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ARTICLE INFO ABSTRACT

Keywords: In this study, a new genetic interpretation of the Mg-bentonite deposits from the Tajo Basin is given through a
Tajo Basin high-resolution transmission electron microscopy study. These bentonites, belonging to the Green Clays and Pink
HRTEM Clays lithostratigraphic units, are afforded by the sum of processes occurring during the weathering of parent
2:;;2?:;6 rocks and the evolution of the materials by the transformation of phyllosilicates in the sedimentary environment.

The primary phyllosilicates progressively change their microstructure and crystal chemistry, resulting in very
complex clay minerals assemblages. The Green Clays are relatively enriched in Al, Fe, and K, whereas Pink Clays
are enriched in Mg and Si, corresponding to almost pure trioctahedral smectites. Although the point analysis of
the particles showed a continuous compositional variation that evidences their genetical relationship, they were
statistically classified in groups that represented the evolution from the primary phyllosilicates (dioctahedral and
trioctahedral micas and chlorites) to the final products comprise very low-charge saponite and scarce sepiolite.
The intermediate steps in this transformation included the following: 1) particles of structural formulas with an
excess of octahedral cations that were interpreted as hydroxy-interlayer minerals and 2) random mixed-layers of
illite/smectite progressively poorer in illitic component as the more evolved particles. Green Clays correspond to
the state of transformation to smectites where partially transformed detrital components were still predominant,
corresponding to more proximal facies, whereas Pink Clays represented most evolved stages in the mineral
transformation. The alternation of Green and Pink Clay levels was related to climatic changes with alternation of
wetter and drier periods.

Mixed-layer
Hydroxy-interlayered mineral

products of the alteration of both mica, particularly biotite, and chlorite
by observing naturally altered materials (Romero et al., 1992; Aspandiar

1. Introduction

Weathering reactions of rocks on the Earth’s surface are responsible
for producing abundant clay minerals—mainly kaolinite and smectites.
During weathering, a remarkable suite of transitional phases such as
vermiculite and several interstratifications with vermiculitic, smectitic,
chloritic and micaceous layers develop. Smectites in surface environ-
ments mainly form by the weathering of pre-existing minerals and grow
under very different conditions. The mechanisms of smectite formation
include neoformation and transformation, which have been widely
studied in the literature (Wilson, 2004; Meunier, 2005; Velde and
Meunier, 2008; Pozo and Galan, 2015; Garcia-Romero and Suarez,
2021; and references therein). Mica and chlorite in sedimentary envi-
ronments can alter, leading the formation of Fe-oxides, vermiculite,
and/or smectite. Several researchers have studied the process and

and Eggleton, 2002) and those weathered artificially in the laboratory
(Correns, 1963; Robert, 1973; Robert and Barshad, 1973; Malstrom and
Banwart, 1997, among others).

There is a general agreement that smectite formation via mica
weathering starts with the release of interlayer K, which implies a
gradual opening of illite interlayers to vermiculite or smectite in-
terlayers as well as an increase in Si. The charge of the layer decreases,
causing the opening of the interlayer space and the entering of polar
molecules (water or organic molecules). Biotite is less resistant to
weathering than muscovite, and their natural weathering involves other
structural changes as well, such as the oxidation of Fe?* and its ejection
from octahedral sheets of ferric ions leading to a more dioctahedral
structure (Robert, 1973; Banfield and Eggleton, 1988; Kogure and
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Murakami, 1996; Malstrom and Banwart, 1997, and Wilson, 2004).
Most researchers of natural mica-to-smectite alteration argued that
transformation reactions occur through mixed-layers of illite/smectite
(Giiven and Kerr, 1966; Rimmer and Eberl, 1982; Ross et al., 1982;
Srodon and Eberl, 1984; Banfield and Eggleton, 1990; Suarez et al.,
1994, Elsass et al., 1997; Klimentidis, 1986; Veblen et al., 1990; Wilson,
2004, among others).

Smectite can be formed also by chlorite alteration (Hervillon and
Makumbi, 1975; Ross et al., 1982; Proust et al., 1987; Buurman et al.,
1988). The transformation of chlorite to smectite is chemically charac-
terized by Fe and Mg losses with a slight decrease in the Al/Si ratio as
well as the formation of Fe minerals (Ross et al., 1982; Mukarami et al.,
1996). The oxidation of ferrous iron causes the partial loss of octahedral
cations and the preferential dissolution of brucite sheets. This trans-
formation occurs through mixed-layers, and the most noteworthy step of
this alteration is the formation of regular chlorite/vermiculite mixed-
layers, with a corrensite-type structure (Meunier, 2005), followed by
irregularly mixed-layer chlorite/vermiculite (Proust et al., 1987; Proust,
1982; Hervillon and Makumbi, 1975) or vermiculite/smectite (Craw,
1984).

According to Barnhisel (1977), common secondary products of the
chemical weathering of phyllosilicates include metal oxides and
hydroxy-interlayered minerals (HIMs). Predominantly, HIMs comprise
at least partially expansible 2:1 phyllosilicates such as mica, smectite,
and vermiculite with mostly Al oligomers in the interlayer. HIMs, such
as hydroxyl-interlayered smectite (HIS) or hydroxy-interlayered
vermiculite (HIV), are typical weathering products in acidic soils, con-
taining varying amounts of Al[(OH)X,(HzO)y]3’X polymers in the inter-
layer space (Barnhisel and Bertsch, 1989). Apart from A13+, other metal
cations such as Mg?" and Fe?*/* may similarly produce intercalated
oligomers (Dixon and Jackson, 1962; Gupta and Malik, 1969).

The Tajo Basin has considerable deposits of sedimentary bentonites.
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Thus, the aim of this work is to perform an in-depth study of the crystal
chemistry of the smectites and characterize their genetic relationship
with other phyllosilicates through high-resolution transmission electron
microscopy (HRTEM).

