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Preface

This Reprint presents a collection of contributions focused on the origin, evolution, and
applications of clay minerals in diverse geological settings. Its scope covers mineralogical,
geochemical, and environmental perspectives, with the aim of advancing the understanding of
clay formation processes and their significance as indicators of past environmental conditions and
valuable industrial resources.

The motivation for this Reprint arises from the increasing recognition of clay minerals as key
components linking Earth surface processes, paleoclimatic change, and resource potential.

Recent analytical developments and interdisciplinary approaches have opened new
opportunities to better characterize clay minerals and to interpret their role in both geological
settings and technological applications.

This Reprint seeks to provide a coherent and updated reference that bridges fundamental

research with applied perspectives, supporting future studies and innovations in the field.

Elisa Laita Florian, Javier Garcia Rivas, and Isabel Abad
Guest Editors
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Editorial
Editorial for Special Issue “Clay Minerals: From Paleoclimatic
and Paleoenvironmental Indicators to Industrial Raw Materials”

Elisa Laita 1'2*, Javier Garcia-Rivas 3 and Isabel Abad 2
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64000 Pau, France
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Clays and clay minerals constitute important mineral resources from both scientific
and industrial perspectives. The genesis of clay minerals takes place when low-temperature
aqueous solutions interact with rocks on the Earth’s surface. Certain factors, such as the
environment, temperature, amount of water available, and the type of weathered rock,
determine the clay minerals formed. Therefore, clay minerals can provide information
about the paleoclimate or paleoenvironment under which they were formed. Additionally,
clays are also materials of great industrial and economic interest. Currently, clays are used
in many types of industries since they constitute important components used in the manu-
facturing of many products, such as plastics, paper, cement, absorbent materials, ceramic
and refractory materials, among others. The physical and chemical characterization of
different clays (e.g., kaolin, smectites, fibrous clays) is of great interest since their industrial
applications are closely related to their structure and composition.

This Special Issue, entitled “Clay Minerals: From Paleoclimatic and Paleoenviron-
mental Indicators to Industrial Raw Materials”, includes ten contributions that investigate
the origin, mineralogical characteristics, environmental significance, and technological
applications of clay minerals. The studies examine clay deposits formed in different ge-
ological settings and highlight their importance both as paleoenvironmental indicators
and as valuable industrial resources. Several contributions focus on the genesis of clay
minerals in sedimentary environments (contributions 1, 2, 6, 7, 8, 9, and 10). These studies
analyze clay assemblages formed in settings such as playa-lake systems, marine evaporitic
environments, and ancient sedimentary basins. Through mineralogical and geochemical
analyses, the authors explore processes, such as detrital input, authigenic mineral forma-
tion, and mineral transformations, related to variations in hydrochemistry and depositional
conditions. Some of these papers emphasize the use of clay minerals as paleoenvironmental
and paleoclimatic indicators (contributions 1, 2, 7, 9, and 10). Variations in clay mineral
assemblages and geochemical characteristics are used to reconstruct past environmental
conditions, including weathering intensity, hydrochemical evolution, and climatic regimes
affecting sediment deposition. In addition, some contributions also address the miner-
alogical and physicochemical characterization of clay deposits with potential industrial
applications (contributions 3, 4, 5, 8, 9, and 10). Using techniques such as X-ray diffrac-
tion, electron microscopy, and spectroscopic analyses, these studies evaluate sepiolite,

Minerals 2026, 16, 342 https://doi.org/10.3390/min16040342
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bentonite, kaolin, and laterites for applications in ceramics, adsorption, and environmental
technologies.

Overall, the papers included in the Special Issue highlight the multidisciplinary
significance of clay minerals in both palaeoclimatic and palaeoenvironmental studies and
industrial applications.

The paper by Laita et al. (contribution 1) investigates clay-rich and iron-bearing
palaeosols developed at the Middle-Upper Jurassic unconformity of the External Prebetic
and the Iberian Range (South Iberian Palaeomargin and East Iberian Palaeomargin) in
order to reconstruct the palaeoclimatic conditions that affected the exposed carbonate
platform during the Callovian-Oxfordian. Their results reveal a mineral assemblage dom-
inated by kaolinite and iron oxides, such as goethite and hematite. The occurrence of
kaolinite crystals formed in situ, together with concentric iron-coated grains, indicates
the development of plinthitic palaeosols under intense chemical weathering during peri-
ods of subaerial exposure. Geochemical proxies also confirm a high degree of alteration
consistent with warm and humid climatic conditions during the Callovian-Oxfordian
transition. This contribution demonstrates how clay minerals can act as robust indicators
of past climatic regimes and weathering intensity. By linking clay mineral genesis with the
regional paleoenvironmental evolution in the western Tethys, the study highlights the im-
portance of clay mineral assemblages as key archives for reconstructing ancient climate and
surface processes.

The paper by del Buey et al. (contribution 2) investigates the origin and evolution
of palygorskite in lacustrine environments, focusing on three recent hyperalkaline playa-
lakes in Central Spain and their relationship with nearby Miocene lacustrine deposits.
The authors address this issue through an integrated mineralogical and microanalytical
approach to trace palygorskite from the source (Miocene marlstones and mudstones) to the
sink (recent playa-lakes). The results demonstrate the coexistence of both inherited (detri-
tal) and neoformed (authigenic) palygorskite in the studied lakes. Detrital palygorskite
shows degradation, wider fibers, and near-ideal compositions, indicating inheritance from
older lacustrine deposits. Authigenic palygorskite forms narrower fibers with composi-
tions controlled by lake hydrochemistry, enriched in Al,O3, MgO, and Fe;O3. Iron-rich
varieties occur with saponite, reflecting Mg competition during precipitation, also ob-
served between smectite and palygorskite in Miocene mudstones. These findings highlight
how physicochemical differences in closely spaced hyperalkaline lakes can strongly influ-
ence the crystallochemistry of authigenic palygorskite and demonstrate the value of paly-
gorskite as a sensitive geochemical proxy for interpreting paleoenvironmental conditions in
lacustrine systems.

The paper by Sousa et al. (contribution 3) examines the interaction between expandable
clay minerals and glycerin-based drilling fluids, which have been proposed as an alternative
to conventional inhibited fluids for drilling highly reactive formations. Despite their
potential advantages, operational problems such as drill bit and drill pipe balling, caused
by the agglomeration and accretion of cuttings, can still occur. The authors investigate
how these interactions affect wellbore stability and the extent to which accretion develops
during drilling in clay-rich formations. Bentonite pellets were used as an analog for
reactive formations. These pellets are mainly composed of interstratified illite-smectite
clay minerals, and they consistently display highly plastic behavior and a strong tendency
to expand. Accretion tests using glycerin-based drilling fluids containing different types
of expansion inhibitors show that accretion remained significant in all tested fluids, with
values exceeding 58%, indicating that neither glycerin nor the tested inhibitors were
effective in reducing clay expansion or preventing cuttings aggregation. These findings
highlight the critical role of clay mineralogy in drilling performance and demonstrate

https:/ /doi.org/10.3390/min16040342
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how detailed mineralogical characterization of clays directly informs their technological
performance and industrial applications.

The paper by Bakouan et al. (contribution 4), explores the valorization of two lateritic
materials from Bririmian and Precambrian environments in Burkina Faso, focusing on how
geological provenance influences their mineralogical and physicochemical properties. The
findings reveal that while geological context gives information regarding mineralogical
composition of the laterites (quartz, kaolinite, hematite, and goethite), it alone does not
determine their suitability as adsorbents. Instead, key physicochemical traits such as
specific surface area (41.15-58.65 m?/g), cation exchange capacity (52.3-58.7 cmol(+)/kg 1),
and anion exchange capacity (64.6-86.5 cmol(—)/kg~!) are critical. The results demonstrate
high efficacy in removing arsenate and arsenite from aqueous solutions, achieving up to
99.7% removal at optimal conditions, alongside notable removal rates for Pb(II) and Cu(II).
These results underscore the potential of the laterites as cost-effective adsorbents for heavy
metals and anionic contaminants in groundwater and highlight the role of laterites as
versatile industrial raw materials for environmental remediation.

The paper by Ionescu et al. (contribution 5) presents a comprehensive investiga-
tion of a Miocene carbonatic clay from Transylvania (Romania), a material historically
utilized for over a century in traditional ceramics, bricks, and tiles. The authors explore
the mineralogical and microstructural transformations of the clay upon firing between
700 °C and 1200 °C. Their results reveal the progressive transformation of primary minerals
(illite, muscovite, feldspar, carbonate, Fe oxyhydroxides, and quartz) into high-temperature
phases such as gehlenite, clinopyroxene, maghemite, hematite, mullite, and «-cristobalite,
alongside a glassy matrix. These firing-induced phases serve as distinctive “ceramic mark-
ers,” providing valuable indicators of thermal history. By correlating optical appearance,
microstructure, and specific mineral associations, the authors propose a novel “ceramic
thermometer” capable of estimating firing temperatures in ancient ceramic artifacts. This
approach not only enhances the understanding of thermal behavior in clay-based materials
but also bridges geological, archeological, and industrial perspectives. The study exem-
plifies how detailed mineralogical analyses can inform both heritage studies and modern
ceramic production, highlighting the significance of clay as a versatile natural resource.

The paper by Yaremchuk et al. (contribution 6) investigates the mineralogical evolu-
tion of clays associated with Lower and Middle Miocene marine evaporite deposits in the
Ukrainian Carpathian Foredeep, emphasizing the role of brine concentration in controlling
clay mineral transformations. The authors characterize clay mineral assemblages across
different evaporite facies (gypsum, halite, and potash) and document systematic variations
linked to the geochemical conditions of deposition and diagenesis. In the gypsum facies,
assemblages are dominated by smectite and illite, with occasional mixed-layer chlorites-
mectite and illite-mectite, as well as chlorite. In halite facies, the composition varies with
stratigraphic unit: Eggenburgian rock salt (Vorotyshcha Suite) contains illite, chlorite, and
mixed-layer illite-smectite, whereas the Badenian rock salt (Tyras Suite) also includes smec-
tite, corrensite, and mixed-layer chlorite-smectite. Potash facies are characterized primarily
by illite and chlorite. These assemblages reflect progressive aggradational transformations
of unstable clay minerals such as kaolinite and smectite into the more stable illite and chlo-
rite under increasingly saline evaporitic conditions. The study also highlights the influence
of organic matter sorption, which may slow mineral transformation processes. The au-
thors document contrasting mineralogical patterns in the weathering zone of the evaporite
deposits, where reduced ionic concentrations promote degradational processes (forming
illite-smectite) and neoformation of kaolinite during desalination. This study demonstrates
how clay minerals in evaporitic environments record both palaeoenvironmental conditions
and post-depositional alteration.

https:/ /doi.org/10.3390/min16040342
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The paper by Bauluz et al. (contribution 7) provides a comprehensive mineralogical
and geochemical characterization of the Monte Castelo kaolin deposits (Burela, NW Spain),
derived from acid igneous rocks undergoing varying degrees of chemical weathering.
The authors trace the transformation of primary aluminosilicates (albite, K-feldspar, and
K-micas) into kaolinite as weathering intensifies. Their observations reveal that kaolinite
preferentially forms booklets and fine-grained matrices, and develops intergrowths along
muscovite cleavages, displaying bidimensional crystallographic continuity without de-
tectable intermediate phases. This insight into mica-kaolinite relationships underscores
the role of high water-to-rock ratios in controlling weathering processes. The study also
addresses analytical challenges in evaluating kaolinite crystallinity, demonstrating that
while quartz impurities disrupt Hinckley index calculations, the AGFI index provides a
robust alternative, effectively mitigating interference from coexisting minerals. Geochemi-
cally, the study documents a general decline in most elemental contents with progressive
weathering, except for Al, TiO,, HREEs, Ta, Hf, Th, U, V, Cr, S, Zr, Mo, and Sn, highlighting
selective enrichment processes. By linking nano-scale textures, mineral transformations,
and chemical evolution, this study advances our understanding of kaolin genesis under
natural weathering conditions.

The paper by Garcfa-Rivas et al. (contribution 8) provides a comprehensive mineralog-
ical and crystal-chemical characterization of bentonite deposits from the Benavila outcrop
in Portugal, representing the largest known occurrence of bentonite in continental Portugal.
The study offers detailed insight into the mineralogical composition, structural characteris-
tics, and geochemical features of these clay-rich materials. The results reveal that smectite
is the dominant phase, accompanied by variable proportions of calcite and minor accessory
minerals (tectosilicates and other phyllosilicates). Crystal-chemical analyses indicate that
the smectites belong to intermediate compositions within the montmorillonite-beidellite
series and display mixed cis-vacant and trans-vacant structural configurations, reflecting
complex formation and diagenetic processes. In addition, the geochemical data suggests
the influence of carbonate-rich fluids in the evolution of the deposit. The combination of
all the data shows the possible pathway of alteration that gave rise to the deposit. This
study exemplifies how advanced mineralogical and microanalytical techniques can be
integrated to unravel the origin, evolution, and structural variability of clay minerals. Ad-
ditionally, it contributes to a deeper understanding of these bentonites as a basis for further
industrial applications.

The paper by Lescano et al. (contribution 9) explores how the geological forma-
tion environment influences the physicochemical properties of a lacustrine-derived and a
hydrothermal-derived sepiolite from Spanish and Argentinian companies, a critical fac-
tor for both palaeoclimatic interpretations and industrial applications. The investigation
reveals striking differences between the two sepiolites. The lacustrine-derived sepiolite
exhibits a higher S5iO, /MgO ratio and contains amorphous silica impurities, whereas the
hydrothermal-derived sepiolite aligns closely with sepiolite’s theoretical stoichiometry and
displays enhanced crystallinity. Morphologically, the lacustrine-derived sepiolite forms
compact, aggregated fibrous structures, while the hydrothermal-derived sepiolite is charac-
terized by disaggregated, needle-like fibers with nanometric diameters and high aspect
ratios. Both sepiolites are predominantly hydrophilic, yet the hydrothermal-derived sepio-
lite shows suspended particles at the interface, hinting at a slightly higher hydrophobicity
than the lacustrine-derived sepiolite. These observations underscore the pivotal role of
formation environment in determining sepiolite’s structural, chemical, and surface features,
with direct implications for its dispersibility, adsorption capacity, and interfacial behavior.
The study advances our understanding of sepiolite as a paleoenvironmental indicator and
informs its optimized use as an industrial raw material.

https:/ /doi.org/10.3390/min16040342
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The paper by Zakusin et al. (contribution 10) provides a comprehensive miner-
alogical and adsorption properties characterization of smectite-palygorskite clays from
the Dashkovskoye and Borshchevskoye deposits (Lower Carboniferous, Russia), offer-
ing critical insights into their formation and environmental history. The study reveals
that Al-palygorskite from the Dashkovskoye deposit formed through sedimentation from
suspended matter in a shallow-water basin, contrasting with the chemogenic genesis
of palygorskites and the clastic/redeposited nature of smectites. In contrast, the Bor-
shchevskoye palygorskites exhibit a more complex terrigenous origin, formed from rede-
posited chemogenic Al-palygorskites transported from the Dashkovskoye region, with
Fe-palygorskites entering via upstream soil redeposition. Notably, the study demon-
strates a depth-dependent trend, where deeper basin layers contain increasing smectite
proportions and decreasing palygorskite content. Beyond their geological significance, all
analyzed clays show substantial adsorption capacities (3249 mg-eq/100 g), highlighting
their potential for industrial applications.

In summary, the contributions published in the Special Issue “Clay Minerals: From
Paleoclimatic and Paleoenvironmental Indicators to Industrial Raw Materials” confirm
the importance of integrated mineralogical and geochemical approaches in improving our
understanding of clay mineral formation and evolution. These studies highlight how the
characterization of clay minerals can provide valuable insights into past environmental
and climatic conditions, while also clarifying the processes controlling the transformation
and stability of clay minerals in different geological settings. The papers included in this
Special Issue also emphasize the relevance of clay minerals as industrial raw materials.
Through the application of modern analytical techniques, these studies illustrate how the
properties of clays are closely linked to their genesis and geological environment, which
ultimately determine their technological behavior and potential industrial applications.

As Guest Editors of this Special Issue, we hope that readers will find these contri-
butions both insightful and stimulating, providing new perspectives on the role of clay
minerals as indicators of paleoenvironmental and palaeoclimatic conditions and as valuable
materials for industrial use. Finally, we would like to express our sincere gratitude to the
Minerals editorial staff for their continuous support and guidance, and to all reviewers
for their valuable time and constructive comments that helped improve the quality of the
published papers.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The study of iron crusts containing iron-coated grains from different sections of the
Prebetic (SE Iberia) and the overlying marine sedimentary rocks also containing iron-coated grains
in the Prebetic and the Iberian Range (NE Iberia) allowed us to determine the palaeoclimatic and
palaeoenvironmental conditions under which they originated. The iron crusts are mainly composed
of clay minerals (kaolinite and illitic phases) and/or goethite and hematite. The kaolinite texture
indicates that it is authigenic, whereas the illitic phases are probably detrital. The mineralogy
and texture of the iron crusts allow us to classify them as plinthitic palaeosols. The iron-coated
grains consisting of a nucleus and a cortex, both composed of a mixture of kaolinite, goethite, and
hematite, originated in situ during the plinthite development. Reworking processes caused the
fragmentation and incorporation of the iron-coated grains into the overlying ferruginous oolithic
limestones and terrigenous-carbonated breccia. New marine iron-coated grains formed later in
the ferruginous oolithic limestones. The high Chemical Index of Alteration and Chemical Index of
Weathering values and the geochemical ratios (Ba/Sr, Rb/Sr, Sr/Cu, Ga/Rb) from iron deposits reflect
intense weathering under warm and humid conditions in the South Iberian Palaeomargin during the
Callovian—-Oxfordian, which may also take place in the East Iberian Palaeomargin (Iberian Range).

Keywords: geochemical ratios; illitic phases; iron-coated grains; iron crusts; kaolinite; palaeoclimate;
plinthite

1. Introduction

Clay minerals can be found in soils, sediments, and numerous sedimentary rocks at the
Earth’s surface. The genesis of clay minerals occurs predominantly in areas where chemical
weathering and edaphic processes (i.e., related to soil) take place, which are strongly
controlled by climatic factors such as temperature and precipitation [1,2]. Consequently,
the study of clay minerals from palaeosols (i.e., soils developed in the landscapes of the past)
gives key information for palaeoclimatic and palaeoenvironmental reconstructions [3-6].

Variations in clay mineral assemblages formed in palaeosols developed in Mesozoic
successions have been used as palaeoclimatic and palaeoenvironmental proxies [6-9].

Intense chemical weathering processes occur under warm and humid conditions
(subtropical to tropical), giving place to a very effective hydrolysis resulting in the genesis
of oxisols (according to the USDA (United States Department of Agriculture) soil taxonomy)
and bauxites. In these tropical soils, kaolinite is the main clay mineral together with Al
hydroxides and Fe oxyhydroxides [1-3,6,9-11].

Palaeosols can contain not only authigenic clay minerals formed by chemical weath-
ering but also clay minerals of different origins (detrital or diagenetic). This must be
taken into account when using clay minerals as palaeoclimatic and palaeoenvironmental
proxies. Detrital minerals are inherited and will, therefore, reflect the weathering processes
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developed in the source area, whereas diagenetic processes can modify the association
of clay minerals (both detrital and authigenic), transforming them into new diagenetic
phases and then invalidating the use of authigenic clay minerals as palaeoclimatic and
palaeoenvironmental proxies [6,8,9,12-14].

The worldwide loss of carbonate productivity from the Late Callovian to Early Oxfor-
dian has been attributed to climatic and oceanographic changes [15,16]. Oxygen isotope
data point to a progressive cooling of the ocean waters from Middle Callovian to Early Ox-
fordian with the subsequent sea-level fall and the erosion of carbonate platforms resulting
in common unconformities in wide areas, for example, in the Tethys [17-21]. Subsequently,
a warming event occurred during the Middle Oxfordian [15,22-25]. The §!80 variations
also reflect precipitation regimes against a general warm climate for the Middle to Late
Oxfordian [15,16].

During the Middle-Late Jurassic transition, the Tethyan Domain experienced impor-
tant sea-level fluctuations due to the fragmentation of continental palaeomargins under an
extensive rifting phase [21,26-28]. The fragmentation of continental palaecomargins and
the sea level changes in the Western Tethys gave place to a stratigraphic unconformity
recorded in different basins of western Europe and northern Africa [17-20,29-31].

Numerous regional studies describe the presence of this discontinuity in the External
Prebetic of the Betic Cordillera (SE Iberia), which represents the Mesozoic sedimentation of
the South Iberian Palaeomargin, with an iron crust containing iron-coated grains overlayed
by ferruginous oolithic limestones [31]. This discontinuity has previously been charac-
terized from a sedimentological, mineralogical, and geochemical point of view [21,32].
However, detailed characterization of the texture of the clay minerals assemblages in the
iron crusts and the iron-coated grains is still lacking.

In this work, X-ray diffraction, optical and electron microscopy, and geochemical
analysis have been carried out to undertake mineralogical characterization of the iron crust
containing iron-coated grains to the Middle-Late Jurassic discontinuity of the External
Prebetic, that represents proximal areas of the South Iberian Palaeomargin. New outcrops
and those previously reported in the literature for the External Prebetic, are analyzed,
including examples from the same discontinuity from the East Iberian Palaeomargin,
represented by the Iberian Range. The analyses allow us: (1) to determine the origin of the
clay minerals (authigenic, detrital, or diagenetic), (2) to evaluate the palaeoclimatic and
palaeoenvironmental conditions under which these iron crust and iron-coated grains were
generated during the Middle-Upper Jurassic transition in this area of the Betic Cordillera
(SE Iberia), and (3) to compare the palaeoenvironmental conditions and processes occurring
in the South Iberian Palaeomargin (External Prebetic) and the East Iberian Palaeomargin
(Iberian Range).

2. Geological Setting

The Betic Cordillera, situated to the S and SE of the Iberian Peninsula, represents
the western most sector of the European Alpine Orogen. Two main geological domains
are differentiated in the Betic Cordillera: the Betic External Zones and the Betic Internal
Zones [33]. The Betic External Zones comprise Mesozoic to Lower Neogene sedimentary
rocks that were deposited in the South Iberian Palaeomargin (Western Tethys). The higher
rank division of the Betic External Zones is into Prebetic and Subbetic [33,34]. Within
the Jurassic paleogeography of the South Iberian Palaeomargin, the Prebetic represents
a comparatively proximal epicontinental shelf, whereas the Subbetic represents distal
epioceanic swell and through areas. According to stratigraphic and tectonic data, the
Prebetic domain is subdivided into External and Internal Prebetic [33,35] (Figure 1). The
Prebetic successions are mainly formed by shallow marine facies, with continental episodes
and intervals of erosion, whereas pelagic facies are dominant in the Subbetic domain [33,36].
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Figure 1. Geological map of the Betic Cordillera showing the Prebetic and its location on the Iberian
Peninsula (SE Spain). The location of the previously studied outcrops by Reolid and Abad [21] and
Reolid et al. [32] in the Central External Prebetic (1: RGCH, RGCHP, and CHO sections) and Eastern
External Prebetic (2: PC1 to P4 sections) are represented together with the new outcrop analyzed in
this study located in the north area of the Central External Prebetic (3: VI section). Modified from
Reolid et al. [32].

The Middle-Upper Jurassic materials studied here are located in External Prebetic out-
crops (Figures 1 and 2). During the Early-Middle Jurassic, the External Prebetic constituted
a carbonate inner-self environment, which became a carbonate-siliciclastic mid-shelf envi-
ronment during the Late Jurassic (Middle Oxfordian to Early-Middle Kimmeridgian) [37].
There is a discontinuity associated with the Middle/Upper Jurassic boundary [36,38].

In the Central External Prebetic, the Callovian/Oxfordian boundary is located between
the carbonate deposits (Lower—-Middle Jurassic) of the Chorro Formation [39,40] and the
marl-limestone rhythmites (Middle-Upper Oxfordian) of the Lorente Formation [40,41].
The Chorro Formation encompasses approximately 400 m of Lower Jurassic dolomitized
limestones, along with 50 m of Middle Jurassic oolithic limestones with megaripples and
oncolithic-bioclastic facies [32]. The presence of Protopeneroplis striata [35,42], Mesoen-
dothyra croatica, and Trocholina palestiniensis [38] confirms Middle Jurassic age and a shallow
inner-shelf setting. The Upper Jurassic (Middle Oxfordian-Lower Kimmeridgian) Lorente
Formation constitutes the onset of hemipelagic sedimentation within the southeastern
epicontinental system. In the proximal sectors of the shelf, the Lorente Formation mainly
consists of 70-100 m thick succession of marl-limestone rhythmites, as documented by
Reolid [40] and Rodriguez-Tovar [43]. The Lorente Formation is commonly preceded by
<1 m of spongiolithic limestones [44,45].
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Figure 2. Sections from the central and eastern sectors of the External Prebetic showing the iron
crusts and the ferruginous oolithic limestones in the Callovian—-Oxfordian discontinuity (modified
from Reolid and Abad [21]) and images of the ferruginous—carbonated breccia containing iron-coated
grains (a) and the iron crust containing iron-coated grains (b) from the Villas (VI) section.

In the eastern sector, this discontinuity is located between the Chorro Formation and
the spongiolithic limestones (Middle-Upper Oxfordian) of the Yatova Formation [46]. The
spongiolithic limestones can reach around 16 m thick [44,45]. This stratigraphic succession
of the Eastern External Prebetic is similar to that described in the Iberian Range [19,46].

Iron crusts containing iron-coated grains have been documented in relation to this
Middle/Upper Jurassic discontinuity in the Sierra de Cazorla (Central External Prebetic)
and Altos de Chinchilla (Eastern External Prebetic) [21,32] (Figure 2). These crusts are also
observed in the Sierra de las Villas (north area of the Central External Prebetic), showing
a palaeosols appearance (Figure 2). According to Reolid et al. [32], the discontinuity in
the External Prebetic appears as a slightly irregular erosive surface with abundant iron
oxides, which coincides with the palaeokarst previously described in the Eastern External
Prebetic [21,47].

Ferruginous oolithic limestones (10—40 cm thick) occur over the iron crust in the central
(Sierra de Cazorla) and eastern (Altos de Chinchilla) sectors of the External Prebetic [21,32]
(Figure 2). Locally, these ferruginous oolithic limestones overlie the discontinuity surface
directly and pinch out laterally [21,31,32,40]. This lithofacies correlates with the Arroyofrio
Formation of the Iberian Range that preceded the spongiolithic limestone lithofacies of the
Yatova Formation (SE Iberia) [19,46].
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3. Samples and Methods

This work analyzes iron crusts and iron-coated grains from the External Prebetic
sections previously studied by Reolid and Abad [21] and Reolid et al. [32]. Additionally, it
includes a new outcrop located in the north area of the Central Prebetic (Sierra de las Villas,
province of Jaén, SE Spain) (Figures 1 and 2). This new outcrop provides new sedimentary
features, complementing the knowledge about the environmental conditions that occurred
during the Middle-Upper Jurassic transition. In addition, this study includes samples
from the equivalent ferruginous oolithic limestones from the neighbor domain, the Iberian
Range, represented by the Arroyofrio Formation. With respect to previous works, this
study is focused on the presence and palaeoenvironmental significance of clay minerals in
these deposits.

Therefore, the studied outcrops are distributed in the Central External Prebetic, Eastern
External Prebetic, and Iberian Range. The sections from the Central External Prebetic are
located in the western nappes of the Sierra de Cazorla (province of Jaén, SE Spain): Riogazas-
Chorro (RGCH, 37°52'22" N, 3°0'26" W), Riogazas-Chorro-SP (RGCHSP, 37°52/22" N,
3°0'22" W), and El Chorro (CHO, from 37°52'27" N, 3°0'22" W to 37°52'22" N, 3°0'16"” W).
The new outcrop in Sierra de las Villas (province of Jaén, SE Spain) is located 12 km north
of the outcrops of Sierra de Cazorla: Villas (VI, 37°59'08" N, 2°55'52" W).

The sections from the Eastern External Prebetic are located in the Sierra del Chortal
(province of Albacete, SE Spain): Pozo Cafnada 1 (PC1, 38°47'36” N, 1°43'25" W), Pozo
Canada 2 (PC2, 38°47'37" N, 1°43/25"” W), Pozo Cafiada 3 (PC3, 38°47'45" N, 1°43/18"” W)
and Pozo Caflada 4 (PC4, 38°47’48" N, 1°43’13" W). This area is around 140 km northeast
of the outcrops of the Central External Prebetic.

Finally, the iron-coated grains studied in the Iberian Range for comparing with the
External Prebetic come from the Arroyofrio Formation of the Sierra de Albarracin (province
of Teruel, E Spain): Gea de Albarracin (AF section, 40°24’45" N, 1°19'56" W). This outcrop
is around 310 km northeast of the outcrops of the Central External Prebetic.

3.1. X-ray Diffraction Study

The matrix of the iron crust from Sierra de las Villas and the iron-coated grains
separated from this matrix were analyzed by X-ray diffraction (XRD) from unoriented
powders (whole rock analysis) to determine their mineralogical composition. The <2 pm
fraction of the crust was extracted by centrifugation and was air-dried, and ethylene glycol-
treated oriented aggregates were prepared by sedimentation on glass slides to determine
the clay minerals present in the samples. To obtain the diffraction patterns, a PANalytical
Empyrean diffractometer was used at the Scientific-Technical Instrumentation Center
(CICT) of the University of Jaén (Spain), equipped with an X’Celerator solid-state linear
detector and 0/6 goniometer, using CuK« radiation, 45 kV voltage and 40 mA current. The
XRD patterns were acquired from 4° to 64° 26 for the whole rock samples and from 4° to
32° 20 for the <2 um fraction. In both cases, a step increment of 0.01° 26 and a counting
time of 10s/step was used. The recording was made with XPowderX software (Version
2023.06.01) [48].

Relative proportions of the mineral phases were calculated using Reference Intensity
Ratios (RIR) from the literature [49-51]. The RIR values were calculated following the pro-
cedure described by Hillier [52]. The A13* content in the goethite structure was calculated
in the unoriented powder XRD patterns of the crust and the iron pisoids as an indicator of
the origin of goethite [32,53], following the procedure proposed by Schulze [54] based on
the position of de dy19 and dy1; peaks of goethite in the XRD patterns.

3.2. Optical and Electron Microscopy Study

Polished thin sections of the iron crust and the ferruginous—carbonated breccia from the
Villas section were studied by optical microscopy to identify the minerals and characterize
their texture. Polished thin sections of the ferruginous oolithic limestone from RGCH, CHO,
and PC1 sections and the equivalent lithofacies of the AF section in the Iberian Range were

11
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also studied by optical microscopy to characterize the texture of iron-coated grains and
compare them with those from the Villas section. The iron-coated grains in the crust, the
ferruginous oolithic limestone, and the ferruginous—carbonated breccia, are described as
follows: macropisoids (>5 mm), pisoids (5-1 mm), ooids (1000-100 pm) and micro-ooids
(<100 um) [55].

The polished thin sections of the Villas section (the crust and the ferruginous—carbonated
breccia) and rock fragments of the iron crust and the iron-coated grains were examined
by Scanning Electron Microscopy (SEM) at the CICT (University of Jaén, Spain) using a
Merlin Carl Zeiss Gemni II SEM. The polished thin sections and the rock fragments were
previously carbon-coated. Compositional images were obtained using two detectors: an
angular selective backscattered electron detector (AsB) and an energy selective backscat-
tered electron detector (EsB). Chemical information and mapping were also obtained using
an energy-dispersive X-ray spectroscopy (EDS). The accelerating voltage for the AsB and
the EDS was 15 kV with a beam current of 750 pA, whereas for the EsB, the accelerating
voltage was 4 kV with a beam current of 750 pA. For the rock fragments, morphological
images were obtained using a secondary (In-lens) detector. In this case, the accelerating
voltage was 5 kV with a beam current of 750 pA. A polished thin section of the ferruginous
oolithic limestone from the AF section and rock fragments of the iron crust from the PC2
section were also studied by SEM using the same analytical conditions as for the Villas
section samples. The purpose of studying these samples was to compare the mineralogy
and texture of the clay minerals in the iron-coated grains of the AF section and the iron
crust of the PC2 section with those observed in the Villas section.

For those figures containing XRD patterns, optical and SEM images, mineral abbrevia-
tions are according to Whitney and Evans [56].

3.3. Geochemical Study

Elemental mappings of the ferruginous—carbonated breccia from the Villas section have
been obtained by an X-ray-microfluorescence M4 Tornado Brucker at the CICT (University
of Jaén, Spain). The major elements of the matrix of the iron crust and the iron-coated
grains from the Villas section were analyzed separately using X-ray fluorescence (XRF) in
a PANalytical Zetium spectrometer with a maximum power of 4 kW and provided with
an X-ray tube of Rh anode. Trace element analyses were carried out using a PerkinElmer
NexION 300D (PerkinElmer, Inc., Waltham, MA, USA) inductively coupled plasma-mass
spectrometer (ICP-MS). A total of 100 mg of sample powders were digested using HNO3 +
HF in a Teflon-lined vessel at 180 °C and 200 p.s.i. for 30 min, evaporation to dryness, and
then subsequently dissolved in 100 mL of 4 vol% HNO;3. Both the XRF and the ICP-MS
analyses were carried out at the Scientific Instruments Centre of the University of Granada
(CIC-UGR, Spain).

Palaeoclimatic and palaeoweathering proxies (Ba/Sr, Sr/Cu, Ga/Rb, and Rb/Sr) were
calculated from the chemical analyses of the iron crust from the Villas section and the
chemical analyses reported by Reolid et al. [32] for the iron crust in the RGCH section to
infer the palaeoclimatic conditions.

To evaluate the degree of chemical weathering in the iron crust from the Villas section
and those reported in the RGCH and PC2 sections [21,32], the Chemical Index of Alteration
(CIA) and the Chemical Index of Weathering (CIW) were determined. These indexes were
calculated by adapting the formula proposed by Nesbitt and Young [57]:

CIA = [ALLO3 / (ALL,O3 + NayO + K,O)] x 100 1)
and the formula proposed by Harnois [58]:

CIW = [AL,O3 / (A,O3 + NayO)] x 100 @)
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The CaO values are not considered in these calculations since, as will be shown
later, they come from the small proportions of calcite present in the crusts and not from
the phyllosilicates.

Additionally, the palaeoprecipitation regime was calculated using the climofunctions
of Sheldon et al. [59].

P =221 60.0197(CIA-K) (3)
P = 14.265 (CIA-K) — 37.632 @)
P = —259.34 In (B) + 759.05 ®)

where P is the palaeoprecipitation (mm/yr) and B in Equation (5) is the molecular ratio of
CaO + MgO + NaO to Al,O3 [59].

4. Results
4.1. Sedimentary Features

In the Villas section, the boundary between the Middle and Upper Jurassic is repre-
sented by a reddish terrigenous iron crust containing iron-coated grains (Figure 2). This
crust is harder than the crust described in the other sections from the Central External
Prebetic. According to Reolid and Abad [21], the iron crust is poorly preserved in the
Prebetic. When preserved, it is a hard crust ranging from 2 to 10 cm in the Central Prebetic
of Sierra de Cazorla (RGCH section). This crust is represented by a soft reddish to yellowish
crust in the Eastern Prebetic (PC2 section), but commonly, it is not recorded or millimetric
(PC 1 section). The iron crust related to the Middle-Upper Jurassic discontinuity has not
been recorded in the Iberian Range.

Over the iron crust, and commonly, directly overlying the Middle Jurassic carbonates,
there is the ferruginous oolithic limestone both in the External Prebetic and the Iberian
Range [19,21,31,46]. Iron-coated grains are commonly recorded in these lithofacies together
with abundant fossil remains such as ammonoids and belemnites that indicate the Middle
Oxfordian Plicatilis Zone [31]. Over the ferruginous oolithic limestone, there are spon-
giolithic limestones with their lower part dated as Middle Oxfordian (Transversarium
Zone) [31] (Figure 2).

In the Villas section, the iron crust is followed by a yellow ferruginous—carbonated
breccia containing iron-coated grains (Figure 2) as well as a wide range of sedimentary
rock fragments with different textures. This breccia does not occur in the other sections
described in the External Prebetic [21,32] (Figure 2). There are no fossils of ammonoids and
belemnites in the breccia of the Villas section. This lithofacies constituted a clear difference
with respect to the rest of the studied outcrops. Over this lithofacies, there are spongiolithic
limestones, the lower part of which dated to the Middle Oxfordian (Transversarium Zone).
The age of the ferruginous—carbonated breccia is probably the same as the ferruginous
oolithic limestone (Plicatilis Zone).

4.2. The Iron Crust Containing Iron-coated Grains
4.2.1. Mineralogical Composition

The XRD pattern of the whole rock and the calculated relative proportions indicate
that the iron crust from the Villas section is mainly composed of clay minerals (44%), quartz
(35%), and goethite (11%), together with minor proportions of calcite, dolomite, orthoclase
and hematite (<5%) (Figure 3a).
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Figure 3. (a) XRD patterns obtained from the whole rock of the iron crust and the iron-coated grains
from the Villas section; (b) XRD patterns obtained from the <2 um fraction of the iron crust from the
Villas section. Clays = clay minerals, Qz = quartz, Gth = goethite, Hern = hematite, Or = orthoclase,
Cal = calcite, Ilm = ilmenite, Ilt/Sme = illite/smectite mixed layers, IIt = illitic phases, KIn = kaolinite.

In the <2 um fraction, abundant kaolinite (43%) and illitic phases (57%) are identified
in the XRD pattern of the iron crust from the Villas section. Characteristic reflections of
kaolinite at 7.15, 4.18, and 3.57A are identified, and dickite and nacrite reflections are not
detected. Illite and micas (quantified together) are included within the term “illitic phases”,
as well as random mixed-layer illite/smectite (Ilt/Sme), which were not quantified but
were detected in the XRD pattern (Figure 3b).

The XRD patterns of the iron-coated grains included in the crust from the Villas section
show that they are mainly composed of 34% of clay minerals (mainly kaolinite as deduced
by SEM study), 23% of goethite, 23% of quartz, 10% of ilmenite, and 9% of hematite
(Figure 3a).

According to the method proposed by Schulze [54] for determining the AI** content
in the goethite structure, based on the position of de dj19 and dj11 peaks of this mineral
phase, thereis an Al-substitution in goethite of 13% mol in the iron crust and of 7% in the
iron-coated grains from the Villas section.

4.2.2. Textural Features

The optical microscopy images show that the iron crust from the Villas section is
formed by a fine-grained matrix containing clay minerals and iron oxides whose small
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size did not allow their identification under optical microscopy resolution (Figure 4a).
Abundant quartz grains (300 pm-1 mm) are differentiated within the matrix (Figure 4b).

. Broken
pisoid

Figure 4. Optical microscopy (a,b,e,f) and binocular loupe (c¢,d) images of the iron crust containing
iron-coated grains from the Villas section: (a) Simple and fragmented pisoids in the clay-rich matrix
of the crust; (b) Fragmented pisoids, broken pisoids, and quartz clasts in the clay-rich matrix of the
crust; (c,d) Spherical to ellipsoidal pisoids and macropisoids extracted from the crust; (e) Simple
pisoid showing a nucleus composed by an indeterminate ferruginous lump and a cortex formed by
several concentric layers; (f) fragmented pisoid whose nucleus is a broken pisoid. Qz = quartz.

The iron-coated grains included in the iron crust from the Villas section are spherical
to ellipsoidal with sizes from 300 um to 7 mm, encompassing macropisoids, pisoids, and
ooids according to Bardossy [55], being the pisoids the predominant ferruginous particles
in the crust (Figure 4c). These ferruginous particles are included in the type A category of
the iron-coated grains proposed by Reolid et al. [32] based on morphology and internal
microstructure. According to these authors, type A iron-coated grains are constituted by
a thin and regular lamination, forming concentric layers around a nucleus. The nuclei of
the macropisoids, pisoids, and ooids from the Villas section are formed by an indetermi-
nate ferruginous lump or by a fragment of a previously broken iron-coated grain, which
allows them to be classified as simple and fragmented pisoids, according to Guerrak [60]
classification (Figure 4a,b,e,f). The nucleus and the cortex (formed by concentric layers) of
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the simple pisoids are composed of a mixture of clay minerals, iron oxides, and occasional
quartz grains. Some simple pisoids are broken and can act as a nucleus for the fragmented
pisoids (Figure 4b,f). The fragmented pisoids also present several concentric layers with
the same composition as those of the simple pisoids (Figure 4f).

Backscattered and secondary electron images of the iron crust from the Villas section
show a clay-rich matrix formed by kaolinite and iron oxides (hematite and goethite as
detected by XRD) (Figure 5a—c). Quartz grains with anhedral morphologies are also ob-
served (Figure 5a). Kaolinite crystals appear as subhedral to euhedral nanometric plates
(100 nm~1 um), showing pseudohexagonal outlines with random orientation, as well as
forming book-type aggregates (Figure 5a,b). The illitic phases are larger than kaolinite
crystals (5-10 um) and present subhedral morphologies with their sheets frequently sepa-
rated (Figure 5c). Nanometric kaolinite crystals growing over illitic plates are also observed
(Figure 5d).

Figure 5. SEM images of the iron crust from the Villas section (a-d) and the iron crust from the
PC2 section (e,f) showing: (a) a mixture of nanometric kaolinite plates and nanometric iron oxides
forming the matrix of the crust; (b) nanometric to micrometric kaolinite booklets in the matrix of
the crust; (c) micrometric subhedral illitic phases showing their sheets separated; (d) nanometric
pseudohexagonal kaolinite plates over micrometric subhedral illitic phases; (e) tube-like filaments
composed by nanometric acicular iron oxides; (f) nanometric pseudohexagonal kaolinite plates with
random orientation. FeOx = iron oxides, Kin = kaolinite, Qz = quartz, IIt = illitic phases.
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The new analysis of the secondary electron images of the iron crust from the PC2
section shows areas with nanometric iron oxide crystals forming tube-like filaments (~1 pm
in diameter) (Figure 5e), as well as areas with nanometric kaolinite crystals with subhedral
shapes (Figure 5f).

The nucleus and the cortex of the iron-coated grains embedded in the clay-rich matrix
of the iron crust from the Villas section are mainly composed of hematite and goethite with
different proportions of kaolinite (Figure 6). Kaolinite presents the same morphological
features as those observed in the clay-rich matrix of the iron crust, forming subhedral
nanometric plates with random orientation, as well as book-type aggregates (Figure 6a,b).
Some of the kaolinite book-type aggregates present iron oxide crystals between their sheets
(Figure 6b). In addition, the concentric layers that form the cortex of the iron pisoids
contain different amounts of kaolinite and iron oxides, allowing the different layers to be
differentiated (Figure 6¢,d).

Figure 6. SEM images of the iron-coated grains in the iron crust from the Villas section showing:
(a,b) nanometric kaolinite plates and iron oxides, with iron oxides occasionally growing between
the kaolinite plates; (c) the nucleus and the cortex of a simple pisoid both composed by different
proportions of iron oxides and kaolinite; (d) the cortex of a simple pisoid where two layers can be
differentiated by their higher content in fibrous iron oxides crystals or kaolinite plates. Kin = kaolinite,
FeOx = iron oxides, Qz = quartz.

4.2.3. Geochemical Composition

The geochemical composition of major and minor elements of the matrix of the iron
crust and the iron-coated grains from the Villas section is represented in Tables 1 and 2.
The geochemical composition of the previously analyzed iron crusts and iron-coated grains
from the Prebetic reported by Reolid and Abad [21] and Reolid et al. [32] are also included
in Tables 1 and 2 for comparison with the new data from the Villas section.
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Table 1. Major element contents (wt.%) of the iron crust and the iron-coated grains obtained for the
Villas section and those reported by Reolid and Abad [21] and Reolid et al. [32] for the iron crusts
of the RGCH and PC2 sections and the iron-coated grains from the RGCH section. The obtained
values for the CIA and CIW indexes calculated from all the iron crusts are also included, as well as
the palaeoprecipitation regime (PPR) (mm/yr) obtained from the average of Formulae 3-5.

Iron Crust Iron-Coated Grains
Villas RGCH PC2 Villas RGCH
SiO, 39.33 3.84 11.95 11.70 5.39
Al,O3 12.91 2.52 5.41 7.32 6.47
Fep, O3 31.06 80.48 71.19 72.70 67.28
MnO 0.07 0.03 0.04 0.08 0.05
MgO 0.67 0.33 0.27 0.10 0.52
CaO 2.19 2.31 1.89 0.25 4.69
Na,O 0.06 - 0.12 0.03 -
K,O 0.51 0.10 0.31 0.02 0.24
TiO, 0.88 0.14 0.56 0.62 0.53
P,05 0.09 1.76 0.49 0.03 3.58
LOI 12.15 10.88 7.45 5.78 6.45
CIA 95.20 95.87 90.87 - -
CIW 91.99 93.59 88.14 - -
PPR 1380.20 1329.00 1325.06 - -

Table 2. Trace element contents (ppm) of the iron crust and the iron-coated grains obtained for the
Villas section and those reported by Reolid et al. [32] for the iron crust and the iron-coated grains for
the RGCH section. The Ba/Sr, Sr/Cu, Rb/Sr, and Ga/Rb ratios calculated from these analyses are
also included.

Iron Crust Iron-Coated Grains
Villas RGCH Villas RGCH
Li 67.00 - 35.12 -
Rb 24.64 5.15 2.04 10.36
Cs 2.49 0.41 0.40 0.81
Be 5.44 - 6.79 -
Sr 22.43 44.53 14.90 65.86
Ba 80.4 27.29 34.50 51.69
Sc 23.05 14.23 25.60 15.10
A% 424.02 1414.42 1067.87 1908.24
Cr 154.44 186.09 280.63 1058.94
Co 30.14 143.36 39.61 121.09
Ni 65.4 384.68 72.49 369.06
Cu 36.85 54.94 39.79 35.25
Zn 20.78 289.60 9.44 311.37
Ga 37.39 7.44 41.61 13.44
Y 88.14 66.28 80.87 107.45
Nb 14.87 9.57 11.72 40.42
Ta 1.33 0.31 0.87 1.02
Zr 168.66 62.52 125.25 147.71
Hf 4.76 1.39 3.23 4.31
Mo 2.69 56.07 8.18 10.18
Sn 3.8 0.64 2.58 3.01
Tl 0.18 0.13 0.06 0.56
Pb 59.67 150.74 139.22 120.89
U 2.87 13.17 4.74 8.02
Th 224 6.97 26.54 27.87
La 134.42 29.58 107.02 55.09

Ce 211.29 13.79 146.33 31.30
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Table 2. Cont.

Iron Crust Iron-Coated Grains
Villas RGCH Villas RGCH

Pr 32.58 442 25.92 10.38

Nd 128.71 19.03 104.25 43.83
Sm 28.15 4.09 24.51 10.35
Eu 6.49 0.95 5.98 2.30
Gd 20.62 5.13 18.20 11.09
Tb 2.88 0.87 2.52 1.81

Dy 12.67 5.76 14.16 12.07
Ho 2.86 1.41 2.84 2.67
Er 6.45 4.01 6.95 7.14
Tm 0.86 0.60 0.97 1.06
Yb 4.87 3.47 5.39 6.02
Lu 0.74 0.55 0.78 0.83
Ba/Sr 3.58 0.61 0.67 0.23
St/Cu 0.61 0.81 0.37 1.87
Rb/Sr 1.10 0.12 0.14 0.16
Ga/Rb 1.52 1.45 20.40 1.28

The content in major elements of the matrix of the iron crust from the Villas section
(Table 1) fits well with the mineralogy detected by XRD, showing high contents in Fe;O3
(31.06%), SiO; (39.33%) and Al,O3 (12.92%), reflecting the high presence of clay minerals
(kaolinite and illitic phases), as well as goethite. In the case of the iron crust from the RGCH
and PC2 sections, their higher Fe;O3 content (80.4% and 71.19%, respectively), reflects the
higher presence of hematite and goethite. The higher content of P,Os5 (1.75%) in the RGCH
iron crust (0.07%-0.48%) also reflects the presence of apatite reported by Reolid et al. [32].
In addition, the CaO content in all the crusts correlates with calcite content. The iron crusts
from the Villas, RGCH, and PC2 sections contain minor proportions of calcite, which is
reflected in their lower CaO content (2.19%, 2.31%, and 1.89%, respectively). For this reason,
CaO content was not considered when calculating CIA and CIW indexes.

The iron-coated grains included in the iron crust from the Villas section show higher
Fe; O3 (72.70%) and lower Al,O3 (7.32%) and SiO; (11.70%) contents than the iron crust,
reflecting the higher presence of goethite with respect to clay minerals.According to the
Fe;03-Al,03-5i0, diagram of Aleva [61], the iron crust from the RGCH and PC2 sections
can be classified as ferrites, whereas the iron crust from the Villas section, plots on the
kaolinite field but closer to the laterite field (Figure 7a).

Weathering trends are represented using the Fe;O3 + MgO-CaO + NayO + MgO-AlL, O3
diagram of Mitchell and Sheldon [62] and the Al;O3-CaO + Nap,O-K,O diagram of Nesbit
and Young [63] (Figure 7b,c). The CaO + NayO + MgO content is low in all the iron crusts,
whereas Fe,O3 + MgO content is higher in the RGCH and PC2 sections, and Al,O3 content
is higher in the Villas section (Figure 7b). The bedrock of the iron crust from the Villas
section has a high degree of disintegration to soil compared to that of the iron crust from
the RGCH and PC2 sections (Figure 7c).

The calculated CIA and CIW values are higher in the iron crust from the RGCH
(CIA =95.87, CIW =93.58) and Villas (CIA =95.20, CIW = 91.99) sections than in the iron
crust from the PC2 section (CIA = 90.89, CIW = 88.14). In the same way, the palaeoprecipi-
tation regime is higher in the Villas (1380.20 mm/yr) and RGCH (1329.00 mm/yr) sections
than in the PC2 section (1325.06 mm/yr).
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Figure 7. Ternary diagrams showing the geochemical composition of the iron crusts from the Villas,
RGCH, and PC2 sections: (a) Fe;O3-5i0,-Al,03 diagram of bauxite chemical classification [61];
(b) Fe;03 + MgO-CaO + NapyO + MgO-Al,O3 diagram of Mitchell and Sheldon [62]; (¢) Al,O3-CaO +
NapO-K;O diagram of Nesbit and Young [63]. The geochemical data of the RGCH and PC2 sections
have been taken from Reolid et al. [32] and Reolid and Abad [21], respectively.

With respect to the trace element content (Table 2), the Ba/Sr, Sr/Cu and Rb/Sr ratios
of the iron crust from the Villas section are higher (Ba/Srerust = 3.58, Sr/Cucryst = 0.61 and
Rb/Srerust = 1.10) than those calculated for the iron-coated grains included in the crust
(Ba/Srgrains = 0.67, Sr/Cugrains = 0.37 and Rb/Srgpains = 0.14). In the RGCH section, the
Ba/Sr ratio is higher in the crust (0.61) than in the iron-coated grains (0.23), whereas the
opposite occurred for the Sr/Cu and Rb/Sr ratios, which are higher in the iron-coated
grains (Sr/Cugrains = 1.87 and Rb/Srgrains = 0.16) than in the crust (Sr/Cucrust = 0.81
and Rb/Srqust = 0.12). The Ga/Rb ratios obtained for the Villas (Ga/Rbeyst = 1.52 and
Ga/Rbgrains = 20.40) and the RGCH (Ga/Rberyst = 1.45 and Ga/Rbgyains = 1.28) sections
show similar values for the crusts but a clear much higher Ga/Rb ratio value in the iron-
coated grains from the Villas section.Comparing the iron crusts and the iron-coated grains
chondrite-normalized patterns to the bulk composition of the upper continental crust
(Post-Archean Australian Shales, PAAS) of Taylor and McLennan [64], it can be observed
that both the iron crust and the iron-coated grains from the Villas section are enriched in
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LREE and HREE (Figure 8a). By contrast, a relative impoverishment in LREE but a slight
enrichment in HREE occur in the crust from the RGCH section, whereas, except for Ce, the
iron-coated grains are enriched in REE, according to the data reported by Reolid et al. [32]
(Figure 8a). The REE fractionation is higher in the Villas section than in the RGCH section,
this fractionation being higher in the crust than in the pisoids (Figure 8b,c). The iron crusts
and the iron-coated grains of both sections show negative Eu and Ce anomalies, which are
weaker in the Villas section (Figure 8).
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Figure 8. (a) Chondrite-normalized REE patterns of the crusts and the iron-coated grains from the
Villas and RGCH sections; (b,c) plot of the Eu/Eu* and Ce/Ce* vs. (La/Yb). values, respectively, in
the crusts and the iron-coated grains from the Villas and RGCH sections. The subscript c refers to
those values normalized to chondrite. The geochemical data of the RGCH section have been taken
from Reolid et al. [32].

4.3. The Iron-Coated Grains of the Ferruginous—carbonated Breccia and the Ferruginous
Oolithic Limestones

4.3.1. Textural Features

In the ferruginous—carbonated breccia of the Villas section, iron-coated grains and
micritic clasts cemented by sparite are observed (Figure 9a). The iron-coated grains present
the same textural features as those embedded in the clay-rich matrix of the iron crust, which
has a range from 200 um to 7 mm, encompassing iron macropisoids, pisoids, and ooids
according to Bardossy [55], being pisoids the most common ones. They are included in
the type A category of Reolid et al. [32], differentiating simple and fragmented pisoids
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(Figure 9b). The nucleus and the cortex are also composed of a mixture of clay minerals,
iron oxides, and occasional quartz grains (Figure 9¢,d).

Figure 9. Optical microscopy (a,b) and SEM (c,d) images of the ferruginous—carbonated breccia from
the Villas section showing: (a) iron-coated grains and micritic clasts in a sparite matrix; (b) simple and
fragmented pisoids in the sparite matrix; (c,d) the cortex of a simple pisoid where the different layers
can be differentiated by their higher content in iron oxides or kaolinite. Cal = calcite, KIn = kaolinite,
FeOx = iron oxides.

In the ferruginous oolithic limestone from the RGCH, CHO and PC1 sections and
the equivalent lithofacies of the AF section, iron-coated grains are found embedded in
a micritic-sparitic matrix. Following the classifications given by Reolid et al. [32] and
Guerrak [60], these iron-coated grains are included within type A and type B (Figure 10).
Unlike the iron crust and the ferruginous—carbonated breccia from the Villas section, the
four morphological types of type A iron-coated grains are found in the RGCH, CHO,
and PC1 sections and in the AF section (Figure 10): simple, fragmented, complex and
spastolith. Simple and fragmented pisoids are the most frequent particles and present
the same morphological features as those found in the iron crust and the ferruginous—
carbonated breccia from the Villas section (Figure 10a,d,e). Complex pisoids, although
scarcer, can be observed as being formed by two or more nuclei composed of indeterminate
ferruginous lumps evolved by several concentric layers (Figure 10b). Spastoliths, which are
distorted and stretched iron-coated grains deformed by squashing [32], are more frequent
than complex pisoids and present distorted and stretched grains (Figure 10c). The type B
iron-coated grains can be classified as simple and complex, formed by one or two nuclei
composed by a previous iron ooid, bioclast, foraminifera, or quartz grains (Figure 10f).
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Figure 10. Optical microscopy (a—e) and SEM (f) images of the ferruginous oolithic limestones
from the RGCH, CHO and PC1 sections (a-d) and the AF section (e-f) showing: (a,d,e) type A
iron-coated grains including simple and fragmented pisoids; (b,e) complex type A iron-coated grains;
(c) spastoliths; (f) simple (right) and complex (left) type B iron-coated grains.

