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Abstract
This Ph.D. thesis was focused on the application of Raman spectroscopy as the main
analytical method for the characterization of neo-formed minerals, notably sulfates,
from burning coal waste dumps. This environment associated with subsurface fires
gives rise to a variety of uncommon and rare minerals. The specific features of these
minerals (metastability, hygroscopy, mixed aggregates) causes that the mineralogical
investigation is a challenging task using traditional laboratory-based techniques.
Advantages such as the non-destructive nature, the sensitivity to the changes in the
hydration degree of sulfates, little or none pretreatment, and the option of measurements
directly in the field were the main reasons for applying this spectroscopy method. The
scarce availability of spectroscopic data of most gas-vent minerals can be considered as
the disadvantage. Therefore, artificial prepared samples of six anhydrous sulfates, which
are rarely found in nature, were analyzed by Raman laboratory spectroscopy and a
miniature a Raman spectrometer, and specific Raman features as well the differences
with hydrated counterparts are shown. Laboratory investigation of two natural hydrated
aluminum sulfates, alunogen and khademite, were carried out using Raman spectroscopy
and other methods in order to obtain Raman spectra of well-defined specimens. Since
the hydration and other transformation of samples may occur after sampling, the
performance of a miniature Raman spectrometer (785 nm) was tested for the detection
of gas-vent minerals in the field. Despite the handheld instrumentation did not allow for
ideal detection and discrimination of finely crystalline minerals in complex mixture, the
general performance of the spectrometer was convincing. This work also reports
preliminary results about occurrence and distribution of predominantly sulfates at two
different burning coal waste dumps (Ostrava, Czech Republic and Alsdorf, Germany).
A number of rare hydrated and anhydrous sulfates and halides were found within gasvent encrustation. Among others, kremersite, sabieite, godovikovite, pyracmonite,
millosevichite, or mikasaite were unambiguously identified by Raman spectroscopy in
nature for the first time. However, several sulfate phases have remained unidentified.
Results of distinct experiments as well as the application in the real environment of
burning heaps carried out in this work proved that Raman spectroscopy is able to detect
numerous sulfates and other minerals associated with fumarolic environment, including
sulfate phases of the different hydration degree, chemically and structurally related
phases, or intimately intergrown aggregates. Based on this work, a Raman spectral
database of gas-vent minerals was also created.

Abstrakt
Tato dizertační práce se zabývala využitím Ramanovy spektroskopie jako hlavní
analytické metody pro identifikaci novotvořených minerálů, předně sulfátů, na hořících
uhelných haldách. V tomto prostředí ovlivněném podpovrchovou termickou aktivitou
vzniká řada neobvyklých či vzácných minerálů, které se vyznačují specifickými
vlastnostmi jako je metastabilita, hygroskopie nebo vznik smíšených minerálních
agregátů. Z tohoto důvodu je identifikace takových minerálních fází s použitím
tradičních laboratorních metod ztížená. Mezi hlavní důvody využití Ramanovy
spektroskopie patří nedestruktivnost metody, možnost rozlišení různě hydratovaných
sulfátů, žádná nebo téměř žádná příprava vzorků a možnost terénního měření přímo
v místě výskytu. Hlavní nevýhodou je nedostatek kompletních a spolehlivých
spektroskopických dat studovaných minerálů. Z tohoto důvodu bylo laboratorně
připraveno šest bezvodých sulfátů vzácně se vyskytujících v přírodě,
u kterých byla laboratorním a přenosným spektrometrem získána Ramanova spektra a
porovnána s hydratovanými analogy. Dále byla Ramanova spektroskope využita
v kombinaci s dalšími metodami pro celkovou charakterizace dvou přírodních hlinitých
sulfátů, alunogenu a khademitu. Jelikož se metastabilní fáze mohou po odběru
rehydratovat nebo jinak transformovat, proběhlo testování přenosného spektrometru
(785 nm) přímo na hořící haldě. Ačkoli se vykytovaly problémy při identifikaci jemně
krystalických smíšených vzorků, testovaný spektrometr celkově poskytl přesvědčivý
výkon. Tato práce také obsahuje předběžné výsledky o výskytu převážně sulfátové
mineralizace na dvou odlišných termicky aktivních haldách (Ostrava, ČR, a Alsdorf,
Německo). Řada vzácných hydratovaných i bezvodých sulfátů a halidů byla
identifikována jako součást inkrustací navázaných na výduchy horkých plynů.
Kremersit, sabieit, godovikovit, pyracmonit, millosevichit nebo mikasaite byly v přírodě
detekovány Ramanovou spektroskopií vůbec poprvé. Nicméně několik sulfátových fází
doposud zůstává neidentifikováno. Výsledky laboratorních i terénních měření ukázalo,
že Ramanova spektroskopie je vhodnou metodou pro detekci a identifikaci četných
sulfátů a jiných minerálů, které vznikají jako důsledek procesů na hořících haldách,
včetně sulfátů odlišně hydratovaných sulfátů, chemicky a strukturně příbuzných fází
nebo smíšených minerálních agregátů. Na základě této práce taktéž vznikla malá
databáze Ramanových spekter minerálů z prostředí horkých výduchů.
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A note on minerals and coal fires
It should be noted that there is a question if substances formed and found at burning
coal heaps are minerals. Their origin ultimately is man-dependent, at least those heaps
have been piled by humans. The definition of a mineral includes a phrase “natural
occurring” which excludes any human intervention. Despite the fact that coal fire can
have a natural cause, the current statement of the International Mineralogical Association
says that any products of combustion are not considered as minerals because the origin
of a particular fire cannot be accurately determined. The discussion about this is beyond
the scope of this work; however, the author of this manuscript supports the view that “…
all the substances should be classified as minerals, that an arbitrary distinction between
man and nature is neither possible nor advantageous, and that the problem largely is one
of semantics and usually will disappear upon a discussion of the origin of the material
in question,” (cited from Lapham et al., 1980). In other words, it does not matter if the
coal was ignited by spontaneous combustion, an accident, or a lightning on condition
that the minerals have not been made purposely and have formed by processes common
to fumarolic or volcanic environments. Therefore, the phases described herein are
referred to as minerals.

1. Introduction
Demand for coal in the 19th and 20th century has led to exploitation of many
coalfields around the world, fueling the growth of our modern industrial civilization. The
mining activities have greatly changed the face of landscape and influenced lives of
mineworkers and residents in former or still active mining districts. The coal exposed to
atmospheric conditions, either in underground mines or refuse piles, occasionally
catches fire by natural causes or human error, releasing noxious gases to the atmosphere
and leading to perilous land subsidence, the destruction or alteration of ecosystems, and
other environmental consequences. The emissions of acidic gases, particulates, organic
compounds, and trace elements may contribute to a range of respiratory and other
human-health problems. Such fires can burn for decades without any opportunity of
extinguishing which may have a fatal impact on people living in nearby communities as
it happened in the borough of Centralia, Pennsylvania (Nolter and Vice, 2004). Despite
numerous attempts of extinguishing, this town was abandoned due to the underground
fire of an anthracite bed, ignited accidentally by trash fire, and serves as an example of
what uncontrolled coal fires can inflict. However, it would be a mistake to assume that
coal fires are only the consequence of coal exploiting or human activities. Many fires
associated with coal deposits have been traced in the distant history, long before that
human could be involved. For instance, the oldest clinkers (baked rocks) from the
Powder River Basin, located in Montana and Wyoming, are dated back to as early as
Pliocene, meaning the age of about 4 Ma (Heffern and Coates, 2004). Although this can
suggest that coal fires are a natural event, humans have allowed through coal mining the
proliferation of these fires.
Burning coal waste heaps or culm banks are the legacy left after mining and they can
be found at many sites in the world. Combustion processes extensively alter the original
mineral composition of waste rocks and mobilize various elements and compounds,
including environmentally hazardous ones, bound in coal and minerals. This creates a
unique high-temperature mineralization in active burning centers through
pyrometamorphism, and new phases are also formed as condensation or alteration
products of cooling gases exhaled from surficial vents, cracks, or fissures. This hightemperature environment of coal-fire gas vents is highly uncommon, hosting a variety
of hydrous and anhydrous sulfates and other rare minerals of a different chemical
composition. It resembles fumaroles from volcanic areas to some extent, and thus coalfire gas vents can be considered as analogous environment suitable for the study of
mineral forming processes and testing site for the identification of delicate minerals. The
neo-formed minerals may also incorporate trace elements. Some of these elements are
potentially harmful and they can pollute groundwater and soils very easily since minerals
containing them typically occurs as water-soluble powdery materials that are dissolved
1

by rainwater or eroded by wind. Therefore, the study of these minerals gives information
about the trace-element behavior during combustion as well as may help to identify
potentially harmful substances.
Still, the characterization or even simple identification of such minerals face several
problems. The minerals can be difficult to collect and pack for transport due to the
delicate or fragile nature. Hydration or deliquescence of certain minerals can proceed in
a matter of days, hours, or even seconds shortening the time available for laboratory
analysis. Obviously, certain analytical methods have difficulties with extremely small
crystals or small amounts of samples in general. Furthermore, closely related sulfates are
sometimes almost indistinguishable by, for example, the X-ray diffraction analysis,
especially in intimate mixtures. Raman spectroscopy has a great potential to facilitate
the identification of such minerals, providing the analysis in a nondestructive way,
without any pretreatment, and directly on the rock sample. It is a versatile technique
since it can be deployed either for the laboratory-based analysis or the investigation
directly in the field.
However, Raman spectroscopy has been used in investigations of gas vent
assemblages, regardless of the coal fire or real fumarolic origin, almost marginally.
Therefore, no previous experience with this spectroscopic technique exists nor many
spectroscopic data of gas-vent minerals are available. This thesis focuses on the
application of Raman spectroscopy for the detection of sulfates and other minerals
forming around coal-fire gas vents trying to fill these gaps. In order to accomplish this
major goal, reliable Raman data of the relevant minerals have to be assured to identify
them unambiguously. For that reason, a series of spectroscopic studies was carried out
using synthetic analogues (Chapter 5) and several natural sulfates (Chapter 6) to
examine the spectral difference between variously hydrated yet chemically and
structurally related sulfates. As a next step, a lightweight portable Raman spectrometer
was tested and evaluated for the detection of gas-vent derived sulfates in the field
(Chapter 7). Eventually, the preliminary results of the investigation of two different
sulfate assemblages from still active burning coal heaps are given, adopting results and
experience obtained previously (Chapter 8).

2

2. Burning coal heaps: origin and processes
2.1. Composition of refuse piles
When coal is extracted and transported from the mine, it contains a various amount
of minerals or rock debris that must be removed prior to sale. This removed material is
referred to as coal refuse, waste, or simply rejected materials. It is discarded during the
original coal extraction procedures in coal preparation plants and almost randomly
deposited in piles near the mine sites along with rock debris from the layers
accompanying the coal beds.
For that reason, wastes from coal mining are heterogeneous materials and the
composition very depends on mining and processing methods and local geological
conditions. Coal wastes may consist of remaining coal (unrecovered coal, low-grade coal
containing a high percentage of ash, and unmarketable fines and dust produced by the
washing process), rock material, and various other refuses of the non-mining origin. The
proportion of coal and coal matter in heaps greatly varies from 3 to 30%, although the
usual amount is around 8-10% (Skarzynska, 1995).
2.1.1. Coal and carbonaceous matter
Coal is, by definition, a readily combustible rock containing more than 50 percent by
weight and more than 70 percent by volume of carbonaceous material (Schopf, 1956).
Most coals were formed from peat of swamps or mires during Carboniferous and
Cretaceous/Tertiary periods. The organic material of common coals is derived mainly
from plant parts of forest vegetation, which have undergone various degree of
decomposition in the swamps and physical and chemical alteration after burial. If
conditions are favorable for accumulation and preservation of peat, any terrestrial
settings have a potential for the coal formation. However, not all swamps are supposed
to produce economic coal deposits (McCabe, 1984).
The biochemical stage of coal formation, or peatification, includes microbial and
chemical alteration. Marshy anoxic conditions favor the accumulation of plant debris
instead of the rapid decomposition. Still, microbial communities (both aerobic and
anaerobic, depending on the reduction conditions and depth) play an important role in
the transformation of dead plant bodies into peat, at least at very shallow depths.
Humification is the essential process during peatification, when oxygen-rich substances
(cellulose, sugars, pectines, etc.) are almost decomposed. This results in the enrichment
of relatively carbon-rich lignin, the neo-formed humic acids, and an increase in the
overall aromaticity (Teichmüller and Teichmüller, 1967; Bouška, 1981).
The transformation of the organic sediment into the inflammable organogenic rock is
known as coalification and can be considered as the geochemical stage of coal formation.
It encompasses the transformation of peat into brown coal after peat layers are covered
3

with another rock, and subsequent maturation into hard coal (Teichmüller and
Teichmüller, 1967; Diessel, 1992). The degree of coalification is driven by agents such
as temperature, pressure, and time, which is reflected in coal rank. The terms “brown
coal” refers to low rank coal such as lignite and subbituminous coal, whilst “hard coal”
is used for coals of higher rank, bituminous and anthracite coals (Thomas, 2013).
Advance in rank is characterized by an increase in the percentage of carbon, a decrease
in volatile matter (due to a decrease of the hydrogen and oxygen content), and a decrease
in moister. Consequently, hydrogen-rich groups are eliminated, aromatic clusters are
formed, and some volatiles (carbon dioxide, water, and methane) are yielded. The
increase of rank can be tracked, for example, by petrographic properties of macerals
(Teichmüller and Teichmüller, 1967; Bouška, 1981). Generally, three main groups of
macerals are classified – vitrinite, exinite and inertinite that are derived from the
particular plant remnants commonly preserved in swamps. Each undergoes specific
coalification pathways due to different composition (Diessel, 1992). Rank of coal
deposited at waste dumps is of a great importance because it determines the subsequent
behavior of coal during decomposition and weathering when exposed to atmospheric
conditions. The classification of coal ranks is chiefly based on the carbon content and
reflectance of vitrinite; however, the exact classification varies between countries. The
system used in the Czech Republic is shown in Table 1.
Table 1: Classification of coal used in the Czech Republic with selected parameters (after
Hubáček et al. 1962, Diessel 1992, and ČSN 44 1390). Cdaf - carbon content (dry ash free basis,
%), Hdaf - hydrogen content (dry ash free basis, %), Odaf – oxygen content (dry ash free basis, %),
Ndaf - nitrogen content (dry ash free basis, %), Vdaf - volatile matter (dry ash free basis), W tr moisture of fired fuel (%), R0 –reflectance of vitrinite (%).
Hdaf

Ndaf

Vdaf

Wtr

R0

4,5-6

0,9-3,5

> 60

7595

< 0,20

<6

<1

> 30

> 0,20

<6

<1

10-2

<5

<1

40-8

>5

<2

<3

<1

8-2

>2

Cdaf

Odaf

peat

5060

lignite

< 65

3340
1933
1019

subbituminous
bituminous
anthracite

6569
6992
8698

4

5240
5240

> 30

0,400,60
0,602,65
> 2,65

2.1.2. Chemical composition of coal
From the viewpoint of main biogenic elements in coal, the essential components are
C, H, O, N, and S (Bouška, 1981; Diessel, 1992). The content of these mineral is rank
specific and is given in Table 1. Besides sulfur organically bound, it can be found in
sulfides or in inorganic sulfates, though the distribution varies greatly. The total sulfur
content may be fairly high, up to ~10% (Bouška, 1981; Calkins, 1994). Generally, the
coal containing more 3% S is considered as the high-sulfur coal (Wood et al., 1983).
Furthermore, coal is enriched by a great variety of trace elements. Their distribution has
been studied for a long time and average values and Clark values are calculated and
tabled for many world coal deposits (Swaine, 1990; Finkelman, 1999; Ketris and
Yudovich, 2009, and references therein). Trace elements can originate from bodies of
plants accumulating them during their life (Ca, Mg, Fe, Al, Na, K, Mn, Ti, Si, Cl, and
P.), or from mineral clasts and grains, which were brought into developing organic
sediment by water or wind. They can migrate from or into the surrounding rocks due to
groundwater leaching and be captured in minerals or bound to organic matter. Moreover,
influence of a hydrothermal activity should be taken into consideration (Bouška, 1981).
Distribution or how they are bound in the coal is referred to as the mode of occurrence
(Swaine, 1990; 1995). It will determine the behavior of an element in the coal during
coalification, weathering, or thermal altering. In general, trace elements may be
organically bound (incorporated into organic matter or due to sorption) and/or these
elements may occur as minerals. Elements such as Ge, Be, Ga, Ti, and V have high
organic affinity and, therefore, they are rather bonded with organic matter, while Zr, Mo,
Mn, Pb, As, Se, Hg, Cd, Cu or Zn are known to be predominantly present in the mineral
matter, namely in sulfides (Swaine, 1990). On the contrary, some elements like Cl can
be commonly bonded to both organic material and minerals (mostly salts) (Vassilev et
al., 2000). However, the exact modes of occurrence of individual elements are specific
of each investigated coal (Swaine, 1995). Due to a different geochemical behavior, the
concentrations of several elements in coal or in coal ash can sometimes exceed by ten
times or more Clark values calculated for the sedimentary rocks or the upper crust (Ketris
and Yudovich, 2009). Such anomalous coals are sometimes referred to as “mineralized”
or “metalliferous” and they can be of a certain economic importance. Particularly, when
Ge and U as well as REE, Ag, Au, and PGE are considered. In specific cases, the contents
of trace elements in metalliferous coals and especially in the ash of these coals are equal
to or even higher than their concentrations in many conventional types of ores (Seredin
and Finkelman, 2008). Given coal burning in power plants or weathering of coal wastes,
the same attention is paid to the content of toxic elements (As, Be, Pb, Hg, Se, and others)
due to potentially hazardous impact on the environment and human health (e.g.
Finkelman, 1994; Pešek et al., 2005).

