + Ni £ Bi and U mineralizations
of the Geschieber vein of the Svornost mine have been studied
in the framework of the project “ Secondary minerals from the
Jachymov ore district,” which was supported by the Grant
Agency of the Czech Republic. That study confirmed the oc-
currence of anew, natural M o-bearing compound that we named
vajdakite, which has been investigated in detail, including so-
lution and refinement of its crystal structure (Ondrus et al.
19973, 1997b, 1997¢).

Holotype material has been deposited in the mineralogical
collection of the National Museum, Prague, Czech Republic
(the acquisition number P1p 19/98). The new mineral and its
name have been approved by the Commission on New Miner-
alsand Mineral Names of the IMA in 1999 (98-031). The name
isin honor of mineral ogist Josef Vajdak (born 1930, Montana,
U.S.A.), who drew our attention to this species, for his signifi-
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FIGURE 1. Sketch map showing the geographic localization of the
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cant contributions to mineralogical research on the Jachymov
oredistrict.

Vajdakite belongs to a small group of diarsenites that in-
cludes such minerals as paulmooreite [with structure motif
(As,05)*; Araki et al. 1980], gebhardite, fetiasite, leiteite, and
manganarsite (Mandarino 1999).

DEPOSIT CHARACTERISTICS

The Jachymov ore district coincideswith theimmediate area
of the town and its close surrounding. The altitude of the ore
district ranges from 450 to 850 m. Theregion isunderlain by a
complex of metamorphosed sedimentary rocks of Cambrian to
Ordivician age, representing the cover of a Variscan granite
pluton. The majority of the ore minerals were deposited during
Variscan mineralization from mesothermal fluids.

Jachymov is aclassic deposit of bothAg + As+ Co+ Ni £
Bi and U mineralizations. The ore district is bounded by sev-
eral faults, including the major northern fault zone. The fault
pattern and location of several main mineral veinsisshownin
Ondrus et al. (1997h). Thefaultsand veinsare vertical or abrupt.
The widths of the most important faults and fault zones are
variable, reaching up to 20 m. For centuries, mineralized veins
were classified according to their orientation as N-S trending
veins (so-called “midnight veins’) and E-W trending veins
(“morning veins’).

The mineralization isirregular. Barren parts of veins alter-
nate with rich ore lenses and ore pillars developed at places.
The N-S trending veins tend to be richer and wider, while the
E-W trending veins show more variation in trend and dip as
well asthickness. Therichest parts of the deposit coincide with
splitting of aveininto several branches. Toward contacts with
granite, the veins become barren and disappear.

The mineralization of the deposit can be classified into five
stages: (1) Sn-W stage connected with autometamorphism of
younger granites, (2) quartz-sulfide stage, which is of minor
importance, (3) carbonate-uraninite mineralization with fluo-
rite, (4) carbonate-arsenide stage with native Ag and Bi, ars-
enides of Ni-Co, and minor uraninite, (5) sulfarsenide stage
with native Asin botryoidal aggregatesupto 1 m, sulfarsenides,
and sulfides of Ag. The uraninite, arsenide, and sulfarsenide
stages are the most widespread ones in the district.

Mining of silver ores started in 1516 and the first rich dis-
coveries (the largest recorded piece of native Ag was 280 kg)
were followed by a strong silver fever. Jachymov was rapidly
developing and its population reached 18 200 in 1534. Over
the centuries, mining of Ag was followed by mining of Co, Ni,
Pb, As, and Bi, and later by mining of U and Ra. Mining activi-
ties continued with interruptions until 1962 when the last mines
were closed.

Since 1992, extensive mineralogical research, focused
chiefly on secondary minerals, has been carried out in the
Jachymov ore district. This research has shown that the
Jachymov district hosts about 340 minerals, and 30 new natu-
ral phases that formed there primarily because of diverse pri-
mary mineralization stages and the low overall content of
carbonates resulting in the acidic character of the whole de-
posit.

