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ABSTRACT

Three soil profiles were characterized from a sandy area situated in a transitional zone in the “Tablas
de Daimiel” UNESCO wetland biosphere reserve (IDNP) in the Mancha Plain (Central Spain).
'The original thickness of the soil layer in this area was as much as 100 cm, but the combined effect
of unbalanced cultivation (including irrigation) and an increasingly dry climate has partially eroded
their natural properties, almost leading to a desertification process. The main properties of these soils,
classified as Xeropsamments (Soil Survey Staff 2006) or Arenosols (IUSS Working Group WRB
2006), are the dominance of sand in the soil matrix, its basic character, and low soil organic matter
and carbonate contents. Scanning electron microscopy of the quartz grain surfaces indicated that the
superficial textures were commonly well preserved and characteristic of specific conditions of acolian
formation. Exoscopy revealed a mixture of sub-angular and rounded quartz morphotypes with well-
preserved mechanical impacts on the grain surfaces. These percussion effects are characteristic of
aeolian processes and confirmed that mechanical actions were more significant than chemical processes
in their pedogenesis. This micromorphological study of the textural sands in the transitional zone of
the TDNP revealed that the (red) sands were transported to this area by wind, probably from material
of degraded red soils, and deposited on soil horizons previously developed over marls and limestones.
The relict character of these materials and specially their susceptibility to degradation should be
considered as a priority argument to preserve this area and introduce management measurements to
avoid soil erosion.

RESUMEN

LEn este estudio se han caracterizado tres perfiles de suelos fomados en una zona de arenales en las “Tablas de Daimiel”,
un humedal considerado reserva de la biosfera de la UNESCO (Parque Nacional de las Tablas de Daimiel) y
situado en la Llanura Manchega (Centro de Espafia). El espesor original de los suelos en esta zona supera a veces
los 100 cm, aunque el efecto combinado del cultivo (incluyendo el regadio) y una climatologia cada vez mds seca, han
degradado parcialmente sus propiedades naturales y han erosionado los suelos, llevando en iltima instancia a un
proceso cercano a la desertificacion. Las principales propiedades de estos suelos, clasificados fundamentalmente como
Xeropsamments (Soil Survey Staff 2006) o Arenosoles (IUSS Working Group WRB 2006) son, el predominio de
arena en la matriz del suelo, su cardcter bdsico y bajo contenido de materia organica y carbonatos. El andlisis por
Microscopia Electronica de Barrido de la superficie de los granos de cuarzo indica que las texturas superficiales de
los mismos estan comiinmente bien conservadas y son caracteristicas de unas condiciones de formacion por procesos
edlicos. Por otra parte el andlisis exoscipico revela una mezcla de morfotipos de cuarzo subangulares y redondeados,
con impactos mecdnicos bien conservados en la superficie de los granos. Estos efectos de percusion son caracteristicos
de procesos edlicos y confirman que, en su edafogénesis, las acciones mecdnicas fueron mds importantes que los procesos
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quimicos. El estudio micromorfolagico de las arenas en la zona de transicion del PN'TD revela que las arenas (rojas)

fueron transportadas a esta zona por el viento, probablemente a partir de suelos rojos degradados, y depositadas sobre
los suelos previamente desarrollados sobre margas y calizas. El cardcter relicto de estos materiales y especialmente su
susceptibilidad a la erosion debe considerarse como un argumento para establecer la prioridad de esta drea para su
proteccion e implementar las medidas de gestion necesarias para evitar su degradacion.

