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Abstract: The Tajo Basin is one of the richest in Mg-clays known around the world. Mg-bentonites,
kwon as pink clays and green clays, alter in the Intermediate Unit of the Miocene sediments. In this
work, a new approach to the genesis of these bentonites is performed by studying for the first time
the biomarkers present in these clays in relation to the mineralogy and geochemistry, as well as
using discriminatory criteria between green and pink clays. Samples were collected at a quarry
of Mg-bentonites, in the proximities of Esquivias (Toledo, Spain). Mineralogical characterization
and semi-quantification (X-ray diffraction (XRD)) allowed a well-defined classification according
to the mineralogical content of the samples to be established, differentiating four associations.
Geochemical analyses are clearly linked to the mineralogy and provide criteria to differentiate
the genesis of the materials studied. In this regard, green clays are interpreted as having a more
detrital character than pink clays, which present a more authigenic character. Biomarkers (n-alkanes
and n-alkanoic acids) were studied, not showing a clear link with the mineralogy as in the case
of the geochemistry, but providing interesting information about the origin and degradation of
the organic matter. Pink clays have higher contents in biomarkers than green clays, providing a
discriminative criterion.
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1. Introduction

The Tajo Basin is an intracratonic basin located in central Spain, formed as a result of the Alpine
deformation. During the Miocene, the basin was mainly filled by alluvial fan, lacustrine and palustrine
deposits distributed in a concentric pattern, whose origin was the weathering of the rocks from the
surrounding mountain ranges (Cordillera Ibérica, Sierra de Altomira, Sistema Central and Montes de
Toledo). The detrital facies are located at the margins of the basin, grading into mudflat and evaporitic
facies at the central part. Its nature, characteristics and distribution have been described by several
authors [1–4].

This basin is particulary interesting because it is one of the richest in Mg-clays, mainly sepiolite
and Mg-smectite, which need high magnesium and silica contents to be formed, and the lack of
potential source rocks with high Mg content to explain their formation [5]. These clays, which are
intensively mined because of their high economic value, develop at the Intermediate Unit of the
Miocene of the basin [6–9]. Sepiolite deposits are related to arkosic facies, sometimes with some
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content of palygorskite [10,11], while smectites are more concentrated in mudflat facies, more precisely
in the “Green Clays Unit” [4,12–17], comprising both green and pink clayey levels. Green levels
consist mainly of saponites of high purity, while pink levels are described as stevensitic [18,19]
or kerolitic-stevensitic [20,21]. Their origins differ, being the green clays formed in a lacustrine
environment while the pink ones correspond to palustrine environments [22]. Several geochemical
studies have been performed on these clayey materials, both regarding the smectites [22–24] and the
sepiolite–palygorskite deposits [25–27], establishing different correlations between certain elements
and the probable origin of the clays in this. On the other hand, no biogeochemical analyses from these
deposits have been found, although they are thought to reveal important information referring to the
paleoenvironments in which they were formed.

The aim of this work is to study both green and pink clays, among other lithologies, of a locality
in the proximities of Esquivias (Toledo, Spain). Both types of clays were characterized according to
mineralogical, geochemical and biomarker analyses. These analyses were also aimed at deepening the
knowledge of the different genesis of the clayey levels.

2. Materials and Methods

2.1. Sampling

28 samples were collected (ESB1–ESB28) in stratigraphic order in an exposure of a quarry in the
proximities of the locality of Esquivias (Toledo, Spain) (Figure 1), corresponding to the Intermediate Unit
of the Miocene of the Madrid Basin. Materials were classified as four simple lithologies, according to
the non-sedimentological analysis, as green clays, pink clays, carbonates and micaceous sands, and the
thickness of the sequence accounts a total of 10 m (Figure 2). Three samples were collected along the
same pink clay bed (RESB3, RESB6, and RESB11) to observe lateral variations of the mineralogy.
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Figure 2. Schematic stratigraphic column of the succession along with the location of the samples,
mineral content (%) and major element composition in weight percentage.

2.2. Analythical Methods

Mineralogical characterization of the samples was carried out by X-ray diffraction (XRD) using a
SIEMENS D-500 diffractometer with Cu Kα radiation and a graphite monochromator, at a scanning speed
of 0.05◦ 2θ/1 s. The XRD studies were carried out on powdered samples (scanned from 2◦ to 65◦ 2θ) and
on oriented air-dried samples, after solvation with ethylene glycol and after heating at 550 ◦C (scanned
from 2◦ to 45◦ 2θ). Semi-quantification was performed through the reflective powers method [29].

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

Biomarkers were studied in order to obtain the origin and the degree of degradation of the organic
matter at the Laboratory of Biomolecular Stratigraphy of the Madrid School of Mines and Energy.
Dried samples were ground and biomarkers extracted using accelerated solvent extraction (Dionex
ASE 200). Free lipids were extracted with dichloromethane/methanol (2:1) at 1500 psi (10.34 MPa)
and 175 ◦C. The heating phase was 8 min and the static extraction time 5 min. The extract was
concentrated using rotary evaporation. Prior to analysis using gas chromatography–mass spectrometry
(GC–MS), samples were methylated with trimethylsilyldiazomethane. Samples were injected into an
HP 6890 gas chromatograph equipped with a selective mass detector (HP 5973) and an ATM-5 column
(25 m × 0.25 mm; 0.20 µm). Helium was the carrier gas and we used decafluorobiphenyl an internal
standard. The oven temperature was programmed from 60 to 300 ◦C (held 20 min) with a heating
rate of 6 ◦C/min, and the injector was maintained at 275 ◦C. The identification and quantification of
the n-alkanes was determined by the fragmentation ion m/z = 57, while the n-alkanoic acids were
determined by the ion m/z = 74.

For the statistical analysis of data, we used SPSS and PAST [30] software.
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3. Results and Discussion

3.1. Mineralogy

The XRD characterization allowed us to obtain the mineral composition of the samples: calcite
(Cal), plagioclase (Pl), potassium feldspar (Kfs) and quartz (Qz), along with phyllosilicates such as
chlorite (Chl), illite (Ilt), kaolinite (Kln) and smectite (Sme). The smectites found were identified as
trioctahedral according to the d-spacing value of the 060 reflection at the bentonitic levels, located at
the bottom of the column. The values of this reflection acquire both a di- and a trioctahedral character
to the top of the column, due to the coexistence of dioctahedral illite and trioctahedral smectite,
although we cannot discard the presence of dioctahedral inherited smectite.

Through the semi-quantification, we obtained the percentages these minerals represent in the
mineral assemblage (Table 1) (Figure 2). According to the contents in the main minerals, we established
4 different mineralogical associations. Although all the aforementioned minerals were considered,
though in different proportions, feldspars, kaolinite and chlorite were always minor components while
the relative contents of smectite, illite, quartz and calcite played the main role in the establishment of
the associations:

• Bentonitic samples: >45% smectite (ESB1, ESB2, ESB3, ESB4, ESB5, ESB6, ESB8, RESB3,
RESB6, RESB11)

• Illitic samples: >35% illite and illite > smectite (ESB10, ESB11, ESB12, ESB14, ESB17, ESB21, ESB22,
ESB26, ESB27)

• Sandy samples: >50% quartz + k-feldspar + plagioclase (ESB15, ESB16, ESB18, ESB23, ESB24, ESB28)
• Carbonatic samples: >30% calcite (ESB7, ESB9, ESB13, ESB19, ESB20, ESB25)

Table 1. Semi-quantification of the mineral content of the samples from X-ray diffraction (XRD).
Calcite (Cal), chlorite (Chl), illite (Ilt), kaolinite (Kln), plagioclase (Pl), potassium feldspar (Kfs),
smectite (Sme) and quartz (Qz).

