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Abstract: Alunogen (AL (SO,),-17H,0), arare secondary mineral, has been found in the efflorescence on sandstones
from the Stone Town Nature Reserve in Ciezkowice, southeastern Poland. This is probably the first find of this salt
on such rocks in Poland. Alunogen forms in various geological environments, but mainly from the oxidation of
pyrite and other metal sulfides in ore deposits and Al-rich Earth materials under low-pH conditions. Its crystalli-
zation at this particular site depends on a set of necessary physicochemical (pH, concentration), climatic (season,
temperature, humidity), site-related (location and protection of efflorescence), and mineralogical (the presence of
pyrite) conditions. This paper presents the mineralogical and geochemical characteristics of the alunogen from
the Stone Town Nature Reserve (based on SEM-EDS, XRPD, EPMA and Raman spectroscopy methods) as well
as of the efflorescence itself (based on XRPD and STA coupled with QMS and FTIR for the analysis of gas prod-
ucts). Crystals of alunogen take the shape of flakes, often with a hexagonal outline, clustered in aggregates form-
ing a cellular network. Its calculated formula is (Al, 4 Fe™ ), 5,(SO,);17H,0O (based on 12 O and 17 H,0). The
unit-cell parameters refined for the triclinic space group P1 are: a = 7.423 (1) A, b=26913 (5) A, c=6.056 (1) A,

o = 89.974 (23)°, B = 97.560 (25)°, y = 91.910 (22)°. The Raman spectra (SO,) bands are: intensive 995 cm™ (v,);

low-intensive 1069, 1093 and 1127 cm™ (v,); low-intensive 419 and 443; medium-intensive 470 cm™" (v,); and me-
dium-intensive 616 cm™ (v,). Those at 530, 312 and at 338 cm ™" are assigned to water vibrations and those at 135,
156, 180 cm™ to the lattice modes. Although the efflorescence contained an admixture of other minerals (pick-
eringite, gypsum and quartz), the predominant alunogen is almost chemically pure and the above parameters are
consistent with the values reported in the literature for alunogen from different locations and of various origins.

Keywords: sulfate efflorescence, alunogen, thermal analysis, Raman spectroscopy, unit-cell parameters, the Car-
pathian Mountains, Poland

INTRODUCTION

Alunogen is a naturally occurring hydrous alu-
minum sulfate that crystallizes in the triclinic
space group PI, but a low-temperature modifica-
tion (monoclinic space group P2)) is also known
(Kahlenberg et al. 2015). This mineral is most often
chemically described as a heptadecahydrate with

the chemical formula A1,(SO,),-17H,0. Depending
on the position of the water molecules, the formu-
la can also be written as Al (SO,),(H,0),,-5H,0.

The crystallographic structure of alunogen
consists of sheets of isolated Al(Ow), octahedra
and SO, tetrahedra which are linked by a net-
work of hydrogen bonds. Twelve structural H,0
(among 17 per alunogen formula) are coordinated
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with Al and behave as ligands, where oxygen is
bound to Al atoms and acts as a proton donor for
the sulfate oxygens. The remaining five structural
H,O exist in the interstitial spaces parallel to [001]
between tetrahedra and octahedra. This water is
usually referred to as “free” or “zeolitic” and is re-
sponsible for the slightly variable composition of
alunogen when the mineral is in contact with air
of low humidity. The crystallographic structure
of alunogen is given in Figure 1. The maximum
water content of alunogen is 17 molecules (Fang
& Robinson 1976), and the lower number of H,O
molecules per formula unit, reported by some au-
thors, is explained by partial dehydration, result-
ing from the partial release of “free” water from
the crystal structure. As a consequence, the real
amount of water is less, probably between 16 and
17 water molecules per formula unit (Menchetti &
Sabelli 1974, Fang & Robinson 1976, Kahlenberg
et al. 2015, 2017). However, at relative humidities
below 20%, at room temperature, the formation of
so-called meta-alunogen has been observed, which
only contains about 13.7 water molecules pfu
(Kahlenberg et al. 2017).

Alunogen has been found in a variety of geo-
logical settings. Its origin is associated mainly
with oxidation of pyrite or other metal sulfides
in ore deposits in aluminum-rich environments,
leading to the alteration of aluminosilicate min-
erals under low pH conditions (Alpers et al. 1994,
Hammarstrom et al. 2005, Joeckel et al. 2005).
The occurrence of alunogen also requires specif-
ic atmospheric conditions. It has been found to
be sensitive to ambient humidity and tempera-
ture, and these change with the seasons (Fang &
Robinson 1976, Marszatek et al. 2020). Further-
more, being a highly soluble salt (Hammarstrom
& Smith 2002), in moderately humid climates
alunogen can only survive in areas protected
from the rain, such as in rock niches or beneath
overhangs (Williams & Robinson 1998, Alexan-
drowicz & Marszalek 2019).

Alunogen is frequently found in association
with other sulfates, such as epsomite MgSO,-7H,0,
pickeringite MgAl,(SO,),22H,0, halotrichite
FeAlL(SO,),22H,0, gypsum CaSO,-2H,O, melan-
terite Fe**(H,0),SO,-H,O (FeSO,:7H,0), coquim-
bite AlFe,(SO,),(H,0),,-6H,0, copiapite (Fe**, Mg)

