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ABSTRACT

The Late Permian (Wuchiapingian) Alcotas Formation in the SE Iberian Ranges
consists of one red alluvial succession where abundant soil profiles developed.
Detailed petrographical and sedimentological studies in seven sections of
the Alcotas Formation allow six different types of palaeosols, with
distinctive characteristics and different palaeogeographical distribution, to be
distinguished throughout the South-eastern Iberian Basin. These characteristics
are, in turn, related to topographic, climatic and tectonic controls. The vertical
distribution of the palaeosols is used to differentiate the formation in three parts
from bottom to top showing both drastic and gradual vertical upwards
palaeoenvironmental changes in the sections. Reconstruction of
palaeoenvironmental conditions based on palaeosols provides evidence for
understanding the events that occurred during the Late Permian, some few
millions of years before the well-known Permian-Triassic global crisis.
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INTRODUCTION

The large amount of recent papers (Yin & Tong,
1998; Retallack & Krull, 1999; Twitchett et al.,
2001; Benton, 2003; Fluteau et al., 2001; Racki,
2003; Kiehl & Shields, 2005; Twitchett, 2006;
among many others) on the Late Permian and
Permian-Triassic boundary biotic crisis demon-
strates the renewed interest in this subject. How-
ever, in most Western European basins, the
sedimentary hiatus during the Late Permian and
the lack of fossils hinder the location of the
Permian-Triassic transition in continental sedi-
mentary rocks. Nevertheless, the analysis of the
stratigraphic and sedimentological data recorded
in these rocks has allowed the identification of
several climatic changes in the Western European
domain. This information leads to improved

correlations among the different basins (Schnei-
der et al., 2006) and to a better knowledge of the
Late Permian events that resulted in the end-
Permian extinction (Yin et al., 2007).

The study of palaeosols is an important tool in
stratigraphic analyses, ancient landscape recon-
structions or palaeoclimatic studies because the
usual incompleteness of the continental sedimen-
tary record is less problematic for palaeosols
(Retallack, 1998), but also because palaeosols
are located, by definition, in the place where they
formed and can be considered trace fossils of
ecosystems (Kraus, 1999; Retallack, 2001). For
example, certain changes in the evolution of
palaeosols have demonstrated landscape eco-
logical shifts at the Permian-Triassic boundary
in huge areas of Antarctica and the basins of
Sydney and Bowen in Australia (Retallack, 1999).



Some of these changes have also been observed in
adjacent areas of the Gondwanan backarc basin
(Retallack & Krull, 1999).

The study of palaeosols has been used recently
to explain the tectonic and sedimentary evolution
of some Spanish Permian and Triassic basins of
the western Iberian Ranges and Minorca (Alonso-
Zarza et al., 1999; Gémez-Gras & Alonso-Zarza,
2003). In the SE Iberian Ranges, palaeosols are a
distinctive feature of the Late Permian Alcotas
Formation and their presence has been reported
before in this unit and in its lateral equivalent
formations by different authors (Ramos, 1979;
Lopez-Gomez, 1985; Pérez-Arlucea, 1985). How-
ever, there are no previous studies on the iden-
tification and classification of the different
pedogenic levels developed in the Late Permian
of the Iberian Ranges. In addition, there are no
studies relating palaeosols with the Late Permian
general sedimentary, palaeoenvironmental and
biotic changes.

The Permian geological record of the Iberian
Basin has been studied in detail during the last
three decades (see the synthesis of Sopeiia et al.,
1988; Lopez-Goémez et al., 2002; Sopefia & San-
chez-Moya, 2004). These tectonic, sedimento-
logical and palaeontological data have recently
allowed subdivision of the Alcotas Formation
(Upper Permian) into Lower, Middle and Upper
parts (Benito et al., 2005; Lépez-Gémez et al.,
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2005a). The boundaries between these three parts
are related to important palaeoenvironmental and
palaeogeographical changes. The aim of this work
was to show how the characteristics of the
palaeosols studied within the different parts of
the Alcotas Formation provide valuable data to
reconstruct the palaeoenvironment of the SE
Iberian Ranges and to unravel the main controls
operating in the sedimentary record of these rocks
during the Late Permian.

GEOLOGICAL AND STRATIGRAPHICAL
SETTING

The Iberian Ranges are a linear structure trending
NW-SE in the north-east edge of the Iberian
microplate (Fig. 1). This structure started to
develop as a rift basin during the Early Permian
and experienced several extensional periods dur-
ing the Late Permian, Mesozoic and Cenozoic.
Folding and thrusting associated with two com-
pressive events in the Cenozoic created the pres-
ent-day Iberian Ranges (Sopeiia et al., 1988; Salas
& Casas, 1993; Arche & Lépez-Gémez, 1996;
Lopez-Gémez et al., 2002). The origin of the
Iberian Basin is linked to the opening of different
rift basin lineaments in Western Europe during
the rupture of Pangea in the Early Permian.
Different highs subdivided the Iberian Basin and
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Fig. 1. (A) Palaeotectonic sketch of the Iberian Basin during the Late Permian-Early Triassic (modified from Lépez-
Gomez & Arche, 1993). (B) Present-day geographical location of the studied area with superimposed main faults and

localities. SCMF, Serrania de Cuenca Master Fault.



conditioned its development and sedimentary
filling. Upper Permian sedimentation in the Ibe-
rian Ranges is of alluvial origin and has been
extensively described on the basis of its sedimen-
tological, mineralogical and tectonic evolution
(Ramos et al., 1986; Sopeiia et al., 1988; Lopez-
Gomez & Arche, 1993; Arche & Ldpez-Gomez,
1996, 2005; Alonso-Azcdarate et al., 1997; Benito
et al., 2005).

The present-day configuration of the Iberian
Ranges can be described as two Alpine Palaeo-
zoic-Mesozoic chains separated by a Cenozoic
basin, the so-called Aragonese and Castilian
branches, to the north and south, respectively.
The study area is located towards the SE of the
Iberian Ranges, in the Castilian Branch, and
includes the localities of Valdemeca, Boniches,
Landete, Henarejos, Talayuelas, Garaballa and
Chelva (Fig. 1).

The studied sections are well-exposed in the
vicinity of the cited localities, where most of the
Upper Permian strata crops out in the nucleus of
anticlines with NW-SE-oriented main axes. These
rocks do not show significant deformation be-
cause Cenozoic compressive events that caused
folding of the chain were not intense enough in
this area. However, important faults separate the
anticlines and also cut some of their flanks. The
NW-SE-oriented faults, parallel to the basin mar-
gins and to the axes of the anticlines, were mostly
reactivated from older ones of Variscan origin, as
is the case in the Serrania de Cuenca Master
Fault. The NE-SW-trending faults separating anti-
clines are mainly transfer faults resulting from
accommodation during the development of the
Iberian Basin rifting stages (Arche & Lopez-
Gomez, 1996) (Fig. 1). These latter secondary
faults separate semi-connected neighbouring
half-grabens that represent segments of a main
NW-SE structural lineation. This article mainly
focuses on one of these principal half-grabens
situated between Valdemeca and Chelva (Fig. 1).

Lower Permian sedimentary rocks in the SE
Iberian Ranges are only known from two small
outcrops close to Boniches and Henarejos
(Fig. 1B). Upper Permian strata, however, are
well-exposed over large areas of most of the
Iberian Ranges and they are separated clearly
from the Lower Permian sedimentary record by
an unconformity (Sopefia ef al., 1988; Lopez-
Gomez ef al., 2002, 2005b).

Upper Permian-Middle Triassic sedimentation
is divided into two main pulses of rifting separated
by an unconformity (Fig. 2). The first pulse is
represented by two units of alluvial origin: the

Boniches Formation and the overlying Alcotas
Formation (Lopez-Gomez & Arche, 1993; Arche &
Lopez-Gomez, 1999). The palynofloras found in
the Alcotas Formation and in its north-eastern
lateral equivalent in the Iberian Ranges contain
elements typical of Thuringian age (sensu Vis-
scher, 1971) (=Zechstein), such as Lueckisperites
virkkiae, Nuskeisperites dulhuntyi and Peravesi-
caspere splendens (Doubinger et a!., 1990; Sopeiia
et al., 1995; Diez, 2000; Lopez-Gomez et al., 2002).
Thuringian is a well-known western European
term defined for Upper Permian pollen assem-
blages, but is not a formally accepted time unit. The
Thuringian correlates well with the Tatarian Stage
of the Upper Permian of the Russian Platform and
is comparable to Zone 29 of Gorsky et al. (2003).
Considering that the sediments of the Boniches
Formation present pollen assemblages from the
Late Permian (Doubinger et al., 1990), the Alcotas
Formation could be Wuchiapingian in age (Lopez-
Gomez et al., 2005b).

