
minerals

Article

Micro- and Nanotexture and Genesis of Ball Clays in the Lower
Cretaceous (SE Iberian Range, NE Spain)

Blanca Bauluz * , María José Mayayo, Elisa Laita and Alfonso Yuste

����������
�������

Citation: Bauluz, B.; Mayayo, M.J.;

Laita, E.; Yuste, A. Micro- and

Nanotexture and Genesis of Ball

Clays in the Lower Cretaceous (SE

Iberian Range, NE Spain). Minerals

2021, 11, 1339. https://doi.org/

10.3390/min11121339

Academic Editors: Ana I. Ruiz and

Jaime Cuevas Rodríguez

Received: 30 October 2021

Accepted: 26 November 2021

Published: 29 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

IUCA-Departamento de Ciencias de la Tierra, Universidad de Zaragoza, Pedro Cerbuna 12,
50009 Zaragoza, Spain; mayayo@unizar.es (M.J.M.); laita@unizar.es (E.L.); alfon@unizar.es (A.Y.)
* Correspondence: bauluz@unizar.es

Abstract: Ball clay deposits in the SE of the Iberian Range (NE Iberian Peninsula) consist of Albian
clays and siltstones with greyish and blackish colors, interbedded with subbituminous coals. The
ball clays are nowadays mined for the manufacture of white color ceramics. The mineralogy of
these deposits consists mainly of kaolinite, illitic phases, and quartz. The euhedral to sub-euhedral
morphology of the kaolinites suggests their in-situ origin. The anhedral morphology of the illites and
the presence of frayed illites suggest a detrital origin. At the micro-scale, authigenic kaolinite booklets
are observed filling pores and forming mica/kaolinite intergrowths, in which the kaolinite grows
between the cleavage sheets of pre-existing detrital mica. At nanometer scale, illite/smectite (IS)
phases are detected forming interlayers with mica and kaolinite, and evidence of the replacement of
mica by kaolinite is observed. The matrix consists of defective illite and kaolinite, and random mixed
layers of kaolinite-I/S (Kln-IS), illite-I/S (Ilt-IS), and I/S-smectite (IS-S). The textures of illite and
the presence of different types of mixed layers suggest that the expandable phases and kaolinite are
products of mica alteration. The effectivity of the alteration was probably a consequence of the low
pH that occurred in the environment due to the presence of abundant organic- and acidic- rich fluids.

Keywords: ball clays; electron microscopy; kaolinite; Iberian range

1. Introduction

Plastic ball clays are commonly composed of kaolinite (25%–80%), illite and mica
(10%–30%), and fine-grained quartz, and sometimes illite/smectite (IS) mixed-layered
minerals also occur. Organic matter—up to 4%—is also typical in these clays and a low
content of coloring oxides (Fe2O3 and TiO2) is a common feature. Each of these components
have a specific function in the technological process [1]). The term “ball clay” is probably
derived from early English mining practices, in which the clay was cut on the floors of
open pits, producing approximately 25 cm cubes or “balls” weighing about 15–17 kg [1].

The ceramic properties of plastic ball clays depend on the content of the clay minerals
but also on the crystallinity of the kaolinite and illite. These features influence the grain
size distribution and the specific Brunauer–Emmett–Teller (BET) surface area of the clays.
Plastic ball clays commonly contain large amounts of grains of <1 µm (50%–90%), and even
<0.22 µm (25%–40%). The grain size of clay is, in general, inversely proportional to the
specific surface area and plasticity [2].

Plastic ball clays for porcelain and refractory production have the largest qualitative
variability among applied raw materials [3]. Their characteristics have to be appropriate
to ensure good molding properties and mechanical strength. The presence of kaolinite
promotes mullite crystallization, whereas the presence of illite and smectite influences
vitreous phase formation and promotes good densification of the ceramic body during
firing [4,5].

Although several studies of the composition and ceramic properties of ball clays
have been published [6–11], we found a lack of research characterizing the micro- and
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nanotexture of these types of clays. This information is relevant since it controls their
properties and therefore their uses; deeper knowledge of these characteristics is essential to
infer their genesis.

