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Abstract

Abstract

This work on sediments of the Tarfaya basin comprises (for the first time) a samples
collection from different outcrops and four newly drilled cores as well as recent
sediments from wadis and dunes. The petrographical analysis of studied rocks
provides information about rocks classification and is compared with major elements
geochemical classification. Binary and ternary relationships of the major and trace
elements are used to constrain depositional tectonic settings of the Tarfaya basin
sediments. The radiogenic Nd-Sr isotopic studies reveal the provenance of the basin
infill and its change with time. Finally, clay minerals analysis constrains the tectonic
and climatic control on the weathering of the sediments in source area.

The petrographic studies of the Early Cretaceous and Miocene-Pliocene sandstones
reveal variable mineralogical compositions including modern sediments. The Early
Cretaceous sandstones are subarkosic in composition, while the Miocene-Pliocene
sandstones as well as the recent sediments from wadis are generally carbonate-rich
feldspathic or lithic arenites. However, recent sediment samples from dunes
sediment are almost carbonate free. Their major element geochemistry reflects these
findings.

The major elements relationships (SiO, % versus K,0O/Na,O, Fe,03*+MgO versus
Al,O3/SIO, and Fe203;*+MgO versus TiO, %) indicate that the Tarfaya basin
sediments since Early Cretaceous were deposited in tectonically passive margin
setting. In addition, the trace elements relationships of La/Y-Sc/Cr and La-Th-Sc also
support that the Tarfaya basin sediments were deposited in passive margin
depositional setting. The heavy minerals, further, support the deposition of the
sediments in tectonically stable passive margin settings.

The source rocks of the Tarfaya basin sediments are revealed by the hornblende and
garnet grains geochemical analysis and trace elements geochemistry including rare
earth elements (REE). The hornblende and garnets grains from Miocene-Pliocene
and recent sediments suggest that the Tarfaya basin sediments are derived from the
granitic rocks of the Reguibat shield, high grade metamorphic rocks of the
Mauritanides and low grade metamorphosed or unmetamorphosed sedimentary
rocks of the western Anti-Atlas. The trace element geological compositions and their
ratios as well as REE distribution constrain composition of the source rocks. Low
concentrations of Cr (<150ppm) and Ni (<100ppm) and their correlation suggest that
the sediments of the Tarfaya basin are derived from felsic sources. This is supported
by trace element ratios of La/Sc, Th/Sc, La/Co, Th/Co and Cr/Th that are similar to

those of sediments derived from felsic source rocks. Moreover, chondrite-normalized
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Abstract

REE patterns with light REE enrichment, a flat pattern of heavy REE and negative Eu
anomalies can also be attributed to a felsic rock source for the Tarfaya basin
sediments.

The similar Sm/Nd (0.18-0.20) ratios for all analyzed sediments in both coarse- and
fine-grained siliclastics indicate that no significant fractionation of Sm and Nd
occurred during the formation of the Tarfaya basin sediments due to depositional and
post-depositional processes. The Nd isotope model ages (Tpu=2.1-2.2 Ga) of the
Early Cretaceous sediments suggest that sediments were exclusively derived from
the Eburnean terrane of West African Craton. On the other hand, Late Cretaceous to
Miocene-Pliocene sediments show younger model ages (Tpy=1.7-1.9 Ga) indicating
an origin from both the West African Craton and the western Anti Atlas. In contrast,
the southernmost studied Sebkha Aridal section (Oligocene to Miocene-Pliocene)
yields a provenance age (Tpw=2.5 Ga) indicating that these sediments are
dominantly derived from the Archean terrane of West African Craton.

The clay minerals content from Late Cretaceous to recent sediments of the basin has
been investigated to see the influence of the climatic and tectonic control on
weathering in the source area. The clay mineral assemblages of the basin are
variable in different stratigraphic units. lllite and chlorite which are indicating of
physical weathering are abundantly distributed throughout all studied stratigraphic
units which are derived from both sources of the Tarfaya basin sediments. The
distribution of smectite is mainly associated with detrital origin which is formed under
warm and less humid climatic conditions in the source area. The intensity of chemical
weathering can be evaluated by the kaolinite abundance and ratios of kaolinite/illite.
This is confirmed by the proxies of chemical index of alteration, Al,Os/Na,O and
AlL,O3/TiO,. During the Turonian and Santonian time the chemical weathering was
more intense than that of Campanian. The Early Eocene to Miocene-Pliocene
sediments indicate a low intensity of chemical weathering. In addition, corrensite in
Campanian (Late Cretaceous) and Oligocene-Early Miocene sediments is associated
with the diagenetic transformation of dioctahedral clay minerals under oxic
conditions. The abundant palygorskite in the Early Eocene sediments indicates warm
and dry climate conditions in a nearby exposed coastal area. However, palygorskite
in the recent sediments clay mineral assemblages originated mainly from aeolian

Saharan dust.
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Zusammenfassung

Zusammenfassung

Diese Arbeit beschéftigt sich mit Sedimenten aus dem Tarfaya Becken und
beinhaltet die Bearbeitungon Sedimentproben aus verschiedenen Aufschliissen, vier
Bohrkernen und rezenten Wadi- und Dunensedimenten. Die petrographische
Analyse erlaubt eine Klassifikation der Gesteine, welche mit einer geochemischen
Klassifikation mittels der Hauptelemente verglichen wird. Bin&dre und ternare
Diagramme der Haupt und Spurenelemente werden genutzt, um die tektonische
Position des Tarfaya Beckens seit der Unterkreide zu bestimmen. Die Nd-Sr
Isotopen-Analytik erlaubt es, die Herkunft der Beckensedimente in ihrer zeitlichen
Veranderung zu erfassen. Weiterhin zeigen Tonmineralanlysen den Einfluss von
Tektonik und Klima auf die Verwitterung der Sedimente in den Herkunftsgebieten.
Die petrographischen Untersuchungen an Sandsteinen der Unterkreide, des Miozan-
Plioz&dn und rezenter Sedimente zeigen deutlich variierende mineralogische
Zusammensetzungen. Die Sandsteine der Unterkreide sind subarkosisch, wahrend
die Miozan-Pliozdn Sandsteine und die rezenten Wadisedimente eher aus
karbonatreichen feldspatreichen oder lithischen Areniten bestelen. Dagegen sind die
rezenten Dinensande frei von Karbonaten. lhre Hauptelementgeochemie bestatigt
dies.

Die Hauptelement-Verhéltnisse (SiO,% vs. K,O/Na,O, Fe,03*+MgO vs. Al,O4/SiO,
and Fe,Oz*+MgO vs. TiO2%) deuten darauf hin, dass die Sedimente des Tarfaya
Beckens seit der frihen Kreidezeit an einem passiven Kontinentalrand abgelagert
wurden. Zusatzlich unterstitzen die Spurenelement-Verhdaltnisse von La/Y-Sc/Cr
und La-Th-Sc diese Aussage zu den vorherrschenden Randbedingungen in dem
Tarfaya Becken. Die  Schwermineralanalyse untermauert die Annahme einer
tektonisch stabilen und passiven Randlage.

Die Ausgangsgesteine der Tarfaya Beckensedimente konnen mit Hilfe der
geochemischen  Analyse  von Hornblende und Granat  und der
Spurenelementgeochemie, inklusive der Seltenen Erdelemente (REE), identifiziert
werden. EinzelkOerner von Hornblende und Granat des Miozén-Pliozan und der
rezenten Sedimente zeigen, dass die Tarfaya Beckensedimente als
Ausgangsgesteine sowohl Granitgesteine aus dem Reguibat Schild haben, wie auch
hochgradige methamorphe Gesteine der Mauretaniden und niedriggradig
metamorphe, oder nicht metamorphe Sedimentgesteine des westlichen Anti-Atlas.
Die Spurenelementzusammensetzung und die Verteilung der REE zeigen die
geochemische Zusammensetzung der Ausgangsgesteine. Niedrige Konzentrationen
von Cr (<150ppm) und Ni(<100ppm) und ihre Korrelation weisen darauf hin, dass die

Sedimente des Tarfaya Beckens felsische Ausgangsgesteine besitzen. Diese
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Zusammenfassung

Aussage wird unterstitzt durch die Elementverhéltnisse von La/Sc, Th/Sc, La/Co,
Th/Co and Cr/Th, da diese den Elementverhaltnissen von Sedimenten mit felsischen
Ausgangsgestein gleichen. Des weiteren deuten chondrit-normalisierte REE
Verteilungen mit angereicherten leichten Seltenen Erdelementen flacher Verteilung
der schweren Seltenen Erdelemente und negativen Eu Anomalien ebenfalls darauf
hin, dass die Ausgangsgesteine der Tarfaya Beckensedimente felsisch sind.
Anndhernd gleiche Sm/Nd-Verhéltnisse (0.18-0.20) werden in allen analysierten
Grob- und Feinklastika beobachtet, was darauf hin deutet, dass keine signifikante
Fraktionierung von Sm und Nd, sowohl wahrend der Ablagerung als auch nach der
Ablagerung der Beckensedimente, stattgefunden hat.

Die Nd-Isotopen-Modellalter (Tpy=2.1-2.2 Ga) der Sedimente aus der Unterkreide
lassen vermuten, dass diese vom eburneischen Terrane des Westafrikanischen
Kratons stammen. Dagegen zeigen die Sedimente der Oberkreide bis Miozén-
Pliozan jungere Modellalter (Tpy=1.7-1.9 Ga), was auf den Westafrikanischen Kraton
und den westlichen Anti-Atlas hindeutet. Im Gegensatz dazu zeigt die sidlich
gelegene Sebkha Aridal Sektion (Oligozéan bis Miozan-Pliozan) durch das Modellalter
(Tom=2.5 Ga), dass die Sedimente hauptsachlich vom Archdaischen Terrane des
Westafrikanischen Kratons stammen.

Die Tonminerale von Sedimenten der spaten Kreidezeit bis hin zu rezenten
Sedimente des Beckens wurden untersucht, um den Einfluss des Klimas und der
Tektonik auf die Verwitterung der Ausgangsgesteine zu bestimmen. Die Tonmineral-
Zusammensetzungen der Beckensedimente  variieren zwischen den
stratigraphischen Einheiten. lllit und Chlorit, welche als Anzeiger fir physikalische
Verwitterung dienen, sind in allen untersuchten stratigraphischen Einheiten stark
vertreten. Smektit wurde detritisch in das Tarfaya Becken eingebracht und weist auf
warme und weniger feuchte Klimabedingungen im Liefergebiet hin. Die Intensitét der
chemischen Verwitterung wird durch das Vorhandensein von Kaolinit und dem
Kaolinit/lllit-Verhaltnis abgeleitet. Dies wird durch die Proxies Al,Oz/Na,O und
AlL,O3/TiO,, die als chemischer Alterations-Index dienen, bestétigt. In der Oberkreide
war wahrend des Turons und des Santons die chemische Verwitterung deutlich
starker als im Campan. Die Sedimente aus dem frilhen Eozan bis zum Miozan-
Pliozan deuten auf eine geringe chemische Verwitterung hin. Zusatzlich wird
Corrensit aus dem Campan und dem Oligozén bis frihen Mioz&an assoziiert mit der
diagenetischen Transformation von Tonmineralen unter oxischen Bedingungen. Das
Vorhandensein von Palygorskit in Sedimenten des friilhen Eozan zeigen warme und
trockene Klimabedingungen in einem nahegelegenen, freiliegenden Kistengebiet.
Palygorskit in Tonmineralspektren von rezenten Sedimenten stammen hauptsachlich

Von aolischem Sahara-Staub.
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Chapter 1

Introduction

1.1 Previous work and motivation

The Tarfaya basin is the southernmost Atlantic marginal basin of Morocco. It extends
over more than 1,000 km along the western margin of the Sahara (Hafid et al., 2008).
The basin is limited by the Mauritanides to the south, the Reguibat Shield to the east
and the Anti Atlas to the north and opens to the Atlantic Ocean in the west. In recent
years, the basin has been primarily targeted for the study of fine-grained siliciclastics
from the Upper Cretaceous to infer the intensity of anoxia, the magnitude and nature
of the 8*3C excursion, the biotic effects on benthonic and planktonic foraminifera, the
biostratigraphic records and paleo-environmental evolution by El Albani et al., 1999;
Kuhnt et al., 1997, 2005, 2009; Kolonic et al., 2005; Mort et al., 2007, 2008; Keller et
al., 2008, Gertsch et al., 2010, among others. The current project is a part of “Atlantic
Margin Integrated Basin Analysis, Morocco” which includes petrography,
geochemistry, provenance, climate and weathering related studies. The samples are
collected from different section and newly drilled cores. The location of these
sections and drilled cores are shown in Fig. 1.1.

The principal objectives of this project were to understand the reservoir and source
rock distribution and sedimentary processes on the NW African shelf to connect the
offshore seismic section with the onshore source area. Detection of temporal
changes in sediment flux and sediment pathways in time should be achieved using
sedimentological, climate and weathering of Lower Cretaceous to recent sediments
combined with biostratigraphy and biofacies analysis of the onshore Tarfaya basin.
Hence, the results of this project will help in ongoing and coming exploration
campaigns. The project moreover serves as a case study for the entire NW African
continental margin, the results of this study can subsequently be transferred to other

locations on the NW African shelf awaiting exploration.
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Fig. 1.1 Geological map of the Tarfaya basin including section location (Geological

map of Morocco, Department of Energy and Mines, Morocco, 1985). 1, 2, 3 and 4 are
the site of drilled cores.

1.2 Thesis overview

The main objective of this thesis is to obtain high resolution correlation of Cretaceous
to recent siliciclastic rocks from key sections at the coastal cliffs between Boujdour
and Oued Chebeika as well as from the upper sections of the four newly drilled
cores. A high number of samples from these outcrop sections and newly drilled cores
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were analyzed using thin sections, quartz types, heavy minerals, hornblende and
garnet grain geochemistry, major and trace elements geochemical analysis including
rare earth elements (REES), radiogenic Nd-Sr isotopes and clay minerals. These
parameters in combination provide detail information about petrography, depositional
tectonic setting, provenance and its change with time and climatic and tectonic
control on weathering in the source area. The thesis consists of 5 chapters. The
contents of each chapter are described as following:

Chapter 1: Previous work and motivation, thesis overview and general geology of
the study area.

Chapter 2: Methods overview and work flow

Chapter 3: Results

3.1 Petrography and geochemistry of Cretaceous to Quaternary siliciclastic rocks
in the Tarfaya basin, marginal Atlantic, SW Morocco: implications for tectonic
settings, weathering and provenance.

3.2 The provenance of Cretaceous to Quaternary siliciclastic rocks in the Tarfaya
basin, marginal Atlantic, SW Morocco: evidence from trace element geochemistry
and radiogenic Nd-St isotopes.

3.3 Climatic and Tectonic control on weathering from Upper Cretaceous to
Quaternary in the Tarfaya basin, marginal Atlantic, SW Morocco: Clay mineralogical
and geochemical investigations.

Chapter 4: General conclusions.

1.3 General geology of the study area

The Tarfaya basin is limited by the Anti-Atlas to the north, the Mauritanides to the
south, the Reguibat Shield (West African Craton) in the east and open to the Atlantic
Ocean in the West. The evolution of the basin is closely connected with the
geological history of the African Craton and the opening of the Atlantic Ocean (Ranke
et al., 1982), with development from a rift to a marginal basin. The basin is filled by
Mesozoic and Cenozoic continental to shallow marine sediments overlying a
basement of igneous and metamorphic rocks of Precambrian and/or Paleozoic age.
The post-Triassic subsidence of the basin is related to the opening of the Atlantic
Ocean (Wiedmann et al., 1982). Important is the activation of the Zemmour fault that
separates the Anti-Atlas and the Tindouf basin to the east (Choubert et al., 1966).
With the activation of the fault, steady subsidence of the Tarfaya basin commenced
in the Triassic followed by stepwise subsidence in the Jurassic and the Cretaceous.

A thick deltaic sequence, during the Early Cretaceous, accumulated during and after
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a major global Valanginian regression (Vail et al., 1977). According to Ratschiller
(1970), the shallow-marine from the Upper Cretaceous to the Eocene unconformably
overlies the continental Lower Cretaceous formations. Late Oligocene to Early
Miocene basin development shows an erosional hiatus because of the coincidence of
a major regression with intensified slumping, canyon incision, and bottom water
circulation (Arthur et al., 1979), with only little continental deposition taking place.
After this long period of non-deposition or erosion, Miocene-Pliocene sediments
unconformably overlay the Lower Cretaceous (Tan Tan Formation), Upper
Cretaceous (NE part of the basin), Eocene and Oligocene (SW part of the basin)
deposits. Following the Miocene-Pliocene, siliciclastic sediments once again started
to be deposited both on- and off-shore with uplift events in the Atlas system (Frozen
de Lamotte et al., 2009; Ruiz et al., 2010).

The location of the different sections and drilling cores are shown in Fig. 1.1, and the
sample positions in the sections are shown in Fig. 3.1.2. In the present study,
different sections were logged and investigated that contain rocks that are exposed in
the Sebkhas and along the shoreline. These sections span a period from the Lower
Cretaceous to recent time (SW and NE parts of the basin) along with four newly
drilled cores. A 90-m-thick Lower Cretaceous Boukhchebat section, with outcrops in
the NE part of the basin, was logged and sampled. This section consists of coarse
sandstones (in the lower part) and sandstones intercalated with sandy marls and
shales. The Upper Cretaceous section that is primarily exposed in the NE part of the
basin consists of black shales and sandy marls intercalated with chert and nodular
limestones or limestones. The Eocene deposits are mainly outcropped in the SW part
of the basin and consist of black shales and sandy marls intercalated with cherts and
limestones. The Oligo-Early Miocene sandy marls were sampled from the Sebkha
Aridal section. The Miocene-Pliocene siliciclastic deposits consist of coarser or
conglomeratic sandstones along with lumachelle in the lower part and sandstones
intercalated with sandy marls and limestones all along the basin. Recent sediment

samples were also collected from wadis and dunes.
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Chapter 2

Methods

Several methods were used on collected samples from seventeen stratigraphic
sections from the SW and NE parts of the Tarfaya basin, including four newly drilled
cores. In order to obtain information about petrography, geochemistry, provenance,
climate and weathering, a total of 400 samples were collected from these sections
and upper sections of drilled cores ranging from Lower Cretaceous to Miocene-
Pliocene. In addition, twenty recent sediment samples from wadis and dunes were
also collected, including one sample from Pleistocene. These different methods are
explained in detail in every subsection of chapter 3.

As far as work flow in the present study is concerned, the work started with the
preparation of thin sections and heavy minerals separation and mounting to analysis
petrography. The major element geochemical analysis of studied sediments was
done in the Institute of Geosciences, University of Kiel. The preparation and analysis
analytical work for analysis of trace elements was performed at the Institute of
Geosciences, University of Kiel, Germany. A total of thirty seven trace elements were
analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7500cs). Nd-Sr isotope measurements were carried out on a Multi-Collector ICP-MS
(Nu Plasma), GEOMAR Kiel, Germany. In addition to petrography and geochemical
analysis, the sample preparation and analysis for clay mineral content were
performed at the State Key Laboratory of Marine Geology, Tongji University (China).
The general workflow that was adopted for the study of petrography, depositional
tectonic settings, provenance and weathering in the source area and which are used

in the following chapter is compiled in the flow chart in Fig. 2.1.
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Samples collection

Petrology Geochemistry Clay mineralogy
Thin sections Heavy minerals Bulk sample powder Clay faction separation
Heavy minerals H, G mineral Glass beads Bulk sample || Bulk sample XRD object
mounting grains picking preparation digestion digestion slide prep.
i = Electron
Microscopy Microscopy microprobe XRF ICP-MS ICP-MS XRD
Petrography Quartz gains | |Heavy mineralg H,G mineral gr{ [Major elements| [Trace elementq [Nd-Sr isotopes clay minerals
crystallinity analysis ains chemistry| | geochemistry geochemistry analysis analysis
Depositional Weathering, recycling

Rocks classification Provenances

tectonic settings history

Fig. 2.1 Flow chart showing the workflow of the analytical program performed for the
study.
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Chapter 3 is subdivided into 3 parts according to 3 manuscripts which are in

review, submitted and/or ready to be submitted.

3.1 Petrography and geochemistry of Cretaceous to
Quaternary siliciclastic rocks in the Tarfaya basin, marginal
Atlantic, SW Morocco: implications for tectonic settings,

weathering and provenance®
Sajid Ali*, Karl Stattegger®, Dieter Garbe-Schénberg®, Wolfgang Kuhnt*, Oliver Kluth?,

Haddou Jabour®
!Institute of Geosciences, Christian-Albrechts-University, D-24118 Kiel, Germany
RWE Dea AG, Hamburg, Germany
3ONHYM, Rabat, Morocco

Abstract

The petrography, heavy minerals, major element geochemical compositions and
garnet and amphibole mineral chemistry of Lower Cretaceous to Miocene-Pliocene
siliciclastic rocks, including recent sediments of the Tarfaya basin, SW Morocco,
have been studied to reveal their depositional tectonic settings, weathering history
and provenance. Compositional and mineral chemical data suggest that these rocks
were derived from heterogeneous sources in the Reguibat Shield (West African
Craton) including the Mauritanides and the western Anti-Atlas, which likely form the
basement in this area. The Lower Cretaceous sandstones are subarkosic in
composition, while the Miocene-Pliocene sandstones as well as the recent sediments
from wadis and dunes are generally carbonate-rich feldspathic or lithic arenites. Their
major element geochemistry reflects these findings. The siliciclastics are
characterized by moderate SiO, contents and variable abundances of Al,O3, K50,
Na,O and ferromagnesian elements. Binary tectonic discrimination diagrams
demonstrate that most samples can be characterized as passive continental marginal
deposits. Al,O3/Na,O and TiO,/Na,O ratios provide a good proxy for chemical index
of alteration (CIA) and indicate intense chemical weathering during the Lower
Cretaceous and a variable intensity of chemical weathering from Upper Cretaceous
to recent time. Moreover, The Upper Cretaceous and Miocene-Pliocene weathered

marls from weathering horizons also suggest variable intensity of chemical
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weathering. Petrography, quartz undulosity and heavy mineral data suggest that
siliciclastics of the Lower Cretaceous are primarily derived from the Reguibat Shield
and the Mauritanides, SW of the basin. On the other hand, The Miocene-Pliocene
and recent sediments suggest varied sources lie in the western Anti-Atlas (NE of the
basin) and the Reguibat Shield, including the Mauritanides.

&This article is in review in International Journal of Earth Sciences.
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3.1.1 Introduction

The Tarfaya basin is the southernmost Atlantic marginal basin of Morocco. It
stretches over more than 1,000 km along the western margin of the Sahara (Hafid et
al., 2008). The basin is limited by the Mauritanides to the south, the Reguibat Shield
to the east and the Anti-Atlas to the north and opens to the Atlantic Ocean in the
west. The evolution of the basin is closely connected to the geological history of the
African Craton and the opening of the Atlantic Ocean (Ranke et al., 1982). In recent
years, the basin has been primarily targeted for the study of fine-grained siliciclastics
from the Upper Cretaceous to infer the intensity of anoxia, the magnitude and nature
of the 8*3C excursion, the biotic effects on benthonic and planktonic foraminifera, the
biostratigraphic records and paleo-environmental evolution by EI Albani et al., 1999;
Kuhnt et al., 1997, 2005, 2009; Kolonic et al., 2005; Mort et al., 2007, 2008; Keller et
al., 2008 and Gertsch et al., 2010, among others. In the present study, coarse-gained
siliciclastic were considered along with fine-grained siliciclastic for the first time to
better understand the depositional tectonic settings, weathering history of the source
area and provenance of the siliciclastics by integrating several analytical techniques.

Sandstone provenance studies are based on the assumptions that different tectonic
settings contain specific compositional ranges (Dickinson and Suczek, 1979,
Dickinson et al., 1983; Dickinson, 1985). Crook (1974) was the first to use the
framework mineral composition to identify the tectonic settings of sandstones, and
other researchers have since used this scheme with modifications (e.g., Dickinson
and Suczek, 1979; Dickinson et al., 1883; Dickinson, 1985). Major element
discrimination diagrams of Roser and Korsch (1986, 1988) and Bhatia (1983) further
support the discrimination of different depositional tectonic settings of sedimentary
basins. Al,Os/Na,O and TiO,/Na,O ratios can serve as a proxy for the chemical index
of alteration (CIA) because these ratios are directly related to plagioclase alteration
(Roy et al., 2008). Heavy mineral analysis is a very effective tool for provenance
discrimination (Morton, 1991). Chemical analysis of detrital mineral phases
(amphiboles and garnets) serves to constrain source rock petrology and to
emphasize the discrimination between different source areas (Morton, 1991; Mange
and Morton, 2007). All of these approaches permit the discrimination of depositional
tectonic settings, the weathering history of the source area and the provenance from

the Lower Cretaceous to recent time.

3.1.2 Geological framework of the study area

The Tarfaya basin has developed from a rift to a marginal basin, which began to

subside after the Late Paleozoic orogenic movements and a post-Hercynian
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erosional phase of uplift. Rifting began in the Late Triassic and continued until Liassic
times (Ranke et al., 1982). The Early to Middle Jurassic subsidence rates were small
and the basin was filled by redbeds, evaporites, flood basalts and silty-sandy
claystones in a continental to paralic environment. During the Late Jurassic,
subsidence rates increased rapidly and the basin was filled by marine carbonates.
The Lower Cretaceous deltaic clastics were deposited as the Tan-Tan deltaic
formation with a 40 m/my subsidence rate. During the Upper Cretaceous to the Early
Eocene, the subsidence rate was higher than the accumulation rate result in the
deepening of the outer continental margin to its present depth and only carbonates
were deposited. During most of the Neogene, the onshore area of the basin was
exposed and eroded and there was little onshore sediment deposition. Since the
Miocene-Pliocene, siliciclastic sediments again started to deposit both on and off
shore with uplift events in the Anti-Atlas (Frizon de Lamotte et al. 2009; Ruiz et al.,
2010).

The Tarfaya Atlantic marginal basin is filled by Mesozoic and Cenozoic continental to
shallow marine sediments overlying a basement of Precambrian and/or Paleozoic
age. The Triassic evaporites, redbeds, reddish sandstones, conglomerates and
volcanic rocks overlie either metamorphic or folded rock sequences of the
Mauritanides on a Hercynian unconformity or crystalline rocks of the Precambrian
Reguibat Massif (Choubart et al., 1966; Auxini, 1969; Dillon and Sougy, 1974). The
early Jurassic marine carbonates transgressed onto the Triassic rift sediments and/or
evaporites. The Lower to Middle Jurassic silty sandstones, limestones, dolomitic
limestones and dolomites are overlain by the Upper Jurassic neritic marly limestones
and calcarenites, intercalated with marls, shales and sandstones. During the Early
Cretaceous, a thick sequence of continental to marine-deltaic clastic sediments (Tan
Tan Delta Formation) was deposited. This deltaic sequence accumulated during and
after a major global Valanginian regression (Vail et al., 1977). The shallow-marine
Upper Cretaceous to Early Eocene unconformably overlies the continental Lower
Cretaceous formations. The Late Oligocene to Early Miocene basin development
exhibits an erosional hiatus due to the coincidence of a major regression with
intensified slumping, canyon incision, and bottom water circulation (Arthur et al.,
1979), and only limited continental deposition occurred. This erosional event is also
inferred by von Rad and Wissmann (1982) from geophysical and geological
evidence. After this long period of non-deposition or erosion, the Miocene-Pliocene
sediments unconformably overlie the Upper Cretaceous (NE part of the basin), Early
Eocene and Oligocene (SW part of the basin) deposits.