5

2.1.3. Mineral matter and waste rocks
Mineral matter of coals is their non-combustible inorganic fraction. Harvey and Ruch
(1984) defined it as all the mineralogical (mostly crystalline) phases as well as all other
inorganic elements in the coal that are bound in various ways to the organic components,
forming organometallic complexes. Most of inorganic matter occurs in the form of
mineral grains, either as finely dispersed within the coal matrix or as discrete
accumulations. Minerals in coal are result of a range of different processes: (1)
deposition of detrital material in the peat swamp (detrital - D); (2) biogenic and inorganic
authigenic precipitation during sedimentation of the peat (syngenetic - S); (3) alteration
of pre-existing minerals or precipitation of new mineral phases introduced by
metamorphism, hydrothermal activity, or secondary mineralization processes
(epigenetic - E) (Davis et al., 1984; McCabe, 1984; Diessel, 1992; Ward, 2002). More
than 100 different minerals may occur in coal, but only about 15 are abundant enough to
have high importance (Harvey and Ruch, 1984; Vassilev and Vassileva, 1996). The most
common are clay minerals (kaolinite, illite, montmorillonite, smectite, mixed-layers
clays); quartz; feldspars; carbonates such as siderite, calcite, ankerite, and dolomite; and
sulfide minerals such as pyrite or marcasite. Particularly sulfides are subjects of interest
due to their potential environmental roles and since they incorporate many of
environmental important metalloids (Se, As, Ge) and metals (Cd, Co, Pb, Hg, Ni)
(Finkelman, 1994). The not exhaustive list of relevant minerals is given in Table 2.
Besides mineral matter in coal, a high amount of rocky material is disposed of at
waste dumps. This basically includes rock fragments and debris from the top and bottom
strata of the seam as well as from interlaying units rejected from coal preparation plants.
Since layers accompanying the coal seams dominantly consists of siliciclastic rocks such
as sandstone, claystone, mudstone, and sporadically conglomerates, aluminosilicates
and quartz are the most abundant minerals. Veins of carbonates, encrustation of
pyrite/marcasite, and accumulation of water-soluble salts (sulfates and chlorides) can
develop during the epigenetic stage. Refuse material can also contain shales and black
shales and a small portion of coal matter that could not be separated from the host rock
due to the limitation of processing methods (Skarzynska, 1995).
2.1.4. Non-geological waste
Every material that does not originate from the mining or processing works can be
considered as foreign matter in the body of the waste dump. No exact categories of such
waste exist; however, part of it may have a direct relation to mining activity or
equipment, e.g. mine timbers, iron and steel rails, lead pipes, waste from draft animals,
truck tires, various animal-drawn and motorized vehicles (Lapham et al., 1980). It is not
uncommon that boiler ashes and even household trash is discarded on heaps. In the
worst-case scenario, waste dumps are used for the deposition of chemical waste.
6

Table 2: Minerals identified in coal (after Harvey and Ruch 1989, and Vassilev and Vassileva
1996), their stoichometric compositions, probable genesis (D – detrital; S – syngenetic; E –
epigenetic), and relative abundance.
Mineral
Sulphides
pyrite
marcasite
others:
Oxides and
hydroxide
hematite
goethite
lepidocrocite
rutile
others:
Silicates
quartz
kaolinite
illite-group
montmorillonite
feldspars
others:
Sulfates
gypsum
others:
Carbonates
calcite
dolomite
ankerite
siderite
others:
Phosphates
apatite
others:
Chlorides
halite
sylvite

Genesis
D S E

Formula
FeS2 (cubic)
FeS2 (orthorombic)
sphalerite, galena, chalcopyrite, pyrrhotite

Abundance

X
X

x
x

variable
uncommon
rare

Fe2O3
X x
α-FeO(OH)
X x
γ-FeO(OH)
X x
TiO2
X
maghemite, magnetite, ilmenite, diaspore, boehmite,
brucite

x
x
x

uncommon
uncommon
uncommon
uncommon
rare

SiO2
Al2Si2O5(OH)4
(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 · nH2O
XAl1-2Si3-2O8
opal, mica, chlorite, pyroxene, amphibolite

X
X
X
X
X

x
x
x
x

common
common
variable
uncommon

CaSO4 · 2H2O
rozenite, melanterite, jarosite, alunite, barite

x

X

CaCO3
CaMg(CO3)2
Ca(Fe,Mg,Mn)(CO3)2
FeCO3
aragonite, magnesite, witherite

x
x

X
X
X
X

X
X
X
X

variable
variable
variable
variable
uncommon

Ca5(PO4)3(F,Cl,OH)
vivianite, goyazite, monazite

X

x

x

uncommon
rare

x
x

X
X

rare
rare

NaCl
KCl

7

x
X
X
x

uncommon
variable
uncommon

All these types of waste have in common that their distribution in the heaps is
unpredictable due to the nature of practices during the disposal. They also may bring a
risk of presence of toxic elements, which can be mobilized by weathering or, potentially,
coal fire. Among substances derived from trash, which may be released as a result of
burning processes, belong probably Fe, Pb, Cu, Sn, and NH3, and less likely S, Si, and
Al. However, any contribution of trash-derived materials is poorly speculative (Lapham
et al., 1980).
2.2. Origin of coal fires
One of the consequences of the disposal of coal waste into the waste heaps is the
exposure of the coal and carbonaceous material to air and moisture, resulting in a chain
of exothermic reactions, increasing temperature inside the heaps, and leading eventually
to the state of ignition of combustible materials. Therefore, this process is referred to as
spontaneous combustion and it is probably the most common cause of coal fires. Figure
1 shows the standard requirements of a fire – heat, oxygen, and fuel. In spontaneous
combustion, coal is the fuel, and heat is generated via the interaction of oxygen, coal,
and water, which eventually results in, if left untreated, fire. On the other hand, burning
of coal dumps or seams may also result from external ignition sources. Coal mining
accidents and careless human interaction, such as improper mining techniques, mixing
hot boiler ashes with waste, thrown away cigarettes, trash fires, campfires, intentional
ignition due to various reasons are the most common courses for induced ignition by
human (Lapham et al., 1980; Stracher and Taylor, 2004; Kuenzer et al., 2007). Fires can
also have an entirely natural cause such as brush, peat, and forest fires, or ignition by a
lightning strike (Heffern and Coates, 2004).

Figure 1. Fire triangle showing the three essential elements for any fire: fuel, oxygen, and
ignition source (after Kim and Chaiken 1993).
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2.2.1. Mechanism of self-ignition
The fundamental mechanism of spontaneous combustion, the self-heating, has the
beginning in the low-temperature absorption of oxygen on the surface of the coal mass
(Misz-Kennan, 2010; Singh, 2013). This process produces heat as a by-product, which
causes an initial rise in temperature (~30-50°C) and forms unstable compounds of
hydrocarbons and oxygen (~peroxy-complexes). At this point, the direction strictly
depends on heat loss. The temperature of the coal is a function of the rate of heat
generation versus the rate of heat loss. When these processes occur at the same rate, the
temperature of coal remains constant. However, in most abandoned mines and waste
piles, conditions favor the retention of heat; hence, it cannot dissipate and accumulates
instead (Kim and Chaiken, 1993) (Figure 2). The temperature progresses due to constant
oxidation until it reaches the critical point or so-called self-heating temperature. The
value slightly differs according to the rank of coal. It is between 60-70°C for black coal
ranks, while the value is lower for the lignite rank, 50-60°C (Jelínek et al., 2015). Beyond
this temperature, the peroxy-complexes break down and some gaseous substances
(carbon monoxide, carbon dioxide, water vapor) are liberated (Wang et al., 2003).
Beginning at about 150 to 180°C, the coal mass decomposes releasing flammable and
aromatic products responsible for a characteristic odor. If the temperature reaches the
boundary of about 200-300°C and the supply of oxygen is substantial, flammable
substances (gases, coal matter, and sulfides if present) begin to burn and flame may
appear (Jelínek et al., 2015). Given the fact that these oxidative processes of coal selfigniting are strictly related to the access of air, which may be limited, the coal fire takes
the form of smoldering combustion rather than actual glowing flame. The consumption

Figure 2. Self-heating (or thermal runaway) is a self-sustaining process that occurs at a high
heating rate caused by the inadequate heat sink via convection or conduction. Eventually, the
temperature reaches the self-ignition point and a fire ensures.
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of oxygen is greatest during the first stages but is later reduced as the surface of coal
particles is already weathered. Reaching the self-heating point, the consumption of
oxygen quickly escalates again (Pone et al., 2007).
Other heat-generating processes may assist in temperature increase and, therefore,
contribute to the probability of spontaneous combustion. The interaction of coal with
water can cause a release of heat since the absorption of moister on the coal surface is
an exothermic reaction. On the contrary, some heat is removed in water vapor as latent
heat of evaporation. The net effect depends on which of the two processes dominates
(Pone et al., 2007). A change in the moisture content (the drying or wetting of coal) has
an additional apparent effect. Coal has generally a high capacity for moisture (~20 wt%),
and by repeated swelling and drying, the coal is disintegrated creating more surfaces
exposed to weathering (Pone et al., 2007). Sulfides, especially pyrite, also act as
combustion catalysts because their oxidation provides additional heat. The most
significant heat flux was observed for pyrite contents in the range of 5-7 wt% during the
laboratory studies (Deng et al., 2015). The heat production of this reaction can be as
effective as in the case of coal because a phenomenon of spontaneous combustion of
sulfide ores is known from underground mines (Ninteman, 1978). Pyrite also expands
due to oxidation, and thus fragmentizes the coal. Heating due to thermophilic bacteria
activity is also a possible source, at least in the first stages; however, its effect is probably
negligible (Kim and Chaiken, 1993; Varnam and Evans, 2000).
The self-heating process is influenced by a number of other factors that have a
connection with physical-chemical properties of the coal and waste material as well as
several external factors depending on the site of the disposal (Kaymakçi and Didari,
2001; Singh, 2013).
It is widely recognized that susceptibility to spontaneous combustion is a rank
specific phenomenon. As the rank decreases, coal becomes less resistant to self-igniting.
Lignite and sub-bituminous coal are the most hazardous. However, it also depends on
the petrographic composition, moisture, or admixture of foreign material (Kim, 1977).
For instance, high-grade anthracites of the Pennsylvanian region have little tendency for
self-heating and there is only a little possibility of such material to heat up spontaneously
to the ignition point (~500°C under laboratory conditions). An addition of certain foreign
material (worse-grade coal, wood, paper, oil, ash), which will ignite at much lower
temperature than anthracite, may represent a risk to otherwise stable waste (Jones and
Scott 1939). The granulometry of the coal mass and other waste rocks is also important.
The smaller the coal particle, the greater is the exposed surface area, and thus there is a
greater tendency toward spontaneous heating (Kim, 1977). Therefore, accumulation of
coal fines and dust in some part of the dump present the greatest hazard. This parameter
is greatly affected by coal extraction procedures in coal preparation plants as well as
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weathering process disintegrating coal particles. The size and shape of rock fragments
also influence the access of oxygen into inner parts of the heap (Jelínek et al., 2015).
The air flow has a direct impact on the production, accumulation, and dissipation of
heat. Air is, on one side, a source of oxygen for oxidation of coal and, on the other hand,
the velocity of air flow effectively influences the rate of heating and cooling of the
oxidizing coal. A range of critical velocities exist where coal remains oxidized, but the
air flow is insufficient to remove generated heat (Michalski et al., 1990). Due to the low
permeability of the waste material, heaps may develop an essentially stagnant
atmosphere if large amounts of waste rock are deposited. This favors the accumulation
because, without the air flow, the heat must dissipate via conduction and rocks generally
tend to be good insulators (Kim and Chaiken, 1993). However, it has been observed
within the Ostrava-Karviná District that heaps below 5 m in height are sufficiently
cooled via air circulation from all directions, therefore, no accumulation occurs. If the
fire is once established, the progress of combustion is chiefly accelerated by the large
amount of atmospheric oxygen accessible due to moving of the dump material such as
subsidence, rubble flow, or fissures opening induced by volume loss of the waste,
increasing the air flow in the process (Jelínek et al., 2015).
2.3. Mineral forming stages at burning coal heaps
The combustion processes have immense consequences for the phase and chemical
composition of both organic and mineral matter of the initial waste rocks. These
processes lead to a great variety of distinct mineral phases and organic compounds.
Many potentially harmful elements can be mobilized, incorporated into neo-formed
phases susceptible to weathering and leaching, or escape in coal-fire derived noxious
smokes to be ultimately released.
The simplified schema illustrating the evolution of thermal-induced processes in the
heap is shown in Figure 3. The first stage of alteration occurs in the deep-seated and
strongly heated zones of the waste dump that are deficient in oxygen. Here, the residual
coal matter decomposes at the temperature between 250-1000°C, in the presence of
water, and under mostly reduction conditions. This process can be compared to coal
pyrolysis and coking despite the more chaotic and ill-defined nature (Sokol and Volkova,
2007). In general, gaseous products contain CO, CO2, H2, CH4, H2O, H2S, NH3, and
several lighter hydrocarbons. Polycyclic aromatic hydrocarbons (PAHs), heterocyclic
hydrocarbons and their derivatives are concentrated in the liquid condensate fraction
(Misz-Kennan, 2010; Misz-Kennan and Fabiańska, 2011; Fabiańska et al., 2013). As
flammable gases from degassing coal ascend through the waste material and the porous
environment, their interaction with oxidizing agents triggers secondary combustion.
Consequently, “hotspots” of a very high temperature (1000-2000°C) can typically
develop in a relatively shallow depth under the surface regardless of the coal content
present in the waste material. The heat is sometimes so intensive that rocks undergo a
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complete transformation and even
melting (Sokol and Volkova, 2007). It
is believed that highly volatile elements
like B, Br, C, Cl, F, Hg, I, N, S, and Se
are liberated. Elements such As, B, Be,
Cd, Cr, Ge, Li, Mo, Na, Pb, Sb, Sn, Ta,
Tl, U, V, W, and Zn can be also
mobilized although they partially retain
in the solid waste material. On the other
hand, Mg, Al, Si, K, Ca, Ce, Co, Cs,
Cu, Ga, La, Lu, Mn, Ni, Rb, Sr, Tb, Th,
Y, Yb, Ge, and Zr are mostly immobile
because they are either not volatile
during combustion at all or they are
volatilized, but they remain in the ash
due to their affinity for neo-formed
phases (Llorens et al., 2001; Meij and
Winkel, 2009).
The hotspots and pyrolysis of coal
are responsible for creating of oxygen, sulfur-, nitrogen-, hydrogen-, and
carbon-bearing gas compounds that
play an important role in exhalation–
condensation processes. They can
principally comprise CO and CO2,
water vapor, sulfur compounds (SO2,
SO3, H2S, CS2, COS, CNS), NH3, NOX,
HCl, CH4, and traces of HF, several
Figure 3. Simplified evolution of thermal-induced aliphatic
carbohydrates, aromatic
processes, genesis of combustion centers, and
hydrocarbons
(benzene,
toluene,
origin of gas-vent fumes.
xylene, and others), and halogenated
carbohydrates (Cl, Br, I) (Stracher and Taylor, 2004; Stracher et al., 2005; Pone et al.,
2007; Sokol and Volkova, 2007; Fabiańska et al., 2013; Hower et al., 2013). However,
the composition greatly varies among the studied coal-fire sites. Except for As, Se, and
Hg (Pone et al., 2007), metallic elements cannot be easily transported in a gas phase
even in such extreme environment (Stracher et al., 2005). Therefore, a mechanism of
some kind must be responsible for the transport (e.g. Masalehdani et al., 2009). Most of
the listed volatile compounds or elements are also considered as toxic, carcinogenic, and
mutagenic (Finkelman, 2004).
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The environment of burning coal heaps is highly dynamic, depending on the
temperature and the chemical composition of the waste material. Also, the space
distribution of different types of waste matter is more irregular. The aspect of time should
be taken into consideration because the intensity of the burning process varies with time.
Hotspots can also migrate as the fire progresses into untouched unburnt zones. Even
within the same dump, the conditions can be different, and, therefore, different types of
mineralization can simultaneously develop. Although common secondary weathering
factors are still involved, their rate is limited until the thermal activity ceases gradually
and the heap begin to cool. Due to this diversity of processes, it is possible to distinguish
three main mineral forming stages: the burning stage, the gas vent stage and the cooling
stage (Parafiniuk and Kruszewski, 2009).
2.3.1. Burning stage
The burnout stage is situated into aerated zones near the surface where the
combustion is fueled by the effective oxygen infiltration (Figure 4). Sedimentary rocks
are annealed at the temperature ranging from about 600 to 1250°C. Therefore, original
minerals dehydrate and recrystallize into new phases (Zateeva et al., 2007). Due to these
characteristics, this process can be referred to as pyrometamorphism or combustion
metamorphism (Grapes, 2010). The typical alteration products are the reddish clinkers
(baked but not sintered clays produced by low to moderate thermal alteration);
porcelanites or buchites (partly or completely sintered clays of porcelain-like
appearance, very fine-grained); and slags and paralavas with a highly vesicular structure
resembling basalt (Grapes, 2010; Žáček et al., 2015). The mineral composition of the
neo-formed rocks can be very complex, depending on the protolith, but is basically
represented by silicates and oxides. The usual components are hematite, cordierite,
mullite, tridymite, or corundum (Sokol et al., 1998; Tvrdý and Sejkora, 1999). In the
case of Ca-rich protolith (carbonate rocks or carbonatized wood), a relatively common
Ca-Mg-rich assemblage can occur. It consists of, for example, periclase, larnite,
merwinite, and melilite. Due to the extremely low water pressure during the forming
process, hydroxyl is often substituted by Cl and F in the structure of minerals, which is
represented mostly by the ellestadite group (Zateeva et al., 2007). Rare Si-Al deficient
and S,F,Cl-rich oxide-sulfosilicate-sulfate assemblages featuring a distinct mineral
composition of sulfates (gypsum, anhydrite), oxides and hydroxides (periclase, brucite,
portlandite, magnesioferrite), and silicates (ellestadite, kumtyubeite, brearleyite,
wadalite, cuspidine, and rondorfite) were studied in Oslavany, Czech Republic
(Hršelová et al., 2013). Highly unusual Si-Al undersaturated and Ca-Fe-rich
assemblages with esseneite, melilites, or a variety of spinels including magnesioferrite
and other rare ferrites were described from the Most Basin, Czech Republic, by Žáček
et al. (2015).
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Figure 4. Overview of mineral forming processes occurring in the burning dump: (a) burning and
gas-vent stage, (b) cooling stage featuring weathering and dissolution and evaporation of salts
(redrawn from Dokoupilová et al. 2007).

