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Abstract
The facies and clay mineral study of clay/marl-rich levels from the Torrelapaja Formation (latest Hauterivian–early Bar-
remian, NW Iberian Range, NE Spain) allowed to establish the palaeoclimatic and palaeoenvironmental conditions under 
they were generated. The muddy levels and pisoids contained therein of two logs were sampled and studied by X-ray 
diffraction and optical and electron microscopy. A similar mineralogical upwards trend is recorded in both logs, with a 
decrease in calcite coupled with an increase in quartz and orthoclase content and constant proportions in goethite, hematite, 
diaspore, anatase, rutile, ilmenite, and clay mineral content. The lower muddy levels have higher kaolinite content than the 
upper levels, where illitic phases are the dominant clay minerals. Smectite and intergrowths of illitic phases and kaolinite 
are also detected upwards. The kaolinite and smectite textures indicate an authigenic origin, whereas the illitic phases are 
former phases acting as a substrate for kaolinite crystallization. Pisoids mineralogy and texture show an in-situ origin, but 
some are fractured, indicating reworking processes. The mineral association found in the muddy levels is characteristic of 
oxisols formed under warm and humid conditions. The upward decrease in kaolinite content is coeval with an increase in 
the illitic phases and quartz content, related to siliciclastic input, but is also coeval with the presence of authigenic smectite. 
This indicates a decrease in chemical weathering, not fully registered due to the siliciclastic contribution, which was pos-
sibly associated with a change to colder, drier conditions during the latest Hauterivian–early Barremian in the studied area.

Keywords  Illitic phases · Kaolinite · Palaeoclimate · Palaeosols · Weathering

Eventos de meteorización registrados en sucesiones continentales arcillosas del 
Hauteriviense superior-Barremiense inferior del NW de la Cordillera Ibérica: control 
climático vs. tectónico

Resumen
El estudio de facies y minerales de la arcilla de nieles de arcillas/margas de la Formación Torrelapaja (Hauteriviense supe-
rior–Barremiense inferior, NW Cordillera Ibérica, NE España) ha permitido establecer el paleoclima y el paleoambiente bajo 
las que se formaron. Se muestrearon y estudiaron por difracción de rayos X y microscopía óptica y electrónica los niveles de 
arcillas/margas y los pisoides que contienen dos afloramientos. Se observa una tendencia mineralógica similar hacia el techo 
en ambos afloramientos, con un descenso en el contenido en calcita junto a un aumento del de cuarzo y ortoclasa y propor-
ciones constantes de goethita, hematites, diásporo, anatasa, rutilo, ilmenita y minerales de la arcilla. Los niveles inferiores 
tienen mayor contenido en caolinita que los niveles superiores, en los que las fases illíticas son los minerales de la arcilla 
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dominante. Hacia el techo se detectan esmectita e interestratificados de fases illíticas y caolinita. La textura de la caolinita 
y la esmectita indican un origen autigénico, mientras que las fases illíticas son fases previas que actúan como substrato para 
la cristalización de la caolinita. La mineralogía y textura de los pisoides indican un origen in-situ, pero algunos están frac-
turados, indicando procesos de retrabajamiento. La asociación mineral presente en los niveles inferiores es características 
de oxisoles, formados bajo condiciones climáticas cálidas y húmedas. El descenso del contenido en caolinita hacia techo es 
coetáneo con el aumento en el contenido en fases illíticas y cuarzo, relacionado con el aporte de detríticos, pero también es 
coetáneo con la presencia de esmectita autigénica. Esto indica una disminución en la meteorización química, no completa-
mente registrada debido al aporte detrítico, que posiblemente se asocie con un cambio hacia condiciones más frías y secas 
durante el Hauteriviense superior–Barremiense inferior en el área estudiada.

Palabras clave  Caolinita · Fases illíticas · Meteorización · Paleoclima · Paleosuelos

1  Introduction

The study of the soils that formed in the landscapes of the 
past (i.e., palaeosols) provides key data for palaeoclimatic and 
palaeoenvironmental reconstructions (Mack et al., 1993). The 
formation of soils takes place near the Earth’s surface in the 
contact among lithosphere, atmosphere, hydrosphere, and bio-
sphere (Tabor et al., 2017), and the weathering processes that 
generate them are subject to strong climatic control. For this 
reason, the study of the mineral phases formed during soil for-
mation, such as clay minerals and oxides, is of great interest, 
since they directly provide information about the climate and 
environment (Chamley, 1989; Do Campo et al., 2018; Laita 
et al., 2020; Sheldon & Tabor, 2009; Varela et al., 2018).

In this way, the variations in the clay mineral assemblages 
have been used as palaeoclimatic and palaeoenvironmental 
proxies for palaeosols developed in continental sequences. 
Those of Mesozoic sequences have been described by sev-
eral authors (e.g., Bauluz et al., 2014; Do Campo et al., 
2010, 2018; Ehrmann et al., 2005; Föllmi, 2012; Laita et al., 
2020; Raucskik & Varga, 2008 and references therein).

Under humid subtropical to tropical conditions, intense 
chemical weathering produces very effective hydrolysis, 
which gives rise to oxisols (commonly known as laterites), 
where kaolinite is the main clay mineral along with alu-
minium hydroxides and Fe oxyhydroxides (Chamley, 1989; 
Do Campo et al., 2018; Mack et al., 1993; Righi & Meunier, 
1995; Velde, 1995). By contrast, under dry and cold cli-
mates, the production of clay minerals depends on physical 
weathering because of the absence of significant hydrolysis 
(Chamley, 1989). These conditions enhance the genesis of 
gleysols, where the clay mineral assemblages are essentially 
dominated by smectite and illite (Dhillon & Dhillon, 1991; 
Do Campo et al., 2018). Gleysols are formed under dysoxic 
or anoxic conditions that give rise to redoximorphic features 
and gleyed horizons generated by the influence of the shal-
low or fluctuating groundwater table, which inhibits drain-
age and creates low-oxygen conditions (Tabor et al., 2017).

In Western Europe, the presence of ferruginous pal-
aeosols including kaolinite indicates warm and humid 
conditions during the late Hauterivian–early Barremian 

(Bárdossy, 1982; Föllmi, 2012; Wright et al., 2000). On the 
other hand, Haywood et. al. (2004) have described an alter-
nation of wet and dry seasons during the early Barremian in 
the west of Europe.

Within the Iberian Plate, a seasonal subtropical climate 
has been described during the Lower Cretaceous in the Ibe-
rian Range (NE Spain) (Bauluz et al., 2014; Buscalioni & 
Fregenal-Martínez, 2010). This climate is evidenced by the 
presence of kaolinite-rich clays, bauxites, and lateritic clays 
in several areas of the Iberian Plate (Bauluz et al., 2014; 
Combes, 1990; Laita et al., 2020; Molina & Salas, 1993; 
Yuste et al., 2015, 2017, 2020). By contrast, Laita et. al. 
(2020) also pointed out a change from warm/humid to cold/
dry conditions in Barremian continental successions from 
the NW Maestrazgo Basin (SE Iberian Range), which are 
age-equivalent with some of the palaeosols levels studied 
in this work.

