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Abstract

Abstract

The investigation of fluvial archives in NE Morocco is of high interest for unravelling palae-
oenvironmental changes linked to Quaternary climate fluctuations, long-term tectonic activ-
ity and/or human influence. The prehistoric site of Ifri n'Ammar is situated in NE Morocco
and represents a key location in unravelling the history of anatomically modern humans
(AMH) in northern Africa as it reveals Middle and Late Palaeolithic occupation phases since
~170 ka. Therefore, this study uses two fluvial systems of different nature — the ephemeral
stream Wadi Selloum and the perennial Moulouya River —in order to reconstruct the varying
environmental conditions for the last ~170 ka, the time when AMH started to disperse into

the region.

Both fluvial systems provide valuable insights into the geomorphic evolution of the study
area. It has been shown that the two fluvial systems responded to different environmental
triggers: the small catchment of the Wadi Selloum is highly affected by the sensitive eco-
system of the Mediterranean region. The ephemeral stream is characterised by a discon-
tinuous and heterogeneous sediment record caused by short-term climatic shifts and hu-
man influence. In contrast, tectonic activity appears to be the main driver for the evolution

of the lower Moulouya terraces, rather than climate cyclicity during the Quaternary.

Establishing chronostratigraphies of river sedimentary sequences always remains challeng-
ing. However, based on different luminescence dating techniques (OSL, pIRIR, TL), elec-
tron spin resonance (ESR) dating using the multiple centres approach (Al and Ti centres of
quartz), and palaeomagnetic analyses, geochronological frameworks for the two fluvial ar-
chives located in the direct vicinity of Ifri n"Ammar could successfully be established. First
numerical ages in this area yield burial ages of the lower Moulouya terraces and the Wadi
Selloum deposits dating back to Early Pleistocene and Late Pleistocene/Holocene times,

respectively.

In addition to the use of absolute and relative dating techniques, laboratory (sedimentology,
geochemistry, mineralogy) and microscopic (micromorphology) analyses have been carried
out in order to identify periods of enhanced flooding in both fluvial systems on the one hand,
and periods of pedogenesis on the other. The Wadi Selloum gives information about mor-
phodnamic phases in the time of AMH settling: periods of enhanced aggradation occurred
around ~100 ka, ~75 ka, ~55 ka, after the LGM, and during the Holocene, whilst sedimen-
tation ended after ~1.3 ka. Pedogenesis may be used as environmental indicator for more
humid climate conditions during MIS 3 (palaeo-Calcisol), the early Holocene (Calcisol) and

the late Holocene (Fluvisol).
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Although palaoenvironmental implications should be taken with caution due to the disconti-
nuity of the ephemeral stream system, it appears that more humid and warmer climate con-
ditions favoured human settling in this area. This study thus provides first insights into the
palaeoenvironmental changes around the rock shelter of Ifri n'Ammar during the last glacial-

interglacial cycle.
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Die Untersuchung von fluvialen Archiven ist in NO Marokko von groRem Interesse fir die
Aufklarung von Palaoumweltveranderungen, die meist mit klimatischen Schwankungen,
langfristiger tektonischer Aktivitat und/oder menschlichem Einfluss im Quartar verbunden
sind. Die prahistorische Hohle Ifri n'Ammar stellt in dieser Region eine Schlisselstelle dar.
Durch Mittel- und Spéatpaléolithische Funde offenbart die archéologische Statte Informatio-
nen Uber die Geschichte des Anatomisch Modernen Menschen (AMH) in den letzten ~170
ka. Aus diesem Grund werden in dieser Studie zwei fluviale Systeme unterschiedlicher Na-
tur - der ephemere Wadi Selloum und der perennierende Fluss Moulouya — untersucht, um
die wechselnden Umweltbedingungen fir die letzten ~170 ka zu rekonstruieren, als AMH

begannen die Region zu besiedeln.

Beide fluvialen Systeme liefern wertvolle Erkenntnisse Uber die geomorphologische Ent-
wicklung des Untersuchungsgebietes. Es wurde gezeigt, dass sie jeweils auf unterschied-
liche Umweltausltser reagieren: Das eher kleine Einzugsgebiet des Wadi Selloum ist stark
von dem sensiblen Okosystem des Mittelmeerraumes betroffen. Dies fiihrt zu einem dis-
kontinuierlichen und heterogenen Sediment-Archiv, was vor allem auf kurzzeitige klimati-
sche Veranderungen und menschlichen Einfluss zurtickzufiihren ist. Im Gegensatz dazu
scheint der Hauptantrieb fur die Entwicklung der unteren Moulouya-Terrassen die tektoni-
sche Aktivitat zu sein, wahrend Klimaschwankungen im Laufe des Quartdrs eine weit ge-

ringere Rolle spielten.

Das Erstellen von Chronostratigraphien ist vor allem bei Fluss-Sediment-Sequenzen her-
ausfordernd. Auf Basis unterschiedlicher Lumineszenz-Datierungstechniken (OSL, pIRIR,
TL), Elektronenspinresonanz-Datierung (ESR) unter der Benutzung der Multizentren-
Anwendung (Al- und Ti-Zentren in Quarz) und paldomagnetischen Analysen konnte ein
geochronologischer Rahmen in beiden Fluvialarchiven erstellt werden. Die ersten absolu-
ten Datierungen in dieser Region liefern Ablagerungsalter der unteren Moulouya-Terrassen
im Fruhpleistozén, wahrend die Wadi Selloum Ablagerungen ins Spatpleistozén/Holozan

zurlick datieren.

Neben der Anwendung von absoluten und relativen Datierungsverfahren wurden Labor-
(Sedimentologie, Geochemie, Mineralogie) und mikroskopische (Mikromorphologie) Analy-
sen durchgefuhrt, um in beiden fluvialen Systemen Perioden mit einerseits erhéhtem
Abfluss und andererseits Bodenbildungsphasen zu identifizieren. Der Wadi Selloum gibt

Auskunft Uber morphodynamische Phasen in der Zeit der AMH-Besiedlung: Perioden der



Kurzzusammenfassung

verstarkten Aggradation traten um ~100 ka, ~75 ka, ~55 ka, nach dem Letzten Glazialen
Maximum (LGM) und wahrend des Holozéans auf, wahrend die Sedimentation nach ~1.3 ka
endete. Pedogenese zeichnet sich als Umweltindikator fiir feuchtere Klimabedingungen
wahrend des MIS 3 (Palédo-Calcisol), des frihen Holozans (Calcisol) und des spaten Ho-

lozéns (Fluvisol) aus.

Obwohl durch die Diskontinuitat des ephemeren Fluvialsystems die Interpretation von
Paléaolandschaften kritisch gesehen werden sollte, so scheint es, dass feuchte und warmere
Klimaverhaltnisse die menschliche Besiedlung in dieser Region begunstigten. Aufgrund
erster Umweltimplikationen in dieser Region gibt diese Studie erste Einblicke in
Paldoumweltveranderungen in der direkten Umgebung von Ifri n'Ammar wahrend des

letzten Glazial-Interglazial Zyklus.
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Chapter 1

Chapter 1

1 Introduction

1.1 The Collaborative Research Centre 806

The Collaborative Research Centre (CRC) 806 “Our Way To Europe. Culture-Environment
Interaction and Human Mobility in the Late Quaternary“ (http://www.sfb806.uni-koeln.de/) is
funded by the German Research Foundation (Deutsche Forschungsgemeinschaft; DFG
SFB 806) and is composed of geoscientists and archaeologists from the universities of Co-
logne, Bonn and the RWTH Aachen. The aim of the CRC is the investigation of the trans-
continental and intercontinental dispersal behaviour of anatomically modern humans (AMH)

from Africa to Western Eurasia.

The origin and dispersal of AMH have been a fundamental question in human evolutionary
studies (e.g., Howell, 1999; Stringer, 2002; Groucutt et al., 2015). Mitochondrial DNA
(mtDNA) analyses relates to the ancestor of the modern human in Africa (Cann et al., 1987).
Furthermore, the earliest fossils of Homo sapiens sapiens have been found in Eastern Af-
rica, and relatively old fossils have been reported in southern Africa and the Near East.
Therefore, the origin of Homo sapiens sapiens is expected in Africa, wherefrom the AMH
left the African continent and migrated into Eurasia (Foley and Lahr, 1992; Finlayson, 2005;
Reed and Tishkoff, 2006). Recently, the two Out-of-Africa-models (Out-of-Africa-l-model of
the early kind of Homo erectus demonstrating a first phase of migration around 1.8 Ma; Out-
of-Africa-1I-model, which reveals the migratory movement of the AMH around 190 ka) are
still under debate, since the dispersal process appears to have been affected by behavioural
variability (e.g., Petraglia et al., 2010; Groucultt et al., 2015). Also the dispersal direction out
of Africa is generally discussed. Whilst the “Eastern Corridor”, from Northeast-Africa to Eu-
rope is considered to be an important route taken by AMH (Richter et al., 2012), a western
path across the Straits of Gibraltar might have also been an alternative (Straus, 2001;
Linstadter et al., 2012a).

The CRC investigates the eastern and western way of dispersal from East Africa to Europe.
Whilst the first phase of the CRC 806 (2009-2013) focused on the primary expansion of
AMH after 190 ka, induced by climatic, environmental and cultural fluctuations, the ongoing
second phase (2013-2017) mostly concentrates on secondary expansions and retreat into

areas which had already been inhabited. The CRC 806 thus aims at understanding the
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environmental driving forces of these developments and their possible interactions with the

cultural system.

This thesis is embedded in the subproject C2 of the second phase of the CRC 806, entitled
“Early Holocene Contacts between Africa and Europe and their Palaeoenvironmental Con-
text”, which deals with human contacts between Africa and Europe in the Western Mediter-
ranean region. During the first phase of the CRC 806, C2 focused on the Holocene Epipa-
laeolithic-Neolithic transition (Linstadter et al., 2012a), whilst the second phase deals with
an extended time range into the Late Pleistocene. Continuity alongside discontinuity con-
cerning intercontinental contacts between both sides of the Straits of Gibraltar are known
(Linstadter et al., 2012a). Thus, the question whether AMH took the western path to spread

into the Iberian Peninsula remains open.

A key site on the African side of the Straits of Gibraltar is the rock shelter of Ifri n’Ammar,
located in NE Morocco (Nami and Moser, 2010), where the first occupation phase of AMH
started as early as ~170 ka (Richter et al., 2010). The main research topic of this thesis
focuses on the reconstruction of past landscape and palaeoclimatic changes in order to
investigate the relationship between human occupation phases — which are known to have
been discontinuous — and natural conditions. The most promising climate and landscape
records in the study area are provided by fluvial archives (e.qg., Zielhofer et al., 2010). There-
fore, two fluvial systems of different nature — the ephemeral stream Wadi Selloum and the
perennial Moulouya River — are studied (offsite archives) and linked with the settling phases

of Ifri n"Ammar (onsite archive).

1.2 Fluvial environments in the Western Mediterrane  an region — state
of the art

Since the middle of the 20" century, Quaternary fluvial formations in the Mediterranean
region have been investigated. During the first decades, only a few studies focused on re-
gional Pleistocene fluvial records to infer palaeoenvironmental changes (e.g., Vita-Finzi,
1969, 1976; Harvey and Wells, 1987).

Establishing chronostratigraphies of river sedimentary sequences always remains challeng-
ing (Macklin et al., 2002; Rixhon et al., 2017a). Whilst radiocarbon dating has been widely
used in Mediterranean fluvial environments in order to unravel palaeoenvironmental fea-
tures and the long-term river evolution (e.g., Vita-Finzi, 1976; Harvey and Wells, 1987;
Macklin et al., 1995; Thorndycraft and Benito, 2006; El Amrani et al., 2008; Wolf and Faust,

2015), its application only spans the last 30-50 ka and requires the preservation of organic
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material within the sediment sequences (Rixhon et al., 2017a). During the last 20 years,
several technical developments have enhanced the use of further geochronological tools in
fluvial environments (Rixhon et al., 2017a). Optically stimulated luminescence (OSL) is able
to directly date the timing of sedimentation (Duller, 2008); thus, it is also possible to deter-
mine Late and Middle Pleistocene river erosion and aggradation phases in the Western
Mediterranean region (e.g., Fuller et al., 1998; Rose and Meng, 1999). Electron spin reso-
nance (ESR; e.g., Duval et al., 2015) and terrestrial cosmogenic nuclide dating (e.g., Anton
et al., 2012) clearly improved studies of Pleistocene alluvial geochronologies. For instance,
ESR dating allowed the reconstruction of different aggradation and incision phases in fluvial
systems of the Early Pleistocene on the Iberian Peninsula (e.g., Duval et al., 2015; Sancho
et al., 2016).

Understanding fluvial responses to external controls represents a major task when dealing
with past landscape changes at different timescales. In the Mediterranean region, climate
was firstly considered as the most significant driver for fluvial development leading to a
pronounced “Older and Younger” alluviation model (Vita-Finzi, 1969, 1976), which has often
been argued to be more complex (e.g., Wagstaff, 1981; van Andel et al., 1986). Later on,
the interaction between climatic forcing and human activity was considered as additional
driving factor of changing fluvial processes, such as enhanced soil erosion in the alluvial
plain (e.g., Brickner, 1986; van Andel et al., 1990; Faust et al., 2004; Hooke, 2006; Wolf et
al., 2014). Sea-level changes can also affect the lowermost reach of a river due to glacio-
eustatic or tectonic processes (e.g., Day et al., 1995; Krijgsman et al., 1999; Santisteban
and Schulte, 2007). At last, fluvial response to tectonic activity can highlight long-term Qua-
ternary crustal deformations (e.g., Maher and Harvey, 2008; Barcos et al., 2014; Poujol et
al., 2014).

Whilst Macklin et al. (2002) have reported climate-driven changes in catchment hydrology
and vegetation cover since the MIS 6 in Spain, studies dealing with fluvial archives predat-
ing the MIS 2 are rare in Mediterranean Morocco. Using the terrace sequence of the Kert
River, Barathon et al. (2000) and El Amrani et al. (2008) aimed at reconstructing palaeocli-
matic and palaeoenvironmental changes together with human-environment interactions
from the final stage of the Late Pleistocene onwards. Holocene overbank fines were inves-
tigated in the lowermost reach of the Moulouya River focusing on the human- and climate-
induced fluvial response (e.g., Ibouhouten et al., 2010; Zielhofer et al., 2008, 2010) or the
result of eustatic variations (Pissart and Boumeaza, 2010). Only a few studies dealt with
tectonically driven responses of fluvial systems in northern Morocco during mid- and late
Holocene times (Zarki et al., 2004; Poujol et al., 2014).
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1.3 Objectives of the present study

In NE Morocco, fluvial geo-archives have been used for reconstructing Holocene environ-
mental changes (e.g., El Amrani et al., 2008; Ibouhouten et al., 2010; Zielhofer et al., 2008,
2010). However, the pre-Holocene evolution of the fluvial systems in this region is as yet
poorly investigated. Due to the focus of the subproject C2 within the CRC 806, this study
aims at using fluvial archives in NE Morocco to reconstruct the varying environmental con-

ditions for the last ~170 ka, the time when AMH started to disperse into the region.

Hypothesis 1 — Both small and large fluvial systems provide valuable insights into

the geomorphic evolution of the study area

Objective a: Investigating ephemeral stream deposits of Wadi Selloum

The high sensitivity of the Mediterranean region with regard to environmental parameters
(e.g., climate, hydrology, vegetation; cf., Briickner, 1994) often leads to short-term high-
energetic events in small scale fluvial systems. Therefore, ephemeral stream systems in
semi-arid environments are known to be discontinuous in water and sediment discharge as
well as deposition (Bull, 1997). However, as the fluvial system draining the apron of Ifri
n'’Ammar, the most important AMH site of the region (Nami and Moser, 2010), Wadi Sell-
oum’s fluvial record shall be used for understanding the geomorphological processes (e.qg.,
Bertrams et al., 2012).

Objective b: Studying fluvial terrace systems along the lower Moulouya River

Fluvial terrace systems provide valuable insights into palaeoclimatic fluctuations (e.g.,
Bridgland and Westaway, 2008), rates of crustal deformation (e.g., Demoulin et al., 2017)
and/or evidence of early human activity (e.g., Mishra et al., 2007). The Holocene environ-
mental history of the lower Moulouya River has previously been studied with a focus on
environmental changes resulting from climatic variations and related eustatic sea-level
changes, as well as human and/or tectonic activity (Pissart and Boumeaza, 2010; Zielhofer
2008, 2010; Zarki et al., 2004). In contrast, Pleistocene terrace sediments were either com-
pletely neglected (Ibouhouten et al., 2010; Zielhofer et al., 2008, 2010) or erroneously in-
terpreted as the Pliocene substratum (Pissart and Boumeaza, 2010). The study of the Mou-
louya River deposits in the lower reach shall provide further knowledge about environmental
impulses (e.g., tectonics, climate) that give information about the geomorphic evolution dur-

ing the Pleistocene.
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Hypothesis 2 — Deposits of ephemeral streams and pe  rennial rivers serve as suitable

geo-archives for reconstructing past landscape chan ges

Objective c: Dating fluvial deposits of different natures

So far, only radiocarbon dating has been applied to Late Pleistocene and Holocene river
deposits in NE Morocco (e.g., El Amrani et al., 2008; Zielhofer et al., 2008, 2010). Other
absolute dating techniques were unfortunately disregarded for establishing geochronologi-
cal frameworks of fluvial sediments. In order to get information about past alluvial environ-
ments, it is a crucial point to accurately date fluvial sedimentation in this study. For this,
luminescence and electron spin resonance (ESR) dating shall be used to date sediment
archives as old as several hundreds of thousands of years. Since luminescence signals
(OSL or IRSL) are characterised by lower saturation levels compared to those of ESR, the
latter dating technique serves as a valuable tool to date the older fluvial sediments; it should,
however, be cross-checked with another method, e.g., palaeomagnetic dating (e.g., Sancho
et al., 2016).

Objective d: Differentiating between phases of fluvial morphodynamic activity and stability

Morphodynamic activity phases may be expressed in frequent flooding periods due to in-
creased rainfall, whilst stable land surfaces, evident in palaeosols within sediment se-
guences, are indicators of morphodynamic stability phases. Understanding the morphody-
namic evolution gives insights into past landscape changes. In the given case, this will focus
on the last ~170 ka, which were characterised by discontinuous occupation phases in Ifri
n’Ammar (Nami and Moser, 2010). Thus, this study shall identify periods of enhanced flood-

ing in both fluvial systems on the one hand, and periods of pedogenesis on the other.

Objective e: Unravelling long-term tectonic activity in the convergence zone of NE Morocco

The Moulouya River drains an area characterised by active crustal deformation during the
Late Cenozoic due to the ongoing N-S convergence between the African and Eurasian
plates (Barcos et al., 2014). Therefore, providing a detailed description of the distribution of
the river terraces in the lowermost reach of the Moulouya River — including the identification
of changes in the valley morphology and the establishment of a relative stratigraphy of Late
Cenozoic landforms in the sedimentation basin of the lower Moulouya — shall give infor-
mation about the fluvial response to tectonic activity. In order to understand the long-term
river evolution and the nature of crustal deformations (e.g., Demir et al., 2012; Demoulin et
al., 2017), field survey, geomorphological mapping and clast lithological analysis have to be

performed.
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Objective f: Linking the Wadi Selloum and the lower Moulouya River

The Wadi Selloum is a first-order tributary of the Moulouya River. The chronostratigraphical
record of the Wadi Selloum shall be linked to the one of the lower Moulouya River. Similar-

ities and differences shall be presented as well.

Hypothesis 3 — Palaeoenvironmental information can be linked to the occupation

phases of settlement history of Ifri n’Ammar

Objective g: Determining palaeoenvironmental archives that provide information about the

human impact

Fluvial runoff and sedimentation rates at the catchment-scale may be strongly influenced
by human impact. Hence, driving mechanism concerning climate and/or environmental
changes, which also enhance or reduce the fluvial activity, may be determined in fluvial
archives (e.g., Faust et al., 2004). Due to the fact that access to freshwater is the most
important precondition for human occupation, the occupants of Ifri n"Ammar may have in-
fluenced the environment of the two major water resources in their area, the Wadi Selloum

and the Moulouya River.

Objective h: Correlation between human occupation phases and palaeoenvironmental

changes

Fluvial records of the Wadi Selloum and the lower Moulouya River are the only geo-archives
in the direct vicinity of the prehistoric rock shelter of Ifri ”’Ammar. The activity and stability
phases which they represent may help to decipher the human occupation phases of Ifri
n'Ammar during the last ~170 ka. Thus, the occupation phases of the onsite archive (Ifri
n'’Ammar) shall be linked with palaeoenvironmental changes of the studied offsite archives

(Wadi Selloum, lower Moulouya River).

1.4 Research design and applied methodology

The palaeogeographical research conducted in this PhD thesis investigates the fluvial ge-
omorphological evolution in NE Morocco in order to reconstruct the landscape of Pleisto-
cene times and find potential reasons for the occupation phases of the AMH in this region.
The analysis of fluvial landscapes follows the research design of Stokes et al. (2012) (fig.
1.1).
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Geo-archives

ephemeral stream deposits

fluvial terrace sediments
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Topographic survey
(elevation measurements using
DGPS and laser distance meter)

Study of fluvial
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(profiles)
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Analysis of

(DEM)

'

Sampling of fluvial geo-archives

Laboratory analysis

Sedimentological approaches
- Micromorphology (thin sections)

- Sedimentology (grain size studies, etc.)
- Mineralogy (XRD)

- Geochemistry (carbonate analyses, etc.)

Dating approaches

- Optically stimulated luminescence (OSL)
- Infrared stimulated luminescence (IRSL)
- Thermoluminescence (TL)

- Electron spin resonance (ESR)

- Palaecomagnetism

Results and Interpretation

Interpreting of Establishing a Differentiating
stratigraphical | | geochronological | | morphodynamic
units framework phases

Assessing
rates of crustal
deformation

Correlating AMH
settling with
landscape changes

Palaeoenvironmental reconstruction of fluvial environments in
NE Morocco as well as establishing a correlation between the geoarchives
and the AMH occupation phases

Fig. 1.1: The research design of the study (own design 2017).

1.4.1 Field work

Prior to the start of this project, preliminary field surveys, including sampling, were carried

out in 2012 and 2013. During the second phase of the CRC 806, three main field campaigns

were conducted in 2014, 2015 and 2016. Differential global positioning system (DGPS;

Topcon HiPer Pro) and laser distance meter (TruPulse 200 Rangefinder) were used to ob-
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tain high-resolution information of the fluvial landscape topography and to generate a rela-
tive stratigraphy of fluvial landforms. Alongside profile descriptions, geomorphological map-
ping supplemented by the analysis of satellite images was carried out.

Preliminary sedimentological studies were directly performed in the field, including assess-
ment of grain size, colour (Munsell Soil Color Chart), texture, and carbonate content ac-
cording to AG Boden (2005). Sediment and micromorphological samples were collected in
the Wadi Selloum profiles for further laboratory analyses. In the larger system of the Mou-
louya, clast lithological analysis was performed to unravel the source areas of coarse-
grained fluvial material. In addition to the sampling for luminescence and/or ESR dating at
Wadi Selloum and Moulouya River sites, palaeomagnetic samples were collected to

achieve a relative age cross-check for deposits of the lower Moulouya.

1.4.2 Sedimentology, micromorphology and geochemist ry

In order to unravel the sedimentary nature and post-depositional processes in the fluvial
environment, sediment and soil properties were analysed in the Laboratory for Physical
Geography (University of Cologne). The grain size distribution (Folk and Ward, 1957; Blott
and Pye, 2001) was measured to determine transport processes of the fluvial sediments
(e.g., Zielhofer et al., 2008; Bertrams et al., 2012). In the fluvial context, thin section analysis
(cf., Beckmann, 1997; Stoops, 2003) has proven to be a useful tool for reconstructing pe-
dogenic features (e.g., Faust et al., 2004; Badia et al., 2009; von Suchodoletz et al., 2015);
therefore, it was applied to the ephemeral stream profiles of Wadi Selloum. Organic and
inorganic carbon contents give information about soil forming processes and surface layers
(e.g., Bertrams et al., 2014). By using different geochemical and mineralogical analyses

(e.g., loss on ignition, Scheibler method, XRD), morphodynamic phases were investigated.

1.4.3 Geochronology

Amongst the array of Quaternary numerical dating methods for establishing chronologies
of fluvial deposits (Rixhon et al., 2017a), optically stimulated luminescence (OSL), thermo-
luminescence (TL) and electron spin resonance (ESR) dating methods were applied in the
framework of this study. In addition, palaeomagnetism was used to get relative age infor-

mation about fluvial deposition of the lower Moulouya River.



Chapter 1

1.4.3.1 Trapped charge dating

Luminescence and ESR dating methods belong to the group of trapped charge dating meth-
ods (Aitken, 1985; Griin, 2001; Duller, 2008). Minerals such as quartz or K-feldspar act as
dosimeter and absorb the natural radiation dose over geological time scales (Rixhon et al.,
2017a). Natural radiation, originating from the decay of radioactive uranium (U), thorium
(Th) and potassium (K) isotopes, delocalises electrons within the crystal lattice, which are
later trapped in defects in the crystal system (Aitken, 1985; Duller, 2008). Usually, a smaller
proportion of the environmental radiation is the contribution of cosmic rays (Prescott and
Hutton, 1988).

Similar to luminescence, ESR dating of sedimentary quartz is based on the study of light-
sensitive sighals whose intensity is reset (bleached) under sunlight exposure during sedi-
ment transportation (Voinchet et al., 2015; Rixhon et al., 2017a). Thus, trapped charge da-
ting can be used to estimate the burial time of sediments. As a result of the isolation of
sediments from sunlight after deposition, the time elapsed since the last transport cycle can
be determined by assessing both the luminescence and ESR signal accumulated in a sed-
iment sample (palaeodose) and the flux of ionising radiation to which it has been exposed
since burial (dose rate) (Huntley et al., 1985; Aitken, 1992). The sediment age is calculated

by dividing the palaeodose by the dose rate (Aitken, 1985; Preusser et al., 2008).

However, several intrinsic methodological issues may cause erroneous dose and hence
age estimation: (i) depositional processes may limit the degree of sediment bleaching, i.e.,
partial or incomplete bleaching (Olley et al., 1999; Wallinga, 2002; Voinchet et al., 2015).
This is especially true for fluvial systems since solar resetting may be limited by the attenu-
ation of light through the water column due to enhanced suspension load, increased water
depth or transport distance in a given fluvial system (Rittenour, 2008); (ii) post-depositional
interactions in the sediments such as bioturbation or pedoturbation can lead to the mixing
of differently bleached grains (Bateman et al., 2003); (iii) the appearance of grain to grain
heterogeneities due to different luminescence properties or micro-dosimetric effects (cf.
Murray and Roberts, 1997; Nathan et al., 2003).

Luminescence dating

In luminescence dating, ionising radiation causes the excitation of electrons within an atom
in the crystal lattice. Electrons are pushed in a higher energetic state, leaving holes. They
become trapped in crystal defects and stored for a period of time. The crystal is stimulated

by exposure to light (or heat in case of TL) and evicts electrons from traps. Hence, electrons
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recombine with luminescence recombination centres and thereby emitting light photons;
this is measured as the luminescence signal (Aitken, 1985). Several relevant reviews re-
lated to the technical details of luminescence dating of fluvial deposits have been published
(e.g., Wallinga, 2002; Rittenour, 2008; Rixhon et al., 2017a). Nevertheless, OSL is limited
due to the low saturation level of the OSL signal in quartz, resulting in an upper dating limit
in Late Pleistocene times depending on sample specific luminescence characteristics and
environmental dose rates (Wintle and Murray, 2006). In order to circumvent OSL saturation
issues and to extend the upper age range of optical dating, IRSL of K-feldspar serves as a
valuable alternative in dating older Pleistocene deposits exhibiting higher dose saturation
levels (up to Middle Pleistocene times) than conventional OSL methods (Jain, 2014). IRSL
ages may suffer from age underestimation due to anomalous fading, a process by which
the mineral loses its signal over time (Wintle, 1973; Huntley and Lamothe, 2001). However,
elevated temperature post-infrared infrared stimulated luminescence (pIRIR) measures
feldspar signals, which are less or even unaffected by anomalous fading. Luminescence
dating (OSL of quartz, pIRIR of K-feldspar and TL of a pottery shard) was carried out at the

Cologne Luminescence Laboratory (CLL; University of Cologne).

Electron spin resonance dating

In ESR dating, the mineral can develop a paramagnetic behaviour under the effect of radi-
oactive irradiation. Paired electrons are ionised in the mineral leading to unpaired and free
electrons, which can be trapped in a lattice defect and form a paramagnetic centre. In the
presence of an external magnetic field, the electron’s magnetic moment aligns itself to the
field in two discrete orientations. For a given magnetic field strength and by absorbing a
photon with a certain frequency the electron can change its orientation, thus producing a
measurable energy absorption spectrum (cf., Ikeya, 1993; Duval, 2016). Further technical
details can be found, e.g., in Grun, 1989. ESR dating of aluminium (Al) or titanium (Ti) cen-
tres in optically bleached quartz allows dating Early to Middle Pleistocene fluvial sediments
(e.g., Bahain et al., 2007; Voinchet et al., 2010; Moreno et al., 2012; Duval and Guilarte,
2015). The reliability of the ESR dating method is improved by the multiple centres (MC)
approach (Toyoda et al., 2000), where both the Al and the Ti centres in quartz are meas-
ured. This method takes advantage of the different centre characteristics (i.e., bleaching
kinetics, saturation level, ESR signal intensity) and checks whether both centres would pro-
vide consistent ESR results. In the fluvial context, Duval et al. (2015) have demonstrated
the usefulness of the MC approach for dating Early Pleistocene terraces. In the framework

of this thesis, ESR dating of quartz (Yokoyama et al., 1985) was carried out at the Centro
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Nacional de Investigacion sobre la Evolucion Humana (CENIEH, Burgos), supervised by
Dr. Mathieu Duval.

1.4.3.2 Palaeomagnetism

Generally, palaeomagnetic research aims at understanding magnetic properties of rocks
and sediments, as well as past configurations of the geomagnetic field in order to get geo-
chronological information about the depositional context from the Precambrian to the Qua-
ternary (Butler, 1992; Tauxe et al., 2016). Further details about the physical background
and principles of palaeomagnetism can be found in Butler (1992) and Tauxe et al. (2016).
River sediments may acquire magnetic remanence upon deposition which thus provide
chronostratigraphic information for terrace sequences (e.g., Jacobson et al., 1988; Li et al.,
1997; Sancho et al., 2016). Therefore, palaeomagnetism was applied to obtain relative age
information for the fluvial terrace systems of the lower Moulouya. Palaeomagnetic analyses
were carried out at the CENIEH (Burgos), accomplished by Prof. Dr. Josep M. Parés and

Claudia Alvarez Posada.

1.4.4 Outline of the study

After this introductive Chapter, including a presentation of the project, methodology and
study area, this PhD thesis is subdivided into two main sections: part | deals with the ephem-
eral stream deposits of the Wadi Selloum (Chapters 2 and 3), whilst part 1l focuses on the
fluvial terraces of the lower Moulouya (Chapters 4 and 5). A major aim was to establish a
chronostratigraphical framework and to reconstruct the palaeoenvironmental variations for

both river systems.

Chapter 2 describes the challenge in dating ephemeral stream deposits in semi-arid envi-
ronments using OSL. The new age results allow for a critical discussion about specific dif-
ficulties, such as partial bleaching (e.g., Olley et al., 1999; Klasen et al., 2013) and the low
saturation level of quartz (Wintle and Murray, 2006). For the first time, OSL ages — and
numerical ages — are presented for the ephemeral stream deposits in the direct vicinity of
the rock shelter Ifri ’Ammar. For an inter-method comparison, one pottery shard was dated

using TL. These results are published in Quaternary Geochronology (Bartz et al., 2015).

Chapter 3 focuses on the palaeoenvironmental reconstruction of the landscape near Ifri

n'Ammar. OSL and pIRIR dating was applied to establish chronostratigraphies of additional

11



Chapter 1

sediment profiles of the Wadi Selloum. In addition to luminescence dating, tools of micro-
morphology, sedimentology, geochemistry and mineralogy were applied to identify phases
of morphodynamic stability characterised by pedogenesis. The investigation of the fluvial
archives of Wadi Selloum render valuable insights into palaeoenvironmental changes dur-

ing the last ~100 ka. These results are published in Catena (Bartz et al., 2017).

Chapter 4 deals with the first description of Pleistocene fluvial terrace systems in the lower-
most reach of the Moulouya River. The Moulouya flows across a newly identified fault zone
resulting from the collision between the African and Eurasian plates. Contrasting fluvial en-
vironments were observed on both sides of the thrust: whereas long-lasting aggradation
occurred in the footwall reach, a well-expressed terrace staircase developed in the hanging
wall reach. These results are published in Journal of African Earth Sciences (Rixhon, Bartz
et al., 2017).

Chapter 5 focuses on establishing a geochronological framework of the terrace systems of
the lower Moulouya using ESR, luminescence and palaeomagnetic analyses of siliciclastic
deposits. This study gives first insights into rates of incision and crustal deformation along
the main fault zone mentioned in Chapter 4. The results of this research were submitted to

Quaternary Science Reviews (Bartz et al.).

Chapter 6 discusses the diverse results with respect to the working hypotheses listed in
Chapter 1.3. Finally, Chapter 7 provides a conclusion and outlook of this cumulative PhD

thesis.

1.5 The study area

1.5.1 Geodynamical setting of NE Morocco

Morocco is located at a triple junction between a continental plate (Africa), an oceanic plate
(Atlantic Ocean) and an active convergent plate zone (the Alpine belt system) (Michard et
al., 2008). This results in a mountainous topography extending from Archean to Cenozoic
times. Furthermore, diverse tectonic systems from sedimentary basins to metamorphic fold
belts are evident (Michard et al., 2008). The Rif Belt (Betic-Rif-Tell orogen) of North Africa
is a key segment of the larger Mediterranean Alpine belts. It forms the westernmost part of
the Maghrebide belt, which spreads along the North African coast and shapes the southern
rim of the Gibraltar Arc. The northern limb of it corresponds to the Betic Cordillera (Lonergan
and White, 1997; Piqué et al., 2007; Chalouan et al., 2008). The Atlas system is formed by
the High and Middle Atlas Mountains (fig. 1.2). While the E-ENE striking High Atlas trends
from the Atlantic Coast over Algeria to the Saharan-Atlas, the NE trending Middle Atlas

12
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Mountains separates from the High Atlas to the Beni Snassen Massif (Frizon de Lamotte et
al., 2008; Barcos et al., 2014).

Neogene to Quaternary sedimentary basins
External Rif

Maghrebian Flyschs

Internal Rif

Mesozoic cover deformed in the Alpine Orogeny

Mesozoic cover undeformed in the Alpine Orogeny
Palaeozoic Variscan basement (Eastern Moroccan Meseta)
and undeformed Mesozoic cover (Rekkame High Plateau)

Metamorphic basement deformed in the Panafrican Orogeny

BRNRNONO0E

Metamorphic basement deformed in the Variscan Orogeny
/ Alpine major thrust and deformational front

A Pliocene to Quaternary vulcano

Fig. 1.2: Geological map and tectonic sketch of the Alpine mountain ranges in northwestern Africa (modified
after Barcos et al., 2014).

The NW-SE convergence between Africa and Iberia in the Straits of Gibraltar has induced
large deformations in the northern part of Morocco since the Miocene onwards. Crustal
deformation in the Western Mediterranean is most likely the result of shortening of the Betic-
Rif mountain ranges and extension of the Sea of Alboran (Fadil et al., 2006). Kinematic
analyses of fault systems in the Rif and Tell Atlas indicated shortening directions associated
to a clockwise block rotation of 15 to 25° (from NNE to NNW) and shortening rates of 1-2.3
mm/a (Meghraoui et al., 1996; Meghraoui and Pondrelli, 2012). The Rif mountain range
showed NE-SW folding during the Quaternary distinguished by left-lateral, strike-slip faults
and fold-and-thrust structures (Meghraoui and Pondrelli, 2012). For instance, horizontal and
vertical slip rates of ~0.9 and ~0.5 mm/a, respectively, have been determined along the
Trougout fault system in the northeastern Rif region (Poujol et al., 2014). Trend-topography
surface analysis highlighted an E-W trending lithospheric dome in the eastern Rif and in the
Beni Snhassen massif (Barcos et al., 2014). Based on morphometric indicators, the latter is
also characterised at its northern margin by N-S shortening resulting in active deformations
(Barcos et al., 2014). Deformations in Middle Quaternary terraces of catchments located
eastward (Kert river) and westward (Oujda region) of the Moulouya River were highlighted
by Ait Brahim et al. (2002). At last, Holocene deposits in the lower reach of the Moulouya
River were affected by local uplift (Zarki et al., 2004) and complex deformation features (fig.
1.3).
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Fig. 1.3: Deformation of fluvial deposits are evident (white lines) in Holocene overbank fines located at the
southern, i.e. right, river bank of the lower Moulouya River near the village Douar Ouled Belkhir. Own observa-
tions (view towards north, person for scale; photograph: G. Rixhon 2015).

1.5.2 Geographical and geological characteristics o f the Moulouya

catchment

The recent climate in NE Morocco is of the semi-arid Mediterranean type, characterised by
hot and dry summers (mean summer temperatures around 25 °C) and cool and moist win-
ters (mean winter temperatures around 13 °C) (Driouech et al., 2009). The average annual
precipitation is estimated with 1400 million m? in the entire Moulouya River catchment area
(Snoussi et al., 2002; fig. 1.4). The annual pluviometric index ranges from 150-200 mm/a in
the lowlands to 600 mm/a in the Atlas Mountains (Kaemmerer and Revel, 1991; Ngadi,
1995; Snoussi et al., 2002).
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The Moulouya River (fig. 1.4) represents the largest fluvial system in NE Morocco and is
characterised by a catchment area of ~74.000 km? (Pastor et al., 2015). From its headwa-
ters at the junction of the High and Middle Atlas (at ~2000 m a.s.l.; above sea level) to its
outlet into the Alboran Sea, the “600 km-long main trunk flows in a SW-NE direction (Pastor
et al., 2015). It successively drains the Arhbalou, Ksabi-Missour, Guercif and Zebra-Triffa-
Ouled Mansour Neogene sedimentary basins (fig. 1.4). The s-shaped Moulouya River has
a hypsometric integral value of 0.313 and shows, especially in the lower reaches, changes
in its river gradient (Barcos et al., 2014). A disequilibrium state presented by deformations
of drainage network and the presence of large knickpoints have been detected for the Mou-
louya catchment (Barcos et al., 2014; Pastor et al., 2015), which can be subdivided into

three main reaches: the upper, middle and lower one (Barcos et al., 2014).

1.5.2.1 The upper reaches

The Atlas Mountains are characterised by two main uplifting processes: thickening of the
crust and thinning of the mantle lithosphere as a result of buoyant thermal anomaly during
the Cenozoic (Babault et al., 2008). The upper reaches, encompassing the southern to
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southeastern foot slopes of the Middle Atlas and the northernmost flanks of the High Atlas,
which are composed of Palaeozoic substratum affected by the Hercynian orogeny. Here,
granites are overlain by Mesozoic evaporites and clastics as well as marine carbonates and
shales (Jébrak et al., 1998; Arboleya et al., 2004; Bouabdli et al., 2005; Pastor et al., 2015).
Nowadays, the northern High Atlas Mountains drained by the Moulouya and its tributaries
are not glaciated, although the highest massifs and peaks bear witness of former glacial
and periglacial activity (Awad, 1963). For instance, the north-facing slopes of the W-E strik-
ing Jbel Ayachi anticlinal ridge, which is located at the northernmost rim of the High Atlas
Mountains and culminates at 3751 m a.s.l. (see the blue star in fig. 1.4), exhibits well-de-
veloped cirques filled with hummocky moraines and U-shaped valleys, whose flanks are
extensively covered by large talus slopes (fig. 1.5). Unfortunately, a chronological frame-

work for these features in this area is still lacking (Hughes et al., 2011).

cirque -~ -

threshold : -
: lateral
, [ (seeb) /" moraine

hummocky moraines

Fig. 1.5: Glacial landforms in the northern High Atlas Mountains at Jbel Ayachi (own observations 2014; Photo-
graphs: M. Bartz and G. Rixhon). a) Evidence of glacial and periglacial features are apparent at an elevation of
~3000 m a.s.l. (view towards southwest). b) Zoom in of the cirque threshold showing glacial striations and polish
on the surface of the bedrock. c) Cirque formation at an elevation of ~2900 m a.s.l. with moraines in the apron
(view towards southwest).
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1.5.2.2 The middle reaches

The Moulouya drains the southeastern flanks of the Middle Atlas Mountains and the western
margin of the Moroccan High Plateaus. The latter mostly consists of Late Cretaceous ma-
rine red clays and sandstones (Piqué et al., 2001). The Middle Atlas forms a thrust belt
characterised by moderate crustal shortening (Arboleya et al., 2004), where the southeast-
ern rim is composed of Jurassic rocks that overthrust Tertiary and Quaternary fanglomer-
ates (Pastor et al., 2015).

In the Ksabi basin, Quaternary terrace staircases and stacked terraces co-exist (Raynal,
1961; Lefevre, 1989; Kaemmerer and Revel, 1991). The Missour basin displays Quaternary
fluvial terraces with associated incision rates of ~0.3 mm/a along the foreland folds (Pastor
et al., 2015).