Fe**,(SO,),(OH),20H,0, alunite KAl,(SO,),(OH),
and potassium alum KAI(SO,),-12H,0 (Williams
& Robinson 1998, Jambor et al. 2000, Hammar-
strom & Smith 2002, Joeckel et al. 2005, Frost
et al. 2007, Prikryl et al. 2007, Varilowa et al. 2011,
Naglik et al. 2016a, Gomes et al. 2017, Kosek et al.
2018, Alexandrowicz & Marszatek 2019, Marsza-
tek et al. 2020, Szabo et al. 2020).
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Fig. 1. Crystal structure of alunogen. Explanations: red and
dark blue spheres represent oxygen atoms of the sulfate groups
and of water molecules coordinated to the aluminum atoms,
respectively; light blue, yellow and gray spheres: “free” wa-
ter, sulfur and aluminum atoms positions, respectively; b, ¢ -
unit-cell edges
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Over 260 different alunogen sites are listed
in the mindat.org database (http://www.mindat.
org, accessed July 13, 2022). This mineral is often
found in sulfide-bearing ore mines, particularly
abandoned ones, in waste dumps of such depos-
its and tailing dumps (Wieser 1949, Parafiniuk
1996, Jambor et al. 2000, Hammarstrom et al.
2005, Gomes et al. 2017, Biagioni et al. 2020). The
mineral has been discovered in coal mines and
self-burning dumps of coal mine waste (Zacek
1988, Parafiniuk & Stepisiewicz 1999, Stracher
et al. 2005, Kruszewski 2013, 2019, Zacek & Ské-
la 2015). In addition, alunogen has been observed
as a product of the alteration of various rocks un-
der the influence of acidic sulfate fluids, e.g., in
volcanic fumarole incrustations (Hall et al. 2003,
Adams et al. 2017, Rodriguez & van Bergen 2017,
Luo et al. 2019, Garavelli et al. 2021), as a com-
ponent of crusts in caves containing H,S ther-
mal springs (Audra & Hobléa 2007) and also as
an alteration product of kaolinite in ignimbrites
(Martin et al. 1999). Alunogen has been found
to be a phase occurring in the efflorescences on
weathered argillaceous rocks that contain pyrite
(Williams & Robinson 1998, Naglik et al. 2015).
Alunogen has also been reported in efflorescenc-
es on sandstones (Williams & Robinson 1998,
Varilova et al. 2011, Alexandrowicz & Marszalek
2019). Lastly, alunogen has been also reported as
a result of the weathering of microscopic pyrite
veins in metamorphic, quartz-feldspar rocks due
to the contact with meteoric water (Szabo et al.
2020). Alunogen has also been suggested to be
a part of the Al-bearing deposits on Mars (Wang
& Zhou 2014, Kahlenberg et al. 2017, Kosek et al.
2018, 2022).

Alunogen has been found in a few locations
in Poland, including pyrite-bearing sericite-chlo-
rite schists in Wie$ciszowice, Lower Silesia (Bal-
cerzak et al. 1992, Parafiniuk 1996), the Shale
Formation in the Pieprzowe Mountains (Naglik
& Natkaniec-Nowak 2015, Naglik et al. 2016a,
2016b), an iron disulfide deposit of the Holy Cross
Mountains (Wieser 1949); in spontaneously com-
busting coal-mine waste dumps in the Upper and
Lower Silesian Coal Basins (Parafiniuk & Stepi-
siewicz 1999, Kruszewski 2013, Ciesielczuk et al.
2014), and on the sandstone tor from the Stone
Town Nature Reserve in Cigezkowice in the Outer

Carpathian Mountains (Alexandrowicz & Mar-
szalek 2019).

Alunogen eftlorescences on the sandstone tor
from the Stone Town Nature Reserve (STNR)
in Cigzkowice (the Polish Outer Carpath-
ian Mountains), is found with other Al-sul-
fate such as pickeringite (calculated formula
Mg0.75Mn0.ZIZn0.02cu0.OlA12.02(50.99 to 140004)4.22H20)
and gypsum (Alexandrowicz & Marszalek 2019,
Marszalek et al. 2020). Marszatek et al. (2020)
have already characterized pickeringite from the
study site and discussed the genesis of alumi-
num-rich effloresences there. This paper char-
acterizes alunogen, another Al-sulfate found on
the Cigzkowice STNR tor. To the best of the au-
thors’ knowledge, this is the first detailed charac-
terization of alunogen occurring on sandstones
in Poland. Characterization of the alunogen-con-
taining eftflorescence was performed using X-ray
powder diffraction (XRPD) and simultaneous
thermal analysis (STA) coupled with quadrupole
mass spectrometry (QMS) and Fourier Transform
Infrared spectroscopy (FTIR) for the analysis of
gas products. The combination of XRPD and STA
coupled with QMS and FTIR techniques allows
a more comprehensive analysis of the samples, es-
pecially in the case of samples containing amor-
phous phases. The detailed mineralogical and
geochemical characterization of alunogen was
performed based on scanning electron micros-
copy combined with energy dispersive spectrom-
etry (SEM-EDS), electron microprobe analysis
(EPMA) and Raman microspectroscopy (RS). The
XRPD patterns collected for the complete samples
of the efflorescence were used to refine the unit-
cell parameters of alunogen.

GEOLOGICAL SITE

The STNRin the village of Cigzkowice (49°46'36"N,
20°57'50"E) (the Ciezkowice Foothills, Outer Flysch
Carpathian Mountains) is known for its picturesque
landforms with numerous freestanding sandstone
tors, partly hidden in a pine forest (Fig. 2). The rocks
in the area represent the Upper Paleocene to Low-
er Eocene Ciezkowice Sandstone Formation of the
Silesian Nappe. This site was extensively studied by
Alexandrowicz (1970, 1978, 1987, 2008), and Ale-
xandrowicz & Marszatek (2019).
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Fig. 2. Geological map and distribution of the sandstone tors of the Stone Town Nature Reserve (STNR), Cigzkowice area (after
Alexandrowicz 1970, Leszczytiski 1981, Cieszkowski et al. 1991, modified). Quaternary deposits: 1 - alluvial clays; 2 - alluvi-
al and diluvial loams. Paleogene flysch sequences: 3 — Hieroglyphic Beds (green shales and sandstones); 4 - Cigzkowice Sand-
stones (conglomeratic sandstones, sandstones, conglomerates); 5 - Variegated and Red Shales (shales); 6 — Upper Istebna Shales