Usually, clay-rich sediments, rocks, and palaeosols 
include authigenic clay minerals, but they may also contain 
diagenetic clays. This must be borne in mind when using 
clay mineral assemblages as palaeoclimatic and palaeoenvi-
ronmental indicators, since diagenetic processes may trans-
form clay minerals and invalidate their use as palaeoclimatic 
proxies (Bauluz et al., 2014; Dera et al., 2009). To evaluate 
the origin of the clays and rule out a possible diagenetic 
imprint, it is necessary to carry out thorough microtextural 
studies.

Considering all the above mentioned, this study applies a 
combination of facies analysis and the study of the clay min-
eralogy of clay/marl-rich outcrops of uppermost Hauteriv-
ian–lower Barremian continental successions located in the 
Torrelapaja subbasin (NE Spain) to evaluate their useful-
ness as a palaeoclimate indicator. The main aims of this 
research are: (1) to determine whether the clay minerals are 
authigenic, as a consequence of the edaphic process, detrital 
(inherited from the source area), or diagenetic; and (2) to 
examine the vertical and lateral variations in the clay miner-
alogy and their relationships with the palaeoenvironmental 
conditions, or other controlling factors, to deduce the pal-
aeoclimate during the latest Hauterivian–early Barremian in 
this area of the Iberian Range (NE Spain).
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2 � Geological setting

2.1 � Stratigraphic context

The progressive opening of the Atlantic Ocean and the 
westward propagation of the Tethys Ocean during the Late 
Jurassic-Early Cretaceous generated a rifting process in 
the Iberian Basin located in the eastern part of the Iberian 
Plate (e.g., Salas et al., 2001). The resulting extensional 
fault activity gave rise to the compartmentalization of the 
Basin into a set of subsident basins, subbasins and troughs 
(Aurell, Bádenas, et al., 2019a; Aurell, Fregenal-Martínez, 
et al., 2019b; Liesa et al., 2019). One of these subsiding 
basins was the Cameros Basin, a wide Late Jurassic–Early 

Cretaceous sedimentary domain located in the northwestern 
part of this rifting system, in the northwestern Iberian Range 
(Fig. 1a) (e.g., Casas-Sainz, 1993; Clemente, 2010; Gómez-
Fernández & Meléndez, 1994; Mas et al., 2004, 2019). The 
high subsidence rates recorded in this basin during the Late 
Jurassic-Early Cretaceous rifting episode allowed the accu-
mulation of more than 8000 m of continental and coastal 
sediments in its depocentral areas (Casas-Sainz et al., 2009).

The uppermost Hauterivian–lower Barremian succes-
sion studied here accumulated in the so-called Torrelapaja 
subbasin, located at the southeastern edge of the Cameros 
Basin (Fig. 1b). In this area, the Upper Jurassic–Lower 
Cretaceous synrift sedimentary record encompasses a 
100–500  m-thick, terrigenous, calcareous succession 
that is divided into three synrift sequences (SS-1, SS-2, 

Fig. 1   a Geological location of the studied Torrelapaja subbasin at 
the SE edge of the Cameros Basin (slightly modified from Aurell 
et al., 2021); b Reconstruction of the sedimentation area during syn-
rift sequence 2, showing the location of the studied logs (slightly 

modified from Aurell et al., 2021); c Summary of the Mesozoic sedi-
mentary units indicating the distribution of the Lower Cretaceous 
synrift sequences in grey. The red star indicates the studied unit 
(slightly modified from Aurell et al., 2021)
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and SS-3 in Fig. 1c; Aurell et al., 2021). SS-1 (middle 
Tithonian–middle Berriasian) is composed of continen-
tal deposits, including the terrigenous alluvial deposits 
of the Bijuesca Formation and the lacustrine-palustrine 
carbonates of the Ciria Formation. SS-2 (uppermost 
Hauterivian–lower Barremian) includes the continental 
mixed (terrigenous-carbonate) Torrelapaja Formation. 
SS-3 (middle–upper Albian) corresponds to the Escucha 
Formation and includes terrigenous-carbonate continental 
to coastal successions (Aurell et al., 2021).

The continental Torrelapaja Fm (SS-2), studied in this 
work, is an up-to-80 m-thick succession of muddy facies, 
limestones, sandstones, and conglomerates that accumulated 
preferentially in the so-called Bigornia Trough of the Torre-
lapaja subbasin (Fig. 1 and 2). The latest Hauterivian–early 

Barremian age of this unit was dated based on the pres-
ence of charophytes (Aurell et al., 2021; Martín-Closas, 
1989). The boundary with the underlying Ciria Formation 
is a major angular unconformity, which is associated with 
a stratigraphic gap that encompasses the late Berriasian, 
the Valanginian and most of the Hauterivian. An irregular 
karstic surface is observed on top of the lacustrine lime-
stones of the Ciria Formation. This occasionally presents 
multiepisodic filling, allowing the preservation of a rich 
assemblage of vertebrate remains (Aurell et al., 2021).

2.2 � Sedimentological context

A facies analysis of the continental Torrelapaja Fm in the 
Bigornia Trough was performed by Aurell et. al. (2021), 

Fig. 2   a Facies correlation of the Torrelapaja Fm (SS-2) in the Bigor-
nia Trough and sedimentary models of the three stages differentiated 
(adapted from Aurell et  al., 2021). The detailed facies distribution 
recognized by Aurell et. al. (2021) in the Las Cañadas and Valdela-

vieja logs studied here is included in Fig.  5; b Mineralogical com-
position of muddy facies following the classification of Allix et. al. 
(2011)
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based on the data collected in three logs (the LC, VT and 
VJ logs in Fig. 2a). The deposition of the muddy facies, 
limestones, sandstones, and conglomerates of this unit took 
place in distal alluvial fans and shallow lakes. The verti-
cal and lateral distribution of facies allowed three sedi-
mentary stages of evolution to be differentiated (Fig. 2a). 
The argillaceous Stage 1 corresponds to the sedimentary 
filling of the palaeokarstic surface on top of the underlying 
Ciria Fm (SS-1/SS-2 boundary) and is dominated by ochre 
to violet mudstones and ochre to violet mudstones/calcare-
ous mudstones of argillaceous composition (Fig. 2b). The 
carbonate-dominated Stage 2 is characterized by the expan-
sion of palustrine-lacustrine facies, localized alluvial clastic 
input (sandstones), and the deposition of carbonate-richer 
distal plain muddy facies (marlstone/calcareous mudstones; 
Fig. 2b). In the siliciclastic-dominated Stage 3, there is a 
significant increase in siliciclastic and a reduction in lacus-
trine-palustrine areas. Middle-distal alluvial fan channels 
(conglomerates with quartzite and limestone clasts, sand-
stones, and ochre to violet siliceous marlstones) developed 
southwards as a result of the increasing tectonic activity 
of this margin (Fig. 2a); by contrast, the northern area was 
dominated by an alluvial-fluvial plain with ochre to violet 
mudstones of siliceous composition and ephemeral braided 
streams (conglomerates with quartzite pebbles).

