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a b s t r a c t
Mediterranean wetlands are characterised by two factors: (1) a remarkable seasonal ﬂuctuation in the water
table and (2) a long history of anthropisation. Being exceptional archives for palaeoenvironmental and archaeological research, humid areas have been thoroughly studied to assess the interplay between people and the environment during the Holocene. We present here the study of a sedimentary sequence from a Mediterranean
wetland: the Les Arenes ﬂoodplain (Tortosa, NE Spain). Fully dry to date, Les Arenes is documented as a partially
drained ﬂoodplain in the 12th century records. With the aim of assessing the climatic and anthropic contribution
to its desiccation, we report here the results of bulk sediment analyses, environmental magnetism, soil micromorphology and AMS dating of this sedimentary sequence, plus a review of the available historical records.
The outcome is a clearer understanding of the evolution of this Mediterranean ﬂoodplain during the 1st millennium AD, which implications may be extrapolated to other ﬂoodplain wetlands in the Iberian Peninsula and the
Mediterranean. Wet conditions and a low to medium-energy depositional environment are attested in Les
Arenes between the 1st and 7th centuries coinciding with the Iberian-Roman Humid Period (IRHP) and the
Dark Age Humid Period (DAHP). Drier conditions between the 7th and 10th centuries concur with enhanced ﬂuvial dynamics, the Medieval Climate Anomaly (MCA) and the ﬁrst arrival of Arabic-Berber populations in the Iberian Peninsula (al-Andalus, starting in AD 711). Results suggest that although the shift from wet to dry conditions
in Les Arenes complies with major climatic trends, the construction of the ﬁrst drainage canals by Arab-Berber
groups likely contributed to the enhancement of on-going climate-related environmental processes.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Mediterranean wetlands include deltas, coastal lagoons, permanent
and temporary marshes, ﬂoodplains, lakes, poljes, salinas, oases, chotts
and sebkhas (Papayannis and Salathé, 1999). In spite of their heterogeneous hydrology, edaphology, biology and topography, all wetlands share a dynamic character implying the seasonal succession
of dry and humid periods. The water table rises and descends cyclically leading to a regular seasonal ﬂuctuation in biota between
aquatic and terrestrial-dominated ecosystems. This dynamic dimension of Mediterranean wetlands has been extensively exploited by
humans throughout history: e.g. collection of diverse plant and animal species at different times of the year; agricultural exploitation
of clayey and humid soils after drainage or retreat of the waterline;
grazing areas for livestock; or in the case of coastal areas, for sailing
and ﬁshing (Balbo, 2008; Horden and Purcell, 2000). Their sensitivity
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to climatic shifts and continued history of anthropisation makes
Mediterranean wetlands one of the best environmental sources to
study the evolution of past socio-ecological dynamics.
Several studies in the Mediterranean basin have used palaeoenvironmental records to assess the interplay between climate
and humans and its effects on wetlands during the Holocene, for
example in Spain (Dorado Valiño et al., 2002; Gil García et al.,
2006; Jiménez-Moreno and Anderson, 2012; Ruiz-Zapata et al.,
2010), France (Lespez et al., 2010; Save et al., 2012; Verdin et al.,
2001), Italy (Amorosi et al., 2013; Guido et al., 2013 and references
therein for wetlands in Liguria, NW Italy), Greece (van Andel and
Runnels, 2005; Vött et al., 2006; Zangger, 1991), Tunis (Faust et al.,
2004), Turkey (Vermoere et al., 2002), Croatia (Balbo, 2008; Balbo
et al., 2006) or Slovenia (Budja and Mlekuz, 2010). Most works agree
that environmental changes attested during the ﬁrst half of the Holocene were mostly climate-driven, while those occurring during the
late Holocene were highly ampliﬁed by the human factor (Balbo et al.,
2006; Giraudi et al., 2011; Jalut et al., 2000, 2009). Oscillations in the
extension and variety of most Mediterranean wetlands followed
major climatic trends until c. 5 ka BP (coinciding approximately
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with the beginning of the European Iron Age). The steady decrease in
humid areas detected in later periods has been related to an increase
in agriculture, grazing, irrigation, drainage and related sediment
transport processes, i.e. soil erosion and siltation of water bodies
(Balbo, 2008; Broothaerts et al., 2013; Gurnell and Petts, 2002;
Roberts et al., 2001). The last 2000 years are especially well suited
to study the interplay between humans and climate for the evolution
of Mediterranean humid areas, since palaeoenvironmental information can be contrasted with historical records (Cacho et al., 2010).
In this paper we present the geoarchaeological study of a sediment
column from the ﬂoodplain of Les Arenes, in Tortosa, NE Spain, during
the 1st millennium AD. Les Arenes is located 10 km NW of the Ebro
Delta, one of the most important and ecologically rich wetlands of the
Iberian Peninsula (Ibáñez and Prat, 2003). Les Arenes is currently dry,
although the 12th century documents refer to it as a partially drained
and cultivated ﬂoodplain (Virgili, 2010). In that sense, the targets of
our research were: 1) to characterise the ﬂoodplain previous to the
ﬁrst attested drainage; 2) to identify and date the main shift from wet
to dry conditions; and 3) to provide the socio-ecological context of
this environmental change. Such information is not only relevant to understand the different processes that led to the disappearance of Mediterranean wetlands, but also in support of initiatives aiming at their
recovery, protection and conservation (Daoud-Bouattour et al., 2011).
Moreover, our study has implications for the overall assessment of climatic trends in the Iberian Peninsula and the Mediterranean during
the ﬁrst millennium AD, including the Iberian-Roman Humid Period
(IRHP); the Dark Ages Humid Period (DAHP) and the Medieval Climate
Anomaly (MCA) (Cacho et al., 2010; Moreno et al., 2012; Nieto-Moreno
et al., 2011), as well as for the appraisal of the agricultural and landscape
changes fostered in the Iberian Peninsula (al-Andalus) after the arrival
of several Arabic-Berber tribes and clans in AD 711 (Barceló, 2001;
Barceló et al., 1995; Glick and Kirchner, 2000; Sitjes, 2006).
1.1. Physical context
The Les Arenes ﬂoodplain is located inside a meander near the
mouth of the Ebro River (0° 30′ 48″, 40° 47′ 31″), S of Tortosa, NE
Spain (Fig. 1, image A). The ﬂoodplain is made of Holocene silt and
sand deposits and extends over approximately 350 ha. The surface
topography has a low gradient and is slightly convex, with the terrain
gently sloping away from the riverbank towards the valley sides. The
channel banks and levées are slightly higher than the ﬂood basin,
where ridge/swale landforms and scroll-bars that have formed during
successive river migrations are still visible. Five different torrents,
which have been mostly concealed in the 20th century to reduce damage in case of torrent overﬂow, cross the ﬂoodplain from E to W.
The local geology consists of Quaternary mountain ranges made of
sandy-silty calcareous red gravels and blocks of quartzite, mudstone,
marlstone, schist, Mesozoic calcareous boulders and limestone with
alveolites (Arasa Tuliesa, 1994). The local climate is characterised by annual average temperatures ranging between 15.5 °C and 17 °C (10 °C in
winter, 22 °C in summer). Annual precipitation, concentrated in spring
and autumn, ﬂuctuates between 500 and 600 mm (Agenda 21, 2009).
Potential evapotranspiration amounts to 712–855 mm and hydric deﬁcit to 200–300 mm (Rigola, 2011). According to Thornthwaite’s index
(1948), these features correspond to a semi-arid climate.
The soils in Les Arenes are calcareous Fluvisols and Luvisols (FAO,
2006) and are for the most part planted with Citrus sinensis, other fruit
trees and cereals. Herbaceous crops, which require more humidity, are
located closer to the river. Mediterranean and Sub-Mediterranean forests predominate in the surrounding slopes, including Chamaerops
humilis, Pistacea lentiscus, Olea europea var. sylvestris, Rosmarinus
ofﬁcinalis and Globularia alypum (Agenda 21, 2009).
The Agència Catalana de l'Aigua (Catalan Water Agency) classiﬁes
Les Arenes as prone to total ﬂooding within a 50-year frequency period.
Historical inundations attested in local written records between AD