This study focuses on the Albian kaolinite-rich clay deposits associated with coal
deposits located in the Southern Iberian Range (NE Spain), which can be considered ball
clays in the sense of Wilson, 1998 [1]. Previously, the mineralogy of these rocks was
characterized in various areas of the Oliete basin by Bauluz et al., 2008 [12] (Figure 1),
indicating the abundance and distribution of the kaolinite and illite contents. This study
revealed the detrital origin of the kaolinites forming the fine matrix of the clays and silts. In
contrast, the higher porosity of the sandstones, according to their observations, enhanced
kaolinite recrystallization during early diagenesis. The high contents of kaolin minerals in
these Albian sedimentary deposits, the organic matter contents, the low iron and titanium
content, and the lack of carbonates make them suitable to be actively mined nowadays for
the manufacture of ceramics. The coal levels were mined, until very recently, for energetic
purposes.

Figure 1. Ball clay deposits located and studied in the Iberian Range (Oliete Basin, NE Iberian Peninsula (blue stars:
Bauluz et al., (2008) [12], red stars: this study)).

In light of the high industrial interest that these clays have for ceramic manufacture,
this study has a double objective: to characterize their micro- and nanotextures using
high-resolution techniques, and then to infer the formation conditions of these clays.

2. Geological Information

The ball clay deposits of NE Spain are located in the Oliete-Ariño, Utrillas-Aliaga,
and Castellote basins in the SE of the Iberian Range (Oliete Basin, NE Iberian Peninsula)
(Figure 1). These deposits form the Escucha and Utrillas Formations (Albian, Lower Creta-
ceous) and consist mostly of clays and silts with greyish and blackish colors depending on
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the organic matter content; these lithologies are interbedded with significant subbituminous
coal levels.

At the beginning of the lower Albian, the sedimentation in these areas was typical
of a coastal marine environment, but it then evolved into a mudflat environment with
freshwater swamp plains. The environmental and climatic conditions were appropriate
for the formation of peat deposits containing pristine plant parts, decayed plants, decay
products, and even charcoal [13].

3. Materials and Methods

Bauluz et al., (2008) mainly studied the Escucha Formation and the lower part of the
Utrillas Formation in the area of Ariño-Oliete. In this research the study has been extended
to the Gargallo-Estercuel zone [12].

The mineralogy of 41 claystones and siltstones that correspond to Estercuel-Gargallo
(n = 41) were sampled in the middle and upper members of the Escucha Formation and
analyzed by X-ray diffraction (XRD). Differentiation between claystone and silstone was
made on the basis of mineralogical composition deduced by XRD. The quartz contents
in siltstones is higher than 45%. These studies were carried out on randomly oriented
powder mounts and oriented <2 µm fractions separated by centrifugation. Air-dried and
ethylene-glycol oriented samples were analyzed to detect any expandable components.
A Philips PW1729 diffractometer (Philips, Amsterdam, The Netherlands) with Cu-Kα

radiation was used. For semi-quantitative estimation of the mineralogical concentrations,
the intensity factors of [14,15] were applied. The XRD data were stored as computer files
with the XPowderX software (version 2017.01.02) [16]. In order to characterize the clay
minerals, values of kaolinite and illite crystallinity were measured on the 7 Å and 10 Å
peaks, respectively, both in air-dried (AO) and ethylene (EG) oriented samples. In order to
check for the presence/absence of halloysite the formamide treatment described by [17]
was applied.

Following XRD, selected samples (n = 18) from the Ariño-Oliete and Gargallo-Estercuel
subbasins were analyzed by field emission scanning electron microscopy (FESEM), using
secondary electron (SE), backscattered electron (BSE), and energy-dispersive X-ray (EDS)
analysis to obtain textural and chemical information. The observations were performed
using a Carl Zeiss microscope. The accelerating voltage was 15 kV with an Iprobe of 100 pA
for BSE, and it was 5 kV with an Iprobe of 100 pA for SE. Rock fragments were used for SE
imaging in order to observe the morphology of the phases, and thin sections were used for
BSE imaging with the aim of getting compositional images. All samples were coated with
carbon for BSE and SE imaging and for EDS analysis.