ONDRUSET AL.: DETERMINATION AND STRUCTURE OF VAJDAKITE FROM JACHYMOV

OCCURRENCE AND PARAGENESIS

Vajdakite, one of therarest secondary mineralsat Jachymov,
has been found in only one place—on fracturesin proximity to
a vein approximately 5 cm thick. Vajdakite occurs with a
strongly weathered, intimately intergrown mixture of pyrite,
marcasite, nickelskutterudite, 18llingite, and native As in the
Geschieber vein, on the 12" level of the Svornost shaft. The
mixture has partly to completely altered to a mixture of com-
pact, gray-black scorodite (with ametallic luster) and arsenolite.
Other associated secondary mineralsare parascorodite, karkite,
annabergite, and kéttigite.

Vajdakite formed in an environment of concentrated sulfu-
ric acid, in the presence of As,O; in significant concentrations.
No other minerals containing Mo were found in the assem-
blage. It is suggested that amorphous, finely dispersed Mo sul-
fides (jordisite) or oxides, solublein the acid solutions, served
asasource of Mo. The solutions carrying Mo probably attained
elevated concentrations that resulted in crystallization of the
new phase.

Vajdakite forms minute acicular crystals or continuous
crusts, which form the border of a strongly corroded veinlet.
Thecrystalsaretranslucent and may easily be overlooked. Their
color varies from gray-green to grass-green, and aggregates of
yellow-green crystals were observed in some cases. Crystals
arelath shaped, and their size variesfrom 0.1 to 0.5 mm. Their
termination is highly irregular with needle-like features (Fig.
2). Rarely, crystal aggregates cover areas of several square cen-
timeters. Laterally, the vajdakite gives way to gray-green
scorodite in spherical and botryoidal aggregates.

PHYSICAL AND OPTICAL PROPERTIES

The streak of vajdakite is white to light gray-green, and its
luster is vitreous. The density of crystal aggregates measured
by the flotation method in Clerici solution is 3.50(2) g/cm?® and
the calculated crystal density (for Z = 4) is 3.509 g/cm?.
Vajdakiteis slightly soluble in water.

FIGURE 2. Scanning electron microscope photograph of aggregate
of acicular vajdakite crystals. Note crystal terminations, which are
highly irregular with an arrangement of radiating, parallel needle-like
features. Magnification 300.
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Vajdakite is optically positive (2V. = 35.1°), with X || b
and Z A c=12°. Theelongation ispositive, and the birefrigence
is0.28. The refractive indices, measured in Na-light, are n, =
1.757(2), ng = 1.778(2), and n, = 2.04(1). The pleochroic scheme
isX ~Y =light gray to light greenish gray and Z = yellowish
gray. The compatibility factor calculated from the Gladstone-
Daleruleis—-0.019.

The orientation of optical and crystallographic directions
in vajdakite is shown in Figure 3. The orientation of the cleav-
age was inferred from a comparison of optical and powder X-
ray diffraction (XRD) data. Cleavageis perfect parallel to (100)
and good parallel to (010).

XlIb

’\/V\/\,\,\/"V"\N\,/\/W\M,W‘

FIGURE 3. Optical orientation of vajdakite.

TABLE 1. Thermal analysis of vajdakite from Jachymov
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CHEMICAL COMPOSITION

The qualitative and quantitative chemical compositions of
vajdakite were measured with a scanning el ectron microscope
(CamScan 4) equipped with an energy-dispersive analyzer
(LINK eXL) and awavelength-dispersive analyzer (Microspec
WDX-3PC). The qualitative X-ray spectrum of vajdakite indi-
cated the presence of only two major elements—Mo and As.

Quantitative chemical composition was determined from
three electron microprobe analyses. The following instrumen-
tal conditions were used: operating voltage = 20 kV, sample
current =20 nA, and specimen beam size=5x 5um. Arsenolite
(As, O), molybdenum (Mo) were used as standards and the
®(pZ) correction procedurewas used for cal culation of all quan-
titative analyses. Quantitative determination of water was de-
rived from oxygen content only.

Water and thus hydrogen were unambiguously detected by
IR and TG. Thethermal analysis could not be used because the
individual decomposition reactions ran simultaneously, so the
TG curve was extremely complicated (Fig. 4, Table 1).

Table 2 summarizes the results of three analyses and the
ideal composition of the simplified formula. The empirical for-
mula of vajdakite calculated on the basis of twelve oxygen at-
oms per formula unit is:

[(M0%"O5)1,65(AS*505)0.67]-3.30 H,0,
resulting in simplified formula (M00O,), As,0s-3 H,O. This

formula can be written also as [(M0%0,),(H,0), As*0s]-H,0,
based on single-crystal and IR analyses. According to theinor-
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FIGURE 4. TG, DTG, and DTA curves of vajdakite from Jachymov,
Czech Republic.