RESUMO

Neste estudo foram caraterizados trés perfis de solo, colhidos numa drea de areia da "Tablas de Daimiel" numa reserva
de zonas himidas da Biosfera da UNESCO (TDNP), localizada nas planicies de Llanura Manchega (centro de
E:pan/m). A espessura original das camadas de solo nesta drea supera por vezes os 100 cm, mas o efeito combinado
de um cultivo dequilibrado (incluindo a rega) e um clima cada vez mais seco tém degradado parcialmente as suas
propriedades naturais, levando a um processo de desertificacio. As principais propriedades desses solos classificados
como Xeropsamments (Soil Survey Staff 2006) ou Arenosols (IUSS Working Group WRB 2006) caraterizam-
se pelo predominio de areia na matriz do solo, pelo seu cardter bdsico, e pelo baixo teor em matéria organica e
carbonatos. A andlise por microscopia electronica de varrimento da superficie dos grios de quartzo indicaram que as
texturas de superficie foram regra geral bem preservadas, sendo caracteristicas das condigbes especificas de formagio
edlica. Além disso, a andlise exoscdpica revelou uma mistura de tipos morfoldgicos sub-angular, arredondadas, com
impactos mecanicos bem conservados nas superficies dos graos de quartzo. Estes efeitos sao caracteristicos dos processos
de percussio edlica e confirmam que as accoes mecanicas foram mais importantes que os processos quimicos na sua
pedogénese. Este estudo micromorfologico da textura de areias na zona de transicdo do TDINP revelou que as areias
vermelhas foram transportadas para esta zona pelo vento, provavelmente a partir de solos degradados vermelhos,
e depositadas sobre os horizontes do solo previamente desenvolvidos sobre margas e calcdrios. A natureza desses
materiais e, especialmente, a sua suscetibilidade i erosao deve ser considerada como um argumento prioritdrio para
a preservagio desta zona introduzindo as medidas de gestio necessdrias para evitar a sua degradagdo.

1. Introduction

Wetlands, in a number of forms, represent transitional zones between water and land that
are found in many regions of the world. The value of these areas has been increasingly
recognized in recent years, but the remaining acreage continues to disappear. They
are important reservoirs of organic carbon in the global carbon cycle (Mitra et al. 2005;
Rodriguez Murillo et al. 2011) and act as efficient filters in hydrological systems (Sanchez
Carrillo et al. 2001; Alvarez-Cobelas et al. 2001).

Natural bio-systems such as the Tablas de Daimiel are rarely found in the Iberian Peninsula
and in other parts of the world (Sanchez-Carrillo and Angeler 2010). The Tablas de Daimiel
constitutes one of the two most important wetlands in the ‘Mancha Humeda'. It is a natural
bio-reserve that was declared a National Park in 1973 (National Park of the Tablas de Daimiel
TDNP), has been recognized as a Biosphere Reserve since 1981 by the United Nations
Educational, Scientific and Cultural Organization (UNESCO) as part of the UNESCO Man
and the Biosphere Programme; and was included in the Ramsar Covention in 1982, http:/
ramsar.wetlands.org Ramsar Sites Information Service. It was finally designated a Special
Bird Protection Zone in 1988 (under European Directive 79/409/EEC, currently amended by
Directive 2009/147/EC).
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Despite the importance of this ecosystem,
hardly any studies have been completed on the
characterization of its soils (Jiménez Ballesta
2010, 2014; Rodriguez Murillo et al. 2011;
Aguilera et al. 2011), or the micromorphological
features of the soils developed on these aeolian
deposits.

Into the park, there is an extension occupied
by a singular and unique formation of mainly
red sands. Over this sand formation developed
in the northeast area of the TDNP, are soils
highly susceptible to erosion that have been
cited by several authors (Pérez-Gonzalez and
Piles 1985) but never characterized intensively.
Hence, the importance of gathering further
information for the conservation of this natural
park, through more in-depth research on the
characteristics of these materials and soils.

There are a several regions in the Iberian
Peninsula with favorable conditions for dune
development (Bateman and Diez 1999; Bernat
and Pérez Gonzalez 2005a; Bernat et al. 2011).
Thus, deposits southeast of the Duero river
basin together with those associated with the
Guadiana river form the most recent and the
most important Quaternary aeolian systems
in the Iberian Peninsula (Borja and Pérez-
Gonzalez 2001).

The cartography of these wind deposits within
the Spanish Central region has been published in
the Mapa Geoldgico Nacional (Pérez-Gonzéalez
and Piles 1985; Pérez-Gonzalez and Cabra
1985; Portero and Ramirez 1985). Rodriguez
Garcia (1998) completed a geomorphological
map of the TDNP and its surroundings, which
extended the scope of these deposits.

In addition, scanning electron microscopy (SEM)
has been widely applied to the microtextural
characterization of aeolian grains (Lisa 2004;
Moral-Cardona et al. 1996; Wasel 2012; Costa
et al. 2013; Vos et al. 2014). In Spain, Torcal
and Tello (1992) used quartz grain exoscopy
in fine soil fractions to show its utility in relation
to wind transport. Together with instrumental
neutron activation analysis, exoscopy has been
used by Trinidade et al. (2013) to demonstrate
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the evidence of post-depositional weathering
in quartz grains of coastal dunes. In contrast,
Martin et al. (1992) and Moral-Cardona et al.
(1996) applied exoscopy for the comparison of
soil textures.