Selected samples (n = 6) were also analyzed by transmission electron microscopy
(TEM). The preparation of samples for TEM observation followed two different procedures.

3.1. Impregnation with London Resin White (LRW) Resin and Ion Thinning

Samples selected for microstructural analysis were prepared using a method modified
from [18], as described by [19]. The method involves a multi-step exchange of the sample
material with ethanol (99.9%) and LRW under refrigeration. The aim of the impregnation
is to preserve the texture and the permanent expansion of smectite interlayers for TEM
observation. The cured samples were cut perpendicular to the bedding, and an ordinary
thin section was then prepared using a diamond saw, with oil as the lubricant to shape the
samples. Sticky wax was used as an adhesive to bond the sample and the thin section glass.
Several 3 mm copper rings with a hole 1 mm in diameter were glued with an epoxy resin
to the areas selected for further study. After drying for 24 h, the rings were removed by
heating the thin section. The rings were cleaned and ion-thinned to a suitable thickness
for TEM study in a Gatan Duo ion mill (SAI, Universidad de Zaragoza, Zaragoza, Spain).
The initial conditions for the ion thinning were 12◦, 5 kV, and 5 mA until the first hole
opened; then there was an intermediate stage with 8◦, 4 kV and 5 mA; this was followed
by a final stage with 5◦, 3 kV, and 5 mA. The ion-milled samples were observed using a



Minerals 2021, 11, 1339 4 of 15

Tecnai F30 TEM operated at 300 kV. A through-focus series of images were obtained from
1000 Å underfocus to 1000 Å overfocus, in part to obtain optimum contrast for IS ordering
(overfocus) following the procedure described by [20–22]. Selected area electron diffraction
(SAED) patterns were also taken from the clay-rich areas. The nomenclature proposed
by [23] is used for the illite-smectite mixed-layers identified by TEM.

3.2. Particle Dispersion

Powders of the natural samples were prepared using carbon-coated Cu grids. The
powder was dispersed in ultra-pure ethanol and immersed in the ultrasonic bath for 15 s.
This preparation disperses individual grains of minerals onto the grid surface. The aim of
this preparation is to observe by TEM the morphology of the clays and to identify them
using EDS analysis.

The chemical composition of the samples were analyzed in Actlabs Laboratoires
(Ancaster, Ontario, Canada). Contents in SiO2, Al2O3, TiO2, Fe2O3(t), K2O and Na2O were
analyzed by X-Ray Fluorescence (XRF).

4. Results
4.1. Mineralogy (XRD Studies)

According to the XRD study, these rocks consist of quartz, kaolinite, and illite, with
accessory feldspars (<5%). Calcite is only present at the bottom of the sections; the rest of
the levels do not have carbonates (Figure 2). The relative proportions of each phase vary in
the different lithologies. Usually, the kaolinite contents in the <2 µm fraction range from
30% to 60%, and usually its contents are higher than those of illite, the mean value of the
Kln/Ilt ratio being 1.5 (Figure S1). The treatment used to check the presence of halloysite
gave a negative result.

Both kaolinite and illite show variable crystallinity values. In the case of Kln, the
values range from 0.36 to 0.74 in AO samples and from 0.37 to 0.72 in EG samples. This
parameter in illites varies from 0.21 to 0.70 in AO and from 0.28 to 0.68 in EG. In several
cases, the values are larger in EG-treated samples than in the corresponding non-treated
samples, as Figure 3 shows. This is mainly observed in kaolinites but there are also some
examples in illites. It is a consequence of the presence of an expandable component,
probably smectite-type layers in some kaolinites and illites.