The second pulse of rifting is constituted by the
Hoz del Gallo and Cafiizar Formations, both also
of continental origin. In the NW Iberian Ranges,
the Hoz del Gallo Formation is subdivided into
two parts separated by an unconformity (Fig. 2).
@nly the lower part of the Hoz del Gallo Forma-
tion contains Thuringian (Late Permian) micro-
flora. As this part is also separated from the
Alcotas Formation by another unconformity, a
probable Changsingian age is suggested. From that
Thuringian pollen assemblage, the palynological
record is restricted to the upper part of the Cafiizar
Formation, which has been dated as Anisian
(Doubinger et al., 1990). This observation implies
that the Permian-Triassic Boundary in the Iberian
Ranges is located between the two parts of the Hoz
del Gallo Formation or somewhere between the
upper part of the Hoz del Gallo Formation and the
lower half of the Canizar Formation.

The stratigraphical, sedimentological and
mineralogical characteristics of the Alcotas For-
mation have been studied recently in detail
(Lopez-Gomez & Arche, 1993; Alonso-Azcarate
et al., 1997; Arche & Lépez-Gémez, 1999, 2005;
Benito et al., 2005). The formation consists of red
to dark brown mudstone and siltstone with local
lenticular sandstone and conglomerate bodies; its
total thickness reaches 210 m.

Palaeosols, coal beds, palynological assem-
blages, macrofloras, mineralogy and sedimentary
structures divide the Alcotas Formation into three
parts: Lower, Middle and Upper (Arche & Lopez-
Gomez, 2005). Recently, Benito et al. (2005) and
Lépez-Gomez et al. (2005a) have shown that this



AGES Formations| Localities 2 3 45 6 7 Cycles

n L) L] LI Ll L]

= |z
=12|z |
A= 19 ) ]
<I=T=1*] . .. g
[ é 2 Cartiizar X &
=<z :

=119 —
Z 2 Hoz del
<| |E®] Gallo

=1 4

2|2

S i
m O = — _é‘
A~ E El@m| Alcotas T R e A _ .
=[S g 2 5

— | = . =
< Z|&| Boniches
— =]

|
ﬁn O| Conglomerate :-.' Sandstone _ —| Siltstone
| | Not deposited or eroded Palynological
Assemblage

Fig. 2. Upper Permian and Lower Triassic stratigraphic succession in the studied area. Palynological assemblages 1,
2 and 3 are of Thuringian age (Late Permian). The palynomorph association 4 is of Anisian age. Until now, there has
been no description of palynoflora typical of Lower Triassic age in Iberia. See text for more details. Location of
outcrops: (1) Valdemeca, (2) Boniches, (3) Henarejos, (4) Landete, (5) Talayuelas, (6) Garaballa, (7) Chelva.

three-fold division can be followed laterally
throughout the studied area (Fig. 3).

The Lower Part of the formation is composed
mainly of pale red mudstones and siltstones with
intercalated medium to coarse-grained, 10 to
60 cm thick sandstones with sharp bases, current
ripples and low angle planar cross-stratification.
The sequence includes palaeosols, containing
spherical to sub-spherical carbonate nodules,
which appear continuous at the scale of the
outcrop (Benito et al., 2005). This part is inter-
preted as a gravelly, braided fluvial system embed-
ded in a wide, fine-grained floodplain with a high
avulsion rate (Arche & Lopez-Gomez, 1999, 2005).

The Middle Part of the formation represents an
abrupt change in lithofacies with respect to the
sedimentary rocks of the Lower Part. It mainly
consists of 1:3 to 2:6 m thick sandstones, amal-
gamated or separated by ared tobrown, 0:7to 1-8 m

thick, massive siltstone-mudstone. Sandstones are
pale green in colour and show current ripples,
lateral accretion surfaces, planar and trough
cross-stratification and constitute successive
fining-upward sequences. These sequences are
interpreted as the migration of bars and channels
in meandering and braided fluvial systems that
cross wide alluvial plains (Lépez-Gémez & Arche,
1993; Arche & Lopez-Gémez, 2005). Thin coal beds
and carbonaceous shales are common in the Mid-
dle Part. Abundant tree trunks and plant remains
have been found along foresets and lags of the
alluvial structures. In the intercalated siltstone-
mudstones, pollen assemblages were also
recognized (Doubinger et al., 1990; Diéguez &
Lopez-Gomez, 2005; Lépez-Gémez et al., 2005b).
A qualitative and quantitative analysis of palyno-
morph assemblages carried out by Diéguez &
Barron (2005) shows an important diminution of
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the content and diversity of the flora. These authors
interpret that, at least at the Lower Part/Middle
Part transition, there was a biotic crisis prior to the
Permian-Triassic Boundary.

The Upper Part of the formation shows impor-
tant mineralogical and sedimentological differ-
ences. [t consists of centimetre to metre-scale, fine

eniches, (3) Henarejes, (4) Landete, (5) Talayuelas, (6) Garaballa, (7)

to medium-grained, dark pink sandstones sepa-
rated by pink to pale red mudstone-siltstone beds
30 to 6@ cm thick. The top of the sandstones
shows low angle planar cross-stratification and
local current ripples. Sparse and isolated palaeo-
sols with no carbonate content have been identi-
fied in this interval. The sediments of this Upper



Part correspond to distal, very low energy, sandy,
braided river systems with a high avulsion rate
and marked seasonality (Arche & Lépez-Gomez,
2005).

MATERIALS AND METHODS

Seven selected stratigraphic sections of the Alco-
tas Formation were measured and sampled. Each
section comprises the most representative fea-
tures of the different geographical sectors of the
studied area and includes detailed sedimento-
logical and mineralogical data. A total of 160 rock
samples of sandstones, siltstones and mudstones
were collected. For each selected sample of
sandstone and siltstone, a polished and un-
covered 30 pm thin section was prepared for
petrographic and electron microprobe analyses.
In some cases, a polished block of the sample was
obtained and scanned for macroscopic descrip-
tion. The bulk sample mineralogy was obtained
by X-ray diffraction (XRD) after grinding and
homogenization of the samples to <53 pum.
Random-oriented powders were examined on a
Siemens  Kristalloflex 818  diffractometer
(Siemens, Munich, Germany), using Cu-K« at
30 kV and 40 mA, a step size of 0-03 (*20), and
time per step of 1 sec (scan rate of 1-8* 26 min ).

For the study of carbonates, cathodolumines-
cence (CL) petrography was carried out using a
Technosyn® cold cathodoluminescent unit (Cam-
bridge Image Technology Ltd, Cambridge, UK).
After CL examination, all thin sections were
stained with Alizarin Red S and potassium
ferricyanide (Dickson, 1966). Elemental analyses
(Ca, Mg, Sr, Mn and Fe) of carbonates were
performed on a JE@L JXA-8900 M WD/ED elec-
tron microprobe (JE@L Ltd, Tokyo, Japan). All
analyses were conducted with an accelerating
voltage of 15 kV and a spot size of 5 pm. Detec-
tion limits were 100 p.p.m. for Mg, 250 p.p.m. for
Sr, 200 p.p.m. for Mn, 250 p.p.m. for Fe and
140 p.p.m. for Na.

Palaeosols of the Alcotas Formation were dif-
ferentiated, carefully described, and classified
into a field scheme of pedotypes using established
criteria (Retallack, 1988, 1997). Each pedotype is
simply a kind of palaeosol as recognized in the
field (Retallack, 1994) and their features include
such field characteristics as soil horizons, sharp-
ness and lateral continuity of their boundaries,
soil structure, soil colour (measured by compari-
son with a Munsell colour chart), presence of
organism traces or fossils, size, abundance and

contrast of mottles, thickness of soil with carbon-
ate, size of nodules and parent material. @ther
field characteristics must be interpreted after
description or even with laboratory studies. When
it was possible, these features were interpreted in
the field following known systems. Thus, the
classification of Machette (1985) was used for the
state of carbonate accumulation, the degree of
development of the palaeosol was estimated using
the scale of Retallack (1988) and, finally, for
designation of diagnostic horizons and identifica-
tion of horizons with letters (such as A, Bt and Bk
horizons of Table 1 and Figure 4) the USDA Soil
Taxonomy system (Soil Survey Staff, 1999) was
used. The different pedotypes were named after
the toponymy of the study area.

