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Abstract

The fluvial evolution of southen Morocco during the Late Quaternary, particularly in non-
Mediterranean basins such as the Wadi Akka, a tributary of the Draa, remains poorly documented. This
study presents the first chronostratigraphic framework for the Wadi Akka formations, based on a high-
resolution reconstruction of fluvial dynamics and paleoenvironmental changes since the end of the last
interglacial period. The analysis follows a multiproxy approach, combining geomorphological,
sedimentological, and geochemical data, and is supported by 13 radiocarbon and four optically
stimulated luminescence (OSL) ages. Nine main stratigraphic units reveal alternating phases of
aggradation, pedosedimentary stability, and incision, associated with climatic fluctuations from Marine
Isotope Stage (MIS) 5b (~82 ka) to the late Holocene. During MIS 3 (~40 ka cal BP), a low-energy
hydromorphic environment prevailed, marked by fine sedimenta-tion and soil development under
relatively humid conditions. The early African Humid Period (11.400-9.700 cal BP) is characterized by
fluvio-lacustrine settings, peat layers, and tufa deposits, indicating stable, wet environments.
Conversely, arid phases are marked by signifi-cant incision and sedimentary hiatuses, particularly
between 9.500-8.500 and after 6.000 cal BP. Alluviation phases are also dated to around 7 200 and 656-
579 cal BP. The presence of tuf deposits and travertine dams indicates peaks in humidity, especially
during the beginning of Little Ice Age. Finally, comparison with other regional archives has allowed for
the reconstruction of Upper Pleistocene and Holocene paleoenvironmental conditions at both regional
and supra-regional scales, highlighting the correspondence between phases recorded in the Akka Plain

and broader climatic events in the region.
Keywords:
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1. Introduction

The glacial periods of the Late Quaternary, particularly Marine Isotope Stages (MIS) 5b and 3, as well
as the Holocene interglacial, reflect the complex processes underlying Earth’s climatic variability
(Siddall et al., 2006; Romero et al., 2011; Bereiter et al., 2012). These periods are characterized by
alternating wet and dry phases, which continue to be the focus of extensive research aimed at
understanding the origins and driving mechanisms of these climatic shifts (Foley et al., 2003; Castaneda
et al., 2009; Specht et al., 2024; Zaky et al., 2024). During the early Holocene, substantial evidence
indicates significantly increased moisture levels across the Sahara Desert in North Africa (Petit-Maire
& Riser, 1981 ;Petit-Maire & Riser, 1983 ; Pachur et al., 1987 ; Petit-Maire, 1989 ;; Pachur &
Hoelzmann, 1991 ; Depreux et al., 2021; Petit-Maire, 2021 ; Cheddadi et al, 2021; ).
Geomorphological, lacustrine, and paleoecological records consistently show that the region was
markedly wetter than today and extensively vegetated throughout the early to mid-Holocene. This multi-
millennial phase of enhanced humidity is commonly referred to as the “African Humid Period” or the
“Green Sahara” ; Street-Perrott et al., 1993 ;Kropelin et al., 2008; Lézine et al., 2011 ; Limondin-Lozouet
etal., 2013 ; Burrough & Thomas, 2013 Campbell etal., 2017 Depreux et al., 2022 ; Lghamour et al.,
2024 ). Furthermore, the northward expansion of the African monsoon brought abundant rainfall to areas
that are now arid, transforming the Sahara into a verdant landscape dotted with lakes, rivers, and
vegetation ranging from wooded steppe to savanna (Petit-Maire & Riser, 1981 ;Petit-Maire & Riser,
1983 ). Pollen analyses have revealed the presence of tropical and Sahelian taxa, indicating increased
biodiversity. In addition, speleothem records confirm the persistence of humid conditions during the
Late Pleistocene and early Holocene ( Ritchie et al., 1985; Salzmann & Waller, 1998; Lézine &
Casanova, 1989; Cheddadi et al., 2009; Brahim et al., 2023; Helmens, 2014 ; Lézine et al., 2023 ;
Paine et al., 2024). However, as summer insolation gradually declined, the African monsoon retreated
southward, leading to progressive aridification and the re-establishment of desert conditions across the
Sahara (Nicole Petit-Maire et al., 1983; Salzmann & Waller, 1998) . This process of desertification is
well documented during the mid-Holocene, particularly through lacustrine records such as those from
Lake Yoa in Chad, which reveal a continuous and gradual drying trend over the past 6,000 years
(Kropelin et al., 2008). An abrupt increase in Saharan dust deposition in the Atlantic around 5,000 cal
BP further supports this shift (Demenocal et al., 2000). Marine sediment records also confirm this trend,
as shown by the studies of [¢zine et al.(2005), Weldeab et al. (2005), and Haslett & Smart (20006).