Sample % Cal % Kfs % Pl % Qz % Chl % Ilt % Kln % Sme

ESB1 2 44 3 51
ESB2 6 3 35 7 49
ESB3 4 4 39 6 47
ESB4 1 2 2 28 5 62
ESB5 1 2 2 2 36 7 50
ESB6 2 2 6 27 4 59
ESB7 84 1 1 5 1 8
ESB8 1 2 3 5 36 7 47
ESB9 69 1 3 14 3 10

ESB10 2 5 8 42 15 28
ESB11 5 6 11 39 6 33
ESB12 3 4 10 44 9 30
ESB13 100
ESB14 4 5 12 40 7 33
ESB15 22 19 24 22 3 11
ESB16 23 19 29 2 18 2 7
ESB17 7 7 15 39 9 23
ESB18 24 14 34 18 3 7
ESB19 29 3 2 7 32 5 23
ESB20 72 2 3 12 2 10
ESB21 4 5 14 37 8 32
ESB22 7 7 15 34 9 28
ESB23 26 17 35 15 2 5
ESB24 19 13 26 2 27 3 11
ESB25 63 6 4 9 9 3 6
ESB26 7 7 11 4 42 7 22
ESB27 2 5 7 14 47 5 20
ESB28 30 18 34 11 2 5
RESB3 1 2 1 2 24 5 65
RESB6 1 1 1 1 44 52

RESB11 4 1 1 2 29 62



Minerals 2018, 8, 291 5 of 24

All these associations corresponded either to detrital/inherited levels (sandy and illitic) or to
probable authigenic levels (bentonitic and carbonatic), corresponding to different natures of the source
area, such as periods of a higher energy (detrital input) or low energy. The bentonitic association
includes both green and pink clays.

3.2. Geochemistry

We analyzed both major, including F (Table 2), and trace elements through ICP-MS. The trace
elements considered were the high field strength elements (HFSE), transition trace elements (TTE),
large-ion litophile elements (LILE) and rare earth elements (REE), as well as other trace elements such
as Be, Ga, Ge, As, Y, Mo, Ag, In, Sn, Sb, W and Bi (Table 3), of 31 representative samples distributed
vertically and horizontally. These analyses allowed the interpretation of the origin of the detrital
materials through different means, such as the content in heavy non-soluble elements or different
relations such as Th/U.

Regarding major elements, we observed that the composition matches with the mineralogy
(Figure 2). Sandy samples are characterized by a higher concentration of SiO2 while carbonatic samples
have the highest content of CaO and MnO. Illitic samples present the highest content in Al2O3 and
TiO2, and also tend to have a higher concentration of Fe2O3 and FeO (Table 2), although these last two
majors also show high concentrations in some bentonitic and sandy samples respectively, playing an
important role in their color due to hematite pigment formation [31,32]. Bentonitic samples show
higher contents in MgO and F over all the other groups, matching the common references of F being
related to authigenic processes [24,25]. Regarding the differences of major elements between pink and
green clays, we can observe significant higher percentages of MgO and F in pink clays over green clays
and of FeO, Fe2O3, Al2O3, K2O, TiO2 and P2O5 in green clays over pink clays (Table 2), allowing the
discrimination between the two types of bentonites.

Table 2. Weight percentage (wt %) of major elements.

Sample Al2O3 CaO F FeO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 LOI Total

ESB 1 9.64 0.61 0.22 0.7 2.73 1.71 18.82 0.032 0.18 0.11 50.39 0.416 15.31 100.7
ESB 2 11.52 0.67 0.21 0.4 3.7 2.02 15.9 0.039 0.27 0.11 48.55 0.524 15.96 99.73
ESB 3 12.76 0.53 0.17 0.9 3.49 2.22 14.58 0.038 0.4 0.08 50.8 0.602 14.09 100.6
ESB 4 6.9 0.62 0.29 0.3 2.06 1.16 21.17 0.024 0.19 0.08 49.84 0.329 17.05 99.78
ESB 5 3.4 0.74 0.45 0.2 0.96 0.63 24.97 0.014 0.12 0.07 53.4 0.154 16.29 101
ESB 6 14.01 0.77 0.23 0.9 3.88 2.91 10.4 0.033 0.48 0.2 50.75 0.478 14.56 99.52
ESB 7 3.06 45.4 0.06 <0.1 1.01 0.61 2.19 0.072 0.09 0.1 9.42 0.102 38.63 100.7
ESB 8 16.76 1.17 0.16 0.8 5.03 3.4 6.96 0.051 0.46 0.18 50.79 0.575 14.52 100.8
ESB 9 3.8 43.02 0.06 <0.1 1.32 0.77 2.45 0.104 0.11 0.14 10.21 0.126 37.71 99.81
ESB 10 18.64 2.81 0.11 1.1 5.35 3.81 4.29 0.062 0.53 0.16 47.82 0.775 14.07 99.59
ESB 11 19.38 0.76 0.07 1.2 4.52 4.21 3.72 0.056 1.16 0.12 54.35 0.867 10.17 100.7
ESB 12 19.99 0.57 0.09 1.2 5.37 4.2 4.23 0.054 0.71 0.11 49.67 0.847 12.9 99.95
ESB 13 0.37 52.63 0.07 <0.1 0.16 0.08 1.63 0.083 0.07 0.18 0.89 0.017 42.7 98.86
ESB 14 19.82 0.56 0.07 0.9 4.89 4.44 2.99 0.05 1.02 0.07 53.06 1.06 11.39 100.3
ESB 15 15.62 1.36 0.01 0.5 1.99 5.19 0.98 0.028 2.94 0.13 68.3 0.382 3.01 100.5
ESB 16 15.44 1.35 0.03 0.7 3.22 4.57 1.33 0.041 2.67 0.24 65.24 0.595 4.71 100.2
ESB 17 20.13 0.53 0.05 0.7 4.45 4.39 2.62 0.048 1.45 0.06 55.57 1.09 9.57 100.6
ESB 18 15.21 1.42 0.02 0.5 2.09 4.56 1.06 0.033 2.88 0.17 69.4 0.462 2.99 100.8
ESB 19 11.09 22.56 0.09 0.4 3.39 2.34 3.13 0.052 0.3 0.12 28.92 0.371 26.1 98.82
ESB 20 3.73 42.71 0.06 0.1 1.35 0.75 2.09 0.063 0.1 0.13 9.77 0.138 38.18 99.15
ESB 21 20.83 0.44 0.08 1.2 4.49 4.48 3.21 0.053 0.61 0.05 49.86 0.983 12.3 98.69
ESB 22 19.5 0.57 0.06 1 5.54 4.59 2.86 0.055 1.35 0.08 54.03 1.008 9.21 99.94
ESB 23 15.36 1.43 0.03 0.7 2.41 4.72 1.2 0.04 2.86 0.18 67.93 0.496 2.78 100.2
ESB 24 17.31 1.51 0.05 1.2 3.04 4.64 2.37 0.051 2.21 0.22 61.24 0.748 6.05 100.8
ESB 25 4.54 38 0.05 0.3 0.97 1.3 1.69 0.123 0.56 0.18 19.97 0.136 32.88 100.7
ESB 26 18.67 4.3 0.07 1.2 5.1 4.43 3.75 0.064 0.46 0.11 47.12 0.863 14.35 100.6
ESB 27 19.06 1.01 0.08 1.2 5.42 4.81 3.91 0.058 0.91 0.14 52.17 0.932 11.09 100.8
ESB 28 15.11 1.44 0.03 0.7 1.93 4.97 1.34 0.035 2.82 0.2 67.7 0.467 3.32 100.1
RESB3 6.49 1.5 0.28 0.4 1.89 1.06 20.63 0.022 0.21 0.05 50.57 0.312 17.71 100.9
RESB6 4.17 0.43 0.34 0.2 1.25 0.69 24.63 0.036 0.15 0.04 53.06 0.205 15.72 100.6
RESB11 3.98 1.65 0.39 <0.1 1.22 0.61 23.8 0.023 0.14 0.04 51.55 0.178 17.39 100.6
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Table 3. Trace element content (µg/g).