2. Geological background

Significant bentonite deposits of the Miocene age (Aragonian-Val-
lesian) occur in the Tajo Basin, which is a complex intracratonic basin
located in the center of the Iberian Peninsula. It formed through intense
Cenozoic Alpine deformation within the Iberian microplate driven by
the Africa—Eurasia collision. The basin has a triangular shape and is
limited by mountain ranges (Fig. 1a supplementary material), which
were the source areas of the sediments that filled the basin: 1) the
Central System to the northwest, formed by igneous (mainly leucog-
ranites, monzoleucogranites, and granodiorites and others as granites,
quartzdiorites, and syenites) and metamorphic (slates, schists, and
gneisses) rocks of Paleozoic age; 2) the Iberian Range to the northeast,
which is mainly composed of carbonate and evaporitic Mesozoic rocks;
and 3) the Toledo Mountains, also formed by granitic and high-grade
metamorphic rocks, to the south. The mineralogy of the basin reflects
that of their source area, which was rich in chlorite, biotite, and
muscovite (principally from the metamorphic rocks) in addition to
quartz and feldspars.

There are three Miocene units separated by unconformities from the
underlying Units in the Tajo Basin: the Lower, Intermediate, and Upper
Units (Junco and Calvo, 1983; Calvo et al., 1989a; Calvo et al., 1993;
Alonso-Zarza et al., 2004), and they comprise various alluvial and
lacustrine deposits, which are arranged in a complex concentric pattern
characteristic of a lake basin that is both hydrologically and topo-
graphically closed (Ordonez et al., 1991). Deposits of bentonites are
located within the Intermediate Unit, in the so-called Green Clays
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Fig. 1. Representative X-Ray diffractograms of Pink Clays (left, ROS sample) and Green Clays (right, ESB 11 sample). OA: oriented aggregate. EG: ethylene glycol.
550 °C: heated at 550 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lithostratigraphic unit, which contains alternating Green and Pink Clays.
These were deposited along the margins of the evaporitic core of the
basin in a low-energy sedimentary environment, occurring as mudflat
facies (Brell et al., 1985; Doval et al., 1985; Calvo et al., 1989b; Garcia-
Romero et al., 2019).

In general, the Green Clay Unit comprises bentonites that consist
alternating greenish massive clays. At the top of this unit appear dolo-
mitic marls or dolostones that are locally silicified. Toward the low-
er-middle part, the bentonitic clays contain some beds of micaceous
sands showing crossed- or parallel-lamination whit biotite and chlorite
as the only phyllosilicates in these sands; several interbedded pinkish
clay levels (Pink Clays bentonites), sometimes containing sepiolite and
isolated carbonatic nodules (Brell et al., 1985; Garcia-Romero et al.,
1990; Bellanca et al., 1992; Cuevas et al., 1993; Pozo and Casas, 1999;
Garcia-Romero et al., 2019). Presently, these bentonites are mined, with
the most important exploitations located south of Madrid Province
(Fig. 1a supplementary material), taking advantage of both the Green
and the Pink Clays levels.

The Green Clays levels mainly comprise trioctahedral smectites,
containing minor amounts of quartz and illite together with scarce
feldspar as well as other phyllosilicates such as smectite/chlorite or
illite/smectite random mixed-layers, sepiolite, and/or kaolinite (Brell
et al., 1985; Dominguez Diaz et al., 1997) However, the Pink Clays are
almost pure smectites, and rarely have relicts of detrital minerals such as
quartz. Pink Clays have been largely studied, yet there is a lack of
agreement on their mineralogical classification. Several authors
described these clays as mixed-layer kerolite-stevensite (Martin de
Vidales et al., 1991; Pozo and Casas, 1992, 1995; Pozo et al., 1999; Pozo
and Casas, 1999; Clauer et al., 2012), kerolite (Pozo and Casas, 1999),
stevensite (De Santiago et al., 2000; Cuevas et al., 1993, 2003; Garcia-
Rivas et al., 2018), interstratified of turbostratic talc and saponite
(Steudel et al., 2017), and finally as low-charge saponite-stevensite
following the homoionization of samples with Ca (Garcia-Romero et al.,
2021). However, there is agreement on the low crystallinity and struc-
tural disorder of these low-charge phyllosilicates.

The Green Clays mineralogical assemblage is explained by the re-
action between detrital clay particles coming from weathering of the
source area and their alteration products in the sedimentary basin,
where they suffered transformation and neoformation processes,
whereas the Pink Clays would exhibit authigenic characteristics (Cuevas
et al., 1993; Dominguez Diaz et al., 1997; De Santiago et al., 1998; Pozo
and Calvo, 2015; Garcia-Rivas et al., 2018; Herranz and Pozo, 2018).
The main source areas of the bentonitic materials are the igneous and
metamorphic rocks of the Central System, as already stated, but mag-
nesium and silica enrichment occurred during the process of trans-
formation of the detrital minerals that reach the sedimentary basin. The
Mg content in the Tajo Basin is remarkable, which appears in saponitic
deposits and in very important sepiolite exploitations (Cuevas et al.,
2010; Garcia-Romero et al., 2019 and references therein), forming one
of the richest basins in Mg in the world.

3. Materials and methods
3.1. Materials

The studied samples corresponded to Green or Grey-Greenish and to
Pink Clays, that were massive or of fine parallel lamination and frequent
bioturbations. They were collected by taking advantage of the quarry
fronts of most economically important exploitations of bentonites in the
Tajo Basin, located to the south of Madrid in two areas (Fig. 1b sup-
plementary material): 1) seven samples came from quarries at the bot-
tom of the inselbergs of Cerro del Aguila and Gerro de Magén (MCM,
ROS, TAJ, VER, VER3, VER19-1, and VER19-2), next to the villages of
Magan and Villaluenga, respectively. 2) The other fiveteen samples
(ESB2, ESB3, ESB4, ESB5, ESB6, ESB11, ESB21, PB10, PB11, PB12,
RESB3, RESB6, RESB11, RESQ, and SES2) were collected from quarries
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located among the localities of Esquivias, Sesena, and Borox. Both the
Green and Pink Clays appeared closely interbedded with each other in
the two studied areas. Samples ESB2, ESB3, ESB6, ESB11, EBS21, PB12,
SES2, VER, VER3, VER19-1, and VER19-2 corresponded to Green Clays
and samples ESB4, ESB5, MCM, PB10, PB11, RESB3, RESB6, RESB11,
RESQ, ROS, and TAJ corresponded to Pink Clays.

3.2. Methods

Mineralogical characterization was performed via powder X-Ray
diffraction (XRD) of the whole-rock samples powdered using an agate
manual mortar as well as <2 pm fractions obtained via decantation and
studied as oriented aggregates under ambient conditions after solvation
with ethylene glycol and heating at 550 °C. A Bruker D-8 advance XRD
diffractometer using CuKa radiation and a graphite monochromator was
employed, with a step size of 0.05° 2 theta and a counting time of 1 s per
step.