Despite these climatic evidence, research on the evolution of fluvial systems in North Africa remains
limited. Yet, alluvial archives represent valuable indirect indicators of paleohydrological dynamics
during the Late Pleistocene and Holocene. Unlike slope or colluvial deposits, which reflect more

localized processes, fluvial records integrate environmental changes across entire watersheds, offering
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a broader and more comprehensive perspective on past hydrological variability (Faust et al., 2004;

Zielhofer & Faust, 2008; Zielhofer et al., 2008).

This transitional period is crucial for understanding the profound landscape transformations and the
multiple forcing mechanisms that have driven the ongoing aridification of North Africa. However, the
current state of research highlights significant gaps, as many regions still lack chronological frameworks
or pedo-sedimentary archives documenting paleoenvironmental, climatic, and anthropogenic events
during the Late Quatemary. In southern Morocco, the Akka Wadi is a major right-bank tributary of the
Draa River in its lower basin, which spans approximately 66 km? and extends into the northwestern
Sahara Desert. The history of studies on this sector of Africa has received little attention from
geomorphologists and Quaternary scientists. Notably, the Akka Plain has never been investigated in the
context of Holocene paleoenvironmental reconstructions. This area of south-eastern Morocco lacks of
absolute chronological data, despite a few earlier contributions (Weisrock et al., 1991; Wengler et al.,
2002; Mathieu et al., 2004; Weisrock et al., 2006 , 2008) . As a result, there remains a significant gap
in morpho-pedosedimentary and paleoenvironmental documentation of climatic and anthropogenic
changes during the recent Quaterary (Mathieu et al., 2004). In contrast, only a handful of recent studies
have focused on marine sequences off Cape Ghir in southern Morocco (Baqgloul et al., 2021; Tadoumant
et al., 2022). Meanwhile, the Mediterranean watersheds of northern Morocco, such as the Moulouya
River and its tributaries, as well as the Kert River, have been the focus of extensive geomorphological
and paleoenvironmental research. (Lefevre, 1985; El Amrani et al., 2008; Zielhofer et al., 2010;
Ibouhouten et al., 2010; Bartz et al., 2018 ; Depreux et al, 2021, 2022), resulting in a robust and near-

continuous Holocene chronostratigraphic framework for that region.

The main objectives of this study are as follows; a) to carry out a comprehensive geomorphological
analysis of alluvial formations across several sectors of the Akka Basin, b) to refine the
chronostratigraphic framework of recent Quaternary alluvial deposits through the examination of
multiple transects and the application of absolute dating methods, including radiocarbon (**C) and
optically stimulated luminescence (OSL), c) to perform detailed physico-chemical and sedimentological
analyses on samples collected from selected profiles, with the aim of developing a diachronic model
reconstructing the hydro-geomorphological and paleoenvironmental evolution of the region, d) to
investigate the climatic and anthropogenic drivers of the observed paleoenvironmental changes in the
Akka sequence by comparing our results with published paleoclimatic and paleoenvironmental data at

the regional scale, encompassing the north-western Sahara and broader North Africa.

2. Study area

The Akka Wadi is a major right-bank tributary of the Draa River (Figure. 1a), situated in the pre-Saharan

zone of the Western Anti-Atlas in southem Morocco. It drains a sub-basin covering approximately 2.190
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km? along a course of about 100 km (Figure. 1b). Due to its geographical position, the Tata-Akka region
experiences a continental Saharan hyper-arid climate. Annual precipitation is low, averaging around 100
mm (Monographie 2015 — Agence du Bassin Hydraulique Draa), primarily occurring as intense
thunderstorms. Prolonged dry spells of4 to 5 months without rainfall are common. Temperatures exhibit

considerable daily and seasonal variability, ranging from minima of around 12 °C in winter to highest

values reaching 49 °C in summer.
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Figure. 1. Geographical location of the study area: a) Satellite image of Morocco showing the Akka sub-basin
(outlined in white) within the Drda basin (outlined in black). (Source: Terra Color imagery, Esri, 2009), b)
Topographical map of the Akka watershed highlighting the study area. (Source: Shuttle Radar Topography

Mission (SRTM)), ¢) Geological and geomorphological map of the Akka plain with the study area indicated by a
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red rectangle. The legend below corresponds to maps (c) and (d), d) Locations of the profiles and stratigraphic

sections studied along the eastern and western banks of the wadi.

3. Materials and methods
3.1 Geomorphological and Chronostratigraphic Context

The identification of the studied terraces is based on a geomorphological survey combining the analysis
of Google Earth satellite images and field observations. Satellite images allowed the identification of
the best-preserved Holocene alluvial terraces, while field campaigns validated these observations by
identifying the most intact construction sections, exposed by the recent natural incision of watercourses.
Four field campaigns were thus conducted in the Akka region, southern Morocco, in May 2022, April
2023, November 2023, and January 2024.

The geomorphological map of the Akka area (Figure. 1c¢) illustrates the geological and morphological
framework of the study site. The upstream watershed is dominated by rugged mountainous terrain
reaching approximately 1100 m in altitude, characterized by steep slopes composed of ancient
Ordovician rocks, notably the Bani sandstones. Downstream, the landscape extends into low alluvial

desert plains, rich in pebbles, up to the confluence of the Wadi Akka with the Draa River (Figure 1b).