The morphology and the appearance of quartz
grains reveal the history of their movement and
sedimentation. According to Vos et al. (2014),
quartz grain surface textures depend on the
processes of erosion, transport and deposition
to which they were subjected. However, many
features of aeolian sand grains are not unique
to aeolian origin. The mobility of the sand
depends fundamentally on wind intensity, grain
size (texture), soil moisture conditions, and the
amount of vegetative cover (Kok et al. 2012). The
aeolian processes occur when the wind erodes,
picks up and transports the particles from the
edaphic formations, depositing them at new
locations. This may occur because of deflation
(removal and carrying away of particles) and/or
abrasion when the particles transported by the
wind impact on the materials that they find in
their way. Three important arid stages have been
identified in the southern sub-meseta of Spain
during the upper Pleistocene and the Holocene
(Rendell et al. 1994; Ruiz-Zapata et al. 2000).
These crises of poor humidity were linked to
phases characterized by a “strong (continental)
seasonality” that depleted the vegetative cover
and caused to a large extent, the existence of
aeolian type processes.

Wind erosion is a serious problem in many parts
of the world, especially in arid and semiarid
regions as it physically removes the most
fertile soil horizon (Ravi et al. 2010; Ries et al.
2014). In the TDNP these processes created
sandy materials upon which certain types of
ecologically vulnerable soils have developed.
They are susceptible to desertification. In the
upper Pleistocene and the Holocene, the flat
topography and the scarce vegetative cover
favored the wind action causing the formation
of aeolian sand deposits, originating from
degraded paleosoils. The aim of this paper is to
determine the origin of these starting materials
as well as to characterize the soils developed
on them.
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2. Material and Methods

2.1. Regional setting

The Tablas de Daimiel (X 438061.1 - Y 4332094.8)
is a natural wetland located in Central Spain
that represents an exceptional aquatic/
humid environment. It is an example of a
characteristically humid ecosystem, (alluvial
plains, also known as river tables in this case)
in the Mancha Plain (Figure 1). Created around
the confluence of the Guadiana river and the

SPAIN

Ciguela river by semi-endorheic drainage and
shallow slopes, giving rise (within a semi-arid
area) to a singular aquatic and sub-aquatic
area of great ecological wealth. At present, this
wetland floodplain occupies an area of 1675
ha (Alvarez-Cobelas et al. 2007) that has been
significantly reduced in size, as in the recent
past it extended to over 15000 ha (Sanchez
Carrillo 2000; Alvarez-Cobelas et al. 2001).

Figure |. Location map of the study area Las Tablas de Daimiel and location of soil sampling sites (P1, P2 and P3)

inside the special protection zone.

This lowland river plain has a maximum height
above sea level of 620 m and a minimum of 610 m.
It is part of the upper Guadiana river basin,
covered by Miocene and Pliocene materials:
limes and marls, as well as sands (Portero and
Ramirez 1985). The sand fields are a unique
sub-environment in an area of approximately
3 km?2 on the northeast of the park (Figure 1). The
aeolian sands in Central Spain deposited over
calcareous material, following geomorphological
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criteria are very recent, (upper Holocene, at
around 3,500 or 3,100 years B.P. as reported
Rendell et al. 1994).

The dunes and the aeolian mantle found in the
northeast protection zone of the TDNP are part
of a landscape of aeolian mantles and dunes
that extend from the TDNP to other zones of
the Mancha Plain with a maximum length of 145
km and a width of 8 km (Portero and Ramirez
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1985; Rodriguez and Pérez-Gonzéalez 2002;
Bernat et al. 2011). The surficial topography of
extensive dunes has practically disappeared
due to the anthropic action of land ploughing
(Bernat et al. 2011). At present, they are sandy
paleodunes relatively close to the northeast of
the TDNP that were formed under the action of
an extremely dry climate (Bernat et al. 2011).
The crumbly properties of the sandy soils and
its agricultural overexploitation have degraded
these deposits.

