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Abstract: The aim of this study is to analyze natural clinkers (= calcined clays by coal combustion)
from a lower Cretaceous coal outcrop in Arifio (Teruel, NE Spain) in order to describe mineral
and textural transformations produced during the spontaneous combustion of coal. To achieve
this aim, samples were analyzed using X-ray diffraction and optical and electron microscopy.
Spontaneous combustion resulted in the melting of the surrounding clays, with the generation of
an Al-Si-rich vitreous phase. Subsequently, high-temperature phases crystallized from this vitreous
phase. These new minerals are interesting due to their similarity with those formed during ceramic
processes, used in the manufacture of stoneware and ceramic tiles, as well as in refractory ceramics,
and with natural events such as metamorphic and igneous processes. The studied natural clinkers are
composed of vitreous phase mullite, hematite, hercynite, cristobalite, quartz, pyroxenes, cordierite,
gypsum, pyrite, and calcium oxides. A trend from hematite to hercynite composition indicates
compositional variations at sample scale, which evidence d-spacing differences in hercynite and may
be related to the Al and Fe content in hercynite depending on its texture. The mullite shows higher
Si/ Al ratio (1.21) than the theoretical composition (0.35), indicating that this mullite is more Si-rich.
Three pyroxene-type compositions (diopside-type, ferrosilite-type, and a Ca—Al-rich pyroxene) were
found. Both the mullite and the pyroxenes are nonstoichiometric.

Keywords: natural clinkers; coal spontaneous combustion; electron microscopy; high-temperature
mineral transformations

1. Introduction

Spontaneous coal combustion is a frequent phenomenon that can take place in coal deposits when
high quantities of these materials are stored for large periods [1,2]. Several researchers have described
this process [3-9]. Spontaneous combustion occurs in coal seams, stockpiles, and coal wastes when the
rate of heat generation from the oxidation of organic matter exceeds the rate of heat dissipation [3].
However, other factors could also favor or hinder spontaneous combustion [4]. According to these
authors, heat from the oxidation of inorganic coal-bearing phases, such as pyrite, could be the key
factor in attaining the necessary heat for the self-ignition of coal. Furthermore, several parameters
influence the process of spontaneous heating and combustion in coal. These parameters relate to
mining (panel dimension, ratio of coal, extraction, etc.), the geological parameters (faults, joints, etc.),
and the coal chemical composition [10].

When the spontaneous combustion of coal takes places, new mineral phases are generated from
those present in the previous coal and surrounding materials, i.e., clays, producing natural clinkers.
The occurrence of natural clinkers associated with coal deposits has frequently been described in some
areas [11-17].
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The province of Teruel (NE, Spain) has historically been an important coal mining area, and there
are still abundant coal deposits that can generate spontaneous combustion. Previous researchers have
described the occurrence of natural clinkers in this area, and identified by means of X-ray diffraction a
new mineral association generated by this spontaneous combustion [18,19]. However, there are no
recent studies using high-resolution techniques in this area.

Accordingly, the aim of the present research is to study natural clinker samples from the
locality of Arifio (Teruel, Spain) in order to describe the mineral and textural transformations that
take place during the spontaneous firing of the coal, emphasizing in the mineral chemistry of the
high-temperature phases in order to understand the calcination process. To this end, X-ray diffraction
(XRD) and optical and field-emission scanning electron microscopy (FESEM) were used.

The calcination process can be compared to ceramic processes since the new mineral phases
generated are very similar [18-20]. Mineral phases such as mullite or pyroxenes have previously
been described in ceramic materials in the literature [20-22]. These materials could thus be used in
the manufacture of stoneware and ceramic floor, as well as in refractory ceramics. Some of these
new phases are also reported in natural processes such as metamorphism [14,23,24] and igneous
processes [25-27]. For this reason, determining the chemical and textural characteristics of all the new
phases may shed light on the characteristics of the spontaneous combustion of coal as well as on the
differences between this natural process and other natural or ceramic processes.

2. Geological Setting

The samples analyzed in this study were taken from a coal mining area in the Iberian Range, NE
Spain, in a natural outcrop near the coal mine of Santa Maria, close to the locality of Arifio (Teruel)
(N 41°01'53.28” W 0°34'50.24”, elevation 539 m).

The studied materials belong to the lower-middle Albian (Lower Cretaceous) sedimentary
deposits of the Escucha Formation [28], which consists of three members: lower, middle, and upper.
The lower member consists of marls at the bottom and carbonaceous clays with lignite beds towards
the top. Carbonaceous clays with lignite remains and sandstones form the middle member, and the
upper member is formed by limestones and sandstones [29].

This formation constitutes a depositional sequence that represents a freshwater swamp with
brackish swamp plain areas. This environment allowed the accumulation and preservation of coal
deposits, which can be found in the lower and middle members of the formation [28,30,31].

Near Arifio, the Escucha Formation is 200 m thick and contains abundant dark claystones and
siltstones with minor sandstones [32]. Previous researchers have described several stratiform natural
clinker levels in a nearby area, which are similar to that studied in this research. The natural clinkers
are included in the coal seams [18].

