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We have undertaken a study of the arsenate mineral chongite from the second world occurrence, which is Jachymov
(Czech Republic). Chongite occurs as colourless to white crystalline spherical and hemispherical aggregates up to
0.3 mm across composed of rich crusts on strongly weathered fragments of rocks and gangue. The chemical composi-
tion of chongite agrees well with the general stoichiometry of the hureaulite group of minerals and corresponds to the
following empirical formula: Ca, (Mg, ,,Ca ;M1 )s., ,Ca, o [(AsO,0H), .(AsO,), ., (PO,), .15, oo 4H,0. Chongite
is monoclinic, space group C2/c, with the unit-cell parameters refined from X-ray powder diffraction data: a 18.618(5),
b9.421(2), ¢ 9.988(2) A, £ 96.86(2)° and ¥ 1739.4(7) A>. Raman bands at 3456, 3400, 3194 cm™' and infrared bands at
3450, 3348, 3201 and 3071 cm™ are assigned to the v OH stretching structurally distinct differently hydrogen bonded
water molecules. Raman bands at 2887, 2416 cm™' and infrared bands at 2904, 2783 cm™' are connected to v OH stret-
ching in hydrogen bonded (AsO,OH)* units. Raman bands at 1656, 1578 cm™ and infrared bands at 1652, 1601 cm
are assigned to the v, () H,O bending vibrations of structurally distinct hydrogen bonded water molecules bonded in
the structure by H-bonds of various strength. A Raman band at 1284 cm™ and infrared bands at 1091 and 1061 cm™
may be connected to the 6 As—OH bending vibrations. The most prominent Raman bands at 902, 861, 828, 807, 758
cm ' and infrared bands at 932, 899, 863, 815, 746 cm! are attributed to overlapping v, (AsO,)* symmetric stretching,
v, (AsO,)* antisymmetric stretching, v, (AsO,OH)*" symmetric stretching, and v, (AsO,OH)*" antisymmetric stretching
vibrations. Raman band at 693 cm™ and infrared bands at 721, 634 cm™ are assigned to 6 AsOH bend and molecular
water libration modes. Raman bands 506, 469, 451, 436 cm™ and infrared bands at 503, 466 and 417 cm™" are connected
with the v, (8) (AsO,)* and (HOAsO,)* bending vibrations. Raman bands at 389, 360, 346 and 302 cm™' are related to
the v, (8) (AsO,)* and (HOAsO,)* bending vibrations. Raman bands at 275 and 238 cm™ are assigned to the v (OH---O)
stretching vibrations and those at 190, 162, 110, 100 and 75 cm™ to lattice modes.
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et al. (2016) as a new mineral from the Torrecillas mine,
Iquique Province, Chile. An unnamed mineral phase
“Mg-villyaellenite”, described from Jachymov (Czech
Republic) by Ondrus et al. (1997b), is most probably
identical with chongite (Kampf et al. 2016).

Although the description of chongite and refinement of
its crystal structure has been published recently (Kampf et
al. 2016), vibrational (Raman and infrared) spectroscopic
studies have not been undertaken so far. Moreover, Raman

1. Introduction

Hureaulite group minerals comprise monoclinic ar-
senates and phosphates of generalized composition
MIM2,M3(T10,),(T20,0H),"4H,0 (Tab. 1). The M1 site
(Fig. 1) is occupied mainly by Ca*", Mn?* or Cd*"; the M2
is the preferred site for the smallest octahedrally coordi-
nated cations, as Mg?", Mn?", Ca?* or Zn*". According to
Kampf (2009), vacancy may also occur at this site. The

M3 site is then occupied by larger cations as Ca*", Mn* or
Zn*" (Elliot et al. 2009; Kampf 2009; Kampf et al. 2016;
Meisser et al. 2019). Arsenate members of this mineral
group have the tetrahedrally coordinated 71 and 72 sites
occupied by (AsO,)* and (AsO,OH)* groups with only
minor documented contents of the phosphate component.

Chongite, the Ca—Mg—Ca—As dominant member of the
hureaulite group, has been described recently by Kampf

spectroscopy has been proven as an excellent technique
for the study of molecular structure of minerals contain-
ing complex oxyanions (e.g., Cejka et al. 2009; Jirasek
et al. 2017; Dufresne et al. 2018). Therefore, we have
undertaken a vibrational spectroscopy study of chongite,
recently found at the second locality in the world, Jachy-
mov. This paper aims to summarize results of the complex
mineralogical study of this arsenate mineral.
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Tab. 1 Ideal occupation of crystal-structure sites of hureaulite group minerals

M1 (1 apfu) M2 (2 apfu) M3 (2 apfu) T1 T2  structure reference
hureaulite Mn Mn Mn P P Moore and Arakai (1973)
miguelromeroite Mn Mn Mn As As  Kampf (2009)
villyaellenite Mn Mn Ca As As  Kampf (2009)
sainfeldite Ca Ca Ca As As  Ferraris and Abbona (1972)
chongite Ca Mg Ca As As  Kampf et al. (2016)
giftgrubeite Ca Mn Ca As As  Meisser et al. (2019)
nyholmite Cd Zn Cd As As  Elliot et al. (2009)

M1, M2, M3, T1 and T2 — sites of general formula of hureaulite group minerals MIM2,M3,(T10,), [(T20,(OH)],-4H,0

2. Material and methods

2.1. Occurrence and specimen description

Chongite was found on several specimens originating
from the Jachymov ore district (formerly St. Joachims-
thal), Krusné hory (Erzgebirge) Mountains, approximate-
ly 20 km north of Karlovy Vary (Carlsbad), northwestern
Bohemia, Czech Republic. Material originates from the
Geschieber vein at the 2" level of the Svornost mine
located in the central part of this ore district (finds were
made in April and October 2018).

