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Abstract

:

A review and a synthesis of the geological, mineralogical, and crystal chemical data available in the literature on active Spanish bentonitic exploitations were done, and at the same time, new data are provided from a set of representative samples from these deposits. They were located in three different areas with different geological origins: (1) Miocene sedimentary deposits from the Tajo Basin (Madrid–Toledo provinces) in the center of the Iberian Peninsula, where bentonites appear in two different units named for their colors (Green Clays and Pink Clays); (2) samples from Tamame de Sayago (Zamora province) originating from the hydrothermal alteration of granitic Variscan rocks; and 3) Miocene deposits originating from the hydrothermal alteration of volcanic or subvolcanic rocks from the Cabo de Gata volcanic area (Almería Province) in the southern part of Spain, where the three main deposits (Cortijo de Archidona, Los Trancos, and Morrón de Mateo) were studied. The bentonites from the Tajo Basin were formed mainly by trioctahedral smectites, and there were significant mineralogical differences between the Green and Pink Clays, both in terms of the contents of impurities and in terms of smectite crystallochemistry and crystallinity. The smectites from Tamame de Sayago were dioctahedral (montmorillonite–beidellite series), and they appeared with kaolinite, quartz, and mica in all possible proportions, from almost pure bentonite to kaolin. Finally, the compositions of the bentonites from the three studied deposits in Cabo de Gata were quite similar, and zeolites and plagioclases were the main impurities. The structural formulae of the smectites from Cortijo de Archidona and Los Trancos showed a continuous compositional variation in beidellite–montmorillonite, while in Morrón de Mateo, the smectites were mainly montmorillonite, although there was continuous compositional variation from Al montmorillonites to Fe–Mg-rich saponites. The variation in the smectite composition is due to the intrusion of a volcanic dome, which brings new fluids that alter the initial composition of the smectites.
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1. Introduction


Bentonites are very important industrial rocks, with Spain being a significant producer worldwide, since its market is very broad. They are essential in many industrial sectors, mainly as ab-adsorbents, although they are also used in several other applications, such as binders, civil engineering, drilling muds, water treatment, sand casting, and iron palletization: they are also important in animal nutrition, in catalysis processes, as support loads or extenders, etc. [1,2]. In recent times, the characteristics of these clays have made their uses multiply in fields as novel as nanocomposites [3], bionanocomposites [4,5], pharmaceutical preparations, and medicine, among others. The great economic importance of bentonites is due to their physical and chemical properties, mainly their surface properties and their ab-adsorption of different organic and inorganic compounds. Many studies have been carried out in the last two decades focused on organo- and inorgano–organo-modified smectites for their applications in environmental remediation technologies, mainly the remediation of contaminated/polluted aquatic environments [6,7].



The properties and industrial applications of bentonites are a consequence of their mineralogy. Bentonites are rocks composed mainly of smectites, which have laminar structure because they are phyllosilicates. Smectites are clay minerals, and they have a very small particle size (micrometric in width and nanometric in height); consequently, they have a large specific surface area. Their low layer charge and high cation exchange capacity (CEC) give them the ability to react with inorganic and organic polar reagents, principally water (hydration and dehydration), and they have swelling and rheological properties and high plasticity [8].



The genesis of Mg-rich trioctahedral smectites takes place in alkaline environments with high concentrations of Mg2+ and high salinity [9,10,11,12,13,14,15,16]. The mechanisms that enable these conditions are variable, either from direct precipitation or the transformation of pre-existing minerals, although it is difficult to differentiate between these mechanisms [17]. The processes that involve the direct precipitation of these minerals can take place due to hydrothermal solutions [18,19,20,21,22] and evaporitic solutions [11,23,24,25,26,27,28,29,30,31]. The genetic processes that involve the transformation of pre-existing mineral phases are caused by dissolution–precipitation processes [32].



In the case of dioctahedral smectites, the conditions that favor the formation of these minerals slightly vary from those of trioctahedral smectites: the environments are enriched in Fe3+ and Al3+, although the pH and salinity are lower [33,34,35,36,37,38,39,40,41,42,43,44]. The mechanisms that lead to the conditions under which dioctahedral smectites form are also direct precipitation and transformation processes [45,46,47]. The transformation processes are varied, e.g., diagenetic transformations, meteoric transformations, and dissolution–precipitation processes [14,32,42,47,48,49,50,51].



In Spain, there is active exploitation of bentonites in three areas: (i) the Tajo basin (Madrid–Toledo provinces), which is located in the center of the Iberian Peninsula; (ii) Tamame de Sayago (Zamora province), which is 250 km to the northwest of Madrid and is associated with a deposit of kaolin; and (iii) the Cabo de Gata volcanic area (Almeria province) in the southern part of Spain. The values of production in 2016 were 142 kt in the Tajo basin, 10 kt in Tamame de Sayago, and 3 kt in the Cabo de Gata volcanic area, although production in Tamame de Sayago has increased notably in the last few years. A marked decline in production has taken place in the Almeria region because values reached 51 kt in 2008. Other deposits have been important in the Calatayud Basin (Zaragoza), although since 2011 they have been inactive [52].



The studied deposits have different geological origins. The bentonites from the Tajo basin are Miocene sedimentary deposits, while the Cabo de Gata ones, also Miocene in age, originate from hydrothermal alterations of volcanic or subvolcanic rocks. The bentonites from Tamame de Sayago originate from the hydrothermal alteration of granitic Paleozoic rocks.



The aim of this work was to conduct a deep review and synthesis of the geological, mineralogical, and crystal chemical data available in the literature. At the same time, new data are provided from a set of representative samples from the three active Spanish bentonitic exploitation areas. A comparison of their mineralogical and crystal chemical features is made.




2. Materials and Methods


The locations, labels, and other data of the representative samples of the different deposits studied are in Table 1. The bentonites in the Tajo basin come from two different units located in the Madrid sub-basin, which are named by their colors: Green Clays and Pink Clays. The 10 samples from the Tajo Basin corresponded to the two main mined areas, Esquivias and the del Águila–Magán hills, and in both areas Green and Pink Clays are mined. The samples studied in this work were representative of both areas and of both Green and Pink Clays. In the same way, to study the Cabo de Gata bentonites, seven samples corresponding to the three biggest deposits were selected: three samples from Cortijo de Archidona and from Los Trancos, and one sample from Morrón de Mateo. Finally, four samples from the Tamame de Sayago Deposit (from the Navalacruz, Carboneras, and Roderica quarries) were studied.



Mineralogical characterization was conducted by X-ray powder diffraction (XRD). Whole-rock samples powdered in an agate manual mortar and <2 µm fractions obtained by decantation (oriented as aggregates under ambient conditions, after solvation with ethylene glycol and heating to 550 °C) were studied. A Siemens D-500 XRD diffractometer with CuKα radiation and a graphite monochromator was employed, from 2° to 65° in steps of 0.05° and with a 1-s/step counting time.



The geochemical analyses were performed at Activation Laboratories Ltd. (ACTLABS). Major elements and trace elements were analyzed by the package 4Lithores, which is a combination of lithium metaborate/tetraborate fusion–ICP and ICP/MS techniques (Inductively coupled plasma mass spectrometry).



The point chemical compositions were obtained using analytical electron microscopy (AEM) with transmission electron microscopy (TEM) in samples of great purity. Two different microscopes, a JEOL 3000 FX field-emission microscope at 300 kV and a JEM 1400 at an acceleration voltage of 120 kV, were used. Both microscopes incorporate an OXFORD ISIS EDX spectrometer equipped with its own software for quantitative analysis. The TEM samples were prepared by depositing a drop of diluted clay suspension on a microscopic grid with cellulose acetate butyrate and coated with graphite.



The software packages IBM SPSS version 23.0 and PAST v 217C [53] were used for the statistical analyses.




3. Geological Features


3.1. The Tajo Basin


The most important deposits of bentonite in Spain are in the Central Tajo Basin. This basin is particularly interesting because of its Mg clay resources, mainly sepiolite, but also Mg smectite. It is a Tertiary intracratonic basin of triangular shape, is about 20,000 km2, and is located in Central Spain. It was formed during the Cenozoic Alpine orogeny [54] as a consequence of the African–Eurasia plates collision. It is limited by three mountain ranges: the Central System in the north, the Toledo Mountains in the south (both formed by granites and metamorphic rocks), and the Iberian Range (which is mainly composed of carbonates and evaporitic Mesozoic rocks) to the east. The bentonites are sedimentary deposits originating from the Miocene as a consequence of the denudation and weathering of the surrounding mountains. The basin is divided into two sub-basins (the Madrid and Loranca Basins) separated by the Altomira Range (Figure 1). Both sub-basins have been filling up with sediments from the Paleocene to the Quaternary. During most of the Neogene period, the Madrid Basin was occupied by lacustrine and palustrine sedimentary deposits fringed by alluvial fans and fluvial distributary facies, forming a concentric drainage system [55]. As a consequence of the different movements of the basement during its formation, the sediments are distributed concentrically with very variable thicknesses, most of which correspond to Miocene materials. The maximum thickness, close to the Central System, is about 3500 m.