Glacial and periglacial features have also been observed in the middle reaches of the Mou-
louya River (see the two blue stars in fig. 1.4). The highest peaks of the Middle Atlas Moun-
tains, namely the Jbel Bou Iblane (3340 m a.s.l.) and Jbel Bou Naceur (3310 m a.s.l.), ex-
hibit evidence of stone polygons, solifluction, debris flow levees and rock glaciers (Raynal
et al., 1953; Hughes et al., 2004, 2011; fig. 1.6). According to Awad (1963), the former
equilibrium-line altitude (ELA) is estimated to have been at ~2800 m a.s.l. during the main
phase of a glaciation. Terminal and lateral moraines as well as rock glaciers at the Jbel Bou
Iblane and Jbel Bou Naceur, respectively, extend down to ~2100-2500 m a.s.l. (Raynal et
al., 1953; Awad, 1963). Those former glacial and periglacial features in the Middle Atlas

have not yet been dated.

terminal
moraine

Fig. 1.6: Glacial features in the southern Middle Atlas Mountains at Jbel Bou Naceur (own observations
2013/2014; photographs: H. Briickner). a) view towards northeast/upslope; b) view towards south-
west/downslope.
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1.5.2.3 The lower reaches

The lowermost sedimentary basin, composed of the Zebra-Triffa plain and the Ouled
Mansour plateau, is mostly filled with Neogene marine deposits (Ruellan, 1971; Boughriba
et al., 2006). The synclinal depression is bordered by the anticlinal ridges of the Beni Snas-
sen to the south (northernmost prolongation of the Middle Atlas Mountains) and the
Kebdana to the north (easternmost part of the Rif Mountains). Both consist mainly of Mes-
ozoic carbonate rocks, sandstone and slate formations (Ruellan, 1971; Khattach et al.,
2004).

The ephemeral stream Wadi Selloum (~290 km2), a northern tributary of the Moulouya River
(fig. 1.7; Barcos et al., 2014), drains the direct vicinity of the rock shelter of Ifri ”’Ammar
(34°47°03.68” N 3°05'32.42” W, elevation: 470 m a.s.l.; Nami and Moser, 2010). This area
is exclusively composed of Mesozoic limestone and dolomite (Benjelloun et al., 1971).

Fig. 1.7: Study area of the lower Moulouya River in NE Morocco. The red rectangles refer to the two study sites,
namely the ephemeral stream Wadi Selloum (left hand side) and the Moulouya fluvial terraces (right hand side).
The white squares represent archaeological sites of the area (according to Nami and Moser, 2010; Linstadter
et al., 2012a, 2012b, in press).
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Glacial relict features have not yet been reported in the lower Moulouya catchment (Osmas-
ton and Harrison, 2005); this is most likely due to the fact that the eastern Rif Mountains
and the western Beni Snassen Massif lie beneath the former regional ELA (Hughes et al.,
2011). While evidence of periglacial features have been observed at the Jbel Tidirhine
(2456 m a.s.l.) in the middle Rif Mountains (Mensching, 1960), they are missing in the lower

Moulouya catchment.

1.5.3 Archaeological background

1.5.3.1 North African prehistory

Many Palaeolithic and Epipalaeolithic sites have been excavated in North Morocco, cover-
ing time scales of the last 250 ka and representing the three main techno-complexes
(Linstadter et al., 2012a): (i) Middle Palaeolithic, (ii) Upper Palaeolithic, and (iii) Epipalaeo-
lithic. Prior to a brief overview of the different cultural systems in Pleistocene and Holocene
times, it should be noted that since the C2 project focuses on relations between Europe and
Northern Africa, the terminology used in this thesis is the one common in European archae-
ology. Therefore, the terms of Early, Middle and Late Palaeolithic are used, instead of Early,
Middle and Late Stone Age which are more common on the African side (e.g., McBrearty
and Brooks, 2000; Dérschner et al., 2016).

() The onset of the Middle Palaeolithic is assumed to be between 300 and 250 ka (Garcea,
2004). It corresponds to a crucial time period with regard to the dispersal of the AMH. This
techno-complex is characterised by the absence of hand axes and the appearance of Le-

vallois artefacts (Linstadter et al., 2012a).

(i) The Upper Palaeolithic is mainly characterised by the Iberomaurusian hunter-gatherer
culture; it most probably started during the last glacial maximum (LGM) ~20 ka BP
(Linstadter, 2013). Significant changes happened at 16 ka BP in the Maghreb region, high-
lighted by thick accumulations of shell fragments referred to as “Escargotiere”. These mid-
dens of snail shells are widespread in the circum-Mediterranean region, which was at that
point characterised by collecting subsistence economies where land snails constituted an
important aspect of diet (Lubell et al., 1976; Nami and Moser, 2010; Zielhofer, 2007;
Linstadter, 2012a).

(iif) The Holocene Epipalaeolithic follows the Palaealithic. Its final stage, characterised by
an initial impact of early food producing groups, is also called “Epipaléolithique de transition”

(Camps, 1974) or “Epipalaeolithique indifferenci€” (Nami, 2008). In the current state of
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knowledge, the onset of Early Neolithic food production in NE Morocco dates back to 7.6
ka cal BP, therefore representing its earliest occurrence in North Africa (Linstadter et al., in
press). In NE Morocco, several open-air sites (well-preserved in alluvial deposits of the
Moulouya, e.g., Mtlili, Taoungat; fig. 1.7) as well as rock shelters (e.g., Ifri Oudadane, Hassi
Ouenzga, Ifri n’Etsedda; fig. 1.7) provided Epipalaeolithic and Neolithic deposits (Linstadter
et al., 2012a, in press).

The transition from the Late Neolithic to the not well represented Metal Ages dates back to
~4.1 ka cal BP (Linstadter et al., 2012b). Few open-air sites (e.g., Bouchih 1; fig. 1.7) have
archaeological findings in overbank fines of the lower Moulouya River (Linstadter et al.,
2012c).

With the beginning of the Islamic colonisation, archaeological remains were found in a
greater extent, dating back to the time span 1.23+0.03 — 0.86+0.05 ka cal BP (fig. 1.7; Safsaf
3, 4, 5-4, 6 and Bouchih 2; Linstadter et al., 2012c). In contrast, remains of later colonisation

periods — e.g., the French colonial era — are rather rare in NE Morocco.

1.5.3.2 The rock shelter of Ifri N"Ammar

Since 1995, a prehistoric research project has been carried out by a cooperation of the
Institut National des Sciences de I'Archéologie et du Patrimoine (LN.5.A.P, Rabat) and the
Kommission fir Archaologie Aul3ereuropéischer Kulturen des Deutschen Archaologischen
Instituts (KAAK, Bonn).

The key settlement site of Ifri n"Ammar (fig. 1.8) is characterised by a detailed Middle Pal-
aeolithic (Mousterian and Aterian) to Upper Palaeolithic (Iberomaurusian) stratigraphy
(Nami and Moser, 2010). Two successions of Middle Palaeolithic layers, namely a lower
sequence “occupation inférieure” and an upper sequence “occupation supérieure”, have as
yet been unearthed. The horizons are separated by calcrete layers, void of any archaeo-
logical remains (Mikdad et al., 2000; Nami and Moser, 2010). Richter et al. (2010) dated
several artefacts of burnt chert of the Middle Palaeolithic succession with TL dating tech-
nigues: the lower and upper sequences rendered TL ages between 171+12 — 145+9 ka and
130+8 — 8316 ka, respectively. In addition to the use of TL dating, radiocarbon dating was
applied to date the occupation supérieure beneath the Iberomaurusian stratigraphy; this
resulted in *C-ages of 51.5+1.5 ka BP and 39.8+1.2 ka BP in the upper part (Moser, 2003;
Linstadter et al., 2012a). Obviously, the radiocarbon ages demonstrate contradictions in
comparison with the TL dating results (weighted mean TL age: 83t6 ka; Richter et al.,

2010), which may simply be due to insolulable charcoal samples or even more probable in
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the upper dating limit of the radiocarbon dating technique (Richter et al., 2010; Rixhon et
al., 2017a). The occupation inférieure complex is characterised by Middle Palaeolithic as-
semblages, including stemmed pieces (representing the so-called Aterian culture)
(Nami and Moser, 2010). The same holds true for the assemblage above the calcrete layers
(Nami and Moser, 2010).

Stratigraphy “C ages TL ages
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Fig. 1.8: Archaeological stratigraphy of the prehistoric rock shelter of Ifri n’Ammar showing chronologic infor-
mation (further details about the data set can be found in Moser, 2003; Richter et al., 2010; Linstadter et al.,
2012a). Thermoluminescence (TL) ages are presented at a 1o-confidence interval, *C ages are shown with
20. Radiocarbon ages in the upper Middle Palaeolithic sequence (with asterisk) are uncalibrated (modified after
Nami and Moser, 2010).

The upper part of the archaeological sequence (fig. 1.8) is represented by the Upper Pal-
aeolithic Iberomaurusian culture. The transition layer between the Middle and the Upper

Palaeolithic, a deep-reddish horizon, is called “couche rouge” (Moser, 2003). The subse-
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guent stage (Late Iberomaurusian) shows gastropod-rich layers, the so-called Escargot-
ieres, *C-dated between 13.9+0.08 ka BP (16.8 — 16.5 ka cal BP) and 10.0+0.08 ka BP
(11.3-12.1 ka cal BP) (Linstadter et al., 2012a; Moser, 2003). The lithic assemblage of the
Ifri n’Ammar Iberomaurusian is dominated by backed bladelets. The spectrum of raw mate-
rials in the rock shelter is characterised by a diversity of chert varieties, chalcedon, lime-
stone, quartz and sandstone due to raw material sources in the vicinity of this archaeological
site (Nami and Moser, 2010). The Iberomaurusian deposit of Ifri ”"Ammar correlates with
the Iberomaurusian sequence of the neighbouring site Ifri el Baroud (Moser, 2003). Several
findings of perforated gastropods and molluscs are interpreted as jewellery objects (Moser,
2003); they must, however, be distinguished from the small holes and slots in the tests
which were manipulated by humans for better extracting the snail meat for consumption
(Hutterer et al., 2014).

So far, the onsite archaeological sequence ends with the Upper Palaeolithic (Nami and
Moser, 2010). As artefacts in disturbed top layers and surface finds suggest, Epipalaeolithic
and Neolithic deposits might have existed in Ifri n"Ammar. However, proper deposits have

not been preserved (pers. comm. J. Eiwanger, 2014).
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Abstract

The prehistoric site of Ifri n'Ammar is situated in northeastern Morocco, in the northern prolongation
of the Middle Atlas Mountains. It is a key location in unravelling the history of anatomically modern
humans (AMH) in northern Africa as it reveals Middle and Late Palaeolithic occupation phases since
~170 ka. Whilst the archaeological sequence within the rock shelter has been well studied, the timing
of landscape dynamics around Ifri n'Ammar is still poorly understood. This study therefore aims to es-
tablish a detailed chronology of the Wadi Selloum profile at the apron of the shelter, based on optically
stimulated luminescence (OSL) dating of ephemeral stream deposits. Coarse-grain quartz was used
for single-grain and multiple-grain dating procedures to investigate the luminescence properties of
these deposits and to get more accurate age information concerning the phases of human occupation.
Continuous wave OSL (CW-OSL) revealed a dominant fast component for all quartz samples. The
dose distribution of the uppermost samples showed overdispersion values >25% and significant pos-
itive skewness. We identified partial bleaching as the main source of scatter in the equivalent dose
(De) distribution. The lowermost sample appeared to be close to signal saturation. The shapes of the
dose response curve varied widely between aliquots and coarse quartz grains exhibited therefore very
different dose saturation behaviours among aliquots. With fully saturated dose response curves
(DRCs), meaningful DO values were assumed for De estimation. The eight OSL samples yielded
stratigraphically consistent ages ranging from 1.3 + 0.2 ka to 76 + 5 ka, thus reaching the Middle
Palaeolithic period. Moreover, a pottery shard dated to 7.4 + 0.6 ka (Early Neolithic period) by ther-
moluminescence (TL), perfectly matched the Holocene OSL samples extracted at the same depth of
the profile. In summary, our results point to fluvial aggradation during OIS 5.1, the late glacial period,
and the Holocene.
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The prehistoric site of Ifri n'/Ammar is situated in northeastern Morocco, in the northern prolongation of
the Middle Atlas Mountains. It is a key location in unravelling the history of anatomically modern
humans (AMH) in northern Alrica as il reveals Middle and Late Palaeolithic occupation phases since
~170 ka. Whilst the archaeological sequence within the rock shelter has been well studied, the timing of
landscape dynamics around Ifti n'Ammar is still poorly understood. This study therefore aims to establish
a detailed chronology of the Wadi Selloum profile at the apron of the shelter, based on optically stim-
ulated luminescence (OSL) dating of ephemeral stream deposits. Coarse-grain quartz was used for single-
grain and multiple-grain dating procedures to investigate the luminescence properties of these deposits
and to gel more accurate age information concerning the phases of human occupation. Continuous wave
OSL {CW-0SL) revealed a dominant fast component for all quartz samples. The dose distribution of the
uppermost samples showed overdispersion values >25% and significant positive skewness. We identified
partial bleaching as the main source of scatter in the equivalent dose (D.) distribution. The lowermost
sample appeared to be close to signal saturation. The shapes of the dose response curve varied widely
between aliquots and coarse quartz grains exhibited therefore very different dose saturation behaviours
among aliquots, With fully saturated dose response curves {DRCs), meaningful Dg values were assumed
for D, estimation.

The eight OSL samples yielded stratigraphically consistent ages ranging from 1.3 + 0.2 ka to 76 + 5 ka,
thus reaching the Middle Palaeolithic period. Moreover, a pottery shard dated to 74 + 0.6 ka (Early
Neolithic period) by thermoluminescence (TL), perfectly matched the Holocene OSL samples extracted at
the same depth of the profile. In summary, our results point to fluvial aggradation during OIS 5.1, the late
glacial period, and the Holocene.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

et al,, 2012). The prehistoric rack shelter of Ifri n"Ammar in NE
Morocco (Fig. 1a) reveals discontinuous Middle and Late Palae-

The impact of environmental changes on the emergence and
dispersal of anatomically modern humans (AMH) is particularly
important in North Africa, since the Straits of Gibraltar might have
served as western migration route from Africa to Europe (Linstadter
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(H. Briickner).
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olithic occupation phases since ~170 ka (Moser, 2003; Nami and
Moser, 2010; Richter et al., 2010), thereby constituting one of the
oldest AMH settlement sites in this part of the continent. Con-
trasting with the archaeological background, the Pleistocene and
Holocene palaeoenvironmental conditions in this area are as yet
poorly reconstructed.

Given that the ephemeral stream deposits of the Wadi Selloum
represent the only available archive in the direct vicinity of the rock
shelter, this study aimed at evaluating the suitability of such
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Fig. 1. a and b: Study area in north-eastern Morocco; ¢: Upper catchment area of the Wadi Selloum with location of the river bank profile IAM 6 situated at the apron of the
prehistoric site of Ifri n'Amtmar (black circle and white square, respectively) (based on Esri 2014).

sediments to establish a robust chronology on off-site archives. We
applied optically stimulated luminescence (OSL) dating, a tech-
nique that has been widely used for dating fluvial sediments {e.g.
Wallinga, 2002; Rittenour, 2008). However, especially when
working on fluvial systems characterised by episodic flow regimes
such as ephemeral streams (Abdalla et al., 2014), complex lumi-
nescence characteristics must often be taken into account. Whilst
Bubenzer et al. (2007) yielded consistent OSL dating results for
fluvio-lacustrine sediments of Wadi Asfura (Egypt) by using small
aliquots to account for partial bleaching, Klasen et al. (2013) could
not determine the particular contribution of partial bleaching,
heterogeneous beta microdosimetry and weak OSL signals to the D,
scatter within sediments from Wadi Sabra (Jordan). A second
challenge for dating Pleistocene fluvial sediments is the compa-
rably low saturation level of the quartz fast component (Wintle and
Murray, 2006). McLaren et al. (2004) applied optical dating to Wadi
Faynan (Jordan) sediments and showed minimum ages of some
samples due to quartz saturation. The saturation level of quartz was
investigated by Timar-Gabor et al. (2012) and Timar-Gabor and
Wintle (2013), who demonstrated the significance of fully satu-
rated dose response curves (DRCs) to determine the quartz satu-
ration level Dy.

Our study is based on eight fluvial samples from a profile at the
apron of Ifri n'Ammar, focussing on (i) the investigation of potential
sources of scatter within the D, distributions; (ii) approaches to
assess the saturation level of the oldest quartz sample; and (iii) the
suitability of the Wadi Selloum deposits as potential archive for
reconstructing local palacoenvironmental changes.

2. Study area, archaeological background and sampling
strategy

The prehistoric site of [fri n'Ammar (34°47'03.68"” N 3°05'32.42"
W, elevation: 470 m above sea level) is located in the northern
prolongation of the Middle Atlas Mountains in NE Morocco (Fig. 1a,
b). The archaeological layers of the rock shelter reveal discontin-
uous phases of modern human settlements during the last ~170 ka.

25

The lower part of a Middle Palaeolithic sequence is dated from
171 + 12 ka to 83 + 6 ka by TL dating of heated flint (Richter et al,,
2010). The uppermost part of the Middle Palaeolithic sequence has
been radiocarbon dated between 51.5 + 1.3 ka BP and 38.9 + 2.0 ka
BP while a Late Palaeolithic sequence related to the Iberomaurusian
culture is radiocarbon dated between 139 + 0.08ka BP and
10.0 + 0.08 ka BP (Moser, 2003; Linstadter et al., 2012).

The semi-arid climate of the region is reflected by the hydro-
logical regime, dominated by episodic flash floods, which are
characterised by rapid flow velocities and high sediment discharges
(Abdalla et al,, 2014). The ~35 km-long Wadi Selloum, a western
tributary of the Moulouya River (Fig. 1b), drains the foothills of the
Ifri n'Ammar rock shelter in a south-eastern flow direction (Fig. 1¢).
The coarse fraction of these ephemeral stream deposits is exclu-
sively composed of limestone and dolomite originating from the
Mesozoic formations (Atlas rock series) outcropping in the catch-
ment (Abdellaziz Benjelloun et al., 1971), whereas the presence of
quartz in the fine-grained fraction is most probably the result of
wind transport from the Moulouya basin (Jébralk et al., 1998).

In this study, we investigated a 4.9 m-high profile displaying
ephemeral stream deposits (IAM 6), which is located ~150 m to
the north-east of the rock shelter (Fig. 1c). The profile is charac-
terised by the alternation of coarse- and fine-grained sediments
and was thus subdivided into four wunits (Fig. 2). Unit 1
(4.90—4.10 m below surface, b.s.) and unit 4 (1.84—0 m b.s.) are
both composed of homogeneous silty fine sand. In contrast, unit 2
(4.10-218 m b.s.) is characterised by heterogeneous coarse-
grained accumulations and exhibits a fining-upward tendency.
The gravel-dominated unit 3 (2.18—1.84 m b.s.) shows sharp
boundaries to the lower and upper units. Altogether eight OSL
samples were collected from 1AM 6: C-1.3395 from unit 1, C-1L3393
from unit 2, and C-L3392 to C-L3396 as well as C-L3544 and C-
L3545 from unit 4 (Fig. 2). Additionally, a pottery shard extracted
from unit 4 was used for age control on the basis of TL dating
(Fig. 2). To evaluate the bleaching characteristics of the ephem-
eral stream deposits, a modern sample from the active Wadi
Selloum bed was collected.
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Fig. 2. Stratigraphy of profile IAM 6 divided in four sedimentary units (14, from base
to top), with depths, age estimates and ID's of the eight OSL samples and of the TL-
dated pottery shard.

3. Methods
3.1, Sample preparation and measurement equipment

Quartz grains {100—150 pm) for OSL were separated using so-
lutions of sodium polytungstate (p1 = 2.62 g/cm’, p2 = 2.68 g/cm?)
after leaching with H»0-, HCl and NasP>07. Afterwards, the quartz
grains were etched with hydrofluoric acid (40% for 40 min) plus a
final HCI (10% for 1 h) wash. TL sample preparation was carried out
on the polymineralic 4—11 pum grain-size fraction following the
procedure described in Stoneham (1991). High-resolution y-spec-
trometry using a high-purity germanium detector was carried out
for dose rate determination, using the conversion factors of
Adamiec and Aitken (1998) and alpha and beta attenuation factors
of Bell (1980) and Mejdahl (1979). The contribution of cosmic dose
rate was assessed following the approach of Prescott and Hutton
(1988, 1994). To account for attenuation of ionising radiation by
pore water, in-situ water contents of 4—12% were used. The a-ef-
ficiency for the TL sample was determined using a ' Am source
delivering an effective «-dose rate of ~10 Gy/min, after annealing
signals at 480 °C for 60 s. The internal beta dose rate for the pottery
shard was determined by means of beta counting on fine grained
material, whereas the internal alpha dose rate was not measured.

Automated Risg TL/OSL DA 15 readers equipped with 2sr/*%y
beta sources were used for both (i) OSL and (ii) TL measurements:
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(i) Quartz multiple-grain signals were stimulated for 40 s using blue
LEDs (470 + 20 nm) and detected through a Hoya U340 glass filter
(7.5 mm), whereas quartz single grains were stimulated with a
green laser {532 nm) for 2 s; (ii) for TL measurements a combina-
tion of Schott BG39 2 mm and Corning 7—59 4 mm filters with a
max. peak transmission at ~380 nm.

3.2. OSL and TL measurement procedures

The single-aliquot-regenerative-dose (SAR) approach of Murray
and Wintle (2003) was applied for De determination of the quartz
samples and measured aliquots had to fulfil the following SAR
rejection criteria: (i) test dose error < 10%; (ii) recuperation <5% of
the sensitivity-corrected natural OSL signal; (iii) recycling ratio
between 0.9 and 1.1 (for single grains from 0.8 to 1.2); (iv) IR
depletion ratio between 0.9 and 1.1 and (v) De < 2*Dg.

The signal used for D assessment is based on the initial part of
the decay curve (0—0.8 s) after subtraction of a late background
(36—40 s). Additional early background subtraction with intervals
of 0—0.5 s (signal) and 0.5—1.8 s (background) to maximise the
influence of the fast component (Ballarini et al., 2007; Cunningham
and Wallinga, 2010) was applied to all samples. Laboratory doses of
up to 1000 Gy were applied to two aliquots of sample C-L3395 to
reach the absolute saturation level which is required for a reliable
determination of Dg {Timar-Gabor et al., 2012; Timar-Gabor and
Wintle, 2013). For D, determination, 83—100 multiple-grain ali-
quots {1 mm) and 2640 single grains (for sample C-L3396) were
measured.

Preheat-plateau tests and dose recovery tests with increasing
temperatures between 180 and 280 °C (held for 10 s) in combina-
tion with a cut heat 20 °C below preheat temperature were per-
formed for all samples to determine an appropriate preheat
temperature {2 mm, 10 aliquots per temperature step). Dose re-
covery tests were conducted using blue-LED stimulation at 25 °C
for 100 s for signal resetting. To investigate the OSL signal com-
ponents, fitting of continuous wave (CW-OSL) OSL curves was
applied. CW-0SL measurements were carried out on three aliquots
per sample with a continuous light intensity of 32 mW/cm? for 40 s
at 125 °C. The CW-OSL curves were fitted using the software
package R (Kreutzer et al,, 2012), For TL dating (Zimmermann, 1971)
of the pottery shard, a multiple-aliquot additive dose-protocol
(MAAD) was used. Signals were stimulated by heating to 480 °C
at a rate of 5 °C/s after a preheat at 220 °C for 120 s. For alpha ef-
ficiency determination, six aliquots were annealed at 480 °C for 60 s
and received an a-dose of 66.4 Gy before the MAAD-TL protocol was
applied.

4. Results
4.1. Luminescence properties

Based on preheat-plateau tests, appropriate preheat tempera-
tures between 200 and 240 °C were selected for further SAR pro-
cedures (Tab. S1). The laboratory doses were recovered with
measured/given dose ratios of 0.91-1.05, with overdispersion
values <5% (Tab. S1). Transfer of charge to optically sensitive traps
due to preheating prior to optical stimulation was negligible, and IR
depletion tests (Duller, 2003) showed no influence of feldspar
contamination. Oriented on the trap parameters and mean photo-
ionisation cross-sections given by Jain et al. (2003) and Singarayer
and Bailey (2003), the CW-0OSL curves revealed a dominant fast
component contributing ~85% to the total OSL signal (Fig. 3). Only
sample C-L3395 yielded a weaker fast component, contributing
only ~65% to the total signal, though early background subtraction
was used for further D estimation of sample C-13395.
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Fig. 3. OSL signal intensity of sample C-L3392. Continuous wave-0SL (CW-0SL, insert)
was applied on three 1 mm aliquots and yielded a dominant fast component. The dose
responge curve (insert) was best fitted by a single saturation exponential function of a
natural 1 mm aliquot.

The dose response curves (DRCs) of the samples were best fitted
by a single saturation exponential function. The quartz grains for
sample C-L3395 exhibited different dose saturation levels (Dg) for
OSL signals among aliquots with variations from 68 Gy to 164 Gy
(n = 63; average = 92 Gy). Based on this, c. 40% of the measured
aliquots lay above 2*Dg (Fig. 4a). Testing the dependency of the Dy
value on fully saturated DRCs of two natural aliquots (Timar-Gabor
et al, 2012; Timar-Gabor and Wintle, 2013), revealed Dy values of
80 Gy and 90 Gy (Fig. 4b).

Single-grain measurements of sample C-L3396 have shown that
only 3% {79 grains) of the quartz grains give OSL signals >80 cts.,
including ~23% (18 grains) with sensitivity-corrected OSL signals
that do not intersect the dose response curve (class 3 grains of
Yoshida et al., 2000). In total, only 50 of the 2640 measured grains
passed the SAR criteria.

Radionuclide data for all samples are presented in Tab. S2. No
radioactive disequilibrium was found in any sample, including the
surrounding material of the pottery shard. An alpha-efficiency of
0.13 + 0.02 was determined for the polymineral fine grain material
of the shard.

4.2. Equivalent dose distributions and age mode! results

The D, distributions {Tab. $3) varied significantly in type and
form: (i) C-L3396 and C-L3390 displayed asymmetric dose distri-
butions with significant positive skewness and overdispersion
values >25%. In case of sample C-13396 (Fig. 5a), multiple-grain and
single-grain measurements yielded overdispersion values >60%
and positive skewness. The overdispersion of the modern sample
was >80% (1 Gy—46 Gy, central dose = 10.9 + 1.6 Gy; Fig. 5b); (ii)
samples C-L3391 to C-L3395 exhibited little scatter. Consequently,
the minimum age model {MAM, Galbraith et al., 1999) was used for
De calculation of samples with high overdispersion and positive
skewness, and the central age model (CAM, Galbraith et al., 1999)
was applied for samples with a Gaussian-like D, distribution. Ac-
cording to Arnold and Roberts (2009), an overdispersion value of
20% should be expected for single-grain distributions of well-
bleached samples; this value was assessed for D. calculations
with the MAM estimations (Tab. S3). The four uppermost samples
C-L3396 to C-L3392, yielded Holocene ages from 1.3 + 0.2 ka to
6.4 + 04ka. The OSL ages of samples C-L3544 and C-L3545
(6.5 +0.7 kaand 6.8 + 0.4 ka) overlap with the TL age of the pottery
shard (7.4 + 0.6 ka). The two lowermost samples C-L3393 and C-
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Fig. 4. a: Signal saturation behaviour of sample C-1.3395 showing aliquot-specific Dy
and D, values; b: Dose response curves (DRCs) of sample C-13395 constructed up to
1000 Gy (two aliquots) and 320 Gy {insert). The curves were fitted by a single satu-
ration exponential function using early background subtraction for De determination.

L3395 yielded ages of 13.9 + 1.0 ka and 76 + 5 ka.

5. Discussion

5.1. Suitability of OSL properties for dating ephemeral stream
deposits

5.1.1. Source of scatter in D, distributions

The two uppermost samples C-L3396 and C-L3390 revealed
significant scatter within their D, distributions (Fig. 5a). Since the
distribution of the dose recovery results yielded no influence of
significant internal sources of scatter (Tab. S1), external sources of
scatter must be taken into account. For fluvial samples, in particular
partial bleaching may result in an apparent overestimation of the
true burial dose (e.g. Olley et al., 1998). The interpretation of scatter
as the result of partial bleaching in case of the uppermost samples
C-L3396 and C-L3390 is backed by statistical parameters such as
positive skewness and high overdispersion (Arnold et al,, 2007).
This statement is supported by 23% of class 3 grains (Yoshida et al.,
2000) in the single-grain data set of sample C-L3396. Class 3 grains
will give rise to measured palaeodoses and, thus, may cause over-
estimation of the burial age if multiple-grain aliquots are used
(Yoshida et al., 2000). In addition, the comparison of multiple-grain
and single-grain De values calculated with the MAM and the CAM
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Fig. 5. Equivalent dose (D.) distributions of a} sample C-L3396 and b) modem sample
displayed as a combination of a radial plot and a kernel density estimate (KDE) plot
(Galbraith and Green, 1990) generated as abanico plot (R luminescence package
Kreutzer et al.,, 2012); the linking of both plots provides the ability to establish a visual
correlation between error characteristics (radial plot) and dose frequency (KDE, on the
z-axis of the radial plot). Individual De values of 1 mm multiple-grain (MG, black cir-
cles) aliquots and single grains (SG, grey circles) are illustrated. The dashed lines
illustrate the central age D. (CAM).

showed significantly higher D. values for multiple-grain aliquots.
Therefore, we regarded the MAM to be the appropriate age model
to calculate the equivalent dose.

Considering the residual doses of the modern analogue as high
as 46 Gy (Fig, 5b), partial bleaching is not necessarily trivial for all
samples, but influenced especially the younger samples, because
partial bleaching is insignificant compared to the large doses that
the samples have received since burial (Jain et al., 2004; Murray
et al., 2012). This is verified by the Gaussian-like D. distribution
of the other OSL samples, pointing to complete bleaching prior to
deposition.
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5.1.2. The saturation level of coarse-grain quartz

The saturation characteristics of natural sample C-13395 were
investigated. According to Wintle and Murray {2006), equivalent
doses higher than 2*Dy are affected by large uncertainties and
should be interpreted carefully, However, to guarantee a mean-
ingful rejection of De values from the distribution, Dp has to be
assessed properly. For standard D. measurements, regenerative
doses up to 320 Gy were used and yielded significant inter-aliquot
variations in dose saturation behaviour (Fig. 4a) due to differences
in the OSL decay curves and DRCs as observed by Jacobs et al.
(2008). However, according to Timar-Gabor et al. (2012) and
Timar-Gabor and Wintle (2013), appropriate Dy values are only
achieved on the basis of sufficiently high regenerative doses that
guarantee fully saturated DRCs {Fig. 4b). For sample C-L3395, signal
saturation was reached at ~500 Gy and revealed Dy values of ~85 Gy
(two aliquots, Fig. 4b) which is not significantly different compared
to the average Dg value of ~92 Gy from aliquot-specific standard De
measurements. Aliquot-specific Dg values cannot be used reliably
because of the high variation in non-saturated DRCs and hence
changing saturation levels. Therefore we used an average Dy value
of 85 Gy as rejection criterion. However, a lot of subsamples had to
be rejected as their D. values were higher than 2°Dg (Fig. 4a).
Accordingly, the central De of 135 Gy and the estimated age of
76 + 5 ka of sample C-L3395 probably tend to underestimate the
real burial age.

5.2. Wadi Sellowin as palacoenvironmental archive — first
implications

OSL ages obtained on the ephemeral stream deposits are
consistent with the stratigraphy (Fig. 2), whereas gaps in the
chronology may be probably related to enhanced erosion phases
during flash flood activity. Fine-grained deposits of the lowermost
unit 1 were dated to at least 76 + 5 ka {C-L3395) and thus point to
deposition occurring during OIS 5.1. The following hiatus of ~60 ka
may be correlated to the ~1.9 m-thick, clast-supported layer at the
base of unit 2, although the latter could not be dated. Its deposition
may be associated either with a single large event or with a period
of increased flash flood activity during the last glacial cycle. The
13.9 + 1.0 ka age of sample C-13393 indicates deposition of the
upper part of unit 2 during the late glacial period and also brackets
the formation of the coarse-grained unit 3 during the Late Pleis-
tocene/Early Holocene time span (Fig. 2), The sharp boundary at the
base of unit 3 points to an erosional discordance that may be
related to one (or several) flash flood event(s). The uppermost 2 m
of the homogeneous, fine-grained unit 4 were deposited between
6.4 + 0.4 kaand 1.3 + 0.2 ka (C-L3392 to C-L3396). In addition, the
concordance between the TL-dated pottery shard {7.4 + 0.6 ka) and
the OSL ages of the fluvial sediments extracted at the same depth
further supports the reliability of the OSL chronology (Fig. 2).

Covering the period of at least the last 75 ka, the upper deposits
of the Wadi Selloum seem representing a suitable off-site archive to
establish chronological correlations with the Middle and Upper
Palaeolithic sequences of Ifri n’Ammar (Moser, 2003; Richter et al.,
2010; Linstadter et al., 2012). As the base of unit 1 and its contact to
the underlying Mesozoic limestone bedrock lies below the current
bed of the Wadi Selloum, the existing chronology may even be
extended to reach older Pleistocene sediments. Furthermore, the
discontinuous sedimentation record of erosion and accumulation
phases illustrates fluctuating palaeoenvironmental conditions in
this region of NE Morocco.

6. Conclusion

Partial bleaching and signal saturation represent the main



Chapter 2

M. Bartz et al / Quaternary Geockronology 30 (2015) 460—465

challenges for OSL-dating the Late Pleistocene quartz samples from
the ephemeral stream deposits of Wadi Selloum. Single-grain
measurements in combination with the minimum age model
(MAM) were successfully applied to cope with partial bleaching
affecting the youngest sediments. Careful investigation of the old-
est sample, which almost reached saturation, showed that a
meaningful D. can be estimated if the Dj values are properly
assessed. Nevertheless, the burial age of this sample may be
underestimated due to the rejection of doses higher than the
saturation level Our consistent OSL age sequence obtained on the
Wadi Selloum deposits and successfully checked with a TL-dated
pottery shard embedded in the profile provides the first chrono-
logical framework from off-site archives located in the direct vi-
cinity of Ifri n”Ammar. Though affected by long time hiatuses, these
sediments record (at least) the last 75 ka and may therefore be used
to establish chronological correlations with the Middle and Upper
Palaeclithic sequences of the rock shelter. In the near future, sup-
plementary sedimentological and geochemical analyses, along with
further luminescence age estimates from other profiles, will be
carried out on these ephemeral stream sediments. Altogether, these
new data should ideally allow us to identify palacoenvironmental
conditions favourable (or not} to human occupation in Ifri
n’Ammar.
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Table S1: Results of the dose recovery tests dependent on preheat temperatures for all OSL samples (100—
150 um): na = amount of accepted aliquots; nm = measured aliquots; OD = overdispersion.

sample grain size /Mo preoheat given dose (Gy) measured dose measured/given oD

ID (um) (°C) (Gy) dose ratio (%)
C-L3396 100-150 9/9 200 9.3 9.8+0.2 1.05 4740
C-L3390 100-150 8/11 240 5.7 55+0.1 0.97 2130
C-L3391 100-150 3/3 240 9.3 9.0+0.2 0.97 0
C-L3392 100-150 9/10 240 13.0 12.4+0.2 0.95 2082+
C-L3393 100-150 8/11 220 14.2 13.7+0.3 0.96 064
C-L3395 100-150 10/14 240 157 154.4 + 14 0.98 0
C-L3544 100-150 2/3 220 114 11.1+0.1 0.97 0
C-L3545 100-150 2/3 240 12.8 11.7+0.2 0.91 0

modern sample 100-150 4/4 220 8.6 85+0.3 0.99 8+8.6

Table S2: Dose rate data set for OSL samples. Summary of specific activities and concentrations of uranium
(U), thorium (Th) and potassium (K) determined by high-resolution y-ray spectrometry. From the measured
concentrations dose rates were achieved using the conversion factors of Adamiec and Aitken (1998) and alpha
and beta attenuation factors of Bell (1980) and Mejdahl (1979). In addition, the cosmic dose rate attenuation

after Prescott and Hutton, 1988; Prescott and Hutton, 1994 was used.

. dept _ ) ) dose rate

grain radionuclide concentration

sample ) H,0 (Gy/ka)
ID size (m (%) U Th K B- dose y- dose cosmic total dose

(hm) b.s.) (ppm) (ppm) (%) rate rate dose rate rate
C-L3396 100-150 0.15 4+1 122+0.09 416+03®M.92+0.05 0.88+0.04 054+0.02 0.26+0.03 68 0.10
C-L3390 100-150 0.45 9+3 1.77 £0.12 6.39 £ 0.461.38 + 0.08 1.24+0.07 0.76+0.04 0.22+0.02 222.13
C-L3391 100-150 1.05 11+4 1.63+0.08 57380.31.28+x0.05 1.12+0.06 0.68+0.03 0.19+0.02.99%0.16
C-L3392 100-150 1.50 6+2 1.49+0.10 5.62 +0.411.22 + 0.07 1.12+0.06 0.69+0.03 0.17+0.01 8k9.10
C-L3393 100-150 2.42 51 090+0.06 2.83+0.20.61+0.04 059+x0.03 0.37+x0.02 0.16+0.02 111 0.08
C-L3395 100-150 4.50 12+4 1.39+0.10 5.8880.41.18+0.07 1.02+0.07 0.64+0.04 0.11+0.01.76%0.12
C-L3544 100-150 1.65 4+1 141021 494+0.36.05+x0.06 1.01+0.05 0.62+0.03 0.17+0.02 Ok®.09
C-L3545 100-150 1.65 4+1 1.38+0.10 4.67+0.34.01+0.06 097+0.05 0.60+0.02 0.17+0.02 3®D.08
modern

sample 100-150 0.10 4+1 065+0.05 1.60+x0.13 0.32020 0.34x0.02 0.22+x0.01 0.26+x0.03 0.82+0.06
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Table S3: Dose distribution characteristics, equivalent dose determinations and age calculations of OSL samples: na = amount of accepted aliquots (grains);
nm = measured aliquots (grains); skew c = skewness; kurt k = kurtosis; 20. and 2ok = 2x standard error of skewness and kurtosis; RSD = relative standard devia-
tion; OD = overdispersion; CAM = central age model; MAM = minimum age model; n/a = not applicable.

aliquot dose distribution characteristics De values (Gy) age (ka)
diame- grain size
sample ID ter (um) Na/Nm skew RSD oD
(mm) 20, kurt k 2 ok CAM MAM CAM MAM
c (%) (%)
C-L3396 1 100-150 54/86 3.43 0.67 34.20 1.34 109.1 64.0+5.0 8.32+0.72 3.49 #3580 50+0.5 2148
(50/2640
C-L3396 SG 100-150 ) 1.74 0.69 3.70 1.39 80.8 67.5+58 4.36+0.43 2231518 2.6+0.3 13133
C-L3390 1 100-150 48/101 2.30 0.71 8.30 1.42 37.2 26.3+14 545x0.21 5.16 ¥333 25+0.2 2312
C-L3391 1 100-150 68/89 0.44 0.59 6.20 1.19 20.9 15.7 +£0.6 8.73+0.47 n/a 4.4+0.3 n/a
C-L3392 1 100-150 54/112 0.95 0.67 11.60 1.33 20.7 13.7+0.5 12.67+0.68 n/a 6.4+0.4 n/a
C-L3393 1 100-150 69/93 1.28 0.59 10.5 1.18 24.3 17.7+0.7 15.42+0.84 n/a 13.9+1.0 nla
135.35
C-L3395 1 100-150 38/110 -0.06 0.79 8.8 1.59 22.9 15.9+0.8 371 nla 76.0+4.9 n/a
C-L3544 1 100-150 55/95 0.21 0.66 11.0 1.32 19.6 13.4+05 11.80+0.22 nla 6.5+0.7 nla
C-L3545 1 100-150 70/108 0.55 0.59 7.8 1.17 19.8 143+05 11.83+0.21 nla 6.8+0.4 nla
modern sam-
| 1 100-150 32/100 1.57 0.87 2.4 1.73 75.0 80.7+9.1 n/a n/a n/a nla
ple
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Abstract

Our study focuses on the ephemeral stream deposits of Wadi Selloum to identify phases of morphodynamic
stability (pedogenesis) and activity (flooding) in the direct vicinity of the rock shelter of Ifri nfAmmar (NE Mo-
rocco). As one of the oldest settlement sites of anatomically modern humans (AMH) in North Africa, Ifri n'Ammar
documents periodical occupations since ~170 ka. Since the discontinuous settlement record may reflect climate
forcing with subsequent landscape changes, we aim at reconstructing the palaeoenvironmental variability rec-
orded in the ephemeral stream deposits. In addition to the use of micromorphological, sedimentological, geo-
chemical and mineralogical methods, the geochronological framework of ephemeral stream deposits was es-
tablished by the application of different luminescence dating techniques. The deposition ages between 102+8
ka and 1.3+0.2 ka span different morphodynamically stable and active phases. Periods of enhanced aggradation
occurred around ~100 ka, ~75 ka, ~55 ka, after the LGM, and during the Holocene, whilst sedimentation ended
after ~1.3 ka. The Wadi Selloum might be characterised by enhanced flooding during humid phases. Pedogen-
esis may be used as environmental indicator for more humid climate conditions during MIS 3 (palaeo-Calcisol),
the early Holocene (Calcisol) and the late Holocene (Fluvisol). This study thus provides first insights into the
palaeoenvironmental changes around the rock shelter of Ifri n'Ammar during the last glacial-interglacial cycle.
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Article history: Our study focuses on the ephemeral stream deposits of Wadi Selloum to identify phases of morphodynamic sta-
Received 25 February 2016 bility { pedogenesis) and activity (flooding) in the direct vicinity of the rock shelter of Ifri n"’Ammar (NE Morocco).
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; . uments periodical occupations since ~ 170 ka. Since the discontinuous settlement record may reflect climate forc-
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ing with subsequent landscape changes, we aim at reconstructing the palaecoenvironmental variability recorded
in the ephemeral stream deposits. In addition to the use of micromorphological, sedimentological, geochemical

Keywords:

Morocco and mineralogical methods, the geochronological framework of ephemeral stream deposits was established by
Environmental change the application of different luminescence dating techniques.