Of particular interest for the present study are the 
muddy facies recorded mainly in distal alluvial plains 
(Fig. 2b). The ochre to violet mudstones and ochre to 
violet marlstones/calcareous mudstones that accumulated 
in the distal alluvial plains have features indicating soil 
development (levels with Fe pisoids and root traces/hydro-
morphic horizons) and are similar to those found in lat-
eritic palaeosols in age-equivalent units from the southern 
Maestrazgo Basin (Laita et al., 2020). The palustrine to 
shallow lacustrine grey marlstones/calcareous mudstones 
also contain Fe pisoids, which could be reworked from 
nearby distal alluvial plain areas (Aurell et al., 2021).

3 � Samples and methods

The Las Cañadas (LC) and Valdelavieja (VJ) outcrops of 
the Torrelapaja Fm, previously studied by Aurell et. al. 
(2021) from a stratigraphic and sedimentological point 
of view, were selected for the sampling of the different 
muddy facies (Fig. 2b). They include ochre to violet mud-
stones, ochre to violet marlstones/calcareous mudstones, 
and grey marlstones/calcareous mudstones (hereinafter 
referred to as mudstones to calcareous mudstones), and 
some of them contain Fe pisoids (Fig. 3). On the whole, 
the VJ log represents deposition in a more proximal posi-
tion of the distal alluvial plain compared to the LC log 

(Fig. 2a). A total of 49 samples (42 mudstone to calcare-
ous mudstone samples and 7 Fe pisoids) were taken from 
throughout the two sections in order to analyse their tex-
ture and mineralogical composition (Table 1).

3.1 � X‑ray diffraction study

The 49 samples were studied by X-ray diffraction (XRD) 
to determine their mineralogical composition. The < 2 μm 
fractions were extracted by centrifugation and analysed in 
air-dried and ethylene–glycol-treated oriented aggregates to 
determine the clay minerals present in the samples.

To obtain the diffraction patterns, a Philips 1710 diffrac-
tometer was used at the University of Zaragoza (Zaragoza, 
Spain), with 40 kV voltage, 30 mA current, CuKα radiation, 
an automatic slit, and a graphite monochromator. The XRD 
patterns were acquired from 3 to 60 °C 2θ for the whole 
rock samples and from 3 to 30 °C for the < 2 μm fractions. 
In both cases, the goniometer velocity was 0.1º2θ/s and the 
integration time was 0.45 s. The recording was made with 
XPowderX software (Martin, 2017).

The relative proportions of the minerals were calculated 
using Reference Intensity Ratio (RIR) values from the lit-
erature (Biscaye, 1965; Schultz, 1964; Smith & Johnson, 
2000). These RIR values were calculated in accordance 
with Hillier (2003). The kaolinite crystallinity (KC) was 
calculated measuring the full width at half maximum of 
the 001 reflection corresponding to 7 Å in the air-dried ori-
ented aggregates. KC values are inversely related to kaolinite 
crystallinity, that is, the lower the KC value, the higher the 
kaolinite crystallinity.

3.2 � Optical and electron microscopy study

To gain a precise mineralogical and textural characteriza-
tion of the samples, seven thin sections of the mudstones 
to calcareous mudstones and Fe pisoids were selected for 
microscopy studies. Firstly, the thin sections were studied 
by transmitted and reflected light microscopy to identify 
both transparent and opaque minerals and to characterize 
their texture (Table 1). The seven thin sections and four 
rock fragments were then analysed using a Carl Zeiss Mer-
lin field emission scanning electron microscope (FESEM) 
with an Oxford energy-dispersive X-ray (EDS) detector at 
the University of Zaragoza (Zaragoza, Spain) (Table 1). 
The thin sections had previously been carbon-coated. 
Compositional images were obtained using two detectors: 
an angular selective backscattered electron detector (AsB) 
and an energy selective backscattered electron detector 
(EsB). To obtain chemical information, semi-quantitative 
analyses were performed by energy-dispersive X-ray 
spectroscopy (EDS), with a detection limit of 0.1%. The 
accelerating voltage for the AsB and the EDS was 15 kV 
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with a beam current of 600 pA, whereas for the EsB, the 
accelerating voltage was 4 kV with a beam current of 
1000 pA. Morphological images of the rock fragments 
were obtained using a secondary electron (SE) detector 
(in-lens) with an accelerating voltage of 5 kV and a beam 

current of 100 pA. In this case, the accelerating voltage 
was 5 kV with a beam current of 800 pA.

Fig. 3   a Close view of the VJ 
log showing ochre to violet 
mudstones interbedded with 
sandstones levels; b Close view 
of the LC log showing the ochre 
to violet mudstones; c Hand 
samples from the VJ (left) and 
LC (right) logs including Fe 
pisoids; d Close view of the VJ 
log showing the the grey marl-
stones/calcareous mudstones

Table 1   Summary of sample 
analyses at the laboratory 
(n = number of samples/
analyses)

Field samples
(n = 49)

X-ray diffraction
(Mineralogical composition)

Optical and electron microscopy
(Textural and chemical analysis)

Whole rock
(n = 49)

< 2 μm frac-
tion of clays & 
clays/marls
(n = 42)

Optical microscopy
(n = 7)

Electron 
micros-
copy-
FESEM/
EDS
(n = 11)

Ochre to violet clays/
marls (n = 36)

36 36 5 9

Grey marls- (n = 6) 6 6 – –
Ferruginous pisoids-7 7 – 2 2

Relative proportions 
of the mineral phases

Clay minerals 
identifica-
tion

Kaolinite crys-
tallinity

Textures
Identification of opaque 

and transparent minerals

Micro- and 
nanotex-
tures

Chemical 
composi-
tion of the 
phases

Derived data
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4 � Results

4.1 � Whole rock data

4.1.1 � XRD data

The mudstones to calcareous mudstone of the LC and VJ 
logs are mainly formed by quartz, calcite, and clay miner-
als together with orthoclase, goethite, hematite, diaspore, 
anatase, rutile and ilmenite (Fig. 4). The XRD patterns of the 
whole rock show the same differences from bottom to top in 
both logs, with an increase in the intensity of quartz peaks 
and a decrease in those of calcite (Fig. 4a and c).

In the < 2 µm fraction, abundant kaolinite and illitic 
phases are identified in the XRD patterns (Fig. 4b and d). 
Characteristic reflections of kaolinite are observed at 7.14, 
4.18, 3.84, 3.57 Å, and dickite and nacrite have not been 
detected. The term “illitic phases” includes both illite and 
micas (quantified together) as well as accessory random 
mixed-layer illite/smectite (I/S), which were identified in 
some of the < 2 µm fraction XRD patterns (but not quanti-
fied). These XRD patterns show a decrease in the intensity 
of kaolinite peaks to the top and that the illitic phases are 
detected from middle to top in both logs (Fig. 4b and d).