TG DTA
Temperature Weight loss Temperature at loss Tentative Temperature at Reaction type

range (°C) (wWt%) maximum (°C) assignment DTA maximum (°C)

50-145 35 105 1H,0 120, 135 Endo
145-240 7.2 180 2 H,0 210, 225 Endo
240-285 3.0 255 265 Endo
285-330 15 320

330-440 11.9 375 1 MoO; 385 Endo
440-520 9.5 470

520-765 0.6 -

765— - As,0; + M0O; 900 Exo
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TABLE 2. Chemical analyses of vajdakite (wt%) from Jachymov
1 2 3 4 5

As 26.35-27.96  27.72 2776 As,O; 36.59 36.65

Mo 35.04-36.52 35.39 35.55 MoO, 53.09 53.34

o 36.02-37.15 36.66 35.57

H 1.26* 111 H,O 11.34 10.01
Total 101.03 100.00 101.03 100.00

Nortes. 1= range of three analyses, 2 = average of three microprobe chemi-
cal analyses, 3 = ideal composition as required by formula (Mo®*O,),As3*
Os - 3 H,0, 4 = chemical analysis 1 recalculated to oxides, 5 = ideal
composition as required by formula (M0®0,),As3"0O5 - 3 H,0.

* Value recalculated from electroneutral formula.

ganic chemical nomenclature, vajdakite can be named as
bi g/ dioxomolybdenum(V1)]-diaqua-diarsenite hydrated (Block
et al. 1990).

On the basis of the interpretation of the crystal structure of
vajdakite, the calculated inter- atomic distances (Table 3) and
bond valences (Table 4) unequivocally indicate the valences of
Mo and As atoms in the mineral. Arsenic is trivalent whereas
the valence of molybdenum (V1) may be inferred both from
chemical formula keeping the compound electroneutral and
from bond valence sums. Moreover, drawings displaying the
crystal structure of vajdakite show that two arsenic atoms share
one common oxygen forming the diarsenite group (As,0s)*
(see Fig. 5).

TaBLE 3. Bond lengths (A) and angles (°) for vajdakite

FIGURE 5. Basic structural motif found in the crystal structure of
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vajdakite, [(M0®0,),(H,0),As%04] -H,0.