4.3.2. Geochemical Composition

The EDS compositional maps of different iron-coated grains embedded in the iron
crust and the ferruginous—carbonated breccia (Villas section) and in the ferruginous oolithic
limestone (AF section) are represented in Figure 11. Those from the Villas section corre-
spond to type A simple pisoids, composed of a nucleus and a more or less developed
cortex, whereas the pisoids from the AF section are type B simple pisoids, which present
two types of nuclei (a previous iron ooid and a foraminifera) and a cortex made up of
several concentric layers. Regardless of the pisoid type, all the EDS elemental maps show
that both the nucleus and the cortex are composed of a mixture of Al and Fe due to the
presence of kaolinite, hematite, and goethite. In the more developed cortexes (Figure 11b,c),
different content of Al and Fe are observed, allowing one layer to be differentiated from the
other in both type A and type B simple pisoids. However, the compositional maps show
clearly that the lamination of type A pisoids is thinner and less irregular than in type B.

23



Minerals 2024, 14, 741

Figure 11. EDS compositional maps over SEM images of: (a) type A iron-coated grain (simple pisoid)
in the ferruginous—carbonated breccia from the Villas section; (b) type A iron-coated grain (simple
pisoid) in the iron crust from the Villas section; (c) type B iron-coated grain (simple pisoid) in the
ferruginous oolithic limestone from the AF section.

XRF compositional maps of the ferruginous—carbonated breccia from the Villas also
reveal that some metals, such as Ba, Co, Mn, Ti, and Cr, are concentrated in certain layers
of the iron-coated grains (Figure 12). Ba and Ti are concentrated in the nucleus and some
layers, coinciding with those areas where Si and Al contents are higher. By contrast, the Co,
Cr, and Mn distribution within the iron-coated grains coincides with higher Fe contents
(Figure 12).
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Figure 12. X-ray microfluorescence elemental maps of the ferruginous—carbonated breccia from the

Villas section that allows us to observe differences in the distribution of elements in function of their
affinities for Fe or Si-Al.

5. Discussion
5.1. Genesis of the Iron Crusts Containing Iron-Coated Grains

The electron microscopy images provide key textural and compositional information
of the clay minerals for the interpretation of their origin. The euhedral to subhedral kaolinite
plates showing pseudohexagonal outlines and the type-book aggregates, which are mixed
with the iron oxides in the matrix of the iron crust from the Villas section, are indicative of
an authigenic origin since these textures are too delicate to withstand erosion or transport
processes [8,11,65]. Platy kaolinites and booklets have commonly been described as the
result of chemical weathering processes during soil development [3,6-11]. In this way,
kaolinite would have thus crystallized during edaphic processes after the dissolution of
previous aluminosilicates present in the parent rock (e.g., orthoclase and illitic phases).

These genetical conditions are not compatible with the formation of illitic phases,
which are commonly associated with diagenetic or hydrothermal environments [9]. In
those environments, kaolinite would destabilize from 95-120 °C [66-68]. In addition, the
genesis of Ilt/Sme from illite degradation due to K loss has also been described during
chemical weathering processes [13,69-71].

Kaolinite has been observed over subhedral illitic phase plates, which may indicate
that the illitic phases are earlier phases that acted as substrates for kaolinite crystallization,
as described in other palaeosols and sediments [6,72]. Therefore, the illitic phases would
probably have a detrital origin and may destabilize during the soil development, giving
place to the genesis of kaolinite and Ilt/Sme mixed layers.

Goethite and hematite form the matrix of the iron crust together with the clay minerals,
which also suggests an edaphic origin for these minerals [65,73]. On the other hand, quartz
fragments showing anhedral morphologies reflect detrital phases that may represent the
remains of the partial dissolution of the parent rock.

In the matrix of the iron crust from the PC2 section, iron oxide tube-like filaments are
observed. The PC2 iron crust contains not only the iron oxide tube-like filaments but also
subhedral kaolinite plates similar to those observed in the iron crust from the Villas section,
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pointing out an edaphic origin for this crust. The iron oxide tube-like filaments observed in
the PC2 section would have been generated during the soil development, most probably
due to microorganisms as has been described in other palaeosols [74,75].

Szamatek et al. [76] classify iron pisoids according to the kaolinite/hematite ratio
as kaolinitic, kaolinitic-hematitic, hematitic—kaolinitic, or hematitic. Kaolinitic-hematitic
and hematitic-kaolinitic pisoids have been previously described as pisoids composed of
a nucleus of kaolinite or hematite surrounded by a cortex of alternating kaolinite and
hematite layers [73]. The kaolinite and hematite content of the iron-coated grains from the
iron crust of the Villas section allows them to be categorized as kaolinitic-hematitic pisoids,
which is also supported by the different kaolinite and iron oxide contents observed in the
cortex that allowed the differentiation of the different concentric layers.

The presence of kaolinite, goethite, and hematite in the iron-coated grains showing
the same textural features as those observed in the matrix of the iron crust, along with
their concentric structure, is typical of the edaphic process [6,9,55,65,77]. Therefore, the
iron-coated grains included in the iron crust from the Villas section were formed in situ
during the development of the soils. The secondary and backscattered electron images also
showed Fe oxides growing between kaolinite sheets in the iron-coated grains. The Fe oxides
cementing kaolinite have also been described in Lower Cretaceous lateritic palaeosols from
the SE Iberian Range by Laita et al. [9], suggesting that these oxides generated at a late
stage during the edaphic process.

The genesis of iron-coated grains requires hydrous conditions with permanent ground-
water saturation [55,78] and is related to dissolution and re-precipitation processes that
are controlled by different factors (e.g., climatic conditions, chemical composition of the
groundwater, etc.) [79].

A possible later decrease in the water level may favoured the reworking and frag-
mentation of some of the iron-coated grains, giving place to the broken pisoids that acted
as nuclei for new pisoids. Reworking processes affecting the iron-coated grains in dif-
ferent episodes of soil development have also been described in other palaeosols and
sediments [6,9,80,81].

5.2. Provenance of the Iron-Coated Grains Included in the Ferruginous—Carbonated Breccia and the
Ferruginous Oolithic Limestones

Eustatic and tectonic factors influenced the Middle-Upper Jurassic unconformity,
which is linked to extensional tectonic activity related to an advanced rifting stage, followed
by an oceanization and expansion phase recording in the Tethyan Domain during the
Middle-Late Oxfordian [36,82]. Some authors report a sea-level fall during the Middle—
Late Jurassic transition [25,32,83], whereas, for other authors, it was a global sea-level rise
period [26,84,85]. The evidence of palaeosols development in the studied sections of the
Prebetic agrees with a sea-level fall during the Late Callovian—Early Oxfordian.

The presence of type A iron-coated grains in the ferruginous oolithic limestones
from the RGCH, CHO and PC1 sections is explained by reworking during the erosion
of the iron crusts [21,32]. These ferruginous oolithic limestones represent Late Jurassic
flooding events of the Prebetic, which developed in a sedimentation context dominated
by storms [36,40,86]. The flooding events extended to the emerged areas, giving place to
the erosion of the palaeosols previously developed in the coastal plain [21]. According
to Oloriz et al. [31], the ferruginous oolithic limestones in the External Prebetic represent
complex lithofacies with high energy features that combine the presence of components
coming from proximal settings (iron-coated grains with edaphic origin, quartz grains
coming from emerged lands, and benthic foraminifera of shallow environments) and others
coming from distal environments (ammonoids, belemnites and planktic foraminifera).

Recent studies have pointed out that iron-coated grains included in Proterozoic oolithic
ironstones formed by synsedimentary reworking processes in low-energy coastal envi-
ronments [87]. According to these authors, negative Eu anomalies (as those reported by
Reolid et al. [32] for the RGCH section) suggest a continental iron source. The iron-rich
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microenvironment generated due to the redistribution of the iron crust fragments and
type A iron-coated grains allowed the development of new iron-coated grains with marine
features (type B iron-coated grains) in the ferruginous oolithic limestones [32].

On the other hand, a ferruginous—carbonated breccia containing juts type A iron-
coated grains is recorded, instead of the ferruginous oolithic limestone, in the Villas section.
The textural features and chemical and mineralogical composition of type A iron-coated
grains from this ferruginous—carbonated breccia is similar to that observed in the iron crust.
Therefore, these iron-coated grains might have been reworked from the underlying iron
crust. The absence of fossil remains, especially those typical of open marine conditions
such as ammonoids and planktic foraminifera and type B coated grains, that occur in
the ferruginous oolithic limestones, suggests that the Villas section was located inland,
compared with the RGCH, CHO and PC1 sections where the breccia was not developed
and marine remains are dominant.

In the equivalent lithofacies of the AF section (Iberian Range), the same type A and type
B iron-coated grains are differentiated as those observed in the ferruginous oolithic lime-
stones from the Prebetic. The mineralogy of these iron-coated grains is mainly composed
of goethite, together with calcite, siderite, hematite, kaolinite and illite [19,88]. This miner-
alogy is quite similar to the reported in this study for the type A iron-coated grains. The
electron microscopy images showed that the texture of the type B iron-coated grains from
the AF section is similar to that of type B iron-coated grains reported by Reolid et al. [32] in
the RGCH section. The environmental conditions for the genesis of the ferruginous oolithic
limestone of the AF section are the same as in the Prebetic (PC, CHO, RGCH sections).

5.3. Palaeoclimatic Inferences from Clay Minerals and Geochemical Proxies

Reolid and Abad [21] and Reolid et al. [32] interpreted the iron crust containing iron-
coated grains from the PC2 and RGCH sections as plinthitic palaeosols. These authors
reported Al-substitution in goethite of 5 mol% in the iron-coated grains and of 10 mol%
in the iron crusts, which are quite similar to those obtained for the Villas section (iron
crust = 13 mol% and iron-coated grains = 7 mol%), these values being indicators of pedo-
genic conditions according to the values given by Fitzpatrick and Schwertmann [53].

The mineralogical assemblage reported for the iron crust from the PC2 section [21], is
mainly formed by hematite, goethite, kaolinite, illite, calcite, and quartz. By contrast, the
crust from the RGCH section does not contain clay minerals, and it is mainly formed by
goethite and hematite, together with boehmite and apatite [32]. These differences in the
mineralogical content of the iron crusts maybe related to a more or less evolved stage of
the plinthitic palaeosols [21]. The iron crust from the PC2 section, which includes poorly
developed iron-coated grains with incipient laminations and partial ferruginization, would
correspond to a less evolved plinthite, whereas the iron crust from the RGCH section would
correspond to a more evolved plinthite [21].

Plinthosols are well-drained lateritic soils with high Fe and /or Al content in relation to
other components [89,90]. The term “plinthosol” is defined as an iron-rich mixture of clay
minerals (mainly kaolinite) and silica, according to the Food and Agriculture Organization
(FAO). This term is equivalent to that of ferrallitic soils categorized by Duchaufour [91] and
to the oxisols described by the USDA classification [92].

According to the FepO3-Al,03-5i0; diagram (Figure 7a), the iron crust from the RGCH
and PC2 sections plot on the ferrite field due to their high Fe content, whereas the iron
crust from the Villas section plots on the kaolinite field but close to that of laterite due to its
higher Si and Al content. Therefore, the iron crust from the Villas section may correspond
to a less drained plinthosol.

Plinthites develop in tropical environments where elevated temperatures and alter-
nating wet and dry conditions favor the precipitation, mobilization, and accretion of
weathered iron oxides [89]. The main process that consumes silicate minerals during
chemical weathering is hydrolysis [62]:
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Hydrolysis = Al/Ca + Mg + K+ Na (6)

Applying this equation to the studied crusts, it can be determined that the hydrolysis
was higher in the iron crust from the Villas section (3.76) than in the iron crust from the
PC2 (2.10) and RGCH (0.92) sections. These differences in the hydrolysis intensity can also
be inferred from the Fe;O3 + MgO-CaO + NayO + MgO-Al,O5 diagram (Figure 7b), where
the low CaO + NayO + MgO contents indicate that these elements were weathered and that
the Al,O3 content is higher in the Villas section due to the immobility of Al during intense
chemical weathering.

Sr is more soluble than Ba and Rb during chemical weathering, so higher Ba/Sr and
Rb/Sr ratios reflect more weathered rocks [62]. The Ba/Sr and the Rb/Sr are higher in the
iron crust from the Villas section (3.58 and 1.10, respectively) than in the iron crust from
the RGCH section (0.61 and 0.12, respectively), indicating that the chemical weathering
was somewhat more intense in the Villas section (Table 3), which also correlates with the
trend observed from watered/disintegrated material (RGCH) to residual soil (Villas) in
the Al,O3-CaO + NayO-K,O diagram (Figure 7c). The higher fractionation of the REE
in the Villas section compared to the RGCH also points to a higher chemical weathering
intensity [93].

In soil systems, metal oxides can be scavenged by hematite and goethite [94,95] or
being also adsorbed on clay minerals [93], which would explain the different distribution
of Ba, Ti, Co, Cr, and Mn in the Fe-rich or kaolinite-rich layers of the iron-coated grains
from the Villas section.

The CIA and CIW values lower than 65 reflect compositions of illite, smectite, and
feldspar relating to a low degree of chemical weathering, whereas the genesis of kaolinite
though intense chemical weathering results in CIA and CIW values close to 100 [66,96-98].
The plinthites studied here show high CIA (from 90.87 to 95.87) and CIW (from 88.14
to 95.59), with the lowest values corresponding to PC2 section (Tables 1 and 3). Sr/Cu
ratios higher than 10 indicate hot and dry climates, Sr/Cu ratios between 5 and 10 reflect
semi-arid and semi-humid conditions, while Sr/Cu ratios lower than 5 point to a warm and
humid climate [99]. Ga/Rb ratios lower than 0.25 agree with cold and dry environments,
whereas Ga/Rb ratios higher than 0.25 indicate warm and humid conditions [100]. In the
Villas and RGCH sections, both the crusts and the iron-coated grains show Sr/Cu ratios
lower than 5 and Ga/Rb higher than 0.25, reflecting warm and humid climatic conditions
(Tables 2 and 3).

The higher chemical weathering and palaeoprecipitation regime affecting the Villas
sections indicates that the palaeoclimatic conditions were somewhat humid inland in the
studied area.

Table 3. CIA, CIW, Ba/Sr, Rb/Sr, Sr/Cu, and Ga/Rb values obtained for the iron crusts from the
Villas, RGCH, and PC2 sections and their paleoclimatic significance [66,96,98-100].

CIA CIW Ba/Sr Rb/Sr Sr/Cu Ga/Rb
Villas RGCH PC2 Villas RGCH PC2 Villas RGCH Villas RGCH Villas RGCH Villas RGCH
95.20 95.87  90.87  91.99 95.59 88.14 3.58 0.61 1.10 0.12 0.61 0.81 1.52 1.45

CIA or CIW value — Weathering intensit <5 W humid <0.25 Cold/d
or vatue catering mtensity Higher Ba/Sr and Rb/Sr ratios ng{ar?(?? old/dry
<65 Low-moderate = 5-10 . . >0.25  Warm/humid
. Semi-humid
S75 High Greater weathering >10 Hot/dry

Plate tectonic reconstructions suggest that during the Middle to Upper Jurassic, Iberia
was situated at tropical to subtropical latitudes as part of the African plate [101]. This
would have provided the necessary palaeoclimatic and paleoenvironmental conditions for
the development of the plinthites in the South Iberian Palaeomargin.
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With respect to the global palaeoclimatic context, a short warming episode was
recorded worldwide in the Middle Callovian [102-105]. However, the end of the Callovian
to early Oxfordian was a time of climatic cooling [106,107] as well as a sea-level fall [108].
Many carbonate platforms were exposed, and stratigraphic successions are characterized
by the presence of hardgrounds, palaeokarst, and hiatuses [26,109,110].

Similar palaeoclimatic conditions are described in west Iberia. Azerédo et al. [109]
describe a sea-level fall and a change from humid to seasonal semi-arid climatic conditions
in the Lusitanian Basin (west-central Portugal) during the Middle-Late Jurassic. According
to these authors, a palaeokarstic surface is recorded over the Middle Jurassic carbonates,
followed by ferruginous clays (composed of kaolinite and iron oxides) and crust/pisoids,
which are consistent with subaerial exposure, as occurs with the plinthitic palaeosols
reported in this study.

During the Middle Oxfordian, the decline in 5'80 values is related to rising sea
water temperatures [111], accompanied by a secular sea-level rise [106]. In many Tethyan
palaeomargins, including the Iberian Palaeomargins, this sea-level rise is recorded as a
flooding of the Middle Jurassic carbonate platforms with the recovery of sedimentation
and the development of hemipelagic facies [112-114].

The data reported in this study reflect a tropical to subtropical climate during the
development of the iron crusts and iron-coated grains at any moment during the Middle
Callovian—Early Oxfordian transition in the South Iberian Palaeomargin.

Marine iron ooids with similar textural features as those studied here (type B iron-
coated grains) have also been described in Callovian—Oxfordian sections of nearby basins
of the Western Tethys (e.g., Paris Basin) [115]. Previous studies indicate that the iron-coated
grains in the ferruginous oolithic limestones from the correlatable AF section (Iberian Range,
NE Iberia) are a marine rework of iron-coated grains from continental laterites [29,88]. This
is congruent with our observations. Therefore, the tropical to subtropical palaeoclimatic
conditions occurring during the Middle-Upper Jurassic transition in the South Iberian
Palaeomargin may also have taken place in the East Iberian Palaeomargin.

6. Conclusions

The combination of XRD, geochemical, and optical and electron microscopy analysis
has allowed the mineralogical and textural characterization of the iron crusts and iron-
coated grains from the Central and Eastern External Prebetic (SE Iberia) and the Iberian
Range (NE Iberia), drawing the following conclusions:

1.  The mineralogical composition of the iron crust is mainly composed of clay minerals
(kaolinite, illitic phases, and Ilt/Sme) and/or iron oxides (hematite and goethite),
along with the presence of iron-coated grains, this indicates that they are plinthitic
palaeosols, characteristic of tropical environments.

2. The platy morphologies of the kaolinite crystals and the presence of book-type aggre-
gates in the matrix of the iron crusts point to an authigenic origin for the kaolinite
through chemical weathering processes during the palaeosols development. The
kaolinite crystals growing on subhedral illitic phases plates indicate that the illitic
phases are previous phases, probably detrital.

3.  The mineralogy and texture of the iron-coated grains included in the iron crusts (type
A) reflect an in situ origin during the plinthites formation. Subsequent reworking
processes caused the break of some of these iron-coated grains that eventually acted
as a nucleus of new iron-coated grains. The reworking processes also led to the incor-
poration of these iron-coated grains into the above ferruginous oolithic limestones
(RGCH, CHO, PC, and AF sections) and the ferruginous—carbonated breccia (Villas
section). New iron-coated grains (type B) were later formed in the ferruginous oolithic
limestones in a marine context.

4. The CIA and CIW values and the Ba/Sr, Rb/Sr, Sr/Cu, and Ga/Rb ratios agree with
an intense chemical weathering related to warm and humid conditions during the
development of the palaeosols. The higher Ba/Sr ratio value of the iron crust from
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the Villas section comparted to that of the RGCH section reflects a higher chemical
weathering intensity in the former.

5. The similarity of the iron-coated grains from the equivalent ferruginous oolithic
ironstone of the AF section in the Iberian Range suggests the same origin as those from
the Central and Eastern External Prebetic. Therefore, the warm and humid conditions
related to a tropical climate recorded in the South Iberian Palaecomargin during the
Callovian—-Oxfordian could have also taken place in the East Iberian Palaeomargin.
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Abstract: Palygorskite is assumed to be the predominant clay mineral in playa-lakes, where
it may be detrital or authigenic in origin. Discriminating between detrital and authigenic
clays is crucial to elucidate paleoenvironmental conditions in lacustrine deposits. This study
provides insight into the sedimentary evolution of clay minerals from source, lacustrine
Miocene marlstones and mudstones, to sink, represented by three recent hyperalkaline
playa-lakes in Central Spain. XRD, TEM, and AEM analyses show concomitant detrital
and authigenic palygorskites in the three playa-lakes. The inherited palygorskites exhibit
degradation features, larger widths, and common and ideal compositions, in contrast to
neoformed particles. The latter are narrower. Depending on the hydrochemical composition
of each playa-lake, neoformed palygorskites are enriched in a different octahedral cation
(Al,O3, MgO, and Fe;O3). Iron-rich palygorskites are only formed in association with
authigenic saponites in one of the playa-lakes. The same effect of magnesium competition
between smectite and palygorskite is observed in Miocene mudstones, where palygorskite
is relatively enriched in iron. In hyperalkaline, seasonal playa-lakes lying in the vicinity,
slight physicochemical differences play a crucial role in the crystallochemical composition
of authigenic palygorskites, highlighting the use of this mineral as a geochemical proxy.

Keywords: TEM-AEM; palygorskite; chlorite; mudstones; marlstones; sedimentation

1. Introduction

The occurrence of the fibrous clay minerals, palygorskite, and sepiolite in lacustrine
rocks has been widely reported in the literature [1-3]. Fibrous clay minerals can precipitate
from multiple mechanisms. Sepiolite is a common neoformed mineral precipitated from
a colloidal silicate precursor in magnesium-rich environments via desiccation [4]. Paly-
gorskite can precipitate from aluminic precursors [5,6] and directly from dissolution [7,8].
Ref. [9] revealed that the desiccation of gel precursors is responsible for the textural features
of palygorskite and sepiolite in Miocene palustrine facies at Nullarbor Plain (Australia).
More recently, microbially induced palygorskite neoformation has been recognized in
hypersaline playa-lakes in relation to desiccated extracellular polymeric substances within
microbial mats [10].

Minerals 2025, 15, 50 https://doi.org/10.3390/min15010050
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The transformation of pre-existing clay minerals (e.g., chlorite, illite, stevensite, and
kerolite) is another common mechanism of palygorskite and sepiolite formation [11-13].
Detrital clay minerals in lacustrine environments usually exhibit textural features related
to degradation (i.e., weathering and loss of elements) due to reworking under new hydro-
chemical conditions [14]. Detrital clay minerals in playa-lake systems consist of mixtures of
clay minerals, mainly illite, kaolinite, and dioctahedral smectite [2], which contribute to
the precipitation of magnesium smectite. In environments where detrital clay minerals are
present in low proportions, the purer magnesium phyllosilicates, sepiolite and kerolite, can
precipitate [15].

In the case of neoformation, supersaturation is the fundamental control of authigenic
clay mineral precipitation [16]. Ref. [5] summarized the physicochemical parameters of
sepiolite and palygorskite neoformation. These environmental parameters were high
alkalinity (pH around 8-9.5), high Mg+Fe/Si ratios, and low Pcop, between water and
sediment. In addition, the stability of palygorskite and sepiolite is a function of pH, which
the latter is unstable at pH > 12. In waters that are not in equilibrium with atmospheric CO5,
the effect of Pcop is less obvious due to its effect on pH value [17]. Finally, a significant
increment in the CO, concentration, biotic or abiotically induced, could result in the
dissolution of magnesium clay minerals [18].

Among others, two Cenozoic continental basins of Central Spain, the Madrid and
Duero Basins, are well-known to bear palygorskite-rich lacustrine and palustrine facies
associated with alluvial fan systems in transition to lacustrine environments [11,19-21]. In
some intervals of the intermediate Miocene unit of the Madrid Basin [22,23], sepiolite is
abundant enough to be economically exploited in open-pit mines. The extra-basin source
of magnesium required for the precipitation of neoformed sepiolite is still a subject of
debate [24]. In the Duero Basin, the deposition of palygorskite is commonly linked to the
transformation of detrital phyllosilicates in relation to alluvial fans [11,25].

The aim of this investigation is to analyze the depositional processes of authigenic and
clastic fibrous clay minerals and the associated clays in modern hyperalkaline playa-lakes
under variable hydrochemical conditions. The transport of clays from Miocene lacustrine
sources into the new environment involves physicochemical changes. The results show
that there are two distinct populations of fibrous clay minerals in playa-lakes, one of
detrital origin and the other of neoformed palygorskites. In each playa-lake, neoformed
palygorskites and sepiolites are enriched in an octahedral cation (MgO, Al,O3, and Fe,O3)
in comparison to Miocene fibrous clay minerals. The specific enrichment in one or another
of the cations is controlled by the interplay of dissolution, precipitation, and transformation
processes.

2. Geological Setting

The Caballo Alba, Las Eras, and Bodon Blanco lakes are located in the Coca-
Olmedo endorheic wetland in the southwestern sector of the Duero Basin (Central Spain)
(Figure 1 up). The three playa-lakes overlie horizontally bedded Miocene and Quaternary
deposits in the Duero Basin (Figure 1 down). The Miocene sediments in the vicinity of
Caballo Alba lake (Figure 1 down) consist of gray-greenish marlstones, dolo-marlstone,
and mudstones [26]. Miocene facies are deposited in the marginal subenvironments of
saline lakes belonging to the Cuestas Unit [27]. Quaternary conglomerates, sandstones, and
siltstones were deposited in the fluvial systems running through the study area (Figure 1
down) [28].
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Endorheic/semiendorheic zones

* % | Quaternary river terraces
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. Playa lake 2 km

=== Fracture-trace

Figure 1. Location of the study area: (up) satellite image (source of the image Google Earth);
(down) geological map (based on MAGNA 1:50.000, n° 428) showing the location of the Caballo
Alba, Las Eras, and Bodon Blanco playa-lakes.

Caballo Alba, with a maximum area of 0.17 km?, is a shallow basin (up to 0.5 m
deep) fed by groundwater [26]. In addition, low water inputs were derived from a small,
extremely ephemeral stream. Caballo Alba presents high pH values ranging from 9.0
to 10.4, thus presenting brackish-to-saline water (1-16 g-L~!), whereas Las Eras reached
the highest pH value recorded, “up to 11.3”. Overall, the hydrochemical composition of
Caballo Alba, Las Eras, and Bodon Blanco is characterized by high carbonate concentrations,
with chloride dominant over sulfate. Nevertheless, the hydrochemical composition is very
variable among the playa-lakes: the analysis of most of the data mainly shows Na*-CI~
composition, but some values correspond to Na*-Cl~-SO,42~-HCO3~ for Caballo Alba
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and Las Eras. Bodon Blanco hydrochemistry is classified into three different areas of the
Piper-Hill-Langelier diagram, including Na*-HCO;~ [29]. Finally, the concentration of
dissolved potassium is an order of magnitude higher in Las Eras than in Caballo Alba and
Bodoén Blanco [30].

The region is characterized by a continental Mediterranean climate, with low mean
annual rainfall of 400-500 mm-year~! and average temperatures of 13 °C [29]. Mostly from
March to May, the Caballo Alba playa-lake hosts benthic and floating microbial mats that
expand over the lake (Figure 2A,B). In spring, macroscopic filamentous green algae of the
genus Spirogyra become entangled with Cyanobacteria (Oscillatorya genus) and Diatoms
(Figure 2B) [31]. The lake is also colonized by charophyte and the associated ostracod biota.
Eventually, the photosynthetic activity of some microbes produces oxygen bubbles that de-
tach benthic microbial mats, which float and rise to the surface [32]. Ref. [31] described the
intracellular precipitation of calcite and dolomite during the conjugation cycle of Spirogyra.
Calcite and dolomite are the most abundant carbonates in these hyperalkaline playa-lakes.
From June to October, coinciding with periods of low rainfall, the lake floor dries out and
Caballo Alba, Las Eras, and Bodon Blanco become playas covered by a white mineral
crust (Figure 2A,C). The crust contains an assemblage of authigenic carbonates (e.g., calcite,
dolomite, nesquehonite, hydromagnesite, natron, and trona), sulfates (e.g., hexahydrite,
starkeyite, gypsum, thenardite, and bloedite), chlorides (halite), and magnesium clays
(Figure 2C) [26,29]. Some magnesium carbonates like hydromagnesite, magnesite, and
huntite can precipitate due to the heterotrophic degradation of microbial mass [33]. Under-
neath the desiccated microbial mat mass, some quartzite pebbles, cobbles, and boulders

were bound and trapped (Figure 2D).

Figure 2. Sedimentary evolution in the Caballo Alba playa-lake: (A) white mineral precipitates
(e.g., hydromagnesite, northupite, natron, and trona, among others) on the shore and in ponds during
desiccation; (B) floating microbial mats during the wet season (December 2018); (C) desiccation cracks
in the sediment (July 2020); (D) quartzite pebbles, cobbles, and boulders trapped beneath a desiccated
microbial mat (black arrows).
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2.1. Playa-Lake Sediments

Twenty-six surface sediment samples comprising mineral and organic matter from the
three playa-lakes were collected at different sites (i.e., located within each playa-lake) and
periods (i.e., seasons).

2.2. Miocene Deposits

Well-exposed outcrops of Miocene rocks surrounding these playa-lakes are scarce.
To study the Miocene deposits that constitute the watershed of these playa-lakes, a
stratigraphic column was made in a quarry. This small quarry with a height of 10 m
(Figures 1 and 3), where common clays are extracted for the ceramic industry IGME and
SIEMCALSA, 2016), is located 1 km NE of Caballo Alba.
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Figure 3. Miocene stratigraphic column at the quarry outcrop where marlstone and mudstone
samples were collected (0—4). Sample 3a: laminar whitish transition between sample 3 and sample 4.

The stratigraphic section of Miocene sedimentary rocks is 9.5 m thick, and it is situated
at 41°14/58.50” N/ /4°35'38.33"” W, lying between 773 m and 783 m.a.s.l. This section
consists of marlstones, dolo-marlstones, and mudstones. The different colors in the logged
section reflect the colors of these rocks in the outcrop, regardless of their lithology (Figure 3).
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The lower part of the section is composed of green marlstone up to 2-3 m thick. From
3 to 6.5 m, an alternation of greenish to reddish mudstones is partially covered. From
6.5 to 7 m, there is a whitish marlstone level before a reddish dolo-marlstone level with
bioturbation. There is a laminar whitish transition from the reddish dolo-marlstone to the
upper 2 m of the brownish-green level of mixed calcitic/dolo-mudstone. At the topmost of
the succession is a fluvial channel filled with surrounded quartzite pebbles, cobbles, and
boulders [26]. Six marlstone and mudstone samples along the stratigraphic column were
collected in July 2020 (Table S1, Figure 3). Three samples were used for clay mineralogy,
TEM, and EDX analyses (Samples 0, 3, and 4).

3. Materials and Methods
3.1. Bulk and Clay Mineral Assemblages (XRD)

Bulk mineralogy was analyzed by random powder X-ray diffraction (XRD) analysis
using a Bruker D8 Advance diffractometer with Cu K radiation (A = 1.54060 A) and
equipped with a Sol-X detector. The samples were scanned from 2 to 65° 26 with a step
size of 0.02° 26 and a counting time of 0.5 s per step. XRD interpretation was based on the
method described by [34] using EVA Bruker software (Version 7).

For clay mineralogy analysis, carbonates, sulfates, and organic matter were removed
from samples using 200 mL of 0.2 M HCI dissolution and continuously agitated for
20 min [35,36]. Briefly, a <2 pm fraction of the treated sediment was separated using
a centrifuge technique [37] with a Thermo Scientific Sorvall ST 16 Centrifuge (extraction
cycles of 1000x g during 3 min). Then, the <2 um fraction was analyzed as oriented mounts
prepared by smearing the slurries on glass slides. Three XRD diagrams were obtained for
each fraction: after air drying (AD), ethylene glycol solvation (EG), and heating at 550 °C
for at least 2 h. These samples were scanned from 2 to 35° 20 with a step size of 0.02° 26
and a counting time of 1 s per step. The semiquantification of clay mineral assemblages
was performed by using the mineral intensity factor method (MIF) as described in [10]. The
names of clay mineral phases were abbreviated according to [38] as follows: mica (Mca),
chlorite (Chl), kaolinite (Kln), sepiolite (Sep), palygorskite (Plg), and smectite (Sme).

3.2. Textural Features and Crystallochemical Compositions of Fibrous Clay Minerals (TEM-AEM)

Digital analyses of TEM images are the most effective method for measuring the
form of anisotropic particles and distinguishing particle populations within a sample [39].
TEM observations and EDX analyses of 13 samples, 10 of which correspond to playa-lake
sediments and 3 of Miocene marlstones (Samples 0, 3, and 4), were obtained from powdered
portions prepared using C-coated Cu grids. The TEM data were obtained using two electron
microscopes for semiquantitative chemical analyses at the CNME (Complutense University,
Madrid, Spain), namely a JEOL 3000F microscope operating at 300 kV and a JEOL JEM 2100
microscope operating at 200 kV. Semiquantitative analyses of particles were performed
in the STEM mode using an Oxford Instruments EDX microanalysis system. In order
to ensure the reproducibility of the data for quantitative chemical analyses (AEM) of Plg
particles from Caballo Alba, data were obtained in the STEM mode using the Thermo Fisher
Scientific Talos F200X, operated at 200 kV at the CIC (University of Granada, Granada,
Spain). For this task, individual spectra corresponding to each pixel of homogeneous areas
were summed up to produce the average spectrum of the entire analyzed area. Albite,
biotite, muscovite, spessartine, olivine, and titanite standards were used to obtain K-factors
for the transformation of intensity ratios to concentration ratios according to [40,41]. The
structural formulae of palygorskite were calculated on the basis of 42 negative charges,
i.e.,, Oyp (OH),-(OH,)4. All the Fe was considered as trivalent.
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4. Results
4.1. Miocene Clay Minerals

The mineralogical clay assemblages of Miocene beds (Figure 4) are composed of Mca,
Chl, Kln, Sep, Plg, and Sme. The assemblage comprising Mca-KIn-Plg is ubiquitous across
the stratigraphic section, whereas the Chl-Sep-Sme assemblage is irregularly distributed.
From bottom to top, the Mca-Chl-KIn-Sep-Plg assemblage is recognized in samples of
marlstone and dolo-marlstone. Only the brownish-greenish mixed calcitic/dolo-mudstone
has a representative amount of Sme content, as evidenced by the shift in the 001 reflection
under ethylene glycol solvation (EG). In this sample, Chl and Sep contents are absent or
below the detection limit of the X-ray diffraction technique (<5% wt) (Table S2).
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Figure 4. XRD patterns of oriented mounts of marlstone and mudstone samples: air-dried (AD),
ethylene glycol-solvated (EG), and thermally treated (TT) (550 °C). (A) Sample-4: calcitic/dolo-
mudstone; (B) Sample-3: dolo-marlstones; (C) Sample-0: green marlstones.
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Textural and Crystallochemical Characterization of Miocen Fibrous Clay Minerals

Textural characterization is based on the width of the Plg fibers and other textural
features like length, width/length ratio, fiber curliness, and fiber arrangement [42]. The
length and width/length ratios are not described in all images due to the impossibility of
completely measuring the length of most fibers in TEM images (Figure 5). Fiber curliness
and fiber arrangement were the other key features analyzed. Due to the impossibility
of distinguishing between Sep and Plg only by their morphological features [42], crystal-
lochemical analyses of Miocene fibrous clay minerals were performed (Figure 6). X-ray
diffraction showed that the most abundant fibrous clay mineral in samples of marlstone
and dolo-marlstone is Sep, whereas in calcitic/dolo-mudstone samples, Plg is only present
but scarce. In these terms, the fibers from dolo-marlstone are mostly Sep and only Plg for

marlstone and calcitic/dolo-mudstone.

Figure 5. TEM micrographs of fibrous clay minerals from Miocene marlstones and mudstone. Sample
0-marlstone (A—C): nanometer-sized Sep and minor Plg laths, rods, and bundles from marlstone
samples at the base of the sedimentary succession. Sample 3—dolo-marlstone (D-H): rods and
bundles of Sep and minor Plg. Sample 4—calcitic/dolo-mudstone (I): laths of Plg from the topmost
sample from the Miocene sedimentary succession.

The basal unit of the stratigraphic section (Sample 0, Figure 5A-C), which is composed
of green marlstones, presents fibers in three different aggregation states (Figure 5): laths
(817 nm width), rods (12-38 nm width), and bundles (68—-69 nm width). These fibers
with independent states of aggregation are curved to straight. The basal marlstone bed
consists of ideal Plg (Sample 0, Figure 6). The dolo-marlstones in the intermediate interval
contain Sep-Plg fibers (Sample 3, Figure 5D-H) in three different aggregation states: laths
(9-16 nm), rods (19-45 nm width), and bundles (40-100 nm width). Most fibers in this
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sample are straight and rigid, whereas rods and bundles are curved (Figure 5G). These
clay minerals are classified as common to magnesium Plg (Sample 3, Figure 6). Finally, the
brownish-green mixed calcitic/dolo-mudstones at the topmost part of the stratigraphic
column present only a few straight Plg laths (8 nm width) (Sample 4, Figure 5I), which
are classified as ideal Plg, with higher content of Fe,O3 (x = 0.4-0.5) than Plg particles

comprising the basal marlstones (Sample 4, Figure 6).

0 ERAS

4 BODON BLANCO
© CABALLO ALBA
¢ Sample 0

—Sample 3

Sample 4

Fe,O;

Figure 6. AEM analyses of Plg in the Miocene and playa-lakes deposits, plotted in a ternary graph,
modified from [43].

The weight percentage results of semiquantitative analyses using TEM-AEM of Plg
fibers from the Miocene mudstones and marlstones and the three playa-lakes are plotted in
Figure 6. The graph shows that there is no significant variability in the chemical composi-
tion. Most of them are plotted in composition fields corresponding to aluminum-rich Plg
to common ideal ones, according to [43]. The composition of Miocene fibrous clay minerals
is characteristic of each marlstone and mudstone sample. The mean structural formula for
Plg marlstone (Sample 0) is [SigOzO (Mgz Fe2)0.25 (Mgz Alz) 0-75 (OH)2 . (OH2)4] . nH20.
The dolo-marlstone sample (Sample 3) is characterized by having the most magnesium-
rich composition of Plg of the Miocene deposits [Si1pO30Mgg(OH)4(OH3)2]0.1[SigO20 (Mgo
Fes)o.35 Mgz Alp)o.¢5 (OH), (OHp)4lp.9-n HpyO. The uppermost beds (Sample 4) consist
of calcitic/dolo-mudstone with Plg relative enrichment in Fe,O3 content with the mean
structural formula [SigOy0 (Mg2 Fer)p.45 (Mg Aly)g.55 (OH),-(OHy)4]-nH,O.

4.2. Clay Mineralogy of the Playa-Lakes

The surface sediment samples and microbial mats that proliferate in these three playa-
lakes were characterized in terms of clay mineralogy. The clay mineralogy assemblage of
Caballo Alba comprises Mca, Plg, Sme, and Kln. In addition, Sep is irregularly distributed
and is always below 10% in relative abundance. Sme is always present, with remarkably
higher relative abundances (up to 45%) than those of the Miocene strata (Figure 7, Table S3),
as well as the Las Eras and Bodon Blanco playa-lake deposits. The sediments of the Las
Eras playa-lake lack Sme (Figure S1, Table 54), whereas in the Bodon Blanco playa-lake,
Sme represents up to 10% of the clay mineral assemblage (Figure S2, Table S5).
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Figure 7. XRD patterns of oriented mounts of a desiccated microbial mat from the Caballo Alba
playa-lake: air-dried (AD), ethylene glycol-solvated (EG), and thermally treated (TT) (500 °C).

4.2.1. Textural and Crystallochemical Characterization of Fibrous Clay Minerals from
Playa-Lakes

Fibrous clay minerals (mostly Plg) were classified according to crystallochemical
classification by [43]. In this sense, there are three different groups of Plg particles according
to their enrichment with some octahedral cations: Al,O3 (Figure 8), Fe;O3 (Figure 9), and
MgO (Figure 10). Plg with intermediate compositions, which are the majority of these
minerals, are shown in Figure 11. In the corners of the ternary diagram, the Plg particles
from the three playa-lakes enriched in one of the octahedral cations Al,O3;, MgO, or
Fe,O3 are shown (Figure 6). Notably, a group of Plg from Caballo Alba are enriched
in Fezog [SigOzo (Mgz Fe2)0.6 (Mgz A12)0.4 (OH)Z : (OH2)4]~1’1H20, while some minor
particles corresponding to Las Eras and Bodén Blanco can be classified as magnesium-rich
Plg/aluminum—rich Sep [8112030Mg8(OH)4(OH2)2]0.5[SigOzo (Mgz Fe2)0.1 (Mgz Alz)o.g
(OH)Z . (OH2)4]0.5'71H20. Most aluminum-rich Plg [SigOzQ (Mgz Fe2)0 (Mgz A12)1 (OH)Z .
(OHy)4]1 -nH,O minerals correspond to the particles of Bodon Blanco. The four varieties
of Plg particles are described next in terms of width, curliness, and arrangement of the
fibers (Table S2).
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Figure 8. Aluminum-rich Plg fibers deposited in the playa-lakes: Bodén Blanco (A-C), Caballo
Alba (D,E), and Las Eras (F): (A) Plg lath associated with particles of Sme; (B) Plg lath; (C) Plg rods;
(D-F) Plg lath.

Figure 9. Cont.
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Figure 9. Iron-rich Plg from the Caballo Alba playa-lake: (A) nanometer-sized Plg particle; (B) Plg
lath shorter than 100 nm; (C) Plg lath longer than 100 nm; (D) Plg rod.

Figure 10. Magnesium Plg and aluminum Sep from the Las Eras playa-lake: (A) rod of aluminum
Sep, 100 nm in length; (B) rod of aluminum Sep; (C) bundle of magensium Plg.
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Figure 11. Intermediate composition Plg deposited in the playa-lakes: Caballo Alba (A), Las Eras
(B-I), and Bodoén Blanco (G): (A) nanometer-sized Plg lath; (B,C) Plg laths; (D-I) partially degraded
bundles of Plg.

Aluminum-Rich Plg

Aluminum-rich Plg particles are recognized in the three studied hyperalkaline playa-
lakes. In Bodon Blanco (Figure 8A—C), Plg consists of lath and rods enriched in Al,O3
(20.17%-27.95% wt). The width of Plg particles varies from 10 nm of laths to 23-32 nm of
rods. The laths of Plg (Figure 8D,E) in Caballo Alba range from 21.06 to 25.54% wt of Al,Os.
The width of the laths of Plg particles varies from 12 to 14 nm. Las Eras aluminum-rich Plg
laths (21.57% wt) are scarce and present widths of 12 nm (Figure 8F). Many of these particles
are straight and rigid (Figure 8A,C,E,F), and only a few of them are curved (Figure 8B,D).

Iron-Rich Plg

Iron-rich Plg particles are only found in the Caballo Alba playa-lake (Figure 9). In rela-
tion to their length, two populations of fibers can be distinguished. The smallest laths are
up to 100 nm in length (Figure 9A,B). By contrast, the larger fibers, laths (13-18 nm width),
and rods (27 nm width) are more than 100 nm in length. All these Plg fibers are straight
and rigid. The content of Fe;O3 of these Plg is particularly high (10.40%-21.71% wt).
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The results of quantitative TEM-AEM analyses of Plg from Caballo Alba and their
structural formulae were obtained from one sample (Table 1). According to the Plg crys-
tallochemical classification established by [44], three types of Plg can be distinguished in
terms of the number of Mg atoms per half unit cell (p.h.u.c) vs. the number of octahedral
positions occupied (p.h.u.c): types I, IIl and IV. The results of the structural formulae for
iron-rich Plg are highlighted in green. Type IV represents aluminum-rich Plg. Maximum,
minimum, and mean values for each tetrahedral, octahedral, interlayer, and the sum of
octahedral cations are presented in Table 1.

Table 1. Structural formulae proposed for the studied Plg from the Caballo Alba playa-lake.

Sample Si VAl VI AL Mg Fe3* Y OC Ca K Na Type
CA1/01 7.4 0.6 141 2.19 0.47 4.07 0.1 0.23 0.14 Type II
CA1/02 7.45 0.55 1.09 2.55 0.49 413 0.09 0.32 0.17 Type III
CA1/03 7.10 0.9 0.88 2.88 0.64 44 0.07 0.29 0.16 Type III
CA1/04 7.36 0.64 0.53 3.37 0.38 4.28 0.21 0.11 0.64 Type III
CA1/05 7 1 0.57 2.78 0.8 415 0.21 0.19 0.72 Type 11T
CA1/06 6.94 1.06 0.74 3.54 0.42 4.7 0.05 0.25 0.15 Type III
CA1/07 7.21 0.79 0.82 3.57 0.31 47 0.09 0.07 0.03 Type III
CA1/08 7.23 0.77 1.6 1.46 0.51 3.57 0.23 0.51 0.55 Type IV
CA1/09 6.68 1.32 1.29 1.35 0.74 3.38 0.52 0.61 0.86 Type IV
CA1/10 7.47 0.53 2.18 0.7 0.43 3.31 0.13 0.82 0.24 Type IV
CAI/11 7.35 0.65 2.23 0.85 0.34 3.42 0.12 0.71 0.3 Type IV

MAX 7.47 1.32 2.23 3.57 0.8 4.7 0.52 0.82 0.86

MIN 6.68 0.53 0.53 0.7 0.31 3.31 0.07 0.07 0.03
MEAN 7.20 0.80 1.21 2.29 0.50 4.01 0.17 0.37 0.36

Magnesium Plg and Aluminum Sep

Magnesium-rich Plg and aluminum Sep particles are found in the Las Eras playa-lake
(Figure 10). The state of the fiber arrangement varies from rods (31-32 nm width) to bundles
(43 nm width), from straight and rigid to curved. The MgO content ranges from 20.23% to
27.79% wtt.

Common and Ideal Plg

This group of minerals is the most representative in terms of the number of particles
analyzed (Figure 11). The compositional limits can be established in the ternary diagram

“u__1r

by the “y” and “x” values. The “y” value corresponds to the proportion of Sep and Plg
polysomes [43], whereas “Xx” indicates the Fe,O3 content in Plg polysomes. In this line, “y”
values vary from 0.1 beyond to 0, and “x” varies from 0.1 to 0.4. This implies that all Plg
particles in this field can be mostly classified as common and ideal Plg particles [43].
There are two populations of fibrous clay minerals among the three playa-lakes: laths
of Plg (6 nm to 12 nm widths) (Figure 11A—C) and partially degraded rods and bundles
of Plg (25 nm to 62 nm widths) (Figure 11D-I). Another textural difference between these
two populations is the fiber curliness: laths are curved (Figure 11A—C), whereas partially

degraded rods and bundles are straight and rigid (Figure 11D-I).

5. Discussion

The mineralogical, textural, and chemical analyses provide supporting evidence
indicating that a mixed assemblage of detrital and authigenic Plg is deposited in the three
hyperalkaine playa-lakes studied. The crystallochemical compositions of the detrital Plg
particles analyzed are equivalent to Miocene marlstones and mudstones. Alternatively,
authigenic Plg particles, and to a minor extent aluminum Sep, are characterized by greater
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proportions of octahedral cations (Al,O3, MgO, and Fe;O3) in the playa-lakes. High pH and
minor differences in the geochemical compositions of the studied playa-lakes influence the
precipitation of different types of Plg as well as the precipitation of Sme and the dissolution
of Chl. The authigenic processes of iron-rich Plg precipitation are closely associated with
the Caballo Alba playa-lake and Miocene calcitic/dolo-mudstone, where Plg is present
along with Sme content.

Plg deposited in recent lacustrine environments is commonly detrital [1]. A similar
interpretation applies to most of the Plg deposited in the three studied playa-lakes. Due
to the shallow nature of these playa-lakes and their surface area, Plg was homogeneously
distributed throughout the lakes. The small particle size also favors the transport of clay
minerals in suspension from one area to another [45]. Plg particles migrate and move
preferentially over Sme and Kln [46]. Rods and bundles of detrital Plg are straight and rigid
and close to the ideal composition (Figure 10A-C). The widths measured in the detrital
bundles of Plg in these playa-lakes, ranging from 25 to 80 nm, have been also reported in
Plg fibers deposited in other worldwide geological settings [47-49].

In relation to mineralogy, the crystallochemical composition and textural features,
including width, fiber curliness, and the arrangement of Plg fibers deposited in modern
lakes, fit well with the features of fibrous clay minerals forming the Miocene strata in the
watershed [26]. There are many examples of detrital Plg deposits and their parent rocks in
different geological formations worldwide [50-52].

Our results show that these alterations of detrital clay minerals and the precipitation
of authigenic ones are related to the high pH values that these playa-lakes consistently
record. As the pH increases, the separation and dispersion degrees of Plg fibers increase,
whereas the contents of SiO,, Al,O3, MgO, and Fe;Oj3 in Plg remain constant [53]. On
the edges of these fibers, degradation is evident. Plg is stable only at high pH values [7].
There is no significant variation with the increase in pH value (i.e., up to 13), neither at the
dj10 peak intensity nor at the full width at half maximum [53]. In addition, Sep is more
abundant than Plg in the studied Miocene marlstones, whereas Plg is more abundant in the
hyperalkaline lakes studied. Although Sep is a mineral with low solubility, its long-term
interaction with hyperalkaline waters (i.e., 8 > pH < 13) results in a greater decrease in
the length of Sep fibers and subsequent dissolution of Si-OH groups than those reported
by [54].

A second population of fibrous clay minerals is considered authigenic because of their
notable differences in composition and texture, with regard to the detrital, concerning
width, and particle aggregation. The measured widths of these neoformed Plg fibers range
from 6 to 32 nm. Similar ranges of widths are common in neoformed Plg [6,55,56]. Plg and
Sep are clay minerals that are typically formed in lacustrine evaporitic environments [1],
where Plg predominates over other clay minerals, especially in mudflats and playa-lakes [2].
Consequently, Plg formation in sedimentary environments can be controversial, as it is
either inherited from source areas or authigenic [57]. Those authigenic Plg and Sep fibers
distinctly consist of laths and rods enriched with octahedral cations Al,O3, MgO, or Fe;O3
(Figures 8-10). The composition of a minority of authigenic Plg is closer to common
and ideal terms (Figure 11A-C). Overall, neoformed Plg are laths from 50 nm up to
300 nm in length. Although authigenic aluminum-rich Sep deposits are detected in Las
Eras, the greater abundance of Plg compared to Sep could be linked to an increase in
aluminum activity [58]. Unlike the well-preserved bundles of authigenic aluminium-rich
Sep (Figure 10A,B) in Las Eras, the inherited magnesium Plg bundles (Figure 10C) exhibit
degraded edges. Aluminum-rich Plg deposits are also of authigenic origin because they are
laths and rods, straight, and rigid, with no signs of erosion and, in some cases, associated
with Sme (Figure 8A). These Plg deposits are frequent in nature due to the transformation
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of Sme [43], and they could be the result of an epitaxial intergrowth with Sme [59]. Other
authors have theorized about the transformation of Plg into Sme under alkaline pH and
environmental conditions [60]. Clay mineral intergrowth between Sme and Plg has also
been observed in Paleogene calcretes in Central Spain, where the transformation in the
solid state is unlikely due to their structural differences [61].

Chl clay minerals are abundant in the Miocene layers but scarce or absent in the
studied playa-lakes sediments (Figures 5, S1 and S2). The dissolution of Chl may explain
this notable decrease. The dissolved Chl appears to be the most probable source of iron
for iron-rich Plg exclusively detected in Caballo Alba. Thus, iron-rich Plg is of neoformed
origin. The incongruent dissolution of Chl occurs at alkaline pH [62,63], whereas Plg
precipitation is favored by high pH levels (8-9.5) and high Mg+5i/Al ratios [5]. The
iron present in the form of Fe?* in the structure of Chl may oxidize to Fe3* in solution
as a function of pH [64,65]. Thus, Plg neoformed in the Caballo Alba playa-lake should
preferentially incorporate the available Fe** in the solution. The authors of [66] carried
out a Mossbauer characterization and concluded that iron in Plg is ferric and occupies M1
and M2 sites. Ref. [67] involving XRF studies revealed a very similar iron concentration
between bulk samples of these Miocene rocks (av. 16.26%) and these playa-lake sediments
(av. 16.7%). In addition, Fe3* is strongly correlated with other characteristic elements of
clay minerals (e.g., Si**, AI**, Ti**, and K*) [67]. The preferential incorporation of Fe3*
into the structure of Plg is favored by the incorporation of Mg?* into authigenic saponite
(Sap), which is abundant in Caballo Alba. The mean structural formula of these Sap is
[(Si3.35-4Al0-0-0-65) O10 (Alg-18-1-70 Feo-11-0-50 Mg 0-27-2-12 Mn 0.00-0-04 Ti 0-00-0-08) (Ko-00-0-61
Na ¢.00-0-27 Ca -03-0-20) (OH),-nH,O] [30]. Beyond the scope of this study, Sap authigenesis
is active in this lake and could involve also some Chl transformation into iron-rich Sme,
in contrast to Las Eras and Bodén Blanco, where Sap is absent (Figures S1 and S2). This
has a significant impact on the geochemical Mg?* correlation with clay-forming elements
(e.g., Si**, AI**, Ti**, and K*) in Caballo Alba in contrast to Las Eras, where it is absent [67].

Miocene calcitic/dolo-mudstone contains an assemblage of Sme and iron-rich Plg
(Figure 4A) that is analog to the Caballo Alba clay mineral assemblage (Figure 7). As
in modern deposits, the relative enrichment in Fe,Os of Miocene Plg coincides with
the Sme content of the montmorillonitic (Mnt) composition [(Siz.54-4 Al 9.00-0-16) O10
(Alp-go-1-50 Fep.20-0.73 Mgo-21-0-73 M ¢.00-0-17 Ti 0-00-0-07) (Ko-12 Nag.00-0-18 Cap-01-0-19)
(OH),-nH0] [30]. Our results suggest that Sap enables higher Fe3* uptake by Plg than Mnt
(Figure 6). An association of iron-rich Plg and magnesium-rich Sap has been reported in the
Neogene geological record of alkaline lakes [3]. The Plg fibers described by [3] comprised
up to 1.05 Fe atoms p.h.u.c, whereas Caballo Alba iron-rich Plg reached 0.8 Fe atoms p.h.u.c.
The proposed structural formulae [(Siy Al;) Oz (Alg.57 Mg 2.78 Fe ¢.3) (Cag.21 Ko.19 Nag.72)
(OH); - (OHy)4-4H, O] fits with an iron-rich Plg (Table 1). Iron-rich Plg deposited in Caballo
Alba provides insight into iron-rich Plg deposits that were analyzed elsewhere in [68]
considering the Maderuelo deposit (i.e., up to 1.31 Fe atoms p.h.u.c) (Duero Basin, Spain);
in [69] considering the Pefkaki deposit (i.e., up to 0.99 Fe atoms p.h.u.c) (Greece); and in [10]
considering the Altillo Grande playa-lake (i.e., x > 0.5) (Guadiana Basin, Spain).

