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Abstract

This study investigates a karst bauxite deposit from NE Spain with a dual objective in-
corporating the novel aspect of directly linking genetic processes to industrial ceramic
performance. First, the bauxite is mineralogically and texturally characterized using X-ray
diffraction and field emission scanning electron microscopy. Second, the mineralogical
and textural transformations of the bauxite during firing at 1000, 1200 and 1300 °C are
analyzed, together with their effects on the physical properties of the fired products. The
Lower Cretaceous bauxite is autochthonous, shows a pisolithic structure, and formed in
situ under tropical monsoon conditions through intense chemical weathering involving
dissolution—crystallization processes. For ceramic testing, the bauxite was mixed with
illitic—kaolinitic clays in a 90/10 proportion. During firing, kaolinite and illite destabilize
and transform into mullite, initially by solid-state reactions at 1000 °C and subsequently by
crystallization from a vitreous phase at higher temperatures, producing larger crystals and
composition closer to the empirical mullite formula. The formation of vitreous phase and
mullite leads to reduced porosity and increased density and linear shrinkage, particularly
between 1000 and 1200 °C. Specimens fired at 1300 °C show higher mechanical strength,
related to higher mullite content and a larger size of its crystals. The results demonstrate
the potential interest of these bauxites for ceramic manufacturing.
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1. Introduction

The analysis of bauxites is of great interest due to their geological and industrial
implications. Bauxites are paleosols formed through intense chemical weathering under
hot and humid tropical conditions, making them excellent climate proxies; therefore, their
mineralogical characterization has been widely used for paleoclimatic reconstructions [1-5].
Nevertheless, several important issues must be considered when using these materials to
infer climatic conditions, such as the autochtonous or allochtonous nature of the deposits,
among others. Likewise, during bauxite formation, the superposition of different mineral
genesis processes is common [4], giving rise to complex textural relationships among the
different phases. For this reason, it is crucial to carry out detailed microtextural studies
mainly by means of electron microscopy, due to the fine size of the constituent minerals,
frequently smaller than 1 um, in order to elucidate the precise conditions that led to the
formation of these materials.
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The common micron-sized constituent minerals of bauxites include, in addition to
Al hydroxides and oxyhydroxides (such as gibbsite, boehmite and diaspore), Fe oxides
and oxyhydroxides (e.g., hematite and goethite) and, frequently, high contents of kaolinite,
e.g., [6-9]. In fact, from an industrial point of view, bauxites are currently being investigated
as a source of kaolin [10]. Nowadays, demand for and applications of kaolin are increasing
significantly, although its availability is decreasing [11]. Among others, an important tradi-
tional application of kaolinite-rich materials is the ceramic industry. With regard to bauxites,
due to their Al content, mainly as Al hydroxides and oxyhydroxides, they can constitute
important raw materials for the manufacture of refractory ceramics e.g., [12-15]. Also, they
have been proven to be an inexpensive substitute for alumina in mullite production [16].
Although millions of metric tons of bauxites are available worldwide, their use is mainly
limited to Al extraction [17].

The mineralogical composition and textural features of bauxites when used as raw
materials for ceramic industry, as well as the firing temperature and the kiln atmosphere,
determine the mineral transformations that occur during high temperatures firing [15,18].
Furthermore, the physical properties of the ceramic products are controlled by these mineral
transformations during firing. Research focused on the detailed mineral and textural
transformations that take place during firing of bauxite materials is scarce. Therefore,
expanding our knowledge in this field and exploring its relationship with the physical
properties of the final product is essential for evaluating its potential as a raw material for
the ceramic industry.

In this research, a karst bauxite deposit located in the Central South Pyrenean Unit
(NE Spain), was investigated with a dual purpose. Accordingly, the objectives of this work
are: (1) to comprehensively characterize the bauxite deposit mineralogically and texturally
in order to establish its genesis and integrate the findings within regional geological
and global paleoclimatic contexts; and (2) to investigate the mineralogical and textural
transformations of this bauxite material during firing at different temperatures, and to
assess how these changes influence the physical properties of the resulting ceramic products,
thereby evaluating its potential for ceramic production.

To achieve the first objective, the material was characterized from a mineralogical
and textural point of view using X-ray diffraction and field emission scanning electron
microscopy (FESEM). This characterization not only allows the formation conditions of the
deposit to be elucidated and the data to be integrated into local and regional geological
frameworks and global paleoclimatic models, but is also essential for understanding the
mineralogical and textural transformations occurring during ceramic processing.

To achieve the second objective, the bauxite material was mixed with illitic-kaolinitic
clays in a 90/10 proportion (to facilitate specimen preparation) and fired at 1000, 1200 and
1300 °C. Consequently, this approach allows the relationships between mineralogical
transformations, starting material characteristics, and the physical properties of the fired
products to be determined.

2. Materials Under Study

Karst bauxites are those bauxite deposits that overlie carbonate rocks [1]. According
to this author, an important number of karst bauxites are Mediterranean-type, and they
commonly show karstified bedrock surfaces. There are three important areas in NE Spain
where this type of karst bauxites occurs: the South Pyrenean Zone, the Catalonian Coastal
Range, and the Maestrazgo Basin. This paper deals with one deposit located in the South
Pyrenean Zone.

Geologically, the deposit is located in the Sierras Marginales of the Central South
Pyrenean Unit, where significant bauxite outcrops are present. Specifically, the materials
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under study come from an outcrop in an old quarry located on the SW slope of the Sant
Mamet Dome, NW of the Al6s de Balaguer locality (Lérida, NE Spain) (N41°57'21.7";
E0°57'10.7") (Figure 1).
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Figure 1. Geological sketch and location of the study area (red square) and the outcrop (black star).
Modified from [19,20].

In the study area, a mid-Jurassic (Dogger) stretch of coarse-grained, massive dolomite
is observed, characterized by high porosity and the presence of numerous cavities [21,22].
The original facies cannot be recognized due to intense dolomitization, and the upper
surface shows important karst development. The bauxite deposit is located at the base
of the Cretaceous materials, which unconformably overlie the Jurassic dolomites, within
cavities produced by the paleokarst processes. The bauxite unit may contain intercalations
of sand and quartz gravel [21]. Its thickness is variable depending on the irregularities of
the bedrock surface and is Aptian-Santonian in age [22,23].