Mo1-0O4 1.691(6) 04-Mo1-05 103.8(3) 07-Mo2-02 87.9(2)
Mo1-05 1.706(6) 04-Mo1-09 106.2(3) 06-Mo02-02 70.4(2)
Mo1-09 1.914(6) 05-Mo01-09 95.3(3) 03-Mo02-011 170.1(3)
Mo1-02 2.055(5) 04-Mo1-02 94.3(3) 01-Mo02-011 86.3(3)
Mo1-06 2.217(6) 05-Mo1-02 99.5(3) 07-M02-011 78.3(3)
Mo1-010 2.309(6) 09-Mo1-02 151.0(2) 06-Mo02-011 78.0(2)
Mo2-03 1.687(6) 04-Mo1-06 156.4(3) 02-M02-011 80.8(2)
Mo2-0O1 1.710(6) 05-Mo1-06 96.4(3) 07-As1-08 99.4(3)
Mo2-07 1.911(6) 09-Mo1-06 83.6(2) 0O7-As1-06#1 96.2(3)
Mo2-06 2.018(5) 02-Mo1-06 70.1(2) 08-As1-06#1 97.0(3)
Mo2-02 2.233(5) 04-M01-010 82.8(3) 09-As2-02#2 96.6(3)
Mo2-011 2.289(7) 05-Mo01-010 173.2(3) 09-As2-08#2 97.6(2)
As1-07 1.750(6) 09-Mo1-010 81.4(2) O2#2-As2-08#2 98.2(3)
As1-08 1.786(5) 02-M01-010 81.1(2) As2#1-02-Mol 124.1(3)
As1-O6#1 1.822(6) 06-Mo01-010 77.4(2) As2#1-02-Mo2 127.6(3)
As2-09 1.778(6) 03-Mo02-01 103.6(3) Mo1-02-Mo2 108.3(2)
As2-02#2 1.793(6) 03-Mo02-07 99.6(3) As1#2-06-Mo2 121.3(3)
As2-08#2 1.817(5) 0O1-Mo2-07 102.8(3) As1#2-06-Mol 126.7(3)
02-As2#1 1.793(6) 03-Mo02-06 100.6(3) Mo2-06-Mo1l 110.3(3)
06-Asl#2 1.823(6) 01-Mo02-06 93.7(3) As1-O7-Mo2 129.9(4)
08-As2#1 1.817(5) O7-Mo02-06 150.1(3) As1-08-As2#1 127.6(3)
03-Mo02-02 89.5(3) As2-09-Mol 119.9(3)
01-Mo02-02 161.2(3)
MNote: Symmetry transformations used to generate equivalent atoms: x ,—y + 1/2, z — 1/2; x,—y + 1/2, z + 1/2.
TABLE 4. Bond valences and their sums (v.u.) for vajdakite
o1 02 03 04 05 06 o7 08 09 010 o1 012 S
w W w
Mol 0.67 1.79 1.73 0.43 0.98 0.34 5.94
Mo2 171 041 181 0.74 0.99 0.36 6.02
Asl 0.91 1.11 1.01 3.03
As2 0.99 0.93 1.03 2.95
H1 0.83 0.17 1
H2 0.15 0.22 0.63 1
H3 0.83 0.17 1
H4 0.05 0.17 0.78 1
H5 0.19 0.81 1
H6 0.21 0.81 1
TexcludingH 1.71 207 181 1.79 1.73 2.09 2.10 1.94 2.01 0.34 0.36 0
X including H 1.95 2.07 2.00 1.99 1.95 2.09 2.10 1.94 2.01 1.97 1.96 1.96
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THERMAL DATA

TG, DTG, and DTA curveswererecorded on TG 750 Stanton
Redcroft thermobal ance. The operating conditionswere: sample
weight = 0.797 mg (TG analysis) and 32 mg (DTA analysis),
heating rate = 10 °C/min, dynamic air atmosphere = 10 ml/
min, and temperature range = 20-1000 °C (Fig. 4).

Tentative assignment and interpretation of the TG and DTA
curves of vajdakite are as follows (Table 1). Vajdakite dehy-
drates in two steps, with one water molecule (probably corre-
sponding to lattice water with O12, see crystal structure)
liberated first at 50-145 °C, and two additional water molecules
(probably corresponding to water with 010 and O11, see crys-
tal structure) released in the range of 145-240 °C. Stepwise
release of one MoO; moleculeis observed at 240765 °C. The
remaining MoO;and As,0; arereleased at temperatures higher
than 765 °C. Schematically, the thermal decomposition of
vajdakite is characterized by the following sequence of reac-
tions: (M00,),As,0s - 3H,0 (-1 H,0/105 °C) — (M00,),As,05
- 2 H,0 (=2 H,0/180 °C) — (M00,), As,05 (-1 M00,4/320—
375470 °C) — M00,As,0, — MoO;T + As,0;

<«———— Absorbance

3000 2500 2000 1500
Wavenumbers (cm )

4000 3500 1000 500

FIGURE 6. Theinfrared spectraof vajdakite from Jachymov, Czech
Republic. (a) DRIFT-diffusion reflectance spectrum (above), (b) KBr
pellet (below).

TABLE 5. Infrared absorption spectrum of vajdakite
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INFRARED ABSORPTION SPECTRA

Infrared absorption spectrain the 4004000 cm* range were
recorded with aNicolet 740 FTIR spectrometer using KBr pel-
|ets and the diffusion reflection mode, and the results are shown
in Figure 6. The IR spectrum of vajdakite measured in the KBr
pellet isinterpreted in Table 5.

Papers by Cotton and Wing (1965), Selbin (1966), Baran et
al. (1981), and Tossell (1997) were used for the interpretation
of the IR spectrum of vajdakite. Bands at 951, 917, and 895
cm* were assigned to v Mo-O, (terminal oxygen), v Mo-Oy,
(bridging oxygen), and v Mo-O-Mo stretching vibrations, re-
spectively. Bands at 803 and 750 cm are connected with v
AsO, and v As-O-As stretching vibrations. A band at 664 cm?
isalso assigned to v As-O-As stretching vibration. Finally, the
bands at 566, 526, 510sh (where the abbreviation “sh” means
shoulder), and 465sh may be assigned to 6 AsO,, 3 As-O-As,
and & MoO, bending vibrations and v Mo-H,0 stretching vi-
brations.