The oldest terraces, T1 and T2 (Figure. 1c), consist of gravel formations attributed to the Middle to
Upper Pleistocene, as indicated by the geological map of the Western Anti-Atlas and the Draa Plains
(Akka—Tafagount—Tata) (Choubert & Ennadifi, 1970). These two terraces were not investigated in the
field due to the absence of precise chronological constraints but are included here for contextual
purposes. The most recent terrace, T3, where the studied outcrops are located, is composed of
fluviolacustrine deposits and more or less bedded floodplain silts, very locally interrupted by gravel
layers with a thickness of 5 to 6 meters. These sediments, mainly greenish silts and occasional tufa
deposits, are attributed to the Holocene (Choubert & Ennadifi, 1970). Below the T3 terrace lies the
Ant/T3 terrace (Figure. 1c,d), which is topographically lower and corresponds to anthrosol deposits

linked to the establishment of the Akka oasis, a topic that will be addressed in more detail later.

Two stratigraphic sections were studied on the recent T3 terrace. The first section, (Figures 2a and 2b),
located on the left bank of the Akka wadi (29°22'50.66"N/8°15'51.25"0), includes three profiles
(profiles 1, 2, and 3) arranged from north to south. The second section, located on the right bank
(29°22'47.40"N/ 8°15'57.39"0), contains a fourth profile (profile 4). These profiles were selected based
on the clear continuity of the sedimentary layers, which is essential for accurate stratigraphic
interpretation. The lithostratigraphic analysis of the four profiles led to the identification of 21

sedimentary units.

The identification of sedimentary units is primarily based on lithological descriptions carried out in the

field, including outcrop sketches, as well as the analysis of structures, texture, and color of the units.
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Due to local topographic configurations, successive interbedding of alluvial layers, oblique intersections
of old palacochannels, observable truncations, and longitudinal facies variations, it is often necessary to
study several complementary sedimentary logs at the same site. This approach makes it possible to best
reconstruct the alluvial archive, to capture its initial geometry by developing a local master core that is
representative of all the hydro-geomorphological and sedimentary events recorded in the stratigraphic

sequence.
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Figure. 2. a) Panoramic photograph of the left bank outcrop of Akka Wadi; b) Stratigraphic section of the left bank showing the location of the three studied stratigraphic
profiles (1, 2, and 3), c) Panoramic photograph of the right bank outcrop of Akka Wadi, d) Stratigraphic section of the right bank with the location of the studied profiles (4a
and 4b),
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Figure 3 : Correlation of the four dated stratigraphic sequences. (The crossed-out dates indicate a
chronostratigraphic inconsistency)

Figure 3 shows a lithostratigraphic correlation of the various units and sub-units from the studied profiles
on both sides of the Akka wadi. The four profiles reveal eight broadly comparable pedosedimentary
phases on both banks, along with significant morphological changes in the alluvial plain, related to
successive incision and refill events. While the two stratigraphic sections are easily accessible for
sampling, the scarcity or absence of carbonized remains, especially throughout the coarse basal unit
(U1) and the subsequent unit (U2), led us to complement radiocarbon dating with the luminescence
dating method, as a complementary technique for the parts where radiocarbon dating material is not

available. A detailed description each of these main units is provided in Section 4.2.

3.2 Sedimentological and pedological analysis

Sediment samples of approximately 200 g were systematically collected at regular intervals of 4 to 6 cm
by recovering material in bulk (using a trowel or pick from the walls of the natural section, thereby
destroying the sedimentary structure), based on the lithostratigraphic variations observed in the field . A
total of 259 samples were collected from the four sequences. according to the chronostratigraphic order
of the master core created. These samples underwent a multiproxy analysis in the laboratory, following

a systematic stratified approach, including geochemistry, sedimentology, and chronology.
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3.3 Chronology

3.3.1 Radiocarbon dating

The chronology of the studied sequences is based on 13 AMS radiocarbon ages obtained from charcoal
and organic matter (mineralized peat). Due to the scarcity of carbonaceous material, more than 45
samples sieved through a 200-micron mesh (>50), followed by binocular examination at magnifications
up to 50x in both natural and incident light to better identify carbonized micro-debris. Despite using
AMS, many carbonized micro-fragments had to be combined to reach the required 1 to 2 mg for dating.
We sometimes had to group 2 samples 6¢cm apart, but always included in the same stratigraphic sub-
unit. This methodological approach ensures that all collected material comes from the same stratigraphic
unit. The obtained ages were then assessed for chronostratigraphic consistency, and any date showing
inconsistency was systematically excluded in order to ensure the robustness of the proposed
chronological framework. The AMS analyses were performed at the Poznan laboratories (Poland). Dates
were calibrated using IntCal20 (Reimer et al., 2020) with Calib 8 software. Radiocarbon dating results

are presented in Table 1.