The natural clinkers analyzed in this study present a scoriaceous appearance, with light and
versicolor tones; they include clay and carbonaceous levels. The arrangement of the natural clinkers is
stratiform and they are located from above and under the original position of the coal levels whose
spontaneous combustion produced the calcination.

3. Materials and Methods

3.1. Description of the Samples

Precursor clays show plastic behavior and contain abundant organic matter, kaolinite, and illite,
and minor proportions of quartz, K feldspar, siderite, pyrite, and Ti and Fe oxides [32]. They can be
classified as ball clays and are mined nowadays.

Four representative samples of natural clinkers were studied on the basis of their different
macroscopic characteristics and labeled as ESC-1, ESC-2, ESC-3, and ESC-4. All the samples are
versicolor, with a vitreous appearance and high porosity. The size of the pores varies from 1 to 5 mm
and they have irregular morphologies.
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Although they are heterogeneous in color, samples ESC-1 and ESC-4 are mainly red with black
areas (which are more abundant in sample ESC-4), and samples ESC-2 and ESC-3 are mainly black
with some yellow areas (Figure 1).

ESC-2 ESC-4

Tcm

Figure 1. Images of a black natural clinker sample with yellow areas (ESC-2) and another red with
black areas (ESC-4).

3.2. X-ray Diffraction

Mineralogical analyses of the samples were performed by X-ray diffraction (XRD). Sample ESC-2
was divided into two subsamples: ESC-2B, corresponding to the black zones, and ESC-2BY, which
includes black and yellow areas. Similarly, ESC-3 was divided into ESC-3B, predominantly black,
and ESC-3YB, including black and yellow zones. As a result, six XRD patterns were obtained: two
XRD patterns correspond to whole samples ESC-1 and ESC-4, and the other four patterns to samples
ESC-2 and ESC-3.

To obtain the diffraction patterns, a RIGAKU D-Max/2500 diffractometer (Rigaku, Tokyo, Japan)
was used with 40 kV voltage, 80 mA current, CuK«, and a graphite monochromator. XRD patterns
were obtained from the 3-80° 20 interval with a goniometer velocity of 0.03° 26/s and an integration
time of 0.5 s.

Once the XRD patterns were obtained, d4o0) values of hercynite and d(1¢4) values of hematite
were determined using the quartz of the sample as an internal standard. The objective was to infer
whether there was any relation between these parameters and the chemical composition of the phases.
Hematite- and/or hercynite-rich samples (ESC-2B, ESC-2BY, ESC-3B, and ESC-3BY) were selected for
this measure.

In order to quantify the different minerals, samples were homogenously mixed with 10 wt %
corundum and analyzed by XRD, following the RIR.,; method [33]. The amount (X) of each
component (i) in a mixed sample with corundum can be obtained with the formula X; =
[Xcor/ RIRcor ][I nkiyi / I(113)cor], Where Xcor is the percentage of corundum mixed with the test sample,
RIRcor is the Reference Intensity Ratio of each phase with respect to corundum, 1,4 is the absolute
intensity of the strongest reflection of each mineral phase, and I(113)cor is the intensity of the (113) peak
(2.08 A) of corundum.

RIRcor values of cristobalite (2.66) and gypsum (0.28) were calculated following the procedure
described by [33]. The RIRcor of hematite (1.587), mullite (0.5660), quartz (4.4045), cordierite (0.91),
and hercynite (3.03) were taken from the literature [20,34,35]. The reflections (hkl) used for the
quantification of each mineral were 2.69 A for hematite, 3.38 A for mullite, 3.34 A for quartz, 4.05 A for
cristobalite, 8.56 A for cordierite, 2.45 A for hercynite, and 7.64 A for gypsum.

3.3. Optical and Electron Microscopy Studies

Thin sections of the natural clinkers were studied by transmitted and reflected light microscopy to
identify mineral phases and characterize their texture. The same thin sections were analyzed by a Carl
Zeiss Merlin field-emission scanning electron microscope (FESEM) with an Oxford energy-dispersive
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X-ray (EDS) detector at the University of Zaragoza (Zaragoza, Spain). The thin sections had previously
been carbon-coated.

Compositional images of the samples were obtained using two types of backscattered electron
detectors: angular selective (AsB) and energy selective (EsB). To obtain chemical information,
semiquantitative analyses were acquired by an energy-dispersive X-ray (EDS) detector, with a detection
limit of 0.1%. The accelerating voltage for AsB and EDS was 15 kV with a beam current of 400 pA; for
EsB, the accelerating voltage was 4 kV with a beam current of 2.0 nA. Mineral formulas were obtained
for the analyzed minerals in order to compare them with the theoretical compositions.

4. Results

4.1. X-ray Diffraction (XRD): Qualitative Analysis and Mineral Quantification

Samples ESC-1 and ESC-4 contain mullite, cristobalite, hematite, quartz, pyroxenes, and cordierite
(Figure 2). The detected pyroxene reflections are common to several clynopyroxenes, so it is not
possible to distinguish the type of pyroxene present in the natural clinkers on the basis of the XRD
patterns. The coincidence of the characteristic peaks of tridymite with those of cristobalite and quartz
does not allow its presence to be deduced, but it cannot be ruled out either.