Characteristic v OH stretching vibrations at 3478sh, 3417,
and 3117 cm™?, 8 H,0 bending vibrations at 1650sh and 1623
cm, and H,0 libration modes at 830sh, 720sh, and 610sh have
also been observed. The values of wave-numbers of these vi-
brationsindicate that some hydrogen bondsareinvolved in the
crystal structure of vajdakite. The presence of two kinds of struc-
turally different water molecules may beinferred from the band
at 1623 cmrt (with a shoulder at 1650 cm™?) relating to the &
H,O bending vibration. This interpretation is supported and
confirmed by thermogravimetric analysis.

POWDER X-RAY DIFFRACTION

Powder XRD data were collected using a Philips X’ Pert
MPD diffractometer equipped with a sealed copper tube and a
graphite secondary monochromator. The high voltage was set
to 40 kV and the tube current was set to 40 mA. Diffraction data
were collected in the range from 3 to 130.005 °26 using CuKou
radiation, with astep size of 0.015 °26 and an exposuretime of 10
SeC per step. To minimizethe complicated background shape caused
by the glass sample holders, the sample studied was placed atop a
flat silicon wafer in an acohol suspension and allowed to dry.

v(cm?) Tentative assignment
3478 s, sh v OH stretching vibrations of hydrogen bonded water molecules
3417 Vs
3117 s
1650 sh 8 H,O bending vibrations of hydrogen bonded water molecules
1623 w-m
1401 w overtone or combination band ?
951 s vMoO, stretching vibrations
917 S vMoO,,
895 m-s v Mo-O-Mo
830 sh L H,O libration mode
803 s vAsO,, As-O-As stretching vibrations
750 m
720 sh L H,O libration mode
664 s v As-O-As stretching vibrations
610 sh L H,O0 libration mode
566 Vs 8 AsO,, As-O-As, and MoO, bending vibrations, v Mo-H,O stretching vibrations
526 Vs
510 s, sh
465 w,sh

Notes: Used intensity scale: vs = very strong, s = strong, m = medium, w = weak, vw = very weak, character of absorption maxima: sh = shoulder, b

= broad, t = terminal, br = bridging.
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The XRD pattern was indexed on the basis of the refined
crystal structure data (see below). Peak positions and intensi-
ties were calculated using an asymmetric Pearson V1| profile
shapefunction by program package ZDSv. 6.01 (Ondrus 1993).
The powder pattern is presented in Table 6.

Because there are a large number of peak overlaps in the
powder pattern of vajdakite, we refined the unit-cell param-
eters from the powder data using the Rietveld method as
a = 7.0515(6), b = 12.0908(9), c = 12.2190(14) A, B
=101.268(9)°, V = 1021.7(2) A3, and the space group is P2,/c.
The axial parameter ratio isa:b:c = 0.583:1:1.0106, and num-

ber of formula units per unit cell isZ = 4.
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CRYSTAL STRUCTURE

For the crystal-structure solution, aneedl e-shaped fragment
of vajdakite was investigated using a CAD4-MACHIII four-
circle single crystal diffractometer with MoKo. radiation. The
crystallographic data obtained are summarized in Table 7. The
crystal structure was solved by direct methods (SHEL X S86,
Sheldrick 1990) and refined by afull-matrix, |east-squares pro-
cedure based on F? (SHEL XL 93, Sheldrick 1993). Scattering
factorswerethose employed in the SHEL X programs. Absorp-
tion was neglected because of the small dimensions of the crys-
tal and minimal length of the diffraction path through the crystal
during the measurement.