Up to 144 samples and other pedofeatures such
as rhyzolites, nodules or fossil specimens were
obtained from selected profiles of each palaeosol.
Thin sections were used for petrographic study,
determination of grain-size distribution and
mineral content by point-counting 508 points
(Retallack, 1997) using a Swift automatic counter
(James Swift and Son, Ltd, London, UK). Three
classification systems have been used for the
palaeosols of the Alcotas Formation: the classifi-
cation by Mack et el. (1993), which is a simplified
field system specifically applicable to palaeosols;
and two of the well-known systems applied to
modern soils: the USDA Soil Taxonomy system
(Soil Survey Staff, 1999) and the Food and Agri-
culture @rganization classification (FA®, 1998).

The optimal classification for ancient soils
would be one based entirely on observable fea-
tures of relatively unaltered palaeosols. In this
regard, the classification system of Mack et al.
(1993) could be more appropriate. However, this
classification system does not include properties
that may undergo changes during diagenesis.
Thus, it excludes potentially useful information
and severs the link between modern soils and soil
environments, which is one of the main purposes
of the study of palaeosols (Buurman, 1998; Kraus,
1999; Retallack, 2001). @n the other hand, modern
soil classification systems, such as Soil Taxonomy
and FA@ depend heavily on climate, nutrients
and water availability, properties that are difficult
to estimate in ancient soils. Palaeosols cannot be
classified, therefore, with the same detail as
modern soils. In the present study, palaeosols
are identified on the basis of preserved properties
up to order and suborder level, by comparison
with modern soils, incorporating useful data for
interpreting past depositional conditions, palaeo-
environments and palaeoecological changes.



THE PALAEOSOLS

Mineralogical composition of parent material

The original sediments of the Alcotas Formation
were deposited in the channels and on flood-
plains of braided and meandering fluvial river
systems (Lopez-Gomez, 1985; Arche & Lopez-
Gomez, 2005). Parent materials of the palaeosols
were dominantly siltstone to very fine sandstone
of the overbank deposits of a wide floodplain.
Banks and emergent bars of the river could
become vegetated and some palaeosols also
developed on top of thick sandstone beds.

The bulk mineralogy of the Alcotas Formation
was obtained from samples free of observable
pedogenic or diagenetic modifications. These
samples basically represent unaltered parent
material. The petrographic study of the sand-
stones shows a predominance of subarkoses, with
minor presence of quartzarenites and arkoses.
Quartz (65% to 98%) is the dominant component
in the sandstone. Feldspar accounts for 6% to
34%, and other important components include
metamorphic rock fragments (<6%) and detrital
biotite («8%). The mineralogical composition of
the fine-grained sediments, obtained by XRD,
includes phyllosilicates, quartz, and varying pro-
portions of feldspar and hematite. The red and
purple colour of the Alcotas Formation is due
mainly to this red iron oxide, which is probably
not original, but the result of dehydration and
recrystallization of ferric hydroxides during shal-
low burial (Blodgett, 1988; Retallack, 1997).

The clay mineralogy of the <2 pm and 2 to
20 um fractions was determined by Alonso-Azcé-
rate et al. (1997) from selected samples of mud-
stones and siltstones. The siltstones in the
transition between Boniches Formation and
Alcotas Formation consist of kaolinite and illite.
Mllite, mainly detrital with a small proportion of
authigenic illite, was the only mineral recognized
in the rest of the fine-grained rocks of the Alcotas
Formation.

The original carbonate that precipitated in the
calcareous horizons is replaced by coarse, euhe-
dral to sub-euhedral dolomite and/or magnesite
in most of the palaeosols. Alteration after sedi-
ment deposition, soil formation processes and
subsequent stages of burial diagenesis hinder the
recognition of original mineralogy of the carbon-
ate present in some of the palaeosols. A possible
carbonate precursor has been observed only in the
Talayuelas section, where some nodules are
composed of dolomicrite (Benito et al., 2005).

Description and classification of palaeosols

Six different pedotypes have been identified and
carefully situated in their corresponding strati-
graphic sections. General descriptions of the
pedotypes are summarized in Table 1. Figure 4
includes a graphic representation of the palaeo-
sols with mean grain-size and Munsell colour
from field work, and two separate plots of mineral
percentages obtained from point-counting data.
The general classification and interpretation
of the different pedotypes are summarized in
Tables 2 and 3.

Tabernilla pedotype

Description

The Tabernilla pedotype shows two distinct
horizons that define a thin profile up to 35 cm
(Fig. 4A). The uppermost horizon is a layer
(<25 cm) composed of red, massive mudstone
with few light greenish-grey mottles of less than
5 mm. The mudstone exhibits some vertical
structures (35 cm in length and 5 cm wide)
penetrating downwards with numerous horizon-
tal branching. Such structures are interpreted as
root casts. Thin sections show fractured quartz
grains and strongly weathered feldspars within a
reddish-brown clayey matrix. Clay coatings on
the surface of detrital grains and areas with
amorphous iron oxides are common features.
The top of this layer is usually truncated by
sandstone bodies with relict bedding. Down-
wards, this horizon passes gradually into the
underlying massive, light red siltstone layer
(<15 cm), which exhibits only a few carbonate
nodules and veinlets (Fig. 5A), corresponding to
an intermediate stage between I and II of the
Machette (1985) classification. The carbonate
nodules are 3 cm in diameter and exhibit coarse
dolomite mosaics with some ovoid pores under
microscopic observation. Gradually, the profile
ends downwards into red mudstone and siltstone
displaying clear cross-bedding structures.

Classification

The upper and clay-rich horizon of the Tabernilla
pedotype is interpreted as being a zone of phys-
ical alterations and clay accumulation, and
designated as a Cambic and B horizon (Fig. 4A).
Although clay coatings on mineral grains are
abundant, there is no indication of downward
movement of clay and it cannot be interpreted as
an argillic horizon. The presence of coarse dolo-
mite and magnesite as small nodules and veinlets



Table 1. Lecatien and descriptien ef the interpreted herizens ef the representative prefiles of the pedetypes.

Pedetype level

Sectien and
A herizen

B herizen

C herizen

Tabernilla Landete

Redene

Pedrizas

Arenal

Asaderes

Cerralizas Valdemeca

Net present

(6-75 m)

Landete 0 cm, A, fine-grained

(334 m) pinkish white (10R8/2)
sandstene, with reet
trace up te 1 cm wide

Landete Net present

(17-6 m)

Landete 0 cm, A, fine-grained

(69-5m) sandstene, pale red
(10R7/4) with reet casts
(2 te 3 mm wide, 3 cm
leng) filled with
sediment frem the
everlying sandstene.
It shews a few pale green
(5G6/2) and reunded
mettles

Valdemeca 0 cm, A, light greenish

(1224 m)  grey (10Y8/1) infilling

clastic dykes (7 cm wide
and 30 cm leng) intruding
in bluish grey mudstene
(5PB6/1) with well-
develeped slickensides

0 cm, A, very fine-grained
sandstene, dusky red
(10R3/4), with drab reet
traces (10GY7/1) 1 cm wide
up te 40 cm leng

(1338 m)

0 cm, B, dusky red (10R3/3)
mudstene with massive aspect,
fine reet traces, and few light
greenish grey (10Y8/1) mettles
20 cm, Bk, weak red (10R4/3)
siltstene shewing peerly
preserved relict bedding, vertical
Teet traces (2 te 3 mm wide,

15 cm leng) branching dewnward
in a herizental pattern and a few
small (2 te 4 mm) carbenate
nedules

7 cm, Bt, fine-grained sandstene,
dark red (10R3/6), with small-
scale slickensides and very
cearse (> 5 cm) subangular
blecky peds

30 cm, Bk, clayey dusky red
(10R3/3) siltstene, carbenate
nedules up te 9 cm in diameter,
fine reet traces (up te 4 mm) and
vertical rhizeliths 4 cm wide

0 cm, B, clayey siltstene, weak
red (10R4/3), with scattered
carbenate nedules (up te 2 cm)
and small-scale slickensides
10 cm, K, yellew (2:5Y8/6)
petrecalcic herizen, signs ef
brecciatien and fine calcareeus
rhizecencretiens

40 cm, Bk, clayey pale red
(10R6/4) siltstene with platy
structure, fine reet traces and
large (up te 14 cm) carbenate
nedules

Net present

Net present

Net present

32 cm, C, red (10R5/6)
siltstene with clear relict

bedding

54 cm, Ck, fine-grained
sandstene, weak red
(10R4/3), relict planar
bedding, calcareeus

66 cm, C, weak red
(10R5/4) clayey
mudstene with
small-scale slickensides

30 cm, C, red (10R4/6)
sandstene with abundant
mudcast and clear relict

bedding

32 cm, C, dusky red
(10R3/6) siltstene with
relict bedding and
small-scale slickensides

43 cm, C, medium-
grained sandstene, with
dusky red (10R3/6) celeur
and planar cress-bedding
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Fig. 4. Measured sections of the different pedotypes in the Alcotas Formation with field observations, soil horizons,
Munsell colours, grain-size and mineral composition.