The area is characterized by a semi-arid
climate with an annual evapotranspiration of
around 750-800 mm and an average annual
precipitation of 370.6 mm and average annual
temperature of 14.4 °C (Ciudad Real Station).
The region has a continental climate as in the
rest of the Mancha Plain, with cold winters
(lows close to -10 °C), followed by very hot and
extremely dry summers with maximum highs
that can rise above 40 °C. The area has a xeric
soil moisture regime, and a mesic temperature
regime according to Soil Survey Staff (2006).
The topography in this area is relatively flat.
The vegetative cover of the originally sandy
grasslands is practically destroyed, as the soils
have been used for agricultural purposes and
historically overgrazed, with only a few holm
oak trees (Quercus ilex) remaining (Cirujano
et al. 1996). Therefore the actual vegetation in
the study area differs completely from the main
vegetation communities present in the TDNP
that includes cut-sedge vegetation and wooded
areas as well as waterfowl populations (Alvarez-
Cobelas et al. 2001).

Based on geological cartography and aerial
photography of the TDNP, a previous soil survey
was carried out in 24 sites representatives of
special protection zone of the park (Jiménez
Ballesta 2014) around the flooding area (Figure 1).
There is a notable diversity of soil types in
the NPTD. The most abundant found were
Fluvisols, Calcisols, Regosols, Leptosols,
Cambisols, Histosols and Luvisols (IUSS
Working Group WRB 2006) (Jiménez Ballesta
2010, 2014). However, in the Aeolian mantles
and dunes study area, mainly Arenosols and
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Calcisols can be found. These soils showed
massive structures and characteristic uniform
red colors.

2.2. Sampling procedure

Soil profiles from three geo-referenced locations
were described according to FAO (2006) and
soil samples at all the horizons in each profile
were taken (Table 1). Profiles 1 and 2 are the
characteristic sand soils from the study area
while profile 3 is representative of the contact
zone between the paleosand layers and the
marls. The profile 2 is the most representative
of the sand area (its morphology is reduced
to an Ap horizon lying over the sand stratum).
Therefore, the microtextural analysis were
performed in the underlying C horizon. The
profile 1 showed the influence by the carbonate
presence in the profile basis. The profile 3
represents the transition zone, as the original
carbonate materials (marls) together with the
superficial sand layer have determined its
formation process.

The profiles 1, 2 are Arenosols and showed a
morphology of type Ap, C1 and C2k and Ap, C1
and C2 (Table 1) while the profile 3 is a Calcisol
with Ap, A/2Ckm and 2Ckm morphology. All
soils had an acceptable drainage. The surface
horizon Ap is the consequence of agricultural
exploitation. No buried horizons from paleosoils
under the sand mantle were found in the profiles
studied. No cryoturbation was detected, and
the calcium carbonate content in the soils
effervesced with hydrochloric acid in all the
studied profiles.

YEAR 2015 e VOLUMES5 e ISSUE3
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Table 1. General description and macromorphological characteristics of researched soils

Soil Type WRB/ Location
Soil Taxonomy Coordinates
. X
Haplic Arenosol = 1>58 483
(Calcaric, Novic)/ Y
Typic Xeropsamment 335615,084
Horizon Depth Colour
(cm) (dry)
7.5YR 5/4
A (0-21) Brown
5YR 5/8
C1(21-68) Yellowish
red
5YR 6/6
C2, (>68) Reddish
yelow
Soil Type WRB/ Location
Soil Taxonomy Coordinates
. X
Haplic Arenos_ol 443287,596
(Calcaric, Novic)/ v
Typic Xeropsamment 4335736,768
Horizon Depth Colour
(cm) (dry)
7.5YR 5/4
A (0-26) Brown
7.5YR 5/6
C1(26-70) Strong brown
C2 (> 70) 7.5YR 5/8

Strong brown

Altitude (m)

610

Structure

Single grain
to weak
granular

fine

Massive to
single grain

Moderate

to weak

granular
fine

Altitude (m)

611

Structure

Single grain
to weak
granular

fine

Massive to
single grain

Massive to
single grain

a. Profile 1
Parent .
Material Vegetation
Wasteland
Sands with some
oak
Consistence Roots
Non sticky,
non plastic, Few fines
loose and
soft
Non sticky,
non plastic, Without
loose and
soft
Non sticky,
non plastic, Without
loose and
soft
a. Profile 2
Parent .
Material Vegetation
Olives
Sands & some
vineyards
Consistence Roots
Non sticky,
non plastic, Few fines
loose and
soft
Non sticky,
non plastic, Without
loose and
soft
Non sticky,
non plastic, Without
loose and
soft
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Topography