Opverlying the bauxite deposit, there is a dm- to cm-thick level of Santonian sandstones
and gravels exhibiting cross-lamination and bioturbation [21,23].

The study outcrop constitutes a bauxite deposit approximately 6 m thick (Figure 2),
although the current conditions of the outcrop do not allow the morphology of the deposit to
be accurately appreciated, due to past mining activity. Metric blocks of Jurassic dolostone
with a whitish-yellowish color can be observed at the base of the outcrop. To the top,
yellowish Santonian sandstones are visible. Above the dolostone level, the predominantly
red bauxite is found (Figure 2). Nevertheless, a whitish level can be observed in the middle
of the deposit and more purplish colors are appreciated towards the top. To the naked eye,
the most striking feature of the bauxite is its pisolithic character (Figure 2). It consists of
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abundant pisoliths most frequently spherical in shape and rounded edges, with an average
diameter of 2-3 mm and up to 7-8 mm.

Bioclastic limestones

Marly clays

Sandstone with gravels and bioclasts
{Santonian)

SM-d6
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Figure 2. Location of samples in the study profile and field view of the predominantly red bauxite
constituting the study outcrop. The pisolithic texture is observable to the naked eye.

As commented before, the bauxite material was mixed with illitic-kaolinitic clays
in a 90/10 proportion (90% bauxite, 10% illitic-kaolinitic clay). This minor clay addition
was used solely to enhance plasticity and facilitate specimen preparation, and it is not
expected to significantly affect the properties of the fired materials. In agreement with this
assumption, [15] showed that even higher clay contents (25 wt%) in bauxite—clay mixtures
enable the development of refractory properties at reduced firing temperatures. These
clays belong to the Albian Escucha Fm and come from the vicinity of the locality of Arifio
(Teruel, NE Spain).

3. Methodology
3.1. Mineralogical and Chemical Characterization

A representative sampling of the deposit was carried out with the objective of its
mineralogical and textural characterization. A total of 9 samples were taken, whose
location is shown in Figure 2. The sample SMd-1 was subdivided into two subsamples, a
reddish and a whitish one (SMd-1r and SMd-1b, respectively). Also, pisoliths included in
sample SMd-2b were separated to be analyzed by X-ray diffraction (subsample SMd-2bp).
For the manufacture of the specimens to be fired at different temperatures, 3 kg of the
predominantly red bauxite from the lowermost part of the outcrop were taken, where the
X-ray diffraction study evidenced the highest boehmite contents.

The whole-rock mineralogical composition of the samples, including the fired prod-
ucts at different temperatures and the <2 um fraction mineralogical composition of the
bauxite samples, were determined by X-ray diffraction (XRD) by means of a Philips PW
1710 diffractometer (Philips, Amsterdam, The Netherlands), with Cu-Ka radiation, auto-
matic divergence slit, and a graphite monochromator. XRD patterns were obtained from the
3-80 and the 3-30 °20 intervals, for the whole rock and the <2 pum fraction, respectively. The
<2 um fraction was concentrated by centrifuge and analyzed in air-dried oriented aggre-
gates. To store the XRD data, the XPowder (v2017) software by [24] was used. Abundances
of whole-rock mineral phases were determined using the reference intensity ratios (RIRs)
given by [25]. For the semi-quantification of phyllosilicate abundances in the <2 um frac-
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tion, the RIR values of [26] were used. It should be noted that RIR-based semiquantitative
XRD analysis is subject to significant uncertainties, particularly due to limited accuracy and
the inability to quantify amorphous and very fine-grained phases. Therefore, the results are
used only for relative comparison between samples rather than for absolute quantitative
interpretation. Kaolinite crystallinity (KC) was calculated measuring the full width at half
maximum (FWHM) of the 7A reflection in the air-dried oriented aggregates.

Both transmitted and reflected light optical microscopy were used to examinate the
samples in a first approach. For the description of the pisolithic texture of the bauxite,
the terms given by [1] were considered: macropisoids (>5 mm), pisoids (5-1 mm), ooids
(1000-100 pm) and micro-ooids (<100 pm). For a more precise textural characterization
and to obtain chemical information of the mineral phases, selected samples were observed
by field emission scanning electron microscopy (FESEM) using secondary electron (SE),
backscattered electron (AsB), energy-dispersive backscattered electron (ESB), and energy-
dispersive X-ray (EDS) detectors. The study was carried out using a Carl Zeiss MERLIN
FESEM (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with an Oxford instru-
ment detector (EDS) (Oxford Instruments, High Wycombe, UK). SE images were acquired
with an accelerating voltage of 15 kV and a beam current of 600 pA. The accelerating
voltage for the acquisition of the AsB images and the EDS semiquantitative analyses (with
a detection limit of 0.1%) was 15 kV with a beam current of 600 pA, and a counting time of
50 s for analysis; for the EsB images, the accelerating voltage was 4 kV with a beam current
of 1 nA. Samples were carbon coated prior to the FESEM study.

3.2. Physical Properties of the Fired Products

For the manufacture of the specimens to be fired, the bauxite and the illitic-kaolinitic
clay were milled under 100 um. The mixture of the bauxite and the illitic-kaolinitic clay, in
a 90/10 proportion, was used to produce cylinders of 5 cm in diameter and 0.8 cm high
by pressing. These cylinders were fired in a Tecno-piro PR4T oven at 1000 °C, 1200 °C
and 1300 °C under oxidizing conditions. Increasing temperature was achieved in steps of
200 °C/h and the maximum temperature was maintained for 2 h. Cylinders made from
the raw and the fired samples are shown in Figure 3.

Raw sample 1000°C 1200 °C 1300 °C

Figure 3. Raw and fired cylinders obtained from the mixture of the bauxite (90%) with the kaolinitc
clay (10%).

The specimens, both raw and fired at the different temperatures, were measured and
weighed to determine density and weight loss. To determine the linear shrinkage of the
fired samples the following formula was applied:

LS(%) = (D1 — D2/D1) x 100

where D1 is the diameter of the raw sample and D2 is the diameter of the fired sample.