(shales); 7 - fault

The Ciezkowice sandstones are mostly repre-
sented by quartz arenites and wackes, occasion-
ally subarcose or feldspathic wackes (Leszczyn-
ski 1981, Leszczynski et al. 2015) with a cement of
a mixed porous-contact nature. The wacke matrix
consists of kaolinite and illite with admixtures of
interstratified illite-smectite group minerals. Ce-
ment phases are carbonates, dark patches are pig-
mented by iron (oxyhydr)oxides. A common ac-
cessory phase is pyrite, often altered to goethite
(Alexandrowicz & Marszalek 2019). In some plac-
es, the stony tor surfaces are coated with a crust
chiefly containing the Fe minerals hematite and

goethite (Alexandrowicz et al. 2014). Ca-, Mg-,
K-, and Al-sulfates, including gypsum, syngen-
ite, hexahydrite, pentahydrite, potassium-alum,
humberstonite, alunogen and pickeringite exist
in efflorescences on many of the sandstone tors
(Alexandrowicz & Marszatek 2019). The mineral
composition of the efflorescences differ depend-
ing on the location of the tor. Most of the tors are
on hillslopes that rise as much as 100 m above lo-
cal stream valleys. There are also single tors on the
valley bottom of the Biata River, just above its flood
terrace (Fig. 2) (Alexandrowicz & Marszalek 2019,
Marszalek et al. 2020).
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MATERIALS AND METHODS

Alunogen-rich efflorescence was encountered in
a niche protected from rain on the Ratusz (“Town
Hall”) tor (Figs. 2, 3). Within the STNR, it was
only here that Al-rich sulfates were found. Their
formation within the Ratusz tor is influenced by
a number of factors. Alunogen has crystallized at
the study site because of the availability of weath-
erable pyrite, low environmental pH, moderate at-
mospheric humidity and summer season, as well
as the location of the tor in the valley bottom di-
rectly above the floodplain of the Biata River and
sheltered microenvironment. These conditions
have already been characterized in the works of
Alexandrowicz & Marszalek (2019) and Marsza-
ek et al. (2020).

The eftlorescences are whitish (10YR 8/1)
(Munsell Color 1998), brittle, botryoidal clusters
of very fine granules. Pure alunogen could not
be mechanically isolated from other microscopic
crystals in the multiphase efflorescences, although
individual crystals of the mineral were readily
identified with electron microscopy.

Laboratory investigations focused on the anal-
yses of complete samples of the efflorescences or
on the alunogen crystals only, depending on the
methods applied.

The X-ray diffractometry (XRPD) studies for
powdered samples of the efflorescence were car-
ried out using a Rigaku SmartLab 9 kW diffracto-

meter, equipped with a reflective graphite mono-
chromator. Cu-Ko radiation was used. The dif-
fraction data were collected within the angu-
lar range of 3-72° 20 with the step of 0.02° and
a counting time of 2 s per step at a voltage of 45 kV,
and a current of 200 mA. Quartz from Jegtowa,
Poland, was used as an internal standard. The
XRPD patterns were evaluated by an XRAYAN
software using a diffraction pattern database of
International Centre for Diffraction Data (ICDD)
(The Powder Diffraction File PDF-4+, 2016). Dif-
fraction peak positions were determined automat-
ically using the derivatives method as a procedure
of the XRAYAN software.

The alunogen unit-cell parameters were re-
fined for the triclinic space group P1 in accor-
dance with the data of the ICDD database (entry
no. 26-1010). The least-squares method and the
DHN-PDS (DHN-Powder Diffraction System ver-
sion 2.3, 1994) program were applied. The calcula-
tion was based on twenty-five reflections of aluno-
gen that did not overlap with reflections of other
components of the efflorescence.

Simultaneous thermal analyses (including ther-
mogravimetry, differential thermal analysis, dif-
ferential thermogravimetry - TG, DTA, DTG) of
the efflorescence was conducted in a STA 449 F3
Jupiter Netzsch instrument coupled to a QMS 403 C
Aéolos mass spectrometer and FTIR Bruker Ten-
sor 27 spectrometer allowing the determination of
gaseous decomposition products.

Fig. 3. The Ratusz (“Town Hall”) tor in the STNR (A) (for location see Fig. 2), and the niche with a whitish alunogen efflores-
cence (B, C, D)
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The data obtained by QMS reveals differently
ionized molecules and their fragments and can-
not resolve compounds with the same m/z val-
ues, while FTIR detects only those substances that
change dipoles. A powdered sample of the efflo-
rescence with a weight of about 30 mg was heat-
ed in the air (flow was set to 40 cm®*/min) in the
range 20-1000°C with a constant heating rate of
10°C/min. Al,O, powder was used as the thermal-
ly inert substance.

Alunogen from the eftlorescence was analyzed
using a FEI 200 Quanta FEG scanning electron mi-
croscope equipped with an EDS/EDAX spectrom-
eter. Observations were carried out in the low vac-
uum mode (pressure of 60 Pa, the samples were not
coated) at a maximum excitation voltage of 20 kV.

Quantitative chemical analyses (EPMA) were
performed using a JEOL Super Probe JXA-8230
operating in the wavelength dispersion (WDXS)
mode. The operating conditions were: an accel-
erating voltage of 15 kV, a beam current of 1 nA,
a beam size of 7-10 um, a peak count time of 20 s,
and background time of 10 s. Standards, analyti-
cal lines, diffracting crystals, and mean detection
limits (in wt%) were as follows: fluorapatite (PKa,
PET, 0.27), (CaKa, PET, 0.04), albite (NaKa., TAP,
0.14), (SiKa, TAP, 0.12) and (AlKa, TAP, 0.11),
diopside (MgKa, TAP, 0.09), sanidine (KKa,
PET, 0.03), anhydrite (SKa., PET, 0.11), rhodonite
(MnKao, LIF, 0.33), fayalite (FeKa, LIF, 0.28), bar-
ite (BaLa, PET, 0.25), celestine (SrLa, PET, 0.26),
cuprite (CuKa, LIF, 0.14), and willemite (ZnKa,
LIF, 0.22). The raw data were corrected using the
ZAF procedure. The atomic contents of the for-
mulae of alunogen were calculated on the basis of
12 oxygen atoms per formula unit (apfu) with the
assumed presence of 17 water molecules pfu. The
analyses were conducted on carbon-coated frag-
ments of the efflorescence embedded in 1 inch res-
in discs and polished using oil.