Textural features were established by using scanning electron mi-
croscopy (SEM) and high resolution transmission electron microscopy
(HRTEM) at the Centro Nacional de Microscopia Electrénica (CNME,
Spain). The SEM observations were conducted with a JEOL JSM-6330F
(field emission scanning electron microscope) operated at 10 and 20 kV,
wd 15 mm, and SEI, equipped with an Oxford Instruments: X-Max 80
mm? qualitative elemental analysis by energy dispersion spectroscopy
(EDS) at 127 eV and 5.9 keV. Prior to the SEM examination, freshly
fractured surfaces of representative samples were air-dried and coated
with Au under a vacuum. The HRTEM observations were performed
using a JEOL 3000 FX field-emission microscope with a LaBg filament at
an acceleration voltage of 300 kV with a point-to-point resolution of
0.17 nm. The microscope was equipped with a double-tilt sample holder
(with a maximum angle of +23°) and a CCD camera for digitally
recording images. Clay minerals are extremely beam-sensitive compared
to other non-hydrated minerals, posing a higher level of difficulty for
HRTEM imaging. Therefore, the samples were prepared under special
conditions to prevent beam damage. The experimental conditions were
optimized to avoid structural modifications using a low beam intensity
(<500 counts on the CCD camera) and an exposure time of 0.8 s to ac-
quire the image. In addition, some of the samples were prepared through
treatments to preserve the microstructure and avoid the collapse of the
smectite interlayer space. These treatments were conducted in a series of
successive steps, where a small portion of the sample was placed in agar-
agar to protect it from future stains. The sample must be hydrated and
the water progressively replaced by methanol; afterward the alcohol was
replaced by Spurr resin, according to the methodology proposed by
Tessier (1984) and Tessier and Pedro (1987). After polymerization of the
resin, thin sections (50 nm) were cut by ultramicrotomy. This procedure
minimizes dehydration during HRTEM and thus helped preserve the
natural texture of the samples.

The chemical composition of the samples was obtained using
analytical electron microscopy (AEM) with HRTEM, both in natural
samples and those homoionized with Ca%t. For AEM study, samples
were prepared by depositing a drop of diluted clay suspension onto
copper grids with a holey carbon film. Thin individual grains of minerals
were scattered onto the grid with the (001) planes parallel to the grid
holder. The analyses were conducted at two different laboratories: the
CNME and the Centro de Instrumentacién Cientifica, University of
Granada, Spain (CIC). At the CNME were used two microscopes: a JEOL
JEM 1400 microscope, with an acceleration voltage of 100 kV and 0.38
nm point-to-point resolution, and a JEOL 3000-F field-emission micro-
scope with a LaBg filament, an acceleration voltage of 300 kV, a point-to-
point resolution of 0.17 nm. Both microscopes incorporated an OXFORD
ISIS EDX spectrometer (136 eV resolution at 5.39 keV) and an INCA
microanalysis suite (Oxford Instruments) equipped with its own soft-
ware for quantitative analysis. Structural formulas were calculated on
the basis of Oy (OH)4. All Fe present in the samples was considered Fe®t
(owing to the limitation of the technique), but the possible existence of
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scarce Fe?" cannot be excluded.

To determine the correct distribution and structural positions of the
cations, some samples were homoionized with Ca (ESB2, ESB3, ESB5,
ESB6, ESB11, ESB21, RESQ, ROS, SES2, and VER). For this cationic
exchange, powdered samples were immersed in a 1 M CaCl; solution at
room temperature for three successive 24-h baths. Afterwards, the
chloride solutions were removed, and the samples were washed with
successive distilled water and centrifugation baths until the chloride was
completely removed. The absence of chloride was confirmed with dilute
AgNOg3. Thus, the exchangeable cations that the smectites originally
contained were replaced by Ca®*.

4. Results
4.1. Mineralogy and chemical composition

In agreement with the aforementioned previous studies of the Tajo
Basin, the XRD patterns showed than the Green Clays mainly comprise
smectites which have wide reflections (Fig. 1). The samples sometimes
contain minor amounts of illite, kaolinite, quartz, feldspars, and occa-
sionally calcite. At times, they showed scarce chlorite and low-intensity
diffraction effects between d-spacings of 10 and 15 A, or minor broad
peaks in the long-angle region of the powder patterns (more than 15 A)
with no defined maxima, which indicated the presence of either a wide
range of random mixed-layers or 2:1 intermediate phases in which
smectite and illite were dominant. The presence of minor mixed-layer
phases was also supported by the asymmetry of the reflections, princi-
pally those of illite, which showed its 10 A reflection open to a higher d-
spacing. The d-spacing of the 060 reflection showed a band with two
maxima at 1.49 and 1.52 A, thus indicating the coexistence of dio-
ctahedral and trioctahedral phases or domains in the same sample. The
XRD patterns of the Pink Clays showed significant differences (Fig. 1).
They were trioctahedral, as the 060 reflection at 1.52 A indicated.
Although they were very pure smectites, there was not a clear 001
reflection; only hkO reflections appeared in the powder XRD patterns,
together with a very broad diffraction effect at low angles between 3° 26
and 9° 20. This wide effect implies the existence of crystalline plains
with variable d-spacing diffraction, between 10 A and more than 20 ;\,
without ordering in the [001] direction. The XRD patterns of the ori-
ented aggregates showed this wide effect, which changed slightly,
moving to lower angles, when the samples were solvated with ethylene
glycol, indicating a certain swelling ability. Further, when the oriented
aggregates were heated at 550 °C, the higher d-spacings collapsed, and a
very broad peak at ~10 A appeared, although in some samples, small
peaks between 10 A and 14 A appeared, which were related to the
presence of some chlorite layers.