Plain

Pores

Many,
all sizes

Common,
all sizes

Common,
all sizes

Topography

Plain

Pores

Many,
all sizes

Many,
all sizes

Common,
all sizes

e VOLUME5 e

Slope Drainage  Stoniness
C-5
Somewhat -0
C-1 Flat . Non-
excessively ston
drained y
Stoniness
Boundary (%)
Gradual
2
and wavy
Gradual
0
and wavy
Diffuse
0
and wavy
Slope Drainage  Stoniness
C-5
Somewhat €0
C-1 Flat . Non-
excessively ston
drained Y
Stoniness
Boundary (%)
Abrupt
and 2
smooth
Diffuse 0
and flat
Diffuse
0
and wavy

ISSUE 3
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b. Profile 3
Soil Type WRB/ Location . Parent . . .
Soil Taxonomy Coordinates Altitude (m) Material Vegetation  Topography Slope Drainage  Stoniness
Epipetric Calcisol X
. . C-2 C-4 C-1
(Skeletic, quc)/ 443285,502 617 Sands and Olives Wavy Gently Well Slightly
Petrocalcic Y marls slopin drained stone
Calcixerept 335455,261 ping Y
Horizon Depth Colour . Stoniness
Structure  Consistence Roots Pores Bounda
(cm) (dry) Y )
Non sticky,
7.5YR 5/4 Wealk non plastic, C°mf“°” Many, very  Gradual
A (0-18) granular to medium 15
4 Brown 8 ) loose and coarse and wavy
single grain and fine
soft
7 5YR 4/2 M;)Icci)irkate Non sticky, Common Abrupt
A/2C,_ (18-42) : y non plastic, Many fine medium and 10
km Dark brown  subangular
o firm and soft and coarse smooth
médium
Very sticky,
2C, (42-84) TSYRTI2 -y esive  MOMPIaSHC ot Without Diffuse 50
km Pinkish grey and and wavy
very hard

2.3. Analytical methods

The soil samples were air dried and sieved
(< 2 mm). Soil texture was determined by the
hydrometer method (Gee and Bauder 1986) in
three replicates. Textural curves were obtained
with a laser beam diffraction spectrometer
(Sympatec Helos KA), equipped with a wet
feed system, using isopropyl alcohol as a non-
reactive dispersant; the samples underwent
agitation and zonification processes to ensure
acceptable particle dispersion. Soil pH (H,O)
was potentiometrically measured in a 1:2.5 soil/
water ratio and electrical conductivity ina 1:5 soil/
water suspension (International Organization for
Standardization 1994). Calcium carbonate was
analyzed by the volumetric calcimeter method
(International Organization for Standardization
1995). The soil organic matter was quantified
by the Walkley and Black wet oxidation method
(Nelson and Sommers 1982). The sieved
fraction of 60 to 125 ym was used for the sand
mineralogy study. The grain identification for
this purpose was conducted in an Orto Plan Pol
Zeiss petrographic microscopy, separating the
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heavy and light fractions with bromoform. The
mineralogical analysis of the clay and the fine
fraction was performed by X-Ray Diffraction
(XRD), using the random powder method for
the bulk sample and the oriented slides method
(Moor and Reynolds 1989). Semiquantitative
mineralogical analysis was based on the
diffraction peaks (Kisch 1990).

Exoscopic observations were performed on
quartz grains larger than 0.25 mm separated from
othersizes. Images of surface textures of 5 quartz
grains were acquired. Selected typical textures
of each studied quartz grain were investigated to
obtain several photomicrographs. Morphological
characterization was conducted following the
concepts of previous studies (Helland and
Holmes 1997; Wasel 2012; Vos et al. 2014).
Systematic observations were completed using
an SEM-EDX device (PHILIPS XL30, W source,
DX4i analyzer and Si/Li detector). 10 grain per
sample were systematically analyzed using an
SEM-EDX device (PHILIPS XL30, W source,
DX4i analyzer and Si/Li detector).