Raman spectra of alunogen were collected us-
ing a Thermo Scientific DXR Raman microscope
with a 900 grooves/mm grating and a CCD detec-
tor. Excitation was provided by a 532 nm laser with
a maximum power of 10 mW. To obtain spectra
of the best quality 10-100 scans were taken, each
with a 3 s exposure time. For the same reason, the
laser power varied in the range of 3-10 mW. Olym-
pus 10x (NA 0.25) and 50x (NA 0.50) objectives

(theoretical spot sizes 2.1 um and 1.1 um, respec-
tively) were employed. The spectra were ana-
lyzed based on the RRUFF Raman Minerals spec-
tral libraries as well as some data from literature
(Kosek et al. 2018, 2022). Band component identi-
fication was performed using the Omnic software
package (Omnic 9, 1992-2012, Thermo Fisher
Scientific Inc.). Band fitting was conducted using
a Gauss-Lorentz cross product function (for the
fitting process, the minimum number of compo-
nent bands were used).

RESULTS AND DISCUSSION
Efflorescence from the Ratusz tor

X-ray powder diffractometry (XRPD)

The powder X-ray diffraction patterns of the efflo-
rescence sample showed the dominance of aluno-
gen with an admixture of pickeringite and gyp-
sum. Additionally, traces of quartz were also found
in the sample (Fig. 4A). The phases were identified
based on the following data: alunogen, ICDD da-
tabase entry no. 26-1010, pickeringite, ICDD data-
base entry no. 46-1454 and from Quartieri et al.
(2000), gypsum, ICDD entry no. 33-311 and quartz
ICDD entry no. 33-1161.

STA, mass spectrometry QMS and FTIR
spectroscopy analyses

The STA (DTA, TG and DTG) curves of the ef-
florescence are shown in Figure 5. FTIR-3D (ab-
sorbance as a function of wavenumber and tem-
perature) of the evolved gaseous decomposition
products released under heating of the sample in
air is presented in Figure 6. The FTIR spectra of
the gaseous decomposition products, extracted
from all collected spectra from FTIR-3D at five
temperatures corresponding to the temperatures
of maximal DTG effects are presented in Figure 7.
Temperature-dependent ion current (IC) and
changes in the absorbance of selected range wave-
numbers (FTIR temperature trace) extracted from
FTIR-3D are shown in Figure 8. The first set shows
the IC of the differently ionized molecule and its
fragments, while the second shows the changes in
absorbance of selected wavenumber ranges.

Five major thermal decomposition steps are
noted (Fig. 5).
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Fig. 4. Characteristic X-ray patterns of the Al-rich efflorescence from the Ratusz tor (A) and the alunogen reflections used for the
refining unit-cell parameters (B). Abbreviations: Aln - alunogen; Gp — gypsum; Pic - pickeringite; Qz - quartz
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Fig. 5. STA (DTA, TG and DTG) curves for the efflorescence samples from the Ratusz tor (STNR)
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Fig. 6. FTIR-3D (wavenumber- and temperature-dependent FTIR absorbance) of the evolved gaseous decomposition products
formed upon heating of the efflorescence samples from the Ratusz tor (STNR) in air
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(STNR) in the presence of air. The spectra were selected from all the spectra collected during the analysis (FTIR-3D) and corre-
spond to the maximum temperature of each of the five mass loss effects (DTG curve)
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Fig. 8. Temperature-dependent ion current (IC) and changes in the absorbance of a selected range of wavenumbers extracted
from FTIR-3D curves of the volatile decomposition products formed upon heating of the efflorescence samples from the Ratusz
tor (STNR) in air. Ion current curves for m/z = 18 (H,0) and m/z = 64 (SO,) and FTIR temperature-dependent curves of SO,
(1035-1260 cm™) and H,O (3400-4000 cm™) are presented in relation to the TG curve. (The observed shifts of maxima in the
QMS and FTIR temperature-dependent curves are caused by the axial temperature gradient in the measurement chamber and
the influence of the bandwidth of the transfer line of the furnace chamber on the FTIR and QMS analyzer)

In the low temperature region, two effects (Ist
and 2nd step) at 116°C and 143°C are observed.
The mass losses are 13.96% and 19.78% respective-
ly (233.74%). The next (3rd) step occurs at 334°C
and results in a mass loss of 8.32%. These three
effects are attributed to the gradual loss of water
from the hydrated minerals in the sample, and are
confirmed by the current signal curves at m/z = 18
indicating the presence of H,O (Fig. 8). The QMS
curve shows a maxima at 112°C, 132°C and 329°C.
The third endothermic effect is related to the com-
plete dehydration of the minerals. The water mole-
cules that are lost at this much higher temperature
are strongly bound to the minerals (most probably
trapped in their structure). The total mass loss due
to dehydration is 42.06%.

The FTIR-3D revealed significant changes in
the intensities of particular absorption bands of
the decomposition products as a function of tem-
perature (Fig. 6). On the spectra, extracted from
all the collected spectra for the temperatures at-
tributed with loss of water (116, 143, 334°C; DTA,
TG curves), the presence of the characteristic

absorption bands of H,O are mainly observed
(Fig. 7). The bands in the ranges 1230-2100 cm™
and 3400-4000 cm ™' confirmed the emission of
water vapor from the sample (Chukanov & Cher-
vonnyi 2016). The low intensity band in the range
2260-2400 cm™ with a maximum at 2350 cm™
is attributed to CO,. However, the band indicat-
ing the presence of carbon dioxide is not associ-
ated with the sample components (using all of the
methods employed, no carbonate minerals were
found in the samples) and may arise due to the
presence of atmospheric CO, in the infrared beam
path between the source and detector (Chukanov
& Chervonnyi 2016). The FTIR temperature trace
curve for H,O (to avoid coincidence with the
bands of SO,, the range between 3400-4000 cm™
was chosen) shows good agreement with the IC
curve for m/z = 18 (Fig. 8). The observed shifts of
the curves’ maxima are due to the axial tempera-
ture gradient in the measurement chamber and
the influence of the bandwidth of the transfer line
of the furnace chamber with the FTIR and QMS
analyzer.
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For steps 1, 2 and 3 the following reactions are
proposed:

AL(SO,),17H,0 = AL(SO,), + 17H,0 1)

MgSO,-AL(SO,),22H,0 — ,
5 MgSO,-AL(SO,), + 22H,0 P

Ca(SO,)2H,0 — Ca(S0,) + 2H,0 3)

The next steps (4 and 5) are observed at the
temperatures of 801°C and 853°C. The mass losses
in these steps are 27.22% and 6.74%, resulting in
a total mass loss of 33.96% (Fig. 5). The observed
decomposition involves the formation of metal
oxides and the release of SO,, followed by the de-
composition of SO, into SO, and O,. Correspond-
ing ionic current peaks with maxima at 816°C and
861°C at m/z = 64 (SO,) are observed (Fig. 8).