1355 and 1982 include 40 overbank ﬂoods (i.e. mean of one ﬂood
every 15 years): 17 were classiﬁed as catastrophic (implying destruction of crops, agricultural ﬁelds and civil infrastructures) and 23 as extraordinary (implying temporary disruption in day-to-day activities)
(Taylor et al., 2006; Vallve and Martin-Vide, 1998). The systematic construction of dams and reservoirs along the course of the Ebro and its
tributaries has signiﬁcantly reduced the frequency of the ﬂoods from
the 20th century onwards (Batalla et al., 2008). The Ebro River, 930
km long, is presently regulated by 187 dams, most of them built after
1950 (Batalla et al., 2004). These structures have interrupted the sedimentary ﬂow along the channel, with signiﬁcant effects on the ecosystems of the lower course of the river and its annual average discharge
(Vericat and Batalla, 2006). Magdaleno et al. (2012), for example, observed that in the early 20th century the Ebro still preserved areas
with large sediment bars, in-channel bar islands and broad riparian forests. These landforms associated with river ﬂoodplains have currently
disappeared, but were still perfectly visible in Les Arenes in 1927
(Fig. 1, images B–C). Regarding river ﬂow, the historical data from the
Tortosa gauging station compiled by the Ministerio de Agricultura,
Alimentación y Medio Ambiente (Ministry of Agriculture, Alimentation
and Environment) of Spain shows that the Ebro annual average discharge fell from 16,244.8 hm3 per year between 1912 and 1964 to
9472.3 hm3 per year between 1973 and 2010 (Anuario de Aforos,
2010). Current annual discharge ratio averages to 9540.1 hm3, January
and October being the months with the highest and lowest values
(1596.85 hm3 and 337.37 hm3 respectively).
No palaeogeographical studies have been published to our
knowledge in this stretch of the Ebro River. The ﬁrst ﬁeldwork and
photointerpretation aiming at understanding recent landscape evolution and documenting relict drainage canals in Les Arenes was undertaken in 2011 within the framework of research projects directed
by H. Kirchner and A. Virgili. The 1927 aerial imagery shows the Ebro
meander bend in Les Arenes running 500 m further east compared to
the current river course (Fig. 1, images B–C). The riverbank in 1927
coincides with a relict drainage canal attested during ﬁeldwork and
built after the second third of the 20th century to gain parcels of agricultural land westwards. The eastern limit of the area that undergoes
ﬂooding with a 10-year frequency is also aligned with relict drainage
canals that have now been converted into pathways stretching N–S
along the ﬂoodplain (Fig. 1, image A). Agricultural plots located within
this ﬂoodable area display an elongated proﬁle in the aerial images,
standing in sharp contrast with plots located eastwards. From these features we deduce that the current river course in Les Arenes has resulted
from a progressive westwards migration of the meander bend due to:
(1) ﬂuvial and geomorphological processes causing the erosion of the
outer bank, sediment deposition at the inner side of the bend and lateral
extension of the meander bend, as well as (2) anthropic inﬂuences including the construction of drainage canals and the reclamation of
wet soils and palaeochannels for agriculture.
1.2. Historical context
The city of Tortosa and its surrounding area are mentioned in texts
referring to the onset of the Andalusi period (AD 711–1148) (Bramon,
2002), which was characterised by the arrival of Arabic-Berber tribes
and clans in the Iberian Peninsula (al-Andalus) (Barceló, 1999; Barceló
and Kirchner, 1992). The ﬁrst systematic written records of Tortosa
and Les Arenes ﬂoodplain followed the conquest of the city and its territory by the Count of Barcelona Ramon Berenguer IV and the Genoa Republic in AD 1148, in the context of the Second Crusade (Virgili, 2001).
These texts were commissioned by the new Christian lords to formally
sanction the new social order. The properties subtracted from the former Andalusi inhabitants were re-distributed, and their owners were
subjected, deported or enslaved. In these texts, the lands immediately
to the S of Tortosa were mostly deﬁned as terrae, campi (both referring
to lands with cereal crops) and vineae (a generic term referring to
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Fig. 1. Location and evolution of Les Arenes ﬂoodplain. a) Map showing the location of the trench and inundation areas, within a 10 years frequency period (light blue) and 50 years frequency period (dark blue). Inundability data comes from Agència Catalana de l'Aigua, Divisió de Sistemes d'Informació, sheets 497 and 522. Thin black arrows indicate the path of relict
drainage canals identiﬁed after ﬁeldwork (research project directed by H.Kirchner and A.Virgili). The black area indicates the extension of the city of Tortosa. b) Orthofoto taken in 2007
and available in the Institut Cartogràﬁc Català (ICC) webpage. c) Aerial photograph taken in 1927 by CETFA (Compañía Española de Trabajos Fotogramétricos Aéreos) and available in the
Confederación Hidrográﬁca del Ebro webpage. The presence of point, transverse and mid-channel bars, landforms typically associated with dynamic meandering rivers and their ﬂoodplains, indicated the still existing ecological connection between the river Ebro and its ﬂoodplain by the early 20th century. The arrow indicates the last stage of land reclamation through
drainage, fully consolidated in 2007 but still pending in 1927.

vineyards), with minor references to horti (orchards). Further S the
landscape was described as a pratum, a term referring to humid marshy
areas. Documents dated to immediately after the feudal conquest also
mention numerous canals in Les Arenes, built to drain water accumulated in the rainy season (Virgili, 2010). This historical information was
taken as an ante quem marker for the ﬁrst drainage of the ﬂoodplain.
Following the data acquired after photographical and geomorphological
analysis, we propose a general E to W trend for the progressive reclamation of land and stabilisation of wet soils in Les Arenes. We assume that
the earliest draining took place in the easternmost portion of the ﬂoodplain at some point before the conquest by Catalan feudal lords (AD
1148). The geoarchaeological investigation presented below aim at

understanding the evolution of Les Arenes during the 1st millennium
AD and at relating the attested environmental changes to their socioecological contexts.
2. Materials and methods
2.1. Sampling
A trench (4 × 7 × 5.10 m) was excavated with a mechanical digger
in an uncultivated plot located within the area identiﬁed as the earliest drained portion of Les Arenes (0° 31′ 02″, 40° 47′ 49″) (Fig. 1,
image A). The resulting section was drawn and described following
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Hodgson (1976). Textures of the identiﬁed layers were described as
sandy clay, silty clay, silty loam, sandy silt loam and loamy sand. A
moderately to well-developed palaeosoil and a weakly developed
palaeosoil were identiﬁed between 305 and 290 cm and 260 and 242
cm below the current surface. Sediment samples for physico-chemical
analyses (Loss on Ignition—LOI; Particle Size Distribution—PSD; Magnetic Susceptibility—Mag Sus; Anhysteretic Remanent Magnetization
—ARM, Isothermal Remanent Magnetization—IRM) and Powder X-ray
Diffraction (PXRD) (Evans and Heller, 1991; Heiri et al., 2001;
Schmidt, 2007; Schreiner et al., 2004; Syvitski, 1991) were collected at
10 cm intervals. The transition between key layers was sampled with
Kubiena boxes (4 × 20 cm) for the production of thin sections (20 μm
thick) for micromorphological analysis (Benyarku and Stoops, 2005;
Courty et al., 1989). Three discrete sediment samples were taken
(330–360; 260–285; and 220–240 cm below the surface) for radiocarbon dating by Accelerator Mass Spectrometry (AMS). The sampling
was restricted to a portion of the stratigraphic proﬁle (between 380
and 140 cm below the surface) since the main aim of the study was to
characterise the ﬂoodplain prior to the 12th century. Previous archaeological and geological work in the Tortosa area has located the 10th–
12th century layers c. 200 cm below the current surface (Joan Martínez,
personal communication).

2.4. Soil micromorphology

2.2. Physico-chemical analyses

AMS dating was carried out at Beta Analytics® with fragments of
Olea europaea, Quercus ilex/coccifera and an unidentiﬁed angiosperm
found during wet sieving (0.25 mm mesh) of the sediment samples.
Dates were calibrated to years BP (present 1950) and years BC/AD
using Calib 6.1 (Reymer et al., 2009).