Table 1 presents the classification of studied Plg in Caballo Alba, according to [44].
These results are very similar to Plg reported in southern Iranian soils of Hormozgan
province, where types IlII (i.e., trioctahedral Plg) and IV (i.e., aluminum-rich Plg) are the
dominant Plg types and Type II is the minority [70], as in Caballo Alba. Nevertheless,
the Iranian Plg deposits are mostly neoformed [70], whereas in the studied playa-lakes,
they are mostly inherited. Ref. [71] compared clay mineral assemblages in the Persian
Gulf and the Gulf of Oman, and they found that Plg is more abundant in cores from
the Iranian side of the Persian Gulf, reflecting the influence of Zagros hinterland. In the
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strait of Hormuz, Plg and Sme almost disappear, and in the Gulf of Oman, Mca and
Chl are the dominant clay minerals [71]. In the NW side of the Persian Gulf, bordering
Kuwait and Iraq coasts, Plg with no trend of distribution it is most probably derived from
ancient Mesopotamian flood plain and submerged estuarine sediments of the Shatt-al-Arab
(i.e., Tigris and Euphrates rivers) transported by fluvial influxes and dust storms associated
with NW winds (Shamal) [72,73].

The Plg present in calcretes and other sedimentary rocks associated with lacustrine
or playa environments in continental settings can be of authigenic [74-76] or inherited ori-
gins [77]. The authigenic Plg of late Miocene-Pliocene lacustrine deposits of the Kizilirmak
Formation (Kirsehir Region, Turkey) exhibit some similarities with aluminum-rich Plg of
Caballo Alba and Bodén Blanco. The transformation of detrital Sme into fiber and fiber
bundles of Plg represents a more evolved stage [74] than that observed for the studied
playa-lakes (Figure 8A). This feature is evident in the aggregation stage of the fibers but not
in the width of laths; there are some similarities in the widths ranging from 10 to 50 nm with
laths of sharp edges [72], as shown in Figure 8. The dissolution—precipitation mechanism is
proposed as the underlying process rather than the pure transformation of detrital Sme into
Plg, as stated previously by [61,74]. In other sedimentary successions of Central Asia (i.e.,
Kazakhstan), the authigenic origin of Plg and its association with Sme in the Chu-Surasu
Basin (late Cretaceous) [75] or Chl in the Bastau Formation (mid-Miocene) [76] points to
the weathering process of igneous rocks under dry conditions. The detrital Plg deposits of
calcretes of Thar Dessert (Rajasthan state, India) are inherited from marine sedimentary
rocks of the area belonging to the Jaisalmer Formation (Cretaceous to Eocene age) related
to aeolian flux during increased aridity over the last 30 ka in relation to fluctuating SW
monsoonal strength [77]. In this same line, the abundance of detrital Plg in the studied
hyperalkaline playa-lakes opens a window to potential paleoclimatic studies (i.e., aridity)
along their sedimentary record.

6. Conclusions

The Caballo Alba, Las Eras, and Bodon Blanco hyperalkaline playa-lakes host a
mixture of authigenic and detrital clay minerals that vary from lake to lake and differ
from Miocene source rocks, with their precipitation dependent on slight differences in
physicochemical conditions. Miocene marlstones and mudstones comprise an assemblage
of Mca-Chl-KIn-Sep-Plg with Sme only present in the topmost mudstone. In contrast, in
the three studied playa-lakes, the relative abundances of Sep and Chl are very low due
to the dissolution effect by high pH waters. Alternatively, mineralogical, textural, and
crystallochemical features indicate that Plg particles of different octahedral compositions
precipitate in the three lakes. The concurrent authigenesis of Sme occur in Caballo Alba, in
contrast to Las Eras and Bodon Blanco. Authigenic Plg occurs as the laths and rods with
lengths of 50 nm and distinctively are enriched in one octahedral cation (MgO, Al,O3, and
Fe;O3) depending on sedimentary conditions. Aluminum-rich Plg particles from the three
playa-lakes could be intergrowth with Sme favored by high pH. Iron-rich Plg precipitates
only in association with authigenic Sme (Sap) in the Caballo Alba playa-lake. In this case,
Sme of Sap composition preferentially uptakes magnesium from the environment, and the
available dissolved iron is mainly derived from Chl dissolution, due to its scarce presence
in these playa-lakes. The same effect of magnesium competition between Sm and Plg
is observed in a Miocene mudstone, where Plg is relatively enriched in iron. The exact
conditions of Sm precipitation in some Miocene rocks should be constrained in future
paleoenvironmental studies. Our findings in spatially close and hydrochemical equivalent
playa-lakes provide evidence that authigenic Plg-bearing mineral assemblages can be used
as geochemical proxies. Future perspectives include unraveling the authigenic mechanisms
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of Sap in Caballo Alba and seeking to define more in-depth iron-rich and aluminum-rich Plg
as well as Sep precipitation. An investigation of the relationship between arid conditions
and detrital Plg deposited in playa-lakes during the Holocene is also pending.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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Clay mineralogy. Semi-quantification results obtained by XRD oriented mounts method of Caballo
Alba sediments.; Figure S1: XRD patterns of oriented mounts of a representative sample from Las
Eras: air dried (AD), ethylene glycol solvated (EG) and thermal treated (TT) (550 °C). The clay
mineral assemblage comprise: mica (Mca), palygorskite (Plg) and kaolinite (Kln).; Table S4: Clay
mineralogy. Semi-quantification results obtained by XRD oriented mounts method of Las Eras
sediments.; Figure S2: XRD patterns of oriented mounts of a representative sample from Bodén
Blanco: air dried (AD), ethylene glycol solvated (EG) and thermal treated (TT) (550 °C). The clay
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Bodon Blanco sediments.
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Ana P. O. Sousa !, Mério C. S. Lima !, Waleska R. P. Costa !, Renalle C. A. M. Nascimento 2, Joao M. P. Q. Delgado 3*,

Antonio G. B. Lima % and Luciana V. Amorim 1

Academic Unit of Petroleum Engineering, Federal University of Campina Grande,

Campina Grande 58429-900, Brazil; anap.olvs@gmail.com (A.P.O.S.); mariocesar.slima@gmail.com (M.C.S.L.);
warodriguespc@gmail.com (W.R.P.C.); lvamorim@gmail.com (L.V.A.)

Academic Unit of Santo Agostinho, Rural Federal University of Pernambuco,

Cabo de Santo Agostinho 54518-430, Brazil; nalenascimento@gmail.com

3 Institute of R&D in Sctructures and Construction (CONSTRUCT-GFC), Department of Civil and Georesources
Engineering, Faculty of Engineering, University of Porto, 4200-465 Porto, Portugal

Department of Mechanical Engineering, Federal University of Campina Grande,

Campina Grande 58429-900, Brazil; antonio.gilson@ufcg.edu.br

*  Correspondence: jdelgado@fe.up.pt; Tel.: +351-225-081-404

Abstract: Glycerin-based fluids are proposed as a promising alternative to inhibited fluids
in the drilling of highly-reactive formations. However, even with the use of these fluids,
it is still possible to observe the occurrence of problems related to the balling of drill bits
and drill pipes, such as the agglomeration and accretion of cuttings. This study aims to
analyze how the interaction between expandable minerals from reactive formations and
glycerin-based drilling fluids affects the stability of oil wells, focusing on the occurrence and
extent of the accretion phenomenon. For this purpose, bentonite pellets were characterized
regarding their mineralogical composition and plastic behavior. In addition, accretion tests
were performed in order to evaluate the interaction between bentonite pellets and glycerin-
based drilling fluids containing different types of inhibitors. The results revealed that the
pellets were predominantly composed of interstratified illite—smectite (IS) clay minerals
and presented highly plastic properties with a high degree of expansion. Furthermore, it
was found that the accretion percentages were significant for all the fluids studied, at higher
than 58%. Therefore, it was found that using glycerin in drilling fluids did not stabilize
expandable minerals in reactive formations, even with different expansion inhibitors, which
were ineffective in reducing the rock expansibility.

Keywords: well stability; drilling fluids; glycerin; reactive formations; clay minerals;
inhibitors; bentonite pellets

1. Introduction

The instability of oil wells, resulting from the presence of geological formations that
are difficult to drill, represents one of the main adversities faced during drilling operations.
The behavior of these formations is influenced by a complex combination of mechanical,
chemical, thermal, and electrical processes, which are interconnected and can-not be
understood in isolation [1].

Clay minerals found in sedimentary rocks can be categorized into three main groups:
smectite, kaolinite, and illite. Each of these groups can lead to various issues in wells,
including fine migration, increase in pore tortuosity, formation swelling, and decreased
penetration rate [2].

Minerals 2025, 15, 245 https:/ /doi.org/10.3390/min15030245
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Bentonite is a rock that generally presents a high concentration of expandable clay
minerals, normally belonging to the smectite group. These smectite clays are characterized
by the easy hydration capacity of cations and interlayer surfaces, giving them a remarkable
expansion property. Due to this property, they are often called expansive clays [3].

The understanding of the agglomeration and accretion of cuttings remains limited
due to the lack of field data, diverse drilling practices, and variations in the lithology of the
formations. According to Reid and co-authors [4], theories based on the plasticity of clays
have been proposed to explain this phenomenon. These theories are based on the idea that
the reduced penetration of water into the rock fragments generated by the action of the
bit decreases the hydration rate, resulting in a prolonged plasticity of the fragments. It is
believed that this extended plasticity state of the clays allows the cuttings to be molded
into the bottom hole assembly (BHA) components and incorporated close to the well wall.

In drilling operations where the formation presents a high degree of reactivity; it is
necessary to use inhibited fluids. Most of the studies related to the prevention of agglom-
eration and accretion focus on the performance of additives in the formulation in which
the continuous phase is composed of water. However, due to the thermal and oxidative
stability characteristics and low interaction with clays during swelling tests, glycerin-based
fluids have emerged as a promising alternative to inhibited fluids, potentially improving
wellbore stability. Pormerlau [5] highlights several advantages of glycerin-based drilling
fluids. However, even with the use of these fluids, it is still possible to observe the oc-
currence of problems related to the balling of drill bits and drill pipes, that can result in
increased non-productive time during the drilling process.

In this context, the present study aims to analyze how the interaction between expand-
able minerals existing in reactive formations and glycerin-based drilling fluids affects the
stability of oil wells, focusing on the occurrence and extension of the accretion phenomenon.

2. Materials and Methods
2.1. Materials

To carry out this work, a sample of pellets was used, which corresponded to the
compacted form of bentonite. This sample was donated by Bentonite Uniao Nordeste—
BUN (Boa Vista, Brazil).

The glycerin-based drilling fluids were formulated with additives in the amounts
specified in Table 1. All additives were supplied by Leopoldo Américo Miguez de Mello
Research and Development Center—CENPES/PDDP/FCE from PETROBRAS (Rio de
Janeiro, Brazil).

Table 1. Composition of the glycerin-based drilling fluid.

Product Function Amount
Water Dispersing medium 262.5 mL
Sodium bicarbonate Removal of divalent cations 05¢g
Glycerin Dispersing medium 87.5mL
Xanthan gum Rheological agent 05¢g
PAC LV Filtrate loss reducer 6g
11,12, 13 ** Clay swelling inhibitor 157¢,105¢g,105 ¢
Magnesium oxide Alkalinity buffer lg
Limestone Bridging agent 20¢g
Silicone-based liquid Anti-foaming 03¢g
NaCl Weighting agent QS*9.51b/gal

* Quantum satis—Enough amount to reach a density of 9.5 Ib/gal. ** Inhibitors have different commercial
chemical compositions.
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Three different types of clay swelling inhibitors, named I1, I2 and I3, were incorporated
into the fluid composition. In total, seven glycerin-based fluid formulations were prepared,
for which there was variation in the use of inhibitors, as described in Table 2.

Table 2. Identification used for the drilling fluids studied.

Nomenclature Glycerin Fluid
F1 No inhibitor added
F2 Added with I1
F3 Added with 11, 12, and I3
F4 Added with I1 and 12
F5 Added with 12
F6 Added with I1 and I3
F7 Added with I3

2.2. Methods
2.2.1. Pellets’ Characterization

X-ray diffraction (XRD) was used to identify the mineralogical constituents of the
samples using a Rigaku (Miniflex 600) X-ray diffractometer. The quantitative determination
of the mineral composition was carried out by the Rietveld method, which performs a
complete simulation of the diffractogram, refining the geometric parameters of the phases
present, and taking into account the crystallographic aspects. Quantification is determined
by comparing a calculated diffraction pattern with the observed pattern, performing a
point-by-point analysis, and adjusting the differences found using the least squares method.

In addition, measurements of the liquid limit and plasticity limits of the bentonite
pellets were carried out to evaluate their plastic behavior in the different liquid media
used in the formulations of the drilling fluids under study: water, glycerin, and water with
glycerin. The liquid limit was obtained in the Casagrande apparatus, according to the
procedures of NBR 6459, while the plastic limit was obtained according to NBR 7180 [6,7].
The plasticity index of the pellets was calculated using Equation (1).

PI=(LL — PL) x 100%, 1)
where PI = plasticity index; LL = liquid limit, and PL = plastic limit.

2.2.2. Drilling Fluids’ Preparation

The drilling fluids used in this study were prepared in aliquots of 350 mL, using a
Silverson L5M-A equipped with an emulsifying screen rotor /stator assembly, at a rotational
speed of 8720 rpm.

The additives were added in the order presented in Table 1, with 5 min of homoge-
nization for each one. The final homogenization time was 10 min.

2.2.3. Interaction Between Expandable Minerals and Drilling Fluids: Accretion Test

The accretion test was performed following the methodology established by Cliffe and
Young [8]. For that, solid steel bars were positioned in the center of the test cell, which was
filled with drilling fluid until reaching 50% of its volume. Subsequently, samples containing
50 g of pellets with a narrow particle size distribution (3.35-4.75 mm) were added to the cell.
Gentle agitation was then applied with a spatula to ensure an even distribution of the solids
in the fluid uniformly. Finally, the cell was completely filled with the fluid, sealed, and
inverted 3 to 4 times to minimize the chances of pellets sticking to the bottom of the cell.
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The test was conducted using a Rollen Over model 705S from Fann. During the
procedure, the cells were rotated at predetermined time intervals (10, 20, 30, 40, and
50 min), maintaining room temperature. Figure 1 illustrates the test procedure.

F1:NO INHIBITOR ADDED

F2: ADDED WITH I

F3: ADDED WITH I1, 12, AND I3
F4: ADDED WITH I1 AND 12

F5: ADDED WITH 12

F6: ADDED WITH 11 AND 13

F7: ADDED WITH I3

10, 20, 30, 40, and 50 min

Figure 1. Equipment and methodology for accretion tests using bentonite pellets and inhibited
drilling fluids.

After the rolling step, the bar was removed from the test cell, and the added solids
were properly removed, finishing with a quick wash of the bar using a pipette containing
water, in order to minimize any sample loss. Then, the solids were subjected to drying at
110 °C until they reached a constant mass. The accretion rate was then calculated according

to Equation (2).
W»

where A = accretion; W; = weight of solids, in grams, after drying at 110 °C, and M; = initial

A% = )

water content of the pellets sample, not exposed to the fluid.

3. Results and Discussion

3.1. Pellets” Characterization
3.1.1. Mineralogical Composition Section

Figure 2a displays the X-ray diffractogram of the bentonite pellet (total powder). To
enhance the interpretation of the diffractogram, particularly for identifying clay minerals,
the clay fraction underwent additional analyses, which included heating at 500 °C for
2 h and treatment with ethylene glycol, as shown in Figure 2b. These techniques were
employed based on the principle that ethylene glycol treatment expands the basal spac-
ing of smectites to 17A, while heating at 500 °C dehydrates kaolinites and reduces the
basal spacing of smectites. Therefore, the mineral identifications presented in Figure 2a
incorporate the results from these additional tests.

In general, it is possible to observe, through the X-ray diffractogram, peaks indicative
of the presence of interstratified clay minerals illite-smectite (IS), evidencing the reactive
nature of the bentonite pellet sample with a high degree of expansion. Additionally, peaks
associated with the presence of mica, feldspar, and quartz can be identified, as well as
moderate peaks that denote the existence of clay minerals corresponding to kaolinite.

Figure 3 presents the qualitative and quantitative results of the X-ray diffraction analysis.

In the quantitative analysis, it was found that the sample was predominantly com-
posed of an expandable clay mineral of illite interstratified with smectite, whose content
reached 65%, evidencing the result presented in the diffractogram shown in Figure 1. The
interstratified clay minerals are partial products resulting from a process of synthesis of
the phyllosilicate layers, in which there is no predominance of a specific crystal, therefore
presenting characteristics common to two or more clay minerals. According to Wilson and
co-authors [9], the presence of smectite is directly related to the reactivity of the formation.
Thus, due to the presence of smectite in the synthesized layer, the bentonite pellets have
exhibited a notable sensitivity to the presence of water.
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Figure 2. X-ray diffractogram of the pellet sample (total powder) (a) and XRD pattern of the heated,
glycolated, and natural clay fraction of the pellet sample (b).
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Figure 3. Qualitative and quantitative results of X-ray diffraction of the pellets (quantitative evalua-
tion parameter: 0 < 1% = possible presence; 1% < 5% = traces; >5% = presence).

Based on the data presented in Figure 2, it is also possible to verify that significant
proportions of accessory minerals, such as quartz and feldspar, were observed. The mineral
quartz, whose characteristics include a non-plastic nature and a brittle structure, presented
a composition of 4%. For feldspar, a concentration of 7% was observed. According to
Macedo et al. (2008), feldspathic accessory minerals have a direct influence on the plastic
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(a)

Moisture %

properties of the formations, since, together with quartz, they generally play a role in
reducing plasticity [10]. However, Apolonio and co-authors [11] carried out a study on the
reactivity of shales in the Northeast region of Brazil and found that the predominance of
Na-smectite and Na-feldspar confers greater plasticity to the clay formations.

3.1.2. Atterberg Limits

The moisture contents of the pellet sample, in relation to each liquid medium that
makes up the bases of the drilling fluids (water, glycerin, and water with glycerin), was
investigated, as well as the number of drops (revolutions) used to determine the liquid
limit. Those parameters were correlated and visually represented in the graphs shown in
Figure 4. The highlighted points were obtained through a linearization of the other points,
thus corresponding to the liquid limit for each medium.
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Figure 4. Liquid limit for the pellet sample with (a) water, (b) glycerin, and (c) water with glycerin.

The results in Figure 3 reveal that, in the presence of water, the pellets obtained a
liquid limit of 73.08%, which indicates very high plasticity, according to the classification
proposed by Bell [12] (Table 3). With glycerin, the pellets presented a liquid limit of 36.98%,
and its plasticity was classified as intermediate. In the presence of water with glycerin, the
pellet sample reached a liquid limit of 53.1%, which corresponded to the classification of
high plasticity. Therefore, the pellets demonstrated liquid limit values that classify them as
plastic materials in the three bases used in the drilling fluids.

The liquid limit is associated with the saturation point of the hydration state of the
formations, at which the rock begins to behave like a liquid and loses the properties that
would allow it to agglomerate in the BHA. Although the rock loses its fluid characteristics
when it reaches the liquid limit, it still can be easily molded, being in a state known as
plastic [13]. Therefore, a high liquid limit favors the permanence of the formation in the
plastic state, increasing its plasticity.
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Table 3. Plasticity classification according to the liquid limit [12].

Classification Liquid Limit
Low plasticity <35
Intermediate plasticity 35-50
High plasticity 50-70
Very high plasticity 70-90
Extra high plasticity >90

The plasticity index, determined by the difference between the liquid limit and the
plasticity limit values, was used as a reference for classifying the sample in relation to its
degree of plasticity, following the classification described in Table 4 [14].

Table 4. Classification according to the degree of plasticity.

Classification Plasticity Index (%)

Weakly plastic 1<IP<7
Moderately plastic 7<IP <15

Highly plastic IP>15

Table 5 presents the results of the plasticity index, together with the classification of
the pellets according to their degree of plasticity.

Table 5. Plasticity index of pellets and their classifications according to the degree of plasticity.

Liquid Medium Plasticity Index (%) Degree of Plasticity (%)
Water 36 Highly plastic
Glycerin 5 Weakly plastic
Glycerin + water 22 Highly plastic

The results shown in Table 5 reveal that the pellets presented a plasticity index of
36% in the presence of water, which means that they are highly plastic in this medium. In
glycerin, the plasticity index was 5%, resulting in a classification of weakly plastic. In water
with glycerin, the plasticity index reached 22%, characterizing them as highly plastic in
this medium. According to van Oort et al. (2000), the reactivity of the formations is more
pronounced in rocks that present plastic characteristics [15].

Thus, the data obtained from X-ray diffraction (Figures 1 and 2) and the Atterberg
limits reveal that the pellets analyzed were predominantly composed of the clay mineral
smectite, being classified as highly plastic when exposed to water and water with glycerin.
In this sense, the pellets can be considered as representative of reactive formations for
drilling fluids composed of these bases. These results corroborate the studies of Hajjaji
et al. (2010), who observed that formations in which smectite is the dominant clay mineral
have a greater predisposition to reactivity in terms of their plastic characteristics [16].
Additionally, Fontoura (2002) observed that the rock—fluid system is directly influenced
by the physicochemical properties of the clay—water system, since clays have a series of
characteristics that make them reactive when in contact with water-based drilling fluids,
such as high specific area and the expansibility of these minerals [17].

3.2. Interaction Between Expendable Minerals and Drilling Fluids

Figures 5-11 show the appearance of the pellets accreted to the steel bar, for each fluid
studied, for times of 10, 20, 30, 40, and 50 min.
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10 min 20 min

Figure 5. Pellet accretion using fluid F1 (without inhibitor).

Figure 6. Accretion of pellets using fluid F2 (added with I1).

L1l

10 min 20 min 30 min 40 min 50 min

Figure 7. Accretion of pellets using fluid F3 (added with I1, 12, and 13).

il

10 min 20 min 30 min 40 min 50 min

Figure 8. Accretion of pellets using fluid F4 (added with I1 and 12).

63



Minerals 2025, 15, 245

iil

10 min 20 min 30 min 40 min 50 min

Figure 9. Accretion of pellets using fluid F5 (with I2).

il

10 min 20 min 30 min 40 min 50 min

Figure 10. Accretion of pellets using fluid F6 (with I1 and I3).

1Ll

10 min 20 min 30 min 40 min 50 min

Figure 11. Accretion of pellets using fluid F7 (with I3).

It is possible to see in Figures 4-10 that the pellet accretion process was more evident
after a period of 10 min, with the highest accretion percentages occurring between 20 and
50 min. The pellets used underwent a deformation process before aggregating and formed
a more uniform layer, thus resulting in the accretion phenomenon.

Table 6 presents the pellets accretion values as a function of time, after performing the
test with the analyzed drilling fluids.

According to the results, the accretion of the pellets using fluid F5 was the most
significant, reaching 83.39% after 20 min of exposure. Fluid F7 showed a maximum
accretion of 81.70% after 10 min of exposure. The maximum accretion values for fluids
F1 and F3 were 79.92% and 71.27%, respectively. Fluid F4 showed a maximum accretion
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of 66.89% after 30 min. Samples F2 and F6 showed the lowest accretions, with maximum
values of 61.93% and 58.91%, respectively, after 40 min of exposure.

Table 6. Pellet accretion percentages.

Accretion (%)

Glycerin Fluids 10 min 20 min 30 min 40 min 50 min
F1 75.67 79.92 78.61 71.77 64.86
F2 42.55 59.91 61.89 61.93 50.70
F3 44.35 71.27 71.25 69.58 65.19
F4 47.36 62.38 66.89 62.94 55.47
F5 80.20 83.39 77.26 72.88 66.35
F6 15.88 51.76 54.41 58.91 4417
F7 81.70 78.63 79.26 70.18 67.94

After the pellets reached the maximum accretion value, they formed a consistent layer
around the bars, which reduced the amount of water moving into the cuttings. This slowed
down the rate at which the formation absorbed water, keeping it in a plastic state. Over
time, the accretion values decreased for all fluids after reaching their peak, indicating a
prolonged period of hydration for the pellets. This caused the pellets to exceed their liquid
limits, resulting in reduced accretion percentages for all drilling fluids.

Studies conducted by Pivovarski and co-authors [18] revealed that as the time of
exposure of bentonite to water increased, a reduction in the measured swelling rate was
observed. This means that, in the initial stages in which the pellets absorbed a small amount
of water, a significant volumetric increase occurred per unit of time. However, over time,
this volumetric increase decreased exponentially.

The relationship between pellet behavior in the accretion test and time can be un-
derstood through the clay plasticity and Atterberg limits. Clay plasticity arises from the
interaction of electrical charges of expandable mineral particle and water, which also lubri-
cates these particles. The plastic state occurs when sufficient water allows mineral surfaces
to slide and align under tangential stress. Higher clay content in a formation enhances its
plastic properties, increasing the likelihood of the accretion phenomenon.

The interaction between glycerin and pellets is largely due to significant electrostatic
interactions between the hydroxyl groups of glycerin and the ionic and polar sites in
clay materials [19,20]. Glycerol molecules preferentially adsorb to the active sites of clay,
displacing water molecules [21,22]. This adsorption may influence the aggregation and
dispersion states of the system. In addition to well-known hydrogen bond interactions with
water, relevant electrostatic interactions occur between the hydroxyl groups of glycerin and
clay’s ionic and polar sites.

The addition of glycerin—a tri-alcohol—into water-based mud increases the interlayer
spacing of aluminosilicate, similar to ethylene glycol. The hydroxyl groups in glycerin
interact strongly with clay lamellae and water molecules, with each molecule capable of
forming hydrogen bonds with up to eight water molecules. This “glycerin-water” complex
penetrates the interlayer space, resulting in expansion and enhanced hydration due to
its volume.

The accretion test conducted with fluid F1, without inhibitors, demonstrated the
pronounced reactivity of the pellets in relation to their plastic characteristics, as expected
due to the high levels of expandable minerals present. In addition, it was observed that the
glycerin-based drilling fluid was not able to stabilize the reactive formation, resulting in
the accretion phenomenon.

From the comparative analysis between fluids F1 and F2, it was found that the inclu-
sion of inhibitor I1 showed a partial effectiveness, promoting a decrease in the accretion

65



Minerals 2025, 15, 245

levels. However, despite the action of this inhibitor, accretion phenomena still occurred in
considerable proportions.

Considering the analysis of fluids F6 and F7, it can be concluded that the use of
inhibitor I3 in the fluid composition was not effective, resulting in the second highest
accretion rate (81.70%) among all tests performed. However, when adding inhibitor I1 to
the composition, a 22.79% reduction in the accretion percentage was observed. This same
behavior was noted in fluids F4 and F5. Using inhibitor 12, the highest accretion value for
the study was obtained (83.39%), evidencing the inefficiency of this inhibitor in preventing
expansion. However, when adding inhibitor I1 to the fluid, there was a 16.5% reduction in
the accretion rate.

For fluid F3, which contained the three inhibitors, an accretion percentage of approxi-
mately 71% was observed at 20 and 30 min. These results reinforce the findings obtained
when using other fluids, indicating that inhibitors I1, 12, and I3, either individually or
together, were not able to effectively inhibit the swelling of the expandable minerals present
in the pellets, thus allowing the occurrence of the accretion phenomenon.

4. Conclusions

With the aim of analyzing how the interaction between expandable minerals existing
in reactive formations and glycerin-based drilling fluids affected the stability of oil wells,
focusing on the occurrence and extension of the accretion phenomenon, the following
was concluded:

e  The characterization of bentonite pellets revealed a predominance of clay minerals of
the smectite group in their composition, which provides a strong indication of their
reactivity with a high degree of expansion;

e  According to the liquid limit, the pellets were categorized as presenting very high
plasticity in the presence of water, high plasticity in the presence of water with glycerin,
and intermediate plasticity in the presence of glycerin;

e Based on the degree of plasticity, it was found that the pellets were classified as highly
plastic both in contact with water and water with glycerin;

e  The accretion percentages were considerable for all drilling fluids at different times of
the accretion test, indicating that the addition of glycerin to the fluids was not efficient
in stabilizing the reactive formations;

e  The use of inhibitors I1, 12, and I3, alone or together, did not demonstrate effectiveness
in reducing the accretion phenomenon;

e  For future research, it is recommended to investigate the compositions of fluids with
varying glycerin concentrations, as well as to evaluate additional commercial inhibitors
beyond those already analyzed.

Based on the above, it can be seen that the drilling fluid with added glycerin was
not effective in preventing the accretion phenomenon. When used to drill highly plastic
formations, where smectite clay minerals are predominant, such as reactive shales, there
will be a greater probability of instability problems, such as the agglomeration and accretion
of cuttings. Furthermore, the addition of clay swelling inhibitors to the fluids has not been
shown to have a positive effect in preventing or reducing the accretion process.
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Abstract: In the framework of lateritic material valorization, we demonstrated how the geo-
logical environment determines the mineralogical characterizations of two laterite samples,
KN and LA. KN and LA originate from the Birimian and Precambrian environments, respec-
tively. We showed that the geological criterion alone does not determine the applicability
of these laterites as potential adsorbents but must be associated with their physicochem-
ical properties. The characterizations were carried out using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), Thermal analysis, and Atomic Emission Spec-
trometry Coupled with an Inductive Plasma Source. The major mineral phases obtained
by X-ray diffraction analysis coupled with infrared analysis showed that the KN and LA
laterite samples were composed of quartz (33.58% to 45.77%), kaolinite (35.64% to 17.05%),
hematite (13.36% to 11.43%), and goethite (7.44% to 6.31%). The anionic exchange capacity
of the KN and LA laterites ranged from 86.50 + 3.40 to 73.91 = 9.94 cmol(-)-kg ! and from
73.59 + 3.02 to 64.56 + 4.08 cmol(-)-kg ™!, respectively, and the cation exchange capacity
values are in the order of 52.3 £ 2.3 and 58.7 £ 3.4 cmol(+)/Kg for the KN and LA samples,
respectively. The specific surface values determined by the BET method were 58.65 m?/g
and 41.15 m? /g for the KN and LA samples, respectively. The effects of adsorbent doses
on As(IIL,V), Pb(Il), and Cu(II) adsorption were studied. At5 mg/L As and 15 g/L adsor-
bent (pH 6.5-7), arsenate removal was 99.72 &+ 0.35% and 99.58 £ 0.45% for KN and LA,
respectively, whereas arsenite removal reached 83.52 &+ 2.21% and 98.59 + 0.64% for LA
and KN, respectively. The Pb(II) and Cu(ll) removal rates were 74.20 £ 0.95% for 2.4 g/L
KN and 54.18 £ 0.01% for 8 g/L KN, respectively. Based on their physicochemical and
mineralogical characteristics, the KN and LA laterite samples were shown to possess a
high potential as adsorbent material candidates for removing heavy metals and/or anionic
species from groundwater.

Keywords: natural laterites; sorption properties; mineralogy; anionic exchange capacity

1. Introduction

Laterites constitute a large family of soils typical of humid tropical regions. They orig-
inate from the alteration process of a bedrock, which is depleted in silica and enriched in
iron oxide and alumina. They are products of intense meteoric weathering and consist of a
mineral assemblage of goethite, hematite, aluminum hydroxide, kaolinite, and quartz [1-3].

Minerals 2025, 15, 379 https://doi.org/10.3390/min15040379
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Chemically, the structure of lateritic materials contains a high percentage of iron oxide
(Fe;O3), alumina (Al;O3), and silica (5i0;) mineral phases, which are present as a combina-
tion consisting of Fe;O3 — Al,O3 — SiO; — H,O matrices [3]. The SiO,/(Al,O3 + Fe,O3)
ratio compared to that of the parent rock must be in such a way that the laterite formation
does not contain more silica than the one which is retained in the remaining quartz and
which is only necessary for the formation of kaolinite [4]. Moreover, laterites occur in nature
with various yellow, brown, and red residual solids of nodular gravels and fine-grained
and/or cemented solids. Laterites can vary from loose red sand to massive hard rock; some-
times, both forms coexist. The characteristic red color appears due to the presence of iron
compounds in laterite. The physicochemical and mineralogical properties of laterite vary
considerably depending on the extent of lateralization, the parent rock, and the geological
environment [5,6].

The mineralogical composition, including minerals such as kaolinite and hematite,
influences the chemical reactivity of laterites, determining their ability to interact with
metal ions. Moreover, the geological environment of certain laterites can make them more
effective at removing pollutants. Understanding these properties is essential for assessing
their potential in the remediation of contaminated waters.

Laterites have been the subject of diverse applications reported in the literature [7-12].
They have been widely used in road construction in tropical and equatorial African coun-
tries, as well as in South America, whether they are lateritic gravels, lateritic clays, lateritic
shells, or crusts [1,13,14]. They were also shown to be efficient adsorbents in treating
water contaminated by inorganic pollutants. In several countries such as India, Viet-
nam, and Bangladesh, they have been used with great satisfaction in the adsorption of
arsenic [8,9,15-17]. We recently reported their application for arsenic removal in Burkina
Faso [2]. According to the literature, the efficiency of these materials as the best adsorbent
candidates for the removal of inorganic and organic pollutants is only highlighted by
their physicochemical and structural characteristics: the specific surface area, the anionic
exchange capacity, the cation exchange capacity, and the composition, which is made up
mostly of iron and aluminum oxides. These characteristics appeared to be the most critical
and were highlighted in several studies on clay and/or lateritic minerals used to remove
inorganic or organic pollutants [11,12,18-20]. Their applications depend closely on their
structure, composition, and physicochemical characteristics. Being aware of these charac-
teristics is decisive for better exploitation and probably opens up new application areas [21].
On the one hand, upon reviewing papers published in the last ten years, it was found that
most of the studies did not cover the gap between the environmental perspective of the lat-
erites, as adsorbent materials, and their physicochemical properties. On the other hand, the
development of lateritic material-based environmental applications constitutes a relevant
research area that contributes to their economical valorization. From this environmental
perspective, any research that demonstrates the great potential of laterites to address practi-
cal environmental problems, such as the removal of arsenic and/or heavy metal ions from
aqueous solutions, should highlight the fact that those applications depend closely on their
structure, their mineralogical composition as determined by the geological environment,
and their physicochemical properties. The present work focuses on this correlation, unlike
most publications in which the emphasis is not placed on physicochemical properties, such
as the cation exchange capacity (CEC) and the anionic exchange capacity (AEC).

In the literature, various techniques, such as X-ray powder diffraction, Fourier trans-
form infrared (FI-IR) spectroscopy, scanning electron microscopy (SEM), chemical analysis,
cation exchange capacity (CEC), and specific surface area (BET) have been carried out
to investigate the laterite characterization processes because of the removal of inorganic
pollutants [7-11,22-24]. Although numerous studies have been conducted on the characteri-

70



Minerals 2025, 15, 379

zation of natural laterites for the sorption of heavy metal ions and /or metalloids [8,9,24-26],
few of them have explored the relationship among their physicochemical and mineralogical
properties, their adsorptive properties, and geological environment. Thus, given their inter-
esting properties, laterite-based adsorbents can be particularly effective for the adsorption
of heavy metal ions in aqueous solution.

Ghani et al. used a geopolymer based on lateritic clay as a potential adsorbent for
the removal of heavy metals from aqueous solutions [23]. Zhu et al. effectively removed
several heavy metals (As, Cr, Pb, Cu, Cd, and Hg) from wastewater using a new lateritic
ceramic [27]. Mitra et al. also determined the characteristics of lateritic soil for its use
in the removal of Pb(Il) and Cr(VI) from synthetic wastewater [25]. He et al. found
excellent behavior of a cost-effective limonitic laterite for the adsorption of Pb(II) and Cd(II)
hydrates [24]. Mohapatra et al. studied the adsorption of lead (II) from contaminated waters
using Indian nickel laterite ores [26]. Although numerous papers have been published
in this field, we noted that the previous studies are not exhaustive. To the best of our
knowledge, this study is the first to provide a complete description of laterite properties,
in terms of specific surface area, pore volume, DSC/TGA, PZC, chemical composition,
mineralogical characterization, cation exchange capacity (CEC), and anionic exchange
capacity (AEC), in relation to the adsorption ability of the material. Indeed, these properties
are helpful criteria that provide strong evidence of the adsorption capacity of the laterites
regarding the removal of cationic and/or anionic pollutants from aqueous solutions.

The geological map of the country is divided into square degrees depending on
the nature of the rocks and their structure, which facilitates the understanding of the
distribution of resources, notably the lateritic sites. We initially selected four laterites (KN,
LA, BN, and DA) based on the specific geological characteristics of each square degree.
Experiments were conducted on these four laterites rich in iron and aluminum oxides,
which are crucial for environmental applications, such as the removal of arsenic and/or
heavy metal ions from aqueous solutions. The results obtained for the DA laterite were
satisfactory since in the batch mode, we achieved an elimination rate of 97.30% for As(III)
at a dose of 0.75 g of laterite [2]. The adsorption capacity was 0.30 mg/g [2]. These
investigations paved the way for the first uses of local natural laterites from Burkina Faso
for As(III) remediation from drinking water using fixed-bed columns [28]. We also achieved
an elimination rate of 99.69% for As(V) at a dose of 0.75 g of laterite [2]. The adsorption
capacity for DA laterite was 0,33 mg/g [2]. The results obtained with BN laterite were
not satisfactory due to the low content of iron and aluminum oxides. The present paper
provides the results obtained with the KN and LA laterites that were chosen on the basis of
their geological environment, so as to be rich in iron and aluminum oxides.

This study aims to determine (i) the physicochemical and structural characteristics
of the two KN and LA natural laterites, by using various techniques, such as XRD, FTIR,
SEM + EDX, DSC, CEC, and AEC; and (ii) the correlation between their physicochemical
and structural characteristics and their potential usage as adsorbent materials. This work
makes it possible to determine how the physicochemical properties of these natural laterites
predispose them to be potential adsorbent materials, thereby contributing to the sustainable
management of the natural lateritic resources.

2. Materials and Methods
2.1. Origin of Samples

Laterite samples were collected from two distinct sites of Burkina Faso (Figure 1).
The first one, named KN, was collected in the northern part of Kaya, at the following
coordinates: 13°07/13.47"" N and 1°06’52.28” W. The second one, named LA, was collected
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in Laye village, at the following coordinates: 12°31/27.05” N and 1°47'07.22" W. The laterite
from KN is light red, and the one from LA is red-brown.
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Figure 1. Location of collected laterite samples.

The term “Tarkwaien” refers to specific geological formations, typically associated
with gold deposits, primarily located in West Africa. Tarkwaien deposits are usually
metamorphic rock formations, often composed of quartzite and schist. These rocks are
formed under high pressure and temperature conditions [29].

2.2. The Specific Geological Contexts of the Sites

The territory of Burkina Faso is divided into square degrees, and each site belongs to
a square degree. The geological details of these square degrees are shown on the various
positioning maps produced for the different sites.

2.2.1. Geological Context of the Northern Kaya Site

This site belongs to the Kaya square degree, located between latitudes 13° and 14°
north and longitudes 1° and 2° west. The geological formations are primarily composed of
volcanic and volcano-sedimentary rocks (Figure 2). These rocks form relief areas, while
the flat vast regions, at altitudes ranging from 300 to 350 m, comprise granitic materials
such as protoliths. From a geological point of view, the KN samples originate from the
environment of Birimian rocks, stemming from andesine (with a calcic-alkaline affinity),
basalt, and dacit alteration.
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Figure 2. Geological map of northern Kaya laterite site.

2.2.2. Geological Context of the Laye Site

The Laye (LA) site belongs to the square degree of Ouagadougou and is located 35 km
from Ouagadougou. The square degree of Ouagadougou is located between parallels 12
and 13° north latitude and meridians 1 and 2° west longitude. Unlike Kaya, this square
degree is mainly composed of granite formations, corroborating its generally flat relief.
The Laye site is located on highly indurated lateritic formations derived from a granitic
protolith (alkaline granite). From a geological point of view, this area is located in an
environment of Precambrian rocks (Figure 3).
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Figure 3. Geological map of Laye laterite site.
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2.3. Raw Material Characterization
2.3.1. Chemical Composition

Elementary chemical analysis was performed by ICP (ICP-AES-IRIS Intrepid II XSP
model, detection limit = 9 pug/L). A total of 0.25 g of laterite samples were digested in a
microwave oven in 4 mL of HF (30% w/w), 3 mL of H,SOy4 (96% w/w), and 3 mL of HNOj3
(65% w/w) [30].

2.3.2. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed using a Shimadzu FTIR-
8400S spectrometer (FTIR-8400S spectrometer, Duisburg, Germany) to identify functional
groups on the laterite samples. The spectra were acquired by accumulating 20 scans with a

resolution of 4 cm™!

over a wavelength range of 400 to 4000 cm~!. Infrared analysis of the
laterite samples was performed using the potassium bromide pelletizing technique. The
pellets were made by mixing 5 mg of each sample with 500 mg of potassium bromide (KB,
Merck, Darmstadt, Germany). The mixture was finely ground and subjected to a pressure

of ten (10) tons. The pellet thus formed was analyzed with a spectrophotometer.

2.3.3. X-Ray Powder Diffraction (XRD)

The structure, characteristics, and phase composition of the laterite samples were ana-
lyzed by X-ray diffraction analysis (XRD) on a SIEMENS D5000 equipment (KS Analytical
Systems, Plano, TX, USA) running with the DIFFRAC AT software version 2.0 (Co-K«
radiation (A = 1.54060 A); graphic monochromator; measurement in the 20 to 80 0 game;
40 kV voltage and 30 mA current).

2.3.4. Semi-Quantification

The semi-quantitative analysis of the different mineral phases was carried out by
coupling the X-ray diffraction results with the chemical analysis results. This coupling
allowed for the evaluation of the relative quantities of the minerals contained in the laterites
using Equation (1) [2,31].

T(a) = ) _M(i) x Pi(a) 1)

"1

T(a): content of the oxide “a” in the sample; Mi: content (%) of mineral

i
1

in the

"

sample; Pj(a): proportion of oxide “a” in mineral

iy
1

(this proportion is deduced from the

iy
1

ideal formula assigned to mineral “i”). The quantitative approach was performed on the

following basis:

= Alumina is distributed in kaolinite;

. Iron oxide is distributed between goethite and hematite;
. Silicon oxide is distributed between quartz and kaolinite.

The mass percentages of mineral elements were obtained from Equations (2)—(5).

Mo 1o
%Kaolinite = %Al,05 x —saolinite )
Map,0,
Mg; 2 M
%Quartz = (%SiOz — %Kaolinite x —292 " > x —~Quartz )
Kaolinite MSiOZ
M(Goethite+Hematite) — %Fe;03 @)
MGoethite — %Goethite
%Hematie = (%Al,03 — %Goethite) (5)
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2.3.5. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

Thermogravimetric and differential scanning calorimetry analysis was carried out on
a TGA/DSC thermal analyzer (TGA /DSC1-STARe METTLER TOLEDO System, Zaventem,
Belgium) under a nitrogen atmosphere at a heating rate of 10 °C/min. A mass of 5 g of
raw laterite powder with a particle size of 106 um was heated from 25 °C to 1500 °C. The
TGA/DSC data were analyzed using the METTLER TOLEDO STARe software version 9.00.

2.3.6. Zeta Potential Measurements

Zeta potential measurements were performed to determine the electrostatic magni-
tude between the particles of the laterite samples. Zeta meter equipment (Zetasizer nano
ZS, Malvern, Belgium) was used to measure the isoelectric point (IP) of the natural lat-
erite samples. The pH solution was adjusted with 0.025 mol.L.~! HCl and 0.025 mol.L~!
NaOH solutions. The data were calculated using the software ZS (Malvern Panalytical,
version 4.0).

2.3.7. Specific Surface Area and Porosity by Nitrogen Sorption Analysis

Nitrogen (N3) sorption isotherms at 77 K were measured using the BelSorp-max
instrument (Osaka, Japan) running with the Bel Japan Inc Surface Area and Porosity
Analyzer. Before N, sorption measurements, the samples were vacuum-dried at room
temperature for at least 24 h, followed by degassing under heating and vacuum, using a
Sample Degas System. The value of each material’s specific surface was determined with
a device from Bel Sorp-max/Bel Japan.Inc (Osaka, Japan) brand controlled by Bel Japan
software. Inc., version 1.3

2.4. Cation Exchange Capacity (CEC)

The cation exchange capacity was determined by shaking 0.5 g of the laterite sample
with 30 mL of 0.05 mol/L hexaamminecobalt (IIT) chloride ([Co(NHj3)¢]**, 3C17) solu-
tion for 2 h. Before each determination of the CEC, a calibration curve was established
using standard solutions ranging from 0.005 to 0.05 mol/L. This procedure creates a ref-
erence that links instrumental responses to known concentrations, allowing for reliable
and reproducible measurements of CEC. The supernatant was collected and analyzed
by SHIMADZU UV-visible spectrometry at 475 nm. The cation exchange capacity was
calculated according to Equation (6).

CEC = (G —CpxV
m

x 100 (6)

C; and C; are the initial and equilibrium concentrations of the hexaamminecobalt (I1I)
chloride solution (mol/L), respectively; m is the mass of the laterite sample; and V is the
volume of the solution.

2.5. Anionic Exchange Capacity (AEC)

The anionic exchange capacity (AEC) was determined by adapting the method pro-
posed by Zelazny et al. to our study context [32]. It was determined at different pH
values (pH framing the isoelectric point of the material) using chloride ions as an anionic
index. The AEC measurement methods are based on the same principle as the cation
exchange capacity (CEC) and are subject to the same constraints. All tests were carried out
in triplicate.

Thus, 2 g of laterite was placed in a series of centrifugation tubes with a capacity of
50 mL. Then, 20 mL of CaCl, (0.1 mol/L) was added and left under gentle stirring for 1 h
to saturate the laterite with chloride. After 1 h of stirring, the mixtures were centrifuged
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at 3000 rpm for 5 min, and the residues were recovered. The residues were rewashed five
times with 20 mL of CaCl, (0.002 mol/L), left in contact for 1 h, and centrifuged for 5 min
at 3000 rpm. Then, 5 mL of CaCl, (0.002 mol/L), 1.5 mL of HCI (0.1 mol/L), and 3.5 to
5 mL of milli-Q water, respectively, were added so that the total volume was equal to 10
mL.

The suspensions were placed in a bath at 25° C for six days, shaking them manually,
thrice daily. On the seventh day, the pH of each suspension was measured, and the mixture
was centrifuged at 3000 rpm for 10 min. The chloride ions (C7) were then evaluated. The
mass of the residues and of the tube were weighed and recorded in order to determine the
volume (V7) of the solution that remained trapped.

The residues were resuspended in 30 mL of an ammonium nitrate solution (1 mol.L™1),
left in contact for 1 h, and then centrifuged at 3000 rpm for 10 min. The clear solution
was recovered in a 100 mL volumetric flask (V7). This operation was repeated twice, and
the flasks’ contents were adjusted with an ammonium nitrate solution (1 mol.L~1). The
chloride ions (C;) were assayed in this final solution, and the anionic exchange capacity
was determined by Equation (7).

0.1xz
M x W

AEC (cmol.kgfl) = (CVy — C1 Vi) x @)
were

C; is the concentration (mg.If1 ) of C1™ in the final washing solution of 0.1 M CaCl,.

C, is the concentration (Ing.Tf1 ) of C1™ in the displacing solution of 1 M NH4NO:3.

V1 is the volume (mL) of the solution contained in laterites after the final washing of
0.1 M CaCl,.

V» is the total volume (mL) of the displacing solution 1 M NH4NO3.

M and z are the atomic weight and charge of Cl1~, respectively.

W is the laterite sample’s weight (g).

2.6. Experimental Studies on Arsenic and Heavy Metal lon Removal

All arsenic and heavy metal ion (Cu and Pb) solutions were prepared with ultra-
pure water (milliQ-water, resistivity 18.2 M().cm). The glass materials were preliminary
immerged in diluted nitric acid (5% w/w) for at least 12 h and then rinsed with ultra-pure
water. Arsenic (V) and arsenic (III) stock solutions of 1000 mg/L were prepared from
NapyHAsO4 7H,O (98%, Alfa Aesar, Geel, Belgium) and NaAsO; (0.05 mol/L Alfa Aesar,
Belgium), respectively. Pb(II) and Cu(II) stock solutions of 1000 mg/L were prepared from
Pb(NO3)z (>99%, Merck, Darmstadt, Germany) and Cu(NOs3), 3H,0) (>99%, Merck),
respectively. All solutions were stored at 4°C. The working solutions for the experiments
were freshly prepared by diluting the stock solutions.

All experiences were carried out in triplicate. The influence of the laterite sample
dose on the arsenic adsorption was carried out under equilibrium conditions. In 250 mL
polyethylene bottles, 50 mL As(Ill), As(V), Pb(Il), and Cu(II) solutions of known con-
centrations were used with laterite samples at various quantities. Working solutions of
5 mg/L arsenic (III, V) were mixed with laterite samples varying from 2.5 g/L to 45 g/L.
The solutions were agitated for 24 h at temperature of 18 & 2 °C (overhead shaker Hei-
dolph REAX-15 rpm, Schwabach, Germany). The solutions of Pb(II) (10 mg/L) or Cu(Il)
(10 mg/L) were mixed with variable mass samples of KN laterite. The masses ranged
from 0.4 g/L to 3.2 g/L for Pb(Il) and from 0.8 g/L to 16 g/L for Cu(ll). The mixtures
were stirred for 1 h and 30 min using a Heidolph REAX 20 mechanical stirrer at room
temperature (18 &= 2 °C). Then, 14 mL of each filtrate was placed in 15 mL bottles, then
acidified with 1 mL of nitric acid and stored at 4 °C before being analyzed by ICP-AES.
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Before each analysis, a ten-point calibration curve was established by successive dilution (5
ppm, 2.5 ppm, 1 ppm, 0.5 ppm, 0.25 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, and 0.005 ppm,
blank) using a commercial standard solution of 1000 £ 0.05 mg/L in 5% nitric acid.

The equilibrium solutions were filtered through a 0.45 pm nylon membrane (diameter
25 mm, VWR) after centrifugation (BECKMAN ]2-MI model, Cincinnati, OH, USA) for
15 min at 3000 rpm and analyzed by ICP-AES (detection limit = 9 pg/L). The percentage of
removed As(IIl, V), Pb(Il), and Cu(II) was determined according to Equation (8).

CO_Cg
0

%Ads (As(I11,V); Pb(11); Cu(II)) = % 100 ®)

Cp and Ce are the initial and final concentrations (mg/L), respectively, of arsenic and
heavy metal ions in the solutions.

3. Results and Discussion
3.1. Chemical Composition

The chemical composition in Table 1 indicates the major oxides (S5iO,, Al,O3, and
Fe;O3) and the minor oxides (NayO, KO, TiO,, MgO, MnO;, and CaO) in the KN and LA
samples. Other properties, such as the apparent density, total organic carbon (TOC), and
organic matter (OM), are also shown in Table 1.

Table 1. Characteristics and composition (wt, %) of KN and LA laterite samples.

Properties KN LA
Total organic carbon (TOC) (%) 0.16 0.09
Organic matter (OM) (%) 0.73 1.32
Apparent density 2.9 2.6
Inorganic composition (wt.%)
Fe, O3 20.8 17.65
Al,O3 14.09 6.74
SiO, 50.16 53.70
K,O 1.70 1.82
Na,O 1.43 1.40
TiO, 2.10 2.10
MgO 0.65 0.95
MnO, 0.35 0.68
CaO 0.70 0.75
L.O.I 8.01 +0.02 12.55 +0.23
Total 99.99 98.34

L.O.L: loss on ignition.

According to the literature [13,33], iron is found as oxyhydroxides. Oxides of potas-
sium, sodium, and titanium are in small amounts in both samples. These results suggest
that quartz, aluminosilicates, and iron minerals are predominant in the samples studied.
The low levels of potassium, sodium, and titanium oxides indicate that compounds con-
taining titanium, potassium, and sodium are non-existent or present in tiny proportions.
The elements in KN and LA are grouped according to their family in Table 2.

Table 2. Chemical composition of samples by type of elements in % by weight.

Family Alkalis Alkaline Earth Metals Silica
KN 3.1 0.1 37.3 50.2
LA 3.2 0.2 26.6 53.7
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This study is the first to carry out this classification by type of elements, providing
useful criteria of the elements present in lateritic materials that can influence the adsorption
of inorganic pollutants in solution.

3.2. Mineralogical Characterization
3.2.1. X-Ray Diffraction (XRD)

Figure 4 shows the XRD pattern. The major mineral phases of the two laterite samples
KN and LA include quartz (S5iO;), kaolinite (Al,SipO5(OH)4), hematite (Fe;O3), and goethite
(FeO(OH)). These mineral phases are commonly found in laterites [13,34]. The minerals
present in KN and LA laterites were compared with other laterites presented in the literature
and used for the adsorption of heavy metals and /or metalloids (Table 3).
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Figure 4. X-ray diffraction pattern of laterite samples: (a) KN sample; (b) LA sample. K = kaolinite;
Q = quartz; He = hematite; G = goethite.
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Table 3. Comparison of main minerals present in KN and LA laterites with other natural laterites
reported in literature.

Samples Main Minerals References

red soil quartz, hematite, goethite, aluminum oxides [35]
quartz, hematite, goethite, aluminum

raw laterite oxides, iron oxides, titanium oxides [22,36,37]
iron-rich laterite quartz, hematite, goethite, aluminum oxides [38]
laterite (Australia)  quartz, hematite, goethite, aluminum oxides [39]
DA quartz, hematite, goethite, aluminum oxides [2]
laterite KN quartz, hematite, goethite, aluminum oxides This stud
laterite LA quartz, hematite, goethite, aluminum oxides y

Several authors [8,24-26], who have used laterites to adsorb inorganic pollutants, sug-
gested that these laterites should be rich mainly in hematite, goethite, or aluminum oxides.

3.2.2. Semi-Quantification

Table 4 shows the results of the semi-quantitative analysis of the different mineral
phases present in the KN and LA laterites. These results show that the laterites are com-
posed of hematite (13.36% to 11.43%), goethite (7.44% to 6.31%), kaolinite (35.64% to
17.05%), and quartz (33.58% to 45.77%).

Table 4. Mineralogical composition of laterites in % by mass.

Mineral Phases Hematite Goethite Kaolinite Quartz
KN 13.36 7.44 35.64 33.58
wt (%) LA 11.43 6.31 17.05 45.77
DA * 13.11 7.29 48.32 22.53

* DA: previous work on natural laterite (See Reference [2]).

The results from the chemical, mineralogical, cation exchange capacity, and anionic
exchange capacity analyses led to the conclusion that the natural laterites investigated
possess good adsorbent characteristics for removing inorganic and organic pollutants from
aqueous matrices.

3.2.3. Infrared Spectrometry (IR)

Figure 5 shows the FT-IR spectra of the laterite samples. The FT-IR spectra results
distinguish three spectral domains: 3700-3400 cm !, 1650-900 cm !, and 800400 cm !,
respectively. Table 5 gives the different attributions of the observed bands.
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Figure 5. FT-IR spectrum of natural laterites: (a) KN sample; (b) LA sample.

Table 5. Assignments of FI-IR bands of KN and LA laterite samples.