Qtz

esay ESC-2BY
o ESC-3B
e ESC-2B

e ESC-1

Figure 2. Mineral phases identified by XRD in the studied samples. Qtz = quartz, Hem = hematite,
Mul = mullite, Crt = cristobalite, Hcy = hercynite, Px = pyroxene, Crd = cordierite, Gyp = gypsum.

Subsamples ESC-2B, ESC-2BY, ESC-3B, and ESC-3BY contain mullite, cristobalite, hematite, hercynite,
quartz, and pyroxenes as detected in ESC-1 and ESC-4. Cordierite was identified in subsamples ESC-2B
and ESC-3B and gypsum was identified in XRD patterns in ESC-2B, ESC-2BY, and ESC-3BY.

The hercynite d(499) values show differences from sample to sample. Two different d(4qp) peaks
are observed in subsample ESC-2B (Figure 2), corresponding to d(490) values of 8.208 A and 8.196 A,
and we infer that these values pertain to two different reflections corresponding to the (400) planes.
In subsample ESC-3B the d(490) value for hercynite is 8.168 A. The hematite d104) values are similar
in all the subsamples, with values of 2.693 A,2.695 A, 2.693 A, and 2.693 A for subsamples ESC-2B,
ESC-2BY, ESC-3B, and ESC-3BY, respectively.

According to quantitative XRD analyses (Table 1), mullite is the most abundant mineral, ranging
from 16.3% to 38% of the total. The hercynite content is higher (>4%) in samples ESC-2B and ESC-3B
and the hematite content is higher (~10%) in samples ESC-3BY and ESC-4. ESC-2BY and ESC-3BY
present the highest quartz content (~7%). The rest of the quantified phases (cristobalite, cordierite, and
gypsum) are present in similar proportions in the samples where they are present.

The section labeled as “others” was obtained by summing up of all components to 100%.
This section has the highest content in almost every sample (33.4% to 60.6%) and represents the
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amorphous phase. In addition, this section includes a small amount of pyroxenes (not quantified
because it was not possible to identify the type of pyroxene).

Table 1. Mineral quantification of analyzed natural clinkers.

Mineral Phase (%)

mpl
Sample Quartz  Hematite  Mullite  Cristobalite Hercynite Cordierite Gypsum Others
ESC-1 1.3 7.5 27.9 2.8 - 2.2 - 58.3
ESC-2B 32 41 16.3 19 5 1.3 7.6 60.6
ESC-2BY 6.9 5.2 33.5 4.5 1.3 - 3.3 45.3
ESC-3B 4.6 3.7 27.8 2.6 4.3 2.5 - 54.5
ESC-3BY 6.9 10 38 44 14 - 5.9 33.4
ESC-4 1.7 9.5 35.4 5.5 - 1 - 46.9

4.2. Optical Microscopy

The natural clinkers show similar textures at the scale of the optical microscope. In general,
the samples present a vitreous appearance and high and heterometric porosity with pore sizes from less
than 1 um to 5 mm. This porosity is probably a consequence of the dehydroxylation of phyllosilicates
and the carbonate and organic matter destabilization.

The natural clinkers are formed by both transparent and opaque minerals immersed in a
fine-grained matrix below the optical resolution of the microscope. These three components are
distributed heterogeneously in the samples. In general, opaque minerals are more abundant than
transparent phases at this scale of observation. Opaque minerals are concentrated in the black areas
and transparent minerals in the red and yellow ones.

Under reflected light, spinel (hercynite, according to the XRD results) and hematite were identified.
The relative abundance of these minerals varies from sample to sample and even at sample scale.
As indicated above, and in agreement with the XRD data, hercynite, and hematite were concentrated
in the black areas and were immersed in a continuous gray matrix that could not be identified by
this technique. Hercynite is found as exsolution lamellae in hematite crystals (Figure 3a) or forming
replacement textures with hematite (Figure 3b).

Figure 3. Reflected light optical microscopy images of hercynite and hematite in parallel nicols (a,b).
Transmitted light optical microscopy images in parallel (c) and crossed nicols (d). Hem = hematite,
Hcy = hercynite, Cb = carbonates, Qtz = quartz.
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Under transmitted light, the only transparent minerals that are observed are quartz and degraded
carbonate-type grains immersed in a fine-grained matrix with particle sizes below optical microscope
resolution. Quartz is found as anhedral to subhedral clasts, with common angular grain boundaries,
whereas carbonates occur as highly altered irregular rock fragments (Figure 3c,d).

4.3. Field-Emission Scanning Electron Microscopy (FESEM)

Backscattered electron images (BSE) and chemical analyses (EDS) of the natural clinkers show that
they are texturally and compositionally heterogeneous. Electron images made it possible to observe
the different minerals already identified by XRD, such as mullite, hematite, silica phases, pyroxenes,
cordierite, and hercynite. Furthermore, pyrite and calcium oxides were detected by FESEM although
they were not identified by XRD.

4.3.1. Major Phases in the Natural Clinkers

The major phases present in the studied samples according to the XRD results are mullite,
hematite, hercynite, pyroxenes, cordierite, quartz, and cristobalite. All these phases are embedded in
an Al + Si-rich vitreous groundmass.