FTIR spectra characteristic for these steps (Fig. 7)
reveal the bands at the ranges 1035-1260 cm™" with
a maximum at ca. 1156 cm™ and 1290-1450 cm™
with a maximum at 1363 cm™ and are related to
v, and v, vibrations of SO, respectively (Buzykin
et al. 2005). A low intensity band at ca. 2500 cm™
is also related to sulfur dioxide (Rothman et al.
1992, Buzykin et al. 2005). The other observed
bands are much less intense and may be related
to atmospheric H,O and CO, (gas atmosphere in-
side the furnace; Chukanov & Chervonnyi 2016).
The bands characteristic for SO, (Buzykin et al.
2005) have not been observed. The FTIR tempera-
ture-dependent curve for SO, (the range between
1035-1260 cm™ was selected as characteristic
for SO,) shows good agreement with the IC curve
for m/z = 64 (Fig. 8). The range characteristic for
the v, vibration of SO, slightly overlaps with that for
water (1230-2100 cm™), hence the FTIR tempera-
ture trace curve for SO, shows an elevation of the
line in the range indicating the presence of water
(see FTIR temperature trace curve of H,0).

XRPD analysis of the final thermal decompo-
sition product of the efflorescence sample (carried
out after the measurement was completed) shows
the presence of spinel MgAl,O, (ICDD database
entry no. 21-1152), anhydrite CaSO, (ICDD data-
base entry no. 37-1496) and quartz (ICDD entry
no. 33-1161). This indicates that, at least for the ap-
plied measurement parameter settings, both an-
hydrous aluminum sulfates decomposed with the
release of SO, followed by the decomposition of

SO, into SO, and O,. The endothermic effects oc-
curring at the temperatures of 801°C and 853°C
are associated with the decomposition of alumi-
num and magnesium sulphates respectively. Ther-
mal decomposition of CaSO, occurs at a higher
temperature (ca. 1200°C; Foldvari 2011), and was
therefore not recorded. The lack of an endother-
mic reaction (DTA curve) at 573°C, indicative of
a structural transformation of  quartz (low-tem-
perature quartz) into a quartz (high-temperature
quartz), is evidence that there were only minor
amounts of the phase in the sample.

The following decomposition is generally pro-
posed:

AL(SO,), — ALO, + 35S0, @)
350, — 3S0, + 3/20, )
MgSO,-AL(SO,), > ALO, + MgO + 4SO,  (6)
450, — 480, + 20, 7)

The total mass loss from the decomposition
of the sample attributed to the water loss steps is
42.06%, which is lower than the theoretical mass
loss of 47.23% in alunogen. However, this seems to
be a reasonable outcome given the presence of ad-
mixtures such as pickeringite and gypsum, affect-
ing these values. In addition, the total mass loss
attributed to the SO, release steps is lower than
the theoretical mass loss (33.96% and 37.04% re-
spectively). However, it is important to note that
the effect of decomposition at the temperature of
801°C with a mass loss of 27.22% is related to the
decomposition of aluminum sulfate coming from
both alunogen and pickeringite, while the next
step, at the temperature of 853°C with a mass loss
of 6.47%, is linked to the decomposition of mag-
nesium sulfate from pickeringite. The total mass
loss attributed to the SO, release steps do not in-
clude the gas released from dehydrated gypsum,
that is anhydrite (CaSO, decomposes at tempera-
tures above 1000°C).

Comparing the results obtained with those
available in the literature, some difficulties and
discrepancies are encountered. The key point is
that natural samples of efflorescence are usually
a mixture of salt minerals, resulting in complex
thermal effects (Frost et al. 2007, Locke et al. 2007).
Isomorphic substitutions in minerals also affect
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the observed thermal effects, such as minerals in
the halotrichite mineral group (Locke et al. 2007,
Foldvari 2011). This also results in a lack of corre-
sponding literature data. In the sample from the
Ratusz tor, both the thermal effects associated with
the dehydration of the sulfate minerals and the de-
composition of the anhydrous sulfates — alunogen
and pickeringite occur in a very similar tempera-
ture range (Foldvari 2011), and cannot be attribut-
ed separately to individual salts. It is most likely
that only the effect at 853°C can be solely attributed
to the decomposition of MgSO, from pickeringite.
Therefore, the amounts of specific sulfate minerals
in the sample, based on their characteristic mass
losses, cannot be clearly quantified. Our analysis of
the recorded thermal effects generally agrees with
published data regarding the sulfate minerals pres-
ent in the sample, particularly alunogen.
Kahlenberg et al. (2017) indicate that the dis-
crepancies in the characterization of alunogen
samples by different researchers result from the
degree of crystallinity of the sample, the two to
five steps in the release of structural water (Gan-
cy et al. 1981), and the setting of STA measure-
ment parameters. The latter include well-known
parameters affecting thermal effects e.g. amount
of material, heating rates, water vapor pressure
or gas atmosphere (air, nitrogen, argon and vac-
uum) inside the furnace. However, irrespective of
these factors, the end product of the dehydration
of alunogen is anhydrous Al,(SO,),. Finally, alu-
minum sulfate decomposes into metal oxide with

the release of SO, followed by the decomposition
of SO, into SO, and O,. The final thermal decom-
position products of the Ratusz tor efflorescence
(MgAlLO,, CaSO, and SiO,) reflect the complex
composition of the sample and the reactions oc-
curring between the metal oxides formed after
the release of SO, from dehydrated alunogen and
pickeringite, under the conditions in which the
measurements were carried out.