The location of the different sections and drilled cores are shown in Fig. 3.1.1, and

the sample positions in the sections are shown in Fig. 3.1.2a and b. in the present st-

23




Chapter 3 Results

- e
[/ Cl:;:f"fa Boukhchebat Q’
ot ltzetene SVecw ]
{f Onhquuarry bAm.::a Eaiinn : ﬁ;’ ﬁ 28 N
Tarfaya 2

®= ¢ Akhfennir ' -
A v Sebkha Tlsfounne
) (/1 @/ Sebkha Tah (E)

‘ ' ; Oumdaboua '/

/ C /-
= e &

L2 e

> . & - Se
e Sebkha ElFarma 1 .
3 gy Sebkha Ek Farma 2 I‘e

. Sebkha EIl Farma . l
/ . \
Bou;do TR, T/ \
% - * Qued EI Khatt

1 ! Sebkha Andal - =B
f & e { ¥
i . ol 5

26°N

2 Upper Pleistocene and Holocene
Middle Pleistocene

Lower Pleistocene

Upper Pliocene

Moghrebian (marin Pliocene)

Taliwinien ,Serie lie de vin*
A jen: Dolomi and C

g : h"we’ P"::gl"e Volcanic series of Ouarzazate, Tanalt, Igherm
S Upper Miocene
d=> Middle Miocene of d: and C of Anezi and Tidiline
o 'a’i‘"e' Miocene Ignimbrites, Rhyolites and Andesites
Middle Eocene-Oligocene
Middle-Upper Eocene Shalestand: Flysch
Paleocene-Lower Eocene 1 Alkaline Volcanic rocks
Upper Cretaceous 1 Quartzites and Dolomites
Middle Cretaceous
) Lower Cretaceous | Volcanic-sedimentary series of El Graara
Q dirassic (retacaolss Alkaline Volcanic rocks
o Upper Cretaceous c
2 Middle Jurassic .S WS Micaschists and Gneiss
= Liassic ‘§ [ Migmaties of Tasserhirt and
B Triassic & EEEEE Syenites, Trachytes and i
I Permian @ BB Granites and Microgranites of Amassine and Sidi el Hocein
Stephanian O SN Dolerites and Gabbros
Namurian-Westphalian
Lower Namurian B Granites of Ouzellarh, Asdremt, Ida ou llloun
Dinantian S Granite of Tafraoute
o Visean B Diorites and Gabbros
o Tournaisian
N N
8 3truman ” I Quartzitic Diorites of Bou Azzer and El Graara
-_— r Devonian
© Vst Do B Dolerites and Gabbros
o Lower Devonian
- I  Granites of Tamoussift, Tahala and Tazenakht
BN Silurian [ Serpentinites
Upper Ordovician Alkaline series
fower Orovenn. BN Granites of Oued A i, T It and Azg
Middle Cambrian BN Gabbros and Dolerites
Lower Cambrian I Orthogneiss of Jbel Ouiharen

Fig. 3.1.1 Geological map of the Tarfaya basin including sections location (Geological
map of Morocco, Department of Energy and Mines, Morocco, 1985). 1, 2, 3 and 4 are
the sites of drilled cores.
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-udy, different sections were logged and investigated that contain rocks that are
exposed in the Sebkhas and along the shoreline from the Lower Cretaceous to
recent time (SW and NE parts of the basin) along with four new drilled cores. A 90-m-
thick Lower Cretaceous Boukhchebat section, with outcrops in the NE part of the
basin, was logged and sampled. This section consists of coarse sandstones (in the
lower part) and sandstones intercalated with sandy marls and shales. The Upper
Cretaceous section that is primarily exposed in the NE part of the basin consists of
black shales and sandy marls intercalated with chert and nodular limestones or
limestones. The Early Eocene deposits are mainly outcropped in the SW part of the
basin and consist of black shales and sandy marls intercalated with cherts and
limestones. The Oligocene-Early Miocene sandy marls were sampled from the
Sebkha Aridal section. The Miocene-Pliocene siliciclastic deposits consist of coarser
or conglomeratic sandstones along with lumachelle in the lower part and sandstones
intercalated with sandy marls and limestones all along the basin. Recent sediments

were also collected from wadis and dunes.

3.1.3 Materials and methods

Seventeen stratigraphic sections from the SW and NE parts of the Tarfaya basin,
including four new drilled cores were examined. A total of 400 samples were
collected from these sections and upper sections of drilled cores ranging from the
Lower Cretaceous to Miocene-Pliocene. In addition, twenty recent sediment samples
from wadis and dunes were also collected, including one sample from Pleistocene

sediments at the margin of the river valley.

3.1.3.1 Sandstone petrography (light mineral analysis)

In total, 135 thin sections (perpendicular to bedding) were prepared. Thin sections of
Pleistocene and recent sediments were also prepared by impregnating matrix-free
sand with Specifix-40™ resin. Only 101 mediums- to coarse-grained, thin sections
were used for modal counting to minimize the effect of grain size on sandstone
composition. Mineral assemblages were analyzed with a petrographic microscope.
More than 300 points per slide were counted according to the Gazzi-Dickinson
method (Dickinson 1970; Ingersoll et al. 1984; Zuffa 1985). The results of the point
counting are presented in Table 3.1.1 with recalculated parameters according to
Zuffa (1980, 1985, 1987), Folk (1974) and Dickinson et al. (1983).

3.1.3.2 Heavy mineral analysis
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Eighty-five samples of sandstones, sandy marls and recent sediments, including one
sample from the Pleistocene sand, were selected for heavy mineral analysis. Fresh
sample material was crushed into small pieces (1 to 4 mm) after removing weathered
rims whenever necessary. Disaggregation was performed in warm 10% HCL with
repeated ultrasonic cleaning to remove clay mineral coatings, cement and/ or
pseudo-matrix. The heavy minerals were separated from the total sand fraction with
a sodium polytungstate solution (density 2.96 g/cm®). Heavy mineral grain separates
were embedded in Meltmount™ 1.582 (Mange and Maurer, 1992). The 125-63-ym
fraction was analyzed with a petrographic microscope. Percentages were calculated
by counting more than 200 transparent detrital grains in each mount with the ribbon
counting method (Morton, 1985; Mange and Maurer, 1992).

3.1.3.3 Mineral chemistry

Microprobe analysis was conducted on garnet and amphibole to identify the
character of the source rocks. Seven sandstone samples from outcrops and drilled
cores and three recent sediment samples were selected to handpick garnet and
amphibole grains under the binocular microscope. Fifteen to twenty garnet and
amphibole grains were individually selected from each heavy liquid, embedded in
epoxy resin mounts, polished and coated with carbon to ensure conductivity for
electron microprobe (EMP) analysis. The grains were then analyzed with a Jeol JXA
8900R microprobe analyzer with the wavelength-dispersive method, a 15-kV
acceleration potential, and a beam current of 12 nA at the Institute of Geosciences,

University of Kiel, Germany.

3.1.3.4 Major elements analysis

A total of 161 samples of sandstones, black shales, sandy marls and sands from the
Lower Cretaceous to recent time were selected for major element geochemistry. The
selected samples were broken into small pieces with a pestle. The pieces were
washed, air-dried and homogenized before making powder using agate mills. Glass
beads were prepared by fusing powdered sample with lithium tetraborate and
measured with a PHILIPS 1480 XRF (X-ray fluorescence analyzer) at the Institute of
Geosciences, University of Kiel, Germany. The analytical precision is greater than
3% for the analyzed elements. Accuracy was controlled by repetitive measurements
of geostandards. The total loss on ignition (LOI) was determined after heating the
samples for six hours at 950°C. The Sebkha samples with high Na,O from Upper
Cretaceous, Early Eocene, and Oligocene-Early Miocene and Upper Cretaceous
weathered marls were corrected for seawater or brine salt. Hence, saltwater-bound

Na,O is corrected by subtracting Cl-bound Na,O from the total Na,O. The ClI
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concentration was measured with 881 Compact Pro-Anion-MCS ion chromatograph

at the Institute of Geography, University of Kiel, Germany.

3.1.4 Results
3.1.4.1 Sandstone petrography

The sandstones in the present study are composed of three main detrital
constituents; quartz, feldspar and lithic fragments, together with prevailing
intrabasinal carbonate and noncarbonate grains. Partly or completely altered or
replaced feldspars and lithic grains were identified on the basis of remnant extinction
and texture. Primary matrix and secondary cement were also estimated.
Photomicrographs are shown in Fig. 3.1.3 and the results are shown in Table 3.1.1
and Fig. 3.1.4.

1m
Fig. 3.1.3 Photomicrograph of the Tarfaya basin sandstones. Q= Quartz, P=

Plagioclase, K= K-feldspar, C= carbonate extrabasinal, Cl= Carbonate Intrabasinal,
P1= Plagioclase alteration.
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Fig. 3.1.4 Sandstone composition according to (1) NCE-CE-NCI+CI, Zuffa, 1980. (2)

Q-F-L+CE, Folk. 1970, modification with inclusion of CE along with L pole. (3) Q-F-L,
Dickinson et al. (1983).
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Quartz (Q): Quartz is the most abundant grain type. Both monocrystalline (Qn,) and
polycrystalline (Qp) quartz occur in all of the studied samples. Q,, grains are generally
angular to rounded. The Qn, grain content is higher than Q, content. Q, grains consist
of three or more crystals. The Lower Cretaceous sandstones exhibit point to long
contacts with some floating grains, while most of the Miocene-Pliocene sandstone
grains are floating in carbonate groundmass. The total quartz (Q,+Qp) content is
higher in the Lower Cretaceous (average 87.6 %) sandstones than in the Miocene-
Pliocene sandstones in the SW part of the basin (average 72.4 %) and NE part of the
basin (average 77.3 %). The Pleistocene and the recent sediments exhibit average
quartz contents of 54.1 % to 90.2 % (Table 1). Chert is (microcrystalline Qp)
common.

According to Basu et al. (1975), comparing the undulosity of the monocrystalline
guartz with the amount of polycrystalline quartz permits the differentiation of recent
and ancient sands of either plutonic or low- and high-grade metamorphic origin. This
scheme was successfully used by Abdel-Wahab, 1992; Anani, 1999; Etemad-Saeed
et al.,, 2011; Ghosh et al., 2012, among others, to reconstruct the nature of the
source area of sandstones and sands. The selected fifty sandstone and sand
samples from the Lower Cretaceous and Miocene-Pliocene as well as recent
sediment samples are used for undulosity and non-undulosity analysis. The results
(Fig. 3.1.5) reveal that the Lower Cretaceous sandstone samples contain mostly
monocrystalline quartz with non-undulatory quartz (78 to 86 %) and undulatory quartz
(5to 10 %).

Pollycrystalline quartz
(2-3 crystal units per grain;>75%
of total pollycrystalline quartz)

Undulatory
quartz

Legend
+ Lower Cretaceous

Mio-Pliocene SW part of the basin
v Mio-Pliocene NE part of the basin
« Pleistocene and recent sediments

Pollycrystalline quartz
(>3 crystal units per grain;> 25%
of total pollycrystalline quartz)
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Fig. 3.1.5 Four variable plot of quartz populations in the selected sandstones and
recent sediments (Lower Cretaceous to recent sands) from the Tarfaya basin after
Basu et. al. (1985).

By contrast, the Miocene-Pliocene sandstone and recent sediment samples comprise
monocrystalline and polycrystalline quartz grains in variable amounts. Further, the
Miocene-Pliocene sandstones and recent sediment samples show that the
monocrystalline quartz with non-undulatory quartz content varies upto 72 %;
monocrystalline quartz with undulatory quartz varies upto 36 % and polycrystalline
guartz ranges from 7 to 29 %. Hence, the Lower Cretaceous sandstones are mainly
characterized by monocrystalline-non-undulatory quartz and Miocene-Pliocene and
recent sediments by both, mono- and poly-crystalline quartz in variable frequency.
The variation in the frequency of mono- and poly-crystalline quartz contents is point
towards differential sources for the Lower Cretaceous and Miocene-Pliocene and
recent sediments.

Feldspar (F): Both plagioclase and K-feldspar are present and are counted as total
feldspar (F). In most of the studied samples, the proportions of plagioclase and K-
feldspar are variable. Plagioclase grains are euhedral, compositionally zoned, and
sub-angular, and most exhibit lamellar twinning. K-feldspar grains are subrounded to
rounded and identified by the presence of their typical crossed-hatched twinning. The
alteration or replacement of plagioclase grains is very low during the Lower
Cretaceous but is significant during the Miocene-Pliocene and recent-time. K-
feldspar content is higher in the Lower Cretaceous and drilled core-1 (Miocene-
Pliocene) plagioclase. The frequencies of both plagioclase and K-feldspar vary in the
Miocene-Pliocene sandstone and recent sediment samples.

Lithic fragments: Rock fragments formed from multiple mineral grains and are
mostly fine to medium and occasionally coarse-grained, sub-rounded, rounded or
angular. Metamorphic, sedimentary and extrabasinal carbonate (CE) rock fragments
were identified as extrabasinal lithic fragments. Metamorphic rock fragments, which
constitute 1.1 to 2.4 % of the total rock volume, are subangular to sub-rounded in
shape. The sedimentary rock fragment abundance is variable, and recent sediment
samples contain the highest frequency of sedimentary rock fragments. Extrabasinal
carbonate rock fragments are quite common in the Miocene-Pliocene and recent
sediments, including drilled cores-2, 3 and 4.

Carbonate and noncarbonate intrabasinal grains were also found. The identified
intrabasinal non-carbonate (NCI) grains are glauconite and iron-oxides; intrabasinal
carbonate (CI) grains include intraclasts, oolites, fossils and peloids. The Miocene-

Pliocene sandstones and recent sediments exhibit variable proportions of NCI and CI
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grains. These NCI and CI grains were not identified in the Lower Cretaceous section
and drilled core-1 of the Miocene-Pliocene.

Matrix is very rare in all the studied samples and varies from 1.0 % to 2.0 %. It occurs
as crushed lithic fragments, tiny quartz grains and pseudo-matrix including sericite.
Sparite and micrite are common cement types. Quartz cement is also present in low
proportion as quartz overgrowth in the Miocene-Pliocene sandstones. The overall
cement proportion is variable and is as high as 40 %. The cement is low in
concentration in the Lower Cretaceous sandstones (<10 %), but very high in the
Miocene-Pliocene sandstones (30.0 % to 40.0 %).

3.1.4.2 Modal composition

The first-level classification of arenites by Zuffa (1980) containing extrabasinal non-
carbonate grains (NCE), extrabasinal carbonate grains (CE), intrabasinal carbonate
grains (Cl) and intrabasinal non-carbonate grains (NCI), the second-level
classification of Folk (1974) Quartz-Feldspar-Lithic fragments (QFL) triangular
diagram (with the modification that CE grains are included in the L-pole) were used to
classify the analyzed arenitic rocks and sands. This madification is useful for
evaluating the influence of CE grains.

According to Zuffa’s (1980) classification, all analyzed sandstones and sands are
mainly carbonatic arenites (Fig.2.4a). There is no significant influence of NCI and CI
grains on the total composition and only a slight influence of CE grains on Miocene-
Pliocene sandstone and recent sediment samples.

The second-level classification of Folk’'s (1974) reveals differences among various
stratigraphic units. The Lower Cretaceous sandstones (QgsF1:L+CE;) are classified
as subarkose. The Miocene-Pliocene sandstones from the SW part (Q72F13L+CE4)
and NE part (QssF1;L+CE1,) belong to the subarkose, lithic arkose, litharenite and
feldspathic litharenitic fields (Fig.2.4b). Drilled Core-1 (QgoFsL+CE,) lies in the
subarkose field and is similar to the Lower Cretaceous sandstones. The recent
sediments (QsgF,L+CE3s) are classified as subarkose, arenite, litharenite or
feldspathic litharenite (Fig. 4b). In addition, one sample from the Pleistocene sand
(QuoFsL+CE,) was also analyzed and lies in the subarkose field.

The QFL ternary diagram of Dickinson et al. (1983) was used to identify the possible
source area of the detrital grains (Fig.2.4c). Extrabasinal carbonate (CE) grains were
added with other lithic fragments. The Lower Cretaceous sandstones exclusively lie
in the cratonic interior province field. The Miocene-Pliocene sandstones from both
parts of the basin plot in the recycled orogenic province, with the exception of the
Sebkha Aridal section, which lies in the Cratonic interior field or at the boundary with

the recycled orogenic provenance. The sandstones in Drilled Cores-2, 3 and 4 fall in
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the same field as the Miocene-Pliocene sandstones, but Core-1 sandstones cluster
with the Lower Cretaceous sandstones. The recent sediment samples also lie in the
recycled orogenic province field. The Pleistocene sand sample lies in the plutonic
interior field.

3.1.4.3 Distribution of heavy minerals

The heavy mineral assemblages of the Tarfaya basin from the Lower Cretaceous
sandstones, Oligocene-Early Miocene sandy marls, Miocene-Pliocene sandstones
and recent sediment samples from wadis and dunes, including one Pleistocene sand
sample, were studied, and modal counts were performed to infer possible
provenance.

Nine different heavy minerals were found in the studied sandstones, sandy marls and
sand samples, along with opaque minerals. These heavy minerals are zircon,
tourmaline, rutile, garnet, hornblende, epidote, sphene, staurolite and apatite (Table
2.2). The dominant heavy mineral species are the stable minerals zircon, tourmaline,
rutile (ZTR) and hornblende with variable amounts of garnet, sphene and epidote.
Staurolite and apatite were also found in significant amounts. The heavy mineral
concentration is shown in Table 3.1.2 and Fig. 3.1.6.

The Lower Cretaceous sandstone samples from the Boukhchebat section contain
zircon, tourmaline, rutile, garnet and hornblende. Fine-grained heavy minerals are
subrounded to rounded, while coarser-grained sand-size heavy minerals are angular
to subangular in shape. The transparent grains content is higher than opaque mineral
grains. Together, zircon, tourmaline and rutile constitute > 90 % of the bulk, while
garnet and hornblende are 3.5 % and 5.5 %, respectively.

The heavy mineral assemblages of the Oligocene-Early Miocene sandy marls from
the Sebkha Aridal section contain zircon, tourmaline, rutile, garnet, hornblende,
apatite, epidote and staurolite. Most of the heavy mineral grains are fine to medium
sized and subrounded to rounded in shape. The opaque grains content is higher than
transparent mineral grains. Together, zircon, tourmaline and rutile constitute
approximately 64 % of the bulk, while hornblende comprises 24 %. Few grains of
epidote, staurolite and apatite were also found.

The heavy minerals of the Miocene-Pliocene, seven sections from the SW part of the
basin as well as seven sections from NE part of the basin consist of zircon,
tourmaline, rutile, hornblende, garnet, epidote, sphene, staurolite and apatite. Most of
these heavy mineral grains are angular to subangular and medium sand sized.
Zircon, tourmaline and rutile constitute 48 % and 52 % in the SW and NE parts of the
basin, respectively. The garnet and hornblende concentration is variable in all of the

studied sections. Epidote, sphene and staurolite were present in significant
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proportions in almost all of the studied samples, and traces of apatite grains were
found in some samples.

The heavy minerals of the Pleistocene and recent sediments from wadis and dunes
consist of zircon, tourmaline, rutile, garnet, hornblende, epidote and sphene. Most of
the heavy minerals are fine to medium sand sized and angular to subangular or
rounded to subrounded in all sand samples. Garnet percentages vary from 4 % to 10
%. Epidote and sphene are present in minor amounts. The Pleistocene sand sample
contains 77 % ZTR.
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Fig. 3.1.6 Average heavy mineral composition of different sections and stratigraphic
divisions.1-Boukhchebat (n=09), 2&3-Sebkha Aridal, (n=05), (n=04) , 4-Sebkha El
Farma (n=02), 5-Sebkha El Farmal (n=04), 6-Sebkha El Farma2 (n=02), 7-Sebkha
El Farma3 (n=01), 8-Oued El Khatt (n=05), 9-Oued itghi (n=01), 10-Sebkha Tah-E
(n=02), 11-Sebkha Tah-W (n=06), 12-Oumdaboua (n=06), 13-Sebkha Tisfourine
(n=01), 14-Itzetene (n=03), 15-Onhym quarry (n=03), 16-Amma Fatma (n=04), 17-
Core-1 (n=07), 18-Core-4 (n=09), 19-Pleistocene sand (n=01), 20-Recent sediments
(n=11).
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3.1.4.4 Mineral chemistry

Microprobe analysis rapidly and effectively confirms optical mineral identification,
permits the identification of composite grains consisting of microcrystalline or
cryptocrystalline aggregates of material unidentifiable by optical methods and
provides information on the geochemistry of mineral grains (Morton, 1991). The
chemical variability of mineral phases is most useful because it can be used to
discriminate between different source rocks and their petrology (von Eynatten and
Gaupp, 1999). Hornblende and garnet mineral grain (Miocene-Pliocene and recent

sediment samples) chemistry was used in the present study and the data are plotted

in Fig. 3.1.7a and b and Fig. 3.1.8a and b.
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Fig. 3.1.7 Chemical classification of the studied amphiboles: (A) lower Na+K; (B)
higher Na+K (after Leake et al., 1997).
3.1.4.4a Detrital amphibole
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Amphiboles are good indicators of provenance because of their presence in different
rock types. Chemical analyses of single-grain amphiboles distinguish different
potential source rocks (Morton, 1991, Mange and Morton, 2007). The analyzed
amphiboles are characterized by variable FeO (7.1-31.4 %), higher MgO (4.9-20.7
%), variable CaO (0.4-22.1 %), and lower Na,O (0.05-3.1 %). According to the
classification of Leake et al. (1997), all amphiboles in the present study are calcic
amphiboles. These calcic amphiboles are further divided into two groups depending
on the Na+K value (greater or less than 0.5 atoms per formula (apfu)) in the A site of
their classification (Fig. 3.1.7a). The first group (Fig. 3.1.7a) consists of mainly
edenite with some grains of ferroedenite, magnesiohastingsite and hastingsite. The
second group (Fig. 3.1.7b) mainly comprises actinolite and magnesio-hornblende
with few grains of ferroactinolite and ferrohornblende. Tremolite is not present.
Edenite and hastingsite are common varieties of hornblende because the hornblende
series is variable in chemistry (Hurlbut and Klein, 1993). Actinolite is a characteristic
mineral of very-low- to low-grade greenschist metamorphic facies. Generally,
hornblende is an important constituent of both igneous and metamorphic rocks (Deer
et al., 1992).

3.1.4.4b Detrital garnet

Garnet group minerals are generally found in metamorphic rocks (Mange and Maurer
1992) but are also present in some acidic rocks such as granites, pegmatites, and
acid volcanic rocks (Deer et al., 1992). Because garnets are resistant to abrasion and
to chemical solution under slightly basic conditions, they occur frequently in detrital
sediments (Deer et al. 1992); hence, their geochemistry is useful for provenance
analyses (Morton, 1991, Morton et al., 2004).

The garnet assemblages of the Tarfaya basin sediments are highly variable and
reveal changes among the studied Miocene-Pliocene sandstone and recent sediment
samples. Three main populations (Fig. 3.1.8a and b) can be identified in the ternary
diagram with the end members pyrope (Mg), almandine (Fe) + spessartine (Mn) and
grossular + andradite + uvarovite (Ca) (Morton, 1985; Morton et al., 2004).

According to Morton (1985) and Morton et al. (2004), garnets are classified into four
types based on the percentages of pyrope, almandine, spessartine and grossular in
the triangular diagram in Fig. 3.1.8a and b.

(1) Type A garnets are typically of low grossular (< 10 %), high pyrope (20 to 40 %),
and generally low spessartine content (<5 %). The studied garnets contain grossular,
pyrope and spessartine in variable amounts, which lie in the A field of the triangular
diagram. These correspond to high-grade metamorphic rocks and/or orthopyroxene
charnockites (Sabeen et al., 2002).
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Fig. 3.1.8 Ternary diagram illustrating the classification of the studied garnets after
Morton et al. (2003). (a) Mio-Pliocene sanstone garnets classification, (a) Recent

sand garnets classification. Legend is same as in Fig. 3.1.7a and b.

(2) Type B garnets have high almandine, low pyrope, low to moderate grossular and
variable spessartine contents. The studied garnet also contains low pyrope,
moderate grossular and variable spessartine and falls in field B of the triangular
diagram. These garnet types are typically derived from low- to medium-grade meta-

sedimentary rocks, whereas garnet from granitic and aplitic igneous origin exhibits

38




Chapter 3 Results

almandine + spessartine contents > 90 % (Deer et al., 1992; Morton, 1985; Morton et
al., 2004).

(3) Garnets with higher pyrope and lower almandine-spessartine and grossular
contents fall in field C of the ternary diagram. These garnets correspond to mafic
source rocks (Morton et al., 2004) and are not present in the studied sediments, with
very few exceptions.

(4) Type D garnets have high grossular contents. Some of the studied garnets
contain very high grossular concentrations (up to 93 %). These are derived from
meta-carbonatic rocks.

Accordingly, the garnets from the Miocene-Pliocene sandstones indicate that they
have been derived from high-grade metamorphic and low- to medium-grade meta-
sedimentary and/or meta-carbonatic rocks with no contribution from mafic rocks. The
garnets from the NE part (sample #06-01) and the SW part (sample #14-01) of the
basin cluster separately (Fig.2.8b), indicating low- to medium-grade metasedimentary
and high-grade metamorphic source rocks, respectively. Sample #06-06 is

distributed between the medium- and high-grade metamorphic fields.

3.1.4.5 Geochemistry (major elements)

The whole rock chemical composition for 10 major elements, including LOI, for the
selected sandstones, sandy marls, black shales and sands is given in Table 3.1.3.
The elemental distribution is compared with the upper continental crust (UCC, Taylor
and McLennan, 1985).

The SiO, content is variable from the Lower Cretaceous to recent sediments. It is
comparatively higher during the Lower Cretaceous but decreases toward the top
within the Boukhchebat-Section, with the exception of samples #27-24 and #27-25
because of the high CaO content. Sandy marls exhibit higher SiO, content than black
shales during the Upper Cretaceous and Early Eocene. The Miocene-Pliocene
sandstones exhibit a variable concentration of SiO, % in both parts of the basin along
with recent sediment samples. One sand sample from the Pleistocene deposit
exhibits 85 % SiO,.

AlL,O3z, Na,O, K,O, FeO and MgO are variable and lower than UCC (Taylor and
McLennan, 1985). The Al,O3 content is much lower than UCC in almost all samples,
with the exception of #07-02 and #07-05 from recent finer grained sediment samples.
Some samples of black shales and sandy marls from the Upper Cretaceous, Early
Eocene and Oligocene-Early Miocene deposits exhibit higher Na,O contents. One
sample from the Lower Cretaceous and some samples from Recent Time have

higher concentrations of K,O compared to UCC (Taylor and McLennan, 1985). The
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AlL,O3/K,0 ratio is greater than 0.3 in all but a few samples (~0.2) (Table 3.1.3),
indicating that most of the K,O is present in K-feldspar (Armstrong-Altrin et al., 2004).
CaO and LOI contents are vary widely in the siliciclastic sediments. Most of the
samples are enriched in CaO relative to UCC (Taylor and McLennan, 1985). The
higher values of CaO in all studied samples are likely due to the presence of
carbonates as a major component of most samples. Recent sediment samples also
have higher CaO content due to the presence of carbonate rock fragments, as
identified by polarizing microscopy.

The major elements can be used to chemically classify siliciclastic rocks. The
SiO,/AlL O3 ratio reflects the abundance of quartz as well as clay and feldspar content
(Potter 1978), and the Fe,04/K,0 ratio improves the classification and can also be
used to measure mineral stability (Herron, 1988) because ferro-magnesian minerals
tend to be among the least-stable minerals during weathering and diagenesis.
SiO,/AlL,O; and Fe,05/K,O parameters are used to draw a classification diagram
according to Herron (1988) [Fig. 3.1.9].
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Fig. 3.1.9 Plot of Tarfaya basin sandstones, sandy marls, black shales and recent

sediment samples on the geochemical classification diagram after Herron (1988).