4.2. Morphology of the Clays (FESEM/SE and TEM Images)

Under FESEM, the particles of kaolinite are shown to be subhedral to euhedral
nanometer-size plates and with hexagonal (or pseudohexagonal) morphologies, as
Figure 4A,C show. Occasionally, halloysite tubes are observed, with sizes around 600 nm
in length and 70 nm nm in thickness (Figure 4B,D). TEM images reveal the central hole
parallel to the b axis of the halloysite crystal (Figure 4D). This characteristic morphology
of halloysite tubes is a consequence of the layer rolling caused by the dimensional misfit
between the octahedral and tetrahedral sheets and weak interlayer bonding. Halloysite
was not detected by XRD, probably due to its low proportions in the samples.
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Figure 2. Representative section of the Escucha Formation and the start of the Utrillas Formation
(Estercuel-Gargallo subbasin) showing lithologies and mineralogy (XRD) of both the whole sample
and the less than 2 µm fraction. Cal = calcite, Qtz = quartz, F = feldspars, Phyll = phyllosilicates.
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Figure 3. (A) Kln crystallinity measured in AO samples vs Kln crystallinity measured in EG samples. (B) Illite crystallinity
measured in AO samples vs. illite crystallinity measured in EG samples, both in clays and silts.

Figure 4. Cont.
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Figure 4. Electron microscopy images showing typical morphologies of kaolinites (A,C)
and halloysites (B,D) and those of illites (E–H). (A,B,E) are FESEM/SE images; (C,D,F–H)
are TEM images. Ilt = illite, Ms: muscovite.

In contrast, illites are present in the samples as anhedral to subhedral plates; these
plates range fom micron to nanometer sizes (Figure 4E–G). In the case of the subhedral
illite plates they sometimes have pseudohexagonal outlines (Figure 4F). Illites with lath
morphologies and frayed edges are also observed (Figure 4H).

4.3. Microtexture and Composition of the Clays (FESEM/BSE Images)

BSE images of polished sections show that rock frameworks are formed by mixtures
of detrital quartz, white K micas (muscovite), and accessory K feldspars, along with Fe and
Ti oxides (Figure 5A,B). The large phyllosilicates have random orientations (Figure 5A).
On the other hand, the matrix consists of fine mixtures of kaolinite and illite (or IS phases)
(Figure 5A,B).

Kaolinite-mica intergrowths are abundant in these rocks (Figure 5C–H). All of them
have in common that both kaolinite and mica are stacked parallel to each other and the
aggregates are up to 10–15 µm thick along the c axis.

Figure 5C,D, which is an enlargement of Figure 5C, show that the kaolinite is mainly
on the edges of the intergrowths, suggesting that the mica is being replaced by kaolinite.
Similar textural relations between these two phyllosilicates are also observed in Figure 5H.
In large mica-kaolinite intergrowths, the kaolinite grows between cleavage sheets of pre-
existing detrital mica. This produces the displacement of the mica sheets (Figure 5G).
Intergrowths formed mainly of kaolinite, constituting booklet-type aggregates with only
some mica relicts are also observed (Figure 5E,F). These textural relations suggest a more
advanced process than that observed in Figure 5D,H. In some cases, the continuity of the
thin packets of muscovite is more diffuse, and they seem to disappear into a kaolinite
matrix (Figure 5F). Similar aggregates of lower size are observed forming the matrix but, in
this case, they are only made up of kaolinite plates (Figure 5B).
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Figure 5. BSE/FESEM images of polished sections. (A,B) show the typical texture of the rocks with
random orientations. (C–H) show the presence of mica-kaolinite intergrowths. (D) is an enlargement
of (C). Qtz: Quartz, KF: K feldspar, M: Mica, Kln: kaolinite, FeOx: Fe oxides, TiOx: Ti oxides.

All these textures suggest an in-situ origin for kaolinites in contrast with the detrital
origin of the K micas.
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4.4. Nanotextures of the Clays (TEM Images)

TEM images show the textural elements depicted by FESEM: (1) Ms-Kln intergrowths
and (2) the fine matrix formed by clays.

Figure 6 shows that these intergrowths are observed at the nanometric scale. In this
figure, several mica-kaolinite intergrowths are illustrated. Both mica and kaolinite packets
are of variable thickness, usually up to 10–15 Å.

Figure 6. High Resolution TEM images and SAED patterns (insets of mica-kaolinite intergrowths (A–C) and 10 Å to 7 Å
layer transitions (D).