In the Miocene sediments of the Madrid Basin, three lithostratigraphic units separated by erosive discordances have been described. From the bottom to the top, they are the Lower Unit, Intermediate Unit, and Upper Unit [56,57,58,59,60,61,62,63]



The Lower Unit, which is Ramblian to Early Aragonian in age, has a thickness that varies from 600 to 1000 m. It overlies the Paleogene materials along an erosive discordance on the margins of the basin, but lies conformably over them in the central parts. The sediments display concentric patterns of facies distribution, as they correspond to hydrologically closed lacustrine systems (without marine connection). Close to the margins, the sediments are arkoses and litharenites deposited in an alluvial fan environment and transitional facies. The finest detrital and lacustrine sediments are deposited in mud flat environments. These transitional facies mainly correspond to red clays with interbedded anhydrite nodules. In the central part of the basin, the lacustrine sediments correspond to evaporites in which a complex mineral association, including sulphates (anhydrite, thenardite, glauberite, and polyhalite), carbonates (dolomite and magnesite), and chlorides (halite) have been recognized. The upper part of the lacustrine sediments contains exploited deposits of Na sulphates.



The Intermediate Unit overlies the Lower Unit along an erosive discordance. It was formed by Aragonian to Vallesian sediments, and their thicknesses range from 50 to 200 m. This unit shows a clear trend toward the diminution of alluvial deposits with respect to the Lower Unit, leading to a greater development of lacustrine facies. The alluvial deposits diminish to a discontinuous band from a few hundred meters (30 km wide) along the margins of the basin. In the northern and southern margins of the basin, arkosic sands dominate, gradually transitioning to carbonate paleosols and clays in the distal facies of the alluvial fans and in the lacustrine systems. The lacustrine episodes are progressively younger from the northeast to the southwest. According to Portero and Aznar [60], the location of these lakes was controlled by the regional system of conjugated fractures (N45E and N120E). The economically important bentonites and the fibrous clays (sepiolite and palygorskite), both frequently associated with chert layers, appear in the fluvial–lacustrine transition (alluvial fans) facies [25,64,65,66,67,68,69,70,71,72,73]. The bentonitic units are located in the mud flat of the distal facies that is deposited along the margins of the evaporitic core of the basin, while the fibrous clays, developed as lenses, are included in the arkosic sands of the alluvial fans (Figure 2). These Mg-rich clay deposits (sepiolite and bentonites) constitute one of the world’s largest sepiolite deposits (with estimated reserves greater than 100 million tons) and also very important bentonite deposits. The lacustrine sediments contain gypsum (in the southern and eastern parts of the basin) and dolomitic rocks developed in a shallow water environment.



The Upper Unit is Vallesian to Turolian in age, and it has a maximum thickness of 50 m. It does not show concentric facies distribution patterns, as the lower units do. It is composed of fluvial sediments (arkoses and litharenites). At the top, carbonatic rocks dominate.



This basin is particularly interesting: despite it being among the world’s richest basins in terms of Mg clays, with big deposits of sepiolite and Mg smectite (which need high magnesium and silica contents to form), there is no suitable explanation for the huge amount of Mg needed for their formation, considering the Al-rich silicates that form most of the surrounding source areas [74].



The Tajo Basin bentonite deposits are in the Green Clays of the Miocene Intermediate Unit. The unit is located to the east of Madrid in an elongated band NE–SW in direction, as shown in Figure 1 and Figure 3 These sediments were deposited in a low-energy sedimentary environment. Sedimentologically, they correspond to mud flat facies deposited along the margins of the evaporitic core of the basin. Toward the north, the Green Clays are partially covered by Madrid and its suburbs, and they have been eroded almost completely in different areas located south of Madrid. Thus, the economically most important exploitations of bentonites are located to the south of Madrid (Madrid–Toledo area) next to the villages of Pinto, Esquivias, Seseña, Borox, and Yuncos; and also in the table hills of Cerro del Águila and Cerro de Magán next to the villages of Magán and Villaluega, respectively (Figure 3).



In general, the bentonitic units consist of a vertical succession constituted by an alternation of massive green bentonite clays, which are composed of trioctahedral smectite (mainly saponite) [64,68]. At the top of this unit, dolomitic marls or dolostones, locally silicified, may appear. Some beds of micaceous sands showing crossed or parallel lamination also occur toward the lower–middle part, and biotite and chlorite are the only phyllosilicates in these sands. A very significant feature of the Green Clays is the presence of some pinkish clay levels (Pink Clays) interbedded as irregular lenses. The Green Clays sometimes contain sepiolite nodules and isolated carbonatic nodules. Toward the top, the levels are darker and laminated. They retain bioturbation features with irregular concretions and slickensides stained by iron oxides. The Pink Clay lenses are more abundant and thicker between the localities of Pinto, Esquivias, and Seseña than in the southern part of the basin (del Águila and Magán Hills). Next to the Esquivias–Seseña area, there are two continuous levels of Green Clays approximately 1–1.5 m thick (Figure 4a,b), while in the del Águila and Magán Hills they are less than 0.5 m thick. A very significant feature of these materials is the abundance of opal concretions or irregular levels that frequently appear that are associated with both the bentonite (Green and Pink Clays) and sepiolite levels. In Figure 4c–e, there are different views of the mined levels of green bentonitic clays located at the bottom of the del Águila and Magán Hills.



Both the Green Clays and the Pink Clays are mined as bentonites with industrial interest, but there are significant mineralogical differences between the Green and Pink Clays in addition to their characteristic color. In spite of Green and Pink Clays both being sedimentary deposits, they show genetic differences. The Green Clays are sedimentary deposits that correspond to mud flat facies of the alluvial fans: the detrital dioctahedral minerals became unstable in such Mg-rich environments and underwent a weathering process that resulted in the formation of trioctahedral smectites (saponites). Small amounts of detrital micas still persist in the Green Clays together with minor amounts of other detrital minerals, such as quartz and feldspars ([31,65,68,75,76], among others). The smectites that appear in the proximal areas of the alluvial fans in arkosic sediments, however, are dioctahedral [42]. On the other hand, the Pink Clays are pure smectites of stevensitic composition without detrital minerals that correspond to levels of authigenic clays newly formed in the sedimentary basin, which appear interbedded in the Green Clay unit [71]. García-Rivas et al. [77] (from the geochemistry and biomarker criteria) have concluded that the Green Clays have a more detrital character than the Pink Clays do, which present a more authigenic character. De Santiago et al. [78] (from TEM observations) have concluded that Pink smectites have a cellular texture that resembles descriptions of primitive clay precursors that were formed from glasses, gels, or the weathering of previous minerals. Nodules of sepiolite (newly formed) are frequently included in both Green and Pink Clays.




3.2. Tamame de Sayago


In Tamame de Sayago, the bentonites are a result of the hydrothermal alteration of a kaolinitized Variscan granite. The special clay deposit is located in the Sayago region (Figure 5) and belongs to the anatectic Variscan area of the Tormes Dome. The Tormes Dome has a surface of more than 3000 km2 and has plutonic and metamorphic rocks, which are mostly equigranular leucogranites than can be, as in the Tamame de Sayago area, peraluminous leucogranites [79,80]. The age of these granites is 310–330 Ma [81]. Prior to the end of the Cretaceous, the area was affected by an intense alteration under a wet tropical climate that produced a large kaolinitic weathering mantle [82]. With the first phase of the Alpine Orogeny, the NE–SW Late Variscan faults were reactivated, and a block tectonic, with raised and sunken blocks affecting the kaolinitized granite, took place. The weathering mantle is eroded in the raised blocks, while it is preserved in the sunken blocks due to the Late Cretaceous to Early Paleocene transition sediments that cover the kaolinitic materials [83]. Due to this tectonic activity, low-temperature silica-rich hydrothermal fluids percolated and altered the rocks, and the least variability in the mineralogy of the deposits is found in the N40E direction [84], the direction of the reactivated faults. The age of these fractures ranges between 58.8 ± 1.5 Ma and 66.4 ± 1.7 Ma (found after K/Ar dating in alunite) [85]. This new alteration of the kaolinitized granite produced the bentonitization of big areas of the deposit. There were two phases in the circulation of low-temperature fluids [86]. The first produced the formation of millimeter-wide veins of kaolinite and minerals of the aluminum–phosphate–sulphate mineral group, such as natroalunite, plumbogummite, and arsenocrandalite [87]; the second was much more significant and resulted in the bentonitization of the deposit. The smectites were formed by percolation of the fluids in the porous kaolinitic rock, and they appear dispersed in the rock, filling veins and fractures. As result of these processes, kaolinite and smectite appear together in all portions of the deposit, from almost pure bentonites to pure kaolin, and the rocks in which only one clay mineral appears are scarce and are limited to the fillings of fractures [86].