The Jachymov ore district is a classic example of Ag +
As + Co + Ni + Bi and U vein-type hydrothermal miner-
alization. The ore veins cut a complex of medium-grade
metasedimentary rocks of Cambrian to Ordovician age,
in the envelope of a Variscan Karlovy Vary granite pluton
(Ondrus et al. 2003a). The majority of the ore minerals
were deposited during Variscan mineralization from
mesothermal fluids (Ondrus et al. 2003a, b, c). Primary
and supergene mineralization in this district resulted in

extraordinarily varied associations; more than 440 min-
eral species have been reported from there up till now
(Ondrus et al. 1997a, b, 2003c, d; Hlousek et al. 2014).

Chongite forms rich crusts composed of hemispheri-
cal crystalline aggregates having up to 0.3 mm across
(Fig. 2); locally were observed also isolated spherical
crystalline aggregates up to 0.2 mm (Fig. 3) on strongly
weathered fragments of rocks and gangue. Chongite ag-
gregates are colourless to white (some with slight yellow
or pink tints), translucent, with vitreous lustre and white
streak. It is brittle without visible cleavage and has a
conchoidal fracture. Chongite is a supergene mineral
formed by alteration of As-bearing hypogene minerals
(namely native As and nickelskutterudite) in post-mining
conditions of an abandoned mining adit.

2.2. Electron-probe microanalysis

Samples of chongite were analysed with a Cameca SX-100
electron microprobe (National Museum, Prague) operated in
the wavelength-dispersive mode with an accelerating volt-
age of 15 kV, a specimen current
of 5 nA, and a beam diameter of
10-20 pm. The following lines
and standards were used: K :
diopside (Mg), rhodonite (Mn),
fluorapatite (Ca, P); L : clinoclase
(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 counting time. The
raw intensities were converted to
the concentrations automatically

Fig. 1 The crystal structure of As-
-bearing members of hurealite group
of minerals viewed down c. The As™'-
-tetrahedra are green, the M1 site can
be occupied by Mn, Ca or Cd, the M2
by Mn, Mg, Ca, and Zn, the M3 by Mn,
Ca or Cd. The unit-cell edges are shown
in solid black lines. For clarity, only a
half of the cell content along ¢ is drawn.
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Fig. 2 Chongite crust formed by he-
mispherical aggregates, Jachymov;
width of image 1.3 mm.

using PAP (Pouchou and Pichoir 1985) matrix-correction
software. The elements Al, Co, F, Fe, K, Na, Ni, S, Si and
V were sought (by WDS analysis), but found to be below
their respective detection limits (c. 0.05-0.10 wt. %). Water
content could not be analysed directly because of the minute
amount of material available. The H,O content was con-
firmed by Raman and infrared spectroscopy and calculated
by stoichiometry of ideal formula.

2.3. Powder X-ray diffraction

Powder X-ray diffraction data were collected on a Bruker
D8 Advance diffractometer (Na-
tional Museum, Prague) with a
solid-state 1D LynxEye detector
(width 2.05°) using CukK radia-
tion and operating at 40 kV and
40 mA. The powder patterns
were collected using Bragg—
Brentano geometry in the range
3-60° 20, in 0.01° steps with a
counting time of 30 s per step.
Positions and intensities of re-
flections were found and refined
using the PearsonVII profile-
shape function with the ZDS
program package (Ondrus 1993)
and the unit-cell parameters were
refined by the least-squares algo-
rithm implemented by Burnham
(1962). The experimental pow-

Fig. 3 Spherical crystalline aggregates
of chongite on weathered rock, Jachy-
mov; width of image 0.8 mm.

der pattern was indexed in line with the calculated intensi-
ties obtained by Lazy Pulverix program (Yvon et al. 1977)
from the crystal structure of chongite (Kampf et al. 2016).

2.4. Raman and infrared spectroscopy

The Raman spectra of studied sample were collected in
the range 4000-50 cm™! using a DXR dispersive Raman
Spectrometer (Thermo Scientific) mounted on a confo-
cal Olympus microscope. The Raman signal was excited
by an unpolarised 633 nm He—Ne gas laser and detected
by a CCD detector (size 1650200 mm, Peltier cooled
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to —60°C, quantum efficiency 50% and dynamic range
360-1100 nm). The experimental parameters were: 100x
objective, 60 s exposure time, 100 exposures, 50 um pin-
hole spectrograph aperture and 8 mW laser power level
(estimated resolution 2.6—4.4 cm™"). The spectra were re-
peatedly acquired from different grains in order to obtain
a representative spectrum with the best signal-to-noise
ratio. The possible thermal damage of the measured point
was excluded by visual inspection of exposed surface after
measurement, 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 emission lines (wavelength calibration), multiple
polystyrene Raman bands (laser-frequency calibration)
and standardized white-light sources (intensity calibration).

