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ARTICLE INFO ABSTRACT

The multidisciplinary study of soils, past and present, and the deposits around the Salada de Chiprana Lake
(Central Ebro Basin, Spain) has provided valuable insights into the genesis of the lake, with important palae-
oenvironmental and palaeoclimatic implications. The presence of a Middle Pleistocene (322.2 + 21.6 ka)
palaeosoil developed on perched aeolian deposits (CHI2) near the lake shore is evidence of ancient stages of lake
bottom exposition under rather arid conditions, representing one of the oldest dated aridification episodes in the

Dataset link: Soils and geomorphology of
“Salada de Chiprana” RAMSAR wetland, NE
Spain (Original data)

Keywords:

Acolian deposits Quaternary of the Ebro Basin, coinciding with cold periods. Texture analysis of the soils and deposits, and the
Ebro Basin application of wind models to the reconstruction of the palaeowinds responsible for its genesis, helped to
Endorheism reconstruct the origin and conditions under which such deposits and soils developed. Regarding the genesis of
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the depression, the characteristics of the geological units in the lake basin, the relationship of the lake basin with
fluvial terraces of the surrounding rivers, and the present morphology of the lake body, together with other
indirect morphological indicators, point to the subsurface evacuation of soft sediments, very likely through
piping-related processes. Additionally, a second soil (CHI1) was studied on a lacustrine terrace level at 152 m a.s.
1., 8 m higher than the current level of the lake. It was dated at 9.0 + 0.7 ka and corresponds to a period of more
severe flooding of the lake during the early Holocene, an interpretation consistent with previous studies that
established a Holocene age for the bottom sediments of the current lake. Altogether, our dataset indicates long-
standing persistence of this lacustrine system and confirms its highly fluctuating character, typical of semiarid
regimes such as the one that currently prevails in the centre of the Ebro Depression.

1. Introduction reconstruction (McGlue et al., 2013; Hage et al., 2017), which would

undoubtedly increase the required budget. It is important to highlight

Sedimentological and geochemical data obtained from lake records
are invaluable for reconstructing palaeoenvironmental conditions and
climatic changes along the Quaternary. However, despite the diverse
information derived from their analysis (Gonzdalez-Sampériz et al., 2008;
Martin-Puertas et al., 2010; Gutiérrez et al., 2013), the interpretation
very commonly refers to data obtained from only one dimension; the one
corresponding to the borehole excavated from the lake sediments. A
large number of boreholes are needed to cover enough area to provide
the necessary information for a more reliable paleogeographical
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the need for a detailed geomorphological framework and information on
the soil processes that have impacted these sedimentary records.
Shallow lakes in semiarid environments are usually highly fluctu-
ating. High-level episodes produce coastal sedimentary accumulations
that are left behind during low level stages. Past, perched deposits can be
preserved in a number of forms: stepped terraces (Hare et al., 2001),
abandoned littoral ridges, spits and beaches (McFadden et al., 1992; Sge
et al., 2018), and associated soils (Mermut and Acton, 1984). Their
forms and characteristics can be very useful for the reconstruction of
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lake extension, depth, and associated geological materials in past high-
level episodes (Castaneda and Gracia, 2017), for the estimation of
paleowinds (Adams, 2003; Wang et al., 2017), or for the analysis of past
lake coast dynamics (May et al., 2022; Gracia et al., 2023).

The widespread occurrence of endorheic depressions in the semiarid
Ebro Basin (NE Spain) includes a significant number of lakes varying in
size, either isolated or grouped forming lake fields (Ibanez, 1973, 1976;
Van Zuidam, 1976; Castaneda et al., 2005; Gutiérrez and Gutiérrez,
2014). Most of them are playa-lakes, with highly variable water levels
including periods of complete desiccation. Apart from climate, the
endorheism of the Ebro Basin is marked by morphological and litho-
logical factors, like low topography, or the prevalence of impervious
outcropping rocks, many of which are soluble like gypsums and other
evaporites (Dantin, 1942, Ibanez, 1975). Closed depressions are mainly
caused by dissolution together with wind or hydroaeolian erosion
(Quirantes, 1969; Ibanez, 1975; Sanchez-Navarro et al., 1998; Gutiérrez
and Pena, 1993; Gutiérrez et al., 2005, 2013). In some cases, the genesis
of lakes in the Ebro Basin is not evident and other factors have been
adduced, such as aeolian erosion or the role of groundwater inflow to
evaporation points (Ibanez, 1975; Sanchez-Navarro et al., 1998). Studies
by other research groups have mostly focused on the genesis of the de-
pressions and their historical evolution, mainly during the Holocene,
through the analysis of sediment cores (Moreno et al., 2012; Gutiérrez
et al., 2013) or with satellite imagery (Castaneda et al., 2005). However,
few lakes in this region have been evaluated through the study of the
associated soils and their combination with other related approaches,
like geomorphology and sedimentology (Castaneda et al., 2015, 2017;
Luna et al., 2016; Gracia et al., 2021).

Castaneda and Garcia-Vera (2008) studied the hydrology of a high
number of small lakes and in the Monegros playa-lakes (central Ebro
Basin), mostly excavated in soluble Miocene gypsum and limestone.
These authors concluded that the hydrology of the lakes also depends on
groundwater discharge, which makes them exhibit strong water level
and salinity fluctuations. The exceptions are former playa-lakes that are
now permanent fresh water lakes due to irrigation return flows (like
Sarinena Lake; Castaneda et al., 2017) or water from irrigation channel
networks (like Estanca de Alcaniz or Las Roces lakes; Anento and Ponz,
1992; Jodar et al., 2020). Some closed depressions in the Ebro Basin
provided new insights into this genetic scheme: The multidisciplinary
study of Sarinena Lake (Castaneda et al., 2017) revealed that piping-
related processes were determinant in its generation and evolution. In
summary, the different genetic models proposed for the lacustrine de-
pressions in the Ebro Basin basically include karst dissolution and
related groundwater processes, aeolian erosion, and piping.

Instead, the origin of some other lakes still remains unknown. This is
the case with Chiprana Lake (“Salada de Chiprana”), the only permanent
hypersaline lake in the central Ebro Basin (Doyle et al., 2022a). This has
only received attention during the last few decades due to its
environmental-ecological (Microbial mats; Guerrero et al., 1991) and
scenic relevance. According to Ibdnez (1976), the origin of the lake is
related to differential erosion, supposedly aeolian erosion. Davis Davis
(1994) and Valero-Garcés et al. (2000) reconstructed the Holocene and
historical evolution of the lake from an original playa-lake, on the basis
of a 1.7 m deep borehole located in the centre of the lake, without
providing any genetic model of the depression. The shape of the lake and
other minor closed depressions nearby, their location in a zone seem-
ingly protected from the prevailing winds, and the mainly non-
karstifiable substratum make us priori discard wind erosion as the
main process responsible for its generation. However, diverse Quater-
nary deposits of a different nature, identified in its surrounding rims and
linked to the lake, and specially the soils developed on them, can provide
clues as to the genesis of the depression and its evolution.

Most geolimnological work recently carried out in the Ebro Basin and
especially in Chiprana Lake has focused on the nature of the sediments
accumulated in the lake bottoms and their relationship to palae-
oenvironmental forcing, especially regarding recent evolution (Valero-
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Garcés et al., 2000; Gonzalez-Sampériz et al., 2008; De Wit et al., 2013).
Aeolian processes and differential erosion are usually cited as a way of
explaining the presence of such depressions in the Ebro Basin, without
analysing in depth the causes and detailed genesis of the lakes. In this
sense, during the last decades few studies have addressed the origin of
the lake. In order to cover this gap of regional relevance, the present
work aims to solve such questions as: How was this closed depression
generated?, when did it happen?, when did lacustrine conditions settle
to become a permanent lake?, and what was the role of wind and karst in
the genesis and evolution of the closed depression? The answers to all
these questions would provide important information regarding the
Quaternary climatic and environmental evolution of the central Ebro
Basin This requires applying several methods of a different nature that
may converge to reconstruct the genesis and evolution of this lacustrine
system. The present work includes the study of soils associated with
lacustrine-linked deposits, together with geomorphological mapping,
sedimentology of the accumulations and absolute dating. The combi-
nation of all these methods and techniques is used to build a conceptual
model about the genesis and evolution of this peculiar case of endorheic
depression in the Ebro Basin and its implications in the reconstruction of
the Quaternary climate evolution at a regional scale.

2. Geographical background

The Ebro Basin (NE Spain) is surrounded by the Pyrenean Range to
the north, the Iberian Range to the southwest and the Catalan Coastal
Range to the east, and is drained by the River Ebro to the Mediterranean
Sea. The study area is located in the semiarid central area, close to the
River Ebro (Fig. 1), where the meanders are confined by Neogene
morphostructures, mainly limestone platforms and sandstone ribbons,
which limit any rapid incision of the valley during the Quaternary
(Quirantes, 1969). A secondary valley, Regallo Creek, is located to the
East of Chiprana Lake, running to the NE until reaching a meander of the
River Ebro at 114 m a.s.l., 2 km away from the lacustrine complex.