In this Herron (1988) diagram, the Lower Cretaceous sandstones fall in the

subarkose field, and one sandy marl sample, #27-25, lies in the wacke field. The
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Upper Cretaceous black shales cluster more closely than sandy marls and also lie in
the field for greywacke. The Early Eocene sandy marls are sandier than the Upper
Cretaceous sandy marls and fall in the subarkose or arkose fields. Black shales are
more or less similar to the Upper Cretaceous black shales and lie in the same field.
The Oligocene-Early Miocene sandy marls lie in the litharenite or arkose field. The
Miocene-Pliocene sandstones from the SW part of the basin lie in the sublitharenite
and subarkose fields, while those from the NE part are more scattered and fall in the
litharenite, sublitharenite and subarkose fields, with the exception of sample #20-42,
which lies in the wacke field. The recent finer-grained sediment samples fall in the
wacke or shale field, and coarser grained sediment samples are more scatter.

3.1.5 Discussion

3.1.5.1 Tectonic setting

The major elements compositions of sedimentary rocks have been used to decipher
the ancient tectonic settings of the depositional environment (Maynard et al., 1982;
Bhatia, 1983, Bhatia and Crook ,1986; Roser and Korsch, 1986, 1988).

The studied samples have high concentrations of CaO and LOI. The major element
data were recalculated to 100 % by discarding CaO and LOI due to their high
concentration, as suggested by Roser and Korsch (1986, 1988) and used by
Armstrong Altrin et al. (2004), before plotting in Fig. 3.1.10 a and b. Most of the
sandstone and recent sediment samples from the Lower Cretaceous and Miocene-
Pliocene to recent time lie in the “passive margin” field. The Upper Cretaceous to
Oligocene-Early Miocene black shale and sandy marl samples are mostly plotted in
the passive margin field, with the exception of a few samples that lie in the active
margin field. These active margin plotted samples may be the result of low SiO,
concentrations and lower K,O/Na,O ratio.

The discrimination diagrams described by Bhatia (1983) were also used to infer
tectonic settings (Fig. 3.1.10c, d, e and f). Again, most of the studied sandstone and
recent sediment samples from the Lower Cretaceous and Miocene-Pliocene to
recent time are plotted in the passive margin field. Some of these samples exhibit
slightly higher values of either Fe,O3+MgO or Al,O3/SiO,. These higher values are
due to secondary MgO, which is largely derived from dolomite (von Eynatten, 2003)
and high Al,Oz or low SiO, concentrations. The Upper Cretaceous to Early Eocene
black shale, sandy marl and some recent sediment samples plots are more
scattered, including Oligocene-Early Miocene sandy marls because these
discrimination diagrams are preliminarily prepared for coarse-grained siliciclastic

sediments.
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Fig. 3.1.10. Plots of the major element composition of the sand and sandstones,

sandy marls and mudstones from the Tarfaya basin on the tectonic-setting
discrimination diagrams of Roser and Korsch (1988): a&b, Bhatia (1983): c,d, e &f. A:

Oceanic Island Arc, B Continental Island Arc, C: Active Continental Margin, D:

Passive Margin. Legend is same as in Fig. 3.1.9.

In addition, a right-triangle diagram of Nechaev and Isphording (1993) was used to

plot heavy minerals (Fig. 3.1.11) for comparison with the tectonic settings
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discrimination diagrams of the major element data. These authors divided heavy

minerals into three groups,
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Fig. 3.1.11. Interrelationship of the MF-MT-GM suits in the Tarfaya basin sedimentary
rocks. MF= total content of olivine, iddingsite, all pyroxenes, and green-brown
hornblende; MT= total content of pale-colored and blue-green amphiboles, epidote
(group) and garnet; GM= total content of zircon, tourmaline, staurolite, monazite,

andalusite, silimanite, and kyanite. Legend is same as in Fig. 3.1.9.

i.e., (MF= total content of olivine, iddingsite, all pyroxenes, and green-brown
hornblende), (MT= total content of pale-colored and blue-green amphiboles) and
(GM= total content of zircon, tourmaline, staurolite, monazite, andalusite, silimanite,
and kyanite) [Fig.2.11]. All of the studied samples from the Lower Cretaceous and
the Miocene-Pliocene, including recent sediment as well as Pleistocene samples,
plot on the MT-GM line, indicating mature passive continental margin setting.

Hence, the discrimination diagrams proposed by Roser and Korsch (1986, 1988) are
more useful than those of Bhatia (1983) to discriminate depositional tectonic settings
that are indicative of passive margin depositional setting of the studied siliciclastics
and these findings are supported by heavy-mineral counts. These findings are in

agreement with the tectonic history of the Tarfaya basin, which was driven by the
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evolution of the passive NW African Atlantic margin since Cretaceous (Ranke et al.,
1982; Michard et al., 2008).

3.1.5.2 Weathering history

A good measure of the degree of chemical weathering can be obtained by calculating
the chemical index of alteration (CIA=100*[Al,Os/ (Al,03+Ca0+K,0+Na,0)])
proposed by Nesbitt and Young (1982), where Al,O3; CaO*, K,O and Na,O are in
chemical proportion. CaO* represents Ca in silicate-bearing minerals. There is no
direct method to distinguish and quantify the contents of CaO belonging to the
silicate fraction and non-silicate fraction. However, in the present study, we used the
method reported by McLennan (1993) to calculate CaO* (CaO*=CaO-10/3*P205,
see detail in McLennan, 1993). In the proposed CIA index, Al,O3 is used as the
immobile component and CaO*, K,O and Na,O are the mobile components because
they are readily leached during weathering. High CIA values imply increasing
removal of K,O, CaO and Na,O relative to the more stable Al,O3; and consequently,
the CIA values reflect the intensity of weathering. CIA values ranging from 50 to 60
indicate nearly absent or low chemical alteration, whereas CIA values close to 100
indicate intense chemical weathering (Nesbitt and Young, 1982; McLennan, 1993;
Fedo et al., 1995; Liang et al., 2009; Conceptian et al., 2012).

The CIA values (Table 3.1.3) for the Tarfaya basin vary in the coarse-grained
sediments from 55 to 65 (Lower Cretaceous), 40 to 50 (Miocene-Pliocene from both
parts of the basin) and, in the finer grained sediments, from 25 to 55 (Upper
Cretaceous), 20 to 45 (Early Eocene) and 30 to 50 (Oligocene-Early Miocene-
Pliocene). Petrographic data demonstrate that K-feldspar dominates over
plagioclase, which may result from intense weathering and/or recycling during the
Lower Cretaceous (Armstrong Altrin et al.,, 2004); hence, the CIA values are not
consistent with the petrographic data. Furthermore, for other stratigraphic units, the
CIA values do not reveal significant chemical weathering, which may be due to the
high proportion of non-silicate carbonate, which may distort the CIA values. Because
the CIA index is not representative of weathering in the studied samples, we used the
ratios of Al,Osz/Na,O and TiO,/Na,O, which indicate the increasing proportion of
kaolinite to primary plagioclase with increased chemical weathering (Roy et al.,
2008). The highest Al,03/Na,O and TiO,/Na,O ratios (Table 3.1.3) were found in the
Lower Cretaceous sandstones, indicating more intense chemical weathering during
this time. The lower part of the Boukhchebat section (Lower Cretaceous) indicates
more intensely weathered sediments compared to the upper part. Al,Os/Na,O and
TiO,/Na,O ratios of the Upper Cretaceous and the Early Eocene, including the

Oligocene-Early Miocene (fine-grained sediments), exhibit variable weathering of
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lower intensity than that of the Lower Cretaceous. There is a variation in Al,Oz/Na,O
and TiO,/Na,O ratios may be due to the differential intensity of weathering during
Upper Cretaceous, as reported by El Albani et al. (2009), based on clay mineral
analysis of the Upper Cretaceous fine-grained sediments of the Tarfaya basin. The
Miocene-Pliocene sediments exhibit Al,O3/Na,O and TiO,/Na,O ratios that are more
or less similar in both parts of the basin imply a similar distribution of intensely
weathered sediments. The recent fine grained sediments have higher ratios than the
coarse-grained sediments, which may be because fine-grained rocks represent more
intense chemical weathering than coarse-grained rocks (McLennan et al., 1980;
Faundez et al., 2002; Conception et al., 2012). In addition, the intensity of weathering
in twenty-six weathered marl samples from different Upper Cretaceous weathering
horizons within sections including the Miocene-Pliocene (drilled cores) were
evaluated because they were exposed until the beginning of the Miocene-Pliocene
and during the Miocene-Pliocene because of folding and uplifting of the Atlas
Mountains (von Rad and Wissmann, 1982; Frozen de Lamotte et al., 2009; Ruiz et
al., 2010). It was found that these horizons also underwent a moderate degree of

chemical weathering.

3.1.5.3 Provenance over time

Lower Cretaceous: According to Dickinson’s (1983) provenance discrimination
scheme of the QFL triangular diagram, the Lower Cretaceous sandstones are
derived from the cratonic interior settings, namely the West African Craton (Fig.
3.1.12). These cratonic sandstones indicate intensively weathered granitic and
gneissic source rocks with higher K-feldspar content than that of plagioclase. In
addition, quartz undulosity was useful for discriminating plutonic and metamorphic
guartz (Basu et al., 1975). The high percentages of undulose quartz (always more
than 78 %) in the Lower Cretaceous sandstones support plutonic derived sediments
during this time.

Heavy minerals were also considered to infer probable provenance as these are
good indicators (Morton et al.,, 1992; Morton and Hallsworth, 1994; Morton et al.,
2004; Nechaev and Isphording, 1993). In the Lower Cretaceous sequence of the
Tarfaya Atlantic marginal basin, zircon, tourmaline and rutile (ZTR) are the main
heavy minerals, accounting for more than 90 %, with minor amounts of garnet and
hornblende. These stable ZTR minerals are derived from granite or granitic gneiss of
the Reguibat Shield (West African Craton, Fig. 3.1.12). Garnet and hornblende are
probably derived from metamorphic rocks of the Mauritanides. Hence, the heavy
mineral data are in agreement with petrographic and quartz undulosity which signify

a cratonic provenance.
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Upper Cretaceous to Oligocene-Early Miocene: Only fine-grained rocks, black
shales and sandy marls were found and sampled from the Upper Cretaceous to Early

Eocene, including the Oligocene-Early Miocene,

(B)

20
enwronment
rertative stratigraphy >~ LBy Y

Lower Cretaceous

Middle Miocene

Oligo-Miocene

Fig. 3.1.12 Paleogeographic evolution of the Tarfaya basin (modified from Ranke et
al., 1982): (A) Early Cretaceous, (B) Late Cretaceous, (C) Oligo-Miocene, (D) Middle
Miocene. Present coastline and -200 m contour for comparison. Land-based part of

the Tarfaya basin in grey and red arrow showing direction of sedimentation.

Oligocene-Early Miocene sandy marls were used to extract heavy minerals. ZTR was
higher on average, possibly derived from the Reguibat Shield. Garnet, hornblende,
epidote and sphene indicate the source as the metamorphic Mauritanides. Apatite

grains are not indicative of a particular provenance and hence tectonic setting.

Miocene-Pliocene to recent: The Miocene-Pliocene sandstones and recent
sediments are carbonate-rich arenites deposited in the shallow marine environment
of the Atlantic passive margin. Three different approaches were used to infer the
provenance of the Miocene-Pliocene siliciclastic sediments.

The first approach used the petrographic and QFL detrital modes of sandstones and

sands. Medium- and coarse-sand-sized detrital quartz grains are derived from the
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weathering of granites (Basu et al., 1975; Pettijohn et al., 1987; Datta, 2005),
whereas fine-sand-sized grains are the product of breakage and chipping of large
quartz grains (Dickinson, 1970). The polycrystalline quartz grains were most likely
derived from a metamorphic source (Blatt, 1967). Additionally, rounded and well-
rounded quartz grains are derived from a recycled sedimentary source (Basu et al.,
1975; Pettijohn et al., 1987). Detrital K-feldspar grains were mainly derived from
granite and gneiss (Datta, 2005), whereas plagioclase feldspar grains were derived
from low-grade metamorphic rocks. Sedimentary rock fragments are the main rock
fragments, including extrabasinal carbonate grains, indicating a sedimentary recycled
source. The metamorphic rock fragments are, in minor quantity, derived from
metamorphic rocks (Fig. 3.1.12). This points towards recycled orogenic and/or
cratonic sources, which lie in the western Anti-Atlas and/or Reguibat Shield, including
the Mauritanides (Fig. 3.1.12).

A second approach used heavy mineral analysis. The ZTR frequency is similar in the
sandstones of the SW and NE parts of the basin, including recent sediments. The
ZTR are derived from granite or granitic gneiss of the Reguibat shield and the
Mauritanides. Garnet is present in variable amounts in both parts of the basin and
hornblende was found as a dominant heavy mineral in both parts. These findings
indicate that these heavy minerals are derived from low- and/or medium-grade
metamorphosed pelitic rocks of the western Anti-Atlas and metamorphosed rocks of
the Reguibat Shield and the Mauritanides (Fig. 3.1.12). Staurolite and apatite were
also present in some samples, indicating that the sediments were derived from
metamorphic rocks.

Finally, the third approach for the provenance analysis demonstrated that hornblende
and garnet mineral chemistry are useful tools to discriminate between provenance
rocks. In general, both amphiboles and garnets reveal that possible sources are low-
to high-grade metamorphic rocks, which are derived from the Reguibat shield,
including the Mauritanides and the western Anti-Atlas (Fig. 3.1.12). Further, the
Miocene-Pliocene garnets from the SW and NE parts of the basin mainly contain
Type B garnets with less dominance of Type A and Type D garnets. The Type D
garnets were mainly found in the NE part of the basin with minor exceptions. Garnets
from the Reguibat Shield and Mauritanides are dominated by Type A garnets,
suggesting a high-grade metamorphic source, whereas garnets from the western
Anti-Atlas are dominated by Type B and Type D garnets, indicating a low- to
medium-grade metasedimentary and metacarbonate source.

In addition, three sand samples from recent sediments were also useful for
discriminating source rocks. Sample # 06-01 lies in the NE part of the basin, Oued

Draa, in which sediments are derived mainly from the western Anti-Atlas, contains
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type B garnets, whereas sample # 14-01 from the SW part of the basin, Oued L’
Craa, in which sediments are derived from the Mauritanides and or the Reguibat
Shield, contains Type A garnets. Sample # 06-06 is from the middle part of the basin,
Oued Chebeika, in which sediments are derived from the Reguibat Shield and the
western Anti-Atlas, contains Type A and Type B garnets, indicating a mixed source.
The hornblende and garnet minerals were derived from metamorphic and meta-
sedimentary rocks. Calcic amphiboles are the main type of amphiboles derived from
low- to medium-grade metamorphic sources.

In summary, petrographic and heavy mineral data indicate that, during the Lower
Cretaceous, the main source was SW of the basin (West African Craton). According
to Hafid et al. (2008) and Frizon de Lamotte et al. (2009), the Uplift began in the Atlas
system as early as the Late Cretaceous due to convergence between the African and
Eurasian plates, and sedimentation began from the western Anti-Atlas to the basin.
Although, the fine-grained siliciclastics from the Upper Cretaceous to Oligocene-Early
Miocene were not useful for determining provenance due to limitations of significance
of provenance. However, Miocene-Pliocene siliciclastics support mixed sources from
the Reguibat Shield and the Mauritanides in the SW of the basin and the western
Anti-Atlas in the NE of the basin.

3.1.6 Summary and conclusions

The Lower Cretaceous to recent sediments of the Tarfaya basin from SW Morocco
are carbonate-rich arenites. During the Lower Cretaceous, the Reguibat Shield and
metamorphosed Mauritanides were the dominant sources of these sediments. During
the Miocene-Pliocene, sediments were derived from mixed sources, which lie in the
SW and NE of the basin, i.e., the Reguibat shield and metamorphic Mauritanides and
the western Anti-Atlas, respectively.

The petrographic data for the studied area suggest that the Lower Cretaceous
sandstones are subarkosic in composition, while the Miocene-Pliocene sandstones
and the recent sediments are carbonate-rich feldspathic or lithic arenites. The
geochemical classification of these siliciclastics is in agreement with petrographic
findings.

Different discrimination diagrams of tectonic settings based on major element
geochemical compositions suggest that the Lower Cretaceous to recent sediments
were deposited at the tectonically stable passive Atlantic continental margin of NW
Africa. These findings are also supported by a tectonic settings discrimination
diagram of heavy mineral data.

Al,O3/Na,O and TiO,/Na,O ratios are useful in the present study to constrain the

intensity of weathering. The chemical weathering was higher during the Lower
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Cretaceous. The weathering was lower and variable since Upper Cretaceous to
Miocene-Pliocene and recent time, including weathered marls (Upper Cretaceous
and Miocene-Pliocene).

Petrographic, quartz undulosity and heavy mineral data suggest that the Lower
Cretaceous siliciclastics were mainly derived from the Reguibat Shield and
Mauritanides sources (West African Craton). The Miocene-Pliocene siliciclastics
indicate a mixed source from the Reguibat Shield, the Mauritanides and the western
Anti-Atlas. These Miocene-Pliocene sources are also supported by amphibole and
garnet mineral chemistry. Hence, the West African Craton was the main source of
siliciclastics until the beginning of the Upper Cretaceous. The contribution of
siliciclastics from the western Anti-Atlas possibly began during the Upper
Cretaceous, but fine-grained siliciclastics do not provide clear evidence of these
mixed sources. However, the Miocene-Pliocene rocks and recent sediments confirm

mixed sources, both the West African Craton and western Anti-Atlas.
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3.2 The provenance of Cretaceous to Quaternary siliciclastic
rocks in the Tarfaya basin, marginal Atlantic, SW Morocco:
evidence from trace element geochemistry and radiogenic Nd-

Sr isotopes®
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YInstitute of Geosciences, Christian-Albrechts-University, D-24118 Kiel, Germany
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Abstract

We present trace element geochemical compositions including rare earth elements
(REE) and radiogenic Nd-Sr isotope analyses of Lower Cretaceous to Miocene-
Pliocene and recent siliciclastic sediments of the Tarfaya basin, SW Morocco, in
order to identify depositional tectonic settings, source rocks composition and
sediment provenance. The analyzed data suggest that the sediments originate from
heterogeneous source areas in the Reguibat Shield (West African Craton) and from
the Mauritanides, as well as the western Anti-Atlas, which probably form the
basement in this area. The La/Y-Sc/Cr binary and La-Th-Sc ternary relationships
suggest that the Tarfaya basin sediments were deposited in passive margin
depositional settings. Low concentrations of Cr (<150ppm) and Ni (<100ppm) and
their correlation suggest that the sediments of the Tarfaya basin are derived from
felsic sources. This is supported by trace element ratios of La/Sc, Th/Sc, Cr/Th and
Th/Co that are similar to those of sediments derived from felsic source rocks.
Moreover, chondrite-normalized REE patterns with light rare earth elements (LREE)
enrichment, a flat pattern of heavy rare earth elements (HREE), and negative Eu
anomalies can also be attributed to a felsic rock source for the Tarfaya basin
sediments.

The similar Sm/Nd (0.18-0.20) ratios for all analyzed sediments in both coarse- and
fine-grained siliclastics indicate that no significant fractionation of Sm and Nd
occurred during the formation of the Tarfaya basin sediments due to depositional and
post-depositional processes. Low **Nd/***Nd (eNd(0) =-10.6 to -25.5) and high
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8Sr/%®Sr (0.714 to 0.846) ratios suggest a predominance of old upper crustal
sources. The Nd isotope model ages (Tpy=2.1-2.2 Ga) of the Lower Cretaceous
sediments suggest that sediments were exclusively derived from the Eburnean
terrane (West African Craton). On the other hand, Upper Cretaceous to Miocene-
Pliocene sediments show younger model ages (Tpy=1.7-1.9 Ga) indicating an origin
from both the West African Craton and the western Anti-Atlas. In contrast, the
southernmost studied Sebkha Aridal section (Oligocene to Miocene-Pliocene) yields
a provenance age (Tpy=2.5 Ga) indicating that these sediments are dominantly

derived from the Archean terrane (West African Craton).

®This article is submitted in Journal of Geochemistry, Geophysics, Geosystems.
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3.2.1 Introduction

Siliciclastic sedimentary rocks contain important information about changes in the
supply of material from different sources, and geochemical analyses have proven to
be a powerful tool for studying the signature of tectonic settings, the composition of
the source area, and the provenance of the sediments (Wronkiewicz and Condie,
1987; McLennan, 1989; Taylor and McLennan, 1985; McLennan and Taylor, 1991;
McLennan et al., 1993; Roddaz et al., 2011). However, the chemical composition of
sedimentary rocks can be modified by chemical weathering and sorting processes
during transport, sedimentation and post-depositional diagenesis (Nesbitt et al, 1980;
Nesbhitt and Young, 1982; Middleburg, 1988; Nesbitt et al., 1996). Nevertheless, the
distribution of selected immobile trace elements, such as Zr, Hf, Sc, Y, Cr, Th and Co
and the rare earth elements (REE), can be used to discriminate the tectonic settings
and provenance of these rocks (Taylor and McLennan, 1985; Bhatia and Crook,
1986; McLennan, 1989; Zimmermann and Bahlburg, 2003; Amstrong-Altrin et al.,
2004). Further, Sm-Nd isotope model ages of the sedimentary rocks are more useful
for distinguishing between various sources and their average crustal residence ages
(e.g., McCulloch and Wasserburg, 1978; O’'Nions et al., 1983; McLennan et al.,
1990; McDaniel, 1994; Zimmermann and Bahlburg, 2003; Wade et al., 2005; Xie et
al.,, 2012). Hence, these studies performed in combination are important for
constraining tectonic settings and source area characteristics of sedimentary rocks.

No provenance studies have, so far, been based on the geochemistry and Nd-Sr
isotopes of the Tarfaya basin sediments, Morocco. Earlier studies in the Tarfaya
basin were based on fine-grained sediments from the Upper Cretaceous and were
focused on the understanding of the intensity of anoxia, the magnitude and nature of
the &'C excursion, the biotic effects on benthonic and planktonic foraminifera,
biostratigraphic records and paleo-environmental evolution (e.g. El Albani et al.,
1999; Kuhnt et al., 1997, 2005, 2009; Kolonic et al., 2005; Mort et al., 2007, 2008;
Keller et al., 2008 and Gertsch et al., 2010). In the present study, we present results
obtained from the Lower Cretaceous to recent siliciclastic rocks from key sections of
the coastal cliffs and sebkhas between Boujdour and Oued Chebeika and the upper
sections of four newly drilled cores. We use trace element geochemistry including
studies of rare-earth elements (REE) and Nd-Sr isotopes in order to decipher tectonic

settings, source rock composition and changes in provenance with time.

3.2.2 Geological background

The evolution of the Tarfaya basin has been closely connected with the geological

history of the African Craton and the opening of the Atlantic Ocean (Ranke et al.,

52




Chapter 3 Results

1982), with development from a rift to a marginal basin. The basin is filled by
Mesozoic and Cenozoic continental to shallow marine sediments overlying a
basement of Precambrian and/or Paleozoic age. According to Choubart et al. (1966),
Auxini (1969), and Dillon and Sougy (1974), Triassic evaporites, redbeds, reddish
sandstone, conglomerates and volcanic rocks overlie either metamorphic or folded
rock sequences of the Mauritanides (ages 3.04-2.83 Ga) or crystalline rocks of the
Precambrian Reguibat Massif. The Early Jurassic marine carbonates transgressed
onto the Triassic rift sediments and/or evaporate. Silty sandstone, limestone,
dolomitic limestones, and dolomites of Lower to Middle Jurassic are overlain by
Upper Jurassic neritic marly limestone and calcarenites, intercalated with marls,
shales and sandstones. A thick deltaic sequence, during the Early Cretaceous,
accumulated during and after a major global Valanginian regression (Vail et al.,
1977). According to Ratschiller (1970), the shallow-marine from the Upper
Cretaceous to the Early Eocene unconformably overlies the continental Lower
Cretaceous formations. Late Oligocene to Early Miocene basin development shows
an erosional hiatus because of the coincidence of a major regression with intensified
slumping, canyon incision, and bottom water circulation (Arthur et al., 1979), with
only little continental deposition taking place. After this long period of non-deposition
or erosion, Miocene-Pliocene sediments unconformably overlay the Lower
Cretaceous (Tan Tan formation), Upper Cretaceous (NE part of the basin), Early
Eocene and Oligocene (SW part of the basin) deposits. Following the Miocene-
Pliocene, siliciclastic sediments once again started to be deposited both on- and off-
shore with uplift events in the Anti-Atlas (de Lamotte et al., 2009; Ruiz et al., 2010).

In the present study, various sections, cropping out in the Sebkhas and along the
shoreline from the Lower Cretaceous to recent time (SW and NE parts of the basin)
have been logged and investigated together with four newly drilled cores. The
location of the various sections and drilled cores are shown in Fig. 3.1.1 and sample
positions within sections are given in Fig. 3.1.2a and b. The Lower Cretaceous
Boukhchebat section crops out in the NE part of the basin consisting of coarse
sandstones intercalated with sandy marls and shales. The Upper Cretaceous rocks
mainly exposed in the NE part of the basin consist of black shales and sandy marls
intercalated with chert and nodular limestone or just limestone. The Early Eocene
deposits occur in the SW part of the basin and consist of black shales and sandy
marls intercalated with cherts and limestones. The Oligocene-Early Miocene sandy
marls have been sampled from the Sebkha Aridal section. The Miocene-Pliocene
siliciclastic deposits consist of coarse or conglomeratic sandstones together with

lumachelle in the lower part and sandstones intercalated with sandy marls and
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limestones. Recently deposited sand samples have also been collected from various

wadis and dunes.

3.2.2.1 Potential source areas surrounding the Tarfaya basin

The Tarfaya basin is located at the margin of the western Atlantic and has been filled
by sediments of the Reguibat Shield (West African Craton, WAC) including the
Mauritanides and the western Anti-Atlas (Michard et al., 2008). The WAC basement
exposed in the Reguibat shield consists of two contrasting deformational ages in
crustal domains, namely a western Archean terrane and an eastern Eburnean
terrane. According to Lahondere et al. (2003), the western Archean terrane is dated
3.04-2.83 Ga from the presence of intrusive granitoids, whereas rocks of the eastern
Eburnean terrane are younger than those of the western terrane, i.e., 2.12-2.06 Ga
(Schofield et al., 2006; Schofield and Gillespie, 2007). The western Anti-Atlas
consists of sediments that are mainly derived from various Precambrian inliers and or
West African Craton. According to de Lamotte et al. (2009) and Ruiz et al. (2010),
sedimentation to the Tarfaya basin from the western Anti-Atlas started during the
middle-Late Upper Cretaceous as a consequence of uplifting and erosion attributable
to the convergence of the African and Eurasian plates. In addition, Sehrt et al. (2011)
have also suggested that the Tarfaya basin is filled by mixed provenance sources
based on apatite fission track ages (AFT) and zircon (U-Th-Sm)/He dating (ZHe). ).
The Lower Cretaceous rocks are characterized by older ages (2.04+0.04 to
2.87+0.04 Ga) indicating sources from the West African craton while Upper
Cretaceous and younger sediments show a considerable admixture of younger ages
(1.72+0.12 to 1.85+.14 Ga) derived from the western Anti-Atlas.

The petrography, major elements geochemistry and heavy mineral and mineral
chemistry (hornblende, garnet) of the siliciclastics of the Tarfaya basin indicate a
passive margin depositional setting and differential sources for the Lower Cretaceous
and the Miocene-Pliocene sediments (Chapter 3.1). The petrographic and heavy
mineral data are indicative of cratonic source for the Lower Cretaceous sediments of
the Tarfaya basin. On the other hand, Miocene-Pliocene sediments of the basin
indicate that the sediments are derived from mixed sources. The hornblende and
garnet geochemistry further suggest that the Miocene-Pliocene sediments are
derived from high-grade metamorphosed Mauritanides and low-grade
metamorphosed western Anti-Atlas source rocks. However, the fine-grained
sediments from the Upper Cretaceous to the Early Eocene provide limited
information about provenance. The trace element geochemical compositions

including REE and radiogenic Nd-Sr isotopic data obtained in the present study
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provide new and independent information to constrain the depositional tectonic

settings, source rock composition and provenance of the Tarfaya basin sediments.