The mullite shows lenticular, acicular, and prismatic morphologies with random orientation.
Its size is in general less than 1 um in length, but in some areas it can reach up to 2 um in length
(Figure 4a).

Figure 4. Backscattered electron images (BSE) images of (a) micron-sized mullite crystals with

random orientation; (b) prismatic and subeuhedral hematite crystals; (c) dendritic hematite crystals;
(d) subeuhedral hercynite crystals; (e) hercynite crystals with polygonal sections; (f) acicular Ca-Al-rich
pyroxene crystals; (g) Ca—Mg-rich pyroxene crystals, with rounded morphologies associated with
Ca-Al-rich pyroxenes; and (h) Fe-rich pyroxenes surrounding pyrite crystals. Mul = mullite,
Hem = hematite, Hcy = hercynite, CAP = Ca—Al-rich pyroxene, CMP = Ca—Mg-rich pyroxene and
FP = Fe-rich pyroxene.

Hematite is present in all the samples and forms crystalline aggregates with different crystal
morphologies and sizes. On the one hand, it occurs as anhedral crystals 1-20 um in diameter, sometimes
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arranged in a mosaic-like texture (Figure 4b). On the other hand, it appears as dendritic and arborescent
aggregates (Figure 4c), and it is also present as hexagonal plates smaller than 1 um.

Hercynite is observed on the one hand as micron-sized euhedral to subeuhedral grains (Figure 4d),
and in some cases as skeletal crystals showing polygonal sections, most of them hexagonal (Figure 4e).
On the other hand, hercynite lamellae, 1-2 um wide and 1-6 pm long, are observed within hematite
crystals suggesting the development of exsolution processes (Figure 5a,b). The textural relationship
between hercynite and hematite is correlated with EDS analyses of these phases, which are explained
in the next section. Furthermore, replacement textures are observed between hematite and hercynite,
where hercynite is replacing hematite (Figure 5c). In some cases, hercynite is replacing hematite
from the nucleus (Figure 5e). In addition, hercynite lamellae are identified within cordierite crystals
(Figure 5d); as in the case of hematite, this suggests exsolution processes between these two phases.

Figure 5. BSE images of (a,b) hercynite lamellae in hematite crystals, (c) replacement texture between
hematite and hercynite, (d) hercynite lamellae in cordierite crystal, (e) hercynite nucleus in hematite

crystal and silica phase filling the spaces among the crystals, and (f) quartz fragment with reaction
edge. Hem = hematite, Hcy = hercynite, Crd = cordierite, SiO, = silica phases, Mul = mullite, Qtz =
quartz, Vitreous = vitreous phase.

According to their chemical composition, three different groups of pyroxenes were distinguished:
calcium- and aluminium-rich, calcium- and magnesium-rich, and iron-rich pyroxenes. Besides the
differences in chemical composition, these show different textural features. Ca- and Al-rich pyroxenes
are closely associated with hematite, hercynite and other pyroxenes, and appear randomly distributed
in the matrix as micron-sized acicular crystals with no preferred orientation (Figure 4f).

Ca- and Mg-rich pyroxenes appear as rounded crystals smaller than 1 um, and are randomly
distributed throughout the matrix (Figure 4g). They are texturally associated with the Ca- and
Al-rich pyroxenes.

Fe-rich pyroxenes appear as rounded crystals smaller than 1 pm, as well as lenticular crystals with
sizes greater than 10 um. Occasionally, rounded crystals of Fe-rich pyroxene are in close relationship
with pyrite, appearing in the outer limits of mosaic-like pyrite aggregates (Figure 4h), suggesting that
these pyroxenes could be replacing pyrite crystals.

A silica phase is observed as a groundmass filling the spaces among the crystals (Figure 5e).
From the XRD data it can be inferred that this phase corresponds to cristobalite. Furthermore, quartz
fragments larger than 2 pm and showing reaction edges (Figure 5f) were recognized. These quartz
fragments were probably already present in the previous clay.
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4.3.2. Minor Phases in the Natural Clinkers

FESEM images revealed minor phases such as calcium oxides and pyrite that were not detected by
XRD. Calcium oxides appear as microcrystalline aggregates with sizes of ~50 pm (Figure 6a), which may
come from carbonates in the precursor clay that have been destabilized with the spontaneous combustion.

Figure 6. BSE images of (a) microcrystalline aggregates of calcium oxides and (b) anhedral pyrite
crystals. CaOx = calcium oxides, Qtz = quartz, Mul = mullite, Py = pyrite.

Pyrite appears as anhedral crystals smaller than 1 um, immersed in a gray matrix, probably
vitreous (Figure 6b), and associated with mullite, pyroxenes, and quartz fragments. Pyrite and quartz
were present in the original rock and probably remained stable with the increase in temperature.

4.3.3. Chemical Analyses

EDS analyses of the major phases are shown in Table 2. As the analyses indicate, mullite has an
Al-Si composition with minor proportions of Fe and Ti. Theoretical mullite has a Si/ Al ratio of 0.35,
whereas our analyses show an average Si/ Al ratio of 1.21 and an average Si/(Al + Fe + Ti) ratio of 1.13,
indicating that the analyzed mullite is richer in Si than expected.