Data from the nearest weather station at Caspe village, located 11 km
to the east of Chiprana, characterises the area with a mean annual
temperature of 15.8 °C, a maximum of 44.7 °C, an annual rainfall from
191 mm to 484 mm (mean of 316.4 mm for the period 2004-2024), and
a mean annual evapotranspiration of 1500 mm (Smith et al., 1990). The
predominant regional wind direction in the Ebro Basin is NW (Ortega
et al., 2022). Hijar weather station, located 23 km to the SW in a more
exposed area, shows prevalent winds from the W-NW (Fig. 2a). How-
ever, Caspe weather station shows predominant winds coming from a
more westerly direction (Fig. 2b). In both cases westerly winds exceed
30% of frequency, and their velocity broadly ranges between 1.4 and
13.9 m s~ About 30% of the westerly winds in the zone are dry and
linked to a rainfall intensity of less than 2 mm per day.

The lithology of the area is characterized by an Oligo-Miocene
geological unit formed by shales, sandstones of fluvial origin forming
ribbons, and subordinate levels of limestones and evaporites. This unit
consists of middle and distal alluvial deposits of an ancient fluvial sys-
tem developed during the Neogene endorheic phase of the Ebro Basin
(Cuevas et al., 2010). The resulting landscape is formed by a network of
exhumed sandstone protrusions and ribbons associated with paleo-
channels. These form a complex network of elongated rocky outcrops
separated by shallow depressions and valleys excavated on marls and
clays due to differential erosion. The length and width of the sandstone
ribbons vary from just a few meters to 15 m, and their height is usually
less than 2 m. Their irregular distribution is responsible for the intricate
patination of the present Chiprana Lake shore (Fig. 1b and c). While
sandstones prevail in the western, hilly area, the relative abundance of
clays increases towards the East.

Chiprana Lake, located in a relatively flat area at 138 m a.s.l., has
been included in the Ramsar List (Ramsar Convention Secretariat, 2010)
since 1999 and in Natura 2000 protected areas (ES2430041). Chiprana
is the main water body of a wider lacustrine complex, the “Complejo
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Fig. 1. Geographical setting of the study zone. a) Location of the Chiprana Lake in the Ebro Basin (in gray); b) Chiprana Lake in April 2023, c) Digital Elevation

Model from PNOA data set (LiDAR-PNOA-cob2 2015 CC-BY 4.0 (scne.es)).
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Fig. 2. Percentage of wind frequency by direction obtained from Hijar (left) and Caspe (right) weather stations for the period 2004-2024. Data from the Spanish
Agroclimatic Information System for Irrigation (SIAR), https://eportal.mapa.gob.es/websiar/Inicio.aspx.

Lagunar de Chiprana”, or Chiprana lacustrine basin, a permanent hy-
persaline wetland system (Doyle et al., 2022a), formed by several de-
pressions. The biggest body of water, which gives name to the complex,
has a relatively variable water surface to the extent of about 41 ha, and a
maximum registered water depth of 5.6 m (Guerrero et al., 1991).
Chiprana is fed both by the regional groundwater from the Iberian
Range and by rainfall (Jodar et al., 2020). The water salinity is variable
depending on the season, the water depth, and the sample location. The
electrical conductivity (EC), documented by previous studies, can range
from 27 dS m™! at 25 °C (Vidondo and Guerrero, 1992) to 47 dS m™* at
25 °C (Doyle et al., 2022b), and it can reach 150 dS m~* during the dry
season (own unpublished data from October 2025). Under the water
column or the salt crust, the soil redox conditions (ORP) can vary from
—140 mV to —450 mV (own unpublished data) favouring the formation
of sulfures (black layers) due to sulfate reduction. The ionic composition
of the water is characterized by the predominance of sulfate and

chloride together with sodium and magnesium (Pueyo, 1978-79, Doyle
et al., 2022b). Occasionally, controlled fresh water inputs from two
irrigation ditches help to maintain the level of the lake. Close to Chi-
prana Lake two smaller depressions stand out: Prado del Farol, currently
dry, and Salada de las Roces, presently a 3 m deep permanent fresh
water lake, communicated with Chiprana through an ancient narrow
channel excavated in the rocky substratum. The recent, historical evo-
lution of Chiprana Lake (from the 19th century onwards) based on
boreholes made along the lake bottom revealed the persistent tendency
of the lake to water level fluctuations, with episodes of high water and
extensive charophyte development alternating with dry periods with
predominant gypsum precipitation.
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3. Materials and methods
3.1. Geomorphological mapping

Quaternary deposits and structural, lacustrine and fluvial forms were
mapped through stereoscopic photointerpretation, applied to aerial
photographs of a USAF flight (1956-57) at 1:33,000 scale accompanied
by field inspections. A detailed vertical ortophotograph (OrtoPNOA
2021 CC-BY 4.0, scene.es) with a pixel size of 35 cm was used to identify
small cartographic units. The USAF geomorphological interpretation
made on acetate film was digitized and georeferenced within the
geographic information system ArcGIS© (v.10.8.2). LiDAR-PNOA-cob2
2015 CC-BY 4.0 (scne.es) was used with a density of 0.5 points m~2 to
complement the geomorphological photointerpretation.

3.2. Soil description and sampling, and laboratory procedures

The main study was focused on soils from selected landforms and
deposits identified in the geomorphological map and during field in-
spections as representative of different outstanding (lacustrine) pro-
cesses. In September 2023 a pit, down to groundwater level, at a depth of
180 cm, was opened in the lacustrine terrace (pedon CH1, 41.24°N,
—0.17°W), and another was opened to a depth of 200 cm and augered to
a depth of 300 cm in one of the aeolian deposits (pedon CH2, 41.23°N,
—0.18°W). The pedons were described (Schoeneberger et al., 2012) and
classified following Soil Taxonomy (Soil Survey Staff (SSS), 2022). A
total of 25 soil samples representative of genetic horizons and of the soil
surface crust in CHI1 were collected.

In the laboratory, samples were dried at room temperature, ground
and sieved through a 2-mm mesh. Soil salinity was measured as the
electrical conductivity of the 1:5 water:soil extract (EC 1:5) and in the
saturated paste extract (ECe) (MAPA, 1994) using a conductivity cell
(Orion 013605MD) and expressed in dS m~! at 25 °C (United States
Salinity Laboratory Staff, 1954); pH was measured using a pH electrode
(Orion 9157BNMD). Gypsum was quantified using thermogravimetry
(Artieda et al., 2006), calcium carbonate equivalent (CCE) was deter-
mined by gasometry and organic matter (OM) was quantified by the
Walkley-Black method. Particle size distribution (PSD) was determined
by a laser diffraction analyser Mastersizer 3000-Hydro LV. To compare
the composition of the soil profiles, the proportions of CCE, gypsum and
OM were calculated at soil depth intervals of 25 cm following Castaneda
et al. (2012). The mean value of each of these soil variables was
weighted by the width of the soil horizon.

3.3. Micromorphological analysis

Undisturbed blocks of soil horizons were impregnated with a cold-
setting polyester resin, and thin sections (135 mm x 58 mm) were
prepared using the Guilloré (1985) and described with a microscope
under polarizing conditions following Stoops (2003).

3.4. Wind field modelling

The local wind field around the lake was simulated using the nu-
merical model WindStation (v 4.0.3) (Lopes, 2003). Canyon as a
Computational Fluid Dynamics (CFD) solver that solves the Reynolds-
averaged Navier-Stokes (RANS) equations with a standard « — ¢ turbu-
lence model was used. The model constants were set to standard values
for atmospheric flows (C, = 0.033,0x = 1.0,0. = 1.3, C; = 1.44, C; =
1.92), following Launder and Spalding (1974). These parameters have
been extensively validated in the literature for flows over complex
topography (e.g., Lopes, 2003) and were considered as appropriate for
the semi-arid, neutrally stratified conditions prevailing in the Ebro
Basin. The simulation domain covered an area of 4.4 km> (2500 x 1760
m) centred on the main lake, and the model inputs included the
topography, the surface roughness and the wind conditions. The
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boundary conditions consisted of:

1. Inlet: A fully developed wind profile following the logarithmic law,
with a reference height of 10 m and roughness lengths (zg) derived
from Corine Land Cover maps (ranging from 0.01 m for water bodies
to 0.05 m for shrubland). The Corine Land Cover (2018) dataset
categories were converted to Manning's roughness coefficients (n)
following established literature values (scale 1:100000, Sanchez and
Lastra, 2011).

2. Outlet and Top: Open boundaries with zero-gradient conditions for
velocity and turbulence quantities to avoid artificial flow
compression.

3. Ground: A non-slip condition with wall functions to account for
surface roughness effects on the near-surface velocity gradient.

Two scenarios were simulated for the wind conditions, based on
available records from 2004 to 2024 from Hijar and Caspe weather
stations, with a wind direction and representative speed (Fig. 2). We
applied the software default values, based on Counihan's (1975), for the
boundary layer profiles in terms of turbulence intensity and dissipation
length scale. The statistical computation of the wind was performed at a
height of 10 m above ground level.