3.2.3 Materials and Methods

In total, 110 samples from 16 stratigraphic sections from SW and NE parts of the
Tarfaya basin and four newly drill cores as well as recent sediment samples from
wadis were selected for trace element analysis. Furthermore, 40 selected samples
were also used for Nd-Sr isotopes analysis. The locations of the selected samples in
sections and drill cores are shown in Fig. 3.1.1 and 3.1.2.

The samples were carefully cleaned for geochemical analysis after removing
weathered coatings and veined surfaces. These samples were broken into small
pieces of about 4 mm in size by a pestle. These small pieces were air-dried and
powdered to <200 mesh by using an agate mill.

After crushing, pulverization and homogenization of the solids, 150 mg powder of
each sample was first dissolved in dilute HNO;3 in Teflon vials to remove excess
carbonate before commencement of the digestion process. In the second step, a
mixture of concentrated sub-boiled HNO;-HCI-Hf (3:1:4) was used for first-step
dissolution overnight at 160°C. After evaporation of the resulting digest solution
nearly to dryness, a pressure bomb step was used for the complete dissolution of the
heavy minerals. Concentrated HNO; and HF (1:4) were added and the bombs (Parr
bombs) were heated for 4 days at 160°C. In the final step, perchloric acid was added
and then evaporated nearly to dryness. The residue was re-dissolved in dilute HNO;
(1:4) and made up to a final volume of 50 ml. This analytical work was performed at
the Institute of Geosciences, University of Kiel, Germany. A total of thirty seven trace
elements were analyzed using inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 7500cs). Details of sample preparation techniques and calibration
strategies are given by Garbe-Schonberg (1993). The accuracy and precision of the
method was monitored with control samples and duplicates and by running USGS
international rock standards G-2, BHVO-2, and AC-E. The error of replicate analyses
is better than 5% for all analyzed trace elements

Nd-Sr isotope measurements were carried out on a Multi-Collector ICP-MS (Nu
Plasma), GEOMAR Kiel, Germany. For isotope analysis, 150 mg powder of each
sample was first dissolved in dilute HNO; in PFA (perfluoralkoxy, Savillex TM) vials
to remove excess carbonate before initiation of the digestion process. In the second
step, samples were completely digested by using a mixture of concentrated HF-
HNO;-HCLO,. The separation and purification of Nd and Sr from the totally digested

samples followed previously published procedures for Nd (Barrat et al., 1996; Cohen
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et al.; 1988; Le Fevre and Pin, 2005) and Sr (Bayon et al.,, 2002; Horwitz et al.,
1992). “*Nd/***Nd ratios were mass-bias-corrected to **®Nd/***Nd=0.7219 and were
then normalized to the accepted value of the JNdi-1 standard of 0.512115 (Tanaka et
al., 2000). Repeated measurements of the JNdi-1 standard over a period of several
months gave a long-term reproducibility of +0.35 (20). Procedural Nd blanks were
<25 pg. Measured Sr isotope ratios were interference (*K, ®’Rb) and mass bias
corrected (using %°Sr/®’Sr= 0.1194, Steiger and Jager, 1977), %°Sr/®’Sr results were
normalized to that of NIST NBS987 = 0.710245, which was measured between
samples. The 20 external reproducibility during the measurements for this study was

+0.00004. Procedural Sr blanks were less than 0.7 ng.

3.2.4 Results

3.2.4.1 Major elements

All the studied siliciclastics from the Lower Cretaceous to recent (Table 3.1) have a
wide range of SiO, (5.9-84.5%, average 43.1%), Al,Os (1.3-20.9, average 4.7%),
TiO, (0.07-0.86, average 0.33%), Fe,O3;+MgO (0.3-21.7, average 6.2%), K,O (0.2-
3.7%, average 1.4) and Na,O (0.1-6.9, averagel.2%). The significant enrichment of
CaO (up to 59.7%) and LOI (up to 43.8%) is related to the high carbonate content.
The petrographic data from the Lower Cretaceous, Miocene-Pliocene and recent
sediments also support the high carbonate content of the studied siliciclastics (Ali et
al., in review). A marked negative correlation has been noted between SiO,-CaO (r=-
0.83) and SiO,-LOI (r=-0.94) as a consequence of a “closed data set” (i.e., the sum
of all components is always 100%). The highly significant correlation, however,
provides some evidence that both the detrital and the matrix carbonates in the
sediments are of primary rather than secondary origin, because the influence of
secondary carbonate could result in SiO,-CaO scatter (Feng and Kerrich 1990; Gu
1994). The SiO,/Al,O3 and K,O/Na,O ratios are highly variable and range from 2.2 to
32.0 (averagel2.4) and 0.13 t017.6 (2.1), respectively.

3.2.4.2 Trace elements

Trace element composition including REE of coarse-grained (sandstones and sands)
and fine-grained rocks (black shales and sandy marls) from the Lower Cretaceous to
recent in the Tarfaya basin are given in Table 3.2.1. In addition, one carbonate
sample from Upper Cretaceous and one from Miocene-Pliocene lumachelle have
also been analyzed to check the comparative trace element concentration and
variation in these samples. All trace element data have been normalized to average
Upper Continental Crust (UCC, Taylor and McLennan, 1985; McLennan, 2001) and

56




Chapter 3 Results

compared with Post-Archean Australian shale (PAAS, Taylor and McLennan, 1985)
in Fig. 3.2.1. In the spider diagrams, UCC-normalized trace elements are arranged in
order of increasing atomic number. The concentration of trace elements is variable

and most of the elements have a lower abundance than that of UCC (Fig. 3.2.1).

3.2.4.2a Large-ion lithophile elements (LILE, Rb, Cs, Ba, Sr), Th, U

The concentration of LILE in the analyzed samples is variable (Table 1). Most of the
analyzed samples from various stratigraphic units are moderately to strongly
depleted in LILE (Table 3.2.1 and Fig. 3.2.1) when compared with UCC and PAAS.
The alkali element Rb is highly variable and ranges from 11 to 133 ppm, with Cs
varying from 0.88 to 3.0 ppm. The average abundance of Ba (402 ppm) is higher in
the Lower Cretaceous sandstone samples than in other analyzed samples. The Sr
concentration, on average, in fine-grained siliclastics from the Upper Cretaceous and
the Early Eocene is 508 ppm and 402 ppm, respectively, and relevant values for the
recent sediments (414 ppm) are higher than those of other siliciclastic rocks in other
stratigraphic units. When Sr is correlated with CaO content, we have found that the
Sr content in fine-grained siliciclastics is highly correlated, with Sr-CaO (r=0.91), but
is only weakly correlated in coarse-grained siliclastics (r=0.21). Hence, the higher
correlation between Sr and CaO in fine-grained siliciclastics indicates their
contribution mainly from sea water/marine carbonate in equal proportion.

The positive correlations between K-Rb (r=0.94), K-Cs (r= 0.81) and K-Ba (r=0.51)
provide evidence that K-bearing clay minerals (illite, muscovite and biotite) primarily
control the abundance of these elements (McLennan et al., 1983; Feng and Kerrich,
1990). All studied samples show high positive correlations between Al,O3-Rb (0.90),
Al,O3;-Cs (r=0.96) and Al,03-Ba (r=0.39) further supporting the idea that the
distribution of these elements is controlled by phyllosilicates (Bauluz et al., 2000).
The Th concentration is low when compared with those of other trace elements and
with UCC. Uranium is highly variable (0.4 ppm to 28 ppm) and the highest value was
found in black shale sample #C1-35 (110 ppm, Table 3.2.1). In general, fine-grained
siliciclastics are enriched in U, but coarse-grained siliciclastics are depleted as
compared with UCC. The poor correlation between Th-U (r=0.17) indicates different
redox geochemical behavior. The Th/U ratios are found to be much lower than UCC
in all studied samples (Table 3.2.1). This may be attributable both to the lower

concentration of Th and/or the higher concentration of U.

3.2.4.2b High field strength elements (HFSE, Zr, Hf, Y, Nb, Ta)
HFSE are preferentially partitioned into melts during crystallization and anatexis

(Feng and Kerrich, 1990), and as a result, these elements are enriched in felsic
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Fig. 3.2.1 Trace element concentration of the siliciclastic samples from Lower
Cretaceous to recent in the Tarfaya basin normalized to the composition of average
UCC (Taylor and McLennan, 1986; McLennan, 2006).
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rather than mafic rocks. Because of their immobile characteristics, these elements
are considered as a good provenance indicator, together with REE (Taylor and
McLennan, 1985).

The average concentration of HFSE is depleted when compared with UCC and
PAAS, except for some elements in a few samples (Fig. 3.2.1). Zr and Hf are variably
concentrated in the diverse stratigraphic units and are highly enriched in the
Oligocene-Early Miocene sandy marls and Miocene-Pliocene (NE part of the basin)
sandstone samples. These Oligocene-Early Miocene and Miocene-Pliocene
stratigraphic units show average concentrations of Zr of 460 ppm and 253 ppm and
of Hf of 9.4 ppm and 5.6 ppm, respectively. The Y abundance is higher in the sandy
marls of Miocene-Pliocene stratigraphic unit (Core 1). The average concentrations of
Ta and Nb are higher in the recent sediments at 8.0 ppm and 0.56 ppm, respectively.
The high correlation between Zr-Hf (r=0.99) highlights their similar behavior
throughout the stratigraphic units of the Tarfaya basin sediments. The Zr/Hf ratio in
all the analyzed siliciclastics ranges from 24 to 51 (average 40), excluding two
samples having higher ratios 70 (sample #16-10) and 82 (sample # C1-09), and
implies that these elements are controlled by zircon. The average Zr/Hf ratios in
siliciclastic rocks of different stratigraphic units are higher when compared with UCC
(32.8, Taylor and McLennan, 1985), indicating that these higher ratios are possibly
the result of recycling in the source area/s.

In addition, Zr is positively correlated with Zr-Yb (r=0.59). The less significant
correlation of heavy rare earth elements as a group (> HREE, r=0.30) reflects that not

all the HREEs are controlled by Zr abundance.

3.2.4.2c Transition metal trace elements (TTE, Cr, V, Co, Ni, Sc)

The first-row transition metals Cr, V, Co, Ni and Sc generally behave similarly as
highly compatible elements during magmatic fractionation processes, being enriched
in mafic to ultramafic rocks. However, during weathering, they might be mutually
fractionated (Feng and Kerrich, 1990).

The average abundance of the transition trace elements is variable and lower than in
UCC. The fine-grained siliciclastics from the Upper Cretaceous and the Early Eocene
are more concentrated in Cr, V and Ni, being higher than in UCC. This may be
attributable to enrichment together with the organic matter and the formation of
secondary minerals. Co and Sc show variable abundance and higher values are
found in recent sediments from wadis than in sediments from dunes in which they
occur as a minor proportion (Table 3.2.1).

The most significant correlations exist between K-Sc (r=0.76), K-Co (r=0.49), Al,O3-

Sc (r=0.94) and Al,Os-Co (r=0.81) suggesting that they are controlled by weathering
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and concentrated in the phyllosilicates. Cr, V and Ni are more scattered and less
correlated with K,O and Al,O; indicating that varied factors control the distribution of
these elements. Furthermore, the Cr, V and Ni elemental concentration is higher in
the fine-grained siliciclastics, especially in black shales, indicating that their higher
concentration is attributable to organic matter. These elements are evidently enriched
under anoxic conditions. These anoxic conditions are already discussed by Kuhnt et
al. (1997, 2005 and 2009). On the other hand, no evidence has been found of a
contribution of these elements from ultramafic source rocks as all other elements

distribution and their ratios indicate the felsic composition of the source rocks.

3.2.4.2d Rare earth elements (REE)

The concentration of REE is given, separately, in Table 3.2.2, and chondrite-
normalized REE patterns are shown in Fig. 3.2.2 together with the comparative
pattern of PAAS. All analyzed coarse- and fine-grained siliciclastics from the Lower
Cretaceous to the recent time have variable concentrations. Moreover, we have
found that these elements are less abundant when compared with UCC and PAAS
because of high carbonate contents (Taylor and McLennan, 1985). The highest
variation is seen when comparing sands from wadis (average 150 ppm) with sands
from dunes (average 37 ppm). This variation in average concentration is because of
grain size effect. In general, chondrite-normalized REE patterns for the various
stratigraphic units appear similar (Fig. 3.2.2) and are characterized by high
LREE/HREE ratios, an almost flat HREE pattern and pronounced but variable Eu
anomaly. There is no significant difference in the REE pattern among all analyzed
samples of the different stratigraphic units (Fig. 3.2.2). Most patterns are similar to
PAAS indicating their derivation from post-Archean upper continental crust (Taylor
and McLennan, 1985). Their variation in absolute concentration reflects mostly the
variation in the grain size. However, systematic variations are present in the
distribution of HREE (Dy to Lu).

The analyzed samples have Eu/Eu* values lying within the range of 0.60-0.81 except
in samples # 27-28 (0.92, Lower Cretaceous), 17-37(0.84, Early Eocene) and 06-06
(0.91, recent sediments). This range of Eu/Eu* anomaly is exclusively indicative of
felsic composition in the source area/s. The La/Sm (indicating LREE slope), Gd/Yb
(HREE slope) and La/Yb (LREE-HREE slope) ratios are present in the range of to
and to respectively. The Y/Ho ratios vary from 1.8 to 3.3 with an average of 2.4,
which is close to that of UCC. However, most of the fine-grained siliclastics show a
slightly higher ratio of Y/Ho than is found in UCC, indicating a contribution of these

elements from marine carbonate (Bau et al., 1995; Bau, 1999).
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In addition, a weak positive correlation between Zr-HREE (r=0.42) indicates that
HREE fractionation is only in part controlled by the occurrence of zircon; this is
further supported by a weak negative correlation of Zr-(Gd/Yb)y (r=-0.41) (where the
subscript ‘N’ refers to chondrite-normalized abundances) correlation. Zircon is
typically enriched in HREE resulting in values <1 for (Gd/Yb)y. This is in contrast to
the average HREE distribution in UCC rocks having (Gd/Yb)y >1. Both LREE and
HREE show a high positive correlation with LREE-AI,O3 (r=0.88) and HREE-AI,O3
(r=0.80) and with LREE-TiO; (r=0.90) and HREE-TiO,(r=0.87) but a weak correlation
with LREE-P,05(r=0.12) and HREE-P,Os (r=0.0.26). All these correlations indicate
the variable influence of alumosilicates such as phyllosilicates and zircon, but no
control of phosphate minerals, which are highly enriched in REE.

3.2.4.3 Sm-Nd isotopes

The data for the ***Nd/***Nd isotopic composition of 40 samples are given in Table
3.2.3 and the calculated provenance ages (Tpw) against the various stratigraphic
units are illustrated in Fig. 3.2.7. Although Sm (0.87 to 8.3ppm) and Nd (4.6 to
45ppm) values are lower than UCC and PAAS, **'Sm/***Nd ratios in the sediments
(0.1081 to 0.1244) are equivalent or slightly higher than typical terrigenous sediments
(0.105 to 0.115; Taylor and McLennan, 1985). One carbonate sample showing the
lowest concentration for both Sm (0.13ppm) and Nd (0.72ppm), however the ratio,
Sm/Nd=0.18, is still consistent with terrigenous sediments.

A total of four analyzed sandstone samples of the Lower Cretaceous from the
Boukhchebat section show ranges in gyg(0) values from -15.7 to -19.2 and have an
average value of -17.1, **’Sm/**Nd ratios of 0.1080, Tchur ages of 2.0 Ga, Tpy ages
2.2 of Ga (Table 3.2.3).

Eight fine-grained samples from the Upper Cretaceous exhibit €yy(0) values in the
range between -14.1 to -15.0 (average 14.6) and similar provenance (Tpy) ages (1.8
to 1.9, average 1.8 Ga). Further, three fine-grained Early Eocene samples also have
similar €yg(0) values in the range -14.4 to -14.7 (average -14.3) and, hence, have
model ages equivalent to those from the Upper Cretaceous sediments. In addition,
one carbonate sample shows a more radiogenic gyy(0) value (-12.0) and a slighty
younger Tpy age (1.6 Ga) compared with other fine-grained samples.

Because of their similarity, the Nd isotope data of Oligocene-Early Miocene (lower
Part) and Miocene-Pliocene (upper part) in the Sebkha Aridal section are discussed
together. Two sandy marl samples from the lower part of the section (Oligocene-
Early Miocene) and one sandstone sample from the upper part of this section
(Miocene-Pliocene) yielded the most negative €yq4(0) values ranging from -23.1 to -

25.6 with an average of -24.2. These samples have **’Sm/*‘Nd ratios ranging from
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0.108 to 0.117 (average = 0.113). The slight variability observed in the **’Sm/***Nd
ratios is possibly attributable to grain-size effects (McLennan et al., 1993, Meyer et
al., 2011). The Tpy ages calculated from these samples are the oldest among all the
studied siliciclastics, ranging from 2.5 Ga to 2.6 Ga (average 2.5 Ga).

Sandstone samples of the Miocene-Pliocene from both parts of the basin show a
range of gyq(0) from -12.1 to -13.0 (average -12.6) in the SW part and -12.6 to -17.6
(average -14.8) in the NE part of the basin. However, the average Tpy ages at nearly
1.8Ga are similar in both parts of the basin. One sample from drill core-4 (sample
#C4-03) yielded a more positive gyq4(0) value of -9.8 and, hence, a younger Tpy age
of 1.5 Ga, which is possibly due to a contribution from other younger source areas.
Four samples of recently deposited sands from wadis provide variable €y4(0) values
ranging from -13.9 to -19.3 (average -16.3). The Tpy ages consequently range from
1.7 to 2.2 Ga. The southernmost sample (# 14-01) exhibits the oldest Tpy age (2.2)
among the four recent sediment samples. In addition, one Pleistocene sand sample
has an gyy(0) value of -10.6, which is again more positive compared with the other
sand samples and yields a younger provenance age of 1.5 Ga.

In order to determine the direct effect of weathering processes on the obtained Nd-
isotope compositions, three samples, one Upper Cretaceous weathered marl sample
from the Onhym quarry and two Miocene-Pliocene weathered marl samples from
drilled cores), have been analyzed. The weathered marls exhibit &y(0) values
ranging from -13.0 to -13.7 (average —-13.4), a similar **’Sm/***Nd ratio (0.20), Tcnur
ages from 1.3 to 1.4 Ga (1.4 Ga on average) and Tpy ages varying from 1.7 to 1.8
Ga (1.8 Ga on average). The Tchur and Tpy ages obtained from weathered marls are
compatible with the Upper Cretaceous and Miocene-Pliocene provenance ages
implying that weathering process did not significantly alter the Nd isotope

compositions and hence the model ages.

3.2.4.4 Rb-Sr isotopes

Fourty samples from various stratigraphic units were also analyzed for their
radiogenic Sr isotope composition (Table 3.2.4). The Lower Cretaceous sandstone
samples show higher #Sr/®’Sr values, ranging from 0.8027 to 0.8461, than the other
younger sediments. In the Upper Cretaceous stratigraphic unit more variable, but
less radiogenic ®°Sr/%’Sr ratios have been found including those of the Upper
Cretaceous (average 0.7285), Early Eocene (0.7268), Oligocene-Early Miocene and
Miocene-Pliocene (0.7309, Sebkha Aridal section), Miocene-Pliocene SW part of the
basin (0.7369), NE part of the basin (0.0.7316) recent and Pleistocene sediments
(0.7289) and weathered marls (0.7327). The calculated ®Sr/*’Sr compositions at
stratigraphic age (Is;) are also highly variable ranging from 0.7976 to 0.8398 during
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the Lower Cretaceous and 0.7140 to 0.7523 from the Upper Cretaceous to the recent
time.

fS"Nd s the fractional deviation of the

According to McLennan et al. (1993)
“T'Sm/MNd  from that in chondritic meteorites (™= (**’Sm/***Ndsample/
(**’sSm/**Nd) chondrite-1) and monitors the general extent of differentiation. The
studied sediments of the Tarfaya basin show a narrow range of ™ from -0.35 to -
0.45 (Table 3.2.3). A poor correlation also exists between the ***Sm/*'Nd ratios and
end(0) values (r=0.41). The narrow range of Sm/Nd fractionation and poor correlation
indicate that no resetting of Sm-Nd compositions occurred during sedimentary and
post-sedimentary processes (McLennan et al., 1993; Bock et al., 1994; McDaniel,
1994; Xie et al., 2012). On the other hand, the ®’Rb/**Sr ratios show a large variation
range from 0.010 to 3.65, possibly resulting from grain size sorting and Rb-Sr
redistribution in the studied siliciclastics during the post-sedimentary processes (Xie
et al., 2012). Therefore, the provenance reconstructions based on the Sm-Nd isotope
system are considered more reliable and, thus, are used here to place constraints on

the provenance of the Tarfaya basin sediments.

3.2.5 Discussion

3.2.5.1 Tectonic setting

Geochemistry (major and trace elements) of sedimentary rocks has been extensively
used to discriminate tectonic settings of sedimentary basins (Bhatia, 1983; 1984 and
1985; Roser and Korsch, 1986 and 1988; McLennan and Taylor, 1991). Further,
Bhatia and Crook (1986) have also used immobile trace elements in wackes to
discriminate between different tectonic settings. However, these criteria must be
used with caution, as sometimes sediments are transported from their tectonic
setting of origin into a sedimentary basin in a different tectonic environment
(McLennan et al., 1990).

The La/Y versus Sc/Cr binary diagram (Fig. 3.2.3a), in general, suggests passive
continental margin settings for the studied samples, as most of the data (both coarse-
and fine-grained sediments) plot to the field D for “Passive Margins” or around it.
These ratios (La/Y=1.0-1.5 and Sc/Cr<0.2) are also almost within the range of the
passive marginal depositional settings of Bhatia and Crook (1986). Furthermore, the
La-Th-Sc triangular diagram (Fig. 3.2.3b) also suggests a continental marginal
depositional setting. In the Th-Sc-Zr/10 diagram (Fig. 3.2.3c), the data are more
scattered and have been found to differentiate less significantly between active and
passive continental margin settings. This may be mainly attributable to the variation

in concentration of Zr (Ghosh and Sarkar, 2010) and the relatively low Th concentrat-
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Fig. 3.2.3 Plots of the major and trace element composition of the sands and sandstones,
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-ion. In Roser and Korsch’s (1986) binary diagram based on K,O/Na,O versus SiO,%
(Fig. 3.2.3d; plotted for reference), coarse-grained siliciclastics from the Lower
Cretaceous, the Miocene-Pliocene and the recent sediments lie within the passive
margin deposition field. The fine-grained sediments from the Upper Cretaceous,
Early Eocene, and Oligocene-Early Miocene are also indicative of passive margin
depositional settings, except some black shale samples that plot to the active margin
field because of the low SiO, or higher Na,O concentrations and, hence, the fine-
grained black shales have been found to be less significant. Thus, trace elements are
more useful, in the present study, for discriminating tectonic settings of fine-grained
siliclastics as compared to major elements. In conclusion, the various diagrams of
tectonic settings indicate that the studied sediments of Tarfaya basin were deposited

in a passive margin depositional setting.

3.2.5.2 Source rock composition

The abundance of Cr and Ni in siliciclastics can be considered as a proxy in
provenance studies. A high content of Cr and Ni is predominantly found in sediments
derived from ultramafic rocks, whereas a low concentration of Cr and Ni indicates a
felsic provenance (Wrafter and Graham, 1989; Graver et al., 1996; Amstrong-Altrin et
al., 2004). Graver et al. (1996) have shown that elevated Cr and Ni abundances
(Cr>150 and Ni>100) and a high correlation coefficient between these two elements
(r=0.90) are indicative of ultramafic rocks in the source region. The Cr and Ni
concentrations in most of the studied samples are relatively low, with a less
significant correlation coefficient (r=0.60) and variable Cr/Ni ratios. Hence, these low
Cr and Ni concentrations, low Cr/Ni ratios, and poor correlation between Cr and Ni
from both coarse- and fine-grained rocks do not indicate any signature of the mafic or
ultramafic rocks in the source region. Furthermore, a binary diagram of Cr/V versus
Y/Ni ratios has also been used to discriminate the source area (Hiscott, 1984;
McLennan et al., 1993). The Cr/V ratios are the index of the enrichment of Cr over
the other ferromagnesian trace elements, whereas Y/Ni monitors the general level of
ferromagnesian trace elements (Ni) compared with a proxy for HREE (Y). The mafic
to ultramafic sources tend to have higher Cr/V and lower Y/Ni ratios. The samples in
the present study have an extremely low Cr/V ratio and a variable abundance of Y/Ni
(Fig. 3.2.4) exhibiting a predominantly felsic lithology of the source area. Hence,
these low Cr/V and variable Y/Ni ratios preclude any presence of the ophiolitic
component in the source region.

The ratios between relatively immobile trace elements such as La/Sc, Th/Sc, Cr/Th
and Th/Co are considered as good indicators of source rocks (Taylor and McLennan
1985; Cullers, 1994 and 2000; Cullers and Podkovyrov, 2000; Wronkiewicz and Con-
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Fig. 3.2.4 Provenance plot using relations of Cr/V versus Y/Ni (after Hiscott, 1984).
Curve model between granite and ultramafic end members. Ultramafic rocks have
very low Y/Ni and high Cr/V ratios. Arrow indicates the direction of the mafic-

ultramafic source end-end members. Symbols as in Fig. 3.2.3.

-die, 1990). In the present study, these ratios are compared with those of sediments
derived from felsic and mafic rocks and also with UCC (Table 3.2.5). The
comparisons show that the majority of our data are within the range of felsic source
rocks and lower than UCC. According to Armstrong-Altrin et al. (2004), La/Sc and
Th/Sc ratios of sediments derived from felsic rocks are always higher than those of
sediments derived from mafic rocks. Ratios for our samples clearly indicate felsic
sources, although some of the samples have slightly lower values of Th/Sc, although
ratios are still much higher than those of mafic rocks. Most of the coarse-grained
siliclastics have Cr/Th ratios close to those of UCC (Cr/Th=7.76, McLennan,
2006).The Th/Co ratios of the studied samples also lie within the range of felsic
source and extremely close to UCC (Table 3.2.5).

The REE pattern of the source can be preserved in sedimentary rocks (Taylor and
McLennan 1985). Felsic rocks contain higher LREE/HREE ratios and negative Eu
anomalies, whereas mafic rocks generally contain lower LREE/HREE ratios and no
or positive Eu anomalies (Cullers and Graf, 1983; Cullers, 1994). Hence, the REE
patterns help to distinguish between felsic and mafic source rock lithologies of
sedimentary rocks. The studied samples of the Tarfaya basin have high LREE/HREE
ratios and moderately negative Eu anomalies. The chondrite-normalized samples

show REE patterns similar to that of PAAS, with LREE enrichment, an almost flat
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HREE and negative Eu anomalies. This suggests a contribution of sediments from
felsic source rocks to the Tarfaya basin. Further, EU/Eu* ratios are considered as
being more sensitive to provenance signature (McLennan et al., 1993; Cullers, 2000).
The Th/Sc ratio is used as an indicator of chemical differentiation and, hence, infers
compositional heterogeneity of the sources (Cox et al., 1995; Hassan et al., 1999).
The Zr/Sc ratio is used as an index of sediment recycling in the source region
(McLennan et al. 1993). Further, Th/Sc ratios higher than 0.8, if coupled with higher
values of Zr/Sc, probably indicate input from mature and/or recycled sources. All the
studied samples, when plotted into the Th/Sc versus Zr/Sc binary diagram (Fig.
3.2.5) show a positive slope and display higher values of both ratios. The Th/Sc ratio
has a narrow range (Table 3.2.1), whereas the Zr/Sc ratio exhibits a wide range. No

particular trend is present along the line of mineral fraction and therefore, no indicat-
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Fig. 3.2.5. Th/Sc versus Zr/Sc plot (after McLennan et al., 1993) of Tarfaya basin
sediments. Explanation for both the compositional variation trend line and the zircon

addition trend line can be found in the text. Symbols as in Fig. 3.2.3.