(vencm™1) Probable Bands Assignments References
3695 Vibration bands linked to external hydroxyls (Al-OH) in kaolinite [40]
3618 Vibration bands related to internal hydroxyls (Al-OH) in kaolinite, located between a [40]

tetrahedron sheet and an octahedron Al,(OH)g
3170 Band related to -OH bound vibrations in goethite [41]
3430 Band related to water contained in the intersheet [40]
1638 Band related to hygroscopic water [41,42]
1112 Vibration band corresponding to Si-O bound of kaolinite [40,43,44]
1034 Vibrations bands corresponding to Si-O bound of kaolinite and Fe-OH bound of goethite = [40,44,45]
1004 Vibrations bands related to OH bounds of kaolinite and Fe-OH bound of goethite [44,45]
Band related to distortion vibrations of Al-OH bound of kaolinite and Fe-OH bound
914 ) [40,44,45]
of goethite
791 Band corresponding to bending vibration of S5i-O and Fe-OH bounds of kaolinite [41,43]
752 Vibrations bands related to OH bounds of kaolinite and Fe-OH bound of goethite [40,45]
694 Vibrations bands related to OH bound of kaolinite and Si-O bounds of quartz [41]
539 Bands corresponding to distortions vibrations of S.i-O-Al bound of kaolinite and Fe-O [40,41 44]
bound of hematite

470 Vibrations bands related to flexion of Si-O-Si and Fe-O bounds of hematite [41,43]
421 Vibrations bands of Si-O-Si bounds of kaolinite [44]

The results of the infrared spectrum analysis confirm the presence of mineral phases,
such as goethite, hematite, quartz, and kaolinite, which we had already identified during
the previous X-ray diffractogram analysis.
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3.3. Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA /DSC)

DSC/TGA techniques provide information on the thermal stability and phase trans-
formations of lateritic materials. Figure 6 shows experimental TGA/DSC curves of the
KN and LA samples. Several thermal processes are observed. The endothermic peak
located between 94 °C and 110 °C in the DSC curves is related to hygroscopic water loss or
hydration in the samples. This incident is associated with 1% and 1.5% weight loss in the
TGA curves for the KN and LA samples, respectively. Endothermic peaks between 296 °C
and 356 °C, followed by 4.1% and 1.3% weight losses for KN and LA, respectively, are due
to goethite transformation in hematite (Equation (9)).

200 — FeOOH — « — Fe; O3 + H,O 9)

Endothermic peaks between 500 °C and 600 °C in the DSC curves are assigned to
kaolinite deshydroxylation (Equation (10)), indicating 7.3% and 8.7% weight losses in the
TGA curves for KN and LA, respectively. It is suggested that structural hydroxyls are
removed during the chemical reaction, leading to the destruction of the mineral crystalline
network. As for kaolinite, deshydroxylation forms an amorphous phase which is named
metakaolinite [46,47].

Si,O5Al,(OH), — 25i0, — Al,O3 + 2H,0 (10)

The only exothermal peaks observed in the DSC curves are located between 950 °C and
1000 °C. These peaks may be attributed to the structural reorganization of meta kaolinite in
the spinel phase and amorphous silica (Equation (11)) [40,46].

2[25102 — Aleg} — SizAl4Oq, + SiO; (11)

The DSC/TGA results can indicate changes in the pore structure, influencing the
available adsorption sites. DSC analyses reveal the stability of the mineral phases present
in laterites. A stable phase is generally more effective at adsorbing anionic and/or cationic
pollutants. Temperature variations can affect interactions between laterites and adsorbed
molecules. DSC and TGA are essential for understanding the physical and chemical
properties of materials, which may include their ability to adsorb contaminants such as
heavy metals.
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Figure 6. TGA /DSC curves of lateritic samples: (a) KN sample; (b) LA sample.

3.4. Specific Surface Area and Porosity Using Nitrogen Sorption Analysis

Figure 7 shows the N, adsorption-desorption isotherms of the raw laterite samples.
The initial part of the isotherms for all laterites of a type I shape (IUPAC classification) indi-
cates the presence of micro pores [48]. As determined by the B.E.T method from Figure 7, the
specific surface values are 58.65 m? /g and 41.15 m? /g for the KN and LA samples, respec-
tively. These specific surface area values are significantly high when compared to values
reported in the literature for natural laterites in the range of 16-32 m? /g [15,17,22,36-38]
(Table 6).
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Figure 7. N, adsorption/desorption isotherms of (a) KN and (b) LA.

Table 6. Specific surface area B.E.T values, pore volume of two samples, and literature-reported

specific areas of other laterites.

Specific Surface Area Pore Volume

Laterites by B.E.T (m?/g) (cm/g) References
Laterite raw (India) 15.3 0.013 [15]
Red soil 16.1 - [35]
Laterite raw (India) 17.5-18.5 0.011 [36]
Modified laterite 178-184 0.22 [36]
Laterite raw (Vietnam) 10.9 0.01 [49]
Laterite raw 24.7 0.08 [37]
Iron rich laterite 32 - [38]
Calcined laterite 187.5 0.04 [50]
Laterite soil (DA) 35.08 0.10 [28]
Laterite soil (KN) 58.6 0.14 .
Laterite soil (LA) 41.1 0.10 This study

We noted that our investigated lateritic materials showed high specific surface area
values compared with most natural materials reported in the literature used to remove
inorganic pollutants. These particular surface areas suggest that the natural materials we
investigated are potential candidates for the adsorption of inorganic pollutants in solution.
Several authors have highlighted the importance of having high specific surface area values
in their studies using clay and/or lateritic materials to remove inorganic pollutants [50,51].

3.5. Determination of Anionic Exchange Capacity (AEC)

The anionic exchange capacity values (Table 7) of the measured laterites ranged from
86.50 + 3.40 to 73.91 + 9.94 cmol(—)'kg_1 and 73.59 + 3.02 to 64.56 + 4.08 cmol(-)-kg~?,

83



Minerals 2025, 15, 379

respectively. The anionic exchange capacity of laterites increased with the decreasing pH
of the solution. This significant increase in AEC with decreasing pH is due to positive
charges that are located on iron hydroxides associated with aluminum. The high values of
the anionic exchange capacities of the investigated laterites would be an asset for using
them as adsorbents to remove anionic pollutants.

Table 7. Anionic exchange capacity of laterites.

Laterite KN Laterite LA
pH AEC (cmol(-)-kg—1) pH AEC (cmol(-)-kg1)
3.47 £0.02 6.50 £ 3.40 3.67 £0.04 73.59 £ 3.02
3.67 £ 0.01 86.02 £+ 8.29 3.84 £+ 0.04 73.33 £ 3.03
5.51 £ 0.05 73.91 £9.94 5.22 +0.04 64.56 £+ 4.08

The results obtained are similar to other materials studied in the literature. Cheng et al.
determined the anionic exchange capacity of black carbon at pH 7.1 and 3.4 and obtained
values of 84 and 18 cmol-kg ™!, respectively [52]. Lawrinenko et al. also determined the
anionic exchange capacity of biochar produced from three raw materials at 500 and 700 °C
at pH 4, 6, and 8 [53]. The measured AEC values ranged from 0.60 to 27.8 cmol(-)-kg~!.
Moreover, the study by Schell and Jordan [54], on kaolinite, pyrophyllite, halloysite, and
bentonite materials showed that there are close relationships between the anionic exchange
capacity of these materials and their physicochemical properties. Indeed, materials rich
in iron oxide, aluminum oxide, and amorphous silicates showed a high anionic exchange
capacity. Consequently, the investigated natural laterites containing important amounts of
iron oxide and alumina are likely to exhibit high anionic exchange capacity values, which
gives them interesting adsorbent properties.

3.6. Determination of Cation Exchange Capacity (CEC)

The CEC value, determined using the hexaamminecobalt (III) chloride method, is
an important parameter in assessing the adsorption capacity of adsorbent materials
for cations removal [18]. We found high CEC values in the order of 52.3 £ 2.3 and
58.7 £ 3.4 cmol(+)/kg (dried matter) for the KN and LA samples, respectively. We cannot
compare these results with previous literature data because we did not find extensive
documentation of this parameter for natural laterites that remove inorganic pollutants from
solution. To our knowledge, this study appears to be the first to provide scientific documen-
tation of this parameter for laterites used in the field of adsorption of inorganic pollutants.
However, we compare the CEC values obtained in this study with other adsorbents in
Table 8 below. These specific surface area values are significantly high when compared to
values reported in the literature for other natural laterites. We noted that the CEC values
of the KN and LA laterite samples are comparable with those reported for other natural
adsorbents. Considering the CEC and the specific surface area values, compared with
the literature values on natural adsorbents, these materials could be considered potential
candidates for heavy metal cation removals through adsorption processes [55,56].

The laterites of Burkina are rich in iron oxide and alumina, like the laterites of other
countries used to eliminate heavy metals and/or metalloids in ground waters [36,37,57].
Considering all of these physical and chemical characteristics, we can conclude that the
natural laterites of Burkina Faso prove to be potential candidates for the adsorption of
heavy metals and/or metalloids in groundwater.

84



Minerals 2025, 15, 379

Table 8. Comparison of CEC values for KN and LA laterites with other adsorbents.

Adsorbents C.E.C (cmol(+)/kg) References
Clay mineral 42.38 [58]
Peat soil 33-48 [59]
Bauxite 24-33 [59]
Iron concretion 59-65 [59]
Natural clay 18.66 [60]
Kaolinite 13.00 [61]
Bentonitic clay 67.00 [62]
Ivory Coast clay 35.47 [63]
Laterite soil (KN) 52.33 .
Laterite soil (LA) 58.70 This study

3.7. Isoelectric Point (IP) of Laterite Samples

Figure 8 shows variations in the zeta potential versus pH of the laterite sample
solutions. These variations allowed the determination of isoelectric points (IP). For zeta
potentials whose values equal zero, the IP values are 3.82 and 3.78 for the KN and LA
samples, respectively. According to the literature [64], the theoretical value of IP, calculated
based on the silica and alumina percentage, is approximatively 4.6. The experimental
values of IP are not far from the theoretical value. The observed deviations are the result of
the iron percentage being higher than the one of alumina and also by the presence of other
oxides in the samples.
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Figure 8. Isoelectric point of laterite soils determined from variations in zeta potential versus pH.

The values of the isoelectric point (IP) of laterites, KN (3.82) and LA (3.78), mean that
the surfaces of these laterites are positively charged at pH levels below these values, which
favors the adsorption of anionic pollutants. The increase in adsorption below IP is due to
electrostatic attraction between the positive surface and the negative charge of the anions.
Similarly, the decrease in adsorption with increasing pH is due to electrostatic repulsion
between the opposing surface and the negative charge of anions. The electric surface charge
plays an important role in the adsorption of inorganic pollutants on laterites.

3.8. Batch Adsorption Experiments: Application to Arsenic (111, V) and Pb(1I) and Cu(Il) Removal

Figure 9a shows the removal percentage of As(Ill, V) versus adsorbent doses, at a
concentration of 5 mg/L and at a pH varying between 6.57 and 7.15 and 6.5-7 for As(V) and
As(III), respectively. An increase in adsorbent dose from 2.5 to 15 g/L leads to arsenic (III)
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removal efficiency from 80% to 98% for LA and KN samples, respectively. As for arsenic
(V), the removal efficiency is 99% for both adsorbents KN and LA samples.
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Figure 9. (a) Effect of adsorbent dose on adsorption of As(IIl, V). (b) Effect of KN adsorbent dose on
adsorption of Pb(II) and Cu(II).

With an amount of 15 g/L of the laterites from Burkina Faso, As(Ill) removal per-
centages, reaching 98% and 80%, are achieved for the laterites KN and LA, respectively,
with an initial arsenite concentration of 5 mg/L. With an initial arsenite concentration of
1mg/L, Pravin D. Nemade et al. obtained a rate of elimination of 90% for an amount of
25 g laterite/L [36]. With an amount of 15 g/L of the KN and LA samples and an initial
arsenate concentration of 5 mg/L, a removal rate of As(V) of more than 95% was achieved.
The results in the present work are better than those obtained by Abhijit Maiti et al. on a
natural laterite coming from the zone of Midnapore of Western Bengal (India) for which
a removal rate of approximately 80% was achieved when using 15 g laterite/L [22]. For
an amount of 5 g/L, a removal rate of approximately 70% is achieved for both KN and
LA laterites of Burkina in the case of As(V) adsorption (initial arsenate concentration of
5mg/L), and a removal rate of approximately 80% for laterite KN in the case of As(III)
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adsorption (initial arsenite concentration of 5 mg/L). Trivalent arsenic (As(IIl)) is less ad-
sorbed on LA laterite than on KN laterite for the following reasons. KN laterite has a higher
proportion of iron oxides (20.8%) and aluminum (14.09%), providing more adsorption
sites for As(Ill) and promoting stronger interactions. Additionally, KN laterite’s specific
surface area (58.6 m?/g) and porosity (0.14 cm®/g) exceed those of LA laterite, which are
41.1 m?/g and 0.10 cm?/ g, respectively, allowing better accessibility for As(III) adsorption.
Finally, KN laterite’s anionic exchange capacity is also higher than that of the LA laterite in
the studied pH range, further enhancing its effectiveness as an adsorbent for arsenic.

The efficiency of the removal may be due to an increase in adsorption sites which are
made available when the dosage of adsorbent dose increases [65]. For both the KN and
LA samples, a high removal percentage is achieved with an amount of natural laterites,
which is lesser than those described in the literature. This result could be attributed to the
high specific area and anionic exchange capacity of the laterites KN and LA of Burkina
Faso. These results are in agreement with the literature data showing that better results are
achieved when using adsorbents with large specific surface area [36]. However, contrary to
the previous reported literature, the present work shows that the specific surface area must
be combined to the anionic exchange capacity for a better interpretation.

The results for the removal of Pb(II) and Cu(II) metal ions at different doses of ad-
sorbent are presented in Figure 9b. A general trend observed was that the adsorption of
heavy metal ions increased with the increase in adsorbent dose. The results show that
the removal rates of Pb(II) reached 74.20 £ 0.95% (3.09 £ 0.04 mg/g) when the amount
of the KN adsorbent was 2.4 g/L. For Cu(Il), the adsorption rates were 54.18 + 0.01%
(0.68 £ 0.01 mg/g) when the dose of the KN adsorbent was 8 g/L. As the dose of laterite
increased, the removal of Pb(IT) and Cu(II) from the solutions also increased. This can be
explained by the increase in functional groups on the surface of the laterite, providing a
greater number of available sites to form complexes through surface complexation, or to
exchange cations due to the ion exchange process [66-68].

Arsenic is better adsorbed on laterites than copper and lead due to its stronger chemical
affinity for the adsorption sites present on laterites, such as iron and aluminum oxides,
which promote specific interactions. Additionally, the size and charge of arsenic allow it to
be attached more effectively to these surfaces compared to copper and lead ions.

3.9. A Comparison of the Main Physicochemical Properties Related to the Adsorption of Laterites
from Burkina Faso with Those Reported in the Literature

This study investigated the main physicochemical properties of two laterites (LA and
KN) from Burkina Faso, showing how to link these properties to an adsorption process. The
results showed that these laterites possess interesting properties, allowing them to be used
to treat water contaminated by anionic and/or cationic pollutants. The physicochemical
properties of the two laterites with regard to their adsorption properties were compared
with other results reported in the literature concerning laterites used for the adsorption of
anionic and/or cationic pollutants. Table 9 shows the main observations of this comparison.
From the results of Table 9, we noted that the CEC and AEC determinations of lateritic
materials are omitted in most studies dealing with the removal of cationic and/or anionic
pollutants from aqueous solutions. However, these parameters are crucial to elucidate the
adsorption mechanisms, in terms, for example, of surface complexation (inner-sphere and
outer-sphere surface complexation). While CEC value is an important parameter to deter-
mine the adsorption of heavy metal cations, AEC values are more indicated for adsorbents
like As(III) and As(V), which appear in solution as neutral or anionic-charged species.
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Table 9. Comparison of physicochemical properties of several laterites in relation to pollutant

adsorption.
Specific Surface Pore
AEC C.E.C DSC 1EP or
Adsorbent Adsorbats cmol(/kg)  cmol(+)/kg) Area (ZB.E.T) Voll;me TGA PZC References
(m*/g) (cm®/g)
Laterite soil cationic dye - - 66.97 - - 6.6 [69]
Raw laterite arsenic and - - 31.6037 0.0097 - - [70]
fluoride
Raw laterite Phosphate - - 29.54 0.0676 - - [7]
Laterite Arsenic - - 155 0.5489 - 7.1 [8]
. Ni(Il) and
Laterite clay Co(Il) - - 17.441 0.005 - - [23]
Laterite soil Arsenic - - 15.365 0.013 - 6.96 [15]
Natural laterite Arsenic - - 18.05 - - 7.49 [16]
Treated laterite Led - - 75.5 0.02 - 6.0 [71]
Plateau laterite  Pb, Cd, Hg, As,
ceramic Cuand Cr . B 2673 0.15 B B [27]
Limonitic Pb(II) and
laterite Cddn ) B 6273 0.62 B B [24]
Lateritic nickel Pb(II) - - 68.39 - - 6.70 [26]
. . Pb(II) and
Laterite soil Cr(VI) - - 23.015 0.011 - - [25]
Laterite DA ** As(II1,V) ;1206;6 - 35.08 0.10 - 4.75 [2,28]
Laterite LA * As(II1,V) 64.56-73.59 58.7 + 3.4 58.80 0.14 Det *** 3.78 This stud
Laterite KN * As(IILV) 73.90-86.50 523 +£2.3 41.10 0.10 Det ** 3.82 y

* Composition mineralogical characterization of laterites are common characteristics provided in most studies
(see Table 3). ** References [2,28] describe our previous study on a natural laterite; Det ***: determined.

Table 9 shows that our study is the first to provide a complete description of laterite
properties, in terms of specific surface area, pore volume, DSC/TGA, PZC, chemical
composition*, mineralogical characterization®, cation exchange capacity (CEC), and anionic
exchange capacity (AEC), in relation to the adsorption ability of the material. Indeed, these
properties are helpful criteria that provide strong evidence of the adsorption capacity of
the laterites regarding the removal of cationic and/or anionic pollutants from aqueous
solutions [18-20,54].

It is worth noting that the adsorptive properties of laterites are closely related to the
geology of the deposit ore they originate from. Indeed, for a naturally occurring laterite ore,
the type of parent rock it originates from determines its chemical composition, particularly
the percentages of iron, aluminum, silica, and titanium oxides, as well as its mineralogical
composition. The mineralogical composition is generally characterized by mineral phases
such as goethite, hematite, and kaolinite. However, laterite ores possess a large variability in
their composition. Consequently, even if different geological environments are qualitatively
characterized by the same chemical and mineralogical composition, the percentage of
oxides can be different from one site to another. The physicochemical properties may also
vary. In these circumstances, it is appropriate to focus on quantitative criteria that we
need to forecast the ability of the material to remove pollutants in the adsorption process.
Moreover, the extent of these criteria may lead to different adsorption capacities. As we
have already stated, these critical criteria are the following: specific surface area, pore
volume, PZC or IEP, cation exchange capacity (CEC), and anionic exchange capacity (AEC).

The laterites LA and KN in this study are from two sites of different geological en-
vironments (Table 10). The first site is an environment of Birimian rocks, resulting from
the weathering of andesite (with a calcic-alkaline affinity), basalt, and dacit. On the other
hand, the second site is a weathering site of alkaline granites located in a Precambrian
rock environment. Preliminary investigations showed (Table 10) that the removal per-
centage for arsenic (III) removal at a concentration of 5 mg/L and an adsorbent dose of
15 g/L leads to arsenic (III) removal of 80 & 0.15% and 98 + 0.05% for the LA and KN
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samples, respectively [72]. As for arsenic (V), the removal efficiency was 99 £ 0.02% for the
two samples, KN and LA, at an adsorbent dose of 15 g/L [72]. Although the two laterites
(LA and KN) do not have the same geological environments, they showed a high efficiency
for arsenic removal due to the combination of their AEC, specific surface area, and pore
volume values. In addition, their low IEP or PZC values also favored the adsorption of
neutral or anionic-charged arsenic species. Adsorption of anionic arsenic species will only
be important when the charges on the laterites become positive, which happens at low soil
solution pH where anionic-charged arsenic species occur [2,28]. Noting that the surfaces of
the samples are positively charged under their PZC values, it is clear these materials better
adsorb arsenate (V) anions at pH values under their PZC values. It is, therefore, important
to measure the anionic exchange capacity (AEC) of the laterites rather than the CEC when
we are dealing with the adsorption of neutral or anionic-charged arsenic species.

Table 10. Adsorptive properties of laterites used for As(III, V) removal in relation to their physico-
chemical characteristics.

. Mineralogical Specific
Laterite ES‘Z?::;gr::it Characterizations Cm(ﬁf )(/:k ) Surface Area Po::n\g;h;me IEP or PZC Efficiency (%)
XRD, FT-IR & B.ETD (m¥g) &
Environment of
Birimian rocks,
resulting from the 98 + 0.05% for
weathering of . As(1IT)
KN andesite (wgith a Det 73.90-86.50 58.80 0.14 3.82 99 + 0.02% for
calcic-alkaline As(V)
affinity), basalt,
and dacit
Environment of 80 £ 0.15% for
recambrian rocks « As(IIT)
LA pand alteration of Det 64.56-73.59 41.10 0.10 3.78 99 + 0.02% for
alkaline granites As(V)
Lateritic plateau, 99.69% f
. B o IOT
well indurated and As(V))
DA resulting from the Det * 40.61-230.80 35.08 0.10 4.75 o
alteration of a 97.30% for
As(1II)

neutral basic rock

Det *: determined (Tables 3 and 5).

At this step, the geological environment cannot constitute the sole criterion that would
justify the adsorption capacity of negatively charged arsenic species. This criterion may
not be decisive in predicting the adsorption capacity of laterite. It must be associated with
the physicochemical properties of the laterites. Table 10 outlines the criteria that affect the
adsorptive properties of laterites (LA, KN) in connection with their physicochemical and
geological characteristics.

To date, it has been demonstrated that when particular geological environments, such
as Birimian/Precambrian and lateritic plateaus, are combined with appropriate physic-
ochemical properties, a potential lateritic material for adsorption is expected (Table 10).
Unfortunately, in the literature, no direct link has yet been established on this subject.
This study constitutes a preliminary finding, which we will validate by extending our
investigations to other lateritic sites in Burkina Faso.

4. Conclusions

Physicochemical and mineralogical analyses were carried out on two natural laterites
from the country. The properties of these two natural laterites were determined with
regard to their ability to adsorb heavy metals and/or metalloids from aqueous solutions.
These laterite samples were characterized using several physical and chemical techniques,
including XRD, FTIR, elementary chemical analyses, and SEM. The results obtained by
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X-ray diffraction analysis coupled with infrared showed that the laterites are composed of
hematite (13.36% to 11.43%), goethite (7.44% to 6.31%), kaolinite (35.64% to 17.05%), and
quartz (33.58% to 45.77%). Chemical analysis showed that these natural laterites are rich in
iron and aluminum oxide. The specific surface areas and cation exchange capacity values, as
determined by the BET and cobalt hexamine chloride methods, were shown to have suitable
values compared to previously determined values in the literature. The anionic exchange
capacity of laterites KN and LA ranged from 86.50 4= 3.40 to 73.91 + 9.94 cmol(-)-kg ! and
from 73.59 + 3.02 to 64.56 4- 4.08 cmol(-)-kg !, respectively. Furthermore, the investigations
on these laterite samples showed that they could remove heavy metals and/or metalloids
from contaminated ground waters. The main minerals identified in these two Burkina
Faso laterites were consistent with those described in the literature. This study led to some
valuable criteria we can use as a basis for classifying natural laterites as potential adsorbent
materials for the removal of inorganic and/or organic pollutants from aqueous matrices.
At a dose of 15 g/L, the elimination of arsenic (III) is 80% for sample LA and 98% for
sample KN, while the elimination efficiency of arsenic (V) reaches 99% for both samples.
Regarding Pb(II), the elimination rate with 2.4 g/L of KN adsorbent is 74.20 £ 0.95%
(3.09 £ 0.04 mg/g), and for Cu(ll), it is 54.18 = 0.01% (0.68 £ 0.01 mg/g) with 8 g/L of
KN adsorbent. The adsorption of As(IIL,V), Pb(II), and Cu(Il) species on the surfaces of
laterites would primarily occur through the formation of surface complexes, which can
be either inner-sphere or outer-sphere complexes. This study showed how the geological
environment determined the mineralogical characteristics of the laterites and their chemical
composition. Combining the geological environment with appropriate criteria related to
the physicochemical properties of the materials opens up interesting perspectives regarding
the rapid valorization of the laterites in Burkina Faso as potential adsorbents. To deepen
the understanding of the adsorption mechanisms, detailed studies will be conducted using
various techniques to reduce the uncertainty associated with the hypotheses regarding
the nature of the formed complexes. Additionally, the analysis of the FTIR spectra of the
residues will help to identify the chemical modifications that occur during adsorption,
thereby providing crucial information on the interactions between the metals and the
lateritic surfaces.
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Abstract: A Miocene carbonatic clay quarried in Transylvania (Romania) has been used
for more than 100 years for the production of traditional ceramic ware, bricks, and tiles.
To investigate the mineralogical and microstructural changes of this clay when heated
between 700 °C and 1200 °C, a combination of polarized light optical microscopy, X-ray
powder diffraction, scanning electron microscopy coupled with energy dispersive X-ray
spectrometry, and Fourier transform infrared spectroscopy was applied. Primary mineral
phases such as illite, muscovite, feldspar, carbonate, Fe oxyhydroxides, and quartz undergo
a gradual thermal alteration and form, besides a glassy phase, a wide range of minerals
such as gehlenite, clinopyroxene, feldspar, maghemite, hematite, mullite, and «-cristobalite.
These firing phases can be regarded as ‘ceramic markers’. A comparison between the data
obtained by several methods is discussed. The combination of the optical appearance and
the microstructure on one side, and the specific associations of primary phases and ceramic
markers on the other side, can be used as a ‘ceramic thermometer’ in estimating the firing
temperature for ancient ceramics.

Keywords: carbonatic clay; thermal treatment; ceramic markers; Romania

1. Introduction

Argillaceous rocks or mudstones, commonly called ‘clays’, have been deeply involved
in the history of humankind since the Late Paleolithic-Early Neolithic [1,2], in particular in
the production of ceramics, “the first technological revolution in the human history” [3].
Objects made of ceramic material, such as pottery, statuettes, bricks, and tiles, bear informa-
tion which can be used in archaeometry as well as in mineralogical and petrological studies.
A wealth of literature deals with the mineralogical, chemical, and physical processes which
are involved in the transformation of a mixture of clay and temper (e.g., ash, sand, shells,
straw, chamotte etc.) into a coherent, strong, and insoluble ceramic body. The ceramic
technology includes several stages, from extraction and preparation of the raw materials,
modelling and shaping, surface treatment, decoration, painting and glazing, to drying and
finally firing. Among these, of utmost importance for deciphering the technological level
of an ancient society are the firing conditions.

Minerals 2025, 15, 390 https://doi.org/10.3390/min15040390
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The firing issues related to clay-based ceramics can be solved in several ways. The
simplest is to study the ceramic sherds based on the assumption that mineralogical, physical,
and chemical characteristics are the result of the technology applied to clayey raw materials.
Another way is the experimental one, when ceramic clays are heated [4-7]. Special attention
is given to the clays that can be used for ceramics without tempering because the latter
significantly influence the final ceramic microstructure and composition [5,8-12]. Since
prehistory, the illitic clays, either carbonatic or non-carbonatic, have been the most used
material in producing pottery. Among many types of clays, the carbonatic ones have
been most used for experiments because they are highly reactive and may produce upon
heating a large range of Si-Ca, Si-Al-Ca, and Si-Al-Ca-Fe firing phases, such as wollastonite,
gehlenite, clinopyroxenes, larnite, monticellite, garnet, and feldspars, among others. These
firing minerals, as well as the newly-formed glassy phase, play a crucial role in connecting
the clay components into a coherent ceramic material [13].

A large range of analytical methods can be applied to study the compositional and
structural changes undergone by clays and to solve technological issues such as firing
conditions for both modern and ancient ceramics [14]. Each of these analytical methods,
taken alone, has advantages as well as limitations. For example, by means of optical
microscopy (OM), essential information on the optical characteristics, mineralogical compo-
sition, granulometry, and texture are obtained [15-17]. Nevertheless, the results are limited
by microscope resolution/magnification, the small size of the particles, and the covering
effect of the finely distributed Fe compounds. The X-ray powder diffraction (XRPD) helps
in identifying the mineral species, but it is not equally useful for low crystallinity and amor-
phous phases (for nomenclature and details, see [18-21]). Scanning electron microscopy
coupled with energy dispersive X-ray spectrometry (SEM-EDX) is used to obtain data on
the physical state and chemistry of a thin surface layer [22,23]. Being able to identify the
vibrational frequencies of atomic bonds, the Fourier transform infrared spectroscopy (FTIR)
is useful in identifying the crystalline and amorphous phases occurring in low quantity,
below 1 vol.% [24]. FTIR is widely used to study both clay minerals [25,26] and mineral
phases occurring in the ceramic body [19,24,27-32]).

The aim of this study was to find, experimentally, which are the structural and com-
positional changes which take place in a common clay upon heating, and allow obtaining
high quality fine wares. The carbonatic illitic clay was extracted from a single quarry and
was used without any temper or additives which might alter the normal path of thermal
changes. However, “there is still much to be done to clarify what happens to a ceramic
paste when it is fired” [10]. A combination of OM, XRPD, SEM-EDX, and FTIR has been
applied in order: (i) to ascertain the characteristic mineral association for each temperature
interval, (ii) to investigate the evolution of mineralogy and microstructure with increasing
temperature, (iii) to define a ‘ceramic thermometer” which can be used for ancient ceramics,
and (iv) to demonstrate the advantages and limitations of analytical methods used in
the study.

2. Materials and Analytical Methods

The studied Miocene clay deposits outcrop in the eastern part of the Transylvanian
Basin (Romania) as a thick layer of several tens of meters [33]. The clay is quarried in an
open pit at Bodogaia (coordinates: 46°16’15.9” N and 24°59'3.24" E), a village located 17 km
east of the city of Sighisoara, and transported a couple of km to a small village where a
brick factory has been functioning since 1905. Minimal enhancement of the clay starts with
a light grinding aimed to disintegrate the larger clay lumps. After mixing with water, the
clay is passed through a 1 mm-sieve to separate out the coarse clasts. Following filtering at
15 bars pressure to remove the added water, the material is finally packed under vacuum in
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2,5 and 10 kg blocks. The processed clay has a greenish-grey colour, an excellent plasticity,
and a low shrinkage rate. It fires red when there is a constant supply of fresh air at the top
of the kiln (oxidising atmosphere). When the kiln is kept closed until the end of firing, the
atmosphere is reducing and the pottery is black. This clay is used for hand-made rustic
style bricks and traditional pottery, as well as for art modelling. Chemically, the enhanced
raw clay contains ~52 wt.% SiO,, 15 wt.% Al,O3, 6 wt.% FeOtort, 2 wt.% MgO, 3 wt.% K0,
1 wt.% NayO, and 1 wt.% TiO,. The loss of ignition is 13 wt.% [7]. As the limit between
carbonatic and non-carbonatic clays is conventionally established at 6 wt% CaO [23], our
Miocene clay (having 7 wt.% CaO) may be classified as (low)-carbonatic.

For the experiments, the raw clay was hand-shaped into nine briquettes, 5 x 5 x 1 cm
in size, which were left for a couple of days to dry at room temperature. Subsequently
the briquettes were heated in an electric Nabertherm furnace (Institute of Interdisciplinary
Research on Bio-Nano-Sciences, Babes-Bolyai University Cluj-Napoca), from 700 °C to
1200 °C, with a 10 °C/min rate and 2 h soaking time. The material of the heated clay
briquettes is regarded here as ‘ceramics’. The original greenish-grey colour of the raw clay
changed upon heating into light reddish brown at 700 and 800 °C, red at 900 and 1000 °C,
and again to reddish brown at 1100 °C [7]. Heated for 10 min at 1200 °C, the whole clay
briquette melted, then solidified into a black glassy mass of ‘ceramic slag’ [34].

From a lump of raw clay impregnated with epoxy resin to avoid disintegration, as well
as from each of the nine heated briquettes, a few mm thick slice was cut with a diamond
saw in order to prepare standard petrographic thin sections for OM. The thin sections
were investigated with an Axio Imager.A2m Zeiss transmitted light polarizing microscope
(Electron Microscopy Center at Babes-Bolyai University Cluj-Napoca). The images were
captured with a Zen 2011 Axio high resolution digital video camera.

A few grams of each sample, hand-milled in an agate mortar, were analysed with a
Bruker D8 Advance X-ray diffractometer with Bragg-Brentano geometry (Department of
Geology, Babes-Bolyai University in Cluj-Napoca). The equipment worked at 40 kV and
40 mA, with CuK; radiation (A = 1.5418 A), a Ni filter, and a LynxEye one-dimensional
detector. The data were collected between 5° and 65° 20, with 0.02° 20 step interval and
2 s/step counting time. The mineral identification was based on the Bruker’s Diffrac.Eva 2.1
software and the International Centre for Diffraction Data 2016 database [35]. Corundum
NIST SRM1976a (US National Institute of Standards and Technology reference material [36])
served as lab internal standard. Oriented and ethylene glycol-treated raw clay sample were
also subject to XRPD in order to distinguish between chlorite and smectite.

The rough surface of small chips taken from each sample was coated with a 20 nm
thick layer of Au using a BALTEC-SCD-005 sputter. The JSM-6610 LV scanning electron
microscope (University of Belgrade—Faculty of Mining and Geology) worked at an accel-
eration potential of 20 kV, a 5-10 pm diameter spot, and 50 s live time. The spectra were
obtained by an Oxford X-Max energy dispersive spectrometer. The detection limit for most
elements was ~0.1 wt.%.

The FTIR spectroscopy was performed at room temperature, with a Bruker Equinox
55 spectrophotometer (Institute of Interdisciplinary Research on Bio-Nano-Sciences at
Babes-Bolyai University Cluj-Napoca). Three milligrams of each powdered sample were
mixed with 250 mg of spectroscopically-pure KBr, and analysed immediately after prepa-
ration. No hydration risk was encountered and consequently no supplementary thermal

I resolution, in the

treatment was necessary. The spectra were recorded with a 2 cm™
400 cm ™! to 4000 cm ™! range. The experimental spectra were checked with fitted spectra
using five and six component bands. The interpretation of FTIR data and the identification

of mineral phases are based on [37-42], as well as the relevant literature.
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3. Results

Firstly, the results obtained for the raw clay will be presented, in order to obtain a
general image of the composition and structure of the starting material. The data obtained
from the heated clay briquettes by using the same analytical methods as those involved in

the raw material investigation will follow.

3.1. Raw Clay
3.1.1. Optical Microscopy

A groundmass of undifferentiated fine-grained phyllosilicates, as well as larger lamel-
lae of muscovite, chlorite, and biotite, are the main mineral components of the raw clay
(Figure 1a). The clay mineral species (the term ‘clay mineral’ refers to phyllosilicate min-
erals and to minerals which impart plasticity to clay and which harden upon drying or
firing” [43]) could not be identified solely by OM, thus XRPD (Figure 1b) was also involved.
Microscopically, quartz occurs as subangular grains, less than 20 pm in size. Micritic car-
bonate (<5 um) is unevenly dispersed in the clay mass. Sparite carbonate (up to ~100 pm
in size) is rarely found. Primary feldspar (feldspar, = Fspp) occurs as plagioclase and
K-feldspar, about 20-25 pm in size. Brown pellets consisting of Fe oxyhydroxides, as well
as rare grains of heavy minerals such as zircon, garnet, apatite, monazite and amphibole
are also present. Sandstone, mudstone, biotite schist, quartzite, gneiss, and andesite clasts
are extremely rare. The raw clay components are below 1 mm in size, as a result of grinding

and sieving.
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Figure 1. Raw clay composition: (a) Polarized-light microphoto showing a mass of fined-grained
clay minerals (Cm) embedding fine grains of quartz (Qz), micrite carbonate (Cby,), sparite carbonate
(Cbs), muscovite lamellae (Ms) and Fe-rich pellets (Fe) crossed polarizers. (b) X-ray diffractogram
displaying peaks of quartz, feldspar (Fsp), calcite (Cal), illite-muscovite (Ilt-Ms), chlorite (Chl), biotite
(Bt), and dolomite (Dol). Mineral abbreviations according to [44] are used throughout this paper.

3.1.2. X-Ray Powder Diffraction

All diffraction peaks displayed in Figure 1b are sharp and narrow, reflecting the
crystalline state of the material composing the raw clay. The strongest peaks belong to
quartz (3.4 A, 43 A, and 2.2 A). The peaks at 10 A,5 A, and 4.5 A are common for illite
and muscovite; therefore, they are treated together as ‘illite-muscovite’. Feldspar (3.3 A
and 6.3 A), calcite (3.0 A and 2.1 A), dolomite (2.9 A), and biotite (3.4 A) occur as well. The
small 14.1 A peak can be assigned to chlorite.
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3.1.3. FTIR Spectroscopy

The FTIR absorption bands shown in Figure 2a,b originate from Si-O, Si-O-5i,
Si-O-Al, Si-OH, Al-OH, and C-O vibrations [37—42,45-51] from various mineral phases
(Table S1). Roughly, the signals can be grouped in four domains of frequency: (i) from
3700 to 3400 cm ™, (ii) from 1200 to 875 cm ™!, (iii) from 800 to 625 cm™~!, and (iv) from
550 to 425 cm 1.

) (b) 2 .
- s, 8 & £2
= £ Sz 28
2 88 g IV
s g g % T 83, 8%
14 i I ) ] oA
f I =3 E E/ NP 1200°C
g ¢ g ’///:\\ 1100 °C
T 1200°C — TR\ 1000 °C
] g 900 °C
- e T _jin< .
= L~ T —T 800 °C
] P 1000C 2 -
g —r | —————— 900°C ] 700 °C
= <
£ — [T sw0c £ v M
2 ] N Raw clay
S — 7000c < /| NS S g
R /\_/— _’_/_/H o aw )vl? g
| 8§ & S5& 2
I S — -y
Raw clay = g 2 3
4000 3800 3600 3400 3200 3000 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™) Wavenumber (cm™)

Figure 2. FTIR spectra of raw and heated clay in 4000 cm ™! to 3000 cm~! (a), and 2000 cm ™! to
400 cm~! (b) domains. Abbreviations as previously stated; additionally: Ilt for illite; KIn for kaolinite,
Gth for goethite, Lpc for lepidocrocite; Cpx for clinopyroxene; Ht for hematite.

The main mineral phases are the same as those found by OM and XRD, i.e., quartz,
feldspar, and carbonate, besides illite-muscovite. The FTIR allowed illite and kaolinite, but
not muscovite and chlorite, to be identified.

The deconvolution of the most intense and sharp signal centred at 1030 cm ! is due to
Si-O-Al stretching vibrations and reveals the main contribution of illite, quartz, feldspary,
and less kaolinite to the composition of the raw clay (Figure 3). The characteristic doublet
at 798-779 cm~!, as well as the signals at 524 cm~! and 471 cm™!, are assigned to the
Si-O stretching bands of quartz [27,52]. The vibrations of other minerals are recorded
at 1102 ecm~1, 524 cm~! and 471 cm~! (feldspar [53]); and at 1438 cm~! and 875 cm ™!
(carbonate [25,54]). The iron compounds are goethite and lepidocrocite, with vibrations at
912 cm~! and 875 cm ! [55]. The presence of kaolinite is shown also by signals at ~3697 and
3625 cm ™! [56]. The OH stretching bands are weak, except that at 3625 cm ™!, which might
include also signals produced by absorbed water.

3.2. Heated Clay
3.2.1. Optical Microscopy

For the microscopic description of the heated clay (i.e., ceramics), we follow
here [16,57,58], who defined ‘matrix” as those parts of the ceramic body containing only
particles smaller than ~15-20 pm. The “clasts’ or ‘macroclasts’ are non-plastic components
larger than 15-20 pm. The matrix consists of clay minerals, muscovite, chlorite, and some
biotite, as well as ‘micro-clasts’ i.e., tiny grains of quartz, feldsparp, carbonate, and Fe
compounds. The polarized light microphotos (Figure 4a—f) display a gradual change of the
both the matrix and clasts, with increasing temperature.
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Figure 4. Polarized-light microphotos of clay briquettes heated: (a) at 700 °C: Birefringent matrix
(MXx) containing clay minerals (yellow elongated grains), muscovite, quartz and calcite; (b) at 800 °C:
Mixture of birefringent (lighter areas) and low birefringent matrix (darker areas), embedding micas
and a plagioclase grain (dark grey) overgrown by K-feldspar; (c) at 900 °C: Formation of orange
clusters; (d) at 1000 °C: Relics of quartz, muscovite and biotite (white arrows) in a mostly isotropic
matrix; (e) at 1100 °C: Partly melted quartz grains in a glass (Gs) incorporating hematite and probably
maghemite; (f) at 1200 °C: Glass and relics of quartz (white spots). Crossed polarizers for all images.
Abbreviations as previously stated; additionally: Mx for matrix; Gs for glass; P for pores. Parallel
orientation of lamellar minerals as seen in (a—c) is due to the pressure applied when shaping the
clay briquettes.

At 700 °C, the matrix is still microcrystalline and consequently highly birefringent
(Figure 4a). Quartz, illite, muscovite, feldsparp, chlorite, biotite, and carbonates are not
yet essentially affected by heating. Very thin, isotropic rims formed at the contact between
phyllosilicates reflect a ‘low degree’ of sintering [59,60].
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At 800 °C, the matrix consists of a mix of birefringent and low birefringent areas
(Figure 4b). The latter mark the beginning of the collapse of illite and muscovite structure.
Quartz, feldspar, illite, muscovite, rare chlorite, and biotite, as well as fine grains of
carbonate are still easily distinguishable. Grains of plagioclase (feldsparp) are overgrown
by newly-formed K-feldspar (feldspary,), a process characteristic for heating at temperatures
over 800-850 °C [61,62]. The overall colour of the ceramic body is reddish, most likely due
to a finely-distributed iron-rich phase.

At 900 °C, the isotropic areas are prevalent due to advanced collapse of the crystalline
structure of most of the phyllosilicates and beginning of extended vitrification. Still, quartz,
feldspary, and Fe-rich pellets, as well as scarce mica (muscovite and biotite), are present.
A notable change is marked by the occurrence of bright orange small clusters with high
relief and polycrystalline microstructure (Figure 4c), which can be related to newly formed
phases such as gehlenite and pyroxene, coloured by Fe trapped in their structure [63].

Heated up to 1000 °C, the ceramic body shows a predominantly isotropic matrix
(Figure 4d). Small grains of quartz and feldspar (most-likely primary and probably also
newly-formed) are identifiable. The patchy appearance of some of the feldspar is due to
their forming during heating [62]. “Ghost relics” of micas, showing only a slight contour,
are characteristic.

At 1100 °C (Figure 4e), the matrix has a reddish colour, an overall vitreous appearance,
and is optically completely isotropic. Dark brown spots replace the former Fe-pellets. The
brownish-orange patches with diffuse rims observed in the glassy matrix are most likely
relics of firing minerals such as gehlenite and clinopyroxene, coloured by Fe [63]. Quartz is
relatively frequent. Feldspar, grains show melting at the rims, whereas feldspary, has a
patchy appearance. The grains showing low refractive index and very low birefringence
are probably «-cristobalite, a high temperature silica polymorph. The pores are irregular,
larger, and more frequent than in ceramic material obtained at lower temperatures. The
increased porosity is due to a gaseous phase released upon decomposition processes.

The vitreous material formed at 1200 °C (Figure 4f) is completely isotropic and contains
isolated and very small fragments of quartz and feldspar (probably both primary and
newly-formed). The pores are large and numerous.

3.2.2. X-Ray Powder Diffraction

The XRPD patterns of the heated clay (Figure 5) show both primary minerals (quartz,
illite-muscovite, feldspary, calcite, chlorite, dolomite, and biotite), and numerous firing min-
erals (gehlenite, clinopyroxene, feldspary,, hematite, maghemite, mullite, and «-cristobalite),
as well as glass. The most important peaks belong to quartz, followed by illite-muscovite,
feldspar, and calcite.

The 3.4, 4.3,2.5, and 2.2 A peaks of quartz dominate the diffractograms and remain
almost unchanged up to 1000 °C, when they start to decrease in intensity, due to melting,
chemical reactions as well as transformation into «-cristobalite (4.1 A).

The 10, 5, 4.5,2.5,2.1,and 1.9 A peaks which may be assigned to ‘illite-muscovite’
(Figure 1b) gradually decrease in intensity, up to complete disappearance between 900 and
1000 °C, when it records irreversible structural changes [64] and breaks down into alumina-
rich and silica-rich domains [65]. Chlorite was not identified anymore in the briquette fired
at 800 °C. The 3.4 A peak of primary feldspar remains unchanged up to 900 °C. Starting
with 1000 °C, this peak spectacularly increases, most likely due to the newly-formed
feldspar.
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Raw clay 1000 °C

10 20 30 40 50 20°
Figure 5. X-ray diffractograms of the raw clay and clay briquettes heated between 700 and

1200 °C. Legend: 1—quartz, 2—illite-muscovite, 3—feldspar, 4—carbonate, 5—chlorite, 6—hematite,
7—clinopyroxene, 8—gehlenite, 9—maghemite, 10—mullite, 11—o-cristobalite.

Calcite (3.0 A,21A,and 1.9 A) and dolomite (2.9 Aand 22 A) X-ray patterns show
obvious alteration upon heating. At 800 °C, the calcite peak is low in intensity, whereas
the dolomite peak does not appear anymore. At 900 °C, the carbonates are replaced by
newly formed phases, such as gehlenite (1.9 A) and clinopyroxene (2,9 and 3.0 A). After
1000 °C the reaction between gehlenite and quartz led to the formation of feldspar [66]. The
hematite (2.7 A) and maghemite (2.5 A) peaks were identified in the clay heated at 800 °C
and 900 °C, respectively, and their intensity slowly increases with temperature. At 1100 °C,
a-cristobalite peaks (4.1 A) occur as well. Small amounts of mullite (3.4 A-3.5 A) were
detected at 1100 °C and 1200 °C. The diffractograms of the material heated over 900 °C
show a lump between 20 and 35 °20, due to amorphous material and glass.

3.2.3. SEM-EDX

The secondary electron images (Figure 6a—f) and energy dispersive spectra (Fig-
ure 7a,b) offer detailed information on the microstructure and mineralogy of the heated clay.
The gradual thermal changes affecting the matrix range from: (i) ‘low sintering’—when
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phyllosilicate and aplastic particles are glued together at intergranular boundary [67]—and
(ii) “incipient vitrification’—with thin filaments of glassy material occurring in isolated
places—to (iii) ‘partial vitrification'—when there are frequent and areas with a glassy
material—and finally (iv) ‘advanced vitrification’—where large parts of the ceramic body
are transformed into a porous, net-like, filamentous vitreous material, with a smooth sur-
face. The clay heated at 1200 °C (Figure 6f) records a so-called ‘continuous vitrification’ [23].
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Figure 6. Secondary electron images (SEM) of heated clay samples, showing mineralogy and mi-
crostructure of heated clay: (a) Phyllosilicates displaying a low degree of sintering, at 700 °C;
(b) sintering and incipient vitrification, at 800 °C; (c) partly glassy matrix (indicated by white arrows),
with voids containing needle-like crystals of gehlenite, at 900 °C; (d) gehlenite, clinopyroxene, and
calcite, at 1000 °C; (e) various vitrification stages of the matrix embedding partly melted quartz, at
1100 °C; (f) detailed image of glassy filaments formed at 1200 °C. Abbreviations as previously stated.
Value of scale bars (white lines at bottom-right of each image) is: 20 um for (a,c), 10 um for (b,d,e),
and 5 um for (f).
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Figure 7. ED spectra of illitic matrix (a) and gehlenite (b) in clay briquettes heated at 1000 °C.

The samples heated at 700 and 800 °C show a microcrystalline structure, with phyllosil-
icates sintered together by narrow areas of unstructured material (Figure 6a,b). Between
900 and 1100 °C, the increased amount of glass and formation of new minerals are main
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processes. Gehlenite and clinopyroxene occur in the voids left by carbonate decomposition
or are randomly distributed in the ceramic mass. Gehlenite forms tabular to needle-like
crystals with a skeletal appearance, whereas clinopyroxene occurs as isometric grains
(Figure 6¢,d). The gehlenite and clinopyroxene crystal morphologies are similar to those
described by [68].

At 1000 °C (Figure 6d), the increased amount of gehlenite is accompanied, besides
clinopyroxene, by small prismatic crystals of feldspary, and needle-like crystals with Al-Si
composition, most likely mullite. In between these phases there are bouquets of calcite
crystals, resulting from recarbonation during cooling [69]. At 1100 °C, only ‘ghosts” of
former quartz (partly melted), muscovite, and feldspary, are preserved (Figure 6e). At
1200 °C, the ceramic consists of a mass of glassy filaments (Figure 6f).

Various amounts of Ca, Mg, and Fe, as displayed by the ED spectrum in Figure 7a,
were measured in the K-rich alumosilicate matrix, as well in the glass. Both the matrix
and the glass may contain a small amount of P. The variable amount of each element in
the ED spectra of the newly-formed phases indicates complex compositions, and possible
solid solutions. For example, the distribution of elements in the needle-like and isometric
crystals shown in Figure 6d is compatible with gehlenite (Figure 7b) and clinopyroxene,
respectively. The intermediate composition of Ca-rich plagioclase with some K content
(1000 °C) is in agreement with their formation by firing [62].

3.2.4. FTIR Spectroscopy

In the following section, the thermal evolution of the FTIR signals and the assignment
of mineral phases from the heated clay will be presented in detail. A gradual flattening
coupled with widening, as well as the shifting of the main signals is observed in the spectra
collected from the heated clay and displayed in Figure 2a,b and Figure 8a—f. The large band
of Si-O stretching vibrations centred at 1030 cm 1, is related to the main component of the
clay i.e., illite, and appears at all heating temperatures.

The deconvolution for the 1600-850 cm~! interval (Figure 8a—f) is in good agreement
with the experimental and fitted spectra. Several newly-formed mineral phases were
identified in the FTIR spectra of the heated clay: meta-clay (Si-O vibrations), hematite,
gehlenite, feldspary, clinopyroxene, maghemite, mullite and glass (Figure 8a—f). The meta-
clay is a ‘pseudoamorphous phase’ [52] which may have been formed already at 700 °C
from a predominant illite-like clay mineral. Hematite appears before 700 °C, as a result of
Fe-oxihydroxides and chlorite transformation. At 1200 °C, part of hematite transforms into
spinel (1425 cm~! signal).

The bands at 1126, 1029, and 1019 cm~!, visible only between 1000 and 1200 °C
(Figure 8d—f), can be linked to feldspary, formed by reaction between gehlenite and quartz.
Figure 2b displays there a signal at 471 cm ™!, related to Si-O, Al-O deformation in several
minerals such as illite-muscovite, feldspar, and quartz. This band gradually flattens and
broadens with increasing temperature.

The quartz doublet at 798 and 779 cm ™! at 1000 °C coalescences into a single band
(Figure 2b), which reflects the melting and formation of glass [70]. The quartz signals at
1172,1101, and 524 cm ! shift towards higher wave numbers and strongly diminish after
1100 °C. This is in agreement with the reducing of quartz grains size (OM), the diminishing
of quartz peaks (XRPD), and their melting (SEM). Quartz melts and ‘dissolves’ into the
matrix, it is consumed in reactions with calcite and clay minerals, and also transforms
into a-cristobalite.

The 875 cm~! band disappearing between 800 and 900 °C (Figure 2a,b) marks the
destruction of calcite and dolomite [18]. The other calcite main signal, at 1438 cm !, flattens
progressively and is no longer found at 900 °C (Figure 8b). Thus, an interval between
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800 and 850 °C can be assigned to decomposition of primary calcite and forming of
CaO—Tlime. The 1259, 1306, and 1384 cm ! signals recorded above 900 °C (Figure 8c—e)
can be assigned to recarbonation of lime [69].
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Figure 8. FTIR spectra of heated clay in the 1600-850 cm~! range. Experimental, fitted, and de-
convoluted spectra at 700 °C (a), 800 °C (b), 900 °C (c), 1000 °C (d), 1100 °C (e), and 1200 °C (f).
Abbreviations as previously stated; additionally: M-clay for meta-clay; Spl for spinel. Newly-formed
phases are marked by (*).

4. Discussion

Subject of a wealth of papers, e.g., ref. [10] and references therein, the firing constraints
of the clay-based ceramics, in particular the ancient one, rely basically on thermal changes
which include dehydration, dehydroxylation, structural breakdown, chemical reaction,
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recrystallisation, and forming new phases [10,65,71,72]. Each of these processes stretches
over various temperature intervals, which may overlap.

Despite the low amount, the small grain size, the non-stoichiometric composition and
often the deformed crystalline structure, the newly-formed phases may be regarded as
‘ceramic markers’ [73] and can be used in inferring technological constraints of ceramics [74].
Nevertheless, the temperature values given in the literature for the formation of the ceramic
markers are stretched over large intervals. For example, gehlenite is thought to start forming
at 800 °C [13,75], 850 °C [73], 900 °C [4], between 800 and 900 °C [76], or after 900 °C [18].
Onset of clinopyroxene formation is also recorded at various temperatures, i.e., 825 °C [77],
850 °C [78-80], and 900 °C [76]. The values given for the upper stability limit for these firing
phases vary also largely. In a similar way, different formation/disappearance temperatures
are recorded for hematite, feldspar, mullite, and «-cristobalite, among others. They may
form successively or concomitantly, but may exist only within certain temperature limits.

Besides the technological choices such as kiln type, heating/cooling gradient, firing
atmosphere, timing, loading or the location within the kiln, there are a high number of other
variables influencing the final composition and the structure of a ceramic body. Among
these variables, the most important are the mineralogy and chemistry of the raw materials,
their homogeneity, possible mixing and refinement, the size of the components and the
presence of temper. Thus, the resulting ceramic body may show an extremely wide range
of possible compositions and structures.

Table S2 displays the correspondence between the optical characteristics of the matrix
(Figure 4), the pattern of the illite-muscovite XRPD peaks (Figure 5), and the appearance of
the ceramic body as seen in SEM images (Figure 6). Up to 800 °C, the ceramic material—still
highly birefringent—shows sharp peaks corresponding to a crystalline structure. However,
“the most significant textural and mineralogical changes are observed in samples with
carbonates when fired at T > 800°C” [15].

The main physical and chemical reactions upon heating are linked to the phyllosili-
cates, e.g., illite and muscovite. As the temperature increases, after losing water (dehydra-
tion), the phyllosilicates start to dehydroxylate before 650-700 °C [72], and their structure
collapses and grades into an amorphous state. Small amounts of glass occur around 800
°C [22]. The increase of the amount of glass at T > 900 °C is in good agreement with
previous studies [75,81-83]. The illite-muscovite XRPD peaks diminish in intensity and
disappear above 900 °C (see also [84]). At 1100 °C and 1200 °C, only FTIR shows small
amounts of illite (Figure 8e,f), most likely present as relics trapped in the glassy mass.