2.3.1. Gas vent stage
Gas vents, circular openings or elongated fissures at the surface providing a transport
of gaseous by-products of the combustion process, are the most noticeable manifestation
of the underground fires at burning coal heaps. They are a projection of hot spots in
places, where the waste material has a greater porosity (Figure 4). Near or at the surface,
these vents are often encrusted with minerals commonly assumed to form by the
condensation of fire-derived gas. As the gas is exhaled at surface, it cools rapidly, and
various substances start to fractionate from the gas phase in an order that depends on
their equilibrium saturation temperatures (Stracher, 2011). For that reason, the
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temperatures of ascending gases determine the forming conditions and range from 50°C
up to approximately 500°C, but rarely may reach up 800°C in the case of specific hightemperature minerals, crossing the boundary with the burning stage (Tvrdý and Sejkora,
1999). Generally, two categories of minerals are distinguished in association with coal
fire gas vents – sublimates and secondary encrustations (alteration products of waste
rocks). The characteristic forming mechanisms and pathways as well as paragenesis and
distribution of neo-formed phases are described in detail in the following chapter.
Sublimates are a traditional name for solids deposited directly from the gas phase via a
more-or-less complex chain of reactions. Native sulfur or selenium, certain halides (sal
ammoniac), and simple ammonium sulfates such as mascagnite or letovicite are the most
common; but metallic compounds (e.g., galena) can also occasionally be found. Due to
the presence of organic compounds in hot gas jets, rare organic minerals (e.g., kladnoite,
kratochvílite) may occur at low temperatures (Witzke et al., 2015; Žáček and Skála,
2015). The second category, encrustations, mostly encompasses various anhydrous and
hydrated sulfates derived from acidic solutions leaching metal ions from neighboring
rocks. Although these phases usually contain only common metal ions such as Fe2+/3+,
Al3+, Mg2+, Ca2+, K+, Na+, and also NH4+ (ammonium), various combinations of these
ions give rise to a number of chemically and structurally distinct minerals. The most
common are probably aluminum-, ammonium-, and magnesium-containing ones,
including pairs of hydrated-anhydrous phases (alunogen – millosevichite; tschermigite
– godovikovite; boussingaultite – efremovite; and differently hydrated simple Mgsulfates) (Stracher et al., 2005; Witzke et al., 2015; Žáček and Skála, 2015). Up to date,
more than 150 distinct mineral phases have been described in association with coal fire
gas vents at burning coal heaps and related localities. The list can be found in Appendix
I. Mineral assemblages of this type have developed at many sites affected by coal fires.
Several examples are listed in Figure 5.
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Figure 5.
Map of former or recent coal fires and related sites
with the occurrence of gas-vent minerals:
(1) Radvanice dump (Czech Rep.); (2) Kladno
(Czech Rep.); (3) Bílina mine (Czech Rep.); (4)
Ostrava-Karviná mining district (Czech Rep.); (5)
Avion (France); (6) Silesian coal basin (Poland); (7)
Wuda coalfield (China); (8) Alsdorf (Germany); (9)
Rosice-Oslavany coalfield (Czech Rep.); (10) Mikasa
(Japan); (11) Coal Region, Pennsylvania (USA); (12)
Witbank and Sasolburg coalfields (South Africa);
(13) Komló and Pécs-Vasas coalfields (Hungary);
(14) Chelyabinsk coal basin (Russia); (15) Huron
Shale burn site, Ohio (USA); (16) Douro coalfield
(Portugal).

The phenomenon of gas-vent-derived minerals at burning heaps resembles in many
ways mineral-forming processes known from solfataric and fumarolic areas in active
volcanic areas. Despite the origin of the gases, which is different, the character of the
mineral assemblages and forming mechanisms are similar. Stoiber and Rose (1974)
studied fumarolic assemblages at volcanoes in Central America and reported abundant
sulfate crusts including relatively rare anhydrous sulfates (millosevichite, mikasaite, or
steklite) and plenty sublimates. Similar sublimates and sulfate encrustations as those
found at burning heaps occur at the La Fossa crater (e.g. rare ammonium iron sulfate
pyracmonite and others; e.g. Demartin et al., 2010), Volcano Island, Sicily, at Mout. St.
Helens, Washington (Keith et al., 1981), in the fumarolic fields of the Lastarria Volcanic
Complex, Central Andes (Aguilera et al., 2016), or around fumaroles more recently
studied in the Salton Sea Geothermal Field, California (ammonium-containing phases,
Adams et al. (2017)). Albeit not entirely analogous, areas of hot spring mineralization
are another case of extensive secondary mid-to-high temperature sulfate paragenesis
including aluminum and ammonium phases. For instance, the Geysers geothermal area
(Vonsen, 1946) or hot springs in Lassen Volcanic National Park (McHenry et al., 2017),
both located in California.
2.3.1. Cooling stage
When burning activity decreases or fire front migrates away, the most important
processes are weathering, hydration, and dissolution of the burning products as well as
the original unburnt waste material. Since the source of the heat faded away, water
infiltrates through the waste material into inner parts of the heap, dissolving soluble
phases and leaching metals. This subsequently allows precipitation of new mineral
phases from locally circulating solutions as efflorescent salts near or at the surface of the
heap (Figure 4). Depending on the lithology of the waste material, oxidation of the
remaining sulfides take place under ambient conditions in this stage, producing acidic
solutions. The products of these processes are similar to those of acid mine drainage
(AMD) and to minerals occurring in the oxidation zones of ore deposits (Jambor et al.,
2000). However, it is assumed that the amount of H2SO4 released from pyrite oxidation
is usually too low to meet the requirements of typical AMD minerals (Kruszewski,
2013). The more significant source of sulfur is coaly organic matter as well as easily
soluble minerals formed during the gas vent stage that contain sulfur bounded in sulfides
and mobilized during combustion (Matýsek and Raclavská, 1999). Another important
factor is neutralization potential of the waste rocks. If it is low, due to the lack of
carbonates or clay minerals, acidic pH allows development of typical low-pH
mineralization favoring Fe-, Al-precipitates as has been reported from several coal waste
dumps in Poland (Kruszewski, 2013). On the contrary, a relatively high content of
carbonates may act as local pH buffer and neutral pH subsequently leads to chemically
different sulfates. (Dokoupilová et al., 2007) found at the burnt heap in Oslavany, Czech
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Republic, that Fe is dominantly bounded into relatively insoluble minerals under neutral
pH like goethite and hematite. Similarly, Al is immobile under the same conditions. For
that reason, magnesium and calcium sulfates were the dominant precipitates when
compared with other localities.
2.4. Gas vent mineral assemblages
Gas vents associated with coal fire events represent a highly uncommon, mid-to-high
temperature environment. They host plenty of distinct minerals from the groups of native
elements, sulfides, halides, sulfates, and rare organic minerals as well as a number of yet
unnamed phases (see Appendix 1 for a non-exhaustive list). Most of these minerals could
only be formed under certain specific conditions like a defined range of temperatures or
humidity, or due to the presence of a specific element. Therefore, if they are removed
from their stability field, they may rapidly transform into new phases (Lapham et al.,
1980). Thermal activity, gas production, and gas composition of the vents vary over
time, and accordingly, the mineralization changes. Long-term exposure to aggressive
gases, rainfall, and temperature fluctuations cause the extensive alteration of surface
waste material. This leads to the formation of very complex lens-like deposits, in
literatures sometimes called as “sulfate caps”, where zonation in the formation sequences
of minerals can be tracked (Žáček, 1988). Figure 6 shows a generalized schema of the
gas vent and of the associated mineral assemblage, based on the previous studies by
Lapham et al. (1980); Žáček (1988); or Stracher et al. (2005). Gas vents associated with
burning coal dumps represent a very complex geochemical system, where minerals can
be formed by one or more different mechanisms. However, two major forming principles
and relating minerals are generally recognized: (1) sublimates, formed by deposition of
gases; and (2) secondary encrustations, which are results of alterations of the substrate
by fluids.

Figure 6. General schema of a gas vent (based on Žáček, 1988)
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2.4.1. Source of elements
The main source of the major and trace elements for the mineral-forming processes
is the coal itself, rock debris as well as rainfall. Coal provides chiefly S and N that are
mobilized during pyrolysis from coaly matter and transported in the reduced forms as
H2S and NH3 (see previous Chapter). Several trace elements may be organically bound
(Se, Hg, and others) (Finkelman, 1995; 1999). Se and Hg are easily volatilized at the
temperature of 550°C and transported as a gas phase (Finkelman et al., 1990; Liu et al.,
2006). Volatilized chlorine can originate from chlorides or chloride ions adsorbed on
organic matter and usually takes the form of gaseous HCl (Shao et al., 1994). The precise
origin of chlorine in the coal-fire gas is not well understood on many sites.
Sulfide minerals (mainly pyrite), disseminated in the coal and in sediments, are
undoubtedly the major source of sulfur-rich gases. Rost (1937) assumed that annealing
of pyrite during coal combustion is a two-step process (I. + II.) summarized as follows
(according to Hu et al., 2006):
I. FeS2(s) → FeSx(s) + (1-0.5x)S2(g) (1)
II. 2FeSx(s) + (1.5+2x)O2(g) → Fe2O3(s) + 2xSO2(g) (2)
II. S2(g) + O2(g)→ 2SO2(g) (3)
II. SO2(g) + 0.5O2 ↔ SO3(g) (4).
Thermal decomposition of pyrite (1) does not require a high temperature (~250°C)
and occurs without access of air with pyrrhotite and sulfur gas as products. In the second
step, subsequent oxidation (2), (3), and (4) produces SO2 and SO3 along with hematite
that is commonly found in baked waste rocks. The direct oxidation of pyrite can also be
undergone in an oxygen-containing atmosphere at around 500°C as following (according
to Hu et al., 2006):
2FeS2(s) + 5.5O2(g) → Fe2O3(s) + 4SO2(g) (5)
SO2(g) + 0.5O2 ↔ SO3(g) (6)
producing the same compounds. Otherwise, the thermal decomposition of pyrite is a
complex process, which is highlighted by the fact that both pathways may also generate
ferric and ferrous sulfates, depending on the temperature (Hu et al., 2006). Since sulfides
often contain As, Se, ±Ge and metal elements like Hg, Bi, Cd, Pb, Sb, and Sn, sulfide
minerals serve as a source of these elements (Lapham et al., 1980). Still, the exact
transport mechanism is not known. Metal-bearing phases are rarely found in samples of
coal-fire gases. Therefore, Stracher et al. (2005) supposed that the temperature necessary
to keep metal-bearing phases volatilized is too low in the case of coal fires, with
exception of As, Se, and Hg (Liu, 2006). Since minerals incorporating these metals have
been found, inclusions in water droplets of escaping vapor (Masalehdani et al., 2009) or
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transport as chlorine-bearing gaseous species (Witzke et al., 2015) were proposed as the
possible explanation.
Minerals of gas vent assemblages typically comprise common elements such as Si,
±C, ±F or metals Fe, Al, Mg, Ca, K and Na. Fluorine is typically present in minerals
(apatite, fluorite, clays) and is released in the form of HF, SiF4, or CF4 during combustion
(Finkelman, 1995; Luo et al., 2004). Most of the other elements are generally not mobile
during pyrometamorphic processes. Accordingly, Al, Mg, Fe, Ca, K, and Na can be
leached out from the parent sedimentary rocks (clay minerals, mica, chlorite, feldspars,
carbonates) by acidic aqueous solutions (Witzke et al., 2015). A possible input of
reactants from rainfall and air deposition can alternatively be considered, but it is
probably negligible from the viewpoint of the total element flows (Masalehdani et al.,
2009).
2.4.2 Sublimates
Minerals considered as sublimates are typically observed in the form of euhedral,
well-formed crystals with adjacent faces that either do not touch or are in contact along
straight-grain boundaries, sitting on the substrate (Stracher et al., 2005). This suggests
that they crystallize in a non-restrictive environment due to vapor deposition, commonly
referred to as sublimation. Many of the sublimates are especially concentrated in
sheltered areas, such as the underside of rocks near vents, in subsurface cavities, or inside
of vent openings directly, protected by rainwater or airflow (Lapham et al., 1980). The
forming mechanism of deposition from a gaseous phase includes two distinctive
processes - phase transitions and chemical reactions of gases (after Witzke et al., 2015).
Phase transitions are understood to be the transition gas → solid (sublimation s.s.,
though the proper terms are deposition or desublimation), gas → liquid (condensation),
and liquid → solid (solidification). In the gas vent environment, the first transition,
sublimation, is the most important. As the hot coal-fire gases ascend to the surface, they
cool gradually. Depending on the composition and the temperature gradient, a gas
component exhaled may cool below the solid transformation temperature resulting in the
isochemical creation of a mineral. This is common especially for native sulfur or
selenium, although both minerals can be formed by another process (see below for
details). Stracher (2011) and Witzke et al. (2015) mentioned other minerals formed by
sublimation s.s. such as downeyite (SeO2) or coccinite (HgI2). Moreover, rare organic
minerals hoelite and ravatite are also possibly sublimations products (Witzke et al.,
2015). On the other hand, condensation and solidification transitions do not usually play
a significant role at many coal-fire sites. Masses of molten and solidified S, S-Se, or SAs compounds and alloys were found at Radvanice, Czech Republic, where these
processes could have been involved (Tvrdý and Sejkora, 2000; Žáček and Skála, 2015).
To be complete, two additional minor transition-related processes should be mentioned
- the solid-state phase transformation, mainly responsible for transformation of
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orthorhombic α-sulfur and monoclinic β-sulfur at 95.6°C (Witzke et al., 2015); and the
complex vapor-liquid-solid growth mechanism (VLS) applied in the formation of a very
rare compound GeS2 (Lapham et al., 1980; Stracher, 2011).
The formation of minerals through reactions of gases with the solid phase as a product
is possibly more common than phase transitions. It is stated in the previous chapter that
the hot jets derived from the combustion may contain gases like NH3, HCl, HF, H2S,
SOx, or SiF4. These gases react with each other or with the oxygen and water vapor to
produce the most abundant sublimates. Among them, sal ammoniac is the typical
example. It is formed by the reaction of hydrogen chloride and ammonia as follows
(according to Witzke et al., 2015):
HCl(g) + NH3(g) → NH4Cl(s) (7).
The other typical product is native sulfur, which is the result of oxidation of hydrogen
sulfide by sulfur dioxide or oxygen (according to Witzke et al., 2015):
2H2S(g) + SO2(g) → 3S(s) + 2H2O (8)
2H2S(g) + O2(g) → 2S(s) + 2H2O (9).
The reaction (8) is well known from volcanic fumaroles (Giggenbach, 1987).
Analogously, native selenium may be formed if hydrogen selenide is present (according
to Witzke et al., 2015):
2H2Se(g) + O2(g) → 2Se(s) + 2H2O (10).
Generally, other halides found at burning heaps in the typical sublimation settings
can also have the similar origin. However, the understanding of the forming pathways
without the knowledge of the exact composition of the gas and the temperature according
to the examples of analogous volcanic sublimates (e.g. thermessaite, Demartin et al.
(2008). Several sulfides like galena, cinnabar, or greenockite (Witzke et al., 2015), as
well as certain sulfates (mascagnite, letovicite, (Žáček, 1998) are also believed to form
through the sublimation of this type.
Sublimates frequently exhibit a zonation around vents. The most important factor that
controls the vapor deposition is temperature along with concentration and composition
of evolving gases and oxygen fugacity. Žáček and Skála (2015) and others studied two
sublimation paragenesis of distinct parameters from the Schoeller Mine, Kladno, and
Radvanice (both Czech Republic). At Kladno, the sublimation rim developed around the
active vent shows both of vertical and lateral zoning with the following mineral
sequence: kratochvílite (40-60°C); kladnoite (90-100°C); sulfur (80-100°C, sometimes
melted indexing the melting temperature 112.8°C was exceed); letovicite (95-120°C),
mascagnite (100–110°C); sal ammoniac (115-125°C), and selenium (130-140°C).
Distribution of each mineral also changed with the depth according to the variation in
the temperature (Figure 7). No metallic sulfides where found due to low concentrations
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of these elements in the coal (Žáček, 1988; Žáček, 1998; Žáček and Skála, 2015).
Compared to that, Radvanice represented an extraordinary coal-fire site since local coals
are notably mineralized and enriched in trace elements (U, Mo, Cu, Pb, Zn, Ge, Se, Bi,
Cd, Mo, As, and Sb). Moreover, a high-temperature reducing zone was observed,
altering significantly the sequence of the minerals created through sublimation. From
high (about 600–800 °C) to low-temperature (about 100–200 °C) the following minerals
are listed: galena, greenockite, Bi–antimony, stibnite, alacranite + realgar, cryptohalite,
sal ammoniac, and sulfur, see Figure 8 (Žáček and Ondruš, 1997; Tvrdý and Sejkora,
2000; Žáček and Skála, 2015).
These two examples highlight the diversity of sublimates across burning coal heaps.
However, the heterogeneity in the petrographic composition of the parent-rock and the
chemical composition of escaping hot jets significantly influences the whole mineral
composition of sublimates accompanying gas vents, which may fluctuate even within
one heap (Stracher et al., 2005; Witzke et al., 2015).
2.4.3. Encrustation
Encrustation around gas vents frequently takes the form of lightly colored crystalline
crusts, coatings, or masses cementing rock debris or filling space between fragments,
altering partially or completely the original waste material. The process of alteration is
triggered by reactions of coal-fire gases with water vapor resulting in condensation of
thin films of liquid phases on the surface of grains or as droplets inside cracks and pores
(Žáček, 1998; Witzke et al., 2015). Since these condensates contain H2SO4 and other
acids, an acidic leaching may enrich the solution for additional elements (Al, Fe, Mg,
Ca, K, Na). Most of the original minerals are destroyed, albeit sometimes quartz remains.
Sublimates deposited early may be also dissolved. The ammonium cation, very
characteristic of gas vent environment, is added to the solution by the reaction of gaseous
NH3 with water. Such solutions can only exist at, or near, the surface of the waste heap
because heat of the burning processes prevents infiltration into the depth. Mineral phases
start to precipitate from the solution at that moment when the temperature drops below
a critical point. Typically, a range of sulfates is formed in this way. The most abundant
ones, which were identified at the most of burning coal heaps, are alunogen, mascagnite,
and tschermigite with other hydrated NH4- and/or Al-rich sulfates, followed by various
magnesium sulfates (Witzke et al., 2015; Žáček and Skála, 2015). This probably reflects
the aluminosilicate dominant composition of the waste rocks. The occurrence of K-, Na, and Fe-phases are not so frequent, albeit several sites have a high presence of these
sulfates (e.g. Fabiańska et al., 2013; Kruszewski, 2013). Gypsum and anhydrite are
ubiquitous but other Ca-sulfates appear sporadically. Based on the study of inclusions in
neo-formed sulfates, Masalehdani et al. (2009) estimated that temperature necessary for
precipitation is typically below 100°C for the investigated sulfates.
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Figure 7. Schematic section of a gas vent assemblage (sulfate cap) from burning dumps at the Schoeller Mine, Kladno (redrawn from Žáček and
Skála, 2015).