Alunogen from Stone Town Nature Reserve

SEM-EDS analysis

Alunogen crystals were found to be the main
component of the whitish botryoidal aggregates
of salt efflorescence from the Ratusz tor. In the
SEM microscopic images, it forms flaky crys-
tals, frequently exhibiting a hexagonal outline.
The crystals range from a few dozen to a hun-
dred pm in size. They are clustered in aggre-
gates which coalesce to form a cellular network
(Fig. 9A, B). Based on EDS analysis, only Al, S and
O were found in its chemical composition. The
other components of the efflorescence are pick-
eringite and gypsum. Pickeringite, of the chemic-
al formula (Mg, ,sMny ,,Zn, ;,Cuy 4,)(S;99 o 1.0004)
AL 1,000 10 10004):22H,0 (Marszalek et al. 2020),
forms aggregates of very fine and thin acicular
crystals, not exceeding several hundred microme-
ters in length. Gypsum is the rarest phase exhibit-
ing a prismatic shape, showing the presence of Ca,
S and O in EDS analysis.

Fig. 9. Back scattered electron (BSE) images of alunogen from the Ratusz tor efflorescence (A, B)
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Chemical analysis (EPMA)

The microprobe analyses are presented in Table 1.

Table 1

Representative chemical compositions of the STNR alunogen
Chemical Analysis number Aver-
composi- age sd

tions 2 6 9 10 11 n=>5
[wt%]
SO, 35.84 | 37.25 | 37.04 | 35.67 | 36.15 | 36.39 | 0.71
P,0; 0.00 0.00 0.06 | 0.16 | 0.00 | 0.04 | 0.07
Sio, 0.00 | 0.00 0.03 | 0.05 | 0.00 | 0.02 | 0.02
ALO, 15.36 | 15.24 | 15.12 | 15.69 | 14.87 | 15.26 | 0.30
CuO 0.00 0.00 0.00 | 0.07 | 0.00 0.01 0.03
ZnO 0.10 0.00 0.09 | 0.03 | 0.22 | 0.09 | 0.08
SrO 0.00 | 0.00 0.00 | 0.06 | 0.00 | 0.01 0.03
MnO 0.00 0.12 0.04 | 0.00 | 0.45 0.12 0.19
FeO 0.31 0.00 0.03 | 0.21 | 0.07 | 0.12 0.13
CaO 0.00 0.04 0.01 | 0.04 | 0.04 | 0.03 | 0.02
BaO 0.30 0.00 0.00 | 0.00 | 0.24 0.11 0.15
MgO 0.09 0.17 0.17 | 048 | 0.17 | 0.22 | 0.15
Na,O 0.21 0.01 0.08 | 0.13 | 0.21 0.13 | 0.09
K,0 0.00 0.03 0.01 | 0.02 | 0.05 0.02 0.02
H,0* 46.20 | 47.24 | 47.04 | 46.58 | 46.26 | 46.67 | 0.46
Total 98.42 | 100.10 | 99.74 | 99.19 | 98.71 | 99.23 | 0.70
[apfu]**

S&* 2.97 3.02 3.01 | 293 | 299 2.98 0.04
p** 0.00 | 0.00 0.01 | 0.01 | 0.00 | 0.00 | 0.01
) 2.97 3.02 3.02 | 294 | 299 | 298 | 0.03
Si** 0.00 0.00 0.00 | 0.01 | 0.00 [ 0.00 | 0.00
Al 2.00 1.94 193 | 2.02 | 1.93 1.96 | 0.04
Cu* 0.00 | 0.00 0.00 | 0.01 | 0.00 | 0.00 | 0.00
Zn* 0.01 0.00 0.01 | 0.00 | 0.02 0.01 0.01
Sr* 0.00 | 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Mn* 0.00 0.01 0.00 | 0.00 | 0.04 | 0.01 0.02
Fe** 0.03 0.00 0.00 | 0.02 | 0.01 0.01 0.01
Ca® 0.00 | 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Ba* 0.01 0.00 0.00 | 0.00 | 0.01 0.00 | 0.01
Mg2+ 0.02 0.03 0.03 | 0.08 | 0.03 0.04 | 0.02
Na* 0.05 0.00 0.02 | 0.03 | 0.04 | 0.03 | 0.02
K 0.00 | 0.00 0.00 | 0.00 | 0.01 0.00 | 0.00
Total 5.09 5.00 5.01 511 5.08 5.05 0.05
H,0 17 17 17 17 17 17

sd - standard deviation,
* calculated from stoichiometry,
** calculated on the basis of 12 O atoms per formula unit (apfu) with
the presence of 17 H,O molecules pfu.

In this study, Fe was calculated as FeO. Since
the concentration of this element is very low, con-
verting it to Fe,O, does not significantly change
the analytical results and does not influence the
calculated chemical formula. The concentration of

FeO varies from 0.00 to 0.31 wt% (0.12 wt% +0.13
and 0.01 apfu +0.01 on average). Alunogen from
STNR contains 14.87-15.69 wt% (15.26 wt% on
average) of Al,O, and 35.84-37.25 wt% (36.39 wt%
on average) of SO,. Elements, such as Mn, Zn
and Cu, occur in traces (0.12 wt%, 0.09 wt% and
0.01 wt% respectively, giving <0.01 apfu on aver-
age) and are likely related to the co-occurrence of
pickeringite. Alkali and alkaline earth metals: Na
(Na,O 0.13 wt% on average), K (K,O 0.02 wt% on
average), Ba (BaO 0.11wt% on average), Mg (MgO
0.22 wt% on average) and Ca (CaO 0.03 wt% on
average) probably come from neighboring min-
erals (e.g., gypsum and pickeringite) and/or thin
clay material from the efflorescence. Silica (SiO,),
that was present in the studied material in the
amount of 0.03-0.05 wt%, should be considered
as finely dispersed quartz. Its presence was also
confirmed by XRPD analyses. Based on the re-
sults obtained (FeO converted to Fe,O,), the pos-
sible empirical formula of alunogen from STNR is:
(A11.93 to 2.02F63+0.00 to 0.03)21.93 to 2405(80.98 to 1.0104)3'17H20
(ideal water content assumed). The final proposed
empirical formula, based on the average results, is:
(AL yoFe™ | ;)51 6,(SO,);17H,0. It seems that the de-
ficiency or the excess of sulfur and cations is most
likely to be caused by an admixture of alunogen
with other minerals in the analyzed volume, and
possibly also by the instability of hydrous miner-
als under an electron beam.