3.5. OSL dating

Optically Stimulated Luminescence (OSL) dating was applied to es-
timate the chronology of CHI1 and CHI2 deposit profiles. A total of 4
samples were collected, one from CHI1 and three from CHI2 at different
depths from three sand layers in stratigraphic order. Samples were
collected using opaque tubes inserted horizontally into the level of in-
terest and the surrounding matrix was also sampled to measure the
moisture content and the radionuclide concentration. All procedures,
including physical-chemical treatment for quartz grains extraction, OSL
measurements, burial dose estimation, dose rate calculation and anal-
ysis for age determination have been carried out at the luminescence
laboratory of the National Centre for Research on Human Evolution
(CENIEH). Quartz grains of sizes 180-250 pm were extracted from the
samples, under controlled light conditions using standard procedures.
Once in the darkroom, the sediment from the first 3 cm of each side of
the tubes was discarded and only the central part, never exposed to
sunlight since deposition, was used for luminescence measurements.
The standard procedures applied on this un-exposed material involved
chemical treatment with hydrochloric acid and hydrogen peroxide to
remove carbonates and organic matter respectively, density separation
to keep the quartz-rich fraction with density between 2.62 and 2.7
gem ™2 and a 40% hydrofluoric acid treatment for 45 min. This last step
would dissolve feldspar grains if present, and remove the outer layer of
the quartz grains, affected by alpha radiation. Ages were calculated with
the relation

Age (ka) = burial dose (Gy)/dose rate (Gy/Ka)

where ky is kilo years and Gy is the unit of radiation dose, gray. The
burial dose is estimated from the luminescence response of quartz grains
and the dose rate is the dose received per kiloyear based on the con-
centration of radionuclides present in the matrix (Medialdea and Rivera-
Silva, 2022).

Luminescence measurements were carried out in a Risp TL/OSL DA-
20 luminescence reader, following the SAR protocol (Single-Aliquot
Regenerative-Dose; Murray and Wintle, 2000, 2003). The preheat tem-
perature for the measurement sequences was assigned according to the
results of a dose recovery test carried out on artificially bleached ali-
quots, beta irradiated with ~200 Gy. Three aliquots were measured at
each temperature ranging from 200 to 260 °C, and a cutheat 20 °C
lower. The best response was observed for a preheat temperature of
240 °C and a cutheat of 220 °C (Fig. S1). The OSL of 24-48 quartz multi-
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grain aliquots of 2 mm diameter from each sample were measured in
order to obtain representative dose distributions. This aliquot size has
been preferred as it provides enough resolution on doses to detect the
effect of incomplete bleaching. A bigger aliquot size would contain too
many grains, so due to an averaging effect this is avoided by reducing
the number of grains per aliquot. The resulting dose populations have
been reduced by removing the outliers, identified as those values outside
1.5 times the interquartile range, which were excluded from the burial
dose calculation. The derived dose populations were normally distrib-
uted with overdispersion values <30%. Therefore, the Central Age
Model (CAM; Galbraith et al., 1999) has been considered appropriate to
estimate the burial dose (Arnold and Roberts, 2009).

Dose rates to an infinite matrix were calculated from the contribution
of beta, gamma and cosmic radiation. Beta and gamma contributions
were based on the concentration of uranium, thorium, potassium and

4572000
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rubidium measured by ICP mass spectrometry at Intertek (Table S in
Supplementary Material). The cosmic contribution was determined
based on the burial depth and density of sedimentary material, latitude,
longitude and altitude (Prescott and Hutton, 1994). In the total dose
rate, the attenuation caused by moisture and grain size was taken into
account. The present water content was considered as the minimum
possible at the time of burial. The present moisture plus 5% with an
added error of 5% to account for variability during the burial time was
considered as representative (Table S).

3.6. Data analysis
Statistical analyses among soil variables were performed with R

Commander (Fox, 2005). We used Spearman's correlation analysis to
study the relation between carbonates (CCE) and gypsum content. We
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applied multiple linear regressions to explain the variability in the
concentration of carbonates or gypsum using as explanatory variables
the soil profile studied, the sampling depth, and the various particle size
classes. Only variables with a P-value of less than 0.05 were retained in
the model. Models were checked for the main statistical assumptions.

4. Results
4.1. Main landforms and deposits

The detailed geomorphological map of the study area (Fig. 3) in-
cludes landforms of different origin, i.e. structural, fluvial and lacus-
trine, and illustrates the main context of the wetland complex and
especially its relationship to the River Ebro deposits. Morphologically
the lacustrine complex is located in a transition zone between two
contrasting sectors. The western sector is represented by a hilly area
(Figs. 1c and 3) with a certain relief roughness linked to structural
landforms on Miocene sandstones, like stepped platforms and paleo-
channels on horizontal sandstones, and closed depressions excavated
among them.

In contrast, the central-eastern sector has low-relief (Fig. 1c), with
abundant Quaternary fluvial deposits, gentle slopes and many closed
depressions (Fig. 3). It is constituted by a number of fluvial terraces of
the River Ebro and Regallo Creek. Several pediments connect all these
levels and are composed of thin deposits of silts, sands and gravels. Up to
8 terrace levels have been identified for the River Ebro, and 3 for the
Regallo Creek. Their absolute and relative heights, and statistical de-
viations appear in Table 1. The River Ebro terraces are formed by typical
channel facies deposits, several meters thick, with clast-supported pol-
ymictic gravels including quartzites and granitic rocks, most of them of
Pyrenean provenance. The high-level ER T7 forms an isolated hill from
which several pediments expand radially. This residual hill is sur-
rounded by terrace ER T8-9 (Fig. 3), which forms a wide palae-
omeander. The remaining terraces are distributed to the east until the
present River Ebro channel, whose valley is dammed at this point
(Mequinenza Reservoir).

The Regallo Creek, incised on the alluvial plain of the River Ebro,
forms a straight valley 5 km long, running SW-NE. From the three
terrace levels identified in this creek, the oldest one is also the most
extensive, forming a very gentle ramp with morphological characteris-
tics transitional between a pure terrace surface and a pediment. Terrace
T2 also has high altitudinal variability and expands along a perched flat-
bottomed N-S oriented valley which connects Chiprana lacustrine basin
with Regallo Valley (point A in Fig. 3). The deposits of the River Regallo

Table 1

Selected metrics of the lacustrine (LT) and fluvial (T) terraces as obtained from
LiDAR data. Relative heights are measured with respect to the present average
river shores (Ebro and Regallo fluvial channels), or to the average water level in
the Chiprana and Prado del Farol lakes. SD: standard deviation.

Location Terrace Elevation (m a.s.l.) Relative
Max Median  Min SD height
T4-T5 249.3 221.8 180.2 16.7 91-133
T6 210.1 196.0 184.6 4.7 72-98
T7 187.5 175.3 150.0 7.8 3875
River Ebro T8-T9 169.5 148.2 115.2 7.5  26-47
T10 150.8 130.5 112.7 5.1 12-24
T11
Present  133.6 119.0 112.4 3.7 04
112.0
channel
T1 159.9 150.0 125.3 6.1 13-30
Regallo Creek T2 156.9 138.8 121.4 7.9 6-10
T3 125.6 116.9 113.5 26 05
Salada de LT1 152.7 144.6 141.0 2.0 7-10
Chiprana LT2 147.3 1419 139.3 1.3 3-6
LT3 1448 139.3 137.2 09 1-3
Prado del Farol LT1 148.4 143.5 141.3 1.3 2-4
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terraces are much thinner than those of the River Ebro, always less than
2 m, and are composed by finer components, usually subangular
calcareous clasts in a cross-laminated medium-coarse sandy matrix.

Regarding the nature of lakes in the study zone, although closed
depressions appear on different morphological units, like fluvial terraces
or structural platforms, most of the lakes are located at the foot of the
western sector dominated by morphostructural platforms. Their
morphology is usually controlled by the disposition and geometry of
surrounding paleochannels and escarpments. Fig. 3 includes a distinc-
tion among permanently flooded lakebeds, intermittent lake bottoms
(wet bare lakebeds), and dry bare lakebeds. Palustrine areas surround-
ing some lakes have been also represented.

Fig. 4 shows the detailed geomorphology map of the Chiprana
endorheic system. Chiprana Lake exhibits a permanently flooded bed
and occupies the bottom of a depression of 75 ha delimited by an
escarpment which encloses three lacustrine terraces (Table 1 and Figs. 3
and 4). The lake shore is strongly controlled by sandstone paleochannels
(brown in Fig. 4), some of them generating compartments of the water
body during low water levels. The NW border of the lake is limited by a
vertical escarpment of about 12 m. To the NW of Chiprana Lake, Prado
del Farol (Fig. 4), appears as a 7.3 ha basin NW-SE elongated and
completely flooded, while Salada de las Roces, with 8.6 ha has a vege-
tated rim enclosing a central dry bare bottom.

A group of scattered small aeolian deposits arranged in small, several
metre long, parallel ridges, have been identified along the NE side of
Chiprana depression, between 143 m and 151 m a.s.l. (Fig. 4). They are
located upon a general gentle slope angle of 4° towards the lake and
present a limited vertical development, in general less than 2 m. Some of
these deposits are not represented at the scale of the map due to their
small dimensions. Soil profile CHI2 was excavated and studied in one of
these deposits (see Fig. 4 for location).

Apart from the main lake depressions described above, other shallow
and dry depressions appear on the fluvial terraces and between paleo-
channels. They present different directions of elongation and most of
them exhibit shallow dish and funnel shapes (Figs. 3 and 4). Only the
lowest ones show evidence of occasional bottom flooding (blue bottom
in Fig. 3). Flat-bottomed valleys are ubiquitous, especially in the central-
eastern sector. Many of them are diffluent and perched with respect to
the main fluvial valleys, without any clear trace of current functionality.
They present straight lateral borders with topographic knicks and
microescarpments, suggesting collapse processes. Some of these valleys,
indicated by capital letters in Fig. 3, stand out by their morphology: (A)
South of Chiprana, with N-S direction connecting Chiprana with Regallo
Creek valley, (B) East of Chiprana with E-W direction, in the contact
between terraces of the Ebro and Regallo courses, gently draining to-
wards Chiprana Lake, and (C) a short valley connecting a closed
depression to the Regallo valley. These valleys do not correspond to any
drainage basin but connect depressions and exhibit lateral escarpments
similar to those produced by settlements of the substratum.

