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Abstract: The study of iron crusts containing iron-coated grains from different sections of the
Prebetic (SE Iberia) and the overlying marine sedimentary rocks also containing iron-coated grains
in the Prebetic and the Iberian Range (NE Iberia) allowed us to determine the palaeoclimatic and
palaeoenvironmental conditions under which they originated. The iron crusts are mainly composed
of clay minerals (kaolinite and illitic phases) and/or goethite and hematite. The kaolinite texture
indicates that it is authigenic, whereas the illitic phases are probably detrital. The mineralogy
and texture of the iron crusts allow us to classify them as plinthitic palaeosols. The iron-coated
grains consisting of a nucleus and a cortex, both composed of a mixture of kaolinite, goethite, and
hematite, originated in situ during the plinthite development. Reworking processes caused the
fragmentation and incorporation of the iron-coated grains into the overlying ferruginous oolithic
limestones and terrigenous-carbonated breccia. New marine iron-coated grains formed later in
the ferruginous oolithic limestones. The high Chemical Index of Alteration and Chemical Index of
Weathering values and the geochemical ratios (Ba/Sr, Rb/Sr, Sr/Cu, Ga/Rb) from iron deposits reflect
intense weathering under warm and humid conditions in the South Iberian Palaeomargin during the
Callovian–Oxfordian, which may also take place in the East Iberian Palaeomargin (Iberian Range).

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

1. Introduction

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

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

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

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

The worldwide loss of carbonate productivity from the Late Callovian to Early Oxfor-
dian has been attributed to climatic and oceanographic changes [15,16]. Oxygen isotope
data point to a progressive cooling of the ocean waters from Middle Callovian to Early Ox-
fordian with the subsequent sea-level fall and the erosion of carbonate platforms resulting
in common unconformities in wide areas, for example, in the Tethys [17–21]. Subsequently,
a warming event occurred during the Middle Oxfordian [15,22–25]. The δ18O variations
also reflect precipitation regimes against a general warm climate for the Middle to Late
Oxfordian [15,16].

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

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

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

2. Geological Setting

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

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

Figure 1. Geological map of the Betic Cordillera showing the Prebetic and its location on the Iberian
Peninsula (SE Spain). The location of the previously studied outcrops by Reolid and Abad [21] and
Reolid et al. [32] in the Central External Prebetic (1: RGCH, RGCHP, and CHO sections) and Eastern
External Prebetic (2: PC1 to P4 sections) are represented together with the new outcrop analyzed in
this study located in the north area of the Central External Prebetic (3: VI section). Modified from
Reolid et al. [32].

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

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

In the eastern sector, this discontinuity is located between the Chorro Formation and 
the spongiolithic limestones (Middle–Upper Oxfordian) of the Yátova Formation [46]. The 
spongiolithic limestones can reach around 16 m thick [44,45]. This stratigraphic succession 
of the Eastern External Prebetic is similar to that described in the Iberian Range [19,46]. 
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Middle/Upper Jurassic discontinuity in the Sierra de Cazorla (Central External Prebetic) 
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Figure 2. Sections from the central and eastern sectors of the External Prebetic showing the iron
crusts and the ferruginous oolithic limestones in the Callovian–Oxfordian discontinuity (modified
from Reolid and Abad [21]) and images of the ferruginous–carbonated breccia containing iron-coated
grains (a) and the iron crust containing iron-coated grains (b) from the Villas (VI) section.

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

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

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

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

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

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

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

3.1. X-ray Diffraction Study

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

Relative proportions of the mineral phases were calculated using Reference Intensity
Ratios (RIR) from the literature [49–51]. The RIR values were calculated following the pro-
cedure described by Hillier [52]. The Al3+ content in the goethite structure was calculated
in the unoriented powder XRD patterns of the crust and the iron pisoids as an indicator of
the origin of goethite [32,53], following the procedure proposed by Schulze [54] based on
the position of de d110 and d111 peaks of goethite in the XRD patterns.