An X:-Rite portable spectrophotometer, model Ci6X, was used for the determination
of the precise color of the fired samples, which yields color values in the Munsell system
and in the CIE L*a*b* scale. It was used to measure color values in both the raw and
fired samples.
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Porosimetric analyses were carried out by means of An Ultrapyc 1200e Helium Pyc-
nometer (Quantachrome Instruments, Boynton Beach, FL, USA) in the Thermal Analysis
and Porous Solids Unit of the University of Alicante (Spain). They provided, for the fired
samples, the pore size and distribution, as well as their total porosity.

Finally, point load test (PLT) was carried out on the fired samples. This permitted
the calculation of the point load resistance index Igsp). Although the point load test
is traditionally used in rock mechanics, it has also been applied to fired bauxite—clay
ceramic materials and successfully compared with commercial bauxites [15], supporting
its suitability for comparative mechanical assessment in this study. To achieve the data, a
point load measuring equipment was used to obtain the point load value of each sample (I5)
in kg/cm?. Between 10 and 12 measurements were carried out per sample. Measurements
were achieved from prisms (approximately 7 X 7 x 10 mm) obtained from the original
cylinders fired at the quoted temperatures. The prisms were obtained by cutting the fired
cylindrical samples along their diameter (5 cm). In this way, prismatic specimens with a
height of 10 mm were prepared from the lateral dimension of the cylinders. A correction
factor was necessary to obtain the Iy50) index, according to the expression:

Iss0) = Fls
where F is the correction factor that was obtained using the formula:
F= (De/50)0‘45

De being the equivalent diameter of the regular prisms, which is calculated according
to the following;:
De% =4A/m

where A is the minimum cross-sectional area that contains the two load application points.

4. Results
4.1. Mineralogical Composition of the Bauxite and the Fired Products

Table 1 and Figure 4 show the mineralogical compositions of the studied samples.
The main phases are kaolinite (20%—48%), boehmite (7%—47%; absent in one sample, the
one with the highest kaolinite content) and hematite (16%-38%). Goethite, anatase, rutile,
gibbsite, quartz, calcite and diaspore have been identified as accessory phases.

At the base of the profile, kaolinite and boehmite predominate, whereas hematite is
less abundant (Figure 4). To the top, the kaolinite content remains constant with variable
amounts of boehmite and hematite, except for the sample where boehmite is absent. The
above quoted reddish subsample SMd-1r exhibits a higher concentration of hematite (26%)
than the whitish one Smd-1b (18%), but the latter shows a higher concentration of boehmite
(47% vs. 22%), both presenting a similar kaolinite content (26%—-27%). Regarding the
pisoliths from sample Smd-2b (subsample Smd-2bp), they show similar kaolinite (26%) and
hematite (28%) contents to the sample where they are included, but the boehmite content is
much lower (7%) and the goethite content is higher.

Regarding the <2 um fraction, all samples are constituted exclusively by kaolinite.
Kaolinite crystallinity (FWHM) is very similar throughout the entire profile (0.2 to 0.4),
being somewhat higher to the top of the profile (Figure 4).
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Table 1. Mineralogical composition (%) of the study samples. KIn: kaolinite, Bhm: boehmite, Hem:

hematite, Gt: goethite, Ant: anatase, Rt: rutile, Gbs: gibbsite, Qtz: quartz, Cal: calcite, Dsp: diaspore,

tr: traces.
Whole Sample

Sample Kln Bhm Hem Gt Ant Rt Gbs Qtz Cal Dsp

SMd-0 35 40 17 6 tr tr - - - -
SMd-0’ 35 40 16 5 tr tr - - - -
SMd-1r 26 22 26 - tr tr 7 - tr 10
SMd-1w 27 47 18 - tr tr - - - -

SMd-2 22 36 34 - tr 5 - - - -
SMd-2b 32 22 26 10 - - 7 - tr -
SMd-2bp 26 7 28 25 - tr - 11 - -

SMd-3 25 23 38 6 tr - - - tr -

SMd-4 22 38 34 - tr tr - - - -

SMd-5 46 - 30 - tr tr 8 tr 5 -

SMd-6 20 38 35 - tr - - tr -

Bioclastic limestones

Marly clays

Sandstone with gravels and bioclasts
(Santonian)

SM-d6

SM-d5

SM-d4

SM-d3

SM-d2b, SMd-2bp
SM-d2

SM-d1r, SMd-1b
SM-do

SM-d0”

Mineralogy (%)

Kaolinite crystallinity

0 50
I Kaolinite

I Hematite

Dolostones (Middle Jurassic)

E 1:200

100 0.2 0.3 0.4

[ | Goethite+Rutile
B Bochmite +Gibbsite+Diaspore

Calcite

Figure 4. Mineralogical composition (%) and kaolinite crystallinity of the studied samples.

On the other hand, the bauxite sample used as raw material for the specimens to be

fired at different temperatures contains 39% kaolinite, 37% boehmite, and 12% hematite,

with goethite, anatase, and rutile as accessory phases. The illitic-kaolinitic clay from the

Escucha Fm with which the bauxite was mixed is made up of 33% illite, 20% kaolinite

and 42% quartz, with albite and orthoclase as accessories. The mixture used for the

manufacture of the specimens to be fired shows a mineralogical composition very similar
to that of the bauxite (Table 2). XRD patterns of the bauxite, the illitic-kaolinitic clay and

the 90/10 mixture are shown in Figure 5.
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Table 2. Mineralogical composition (%) of the raw materials and the fired products. Bhm: boehmite,
KlIn: kaolinite, I1I: illite, Mc: mica, Hem: hematite, Gt: goethite, Ant: anatase, Rt: rutile, Qtz: quartz,
IIm: ilmenite, Crist: cristobalite, Cor: corundum, Mu: mullite, Ab: albite, Orth: orthoclase, tr: traces.