The infrared vibrational spectrum of chongite was
recorded by the attenuated total reflection (ATR) method
with a diamond cell on a Nicolet iS5 spectrometer. Spec-
tra over the 4000—400 cm™' range were obtained by the
co-addition of 64 scans with a resolution 4 cm™! and a
mirror velocity of 0.4747 cm/s. Spectra were co-added
to improve the signal-to-noise ratio.

Spectral manipulations were performed using the Om-
nic 9 software (Thermo Scientific). Gaussian/Lorentzian
(pseudo-Voigt) profile functions of the band-shape were
used to obtain decomposed band components of the spectra.
The decomposition was based on the minimization of the
difference in the observed and calculated profiles until the
squared correlation coefficient (72) was greater than 0.995.

Tab. 2 Chemical composition of chongite from Jachymov (wt. %)

3. Results and discussion

3.1. Chemical characterization

Chemical composition of chongite sample (Tab. 2) agrees
well with the general formula of the hureaulite group
minerals M1M2 M3 (T10,), (T20,0H),-4H,0. The M1
and M3 sites are occupied only by Ca; M2 site is domi-
nated by Mg (1.10-1.47 apfu) accompanied by Ca (0.45
—0.81 apfu) and only minor Mn (up to 0.02 apfu). The
results suggest that M2 site is not fully occupied and
vacancies are also present there (0.03—-0.09 pfu). The
tetrahedral 7'1 and 72 sites are dominated by As and only
partly substituted by P (0.01-0.05 apfu). The empirical
formula of chongite (mean of 19 analyses) on the basis
of As + P=4 apfu is Cal.OO(MgI.24ca0.69 0.06Mn0.01)22.ooca2.00
[(ASO3OH)2_13(ASO4)1_84(PO4)0_03]24_00'4H20.

In comparison with the type material (Kampf et
al. 2016), chongite from Jachymov is practically Mn-
free and at the M2 site contains significant Ca besides
dominant Mg (Fig. 4). This suggests an existence of
possible solid solution between chongite and sainfieldite
(Ca(AsO,0OH),(AsO,),"4H,0).

3.2. Powder X-ray diffraction (XRD)

The experimental powder data for chongite given in
Tab. 3 agree well with the theoretical pattern calculated
from the single-crystal data; experimental intensities are

CaO MgO MnO AsO; PO, HO* total Ca Mg Mn IM  AsO,OH AsO, PO, H,0
mean 2542  6.11 0.10 56.00 0.29 11.20 99.13 3.691 1.235 0.012 4.937 2.125 1.842  0.033 4
1 26.05 544 015 5610 012 11.22 99.08 3.793 1.102 0.017 4913 2.175 1.811 0.014 4
2 26.18 547 002 5555 044 11.19 9885 3.814 1.109 0.002 4.925 2.149 1.800  0.051 4
3 26.09 564 009 5589 021 11.11 99.03 3.803 1.144 0.010 4.958 2.085 1.891  0.024 4
4 2586 5.69 012 5586 026 11.18 9897 3.766 1.153 0.014 4.933 2.134 1.837  0.030 4
5 2571  5.73 0.08 55.64 034 11.18 98.68 3.751 1.163 0.009 4.923 2.154 1.806  0.039 4
6 2573 577  0.17 56.04 032 11.28 9931 3.729 1.164 0.019 4912 2.176 1.787  0.037 4
7 2586 588 006 5600 025 11.15 9920 3.758 1.189 0.007 4.954 2.092 1.879  0.029 4
8 2574 588  0.19 5600 021 11.13 99.15 3.745 1.190 0.022 4.957 2.086 1.890  0.024 4
9 2582 588 0.19 5590 028 11.11 99.18 3.756 1.190 0.022 4.968 2.065 1.903  0.032 4
10 2574 589  0.13 5579 040 11.18 99.13 3.738 1.190 0.015 4.944 2.113 1.841  0.046 4
11 2532 614  0.10 56.03 030 11.25 99.14 3.672 1239 0.011 4.923 2.154 1.811  0.034 4
12 2543 6.15 0.06 5629 021 1126 99.40 3.681 1.239 0.007 4.926 2.147 1.829  0.024 4
13 2542 6.21 0.09 56.12 027 1120 9931 3.684 1.252 0.010 4.947 2.106 1.863  0.031 4
14 2524 629 015 5593 036 11.19 99.16 3.661 1269 0.017 4.948 2.105 1.854  0.041 4
15 2518 632 0.00 56.15 027 1126 99.18 3.647 1274 0.000 4.921 2.157 1.812  0.031 4
16 2508 650 0.15 5620 030 11.22 9945 3.627 1.308 0.017 4.952 2.097 1.869  0.034 4
17 2430 696 007 5632 027 1131 99.23 3509 1.399 0.008 4916 2.168 1.801  0.031 4
18 2435 699 000 5581 036 11.15 98.66 3.539 1414 0.000 4.953 2.094 1.865  0.041 4
19 2393  7.34 0.11 5641 025 11.27 9931 3453 1473 0.013 4.939 2.123 1.849  0.029 4

Mean of 19 point analyses; 1-19 individual point analyses; apfu on the basis of As + P = 4; H,O* contents were calculated on the basis of