The original granitic rock has been intensely altered, and in addition, the spatial relationships between the different materials have changed due to landslides associated with fracturing, affecting soft and unconsolidated rocks close to the surface. This resulted in a chaotic distribution of the materials in the deposit, and the relation between the smectites and the faults is rarely visible. In some areas, the altered rock still retains its original texture as a regolith, but frequently it is intensely fractured and affected by landslides, so the texture is not preserved.



Kaolinite and smectite are the main minerals of the deposit, together with minor amounts of quartz and very altered micas. After intense alterations, feldspars disappeared almost completely. Occasionally, alunite and other aluminum–sulfate–phosphate solid solution minerals (APSes) occur, as has already been mentioned. They appear in veins embedded in the bentonitic areas, where eventually they can be the major minerals. Although the mineralogy is similar in the deposit, the mean composition varies considerably from the areas in which the regolith texture is preserved, named by Manchado [86] the Homogenous Alteration Zone (ZAHO), to the areas in which this texture has disappeared, named the Heterogeneous Alteration Zone (ZAHE). The predominant clay mineral in the ZAHO is kaolinite (kaolinitic areas) (mean values: 43% kaolinite, 25% quartz, and 18% smectite), while in the ZAHE the main clay mineral is smectite (bentonitic areas) (mean values: 60% smectite, 18% quartz, and 13% kaolinite). In addition, the inherited minerals from the granite are higher in the ZAHO, while in the ZAHE the APS minerals are more abundant.



Kaolinite is mainly formed by neoformation due to the feldspar hydrolysis of the granitic rock (kaolinite in ZAHO zones), and in a second stage related to the first hydrothermal fluids, by direct precipitation from these fluids. The smectites are generated by the fluids circulating through the faults and percolating through the kaolinitized granite. Two processes lead to their formation: (i) the transformation of pre-existing minerals (kaolinite and micas) and (ii) neoformation or direct precipitation from hydrothermal solutions, sometimes by growth on particles of pre-existing clay minerals (epigenetic smectites) [85].



The deposit began to be benefitted from in the 1980s. At the beginning, it was exploited only as a kaolin deposit, but later it started to be exploited also as a bentonite deposit in the areas closer to the faults that are richer in smectite. Nowadays, both industrial mineral resources, kaolin and bentonite, are mined. The clays are industrially classified at the processing plant on the basis of their kaolinite/smectite content. They are obtained as different compositions that the extractor company denominates as kaolin, bentonite, or clays. The so-called kaolin is a very pure kaolinitic clay, the bentonite is a very pure smectite, and the clays correspond to mixtures of kaolinite and smectite. The micas obtained as a byproduct of kaolin are also used. There are currently four quarries in exploitation: Navalacruz, Roderica, Roderica N, and Carboneras (Figure 6).




3.3. Cabo de Gata Volcanic Region


The volcanism in the Cabo de Gata region (southeast of the Iberian Peninsula, Figure 7 is linked to the tectonic evolution that took place in the Mediterranean area in the Middle and Late Miocene. Volcanic rocks appear in a narrow band that follows a general NE–SW direction from the south of Murcia Province to Cabo de Gata in Almería Province. Their presence is related to tectono-magmatic events resulting from the collision of the European–Iberian and African plates in Late Mesozoic and Middle Cenozoic times, which were replaced by extensional and strike–slip tectonics during the Miocene [88].



During the Late Oligocene–Early Miocene, the Alpine complex was folded intensively (Betic Cordillera) and later underwent an extensional collapse through major detachment systems in the Middle–Late Miocene [88,89], which is the reason for the current configuration of the complexes in the southeast of Spain. There were generalized phenomena of cortical thinning throughout the alpine domain of the Betics, Alborán, and the Rift Orogen (Morocco) [88]. The latter episode was accompanied by important calc–alkaline volcanism (andesites, dacites, and rhyolites) (Cartagena–Almería volcanic belt) and sedimentation within subsident evaporitic sedimentary basins. This episode resulted in the Alboran Basin and the Gibraltar Arc. The development of this orocline resulted in the almost complete closure of the Mediterranean Sea and may have been the triggering event leading to the so-called salinity crisis (Messinian times), which resulted in extensive evaporite deposits in the Mediterranean basin [90].



Magmatism took place in a shallow marine environment, so the sequences are characterized by the intercalation of volcanic materials with continental and marine sedimentary deposits. Domes, volcanic flows, and pyroclastic rocks can be found within a wide compositional range. The most representative rocks are andesites, dacites, and rhyolites, so the eruptions were explosive, with a predominance of materials produced by the collapse of eruptive columns and domes, such as pyroclastic flows, blocks and ash, base surges, and ignimbrites. The lava materials are predominantly basaltic andesites or andesites [90].



Subsequent large (+40 km) ENE–WSW sinistral wrench faulting during the Miocene (Carboneras Fault Zone) [92,93] gave rise to the formation of remarkable morphological features in the Nijar–San Jose sector (the so-called Serrata de Nijar), a compressive duplex characterized by large-scale pervasive deformation of the Miocene sedimentary and volcanic units.



The continuous circulation of meteoric or marine hydrothermal waters through the volcanic materials in Cabo de Gata gave way to a generalized bentonitization of the area. Throughout their geological history, the volcanic materials of Cabo de Gata have been affected by hydrothermal alteration processes produced by meteoric, marine, or hydrothermal waters, giving way to important mineralogical changes and formations in the zone of mineral deposits. These processes were developed in sectors partially covered by a warm and shallow sea, in which corals grew. The circulation of fluids along fractures and contact surfaces between materials produced the mineral dissolution, mobilization, and accumulation of chemical elements and the genesis of ore deposits (epithermal gold ore deposits associated with the Rodalquilar Caldera and zeolites and bentonite deposits). In the Cabo de Gata area, more than 30 outcrops of bentonite have been described, which were formed by hydrothermal alterations of acid volcanic rocks (dacite and rhyolite). Often, the deposits are small outcrops of altered volcanic material. The processes involved the mobilization of silica, Fe, alkali, and also Mg in some zones. The alterations depended on the rock type as well as on the chemical composition, origin, and temperature of the solutions.



The bentonitization, which was more or less intense depending on the lithology and the features of the affected materials, resulted in numerous exploitable deposits (Figure 7). They are mainly linked with pyroclastic units that include ignimbrites, alternations of fall and base surges, or agglomerates and tuffs. More than 30 small deposits throughout the region have been exploited (from Níjar to San José, through the Sierra de Níjar), many of them since the 1950s. Nevertheless, nowadays production has fallen significantly, from 51 kt in 2008 to 3 kt in 2017.



The geothermal system that operated in the Cabo de Gata region must have been very simple [94,95]. Probably, meteoric waters infiltrated the great fracture system of the region. The aquifers probably followed a N–S trend toward the sea. The recharge sources of the aquifers have probably been the Alhamilla and Cabrera Sierras, located to the north of the deposits. Once heated, the meteoric waters penetrated the different porous cineritic levels, altering them into bentonites. On the basis of stable isotopes, the estimated temperature of the hydrothermal fluids that gave rise to the bentonites should have been around 70 °C in the case of bentonites of the Sierra de Gata and about 40 °C in The Serrata de Níjar [96]. Going to the south, the bentonites are more siliceous and ferric and contain less sodium [97,98].



The bentonite deposits of Cabo de Gata are classified according to their geographical location [97,98,99,100] into three main groups. The first is the Serrata de Níjar bentonitized areas, which have numerous outcrops, including Cerro Colorado, Collado del Aire, Pecho de los Cristos, Palma del Muerto, and the most important deposit, Cortijo de Archidona. The second is the northern zone of Sierra del Cabo de Gata. In addition to Los Trancos, the most important deposit in this area, numerous minor deposits have been described and exploited: Mata Lobera, Rambla Vieja, Rambla del Agua, Rincón de las Calderas, Jayón, Pozo Usero, La Valentina, Majada de las Vacas, Plomo, Cala Montoya, Bornos, and Hortichelas. The third is the southern zone of Sierra del Cabo de Gata. In this área, different outcrops can be found: Cortijo de la Loma, Cerro Amatista, Los Escuyos, Cortijo del Gitano, La Isleta del Moro, La Capitana, Las Hermanicas, and Morrón de Mateo are the most important.



The Cortijo de Archidona deposit is located in the SE extreme of the Serrata de Nijar (Figure 7). The Serrata de Nijar is a set of hills 12 km long and 1.5 km wide that is delimited by two NE–SW fractures that belong to a horst parallel to the Cabo de Gata Range. The Serrata de Nijar can be regarded as an uplifted tectonic block formed within a transpression zone developed along the Carboneras Fault Zone. This sector is characterized by faulting at different scales, with brecciation and the development of large zones of fault gouge. The sedimentary units (limestone and gypsum beds) were folded intensively, whereas the volcanic rocks were either tectonically brecciated or transformed into massive zones of fault gouging [91]. The relation between the bentonitization of the area and the widespread hydrothermal processes along the Serrata de Nijar and the surrounding areas, which happened during ongoing deformation in the Carboneras Fault Zone, is evident, and thus the relation between mineralization and fracturation is evident in the region.