The whole rock mineralogical composition varies 
both vertically and laterally (Fig. 5a). On the whole, cal-
cite is more abundant in the proximal VJ log (28–70%), 
whereas quartz + orthoclase predominate in the distal LC 
log (8–88%). In general, the calcite content decreases and 
quartz + orthoclase are more abundant towards the top of 

the logs. Clay minerals and goethite, hematite, diaspore, 
anatase, rutile, and ilmenite remain quite constant from the 
bottom to the top of the stratigraphic profiles. However, in 
detail there are slight vertical trends related to sedimentary 
stages 1 to 3. In the argillaceous Stage 1, the main lateral 
difference is the higher relative abundance of calcite in the 
proximal VJ log, and of clay minerals in the distal LC log. 
As regards the carbonate-dominated Stage 2, despite the 
presence of covered intervals (not sampled) in LC, a quite 
similar mineralogy dominated by calcite is recorded in both 
sections. The main lateral differences are recorded in the 
siliciclastic Stage 3, the proximal VJ log being dominated 
by calcite (with an upward decreasing trend), whereas in the 
distal LC log calcite is almost absent, especially at the top of 
the log, and quartz + orthoclase and clay minerals are more 
abundant compared to in VJ.

As regards the < 2 µm fraction, kaolinite is the main clay 
mineral in the lower mudstone to calcareous mudstone levels 
(> 50%), but its content decreases upwards coeval with an 
increase in the content of illitic phases. More specifically, 
samples of the argillaceous Stage 1 are only formed by kao-
linite in the proximal VJ log but also have illitic phases in 
the distal LC log. In the carbonate-dominated Stage 2, kao-
linite is again the main clay in the proximal VJ log, whereas 
in the distal LC log illitic phases predominate. This predomi-
nance of illitic phases is observed in both sections in the 
siliciclastic-dominated Stage 3, with a particularly notable 
upward increase in the proximal VJ log.

Kaolinite crystallinity is shown in Fig. 5b and in Table 2. 
In the argillaceous Stage 1, in the distal LC log (with its 

Fig. 4   XRD patterns obtained from the whole rock and < 2  μm 
fractions of samples in the VJ (a and b) and LC (c and d) logs. 
Clays = clay minerals, Qtz = quartz, Cal = calcite, Dsp = diaspore, 

Ght = goethite, Ant=anatase, Or = orthoclase, Rt = rutile, Ilm = ilmen-
ite, Hem = hematite, Kln = kaolinite, Ilt = illitic phases
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higher relative proportion of clay minerals including a pre-
dominance of kaolinite over illitic phases), kaolinite is less 
crystalline than in the proximal VJ log, where kaolinite is the 
only clay mineral and there is a higher relative abundance of 
calcite. In the carbonate-dominated Stage 2, with calcite pre-
dominating in both sections, kaolinite is slightly less crys-
talline and predominates in the proximal VJ log, whereas in 
the distal LC log, where illite predominates, an increase in 
kaolinite crystallinity can be observed upwards. In the silici-
clastic Stage 3, in the proximal VJ log, kaolinite crystallinity 
shows an increasing trend coupled with an increase in illitic 
phases and a decrease in calcite. By contrast, in the distal 
LC log, dominated by quartz + orthoclase and clay minerals 
(illitic phases), the kaolinite crystallinity is higher compared 

to the previous Stages 1 and 2, but decreases in some sam-
ples towards the top of the log, where the content of illitic 
phases is somewhat lower. Although there is not a general 
trend in kaolinite crystallinity, it should be noted that during 
Stage 3, especially in the distal LC log, kaolinite is more 
crystalline when the proportions of illitic phases are higher.

4.1.2 � Optical and electron microscopy data

The optical microscopy images show that the mudstones to 
calcareous mudstones are formed by a fine-grained matrix 
composed of clay minerals and oxides that cannot be iden-
tified at optical microscope resolution (Fig. 6a–b). Abun-
dant quartz clasts (40–200 µm) are recognised (Fig. 6a). 

Fig. 5   a Variations in mineral content of the mudstones to calcareous 
mudstones in the LC and VJ logs; b Evolution of kaolinite crystal-
linity vs content of illitic phases from bottom to top of the logs. The 

kaolinite crystallinity value was multiplied by 100 for comparison 
with the content of illitic phases. Lower values indicate higher kaolin-
ite crystallinity, and vice versa
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Microsparitic carbonate nodules (100 µm to 1 mm in size; 
Fig. 6b), as well as microsparitic calcite filling pores in the 
matrix, are also present.

Compositional (EsB and AsB) and secondary electron 
(SE) images of the lower mudstone to calcareous mudstone 
levels show that kaolinite appears in the matrix both as sub-
hedral to euhedral nanometric plates, commonly showing 
pseudohexagonal outlines with random orientation (Fig. 6c 
and d), and as booklets 1–10 µm in length (Fig. 6e–f).

In samples where illitic phases predominate (towards the 
upper mudstone to calcareous mudstone levels), smectite 
flakes (not detected by XRD) are also observed (Fig. 7a). 
The illitic phases are heterometric (1–10 µm) and present 
wavy and anhedral morphologies and frequently separated 
sheets (Fig. 7a–c). Intergrowths of illitic phases and kaolin-
ite are also observed (Fig. 7c), like those described in similar 
materials (Bauluz et al., 2014; Do Campo et al., 2018).

According to the optical microscopy study, the carbon-
ate both in the nodules and filling pores in the matrix is 
sparitic and/or microsparitic, and the EDS analyses indicate 
calcite compositions (Fig. 7d and e). Occasionally, some of 
the carbonate nodules are cemented by kaolinite (Fig. 7e). 
Fibrous calcite crystals cementing the matrix are also pre-
sent (Fig. 7f).

EDS average analyses of the kaolinite, illitic phases, and 
smectite, as well as the average chemical formulae calcu-
lated, are included in Table 3. According to these analy-
ses, the kaolinite composition is close to the theoretical 
one but presents low proportions of Fe (≤ 0.1 a.p.f.u.). The 
illitic phases compositions are within the range commonly 
reported in the bibliography. The smectite compositions cor-
respond to dioctahedral smectite, given the higher content of 
trivalent cations (Al and Fe) in the octahedral layer, and are 
consistent with a montmorillonite-type smectite.