3.2. Optical and Electron Microscopy Study

Polished thin sections of the iron crust and the ferruginous–carbonated breccia from the
Villas section were studied by optical microscopy to identify the minerals and characterize
their texture. Polished thin sections of the ferruginous oolithic limestone from RGCH, CHO,
and PC1 sections and the equivalent lithofacies of the AF section in the Iberian Range were
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also studied by optical microscopy to characterize the texture of iron-coated grains and
compare them with those from the Villas section. The iron-coated grains in the crust, the
ferruginous oolithic limestone, and the ferruginous–carbonated breccia, are described as
follows: macropisoids (>5 mm), pisoids (5–1 mm), ooids (1000–100 µm) and micro-ooids
(<100 µm) [55].

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

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

3.3. Geochemical Study

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

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

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

CIA = [Al2O3 / (Al2O3 + Na2O + K2O)] × 100 (1)

and the formula proposed by Harnois [58]:

CIW = [Al2O3 / (Al2O3 + Na2O)] × 100 (2)
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The CaO values are not considered in these calculations since, as will be shown
later, they come from the small proportions of calcite present in the crusts and not from
the phyllosilicates.

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

P = 221 e0.0197(CIA-K) (3)

P = 14.265 (CIA-K) − 37.632 (4)

P = −259.34 ln (B) + 759.05 (5)

where P is the palaeoprecipitation (mm/yr) and B in Equation (5) is the molecular ratio of
CaO + MgO + Na2O to Al2O3 [59].

4. Results
4.1. Sedimentary Features

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

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

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

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

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

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

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

According to the method proposed by Schulze [54] for determining the Al3+ content
in the goethite structure, based on the position of de d110 and d111 peaks of this mineral
phase, thereis an Al-substitution in goethite of 13% mol in the iron crust and of 7% in the
iron-coated grains from the Villas section.

4.2.2. Textural Features

The optical microscopy images show that the iron crust from the Villas section is
formed by a fine-grained matrix containing clay minerals and iron oxides whose small
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size did not allow their identification under optical microscopy resolution (Figure 4a).
Abundant quartz grains (300 µm–1 mm) are differentiated within the matrix (Figure 4b).
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Figure 4. Optical microscopy (a,b,e,f) and binocular loupe (c,d) images of the iron crust containing
iron-coated grains from the Villas section: (a) Simple and fragmented pisoids in the clay-rich matrix
of the crust; (b) Fragmented pisoids, broken pisoids, and quartz clasts in the clay-rich matrix of the
crust; (c,d) Spherical to ellipsoidal pisoids and macropisoids extracted from the crust; (e) Simple
pisoid showing a nucleus composed by an indeterminate ferruginous lump and a cortex formed by
several concentric layers; (f) fragmented pisoid whose nucleus is a broken pisoid. Qz = quartz.

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

Backscattered and secondary electron images of the iron crust from the Villas section
show a clay-rich matrix formed by kaolinite and iron oxides (hematite and goethite as
detected by XRD) (Figure 5a–c). Quartz grains with anhedral morphologies are also ob-
served (Figure 5a). Kaolinite crystals appear as subhedral to euhedral nanometric plates
(100 nm–1 µm), showing pseudohexagonal outlines with random orientation, as well as
forming book-type aggregates (Figure 5a,b). The illitic phases are larger than kaolinite
crystals (5–10 µm) and present subhedral morphologies with their sheets frequently sepa-
rated (Figure 5c). Nanometric kaolinite crystals growing over illitic plates are also observed
(Figure 5d).
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Figure 5. SEM images of the iron crust from the Villas section (a–d) and the iron crust from the
PC2 section (e,f) showing: (a) a mixture of nanometric kaolinite plates and nanometric iron oxides
forming the matrix of the crust; (b) nanometric to micrometric kaolinite booklets in the matrix of
the crust; (c) micrometric subhedral illitic phases showing their sheets separated; (d) nanometric
pseudohexagonal kaolinite plates over micrometric subhedral illitic phases; (e) tube-like filaments
composed by nanometric acicular iron oxides; (f) nanometric pseudohexagonal kaolinite plates with
random orientation. FeOx = iron oxides, Kln = kaolinite, Qz = quartz, Ilt = illitic phases.
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The new analysis of the secondary electron images of the iron crust from the PC2
section shows areas with nanometric iron oxide crystals forming tube-like filaments (~1 µm
in diameter) (Figure 5e), as well as areas with nanometric kaolinite crystals with subhedral
shapes (Figure 5f).