The Cortijo de Archidona (Figure 8) deposit occurs in two preferred directions, which coincide with two fracture zones with NW–SE and NE–SW directions. The most import mining works are NW–SE-oriented, following the principal fracture zone. The original materials were vesicular dark-colored rhyodacites, glasses, and weakly colored ignimbrites. Solutions with neutral or slightly acidic pH were responsible for the alteration of the volcanic materials [96,97]. The processes of alteration were favored by the intense brecciation present in the rocks. The bentonites have high purity, with quartz, feldspars, and amphiboles as impurities. The deposit is 85–98% smectite and 1–4% inherited minerals from volcanic rocks such as quartz, plagioclase, biotite, and pyroxenes, together with cristobalite and calcite as secondary minerals [101].



The Los Trancos deposit is located in the north of the Sierra de Gata (Figure 7), and it is the biggest deposit in the Cabo de Gata volcanic region (Figure 8). It developed through two large fractures oriented N10E and N60E that affected rich glass tuffs and agglomerated materials of dacitic [98,99,102] or rhyodacitic composition [103]. The thicknesses of the bentonite layers vary between 10 and 50 m, and they can exceed even 60 m in some places. The tuff alteration to bentonite happened due to the presence of intense fracturing and the intrusion of domes, which led to occasional alteration because of a thermal effect. Three bentonite types are mined, and they are named according to their color: green, white, or black (of gray color) bentonites. They are very pure bentonites that can be almost 100% dioctahedral smectite. There is a possible presence of mixed layers of smectite–kaolinite [104]. They can contain scarce proportions of quartz, plagioclase, and biotite that are inherited from the original acid volcanic rocks, and sometimes they can contain very scarce secondary cristobalite and calcite.



Morrón de Mateo (Figure 8) is located in the southern zone of the Cabo de Gata Range (Figure 7). It was also formed by the alteration of pyroclastic materials of andesitic composition with heterogeneous epiclastic mass flow. It consists, from the bottom to the top, of (i) hornblende-rich andesitic breccias, (ii) white layered tuffs (white tuff formation), (iii) marine sedimentary rocks (biocalcarenite beds), and (iv) bentonitized epiclastic rocks (mass flow formation) [105]. The volcano–sedimentary series were affected by the intrusion of a dacitic dome (Morrón de Mateo, 197 m high). The dome age is between 10.8 and 11.3 Ma [105], and it is composed of biotite–hornblende, quartz-rich dacites, with a characteristic red to ochre tint (Figure 8) that is related to the nearby Rodalquilar caldera complex [106]. The dome intrusion induced a temperature increase and a supply of Fe–Mg-rich solutions, which were responsible for the alteration of the previously bentonitized pyroclastic materials (white tuff formation) [105,106,107,108].



The white tuff formation is composed of a succession of white-colored soft layers of bentonite-rich tuffs and tabular layers of a brownish to greenish sandy material (poorer in bentonite), which form base surge and co-surge hydromagmatic facies. The sequence of white tuffs is subhorizontal or slightly dips to the east, but the intrusion dragged and folded the layered sequence in close proximity. It is more than 50 km wide, and it may reach a thickness of 60–70 m, decreasing eastward and showing some sedimentary structures that point to lateral currents as the main transport and deposition mechanisms. These features suggest that the white tuffs may have formed as a result of phreatomagmatic activity occurring through magma–water interactions in a shallow marine environment, probably in a depressed coastal embayment [101,106].



There are notable differences between the smectites of the different levels that alternate in the deposit. These differences in composition have been interpreted as due to the compositional differences of the rock before alteration [107,108]. Zeolites such as ferrierite and clinoptilolite are present as impurities in the smectites [101]. The white tufts contain the highest content of phyllosilicates (montmorillonite), while the mass flow contains more primary minerals and the phyllosilicates beidellite and corrensite [107,108]. These authors also stated that the smectites of the mass flow formation have a higher content of Fe and Mg and greater chemical heterogeneity as a consequence of the nature of the parent rock, and they inferred that the formation of corrensite in the Morrón de Mateo area took place after the process of bentonitization, which affected the pyroclastic rocks. The corrensite formed due to an incipient process of propylitic alteration in the area that transformed part of the neoformed smectite into corrensite. This transformation was probably favored by the intrusion of the dome, which provided hydrothermal solutions rich in Fe and Mg.



The Morrón de Mateo deposit has been studied as a natural analogue of the thermal and geochemical effects on clayey barriers in deep geological repositories of high-level radioactive wastes. The results obtained showed that the distal smectites are Al montmorillonites that are similar to those in other bentonite deposits in the Cabo de Gata region, whereas the proximal smectites are a mixture of Al montmorillonites, Fe-rich montmorillonites and beidellites, and intermediate smectites between beidellite and Fe-rich saponite [107,108].





4. Mineralogy and Chemistry of Bentonites


Although all of the samples studied corresponded to bentonites, there were remarkable differences between them, both in terms of the type of smectite and in terms of the impurities they contain because of the different genetic processes related to their formation. In this section, mineralogical compositions (from XRD of whole-rock and oriented aggregates) of representative samples coming from the main deposits of the three studied areas are shown. Whole-rock X-Ray diffraction patterns of a group of representative samples of each area are shown in Figure 9.



There were significant differences between the mineralogical compositions of the Green and Pink Clays. The XRD patterns of raw of ROS and VER samples are shown in Figure 9: in these two samples, as in all bentonites from the Tajo Basin, the trioctahedral character of the smectites could be deduced through the position of the 060 reflection that appears at 0.152 nm. The samples of Green Clays (ESB 2, ESB 3, ESB 6, and VER) contained quartz and illite as impurities, together with small amounts of feldspar. Minor amounts of other phyllosilicates (sepiolite or kaolinite) could be detected occasionally (Table 1). On the other hand, the Pink Clays (samples PB10, PB11, RESQ, ESB 45, MCM, and ROS) were very pure, and only 0kl reflections of smectite appeared in the XRD patterns of the powdered samples. The low crystallinity of the smectites in the Pink Clays, without ordering in the [001] direction, was remarkable. In the region of the higher d-spacings, there was no 001 reflection; on the contrary, there was only a very wide band in the lower angles that finished at ~1.0 nm. Although the XRD patterns of Pink Clays exhibited a very broad band, a difference between oriented aggregates before and after glycolation could be seen, indicating the swelling of the smectite layers (Figure 1, Supplementary Materials). This may have been related to the lack of three-dimensional periodicity due to arbitrary rotation or sliding between the layers, giving rise to extensive stacking disorder [78,109]. These authors assume that this phenomenon was related to particle size and textural features.



Dioctahedral smectites appeared in all possible proportions in the Tamame de Sayago deposit, as has been pointed out previously. The bentonitic materials were composed mainly of dioctahedral smectite (the 060 reflection appeared at 0.149 nm) with variable amounts of impurities, mainly quartz, mica, and kaolinite, as shown in Figure 9. The crystallinity of these smectites was very high, with a narrow 001 reflection, in relation to their hydrothermal origin, enabling good crystal growth. In most of the bentonitic samples, smectites were almost the only mineral (in veins and closer to the fault areas).



The XRD patterns were very similar for all of the samples studied from the Los Trancos deposit (the green (LTBV), white (LTBB), and black (LTBN) bentonites) and from the Cortijo de Archidona deposit (CAR 1, CAR 2, and CAR 3) (Figure 9). The X-ray diffraction patterns of these samples exhibited characteristic smectite hk0 reflections. The main peak, at 1.5 nm, was narrow and showed high I001/I020 values, indicating good crystallinity. All of the studied samples from these deposits showed high purity, with very small proportions of plagioclase, and there was also quartz in sample CAR 2. Traces of crystobalite were also found in sample CAR 1. In a sample from the Los Trancos deposit, small amounts of phyrophillite were identified [110], while in a wider study of this deposit, variable amounts of calcite (0–15%) and minor proportions (0–5%) of zeolite, trydimite, biotite, or K-feldspar were also identified [102].



The mineralogical composition of the bentonites from the Morrón de Mateo deposit is a bit more complex. As shown in Figure 9, zeolites (clinoptilolites and mordenite) appeared as the main impurities, together with plagioclase. A similar mineralogical composition was identified in Reference [102], in addition to variable amounts of amphibole, biotite, calcite, and K-feldspar in the poorest samples of smectite. Zeolites and small amounts of amphiboles and calcite have also been found in this deposit [108].