LOI was done by burning the samples for 4 h at 105 °C, 400 °C,
480 °C and 950 °C in order to estimate the proportion of water, organic
matter, coal and calcium carbonate respectively. PSD was carried out by
introducing 0.4 g sediment samples — previously treated with H2O2 at
10% solution to dissolve sodium polyphosphates — in a Coulter LS®.
The values in microns (μm) were converted into phi (φ) units following
Krumbein (1938). The description of grain size distribution followed the
terminology in Friedman and Sanders (1978) and the statistical calculations were carried out after the logarithmic method described in Folk
and Ward (1957). LOI was used as proxy to precise the alternation between humid and dry conditions and PSD as proxy to identify depositional dynamics.
Magnetic analyses (Mag Sus, ARM, IRM) were carried out on
10 cm3 whole sediment samples previously dried for 6 h at 105 °C.
Mag Sus was calculated with a Kappabridge KLY-2® (Geofyzica
Brno; ﬁeld of 0.1 mT at a frequency of 470 Hz). ARM and IRM were
estimated with a superconducting rock magnetometer SRM755R®
(2G Enterprises, background noise below 7 × 10− 6 A/m), an alternating ﬁeld demagnetiser D-Tech 2000® (ASC Scientiﬁc; applied
ﬁelds: AF 100 mT with 0.005 decrease and a direct ﬁeld intensity of
0.05 mT); and a pulse magnetizer IM10-30® (ASC Scientiﬁc; applied
ﬁelds: 0.1, 0.3 and 1.2 T). Hard Isothermal Remanent Magnetization
(HIRM) was deﬁned as IRM1.2 T − IRM 0.1 T ; and S-Ratio0.3 T as
IRM0.3 T/IRM1.2 T. Mag Sus was used as proxy for the concentration of
magnetic minerals; ARM as proxy for the concentration of ferrimagnetic
minerals, such as magnetite and maghemite (Maher, 1986); HIRM as
proxy for the absolute concentration of high coercivity antiferromagnetic minerals, such as haematite and goethite (Dalan and Banerjee,
1998; Liu et al., 2007), and the S-Ratio0.3 T as proxy for the evaluation
of variations in the relative abundance of ferrimagnetic and antiferromagnetic minerals (Dalan and Banerjee, 1998; Liu et al., 2012).
2.3. Powder X-ray diffraction
Samples were back-loaded into standard holders. Patterns were collected at room temperature using a Philips X'Pert diffractometer
equipped with a θ/2θ goniometer and operating at 50 kV and 40 mA.
Cu Kα radiation (λ = 1.5419 Å) was used. Data were collected in the
range 5–60° of 2θ using a continuous-scan technique with a step size
of 0.03° of 2θ and a time per step of 1 s. PXRD was used as proxy to identify the mineralogy and sources of the sedimentary material.

Thin sections were prepared at SCT Micromorfologia de Sòls i
Anàlisis d'Imatges Laboratory, Universitat de Lleida, Spain. After drying for two months at room temperature, the sediments collected in
the Kubiena boxes were impregnated with Palatal polyester with
styrene (100–200 ml/L), MEK (5–7 ml/L) and two drops of Cobalt
Octoate. Following impregnation, samples were left to dry for another six weeks. After this, thin sections were cut with a diamond blade
and polished with a machine Brot Tech® 1.03.12.P until a thickness
of 20 μm was achieved. After preliminary observation with a petrographic microscope several layers not identiﬁed during ﬁeldwork
were detected. These units were described as microfacies and labelled with the letter identifying the layer to which they belonged
and a speciﬁc number (e.g. microfacies A1). The analysis of thin sections
was carried out with Leica® MZ9.5 and DM2500 microscopes, and the
micromorphological description and interpretation were based on
Courty et al. (1989), Stoops (2003) and Stoops et al. (2010a). Soil micromorphology was used as proxy to identify processes of soil formation,
pedofeatures and sediment microstructure.
2.5. AMS dating

3. Results and discussion
Results obtained from ﬁeldwork and physico-chemical analyses are
shown in Fig. 2. Granulometry and grain size statistics are presented
in Fig. 3. Powder patterns are shown in Fig. 4. Thin section description
is summarised in Table 1. Ages obtained from radiocarbon dating are
presented in Table 2.
3.1. Floodplain dynamics
3.1.1. Layer A (ﬁne laminated deposits)
The evolution of mean grain size (from 4.7 φ to 5.5 φ) and skewness
(−0.4 φ to −0.2 φ) between 380 and 330 cm (layer A) suggests a moderate and progressive decrease in the kinetic deposition energy between approximately the 1st and the 3rd centuries AD (AD 86–252,
median AD 182). The presence of ﬁne and very ﬁne sand grains decreases signiﬁcantly upwards with regard to very coarse and coarse
silt grains, which become the dominant fraction (Fig. 3).
Layer A includes microfacies A1, which shows a superposition of
about 20 submillimetric laminated wavy to linear beds of poorly to
moderately sorted ﬁne silt, medium silt and silty clays, including small
organic particles and few vesicles (Fig. 5, image D). This is a depositional
surface crust formed by deposition of ﬁne particles at a certain distance
from their original location after translocation by water (Courty et al.,
1989; Valentin and Bresson, 1992). According to Courty et al. (1989)
and Morin (1993), processes leading to the formation of surface crusts
include ﬂood and irrigation water, raindrop splash of loose soil particles
from ridges and surrounding higher ground, overﬂow and ﬂoods from
rivers and runoffs and sheet erosion. Almost invariably surface crusts
overlie structural crusts such as that represented by the top of layer A,
from which microfacies A1 is separated by a sharp boundary (Fig. 5,
image D). Particle size, generally above 5 φ, and the thickness of beds
(b 40 μm), suggests that microfacies A1 formed by deposition of ﬁne
particles suspended in a succession of low-energy overland ﬂows. Vesicles observed in microfacies A1 are spherical and have a diameter of
less than 500 μm, suggesting they formed as air bubbles trapped in the
sediment during desiccation of the crust (Bresson and Valentin, 1993;
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Fig. 2. Description of the section, location of the Kubiena boxes for soil micromorphology and results of physico-chemical analyses.

Stoops, 2003). It is likely that microfacies A1 was buried under layer B
soon after drying: surface crusts can easily be destroyed by biological activity or human intervention, so that their preservation indicates rapid
burial after formation (Courty et al., 1989).
3.1.2. Layer B (incipient Fluvisol)
Mean grain size from PSD in layer B (4.7 φ) suggests a slight increase
in the energy of deposition between 330 and 320 cm (Fig. 3). However,
analysis of thin sections shows that very ﬁne and ﬁne sand grains found
in layer B are intruded from layer C through bioturbation channels

(± 1000 μm width and ± 7000 μm length) (Fig. 5, image F). This intrusion seems responsible for the overestimation of coarse particles
in layer B in the PSD test. In thin section layer B is made of a vesicular
microstructure formed by up to ﬁve parallel silty clay and clayey silt
laminations, with no coarse material, but with strong evidence of
bioturbation by root channels and soil fauna (Fig. 5, image F). LOI
data shows that layer B has the highest organic content of the
whole stratigraphic proﬁle (1.45%) and is also rich in calcium carbonate (41.69%) (Table 3). Calcium carbonate features in thin section
include calcareous micromass, few micritic coatings in voids and few

Fig. 3. Granulometry and grain size statistics of samples. See Fig. 2 for a description of the sedimentary sequence.
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Fig. 4. Powder patterns of samples subjected to PXRD tests (see Fig. 2): cl = clinochlore; m = muscovite; i = illite; k = kaolinite; q = quartz; c = calcite; r = rutile; d =
dolomite; a = ankerite.

weakly to moderately impregnated typical and aggregate irregular
orthic nodules with diffuse and sharp boundaries, mostly less than
50 μm in diameter (Fig. 5, images G–H). Micritic coatings result
from the precipitation of calcitic crystals in the clayey micromass
(Durand et al., 2010). Calcitic orthic nodules with diffuse boundaries
are generally formed in situ under conditions favouring rapid carbonate precipitation, such as frequent desiccation (Khormali et al.,
2006; Stoops, 2003). Some calcium carbonate pedofeatures in layer
B appear related to redoximorphic features, mostly iron/manganese
diffuse nodules less than 170 μm in diameter, suggesting ﬂuctuating
high-water table (Sehgal and Stoops, 1972). Few iron quasi-coatings
and typical aggregate iron nodules, usually formed under reducing
conditions (Lindbo et al., 2010), were also identiﬁed in the groundmass (Fig. 5, image I). Overall features observed for layer B suggest
that: (a) this is the result of several depositional events involving deposition of ﬁne material in suspension, (b) following deposition, the
sediments composing layer B underwent alternated dry and humid
conditions and (c) the surface was colonised by plants and microorganisms, leading to bioturbation and the incipient development of a
Fluvisol (FAO, 2006).