(AsO,OH)* contents (charge balance) and 4 H,O molecules in ideal formula
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partly affected by the preferred orientation as well as by
the small amount of material available for the study. The
refined unit-cell parameters of chongite (Tab. 3) are close
to the data published for this mineral from original local-
ity (Kampf et al. 2016). Similarly, as found Meisser et al.
(2019) for Mn—Ca members of this group, an increasing
portion of Ca?* entering the structure of Mg—Ca members
leads to an increasing of unit-cell volume. Considering
their ionic radii (Shannon 1976), the [6]-coordinated Ca?*

is larger (1.00 A) than [6]-coor-
dinated Mg?* (0.72 A) or Mn?*

Drozd et al. 2005; Nakamoto 2009). The 7, symmetry of
the free (AsO,)* units is only very rarely preserved e.g. in
the structure of minerals because of its strong affinity to
protons, hydrate and also complex formation with metal
cations. The tetrahedral AsO, symmetry may be therefore
reduced to either C,/C,, C, /C,, or C /C_. This loss of
degeneracy may cause splitting of degenerate vibrations
of (AsO,)* and the shifting of the As—OH stretching vi-
brations to different wavenumbers (Myneni et al. 1998).

Tab. 3 Powder X-ray diffraction data and refined unit-cell parameters of chongite from Jachymov

(083 A) Loy dobs, dm/c. h k1 Loy dab:_ 2 ute h k !
207 9238 9242 2 0 0 3.0 22073 2209 2 4 1
183 8414 8394 1 1 0 40 2.1913 21939 0 2 4
3.3. Raman and infrared 72 6.596 6585 1 1 -1 2.1 2.1525 21519 3 1 4
spectroscopy 57 6.248 6242 1 1 1 44 21357 21377 7 1 3
13.1 4770 4775 3 1 -1 6.0 2.0950 20984 4 4 0
In the asymmetric part of the 9.6  4.709 4710 0 2 0 46 2.0790 20807 3 3 3
monoclinic (space group C2/c, 293 4.626 4621 4 0 0 2.1 2.0656 20684 4 2 -4
Z = 4) chongite unit cell (Kampf 530 4.605 4605 2 0 -2 4.6 2.0249 20211 7 3 0
et al. 2016), there are three sym- 314 4397 4399 3 1 1 22 20127 20140 5 3 -3
metrically distinct M cations 8.4 4255 4255 0 2 1 2.7 19851 19882 8 2 1
(two Ca and one Mg + Ca), one 157  4.165 4167 2 0 2 B, { 18711 6 4 0
(AsO,)* and one (AsO,OH)* 7.1 3.934 3992 2 2 -l ' ’ 18711 5 3 3
group, and two independent H,O 71 3.787 3792 2 2 1 18459 1 5 -1
molecules. The crystal structure 28 3.440 3.441 5 1 0 30 18472 { 18446 8 2 2
of chongite, as same as other 3415 0 2 2 54 18175 18167 4 4 -3
members of hureauilite group 307 3.410 3408 3 1 2 18075 3 3 4
(Kampf et al. 2016), isbased on 50 5 349 3369 5 1 -1 a8 18056 { 18076 5 1 -5
an octahedral edge-sharing pen- 5, ;5 5 3299 4 2 0 18040 10 0 -2
tamer formed by M1 (Ca), M2 575 3599 3203 2 2 -2 23 1.8012 { 18010 8 0 -4
(Mg + Ca) and M3 (Ca) octahe- 565 3514 3213 4 2 -1 17991 7 3 -3
dra. Pentamers are linked intoa 499 3124 3191 2 2 2 17926 5 3 4
loose ffamework by Sha““g cor- 64  3.080 3088 6 0 0 o8 17932 { 17921 3 1 5
ners with octahedra in adjacent 55 5 59 30200 1 1 3 53 1.7242 17228 9 3 -1
pentamers and are further linked 88 2918 2919 3 1 -3 27 17193 17188 9 3 0
via AsO, and AsO,OH tetrahedra 45 561 2861 4 2 -2 38 17150 17128 3 5 2
(Kampf et al. 2016). 20 2797 2798 3 3 0 28 1.7063 17075 0 4 4
The (AsO,)* anion, the point 24 2771 2769 6 0 -2 1.6847 10 2 -2
symmetry 7, '=A, + E+2F,, 49 2408 2706 0 2 3 o4 16836 { 16815 6 4 -3
is characterized by four .fun' 71 2.684 2690 5 1 2 16645 10 2 1
damental modes of vibrations, 38 2655 hess 3 3 1 6.6 16643 { 16618 2 0 -6
v, (A), (~837 em™), symmet- 29 2554 2558 6 2 -1 48 1.6598 16582 7 3 3
ric stretching vibration, v, (E), 74 2533 253 7 1 -1 6.6  1.6553 16551 1 3 5
(=349 cm™), doubly degenerate 75 54703 24792 0 0 4 16406 5 5 1
bending vibration, v, (F,), (~878 7.4 2.4390 24367 6 2 1 23 1.639 16413 5 1 5
cm), triply degenerate antisym- 163 23971 23975 7 1 1 16391 1 5 3
metric stretching vibration, and 18.0 2.3904 23934 5 3 0 22 1.6047 16052 1 1 6
v, (F,), (~463 cm') triply de- 7.1 2.3744 23762 7 1 2 53 1.5720 15723 10 2 2
generate bending vibration. The 114 23126 23105 8 0 0 54 1.5685 15671 2 2 -6
v, vibration is Raman active, v, 23.8 2.3036 2.3023 4 0 4 2.0 1.5643 1.5645 5 2
(8) vibration is also Raman ac- 7.7 2.2805 22825 1 3 -3 163 1.5412 15404 12 0 0
tive’ and v, and v, (6) vibrations 44 22361 2.2386 2 4 -1 7.5 1.5358 1.5338 7 5 0
are Raman and infrared active 22374 1 3 3