Maghemite could not be detected by OM, but XRPD shows the presence of its peaks
between 900 °C and 1200 °C. The FTIR recorded maghemite only at 1000 °C and 1100 °C.
Although it can nucleate earlier [4,85], hematite was not detected by XRPD and FTIR before
800 °C, possibly due to its small grain size and low amount. The reddish hue of the matrix
argues for the presence of hematite starting with 700 °C and its persistence up to 1200 °C.

The most significant reactions involve carbonates. The micrite carbonate (mostly
calcite) decomposes already at 800-850 °C. To react and form Ca-Al-Si minerals (gehlenite,
clinopyroxene and feldspar in our case), a temperature high enough to also decompose
the clay minerals—the source for Si and Al [86]—is necessary. The minerals resulting from
the reaction between calcite, clay minerals, and quartz have a high impact in assessing the
firing temperature.

Illite and muscovite in contact with quartz leads to the formation of K-feldspar [58,62]
as well as some mullite after 900 °C. This is in agreement with the obvious increase of
the XRPD peaks at 1000 °C (Figure 5). Formation of K-feldspar after 800-850 °C [61,62] is
proved also by primary feldspar grains overgrown by K-feldspar coronas (Figure 4b).
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As gehlenite and clinopyroxene have been found at 900 °C, most likely they start to
form before, e.g., between 800 °C [13] and 850 °C (see also [71-73,79,80,87]). According
to [83], gehlenite results by the reaction between illite and calcite, whereas clinopyroxene
(diopside, augite, hedenbergite) may form by reaction between calcite, dolomite, and
quartz. Gehlenite and clinopyroxene can be found until a maximum temperature of
950-1000 °C [52]. Nevertheless, traces of clinopyroxene have been detected by FTIR in
the clay heated at 1100 °C and 1200 °C. The disappearance of gehlenite over 1000 °C can
be explained in two ways: it reacts with quartz, resulting in wollastonite and feldspar
anorthite [83], or it reacts with the Si-Al melt resulting from decomposition of clay minerals,
and thus leading also to feldspar anorthite [83]. However, no traces of wollastonite have
been detected by any of the techniques used. The large-scale formation of feldspar is also
marked by the strong increase of the 3.4 A XRPD peak of feldspar with 1100 °C. Most
feldspar detected above 1000 °C (Figure 5) is most likely have been formed by the reaction
between calcite and illite, not from gehlenite.

Feldspar is an important primary component of the raw clay and its 1172 cm~! band re-
mains almost unchanged upon heating until after 900 °C (Figure 8a—c). The 1101 cm ™! band,
which shifts towards lower wavenumber (1088 cm~!) and disappears beyond 1100 °C,
is related to newly-formed feldspar. The newly-formed Ca-rich feldspar (anorthite) on
muscovite expenses, feldspar, and small amounts of mullite and feldspar may appear also
before 1000 °C (Figure 5).

Quartz is partly consumed by melting and by reactions with illite and calcite. Only
the XRPD (Figure 5) recorded the transformation of quartz into x-cristobalite 1100 °C (see
also [83]).

The FTIR investigation show that it is complementary to other techniques, e.g., XRPD.
The reducing of the intensity of FTIR bands and their shift with increasing temperature
is to be expected (see also [41,45]). The structural changes of the illite-like clay mineral as
observed by means of FTIR cover a wide range of temperatures. The large band centred
at 1030 cm~! which is intense and narrow at 700 °C, with increasing temperature flattens
and shifts to higher wavelengths (1082 cm™!). The destruction of muscovite, evidenced
by the diminishing of the 3430 and 471 cm ! signals, takes place at higher temperatures,
specifically between 900 °C and 1100 °C. The band at 3430 cm~! (Figure 2a,b), which was
still recorded from the OH vibrations at higher temperatures (1200 °C), can be due to the
short time of heating [80], which allowed relic illite and muscovite to be trapped in the
glass. Chlorite survived only until 800 °C.

The above-described processes are well illustrated by the secondary electron images
obtained by SEM. Mineral phases and glass have been identified and their association and
distribution proved to be specifically related to the temperature. Due to the compositional
inhomogeneity of the clay (Figure 1a), the ‘ceramic markers’ resulting upon firing are
unevenly distributed in the heated clay mass, some of them being found mainly in the voids
left by the decomposed carbonate. An unstructured material ranging from intergranular
sintered material up to a glassy material connects primary compounds as well as the
ceramic markers.

Despite some differences, which are due to the method and the amount and size of
the components, the data obtained by several methods are consistent (Figure 9) and corre-
lates well. This allows drawing an indicative frame in estimating the firing temperature
undergone by a clay-based ceramic body (Table S2).
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Figure 9. Comparative chart showing sequential presence of compounds as differently recorded by
OM (red bar), XRPD (green bar), and FTIR (black bar), in raw and heated clay.

5. Conclusions

The combination of various analytical techniques contributes to a better understanding
of small-scale processes occurring in a carbonatic clay when heated up to 1200 °C. The
resulting ceramic body consists of a sintered-to-glassy network that glues together both
relics of primary and newly formed minerals. The weight of various phases as detected by
different techniques may slightly differ. Some of the methods (FTIR) revealed the survival
of phyllosilicates at high temperature (1100 °C). Overall, the most significant structural
and mineralogical changes and the formation/disappearance of the ‘ceramic markers’ are
recorded within the 850 °C to 950 °C temperature interval.

The corroboration of the optical characteristics and microstructure of the matrix on
one side, and certain associations of primary phases and ‘ceramic markers’ on the other
side, may be used as a ‘ceramic thermometer” in inferring the technological conditions for
clay-based archaeological ceramics. Even more, this particular clay bears a high potential
as a reference material for ethno-archaeological experiments.
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https:/ /www.mdpi.com/article/10.3390/min15040390/s1, Table S1: Raw and heated clay. Wavenum-
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mary of phase characteristics for heated clay briquettes obtained from carbonatic illitic clay, as
determined by multi-analytical investigation. Shadowed rows mark intervals with the most signifi-
cant thermal changes.
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Abstract: Clays deposited in marine evaporite sequences are strongly altered, and the
most important factor determining their transformation is brine concentration. An X-ray
diffraction study of clay minerals associated with the Lower and Middle Miocene evap-
orite formations of the Ukrainian Carpathian Foredeep indicated that the clay mineral
assemblages in the gypsum facies are composed of smectite and illite, and, in some sam-
ples, mixed-layer chlorite-smectite and illite-smectite, as well as chlorite. In the halite
facies, illite, chlorite, and mixed-layer illite—smectite occur in rock salt of Eggenburgian age
(Vorotyshcha Suite); in addition to those minerals, smectite, corrensite, and mixed-layer
chlorite-smectite occur in the Badenian rock salt (Tyras Suite); and in the potash facies,
illite and chlorite were recorded. Such clay mineral assemblages resulted from the aggra-
dational transformation of unstable and labile minerals and phases (kaolinite, smectite,
and mixed-layer phases) that finally pass into illite and chlorite, minerals that are stable in
an evaporite environment. In addition to brine concentration control, another important
factor in the transformations of clay minerals was the sorption of organic components
on the mineral structure, which slows the transformation processes. The assemblage of
clay minerals in the weathering zone of the evaporite deposits, besides inherited illite and
chlorite, also contains mixed-layer illite—smectite and kaolinite. The appearance of those
clay minerals in hypergene deposits is the consequence of two processes: degradational
transformation (illite—smectite) and neoformation (kaolinite) in conditions of decreased
ionic concentrations during desalination.

Keywords: clay minerals; marine evaporites; brines; Miocene; caprock; X-ray diffraction

1. Introduction

The origin of clay minerals in various geological environments (weathering, sedi-
mentary, and diagenetic-hydrothermal) are provided by three mechanisms of clay mineral
formation: inheritance, neoformation, and transformation [1,2].

One of these, transformation has exceptional importance in the forming of clay mineral
assemblages. The concept of transformation was introduced by [3] and includes degra-
dation (negative transformation related to the weathering and removal of matter) and
aggradation (positive transformation related to the growth of the crystalline structure and
the incorporation of matter) [3]. Transformations of clay minerals by degradation are com-
mon in the soil-forming process, where leaching is intense. Aggradational transformations
are characteristic of the depositional environment, where ions from concentrated solutions
can participate in the building of well-structured lattices. Illite and chlorite are typical of

Minerals 2025, 15, 395 https://doi.org/10.3390/min15040395
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the premetamorphic stage of aggradation; the mixed-layer minerals represent intermediate
stages of the processes of degradation and aggradation [4,5].

One of main transformation factors of clay minerals in different geological contexts is
the burial diagenesis of clay-rich deposits, for example, the illitisation of smectite ([6] and
references therein). In evaporative conditions, the most important factor in the transforma-
tion of clay minerals is brine concentration [7,8].

Clay minerals of evaporite deposits are mostly regarded as authigenic [1,7,9-12].
The transformation or neoformation of clay minerals at the stage of sedimentation in an
evaporite basin or at the stage of diagenesis within evaporite deposits are controlled by
physico-chemical conditions, and, in a hypersaline environment, this depends on factors
such as temperature [13], lateral salinity change and alkalinity [14], and salinity combined
with higher burial-related temperatures [15,16].

Assemblages of clay minerals of the Lower and Middle Miocene evaporites of the
Carpathian region are well studied (see [17], for a review). Considerable attention has
been paid to the transformation processes of clay minerals under the influence of brines
in salt basins or buried within deposits. Being unstable in conditions of increased salinity,
allogenic minerals (kaolinite, smectite, and mixed-layer phases) are transformed, through
a series of transitional phases, into illite and chlorite [5,18]. As the brine concentration
increases further, the structure of those end-minerals becomes better ordered. Less attention
has been paid to the degradational transformation processes of clay minerals of the Miocene
evaporites that formed as brine concentrations decreased under the influence of surface
waters. The mechanism of these transformations is related to the destabilisation of the
interlayer spaces of clay structures and the formation of labile phases.

The present research considers factors controlling the transformational processes of
clay minerals in the Miocene evaporite deposits of the Ukrainian Carpathian Foredeep.

Geological Setting

The Miocene Carpathian Foredeep is asymmetrical and developed as a peripheral
foreland basin related to the moving Carpathian front [19]. The molasse, predominantly
siliciclastic, deposits are up to 6 km thick in the Ukrainian Carpathian Foredeep, where
three tectonic zones are distinguished: the outer (Bilche-Volytsya Zone), central (Sambir
Nappe thrusted over the Bilche-Volytsya Zone), and inner (Boryslav-Pokuttya Nappe
thrusted over the Sambir Nappe) [19,20] (Figures 1 and 2).
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Figure 1. (A,B) Location of sample sites; tectonic zonation of the Carpathian Foredeep after [21];
CF—Carpathian Foredeep; MO—Moldova; RO—Romania; I-V—evaporite facies zones of the Tyras
Suite for the Outer (Bilche-Volytsya) Zone and below the Sambir and Boryslav-Pokuttya nappes
(after [22]): I-1V indicate gypsum facies (in the case of IV, gypsum and/or anhydrite facies), V—halite
facies; the red box indicates the area of the Kalush-Holyn potash deposit with the distribution of
exploited areas (after [23], simplified) shown in (C).
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stratigraphic section.

Evaporite deposits occurring in the Carpathian Foredeep fill (Figure 2) are involved
in the thrusting of the Carpathian nappes, and, thus, their stratigraphic sections are likely
multiplied [28-31]. For example, the Lower Miocene (Eggenburgian) Vorotyshcha Suite
of the inner zone shows a total thickness more than 2000 m, but the primary section was
100-125 m thick (Figure 3; [31]). The stratigraphic position of another potash deposit
that was recorded to be higher in the stratigraphic section, the Kalush-Holyn deposit,
is controversial. A recent map synthesis [32] and the officially approved stratigraphical
scheme [23] consider the Kalush-Holyn deposit to be related to the upper part of the Balych
Suite of Karpatian age, and [33,34] correlate “the Kalush Beds” with the Upper Badenian
salt of the Wieliczka and Bochnia region (Poland).
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Figure 3. Presumed undisturbed lithological-stratigraphical sections of evaporites of the Holyn’
fields group of the Kalysh-Holyn” deposit (after [31,35]); ba—basal anhydrite; Syl—sylvinite bed;
Ka—kainite-langbeinite bed; p—polyhalite—anhydrite bed; and the Vorotyshcha Suite in the Stebnyk
Mine (after [31,36]).
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The potash-bearing sequence of the Kalush-Holyn deposit is up to 500 m thick and
consists of interbedded salt claystones, salt-bearing breccias, potash, and rock salt, but it
seems that only two beds of potash salts formed during sedimentation: the lower chloride
and the upper sulphate [29-31] (Figure 3). Potash beds of the Kalush-Holyn deposit, in
general, are composed of kainite, kainite-langbeinite (polymineralic), and langbeinite
rocks; more rare is sylvinite. Clay material is dispersed and takes the form of halopelite
layers (clays containing up to 30% of various salts), which are interbedded with beds of
potash deposits or halite. Potash beds occur in salt breccia (or salt-bearing clay) composed
of fragments of clays cemented by halite. Such clay-halite rocks with silt- and clay-rich
siliciclastic rocks are commonly termed “zuber” [36-38].

Evaporites of the Kalush-Holyn deposit occur close to the surface in the Dombrowo
field, where potash deposits are dissolved by an aquifer within Upper Pleistocene alluvial
deposits, the main source of which is from rainfall [39]. A gypsum-—clay caprock up to 21 m
thick continues to form, as indicated by Late Pleistocene—Holocene radiometric ages of
hypergene salt minerals [40].

The youngest evaporite deposits in the Carpathian Foredeep Basin are of late Badenian
age (see [41]). These are included, in Ukraine, in the Tyras Suite, and consist of gypsum
in the peripheral parts (e.g., [42—44]) laterally passing through anhydrite [45] into halite
interbedded with siliciclastic deposits (e.g., [46,47]). In Poland, the latter are included in
the Wieliczka Formation ([48], with references therein), and in Romania in the Cosmina
Formation ([49], with references therein).

2. Materials and Methods
2.1. Materials

For this research, we applied our previously published mineralogical data on clay
minerals [17,50-55], considered here in more detail and from a different perspective. Eleven
samples of the pelitic fraction of water-insoluble residue contained in the Tyras gypsum in
five gypsum quarries have been studied: four quarries are in Ukraine (Shchyrets, Pisky,
Verenchanka, and Nagoryany), and one is in Moldova, at the boundary with Ukraine
(Criva) (Figure 1). These samples represent various parts of the gypsum stratigraphic
section and various lithological varieties of gypsum (stromatolitic, bedded, laminated,
sabre, massive gypsum and gypsum breccia).

Twenty-three samples of the pelitic fraction of water-insoluble residue contained in
the Tyras rock salt were from the Silets-Stupnytsya (boreholes 348 and 671, six samples)
and Hrynivka (borehole 525, seventeen samples) localities. Ten samples of the pelitic
fraction of water-insoluble residue of rock salt from the Vorotyshcha Suite (Eggenburgian)
have been studied; they include samples from the following boreholes: Verkhniy Strutyn
(borehole 29, three samples), Boryslav (borehole 17Dr, four samples), and Dolyna (borehole
9MD, three samples). The sample set from the Kalush-Holyn deposit (Holyn, Dombrovo,
Northern Kainite and Khotyn fields) included twelve samples from the potash rocks
(kainite, langbeinite, kainite-langbeinite, polyhalite, sylvinite), twelve from halite and
halopelite layers, and four from salt-bearing breccia. From the Dombrovo quarry, ten
samples of clays were taken from the gypsum-clay caprock: four of them from the northern
escarpment of the quarry at the level of +265 m, and six of them from the eastern escarpment
of the quarry at the level of +277 m in boreholes 714 and 747. The thicknesses of the gypsum-
clay caprock were there 4.0 and 7.5 m, respectively (Figure 4). Six samples of clays from the
gypsum—clay caprock were taken from the upper, middle, and lower parts of the gypsum-—
clay caprock above potash rocks (samples 2308, 2309, 2310) and above the salt-bearing
breccia (samples 2305, 2306, 2307).
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Figure 4. Sections above the potash rocks and salt-bearing breccia, Dombrovo Quarry, Kalush-
Holyn deposit.
2.2. Methods

Assemblages of clay minerals have been studied in the pelitic fraction by X-ray diffrac-
tion (XRD), differential thermal analysis (DTA), derivative thermogravimetry (DTG), ther-
mogravimetric analysis (TG), and scanning electron microscopy (SEM).

The pelitic fraction was separated by decantation. First, evaporite samples were
dissolved in distilled water and washed to complete elimination of salt minerals. From
the resultant insoluble residue, the sand fraction was separated, and a finer fraction was
washed in several steps until a stable suspension was obtained. According to the present
methodology, particles smaller than 0.005 mm occur in stable suspension 40 min after
shaking in a 5 cm column [56]).

XRD patterns were obtained using two different powder diffractometers: DRON-0.5
(Bourevestnik, St. Petersburg, Russia) and ADP-2.0 (Anatek Services PVT. LTD., Mumbai,
India). The operating conditions for DRON-0.5 were: 34 kV, 4 mA, Ni-filtered Cu-radiation,
and a speed of counter movement of 2° /min. For ADP-2.0, the operating conditions were
30-36 kV, 9-15 mA, with different wavelengths of radiation used. These included Fe-filtered
Co-radiation at 0.025 20/step with a counting time of 1.5 s and Mn-filtered Fe-radiation
with a counting time of 0.75 s. For some samples in the 6-14° 20 interval, counting times
were 1.5 or 3.0 s.

Identification of clay minerals using XRD was based on the methodology of recognition
of aluminosilicates in mineral assemblages [56,57]. To define clay minerals, oriented
preparations were obtained by applying several drops of suspension of pelitic particles on
a glass plate and drying at room temperature.

Oriented preparations that were air-dried, ethylene-glycolated, and heated at
T =550 °C for 1 h were studied. For determination of the kaolinite content in the presence
of chlorite, samples were processed by a 15% solution of hydrochloric acid during a heating
time of 2.5 h (T = 80 °C). Chlorite minerals under such circumstances decompose com-
pletely, and kaolinite remains stable even when subjected to concentrated hydrochloric acid.
Randomly oriented aggregates of pelitic particles were studied to determine the structural
type of the clay minerals (060 peak position, interval 74-98° 20).

Differential thermal and thermogravimetric analysis was performed on a Q-1500 D
derivatograph on a Paulik-Paulik-Erdey system (MOM Szerviz Kft., Budapest, Hungary).
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The analysis was carried out in a temperature range of 20-1000 °C with a heating rate of
10 °C/min in air. Aluminium oxide served as a reference substance. Endothermic and
exothermic effects recorded during this thermal analysis indicated the structural features
of the clay minerals and thermal destruction by oxidation of organic matter [58].

Scanning electron microscopy (SEM) analysis was carried out with a Jeol-JSM 6490
instrument (JEOL Ltd., Tokyo, Japan).

3. Results
3.1. Gypsum Facies

The pelitic fraction of the water-insoluble residue of the Badenian gypsum samples
studied contains two main clay minerals: a considerable amount of smectite, and a small
amount of illite [51]. In addition, in some samples, mixed-layer chlorite—smectite and a
small amount of illite—smectite as well as chlorite were found (Table 1, Figure 5).

Table 1. Mineral composition of the pelitic fraction of water-insoluble residue of the Badenian
gypsum in the Ukrainian and Moldavian Carpathian Foredeep basin.

Clay Minerals
Locality Number CypsumType Smectite  orworite - Hlite oo it Minerals
Smectite Smectite
2313 Stromatolitic gypsum ++ - + - + Ca+
Shchyrets 2316 Bedded gypsum ++ (+) - (+) ++ Q+
2317 Gypsum breccia ++ - + - + Ca ++
2319 Sabre gypsum ++ + + - + Q+)
Pisky 2320 Grass-like gypsum ++ - (+) + Q+,
2321 Faminated St + ++ + - + Q (+), Fs (+)
Verenchanka 822 Grass-like gypsum ++ + (+) - + Fs (+), Ca +
(borehole 20) 20 Sabre gypsum ++ + + - + Fs (+), Do ++, Ca +
Nagoryany 818 Sabre gypsum ++ - - + + Q (+), Fs (+)
Criva 102 Massive gypsum ++ (+) + - +? -
(borehole 84) 113 Massive gypsum + + + - - Ca ++

Other minerals: Q—quartz; Fs—feldspar; Do—dolomite; Ca—calcite. Content in a sample: ++ considerable;
+ small; (+) admixture; +? presence in doubt; — mineral lacking.

Smectite was recorded in all samples studied and is defined by a broad basal reflection
001 of high intensity. In some samples, this diffractional maximum is split at the apex,
with interlayer spacings at 1.51-1.58 and 1.63 nm, that, when ethylene-glycolated, are
shifted to 1.68-1.71 and 1.73 nm, respectively. The broadening of the 001 reflection with
a release of the 1.63 nm line on the diffraction picture of the air-dried preparation is
an indication of two minerals of the smectite group (Figure 5). The position of the 060
reflection of preparations of randomly oriented pelitic fraction at 0.149-0.150 nm indicates
a dioctahedral type of smectite structure (that occurs in a considerable amount), although,
in that interval, a weakly expressed 0.153 nm reflection also occurs that can be indicative of
an admixture of trioctahedral smectite. A trioctahedral structure, similarly, may indicate
chlorite, but this reflection was recorded also in samples were chlorite is absent. Thus,
smectite in the pelitic fraction is heterogeneous: there occurs a mixture of Al-Fe dioctahedral
allogenic, and a small quantity of Mg trioctahedral authigenic, material [51]. In thermally
treated preparations, reflections at 1.51-1.63 nm are shifted to 0.98 nm, and, in some
preparations, in the area of low angles, there are additional reflections of small intensity
and poor separability which correspond to chlorite and chlorite-smectite (Figure 5). Illite
was recorded in most samples, but its content is small. It was diagnosed based on 0.98, 0.49,
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Figure 5. XRD data (left side) and DTA and TG data (right side) of the pelitic fraction of the water-
insoluble residue of Badenian gypsum deposits; (A)—Shchyrets Quarry, sample 2316; (B)—Pisky
Quarry, samples 2320. Left side: The smectite 001 reflection of 1.54-1.58 nm is shifted to 1.73 nm in
preparations saturated with ethylene glycol. Mixed-layer illite—smectite is defined by a small peak
of 1.18 nm, which after saturation moved to the low-angle side. After heating, the labile packets
shrank: for illite—smectite to 1.0 nm, and peaks of 1.26, 1.15 nm (within 8.8-9.6° 20) indicate a
chlorite-smectite admixture. Oriented preparations: 1—air-dried, 2—ethylene-glycolated; 3—heated
at T = 550 °C. Sm—smectite; Ch—chlorite; It—illite; mixed-layer: I-S—illite—smectite, C-S—chlorite—
smectite; Q—quartz. Right side: Endothermic peak of the loss of interlayer water a by smectite and
illite admixture (115, 150 °C DTA pattern), with a corresponding mass loss of about 6% (TG pattern).
Exothermic peaks with maxima of 340, 345, and 430 °C (DTA pattern) characterise the combustion of
organic matter with corresponding mass loss of 1.3%-1.9% (TG pattern). Curves: DTA—differential
thermal, TG—thermogravimetric analysis.

On the DTA curve, a profound low-temperature endothermic effect of the loss of
interlayer water is noted in the temperature range of 115-150 °C. It corresponds to a
mass loss (5.1%—-6.9%, Figure 5 according to the TG curve) by smectite, which dominates
in the samples, and by illite as well as mixed-layer chlorite—smectite and illite—smectite,
which are present in small amounts. Illite on the DTA curves shows a low-temperature
endo-effect that corresponds to the loss of interlayer water and is superimposed on the
endo-effect of smectite across the whole temperature range. Since the interlayer spaces of
illite are able to include a smaller amount of water molecules and release them at somewhat
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lower temperature (compared to smectite), on the DTA curve, a weak endo-effect in the
range of 500-700 °C corresponds to the release of constitutionally bound water from the
smectite structure (1.5%-2.7%) as well as from illite and mixed-layer phases. The small
endo-effect, in the temperature range of 800-900 °C, corresponds to the release of the
residue of constitutionally bound water and the destruction of the structure. In the case
of subsequent temperature increase from the decomposition products, a new mineral
crystallises, and this is expressed by the appearance of an exo-effect on the DTA curve
(Figure 5) [51]. Exothermic peaks in the region of 300-480 °C (DTA curve) characterise the
combustion of organic matter with corresponding mass loss of 1.3%-1.9% (TG curve).

A SEM microphotograph (Figure 6A) shows the crystal shape of smectite from the
pelitic fraction of water-insoluble residue of the Badenian gypsum.

30kV ~ X9,000 2um 0068 1154 SEI

-

25kV.  X9,000  2um 0068 11 50SEl 0068 11 50 SEI

Figure 6. SEM microphotographs of clay minerals of the pelitic fraction of water-insoluble residue
of Badenian gypsum. ((A) Pisky Quarry, sample 2320) and Badenian rock salt. ((B,C) Hrynivka
525 borehole, sample 1357), as well as SEM microphotographs of illite in the pelitic fraction of
water-insoluble residue of Eggenburgian rock salt. (D,E) Boryslav 17 Dr borehole, sample 2570)
and Badenian rock salt. (F) Hrynivka 525 borehole, sample 1350). (A) Smectite—leaf-like curved
plates with bright rims; (B) smectite—semi-transparent twisted and bent plates; (C) corrensite—
aggregates of ordered pseudohexagonal plates; (D) illite—elongated plates with sharp, locally split
ends within an aggregate; (E) illite—isometric plates with uneven contours; (F) illite—aggregates of
isometric plates.

3.2. Halite Facies

Illite, chlorite, and mixed-layer illite—smectite occur in rock salt of Eggenburgian
age (Vorotyshcha Suite). In addition to those minerals, trioctahedral smectite and mixed-
layer chlorite-smectite occur in Badenian rock salt (Tyras Suite), and, at the Hrynivka and
Silets-Stupnytsya sites, corrensite was also recorded (Table 2, Figure 7).
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Table 2. Mineral composition of the pelitic fraction of water-insoluble residue, rock salt of the

Ukrainian Carpathian Foredeep.

. Clay Minerals
13?11:1“11)7; Depth [m] Smectite Corrensite Chlori‘te- Illite.- Chlorite Illite Other Minerals
Smectite Smectite
Borehole 29, Verkhniy Strutyn, Vorotyshcha Suite
2573 562 - - - + ++ ++ Q (+),Fs—, Do -, Ca—, Ma -
2574 626 - - - + ++ ++ Q+),Fs (+), Do +,Ca—, Ma—
2575 698 - - - ++ ++ ++ Q (+),Fs+,Do -, Ca—, Ma -
Borehole 17Dr, Boryslav, Vorotyshcha Suite
2567 352 - - - - ++ ++ Q+,Fs+,Do—, Ca—, Ma ++
2566 353 - - - - ++ ++ Q ++,Fs +,Do—, Ca—, Ma +
2569 377 - - (+) + ++ ++ Q +, Fs (+), Do (+), Ca—, Ma -
2570 409 - - - + ++ ++ Q (+), Fs -, Do (+), Ca—, Ma -
Borehole 9MD, Dolyna, Vorotyshcha Suite
858 38 - - +? + ++ ++ Q- Fs(+), Do (+), Ca—, Ma -
859 73 - - - + ++ ++ Q+,Fs(+), Do, Ca—, Ma -
863 152 - - - + ++ ++ Q (+), Fs (+), Do -, Ca—, Ma -
Boreholes 348 and 671, Silets-Stupnytsya, Tyras Suite
902 132 + + + + + + Q (+), Fs—, Do -, Ca—, Ma —
907 172.5 - - ++ + + + Q+,Fs—, Do +,Ca—, Ma-
58 272 + - ++ + (+) + Q+,Fs— Do +,Ca—, Ma—-
54 302 - - ++ (+) + + Q (+), Pt—, Do +,Ca—, Ma -
47 449 +? - ++ + (+) + Q (+),Pt—, Do +,Ca—, Ma —
48 464 + + + (+) (+) + Q+,FsDo—-, Ca—,Ma-
Borehole 525, Hrynivka, Tyras Suite
1342 304 + ++ + (+) + + Q+,Fs(+), Do-, Ca—, Ma -
1344 310.1 + + + + + + Q+,Fs (+), Do—, Ca—, Ma -
1348 330 +? - ++ (+) (+) + Q+,Fs—, Do—-,Ca—, Ma-
1350 342 + +? ++ + (+) + Q (+), Fs (+), Do +, Ca +, Ma -
1352 362 + +? ++ (+) (+) + Q (+), Fs -, Do ++, Ca—, Ma -
1354 376 - - ++ + + ++ Q+, Fs (+), Do +, Ca +, Ma -
1356 395-399 + ++ (+) - +) ++ Q+,Fs— Do+, Ca—, Ma-
1357 410411 + ++ + + + Q-, Fs—, Do +, Ca—, Ma -
1361 444-448 + ++ (+) (+) +) + Q(+),Fs(+), Do+, Ca—, Ma -
1362 454-456 ++ +? (+) + + + Q (+),Fs—, Do +,Ca—, Ma -
1364 474 + ++ + - (+) + Q (+), Fs—, Do +, Ca—, Ma -
1365 480 +? ++ + + (+) + Q- Fs—, Do +,Ca-,Ma-
1366 489 - +? ++ - + ++ Q+),Fs— Do +,Ca—, Ma -
1369 518 ++ ++ (+) - (+) + Q(+),Fs (+), Do +, Ca—, Ma -
1370 521-528 + - ++ + (+) ++ Q+,Fs (+), Do+, Ca +, Ma -
1371 532 + +? ++ (+) + + Q+,Fs (+), Do—, Ca—, Ma -
1372 536 + - ++ + + ++ Q+, Fs (+), Do, Ca—, Ma -

Other minerals: Q—quartz, Fs—feldspar, Do—dolomite, Ca—calcite, Ma—magnesite; Content in a sample:
++ considerable; + small; (+) admixture; +? presence in doubt; — mineral lacking.
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Figure 7. XRD data of the pelitic fraction in water-insoluble residue of Eggenburgian (A-C)
and Badenian rock salt (D-F). After heating (curves 3), reflections at 1.23 and 1.26 nm suggest
the presence of corrensite, and in the range of 1.23-0.99 nm, chlorite-smectite with predomi-
nantly smectite packets; (D-F) the convex raised background (halo) can be related to existing
organic matter. (A) Verkhniy Strutyn 29 borehole, sample 2574; (B) Boryslav 17Dr borehole, sam-
ple 2570; (C) Dolyna 9MD borehole, sample 863; (D) Silets-Stupnytsya 671 borehole, sample 48;
(E) Silets-Stupnytsya 348 borehole, sample 902; (F) Hrynivka 525 borehole, sample 1357. Ori-
ented preparations: 1—air-dried; 2—ethylene-glycolated; 3—heated at T = 550 °C; Sm—smectite;
Co—corrensite; Ch—chlorite; It—illite; mixed-layer: I-S—illite-smectite, C-S—chlorite-smectite;
Q—quartz; Do—dolomite; Fs—feldspar; Bk—machine background, H—halo.
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Clay minerals of both suites studied contain dioctahedral illite and trioctahedral
chlorite, which are indicated by reflections 060 at 0.149 and 0.153 nm; for both of them,
Fe-Mg-chlorite is recorded. Its composition is indicated by smaller intensities of the first
and third basal reflections by comparison with the second one. Illite and chlorite from
the Eggenburgian rock salt has intense, distinct basal reflections (Figure 7A—C), indicating
that these are well crystallised, while in the Badenian rock salt, illite is characterised by a
considerable asymmetry of the first basal reflection at 1.0 nm in the range of small angles
that could have resulted from poor crystallisation, a content of interlayer water, or swelling
packets (Figure 7D-F). Clay minerals of the Badenian rock salt contain more swelling
minerals than the Eggenburgian rock does. Mixed-layer illite—smectite was diagnosed by
small reflections in the field of 1.12-1.28 nm that, in ethylene-glycolated preparations, was
shifted to 1.46 nm. Chlorite-smectite was diagnosed by a series of 1.42-1.51 nm reflections
shifted to 1.60-1.71 nm.

Smectite is diagnosed by the behaviour of 001 reflections with a spacing of
1.51-1.55 nm in air-dried preparations that, in ethylene-glycolated, are shifted to 1.71 nm
and, in diffractograms of thermally treated samples, decreased to 0.98 nm. This diffraction
maximum has various forms, and poorly resolved spacings can be attributed to chlorite—
smectite mixed layers [59]. Corrensite is established by reflections 1.42-1.46, 0.70-0.77,
0.472, and 0.353 nm on diffractograms of air-dried preparations; in ethylene-glycolated
ones, they acquire values of 1.60, 0.78, and 0.355 nm, and on the diffractograms of prepa-
rations heated at 550 °C, a reflection in the field 1.23-1.26 nm is observed. A reflection of
2.88 nm is reported for corrensite in the literature; on the diffractograms of the samples
studied, it has the form of an inflexion or is completely absent, which may indicate some
disorder in the corrensite structure [59].

On the X-ray curves of the pelitic fraction of the Eggenburgian and Badenian rock
salt, there are a series of reflections in the range of small angles. These reflections do
not change their position in ethylene-glycolated conditions, and part of them remains on
diffractograms after thermal processing (Figure 8) [54].

All diffraction spectra of the pelitic fraction of the Badenian rock salt show an increased
position of the line of background and a halo with a large number lines of low intensity and
poor separability in the area of the 22-36° 20, Fe K« radiation (Figure 7D-F). In addition,
the first two basal reflections 001 and 002 are extended at the base, and their intensity
is too low for the main lines of minerals which prevail in a sample. In the range of low
angles of diffraction, distinct peaks of low intensity with spacing 2.91-1.54 nm are recorded
that, however, do not coincide with the reflection 001 of corrensite—2.84 nm. Thus, on
diffractograms of air-dried and ethylene-glycolated preparations, distinct lines 2.70, 2.61,
2.51, 2.40-2.37, 2.21, 2.05, and 1.91 nm are recorded, and among these, the reflections
2.73-2.70,2.51, 2.21, and 2.05 nm are particularly frequent; at the Hrynivka site, they occur
on all diffraction curves (air-dried or ethylene-glycolated). After the thermal treatment
(T =550 °C), distinct peaks remain: 2.76-2.63; 2.40-2.30; 2.05; and 1.78-1.58 nm (Figure 8).

Diffractometric curves of oriented preparations of the pelitic fraction from the Eggen-
burgian rock salt showed that these sites lack a marked halo and increased background
(which is characteristic of the Badenian rock salt) (Figure 7A-C). On the DTA curve of
the pelitic fraction of water-insoluble residue of the Eggenburgian and Badenian rock
salt, a distinct low-temperature endo-effect is noted with a maximum (110-140 °C), which
corresponds to the loss of interlayer water (1.8%-3.4% as the mass loss on the TG curve). In
Figure 9, for the Eggenburgian rock salt, sample 2570, which contains illite, chlorite, and
a small amount of illite—smectite, the loss of interlayer water is 3.4% (Figure 9A), while
for Badenian rock salt, sample 902, in which small amounts of illite, chlorite, as well as
swelling minerals and phases—smectite, corrensite, chlorite—smectite, and illite—smectite—
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are present, the loss of interlayer water is smaller at 2.4% (Figure 9B). We assume that the
small loss of interlayer water can be caused by the presence of captured organic compounds
in interlayer spaces of those labile structures. The exothermic effect in the temperature
interval of 230480 °C corresponds to a process of thermooxidative destruction of organic
matter related to clay particle surfaces. Endothermic effects at the DTA curves within
480-810 °C correspond to dehydroxilation, i.e., discharge of constitutional water of clay
minerals and structural destruction. Also, organic compounds sorbed by interlayer spaces
are lost in this temperature interval (Figure 9).

According to our SEM data, the pelitic fraction of the halite facies mostly consists
of particles 2—4 um in size, although some tabular and bulky particles as small as 0.5 um
are present. SEM microphotographs show smectite, corrensite (Figure 6B,C), and illite
(Figure 6D-F).
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Figure 8. XRD data in the range of small angles of the pelitic fraction in water-insoluble residue of
the Eggenburgian ((A) Dolyna 9MD borehole, sample 863) and Badenian ((B) Hrynivka 525 borehole,
sample 1354) rock salt. Scattered lines of low intensity with d 1.73-2.91 nm indicate the existence
of interlayer spaces of clay structures filled with organic compounds (curves 1, 2). Organic matter
trapped in the structure, resistant to high-temperature processing (spacings from 2.91 to 1.58 nm
appearing without displacement in air-dried, ethylene-glycolated; and heated aggregates were related
to organic matter presence [54], curves 3). Oriented preparations: 1—air-dried; 2 —ethylene-glycolated;
3—heated at T = 550 °C. It—illite, Ch—chlorite.
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Figure 9. DTA-TG data for the pelitic fraction of water-insoluble residue of the Eggenburgian
((A) Boryslav 17Dr borehole, sample 2570) and Badenian ((B) Silets-Stupnytsya 348 borehole, sample
902) rock salt. (A) Endothermic peak is due to the loss of interlayer water by an illite and illite-
smectite admixture at 120 °C (DTA pattern), with corresponding mass loss of about 3.4% (TG pattern);
(B) endothermic peak of the loss of interlayer water by clay minerals at 110 °C (DTA pattern), with cor-
responding mass loss of about 2.4% (TG pattern); the insignificant mass loss is due to replacement of
part of the interlayer water by organic compounds in the interlayer spaces of labile minerals. Curves:
DTA—differential thermal, DTG—differential thermogravimetric, TG—thermogravimetric analysis.

3.3. Potash Facies

The assemblage of clay minerals of the Miocene potash facies of the Carpathian
Foredeep is composed of illite and chlorite (Table 3, Figure 10).

Chlorite in the Kalush-Holyn deposit is a trioctahedral Fe-Mg (more rarely a Mg-Fe)
mineral. Dioctahedral illite in these deposits is characterised by structural ordering that
is expressed by the form of the first basal reflection and its location on the diffractogram.
The 001 reflections of illite from the salt-bearing breccia are widened on their low-angle
side, while those from the potash rocks are sharp and symmetrical; for some of them
(kainite-langbeinite rocks), that reflection is relatively narrow (of small width) and enabled
diagnosis of that mineral as mica [53]. It is not fully explained to what extent those were
structurally ordered. In the potash rocks, illite is transformed into mica either fully [60] or
partially. By mica, we mean a stable and ordered form of illite with a small K* deficit in
the interlayer spaces. For such mica-like clay minerals, the following terms are commonly
applied: illite 2M; or muscovite 2M;. We use the term “mica” because the determination
of polytype structures was not applied. Our study of diffractograms of pelitic fraction of
the potash-bearing rocks of both air-dried and ethylene-glycolated preparations show that
the basal 001 reflections are bifurcated at the top, with (d) 0.99 and 1.0 nm (Figure 10A,B,
curve 4). Our results suggest that illite, as well as mica, is present in the pelitic fraction.
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When scanning in slow-motion at angles of 8-13° 26 in diffractograms, clear splits are

seen (see Figure 10A,B, curve 4), which indicates the occurrence of the structurally similar

minerals, mica and illite.

Table 3. Mineral composition of the pelitic fraction of water-insoluble residue of potash rocks and

salt-bearing breccia from the potash facies of the Kalush-Holyn potash salt deposit.

Clay Minerals
Locality Sample Number Lithology Other Minerals
Illite Chlorite
Dombrovo 3 Clayey kainite rock ++ ++ -
Northern Kainite field 1006b Kainite rock ++ ++ -
Northern Kainite field 1029 Kainite rock ++ ++ -
Dombrovo 2251 Kainite rock ++ ++ Ma +
Dombrovo 2 Langbeinite rock ++ ++ *
Dombrovo 1105 Langbeinite rock ++ ++ *
Dombrovo 2250 Langbeinite rock ++ ++ Ma +
Dombrovo 1 Kainite-langbeinite rock ++ ++ Ma +
Dombrovo 1097a Kainite-langbeinite rock ++ ++ Ma +
Dombrovo 2249 Kainite-langbeinite rock ++ ++ Ma +
Khotyn field 1017 Sylvinite ++ ++ Ma +
Dombrovo 5 Clayey polyhalite rock ++ ++ -
Northern Kainite field 1006a Salt-bearing breccia ++ ++ Ma +
Khotyn field 1019 Salt-bearing breccia ++ ++ -
Dombrovo 1117 Salt-bearing breccia ++ ++ -
Holyn 2219 Halite from salt-bearing breccia ++ ++ Ma +
Holyn 1035 Greenish-grey halite from the - + _
potash rocks
Holyn 1039 Greenish-grey halite from the - + Ma +
potash rocks
Dombrovo 1097 Greenish-grey halite from the - + Ma +
potash rocks
Dombrovo 14 Halite from alte.rnated halite and - . Ma +
halopelite layers
Dombrovo 15 Halite from alterr}atlon of halite . N Ma +
and halopelite layers
Holyn 2185 Halite from alte.rnated halite and - - Ma +
halopelite layers
Northern Kainite field 1026 Halite from alte.rnated halite and ++ + -
halopelite layers
Greenish-grey halite from
Holyn 1060 alternated halite and ++ + -
halopelite layers
Holyn 1062 Halite from alte.rnated halite and ++ N N
halopelite layers
Dombrovo 25 Halopelite from al.ternated halite ++ . Ma +
and halopelite layers
Dombrovo 109 Halopelite from allternated halite - + "
and halopelite layers
Dombrovo 1104 Halopelite from alternated halite - + B

and halopelite layers

Other minerals: Ma—magnesite, *—carbonate not determined. Content in a sample: ++ considerable; + small;
— mineral lacking.
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Figure 10. XRD data of the pelitic fraction of water-insoluble residue from the potash facies of the
Kalush-Holyn potash deposit. Intense, narrow basal reflections of illite and chlorite indicate that
these are well crystallised. The reflections at 1.07 nm (at angles of 10.4° 20) are the basal reflections
of mica in the interlayer space of which relic hydrated K* cations are still present. A split 001
reflection (scanning in slow-motion—4) indicates the occurrence of the structurally similar minerals,
mica and illite. (A)Halite from alternation of halite and halopelite layers, Holyn, sample 2185;
(B) langbeinite rock, Dombrovo, sample 2250. Oriented preparations: 1—air-dried; 2—ethylene-
glycolated; 3—heated at T = 550 °C; 4—part of the diffraction curve scanned in slow motion (right
side). It—illite; Ch—chlorite; Ma—magnesite, Mc—mica.

Thermogravimetric analysis of the pelitic fraction of potash rock at low temperature
(up to 200 °C) showed an endothermic effect due to the loss of interlayer water by illite,
indicating a mass loss of almost 1% (Figure 11B). Such a small loss of interlayer water at a
significant content of illite in the sample corroborates the XRD data indicating that the mica-
like mineral with a reflection at 1.0 nm is composed of illite and mica. A high-temperature
endothermic effect with a maximum at 575 °C in the DTA curve, which is accompanied
by a 9.4% mass loss in the TG curve, is responsible for the dehydroxilation of illite and
chlorite, as well as magnesite dissociation (Figure 11B).

On the SEM microphotographs the pelitic fraction of the potash facies (Figure 12)
are observed particles of both clay and pelitic dimension and, in places, the aggregates of
particles. The pseudohexagonal particles in Figure 12D may be 2M; mica, and isometric
particles with smoothened outlines may be illite.
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Figure 11. DTA-TG data for the pelitic fraction of water-insoluble residue from the potash facies
of the Kalush-Holyn potash deposit. (A) Endothermic peak due to the loss of interlayer water by
illite at 150 °C (DTA pattern), with corresponding mass loss of about 3.2% (TG pattern); halite from
salt-bearing breccia, Holyn, sample 2219; (B) the endothermic effect of the loss of interlayer water
by illite (105 °C, DTA pattern) corresponds to a mass loss of about 1% (TG pattern), and the effect
of dehydroxylation of clay minerals and of magnesite dissociation corresponds to a loss of mass
of 9.4% (TG pattern); kainite rock, Dombrovo, sample 2251. Curves: DTA—differential thermal,
DTG—differential thermogravimetric, TG—thermogravimetric analysis.

Figure 12. SEM microphotographs of clay minerals in the pelitic fraction of water-insoluble residue
of the potash facies of the Kalush-Holyn potash deposit. Morphology of illite (It) and mica (Mc):
illite particles are of isometric shape; the pseudo-hexagonal-shaped particles are supposedly mica.
(A) Halite of salt-bearing breccia (Holyn, sample 2219), (B) kainite-langbeinite rock (Dombrovo,
sample 2249), (C) kainite rock (Dombrovo, sample 2251), (D) halite from alternation of halite and
halopelite layers (Holyn, sample 2185).
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3.4. Weathering Zone of the Kalush-Holyn Deposit

Our data indicate that the assemblage of clay minerals in the hypergene deposits—in
gypsum-—clay caprock, above potash rocks, and salt-bearing breccia—contain, in addition
to illite and chlorite, consistently mixed-layer illite—smectite, and, in five samples, kaolinite
was additionally found that was not recorded in the evaporite deposits before dissolution
(Table 4).

Table 4. Mineral composition of the pelitic fraction of water-insoluble residue of the weathering zone
of the Kalush-Holyn potash salt deposit, Dombrovo quarry.

Clay Minerals
Sample Number Litholo ite- Other Minerals
P &Y lllite  Chlorite it Kaolinite
Smectite

Clays from the gypsum-clay caprock above potash rocks

2253 Clay with gypsum ++ ++ + - Ma +
2255 Clay with syngenite ++ ++ + - —

2257 Clay with mirabilite ++ ++ + - Ma +
2300 Clay with syngenite ++ ++ + - Ma +

Grey clay, upper part of the

2308 ++ ++ + + -
gypsum~—clay caprock

2309 Grey clay, middle part of the i - N N _
gypsum—clay caprock

2310 Grey clay, lower part of the gypsum—clay caprock ++ ++ + + -

Clays from the gypsum-clay caprock above the salt-bearing breccia

2305 Grey clay, upper part of the - - N + B
gypsum—clay caprock

2306 Grey clay with gypsum and syngenite, middle - - N _ _

part of the gypsum—clay caprock
2307 Grey clay, lower part of the gypsum~—clay caprock ++ ++ + + Ma +

Other minerals: Ma—magnesite. Content in a sample: ++ considerable; + small; — mineral lacking.

The mixed-layer phase shows a considerable asymmetry in the first basal reflection
of 1.0 nm in the range of low angles and small reflections at 1.04-1.28 nm. In ethylene-
glycolated mounts, the width of the basal line 001 of illite diminishes, and the additional
reflections decrease on its low-angles side to 1.51 nm and can be traced between reflections
at 1.0 and 1.7 nm. All this gives an opportunity to diagnose such a mixed-layer phase as
illite—smectite, mainly of illite composition with a small proportion of smectite [61].

The first basal reflection of illite is shifted from its low-angles side by an admixture of
the mixed-layer phase. The location of line 060 (0.149-0.150 nm) indicates that illite in the
gypsum—clay caprock is dioctahedral.

Reflection 1.38-1.40 nm does not change the location on the diffractograms of ethylene-
glycolated preparations; therefore, this line is the basal reflection 001 of chlorite. The
location of line 060 on diffractograms of preparations of randomly oriented pelitic particles
(0.153-0.155 nm) indicates that chlorite in the gypsum—clay caprock is trioctahedral.

A clearly defined line 0.70 nm, available on diffractograms of samples subject to
solution by hot HCI, indicates the presence of kaolinite. It was recorded in half of the
samples of gypsum—clay caprock studied.

4. Interpretation
4.1. Brine Concentration Control

We consider that the most important factor in the transformation of clay minerals is the
brine concentration [7,8], and the higher the water mineralization, the more advanced are
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the transformation processes [1]. An increased brine concentration causes the aggradational
transformation of clay minerals, including changes involving structural ordering through
the capture of cations and a decrease in molecular volume. This is clearly supported
by the example of transformation of unstable and labile minerals and phases (kaolinite,
smectite, and mixed-layer phases) that pass into illite and chlorite, these minerals being
stable in an evaporite environment. Kaolinite is stable in acid conditions at pH ~5 [62].
In an evaporite basin, pH conditions depend on brine concentration: the pH value at the
sulphate—carbonate stage is ~8.6 and decreases to 7.0-7.5 at the halite stage [63]. In evaporite
deposits, kaolinite is destroyed in the middle of the halite stage; in deposits of higher stages,
it occurs very rarely [64]. As well as kaolinite destruction, its illitisation is possible [65], but
this process has not been proven in marine conditions [5]. The clay mineral assemblage
of the Badenian gypsum is represented mainly by allogenic clay minerals (dioctahedral
smectite, illite, and rarely chlorite), and it indicates a relatively low brine concentration
in the evaporite basin. The presence of a small content of authigenic minerals (trioctahe-
dral smectite and illite) and mixed-layer chlorite—smectite and illite—smectite indicates the
beginning of aggradational transformation processes [51]. Smectite in evaporite basins
has two modes of provenance, allogenic and dioctahedral smectite from the land, while
trioctahedral smectite forms through the decomposition of volcanic glass of pyroclastic
material, where volcanism is coeval with salt accumulation. Thus, the transformation of
smectite occurred through mixed-layer illite—smectite and chlorite-smectite to dioctahedral
illite and trioctahedral chlorite [5,59]. At the sulphate-carbonate stage of halogenesis, the
content of potassium ion increases from 1.5 to 3.9 g/L [66], so, at this stage, the transforma-
tion of unstable allogenic clay minerals was only initiated. However, the concentration of
brines from which the Badenian gypsum precipitated was considerably lower due to an
important inflow of continental water into the Badenian evaporite basin [67-71]. The low
concentration of K* and Mg?* ions caused a slow transformation of unstable clay minerals.

The clay mineral assemblage in the Badenian rock salt (Hrynivka and Silets-Stupnytsya
sites) contains minerals with labile (swelling) structures: smectite, corrensite, and mixed-
layer chlorite—smectite with an admixture of illite, chlorite, and illite—smectite. Such an
assemblage of clay minerals is consistent with the influence of contemporaneous volcan-
ism [17,50,54]. During the decomposition of volcanic glass of pyroclastic material that
entered the salt basin, trioctahedral smectite was formed that was subject to further transfor-
mation through mixed-layer phases into chlorite, this being the end-product of a number of
transformations [59]. This interpretation explains the presence of a considerable number of
swelling clay minerals, but it does not answer why they did not transform in the Badenian
salt-forming basin under the influence of brines.

One of the reasons may be low brine concentrations. Geochemical conditions in
the Miocene evaporite basins of the Ukrainian Carpathian Foredeep were influenced
by substantial inflow of continental water [67-73]. Low concentrations of K* and Mg2+
ions caused the slow transformation of unstable clay minerals. Authigenic trioctahedral
Mg-smectite is the initial clay mineral at the sulphate-carbonate stage of halogenesis
(e.g., [10,59], and, due to its transformation through intermediate mixed-layer phases, a
number of clay minerals originated.

In the Eggenburgian and Badenian rock salt, the brine concentration during halite
precipitation was determined through the use of an ultramicrochemical method ([69] and
references therein) that indicated, at the Hrynivka site, a low brine concentration from
which the halite crystallised [50]. In the Silets-Stupnytsya site, although halite crystallised
from brines of high concentration, the assemblage of clay minerals is the same as in the rock
salt of the Hrynivka site. So, it is insufficient to explain the considerable content of swelling
clay minerals in the Badenian rock salt only by the influence of brine concentration on the
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transformation of clay minerals. In addition to brine concentration, another significant
factor must have influenced the transformation of layered aluminosilicates, slowing their
aggradational transformation. This influence likely involved organic compounds, sorbed
by interlayer spaces of labile clay minerals (smectite, corrensite, and mixed-layer phases)
that prevented the entrance of inorganic cations (potassium, magnesium, and others) and
increased the resistance of those minerals to transformation in the conditions of a salt-
forming basin. Diffractograms of clay minerals of the Hrynivka and Silets-Stupnytsya sites
show the presence of sorbed organic compounds (see below).

An increased brine concentration causes aggradational transformation of clay
minerals—changes targeted to the structural ordering through the capture of cations and
the decrease in molecular volume. This process is clearly supported by the example of the
transformation of unstable and labile minerals and phases (kaolinite, smectite, and mixed-
layer phases) that were supplied to Miocene evaporite basins of the Carpathian Foredeep
from the continent and through a number of transformations, transformed into illite and
chlorite—minerals stable in an evaporite environment. Those two minerals compose the
assemblage of clay minerals in the Kalush-Holyn potash deposit.

Potassium enters the interlayer spaces of smectite and mixed-layer phases due to
electrostatic forces of attraction of cations to negatively charged siloxane sheets, where the
excess of negative charge is created by Al moving into tetrahedral positions in the place of
Si and Al replacing Mg, Fe?* in octahedral positions [74]. The illitisation of smectite as a
pure phase, as well as packages in mixed-layer phases, is through a heterogeneous reaction
that is described by the following equation [75]:

montmorillonite + K* — illite + (Fe**, Mg?") + SiO,

In evaporitic conditions, smectite is magnesium-rich; during its aggradational trans-
formation, the entrance of potassium in the mineral structure leads to the liberation of
silicon and magnesium, which cause the crystallisation of magnesium-rich chlorite and
authigenic quartz. The process of the illitisation of smectite in hypersaline conditions is
accompanied by the further development of the illite structure. The generally accepted
crystallisation order during progressive illitisation is as follows (e.g., [76]):

smectite — I-S, random — I-S, ordered — illite, 1My — muscovite, 2M;

Such transformation is noted during the diagenetic change in smectite at a temperature
of ~360 °C [77]. In an evaporitic environment, we infer that, rather than temperature, the
main factor is high salinity, which causes a further aggradation of illite. This is why micas
of 2M; polytype are the only stable minerals among the entire series of aggradational
transformation of smectite at progressively higher salinities. Better ordering of the illite
structure and its transformation to mica is observed in clay minerals of the Kalush-Holyn
potash deposit.

Thin intercalations of tuffs and tuffites occurring in the Kalush-Holyn deposit [78,79]
indicate that pyroclastic material was also supplied to the evaporite basin. During the
decomposition of volcanic glass, trioctahedral smectite was formed that, through chlorite-
smectite, was finally transformed into trioctahedral chlorite. No intermediate products
of this transformation were recorded, however. In clay minerals related to the rock salt
occurring in the Sambir zone of the Ukrainian Carpathian Foredeep, an excess of mixed-
layer phases was observed [50,54], and they are clearly fixed products of decomposition of
pyroclastic material. A more complex picture emerges from study of the Tyras gypsum.
Ref. [51] concluded that the composition of clay minerals in that gypsum does not indicate
volcanogenic input into the evaporite basin, possibly because the decomposition of pyro-
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clastic material that leads to the formation of trioctahedral smectite had just begun due
to low brine concentration in the basin, this conclusion being supported by an admixture
of trioctahedral smectite in the pelitic fraction. However, ref. [80] recorded a bed 5-20 cm
thick of bentonite clay that is a local marker of the Badenian gypsum in the region between
the Seret and Zbruch rivers.

4.2. Organic Matter Control

Previous research indicated that the low reactivity of clay minerals may be attributed
to the presence of organic matter in the samples [81], and that this anomalous lack of
evolution (i.e., transformations) of clay minerals is due to specific interactions between
organic matter and clay minerals [82].