Table 2. Inferred classificatien ef the palacesels of the Alcetas Fermatien, lecatien ef the pedetypes and field
diagnesis.

Sectien Mack et al.
Pedeotype and level Field diagnesis (1993) FA® werld map US Taxenemy
Tabernilla Landete Small carbenate nedules and Calcisel Calcic Cambisel Inceptisel
(17.6 m) veinlets (Bk) < 50 cm deep at

stage I-II ever red siltstene with
clear cress-bedding

Redene Landete Silty white surface (A) ever Calcisel Calcic Xeresel Aridisel
(6.75 m) clayey subsurface (Bt) and layer (Typic Haplecalcid)
of calcareeus nedules
(Bk) < 50 cm deep at stage II-1II

Pedrizas Landete Indurated er cemented Calcisel Calcic Xeresel Aridisel
(33.4 m) petrecalcic herizen (Typic Petrecalcid)
(Bk) > 10 cm thick at stage III-IV
Arenal Landete Sandstene with reet traces (A) Pretesel Eutric Fluvisel Entisel (Psamment)
(69.5 m) over bedded sandstene
Cerralizas Valdemeca Clayey surface (A) with Vertic Eutric Fluvisel Entisel (Fluvent)
(122.4 m) slickensides and dessicatien Pretesel
cracks ever red siltstenes
Asaderes Valdemeca Red siltstene with distinct drab- Pretesel Eutric Fluvisel Entisel (Fluvent)
(133.8 m) haleed reet traces

Table 3. Parent material, inferred pesitien in the landscape and palaeeclimate ef the palacesels ef the Alcetas
Fermatien. See alse the text fer a mere detailed discussien eof these interpretatiens.

Pedeotype Parent material Landscape pesitien Palaeeclimate
Tabernilla Crevasse and natural levée Raised levées banks and crevasse Ne indicatien
depesits. Siltstenes and depesits in a bread, flat fleedplain
fine-grained sandstenes
Redene @verbank depesits High terraces and well-drained Arid te semi-arid
Mudstenes and siltstenes depesits of the fleedplain Seasenally dry
Pedrizas @verbank depesits Flat, stable and seasenally Arid te semi-arid
Mudstenes and siltstenes waterlegged fleedplain areas Seasenally dry
Arenal Filled abandened channels and Sandy stream banks, raised natural Ne indicatien
crevasse depesits levées and abandened bars of the
Medium and fine-grained lewland plain clese te the main
sandstenes river systems
Cerralizas Backswamp areas Small, muddy surfaces of Seasenally dry
Mudstenes backswamy areas in the fleedplain
Asaderes @verbank depesits Frequently fleeded alluvial areas clese Ne indicatien
Mudstenes and siltstenes te the main river channel

Fig. 5. (A) Small-scale nedules (n), veinlets (v) and reet traces (r) in an ereded prefile of the type Tabernilla
palaeesel. (B) Dark red subsurface (Bt herizen) and nedular herizen (Bk herizen) ef the type Redene palacesel. Reet
traces emanate frem the white surface interpreted as an A herizen (white arrew). The scale bar is 15 cm leng.
(C) Clese-up view ef the aspect of the Bk herizen ef the Redene pedetype. Nete that the tep of the Bk herizen at stage
Il of carbenate accumulatien is almest ferming a centinueus layer of cealescing nedules. Knife fer scale is 19 cm.
(D) Petrecalcic and nedular herizens ef the type Pedrizas palacesel in the Henarejes sectien. Centimetre-scale
rhizecencretiens (r) emanate frem the ereded tep ef the prefile (white line of dets). (E) Drab-haleed reet traces
branching dewnwards in the type Arenal palaecesel. In the field, the tep of the prefile is marked by a highly burrewed
yellew-brewn surface (white arrew and detted line). (F) Abundant burrews (b) and tubular structure (r) interpreted as
asilicified reet cast in the A herizen ef a type Arenal palaeesel. Pen fer scale is 14 cm leng. (G) Sand wedges infilling
desiccatien cracks (c) and slickensides surfaces (s) in the A herizen ef the Cerralizas pedetype. Pen fer scale is 14 cm
leng. (H) Drab-haleed reet traces deeply penetrating in the red silty material of the type Asaderes palacesel.
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at less than 1 m depth is the most prominent
pedogenic feature and permits this pedotype to be
classified as Calcisol (Mack et al., 1993). How-
ever, the zone of carbonate accumulation is less
than 15 cm thick, and it does not fulfil the
requirements for its definition as a proper calcic
horizon in the US Taxonomy. The type Tabernilla
palaeosols could thus be classified as Inceptisols
according to the US Taxonomy (Soil Survey Staff,
1999), as Calcic Cambisols (FA@®, 1998) and
Calcisols (Mack et al., 1993).

Based on root traces, mineral weathering and
the clear stratification of the parent material
(Retallack, 1988), the degree of carbonate accu-
mulation (Gile et al., 1981) and because the
formation of an argillic horizon requires at least
a few thousand years (Soil Survey Staff, 1999),
the Tabernilla palaeosols are considered as being
weakly to moderately developed soils. The pro-
files of the Tabernilla palaeosols are usually
truncated or buried by channellized sandstone
bodies or crevasse-splay deposits related to the
fluvial systems of the Alcotas Formation. More-
over, the green mottling, although not abundant,
indicates weak waterlogging during some part of
the year (Retallack, 2001). The Tabernilla palaeo-
sols can be interpreted as formed upon topo-
graphically low areas of floodplains with frequent
flooding.

Rodeno pedotype

Description

The Rodeno pedotype is developed within red to
brown siltstone and mudstone with four horizons
that represent a 78 cm thick profile (Figs 4B and 5B).

The uppermost thin (<10 cm) and soft layer is
composed of pinkish-white mudstone with cen-
timetre-long root traces perpendicular to the
surface of the profile. This layer shows an abrupt
contact with the overlying siltstones and passes
gradually downwards into the underlying purple
to dark red, silty claystone, which exhibits root
traces and poorly preserved platy and very fine
(< @5 cm) sub-angular, blocky peds. This horizon
is 25 cm thick and under microscopic observation
displays a clay content of up to 78% in volume,
clay coatings on mineral grains, clay laminations
and oriented fillings of voids. Whole-soil coatings
are also present; they formed by deposition of
bands of silt and clay in the pore spaces after
wetting of the soil and flowing down of a fine
textured soil suspension (FitzPatrick, 1984).

In a gradual transition, marked by small and
isolated carbonate nodules and veinlets, the
Rodeno pedotype shows a horizon with scattered
centimetre-scale nodules separated from each
other by films of red clays. Internally, the nodules
display a sub-angular blocky structure filled by
crystals of coarse carbonate (Fig. 6A). Thin sec-
tions show that carbonate fills cracks and voids of
less than @5 mm width. This sub-angular, blocky
structure surrounds clay-rich zones with detrital
quartz and feldspar, and small-scale (up to 2 mm)
nodules with oxidized rinds (Fig. 6B). The petro-
graphic studies and geochemical analyses reveal
that the original mineralogy of the small-scale
nodules has been replaced by coarse and eu-
hedral to sub-euhedral, non-ferroan bright red
luminescent dolomite and/or ferroan, dark-brown
to non-luminescent magnesite that precipitated
during subsequent stages of burial diagenesis