-ion of a mafic source. The absence of mafic sources is also indicated by generally
high Th/Sc, >0.85. A particular trend is shown by Zr/Sc and indicates recycling or
sediment sorting in the source region. Hence, from the Th/Sc versus Zr/Sc ratios, we
can conclude that source areas have undergone recycling before sediment transport,

together with an increasing addition of zircon mineral.
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In summary, the low concentration of Cr and Ni, the ratios of La/Sc, Th/Sc, Cr/Th,
Th/Co and the REE distribution patterns of the Tarfaya basin sediments indicate that
these sediments are derived from felsic source rocks. In addition, the Zr/Sc
distribution pattern and Zr/Hf ratios are is clearly indicative of recycling in the source
area. However, these geochemical results are unable to trace whether the sediments
are derived from single or varied source areas. Hence, Nd-Sr isotopic results are
discussed in the next section in order to determine whether the studied sediments
indicate the same provenance or mixed provenances from the Lower Cretaceous to

recent time.

3.2.5.3 Provenance of the Tarfaya basin sediments

The analyzed samples of the Tarfaya basin from the Lower Cretaceous to recent
show a large range of gyq4(0) values (Table 3.2.3). A clear difference exists in the
eNd(0) values between the Lower Cretaceous and the other sediments, with younger
stratigraphic units and the most negative values occurring in the southernmost
Sebkha Aridal section (gng(0)=-25.6). Hence, the calculated depleted mantle model
ages (Tpw) of these sediments show variation in provenance ages because of
variation in the source area. Previous findings indicate that during the Lower
Cretaceous, sediments originated from the WAC and that the contribution of
sediments from the western Anti-Atlas to the Tarfaya basin only started during the
Upper Cretaceous (Fig. 3.2.12, Chapter 3.1).

The Nd and Sr isotopic compositions of the studied samples are compared in (Fig.
3.2.6) and exhibit three distinct groups. The first group consists of the samples from
the Lower Cretaceous sediments characterized by Tpy= 2.1+0.05Ga provenance age
and by higher Sr-isotopic ratios (0.8250). The second group comprises the Upper
Cretaceous to Miocene-Pliocene samples and is characterized by Tpy= 1.840.02Ga
provenance age and by variable Sr-isotopic ratios in the range from 0.7140 to
0.7523. On the other hand, the third group, which consists of sediments from the
Sebkha Aridal section, is characterized by Tpy= 2.5+0.0Ga, older provenance ages,
and more or less similar Sr-isotopic ratios (0.7190+0.002) to that of the second
group. The recent sediment samples show an affinity with these groups as three
recent sediment samples cluster along with the Upper Cretaceous to Miocene-
Pliocene sediment samples (second group) and one sample corresponds to the
Lower Cretaceous (first group), being similar in value on the Y-axis, but because of
the low #Sr/%’Sr isotopic ratio on the X-axis, lying close to the Y-axis. The Upper
Cretaceous carbonate and the Pleistocene sand samples are scattered because of
the lower values of gy(0). These different groups suggest that sediments originated

from distinct source areas.
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as in Fig. 3.2.3.

Modern sediments provenance: One can directly constrain provenance from these
data providing that no change in the isotopic composition of the source area occurred
as a consequence of unroofing processes (Mearns et al., 1989). Four modern river-
transported sediment samples, which originated from the WAC and the western Anti-
Atlas, have been used for this purpose. One sand sample (sample # 14-01) has a
provenance age of 2.2 Ga (Table 3.2.3, Fig. 3.2.7) and contains sediments that are
derived from the Eburnean terrane (WAC) and have an age similar to the proveance
ages (2.12-2.06 Ga) obtained by Schofield et al. (2006) and Schofield and Gillespie
(2007). This indicates that no change has occurred in the gross isotopic composition
in the WAC source areas between the Lower Cretaceous until the present day
because of unroofing processes in the Eburnean terrane. On the other hand, two
samples whose sediments are derived from the western Anti-Atlas suggest a
provenance age (1.7 Ga) for the western Anti-Atlas source area (the western Anti-
Atlas sediments that were deposited during the Paleozoic were derived from the
Precambrian inliers and or WAC). Finally, a fourth sample whose sediments are
possibly derived from both the WAC and the western Anti-Atlas source areas suggest
a 1.9 Ga proveance age for these mixed source-derived sediments. The mixed
provenance ages of the Atlantic Ocean younger sediments were also found in the
range from 1.7 to 1.9 Ga by Cole et al. (2009) and Meyer et al. (2011).
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Fig. 3.2.7 Stratigraphic versus provenance age plots of the Tarfaya Basin

sediments.

Lower Cretaceous sediment provenance: The Lower Cretaceous sediments have
similar eyq(0) values and higher ®'Sr/%®Sr ratios than those of the modern West
African Craton river sand. The higher ¥ Sr/®*Sr ratios might be attributable to a post-
depositional diagenesis process. The calculated provenance ages (average 2.2 Ga)
in the Boukhchebat section are comparable with the Eburnean terrane indicating that
the source is in the northern part of the Reguibat Shield (WAC). Sehrt et al. (2011)
also indicate that the Reguibat Shield was the main source for the Lower Cretaceous
sediment based on zircon (U-Th-Sm)/He dating (ZHe). The homogeneously negative
Nd isotope values and restricted Sm/Nd ratios indicate their passive margin
depositional tectonic setting, old provenance and long sedimentary recycling (Zhang
et al., 2007). In addition, the petrographic data and SiO,/Al,O; ratios support Cratonic

and recycled source areas for these sediments (Chapter 3.1).

Upper Cretaceous to Miocene-Pliocene sediment provenance: The Lower to

Upper Cretaceous transition is marked by a shift toward more positive €y4(0) values
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and a decrease in ¥’Sr/®Sr ratios. This shift may be attributable to the sediments
starting to originate from the western Anti-Atlas as a consequence of uplifting and
erosion attributable to the convergence of the African and Eurasian plates as
mentioned earlier. The Upper Cretaceous to Early Eocene fine-grained and Miocene-
Pliocene coarse-grainded sediments (from both the SW and NE parts of the Tarfaya
basin) produce a narrow range of provenance ages of 1.7 to 1.8 Ga (average 1.8 Ga)
and 1.6 to 1.8 Ga (average 1.8 Ga), respectively. The similarity in the gy(0) values
during the Miocene-Pliocene from both parts of the Tarfaya basin indicates the same
source areas for Miocene-Pliocene sediments, and hence, these sediments
demonstrate similar provenance ages (1.8Ga) being younger than those of the Lower
Cretaceous. These provenance age groups signify the first contribution from the
western Anti-Atlas source areas to the Tarfaya basin. Further, three samples from
the Sebkha Aridal section (south most section in the present study) of the Tarfaya
basin show the most negative €y4(0) values and hence the oldest provenance ages
(Tom=2.5£0.0Ga). These provenance ages are higher than Eburnean (2.12-2.06Ga)
and lower than the Archean terrane (3.04-2.83Ga) indicating that these provenance

ages were produced by a mixing of detritus from both these terranes.

3.2.6 Conclusions

The geochemical and Nd-Sr isotopic analysis of the siliciclastic sediments from
Lower Cretaceous to recent indicate that the Tarfaya basin sediments have been
deposited in a passive marginal tectonic settings, the sediments of which are derived
from the heterogeneous source areas of felsic composition. These source areas are
in the Eburnean and Archean terrane (WAC) along with the Mauritanides and the
western Anti-Atlas.

The La-Th-Sc and La/Y versus Sc/Cr diagrams mostly indicate a passive margin
tectonic setting for both coarse- and fine-grained siliciclastics. Nevertheless, La-Th-
Zr/10 fails to distinguish between active and passive continental margin settings,
possibly because of the wide variation of Zr concentrations in the studied sediments.
Furthermore, the K,O/Na,O versus SiO,% relationship for the coarse-grained
siliciclastics indicates a passive margin tectonic setting. However, the fine-grained
sediments show more scatter for this same relationship.

The low concentrations of Cr and Ni and the trace elements, as well as ratios of
La/Sc, Th/Sc, Cr/Th and Th/Co of the Tarfaya basin sediments indicate that these
sediments are derived from source rocks of acidic composition. In addition, similarity
of REE patterns to that of PAAS, a light rare earth elements (LREE) enrichment, flat
heavy rare earth elements (HREE), and negative Eu anomalies support the felsic

source for the Tarfaya basin sediments. Moreover, a binary plot of Th/Sc and Zr/Sc

72




Chapter 3 Results

as well as Zr/Hf ratios show considerable enrichment of zircon, a finding that
indicates recycling in the source area.

The uniform Sm/Nd ratios of coarse- and fine-grained sediments from Lower
Cretaceous to recent in the Tarfaya basin show that no noticeable fractionation
occurred during deposition or diagenesis and, hence, the lack of any isotopic
compositional modification. The recent sediment samples from wadis and dunes
have been found useful to direct constrain provenance. One sample indicates a
similar provenance age to that of the Eburnean terrane (2.12-2.06 Ga) that was also
found in the Lower Cretaceous sediments, imply that no modification took place in
provenance age from the Lower Cretaceous to the recent due to unroofing. Two
samples give a provenance age of 1.7 Ga for the sediments derived from the western
Anti-Atlas and the other one sample gives 1.9 Ga for the mixed provenance. Further,
the Nd isotopic data indicates that the Lower Cretaceous sediments are exclusively
derived from the Eburnean terrane of the West African Craton. Since the Upper
Cretaceous, the sediments show source areas from the West African Craton and the
western Anti-Atlas. The contribution of sediments from western Anti-Atlas is
associated with the tectonic activity in the Anti-Atlas. Finally, the southernmost
Sebkha Aridal section shows the predominance of Archean terrane derived

sediments from WAC.
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3.3 Climatic and tectonic control on weathering from Upper
Cretaceous to Quaternary in the Tarfaya basin, marginal
Atlantic, SW Morocco: evidence from clay mineralogy and

geochemistry®
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Abstract

Clay mineral contents from Upper Cretaceous to modern sediments in the
Tarfaya basin have been investigated by using X-ray diffraction method. The basin is
filled by sediments that were derived from plutonic rocks from the Reguibat Shield
(West African Craton) and Paleozoic sedimentary and/or low grade metamorphosed
rocks (carbonates and sandstones) of the western Anti-Atlas. The clay mineral
assemblages of the Tarfaya basin sediments vary through different stratigraphic
units. lllite and chlorite, which are formed by physical weathering, are derived from
rocks of the West African Craton and western Anti-Atlas. The higher concentration of
smectite throughout the stratigraphic units is of detrital origin, mainly indicative of
warm and semi-arid climatic conditions in the source area. The higher abundance of
kaolinite, higher ratios of kaolinite/illite, and high Al,Os/Na,O and TiO,/Na,O ratios in
the Turonian and Santonian sediments suggest intense chemical weathering of the
soil in the source area. The presence of corrensite in Campanian (Upper Cretaceous)
and Oligocene-Early Miocene sediments is associated with the diagenetic
transformation of other clay minerals under oxic/anoxic conditions. Abundant
palygorskite in the Early Eocene sediments indicates warm and dry climate
conditions in the nearby coastal area. The higher abundance of illite and smectite
throughout the basin during the Miocene-Pliocene suggests physical weathering in
the source area, which is also associated with large-scale tectonic activities. The
marls from Miocene-Pliocene weathered horizons show more intense chemical
weathering as compared with Upper Cretaceous marls and hence more humid

climatic conditions. Moreover, the Th/Sc and Zr/Sc binary relationships and higher
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Zr/Hf ratio show a considerable enrichment of zircon, which indicates recycling in the

source area.

®To be submitted to Clays and Clay Minerals.
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3.3.1. Introduction

Clay minerals are an important and widely distributed component in types of
sediments. Their vertical distributions have been interpreted in terms of
contemporaneous palaeoclimatic changes prevailing in continental source areas
(Petschick et al., 1996; Gingele et al., 2001; Liu et al., 2010). The clay mineral
concentration is widely controlled by climate, tectonics and lithology of the source
region. Kaolinite is chiefly used to monitor the intensity of chemical weathering in the
source region. Other clay mineral indices are also important for climate tracing. For
example, the illite chemical index can be used to reflect the strength of physical
erosion or hydrolysis (Gingele et al. 2001; Boulay et al., 2005; Liu et al., 2007), and
illite crystallinity is often used as a source region tracer of the sediments (Petschick
et al., 1996; Liu et al., 2007). The Al,O3/Na,O and TiO,/Na,O ratios can serve as
proxies for the chemical index of alteration (CIA) because these ratios are directly
related to the plagioclase alteration (Roy et al., 2008). Hence, these elemental ratios
together with kaolinite abundance can better understand weathering in the source
area.

Earlier studies in the Tarfaya basin were based on fine-grained sediments from the
Upper Cretaceous and were focused on an understanding of the intensity of anoxia,
the magnitude and nature of the 8"°C excursion, the biotic effects on benthic and
planktonic foraminifera, biostratigraphic records, and paleo-environmental evolution
(e.g. El Albani et al., 1999; Kuhnt et al., 1997, 2005, 2009; Kolonic et al., 2005; Mort
et al., 2007, 2008; Keller et al., 2008; Gertsch et al., 2010). Further, clay mineral
studies in the Upper Cretaceous sediments were done by El Albani et al. (1999) and
in the Early Eocene sediments from the offshore Atlantic Ocean sediments by Robert
and Chamley (1991). We present results obtained from the Upper Cretaceous to
recent siliciclastic rocks from key sections of the coastal cliffs and sebkhas between
Boujdour and Oued Chebeika and the upper sections of four newly drilled cores. We
use clay mineralogy compared with geochemical data in order to evaluate climatic
and tectonic control on weathering and erosion processes in the source region and

weathered horizons in the Tarfaya basin.

3.3.2 Geological background

The Tarfaya basin is limited by the Anti-Atlas to the north, the Mauritanides to the
south, the Reguibat Shield (West African Craton) in the east and is open to the
Atlantic Ocean in the west. The evolution of the basin is closely connected with the
geological history of the African Craton and the opening of the Atlantic Ocean (Ranke

et al., 1982), with development from a rift to a marginal basin. The basin is filled by
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Mesozoic and Cenozoic continental to shallow marine sediments overlying a
basement of igneous and metamorphic rocks of Precambrian and/or Paleozoic age.
The post-Triassic subsidence of the basin is related to the opening of the Atlantic
Ocean (Wiedmann et al., 1982). The importance is the activation of the Zemmour
fault, which separates the Anti-Atlas and the Tindouf basin to the east (Choubert et
al., 1966). With the activation of the fault, a steady subsidence of the Tarfaya basin
commenced in the Triassic followed by a stepwise subsidence in the Jurassic and
the Cretaceous. A thick deltaic sequence, during the Early Cretaceous, accumulated
during and after a major global Valanginian regression (Vail et al., 1977). According
to Ratschiller (1970), the shallow-marine sediments from the Upper Cretaceous to
the Early Eocene unconformably overlay the continental Lower Cretaceous
formations. Late Oligocene to Early Miocene basin development shows an erosional
hiatus, because of the coincidence of a major regression with intensified slumping,
canyon incision, and bottom water circulation (Arthur et al., 1979), with only little
continental deposition taking place. After this long period of non-deposition or
erosion, Miocene-Pliocene sediments unconformably overlay the Lower Cretaceous
(Tan Tan Formation), Upper Cretaceous (NE part of the basin), Early Eocene and
Oligocene-Early Miocene (SW part of the basin) deposits. Miocene-Pliocene
siliciclastic sediments once again started to be deposited both on- and off-shore
associated with uplift events in the Anti-Atlas producing several hiatuses and
weathered horizons of sediments (Frozen de Lamotte et al., 2009; Ruiz et al., 2010).

In the present study, samples were collected from various sections (Upper
Cretaceous to recent time) that cropped out in the Sebkhas and along the shoreline
in the Tarfaya basin; these samples have been logged and investigated together with
four newly drilled cores. The location of the various sections and drilled cores are
shown in Fig. 3.1.1 and the sample positions within sections are given in Fig. 3.3.1.
The Upper Cretaceous rocks mainly exposed in the NE part of the basin consist of
black shales and sandy marls intercalated with chert and nodular limestone or just
pure limestone. The Early Eocene deposits occur in the SW part of the basin and
consist of black shales and sandy marls intercalated with cherts and limestones. The
Oligocene-Early Miocene sandy marls have been sampled from the Sebkha Aridal
section. The Miocene-Pliocene siliciclastic deposits consist of coarse or
conglomeratic sandstones together with lumachelle in the lower part and sandstones
intercalated with sandy marls and limestones. Recently deposited sediment samples
have also been collected from various wadis. Weathered marl samples from the
Upper Cretaceous and Miocene-Pliocene weathering horizons have also been

collected to direct constraint weathering history.
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Fig. 3.3.1 Lithologic sections of the Tarfaya basin from Upper Cretaceous to Mio-

Pliocene. Black dots mark sample positions.

3.3.3 Materials and methods

Clay mineral analysis was carried out on a total of 71 samples comprising black
shales, sandy marls, sandstones, and recent sediments as well. These samples were
selected from sixteen outcrop sections and four newly drilled cores, representing
different stratigraphic units (Upper Cretaceous to recent) in the Tarfaya basin. Prior
to the clay fraction (<2 um) separation, the samples were treated for removing the
carbonate contents (using hydrochloric acid). Following the Stokes’ Law, the clay
fractions (<2 um) were separated from the stabilized suspension and oriented clay
slides were prepared by smearing the clay suspension onto glass slides. The
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analyses were conducted using a PANalytical X’'Pert PRO diffractometer with CuKa
radiation and Ni filter, under a voltage of 45 kV and an intensity of 40 mA. The XRD
runs following ethylene-glycol salvation for 24 h, and heating at 490°C for 2 h. The
sample preparation and analysis were performed at the State Key Laboratory of
Marine Geology, Tongji University (China).

The relative contents of each clay mineral species were estimated mainly according
to the position of the (001) series of the basal reflections on the XRD diagrams, i.e.
smectite (001) at 17 A, illite (001) at 10 A, kaolinite (001) and chlorite (002) at 7 A .
Kaolinite and chlorite were discriminated according to the relative proportions given
by a ratio of the 3.57 A and 3.54 A peak areas. Corrensite, palygorskite, and sepiolite
are also identified at 14 A, 10.46 A, and 11.9 A, respectively. The illite chemistry
index and illite crystallinity have been calculated from the X-ray diffractograms. lllite
chemistry index refers to a ratio of the 5 A and 10 A peak areas (Esquevin, 1969).
lllite crystallinity was obtained from the half height width of the 10 A peak (Chamley,
1989). These two parameters are usually used to track source regions and transport

paths.

3.3.4 Results

The proportion of the clay minerals and their distribution in the different stratigraphic
intervals are shown in Table 4.1 and are plotted in a pie chart and ternary diagram in
Figs. 3.3.2 and 3.3.3, respectively. The measured clay minerals include chlorite, illite,
smectite, kaolinite, palygorskite, sepiolite and corrensite in variable proportions. Their
proportions are variable between the different stratigraphic intervals and within the
stratigraphic units.

The clay minerals for the Upper Cretaceous sediments are highly variable within
each sub-stratigraphic unit; for Santonian (smectite (20-74%), illite (13-50%),
kaolinite (10-18%)), for Turonian (smectite (1-37%, illite (35-47%), kaolinite (10-
51%)), and for Turonian, the distribution of clay minerals is variable both in the
outcrop section (smectite 0%, illite 15-42%, kaolinite 0-1% and corrensite 58-84%)
and in the drilled core (smectite 36-38%, illite 52-55%, kaolinite 5%) [Table 3.3.1].
The distribution of clay minerals from the Upper Cretaceous sediments is in
agreement with those obtained by El Albani et al. (1999). However, corrensite has
not been considered by the El Albani group. The illite chemistry index ranges from
0.21 to 0.50, and the illite crystallinity ranges from 0.26 to 0.68°A26, with an average
value of 0.39°A26 (Table 3.3.1).

In the Early Eocene sediments, palygorskite (22-71%) is the most dominant clay
mineral with an average of 43% followed by smectite (0-42%), illite (9-33%),

corrensite (2-19%) and kaolinite (0-5%). The illite chemistry index varies between
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Fig. 3.3.2 The distribution of average clay minerals of Tarfaya basin sediments from
Upper Cretaceous to recent. Weathered Upper Cretaceous and Miocene-Pliocene

marls are shown separately in the two lowermost diagrams.
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Fig. 3.3.3 Comparison of clay mineral assemblages of Tarfaya basin sediments from

Upper Cretaceous to recent.

0.24 and 0.40, and the illite crystallinity is between 0.22 and 0.43 A26, with an
average value of 0.30°A26 (Table 4.1).

Samples from the Oligocene-Early Miocene sediments have extremely high
concentration of corrensite (73-92%), with an average of 84%, the other clay
minerals include smectite, illite and kaolinite occurring in minor proportions.

The clay minerals in the SW and NE part of the basin sediments from the Miocene-
Pliocene are variably distributed. The NE part of the basin is characterized by more
abundant primary minerals, i.e., illite (8-40%) and chlorite (0-22%) and variable
abundant secondary mineral, i.e., smectite (2-88%); palygorskite content varies from
0 to 58%. On the other hand, the SW part of the basin is characterized by more
abundant secondary smectite mineral (50-80%), with an average of 73%, and less
abundant illite (2-20%), chlorite (0-6%) and palygorskite (3-15%). The illite chemistry
index varies between 0.22 and 0.44, and the illite crystallinity is between 0.13 and
0.42°A26, with an average of 0.27°A26 (Table 3.3.1).

The clay mineral fractions in the Upper Cretaceous and Miocene-Pliocene weathered
marls show the following distribution variability. The Upper Cretaceous weathered
marls include smectite (3-67%), illite (18-55%), chlorite (0-15%), kaolinite (5-16%),

and palygorskite (1-12%). The clay minerals in the Miocene-Pliocene weathered
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marls comprise smectite (0-72%), illite (13-52%), and kaolinite (0-42%). Chlorite and
palygorskite are also present in minor proportions. The illite chemistry index varies
between 0.17 and 0.43, and the illite crystallinity is between 0.14 and 0.50°A26, with
an average of 0.25°A26 (Table 3.3.1).

The clay mineral present in the recent sediments are smectite, illite, kaolinite,
chlorite, and palygorskite. lllite (32-50%) is the most dominant clay mineral with an
average of 42%; kaolinite (19-38%) is the second with an average of 30%, with
smectite (2-22%), chlorite (7-11%) and palygorskite (7-14%) being present as less
dominant clay minerals in recent sediments. The illite chemistry index varies between
0.31 and 0.42, and the illite crystallinity is between 0.23 and 0.63°A26, with an
average of 0.39°A26 (Table 3.3.1).

3.3.5 Discussion

3.3.5.1 Origin of clay minerals in the Tarfaya basin sediments

lllite and chlorite are considered as detrital primary clay minerals. lllite reflects
decreased hydrolytic processes in continental weathering and increased direct rock
erosion under cold and/or arid climatic conditions. Chlorite is a characteristic mineral
for low-grade chlorite-bearing metamorphic rocks. It is also found in sedimentary
rocks and may be retained in repeated erosion cycles (Hong et al., 2007). It has an
origin similar to that of illite under physical weathering conditions that allow chlorite to
survive and even be concentrated in the erosion cycle (Madhavaraju et al., 2002;
Hong et al., 2007). The illite concentration in the studied samples is relatively higher
than that of other clay minerals that are present, except in the Oligocene-Early
Miocene sandy marls and Miocene-Pliocene sandstones from the SW part of the
basin. In the Tarfaya basin sediments, illte might have been derived from the
physical erosion of granitic and metamorphic rocks of the Reguibat Shield (WAC)
and sedimentary rocks of the western Anti-Atlas. The low illite concentration in the
studied samples is associated with the higher concentration of the clay minerals.
Further, the weathered marls of the drilled core-1 from the Miocene-Pliocene also
show a relatively low illite concentration, which is also associated with higher
abundances of smectite and palygorskite. The chlorite abundances are low and
variable in the different stratigraphic units. The source of chlorite is mainly associated
with low-grade metamorphosed and sedimentary rocks of the western Anti-Atlas.
Smectite can form frequently during chemical weathering in warm temperatures, but
it principally develops at climatic conditions between warm-humid and cold-dry and
requires less water percolation than that needed for kaolinite formation (Chamley,
1989; Gibson et al.,, 2000; Suresh et al., 2004; Liu et al.,, 2007). According to

Deconinck and Chamley (1995), three possible main processes lead to smectite and
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smectite mineral formation: (1) reworking of exposed soils and sediments under a
warm and less humid climate, (2) early digenetic authigenesis and (3) submarine
weathering or alteration of volcanic material. The Tarfaya basin sediments are
derived from sources of felsic composition from the Reguibat Shield (WAC) and
western Anti-Atlas Chapter 2 and Chapter 3), and therefore, a volcanogenic origin of
smectite can be excluded because of the absence of volcanic material. In addition,
the volcanogenic origin of the high smectite presence in marine sediments of Atlantic
origin has also been rejected by Chamley et al. (1990) because of the rarity of
volcanic debris and of specific volcanic clay mineral shapes and chemistry in
common marine sediments. Therefore, the higher concentration of smectite in the
studied Tarfaya basin sediments is mainly the result of the reworking and transport
from exposed soils and sediments under warm and semi-arid climate in the source
area. Diagenetic smectitization is less documented and could not be confirmed.
Kaolinite forms during the warm and wet weathering of acidic igneous and
metamorphic rocks or their detrital products (Hong et al., 2007). The occurrence of
kaolinite is associated with the intensity of chemical weathering under tropical
conditions (Hallamnet al., 1991) during which abundant rainfall favors ionic
transformation and pedogenic development (Millot, 1970; Chamley, 1989). The
granitic rocks and/or metamorphosed rocks of the Reguibat Shield (WAC) and
sedimentary rocks from the western Anti-Atlas or their detrital products produce a
significant amount of kaolinite in recent clay mineral assemblages. The variation in
the kaolinite concentration within the different stratigraphic units is mainly attributable
to the variation in the intensity of chemical weathering in the source region.

Results show that palygorskite is abundant in Early Eocene and Miocene-Pliocene
(drilled core-1) sediments of the Tarfaya basin, but less abundance in recent
sediments. Low contents of palygorskite have also been found in the Oligocene-Early
Miocene and Miocene-Pliocene sediments. However, palygorskite is absent or
present only as traces in the Upper Cretaceous. Palygorskite has also not been
identified in the Upper Cretaceous sediments of the Tarfaya basin by EI Albani et al.
(1999). The occurrence of palygorskite in the present studied sediments is mainly
associated with detrital origin which is formed under dry and arid/semi-arid conditions
as those recognized in Late Cenozoic and later sediments from many locations of the
NE Atlantic, Mediterranean and Indian basins, where fibrous clays including
palygorskite and sepiolite are commonly transported by river discharge, turbidity
currents or winds (Robert et al., 1984; Tomadin et al., 1984; Chamley, 1989;
Debrabant et al.,, 1993). The higher abundance of Palygorskite in Early Eocene
sediments is associated with massive dryness and evaporation in coastal areas from

low- and middle- latitudes during this time (Robert and Chamley, 1991). However, an
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increase in palygorskite and decrease in smectite in drilled core-1 weathered
sediments (Miocene-Pliocene) may be the result of an in situ transformation of
smectite into palygorskite which also attribute to the location of core-1 being further
landward. Furthermore, palygorskite abundance in the recent sediments is mainly
associated with the eolian transport of Sahara desert dust.