3.3.2 Optically Stimulated Luminescence (OSL) and Post-Infrared Stimulated Luminescence
(pIRIR) Dating:

Four blocks were collected from the two studied sections for luminescence dating of sediments. On the

left bank, sample AKKA2-OSLI1 (profile 4) was taken at a depth of 225 cm, while AKKA2-OSL2

(profile 4) comes from a level at 380 cm. On the right bank, AKKA2-OSL3 (profile 1) was collected at

a depth of 250 cm, and AK-KA2-OSLA4 (profile 2) at 280 cm.

a- Sample preparation

The samples were prepared at the Archéosciences Bordeaux laboratory (Bordeaux Montaigne
University, France), under subdued red light and controlled conditions in order to prevent light exposure.
The core of the blocks was extracted and prepared for luminescence analyses. The external part of the

blocks, which was exposed to light during sampling, was kept for dose rate measurements.

For luminescence dating analyses, each sample was sieved with water and the 100-140 pm fraction was
chemically treated following published protocols (e.g. Tribolo et al., 2013) including HCI (10%) to
dissolve the carbonates and H202 (30%) to degrade the organic matter. The quartz and feldspars were
extracted using density separation with heavy liquid (heteropoly tung-state of sodium). Three
separations were conducted, the first one to extract heavy minerals (d=2.72 g/cm3), the second one to
separate quartz and feldspars (d=2.62 g/cm3) and the third one to separate plagioclase and potassium
feldspars (d=2.58 g/cm3). The quartz fraction was then treated using H2SiF6 (31%) over one week and
rinsed with HCI (10%) to eliminate the possi-ble remaining feldspars.
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For dose rate measurements, the external part of each block was dried in an oven and the difference be-
tween the wet and the dry weight was used to calculate the water content. Note that due to the warm
conditions at the time of the sampling, the samples were almost dried and the measured water content
may not reflect the average water content during burial time. The ages were thus calculated assuming a
water content of 6%. This fraction was then sealed in a container that was analysed using a laboratory
gamma-ray spectrometer equipped with a high-resolution, broad energy Ge (BEGe) detector to
determine the U, Th, and K content in each sample and derive the beta dose rate. The gam-ma dose rate
was measured in situ using a portable gamma-ray spectrometer connected to a LaBr probe (Inspector
1000, Canberra) at the same location as the samples. The data were treated using the “threshold”
technique (Mercier & Falgueres, 2007). The cosmic dose rate was calculated taking into account the

current depth of the samples following the equation in Prescott & Hutton, (1988)
a- Luminescence measurements

Multi-grain (MG) analyses were first conducted on the quartz of the four samples (I mm o aliquots)
using the protocol given in Tab. S1 with a TL/OSL Lexsyg Smart reader (Richter et al., 2015) and a
Lexsyg Research reader (Richter et al., 2013). The OSL signal was integrated using the first 1.5 seconds
and the back-ground subtracted using the last 20 seconds, and the signal was detected with a combination
of UV filters (Schott BG-3, 3 mm in conjunction with a Delta BP365/50 EX). Dose recovery tests (DRT)
were con-ducted on MG quartz aliquots in order to assess the reliability of the protocol. The disks were
bleached two minutes in a solar simulator (Honle 500) and a given dose of 266 Gy (AKKA2-OSL1),
202 Gy (AKKA2-0OSL2), and 91 Gy (AKKA2-OSL3) was applied before applying the single aliquot
regeneration (SAR) protocol in Tab. S1. The preheat temperature was fixed at 240°C (AKKA2-OSLI1,
2 and 3) and 260°C (AKKA2-OSL1 and 3), and three aliquots were measured for each tempera-ture.
The DRT (recovered/given) values are, for AKKA2-OSL 1, 0.76 = 15% (240°C) and 0.75 = 3% (260°C);
for AKKA2-OSL 2,0.95 +3% (240°C); for AKKA2-OSL3, 0.94 + 5% (240°C) and 0.95 £ 10% (260°C).
However, considering that the OSL signal of AKKA2-OSL1 was close to saturation and that the DRT
values were under the commonly accepted range for MG aliquots of 1 & 10%, the post-infrared infrared
stimulated luminescence protocol at 290°C (pIRIR290, Thiel et al., 2011) was ap-plied on K-feldspars
(supplementary Tab. S2) using a TL/OSL Lexsyg Smart reader. The IRSL signal was detected with a
combination of optical filters (Schott BG 39-3 mm; AHF Brightline HC 414/46-3.5 mm). For the other
samples, some of the quartz DRCs were saturated or close to saturation (OSL 2 and 3) and high overdis-
persion (OD) values were obtained (21%, 34% and 55% for AKKA2-OSL2, 3 and 4 respectively),
probably due to differential bleaching (see details in the results section). Single grain (SG) OSL analyses
were thus performed using the protocol displayed in Tab. S3 on a Risg OSL/TL reader. A green laser
was used to measure 1000 grains and the signal was detected using Hoya U340 filters. DRT tests were
conducted on SG disks for AK-KA2-OSL 2 (given dose = 147 Gy) and 3 (given dose = 69 Gy) using
the protocol in Tab. S3. The recovered/given values are 0.99 + 15% (AKKA2-OSL2) and 1.18 +20%