Bauxite (BX) Illitic-Kaolinitic Clay (KC) BX90/KC10 1000 °C 1200 °C 1300 °C

Bhm 37 - 35 - - -
Kln 39 20 34 - - -
I11/Mc 6 33 11 - - -
Hem 12 - 9 23 11 8
Gt tr - tr - - -
Ant tr - tr tr - -
Rt tr - tr tr tr tr
Otz - 42 5 15 tr tr
Ilm - - - 6 - -
Crist - - - tr tr tr
Cor - - - 11 tr tr
Mu - - - 33 83 86
Ab - tr - - - -
Orth - tr - - - -
y-alumina - - - tr - -
- Bauxite (BX) A
200 Bhm
Em Hem
o Kin
200
100 1ll/Ms \ ﬂ } ” 1
]

22

Kaolinitic clay (KC) B

600 au

500

400
g 300

200
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100
Hi/Ms
04

3 6 9 1 15 18 1 24 27 30 33 36 3 42 45 48 51 54 57 60

BX90 / KC10 C

| {counts)
g &8 8 8 ¢8
i

n
g

g

/s \)\M

3 6 9 12 15 18 21 24 w a0 EE] 36 9 a2 a5 a8 51 54 57 60
20

]

Figure 5. XRD patterns of the raw materials used for the manufacture of the ceramic specimens.
(A) Bauxite; (B) illitic-kaolinitic clay; (C) mixture of bauxite (90%) and illitic-kaolinitic clay (10%). The
most representative diffraction peaks of the minerals present are labeled. Ill/Ms: illite/muscovite
phases; KIn: kaolinite; Bhm: boehmite; Hem: hematite; Qtz: quartz.
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Table 2 also shows the mineralogical composition of the fired samples at different
temperatures, reflecting the mineral transformations that take place during firing.

At 1000 °C the main mineral phases are mullite, hematite, quartz and corundum,
accompanied by ilmenite and, to a lesser extent, anatase, rutile and cristobalite. The XRD
pattern run between 35 and 70 °20 revealed the presence of y-alumina, with its characteristic
reflection peak at 67 °26. This phase was not semiquantified since there was no RIR value
available. At 1200 °C there is a decrease in the content of all mineral phases except for
mullite, which exhibits a notable increase. Along with mullite, hematite is detected in a
lower proportion than in the sample fired at 1000 °C, and corundum, quartz, cristobalite
and rutile occur as accessory phases. Finally, the sample fired at 1300 °C has a composition
similar to the previous one, with mullite as the most abundant mineral, accompanied by
hematite along with traces of corundum, quartz, cristobalite and rutile.

4.2. Textural Characterization of the Bauxite and the Fired Products

As mentioned, the bauxite exhibits a pisolithic texture, characterized by the presence
of abundant pisoliths embedded in a clay matrix. In general, they contain higher amounts
of Fe oxides than the matrix.

FESEM images (Figure 6) show that kaolinite and Al hydroxides (mainly boehmite,
in agreement to XRD results), randomly arranged, are the main phases constituting the
matrix of the samples, along with Fe oxides and, to a lesser extent, Ti oxides. Kaolinite
occurs as nanometric, idiomorphic to subiomorphic platy crystals often with a hexagonal
outline (Figure 6A). It also occurs as lamellar aggregates up to 2 um in diameter and
book-type aggregates up to 3.5 um thick approximately (Figure 6B). Boehmite is observed
as tiny, nanometric idiomorphic to subidiomorphic crystals, with a prismatic and planar
habit. It occurs finely mixed with kaolinite or cementing it (Figure 6C). Also, it has been
observed between the layers of book-type kaolinite aggregates (Figure 6D). Both kaolinite
and Al hydroxides have also been observed filling cavities (Figure 6E). Finely disseminated
between kaolinite and boehmite, nanometer-sized Fe oxides (mainly hematite) are common
(Figure 6B,C,E). They usually occur as rounded crystals of irregular outlines or exhibit
elongated, laminar habit (Figure 6F). Sometimes they have been observed between the
layers of kaolinite aggregates.

With regard to the pisoliths, their morphology is fundamentally spheroidal, and less
frequently irregular or elongated. In the studied samples ooids, pisoids and micro-ooids
predominate, in this order, whereas macropisoids are observed very occasionally.

BSE images show that, in general, micro-ooids and ooids are massive, exhibiting a
clayey texture similar to that of the matrix, although some detrital particles randomly
arranged can be recognized (Figure 7A). Some of the larger ooids can exhibit a core sur-
rounded by several concentric layers (Figure 7A). In these cases, the core can consist of
an irregular particle or be massive, and include small irregular particles and fragments of
micro-ooids. Externally, they all frequently present an Fe oxides-rich cortex.

On the contrary, pisoids and macropisoids are commonly formed by a core surrounded
by several concentric layers (Figure 7A) although occasional massive ones can be observed.
The core is frequently massive, with a clayey texture, and can include smaller ooids and
detrital particles (Figure 7A-D). Fe oxides, as crystals of elongated sections, are very
abundant along with irregular, elongated Al hydroxides and kaolinite, as platy crystals
or laminar aggregates (Figure 7B) and as book-type aggregates. Fe oxide crystals are
commonly observed between the kaolinite layers of book-type aggregates (Figure 7C). The
concentric layers surrounding the core are determined by the different proportions of Fe
oxides, Al hydroxides and kaolinite (Figure 7E). Texturally, these phases are similar to those
observed in the matrix of the bauxites. In some cases, the concentric layers can encompass
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and adapt to particles or accumulations of certain mineral phases, such as Al hydroxides
or Fe oxides (Figure 7F). As for ooids and micro-ooids, a ferruginized external cortex is
common in pisoids and macropisoids (Figure 7A,D).

Figure 6. Representative FESEM images of the matrix of the studied bauxite. (A) Nanometer-sized,
idiomorphic to subidiomorphic kaolinite with common hexagonal outlines. (B) Platy kaolinite and
book-type aggregates of kaolinite; nanometric Fe oxides are finely dispersed throughout the matrix
and Ti oxides are also observable. (C) Elongated boehmite crystals cementing kaolinite. (D) Boehmite
between the layers of a book-type aggregate of kaolinite and cementing it. (E) Idiomorphic to
subidiomorphic boehmite filling cavities. (F) Subidiomorphic kaolinite and nanometer-sized Fe
oxides of irregular or rounded outlines and laminar habit. KIn: kaolinite; Bhm: boehmite; Fe Ox: Fe
oxides; Ti Ox: Ti oxides.