TABLE 6. X-ray powder diffraction pattern of vajdakite from Jachymov (I,¢>1)

lrel ons eaic h k1 el ons eaic h_k_ 7/ lrel ons eaie h k7
3 8.524 8511 01 1 2 23658  2.3666 1 2 4 3 1.5499  1.5498 2 7 1
26 6.915  6.916 100 2.3644 1 4 3 1.5473 1 6 5
100  6.046  6.045 020 2 23047  2.3052 3.0 0 4 15162 15172 3 6 0
4 5776  5.774 111 8 22824  2.2827 2 3 2 1.5150 1 1 8
2 5040  5.042 10 2 2.2826 1 5 0 1.5158 2 7 1

5.036 111 19 22642 22644 3 1 0 3 1.4998  1.4995 0 8 1
7 4551  4.551 120 2 22425  2.2429 1 2 5 2 1.4728 1.4734 4 1 3
8 4.458  4.449 12 1 22424 0 5 2 1.4729 18 1
2 4.081  4.084 121 2 21850  2.1907 3 2 1 1.4703 3 5 5
6 3.922  3.921 11 2 2.1849 2 4 1 2 1.4587  1.4589 4 4 1
4 3.874 3872 12 2 3 20890  2.0887 1 5 2 2 1.4011  1.3987 1 1 8
10 3.819  3.820 0 3 1 7 20011 20028 3 3 2 1.4009 4 4 2
16 3.457  3.458 2 00 20010 3 3 0 2 1.3920 1.3930 4 3 3
4 3.434  3.436 13 1 5 19866  1.9872 0 6 1 1.3919 3 7 1
59 3.324  3.333 02 3 3 19264  1.9266 1 6 1 6 1.3835 1.3831 5 0 0

3.325 210 1.9246 3 3 3 4 1.3485 1.3483 5 2 0
2 3.260  3.259 131 7 19201  1.9208 2 5 1 2 1.20027 1.20166 2 1 1o
7 3.000  3.002 2 20 3 18710 1.8712 1 6 2 1.20218 0 6 8

2.996 0 0 4 3 18342 18343 3 4 2 2 1.16663 1.16635 3 9 1
2 2930 2931 0 4 1 3 17289 17289 4 0 O 1.16618 5 1 4
3 2.909  2.908 01 4 5 17115 17115 4 1 0 2 1.15313 1.15287 5 6 1
5 2.887  2.890 13 2 17004 2 4 4 1.15365 6 2 2

2.887 2 2 2 4 16757  1.6758 1 7 0 2 1.14840 1.14867 6 2 3

2.883 11 3% 16756 3 0 4 1.14872 6 1 2
9 2.801  2.802 2 21 3 16696 1.6695 3 5 2 2 0.99595 0.99607 4 9 3
2 2768  2.770 2 0 2 3 16621 16647 3 1 B 0.99503 6 5 2
3 2745  2.746 14 1 1.6597 3 1 4 0.99592 112 1
15 2624  2.624 2 30 16623 4 2 0 0.99567 3 un 1
12 2593  2.593 1 4 2 2 16060 1.6059 4 2 1 0.99566 4 10 2
5 2515 2518 2 2 2 2 15763 15768 4 3 3 3 0.98470 0.98474 4 3 11

2.516 11 4 1.5757 0 3 7 0.98527 0 2 12
2 24871 24876 2 3 1 15757 3 4 3 0.98459 0 7 10

MNote: Peak positions and intensities refined from powder data using the asymmetric Pearson VIl PSF.

TABLE 7. Crystal data and structure refinement for vajdakite

Empirical formula

Formula weight 539.77 Measured reflections 1935
Crystal system Monoclinic Independent reflections 1787 [R(int) = 0.0489]
Space group P2ilc Absorption correction none
a(h) 7.0398(4) Refinement method Full-matrix least-squares on ~2
b(A) 12.0682(13) F(000) 1008
c(h) 12.210(2) Data / restraints / parameters 1786/ 0/ 145
B () 101.265(9) Temperature (K) 293(2)
Volume (A%) 1017.4(2) Final R indices [/>26(/)] R=0.0455, RAw=0.1143
zZ 4 R indices (all data) R=0.0580, Aw=0.1243
D, (calculated) (g/cm?) 3.524 GOF 1.07
W (1/mm) 8.98 Alo (max) 1.745
Crystal size (mm) 0.10 x 0.14 x 0.39 A(p) (elA®) -1.728
Scanning mode 6/26
Data collection range (°6) 2.40 to 24.99
0;8
k 0; 14
/ —14; 14
Wavelength (A) 0.71069

Hg As, Mo, O,

Diffractometer

Enraf-Nonius CAD4-MACHIII
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All non-H atomswere found. Atomic coordinates and aniso-
tropic displacement parameters for them are given in Tables 8
and 9. A list of interatomic distances in As and Mo coordina-
tion polyhedrais given in Table 3.