Luminescence dating The deposition ages between 102 + 8 ka and 13 + 0.2 ka span different morphodynamically stable and active
Micromorphology phases. Periods of enhanced aggradation occurred around ~100 ka, ~75 ka, ~55 ka, after the LGM, and during
Soil formation the Holocene, whilst sedimentation ended after ~1.3 ka. The Wadi Selloumn might be characterised by enhanced

Human occupation flooding during humid phases. Pedogenesis may be used as environmental indicator for more humid climate con-

ditions during MIS 3 (palaeo-Calcisol), the early Holocene {Calcisol} and the late Holocene {Fluvisol}. This study
thus provides first insights into the palaeoenvironmental changes around the rock shelter of Ifri n"Ammar during
the last glacial-interglacial cycle.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction 2000; Benito et al.,, 2015; El Amrani et al, 2008; Ibouhouten et al.,

2010; Pissart and Boumeaza, 2010; Wolf and Faust, 2015; Zielhofer et

Located in NE Morocco, the rock shelter of Ifii n’Ammar represents a al.,, 2008, 2010). In contrast, very little information was obtained on
key settlement site for anatomically modern humans (AMH} in North geo-archives predating the LGM in NE Morocco (Rixhon et al,, 2017).

Africa. It exhibits discontinuous occupation phases since ~170 ka and Against this background, we have investigated the ephemeral
therefore records one of the oldest evidence of AMH presence in this re- stream deposits of the Wadi Selloumn at the footslope of the archaeoclog-
gion (Nami and Moser, 2010; Richter et al., 2010). It has been shown ical site of Ifri n’Ammar as this environment exhibits fluvial archives (at
that climate forcing has affected human settlements in Northern Moroc- least} as old as the marine isotope stage (MIS) 4 (Bartz et al., 2015).

cosince the Last Glacial Maximum (LGM; e.g. Barton et al., 2005; Courty However, ephemeral stream deposits are challenging geo-archives for
and Vallverdu, 2001; Linstadter et al., 2012; Lubell, 2001; Zielhofer and reconstructing landscape changes, since these fluvial systems are highly
Linstddter, 2006)}. Numerous investigations on fluvial archives also discontinuous (Bull, 1997). Indeed, it is difficult to distinguish between
unravelled palaecenvironmental conditions during the Late Glacial phases of morphodynamic activity, including both fluvial downcutting
and the Holocene in the Western Mediterranean (e.g. Barathon et al,, and aggradation (e.g. Patton and Schumm, 1981), and morphodynamic
stability, mostly indicated by pedogenesis (e.g. Fedoroff and Courty,
2013). This is mostly because climatic and anthropogenic influences as
Tmspo g AHTGS Well as autoger}ou_s changes may cause spatially variable indsion or fill-
E-mai! addresses: m.bartz@uni-koeln.de (M. Bartz), h.brueckner@uni-koeln.de ing episodes within these fluvial systems (Bull, 1997; Faust et al., 2004,

(H. Briickner). Wolf et al,, 2014).

http:/fdx.doiorg/10.1016/j.catena.2016.12.007
0341-8162/© 2016 Elsevier B.V. All rights reserved.
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Detailed sedimentological and geochemical analyses may help to
differentiate phases of variable morphodynamics. Fluvial sediments of
perennial river systems, such as the Medjerda River in Tunisia, contain
clear features of pedogenesis as indicated by thin section studies
(Faust et al., 2004}, and intercalated layers deposited by severe flood
events inferred {rom geochemical sediment composition (Zielhofer et
al., 2004). In Morocco, Holocene terraces of the Kert River {Barathon
et al., 2000; El Amrani et al., 2008) show features of different soil
forming phases determined from pedological and sedimentological
criteria (Zielhofer et al., 2008). Similar patterns have been observed in
deposits of the Moulouya River (Ibouhouten et al., 2010; Zielhofer et
al., 2010). Although catchments of ephemeral stream systems are usual-
ly much smaller, similar studies can be undertaken. Grain-size analyses
of sediments from Wadi Sabra (Jordan} provide evidence of fluvial and
fluvio-aeolian sedimentation during MIS 3 and MIS 2, whilst periods of
soil formation could be identified by analyses of carbonates and organic
matter {Bertrams et al, 2012).

Establishing chronologies for ephemeral stream sediments is like-
wise challenging. Gastropod shells found in our ephemeral stream pro-
files could be theoretically sampled for radiocarbon dating, but this
material is prone to reworking issues in ephemeral fluvial systems
{Rixhon et al, in press). Whilst optically stimulated luminescence
{OSL) dating has been successfully applied in such settings (e.g. Bartz
et al,, 2015; Bubenzer et al., 2007; Klasen et al., 2013}, the applicability
of OSL dating of quartz is usually limited to ~200 ka due to the low sat-
uration level of the quartz fast component (Wintle and Murray, 2006).
For older sediments, infrared stimulated luminescence (IRSL} dating of
feldspars may represent a valuable alternative, although IRSL ages
may suffer from anomalous fading, leading to a loss of signal over
time and possible age underestimation {e.g. Huntley and Lamothe,
2001; Wintle, 1973}, In this respect, post-infrared infrared stimulated
luminescence dating at an elevated temperature of 290 °C (pIRIR20p;
Thiel et al., 2011} offers feldspar signals which are less affected or unaf-
fected by anomalous fading (Thomsen et al, 2008).

This study thus aims at (i} identifying pedogenetic processes and
flooding activity in Wadi Selloum’s ephemeral stream deposits as indi-
cators for morphodynamic stability and activity, respectively, using mi-
cromorphological, sedimentological, geochemical and mineralogical
proxies; (ii} establishing a chronology for the depositional units by
a combination of different luminescence dating approaches; and
(ili} discussing the Wadi Selloum record in the Late Quaternary
palascenvironmental context of the Western Mediterranean region

M. Bartz et al. [ Catena 152 (2017) 115-134

and possible correlations of the inferred environmental changes with
the phases of occupation in the Ifri w’Ammar rock shelter.

2_Study area
2.1, Climatic and geomorphological setting

The ~290 km? wide catchment of the Wadi Selloum, a western trib-
utary of the lower Moulouya river, drains the northernmost prolonga-
tion of the Middle Atlas Mountains in NE Morocco (Benjelloun et al,,
1971} (Fig. 1a, b). The present climate is semi-arid with annual precip-
itation ranging between 200 and 600 mm (Snoussi et al., 2002). Most of
the rainfall is concentrated during episodic and high-intensity events
(Snoussi et al,, 2002). The precipitation pattern is reflected by the hy-
drological regime, dominated by episodic flash floods with rapid flow
velocity and high sediment discharge {Abdalla et al, 2014). Rain-fed ag-
riculture and extensive grazing of sheep and goats are common, thus
causing recent human-induced soil erosion.

The studied area of the Wadi Selloum encompasses ~20 km? of the
upper catchment (Fig. 1b, ¢}, exclusively composed of Mesozoic lime-
stone and dolomite (Benjelloun et al., 1971). The ephemeral stream sys-
tem drains the foothills of the rock shelter of Ifri n'Ammar in a south-
eastern flow direction, and is fed by two tributaries (Fig. 2a). The
ephemeral stream sediments ohserved in the (sub-}vertical bank pro-
files generally consist of alternations of coarse-grained (gravel) and
fine-grained (silt- and clay-rich} deposits. Whilst the latter is essentially
transported as suspension load, the former mostly represents bed load
material and is indicative of channel deposits. Given the discontinuity
of ephemeral stream systems (Bull, 1997}, we observed spatial hetero-
geneity in the wadi banks. The width of the valley floor is highly vari-
able: it amounts to only ~150 m between the rock shelter and Rock
Selloum (Fig. 2a), but rapidly increases downstream, where channel
widening is also observed. Several rock fall events occurred along the
limestone cliff of Rock Selloum; the deposits of the two largest of
them (trf I and rf 11} extend to the valley floor directly upstream of Ifri
n'Ammar (Fig. 2a). Geomorphological analysis of Quaternary terrace
systems of the lowermost Moulouya reach along with a morphometric
analysis of the whole Moulouya catchment, including a focus on the
Wadi Selloum catchment, highlights a long-term disequilibrium of
bath the main trunk and the tributary {Barces et al., 2014; Rixhon et
al,, 2017). This might be reflected by two 3-4 m-high knickpoints (kp
I and kp II; Fig. 2b) disrupting the present-day ephemeral stream

Morocco

N e —
A 0 km 200

~— main stream
—~ ftributary stream

O archaeological site
# wadi knickpoint (kp)
© sediment profile
AB longitudinal profile

3°4'40"W

3°5'20"W.

Fig. 1. a: The study area in NE Morocco; 1 - Moulouya River, 2 - Kert River, 3 - Alboran Sea. b Catchment area of the Wadi Selloum (~290 km?), a tributary of the lower Moulouya river
(based on ASTER Global DEM; USGS, 2015); the studied upper catchment is indicated in grey. ¢: The upper catchment of the Wadi Selloum in the direct vicinity of the rock shelter Ifri
n'Ammar (based on Esri, 2014), presenting the locations of the profiles (IAM 2, IAM 6, IAM 28 and IAM 29) and the knickpoints (kp I and kp I1). The bed topography was measured

between A and B by DGPS.

34



Chapter 3

M. Bartz et al. / Catena 152 [2017) 115-134 117

limestone

b
55 = © sediment profile
480 = @ a2 2 OO0 archaeological site
2 s 2
o al g < < .T @ rock fall (rf)
o~ s o
= kp | #~ knickpoint (kp)
5 40 F z
% i Ifriig
w n'‘Ammar o Il
i @ /P
440 m*—
T T T T T T T T " T %
0 0.5 1 1.5 2 25
Distance (km)

Fig. 2. a: Overview of the Wadi Selloum valley in the vicinity of Ifri n'Ammar; the main geomorphological features are indicated. i- An alternation of coarse-grained gravel and fine-grained
overbank deposits at the location of knickpoint (kp) L The top of kp 1is characterised by a dm-thick calcrete. ii - Rock fall (rf) deposits in the main trunk of Wadi Selloum. iii - Downstream
of Ifri n'Ammar, the valley bottom of Wadi Selloum widens to - 700 m due to an increase in the accommodation space. iv - Knickpoint (kp) I1is characterised by -2 m-thick profiles with
calcretes at the base of the modern stream bed. b: Longitudinal profile of the studied Wadi Selloum section with locations of the photographs i-iv, the investigated profiles, the two
knickpoints (kp I and kp 1), the two rock falls (rf [ an rfI1I) and the rock shelter of Ifri n'Ammar. The bed topography was measured by DGPS.

channel, although their locations seem closely related to decimetre-
thick calcrete crusts within the episodically active stream bed (Fig. 2a).

2.2. Archaeological background

The archaeological layers of the Ifri n'Ammar rock shelter reveal dis-
continucus phases of AMH settlements during the last ~170 ka. The
lower part shows a Middle Palaeolithic sequence (Mikdad et al,, 2004;
Nami and Moser, 2010}, which is dated to time spans between 171 £
12 ka and 145 4+ 9 ka, as well as between 130 4+ 8 ka and 83 &+ 6 ka
(thermoluminescence, TL, ages of heated flint; Richter et al., 2010}.
The uppermost part of the Middle Palaeolithic sequence has been C-
dated to a time span between 51.5 + 1.3 ka BP and 38.9 4 2.0 ka BP
(Linstddter et al, 2012; Mikdad et al., 2002; Moser, 2003}. The upper
part of the archaeological sequence covers the Upper Palaeolithic relat-
ed to the Iberomaurusian culture, which is 1*C-dated between 13.9 +
0.08 ka BP {16.8-16.5 ka cal BP) and 10.0 4 0.08 ka BP (11.7 &+
04 ka cal BP) (Linstddter et al,, 2012; Moser, 2003 ).

3. Materials and methods
3.1. Feldwork and sampling strategy

The current stream bed topography of the main trunk (Fig. 2b}
was measured by differential GPS (Topcon DGPS). Ephemeral stream

deposits were investigated and documented (FAQ, 2006} in four dif-
ferent profiles; the latter are located downstream of (IAM 2}, next to
(IAM 6} and upstream of (IAM 28 and 1AM 29) the archaeological site
{Fig. 1c). Within the current stream bed the contact with the carbon-
ate bedrock was not reached in any of the profiles.

From profile IAM 2 (Fig. 3}, five luminescence samples were col-
lected at depths of 0.90 (C-L3830}, 1.90 {C-L3388), 2.85 ({-L3385),
3.85 (C-L3383) and 4.80 {C-L3389) m below surface (b.s.). Eight mi-
cromorphological samples (thin section, TS} were taken at depths of
1.97,2.32,2.52,2.92,3.22,3.57,3.92and 4.22 m b.s. (TS 2.1-2.8). The
profile IAM 2 was sampled in 10 cm intervals down to 4.80 m b.s.
Two luminescence samples from profile [AM 6 (Fig. 4}, previously
dated by OSL (C-13393 and C-L3395; Bartz et al,, 2015}, were mea-
sured with the pIRIR,gy dating technique for an inter-method com-
parison. In addition, two samples for micromorphological studies
were taken at 1.05 and 4.50 m b.s. (TS 6.1-6.2). The profile IAM 6
was also sampled in 10 cm intervals down to 4.90 m b.s., except be-
tween 2.90 and 4.20 m b.s. where a strongly cemented layer ham-
pered any sampling. From IAM 29 (Fig. 5}, two luminescence
samples were collected at depths of 0.90 and 1.97 m b.s. {C-L3828
and C-13829}, and samples for micromorphological analyses at 1.50
and 1.97 m b.s. (TS 29.1-29.2). Sediments from the 1AM 29 profile
were also sampled at 10 cm intervals from the surface to 2.50 m
b.s.; we assume that this profile is analogous to the IAM 28 profile
{Fig. 5). Four additional samples for micromorphological analyses
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were collected in the upper part of the IAM 28 profile (Fig. 6}, at
depths of 0.40, 0.70, 1.05 and 1.60 m h.s. (TS 28.1-28.4).

3.2. Sedimentological, gecchemical and micromorphological analyses

Sediment samples were air-dried and sieved to separate the ma-
trix fraction <2 mm for further analyses. The grain-size distribution
was measured three times in 116 classes with a laser particle sizer
(Beckman Coulter LS13320) after removal of organic matter with
H,0, (10%). After pre-treatment the samples were dispersed over-
night within an overhead shaker using 2 ml 0.05 M sodium pyro-
phosphate {NasO,P;} to avoid coagulation. The GRADISTAT
software version 4.0 {Blott and Pye, 2001} was applied for calcula-
tion of grain-size parameters after Folk and Ward (1957). The loss
on ignition (LOI) was determined by oven-drying (Carbolite ELF
11/14) the samples at 105 °C for 12 h and by ignition in an annealing
furnace at 550 °C for 4 h (LOI55q; Heiri et al., 2001). The LOls5, was
used as an indicator for pedogenic accumulation of organic matter,
although its accuracy is limited due to possible dehydration of clay
or metal oxides, loss of volatile salts or loss of inorganic carbon in
minerals {Heiri et al., 2001; Mook and Hoskin, 1982; Sutherland,
1998). Analysis of the mineralogical phases was performed by X-
ray diffraction (XRD, Bruker D8-Advance diffractometer with Cuka
radiations} on powdered bulk sediment (Moore and Reynolds,
1997). The relative abundance of minerals (including carbonates)
was estimated from the height of the main peak with the
DIFFRACplus EVA software (Boski et al., 1998; Cook et al., 1975}.
Thin section preparation followed the procedure of Beckmann
{1997). The observations were performed with a polarising trans-
mitted-light microscope and description followed the guidelines of
Stoops (2003). The colours of dried sediments and soil material
were determined with the Munsell Soil Color Chart. Soil identifica-
tion followed the “World Reference Base for Soil Resources” (IUSS
Working Group WRB, 2014).

3.3. Application of luminescence dating techniques to ephemeral stream
deposits

Sample preparation for dose measurements included treatment
with HyO, (10%}, HCL (10%) and sodium oxalate to remove carbonates,
organics and clay remains. Whilst density separation with sodium
polytungstate was used to isolate coarse-grained (100-150 um) quartz
(1 = 2.62-268 g cm ¥} and feldspars (p, <2.58 g cm—3), the
polymineral fine-grained {raction (4-11 um) was extracted using a cen-
trifuge. The quartz minerals were etched with HF (40%) for 40 min plus
a final HC1 (10%) wash.

All measurements were carried out in the Cologne Luminescence
Laboratory {CLL} on automated Risg TL/OSL DA 20 readers equipped
with ?25r/°%Y beta sources for irradiation, delivering dose rates of
~0.08 Gy s~ L. Quartz multiple-grain signal emissions (1 mm and
2 mm aliquots} were detected using blue light emitting diodes
(470 4+ 20 nm) and a Hoya U 340 glass filter (7.5 mm}, whereas
quartz single grains were stimulated for 2 s with a green Nd:YVO,
diode-pumped laser {532 nm} (Bgtter-Jensen et al., 2000}. Equiva-
lent dose (D.} determination followed the single-aliquot regenera-
tive-dose (SAR) protocol of Murray and Wintle (2000, 2003), using
the initial part of the decay curve (0-0.8 s} after subtraction of a
late background (36-40 s} for quartz multiple-grain aliquots. For
single-grain measurements, the OSL signal was derived [rom the
first 0.054 s of stimulation minus a background of the last 0.4 5. A pre-
heat-plateau test with increasing temperatures between 180 and
280 °C (held for 10 s}, in combination with a cut heat 20 °C below
the preheat temperature, was performed for sample C-1.3828 to de-
termine the appropriate thermal pre-treatment (7 multiple-grain al-
iquots per temperature step}. Dose recovery tests (given dose =
80 Gy}, in combination with different preheat temperatures, were
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conducted using 100 s blue-LED stimulation at room temperature
(~25 °C) for signal resetting. To investigate the OSL signal compo-
nents, fitting of continuous wave (CW)-0SL curves was applied.
CW-0OSL measurements were carried out on three aliquots of sample
C-L3828 and fitted using the software package R-Luminescence
(Kreutzer et al.,, 2012}.

IR stimulation (880 -+ 80 nm} and signal detection through an in-
terference filter (410 nm} were used for measuring the coarse-
grained feldspar samples and the fine-grained polymineral sample.
The first 2.4 s of stimulation minus a background of the last 40 s
were used. The pIRIR signal was measured at 290 °C (pIRIR)gp;
Thiel et al., 2011} for 200 s after a preheat of 320 °C (hold for 60 s).
At the end of each cycle, a 325 °C IR bleaching was used. The prior
IR stimulation temperature was chosen by performing prior IR stim-
ulation temperature tests on three coarse-grained feldspar samples
(C-L3395, C-1.3829, C-1.3830) and on the fine-grained polymineral
sample C-13389 to investigate the dependency of D, on prior IR stim-
ulation (Buylaert et al., 2012). Although results of Thiel et al. (2011}
and Buylaert et al. (2012) suggest that the pIRIR,g0 seems to be unaf-
fected by anomalous fading, sample C-L3395 was checked for anom-
alous fading using the procedure of Auclair et al. (2003}. A bleaching
test with optical treatment in the solar simulator (Honle SOL2) be-
tween (0.5 and 24 h was carried out for sample C-L3389 to test the
bleaching characteristics of the pIRIR;gg-protocol. Furthermore,
dose recovery (given doses commensurate with D, of each sample}
and residuals after 24 h signal resetting in the solar simulator were
determined for all samples.

The measured aliquots had to fulfil the following SAR rejection
criteria for both quartz and pIRIRqp samples: (i) test dose error £10%;
(i1} recuperation <5% of the sensitivity-corrected natural signal; (iii}
recycling ratio between 0.9 and 1.1 {for single grains between 0.85
and 1.15); (iv) Da < 2 = Dg; and (v} IR depletion ratio £10% (Duller,
2003). The central age model (CAM; Galbraith et al., 1999} was used
for D, calculation.

High-resolution y-spectrometry using a high-purity germanium
detector was carried out for dose rate determination. DRAC v1.1
(Durcan et al.,, 2015) was applied for dose rate and age calculation
using the conversion factors of Guérin et al. (2011}, and alpha and
beta attenuation factors of Bell (1980} and Guérin et al. (2012};
the latter was specifically chosen for either quartz or feldspar
grains. The contribution of cosmic dose rates was assessed follow-
ing the approach of Prescott and Hutton (1994). To account for at-
tenuation of ionising radiation by pore water, field water contents
{mass of water relative to the dried sample} of 4-20% were consid-
ered with an uncertainty of ~30%. For coarse-grained feldspar, an
a-efficiency of 0.11 £ 0.03 (Balescu and Lamothe, 1993} was
used, whilst an e-efficiency of 0.07 & 0.02 (Preusser et al., 2005)
was assumed for polymineral fine grains. An internal potassium
content of 12.5 4 0.5% (Huntley and Baril, 1997} was assumed for
feldspars.

4. Results
4.1. Profile descriptions

In the following, the investigated profiles are described from their
positions downstream to upstream of the rock shelter of Ifri
n’Ammar. Depths of all units or their boundaries are given below sur-
face (b.s.).

4.1.1. Profile [AM 2

The bipartite, ~5 m-high profile IAM 2 (Fig. 3} is located ~230 m
to the east of Ifri n'Ammar (Fig. 1c¢). Reddish vellow (7.5YR 6/6)
silts form unit 1 (5.00-4.00 m). They include sparse charcoal re-
mains, terrestrial gastropods (e.g. Otala cf. lactea) and carbonate pre-
cipitations. Reddish yellow (7.5YR 6/6) sandy silts, embedding
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Fig. 3. Stratigraphical record of profile [AM 2 including sedimentological and geochemical results. Samples for luminescence dating and micromorphology are indicated with depths, ages
and sample IDs. Sediment units of each profile as well as layers for profile correlation in the catchment are presented together with pedogenic features. The two calcretes C2 and €3 (white

dashed lines) can be used to correlate parts A and B of the bipartite profile [AM 2.

sparse, subangular, up to 2 cm-large gravel, form unit 2 (4.00-
3.40 m). Reddish yellow (7.5YR 6/6} sediments with a coarsening-
upward tendency, from fine sandy silts to silty fine sands, form unit
3 (3.40-2.50 m}, including a few specimens of Otala cf. lactea and
charcoal remains. The overlying stratum at 2.50-1.80 m (unit 4)
shows a silty matrix with a reddish yellow (7.5YR 6/6) sediment col-
our. The base of unit 5 is marked by an erosional unconformity at
1.80 m. This unit {1.80-1.60 m} is formed by solidified gravels of
up to 10 cm in size (C2}. Marked by a sharp basal boundary, the ho-
mogeneous unit 6 {1.60-0.50 m) is formed by reddish yellow (7.5YR
6/6) sandy silts, embedding sparse, subangular, up to 3 cm-large
gravel. The top 0.60 m-thick solidified layer (unit 7; €3} is composed
of up to ~20 cm-large gravel.
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4.1.2. Profile IAM 6

The ~4.90 m-high profile IAM 6 (Fig. 4} is located ~ 150 m to the
northeast of Ifri n'Ammar (Fig. 1c}. We refer to the stratigraphic de-
scription of Bartz et al. (2015) for this profile. Reddish yellow
(7.5YR 6/6) sandy silt form the lowermost unit 1 (4.90-4.10 m).
The base of the composite unit 2 is marked by an ercsional uncon-
formity at 4.10 m. Gravels in a sandy matrix are cemented in the
lower part of unit 2 (4.10-3.65 m}, forming a calcrete layer (C2);
they are less solidified in the middle part (3.65-3.00 m). The
upper part of unit 2 (3.00-2.30 m) is formed by reddish yellow
(7.5YR 6/6) silty sands. The overlying unit 3 {2.30-2.10 m) is
characterised by gravel in a sandy matrix. The uppermost unit 4 of
the profile (2.10-0 m) is characterised by a fining-upward
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Fig. 4. Stratigraphical record of profile IAM 6 (modified from Bartz et al., 2015) including sedimentological and geochemical results. Samples for luminescence dating and
micromorphology are indicated with depths, ages (pIRIRzq, ages in brackets for an inter-method comparison) and sample IDs. Sediment units of each profile as well as layers for
profile correlation in the catchiment are presented together with pedogenic features. The white dashed line in the upper photograph indicates the top of the calcrete C2.

sequence {rom silty fine sands to fine sandy silts. It is interspersed
by layers of well-preserved terrestrial gastropods (e.g. Otala cf.
lactea, Rumina decollata} and pieces of charcoal at 0.60 and
0.20 m. A change in the sediment colour to light brown (7.5YR &/
4} is observed from 0.40 m up to the top.

4.1.3. Profile IAM 29

The ~3.20 m-high profile [AM 29 (Fig. 5} is located ~600 m to the
northwest of Ifri n’Ammar (Fig. 1c). The 0.60 m-thick basal unit 1
(3.20-2.60 m) is composed of up to 10 cm-large, subangular carbon-
ate gravel and stones (C1), cemented by a calcareous sandy matrix.
The overlying unit 2 (2.60-1.70 m) is dominated by reddish yellow
(7.5YR 6/6) sandy silts, intercalated by a gravel-dominated layer
(2.35-2.20 m} composed of 5 cm-large subangular components.
The unit 3 {1.70-1.30 m} is characterised by reddish (7.5YR 7/4),
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clay-rich silts, with up to 2 cm-large carbonate nodules. The overly-
ing unit 4 (1.30-1.15 m) is composed of up to 10 cm-large
subangular gravel, embedded in clay-rich silts. The uppermaost unit
5 (1.15-0 m}) is a coarsening-upward sequence from clay-rich silts
to fine sandy silts. The sediment colour changed from reddish yellow
(7.5YR 7/6) to yellowish brown (10YR 5/4). The uppermost layer of
the profile (0.60-0 m) includes organic material (e.g. roots), terres-
trial gastropods (e.g. Otala cf. lactea} as well as carbonate and dolo-
mite fragments.

4.1.4. Profile IAM 28

The ~3.20 m-high profile IAM 28 (Fig. 6) is situated ~40 m up-
stream of profile IAM 29 (Fig. 1c}. Since both profiles present similar
sediment characteristics, the unit classification of [AM 29 is adopted
for this profile. Basal gravels (€1} form unit 1 (3.20-2.60 m)}. Light
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Fig.5. Upper part: profiles [AM 28 and [AM 29 viewed from the ephemeral stream bed. They can be correlated by the Bk horizon (light grey dashed line) and the C horizon (dark grey solid
line). Lower part: stratigraphical record of profile IAM 28 including sedimentological and geochemical results. Samples for luminescence dating and micromorphology are indicated with
depths, ages and sample IDs. Sediment units of each profile as well as layers for profile correlation in the catchment are presented together with pedogenic features. See Fig. 6 for the

detailed description of profile IAM 28.

brownish (7.5YR 6/4) silts compose unit 2 {2.60-2.15 m}. The over-
lying yellowish/reddish (7.5YR 7/4 to 7/6}, clayey/silty unit 3 (2.15-
1.95 m} is characterised by well-developed subangular blocky peds
and up to 2 cm-large carbonate nodules. Unit 4 (1.95-1.80 m) is

composed of subangular gravel (~10 cm in size}. The uppermost
unit 5 (1.80-0 m} shows colour changes from reddish yellow
(7.5YR 7/6) to yellowish brown (10YR 5/4). A compact clay-rich
silt was observed from 1.80 to 0.60 m; it also exhibits carbonate
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Fig. 6. Stratigraphical record of profile [AM 28. Micromorphological samples are indicated
with depths and sample [Ds. Sediment units of each profile as well as layers for profile
correlation in the catchment are presented together with pedogenic features. Profile
1AM 28 is correlated with profile JAM 28 (see Fig. 5).

precipitations and up to 1 cm-large nodules. The latter only occur up
to 0.95 m, whereas carbonate precipitation was observed up to
~0.40 m. Furthermore, the sediment structure is characterised by
slightly developed blocky peds from 0.95 to 0.60 m. The uppermost
layer of the profile (0.60-0 m) includes occasional roots, subangular
gravel (~3 cm in diameter) and terrestrial gastropods (e.g. Otala cf.
lactea).

4.2. Sediment properties and soil micremorphology

The results of micromorphological analyses are presented in
Tables 1 and 2. According to similar characteristics and recurring
patterns cbserved in the 16 thin sections (TS}, they may be classified
into three distinct groups. Group 1 has characteristic A horizon fea-
tures, group B relates to B horizons, and group 3 points to sediments
weakly altered by pedogenesis (C horizons).
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4.2.1. A horizon features

Group 1 encompasses TS 28.1, 28.2 and 6.1 (Fig. 7). The silty and
sandy fractions are dominated by angular to subangular quartz, K-
feldspar and plagioclase grains (Fig. 7d). The coarser fabric units
occur unserted in a dense matrix, which results in a single (TS
28.1) to double (TS 6.1 and TS 28.2} spaced porphyric ¢/f-related dis-
tribution. Whilst TS 28.1 shows a partly undifferentiated b-fabric, the
TS display a calcitic crystallitic b-fabric due to dispersed micrite in
the groundmass. Primary carbonates, mostly corresponding to frag-
ments of gastropod shells and carbonate rocks, are only present in
small amounts which is in agreement with rather small values of
both dolomite and calcite. The TS are characterised by moderately
developed pedality and ped separation (Fig. 7a—c}. The microstruc-
ture is spongy, crumb and granular, which can be related to infillings
in burrows and to bioturbated parts of the TS. Less than 1 mm small
pieces of charcoal are evident. Most of the crumbs are mammilated
excrements. Some circular or ellipsoidal burrows with perfectly
smooth walls consisting of compacted fine-grained material are evi-
dent. Pedofeatures are rare; only a few Fe and Mn nodules occur in
the groundmass. Only TS 28.2 is characterised by low abundance of
secondary carbonate coatings along voids in the lower parts of the
section (Fig. 7e}. Very rarely, dusty clay coatings with poorly orient-
ed clay along mineral grains were observed. The darkening of the
topsoil in comparison to the subsoil is related to an enrichment of or-
ganic material (Ah horizon}, although the organic content of the A
horizons are rather low with values of LOIs5 <1%. An Ap horizon de-
scribes the topsoil which is influenced by tillage, but octherwise with
similar characteristics as the Ah horizon.

4.2.2. B horizon features

Group 2 encompasses TS 28.3, 28.4 and 29.1 (Fig. 8)}. The ¢/f-re-
lated distribution is single- (TS 28.4) to double- (TS 28.4 and 29.1})
spaced porphyric, dominated by silt- to sand-size quartz and feld-
spar grains. In these B horizons, precipitation of secondary carbon-
ates is the most prominent feature, however, abundant grains of
primary carbonate (shell and rock fragments) are found as well.
The richness in calcarecus components is reflected in high amounts
of calcite and dolomite. In addition, the B horizons are characterised
by the development of a subangular-blocky microstructure, which,
in the case of TS 28.4 is weakly developed. The aggregation is con-
spicuous due to the development of well-separated subangular
blocky peds (Fig. 8a—c}, especially in TS 29.1 where aggregates are
separated by planes (Fig. 8c}. The degree of pedality is moderate
(T528.3 and 29.1) to weak (TS5 28.4). TS 28.4 shows unaccommodat-
ed peds, whilstin TS 28.3 and 29.1 peds are partially accommodated.
As voids, mainly planes are visible beside chambers and channels.
All TS show a crystallitic b-fabric, due to finely-dispersed calcite
grains. Various pedofeatures occur: infillings of secondary carbonate
(Fig. 8d, e), calcite coatings (Fig. 8g-i}), and Fe and Mn nodules
(Fig. 8e). Intercalations are visible in TS 28.4 (Fig. 8f}). Oriented
clay is only documented in form of thin coatings around quartz
and feldspar grains. Calcite depletion pedofeatures were not found.
Rarely biogenic pedofeatures are visible in form of mammilated ex-
crements and passage features. The subsoil horizons Bkl and BLk2,
respectively, are characterised by different degrees of carbonate
precipitation.

4.2.3. C horizon features

Group 3 encompasses TS 2.1-2.8, 6.2 and 29.2 {Fig. 9). Mineral
grains are distinguished by a subangular to angular shape in a single-
to double-spaced porphyric c¢/f-related distribution of the ground-
mass. Beside quartz, K-feldspar and plagioclase minerals, all TS con-
tain primary carbonates, mainly corresponding to calcite and
dolomite grains and shell remains. Charcoal residues rarely occur in
the groundmass. Rounded aggregates are randomly formed in the
sediment and are composed of finer material than the micromass
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Table 2
Micromorphological results of thin section (TS) analyses focusing on pedofeatures. The observation was performed with a polarising transmitted light microscope. The descriptions follow
the guidelines of Stoops (2003 ): - = none; (*) = rarely; * = few; ** = moderate; *= = dominant.
Sample TS Soil Calcitic pedofeatures Fe/Mn pedofeatures Biogenic pedofeatures Others
1D group  horizon " ; v 3 : 9 g
Hypocoatings  Coatings  Infillings  Nodules  Nodules  Coatings Mammilated or Sediment  Passage  Intercalations
spherical excrements  cocoons features
TS 2.1 3 (&2 - - - - - - () () =
Ts22 3 C - - - . - = - () - =
1523 3 C - - . - : - Q] ] ) -
TS24 3 G - - - - : - . : Q] -
1525 3 C - - - . . - - - 0 -
1526 3 C - - - . . - . . o) -
1527 3 C - - - - - (&) ) - -
TS 238 3 C - - - - . - . - - -
TS6.1 1 A - - - - . - - . ) -
TS6.2 3 C - - - - . - - . ) -
TS281 1 Ap - - - - . - Q) e -
TS282 1 A/B - (= - - . - . () -
TS 28.3 2 Bkl = - - - - i () = () .
TS 284 2 Bk2 o - - - - i & ) - .
TS 26.1 2 2Bk - - aen - - = ) = = o
TS 292 3 2(: - s ik bore - i - - - i

TS 28.2" Tcom

TS 28.1 200 ym

Fig. 7. Thin sections (TS) 28.1, 28.2 and 6.1 associated to TS group 1 (A horizon features). a-c: Flatbed scans characterised by bioturbation features (bf) and the presence of hiogenic
aggregates. d: Mainly quartz (Q) and feldspar (F) are visible beside rarely distributed primary carbonates (pc, here in form of rock fragments) under crossed-polarised light (XPL). e:
Quartz minerals occur unsorted in a dense fine matrix with a crystallitic b-fabric (XPL). Note the slight degree of secondary carbonate (sc) predipitation along voids, e.g. chambers (ch).
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g T :k

2 TS 28.3'500 i

TS 28.3 50 ym

;P'! '&’ o

Fig. 8. TS 28.3, 28.4 and 28.1, associated to TS group 2 (B horizon features). a-c: flatbed scans, indicating aggregation in form of subangular blocky peds. d: Secondary carbonate (s¢)
precipitation in form of infillings and calcite coatings along chambers (ch) in a dense matrix under crossed-polarised light (XPL). e: Secondary carbonate (s¢) precipitation in chambers
as infillings as well as Mn nodules under plain-polarised light (PPL). f: Intercalation of fine sediment in a coarser matrix characterised by silt- to sand-sized rock fragments (PPL). g h,
i: Precipitation of secondary carbonate along voids (XPL).

(Fig. 9h, i, kk, n}. The microstructure is a mixture of channel, chamber
and granular types. A crystallitic b-fabric is mainly expressed. Ac-
commodation is insignificant and, occasionally, pedality is weakly
developed. Voids occur frequently as chambers and channels, partly
as vughs and packing voids. Pedofeatures are rare and mainly consist
of Fe and Mn nodules. Sparse hypocoatings are found in TS 2.1, 6.2
and 29.2 (Fig. 9g, 1, m, o). Precipitation of secondary carbonates is
visible in form of infillings to a slight degree in TS 2.1 (Fig. 9f}, 2.3
and 2.4. The fluvial nature of the sediment is evident by locally pre-
served microlayers, showing a fining-upward sequence {Fig. 9j). Bio-
genic pedofeatures in form of mammilated excrements, sediment
cocoons and passage features occur rarely. LOIsso values are rather
low (<1%).

4.3. Soil identification

Three soils have been identified in the Wadi Selloum deposits: pro-
files IAM 28 and 1AM 29 (Figs. 5, 6} comprise one buried soil in form
of a 2Bl-2C sequence (palaeosol} in units 2 and 3, and a second soil
characterised by an Ah-Bk1-Bk2-C sequence (soil I} in units 4 and 5.
Here, the two Bk horizons provide information about age-related
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carbonate precipitation. The 2Bk horizon of the palaeosol is
characterised by high and intensive precipitation of secondary carbon-
ate and strong pedality (TS group 2, Fig. 8}. Soil I belongs to the Calcisol
group displaying processes of dissolution of primary carbonates in the A
horizons (TS group 1, Fig. 7} and precipitation of secondary carbonates
in the B horizons (TS group 2, Fig. 8}. As based on the similarity of soil
properties with the modern Bk horizon at profiles IAM 28 and [AM 29,
the palaeosol may thus represent a subsoil horizon of a former Calcisol.
Profile IAM 6 (Fig. 4) reveals pedofeatures characteristic for A horizons
(TS group 1, Fig. 7} which are found at ~1 m depth {Fig. 4}, reflecting in-
tense bioturbation near a former land surface. Here, a third soil is
formed characterised by an Ap-C sequence (sail I} and classified as a
weakly developed Fluvisol. Below the A horizon, a clear differentiation
in soil horizons is not evident, probably because aggradation of young
sediments hampered formation of a Calcisol.

4.4. Geachronological framework
4.4.1. Luminescence properties and D. determination

Only sample C-1L3828 (profile IAM 29) revealed a quartz signal
below saturation level. For this sample, a preheat temperature of
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200 °C was best suited to recover the given dose (0.98 4+ 0.05,
Fig. 10a}, a dominant fast component was presented by CW-0OSL
component fitting. For the 64 measured multiple-grain aliquots a
total of 6 aliquots (~10%) were rejected due to saturation. For sin-
gle-grain measurements, ~20% of all grains provided bright signals
{out of 1400 measured grains) including 106 grains (~38%} with sig-
nals above the saturation limit. For D, determination, 45 multiple-
grain aliquots and 40 single grains passed the SAR acceptance
criteria. Whilst the multiple-grain data yielded overdispersion
=>40% (Fig. 10b}, the single-grain dose distribution was characterised
by even larger scatter (overdispersion >80%; Fig. 10b). The multiple-
grain and single-grain dose distributions are approximately sym-
metrical. Suggesting that sample C-1.3828 is affected by post-deposi-
tional processes (based on micromorphological analyses; Bk
horizon, profile IAM 29), rather than partial bleaching, we used the
CAM to calculate a De value of 33.7 4+ 4.7 Gy and 74.7 + 6.1 Gy for
the single-grain and multiple-grain data set, respectively. The finite
mixture model (Galbraith, 2005} was inappropriate for D, determi-
nation due to missing dose populations.

Due to saturation of the quartz signal in most samples, potassium
feldspars were also investigated. Sensitivity changes could be
corrected adequately, and recuperation was <2% of the sensitivity-
corrected natural signal. The prior IR stimulation temperature tests
yielded a plateau between 50 and 175 °C for all samples (Fig. 10c¢}.
Since intensities of the pIRIR,g9 signal decreased with increasing
prior IR temperature and yielded weak signals (Fig. 10d}, a prior [R
stimulation temperature of 50 °C followed by IR stimulation at
290 "C was used for all feldspar and polymineral samples. Dose re-
covery ratios between 0.94 4+ 0.02 and 1.05 + 0.03 revealed satisfac-
tory reproducibility (Fig. 10e). Residual doses between ~1 and ~5 Gy
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(Fig. 10e} and the results of the bleaching experiment of sample C-
13389 (Fig. 101} indicated adequate resetting of the pIRIR,gy signal
in our samples. Due to rather small residual doses and insignificantly
altered Dy, subsequent subtraction from dose recovery and natural
doses was redundant. For D, determination, 13 to 40 aliquots were
accepted in case of the feldspar samples, whilst 8 aliquots of the
fine-grained polymineral sample C-L3389 passed the SAR criteria.
The main reason for rejection was the weal pIRIR,g signal. The D
distributions {Table 3) were characterised by overdispersion values
<20%; we applied the CAM for D, determination for all feldspar and
polymineral samples. Fading rates (g-values) of pIRIR;g signals
{sample C-L3395) varied significantly between aliquots, with values
from 0.3 to 1.2%/decade and an average of 0.8 + 0.4%/decade.

The associated dosimetry data are presented in Table 4. Gamma
spectrometric measurements did not yield radicactive disequilibria
in the uranium decay chain.