Furthermore, irregular fragments of pisoliths can be observed (Figure 7G), as well as
radially or randomly arranged fractures affecting the pisoliths (Figure 7E). These fractures
do not usually affect the ferruginized cortex commonly observed and are filled by the same
phases observed in the matrix of the bauxites, such as book-type aggregates of kaolinite
and Fe oxides (Figure 7H).
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Figure 7. Representative FESEM images of different aspects with regard to pisoliths of the study
bauxite. (A) Ooids and micro-ooids and a pisoid including an ooid in the core. (B) Elongated crystal
of Fe oxides and platy crystals and laminar aggregates of kaolinite in the core of a pisoid. (C) Fe
oxides between the kaolinite layers of book-type aggregates. (D) Pisoid with a large core including
ooids and detrital particles and surrounded by an Fe-rich cortex. (E) Pisoid whose core is affected by
radial or randomly arranged fractures (white arrows); the concentric layers surrounding the core are
determined by the different proportion of Fe oxides, Al hydroxides and kaolinite. (F) Accumulation
of boehmite encompassed by the concentric layers, which adapt to it. (G) Fragment of a pisoid.
(H) Book-type aggregates of kaolinite and Fe oxides filling fractures affecting pisoids. Kln: kaolinite;
Bhm: boehmite; Fe Ox: Fe oxides; Ti Ox: Ti oxides.

With regard to transformations taking place during firing, textural transformations
at 1000 °C are relatively scarce, with no strong signs of fusion. Rounded fragments of
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the original rocks, both the bauxite and the illitic-kaolinitic clay, can be still observed
(Figure 8A). In the bauxite fragments, typical morphologies of phyllosilicates, mainly
kaolinite, the most abundant in the raw material, can be observed, including book-type
aggregate morphologies (Figure 8B). EDS analyses carried out on these phases indicate
mullite-type compositions with the average structural formula of Alz3Si2Fe)4Ogg. In
some analyses, an Al excess has been obtained compared with the empirical formula
of mullite (Aly55i1509g), which may be due to the presence of small-sized corundum
and y-alumina, as indicated by the XRD results. Fe in the analyses may be due either
to the presence of nanometric Fe phases (oxides) or to the presence of Fe in the mullite
structure, given the abundance of Fe oxides in the raw material. In addition to Fe oxides, Ti
oxides (rutile or anatase) have been identified, which in some cases show compositional
zoning with ilmenite (Figure 8C). On the other hand, in the illitic-kaolinitic clay fragments,
anhedral clasts of quartz are observed along with phases showing lamellar morphologies,
corresponding to the abundant original illite, although they exhibit mullite composition
(Figure 8D).

Figure 8. Representative FESEM images of the sample fired at 1000 °C. (A) Fragments of the original
rocks can be still recognized, both the bauxite (BX) and the illitic-kaolinitic clay (KC). (B) Typical
morphologies of kaolinite with mullite composition. (C) Compositional zoning involving Ti oxide
and ilmenite in a crystal from a bauxite fragment. (D) Anhedral clasts of quartz and lamellar
phases, corresponding to the abundant original illite from the illitic-kaolinitic clay, exhibiting mullite
composition. Mu: mullite, Ti Ox: Ti oxides, Ilm: ilmenite, Qtz: quartz.

In the sample fired at 1200 °C, greater textural homogeneity is observed. The rock
fragments can still be identified but they show more diffuse edges and signs of fusion and
recrystallization are evident (Figure 9A). Quartz grains with diffuse reaction edges are
common. (Figure 9B). No phyllosilicate morphologies are observed anymore. The most
striking feature is the presence of abundant nanometric acicular mullite crystals (up to
1 um), immersed in a Si-rich homogeneous matrix with the appearance of a vitreous molten
phase (Figure 9B,C). The average formula of mullite crystals (Alz gSij gFep3Tip10938) is
closer to the empirical one. Nanometer-sized Fe- and Ti- oxides are also observable, mainly
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disseminated in the molten matrix (Figure 9B,C) or inside the fragments that presumably
corresponded to the original bauxite.

Figure 9. Representative FESEM images of the samples fired at 1200 °C (A-C) and 1300 °C (D-F).
(A) Fragments of the original bauxite (BX) are observable with more diffuse boundaries than at
1000 °C; signs of fusion (white arrows) are evident too. (B) Quartz clasts show diffuse reaction
edges and a vitreous phase (Vi) can be recognized; mullite crystals are disperse in the vitreous phase.
(C) A detail of the black square in the previous microphotograph where prismatic to acicular mullite
crystals can be observed. (D) Fragments of the original bauxite (BX) are observable with more diffuse
boundaries than at 1200 °C. (E) Mullite crystals and hematite are the only observable phases at
1300 °C. (F) Mullite crystals and hematite are disperse in a vitreous phase. Mu: mullite, Qtz: quartz,
Hem: hematite.

Finally, at 1300 °C observations reveal a more homogeneous texture than in the
samples fired at lower temperatures, with more diffuse grain boundaries (Figure 9D).
Only mullite and Fe oxides are mainly present (Figure 9E,F). Mullite shows a very similar
composition to that calculated in the sample fired at 1200 °C (Alz gSij 9Feg 309 ) and occurs
as acicular, prismatic nanometer- to occasionally micrometer-sized crystals (Figure 9E,F). It
is distributed relatively homogeneously along with neoformed Al-bearing hematite, which
occurs disseminated or forming aggregates (Figure 9E,F) in the fragments presumably
coming from the bauxite.
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4.3. Physical Properties of the Fired Products

Density, linear shrinkage and weight loss values are shown in Table 3. The density
of the raw sample has an average value of 1.85 g/cm?. At 1000 °C the average density
is 1.86 g/cm3, whereas at 1200 °C and 1300 °C the average values are 2.46 g/cm> and
2.52 g/cm?, respectively. Linear shrinkage increases from values close to 5% at 1000 °C
to average values of 13.1% and 13.31% at 1200 °C and 1300 °C, respectively. Regarding
weight loss, the values increase in the specimens fired at 1200 °C compared to those fired at
1000 °C, with a decrease observed in the specimens fired at 1300 °C.