Figure 8. Schematic section of a zoned assemblage
from a high-temperature gas vents in Radvanice
(redrawn from Žáček and Skála, 2015).

The presence of certain, otherwise rare anhydrous phases, most notably
millosevichite and godovikovite, shows that the solutions can also have a much more
complex history. During rainfall, a certain amount of the soluble hydrated sulfates may
be dissolved and the solution, carrying sulfate components, migrates into the hotter
deeper layers. At temperatures exceeding ~100°C encountered below the surface, the
solution suddenly evaporates due to boiling which leads to the formation of anhydrous
sulfates. A porous, vesicular structure can be sometimes observed due to escaping water
vapor or water liquid (Stracher et al., 2005). Anhydrous sulfates are generally metastable
and they absorb moisture on the condition that temperature is accordingly low and
humidity relative high. This is a reversible process depending on conditions and can be
expressed for alunogen and tschermigite as follows:
alunogen – millosevichite
Al2(SO4)3 · 17H2O ↔ Al2(SO4)3 + 17H2O (11)
tschermigite - godovikovite
(NH4)Al(SO4)2 · 12H2O ↔ (NH4)Al(SO4)2 + 12H2O (12).
These reactions often do not go to completion since assemblages consisting of both
hydrated and anhydrous members are common. Other alums or boussingaultite show the
same behavior (see Chapter 5). This is similar to the low-temperature hydration and
dehydration of simple iron and magnesium sulfates which transforms according to
environmental factors (Chou et al., 2013), but sulfates of gas vents generally require
much higher temperatures in order to lose water completely. However, products of
dehydration of more complex hydrated sulfates such as voltaite-like phases are uncertain
(Stracher et al., 2005).
Long-term and recurrent dissolving and drying events may eventually lead to the
transformation of rocks into not only very porous but also dense and hard crusts built by
a mixture of altered hydrated silicates, quartz, sulfates. The crusts typically exhibit
temperature zonation with upper hydrated and bottom water-free zones. At Kladno,
Czech Republic (Figure 7), the upper, colder, parts of the “sulfate cap” comprised
hydrated or semi-hydrated compounds with dominant alunogen and tschermigite, and
subordinate khademite, bassanite, gypsum, ammonioalunite, and others (Žáček, 1988;
Žáček and Skála, 2015). The abundance of hydrated phases was caused by the
temperature below 100°C. The internal part of the accumulation, with temperatures from
100–120°C up to 350°C, consisted of dominant millosevichite and godovikovite with
subordinate anhydrite and efremovite. Godovikovite–millosevichite mixtures formed at
the elevated temperature from descending solutions and were found as massive, porous,
powdery, pumice-like and stalactite-like aggregates in cavities, referring to their
precipitation origin. When the temperature fluctuated or eventually decreased, both
anhydrous sulfates began rehydrating back into alunogen and tschermigite because
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stalactite aggregates composed of entirely alunogen were found. Even though the
mineral associations of alunogen-tschermigite, i.e. Al-NH4 dominant, are probably
recognized as the typical gas vent encrustation (Žáček, 1998; Matýsek and Raclavská,
1999; Žáček and Skála, 2015), the chaotic nature of burning processes and disposed
waste rocks may lead to more-or-less different mineral and chemical composition of
secondary sulfates. This is especially true for accessory minerals, which makes nearly
every coal-fire site unique to some extent.
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3. Raman spectroscopy as a tool
for the identification of secondary sulfates
Raman spectroscopy is a spectroscopic technique that detects light inelastically
scattered due to interactions between the incident monochromatic radiation and the
vibrational energy levels of the molecules in the sample. This type of scattering was first
reported in liquids by Indian physicists Raman and Krishnan (1928) and almost
simultaneously in crystals by Landsberg and Mandelstam (1928) in Moscow. Two years
later, Raman received the Nobel Prize in Physics for the discovery and the new
phenomenon was named Raman effect in his honor. Since then, Raman spectroscopy has
established as a powerful tool for the investigation and characterization of all kinds of
materials and nowadays commonly serves in many scientific, industrial, and forensic
disciplines. However, Raman spectroscopy was for a long time applied with restraint in
geosciences. Natural samples of minerals or other geomaterials are essentially imperfect,
rich in chemical impurities, microinclusions, and structural defects, in contrast with
synthetic substances and artificial materials usually analyzed, for instance, in material
physics. Prior to the 1980s, the technology level of the instruments was limiting for the
study of such poor-quality samples (Nasdala et al., 2004). A big impulse was the
invention of the laser in 1960 (Maiman, 1960) and its subsequent use as a source of
monochromatic radiation, which not only greatly improved the quality of spectra but
also enabled a precise focusing onto a very small sample of short supply. With the
advances in semiconductor engineering and the following advent of the CCD detectors
during the 70-80s (Boyle and Smith, 1970), as well as with the progress in computer
technology after 1990, fast and automatic recording and reading of the Raman signal
with minimal noise and enhanced resolution have become a standard in Raman
spectroscopy.
In the present time of various analytical methods, the growing application of Raman
spectroscopy in geoscience as a reliable way of the sample characterization is based on
several advantages this method provides. Raman spectroscopy is a very versatile
technique since information about the chemical composition or the structure of
investigated compounds is obtained simultaneously. The analysis can commonly be
completely non-destructive ensuring that even rare or precious material, limited in
quantity or availability, will be retained for other, even destructive, investigation
techniques. The quality or form of the sample itself is not usually an issue. Small sample
amounts can be studied without any additional preparations like powdering, crushing,
polishing, or dissolving. No separation of the samples into individual components is also
necessary. Under some circumstances, the fact that the method is capable of the
identification both organic and inorganic compounds in the same sample is a great
advantage.
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In geoscience, Raman spectroscopy is frequently used as a fingerprinting tool for the
fast and unambiguous identification of various minerals and related phases. In such case,
it is necessary to have reliable Raman data of the relevant standard species available for
comparison. Despite several Raman spectral libraries have recently expanded their
databases of minerals, for example, the RRUFF Project (Lafuente et al., 2015), no
comprehensive catalog has been established and some records of especially rare or
metastable mineral phases may be doubtful if they are listed at all. For that reason, an
encounter with a Raman spectrum not found neither in any databases nor in literature,
and simultaneously unknown to the researcher, can represent a challenge.
Secondary sulfates represent an ideal subject of study for Raman spectroscopy. They
are typical weathering and corrosion products in the sulfur-rich environment - hightemperature setting, such as hydrothermal alterations associated with hot springs or
crater lakes (e.g. Bishop et al., 2004; Aguilera et al., 2016; Black and Hynek, 2017),
volcanic and coal-fire fumaroles (e.g. Stoiber and Rose, 1974; Lapham et al., 1980); and
low-temperature systems like acid mining drainage (e.g. Jambor et al., 2000) or salt-rich
atmospheric aerosols (e.g. Jentzsch et al., 2013). Each of these environments has unique
geochemical properties that are reflected in the final paragenesis. Sulfates are sensitive
environmental markers and factors such as temperature, pH, or relative humidity may
lead to the formation of specific sulfates. Raman spectroscopy is capable of the
identification of even closely related sulfates, and, therefore, helps to reconstruct
forming conditions of the environment. In the case of several polyhydrated sulfates, the
change in the degree of hydration is easily trackable when using Raman spectroscopy.
This allows modeling of stability and metastability fields of selected sulfate phases
according to the temperature and relative humidity (Chou et al., 2013). Such phase
transition pathways have a great implication not only in various terrestrial settings but
also in planetary research, most notably in the investigation of water-bearing sulfates on
Mars (e.g. Chipera and Vaniman, 2007).
Since secondary sulfates are typically found as fine-grained or ill-crystalline crusts,
coatings, masses, or efflorescence, there are difficulties to characterize them with the
naked eye. More advanced instrumental methods can struggle when identifying sulfates
which are particularly characteristic of the extensive degree of hydration, isomorphism,
and the formation of mechanical mixtures and intergrown aggregates. In comparison,
Raman microspectrometry is capable to focus the laser beam on a single crystal to obtain
information about the particular phase fast and in the almost non-destructive way (some
sulfates may undergo photochemical degradation when exposed to the laser beam,
recently studied e.g. by Apopei et al., 2015). However, there are few situations when
laboratory Raman spectroscopy cannot be effectively used. Certain sulfates are
considered as metastable or deliquescent, i.e. they start rapidly to change into new phases
if they are removed from the optimal combination of environmental parameters (usually
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temperature and humidity). Obviously, such phases might not retain their original
composition during the transport for a laboratory-based analysis. For that reason,
focusing on methods capable of the identification of minerals and other geomaterials
directly in the field, or in situ, is the primary aim not only in geosciences. Optoelectronic
devices have progressed dramatically in the past 15 years. The development of efficient
and reliable diode laser, as well as the application of advanced integrated optics and
micro-optics, have allowed the miniaturization of Raman spectrometers and the
subsequent deployment under really outdoor conditions. Therefore, besides highperformance, laboratory-based Raman microspectrometers, capable of detailed analyses
in the microscale and Raman imaging or mapping, various designs of portable/handheld
Raman spectrometers have been introduced in the market.
The first commercially available miniature spectrometers were equipped with near
infrared diode laser excitation (785 nm). Studies conducted on various sulfates and other
minerals evaluated the capabilities of the identification and addressed several analytical
issues (shielding samples due to ambient/daylight, time of accumulation, positioning and
focusing on samples) (Jehlička et al., 2009; Jehlička et al., 2011). The 785 nm excitation
proved to be problematic for spectral data acquisition of opaque and green or black
colored minerals because of absorption of the radiation. The Raman signal was also
occasionally masked by a strong fluorescence emission and the spectral range, covering
generally the region ~200-2000 cm-1, is insufficient to study of hydrated sulfates in
detail. Vandenabeele et al. (2014) reported and summarized specific requirements
necessary to unlock completely the potential of small Raman instruments in the field of
geoscience, such as easy positioning, long battery life, compact design, low weight,
simple but fully customizable control software. Sometime after 2012, instruments
equipped with 1064- or 532-nm excitation lasers came to the market as another option
to deal with the fluorescence issue. Performance of such systems was evaluated for the
identification and discrimination of sulfates of different hydration degree by (Culka et
al., 2014). Marshall and Olcott Marshall (2015) investigated gypsum formations at Lone
Peak Mountain, comparing 785 and 532 nm excitation sources for the detection of
sulfates in the iron-rich environment. Recently, a number of portable/handheld
spectrometers, featuring both 532 and 785 nm diode excitation sources, a various
spectral resolution, or an extended spectral range, are commercially available (Jehlička
et al., 2017). The advanced “sequentially shifted excitation” technology, newly
introduced into the design of miniature Raman spectrometers, is almost capable of the
elimination of fluorescence in Raman spectra, and thus it can help with the identification
of minerals characteristic of the fluorescence production (Jehlička et al., 2017; Culka
and Jehlička, 2018).
Still, the major issue in Raman spectroscopy of secondary sulfates is the
aforementioned lack of spectroscopic data of minerals originating from less common or
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extreme environment, albeit a great number of studies of not yet spectroscopically
investigated sulfates are published every year. As Raman instruments are currently
widely available, Raman spectroscopy begins to appear as a routine method of the sulfate
identification and characterization, including the description of new minerals.
For instance, Raman spectroscopy was used to characterize sulfate efflorescence at
Rio Tinto, Spain, with the results of detected gypsum, jarosite, and unknown hydrated
iron sulfate (Edwards et al., 2007). This research was followed by Sobron et al. (2014),
who used a combination of analytical methods (Raman, XRD, VNIR) for the
characterization of complex iron- and sulfate-bearing samples from the same locality. A
range of sulfate phases was detected within samples, including jarosite, Na-jarosite,
gypsum, copiapite, or ferricopiapite. Frost et al. (2007) Frost et al. (2007) used Raman
spectroscopy in combination with SEM for mineral characterization of natural samples
from El Jaroso Ravine, Spain. The difference between oxidized and non-oxidized
efflorescence was observed. The unoxidized zones contained a mixture of halotrichite
and jarosite, while a mixture of jarosite and related sulfates including potassium and
ferrous sulfates were detected in the oxidized deposit. Iron-rich sulfate deposits of the
AMD environment in the Iron Mountain area, California, were studied by Sobron and
Alpers (2013). Using the laboratory spectrometer, gypsum, ferricopiapite, copiapite,
melanterite, coquimbite, and voltaite were identified within the collection of natural
samples. Apopei et al. (2015) used Raman spectroscopy and other techniques to identify
sulfates originating from pyrite weathering of the Coranda-Hondol ore deposit,
Romania. The supergene mineralization comprised a variety of iron, magnesium, and
calcium sulfates as well as uncommon Zn/Mn-sulfates (gunningite, apjohnite), and Cusulfates (antlerite and brochantite). Iron sulfates with different hydration degrees
(szomolnokite, rozenite, melanterite, coquimbite, ferricopiapite), and Zn and Al sulfates
(gunningite, alunogen, halotrichite) were detected during the Raman investigation of
secondary efflorescence in the Baia Sprie mining area, Romania, by Buzatu et al. (2016).
More recently, Black and Hynek (2017) conducted a comparing study on hydrothermally
altered basalts from Costa Rica, Nicaragua, and Iceland combining analytical
instrumentation relevant to the future rover missions to Mars (Visible to Short Wave
Infrared (VSWIR) spectroscopy, XRD, and Raman spectroscopy). Among other
minerals, gypsum, anhydrite, hexahydrite, alunite, jarosite, rhomboclase, and
pickeringite were successfully detected by Raman spectroscopy.
The mineralogical and geological applications of the portable Raman spectrometers
for the in situ investigation of secondary sulfates at outcrops is still limited to a few
cases. Within the long-term research of extreme acidic environment of the Rio Tinto
district (Spain), the sulfate precipitation sequences were characterized by a portable
Raman spectrometer equipped with a probe head and a 532 nm excitation source.
Rozenite, copiapite, jarosite, and coquimbite were detected as the common constituents
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of crusty efflorescence (Rull et al., 2014). Kong et al. (2014) used a similar type of the
spectrometer for the in situ investigation and monitoring of evaporitic crusts composed
of hydrous Mg-sulfates in Dalangtan Playa on the Tibetan Plateau, China, observing
seasonal variations in the hydration of degree of Mg-sulfates. The grounds for on-site
Raman analysis due to the rapid transformation of minerals was demonstrated by
Guimbretière et al. (2016). They reported the use of Raman spectroscopy for the
characterization of unstable volcanic products (Na-sulfates) in the recent volcanic
environment of the Piton de la Fournaise volcano on Réunion island. Košek et al. (2017)
used two miniature spectrometers, equipped with 785 and 532 nm lasers, for the field
description of the weathering products of pyrite at Valachov, Czech Republic. Besides
gypsum, Mg-copiapte, jarosite, and fibroferrite, the transition between melanterite and
rozenite was documented as a response to changes in temperature and relative humidity
at this site.
3.1. Raman spectroscopy of sulfates
Despite the chemical and crystallographic diversity of individual minerals, Raman
spectra of most sulfates share the same spectral pattern. Since the structure of sulfates is
based on the framework involving the polymerization of (SO4) tetrahedrons and cationcentered (MOn) polyhedrons (usually octahedrons, n=6), often linked through hydrogen
bonding (Hawthorne et al., 2000), four categories of the vibrational modes of sulfate
minerals are given: vibrations of the SO4 group; H2O vibrations (if water is present);
NH4 vibrations (if ammonium is present); and vibrations of cation-oxygen bonds.
The characteristic and the most noticeable Raman bands are the manifestations of the
vibrations of the tetrahedral sulfate group due to high covalency constitute of S–O bonds.
The free (SO4)2- anion has the ideal Td symmetry, which gives nine normal vibrational
modes corresponding to the representations A1(ν1) + E(ν2) + 2F2(ν3, ν4). In Raman
spectrum, they are represented by the following Raman bands: nondegenerate ν 1
symmetric stretching at 983 cm-1 (usually the most dominant one); doubly degenerate ν2
symmetric bending at 450 cm-1; triply degenerate ν3 antisymmetric stretching at 1105
cm-1; and triply degenerate ν4 antisymmetric bending at 611 cm-1 (Nakamoto, 2009). In
aqueous solution, the SO4 group vibrates freely and essentially gives the same Raman
spectral profile regardless of dissolved cation (Mabrouk 2013). In solid state, i.e. in
minerals, the presence of the cations or water molecules may modify bond lengths in the
sulfate tetrahedron causing the reduce in symmetry from T d to either C3v/C3
(monodentate, corner-sharing), C2v/C2 (edge-sharing, bidentate binuclear), or C1/Cs
(corner-sharing, edge-sharing, bidentate binuclear, multidentate). This may result in a
variation of the band wavenumbers and splitting of vibrational modes, which is typical
in particular for the modes ν2, ν3, ν4. However, disparities between the symmetry
predictions and experimental observations may exist (Myneni, 2000).
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If water molecules are present in the structure of the mineral, they contribute
additional bands to the Raman spectra. Vibration modes of H2O are represented by the
following vibration modes: ν1 symmetric stretching, ν2 bending mode, ν3 antisymmetric
stretching, and νL libration modes. Raman signatures of the stretching modes are
observed in the Raman spectra in 3000–3700 cm-1 region, and ν2 bending at 1400–1700
cm-1. The librations appear at ~700–900 cm-1 (Ling and Wang, 2010). The stretching
modes of the hydroxyl ionic groups (if present) also appear as narrow bands in the 3000–
3800 cm-1 spectral range. In occasional cases, several sulfates contain the ammonium
group which yields additional bands of four vibrational modes at characteristic positions:
stretching vibrations around 3040 cm-1 (ν1) and 3145 cm-1 (ν3); and bending vibrations
around 1680 cm-1 (ν2) and 1400 cm-1 (ν4) (Nakamoto, 2009). The vibration modes related
to a bond M-O are given in Raman spectra in the region below ~ 400 cm− 1. The example
of the Raman spectrum of a sulfate mineral is shown in Figure 9.
The influence of the ions on the structure and the band positions of different vibrations
in Raman spectra is a widely studied and discussed topic since such data are invaluable
and may help identify and distinguish even closely related minerals. Ben Mabrouk et al.
(2013) studied the influence of the monovalent cations Na+, K+, and NH4+ on the band
positions of sodium, potassium, and ammonium sulfate. They observed shifts that were
attributed to the indirect effect related to the size of cation radius. With increasing radius
of the cation (NH4+ > K+ > Na+), the symmetric stretching band was significantly downshifted. (Frost et al., 2006) a similar effect when investigated specimens of natural
jarosites. The jarosite group includes complex hydroxosulfates with the general formula