3.1.3. Layer C (ﬂood event and point bar accretion)
Layer C (320 to 300 cm) is by far the coarser deposit in the whole
stratigraphic proﬁle (Fig. 3, Table 3), with a signiﬁcant content of
medium sand grains (18.3–3.8%). Mean grain size is ﬁne to very
ﬁne subangular and subrounded sand (2.5 φ–3.2 φ). The kurtosis
(1.7 φ; 1.3 φ) indicates that most particles are grouped within a limited
size range. This homogeneity hints at a depositional environment causing a good sorting of the sediments and characterised by lower than average viscosity. Numerous subangular blocky peds less than 1000 μm in
size from layer B were documented in microfacies C1, suggesting that
the deposition of layer C caused the erosion and mobilisation of the surface of layer B (Fig. 5, image J). Layer C does not show bedding or
microlamination, but a homogenous structure, and a clear truncation
line is visible in thin sections between layers B and C (Fig. 5, images
J–L). These features, together with the geomorphological data obtained after analysis of the 1927 aerial image and the ﬂoodable
areas within a 10 year frequency period, suggest this deposit is a relict point bar formed following the retreat of the waterline after a lateral migration of the river during a major ﬂood, probably at some
point between AD 252 and 656.

3.1.4. Layer D (Vertisol)
In thin section, layer D has most of the vertic features enumerated
by Kovda and Mermut (2010): (a) a granular structure in surface horizons (microfacies D2) and a blocky structure in the subsurface
(microfacies D1), (b) slickensides and wedge-shaped peds, (c) deep,
wide cracks due to shrinking and swelling, a process that causes the detachment of material from the surface to lower horizons, (d) weak
horizonation, (e) iron and/or manganese oxide pedofeatures, for the
most part consisting of very few medium to strongly impregnated
iron typical nodules less than 120 μm in diameter, iron coatings and
iron hypocoatings, (f) a clayey texture and (g) a calcite-rich groundmass with calcitic crystallitic b-fabric, a common feature of Vertisols
in arid and semi-arid environments (Durand et al., 2010) (Fig. 5, images
M–O). Calcium carbonate content is among the highest across the sampled proﬁle (41.33%) (Table 3). Frequent typical weakly to moderately
impregnated orthic calcium carbonate nodules with diffuse boundaries
less than 1300 μm in diameter, along with common calcium carbonate
hypocoatings and few calcium carbonate coatings with micritic crystals,
have been identiﬁed in thin section. The most signiﬁcant textural
pedofeature of the Vertisol is the presence in the subsurface horizon
of very few calcium carbonate hypocoatings coating iron hypocoatings,
probably formed as a consequence of the transition from humid to drier
edaphological conditions (Stoops et al., 2010b) (Fig. 5, image P). A small
number of snail shells and calcium carbonate replaced plant tissues also
suggest that biological activity took place in the surface horizon. According to FAO (2006), Vertisols are found in lower landscape positions
such as dry lake bottoms, river basins, lower river terraces and other periodically wet lowlands.
3.1.5. Layer E (Vertisol burial)
The dating of the fragments of Q. ilex/coccifera present in layer E (AD
686–873, median AD 767) provides a maximum chronological marker
for the formation and burial of the Vertisol (layer D). The mean grain
size of layer E (3.9 φ, very ﬁne sand), and its sand content (19.5% ﬁne
sand; 20.8% very ﬁne sand) are much higher than those of the Vertisol
and suggest that its deposition coincided with an increase in the energy
of the sedimentary agent (Fig. 3) (Fig. 6, image F).
3.1.6. Layer F (Regosol)
A weakly developed palaeosoil was identiﬁed between 260 and
242 cm in coincidence with a signiﬁcant reduction in the percentage
of very ﬁne and ﬁne sand grains (Fig. 3). This palaeosoil shows a

Table 1
Micromorphological description of thin sections. Frequency: * = very few; ** = few; *** = common; **** = frequent; ***** = dominant; ****** = very dominant. Abbreviations for coarse material (mineral): sa = subangular; sr = subrounded;
(organic): ch = charcoal. Abbreviations for micromass: cc = calcium carbonate. Abbreviations for iron pedofeatures: ty, agg = typical aggregate.
Porosity

c/f 2 μm
ratio

c/f related
distribution

Mineral

I

Complex; vughy
and granular

19/1

Double spaced
porphyric

H

Vughy

23/1

H

Vughy

G

Vesicular

***Vughs
**channels
**vesicles
***Vughs
***channels
***vesicles
***Vughs
***channels
***vesicles
***Channels
***chambers
****vesicles
**Complex packing
***channels
***chambers
***Vughs
**channels
*chambers
****Vughs
***channels
**chambers
***Complex
packing **channels
**chambers
***vesicles
**Vughs
***channels
**chambers
***vesicles ***
planes
*****Complex
packing

Depth
(cm)

Layer

5

145–165

4

3

198–218

240–260

µfacie

2

1

290–310

310–330

Iron pedofeatures

CaCO3
pedofeatures

sa, sr quartz grains
(152 μm ∅)

10YR yellowish
brown, cc fabric

**Nodules

**Nodules

Double spaced
porphyric

sa, sr quartz grains
(156 μm ∅)

10YR yellowish
brown, cc fabric

**Nodules

**Nodules

23/1

Double spaced
porphyric

sa, sr quartz grains
(b197 μm ∅)

*Iron-replaced

**Nodules

**Nodules

18/1

Double spaced and
close porphyric

sa, sr quartz grains
(b180 μm ∅)

**Iron-replaced

**Nodules

**Nodules

11/1

Double spaced
porphyric

sa, sr quartz grains
(b176 μm ∅)

**

***Nodules

***Nodules

11/1

Double spaced
porphyric

sa, sr quartz grains
(b250 μm ∅)

**Iron-replaced

***nodules

***nodules

13/1

Double spaced
porphyric

sa, sr quartz grains
(b250 μm ∅)

**Iron-replaced

***Nodules

**Nodules

16/1

Open porphyric

sa, sr quartz grains
(b250 μm ∅)

**Iron-replaced
*CaCO3 replaced

10YR 5/4
Yellowhish
brown, cc fabric
10YR 5/4
yellowish
brown, cc fabric
10YR 5/4
yellowish
brown, cc fabric
10YR 5/4
Yellowhish
brown, cc fabric
10YR 5/4
yellowish
brown, cc fabric
10YR 5/4
yellowish
brown, cc fabric

*Nodules
*coatings
*hypocoatings

***Nodules
**coatings
**hypocoatings

Less CaC03 than μfacie D1; *
snail shells.

18/1

Open porphyric

sa, sr quartz grains
(b300 μm ∅)

*ch

10YR 5/4
yellowish
brown, cc fabric

*Nodules
*hypocoatings

****Nodules
**coatings, micritic
in voids
**hypocoatings

Moderated to strongly
developed pedality, *snail
shells; *complex
pedofeatures.

50/1

Single spaced ﬁne
enaulic

sa, sr quartz grains
(b353 μm ∅)

–

*Nodules

*Snail shells.