4.4.2. Chronostratigraphy of Wadi Selloums ephemeral stream deposits

All luminescence age estimates are in stratigraphically correct
order within each profile. OSL and pIRIR,qy data are in agreement
with age estimates of 13.9 4+ 1.0 ka and 12.0 & 1.1 ka (sample C-
L3393}, aswellas 76 4 5 ka and 65 + 6ka {sample C-L3395}, respec-
tively (Fig. 4). Luminescence dating yielded ages dating back to MIS
5c: The five samples from profile IAM 2 yielded pIRIR 99 ages ranging
between 102 £ 8 ka (C-L3389) and 57 4+ 4 ka (C-L3830) from base to
top (Fig. 3). The lower sample from profile IAM 29 (Fig. 5) yielded an
age of 74 + 6 ka (pIRIRyqp; C-L3829), whilst single-grain and multi-
ple-grain dating of the upper sample (OSL; C-13828) yielded ages of
18 4+ 3 kaand 41 £ 4 ka, respectively.
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Fig. 10. Luminescence dating results. a: Preheat-plateau (black circles) and dose recovery (grey circles) test results of quartz sample C-13828 (multiple-grain aliquots). b: Multiple-grain
(MG; black circles) and single-grain (SG; grey circles) equivalent dose (D) distributions of sample C-L3828 displayed as a combination of aradial plot and a kemel density estimate (KDE)
plot (Galbraith and Green, 1950), generated as abanico plot (Dietze et al, 2016). n = number of grains; OD = overdispersion; CAM = central age model (Galbraith et al, 1999). ¢
Dependence of D on prior IR stimulation temperature of sample C-L3389 (fine-grained polymineral} and sample C-13829 (coarse-grained feldspar); three aliquots were measured. d:
Natural pIRIR; g, signal as a function of the first stimulation temperature (three multiple-grain aliquots, 1 mm). e: Dose recovery results (black circles) and residual doses (grey circles)
of all feldspar and polymineral samples; four aliquots were used for both dose recovery and residual dose tests after bleaching in the solar simulator for 24 h. f: Bleaching experiment

for sample C-L3389 (fine-grained polymineral; three aliquots for each time).
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Table 3

Dose distribution characteristics, equivalent dose (D.) determinations and age calculations of OSL and pIRIR;on samples: SG = single grain; n, = amount of accepted aliquots (grains);

Ny, = measured aliquots (grains); OD = overdispersion; CAM = central age model (Galbraith
* = Bartz et al (2015).

ef al, 1999); MAM = minimum age model (Galbraith et al, 1999); n/a = not applicable;

Profile Sample ID Lab. code Mineral Grain size  Aliquot diameter ny/ng oD D, values (Gy) Age estimates (ka)
(pm) Gl (%) cAM MAM CAM MAM
1AM 2 IAM 2-] C-13830  Feldspar 100-15¢ 2 21/43 137 £ 09 138.06 + 8.21 n/a 565+ 44 n/a
IAM 2-H C-13383 Feldspar 100-15¢ 1 13/24 165 £+ 1.4 16613 £+ 1149 n/a 723+ 64 n/a
[AM 2-D C-13385 Feldspar 100-150 1 14/24 162 4+ 14 16548 + 1146 n/a 737+ 64 n/fa
IAM 2-B C-13383  Feldspar 100-150 1 20/41 182 4+ 15 17731+ 1191 n/a 740+ 65 n/a
IAM 2-1 C-13389 Polymineral 4-11 9.8 8/8 294+ 03 25373 £ 1336 n/a 1015 4+ 8.0 n/a
1AM 6 IAM 6-C C-13356 Quartz” 100-15¢  SG (50/2640) 67.5 £ 58 4.36 4+ 043 223 +016-044 26 +03 13+ 0.2
IAM 6-1 C-13350 Quartz” 100-15¢ 1 48/101 263 + 14 545+ 021 516 + 035-0.38 25+ 02 23+ 02
[AM6-2 C-13351 Quartz” 100-150 1 68/89 157 £ 06 873 4+ 047 n/a 44 + 03 n/a
[AM6-3 C-13352 Quartz” 100-150 1 54/112 137+ 05 1267 4+ 068 n/a 6.4 + 04 nfa
[AM 6-4 C-13353  Quartz” 100-150 1 69/93 177 £ 07 1542 4+ 0.84 n/a 138+ 10 n/a
[AM 6-4 C-13393  Feldspar 100-150¢ 1 14/39 76 £ 05 18596 + 1.11 n/a 120+ 11 n/a
[AM 6-5 C-13385 Quartz” 100-150¢ 1 38/110 1584+ 08 13535+ 371 n/fa 760+ 48 n/a
IAM 6-5 C-L3395 Feldspar 100-150 1 40/45 151 4+ 07 15547 + 868 n/a 646 + 58 n/a
[AM 6B1 C-13544 Quartz” 100-150¢ 1 55/85 1344+ 05 11.80 4+ 022 n/a 6.5+ 0.7 n/a
[AM 6B2 C-13545 Quartz” 100-15¢ 1 70/108 1434+ 05 11.83 4+ 021 n/a 6.8 + 04 n/a
1AM 28 [AM 25-1 C-13828 Quartz 100-15¢ 1 45/64 423 +46 7468 £+ 6.05 n/a 411 +37 n/fa
[AM 25-1 C-13828 Quartz 100-15¢  SG (40/1400) 81.8 £95 3370 4+ 4.74 n/a 182+ 27 n/fa
IAM 28-2 C-13828  Feldspar 100-15¢ 2 34/45 16.0 £ 0.8 17422 £ 10.067 n/a 737 £ 56 n/fa
Wadi bed Modern sample C-13542 Quartz” 100-150 1 32/100 80.7 £ 81 n/a n/a n/a n/a

5. Discussion

5.1. How reliable are the luminescence ages of the ephemeral stream
deposits?

The pIRIR;g¢ and OSL ages for samples C-L3393 and C-L3395
{Table 3; IAM 6) are in agreement within their 1o-errors, but show
slightly younger feldspar ages implying that our feldspar samples
might be affected by anomalous fading. Kars et al. (2014} and
Komatsu and Tsukamoto (2015} have mentioned that fading correc-
tion in pIRIRg¢ is not redundant. Li and Li (2012) reported D, under-
estimation in pIRIR,gy for samples with high natural doses and
recommended an increased temperature up to 200 °C for the prior
IR stimulation temperature, which is impossible for the samples of

Table 4

our study due to weak feldspar luminescence signals (Fig. 10d).
However, prior IR stimulation temperature tests revealed no influ-
ence of anomalous fading. Thus, the prior IR stimulation temperature
of 50 "Cis able to effectively recombine all electrons stored in traps
close encugh to recombination centres to have a probability of
tunnelling (Buylaert et al., 2012). This is in agreement with our re-
sults of the fading experiment which yields an average g-value of
0.8 + 0.4%/decade. It is, however, rather a laboratory artefact than
anomalous fading in nature (Buylaert et al., 2012; Thiel et al,
2011). Thus, we used fading uncorrected feldspar ages for further in-
terpretations. An issue for our feldspars may be the internal dose
rate. According to Huntley and Baril (1997), the average internal K
content of orthoclase feldspars, based on multiple-grain measure-
ments, is 12.5 + 0.5%, which was also assumed for K-feldspars in

Dose rate data set for quartz and feldspar samples. Summary of radionuclide concentrations of uranium (U), thorium (Th) and potassium (K) determined by high-resolution vy-spectrom-
etry. The DRACv1.1 (Durcan et al, 2015) was applied for dose rate calculation using the conversion factors of Guérin et al (2011), and alpha and beta attenuation factors of Bell (198¢) and
Guérin et al. (2012) (quartz- and feldspar-specific). The contribution of the cosmic dose rate was assessed following the approach of Prescott and Hutton (1994). * = Bartz et al. (2015).

Profile Sample ID Lab. code Mineral Grainsize Depth  Water content Radionuclide concentration Doserate
(pm) (mbs) (%) (Gy/ka)
U Th K Cosmic dose rate  Total dose rate
(ppm] (ppm) (%)

1AM 2 [AM 2-] C-13830  Feldspar 100-150  0.80 15.4£:5 169 + 0.09 6.05+ 036 1.11 & 001 019 4+ 0.02 246 4+ 0.12
[AM 2-H C-13388  Feldspar 100-150 1.0 15:4+:5 150 + 0.10 5.57 + 041 1.05 4+ 0.06 0.16 4+ 0.02 229 + 013
[AM 2-D C-13385  Feldspar 100-150  2.85 15:4:5 157 £ 008 560+ 033 1.06 +004 0.14 4+ 001 230 + 012
[AM 2-B C-13383  Feldspar 100-150  3.85 20 £ 6 169 + 012 639+ 046 1.20 4+ 007 0.12 4+ 001 239 4+ 0.14
[AM 2-1 C-13389  Polymineral 4-11 4.80 20 £ 6 178 £ 012 €70+ 048 1304+ 007 0.10 4 001 250 4+ 0.15

1AM 6 [AM 6-0 C-13396  Quartz” 100-150 ©G.15 441 122 £ 009 416 £ 3¢ ©S2 £ 005 0.26 £ 003 1.68 &+ G.10
[AM 6-1 C-13390  Quartz” 100-150  ©¢45 93 177 £ 012 6353 £ 046 138 £ 008 0.22 £ 002 222+ 013
[AM 6-2 C-13391  Quartz” 100-150  1.05 11 +4 163 £ 008 573+ 033 128 £005 0.1% 4+ 002 1.99 + C.16
[AM 6-3 C-13392  Quartz” 100-150  1.50 642 148 + 010 5.62 + 041 122 4007 0.17 + 002 1.88 4+ C.10
[AM 6-4 C-13393  Quartz® 100-150 242 5k 090 £ 0.06 2.83 £ 021 061 £ 004 0.15 £ 002 111 4+ G.C8
[AM 6-4 C-13393  Feldspar 100-150 242 5k T 090 £ 0.06 2.83 £ 021 G661 £ 004 0.15 £ 002 1.66 + C.10
[AM 6-5 C-13395  Quartz” 100-150 450 12 £ 4 139 £ .10 588 £ 043 1.18 £ 007 011 £ 001 1.76 £ 0.12
[AM 6-5 C-13395  Feldspar 100-150 450 12 £ 4 139 £ 010 588 £ 043 1.18 £ 007 011 £ 001 241 £ 013
[AM EB1 C-1354  Quartz” 100-150  1.65 441 141 + 021 494+ 036 1.05 4+ 006 0.17 4+ 002 1.80 4+ 0.09
[AM 6B2 C-13545 Quartz® 100-150  1.65 441 138 £ .10 467 £ 034 1.01 £ 006 0.17 £ 002 1.73 4+ G.C8

1AM 29 [AM 25-1 C-1L3828 Quartz 100-150  G.S0 16 +£3 133 £ 007 541 £033 1.12 £ 001 0.20 £ 0.0z 1.83 £ 0.5
[AM 28-2 C-13829  Feldspar 100-150 1.7 12 £ 4 1.60 £ 0.09 577 £ 035 1.02 £ 001 0.16 £ 0.0Z 236 £ 0.12

Wadibed Modern sample C-13542  Quartz® 100-150 G110 441 065 £ 005 1604+ C13 032 £ 002 0.26 £ 003 0.82 £ 006
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the Wadi Selloum catchment. Based on single-grain feldspar mea-
surements, Reimann et al. (2012} have shown a dependence be-
tween the luminescence intensity and the internal K content.
Hence, only the brightest grains have an average K content of
12.5%, whilst the dimmer grains may contain less K {Reimann et al.,
2012). A lot of feldspar multiple-grain aliquots were rejected due
to weak luminescence signals. Following Reimann et al. (2012) this
may hint to overestimated dose rates due to generally dim feldspar
grains within the multiple-grain aliquots. However, measurements
of individual potassium concentrations are not available for cur sam-
ples, therefore using an assumed potassium concentration of 12.5 4
0.5% seems to be the best way to calculate the dose rate.

Insufficient bleaching prior to final deposition is a common bias
resulting in age overestimation of fluvial deposits (e.g. Wallinga,
2002). First investigations on modern quartz samples collected in
the Wadi Selloum catchment showed that partial bleaching influ-
enced samples with residual doses as high as 46 Gy (Bartz et al,,
2015). This is not necessarily redundant for older samples, but with
a mean residual dose of ~11 Gy it should influence especially the
younger samples (Bartz et al., 2015; Jain et al., 2004; Murray et al.,
2012}. Overall agreement of quartz and feldspar ages indicates that
both luminescence signals are able to date the true burial age of the
ephemeral stream deposits. Since the time required for complete re-
setting of the pIRIR,gq signal is much longer than that of the OSL sig-
nal, this convergence is only possible when both luminescence
signals are well bleached before deposition (Murray et al,, 2012;
Thomsen et al., 2016).

Post-depositional processes were observed in our micromorpho-
logical studies (TS group 2; Fig. 8} which confirm biological activity
{e.g. passage features) that leads to sediment mixing. These post-de-
positional processes and processes during deposition (i.e. partial re-
setting of the luminescence signal) should be carefully considered
for luminescence samples with large scatter in the D, distribution
(Bateman et al., 2003; Murray et al., 2012}). Sample C-1L3828, collect-
ed in a Bk horizon (Fig. 5), shows significant scatter in the quartz D,
distribution when using both small aliquots (1 mm} and single
grains (Fig. 10b}. We interpret that the large D, scatter derives main-
ly from post-depositional processes in the sediment layer. Therefore,
the minimum age model (Galbraith et al., 1999} is not suitable for D,
determination, since bioturbated samples might be contributed by
low and high D, values, in contrast to partially bleached samples
(Bartz et al., 2015; Bateman et al., 2007}. When comparing our sin-
gle-grain CAM dose to that of the multiple-grain CAM dose, then
the single-grain dose systematically underestimates the multiple-
grain dose, which is similar to investigations of Thomsen et al.
(2016). In the single-grain data set, ~38% of all grains yielded OSL
signals in saturation, which might be the result of transported grains
from lower sediment horizons. On the one hand, the use of multiple-
grain aliquots might not be appropriate, since single grains with high
doses contribute to the cumulative light sum of multiple-grain ali-
quots which would be rejected on the single-grain base. In this case
the true burial age might be overestimated when using multiple-
grain aliquots. On the other hand, it is still questionable whether
the single-grain dose is underestimated due to many rejected satu-
rated grains. Bearing in mind that an age cross-check does not exist
for sample C-L3828, we carefully interpret that the CAM dose
might give us a burial age of 18 & 3 ka on the single-grain base
{Table 3}, but should rather be considered as minimum age. It should
also be taken with caution that the sampling location of sample C-
13828 (profile IAM 29; unit 5; Fig. 5} is affected by carbonate move-
ments over time. Precipitation of secondary carbonates in the Bk ho-
rizon influences the external dose rate which is thus not constant
since burial due to carbonate replacements of water and air in the
sediment pores (Nathan and Mauz, 2008).

Luminescence dating of ephemeral stream sediments still re-
mains challenging due to complex luminescence characteristics.
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Although independent age control was not available to cross-check
our luminescence results in the Wadi Selloum, thorough laboratory
experiments and inter-method comparisons between OSL and
pIRIR;go allow for establishing a reliable chronology of the Wadi
Selloum deposits.

5.2, Pedogenetic features in ephemeral stream deposits of Wadi Sellowmn

Soil forming processes are observed in the Wadi Selloum deposits
and may serve as environmental marker to detectlandscape changes
(Eppes et al., 2008). The accumulation or translocation of secondary
carbonates are obvious in the three identified soils in our study.
Channel or chamber microstructures reflect biological activity in
the form of root growth and soil mesofauna. Mammilated or spheri-
cal and often elongated mineral excrements of high packing density
and slightly reddish-brown colour resemble earthworm casts of
Lumbricidae (Stoops, 2003 ). Aldeias et al. (2014} observed similar
excrements in Last Glacial deposits of the Contrebandiers Cave
{Western coast of Morocco), and related them to earthworms. Earth-
worm calcite was not detected in thin sections of our study. There-
fore, it is still unclear, which type of soil-dwelling mescfauna
produced these excrements. It is likely that the circular to ellipsoid
burrows, showing well-formed walls and defined as sediment co-
coons, were built by solitary wasp, as also suggested by Aldeias et
al. (2014} for similar burrows at Contrebandiers Cave. Moreover,
weakly expressed redoximorphic features such as Fe and Mn nodules
are further indicators of pedogenesis. Formation of these features is
mediated by microbial reduction of Fe and Mn in the presence of or-
ganic matter under reducing conditions and precipitation as oxides
in the presence of oxygen, for instance under the influence of water
table fluctuations (Lindbo et al., 2010}.

During the late Holocene a wealk Fluvisol (soil I} developed in
profile IAM 6, whilst earlier pedogenesis is evident from the well-
preserved Calcisol (soil 1} in profiles IAM 28 and IAM 29 that devel-
oped during the mid- and early Holocene. The palaeosol in profiles
IAM 28 and [AM 29 shares common features with the Calcisol (Bk
horizon}, but developed during the Late Pleistocene. Similarly,
Badia et al. (2015) have shown that in semiarid NE Spain young
soils of the Late Holocene are Calcaric Fluvisols and older soils devel-
oped since the Holocene-Pleistocene boundary are Haplic Calcisols.
Nevertheless, changes of pedogenic properties over time cannot be
regularly age-related due to the variability of the climate along the
Late Pleistocene (Badia et al., 2009}. The older Calcisol (palaeosol)
post-dates 74 + 6 ka (pIRIR;gp; C-13829} and indicates the oldest re-
corded soil in the Wadi Selloum deposits. The palaeosol sequence
was only captured in two profiles, illustrating the high variability
in degradation and aggradation processes of such ephemeral stream
systems (Bull, 1997). Yet, information about pedogenesis during MIS
3 are not documented in terrestrial archives from NE Morocco. Eppes
et al. (2008) have suggested that pedogenic carbonate precipitates
during drier climates and is susceptible to dissolution during wetter
periods in Italy. In Southern Spain, Garcia-Garcia et al. (2016) have
shown Calcisol development between >44 and 34 ka due to more
humid climate conditions.

5.3. Morphodynamic phases during the last 100 ka

Based on sediment characteristics and luminescence ages,
chronostratigraphies for the four profiles are proposed (Fig. 11},
and observed similarities between profiles are referred to as layers
in the following.

5.3.1. Layer I - oldest channel deposits

Givenits age (>74 & 6 ka} and its high degree of solidification, we
suggest that the lowermost gravel layer [ (C1) of profiles [AM 28 and
IAM 29 might represent the oldest channel deposits of Wadi Selloum
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Fig. 11. Correlation of sedimentary layers of the studied profiles [AM 2, [AM 6, IAM 28 and [AM 28. In profile IAM 6 two samples were dated by OSL and pIRIRzs, for an inter-method

comparison; the pIRIRyey ages are presented in brackets.

(Figs. 5, 6). Similar observations were reported from a wadi system
in Jordan, where variable degrees of carbonate cementation affected
younger and older channel deposits (i.e. channel calcretes; McLaren,
2004}. The absence of layer 1 in profile IAM 2 (dated to 102 + 8 ka at
its base) underlines the longitudinal discontinuity of ephemeral
stream deposits (Bull, 1997). Such systems are characterised by sig-
nificant channel changes over time, particularly related to the occur-
rence of high-energy flash floods (Patton and Schumm, 1981; Poesen
and Hooke, 1997}, as demonstrated by intense morphological chang-
es during six decades in ephemeral stream channels of eastern Spain
(Segura-Beltrdn and Sanchis-Thor, 2013).

5.3.2. Layer Il — ephemeral stream deposits around 100 ka and 75 ka

The fine-grained sediments (layer II) can be subdivided in layers Ila
and [Ib with luminescence ages of ~100 {(MIS 5c¢} and ~75 ka (MIS 5a},
respectively. Whilst layer IIa is only observed in profile IAM 2 (Fig. 3},
the silty/clay-rich layer IIb is evident in all profiles and seems thus
pointing to enhanced aggradation during MIS 5a. It is characterised by
a large amount of local material {carbonate, dolomite} and a minor
component of allochthonous aeolian sediments (quartz, K-feldspar, pla-
gioclase). It is not straightforward to correlate these massive, unstrati-
fied ~2.50 m-thick deposits in profile IAM 2 with one or several
flooding event(s) arcund 75 ka. Contrary to coarse-grained gravels,
fine-grained sediments (silts/clays) might also have been transported
by hillslope processes and not deposited as overbank sediments (Bull,
1997; Patton and Schumm, 1981). Increasing stabilisation of the land
surface by vegetation, confirmed by the development of the palasosol
(Calcisol}, may have led to enhanced sedimentation of finer sediments
(Sandercock et al, 2007 ).

5.3.3. Laver Il - palaeocharmel features and overbank aggradation around
55ka

In profile IAM 2, the cemented layers lla {C2) and Illc {C3) show
similar characteristics to channel calcretes described in the Tabernas
Basin in SE Spain (Nash and Smith, 2003}. The active stream bed of
Wadi Selloum at knickpoints kp I and kp II revealed dm-thick CaCO3-
cemented layers at the base of gravel deposits (Fig. 2a, b}. The develop-
ment of these calcretes seems closely related to along-channel
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subsurface waters, extremely rich in carbonate, originating from the
local Mesozoic rocks (Benjelloun et al, 1971). The assumption of
geomarphologically stable surfaces and enhanced pedogenetic process-
es with subsequent calcrete development for C2 and C3 seems unrealis-
tic because these rather thin calcretes show no evidence of hardpan
formation (Candy et al., 2003). We therefore assume that layers (2
and €3 correspond to palaeochannels, located higher in the stratigraph-
ic sequence than the present stream bed: +2.50 m (C2} and +4.0 m
(C3), with respective aggradation periods of ~72 ka/~55 ka and
<55 ka. Apparently, only sediments {rom the beginning of MIS 3 could
be identified in profile IAM 2, whilst other investigated profiles do not
show characteristics of MIS 3 deposits.

5.34. Layer IV — aggradation around 15 ka

After a phase of morphodynamic stability attested by the palaeosol
{Calcisol; layer II; profiles IAM 28 and 1AM 29), the layer [V is visible
in profiles IAM 6, IAM 28 and IAM 29 (Fig. 11), reflecting enhanced ag-
gradation which took place atleast between 18 + 3kaand 13.9 4 1.0ka
{Bartz etal, 2015}. It is characterised by coarse silt to {ine sand particles
and high contents of allochthonous minerals (quartz, K-feldspar and
plagioclase), which may suggest that aeolian input increased during
MIS 2. Profile IAM 6 presents an erosional disconformity of coarser sed-
iments (unit 3; Fig. 4}, indicating enhanced hillslope deposition,
characterised by unsorted angular deposits, after ~ 14 ka.

5.3.5. Layer V - Holocene aggradation, landscape stability and recent
incision

Only represented in profile IAM 6, the Holocene sequence between
6.8 + 04 kaand 1.3 4 0.2 ka (layer V, Figs. 4, 11) seems to display rel-
ative stability of the landscape and subsequent sediment trapping
(Sandercock et al, 2007). The weakly developed Fluvisol (scil I} in
the upper part of profile IAM 6 reflects the development of a stable
land surface during the late Holocene, atleast since ~1.3 ka. Afterwards,
fluvial incision seems to be the dominant process in the catchment.
Nowadays, the landscapeis only covered by sparse vegetation due to in-
tensive anthropogenic land use, which, in turn, induces soil degradation
and erosion. This might have been the main reason for enhanced inci-
sion during recent times.
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5.4. Correlation with the archaeclogical sequence of Ifri n'Ammar and Late
Quaternary palaecenvironmental records of the Western Mediterranean
region

The chronostratigraphies of the ephemeral stream deposits and of
the archaeological sequence of Ifti n'’Ammar are both discontinuous
and span the time periods comprised between 102 + 8§ to 1.3 &+
0.2 ka (Table 3} and 171 £ 12 ka to 11.7 & 0.4 cal ka BP {Nami and
Moser, 2010; Richter et al., 2010), respectively. Fig. 12 summarises the
correlation between morphodynamic phases of Wadi Selloum, the ar-
chaeological data of Ifri n'Ammar (Linstddter et al.,, 2012; Nami and
Moser, 2010) as well as palaeoclimate records retrieved off the coast
of West Africa as well as in the Alboran Sea and the Aegean Sea
{Ehrmann et al, 2013; Pérez-Folgado et al., 2004; Tjallingii et al., 2008).

541 MIS5

The deposition of layer Il correlates with MIS 5S¢ (Ila} and MIS 5a
(1Ib}. Given the uncertainty affecting both the TL ages of the archaeolog-
ical sequence and our luminescence ages, layer II only matches the

Middle Palaeolithic period around 83 -+ 6 ka in Ifri n'Ammar {Nami
and Moser, 2010; Richter et al., 2010). MIS 5c and MIS 5a are marked
by warmer conditions in the Alboran Sea {Pérez-Folgado et al., 2004).
Additionally, two distinct African Humid Periods (AHP) are attested
during MIS 5¢ (>105-95 ka; Ehrmann et al., 2013} and MIS 5a (83.5-
72 ka; Ehrmann et al., 2013} characterised by a more humid climate
and enhanced precipitation (Ehrmann et al., 2013}. Such warm and
humid conditions can be seen as favourable for human occupation,
somehow verified by extensive findings of Middle Palaeolithic artefacts
in Ifri n"’Ammar (Nami and Moser, 2010). Likewise, MIS 5 appears to be
an intense period of AMH settling in coastal areas of Morocco (e.g.
Campmas et al., 2015).

54.2. MIS 4-MIS 3

From the four investigated profiles, only one luminescence age
points to MIS 4-MIS 3 {profile IAM 2). In parallel to this time period dur-
ing which little aggradation is cbserved in cur ephemeral stream sys-
tem, few information is available for the final stage of the Middle
Palaeolithic and the early Upper Palaeolithic in Ifri n'Ammar. This
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Fig. 12. Correlation between morphodynamic phases of Wadi Selloum, archaeological data of Ifii n'Ammar (Moser, 2003; Richter et al,, 2010), as well as palaeoclimate records from the
Mediterranean region (Ehrmann et al., 2013; Pérez-Folgado et al, 2004; Tjallingii et al., 2008). MIS = marine isotope stage; AHP = African humid period.
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might indicate that human occupation in this region declined between
~50 ka and the end of Heinrich Event (HE) 2 around 24 ka (Linstddter
etal, 2012). Tjallingii et al. (2008) have described MIS 4 as an arid peri-
od. Also, a higher supply of aeolian material in the Mediterranean from
the North African deserts indicates drier conditions (Ehrmann et al.,
2013). Additionally, the coldest sea surface temperatures occurred dur-
ing MIS 4, especially around 60 ka (Pérez-Folgado et al, 2004). MIS 3 is
characterised by climatic variations linked to North Atlantic HE and
Dansgaard-Oeschger (D/0Q) cycles reflected by several proxy records of
marine sediments from the Alboran Sea (Moreno et al, 2002; Moreno,
2012). Tjallingii et al. (2008) have mentioned abrupt millennial-scale al-
ternations of arid and humid events during MIS 3. Other fluvial records
from the Iberian Peninsula have shown that river sediments of MIS 4
and MIS 3 are usually not observed (Santisteban and Schulte, 2007).
Due to the development of the palaeosol post-dating 74 4+ 6 ka
(Fig. 5}, increased stabilisation of the land surface together with en-
hanced vegetation growth may be assumed, probably during MIS 3,
when more humid conditions prevailed.

543.MIS2

The aggradation time span of layer IV (at least 18 + 3kato 13.9 +
1.0 ka) fairly well matches the period of the Iberomaurusian culture in
north-western Africa (Linstddter et al., 2012}, particularly well repre-
sented in the archaeological sequence of Ifri wAmmar (Moser, 2003;
Nami and Moser, 2010). In the latter, this culture was characterised by
mollusc consumption during the Bglling-Allergd interstadial period
(Zielhofer, 2007}. Based on fluvial archives of the lower Kert River
(Fig. 1a}, which include deposits from the Belling-Allersd and the Youn-
ger Dryas (Barathon et al., 2000), El Amrani et al. (2008} inferred a cool
and humid (partly arid} climate after 30 ka BP, mainly characterised by
sediment aggradation. A highly consistent picture of river activity is ev-
idenced across the Mediterranean basin during MIS 2 (Macklin et al.,
2002). This is in agreement with other fluvial basins in the Mediterra-
nean (Santisteban and Schulte, 2007).

54.4. Holocene

The middle to late Holocene aggradation recorded in layer V (6.8 +
0.4 ka to 1.3 & 0.2 ka, Fig. 11} is concomitant with the Neolithic period,
which is not represented in the archaeological sequence. However, nu-
merous Neolithic traces are observed in the entrance talus of the cave,
and confirmed by a TL-dated pottery shard (7.4 + 0.6 ka) extracted
from the profile IAM 6 (Bartz et al,, 2015). The onset of the Neolithic pe-
riod in this region was related to the Mediterranean climate optimum
around 7.5 ka (Zielhofer and Linstddter, 2006). However, the more
humid Neolithic period seems to have been interrupted by a more
arid event around 6-5 cal ka BP (Fletcher and Zielhofer, 2013). The pe-
rennial Kert River reflects high aggradation rates in mid- to late Holo-
cene times (El Amrani et al., 2008}. This is in agreement with Zielhofer
et al. (2010}, who reported flood activity in the Lower Moulouya River
particularly during an arid event between 3.2 and 2.7 cal ka BP. This
short climatic event is also reflected in the alluvial sequences of the
Medjerda River in Tunisia {Faust et al,, 2004).

Channel-parallel layering of terrestrial gastropods (e.g. Otala cf.
lactea) and charcoal remains around 2.3 4 0.2 ka (Fig. 4) might point
to a palaeo-surface. It was, however, not long enough stable for a pro-
nounced soil formation, as evidenced by the sparsity of pedofeatures
visible in TS 6.1 and preserved stratification of the Fluvisol (layer V of
profile IAM 6; Fig. 4). Therefore, we assume that Wadi Selloum was af-
fected by short-term environmental changes during the late Holocene.
Flood variability during that time range is also reported for the rivers
Moulouya and Kert (Benito et al, 2015; El Amrani et al, 2008;
Ibouhouten et al, 2010; Zielhofer et al., 2010). From marine
palaeoclimate records (Fig. 12), an African Humid Period was observed
between 14 and 2 ka (Ehrmann et al,, 2013). These records would sug-
gest fluvial activity during more humid climate conditions in Wadi
Selloum. After ~1.3 ka, the sedimentation appears to have ended in
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Wadi Selloum. Similar observations were reported from the terrace se-
quences of the Kert River (El Amrani et al., 2008} and the Moulouya
River (Zielhofer et al., 2010}.

Since AMH have settled in the vicinity of Ifri n’Ammar for many
millennia, human impact on fluvial morphodynamics of Wadi Selloum,
though difficult to quantify, may have played a significant role. In partic-
ular, the transition of hunter-gatherer communities to agricultural ac-
tivity resulted in an intensified agricultural land-use that may have
triggered soil erosion (Linstddter et al., 2012}, which, in tumn, activated
geomorphologic erosional processes. In southern Morocco, the begin-
ning of the Islamic period around 1.3 ka BP led to expanded pastoralism,
deforestation and agriculture, which changed the vegetation structure
(McGregor et al,, 2009). Schulte (2003) reported that human impact
on river dynamics in the Vera and Penedes basins in Spain may have
been crucial with respect to magnitude of surface runoff and
sedimentation.

6. Summary and conclusion

The discontinuity of ephemeral stream systems underlines the diffi-
culties for interpreting morphodynamic phases in Wadi Selloum. The
application of luminescence dating techniques (OSL, pIRIR,gq, TL; see
also Bartz et al,, 2015} has established for the first time a geochronoclog-
ical framework for ephemeral stream deposits in NE Morocco. Thus, a
well-dated ephemeral stream archive is presented, which supports the
reconstruction of wadi morphodynarmnics. The depositional ages for the
Wadi Selloum sediment sections show aggradation during MIS 5c¢ and
MIS 5a, as well as from after the LGM to the Bglling-Allerad period,
and the Holocene. Morphodynamic activity of Wadi Selloum may be
linked to humid periods (African Humid Periods: >105-95, 83.5-72
and 14-2 ka; Ehrmann et al., 2013}, but should be taken with caution
due to the high discontinuity of the studied archive and the uncer-
tainties of the luminescence ages. Pedogenesis may be used as signifi-
cant environmental marler, indicating more humid climate conditions
in form of secondary carbonate precipitation during MIS 3 (Calcisol;
palaeosol}, since early Holocene times (Calcisol; soil [} and the late Ho-
locene (Fluvisol; soil IT}.

Nevertheless, the reconstruction of the palaeo-landscape is still chal-
lenging due to the high erosional power of the complex ephemeral
stream system. A single high-energy flash flood event can cause a signif-
icant gap in the sediment archive, which then leads to a discontinuous
record. Due to the complexity of the given ephemeral stream system,
it is difficult to establish a linkage between the occupation phases of
the rock shelter of Ifri n’Ammar on the one hand, and environmental
changes on the other hand.

Our data correspond to the time of the Middle Palaeolithic and
the Iberomaurusian culture and provide first insights into
palaecenvironmental changes around Ifri n’Ammar. The question
whether humans occupied Ifri 0’ Ammar during warm/wet or cold/
dry climate conditions remains open; however, our data may suggest
that humans occupied Ifri n'Ammar during wetter and warmer cli-
matic conditions.
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Abstract

The Moulouya River has the largest catchment in Morocco and drains an area characterised by active
crustal deformation during the Late Cenozoic due to the N-S convergence between the African and Eura-
sian plates. As yet, its Pleistocene terrace sequence remains poorly documented. Our study focuses on
the lowermost reach of the river in north-eastern Morocco, which drains the Zebra-Triffa sedimentary basin
directly upstream of the estuary. New field observations, measurements and sedimentological data reveal
contrasting fluvial environments on each side of a newly identified, W-E striking thrust zone disrupting the
sedimentary basin. On the one hand, long-lasting fluvial aggradation, materialised by 37 m-thick stacked
terraces, has occurred in the footwall of the thrust. On the other hand, the hanging wall is characterised by
a well-preserved terrace staircase, with three Pleistocene terrace levels. Whilst the identification of this
thrust zone question some previous interpretations about the local (hydro-) geology, it is consistent with
the statement that most of the Plio-Quaternary deformation in the eastern Rif Mountains has concentrated
in this region of Morocco. Our new data and interpretations also agree with morphometric indicators show-
ing that the whole Moulouya catchment is at disequilibrium state (i.e. several knickzones in its longitudinal
profile). We also suggest that the knickzone in the Beni Snassen gorge, located directly upstream of the
Zebra-Triffa sedimentary basin, could (partly) result from a transient fluvial reaction to Late Cenozoic thrust-
ing activity and correlated uplift in the hanging wall.
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The Moulouya river has the largest catchment in Morocco and drains an area characterized by active
crustal deformation during the Late Cenozoic due to the N—S convergence between the African and
Eurasian plates. As yet, its Pleistocene terrace sequence remains poorly documented. Our study focuses
on the lowermost reach of the river in north-eastern Morocco, which drains the Zebra-Triffa sedimentary
basin directly upstream of the estuary. New field observations, measurements and sedimentological data
reveal contrasting fluvial environments on each side of a newly identified, W—E striking thrust zone
disrupting the sedimentary basin. On the one hand, long-lasting fluvial aggradation, materialized
by 37 m-thick stacked terraces, has occurred in the footwall of the thrust. On the other hand, the hanging
wall is characterized by a well-preserved terrace staircase, with three Pleistocene terrace levels. Whilst
the identification of this thrust zone question some previous interpretations about the local (hydro-)
geology, it is consistent with the statement that most of the Plio-Quaternary deformation in the eastern
Ril mountains has concentrated in this region of Morocco. Our new dala and interprelations also agree
with morphometric indicators showing that the whole Moulouya catchment is at desequilibrium state
(i.e. several knickzones in its longitudinal profile), showing several knickzones in its longitudinal profile,
is at disequilibrium state. We also suggeslt that the knickzone in the Beni Snassen gorge, located directly
upstream of the Zebra-Triffa sedimentary basin, could (partly) result from a transient fluvial reaction to
Late Cenozoic thrusting activity and correlated uplift in the hanging wall,

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Morphometric indicators show that most of the fluvial systems
draining the north-eastern part of Morocco are in disequilibrium

Located in the convergence zone between the African and
Eurasian plates, the northern part of Morocco represents an area of
active crustal deformation during the Late Cenozoic (e.g.
Meghraoui et al., 1996). The 1994—2004 Al Hoceima earthquake
sequence is evidence of the active seismicity of this region (e.g.
Akoglu et al,, 2006). Whilst seismicity was investigated by diverse
methods, for instance radar interferometry (Akoglu et al., 2006),
the reconstruction of Late Cenozoic and modern rates of crustal
deformation is mainly based on GPS measurements (Fadil et al,
2006; Vernant et al, 2010), morphotectonics (i.e. displacement of
geomorphological markers: Poujol et al., 2014; Pastor et al., 2015),
and morphometric indicators (Barcos et al., 2014).

* Corresponding author.
E-mail address: grixhon@uni-koeln.de (G. Rixhon).
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(Barcos et al., 2014). This is especially true for the ~74,000 km? large
Moulouya catchment, the second largest fluvial system of North Af-
rica debouching into the Mediterranean Sea after the Nile. As a result
of ongoing N—S compressive shortening in north-eastern Morocco,
Barcos et al. (2014) also postulate that the main W-E striking
deformational front between the Rif belt and the Atlas mountains
stretches across the lowermost 65 km-long valley reach of the
Moulouya river, the so-called Zebra-Triffa sedimentary basin. Even
though river terrace sequences generally represent useful indicators
to detect crustal deformation (e.g. Demir et al, 2012), the fluvial
sedimentary record of the Moulouya remains poorly documented.
Excepted a few studies about Late Cenozoic deposits in its middle
reach {Raynal, 1961; Lefevre, 1984, 1989), a reliable reconstruction of
the Quaternary terraces along the entire river course is still lacking.
As for the lowermost valley reach, where most of the recent
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Fig. 1. (A) Relief map of the Moulouya catchment (delimited by black dashed line), with the main regional geological structures of northern Morocco (according to Barcos et al.,
2014). The dashed rectangle refers to the zoom in of the lower Moulouya (Fig. 2A). (B) Longitudinal profiles of the Moulouya river and its main tributary, the Za river, with location of

the main sedimentary basins and knickzones. Modified after Pastor et al. (2015).

geomorphological and stratigraphical research took place, all studies
exclusively focused on the Holocene sedimentary record to infer
climatic and human-induced changes (Ibouhouten et al, 2010;
Zielhofer et al, 2008, 2010), eustatic variations (Pissart and
Boumeaza, 2010) or tectonic deformation (Zarki et al., 2004). How-
ever, the distribution of these (almost) continuous Holocene over-
bank fine-grained sediments along this reach was either not mapped
(Ibouhouten et al., 2010; Zielhofer et al., 2008, 2010) or at a very poor
resolution (Pissart and Boumeaza, 2010). Even more problematic is
the fact that Pleistocene terrace sediments in the previous studies
were either completely disregarded (lbouhouten et al, 2010;
Zielhofer et al., 2008, 2010) or erroneously interpreted as Pliocene
marine conglomerates (Pissart and Boumeaza, 2010).

Therefore, this study first aims at (i) providing a comprehensive
image of the river terraces’ distribution, including changes in the
valley morphology, and (ii) establishing a relative stratigraphy of
Late Cenozoic landforms in the lowermost Moulouya reach. To
achieve these goals, we conducted a field survey based on profile
description and geomorphological mapping using a differential
global positioning system (DGPS) and a laser distance meter. In two
selected profiles, clast lithological analysis and measurements of
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carbonate contents were carried out to investigate the sedimentary
environment and the post-depositional evolution of the river de-
posits. Field survey was supplemented by the analysis of satellite
images. Finally, the reconstruction of the Quaternary fluvial envi-
ronments in the lower Moulouya reach was used to better under-
stand the position of the deformational front in this sedimentary
basin and the resulting fault pattern.

2. Study area
2.1. Geodynamic background of north-eastern Morocco

In the northern part of Morocco, there is a general consensus to
consider N—S compressive shortening as the main geodynamic
process from the Miocene to the Quaternary. Ait Brahim et al.
(2002) showed that Messinian sedimentary sequences are
affected by N—S to N140° E compression in the eastern Rif belt and
that Middle Pleistocene terrace sequences in the region of Oujda
and of the Oued Kert, located eastward and westward of the
Moulouya, respectively, were deformed (Fig. 1A). Based on kine-
matic analyses of Pliocene and Quaternary fault systems in the Rif
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mountains, a N—S to NW—SE main compressional stress direction,
associated with shortening rates of 1-2.3 mm/yr, was suggested
{(Meghraoui et al., 1996). Recently, trend-topography surface anal-
ysis highlighted an E-W trending lithospheric dome in the eastern
Rif and in the Beni Snassen massif (Barcos et al, 2014). Morpho-
metric indicators also revealed active deformaticns accommoda-
ting a N-5 shortening at the northern margin of the Beni Snassen
massif (Barcos et al, 2014}. At last, recent geodetic observations
evidenced a southward motion of the Rif mountains {~3 mmy/a)
relative to the interior of the African plate (Fadil et al, 2006;
Vernant et al,, 2010).

2.2, The Moulouya catchment

2.2.1. General hydro-geomorphogical setting

Originating in the southern part of the Middle Atlas, the
»>600 km-long, SW—NE criented Moulouya river represents the
second largest fluvial system of North Africa draining into the
Mediterranean Sea (Fig. 1A}. With a catchment area of ~74,000 km?
(Pastor et al., 2015), its river network drains the northernmost part
of the High Atlas to the south, the High plateaus to the east, the
eastern half of the Middle Atlas to the west and the south-eastern
margin of the Rif mountains to the north (Fig. 1A). The main
trunk flows across several intramontane basins filled with Neogene
sediments. From source to mouth, they are the Arhbalou, Ksabi-
Missour, Guercif and Zebra-Triffa-Ouled Mansour basins, the last
one being located directly upstream of the river estuary (Fig. 1A and
B). Morphometric indicators along with deformations of the
drainage network and the presence of large knickzones in the
Moulouya catchment point to a disequilibrium state (Fig. 1B; Barcos
et al,, 2014; Pastor et al,, 2015). The catchment shows an S-shaped
hypsometric curve and has a hypsometric value of 0.313, while the
normalized stream-length gradient index (SLk) points to high
ancmalies along the entire river course (Barcos et al,, 2014).

The Moulouya catchment is characterized by a semi-arid to arid
Mediterranean climate. Average precipitations range from 150 to
600 mm between the basin lowlands and the Atlas Mountains
{(Kaemmerer and Revel, 1991). Highest fluctuations of the water
discharge occur from October to January; they are generally related to
heavy rainfall events, usually very concentrated in time (Snoussi
et al, 2002). This results in very high peak discharges: e.g.
~5200 m>/s for the 1963 flood event {i.e. >200 times greater than the
mean annual discharge; Snoussi et al,, 2002; Zielhofer et al,, 2008).