Table 2   Kaolinite crystallinity 
values of the samples of 
mudstones to calcareous 
mudstones measured in air-
dried (AD) samples

Classification of muddy facies from Aurell et. al. (2021)
OVM = ochre to violet mudstones, OVMC = ochre to violet marlstones/calcareous mudstones, GMC=grey 
marlstones/calcareous mudstones

Valdelavieja (VJ) Las Cañadas (LC)

Sample number Muddy facies KC
Air-dried (001)

Sample 
number

Muddy facies KC
Air-dried (001)

1 OVMC 0.28 1 OVM 0.56
2 OVM 0.47 2 OVM 0.47
3 GMC 0.42 3 OVM 0.46
4 OVMC 0.40 4 GMC 0.56
5 OVMC 0.36 5 GMC 0.40
6 OVMC 0.39 6 OVMC 0.21
7 OVMC 0.34 7 GMC 0.18
8 OVMC 0.38 8 GMC 0.16
9 OVMC 0.38 9 OVM 0.16
10 OVMC 0.37 10 OVM 0.24
11 OVMC 0.23 11 OVM 0.23
12 OVMC 0.42 12 OVM 0.26
13 GMC 0.53 13 OVM 0.15
14 GMC 0.40 14 OVM 0.31
15 OVMC 0.49 15 OVM 0.24
16 OVMC 0.32 16 OVM 0.22
17 OVMC 0.42 17 OVM 0.28
18 OVMC 0.34 18 OVM 0.23
19 OVMC 0.35 19 OVM 0.22
20 OVM 0.30 20 OVM 0.22

21 OVM 0.32
22 OVM 0.20
23 OVM 0.24
24 OVM 0.48
25 OVM 0.16
26 OVM 0.43
27 GMC 0.22
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4.2 � Pisoid data

The Fe pisoids are embedded in the clay-rich matrix of the 
mudstone to calcareous mudstones. They are from 3 mm 
to 1 cm in diameter and show spherical to ellipsoidal mor-
phologies and some of them are fractured. According to 
their size, following the classification given by Bárdossy 
(1982): macropisoids (> 5 mm), pisoids (1–5 mm), ooids 
(100–1000 μm) and micro-ooids (< 100 μm), the Fe pisoids 
are pisoids and macropisoids.

On the other hand, Reolid et. al. (2008) also classified as 
ferruginous ooids and pisoids those grains formed by a nucleus 
enveloped by an iron oxide coating, which also fits with the 
Fe pisoids of this study. According to their morphological 
features and lamination, these pisoids and macropisoid would 
be included in the Type A ooids and pisoids defined by these 
authors, which are formed by a thin, regular lamination that 
forms concentric layers enclosing a nucleus. In Type A ooids 
and pisoids, the nucleus can be a fragment of an older ferrugi-
nous ooid or an indeterminate ferruginous lump. The nuclei of 

the Fe pisoids studied here are always formed by and indeter-
minate ferruginous lump, so following the classification given 
by Guerrak (1987) they can also be classified as simple pisoids.

4.2.1 � XRD data

The XRD patterns of two macropisoids (one of each log) 
indicate that they contain quartz, clay minerals, hema-
tite, goethite, together with orthoclase, diaspore, anatase, 
rutile, and ilmenite (Fig. 8a). Calcite was also detected 
in the XRD patterns (especially in those of the macropi-
soids from the LC log), but it is not represented because, 
as it will be explained below, part of this calcite was not 
formed coetaneously with the mudstones and calcareous 
mudstones and the Fe pisoids. The relative proportions of 
these phases indicate that the macropisoids from the two 
logs are mainly formed by quartz, clay minerals (kaolinite 
and illitic phases, as deduced from the FESEM results), 
hematite, goethite and minor amounts of orthoclase, dia-
spore, anatase, rutile and ilmenite (Fig. 8b).

Fig. 6   Transmitted light optical 
microscopy images (a and b) 
and SEM images (c–f) of the 
lower mudstone to calcareous 
mudstone levels. a Quartz clasts 
in the matrix of the mudstones 
to calcareous mudstones from 
the LC log; b Microsparitic 
carbonate nodules in the mud-
stones to calcareous mudstones 
from the VJ log; c and d SE 
images showing platy kaolinite 
aggregates with random orienta-
tion and pseudohexagonal out-
lines; e 1–2 µm-sized kaolinite 
booklets and hematite crystals; 
f Kaolinite booklets reaching up 
to 10 µm in length and growing 
on microsparitic calcite nodules. 
Qtz = quartz, Cb = carbonate, 
Kln = kaolinite, Hem = hematite, 
Cal = calcite
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4.2.2 � Optical and electron microscopy data

The pisoids and macropisoids are constituted by a nucleus 
and an outer cortex formed by several layers, both com-
posed of a mixture of hematite, goethite, and clay minerals 
(Fig. 9a–c). In the case of the macropisoids, the outer cortex 

is 1–3 mm thick, and quartz clasts are frequently included 
among the layers (Fig. 9b and c). The nucleus is formed 
by an indeterminate ferruginous lump along with goethite 
and hematite. Both hematite and goethite show botryoidal 
textures, occasionally in alternating layers (10–30 µm) and 
some parts of the nucleus are replaced by carbonate at times 
(Fig. 9d). The electron microscopy images show that the 

Fig. 7   FESEM images of the 
matrix of the middle and upper 
mudstones to calcareous mud-
stones (a–c) and the carbonates 
observed in the mudstones to 
calcareous mudstones (d–f). a 
SE image of smectite flakes and 
anhedral illitic phases; b SE 
image of anhedral illitic phases 
and subhedral kaolinite; c BSE 
images showing intergrowths 
of illitic phases and kaolinite; 
d Microsparitic calcite filling 
a matrix pore; e Kaolinite 
cementing calcite in a micro-
sparitic nodule; f Fibrous calcite 
crystals cementing the matrix 
of the mudstone to calcare-
ous mudstone. Sm = smectite, 
Kln = kaolinite, Ilt = illitic 
phases, Qtz = quartz, Cal = cal-
cite

Table 3   EDS analyses (Wt%) of clay minerals in the mudstones and calcareous mudstones (standard deviation in brackets)

O Na Mg Al Si K Ti Fe Calculated formula

Kaolinite
(n = 28)

49.08
(2.83)

– – 21.88
(1.20)

24.87
(1.46)

– 0.21
(0.31)

3.95
(3.56)

Fe0.1Al1.9Si2O5(OH)4

Illitic phases
(n = 33)

45.72
(2.12)

0.16
(0.26)

0.68
(0.36)

16.75
(3.20)

26.21
(2.84)

8.23
(2.23)

0.08
(0.20)

2.18
(1.44)

(K0.8,H3O)
(Al1.7Mg0.1Fe0.2)
(Si3.4Al0.6)
O10[(OH)2,(H2O)]

Smectite
(n = 20)

44.90
(3.20)

0.14
(0.21)

1.42
(2.95)

18.38
(2.92)

25.64
(5.13)

4.94
(1.34)

0.39
(0.98)

4.22
(3.36)

(K0.5)
(Al1.7Fe0.3Mg0.1)
(Si3.3Al0.7)
O10(OH)2nH2O
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layers constituting the cortex of the macropisoids are formed 
by different amounts of kaolinite mixed with hematite and 
goethite, allowing one layer to be differentiated from another 
based on its kaolinite content. Hematite frequently cements 
kaolinite in the macropisoids (Fig. 9e). In both the pisoids 
and macropisoids, there is kaolinite with platy shapes with 
random orientation and as booklets like those found in the 
matrix of the lower mudstone to calcareous mudstone levels 
(Fig. 9e). Intergrowths of illitic phases and kaolinite with the 
same morphologies as those found in the upper mudstone 
to calcareous mudstone levels are also observed (Fig. 9f). 
Microsparitic calcite and occasional barite fill cavities in the 
macropisoids (Fig. 9f and g).