Fig. 6. (A) Pelished sample of a carbenate nedule frem the Bk herizen ef the type Redene palacesel. Nete the
presence of white spar-filled cracks ef variable width areund red clay-rich zenes. Cein fer scale is 2:3 cm. (B) Phete-
micregraph under plane-pelarized light ef the same nedule of (A) shewing exidized rinds areund small-scale
nedules within a silty dark red greundmass with siliciclastic grains and spar-filled cracks. Scale bar is 1 cm.
(C) Pelished sample of the K herizen ef the type Pedrizas palacesel frem the Talayuelas sectien shewing an incipient
laminar herizen (white arrew). Cein fer scale is 2-3 cm. (D) Phetemicregraph under cressed nicels of the K herizen ef
the type Pedrizas palacesel. Nete the dense mesaic of cearse delemite, the clay-rich zenes (c) shewing ceatings ef silt
and fine sand but alse bands ef pure clay (darker areas) and seme eveid peres (red arrews). Scale bar is 5 mm.
(E) Petrecalcic herizen ef a type Pedrizas palaecesel. The high carbenate centent surreunds red clay-rich zenes (c) that
are iselated or in bands between the crystals. In the central part the micritic texture ef the eriginal carbenate (m) is
partially preserved, which is usually replaced by sparry magnesite (sm) precipitated during late burial. The phete-
micregraph is under cressed nicels and the scale bar is 5 mm. (F) Fragmented crystal ef feldspar (f) in the siliciclastic
grain-deminated area eof the A herizen ef the type Arenal palaeesel with highly birefringent clay ceatings between
skeletal grains. Cressed nicels. Scale bar is 25 mm. (G) Phetemicregraph under cressed nicels shewing seme
mederately altered crystals of quartz and ene strengly altered feldspar (f) surreunded by red clay ceatings (c) in the A
herizen ef a Cerralizas palaecesel. This alteratien ef the mineral grains is a sign ef weathering during shrink-swell
cycles in the seil which are alse respensible fer the abundant slickensides. Scale bar is 1 mm. (H) Drab-haleed reet
traces (d) in the A herizen ef the Asaderes pedetype. The light celeur hale (reduced iren) has the same texture and
grain-size as the red seil matrix with exidized iren (c). Scale bar is 5 mm.






(Benito et al., 2005). In the uppermost part of this
horizon, the nodules coalesce and form a contin-
uous layer of carbonate nodules (Fig. 5C) reach-
ing a morphological stage III of carbonate
accumulation after the Machette (1985) classifi-
cation. In the studied Rodeno palaeosols, the
thickness of the nodular horizon varies between
25 and 96 cm, and their lateral continuity ranges
at least from 20 to 50 m.

Finally, the lowest horizon is composed of red
siltstone which shows relict primary bedding and
gradational transition to the basal red siltstones of
the host rock. In some cases, the skeletal grains of
the siltstone appear to float in a dense dolomite
mosaic.

Classification

Although no trace of organic matter can be found,
the top of the Rodeno pedotype can be recognized
as the horizon from which root traces emanate.
This superficial layer is interpreted as the ancient
A horizon (Figs 4B and 5B). The underlying red
layer is a Bt horizon which shows voids with
oriented clay fillings and whole-soil coatings as
evidence of downward movement of clay. The
stage III carbonate morphology of the Machette
(1985) classification of the nodular horizon rep-
resents the Bk horizon.

Despite the original carbonate mineralogy of the
Bk horizon being uncertain, the preservation of
dolomicrite in some Bk horizons of the Rodeno
pedotype is common in modern Aridisols under
arid to semi-arid climate conditions (Sobecki &
Karathanasis, 1987; Wright & Tucker, 1991; Spotl
& Wright, 1992; Alonso-Zarza, 2003; Retallack,
2004a; Benito ef al., 2005; Khalaf, 2007). The
abundant carbonate nodules at a shallow level
(<1 m) in the Rodeno palaeosols characterize
them as Typic Haplocalcids of the USDA Soil
Taxonomy system (Soil Survey Staff, 1999) and
Calcic Xerosols in the FA@® (1998) classification.
Within the system specifically applicable to
palaeosols, the Rodeno palaeosols are classified
as Calcisols (Mack et al., 1993) based on their
subsurface horizons enriched in carbonate.

The lack of noticeable soil organic matter in the
A horizon and its light colour can be attributed to
an overall decomposition of the organic carbon
shortly after burial (Retallack, 1991). However,
Aranda & @yonarte (2005) pointed out that a
general characteristic of soils under a semi-arid
climate is the low organic matter content in the
surface soil horizons, which also reflects well-
drained and aerated soils (Retallack & Alonso-
Zarza, 1998). This observation is in agreement

with the long root traces, the continuous and
oriented clay coatings, the lack of redoximorphic
features such as green mottling, and the down-
ward movement and accumulation of secondary
carbonate in the Bk horizon (Retallack, 2001). The
presence of voids and cracks in a sub-angular,
blocky structure is evidence of wetting and drying
prior to the precipitation of the calcic infilling
and the development of nodules (Tandon &
Gibling, 1997). The oxidized rinds around nod-
ules (Fig. 6B) might indicate a fluctuation of
redox conditions and may reflect distinct stages
of development as a consequence of different
climate conditions (Nahon, 1991; Retallack,
2001). The depth of the carbonate precipitation
in a soil profile is related to the fluctuation of the
wetting of the soil by available water and, there-
fore, is partially a function of rainfall (Royer,
1999). In well-drained soils of semi-arid regions
only the surface of the soil is moistened by rain,
and the carbonate precipitates near the depth of
the average wetting. The precipitation of the
carbonate is closer to the surface of the soil in
dry seasons than in wetter seasons, and with high
seasonal variations in rainfall, a thick carbonate
horizon is formed (Retallack, 2005). Although the
effect of burial compaction has not been corrected
for, mostly all the type Rodeno palaeosols of the
Lower Part display well-defined nodular horizons
with an average thickness of 43 cm that could
indicate a moderate seasonality in the climate. In
the Henarejos and Talayuelas sections, however,
thicker nodular horizons are observed in soils
from the first few metres of the Lower Part,
possibly related to a higher variation of rainfall
between the dry and wet seasons.

Pedrizas pedotype

Description

Pale-red mudstones 8 to 17 cm thick occur at the
top of the Pedrizas pedotype, forming a layer
which is generally truncated by new accumula-
tion of siltstone and exhibits a massive aspect
with scarce root channels (Fig. 4C). Locally, thick
and vertical structures composed of vertically
stacked carbonate nodules are observed in this
horizon (Fig. 5D). Small nodules of coarse dolo-
mite (<2 mm) and pseudomorphs after sulphate
crystals represent the transition with the under-
lying carbonate horizon (Benito et «l., 2005;
Lopez-Gémez et al., 2005a). In the field, this
horizon is distinctly recognized as a yellow,
massive and indurated sheet of carbonate
(> 30 cm thick) which displays abundant cracks



and an undulose and sharp top brecciated in
places. The high carbonate accumulation fills
most of the pores and other open spaces and
results in a massive horizon similar to the plugged
horizon of Gile et al. (1981). The plugged horizon
develops in the last part of stage III of the
Machette (1985) classification, although some
Pedrizas palaeosols reach a morphological stage
IV of the same classification, as the upper part of
the solid carbonate layer has a weakly developed
laminar structure (Fig. 6C). @ccasionally, the
upper zone of the carbonate horizon is composed
of goethite, which preserves aggregates of lentic-
ular pseudomorphs of siderite (Benito ef al.,
2005). Thin sections show red clays and siltstones
within dense brownish-red dolomite and magne-
site mosaics affected by fractures filled by anker-
ite, barite and ferroan calcite precipitated during
burial. Clay and silt coatings, curvilinear circum-
granular cracks and ovoid pores are the dominant
pedogenic microfeatures (Fig. 6D and E).

The massive and indurated horizon passes
gradually downwards into a layer consisting
entirely of coalescing nodules up to 14 cm within
pale red mudstone (Fig. 5D). These two horizons
are clearly related and the presence of a massive
carbonate horizon covering a nodular layer is a
common feature in the Pedrizas palaeosols. Both
the nodular and plugged horizons can be traced
laterally several tens to hundreds of metres in the
field, although changes in thickness are observed.
The nodular layer displays a lower gradational
contact with dark red and ferruginous mudstone
which forms the parent material of the palaeosol.