The results of the chemical analyses (major elements) of the representative bulk rocks from the studied deposits are in Table 2. They corresponded, in agreement with the mineralogical compositions obtained by XRD, to very clayey samples with small influences from impurities in some of them. The higher variations were in the MgO (2.03–25.39%) and Al2O3 (1.61–19.88%) contents, according to the presence of both dioctahedral and trioctahedral smectites as major mineral components in the samples. Consequently, the correlation coefficient between these two oxides was negative and very high (−0.959) (Table S1 in Supplementary Materials). The MgO content varied between 10.40% and 25.39% in the samples from the Tajo Basin, which contained more trioctahedral smectites, while this oxide was minor in the samples from Tamame de Sayago and Cabo de Gata. The hierarchical clusters obtained by Ward’s method, which considered the contents of the three main oxides constituting smectites, showed an almost perfect grouping of the samples from the same deposits (Figure 10). The samples from Cabo de Gata and Tamame de Sayago were in two different clusters but were grouped together and separated from the trioctahedral smectites from the Tajo Basin. The sample from Morrón de Mateo probably appeared in the cluster of samples from Tamame de Sayago due to the influence of its zeolite impurities, because zeolites contribute the same elements as muscovite.



On the other hand, the influence of some impurities could also be noted not only by the contents in some oxides but also by their correlations (Table S1, Supplementary Materials). The positive correlation coefficients of Fe2O3 with K2O and TiO2, both higher than 0.61, and of K2O with TiO2 (0.864), were related to the higher contents of these oxides in the Green Clays from the Tajo Basin due to the presence of small amounts of biotite. The highest contents in CaO and Na2O were in sample MM due to its zeolite content.



The trace elements analyzed in the samples (Table S2, Supplementary Materials) were characteristic of each deposit and were related to their genesis. Therefore, the results were similar for the samples from the same deposits, as can be seen in Figure 11, where the values of the sum of LREEs (light rare earth elements) and HREEs (heavy rare earth elements) are represented and the samples from the same deposits appear plotted in narrow areas, with the exception of samples from Tamame. The dispersion of the values for the samples from Tamame originated from the characteristic heterogeneity of this deposit due to the sum of two alteration processes in the original granite. There were materials in which the influence of hydrothermal processes that changed the mineralogical and chemical composition of the kaolinitized granite was higher than in others, as in sample RodF17, which corresponded to a vein and is plotted very far from the others.




5. Smectite Crystal Chemistry


The structural formulae calculated from the mean values of the smectite point analyses obtained by AEM are listed in Table 3. Some other structural formulae proposed by different authors in previous works for samples of the studied bentonites appear in Table 4.



The structural formulae of the smectites from the Tajo Basin samples, both for the Green and Pink Clays and in accordance with the XRD pattern deductions, corresponded to trioctahedral smectites, mainly saponite. They had high MgO contents that ranged from 14.27% to 34.03% versus much minor proportions of Al2O3, which ranged between 1.30% and 18.99% (Table 3). The number of octahedral cations for a unit cell varied from 5.04 to 6.14. The charge layer was low (from 0.08 to 0.44) in all of the samples, and the tetrahedral charge was higher than the octahedral charge, so the samples had to be classified as low-charge saponite. One of the samples (RESQ) had 6.14 octahedral cations. In addition, this sample had the lowest charge (0.08), so it was classified as kerolite instead of saponite. If some of the Mg in this sample had been in the interlayer as an exchangeable cation, the number of octahedral cations would have been small and the layer charge would have corresponded to a smectite instead of a kerolite. Taking into account the high Mg content in all of the samples from the Tajo Basin, it would be reasonable to think about the possibility of a part of the Mg being present as interlayer cations instead of octahedral cations. In that case, the layer charge would have been higher, corresponding to smectite. This probably happened in most or all of the samples from the Tajo Basin and is the reason that explains the positive charge of the octahedral sheet and the low interlayer charge obtained.



As shown in Table 4, there is agreement about the saponitic character of the Green Clays. However, the Pink Clays have been classified as stevensite [25,78,111], kerolite [28], kerolite–stevensite [76,109], and even saponite–stevensite [111]. Maybe the disagreement is a consequence of the difficulty in obtaining accurate structural formulae because of the high magnesium content of the samples and the possibility that this cation is both in the octahedral sheet and in the interlayer. This makes the structural formulae harder to properly fit due to the complexity of discriminating how much Mg is an octahedral cation and how much is an exchangeable cation. In addition, some previous works found scarce Li and Sr as interlayer cations in the Pink Clays.



In agreement with bibliographic data (Table 4), the samples that had the lowest charge layer and the highest number of octahedral cations, i.e., those that had chemical compositions closer to kerolite, were the Pink Clay samples, while smectites from the Green Clay samples had compositions closer to saponite. In addition, as shown by the XRD patterns, the Green Clays had higher impurity contents (illite, quartz, and feldspar), while the Pink Clay samples usually were pure smectite, almost devoid of other minor minerals. This is related to the inherited character of the Green Clays versus the autigenic origin of the Pink Clays formed in the sedimentary basin, as indicated by Garcia-Rivas et al. [77].



Some trioctahedral samples from the Tajo Basin (ESB 2, ESB 3, ESB 6, MCM, PB 10, PB 11, VER, and RESQ), but also a dioctahedral sample from Tamame de Sayago (NAV 5), had an excess octahedral charge instead of having a deficit, as should be expected. This erroneousness was especially remarkable in samples VER (0.52), ESB 2 (0.47) MCM (0.35), NAV 5 (0.35), RESQ (0.28), and PB 11 (0.27) (Table 3). The positive octahedral charge in saponite could have been a consequence of the erroneous assignment of all the Mg to the octahedral layer instead of it being distributed both in the octahedral position and in the interlayer, as has been pointed out previously. This is a common error (as was possibly observed in Reference [112,113]) that happens when the structural formulae of samples that have Mg are calculated, since it is generally assumed that Mg has to be assigned to the octahedral position, obviating its presence as an interlayer cation. The more interlayer Mg contained in the sample, the higher the error in the formula can be. In agreement with this explanation was the low charge of the layer obtained for most magnesic samples. Furthermore, if the sample had K as an interlayer cation, as happened in samples PB 11, VER, and NAV 5, the excess octahedral charge could be explained as a scarce amount of mica layers interstratified within the smectite crystals.



On the other hand, smectites from Tamame de Sayago, according to the structural formulae obtained in this work (Table 3) as well as to those obtained in previous studies (Table 4), are dioctahedral both if they are smectites formed by the transformation of pre-existing minerals (kaolinite and micas) and if they are formed by neoformation or direct precipitation from hydrothermal solutions. Contrarily to the Tajo smectites, the Tamame de Sayago smectites had high Al2O3 contents (21.3% to 31.5%) and very low MgO (2.8% to 5.18%). They also had low Fe2O3 amounts corresponding to very white samples. The number of octahedral cations were close to 4 (4.12–4.28), and the layer charge varied from 0.5 to 0.85. They could be classified as corresponding to montmorillonite–beidellite series. Although the compositional variation between the samples was low, they showed a continuous compositional variation between both end terms. The smectites that came from the kaolinitized granite alteration were beidellites, and as the alteration degree rose, the more montmorillonitic the smectites were. In the same way, the smectites from the veins were montmorillonites. The smectites that appeared in the Tertiary cover were intermediate (between montmorillonite and beidellite, according to Manchado) [86]. Summarizing, the farther from the faults the formed smectites were, the less hydrothermal fluids affected the rock, and the smectites were closer to beidellite. On the other hand, the closer they were to the faults, the higher the influence of the hydrothermal fluids was, and consequently, the smectites were more montmorillonitic.



The smectites from the Cabo de Gata deposits were also dioctahedral. The compositions of the samples from the three studied deposits were quite similar and varied in a narrow range. The structural formulae calculated from the mean values of the point analyses obtained by AEM are listed in Table 3. In agreement with the bibliographic data (Table 4), the analyses of smectites from Cortijo de Archidona and Los Trancos showed a continuous compositional variation between beidellite–montmorillonite series, while the samples from Morrón de Mateo were montmorillonites. The Al2O3 content was high (Cortijo de Archidona: 19.97–22.45%; Los Trancos: 21.59–25.68%; Morrón de Mateo: 17.18%), and the MgO content was low (Cortijo de Archidona: 5.53–6.95%, Los Trancos: 4.88–7.06%; Morrón de Mateo: 7.83%), corresponding to dioctahedral smectites. The layer charge was low, since it varied from 0.22 to 0.51, and the number of octahedral cations ranged from 4.22 to 4.43 per unit cell. In the Morrón de Mateo deposit, there is continuous compositional variation between Al montmorillonites and Fe–Mg-rich saponites as a consequence of the intrusion of the volcanic dome, according to Pelayo et al. [108].