Unit-cell parameters

The calculation of unit-cell parameters was carried
out on the basis of twenty-five reflections of aluno-
gen that do not overlap with the reflections of oth-
er components of the efflorescence (Fig. 4A, B).
The unit-cell parameters, refined for the triclin-
ic space group PI, are as follows: a = 7.423 (1) A,
b=26913 (5) A, c = 6.056 (1) A, o = 89.974 (23)°,
B = 97.560 (25)°% y = 91.910 (22)°. Although the
samples contained an admixture of other sul-
fates (pickeringite and gypsum), the predom-
inant alunogen was relatively chemically pure
(AL, 4Fe® ) )y 6,(SO,),17H,0). Trace amounts of
additional cations in some crystals (not exceed-
ing 0.04 apfu on average) do not seem to influence
the unit-cell parameters. The results obtained are
consistent with data previously reported for this
mineral by other researchers (Fig. 10).
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Fig. 10. Unit-cell parameters of the STNR alunogen compared to data in the literature: 1 - Fang & Robinson (1976); 2 - Men-
chetti & Sabelli (1974); 3 - Zdcek (1988); 4, 5 — Kosek et al. (2018); 6 - Kruszewski (2013); 7 - Biagioni et al. (2020); 8 - Szabo

et al. (2020); 9 - this paper

Raman microspectroscopy

The Raman spectrum of alunogen is divided into
three regions (Kosek et al. 2018): the first from 900
to 1300 cm™', dominated by the spectral signatures
of the SO, stretching vibrations; the second region
below 800 cm™, containing the spectral signatures
of the SO, bending vibrations as well as lattice and
water vibrations; the third segment from 3000 to
3600 cm™, containing the stretching vibrations of
the hydroxyl groups.
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Raman intensity arb. u.

1127

(il
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The spectrum in the region of 900-1300 cm™
(Fig. 11) display the strong band at 995 cm™ as-
signed to the v, (SO,) symmetric stretching vi-
bration. The next low-intensity bands in this re-
gion are assigned to the asymmetric stretching
mode v, (SO,) and can be found at 1069, 1093 and
1129 cm™'. The region below 800 cm™ contains
a weak band at 419, and a broad one composed
of two bands at 443 and 473 cm™', representing
the symmetric bending v, vibration of the sulfate
tetrahedra.
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Fig. 11. Raman spectra of the STNR alunogen in the 100-1300 cm™ region
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Low intensity bands at 530, 314 and a very
weak band at 338 cm™ can be assigned to water
vibrations. The first one, at 530 cm™’, could also be
attributed to the v, (SO,) vibration. A broad band
at 614 cm™' of medium intensity can be assigned to
the asymmetric bending v, vibration. Lattice vi-
brational modes were registered in the lower wav-
enumber regions at 132, 160, 181 cm™. The bands
characteristic of the OH-stretching vibration, in
the region between 3000 and 3600 cm™, were not
recorded. However, the presence of water in the
crystal structure of alunogen is marked by bands
of water vibrations at 314, 338 and 530 cm™.

The Raman bands of alunogen from the Ratusz
tor correspond closely to data published by other
researchers (Table 2).

The position of the strongest Raman band as-
signed to the v, (SO,) symmetric stretching vi-
bration (995 cm™) differs only slightly from that
reported by Wang & Zhou (2014), Kosek et al.
(2018, 2022) and Szabo et al. (2020) (992 cm™)
and is almost identical to data given by Buzatu
et al. (2016) (996 cm™). This observation confirms
the relatively regular position of the v, (SO,) vi-
bration in alunogen samples from different lo-
cations and origins. The same logic applies to
other vibration modes, with the exception of
OH-stretching vibrations, which did not ap-
pear in the spectrum. Their presence is report-
ed however by Wang & Zhou (2014), Kosek et al.
(2018) and Szabo et al. (2020), but not in Buzatu
et al. (2016).

Table 2
The Raman bands with their assignments for alunogen (natural and synthetic samples)
8:/\;1?(1 Buzatu Kosek et al. 2018 Kogek Szabo This study | Assignment
2014 etal. 2016 etal. 2022 | etal. 2020 (follows Kosek
et al. 2018)
1 2 3 @ (5) (6) (7)
138 w 136 m 132 135 lattice mode
155w 156 w 154 vw 156 lattice mode
180 w 182w 184vw 219 180 lattice mode
278 vw lattice mode
309 316 310w 310w 308 w 307 305 312 water vibration
338 vw 344 vw 340 vw 341 338 water vibration
427 415 vw 414 sh 415 vw 418 419 v, (SO,)
445 sh 445 w 443 v, (SO,)
470 473 470 m 473 m 469 m 469 463 470 v, (SO,)
5286vw | 528w | 528vw 529 530 Wa:)‘;rv‘z”gggm
612 608 614 m 611 m 612 m 613 612 616 v, (SO,)
642w v, (SO,)
849
992 996 992 vs 992 vs 992 vs 992 992 995 v, (SO,)
1066 w 1069 sh 1066 w 1067 1069 v, (SO,)
1086 1080 1089 w 1086 m 1088 w 1085 1083 1093 v, (SO,)
1126 1127 m 1127 m 1126 m 1123 1144 1127 v, (SO,)
3246 ~3160br | ~3220br | ~3240br ~3267 (OH) stretch
vibration
~3351 br ~3440 br ~3406 (OF) stretch
vibration

Samples origin/source: (1) synthetic, pure, crystalline, declared formula Al,(SO,),-17H,0, ACROS; (2) abandoned Minei Hill open pit, Baia Sprie
mining area, Romania; (3) Schoeller coal mine, Kladno, Czech Republic, empirical formula (Al ,Fe*, ,)(SO,),-17H,0; (4) synthetic, Penta Prague,
Czech Republic, declared formula AL(SO,),-16H,0O; (5) burning coal waste dump, Alsdorf, Germany; (6) Jiul de Vest Upper Basin, South Carpath-
ian Mountains, Romania; (7) STNR, Ciezkowice, Outer Carpathian Mountains, Poland, empirical formula Al ,Fe** | );, ,(SO,);17H,0.