The point chemical data obtained by AEM analyses of isolated par-
ticles of the natural and Ca-homoionized samples (both Green and Pink
Clays,) displayed a broad compositional variability (Tables 1 and 2
supplementary material), despite all analyses being performed on
representative particles of characteristic smectitic morphology, as
shown in the next section. The oxide percentages of the samples showed
a remarkably high standard deviation, mainly in the Green Clays
(Table 1), which was related to the continuous compositional variations
in the particles in all studied samples. The chemical composition of
Green Clay and Pink Clay particles showed noteworthy differences. The
maximum and minimum of oxide percentages varied among the samples
(Table 1), but even more significant were the mean values. The Pink
Clay samples were richer in MgO (mean = 30.54%) than the Green Clays
(mean = 18.40%) and poorer in AlyO3 (2.42% and 13.66%, respec-
tively). In the same way, the mean values of KoO and Fe,O3 were higher
in the Green Clays (1.66% and 5.32%, respectively) than those in Pink
Clays (0.18% and 0.81%, respectively). Although there was a difference
in the composition of Pink and Green Clays, particles with similar
composition were found in both types of rocks, but they appeared in
different proportions. Particles richer in Si and Mg were more abundant
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Table 1

Maximum (Max), Minimum (Min), Mean and Standard Deviation (St. Dv.)
values of the main oxides percentage (%), of natural and homoionized with Ca
both Green and Pink samples. N: number of samples analyzed.

Si0,  AlLO; Fe,03 MgO  CaO  K,0

Green Clays Max 69.65 36.82 21.88 32.73 4.39 6.93
N =247 Min 39.80 2.51 0.00 2.72 0.00 0.00
Mean 60.20 13.66 5.32 18.40 0.54 1.66

St. Dv. 471 7.54 4.18 8.85 0.61 1.56

Ca Green Max 72.96 37.43 29.57 3294 9.88 10.51
Clays Min 40.55 2.74 0.00 1.24 0.00 0.00
N =193 Mean 58.33 18.24 6.51 13.11 1.59 2.05

St.Dv.  6.02 7.47 4.96 7.88 0.96 1.89

Pink Clays Max 75.75 17.34 9.10 35.82 2.26 2.80

N =189 Min 54.86 0.00 0.00 17.41 0.00 0.00

Mean 65.70 2.42 0.81 30.54 0.34 0.18

St.Dv. 299 3.11 1.30 3.83 0.37 0.40

Ca Pink Clays Max 77.08 9.25 5.64 35.38 7.97 2.02
N =140 Min 59.16 0.00 0.00 14.69 0.21 0.00
Mean 64.86 1.74 0.70 31.18 1.44 0.07

St.Dv.  2.70 1.66 0.93 3.41 0.94 0.28

Table 2

Chemical composition (mean values, wt% major oxides) and structural four-
mulae of the groups obtained after the cluster analysis by the Ward Method.
Numbers of cations on the basis O59(OH),.

Mean analyses (% major oxides)

Al A2 Bl B211 B212 B22
MEAN MEAN MEAN MEAN MEAN MEAN
MgO 9.68 6.4 23.93 33.37 30.89 26.76
St. Dv. 3.24 2.86 3.84 1.02 0.98 4.2
Al,03 22.15 22.2 8.58 1.01 2.58 1.1
Ale‘t' 3.79 6.11 2.81 0.44 1,00 0.97
SiO, 53.84 63.5 62.06 63.88 64.35 69.38
Si St 4.36 5.11 2.13 0.8 1.22 3.15
Dv.
K,O0 2.88 2.04 0.68 0.01 0.09 0.02
K SDtV 1.71 2.26 0.55 0.04 0.21 0.06
CaO 1.61 1.13 1.95 1.19 1.38 2.05
Cast. 477 0.55 1.45 0.29 0.4 1.55
Dv.
Fey03 9.56 4.58 2.8 0.53 0.71 0.67
FeDSJ' 5.15 2.47 1.53 0.52 0.92 1.17
TiO, 0.27 0.16 0,00 0.00 0.00 0.00
Tls:; 0.5 0.67 0.00 0.00 0.00 0.00
Structural formulas. Numbers of cations on the basis O20(OH)4
Si 6.73 7.60 7.56 7.76 7.79 8.32
Al 1.27 0.40 0.44 0.14 0.21
Fe** 0.05
2 tet. 8.00 8.00 8.00 8.00 8.00 8.32
Al 1.99 2.73 0.79 0.16 0.16
Fe3* 0.90 0.41 0.26 0.06 0.06
Mg 1.80 1.14 4.34 6.04 5.58 4.78
Ti 0.03 0.01
2 oct. 4.72 4.29 5.39 6.04 5.80 5.00
Ca 0.22 0.14 0.25 0.15 0.18 0.26
K 0.46 0.31 0.11 0.06
Tet. Ch. -1.27 —0.40 —0.44 -0.39 -0.21 0.32
Oct. Ch. 0.39 —0.26 -0.17 0.08 —0.18 -1.78
L. Ch. —0.88 —0.66 —0.61 —0.31 -0.39 —1.46

St. Dv.: Standard deviation. X tet.: number of tetrahedral cations. Z oct.: number
of octahedral cations. Tet. Ch.: Tetrahedral charge. Oct. Ch.: Octahedral charge.
L. Ch.: Layer charge.

in Pink Clays, while those richer in Al, Fe, and K were much more
frequent in Green Clays. In addition, the variability of the composition of
the laminar particles in these bentonites, both in Green and Pink Clays
was an intrinsic characteristic of all samples, and it was not because of
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the sum of the analyses of different samples because the same, very wide
variations existed in each sample. Moreover, the assemblages of the
values for all oxides of the main major elements (Si, Al, Fe, and Mg)
showed a continuous variation from highest to lowest values (Fig. 2).
To properly fit the smectite structural formulas, the samples were
homoionized with Ca®* (Garcia-Romero et al., 2021) to unequivocally
determine the Mg allocation. When the point analyses of natural and
homoionic samples were compared, the general trends obtained were
the same, with the continuous compositional variation that was dis-
cussed previously (Table 1, Fig. 2). Although the mean content of MgO%
decreased in the homoionic Green Clays, because the interlayer Mg was
changed by Ca, however, this did not happen in Pink Clays because they
were very Mg-rich clays with a low layer charge and interlayer cations.
Nevertheless, while Ko0% almost reached zero in the homoionic Pink
Clays, the mean Ko0% content did not decrease in the homoionic Green
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Clays, indicating the presence of interstratified mica layers (Hoang-
Minh et al., 2019; Garcia-Romero et al., 2021).