Sample Hf Nb Ta Th Tl U Zr Co Cr Cu Ni Sc V Zn W

ESB 1 1.4 9.8 1.26 10 0.68 11.6 60 6 40 10 <20 8 76 60 5.3
ESB 2 2.1 13.5 1.72 13 0.73 12.8 81 8 50 10 <20 10 84 80 7.4
ESB 3 2.3 14.4 1.79 13.6 0.77 11.9 84 8 50 10 <20 11 72 70 7.9
ESB 4 2 6.6 0.94 7.99 0.47 17.1 74 7 40 10 <20 6 80 50 4.1
ESB 5 1.3 4.1 0.49 4.07 0.21 21.2 49 3 30 <10 <20 3 64 30 2.2
ESB 6 2.3 12.5 1.46 13.7 0.74 23.5 90 8 60 30 <20 11 104 100 6
ESB 7 0.6 3 0.31 2.91 0.18 16.1 19 <1 30 10 <20 3 25 <30 1.9
ESB 8 2.3 13.8 1.61 13.9 0.91 21.4 93 10 60 30 20 14 118 110 6.8
ESB 9 0.6 3.1 0.33 3.36 0.27 26.9 24 4 30 10 <20 3 27 <30 2.4
ESB 10 2.5 20.6 2.52 20.2 1.18 25 87 12 60 30 <20 16 89 120 9.9
ESB 11 5.1 24.2 2.97 24.8 1.14 12.8 185 15 60 30 <20 17 79 110 7.4
ESB 12 3.1 23.5 2.6 21.3 1.17 16.9 105 20 70 20 20 18 96 140 7.9
ESB 13 0.2 1.1 0.06 0.53 0.13 2.08 6 <1 20 <10 <20 <1 <5 <30 0.9
ESB 14 4.6 28.1 3.16 24.8 1.04 14.9 190 12 70 20 <20 19 72 110 7.6
ESB 15 6.8 8.4 1.13 18.5 1.09 4 262 5 40 <10 <20 6 29 50 2.2
ESB 16 26.6 11.6 1.59 68.5 1.07 11.8 1115 6 50 10 <20 9 41 60 3.1
ESB 17 9.8 26.6 3.03 35.9 1.15 16.6 392 10 70 20 <20 18 69 90 7.9
ESB 18 9.9 9.4 1.19 21.2 1.03 5.56 406 5 50 <10 <20 7 32 50 3.1
ESB 19 2.3 9.7 1.1 10 0.64 28.3 65 9 50 20 20 9 72 80 4.8
ESB 20 0.8 3.6 0.38 3.62 0.23 31.3 24 1 30 10 <20 3 28 30 1.8
ESB 21 2.9 25.3 3.03 23.1 1.42 25.6 96 13 70 30 <20 20 75 140 7.7
ESB 22 6.9 25.8 3.12 27 1.99 19.2 265 14 70 30 <20 18 87 120 6.6
ESB 23 9.3 10.2 1.39 25.6 1.36 6.66 377 8 50 10 <20 8 39 60 2.1
ESB 24 11.4 17.2 2.1 29.6 1.18 8.98 454 10 50 <10 <20 13 51 80 4.7
ESB 25 3.4 3.2 0.38 8.3 0.33 28.6 120 <1 30 20 <20 2 28 <30 1.8
ESB 26 3.2 22.8 2.69 20.6 1.08 10.4 102 13 70 30 <20 17 114 110 7.8
ESB 27 5.3 24.6 2.89 22.9 1.22 8.42 203 13 70 10 20 18 106 120 7
ESB 28 10.1 8.9 1.21 26.8 0.99 5.42 456 5 40 <10 <20 8 39 50 2.4
RESB3 2 7.1 0.89 7.54 0.21 13.5 62 4 40 <10 <20 6 74 40 5.1
RESB6 1.5 3.6 0.55 5.2 0.22 15.8 50 6 40 <10 <20 4 76 30 3
RESB11 1.3 3.5 0.51 4.33 0.16 13.4 41 6 40 <10 <20 3 65 <30 3.2

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y

ESB 1 23 50.2 5.77 21.7 4.55 0.639 3.73 0.6 3.25 0.59 1.54 0.217 1.34 0.194 16.3
ESB 2 29.8 64.3 7.31 27.8 6.01 0.833 4.97 0.84 4.49 0.81 2.16 0.297 1.98 0.275 23.1
ESB 3 29.5 63.7 7.34 27.6 6.04 0.757 5.01 0.8 4.35 0.8 2.18 0.307 1.92 0.281 22.5
ESB 4 18.3 39.3 4.52 16.7 3.59 0.475 2.72 0.43 2.5 0.47 1.21 0.184 1.2 0.185 12.9
ESB 5 9.65 20.4 2.47 9.11 2.06 0.276 1.87 0.3 1.91 0.39 1.06 0.168 1.08 0.155 10.7
ESB 6 28.9 59.2 7.22 27.4 6.09 0.861 4.61 0.74 4.14 0.76 2.05 0.288 1.94 0.279 21.4
ESB 7 12 25.5 2.72 10.4 2.23 0.373 2.05 0.33 1.88 0.36 0.95 0.14 0.83 0.125 11.1
ESB 8 26.6 49.2 6.52 24.4 5.16 0.741 3.96 0.62 3.44 0.61 1.66 0.243 1.48 0.232 17.3
ESB 9 15.4 39.5 3.61 14.1 3.25 0.504 3.01 0.5 2.99 0.56 1.56 0.219 1.42 0.202 16.3
ESB 10 37.9 71.8 9.66 35.4 7.54 1.01 5.85 0.96 5.13 0.9 2.39 0.342 2.27 0.327 25.4
ESB 11 55.1 119 13.6 51.2 11.1 1.44 9.13 1.46 8.49 1.54 4.28 0.608 3.98 0.577 44.3
ESB 12 47.6 104 11.8 44.2 9.26 1.27 7.84 1.24 6.67 1.24 3.25 0.471 3.03 0.419 34.9
ESB 13 3.52 7.28 0.68 2.71 0.79 0.163 1.03 0.2 1.32 0.29 0.84 0.123 0.71 0.107 9.5
ESB 14 42.8 86 10.9 41.5 9 1.15 7.55 1.22 7.08 1.34 3.76 0.559 3.59 0.534 39.4
ESB 15 39.1 77 8.76 31.6 6.15 0.854 4.57 0.73 4.13 0.79 2.38 0.355 2.39 0.382 24
ESB 16 136 280 32.5 116 20.9 1.29 15.1 2.26 12.7 2.46 7.35 1.11 7.84 1.22 73.4
ESB 17 43.9 83.1 12 49.5 11.4 1.37 9.31 1.47 8.18 1.5 4.28 0.633 4.31 0.656 41.6
ESB 18 42.5 90.1 10.7 40.2 8.28 1 6.95 1.17 6.74 1.31 3.95 0.606 3.86 0.602 40.8
ESB 19 23.9 50.7 5.95 22.1 4.92 0.722 4.16 0.65 3.62 0.63 1.69 0.261 1.58 0.232 18.7
ESB 20 14 27.9 2.87 11.8 2.61 0.414 2.5 0.43 2.49 0.52 1.47 0.206 1.27 0.191 19.4
ESB 21 54.6 128 14.9 57 12.8 1.68 10 1.6 9.01 1.55 4.19 0.575 3.86 0.538 42.7
ESB 22 56 124 14.4 53.9 11.7 1.36 9.47 1.51 8.53 1.56 4.29 0.654 4.11 0.626 46
ESB 23 54 114 13.1 48.9 9.96 1.03 8.56 1.31 7.6 1.51 4.13 0.624 4.14 0.64 44.7
ESB 24 59.4 124 14.4 54.7 11.2 1.2 9.35 1.53 8.97 1.7 4.84 0.732 5.06 0.757 51.9
ESB 25 21.3 44.4 4.9 18.6 3.92 0.479 3.36 0.57 3.46 0.66 1.84 0.283 1.8 0.268 21.1
ESB 26 45.5 96.1 11.4 42.9 9.23 1.25 7.85 1.28 7.2 1.35 3.68 0.525 3.38 0.487 39.1
ESB 27 49.6 105 12.4 45.9 10 1.23 8.06 1.37 7.52 1.42 3.96 0.584 3.91 0.564 41.6
ESB 28 52.4 108 12.7 47.3 9.67 0.96 7.69 1.22 7.24 1.42 4.12 0.637 4.38 0.694 43.7
RESB3 16.8 36.1 4.16 15.3 3.34 0.452 2.62 0.43 2.29 0.42 1.18 0.171 1.1 0.168 12.5
RESB6 11.1 24 2.71 10.2 2.1 0.286 1.63 0.28 1.63 0.3 0.79 0.118 0.74 0.122 8.5
RESB11 9.73 21.4 2.39 9.42 1.79 0.247 1.54 0.25 1.4 0.26 0.76 0.111 0.72 0.119 7.7
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Table 3. Cont.