The symbols ‘s, ‘m’, ‘w’, V', ‘sh” and ‘br’ used next to the position of the Raman bands refer to their intensities: strong, medium, weak, very, shoul-

der and broad respectively.
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At the same time, variation in the case of the
hydroxyl bands (especially spectral intensity) has
been reported in the literature (Wang & Zhou
2014). This specific broad band of the OH vibra-
tion is explained by a very high number of water
molecules occupying various, structurally inde-
pendent sites in the alunogen structure. Twelve
structural H,O molecules (out of 17 per aluno-
gen formula) are coordinated with the two Al cat-
ions, 6 per cation (Fig. 1), which results in different
bond lengths between H,O and Al in these two
types of octahedra. This produces an extremely
broad spectra band centered around 3250 cm™ in
the Raman spectrum. Further broadening of the
H,O band in the vibrational spectrum is associat-
ed with the remaining five structural H,0O mole-
cules not coordinated to the Al cations. These are
bounded to the alunogen structure through weak
hydrogen bonds and are located in the interstitial
spaces between the SO, tetrahedra and AI(H,0),
octahedra. This location results in differences in
the symmetry of the bonds. Partial dehydration of
alunogen (partial loss of hydrogen bonded water),
which can lead to a higher degree of structural or-
dering, i.e. better defined crystallographic sites for
structural water, is reflected in the variable inten-
sity and shape of hydroxyl bands (i.e. new bands
may appear) (Wang & Zhou 2014).

SUMMARY
AND CONCLUDING REMARKS

This paper presents the mineralogical and geo-
chemical characteristics of natural alunogen
which is a component of the efflorescence on
a sandstone tor in STNR in Poland, along with
a characterization of the eftlorescence itself.
Phase analysis (XRPD) of the efflorescence re-
vealed the dominance of alunogen with an admix-
ture of other sulfate salts — pickeringite and traces
of gypsum. Thermal analysis coupled with evolved
gas mass spectrometry QMS and FTIR spectros-
copy showed that the efflorescence samples re-
vealed thermal decomposition steps at 116, 143
and 334°C, which are attributed to the gradual loss
of water from the hydrated minerals in the sam-
ple (adsorbed water, interstitial water and chemi-
cally bonded water). The eftlorescence sample also

showed two higher temperature decomposition
steps at 801 and 853°C, related to the decomposi-
tion of anhydrous sulfates, with the release of SO,,
followed by the decomposition of SO, into SO,
and O,. The effect of decomposition at the tem-
perature 801°C is related to the decomposition of
aluminum sulfate from both alunogen and pick-
eringite, while the next, at 853°C, is linked solely
to the decomposition of magnesium sulfate from
pickeringite. The total measured mass loss (con-
cerning the effects attributed to alunogen) is low-
er than the theoretical mass loss in alunogen. This
difference may be explained by a number of factors:
the sample analyzed contains admixtures of other
sulfates, the mineral studied is a natural mineral,
and finally, the mass loss of adsorbed water is not
taken into account in the total measured mass loss
(i.e. the total measured mass loss also includes the
loss of adsorbed water). Despite the fact that the
sample was a mixture of minerals, the analysis of
the recorded thermal effects generally agrees with
the published data regarding the sulfate minerals
present in the sample, particularly alunogen.
Alunogen crystals, the dominant component
of the Ratusz tor efflorescence, is almost chemi-
cally pure, and its calculated empirical formula
is (Al Fe’ ) 1)s16,(SO,),:17H,0. Deviation from
the ideal stoichiometry is most likely to be caused
by an admixture of alunogen with other miner-
als in the analyzed volume, and possibly also by
the instability of hydrous minerals under an elec-
tron beam. The refined unit cell parameters of the
investigated specimens are consistent with the
values reported in the literature for alunogen of
various origins and are as follows: a = 7.423 (1) A,
b=26913 (5 A, c = 6.056 (1) A, a. = 89.974 (23)°,
B = 97560 (25)°, y = 91.910 (22)°, giving a ratio
a:b:c = 0.275:1:0.225. The Raman spectra of this
Al-rich sulfate from the Ratusz tor is in close agree-
ment with data published by other researchers.
The characteristic bands are registered at 995 cm™
(v, SO,); 1069, 1093 and 1129 cm™" (v, SO,); 419, 443
and 473 cm™ (v,S0,), and 614 cm™ (v, SO,). Bands
at 530, 314 and at 338 cm™' are assigned to water
vibrations. Lattice vibrational modes were regis-
tered at 132, 160, 181 cm™. The bands characteris-
tic for the OH-stretching vibration, in the region
between 3000 and 3600 cm™, were not recorded.
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Characterization of the alunogen containing
efflorescence performed using both X-ray pow-
der diffraction (XRPD) and simultaneous ther-
mal analysis (STA) coupled with quadrupole mass
spectrometry (QMS) and Fourier Transform In-
frared spectroscopy (FTIR) for the analysis of gas
products is one of the first studies of this type.
Using STA alongside XRPD gives more complete
information about efflorescent minerals. Taking
into account the fact that studies of aluminum
sulfates are quite rare in the literature, the results
obtained could be valuable reference data for the
characteristics of other various geological materi-
als containing such sulfates.
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