Corrensite is a 1:1 regular interstratification of trioctahedral chlorite and trioctahedral
smectite. The occurrence of corrensite is very abundant in Campanian (Upper
Cretaceous) and Oligo-Early Miocene sediments, indicating a very special
provenance information or local diagenesis condition, because it is not a common
interstratified clay mineral. As far as corrensite occurrence is concerned, it can occur
as a product of the hydrothermal alteration of various types of igneous rocks
(Meunier et al., 1988; Shaun et al., 1990; Bettison-Varra and Mackinon, 1997;
Schmidt and Robinson, 1997) or is related to the diagenesis of volcanoclastic
sedimentary materials (Almon et al., 1976; Chang et al., 1986; Jiang and Peacor,
1994a, 1994b). However, corrensite and chlorite can also form by the replacement of
biotite (Jiang and Peacor, 1994a, 1994b; Li et al., 1998) and amphibole (Meunier et
al., 1988) or by the reaction between detrital dioctahedral clay mineral assemblages
and Mg-rich carbonate during burial diagenesis (Hutcheon et al., 1980; Hillier, 1993).
Furthermore, according to Barrenechea et al. (2000), the transformation into
corrensite and corrensite+chlorite clay minerals is related to redox conditions. The
occurrence of corrensite+chlorite appears to be related to reducing conditions, i.e., in
mudstones of high organic content, and the presence of corrensite alone is
apparently favored by oxic conditions. The studied samples show a higher content of
corrensite alone in the Campanian (Upper Cretaceous) and Oligocene-Early Miocene
sediments suggesting strongly their digenetic transformation under oxic conditions.
Further, one black shale sample from the Early Eocene also contains corrensite,
together with some chlorite, which might have been formed under reducing
conditions.

The illite chemistry index and illite crystallinity can be used as indicators of the
intensity of chemical weathering; if no significant diagenesis or reworking of the illite
clay mineral has occurred. According to Esquevin (1969) ratios of illite chemistry
index higher than 0.5 are found in Al-rich illite, which is formed by intense chemical
weathering; on the other hand, ratios lower than 0.5 represent Fe-Mg-rich illite, which
is characteristic of weak chemical weathering conditions. Lower values of illite
crystallinity represent higher crystallinity, which are characteristic of weak hydrolysis
in source area (Chamley, 1989; Krumm and Buggisch, 1991) and vice versa when
the values are higher. The results obtained in the present study show low and

variable illite chemistry index and illite crystallinity; no correlation has been found with
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kaolinite abundance, and thus the hypothesis, in the present study, of strong

chemical weathering is not supported.

3.3.5.2 Geochemical interpretation

The intensity and duration of weathering in the siliclastics sediments is associated
with the relationships between alkali and alkaline earth elements (Nesbitt and Young,
1982). Since the upper crust contains a considerable amount of feldspar (Nesbitt and
Young, 1982), the dominant process during chemical weathering and soil formation is
the degradation of feldspars from source rocks to secondary clay minerals. These
chemical signatures are ultimately transferred to sedimentary records and supply a
useful means for monitoring the intensity of chemical weathering. The chemical index
of alteration (CIA) has been proposed by Nesbitt and Young (1982) in order to
estimate the intensity of chemical weathering in the source region of siliciclastic
rocks. In the present study, this index was not found to be particularly useful in the
interpretation of the intensity of chemical weathering (Chapter 2). However, the
Al,O3/Na,O and TiO,/Na,O ratios can be used directly as markers for intensity of
chemical weathering (Roy et al., 2008).

The geochemical results (Al,O3/Na,O, TiO,/Na,O and K,O/Na,O ratios) together with
the kaolinite clay mineral abundance show the variable influence of chemical
weathering from the Upper Cretaceous to recent time. The higher ratios of
Al,O3/Na,O and TiO,/Na,O are found associated with the increase in kaolinite
content and kaolinite/illite ratio in the various stratigraphic units. However, the
K,O/Na,O ratio is variable and less comparable with the kaolinite content and
kaolinite/illite ratios and hence is not useful for monitoring the intensity of weathering.
On the other hand, the AlL,Os/Na,O and TiO,/Na,O ratios, kaolinite content, and
kaolinite/illite ratio can be used to monitor the intensity of chemical weathering in the
different stratigraphic units of the Tarfaya basin sediments. Their values are high in
the Turonian, Santonian and recent sediments and extremely low in the Campanian,
Early Eocene, Oligocene-Early Miocene, and Miocene-Pliocene sediments. These
results suggest that chemical weathering was intense during Turonian, Santonian,
and recent time, but negligible during Campanian, Early Eocene, Oligocene-Early
Miocene, and Miocene-Pliocene times. Further, a difference has been found in the
values of these parameters in the weathered marls at the top of Upper Cretaceous
and within Miocene-Pliocene sediment successions. Hence, these parameters
suggest that Miocene-Pliocene weathered marls did indeed form under more intense
chemical weathering as compared to the Upper Cretaceous weathered marls.

The Th/U ratio reflects, together with the increasing abundance of the kaolinite, the

intensity of the chemical weathering in the source region, with the highest value
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occurring in the more deeply weathered rocks (McLennan et al., 1993). The results
obtained from the Th/U ratio are low and incomparable with the kaolinite abundance.
This low ratio of Th/U and non-correlation with kaolinite abundance might be
attributable to differences in oxidation state, and therefore the Th/U ratio does not
reflect the intensity of chemical weathering In the source area of Tarfaya basin
sediments (Bauluz et al., 2000).

The maturity of the Tarfaya basin sediments can be monitored in terms of the
variation in SiO,/Al,Oratios. The ratios increase because of an increase of quartz as
compared with less resistant components such as feldspar and lithic fragments
during transport and recycling. The SiO,/Al,O3; elements ratio is about 3 in basic
rocks (basalt and Gabbros), about 5 in acidic rocks (granite and rhyolites) [LeMaitre,
1976; Roser et al., 1996], and 4.44 in the Upper Continental Crust (UCC, Taylor and
McLennan, 1985). Ratios of more than 5 suggest sedimentary maturation in
sedimentary rocks (Roser et al., 1996). The values of SiO,/Al,O3 are variable in the
different stratigraphic units (Table 3.3.1). The results of the studied samples indicate
the higher maturity of the Tarfaya basin sediments, except for the Upper Cretaceous
black shales. However, their values are higher than the Post Archean Australian
shales (PAAS, Taylor and McLennan, 1985) suggesting that the Upper Cretaceous
shales are more mature than the PAAS.

The recycling influence can be recognized on the Th/Sc versus Zr/Sc binary
plot (Fig. 3.3.4) in which the Th/Sc ratio is used as an indicator of chemical
differentiation (Cox et al., 1995; Hassan et al., 1999) and the Zr/Sc ratio is used as
an index of sediment recycling in the source region (McLennan et al., 1993).
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Fig. 3.3.4 Th/Sc versus Zr/Sc plot (after McLennan et al., 1993). Samples depart
from the compositional trend indicating zircon addition suggestive of recycling effect

in the source area. The legend is same as in Fig. 3.3.3.
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Zr is referred to the physically and chemically ultra-stable mineral zircon that can
indicate the effect of recycling in the source area. In the binary plot, all the studied
samples demonstrate a linearly increasing compositional trend toward a higer ratio of
Zr/Sc. These results suggest that the increase in the zircon concentration in the
source area has undergone recycling before the transport of sediments to the
Tarfaya basin. In addition, the Zr/Hf ratios can also be used to monitor the recycling
in the source area. The results show that average Zr/Hf ratios in the studied samples
of the various stratigraphic units in the Tarfaya basin are higher (24.3-82.0, average
41.7) when compared with UCC (32.8, Taylor and McLennan, 1985), indicating that
these higher ratios are possibly the result of recycling in the source area.

3.3.5.3 Climatic and tectonic control on weathering

As we know, the clay mineral concentration is widely controlled by climate, tectonics
and lithology of the source region. As far as the lithology of Tarfaya basin sediments
is concerned, the source rocks of the Tarfaya basin sediments are characterized by
granitic and metamorphosed rocks (Mauritanides) of the Reguibat shield (West
African Craton) in the SW of the basin and by sedimentary (sandstones and
carbonates) and low-grade metamorphosed rocks of the western Anti-Atlas in the NE
of the basin. The Tarfaya basin sediments have been derived from the acidic rocks of
these two source areas since the Upper Cretaceous, and hence, there is no change
in lithology. The sedimentation rate to the Tarfaya basin is highly controlled by
tectonic activities in the Atlas system which are occurred fistly in Upper Cretaceous
(early Alpine orogeny) and secondly large-scale tectonic activities in Miocene-
Pliocene. On the other hand, The West African Craton has acted as a cratonic
source area since 1700 Ma (Michard et al., 2008). Therefore, the variation in clay
mineral abundance is mainly controlled by changes in climate and tectonic activity in
the western Anti-Atlas. The higher concentrations of illite and kaolinite in the
Turonian and Santonian are associated with the tectonic activity that occurred in the
Atlas system at that time (Frizon de Lamotte et al., 2009). The high abundance of
kaolinite together with the higher ratios of kaolinite/illite, Al,Os/Na,O and TiO,/Na,O
(Fig. 3.3.6) indicates intense chemical weathering of the soil in the source area
during Turonian and Santonian times. These findings are similar to that of El Albani
et al. (1999). The extremely high content of corrensite in Campanian reflects the
digenetic alteration of smectite into corrensite under oxic conditions. A higher
concentration of palygorskite is found in Early Eocene sediments and is associated
with the weathering of the nearby coastal area under warm and dry conditions.

Higher corrensite contents, which are also attributed to the diagenetic alteration of
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smectite under oxic conditions, occurred again in the Oligocene-Early Miocene
sediments. According to Ruiz et al. (2010), large-scale uplift took place in the western
Anti-Atlas during the Middle Miocene-Pliocene and is associated with a high
denudation rate. The Miocene-Pliocene coarse-grained sediments are widely
distributed throughout the Tarfaya basin. The clay minerals are mainly dominated by
illite and smectite; traces of chlorite indicate their detrital derivation and dominant
physical erosion of the sediments under dry climatic conditions. The higher
concentration of kaolinite and the higher ratios of kaolinite/illite, Al,Os/Na,O and
TiO,/Na,O in modern river sediments suggest warm and more humid climatic
conditions in the river drainage basins. Palygorskite in recent sediments reflects its
derivation from Sahara desert soil, which formed under arid conditions.

The weathered marls from the Upper Cretaceous and the Miocene-Pliocene
weathering horizons indicate a differential in situ climatic influence on the weathering
of these sediments. lllite and chlorite are variable within Upper Cretaceous and
Miocene-Pliocene weathered marls (Fig. 3.3.6). However, their average abundance
in the Upper Cretaceous and Miocene-Pliocene are more or less similar and hence
indicate similar climatic conditions during this time. On the other hand, the average
abundance of smectite and kaolinite are significantly variable, and a higher
concentration of smectite and low Kaolinite are associated with the Upper
Cretaceous weathered marls, whereas a higher abundance of kaolinite and low
smectite are associated with the Miocene-Pliocene sediments. These higher
concentrations in the Upper Cretaceous weathered marls indicate dry and less-humid
climatic conditions and less-intense chemical weathering than those for the
weathered marls of the Miocene-Pliocene. In addition, drilled core-1 samples
(Miocene-Pliocene) show an extremely high concentration of palygorskite. This
suggests weathered marl formation in the drilled core-1 samples formation indicate
dry climatic conditions, which might be attributable to the core-1 location further

landward.

3.3.6 Conclusions

The clay mineralogy of the Tarfaya basin sediments from the Upper Cretaceous to
recent time has been examined with the aim of identifying the climatic and tectonic
controls on weathering since the Upper Cretaceous, as the sediment sources are
unchanged. The clay minerals in the Tarfaya basin sediments predominantly consist
of illite, chlorite, smectite, kaolinite, palygorskite, sepiolite and corrensite. The clay
mineral abundances are variable in the different stratigraphic units indicating variable

climatic and tectonic control on the weathering and erosion of sediments.

89




Chapter 3 Results

The higher transportation of clay minerals is associated with the tectonic events that
first occurred during the beginning of the Upper Cretaceous and secondly in
Miocene-Pliocene. The climatic conditions constrain the intensity of chemical
weathering of the rocks in the source area. The higher abundance of smectite and
kaolinite during the Turonian and Santonian are associated with the first tectonic
event in the Atlas system and the formation of kaolinite under warm and humid
climatic conditions. The second event, which occurred during the Miocene-Pliocene,
is mainly associated with the transportation of smectite and illite in high abundance
and with the extremely low kaolinite content, which is associated with warm and
semi-arid climatic conditions during this time. Highly abundant corrensite during the
Campanian and Oligocene-Early Miocene indicate its diagenetic alteration from
smectite under oxic conditions. An extremely high concentration of palygorskite
occurred during the Early Eocene indicating dry conditions in the nearby coastal
areas. The higer abundance of kaolinite and the high kaolinite/illite ratios together
with the higher Al,Osz/Na,O and TiO,/Na,O ratios suggest warm and more humid
climatic conditions in the river drainage basins. The presence of palygorskite in the
recent river sediments shows its aeolian derivation from the Sahara desert.

The weathered horizons from the Upper Cretaceous and Miocene-Pliocene have
undergone a variable intensity of chemical weathering and hence reveal the different
climatic conditions occurring during that time. The Miocene-Pliocene weathered
marls were formed under more intense chemical weathering conditions as compared
with the Upper Cretaceous weathered marls. However, in drilled core-1 (Miocene-
Pliocene), weathered marl formation seems to be associated with dry climatic
conditions; this might be attributable to the location of core-1 being further landward.
The higher ratio of SiO,/Al,O; suggests that the Tarfaya basin sediments are
chemically mature. An increase in the Zr/Sc ratio reflects the increase in zircon
concentration suggests that the source area has undergone recycling before the
transport of sediments to the Tarfaya basin. Moreover, the higher Zr/Hf ratio also

supports recycling in the source area.
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Chapter 4

General Conclusions

This study is part of the project “Atlantic Margin Intergraded Basin Analysis,
Morocco”. The main focus was to investigate rock types, tectonic settings,
provenances and climatic and tectonic control on weathering in the source area as
well as recycling in the source region from Early Cretaceous to recent time. The
general conclusions are given in the following paragraphs...

For the petrographic studies, medium- and coarse-grained sandstones were selected
from the Early Cretaceous and Miocene-Pliocene as well as recent sediment
samples from river wadis and dunes. These clastic sediments indicate variable
mineralogical compositions. Early Cretaceous sandstones contain more K-feldspar
than that of Miocene-Pliocene and recent sediments. On the basis of major elements
geochemistry, the analyzed siliciclastics are characterized by moderate SiO,
contents and variable abundances of Al,O; K;O, Na,O and ferromagnesian
elements. Early Cretaceous sandstones, based on petrographic classification, are
classified as subarkosic in composition, while Miocene-Pliocene sandstones and
recent sediments are generally carbonate-rich feldspathic or lithic arenites. However,
sandstone samples of the Sebkha Aridal section (SW part of the basin) and drilled
cores-1 from the Miocene-Pliocene are similar in composition to that of the Early
Cretaceous sandstones. The classification of coarse-grained siliciclastics based on
major elements geochemistry supports the petrographic findings. Further, the fine-
grained siliciclastics also show large range of SiO,/Al,Os.

Binary tectonic discrimination diagrams based on major elements distribution i.e.
SiOx% versus K,O/Na,O, Fe,03*+MgO versus Al,Os/SiO, and Fe20s*+MgO versus
TiO,% suggest that the Early Cretaceous to recent sediments in the Tarfaya basin
were deposited at the tectonically stable passive Atlantic continental margin of NW
Africa. In addition, trace elements based on Ti/Zr-La/Sc binary and La-Th-Sc ternary
relationships also suggest that the Tarfaya basin sediments were deposited in
passive margin depositional settings. Heavy minerals, further, support the deposition
of the basin sediments in tectonically stable passive margin setting.

The source rocks of the Tarfaya basin sediments are revealed by the analysis of the
heavy minerals, especially hornblende and garnet grains geochemical analysis and

trace elements geochemistry including rare earth elements (REE). Hornblende and
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garnets grains from Miocene-Pliocene and recent sediments suggest that the Tarfaya
basin sediments are derived from the granitic rocks of the Reguibat shield, high
grade metamorphic rocks of the Mauritanides, low grade metamorphosed or
unmetamorphosed sedimentary rocks of the western Anti-Atlas. Trace elements
composition and their ratios as well as REE distribution constrain the composition of
the source rocks. Low concentrations of Cr (<150ppm) and Ni (<100ppm) and their
correlation suggest that the sediments of the Tarfaya basin are derived from felsic
sources. This is supported by trace element ratios of La/Sc, Th/Sc, La/Co, Th/Co and
Cr/Th that are similar to those of sediments derived from felsic source rocks.
Moreover, chondrite-normalized REE patterns with light REE enrichment, a flat
pattern of heavy REE and negative Eu anomalies can also be attributed to a felsic
rock source for the Tarfaya basin sediments.

The West African Craton in the SW of the Tarfaya basin and western Anti-Atlas in the
NE, principally supply sediments to the Tarfaya basin. The West African Craton is
containing two different age terrains: (1) the older Archean terrain (3.04-2.83 Ga),
and (2) the younger Eburnean terrain (2.12-2.06 Ga) and metamorphosed
Mauritanides. On the other hand, the western Anti-Atlas is containing predominantly
Paleozoic sedimentary cover of which sediments are derived from Precambrian
inliers and/or West African Craton. This western Anti-Atlas sedimentary cover was
affected by low grade metamorphism during Atlas system tectonics (Veriscan
orogeny).

The calculated provenance ages in the Early Cretaceous Boukhchebat section of 2.2
Ga in average are comparable with the Eburnean terrane indicating that the source is
in the northern part of the West African Craton (Fig. 4.1A). The homogeneously
negative Nd isotope values and restricted Sm/Nd ratios also indicate their passive
margin depositional tectonic setting, old provenance and long sedimentary recycling.
In addition, the petrographic data and SiO,/Al,O; ratios support cratonic and recycled
source areas for Early Cretaceous sediments. The Early to Late Cretaceous
transition in provenance is marked by a shift toward more positive €y4(0) values and a
decrease in ®’Sr/*®Sr ratios. This shift is attributed to an initial sediment supply from
the western Anti-Atlas as a consequence of uplifting and erosion due to the
convergence of the African and Eurasian plates triggering compressional tectonics in
the Atlas system. The Late Cretaceous to Early Eocene fine-grained and Miocene-
Pliocene coarse-grainded sediments (from both the SW and NE parts of the Tarfaya
basin) produce a narrow range of provenance ages of 1.7 to 1.8 Ga (average 1.8 Ga)
and 1.6 to 1.8 Ga (average 1.8 Ga), respectively. The similarity in the gyq(0) values
during the Miocene-Pliocene from both parts of the Tarfaya basin indicates the same

source areas for Miocene-Pliocene sediments, and hence, these sediments
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demonstrate similar provenance ages (1.8Ga) being younger than those of the Early
Cretaceous sediments. These provenance age groups signify the first contribution of

sediments from the western provenance ages of 1.7 to 1.8 Ga (average 1.8 Ga) and

(B)

envionment 3
rertative stratigraphy

Lower Cretaceous

Oligo-Miocene

Fig.4.1 Paleogeographic evolution of the Tarfaya basin (modified from Ranke, 1982):
(A) Early Cretaceous, (B) Late Cretaceous, (C) Oligo-Miocene, (D) Middle Miocene.
Present coastline and -200 m contour for comparison. Land-based part of the

Tarfaya basin in grey and red arrow showing direction of sedimentation.

1.6 to 1.8 Ga (average 1.8 Ga), respectively. The similarity in the gyy(0) values during
the Miocene-Pliocene from both parts of the Tarfaya basin indicates the same source
areas for Miocene-Pliocene sediments, and hence, these sediments demonstrate
similar provenance ages (1.8Ga) being younger than those of the Early Cretaceous
sediments. These provenance age groups signify the first contribution of sediments
from the western Anti-Atlas source areas to the Tarfaya basin during the Late
Cretaceous (Fig. 4.1B). There is no change in provenance ages record due to
intense tectonic activity in the western Anti-Atlas which occurred during Middle
Miocene-Pliocene time as there is similarity in provenance ages since Late
Cretaceous (Fig. 4.1B, C and D). Further, three samples from the Sebkha Aridal

section (south most section in the present study) of the Tarfaya basin show the most

Middle Miocene
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negative €yg(0) values and hence the oldest provenance ages (average 2.5 Ga).
These provenance ages are higher than Eburnean (2.12-2.06Ga) and lower than the
Archean terrane (3.04-2.83Ga) indicating that these provenance ages were produced
by a mixing of detritus from both these terranes. In addition, provenance ages from
recent river sediments which are derived from West African Craton and western Anti-
Atlas directly constrain provenance of these recent sediments. One samples from
“‘Oued EIl Craa” of which sediments are directly derived from West African Craton
suggest provenance ages of 2.2 Ga which are similar to Eburnean terrain (2.12-2.06
Ga). This indicates that no change has occurred in the gross isotopic composition in
the West African Craton source areas between the Early Cretaceous until the present
day because of unroofing processes in the Eburnean terrane. Two other samples
from “Oued Draa and Seguit EI Hamra” samples whose sediments are derived from
the western Anti-Atlas suggest a provenance age 1.7 Ga for the western Anti-Atlas
source area. Finally, a fourth sample whose sediments are possibly derived from
both the West African Craton and the western Anti-Atlas source areas suggest a 1.9
Ga provenance age for these mixed source-derived sediments.

.The clay mineralogy of Tarfaya basin sediments from Late Cretaceous to recent
times was examined, with the aim to identify the climatic and tectonic control on
weathering since the sediments sources remained unchanged during this whole time
period. Clay minerals in the Tarfaya basin sediments predominantly consist of illite,
chlorite, smectite, kaolinite, palygorskite, sepiolite and corrensite. Clay mineral
abundances are variable in different stratigraphic units indicating variable climatic
and tectonic control on weathering and erosion of sediments.

Periodical higher abundances of specific clay minerals are associated with the
tectonic events which occurred firstly in the beginning of the Late Cretaceous and
secondly the Middle Miocene-Pliocene. The climatic conditions constrain intensity of
chemical weathering of rocks in the source area. Higher abundance of smectite and
kaolinite during the Turonian and Santonian are associated with first tectonic event in
the Atlas system and formation of kaolinite under warm and humid climatic
conditions. The second event which occurred during Miocene-Pliocene is mainly
associated with the transport of smectite and illite in high abundance and very low
kaolinite content which is associated with warm and semi-arid climatic conditions
during this time. Highly abundant corrensite during Campanian and Oligocene-Early
Miocene indicate its diagenetic alteration from smectite under oxic conditions. Very
high concentration of palygorskite occurs during Early Eocene which indicates dry
conditions near by coastal areas. The higer abundance of kaolinite and kaolinite/illite

ratios along with higher Al,Os/Na,O and TiO,/Na,O suggest warn and more humid
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climatic conditions in the river drainage basins. The presence of palygorskite in the

recent river sediments shows its aeolian derivation from the Sahara desert.
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Appendix

Table 3.1.1. Modal gross composition of analyzed Lower Cretaceous and Mio-Pliocene sandstones and recent sediments

in % NCE+CE+CI+NCI % QFL %
Sections Stratigraphic age | Sa. no. Qm Qp Ch P K Ls LM CE Cl NCI | NCE CE CI+NCI|Q(Qm+Qp) F L+CE
Boukhchebat | Lower Cretaceous] 27--02 75.9 5.5 2.6 2.1 113 0.0 2.6 0.0 0.0 0.0 | 100.0 0.0 0.0 84.0 13.4 2.6
" " 27--03 85.1 1.9 25 1.9 7.6 0.0 1.0 0.0 0.0 0.0 | 100.0 0.0 0.0 89.5 9.5 1.0
" " 27--04 84.5 24 2.1 1.5 8.8 0.0 06 00 0.0 0.0 | 100.0 0.0 0.0 89.1 10.3 0.6
" " 27--05 82.1 31 25 1.3 9.7 0.0 1.3 0.0 0.0 0.0 | 100.0 0.0 0.0 87.7 11.0 1.3
" " 27--08 76.4 6.3 1.4 24 114 0.0 22 0.0 0.0 0.0 | 100.0 0.0 0.0 84.0 13.9 22
" " 27--11 80.9 54 2.1 2.7 7.5 0.0 1.5 0.0 0.0 0.0 | 100.0 0.0 0.0 88.4 101 1.5
" " 27--12 81.8 5.0 1.9 1.9 8.5 0.0 09 00 0.0 0.0 | 100.0 0.0 0.0 88.7 10.4 0.9
" " 27--13 83.3 29 2.3 1.4 8.9 0.0 1.1 0.0 0.0 0.0 | 100.0 0.0 0.0 88.5 10.3 1.1
" " 27--14 75.3 42 5.8 25 117 0.0 0.6 0.0 0.0 0.0 | 100.0 0.0 0.0 85.3 14.2 0.6
" " 27--15 76.5 3.8 6.7 20 104 0.0 06 00 0.0 0.0 | 100.0 0.0 0.0 87.0 12.5 0.6
" " 27--24 85.1 24 24 21 7.9 0.0 0.0 0.0 0.0 0.0 | 100.0 0.0 0.0 90.0 10.0 0.0
" " 27--26 84.1 2.7 3.0 1.8 7.3 0.0 09 00 0.0 0.0 | 100.0 0.0 0.0 89.9 9.1 0.9
" " 27--27 78.9 71 2.6 1.5 8.3 0.0 1.5 0.0 0.0 0.0 | 100.0 0.0 0.0 88.7 9.8 1.5
" " 27--28 76.9 7.3 3.1 21 9.1 0.0 1.4 0.0 0.0 0.0 | 100.0 0.0 0.0 87.4 11.2 1.4
Sebkha Aridal Mio-Pliocene 16--18 714 5.8 5.8 2.1 112 0.0 3.6 0.0 0.0 0.0 | 100.0 0.0 0.0 83.0 13.4 3.6
" SW part of basin 16--19 725 54 22 26 13.7 0.0 35 00 0.0 0.0 | 100.0 0.0 0.0 80.2 16.3 3.5
" " 16--20 74.6 4.1 5.0 35 8.8 0.0 38 00 0.0 0.0 | 100.0 0.0 0.0 83.8 12.4 3.8
" " 16--21 83.2 22 2.8 25 8.1 0.0 1.2 0.0 0.0 0.0 | 100.0 0.0 0.0 88.2 10.6 1.2
Sebkha El Farma " 17--32 58.0 1.5 27 9.2 42 27 0.7 184 1.0 15] 791 184 25 63.8 13.8 22.4
" " 17--35 52.1 2.0 9.0 10.1 3.1 7.3 14 124 0.0 25 ] 851 124 25 64.7 13.6 217
" " 17--36 62.3 2.1 3.2 5.8 48 143 05 32 1.3 24 | 931 3.2 3.7 70.2 11.0 18.7
" " 17--37 52.1 52 4.3 6.2 69 164 24 1.4 1.7 33 ] 936 1.4 5.0 64.9 13.8 213
" " 17--38 55.4 8.9 34 5.8 74 9.1 3.6 1.9 1.4 3.1 ] 935 1.9 4.6 70.9 13.8 15.3
Sebkha El Farma1 " 18--03 70.0 2.8 3.8 5.0 3.2 44 3.2 5.0 0.0 25| 924 50 25 78.6 84 12.9
" " 18--05 57.0 34 6.9 15.0 1.9 0.9 09 128 0.0 1.2 ] 86.0 128 1.2 68.1 17.0 14.8
" " 18--07 43.5 25 7.6 15.0 0.6 10.5 14 153 1.1 25| 811 153 3.7 55.7 16.1 28.2
" " 18--08 50.2 6.8 6.4 8.7 7.7 6.4 19 74 3.2 1.3 ] 88.1 74 4.5 66.3 17.2 16.5
Sebkha El Farma2 " 18--25 48.8 0.8 6.0 13.8 35 8.9 16 125 24 16 ] 835 125 4.1 57.9 18.1 24.0
" " 18--26 54.1 5.6 6.2 12.4 24 5.6 2.6 9.1 1.2 09 | 88 9.1 2.1 67.3 15.0 17.7
" " 18--27 52.3 3.8 8.2 12.5 0.5 44 14 134 11 25 ] 831 134 35 66.7 13.6 19.8
" " 18--28 58.2 4.7 5.8 4.1 6.1 47 23 85 35 20 | 86.0 85 5.6 72.8 10.8 16.4