10



260
261
262
263
264
265
266
267

268

269
270

271

272
273
274
275

276
277
278
279
280
281
282
283
284
285
286
287

288

289
290
291

(AKKA2-OSL3). These ratios are included within 1 +20%, due to the intrinsic variations of the samples
at the single grain scale. The equivalent doses obtained using both single and multi-grain measurements
were selected using the following criteria: a recycling ratio limit of 10%; a recuperation <5% of the
natural signal; a maximum test dose error of 10%; and a test dose signal >3 sigma above background.
The MG pIRIR290 signal was integrated using the first 5 seconds and the back-ground subtracted using
the last 50 seconds. The SG OSL signal was integrated using the first 0.07 seconds and the background
subtracted using the last 0.25 sec-onds. The DRC were obtained using an exponential + linear function

for the pIRIR290 measurements and an exponential function for the OSL measurements.
3.3.3 Sedimentological and geochemical analyses:

The sedimentological and geochemical analyses presented in this study were conducted on the OMEAA
platform of UMR 5600 — EVS (Environment, City, Society) at the Université Lumiére Lyon

a. Laser Granulometry

Grain size analysis was carried out to measure the size of sediment particles and to assess the energy
required for their transport. The method is based on measuring laser beam diffraction and the light
intensity scattered by particles smaller than 2 mm. Measurements were performed using a Fritsch

Analysette 22 laser granulometer.

Prior to laser granulometry, the samples were chemically pretreated: several treatments with H20: to
remove organic matter, and with HCl to dissolve carbonates, followed by deflocculation with KCI. After
rinsing and centrifugation, the samples were dispersed in a sodium hexametaphosphate solution. This
method enables the evaluation of flow energy by reconstructing transport hydrodynamics and provides
a precise characterization of clay (0.4—2 pum), silt (2-63 um), and sand (63 pm—2 mm) fractions, as well
as variations in hydrological regimes over time. Data processing was performed using the Gradistat
software (version 8), developed in Excel by Simon J. Blott and Kenneth Pye (Blott & Pye, 2001). The
D50 and D90 values were used to assess flow energy: D50 represents the median flow value, while D90
indicates the maximum flow energy (Passega, 1964; Bravard, 1983). Although D99 would more
accurately represent the maximum competence of the current responsible for particle transport
(Salvador, 2016), the data curves did not allow reliable determination of D99 values, so D90 was

preferred instead.

b. Loss on Ignition (LOI)

The loss on ignition (LOI) method was used to determine the organic matter (OM) and carbonate
(CaCO:s) content 0f 259 samples. Samples were first dried at 106°C for 24 hours. Organic matter content

was then measured by calcining the dried, ground samples at 550°C for 4 hours using a Nabertherm

11
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muffle furnace,while carbonate content was determined by firing the samples at 950°C for 2 hours (Heiri

et al., 2001).
c. Volume Magnetic Susceptibility (MS)

Magnetic susceptibility provides insights into the composition and origin of sediments, as well as the
post-depositional processes they may have undergone, particularly pedogenesis. This parameter is
highly dependent on the chemical and mineralogical composition of the sediments, notably the presence
of minerals sensitive to magnetic fields—especially iron-bearing phases such as ferrimagnetic minerals

(iron oxides, hydroxides, and oxyhydroxides) (Dearing, 1999).

At alocal scale, magnetic susceptibility can also be influenced by various environmental and diagenetic
processes, including redox conditions associated with fluctuations in the water table, pedogenic
processes involving the alteration, mobilization, and concentration of iron compounds by microbial and
bacterial activity, bioturbation, physico-chemical weathering (e.g., hydrolysis), secondary processes

following erosion and transport, and even the impact of fire on soil surfaces (Mullins, 1977).

Measurements were conducted on oven-dried and finely ground samples to minimize grain-size effects.
Samples were placed in plastic cups and analyzed using a Bartington MS2E dual-frequency sensor
operating at 4.65 kHz, with a sensitivity range of 0.1 and a measurement period of 15 seconds. Each
sample was measured in triplicate, and the mean value was recorded following the protocol established

by Dearing (1999). Results are expressed in SI units (1078 m3/kg).

d. Geochemical Analysis and Principal Component Analysis (PCA)

X-ray fluorescence can be used to approximate the geochemical composition of sediment through the
detection of a number of major and minor elements. To analyze the geochemical content of the three
alluvial sequences studied, we used aportable Nikon XRF spectrometer. which can measure the
quantities of forty major and minor elements. Data quality in terms of data precision was analyzed by
performing triplicate measurements. Samples, previously dried and ground, were placed in cups covered
with a film to minimize interference from factors such as grain size, porosity, and moisture content

(Profe et al., 2016).