Classification

The development of carbonate horizons has been
related to the age of soil formation (Gile et al.,
1981). Thus, with increasing soil age and contin-
ued carbonate accumulation, the spaces between
peds, pores and other open spaces in the soil are
filled with carbonate. The Pedrizas palaeosols
represent the final step in the stage of carbonate
accumulation represented by the morphogenetic
sequence starting with the Tabernilla palaeosols.
In this sequence, the few carbonate nodules and
filaments, characteristic of the stage I to II Taber-
nilla palaeosols, develop to the prominent nodu-
lar Bk horizon of Rodeno palaeosols, reaching
stage II to III. As discussed before, Tabernilla and
Rodeno palaeosols are well-drained but, in the
last part of stage III, the top of the Bk horizon is
carbonate-impregnated, becoming a K or petro-
calcic horizon (Fig. 4C). At that point, the poros-
ity is very low and the roots cannot easily

penetrate downwards into the petrocalcic hori-
zon. Stacked carbonate nodules form vertical and
irregular tubules around the roots, which are
interpreted as rhizoconcretions (Fig. 5D) or
root-related accumulations of mineral matter
(Blodgett, 1988). With decreasing porosity, the
infiltrating water concentrates at the top of the
petrocalcic horizon. As the water evaporates,
sulphate crystals and new carbonate precipitate,
forming a weakly laminar structure (Fig. 6C) and
reaching the stage IV carbonate morphology of the
Machette (1985) classification. In this final pro-
cess, the upper laminae of carbonate are also the
youngest.

The indurated carbonate accumulation of the
Pedrizas pedotype forms a petrocalcic horizon
within a depth of 1 m from the top of the profile.
The Pedrizas pedotype is classified as a Typic
Petrocalcid (Soil Survey Staff, 1999), Calcic
Xerosol (FA®, 1998) and Calcisol (Mack et al.,
1993).

Carbonate accumulations similar to those of
Pedrizas palaeosols have been described previ-
ously and characterized as calcretes, laminar
calcretes, rhizogenic calcretes or rootcretes
(Jones, 1992; Mack & James, 1992; Wright et al.,
1995; Alonso-Zarza, 1999). There is a large con-
sensus that the formation of laminar calcretes is
owed to horizontal root systems, lichens, bacteria,
fungi and other micro-organisms developed in
stable surfaces of arid and semi-arid climates.
This kind of vegetation could be more active
during the humid periods in a semi-arid climate
(Alonso-Zarza, 2003), and in more humid areas of
the landscape. The laminar structure and the
rhizoconcretions related to vertical roots of trees
observed in some of the profiles suggest that
Pedrizas palaeosols formed under wetter palaeo-
environmental conditions than the Rodeno
palaeosols. In addition, the presence of siderite
at the top of two Pedrizas palaeosols is in
accordance with this assumption. In these cases,
siderite precipitation possibly occurred in a very
early diagenetic phase in which a table of
stagnant water was covering the already buried
soils (Retallack, 1997; Benito et al., 2005).

Arenal pedotype

Description

The Arenal palaeosols (Fig. 4D) commonly are
developed over the medium-size sandstone bodies
which occur interbedded within the fine-grained
siltstone of the Alcotas Formation. The Arenal
pedotype is composed of a yellow-orange



coloured, massive sandy layer that passes down-
wards into light red sandstone with abundant relict
bedding (Fig. 5E). The protfile is 50 cm thick. The
upper part is characterized by abundant and
vertical burrows and drab light green coloured
haloes that range up to 4 cm in diameter and
penetrate 20 to 38 cm into the bedded horizon.
Some of the haloes exhibit a reddish-brown inte-
rior surrounded by a drab colour, but they are more
commonly preserved as impressions branching
vertically into finer and denser mottling resem-
bling root systems. Locally well-preserved circular
and silicified structures with the interior filled
with reddish fine-grained sandstone are found in
some of the Arenal palaeosols, usually emerging
from the top of the profile (Fig. 5F). Thin sections
show granular microfabrics with slightly altered
grains of feldspar and quartz that, in some places,
are in contact with highly birefringent clay coat-
ings partially filling intramineral cracks and the
spaces among skeletal grains (Fig. 6F).

Classification

The Arenal pedotype represents very weakly
developed sandy soils, with clear relict bedding
and root traces (Figs 4D and 5E). Similar soils
have usually been described and referred to the
order Entisol of Soil Survey Staff (1999). The
development of these kinds of soils does not
allow determination of climatic conditions and,
therefore, they are classified here as Psamments
(Soil Survey Staff, 1999) based on sandy texture
(Fig. 6F), Eutric Fluvisols (FA®, 1998) and Pro-
tosols (Mack et al., 1993). Retallack et al. (2002)
pointed out that this kind of profile represents
only a few seasons of plant growth in sandy
alluvium.

The Arenal pedotypes in the Landete section
are related to the important change in the fluvial
style from sandy braided rivers to high sinuosity
meandering rivers (Arche & Lopez-Gomez, 2005).
In this part of the unit, sandy facies rapidly
increase in abundance and more humid condi-
tions are inferred (Benito et al., 2005). Large fossil
tree trunks (Diéguez & Lépez-Gomez, 2005), root
traces and palynological assemblages (Diéguez &
Barrén, 2005) record the development of conifer
forests in the banks of the meandering rivers
where Arenal palaeosols are located.

Corralizas and Asadores pedotypes

Description
The Corralizas pedotype merges laterally into the
Asadores pedotype in a few metres, indicating

that these two types of palaeosols are closely
related. Corralizas palaeosols are weakly devel-
oped within dusky-red mudstones (Fig. 4E); they
show poor horizonation, large-scale slickensides,
coarse angular blocky peds and vertical cracks
(up to 9 cm wide and 17 cm long), displaying a
typically V-shape and an irregular polygonal
pattern in plan view. These cracks are filled by
coarse sand from the overlying sandstone depos-
ited on top of the profile (Fig. 5G), and are
interpreted as being sand wedges infilling desic-
cation cracks that formed on flat and muddy
surfaces (Allen, 1984). Reddish-brown root traces
and some remains of organic matter are associated
with the upper part of these silty-clayey soils. In
thin section, feldspar grains appear moderately
altered and surrounded by dark red clay coatings
(Fig. 6G). The skeletal grains are floating or
touching in point contact within a fine-grained
matrix.

The Asadores pedotype (Fig. 4F) is developed
on silty material and does not show distinctive
horizonation, representing a weakly developed
soil, with thicker profiles than those of the
Corralizas pedotype. The uppermost 4@ cm of
the profile is massive but some polished striated
surfaces (< 15 cm long) and cracks up to 3 cm
wide and 9 cm long can be observed. Distinct
grey-green elongate zones, reaching 4@ cm long,
branch downwards from the upper part of
the profile (Fig. 5H). The size and abundance
of the grey zones decrease significantly towards
the lower part of the palaeosol, which clearly
displays relict bedding and sandy texture. Under
microscopic observation the grey-green irregular
zones are often associated with vertical cracks
(Fig. 6H).

Classification

The most clayey pedotype, Corralizas (Fig. 4E),
has slickensides and cracks but does not reach
the requirements for a Vertisol or Alfisol. The
Corralizas palaeosols lack the argillic horizon
required for Alfisols, and their profiles are not
thick as in modern vertisols (Retallack, 2001).
The profile type is thin (<58 cm), shows poor
horizonation, and the V-shaped cracks are the
most prominent feature (Fig. 5G). Because of
their slight degree of soil formation, Corralizas
palaeosols are referred to the orders Entisol (Soil
Survey Staff, 1999) and Protosol (Mack et al.,
1993). More specifically, the Corralizas palaeo-
sols are comparable to modern Fluvents (Soil
Survey Staff, 1999) and Eutric Fluvisols (FA@,
1998) formed in alluvial floodplains dissected by



fluvial channels. However, vertic properties
observed in this pedotype allow it to be classi-
fied as a Vertic Protosol in the classification
system of Mack et al. (1993).

The elongated and branching-shape green-grey
zones observed in the red silty Asadores pedotype
are interpreted as drab-haloed root traces
(Fig. 5H). Such drab root traces can be formed
around decaying organic matter under reducing
conditions occurring shortly after burial of the
soil (Blodgett, 1988; Retallack, 1991); however,
drab surfaces are also present in soil cracks
within the red matrix, which can be evidence of
waterlogging (Kraus, 1996; Retallack, 2001). The
lack of a gleyed horizon and the deeply penetrat-
ing root traces indicate moderate to good drainage
conditions (Alonso-Zarza, 2003; Retallack, 2004b).
Thus, Asadores palaeosols were not permanently
waterlogged throughout the year. The Asadores
pedotype is classified as Gleyed Protosol (Mack
et al.,, 1993), Fluvents (Soil Survey Staff, 1999)
and Eutric Fluvisols (FA®, 1998).