Figure 9. An example of the Raman spectrum of a sulfate mineral – gypsum CaSO4 · 2H2O
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(M+,M2+)[Fe33+ (SO4)2](OH)6, where M+= Na+, K+, Ag, H3O+, or NH4+ and the M2+ site
may be chiefly occupied by Pb2+. Based on the acquired spectra, they correlated the band
position of the sulfate symmetric stretching mode with the ionic radius of the cation,
while the bending modes showed only a slight dependence. They also found that there
are differences between Raman spectra of synthetic and natural jarosites, possibly due
to impurities and other ions incorporated into the structure of natural specimens. Alunitegroup minerals are structurally and chemically related minerals to jarosites, but instead
of iron, Al3+ occupies trivalent sites resulting in the general formula
[M+Al3(SO4)2(OH)6]. However, alunites display very distinct Raman spectra when
compared with jarosites, which is explained by significant structural changes including
the (Al,Fe)–O and S–O bond lengths and the force interactions around the hydroxyl
groups. In contrast, a change in the occupation of the monovalent cation had nearly no
observable effect on the position of the vibrational modes of the sulfate groups of
alunites (Maubec et al., 2012). On the other hand, the impact of the cation substitution
on the position of sulfate vibrational modes can be relatively low. Alums, the minerals
of the general formula A1+B3+(SO4)2 · 12 H2O (A=Na+, K+, NH4+; B=Al, Fe), share a
nearly uniform Raman spectral pattern (with certain specific exceptions) regardless of
the chemical compositions, which is possibly caused by the isolation of sulfates
tetrahedrons and cation-centered octahedrons in their structure (Frost and Kloprogge,
2001).
The structure of several sulfates may host more than one crystallographically distinct
site for the sulfate tetrahedron, resulting in numerous splitting of the sulfate vibrational
modes. However, an accidental coincidence of the bands can occur, resulting in fewer
bands than might be predicted. Structure of the copiapite-group minerals
[A2/3+Fe43+(SO4)6(OH)2 · 18-20H2O] includes three such sites for six SO4 tetrahedrons
per formula unit. Kong et al. (2011) observed the split of the ν1 symmetric stretching
mode into two distinct Raman bands. Moreover, the positions of these bands were related
to the cation substitution of the A2/3+ site (Al, Fe2+/3+, Mg) depending on the S-O bond
lengths, and masses and charges of those cations. The halotrichite group (sometimes
referred to as pseudo-alums) is another example. Halotrichite and other members are
characterized by the formula A2+Al2(SO4)4 · 22H2O, where the site A can be occupied by
Fe2+ (halotrichite), Mg (pickeringite), Mn (apjohnite), or Co (wupatkiite). Four unique
sulfate units are present in the structure. Three units are bound to water molecules and
one to the divalent cation. Therefore, two sulfate symmetric stretching vibrations are
given in Raman spectra to be in line with the crystal structure. In fact, numerous
disparities exist among Raman spectroscopic studies involving the natural and synthetic
pseudo-alums. One ν1 band (~985 cm-1) is reported for natural halotrichite and apjohnite,
and two ν1 bands (~975 and ~995 cm-1) for pickeringite and wupatkiite (Locke et al.,
2007). However, synthetic pickeringite showed the ν1 band at 984 cm-1, while synthetic
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apjohnite at 990 and 975 cm-1 (Palmer and Frost, 2006). This indicates that the Raman
spectra of pseudo-alums strictly depend on the purity and the cation substitution may
greatly influence the vibrational modes of the sulfate tetrahedrons.
The influence of water on the position of the ν1 symmetric stretching mode band has
been studied in the families of polyhydrated magnesium sulfates (Wang et al., 2006)
calcium sulfates (Liu et al., 2009), ferric sulfates (Ling and Wang, 2010), ferrous sulfates
(Chio et al., 2005) and briefly aluminum sulfates (Wang and Zhou, 2014). It has been
observed that the ν1 band shifts upward, generally following the decrease in the degree
of hydration (Figure 10). This phenomenon is solely induced by different structures of
hydrated sulfates. According to the number of water molecules involved in the
framework, SO4 tetrahedrons are connected to cation-centered polyhedrons in different
ways, either by sharing a bridging oxygen or linked only by hydrogen bonding from
water or hydroxyl. This results in a various number of oxygen ions in the SO4 group that
is linked to a cation, i.e. how many oxygen ions are shared between coordination
polyhedrons. An increase in the number of non-bonding oxygen ions (= oxygen ions in
the SO4 group that are not linked to any metal cation) possibly modifies the sulfate
vibrational modes, which is accompanied by the tendency of the ν1 Raman bands to shift
downward. It is also assumed that an increasing number of the hydrogen bonds to the
coordinated oxygen in the SO4 tetrahedrons supports the shift towards lower
wavenumbers (Wang et al., 2006).

Figure 10. The upshift of the ν 1 band following the decrease in the degree of hydration is shown
for Mg-sulfates epsomite, pentahydrate, and kieserite. This phenomenon is related to structures
of the minerals since a different amount of water changes the arrangement of sulfate tetrahedrons
and influences sulfate vibrational modes. The spectral data obtained from Culka et al. (2014). The
structural models after Hawthorne et al. (1987), Baur and Rolin (1972), and Baur (1964).
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4. Methods
4.1. Laboratory Raman microspectrometry
To obtain Raman spectra in the laboratory, selected samples were placed on the stage
of a Leica microscope, equipped with 10×, 20×, 50×, 100×, and long focus 50× objective
lenses. The microscope is a part of a multichannel Renishaw InVia Reflex spectrometer
coupled with a thermoelectrically cooled CCD detector, which enabled recording of the
signal within the 100 - 4000 cm-1 spectral wavenumber range and with a spectral
resolution of 2 cm-1. Excitation was provided either by a 514.5-nm Ar-ion laser (20 mW
at the source) or a near-infrared (NIR) diode laser emitting at 785 nm (320 mW at the
source). To achieve enhanced signal-to-noise ratios, typically 10 to 20 scans were
accumulated, each 20 s exposure time. After each measurement, the sample was checked
visually for any signs of thermal degradation. A diamond and polystyrene standard was
used to check the wavenumber calibration. The spectral data were acquired using Wire
2.0 spectral software. Samples of minerals were generally measured as they were
collected, without any additional preparation. In the cases, when the dimensions of the
sample did not allow to put the sample under a microscope, representative mineral
samples were taken from the rock fragment and measured separately.
4.2. Portable Raman spectrometer
For the analysis involving portable Raman instrument, the Inspector Raman portable
system by DeltaNu (Laramie, Wyoming, USA) was chosen for the laboratory-based and
in-situ measurements. It is designed as a field-portable lightweight (1.9 kg) instrument,
equipped with a 785-nm diode laser for excitation, an output of up to 120 mW, and a
thermoelectrically CCD detector (spectral resolution 8 cm-1, wavenumber range 200 2000 cm-1). The instrument is linked by cable to a laptop/PC with the NuSpec software
package installed, allowing control of all spectrometer functions. The setup for fast
screening was 1-3 accumulations of 1-3 seconds each. The typical measurement setup
for the optimal signal-to-noise ratio was 10 accumulations of 10 seconds each. The
calibration was performed on a polystyrene sample. The measurements were carried out
in the dark room, or samples and the instrument head were covered to avoid exposition
to direct sunlight. In the case of the measurements in the field, samples were collected
from the hot zones and typically allowed to cool. This approach was adopted to avoid
negative impacts on collecting Raman spectra as well as to prevent any damage of the
spectrometer due to an elevated temperature.
For Raman spectra obtained from all instruments, spectral analysis and treatment,
such as the baseline correction, were performed using the GRAMS/AI 9.1 software
package. The only used advanced technique was the peak fitting Gaussian-Lorentzian
function for the identification of the individual bands.
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4.3. Powder X-Ray diffraction
The powder X-ray diffraction analyses (PXRD) was performed for verification of the
results obtained by the Raman spectroscopy. The samples were collected and crushed in
an agate mortar, and analyzed by a PANalytical X’Pert Pro diffractometer, equipped
with a diffracted-beam monochromator and X’Celerator multichannel detector (CuKα
radiation, 40 kV, 30 mA, 3–70° 2θ, step scanning at 0.02°/100 s). The records were
analyzed using X'Pert HighScore 3.0e software, equipped with the PDF-2 database
(ICDD, 2002).
4.4. Additional analysis of sulfates from Kladno
For samples of alunogen and khademite from Kladno, chemical and structural data
were yielded using several other analytical methods in the specialized laboratories DRIFTS (Diffuse reflectance infrared Fourier transform spectroscopy), powder X-ray
diffraction, and electron microprobe (EMPA). Details about the analyses can be found
in the corresponding paper in Appendix IV.

35

5. Raman spectroscopic study of synthetic anhydrous sulfates
The sulfate encrustations associated with volcanic fumaroles and gas vents at burning
coal heaps are characteristic of the occurrence of numerous low-hydrated and even
anhydrous phases. Although variously hydrated secondary sulfates are relatively
widespread minerals, this kind of high-temperature but also very dynamic and unstable
environment is the cause that anhydrous and hydrated sulfates can exist simultaneously;
however, not only as discrete accumulations with respect to temperature zoning but they
also often form mixed aggregates consisting of both (or even more) phases due to
fluctuations in temperature and subsequent rehydration. For instance, very rare
anhydrous millosevichite can be found only a few tens of centimeters away from a fully
hydrated analogue, alunogen, but they are typically detected in the same sample together.
On the other hand, these variations are very important because they reflect the forming
conditions and this information is preserved in the state of hydration of sulfates involved.
Therefore, an analytical technique capable of distinguishing and identifying the
individual phases is very important. Raman spectroscopy is sensitive to the changes in
the hydration degree of sulfates which is manifested as shifts of the strongest sulfates
bands in Raman spectra. For that reason, knowledge of the Raman spectra of the
expected phases is essential for successful identification. As hydrated sulfates can be
found in other geological settings, and are not restricted to fumarolic conditions, Raman
data for most of them are relatively widely available. However, this is not the case of
certain anhydrous sulfates. The simplest ones encountered in volcanic or coal fire areas
are mascagnite, millosevichite, mikasaite, efremovite, and three anhydrous alums godovikovite, sabieite, and steklite. Except for mascagnite and synthetic mikasaite and
steklite, comprehensive Raman spectroscopic data for millosevichite and ammoniumcontaining efremovite, godovikovite, and sabieite are lacking; still, they are required.
Since obtaining these minerals is difficult for a spectroscopic study either because of
their scarcity or the uncertain state of specimens stored in collections, synthetic
analogues of millosevichite, mikasaite, efremovite, godovikovite, sabieite, and steklite
were prepared by heating of hydrated precursors in the laboratory (Figure 11), verified
by powder XRD, and measured with a laboratory spectrometer and a small portable
Raman spectrometer for comparison. Mascagnite was excluded from this study since
this ammonium sulfate does not form hydrates and is otherwise sufficiently described in
literature. This chapter is based on the paper by Košek et al. (2018a), see Appendix IV.
5.1. Anhydrous trivalent sulfates
This isostructural group (trigonal, R3̅ ) includes two studied sulfates – millosevichite
Al2(SO4)3 and mikasaite Fe2(SO4)3. The Raman spectrum of millosevichite shows the
strongest band for the ν1 symmetric stretching vibration at 1132 cm-1. In contrast, the ν1
symmetric stretching vibration of mikasaite is probably split into two strong bands at
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Figure 11. Pure crystalline NH4Fe(SO4)2 · 12H2O of light purple color (a) was heated for 24h at
250°C. A glassy-like white mass of anhydrous (NH4)Fe(SO4)2 with a vesicular texture was the
final product (b).