***Vughs
***complex
packing
***Vughs
***channels
****vesicles

24/1

Single spaced
porphyric

sa, sr quartz grains
(b500 μm ∅)

*

*Nodules

****Aggregates from layer B;
no snail shells.

6/1

Fine monic

sa, sr quartz grains
(b176 μm ∅)

***Iron-replaced

10YR 5/4
yellowish
brown, cc fabric
10YR 5/4
yellowish
brown, cc fabric
10YR 5/3
brown, cc fabric

*ty, agg nodules
**inﬁllings
**coatings
**quasicoatings

***Nodules
**micritic coatings
in voids

Vughy

******Vughs
**vesicles

8/1

Open porphyric

sa, sr quartz grains
(b105 μm ∅)

–

10YR 5/3
brown, cc fabric

**Coatings
**hypocoatings

*Nodules

Vughy

****Vughs
**channels
**chambers
****vesicles *planes

8/1

Open porphyric

sa, sr quartz grains
(b340 μm ∅)

**Iron-replaced

10YR 5/4
yellowish
brown, cc fabric

***ty, agg nodules
**inﬁllings
**hypercoatings
**depletion

**Nodules

F2

Complex; vughy
and granular

F

F1

Vughy

E

Vughy

D

D2

Granular

D

D1

Angular blocky

C

C2

Intergrain pagg
regate

C

C1

Vughy

B

A

A

Vesicular

A1

Observations

Micromass

F

Organic

**Channels and voids ﬁlled
with coarse material;
**bioturbation by soil ﬂora
Weakly developed pedality
on top of the slide; ****snail
shells.
Weakly developed pedality
****snail shells.
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Microstructure

K

Clay and silt
microlaminations; channels
ﬁlled with material from
layer C; no snail shells;
fauna excrementa.
Laminated microstructure
the slide, formed by
alternated layers of silt; no
snail shells.
**Snail shells.
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1115
720–741 (0.029)
770–897 (0.932)
921–944 (0.037)

767
1183

1006–1029 (0.037)
1053–1180 (0.932)
1209–1230 (0.029)

1240 ± 30

1190 ± 30

−24.2

−25.0

Quercus ilex/coccifera

Unidentiﬁed angiosperm

1095–1103 (0.044)
1140–1161 (0.173)
1168–1188 (0.200)
1200–1260 (0.581)
1068–1143 (0.872)
1159–1169 (0.127)

136–218 (1)

1698–1830 (0.963)
1843–1864 (0.036)
1077–1264 (1)

690–750 (0.581)
762–782 (0.200)
789–810 (0.173)
847–855 (0.044)
781–791 (0.127)
807–882 (0.872)

182

Median BP

1768

2 sigmas AD

86–107 (0.036)
120–252 (0.963)
686–873 (1)

1 sigma AD
2 sigmas BP

1732–1814 (1)

1 sigma BP

−20.4
Olea europaea
360–330 cm

285–260 cm

240–220 cm

Beta-310402

Beta-310403

Beta-312552

C/12C ratio

14

C age

1830 ± 30

13

Sample type
Depth
Lab. Nr.

Table 2
AMS dating results.
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complex microstructure (vughy and granular) in the surface horizon
(microfacies F2), vughy microstructure in subsurface horizons
(microfacies F1) and a moderate organic matter content (0.9%) in relation to the rest of the proﬁle. It is within this layer that the strongest bioturbation of the whole sampled stratigraphic proﬁle is observed in thin
section, caused mostly by soil fauna (frequent snail shells, common
channels and few biogenic calcium carbonate granules) (Fig. 6, image
E; Table 1). Its weakly developed proﬁle, along with the absence of
ﬂuvic features such as stratiﬁcation, decreasing organic carbon content
with depth and strong redoximorphic features, points towards the
characterisation of this palaeosoil as a Regosol (FAO, 2006).
3.1.7. Layers G, H and I
The dating of layer G (AD 770–944, median AD 835), under which
layer F (Regosol) was buried, indicates that this burial event took
place in the mid-10th century at the latest. The presence of many channels ﬁlled with coarse material and the absence of snail shells indicates
that bioturbation in layer G was carried out mostly by soil ﬂora (Fig. 6,
image D). Layer G also shows a slight tendency towards an upwards reduction in the percentage of ﬁne and very ﬁne sand grains, and a moderate increase in the proportion of very coarse, coarse and medium silt
grains was detected between 242 and 140 cm (layers G, H, I). These
data, along with the absence of clear evidences of pedogenesis in thin
sections from Kubiena boxes 4 and 5, suggest a continuous and homogenous sedimentation pattern in the context of a moderate and progressive decrease in the energy of the sedimentary agent from the 10th
century onwards (Fig. 6, images A–D).
3.2. Source sedimentary materials
All the samples contain the same minerals: quartz (mostly
subrounded and subangular polycrystalline) and calcite in higher
proportions, and muscovite, illite, dolomite, ankerite, kaolinite, rutile
and clinochlore in lesser quantities (Fig. 4).
Geological sources for the torrents that cross Les Arenes are marlstone and calcareous marlstone, formed mainly by calcite and quartz,
with lesser quantities of mica, graphite and pyrite. Calcite, quartz and
mica in the form of muscovite and illite have been indeed identiﬁed
through PXRD (Fig. 4). However, the mineralogical homogeneity of
the analysed samples prevents the discrimination of different provenances for the sedimentary material. Geoarchaeological data obtained
does not allow us to adequately assess the contribution of torrents to
the pedosedimentary sequence of Les Arenes either: debris deposited
after torrent overﬂows following torrential rains is formed mostly of
coarse-grained organic and inorganic material (Goudie, 2004), and
such deposits have not been found in the stratigraphy. PSD analyses
show a single mode for every sample in the proﬁle, pointing towards
a single agent of transportation and deposition (Fig. 3). Micromorphological features likely to be related to runoff and torrent overﬂow in
Les Arenes, such as depositional surface crusts with abundant vesicles
(microfacies A1), could also form in arid and semi-arid regions after
ﬂood irrigation or low-energy river ﬂoods (Courty et al., 1989; Morin,
1993) (Fig. 5, image D). The most likely scenario so far is that of an uneven alluvial aggradation with minor inputs from seasonal streams to
the west of Les Arenes.
3.3. Redoximorphic features
Layer A (380 to 330 cm) is the only one where iron-depleted
pedofeatures were identiﬁed, along with iron hypocoatings and
iron inﬁllings (Fig. 5, images A–C). Iron-depleted pedofeatures are
the result of iron dissolution resulting from the prolongation, at least
for several months, of water-saturated conditions in the groundmass
(Lindbo et al., 2010). On the other hand, both layers A and B show
iron/manganese typical aggregate nodules, a redoximorphic feature
found in hydromorphic soils (Stoops, 2003) (Fig. 5, image I). Layer B

A. Puy et al. / Geoderma 232–234 (2014) 219–235

227

Fig. 5. Correspondence between thin sections from Kubiena (K) boxes 1–2, microfacies (MF) and location of the photomicrographs (red squares), taken under Plane Polarized Light (PPL)
and Cross-Polarized Light (XPL). a) Depletion redox pedofeature. Note the white-grey colour in the groundmass caused by iron reduction and subsequent mobilisation. The red arrow
shows the detail magniﬁed in image b (XPL). b) Detail of the iron-depleted pedofeature (XPL). c) Iron hypocoating in an iron-depleted groundmass (XPL). d) Microfacies A1 with its
submillimetric laminated beds of silt and clayey silt. The presence of vesicles is related to the entrapment of air bubbles when the surface crust dried out. Note the clear boundary between
microfacies A1 and layer A underneath (PPL). e) Iron quasicoating coating an iron hypocoating (XPL). f) Channel in layer B ﬁlled with coarse material coming down from layer C. Note the
parallel and even silty clay laminations in layer B (XPL). g) Micritic coating of a channel in layer B (XPL). h) Orthic calcium carbonate nodule with diffuse boundaries, pointed by a red arrow.
The blue arrow indicates the position of the aggregate iron nodule magniﬁed in image i (XPL). i) Aggregate iron nodule (XPL). j) Soil aggregates from layer B incorporated into microfacies
C1 due to erosion during deposition of layer C. Note the clear truncation line between layer B and C (XPL). k) Fabric of layer C (PPL). l) Detail of layer C, formed by moderately sorted
subrounded and subangular very ﬁne and ﬁne sand grains, mostly polycrystalline quartz (XPL). m) Weakly separated prisms and crystallitic–calcitic b-fabric in the subsurface horizon
of the Vertisol (D1). n) Granular microstructure of microfacies D2 (top horizon of the Vertisol) detached from the surface horizon due to shrinking and swelling processes (PPL). o) Angular
and subangular wedge-shaped peds in the subsurface horizon of the Vertisol (microfacies D1). Note the planes due to shrinking and swelling and the vesicles and channels caused by bioturbation (PPL). p) Complex textural pedofeature formed by an iron hypocoating coated by a calcium carbonate hypocoating in the subsurface horizon of the Vertisol (microfacies D1). The
red arrow indicates the carbonate hypocoating (XPL).

also has few iron quasicoatings, which are usually documented in
connection with redox depletion pedofeatures (Driese et al., 1995;
McCarthy et al., 1998) (Fig. 5, image E).
Layer C shows few redoximorphic features and very few iron nodules with sharp boundaries. This limited iron content is probably due
to the sandy texture and scarcity of organic matter, factors preventing

the formation and ﬁxation of Fe and Mn in the groundmass (Fig. 5,
images K–L) (Lindbo et al., 2010; Stoops et al., 2010a).
Layer D (Vertisol) has very few iron nodules with sharp boundaries,
iron coatings and iron hypocoatings. In general this kind of soils show
signiﬁcant Fe and Mn oxide concentrations (Kovda and Mermut,
2010). The proportion of these redoximorphic features in the Vertisol

Table 3
Mean, median, max, min and range of all physico-chemical analyses.