4.2. Statistical analysis

Significant correlations existed among the percentages of different
oxides of major elements (Table 3 supplementary material). Al;03 and
Fe;03 percentages were positively correlated with each other, and both
were negatively correlated with MgO and positively correlated with
K20, while SiO, correlated positively with MgO. Furthermore, there was
a continuous compositional variation, as shown in Fig. 2, where the
percentages of elements are plotted. The high standard deviation
(Table 1) reflects the high compositional variability of both Green and
Pink Clays, which is a consequence of the mixture of particles with
different crystal-chemistry. This compositional variation made it
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Fig. 2. Oxide content of the major elements ordered from the highest to lowest values. The left column corresponds to natural samples, while the right column
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difficult to determine representative structural formulas for groups of
minerals because the individual point analyses corresponded to very
different chemical compositions with high standard deviations. A very
high proportion of point analyses did not fit properly for 2:1 minerals:
10.1% with more than eight Si atoms per unit cell (p.u.c.), 12.8% with
more than six atoms p.u.c. in octahedral positions, and 47.4% with
excess octahedral charge (Oct. Ch.). However, several compositional
groups could be distinguished from the statistical analysis of the
chemical data.

A classification of the analyzed particles in the homoionic samples
was performed using cluster analysis by the Ward Method, and the ob-
tained groups are identifiable when SiO; and MgO are plotted (Fig. 3
and Fig. 2 supplementary material). Firstly, the points were grouped into
A and B groups. Subgroups were obtained and named Al, A2, B1, and
B2, and this last group was formed by B21 (B211 and B212) and B22
(Fig. 2 supplementary material). As is logical, these groups and sub-
groups had common characteristics that were more easily deduced from
their mean chemical compositions (Table 2). The group A particles had a
high content of Al;03, Fe;03, and K0, with the A1 group being richer in
MgO and Fey03 than A2. The B group was characterized by the highest
MgO content, and differences among the subgroups in B were related to
an intermediate content of in Al,O3, Fe;O3, and K>0, a maximal content
of SiO, in B22, and a maximal content of MgO in B211 and B212. K0
was related to the A1, A2, and B1 groups.

From these mean compositions, the structural formula of each sub-
group can be fitted as 2:1 phyllosilicate (Table 2). The interlayer of the
Al, A2, and B1 groups contain K, indicating the presence of illite
layers, as previously said. However, they have different tetrahedral Al
substitution and very different octahedral content. The analyzed parti-
cles of group A are mainly dioctahedral, since the number of octahedral
cations (Z oct.) is 4.72 and 4.29 for Al and A2, respectively. Al has a
layer charge (L. Ch.) of —0.88 and its mean structural formula allows us
to classify it as illite with excess octahedral charge. The mean structural
formula of group A2 corresponds to a dioctahedral structure, and it has
—0.66 L. Ch., mainly located at the tetrahedral sheet; therefore, it should
be classified as beidellite. B1 fits as an intermediate between di- and
trioctrahedral smectite (0.61 L. Ch. and 5.39 X oct.). However, groups
B211 and B212 correspond to trioctahedral smectites (saponite), while
B22 does not fit any 2:1 phyllosilicate (Table 2). Although no particle
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with fibrous morphology was analyzed, considering its high content of Si
and Mg, the structural formula of the mean chemical composition of B22
fited as sepiolite, that is to say, O39o(OH)4. In this case, the formula fits
better, but it is not a perfect fit (Sija Mgs.7s Alg.16 FegBﬁ 03¢ Cag.o6
(OH)4).

4.3. Micromorphological features

Overall, the SEM images of the Green Clays were consistent with a
detrital origin. The samples had an isotropic fabric, formed by a random
(no oriented) array of particles deposited in a massive flocculated fabric,
which hardly ever reached more than a few micrometers. They had a
flaky morphology and undulating edges in a mess arrangement in edge-
to-face and edge-to-edge contacts, resulting in a disordered “cornflake”
microstructure. Scarce detrital grains remain included in the smectite
mass, mainly of quartz and sometimes larger altered platelets of micas
and/or chlorites (Fig. 4a, b). These large platelets were undulated with
open edges owing to growth of smectite, and they were covered by
smaller particles that grew on their surfaces (Fig. 4c). The Pink Clays
samples showed some different textural features. They had a remarkably
open microstructure, where very small smectite particles were arranged,
resulting in a very open and homogeneous distribution of particles that
showed a tendency to be connected, forming flocs or aggregate struc-
tures with pseudospherical morphologies (Fig. 4d, e) separated by
pseudopolygonal voids of varying sizes and shapes (Fig. 4f) resulting in a
“cornflake” and “honeycomb” microstructure. Occasionally, the smec-
tite particles of both Green and Pink Clays samples exhibited fibrous
ends that corresponded to the growth of sepiolite fibers (Fig. 4g, h);
these laminar particles have a composition closer to sepiolite than that
to smectite (group B22), as discussed in the previous section.

Under HRTEM inspection, particles from both the Pink and Green
Clays appeared as a mixture of aggregates of small nanoparticles with
variable morphology as much up to a few hundred nanometers in lateral
length, which, at the same time were made up of smaller lenticular
nanoparticles. Individual nanoparticles were continuously curved with a
general wavy and pointy appearance and sometimes twister ends with
no clear grain boundary between separate crystals, which appeared as
rolled-up edges (Fig. 5 a-d) of extremely thin films formed as the result
of edge-to-edge aggregation of particles, as described by Garcia-Romero
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Fig. 3. Binary plot of SiO, versus MgO of all analyzed points for Ca-homoionized samples. Colour corresponds to the groups defined from the cluster analysis
according to the legend. Square points correspond to the mean value for each group.
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and Sudrez (2018). The particles of the Pink Clays samples were
remarkably smaller than those Green Clay samples (Fig. 5c, d). They
comprised only a few layers, which agrees with the extreme poor crys-
tallinity and the lack of stacking found in the XRD patterns (Fig. 1).
Steudel et al. (2017) also reported very small particle sizes as one
characteristic of this bentonite.