The geochemical data were analyzed by establishing correlation curves between stratigraphic logs and
measured elemental concentrations to identify those showing significant variations. Only the elements
Mn, Al, Fe, K, Rb, Ti, Si, Zr, Sr, S, Cr, Mg, and Ca were selected for their consistent detection above
limits and meaningful variability. Several geochemical ratios were used to evaluate flow energy and
redox conditions. The Z1/Rb ratio serves as an indicator of flooding and coarser (sandy) alluvial deposits
in a fluvial context (Rothwell & Croudace, 2015; Jones et al., 2012; Wang et al., 2011). The Fe/Mn

ratio help in assessing the redox conditions of the alluvial plain (Rothwell & Croudace, 2015), while the
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Ca/Mg ratio indicates biochemical calcite precipitation related to low environmental hydrodynamics
(Lauterbach et al., 2011). The Si/Al ratio is used to identify the origin of windblown or sediment dust
(Klasen etal., 2015; Zech etal., 2008; Profe etal., 2016 ) and is correlated with other proxies influenced
by grain size (Liang et al., 2013). Lastly, the Rb/Sr ratio serves as an indicator of soil weathering and/or

erosion of developed soils (Jones et al., 2012; Rothwell & Croudace, 2015; Profe et al., 2016).

To synthesize geochemical data signal, a Principal Component Analysis (PCA) was conducted. Only the
eleven most relevant elements—Rb, Fe, Ti, K, Al, Mg, Si, Zr, S, Mn, and Ca—were included in the
PCA, based on their environmental interpretability and local stratigraphic relevance. The analysis was
performed in R using the FactoMineR, package. No standardization was applied, as all variables were
expressed in comparable intensity units derived from the XRF measurements. The PCA was based on a

correlation matrix (default in FactoMineR), and no missing values were present in the selected dataset.

4. Results and Interpretations
4.1 Chronological Results :
4.1.1 Radiocarbon Dating
Radiocarbon dating provided a total of 13 ages on organic material (charcoal and organic matter). Of
these, six dates were excluded because they were inconsistent with the chronostratigraphic framework
established in the field. These discrepancies appear to be mainly due to contamination by older material,
likely reintroduced as a result of repeated phases of erosion and alluviation upstream of the site a
common process in fluvial contexts.

Table 1, Chronological data of samples from the Wadi Akka: conventional radiocarbon ages and calibrated
ages.

Sample Laboratory Depth (cm) | Material C14 Age Median (BP, 20)
code (BP) (cal BP)

Aka2_logl_Obas Poz-168159 5 Peat 9320 + 60 10297-10690 10520
Aka2 logl 14 Poz-168169 75 Charcoal | 8560 + 230 9025-10187 9591
Aka2 logl 31 Poz-168161 160 Charcoal | 5270 + 460 4950-7021 6028

Aka2-P1-51 Poz-182377 180 Charcoal 6290 +80 6992-7420 7204
Aka2_logl 49 Poz-168162 290 Charcoal | 9010+310 9446-11084 10131
Aka2 log3 78 Poz-168164 450 Charcoal 8550 £ 50 9454-9657 9524
Aka2_log3 102 Poz-168165 590 Charcoal 700 + 120 506-904 656
Aka2_log4 23 Poz-168166 155 Charcoal 9950 + 80 11227-11736 11428
Aka2 log5 4 Poz-168168 70 Charcoal 8380 £+ 50 9276-9526 9407
AK-P2-36 Poz-182402 400 Charcoal 1400 +40 1192-1374 1313
Aka2 log5 54 Poz-168167 470 Charcoal 580 + 50 523-652 597
Aka2 log6 58 Poz-168565 510 Charcoal 8710 £ 80 9534-10117 9702
Aka2 log6 62 Poz-168158 525 Charcoal | 9100+ 310 9535-11141 10260

4.1.2 OSL and pIRIR:o dating
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The equivalent doses for the pIRIR290 multi-grain analyses of AKKA2-OSL1 were computed using the
Central Age Model (CAM, Galbraith et al., 1999), giving an OD value of 9 + 3%, Tab. 2. For the other
three sam-ples, the single grain measurements allowed the mini-mum age model (MAM) in order to
give more weight to the well-bleached grains and discard saturated grains. The OD value obtained on
the SG measurement of AK-KA2-OSL2 is similar to the one obtained on MG ali-quots, of 21%.
However, the OD values are higher for AKKA2-OSL3 and 4, of 52% and 61% respectively (Tab. 2).
The MAM allowed taking into account the youngest grains, i.e., providing a minimum age estimate for
the layer. Ages are displayed in Tab. 2 and range from 82. 9 £ 5.5 ka (AKKA2-OSL1) to 8.5 £ 1.4 ka
(OSL3). Note that the yield of accepted quartz grains is low, under 3%. The statistics regarding the single
grain selection criteria are available in supplementary material Table. S4. The dose rate data are

presented in Tab. 3.
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Table 2;