Height distribution of Quaternary deposits of the zone is showed and
statistically analysed in Fig. 5. The River Ebro shows a nearly constant
drop between consecutive levels, except for the most recent ones, which
mark a certain decrease in the vertical incision trend. Regallo Creek
shows the opposite trend: an increase in the incision rate during the
generation of the most recent terrace level. Lacustrine terraces of the
Chiprana Lake are stepped, maintaining a constant vertical drop be-
tween levels. Finally, Prado del Farol lake terrace develops at an inter-
mediate height between the two highest levels of Chiprana Lake.
According to this distribution, the highest lacustrine level of Chiprana is
inset in the T1 level of Regallo and in T8-T9 level of Ebro.

4.2. Main characteristics of the soils
The two soil profiles studied in Chiprana allow us to characterize the

lower lacustrine terrace LT3 formed by fine detrital materials (profile
CHI1), and the aeolian deposits located on the NE edge of the depression



M. Tierra et al.

4569000
—

7361000

Catena 268 (2026) 110058

Salada de
Roces

. d y Salada de
rado ;

del Farol chiprana
w8

P e -

Fig. 4. Detailed geomorphological map of the Chiprana lacustrine basin (Salada de Chiprana complex), showing the location of soil profiles studied (black circles),
CHI1 in the lacustrine terrace LT3 and CHI2 in the aeolian deposits. Legend is the same as in Fig. 3.

(profile CHI2) (Fig. 6a and b). The soil moisture regime was xeric for the
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terrace and aridic for the aeolian deposit. The temperature regime was
thermic for both. Soils were classified as Gypsic Haploxerept (CHI1) and
Xeric Haplogypsid (CHI2) (Soil Survey Staff (SSS), 2022) and the diag-
nostic horizons were Ochric for epipedons and Gypsic for almost all the
subsurface horizons.

The terrace soil, CHI1, showed a sequence of horizons A-B-C under a
thin (2 cm) and loose organic horizon. The A horizon presented a fine to
very fine texture and very strong granular structure, favoured by the
high density of the vegetation cover, mainly Suaeda vera and Limonium
sp. No saline crust was observed in CHI1. The soil structure of CHI1
weakened with depth, from strong granular to weak subangular blocky,
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with a smooth transition to a C horizon with massive structure. The
persistent morphological features throughout the soil profile were the i)
common to very frequent vermicular gypsum accumulations associated
with root channels and pores, ii) few to common reduction and oxida-
tion mottles (masses) indicating episodes of water saturation in the soil,
and iii) common tubular porosity due to worm activity (Fig. 7).

The soil profile CHI2 developed in a talus with 30% slope covered by
halonitrophilous vegetation (Salsola vermiculata, S. kali, Heliotropium
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150 _“_
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140

135
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c) Lacustrine terraces
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europaeum, Stipa sp., Plantago sp.). The sequence of horizons was A-C
and a series of different C horizons were identified based on noticeable
lithological discontinuities (Fig. 6d), many of them with slightly wavy
boundaries (Fig. 7). A noticeable planar cross lamination can be
observed, with sedimentary sets dipping about 28-30° lakewards, as
indicated with arrows in Fig. 6d. Apart from the surface horizon which
presented a weak subangular blocky structure, the rest of the pedon was

SCLT1

PF: Prado del Farol

SC LT3

SC:Salada de Chiprana

PF LT1

characterized by a persistent weakly developed platy structure whose
size varied from very fine to coarse. In general, the soil showed a
moderate to strong compaction with carbonates and gypsum accumu-

lations. Soft powdery carbonate accumulations occurred in all horizons

Fig. 5. Elevation distribution of the terraces in the River Ebro (a), Regallo
Creek (b), and Chiprana and Prado del Farol basins (c), based on the LiDAR
DEM data. Interquartile range box, median and its confidence interval, and
outliers are represented.

at a depth of between 57 cm and 112 cm. Other types of soft accumu-
lations included frequent fine vermiform gypsum, gypsum nodules and
gypsum concentrations associated with the faces of the bands, mostly in
the same C horizons with carbonate accumulations. In general, CHI2
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Fig. 6. The soil profiles sampled, CHI1 (a) and CHI2 (b). Vermicular gypsum
accumulations are visible in CHI1 and gypsum accumulations aligned along
sedimentary sets in CHI2 (c). In the lateral side of CHI2 (d) the sedimentary sets
dipping lakeward are indicated with arrows; note the interbedded gyp-
sum layers.

showed much more abrupt transitions between horizons than CHI1 and
included a remarkable irregular boundary at 107/112 cm (Figs. 6d and
7) and subvertical infilled cracks in 6C and 9C horizons, at depths of
107-126 cm and 139-153 cm, respectively. Some bands showed gentle
undulations also observable at microscopic scale together with evidence
of clay translocation, limpid clay coating fragments and silt in-
tercalations. Sedimentary sets of the aeolian deposit with a mean incli-
nation of 28° lakewards appeared at a depth of 120 cm (Fig. 9e).

Soil pH ranged from 7.6 to 8.8 (Table 2) being slightly higher in CHI1
than in CHI2. Soil salinity is an outstanding feature of CHI1, with ECe
values varying from 6.1 to 30.1 dS m™L. In contrast, the salinity in the
CHI2 horizons reached a maximum ECe of 10.8 dS m ™" at a depth of 45/
47-52 cm. Deeper horizons were non saline, though with some slightly
saline horizons interbedded.

Soils were rich in calcium carbonate (CCE), with a mean concen-
tration of 39.4% (range = 25.4-48%). CHI1 showed a slight increase in
CEE with depth (Table 2). Regarding the vertical distribution of CCE in
CHI2, there were three different sequences of horizons separated by two
horizons (7C and 12C) with a relatively small amount of CCE. In the first
sequence, CCE increased with a depth of up to 120 cm, then it remained
stable from 140 to 170 cm, and afterwards decreased with a depth from
190 to 305 cm (Table 2). In contrast, the range of soil gypsum content
was higher, from less than 5% to 51% (Table 2) and there was a strong
negative correlation between gypsum and CCE content (r = —0.84; P <
0.001). Gypsum content was very low throughout CHI1 (less than 10%
at depths of more than 10 cm). In CHI2 gypsum content was less than
10% in horizons below 110 cm except for two spikes at depths of around
130-140 cm and 170 cm, where it reached 22% and 15%, respectively.

Catena 268 (2026) 110058

The mean organic matter (OM) content of mineral horizons was 0.4%
(range = 0.2-2.4%), and 1.2% for A horizons. The content in the organic
horizon of CHI1 was 9.7% (Table 2). As expected, OM content decreased
with depth in CHI1, while the CHI2 pedon showed a more complex
vertical pattern of OM content, with decreasing and increasing se-
quences and randomly distributed variations even to the end of the
surveyed depth. Two notable relative OM content increments appeared
down in the CHI2 profile, reaching 1.2% and 1% OM at depths of around
130-140 cm and 170 cm, respectively, coinciding with the horizons with
a higher relative content of gypsum.

The predominant USDA textural class is loam for the two soils, and
sandy loam in the upper half of CHI2 pedon. In CHI1, the sand content
increases with depth, with a fine surface horizon, Agy, free of sand, 55%
of silt and 45% of clay (Table 2). Further down in this profile, the Cgy4
horizon, at a depth of 135-180 cm, showed the highest content of sand-
sized particles, 83%. CHI2 showed a high textural variability with soil
depth, with alternating increases and decreases of sand or silt-sized
particles (Table 2).

None of the studied variables influenced the CCE content. But the
gypsum content varied between the two soil profiles (P = 0.02), CHI2
showing higher values than CHI1, and according to the sample depth (P
= 0.02), with a general decrease with increasing depth. But studying the
two profiles separately, sampling depth had no explanatory power in
either of the profiles. In CHI1, the gypsum content was positively related
to the coarse sand fraction and negatively related to the fine sand frac-
tion, following:

Gypsum = 12x8 coarse sand — 0.2 fine sand R? = 0.89;P = 0.005

while for the CHI2 profile the gypsum content was explained by the
medium sand fraction:

Gypsum = 4 + 2 medium sand R* = 0.58;P = 0.001

The mean value of the sum of CCE plus gypsum content in the two
profiles was 55%, and reached 77% in CHI2. Comparing the vertical
distribution of the sum of gypsum plus CCE at equal intervals of 25 cm, it
remained constant throughout the CHI1. But it decreased in CHI2 down
to 225 cm and increased from 225 cm onwards, mainly because of the
gypsum content variability with depth (Fig. 8a and b).