PALAEOENVIRONMENTAL
RECONSTRUCTION

Palaeosol development along the Alcotas
Formation: palaeoenvironmental significance

Care must be taken when interpreting palaeo-
environmental aspects by using only pedotype
characteristics, as there are many different con-
trols on pedogenic processes (Alonso-Zarza et al.,
1999; Kraus, 1999; Alonso-Zarza, 2003; Retallack,
2004b), and especially those related to palaeosol
maturity which is inversely related to sedimenta-
tion rate (Bown & Kraus, 1987). Extrinsic factors,
such as eustacy and tectonics, are also important
as they can affect the base level (Posamentier &
Allen, 1999) and therefore the development of
pedogenic processes. During the Late Permian,
the Iberian Basin was far away from the influence
of the Palaeotethys (Fluteau ef al., 2001; Stampfli
& Borel, 2002; Lopez-Gomez et al., 2005b) which
minimizes the possible role of eustatic control.
Tectonism was a key factor controlling the sedi-
mentation rate. Studies of the tectonic history
during the Late Permian (Sopefa et al., 1988;
Arche & Lopez-Gomez, 1996, 1999; Lopez-Gomez
& Arche, 1997; Van Wees et el., 1998; Vargas,
2002) demonstrate that the Alcotas Formation
sedimentation represented a time of relatively
constant subsidence and moderate sedimentation
rate (about 1 cm per 10 years).

The development and accumulation of the
palaeosols described here show a general distri-
bution by geographical area during the time of
sedimentation of the Alcotas Formation (Fig. 7).
The Pedrizas palaeosols are located in the central
area of the studied basin as dispersed zones that
are larger and more abundant in the uppermost
sediments of the Lower Part. The Rodeno and
Tabernilla pedotypes also are located in the
central area of the basin around the Pedrizas
pedotype, mostly in the Lower Part. The non-
calcareous Arenal palaeosols occur around the
other pedotypes, occupying most of the rest of the
Lower Part, and extending upwards into the Mid-
dle Part. Finally, the Upper Part is characterized
mainly by the lack of palaeosols, with the
Asadores and Corralizas pedotypes occurring in
the uppermost part of the Alcotas Formation and
restricted to the western area of the basin. Infor-
mation about the tectonic control on the sedi-
mentation of the Alcotas Formation (Arche &
Lopez-Gomez, 1996, 1999, 2005) and the main
sedimentological and mineralogical characteris-
tics of the Lower, Middle and Upper Part (Benito
et al., 2005; Lopez-Gomez et al., 2005a) are used
here for studying the relationship between the
described palaeosols and the Late Permian sedi-
mentary record of the Alcotas Formation.

Lower Part

The Lower Part has been interpreted as sandy to
gravelly braided fluvial deposits with a high
avulsion rate embedded in a wide, fine-grained
floodplain (Arche & Ldpez-Gomez, 2005). How-
ever, the presence of the well-developed Pedrizas
palaeosols implies that, during short periods of
landscape stability, the sedimentation rate was
slow relative to rates of pedogenesis. The forma-
tion of similar soils has commonly been associ-
ated  with arid to semi-arid climates
(Alonso-Zarza, 2003), which agrees with the high
carbonate accumulation and the presence of
pseudomorphs of sulphate crystals. @ccurrence
of evaporites points to a very dry climate but
could only indicate a high evapotranspiration rate
during some seasons of the year. In fact, the
Pedrizas palaeosols could be formed under more
humid conditions within an arid to semi-arid
climate based on the presence of abundant cen-
timetre-scale rhizoconcretions, horizontal root
systems and laminar structure. The more humid
conditions are also supported by the stratigraphic
position of the Pedrizas palaeosols. These
palaeosols are very frequent near the transi-
tion between the Alcotas Formation and the
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immediately underlying Boniches Formation,
which is formed under humid conditions in an
equatorial zone dominated by monsoon and
seasonal regimes (Lopez-Gomez & Arche, 1997;
Lopez-Gomez et al., 2005b). Following examples
described by Retallack (2001), the kaolinite con-
tent observed in the fine-grained deposits of the
transition between the Alcotas and Boniches
Formations (Alonso-Azcdarate et al., 1997) could
correspond to soils that receive more than
500 mm mean annual precipitation. In the last
upper metres of the Lower Part of the Alcotas
Formation (Fig. 3), the presence of siderite in
some of the Pedrizas palaeosols (Benito et al.,
2005) has been related to a very early diagenetic

phase precipitated under marsh and swamp
deposits in floodplains as described by different
authors in similar environments (Coleman, 1985;
Curtis & Coleman, 1986; Hornibrook & Longstaffe,
1996; Mackay & Longstatfe, 1997). In these cases,
siderite occurrence also suggests periods of
waterlogging and humid conditions.

The Rodeno/Tabernilla association developed
in surfaces with extensive sub-aerial exposure
that favoured the development of carbonate nod-
ules in which the preservation of dolomicrite
indicates that they originally developed as dolo-
cretes in an arid to semi-arid climate with marked
seasonality (Wright & Tucker, 1991; Alonso-
Zarza, 2003). Differences between dry and wet



seasons were responsible for the fluctuation of
wetting in the soil by available water and the
formation of the nodular horizons of the type
Rodeno palaeosols. These differences are more
noticeable in the first metres of the Lower Part
where the nodular horizons are thicker.

The horizontal distribution of the palaeosols of
the Lower Part in the basin correlates well with
topography (Figs 7 and 8). The Tabernilla palaeo-
sols were formed mainly in areas with high
sedimentation rates, localized close to natural
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levées or affected by crevasse deposits. The
Rodeno profiles developed in higher floodplain
areas distal to the active channel. Finally, the
Pedrizas palaeosols occur in floodplain areas far
away from the activity of the channel fluvial
systems, in stable and flat landscapes with low
sedimentation rates (Fig. 8). With increasing
time, Pedrizas palaeosols develop an indurated
carbonate layer that can form a barrier to further
percolation of water and favoured wet areas
during short periods of time.

Key to Symbols

f Pedrizas El Alcotas Formation
Tabernilla/Rodeno ; . o°| Boniches Formation
Arenal =

Asadores/Corralizas Palaeozoic basament

Fig. 8. (A) Tectonic sketch showing the spatial distribution and development of the palaeosols during the sedi-
mentation of the Alcotas Formation. (B) Reconstruction of the basin boundary faults during the Late Permian. Note
the two main NW-SE and SW-NE thrust systems. See Fig. 1 for the location of the sections. Tectonic sketches are
based on Arche & Lopez-Gomez (1996, 1999).



Climatic changes, however, could be responsi-
ble for the vertical distribution of the Pedrizas
palaeosols shown in Fig. 7; their presence, in the
first metres of the Lower Part of Alcotas Forma-
tion, indicates a climatic drying from the humid
conditions of the Boniches Formation. With
increasing aridity reaching its maximum at the
middle of the Lower Part, Pedrizas palaeosols are
absent, returning in the last metres of the Lower
Part with wetter conditions. This climatic trend is
supported by mineralogical evidence. A change
from kaolinite to illite is recorded in the transi-
tion between the Boniches and Alcotas forma-
tions (Alonso-Azcdrate et al., 1997). Kaolinite is
common in sediments of humid climates, with
heavy rains and moderate to high temperature.
Illite, the dominant clay component in the palaeo-
sols of the Lower Part, is mostly detrital in origin.
It was formed as a consequence of long weath-
ering processes in the high metamorphic-granitic
source area to the NW under semi-arid and
seasonal conditions (Alonso-Azcirate et al.,
1997). Another possibility for the origin of illite,
pointed out by these authors, implies high ero-
sion rates under arid and semi-arid conditions in
coeval deserts, and sediment transportation by
wind as demonstrated by Jeans et al. (1994) for
Permian-Triassic rocks from the south Devon
coast (UK). Incoming windblown dust could be
responsible for the high carbonate content in the
palaeosols of the Lower Part, which is in agree-
ment with other sedimentary rocks in some
Permian-Triassic western European basins (Lu-
cas, 1962; Fisher & Jeans, 1982). However this
suggestion has been, until now, difticult to prove.

The above-mentioned interpretation of the
palaeoenvironmental evolution is in accordance
with the quantitative analysis of palynomorphs
carried out by Diéguez & Barron (2005). The
pollen assemblage studied in the middle of the
Lower Part corresponded to the Klausipellenites-
Lueckisperites association, and represents a
conifer forest dominated by members of the
Ullmaniaceae, Pinopsida and Majonicaceae. The
observed low population density indicates that it
was a depauperate and oligotrophic forest, with
scattered trees and shrubland vegetation (pter-
idosperms and gnetopsids) almost absent. The
fluvial architecture and style of highly mobile
braided sandy systems dominated by flash-floods
could be, in part, responsible for the low vegeta-
tion density, although the avulsion process could
also be favoured by the existing depauperate
forest and the reduced vegetation cover (Mich-
aelsen, 2002).