YEAR 2015 e VOLUMES5 e ISSUE3
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3. Results

The physicochemical soil characterization
confirmed the soil type description (Table 2). In
the profiles 1 and 2 the sand fraction dominated
the soil mineral matrix. The soils have low
carbonate contents, with a basic character, very
low organic carbon contents and low electrical
conductivities. The soil carbon contents contrast
with the soils inside the TDNP wetland where
Rodriguez Murillo et al. (2011) found an average
value of 10% in the 20-30 cm layer. The presence
of carbonates is common in a large number
of soils in the surrounding areas (Aguilera et
al. 2011; Jiménez Ballesta 2014). Profile 3
however, being developed over a sand-marl
layer, has a more balanced clay loam texture
with higher carbonate contents in depth and 1%
higher organic carbon content in the superficial
Ap horizon. The sandy character and scarcity of
organic material justifies the weak soil structure.

Figure 2 shows the textural curves for
representative samples of the three profiles
in which the sand fraction dominates. The
granulometric curves of profiles 1 and 2 are
typical of Aeolian samples, with a grain size
monomodal right skewed distribution curve.
They can generally be classified as well
sorted fine to medium grained sand in profile
1 and shifted to medium-coarse grained sand
in profile 2. These grain-distribution curves
with pronounced kurtosis and well sorted
distributions can be interpreted as the product
of dust storms generated by low-altitude winds
(Sun et al. 2004). The curve of profile 3 presents
a bimodal distribution with the high peak in the
fine to medium grained sand and a secondary
peak centred under 50 um diameter category,
revealing the enhanced presence of the fine
fraction materials (41%).

Table 2. Some pedological properties of selected soils: particle size distribution, textural class, pH,
electrical conductivity, organic matter and calcium carbonate content of three soil profiles

Sand Silt Clay

Profile Horizon % % %
A, (0-21 cm) 86

1 C1(21-68 cm) 89 5
C2, (> 68 cm) nd nd nd
A, (0-26 cm) 89 5 6
2 C1(26-70 cm) 77 12 1
C2 (>70cm) 90 5 5
A, (0-18 cm) 59 25 16
3 A/2C, (18-42 cm) 51 30 19
2C, (>42cm) nd nd nd

(*) nd = not determined.

SJSS. SPANISH JOURNAL OF SOIL SCIENCE

Textural pH Electriga_l Organic caco
classification  (H,0) Conductivity mz:tter (%) ’
(HS/em) (%)
Sand 6.7 1400 0.3
Sand 71 970 0.1
nd 7.9 170 0.0 15
Sand 7.7 140 0.5
Clay loam 8.0 250 0.1 14
Sand 8.0 140 0.1 14
Clay loam 7.5 240 1.4 5
Clay loam 7.6 130 0.6 12
nd 7.7 130 0.0 59

YEAR 2015 e VOLUMES5 e ISSUE3
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The sand fraction of the studied soils presented
a light fraction (> 90%) with quartz and feldspar/
calcite; the heavy minerals identified were
tourmaline, zircon, garnet, staurolite, rutile,
hornblende and anatase (Figure 3). In the
Arenosols tourmaline and zircon represented the
majority constituting 60% of the heavy minerals
identified. These results are in accordance with
the studies of Aleixandre et al. (1977) in the
characterization of the dunes in the Mancha Plain.

Regarding the total mineralogy, there were few
qualitative differences between horizons and
profiles (Table 3). The mineral assemblages are
dominated by quartz and phyllosilicates with a
variable content of calcite. Quartz is found in
all profiles, especially in the surface horizons.
The clay fraction is mainly composed of illite
and kaolinite. In the deep horizons, the major
component is calcite. This result is consistent
with the composition of the sand and the calcium
carbonate content of the marls.

Table 3. Semiquantitative total sample and clay mineral fraction (%)

Horizon

A

P

Profile 1 C1

C2

k

A

P

Profile 2 C1
Cc2

A

3

Profile 3 A/2C,
2C

(*) nd = not determined.
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Phyllosilicates

Kaolinite/lllite Calcite Quarzt
13/%0 nd 81
12/;5 nd 53
90?1 0 51 46
13/590 nd 55
90?1 0 0 5
90?1 0 90 5
45/25 46 26
121/;8 8 8
0/15 00 95 5

YEAR 2015 e VOLUMES5 e ISSUE3
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Profile 1: Haplic Arenosol (Ap 86% sand, C1 89% sand)
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Profile 2: Haplic Arenosol (Ap 89% sand, C1 77% sand)
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Profile 3: Epipetric Calcisol (Ap 59% sand, A/2C, 51% sand)
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Figure 2. Grain-size frequency distribution curves.
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Figure 3. Heavy mineral contents of the different soil profiles.
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3.1. Surface textural analysis of quartz grains

The quartz grains under study were milky,
showing a subangular nature (with clear
and rounded edges, Figures 4a, 4b and 4c).
Their external appearance was matt, which is
associated with transport processes originated
from dissolution and abrasion that wears down
their surfaces.