The basic motif of the structure of vajdakite (Figs. 5 and 8)
consists of double chains built up by individual chainswith the
seguence -O-As-O-Mo. Thelatter areinterconnected by bridg-
ing oxygen atoms and additional oxygen atoms belonging to a
common apex of two symmetrically independent AsO; triangles
and two structurally non-equivalent Mo®, octahedra (where
@ isan unspecified ligand). Repetition of the basic motif yields
a continuous chain. The projection of those chains onto (100)
gives independent parallel oriented layers (see Fig 7). In the
interstitial spaces of these layers, there is one water 012, not
included in the coordination.

Two amost symmetrical vertex-sharing triangles of AsO,
represent an (As,0s)* diarsenite group. Atomic distances of
these triangles are very close to those in paulmooreite
(Pb,ASs,05) (see Table 10 and Araki et al. 1980).

The Mo®, octahedra are slightly distorted (see Table 11),
asinferred from structure data applying the program VOL CAL
(Finger 1996). The Mol1d,octahedron hasalarger volume and
its quadratic elongation and bond-angle variance have higher

TABLE 8. Atomic coordinates (x10%) and equivalent isotropic dis-
placement parameters (A2 x 10%)

X y 4 U
Mol 6214(1) 2121(1) 2757(1) 12(0)
Mo2 1799(1) 2321(1) 905(1) 13(1)
Asl 2066(1) 1418(1) -1626(1) 13(1)
As2 6245(1) 3440(1) 5030(1) 13(1)
o1 -333(9) 2915(5) 1068(5) 24(2)
02 4963(8) 1976(5) 1095(4) 14(1)
03 1387(10) 951(5) 1006(5) 26(2)
04 8084(9) 1267(5) 2671(5) 22(1)
05 7186(9) 3414(5) 2745(5) 22(1)
06 3147(8) 2659(5) 2485(4) 14(1)
o7 1681(9) 2432(5) —668(5) 19(1)
08 4275(8) 840(5) -875(4) 14(1)
09 6029(9) 2158(5) 4300(5) 18(1)
010w 4588(9) 470(5) 2832(5) 22(1)
o11wW 2886(11) 4090(6) 742(6) 34(2)
012w 1477(9) 137(6) 3705(5) 25(2)

Note: U,q is defined as one third of the trace of the orthogonalized
tensor.

TABLE 9. Anisotropic displacement parameters (A2 x 103) for
vajdakite. The anisotropic displacement factor exponent
takes the form: =2 m> [ h2 a*2 U, + ... + 2 hk a* b* U]

[Zn Usa Uss Uss Us U,
Mol 9(1) 17(1) 7(1) o)  -41) 201
Mo2  10(1) 19(1) ) 1) -4(1) 1)
Asl 11(1) 18(1) 8(1)  -1(1)  -4(1)  -3(1)
As2 10(1) 20(1) 7(1) o)  -3(1)  -3(1)
o1 18(3) 38(4)  10(3) -2(3) -8(3)  8(3)
02 9(3) 25(3) 6(3) 22 -12) 302
03 30(4) 19(3)  28(4) 0@B) -1(3) -1(3)
04 18(3) 31(4)  14(38) -4(3) -5(2)  5(3)
05 23(3) 20(3)  24(3) 3(3) 53) —2(3)
06 10(3) 26(3) 53) —22) -5(2)  4(2)
o7 16(3) 29(3) 8(3) 12)  -4(2)  4(3)
08 15(3) 15(3)  11(3) 02 -42)  3(2)
09 15(3) 28(3) 6(3) 02 -82)  1(3)
010W  20(3) 20(3)  22(3) 22)  -73) -1(3)
O11W  38(4) 25(4)  31(4) 03) -10(3) -11(3)
012w 17(3) 26(4)  27(3) -11(3) -8(3) -3(3)
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values indicating more severe distortion than in the case of the
M o2 octahedron. Octahedraaround Mol and M o2 share acom-
mon edge defined by oxygen atoms O2 and O6 within asingle

FIGURE 8. Projection of the vajdakite crystal structure onto (010).