Middle Part

This part shows a drastic lithological change with
respect to the Lower Part. The thick pile of
sandstone bodies separated by decimetre-thick
intervals of siltstone beds is interpreted as mean-
dering river deposits (Arche & Ldpez-Gomez,
2005). This change in the fluvial style coincides
with the presence of abundant plant remains,
fossil tree trunks in the base of the channels,
traces of pyrite and coal flakes, and erosion and
reactivation surfaces. These features can also be
found in coeval formations from places as far
away as Australia, South Africa and Brazil
(Smith, 1995; Ward et al., 2000; Miall & Jones,
2003; Smith & Botha, 2005).

Arenal pedotype is the predominant pedotype
found in the Middle Part. @nly one weakly
developed carbonate Tabernilla palaeosol is
found in the Middle Part of the Henarejos section.
Arenal palaeosols are weakly developed in the
sandy alluvium of banks and fluvial-bars of the
meandering system in which conifer forests
established. Palynological associations have re-
cently been studied in this part of the Alcotas
Formation (Diéguez & Barron, 2005). Results
indicate a tendency to more humid conditions
starting in the upper metres of the Lower Part and
continuing until the top of the Middle Part. The
presence of carbonaceous shales and coal flakes is
in agreement with the inferred humid environ-
ment of the Middle Part. This part shows strata
with a high concentration of fossil trunks with
sporadically well-preserved specimens, some of
them described as Dadexylen sp. (Diéguez &
Lopez-Gomez, 2005) and Ullmenie sp. (Doubin-
ger ef al., 1990), suggesting the development of a
conifer forest with a dense shrubland vegetation.
However, Diéguez & Barron (2005) identified the
lack of transitional floras and an important die-
back of diversity and decline of population
indicating, at least, a local biotic crisis prior to
the Permian-Triassic Boundary.

Upper Part

In the Upper Part of the Alcotas Formation, the
style of the fluvial system is associated with the
very low energy of a sandy braided river with a
high avulsion rate and marked seasonality (Arche
& Lopez-Gomez, 2005). No plants or palynologi-
cal assemblages have been found up to now
(Lopez-Gomez et al., 2085a). The Upper Part does
not show palaeosols except locally some Corrali-
zas and Asadores pedotypes at the uppermost
part and close to the main basin faults (Fig. 7).
The absence of palaeosols agrees with the local



biotic crisis that occurred at the end of the Middle
Part and with the above described barren interval
of the Lower Part. In fact, the occurrence of the
Corralizas and Asadores pedotypes could indi-
cate a later, brief and weak recuperation of the
vegetation. These soils developed on floodplains
of very flat topography where lateral changes
between the two soils are related to the position
in the fluvial system. Corralizas palaeosols were
situated in clayey backswamp and poorly vege-
tated areas not too far from the main river
channels. The silty pedotype Asadores probably
developed closer to the fluvial system and it
displays penetrating root traces indicating good
drainage and more favourable conditions for
vegetation growth.

Tectonic evolution and soil development

Well-constrained subsidence rates history and
general tectonic evolution of the SE Iberian
Ranges during the Late Permian (Salas & Casas,
1993; Arche & Ldpez-Gémez, 1996) point to a
basin development in different asymmetrical
half-grabens that represent a succession of seg-
ments of 40 to 6@ km long (Fig. 1). The NW-SE
listric fault system forms semi-connected neigh-
bouring half-grabens that are separated by the
secondary NE-SW transfer fault system. Poly-
phase rifting during the tectonic development of
the SE Iberian Basin in the Late Permian (Van
Wees et al., 1998; Vargas, 2002) conditioned the
sediment accumulation rates and, therefore, the
palaeosol development. The studied basin shows
clear evidence of this asymmetry in its evolution
during the Late Permian. Figure 8 shows a sketch
of this asymmetrical evolution and its relation-
ship with the palaeosol distribution shown in
Fig. 7.

In the Lower Part of the Alcotas Formation,
the mature and carbonate-rich (i.e. Pedrizas)
palaeosols occur at the basin centre (Fig. 8).
Rodeno and Tabernilla palaeosols, which needed
shorter time for their development, occur around
the Pedrizas soils and they are, in turn, sur-
rounded by the better-drained, sandy Arenal
palaeosols.

The Middle Part is characterized by high avul-
sion rate meandering systems and some swamp
environments formed in the central and low slope
area during relatively slow subsidence (Arche &
Lopez-Gomez, 2005). Palynomorph assemblage
data obtained from the uppermost sediments of
the Middle Part indicate a clear spreading of
humid places (Diéguez & Barron, 2005). These

general conditions could explain the lack of
carbonate palaeosols in this Middle Part.

Finally, in the Upper Part, after an initial
period of high sedimentation rate characterized
by the complete absence of macroflora or micro-
flora and palaeosols, the Corralizas and Asadores
pedotypes developed close to the NW border of
the basin during the latest stages of the Alcotas
Formation sedimentation. These higher areas
close to the border of the basin were probably
more receptive to the rain waters generated by
the moisture of the Tethys sea (Fluteau et al.,
2001).

In general, the development of tectonic phases
in the SE Iberian Basin during the Late Permian
fits with the three-fold subdivision established for
the Alcotas Formation. The sedimentation rate in
the Lower Part was probably steady, although the
rate of pedogenesis exceeded the rate of deposi-
tion, and mature palaeosols (i.e. Pedrizas) devel-
oped. In the Middle Part the sedimentation rate
decreased, due to a drop in the subsidence rate
and in connection with a climatic change towards
more humid conditions. Finally, a progressive
warming in the climate with reduced and spo-
radic sediment supply is inferred for the upper-
most sediments of the Upper Part. Although
palaeosols are useful in determining changes in
relative rates of sediment accumulation, con-
trolled by both intrabasinal and extrabasinal
factors (Kraus, 1987), the most important charac-
teristics of the different palaeosols also require
key factors other than parent material, time or
tectonism for their development. Changes in the
climate might provide an alternative explanation
for the differentiated evolution of the Iberian
Basin during the Late Permian.

CONCLUSIONS

The study and interpretation of Late Permian
palaeosol profiles in the South-East Iberian
Ranges, Spain, confirms previous palaeoenviron-
mental reconstructions based on other lines of
evidence such as significant changes in fluvial
style, vegetation biodiversity or mineralogical
characteristics which are related to intrabasinal
or extrabasinal causes. The different stages of
the asymmetrical evolution of the SE Iberian
Basin during the Late Permian are reflected
in the palaeogeographical distribution of the
palaeosols into the studied area. This distribu-
tion suggests topographic, climatic and tectonic
controls.



During the Wuchiapingian, the SE Iberian
Basin experienced a progressive tendency to-
wards more arid conditions from a humid climate
with high precipitation rates and marked seasonal
regimes under which the Boniches Formation
was deposited. These more arid conditions were
suitable for the development, in the Lower Part of
the Alcotas Fm., of the Pedrizas, Rodeno and
Tabernilla pedotypes. This tendency was inter-
rupted by a humid episode that coincides with
the general basin reorganization and an important
change in the fluvial style from braided rivers into
meandering systems. This humid episode is
characterized by the lack of carbonate palaeosols,
and the presence of coal layers and carbonaceous
shales. @nly the Arenal pedotype developed in
the sandy alluvium of the meandering system.
The biotic crisis documented during this humid
episode, prior to the Permian-Triassic Boundary
extinction event, was followed by a barren zone
with a new change in the fluvial style to a low-
energy sandy braided river system with a high
avulsion rate and where no palaeosols or macro-
flora or microflora have been found. Finally, the
presence of the Asadores and Corralizas pedo-
types indicates a local and weak recuperation of
the vegetation in the last upper metres of the Late
Permian sedimentary record.

The characteristics observed in the continental
deposits of the SE Iberian Basin during the Late
Permian reveal a climatic trend of general aridi-
zation interrupted by a short phase of increased
humidity which probably is related to an impor-
tant biotic crisis. This trend has been documented
in other European Permo-Triassic basins and is in
agreement with a gradual chain of events of
drastic consequences prior to the well-docu-
mented Permian-Triassic extinction event.
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