Table 3. Density, linear shrinkage and weight loss of the study material.

n Density (g/cm®)  Linear Shrinkage (%)  Weight Loss (g)

1 1.82

Raw 2 1.88
1000 °C 1 1.87 475 3.49
000 2 1.86 5.29 3.48
o 1 245 13.10 3.67
1200 2 2.47 13.13 3.70
1300 °C 1 253 13.57 352
300 2 250 13.06 3.29

The color of the samples varies with the increase in temperature from dull reddish-
brown in the raw specimen to bright reddish-brown at 1000 °C, red in the specimen fired at
1200 °C and dark reddish-brown at 1300 °C (Figure 10A). The results obtained in the CIE
L*a*b* System are represented in Figure 10, which shows that firing at 1000 °C involves the
projection of the color towards lighter and reddish tones than the raw sample. On the other
hand, firing at 1200 °C darkens the color tone and projects it towards purple tones. Finally,
firing at 1300 °C provokes the darkest tone and the color projection towards the bluest
tones. It can be pointed out that the samples present a reddish-brown color at all firing
temperatures and that the darkening does not increase linearly with the firing temperature.

Data obtained from the porosimetric analyses are shown in Figure 11, where pore
radius, expressed in microns, and the percentage of intruded gas has been plotted. The
maximum intrusion percentage of the sample fired at 1000 °C is 2.5% and corresponds
to the pore radius between 1 x 10! and 1 um. In addition, three minor peaks can be
observed at this temperature: approximately 1% intruded in pores with radii between
1 x 1072 and 1 x 107! pum; 0.5%-0.75% intruded in pores of radii in the range between
1x 1073 and 1 x 1072 pm; and 0.25% intruded in pores with radii between 1 x 10% and
1 x 103 pm. At 1200 °C, the peak corresponding to pore radii between 1 x 107! and 1 um
and that corresponding to pores with radii in the interval between 1 x 10? and 1 x 10* um
are emphasized. The maximum intrusion percentages are 5.5% and 0.8%, respectively. No
other peaks are observable at this temperature. Finally, at 1300 °C a maximum intrusion
percentage of approximately 8.5%, which corresponds to pore radii between 1 x 10! and
1 um, can be deduced. The pores with a radius in the interval between 1 x 10% and
1 x 103 pum have perceived a lower percentage of intrusion compared to the sample fired at
1200 °C (approximately 0.4%). Thus, the maximum percentage of intrusion increases with
the firing temperature, mainly taking place in the pores with a radius between 1 x 10~! and
1 um. On the other hand, Table 4 shows the average of the pore radius values, expressed
in microns, in every sample along with the mode and the total porosity expressed as a
percentage. A decrease in the three parameters with the increase in the firing temperature
is observed.
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Figure 10. (A) Munsell scale values for the study specimens. (B) Plot of the data obtained in the CIE
L*a*b* color space. Numbers 1, 2, 3 and 4 correspond, respectively, to the raw specimens and those
fired at 1000, 1200 and 1300 °C.
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Figure 11. Pore volume distribution curves in samples fired at the different temperatures.
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Table 4. Means and modes of the pore radii of the samples fired at the different temperatures
expressed in um as well as their total porosity, expressed in percentage.

T(°0) Average (um) Mode (um) Total Porosity (%)
1000 4.90 x 1072 2.96 29.65
1200 321 x 1072 291 x 107! 20.47
1300 212 x 1072 5.35 x 102 16.44

With regard to the point load test (PLT), no measurements could be obtained from
the sample fired at 1000 °C, since the prisms obtained from the original cylinder broke
up before the measuring device could register the point load necessary for the prism to
break. The point load data recorded at the moment of failure for the prisms obtained
from samples fired at 1200 °C and 1300 °C are shown in Figure 12. Figure 12 shows the
percentage of broken prisms at every moment when a breakage occurred. Once the values
considered anomalous obtained from the point load test have been disregarded, two trend
lines of similar slopes are observed, one for every firing temperature. It can be stated that,
in general, a greater point load has been necessary to produce the breakage of the prisms of
the sample fired at a higher temperature. Once the maximum and minimum values of the
series of measurements taken on the studied prisms have been disregarded, the average
point load index g5 is calculated for the specimens fired at 1200 and 1300 °C (Figure 12),
with the point load index being higher for the sample fired at the highest temperature.

100
90 4
80 4 & 12002C
70 lyspy: 3.7
60
50
40
30 ! O 1300 2C
20
10

Broken prisms (%)

0 5 10 15 20 25
Point load{Kg/cm32)

Figure 12. Percentage of broken prisms with the application of a certain point load.

5. Discussion
5.1. Origin of the Bauxite

From a geological point of view, the study of bauxites can be of interest since they
can be used as palaeoclimatic indicators but also as raw material to extract alumina by
means of the Bayer process. This lies in the fact that bauxite genesis requires very specific
conditions, such as a tropical to humid subtropical climate, with rainfall of 1200 cm/year
and temperatures of 22 °C [27]. Nowadays, the favorable areas for bauxitization are in
latitudes between 30° N and 30° S [28]. However, as mentioned above, it is crucial to
decipher several important issues such as the autochtonous/allochtonous nature of the
deposits along with the possible superposition of different processes during bauxitization.

The idiomorphic to subidiomorphic character of the observed platy kaolinite crystals,
together with the presence of book-type aggregates, too fragile to withstand long transport,
would indicate an in situ formation [29,30]. Boehmite is also believed to have formed
in situ, simultaneously with kaolinite or immediately afterwards, as evidenced by its
presence as cement of the latter or between the layers of book-type aggregates. The
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textural characteristics of the Fe oxides indicate a similar origin, as has been described in
kaolin deposits [31]. The detected traces of other phases, such as rutile, anatase, quartz or
micaceous phases, would have a detrital character and would be remains of the parent rock.