Subangular quartz grains occur as fresh,
irregular, angular fragments, with no sign of
polyhedral faces. Two types of microstructures
were observed on quartz grain surfaces: (i)
precipitation of silica on the surface of grains
in lace-like patterns and (ii) corrosive etched
microstructures. They are grains of fractured
quartz and slightly rounded in which the
fracture zones are easily distinguished (Figure
4b). They have clean surfaces, marked edges
and are characterized primarily by mechanical
features such as conchoidal breakage patterns,
v-shaped pits, and straight or curved grooves;
secondly, there is chemical action in the form of
silica precipitates.

Many impacts may be observed on the surfaces
that are typical of aeolian transport because
of the impact of the edges of some grains
against others during transport (Figure 4d).
The existence, in some cases, of surfaces with
triangular impacts (Figure 4e) is not consistent
with the predominant directions of transport,
but with a turbulent regime, possibly linked to
small tornadoes and the circular movement of
winds. Nevertheless, the surfaces are hidden
by the dissolution of base material. In Figure 4f,
concentric formations may be recognized on the
lower right and left that are identified with the
earliest movements in the transport of quartz
grains.

On some grains, a corroded or squeezed aspect
may be observed, which may be interpreted as an
intense surface dissolution process (Figure 4g),
which in this case is observed on quartz grains
from profile 1. Given the observation of triangular
marks shown in Figure 5b, linked to aeolian
transport by saltation, it has to be noted that they
were earlier than the dissolution phenomena.
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Both processes (transport and dissolution)
originated in the same direction, which suggests
that the winds were always blowing in the
same direction; the runoff water had a role in
dissolution process, almost certainly running
off in the same direction. Analyzing the Figure 4,
a certain similarity with the figures in Peter and
Tietz (2011) could be found. They consider the
presence of chattermark trails as indicators
for a depositional stage within a sedimentary
cycle in a wet tropical to subtropical climate. In
our study, the impact trajectory is much shorter
than the chattermark trails, therefore the tropical
or subtropical origin was discarded. Although
the material originated previous to the aeolian
transport could be generated in a tropical
climate; the intense red color character could be
an indicator of it.

All the above features are especially present
in profiles 1 and 2, although also in the surface
horizon of profile 3. In this latter profile, which
constitutes the transitional zone of the sands
towards the TDNP, the quartz grain faces are
better defined and the processes of dissolution
and/or transport are less acute than in the earlier
samples (Figures 4b and 4c). The presence
of rounded grains suggests (profile 3) that
significant amounts of quartz grains are of a
recycled origin. As an interpretation, the authors
were in accordance with the conclusions drawn
by Aleixandre et al. (1977), who indicated that
sub-rounded grains predominate in continental
dunes of the Mancha Plain, which would indicate
a limited transport from the source area (Bernat
et al. 2011). Most aeolian sand deposits consist
of subrounded, moderately-sorted to well-sorted,
fine sand (Goudie and Watson 1981; Goudie et
al. 1987; Lancaster 1986, 1989).

Moreover, post-settlement deposits were
observed that covered the quartz grains, filling in
the gaps (Figure 4h). This suggests that quartz
grains released from the rock then stagnated in
cold water, leaving extensive silica deposits. The
amorphous silica film covers multiple cavities in
the form of a v that is hidden by the coating.
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Figure 4. Scanning electron microphotographs of different quartz grains exhibiting: (a) profile 1, subangular nature and corroded or
squeezed aspect (corrosive etched microstructures), (b) profile 1, quartz grain with easily distinguished fracture zones, (c) profile
3, external appearance was matt, (d) profile 1, impacts on the surfaces (typical of aeolian transport), (e) profile 2, surfaces with
triangular impacts, (f) profile 2, concentric formations (earliest movements in the transport of quartz grains), (g) profile 1, dissolution
phenomena, (h) profile 3, subrounded quartz grain; post-settlement deposits that covered the quartz grains, filling in the gaps.
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4. Discussion