The structural formulae of the smectites analyzed in this work (Table 3) and those that came from the bibliography (Table 4) are plotted in a ternary plot (Figure 12) in which the proportions of the main cations (Si, Al + Fe, and Mg) are considered. There was a clear difference between the dioctahedral smectites from Cabo de Gata and Tamame de Sayago and the trioctahedral smectites from the Tajo basin, but inside each group there were no remarkable differences between the bibliography data and the new data here presented. Some points corresponding to Green Clays, both in these results and in the bibliography showed a certain intermediate character, between dioctahedral and trioctahedral, and they are plotted in the middle of the trend. All of the dioctahedral smectites plotted were richer in Si than the trioctahedral smectites were (both Pink Clays and Green Clays), and therefore they are plotted closer to the Si vertex. The smectites from Tamame, Los Trancos, and Cortijo de Archidona were much more grouped, showing a higher content of Al + Fe3+ than those from Morrón de Mateo did.
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Figure 1. Geological scheme of the Tajo Basin. Variscan basement: 1, granite and granitoids; 2, high-grade metamorphic rocks; 3, medium-grade metamorphic rocks; 4, low-grade metamorphic rocks. Mesozoic cover: 5, Cretaceous and Jurassic carbonate rocks. Cenozoic: 6, Paleogene detrital and gypsum rocks; 7, Neogene arkosic materials; 8, Miocene lower unit; 9, Miocene intermediate unit; 10, Miocene upper unit; 11, Pliocene; 12, recent sediments. Modified from Reference [63]. 
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Figure 2. Facies distribution in the Madrid Basin from the Central System to the evaporitic deposits. Modified from Reference [74]. 
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Figure 3. Geological map of the Madrid Basin. The figure corresponds to the square in Figure 1. Studied areas: dotted ellipses. Modified from Reference [72]. 
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Figure 4. Representative images from Tajo Basin quarries. (a) Representative view of the Esquivias–Seseña quarries: note the alternation of green and pink clays at bottom of the quarry. (b) Detailed photograph of the green and pink colors of the bentonitic levels. (c) General view of the del Águila and Magán Hills. (d) Quarry at the bottom of del Águila Hill and (e) Quarry at the bottom of Magán Hill. 
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Figure 5. Geological map of the Tamame de Sayago bentonitic deposit. 1, 2, and 3: Variscan granites. 1: Coarse-grain leucogranite; 2: fine-grain leucogranite; 3: coarse-grain biotitic granitoid. 4, 5, and 6: Tertiary sedimentary materials. 4: Sands and lutites with paleosoils; 5: Paleocene siderolithic series with conglomerates, sands, and lutites; 6: Eocene–Oligocene detrital series with conglomerates, sands, and lutites; and 7: Quaternary sediments. Modified from Reference [83]. 
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Figure 6. Representative images from the Tamame de Sayago quarries: (a,b) the Roderica quarry and (c,d) the Carboneras quarry. (e) East front of the Navalacruz quarry; (f) detailed image of a pure smectite vein in Navalacruz. 
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Figure 7. Simplified scheme depicting the major geological units of the Cabo de Gata region and the location of the studied quarries. 1: Los Trancos. 2: Cortijo de Archidona. 3: Morrón de Mateo. A: alunite; Au: gold; B: bentonite, Z: zeolite. Modified from [91]. 
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Figure 8. Representative images from the Cabo de Gata quarries. (a) The Cortijo de Archidona quarry; (b) the Los Trancos quarry; and (c) the Morrón de Mateo quarry. Note the dome intrusion in the Morrón de Mateo picture and the fault between the dome and the bentonitic levels. 
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Figure 9. Representative X-ray diffraction patterns of whole-rock powder samples. Cpt: clinoptilolite, Fsp: feldspar, Illt: illite, Kln: kaolinite, Mor: mordenite, Ms: moscovite, Pl: plagioclase, Qz: quartz. Dashed line, from the left to the right: 001, 020, 131, and 060 smectite reflection. 
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Figure 10. Hierarchical cluster obtained by Ward´s method considering the contents of the three main oxides (SiO2, Al2O3, and MgO). 
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Figure 11. LREEs (light rare earth elements) versus HREEs (heavy rare earth elements). 
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Figure 12. Ternary plot showing the proportions of Si and octahedral cations (Al + Fe3+ and Mg) from the structural formulae of both the smectites analyzed in this work (Table 3) and those from bibliography data (Table 4). GC: Green Clays; PC: Pink Clays. Samples from Table 3: TA, Tamame; CA, Cortijo de Archidona; LT, Los Trancos; MM, Morrón de Mateo. Samples from Table 4 have the same labels (with *). 






Figure 12. Ternary plot showing the proportions of Si and octahedral cations (Al + Fe3+ and Mg) from the structural formulae of both the smectites analyzed in this work (Table 3) and those from bibliography data (Table 4). GC: Green Clays; PC: Pink Clays. Samples from Table 3: TA, Tamame; CA, Cortijo de Archidona; LT, Los Trancos; MM, Morrón de Mateo. Samples from Table 4 have the same labels (with *).



[image: Minerals 09 00696 g012]







[image: Table] 





Table 1. Main data of the studied samples, including location, labeling, approximate mineralogical composition (from X-ray powder diffraction (XRD) data), and geological origin. “Impurities” refers to the minerals that appear with the smectite: the order is related to the abundance, starting with the most abundant. Minerals between brackets are ≤5% in weight, and minerals with “*” are at trace levels. Alu: alunite, Cpt: clinoptilolite, Fsp: feldspar, Ilt: illite, Kln: kaolinite, Ms: muscovite, Pl: plagioclase, Qz: quartz, and Stb: stilbite.
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Location

	
Quarry

	
Label

	
Impurities

	
Geological Origin






	
Tajo Basin

	
Esquivias

	
Green clays

	
ESB 2

	
Ilt, (Kln, Qz) Fsp *

	
Sedimentary




	
ESB 3

	
Ilt, (Kln, Qz) Fsp *




	
ESB 6

	
Ilt, Qz (Kln, Fsp)




	
Pink clays

	
PB 10

	
(Ilt)




	
PB 11

	
(Ilt, Qz)




	
RESQ

	
Qz *




	
ESB 45

	
(Qz, Ilt)




	
Magán Hill

	
Pink clays

	
MCM

	
(Qz, Pl)




	
ROS

	
Qz *, Pl *




	
Green C.

	
VER

	
Ilt, Qz (Kln, Fsp)




	
Cabo de Gata

	
Cortijo de Archidona

	
CAR 1

	
(Pl)

	
Hydrothermal alteration of volcanic rocks




	
CAR 2

	
(Pl) Qz *




	
CAR 3

	
Pl




	
Los Trancos

	
LT BB

	
(Pl)




	
LTBV

	
(Pl) Qz *




	
LTBN

	
(Pl)




	
Morrón de Mateo

	
MM

	
Mor, Cpt, (Pl)




	
Tamame de Sayago

	
Roderica

	
RodF17

	
(Kln)

	
Hydrothermal alteration of kaolinitized granite




	
Navalacruz

	
NAV 5

	
Kln, Qz, (Ms, Fsp)




	
NAV 6

	
Qz, (Ms)




	
Carboneras

	
CarbF11

	
Qz, (Ms, Fsp)
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Table 2. Contents of major elements. Values in wt % oxides. LOI: loss of ignition.
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	SiO2
	Al2O3
	Fe2O3
	FeO
	MnO
	MgO
	CaO
	Na2O
	K2O
	TiO2
	P2O5
	LOI





	ESB 2
	48.55
	11.52
	3.70
	0.40
	0.04
	15.90
	0.67
	0.27
	2.02
	0.52
	0.11
	15.96



	ESB 3
	50.80
	12.76
	3.49
	0.90
	0.04
	14.58
	0.53
	0.40
	2.22
	0.60
	0.08
	14.09



	ESB 6
	50.75
	14.01
	3.88
	0.90
	0.03
	10.40
	0.77
	0.48
	2.91
	0.48
	0.20
	14.56



	ESB 45
	51.62
	5.15
	1.51
	0.25
	0.02
	23.07
	0.68
	0.16
	0.90
	0.24
	0.08
	16.67



	MCM
	52.08
	6.21
	1.79
	<0.1
	0.03
	20.41
	0.56
	0.39
	1.54
	0.22
	0.04
	15.49



	VER
	48.85
	6.64
	2.33
	0.17
	0.03
	20.96
	0.68
	0.22
	1.24
	0.31
	0.11
	17.52



	ROS
	52.15
	2.11
	0.71
	<0.01
	0.01
	25.39
	2.63
	0.05
	0.40
	0.11
	0.05
	17.03



	RESQ
	48.56
	1.61
	0.71
	<0.01
	0.02
	24.52
	2.76
	0.03
	0.33
	0.08
	0.04
	21.66



	NAV 5
	57.79
	19.88
	1.53
	0.00
	0.00
	2.03
	1.52
	0.18
	0.93
	0.21
	0.37
	15.20



	NAV 6
	60.58
	16.21
	1.77
	0.00
	0.00
	3.02
	1.96
	0.13
	0.79
	0.29
	0.16
	14.63



	RodF17
	52.37
	19.51
	2.10
	0.00
	0.00
	3.87
	1.88
	0.11
	0.49
	0.09
	0.18
	20.17



	CarbF11
	57.49
	17.01
	2.49
	0.00
	0.01
	3.10
	1.61
	0.11
	1.29
	0.40
	0.10
	17.38