Clay mineral particles actively sorb organic compounds both onto outer surfaces and,
in the mineral structure, in interlayer spaces. In the first case, their surface defects and sides
perpendicular to the silicate sheets, broken chemical bonds of which actively contribute
to sorption of organic ions [83], and, to a lesser extent, onto cleavage surfaces. Due to
the high dispersion of clay particles, the total surface is large and can adsorb a significant
amount of organic matter. Organic matter (including scattered and epigenetic), as well
as others amorphous materials in diffractograms, appears in the form of a halo, which
looks like a broad hump of low intensity. The position of the amorphous halo (°26) on
the diffractograms is correlated with the material of the X-ray tube anode and varies in
the d/n range of 0.88-0.225 nm [84]. The halos with maxima of 0.45 and 0.34-0.37 nm
characterise the sapropel and aromatic components of organic matter, respectively [85].
The presence of a halo on diffractograms of clay minerals in the field 22-36° 20 may be
caused by the adsorption of amorphous organic matter onto clay surfaces. The adsorption
of organic compounds is characteristic on external surfaces of all types of clay particles,
although the intercalation of organic compounds into interlayer spaces is typical only
for swelling structures [56,86,87]. In the labile interlayer spaces of clay minerals, organic
molecules may be preferentially intercalated from a solution relative to cations of alkaline
or alkaline earth elements, and can also replace those cations in these spaces [83]. At the
same time, the structure of smectite and mixed-layer phases becomes disordered, extending
along the C axis [86], leading to the appearance of additional low-intensity reflections
in the 3-7° 20 area of the diffractograms. When a mount with swelling mineral (e.g.,
smectite) is ethylene-glycol saturated, this organic compound (ethylene-glycol) is sorbed
by all interlayer spaces of the mineral, and we observe one peak often more intensive
than that in the air-dried mount with a d-spacing of 1.68 nm. In our case, probably many
different organic compounds occur, and this is reflected by many narrow peaks. In the
case of the line with d-spacing more than 1.68 nm, we can assume the occurrence, in
interlayer spaces, of molecule bigger than ethylene—glycol or the penetration of several
organic compounds [87]. When labile (smectite) packages are interacting with organic
matter compounds, the nature of organic matter, its quantity and ways of arrangement in
interlayer spaces are of importance [87].

Organic ions or compounds that, in the clay mineral structure, occupy exchange
positions, are linked by Van der Waals bonds. An additional factor in retaining aliphatic
organic compounds is the similarity of the structure of hydrocarbon chains, composed
of hydrogen tetrahedra, to certain directed elements in the layered aluminosilicate (clay
mineral) sheets, represented by siloxane tetrahedra [56].

The diffraction spectra of clay minerals associated with rock salt of the Carpathian
Foredeep Basin are interpreted both in terms of the sorption of organic compounds on the
faces and edges of the clay crystals. All spectra of the basal reflections of the Badenian
rock salt show an increased position of the line of background and halo with numerous
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lines of low intensity in the area of 22-36° 26. The pelitic fraction of both the Badenian
and Eggenburgian rock salt in the range of low angles (4-7° 20) is fixed by a series of
reflections that do not cover the diffraction from the basal planes of the clay structures.
These reflections do not change their position in ethylene-glycolated conditions, and a part
of them remains on diffractograms after thermal treatment (T = 550 °C) [54].

The possible influence of epigenetic organic matter (bitumen) on the transformation of
clay minerals remains controversial, especially as regards the duration of the processes in-
volved. At the stages of sedimentation and early diagenesis, syndepositional, biochemically
decomposed organic matter in a brine-saturated deposit in an evaporite basin, adsorbed
onto labile clay minerals, became intercalated into the interlayer spaces, hindering the
entrance of inorganic cations and slowing their transformation. Epigenetic organic matter
got into evaporite deposits considerably later at the late diagenetic stage. In the Carpathian
Foredeep, the formation of regional overthrusts created pathways of bitumen migration
that are geochemically recorded in the Miocene evaporite deposits of that region (e.g., [88]).
Bitumen compounds are undoubtedly adsorbed onto clay minerals; there remains an
unresolved question as to how this influenced the transformation of the clay minerals.
We commonly assume that, in a lithified evaporite succession, the transformation of clay
minerals continued, although at a slower rate, and intercrystal brines in the deposit pro-
vided a supply of cations or organic compounds. That is, epigenetic organic matter also
participated in the transformation of clay minerals in the Badenian evaporite deposits.

Adsorbed organic matter on surfaces and edges prevent the entrance of inorganic
cations in interlayer spaces. This stopped or slowed the transformation of clay minerals and
increased their resistance to changes in physico-chemical conditions of the environment. In
evaporite deposits, as salt concentration increases, the clay minerals transform, ordering
their structure and decreasing the number of swelling layers [53]. The final products of such
transformation during the progressive evaporite process are illite and chlorite. Smectite and
mixed-layer chlorite-smectite are characteristic only of the initial sulphate-carbonate stage
of evaporation. At the halite stage, only a small content of mixed-layer phases is present,
and the main minerals are illite and chlorite. The same is the case for the assemblage of clay
minerals in the Eggenburgian rock salt of the Vorotyshcha Suite; this is represented by illite
and chlorite with a small content of mixed-layer illite-smectite, rarely (only in two samples
out of ten) with an insignificant admixture of mixed-layer chlorite—smectite.

4.3. Fresh Water Control During Hypergenesis

Clay minerals of the hypergenesis zone deposits of the Carpathian Foredeep have been
studied only rarely: ref. [89] found illite and mixed-layer illite-smectite in the gypsum-clay
caprock of Dombrovo Quarry, the Kalush-Holyn deposit, and ref. [90] recorded kaolinite
and illite in the gypsum-—clay caprock of the Stebnyk deposit.

The hypergene deposits of the Kalush-Holyn potash salt accumulation are exposed in
Dombrovo Quarry, where, in the gypsum—clay caprock, the assemblage of clay minerals
also contains, in addition to illite and chlorite, mixed-layer illite-smectite, and, in half of
the samples, additionally, kaolinite was found that was not recorded in the evaporite rocks
before they suffered dissolution by fresh water. Assemblage of clay minerals above the
potash rocks, as well as above salt-bearing breccia, do not differ (see Table 4).

In the weathering zone of the Kalush-Holyn deposit, fresh surface waters come into
contact with evaporites and dissolve them. A considerable decrease in brine concentration
caused degradational transformation of the clay minerals. Our data indicate that the
assemblages of clay minerals of the weathering zone, in addition to illite and chlorite,
inherited from evaporite deposits, also contain mixed-layer illite—smectite and kaolinite—
minerals appearing in deposits of the hypergene zone. The appearance of these clay
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minerals in hypergene deposits is a consequence of the transformation (degradation) of
clay structures and neoformation when ionic concentrations decrease under the influence
of fresh surface waters. The degradational transformation of mica and illite is the reverse
process to aggradation and acts to leach potassium from the structure with water molecules
penetrating into interlayer spaces. To restore electrostatic equilibrium, Fe and Mg ions
migrate into the structure from octahedral sheets to interlayer spaces, and Al moves from
tetrahedral to octahedral positions. Degradation starts from the peripheries of clay particles.
As size decreases, the specific surface area increases, which promotes migration and element
liberation. Structural defects accelerate the degradation process [4].

During degradational transformation, mica is completely converted into illite that,
in interlayer spaces, contain partly hydrated potassium ions [77,91]. With the continued
formation of labile interlayer spaces, mixed-layer illite-smectite appears. Ionic bonds
are moderately strong and are difficult to break, which explains the small content of
mixed-layer illite—smectite. The capture of potassium by mixed-layer illite-smectite and its
transition into illite (aggradational transformation) happens more easily than the reverse
process—the leaching of potassium and transformation of illite into mixed-layer illite—
smectite (degradational transformation). We infer that kaolinite in hypergene deposits of
the Kalush-Holyn accumulation is authigenic newly formed mineral. This is indicated by
an absence of clay minerals in the evaporite deposits that could be transformed in kaolinite.
Kaolinite forms during the reaction of Al-(hydr)oxides that are released during intense
leaching, with silica in weakly acidic conditions (pH ~5), when silica activity is low and the
concentration of basic cations is low [62].

Let us consider if such conditions occurred in the gypsum-—clay caprock. During
dissolution of potash deposits from the lower part of the gypsum-~clay caprock, conditions
in the brine were weakly acidic, as they also were during the sedimentation of the potash
deposits. Thus, in the precipitation field of K-Mg salts, pH values decreased to 5.7 [63,66].
Similar results were obtained in a fluid inclusion study of Miocene evaporites of the
Carpathian Foredeep [92]: pH ranged from 4.5 to 6.6, averaging 5.6. Kaolinite formed
only in a part of the gypsum-—clay caprock adjacent to the salt, and, due to continual
caprock growth, it now occurs in the whole caprock. Its presence indicates that conditions
existed here that favoured its preservation. Oxides and hydroxides of aluminium and
silicon, necessary for the crystallisation of kaolinite, were released during the degradation
of illite to mixed-layer illite—smectite. All of this indicates that, during the formation of
the gypsum-—clay caprock, there existed the physico-chemical conditions necessary for
kaolinite crystallisation.

4.4. Burial Depth and Geothermal Regime Control

The Eggenburgian and Badenian evaporites studied occur at depths of 600-700, rarely
1500 m [23]. The thermobarimetric analysis of fluid inclusions in the Miocene evaporite
deposits of the Ukrainian Carpathian Foredeep indicates that the temperature at the diage-
nesis stage in the halite of the salt-bearing breccia was 35-40 °C, 60-80, and even 110 °C in
the potash facies [93,94]. However, those higher values are explained by [94] due to various
exothermic reactions related to evaporite minerals, such as the conversion of metastable
mineral phases and minerals into stable ones, or the radioactive decay of potassium.

Surface heat flow within the Ukrainian Carpathian fold—thrust belt and adjacent East
European platform varies from 35 to 130 mW/m?, with lower values dominating the East
European platform [95]. Heat flow has not been elevated in the nappes adjacent to the East
European platform since the Oligocene [96].

A geothermal gradient of ~37 °C/km is assumed to be the maximum value for the
Ukrainian Carpathians (including the Carpathian Foredeep) [97]. Based on an analy-
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sis of fluid inclusions, ref. [98] (and references therein) proposed slightly higher (up to
3-5 °C/km) gradient estimates than those proposed by [96].

Ref. [97] concluded that the outermost and innermost Carpathian thrust sheets were
heated to less than 60 °C and less than ~120 °C, respectively; the heating depended entirely
on the burial, and the cooling occurred in two main phases (15-30 °C/m.y. between
ca. 12 and ca. 5 Ma, 3-6 °C/m.y. from ca. 5 Ma to the present) and was induced by
exhumation. The pressure and temperature in the Miocene evaporite deposits of the
Ukrainian Carpathian Foredeep did not reach values characteristic of the late diagenesis
and anchizone, and thus the transformation processes of clay minerals in those deposits
are controlled by other causes than pressure and temperature.

5. Conclusions

Brine concentration control is the most important factor determining the clay mineral
transformation of marine evaporite sequences. Clay minerals associated with the gypsum,
halite, and potash facies of the Miocene evaporite formations of the Ukrainian Carpathian
Foredeep reflect the increased concentration of brines that promoted the aggradational
transformation of labile clay minerals into illite and chlorite that are stable in hypersaline
conditions. Further ordering of the structure led to the transformation of illite into mica.

Brine concentration decrease (inflow of fresh water) led to a slowing of the trans-
formation of clay minerals, and, as a result, in the Badenian gypsum and rock salt, an
assemblage untypical for the gypsum and halite facies originated: only a small content of
mixed-layer phases in the gypsum facies and, in the halite facies, a considerable amount of
labile swelling minerals that did not transform into illite and chlorite.

Organic matter control is another important (but local) factor of the transformation
of clay minerals of the Miocene evaporites. Organic compounds, sorbed by labile clay
minerals and mixed-layer phases, prevented the entrance of inorganic cations into their
interlayer spaces, suspending or delaying their aggradational transformation. A large
number of labile clay minerals in the Badenian rock salt (smectite, corrensite, and mixed-
layer phases) are still present, owing to organic compounds captured on the faces and
edges of the labile clay minerals.

Clay minerals of the Badenian rock salt interacted with epigenetic organic matter
entering the Miocene evaporite deposits during the origin of regional overthrusts in the
Carpathian Foredeep that created pathways of bitumen migration.

Freshwater control in hypergene conditions during the dissolution of evaporite de-
posits by fresh surface waters is the common factor determining the clay minerals” degra-
dational transformation that involves partial leaching of potassium from the interlayer
spaces of illite and the formation of illite—smectite (degradational transformation) and kaoli-
nite (neoformation) in the gypsum-—clay caprock of Dombrovo Quarry (the Kalush-Holyn
potash deposit).
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Abstract: A set of samples from the Monte Castelo kaolin deposits (Burela, NW Spain),
corresponding to igneous acidic rocks affected by chemical weathering with variable inten-
sity have been investigated in order to establish the mineralogical and chemical changes
with weathering, and the micro- and nano-scale textures developed. For the study, XRD,
FESEM, HRTEM and chemical analyses have been used. The more intense the weathering,
the more the dissolution of aluminosilicates (albite, K feldspars and K micas) and the
crystallization of kaolinite is favored. Kaolinite grows, forming booklets and generating
a fine-grained matrix and, along the cleavages of muscovite, forming mica—kaolinite inter-
growths. Bidimensional crystallographic continuity between mica and kaolinite has been
observed and no intermediate phases have been identified as a consequence of the high
W /R ratio. Kaolin mainly contains kaolinite with high crystallinity; however, when there
are quartz impurities, they interfere with the ‘optimal’ reflections for the calculation of the
Hinckley index. In this case, the use of the AGFI index almost eliminates the effect that the
relative intensities of the quartz and feldspar impurities may have on those of kaolinite.
With weathering, there is a progressive decrease in the contents of most chemical elements,
except Al, TiO,, HREEs, Ta, Hf, Th, U, V, Cz, S, Zr, Mo and Sn.

Keywords: kaolin; genesis; SEM; TEM; geochemistry

1. Introduction

After the closure of the Sargadelos factories in 1875, the extraction of local kaolin
continued in Burela, which was subsequently exported to other locations in the Iberian
Peninsula. At the beginning of the 20th century, a foreign industrial bourgeoisie settled in
Burela and took over the exploitation of kaolin. Kaolin is an industrially relevant mineral.
It has been used for centuries for numerous purposes, such as the manufacture of white
ceramics, which gained great fame in the 16th century. The main uses for which it is
currently used are paper and ceramic manufacturing, production of refractories, paints
and varnishes, generation of polymers and fiberglass, and the manufacture of pesticides,
fertilizers, and cosmetics.

The genesis of primary kaolin may be a consequence of different geological processes.
The primary environments of kaolinization are (1) vein-type deposits, (2) (sub) volcanic and
pyroclastic deposits, (3) skarn to epithermal deposits, (4) granitic rocks and their affiliated
rocks (pegmatites and greisen). By contrast, the secondary kaolinization are (1) kaolin and
soils, (2) layered residual kaolin deposits (mixed-type residual kaolin-bauxite deposits,

Minerals 2025, 15, 416 https://doi.org/10.3390/min15040416
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exposed residual kaolin, hidden residual kaolin), (3) vein-like kaolin, (4) alluvial-fluvial
environments, fluvial meandering streams, (5) prograding fluvial deltas into a marine or
lacustrine basin, (6) lakes and ponds (permanent and ephemeral lakes), (7) coal-bearing
environments (suspended load deposits in coal swamps, underclays, composite residual
and hydrothermal kaolinization in coal swamps, kaolin tonsteins), (8) marine terrigenous
shoreline deposits. As tertiary environments of kaolinization, the following can be cited:
(1) burial diagenesis, (2) very-low-grade regional dynamo metamorphism and (3) contact
metamorphism [1]. It is also possible to cite a combination of several processes.

In the Variscan belt of Galicia (NW Spain), the kaolinitization of crystalline rocks,
metapelites and volcanic rocks are widely spread. Large deposits of kaolin, and also minor
occurrences, are hosted by feldspathic rocks, mainly granites and rhyolites. Kaolinitization
processes occurred during post-Alpine weathering events that obliterated most of the
earlier hydrothermal features [2-6]. The area of Burela (NW Spain) has the largest kaolin
deposits in Spain.

The aim of this study is to investigate the deposits of Montecastelo (Burela, NW Spain)
that are formed by large-scale weathering of Variscan granitoids. The kaolin is formed
from two mica leucogranites and alkali feldspars granites belonging to a complex and
heterogeneous magmatic body (San Ciprian pluton) that intruded into an early Cambrian
quartzite sequence during the latest stages of the Varican orogeny [5,7].

2. Geological Setting

In the Variscan belt of Galicia (NW Spain), the kaolinitization of crystalline rocks,
metapelites and volcanic rocks are widely spread (Figure 1). Large deposits of kaolin
and also minor occurrences are hosted by feldspathic rocks, mainly granites and rhyolites.
Kaolinitization processes occurred during post-Alpine weathering events that obliterated
most of the earlier hydrothermal features [2-6].

COMPOSTELA A

1 A —
. Central | p
Atlantic , Ibemn . -
[F7] Awaline g [j Calc-alkaline g {5 Kaolin deposit

—A__ main foliation fault

Figure 1. Geological sketch of the NW Iberian massif showing the location of the Nuevo Montecastelo
kaolin deposits (modified from [5]).

According to [6], temperature ranges from 15 to 35 °C, with an average of approxi-
mately 28 °C, which was calculated on the basis of the isotopic signatures (§'%0, §D) for
the kaolin materials. This scatter suggests that, if continental weathering was involved in
the kaolin formation on the lower side of the temperatures, it was not the only process,
especially for the kaolin associated with felsites and metapelites. The higher temperatures
are indicative of a hydrothermal auto-metamorphic alteration. The area of Burela (NW
Spain) has the largest kaolin deposits in Spain. They have been mined intermittently since
the 19th century, and they are still being mined today.
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These deposits of kaolin are characterized by a white to light beige color which clearly
differentiates them from other types of deposits such as those in Georgia (USA) with pink
and cream colors [1] and from the deposits of ball clays in the NE of the Iberian Peninsula,
which are characterized by gray colors due to the presence of organic matter [8].

3. Materials and Methods

Eight samples were extracted from boreholes that cross granitic facies with different
degrees of alteration. Samples BU-G1 and BU-G2 correspond to fresh granite, BU-GA1 and
BU-GAZ2 correspond to altered granites, samples BU-C1 and BU-C2 correspond to highly
altered granite and samples BU-Kaoll and BU-Kaol2 correspond to pure kaolin (Figure 2).

Fresh granite Highly altered granite

Figure 2. Boreholes of fresh and highly altered granites.

3.1. X-Ray Diffraction (XRD)

The mineralogy of the samples was analyzed by X-ray diffraction (XRD). To obtain the
diffraction patterns, a Philips 1710 diffractometer was used at the University of Zaragoza
(Zaragoza, Spain), with 40 kV voltage, 30 mA current, CuK« radiation, an automatic
slit, and a graphite monochromator. The XRD patterns were acquired from 3 to 60 ° 26
for the whole rock samples. The goniometer velocity was 0.1°20/s and the integration
time was 0.45 s. The recording was made with XPowderX software [9]. The relative
proportions of the minerals were calculated using Reference Intensity Ratio (RIR) values
from the literature [10-12]. These RIR values were calculated in accordance with [13]. The
X-ray diffraction measurements in capillary were acquired using an X’Pert PRO MPD
PANanalytical diffractometer (Eindhoven, The Netherlands) configured in 2theta with
molybdenum radiation, Mo Ky (A = 0.70929 A). The X-ray diffraction patterns were
obtained at the Central Research Support Services (SCAI) of the University of Malaga. The
experimental conditions used for XRD data collection were step-size 0.02°20 and a counting
time of 1.33 s/step. To achieve high-resolution X-ray diffraction data for distinguishing
kaolinite polytypes and calculating crystallinity indices, we employed Mo Ka radiation in
a capillary geometry setup. Mo radiation, with its shorter wavelength than Cu radiation,
improves angular resolution and reduces sample absorption. The capillary setup allows for
a uniform and random orientation of crystallites, minimizing preferred orientation artifacts.
This configuration provides strictly monochromatic radiation and enhanced data quality,
essential for resolving subtle structural differences among kaolinite polytypes. Table 1
clarifies the use of Mo and Cu radiation.
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Table 1. Equivalence of Miller indexes and 26 position of kaolinite peaks for both copper and
molybdenum anodes.

d(A) 20 (Mo K) 20 (Cu Ko) hkl
7.15 5.69 12.37 001
4.472 9.10 19.84 020
4.363 9.32 20.34 110
4182 9.73 21.23 111
4137 9.84 21.46 111
3.849 10.57 23.09 021
3.732 10.91 23.82 021
3.58 11.37 24.85 002
2.56 15.93 35.02 130
2.53 16.12 35.45 130
2.49 16.38 36.04 131
2.38 17.14 37.77 003
2.34 17.43 38.44 131
2.29 17.82 39.31 131
1.49 27.54 62.26 060

Kaolinite crystallinity has been extensively examined through the analysis and mod-
eling of X-ray diffraction patterns, leading to the proposition of various crystallinity in-
dices [14-17]. For this study, three commonly used indices in the literature—Hinckley
index, AGFI index and Liétard index—were selected for assessing kaolinite crystallinity.

The Hinckley index (HI) is calculated as the ratio of the sum of A and B parameters,
corresponding to the intensity of the (110) and (111) X-ray diffraction peaks, respectively
(Figure 3). These measurements are taken from a background traced between the (020/110)
inter-peak base and the (110, 111)/(111) base-peak. This index is computed when the
percentage of kaolinite is sufficiently high to accurately measure the intensities described.
As outlined by [15], the Hinckley index (HI) is sensitive to the proportion of well-ordered
versus high-defect kaolinite in a given sample. Higher HI values indicate a greater abun-
dance of well-ordered kaolinite domains. In general, Hinckley index values can vary from
<0.5 for poorly ordered kaolinite to 1.5 for well-ordered kaolinite [18].

A+B
170 HI =

S At

10
2Theta WL: 0.70929 A

Figure 3. Hinckley index measurement.
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The AGFI index ([17]) is calculated for samples containing more than 10 wt.% of kaoli-
nite. It is determined as the sum of deconvoluted intensities of the 110 and 111 reflections
of kaolinite, divided by twice the intensity of the 020 reflection. This index, known as the
Aparicio-Galdn-Ferrell index, is measured on 021 and 11/ reflections after decomposing
individual peaks within the complex diffraction band to minimize interferences. The AGFI
index exhibits a strong correlation with the percentage of low-defect kaolinite and the
Hinckley Index. Notably, it is less susceptible to interference from associated minerals and
X-ray amorphous phases compared to other indices. The AGFI index can be effectively
utilized for determining the order-disorder nature of kaolinite in a broad range of kaolins
and kaolinitic rocks, with the condition that the kaolinite content exceeds 10 wt.% for
reproducible results.

The Liétard index (R2) is computed as the ratio between half of the sum of the K2
and K1 parameters, corresponding to the intensity of the (132, 131) and (131) diffraction
peaks, respectively. This is subtracted from the intensity of the inter-peak between these
two reflections, denoted as the parameter K, over the general XRD background. The
denominator consists of a third of the sum of the K, K2 and K1 parameters (refer to
Figure 4). The Liétard index is designed to assess the presence of random defects in the (ab)
plane, which have been interpreted as stacking faults, according to [19]. According to [18],
the Liétard index ranges from <0.4 for high-defect kaolinite to 1.2 for low-defect kaolinite.

Liétard index (R2)
131

%(K2+K1)—K
R2=f—— K2

%(K2+K1+K)

2Theta WL: 0.70929 A

Figure 4. Liétard index measurement.

The Hinckley and AGFI indices differ in their interaction with impurities in samples.
The Hinckley index is influenced by quartz, as its 100 reflection overlaps with the 111
reflection of kaolinite. This presence of quartz and feldspar raises the Hinckley index, while
the AGFI index remains stable. Additionally, the AGFI index seems to be not affected by
other minerals or amorphous phases. It can be applied in all cases except when the amount
of halloysite exceeds 50 wt.%. The AGFI index aligns with other methods for estimating
the degree of structural order/disorder in a sample, and its primary advantage lies in its
applicability to complex samples, allowing the study of kaolinite crystallinity without the
need for sample purification.

3.2. Field Emission Electron Microscopy (FESEM)

Twelve thin sections of the granite samples with variable degrees of alteration were
studied using a Carl Zeiss Merlin field emission scanning electron microscope (FESEM)
equipped with an Oxford energy-dispersive X-ray (EDS) detector at the University of
Zaragoza (Zaragoza, Spain). For this, the thin sections were previously carbon-coated.
Compositional images of the samples were obtained using two types of backscattered
electron detectors: angular selective (AsB). The accelerating voltage used for the former
and for the EDS was 15 kV with a beam current of 400 pA. In addition, morphological
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images were obtained from fragments of the rocks using a secondary electron (SE) detector
(Inlens). In this case, the accelerating voltage was 5 kV with a beam current of 800 pA. Semi-
quantitative analyses were carried out using the EDS detector, which has a detection limit
of 0.1%. From these analyses, the mica formula was calculated on the basis of O;o(OH);.

3.3. Transmission Electron Microscopy (TEM)

For Transmission Electron Microscopy (TEM) study, two lamellas were extracted
perpendicularly to two thin carbon-coated thin sections using a Dual Beam equipment and
working with backscattered electron images (Figure 5). Specifically, they were extracted
from muscovite—kaolinite intergrowths, with the aim of determining the textural and
compositional relationships between these two phases. One of the lamellas was analyzed
to achieve high-resolution transmission electron images (HRTEM) using a Tecnai F30 TEM
(Eindhoven, The Netherlands), with a HADDF detector and equipped with an energy-
dispersive spectroscopy (EDS) system in the Advanced Microscopy Laboratory of the
University of Zaragoza, Spain. The accelerating voltage was 300 kV with a beam current
of 92 pA. The second lamella was analyzed using a HRTEM working in Scanning TEM
mode at 300 Kv;this equipment is equipped with a high-brightness XFEG field emission
gun, a monochromator and a 2 k x 2 k Gatan camera for high-resolution image acquisition.

Figure 5. BSE image showing with two green lines the areas from which lamellas 1 and 2 were
extracted on the mica—kaolinite intergrowths.

3.4. Methodology of Chemical Analysis

Chemical analyses of major and trace elements in bulk samples were performed at
Actlabs Laboratories (Canada). Major elements and some trace elements (V, Sr, Ba, Sc,
Be) were determined by inductively coupled plasma optical emission spectroscopy (ICP-
OES). Fused samples (lithium metaborate/tetraborate fusion) were rapidly digested in
a weak nitric acid and run on a combination of simultaneous/sequential Thermo Jarrell-
Ash ENVIRO II ICP or a Varian Vista 735 ICP. Calibration was performed using seven
prepared USGS- and CANMET-certified reference materials. One of the seven standards
was used during the analysis for every group of ten samples. The detection limit for the
major elements was 0.01% (except for MnO and TiO, with detection limits of 0.001%). The
rest of the trace elements were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS). Fused samples were diluted and analyzed by a Perkin Elmer Sciex ELAN 6000,
6100, or 9000 ICP-MS. Three blanks and five controls were analyzed per group of samples.
Duplicates were fused and analyzed every 15 samples. The detection limit for each trace
element is indicated in brackets: Cr and Ni (20 ppm), Co, Rb, and Zr (1 ppm), Y (0.5 ppm),
Nb (0.2 ppm), Cs and Hf (0.1 ppm), Th, La, Ce, and Nd (0.05 ppm), U, Pr, Sm, Gd, Tb, Dy,
Ho, Er, and Yb (0.01 ppm), Lu (0.002 ppm), and Eu and Tm (0.005 ppm).
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4. Results
4.1. Mineralogy

XRD patterns show the presence of quartz, albite and K feldspar, and micas, kaolinite
and calcite in minor proportions (Figure 6). With the progress of the alteration, albite and K
feldspar contents decrease notably producing and increase in the contents of quartz (up to
82%) and kaolinite (up to 8%). All the samples have calcite and kaolinite in low proportions.
Additionally, two samples of pure kaolin were available (BU-Kaoll and BU-Kaol2).

Highly altered z Quartz
grante | Orthoclase

Altered granite ’ E/&Iblte .
uscovite

) [ Kaolinite
Fresh granite | - II [ cCalcite
r T T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90 100

Figure 6. Average mineral composition (XRD) of unaltered rocks (BU-G), altered rocks (BU-GA) and
highly altered rocks (BU-C).

Kaolin: X-Ray Characterization

All studied kaolin samples (BU-Kaoll and BU-Kaol2) show the typical profile of
a kaolinite at first glance, with the 001 reflection at ~7.15 A, a similar sequence of peaks,
and the 060-reflection located at ~1.49 A, characteristic of dioctahedral minerals. The main
identified phase is kaolinite, with the subordinate components (in minor quantities) being
illite and quartz. A subdivision as a function of disorder degree into ordered kaolinite
(BU-Kaol1) and medium-ordered kaolinite (BU-Kaol2) can be performed by estimating
crystallinity indices. The difference between ordered kaolinite and medium-ordered kaolin-
ite is noticed by a variation in hkl intensities, as well as the influence and increasing amount
of quartz impurities affecting kO and hkl reflections. Quartz impurities interfering with
111 (4.168 A) reflection of kaolinite lead to overestimating the Hinckley and Liétard indices
in the case of the BU-Kaol2 sample. In the BU-Kaoll sample, four reflections characteristic
of kaolinite, 020 (4.472 A), 110 (4.363 A), 111 (4.182 A) and (4.137A) appear in the region
between 19 and 24°20 (A = 1.54 A). Several minor reflections assigned to kaolinite appear in
this region, 3.849 A and 3.732 A. The region comprised between 34 and 40°20 (A = 1.54 A)
is affected by stacking disorder and the presence of stacking defects/faults of kaolinite. It is
worth estimating the kaolinite crystallinity indices in both regions, that is, the Hinckley and
Liétard index. The Hinckley index (HI) of the BU-Kaoll sample is 1.11, whereas the Liétard
index is 1.19. Little influence of quartz impurities is noticed in the case of the BU-Kaoll.
Moreover, in the BU-Kaol2 sample, quartz impurities increase and lead to higher values of
KCI (kaolinite crystallinity index). Hence, the AGFI index is a suitable method to “estimate”
the degree of disorder in those reflections not biased by the presence of quartz. Pearson VII
function deconvolution was used following methodology by [18]. In BU-Kaol 1, the AGFI
index is about 1.05 and, in BU-Kaol2, the AGFI index is about 1.14, whereas the Hinckley
index and Liétard index reached values up to 1.74 and 1.23, respectively. As the presence
of quartz increases, hk0 and 131 relative intensities decrease.

4.2. FESEM

Backscattered electron images (BSE) of fresh granites (Figure 7A) show the typical
textures of plutonic acidid rocks with scarce evidence of alteration. In some areas of
these rocks, mica—kaolinite intergrows are observed (Figure 7B). Micas show light color in
contrast with the dark gray of kaolinite, as a consequence of the different molecular weight
of these phases. Figure 7C corresponds to altered rocks that contain frayed micas immersed
on a dark matrix. The EDS mapping (Figure 7D) shows an Al-rich matrix indicating that
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the matrix is mainly composed of kaolinite. Figure 7E shows micas with fuzzy edges and
irregular outlines; cleavage is not distinguished, indicating that the alteration process is
destroying the mineral structure. On the other hand, the replacement of micas by Fe oxides
can be observed (Figure 7F).

Il < | {cofvs]

F

Figure 7. (A) Scarcely granite formed by quartz, K feldspar, albite and micas. (B) Granite with
incipient alteration and formation of mica—kaolinite intergrowths. (C) Frayed micas immersed on
a kaolinitic matrix. (D) EDS mapping on figure (C) showing the Al-rich matrix mainly composed
of kaolinite. (E,F): Highly altered rocks. Kf = K feldspar, Ab = Albite, Qtz = Quartz, Ms= Mica,
Kln = Kaolinite, FeOx = Fe oxides.

Figure 8 shows three compositional groups of micas: (1) those having high K content
in the interlayer (0.84-0.93 K apfu) corresponding to fresh granites, (2) those with K in
interlayer ranging from 0.50 to 0.80 K apfu included in altered granites, and (3) a third
group of micas with very low K content in the interlayer (0.25-0.03 apfu), that are present

in highly altered granites.
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Figure 8. Si vs. K plot of the analyzed micas (EDS).
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The aluminum distribution through the mica—kaolinite intergrowth shows sharp limits
between these phases (Figure 9A), and Figure 9C,D shows booklets of kaolinites forming
the matrix.
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Figure 9. (A) The image shows an enlarged image of a mica—kaolinite intergrowth. (B) Image shows
the aluminum distribution (EDS analysis) along a line perpendicular to the exfoliation planes of
micas and kaolinite. The aluminum line shows sharp limits between mica and kaolinite. This image
also shows an intense altered granite in which abundant crystals and kaolinite aggregates were
formed. (C) It shows an SE image of euhedral kaolinites forming booklets, which reach up to 3 um of
longitudinal development in the direction of the c crystallographic axis, and mica relicts. (D) Image
shows an SE image of purified kaolin.

Heavy minerals such as monazite apatite, zircon and Fe oxides have been detected
by FESEM.

4.3. HRTEM

High resolution TEM images from muscovite-kaolinite intergrowths (Figure 10) show
that lattices fringes of muscovite and kaolinite are parallel to each other. Phase boundaries
between both minerals show bidimensional crystallographic continuity, and no interme-
diate phases have been identified. Kaolinite and muscovite occur as thick packets free
of interlayering.
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Figure 10. (A) TEM image from muscovite-kaolinite intergrows in sample BU-G2, (B) EDS mapping
at the nanoscale showing the distribution of Fe, K, Si, Al and O in sample BU-G2, (C) EDS mapping
showing the K distribution at the nanoscale.

4.4. Chemical Analysis

Fresh granite is characterized by high amounts of SiO; (71.67%) and Al,O3 (14.61%),
and lower proportion of K,O (5.41%) and Na,O (2.21%). Much lower proportion of
MgO (0.42%), CaO (0.29%), P>0s5 (0.19%), TiO, (0.18%), MnO (0.02) and LOI (1.88%) has
been detected. Data in Table S1 (Supplementary Material). Figure 11A shows that, from
weathered to highly weathered granite, there is a decrease in K,O contents, in accordance
with the mineralogical variations described. In contrast, there is an increase in MnO and
TiO, in weathered granite and in highly weathered granite, indicating that these elements
have low mobility in these conditions. The high LOI values indicate the presence of
hydrated phases as phyllosilicates and clays.
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Figure 11. Major (A), REE + Y (B) and trace elements (C) contents in weathered granites, highly
altered granites and pure kaolinite, normalized to fresh granite.

On the other hand, pure kaolinite is enriched in Al,O3, TiO, and has higher LOI.
Figure 11B reflects that weathered and highly altered granites are depleted in Y + REE, and
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only kaolin shows slight enrichments in these elements. Trace elements (Figure 11C) show
strong variabilities in weathered granites: there is an increase in Cr, Mo and Sn, whereas
in highly altered granite, there is an increase in V, S and Mo. In contrast, pure kaolinite
concentrates V, S and Zr. REE + Y are mobile under weathering conditions and Hf, Ta, W,
U, Ta, and W are relatively immobile probably because they are hosted by heavy minerals.

5. Discussion

Fresh and altered granites show similar mineralogy. They consist of high amounts of
quartz, K feldspar, albite, micas and a very low proportion of kaolinite and calcite. The
replacement of alkali and plagioclase feldspars by albite is a prevalent phenomenon in the
Earth’s upper crust [20]. The process is known as albitisation and takes place in a wide
variety of rock types and tectonic settings, e.g., during the hydrothermal alteration of
granites [21]. In the studied fresh granite, the presence of minor calcite could be related
to a previous hydrothermal event, since the Ca?* liberated during the transition from
oligoclase to albite, could have been fixed by secondary calcite [22] and such as [6] suggest.
In comparison with fresh granites, in weathered granites, the content in micas and K
feldspar decreases, but the most significant difference between the fresh and the weathered
granites is the significant decrease in albite (from 13 to 6%) and the relative increase in
quartz. Highly altered granites are mainly formed by quartz (more than 80%) and low
proportions of K feldspar and muscovite have been destabilized, and kaolinite increases up
to 8%. Changes in the proportions of the minerals with weathering indicate that albite is
the aluminosilicate that is more easily altered, followed by K feldespar and K micas.

Fresh and altered granites show the typical phaneritic texture of plutonic rocks
(Figure 7A,B) and scarce evidence of alteration. However, the images suggest that, in
these rocks begins the growth of kaolinite between the exfoliation planes (001) of micas
(Figure 7B). In weathered rocks, micas show signs of deterioration: they are frayed and
immersed in a kaolinite matrix which is formed simultaneously with the destabilization of
aluminosilicates (Figure 7C). The matrix is formed by micron-sized booklets of kaolinite
and crystallyzed as a consequence of the alteration process (Figure 7C). In highly weathered
rocks, micas show a higher degree of deterioration, with fuzzy edges, irregular outlines and
cleavage that is not distinguished, suggesting the deterioration of the structure (Figure 7E).
The replacement of micas by Fe oxides suggests the complete destabilization of the micas
(Figure 7F).

The progressive alteration of the micas has a direct relation, with the K contents of
these minerals in the interlayer site (Figure 8). In fresh granites, micas have high K contents
in the interlayer (0.84-0.93K apfu), whereas, in weathered granites, their K content ranges
between 0.50 and 0.80 K apfu, suggesting large compositional variability from mica to illite.
Finally, in highly altered granites, the K content is very low (0.25-0.03 apfu), and micas
have compositions similar to smectite. The data show that, as weathering progresses, micas
lose K from the interlayer.

The AGFI index applied to characterize kaolinite aligns with other methods for esti-
mating the degree of structural order/disorder in a sample, and its primary advantage lies
in its applicability to complex samples, allowing the study of kaolinite crystallinity without
the need for sample purification.

TEM images and EDS mapping at nanoscale from muscovite-kaolinite intergrows
(Figure 10) show that these phases are parallel to each other. Phase boundaries between
both minerals show bidimensional crystallographic continuity, and no intermediate phases
have been identified. Therefore, kaolinite and muscovite occur as thick packets free of
interlayering. The images suggest that muscovite only provides suitable substrate for
the epitactic crystallization of kaolinite. Additionally, kaolinite growth continues as long
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as Al is available in the environment due to the destabilization of aluminiumsilicates (K
feldspars, albite and micas). The absence of intermediate interstratifications is most likely
a consequence of the high water/rock ratio. In closed systems, interstratifications between
these phases have been described [8]. Other authors [23] observed similar nanotextures in
mica—kaolinite intergrowths in the sandstones of diagenetic environments and indicate that
kaolinitization begins at grain edges, forming fanned-out textures, and propagates toward
the interior along the cleavages of muscovite. In this study, we do not have evidence to
support this process, probably because, in weathering environments, the water/rock ratio
is higher than in diagenetic environments. The higher water/rock ratio promotes faster
mineral reactions.

Chemical composition of weathered and highly weathered rocks and kaolinite support
the alteration processes described, based on mineralogy. K and Na content decrease
significantly, suggesting a high mobility of these elements under weathering conditions;
in contrast, MnO and TiO, are relatively immobile in this environment. Higher LOI is
a consequence of the formation of hydrated phases such as clays. Pure kaolinite is enriched
in Al,O3 and TiO,, reflecting the low mobility of these elements (Figure 10). Weathered and
highly altered granites are depleted in Y + REE, and only kaolin shows slight enrichment
in these elements. Therefore, REE + Y are mobile under weathering conditions and Hf,
Ta, U and W are relatively immobile, probably because they are hosted by resistant heavy
minerals (Figure 10), such as monazite, apatite and zircon, or also adsorbed on the surface
of Fe oxides.

6. Conclusions

The clear colors of the kaolin investigated in this study indicate an effective fluid
circulation altering the rocks and leaching various components of the original igneous
rock. A previous hydrothermal event most likely took place, and subsequently, weathering
produced the kaolin deposits from the igneous rocks.

Weathering produces significant changes in the mineralogical composition of granites.
Albite and K feldspars destabilized most rapidly, followed by K micas. The availability of
aluminum and its relatively immobile behavior in this environment favors the formation
of kaolinite.

Kaolinite grows forming booklets generating a fine-grained matrix and also along the
cleavages of muscovite generating muscovite—kaolinite intergrowths. The intergrowths
show bidimensional crystallographic continuity, and no intermediate phases have been
identified, suggesting that muscovite only provides the suitable substrate for the epitactic
crystallization of kaolinite. Kaolinite shows high crystallinity but the presence of quartz
impurities interferes with the ‘optimal’ reflections for the calculation of the Hinckley index.
In these cases, the use of AGFI index almost eliminates the effect that the relative intensities
of the quartz and feldspar impurities may have on those of kaolinite.

With weathering, there is a progressive decrease in the contents of most chemical
elements, except for Al, TiO,, HREEs, Ta, Hf, Th, U, V, Cr, S, Zr, Mo and Sn.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min15040416/s1, Table S1: Chemical composition of anal-
ized samples.
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Abstract: This work aims to perform a detailed mineralogical, crystal-chemical, and geo-
chemical characterization of bentonites from the Benavila outcrop, the largest known
deposit of bentonites in continental Portugal. Bulk samples and different size fractions
were characterized through X-Ray Diffraction (XRD). Structural formulae of the smectites
were fitted from point analyses acquired by analytical electron microscopy (AEM) with
transmission electron microscopy (TEM). Smectites are the major component with variable
amounts of calcite and minor amounts of quartz, feldspar, illite, and chlorite. Occasionally,
amphiboles and dolomite have also been identified. The high content of carbonates in
different parts of the sampling area is related to the circulation of carbonate-rich fluids.
The smectites present high-layer charge, are intermediate terms of the montmorillonite—
beidellite series, and also show an intermediate cisvacant-transvacant configuration. Major
and trace elements concentrations were determined by ICP-MS. The geochemical analysis
of the samples indicates an enrichment in SiO, and Al,O3 and a depletion of the more
clayey materials in REE, HFSE, and Y, among others. The calculation of the PIA and CIA
alteration indices, along with other parameters observed, shows the possible alteration
pathways of the Benavila deposit. Research to evaluate the ability of these bentonites to
be used as engineering barrier systems (EBS) and sealing materials for radioactive waste
repositories is ongoing.

Keywords: bentonite; smectite; geochemistry; clay minerals; mineralogy

1. Introduction

Bentonites are clayey industrial rocks of great economic interest whose main compo-
nent is smectites. The most important physical-chemical properties of these minerals are
their high specific surface area and cation exchange capacity, which are deeply related [1-4],
along with their variable layer charge, allowing them to react with inorganic and organic
reagents. Hence, they have swelling and rheological properties and high plasticity, which
play a very important role in the industrial field [5,6]. Their applications are diverse,
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contingent on the aforementioned properties. While their most prominent use is as ad-
absorbents, their significance in other domains cannot be overstated. For instance, they are
used in civil engineering, as binding agents, as additives in animal nutrition, as catalysts
or support for catalysts [5-7], which also have to be highlighted. Apart from the typical
fields in which these materials have been traditionally used, in recent years there has been a
spike in the use of bentonites in the fields of nanocomposites [8-10], pharmaceutics [11,12],
medicine [13-15], among many others. The study of bentonites as engineering barrier
systems (EBS) and sealing materials in radioactive waste repositories has to be highlighted,
since this research field has been one of the most prominent ones in the last four decades
regarding these materials [16-22].

The largest known deposit of bentonites in continental Portugal is located in Benavila
(in the Alentejo region) (Figure 1). This deposit was formed due to the weathering of
granitoids from the Benavila igneous massif [23,24], mainly composed of quartz, plagio-
clase, and amphibole, along with other accessory minerals [24]. The composition of these
plutonic rocks will affect the resulting weathering products, which are the bentonites.

@ Benavila

— = Faults M Diorites [ schists I .

; 500 1000 1500
----- Veins Il Gabros [ sandstones and claystones n
(@) Sampling [ Alkaline granites [[] sandstones, claystones and calcareous marls

B Monzonitic granites  [] Conglomerates, sandstones, arkoses and claystones
[ Granodiorites [ Maranhdo dam

Figure 1. Geographical location of the samples and geological mapping of the area. Modified
from [25]. All the plutonic and metamorphic rocks are dated as Silurian, while the sedimentary rocks
are dated as Miocene [26,27].
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The Benavila deposit reserves were estimated at around 5 M.t. of bentonite, with
the highest purity levels reaching 2.0-2.5 Mt [28,29]. The mineralogy and applications of
these bentonites have been studied by different authors, determining their mineralogy
as being primarily constituted by dioctahedral smectites [29-34]. However, there are
slight differences regarding their classification within the group of dioctahedral smectites,
because some authors classify them as Tatatila-type montmorillonites [29] and others just
as montmorillonites [31].

This work aims to attain a detailed mineralogical, crystal-chemical, and geochemical
characterization of a representative outcrop of bentonites from the Benavila deposit. This
work will serve as a basis for further research regarding the applications of these bentonites,
mainly towards their use as lining barriers of disposed radioactive waste.

2. Geological Setting

The area under study, corresponding to the Benavila igheous massif, is located close to
the Avis area, more precisely in Benavila, Portalegre District (Portugal). It is approximately
7 km long (E-W) and 4 km wide, occupying an area of about 40 km? (Figure 1). This area
exemplifies the typical morphology of Alto Alentejo: a high plateau with scattered reliefs.
The petrographic characteristics of the Benavila rocks lead them to be considered similar to
those of the neighboring Ervedal, Fronteira, and St* Eulélia massifs. However, the rocks of
this region, like those of St* Euldlia, are more diverse than those of the first two massifs
mentioned, as the presence of gabbros is referred [35].

The Benavila igneous massif was formed during the Lower Silurian [26,27], and it
is characterized by the diversity of petrologic types: granites, granodiorites, monzonites,
quartz diorites, and, exceptionally, olivine gabbros. Granitoids, quartz diorites, and gabbros
have a common characteristic: the presence of green-colored hornblende amphiboles. The
massif is cut by numerous veins, running NW-SE, which are mostly constituted of granite.
In addition to the aforementioned veins, there are also many enclaves of felsic nature,
namely monzonites, always more basic than the surrounding granitoids. The entire massif
is also affected by carbonated alterations of Paleogene-Quaternary age, due to the high
content of carbonates in the groundwater [24]. Chemically, the global composition of these
rocks located at the Benavila igneous massif is mainly constituted by SiO,, Al,O3, Fe;O3,
and CaO, representing at least 75% of the total oxide content [24].

The subject of study is bentonites of Miocene age, which have been previously de-
scribed in the literature as “clayey and marly sandstones with a greenish hue, of continental
facies, probably Miocene” [26]. These bentonites originated from the weathering of the
preexisting granodiorites located within the massif, all of which present the same type
of alteration that partially covers the massif, which seems to be favored by fractures in
the NNE-SSW direction [26,27] and is dated in the Paleogene-Quaternary. The Geologi-
cal and Mining Institute of Portugal refers to these clayey materials of residual origin as
“very pure bentonites with relevant technological characteristics and difficult exposure and
exploitation conditions” [36].

3. Materials and Methods
3.1. Samples

A bentonite outcrop (Universal Transverse Mercator coordinates: 295 598,193.02 m
E 4,330,882.19 m N) with a thickness of approximately 7 m and a NE-SW direction in the
proximity of the locality of Benavila (Portalegre, Portugal) (Figure 1) was sampled. The
outcrop is characterized by the greenish colors of the bentonites, as well as by the presence
of sub-vertical carbonate-rich veins of whitish color (Figure 2a,d). The presence of these
veins is the main difference that can be observed in the horizontal axis. In addition, it is
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possible to observe a higher degree of compaction of the bentonites towards the top of the
outcrop, while the bottom shows more disaggregated materials.

Figure 2. (a) General photograph of the outcrop and sampling grid, showing the horizontal profiles
(1, 2, 3) and the vertical profiles (a, b, ¢). (b) Bentonite sample with part of the original texture
preserved. (c) Bentonite sample without preserved original texture. (d) Carbonate vein.

As shown in Figure 2a, nine samples from the most representative and accessible parts
of the deposit were collected in a grid, with the A profile located towards the NE and the C
profile towards the SW. In order to obtain non-contaminated samples, the surface of the
outcrop was cleaned at the places where these samples were collected. The samples from
the top horizontal profile (BEN3) were interpreted in the field as the samples with the higher
content of smectites. They are characterized by their high compaction, and, in some cases,
they even preserve their original textures (especially towards the C profile) (Figure 2b),
although they have been transformed almost entirely to clay minerals. According to the
expected evolution of the weathering profile, which gave place to the formation of the
deposit, the lower levels (BEN1 and BEN2) present a lower degree of compaction and
higher disaggregation, not preserving the original textures (Figure 2c). Specially along the
B line, the presence of veins of carbonates (Figure 2d) is usual.

3.2. Methodology

Different granulometric fractions of all the samples were obtained. Silt fractions
(0 < 63 pm and 0 < 38 um) were separated from the bulk rock samples by wet sieving,
while the clay size fraction (6 < 2 pm) was separated by decantation following Stokes’
law. The granulometric separation was performed not only to identify the variation in the
relative proportion of the minerals within them, but also with a view to their possible future
use in radionuclide sorption experiments to assess their applicability as lining barriers at

radioactive waste disposal sites.
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The mineralogical characterization of the samples was carried out by X-ray diffraction
(XRD) using a Bruker D8 Advance and Cu ko« radiation. All the granulometric frac-
tions were powdered prior to their characterization, and, in addition, the clay fraction
(0 < 2 um) was also prepared as oriented air-dried aggregates (OA), solvated with ethy-
lene glycol (OA + EG), and heated at 550 °C for 2 h (OA + TT). Powdered samples were
scanned from 2° to 65° 26, and air-dried aggregates from 2° to 45° 20, using a speed of
0.05° 20/s. The clay size fraction was also measured from 59° to 63° 20 at a speed of
0.03° 20/s to obtain a detailed diffractogram of the (060) reflection of clay minerals, to
know the trioctahedral or dioctahedral character of the phyllosilicates present within the
samples. Semi-quantification of the mineral phases observed at the diffractograms was
performed through the reflecting powers method (RPM) [37], which is a standard in the
study of clays, focusing on the ratio of peak areas to semi-quantify the minerals within the
samples.

Structural formulae of the smectites were fitted from point analyses acquired by an-
alytical electron microscopy (AEM) with transmission electron microscopy (TEM) at the
National Electron Microscopy Center (Madrid, Spain) using a JEOL JEM-1400 microscope
(JEOL Ltd., Tokyo, Japan), with an acceleration voltage of 100 kV. The microscope in-
corporates an OXFORD ISIS EDX spectrometer (Oxford Instruments, Oxfordshire, UK,
136 eV resolution at 5.39 keV), equipped with its own software for quantitative analysis.
The TEM samples were prepared by depositing a drop of diluted suspension on a micro-
scopic grid with collodion (cellulose acetate butyrate) and coated with Au. Homoionization
was performed on the samples to obtain more accurate structural formulae that allow a
more reliable classification of the smectites [38].

Thermogravimetric analysis (TGA) routine was performed using an SDT-Q600 from
T.A. Instruments (T.A. Instruments, New Castle, DE, USA). Homoionized fractions < 2 pm
were analyzed in an air atmosphere, with a heating rate of 10 °C/min, from room tempera-
ture up to 985 °C.

Geochemical analyses of major and trace elements were performed at Activation
Laboratories Ltd. (ACTLABS, Ancaster, ON, Canada). For these analyses, 2 g of powdered
sample was digested with aqua regia, along with appropriate international reference
materials for the metals of interest, and diluted to 250 mL volumetrically. Major elements,
along with Sc, Be, V, Sr, Zr, and Ba, were analyzed by lithium metaborate/tetraborate
fusion inductively coupled plasma (ICP) and trace elements were analyzed by ICP-mass
spectrometry (ICP-MS).

The chemical index of alteration (CIA) and plagioclase index of alteration (PIA) were
calculated to elucidate the alteration rock degree [39-44]. These indices incorporate major
bulk element oxide chemistry from the samples, giving information on the leaching of
elements on each of the samples originating from homogeneous parent materials and
indicating their relative degree of alteration.

Software package IBM SPSS version 29.0 was used for the statistical analyses.

4. Results

4.1. Mineralogical Characterization
4.1.1. XRD

Powdered samples from all the granulometric fractions were characterized by XRD,
as well as the air-dried aggregates of <2 microns fractions, which allowed identifying the
mineral assemblages within them (Figure 3). Powdered samples allow the identification
of phyllosilicates, carbonates (mainly calcite, along with minor amounts of dolomite),
and scarce quantities of tectosilicates (quartz, K-feldspar, and plagioclase) (Table 1). The
rest of the minerals identified are always present, just at trace levels. These results agree
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with previous references [29,30]. Amphiboles were also identified, but only in samples
belonging to the C vertical profile (Figure 2). The diffractograms corresponding to the finer
granulometries (<63, <38, and <2 pm) show that the relative intensities of phyllosilicates
increase compared with the other minerals identified, indicating a preferential concentra-
tion of phyllosilicates in the fine-grained fraction, as expected. The oriented aggregates
(OA) and their treatments grant the capacity of studying clay minerals in more detail, being
able to identify smectite as the main component along with traces of illite, chlorite, and
possible kaolinite. Small amounts of a mixed-layer of chlorite and smectite (C/S) have also
been identified due to the presence of a reflection at 12.4 A that does not collapse in the
AD + TT [45]. Also, in the OAs, there are small inflections at 12.3 A (Figure 3b), which
indicate a possible mixture of smectites with different predominant interlayer cations,
ratified by their swelling in the OA + EG treatment. The dioctahedral character of the
smectites was identified due to the d-spacings of the (060) reflections, whose values range
between 1.499 and 1.507 A, and in all the samples studied (Figure 3c).

Table 1. Semi-quantification of the mineral content of the samples from X-ray diffraction (XRD).
(-): present at trace levels. Amphibole (Amp), calcite (Cal), chlorite (Chl), dolomite (Dol), phyllosili-
cates (Phyllo), plagioclase (P1), potassium feldspar (Kfs), and quartz (Qz).