Micromorphological observations of CHI1 show a mixture of micritic
carbonate plus siliciclastic groundmass, with a granular microstructure
in the upper horizon and a predominant weakly subangular blocky
microstructure in the subsurface horizons. The main components in the
upper horizon (0-10 cm) are vegetal remains with Fe hypocoatings and
oribatid excrements, abundant millimetric channels with lenticular
gypsum crystals infillings. In the intermediate horizon (55-60 cm) no
gypsum is observed (Fig. 9a). The abundant fauna activity developed a
high circular and elongated porosity and coalescent excrements. Main
components are the high proportion of quartz grains with ostracod shell
fragments, degraded clay remains and Fe—Mn pore coatings. In the
lower part of the pedon (from 135 cm) the high bioporosity can be
empty or infilled with gypsum crystals and quartz grains, with subse-
quent fauna activity building new porosity in the previous infillings.
Despite this intense reworking of the material, patches of the original
laminated sediment are preserved together with ferruginized root re-
mains triggered from non-aerated reducing soil conditions (Fig. 9b).

The adjacent surface soil crust in CHI1 (Fig. 9¢ and d) provided
additional information about the surface soil conditions in the transi-
tional situation between the terrace (dry) and the lake (flooded). Under
the salt efflorescence (mainly with bloedite and thenardite, as identified
in the soil thin section), the microbial mats formed under flooding
conditions are degraded when exposed, losing their laminar organiza-
tion. Intertwined micrometric layers (thickness ~ 500 pm) of lenticular
gypsum and fragmented microbial mats are mixed with microcrystalline
carbonate micromass (<1 pm of crystal size). Unlike the surface horizon
formed under aerial conditions and cover of vegetation, the frequent



M. Tierra et al.

Catena 268 (2026) 110058

CHIL
OM (%) CCE (%) Gypsum (%) PSD (%)
Depti. (o) Horizon o 5 10 010 30 50 010 30 50 020 60 100
2 O 0 L Gn:nn: 0::::: 0...
104 ¢ ¥ & & Agy //
s
Yoy - Abg  25- 25- 25+ 25-
3gle) = |
¥ ey Boyr 507 50 50 501
by
F
75| ¥ 75+ 75 75 75
o BCy2
sl Y 100 100- 100- 100 -
4+ Fl
A Cy3 125 1251 1251 125
a5 0T 1 e
- % r
150- 150- 150- 150
s Cgy4
9.0 + 0.7 ky
L | s 175- 1751 1751 1754
CHI2
OM (%) CCE (%) Gypsum (%) PSD (%)
Depth (Cm) Horizon 00 ? 1|0 001|0|3|0|5|0 001'()'3'0'5'() 002.0.60 100
102 Tl ® Apl
o <
25 25- 254 254
| Ap2
45/47)
52— 2C 50 50 50 50
Yo v «® 5
241.6 £ 15.3 k Y
B st 7’;’ LS § 75 75- 754 754
k AARA
w0 | acky2
92/94m scky3 1007 100+ 100+ 100
107/112]>_® ko y
V=41 ecy1
126 125 1254 1251 1251
@
139/144 7Cy2
e T e, OES
194.1 % 13'11?'3" V- .\| 8c/ocy3 1504 150 150 150
162| = P 10Cy4
169 < 11Cy5
176 <> 12Cy6 175+ 175 1754 1754
190 < 13Cy7
322.2 + 21.6 ky,
200’—=L?<i 14Cy8 540 200 200 200
305

Rock fragments Reduction mottles Platy gypsum
Worn channels Oxidation mottles Vermiform gypsum = ¢

Gypsum crystals Gypsum nodules

Soft powdery carbonates [:l Sand
Dutch auger - Silt
B c-

® OSL age

Fig. 7. Summary of the main morphological and compositional features of the two studied soil profiles. Samples for dating are also indicated, as red dots. OM:
organic matter; CCE: calcium carbonate equivalent; PSD: particle size distribution. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

root remains of the crust are not affected by oribatid excrements. Under
the degraded mat, the accumulation of lenticular gypsum crystals in-
creases to 60% in volume (Fig. 9d), with a more homogenous crystal
size, and the pores frequently present Fe hypocoatings probably
inherited from non-aerated conditions.

CHI2 shows a granular microstructure with local laminar structure.
The main components are the abundant subangular coarse quartz frag-
ments (100-400 pm) and the lenticular gypsum crystals (190-220 pm)
frequently broken showing cleavage planes, corroded borders, internal

dissolution and replacement by micritic carbonates. Several families of
gypsum crystals, from very fine incipient imperfect crystals to well-
developed lenticular gypsum, and gypsum crystals growing inside pre-
vious gypsum crystals. Microcrystalline carbonates appear around the
gypsum fragments and also along the cleavage planes, promoting inside
and outside crystal decay followed by gypsum recrystallizations as small
lenses. In the upper horizons, there are degraded root remains with
oribatid excrements. The channels are coated with gypsum crystals and
plant remains, which also appear aligned following the sedimentary
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Physical and chemical properties of the two soils studied at Chiprana. See Fig. 4 for pedon location. EC1:5: electrical conductivity of the 1:5 soil:water extract; ECe:
electrical conductivity of the saturated extract; CCE: calcium carbonate equivalent; OM: organic matter.

Horizon Depth EC 1:5 ECe pH 1:5 CCE Gypsum OM Sand Silt Clay
cm dSm™!at25°C %
Pedon CHI1
o) 0-2 3.1 6.1 7.7 31.8 17.5 9.7 45.9 39.4 14.7
Agy' 210 3.9 12.2 7.7 36.7 13.0 2.4 0.0 54.5 45.5
Abg 10-35 5.7 25.3 8.4 40.8 6.9 1.4 35.7 36.6 27.7
BCy1? 35-75 6.6 30.1 8.8 39.6 6.9 1.0 59.8 22.2 18.0
BCy2? 75-108 6.5 27.4 8.2 40.4 7.9 0.9 57.3 22.2 20.5
Cy3? 108-135 4.7 18.3 8.5 46.8 7.0 0.9 63.4 19.9 16.7
Cgy4> 135-180 3.6 17.3 8.2 47.7 <3% 0.4 83.2 11.1 5.7
Pedon CHI2
Ap1® 0-10 2.6 5.8 7.6 28.8 43.4 0.6 57.8 28.0 14.2
Ap2® 10-45/47
2C 45/47-52 2.9 10.8 7.7 25.4 51.4 0.2 68.3 20.9 7.4
3Cky? 52-78
4Cky2? 78-92/94 2.9 8.7 7.8 39.3 22.2 0.4 56.1 33.9 10.0
5Cky3? 92/94-107/112 3.1 9.3 7.8 36.0 26.6 0.7 43.8 40.0 16.3
6Cy12 107/112-126 2.8 6.9 7.8 47.5 6.7 0.6 38.0 48.2 13.8
7Cy2? 126-139/144 2.9 5.7 7.8 38.6 21.8 1.2 12.0 51.2 36.8
8C/9Cy3> 139/144-153 1.9 6.3 7.8 45.4 <3% 0.3 1.7 77.5 20.7
10Cy4? 153-162 2.5 5.8 7.8 47.0 4.0 0.8 44.0 36.4 19.6
11Cy52 162-169 1.7 5.4 7.8 44.9 <3% 1.0 42.1 37.6 20.3
12Cy6? 169-176 2.7 6.8 7.8 36.5 15.2 0.4 50.0 29.3 20.7
13Cy7?2 176-190 2.8 7.3 7.7 46.6 4.8 0.8 16.3 56.1 27.6
14Cy8? 190-200 2.3 4.9 7.7 45.9 3.2 0.4 9.5 65.4 25.1
200-220 2.1 5.8 7.8 43.6 <3% 0.6 20.4 39.0 40.6
220-240 1.5 - 8.0 44.0 <3% 0.4 58.5 17.9 23.6
240-260 2.6 5.5 7.9 41.0 8.3 0.7 35.0 35.7 29.3
260-280 2.6 5.3 7.8 36.8 18.5 0.5 49.0 32.9 18.1
280-295 2.5 5.0 7.8 37.0 17.3 0.3 56.2 25.5 18.3
295-305 2.5 - 7.8 32.4 27.0 0.7 52.0 22.5 25.5
! Ochric-Gypsic; >Gypsic; 2Ochric.
a) CHI1 b) CHI2 c) CHI1 d) CHI2
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
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Fig. 8. Sliced soil profiles showing the vertical distribution of the soil composition (percentage of calcium carbonate, gypsum, organic matter and siliciclastic
components) in CHI1 (a) and CHI2 (b), and the particle size distribution in CHI1 (c) and CHI2 (d). Slices were calculated for the 25 cm thick synthetic soil layers.

lamination.

In the upper and intermediate horizons, centimeter en-échelon brittle
structures with an apparent dipping of about 45° are visible on lami-
nated siliciclastic material with poor sorting (Fig. 9e), probably resulting
from the mechanical action of transport and deposition along the slope.
In agreement with the macromorphological observations of the lateral
walls of the pit, microsedimentary laminations are identified, like cross
laminations with an apparent dipping of about 30-40° lakewards, with
asymmetrical ripple profiles and reactivation surfaces (Fig. 9f).

In deep horizons (below 135 cm) there is an increase in sorted sed-
iments translocation through the groundmass, mainly clay illuviation
and silt to fine sand intercalations together with clay laminae fragments
and layered clay plus gypsum coatings. We observed clay and silty clay
coatings, gypsum infillings, and self-fragmentation and relocation of the
groundmass with sand infilling. The root porosity is frequent, with the

10

pores aligned following planes of sedimentary weakness. This self —
reorganization of the soil includes sorted and homogeneous infillings
and frequent collapse structures probably as a result of structural
instability (Fig. 9g).