(Mielke and Ratajczak 1972;

refined unit-cell parameters: a = 18.618(5); b = 9.421(2); ¢ = 9.988(2) A; f = 96.86(2)° and V/ = 1739.4(7) A3
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According to Mielke and Ratajczak (1972),
(AsO,0OH)* ion belongs to the point group C, . For the
modes involving arsenic and oxygen, the total representa-
tion reduces to I' = 3 4, + 3E. One should expect in the
Raman spectrum six fundamental vibrations; however,
only four bands have been observed in the Raman stud-
ies of aqueous solution of (AsO,OH)*. The Raman and
infrared spectra for some synthetic compounds contain-
ing (AsO,OH)* group were published e.g. by Keller
(1971), Vansant et al. (1973), Mihajlovi¢ et al. (2004),
Drozd et al. (2005), Pordevi¢ and Karanovié¢ (2008,
2010), Pordevi¢ et al. (2015, 2018). Raman spectra of

0 Fig. 4 Section of ternary graph Ca—Mn—
100 |\/|g Mg (apfu) in the M2 site of chongite.

80 90

some hydrogen—arsenate ions-containing minerals were
studied, e.g. burgessite (Cejka et al. 2011), pharmacolite
(Frost et al. 2010), geminite (Sejkora et al. 2010) and
giftgrubeite (Meisser et al. 2019). Raman and infrared
spectra of §tépite have been interpreted in detail by Plasil
et al. (2013). Makreski et al. (2018) presented a paper
on vibrational spectra of complex hydrogen—arsenate
minerals pharmacolite, picropharmacolite and vladimirite
including DFT (Density Functional Theory) calculation
of theoretical spectra.

Summarizing these data, as indicated, it is possible
to use them generally for tentative interpretation of the
Raman spectra of synthetic and
mineral compounds contain-

a)

Raman intensity

y

ing (AsO,OH)* units. When
comparing published Raman
spectra, however, dispersion
of observed related wavenum-
bers of studied spectra may
be significant. Raman bands
at ~3465-3050 cm™' are re-
lated to the v OH of hydro-
gen bonded OH in (AsO,OH)*
units, bands at ~2250-2325
cm™ to the strongly hydrogen
bonded OH in (AsO,OH)*,
bands at ~1090-1300 cm™! to

1500
Raman shift (cm™)

3000 2000

1000

500 0 As—OH vibrations. Raman
bands at ~870-958 ¢cm™ to the

Absorbance

v, (AsO,OH)* antisymmetric
stretch, bands at ~846-872 cm™
to the v, (AsO,OH)* symmet-
ric stretch, bands at ~825-855
cm' to the 5 AsOH bend and v,
(AsO,OH)* symmetric stretch
vibrations. Raman bands at
700-760 ¢cm™', and ~434-555
cm™' to the As—OH, 435-470

Fig. 5a — Raman spectrum of chongite
over the 50-4000 cm™' spectral range;

3000 2000 1500

Wavenumbers (cm™)

b — Infrared spectrum of chongite over
400-4000 cm™'; both spectra are split
at 2000 cm™'.

1000 500
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cm! to the v, (8) (AsO,OH)*

Tab. 4 Tentative interpretation of Raman and infrared spectra for chongite

bend, ~370-90 cm™ to the v,

. . Raman infrared tentative assignment
2—
(6) (ASO3OH) bgndylbratlons. position FWHM 1, position
Overlaps and coincidences of [em™'] [em™] [em™]
some bands are expected. 3456 72 5 3450
The full-range Raman an 3400 166 4 3348
. ¢ full-range “ama a d v OH stretch of hydrogen bonded water molecules
infrared spectra of the studied 3194 268 24 3201
mineral chongite are given in 3071
Fig. Sa-b, tabularized values 2887 305 6 2904
in Tab. 4. Raman bands of 2783 v OH stretch of hydrogen bonded (AsO,0H)*
chongite at 3456, 3400, 3194, _ 2416 164 2
gy 1 1 1652
2887 and 2416 cm' (F1g~ 6a) 1232 1::?) 1 12(5)1 v, (3) bend of hydrogen bonded water molecules
and infrared bands at 3450, 160 o1 : S TE——
3348, 3201’ 3071’ 2904 and s “ 1 o1 overtone or combination bant
-1 : _
2.783 cm™!' (Fig. 7a) are as 1091 5 As_OH bend
signed to the v OH stretch- 1016
ing vibrations. The bands in 032
-1
the range 3590—3900 cm' are 902 19 " 899 - _
connected with vibrations of 861 30 100 863 v, (.ASO4)37 a.ntlsymmetrlc stretch, vy (ASO_g.OH)L
structurally distinct and differ- 328 25 3 a“tiyg“ge};“f StretCh»t‘{l (‘:‘S?{’ symmetric stretch,
ently strong hydrogen-bonded 307 23 5 815 v, (AsO,OH)™ symmetric stretc
water molecules. According to 758 24 40 746
Libowitzky’s empirical relation 693 79 7 721
(Libowitzyky 191)99) O-H..-O 634 & As—OH bend, molecular water libration modes
hydrogen bond lengths vary 506 18 1 503
i i 469 22 5 466
approximately in the ranges e 1 v, (8) (AsO,)" bend, v, (3) (AsO,OH)> bend
~2.85 to ~2.74 A (Raman) and 5 6 3
~2.85 to ~2.67 A (infrared). 436 19 16 417
These values are compara- iii ?i 22
1
ble to hydrogen bond lengths v, (8) (AsO,) bend, v, (8) (AsO,OH)* bend
. 346 18 13 2 4 2 3
of water molecules, inferred 202 ’ 0
from the single-crystal struc- s 0 3
ture data (2.99 to 2.71 A) of )38 3 s v (OH.--0) stretch
chongite (Kampf et al. 2016). 190 29 1
The bands in this range may 162 24 4
be also related to the v OH 110 31 9 latice vibrations
of hydrogen bonded OH in 100 14 5
(AsO,OH)* units. The bands 75 19 4