Sebkha El Farma3 " 18--40 61.9 1.7 10.7 9.0 1.3 27 1.7 9.7 0.0 1.3 ] 89.0 9.7 1.3 75.3 10.5 14.2
Oued El Khatt " 19--02 56.1 9.8 7.3 7.5 4.7 2.0 4.2 6.7 0.0 1.7 | 916 6.7 1.7 74.4 12.5 131
" " 19--03 58.8 4.5 7.2 9.6 4.2 1.2 3.3 9.3 0.0 21| 887 9.3 2.1 72.0 14.0 14.0

" " 19--06 57.1 7.3 6.2 8.4 6.2 1.6 3.2 8.9 0.0 1.1 | 90.0 8.9 1.1 71.4 14.7 13.9

" " 19--07 70.2 52 4.8 8.3 2.8 2.8 1.4 24 0.0 21 | 955 24 2.1 82.0 1.3 6.7

" " 19--08 66.7 7.7 5.4 6.3 4.8 1.7 3.1 3.4 0.0 0.9 | 957 3.4 0.9 80.5 11.2 8.3

" " 19--12 63.3 8.5 6.6 5.7 2.8 22 2.8 7.0 0.0 0.9 ] 921 7.0 0.9 79.2 8.6 121

" " 19--14 64.6 3.4 71 7.7 4.0 2.8 25 6.2 0.0 1.8 | 92.0 6.2 1.8 76.5 11.9 11.6

Oued ltghi " 21--10 55.9 6.1 7.5 8.9 6.3 2.0 4.0 8.1 0.0 1.2 ] 90.8 8.1 1.2 70.3 15.5 14.3

" " 21--11 57.0 4.5 6.5 8.1 5.3 2.2 22 110 11 20 ] 8.0 11.0 3.1 70.1 13.9 15.9
Sebkha Tah (E) Mio-Pliocene 20--07 65.0 25 71 9.0 5.9 0.6 1.7 6.5 0.0 1.7 ] 918 6.5 1.7 75.9 15.2 8.9
" NE part of basin 20--09 62.0 3.1 4.8 1.7 4.5 5.4 1.7 7.6 5.9 3.1 ] 833 7.6 9.1 76.9 6.9 16.2
Sebkha Tah (W) " 20--23 722 1.8 3.9 8.1 5.7 0.6 1.2 6.6 0.0 00 | 934 6.6 0.0 77.8 13.8 8.4
" " 20--26 67.8 3.2 3.2 7.4 9.4 0.9 2.1 4.7 0.0 1.2 | 94.1 4.7 1.2 75.2 17.0 7.8

" " 20--27 70.4 2.6 6.0 8.3 6.3 0.9 1.7 3.7 0.0 0.0 | 96.3 3.7 0.0 79.0 14.7 6.3

" " 20--28 70.8 2.5 5.1 9.0 7.3 0.0 2.0 3.4 0.0 0.0 | 96.6 3.4 0.0 78.4 16.3 5.3

" " 20--29 71.0 2.1 6.3 8.8 7.6 1.2 1.2 1.8 0.0 0.0 | 982 1.8 0.0 79.5 16.3 4.2

" " 20--30 69.6 2.3 6.1 6.7 105 0.6 0.9 23 0.0 0.9 | 96.8 23 0.9 78.8 17.4 3.8
Oumdaboua " 20--36 66.9 7.2 5.6 6.4 4.5 1.3 4.0 21 1.1 0.8 | 96.0 21 1.9 81.3 1.1 7.6

" " 20--37 63.5 8.0 5.6 7.6 4.9 2.1 1.4 3.1 1.0 2.8 1 931 3.1 3.8 80.1 13.0 6.9

" " 20--39 56.2 4.8 5.5 7.8 4.4 8.0 3.0 6.4 1.8 21 ] 897 6.4 3.9 69.2 12.6 18.1

" " 20--40 64.2 3.5 5.9 4.9 3.8 3.5 2.1 7.6 2.1 24 1 87.8 7.6 4.5 771 9.1 13.8

" " 20--42 63.7 3.0 8.0 6.0 3.0 3.0 1.3 8.7 0.7 2.7 | 88.0 8.7 3.3 77.2 9.3 13.4
Sebkha Tisfourine " 23--15 60.3 6.7 7.7 6.5 5.1 2.6 2.8 4.4 1.6 231 916 44 3.9 77.8 121 10.1
Itzetene " 23--29 48.4 4.9 10.7 5.5 3.6 10.1 29 127 00 1.3 ] 8.0 127 1.3 64.8 9.2 26.0

" " 23--30 49.5 5.2 10.7 6.4 4.6 8.9 24 107 0.0 1.5 | 878 107 1.5 66.5 11.2 22.4

" " 23--31 54.1 4.8 9.9 5.5 3.1 6.5 24 116 07 14 ] 8.3 116 2.1 70.3 8.7 21.0

" " 23--32 58.3 6.3 7.3 6.0 3.7 5.0 1.7 9.7 0.7 1.3 | 88.3 9.7 2.0 73.5 9.9 16.7
Onhym Quarry " 24--09 65.9 4.0 7.4 7.4 4.6 2.9 23 2.6 0.6 23 | 946 2.6 2.9 79.6 12.4 8.0
" " 24--10 56.5 3.2 4.0 4.0 3.2 3.2 22 198 0.0 40 ] 763 19.8 4.0 66.3 7.5 26.2

" " 24--12 60.8 54 4.7 7.6 3.9 4.9 22 7.6 1.7 12 ] 895 7.6 2.9 73.0 1.9 15.2

" " 24--13 64.5 3.3 5.8 3.6 2.8 5.8 1.9 7.2 3.3 19 | 87.6 7.2 5.2 77.6 6.7 15.7

" " 24--15 56.5 4.9 9.1 4.2 3.9 4.2 1.1 140 07 14 1] 839 140 2.1 72.0 8.2 19.7

" " 24--16 59.2 4.2 8.0 6.1 3.1 5.0 19 115 00 111 874 1156 1.1 72.2 9.3 18.5

Amma Fatma " 26--30 53.6 4.6 6.8 7.7 43 71 1.7 103 0.0 40 ] 8.8 103 4.0 67.7 12.5 19.9
" " 26--31 50.4 4.2 8.4 7.6 4.7 10.0 1.8 8.1 1.8 291 871 8.1 4.7 66.1 12.9 20.9

" " 26--33 54.5 4.2 9.5 71 3.9 7.7 1.2 8.3 1.2 24 | 881 8.3 3.6 70.7 1.4 17.9




" " 26--34 69.3 0.7 4.1 1.5 4.9 5.2 0.0 4.9 6.7 26 | 858 4.9 94 81.8 7.0 1.2

Core-1 " C1--01 84.3 4.5 2.6 2.2 5.1 0.0 1.3 0.0 0.0 0.0 } 100.0 0.0 0.0 91.3 7.4 1.3

" " C1--02 85.5 35 35 1.6 4.7 0.0 1.3 0.0 0.0 0.0 | 100.0 0.0 0.0 92.4 6.3 1.3

" " C1-03 80.0 5.1 2.9 1.7 8.6 0.0 1.7 0.0 0.0 0.0 } 100.0 0.0 0.0 88.0 10.3 1.7

" " C1--04 82.5 3.6 4.8 1.5 6.3 0.0 1.2 0.0 0.0 0.0 | 100.0 0.0 0.0 91.0 7.8 1.2

" " C1--05 81.1 25 4.5 2.0 7.3 0.0 2.5 0.0 0.0 0.0 } 100.0 0.0 0.0 88.2 9.3 2.5

" " C1--08 84.9 2.0 3.8 23 5.8 0.0 1.2 0.0 0.0 0.0 } 100.0 0.0 0.0 90.7 8.1 1.2

Core-2 " C2--01 69.6 2.1 4.8 3.7 2.4 6.1 0.5 7.7 2.1 1.1 ] 89.2 7.7 3.2 79.0 6.3 14.8

" " C2--02 61.6 2.7 4.2 8.1 24 3.9 0.0 9.3 5.1 2.7 | 829 9.3 7.8 743 1.4 14.3

Core-3 " C3--01 66.1 3.5 7.0 5.1 2.4 5.6 0.0 2.2 5.6 24 1 89.8 2.2 8.1 83.3 8.2 8.5

" " C3--03 61.2 6.7 9.0 6.5 3.9 34 0.0 22 53 1.7 | 90.7 22 7.0 82.8 1.2 6.0

Core-4 " C4--01 58.1 2.4 4.3 6.5 2.8 7.6 1.7 125 32 09 ] 834 125 4.1 67.6 9.7 22.7

" " C4--02 61.9 22 4.6 5.1 2.7 4.6 07 159 14 1.0 ] 817 159 24 70.4 7.9 21.7

" " C4--03 61.9 1.9 3.3 5.7 2.1 7.3 05 128 31 14 | 827 128 4.5 70.3 8.2 21.5

" " C4--05 65.4 1.8 23 5.8 2.8 5.6 1.0 111 23 20 | 846 111 43 72.6 9.0 18.5

" " C4--07 73.1 1.1 3.4 6.0 2.6 2.9 0.9 6.0 2.3 1.7 | 90.0 6.0 4.0 80.9 9.0 10.1

" " C4--08 78.8 1.3 2.8 44 1.6 3.1 1.9 34 22 06 | 93.8 34 2.8 85.2 6.1 8.7

" " C4--11 69.8 1.4 4.6 6.0 25 5.4 1.9 5.2 1.6 16 | 916 5.2 3.3 78.3 8.7 13.0

" " C4--13 65.9 14 35 6.5 22 5.7 0.5 7.9 35 2.7 | 858 7.9 6.3 75.6 9.3 15.1

" " C4--14 71.5 0.9 5.5 3.5 1.2 4.9 0.9 7.6 1.7 23 | 88.4 7.6 4.1 81.2 4.8 13.9

Seguit El Hamra Pleistocene 07--04 84.9 3.6 1.7 1.7 4.5 0.6 2.2 0.8 0.0 0.0 | 99.2 0.8 0.0 90.2 6.2 3.6
Oued Draa Recent Sediments] 06--01 51.7 2.0 8.9 3.7 1.5 233 1.5 7.4 0.0 0.0 | 926 7.4 0.0 62.6 5.2 32.2
Oued Draa " 06--03 51.1 2.7 6.0 2.0 1.0 268 1.2 9.2 0.0 0.0 | 90.8 9.2 0.0 59.8 3.0 37.2
Tan-Tan River " 06--04 67.0 4.2 7.2 6.6 2.7 4.2 2.4 5.7 0.0 0.0 | 943 5.7 0.0 78.4 9.3 12.3
Tan-Tan River " 06--05 71.6 3.0 5.1 3.6 1.5 8.5 0.9 5.7 0.0 00 | 943 5.7 0.0 79.8 51 15.1
Oued Chebeika " 06--06 67.3 5.5 2.6 7.0 5.2 4.4 2.9 5.0 0.0 0.0 | 95.0 5.0 0.0 75.5 12.2 12.2
Cap Jubi " 08--02 44.2 23 4.9 4.9 2.8 54 31 274 49 00 | 67.7 274 4.9 54.1 8.2 37.8
Oued Akhfennir " 09--01 47.9 2.2 5.3 2.9 1.0 7.5 19 274 39 0.0 | 688 274 3.9 57.7 4.0 38.3
Oued Akhfennir " 09--02 46.9 2.7 4.2 35 1.5 6.0 1.0 270 72 0.0 | 658 27.0 7.2 58.0 53 36.6
Ouel El Craa " 14--01 56.4 5.1 3.3 2.4 1.1 7.0 22 201 24 0.0 ) 775 201 2.4 66.4 3.6 30.0
Laayoune Plage " 15--10 45.8 34 71 1.7 4.7 13.8 20 143 741 00 ] 786 143 71 60.7 6.9 324
Tarfaya E beach " 18--03a 42.8 3.7 7.2 2.6 8.1 11.2 1.5 180 4.8 00 ) 772 180 4.8 56.5 11.3 32.3
Tarfaya E beach " 18--04a 48.1 4.5 6.8 3.8 5.6 9.4 14 167 3.8 00 ] 796 16.7 3.8 61.7 9.8 28.5

Qm=monocrystalline quartz
Qp=polycrystalline quartz

Ch=chert
P=plagioclase

K=k-feldspar

Ls=sedimentary lithic fragments
LM=metamorphic lithic fragments
CE=extrabasinal carbonate

NCl=intrabasinal non-carbonate

NCE-= extrabasinal non-carbonate
Cl= intrabasinal carbonate







Table 3.1.2. Heavy mineral data of analyzed Lower Cretaceous and Mio-Pliocene sandstones and recent sediments

Sections Stratigraphic age Sa.no. | Zircon Tourmaline Rutile Garnet hornblende Epidote Staurolite Sphene Apatite
Boukhchebat Lower cretaceous 27--02 67.9 17.9 8.0 3.1 3.1 0.0 0.0 0.0 0.0
" " 27--05 66.1 17.6 8.8 3.5 4.0 0.0 0.0 0.0 0.0
" " 27--08 69.0 19.4 6.5 2.8 2.3 0.0 0.0 0.0 0.0
" " 27--11 65.3 15.7 13.2 2.1 3.7 0.0 0.0 0.0 0.0
" " 27--12 59.3 18.1 11.9 2.3 8.5 0.0 0.0 0.0 0.0
" " 27--13 70.1 11.8 7.0 4.3 7.0 0.0 0.0 0.0 0.0
" " 27--24 51.7 25.6 8.1 4.7 9.9 0.0 0.0 0.0 0.0
" " 27--26 57.2 16.8 13.9 5.2 6.9 0.0 0.0 0.0 0.0
" " 27--28 63.2 19.0 11.3 3.5 3.0 0.0 0.0 0.0 0.0
Sebkha Aridal Oligo-Early Miocene | 16--02 41.9 12.1 4.8 6.5 19.4 5.6 0.0 6.5 3.2
" " 16--05 48.0 6.4 17.6 8.8 19.2 0.0 0.0 0.0 0.0
" " 16--07 225 30.6 8.8 5.6 24 4 5.0 1.3 0.0 1.9
" " 16--10 34.8 141 8.7 13.0 22.8 0.0 2.2 0.0 4.3
" " 16--14 42.9 12.3 11.7 4.5 27.3 0.0 0.0 0.0 1.3
Sebkha Mio-Pliocene 16--18 27.8 7.9 5.3 31.8 16.6 4.6 0.0 6.0 0.0
Aridal SW part of basin 16--19 27.6 7.5 6.9 30.5 12.1 3.4 3.4 7.5 1.1
" " 16--20 25.9 6.3 5.2 28.2 13.8 6.3 4.0 9.2 1.1
" " 16--21 21.6 9.4 6.5 27.3 14.4 6.5 2.9 8.6 2.9
Sebkha El Farma " 17--32 35.3 5.1 3.8 7.1 41.7 5.1 0.0 1.9 0.0
" " 17--37 34.7 5.2 5.8 6.9 41.0 4.0 0.0 2.3 0.0
Sebkha El Farma " 18--03 9.3 21 2.1 3.6 78.8 2.1 2.1 0.0 0.0
" " 18--05 7.9 2.6 3.1 3.1 81.7 1.6 0.0 0.0 0.0
" " 18--07 8.5 3.7 21 2.1 77.7 2.7 3.2 0.0 0.0
" " 18--08 8.2 41 2.6 3.1 76.5 3.1 2.6 0.0 0.0
Sebkha El Farma2 " 18--26 35.2 4.8 4.8 2.8 43.4 2.8 2.8 14 2.1
" " 18--28 46.4 3.6 2.9 3.6 35.7 2.9 2.1 2.9 0.0
Sebkha El Farma 3 " 18--40 37.5 2.3 6.8 6.8 36.9 6.3 0.0 3.4 0.0
Oued El Khatt " 19--06 40.9 8.6 1.1 8.6 19.9 11.3 1.6 8.1 0.0
" " 19--07 37.9 5.5 3.7 9.6 22.8 13.2 0.0 7.3 0.0
" " 19--08 47.7 4.7 41 6.7 17.1 13.5 0.0 6.2 0.0
" " 19--12 38.2 3.1 10.7 9.2 22.1 13.7 0.0 3.1 0.0
" " 19--14 47.7 1.7 6.4 11.0 19.2 9.9 0.0 4.1 0.0
Oued ltghi " 21--11 58.1 4.7 5.4 9.5 6.8 9.5 2.0 2.7 1.4
Sebkha Tah (E) Mio-Pliocene 20--07 33.3 24.7 10.7 12.7 14.0 2.0 0.0 0.0 2.7




Sebkha Tah (W)

Sebkha Tisfourine
ltzetene

Onhym Quarry

Amma Fatma

NE part

of basin

20--09
20--23
20--26
20--27
20--28
20--29
20--30
20--34
20--36
20--37
20--38
20--40
20--42
23--15
23--29
23--30
23--31
24--09
24--13
24--16
26--30
26--31
26--33
26--34
C1--01
C1--02
C1--03
C1--04
C1--05
C1--06
C1--08
C4--01
C4--02
C4--03
C4--05
C4--07
C4--08

37.3
32.3
42.6
272
48.6
41.9
35.6
38.5
20.6
23.0
40.5
15.3
31.3
1.7
35.3
36.2
35.9
34.4
36.3
34.1
44.8
52.5
39.6
51.5
51.5
53.9
50.5
54.2
51.4
53.0
53.7
249
244
32.3
30.4
259
271

16.9
19.0
16.6
236
13.0
16.3
19.6
52
2.7
5.9
5.9
8.9
4.6
44
6.9
5.6
6.6
11.3
5.7
4.0
3.8
25
9.6
24
18.4
16.6
19.0
19.0
20.5
23.8
11.6
5.2
4.2
6.9
7.9
5.9
5.0

15.4
12.8
11.2
10.5
8.2
11.9
15.3
5.9
9.0
8.6
4.9
7.6
5.0
3.9
2.9
5.1
4.8
3.3
1.9
23
11.5
1.9
3.2
4.8
6.6
6.2
6.5
4.5
7.6
7.0
8.9
3.5
24
3.2
2.1
29
2.2

20.9
20.0
19.5
215
15.1
18.1
18.4
3.0
8.1
5.3
5.9
5.7
4.6
4.4
5.2
3.4
4.8
5.3
5.1
4.0
4.4
25
9.6
7.2
8.2
6.2
9.8
8.9
8.1
8.1
8.9
8.1
10.1
8.5
6.8
5.9
9.4

5.5
10.8
5.3
8.9
7.5
5.6
8.6
296
43.0
43.4
28.1
51.0
41.2
75.6
40.5
42.4
41.3
325
38.9
39.9
26.8
32.3
19.3
246
8.7
9.3
9.8
8.4
7.0
6.5
10.0
56.6
55.4
471
49.2
55.9
51.9

1.0
1.5
24
6.8
2.1
0.0
2.5
11.9
10.8
9.2
9.7
8.3
10.7
0.0
6.9
5.6
5.4
9.9
8.3
11.0
7.7
57
13.9
7.2
4.1
41
2.2
3.9
2.2
0.0
4.7
1.7
24
0.0
2.6
3.5
4.4

3.0
0.0
24
0.0
0.0
3.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.0
1.3
1.2
0.0
0.0
0.0
0.0
1.5
2.1
2.2
0.0
3.2
1.6
0.0
0.0
0.0
2.1
1.0
0.0
0.0

0.0
2.1
0.0
0.0
2.7
1.3
0.0
3.0
4.5
4.6
4.9
3.2
2.7
0.0
2.3
1.7
1.2
0.0
2.5
1.7
1.1
25
4.8
24
1.0
1.6
0.0
1.1
0.0
0.0
2.1
0.0
1.2
0.0
0.0
0.0
0.0

0.0
1.5
0.0
1.6
2.7
1.3
0.0
3.0
1.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.3
0.0
1.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0




" " C4--11 25.6 8.3 3.0 7.7 54.2 1.2 0.0 0.0 0.0

" " C4--13 26.7 5.6 3.6 6.7 53.8 26 1.0 0.0 0.0

" " C4--14 23.2 8.8 5.0 10.5 50.3 2.2 0.0 0.0 0.0

Seguit El Hamra Pleistocene 07--04 54.2 59 59 5.2 21.6 4.6 0.0 2.6 0.0
Oued Draa Recent Sediments 06--01 13.5 4.5 5.1 4.5 64.0 6.7 0.0 1.7 0.0
Oued Draa " 06--03 16.1 3.3 2.2 3.3 66.1 5.6 0.0 3.3 0.0
Tan-Tan River " 06--04 29.0 7.0 4.5 2.5 48.5 4.5 0.0 4.0 0.0
Tan-Tan River " 06--05 13.8 5.7 4.6 6.3 62.1 6.3 0.0 1.1 0.0
Oued Chebeika " 06--06 49.1 12.4 4.3 10.6 13.7 8.1 0.0 1.9 0.0
Oued Akhfennir " 09--01 50.5 6.6 3.3 1.6 34.6 3.3 0.0 0.0 0.0
Oued Akhfennir " 09--02 50.0 4.6 2.6 3.6 34.0 4.1 0.0 1.0 0.0
Ouel El Craa " 14--01 67.5 5.2 4.5 15.6 5.2 1.9 0.0 0.0 0.0
Laayoune Plage " 15--10 15.8 3.0 1.8 6.1 70.9 24 0.0 0.0 0.0
Tarfaya E beach " 18--03a 10.9 4.6 1.7 4.6 76.6 1.7 0.0 0.0 0.0
Tarfaya E beach " 18--04a 8.8 3.3 2.2 3.9 80.1 1.7 0.0 0.0 0.0




Table 3.1.3. Major element compositions of the sandstones, black shales, sandy marls, weathered marls and sands from Lower Cretaceous to recent

Sections Stratigraphic age Rock type Sa. no. |Si0,% Al,03% TiO,% Mg0% Fe,03% Ca0% P,05% Na,0% K,0% MnO% LOI% Total Nay,0*% SiO,/Al,O3 K,O/AIL,O5 Al,04/Na,O TiO,/Na,O CIA
Boukhchebat Lower cretaceous | sandstone 27--02 | 6781 3.15 0.11 016 0.26 14.87 0.02 0.11 193 0.02 12.06 100.55 21.53 0.61 28.64 1.00 56
" " sandstone 27--05 ] 89.01 3.74 015 017 055 034 002 012 226 UD 500 101.44 23.80 0.60 31.17 1.25 57

" " sandstone 27--08 | 60.59 555 0.05 0.18 0.23 16.65 0.02 0.17 3.57 0.06 10.66 97.79 10.92 0.64 32.65 0.29 56

" " sandstone 27--12 | 67.28 256 0.07 0.19 0.10 1524 0.02 0.10 175 UD 1450 101.85 26.28 0.68 25.60 0.70 53

" " sandstone 27--13 | 68.98 1.68 0.04 0.07 0.20 1437 0.03 0.08 1.18 0.02 16.00 102.68 41.06 0.70 21.00 0.50 52

" " sandstone 27--14 | 90.47 275 0.08 0.12 020 0.38 0.01 010 177 UD 6.00 101.92 32.90 0.64 27.50 0.80 55

" " sandstone 27--21 | 4324 334 032 988 122 1543 0.11 143 170 0.06 22,50 99.30 0.16 12.95 0.51 2.63 0.25 36

" " sandy marl | 27--25 | 12.84 345 0.19 1449 186 27.97 0.03 055 1.14 0.08 3550 98.15 3.72 0.33 6.27 0.35 53

" " sandstone 27--26 | 5142 3.07 022 841 111 1395 0.04 042 181 0.08 21.39 101.98 16.75 0.59 7.31 0.52 48

" " sandstone 27--27 | 48.13 410 0.05 839 1.08 13.70 0.03 055 228 0.08 23.00 101.44 11.74 0.56 7.45 0.09 49

" " sandstone 27--28 | 49.07 328 0.08 892 114 1449 0.02 041 177 0.12 2250 101.94 14.96 0.54 8.00 0.20 50
Sebkha Tah E Upper Cretaceous | sandy marl | 20--02 | 47.14 1167 073 6.36 456 7.73 019 260 3.01 0.03 18.00 102.15 0.25 4.04 0.26 4.97 0.31 51
" " sandy marl | 20--05 | 47.02 458 031 522 234 1775 012 160 143 0.02 2150 101.96 0.10 10.27 0.31 3.05 0.21 41
Sebkha Tah W " sandy marl | 20--13 | 30.54 6.86 0.43 10.13 262 1830 0.29 1.13 193 0.02 29.50 101.89 0.14 4.45 0.28 6.93 0.43 56
" " black shale | 20--16 | 36.37 884 052 868 163 1533 107 183 254 0.02 2550 10244 0.22 411 0.29 5.49 0.32 52
sandy marl 20-19 | 7586 595 061 258 113 318 034 151 184 UD 850 101.61 0.11 12.75 0.31 4.25 0.44 47

" " sandy marl | 20--22 | 4759 565 048 854 263 1254 037 127 160 0.02 18.00 9876 0.10 8.42 0.28 4.83 0.41 50
Sebkha Tisfourine " sandy marl | 23--03 | 1267 228 0.13 1501 1.62 2692 0.37 1.89 056 0.02 3850 100.04 0.21 5.56 0.25 1.36 0.08 27
" " sandy marl | 23--04 | 1448 265 023 286 051 4142 039 270 1.06 0.01 3582 10227 0.32 5.46 0.40 1.1 0.10 23

" " sandy marl | 23--07 | 16.27 238 0.14 083 1.16 37.60 029 239 056 UD 40.89 102.67 0.26 6.84 0.24 1.12 0.07 24
sandy marl 23-11 | 1376 258 0.22 1403 061 2816 034 057 1.05 0.01 41.58 102.98 5.33 0.41 4.53 0.39 46

Akhfennir black shale | 24--17 | 11.81 278 0.19 295 1.09 4017 028 168 158 0.01 3550 9820 045 4.25 0.57 2.26 0.15 33
carbonate 26-14 1.05 Uub 0.02 079 0.11 56.81 0.04 026 006 UD 4286 102.22 - - - 0.08 -

Amma fatma " black shale | 26--17 | 29.65 648 043 9.25 254 18.03 099 099 229 0.02 29.95 100.75 4.58 0.35 6.55 0.43 53
" " black shale | 26--23 | 21.68 5.21 0.33 12.01 219 2317 035 067 1.75 0.02 34.09 101.58 4.16 0.34 7.78 0.49 56
Core-1 " black shale | C1--27 | 11.63 193 0.14 3.19 0.74 3891 0.18 177 0.74 0.01 39.80 99.20 6.03 0.38 1.09 0.08 25

" " black shale | C1--28 | 2142 325 0.26 443 131 3084 016 286 1.02 0.02 3568 101.36 0.32 6.59 0.31 1.28 0.10 26
Core-3 " black shale | C3--07 | 21.56 3.74 0.28 860 132 3561 014 023 0.85 0.02 2860 101.13 5.76 0.23 16.26 1.22 69
Core-4 " black shale | C4--17 | 835 132 0.11 227 110 4367 037 031 0.34 0.01 43.84 101.85 6.33 0.26 4.26 0.35 49

" " black shale | C4--18 | 1490 2.03 0.16 7.34 121 3427 025 032 050 0.02 40.18 101.29 7.34 0.25 6.34 0.50 56