Sample Ba Cs Rb Sr Pb Be Ga Ge As Mo Ag In Sn Sb Bi

ESB 1 190 8.6 113 264 6 3 15 1.1 27 <2 <0.5 <0.1 7 1.1 0.3
ESB 2 243 11.2 144 276 7 4 19 1.6 26 <2 0.5 0.1 8 1 0.3
ESB 3 180 11.2 141 261 14 4 19 1.4 25 <2 0.5 0.1 9 1 0.5
ESB 4 95 6.1 78 298 20 2 11 0.9 16 2 <0.5 <0.1 4 1 <0.1
ESB 5 131 3.2 43 245 6 1 6 0.6 8 <2 <0.5 <0.1 2 1 <0.1
ESB 6 234 12.3 152 339 40 4 22 1.3 29 3 0.5 0.1 9 2 0.4
ESB 7 470 2.5 32 493 7 1 5 <0.5 11 <2 <0.5 <0.1 2 1.3 <0.1
ESB 8 243 13.8 167 332 34 5 24 1.4 23 3 0.6 0.2 10 1.9 0.3
ESB 9 66 2.9 36 524 11 1 6 <0.5 35 14 <0.5 <0.1 2 1.1 <0.1
ESB 10 242 16.8 205 278 29 6 30 1.8 158 66 0.5 0.2 13 2.4 1
ESB 11 323 17.6 219 181 24 7 30 2 19 5 0.7 0.2 14 0.9 1
ESB 12 314 18.3 223 217 27 6 32 1.9 27 17 0.5 0.2 14 1.1 0.9
ESB 13 19 0.3 4 1622 <5 <1 <1 <0.5 <5 <2 <0.5 <0.1 <1 0.6 <0.1
ESB 14 335 18.6 232 569 20 6 32 2.2 10 8 0.7 0.2 15 0.7 1
ESB 15 484 9.9 206 264 25 4 20 1.9 28 <2 0.8 <0.1 6 0.7 0.3
ESB 16 427 10.9 195 326 22 5 22 2.1 11 3 2.9 0.1 8 0.6 0.4
ESB 17 345 17 221 206 10 6 31 2.1 13 6 1.3 0.2 15 0.8 0.7
ESB 18 430 9.5 180 187 21 5 19 1.8 21 2 1.2 <0.1 6 0.7 0.3
ESB 19 181 9.2 114 431 29 4 18 1 98 48 <0.5 <0.1 6 1.9 0.5
ESB 20 78 3.1 37 651 8 2 6 <0.5 40 56 <0.5 <0.1 2 0.9 <0.1
ESB 21 294 20 232 202 22 8 34 2.2 17 43 <0.5 0.2 16 0.8 0.5
ESB 22 355 18.2 228 190 28 6 30 2.4 70 16 0.9 0.2 15 1.1 1
ESB 23 455 11.4 207 157 33 5 20 2 26 2 1.2 <0.1 7 0.7 0.3
ESB 24 448 13.5 197 168 19 6 24 2.2 15 <2 1.3 0.1 10 0.7 0.8
ESB 25 132 2.6 50 778 18 2 6 0.7 26 3 0.6 <0.1 2 1 <0.1
ESB 26 278 18 220 256 30 7 31 2.3 92 4 0.6 0.2 14 1.8 1.1
ESB 27 340 18.7 234 241 24 7 31 2.3 28 <2 0.8 0.2 15 1.5 1
ESB 28 505 9.8 189 151 22 4 19 2.1 <5 <2 1.3 <0.1 6 0.6 0.3
RESB3 144 5.8 74 240 7 3 11 0.9 11 <2 <0.5 <0.1 4 0.8 <0.1
RESB6 61 3.6 47 229 12 2 7 0.8 15 4 <0.5 <0.1 3 0.9 <0.1
RESB11 52 3.2 41 275 19 1 6 0.6 9 2 <0.5 <0.1 2 0.7 <0.1

HFSE show higher concentrations in both sandy and illitic samples (Table 3), indicating a
correlation with the detrital minerals. Sandy samples in general have higher concentrations of Zr,
Hf and Th, while illitic samples have higher concentrations of Nb, Ta and U. The concentration
of these elements in these samples is explained by their relative immobility and their association
with heavy and more resistant minerals [33,34], in good agreement with the detrital origin proposed.
Considering only the bentonitic samples, we find differences in the concentrations of Nb, Tl and Th
between green and pink clays, being higher in the former than in the latter, indicating a more detrital
character. Therefore, pink clays show a more authigenic character.

Th and U are commonly fractioned during external processes [35], being the Th/U ratios high
in weathered profiles due to the relative high solubility of U in oxidizing conditions in comparison
with relative immobility of Th. Under reducing conditions, U is insoluble and therefore the Th/U
ratio shows lower values. We observe remarkable differences between the different types of samples
(Figure 3), this ratio being higher than 1 in sandy and illitic samples, although this last group presents
two samples with a value slightly lower than 1. The illitic association is a mixture of detrital quartz,
illite, feldspar and neoformed smectite, therefore explaining its intermediate character between sandy
and bentonitic samples. Bentonitic and carbonatic samples both present values below 1, except two
bentonitic samples. Focusing on the differences between pink and green clays, we can observe a clear
discrimination, having green clays values comprised between 0.6 and 1.15, while the values of this ratio
for pink clays range between 0.2 and 0.55. As previously stated, lower values of the Th/U ratio are
linked to reducing conditions and higher values to oxidizing conditions, therefore the interpretation of
this ratio for bentonitic samples matches previous studies which indicate that pink clays were formed
in reductive palustrine environments and green clays in oxidizing lacustrine environments [22].
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From the TTE, Ni cannot be taken into consideration, because all samples present values at or
under the limit of detection. Samples from the illitic association show higher concentrations in all
of these elements (Table 2), suggesting a correlation with elements belonging to this group, with the
exception of V, which shows a wide variability within all the groups. We can observe within bentonitic
samples that green clays present higher concentrations of Sc and Zn than pink clays.

LILE show a wider distribution than all the previous elements mentioned before (Table 3).
Pb shows a high variability within each of the mineralogical associations, thus not being directly
associated with any of them. Carbonatic samples present the highest amount of Sr, which can go up to
1622 µg/g as in sample ESB13. Illitic samples have higher concentrations of Cs and sandy samples
present higher concentrations of Ba, while Rb is equally concentrated in these two groups of samples.
These elements show remarkable differences in the concentrations of bentonitic samples, except Sr and
Pb, being more concentrated in green than pink clays.Minerals 2018, 8, x FOR PEER REVIEW  9 of 26 
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Figure 3. Th/U ratio of the different mineral associations.

All the REE present higher concentrations at sandy and illitic samples, due to their low solubility
and their preferential accumulation in the terrigenous fraction of the sediments [36]. As expected,
green clays present higher concentrations of REE than pink clays. After chondrite normalization [37]
(Figure 4), we can observe that all the samples show a relative enrichment in light REE (LREE) and
a relative depletion in heavy REE (HREE), regardless of their mineral association. These relative
enrichments and depletions are probably originated by a fractioning of the REE. We can also observe
that there is always a negative Eu anomaly and that, in some bentonitic and illitic samples, there is a
negative Ce anomaly, indicating a granitic rock source. Some carbonatic samples present positive Ce
anomaly, linked to alkaline, carbonate-rich, aerobic lake waters [38].
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The other trace elements show different associations, in one part because many of them show
values below their detection limit (Mo, In, Ag and Bi) and in another due to the lack of correlatable
characteristics. Be, Ga, Sn, W and Bi are present in higher concentrations in illitic samples (Table 3).
Ge presents the highest concentrations in illitic and sandy samples. Y and Ag show their highest values
in sandy samples, although illitic samples also show similar values. Mo shows a wide variation in its
concentration, but it is more abundant at illitic and carbonatic samples. Sb also shows a wide variation,
but in this case its content does not show remarkable contents in any of the mineral associations
established. The lowest concentrations of As are found in the bentonitic samples, more precisely in
pink clays, while in the remaining samples it appeared with similar concentrations values. Finally,
In shows similar values within all the mineralogical associations, due to the fact that half the samples
present contents in this element below de detection limits. The concentrations of these trace elements
show notable differences between green and pink clays, except in the case of Be, Mo and Sb where some
values overlap, and in the case of Ag, which does not allow any kind of differentiation of these two
types of bentonitic samples, because they are all at or below the detection limit, except sample ESB8.
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The results of the geochemical analyses match the predictable tendency for both major and trace
elements. We are able to distinguish elements associated with a detrital origin more concentrated
in illitic and sandy samples as well as elements of neoformation linked to bentonitic and carbonatic
samples. We can also observe these differences within the bentonitic samples, being able to determine
a higher detrital character of green clays with respect to pink clays. Bearing this in mind, we proceeded
to perform a statistical treatment of the data.