2.2.2. The middle reaches (Ksabi-Missour basin)

In the High and Middle Atlas regions, two main processes resulted
in rock uplift: thrusting due to tectonic shortening, active since the
Paleogene, and long-wavelength surface uplift due to mantle-driven
buoyancy since the Late Cenozoic (Babault et al,, 2008). In the Ksabi
basin {Fig. 1A), the existence of a Quaternary terrace staircase,
encompassing up to eight distinct levels, and stacked terraces were
recognized (Raynal, 1961; Lefevre, 1989; Kaemmerer and Revel,
1991). The landscape is characterized by a tight inter-fingering be-
tween alluvial deposits of the Moulouya and footslope sedimentation
landforms {alluvial cones, glacis), the latter usually capping the river
sediments { Lefevre, 1989). Further to the north in the Missour basin
(Fig. 1A), recent 10 dating of fluvial landforms, i.e. terrace fans from
a tributary of the Moulouya draining the eastern flank of the Middle
Atlas, allowed inferring incision rates of ~0.3 mmyja, implying that
mantle-driven uplift amounted to ~0.1—0.2 mmy/a during the Middle
Pleistocene (Pastor et al,, 2015).

2.2.3. The lowermost reach: the Zebra-Triffa-Culed Mansour
sedimentary basin
Downstream of the 30 km-long gorge cut into the Beni Snassen
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massif {see below) until the estuary, the ~65 km-long reach of the
Moulouya successively drains the so-called Zebra plain, Triffa plain
and Ouled Mansour plateau (Fig. 2A). For clarity, the geclogic basin
formed by these three geographic areas will be named lowermeost
sedimentary basin in the following text. It is a large WSW—ENE
striking synclinal depression mostly filled with Neogene marine
deposits (Ruellan, 1971; Boughriba et al., 2006). As a component of
the larger-scale Melilla basin, it emerged around 3.6 Ma (Rouchy
et al,, 2003). This synclinal structure is bordered by two complex,
generally WSW—ENE striking anticlinal ridges: the Beni Snassen
and the Kebdana mountains te the south and the nerth, respec-
tively (Fig. 2A). Both massifs are primarily formed by diverse
Mesozoic carbonate rocks, including limestone, dolomite, dolomitic
limestone, calcarecus marl and sandstene, and marl {(Ruellan, 1971).
They are secondarily composed of sandstone and slate formations
of the Palacozoic flysh series (Ruellan, 1971; Khattach et al., 2004).

Located to the north of the Triffa plain (Fig. 2A ), the up to 10 km-
wide and up to 130 m-high Quled Mansour plateau is mostly
formed of Mioc-Pliocene marls and partly sclidified sands (Ruellan,
1971). Despite many recent geological or geophysical studies,
mostly dealing with the hydrogeology of the lowermost part of the
Moulouya catchment (e.g. Khattach et al,, 2004; Boughriba et al,,
2006; Chennouf et al.,, 2007a3,b; Fetouani et al, 2008; Sardinha
et al, 2012), the geological structure of the Ouled Mansour
plateau remains confusing. This is especially true for the »20 km-
long, continucus lineament at its southern edge (Fig. 2A). Whilst
the latter was traditionally mapped as a flexural feature {e.g.
Ruellan, 1971; Boughriba et al, 2006; Fetouani et al, 2008),
Khattach et al. {2004} and Chennouf et al. {2007a) interpreted the
Ouled Mansour plateau as a Miocene horst, thereby implying the
presence of normal faults at its borders. In this respect, several
WSW—ENE striking fault lines stretching across the Triffa-Ouled
Mansour area are represented on the neotectonic map of Morocco
(Faure-Muret and Morel, 1994). However, their exact position re-
mains somewhat imprecise given the 1: 1,000,000 scale of the map,
and the nature of fault motion remains unknown. A SW-NE
striking deformational front between the Rif belt and the Atlas
mountains through the lowermost sedimentary basin of the
Moulouya was assumed on the structural map of Morocco (Saadi,
1982). This main deformational front is also postulated by Barcos
et al. (2014) but has a W—E orientation and a different extension.
Note finally that these last authors reported active faulting, both
normal and reverse, affecting Quaternary river deposits at the
northern rim of the Beni Snassen massif (i.e the lowermost Mou-
louya catchment, Fig. 2A) but without any precision about the
location and the extension of these faults.

In the lowermost reach of the Moulouya, the up to 15 m-thick
recent flood deposits are formed of unconsolidated clayey/silty/
sandy laminae spanning the whole Holocene period (Zielhofer
et al,, 2008, 2010; Ibouhouten et al, 2010; Pissart and Boumeaza,
2010}, For clarity, these sediments, which are not in the focus of
this study, will be referred to as Holocene overbank fines in the
following. Up to three distinct erosional terraces were carved into
these opverbank fines during a stepwise Holocene river incision
according to Pissart and Boumeaza (2010). The detailed chro-
nostratigraphic study of this sedimentary record, aleng with
palaececological proxies, allowed inferring its strong coupling with
Helocene rapid climate changes (Zielhofer et al, 2008, 2010;
Ibouhouten et al., 2010}, although this was formerly contested by
Zarki et al. (2004}. At last, abundant archaeclogical material along
with fire places found in these sediments reveal temporary human
settlements along the lower Moulouya (Fig. 2B; Ibouhouten et al,,
2010; Linstadter et al,, 2012}, with a peak of human presence dur-
ing the Epipalaeolithic {~7.8—10.1 ka cal BP} and the Neolithic
(~5.5—74 ka cal BP).
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Fig. 2. (A} SRTM-based DEM of the lower Moulouya catchment, showing the Beni Snassen gorge and the ~65 km-long river reach draining the lowermost sedimentary basin (Zebra
plain-Triffa plain-Ouled Mansour plateau). The red arrows refer to the continuous fault scarp at the southern edge of the Ouled Mansour plateau and P1 to P4 locate the cross
sections represented in Fig. 4. The dashed rectangle refers to our study area. (B) The 20 km-long studied valley reach of the lower Moulouya with main morphological and geological
features as well as profiles described in the text (satellite image: Google Earth, CNES/Astrium, 02.08.2014). White triangles refer to the locations where valley and floodplain width
measurements wete performed (see Fig. 5A). DGPS cross sections (CS) are represented by bold white lines and were performed both on the eastern (E1-3) and western (W1-2)
valley sides (see Fig. 9} Small black circles with numbers are absolute elevations according to topographic points mentioned on Moroccan 1:50,000 topographic maps. T1, T2 and T3
refer to the Pleistocene terrace levels characteristic of the hanging wall reach (see text and Figs. 8, 9, 11). Uncertain extension of fluvial units is symbolised by question marks. Details
about the profiles in Holocene sediments with archaeological finds can be found in Zielhofer et al. (2008, 2010} and Linstddter et al. (2012). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (A) Panorama view of the western valley side in the fault zone, characterized by an up to 330 m-long landsliding area (scarp delimited by white line), stretching to the current
channel. Note also the sharp 4.5—5 m-high vertical offset {AH}) at the western tip of this area, where the presumed thrust zone (black line with arrow) occurs. T2 and T3 refer to two
distinct terrace levels observed in the terrace staircase downstream (see 4.3.1.). (B) Detailed view of the western valley side, exhibiting a lithological transition, along flow direction,
between 34 m-thick river gravels sealed by a calcrete and Neogene marine deposits, locally observable in the landsliding area. (C) Neogene marine deposits: contact between
unaltered carbonates (light greyish zone) and recrystallized carbonates with fossils at the ground surface of the eastern valley side. (D} Fossil-rich outcrop in the upper part of the
eastern valley wall. Note the blackish zone (red arrows), attesting for recrystallization of the shelly carbonate layers. (E) Close-up of the marine fossils (shell fragments mostly). (All
photos: G. Rixhon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Topographic cross sections at the southern edge of the Ouled Mansour plateau
(location on Fig. 2A).

3. Material and methods

This study tests the hypothesis of Barcos et al, (2014) of a main
deformational front related to ongoing N—S compression disrupt-
ing the lowermost sedimentary basin of the Moulouya; the pres-
ence of a thrust zone at the transition between the Triffa plain to
the south and the Quled Mansour plateau to the north is thus
postulated. For clarity in the following text, the river reach draining
the Triffa plain is assimilated to the footwall and the one draining
the Ouled Mansour plateau to the hanging wall. A detailed dis-
cussion about the thrust zone is provided in section 5.3.

Field survey included geomorphological mapping and the
description and sampling of two profiles along the ~20 km-long
studied river reach draining the north-western part of the footwall
(Triffa plain) and the south-western part of the hanging wall {Ouled
Mansour plateau, Fig. 2B). Geomorphological mapping was firstly
based on DGPS (Topcon HiPer Pro) and laser distance meter { TruPulse
200 Rangefinder) measurements. Both were used to estimate the
relative elevations of the main fluvial morphological landforms
above the modern floodplain. Moreover, five valley cross sections in
the hanging wall reach were obtained from DGPS elevation data (see
location in Fig. 2B). The latter were corrected using the elevation of
topographic points mentioned on Moroccan 1:50,000 topographic
maps (Berkane, les Triffa and Zaio) and were processed with the GPS-
Track-Analyse NET software. DGPS and laser distance meter mea-
surements reach an altimetric accuracy of ~2 cm and <0.3—-0.5 m,
respectively. To complement field mapping, Astrium satellite images
provided by Google Earth were used: their resolution is appropriate
for reconstructing the regional occurrence of major geomorpholog-
ical units. They allowed inferring (i) the widths of both the present-
day floodplain and the valley filled with Holocene overbank fines
at twenty selected spots {see location in Fig. 2B), and (ii) the height of
the fault scarp at the southern edge of the Ouled Mansour plateau
along four cross sections {see location in Figs. 2A and B).

Two river profiles were thoroughly studied: the GAR and DOE
profiles (Fig. 2B). They were selected because they are representa-
tive of the contrasting valley reaches draining the footwall and the
hanging wall, respectively (see 4.2. and 4.3.). The ~37 m-high GAR
profile is located on the western bank of the Moulouya (34°58'15.2”
N; 2°27'35.7” Q) and was measured by laser distance meter. The
~23 m-high DOE profile is located ~3.6 km downstream of the
previous one, on the eastern bank of the Moulouya (34°59'59.2" N;
2°26'273" 0) and was measured by laser distance meter and DGPS.
Clast lithological analysis was applied to both profiles: two sets
were collected in the lower and upper parts of the GAR profile and
one in the DOE profile (see 4.2.2. and 4.3.2,, respectively). For each
set, more than 150 pebbles were directly extracted and sieved.
Given the mean individual clast size in both profiles, analysis is
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performed in the {very) coarse gravel fraction {—4 to —6 grain size
classes on the ¢ scale, i.e. 1.6—6.4 mm). Clast lithological analysis
performed in fluvial terraces is useful to unravel the source areas of
coarse alluvial material transported by large rivers (e.g. Rixhon and
Demoulin, 2010; Demir et al, 2012). Contrasting proportions
observed in the clasts’ nature may also reflect major catchment-
wide changes in sediment supply (Maddy et al., 1991). At last, a
quantitative evaluation of the carbonate content in the fine-grained
matrix of the GAR profile was performed using the Scheibler
apparatus, where 0.5 g of sediments was moistened and reacted
with 10% HCl (Beck et al,, 1993). Horizons of densely-cemented
secondary carbonates frequently occur in ancient fluvial sedi-
ments of the Moulouya (Ruellan, 1971; Kaemmerer and Revel,
1991); this is typical for river terrace deposits of semi-arid Medi-
terranean environments (e.g. Candy and Black, 2009).

4. Geomorphological mapping and profile description
4.1. Lithological and morphological duality of the valley

Remarkable lithological variations associated with specific
morphological features characterize the valley walls along the
<1 km-long fault zone, located directly before the river cuts into the
Ouled Mansour plateau (Figs. 2B and 3A). All observations detailed
below are reported along flow direction: the footwall (Triffa plain)
and the hanging wall (Ouled Mansour plateau) are the upstream
and downstream reaches, respectively.

First, sharp lithological contacts are observed along the fault
zone: the footwall reach is composed of fluvial gravels capped by
fine-grained deposits, whereas the valley sides of the hanging wall
reach are formed by marine sediments exhibiting different facies
(Fig. 3A and B; see also sections 4.2 and 4.3). On the western valley
side, the latter are composed of yellowish sands and greyish marls;
they locally crop out in a 330 m-long and 190 m-wide landsliding
area, located directly downstream of the lithological contact and
stretching to the current channel (Fig. 3B). Note that these locally
cemented sands and marls constitute most of both valley walls in
the hanging wall further downstream. On the eastern valley side,
light greyish fine-grained carbonate sediments containing abun-
dant marine fossils (shell fragments mostly) form the hanging wall
directly downstream of the lithological contact (Fig. 3C—E). Note
that the latter is located >500 m southward of the lithological
contact on the opposite valley side (Fig. 2B). Recrystallization pro-
cesses associated with deep brownish/reddish colourations occur
in these fossil-bearing sediments, both at depth and at the surface
(Fig. 3C and D).

Second, clear vertical offsets disrupt the topography in the fault
zone. While the vertical offset is 4—5 m-high on the western valley
side (Fig. 3A), the fault scarp is very prominent on the opposite side
and reaches heights up to 30—35 m eastward of the valley (Fig. 4).

The scarp is (almost) continuously observable in the topography

from the Moulouya valley {west) up to the valley of the Oued Kriss
at the Algerian border (east) along more than 20 km (Fig. 2A). Note
that its direction changes from WSW—ENE to W—E north of the
locality of Madagh (Fig. 2A).

Third, larger-scale contrasts in the valley morphology and
channel dynamics are readily recognizable in the several km-long
reaches located up- and downstream of the fault zone. The valley
geometry along with the elevation difference between the modern
floodplain and the top of the valley walls is particularly contrasting:
nearly symmetrical, 30-40 m-high valley walls evolve into asym-
metrical ones, up to 50 and 90 m-high on the western and eastern
river banks, respectively, directly downstream of the fault zone
(Fig. 2B). The mean lateral development of the modern floodplain
significantly increases from ~215 m to ~360 m between the footwall
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Fig. 5. (A) Evolution of the floodplain width and the valley width filled with Holocene flood deposits in the up- and downstream reaches of the fault zone (grey area), with location
of the DOE and GAR profiles. Note the contrasting mean values between both valley reaches. (B) Elevation of the top of the cemented river gravel upstream of the lithological contact
observed on the western valley side. This graph clearly reveals a diminishing trend in the upstream direction, decreasing from more than 30 m in the fault zone to about 10 m ca. 4

km upstream of it.

and the hanging wall (Fig. 5A). Whereas it is restricted to values
below 180 m in the 2 km-long reach directly upstream of the fault
zone, maximal values exceeding 800 m are observed only 1.5 km
downstream of the fault zone. The mean valley width filled with
Holocene overbank fines in the footwall is also twice as narrow as
that of the hanging wall (~535 and ~1035 m, respectively, Fig. 5A).
In particular, the valley width reaches minimal values of ~300 m in
the 2 km-long reach directly upstream of the fault zone, whereas it
rapidly exceeds 1000 m in the next kilometre downstream (Fig. 5A).
At last, recent channel dynamics observed on satellite images (from
2003 to 2013) in the hanging wall is characterized both by incipient

free meandering in the broad floodplain and active point bar
development and migration.

4.2, The footwall reach (Triffa plain)

4.2.1. General characteristics

Along the 10 km-long reach upstream of the fault zone, no
Neogene marine sediment can be observed anywhere at the base of
the valley walls. Here, the latter are formed by several m-thick
cemented river gravels, capped by fine-grained sediments exhib-
iting several dm-thick calcretes at the top. These gravel bodies build

gravels

Holocel

1 e ov'erba

n K

Modenrn channel

Fig. 6. (A) Panorama view of the outer bank of a meander located ~4 km upstream of the fault zone. Note the sharp contact (red arrow) between the underlying cemented
Pleistocene river gravels and the overlying Holocene overbank fines, in which settlement sites of the Epipalaeolithic, Early Neolithic and Bronze age, attested by five 'C dates (red
circles), were found in archaeological excavations {Linstadter et al,, 2012). (B) View of the strath terrace carved into cemented river gravels and sands, located ~2 km upstream of the
fault zone. Also overlain by Holocene overbank fines, its top (white dashed line} is perched 3—4 m above the modern river channel. (C) Detailed view of the abrasion flutes and
potholes observed on the strath surface. (All photos: G. Rixhon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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sub-vertical valley sides at several locations (see section 4.2.2).
They frequently include cemented sand lenses, locally exhibiting
cross-bedding. Holocene overbank fines are rarely present simul-
taneously on both river banks; they are discontinuous and
frequently occur in the inner banks of meanders (Fig. 2B). Elevation
measurements of the top of the river gravels above the current
channel, where clearly identifiable, decrease from ~34 m in the
fault zone to about 10 m ca, 4 km upstream of it (Fig. 5B). Recent
overbank fines may locally overlie the cemented river gravels at
locations where the observable gravel thickness does not exceed
10 m {Fig. 6A). He dating of former human settlement places
embedded in these fine sediments attest a Holocene depositional
age (Linstadter et al., 2012). A bench-like surface, located ~2 km
upstream of the fault zone on the western valley side, is also
observed. It is carved into cemented river gravels and sand lenses,
displaying abrasion flutes and potholes (Fig. 6B and C). Partly
covered by recent overbank fines, the top of this strath terrace is
located 3—4 m above the current channel {Fig. 6B).

4.2.2. The GAR profile

The GAR profile is located on the western bank of the Moulouya,
directly upstream of the fault zone (Fig. 2B). In this valley section, the
narrow modern floodplain and the Holocene overbank fines (i.e.
together less than 225 m-wide) are only observed on the eastern
valley side whereas fluvial lateral erosion formed undercut slopes on
the western valley side. The ~37 m-thick sedimentary succession of
the profile exhibits a repetitive pattern of two similar fining-upward
sequences: river gravel at the bottom (units 1 and 4), sand layers in
the middle (units 2 and 5) and silty/clayey sediments at the top (units
3 and 6) in each sequence {Fig. 7A). The first sequence is at least
~23 m-thick (base not visible because of the water table) and the
second is ~14 m-thick (Fig. 7A). Units 1 and 4, forming the lower and
upper river gravel bodies, respectively, are ~15 and ~6 m-thick
(depths of ~37-22 m and ~14-8 m). They are both clast-supported,
poorly to moderately sorted and strongly cemented. Individual
clast size usually amounts to several centimetres, rarely exceeding
20 cm. Both contain several m-long and dm-thick sand lenses, also
cemented, that regularly display cross-bedding structures. CaCO5
contents from the cemented fine-grained matrix amount to 53—-70%
in these units (Fig. 7B). Clast lithological analysis performed in each
unit, however, reveals contrasting results (Fig. 7C). A dominance of
carbonate rocks over rocks primarily built by silicate minerals is
clearly observed in unit 1 (93 vs, 7%). This ratio between both rock
types is much more balanced in unit 4; 52 vs. 48%. Inunit 1, more than
50% of the analysed pebbles are microgranular limestone, sometimes
with calcite veins, whilst other carbonates are macrogranular lime-
stone/calcareous sandstone (21.2%), dolomite (11.3%), belong to other
categories or are indeterminable, e.g. due to strong weathering (10%).
Rocks built by silicate minerals, i.e. chert, sandstone, quartzite, slate
and acidic volcanic rocks, are sparse. In unit 4, the same kinds of
carbonate rocks are found but in lesser proportions: microgranular
and macrogranular limestones amount to 34,2 and 7.5%, respectively,
while dolomite only represents 7.0%. Rocks built by silicate minerals
are much diverse but are primarily dominated by both high- and low-
degree metamorphic rocks, amongst which quartzite, including
quartz pebbles originating from neo-formed quartz veins (22.5%),
and slate or phyllite (10.7%). Plutonic rocks, encompassing granitic,
dioritic and sheet intrusion rocks, and basalt represent 5.9 and 3.2%,
respectively. Chert pebbles amount to 3.2%; sandstone, grauwacke
and breccia pebbles were also observed.

Units 2 and 5, forming the lower and upper cemented sand
layers, respectively, are at least 3 m and several dm-thick (depths of
~22—19 m and ~8—7.5 m). They display, just like the sand lenses
embedded in the gravel bodies, tafoni weathering features, CaCO3
content amounts to 46—54% in these units (Fig. 7B). The (at least)
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Fig. 7. (A) Stratigraphic log of the 37 m-thick GAR profile, illustrated by detailed
photos, exhibiting a recurrent pattern of two similar fining-upward sequences: two
stacked river terraces, each one built-up by a cemented river gravel body at the base
and alluvium (floodplain loam} on top. U1 to U6 refer to the six sedimentary units (see
4.2.2.). The black and white stars represent the sampling locations for clast lithological
analysis in the lower (U1) and upper {U4) gravel body, respectively. Top photo: over-
bank fines of U6; middle photo: cemented gravel body of U4, embedding a several dm-
thick sand lens; bottom photo: sharp contact between the reddish silty/clayey sedi-
ments of U3 and the gravel body of U4 {the person points to the erosional discon-
formity). (All photos: G. Rixhon). (B} Carbonate content in the fine-grained matrix. (C)
Contrasting results of clast lithological analyses (numbers in percent).
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2 m-thick cemented silty/clayey sediments forming unit 3 at depths
comprised between ~16 and ~14 m are homogeneous and show a
deep, uniform brownish/reddish colouration along with CaCOs3
contents ranging from 36 to 49% (Fig. 7B). While the lower contact
of these sediments could not be identified, the upper contact with
the overlying gravel body is sharp and erosive (Fig. 7A). The upper,
light brownish, ~7—7.5 m-thick silty/clayey sediments forming unit
6 are homogeneous, although a several dm-thick layer character-
ized by a stronger reddish colouration is observable at mid-height.
They also show a gradual upward induration, reflected by the
CaCO3 contents evolving from ~30% at the base to >75% at the top
(Fig. 7B). The whole sequence is indeed sealed by a several dm-
thick, very strongly cemented horizon.

4.3. The hanging wall reach (Ouled Mansour plateau)

4.3.1, General characteristics

In the several km-long reach downstream of the fault zone,
thorough field survey together with DGPS measurements allowed to
identify three distinct contacts between Neogene marine deposits
and fluvial terrace sediments {Figs. 8 and 9), and to document their
relative elevation above the modern floodplain. From the highest to
the lowest, these contacts are found at relative elevations of 67 + 1,
35 +1and 25 + 1 m (Figs. 8 and 9), with associated absolute eleva-
tionsof 77 + 1,45 + 1 and 35 + 1 m above sea level. According to this,
the corresponding terrace levels are named T1, 12 and T3, respec-
tively (Figs. 8 and 9). They are characterized by an identical sedi-
mentary pattern. Several m-thick, massive gravel bodies, strongly
cemented due to the induration of the matrix material, are overlain
by several m-thick fine-grained sediments, all sealed by a several dm-
thick, locally dismantled calcrete (Fig. 8A and B). Frequent cemented
sand lenses, locally exhibiting cross-bedding, are embedded in the
gravel bodies. These cemented terrace sediments can be traced over
several hundreds of meters in most instances; the corresponding
terrace levels consequently build morphological units in the land-
scape (Fig. 8A). They are unequally distributed: T1 is only observable
on the eastern valley side, T2 only on the western valley side and T3
on both of them (Fig. 2B). The nature of the underlying Neogene
sediments also varies: locally cemented sands underneath T1 and T2,
and marls underneath T3. Sand layers underlying T2 are strongly
tilted to the west (Fig. 8C). Holocene overbank fines almost contin-
uously occur on both river banks. Similarly to the older terrace levels,
DGPS measurements reveal three main morphological units in the
Holocene overbank fines with the following relative elevations above
the current floodplain: 14 + 2, 6 + 1 and 3 + 1 m (Fig. 9). On the
eastern valley side, a ~1.5 km-long palaeo-channel is cut into the
Holocene 6 + 1 m-high terrace (Fig. 9).
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4.3.2. The DOE profile

It is located on the eastern bank of the Moulouya, more than one
kilometre downstream of the fault zone (Fig. 2B). The base of the
fluvial sediments unconformably lies on Neogene marls at a relative
elevation of 25 + 1 m (Fig. 10A) and allows for a correlation of these
fluvial sediments to the T3 terrace. The contact could not be
observed at the base of the DOE profile due to the presence of slope
failure deposits, but it was clearly identified several hundred me-
tres to the west of the profile. The overall ~22.5—23 m-thick profile
is characterized by a fining-upward sequence (Fig. 10A): river gravel
at the bottom (unit 1), sand body in the middle (unit 2) and silt/clay
sediments at the top (unit 3). The up to 8—9 m-thick unit 1 corre-
sponds to a massive, generally poorly-sorted and nearly completely
cemented gravel body (depths from 23 to 15-14 m). A subdivision of
unit 1 into three subunits with gradational contacts can be un-
dertaken (Fig. 10B). The lowermost subunit is almost void of any
organization and is characterized by the highest proportion of
boulders, reaching up to 60 cm in size. The middle subunit shows
large grain size variations from boulders (but less numerous than in
the previous subunit) to sand, stratified in lenses. Clast orientation
may locally be observed and several metre-long sand lenses
sometimes exhibit cross-bedding structures (Fig. 10C). The upper-
most subunit is clearly clast-supported due to the scarcity of the
fine-grained matrix; in general it shows a better sorting of the
pebble fraction. Lithological clast analysis reveals a clear predom-
inance of carbonate rocks over rocks primarily built by silicate
minerals (90.3 vs. 9.7%, respectively, Fig. 10D). As with the lower
gravel body of the GAR profile, the same kinds of carbonate rocks
are found, almost in identical proportions: microgranular lime-
stone, sometimes including calcite veins, macrogranular limestone/
calcareous sandstone and dolomite represent 51.9, 17.5 and 14.3%,
respectively. The only significant difference concerns the compo-
sition of silicate rocks; only quartz (5.2%) and chert (4.5%) pebbles
are found.

The sandy unit 2 cuts the underlying unit in a channel-like
structure, implying thicknesses varying between ~4 and ~5 m
(depths from 15—14 to 9.5—9 m, Fig. 10A). Where strongly
cemented, it displays tafoni weathering features (Fig. 10B). It also
includes channel structures filled with pebbles, one of them being
several tens of metres-long but only a few decimetres-thick. The 9
to 9.5 m-thick unit 3 is formed of a homogeneous, light brownish
silty/clayey stratum. In the upper part, it is characterized by a
strong reddish colouration over a thickness of several metres
(Fig. 10B). Although no carbonate content was measured in this
profile, this unit also seems to exhibit a gradual upward cementa-
tion. Same as in the GAR profile, the whole sequence is sealed by a
several dm-thick, very strongly cemented horizon.

Fig. 8. (A) Panoramic view from the western valley side of the hanging wall reach and its terrace staircase incised into the Ouled Mansour plateau. In the foreground, sharp contact,
i.e, erosional disconformity, between Neogene marl deposits and cemented river gravels of the terrace level T3, sealed by a calcrete (persons for scale). In the background, note the
clear elevation difference between T3 and T1. The black rectangle refers to the DOE profile detailed in Fig. 10. Close-up of the erosional disconformity, stick is 1 m-long. (C) Sharp
contact between Neogene sand deposits, partially lithified, and cemented river gravels of the terrace level T2 (stick is 1 m-long). Note the westward dipping (yellow dashed lines) of
the sand layers. (Photos: M. Bartz and G. Rixhon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Topographic cross sections based on DGPS measurements in the terrace staircase of the hanging wall reach (see Fig. 2B for location). Contacts between Neogene marine
deposits and cemented river gravels at three distinct relative elevations above the current floodplain define three Pleistocene terrace levels, referred to as T1 to T3 from the highest
to the lowest. Note also three other morphological units in the Holocene overbank fines (see 4.3.1.).

5. Data interpretation and discussion

The main thrust zone identified in this study (see section 5.3)
has obviously affected the long-term evolution of the lower Mou-
louya. As attested by our field observations and data, fault activity
lead to very much contrasting fluvial reactions up- and down-
stream of the thrust zone: fluvial aggradation primarily occurred in
the footwall block (Triffa plain), whereas development of a terrace
flight related to gradual river incision occurred in the uplifted
hanging wall (Ouled Mansour plateau). Similar contrasting fluvial
environments are indeed commonly observed where river systems
cut across active thrust zones {e.g. Cording et al., 2014; Monegato
and Poli, 2015), notably involving considerable deformations of
terrace profiles (Thompson et al., 2002; Amos et al., 2007).

5.1. Stacked terraces and calcrete development in the footwall reach

The ~37 m-thick, fluvial sedimentary succession of the GAR
profile points to long-lasting aggradation in the footwall reach. It
also probably reveals a composite fill terrace (e.g. Pazzaglia, 2013),
with a second terrace body (~14 m-thick) stacked over the first
main one (at least ~23 m-thick). Arguments for this interpretation
are (i) the recurring pattern of two similar fining-upward se-
quences, i.e. from gravel at the bottom to silt/clay at the top; (ii) the
deep reddish colouration of the intermediate fines, indicating
paleosol development in the middle of the sequence; (iii) the sharp
erosive contact between intermediate fines (unit 3) and the upper
gravel body (unit 4).

In the same profile, the different petrographic assemblages of
both gravel badies must also be discussed (Fig. 7C). The prevailing
amount of carbonate rocks in the lower terrace body (>90%)
probably reflects a local origin of the transported material, with
predominant inputs from the Beni Snassen andjor the Kebdana
mountains. Both massifs are primarily composed of diverse kinds of
Mesozoic carbonates rocks (see 2.3.1.; Hollard, 1985). By contrast,
the upper terrace body is characterized by a balanced proportion
between carbonates rocks on the one hand and varied meta-
morphic (quartz/quartzite, slate, phyllite) and plutonic (granite,
diorite, dyke-related) rocks as well as basalt on the other hand.
With the exception of the small-sized batholith in the Beni Snassen
massif, the second kind of rocks is practically absent in the lower
Moulouya catchment. This points to a more complex mixing of the
river bedload, reflecting both local input and longitudinal input
from further upstream. In this respect, the largest outcrop of
crystalline rocks is located in the upper Moulouya, directly up-
stream of the Ksabi basin {Fig, 1B; Hollard, 1985; Margoum et al,,
2015). The main trunk, along a >50 km-long reach, and several
tributaries have incised into both plutonic rocks (granite, granodi-
orite, diorite), belonging to the Paleozoic Aouli batholith, and
associated contact metamorphic rocks (quartzite, micaceous
schist). Triassic basalt occurs in this area as well and in the lower-
most part of the Za catchment (Hollard, 1985; Margoum et al,,
2015), the main eastern tributary of the Moulouya (Fig. 1A).
Granitic rocks also crop out in this secand area but to a much lesser
extent than in the upper Moulouya and metamorphic rocks are
almost absent there (Hollard, 1985). Since the latter represent more
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Fig. 10. (A) Stratigraphic log of the 22—23 m-thick DOE profile, exhibiting a fining-upward sequence with three distinct units (U1 to U3). The white star refers to the sampling
location for clast lithological analysis. (B) Panoramic view of the profile, showing the main gravel body (U1} and the overlying sandy (U2) and silty/clayey (U3) sediments. The
dashed black line delimits the boundary between U1 and U2. The white stripes refer to the transition zones between the different sub-units of U1 (see 4.3.2.). The white rectangle
refers to Fig. 10C. (C) Detailed view of a sand lens embedded in U1 and exhibiting cross-bedding. (D) Result of clast lithological analysis (numbers in percent). (All photos: G. Rixhon).

than 30% of the clasts analysed in unit 4 of the GAR profile (Fig. 7C),
we assume that material eroded from the upper Moulouya area was
significantly deposited in the upper terrace body. We thus suggest
that such a petrographic variation in the transported bedload might
reflect an important catchment-wide change in sediment supply
(Maddy et al,, 1991): deeper basement rocks have been probably
unroofed and denudated in this erosional area and transported up
to the lower Moulouya sedimentary basin located several hundreds
of kilometres downstream. This change in sediment supply might
have been related to the transition of the Ksabi-Missour basin from
an endorheic to an exhoreic drainage system as a result of its
capture by a former Moulouya river (Pastor et al., 2015). It remains
however unknown when this piracy event occurred after the last
depositional episode in this basin during the Early Pliocene (Pastor
et al, 2015). We finally argue that the observed petrographic
change is an additional argument for long-lasting, perhaps
discontinuous, aggradation in the footwall reach, leading to the
formation of a composite fill terrace, i.e. the deposition of these
crystalline rocks occurred after the formation of the lower terrace
body.

We also observe a bipartite distribution of carbonate contents in
the matrix of the GAR profile: it displays relatively high values from
unit 1 to unit 5 and a decrease at the base of unit 6 followed by a
significant upward increase (Fig. 7B). We suggest that different
processes were involved in secondary carbonate precipitation and
calcrete formation. Sealing the sediment sequence, the very upper
part probably corresponds to a densely-cemented hardpan horizon
(Kaemmerer and Revel, 1991; Candy and Black, 2009). Very
frequently encountered in semi-arid Mediterranean environments,
it is typical of per descendum calcrete profiles and is associated to
pedogenic processes (Ruellan, 1971; Kaemmerer and Revel, 1991;
Candy and Black, 2009). In contrast, the rather homogeneous
cementation in the lower part of the sequence is probably the result
of processes resumed under the generic term of groundwater cal-
crete (Kaemmerer and Revel, 1991; Candy and Black, 2009). More
specifically, it might correspond either to a channel calcrete (Nash
and Smith, 2003) or more likely to a valley calcrete (Nash and
McLaren, 2003); the latter is typically several m-thick and
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develops within broad drainage courses, cementing alluvium of
valley flanks. We assume that the same general bipartite inter-
pretation can be drawn for fluvial sediments of the lower Moulouya
where a similar cementation pattern is observed (e.g. in the DOE
profile). In the Ksabi basin (Fig. 1A), the same conclusion was
reached by Kaemmerer and Revel (1991), who also identified a
bipartite induration pattern in old terrace sediments of the Mou-
louya. However, further investigations, including micromorphology
(Nash and McLaren, 2003), are required to better specify calcium
carbonate accumulation and calcrete formation in our study area.

5.2. Pleistocene terrace staircase and related incision episodes in
the hanging wall reach

The Moulouya developed a well-preserved terrace flight with
three distinct terrace levels in the hanging wall reach: they are
named T1 to T3, from the highest to the lowest (Figs. 8, 9). Their
strongly cemented gravel deposits, due to massive secondary
CaCOs3 precipitation (see 4.2.2.}, contrast with the loose gravel and
the unconsolidated clayey/silty/sandy laminae forming the current
channel and the Holocene overbank fines, respectively. T1, T2 and
T3 are thus interpreted as Pleistocene terrace deposits. A similar
conclusion was reached by Ruellan (1971): latest Pleistocene and
Holocene deposits in the Zebra and Triffa plains bear {(almost) no
traces of any carbonate redistribution, whereas older Pleistocene
deposits are all cemented by carbonate precipitation. Sedimentary
successions from the three Pleistocene terrace levels, though only
clearly exposed for T3, seem also to display fining-upward se-
quences, just like in the aggradation area of the footwall reach.
These observations converge with the terrace stratigraphy in the
Ksabi basin (Fig. 1A). A similar sedimentary pattern was recognized
in all of the 10-15 m-thick alluvial formations there (Lefevre, 1989);
it consists of (i) an erosional contact at the base; (ii) a bipartite
conglomerate, i.e. heterometric, boulder-rich and unstratified in
the lower part evolving into metre-sized oblique and cross-bedded
layering to the top; (iii) solidified sands with oblique bedding; and
(iv) laminated silty layers capping the sequence (where still pre-
sent). This sequence is remarkably similar to the one exhibited in
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the DOE profile (Fig, 10). We therefore assume that there is a
recurrent fining-upward sequence in Pleistocene terrace deposits
along the whole Moulouya course. We agree with Lefevre’s (1989)
correlation between the deposition of the coarse sediment layers
and river systems of high competence, characterized by former
torrential flow regimes. This is particularly well exemplified by the
lowermost subunit in the DOE profile, with no sedimentary orga-
nization and the highest proportion of boulders up to 60 cm in size
(Fig. 10B). Such a depositional environment is usually encountered
in semi-arid streams significantly affected by flash floods and
characterized by high sediment supplies (Thorndycraft and Benito,
2006).

Incised into the underlying Neogene marine sediments, the
terrace staircase in the hanging wall thereby records three main
Pleistocene downcutting episodes after the formation of T1
(Fig. 11). From the top to the base, they amount to slightly more
than 30 m, ~10 m and >25 m, based on the vertical spacing between
the bases of successive terrace levels, and in the third case, between
T3 and the unrecognized base of the current floodplain. According
to Pazzaglia (2013), given the alluvium thickness of each Pleisto-
cene terrace level (see Fig. 9), they are all likely to represent fill
terraces (Fig. 11), exhibiting clear erosive contacts at their respec-
tive bases (Fig. 8).

Interpreting the three morphological units in the Holocene
overbank fines, observable on both sides of the fault zone, is more
delicate. They may correspond either to a main ~15-16 m-thick
aggradational terrace subsequently cut by two degradational ter-
races at relative elevations of 6 + 1 and 3 + 1 m (Fig. 11), or to three
distinct aggradational terraces. In the main aggradational terrace,
the ¢ age distribution in the different profiles investigated by
Zielhofer et al. (2008, 2010, see Fig. 2b) repeatedly and consistently
displays younger deposition ages from the base to the top: the most
recent age of ~1.4 ka is found at a relative elevation of ~14 m. This
age distribution and the strath terrace carved in older fluvial de-
posits at a relative elevation of 3 + 1 m (Fig. 6B) both argue for the
first interpretation. A similar conclusion was reached by Pissart and
Boumeaza (2010).

5.3. Identification of a main thrust zone in north-eastern Morocco

5.3.1. Implications at the basin scale

Previous studies interpreted either the southern edge of the
Ouled Mansour plateau as a major flexure (Ruellan, 1971;
Boughriba et al., 2006; Fetouani et al.,, 2008) or the whole struc-
ture as a Miocene horst, implying the presence of normal faults at
its borders (Khattach et al., 2004; Chennouf et al., 2007a). On the
one hand, we reject the hypothesis of a flexure in the very upper
part of the Earth’s crust in the light of our new observations and
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Fig. 11. Schematic sketch of the terrace staircase in the hanging wall reach, differen-
tiating fill terraces from degradational terraces (bold black lines refer to the base of the
Pleistocene terraces observed in the field). Multiple cut-and-fill events are outlined in
the grey box.
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data, i.e. sharp and anomalous lithological contacts, recrystalliza-
tion processes and diverse morphological variations including
contrasting fluvial environments within a very short distance. On
the other hand, faulting is much more adequate to explain our
observations, This agrees well with recent studies using gravimetric
and aeromagnetic data: the location of the >20 km-long contin-
uous fault scarp indeed fairly well matches W—E to WSW—ENE
striking lineaments independently detected in this area (Khattach
et al,, 2006; Chennouf et al,, 2007b; El Gout et al., 2010). Howev-
er, the hypothesis of a horst structure must be questioned against
the geodynamic background of north-eastern Morocco (Khattach
et al.,, 2004; Chennouf et al., 2007a). Normal faults accommodate
extensional stress in the Earth's crust (e.g. Twiss and Moores, 2007)
and this contradicts the widely recognized N—S compressive
shortening having occurred since the Late Neogene in this region
(Meghraoui et al,, 1996; Ait Brahim et al., 2002; Fadil et al., 2006;
Vernant et al., 2010; Barcos et al., 2014). Moreover, gravimetric-
induced observations (Khattach et al., 2006; Chennouf et al,
2007b; El Gout et al, 2010) highlight a NNW dip of the
WSW—ENE striking fault segment matching the ~10 km-long fault
scarp between the Moulouya valley to the west and the locality of
Madagh to the east (Fig. 2A). Although fault motion is not indicated,
the fault geometry and the higher topographic position of the
Ouled Mansour plateau imply that the latter was the upthrown
hanging wall block. In the light of these new considerations, we
interpret this structure as a thrust zone disrupting the lowermost
sedimentary basin of the Moulouya.

Lithological contacts observed along both valley sides of the
Moulouya are also slightly shifted {Fig. 2B). On the eastern valley
side, the ~500 m-long offset to the south might be related to a
subsidiary splay fault branching off from the main thrust (Twiss
and Moores, 2007). Folding of the Neogene marine layers seems
also associated to thrusting motion, as pointed out by the westward
dipping of the partly solidified sand layers underneath the T2
terrace (Fig. 8C). Finally, the identification of this thrust zone in this
sedimentary basin surely has implications on the local aquifer
structure and water resources in the Triffa plain and Ouled Man-
sour plateau. This possibly implies a re-examination of several in-
terpretations drawn by recent studies, which formerly interpreted
the southern edge of the Ouled Mansour plateau as a large flexural
feature (Boughriba et al., 2006; Fetouani et al., 2008).

5.3.2. Regional implications

The presence of this large thrust zone in the lowermost sedi-
mentary basin of the Moulouya must also be discussed at a regional
scale. First, it validates the assumption of the W—E striking main
deformational front between the Rif belt and the Atlas mountains
in the north-eastern part of Morocco {Barcos et al., 2014). This
thrust zone is consistent with the statement that a substantial part
of the N-S compressive shortening was accommodated along
reverse faults located at the northern margins of the Beni Snassen
massif and the Kebdana mountains (Barcos et al,, 2014), A similar
conclusion was previously reached by El Gout et al. (2010). Our
observations clearly demonstrate that the studied thrust zone has
accommodated a part of this deformation. Contrary to the claim
that the marine/continental sediment cover of the Neogene-
Quaternary impedes the recognition of fault patterns in the sedi-
mentary basins of north-eastern Morocco {Chennouf et al., 2007b),
we state that recent faulting activity in these basins significantly
deformed the Neogene and Quaternary sediments and left clear
imprints in the topography.