Table 2. Chemical composition (wt %) of all the mineral phases detected in the studied samples and
average structural formula calculated. # = number of analysis; standard deviation in brackets.

Analyzed Phases wt % Calculated Average Formula
O Na Mg Al Si K Ca Ti Fe
Hematite 37.7 - - 2.3 - - - - 59.6
(n=14) 17) - - (1.5) - - - - 1.8) Alo.1Fer 50
Hercynite 446 - 18 27 - - - 04 261
(n=21) B8 - (18 (76 - - - 02 @0 MgoaFeosAl 704
. _ 51.3 - - 214 25.9 - - 0.3 1.1 .
Mullite (n = 23) ©.1) B R .5) 4.9) R B ©.1) ©0.9) Fey.1Alp 3Si 909 75
”Ceramic pyroxenes”  53.7 0.4 0.1 126 228 0.4 8.5 0.1 15 .
(n=9) 09 (02 (02 (13) (22 (03) (15 (1) (09 CagsFeg1 Al (Alp1Si19)06
Cordierite 45.6 - 1.4 16 54 - - 0.8 30.9 . .
(n=3) 22) ) ©00) (0.1) (38) . ] 01 (8 (Mgo.5Fe1.6)(Fel.4Tig 1)(SizcAl.4)Al28018
Silica phases 50.7 - - 14 48 - - - - .
(n=4) a1 - - 13 (06 - ; ; ; Alo1Si090;
Fe-pyroxenes 45.6 - 11 41 18.8 - 0.7 0.3 29.4 .
(n=3) 02 - (03 (01 (04 - 01 O (06 Alo1Mgo;Fer3(Alo3Si1 7)06
Ca-Mg pyroxenes 54.1 - 2 5.2 27.4 - 6.9 0.1 43 .
(n = 4) 03) ) ©06) (10) (10) ) 0.6) 0 0.6) (Alg4Mgo 2Feg2Cag 4)Siz 306
Vitreous phase 48.8 0.2 1.1 11.6 30.9 24 14 0.2 2.9
(1 = 25) ©6 (02 (16 (73) 65 (13 (16 (02 (27

Hematite and hercynite show compositional differences from sample to sample and even at
sample scale. Figure 7 shows the Al vs. Fe contents (wt %) in these phases, indicating a trend from
hematite to hercynite compositions. Taking into account all the analyses obtained from these phases,
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those with Fe contents higher than 56% and Al contents lower than 5% were considered to be hematite.
Conversely, those analyses with Fe contents lower than 40% and Al contents higher than 18% were
considered to be hercynite. The rest of the analyses, which are not included within these limits, were
considered to be intermediate compositions. On average, the hematite composition is close to the
theoretical one (69.9% Fe and 30% O), with a 59.6% content in Fe, but it also contains minor proportions
of Al (2.3%). As regards the hercynite composition, the Al (27%) and Fe (26.1%) contents are lower
than the theoretical ones (31.05% Al, 32.13% Fe, and 36.82% O).

80

70{ 3~ Theoretical hematite

60 hi—-.Hematite composition
50 | &

=
% ‘o &} ‘ Theoretical hercynite
32 a0 “ o /
] L '. /
B 30 ® ..‘ K
e® © H. : e
20 ercynite composition
®
10 ° ® o
0
0 10 20 30 40 50 60
Al (%wt)

Figure 7. Al vs. Fe (wt %) graph showing hematite and hercynite composition.

Regarding pyroxenes, as mentioned above, three different compositional types were observed.
The Ca- and Al-rich pyroxenes show low Fe, Na, K, Mg, and Ti contents. Their average structural
formula is CagsFeg 1Al (Aly15i1.9)Og, and thus their composition may be described as intermediate
between the fassaite compositions, reported by several authors [21,22], diopside, and esseneite [23]
(Figure 8). Previous researchers have used the term “ceramic pyroxene” to refer to pyroxenes with an
intermediate composition between fassaite and diopside [21,22]. Thus, in this study Ca- and Al-rich
pyroxenes are called “ceramic pyroxenes”.

I\AI

Ferrosilite-type
pytoxenes
S ... Esseneite [23]

Ceramic
pyroxenes

75

25
o wwemee—— Fassaite [21,22]

e & 74 s
§ / 7 7 ¥Ca+M
VAl+Ferm 25 50 75 g
Diopside-type
pyroxenes

Figure 8. Plot of the EDS pyroxene compositions normalized on the basis of 6 oxygens in a VAl — VIAl
+ Feyoq) — Ca + Mg diagram. Esseneite and fassaite compositions from the literature [21-23] have also
been plotted as reference.

The compositions of the Ca- and Mg-rich and Fe-rich pyroxenes are plotted in Figure 9, showing
that these groups have clearly different compositions. These compositions are close to diopside and
ferrosilite compositions, respectively.
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Figure 9. Plot of the EDS Ca-Mg-rich and Fe-rich pyroxene compositions normalized on the basis
of 6 oxygens in a Ca—Mg-Fe diagram. The diagram shows the compositional differences between
diopside- and ferrosilite-type pyroxenes.