A principal component analysis (PCA) was performed (Figure 5) considering in the X axis the
principal component 1 and in the Y axis the principal component 3. This statistical procedure helps
analyze large size data sets with a large number of interrelated variables, reducing its dimensions
while retaining as much as possible of the variation present in the data set [39]. It is important to
remark that several elements which are below the detection limit within several samples (Mo, In,
Ag and Bi) have not been considered for this type of analysis. The components used in the PCA
were chosen after carefully examining a bivariate correlation matrix, which determines the empirical
relationship between the different variables, and considering the comparison between them the most
reliable. The resulting groups obtained through this method were easily assigned to the mineral
associations established when considering the bivariate correlation matrix previously mentioned.
F and MgO show significant correlation coefficients with each other as well as with smectite, being the
only elements analyzed, along with V and W, which show this tendency (Table 4). CaO, MnO and
Sr show significant correlation coefficients with each other as well as with calcite, in contrast to the
rest of the elements analyzed (Table 5). U, which falls within this group, only shows a significant
correlation with MnO. Considering the PCA as well as the bivariate correlation matrixes, we can state
that only elements which show significant correlation coefficients with each other and with a certain
mineral should be considered linked to that precise mineral. Therefore, MgO and F are attributed to the
bentonitic samples and CaO, MnO and Sr to carbonatic samples. The rest of the elements, which fall
within a range which is hardly differentiable at some points, are attributed to the illitic and sandy
samples. While the groups linked to bentonitic and carbonatic samples are interpreted as being linked
to neoformation processes, the other group is considered to have a detrital origin. This matches the
associations of HFSE, Y and Ti being related to heavy and immobile minerals, such as monazite and
zircon, present as accessory minerals in small quantities within sandy samples [33,34,40–42], and Rb
and Ba to potassium feldspar [43].
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Multivariate clustering was performed with all the geochemical data (Figure 6), obtaining
pretty good grouping of the different mineral associations established according to the XRD data.
There are some samples that do not group, which is probably due to its composition being close
to the mineralogical limits marking the different groups. As the main purpose of this paper is to
obtain discrimination criteria between the two types of bentonitic samples (green and pink clays),
we also performed multivariate clusters. Green and pink clays (Figure 7) cannot be separated when
we consider the mineralogy, major elements, HFSE and TTE, but when the clustering is performed
considering LILE, REE and the other trace elements analyzed, we observe a good grouping of these
samples. It is important to remark that, when performing the cluster considering the other trace
elements we have not considered the elements that have a high percentage of samples below the
detection limit (Ag, In, Mo and Bi).

All these mineralogical associations established correspond either to detrital/inherited levels
(sandy and illitic) or to probable authigenic levels (bentonitic and carbonatic), corresponding to
different sedimentary environments, such as periods of a higher energy (detrital input) or low energy.
The bentonitic association includes both green and pink clays.

Table 4. Bivariate correlation matrix of F, MgO, Ag, In, V, W and smectite.

Variable F MgO V W Smectite

F
Pearson Correlation 1

Sig. (2-tailed)

MgO Pearson Correlation 0.965 ** 1
Sig. (2-tailed) 0.000

V
Pearson Correlation 0.339 0.317 1

Sig. (2-tailed) 0.062 0.082

W
Pearson Correlation −0.028 −0.009 0.801 ** 1

Sig. (2-tailed) 0.881 0.962 0.000

Smectite
Pearson Correlation 0.849 ** 0.861 ** 0.644 ** 0.380 * 1

Sig. (2-tailed) 0.000 0.000 0.000 0.035

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

Table 5. Bivariate correlation matrix of MnO, CaO, Sr, U and calcite.

Variable MnO CaO Sr U Calcite

MnO
Pearson Correlation 1

Sig. (2-tailed)

CaO
Pearson Correlation 0.732 ** 1

Sig. (2-tailed) 0.000

Sr
Pearson Correlation 0.561 ** 0.790 ** 1

Sig. (2-tailed) 0.001 0.000

U
Pearson Correlation 0.360 * 0.298 0.042 1

Sig. (2-tailed) 0.047 0.104 0.821

Calcite
Pearson Correlation 0.714 ** 0.995 ** 0.815 ** 0.247 1

Sig. (2-tailed) 0.000 0.000 0.000 0.180

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

3.3. Biogeochemistry

We analyzed n-alkanes (Table 6) and n-alakanoic acids (Table 7) in all the samples from the
sampled section through gas chromatography–mass spectrometry (GC–MS). The biomarkers indicated
low mature organic matter as expected, i.e., clays studied here were not buried substantially and
diagenetic processes were not significant. Therefore, the information provided by the biomarkers here
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is centered in the origin and the degree of degradation of the organic matter. In the case of n-alkanes,
the chain lengths analyzed went from 15 to 36 carbon atoms while the n-alkanoic acids had chain
lengths from 12 to 33 carbon atoms.

Several indexes were employed in the study of the n-alkanes, such as the carbon preference
index (CPI) [44], predominant chain length (PCL), average chain length (ACL) [45], Paq [46] and the
terrigenous/aquatic ratio for hydrocarbons (TARHC) [47]. The proxies employed for n-alkanoic acids
were the PCL and the terrigenous/aquatic acid ratio for fatty acids (TARFA) [48,49].

Regarding the n-alkanes, we observe an odd-over-even predominance of carbon number,
indicating immature samples. This observation coincides with the interpretation of the carbon
preference index (CPI; [44]), calculated as 1/2 [(ΣCi + Ci+2 + ... + Ci+8)/(ΣCi−1 + Ci+1 + ... + Ci+7)
+ (ΣCi + Ci+2 + ... + Ci+8)/(ΣCi+1 + Ci+3 + ... + Ci+9)], with i = 25, which is commonly used to
discriminate between mature and immature organic matter in sediments, because it indicates the
predominance of odd-over even numbered n-alkanes of a certain chain length. The CPI ratio shows
values superior to 2, except in samples ESB13 and ESB16 (Figure 8a), that present values close to
1. Samples with CPI values > 2 are interpreted as not having suffered an important maturity of the
organic matter, while when the CPI value is close to 1, microbial degradation or diagenetic processes
are responsible for this [50]. This interpretation matches with the macroscopial aspect of sample ESB13,
which is a non-lithified vein clearly formed due to post-sedimentary processes, being composed by
calcite in its totality.Minerals 2018, 8, x FOR PEER REVIEW  13 of 26 
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Table 6. n-alkanes content (µg/g) of the samples analyzed.

Sample c15 c16 c17 c18 c19 c20 c21 c22 c23 c24 c25 c26

ESB1 0.00 0.00 0.03 0.03 0.04 0.05 0.06 0.06 0.09 0.08 0.17 0.09
ESB2 0.00 0.01 0.02 0.05 0.07 0.10 0.17 0.18 0.20 0.17 0.36 0.14
ESB3 0.00 0.00 0.11 0.15 0.20 0.27 0.38 0.37 0.46 0.34 0.70 0.42
ESB4 0.00 0.00 0.07 0.10 0.13 0.22 0.53 0.58 1.14 0.82 2.45 1.48
ESB5 0.00 0.02 0.04 0.07 0.09 0.17 0.30 0.34 0.60 0.48 1.86 0.77
ESB6 0.00 0.00 0.06 0.08 0.11 0.13 0.29 0.19 0.29 0.19 0.39 0.20
ESB7 0.00 0.01 0.01 0.02 0.02 0.03 0.07 0.05 0.11 0.10 0.28 0.15
ESB8 0.00 0.00 0.01 0.01 0.01 0.03 0.06 0.05 0.13 0.10 0.29 0.15
ESB9 0.00 0.00 0.01 0.01 0.02 0.02 0.03 0.03 0.06 0.03 0.15 0.06
ESB10 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.08 0.04
ESB11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.05 0.01
ESB12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.07 0.02
ESB13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
ESB14 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01
ESB15 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.03 0.01
ESB16 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.05 0.03
ESB17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.01
ESB18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
ESB19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.15 0.02
ESB20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.07 0.02
ESB21 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.00 0.01 0.01 0.05 0.01
ESB22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01
ESB23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.01
ESB24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01
ESB25 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.01
ESB26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.09 0.04
ESB27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01
ESB28 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.07 0.01
RESB3 0.00 0.00 0.27 0.00 0.61 0.78 1.24 1.40 2.16 1.84 4.93 2.21
RESB6 0.00 0.00 0.39 0.00 0.77 0.93 1.57 1.72 3.03 1.92 7.35 3.00