The in situ formation of the bauxitic phases took place both in the matrix of the parent
rock and in cavities within it, as evidenced by FESEM observations, a feature that has
also been described in the karst bauxites studied by [4,32]. The formation of kaolinite
is linked to intense chemical weathering processes involving the dissolution of silicate
phases such as quartz, feldspar and plagioclase, favoring the recrystallization of phases
rich in relatively immobile cations (Al, Si, Fe), such as kaolinite, Al hydroxides and iron
oxyhydroxides, and the leaching of mobile elements (K, Na, Ca) [33]. These authors also
indicate that the presence of kaolinite, Al hydroxides and Fe oxyhydroxides, without
the presence of quartz or feldspar, suggests a dissolution/crystallization development
with a high fluid /rock ratio. Thus, they would have formed both from the dissolution
of pre-existing phases bearing these elements and from direct precipitation from Al- and
Si-rich fluids in void spaces, probably suggesting more than a single bauxitization episode.
This does not necessarily imply strictly discrete bauxitization events, but rather suggests a
complex, multistage or evolving bauxitization process characterized by successive changes
in the physicochemical conditions.

The textural characteristics of the pisolithic particles seem to agree with the existence
of several episodes during bauxitization. The presence of ooids and other particles in the
core of some pisoids indicates the existence of several episodes of pisolith formation [34].
On the other hand, the variation in the proportions of the different phases that make up
the concentric layers frequently observed in the pisoliths would indicate changes in the
physical-chemical conditions during their formation. According to [1], for the formation of
ooids and pisoids, the material has to be permanently saturated in water. The elongated
morphologies observed in some of them could be related to this, indicating that during their
formation they would be in a semi-plastic state. The adaptation of the concentric layers to
particles or accumulations of certain phases, enveloping them, could also be related to the
fact that probably, at the time of the formation of the pisoliths, they presented a semi-plastic
state due to the water saturation of the environment. These facts indicate that the formation
of the pisolithic particles took place, at least mostly, in situ, and therefore the bauxite under
study can be considered autochtonous. The textural similarities of the matrix with the core
of the pisoliths or the entire particle, in the case of massive ones, and, in general, with the
mineral phases present in said particles also point to an in situ origin.

However, there is evidence that the pisolitic particles have also undergone a certain
transport, as attested by the fractures observed in some of them, filled with the same
phases of the matrix, and the existence of pisolith fragments in the matrix and in the core
of several pisoids and ooids. Taking into consideration that the deposit would have been
formed in several episodes or stages, it is possible that a certain reworking of the pisoliths
occurred between the different episodes, which has been recorded in the aforementioned
characteristics. However, this transport would not have been very intense given that
unfractured pisoliths, without evidence of transport, are more abundant.

The formation of the bauxite under study, therefore, would indicate warm and hu-
mid climatic conditions in the study area during its formation. Regional paleoclimatic
reconstructions indicate that during the Cretaceous, the circum-Mediterranean region expe-
rienced predominantly subtropical to tropical climatic conditions, favoring deep lateritic
weathering and widespread bauxitization in combination with active tectonics linked to the
closure of the Tethys Ocean [1,29,35]. This regional framework supports our interpretation
of a tropical monsoon-type climate for the formation of the studied Lower Cretaceous
deposit. These conditions would be similar to those prevailing during the formation of
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other bauxite deposits in the NE of the Iberian Peninsula, such as those of Fuentespalda
(Teruel), from the Lower Cretaceous, characterized by [4,32]. The studied outcrop between
the Jurassic and Cretaceous and the Santonian/Campanian transit, would be located at a
latitude close to the equator, approximately between latitude 10° N and 5° N [36]. There-
fore, from the top of the Jurassic dolomites, which constitute the base of the outcrop, to the
Santonian sands, to the top, the area is at a paleolatitude favorable for the formation of
bauxites. According to the [37] classification of climates, in relation to the paleolatitude of
the deposit at the time of its formation, the climate prevailing would be a tropical monsoon
climate, so there would be favorable climatic conditions for the formation of bauxite.

5.2. Mineral and Textural Transformations During the Ceramic Process

In general, the increase in firing temperature implies a textural homogenization, with
the appearance of diffuse reaction edges in the fragments of the original rocks and quartz,
and evidence of fusion and recrystallization of a vitreous phase from 1200 °C (Figure 9).
The firing process also involves the destabilization of some phases and the neoformations of
others. As deduced from XRD, clays, boehmite and goethite disappear at 1000 °C, whereas
hematite, quartz and, especially, mullite, along with minor amounts of corundum, ilmenite,
and cristobalite, are neoformed.

With regard to clays (kaolinite and illite), at 500-550 °C the dehydroxylation of both
phases takes place and, in the case of kaolinite, the formation of metakaolinite or pre-
mullite occurs [15,38]. At about 950 °C, metakaolinite can be transformed into y-alumina
leading to the release of silica, which would favor the neoformation of cristobalite and
quartz [39,40], as the XRD results evidenced. The destabilization of illite would also lead
to the formation of amorphous silica from 925 to 1050 °C [41], from which quartz and
cristobalite can crystallize, in agreement with the XRD data. FESEM observations revealed
that typical morphologies of kaolinite and illite are still visible at 1000 °C (Figure 8B,D),
but they show mullite compositions, which indicate that their destabilization and related
release of silica also lead to the solid-state transformation of these phases into mullite.

Both quartz and amorphous silica present small oscillations in the firing systems,
which would indicate that there is a solubilization—precipitation process between SiO,
and Al,O3 [42,43]. Despite these oscillations, the trend is towards the destabilization of
quartz with increasing temperature, as the XRD results evidenced, being almost absent
at 1200 and 1300 °C compared to 1000 °C. This is also evidenced by FESEM observations,
which showed the presence of a Si-rich vitreous or molten-looking phase surrounding the
few quartz grains exhibiting reaction edges, as observed in the sample fired at 1200 °C
(Figure 9B,C).