The analyzed diopside-type pyroxenes present lower Ca (6.9%) and Mg (2%) contents than the
theoretical diopside (18.51% Ca, 11.22% Mg, 25.94% Si, and 44.33% O), and they also contain Fe, Al, and
minor proportions of Ti. The average structural formula of these phases is (Aly 4Mgp 2Fep 2Cag 4)Siz 304.
Similarly, a comparison of the Fe-rich pyroxene with ferrosilite shows it to have lower Si (18.8%) and
Mg (1.1%) contents and higher Fe (29.4%) content than the theoretical composition (10.46% Mg, 24.04%
Fe, 24.18% Si, and 41.32% O), with an average structural formula Aly ;Mg 1Fe; 3(Aly3Si;.7)Og. It also
contains Al and minor proportions of Ca and Ti.

The analyzed cordierite presents high Fe (30.9%) and Al (16%) contents and low Si, Mg, and Ti
contents. Compared with the theoretical composition (8.31% Mg, 18.45% Al, 24.01% Si, and 49.23% O),
the analyzed cordierite is Mg- and Si- poor and Fe-rich.

Finally, the groundmass of all the studied samples presents a heterogeneous Al- and Si-rich
composition, with minor Fe, K, Mg, Ca, Ti, and Na contents. It can be deduced that it corresponds to
the vitreous phase detected by XRD.

5. Discussion

5.1. Destabilization of the Initial Phases

The natural clinkers initially contained organic matter, abundant kaolinite and illite and minor
proportions of quartz, K feldspar, siderite, pyrite, and Ti and Fe oxides [32]. Most of these phases were
destabilized and melted during the spontaneous combustion of coal.

The calcium oxides observed by FESEM may come from small amounts of carbonates present in
the precursor clays that have been destabilized, as suggested by optical microscopy observations of
degraded carbonate fragments. Carbonate destabilization can generate not only these calcium oxides,
but also other Ca-rich phases such as pyroxenes [22].

Organic matter is eliminated between 200 and 800 °C, although this depends on its content in
the precursor material [36]. In addition, kaolinite, illite, and K feldspar are not detected in the studied
natural clinkers, indicating that they have been destabilized, as described by other authors [20,37], and
that they are therefore less stable phases than quartz or pyrite. Kaolinite is not stable at temperatures
above 200 °C in natural environments [38]. Similarly, metamorphic rocks such as those from greenschist
facies do not contain illite, which indicates that it is not stable above 350 °C. With regard to K feldspars,
it is possible that they were destabilized during the spontaneous combustion due to their low content
in the precursor clays.
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The oxidation of pyrite and siderite results in hematite and magnetite [39,40], the former of
which was identified in the study samples. In addition, when pyrite is oxidized, aqueous, acidic,
and sulfate-rich solutions are produced [41]. These solutions, along with the presence of calcite,
produce sulfate minerals such as gypsum. Accordingly, SO4%~ released from pyrite oxidation, along
with Ca from carbonates, allows gypsum precipitation [42], as it is identified by XRD in some of the
studied samples.

Finally, quartz is also observed, indicating that it is the most stable phase during combustion,
although it shows reaction edges, which suggest that it is partially destabilized due to the high-temperatures.

5.2. Crystallization of New Phases

5.2.1. Hematite, Hercynite and Cordierite

Hematite, magnetite, hercynite, and cordierite are frequently described in natural
clinkers [11,13,16-18]. In the studied natural clinkers hematite, hercynite and cordierite were observed.
Their textures are clearly related to neoformation associated with the combustion process.

Exsolution textures were observed between hematite and hercynite, as well as between cordierite
and hercynite. These textures occur frequently as a consequence of cooling from a melted mass, in
this case resulting from the spontaneous combustion process. With cooling, lamellae are separated
within the host crystals due to differences in cation sizes, since at high-temperatures crystal structures
can accommodate cations of different size more easily. However, at lower temperatures, the range of
possible substitutions of different-sized cations is much less.

The existence both of magnetite exsolution lamellae in hercynite and of hercynite exsolution
lamellae in magnetite has been previously described [11,43]. Solid solutions between both bases are
also described in natural clinkers [13,43]. These textures are also formed in igneous and metamorphic
rocks [26,44,45]. Furthermore, previous investigations have described titaniferous spinel intergrowths
with hematite in igneous and metamorphic rocks and the possibility of a Zn-rich spinel formation that
went into solution in cordierite in metamorphic rocks [44,46].

Magnetite was not detected by XRD in this study. This may be due to the fact that part of a primary
magnetite may be pseudomorphed by hematite in a martitization process [43]. In this case, it is possible
that remnant traces of the original magnetite may persist in the studied samples, which may not have
been detected due to the low concentration. Another possibility is that hematite was formed during
the spontaneous combustion instead of magnetite.

The existence of hercynite lamellae in magnetite crystals and vice versa suggests that both
phases can occur as discrete phases at peak temperatures with substantial mutual solid solution [24].
However, the fact that the hercynite in the studied natural clinkers never contains exsolution lamellae
supports the hypothesis that it has been exsolved from another phase. This phase could be a primary
magnetite subsequently transformed into hematite, or it could be a hematite that crystallized during
the spontaneous combustion instead of magnetite.