Figure 6A corresponds to a >100 Å thick mica-kaolinite intergrowth. The mica packets
are thinner towards the edge of the sample. SAED patterns (inset in Figure 6A) show how
the c* crystallographic axes of both phases are parallel to each other, and the 00l reflections
of both kaolinite and mica are also observed. Figure 6B shows much thinner intergrowths
up to 30 nm thick, which consist of illite and kaolinite packets. On occasion, mixed-layered
I-S minerals are identified. They are 21 Å thick, which corresponds to the sum of one
illite layer (10 Å) plus one partially collapsed smectite layer (12 Å). These I/S units are in
contact both with kaolinite and illite. In Figure 6C we observe similar intergrowths; here
the mica layers are displaced because of the kaolinite growths, producing lenticular voids
(v). Frayed illites are observed, like those shown among illite particles by TEM in Figure 4H.
Evidence of 10 Å to 7 Å layer transitions is observed (Figure 6D), and the corresponding
SAED patterns show that the c* axes of both clays are parallel to each other and to the 00l
reflections of both phases.

In summary, HRTEM images show the existence of kaolinite-mica intergrowths at
the nanometer scale as well as complex and disordered interlayering among kaolinite,
muscovite, and IS phases.

High Resolution TEM (HRTEM) images of the fine-grained matrix show the presence
of abundant illite, kaolinite, I-S phases, and smectite. Halloysite is not distinguished in
these images, but it was observed in FESEM and TEM images of clay particles.

According to the HRTEM images, the clay matrix is quite heterogeneous. There are
some areas with parallel to subparallel illite and kaolinite packets, with thicknesses ranging
from 5 to 20 nm (Figure 7A). On occasion, kaolinite or illite form mixed layers with I-S
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phases, and their lattice fringe images show abundant layer terminations. In other zones,
as Figure 7B illustrates, there are frayed oblique illite packets that show disordered SAED
suggesting a 1 Md polytype. Complex mixed-layered minerals formed by Sm-layers and IS
phases are also observed in HRTEM images of the matrix (Figure 7C), and they also show
disordered polytypes (1 Md type). In Figure 7D, a number of IS phases are interstratified
with illite layers (10 Å spacing). Random mixed-layered illite/kaolinite are visualized in
Figure 7E; the presence of layer terminations in the images and the SAED patterns indicate
that they are defective structures. Pure kaolinite areas are also observed (Figure 7F). The
layer terminations and non-straight lattices observed in the HRTEM images of kaolinite
along with the disordered polytypes (SAED patterns) suggest that the kaolinite has low
crystallinity.

Figure 7. HRTEM images corresponding to the fine clay matrix of the rocks. (A) Clay matrix formed by illite (Ilt), kaolinite
(kln) and I/S mixed layers. (B) Frayed oblique illite (Ilt) packets, inset shows disordered SAED suggesting a 1 Md polytype.
(C) Complex mixed-layered minerals formed by Sm-layers and IS phases, inset shows disordered polytypes (1 Md type).
(D) I-S phases interstratified with illite layers (10 Å spacing). (E) Random mixed-layered illite/kaolinite (Ilt/Kln). (F) Pure
kaolinite areas with layer terminations and non-straight lattices, inset shows SAED pattern suggesting disordered polytypes.
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In summary, high-resolution images corresponding to fine matrix show very complex
relations between the three types of phases. We have observed defective illite and kaolinite,
and random mixed layers of Kln-IS, Ilt-IS, and IS-S. In general, the SAED patterns suggest
disordered polytypes.

4.5. Chemical Composition of the Studied Ball Clays

These clayey deposits are SiO2- and Al2O3-rich, with average contents of 57.7% and
23.1%, respectively, with low Fe2O3 (3.5%) and K2O (2.6%) and very low contents in
S (0.2%), TiO2 (0.9%), MgO (0.6%), Na2O (0.4%), CaO (0.4%), P2O5 (0.10%), and MnO
(0.03%). The mean value of the loss of ignition (LOI) is 10.2%, which results from the
hydrated minerals (e.g., phyllosilicates) and the organic matter of the samples.