Mean
Median
Max
Min
Range

Water

Organic

Coal

CaC03

Mag sus

ARM

(%)

(%)

(%)

(%)

(cgs)

(Am2/kg)

8.817
9.094
13.527
1.082
12.445

1.007
1.033
1.454
0.472
0.982

0.534
0.543
0.684
0.374
0.310

38.402
38.437
42.461
30.849
11.613

172.055
171.268
249.753
98.469
151.284

2.33
2.35
4.31
1.08
3.23

HIRM

×
×
×
×
×

S300

Grain size
(φ)

−5

10
10−5
10−5
10−5
10−5

6.47
6.22
9.11
5.07
4.04

×
×
×
×
×

−4

10
1 0−4
10−4
1 0−4
10−4

0.875
0.870
0.910
0.847
0.062

4.539
4.716
2.539
5.519
2.980
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the Vertisol are shown to be in accord with its characterisation as a
soil formed under hydromorphic conditions (De Jong et al., 2000).
In the remaining levels (layers E, G, H, I) few to common iron nodules with sharp and diffuse boundaries, always under 300 μm in diameter, have been found. Their formation suggests water saturation events
extending over 2 to 3 days (Lindbo et al., 2010) (Fig. 6, image B).
3.4. Environmental magnetism
Layers A, B and F show peaks of magnetic susceptibility (203.43 cgs;
188.71 cgs and 249.75 cgs respectively) (Fig. 2). Mag Sus values can be
affected by magnetite and maghemite contents, because magnetic susceptibility of these ferrimagnetic minerals is 1000 times higher than
that of other iron oxides and oxyhydroxides (Mullins, 1977). The correlation coefﬁcient between Mag Sus and ARM averages to r2 = 0.44
when all layers are considered, but it almost doubles to r2 = 0.83
when only layers A, B, C, and D are taken into consideration. This suggests that the magnetic signal at depths 375 to 295 cm is likely to be related to the presence of ferrimagnetic minerals.
Some of the factors involved in the formation of ferrimagnetic
minerals such as magnetite and maghemite in soils and sediments
are pedogenesis, ﬁre, decomposition of organic matter and succession of wet/dry cycles (Le Borgne, 1955, 1960; Maher, 1986; Maher
and Taylor, 1988; Meng et al., 1997; Mullins, 1977; Thompson and
Maher, 1995; Tite and Mullins, 1971). The correlation coefﬁcient between ARM and organic matter in Les Arenes is r 2 = 0.56 for the
whole proﬁle, increasing to r2 = 0.65 when only layers A, B, C and
D are taken into consideration. Layers A and B also show higher concentration and diversity of redoximorphic features (Table 1). Frequent alternation between dry and humid conditions results in a greater
concentration of ferrimagnetic minerals (Maher and Thompson,
1995). The magnetic signal between 375 and 295 cm seems therefore
to be connected with periodical ﬂuctuations in the water content and
with the presence of organic matter. The highest concentration of magnetite and maghemite can be found in layers A and B (4.31 × 10−5 and
3.23 × 10−5 respectively) (Table 3), suggesting accentuated reduction–
oxidation cycles in these sediments.
The Mag Sus peak detected in layer F (Regosol, 249.75 cgs) (Fig. 2) is
not related to the presence of magnetite or maghemite, since ARM
values in layer F are negligible. This means that it must be connected
to the presence of some mineral with no magnetic remanence. We
were not able to identify the provenance of this magnetic signal through
PXRD. As shown in Fig. 4, the powder pattern obtained from the Regosol
(sample 18) does not show any signiﬁcant mineralogical difference
from the rest. This indicates that the proportion of mineral or minerals
that increase the magnetic signal of sample 18 is below detection limit
for powder X-ray diffraction (b 1%).
The Vertisol (layer D) shows depleted magnetic susceptibility
and a low concentration of magnetite and maghemite, as indicated
by ARM. Magnetic susceptibility depletion in Vertisols is not uncommon (Tsatskin et al., 2008, 2009). Mediterranean soils developed in
aerobic conditions often show enhanced magnetic susceptibility
values due to the formation of ferrimagnetic minerals during pedogenesis (Torrent et al., 2010). Those formed in fully hydromorphic

in Les Arenes is thus below normal levels, possibly due to the reduction
and subsequent dissolution of iron oxides following prolonged watersaturated conditions. In the next section, the low magnetic values of