The analysis of the quartz grains suggest that
the grains have undergone an aeolian process.
Since the grain distribution curves analysis
have the high peaks in the fine to medium
sand sizes, most of the soil quartz grains in
the profiles under study were probably derived
from soils or sediments from the surrounding
area. By moderate storms, coarse particles
were transported by saltation and short-term
suspension for a distance of a few hundreds of
kilometers, while finer particles (< 20 um) mainly
transported by long-term suspension are moved
over hundreds to thousands kilometers (Muhs
et al. 2007; Crouvi et al. 2008). Chattermark
trails are a series of linearly arranged, rune-like
grooves on surfaces of minerals grains (Peter
and Tietz 2011). For these authors, they are
formed by blunt collisions in a sediment transport
stage before experiencing some dissolution
during a depositional stage in a tropical climate.
The absence of chattermark trails or similar to
chattermark trails indicates a depositional stage
within a sedimentary cycle but no necessarily in
a wet tropical to subtropical climate; probably
they were transported from a nearby local source
under more arid conditions by aeolian action.
The sand colour and specially the mineralogy
of the sand grains point out that the transported
sand particles were probably edaphic material
from degraded red soils, that are very common
in La Mancha Plain (Conde-Bueno et al. 2008).

Rubification is a slow process in arid and
semiarid climate (Roskin et al. 2012). The
conditions required for the rubification process
(wetter moisture regimes, and long pedogentic
formation times) indicate that the process
cannot take place in situ under the actual
climate conditions (Goran 2003; Sierra et al.
2009), confirming the aeolian origin of the sand
deposits.

Quaternary comprises a multitude of periods
with similar climatic — steppic/desert — conditions,
as demonstrated by many studies, such as the
study on Quaternary aeolian sands in Central
Spain (Duero basin) by Bateman and Diez
(1999). Pye and Mazzullo (1994) observed
that shape differences could be attributed to
postdepositional weathering in a humid tropical
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climate in two generations of stabilized parabolic
dunes from North Queensland, Australia. Most
aeolian sands are truly polycyclic and represent
the results of numerous cycles, leading to a
situation in which specific features are very hard
to attribute to a single cycle. The sands in the
area of study, given their red colour, are derived
from earlier, most likely Pliocene deposits, which
are widely distributed in the region. Bernat and
Pérez Gonzalez (2005b) show an extensive
description on the occurrence, characteristics
and origin of the dunes, showing that these
dunes basically date from the Younger Dryas and
the late Holocene. Aeolian activity in Western
Europe has been related to changing climate
conditions (Clemmensen et al. 2001; Bateman
and Godby 2004). Therefore, migration of dunes
during different pulses of aeolian activity could
be happened.

Hence, the specific conclusions of this study are
that the red sands would have been transported
by wind and deposited on earlier soils developed
over marls and limestones layers. The scarce
and dispersed vegetation has led to intensify the
deposition processes increasing the sand layers
depth.

Finally, discussions on conservation and use
of this type of semiarid soils should focus on
work programs, to address either mitigation
or adaptation (or both) that should take into
account the vulnerability of the soil subtracts in
the surrounding TDNP area, like the soils under
study. The relict character of these materials
should be considered as a priority argument to
preserve this area and introduce management
measurements to avoid soil erosion.
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5. Conclusions

The present work focuses on the
micromorphological study of sands from
some selected soil profiles developed in the
surrounding area of the TDNP wetland. They
are recent massive Arenosols (Calcisol in the
transition area) developed over red paleosand
layers. Despite their basic character, the
carbonate content in the profiles was much
lower than in the nearby soils, as well as their
organic matter content. The analysis of the
microstructures of the quartz grain surfaces
displayed signatures of mechanical processes.
Sub-angular to rounded grains, medium-to-low
reliefs and smoothed edges were observed.
Finally, numerous mechanical breakage
features were detected including conchoidal
fractures. These microstructures were more
significant than signatures of chemical
processes (precipitation of silica on the grain
surface in lace-like patterns and corrosive
etched microstructures that partially obliterated
their surfaces), indicating their aeolian origin.

Most of the soil quartz grains in the profiles
in this study were probably derived from soil
or sediments from the surrounding area,
transported by the wind, under more arid
conditions. Their recent development indicates
that the rubification process cannot take place
in situ and that they are probably derived from
degraded red soils.
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