of the v OH stretching vibra-
tion of (AsO,OH)* units are
assumed at 2900 cm ! as mentioned by Mielke and
Ratajczak (1972), and at 3200, 2800 and 2250 cm! as
published by Keller (1971). The calculated O—H---O
hydrogen bond lengths ~2.63 to ~2.57 A (Raman) and
~2.64 to ~2.61 A (infrared) for these more strongly
bonded OH units agree with distance 2.638 A from
single-crystal structure data (Kampf et al. 2016).
Raman bands at 1656 and 1578 cm™' (Fig. 6b) as well
as very broad infrared band with the maxima at 1652 and
1601 cm™' (Fig. 5b) are connected with the v, (3) bending
vibrations of differently strong hydrogen bonded water
molecules. A Raman band at 1462 cm™' may probably be
related to an overtone or a combination band. A Raman
band at 1284 cm™ (Fig. 6b) and two infrared bands at

I, calculated from the band area

1091 and 1061 cm™ (Fig. 7b) may be connected to the &
As—OH bend (P1asil et al. 2013).

The most prominent Raman bands at 902, 861, 828,
807 and 758 cm™' (Fig. 6¢) and infrared bands at 932,
899, 863, 815 and 746 cm™!' (Fig. 7b) are attributed
to overlapping v, (AsO,)* symmetric stretching, split
v, (AsO,)* triply degenerate antisymmetric stretch-
ing, v, (AsO,OH)*>" symmetric stretching, and split v,
(AsO,OH)* triply degenerate antisymmetric stretching
vibrations. The bands of the higher wavenumbers can be
assigned more favourably to the protonated (AsO,OH)*
group (Makreski et al. 2018), but due to presence of both
(AsO,)* and (AsO,OH)*" groups in crystal structure of
chongite more detailed tentative assignments would be
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Fig. 6 Results of the band component analysis in the Raman spectrum of chongite.

only speculative. A Raman band at 693 cm™ and infrared
bands at 721 and 634 cm ™' are assigned to 6 AsOH bend
and molecular water libration modes (Yukhnevich 1973;

Plagil et al. 2013).

Raman bands in the range from 550 to 400 cm™" (506,
469, 451 and 436 cm™' — Fig. 6d) and infrared bands
at 503, 466 and 417 cm™!' (Fig. 5b) are connected with
the split triply degenerate v, (5) (AsO,)* vibrations and

a)

Absorbance

Wavenumbers (cm™)

815

b)

1100 1000 900 800 700 600
Wavenumbers (cm™)

Fig. 7 Results of the band component analysis in the selected area of the infrared spectrum of chongite.
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the split triply degenerate v, (6) (HOAsO,)* vibrations
(Plasil et al. 2013). Sharp bands of the medium intensity
at 389, 360, 346 and 302 cm™' (Fig. 6d) are related to the
split doubly degenerate v, (3) (AsO,)* vibrations and
the split doubly degenerate v, () V(HOAsO3)2* vibrations,
respectively (Drozd et al. 2005; Cejka et al. 2011; Plasil
et al. 2013). Raman bands at 275 and 238 cm™' (Fig. 6d)
are assigned to the v (OH--O) stretching vibrations and
those at 190, 162, 110, 100 and 75 cm™ to lattice modes
(Plasil et al. 2013).

4. Conclusions

Molecular structure of well-defined sample of chong-
ite from Jachymov (the second world occurrence) was
constrained using the vibrational spectroscopy. Raman
and infrared spectroscopy shows the presence of both
(AsO,)* and (AsO,OH)* units in the crystal structure of
chongite. Multiple bands related to vibrations of water
molecules prove the presence of differently strong hy-
drogen bonded and structurally distinct water molecules
in the structure of chongite.