	CAR 1
	51.42
	16.92
	2.52
	<0.1
	0.09
	4.71
	1.31
	0.94
	0.55
	0.17
	0.02
	19.93



	CAR 2
	51.99
	16.83
	3.26
	<0.1
	0.02
	4.31
	1.10
	1.17
	0.44
	0.16
	0.03
	19.27



	CAR 3
	50.73
	17.30
	2.46
	<0.1
	0.04
	4.72
	1.30
	0.98
	0.35
	0.15
	0.03
	20.36



	LTBB
	52.12
	17.75
	2.41
	<0.1
	0.11
	4.56
	1.29
	0.51
	0.14
	0.20
	0.03
	20.77



	LTBV
	51.25
	17.01
	2.31
	<0.1
	0.08
	4.78
	1.32
	0.51
	0.43
	0.17
	0.06
	20.61



	LTBN
	53.47
	17.21
	2.21
	<0.1
	0.09
	4.87
	1.05
	1.07
	0.27
	0.16
	0.03
	19.42



	MM
	57.38
	13.84
	2.48
	0.20
	0.02
	2.28
	4.15
	2.32
	0.90
	0.36
	0.08
	14.87
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Table 3. Chemical composition of individual particles obtained by point analyses in analytical electron microscopy (AEM) and structural formulae of the studied samples obtained from the means of the chemical analyses acquired. M: mean, SD: standard deviation, n: number of analyses.
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Mean of the Chemical Analyses

	
Tetrahedral Cations (TC)

	
Octahedral Cations (OC)

	
Interlayer Cations (IC)

	




	
SiO2

	
Al2O3

	
Fe2O3

	
TiO2

	
MgO

	
CaO

	
NaO

	
K2O

	
Si

	
AlIV

	
Fe3+

	
AlVI

	
Fe3+

	
Mg

	
Ti

	
Ʃo

	
Ca

	
K

	
Na

	
TC

	
OC

	
IC






	
ESB 2

	
M

	
60.62

	
7.82

	
4.44

	

	
26.19

	
0.48

	

	
0.46

	
7.43

	
0.57

	

	
0.56

	
0.41

	
4.78

	

	
5.75

	
0.02

	
0.07

	

	
−0.57

	
0.47

	
0.11




	
n: 18

	
SD

	
2.29

	
4.57

	
3.43

	

	
5.52

	
0.23

	

	
0.67

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
ESB 3

	
M

	
63.23

	
8.19

	
3.59

	

	
23.86

	
0.52

	
0.04

	
0.56

	
7.66

	
0.34

	

	
0.83

	
0.33

	
4.31

	

	
5.47

	
0.07

	
0.09

	
0.01

	
−0.34

	
0.10

	
0.24




	
n: 19

	
SD

	
1.94

	
3.27

	
4.59

	

	
5.14

	
0.16

	
0.38

	
0.36

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
ESB 6

	
M

	
61.91

	
12.27

	
2.71

	

	
20.89

	
0.84

	
0.10

	
1.28

	
7.50

	
0.50

	

	
1.25

	
0.25

	
3.77

	

	
5.27

	
0.11

	
0.20

	
0.02

	
−0.49

	
0.04

	
0.44




	
n: 14

	
SD

	
2.38

	
4.25

	
1.11

	

	
3.89

	
0.70

	
0.12

	
0.91

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
ESB 45

	
M

	
66.16

	
5.51

	
1.19

	

	
26.32

	
0.39

	

	
0.36

	
7.94

	
0.06

	

	
0.72

	
0.11

	
4.71

	

	
5.54

	
0.05

	
0.06

	

	
−0.06

	
−0.09

	
0.16




	
n: 36

	
SD

	
3.48

	
4.01

	
1.46

	

	
4.24

	
0.19

	

	
0.62

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
MCM

	
M

	
59.91

	
5.91

	
1.70

	

	
30.96

	
0.50

	
0.24

	
0.76

	
7.34

	
0.66

	

	
0.19

	
0.16

	
5.65

	

	
6.00

	
0.07

	
0.12

	
0.06

	
−0.66

	
0.35

	
0.32




	
n: 19

	
SD

	
1.80

	
1.08

	
0.61

	

	
1.59

	
0.20

	
0.70

	
1.31

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
PB 10

	
M

	
61.30

	
6.02

	
2.85

	
0.08

	
28.17

	
1.02

	

	
0.55

	
7.46

	
0.54

	

	
0.32

	
0.26

	
5.21

	
0.01

	
5.80

	
0.13

	
0.09

	

	
−0.54

	
0.16

	
0.35




	
n: 14

	
SD

	
2.93

	
3.50

	
1.99

	
0.18

	
3.50

	
0.40

	

	
0.74

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
PB 11

	
M

	
59.09

	
11.22

	
5.42

	
0.20

	
21.88

	
0.51

	
0.02

	
1.67

	
7.28

	
0.72

	

	
0.91

	
0.50

	
4.02

	
0.02

	
5.43

	
0.07

	
0.26

	

	
−0.72

	
0.27

	
0.40




	
n: 19

	
SD

	
2.94

	
6.84

	
2.90

	
0.47

	
7.42

	
0.21

	
0.08

	
1.31

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
VER

	
M

	
57.99

	
18.99

	
6.65

	

	
14.27

	
0.42

	

	
1.65

	
7.09

	
0.91

	

	
1.83

	
0.61

	
2.60

	

	
5.04

	
0.06

	
0.26

	

	
−0.91

	
0.52

	
0.38




	
n: 39

	
SD

	
3.64

	
8.14

	
3.95

	

	
8.82

	
0.64

	

	
1.37

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
ROS

	
M

	
65.83

	
1.50

	
0.57

	

	
31.55

	
0.44

	

	
0.11

	
7.93

	
0.07

	

	
0.14

	
0.05

	
5.67

	

	
5.86

	
0.06

	
0.02

	

	
−0.07

	
−0.09

	
0.14




	
n: 50

	
SD

	
1.62

	
1.24

	
0.63

	

	
2.40

	
0.27

	

	
0.22

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
RESQ

	
M

	
63.90

	
1.30

	
0.40

	

	
34.03

	
0.23

	
0.02

	
0.12

	
7.74

	
0.19

	
0.04

	

	

	
6.14

	

	
6.14

	
0.03

	
0.02

	

	
−0.35

	
0.28

	
0.08




	
n: 76

	
SD

	
1.45

	
1.66

	
0.21

	

	
1.74

	
0.39

	
0.15

	
0.48

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
NAV 5

	
M

	
60.32

	
31.50

	
2.97

	

	
2.80

	
1.31

	

	
1.09

	
7.14

	
0.86

	

	
3.53

	
0.26

	
0.49

	

	
4.28

	
0.17

	
0.16

	

	
−0.86

	
0.35

	
0.50




	
n: 11

	
SD

	
3.42

	
4.41

	
1.86

	

	
1.05

	
0.43

	

	
0.59

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
NAV 6

	
M

	
65.15

	
26.32

	
1.12

	

	
4.72

	
2.50

	

	
0.17

	
7.63

	
0.37

	

	
3.26

	
0.10

	
0.82

	

	
4.18

	
0.31

	
0.03

	

	
−0.37

	
−0.28

	
0.65




	
n: 29

	
SD

	
1.92

	
1.75

	
0.64

	

	
0.93

	
0.90

	

	
0.22

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
RodF17

	
M

	
64.35

	
23.88

	
2.85

	

	
5.14

	
2.76

	

	
1.02

	
7.64

	
0.36

	

	
2.98

	
0.25

	
0.91

	

	
4.14

	
0.35

	
0.15

	

	
−0.36

	
−0.49

	
0.85




	
n: 14

	
SD

	
3.19

	
3.94

	
1.46

	

	
1.15

	
1.92

	

	
0.82

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CarbF11

	
M

	
65.92

	
21.30

	
4.32

	

	
5.18

	
2.42

	

	
0.87

	
7.83

	
0.17

	

	
2.81

	
0.39

	
0.92

	

	
4.12

	
0.31

	
0.13

	

	
−0.17

	
−0.56

	
0.75




	
n: 19

	
SD

	
2.46

	
1.85

	
1.81

	

	
0.90

	
0.61

	

	
0.61

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CAR 1

	
M

	
65.58

	
22.45

	
3.83

	

	
6.38

	
1.02

	
0.26

	
0.48

	
7.74

	
0.26

	

	
2.86

	
0.34

	
1.12

	

	
4.32

	
0.13

	
0.07

	
0.06

	
−0.26

	
−0.15

	
0.39




	
n: 42

	
SD

	
1.25

	
1.16

	
1.68

	

	
0.93

	
0.30

	
0.38

	
0.40

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CAR 2

	
M

	
67.89

	
19.97

	
5.26

	

	
5.53

	
0.87

	

	
0.55

	
8.01

	

	

	
2.78

	
0.47

	
0.97

	

	
4.22

	
0.11

	
0.08

	

	
0.04

	
−0.32

	
0.30




	
n: 27

	
SD

	
0.92

	
1.82

	
2.27

	

	
0.49

	
0.21

	

	
0.53

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CAR 3

	
M

	
65.48

	
21.02

	
4.39

	

	
6.95

	
1.39

	
0.44

	
0.33

	
7.76

	
0.24

	