Second, morphometric indicators along with deformations of
the drainage in the Moulouya catchment point to a general
disequilibrium state (Barcos et al., 2014; Pastor et al, 2015). In
particular, two major knickzones are conspicuous in the
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longitudinal profile (Fig. 1B). While the upstream knickzone cor-
responds to the deeply-incised reach into the crystalline rocks of
the Palaeozoic Aouli bathelith ( and related metamorphic rocks), the
downstream one occurs in the Mesozoic limestones of the Beni
Snassen gorge. According to Pastor et al. (2015), the upstream
knickzone is related to the capture of the Ksabi-Missour basin
(located downstream, see Fig. 1A), which occurred at an unknown
time period after the Early Pliccene (see section 5.1.). This capture
induced the upstream prepagation of an erosion wave which, when
reaching the resistant crystalline rocks at the basin margin, resulted
in the formation of a lithological knickzone. Bouazza et al. {2009)
similarly suggested that the formation of the Beni Snassen gorge
and the related knickzone resulted from several capture episodes at
the onset of the Quaternary, although these authors provided no
clear evidence for this explanation. Alternatively, it is well known
that surface rupture resulting from fault motion often create
knickpeints in the river channel and that these retreat at varying
rates along the drainage network (e.g Whittaker and Boulton,
2012; Cock et al, 2013; Boulton et al, 2014). Without explicitly
rejecting the capture hypothesis, we suggest that the 30 km-long
knickzone in the Beni Snassen gorge could also {partly} result from
a transient fluvial reaction to Quaternary thrusting activity in the
sedimentary basin and correlated uplift in the hanging wall block
which is located 35 ki downstream of the gorge outlet. In this
respect, Boulton et al. (2014) showed that knickpoint fermation in
the Dades catchment {High Atlas) was related to increased Plio-
Quaternary uplift rates as a result of fault activity along a main
thrust zone (i.e. South Atlas Fault).

6. Conclusion and further research perspective

Our study confirms the usefulness of the terrace record of large
rivers to investigate long-term crustal deformation. Significant
thrusting activity in the lowermost sedimentary basin of the
Moulouya, associated with N—S compressive shortening in this
region, led to contrasting fluvial reactions and environments. On
the one hand, long-lasting fluvial aggradation, materialized
by 37 m-thick stacked terraces, has occurred in the footwall of the
thrust. On the other hand, the hanging wall is characterized by a
well-preserved terrace staircase, with {at least) three Pleistocene
terrace levels. Late Cenozoic deformation and uplift induced in the
hanging wall probably hindered profile regularisation of the
Moulouya and might have been responsible for the knickzone
observed in the Beni Snassen gorge. These interpretations agree
well with independent morphometric indicators highlighting the
disequilibrium state of the whole Moulouya catchment. Morecver,
we showed that stratigraphies of Pleistocene terrace deposits
display similar sequences in the middle and lower reaches of the
IIVer.

Assessing the rates of crustal deformation aleng this main thrust
zone related to the ongoing collision between the African and
Eurasian plates obviously constitutes the next decisive step; it
therefore requires age estimations for these Pleistocene terrace
deposits of the lower Moulouya. As recently stated by Rixhon et al.
(2016), luminescence (OSL{IRSL} and electron spin resonance {(ESR)
dating techniques form cne array of potentially applicable methods
for the considered time span. In a northern tributary system of the
Moulouya catchment, first OSL age estimates obtained on Late
Pleistocene and Holocene wadi deposits highlighted the suitability
of this method {Bartz et al., 2015). Likewise, the presence of quartz
or quartz-bearing pebbles in the investigated profiles would allow
for the application of cosmogenic nudide dating {1*Be and 26Al). In
this case, burial dating, especially isochron dating, would he more
favourable and/or suitable than surface exposure dating because of
the significant thickness of silty/clayey deposits capping the terrace
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gravels.
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5 A multiple-dating approach of Quaternary fluvial terraces along

the lower Moulouya River (NE Morocco)

Abstract

Our study presents the first chronological framework for Quaternary fluvial deposits of the lower Moulouya River
(NE Morocco), based on a combination of ESR dating of quartz using the multiple centres (MC) approach,
luminescence dating of K-feldspar (pIRIRz25, pIRIR200) and palaeomagnetic analyses. The results indicate that
the pIRIRz225 and pIRIR290 signals of all samples are saturated, suggesting fluvial aggradation of the lower Mou-
louya River at least as early as the Middle Pleistocene. In accordance with the MC approach, De values of the
Al and Ti centres generally agree within 10. However, a few Al centre De values are slightly higher than those
of the Ti centre, as a possible result of slower bleaching kinetics. ESR dating results yield Early Pleistocene
aggradation ages for all sampled river profiles, ranging from ~1.1 to ~1.5 Ma. Importantly, the ESR chronology
is consistent with the palaeomagnetic results: the occurrence of mostly reversed polarity documented in the
deposits (80 % of the samples) indicates a Matuyama age (>0.78 Ma). This consistency supports the robustness
of the MC approach to date Quaternary fluvial deposits. The incision history of the lower Moulouya (0.025+0.003
mm/a) supports the assumption of Quaternary crustal shortening in the Triffa sedimentary basin, resulting from
the convergence between the African and Eurasian plates.

Keywords

Quaternary, Geochronology, Fluvial sediments, ESR dating of bleached quartz, Multiple Centre approach, Pal-

aeomagnetic analysis, Palaeoenvironment

[The results of this chapter were submitted to Quaternary Science Reviews (Bartz et al.)]
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5.1 Introduction

The investigation of fluvial archives is of high interest for unravelling palaeoenvironmental
changes linked to Quaternary climatic fluctuations (e.g., Macklin et al., 2002; Bridgland and
Westaway, 2008) and/or long-term tectonic activity (e.g., Demir et al., 2012; Demoulin et
al., 2017). Drained by the Moulouya River (i.e., one of the largest river systems in North
Africa), the north-eastern part of Morocco is characterised by a complex geodynamic back-
ground due to its location within the convergence zone between the African and Eurasian
plates (e.g., Meghraoui et al., 1996). Crustal deformation related to the main W-E striking
deformational front between the Rif belt and the Atlas Mountains affected the lowermost
~65 km-long reach of the Moulouya during the Plio-Quaternary (Barcos et al., 2014; Rixhon
et al., 2017b). This resulted in contrasting fluvial environments on each side of the thrust
zone: thick stacked terraces in the footwall and a terrace staircase in the hanging wall
(Rixhon et al., 2017b). Nevertheless, the timing of fluvial aggradation and terrace formation
over the Quaternary remains as yet poorly reconstructed in the Moulouya valley and, more

generally, in all river systems draining this convergence zone in NE Morocco.

Establishing chronologies for river terrace sequences and their related sediments or land-
forms has always been challenging. While palaeomagnetism has long proven its usefulness
to yield relative chronologies of river terrace deposits (e.g., Jacobson et al., 1988; Li et al.,
1997; Sancho et al., 2016), numerical dating methods have considerably evolved over the
last decades, gaining both in robustness and accuracy (Rixhon et al., 2017a). Amongst the
array of methods available for the Quaternary, we chose a combination of infrared stimu-
lated luminescence (IRSL) and electron spin resonance (ESR) dating to produce numerical
ages for the lower Moulouya deposits. Palaeomagetism is used to provide an additional
independent age control. Though OSL of quartz is one of the most widely applied method
to fluvial deposits (e.g., Wallinga, 2002; Rittenour, 2008), it suffers from the low saturation
level of the quartz fast component (Wintle and Murray, 2006). In the northern catchment of
the lower Moulouya River it has been shown that the OSL signal of quartz already reaches
saturation at ~70 ka (Bartz et al., 2015, 2017). Alternatively, feldspar IRSL dating may serve
as valuable tool in dating old Pleistocene deposits exhibiting higher dose saturation levels
than conventional OSL methods (Jain, 2014). While IRSL ages may suffer from anomalous
fading, leading to a loss of signal over time (e.g., Wintle, 1973; Huntley and Lamothe, 2001),
elevated temperature post-infrared infrared stimulated luminescence (pIRIR) offers feldspar
signals which are less or unaffected by anomalous fading (Thomsen et al., 2008; Thiel et
al., 2011a). However, the investigation of anomalous fading of feldspars may also be used
to predict IRSL field saturation by using an athermal detrapping model (cf. Huntley, 2006;

Kars et al., 2008). The reliability of this model was tested in OSL-thermochronometry, where
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it successfully assessed the equilibrium state of feldspars in bedrock samples (e.g. King et
al., 2016 and references therein). Its effectiveness in the context of fluvial deposits remains

so far unknown and will be tested here.

ESR dating of optically bleached quartz grains potentially covers the whole Quaternary: the
use of aluminium (Al) or titanium (Ti) centres allows dating Early- to Middle-Pleistocene
fluvial sediments (e.g., Voinchet et al., 2010; Duval et al, 2017). As Al is the most abundant
trace element in alpha quartz (Preusser et al., 2009), the Al centre is measurable in almost
any quartz sample with somewhat high ESR intensities, sufficient thermal stability and high
radiation saturation levels (e.g. Toyoda and lkeya, 1991; Duval, 2012; Duval and Guilarte
Moreno, 2012). Nonetheless, laboratory bleaching experiments have shown that the Al cen-
tre cannot be fully bleached (e.g. Toyoda et al., 2000; Duval et al., 2017), contrary to the Ti
centre. The latter, which encompasses three sub-centres (i.e., Ti-Na, Ti-H and Ti-Li ), pro-
vides faster bleaching kinetics compared to those of the Al centre and its ESR signal may
be reset to zero by sunlight exposure (e.g., Tissoux et al., 2007; Duval et al., 2017). The
reliability of the ESR dating method has been recently improved by the development of the
multiple centres (MC) approach (Toyoda et al., 2000), where both the Al and the Ti centres
are systematically measured in quartz. This method takes advantage of the different centre
characteristics (i.e. bleaching kinetics, saturation level, ESR signal intensity) and checks
whether both centres would provide consistent ESR results. In the fluvial context, Duval et
al. (2015) have recently demonstrated the usefulness of the MC approach for dating Early

Pleistocene terraces of the Alcanadre River in Spain.

Our study aims at (i) presenting the first geochronological framework for fluvial aggradation
and terrace formation in the lower Moulouya valley, based on a combination of ESR dating
of quartz using the MC approach, luminescence dating and palaeomagnetism applied to-
gether on four different sections along the Moulouya River; (ii) using luminescence dating
techniques to study IRSL signals and field saturation and (iii) providing new insights into the

long-term geomorphological evolution of this region of Morocco.

5.2 Study area

5.2.1 Geodynamic background

The NW-SE convergence between Africa and Iberia in the Straits of Gibraltar from the Mi-
ocene to the Quaternary has strongly affected the northern part of Morocco. Crustal defor-

mation in the Western Mediterranean is most likely the result of shortening of the Betic-Rif
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mountain ranges and extension of the Alboran Sea (Fadil et al., 2006). Indicated by kine-
matic analyses of fault populations in the Rif and Tell Atlas, shortening directions and rates
are characterised by an anti-clockwise block rotation of 15 to 25° (from NNE to NNW) and
by movements of 1-2.3 mm/a, respectively (Meghraoui et al.,1996; Meghraoui and Pon-
drelli, 2012). The Rif mountain range showed NE-SW trending folds during the Quaternary
manifested by left-lateral, strike-slip faults and associated overthrust structures (Meghraoui
and Pondrelli, 2012). For instance, horizontal and vertical slip rates of ~0.9 and ~0.5 mm/a,
respectively, have been determined for the Trougout fault in the northeastern Rif region
(Poujol et al., 2014). Trend-topography surface analysis highlighted an E-W trending litho-
spheric dome in the eastern Rif and in the Beni Snassen massif (Barcos et al., 2014). Based
on morphometric indicators, the latter is also distinguished at its northern margin by N-S
shortening resulting in active deformations (Barcos et al., 2014). A disequilibrium state pre-
sented by deformations of drainage network and the presence of large knickpoints have
also been detected for the Moulouya catchment (Barcos et al., 2014; Pastor et al., 2015;
Rixhon et al., 2017b). There are also evidences of crustal deformation in Middle Quaternary
terraces in areas eastward (Kert river) and westward (Oujda region) of the Moulouya River
(Ait Brahim et al., 2002).

5.2.2 The lower Moulouya catchment

The Moulouya River, with a drainage area of ~74.000 km? (fig. 5.1a), represents the largest
fluvial system in NE Morocco (Pastor et al., 2015). From its headwaters at the junction of
the High and Middle Atlas to the outlet into the Mediterranean Sea, the ~600 km-long, SW-
NE oriented main trunk flows across the Neogene Arhbalou, Ksabi-Missour and Guercif
basins as well as the Zebra-Triffa plain and Ouled Mansour plateau (fig. 5.1a; Pastor et al.,
2015; Rixhon et al., 2017b). Nowadays, the catchment is characterised by a semi-arid to
arid Mediterranean climate. Average precipitations range from 150-200 mm in the lowlands
to 600 mm in the Atlas Mountains (Kaemmerer and Revel, 1991; Ngadi, 1995). The hydro-
logical regime of the Moulouya is characterised by extreme variations in its water discharge
(Snoussi et al., 2002). The upper reaches (Arhbalou basin), encompassing the southern to
southeastern foot slopes of the Middle Atlas and the northernmost flanks of the High Atlas,
are composed of Palaeozoic substratum affected by the Hercynian orogeny. In the middle
reaches (Ksabi-Missour and Guercif basins), the Moulouya drains the western flanks of the
Moroccan High Plateaus. The lower reaches (Zebra-Triffa plain and Ouled Mansour) are

mostly filled by Neogene marine sediments (Ruellan, 1971; Boughriba et al., 2006).
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Fig. 5.1: Study area in NE Morocco (modified after Rixhon et al., 2017b). a: Relief map of the Moulouya catch-
ment (delimited by dashed black lines) including the main geological structures (according to Barcos et al.,
2014). b: The ~20 km-long studied valley reach of the lower Moulouya river with main morphological and geo-
logical features as well as profiles described in the text (BOU, TOLL, MRB and DOE; black stars). Terrace
sections, decribed by Rixhon et al. (2017b) are also displayed (white stars). The longitudinal profile (see fig. 5.8)
was measured from A to B (based on Google Earth) (satellite image: Google Earth CNES/Astrium 02.08.2014).

The depression is bordered by the Beni Snassen Mountains to the south and the Kebdana
Mountains to the north. Both mainly consist of Mesozoic carbonate rocks, sandstone and
slate formations (Ruellan, 1971; Khattach et al., 2004). Our study area encompasses the
~20 km-long river reach draining the northwestern rim of the Triffa plain and the Ouled
Mansour plateau (fig. 5.1b). Rixhon et al. (2017b) have highlighted contrasting fluvial envi-
ronments on both sides of a fault zone. In the hanging wall, a terrace staircase system
encompasses three Pleistocene terrace levels, i.e. T1, T2 and T3, whose base lie at relative
elevations of ~68, ~36 and ~26 m above the modern stream bed, respectively. Three distinct
levels are also recognised in the fine-grained Holocene deposits (Pissart and Boumeazza,
2010; Rixhon et al., 2017b). In the footwall, up to 37 m-high stacked terraces characterised

by two fining upward sequences bear witness to long-lasting fluvial aggradation.
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5.3 Field sampling and methods

5.3.1 Sampling sites and strategy

Our fieldwork focused on four different fluvial sedimentary sequences (fig. 5.1b), located
either in the footwall of the thrust zone (profiles BOU, TOLL, MRB) or in the hanging wall
(DOE profile in terrace T3; see Rixhon et al., 2017b).

BOU is a ~22 m-thick section (fig. 5.2), located on the northern bank of the Moulouya River,
~9 km upstream of the fault zone (34°56'57.4"N; 2°32'03.6"W; 50 m a.s.l.). At our sampling
location, up to 15 m-thick Holocene overbank fines hide the lower part of the section (Zielho-
fer et al., 2008, 2010) but coarse-grained deposits in the basal part are observable in the
direct vicinity of the profile. Along the investigated uppermost ~7 m of the profile, we identify
one unit: clast-supported layers show an alternation of finer and coarser gravel layers inter-
calated by three large sand lenses at 5.6-4.5, 1.9-1.4 and 0.9-0.2 m b.s. (below surface).
The uppermost decimetres are characterised by an upward increasing calcrete develop-

ment.

TOLL is a ~25 m-thick section (fig. 5.2), located on the southern bank of the Moulouya River,
~8 km upstream of the fault zone (34°56'27.2"N; 2°31’47.5"W; 51 m a.s.l.). The lower part
of unit 1 (25-22 m b.s.) is characterised by an alternation of matrix- (sand) and clast- (ce-
mented gravels) supported layers. The overlying (22-20 m b.s.) is characterised by a sharp
boundary with a sediment change to homogeneous fine sand showing a fining-upward se-
guence. Taffoni-like weathering is observed in the upper part of the sand lense. The unit 2
(20-0 m b.s.) is dominated by mostly-cemented coarse-grained sediments. A transition to

calcrete is observed in the uppermost metre.

MRB is a ~34 m-thick section (fig. 5.2), located on the southern bank of the Moulouya River,
~6 km upstream of the fault zone (34°56'24.4"N; 2°30'40.2"W; 51 m a.s.l.). The poorly
sorted clast-supported unit 1 (34-25 m b.s.) encompasses rounded to subangular gravel up
to 35 cm in size, where two fine laminated ~1 m-thick sand lenses are intercalated. The
upper part (25-22 m b.s.) of unit 1 is composed of taffoni-like sand deposits. The unit 2 is
formed by carbonate cemented clasts (22-13 m b.s.) and overlying middle to coarse sandy
deposits (13-10 m b.s.). The top of unit 2 (11-10 m b.s.) is formed by a channel-like gravel
layer. The upper unit 3 (10-0 m b.s.) consists of silt and clay-rich deposits, whilst the upper

part is composed of a ca. 1 m-thick calcrete layer.

DOE is a ~23 m-thick section (fig. 5.2), located on the eastern bank of the Moulouya River,
~2 km downstream of the fault zone (34°59'59.2”N; 2°26'27.3"W; 44 m a.s.l.). A detailed
stratigraphic description is provided in Rixhon et al. (2017b).
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Fig. 5.2: Stratigraphy of the different investigated sections, namely the BOU, TOLL and MRB section in the
footwall reach and DOE section (modified after Rixhon et al., 2017b) in the hanging wall reach of the fault zone.
Sample ID’s and ESR ages derived from the weighted mean De values of the Al and Ti centre (option D) are
presented. If the Al De > Ti (option D) De, then the Ti (option D) ESR age is shown (italic).

For luminescence and ESR dating, we hammered steel tubes (25 cm long cylinder with a
diameter of 5 cm) in the freshly cleaned vertical sections of the investigated profiles. The
tubes were directly sealed from the sunlight with opaque tape and black bags. Whenever
possible, sediment samples for dating analyses were collected within homogeneous layers
in order to minimise the uncertainty on the external dose rate due to the absence of gamma
in situ measurements. The surrounding material, in a radius of 30 cm, was additionally col-
lected for high-resolution y-spectrometry (HRGS), ICP-MS analyses and water content eval-
uations. For palaeomagnetic analysis, we sampled the same sections as for lumines-
cence/ESR dating. A ceramic knife was used to extract hand blocks and a solution of so-
dium silicate was applied in order preserve the integrity of the samples. Orientation was

taken in situ with a standard compass and clinometer.

Several samples were collected at each locality: At the BOU section, three samples (C-
L3826-C-L3824) were extracted at depths of ~5.3, ~1.5 and ~0.5 m b.s. In addition, twelve
palaeomagnetic samples were collected at depth of 7.1-7.3 (B1.1-1.3), 6.1-6.2 (B2.1-2.3),
2.3-2.6 (B3.1-3.3) and 6.5-6.8 m b.s. (B4.1-4.3). At the TOLL section, two lumines-
cence/ESR samples (C-L3888 and C-L38887) were collected at depths of ~21.4 and ~21.6

m b.s. Three palaeomagnetic samples were extracted out of the same sand lense horizon-
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tally at depth of 21.5 m b.s. (T1.1-1.3). At the MRB section, three luminescence/ESR sam-
ples (C-L3889-3891) were collected at depths of ~30.0, ~13.8 and ~13.4 m b.s. For palae-
omagnetic analyses, six samples were collected at depths of 13.4 (M1.1-1.3) and 29.5-29.9
m b.s. (M2.1-2.3). At the DOE section (unit 2), three luminescence/ESR samples (C-L3886-
3884) were extracted at depths of ~3.2, ~1.9, and ~1.2 m b.s. In addition, palaeomagnetic
samples were collected at 1.95-2.15 (D1.1-1.3), 2.65-2.85 (D2.1-2.3), 3.65-3.85 (D3.1-3.3)
and 1.55-1.65 m b.s. (D4.1-4.2) respectively.

5.3.2 Sample preparation

Sample preparation for luminescence and ESR dating was undertaken under laboratory red
light conditions. We separated the sample material of each tube in two parts to prepare OSL
and ESR sample material. After wet sieving, coarse-grained (100-200 um) sediments were
treated with H.O- (10 %), HCI (10 %) and sodium oxalate to remove carbonates, organic
material and clay remains. Density separation with sodium polytungstate was performed to
isolate quartz (p1 = 2.62-2.68 g cm=) and K-feldspars (p2 = <2.58 g cm=). Magnetic minerals
were removed by using a strong neodymium magnet. The resulting quartz minerals were
etched with HF (40 %) for 40 min plus a final HCI (10 %) wash. For luminescence dating,
K-feldspars were additionally sieved to grain sizes of 100-150 um and mounted on stainless
steel discs. Each ESR quartz sample (100-200 pm) was divided into 12 aliquots. Whilst 1
aliquot was kept as a natural reference, 10 aliquots were irradiated with a calibrated Gam-
macell-1000 Cs-137 gamma source (dose rate = 6.8 Gy/min) to 100.0, 200.0, 394.6, 796.1,
1598.9, 3197.9, 6001.1, 10003.1, 15002.8 and 25018.1 Gy. Additionally, 1 aliquot was op-
tically bleached in a solar simulator (Honle SOL2) for about 1500 h. For palaeomagnetic

analyses the 13 hand block samples were separated in 118 cubic specimen of ~8 cm3,

5.3.3 ESR dosimetry

Low temperature (~90.0+0.1 K) ESR measurements were carried out at the Geochronology
Facilities in the Centro Nacional de Investigacion sobre la Evolucion Humana (CENIEH,
Burgos) with an EMXmicro 6/1 Bruker X-band ESR spectrometer coupled to a standard
rectangular ER4102ST cavity and using a ER4141VT Digital Temperature control system
based on liquid nitrogen cooling. Further details about the experimental setup and its sta-

bility may be found in Duval and Guilarte Moreno (2012).
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Eleven samples were ESR dated with the MC approach by means of the multiple-aliquot
additive-dose method (MAAD). The following experimental conditions were used for meas-
uring (i) Al and (ii) Ti ESR intensities: (i) 5 mW microwave power, 1024 points resolution,
100 kHz modulation frequency, 1 G modulation amplitude, 40 ms conversion time and 10
ms time constant, only one scan was measured; (i) 10 mW microwave power, 1024 points
resolution, 100 kHz modulation frequency, 1 G modulation amplitude, 60 ms conversion
time and 20 ms time constant, between 2 and 15 scans were used depending on ESR
intensities. The given sample was placed in the exact centre of the cavity to ensure identical
conditions of each aliquot. In order to take into account the angular dependence of the ESR
signal each aliqguot were measured three times after a ca. 120° rotation. ESR measurements
were carried out on three different days to check data repeatability. Finally, we ended up
with a data set consisting of nine ESR spectra for each sample for both Al and Ti centres.
ESR intensities of the bleached aliquot were subtracted from ESR intensities of the natural

and gamma irradiated aliquots prior to any D calculation (Voinchet et al., 2003).

The Al ESR intensity was measured between the top of the first peak (g = 2.018) and the
bottom of the 16" peak (g = 1.993) (Toyoda and Falgueéres, 2003). ESR intensities of the Ti
centre were extracted from three different options (Duval and Guilarte, 2015): (i) peak-to-
peak amplitude measurement between g = 1.979 and the bottom of the peak at around g =
1.913 (option A, Ti); (ii) peak-to-baseline amplitude measurement around g = 1.915 (option
C, pure Ti-H) and (iii) peak-to-baseline amplitude measurement around g = 1.913 (option
D, Ti). It has to be noted that Ti option A and D are most likely mixtures of contributions of
Ti-Li and Ti-H (Duval et al., 2017). For comparison, option E (peak at g = 1.979; Duval and
Guilarte, 2015) was also explored, since this option gives the possibility to measure pure
Ti-Li (Duval et al., 2017). ESR intensities of Al and Ti centres of each aliquot were then
corrected by the corresponding number of scans, aliquot mass and a temperature correction

factor (Duval and Guilarte Moreno, 2012).

Further details about ESR fitting procedure and D, calculation can be found in supplemen-

tary material (Appendix A).

5.3.4 Application of luminescence dating techniques

All luminescence measurements were carried out at the Cologne Luminescence Laboratory
(CLL) on automated Risg TL/OSL DA 20 readers equipped with °Sr/*°Y beta sources for
irradiation and delivering dose rates of ~0.08 Gy/s. IR stimulation (880+80 nm) and signal

detection through an interference filter (410 nm) were used for measuring the coarse-
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grained K-feldspar samples. An elevated temperature pIRIR single-aliquot regenerative-
dose (SAR) protocol (Thomsen et al., 2008) was applied using a second IR stimulation
temperature of either 225 (pIRIR22s; Buylaert et al., 2009) or 290 °C (pIRIR2¢0; Thiel et al.,
2011b) after a preheat of 260 or 320 °C (both hold for 60 s), respectively. At the end of each
SAR cycle an IR stimulation at 290 (pIRIR225) or 325 °C (pIRIR290) was used for 100 s to
reduce recuperation. The response to a test dose (~30 % of expected natural De) was
measured in the same way for both pIRIR protocols. After measurement of the natural pl-
RIR225 or pIRIR2g0 signal, athermal signal loss was estimated using fading tests following
Auclair et al. (2003) for both the prior IR and pIRIR measurements of one sample per sedi-
ment profile (samples C-L3826, C-L3886, C-L3887 and C-L3891). Three aliquots (1 mm)
per sample were measured in order to average sample specific g-values, which were nor-
malised to a measurement delay time of 2 days after irradiation (godays; Huntley and
Lamothe, 2001). Regenerative doses of 350 Gy and test doses of 125 Gy were used in the
fading experiments. A prompt measurement was repeated after the longest delay measure-
ment in order to confirm that sensitivity changes had been adequately corrected for. The
model of athermal detrapping first proposed by Huntley (2006) and modified by Kars et al.
(2008) was used to estimate sample specific field saturation (n/N)ss (Huntley and Lian,
2006), in which the natural IRSL intensity is governed only by the counterbalancing rates of
signal accumulation due to environmental radiation and signal loss by anomalous fading
(Kars et al., 2008). In addition to the use of the sample specific characteristic dose of satu-
ration Do and the environmental dose rate, the field saturation value (n/N)ssis strongly de-
pendent on the density of recombination centres p’ which can be determined from the fading
experiment data (Kars et al., 2008). We used a 15 % acceptance threshold of the environ-
mental steady state level (Guralnik et al., 2015; King et al., 2016) in order to account for the
uncertainty of interpolating a De value on a dose response curve close to saturation (Wintle
and Murray, 2006).

5.3.5 Dose rate evaluation and age calculation

Radioelement activities (U, Th and K) were obtained by High Resolution Gamma Spectrom-
etry (HRGS) analysis using a high-purity germanium detector. In addition, ICP-MS analysis
of dry raw material was carried out via Genalysis Laboratory Services. The software DRAC
v1.2 (Durcan et al., 2015) was applied for dose rate and age calculation using the conver-
sion factors from Guérin et al. (2011) and alpha and beta attenuation factors of Bell (1980)
and Guérin et al. (2012) (specifically chosen for either quartz or feldspar), respectively. The

depth removed by HF etching was assumed to be 20+10 pum. Water contents (mass of water
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relative to the dry sample) were measured in the laboratory. The density of overburden was
assumed to be 1.90+0.05 g cm. The contribution of cosmic dose rates was assessed fol-
lowing the approach of Prescott and Hutton (1994) based on the altitude, latitude and lon-
gitude of the section as well as thickness and density of the overburden. For ESR dating of
quartz, dose rate evaluation was done with an assumed a-efficiency k-value of 0.2+0.1
(Yokoyama et al., 1985) and an internal dose rate was assumed according to Vanden-
berghe et al. (2008).

5.3.6 Palaeomagnetic analysis procedures

Palaeomagnetic analyses were carried out at the Geochronology Facilities in the CENIEH.
The natural remanent magnetisation (NRM) and progressive demagnetisation of each spec-
imen was measured by using a Superconducting Rock Magnetometer (SRM) model 755-
4K (2G Enterprises). A total of 52 specimens were analysed by thermal demagnetisation
(TH) using an oven model TD-48SC (ASC Scientific) with progressively increasing steps
between 50 and 650 °C, whilst 49 specimens were demagnetised by the alternating field
method (AF) using the 3-axis degausser system built in the SRM, reaching a maximum AF
field of 0.1 T. Finally, after visual inspection of the orthogonal demagnetisation diagrams
(Zijderveld, 1967), the characteristic remanent magnetisation (ChRM) direction was com-
puted for each demagnetised specimen, which is the highest stability component of the
NRM by using the Virtual Paleomagnetic Directions (VPD) (Ramoén and Pueyo, 2012). The
corresponding virtual geomagnetic pole (VGP) position (latitude and longitude of the VGP)
was computed for each ChRM direction, which were used to determine the local magnetic

polarity at site level (using the software package Pmag by Tauxe, 1998).

5.3.7 Quantifying fluvial incision

DGPS (Topcon HiPer Pro) and laser distance meter (TruPulse 200 Rangefinger) were used
in order estimate the relative elevations of the fluvial terrace surfaces and the modern flood-
plain (cf., Rixhon et al., 2017b). Fluvial incision rates were then estimated by using the age
and the height of the surface of a terrace with regard to the recent position of the Moulouya
stream bed (Burbank and Anderson, 2012).
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5.4 Chronological data and robustness of the inferr ~ ed chronologies

5.4.1 Palaeomagnetic analyses

Paleomagnetic results show that the different specimens have medium NRM intensities,
with values ranging between 2.05x10* A/m to 8.11x102 A/m (fig. 5.3). Both thermal and
alternating field demagnetisation procedures reveal that most samples have a secondary,
viscous overprint, followed by a high temperature (or coercivity) component of magnetisa-
tion. NRM intensities and further details about the obtained data of each studied section
can be found in Appendix B. VGP pole positions (Appendix B; supplementary material fig.
B.1 and Table B.1) indicate reversed polarity for sections BOU, TOLL and MRB, whilst sec-
tion TOLL reveals normal polarity. The presence of normal polarity in a few specimens from
the BOU section can be interpreted as overprinting of the present day magnetic field (Ap-

pendix B; supplementary material Table B.1).

BOU TOLL MRB
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Fig. 5.3: Stereographic representation of the ChRM directions of each specimen (top); white (black) circles show
upwards (downwards) inclinations, corresponding to negative and positive magnetisation directions respec-
tively. Representative demagnetisation orthogonal plots (Zijderveld diagrams) of each sampling site (bottom);
white (black) circles show vertical (horizontal) components of magnetisation.

5.4.2 ESR dating of quartz

5.4.2.1 Al centre

The Al centre (Table 5.1) of all samples shows ESR intensities with satisfactory repeatability

which does not exceed 6 %. Most of the samples (7/11) present a good D, repeatability
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(<10 %), while 3 of them have a variability between 10 and 15 %. Only one sample (C-
L3825) shows poor repeatability of ~23 %. Consequently, final De values were calculated
by considering the average of nine ESR intensities. ESR intensities of the bleached aliquots
range within relatively narrow range, between 47 and 57 %, suggesting thus similar bleach-

ing conditions for all the samples.

Table 5.1: ESR data derived from the measurements of the Al centre. Fitting was performed with the EXPLIN
function with weighting by the inverse of the squared ESR intensities (1/12; Appendix A). Measurement repeat-
ability is assessed through the variability of the average ESR intensities obtained from each day of measure-
ment. De repeatability is based on the variability of the De values obtained after each day of measurement.

ESR

Bleaching De Al centre - EXPLIN (1/12)
Sample intensity
Profile coefficient o repeat.
ID %) precision %) De
(%) err (%) r2
(Gy)
C-L3824 49+6 3.3 3.6 1259 + 144 115 0.9950
BOU C-L3825 50+3 5.3 23.2 1437 + 302 21.0 0.9809
C-L3826 51+2 2.2 14.5 1197 +131 10.9 0.9957
C-L3884 53+3 4.0 111 1858 + 261 14.0 0.9943
DOE C-L3885 57+6 2.6 5.2 1537 £144 9.4 0.9971
C-L3886 51+2 1.7 9.7 1654 + 306 18.5 0.9885
TOLL C-L3887 54+6 1.8 7.2 2008 £ 148 7.4 0.9982
C-L3888 51+2 3.7 12,5 1826 +170 9.3 0.9970
C-L3889 47 5 4.3 2.0 1147 + 144 12.5 0.9947
MRB C-L3890 56 £6 6.0 3.9 1747 + 244 14.0 0.9933
C-L3891 50+2 24 9.5 1441 + 92 6.4 0.9987

The DRC of the Al centre (fig. 5.4; Appendix C, supplementary material fig. C.1) of the
Moulouya samples does not reach saturation at high dose points up to 25 kGy, which is
consistent with previous observations (e.g. Lin et al., 2006; Duval, 2012). The EXPLIN func-
tion shows excellent goodness-of-fit with adjusted r2 values >0.99 for the most of our sam-
ples (9/11). The only exceptions are samples C-L3825 and C-L3886 resulting both in r2
values of ~0.98 which indicate moderate fitting results, yielding the highest relative De errors
of 21 and 19 %, respectively. In contrast, uncertainties of the other samples are all <14 %.
Finally, De values (Table. 5.2) range between 1537+144 and 1858+261 Gy for section DOE,
11474144 and 17471244 Gy for section MRB, 1826+170 and 20081148 Gy for section
TOLL as well as 1197+131 and 1437+302 Gy for section BOU.
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Fig. 5.4: Examples of dose response curves (DRC) of samples C-L3886 and C-L3891 obtained for the Al centre
(DRC'’s of the Al centre of the other samples are presented in Appendix C).

5.4.2.2 Ti centres

The Ti centres measured in the Moulouya samples (fig. 5.5, see also Appendix C, supple-
mentary material figs. C.2, C.3 and C.4) present a non-monotonic behaviour with the irradi-
ation dose: whilst the Ti option A and D reaches a maximum ESR intensity, roughly at ~10
kGy (fig. 5.5), the Ti-H centre saturates at ~3 kGy (supplementary material fig. C.4). This
behaviour is consistent with previous observations by Duval and Guilarte (2015) and Woda
and Wagner (2007). Due to the lower ESR intensities, we focus on the Ti-Li centre, never-
theless further details about the Ti-H centre can be found in Appendix C (supplementary
material fig. C.4, Table C.1). As expected, Ti centres reveal adequate resetting of the ESR
signal after 1500 h of artificially bleaching, as no ESR signal could be observed from the

bleached aliquots.

Ti options A and D (fig. 5.5) show excellent ESR intensity repeatability between 2.7 and 5.9
% as well as 3.3 and 6.8 %, respectively. This is also evident in good De reproducibility of
the three individual measurements with relative variations <15 % for both options A and D
(Table 3), except of samples C-L3887 and C-L3890 with variations up to ~20 %. In case of
Ti option D, the three fitting options provide D. values which are 1o-consistent. For Ti option
A, the SSE function reveals mostly slightly lower De values compared to those of the Ti-2
(EW) and Ti-2 (1/s2), which are nevertheless consistent with Ti option D at 1. The good-
ness-of-fit is overall excellent with adjusted r2 values >0.99. The only exceptions are sam-
ples C-L3884 and C-L3886 of both option A and D with an adjusted r2 value of ~0.98. Alt-
hough Ti option A and D show consistent D values at 20, option A yields systematically
higher (up to 32 %) D. values (Ti-2 1/s2) compared to those of option D (fig. 5.6). Those

higher De values may be caused by the peak at ~1.979, since option A is likely composed
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Fig. 5.5: Examples of dose response curves (DRC) of samples C-L3886 and C-L3891 obtained for a: Ti centre
(option A) and b: Ti centre (option D) (DRC's of the Ti centre of the other samples are presented in Appendix
C).

of a signal mixture of Ti-Li and Ti-H, which have absorption lines at very close g-values at
0=1.913 and g=1.915 (Tissoux et al., 2007; Duval et al., 2016). In comparison with the iso-
lated Ti-Li centre calculated with option E (Duval and Guilarte, 2015), De values are in fact
higher (up to 24 %) than those from option A (Table 5.3) and even higher (up to 42 %) than
those from option D. Our results are similar to observations of Beerten et al. (2006) who
have investigated different ESR signals from Ti centres in comparison to OSL ages resulting
in De overestimation based on the Ti-Li centre (option E). Additionally, Duval et al. (2017)
have assumed that higher De values derived from option E may be the result of an influence
of the Al centre, which are located near the peak at 1.979 and may thus influence the Ti-Li
centre. Since it is still challenging to estimate the contribution of the Al centre to the pure
Ti-Li centre (option E), it is so far questionable whether Ti option A or E give reliable De
estimations. At the current state, it appears that both De data overestimate the true burial
age. Since Ti option D reveal 1o-consistency with the three fitting options, final De values
should be derived from the Ti-2 (1/s?) with excellent De precision. Consequently, final De

values (Table 5.2) were calculated by considering the average ESR intensity over the three
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Table 5.2: Dose rate, De and age data set (ESR of quartz). Summary of radionuclide activities of uranium (U), thorium (Th) and potassium (K) determined by high-resolution
y-spectrometry (HRGS) and ICP-MS analysis. Radionuclide concentrations (ppm) based on ICP-MS analyses were converted into activity values (Bg/kg). The DRAC v1.2
(Durcan et al., 2015) was used for dose rate and age calculation, with the conversion factors of Guérin et al. (2011), and alpha and beta attenuation factors of Bell (1980) and
Guérin et al. (2012) for quartz. The contribution of the cosmic dose rate was assessed following the approach of Prescott and Hutton (1994). Final De values and ESR ages
were derived from the Al (EXPLIN fitting function) and Ti option D (Ti-2 function and data weighting by 1/s2). Further geomorphological interpretations are based on either the
weighted mean ages from the Al and Ti centre-D (if the individual ages derived from each centre are consistent), or the Ti centre-D only (if the Al age is significantly older).
Key: (1) actual depth in metre below surface (m b.s.) of each section; (2) assumed water content; (3) assumed value, see main text for further details.; (4) weighted mean (wm)
De values are calculated only when Al and Ti ages are consistent at 10; (5) based on the weighted mean De values derived from both Al and Ti centres.

Sec.

HRGS Unit

Dose rate ICP-MS

Dose

Age

Section BOU DOE TOLL MRB
Sample ID C-l3824  C13825  C-L3826  C-L3884  C-3885  C-L3886  C-13887  C-L3888  C-L3889  C-13890  C-L3891
Grain size (um) 100200  100-200  100-200  100-200  100-200  100-200 100200  100-200  100-200  100-200  100-200
Depth (m b.s.)® 5.3 15 05 3.2 1.9 12 21.4 216 30.0 138 13.4
Water content (%) 1545 1545 1545 1545 1545 1545 1545 1545 1545 1545 1545
28U (Bq/kg) 9.33t0.50 17.16%0.87 10.70#0.62 16.04:0.75 16.17+0.87 13.80+0.75 9.70:0.62  9.45:0.62 8.45t0.50  8.58+0.62  8.21%0.62
22Th (Bq/kg) 6.21+0.45 11.97+40.77 8.16+0.61 13.88+1.01 13.92+1.06 11.56+0.77 13.67+0.81 13.760.81 11.04+0.69 10.75:0.69  9.21+0.65
“0K (%) 0.49+0.01  0.65:0.01  0.48+0.01  0.79:0.02  0.724¢0.02  0.73+0.02  0.86:0.02  0.850.02  0.76+0.02  0.73:0.02  0.69+0.01
28U (Bq/kg) 9.70:0.92 20.89+1.12 11.81#0.95 19.40+1.09 1356%0.98 15.05+1.00 10.94:0.94 995092 9.58+0.92  8.46:0.90  9.33%0.91
22Th (Bq/kg) 8.72:0.41 12134054 9.78+0.45 14.57+0.64 1156+0.52 14.61+0.64 14.28+0.63 13.35:0.59 11.20+0.51 10.83+0.49 10.55+0.48
“0K (%) 0.52+0.01  0.68+0.02  0.47+0.01  0.78+0.02  0.56£0.02  0.77+0.02  0.85:0.02  0.79+0.02  0.74+0.02  0.62:0.02  0.67+0.18
Internal (Gy/ka)® 0.05:0.03  0.05:0.03  0.05t0.03  0.05:0.03  0.05:0.03  0.05t0.03  0.05:0.03  0.05:0.03  0.05t0.03  0.05:0.03  0.05:0.03
External alpha (Gy/ka) 0.01+0.01  0.03:0.02  0.02+0.02  0.03:0.03  0.03#0.02  0.02+0.02  0.02:0.02  0.02+0.02  0.02+0.02  0.02:0.01  0.02+0.01
External beta (Gy/ka) 0.41+0.02  0.60:0.04  0.420.03  0.69:0.04  0.64+0.04  0.62:0.04  0.68:0.04  0.67+0.04 0.60:0.04  0.58:0.04  0.54%0.03
External gamma (Gy/ka) ~ 0.24+0.01  0.39+0.02  0.27:0.02  0.430.03  0.42:0.02  0.38:0.02  0.40+0.02  0.39:0.02  0.330.02  0.33:0.02  0.30:0.02
Cosmic (Gy/ka) 0.11:0.01  0.17+0.02 0.210.02  0.14:0.01  0.16£0.02  0.18+0.02 0.03:0.003 0.03¥0.003 0.02+0.002 0.05:0.005 0.05+0.005
Total (Gy/ka) 0.82:0.04  124+0.06 0.97+0.05 1.34:0.06 131%0.06 1.25:0.06  1.18:0.06 1.17+0.06  1.02:0.05  1.02:0.05  0.96+0.05
Al centre (Gy) 1250+144  1437+302  1197+131 1858261  1537+144  1654%306  2008+148  1826x170  1147+144  1747+244  1441%92
Ti centre-D (Gy) 1038457 1361111  1086x44  2040+172  1469+132  1643+134  1441+42  1479+85  1246%72 12004105 1182472
wm Al and Ti-D (Gy)® - 1370£125  1097+69  1985x175  1500+123 1645148 - - 122689 - -
Al centre (Ma) 1530.19  1.16:0.25 124%0.15 1.39+0.21  1.18+0.12 132#025 1.70¢0.15 157+0.17 112+#0.15  1.70¢0.25  1.500.12
Ti centre-D (Ma) 126010  1.10$0.10  1.12#0.07 153:0.15 1.13+0.12  131:0.12 1.22¢0.07 127:0.10 1.22+0.10 117+#0.12  1.23:0.10
Combined Al-Ti age (Ma)® - 1.100.11  1.13+0.09  148:0.15  1.15+0.11  1.31:0.13 - - 1.20%0.11 - -
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Table 5.3: ESR data derived from the measurements of the different Ti centres. Fitting was performed with the Ti-2 function with weighting by the inverse of the
squared errors (1/s2) and the SSE function with weighting by the inverse of the squared ESR intensities (1/12). Measurement repeatability is assessed through the
variability of the average ESR intensities obtained from each day of measurement. De repeatability is based on the variability of the De values obtained after each
day of measurement.