5 � Discussion

5.1 � Origin of the clay minerals, pisoids, 
and carbonates in the palaeosols

The mineralogy of the mudstone to calcareous mudstone 
levels consists of calcite, quartz (and orthoclase), clay min-
erals (kaolinite, illitic phases, smectite), Fe and Ti oxides, 
and Fe oxyhydroxides. The high content in clay minerals, 
along with the oxides and oxyhydroxides and the presence 
of Fe pisoids is a consequence of the development of palaeo-
sols in the Torrelapaja Fm. The determined mineralogical 
association is common in oxisols, as categorised by the Soil 
Taxonomy Classification.

Compositional and morphological images show that the 
platy kaolinite is commonly euhedral to subhedral and dis-
plays pseudohexagonal outlines, indicating that it is prob-
ably authigenic. The presence of kaolinite booklets is not 
compatible with a detrital origin since they are too delicate 
to withstand erosion or transport processes, thus suggesting 
that they formed in-situ during the edaphic process (Bauluz 
et al., 2014; Do Campo et al., 2018; Laita et al., 2020). The 
lower and variable relative crystallinity of kaolinite in Stages 
1 and 2 could be attributed to the presence of Fe in the kao-
linite structure (as detected in EDS analyses, although in low 
proportions), since substitutions of Al by Fe in the octahe-
dral sheet of kaolinite has been described in similar materi-
als (Laita et al., 2020; Mendelovici et al., 1979) and is some-
thing common in weathering processes (Cantinolle et al., 
1984; Mestdagh et al., 1980; Yuste et al., 2015). On the other 
hand, the kaolinite presents somewhat higher crystallinity 
towards the top of the studied logs, coeval with the increase 
in illitic phases in Stage 3 and the presence of intergrowths 
of illitic phases and kaolinite, in which the illitic phases 
act as a substrate for the kaolinite crystallization. This may 
enhance more effective crystallization of kaolinite.

Smectite is detected by electron microscopy but not by 
XRD, probably because its content lies below the detection 
limit of XRD. The flake-type morphologies observed in the 
smectite by electron microscopy suggest an in-situ origin, 
and the EDS analysis indicates that it corresponds to dioc-
tahedral montmorillonite-type smectite. This kind of smec-
tite has previously been reported in palaeosols as a product 
of the weathering of feldspars and micas (Fesharaki et al., 

Fig. 8   a XRD patterns of two macropisoids from the VJ and LC logs; b relative proportions of mineral phases in several macropisoids from the 
LC and VJ logs
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2007). Kaolinite and smectite would have thus been formed 
during the edaphic process by the dissolution of previous 
aluminium silicates (e.g., feldspars and illitic phases).

Authigenic illite is described in brackish and freshwater 
clays, lacustrine marls and gleysols during the Eocene–Oli-
gocene, due to illitization of smectite and mixed-layer I/S 
during pedogenic processes (Huggett & Cuadros, 2005, 
2010; Huggett et al., 2001). However this process is not 
observed in the uppermost Hauterivian–lower Barremian 

palaeosols studied here, which can be classified as oxisols. 
The origin of illitic phases in palaeosols is not compatible 
with the genesis of kaolinite (Bauluz et al., 2000). Detri-
tal illite can degrade to interstratified illite–smectite under 
humid conditions (Chamley, 1989). Smectitization of illite 
induced by pedogensis has also been described in palaeosols 
(Meenakshi et al., 2020; Schaetzl & Thompson, 2015). The 
fact that the illitic phases studied here act as a substrate for 
kaolinite crystallization indicates that they are former phases 

Fig. 9   Transmitted and reflected 
light optical microscopy and 
SEM images of pisoids and 
macropisoids. a Simple pisoid 
from the LC log; b Nucleus and 
cortex of a macropisoids. The 
squares show the areas were the 
enlarged images c, e and g were 
taken; c Macropisoid cortex 
formed by several layers with 
quartz clasts included among 
the layers; d Hematite and goe-
thite forming alternating layers 
in the nucleus of a macropisoids 
and microsparitic carbonate 
replacing partially the nucelus; 
e Booklets of platy kaolinite 
and hematite in the nucleus of 
a macropisoid; f Quartz clasts, 
barite filling cavities, and illitic 
phases/kaolinite intergrowths in 
the nucleus of a macropisoid; 
g Microsparitic calcite filling 
cavities of a macropisoid. 
Qtz = quartz, Cb = carbonate, 
Hem = hematite, Ght = goethite, 
Kln = kaolinite, Ilt = illitic 
phases, Ba = barite, Cal = calcite
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(Bauluz et al., 2014). Thus, these illitic phases may have 
a detrital origin and intervene in the genesis of kaolinite 
and smectite during the edaphic process. In addition, their 
anhedral morphologies are consistent with a detrital origin 
(Bauluz et al., 2014; Laita et al., 2020).

The calcite nodules observed in some of the mudstone 
to calcareous mudstone levels are cemented by kaolinite, 
pointing to a previous genesis for the nodules. Other inves-
tigations (Laita et al., 2020; Mücke et al., 1999) suggest that 
soil development usually occurs in various episodes involv-
ing changes in the water level and reworking processes. In 
the present study, the calcite nodules may come from the 
underlying limestone levels generated during the rising of 
the water level. A subsequent lowering of the water level 
would allow the calcite nodules to be cemented by kaolinite. 
This would also be the factor responsible for the reworking 
and fracturing of some of the macropisoids.

As other authors suggest (Rossi & Cañaveras, 1999), the 
fibrous calcite crystals cementing the matrix of the mudstone 
to calcareous mudstone levels would have formed during 
diagenesis. This diagenesis would also allow the filling of 
the matrix pores and macropisoids cavities and the replace-
ments of some parts of their nuclei by microsparitic calcite. 
The barite observed within the cavities of macropisoids may 
also have a diagenetic origin; it has been described cement-
ing palaeosols in other areas (Michel et al., 2016). The cal-
cite and barite cements thus postdate the kaolinite and smec-
tite. These cements must have therefore formed during early 
diagenesis, which would not have altered the palaeoclimatic 
signal registered in the clay minerals formed in-situ.