Other edaphic processes include decarbonation by root activity and
associated esparite grains (queras) up to 140 cm deep in the profile,
manganese accumulations as dendritic masses or as dense pore coatings.
Frequent faunal passage features comprise lumbricid channels some-
times with crescent infillings. Down in the profile, the bioturbation in-
creases the porosity favouring the lenticular gypsum crystals growing in
bands. A crushing of the groundmass is observed together with the
opening of strongly accommodated planar voids probably due to the
well-known pressure produced by the growth of lenticular gypsum
(Fig. 9h).
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Fig. 9. Micromorphotographs of Chiprana soils showing: a) lenticular gypsum crystals of the soil crust with cleavage planes intergrowing with plant and oogonia
remains of CHI1 (O, 0-10); b) gypsum infillings and crystals of CHI1 affected by corrosion under the algal mats (O, 0-10); c) abundant unfilled faunal channels in the
carbonate-rich groundmass of CHI1 subsurface horizon (BCy1, 55-60); d) Fe hypocoating of preserved root remains of CHI1 lower horizon (Cgy4, 135-150); e)
incipient fragmented laminae on fine material with apparent inclination of 45° lakewards in CHI2 (2C, 45/47-52); f) sedimentary cross laminations and asym-
metrical ripple profiles with reactivation surfaces in CHI2 (5Cky3, 92-105); g) collapse structure showing the original material in the walls and the groundmass
fragments of a different sized gravity fallen material (7Cy2, 126-139/144); h) different families of lenticular gypsum crystals growing in and opening the accom-
modated planar voids, and coatings of clay, silt, and clay mixed with silt (7Cy2, 126-139/144).

4.3. Grain size distribution in CHI2

Fig. 10a presents the grain size distribution of samples taken in the
CHI2 profile (see Fig. 7 for location of the samples within the profile).
The analysis was made by using a bi-log frequency scale, following the
method of Visher (1969), in order to distinguish the different grain-sized
populations. According to this method, the distribution curve is frag-
mented in a number of segments, where the truncation points between

11

segments can be interpreted as the point separating different grain
populations due to the different mechanism of sediment transport:
traction, saltation and suspension. Each population can also be divided
into other minor sub-populations, as a function of the different in-
tensities that the transport agent can achieve during the sediment
transportation and sedimentation.

The resulting curves show a variety of patterns indicating the
complexity of processes responsible for their generation. The traction
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Fig. 10. Granulometric curve of CHI2 horizons following Visher (1969), (a)
and differentiated by the high/low gypsum content (b) (10% as threshold).

population, associated with grain sizes lower than 0 ®, is virtually ab-
sent in the curves. The saltation population represents a significant
fraction of the deposits, especially in the 0—4 ® grain size interval. The
suspension population (® > 4) is the most important one in most curves,
concurrent with the fine-grained materials of CHI2, between coarse clay
and fine sand. However, in this case care must be taken with the possible
role of gypsum in the transport, deposition and edaphic processes
(Fig. 10b).

Samples with a high content in gypsum, typical of the surface soil
horizons (Ap1/Ap2), show a higher grain size and a clear traction-creep
population together with an important suspension population. Deeper
horizons present an intermediate grain size between sand and silt, and
do not exhibit any traction population, regardless of the gypsum pro-
portion (5Cky3 and 12Cy6 have a high gypsum content; 6Cy1, 10Cy4,
11Cy5, 13Cy7, and 14Cy8 have a low gypsum content). Only 8C/9Cy3, a
silty horizon with low gypsum content, presents a clear division among
traction, two-saltation and one suspension populations, with a bi-log
distribution quite similar to the pattern proposed by Visher (1969) for
dune sediments. The higher proportion of suspension population in this
sample may be related to its silty size.

4.4. Effects of predominant winds over Chiprana area

The flow vectors of Fig. 11 show the direction in which sedimentary
material can be mobilised and then deposited. The spatial heterogeneity
of the wind and the recognition of wind patterns which could be
responsible for the presence of the aeolian sediments depend on the
predominant wind direction applied to the model. In the case of small
lakes like this, non-uniform wind patterns can occur due to sheltering
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from the surrounding topography. However, the regional NW wind di-
rection results in a mostly uniform wind field over the entire simulated
area (Fig. 11a) and no interaction with the local topography is observed.
These winds are parallel to the longitudinal development of the aeolian
deposits. Conversely, the model for westerly winds shows significant
interaction with the local orography (Fig. 11b). The simulation predicts
distinct zones of wind speed attenuation and flow separation on the
leeward (eastern) side of small topographic highs, coinciding with the
mapped aeolian deposit.

The model resulting from the westerly winds predominant at the
Caspe weather station (Fig. 2) seem to be more sensitive to the orog-
raphy of the lake surroundings (Fig. 11b). The wind field has a mean
wind speed of 4.5 ms~ ! (£ 2.1 ms’l), i.e. weak breeze, and a range from
0.1to11ms™ ! (strong breeze) in the Chiprana area. Local zones of wind
speed attenuation with dispersion of the main wind direction are
generated around the lake, mostly associated with topography around
the lake and the upward forms such as the NE slopes. Besides, small wind
shadow areas are generated over the water's surface in the lee side of the
exposed paleochannels whereas the W wind flow remains consistent
(though attenuated) through two main W-E corridors.

Regarding uncertainty and sensitivity of the wind model applied in
this work, the primary source of uncertainty is the input wind direction
and topographic resolution. By simulating the two dominant wind
components (NW and W) and using a high-resolution LiDAR DEM (5 m),
we addressed the most critical variables. The spatial consistency be-
tween the simulated deceleration zones and the present location of the
paleosols (field evidence) serves as a robust “ground-truth” validation of
the model's predictive capability.

4.5. Quartz OSL ages obtained on Chiprana soils

The dose distributions obtained for the four samples (Fig. S2) have
overdispersion values between 25 and 30% (Table 3), similar to those
observed on dose recovery experiments, where the aliquots measured
were artificially bleached and irradiated. This suggests that the studied
units are not significantly affected by extrinsic factors like incomplete
bleaching or post-depositional disturbance. Table 3 summarizes the
absolute ages obtained from the two profiles, CHI1 and CHI2. They
represent the age of the sediment deposition in very distant time periods,
9.0 (£0.7) ka at the bottom of the lower terrace (CHI1, LT3), and be-
tween 202.7 (£ 11.1) and 322.2 ka (4 21.6) in the aeolian CHI2 profile
(CHI2-1 to CHI2-3). The incredibly old CHI2 dating is consistent along
the sequence of three horizons, at 195, 145 and 65 cm depth. The esti-
mated ages for the two uppermost samples CHI2-1 (225.8 + 12.9 ka)
and CHI2-2 (202.7 + 11.1 ka) are consistent with each other within 1-
sigma, showing that the OSL technique cannot provide enough resolu-
tion to tell the depositional ages of these two units apart.

5. Discussion
5.1. Considerations on the nature of the Chiprana aeolian deposits

The aeolian interpretation of the CHI2 deposits is based both on
geomorphological, sedimentological and micromorphological data.
Diagnostic aspects of aeolian deposits can be consulted in Glennie
(1970), regarding morphology, grain size and internal structure and
lamination. In the case of Chiprana Lake, five characteristics support the
aeolian nature of this deposit: height above the lake, arrangement and
geometry, morphology, internal structure and grain size. Regarding
height of appearance, they are located between 8 and 13 m above the
present lake's level, on gentle slopes with no signs of any past lacustrine
flooding or fluvial influence. The arrangement and geometry of the
deposits consist in a set of elongated bodies parallel to the NW wind
direction. Their morphology resembles that of climbing dunes associ-
ated with winds blowing up slopes or obstacles with inclinations not
higher than 55° (Diuzewski et al., 2023). They develop a windward side,
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Fig. 11. Wind flows field over Chiprana Lake area shown over the LiDAR DEM data, resulting from the wind scenarios of Hijar-NW (a) and Caspe-W (b) weather
stations (Wind roses in Fig. 2).

Table 3

OSL dating information; this includes dose rate calculated from radionuclide concentration, burial doses estimated from the OSL response of quartz and derived age for

each of the four samples. Ages are reported with 1-sigma associated error. Samples are identified with both, the field and laboratory codes.

Sample Laboratory code Dose rate (Gy/ka) Burial dose (Gy) OD (%) Age (ka)

CHI1 LM23297-4 1.87 + 0.07 16.8 + 1.1 30 9.0 + 0.7
CHI2-1 LM23297-5 1.95 + 0.07 440.2 + 19.1 28 225.8 + 12.9
CHI2-2 LM23297-6 2.08 + 0.08 422.5 ES 16.7 25 202.7 ES 11.1
CHI2-3 LM23297-7 1.19 + 0.05 383.2 + 20.8 25 322.2 + 21.6

parallel to the underlying slope, a crest and a downwind slip face. The
sediments studied in the CHI2 profile are located on the lakewards slope,
that represents the windward side of the aeolian deposit. The internal
structure of climbing dunes has rarely been studied, although Rodri-
guez-Santalla et al. (2025) recently published a synthesis of the sedi-
mentology and internal geometrical characteristics of a climbing dune in
SW Spain. The windward face is characterized by inclined laminae,
broadly parallel to the slope of the underlying ground, typically between
30° and 35° like those observed in the lateral walls of the CHI2 profile.
Small ripple migration structures associated with local truncations and
variations at different scales, like those observed in Fig. 9f, reflect dis-
ruptions of the deposition process (Fu et al., 2019). Regarding possible
slope processes in the genesis of CHI2 deposit, in this case upslope
sources are exclusively formed by medium to coarse sands and gravels of
fluvial origin, that could not justify the prevailing grain size of the
studied accumulations and discard any possible sedimentary supply
from upper points in the slope.