1079 and 1100 cm-1 (Figure 12). For both minerals, this is a great shift in the position of
the ν1 band compared to fully hydrated alunogen (992 cm-1, this work); and highly
hydrated ferric sulfates (1031-1033 cm-1, Ling and Wang (2010). Four medium intense
bands of asymmetric stretching vibration ν3 can be found at 1164, 1173, 1203, and 1218
cm-1 for millosevichite. Mikasaite has only a single strong band in this region at 1126
cm-1. Three bands of the ν2 modes are observed at 399, 482, and 494 cm-1 for
millosevichite while two bands of mikasaite are observed at 448 and 467 cm-1. Bands of
medium to weak intensity at 614, 657, and 685cm-1 for millosevichite, and at 601, 628,
657, and 678 cm-1 for mikasaite can be assigned to asymmetric ν4 bending vibrations of
the sulfate group. Furthermore, medium intense bands associated with Fe–O vibrations
can be differentiated at 209, 237, 298, or 314 cm-1 in the spectrum of mikasaite. In the
case of millosevichite, bands in this area are generally weak to very weak (176, 210, and
352 cm-1).
Millosevichite provided a typical Raman spectrum of a sulfate mineral, although its
ν1 band is extraordinary up-shifted within the sulfate group (1132 cm-1). The positions
of the mikasaite bands are in good agreement with the previously reported spectral data
by Ling and Wang (2010) and the Raman spectrum exhibits a band splitting in the region
of ν1 and ν3 vibrations. This is unusual since the structures of millosevichite and
mikasaite are nearly identical (Kato and Daimon, 1979; Miura et al., 1994). Such kind
of splitting is often connected with a reduction in the symmetry of the SO4 group,
induced by a distortion of the sulfate tetrahedron. However, no significant distortion can
be observed in the mikasaite structure. Therefore, the vibration modes must be
influenced by a strong interaction between sulfate and Fe3+ ion.
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Figure 12. Raman spectra of synthetic anhydrous sulfates in the 100-1800 cm-1 range obtained by
the laboratory instrument. The dashed lines represent the position of the ν1 band of a hydrous
equivalent (the laboratory spectrometer).
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5.2. Efremovite
Efremovite (NH4)2Mg2(SO4)3 is rare cubic (P213) sulfate, an anhydrous analogue of
more common boussingaultite. The SO4 symmetric stretching mode of efremovite is
observed at 1050 cm-1 (Figure 12), which is a distinctive position shift compared to the
corresponding ν1 band of boussingaultite (983 cm-1, Culka et al. (2009)) The ν3 modes
are observed as a complex set of weak bands possibly at 1112, 1123, 1147, 1166, and
1215 cm-1. Three of the bands at 443, 455, and 468 cm-1 can be assigned to the symmetric
bending vibrations of SO4 tetrahedra. Medium and weak bands at 609, 620, 633, 652,
and 659 cm-1 belong to the asymmetric bending vibrations.
5.3. Anhydrous alums
The anhydrous alums are represented by isostructural trigonal (P321) minerals
godovikovite (NH4)Al(SO4)2, sabieite (NH4)Fe(SO4)2, and steklite KAl(SO4)2. Their
structure is based on glaserite-like layers consisting of M3+O6 octahedra and SO4
tetrahedra with M1+ sites in the interlayer region. The ν1 symmetric stretching vibration
is observed at 1076 cm-1 for godovikovite, at 1035 cm-1 for sabieite, and at 1078 cm-1 for
steklite (Figure 12). This is a significant shift of ν1 bands when compared to the
corresponding hydrous alums: 991 cm-1 for tschermigite, 991 cm-1 for lonecreekite, and
990 cm-1 for alum-(K) (Frost and Kloprogge, 2001). A single band at 1285 cm-1 for
godovikovite, a single band at 1270 cm-1 for sabieite, and a single band at 1301 cm-1 for
steklite can be assigned to the ν3 antisymmetric stretching modes. Bands of ν2 vibrations
are located at 485 cm-1 in the spectrum of godovikovite, at 462 cm-1 in the spectrum of
sabieite, and at 420 and 485 cm-1 in the spectrum of steklite. The ν4 vibrations of sulfate
tetrahedra can be observed at 609 and 645 cm-1 for godovikovite, 593 and 641 cm-1 for
sabieite, and 611 and 659 cm-1 for steklite. A single strong band probably associated with
M–O vibrations in the region around 300 cm-1 is specific for these phases and can be
used for additional verification. It can be found at 318 cm-1 in the case of godovikovite.
Raman spectra of sabieite and steklite have this band at 315 cm-1 and 321 cm-1,
respectively.
The Raman spectrum of steklite obtained is in excellent agreement with the
previously reported Raman data for this phase (Kishimura et al., 2015). A significant
difference in band positions between aluminum-containing (godovikovite and steklite)
and iron-containing alums (sabieite) can be observed. A larger mass of ferric ion leads
to decreased wavenumbers of all bands in the Raman spectra of sabieite. In fact, the
positions of the sabieite bands are rather similar to the reported band positions of
yavapaiite (Chio et al., 2010), another anhydrous alum with the chemical formula
KFe(SO4)2; however, with a different monoclinic structure (Graeber and Rosenzweig,
1971). Therefore, the Raman spectra of anhydrous alums depend primarily on the cation
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substitution at octahedral sites (aluminum or iron), and different monovalent cations (K
or ammonium) in the interlayer region have a smaller influence.
5.4. Raman bands associated with the NH4 group
Since investigated efremovite, godovikovite, and sabieite are water-free, they
represent the ideal material for the Raman spectroscopic manifestation of the NH4-group
without the interference of water bands. The comparison between lonecreekite and
sabieite is shown in Figure 13. In the case of sabieite, Raman bands of the stretching
vibrations of the NH4 group can be found at positions of 3090, 3141, 3200, and 3316 cm1
. In contrast, lonecreekite displayed broad unspecific Raman bands in the high
wavenumber region, comprising signatures of both water and ammonium. Furthermore,
the bending modes of NH4 can be observed as distinct bands at 1428 and 1458 cm-1 for
sabieite. Similar results were also given for godovikovite and efremovite.
5.5. Portable Raman spectrometer
Portable Raman instruments are expected to be very useful in the study of metastable
fumarolic encrustations since anhydrous sulfates frequently rehydrate if they are
collected and kept at a much lower temperature and higher humidity. The deployment
of miniature Raman spectrometers directly in the field can mitigate the rehydration
problem. Although the portable spectrometer (DeltaNu) is a less precise instrument, the
measured band positions were generally in good agreement with data from a benchtop
microspectrometer, except for bands representing vibration modes of the NH4 group.
Those were not recorded at all. The lower spectral resolution of the portable instrument
influences the capability to distinguish nearby bands. This can eventually lead to the
merging of original bands, resulting in the observation of a broader multi-component
Raman band. This was especially true in the case with efremovite, where Raman bands
of the ν2, ν3, and ν4 vibration modes showed a strong tendency for band merging.
Occasionally, the same effect influenced the Raman spectra of millosevichite and
mikasaite. Moreover, a lower signal-to-noise ratio complicated discrimination of weak
bands from a noisy background in a few cases (millosevichite, mikasaite, and sabieite).
These issues are related to the technical limitations of this particular portable instrument,
but they do not reduce the generally good performance of the spectrometer.
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Figure 13. Comparison of synthetic lonecreekite and sabieite in the 2700-3500 cm-1 range
obtained by the laboratory instrument (Raman bands associated with water the ammonium
group).

Figure 14. Raman spectra of natural specimens of alunogen and khademite from the sample K301
in the 100-1400 cm-1 and 2500-3800 cm-1 region.
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6. Raman spectroscopic study of two native aluminum sulfates
Aluminum sulfates are relatively common among secondary sulfates found as
products of decomposition of aluminosilicate minerals in the S-rich environment. Group
of aluminum sulfates comprise a number of diverse minerals of different crystal
structure, chemical composition, and water content. However, the collection of Raman
spectra of aluminum sulfates is incomplete. For several sulfates, Raman data are only
known for synthetic or poorly characterized natural specimens. They can differ in
crystallinity or purity, and thus variations in Raman spectra can exist. However, high
quality and purity of reference natural samples are crucial in order to avoid ambiguous
or misleading Raman analysis.
Therefore, the aim of this particular research was to conduct Raman measurements
of alunogen Al2(SO4)3 · 17H2O and khademite Al(SO4)(F,OH) · 5H2O. Although
alunogen is a common and important secondary phase in some mineralogical settings,
previous Raman studies have only involved the use of a synthetic analogue of alunogen
or natural mixtures of more a complicated composition. For khademite, two different
spectroscopic studies were published. But given a complicated background of this
sulfate, a more precise chemical analysis is required to put obtained Raman spectra into
context.
Two samples containing aluminum sulfates investigated in this study (hereinafter
referred to as K159 and K301) were collected prior to 2002 on the former burning coal
heaps of the Schoeller or Nejedlý I coal mine at Kladno, Czech Republic. White-toyellowish and fine crystalline crusts underwent complex development as a part of the
sulfate accumulation and, besides alunogen and khademite, they are composed of
additional sulfate admixtures. Sample K159 included dominant alunogen (ca. 80 wt.%)
and minor tschermigite. Sample K301 contained dominant alunogen (80-90 wt.%), as
well as minor tschermigite and khademite, plus traces of pickeringite. Due to this
complexity, Raman spectroscopy was accompanied by additional analytical techniques
(DRIFTS, PXRD, EMPA) to obtain comprehensive view on the studied specimens. For
comparison, synthetic alunogen was also measured by Raman and IR spectroscopy, if
any significant differences exist.
This chapter is partially based on the paper by Košek et al. (2018b), see Appendix
IV, and unpublished manuscript.
6.1. Alunogen
The investigated alunogen specimens had a nearly ideal formula (Al1.99Fe3+0.01)2
(SO4)3·17H2O and unit-cell parameters were calculated in line with the structural model
of Fang and Robinson (1976). Given the alunogen dominance in the samples, IR analysis
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of the bulk could be carried out and it agreed with the infrared spectra of aluminum
sulfate by Kloprogge et al. (2001). Interestingly, the natural samples contained infrared
bands associated with ammonium, due to probably the admixture of ammonium-rich
tschermigite in the samples.
The results of Raman spectroscopic analysis showed little differences between the
alunogen specimens. Sample K159 shows the strongest Raman band at 992 cm-1 (the ν1
mode). The ν3 mode of the SO4 group was split into three separate Raman bands: two
weak bands at 1066 and 1089 cm-1 and a medium band at 1127 cm-1. Three bands of the
ν2 mode in sulfate tetrahedra can be found as a single weak band at 415 cm-1, and a broad
band composed of at least two component bands around 445 and 470 cm-1. A single band
around 528 cm-1 can either be attributed to the ν2 mode or to the torsional vibrations of
water molecules. A medium intensity broader band at 614 cm-1 can be attributed to the
ν4 mode. The bands at 310 and 338 cm-1 can be assigned to the vibrations of water. Lattice
or Al-O vibrational modes were observable in the regions below 250 cm-1.
Despite a more complex composition, the Raman spectra of sample K301 were
uniform in almost all measurements. The most intensive ν1 band was observable at 992
cm-1. A shoulder around 1069 cm-1, a medium band at 1086 cm-1, and a sharp medium
band at 1127 cm-1 represent the ν3 mode. The bands of the ν2 mode were found at 414,
445, and 473 cm-1. The weak band around 528 cm-1 can represent the ν2 mode of sulfate
or the torsion vibrations of water molecules. The Raman lines at 611 cm-1 (and possibly
around 642 cm-1) can be attributed to the ν4 asymmetric stretch mode in the sulfate group.
Vibrations of the water molecules can also be observed at 310 and 344 cm-1. Additional
bands below 250 cm-1 are associated with lattice or Al-O vibrations. The Raman
spectrum can be found in Figure 14.
The Raman spectrum of synthetic alunogen obtained was in good accordance with
natural specimens as well as with synthetic alunogen previously reported (Wang and
Zhou, 2014).
Alunogen is highly hydrated sulfate (17 water molecules) in comparison with
analogous ferric sulfate system Fe2(SO4)3 · nH2O, where n is only 11 at the maximum.
In fact, the structure of alunogen contains four sites of “free” water that can be occupied
only partially; therefore, the real amount of water typically fluctuates between 16 and 17
water molecules per formula unit (Menchetti and Sabelli, 1974). However, the alunogen
structure can sustain even a greater loss of water due to low humidity without
breakdown, down to a minimum of 13.7 water molecules per formula unit when
transforms into meta-alunogen (Kahlenberg et al., 2017). Given the large number of
symmetrically independent water molecules, the Raman spectra in the hydroxyl stretch
range show a large unspecific multicomponent broad. Sample K159 featured a distinct
broad band around 3350 cm-1, while sample K301, as well as the synthetic analogue,
showed a slightly different spectral shape, and no intense bands in this area were
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observed. The change in the relative intensity of this band can be connected with the
formation of more distinct sites for water molecules due to the loss of the “free” water
(Wang and Zhou, 2014). This small variation in the water content has no obvious
influence on the main crystal arrangement because the positions of the major sulfate
bands seem to remain unchanged.
6.2. Khademite
The history of this orthorhombic sulfate of the chemical formula Al(SO)4(F,OH) ·
5H2O is long and complicated and it can be found in the corresponding paper included
in the appendix. Essentially, two end members are defined – fluorine-rich khademite
and hydroxyl-rich rostite. However, the status of “true” rostite is currently problematic
due to lacking or incomplete chemical analysis. The studied specimen was the
constituent of the sample K301. It had the chemical composition calculated as Al 1,01–
1.03(SO4)0.98–0.99 (F0.90–1.00OH0.00–0.10) · 5H2O; therefore, this specimen is classified as
khademite. A fluorine concentration was measured at 8.12–8.18 wt.%, which is the
highest found in khademite to-date. The refined unit-cell parameters are in good
accordance with those described in the original studies of khademite by Bachet et al.
(1981).
The Raman spectrum of khademite (Figure 14) is dominated by a very strong band
of the sulfate ν1 mode at 990 cm-1. A pair of medium-intense bands at 1081 and 1131
cm-1 can be assigned to the ν3 mode. The ν2 vibrations of the SO4 group were split into
four separate Raman bands at 420, 433, 504, and 528 cm-1. A set of generally weak bands
at 569, 589, 619, and 632 cm-1 represents the ν4 vibration modes. Water in the crystal
structure of khademite contributes additional characteristic bands to the Raman spectra,
especially in the 2600–3800 cm-1 spectral range. A large multi-component broad band
of water stretching vibrations is observed here, with three identifiable bands around
3040, 3177, and 3404 cm-1. Given the presence of hydroxyl, the band at 3404 cm−1 can
be assigned to the hydroxyl stretch mode. Other bands (M-O and lattice vibrations) can
be found generally below 400 cm−1.
Raman spectra of khademite (Frost et al., 2013) and rostite (Frost et al., 2015b) were
previously reported. The first study investigated khademite from the same locality as the
specimen studied in this work, but the Raman spectrum reported is different. Also, no
details about the chemical composition were given. The spectrum presented in this work
is in agreement with rostite measured by Frost et al. (2015b), but neither quantitative
chemical nor XRD analysis were reported and the exact fluorine content of the studied
specimen was not known. Due to lack of reliable data for the comparison, the influence
of the F-(OH) substitution on the positions of Raman bands of khademite/rostite remains
unsolved.
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7. Application of a miniature Raman spectrometer for the field
identification of minerals at burning coal heap
This particular work based on the papers by Košek at al. (2017) focused on Raman
spectroscopic identification of coal-fire gas vent minerals in the field using a
miniaturized Raman device (DeltaNu) equipped with a 785 nm excitation source, but
with a limited spectral range of 200 – 2000 cm-1. The evaluation of this approach was
based on the comparison with the data provided by a laboratory Raman
microspectrometer operating at the same 785 nm excitation. The field investigation was
carried out at the burning Heřmanice coal heap in the Ostrava-Karviná Coal District,
Czech Republic. The underground combustion processes at the heap are manifested by
numerous gas vents. Secondary minerals crystallized onto the substrate near the gas
vents or encrusted the surface layers forming breccia cementation. Eight different
samples of these minerals were chosen to demonstrate the capabilities of the Raman
handheld instrument: six samples with one dominant mineral phase; and two samples
with a complex mineral composition (detail are given in the corresponding paper in
Appendix IV). The mineral composition was derived from powder XRD data because
several sulfates were studied by Raman spectroscopy for the first time and, therefore, no
previous spectroscopic data were available. The samples encompassed specimens with
well-developed crystal shapes, crystal aggregates, or fine-crystalline coatings and crusts
(Figure 15).
Raman spectra of elemental sulfur are in excellent accordance with the reference
Raman spectrum of sulfur (White, 2009). Besides two very strong bands at 222 and 471
cm-1, the sulfur spectrum has a third strong band around 152 cm-1 (all attributed to the
S–S–S bending), but this band is not observed in the spectrum by the DeltaNu
spectrometer due to the limited spectral range of the instrument. In the case of sal
ammoniac, the limited spectral range caused that strong bands around 141 and 168 cm1
, associated with lattice vibrations, were not recorded. However, two bands of medium
intensive were possibly observed around 1404 and 1708 cm-1, which can be assigned to
the bending modes of ammonium. Laboratory analysis confirmed these bands as well
lattice bands with respect to the reference spectrum of sal ammoniac (Krishnan, 1947).
Obtaining Raman spectra of sal ammoniac in the field was accompanied with serious
issues since the most common samples were also poorly crystalline and generally
produced Raman signal of a very low intensity. The in situ spectrum described was
collected from crystals of about 1 mm in size. Even in this case, the spectrum was of
poorer quality and it was influenced by the high level of noise. The Raman spectrum of
mascagnite measured in the field showed typically a high quality with low background
fluorescence. The Raman bands were easily readable at 974 cm-1 (ν1), 1089 cm-1 (ν3),
450 cm-1 (ν2), 615 cm-1 (ν4), and 1417 cm-1 (NH4-bending). The observed band positions
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Figure 15. Studied samples: (a) crystals of sal ammoniac; (b) crystals of letovicite; (c) efremovite
crust; (d) sabieite-rich coatings.

of both instruments corresponded with the Raman spectrum reported previously by
Jentzsch et al. (2013). Unlike mascagnite, the Raman spectrum of letovicite had a pair
of strong bands around 967 (ν1) and 1076 cm-1 (probably ν3) in the spectrum by the
portable instrument. Two other strong-to-medium bands were present at 446 cm-1 (ν2)
and 614 cm-1 (ν4), but the spectrum was influenced by background fluorescence. No
NH4+-related bands were recorded by the mobile spectrometer, although a Raman
signature of them was present in the laboratory spectrum. Fung and Tang (1988) reported
a pair of two strong bands at 960 and 1065 cm−1 for a synthetic analogue. For these four
minerals, Raman spectra by the portable instrument can be found in Figure 16.
The assignment of Raman spectra to sabieite and pyracmonite was mainly based on the
results given by the XRD analysis. All major Raman bands of the dominant sulfate phase
were easily distinguishable in the in-situ spectrum of the sample containing sabieite:
1036 cm-1 (ν1), 1271 cm-1 (ν3), 461 cm-1 (ν2), 598 and 642 cm-1 (ν4), and 312 cm-1 (Fe-O
vibration), see Figure 16. These positions were in line with the Raman spectrum obtained
in the laboratory. Although no Raman signal was recorded in the region of NH 4+ ions
during either in situ or laboratory measurements, the sabietie spectrum by the portable
instrument was generally of above-quality. Compared to that, the in situ spectrum
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Figure 16. Raman spectra of monomineral samples obtained in the field using the portable
DeltaNu spectrometer in the 200-1800 cm-1 range (base-line corrected for letovicite and
pyracmonite).