TaBLE 10. Comparison of atomic distances (A) of AsO; triangles
within diarsenite group As,Os in vajdakite and
paulmooreite

vajdakite paulmooreite (ICSD 100229)
Asl As2 Asl As2
o7 1.750 09 1.778 02 1.747 O5 1.733
*08 1.786 02 1.793 01 1.750 04 1772
06 1.822 *08 1.817 *03 1.826 *03 1.843

* Bridging oxygen.
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layer.

Because no H atoms could be found in the AF map due to
insufficient resolution of the X-ray data, the concept of bond
valences (Brown and Wu 1976) was used to propose the pos-
sible hydrogen bonds. The data of Brese and O’ Keeffe (1991)
were used to calculate the bond valences for all non-H atoms.
Possible hydrogen bonds are inferred based on the relation of
H---O bond valence and O---O distance as published by Brown
and Altermatt (1985).

Invajdakite, there aretwo distinct types of water molecules.
Calculation of bond valences (see Table 4) gives the bond va-
lence sum for the O12 as 0 v.u. Hence, this site represents an
H,O molecule not included in the coordination of cations. The
bond valence sumsfor 010 (0.34 v.u.) and O11 (0.36 v.u.) sug-
gest that they represent H,O moleculesin octahedral coordina-
tion with Mo (the atomic distances Mo-O are about 2.2 A).
The bond valence sums for atoms O1, O3, O4, and O5 range
from 1.71 to 1.81 v.u. indicating that all of them form H...O
bridges. These oxygen atoms are bound in the double covalent
bond Mo-O. Although we do not know the actual positions of
theH atoms, it is possibleto infer localization of H---O bridges
from inter-atomic distances between oxygens 010, O11, and
012 and their closest oxygen neighbors with lower bond va-
lence sums (01, O3, O4, O5). From the datain Table 12, it can
be deduced that these H---O bridges form a very complicated
net of interlayer and intralayer hydrogen bonds. The 010, O11,
and 012 atoms from H,O molecules contribute by their hydro-
gen bonds mainly to the bonding between two Mo®6 octahe-
drain the neighboring layers. The O1, O3, O4, and O5 atoms
form interlayer hydrogen bonds with H atoms of 010, O11,
and O12. The mean bond valence sums for atoms O2, 06, O7,

TABLE 11. Summary of atomic distances (A) of MoOg octahedres in
vajdakite and their comparison to those in molybdate(VI)
deuterophospate(V) dideuterium oxide (ICSD 65014)

vajdakite ICSD 65014
Mol Mo2 Mol
04 1.691 03 1.687 06 1.673
05 1.706 o1 1.710 04 1.747
09 1.914 o7 1911 o1 2.021
02 2.055 06 2.018 o1 2.021
06 2.217 02 2.233 02 2.071
010 2.309 011 2.289 05 2.271

MNote: Distance Mo-O of about 2.3 A corresponding to coordinated water
in both examples.

TABLE 12. Inter-atomic distances (A) between oxygen 010 (and
011) and other oxygen atoms for which bond valence
sum lies in the range from 0.5 to 1.85 v.u.

010 o1l 012
o1 >3.5 o1 2.767 o1 2.829
03 2.902 03 >3.5 04 2.825
04 2.685 04 >3.5 05 2.999
05 2.805 05 >3.5 010 2.647
o1l 2.785 010 2.785 ol1 2.660

ONDRUSET AL.: DETERMINATION AND STRUCTURE OF VAJDAKITE FROM JACHYMOV

08, and 09 (i.e., those in single covalent bonds of As-O-Asor
As-O-Mo0) is 2.04 v.u. This result indicates that there are no
H---O bridges involving these oxygen atoms, as the values of
bond valence sum nearly equal to the formal oxidation number
for oxygen. Bond valence sumsfor both Asand Mo arein good
agreement with their corresponding formal oxidation numbers.

Based on the expected localization of all three water mol-
ecules within the vajdakite crystal structure, and comparing
the bond valence sums and inter-atomic distances for Mo-O
and As-O, it is obvious that there are no acid groups like As-
OH or Mo-OH in the structure of this mineral.
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