Sample Amp Cal Dol Kfs Pl Qz Chl Ilt Sme C/s
BEN1A 12 2 4 - 6 - - 74 -
BEN1A < 63 pm 5 - - - 2 - - 90 -
BENI1A < 38 pm 2 - - - - - - 96 -
BEN1A <2 um 2 - - 97 -
BEN1B 25 2 - - - - - 70 _
BEN1B < 63 pm 11 - - - - 1 86 -
BEN1B <3 8 pm 9 - - - - 1 89 _
BEN1B < 2 um 4 - - 95 -
BEN1C - 16 - - - - - 82 -
BENI1C < 63 um - 4 - - - - - 94 -
BEN1C < 38 um - 5 - - - - - 92 -
BEN1C <2 pm 2 - - 97 -
BEN2A 17 - - - - - - 81
BEN2A < 63 pm 12 4 - - - - 83
BEN2A < 38 um 5 - - - - - 93
BEN2A <2 pm - - - 99
BEN2B 27 - - - - - 71 _
BEN2B < 63 pm 9 3 - - - - 86 -
BEN2B < 38 um 15 4 - - - - 80 _
BEN2B < 2 um 2 - - 97 -
BEN2C 9 26 2 7 - - - 55
BEN2C < 63 pm 4 13 - - 82
BEN2C < 38 um 3 5 - - - - - 90
BEN2C <2 pm 2 - - 96
BEN3A - - - 2 - 95 1
BEN3A < 63 pm - - 97 1
BEN3A < 38 um - - - - 96 1
BEN3A <2 um - 98 1
BEN3B 34 - - 64 1
BENS3B < 63 pm 27 - - - 71 1
BEN3B < 38 um 28 - - 70 1
BEN3B <2 pum 1 - - 96 2
BEN3C 4 38 4 - 2 - - 51
BEN3C < 63 um - 16 - - - - 82
BEN3C < 38 um 2 11 - - - - - 86
BEN3C <2 pm 2 - - 97
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Figure 3. (a) Powder X-Ray diffractograms of sample BEN2C. (b) Air-dried oriented aggregates of
sample BEN2C. (AD): air-dried oriented aggregate; (AD + EG): air-dried oriented aggregate solvated
with ethylene glycol; (AD + TT): air-dried oriented aggregate calcinated at 550 °C. (c) Comparison
of the (060) reflection of the fractions < 2 pm of all the samples. Amphibole (Amp), Calcite (Cal),
chlorite (Chl), illite (Ilt), phyllosilicates (Phyllo), plagioclase (P1), potassium feldspar (Kfs), smectite
(Sme), and quartz (Qz).

The X-Ray diffractograms not only allow identifying minerals, but also semi-
quantifying them (Table 1). In all the granulometric fractions, the main components
are phyllosilicates (smectite plus quantities below 2% of illite, chlorite/smectite mixed-
layers, and chlorite), followed by carbonates (calcite plus traces of dolomite) and scarce
quantities of quartz and feldspars. In the bulk rock samples, phyllosilicates range from
97% (BEN3A) to 52% (BEN3C), with smectite being the main component (95% and 51%,
respectively). Calcite is the major impurity and ranges from 0% (BEN3A) to 38% (BEN3C)
with a mean content of 22%. It has to be pointed out that sample BEN3A is the richest
sample in smectite because it is the only one that does not contain calcite, and a negative
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correlation between these two minerals can be observed. The <63 um fraction shows
percentages of phyllosilicates ranging from 99% (BEN3A) and 73% (BEN3B), with smectite
being the major mineral, and of calcite ranging from 0% (BEN3A) and 27% (BEN3B). This
tendency previously described is also seen in the <38 pum fraction, being the maximum
content of phyllosilicates (mainly smectite) 98% (BEN3A) and the minimum, 72% (BEN3B),
coinciding with the maximum and minimum contents in calcite (28% and 0% at samples
BEN3B and BEN3A, respectively). Finally, in the <2 pum fraction, most of the minerals iden-
tified and quantified are essentially smectite with a minimum content of 95% and scarce
impurities of chlorite, illite, and mixed-layer chlorite/smectite that can be identified but are
difficult to quantify.

4.1.2. TEM-AEM

The top samples (BEN3A, BEN3B, and BEN3C) were used for the crystal-chemical
study through TEM-AEM analyses. The TEM representative photographs (Figure 4) show
platy particles with subhedral morphologies, which present some straight faces together
with wavy and pointy ends (as usual in smectites) on the same particles. This resembles
typical morphologies of micaceous materials (euhedral particles with straight faces), which,
most likely, are the precursor phases whose alteration gave place to the smectites. The
wavy and pointy ends indicate the transformation process and/or growth of smectites
from these micaceous particles [46—49]. The photographs evidence an increase in the wavy
and pointy-ended faces towards the A profile (Figure 4).

A

Figure 4. TEM representative photographs of smectie particles from samples BEN3A (left), BEN3B
(middle), and BEN3C (right).

The point chemical data obtained by AEM analyses (Table 2) of isolated particles of
smectite of the natural samples show that the main oxide (considering the mean values)
is SiO;,, ranging from 63.98% (BEN3A) and 56.49% (BEN3B). Regarding the second most
abundant oxide, there are two cases: sample BEN3A has more content in Al;O3 than
Fe;O3 (19.90 and 7.89%), while samples BEN3B and BEN3C have higher contents in Fe,O3
(18.43 and 20.07%) than in Al,O3 (15.20 and 13.35%). Finally, the rest of the oxides analyzed
follow the same trend in all the samples studied: MgO > CaO > K;O > TiO, > NaO. It
is also noteworthy that they show a broad compositional variability, as indicated by the
differences between the maximum and minimum values, as well as the standard deviation,
which is related to the continuous compositional variations in all the studied samples.

162



Minerals 2025, 15, 836

Gqco ¥6'l 000 6€'1 0e'e LT LT 6¥'¢C as L1=U
0€T 00—  080— ¥€0 8¥'0 8cY <00 9Tl 691 8¢'T 008 080 0TL 050 91 000 ye 668 LTEL €LFL 0TS UedN

00 1€°0 000 81T ¥0'9 L6'01 98¢l ¥L€s U

€0'T 012 000 T8 o€t 6€91 SL91 09°C9 XeN eDDENHI

€€0 180 000 S0t L1T 86'T So0'T 9¢¢ as 9c=u
0Tt 9¥0—  ¥90— 1o 670 ¥y ¥0°0 61 'l 651 008 ¥9°0 9€'L o 020 000 £9°€ ¥59 SLYL €rel 088G UBIN

000 000 000 LLT €0F L9T1 8¢l 8T6v UIAL

8¢’ LLT 000 8%'9 99°¢1 €61 08°L1 61°€9 XeN eDAENTd

0T0 88'C 000 89T w1 AR {74 e as og=u
99T  0TTI—  9%0— o [7A\] 88'¢ 100 020 980 1€C 008 90 ¥4 900 07’1 000 6v'a Ly ¥9°L 6161 €919 U\

000 ¥0°0 000 we €'l ¥0C 8961 0T'¥%S U

L850 9L'6 000 €091 689 ¥CeEL  L96C 9999 XeN BOVENHI

€C0 ¥C0 V0 170 6,1 (U4 vl VAR as 8L =u
1970 LT0 80— 900 €00 9T0 0SY 100 w61 ¥e1 €1 008 80 L 1o 8€0 1o 681 80 £L000C  Se€l 0895  UedN

000 000 000 w1 0Ty LLTT G811 V.6 U

¥20 020 €8T €6C S6'11 LS6C G691 81°€9 XeN DeENHd

6T0 070 000 090 90T ¥0°S [0 o8¢ as 6Cc=u
070 870 88°0— 600 910 997 100 SLT 191 6€'l 008 880 [4%4 1o ¥50 000 0Tt €08 €781 0Tst 6795 UBIN

000 000 000 90 09% 0v'01 8G'TIL  L0'8¥ WA

L1 €'l 000 SLT 611 00ee 9961 99 XeN deNdd

600 9Tl 00 091 060 8T 89T L6'T as gg=u
8T0 S00 €0~ 900 48] wy 100 1470 w1 8% 008 €€0 L9°L 900 070 000 w60 789 68°L 06'61 86'€9 U

000 000 000 ST0 LSC 000 €€81 1875 U

9T0 £89 01°0 sl'6 128 1L ¥9ce  €€99 XeN VENHTd

J1 4d0 UoL A EN €D J0%X A 3] SN v 21X v IS
T2 Aefrayuy [erayeQ [expayenay, ‘ou 0™ O°N 02 OSW  f0™1 FOTIV  fO'S sajdureg

Qe[NULIOJ [eIN)ONI}S UL

sapixo 1oleur yo sisATeue fedrwayD)

{SUOTIEd TRIPAYRID0 JO WNS :DOX ‘SUOIED [eIPaYEI}d] JO WNS (D] {UOHRIAID pIepue)s (IS ONJeA ULW (UL DN[eA WNWIUTW UIA oN[eA WNWIXeu
XeN INIV-INA.LYH Aq sesATeue jurod woiy paurejqo saj1jdaws oy} JO SL[NULIOJ [BIN}ONIS PUue (9,3M) SIPIXO Iofewr jo sisAeue [edrway)) ‘g d[qeL

"sasATeue Jo aquunu :u p3reyd ke[ 1) 81eyd [eIpayeido YD P8Ieyd [erpayens) YD,

163



Minerals 2025, 15, 836

The structural formulae were calculated from the mean oxide contents of the point
chemical analyses (Table 2). The resulting formulae from the natural samples correspond
to dioctahedral smectites. Their average number of octahedral cations ranges from 4.42 to
4.66. These formulae exhibit positive octahedral charge ranging from 0.05 to 0.48 and a very
low interlayer charge ranging from 0.30 to 0.61, indicating that the results are unreliable. To
properly fit the smectite structural formulae, the samples were homoionized with Ca?* [38].
The homoionized analyses show similar distributions as in non-homoionized samples (also
considering the mean values): SiO, is the main oxide, ranging from 61.53% (BEN3ACa)
and 57.10% (BEN3CCa). The second most abundant oxide is always Al,O3 (in opposition
to the non-homoionized samples), which ranges from 19.19% (BEN3ACa) and 14.73%
(BEN3CCa), while Fe,Os is the third, ranging from 14.75% (BEN3B) and 7.64% (BEN3A).
Samples BEN3BCa and BEN3CCa show MgO as the fourth oxide in terms of abundance
(6.54 and 8.99% respectively) and CaO as the fifth (3.67 and 3.74% respectively), while
this trend is inverted in sample BEN3ACa (5.49% of CaO and 4.71% of MgO). The rest of
the oxides analyzed follow the same trend in all the samples studied: K,O > TiO; > NaO.
The structural formulae also correspond to dioctahedral smectites. The mean octahedral
charges vary, being —1.66 (BEN3ACa), —0.46 (BEN3BCa), and —0.50 (BEN3CCa), and an
increase in the interlayer charge. It is possible to see that the main difference between
non-homoionized and homoionized samples is their content in Fe,O3, which suggests that
iron was most likely adsorbed on the non-homoionized samples and removed during their
homoionization. The K,O content did not decrease in the homoionic analyses, indicating
the presence of interestratified micaceous layers in the smectite particles, which supports
their detrital origin.

The structural formula obtained from both the non-homoionized and homoionized
samples was used to obtain a ternary plot of the octahedral content (Mg, Fe, Al) of all the
analyses, along with the octahedral content of different smectite samples from the litera-
ture [38,50,51] (Figure 5). The ternary plot of the octahedral content of non-homoionized
samples shows different tendencies for Benavila samples. BEN3A is the most enriched in
aluminum, therefore, being the closest to both beidellite and montmorillonite. Samples
BENB3B and BEN3C display higher compositional dispersion and show higher contents of
iron, which in some cases bring them close to the nontronite octahedral content. However,
when the homoionized octahedral content is plotted, it is easily observed that no analyses
fall near the notronite octahedral content but rather fall in intermediate fields. There is also
an evident trend that can be observed in both ternary plots, which is a progressive transfor-
mation towards purest dioctahedral smectites from the BEN3C to the BEN3A sample, due
to the progressive loss of magnesium and iron.

The smectites from Benavila had already been classified as Tatatila type montmoril-
lonites [29], meaning they have 15-50% of the charge originating from tetrahedral sub-
stitutions and a layer charge > 0.85 [45]. Other studies have simply classified them as
montmorillonites, without defining their type [31]. However, recent classifications of
dioctahedral smectites [52,53], which consider more variables, such as the layer charge,
the octahedral structure, the iron content, and the charge location, allow for giving more
descriptive names of the subjects of study. For such purpose, the structural formulae
obtained from the homoionized samples were used.

Sample BEN3ACa has a layer charge (LC) of 1.66, a Fe3* content (IC) that represents
18% of the octahedral cations, and a tetrahedral charge (TC) that accounts for 28% of the total
charge, and is therefore classified as a high-charged ferrian beidellitic montmorillonite [52].
Sample BEN3BCa has an LC of 1.10, an IC of 33%, a TC of 58% and is classified as a
high-charged ferrian montmorillonitic beidellite. Sample BEN3CCa has an LC of 1.30, an IC
of 29%, and a TC that is 62% of the total charge, being classified as a high-charged ferrian
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montmorillonitic beidellite. Therefore, it can be summarized that there are two types of
samples: sample BEN3A is a ferrian beidellitic montmorillonite, while BEN3B and BEN3C

are ferrian montmorillonitic beidellites. All the samples show high layer charges.
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Figure 5. Ternary plot of the octahedral content of the non-homoionized samples (a) and the
homoionized samples (b) and reference samples of montmorillonite (WYO), beidellite (SBId-1),
saponite (ESB6), stevensite (RESQ), and nontronite (NAu-1).

4.1.3. TGA

The thermal behavior of Benavila bentonite samples, essential for their possible use in
radioactive storage, was determined through thermogravimetric analysis. These analyses
also enable an in-depth characterization of the octahedral sheet of the smectites. For that
purpose, the homoionized < 2 um fraction of the three samples from the top level (BEN3A,
BENB3B, and BEN3C) was selected. The TGA analyses (Figure 6a—c) show that all the
samples present the same tendencies: the most important weight loss (around 15% of their
masses) takes place from room temperature up to ~175 °C, due to the dehydration of the
absorbed and interlayer water of the smectites. They keep losing small percentages of
weight until the range comprised between 550 and 650 °C, where they lose approximately
5% of their mass due to the dehydroxilation of smectites. DTG analyses (Figure 6a—) give
more detailed information. The dehydration of the interlayer water occurs in two peaks
due to the presence of different interlayer cations [54], and the dehydroxilation events are
marked by defined peaks, although they can be broader or narrower peaks, depending on
the samples.

The peaks related to the dehydroxilation of the smectites in the DTG curve (derivative
of the thermal analyses) are used to calculate the percentage of cis-vacant (cv) and trans-
vacant (fv) configurations of the octahedral sheet [55]. The two configurations can be
differentiated due to their dehydroxylation temperatures. The cv varieties dehydroxylate
at temperatures between 650 and 700 °C, while tv varieties dehydroxylate at temperatures
of about 500-550 °C, being the boundary temperature between the two configurations at
around 600 °C [55-57]. These percentages were obtained by performing the deconvolution
of the DTG curve between 300 and 800 °C using the software package Fityk (v. 1.3.1) [58]
(Figure 6d), where it can be seen that a curve is deconvoluted into three curves plus a
straight line (the latter is used to subtract the background). Considering the center of the
curves obtained from the deconvolution, it is determined whether the dehydroxilation takes
place at temperatures below or over 600 °C, and using their respective areas, it is possible to
calculate the percentage that cv (peaks > 600 °C) and tv (peaks < 600 °C) varieties represent
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(Table S1) [57,59]. All the samples are classified as tv/cv, with a progressive decrease in the
cv character towards sample BEN3A.
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Figure 6. (a) TGA (%) (black) and DTA (%/°C) (red) of sample BEN3ACa; (b) TGA (%) (black)
and DTA (%/°C) (red) of sample BEN3BCa; (c) TGA (%) (black) and DTA (%/°C) (red) of sample
BEN3CCa; (d) Deconvolution of the DTG curve between 300 and 900 °C of sample BEN3ACa,
showing the different functions considered (black) and the resulting model (red).

Considering the previous classification from the TEM-AEM analysis of the samples
according to recent references [52,53] and focusing on the octahedral configuration, we can
conclude that sample BEN3A is a high-charged tv/cv ferrian beidellitic montmorillonite,
while BEN3B and BEN3C are high-charged tv/cv ferrian montmorillonitic beidellites.

4.2. Geochemistry

The major (Table S2) and trace elements (Table S3) contents were obtained by means
of ICP-MS for bulk samples and different size fractions. Tables 3 and 4 show the maximum,
minimum, and mean values of the chemical analyses of all the granulometric fractions,
along with their standard deviation. The trace elements considered were the high field
strength elements (HFSE), transition trace elements (TTE), large-ion lithophile elements
(LILE) and rare earth elements (REE), as well as other trace elements such as Be, Ga, Ge,
As, Y, Mo, Ag, In, Sn, Sb, W and Bi.

The major elements concentrations are in accordance with the mineralogical character-
ization. Samples with a higher content in phyllosilicates present higher percentages of SiO,
and Al;Og, consistent with their identification as being mainly constituted by dioctahedral
smectites, and samples with a higher content in calcite have more CaO (Table S2). This
is observed in Figure 7, where the contents of 5iO,, Al,O3 and CaO are plotted, and it is
possible to observe an enrichment in SiO; and Al,O3 and a depletion in CaO towards the
finer grained fractions (higher content in phyllosilicates, Table 3). The trends observed are
corroborated by the high correlation coefficients among SiO,, Al,O3 and CaO shown in
Table 54 and by Figure 8, which shows the contents of these elements in the finer grain size
fractions normalized with respect to the contents in the bulk rock samples.
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Table 3. Maximum (Max), minimum (Min), and mean values of major elements in weight percentage

(wt%) of all the granulometric fractions, along with their standard deviation (SD).

Bulk Sample <63 um <38 um <2 um
Max Min Mean SD Max Min Mean SD Max Min Mean SD Max Min Mean SD
5i0, 51.86 29.76 39.27 6.96 48.76 32.96 42.36 4.57 49.33 34.20 43.31 422 50.23 45.27 48.14 1.50
AL O3 13.58 8.26 11.37 2.00 14.39 8.72 12.02 224 14.48 8.55 12.14 2.32 16.08 10.38 13.47 1.89
Fe, O3 7.81 6.10 6.96 0.62 10.60 5.27 7.56 1.50 11.52 5.30 8.10 1.81 10.53 4.85 7.63 2.02
MnO 0.13 0.06 0.10 0.02 0.09 0.04 0.06 0.02 0.09 0.04 0.07 0.02 0.07 0.02 0.05 0.02
MgO 6.18 4.30 4.93 0.54 5.42 3.99 4.61 0.43 5.44 3.96 4.67 0.47 5.57 4.66 5.14 0.28
CaO 21.65 1.67 13.80 6.32 17.32 1.32 8.15 4.42 15.84 1.38 7.31 3.94 4.47 1.27 2.64 0.93
Na,O 1.20 0.04 0.34 0.38 0.27 0.05 0.12 0.08 0.24 0.02 0.08 0.07 1.08 0.22 0.55 0.28
K,O 1.49 0.50 0.87 0.31 0.56 0.29 043 0.10 0.52 0.23 0.39 0.09 0.59 0.25 0.35 0.10
TiO, 1.02 0.40 0.65 0.15 0.75 0.39 0.61 0.12 0.77 0.35 0.61 0.13 0.34 0.12 0.19 0.07
P,0s5 0.21 0.09 0.15 0.04 0.23 0.03 0.13 0.06 0.26 0.03 0.13 0.07 0.02 0.01 0.01 0.00
LOI 26.20 16.19 20.88 3.32 28.34 22.11 24.20 1.79 26.72 20.87 22.94 1.62 23.78 19.00 21.35 1.26
Total 100.00 98.43 99.31 0.60 100.80 99.18 100.24 0.52 100.80 98.59 99.75 0.72 100.90 98.70 99.53 0.81
Table 4. Maximum (Max), minimum (Min), and mean values of trace elements (um) of all the
granulometric fractions, along with their standard deviation (SD).
Bulk Sample <63 um <38 um <2 um
Max Min Mean SD Max Min Mean SD Max Min Mean SD Max Min Mean SD
Zr 119.00 35.00 72.44 23.22 122.00 49.00 69.67 22.23 127.00 44.00 65.00 24.09 56.00 31.00 40.33 8.16
Nb 6.60 3.40 4.76 0.96 6.10 2.00 4.21 1.26 6.10 2.10 4.24 1.21 1.30 0.20 0.76 0.28
Hf 2.70 1.30 1.89 0.40 3.20 1.70 2.19 0.50 3.40 1.60 212 0.55 2.20 0.90 1.49 0.36
Ta 0.74 0.23 0.35 0.15 0.71 0.09 0.30 0.17 1.25 0.52 0.78 0.20 0.15 0.01 0.08 0.04
Tl 0.38 0.16 0.26 0.08 0.21 0.08 0.11 0.04 0.14 0.05 0.09 0.03 0.07 0.05 0.05 0.01
Th 5.22 0.79 2.86 1.83 4.78 0.77 2.54 1.59 521 0.87 2.70 1.70 3.27 0.40 1.59 1.17
U 1.22 0.43 0.80 0.30 1.21 0.55 0.71 0.21 1.19 0.50 0.71 0.22 0.24 0.09 0.15 0.04
Sc 33.00 18.00 27.33 4.52 40.00 20.00 30.89 5.26 40.00 21.00 31.22 5.65 42.00 20.00 31.00 5.93
\% 265.00 53.00 111.67 61.02 194.00 45.00 89.22 47.79 208.00 46.00 93.89 52.20 171.00 27.00 81.44 48.44
Cr 810.00 20.00 400.00  256.95 850.00 30.00 44333  282.13 1080.00  40.00 528.89 372.48 890.00 60.00 442.22 302.65
Co 34.00 10.00 21.89 6.35 17.00 11.00 14.33 1.89 22.00 10.00 17.44 3.72 17.00 6.00 11.44 3.59
Ni 120.00 30.00 68.89 34.78 100.00 20.00 51.25 30.18 130.00 20.00 61.25 40.45 120.00 30.00 55.71 32.89
Cu 40.00 20.00 25.00 7.07 30.00 10.00 17.50 6.61 30.00 10.00 20.00 5.00 20.00 10.00 15.00 5.00
Zn 80.00 50.00 64.44 8.31 80.00 40.00 48.89 12.86 90.00 40.00 55.56 14.99 60.00 30.00 43.33 10.54
Rb 68.00 19.00 43.44 17.68 47.00 15.00 24.78 9.59 44.00 13.00 23.67 8.73 16.00 7.00 10.89 2.51
Sr 175.00 81.00 122.56 26.58 98.00 80.00 90.44 5.89 96.00 80.00 88.56 6.45 133.00 93.00 108.78 12.73
Cs 3.70 0.70 242 0.95 2.30 0.80 1.51 0.48 2.20 0.60 1.43 0.48 1.50 0.60 1.08 0.27
Ba 604.00 176.00  348.56  145.07  363.00 106.00  225.33 71.50 327.00 98.00 208.67 67.81 556.00  111.00  277.89 153.05
Pb 11.00 5.00 8.25 217 27.00 6.00 13.67 9.46 8.00 5.00 6.00 1.22 12.00 5.00 8.50 3.50
La 24.30 6.73 13.97 6.35 21.20 3.11 9.98 5.45 19.20 2.77 9.30 4.89 8.57 0.71 4.27 2.99
Ce 36.80 15.70 24.77 8.06 35.90 10.40 20.39 791 33.60 10.40 20.69 7.70 26.20 293 12.40 7.09
Pr 6.34 247 4.05 1.28 5.27 1.64 2.85 1.11 5.06 1.44 2.77 1.05 1.84 0.18 0.97 0.65
Nd 26.50 10.30 17.42 5.46 23.70 7.65 12.59 497 22.60 6.46 11.81 4.72 6.39 0.88 3.61 2.25
Sm 6.34 2.69 427 1.29 577 2.02 3.09 1.14 5.30 1.73 2.88 1.10 1.19 0.19 0.65 0.37
Eu 1.55 0.67 1.06 0.30 1.35 0.47 0.76 0.26 1.16 047 0.71 0.22 0.23 0.05 0.13 0.07
Gd 6.75 243 4.06 1.33 5.96 2.00 3.03 1.26 4.84 1.67 2.64 1.04 0.88 0.19 0.47 0.23
Tb 1.09 0.37 0.65 0.21 091 0.33 0.49 0.18 0.77 0.30 0.44 0.16 0.12 0.03 0.07 0.03
Dy 6.52 2.20 3.92 1.26 5.34 2.05 2.87 1.09 4.56 1.80 2.62 0.99 0.65 0.15 0.38 0.15
Ho 1.30 0.43 0.76 0.26 1.06 0.39 0.57 0.22 0.90 0.36 0.51 0.19 0.12 0.03 0.07 0.03
Er 3.72 1.30 2.18 0.70 3.12 1.14 1.67 0.63 2.54 1.03 1.47 0.54 0.34 0.10 0.21 0.08
Tm 0.54 0.20 0.33 0.10 0.45 0.17 0.24 0.09 0.36 0.16 0.21 0.07 0.05 0.01 0.03 0.01
Yb 3.29 1.36 2.11 0.55 2.90 1.14 1.59 0.54 2.35 1.07 1.44 0.45 0.33 0.08 0.19 0.07
Lu 0.46 0.21 0.32 0.08 0.44 0.17 0.25 0.08 0.38 0.17 0.23 0.07 0.05 0.01 0.03 0.01
Be 3.00 1.00 1.89 0.57 3.00 1.00 1.67 0.67 2.00 1.00 1.33 0.47 2.00 1.00 1.50 0.50
Ga 15.00 10.00 12.44 1.77 15.00 11.00 12.78 1.47 15.00 12.00 13.11 1.10 14.00 12.00 13.22 0.63
Ge 1.40 0.70 0.94 0.23 0.90 0.50 0.70 0.14 0.90 0.50 0.69 0.14 0.70 0.60 0.65 0.05
Y 39.50 12.30 2191 7.86 32.90 11.80 16.09 6.94 26.60 10.00 14.46 5.71 3.00 0.80 1.82 0.69
Sn 5.00 1.00 2.33 1.05 6.00 2.00 2.89 1.37 6.00 2.00 3.22 1.40 5.00 2.00 2.78 1.13
Sb 0.30 0.20 0.23 0.04 3.50 0.20 1.54 1.02 0.40 0.20 0.27 0.09 135.00 0.50 38.03 46.11
w 4.00 0.60 1.43 1.03 2.70 0.50 1.26 0.68 8.00 0.90 2.38 222 1.90 0.60 1.05 0.42

Focusing on the HFSE, there are no clear differences according to the mineralogy of
the samples, as shown by the correlation matrices performed (Table S5). Nb, T1, Th, and
U are significantly correlated with quartz, and it also appears that samples with higher
contents in phyllosilicates also have lower total contents in HFSE, showing a progressive
depletion towards finer granulometries (Table 4, Figure 8). This is explained by their
relative immobility and their association with heavier and more resistant minerals present

in the coarser fractions [60-64].
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Figure 7. Ternary plot representing the values of SiO;, Al,O3 and CaO. Black: bulk rock samples;
Red: <63 um fraction; Green: <38 um fraction; Blank: <2 um fraction.
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Figure 8. (a) Enrichment in the <63 pm fraction respect the bulk rock sample of the represented
oxides and elements; (b) Enrichment in the <38 pum fraction respect the bulk rock sample of the
represented oxides and elements; (c) Enrichment in the <2 um fraction respect the bulk rock sample
of the represented oxides and elements.
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The TTE shows different correlation coefficients between phyllosilicates and carbon-
ates, being negative in the first case and positive in the latter, considering the total TTE
content as well as the content in certain elements within the group (Co, Ni, Cu) (Table S6).
However, when observing Figure 8, it is possible to observe that the trend is not as clear as
expected, even having an enrichment in TTE in sample (BEN3C), which is almost entirely
formed by smectite (98%) and small quantities of calcite (2%). This points to an unclear
linkage between TTE and mineralogy.

LILE appear to be less concentrated in samples with higher phyllosilicate contents,
shown by their depletion in finer granulometries in comparison to the bulk rock fraction
(Table 4, Figure 8), except in the case of the finest fraction (<2 um). However, the correlation
matrix (Table S7) only shows a negative significant correlation of phyllosilicates and Sr, be-
cause this element shows higher concentrations in calcite-rich samples due to its similarity
to Ca [65-67]. As with the TTE, it is not possible to identify a clear link between LILE and
mineralogy, with the exception of Sr and carbonates.

The REE present lower concentrations in the samples with higher contents in phyl-
losilicates (Figure 8, Table 4 and Table S8), something that can be attributed to their low
solubility and their preferential accumulation in the coarser fractions in trace minerals
as zircons [68]. However, there is another mechanism that can potentially affect the REE
content: their complexation due to the action of carbonate-rich fluids and possible pre-
cipitation within calcite veins [69-71]. After chondrite normalization [72] (Figure 9), all
samples are enriched both in light REE (LREE) and heavy REE (HREE). The fact that, in
the majority of the clay size (<2 um) fractions, the HREE are much lower than in the other
fractions may partially explain the negative correlation between REE and smectite. All
the samples studied show negative Eu anomalies. Two samples from the B profile have
significant negative Ce anomalies in bulk and silt size fractions. In the clay size fractions, a
tendency for positive anomalies was found.
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Figure 9. Chondrite normalized REE patterns.
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The other trace elements analyzed show that most of them are below detection limits in
most samples. Therefore, it is important to focus on the elements above the aforementioned
detection limits. Yttrium shows high affinity with the REE and therefore has the same
tendency as them (Table S9), with its content being lower within more clay-rich samples
(Table S3). On the other hand, Ga is apparently more concentrated in samples with higher
contents of phyllosilicates (Figure 8, Table 4 and Table S9), because it can substitute AI** in
the octahedral layer of these minerals [73,74]. In the case of the rest of the other elements
analyzed, it is not possible to identify clear links between their content and the mineralogy.

5. Discussion

The mineralogical characterization allows observing a variation in the horizontal
direction, suggesting that the alteration process that formed the bentonites followed specific
pathways. The presence of amphiboles within the igneous rocks whose alteration gave
place to the formation of the clay minerals is cited in the literature [23,24]. Therefore, the
presence of those minerals is interpreted as an indicator of a lower degree of weathering of
the C profile in comparison with the other vertical profiles. The high content of carbonates
in different parts of the sampling grid is related to the circulation of carbonate-rich fluids
and the resulting carbonated crusts during the Paleogene-Quaternary [24], events that
happened after the weathering that gave place to the bentonite deposit. It can be concluded
that the mineral composition of the samples reflects an almost complete weathering of
the primary minerals (amphiboles, quartz, feldspars, and micas), as these are present in
relatively small proportions. Even if their content was recalculated, obviating the presence
of carbonates (deposited after the weathering event), they still represent minor quantities,
corroborating their almost complete transformation.

The TEM photographs show an apparent increase in the wavy and pointy-ended
faces towards the A profile, therefore evidencing an increase in the development of
smectites [46—49]. The TEM-AEM analyses show an increment of the Al,O3; and SiO;
(more abundant within dioctahedral smectites) content from the C profile towards the A
profile, as well as a clear decrease in Fe;O3 and TiO; (less abundant within dioctahedral
smectites and more abundant within illite and amphiboles). Additionally, the presence of
Fe,O3 TiO,, and K,O together with the particle morphology is a clear indicator that the
precursor phases of the smectites were micas. The results of the smectite crystal-chemical
characterization reveal interesting interrelated facts. The first one is that there is a pro-
gressive increase in the percentage of cv configurations of the octahedral sheet towards
sample BEN3C (Table S1). The TEM-AEM study of the samples also enables observing
a shift from beidellitic montmorillonite in the A profile to montmorillonitic beidellites in
the B and C profiles. In agreement with the interpretations from the XRD characterization
of the bulk samples (lower degree of alteration of the C vertical profile deduced from
the identification of amphiboles in XRD), it is possible to suggest that lower percentages
of tv configurations and beidellitic montmorillonites are characteristic of less weathered
samples, while higher percentages of tv configurations and montmorillonitic beidellites are
characteristic of samples which underwent a higher degree of weathering.

Major elements match the expected distribution, in accordance with the mineralogical
characterization of the samples. These data were used to calculate two chemical indices,
which are adequate for silicate-rich materials [39,40,42,44] and indicate the degree of
alteration of the samples (Table 5, Figure 10). These indices are the plagioclase index of
alteration (PIA), which considers the content in Al,O3, CaO, Na,O and K,O [41]; and the
chemical index of alteration (CIA), which considers the molecular percentages of Al,Os3,
NayO, KO and the CaO (CaO*) that is solely contained within the silicates [41,43]. The
CaO* was also used in the calculation of the PIA index to avoid the influence of carbonates.
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Both chemical indices show a positive correlation between higher values and a higher
alteration degree, with the highest values indicating higher clay mineral contents. A
correlation matrix analysis (Table S10) reveals strong positive and significant correlations
(0.896 and 0.917) with phyllosilicates and negative and significant coefficients with calcite
and amphiboles, validating their calculation.

Table 5. Plagioclase index of alteration (PIA) and chemical index of alteration (CIA) of all the samples
and granulometric fractions, along with the indices obtained through TEM-AEM.

Whole Rock <63 um <38 um <2 uym TEM-AEM
PIA CIA PIA CIA PIA CIA PIA CIA PIA CIA
BEN1A 50.68 55.80 69.69 74.79 72.16 76.25 81.81 84.14
BEN1B 33.53 40.18 53.07 60.36 56.95 62.68 72.57 73.37
BEN1C 51.81 55.59 67.61 72.63 69.83 73.87 82.40 84.69
BEN2A 49.78 52.89 54.13 61.38 69.85 73.42 84.99 86.00
BEN2B 30.80 37.44 66.81 71.61 52.23 58.13 75.09 74.16
BEN2C 35.03 34.18 51.74 55.23 57.36 59.62 60.17 62.38
BEN3A 76.09 81.27 84.27 88.20 85.09 88.46 85.02 84.47 91.90 90.41
BEN3B 25.46 33.27 31.93 42.86 33.77 42.47 76.89 78.73 86.57 84.61
BEN3C 27.89 30.79 38.92 45.51 44.75 49.05 72.56 74.11 88.73 76.77
Bulk sample <63 pum
34 34
2 2-

1
0 10 20 30 40 5 60 70 8 9 100 O 10 20 30 40 5 60 70 8 90 100

<38 um <2um
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Figure 10. Graphical plot of the PIA (red) and CIA (blue) indices of samples from Benavila.

Despite the expected decline in the PIA and the CIA values from the top to the bottom
of the vertical profile due to the field interpretation, it is possible to observe an increase
in the values of the indices from top to bottom, indicating more weathered materials at
the base of the deposit. However, there is an exception, the A profile, which shows higher
values at the top. This can be related to the fracture system running in the NNE-SSW
direction that seems to have favored the weathering [26], since it is possible that those
fluids came from the NNE and affected the A profile in a slightly different manner. A
clear link between the alteration indices and the amount of primary minerals (tectosilicates
and amphiboles) is observed. The variation along the horizontal levels shows values
that are typically higher towards the A profile, although the B and C profiles have higher
variability in their values. The circulation of the carbonated fluids, especially in the B profile,
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affects the resulting CIA and PIA indices (even after the neglection of the Ca contained
within carbonates by the use of the CaO* for their calculation), obscuring their true values
and making it challenging to determine the weathering pathways of the deposit (Table 5,
Figure 10). When calculating these indices for the finer granulometries, it is possible to
observe how the influence of the carbonated fluids is progressively less important (as
indicated by their higher values), especially at the <2 um fraction, which is essentially
formed of phyllosilicates. However, these fluids still have some influence on the calculated
indices.

To completely avoid the influence of these carbonated fluids on the calculation of
the indices and only focus on pure silicates, for which these indices were thought, the
results from the TEM-AEM point analyses of the non-homoionized samples were used
(Table 5), to avoid the additional input of Ca during the homoionization procedure. The
indices calculated this way have slightly higher values than the ones calculated using
the ICP-MS analyses of all the granulometric fractions. This is due to the presence of
non-silicate minerals (carbonates) within the samples analyzed by ICP-MS, indicating that
the corrections performed to completely neglect carbonates to calculate the indices are not
100% efficient. The resulting CIA indices are the most consistent with the previous data
(from the mineralogical and crystal-chemical characterizations), showing a higher degree
of alteration of the A profile, followed by the B profile, and ending with the C profile. It
is especially interesting considering that there is a fracture system which seems to have
favored the weathering of the samples running in NNE-SSW direction [26] and that the A
profile is located towards the NE and the C profile towards the SW, which can point to a
northern origin of the fluids that weathered the samples.

Although clay minerals can adsorb REE or even incorporate them in octahedral
positions [75], providing excellent recipients for REE-rich deposits, the richest fractions
in phyllosilicates are found to be depleted in such elements. This can be explained by
a preferential accumulation of REE in the area within coarser minerals, such as zircons,
as well as by their complexation and mobilization by the carbonate-rich fluids and their
precipitation within calcite veins [68-71]. This would explain the significant correlation
coefficients that REE have both with quartz and with calcite (Table S8). The Ce and Eu
anomalies shown in Figure 9 and detailed in Table 6 were calculated as detailed by previous
authors [76]. All the samples present negative Eu anomalies. The origin of this anomaly
is due to the dissolution of Eu-rich minerals (plagioclase) present on the parent rock by
weathering processes [77,78]. On the other hand, there are samples with positive Ce
anomalies and others with negative Ce anomalies, indicating the first ones have more
oxidizing environments than the second ones [79,80]. In Table S11, a correlation matrix
between the values of these anomalies is displayed. It is possible to observe that the Eu
anomaly is not correlated with any mineral, probably because there are no major differences
within its values. However, the Ce anomaly shows significant positive correlations with the
phyllosilicates and a highly significant negative correlation with calcite. This indicates that
the weathering that originated phyllosilicates took place in more oxidizing environments,
while the negative anomalies are probably caused by more reducing conditions during the
precipitation of calcite due to the circulation of carbonate-rich fluids. This corroborates the
important role these fluids play in the chemistry of the preexisting materials and how they
can impact the indices calculated as well as their interpretations.
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Table 6. Ce and Eu anomalies of all the samples and granulometric fractions.

Whole Rock <63 um <38 um <2 um
Ce/Ce* Eu/Eu* Ce/Ce* Eu/Eu* Ce/Ce* Euw/Eu* Ce/Ce* Eu/Eu*
BEN1A 1.01 0.81 1.11 0.74 1.19 0.82 1.13 0.79
BEN1B 1.04 0.79 1.30 0.71 1.43 0.81 2.27 0.76
BEN1C 1.24 0.78 1.60 0.81 1.59 0.83 1.87 0.74
BEN2A 0.93 0.78 0.42 0.71 1.14 0.84 1.46 0.76
BEN2B 0.31 0.72 1.07 0.78 0.40 0.71 0.77 0.68
BEN2C 1.12 0.80 1.24 0.87 1.44 0.84 2.55 0.75
BEN3A 1.05 0.81 1.14 0.80 1.14 0.88 1.05 0.75
BEN3B 0.33 0.77 0.36 0.70 0.49 0.70 1.85 0.72
BEN3C 0.93 0.77 1.04 0.81 1.18 0.88 1.80 0.70

6. Concluding Remarks

The Benavila deposit is mainly formed by dioctahedral smectites, followed by car-
bonates (Paleogene—Quaternary carbonated crusts due to the circulation of carbonate-rich
fluids) and minor amounts of tectosilicates and other phyllosilicates. The almost complete
transformation of primary minerals (as tectosilicates, amphiboles, and micas) suggests an
intense weathering of the parent rock. In addition, the presence of amphibole within the C
vertical profile is interpreted as indicative of a lower degree of alteration due to the primary
character of that mineral.

The crystal-chemical characterization reinforces the importance of performing a ho-
moionization of the samples prior to their analysis. The smectites studied are classified as
ferrian montmorillonitic beidellites and beidellitic montmorillonites. Smectites with octa-
hedral configurations with lower percentages of tv sites and classified as montmorillonitic
beidellites could also indicate a lower degree of weathering within the deposit.

The geochemical analysis of the samples indicates a preferential depletion of the more
clayey materials in HFSE, REE, and Y, among other heavy elements. In addition, it also
points towards the pathway of weathering along which the bentonite deposit originated.
However, the presence of carbonated crusts of Paleogene—Quaternary age due to the
circulation of carbonated fluids overprints the deposit in certain parts and hardens the task
of obtaining useful weathering indices.

The values of the CIA index are consistent with the aforementioned mineralogical and
crystal-chemical criteria regarding the weathering of the parent rocks that originated the
Benavila deposit. This study reveals the alteration pathways of the Benavila deposit (NE-
SW direction, with the most weathered materials towards the NE) as well as the smectite
variability within it. The variations of smectite mainly originate from lower degrees of
weathering and the circulation of carbonated fluids that changed the already weathered
bentonitic deposit, possibly affecting the properties of the bentonite.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min15080836/s1, Table S1: Peak centers and percentages of the
areas of the deconvoluted peaks at the DTG between 300 and 800 °C; Table S2: Weight percentage
(wt %) of major elements; Table S3: Trace element content (ng/g); Table S4: Correlation matrix of
mineralogy and major elements; Table S5: Correlation matrix of mineralogy and HFSE; Table S6:
Correlation matrix of mineralogy and TTE; Table S7: Correlation matrix of mineralogy and LILE;
Table S8: Correlation matrix of mineralogy and REE; Table S9: Correlation matrix of mineralogy and
other trace elements analyzed; Table S10: Correlation matrix of mineralogy and the CIA and PIA
indices; Table S11: Correlation matrix of mineralogy and the Ce and Eu anomalies.
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Abstract: In this study the influence of the geological formation environment on the physic-
ochemical properties of two natural sepiolites, as collected, was investigated. The samples
analyzed were a lacustrine-derived sample from Tolsa, Spain (ST), and a hydrothermal-
derived sample from La Adela, Argentine (SA). Comprehensive characterization was
carried out using chemical analysis (XRF), X-ray diffraction (XRD), thermogravimetric anal-
ysis (TGA), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), and evaluations of hydrophobicity /hydrophilicity behavior. The results indicate
that the ST sample exhibits a higher SiO, /MgO ratio and contains amorphous silica impu-
rities, while the SA sample shows a composition more closely aligned with the theoretical
stoichiometry of sepiolite. Furthermore, the SA sample demonstrates greater crystallinity
compared to the ST sample. Morphological analysis revealed that ST consists of com-
pact, aggregated fibrous structures, while SA is composed of disaggregated, needle-like
fibers with high aspect ratios and nanometric diameters. Both samples display predomi-
nantly hydrophilic behavior; however, only the SA sample exhibits suspended particles at
the interface, suggesting a slightly higher hydrophobic character than ST sample. These
findings highlight the significant impact of the geological formation environment on the
structural and surface characteristics of sepiolite, which, in turn, influence its performance
in applications involving dispersion, adsorption, and interfacial interactions.

Keywords: sepiolite; origin; crystallinity; hydrophobicity /hydrophilicity behavior;
chemistry; morphology

1. Introduction

Sepiolite is a natural occurring mineral, belonging to the palygorskite /sepiolite polyso-
matic series, which can originate in a wide variety of geological environments. It is a
magnesium phyllosilicate with the chemical formula Mg4SigO15(OH), (H20),-4H,O. In
the sepiolite crystal lattice, the octahedral (O) sheet is divided into ribbons that extend
along the z-axis, positioned between two continuous, undulating tetrahedral (T) layers.
This arrangement arises from a periodic reversal in the orientation of the apical oxygen
atoms. These TOT ribbons are alternately connected in a chessboard-like pattern, creating
parallel nanochannels with an effective maximum width of approximately 10.6 A, which
run along the c-axis and are typically occupied by weakly held zeolitic water molecules [1].
At the ribbon edges, tightly bound structural water (H,O) completes the coordination
sphere of the octahedral magnesium atoms. These channels and the external surface of
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the fibers can accommodate small molecules or exchangeable cations, making sepiolite not
only industrially valuable but also geochemically informative. Sepiolite typically exhibits
a needle-like morphology, often forming porous aggregates and fibrous sheets. Due to
its unique structural and physicochemical properties, sepiolite plays a significant role in
various geological, environmental, and industrial contexts [1-3].

Besides its physical and chemical characteristics, sepiolite has increasingly been rec-
ognized as a valuable indicator of paleoenvironmental conditions. Its formation is highly
sensitive to specific geological and climatic settings. Typically, sepiolite forms in lacustrine
to palustrine environments, under semi-arid to arid climatic regimes, frequently associated
with high evaporation rates [4-10]. Moreover, sepiolite may also form through hydrother-
mal alteration of rocks and minerals, particularly in volcanic or metamorphic settings. Its
formation requirements include a fluid with moderately to highly alkaline pH, sufficient
concentrations of magnesium and silica, and minimal aluminum [11]. Giustetto et al. [1]
analyzed a sepiolite from Sassello (Ligurian Apennines, Italy) which precipitated from
hydrothermal fluids saturated in Mg and silica by the interaction with the host serpen-
tinites. The authors studied its crystal-chemistry and structure, revealing, among other
findings, that the fibers are extremely long and flexible, with a length/width aspect ratio
significantly greater than 3. Despite this, there are relatively few studies exploring how
geological origin impacts sepiolite’s physicochemical behavior. The environmental context,
whether lacustrine or hydrothermal, can influence parameters such as crystallinity, surface
area, trace element distribution, and adsorption capacity. A comprehensive understanding
of these contrasts is essential not only for reconstructing the mineral’s geological history
but also for optimizing its industrial utility.

The objective of this study is to examine how the formation environment of sepiolite
influences its physicochemical characteristics. For this purpose, two distinct samples
were selected for the analysis: one from a lacustrine setting in the Tajo Basin (Madrid,
Spain), and another of hydrothermal origin from the Colorado Basin (province of Rio
Negro, Argentina). Comprehensive characterization of their physicochemical properties
was performed, using X-ray diffraction (XRD) for crystal structure, X-ray fluorescence
(XRF) for chemical analysis, Fourier-transform infrared spectroscopy (FTIR) to identify
functional groups, and thermogravimetric analysis (TGA) for evaluating their thermal
behavior. Morphological features were assessed through scanning electron microscopy
(SEM). Additionally, the hydrophobic/hydrophilic behavior of sepiolite samples was
qualitatively assessed.

2. Geological Setting
2.1. Tolsa Quarry

The Madrid Basin (Spain) is mainly composed of granitic, metamorphic and sedimen-
tary rocks. During the early and middle Miocene, it was an endorheic sedimentary basin,
characterized by central lacustrine and palustrine systems, fringed by alluvial fans and
fluvial distributary facies [12]. Figure 1a shows the location of the basin in the center of the
Iberian Peninsula, covering an area of more than 10,000 km?Z.

The basin’s stratigraphy is typically divided into three units: lower, intermediate, and
upper [13]. The intermediate unit, dated to the Middle Aragonian-Upper Vallesian, is
approximately 60 m thick and is composed of two distinct subunits with different litholo-
gies and depositional environments: the lower, or detrital subunit, primarily consisting
of detrital gypsum, and an upper, dolomitic subunit. The facies assemblage within this
unit reflects a moderately saline, very shallow lacustrine system with fluctuating water
level. Sepiolite deposits are located in marginal lacustrine zones within this unit and at
the top of the underlying detrital unit [14]. The mineral occurs in two main stratigraphic
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levels within these detrital units, interbedded with fine arkosic sands and silts derived
from alluvial fans. These deposits may also contain palygorskite and traces of quartz or
amorphous silica. Although this sepiolite is acicular and generally poorly crystallized, its
fibrous habit is distinctive. Fiber length is typically less than 2 mm, rarely exceeding 5 mm.
Fibers are arranged parallel to bedding within fine-grained sediments. Under optical
microscopy in thin sections, sepiolite appears colorless to slightly whitish, fibrous, and
acicular, with low birefringence, straight extinction, and positive elongation, comparable
to descriptions in other lacustrine-evaporitic deposits [14]. From a genetic perspective,
the mineralization is interpreted as resulting from chemical precipitation under evaporitic
and alkaline conditions within shallow lacustrine settings. The progressive concentration
of Mg- and Si-rich waters, coupled with fluctuations in pH and salinity, favored the for-
mation of fibrous Mg-silicates such as sepiolite and palygorskite [11]. These processes
were enhanced by the endorheic character of the basin, where limited outflow promoted
silica supersaturation and episodic precipitation. The studied deposit occurrence reflects a
sedimentary-evaporitic origin, controlled by lacustrine geochemistry and periodic desicca-
tion events. Since 1963, this sepiolite has been extracted in the southeastern area of Madrid
municipality, specifically in Vicdlvaro. Initially, mining was carried out underground, but
since 1970 it has been conducted by open-pit methods [15]. Figure 1b shows the location of
the mine.

Madrid Basin

Vicalvaro area
Tolsa S.A

| [P margin
[ Terrigenous (alluvial fan)

[ | Paleogene (carbonates and terrigenous)
I Lacustristrine area during Aragonian
I Vesozoic (mainly carbonates)

|:| Shales, quartzites and metavulcanites
I Shales and metagreywakes

- Shales, marbles, quartzites and gneisses|
[ ranitic rocks

|03 42"

Figure 1. (a) Location, and (b) geological map of the Madrid Basin (modified from [16]).
2.2. La Adela Quarry

The La Adela quarry is located within the Santa Euriciana Ranch, approximately
75 km southwest of the town of San Antonio Oeste, in the province of Rio Negro, Argentina
(Figure 2a) [17]. The area features around eight small elevations composed mainly of
dolomite beds with strike directions ranging from E-W to N 80° W, and dips varying
between 45° and 65° to the north. The quarry (currently inactive) was developed on one
of these outcrops. It measures approximately 600 m in length and between 70 and 90 m
in width, with an estimated thickness of 50 m; the base does not outcrop. It is hosted in
pre-Silurian micaceous schists belonging to the Valcheta Group [18]. The country rock
consists of a massive, compact dolomite, bluish-white to gray in color, slightly reddish due
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to the presence of iron oxides. It exhibits a granoblastic texture with medium to coarse
grain size, with dolomite crystals reaching up to 0.5 cm [19]. These authors also identified
tremolite-actinolite, phlogopite, talc, montmorillonite, and iron oxides. The exploited
material is dolomite, containing low amounts of silica and clay minerals as impurities. It
was mainly used in the metallurgical processing of iron ore from a nearby Sierra Grande
mine. The quarry shows intense jointing, with three predominant directions, variably
mineralized. The eastern sector of the quarry is highly dislocated and contains the highest
concentration of alteration minerals, the most significant being sepiolite (Figure 2b).
Sepiolite occurs within joints, where it fills the fractures without replacing the host
rock, exhibiting exceptional crystal development. Fibers exceed 10 cm in length and occur
in bundles up to 1 cm thick. The mineral is white, soft, flexible, and has a waxy luster. It is
arranged parallel to the fractures it fills, forming high-purity monomineralic veins, with
minor dolomite impurities. Under optical microscopy in thin section, sepiolite appears
colorless, fibrous, and acicular, with refractive indices n = 1.512 and n = 1.5222, birefringence
of 0.01, straight extinction, and positive elongation. The mineralization was developed
along pre-existing fractures and bedding planes in the dolomite, which acted as both
structural and lithological controls. The process occurred under hydrothermal conditions,
beginning with the precipitation of talc and phlogopite under acidic conditions at ~300 °C.
As the pH approached neutrality, illite formed, followed by the crystallization of sepiolite
under alkaline conditions, resulting from the alteration of dolomite in the presence of alkali
elements. This alteration process is related to Miocene-Pliocene volcanism, to which similar
mineralizations in the northern Somuncura Plateau have been attributed [20,21].

65°21°27"
La Pampa

5
o
5
=
g
£
=1
3
s
ko
=

Q" LaAdela —>#%
__"j1 36'41 Sierra Grande

Figure 2. (a) Location map of the La Adela quarry within the province of Rio Negro (Argentina)
(modified from [17]). (b) Photograph showing bundles of highly crystalline sepiolite fibers growing
within dolomitic host rock.

3. Materials and Methods

Two natural sepiolite samples were analyzed in this study, both previously milled to
a uniform fineness of 400 mesh (37 um). A representative portion of each sepiolite was
then selected for analysis following a quartering procedure performed on the ground bulk
material. This method ensured the homogeneity and representativeness of the sample
used for subsequent physicochemical and mineralogical characterizations. The samples
are referred to as ST (from the Tolsa quarry, Madrid, Spain, supplied by Tolsa S.A.) and SA
(from La Adela quarry, province of Rio Negro, Argentina). These samples were analyzed
according to chemical, mineralogical, and physical characterization.

Chemical composition was determined by XRF using a PANalytical PW 4400/40 Axios
with CrKa radiation (Malvern Panalytical, Almelo, The Netherlands). Mineralogical analy-
sis was conducted by XRD, using a Rigaku D Max III-C X-ray diffractometer (Rigaku, Tokyo,
Japan) operating at 35 kV and 15 mA, with CuK« radiation (wavelength of 0.154060 nm),
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and a graphite monochromator in the secondary diffracted beam was used to eliminate
CuKp radiation. Diffractograms were recorder over a 26 ranges of 3—60° 26, in 0.04° 20
increments with a counting time of 1 s per increment. Samples were mounted on dimpled
glasses and pressed with a flat glass plate to obtain a uniform surface. Phase identification
was performed using JADE software version 8 (Materials Data Inc., Livermore, CA, USA),
with intensities expressed in counts per second (CPS). Raw, unsmoothed diffractograms
were used for all measurements. FTIR analysis was carried out using a Nicolet 520 FT-IR
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a DTGS
detector. A 2 mg sample was mixed with KBr at 1:49 ratio (sepiolite/KBr) and pressed un-
der 120 MPa until a disk was obtained. Spectra were recorder from 4000 cm ™~ to 400 cm ™!,
using 32 scans at resolution of 4 cm~! under a nitrogen atmosphere. Thermal behavior was
evaluated by thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG)
using a thermogravimetric analyzer (TGA 5500, Discovery Series, TA Instruments, New
Castle, DE, USA). In total, 25 mg of sample was placed in a ceramic crucible and heated
at 10 °C/min up to 800 °C under a nitrogen atmosphere (25 mL/min). Morphological
characterization was performed using a SEM (LEO EVO 40 XVP, Carl Zeiss AG, Cambridge,
UK) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector (Oxford X-
Max 50, Oxford, Oxford, UK), operating at an accelerating voltage of 15 kV and under
a vacuum of 2.1 x 107> Torr. The optimum working distance for sepiolite morphology
observation was 7 mm. Samples were prepared by gently dispersing the particles with
the aid of a dry air stream onto a double-sided aluminum adhesive tape mounted on
bronze stubs. Then, they were coated with a 30 A gold layer argon plasma PELCO 91000
coater (Ted Pella, Redding, CA, USA), in order to ensure conductivity. Particle length and
width were determined by analyzing hundreds of particles by using AnalySIS2.1 software
(Soft Imaging System GmbH, Miinster, Germany) on high-resolution SEM micrographs.
The hydrophobic/hydrophilic behavior of the samples was qualitatively evaluated by
dispersing 1 g of each sample in a biphasic system composed of octane and distilled water.
The settling behavior was visually assessed after 1 h, and photographic documentation
was recorded. To complement this test, UV-Vis spectroscopy was performed to verify the
presence of particles at the interface. The experiment was replicated in a quartz cuvette
with identical proportions of components. A specific window was created in the cuvette to
allow UV-Vis light to pass through the interfacial region. Spectra were acquired using a
Shimadzu UV-160 spectrophotometer (Shimadzu Corporation, Kyoto, Japan), in the range
of 200 nm-600 nm, with a spectral resolution of 1 nm.

4. Results and Discussion

The influence of the formation environment on the physicochemical characteristics of
the sepiolite samples investigated in this study was assessed through integral comprehen-
sive chemical, mineralogical, and physical characterization.