Acknowledgements. An anonymous reviewer and A. Shiry-
aev, as well as handling editor Roman Skala and editor
in chief Vojtéch Janousek, are highly acknowledged for
the comments and suggestions greatly improving the
manuscript. The authors wish to express their thanks to
Jana Ulmanova (National Museum, Prague) for her kind
support in this study. This work was financially supported
by Czech Science Foundation (project GACR 17-091618).

References

BurNHAM CH W (1962) Lattice constant refinement. Carn-
egie Inst Washington Year Book 61: 132—135

Ceska J, FrRost RL, SEJKORA J, KEEFFE EC (2009) Ra-
man spectroscopic study of the uranyl sulphate mineral
Jjachymovite (UO,)(SO,)(OH) ,- 13H,0. J Raman Spec-
trosc 40: 1464-1468

CEIKA J, SEJKORA J, BAHFENNE S, PALMER SJ, PLASIL J,
Frost RL (2011) Raman spectroscopy of hydrogen—ar-
senate group (AsO,0OH) in solid-state compounds: cobalt
mineral phase burgessite Co,(H,0),[AsO,OH],-H,0.
J Raman Spectrosc 42: 214-218

PorpEVIC T, KaRANOVIC L (2008) Synthesis, crystal structure,
infrared and Raman spectra of Sr,Cu,(AsO,),(AsO,0H),-
3H,0 and Ba,Cu,(AsO,),(AsO,OH),. J Solid State
Chem 181: 28892898

borpEevIC T, KARANOVIC L (2010) A new polymorph of
Ba(AsO,OH): synthesis, crystal structure and vibrational
spectra. J Solid State Chem 183: 2835-2844

PorpEVIC T, WITTWER A, KrRIVOVICHEV SV (2015) Three
new alluaudite-like protonated arsenates: NaMg,(AsO,)
(AsO,0H),, NaZn,(AsO,)(AsO,0OH), and Na(Na, Zn, ,)
Zn,(H, ,AsO,)(AsO,OH),. Eur J Mineral 27: 559-573

PorbpEvIC T, KARANOVIC L, JAGLICIC Z (2018) A new
copper(Il) arsenate, Na,Cu,(AsO,OH),- 4H,0 contain-
ing discrete [Cu,O ,]'"* units: synthesis, crystal structure
and magnetic properties. J Solid State Chem 265: 55-63

Drozp M, BARAN J, P1aTRASZKO A (2005) Diguanidinium
hydrogen arsenate monohydrate and its deuterated
analogue. Vibrational, DSC and X-ray investigations.
Spectrochim Acta, Part A 61: 28092821

DurrESNE W], RUFLEDT CJ, MARSHALL CP (2018) Raman
spectroscopy of the eight natural carbonate minerals
of calcite structure. J Raman Spectrosc 49: 1999-2007

ELLiOoTT P, TURNER P, JENSEN P, KoLiTscH U, PRING A
(2009) Description and crystal structure of nyholmite,
a new mineral related to hureaulite, from Broken Hill,
New South Wales, Australia. Mineral Mag 73: 723-735

FERRARIS G, ABBONA F (1972) The crystal structure of
Ca (HAsO,),(AsO,)," 4H,0 (sainfeldite). Bull Soc franc
Minéral Cristallogr 95: 3341

FrosT RL, BAHFENNE S, CEJKA J, SEJKORA J, PLASIL J, PALM-
ER SJ (2010) Raman spectroscopic study of the hydro-
gen—arsenate mineral pharmacolite Ca(AsO,OH)-2H,0
— implications for aquifer and sediment remediation.
J Raman Spectrosc 41: 1348-1352

HLOUSEK J, PLASIL J, SEJKORA J, SKACHA P (2014) News
and new minerals from Jachymov, Czech Republic
(2003-2014). Bull mineral-petrolog Odd Nar Muz
(Praha) 22: 155-181 (in Czech)

TiRASEK J, CEJKA J, VRTISKA L, MATYSEK D, RUAN X, FROST
LR (2017) Molecular structure of the phosphate mineral
koninckite — a vibrational spectroscopic study. J Geosci
62:271-279

Kawmpr AR (2009) Miguelromeroite, the Mn analogue of
sainfeldite, and redefinition of villyaellenite as an or-
dered intermediate in the sainfeldite—miguelromeroite
series. Amer Miner 94: 1535-1540

KamPF AR, NasH BP, DiNnt M, MoLINA DoNoso AA
(2016) Chongite, Ca,Mg,(AsO,),(AsO,0H),"4H,0, a
new arsenate member of the hureaulite group from the
Torrecillas mine, Iquique Province, Chile. Mineral Mag
80: 1255-1263

KELLER P (1971) Die Kristallchemie der Phosphat- und
Arsenatminerale unter besonderer Beriicksichtigung der
Kationen-Koordinationspolyeder und des Kristallwas-
sers. Teil 1: Die Anionen der Phosphat- und Arsenatmi-
nerale. Neu Jb Mineral, Mh 491-510

LBowitzky E (1999) Correlation of O—H stretching fre-
quencies and O—H--O hydrogen bond lengths in miner-
als. Monatsh Chem 130: 1047-1059

MAKRESKI P, TODOROV J, MAKRIEVSKI V, PEJOV L, JOVA-
NovsK1 G (2018) Vibrational spectra of the rare-occurring