Regarding grain size, at the scale of the outcrop, the CHI2 deposit is
marked by dominant fine materials. However, the grain size curves
obtained in the present study (Fig. 10), after comparison with reference
curves proposed by Visher (1969), let us conclude the prevalence of
sediment transport by suspension and the absence of traction transport.
The only geomorphic process able to develop this kind of selective
transport mode in the zone is wind. However, we must recognize that
granulometric curves are complex, relatively common in ancient
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deposits, and difficult to interpret. The grain transportation may have
been affected by the aggregation tendency of clay and gypsum due to
electrostatic forces (Casby-Horton et al., 2015). Moreover, the grain size
distribution (Fig. 10a) can reflect edaphic processes, especially due to
gypsum reworking. Additionally, the use of laser diffraction or other
water-based procedures to determine the particle size distribution in
gypsum-rich soils can produce artefacts following gypsum dissolution
(Casby-Horton et al., 2015). This error in textural characterisation can
be more significant than the possible error in gypsum quantification due
to the release of water from possible clay or hydrated minerals when
using thermogravimetry (Alvarez et al., 2022).

The NW predominant wind in the River Ebro valley (Ortega et al.,
2022) was likely the regional prevalent wind direction during the
Quaternary (Plata et al., 2021; Poch et al., 2021). In the case of Chiprana
Basin, the lake is located in a sheltered area with respect to the NW
dominant winds, especially the deepest part of the lakebed (Guerrero
et al., 1991; Valero-Garcés et al., 2000). The NW-wind simulation
(Fig. 11a) hardly justifies the location of the studied aeolian deposits,
given the orientation and dip of the laminae recognized in profile CHI2
(Fig. 9e), though the set of aeolian deposits (Fig. 4) does elongate in a
NW direction. In contrast, the W-wind simulation (Fig. 11b) generates a
wind velocity gradient in the gentle lee side of the basin and low velocity
areas in the location of the aeolian deposits. This suggests a direct
geomorphic link: westerly winds, though perhaps less frequent or
intense than the NW wind, would have been highly effective at
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promoting sediment deposition in these specific, topographically shel-
tered locations. This provides a robust physical mechanism for the for-
mation of the perched aeolian deposit upon which the palaeosol
developed, highlighting the divergence between regional transport (NW
winds) and local depositional patterns (W winds). It must be recognized
that model results are sensitive to input parameters like surface rough-
ness. Similarly, the simulation assumes the modern-day topography,
which may differ from the Middle Pleistocene landscape. However, the
macro-scale topographic features controlling the flow, such as the E-W
valley orientation, are structurally controlled and likely persisted to
present, making the simulation a valid first-order approximation of
palaeowind patterns.

The occurrence of plate-shaped gypsum fragments and gypsum
crystals with broken edges, similar to those described in nearby areas by
Mees et al. (2012) indicates a detrital origin, and the presence of
euhedral crystals suggests transport at short distances. The material
must have come from the bottom of the basin due to the occurrence of
intermittent flooding and drought episodes related to a fluctuating
Chiprana Lake. The evaporitic sediments should have been removed by
saltation processes. The fragmented microlaminae morphologies
(Fig. 9e) of the sedimentary sets can be related to the mechanical trac-
tion through the slope during the aeolian deposition. Subsequent
edaphic processes such as the faunal activity (Fig. 9h), translocation of
the groundmass due to structural instability (Fig. 9g), reworking of the
gypsum in pores by crystal growing and dissolution, and carbonation
and decarbonation processes locally favoured by plant root activity are
common with other aeolian deposits (Alvarez et al., 2024).

The successive lithological discontinuities of CHI2, some of them
erosive (Fig. 7), can be associated with aeolian deflation processes be-
tween periods of sediment accretion. The vegetal remains arranged
parallel to the aeolian laminae suggest the presence of vegetation cover
that could have acted as sediment trap retaining these aeolian sedi-
ments, as in the nebkha dune type. The alternance of horizons with
distinct gypsum content (Table 2) indicates a complex history with pe-
riods of sediment accretion in the absence of a gypsum source, and pe-
riods of stability suggested by the relative increase in organic matter
content in 7Cy2 and 11Cy5 horizons (Table 2). The preservation of the
original laminar structure (Tierra et al., 2024) in most horizons over
such a long period (more than 300 ka) suggests a limited pedogenesis.
Gypsum accumulations aligned with sedimentary sets (Figs. 6¢ and d)
may have acted as a cementation agent due to the strong electrostatic
adhesion of lenticular gypsum favouring the preservation of the struc-
ture. Besides the detrital gypsum crystals, the occurrence of size-families
of gypsum lentils filling pores, indicates different pedogenic phases.

Aeolian deposits linked to lakes in semiarid areas have been docu-
mented in the Ebro Basin (Sanchez-Navarro et al., 1998; Gutiérrez et al.,
2005, 2013; Luzon et al., 2012; Boixadera et al., 2015; Plata et al., 2019,
2021) and over the world (Torgersen, 1984; Magee, 1991; Timms, 1992;
Liu et al., 2011). However, aeolian deposits of silts and clays are very
unusual in Spain, and virtually absent in the rest of Europe. In the center
of the Iberian Peninsula, occupying some low-relief areas in the region of
La Mancha, Bernat Rebollal and Pérez-Gonzalez (2008) described a
number of Quaternary dunes rich in silts and clays. Unlike siliciclastic
aeolian materials, the aeolian deposit CHI2 of Chiprana is formed by
gypsum plus carbonates up to 76%, as occur in other locations of the
Ebro Basin (Mees et al., 2012).

5.2. A conceptual model of the genesis and evolution of the Chiprana
endorheic basin

Unlike the abundant studies on dating and correlation of terrace
levels of the River Ebro and its tributaries on the left River Ebro bank
(Sancho et al., 2016; Parés et al., 2021), there is a significant scarcity of
studies addressing the correspondence among the right margin tribu-
taries. The highest Chiprana lacustrine terrace is inset about 6 m on the
T8-T9 terrace level of the River Ebro and some 5.5 m on the T1 terrace
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level of the Regallo Creek (Fig. 3 and Table 1). Terrace T8 (+26-47 m)
corresponds to a palaeomeander (Fig. 12a) already mentioned by pre-
vious authors (Quirantes, 1969; Ibanez, 1976; Mensua and Ibanez, 1977;
Julian, 1990; Sola et al., 1997). Fuller et al. (1996) dated to 253 ka (+
72, —67) a river terrace of the same relative height (+ 30-34 m) in the
nearby River Guadalope, a tributary of the River Ebro located next to the
East. The dating results from CHI2, between 225.8 (+ 12.9) and 322.2
(+ 21.6) ka broadly agree with this old terrace of the River Guadalope.
Terrace level T8 was deposited during the Middle Pleistocene, in cor-
respondence to the Penultimate Glacial Period, Riss. The Chiprana Lake
depression should have developed once the alluvial plain (T8) was
formed, and therefore the depression must be chronologically younger -
otherwise the sedimentation of the rivers Ebro and Regallo would have
infilled the depression. On the other hand, Regallo terrace T1 forms a
complex pediment-terrace surface inset in the River Ebro terrace T8-T9
and extends to the SE and E (Fig. 12b) ending at a height of about +13 m.

Regarding the origin of the initial Chiprana depression, the kar-
stification process is discarded because of the siliciclastic substratum
(Cuevas et al., 2010). Aeolian processes could have generated some
subtle depressions or gentle blowouts, during the Upper Pleistocene. The
CHI2 sediments probably correspond to these initial moments. Once the
initial depression formed in the contact between the sandstone hills and
the alluvial plain, preferential water flows would have concentrated.

Some closed depressions in this endorheic complex show infilled,
flat-bottomed paleovalleys with abrupt lateral borders connected to
Regallo Creek (A, B, C in Fig. 3). In this sense, Jodar et al. (2020)
identified preferential shallow subsurface water flows after geoelectrical
resistivity profiles through flat-bottomed valleys around Chiprana Lake,
including valley B in Fig. 3. This is consistent evidence of the activity of
piping processes in the area. On the other hand, micromorphological
observations of CHI2 pedon show micro collapses and translocations of
silt and clay (Fig. 9g), and clay coatings (Fig. 9h). Sodium content
favouring the materials' instability have been previously reported in
soils of the Chiprana Basin (Cuchi, 1986). These data suggest piping as a
process was involved in the development of the lacustrine system
through a slow, small-scale and non-superficial evolution on the land-
scape scale.