Option A E
Centre Mixture of Ti -Li and Ti -H Mixture of Ti -Li and Ti -H Pure Ti-Li
Function SSE Ti-2 Ti-2 SSE SSE
Weighting 1/12 1/s? EW 1/12 1/12
Meas.
. De re- > . De . De . De _ De
Sample Adj. r?2 repeat. Adj. r? Adj. r? Adj. r? Adj. r2
(Gy) peat. %) Gy) (Gy) Gy) (Gy)
(%)
C-L3824 0.9941 1091+88 4.1 2.4 0.9960 1038457 0.9964 1067+78 0.9968 102761 0.9883 1439+193
C-L3825 0.9975 1302+70 4.1 7.2 0.9922 1361+111 0.9955 1440117 0.9947 1282+99 0.9985 133355
C-L3826 0.9967 1007+60 35 5.2 0.9982 1086+44 0.9973 1068+69 0.9968 939458 0.9952 1277+106
C-L3884 0.9802 2158+336 6.8 14.6 0.9929 2040+172 0.9947 2017+150 0.9891 1803+203 0.9474 2915+796
C-L3885 0.9952 1511+125 3.3 6.0 0.9955 1469+132 0.9922 1433+120 0.99465 1433+124 0.9918 1653+182
C-L3886 0.9841 1879270 3.5 4.9 0.9931 1643+134 0.9907 1609+145 0.9857 1642+239 0.9776 2248+449
C-L3887 0.9967 1602+99 4.6 18.1 0.9977 144142 0.9946 1654+119 0.9987 1314452 0.9632 2352+606
C-L3888 0.9910 1397+141 4.9 7.3 0.9964 147985 0.9907 1435119 0.9939 1462+137 0.9702 1490+305
C-L3889 0.9975 1269+67 4.2 3.9 0.9996 1246%72 0.9966 1551+88 0.9974 122367 0.9976 1599+97
C-L3890 0.9972 1373+78 3.9 22.1 0.9937 1200+105 0.9841 1653+210 0.9923 1131+108 0.9859 1969+258
C-L3891 0.9938 1162+96 3.8 2.8 0.9973 1182+72 0.9958 1221+92 0.9951 104178 0.9858 1400177
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repeated measurement of each aliquot of a given sample. De values for Ti option D range
between 1469+132 and 2040+172 Gy for section DOE, 1182+72 and 1246+72 Gy for sec-
tion MRB, 1441+42 and 1479485 Gy for section TOLL as well as 1038+57 and 1361+111
Gy for section BOU.

5.4.2.3 De comparison between the different centres

An overview of the most reliable De values derived from Al (EXPLIN) and Ti option D (Ti-2
1/s?) is displayed on fig. 5.6: the results are mostly 1o-consistent (6/11). Five samples (C-
L3824, C-L3887, C-L3888, C-L3890 and C-L3891) are 2c-consistent, showing clearly lower
Ti (option D) De values compared to those of the Al centre (Table 5.2). Given the different

bleaching kinetics of the different centres, with the Al, Ti-Li and Ti-H centres being the least,

g - ° o0 - o o ()
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Fig. 5.6: Summary of the final fitting results of the different centres including De values and adjusted r2 values.

intermediate and most light sensitive centres, respectively, little higher De values derived
from the Al centre may be the result of incomplete bleaching (Duval et al., 2016). Therefore,
based on the principle of the MC approach all centres from samples C-L3825, C-L3826, C-
L3884, C-L3885, C-L3886 and C-L3889 may be considered as completely bleached during
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fluvial transport (Toyoda et al., 2000; Duval et al., 2015). Due to stable ESR signals, ade-
quate bleaching kinetics and 1lo-consistency of the Al and Ti (option D) of the latter six
samples, we consider D values derived from both centres as reliable for calculating final
ESR ages. Therefore, weighted mean De values were used to estimate combined Al-Ti ESR
ages (Table 5.2). In case of the five samples resulting in higher Al D values, we consider
the Ti (option D) De value as most suitable for further geomorphological interpretation (Table
5.2).

5.4.3 pIRIR dating of K-feldspar

Due to quartz OSL signal saturation, K-feldspars were used for further luminescence anal-
yses. Sensitivity changes could be adequately corrected for and recuperation was <5 % of
the sensitivity-corrected natural signal for both pIRIR protocols. We used laboratory fading
tests in order to measure sample specific g-values from the IRSL 50 °C and the two pIR
temperatures (Table 5.4) which range from Qogays Of 3.56+£0.60 to 6.05+£0.79 %/decade
(IRSLso,225) and from 1.66+0.31 to 2.66+0.46 %/decade (pIR22s) as well as from 2.04+1.34
to 4.56+0.64 %/decade (IRSLso200) and from 0.80£1.17 to 2.35+0.43 %/decade (pIR290).
Such high g-values cannot be interpreted as laboratory artefacts and should be considered

as athermal signal loss over geological time scales (Thiel et al., 2011b).

Table 5.4: Results of the fading experiments following the procedures of Auclair et al. (2003). Three aliquots (1
mm) per sample were measured in order to average sample specific g-values and normalised to a measurement
delay time of 2 days after irradiation (gzdays; Huntley and Lamothe, 2001).

Fading rates g-value (%/decade)

Profile Sample ID
IRSL 50,225 pPIR225 IRSL 50,200 PIR290
BOU C-L3824 6.05+0.79 2.66+0.46
BOU C-L3826 - - 4.56+0.64 2.26+0.34
DOE C-L3886 3.56+0.60 1.66 £0.31 2.04+1.34 0.80+1.17
TOLL C-L3887 5.25+0.26 2.26 +0.30 3.07+0.75 2.35+0.43
MRB C-L3891 5.61+0.36 2.06 +0.36 2.07+1.08 1.25+0.74

The athermal detrapping model of Huntley (2006) as implemented by Kars et al. (2008) was
used in order to investigate whether our feldspar samples (C-L3826, C-L3891, C-L3887 and
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C-L3886) are either in steady-state (i.e. field saturation; Huntley and Lian, 2006) or in dise-
quilibrium which would give further chronometric information. Our observations show (n/N)ss
and (n/N) values for the pIRIR22s- and pIRIR2g0-protocols, using both the IRSLsp and pIR
signals, which are approximately equivalent, indicating that our samples are either in, or

close to, field saturation (fig. 5.7).

(n/N)ss
(n/N)ss

e C-L3826 IR50
= C-L3826 pIR290
C-L3886 IR50

e C-L3824IR50
= C-L3824 pIR225
C-L3886 IR50

C-L3886 pIR290
C-L3887 IR50
C-L3887 pIR290
C-L3891 IRs50
C-L3891 pIR290

C-L3886 pIR225
C-L3887 IRs50
C-L3887 pIR225
C-L3891 IR50
C-L3891 pIR225

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
(n/N) (n/N)

Fig. 5.7: Measured trap filling (n/N) vs. predicted field saturation (n/N)ss. Plots for samples C-L3824, C-L3826,
C-L3886, C-L3887 and C-L3891 assessing sample specific field saturation (Huntley, 2006; Kars et al., 2008).
Error bars reflect 1o-uncertainty. a) pIRIRz22s protocol and b) pIRIR290 protocol. The large uncertainties in the
IRs0,200 and plR290 Of the (n/N)ss values originated from the high standard deviations of the sample specific g-
values, which are rather imprecise for the pIRIRz2s0-protocol.

5.4.4 Dose rate evaluation

Radionuclide activity values were determined by HRGS and ICP-MS analysis (Table 5.2).
Both techniques provide consistent results at 1o for 70 % of the samples (24/33), whilst the
seven other samples are consistent at 20. Only two activity values vary slightly higher for
samples C-L3885 and C-L3886, which might be simply due to sediment heterogeneity, as
ICP-MS analyses are carried out on 5 g of material, vs. >400 g for HRGS measurements.
No significant radioactive disequilibrium in the uranium decay chain was observed. Gener-
ally, when using either HRGS or ICP-MS activity values for calculating total dose rates, all
ESR ages remain within an 1o-error range (Appendix D, supplementary material fig. D.1).
Therefore, total dose rates were calculated based on HRGS (Table 5.2). The thickness of
overburden varies between 0.5 and 30 m b.s giving a contribution of the cosmic dose rate

to the total dose rate between ~2 and ~21 %, respectively. The contribution of the beta and
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gamma dose rates to the total dose rate varies between 43 and 58 % as well as 27 and 33

%, respectively.

5.4.5 ESR age estimations and chronostratigraphical framework

Screening the IRSL signals for field saturation (Huntley, 2006; Kars et al., 2008; fig. 5.7),
shows that all feldspar samples are saturated, suggesting fluvial aggradation of the lower
Moulouya River at least as early as the Middle Pleistocene. Following the principles of the
MC approach (Duval et al. 2017), final ESR ages were calculated using either a weighted
mean of the Al and Ti (option D) De, if both De values are consistent, or the Ti (option D) De
only, if the Al De is significantly higher than the Ti (option D) D (Table 5.2). Measured water
contents varied between 2 and 15 %. Since sampling was carried out during a dry
spring/summer season, the measured water contents probably underestimate the true wa-
ter contents. Therefore, we assume a water content of 155 % for calculating the final ESR
ages as a reasonable estimate. Nevertheless, a large associated error (30 % relative un-
certainty) was assumed to encompass short- and long-term variations in the water content.
If considering 25 % of water content instead, the resulting age estimates increase by ~10
% in average, but nevertheless remains within 1 sigma error (Appendix D, supplementary

material fig. D.2).

ESR ages are stratigraphically 2o-consistent within each terrace section (fig. 5.2). In com-
bination with the palaeomagnetic analyses, these new data provide the first chronological

framework for the evolution of the Moulouya terraces during Early Pleistocene times.

Regarding the uppermost part of the BOU section (fig. 5.2), ESR ages are stratigraphically
consistent: the two samples from the upper part and stratigraphically distant by about 1 m
provide two close ages of 1.10+0.11 and 1.13£0.09 Ma, while the third sample collected
about 4 m below yields a somewhat older age of 1.26+£0.10 Ma. These results clearly indi-
cate an Early Pleistocene chronology for the deposits which is consistent with the reversed

magnetic polarities identified at this section.

Similarly, the MRB section (fig. 5.2) reveals a deposition age of 1.20+0.11 Ma in its lower-
most unit 1, which is in good agreement with the reverse polarity given by palaeomagnetic
results, and indicating thus a Matuyama age (>0.78 Ma; Ogg, 2012). In contrast, palaeo-
magnetic analyses of the upper part of unit 2 in the MRB section did not provide conclusive
results, but highly consistent burial ESR ages of 1.17+0.12 and 1.23+0.10 Ma indicate that

aggradation took place during similar time periods.
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In comparison, the unit 2 of the DOE section dates back to 1.48+0.15, 1.15+0.11 and
1.31+0.11 Ma, from the lower to the upper sample, respectively. The slight scatter of those
ESR ages (12.7 %) may be partially explained by the heterogeneity of the depositional con-
text which is displayed in gravel-dominated deposits (unit 2: channel-like structure at 11.5
m b.s.; fig. 5.2). In the absence of in situ gamma measurements, it is possible that the
gamma dose rate derived from laboratory measurements might not fully reflect the actual
sediment structure of unit 2 in the DOE section for some of the samples, inducing thus some
age scatter. However, the three ESR samples unambiguously indicate chronologies >1 Ma,
i.e. in excellent agreement with the reversed polarities identified within the unit 2. Similarly
to the BOU and MRB sections, the DOE section indicates fluvial aggradation during the

Matuyama chron as well.

In comparison, section TOLL (fig. 5.2) presents somewhat more contrasted results. Two
consistent burial ESR ages of 1.27+£0.10 and 1.22+0.07 Ma were obtained, indicating thus
a similar chronology to the other sections. However, the corresponding palaeomagnetic
study provide a normal polarity for those deposits. Given the excellent consistency between
ESR and palaeomagnetic results obtained for the other sections, the possibility of a Brunhes
chronology for those deposits may be reasonably discarded. Taking into account the ESR
age errors, it seems instead that the deposits are more likely correlated to a normal polarity
subchron like Jaramillo (1.05-1.00 Ma) or Cobb Mountain (1.22-1.19 Ma) (Singer, 2014)
within the Matuyama chron, with some preferences for the former as it is very close to the

ESR age results.

Finally, the excellent consistency between the ESR chronology obtained in this work and
the palaeomagnetic results is remarkable, which give us a good confidence in the reliability
and robustness of the chronological framework that has been established for the lower flu-

vial terraces of the Moulouya River.

5.5 Quaternary evolution of the lower Moulouya and geomorphological

implications
5.5.1 Early Pleistocene fluvial deposition vs. abse nce of Middle and
Late Pleistocene sediments

In addition to the remarkable concordance between the results of ESR dating and palaeo-
magnetism, the most striking result of this study is that all ESR ages point to massive fluvial

deposition during the end of the Early Pleistocene. While ~1.5 Ma represents the oldest age
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found in the DOE section, a large majority of ages cluster around 1.1-1.3 Ma and there is
no numerical age younger than 1 Ma (fig. 5.2). Although we cannot definitively preclude that
fluvial deposition might also have occurred during the Middle Pleistocene, we observed and
dated no fluvial sediment belonging to this time period in the 20 km-long studied river reach
on both sides of the thrust. Given the massive aggradation recorded in the footwall reach
(Rixhon et al., 2017b), Middle and Late Pleistocene sediments, if any, should be found in
the uppermost part of the fluvial sequences. This assertion contradicts our ESR ages of
1.10+0.11-1.26+0.10 Ma in the BOU profile (all three in the very upper part of the sequence
and all confirmed by a reverse polarity) and of 1.17+0.12-1.23+0.10 Ma in the MRB profile
(the two upper ones). We thus assume that the complete hypothetical removal of the Middle
and Late Pleistocene deposits over an unknown timespan appears unlikely and that the
latter are absent in this river reach. In the hanging wall reach, no cemented terrace sedi-
ments are observed between the Early Pleistocene T3, i.e. the lowermost Pleistocene level
in the terrace staircase, and the present-day valley bottom characterised by a Holocene
infill (Rixhon et al., 2017b and this study). This also points to the absence of terrace for-

mation during the Middle and Late Pleistocene.

In large river systems, cyclic fluvial aggradation and entrenchment episodes were largely
interpreted as a response to Quaternary climatic fluctuations, especially since the Mid-Pleis-
tocene revolution (e.g. Bridgland and Westaway, 2008). This cyclic pattern was also largely
recognised in river networks draining the western Mediterranean basin, for instance in SE
Spain (Macklin et al., 2002; Schulte et al., 2008). In contrast, the seemingly exclusive Early
Pleistocene fluvial record in the lowermost sedimentary basin of the Moulouya strongly
points to a highly discontinuous and acyclic sedimentation pattern over the second half of
the Quaternary. We therefore suggest that the postulated absence of Middle and Late Pleis-
tocene deposits from our sedimentary record seems ruling out climate as the main driver

for long-term fluvial evolution of the lower Moulouya.

5.5.2 Fluvial incision in the lower reaches

Fadil et al. (2006) have assumed that shortening of the Betic-Rif mountain ranges and the
extension of the Alboran Sea most likely caused crustal deformations in the Western Med-
iterranean. Observations in this study reveal that recent faulting activity considerably de-
formed the Neogene and Quaternary sediments, significantly changing the landscape pat-
tern (Rixhon et al, 2017b).
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The lowermost (TOLL and MRB) and the uppermost units (BOU) of the ~24-40 m-high fill
terraces in the footwall reach show long-term, fast aggradation between ~1.3 and ~1.1 Ma.
Similar to observations by Rixhon et al. (2017b), the bedrock could not be observed in the
footwall reach. A strath terrace carved into cemented river gravels is evident ~2 km up-
stream of the fault zone (Rixhon et al., 2017b; fig. 5.1b), suggesting incision of ~3-4 m since
the Mid Holocene attested by radiocarbon ages around ~7.8 ka from an archaeological site
in the overlying overbank fines (Linstadter et al., 2012b). Strath terraces from the older river
deposits are not evident in the investigated sections. Estimating incision rates remains
therefore challenging due to the unknown duration of aggradation of the terraces (Rixhon
et al., 2011; Burbank and Anderson, 2012; Demoulin et al., 2017).
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Fig. 5.8: Longitudinal profile of the 20 km-long studied Moulouya reach in the lower basin (see fig. 5.1b). Both
river sections, investigated in this study (black stars) and reported by Rixhon et al. (2017b) (white stars), are
presented. Section locations are shown with the actual height of the top of river gravels (metre above Moulouya;
m a.M.), indicating a decreasing trend of incision in the upstream direction.

The well-preserved terrace flight in the hanging wall reach, characterised by the T1, the T2
and the T3 terrace (DOE section), from the highest to the lowest, respectively (Rixhon et
al., 2017b) gains further knowledge about the fluvial incision history in the lower Moulouya

basin. The DOE section is dated to between ~1.5 and ~1.3 Ma, which allow estimations of
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incision rates of 0.025+0.003 mm/a after 1.3 Ma. Similarly, the Oued Amekrane in the north-
ern Rif Mountains yields minimum long-term incision rates of 0.035 mm/a (Barcos et al.,
2014). In contrast, in the middle Moulouya reaches, tributary streams of the Moulouya River
incised with rates of ~0.3 mm/a since the Mid Pleistocene, which has been calculated on
the basis of terrestrial cosmogenic nuclide dating (Pastor et al., 2015). This is most likely
due to different tectonic signals coming from the Middle Atlas Mountains caused by mantle-
driven and thrust-related uplift (Pastor et al., 2015). Uplifting is also evident in the hanging
wall reach, since the basement of Neogene bedrock of the T1, T2 and T3 terrace have
clearly been raised (Rixhon et al., 2017b).

It appears that incision clearly reveals a diminishing trend in the upstream direction (fig.
5.8). Given the height of the top of river gravels in each investigated Moulouya section, the
DOE, GAR (Rixhon et al., 2017b), MRB, TOLL and BOU sections reveal decreasing incision
with heights above the present-day Moulouya stream of 35, 30, 22, 20 and 19 m, respec-
tively (fig. 5.8). Also, a steepening of the stream slope can be identified. Barcos et al. (2014)
have reported that stream length-gradient analysis yields maximum SLk values (e.g. Pérez-
Pefia et al., 2009) in the Beni Snassen gorge, ~40 km upstream of the investigated river
sections (fig. 5.1). Based on morphometric indicators, the Moulouya drainage network is not
at equilibrium state, but it is rather subject to active tectonics associated to lithospheric uplift
(Barcos et al., 2014; Pastor et al., 2015). In this respect, in Holocene fluvial deposits, defor-
mations have been observed suggesting ongoing neotectonics in this part of the region
(Zarki et al., 2004, fig. 1.3).

Crustal shortening of the Rif Mountains, extension of the Alboran Sea, and active litho-
spheric doming in the Rif and Beni Snassen Massif (Fadil et al., 2006; Barcos et al., 2014)
leads to tectonic impulses to the studied river reach. Therefore, it might be assumed that
since the Early Pleistocene, the Moulouya most likely reacts on ongoing tectonics in its

lower reach in order to reach an equilibrium state.

5.6 Conclusion

The Moulouya River (NE Morocco) is somewhat affected by long-term tectonic activity dis-
rupting the whole sedimentary basin due to the convergence between the African and Eur-
asian plates. Recently, Rixhon et al. (2017b) have identified and reported for the first time
a description of the Pleistocene fluvial terraces on the lower 65 km-long reach of the Mou-
louya River, which reflect crustal deformations due to a SW-NE striking fault zone (fig. 5.1).

In the absence of numerical ages, the timing of these processes was nevertheless quite
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unknown. This study fills this gap by providing the first numerical ESR ages obtained for the

fluvial terraces of the lower Moulouya River.

Due to the expected Early- to Middle Pleistocene age of the Moulouya terraces, establishing
luminescence chronologies has been challenging. Therefore, ESR dating presents an al-
ternative, reliable way to gain further chronological information on the ancient Pleistocene
fluvial deposits. The results provide for the first time a chronological framewaork for the evo-
lution of the Moulouya terraces during Early Pleistocene times. The ESR chronology is con-
sistent with palaeomagnetic results. By presenting the first numerical age estimates of the
Moulouya fluvial terraces, this study shows the high potential of the multiple centres (MC)
approach in ESR dating. In the near future, further age control will tentatively be achieved
by using single-grain TT-OSL dating and isochron burial dating (?®Al/*°Be) on the same flu-

vial deposits.

These geochronological and geomorphological analyses help to further understand the en-
vironmental evolution of the lower Moulouya fluvial terraces (see also Rixhon et al., 2017b)
in a tectonically active area related to the convergence between the African and Eurasian
plates. This study reveals crustal deformations during Early Pleistocene times associated
to a main fault zone resulting in incision rates of 0.025+0.003 mm/a. Observations in this
study validates the assumption of the W-E striking main deformational front and N-S com-
pressive shortening encompassed along faults between the Rif and Atlas Mountains. How-
ever, further investigations should be carried out in the future in order to study the onset of
fluvial deposition in the lower Moulouya basin (e.g., at the outlet of the Beni Snassen gorge)

to improve the Quaternary stratigraphy of the Moulouya River in NE Morocco.
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6 Discussion

This research deals with fluvial environments in NE Morocco in the direct vicinity of a pre-
historic site, the rock shelter of Ifri ”’Ammar. Detailed investigations were conducted in order
to establish a precise geochronological framework of two fluvial systems of different spatial
scales. Furthermore, analyses were carried out in order to study past landscape changes.
At last, a linkage between the onsite archive (Ifri ”"Ammar) and the offsite archives (Wadi
Selloum, lower Moulouya River) was made to discuss the influence of the AMH on natural

conditions in this area.

6.1 Fluvial geomorphology in NE Morocco

Hypothesis 1 — Both small and large fluvial systems provide valuable insights into

the geomorphic evolution of the study area

Given the different fluvial patterns and spatial dimensions of the Wadi Selloum and the lower
Moulouya River, impulses (e.g. climatic, tectonic) that affect the geomorphological evolution

are discussed.

Objective a: Investigating ephemeral stream deposits of Wadi Selloum

The Mediterranean region is characterised by a high sensitivity with regard to environmental
parameters (e.g., climate, hydrology, vegetation; cf., Brickner, 1994). In Mediterranean
North Africa, the semi-arid climate is directly reflected by the hydrological regime, charac-
terised by episodic and highly energetic flash flood events with rapid flow velocities and high
sediment discharge (e.g., Abdalla et al., 2014). Therefore, ephemeral streams are ubiqui-
tous in semi-arid landscapes (Shaw and Cooper, 2008). However, these fluvial systems
tend to be in an unstable state and discontinuous, since floods occur when and where suf-
ficient surface runoff is generated, which is highly sensitive to short-term environmental
changes (e.g., increase in precipitation, soil properties, land use) (Bull, 1997; Hook and
Mant, 2002; Lopez-Bermudez et al., 2002).

The Wadi Selloum (Chapters 2 and 3), which drains the foot slopes of the rock shelter of Ifri

n'Ammar (fig. 1.7), is one of those fluvial systems. While sediment properties of the Wadi
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Selloum deposits are primarily determined by the carbonate- and limestone-rich source ma-
terial (Benjelloun et al., 1971), their composition also reflects the sedimentary evolution in-
cluding, e.g., transport processes and chemical modifications (Weltje and von Eynatten,
2004). Due to high contents of allochthonous material (quartz, K-feldspar, plagioclase), it
seems that the fine-grained sediments observed in the different profiles (Chapters 2 and 3)

form a mixture of fluvial (authochthonous) and aeolian (allochthonous) sediments.

Observations in this study have shown that the rather small catchment (290 kmz, fig. 3.1) of
Wadi Selloum is characterised by a high morphodynamic variability with deposition on the
valley floor and incision of the main trunk (Chapter 3; fig. 3.2). Whilst the former is likely the
result of the larger accommodation space downstream and upstream of the rock shelter of
Ifri n’Ammar, vertical erosion directly in front of the archaeological site is probably enhanced
by the narrow local valley relief (e.g., Rock Selloum). Also, at least two larger rock falls
narrow the accommodation space in front of Rock Selloum (fig. 3.2). It is noteworthy that
bedrock was never reached during field work, indicating Wadi Selloum’s incision into its
own sediments. Therefore, given the two modes of operation, either aggradation or degra-
dation (Bull, 1997), disequilibrium in Wadi Selloum’s main stream is promoted by sediment
deposition or channel downcutting. That causes either the fall or the rise of the local base
level (Chapter 3).

As a northern first-order tributary stream of the Moulouya River, Wadi Selloum is located in
the convergence zone of the Eurasian and African Plates implying a disequilibrium state of
the whole Moulouya catchment (Barcos et al., 2014). Morphometric indicators show that the
catchment of Wadi Selloum is also affected by this long-term tectonic activity. Two larger
knickpoints downstream and upstream of the studied reach (Chapter 3; fig. 3.2) might point
to tectonic influence in the study area. However, the time scale considered by Barcos et al.
(2014) clearly differs with the last ~100 ka considered in this study (Chapters 2 and 3). Thus,
recent tectonics may be neglected in Wadi Selloum’s catchment area and in particular as a
potential trigger of fluvial incision. Furthermore, the knickpoints are related to thick calcrete
layers at the surface (fig. 3.2), which lead to an open question whether climate variability

increased regressive erosion instead of tectonics in the studied reach.

Direct or indirect climatic forcing in form of precipitation or vegetation are crucial triggers on
fluvial system dynamics (Vandenberghe, 2003). Both are of particular importance for Wadi
Selloum’s geomorphological evolution. The Moroccan landscape has been characterised
by evergreen oaks and riparian forests during the early Holocene (Zapata et al., 2013;
Zielhofer et al., 2017). Nowadays, however, scarce vegetation is obvious in the direct vicin-

ity of Ifri "Ammar, representing strong human influence due to intensive land use, e.g. by
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former deforestation and recent overgrazing (e.g., goats) and tillage. Consequently, en-
hanced soil erosion delivers abundant sediment supply from the hillslopes (Chapter 3; e.g.,
Briickner et al., 1986).

Thus, the ecologically unstable Wadi Selloum catchment is sensitive to human impact as
well as short-term climatic changes, leading to a high discontinuity of aggradation and deg-
radation phases (Chapter 3). This is reflected by the high erosional power during flash

floods, which lead to large hiatuses in Wadi Selloum’s sediment record.

In comparison with other palaeoclimate studies at a regional scale (e.g. Pérez-Folgado et
al., 2004; Tjallingii et al., 2008; Ehrmann et al., 2013), this study shows considerable poten-
tial to give insights into palaeoenvironmental conditions based on the geomorphic and sed-

imentary fluvial features of an ephemeral stream system (Chapter 3).

Objective b: Studying fluvial terrace systems along the lower Moulouya River

After the Nile River, the perennial Moulouya River has the second largest catchment
(~74,000 km?) in North Africa debouching into the Mediterranean Sea (Pastor et al., 2015).
This study focuses on the lowermost reach of the Moulouya (Chapters 4 and 5), draining
the Zebra-Triffa plain and the Ouled Mansour plateau (fig. 4.1). The investigated Moulouya
reach is located >20 km upstream of the estuary in the Alboran Sea (fig. 1.4). Therefore,
base level changes associated with eustatic variations cannot be excluded for terrace for-
mation (Boumeazza und Pissart, 2010), but this factor alone is unable to explain the com-
plex terrace pattern observed in this valley reach. Therefore, it remains the question
whether tectonic activity and/or climate change is responsible for the shape of the lower
Moulouya landscape (e.g., Bridgland et al., 2017).

Field observations and measurements highlight (Chapter 4) that the fluvial terrace record
has been considerably affected by tectonic processes related to the collision between the
African and Eurasian plates (Barcos et al., 2014). The newly identified W-E striking fault
zone disrupted the sedimentary basin, associated with N-S compressive shortening in this
region. While long-lasting aggradation formed up to 37 m-thick composite fill terraces in the
footwall reach (Triffa plain), a terrace staircase with at least three distinct terrace levels (T1-

T3; fig. 4.9) characterises the hanging wall reach (Ouled Mansour plateau).

The fluvial terraces are composed of coarse-grained deposits intercalated by sandy lenses
(Chapters 4 and 5). Channel-like structures in, e.g., the T3 terrace (DOE section; fig. 6.1)
in the hanging wall reach point to the development of multi-thread channels separated by

channel bars (Eaton et al., 2010). Decimetre-large boulders (fig. 4.10), observed at the foot
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slopes of this profile (Chapter 4), indicate high stream power and transport capacities, sim-
ilar to Pleistocene river deposits in SE Spain (Schulte, 2002). Thus, the sedimentary facies
likely represent a former braided-river system defined by the presence of horizontal- and
cross-bedded gravel and sand lenses as well as frequent boulders.

Fig. 6.1: Panoramic view of the DOE profile, showing the main units described in Chapter 4 (see also fig. 4.10).
A channel-like structure is evident in unit 2 of the DOE profile.

In contrast, the Moulouya River pattern is nowadays sinuous to meandering, whilst its main
trunk has changed during the last century due to the construction of several dams along the
river. For instance, prior to the construction of the dam Mohammed V in the year 1967 (fig.
1.7), the Moulouya transported a mean sediment flux of ~12x10° t/a, which is nowadays
reduced by ~93 % (Snhoussi et al., 2002). During Holocene times, up to 15 m-thick fine-
grained sediments have been deposited as overbank fines in the lower Moulouya reach
(e.g., Zielhofer et al., 2008, 2010). In contrast to the braided-river deposits of the fluvial
terraces, it might be assumed that the Moulouya stream pattern was similar to the modern
meandering system during Holocene times when the vegetation cover was fully evolved
(e.g., Zapata et al., 2013).

The development of these two fluvial systems, either meandering or braided, might have
been affected by catchment-scale climatic pulses. While today the Moulouya catchment is
not glaciated, former glacial and periglacial features have been observed around the highest
peaks of the Middle and High Atlas Mountains (Awad, 1963; Hughes et al., 2011; fig. 1.5
and 1.6). Given the distance of at least 200 km to the upstream-located mountainous areas,
the question remains, to which extent sediments were produced due to these climatic im-
pulses and were subsequently accumulated in the investigated lower reaches of the Mou-
louya. Furthermore, due to the fact that those glacial/periglacial features have so far never

been dated, it is still difficult to define the climatic cyclicity in the area.

Thus, it remains challenging to quantify the climate influence on the development of the
fluvial terraces in the lower reaches of the Moulouya River. It is, however, certain that active

tectonics played a crucial role in Moulouya'’s long-term fluvial evolution.
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Given the Early Pleistocene age of the lower Moulouya fluvial terraces (Chapter 5), human
impact on the development of the fluvial terraces may be neglected. In contrast, during
Holocene times, human influence is an important factor in the study area (Linstadter et al.,
in press). For instance, on the left river bank ~2 km upstream of the fault zone, strath sur-
faces point to a 3-4 m higher base level during Holocene times (Chapter 4; fig. 4.6). How-
ever, it remains rather challenging to determine the human impact on this downcutting

events alongside tectonic or climate factors during Holocene times.

6.2 Quaternary landscape evolution in the Moulouya catchment

Hypothesis 2 — Deposits of ephemeral streams and pe  rennial rivers serve as suitable

geo-archives for reconstructing past landscape chan ges

Fluvial response to a complex interplay between tectonics, climate and human impact is
obvious in the study area. Alongside identifying and quantifying the geomorphic processes
(Chapter 6.1) that affect the Wadi Selloum and the lower Moulouya River landscape, de-
tailed investigations were carried out in order to check whether both systems give valuable

insights into the Quaternary landscape evolution in NE Morocco.

Objective c: Dating fluvial deposits of different natures

Different luminescence (OSL, pIRIR and TL) and ESR dating technigues in combination
with palaeomagnetic analyses were used to establish local chronologies of (i) the Wadi

Selloum and (ii) the lower Moulouya fluvial terraces (Chapters 2, 3 and 5; fig. 6.2).

(i) Optical dating of ephemeral stream deposits is generally challenging (e.g., Klasen et al.,
2013). Firstly, fluvial transport within the 290 km2-wide catchment area of the Wadi Selloum
is characterised by short mobilisation distances during high-energetic flash flood events,
which lead to an incomplete resetting of the luminescence signals of quartz and K-feldspar.
This was proven by measuring the residual dose of a modern analogue sample (Chapter
2). It has been shown that aliquot size and the choice of the age model for calculating the
true burial age are crucial points to obtain reliable OSL results (e.g. Klasen et al., 2013). In
this respect, single-grain dating in combination with the minimum age model (Galbraith et

al., 1999) could be used to remove partially bleached quartz grains from age calculation.

Secondly, due to the fact that soil forming processes occurred in the ephemeral stream
deposits, demonstrated by micromorphological analysis (Chapter 3), sediment mixing may

result in erroneous burial ages (e.g., Bateman et al., 2007). Some studies applied the finite
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mixture model (Galbraith, 2005) in order to receive different grain populations (e.g. Duller,
2008; Lomax et al., 2012). This approach could not be used in this study, since equivalent
doses showed a rather symmetrical pattern (fig. 3.10). Therefore, the central age model
(Galbraith et al., 1999) has been used on the single grain base, since laboratory analyses
show reliable results. Nevertheless, it should be noted that the OSL age of sample C-L3828
(IAM 29; fig. 3.5), influenced by post-depositional processes, should be considered as a
minimum age: it is not clear whether single- or multiple-grain aliquots underestimate or

overestimate the true burial age, respectively (Chapter 3).

Thirdly, quartz OSL dating is limited due to the low saturation level of the fast component
(Wintle and Murray, 2006). The upper dating range of quartz in the investigated ephemeral
stream deposits is around 70 ka, which limits its application to older sediments (Chapter 2).
As a consequence, high-elevated temperature IRSL measurements (pIRIR2g0) were used
to circumvent OSL saturation issues. In order to compare OSL and pIRIR2g dating of the
ephemeral stream sediments, two samples were dated by both luminescence techniques
(profile IAM 6; Chapter 3) and yielded consistent ages within 10. Thus, pIRIR2g dating has
proven its reliability and could be used for dating Late Pleistocene ephemeral stream de-

posits.

Radiocarbon dating has often been used as independent age control in order to check the
reliability of the luminescence ages in fluvial records (e.g., Klasen et al., 2013). In this study,
the application of the radiocarbon technique was hampered due to the lack of well-pre-
served organic material. Also, shells of terrestrial gastropods found in the sediment sections
(a) have the problem of the hard water effect, and (b) are known to be prone to reworking
(Rixhon et al., 2017a); thus they should not be used for **C dating. Although independent
age control was not possible, inter-method comparisons with TL dating of one pottery shard
(Chapter 2) and OSL/pIRIR dating of two sediment samples of the same stratum (Chapter
3), allowed to establish robust chronologies of the ephemeral stream deposits. Ages range
between 10248 and 1.3+0.2 ka, highlighting discontinuous fluvial deposition between MIS

5c and the Holocene (Chapter 3).

(i) Establishing chronostratrigraphies of the Moulouya fluvial terraces is equally challenging
(Chapter 5). The low saturation level of the quartz fast component (Wintle and Murray, 2006)
hampered the use of OSL dating. Alternatively, pIRIR dating techniques on K-feldspar were
tested in order to avoid quartz saturation, but athermal detrapping modelling (cf. Huntley,
2006; Kars et al., 2008) also predicted sample-specific field saturation even of high-temper-

ature pIRIR signals (pIRIR22s and pIRIR290; fig. 5.7).
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In order to extend the dating range beyond the saturation level of the different luminescence
signals, ESR dating of quartz was applied as an alternative dating procedure. Using the MC
approach with ESR dating in fluvial environments (Duval et al., 2015), the Al and Ti centres
were measured in order to check whether both paramagnetic centres would provide con-
sistent results. An issue of the Al centre is that a light-sensitive “bleachable” and insensitive
“unbleachable” component exist (Toyoda, 2015), which was also observed in the Moulouya
samples (residual signals of ~50 % of the natural ESR intensity). However, using the
method of Voinchet et al. (2003) (subtracting the Al residual dose from the De prior to any
age calculation) resulted in overall agreement between the different paramagnetic centres,
which proves that all centres were adequately bleached prior to deposition (e.g., Duval et
al., 2016).

The dating results provide a chronological framework for the lower Moulouya terrace de-
posits of the Early Pleistocene (fig. 6.2). ESR ages between 1.27+0.10 and 1.13+0.09 Ma
in the footwall of the fault zone show sediment aggradation approx. between MIS 37 and
MIS 33, whilst the formation of the lowermost terrace (DOE profile) in the hanging wall dates

between 1.48+0.15 and 1.31+0.13 Ma, indicating even older fluvial deposition (fig. 5.2).

First numerical age estimates of the Pleistocene fluvial terraces of the lower Moulouya River
can be compared to relative age information inferred from palaeomagnetic analyses. The
occurrence of mostly reversed polarity may be interpreted as deposition during the
Matuyama chron (>0.78 Ma; Ogg, 2012). The lowermost part of the TOLL section shows
normal polarity, most likely belongs to the Jaramillo (1.05-1.00 Ma) or the Cobb Mountains
subchron (1.22-1.19 Ma) (Singer, 2014). In addition, saturated feldspar pIRIR signals indi-
cate fluvial aggradation of the lower Moulouya River at least as early as the Middle Pleisto-

cene.

Bearing in mind that chronostratigraphies of the ephemeral stream deposits and Moulouya
fluvial terraces have not yet existed, the application of different trapped charge dating tech-
nigues served as valuable tools to get chronological information about deposition in the
different fluvial systems. Whilst luminescence dating has been widely applied to fluvial sed-
iments (e.g. Wallinga, 2002; Rittenour et al., 2008), ESR dating presents an innovative way

to gain further chronological information of ancient Pleistocene fluvial environments.

99



Chapter 6

Holocene Late Pleistocene MP Early Pleistocene
T T T T T T T T T T T 4 T T T T
£ &
[*] > 2 g 1ol e
— 'g © o o
J.)) > (;,' g - EES L] ——i
- E L5 rod e ——
o F&s e
© 5 [ e
; =~ ——
g Tg ——
>E 5 r——t
T ®E g ——
2< g0 . —e—i
AN deposits not found —
cLoyg ———t
. 83 s
> 77777777777777777777777777777777777777777777777777777777777777777
x T o
© ©~0 *
> 2:f .
« E
<] 35 "% - -
S N
=S e
= 5. *
g 882 "
2 2 8= -
5 s »
T : g
oS L e radiocarbon dating
0o * o lumi )
=] uminescence dating
EA ] ® ESR dating
N
012 3 4 5 6 7 8 910N 20 40 60 80 100 120 200 600 800 1000 1200 1400 1600
Age (ka)

Fig. 6.2: Chronological constraints for fluvial records of the ephemeral stream Wadi Selloum and the perennial
lower Moulouya River. Alongside luminescence and ESR dating (Chapters 2, 3 and 5) on both sites, radiocarbon
ages from Zarki et al. (2004), Linstadter (2008) and Zielhofer et al. (2010) are presented. Here, only data from
charcoal in fluvial layers and archaeological sites were retained. 1o-standard deviations were used for 4C-
dating by these authors. Similarly, luminescence and ESR ages presented in this study show lo-confidence
interval.

Obijective d: Differentiating between phases of fluvial morphodynamic activity and stability

The Wadi Selloum and the Moulouya River are ephemeral and perennial fluvial systems,
respectively, and record fluvial morphodynamics on different spatial and temporal scales
(fig. 6.2). Fluvial terraces of the lower Moulouya River were formed during the Early Pleis-
tocene between ~1.5 and ~1.1 Ma (Chapter 5). In contrast, Wadi Selloum mostly deposited
fine-grained sediments in periods at ~100, ~75, ~55 ka, after the LGM and during short-

term environmental changes in Holocene times (Chapters 2 and 3).