Saber et. al. (2018) classified ferriferous pisoids formed 
by in-situ growth in lateritic weathering profiles accord-
ing to their mineralogical composition as: (1) pure kaoli-
nitic pisoids, (2) kaolinitic-hematitic or hematitic-kaolin-
itic pisoids, and (3) hematitic pisoids. The second group 
includes those pisoids whose inner nucleus is composed 
of kaolinite and/or hematite surrounded by an outer cortex 
formed by kaolinite and hematite laminae. This latter sub-
group is consistent with the pisoids and macropisoids stud-
ied here, since according to the XRD and electron micros-
copy results, they are mainly formed by hematite, goethite, 
kaolinite, and occasional quartz and illitic phases. FESEM 
images indicate that the kaolinite in the macropisoids dis-
plays platy morphologies and also occurs as booklets, simi-
lar to the kaolinite found in the matrix constituting the lower 
mudstone to calcareous mudstone levels. Likewise, the illitic 
phases and the intergrowths of illitic phases and kaolinite in 
the macropisoids are similar to those observed in the matrix 
of the upper mudstone to calcareous mudstone levels.

According to Bárdossy (1982), the formation of Fe 
pisoids and macropisoids in soils is usually associated with 
conditions of permanent groundwater saturation. These con-
ditions are congruent with the genesis of Type A ferruginous 

ooids and pisoids described by Reolid et. al. (2008). The 
growth of the concentric layers that form the cortex of the 
pisoids and macropisoids also indicates physical and chemi-
cal changes in the environmental conditions, giving place to 
the precipitation of several mineral phases, such as kaolinite 
and Fe and Ti oxides, and Fe oxyhydroxides, in different 
quantitates (Yuste et al., 2020).

These data, along with the concentric structure and mor-
phology of the Fe pisoids studied here indicate that they 
would have an in-situ origin and were thus formed during 
the edaphic process. However, the fractures observed in the 
macropisoids filled with calcite and barite also suggest that 
they underwent some reworking. On the other hand, the 
presence of hematite cementing kaolinite in the macropi-
soids indicates that the genesis of Fe oxides took place dur-
ing the edaphic process but after the formation of kaolinite, 
as described in similar materials in the Iberian Range (Laita 
et al., 2020).

5.2 � Clay mineral trends and climate vs. tectonic 
controls

5.2.1 � Clay minerals and sediment supply

The clay minerals show vertical and lateral trends related to 
the three sedimentary stages defined by Aurell et. al. (2021), 
which can shed some light on the factors (climate, tectonics) 
controlling the genesis of the mineralogical assemblages and 
the development of the palaeosols.

Stage 1 is dominated by distal alluvial plain muddy facies 
of argillaceous composition (Fig. 2), with a somewhat lower 
quartz content and higher clay mineral content in the distal 
LC log (kaolinite being the main clay mineral) but higher 
calcite content in the proximal VJ log. This lateral trend 
could be associated with local factors (e.g., differential sup-
ply) but the reduced sediment thickness of this stage and 
lack of significant sedimentological differences between the 
logs precludes a more definitive interpretation (Figs. 2 and 
5). Stage 2 is characterised by an increase in the water level, 
allowing the expansion of palustrine-lacustrine areas, but 
also a coeval increase in the terrigenous sediment supply 
(Aurell et al., 2021; Fig. 2). The mineralogical composi-
tion of distal alluvial plain and palustrine muddy facies is 
very homogeneous, as they are dominated by calcite in the 
distal LC and proximal VJ logs. In addition, kaolinite pre-
dominates over illitic phases in the proximal VJ log, as in 
Stage 1. These data reflect the fact that there is no signifi-
cant control of the increasing terrigenous supply in the soil 
development during this stage. Stage 3 is characterised by 
an increase in terrigenous-clastic supply due to an increase 
in tectonic activity in southern areas (VJ log; Fig. 2) (Aurell 
et al., 2021). The change in the sedimentological conditions 
during this stage, with a greater contribution of terrigenous 
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sediment, leads to higher amounts of quartz and illitic phases 
(Fig. 5). Nevertheless, calcite, with a decreasing tendency, is 
present in the proximal VJ log, where a greater terrigenous 
supply is recorded. As explained below, the higher crystal-
linity of kaolinite towards the top of the logs may be a conse-
quence of the higher quantities of illitic phases. These illitic 
phases form intergrowths in which they act as a substrate 
for the growth of the kaolinite, enhancing a more effective 
crystallization for the kaolinite. Additionally, the increase in 
quartz content towards the top of the profiles, may generate 
a possible increase in the porosity of the upper mudstone to 
calcareous mudstone levels, which could allow the kaolinite 
to be more crystalline and also favour the genesis of calcite 
cements during diagenesis as it would lead to better condi-
tions for fluid circulation.

5.2.2 � Clay minerals and palaeoclimate

As commented in a previous section, the mineralogical asso-
ciation determined in the mudstone to calcareous mudstone 
levels of this research is common in oxisols, as categorised 
by the Soil Taxonomy Classification. Oxisol development 
occurs under humid tropical climates (Do Campo et al., 
2018).

Several authors have reported mineral assemblages com-
prising goethite, hematite, aluminium hydroxides, kaolinite, 
and quartz, as well as the presence of Fe pisoids in lateritic 
palaeosols (e.g., Bauluz et al., 2014; Giovannini et al., 2017; 
Nkalih Mefire et al., 2018; Nouazi Momo et al., 2019; Yuste 
et al., 2017).

On the other hand, the genesis of the palaeosols in the 
Torrelapaja Fm was also coeval with a rise and possibly a 
subsequent fall in the water level, as evidenced by the pres-
ence of kaolinite cementing calcite nodules and of reworked 
features in the pisoids.

The general climate described for the Hauterivian–Aptian 
period in Western Europe includes a trend from seasonal to 
warm climates and then to cooler conditions. During the 
Hauterivian, a seasonal climate prevailed (Föllmi, 2012; 
Godet et al., 2008), evidenced by the presence of illite and 
smectite in marine sedimentary successions (Mutterlose & 
Ruffell, 1999). From the latest Hauterivian to early Bar-
remian, the increase in kaolinite in the palaeosols is con-
sistent with a trend towards warmer conditions (Bárdossy, 
1982; Föllmi, 2012; Godet et al., 2008; Wright et al., 2000), 
which prevailed during the mid and late Barremian (Scotese 
et al., 2021). On the other hand, during this period, Moiroud 
et. al. (2012) also reported marl–limestone alternations, with 
limestones enriched in I/S mixed-layers and kaolinite and 
illite-rich marls. According to these authors, the presence of 
kaolinite and illite in the marls is a consequence of continen-
tal runoff under humid tropical conditions, whereas the I/S 
contained in the limestones were formed under seasonally 

semi-arid conditions. Thus, this is reflecting a distortion in 
the climatic signal obtained from the clay minerals assem-
blages formed in continental or marine domains. A later 
change from warm to cooler conditions is recorded during 
the early Aptian (Dinis et al., 2020; Godet et al., 2006; Steu-
ber et al., 2005).