Fig. 6. Correspondence between thin sections from Kubiena (K) boxes 3–5, microfacies
(MF) and location of the photomicrographs (red squares), taken under Plane Polarized
Light (PPL) and Cross-Polarized Light (XPL). a) Vughy microstructure in a calcitic–
crystallitic b-fabric in layer I. Note the absence of pedofeatures (XPL). b) Groundmass of
layer H, showing few iron nodules with clear boundaries less than 50 μm in diameter
(PPL). c) Vughy microstructure in a calcitic–crystallitic b-fabric in layer H. Note the
decrease in ﬁne and very ﬁne sand grains compared to layer F (photomicrograph e) and
layer E (photomicrograph f) (XPL). d) Groundmass of layer G, showing channels ﬁlled
with coarse material and evidences of ﬂora bioturbation (PPL). e) Common snail shells
pointed out by red arrows in the top horizon of the highly bioturbated Regosol (layer F)
(XPL). f) Groundmass of layer E. Note the abundance of ﬁne and very ﬁne sand grains.
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conditions, however, have lower values due to the reduction of Fe and
the dissolution of iron oxides (Maher, 1998; Maher and Thompson,
1995). The low concentration of ferrimagnetic minerals and the low
quantity of redoximorphic features in the thin sections suggests the
prevalence of water-saturated conditions and little alternation between
wet and dry cycles in the terrain where the Vertisol was formed.
We used the L-Ratio by Liu et al. (2007), which is deﬁned as
IRM 300 mT /IRM100 mT, to interpret the HIRM and the S-Ratio data .
When the L-Ratio is stable, variations in HIRM are due to changes
in the absolute concentration of haematite and goethite. A variable
L-Ratio, on the other hand, indicates that changes in HIRM are due
to the variation in the coercivity distribution of haematite. In the
case of Les Arenes, the correlation between HIRM and the L-Ratio indicates that changes in HIRM are indeed caused by ﬂuctuations in the
concentration of haematite and goethite (Fig. 7).
The lower absolute concentration of haematite and goethite is found
in layers A, B and D (5.14 × 10−4; 5.12 × 10−4 respectively) (Table 3).
The higher concentration, by contrast, is documented in layers F (Regosol) and G (9.11 × 10−4; 9.01 × 10−4 respectively). In fact, HIRM values
increase by 88.16% between layers D and G. In layer H, the absolute concentration of haematite and goethite tends to decrease towards the contacts with layer I (above), where the values become stable. According to
Maher et al. (2002) and Maher and Thompson (1995), the persistence
of oxidising and dry environmental conditions promotes the formation
of haematite and goethite, the more oxic forms of iron. Regarding the SRatio300, all values are between 0.91 and 0.85, indicating that, despite
the ﬂuctuations, the magnetic component is basically dominated by
magnetite and/or maghemite (Dalan and Banerjee, 1998).
3.5. Socio-ecological dynamics (layers A–I)
Overall, data gathered from the sedimentary sequence of Les Arenes
clarify the evolution of the ﬂoodplain in terms of its hydrological regime
and ﬂuctuations between wet and dry conditions during the 1st millennium AD. Predominance of wet conditions, long periods of soil formation and uncommon high-intensity ﬂoods seem to have been the main
features of the wetland between AD 86 and 686. Drier conditions and
an increase in the frequency and intensity of ﬂooding are documented
starting from AD 686 to 873 (median AD 767), overlapping with the
onset of the Andalusi period (AD 711). After a short period of pedogenesis coinciding with the longest dry period of the 1st millennium AD,
continuous ﬂoods of moderate intensity are attested between AD 720
and 944 (median AD 835).
3.5.1. The climatic factor
Physico-chemical analysis and soil micromorphology for layers A–D
point towards seasonal ﬂuctuations in soil/sediment moisture in the
context of a generally low to medium-energy wet depositional environment between the 1st and the 7th centuries AD. Ferrimagnetic minerals,
redoximorphic features and carbonate precipitation in the form of irregular calcium carbonate orthic nodules with diffuse boundaries are likely
to be related to wetting and drying processes typical of active Mediterranean wetlands. Predominance of low to medium-energy ﬂoods is
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suggested by the combined occurrence of medium particle size average (4.5 φ, coarse silt), microlaminated deposits of silt and silty clay
and two different cycles of pedogenesis (Fluvisol and Vertisol).
Floodplain geomorphology and the presence of a relict point bar deposit 320–300 cm below the current surface (layer C) suggest that
the area selected for sampling was located very close to the river
shore between AD 86 and 686, thus being strongly affected by the
hydrological ﬂuctuations of the Ebro River. Seasonal ﬂooding of the
alluvial plain seems to have been responsible for the periodical
waterlogging of soils in the sampling area before the 7th century
AD. The predominance of humid conditions between the 1st and 7th
centuries AD is indicated by redoximorphic features related with
hydromorphism (iron-depleted pedofeatures, typical aggregate iron
nodules, iron coatings and hypocoatings); by higher organic matter
content in relation to the rest of the stratigraphic proﬁle; and by the
presence of a magnetically depleted Vertisol 300–290 cm under the
current surface.
The predominance of wet environmental conditions in Les Arenes
between the 1st and 7th centuries AD overlaps with two major
humid climatic trends: the end of the Iberian-Roman Humid Period
(IRHP, c. 650 BC–AD 450) and the Dark Ages Humid Period (DAHP, c.
AD 500–800), both likely caused by a negative shift in the North Atlantic
Oscillation (NAO) and a decline in solar output (Cacho et al., 2010;
Cheyette, 2008; Martin-Puertas et al., 2008, 2009). AD 150–350 seems
to have been the wettest period of the last 2500 years in the Iberian
Peninsula (Cacho et al., 2010). Features detected in layer A (AD
86–252, median AD 182), such as iron-depletion, aggregate iron nodules, laminated beds and an upwards decrease in the content of sand
grains, agree with the predominance of strong wet conditions in a depositional environment characterised by decreasing energy and low peak
discharges. The occurrence of reduced river activity and humid conditions during the late Roman period has also been attested in France, in
the Upper and Middle Rhône (AD 100–300; Arnaud et al., 2005;
Provansal et al., 1999); in Tunis, in the Medjerda alluvial basin (bAD
250; Faust et al., 2004); and in Italy, in the stretch of the river Tiber
throughout Rome, which was ﬂooded fewer times between AD
200–500 (Giraudi, 2005). The incipient development of a Fluvisol conﬁrms in Les Arenes the trend towards a lower hydrological regime by
the end of the 3rd century AD. Although layer C (AD 252–686) can be
related to a high-magnitude ﬂood, overall data indicate that extreme
events were highly exceptional during the ﬁrst half of the 1st millennium AD. A very different environment in the same period was that of the
coastal ﬂoodplain of the Arno River, in Italy, whose channel changed its
course several times before AD 500 due to the concurrent effects of sealevel rise and high-magnitude ﬂood events (Benvenuti et al., 2006).
An increase in the frequency and intensity of ﬂooding is documented
in Spain, Great Britain and Poland in AD 570, 660 and 860–865 (Macklin
et al., 2006). Strong humid conditions in France are attested between AD
664 and 887 in the lower Doubs Valley (Vannière et al., 2003) and in the
Rhône Valley, where torrential rains led to a rise in the water table causing waterlogging of the ﬁelds between AD 500 and 800 (Arnaud et al.,
2005; Provansal et al., 1999; Verdin et al., 2001). In central Turkey,
palaeoenvironmental data recovered from Tecer Lake point towards

Fig. 7. Dispersion graph showing L-Ratio against HIRM values.
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a signiﬁcant decrease in evaporation and predominance of humid
conditions for the same period (Kuzucuoglu et al., 2011). In central
Italy, the 6th–9th centuries were a period characterised by a cooler,
wetter climate and increasing ﬂooding (Giraudi, 2005). Colder environmental conditions have also been detected in central Europe:
Holzhauser et al. (2005) documented an increase in ice masses in
the Alps between AD 500 and 600 and AD 800 and 900, while
Barber et al. (2004) found that bogs in northern Germany and
Denmark expanded around AD 550. In that sense, the 6th century
seems to mark a shift from a low hydrological regime to an enhanced
activity of Mediterranean rivers caused partially by a climatic change
(Fig. 8), leading to a cooling of the environment and higher precipitations. Wet conditions during the DAHP are clearly attested in Les
Arenes by the hydromorphic Vertisol, formed before AD 686–873.
However, pedogenesis during that period indicates that Les Arenes

was then a relatively stable ﬂoodplain with minor alluvial aggradation and long periods of soil formation. An increase in the frequency
and intensity of ﬂoods appear to happen only between AD 686 and
873 (median AD 767), according to the higher proportion of ﬁne
and very ﬁne sand grains in layer E and the lack of evidences of pedogenesis. The onset of ﬂoods with higher frequency and intensity is
also documented for that period (AD 785) in the Tagus River, C
Spain (Benito et al., 2003).
Enhanced river activity starting from AD 686 to 873 concurs in Les
Arenes with a shift towards drier environmental conditions. Less
quantity and variety of redoximorphic features in thin section from
layer E upwards indicate a signiﬁcant decrease both in the frequency
and duration of water saturated conditions, extending over few days
at the most. This coincides with the 88% increase in the absolute concentration of haematite and goethite detected between layers E and