The nucleus and the cortex of the iron-coated grains embedded in the clay-rich matrix
of the iron crust from the Villas section are mainly composed of hematite and goethite with
different proportions of kaolinite (Figure 6). Kaolinite presents the same morphological
features as those observed in the clay-rich matrix of the iron crust, forming subhedral
nanometric plates with random orientation, as well as book-type aggregates (Figure 6a,b).
Some of the kaolinite book-type aggregates present iron oxide crystals between their sheets
(Figure 6b). In addition, the concentric layers that form the cortex of the iron pisoids
contain different amounts of kaolinite and iron oxides, allowing the different layers to be
differentiated (Figure 6c,d).
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Figure 6. SEM images of the iron-coated grains in the iron crust from the Villas section showing:
(a,b) nanometric kaolinite plates and iron oxides, with iron oxides occasionally growing between
the kaolinite plates; (c) the nucleus and the cortex of a simple pisoid both composed by different
proportions of iron oxides and kaolinite; (d) the cortex of a simple pisoid where two layers can be
differentiated by their higher content in fibrous iron oxides crystals or kaolinite plates. Kln = kaolinite,
FeOx = iron oxides, Qz = quartz.

4.2.3. Geochemical Composition

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

Iron Crust Iron-Coated Grains

Villas RGCH PC2 Villas RGCH

SiO2 39.33 3.84 11.95 11.70 5.39
Al2O3 12.91 2.52 5.41 7.32 6.47
Fe2O3 31.06 80.48 71.19 72.70 67.28
MnO 0.07 0.03 0.04 0.08 0.05
MgO 0.67 0.33 0.27 0.10 0.52
CaO 2.19 2.31 1.89 0.25 4.69

Na2O 0.06 - 0.12 0.03 -
K2O 0.51 0.10 0.31 0.02 0.24
TiO2 0.88 0.14 0.56 0.62 0.53
P2O5 0.09 1.76 0.49 0.03 3.58
LOI 12.15 10.88 7.45 5.78 6.45
CIA 95.20 95.87 90.87 - -
CIW 91.99 93.59 88.14 - -
PPR 1380.20 1329.00 1325.06 - -

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

Iron Crust Iron-Coated Grains

Villas RGCH Villas RGCH

Li 67.00 - 35.12 -
Rb 24.64 5.15 2.04 10.36
Cs 2.49 0.41 0.40 0.81
Be 5.44 - 6.79 -
Sr 22.43 44.53 14.90 65.86
Ba 80.4 27.29 34.50 51.69
Sc 23.05 14.23 25.60 15.10
V 424.02 1414.42 1067.87 1908.24
Cr 154.44 186.09 280.63 1058.94
Co 30.14 143.36 39.61 121.09
Ni 65.4 384.68 72.49 369.06
Cu 36.85 54.94 39.79 35.25
Zn 20.78 289.60 9.44 311.37
Ga 37.39 7.44 41.61 13.44
Y 88.14 66.28 80.87 107.45

Nb 14.87 9.57 11.72 40.42
Ta 1.33 0.31 0.87 1.02
Zr 168.66 62.52 125.25 147.71
Hf 4.76 1.39 3.23 4.31
Mo 2.69 56.07 8.18 10.18
Sn 3.8 0.64 2.58 3.01
Tl 0.18 0.13 0.06 0.56
Pb 59.67 150.74 139.22 120.89
U 2.87 13.17 4.74 8.02

Th 22.4 6.97 26.54 27.87
La 134.42 29.58 107.02 55.09
Ce 211.29 13.79 146.33 31.30
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Table 2. Cont.