The XRD data indicate that boehmite and goethite are also unstable and have com-
pletely disappeared due to the dehydration processes at 1000 °C. Boehmite transforms
into y-alumina around 500 °C [15,44—46], detected by XRD, whereas goethite transforms
into hematite between 500 and 600 °C [15,47,48]. On the other hand, FESEM analysis has
demonstrated the existence at 1000 °C of solid solutions between Ti oxides and ilmenite,
as evidenced by the observation of compositional zoning between these phases. Solid
solutions between Fe and Ti oxides have also been described in refractory materials as a
consequence of the firing process (e.g., [15] and references therein). The XRD results also
show that, despite the neoformation of hematite at relatively low temperatures, it is par-
tially destabilized at 1200 and 1300 °C. The analysis of hematite crystals shows aluminum
compositions, indicative of recrystallization at these temperatures.

Corundum (x-alumina) neoformation, detected by XRD, would be justified by the
existence of a solid solution between hematite and Al,O3 between 1000 and 1300 °C [49],
as well as by the dehydration of boehmite which, as mentioned, transforms into y-alumina
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around 500 °C, which could suggest that the increase in temperature, in this case, up to
1000 °C, results in the formation of corundum, the most stable phase of alumina [45,50].

However, the most notable mineralogical change during firing is the formation of
mullite, to a greater extent at higher temperatures (1200-1300 °C). As already mentioned, its
formation is triggered by the thermal decomposition of kaolinite and illite. FESEM observa-
tions indicate that at higher firing temperatures the mullite crystals are larger (Figure 9E,F).
On the other hand, EDS analyses have shown that at higher firing temperatures (1200 and
1300 °C) the mullite composition is closer to the empirical formula, with a lower Si/ Al ratio.
The observation of mullite crystals immersed in a vitreous matrix (Figure 9B,F) suggests
that this mineral phase crystallized from molten material.

5.3. Mineral and Textural Transformations and Physical Properties of Calcined Ceramics

The physical properties of fired products are related to the mineralogical and textural
changes that occur during firing. Density increases with firing temperature, showing a
more pronounced increase between 1000 and 1200 °C than between 1200 and 1300 °C,
which can be related to the formation of the vitreous phase that subsequently gives rise to
mullite [51]. A similar behavior is observed in linear shrinkage, with a greater increase in
this parameter between 1000 and 1200 °C, which would be related to the dehydroxylation
of phyllosilicates, which starts from around 450 °C, although preserving their morphologies
at 1000 °C [52], and the subsequent formation of mullite. On the contrary, there is no clear
trend with regard to weight loss, which represents a value of approximately 12% in global
terms. Presumably, it is related to the loss of HO and OH groups. The fact that the firing
temperature barely influences this parameter suggests that there is no loss of other material.
Regarding color, at 1000 °C a change from brown to a reddish hue is observed, coinciding
with the highest hematite contents deduced from XRD. The change towards darker and
eventually less red tones at higher temperatures is related to a decrease in hematite content
and the extensive formation of mullite that represents approximately 80% of the samples
fired at the highest temperatures.

The destabilization of kaolinite with the increase in firing temperature involves the
formation of a vitreous phase and subsequent crystallization of mullite [53,54]. This fact
would explain the decrease in porosity as obtained by the porosimetric analysis, since the
vitreous phase and mullite would fill the pores of the material.

Regarding the results of the point load test, two trend lines of similar slopes were iden-
tified once the anomalous values, corresponding to defects in the prisms, were neglected
(Figure 12). As quoted before, the test could only be carried out successfully on specimens
fired at 1200 and 1300 °C. The substantial difference between the aforementioned samples
and the sample fired at 1000 °C is the mullite content, varying from approximately 30% at
1000 °C to values around 85% at 1200 and 1300 °C. The differences in the results of the
point load test in the latter could correspond to the greater development of the mullite
crystals, as has been observed by means of FESEM observations. Therefore, at a higher
firing temperature, a greater resistance of the fired materials is observed, which is related
to a higher mullite content and a larger size of its crystals.

In general, therefore, it can be stated that, in terms of the mineralogical and textu-
ral changes and the physical properties and their variation with the firing temperature,
there are notable changes between the specimens fired at 1000 °C but there are no major
differences between the specimens fired at 1200 and 1300 °C, as density, shrinkage, color
and porosity do not show significant variation between these two temperatures, whereas
the mechanical behavior is enhanced at the highest temperature with greater point load
resistance observed in the specimens fired at 1300 °C (~44% higher).
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6. Conclusions

Regarding the genetic aspects of the deposit, kaolinite, boehmite and Fe oxides are
authigenic phases, formed in situ during the bauxitization process, and the abundant
pisoliths also formed in situ. The remaining identified phases, which occur as traces,
are relics of the parent rock. Bauxitization took place through dissolution/crystallization
mechanisms with a high fluid /rock ratio, together with direct precipitation of bauxitic
phases from Al- and Si-rich fluids in void spaces. The formation of the bauxite indicates
warm and humid climatic conditions, such as a tropical monsoon climate, which favored
intense chemical weathering. The deposit would have formed in several episodes, with
evidence of some reworking of the pisoliths between different stages.

With respect to the ceramic behavior and technological performance, increasing the
firing temperature produces textural homogenization and the disappearance of clays,
boehmite and goethite in the manufactured ceramics at 1000 °C, whereas hematite, quartz
and, especially, mullite, together with minor amounts of corundum, ilmenite, and cristo-
balite, are neoformed. The destabilization of kaolinite and illite leads to solid-state trans-
formation of these phases into mullite at 1000 °C, whereas at higher temperatures mullite
crystallizes from molten material, forming larger crystals with compositions closer to the
empirical mullite formula.

The physical properties of fired products are directly related to these mineralogical
and textural changes. Density and linear shrinkage increase non-linearly with firing
temperature, with the greatest increase between 1000 and 1200 °C, related to the formation
of a vitreous phase and the dihydroxylation of phyllosilicates, respectively. Color changes
are controlled by hematite content, whereas porosity decreases due to pore filling by the
vitreous phase and the subsequent mullite crystallization.

No major differences are observed between specimens fired at 1200 and 1300 °C,
except for the higher point load resistance at 1300 °C, which is related to the higher mullite
content and larger crystal size. Therefore, bauxite shows potential interest for ceramic
manufacturing, particularly due to the mechanical strength achieved in fired products.
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