Fig. 8. Graph showing the predominance of humid/dry conditions and low/high river activity in different Mediterranean settings during the 1st millennium AD after the references mentioned in the paper. Data obtained from Les Arenes appears in red after the reference Puy et al. (this paper). The red-dotted line refers to the longest possible period of soil stability that
existed before the burial of the Regosol, according to the AMS dates (AD 720–944). The green colour encompasses the al-Andalus period, starting in AD 711.
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G. The formation of goethite is favoured by high oxidation rates and
formation of haematite by high temperatures and decreased water
activity; therefore, an increase in the concentration of both antiferromagnetic minerals indicates longer periods of dryness (Maher et al.,
2002; Schwertmann, 1988; Taylor et al., 1987). Higher dryness and
higher ﬂooding activity has been also documented in several Spanish
and European ﬂuvial systems during the Medieval Climate Anomaly
(MCA c. AD 900–1200; Benito et al., 2008, 2010; Machado et al., 2011;
Thorndycraft and Benito, 2006; Wilhelm et al., 2013), although lake
and marine sediments from NE Spain seem to point towards a lower hydrological regime for the same period (Moreno et al., 2011, 2012).
The shift towards a warmer climate during the MCA has been
attested in many different environments of the Iberian Peninsula
and beyond, apart from ﬂoodplains and river systems: e.g. caves in
Cantabria (N Spain) (Martín-Chivelet et al., 2011); lakes in Pyrenees
(NE Spain) (Morellón et al., 2009), Córdoba (S Spain) (Martin-Puertas
et al., 2008), Pantelleria Island (between Sicily and Tunis) (Calò et al.,
2013) or the Sivas basin (Central Turkey) (Kuzucuoglu et al., 2011);
and in wetlands in La Mancha (Central Spain) (Gil García et al., 2006).
It seems to have been a global phenomenon (Mann et al., 2009), despite
signiﬁcant heterogeneities both in space and time. Drier conditions
during the MCA were likely caused by an increase in the solar radiation and NAO, resulting in a warmer and arid climate in the Mediterranean region (Moreno et al., 2012). Dry conditions seem to have
fully predominated in Les Arenes at some point between AD 686
and 873/720 and 944, when the Regosol (layer F) was formed. The
highest absolute concentration of antiferromagnetic minerals on
the whole stratigraphic proﬁle is found in the Regosol (9.11 × 10−4),
suggesting that pedogenesis took place during the longest dry period
of the 1st millennium AD. Soil formation process, along with few
redoximorphic features in thin sections and a decrease in the content
of sand grains, points towards lower hydrological activity and almost
no alternation between wet and dry conditions for that period.
Finally, after slight increases in the content of ﬁne and very ﬁne
sand grains in layers G and H, the absence of pedofeatures in thin
sections and the progressive decrease in the percentage of the coarse
fraction suggest continuous ﬂoods of lower energy after the second
half of the 10th century AD.
3.5.2. The anthropic factor
The onset of drier climatic conditions in Les Arenes overlaps with the
Andalusi period (AD 711–1148), when Arabic-Berber tribes and clans
entered the Iberian Peninsula (al-Andalus). Irrigated agriculture became the main agrarian strategy of peasant communities and a wide
range of Asian crops, such as the orange and lemon trees, the aubergine,
the cucumber and the colocasia, were introduced for the ﬁrst time in the
Western Mediterranean (Barceló, 1986; Glick and Kirchner, 2000;
Watson, 1983). New agrarian landscapes were implemented following
the Arab-Berber migration and settlement, and several hydraulic systems were constructed to claim agricultural lands in terrains as different
as alluvial plains, valley slopes, ravines or hills (Barceló and Retamero,
2005; Guinot, 2005; Kirchner, 1997). Wetlands and ﬂoodable areas
seem to have been generally rejected for intensive cropping due to
their seasonal ﬂuctuations and dynamism, which jeopardised the stability and structured growing strategies required for traditional irrigated
agriculture (Puy, 2014). However, far from being overlooked by the
newly arrived communities, wetlands seem to have been used in
Andalusi times for ﬁshing, hunting, gathering and cattle grazing, as
seen in the ravines of Menorca (Balearic Islands) and in marshes of
the Lower Segura River (Alicante) (Azuar and Gutiérrez, 1999;
Barceló and Retamero, 2005). The ﬂoodplains of the middle Segura
Basin (Murcia) were cropped only after the retreat of the waterline
(Puy, 2012, 2014). Wetlands on the Eastern coast of the Iberian Peninsula, which were partially drained after the feudal conquest of the
13th century AD, seem to have been rejected for irrigated agriculture
during the Andalusi period (Torró, 2010). Although no absolute
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dates were obtained, the coastal wetland of Pla de la Vila (Ibiza,
Balearic Islands) stands to date as the only humid area that could
have been partially drained during Andalusi times (AD 902–1235)
(Barceló et al., 1997).
The shift towards drier conditions detected in the stratigraphic
proﬁle of Les Arenes between the 7th and 9th centuries AD broadly
concurs with the MCA, and no direct evidence to date allows relating this trend to desiccation through drainage. However, we think
that anthropic inﬂuence has to be also taken into account for the
following reasons:
1. Different sets of processes can result in the same features due to
equiﬁnality, which is a major concern for researchers focused on
weighing the role of social and ecological factors in the shaping of
the environment (Walkington, 2010). Higher oxidation, less wetting
and drying cycles and terrain consolidation are consequences to be
expected in the soil following the onset of drier climatic conditions
but may also result from artiﬁcial drainage.
2. Research on Andalusi agrarian areas has shown that the texts written
shortly after the feudal conquest of the 11th–15th centuries AD
provide valuable information regarding pre-existing Andalusi
ﬁelds (Barceló and Retamero, 2005; Barceló et al., 1998; Kirchner,
1997, 2002; Sitjes, 2010; Virgili, 2010). Circa sixty-four texts written
between AD 1148 and 1210 mention the name of Andalusi tenants,
canals and plots in Les Arenes. The study of the texts revealed an orthogonal network of canals, the major ones bordering the plots in the
E and W sides, and the minor ones in the N and S sides (Virgili, 2010).
The considerable amount of historical records referring to canals,
plots and Andalusi farmers immediately after AD 1148 suggests
that the initial orthogonal drainage network was already in place
and fully operative when the feudal lords arrived. This does not exclude that further development of the same network may have
been put in place by the feudal lords to reclaim more land and
increase revenues.
3. Work carried out over the last 30 years in the Balearic Islands (Barceló,
2001; Barceló and Retamero, 2005; Kirchner, 1997, 2009), S and SE
Spain (Barceló et al., 1998; Navarro, 1995; Puy, 2012, 2014; Puy and
Balbo, 2013), and E Spain (Esquilache, 2011; Guinot and Esquilache,
2012; Torró, 2007; Vea, 1996) suggested Arab-Berber groups changed
the previous landscape and constructed their cropping ﬁelds immediately after settling in these regions. Furthermore, work by Puy and
Balbo (2013) in the Andalusi irrigated ﬁelds of Ricote (Murcia, SE
Spain) allowed to obtain an absolute date of AD 647–778 (median
AD 706) for the ﬁrst construction of the Ricote agrarian area, which implied a swift transformation of a slightly saline hypercalcic Calcisol into
a highly productive irrigated ﬁeld. The date obtained for the onset of
drier conditions in Les Arenes is AD 686–873 (median AD 767);
Arab-Berber groups are attested in Tortosa from the 8th century AD
onwards (Barceló, 1999; Barceló and Kirchner, 1992) and drainage canals are mentioned in records from the 12th century AD (Virgili, 2010).
Andalusi groups may therefore have contributed to the drying of Les
Arenes by implementing a network of drainage canals shortly after
AD 711, thus reinforcing the effects of on-going regional climatic
trends leading to the extension of dry land in Les Arenes ﬂoodplain.
Further excavation and dating of drainage canals, sediment inﬁllings
and marshland sedimentary sequences will allow a precise assessment
of the role played by Arab-Berber groups in the ﬁrst stages of wetland
reclamation for agriculture in al-Andalus. This integrated methodological framework has been effectively applied to obtain valuable information regarding the pace of the drainage and the interactions between
past populations and the environment in the marshy areas of the
Rhône Valley, in France (Bernigaud et al., 2011; Delhon et al., 2013; Verdin et al., 2001).
Although several researchers agreed in characterising al-Andalus as
a period of profound environmental transformations (Glick, 1991),
socio-ecological analyses aimed at disentangling the interplay between
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Arab-Berbers, ecology and climate have been extremely rare (Puy and
Balbo, 2013). More information is needed on the pre-existent environments, the adaptive responses of these groups to climatic trends and the
scope of the edaphological changes brought about by the construction
of their cropping ﬁelds. In our case, the interplay between the onset of
drier climatic conditions and the settling of Arab-Berbers in Tortosa
likely generated a reinforcing feedback loop, accelerating the on-going
desiccation of a former wet ﬂoodplain through the construction of the
ﬁrst drainage canals. Extension of research to western portions of Les
Arenes and to similar contexts in the Iberian Peninsula will improve
our perception of the dynamics between environment, climate and
Andalusi groups, and their intertwined role in the formation of our current Mediterranean landscapes.
4. Conclusions
The integration of historical records and geoarchaeological data
collected from a sedimentary sequence in Les Arenes (Tortosa, NE
Spain) allowed understanding the socio-ecological dynamics of a
typical Mediterranean ﬂoodplain during the 1st millennium AD. Predominance of humid conditions and a low to medium-energy depositional environment characterised Les Arenes between the 1st and
the 7th century AD, broadly coinciding with the Iberian Roman Humid
Period (IRHP, c. 650 BC–AD 450) and the Dark Age Humid Period
(DAHP, c. AD 500–800). Onset of drier conditions and enhanced river
activity are documented starting from AD 686, followed by a lower hydrological regime and the longest dry period of the 1st millennium at
some point between AD 686 and 873/720 and 944. The shift towards
dry conditions in Les Arenes overlaps with the Medieval Climate Anomaly (MCA, c. 900–1200) and the al-Andalus period (AD 711–1148),
characterised by the arrival of several Arab-Berber groups to the Iberian
Peninsula, including Tortosa. Since Les Arenes appears partially drained
in written records issued shortly after the feudal conquest of Tortosa
(AD 1148), which led to the extinction of the pre-existent Andalusi population, it seems likely that Andalusi groups contributed to the on-going
desiccation of the ﬂoodplain by means of drainage. Our results stress the
need to integrate written records and geoarchaeological datasets in
order to adequately assess the socio-ecological dynamics of Mediterranean wetlands during the last 2000 years. Moreover, we highlight the
need to combine climatic and anthropic factors when studying the
scope of the environmental changes brought about in the Iberian Peninsula by Andalusi groups after AD 711.
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