Figure 10 shows the Fe vs. Al content of hercynite crystals in different textural arrangements.
Hercynite has a higher Al content and lower Fe content when it is found as scattered crystals or is
involved in replacement textures with hematite (24.2% Al and 27.8% Fe). By contrast, the Al content is
lower and the Fe content is higher when it forms exsolution lamellae within hematite (5.9% Al and
48.1% Fe) or cordierite (11.4% Al and 40.8% Fe).

The replacement textures between hercynite and hematite imply that one mineral has been formed
from another, so they are not coeval phases. A similar process where spinel is formed by replacement of
magnetite, which reacts with the vitreous phase, is described in the literature [27]. This reaction could
have occurred in the same way in the studied natural clinkers, with the later oxidation or martitization
of magnetite to hematite.

Exsolution lamellae of hercynite within both hematite and cordierite were observed in sample
ESC-2, whereas in sample ESC-3 such exsolution lamellae were only observed within hematite.
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This may be related to the above-mentioned differences in the d(4) values of hercynite observed in
the XRD patterns of these two samples (8.208, 8.196 for ESC-2 and 8.168 A for ESC-3). Thus, a close
relationship between the textural arrangement of hercynite and the compositional and structural
variations of this mineral can be deduced. In other words, the hercynite composition is different
when it appears as exsolved lamellae within hematite or cordierite, and it shows structural differences
depending on the mineral from which the exsolution process occurred.

Hercynite Fe-Al content

60
50 . ¢
e

40 [ | l’ B Exsolution lamellae in
§ u cordierite
2 30 AA #Exsolution lamellae in
~ A hematite
& A A

20 AScattered crystals or

A replacement with hematite
10
0
0 5 10 15 20 25 30

Al (% Wt)

Figure 10. Fe vs. Al (Wt %) content in hercynite crystals from samples ESC-2 and ESC-3. The proportion
of the two elements depends on the way the crystals are arranged: exsolution lamellae in cordierite or
hematite, or replacement textures with hematite or scattered crystals.

The hematite d(1¢4) values are similar among samples ESC-2 and ESC-3, indicating that much of
the detected hematite has a close composition to the theoretical one. This supports the hypothesis that
the hematite may proceed from magnetite. If the hematite were crystallized from the vitreous phase,
a higher Al content would be expected.

In hercynite exsolution lamellae within hematite, the cation size difference between Al and Fe
favors the exsolution, although Fe-rich phases, Al-rich phases, and intermediate phases were able to
form. In contrast, in hercynite exsolution lamellae within cordierite, the structural and compositional
differences between the two phases preclude the existence of intermediate compositions.

The intermediate compositions between hematite and hercynite (Figure 7) may be due to the
existence of nanometric exsolution textures, and thus EDS analyses may come from those areas where
both phases are present. Alternatively, these intermediate analyses may also be reflecting the existence
of minority solidus solutions that do not modify the d(;04) values of hematite.

Finally, the idiomorphic skeletal textures that hercynite sometimes shows (Figure 4e) suggest its
crystallization in two stages. A possible hypothesis that would explain this situation is the formation of
a first-stage hercynite from the vitreous phase that was subsequently destabilized, giving rise to convex
morphologies. After that, a euhedral hercynite could have crystallized in a second stage, surrounding
the first crystals and including part of the vitreous phase.

5.2.2. Mullite and Pyroxenes

Mullite is present as 1-2 um-long lenticular, acicular, and prismatic crystals with random orientation.
Previous, electron microprobe analyses of mullite formed by the spontaneous combustion of coal
reported Al-rich mullite with a composition close to the theoretical formula (38 wt % Al, 13.18 wt % Si,
and 48.82 wt % O) [14].

However, chemical analyses of mullite in this study showed a Si/Al ratio of 1.21, which is
higher than the theoretical ratio (0.35), indicating that this mullite is Si-rich. Analysis of mullite from
aluminume-rich clays during ceramic firing also shows a nonstoichiometric Si-rich composition [20].
These authors explained that this is probably a consequence of the temperature and the length of time
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of the ceramic process. Similarly, the nonstoichiometric composition of mullite in the natural clinkers
could be explained by the temperature reached and the duration of the spontaneous combustion in
the studied area, which would not have provided ideal conditions for mullite crystals to reach the
theoretical composition.

EDS analysis showed three pyroxene-type compositions: “ceramic pyroxenes”, diopside-type,
and ferrosilite-type.

The “ceramic pyroxenes” were observed as micron-sized acicular crystals texturally associated
with the other pyroxenes. Previous researchers have defined an uncommon C2/c pyroxene called
esseneite as a product of pyrometamorphism associated with naturally combusted coal seams, which
is similar to some pyroxenes from our analysis [23]. Other investigations have described pyroxenes
formed during ceramic processes whose compositions are close to a pyroxene known as fassaite [21,22].
Even though the chemical compositions of the “ceramic pyroxenes” presented in this research do not
match completely with those of fassaite or esseneite, they have intermediate compositions between
these pyroxenes and diopside (Figure 8).