As pointed out by Laita et. al. (2020), the trend in humid-
ity during the Early Cretaceous of Western Europe is not 
so clear. Clay mineral assemblages from French and Swiss 
sections show a change from dry to more humid conditions 
during the Hauterivian (Godet et al., 2008). In the Tethys 
area, arid and humid regimes are recorded during the late 
Hauterivian (Föllmi, 2012), and temperature models show 
warm and humid conditions for the early Barremian (Bodin 
et al., 2009; Föllmi, 2012; Price et al., 2011). However, 
alternate wet and dry seasons during the early Barremian 
have also been reported (Haywood et al., 2004). Finally, an 
increase in humid conditions is described during the mid-
Barremian in Europe (Mutterlose et al., 2014), whereas 
δ18O records show a trend towards cooler and more arid 
conditions towards the late Barremian of the Tethys (Föllmi, 
2012).

In northwestern Spain, a seasonal subtropical climate is 
described during the Early Cretaceous (Buscalioni & Frege-
nal-Martínez, 2010). In addition, the presence of Barremian 
kaolinite-rich bauxites and laterites in the Iberian Range (NE 
Spain) is also consistent with warm and humid conditions 
(Bauluz et al., 2014; Laita et al., 2020; Yuste et al., 2015, 
2017).

In the western part of the Cameros Basin, stacked sheet 
flood deposits and sandy channels, along with conglomer-
ates, mottled mudstones, and pedogenic carbonates included 
in the Piedrahita de Muñó Formation (Barremian–Aptian), 
suggest a semi-arid climate with seasonal rainfall (Platt, 
1989).

In the uppermost Hauterivian–lower Barremian Torre-
lapaja Fm of the Torrelapaja subbasin (southeastern Cam-
eros Basin), XRD and electron microscopy results show a 
higher content of kaolinite formed in-situ in the lower mud-
stone to calcareous mudstone levels, suggesting an intense 
chemical weathering characteristic of a warm and humid 
climate (Bauluz et al., 2014; Nouazi Momo et al., 2019; 
Raucskik & Varga, 2008; Won et al., 2018). As regards the 
pisoids and macropisoids, these would have been formed in 
environments of permanent groundwater saturation, which 
would have occurred in different episodes during the three 
sedimentary stages.

The decrease in kaolinite towards the top of the strati-
graphic profiles correlates with the increase in the content of 
detrital quartz and illitic phases, which is related to a greater 
terrigenous-clastic supply during Stage 3. This could have 
partially inhibited soil formation. On the other hand, this 
trend is also coeval with the presence of authigenic smectite, 
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thus reflecting a decrease in chemical weathering perhaps 
associated with a change to colder and drier conditions dur-
ing the late Hauterivian–early Barremian in this part of the 
Cameros Basin. In addition, the above-mentioned alternating 
goethite-hematite sequences in the macropisoids are also 
associated with less humid conditions (Laita et al., 2020; 
Velasco et al., 2013).

In the east of the Maestrazgo Basin (SE Iberian Range), 
the presence of laterites in the Cantaperdius Formation 
(Barremian–Aptian) has been reported (Combes, 1990; 
Salas, 1987). In the nearby Morella subbasin, karst bauxite 
deposits, which probably developed from lateritic materi-
als laterally equivalent to the Cantaperdius Fm, have also 
been described (Molina & Salas, 1993; Yuste et al., 2015). 
Moreover, in the Oliete subbasin (NW Maestrazgo Basin), 
Laita et. al. (2020) described a decrease in kaolinite and an 
increase in smectite and illite content in lateritic palaeo-
sols present in the lower part of the Blesa Formation (early 
Barremian), which reflected a change from warm/humid to 
cold/dry conditions. The lateritic palaeosols described in 
the lower Blesa Fm are regarded as age-equivalent with the 
palaeosols from Stages 1 and 2 of the uppermost Hauteriv-
ian–lower Barremian Torrelapaja Fm (Aurell et al., 2021). 
The same tendency in the climatic conditions can be deduced 
in this part of the Cameros Basin, but the record is not as 
good as in the Oliete subbasin due to the high siliciclastic 
contribution during Stage 3, associated with an increase 
in tectonic activity. All these data reflect warm and humid 
conditions during the early Barremian in these two Iberian 
subbasins over 100 km apart, followed by a change to drier, 
colder conditions, at least in the Oliete subbasin (Maestrazgo 
Basin, SE Iberian Range; Laita et al., 2020), which could 
also have taken place in the Torrelapaja subbasin (Cameros 
Basin, NW Iberian Range).

6 � Conclusions

A combination of facies analysis and a study of the clay 
mineralogy of clay/marl-rich outcrops has allowed us to 
characterize the mineralogical and textural changes found 
in the mudstones to calcareous mudstones of the Torrelapaja 
Formation (uppermost Hauterivian–lower Barremian).

Kaolinite is the main clay mineral in the lower levels. 
Its euhedral morphologies and the presence of aggregates 
forming booklets indicate an authigenic origin for this 
mineral. The growth of the kaolinite to form intergrowths 
with illitic phases indicates that the illitic phases are for-
mer phases and act as a substrate for the kaolinite crystalli-
zation. This may favour the higher crystallinity of kaolinite 
in the upper levels, whereas the lower Fe proportions in 
the kaolinite in the lower levels could be the reason for 
its lower crystallinity. The smectite (montmorillonite-type 

composition) detected in the upper levels and its flake-type 
morphologies are consistent with an authigenic origin. The 
mineralogy and structure of the pisoids and macropisoids 
also reflect an in-situ origin during the edaphic process, 
but some of them are fractured, indicating reworking 
processes.

The matrix of the mudstones to calcareous mudstones 
and the cavities of the pisoids were later cemented by 
microsparitic calcite (and barite in some macropisoids) 
during early diagenesis. This diagenesis did not alter the 
palaeoclimatic signal registered in the kaolinite and smec-
tite formed in-situ.

The mineralogical association in the mudstones and cal-
careous mudstones is characteristic of oxisols (laterites), 
which developed under humid tropical climates.

The higher content of kaolinite formed in-situ in the 
lower levels suggests intense chemical weathering as a 
consequence of a warm and humid climate, which is con-
sistent with the palaeoclimatic conditions reported during 
the latest Hauterivian–early Barremian in the NE of the 
Iberian Plate.

The decrease in the kaolinite content, along with the 
increase in quartz and illitic phases, in the upper levels is 
related with an increase in siliciclastic input during Stage 3, 
which may have inhibited soil genesis. However, this trend 
in kaolinite content, along with the presence of authigenic 
smectite, also reflects a decrease in chemical weathering, 
perhaps associated with a change to colder and drier con-
ditions, maybe concealed by the siliciclastic contribution, 
during the latest Hauterivian–early Barremian in this part 
of the Cameros Basin (NW Iberian Range).
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