The studied ball clays are of a similar composition to other ball clays (Figure 8). The
differences are related to the Al2O3 content, which is lower in the Iberian ball clays (23.1%)
than in those from Devon (27.29%) and Poland (25.9%), and the higher Fe2O3 (3.5%) with
respect to those from Devon (0.97%) and Poland (1.0%). Plots of the analyses of these groups
of ball clays overlap each other in the Al2O3-SiO2- (Fe2O3 + TiO2 + Na2O + CaO + K2O)
plot. In an enlargement of a part of the plot, we can observe that the SiO2/Al2O3 variations
are similar in each group and that the NE Spanish clays are slightly displaced towards the
(Fe2O3 + TiO2 + Na2O + CaO + K2O) vertex.

Figure 8. Plot of the chemical composition of the ball clays from NE Spain (this study), ball clays
from Devon [1], ball clays from Poland [9], and refractory clays [24]. (Table S1).

5. Discussion
5.1. Mineralogy of the Ball Clay Deposits

The mineralogical composition of the levels analyzed by XRD and FESEM shows
the coexistence of dioctahedral micas (muscovite and illites), kaolinite, quartz and minor
feldspars, and Fe and Ti oxides. According to the bibliography, this is the characteristic
mineralogy of ball clays. The mineral assemblages are quite homogenous throughout the
formation. Only relative variations among the mineral phases are observed, reflecting the
sampled lithologies.

The simplicity in the mineralogy contrasts with the electron-microscopy observations.
The combination of FESEM and HRTEM shows the presence of complex mixtures of
various types of dioctahedral phyllosilicates such as kaolinite, muscovite, illite, smectite,
mixed-layered IS, along with non-clay phases such as quartz and minor feldspars, Ti and
Fe oxides, and organic matter.
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Some of the phyllosilicates are of micron size and are clearly visible at the SEM
scale, such as muscovite and kaolinite. They form discrete phases, with intergrowths
between them. Kaolinite also forms booklets up to 15 µm. The texture of the kaolinites
in booklets and intergrowths with mica suggests that they are authigenic. In the latter,
kaolinite growths displace mica sheets. The textures also show some kind of alteration
from mica to kaolinite, as it has been confirmed by TEM with the observation of the illite- to
kaolinite-layer transitions. TEM also shows the presence of I-S phases as minor components
interlayered with illite and kaolinite.

The matrix of the rocks is mainly formed by illite and kaolinite, which show 5 to
20 nm thick packets, as the HRTEM images reflect. These sizes are too small to be resolved
by FESEM. TEM analyses of clay particles reveal that the kaolinites usually have smaller
crystal sizes than the illites. High-resolution images show that, in addition to kaolinite and
illite in the matrix, there are also very complex interlayered phases such as Kln-IS, Ilt-IS, IS,
and IS-Sm. These usually display random ordering. The random stacking produces SAED
patterns typical of disordered polytypes.

The interstratifications of illite and kaolinite with expandable phases is reflected in
the crystallinity indices determined by XRD. Figure 3 shows that some of the crystallinity
index measurements have larger values in the EG-treated samples than in the air-dried
samples, reflecting the presence of the same expandable components both in illites and
kaolinites. These clays are disordered and have defective structures, as it has been inferred
from HRTEM images and SAED patterns.

Therefore, although the XRD data show the presence of the major phases in the
analyzed ball clays and the presence of some expandable components both in illite and
kaolinite, the use of high-resolution electron images is essential to ascertain in detail the
presence of complex intergrowths and interstratifications. The described mineralogical
characteristics, along with the presence of organic matter, are responsible for the plasticity
of these deposits.

5.2. Genesis of the Clay Minerals

Previous studies [12] suggest a detrital origin for all the clays in these deposits. How-
ever, the use of high-resolution techniques provides evidence of the coexistence of detrital
and authigenic clays.

The euhedral to subhedral pseudohexagonal kaolinite plates and the occurrence of
halloysite tubes suggest that they are probably of in-situ origin. The presence of kaolinite
plates forming delicate book-like aggregates suggests that they would not have resisted
sedimentary transport, and the growth of kaolinite among mica sheets and the alteration of
mica to kaolinite support the hypothesis of an authigenic origin of the kaolinite. In contrast,
the anhedral morphology of the illites and the evidence of illite alteration (e.g., frayed
illites) suggest a detrital origin for the illites.