119



Jiti Sejkora, Jakub Plasil, Jiti Cejka, Zdenék Dolnicek, Radim Pavlicek

complex hydrogen arsenate minerals pharmacolite, picro-
pharmacolite, and vladimirite: dominance of Raman over
IR spectroscopy to discriminate arsenate and hydrogen
arsenate units. J] Raman Spectrosc 49: 747763

MEIssER N, PLASIL J, BRUNSPERGER T, LHEUR C, SKODA R
(2019) Giftgrubeite, CaMn,Ca (AsO,),(AsO,0OH),4H,0,
anew member of the hureaulite group from Sainte-Marie-
aux-Mines, Haut-Rhin Department, Vosges, France.
J Geosci 64: 73—-80

MIELKE Z, Rataiczak H (1972) The force constants and
vibrational frequencies of orthoarsenates. Bull Acad Pol
Sci, Sér Sci Chim 20: 265-270

MinasLovi¢ T, LiBowitzky E, EFFENBERGER H (2004)
Synthesis, crystal structure, infrared and Raman spec-
tra of Sr(As,0,),(AsO,0OH). J Solid State Chem 177:
3963-3970

MooRrRE PB, Araki T (1973) Hureaulite,
Mn** (H,0),[PO,(OH)],[PO,],: its atomic arrange-
ment. Amer Miner 58: 302-307

MyNENI SCB, TrRAINA SJ, WaycHUNAS GA, LoGgaN TJ
(1998) Vibrational spectroscopy of functional group
chemistry and arsenate coordination in ettringite. Geo-
chim Cosmochim Acta 62: 3499-3514

NakamoTo K (2009) Infrared and Raman Spectra of Inor-
ganic and Coordination Compounds. Part A — Theory
and Applications in Inorganic Chemistry. John Wiley
and Sons, Hoboken, New Jersey, pp 1-419

ONDRUS P (1993) ZDS — a computer program for analysis
of X-ray powder diffraction patterns. Mater Sci Forum,
133-136, 297-300, EPDIC-2. Enchede

ONDRUS P, VESELOVSKY F, SKALA R, CisAROVA I, HLOUSEK
J, FRYDA J, VAVRIN I, CEIKA J, GABASOVA A (1997a) New
naturally occurring phases of secondary origin from
Jachymov (Joachimsthal). J Czech Geol Soc 42: 77-107

ONDRUS P, VESELOVSKY F, HLOUSEK J, SKALA R, FRYDA J,
CrkA J, GaBASOVA A (1997b) Secondary minerals of
the Jachymov (Joachimsthal) ore district. J Czech Geol
Soc 42: 3-76

ONDRUS P, VESELOVSKY F, GABASOVA A, HLOUSEK J, SREIN
V (2003a) Geology and hydrothermal vein system of

the Jachymov (Joachimsthal) ore district. J Czech Geol
Soc 48: 3—-18

ONDRUS P, VESELOVSKY F, GABASOVA A, DRABEK M, DOBES
P, Mary K, HLOUSEK J, SETKORA J (2003b) Ore-forming
processes and mineral parageneses of the Jachymov ore
district. J Czech Geol Soc 48: 157-192

ONDRUS P, VESELOVSKY F, GABASOVA A, HLOUSEK J, SREIN
V, VAVRIN I, SKALA R, SEJKORA J, DRABEK M (2003¢)
Primary minerals of the Jachymov ore district. J Czech
Geol Soc 48: 19-147

ONDRUS P, VESELOVSKY F, GABASOVA A, HLOUSEK J, SREIN
V (2003d) Supplement to secondary and rock-forming
minerals of the Jachymov ore district. J Czech Geol Soc
48: 149-155

PLASIL J, FEJFAROVA K, HLOUSEK J, Skopa R, NovAk
M, Seskora J, CEsxa J, DUSEK M, VESELOVSKY F,
ONDRUS P, MaJzLAN J, MRAZEK Z (2013) Stépite,
U(AsO,OH),.4H,0, from Jachymov, Czech Republic:
the first natural arsenate of tetravalent uranium. Mineral
Mag 77: 137-152

Poucnou J, PicHOIR F (1985) “PAP” (¢pZ) procedure for
improved quantitative microanalysis. In: ARMSTRONG
JT (ed): Microbeam Analysis. San Francisco Press, San
Francisco, pp 104-106

SETKORA J, CETKA J, FROST RL, BAHFENNE S, PLASIL J, KEEFFE
EC (2010) Raman spectroscopy of hydrogen—arsenate
group (AsO,OH) in solid-state compounds: copper mineral
phase geminite Cu(AsO,OH)-H,O from different geologi-
cal environments. J] Raman Spectrosc 41: 1038—1043

SHANNON RD (1976) Revised effective ionic radii and sys-
tematic studies of interatomic distances in halides and
chalcogenides. Acta Crystallogr A32: 751-767

VANSANT FK, VAN DER VEKEN BJ, DEsseyN HO (1973) Vi-
brational analysis of arsenic and its anions. I. Description
of the Raman spectra. J Mol Struct 15: 425-437

YUKHNEVICH GV (1973) Infrared Spectroscopy of Water.
Nauka, Moscow, pp 1-208 (in Russian)

Yvon K, JerrscHko W, ParTHE E (1977) Lazy Pulverix,
a computer program for calculation X-ray and neutron
diffraction powder patterns. J Appl Crystallogr 10: 73—74

120