RESB11 0.00 0.00 0.25 0.00 0.43 0.57 0.92 1.04 1.46 0.97 3.87 1.60

Sample c27 c28 c29 c30 c31 c32 c33 c34 c35 c36 Sume

ESB1 0.20 0.08 0.19 0.04 0.19 0.02 0.04 0.00 0.00 0.00 1.44
ESB2 0.31 0.11 0.28 0.05 0.21 0.00 0.04 0.21 0.00 0.04 2.73
ESB3 0.96 0.26 0.75 0.15 0.43 0.02 0.06 0.43 0.02 0.06 6.54
ESB4 5.42 1.50 6.88 0.98 6.90 0.34 1.57 6.90 0.34 1.57 39.93
ESB5 2.81 0.55 1.69 0.21 1.16 0.05 0.26 1.16 0.05 0.26 12.93
ESB6 0.47 0.17 0.37 0.11 0.27 0.03 0.06 0.27 0.03 0.06 3.79
ESB7 0.46 0.16 0.38 0.11 0.34 0.04 0.10 0.02 0.01 0.00 2.46
ESB8 0.47 0.18 0.39 0.13 0.41 0.03 0.12 0.00 0.00 0.00 2.57
ESB9 0.20 0.06 0.19 0.06 0.23 0.03 0.06 0.00 0.00 0.00 1.26
ESB10 0.10 0.05 0.15 0.03 0.21 0.02 0.08 0.00 0.00 0.00 0.80
ESB11 0.03 0.02 0.06 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.25
ESB12 0.07 0.03 0.08 0.02 0.07 0.00 0.02 0.00 0.00 0.00 0.42
ESB13 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.09
ESB14 0.02 0.01 0.03 0.01 0.04 0.00 0.01 0.00 0.00 0.00 0.17
ESB15 0.02 0.01 0.03 0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.20
ESB16 0.05 0.08 0.15 0.21 0.28 0.25 0.19 0.14 0.07 0.05 1.58
ESB17 0.04 0.02 0.07 0.02 0.08 0.01 0.03 0.00 0.00 0.00 0.32
ESB18 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.03
ESB19 0.05 0.02 0.04 0.02 0.06 0.01 0.03 0.01 0.00 0.00 0.46
ESB20 0.07 0.02 0.07 0.02 0.07 0.00 0.01 0.00 0.00 0.00 0.39
ESB21 0.25 0.31 0.84 0.01 0.48 0.01 0.02 0.00 0.00 0.00 2.21
ESB22 0.02 0.01 0.03 0.01 0.03 0.00 0.01 0.00 0.00 0.00 0.16
ESB23 0.01 0.01 0.04 0.03 0.06 0.03 0.02 0.00 0.00 0.00 0.32
ESB24 0.03 0.02 0.05 0.02 0.06 0.01 0.02 0.01 0.00 0.00 0.26
ESB25 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.10
ESB26 0.11 0.06 0.18 0.04 0.20 0.02 0.06 0.00 0.00 0.00 0.82
ESB27 0.02 0.01 0.04 0.01 0.04 0.04 0.00 0.00 0.00 0.00 0.19
ESB28 0.01 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.13
RESB3 7.39 2.03 10.99 1.31 8.60 0.53 1.73 0.00 0.00 0.00 48.01
RESB6 12.75 3.32 18.45 3.20 17.31 0.93 3.07 0.00 0.00 0.00 79.72

RESB11 6.00 1.56 6.68 0.94 7.31 0.28 1.34 0.00 0.00 0.00 35.25
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Table 7. n-alkanoic acids content (µg/g) of the samples analyzed.

Sample c12 c13 c14 c15 c16 c17 c18 c19 c20 c21 c22 c23

ESB1 0.00 0.00 0.05 0.04 0.73 0.07 0.40 0.05 0.11 0.09 0.31 0.17
ESB2 0.04 0.01 0.05 0.04 0.67 0.08 0.35 0.08 0.12 0.10 0.24 0.15
ESB3 0.44 0.01 0.10 0.27 1.24 0.24 0.70 0.28 0.44 0.48 1.50 1.01
ESB4 0.15 0.03 0.11 0.08 1.31 0.11 0.76 0.28 0.56 0.59 1.50 1.49
ESB5 0.07 0.01 0.06 0.04 0.72 0.06 0.39 0.10 0.22 0.24 0.77 0.65
ESB6 0.38 0.01 0.07 0.07 0.93 0.21 0.63 0.38 0.41 0.38 0.77 0.48
ESB7 0.00 0.00 0.04 0.04 0.51 0.02 0.18 0.05 0.08 0.08 0.19 0.14
ESB8 0.00 0.00 0.08 0.06 0.88 0.04 0.35 0.02 0.07 0.08 0.35 0.26
ESB9 0.00 0.00 0.05 0.03 0.54 0.02 0.28 0.01 0.03 0.02 0.08 0.03
ESB10 0.00 0.00 0.10 0.06 0.87 0.03 0.30 0.01 0.03 0.01 0.10 0.06
ESB11 0.00 0.00 0.03 0.02 0.46 0.02 0.15 0.00 0.01 0.01 0.05 0.02
ESB12 0.00 0.00 0.07 0.05 0.49 0.02 0.15 0.01 0.02 0.01 0.06 0.03
ESB13 0.00 0.00 0.01 0.04 0.09 0.00 0.01 0.00 0.00 0.00 0.01 0.00
ESB14 0.00 0.00 0.04 0.03 0.36 0.01 0.11 0.00 0.01 0.00 0.06 0.02
ESB15 0.00 0.00 0.01 0.01 0.14 0.01 0.05 0.00 0.01 0.00 0.03 0.01
ESB16 0.00 0.00 0.01 0.01 0.16 0.01 0.08 0.00 0.03 0.00 0.03 0.01
ESB17 0.00 0.00 0.02 0.01 0.25 0.01 0.10 0.00 0.01 0.00 0.04 0.01
ESB18 0.00 0.00 0.01 0.00 0.07 0.00 0.02 0.00 0.00 0.00 0.01 0.00
ESB19 0.00 0.00 0.06 0.04 0.78 0.03 0.30 0.01 0.03 0.02 0.13 0.03
ESB20 0.00 0.00 0.05 0.04 1.30 0.05 0.37 0.01 0.04 0.02 0.18 0.04
ESB21 0.00 0.00 0.12 0.07 1.15 0.04 0.38 0.00 0.03 0.01 0.12 0.04
ESB22 0.00 0.00 0.05 0.05 0.63 0.02 0.23 0.00 0.03 0.01 0.08 0.01
ESB23 0.00 0.00 0.02 0.01 0.20 0.01 0.08 0.00 0.01 0.00 0.03 0.00
ESB24 0.00 0.00 0.13 0.08 1.20 0.04 0.37 0.00 0.04 0.01 0.12 0.03
ESB25 0.00 0.00 0.02 0.01 0.18 0.01 0.06 0.00 0.01 0.00 0.04 0.01
ESB26 0.00 0.00 0.13 0.07 1.28 0.05 0.46 0.01 0.06 0.04 0.32 0.14
ESB27 0.00 0.00 0.13 0.08 1.10 0.04 0.36 0.01 0.03 0.01 0.11 0.03
ESB28 0.00 0.00 0.01 0.00 0.11 0.00 0.04 0.00 0.00 0.00 0.02 0.00
RESB3 0.00 0.00 0.31 0.41 2.45 0.52 1.67 0.86 1.32 1.40 3.22 3.29
RESB6 0.00 0.00 0.32 0.34 3.14 0.50 2.08 1.13 1.91 2.13 6.34 5.88