Multi-grain (MG) pIRIR290 ages obtained from K-feldspar of sample AKKA2-OSL1 and single-grain (SG) OSL ages obtained from quartz of samples AKKA2-OSL2, 3, and 4
(1o uncertainties). For MG analyses, De values were measured on 1 mm diameter aliquots. For SG analyses, quartz grains were mounted on standard 150 um hole disks,
reporting accepted (n) and measured (N) grains with overdi-spersion (OD). Alpha and beta dose rates were calculated from radioactive elements (U, Th, K) measured by
gamma spectrometry (Tab. 3), using conversion factors from Guérin et al. (2011) and alpha attenuation factors (0.14 for U, 0.17 for Th) from Brennan et al. (1991). Gamma
dose rates were measured in situ (Table 3), and cosmic dose rates were estimated from burial depth (Prescott & Hutton, 1988). Feldspar ages were calculated using the
Central Age Model (CAM, Galbraith et al., 1999) with beta absorption factors (0.098 for U, 0.139 for Th, and 0.039 for K) as per Guérin et al. (2012) and an o-value of 0.08
+ 25%. The internal dose rate for the K-feldspars was calculated using a K-content assumed of 12 + 1%. . Quartz ages used the Minimum Age Model (MAM) with beta
absorption factors (0.100 for U, 0.142 for Th, and 0.041 for K) following Guérin et al. (2012) and an s-a value of 4.5 = 20%..

Depth

OSL# (m) Protocol n/N De (Gy) OD (%) Doserate (uGy.a™) Age (ka)
Alpha Beta Gamma  Cosmic Total Age (a)

1 2.25 pIRIR200 (MG) 13/15 2669 9+3 125+22 2019+33 911+£22 155+10 3209 +45 829+5.5

2 1.2 OSL (SG) 26/1000 135+5  20+5 58+8 2025+16 1074+26 178 +10 3335+32 405+2.4

3 2.8 OSL (SG) 17/1000 25+4 52+10 43+6 1757 £14 1012 +24 144+10 2956 +£28 8.5+1.4

4 2.5 OSL (SG) 16/1000 25=+2 61+12 42+6 1594 £13 837+20 150+10 2622 +25 9.500+9
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Table 3; U, Th and K contents of sediment samples analysed with a laboratory gamma-ray spectrometer
equipped with a high-resolution, broad energy Ge (BEGe) detector and in-situ gamma dose rate measured using
a portable gamma-ray spectrometer.

OSL# U (ppm) Th (ppm) K (%) In-situ gamma dose rate (uGy.a™)
1 334+£0.02 656+0.05 153+£0.01 911+22

2 330£0.03 7.60+0.07 2.04+0.02 1074 +26

3 225+0.02 635+0.05 1.89+0.02 1012+24

4 227+0.02 579+0.05 1.67+0.02 837+20

4.2 Landforms, Textures and Compositions: Multi-Proxy analyses of the alluvial
Sequences of Akka

A detailed analysis of the four Akka Plain profiles—based on granulometric, structural, colorimetric,
and pedological criteria (including bioturbation intensity, root traces, types and densities of secondary
carbonates, and redox features)—identified nine major litho-pedostratigraphic units, further divided into
20 sub-units. These units reflect the local hydrogeomorphological history, encompassing erosion,

aggradation, and minor bed mobility.

The lithostratigraphic and chronological results are detailed in section 4.2.1, and the sedimentological
and physico-chemical analyses in section 4.2.2. “’Multi-proxy analyses and types of pedosedimentary

environments’’

4.2.1 Litho-chronostratigraphy

Unit 1 (U1): The basal formation (Ula) is found at the base of both outcrops on the left and right banks
(Figure. 3). It consists of a conglomerate deposit made up of heterometric gravels (2—-10 cm) set in a
greyish sandy matrix (10YR 7/2, light gray), exhibiting a compact texture. The thickness ranges from
40 cm on the left bank to 70 cm on the right bank (Figure.3). No samples were collected from this unit.
Above this, Unit 1b (U1b) (Figure. 4a) consists of alternating infill deposits within narrow or flared
gravelly channels, which are shallow, along with lenses of heterometric gravels (Figures. 2¢ and 2d).
This sedimentary structure is particularly well-exposed on the right bank, where it displays a braided
pattern, indicating high lateral channel migration and significant instability of the floodplain, with a
thickness of nearly 2 meters (Figure. 2d). . Overlying this is Unit 1c (Ulc), a silty clay deposit (1I0YR
7/3, very pale brown) with a massive structure containing some secondary carbonate nodules. An OSL

date obtained from this formation suggests an age of approximately 82,900 £ 5,500 years.
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Unit 2 (U2): This unit, observed only on the right bank of the wadi in profile 4 (fig. 3), consists of a silt
deposit approximately 1.50 m thick, (fig.4a) with a greenish-gray color (10YR 7/2, light gray). The
deposit exhibits a polyhedral structure and contains some shell fragments. OSL dating places this unit
at approximately 40.5 + 2.4 ka (Table 2).