Table 1 shows the chemical composition of the two samples (ST and SA), along with the
theoretical values derived from the ideal formula for sepiolite (S) Mg4SicO15(H20),04H,O [22].
The Si0, /MgO ratio is 2.65 for ST and 2.21 for SA, the latter being very close to the theoretical
value of 2.23. The high ratio observed in the ST sample is attributed to the higher silica
content, which is consistent with a lower loss on ignition (LOI), likely due to the presence
amorphous silica as an impurity. The calcium oxide content in both samples is associated with
the presence of calcite (CaCOs3) or dolomite (CaMg(COs);) as accessory minerals. According
to [23], the Mg/(Mg + Al) atomic ratio must exceed 0.6 for a mineral to be classified as
sepiolite. The calculated values for this ratio are 0.96 for ST and 0.93 for SA, confirming their
classification as sepiolite.
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Table 1. Chemical composition of analyzed samples from Tolsa (ST) and La Adela (SA) compared
with ideal sepiolite (S).

Samples Si02 (o/o) A1203 (o/o) FEZO3 (O/o) MgO (0/0) CaO (%) NaZO (o/o) Kzo (OA)) LOI (O/o)

ST 63.10 1.08 0.27 23.80 0.49 0.09 0.21 10.96
SA 53.15 1.83 1.31 24.08 0.90 0.10 0.08 18.54
S 56.26 . - 25.27 - - - 18.57

Figure 3 shows the XRD patterns of the analyzed samples. The principal reflections
corresponding to sepiolite were identified in both diffractograms according to the ICDD
26-1226 reference card [24]. Although the overall diffractograms are comparable, several
differences exist between the ST and SA samples, attributable not only to the presence
of impurities but also to variations in their degree of crystallinity. In the ST sample, the
elevation of the background, between 20° and 30° 26, suggests the presence of amorphous
material, likely corresponding to amorphous silica, as previously reported in the litera-
ture [14]. This interpretation is consistent with the elevated SiO, content and the lower LOI
observed in the chemical analysis. In contrast, the SA sample exhibits reflections associated
with dolomite impurities, the most intense being located at 0.289 nm. The crystallinity of
each sepiolite sample can be inferred from the presence, shape, and intensity of specific
reflections as well as the full width at half maximum (FWHM) parameter, measured in
degrees 20, which reflects the mineral crystallinity [25]. The diffraction peaks in the ST
sample are broader and less defined, whereas those in the SA sample are sharper and
more intense, indicating a higher degree of crystallinity and a more ordered structural
arrangement. These differences are particularly noticeable in the reflections corresponding
to the d-spacings of 0.374 nm, 0.334 nm, 0.318 nm, 0.261 nm, and 0.256 nm, although
additional variations are also observed. Quantitatively, FWHM values for the SA sample
range from 0.095° 20 to 0.331° 20, while those for the ST sample range from 0.422° 20
to 1.065° 20. The broader peaks and higher FWHM values in the ST sample confirm its
relatively lower crystallinity.
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Figure 3. X-ray diffractograms of ST and SA samples. D: dolomite.

Figure 4 presents the thermogravimetric curves of the two sepiolite samples. Both
exhibit broadly similar slopes, suggesting a comparable thermal behavior. At ~100 °C, the
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Mass (%)

100

hydration water is released, with mass loss values of 7.5% and 5.0% for the ST and SA
samples, respectively. The total mass loss values are consistent with those obtained from
the chemical composition analysis. The lower total mass loss observed in the ST sample
is likely due to the presence of impurities identified (amorphous silica). The mass loss
observed at approximately 700 °C corresponds to two overlapping thermal decomposition
processes. On one hand, water molecules coordinated to Mg?* cations in octahedral sites
within the sepiolite structure are released at this temperature [26,27]. On the other hand,
this event coincides with the decomposition of dolomite, which occurs within the same
temperature range [28,29]. The DTG curves (Figure 4b) provide further insight into the
thermal events underlying the overall mass loss. Both samples exhibit an initial peak
around 40-45 °C, associated with the release of physically adsorbed water. The slightly
higher intensity in the ST sample could indicate a higher affinity for surface water. A second
thermal event is observed at 245-248 °C, corresponding to the loss of loosely bound water
within the sepiolite channels. The similarity in temperature between both samples indicates
comparable structural features, although the peak intensity in ST is higher, suggesting a
greater amount of intracanalicular water. At higher temperatures, a distinct peak at 528 °C
is evident in the ST sample, indicating the dehydroxylation of structural hydroxyl groups.
In SA, this event is greatly attenuated or absent, which could indicate a lower proportion
of structural hydroxyl groups and/or a higher crystallinity. Only the SA sample presents a
clear signal at 683 °C, which may be attributed to the decomposition of dolomite impurities,
as indicated by the thermogravimetrical analysis [28,29].
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Figure 4. (a) Mass loss curve, and (b) first derivative of the mass loss curve of ST and SA samples

from TGA.

Figure 5 presents the FTIR spectra of both sepiolite samples. Most absorption bands
in both SA and ST, identified with stripped lines, correspond to characteristic sepiolite
vibration. The band at 3689 cm ! is assigned to the stretching vibrations of MgOH. The
band observed at 3566 cm ! corresponds to the OH stretching vibrations of bound water,
while the band at 3621 cm ! is associated with zeolitic water. The OH bending vibration
corresponding to the bound water can be observed at 1657 cm~!. The SiOSi bands at
1209 cm~! and 1016 cm ! are due to SiO vibrations. A minor band at 785 cm ™! is assigned
to the OH bending vibration of MgFeOH. The bands observed at 690 cm~! and 646 cm ™!
correspond to the bending vibration of MgOH. The band at 470 cm ™! is attributable to the
SiOSi bending vibration and 442 cm ! arising from the SiOMg of the octahedral-tetrahedral
linkage [30-37]. In the SA sample, additional bands at 1437 cm !, 877 cm~! and 728 cm ™!
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were detected, indicating the presence of carbonate impurities [38-40], consistent with TGA
and XRD results.

Transmittance (a.u.)

— T T T T T T T —T = T — T
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Figure 5. FTIR spectra of ST and SA samples. Ref: D: dolomite.

The fibrous morphology of the ST and SA milled samples is revealed in the SEM
micrographs shown in Figure 6. The sample ST exhibits densely aggregated fibrous struc-
tures, forming entangled mats and compact bundles with a homogeneous appearance
(Figure 6a). This aggregation is likely promoted by hydrogen bonding between surface
SiOH groups and a small amount of adsorbed water, which facilitates network forma-
tion [41]. The ST fibers appear oriented in planar arrangements, consistent with their
sedimentary depositional origin. Despite the fact that the fibers are mostly densely and
compactly aggregated, it was possible to determine the length and width of loose fibers
among these fiber aggregates (e.g., circles in Figure 6a). The length and width values are
1.51 £ 0.47 pm and 0.12 £ 0.04 um, respectively, resulting in a length-to-width ratio of
13 £ 5. However, a more representative size of ST sample is the average length of the
aggregated fibers (4.5 um). These aggregates were not included in the individual fiber
statistical analysis. From a textural perspective, no discernible porosity is evident in the
ST, at the used observation conditions, as the fibers form a compact and planar structure.
This reduced porosity may be attributed to the presence of amorphous silica impurities,
identified in previous analyses, which could fill voids between fibers or promote a denser
packing, thereby modifying the material’s overall texture and fiber arrangement. In con-
trast, the SA sample (Figure 6b) displays elongated needle-like and rod-shaped particles,
along with short disaggregated fibers dispersed throughout the field of view. Individual
long fibers, exceeding 5 microns in length with notable flexibility, are clearly visible (see
arrows in Figure 6b). Statistical analysis of measurable loose fibers revealed a bimodal
particle distribution, associated with two distinct size populations. One of them consists of
short fibers (~70%) with length and width values of 1.16 £ 0.39 um, and 0.10 &= 0.02 pm,
respectively, resulting in a length-to-width ratio of 11.22. Meanwhile, ~30% is composed
of long and flexible fibers, with a length of 7.08 & 2.83 um and a width of 0.18 £ 0.07 um,
yielding a length-to-width ratio of 44. Taking into account the relative abundance of each
population, the weighted mean fiber length for the SA sample is 2.94 um. The nanometric
thicknesses and high aspect ratio of these needle-like crystals are characteristic of the
anisotropic crystal growth of the SA sample. Importantly, the overall mean fiber length
for SA, weighted by the relative abundance of the two size populations is ~3 um, which
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remains on the same order of magnitude as the average length of the aggregated fibers in
ST (4.5 um).

®)

Figure 6. SEM micrographs (20,000 x ) of (a) ST sample, showing densely aggregated fibrous structures
with a few loose fibers (enclosed in circles), and (b) SA sample displaying short disaggregated fibers
and individual long fibers (indicated by arrows).

Although both samples exhibit a similar degree of fineness, the fibers display different
dispersion/aggregation behavior, likely associated with their origin. These morphological
features have been explored in various studies using different defibrillation methods,
without affecting sepiolite length and flexibility [42]. Moreover, the potential to obtain
tridimensional (3D) networks and bidimensional (2D) layered structures from hydrogels
containing high-aspect-ratio sepiolite nanofibers has been demonstrated [43]. In addition,
Giustetto et al. also analyzed hydrothermal-origin sepiolite, similar to SA, finding extremely
long (up to several centimeters) and flexible fibers, composed of bundles of thinner fibrils [1].
These previous works revealed the influence of geological formation environment on
sepiolite, highlighting that sepiolite crystallized from hydrothermal solution presents large
size of the fibers and high degree of crystallinity.

To further investigate potential differences in surface properties, a simple hydropho-
bic/hydrophilic test was conducted on both sepiolite samples, ground under identical
conditions. Figure 7 shows photographs of octane-water systems one hour after the ad-
dition of the samples. Upon introduction, particles predominantly settled, indicating a
primarily hydrophilic nature. This is consistent with the expected behavior of sepiolite,
which is inherently hydrophilic due to its composition as a hydrated magnesium silicate
and its high surface area, rich in silanol groups (5iOH). Nevertheless, distinct interfacial
behaviors were observed since the system containing ST samples exhibits an interface sharp
and clear, whereas for SA, a cloudy interfacial region appeared. Under higher magnifica-
tion, small air bubbles and fine particles were observed suspended at the interface for the
system containing the SA sample.

To confirm the presence and nature of particles at the interface, the hydropho-
bic/hydrophilic test was replicated directly in a UV-Vis cuvette, limiting UV-Vis exposure
to the interfacial region. Figure 8 displays the resulting UV-Vis spectra obtained for each
sample. The ST sample shows no significant absorption consistent with visual observations
of a clear interface. In contrast, the SA sample exhibits a characteristic absorption band
between approximately 242 nm and 262 nm [44], delimited with stripped lines; confirm-
ing the presence of sepiolite at the interface. This interfacial behavior is likely related to
morphological and textural differences: the SA sample comprises smaller, disaggregated
particles with a higher specific surface area compared to ST. As a fibrous mineral, sepiolite
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has greater lateral surface area than basal surface area. Furthermore, the chemical com-
position of these surfaces depends on particle size and exposed surface orientation [45],
with the lateral surface being more hydrophilic than the basal surface. Consequently,
the hydrophilic nature of the particles varies according to their size, with very small SA
particles exhibiting lower hydrophilicity than ST particles.

Figure 7. Photographs of hydrophilicity /hydrophobicity test for: (a) ST and (b) SA.
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Figure 8. UV-vis spectra at the water-octane interfaces of the systems containing ST and SA particles.

5. Industrial and Environmental Applications

Sepiolite from Tolsa has been commercially distributed worldwide since 1957. Its ap-
plications are diverse, ranging from functional additives (biocidal, fungicidal, algicidal, and
virucidal agents, synergistic agents for flame retardants, photocatalytic decontamination
materials, and self-cleaning additives) to industrial solutions including paints and coatings,
bitumen and asphalt formulations, drilling muds, construction material additives, foundry
aids, and paper industry inputs. Additionally, it is used in environmental applications such
as absorbents, bleaching earths, filtration, purification, and clarification. In the life sciences
sector, this sepiolite is also employed in animal feed and agricultural additives, while in
the pet care sector, it is widely used in cat litter and other hygiene products [46].
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Regarding the SA sample, characterized by its disaggregated fibers, higher aspect
ratio, and greater crystallinity than ST, it exhibits properties that could be advantageous for
adsorption and interfacial processes. Its enhanced surface accessibility and higher specific
surface area make it particularly suitable for wastewater treatment applications, such as
the removal of heavy metals or organic contaminants. It is important to mention that the
high-aspect sepiolite fibers of the SA sample allow obtaining 3D networks and 2D layered
nanostructures [43]. These sepiolite-based nanoarchitectures show promising potential
for the development of inorganic membranes with pore size and pore size distribution
appropriated for ultrafiltration process. Moreover, the incipient hydrophobicity observed
in the interfacial tests suggests possible applications in emulsion stabilization, or as a carrier
for active agents in catalytic or controlled-release systems. The SA sample’s well-defined
structure and surface reactivity also support its potential use as a catalyst support or matrix
for functional nanocomposites. These application pathways highlight the importance of
geological origin in tailoring sepiolite for specific technological uses, expanding its utility
beyond traditional sectors.

6. Conclusions

The geological origin of the sepiolite samples, lacustrine-derived (ST) and hydrothermal-
derived (SA), has an impact on their physicochemical properties. Comparative analysis
reveals differences in chemical composition, crystallinity, thermal behavior, morphology,
and hydrophobic/hydrophilic behavior. The ST sample exhibited elevated SiO, content,
likely due to amorphous silica impurities, consistent with its lower crystallinity, and higher
structural defects. In contrast, the SA sample presented a chemical composition aligned with
ideal sepiolite stoichiometry, accompanied by sharper XRD reflections and lower FWHM
values, indicating a greater structural order than ST. SEM observations further underscore
these contrasts. ST displays dense, aggregated fiber bundles forming planar textures, as-
sociated with the sedimentary depositional origin. SA, by contrast, reveals disaggregated
needle-like fibers with high aspect ratios and nanometric thickness, characteristics indicative
of anisotropic hydrothermal crystal growth. Hydrophilicity /hydrophobicity tests for both
samples confirm their predominantly hydrophilic nature; however, SA exhibits additional
interfacial behavior since fine particles suspended at the octane-water boundary, suggesting
relatively less hydrophilicity or incipient hydrophobicity. This is attributable to the high spe-
cific surface area and surface orientation effects in the SA sample, which enhance interfacial
activity. Thus, the sepiolite formation environment critically defines the mineral’s structural,
morphological, and surface characteristics, directly influencing its interaction with fluids, ad-
sorption capacities, and dispersion behavior, essential for both geological interpretation and
industrial utility. These characteristics confer a wide range of applications on sepiolite. ST is
mainly used as an adsorbent, especially for wastewater treatment, whereas SA enables the
formation of 3D networks that could be applied in the fabrication of inorganic membranes.
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Abstract

Infrared spectroscopic analysis of palygorskite clay from the Dashkovskoye and Bor-
shchevskoye deposits yielded key insights into the sedimentation conditions prevailing
in the study area. In this paper, the composition, structure, and adsorption properties
of smectite—palygorskite clays from the Steshevian sub-stage of the Lower Carbonifer-
ous (Russia) are investigated. The study applied X-ray diffraction, infrared spectroscopy,
scanning electron microscopy, assessment of cation exchange capacity by adsorption of
[Cu(trien)?*], assessment of Cs sorption, and particle size analysis. It is demonstrated
that the Al-palygorskite of the Dashkovskoye deposit was formed by sedimentation from
suspended matter in a shallow-water basin in the Steshevian sub-age, despite a different
genesis (chemogenic in the case of the palygorskites, clastic/redeposited in the case of the
smectites). The palygorskites of the Borschovskoye deposit have a complex terrigenous
genesis and were formed from redeposited chemogenic Al-palygorskites transported into
the basin from the surrounding region of the Dashkovskoye deposit. With increasing depth
of the basin in the Steshevian sub-age, the volume of incoming palygorskite material de-
creases, and the proportion of smectite material increases. The Fe-palygorskites entered the
Borschovskoye deposit due to the redeposition of sediments from soils upstream of water
flows. All the studied clays have considerable adsorption properties (32-49 mg-eq/100 g)
and can be used in various industries.

Keywords: bentonite; cation exchange capacity; genesis; microstructure; paleoreconstruction;
palygorskite; smectite; surface area

1. Introduction

Smectite and palygorskite clays of the Moscow and Kaluga regions have been studied
since the 1960s because they have high sorption capacity, colloidal properties, and good
heat resistance. As is typical in geological research, particular attention was paid to the
stratigraphic correlation and interpretation of the paleogeographic features of the Moscow
syneclise [1-6]. The mineral composition was also considered in the works mentioned
above. In particular, the study [6] employed an integrated approach with consideration of
the mineralogical and technological characteristics of smectite and palygorskite clays. How-
ever, despite a detailed examination of the occurrences of the smectite and palygorskite
outcrops, some aspects of the structure of these clay minerals were not covered in these
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studies. The current state of research equipment enables a fresh examination of the compo-
sition and structure of these clays, offering new insights into the genesis of the palygorskite
and smectite clay deposits.

Smectite belongs to layered silicates. An elementary 2:1 layer of smectites consists
of two tetrahedral sheets and an octahedral sheet enclosed between them (Figure 1a).
A negative charge of the layer comes from isomorphic substitutions of cations in the
octahedral sheet and, to a lesser extent, in the tetrahedral sheets. This negative charge
is then neutralized by exchangeable interlayer cations (Na*, Ca?*, Mg?*, etc.), usually
in a hydrated form [7-9]. Smectite is formed in various geological settings. It is most
frequently the product of exogenous processes, such as the weathering of acidic eruptive
rocks (predominantly volcanic ash) in an alkaline environment, as well as in various marine
and continental conditions, in soils on various parent materials, etc. [10-12].

CaNa
AlMgF¢
Osial

[e]

(@) (b)

Figure 1. Schematic presentation of the structure of smectite (a) and palygorskite (b). The dotted line
defines the boundaries of the unit cell.

Palygorskite is a clay mineral with a ribbon-like and fibrous structure [13-15]. The
basis of its structure consists of double silicon-oxygen tetrahedron chains, which are turned
toward each other by their vertices (Figure 1b). These silicon-oxygen chains are connected
into ribbons by means of the cations AR, Mg2+, Fe3*, and Fe?*, which have octahedral
coordination [16-20]. This structural configuration of palygorskite results in the formation
of channels. These channels have a cross-section of 3.7 x 6.4 A and are typically filled with
water molecules [13]. Palygorskite has a predominantly authigenic origin. Its formation
typically occurs in closed basins enriched with Si, Al, and Mg [21,22].

The detailed composition and structure of palygorskite clays of the Moscow and
Kaluga regions are less studied than those of smectitic clays and therefore deserve priority
attention in this work. Authigenic palygorskite is far more common in geological forma-
tions than allothigenic palygorskite, which is rarely preserved. Therefore, the study of
the peculiarities of the clay’s composition and structure makes it possible to identify the
features of the formation of the studied deposits.

The main method for studying the crystal structure of clay minerals is usually X-
ray diffraction. However, methods of infrared spectroscopy have emerged over the last
few years. This makes it possible to obtain new data on isomorphic substitutions in
the structure of palygorskites. The studies [23-26] provide extensive summary material,
including data on palygorskites of various chemical compositions and geneses. They
also introduce a new methodological approach proposed at the Theoretical and Physical
Chemistry Institute (National Hellenic Research Foundation, Greece). This method makes
it possible to determine the chemical composition of the octahedral sheets in the presence
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of possible mineral impurities (smectite and hydroxides of Al, Mg, and Fe). Such impurities
can be used to clarify the genesis of palygorskite clays.

Smectite and palygorskite clays are known for their high adsorption properties. This
leads to their widespread use as sorbents and isolation materials for highly toxic (including
radioactive) wastes [27-36]. Although smectite—palygorskite mixed clays are of limited use,
the central location of their deposits in the Moscow and Kaluga regions makes their use
promising for a number of regional industries.

The main aim of the present study is to ascertain the genesis of the clays of the
Steshevian sub-stage based on a detailed study of their mineral structure, as well as to
evaluate their adsorption properties for industrial applications.

2. Geological Position of the Considered Deposits

The studied smectite—palygorskite mixed clays of the Russian Platform (Moscow and
Kaluga regions), which belong to the Steshevian sub-stage of the Serpukhovian stage of
the Lower Carboniferous, are overlain with nonconformity by argillaceous sandstones and
dolomites of the Protvian and Zapaltyubian sub-stages of the Serpukhovian stage.

The Serpukhovian is developed on the East European Platform and belongs to the
“Russian” stages of the international stratigraphic scale. The bed boundary of this stage
and its paleogeographic interpretation are still not fully elucidated. The stratigraphic
relationships of the known sections of the Serpukhovian stage and the problems associated
with the correlation of their boundaries are described in detail [5]. The identification of
the sedimentation features in the Steshevian sub-stage is important for the purpose of
clarifying environmental processes. This importance stems from [37], who identified this
period as marking a transition to high-amplitude, glacioeustatic sea-level fluctuations.
Through a comparative analysis of the lithological and mineral composition, as well as the
fossil record from the three most complete sections of the Serpukhovian stage of the East
European Platform, the detailed work [5] makes important conclusions about the existence
of a relatively shallow water basin with strong terrigenous migration. This migration is
characterized by flowing rather than stagnant hydrodynamic regimes. In contrast, other
earlier works reported the predominance of lagoonal conditions [38].

The Steshevian sub-stage is a stratum of clays with smectite predominant in the lower
part, which is chocolate to dark gray and black in color. In the upper part, there is a
relatively high content of palygorskite. The clay stratum has a light red to grayish yellow
color with interlayers of dolomites. Generally, in the middle part of the section, there
are variegated clays of mixed composition with interlayers of dolomites and limestones
varying from several millimeters up to half a meter thick. The clays occur subhorizontally.
The thickness of the layers varies from 2 to 4 m, reaching a total of 15 m. The boundaries
with the overlying and underlying rocks are quite clearly traced by the change in the
mineral and grain size composition. The features of changes in the mineral composition
between the Dashkovskoye deposit in the Moscow region and the Borschovskoye deposit
in the Kaluga region can be considered in more detail (Figure 2a). These deposits are in
sufficient proximity to each other (approximately 100 km apart) to allow this comparison.

The Dashkovskoye deposit was exploited from the early 1970s for the extraction of
smectite and palygorskite raw material. The quarry is now closed, and its operation has
ceased. The bulk of the products made from the clay material were bentonite raw material
for the production of drilling mud, as well as iron ore pellets.

The study of the Borschovskoye deposit also started in 1970. At that time, its explored
reserves were estimated at seven million tons. Geological exploration carried out by the
Lafarge Company in 2007 showed that the deposit’s reserves exceed ten million tons [6].
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Figure 2. Location of the studied deposits of smectite-palygorskite clays (a) and the lithological
section of the Steshevian sub-stage of the Lower Carboniferous of the Moscow Oblast in the mining
area of the Borschovskoye and Dashkovskoye deposits (b). The color matches the color of the rocks.

3. Materials and Methods

Samples from the Dashkovskoye (D) deposit were collected from cleared quarry walls
during several field expeditions. For mineralogical studies, samples were taken vertically
at intervals of 20-30 cm, maintaining natural moisture. Samples from the Borschovskoye
(B) deposit were provided by the company “Lafarge SA” in the form of core material from
different boreholes in sealed packaging.

In total, about 40 samples taken from the Dashkovskoye field and about 20 from the
Borschovskoye field were studied. Based on the research results, 6 samples were selected
that most fully characterize the various types of clays found in the deposits (Figure 2,
Table 1).

Table 1. Description of the samples selected for detailed studies.

Sample Name Clays, Deposit Sampling Depth, m

Dashkovskoye deposit

D-1 predominantly smectite clay 0.8

D-2 smectite-palygorskite clay 1.9

D-3 predominantly palygorskite clay 3.8
Borschovskoye deposit

B-1 predominantly smectite clay 7.8

B-2 smectite—palygorskite clay 6.6

B-3 predominantly palygorskite clay 52

Determination of grain size distribution was carried out using sedimentation. Sample
preparation was carried out according to the method of P.E. Melnikov (rubbing with sodium
pyrophosphate) as described in [39].
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Particle size distribution analysis in the fine fraction of clay samples was carried
out using an ANALYSETTE 22 MicroTec Plus (Fritsch GmbH, Idar-Oberstein, Germany)
laser analyzer in cooperation with the Moscow representative office of Fritsch. Before
imaging with the laser analyzer, the samples were pre-dispersed by ultrasound for 5 min
at a frequency of 44 kHz. For each sample, the measurements were repeated 20 times
at intervals of several seconds, during which the samples were exposed to additional
sonication for 10 s directly in the container of the device.

The microstructure of the clay samples was studied using a scanning electron micro-
scope (SEM) LEO 1450VP (Carl Zeiss, Oberkochen, Germany). To preserve the natural
structure of the samples, they were frozen in liquid nitrogen and subsequently vacuum
freeze-dried. An electrically conductive thin film of gold (10-20 nm thick) was applied to
investigate the surface of the finished samples using IB-3 (Eiko Engineering, Hitachinaka,
Japan). This helps to avoid any charging effects on the sample during SEM analysis.

X-ray diffraction patterns were obtained using a Rigaku Ultima-IV X-ray diffrac-
tometer (Rigaku, Tokyo, Japan) (Cu-K«, detector D/Tex-Ultra, scan range 3—65° 20) from
textured and untextured preparations. To obtain oriented samples, the suspension (fraction
< 2 um) was applied to a glass slide. The analysis of the results was carried out according
to the recommendations described in [40]. Quantitative mineral analysis of bulk samples
was carried out by the Rietveld method [41] in the PROFEX GUI software, 5.2.8 version
package for BGMN [42].

The features of the crystal-chemical structure of the clay samples were studied using
near- and mid-infrared (NIR and MIR) spectroscopy. The methods of NIR spectroscopy are
the most sensitive for minerals with a fibrous structure, such as palygorskites, sepiolites,
etc. The optimal temperature for the dehydration of zeolitic water from the channels in
the structure of palygorskites is in the range of 80-100 °C. After the loss of this water, the
structure contracts (“folds”), and a shift of the bands in the NIR spectra can be expected.
This is the basis of the principle of studying palygorskites using dehydration, which was
developed at the Theoretical and Physical Chemistry Institute [25]. NIR spectra were
obtained using a Vector 22N FT-IR spectrometer (Bruker Optics, Billerica, MA, USA),
equipped with an external integrating sphere. The study sample was placed directly on
a quartz window of the outer sphere and was protected from external influences by a
box in the presence of P,Os. The use of a strong magnifying glass and a conventional
incandescent lamp makes it possible to simulate heating conditions in the sample box. This
leads to the loss of zeolitic water from palygorskite. Spectra are collected every minute until
dehydration stabilizes. Some of the absorption bands in the NIR spectrum of palygorskites
and other clay minerals, as well as oxides and hydroxides, are superimposed on each
other or are in close spectral regions. As the sample dehydrates, the absorption bands
from the changing structure of palygorskites shift, while the bands from the structure
of other clay minerals present (in the case of the present study, smectites) only decrease
in intensity. Thus, it is possible to confidently study the crystal-chemical features of the
palygorskites mixed with other minerals (both clayey and non-clayey, such as iron oxides).
The absorption bands in the near range have wide profiles; therefore, the second derivative
of the absorption feature is used for a more correct determination of the position of the
bands. The spectroscopy research experiments were carried out at the Theoretical and
Physical Chemistry Institute, National Hellenic Research Foundation (Athens, Greece).

The cation exchange capacity (CEC) was determined by the method of adsorption of
methylene blue and a triethylene tetramine complex of copper (II) ([Cu(trien)]**) [43-49].

The determination of the absorption properties with respect to Cs* was carried out
under static conditions on powdered samples with a particle size of <0.25 mm. The exper-
iments were carried out in two parallel repetitions. Solutions of cesium nitrate (CsNO3)
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were prepared for the experiment at cesium concentrations of 50, 200, 350, 500, 700, 800,
900, 1000, and 1100 mg/L. Then, 200 mL of each solution of the aforementioned corre-
sponding concentrations were poured into a series of flasks each containing a weighed
quantity of the study sample weighing 2 g. The flasks with the resulting solutions were
periodically mixed during the day. It was experimentally found that the optimal duration
of contact of the adsorbent with the solutions of varying concentrations of cesium nitrate
is one day (24 h). After the reaction time, solutions were filtered using blue ribbon filter
paper. Measurement of the Cs concentrations in the original and equilibrium solutions was
carried out on an inductively coupled plasma mass spectrometer Thermo Scientific Ele-
ment 2 (Thermo Fisher Scientific, Bremen, Germany). Adsorption isotherms were plotted

after measurements.

4. Results
4.1. Mineral Composition

The content of smectite and palygorskite in the samples of the considered deposits is
20%-57% and 5%-55%, respectively (Figures 2 and 3). Several patterns can be observed
based on the detailed section of the Dashkovskoye deposit. The ratio of smectite and
palygorskite varies along the section, from the predominance of smectite in the lower
part (up to 82%) to the predominance of palygorskite in the upper part of the section
(Figures 2 and 3; Table 2). Smectite is present throughout the section. Simultaneously with
an increase in smectite content, small amounts of illite impurity appear. Quartz, dolomite,
calcite, and feldspars were noted as non-clay minerals. An admixture of quartz is present
throughout the section, with its content fluctuating between 10% and 40%. Meanwhile,
the content of quartz and palygorskite in the dolomite interbeds decreases sharply, while
smectite is present in only trace amounts.
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Figure 3. Typical X-ray diffraction patterns of clay samples from the Steshevian sub-stage of the
Dashkovskoye (a) and Borschovskoye (b) deposits.
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Table 2. Mineral composition of samples from typical clay layers.

Sample Smectite  Palygorskite Illite Kaolinite = Quartz Field Spars  Dolomite  Calcite

Dashkovskoye deposit
D-1 57 6 10 6 18 2 - 1
D-2 36 50 1 2 11 - - -
D-3 27 55 2 - 13 - 3 -
Borschovskoye deposit
B-1 55 6 - - 37 1 1 -
B-2 41 25 - - 25 2 6 1
B-3 20 31 - - 30 - 11 8

The mineral composition of the clays from the Borschovskoye deposit is more hetero-
geneous (Table 2, Figure 3). This is reflected in a high content of quartz (25%-37%) and
dolomite (up to 11%), calcite (up to 8%), and feldspars (up to 2%). The content of clay min-
erals is not constant and varies both laterally in different boreholes of the Borschovskoye
deposit and vertically within the layers in the same borehole. The lithological differences
identified at the Dashkovskoye deposit are also not regularly traced. This mineral composi-
tion refutes the hypothesis of the predominant chemogenic genesis of palygorskites in the
area of the Borschovskoye deposit and suggests a redeposited origin of these clays.

The variation in mineral associations indicates a change in the conditions of sedimen-
tation at the Steshevian sub-stage. Along with the prevalence of smectite, trace amounts
of quartz, illite, and kaolinite are also present in the lower parts of the section. This may
be the result of an intensification of the action of terrigenous migration. Although illite
is found in small amounts, it clearly shows a correlation with the content of smectite and
quartz: In strata with an increase in smectite, the content of quartz, illite, and kaolinite is
also increased. Such an association of minerals indicates an intensification of the action
of terrigenous outwash of material. At the same time, with an increase in the content
of palygorskite, the presence of other clay minerals is suppressed. This is the result of a
change in the conditions of sedimentation.

The MgO content changes in the same direction, which directly depends on the
concentration of palygorskite in the clays. Such a significant increase in the MgO content in
the paleobasin provides an opportunity for the chemogenic synthesis of palygorskite. With
a continued increase in the MgO content and a decrease in the SiO; content in the aquatic
environment of the paleobasin, the conditions for the synthesis of palygorskite become
unfavorable and the formation of chemogenic dolomite begins. In lithological terms, such
dolomites are massive, uniform granular interbeds, similar in structure to poorly cemented
sands. This was observed in the Dashkovskoye deposit quarry.

4.2. Crystal-Chemical Structure of Clay Minerals

Pure smectite or palygorskite was not detected in any of the analyzed samples from
the deposits. Instead, all samples were composed of a mixture of different minerals.
Obtaining fine fractions of different sizes (from 1 to 0.1 pm) also did not allow us to achieve
mono-mineral samples. IR spectroscopy studies were carried out to clarify the crystal-
chemical characteristics, such as the occupancy of octahedral and tetrahedral positions of
palygorskites and smectites.

Investigations of the samples in the MIR spectrum allowed the confirmation of the
conclusion about their mineral composition made on the basis of diffractometric analy-
sis. The position of the Al-Al-OH bands in the range from 912 to 914 cm ! (Figure 4)
indicates the dioctahedral structure of both smectite and palygorskite [24,50]. Against the
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background of distinct bands of the matrix and in the region of hydroxyl groups, the bands
of adsorbed water (~3400 and 1650 cm ') stand out in the spectrum of the predominantly
smectite sample (red line). The characteristic bands of zeolitic water in the structure of
palygorskite are found in the range of 3270-3385 cm~!. Palygorskite can be characterized
as low-magnesium (band at 3616 cm~!), dioctahedral, with a predominance of aluminum
in octahedral positions (band at 3627 cm~!), and with a small amount of iron substitution
in octahedral positions.

(@ (b)

Y3
17471 1

1 1 1 1 1 1 1 1 1 V71 1 1 1 1 1
3800 3600 3400 3200 30001600 1400 1200 1000 800 600 400 3800 3600 3400 3200 3000 1600 1400 1200 1000 800 600 400
Wavenumber (cm™) Wavenumber (cm™)

— spectra of KBr-pellets — spectra of heated KBr-pellets

Figure 4. Typical IR spectra of clay samples from the Steshevian sub-stage of the Dashkovskoye
(a) and Borschovskoye (b) deposits of palygorskite and smectite samples.

NIR spectroscopy studies of palygorskites make it possible to analyze a clay’s crystal-
chemical composition, in particular, the isomorphic substitutions of Fe and Al in the
structure of palygorskites. The relationship between zeolitic and coordination water and
the nature of their behavior during heating is clearly illustrated in Figure 5. The Al-Al-OH
bands are detected in the regions of 7075 and 4514 cm~!; Al-Fe-OH at 7012 and 4444 cm ™~ ;
and Fe-Fe-OH at 6946 and 4361 cm ™!, respectively [23]. The ratio of the intensities of these
bands allows us to assess the features of the distribution of iron in the octahedral positions.
It turned out that in the palygorskites D-3, octahedral sites are mainly occupied by AI**,
while the content of isomorphic Fe’* is insignificant. This indicates the homogeneity of
all the studied palygorskites from this deposit. The palygorskites B (Figure 5b) belong
to the aluminum—ferruginous variety, with a relatively high content of isomorphic Fe in
the octahedral sheets. This is demonstrated by the relatively strong absorption bands of
Fe-Fe-OH and Al-Fe-OH.

Based on the ratios of the intensities of Fe—-Fe—-OH, AI-Al-OH, and Al-Fe-OH bands,
their relative abundances were calculated (assuming that the sum of the intensities I
(Al-Al-OH), I (Al-Fe-OH), and I (Fe-Fe-OH) equals 1). The results are plotted on a
triangular diagram (Figure 6). According to [25], the distribution of A13* and Fe®* in the
octahedral positions of all natural palygorskites follows a particular type of curve. It
would be reasonable to assume that the samples that do not fall within this curve represent
mechanical mixtures.
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Figure 5. The second derivative of the absorption spectra in the near-IR region of palygorskite-rich

samples from the deposits: (a)—Dashkovskoye, (b)—Borschovskoye.
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Figure 6. Diagram of the ratio of Fe-Fe-OH, Al-Fe-OH, and Al-Al-OH bonds in palygorskite.
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The palygorskites from the Dashkovskoye deposit follow this curve, meaning they
represent pure natural Al-dioctahedral varieties without the presence of a significant
admixture of other palygorskite varieties (of a different genesis). Based on the stability of
the crystal-chemical composition of palygorskites along the section during the entire period
of formation of the layer up to the Vereiskian time, we can conclude that the conditions for
the chemogenic synthesis and deposition of clay material in the Steshevian sub-age in a
shallow-water basin were stable.

In contrast to the palygorskites from the Dashkovskoye deposit, which were described
above, all the compositions of the palygorskites from the Borschovskoye deposit are below
the curve of natural compositions. By analyzing the locations of the Borschovskoye deposit
points on the curve, it can be concluded that there are mainly Al-natural palygorskites and
Fe-Al-palygorskites, with a significant predominance of isomorphic iron. Al-palygorskites
were most likely formed under conditions similar to those of the Dashkovskoye deposit,
and they likely have a chemogenic origin. Fe-Al-palygorskites have a distinctly different
origin and were possibly formed in pedogenic conditions. Both of them were apparently
transported to the sedimentation basin of the Borschovskoye deposit. Taking into account
that the grain size distribution of the samples studied, it can be concluded that different
sources of material were transported into the sedimentation basin. It is likely that the
palygorskites in question came from different sources via different migration paths.

4.3. Grain Size Composition

Despite the different mineral composition, the grain size composition of the D clays
is uniform throughout the section. Specific convex cumulative curves are prevalent
(Figure 7a), which correspond to slow sedimentation from a unidirectional water flow.
These cumulative curves are characteristic of marine hemipelagic sediments on the conti-
nental slope, as well as of sediments in the deep-water part of deltas and lagoon basins
with medium hydrodynamics [51].
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Figure 7. Grain size distribution and cumulative curves of the studied clays: (a)—Dashkovskoye
deposit, (b)—Borschovskoye deposit.
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The content of particles in the clay fraction (<5 pm) in samples D is more than 50%
(Table 3). Particle size distribution across all three samples exhibits a consistent bimodal
pattern, with a predominant mode in the fine clay fraction range. Nevertheless, there
are clear regularities for different samples: in the predominantly smectite clay (D-1), the
fine-silty mode is more pronounced, whereas the clay-fraction mode is less prominent.
Conversely, the predominantly palygorskite clay exhibits a weaker fine-silty mode, but a
stronger mode in the fine clay fractions. The smectite-palygorskite clay is characterized by
the middle position of the fine-silt clayey mode (Figure 7).

Table 3. Grain size composition of the studied clays.

Grain Size Composition (%), Size Fraction in mm

Sample 1.0-0.1 0.1-0.05 0.05-0.01 0.01-0.005 0.005-0.001 <0.001

Dashkovskoye deposit

D-1 0.0 0.3 26.4 13.2 21.6 38.4

D-2 0.0 0.9 223 10.6 9.4 56.9

D-3 0.0 0.4 13.1 6.9 14.0 65.6
Borschovskoye deposit

B-1 14.5 19.5 27.5 55 8.2 24.7

B-2 7.9 15.1 22.0 8.2 16.5 30.2

B-3 0.8 16.8 22.0 16.5 33.0 11.0

The cumulative curves also show a high degree of similarity and appear as concave
lines with a clear «plateau» in the silt-size area and a steep slope towards the fine fraction.
Such a distribution of fractions in the D clay indicates the preservation of hydrodynamic
conditions in the paleobasin during the formation of the deposits. At the same time, the
gentle shapes of the cumulative curves indicate slow sedimentation and the action of
a single factor in the sedimentation process. This could take place in a shallow basin,
where fine terrigenous material is introduced by slow-flowing water, and the process of
chemo-deposition of palygorskite minerals occurs.

The grain size composition of B clays exhibits specific differences, characterized
primarily by a polymodal distribution with modes in the sandy, silty, and clay fractions, as
well as by raised cumulative curves with numerous inflections. This pattern reflects the
redeposited genesis of the sediments in the Borschovskoye deposit. The most prominent
among the others is the stratum rich in palygorskite material, which came from a different
source than the other clay and non-clay materials.

For a detailed study of the grain size composition of the finely dispersed part using
laser diffraction, fractions < 5 um from samples D-3 (predominantly palygorskite clay) and
D-1 (predominantly smectite clay) were selected. The distribution of particles of the clay
component in the samples D is characterized by a monomodal log-normal distribution,
with an average particle diameter of 7.3 um for the predominantly palygorskite sample
and 7.7 um for the predominantly smectite sample (Figure 8).

Particles of clay minerals are sensitive to any mechanical treatment, including ul-
trasonic treatment, which is well evidenced by changes in the behavior of the spectra of
the fractional composition (Figure 8). During several repetitions with additional sonica-
tion for 10 minutes, the prevailing average particle size (mode size) decreases from 7.3 to
5.6 um for the predominantly palygorskite clay sample (D-3) and from 7.7 to 5.9 pm for
the predominantly smectite clay sample (D-1). The number of particles < 0.3-0.5 pm in
size also increases. With an increase in the time of ultrasound exposure to 20 minutes or
more, the number of particles in the range of 5-7 um decreases, and a second mode appears
in the spectrum with an average diameter of 440-830 pm. This behavior of the spectra
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indicates that, under short exposure to ultrasound (10 min), there is a partial destruction of
relatively low-strength large microaggregates ranging in size from 8 to 20 um, resulting
in the enrichment of the specimen with primary particles. Meanwhile, with an increase
in the duration of ultrasound treatment, aggregation occurs with the formation of large
secondary aggregates due to an increase in the static charge on the surface of the particles.
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Figure 8. Features of the distribution of the grain size composition of the studied clays: (a)—sample
of predominantly smectite clay D-1, (b)—sample of predominantly palygorskite clay D-3; Mo—mode,
D—average size. 1—start of measurements, 2—measurements after 10 min of exposure to ultrasound,
3—measurements after 20 min of ultrasound.

4.4. Micromorphology of Clays

The sample D-1 is characterized by the prevalence of smectite and by a predominantly
laminar microstructure with elements of turbulence, which is clearly seen in Figure 9(al,a2).
The microstructure is represented by anisometric sheet microaggregates with a thickness
of 2-10 pm and a length of 10 um or more. The microaggregates are in contact according
to the edge-to-edge type, merge into each other along the layering, and are composed
of sharply anisometric sheet particles 30-50 nm thick and 14 pum long, also contacting
according to the edge-to-edge type. The edges of the particles are ragged and curved.
The void space of the sample is mainly represented by elongated intra-aggregate pores
and, to a lesser extent, inter-microaggregate pores. The microstructure of sample B-1
was found to have many similarities with sample D-1. Nevertheless, Figure 9(b1) shows
that B-1 contains substantially smaller microaggregates with less distinct particle features.
Morphologically, the particles are less pronounced in B-1 than in D-1. Such differences in
smectite micromorphology suggest that the B-1 clay is of redeposited origin.

The microstructure of the predominantly palygorskite clays (D-3 and B-3)
(Figure 9(a2,a3)) is characterized by more noticeable laminarity. The size of the paly-
gorskite particles in cross-section is 50-100 nm. Due to the tangled fibers, it is diffi-
cult to estimate the length of the particles precisely; the apparent length of individual
particles reaches 1-10 pm. Elongated interaggregate pores are prevalent in the paly-
gorskite samples. Furthermore, the proportion of intra-microaggregate pores is much lower
than in the predominantly smectite clays. The main difference between the particles of
palygorskite B is that the particles (aggregates of particles) are smaller, with less distinct mor-
phology, and are often characterized by a shorter length when compared to the particles of
palygorskite D.

Characterizing the microstructure of the samples studied in general, it should be noted
that they are similar at relatively low magnifications (up to 1000x). Most likely, this is due
to the fact that the sediment had an almost identical dispersed composition and underwent
diagenetic transformations of the same nature. This is likely responsible for the similarity
of the microstructure.
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Figure 9. Microstructure of samples of the Steshevian sub-stage, Moscow region: (a)—Dashkovskoye,

(b)—Borschovskoye deposits. The predominant minerals are: 1—smectite, 2, 3—palygorskite.

4.5. Adsorption Properties

The ability of clay materials to absorb various cations (including technogenic ones) is
often used in industry to obtain various sorbents. Based on this, it is reasonable to evaluate
the sorption properties of materials that can be used in industrial conditions. The clays of
the Dashkovskoye deposit were previously mined in an open-pit operation and have the
potential to be mined again; they are easily available on the mineral raw materials market
and are distinguished by a relatively uniform mineral composition with a predominance
of smectite or palygorskite. Therefore, they were chosen for the adsorption experiments
presented below.

Determination of the CEC has several conventions that make the application of differ-
ent methods fairly subjective [49]. For the selected samples, the CEC value was measured
by adsorption of methylene blue (MB) and by [Cu(trien)]>*. Additionally, measurements
were made for the clay fraction of the samples using the MB adsorption method (Table 4).

Table 4. Indices of the sorption properties of the studied clays.

1 2 3 4 5 6
CEC (Bulk), CEC (Bulk), CEC (<1 um),
Sample SBET/ [Cultrien)?*, MB, MB, Amax, K,
m*/g mg-eq/100 g mg-eq/100 g mg-eq/100 g mg-eq/100 g mmol/L
D-1 32 49 65 92 43 1.13
D-2 65 42 51 56 31 0.27
D-3 161 32 35 39 26 0.08

1—Spgr—specific surface area; 2-4—CEC values determined by the adsorption of [Cu(trien)**] in a bulk
sample (2), by adsorption of methylene blue in a bulk sample (3), and in the fraction <1 um (4); 5—maximum
adsorption of Cs+; 6—Cs+ adsorption equilibrium constant.

According to Table 4, the CEC values determined by the MB adsorption method are
higher than those obtained with [Cu(trien)]>*. This is attributed to the polymerization of
MB during the short interaction period. Although this process overestimates adsorption
values, it simultaneously facilitates a more thorough characterization of sorption capacity
in clay minerals, predominantly of the smectite group. Regardless of the analytical method
employed, the CEC value of the studied samples is predominantly controlled by smectite
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content [46,52]. It can be expected that the relatively large MB molecules, being in an
aggregated state, are unable to penetrate the channels of palygorskite; therefore, low CEC
values tend to be observed in predominantly palygorskite clays.

At the same time, the specific surface area significantly increases in strata enriched
in palygorskite, which is explained by the more developed inner surface of palygorskites
(Table 4).

Experiments on the adsorption of Cs* cations from aqueous solutions made it possible
to reveal differences in the sorption properties of the selected samples. Three characteristic
areas can be distinguished on the graphs (Figure 10):

1. Alinear part at low concentrations of the occluded cation;

2. A non-linear transition section at intermediate concentrations;

3. A curve that flattens off at high concentrations, corresponding to almost complete
saturation of the adsorbent.
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Figure 10. Isotherms of Cs* adsorption on clay samples from the Dashkovskoye deposit.

Thus, the isotherm of adsorption can be satisfactorily described within the framework
of Langmuir’s theory of monomolecular adsorption. As a first approximation, the sample
with the highest content of smectite (D-1) has the highest adsorption capacity. At the same
time, adsorption capacity decreases with a decrease in the content of smectite. In order
to calculate the value of the maximum adsorption (Amax) more accurately, it is necessary
to graphically solve the Langmuir equation, for which the isotherms were plotted in the
coordinates A /Cequiv = f(Cequiv).

Although CEC and Apax values show slight divergence, both decrease with declining
smectite content. Higher CEC values should be associated with the tendency of MB cations
to undergo multilayer adsorption on the surface of clay minerals. This is confirmed by
spectrometric studies of the kinetics of its sorption, as well as by other studies [51]. In
contrast, judging by the nature of the obtained isotherms, the Cs* cations are prone to
monolayer adsorption on these samples. The values of the adsorption equilibrium constant
K characterize the interaction energy of the adsorbate with the adsorbent; in other words,
the chemical affinity between them. Thus, we can conclude that the interaction of the Cs*
cations is energetically more favorable with the surface of smectite than that of palygorskite.

5. Discussion

The integration of all the results mentioned above made it possible to significantly
supplement the history of the geological development of the region in the Steshevian
sub-age (Figure 11).

https://doi.org/10.3390/min16010070
204



Minerals 2026, 16, 70

e /I/ l /
] -
[ /]
..... IR 4
| | [
o=
\M I
N | |
— — \
Moscow

e Protvino

Al-Fe-palygorskite
Redeposited sediments

Ff S

Legend:

]

:| Coastal plain

Hypothetical subwater rise

(e
=]

Shallow marine detrital and
forameniferal limestones

E=] kY
\ZZ[L[1// shallow marine

Source of Al-palygorskite

Lagoon sediments

T\

R
R

ke,

Source of Fe-palygorskite
Soils and weathering crust

— Interstratified Ia?oonal clay and
imsetone sediments ERXRIR

The same interstratified :
with deltaic sediments E Limestones

Lagoon with clay and

i limestone sediments

Shallow marine detrital and forameniferal
limestones within the zone of flow

Land

Figure 11. Scheme of the distribution of precipitation and fauna during the Steshevian sub-age:

1—Dashkovskoye deposit, 2—Borschovskoye deposit, ref. [53] with additions.

An open sea covered the eastern part of the Russian platform (Volga—Ural region)

throughout the Carboniferous period, while the Moscow syneclise constituted its western

marginal zone, separated by islands or underwater uplifts. Increasing crustal uplift inten-

sified the isolation of the Moscow syneclise basin, ultimately transforming it into a large

lagoon [53]. The Steshevian sub-age was marked by significant changes in the conditions of

sedimentation in the area under consideration. A stagnant lagoon with a relatively higher

salinity formed in the southern part of the Moscow syneclise basin. It accumulated clay

and dolomite silts. The lagoon was isolated from the open sea by shoals. Pronounced

climatic aridization also impacted sedimentation: It affected the sedimentary dolomites in

the lagoon, the palygorskite clay composition, and, according to [53], there was a decrease

in TiO, content in clays and the cessation of coal formation.

In the Steshevian sub-age, the basin was very shallow and turbid due to a large

amount of incoming clayey matter. This statement is supported by specific faunal species

found in sections of the same age in the Moscow region [4,5]. The introduction of smectite

material prevailed at the initial stage of the formation of the basin. The terrigenous genesis
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of the layers with increasing smectite is confirmed by the simultaneous increase in quartz
and illite.

Due to the intensity of the climactic aridity and the proportion of MgO, the active
formation of palygorskite began. The clay minerals were deposited simultaneously and
formed dense aggregates, which are clearly visible by SEM. With an increase in aridity and,
as a consequence, shallowing of the basin, the supply of smectite ceased, and palygorskite
predominated in the upper part of the section. Over time, as the aridity continued to
increase, the MgO content significantly prevailed over Al,Os and SiO,. As a result of this,
layers of chemogenic dolomite were formed. By the end of the Steshevian sub-age, the
basin had become extremely shallow throughout; the conditions of sedimentation changed,
and terrigenous sedimentation began to prevail.

Following the end of the Steshevian sub-age, during the subsequent Protvian time,
calcareous sediments accumulated in the southern part of this area, while sedimentary
dolomites formed in the northwestern part [53]. Then calcareous marine sediments began
to be deposited almost everywhere. At the turn of the Early and Middle Carboniferous
epochs, the region dried up again for a long time. Lower Carboniferous carbonate strata
underwent prolonged weathering and erosion. At an early stage of the Bashkirian age, the
basal surface of the Lower Namyurian (Protvian sub-stage) deposits was probably covered
by the sea. However, it is unknown how widely this basin was spread.

In the last few years, based on the results of a detailed study of paleontological
remains, the features of sedimentation in the Lower Carboniferous have been clarified. The
“Steshevian basin” was probably formed by a moderate input of thin terrigenous material
ahead of the delta front and was not essentially a “lagoonal” basin [5]. The main difference
in the opinion of the above authors is that the basin was not stagnant, as previously
assumed by many authors, but had quite good mixing, with the inflow of oxygen and
nutrients for the favorable development of organisms. At the end of the Steshevian sub-age,
the Steshevian basin was practically filled in. At the same time, the continuing aridization
of the climate increased the concentration of Mg and Si by evaporation in the shallow clay
basin, which led to the deposition of palygorskite material.

A detailed study of the crystal-chemical structure of palygorskites (in particular the
amount of isomorphic iron) made it possible to detail the scheme of the formation of
palygorskites in the Moscow basin. It was revealed that Al varieties of the clay were formed
as a result of chemical synthesis in a shallow saline basin, while Fe varieties were probably
formed in soils and transferred to the sedimentation basin by rivers and water streams.

Thus, based on the studied clays, some refinements can be made to the previously
described sedimentation schemes [5,6,53]. In addition, there were basins with a mixed type
of sediments. As a result of the development of soil formation processes (as, for example,
described for other basins of a similar age in [1,2,5]), palygorskites with a high Fe content
in octahedral positions could form. Such palygorskites can be defined as end members in a
series of mixtures of palygorskites of different composition in the Borschovskoye deposit.
While most of the clay material in the sediments of the Dashkovskoye deposit has a local in
situ origin, the clays of the Borschovskoye deposit were formed by sediment mixing with
Al-palygorskites, which were carried in from the lagoon areas, and Fe-Al-palygorskites
eroded from the surrounding soils. At the same time, the directions of the flows that
brought the material could also differ quite significantly (Figure 11). Material enriched in
Fe—Al-palygorskites has been transported by river flows from the nearby southern land,
while material enriched in Al-palygorskite has come from the west as a result of seasonal
fluctuations in sea level.
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6. Conclusions

Comprehensive studies of the composition, structure, and properties of smectite—
palygorskite clays of the Russian Platform (using sections of the Steshevian sub-stage of the
Dashkovskoye and Borschovskoye deposits as examples) made it possible to detail their
genesis and evaluate the prospects for their use as sorbents.

The content of smectite in the lower parts of the Steshevian sub-stage reaches 55%—
57%. Homogeneous particle size distribution, micromorphological features, and an in-
crease in the proportion of quartz and illite indicate that the smectite has a predominantly
terrigenous genesis.

At the same time, palygorskites in the studied area are distinguished by various types
of genesis:

1—the predominantly Al-palygorskites are characterized by chemogenic synthesis
and would have formed in situ in lagoon conditions;

2—the Fe—(Fe—Al)—palygorskites also have a chemogenic genesis, but they were
formed in pedogenic conditions in the presence of microbial communities.

In the sections of the Dashkovskoye deposit, only Al-palygorskites are found, and
thus, it can be argued that this basin served as a source of chemogenic palygorskite.
Meanwhile, palygorskites of mixed composition are encountered in the sections of the
Borschovskoye deposit.

IR spectroscopy studies in the near-IR region allowed us to conclude that these paly-
gorskites are represented by a mixture of Al-palygorskites and Fe—(Fe—Al)-palygorskites.
That is, the clays of this basin have a terrigenous genesis, and the material came from
different sources: from the erosion of material from the coastal areas of the lagoons with
Al-palygorskites and from the erosion of soil areas with Fe—(Fe-Al)—palygorskites carried
in by water flows.

It should be noted that the studied clays are quite old for bentonite and, despite this,
retain a considerable sorption capacity. These clays could be utilized as sorbents in the
future, but their properties are not yet comparable to those of established bentonite deposits
(e.g., those in the Russian Federation and Kazakhstan [32,44]). The advantage of using
smectite-palygorskite clays is convenient logistics and proximity to nearby enterprises
located in the central part of the country.
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Abbreviations

The following abbreviations are used in this manuscript:

SEM  Scanning electron microscope

NIR  Near-infrared

MIR  Mid-infrared

FT-IR  Fourier transform infrared spectroscopy
IR Infrared spectroscopy

CEC  Cation exchange capacity

MB Methylene blue
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