RESB11 0.00 0.00 0.22 0.25 2.07 0.53 1.46 0.74 1.24 1.20 2.87 2.10

Sample c24 c25 c26 c27 c28 c29 c30 c31 c32 c33 Sume

ESB1 0.30 0.29 0.28 0.13 0.28 0.05 0.08 0.01 0.01 0.00 3.46
ESB2 0.24 0.17 0.17 0.10 0.15 0.04 0.06 0.01 0.02 0.00 2.86
ESB3 1.69 1.48 1.47 0.66 1.31 0.23 0.41 0.05 0.09 0.10 14.19
ESB4 3.72 3.83 5.91 4.12 9.80 2.87 5.29 1.05 1.85 0.16 45.58
ESB5 1.38 1.55 2.08 1.14 2.96 0.45 0.86 0.13 0.22 0.02 14.15
ESB6 0.70 0.77 0.64 0.27 0.59 0.11 0.18 0.05 0.06 0.02 8.11
ESB7 0.25 0.20 0.35 0.12 0.36 0.05 0.09 0.02 0.02 0.00 2.78
ESB8 0.54 0.79 1.03 0.50 1.54 0.26 0.49 0.10 0.14 0.03 7.60
ESB9 0.05 0.07 0.08 0.03 0.12 0.02 0.05 0.01 0.01 0.00 1.51
ESB10 0.21 0.22 0.31 0.12 0.36 0.07 0.15 0.02 0.04 0.00 3.07
ESB11 0.04 0.09 0.07 0.02 0.08 0.01 0.04 0.00 0.01 0.00 1.13
ESB12 0.10 0.09 0.15 0.05 0.14 0.03 0.05 0.01 0.01 0.00 1.52
ESB13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18
ESB14 0.04 0.04 0.05 0.02 0.05 0.01 0.02 0.00 0.00 0.00 0.87
ESB15 0.03 0.04 0.07 0.01 0.06 0.01 0.03 0.00 0.01 0.00 0.52
ESB16 0.02 0.02 0.03 0.01 0.03 0.00 0.01 0.00 0.00 0.00 0.46
ESB17 0.03 0.01 0.06 0.01 0.06 0.01 0.03 0.00 0.00 0.00 0.67
ESB18 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13
ESB19 0.07 0.15 0.13 0.05 0.19 0.02 0.05 0.01 0.02 0.00 2.13
ESB20 0.09 0.13 0.12 0.04 0.16 0.02 0.04 0.00 0.01 0.00 2.74
ESB21 0.10 0.15 0.12 0.05 0.11 0.02 0.04 0.00 0.01 0.00 2.59
ESB22 0.04 0.03 0.06 0.02 0.05 0.01 0.02 0.00 0.00 0.00 1.33
ESB23 0.01 0.02 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.44
ESB24 0.08 0.18 0.06 0.02 0.08 0.01 0.04 0.00 0.01 0.00 2.50
ESB25 0.02 0.02 0.02 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.43
ESB26 0.39 0.65 0.58 0.22 0.64 0.13 0.31 0.05 0.10 0.00 5.62
ESB27 0.09 0.09 0.13 0.04 0.11 0.02 0.03 0.00 0.00 0.00 2.38
ESB28 0.01 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.26
RESB3 6.47 4.46 6.37 3.70 6.57 0.00 0.00 0.00 0.00 0.00 43.02
RESB6 11.91 7.24 11.16 6.50 13.26 0.00 0.00 0.00 0.00 0.00 73.84

RESB11 3.19 1.72 2.38 1.08 2.28 0.00 0.00 0.00 0.00 0.00 23.34
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Figure 8. Projection of the proxies from the n-alkanes. (a) Carbon preference index (CPI); (b) Sum of
the concentration of all the n-alkanes; (c) Predominant chain length (PCL). (Green): green clays; (Pink):
pink clays; (Purple): illitic samples; (Brown): sandy samples; (Yellow): carbonatic samples.

The predominant n-alkane chain varies between C25, C27, C29 or C31. (Figure 8c) indicating a
major input from aquatic macrophytes and terrestrial plants as the C25 homologue is predominant in
the former [46], and C27, C29 or C31 are abundant in the latter [45,51–54]. This interpretation coincides
with that of the average chain length (ACL; [55], calculated as [(Ci × i + Ci+1 × (i + 1) + Ci+2 × (i + 2)
... + Cn × n))/(ΣCn+1 + Cn+2 + ... + Cn), with i = 13, n = 33], which is a good proxy for distinguishing
between the predominance of low vs. high molecular weight n-alkanes [54,56]. The ACL oscillates
between 25 and 29 (Figure 9a), linked to a major input from aquatic macrophytes and terrestrial plants.
However, there is no evidence of a relationship with the mineralogy because these values differ in
samples from within the same association.



Minerals 2018, 8, 291 17 of 24
Minerals 2018, 8, x FOR PEER REVIEW  19 of 26 

 

 
Figure 9. Projection of the proxies from the n-alkanes. (a) Average chain length (ACL); (b) Paq index; 
(c) terrigenous/aquatic acid ratio (TARHC). (Green): green clays; (Pink): pink clays; (Purple): illitic 
samples; (Brown): sandy samples; (Yellow): carbonatic samples. 

In this regard, some bentonitic (ESB1, ESB2, ESB3 and ESB6), carbonatic (ESB25) and sandy 
samples (ESB28) have low ACL values, probably indicating a similar source of the organic matter. 
According to bibliographical references [54], these samples are linked to important aquatic 
macrophytes input. Therefore, samples having an aquatic origin belong to different groups of 
samples, according to these data. The remaining samples show higher ACL values, indicating a 
terrestrial origin, although with certain influence of aquatic macrophytes. 

Focusing on the abundance of n-alkanes, the highest values are linked to the betonitic samples, 
more obviously in the pink clays (Figure 8b). The correlation matrix between mineralogy and 
biomarker concentrations shows that the only mineral which presents a positive significant 
correlation is smectite (Table 8), justifying the higher concentrations at the bentonitic samples. This 
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Figure 9. Projection of the proxies from the n-alkanes. (a) Average chain length (ACL); (b) Paq
index; (c) Terrigenous/aquatic acid ratio (TARHC). (Green): green clays; (Pink): pink clays; (Purple):
illitic samples; (Brown): sandy samples; (Yellow): carbonatic samples.

In this regard, some bentonitic (ESB1, ESB2, ESB3 and ESB6), carbonatic (ESB25) and sandy
samples (ESB28) have low ACL values, probably indicating a similar source of the organic matter.
According to bibliographical references [54], these samples are linked to important aquatic macrophytes
input. Therefore, samples having an aquatic origin belong to different groups of samples, according to
these data. The remaining samples show higher ACL values, indicating a terrestrial origin,
although with certain influence of aquatic macrophytes.

Focusing on the abundance of n-alkanes, the highest values are linked to the betonitic samples,
more obviously in the pink clays (Figure 8b). The correlation matrix between mineralogy and biomarker
concentrations shows that the only mineral which presents a positive significant correlation is smectite
(Table 8), justifying the higher concentrations at the bentonitic samples. This higher concentration
within bentonitic samples, especially within pink clays, can be justified by the high specific surface
area of these materials, being higher in pink clays [19] than in green clays [57].
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Table 8. Correlation matrix of the total content in n-alkanes (µg/g) and mineral content of the samples.

Variable Qz Kfs Pl Cal Sme Chl Ilt Kln

n-alkanes
Pearson Correlation −0.363 * −0.285 −0.27 −0.177 0.594 ** −0.122 0.161 −0.269

Sig. (2-tailed) 0.045 0.12 0.141 0.341 0 0.515 0.388 0.143

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

The Paq index, calculated as the (C23 + C25)/(C23 + C25 + C29 + C31) ratio [46], was postulated
to reflect the relative contribution of emergent and submerged/floating aquatic macrophytes,
which typically maximize at C23 and C25. In general, the Paq index (Figure 9b) shows values comprised
between 0.1 and 0.6, indicating a mixed input of aquatic macrophytes and terrestrial plants [46],
coinciding with the interpretation of the n-alkane predominant chain length and ACL values. However,
an illitic (ESB21) and a sandy sample (ESB28) fall out of this range.

The terrigenous/aquatic ratio (TARHC) index (Figure 9c), calculated as (C31 + C29+ C27)/
(C15 + C17 + C19) [47], was studied in order of distinguishing between land plants and algal input,
its being higher values associated with a higher input of land plants and lower values with a higher
algal input. It must be highlighted that it was not possible to obtain this proxy for several samples,
due to lack of low molecular weight n-alkanes. There are two families of samples, characterized by
values over and below 20, regardless of their mineralogy. Samples with lower values are bentonitic
(ESB1, ESB2, ESB3 and ESB6), illitic (ESB14), sandy (ESB15) and carbonatic (ESB25), and are interpreted
according to [47] as having a mixed origin of organic matter, while samples with a higher value are
interpreted as having a more important input of terrestrial organic matter.