Unit 3 (U3): This unit is clearly distinguishable in the outcrop by its greenish to light gray color (10YR
7/2, light gray), observed on the left bank of the Akka Wadi (Figures. 2a, 2b, and 3). It appears at the
base of profiles 1 and 3 (Figure. 4b) and is characterized by a massive silty facies, 50 to 70 cm thick,
containing a few centimeter-sized lenses of heterometric gravels. Above this lies a massive deposit of
silt to fine silty sand (U3Db), associated with the presence of Melanopsis (probably of aff. cariosa type,
according to Linnaeus (1789)). This unit (U3), which outcrops discontinuously on the left bank of the
Akka Wadi (Figures. 2a, 2b), is preserved over a limited distance of approximately 250 meters to the
south. This formation is dated by radiocarbon *C to around around 11,428 cal BP (11,227-11,736 cal
BP).
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Figure. 4. Field photographs of profiles 3 and 4: a) Sedimentary units of profile 4 on the right bank, showing
sample locations and OSL and radiocarbon (**C) dates, b) Profile 3 on the left bank, which forms the base of
profile 2, c) Gravelly unit Ula at the base of profile 4.

Unit 4 (U4): This formation appears at the base of profile 2 (Figure. 5a). It begins with the deposition
of a massive clayey silt layer with a pale brown hue (10YR 6/3, pale brown), measuring 50—70 cm in
thickness. This basal unit is dated by radiocarbon *C to approximately 10,520 cal BP (10,097-10,690
cal BP). Overlying this layer is a thicker deposit of brownish clayey silts (U4b) (10YR 5/6, yellowish
brown), characterized by intercalated centimeter-scale layers of blackish, highly mineralized peat. The
peat is notably flaky and composed of strongly humified plant debris, arranged in indistinct micro-beds

(Figure. 5c).

Also present are cylindrical travertine tubes (4—5 cm long, <1.5 cm in diameter) with calcified walls
(Figure. 5¢), Melanopsis sp. shells, and a thin yellowish-orange oxidized lens. Morphologically, this unit
represents the sedimentary infill of a broad alluvial channel—approximately 150 meters wide—exposed
at the base of profile 2 and extending beneath the modern alluvial plain (Figure. 2a/b/3). The upper part
of the unit has been dated to around 9 591 cal BP (9 025-10,187 cal BP).

Profil 2, Left bank

7204cal BP

9591 cal BP
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Figure. 5. Field photographs of profile 2 on the left bank: a) Overview of the sedimentary units composing
profile 2, with sample locations and chronological sequence, b) Detailed view of units U8, U9a, and U9b, c)

Close-up of unit U3b, highlighting travertine tubes, dark peat layers, and Melanopsis shell fragments.

Unit 5 (US) is identified in both the left and right bank deposits of the Akka Wadi (Figure. 3) and
comprises four sub-units. Sub-unit US5a is a thin, 10 cm layer of heterometric gravels Gs1 (Gravel sheet)
(Figure. 6a), located above U4b. It is discontinuously preserved along the right bank outcrop and marks
a lithostratigraphic discontinuity, as it erodes the upper part of the underlying fluvio-palustrine deposits
(U4b). This erosional contact indicates a significant shift in sedimentary dynamics, prefiguring the
processes that dominate the subsequent sub-units. Sub-unit U5b is composed of massive clayey silts
with a light beige color (10YR 6/4 — light yellowish brown), measuring between 40 cm thick on the right
bank and up to 1 m on the left bank. This facies includes small tufa lenses forming calcified filaments,
as well as shell debris of Melanopsis sp. Numerous root traces are also visible, pointing to the
development of local hydro-hygrophilous vegetation. Overlying this, sub-unit U5c is a 20 to 60 cm thick
layer of homogeneous fine sand of similar coloration (10YR 6/4), marking a transition in sedimentation
dynamics and a clear increase in hydrodynamic energy. This intensification culminates in sub-unit U5d,
a deposit of heterometric gravels (Gs2) ranging from 10 to 20 cm in thickness, which is consistently
visible across the outcrop (Figure. 5a, 6a). This gravel layer reflects a major increase in flow energy,
likely associated with a significant incision phase of the wadi between profiles 4 and 3, as illustrated in

Figure 3.

Profil.1, Left bank

Travertine tubes

597 cal BP

U9c [(523-652
: . Melanopsis shells

Stromatolitic
travertine 40cm
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Figure. 6. Field photos of profile 1: a) View of the sedimentary units forming profile 1 on the left bank to the
north, b) Zoom on the tuffaceous alluvium deposit (U9c) with large travertine tubes, c) Stromatolithic travertine

dam observed to the north of profile 1, deposited at the same level as unit U9c.

Unit 6 (U6) is deposited above the gravelly phase (Gs2) (Figure. 3). It appears in Profiles 1 and 2
(Figures. 5a and 6a) and is characterized by a facies similar to Unit USb, consisting of massive,
tuffaceous clayey silts with a light brown color (10YR 6/4 pale brown). Its thickness ranges from 20 