The lattice-fringe images showed the dominant clay mass as being a
disorganized, imperfect, wavy, anastomosing, and discontinuous lattice
fringe. The lack of staking in the [001] direction and the edge disloca-
tions were characteristic of these samples. The d-spacing varied from 10
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Fig. 4. Representative SEM images of
isotropic fabric, formed by a random array of
particles disposed in a massive flocculated
fabric from Green Clays (a, b, ¢, g) and Pink
Clays (d, e, f, h). a, b) detrital grains included
in the smectite mass. c) large platelet with
undulated edges covered by smaller particles
growing on their surface. d, e) smectite par-
ticles arranged in a very open microstructure
with pseudopolygonal voids, forming flocs or
aggregate structures with pseudospherical
morphologies f) detail of pseudopolygonal
voids. g, h) mass of smectite particles with
undulated and fibrous ends. Q: Quartz, M:
Mica. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

to more than 20 A in disordered domains of only a few layers, with
scarce lateral continuity and local variation in layer width, as clearly
shown in Fig. 6a, c. The anastomosing lattice-fringe images of smectite-
like nanoparticles typically exhibited changes in image contrast along
layers owing to small orientation changes in the crystal. The samples
occasionally contained small packets of only a few relatively defect-free
10A layers (Fig. 5e) and scarce chlorite (14 i\) layers (Fig. 6b) within the
disordered smectitic mass. The residual illitic crystals were scarce, but
they appeared in all the Green Clay samples, as well as the Pink Clays,
although less prominently. The restitic chlorite of only was found in the
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Green Clay samples. They were more resistant to the electron beam, so
they were easily distinguishable because they were highlighted within
the smectitic layers. They comprised straight parallel layer domains but
usually showed marked signs of alteration. The illite particles generally
appeared to be surrounded by extensive areas of a smectitic nature. In
addition to edge dislocations, they frequently showed changes in image
contrast along layers, including layers of more than 10 A d-spacing
within the 10 A sequence (Fig. 7b), which was a consequence of a
physical breakdown process that could be interpreted as exfoliation or
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Fig. 5. TEM images of nanoparticles with
variable morphology, continuously curved
with a general wavy and pointy appearance
and twister ends of Green Clays (a, b, €) and
Pink Clays (c, d). Note the remarkable small
size of particles in the Pink Clays samples (c,
d). e) disordered smectitic mass (~2-14 A
layers) containing residual illitic crystals
(relatively defect-free 10-A layers). (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

microdivision perpendicular to the stacking direction. Other than the
small illite or chlorite relics, the layers rarely had a continuity of more
than a few nm (Figs. 6a, 7a), the d-spacing was variable, and the edge
dislocations were observed along all the crystals (Fig. 7a). The general
trend in the HRTEM images of the smectititc particles of both Pink Clays
and Green Clays was disorder and small-sized particle.
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Fig. 6. HRTEM images. a) representative lattice-fringe images of the dominant disordered clay mass. The d-spacing varies from 10 to more than 20 A, in disordered
domains of only a few layers with lack of staking in [001] direction and scarce lateral continuity. b) straight parallel 14 A layers (chlorite relict) with signs of

alteration. ¢) d-spacing variation from 10 to more than 20 A.
5. Discussion

The positive correlation between Al;O3, FexOs, and KO (Table 3
complementary material) was related to samples of higher oxide con-
tent. Point analyses of these compositions corresponded to those of
groups Al and A2 obtained in the cluster analysis (Table 2, Fig. 8d). The
structural formulas of group A1l do not fit properly as dioctahedral mica
because a high excess of octahedral charge (+0.39) was obtained. The
excess octahedral charge after homoionization could be related to the
presence of HIMs which are 2:1 phyllosilicates with oligomers in their
interlayers. The hydroxy-interlayer is not a complete octahedral sheet,
but it forms “islands” (Barnhisel and Bertsch, 1989) with a variable

number of AI**, Mg?*, or Fe** cations. The HIMs are secondary minerals
from the alteration of the parent material, which are mainly present in
soils (Meunier, 2005; Georgiadis et al., 2020). In the bentonites from the
Tajo Basin, HIMs are the result of an intermediate stage in the alteration
and transformation of micas and chlorites toward smectites. They are
responsible for some of the discontinuous and irregular lattice fringes
observed in the HRTEM images. Considering that part of MgO, Fe;Os,
and Al;O3 proportion can be present in the interlayer oligomers of HIMs,
part of the cations fitted as octahedral cations in the structural formula
should be located in the interlayer space. Therefore, these particles must
be more dioctahedral than that estimated from the structural formulas
(4.72 ¥ oct.). The intermediate stage in the alteration of micas is
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Fig. 7. HRTEM images of representative lattice-fringe showing changes in the
image contrast along layers. The edge dislocations are disposed along all the
crystals. b) residual illitic crystal showing changes in the image contrast along
layers and include layers of more than 10 A d-spacing within the 10 A sequence.

supported by the K;O content found in some analyses of group Al,
which indicates interlayered illitic layers. Some point analyses with low
SiOy values (less than 50%), high FeyOs (approximately 10-20%),
should be related to the very low-intensity 14 A reflections both in AO,
AO + EG, and AO + TT DRX (Fig. 2 and Fig. 6b). Those reflections
should be attributed to the remains of weathered chlorite from the
source area, indicative of the intense alteration of chlorite, which is
degraded almost. These chloritic particles are scarce in the Green Clays
and hardly ever appear in the Pink Clays.

Cluster A2 was similar to Al. However, point analyses of this
composition fit beidellite (X oct. 4.29) (Table 2), with some interlayered
illitic layers, which is supported by the interlayer K* (0.31 p.u.c.). They
represent intermediate phases and should be associated with the 10 A
and 1.49 A reflections in the XRD patterns and with the scarce illitic
relicts or illitic domains identified with HRTEM (Fig. 5Se). Particles
corresponding to groups Al and A2 are the majority in the Green Clays.

The two A groups include primary phyllosilicate particles that are
partially altered and transformed. The B group includes more evolved
particles and is subdivided in three other subgroups. The B1 group of the
cluster has a mean composition that is quite similar to group A particles
but with minor K30, Aly03, and Fe;O3 and higher MgO content. Its mean
composition fit saponite although, the mean values are the results of a
very wide compositional variation where both extremes are closer to
saponite, muscovite, or mixed-layers of illite/smectite, which can be
found even in the same sample (Fig. 6a). They are the result of the
progression of mica alteration and the relative increase in Mg. Higher
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the mica alteration degree, lower K30, Al;03, and Fe,O3 content and
higher SiO2 and MgO. This compositional variation is clearly reflected in
the data plotted in Fig. 8d. These particles are mainly smectitic but
contain illitic domains, as shown in the HRTEM images (Figs. 5, 6, and
7), and they are responsible for both the intense and broad reflections
that appear around 14-15 A in the AO (which expand to 17 A following
solvation with ethylene glycol and collapse to 10 A upon heating to
550 °C, a typical behavior of smectites), and of the asymmetric 10 A
open to higher d-spacing XRD reflections, as well as some of the low-
intensity effects of intermediate d-spacing between 10 and 14 A. The
number of octahedral cations, with a mean value of 5.39 p.u.c, as well as
the 060 XRD reflections at both 1.49 A and 1.52 A, confirm the coex-
istence of trioctahedral (smectitic) and dioctahedral (illitic) domains.