	
2.70

	
0.39

	
1.23

	

	
4.32

	
0.18

	
0.05

	
0.10

	
−0.24

	
−0.27

	
0.51




	
n: 27

	
SD

	
1.05

	
0.74

	
1.41

	

	
0.37

	
0.24

	
0.33

	
0.14

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
LTBB

	
M

	
65.74

	
25.68

	
2.36

	

	
4.88

	
1.17

	
0.09

	
0.08

	
7.68

	
0.32

	

	
3.22

	
0.21

	
0.85

	

	
4.28

	
0.15

	
0.01

	
0.02

	
−0.32

	
−0.02

	
0.33




	
n: 28

	
SD

	
2.48

	
2.95

	
1.19

	

	
1.19

	
0.96

	
1.21

	
0.21

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
LTBV

	
M

	
66.42

	
22.24

	
2.28

	

	
6.87

	
1.66

	
0.04

	
0.48

	
7.81

	
0.19

	

	
2.89

	
0.20

	
1.20

	

	
4.29

	
0.21

	
0.07

	
0.01

	
−0.19

	
−0.33

	
0.50




	
n: 19

	
SD

	
1.81

	
2.55

	
1.62

	

	
1.81

	
0.35

	
0.23

	
0.88

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
LTBN

	
M

	
65.60

	
21.59

	
4.79

	

	
7.06

	
0.74

	
0.09

	
0.14

	
7.75

	
0.25

	

	
2.76

	
0.43

	
1.24

	

	
4.43

	
0.09

	
0.02

	
0.02

	
−0.25

	
0.05

	
0.22




	
n: 26

	
SD

	
2.73

	
1.65

	
4.46

	

	
0.98

	
0.20

	
0.17

	
0.09

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
MM

	
M

	
65.04

	
17.18

	
8.07

	

	
7.83

	
0.97

	
0.17

	
0.72

	
7.82

	
0.18

	

	
2.26

	
0.73

	
1.40

	

	
4.39

	
0.13

	
0.11

	
0.04

	
−0.18

	
−0.23

	
0.41




	
n: 19

	
SD

	
4.47

	
3.06

	
5.72

	

	
2.37

	
0.69

	
0.38

	
0.42
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Table 4. Structural formulae of Spanish bentonites taken from previous works. REF: number of references. X+: interlayer charge. Analyses with “*” were done by AEM, and analyses without “*” were done from whole rock.
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Ref.

	
Tetrahedral Cations

	
Octahedral Cations

	

	
Interlayer Cations




	

	

	
Si

	
AlIV

	
AlVI

	
Fe3+

	
Mg

	
Ti

	
Ʃo

	
Ca

	
K

	
Na

	
X+






	
Tajo Basin

	
Green Clays

	
[67] *

	
7.40

	
0.60

	
0.40

	
0.05

	
5.40

	

	
5.85

	

	

	

	
0.30




	
[71] *

	
7.52

	
0.48

	
0.88

	
0.52

	
3.62

	

	
5.02

	
0.10

	
0.38

	

	




	
[71] *

	
6.18

	
1.80

	
3.58

	
0.16

	
0.46

	

	
4.20

	

	
1.58

	

	




	
[71] *

	
6.70

	
1.30

	
1.10

	
0.46

	
3.62

	

	
5.18

	
0.06

	
0.50

	

	




	
[25]

	
7.33

	
0.67

	
0.33

	
0.25

	
5.00

	
0.02

	
5.60

	
0.40

	
0.05

	

	




	
[25]

	
7.26

	
0.74

	
0.52

	
0.35

	
4.55

	
0.03

	
5.45

	
0.39

	
0.13

	

	




	
[114]

	
7.44

	
0.56

	
0.54

	
0.26

	
4.64

	

	
5.44

	

	
0.04

	

	
0.41




	
[115]

	
7.60

	
0.40

	
0.30

	
0.24

	
4.60

	

	
5.14

	

	
0.15

	

	
0.29




	
[115]

	
7.54

	
0.46

	
0.26

	
0.18

	
5.20

	

	
5.64

	

	
0.04

	

	
0.33




	
[28]

	
7.53

	
0.47

	
0.19

	
0.15

	
5.29

	
0.02

	
5.65

	
0.03

	

	
0.04

	




	
[28]

	
7.68

	
0.32

	
0.13

	

	
5.68

	
0.01

	
5.82

	
0.01

	

	
0.04

	




	
[75]

	
7.00

	
1.00

	
0.18

	

	
5.92

	

	
6.10

	
0.12

	
0.03

	

	




	
[75]

	
6.40

	
1.60

	
0.88

	
0.82

	
3.68

	
0.1

	
5.48

	
0.18

	
0.46

	

	




	
Pink Clays

	
[78]

	
8.01

	

	
0.36

	
0.11

	
4.76

	

	
5.26

	

	
0.01

	
0.01

	




	
[25]

	
7.69

	
0.31

	
0.09

	
0.08

	
5.61

	

	
5.78

	
0.29

	
0.01

	

	




	
[28]

	
7.88

	
0.12

	
0.02

	
0.03

	
5.88

	
0.01

	
5.93

	

	

	
0.02

	




	
[28]

	
8.00

	

	
0.10

	
0.05

	
5.66

	

	
5.81

	
0.04

	

	
0.04

	




	
[28]

	
7.90

	
0.10

	
0.03

	
0.03

	
5.89

	
0.01

	
5.95

	
0.02

	

	
0.01

	




	
[28]

	
8.00

	

	
0.10

	
0.05

	
5.66

	

	
5.81

	
0.04

	
0.01

	
0.04

	




	
[28]

	
7.90

	
0.10

	
0.03

	
0.03

	
5.89

	
0.01

	
5.96

	
0.02

	

	
0.01

	




	
[75]

	
7.98

	
0.02

	
0.64

	
0.06

	
4.80

	

	
5.50

	
0.07

	
0.04

	

	




	
[109]

	
8.00

	

	
0.13

	
0.05

	
5.60

	

	
5.78

	
0.08

	
0.06

	
0.04

	




	
[111]

	
7.94

	
0.06

	
0.15

	
0.09

	
5.34

	
0.01

	
5.58

	
0.18

	
0.01

	
0.08

	




	
[111]

	
7.51

	
0.49

	
0.43

	
0.16

	
4.95

	
0.01

	
5.54

	
0.35

	
0.08

	

	




	
[28]

	
7.80

	
0.20

	
0.06

	
0.06

	
5.56

	
0.01

	
5.68

	

	
0.02

	
0.06

	




	
Cabo de Gata

	
Los Trancos

	
[101]

	
7.81

	
0.19

	
2.96

	
0.12

	
1.00

	

	
4.09

	

	

	

	
0.94




	
[101]

	
7.74

	
0.26

	
3.06

	
0.21

	
0.79

	

	
4.06

	

	

	

	
0.85




	
[103]

	
7.36

	
0.64

	
3.18

	
0.32

	
0.69

	

	
4.19

	

	

	

	
0.77




	
[99,100]

	
7.53

	
0.45

	
3.08

	
0.17

	
0.76

	

	
4.01

	

	

	

	
0.89




	
[95]

	
7.59

	
0.41

	
3.02

	
0.26

	
0.87

	

	
4.15

	

	

	

	
0.84




	
[95]

	
7.56

	
0.44

	
3.27

	
0.19

	
0.77

	

	
4.23

	
0.16

	
0.01

	
0.03

	




	
Morrón de Mateo

	
[101]

	
7.68

	
0.32

	
2.71

	
0.47

	
1.06

	

	
4.24

	

	

	

	
0.66




	
[116]

	
7.79

	
0.21

	
2.26

	
0.87

	
1.00

	

	
4.13

	

	

	

	
0.82




	
[117]

	
7.79

	
0.21

	
2.35

	
0.67

	
1.17

	

	
4.19

	

	

	

	
0.83




	
[95]

	
7.62

	
0.38

	
2.57

	
0.56

	
1.11

	

	
4.24

	

	

	

	
0.91




	
[107] *

	
7.77

	
0.23

	
2.21

	
0.75

	
1.44

	

	
4.40

	
0.17

	
0.12

	
0.01

	




	
[107] *

	
7.92

	
0.08

	
2.56

	
0.44

	
1.29

	

	
4.29

	
0.08

	
0.06

	
0.27

	




	
[107] *

	
6.87

	
1.13

	
2.28

	
0.75

	
1.71

	

	
4.74

	
0.10

	
0.20

	
0.19

	




	
[107] *

	
7.46

	
0.54

	
2.09

	
0.85

	
1.49

	

	
4.43

	
0.27

	
0.07

	
0.15

	




	
[107] *

	
7.57

	
0.43

	
1.95

	
0.90

	
1.74

	

	
4.59

	
0.20

	
0.08

	
0.05

	




	
[107] *

	
7.52

	
0.48

	
1.96

	
0.87

	
1.58

	

	
4.41

	
0.24

	
0.24

	
0.13

	




	
[107] *

	
7.70

	
0.30

	
2.20

	
0.71
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