Further evidence of mica alteration would be the presence of expandable phases
interstratified with illite. In the case of interstratifications with kaolinites, the expandable
phases may be the reaction product of the alteration of K micas, which are more easily
altered than kaolinites.

Experimental studies [25] have established that in pH ≤ 3 and low ionic-strength
experiments, illite alteration takes place with the removal of interlayer K followed by the
dissolution of octahedral cations (Fe, Mg, and Al), the dissolution of Si being the limiting
step in the illite dissolution processes. These authors established that the dissolution rate
of illite was mainly controlled by the solution pH and no effect of ionic strength was
observed on the dissolution rates. Other authors [26] indicate that at acidic pH the reaction
rate appears to be controlled by the breaking of tetrahedral Si-O bonds after adjoining
tetrahedral Al has been removed by the proton exchange reaction.

The sedimentary environment of the analyzed ball clays provides specific conditions
favoring the alteration or destabilization of illite. As it has been described in the Geological
Information section, the studied ball clay deposits are part of continental sedimentary
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deposits formed in transitional environments. Specifically, the Escucha Formation in
this area corresponds to a mudflat environment with freshwater swamp plains. At the
beginning of the lower Albian, the sedimentation in these areas was typical of a coastal
marine environment, but it then evolved into a mudflat environment with freshwater
swamp plains. The accumulation of these clay deposits along with subbituminous coal
deposits was favored by several factors, including the paleogeography, which enhanced the
occurrence of these materials in areas of high subsidence (e.g., the Ariño-Estercuel, Utrillas-
Aliaga, Castellón, and Calanda subbasins). Tectonics and stratigraphy were also controlling
factors, since tectonics fragmented the upper Aptian platform and created the sedimentary
basins where the Escucha Formation was deposited, and the coal and kaolinite-rich levels
were well developed when these appropriate continental characteristics prevailed [13].

The presence of abundant organic matter both in the coal and the clay deposits
suggests the presence of organic- and acidic-rich fluids that would have been responsible
for silicate alteration (micas, feldspars) and the subsequent formation of kaolinite, as other
authors have suggested [27–33]. The complex intergrowths and interlayering observed both
at micron- and nano-scale suggest that the mineral reactions (dissolution and alteration of
K silicates) were not complete.

Some authors suggest that kaolinite can also form under early diagenetic (reducing)
conditions [34,35], reporting kaolinite formation by weathering in paleosols and by the
early diagenesis of dark grey mudstone facies under the meteoric water table. In the studied
case, crystallization of kaolinite probably started under sedimentary conditions, and it may
have progressed under early diagenetic conditions. The presence of the subbituminous
coal levels interbedded with the clay deposits suggests a low degree of diagenesis, reaching
temperatures probably lower than 100 ◦C. This suggests that these deposits underwent
only a very low degree of diagenetic evolution.

6. Conclusions

The combination of XRD, FESEM, and TEM techniques indicates that the analyzed
ball clays consist of complex intergrowths at the micron scale, and complex, disordered
mixed-layered phases at nanometer scale formed by kaolinite, micas, illite, illite-smectite
phases, and smectite. Detrital micas and illites were altered and replaced by illite-smectite,
kaolinite, and smectite. The kaolinite textures also indicate an in-situ origin for this mineral
that grows on micas and fills pores. The textures of the rocks along with the organic matter
content generate the plasticity.

The authigenesis of kaolinite and the alteration of detrital clays took place under
sedimentary conditions and were favored by the presence of freshwater swamp plains,
acidic conditions, and the paleogeography.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11121339/s1, Figure S1: XRD patterns of oriented kaolinite- rich fractions (<2 µm
fractions, air-dried oriented samples) corresponding to (a) a siltstone, (b) a claystone. Table S1:
Chemical compositions (wt %) of ball clays from NE Spain (this study), ball clays from Devon [1],
ball clays from Poland [9], and refractory clays [24].
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