Particles with a range of chemical compositions from near-mica and
to those of mixed-layer illite/smectite or even smectite without a
compositional gap (Fig. 2) between groups Al, A2, and B1 are more
abundant in the Green than in the Pink Clays (Fig. 8).

Groups B211 and B212 have lower AlyOs3, FepOs3, and KO pro-
portions and an increase in MgO, which is in good agreement with the
negative correlation between MgO, Al,O3, and the other oxides; they are
the richest in Mg, with a structural formula (from the mean of analyses)
that fits as saponite with 6.04 and 5.58 Zoct. for B211 and B212,
respectively (Table 2). The difference between the two groups is the
small excess of octahedral charge and octahedral cations in the mean
structural formula, and slightly more MgO and less AloO3 in B212 than
in B211, which is most likely related to small amounts of relict HIMs in
B211. They represent a more advanced step in the process of the primary
phyllosilicate alteration and transformation toward new magnesian
phases. The Pink Clays mostly comprise slight stacking, disordered, and
extremely poor crystallinity smectites with these compositions (B211
and B212). However, they hardly ever appear in Green Clays (Fig. 8b, d),
and they produce very broad diffraction effects in the absence of a clear
001 reflection in the XRD patterns, which is related to the lack of three-
dimensional periodicity. Further, they only contain small coherent
diffraction domains in the [001] direction. This is evidenced by the
HRTEM images because the nanoparticles often are composed of only a
few stacked layers (Fig. 5c, d), resulting in very open microstructures.

The richest SiO5 point analyses have also very high MgO percentages
and scarce amounts of other chemical elements, and they are grouped
into the B22 group. The mean structural formula does not fit as layer 2:1
phyllosilicate, it fits more properly as sepiolite (Table 2). This compo-
sition is closer to sepiolite, related to the fibrous ends that smectitic
particles sometimes have (Fig. 4g, h). They are particles at the end of the
transformation process, probably with epitactit growth of neoformed
sepiolite on smectite crystals. They appear both in Green and Pink Clays
but are much more prominent among Pink Clays the latter.

The continuous compositional variation (Figs. 3 and 8) indicates a
mineralogical evolution, describing the genetic relationship between the
mineralogical groups. It implies the evolution from primary phyllosili-
cates (micas and chlorites) to the final product, the very low-charge
saponites and sepiolite. In the last stage, neoformation also occurs
because the environment is enriched in Mg and Si. The Green Clays are
richer in detrital minerals such as quartz and feldspars, and in inter-
mediate phases such as HIMs and random illite/smectite mixed-layers
while the Pink Clays are principally formed by very small particles
enriched in Si and Mg, which correspond to very low-charge saponite
together with scarce random smectite/illite mixed-layers close to the
sepiolite-composition particles (Fig. 8a, b). Most point analysis of par-
ticles of the Green Clay samples are group in the A1, A2, and B1 clusters,
while the analysis corresponding at samples of Pink Clays falls in the
different subgroups of the B2 group defined by the statistical analysis
(Fig. 8¢, d).

The particles in which smectitic and illitic domains are identified by
HRTEM are the most frequent, being more smectitic as they become
more distal. The domains have sufficient size to diffract as a mixture of
smectite and illite, such as individual particles but they are mixed-
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Fig. 8. Triangular plots of the relative proportions of the three main octahedral cations, expressed as percentage of oxides. a) natural samples, b) homoionized with
Ca samples, G = Green Clays, P = Pink Clays, c¢) point analysis identified by samples (obtained in homoionized with Ca), and d) point analyses identified by groups
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this article.)

layers, which can change not only in the staking direction but laterally.
Most previous works on the genesis of bentonites from the Tajo Basin
propose from XRD pattern interpretation a mixture of illite as an
inherited mineral and smectite as a neoformed mineral (Doval et al.,
1985; Dominguez Diaz et al., 1997; Garcia-Romero et al., 1990; De
Santiago et al., 1998). However, the observations from this work for
samples from different locations allow us to confirm that illitic particles
are very scarce in Green Clays and they do not exist in Pink Clays
although in the XRD patterns of both types of bentonites, a clear peak at
10 A appears, which is more intense in the Green Clays. This diffraction
effect is due to the illitic domains that appear in mixed particles, which
are more smectitic farther from the source area of the deposit.

The formation of trioctahedral smectites from primary phyllosili-
cates has been determined previously for Green Clays. De Santiago et al.
(1998) studied the weathering process of illite to form smectite and
intermediate stages in the Green Clays of the Tajo Basin. They described
how detrital illite transforms to smectite, which begins as an exfoliation
normal to the stacking direction and develops by opening of the inter-
layer spacing, similar to Fig. 7b. These units evolve by disconnecting
from the parent crystal as the cleavage process advances. They also
described random mixed-layer illite/smectite as an intermediate prod-
uct of this alteration process, as well as the replacement of K™ by hy-
drated interlayer cations and slight reorganization of the 2:1 layer
structure. Fesharaki et al. (2007) found a mixture of detrital (quartz,
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feldspars, kaolinite, micas, and chlorite) transformed (illite and bei-
dellite) and neoformed (montmorillonite) minerals in the arkoses (more
proximal facies) in the Miocene sediments of the Tajo Basin. These
confirmed that the clay minerals resulted from interactions between
detrital minerals and meteoric waters. The assemblage of dioctahedric
minerals (illite and smectites) described by Fesharaki et al. (2007)
evolved into a more trioctahedric composition in the distal facies of the
basin. Conversely, the genesis of the Pink Clays has been related to
neoformation by direct precipitation from rich in silica and magnesium
solutions in the more distal facies in small ponds or playa lake envi-
ronments (Doval et al., 1985; Garcia-Romero et al., 1990; De Santiago
et al., 1998, 2000; Pozo and Casas, 1999; Herranz and Pozo, 2018).
Based on the very small crystal size, numerous edge dislocations, the
lack of periodicity (turbostratic) in the structure, and a cellular (spher-
ical) texture observed by HRTEM, the Pink Clays were considered to be
an early stage of crystallization (De Santiago et al., 2000) in which tri-
octahedral smectites, described as a stevensite precursor, grow from
colloidal phases enriched in the Mg and Si products of the weathering of
mica and chlorite. However, the data here show evidence of a genetic
relationship between Green and Pink Clays as different steps of a
continuous alteration process.