Piping processes are very common in the Ebro Basin (Gutiérrez et al.,
1997; Desir and Marin, 2007), in some cases producing diffuse leaking
out of water (Desir et al., 2018). The forms observed in Chiprana Lake
resemble those of other similar depressions formed by bottom collapse
due to piping processes (Wright Jr., 1964; Shaw and Bryant, 2011;
Castaneda et al., 2017). It is very likely that the individuation and
incision of Regallo Creek increased the local hydraulic gradient, trig-
gering piping processes and lacustrine basin subsidence (Fig. 12¢). A
straight flat-bottomed valley with abrupt borders connected the early
Chiprana lacustrine basin with the Regallo Valley. This valley should
start in Terrace T1 (+13 m) (Fig. 12b), in correspondence with the
Guadalope terraces +11 and + 20 m, with ages ranging between 26.4
and 53.4 ka (Fuller et al., 1996), in correspondence with the onset of the
Last Glacial Period, Wiirm. This valley would finish at a height equiv-
alent to the Regallo terrace level T2. By comparison with the Guadalope
River terrace system, the age of this terrace could be estimated at 9-18
ka (Fuller et al., 1996), in correspondence to the beginning of the
deglaciation period after the Wiirm glacial maximum. Finally, the suc-
cessive incision episodes of the River Ebro might have rejuvenated
piping processes and produced renewed collapses or subsidence epi-
sodes, presently represented by the dry, flat-bottomed valleys (Fig. 3 and
section 4.1) with steep borders that connect Chiprana lacustrine basin
and other minor closed depressions to the Regallo Creek valley
(Fig. 12d). During this period the Chiprana Basin transformed into a
fully lacustrine environment, with the generation of a stepped system of
lacustrine terraces (Fig. 4), reflecting different expansion episodes dur-
ing the early Holocene. The more recent evolution of the lake was
inferred from the sedimentological analysis of boreholes by Doyle et al.
(2022a), from a pre-1800 a.C. permanent saline lake with local gypsum
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precipitation and heterolithic silty sediments, to a shallow hypersaline
and presently permanent lake with microbial mats and extensive gyp-
sum growth.

5.3. Palaeoclimate considerations

Lacustrine records older than 30-40 ka are very uncommon, and
especially those including Middle Pleistocene deposits are exceptional,
not only in Southern Europe and the Mediterranean Basin (Roberts and
Reed, 2009; Tzedakis, 2009), but also worldwide (Parton et al., 2018). In
Spain, a group of wetlands located in the central Iberian Peninsula
(Tablas de Daimiel) have provided data about Middle Pleistocene
vegetation variability that were used by Valdeolmillos-Rodriguez et al.
(2011) to make palaeoclimatic and palaeoenvironmental
terpretations. Other significant contribution is the information revealed
by palaeomagnetic data at the Atapuerca archaeological site, located in
central-northern Spain (Bogalo et al., 2021). In this sense, the Middle
Pleistocene aeolian deposits associated with Chiprana Lake represent an
outstanding reference for the reconstruction of palaeoclimatic condi-
tions in this part of the Iberian Peninsula and Southern Europe, due to
the scarcity of palaeoenvironmental data associated with that period.

The CHI2 aeolian deposit is indicative of different palaeoenviron-
ments and water level fluctuations in Chiprana Lake, i.e., climatic var-
iations. The CHI2 dating is exceptional because they characterize one of
the oldest aeolian dated deposits within the Quaternary evolution of the
Ebro Basin (up to 322 ka). This age broadly coincides with the Riss

in-
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glaciation during which favourable conditions for aeolization occurred
with a cold and dry climate. Taking into account one of the most recent
time distributions of the Quaternary climatostratigraphic isotope stages
(Railsback et al., 2015; PAGES, Past Interglacials Working Group, 2016;
Palacios et al., 2024), sample CHI2-3 (322.2 ka) corresponds to MIS 9e
and sample CHI2-1 (225.8 ka) to MIS 7e. These stages, represented by
odd numbers, are associated with warm episodes between cold pulses
within the Riss glacial period (MIS 10). According to this, terrace level
T8 of the River Ebro could have formed during the cold and humid stage
MIS 10, while the moment of initial generation of the Chiprana
Depression would be younger during stage MIS 9. Dry episodes during
warm stages MIS 9 and 7 would have favoured the desiccation of the
lake bottom and the generation of the aeolian deposit CHI 2. In central
Spain Middle Pleistocene stages MIS 9 and 7 were characterized by the
expansion of wooded areas with xerophilous steppe vegetation in low-
lands, longer periods of dryness and temperatures probably higher than
during the Holocene (Valdeolmillos-Rodriguez et al., 2011; Blain et al.,
2012). Between both periods, MIS 8 consisted in a weak glacial stage
(Bogalo et al., 2021; Van der Made et al., 2025).

In the Ebro Basin, general aridification during the Middle Pleistocene
was already deduced by Luzon et al. (2012), who described aeolian
deposits between 99 and 173 ka, while Plata et al. (2019, 2021) dated
different loess units with ages ranging from 17 to 34 ka to 100-130 ka.
Torres-Guerrero et al. (2023, 2024) dated by OSL a loess deposit in an
interval between 150 and 352 ka. In other zones of the Iberian Peninsula
Late Pleistocene deposits associated with aridity are also common.



M. Tierra et al.

Bernat Rebollal and Pérez-Gonzalez (2008) dated clay dunes in central
Spain from the period 29.5 to 15 ka, corresponding to cold and dry
conditions (mainly Heinrich events HE-3 and HE-2 and the Last Glacial
Maximum).

The lowest lacustrine terrace (+1 m) was dated to 9.0 &+ 0.7 Kka,
showing sediments clearly associated with lacustrine conditions (CHI1),
although under a quite fluctuant hydrological regime. The CHI1 soil can
be characterized by a homogeneity evidenced by a relatively continuous
lacustrine carbonate sedimentation of the lake. Only the sandy Cgy4
horizon at the pedon bottom (180 cm) shows inherited morphologies
related to redox processes and biological activity (Fig. 9d) that indicate
temporarily emerged soil conditions with vegetation cover. During this
recent historical period Chiprana Lake transformed from a fluctuant
semi-arid playa lake to a permanent saline lake, especially after the
Medieval Warm Period (Valero-Garcés et al., 2000).

The lacustrine terraces indicate a previous larger extent of the water
bodies (Fig. 4), and a later retraction of the water surface, probably due
to a general trend to arid conditions. The 9.0 + 0.7 ka of the Chiprana
lacustrine terrace indicates an Early Holocene period of deposition,
while the dating of lacustrine sediments accumulated below the present
lake bottom gave ages of 5.72 + 0.6 ka (provided by pollen analysis at
1.8 m depth given by Davis Davis, 1994), and 3.4 + 0.2 ka (**C age at
1.3 m depth given by Valero-Garcés et al., 2000). Previous palae-
oclimatic reconstruction of Chiprana Lake (Davis Davis, 1994; Valero-
Garcés et al., 2000; Davis and Stevenson, 2007; Gonzalez-Sampériz
et al., 2009) identified an increase in lake water levels in the Ebro Basin
during the Early Holocene caused by colder climates and/or higher
precipitation. This humid period would have been replaced by a drier
period afterwards. Close to the CHI1 dating, at around 8.2 ka, there was
an abrupt change to a colder climate on a global scale (Roffet-Salque
et al., 2018). Different authors agree on the change from a humid to a
more arid climate in the region around this age, marked by a shift from
numerous archaeological settlements to the near absence of archaeo-
logical remains (Gonzdlez-Sampériz et al., 2009) and a higher carbon
content in the sedimentological records, according to Davis and Ste-
venson (2007). These authors suggested that this event could have
started in the centre of the Ebro Basin up to 600 years earlier. Never-
theless, it is difficult to identify abrupt climatic changes in these types of
palaeoenvironment because of the sedimentary discontinuities due to
wind erosion (Davis and Stevenson, 2007; Gonzalez-Sampériz et al.,
2008, 2009).

6. Conclusions

The combination of different techniques and disciplines for estab-
lishing a conceptual model for the genesis and evolution of the Chiprana
lacustrine system is an integrated methodological approach which can
be useful also if applied to other environments. The observations at
different scales, from landscape to the microscope, provided consistent
results. The detailed geomorphological map provided the basic frame-
work to explain the fluvial and lacustrine processes in the basin. The
soils associated with the lake deposits, aeolian and lacustrine, are a key
source of information to understand the environmental and climatic
changes. The old age of the aeolian deposits studied proves that aeoli-
zation processes in the Ebro Basin started early, during the penultimate
glacial phase, Riss Glaciation, a very poorly understood period on the
Iberian Peninsula.

The genesis of the Chiprana lacustrine basin was the result of water
and aeolian combination processes, under a fluctuating cold and dry
climate in the Middle Pleistocene. Fluvial processes, related to the
development of a River Ebro meander and its later abandonment by
regional fluvial incision, favoured the generation of a closed depression
during the Middle Pleistocene (MIS 9). Piping processes, very active
along the Ebro Basin due to the textural and chemical characteristics of
many sediments and soils in the region, can be triggered by base level
lowering. This process is very rapid, much faster than fluvial erosion,
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and very likely occurred in the study area as a consequence of the
regional fluvial incision. This hypothesis could be applied to the very
incipient origin of the Chiprana Basin as well. More aeolian deposits will
be needed in order to check the extent and importance of the aeolian
processes during this period. Traces of piping processes can be found all
the way along the study area, at different scales, such as straight valley-
like depressions and trenches, closed depressions with overflow chan-
nels, etc., apart from micro and mesoforms observable on soils.

This work contributes to the knowledge of the Quaternary endo-
rheism of the Ebro Basin. The time-lapse identified in the Chiprana Lake
between the aeolian processes and the lower lacustrine terrace, dated in
the Early Holocene, should be filled with more data from other lakes
located in a similar climatic context. In this sense, the evolution of
endorheism during the Upper Pleistocene and its relationship with
palaeoclimate evolution still needs more data to be assessed satisfactory.
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