assigned to pyracmonite was of poor quality, with broad bands of low intensity (Figure
16). The region of sulfate stretching vibrations contained three bands around 981, 999,
and 1025 cm-1 (probably the ν1 modes) and one weak band around 1100 cm-1 (ν3).
However, strong fluorescence occurred in the region above 1250 cm−1; therefore, the
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signal of the other ν3 bands could be swamped. In the region of sulfate bending
vibrations, only two broad bands can be observed around 466 cm-1 (ν2) and 606 cm-1 (ν4).
In fact, these broad bands of the bending modes were composed by several other Raman
bands as the spectrum obtained in the laboratory has shown. One additional strong band
can be observed at 262 cm-1 and can possibly be attributed to the Fe-O vibration.
The interpretation of Raman spectra collected from sulfate mixtures was difficult due
to the proximity of certain bands, primarily in the region of the ν 2 and ν4 vibrations of
SO42- ions. However, sulfate phases can still be recognized by the unique positions of
the ν1 band, despite the fact that the assignment of other vibrational modes may remain
unsolved. In the case of these samples, a great difference between Raman spectra of the
handheld and laboratory instrument was observed probably due to a different focused
spot size of both instrument. The in-situ spectrum of the sample T12a consisted of bands
of two sulfate phases. The first is probably letovicite with 967 cm-1 (ν1), 1074 cm-1 (ν3),
442 cm-1 (ν2), and probably 612 cm-1 (ν4). The second phase showed Raman bands at
1039 (ν1) and 473 cm-1 (ν2), which probably belonged to efremovite. Letovicite can be
related to white aggregates sublimated on the surface of the sample while efremovite
formed the actual sulfate crust. This was supported by Raman microspectrometry when
efremovite (1046 cm-1 (ν1); 1162 cm-1 (ν3), 466 cm-1 (ν2), and 607 and 652 cm-1 (ν4)) and
mascagnite (975 cm-1) along with boussingaultite (982 cm−1 (ν1), 454 cm−1 (ν2), 619
and 363 cm−1 (ν4)) were detected as the components of the crust. Boussingaultite is a
hydrated form of efremovite, but it is difficult to resolve if the boussingaultite was
present originally in the sample or if efremovite hydrated after sampling. On the other
hands, the mineral composition was probably much more complex according to XRD.
A similar situation occurs in the case of sample T11f. It is a mixture of several sulfate
phases, although Raman signatures of only two minerals can be found in the in-situ
spectrum, which is also heavily influenced by fluorescence and broad bands. Two bands
1039 cm-1 (ν1) and 469 cm-1 (ν2) can be attributed to efremovite. The unique signature of
a different sulfate can be observed at 1069 cm-1 (ν1), 476 cm-1 (ν2), and 315 cm-1 (lattice
or M-O vibration). However, bands associated with bending vibration are difficult to
assign to a specific phase. The spectral shape is similar to sabieite, but the ν 1 band was
notably up-shifted; therefore, godovikovite was most likely the second major mineral.
Both these phases were detected in the laboratory but only as mixed Raman spectra,
although changes in relative intensity of several bands may indicate fluctuating content
of these minerals (Figure 17). A trace of boussingaultite was also identified. Other
hydrated sulfates were not detected despite XRD revealed their presence.
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Figure 17. An example of Raman spectra of a complex sample containing efremovite
and godovikovite with minor boussingaultite, tschermigite, and sabieite (based on XRD).
(A, B) the laboratory spectra show Raman signatures both efremovite and godovikovite;
in the spectrum (B) with prevalent efremovite, one band around 984 cm-1 can be
attributed to the product of hydration of this minerals (boussingaultite); (C) in situ
spectrum with the base-line correction; (D) in situ raw spectrum. Red bands belong to
efremovite; blue bands to godovikovite, and gold bands to boussingaultite.
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8. Mineralogical studies of neo-formed sulfates at burning coal dumps
This chapter reports preliminary results about sulfate-dominant assemblages that can
be found at two burning coal-waste dump Heřmanice (Ostrava, Czech Republic) and
Anna I (Alsdorf, North Rhine-Westphalia). Both sides differ in the degree of thermal
activity as well as in the temperature of escaping gases. The secondary mineralization is
a direct consequence of subsurface combustion processes when elevated temperature
and acidic solutions caused an extensive alteration of superficial waste materials, and
sublimates are allowed to deposit from the ascending and cooling gases. Laboratory
Raman spectroscopy was primarily used for characterizing newly formed minerals, but
the powder XRD analysis was also deployed as a supporting method, especially in the
cases of complicated sulfate mixtures and phases not yet known to Raman spectroscopy.
Within this work, two standard excitation sources (514 and 785 nm) were used.
However, the green laser was later adopted as the preferable source because the 785nmexcitation produced characteristic fluorescence bands across almost all samples
collected at the studied areas (Figure 18).
8.1. Mineral assemblages of Heřmanice dump, Ostrava, Czech Republic
Heřmanice coal waste dump is one of three currently thermally active dumps within
the Ostrava-Karviná Coal District (the others are Ema and Hedvika dumps) and belongs
to the largest waste piles in the district at the same time. Most of the waste-rock material

Figure 18. An example of fluorescence induced by the 785 nm excitation source that covers the
Raman signal in the region of sulfate ν3 vibrations.
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Figure 19. The sampling site on the top of the Heřmanice dump, Ostrava. The state of the
fumarole field prior to 2016 (a). The red dashed line highlights the area of trees removed and
surface manifestations of the coal fire. The yellow dashed line shows the sites of the strongest
thermal activity and active gas vents. Hot fumes (up to 700°C) escaping from the fissure (b). The
fumarole field (c). White areas are formed of mascagnite.

is derived from the exploitation of the Heřmanice mine (in operation 1942-1993), but
chemical wastes from coke production were also disposed of at the southern part of the
heap for a short time. The latest episode of thermal activity has begun after the
attenuation of mining during the 90s. Currently, the most active site is on the top of the
dump where numerous gas vents and hot fumes are concentrated. This area is referred to
as the fumarole field or zone in the following text (Figure 19). However, due to the risk
of air pollution caused by noxious gases emitted, the extensive remediation of the area
was initiated in 2005 by state authorities. This research of sulfate encrustations and
sublimates as well as sample collecting and monitoring the site conducted between 20142018.
8.1.1. High-temperature superficial association
The activity of gas vents was considerably high during the investigation of the area. The
temperature measured in the mouth of majority vents was in the range 200-400°C.
However, the temperature reaching up to 700°C was not uncommon, but no
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Figure 20. Schematic section of the high-temperature surficial assemblage (a). The first phase
that usually crystalizes from gases is sal ammoniac. The white finely crystalline coatings in the
photograph (b) were formed overnight on the freshly uncovered material. The uppermost waste
material surrounding the gas vents was altered into fragile and dried layer consisting of sal
ammoniac and sulfur (c).

mineralization of vents was detected in that case. Otherwise, the surficial waste material
surrounding the vents was encrusted and dried into fragile crusts (Figure 20). Sal
ammoniac, sulfur, and mascagnite was the major sublimates, though letovicite, sabieite,
and pyracmonite were also detected in the encrustation (Figure 21). Microcrystalline sal
ammoniac was common around almost all the gas vents and its deposition occurred very
rapidly since white coatings appeared overnight on the freshly uncovered material. Sal
ammoniac also formed relatively large euhedral crystals within cavities a few
centimeters under the surface. Sulfur was found as needle-like or skeletal crystals near
the vent mouths, typically in association with sal ammoniac coloring its transparent
crystals into yellow or orange. Furthermore, greenish sulfur crystals also encrusted the
uppermost surficial layer. Mascagnite was ubiquitous across the whole fumarole field,
covering areas of several square meters as white and yellowish botryoidal crusts. Besides
the sublimation origin, some crusts could be also the result of evaporation of solutions
containing ammonium and sulfate. In one case, a very rare mineral kremersite
(ammonium- and iron-bearing chloride) was detected by Raman spectroscopy as a
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component
of
orange-to-yellow
crystalline coatings accompanied by an
unspecific sulfate phase.
The mineralization directly adjacent
to the most active gas vents was
restricted to the relatively thin nearsurface layer (Figure 20), probably due
to the limited circulation of solutions.
On the other hand, a white chalky
amorphous mass was found at the
depth of about 50 cm and at the
temperature of 500°C. According to the
obtained Raman spectrum, mikasaite, a
rare
anhydrous
sulfate,
was
distinguished as the component of this
accumulation.
8.1.2. High-temperature sulfate
association
The gas vents of a lesser
temperature (150-180°C at the mouth)
in the south-east corner of the fumarole
field hosted a relatively rich sulfate
encrustation, but the occurrence of Figure 21. Raman spectra of minerals found within
sulfates in larger quantities was the high-temperature surficial assemblage (the
-1
restricted to a relatively shallow depth 100-1800 cm range, laboratory measurements).
of about 15-20 cm (Figure 22). Besides anhydrite, the presence of other sulfates was
poor beyond this zone. The temperature gradient was probably responsible since the
surface temperature was around 20°C (only slightly elevated in comparison with the
atmospheric temperature during the measurements), but it already rose to ~65°C in the
10 cm. It further increased up to 180°C in the place of the sulfate accumulation.
Therefore, solutions were prevented to infiltrate deeper. Under such conditions, most of
the sulfates filled cracks and interstices between rock fragments and formed powdery or
microcrystalline coatings and thin crusts, and well-grown crystals were not so frequent
(Figure 23). The small size of samples and sporadic occurrence of certain phases
complicated both Raman and XRD analyses. To date, several sulfate phases were
unambiguously identified: mascagnite, letovicite, sabieite, godovikovite, efremovite,
pyracmonite, ammoniojarosite, alunite, alunogen, anhydrite, and an unnamed anhydrous
Fe sulfate hydroxide Fe(SO4)(OH) (Figure 24). Hydrated phases, such as boussingaultite
and tschermigite, were also distinguished but with the possibility that they are the
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Figure 22. Schematic section of the high-temperature sulfate assemblage (a). Sulfates were restricted
to a thin area where they formed occasional coatings and accumulation, cementing rock fragments (b).
The encrusted layer was very hard and could be extracted as relatively big rock blocks (c).

products of the hydration process after sampling. Ubiquitous hematite took the form of
a red powdery material, sometimes partially sintered, but grey spherules made of
hematite were also observed occasionally. On the other hand, at least five sulfate phases,
each of them with distinct Raman spectral shapes, have not yet been identified due to
uncomplete spectra libraries and lacking Raman data for minerals of the gas-vent origin.
Therefore, the exact composition remains unknown at the moment.
8.1.3. Mid-temperature sulfate association
Sulfate mineralization of a different type was investigated on a small outcrop in a
shallow depression, around 8 meters away from the closest active gas vents. Finely
crystalline crusts developed at the depth of 10-20 cm, encrusting burnt rock fragments
at the considerably lower temperature of 40-60°C (Figure 25). The major sulfate here
was tschermigite, which often occurred in the coarsely crystalline form.
Gypsum/anhydrite, mascagnite, boussingaultite, alunite, (ammonio)jarosite, and clairitelike phase belonged among other identified sulfates (Figure 26).
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Figure 23. Various minerals of the Heřmanice dump. Sulfur crystals surrounding the mouth of
the gas vent (a). Tree-like crystals of mascagnite (b). Orange-yellow kremersite with a white
unidentified sulfate (c). The orange crystalline crust of iron hydroxosulfate with red hematite
and white acicular anhydrite (d). Massive mikasaite with the vesicular texture (e). Columnar
massive tschermigite (f).

8.1.4. Low-temperature gas vents
With increasing distance from the fumarole field, the temperature of fumes gradually
decreased. Eventually, the occurrence of gas vents was limited to relict remnants of trees.
The temperature in the mouth of the vents was measured in the range of 50–60°C and
the significant component of escaping gases was water vapor. The only mineral detected
here was gypsum. However, the elevated temperature, moisture content, and low pH
created an unusual habitat for the extremophilic red alga Galdieria sulphuraria, studied
in detail by (Barcytė and Nedbalová, 2017).
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8.1.4. Comparison with older
works
Despite a large number of burning
coal waste dumps in the past, there
are scarce references on secondary
mineralogy associated with coal-fire
gas vents from the Ostrava–Karviná
coalfield. Kruťa (1973) reported
sulfur, sal ammoniac, tschermigite,
realgar, and pickeringite. The more
recent work by Matýsek and
Raclavská (1999) included relatively
common minerals like mascagnite,
kieserite, boussingaultite, efremovite,
godovikovite and millosevichite,
ammoniojarosite,
an
Al-NH4analogue of voltaite, epsomite,
hexahydrite,
picromerite,
and
gypsum. However, these works
focused on other burning heaps
important at that time and the
Heřmanice dump was not mentioned.
According to the data by (Matýsek
Figure 24. Raman spectra of several sulfates and
and Raclavská, 1999), the chemical
composition of sulfate encrustations was hematite found within the high-temperature
sulfate assemblage of the sulfate cap (the 100in favor of Al-NH4 sulfates. However, 1800 cm-1 range, laboratory measurements).
the preliminary results of this work show
that iron-ammonium sulfates are predominant at the Heřmanice dump. Moreover,
minerals like sabieite, pyracmonite, mikasaite, or kremersite were first reported in the
Czech Republic. Alunogen, which was commonly found at burning heaps near Kladno
(Žáček, 1988), at the Anna I dump in Alsdorf (see the next section), or at burning heaps
in the Upper Silesian Coal Basin, South Poland (Kruszewski, 2013), is probably rare
here. This difference can be probably attributed to specific geochemical conditions, a
various primary mineral occurrence within the waste material disposed of at the heap,
and a chemical composition of circulating solutions.
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Figure 25. Schematic section of the mid-temperature sulfate assemblage (a). The
thickness of the mineralized area was significantly greater (~10-15 cm) and was visibly
separated from the black coaly material on the surface (b). In this environment,
crystalline crusts of hydrous sulfates could develop (c).

Figure 26. Raman spectra of several sulfates found
within the mid-temperature sulfate assemblage of
the sulfate cap (the 100-1800 cm-1 range, laboratory
measurements).

Figure 27. The sampling sites at the Anna I dump, Alsdorf. Active gas vents or places of elevated
temperatures can be found within the highlighted areas (yellow lines). Besides the area on the top
marked by the red line, the dump is covered with trees (b). With the decreasing thermal activity,
vegetation is slowly returning at the heap (c).

8.2. Mineral assemblages of Anna I dump, Alsdorf, Germany
Anna I dump is the oldest and largest coal waste heap in the Aachen region and was
deposited between 1854 and 1964. The extraction of coal in the Anna mine (in operation
from 1854 to 1983) resulted in three mine dumps, but only Anna I self-ignited sometimes
during the 1950s and have been thermally active up to the present day. However, it has
been observed in the last decade that underground fires have become weaker. Activity
of gas vents has decreased and most of fumaroles are now extinct, with some exceptions
(Figure 27). Unlike most of coal mining remnants in Europe, Anna I dump was
established as a nature reserve area and has not undergo remediation or reclamation up
to date.
8.2.1. High-temperature godovikovite association
Gas vents on the northern slope of the heap still reached a relatively high temperature.
At the depth of around 40-50 cm, where substantial water-free sulfate mineralization
occurs, the local temperature was measured in the range of 120-150°C (Figure 28).
Sulfates formed white chalky or beige crusts, typically filling interstices between burnt
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Figure 28. Burnt rocks adjacent to active
gas vents with the encrustation of
anhydrous sulfates. This site still
exhibited a high temperature of escaping
gases (120-150°C) and a relatively high
gas velocity in the vent mouth
(unmeasured) (a). Anhydrous sulfates
formed accumulations resembling “glue”
that holds loose fragments together (b).
At a closer look, the crusts had porous
texture and amorphous appearance (c).

rock fragments. The material had porous texture, similar to pumice. Godovikovite was
identified as the dominant anhydrous phase with subordinate millosevichite, sabieite,
and anhydrite. However, these phases almost always occurred as hard and intimately
intergrown microcrystalline masses; therefore, no Raman spectra of pure phases were
obtained (Figure 29). Moreover, broad bands were frequently found in those spectra,
which may indicate disordered or amorphous structures of fast-hydrating, but unstable,
phases. The fully hydrated counterparts (alunogen or tschermigite) were also proved by
the presence of bands around 990 cm-1.
8.2.2. Mid-temperature Al-sulfate association
The outcrop on the southern part of the heap hosted a rich suite of uncommon sulfate
phases. They created a layer of encrusted rocks 10-30 cm deep, but the outcrop was
partially exposed at the time of sample collecting (Figure 30). The temperature rose
quickly from ~50°C at the surface to 75°C at the depth of 25-30 cm. The white chalky
but also beige, greenish, and pink crystalline crusts were dominantly composed of
alunogen, rostite/khademite, and tschermigite (Figure 31). These aluminum sulfates
were often accompanied with recognizable metavoltine crystal aggregates of bright
yellow color. Tamarugite and alum-(K) were identified as minor aluminum sulfates
within some white crystalline aggregates. Mg-sulfates were represented by hexahydrite
and acicular pickeringite.
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Figure 29. Raman spectra collected from white crusts of anhydrous sulfates generally contained
signatures of multiple sulfate phases (the 100-1800 cm-1 range, laboratory measurements).