The process of Green and Pink Clays formation began in the source
area where the mica and chlorite alteration started. The alteration and
transformation processes occurred through a series of irreversible
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reactions during all stages of the sedimentary process and during the
early diagenesis, where interstitial fluids could react with highly trans-
formed detrital minerals; the growth of neoformed also happened, but in
minor amounts. The transformations led to a progressive enrichment in
Mg and Si of the new clay minerals in the more evolved materials. The
enrichment in these elements already were reported by Dominguez Diaz
et al. (1997) and De Santiago et al. (1998). During the entire trans-
formation process of the mica and chlorite to smectite, there was an
oxidation of Fe?* to Fe3' that forced the ejection of a third of the
octahedral Fe>* to avoid the excess of octahedral charge after Fe
oxidation. The chemical and structural rearrangement resulted from the
release of Fe®', provoking the relative Mg and Si enrichment in the
newly formed minerals (Gilkes et al., 1972), which was corroborated by
the positive correlation between SiO5 and MgO. This must contribute to
the high proportions of Si and Mg occurring in the more evolved Tajo
Basin sediments, because those richest in Al and Fe phyllosilicates
remained in the more proximal facies, as described by Fesharaki et al.
(2007). The Green Clays have large FeoO3 variability (Table 1, Fig. 8a,
b), which was absent in some smectite particles; however, it can reach
21.88% in some other particles, in those that are the less evolved
phyllosilicates in the sequence of alteration-neoformation from the
micas to the low-charge saponite and sepiolite. This variability can be
related to some of the octahedral Fe>™ and tetrahedral AI** being
ejected from mica and chlorite remaining as hydroxy-interlayers in the
alteration products. The process occurs in both Green and Pink Clays,
but it is a majority in the former and less important the latter, repre-
senting a more evolved sediment.

The HRTEM images indicate that the transformation from parent
minerals to clay minerals in the Green Clays is mainly an atom-to-atom
transformation in the solid state. Although, local dissolution and crys-
tallization could also occur. There is no evidence of the local dissolution
and crystallization process, but, on the contrary, the degradation of mica
(Fig. 7b) and chlorite (Fig. 6 b) is observed by the opening of the
interlayer spacing with slight a reorganization of the 2:1 layer structure.
Consequently, there are remains of illite particles (straight and relatively
defect-free lines) surrounded by extensive areas of smectite (imperfect
and wavy fringes) and hydroxy-interlayer minerals and random mixed-
layers as uncompleted stages in the transformation (Fig. 5e). They have
a high density of edge dislocations, which may serve as diffusion
pathways.

Green Clays correspond to the state of transformation to smectites
where detrital components are still predominant, with intermediate
phases between primary minerals (micas and chlorites) and final prod-
ucts (very low-charge saponite and sepiolite), while Pink Clays represent
most evolved stages in the mineral transformation in which neo-
formation can also occur in an ambience enriched in Si and Mg. The
alternation of Green and Pink Clay levels should be related to climatic
changes with alternations of humid and arid periods that produce
variation in the contribution of the detrital components to the lake, with
the progradation or retrogradation of the more proximal facies over the
more distal ones. The wettest periods lead to the higher hydrolysis and
mobilization of minerals from the source area to the basin creating the
Green Clays while Pink Clays represent more distal facies, and they
could be related to more arid periods with minor detrital contributions
of smaller and very altered particles, with high concentrations in Si and
Mg that could lead to Mg-smectites by transformation and neoformation
of sepiolite in the last term.

6. Final remarks and conclusions

The sedimentary deposits of bentonites of the Tajo Basin resulted in a
complex clay mineral assemblage due to the sum of processes during the
weathering of parent rocks and the evolution of the materials in in the
sedimentary environment. Green and Pink Clays are bentonites
comprising a mix of laminar nanoparticles of mainly 2:1 phyllosilicates,
with a mean structural formula close to a low-charge trioctahedral
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smectite that appears together with some scarce other detrital inherited
minerals such as quartz, feldspars, and kaolinite, although wide varia-
tions in the crystal chemistry of the clay particles is the main charac-
teristic in all studied samples.

The wide compositional and microstructural variations are the main
characteristic of these clay minerals. Nonetheless, they have been sta-
tistically classified in groups that represent the evolution from the pri-
mary phyllosilicates (dioctahedral and trioctahedral micas, and
chlorites) to very low-charge trioctahedral saponite and sepiolite. The
intermediate steps in this transformation involve particles with struc-
tural formulas that have an excess of octahedral cations and that are
interpreted as HIMs and random interlayers of illite/smectite, which are
poorer in illitic components the more evolved the particle is. Green Clays
are much richer in HIMs and illitic layers interstratified in smectites,
which is conducive to higher charge 2:1 particles compared to Pink
Clays. The Pink Clays are richer in more evolved smectitic particles with
a composition of low-charge saponite that is close to stevensite or ker-
olite, as well as small amounts of particles with the composition of
sepiolite.

The progressive compositional variation from the inherited or pre-
cursor minerals (mainly micas but also chlorite) to the neoformed
(saponite-stevensite and sepiolite) represents a noticeable relative in-
crease in SiO5 and MgO content together a decrease of the other oxides.
Pink Clays correspond to more distal facies in which the transformation
of primary minerals is higher. While microstructural changes occur in
phyllosilicates, the crystal chemistry of the particles also change; the
more proximal facies (Green Clays) are relatively enriched in Al, Fe and
K, while the more distal ones (Pink Clays) are enriched in Mg and Si. The
presence of beds of Pink Clays stratified among the more abundant
Green Clays in the Green Clays Unit could represent periods of more arid
conditions, with a minor contribution of relatively lesser evolved
detrital material to the basin.
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