The n-alkanoic acid predominant chain length show a unimodal distribution maximizing at
C16 (Figure 10a), although several samples show a bimodal distribution maximizing at C24 and
C28. The samples with a bimodal distribution are bentonitic, both pink and green clays. It is
important to remark that not all of the bentonitic samples show the same distribution. The lack
of correspondence between the PCL and ACL of n-alkanes and n-alkanoic acids (Figures 9 and 10)
suggests a certain preferential microbial synthesis of long-chain saturated fatty acids from primary
organic matter (OM) and/or bacterial activity producing an increase in short chain homologues (mainly
C16 and C18), i.e., n-alkanoic acids in lake sediments typically originate from multiple sources (algae,
aquatic macrophytes, land plants), but they are more sensitive to degradation and modification than
other types of lipid biomarker [58]. Thus, the n-alkanoic acid content reveals not only the OM source
but can also be used to evaluate the degree of preservation, especially when the n-alkanes distribution
does not coincide with the n-alkanoic acid one.

We calculated the terrigenous/aquatic ratio for fatty acids (TARFA) as (C24 + C26+ C28)/
(C12 + C14 + C16) [47] to distinguish between algal (low TARFA values) vs. land plant sources (high
TARFA values). However, selective degradation and diagenetic processes commonly overprint
n-alkanoic acid distributions. Short-chain acids are often preferentially degraded by microbes during
early diagenesis [59,60] and they produce higher TARFA values [49]. On the other hand, the microbial
synthesis of secondary fatty acids from primary OM produces short-chain components [60] and can
depress TARFA values. The low TARFA values (Figure 10c), along with the unimodal distribution of
n-alkanoic acids, maximizing mainly at C16, and the most abundant alkanes being C25 to C31, point to
the occurrence of microbial degradation of high molecular weight n-alkanoic acids from primary
organic matter, a process that produces short-chain homologues [61], with the exception of samples
ESB3, ESB4, ESB5, ESB8, RESB3, RESB6 and RESB11, as will be further discussed.

The TARFA index (Figure 10c) shows two different groups of samples. On one hand, we have
samples with values lower than 1 and, on the other, samples whose values are higher than 1. The latter
group is formed by eight bentonitic samples (ESB3, ESB4, ESB5, ESB6, ESB8, RESB3, RESB6 and RESB11)
and one carbonatic sample (ESB7). The values of the TARFA index indicate that the organic matter
present in these samples did not suffer important degradation processes as in the other samples [48,49].
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between them. Different proxies employed for the study of n-alkanes reveal that pink clays have a 
more important input of organic matter of terrestrial origin, while green clays show a higher input of 
aquatic macrophytes (PCL, ACL and Paq). The Paq index values indicate that a pink clay (ESB5) has 
more aquatic macrophytes input than the rest of the pink clays, clashing with all the other proxies 
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Figure 10. Projection of the proxies from the n-alkanoic acids. (a) Predominant chain length (PCL);
(b) Sum of the concentration of all the n-alkanoic acids; (c) Terrigenous/aquatic acid ratio (TARFA).
(Green): green clays; (Pink): pink clays; (Purple): illitic samples; (Brown): sandy samples; (Yellow):
carbonatic samples.

As in the case of the n-alkanes, it is possible to observe a higher concentration of n-alkanoic acids
in the bentonitic samples, and especially in the pink clays (Figure 10b). The correlation values of the
mineralogy and biomarkers also show the same tendency (Table 9), smectite being the only mineral
significantly correlated to the alkanoic acids.

Summarizing the interpretations of the biomarkers analyzed, we can observe several clashes
between them. Different proxies employed for the study of n-alkanes reveal that pink clays have a more
important input of organic matter of terrestrial origin, while green clays show a higher input of aquatic
macrophytes (PCL, ACL and Paq). The Paq index values indicate that a pink clay (ESB5) has more
aquatic macrophytes input than the rest of the pink clays, clashing with all the other proxies studied.
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The n-alkanoic acid PCL indicates that three green clays (ESB1, ESB2 and ESB6) have suffered
important organic matter degradation, while the TARFA values show that only two green clays (ESB1,
ESB2) have undergone important organic matter degradation. The rest of the bentonitic samples are
interpreted, according to both proxies, as not having suffered important organic matter degradation.

The PCL of the n-alkanes shows all pink clays and one green clay (ESB2) as having a major
input of organic matter of terrestrial origin, which is corroborated by the n-alkanoic acid PCL values,
these latter also indicate that all the pink clays and one green clay (ESB8) did not suffer important
organic matter degradation. This is confirmed with the low TARHC values in all pink clays and one
green clay (ESB8), together with TARFA values, showing that all pink clays and three green clays
(ESB3, ESB6, ESB8) have a major input from land plants and suffered less important organic matter
degradation). These differences are probably caused by selective degradation and diagenetic processes,
which commonly overprint n-alkanoic acid distributions.

A multivariate cluster analysis of the biomarkers data was performed (n-alkanes + n-alkanoic
acids) (Figure 11a), not grouping well in respect to the mineralogical associations established.
This indicates that the biomarker content is not related to the mineralogical characteristics of the
samples, in an opposite way to the geochemical data. Performing a multivariate analysis including
biomarkers and geochemical data (Figure 11b), it is possible to observe the same cluster than when
considering only the geochemical data (Figure 6), reinforcing the idea that biomarkers do not help in
the discrimination between the different mineralogical associations established.
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Table 9. Correlation matrix of the total content in n-alkanoic acids (µg/g) and mineral content of
the samples.

Variable Qz Kfs Pl Cal Sme Chl Ilt Kln

n-alkanoic acids
Pearson Correlation −0.393 * −0.316 −0.309 −0.197 0.625 ** −0.097 0.207 −0.209

Sig. (2-tailed) 0.029 0.083 0.09 0.288 0 0.604 0.265 0.259

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

Thus, it seems evident that biomarkers, in contrast to the geochemical analyses, are not related
to the mineralogy. Only the total concentration of both n-alkanes and n-alkanoic acids seems to
be directly correlated to smectite, and therefore to the bentonitic samples. The interpretation of
biomarkers also discards the idea that samples having similar mineral associations belong to similar
sedimentary environments, as can be seen from different proxies obtained from the n-alkanes analysis.
Biomarkers also give contradictory sedimentological interpretations with those from bibliographical
references of the Tajo Basin, such as pink clays being formed in a reducing palustrine environment
and green clays in an oxidizing lacustrine one [22], which agree with the geochemical analysis
presented in this paper; therefore, having different ratios of organic matter degradation, clashing with
the interpretation of the TARFA proxy of the n-alkanoic acids. It must be highlighted that organic
matter incorporates during the sedimentation processes many sources (algal, aquatic macrophytes,
land plants) and also has variable degree of preservation. During diagenesis original organic matter
suffers alteration when sinking to the lake bottom, but biomarkers retain key information about their
origin [58]. Thus, biomarkers reveal not only the organic matter source but can also be used to evaluate
the degree of preservation and diagenesis.

4. Conclusions

The geochemical and biogeochemical analyses of these samples lead us to the following
concluding remarks:

• MgO and F are correlated with bentonitic samples and MnO, CaO and Sr with the carbonatic
samples, both of these types of samples having an authigenic origin. The rest of the major and
trace elements are linked to both illitic and sandy samples, which have a detrital origin.

• It is possible to distinguish elements associated with a detrital origin, more concentrated in illitic
and sandy samples, as well as elements of neoformation linked to bentonitic and carbonatic
samples. These differences can be observed also within the bentonitic samples, because green
clays have a higher detrital character than pink clays.

• Green and pink clays are mainly differentiated by their LILE, REE and other trace elements
content, along with elements from the other groups to a lesser extent.

• Biomarker analyses provide interesting information, although they are not discriminant by
themselves, due to the apparent lack of relationship with the mineralogical content of the
samples. The lack of correlation is probably originated by the postdepositional degradation
of the studied biomarkers.

• The correlation values of the mineralogy and biomarkers show that smectite is the only mineral
significantly correlated to them. The n-alkanes and n-alkanoic acids present higher concentrations
at the bentonitic samples, especially within pink clays.
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