Adjacent rock debris was cemented by sulfates into a white or greyish, dense, and
very hard breccia. The main components of the massive cementation were alunogen
along with rostite/khademite. In cavities, prismatic crystals of unidentified sulfate have
been found (Figure 32). A grayish-green crystalline phase was distinguishable within the
white matrix and was identified as a member of the voltaite group. Since K-rich voltaite
occurred relatively rarely at the Anna I dump (Witzke et al., 2015), similar voltaiterelated minerals such as pertlikite and ammoniomagnesiovoltaite should be considered,
but no Raman data are available for these phases. The voltaite-like phase was frequently
accompanied by a phase displaying a Raman spectrum similar to römerite; albeit, the
spectra matched only partially. Sabieite and jarosite were detected as other iron-rich
sulfates.
8.2.3. Mid-temperature jarosite-alunite association
This mineralization was found ca. 40 cm under the surface within black clayey matter
at the temperate of around 40-50°C. The material was also typical for an elevated
moisture content. The mineral occurrence was limited to the rock fragments in the clayey
matter, but besides gypsum, only jarosite and probably ammoniumalunite were
identified.
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8.2.4. Comparison with older works
The gas vent mineralogy at the Anna I dump has been studied in detail in the past
with (Witzke et al., 2015, and references therein). Interestingly, the similar hightemperature mineral occurrence was reported from the Fossa crater, Vulcano Island,
Italy, including rare phases such as Al- and Fe-pyracmonite, K- and NH4- thermessaite,
or Al- and Fe-adranosite. Moreover, a rich association of sublimates minerals was
described with phases like native sulfur and selenium, sal ammoniac, or kremersite. In
this study, no such minerals have been found at the site. This is possibly the direct
consequence of the decreasing temperatures of fumes as the underground fire fades
away. Still, a great number of sulfates have been confirmed by Raman spectroscopy,
especially those that do not require higher temperatures for the formation and
preservation. Albeit, typical anhydrous aluminum- and/or ammonium-bearing sulfates
were also identified. Furthermore, mineral specimens, which were collected during the
higher activity of gas vents and stored as a part of the private collection, were
investigated by Raman spectroscopy. Therefore, Raman spectra of boussingaultite and
very rare minerals like native selenium, clairite, and lannonite could be obtained and
they can be found in the Appendix II.

Figure 30. The outcrop encrusted with
various Al-sulfates with the measured
temperature of 75°C (a) and (b). The
detailed image of metavoltine on the
crystalline crust consisting of alunogen
and khademite/rostite (c).
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Figure 31. Raman spectra of several
Al-containing
sulfates
and
subordinate metavoltine (the 1001800 cm-1 range, laboratory
measurements).
The
strongest
Raman bands of four Al-sulfates
(alunogen, tschermigite, kahdemiterostite, and tamarugite) were
observed around the same position
of 990-992 cm-1. Therefore, the
unambiguous identification is based
on the less intense, but unique,
Raman bands.

Figure 32. Raman spectra of several
complex sulfates of the uncertain
composition (the 100-1800 cm-1 range,
laboratory measurements). The unknown
sulfate phase occurred in a prismatic form
and the spectrum is of above average
quality, but no reference Raman spectrum
has been assigned to this sulfate.
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9. General discussion
The outcome of the investigations presented in the previous chapters demonstrates
that Raman spectroscopy can be successfully applied for the characterization and
identification of many sulfates and other minerals presumably formed as secondary
minerals at burning coal waste dumps. Albeit gas vents derived from underground
combustion of coal are not a quite typical and widely recognized setting of sulfate
occurrence as others, for example like well-documented secondary metal-sulfates related
to weathering of sulfidic ores (Jambor et al., 2000), the complexity of sulfate
assemblages can be on the same level. However, Raman spectroscopy and the
instrumentation faces several specific challenges that were covered by Chapters 5-8.
Raman spectroscopy as an identification tool is based on the comparison of spectra
obtained from investigated samples and reference spectra found in spectral libraries or
papers published previously. Therefore, comprehensive Raman data of the high quality
are required for the successful identification. Chapter 5 reported Raman spectra of six
synthetic equivalents of rare anhydrous sulfates (millosevichite, mikasaite, efremovite,
godovikovite, sabieite, and steklite) that are important constituents of fumarole and coal
fire gas vent encrustations. For millosevichite, efremovite, godovikovite, and sabieite,
the Raman spectroscopic study was conducted for the first time. Generally, most of
sulfates are good Raman scatters and all synthetic substances studied in this work
displayed distinctive Raman spectral shapes in the spectral region of vibrational modes
of the sulfate tetrahedrons (400-1300 cm-1), vibrations attributed to the metal-oxygen
bond (<400 cm-1), and vibrations related to the ammonium cation (1400-1800 cm-1 and
the second order region). The metal-oxygen bond vibrations gain an importance
especially in the case of iron-containing sulfates since these bands were typical of strong
intensity and may serve as additional proof of the presence of certain sulfate phases.
Spectral differences between hydrated and anhydrous sulfates were also observed in this
study. The dehydration and influence of the hydration degree on the Raman spectra of
sulfates have been chiefly studied in the context of Martian sulfates including various
Al-, Fe-, and Mg- sulfates (Wang et al., 2006; Ling and Wang, 2010; Chou et al., 2013).
This work shows that essentially the same up-shifting of ν1 bands related to the
decreasing water content is also observed for ammonium double salts. The positions of
ν1 bands of hydrated alums (tschermigite, lonecreekite, alum-(K)) are rather uniform
(~990 cm-1) regardless of the chemical composition (Kloprogee 2001). Therefore, the
dehydration of these phases and the subsequent Raman investigation may be an effective
method to distinguish them because the Raman spectra of each anhydrous alum are
unique and easily recognizable. However, this work only involved the investigation of
synthetic phases which are in principle chemically pure. Minerals, which are the result
of natural processes, can differ from the ideal composition and contain impurities. For
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example, naturally occurring millosevichite and mikasaite may not correspond with the
end-members presented in this work, and very often contain both iron and aluminum at
various ratios (Miura et al., 1994; Žáček, 1998). Therefore, the cation substitution may
explain small difference in the position of Raman bands between sulfates prepared in the
laboratory and gathered in nature.
The subject of Chapter 6 further explored the problematics of these spectral
differences as well as the detailed characterization of native specimens of two selected
hydrated aluminum sulfates. The investigated samples of alunogen Al2(SO4)3 · 17H2O
and khademite Al(SO4)(F,OH) · 5(H2O) were collected from a sulfate accumulation
adjacent to active coal-fire gas vents and this origin is reflected by a relatively complex
mineral composition. Combining Raman spectroscopy with other methods, including IR
(in the case of alunogen), PXRD, and EMPA, we were able to comprehensively describe
both minerals in detail, thus report Raman spectra of well-defined phases. Alunogen
(with its synthetic analogue) and khademite showed regular Raman spectra without any
special spectral features, but the positions of bands of the sulfate group were sufficiently
distinct for the unambiguous identification. However, the strongest ν 1 bands of both
mineral are located very close, between 990-993 cm-1. These values are not unique
among several aluminum sulfates, for example aluminite (Frost et al., 2015a) or
tschermigite (Culka et al., 2014) have the ν1 bands in the same narrow interval.
Moreover, the strongest bands of sulfates of a different chemical composition can be
sometimes found here. Therefore, bands of other vibration modes gain an importance in
the identification of individual phases. Raman spectra containing less intense signal and
background noise can be obtained during measurements of poorly crystalline phases and
mineral mixtures, especially when portable Raman instruments are used (Košek et al.,
2017). In such cases, ν1 bands are frequently the only ones that are possible to
discriminate from the background and the sulfate phase cannot be often identified
unambiguously. Furthermore, hydrated sulfates are generally considered as markers of
temperature and humidity because they transform as the response to the changes in
environmental conditions. The series of hydrated simple aluminum sulfates consists of
few members, essentially alunogen, meta-alunogen, and anhydrous millosevichite. This
does not favor aluminum sulfates as sensitive markers since only the transition between
alunogen and meta-alunugen can be normally used in this way (Kahlenberg et al., 2017).
However, variations in the spectral intensity of the hydroxyl bands have been observed
at the investigated alunogen samples which is probably correlated with a different
amount of water present (Wang and Zhou, 2014). This slight change in the content of
structural water does not have any serious impact on the arrangement of sulfate
tetrahedrons because Raman spectra of both samples seem to be unchanged.
Nevertheless, the variations in intensity of hydroxyl stretch bands can be used in a similar
way like shifts of the sulfate ν1 bands for the estimation of humidity and/or temperature.
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The characterization of metastable sulfates requires a specific approach to study. On
the one hand, samples can be collected with care and transported and kept for laboratorybased analyses under special conditions using special boxes and equipment. On the other
hand, minerals can be investigated directly at outcrops without unnecessary
manipulation using miniaturized instruments. The use of a portable spectrometer for the
characterization of anhydrous sulfates has already been outlined in Chapter 5, but those
measurements were carried out under controlled laboratory conditions and with the use
of pure chemical compounds. Chapter 7 focused on the testing of a small Raman
instrument and the field characterization of gas-vent sublimates and encrustation. The
tested instruments equipped with the 785 nm laser excitation generally offered good
performance and we were able to identify sulfur, sal ammoniac, and several uncommon
sulfates after analyzing spectral data obtained. Based on this experience, several issues
and limitations have to be considered if one seeks a technique capable of in situ
identification of secondary minerals. The technical features of instruments are crucial
here. The specification of the tested one was sufficient for the study of most sulfate and
non-sulfate minerals, albeit the 785nm excitation has shown as problematic (see Chapter
8 and Figure 18) and strong background fluoresce was also an issue. Moreover, we did
not discriminate any Raman bands associated with the NH4 nor H2O when ammoniumor water-containing minerals were investigated. Although positions of ammonium bands
are not usually specific enough for particular phases, their observations may provide a
quick information about chemical composition. However, the spectral range of 200 2000 cm-1 can be limiting for the Raman study or the identification of some minerals
like halides due to the absence of Raman bands in the recorded Raman spectrum. Since
these disadvantages are strictly related to the technical specification of the tested
spectrometer, more advanced miniature spectrometers that are currently available on the
market (Jehlička et al., 2017) can overall improve the quality of Raman spectra. Another
issue is represented by the positioning of samples and focusing. The miniature
instruments of the handheld design are usually equipped with a simple optical head
allowing only basic focus. Moreover, a larger area of a sample is exposed to the laser
beam due to relatively larger laser spot size (Vítek et al., 2011). As a result, an operator
has sometimes a limited control which portion of the sample is exactly measured,
especially during longer accumulation times and without using a stage of any kind.
Nearly monomineral samples of a sufficient amount or occurring as well-grown crystals
can still be characterized without serious problem. On the other hand, the complexity of
sulfate aggregates, consisting of predominantly finely crystalline minerals, results in
complex Raman spectra which may be difficult to interpret appropriately. Last but not
least, only dominant phases are frequently detected when using a handheld Raman
spectrometer in comparison with the laboratory instrumentation and the precise selection
of measured spots. Based on this, miniature Raman spectrometers are not yet a
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substitution, and thus a microspectroscopic analysis is still required for the
comprehensive description of certain multicomponent samples.
Finally, Chapter 8 summarized the major preliminary results about sulfate
occurrence, distribution, and zoning related to changing temperature at currently thermal
active coal waste dumps in the Czech Republic and Germany. Using data that were
mostly derived from Raman spectroscopic analyses, we were able to identify a great
number of anhydrous and hydrated sulfates mainly containing ammonium, Fe, Al, Mg,
and Ca as well as two rare ammonium-bearing chlorides. This includes several rare
minerals which are characteristic of fumarole environment but beyond it, their
occurrence is very restricted. Since there have not been any previous systematic Raman
studies of fumarolic sublimates or encrustation, some of these phases were detected in
nature by Raman spectroscopy for the first time and the confirmation by PXRD was
required (kremersite, pyracmonite, godovikovite, sabieite, unnamed Fe(OH)SO4, and
others). These spectroscopic data obtained are invaluable assets for any future
characterization of fumarole assemblages. However, we encountered some limitations
in using Raman spectroscopy as the main method of identification. The choice of suitable
excitation wavelength is essential for the characterization of minerals and several works
have been published to cover this topic (e.g. Culka et al., 2014). Based on the
investigations of material from three independent coal fire sites, strong characteristic
fluorescence was encountered when using the 785 nm laser, probably due to the elevated
content of some trace elements that come from coal matter. This led us later to adopt
the green 514 nm excitation as the major excitation source. It can be assumed that this
issue is specific for mineral assemblages associated with coal fires in general. Otherwise,
microspectrometry has proved as a powerful technique for obtaining Raman signal from
various types of mineral samples, ranging from “amorphous” or microcrystalline
coatings to well-grown crystals. The measurements were carried out relatively fast
regardless of the amount of the sample, which enabled the detailed mineral
characterization of samples. The more challenging situation occurs, when aggregates are
composed of intergrown phases or, in the case of samples collected from a hightemperature environment, a mixture of differently hydrated and/or metastable sulfates.
The Raman spectra containing signals of more than one sulfate phase can still be
interpreted and the composition derived under the condition that Raman spectra of
minerals potentially involved are known. However, many sulfates and other rare
minerals commonly found within fumarolic and coal-fire gas vent encrustation, not
counting metastable intermediate or undescribed phases, have never been a subject of
study by Raman spectroscopy. Therefore, other analytic technique must be used for the
identification or confirmation of minerals. Nevertheless, the powder X-ray diffraction
analysis in the typical setup has a requirement for the minimal amount of a sample and
there are obstacles analyzing very complex samples consisting of more than ~5 phases.
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Since the only limiting factor in Raman microspectrometry is the laser spot size (2 to 10
µm diameter, depending on the use of the objective lens), measuring a single crystal is
not an issue. Therefore, a Raman spectrum was collected from a prismatic colorless
crystal (<0,5mm) giving a strong signal of an unknown sulfate. The identification by
PXRD was unsuccessful because the occurrence of this particular sulfate was restricted
to few crystals in a cavity and it has not been found in other samples to compare spectral
data. The issue of complexity is documented on the example of another sample, which
ostensibly consisted of a white homogenous crystalline crust. Raman spectroscopy
revealed several sulfate phases, some unknown, but the XRD record of the same sample
was basically unsolvable due to a large number of overlying diffraction maxima. For
similar reasons, we have not yet been able to identify unambiguously at least 5 sulfate
phases at the Heřmanice dump and two sulfates at the Anna I dump as well as to
characterize voltaite- and metavoltine-like phases in detail. Those two examples also
further highlight the differences between both techniques. Raman microspectrometry is
preferred for analysis of selected single spots on the sample while XRD gives
information about the bulk composition, thus both methods are complementary. Still, the
future application of Raman spectroscopy for the detection of gas vent minerals is
dependent on highly improved spectral libraries.
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10. Concluding remarks and future direction of the study
This thesis critically evaluated the application of Raman spectroscopy as a method of
detection of neo-formed sulfates and other minerals, occurring in the unique hightemperature environment of gas vents at burning coal dumps. In order to determine the
strong points, as well as the limitations of the method, laboratory Raman
microspectrometry and a miniaturized Raman spectrometer were used in a series of
Raman spectroscopic studies investigating synthetic and natural sulfates in the
laboratory as well as in the field.
To summarize, Raman spectroscopy has proven to be a valuable technique to
distinguish sulfate minerals of similar crystal structures and close chemical composition.
This was achieved by observation of the fundamental vibrational modes of the sulfate
group and other characteristic vibrations for each sulfate as shown in the example of
several synthetic anhydrous sulfates and their hydrated counterparts as well as natural
aluminum sulfate alunogen and khademite. The latter further demonstrated that the
combination of four analytical methods (Raman, IR, PXRD, EMPA) gives a
complementary characterization of investigated sulfates even in the case of samples of
the complex mineralogical composition. In the effort to mitigate impacts of hydration
and other transformations on samples, the portable instrument was tested for the field
investigation of coal-fire derived mineral encrustation. Despite non-ideal detection and
discrimination in the case of finely crystalline minerals in complex mixtures, the tested
portable Raman spectrometer generally offered good performance in the recording of the
Raman spectra and it can be assumed that a more advanced portable spectrometer can
be deployed for similar or better results. Based on the data provided by the laboratory
Raman microspectrometer, the occurrence and distribution of predominantly sulfate
minerals were described at coal-fire derived encrustation occurring at two different
thermally active coal waste dumps. A great number of rare hydrated and anhydrous
sulfates and halides were identified. Among others, kremersite, sabieite, godovikovite,
pyracmonite, millosevichite, or mikasaite were unambiguously identified by Raman
spectroscopy in nature for the first time. On the other hand, certain sulfate phases have
remained unidentified due to the complex composition of samples or the unavailability
of reliable reference Raman spectra for comparison. Therefore, a list of Raman spectra
of sulfates detected within this work to date is also reported for the future use. A small
spectral database was created and it includes Raman spectra of minerals studied within
this work, as well as Raman spectra of minerals relevant to the gas-vent assemblages
collected from literature.
Outcomes obtained in this work may be important for the detection and monitoring
potentially harmful substances and overall environmental hazard of coal fires or gained
experience can be applied in the research of fumarolic mineral assemblages that
68

resembles coal-fire gas vents. Further work connected to the topic of this thesis should
be focused on the detailed spectroscopic investigation of sulfates that are important to
fumarolic encrustation, especially more complex iron sulfates as well as their
dehydration products. A Raman database involving potential minerals that can be found
in these types of environments should be constructed. Moreover, the studies of secondary
encrustation at other coal-fire sites should be conducted to cover additional variations in
the mineral composition deploying more advanced miniature Raman spectrometers
simultaneously to mitigate any possible mineral transformation. Finally, the same
approach as presented in this study can be applied to the investigation of fumarolic
encrustation directly in the volcanic areas.
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