Iron Crust Iron-Coated Grains

Villas RGCH Villas RGCH

Pr 32.58 4.42 25.92 10.38
Nd 128.71 19.03 104.25 43.83
Sm 28.15 4.09 24.51 10.35
Eu 6.49 0.95 5.98 2.30
Gd 20.62 5.13 18.20 11.09
Tb 2.88 0.87 2.52 1.81
Dy 12.67 5.76 14.16 12.07
Ho 2.86 1.41 2.84 2.67
Er 6.45 4.01 6.95 7.14

Tm 0.86 0.60 0.97 1.06
Yb 4.87 3.47 5.39 6.02
Lu 0.74 0.55 0.78 0.83

Ba/Sr 3.58 0.61 0.67 0.23
Sr/Cu 0.61 0.81 0.37 1.87
Rb/Sr 1.10 0.12 0.14 0.16
Ga/Rb 1.52 1.45 20.40 1.28

The content in major elements of the matrix of the iron crust from the Villas section
(Table 1) fits well with the mineralogy detected by XRD, showing high contents in Fe2O3
(31.06%), SiO2 (39.33%) and Al2O3 (12.92%), reflecting the high presence of clay minerals
(kaolinite and illitic phases), as well as goethite. In the case of the iron crust from the RGCH
and PC2 sections, their higher Fe2O3 content (80.4% and 71.19%, respectively), reflects the
higher presence of hematite and goethite. The higher content of P2O5 (1.75%) in the RGCH
iron crust (0.07%–0.48%) also reflects the presence of apatite reported by Reolid et al. [32].
In addition, the CaO content in all the crusts correlates with calcite content. The iron crusts
from the Villas, RGCH, and PC2 sections contain minor proportions of calcite, which is
reflected in their lower CaO content (2.19%, 2.31%, and 1.89%, respectively). For this reason,
CaO content was not considered when calculating CIA and CIW indexes.

The iron-coated grains included in the iron crust from the Villas section show higher
Fe2O3 (72.70%) and lower Al2O3 (7.32%) and SiO2 (11.70%) contents than the iron crust,
reflecting the higher presence of goethite with respect to clay minerals.According to the
Fe2O3-Al2O3-SiO2 diagram of Aleva [61], the iron crust from the RGCH and PC2 sections
can be classified as ferrites, whereas the iron crust from the Villas section, plots on the
kaolinite field but closer to the laterite field (Figure 7a).

Weathering trends are represented using the Fe2O3 + MgO-CaO + Na2O + MgO-Al2O3
diagram of Mitchell and Sheldon [62] and the Al2O3-CaO + Na2O-K2O diagram of Nesbit
and Young [63] (Figure 7b,c). The CaO + Na2O + MgO content is low in all the iron crusts,
whereas Fe2O3 + MgO content is higher in the RGCH and PC2 sections, and Al2O3 content
is higher in the Villas section (Figure 7b). The bedrock of the iron crust from the Villas
section has a high degree of disintegration to soil compared to that of the iron crust from
the RGCH and PC2 sections (Figure 7c).

The calculated CIA and CIW values are higher in the iron crust from the RGCH
(CIA = 95.87, CIW = 93.58) and Villas (CIA = 95.20, CIW = 91.99) sections than in the iron
crust from the PC2 section (CIA = 90.89, CIW = 88.14). In the same way, the palaeoprecipi-
tation regime is higher in the Villas (1380.20 mm/yr) and RGCH (1329.00 mm/yr) sections
than in the PC2 section (1325.06 mm/yr).
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Figure 7. Ternary diagrams showing the geochemical composition of the iron crusts from the Villas,
RGCH, and PC2 sections: (a) Fe2O3-SiO2-Al2O3 diagram of bauxite chemical classification [61];
(b) Fe2O3 + MgO-CaO + Na2O + MgO-Al2O3 diagram of Mitchell and Sheldon [62]; (c) Al2O3-CaO +
Na2O-K2O diagram of Nesbit and Young [63]. The geochemical data of the RGCH and PC2 sections
have been taken from Reolid et al. [32] and Reolid and Abad [21], respectively.

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

4.3. The Iron-Coated Grains of the Ferruginous–carbonated Breccia and the Ferruginous
Oolithic Limestones
4.3.1. Textural Features

In the ferruginous–carbonated breccia of the Villas section, iron-coated grains and
micritic clasts cemented by sparite are observed (Figure 9a). The iron-coated grains present
the same textural features as those embedded in the clay-rich matrix of the iron crust, which
has a range from 200 µm to 7 mm, encompassing iron macropisoids, pisoids, and ooids
according to Bárdossy [55], being pisoids the most common ones. They are included in
the type A category of Reolid et al. [32], differentiating simple and fragmented pisoids
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(Figure 9b). The nucleus and the cortex are also composed of a mixture of clay minerals,
iron oxides, and occasional quartz grains (Figure 9c,d).
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Simple and fragmented pisoids are the most frequent particles and present the same mor-
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served as being formed by two or more nuclei composed of indeterminate ferruginous 
lumps evolved by several concentric layers (Figure 10b). Spastoliths, which are distorted 