Diopside has previously been reported in natural clinkers [2,12] as well as in igneous and
metamorphic rocks and skarns [47,48]. In ceramics, it is described as a metastable calcium and/or
magnesium phase formed by the reaction of calcite, quartz and aluminum clays [49]. The calculated
formula for diopside-type in the analyzed natural clinkers ((Alg4Mgg2Fep2Cag.4)Siz 306) shows a
lower Ca and Mg content and a higher Si content than the theoretical formula (CaMgSipOg).

Ferrosilite has been described in igneous rocks [47,50]. The melting of igneous crustal components
at high-temperatures and very low, near-constant oxygen fugacity allow ferrosilite to crystallize [50].
Ferrosilite-type pyroxene in the studied natural clinkers ((Aly4Mgp.1Fe 3)Si1 7Og) shows higher Fe and
lower Mg contents than the theoretical ferrosilite ((FeMg)SiOs3).

As with the mullite composition, the fact that the analyzed pyroxenes do not coincide with the
theoretical ones could have to do with the firing dynamics associated with the spontaneous combustion
of coal.

5.3. The Spontaneous Combustion of Coal and the Formation of the Vitreous Phase

An Al- and Si-rich vitreous phase is formed by the destabilization of the initial phases due to the
increase in temperature, and it represents approximately 50% of the samples. The Al and Si come from
quartz, kaolinite, and illite. Furthermore, this vitreous phase also contains minor proportions of K
(from K feldspar and illite), Fe (from siderite, pyrite, and illite), Ca (from carbonates), and Mg (from
illite). Previous researchers have described the appearance of a vitreous phase from 800 °C due to
the spontaneous combustion of coal and resulting from the destabilization of clay minerals and other
phases present in the initial rocks [39].

The new mineralogy and texture found in the studied samples are similar to that of fired
aluminum-rich ceramics where the vitreous phase starts to form from 1000 °C and, consequently,
mineral phases also crystallize from that temperature [20]. Furthermore, previous investigations
indicate that the temperature reached in the studied area was probably higher than 1050 °C and the
calcination periods were longer than 100 h [18].

These differences in temperatures indicated in the literature for the formation of the vitreous
phase and subsequent mineral transformations may be due to the fact that these firing processes
are heterogeneous and their duration and intensity can vary within the stratum where the natural
clinkers are found. In the case of spontaneous combustion, besides temperature and length of time,
there are several parameters that influence the process of spontaneous heating and combustion in
coal, such as factors relating to mining, geological parameters, and the chemical contents of coal [10].
These parameters affect the composition of the new mineral phases and explain the presence of
nonstoichiometric phases such as mullite and pyroxenes.

The higher percentages of vitreous phase and mullite, together with the greater size of the mullite
(1-2 pm in length), compared to those at 1000 °C in ceramics (nanometer mullite) [20], allow to
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deduce that, in our case, the temperature reached was higher than 1000 °C. Furthermore, Mossbauer
spectroscopy and CCSEM measurements of the transformation products formed from pyrite included
in coal in the drop tube furnace test at gas temperatures from 1038 °C to 1454 °C have shown magnetite
to be the dominant oxide formed [51].

In the studied samples, hematite may have resulted from magnetite martitization. Magnetite thus
crystallized due to the spontaneous combustion and, in this case, the temperature reached could have
been between 1000 and 1454 °C.

6. Conclusions

Spontaneous combustion of coal generates textural and compositional changes in the precursor
kaolinite-rich clays. These changes include the destabilization of original phases, giving rise to
the genesis of an Al-Si-rich vitreous phase, and the subsequent crystallization of new mineral
phases. These phases are similar to those formed in a ceramic process as well as in metamorphic and
igneous environments.

The trend from hematite to hercynite composition indicate variations at sample scale, which
are reflected in XRD patterns evidenced in crystallochemical parameters in hercynite. This suggests
structural variations that can be related to the Al and Fe content in hercynite depending on its texture:
exsolution lamellae within hematite (5.9% Al and 48.1% Fe), exsolution lamellae within cordierite
(11.4% Al and 40.8% Fe), and replacement textures with hematite, as well as scattered hercynite crystals
(24.2% Al and 27.8% Fe).

The analyzed mullite is Si-rich (Si/Al = 1.21) and nonstoichiometric compared with the
theoretical mullite.

The study shows the crystallization of three different types of pyroxenes: diopside-type,
ferrosilite-type, and a Ca—Al-rich pyroxene (“ceramic pyroxene”) with an intermediate composition
between that of diopside, fassaite, and esseneite. Compared with the theoretical compositions, the
analyzed pyroxenes are nonstoichiometric.

The presence of nonstoichiometric phases could be explained by the short duration of the spontaneous
combustion, which would not favor the formation of phases reaching the theoretical composition.

The higher percentages of vitreous phase and the larger size of mullite crystals compared
with those of the ceramic process support the idea that the temperature would have reached more
than 1000 °C.

Finally, the combination of XRD and electron microscopy has enabled a detailed characterization
of the texture of the natural clinkers and the newly formed phase composition. The study of these new
phases allows them to be compared with those formed during natural and ceramic processes and thus
deepens our understanding of high-temperature crystallization processes.
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