However, these time periods may have been interrupted by phases of decreased flooding
and lower aggradation rates related to morphodynamically stable conditions, likely charac-
terised by vegetation-rich land surfaces leading to soil formation and weathering processes
(e.g, Zielhofer et al., 2009). Both fluvial systems show age-related soil forming processes
typical for Mediterranean semi-arid environments (e.g., Badia et al., 2009; Candy and Black,
2009). In the lower Moulouya River, relictual features of pedogenetic processes have been
observed in form of per descendum calcrete formations in the upper metres of the investi-

gated Moulouya sections (Chapter 4; fig. 6.3). At the current state, it might be assumed that
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soil formation inferred from stable morphodynamic conditions occurred after 1.31+0.13 Ma
in the hanging wall reach (DOE profile, T3 terrace). Similarly in the footwall reach, the up-
permost ESR datings of the MRB and BOU profiles suggest soil forming processes post-
dating 1.23+0.10 and 1.13+0.09 Ma, respectively (fig. 6.3), although it remains unknown
when soil forming processes occurred. In the Wadi Selloum catchment, the development of
three well-preserved soils were observed during the MIS 3 (palaeosol; Calcisol), the early-
to mid-Holocene (recent Calcisol) and the late Holocene (recent Fluvisol) (Chapter 3). Pe-
dogenic features in the Wadi Selloum deposits might be used as local palaeoenvironmental
markers. The weak development of a Fluvisol in the Holocene section of the Wadi Selloum
(Chapter 3), characterised by A horizon features, are similar to soil horizons in the lower
Moulouya River, which date back to between ~7.3 and ~6.6 ka (Zielhofer et al., 2010). In
the Wadi Selloum sediment sections a Calcisol has likely been developed during the same
time (Chapter 3).
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Fig. 6.3. Correlation of the investigated sediment profiles in the lower Moulouya reach. ESR ages (10) are
presented for the different sections (see Chapter 5). Sediment properties (fluvial structures, pedogenetic fea-
tures) are illustrated, which are characteristic of morphodynamic phases of activity and stability.
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Our observations in Wadi Selloum (Chapter 3) show that overbank fines have mostly been
deposited during more humid periods (e.g., Ehrmann et al., 2013). It might be assumed that
these morphodynamic phases are characterised by enhanced flooding, likely due to peak
precipitation. Taking into account the different fluvial pattern in the Moulouya deposits, ei-
ther characterised by a braided-river or meandering system, it might be suggested that dif-
ferent climate signals are evident. In this respect, coarse-grained terrace sediments mate-
rialised by a braided-river system are a typical river pattern in glacial times, whilst fine-
grained fluvial sediments deposited as overbank fines in a meandering river system are
characteristic for interglacials (e.g., Schulte, 2002; Vandenberghe, 2002). In comparison to
the Wadi Selloum record, it might be suggested that the fine-grained deposits on top of the
Moulouya fluvial profiles (fig. 6.3) have been deposited in more humid periods, whilst the

coarse-grained sediments are related to more arid times.

According to Zielhofer et al. (2010), Holocene cooling is reflected by higher sedimentation
rates and increased flooding. However, the uncertainty of the radiocarbon ages and issues
related to dating organic material deposited in flood plains (Rixhon et al., 2017a) should be
taken into account. Therefore, assumptions about climatic forcings should be considered
with caution, in particular in the semi-arid, highly sensitive Mediterranean region (Bruckner,
1994).

Objective e: Unravelling long-term tectonic activity in the convergence zone of NE Morocco

Based on geodynamic and geomorphic studies, recent tectonic activity has been reported
in North Morocco (Morel and Meghraoui, 1996; Gomez et al., 2000; Fadil et al., 2006; Bar-
cos et al., 2014). Given its location in this tectonically active area (e.g., Fadil et al., 2006;
Barcos et al., 2014), the Moulouya River presents a drainage network which is likely affected

by long-term tectonic activity (Chapter 4 and 5).

Pastor et al. (2014) have shown that the upper and middle Moulouya reaches (e.g., High
and Middle Atlas, High Plateaus; fig. 1.4) are not at steady state represented by large knick-
points along the main trunk and its tributaries (e.g., Za River; fig. 1.4). Here, the fluvial
drainage system is likely affected by surface uplift which led to a considerable knickpoint
development (Delcaillau et al., 2008; Pastor et al., 2014). Whilst knickpoints have not been
observed in the lower Moulouya reach, only ~40 km upstream, the Beni Snassen gorge is
characterised by maximum SLk values (e.g., Pérez-Pefia et al., 2009) indicating active lith-

ospheric uplift by knickzone development (Barcos et al., 2014).

The lower Moulouya River flows across a newly identified fault zone (Chapter 4). As a con-

sequence, constrasting fluvial environments have been developed on both sides of the
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thrust (i.e., stacked terraces in the footwall reach and a terrace staircase in the hanging wall
reach; Chapter 4). Similar observation have been observed by Poujol et al. (2014) in the
northern Rif, who have reported that the El-Hadid River crosses the Trougout fault and
formed a 20 m-deep canyon in the footwall, whilst the hanging wall block is characterised

by at least three fill terraces.

Previous studies have reported that the Ouled Mansour plateau (hanging wall reach; fig.
4.1) might represent a Miocene horst leading to the assumption that normal faults are pre-
sent at its borders (Khattach et al., 2004; Chennouf et al., 2007). Due to observations in this
study (e.qg., contrasting fluvial environments, recrystallization processes in the fluvial depos-
its) faulting seems to be adequate in the investigated Moulouya reach, although fault motion

have not been indicated.

Therefore, uplifting in the hanging wall reach (Ouled Mansour plateau; fig. 4.1) has deter-
mined the position of the Moulouya base level. ESR dating of the lowermost terrace (T3
terrace; DOE) in the hanging wall reach suggests a minimum time-averaged incision rate
of 0.025+0.003 mm/a over the last 1.3 Ma. This indicates rather low incision since Early
Pleistocene times, but fluvial studies in the northern Rif show that incision rates are in the
same order of magnitude after ~6 Ma (Barcos et al., 2014). The lower Moulouya, in its
current direction, is most likely apparent since the onset of the Quaternary due to opening
of the endorheic Guercif basin (Bouazza et al., 2009; fig. 1.4). Assuming the T1 terrace as
the oldest fluvial formation in the hanging wall reach, according to Bouazza et al. (2009),
the T1 terrace cannot be older than ~2.6 Ma. Therefore, it might be assumed that active
tectonics played a crucial role in developing the terrace staircase during at least three cut-
and-fill events between ~2.6 and ~1.3 Ma (T1 to T3, respectively; Chapters 4 and 5). Fur-
thermore, it might be assumed that the knickzone in the Beni Snassen gorge (fig. 1.7; Bar-
cos et al., 2014) could be caused by a transient fluvial reaction to Quaternary thrusting

activity in the sedimentary basin and correlated uplift in the hanging wall block.

The Moulouya River has developed long-lasting aggradation sequences in the footwall
reach between ~1.4 and ~1.1 Ma (fig. 6.3). The bedrock could not be found in the footwall
block, hence it can be assumed that it likely lies below the present-day Moulouya stream.
Therefore, bedrock incision is not apparent in the footwall reach, since the Moulouya is
characterised by composite fill terraces (e.g. Pazzaglia, 2013) and has incised in its own
sediments since the Early Pleistocene (Chapter 5). Since the duration of aggradation is
unknown in this stacked terrace system, the estimation of incision rates remains challenging
(Burbank and Anderson, 2012; Demoulin et al., 2017).
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In contrast to the hanging wall block, direct uplift is not obvious in the footwall block. How-
ever, due to a decreasing incision trend, from downstream (DOE section) to upstream (BOU
section) in this Moulouya reach and a steepening of the stream gradient, it might be as-
sumed that the whole lower Moulouya River has been affected by tectonic activity since the
Early Pleistocene. Observations in this study validates the assumption of the W-E striking
main deformational front and N-S compressive shortening (Fadil et al., 2006) encompassed
along faults between the Rif and Atlas Mountains. Ongoing neotectonics have also been
observed in Holocene fluvial deposits (Zarki et al., 2004; fig. 1.3). Therefore, recent faulting
activity considerably deformed the Neogene and Quaternary sediments and changed the

landscape pattern of the lower Moulouya River.

Objective f: Linking the Wadi Selloum and the lower Moulouya River

The ephemeral stream Wadi Selloum represents a first-order tributary stream of the peren-
nial Moulouya River, giving thus first local insights into fluvial morphodynamics in its north-
ern catchment. The Wadi Selloum record does not provide insights from the onset of fluvial
deposition due to the non-apparent bedrock contact at the base. However, taking into ac-
count the local relief in the vicinity of Ifri n’Ammar (fig. 3.2), valley filling is probably not much
older than the lowermost part of profile IAM 2 (10248 ka; fig. 3.3).

Whilst Wadi Selloum displays morphodynamic activity during Late Pleistocene times,
though discontinuously, in the lower Moulouya reaches, deposits dating back to this time

period have not been observed (fig. 6.2).

Given the different ages of the two fluvial systems (Chapter 3 and 5), it might either be the
case that both fluvial systems have not been active synchronously during the Pleistocene
or that Middle to Late Pleistocene Moulouya deposits have been eroded during the last
millennia. Apparently, this is not the case in Holocene times, since mid- to late Holocene
overbank fines are formed in both fluvial records. Previous studies have precisely docu-
mented the Holocene fluvial evolution in the lower Moulouya reaches without a focus on
older deposits (fig. 6.2; Zarki et al., 2004, Ibouhouten et al., 2010; Pissart and Boumeaza,
2010; Zielhofer et al., 2008, 2010). In the Wadi Selloum, at least one investigated sediment

section covers fluvial sediments between ~6.8 and ~1.3 ka (IAM 6; fig. 2.2).

Obviously, Middle to Late-Pleistocene fluvial deposits have not been found in the area (fig.

6.2). This leads to the following scenarios:

() The drainage network of the lower Moulouya River has significantly changed during the

Quaternary. This may suggest that stream capture from newly developed tributaries might
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have led to higher erosional power. Thus, former Middle to Late Pleistocene fluvial deposits
might have been eroded and these sediments were re-deposited further downstream or

directly transported into the Alboran Sea (fig. 1.4).

(i) The connection between the middle Moulouya reaches (Guercif basin; fig. 1.4) and the
lower Moulouya were discontinuous during the Quaternary. In this respect, the tectonically
active Beni Snassen massif (Barcos et al., 2014) might have been characterised by phases
with enhanced uplift. During these periods, the Moulouya River might not have been con-
nected to the Alboran Sea. Thus, deposits dating back to the Middle and Late Pleistocene

might have not been available.

(iif) Channel relocation of the main stream led to the absence of deposits between the Early
Pleistocene and the Holocene in the study area. Due to the lack of research in the lower
Moulouya catchment dealing with Pleistocene time scales, it remains open whether it is

possible to find fluvial deposits at other locations in that area.

6.3 Relationship between human occupation and natur  al conditions

Hypothesis 3 — Palaeoenvironmental information can be linked to the occupation

phases of settlement history of Ifri n’Ammar

Environmental changes due to climatic shifts and tectonic activity have been observed for
the Wadi Selloum and the lower Moulouya River (Chapter 6.2). Discontinuous occupation
phases since the last ~200 ka are documented for NE Morocco (e.g., Nami and Moser,
2010). Therefore, the interplay between human activity and the landscape evolution have

to be considered.

Objective g: Determining palaeoenvironmental archives that provide information about the

human impact

Fluvial records may provide valuable insights into evidences of prehistoric hominid occupa-
tion, e.g., lithic traditions or immigration pulses (Bridgland et al., 2006; Mishra et al., 2007).
In order to get information about human behaviour in the direct vicinity of fluvial systems,
archaeological findings should be preserved within the sediment sections. As stated by
Bridgland et al. (2006), Middle Palaeolithic sites are mostly in caves or rock shelters, whilst
artefacts are rather rare in fluvial records at the Iberian Peninsula. Similarly, in NE Morocco,
Middle Palaeolithic evidence is mainly preserved in caves such as Ifri ’Ammar (Nami and
Moser, 2010) or Rhafas (Ddrschner et al., 2016). Archaeological findings of the Middle and
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Late Palaeolithic period (if any) have not been preserved in the investigated fluvial se-

guences of the lower Moulouya River or the Wadi Selloum.

In contrast, Neolithic pottery have frequently been found in the apron of Ifri n’’Ammar (pers.
comm. J. Eiwanger, 2014). A single pottery shard has been collected in profile IAM 6 in the
foot slope of the rock shelter, dating back to 7.4+0.6 ka by TL and yielding Early Neolithic
settling in the area (IAM 6, Chapter 2). Open-air sites such as Mtlili or Taoungat at the lower

Moulouya banks (Linstadter et al., 2012a; fig. 1.7) have not been found.

Mediterranean ecosystems are known to have been impacted by human activity during the
last millennia (e.g., Briickner, 1986; van Andel et al., 1986; Hooke, 2006; Mercuri et al.,
2011; Chedaddi et al., 2015). The Moroccan landscape has been characterised by ever-
green oaks and riparian forests during the early Holocene (Zapata et al., 2013; Zielhofer et
al., 2017), whilst it has remarkably changed at the onset of the Neolithic due to intensive
land use (Zapata et al., 2013). According to Linstadter et al. (in press), Neolithic innovations
(e.g., pottery, domestic plants) began at ~7.6 ka in NE Morocco. Plant cultivation is clearly
reported for cereals and pulses (Linstadter et al., in press). Wainwright and Thornes (2004)
have demonstrated that enhanced land use during the last ~6 ka has affected fluvial sys-
tems in form of changes in the hydrological cycle or increased rates of erosion. Nowadays,
in the Wadi Selloum valley, scarce vegetation is obvious in the direct vicinity of Ifri n’Ammar,
representing strong human influence due to intensive land use (e.g., former deforestation,

tillage), which led to enhanced soil erosion (Chapter 3).

However, based on pollen analyses from Morocco, Cheddadi et al. (2015) have reported
that human impact (e.g., grazing, expansion of cultivated land, deforestation) clearly affects
the landscape only since the last 2 ka. Prior to this period, past human disturbance on the
environment had been minimal, since hunting and food gathering yielded barely effects on
the environment (Baartman et al., 2007; Cheddadi et al., 2015).

Obviously, the sedimentation ended after ~1.3 ka in the Wadi Selloum when incision domi-
nated aggradation (Chapter 3; fig. 3.4). Based on pollen analyses and radiocarbon dating,
Wainwright and Thornes (2004) have shown peak anthropogenic disturbances around 1.3
ka in the Mediterranean region. Similar observations have been reported from the alluvial
deposits of the lower Moulouya River (Zielhofer et al., 2010) and terrace sequences of the
Kert River (EI Amrani et al., 2008).

According to Faust et al. (2004), it remains challenging to estimate human influence on
geomorphic processes, since anthropogenic land use or environmental/climatic changes
may induce different and similar geomorphic effects, respectively. For instance, in northern

Tunisia, Faust et al. (2004) came to the conclusion that climate variations are the main

106



Chapter 6

impulse on fluvial systems, whilst human impact only accentuated (intensified or weakened)
geomorphologic processes. Similarly, river terraces in SE Spain show evidence of climate
and human impact, while the latter likely played a subordinate role (Schulte, 2002). Thus, it
remains open to which extent human impact has affected fluvial geomorphic processes in

the Wadi Selloum and the lower Moulouya River.

Itis, however, important to point out that human impact on nature resulting in, e.g., badlands
or enormous sediment accumulation in the valleys, is most likely linked to the ecologically

unstable environment of the Mediterranean region (Brickner, 1986).

Objective h: Correlation between human occupation phases and palaeoenvironmental

changes

Human occupation in the rock shelter of Ifri n"Ammar and its vicinity is reported to have
been discontinuous during the last ~170 ka, i.e., from the Middle Palaeolithic to the Neolithic
cultures (Nami and Moser, 2010; Richter et al., 2010). In the framework of this thesis, the
considered time span of the archaeological site is only captured in the Wadi Selloum record
(Chapters 2 and 3), whilst the lower Moulouya terraces (Chapters 4 and 5) pre-date the time
of modern humans in NE Morocco. Aggradation sediments in the Wadi Selloum have been
dated to periods at ~100, ~75, ~55 ka, after the LGM and during the Holocene (fig. 3.12).
Therefore, only the ephemeral stream deposits reveal first insights into palaeoenvironmen-

tal features in the time of human occupation (Chapters 2 and 3).

Middle Palaeolithic (~300-30 ka)

Archaeological finds of the Aterian techno-complex in the rock shelter of Ifri n’Ammar prove
intensive human occupation between 171+12 and 836 ka, though discontinuously (Richter
et al., 2010). According to Nami and Moser (2010), at least one phase of climate conditions
appropriate for human occupation occurred during MIS 5a. This is in agreement with the
Wadi Selloum record, which reveals overbank deposition during MIS 5¢ and MIS 5a. In
North Africa, more humid climate conditions have been detected during these periods,
based on marine palaeoenvironmental records (Pérez-Folgado et al., 2004; Tjallingii et al.,
2008; Ehrmann et al., 2013; Larrasoafia et al., 2013). Furthermore, increased sea surface
temperatures in the Alboran Sea indicating warmer climate conditions have been detected
for MIS 5a (Pérez-Folgado et al., 2004).

Deposits from MIS 4 (~71-57 ka) have not been preserved within the rock shelter of Ifri

n'Ammar (Nami and Moser, 2010), similar to the Rhafas cave near Oujda in NE Morocco
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(Dorschner et al., 2016). According to Blome et al. (2012), MIS 4 is known to be a drier
climate period in North Africa. Considering the confidence interval of the luminescence age
in profile IAM 2 (fig. 3.3), the offsite archive Wadi Selloum has recorded sediments dating
back to the end of MIS 4 and the beginning of MIS 3. The profile IAM 6 in the Wadi Selloum
presents a high-energy accumulation sequence characterised by gravel-bearing layers after
~76 ka (Chapter 3). Thorp et al. (2002) assumed that such coarse-grained deposits in a
fluvial system on the southern margin of the Anti-Atlas in Morocco relates to drier climate
conditions. These findings would thus support the hypothesis of Nami and Moser (2010)
that the absence of archaeological artefacts dating to MIS 4 is the result of unfavourable

climate conditions.

Bearing in mind the uncertainties of the radiocarbon ages, humans occupied the rock shel-
ter at 51.5+1.5 and 39.8+1.2 ka BP during the Middle Palaolithic in MIS 3 (Moser, 2003;
Linstadter et al., 2012a). This is in agreement with the Aterian data set of the Maghreb
(Linstadter et al., 2012a; Dérschner et al., 2016). One palaosol has been observed in the
Wadi Selloum record, post-dating 74+6 ka (fig. 3.5), which might have been developed dur-
ing MIS 3 when humid and warmer climate conditions prevailed in North Africa (Pérez-
Folgado et al., 2004, Tjallingii et al., 2008). Thus, it might be suggested that humans settled

in Ifri n"Ammar in times of increased stabilisation of the land surface during MIS 3.

Upper Palaeolithic (~30-11 ka)

The archaeological sequence is, however, characterised by a large chronological hiatus of
at least 25 ka between the Middle and the Upper Palaeolithic. The Iberomaurusian culture
begins in the archaeological stratigraphy of the rock shelter of Ifri n"TAmmar at 16.31£0.1 ka
cal BP (Moser et al., 2003; Linstadter et al., 2012a; fig. 1.8). Observations presented in
Chapter 3 show an increased aeolian input during MIS 2, indicating more arid climate con-
ditions during and after the LGM. The Western Mediterranean climate is known to be char-
acterised by drier and colder climate conditions (Pérez-Folgado et al., 2004; Tjallingii et al.,
2008).

The Iberomaurusian culture is also present in the Bglling-Allergd interstadial (Nami and
Moser, 2010) which has been characterised by intensive consumption of terrestrial gastro-
pods indicating a warmer and more humid stage (Zielhofer, 2007; Hutterer et al., 2014). The

Wadi Selloum was also active during this time (fig. 3.4).
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Epipalaeolithic (~11-7.6 ka)

One potential cause for the settlement hiatus in Ifri ””Ammar during the Epipalaolithic may
be related to inappropriate environmental conditions for human occupation. In the Wadi
Selloum, the Younger Dryas is possibly revealed by morphodynamic features from coarse-
grained deposits evident in profile IAM 6 (fig. 3.4). Based on marine palaeoenvironmental
records from the Alboran Sea, drier and colder climate conditions prevailed during the
Younger Dryas (Cacho et al., 2001; Fletcher and Sanchez Goiii, 2008). According to Bara-
thon et al. (2000) and EI Amrani et al. (2008), the cold stage of the Younger Dryas is re-

flected in the coarser sediments of the Kert River.

Neolithic (7.6-4 ka)

The development of the recent Calcisol (fig. 3.5), most likely in Early Holocene times, indi-
cates warmer and humid climate conditions; they were also reported for North Africa (Pérez-
Folgado et al., 2004; Tjallingii et al., 2008; Ehrmann et al., 2013). Up to now, the Neolithic
has not been excavated within the rock shelter of Ifri ’Ammar, but was found in the direct
vicinity of the archaeological site (pers. comm. J. Eiwanger, 2014). In the Wadi Selloum,
one dated pottery shard (TL age of 7.4+0.6 ka; Chapter 2) proves the presence of the Ne-
olithic culture in this area. Fluvial activity has changed during the Holocene, presented by a
weakly-developed Fluvisol (fig. 3.4). This pedogenesis might point to short-term environ-
mental changes during the Holocene, since it appears that Wadi Selloum’s morphodynam-

ics had not been stable long enough for the formation of Calcisol (Chapter 3).

Thus, with respect to the Wadi Selloum data, it may be assumed that peak precipitation due
to wetter and warmer climate conditions occurred in North Morocco, which, in turn, led to
enhanced flash flood activity in Wadi Selloum. Due to the observations in the fluvial ar-
chives, it may be suggested that humans occupied this area during periods with warmer
and wetter climate conditions. Water is the basic precondition for human settling number
one (Petraglia et al., 2010). The location of the rock shelter of Ifri n’Ammar, in the catchment
of the Moulouya River (fig. 1.3), may have secured the hydrologic water supply for housing
(Nami and Moser, 2010). However, it is not realistic that Wadi Selloum served as an ade-
gquate water source, since its water discharge has been too discontinuous. Nevertheless,
the location in the catchment area of the Moulouya River and a rough distance of ~20 km
to the main stream, seem to have allowed AMH settlement at least during wetter conditions.
In particular, it seems that stable land surfaces characterised by enhanced vegetation cover
and nutritious soils induced by more humid climate conditions favoured human settling in

this area (Chapter 3). Plus, and this argument especially holds true for the earlier phases
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of human occupation, Ifri n"Ammar was an excellent site for hunting: its natural setting is
comparable to a bottle neck, flanked on both sides by steep rocks and additionally narrowed
by a rockfall. Any potential prey had to pass through this narrow gate and could, therefore,
be easily hunted.
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7 Conclusion and Outlook

This geomorphological and geochronological research gives new insights into the environ-
mental evolution of fluvial systems in NE Morocco. Up to now, Pleistocene landscape dy-
namics have only been poorly reconstructed, which is mainly due to missing geochronolog-
ical data. Particularly, trapped charge dating methods and palaeomagnetic analyses have
never been used in order to provide a better geochronological constraint of an ephemeral

stream system and ancient Pleistocene river terraces in this part of Morocco.

This study shows that establishing chronologies of fluvial systems in the study area is some-
what challenging (Chapters 2, 3, and 5), but the application of different luminescence dating
techniques (OSL, pIRIR, TL), the multiple centres approach in ESR dating, and palaeomag-
netic analyses serve as suitable tools to produce robust chronologies for the investigated
fluvial deposits. By presenting the first numerical ages, further knowledge about the Qua-

ternary palaeolandscape could be gained.

The Wadi Selloum (Chapters 2 and 3) could be dated to between 102+8 and 1.3+0.2 ka.
This reliable geochronological framework covers different morphodynamically stable and
active phases in the time of Middle and Late Palaeolithic occupation in the rock shelter of
Ifri "Ammar. Periods of enhanced aggradation occurred around ~100 ka, ~75 ka, ~55 ka,
after the LGM, and during the Holocene, whilst sedimentation ended after ~1.3 ka. The
Wadi Selloum might be characterised by enhanced flooding during humid phases. Pedo-
genesis may be used as environmental indicator for more humid climate conditions during

MIS 3 (palaeo-Calcisol), the early Holocene (Calcisol) and the late Holocene (Fluvisol).

However, these first implications about the palaeoclimate and environmental changes
should be taken with caution, since the highly sensitive ecosystem of the Mediterranean
region clearly affects the fluvial landscape of the Wadi Selloum. Short-term climatic shifts
or human influence for example can lead to an extremely discontinuous and heterogeneous
sediment record. For instance, a single high-energy flash flood event can cause a significant
hiatus in the sediment archive. Therefore, it remains challenging to deduce climatic condi-
tions that favoured or impeded occupation of the rock shelter of Ifri ”"Ammar on the basis
of the fluvial sediments in its vicinity. However, at the current state it seems that more humid

and warmer climate phases favoured human settling in the area.
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In order to support this first insights into the Quaternary landscape evolution and to gain
further knowledge about environmental changes, the comparison with other geo-archives
(e.g., lake sediments or speleothems) is still required. Caves are ubiquitous in the car-
bonate-rich Rif and Middle Atlas Mountains. Since speleothem growth requires humid and
sufficiently warm climate, speleothems may serve as a suitable continental palaeoclimate
record (e.g. Stoll, 2013). In collaboration with Prof. Dr. Denis Scholz (Johannes Gutenberg
Universitat Mainz/Germany), preliminary speleothem studies on cave archives in the Beni
Snassen Massif (fig. 1.4) have been carried out in the second phase of the CRC 806. Stal-
agmite and flowstone samples from the cave “Grotte Jalida” (34°51'49"N 2°21'39"W, ~500
m a.s.l., ~80 km east of Ifri ’Ammar) were analysed to get first age information on the basis
of U/Th MC-ICP-MS data. First results reveal U/Th ages of ~70 ka, ~75 ka, and ~123 ka
(fig. 7.1), indicating more humid climate conditions during the MIS 5e and 5a that favoured
speleothem growth. These preliminary U/Th data considerably support the conclusions from
the Wadi Selloum record (Chapter 3) that morphodynamic activity has mainly been domi-
nated during humid climate phases. In order to establish a high resolution palaeoclimate
record, detailed investigations of speleothems from the surroundings of Ifri ”’Ammar should

be under focus in the near future.
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Fig. 7.1: Preliminary U/Th results in comparison with a selection of OSL/pIRIR ages from the Wadi Selloum
record (see Chapter 3). Uncertainties of both luminescence and U/Th age results are presented with 1o-confi-
cence interval.

In contrast to the ephemeral stream Wadi Selloum, the lower Moulouya terraces date back
to Early Pleistocene times (Chapter 5). The ESR chronology is consistent with the palaeo-
magnetic results, as the occurrence of mostly reversed polarity among the deposits indi-
cates a Matuyama age (>0.78 Ma). So far, this study presents the first numerical age esti-
mates of the lower Moulouya terraces and presents the high potential of the MC approach
in ESR dating, especially beyond the dating range of luminescence dating. However, further

independent age control is still required to evaluate the reliability of the geochronological
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framework; this shall be achieved in the near future by using single grain TT-OSL (cf., Ar-
nold et al., 2016) and isochron burial dating (*°Al/*°Be; cf., Rixhon et al., 2017a) of the same
deposits.

Based on this geochronological framework and geomorphological analyses (Chapters 4 and
5) it might be assumed that tectonic activity is the main trigger of fluvial development in the
lower Moulouya reaches. This is in agreement with previous studies (e.g., Barcos et al.,
2014; Pastor et al., 2015) which show that the whole Moulouya catchment is in disequilib-
rium state. A newly identified fault zone related to the collision of the African and Eurasian
plates supports the assumption of a W-E striking deformational front between the Rif and
Middle Atlas Mountains. Furthermore, observations in this study reveal that crustal shorten-

ing of the Betic-Rif Cordillera might also be assumed (Chapters 4 and 5).

At the current state, it appears that the lower Moulouya fluvial deposition has been discon-
tinuous during the Quaternary: (i) there is still an open question about the onset of fluvial
deposition in the lower Moulouya reaches. According to Bouazza et al. (2009), it might be
assumed that the present-day lower Moulouya River has not been drained into the Alboran
Sea prior to the Quaternary due to the endorheic conditions of the Guercif basin (fig. 1.4).
So far, the two older terraces T1 and T2 could not be dated, but give tentatively information
about the palaeolandscape from the beginning of the Quaternary; (i) fluvial deposits from
the Middle and Late Pleistocene were not observed in the investigated river reach, leading
to the assumption that fluvial deposits have not existed or have been eroded since the Early

Pleistocene (Chapter 5).

In order to investigate the fluvial environment in this area over timescales of the whole Qua-
ternary and to understand the tectonic activity during this time period, further studies on the
Moulouya deposits should be carried out at the outlet of the Beni Snassen Massif (fig. 1.7).
Here, well-preserved alluvial fan deposits have been detected in the year 2016. These flu-
vial deposits may correspond to the oldest fluvial sediments of the lower Moulouya River
and may potentially give new insights into the Quaternary palaeolandscape, which could

then be linked to the studied reach further downstream (fig. 7.2).
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a ( Beni Snassen gorge o]

Fig. 7.2: The Moulouya River at the outlet of the Beni Snassen Massif. a) Panoramic view towards northwest;
b) the Beni Snassen gorge near the Hammadi dam, ~50 km upstream of the investigated Moulouya sections;
¢) zoom in of the fan deposits.

Environmental changes due to climatic shifts and tectonic activity have been observed for
the Wadi Selloum and the lower Moulouya River. With respect to the archaeological se-
guence of Ifri "Ammar, which documents discontinuous occupation phases during the last
~170 ka, also an interplay between human activity and the landscape evolution can be con-
sidered for this region. However, it may be assumed that the Middle and Late Palaeolithic
culture have not much affected the landscape, since people, who settled the area, were
mainly represented by a hunter-gatherer community. This has considerably changed since
the Early Holocene onwards, at the transition from the Epipalaeolithic to the Neolithic cul-
ture. Subsequent plant cultivation and animal domestication affects the landscape in the
Mediterranean environment and represents another trigger for fluvial activity. During this
time, human impact can be described in terms of land use (e.g., overgrazing by goats, till-
age, and deforestation), while later colonisation periods — e.g., the French colonial era — are

rather unknown in NE Morocco with regard to human influence on the environment.

In conclusion, this study presents new insights into palaeoenvironmental changes in NE
Morocco based on two fluvial systems of different spatial and temporal scales. In particular,
it has been shown that an interplay between climate, tectonics and/or human activity form
the fluvial landscapes in this high sensitive Mediterranean region. Further work in the future

will potentially fill the gap of Quaternary palaeoenvironmental research in NE Morocco.
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ESR Fitting procedure and D . calculation

Fitting procedure and D, calculation were performed with Microcal OriginPro 8.5 software
using a Levenberg-Marquardt algorithm by chi-square minimisation. Al ESR intensities were
fitted by using the exponential+linear (EXPLIN) function following Duval (2012). Data points
were weighted by the inverse of the squared ESR intensity (1/1?) to reduce the leverage of
high dose points (Hayes et al., 1988). Ti ESR intensities were fitted with the Ti-2 function
(Woda and Wagner, 2007; Duval and Guilarte, 2015), which describes the decreasing be-
haviour of the ESR intensity at high doses. Data points were either not weighted (EW) or
weighted by the inverse of the squared errors (1/s2) to reduce the influence of dose points
with large experimental errors. In order to get information about the behaviour of the low
irradiation dose points, the Ti ESR intensities were additionally fitted with the SSE function
(1/12) until the maximum ESR intensity (Imax), Whilst the Ti-2 function was fitted over the full
dose range. Fitting equations can be found in supplementary Table A.1. The goodness-of-
fit is assessed through the adjusted r-square (r?) value, which accounts for the degree of
freedom of the system. We adopted the fitting criteria by Duval et al. (2013) in order to
assess the fitting reliability of each dose response curve (DRC) and followed the quality

control procedures recommended by Duval and Guilarte (2015).

Table A.1. List of the fitting functions: single saturation exponential (SSE), exponential + linear (EXPLIN) and
Ti-2 function. D is the absorbed dose (Gy), | is the ESR intensity (arbitrary units). Fitted parameters are the
equivalent dose (De), the saturation ESR intensity (Isat), the characteristic saturation dose (Do), m may be con-
sidered as an estimation of the radiation sensitivity of the second component of the EXPLIN function. Further
information can be found in Duval (2012) and Duval and Guilarte (2015).

Function Equation Fitted parameter
SSE I(D) = lsat*(1 — e(D+De)/DO) De, Isat, Do
EXPLIN I(D) = lsat*(1 — e(P*Pe)VDO) + m(D + De) De, lsat, Do, m
Ti-2 I(D) = a*(e(O+De)/D1 _ g(D+De)ib2) a, D1, D2, De

X1l
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Palaeomagnetic results

For the BOU section, NRM intensities range between 2.71x103 A/m to 8.11x102 A/m. 16 of
32 specimens have been demagnetised by TH, whilst the other 16 specimens have been
processed by AF. The results show a dominance of southeast and negative directions (fig.
5.3). A total of 10 specimens have been processed from the TOLL section, with a range of
NRM intensities between 8.66x10°3 A/m and 1.40x102 A/m. 5 of those subsamples have
been demagnetised by TH and the other 5 by AF. In contrast to the other sections, TOLL
display to the north to northeast and with downwards directions. Many specimens from the
MRB section were either unstable upon demagnetisation or too weak after the initial de-
magnetisation steps. As a consequence, only sample M2 (18 specimens) have produced
reproducible and interpretable results. NRM intensities range between 1.75x10°% A/m and
6.52x10° A/m. Whilst 7 of those subsamples have been analysed by TH demagnetisation,
AF demagnetisation was used to analyse the other 11 specimens. The results show a south
west direction and a negative inclination. NRM intensities from 39 specimens of the DOE
section range between 2.05x10* A/m and 1.09x10- A/m. 23 specimens have been demag-
netised by TH and the remaining by AF. The ChRM directions in this site, similar to the BOU

section, are southeast, and upwards (Table B.1).

Virtual Geomagnetic Poles (VGP)

N Polarity

[© MRB = BOU 0DOE @ TOLL |

Fig. B.1: Virtual Geomagnetic Poles (VGP) of the four different locations at the lower Moulouya River, namely
the MRB, BOU, DOE and TOLL section. VGP pole positions indicate reversed polarity for sections BOU, TOLL
and MRB, whilst section TOLL reveals normal polarity. Star denotes study area. The presence of normal polarity
in a few specimens from the BOU section can be interpreted as overprinting of the actual magnetic field.
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Table B.1: Characteristic remanent magnetisation (ChRM) direction of the palaeomagnetic samples. We used
the Fisherian mean of the ChRM directions to calculate the corresponding virtual geomagnetic pole (VGP) po-
sition for each sample site.

Section Sample ID Declination Inclination VGPLat VGPLon

B1.2A 218 -21 -51 290

B1.3A 83 -45 -9 118

B1.3C 8 -47 58 200

B1.3D 131 -4 -41 125

B2.1A 175 -10 -84 156

B2.1C 153 -28 -61 151

B2.2A 232 -2 -38 304

B2.2B 195 -26 -71 265
B2.2D 170 24 -43 15,3

B2.3A 195 -49 -59 241

BOU B4.1C 171 -24 =77 174
B4.2A 123 -13 87 131

B4.2C 124 45 -33 92

B4.3B 161 -35 87 168

B4.3C 197 -29 -29 265

B4.3D 201 -51 87 246

D1.1C 162 -44 -61 178

D1.2C 223 37 -42 335

D1.3A 206 -14 -64 293

D2.1A 207 15 -61 325

D2.2A 174 -68 -41 210

D2.2D 156 -28 -63 154

D2.3A 175 -33 -74 197

D3.1A 170 -23 -76 169

D3.1C 170 -17 -78 157

DOE D3.1D 169 -19 -77 159
D3.2A 181 -39 -70 217

D3.2B 164 -24 -71 158

D3.2C 173 -27 -76 185

D3.2D 175 -21 -80 184

D3.3A 169 -36 -69 184

D3.3B 170 -23 -76 169

D3.3C 172 -19 -79 168

D3.3D 152 -27 -60 149

D4.1A 218 -14 -52 296

T1.C 341 42 62 356

T1A 1 35 73 38

T2.A 359 37 72 32

T2.B 11 42 66 60

TOLL T2.C 7 38 70 54
T3.A 11 44 64 58

T3.B 353 49 62 22

T3.C 37 61 38 70

T3.D 12 44 64 60

M2.1A 86 -7 4 129

M2.1D 156 -21 -65 145

MRB M2.2C 322 -37 46 271
M2.3D 195 -23 -72 272
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Al centre
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Fig. C.1: Dose response curves (DRC) of the Al centre of the different samples.
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Ti centre (option A)
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Fig. C.2: Dose response curves (DRC) of the Ti centre (option A) of the different samples.
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Ti centre (option D)
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Fig. C.3: Dose response curves (DRC) of the Ti centre (option D) of the different samples.
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Appendix C

Evaluation of the Ti-H centre

The Ti-H centre (option C; Table C.1) yield on average much lower ESR intensities com-
pared to those measured with Ti option A (3817 %) and D (4319 %). Those values are
similar to those measured by Duval and Guilarte (2015) on a wider range of samples, sug-
gesting that the amount of Ti-H centres in the quartz from the Moulouya River falls within
the standards. The measurement repeatability is somewhat higher to that achieved for the
Al centre, ranging between 9.1 and 16.1 %. As a direct consequence, D. repeatability over
three different days varies largely between 7.3 and 42.2 % (mean = 23 %). Final D. values
were calculated by considering the average of nine ESR intensities. The three fitting con-
figurations yield mostly very poor fitting results with adjusted r? values <0.98. The SSE func-
tion fitted on the lower dose range (fig. C.4) yields more satisfactory goodness-of-fit (r2 val-
ues >0.98) as fitted with the Ti-2 function. The only exceptions are samples C-L3884, C-
L3886 and C-L3888 with adjusted r2-values <0.97 indicating insufficient fitting. Although
fitting was not excellent, the three different fitting configurations yielded D. values which are
lo-consistent. Due to the poor goodness-of-fit of the Ti-2 function and the large errors de-
rived from unsatisfied fitting, we assume the SSE D. values as the most suitable calculation
results. De values range between 561+73 and 851+202 Gy for section DOE, 540+90 and
651453 Gy for section MRB, 680+102 and 696+162 Gy for section TOLL as well as 447+66
and 71270 Gy for section BOU. The Ti-H centre (option C) yielded throughout the lowest
D. values of the eleven samples as well as a fitting which is not as good as for the Al or Ti
option D (fig. 5.6). Similarly, Duval et al. (2015) have shown systematically lower D. values
of the Ti-H centre compared to those of the Ti centre (option D). This may be explained by
the lower saturation level of the Ti-H centre (Duval et al., 2015), which might also be an
explanation for our samples characterised by D. values <850 Gy derived from the Ti-H
centre. Likewise, Beerten et al. (2006) have suggested that the Ti-H centre is not enough
stable in Middle Pleistocene or older samples. Therefore, we assume that the Ti-H centre
in the fluvial samples of the Moulouya River has reached saturation and cannot be used for

further dating procedures.
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Fig. C.4: Dose response curves (DRC) of the Ti-H centre (option C) of the different samples.
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Table C.1: ESR data derived from the measurements of the Ti-H centre (option C). Fitting was performed with both the SSE and Ti-2 functions with equal weights
(EW), weighting by the inverse of the squared ESR intensities (1/12) and weighting by the inverse of the squared errors (1/s2). Measurement repeatability is assessed
through the variability of the average ESR intensities obtained from each day of measurement. De reproducibility is based on the variability of the De values (using the
Ti-2 function) obtained after each day of measurement.

Ti-H centre - Option C

ESR intensity SSE (1/1?) Ti-2 (EW) Ti-2 (Us?)
Profile  Sample ID repeatability De reproduc. (%)
(%) De err De err De err
r2 r2 r2
0, 0, 0,
(GY) (%) Gy (Gy) (%)
C-L3824 10.3 23.1 499 + 69 13.8 0.9856 703+164 23.3 0.9567 474 £ 63 13.3 0.9788
BOU C-L3825 13.3 20.4 712 +£70 9.9 0.9938 560+138 24.7 0.9511 638 + 60 9.5 0.9933
C-L3826 12.8 17.4 447 + 66 14.8 0.9850 436 £111 25,5 0.9528 428 £ 54 12.6 0.9731
C-L3884 16.1 42.2 851 + 202 23.8 0.9650 1143 +241 21.1 0.9504 895 + 105 11.8 0.9779
DOE C-L3885 14.0 29.8 561 +73 13.0 0.9882 675+126 18.7 0.9644 684 +72 10.5 0.9838
C-L3886 11.8 10.0 653 + 150 22.9 0.9659 555 + 99 17.8 0.9706 577 + 98 17 0.9654
C-L3887 11.0 39.0 680 = 102 15.0 0.9850 962 + 151 15.7 0.9738 943 + 159 16.9 0.9721
TOLL
C-L3888 14.2 18.9 696 + 162 23.3 0.9664 622 +£187 30.1 0.9202 486 + 79 16.3 0.9668
C-L3889 13.2 19.5 651 + 53 8.2 0.9955 783 £ 126 16.2 0.9728 838 +79 9.4 0.9909
MRB C-L3890 9.1 7.3 540 + 90 16.7 0.9815 540+155 28.8 0.9229 532 + 66 12.4 0.9821
C-L3891 11.2 22.9 558 + 85 15.2 0.9848 525+ 72 13.7 0.9892 466 + 50 10.7 0.9808
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Appendix D

Comparison between HRGS and ICP-MS values
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Fig. D.1: Comparison between ESR age calculations based on HRGS and ICP-MS activity values.
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Appendix D

Testing the influence of water content on the final ESR age
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Fig. D.2: Assumed water contents between 1 and 25 % vs. ESR ages. The resulting ESR ages were normalised
to an assumed water content of 1515 %.
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