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

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

4.3.2. Geochemical Composition

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

XRF compositional maps of the ferruginous–carbonated breccia from the Villas also
reveal that some metals, such as Ba, Co, Mn, Ti, and Cr, are concentrated in certain layers
of the iron-coated grains (Figure 12). Ba and Ti are concentrated in the nucleus and some
layers, coinciding with those areas where Si and Al contents are higher. By contrast, the Co,
Cr, and Mn distribution within the iron-coated grains coincides with higher Fe contents
(Figure 12).
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5. Discussion
5.1. Genesis of the Iron Crusts Containing Iron-Coated Grains

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.3. Palaeoclimatic Inferences from Clay Minerals and Geochemical Proxies

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

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

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

According to the Fe2O3-Al2O3-SiO2 diagram (Figure 7a), the iron crust from the RGCH
and PC2 sections plot on the ferrite field due to their high Fe content, whereas the iron
crust from the Villas section plots on the kaolinite field but close to that of laterite due to its
higher Si and Al content. Therefore, the iron crust from the Villas section may correspond
to a less drained plinthosol.

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

Applying this equation to the studied crusts, it can be determined that the hydrolysis
was higher in the iron crust from the Villas section (3.76) than in the iron crust from the
PC2 (2.10) and RGCH (0.92) sections. These differences in the hydrolysis intensity can also
be inferred from the Fe2O3 + MgO-CaO + Na2O + MgO-Al2O3 diagram (Figure 7b), where
the low CaO + Na2O + MgO contents indicate that these elements were weathered and that
the Al2O3 content is higher in the Villas section due to the immobility of Al during intense
chemical weathering.

Sr is more soluble than Ba and Rb during chemical weathering, so higher Ba/Sr and
Rb/Sr ratios reflect more weathered rocks [62]. The Ba/Sr and the Rb/Sr are higher in the
iron crust from the Villas section (3.58 and 1.10, respectively) than in the iron crust from
the RGCH section (0.61 and 0.12, respectively), indicating that the chemical weathering
was somewhat more intense in the Villas section (Table 3), which also correlates with the
trend observed from watered/disintegrated material (RGCH) to residual soil (Villas) in
the Al2O3-CaO + Na2O-K2O diagram (Figure 7c). The higher fractionation of the REE
in the Villas section compared to the RGCH also points to a higher chemical weathering
intensity [93].

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

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

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

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

CIA CIW Ba/Sr Rb/Sr Sr/Cu Ga/Rb

Villas RGCH PC2 Villas RGCH PC2 Villas RGCH Villas RGCH Villas RGCH Villas RGCH

95.20 95.87 90.87 91.99 95.59 88.14 3.58 0.61 1.10 0.12 0.61 0.81 1.52 1.45

CIA or CIW value → Weathering intensity
Higher Ba/Sr and Rb/Sr ratios

=
Greater weathering

<5 Warm/humid <0.25 Cold/dry

<65 Low-moderate 5–10 Semi-arid/
Semi-humid >0.25 Warm/humid

>75 High >10 Hot/dry

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

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

During the Middle Oxfordian, the decline in δ18O values is related to rising sea
water temperatures [111], accompanied by a secular sea-level rise [106]. In many Tethyan
palaeomargins, including the Iberian Palaeomargins, this sea-level rise is recorded as a
flooding of the Middle Jurassic carbonate platforms with the recovery of sedimentation
and the development of hemipelagic facies [112–114].

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

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

6. Conclusions

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

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

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

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

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

5. The similarity of the iron-coated grains from the equivalent ferruginous oolithic
ironstone of the AF section in the Iberian Range suggests the same origin as those from
the Central and Eastern External Prebetic. Therefore, the warm and humid conditions
related to a tropical climate recorded in the South Iberian Palaeomargin during the
Callovian–Oxfordian could have also taken place in the East Iberian Palaeomargin.
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