" " black shale | C4--20 | 15,57 2.03 0.18 10.62 0.82 29.84 0.11 0.18 0.51 0.02 38.79 98.76 7.67 0.25 11.28 1.00 64

" " black shale | C4--25 | 13.79 234 0.16 212 0.92 43.08 0.10 0.16 046 0.01 37.77 101.07 5.89 0.20 14.63 1.00 70
Sebkha EIl Farma Early Eocene black shale | 17--01 | 47.88 6.59 0.38 251 240 1158 040 4.23 203 0.02 2050 98.75 0.59 7.27 0.31 1.81 0.10 32
" " black shale | 17--07 | 19.92 271 0.21 245 1.02 2754 111 659 1.10 0.01 38.00 100.88 0.77 7.35 0.41 0.47 0.04 12

" " black shale | 17--09 | 3840 591 046 270 234 1712 025 542 182 0.02 23.86 9852 043 6.50 0.31 1.18 0.09 24

" " black shale | 17--16 | 28.46 380 0.28 179 137 2410 108 663 133 UD 33.83 10289 0.71 7.49 0.35 0.64 0.05 15

" " black shale | 17--20 | 36.88 7.90 048 520 3.09 1495 0.19 3.74 202 0.02 2439 99.16 0.38 4.67 0.26 2.35 0.14 37

" " sandy marl 17--24 } 1051 187 0.14 228 0.88 46.54 0.08 0.54 053 0.01 3529 98.76 5.62 0.28 3.46 0.26 44

" " sandy marl 17--28 | 2791 271 025 379 135 3336 010 227 092 0.02 26.37 99.14 0.21 10.30 0.34 1.32 0.12 26




Sebkha Aridal

Sebkha EI Farma
Sebkha EI Farma2
Sebkha El Farma 3

Oued El Khatt

Oued Itghi
Sebkha Tah E
Sebkha Tah W

Oumdaboua

Sebkha Tah W

ltzetene

Onhym Quarry

Oligo-
Early Miocene

Mio-Pliocene
SW part of basin

Mio-Pliocene
NE part of basin

sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone

16--02
16--03
16--04
16--05
16--06
16--07
16--10
16--14
16--18
16--21
17--32
17--37
18--26
18-40
19--02
19--03
19--06
19--07
19--08
19--09
19--10
19--12
19--13
19--14
21--10
21--11
20--07
20--23
20--27
20--28
20--29
20--30
20--37
20--40
20--42
23--13
23--15
23--29
23--30
23--31
23--32
24--09

40.00
23.70
53.34
39.61
25.99
62.20
46.12
60.80
38.60
43.09
65.84
40.21
38.51
45.26
18.19
49.40
42.84
40.62
57.85
42.09
40.81
21.72
19.06
67.64
50.58
45.68
35.21
73.86
46.95
50.72
35.97
26.59
40.13
25.80
19.37
32.37
44.38
29.46
27.60
36.12
40.28
40.23

3.41
3.17
5.48
3.27
3.51
3.85
217
4.34
1.97
242
4.32
243
2.81
3.07
1.07
2.48
1.86
212
2.86
2.24
2.34
1.28
1.37
3.49
213
2.27
3.24
2.57
1.91
1.60
1.29
1.45
2.80
1.74
1.49
1.32
3.53
1.74
1.81
3.44
3.10
3.68

0.34
0.26
0.40
0.33
0.29
0.37
0.32
0.52
0.08
0.10
0.28
0.09
0.07
0.31
0.10
0.12
0.09
0.13
0.17
0.13
0.13
0.08
0.13
0.15
0.06
0.09
0.15
0.18
0.16
0.14
0.12
0.12
0.19
0.34
0.17
0.19
0.11
0.11
0.43
0.24
0.11
0.30

1.08
1.18
212
1.10
1.18
1.39
0.96
5.52
0.93
0.57
1.51
1.55
1.07
1.02
0.63
0.57
0.53
0.60
0.50
0.46
0.62
0.72
0.92
1.65
0.24
0.37
0.81
4.29
9.70
9.13
10.93
13.15
0.94
1.02
1.90
11.32
8.37
0.76
1.04
0.60
0.53
0.72

0.84
1.06
1.93
0.77
1.10
1.25
0.67
0.66
0.34
0.53
1.29
0.60
0.47
1.36
0.74
0.82
0.60
0.71
0.95
0.75
0.76
0.47
0.55
1.10
0.53
0.64
0.98
0.47
0.60
0.40
0.54
1.84
1.22
1.51
0.91
0.34
1.03
0.62
1.37
1.32
1.01
1.58

29.87
39.24
13.21
28.10
37.28
6.89
28.00
10.93
32.80
28.02
12.74
29.52
30.40
26.21
45.87
25.85
30.49
31.29
20.16
31.13
31.15
44.51
46.07
13.53
26.67
29.48
34.76
7.56
15.62
16.60
22.04
24.70
30.86
41.10
43.35
22.08
17.64
39.02
39.34
33.61
29.11
28.53

0.72
0.70
1.94
0.71
0.44
0.85
0.84
0.83
0.07
0.04
0.10
0.06
0.07
0.15
0.09
0.06
0.1
0.03
0.03
0.02
0.02
0.03
0.1
0.14
0.09
0.08
0.03
0.86
0.49
0.72
0.61
0.56
0.1
0.06
0.04
0.45
0.17
0.10
0.12
0.04
0.10
0.04

0.97
1.44
5.02
2.10
1.43
6.94
0.55
0.86
0.83
0.62
0.84
0.92
0.72
1.31
0.17
0.44
0.40
0.50
0.48
0.31
0.42
0.19
0.25
1.07
0.43
0.46
0.93
0.51
1.15
0.44
0.49
0.22
1.31
0.52
0.43
0.67
0.81
0.80
0.57
0.70
1.25
1.01

0.92
0.58
0.99
0.93
0.70
0.88
0.74
1.48
0.53
0.87
1.52
1.21
1.36
1.09
0.45
1.06
0.85
0.91
1.20
0.91
0.89
0.50
0.45
1.34
1.1
1.09
0.95
1.03
0.82
0.70
0.59
0.60
1.04
0.59
0.57
0.56
1.68
0.76
0.62
1.04
1.42
1.18

0.02
0.02
ub
0.02
0.03
ub
0.03
0.04
ub
0.10
0.02
ub
ub
0.02
0.02
ub
ub
ub
ubD
ub
ub
ub
ub
0.01
0.02
ub
0.01
ub
0.02
0.01
0.02
0.02
0.03
0.02
0.01
uD
0.02
ubD
0.02
0.02
0.01
0.01

23.00
30.65
16.00
23.50
27.86
16.42
20.90
15.84
23.15
24.50
13.00
22.00
24.50
22.39
33.33
20.50
22.89
24.50
17.00
20.30
22.84
29.56
31.86
9.55
17.82
22.77
23.38
10.05
24.12
21.50
29.00
32.18
21.61
29.15
32.00
31.82
23.00
27.50
27.50
24.62
25.38
22.00

101.32
102.11
100.56
100.57
99.90

101.15
101.39
102.00
99.33

100.99
101.52
98.66

100.08
102.30
100.69
101.35
100.70
101.44
101.26
98.39

100.03
99.10

100.84
99.72

99.73

102.97
100.49
101.44
101.59
102.01
101.65
101.47
100.30
101.96
100.33
101.19
100.82
100.99
100.54
101.82
102.40
99.35

1.00
0.14
0.20
0.78

11.73
7.48
9.73

12.11
7.40

16.16

21.25

14.01

19.59

17.81

15.24

16.55

13.70

14.74

17.00

19.92

23.03

19.16

20.23

18.79

17.44

16.97

13.91

19.38

23.75

20.12

10.87

28.74

24.58

31.70

27.88

18.34

14.33

14.83

13.00

24.52

12.57

16.93

15.25

10.50

12.99

10.93

0.27
0.18
0.18
0.28
0.20
0.23
0.34
0.34
0.27
0.36
0.35
0.50
0.48
0.36
0.42
0.43
0.46
0.43
0.42
0.41
0.38
0.39
0.33
0.38
0.52
0.48
0.29
0.40
0.43
0.44
0.46
0.41
0.37
0.34
0.38
0.42
0.48
0.44
0.34
0.30
0.46
0.32

3.52
2.23
1.36
1.67
2.85
0.63
3.95
5.05
2.37
3.90
5.14
2.64
3.90
2.34
6.29
5.64
4.65
4.24
5.96
7.23
5.57
6.74
5.48
3.26
4.95
4.93
3.48
5.04
1.66
3.64
2.63
6.59
2.14
3.35
3.47
1.97
4.36
2.18
3.18
4.91
2.48
3.64

0.35
0.18
0.10
0.17
0.24
0.06
0.58
0.60
0.10
0.16
0.33
0.10
0.10
0.24
0.59
0.27
0.23
0.26
0.35
0.42
0.31
0.42
0.52
0.14
0.14
0.20
0.16
0.35
0.14
0.32
0.24
0.55
0.15
0.65
0.40
0.28
0.14
0.14
0.75
0.34
0.09
0.30

45
37
28
30
42
15
45
49
37
45
49
36
42
36
51
49
45
45
50
53
50
52
51
41
45
46
44
48
29
42
36
51
34
43
42
32
44
33
42
50
35
44




Akhfennir

Amma fatma

Seguit El Hamra
Oued Draa

Tan-Tan River
Tan-Tan River
Oued Chebeika

Pleistocene
Recent Sediments

sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sandy marl
sand
sand+silt
silt
silt+sand
sand
sand+silt
sand

24--15
24--16
24--21
24--23
26--30
26--31
26--33
26--34
C1--01
C1--03
C1--04
C1--05
C1--08
C2--01
C2--02
C3--01
C3--03
C4--01
C4--03
C4--05
C4--07
C4--08
C4--13
Ca--14
C1--11
C1--16
C1--18
C1--19
C1--20
C1--21
C1--22
C1--23
C1--24
C1--25
C1--26
07--04
06--01
06--02
06--03
06--04
06--05
06--06

21.03
42.26
17.18
47.89
32.29
17.83
24.53
17.70
37.81
48.07
39.78
53.29
52.49
54.23
57.79
49.96
37.81
29.50
37.26
40.50
52.42
48.72
59.69
44.66
20.48
34.96
42.74
48.40
52.15
64.35
63.49
84.46
27.47
42.61
23.56
85.69
67.59
61.65
61.53
82.23
65.15
81.88

1.25
2.85
3.96
5.38
2.88
1.05
1.48
1.44
1.33
1.60
1.53
1.80
1.78
4.65
5.05
4.09
4.41
1.67
3.1
3.14
3.48
3.86
5.91
4.02
1.77
3.88
7.26
6.63
7.65
7.09
6.92
2.64
5.60
9.23
5.49
ub
11.21
11.71
12.66
5.03
9.47
5.11

0.37
0.11
0.25
0.19
0.18
0.07
0.44
0.46
0.11
0.13
0.12
0.14
0.15
0.43
0.46
0.58
0.19
0.17
0.21
0.57
0.55
0.46
0.38
0.45
0.15
0.31
0.52
0.50
0.60
0.64
0.64
0.31
0.38
0.59
0.36
0.14
0.67
0.77
0.69
0.56
0.64
0.12

0.79
0.64
13.54
7.93
1.08
0.76
1.10
1.55
0.38
9.80
10.57
7.99
8.56
1.33
1.62
1.00
1.1
0.85
0.75
0.79
1.09
1.14
1.68
1.08
15.30
12.44
9.70
8.33
7.02
4.67
5.11
0.93
11.77
8.16
11.45
0.25
2.06
2.59
2.55
0.94
2.21
0.44

1.55
0.87
2.20
1.38
1.24
0.66
2.06
1.86
0.50
0.46
0.43
0.47
0.47
1.93
2.30
1.90
1.70
0.88
0.96
2.25
1.97
1.94
2.51
2.1
0.68
1.44
3.16
2.85
3.20
217
1.74
0.67
2.05
1.87
2.32
0.28
4.42
5.00
4.98
2.48
3.84
0.61

42.63
29.02
22.86
13.45
33.83
46.06
39.23
42.80
35.06
17.22
19.91
14.59
14.94
20.43
17.23
24.12
32.30
37.94
32.02
29.25
20.63
23.01
14.71
25.36
25.35
19.06
13.84
12.01
9.78
6.25
7.26
3.29
22.16
14.08
22.72
6.77
4.22
5.59
5.74
3.04
6.98
3.86

0.06
0.07
0.07
0.07
0.09
0.07
0.13
0.07
0.45
0.23
0.27
0.68
0.69
0.12
0.24
0.21
0.1
0.05
0.14
0.21
0.14
0.16
0.26
0.1
0.18
0.33
0.31
0.38
0.38
0.38
0.34
1.55
0.86
0.66
0.51
0.05
0.12
0.13
0.14
0.06
0.13
0.05

0.39
0.64
1.97
1.27
0.84
0.30
0.40
0.50
0.34
0.45
0.43
0.52
0.52
2.47
1.15
1.08
1.09
0.53
0.93
0.84
0.88
0.89
1.01
0.88
0.44
0.67
1.24
1.07
1.28
1.25
1.31
0.60
0.69
1.00
0.63
0.16
0.63
1.48
0.74
0.70
0.89
0.23

0.53
1.35
1.21
1.88
1.08
0.46
0.58
0.50
0.64
0.75
0.69
0.82
0.77
1.48
1.50
1.13
1.49
0.72
1.15
1.05
1.13
1.21
1.79
1.24
0.56
1.1
1.91
1.82
2.04
2.04
1.99
0.94
1.83
2.94
1.85
0.23
2.70
2.70
2.76
1.49
2.27
3.67

0.02
0.01
0.04
0.03
0.02
0.01
0.03
0.02
0.01
0.01
0.01
0.01
0.02
0.03
0.03
0.03
0.02
0.01
0.02
0.03
0.03
0.03
0.03
0.03
0.04
0.02
0.02
0.02
0.02
0.01
0.01
ubD
0.02
0.02
0.02
0.01
0.05
0.06
0.07
0.03
0.05
0.01

32.00
24.00
39.50
21.39
26.63
34.33
30.81
32.83
26.32
24.05
27.59
20.26
21.05
14.30
14.90
17.10
20.30
29.98
25.15
22.95
18.04
18.96
13.11
20.80
36.96
28.76
22.77
19.27
16.58
11.02
12.29
2.87
29.80
20.80
31.33
5.63
6.91
9.1
8.67
3.41
9.36
3.63

100.76
101.95
102.85
100.93
100.26
101.60
100.90
99.86

102.98
102.81
101.38
100.60
101.49
101.51
102.38
101.35
100.62
102.41
101.82
101.75
100.48
100.48
101.16
100.86
101.94
103.04
103.53
101.36
100.80
99.96

101.22
98.32

102.74
102.09
100.37
100.04
100.72
100.95
100.67
100.09
101.13
99.71

16.82
14.83
4.34
8.90
11.21
16.98
16.57
12.29
28.43
30.04
26.00
29.61
29.49
11.66
11.44
12.22
8.57
17.66
11.98
12.90
15.06
12.62
10.10
1.1
11.57
9.01
5.89
7.30
6.82
9.08
9.17
31.99
4.91
4.62
4.29

6.03
5.26
4.86
16.35
6.88
16.02

0.42
0.47
0.31
0.35
0.38
0.44
0.39
0.35
0.48
0.47
0.45
0.46
0.43
0.32
0.30
0.28
0.34
0.43
0.37
0.33
0.32
0.31
0.30
0.31
0.32
0.29
0.26
0.27
0.27
0.29
0.29
0.36
0.33
0.32
0.34

0.24
0.23
0.22
0.30
0.24
0.72

3.21
4.45
2.01
4.24
3.43
3.50
3.70
2.88
3.91
3.56
3.56
3.46
3.42
1.88
4.39
3.79
4.05
3.15
3.34
3.74
3.95
4.34
5.85
4.57
4.02
5.79
5.85
6.20
5.98
5.67
5.28
4.40
8.12
9.23
8.71

17.79
7.91
17.11
7.19
10.64
22.22

0.95
0.17
0.13
0.15
0.21
0.23
1.10
0.92
0.32
0.29
0.28
0.27
0.29
0.17
0.40
0.54
0.17
0.32
0.23
0.68
0.63
0.52
0.38
0.51
0.34
0.46
0.42
0.47
0.47
0.51
0.49
0.52
0.55
0.59
0.57
0.88
1.06
0.52
0.93
0.80
0.72
0.52

40
44
34
46
42
41
43
40
42
41
41
41
41
32
48
46
46
40
42
45
46
48
53
49
46
53
54
55
54
53
52
47
57
59
57

69
60
70
56
64
52




Oued Chebeika
Seguit El Hamra
Seguit El Hamra
Seguit El Hamra
Seguit El Hamra
Cap Jubi
Oued Akhfennir
Oued Akhfennir
Ouel El Craa
Laayoune Plage
Tarfaya E beach
Tarfaya E beach

Sebkha Tisfurine
Onhym Quarry

Chebeica

Amma fatma
Core-1

mud
mud
mud
silt+sand
mud
sand
sand
sand
sand
sand
sand
sand
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM
WM

06--07
07--01
07--02
07--03
07--05
08--02
09--01
09--02
14--01
15--10

18--03a

18--04a
23--01
24--02
24--03
24--04
24--05
24--06
24--07
24--18
26--04
26--08
26--09

26--25
C1--06
C1--07
C1--09
C1-10
C2-03
C2-04
C3--02
C3--04
C3--05
C3--06
C4--09
C4--10
C4--15
C4--16

ucc

45.19
52.07
46.49
51.98
47.81
42.88
49.12
47.74
56.83
4717
4412
50.23
2493
33.28
42.53
36.82
34.91
41.08
39.56
13.89
87.46
53.31
51.49
50.31
45.77
58.43
80.95
82.44
8.86
13.11
42.04
48.47
33.77
5.89
52.75
40.75
20.72
21.93
64.93

13.37
12.68
20.93
13.04
19.54
2.69
3.01
3.06
4.51
5.16
4.57
5.25
5.15
5.26
5.35
4.74
4.73
4.22
3.71
3.1
4.01
2.60
11.98
4.60
1.45
1.92
4.22
4.44
227
3.19
3.97
5.30
3.46
1.93
3.67
3.25
3.57
3.13
14.63

0.66
0.69
0.77
0.70
0.86
0.08
0.33
0.28
0.40
0.12
0.07
0.09
0.39
0.37
0.41
0.39
0.34
0.34
0.32
0.18
0.75
0.55
0.70
0.70
0.12
0.17
0.31
0.31
0.17
0.21
0.39
0.34
0.30
0.08
0.60
0.32
0.23
0.30
0.52

3.61
3.10
3.34
2.71
3.54
1.05
1.16
1.1
1.20
1.12
0.72
0.66
10.45
2.37
2.62
213
2.70
2.59
1.38
13.57
0.38
1.87
3.78
1.90
9.68
6.96
2.75
1.58
16.52
14.68
1.12
1.55
1.17
1.31
1.12
0.85
1.30
1.19
2.24

5.25
4.86
7.52
4.95
7.27
0.79
1.82
1.66
2.03
1.04
0.71
0.82
225
2.64
244
1.95
2.10
2.1
2.1
3.16
1.64
5.22
5.15
5.25
0.37
0.49
1.56
1.97
5.16
6.43
1.71
272
224
1.82
2.18
1.45
2.66
3.42
3.97

12.53
10.56
3.66
10.27
5.62
28.82
24.28
24.80
18.49
23.46
26.34
22.45
22.73
28.72
21.64
26.32
26.45
23.54
27.05
25.02
0.23
17.91
5.56
18.50
17.34
12.02
3.34
1.60
33.36
30.48
29.57
21.34
33.73
59.71
20.55
28.27
40.05
39.11
4.12

0.23
0.43
0.25
0.39
0.26
0.13
0.09
0.10
0.14
0.1
0.10
0.10
0.36
0.56
0.17
0.15
0.12
0.14
0.16
0.42
0.04
0.06
0.13
0.06
0.52
0.78
0.77
0.84
0.27
0.27
0.17
0.12
0.51
0.07
0.17
0.29
0.58
0.58
0.15

1.13
1.17
1.37
1.57
0.99
1.03
1.23
1.12
0.82
1.91
1.75
1.77
2.22
1.22
2.62
2.34
2.45
2.52
2.04
2.55
0.79
1.25
3.57
1.25
0.43
0.59
0.97
1.14
0.52
0.40
1.12
0.85
0.67
0.13
0.78
0.69
0.54
0.54
3.46

3.35
242
3.51
240
3.34
1.26
1.18
1.19
1.36
1.84
1.88
1.84
1.79
1.50
1.61
1.42
1.42
1.33
1.22
0.79
2.21
1.19
3.79
1.29
0.69
0.85
1.40
1.45
0.61
0.95
1.1
1.67
1.13
0.22
1.15
1.09
1.05
0.91
3.10

16.10
13.10
12.73
11.86
11.56
23.47
20.05
20.59
15.48
19.38
20.95
18.33
30.58
2475
23.33
23.88
26.00
22.61
21.72
39.13
1.50
14.85
13.93
66.14
24.50
17.21
5.58
3.24
34.30
32.30
20.80
17.30
24.20
28.50
17.09
23.18
31.46
30.78
6.00

101.61
101.28
100.80
100.08
101.03
102.37
102.43
101.79
101.41
101.48
101.38
101.68
101.08
100.81
102.86
100.26
101.34
100.60
99.39

101.96
99.69

100.00
100.20
100.15
100.91
99.46

101.91
99.08

102.14
102.16
102.13
99.79

101.31
99.87

100.22
100.25
102.28
102.00
99.90

0.25
0.07
0.28
0.24
0.24
0.24
0.17
0.28

0.14
0.99
0.10

3.38
4.1
2.22
3.99
2.45
15.94
16.32
15.60
12.60
9.14
9.65
9.57
4.84
6.33
7.95
7.77
7.38
9.73
10.66
4.47
21.81
20.50
4.30
10.94
31.57
30.43
19.18
18.57
3.90
4.1
10.59
9.15
9.76
3.05
14.37
12.54
5.80
7.01
4.44

0.25
0.19
0.17
0.18
0.17
0.47
0.39
0.39
0.30
0.36
0.41
0.35
0.35
0.29
0.30
0.30
0.30
0.32
0.33
0.25
0.55
0.46
0.32
0.28
0.48
0.44
0.33
0.33
0.27
0.30
0.28
0.32
0.33
0.11
0.31
0.34
0.29
0.29
0.21

11.83
10.84
15.28
8.31
19.74
2.61
2.45
2.73
5.50
2.70
2.61
2,97
2.61
4.57
2.29
2.26
2.14
1.85
1.98
1.37
5.08
2.34
4.64
4.00
3.37
3.25
4.35
3.89
4.37
7.98
3.54
6.24
5.16
14.85
4.71
4.71
6.61
5.80
4.23

0.58
0.59
0.56
0.45
0.87
0.08
0.27
0.25
0.49
0.06
0.04
0.05
0.20
0.32
0.18
0.19
0.15
0.15
0.17
0.08
0.95
0.50
0.27
0.61
0.28
0.29
0.32
0.27
0.33
0.53
0.35
0.40
0.45
0.62
0.77
0.46
0.43
0.56
0.15

65
66
72
63
74
36
36
38
52
38
37
40
38
49
36
36
35
32
33
27
45
34
49
47
40
40
47
45
49
58
45
53
50
74
49
48
55
53
50




Na,0*%= CI- bound Na,O from seawater or brine salt
ClA=chemical index of alteraton

WM=weathered marl

UD= under detection limit

UCC=upper continental crust

LOl=loss on ignition



Table 3.2.1 Major and trace element compositions of the Tarfaya basin sediments from Lower Cretaceous to recent

Stratigraphic age Lower cretaceous Upper Cretaceous
Sections Boukhchebat Sebkha Tah E Sebkha Tah W |Sebkha Tisfourinel Amma fatma Core-1
Rock type s | s | s s | s sM | swm sM | sMm | sm | sv farbonate BS Bs | Bs
Sa. no. 27--02 2712 27--21 27-26 27--28 | 20--02 20--05 | 20--13 20-19 | 23--04 23-11 | 26-14 26--23 | C1--27 C1--28
Sio, 67.81 67.28 4324 5142 4907 4714 47.02 3054 7586 1448 1376 1.05 2168 1163 21.42
Al,Os 315 256 334 3.07 328 1167 4.58 6.86 595 265 2.58 uD 5.21 193 3.25
Tio, 0.1 0.07 032 022 0.08 0.73 0.31 043  0.61 0.23 022 002 033 014 026
MgO 016 019 9.88  8.41 8.92 6.36 522 1013 258 286 14.03 079 1201 319 443
Fe,0; 026 010 122 1.1 1.14 4.56 2.34 2.62 113 0.51 0.61 0.11 219 074  1.31
CaO 14.87 1524 1543 1395 1449 773 1775 1830 3.18 4142 2816 56.81 23.17 3891 30.84
P,Os 0.02 0.02 011 0.04 0.02 0.19 0.12 029 034 039 034 004 035 018 0.16
Na,O 0.1 010 143 042 0.41 2.60 1.60 113 1.51 2.70 057 026 067 177 286
K,O 1.93 175 170  1.81 1.77 3.01 1.43 193  1.84 1.06 1.05  0.06 175 074 1.02
MnO 0.02 uD 0.06 0.08 0.12 0.03 0.02 0.02 uD 0.01 0.01 uD 0.02 0.01 0.02
LOI 12.06 1450 2250 21.39 2250 18.00 2150 2950 8.50 35.82 4158 4286 34.09 39.80 35.68
Total 100.55 101.85 99.30 101.98 101.94 102.15 101.96 101.89 101.61 102.27 102.98 102.22 101.58 99.20 101.36
Na,O* 0.16 0.25 0.10 0.14  0.11 0.32 0.32
Si0,/Al,O;4 2153 2628 1295 16.75 1496 404 1027 445 1275 546 5.33 416  6.03 6.59
K,0/Na,O 1755 1750 1.34  4.31 4.32 1.28 0.95 195  1.31 0.45 184 023 261 042 040
Li 470 527 681 1047 642 4823 1649 2152 1393 7.58 6.84 060 1020 14.77 17.28
Sc 218 081 281 244 1.09 1318 4.24 776 680 3.34 296 035 384 549 6.86
\Y 12.02 6.18 2554 1931 3792 9545 5139 7897 97.02 4458 43.05 56.96 197.86 57.09 67.69
Cr 16.14 11.92 2860 14.65 1201 7444 3507 133.33 64.86 6202 6504 510 6260 77.33 112.85
Co 3.92 123 916 4.44 6.03 796 474 1264 361 2.51 119 060 254 483 648
Ni 340 382 1689 6.23 776 2854 1075 8407 1921 1541 19.87 10.27 7561 66.88 90.78
Cu 616 513 522 430 413 1671 623 3116 839 1034 1108 117 17.87 3470 39.83
Zn 760 1023 7536 1725 1721 66.97 36.79 179.34 5321 3871 5379 5298 127.67 68.28 107.89
Ga 367 273 390 363 387 1640 535 965 793 321 338 030 406 659 862
Rb 51.08 46.27 3518 4213 4808 9760 3567 5798 5820 2339 2328 151 2581 4517 59.13
Sr 50.33 37.20 72.84 56.63 7887 137.40 123.84 208.66 89.11 826.89 205.87 424.76 398.80 265.41 274.89
Y 862 435 1496 1234 627 2591 10.64 22.05 2647 17.60 1441 112 973 1513 30.29
zr 59.14 59.42 17251 365.06 64.48 26540 73.05 140.20 48860 4578 50.56 0.38 5875 101.33 166.15
Nb 2.05 140 539 393 1.31 1349  6.32 6.99 1164 3.33 3.21 023 371 529 6.98
Mo 026 022 254 0.31 0.75 2.00 119 3141 152  6.77 2.00 244 244 4459 5894
Sn 044 017 047 035 0.20 1.76 0.59 125 1.03 0.34 047 010 047 198 1.04
Sb 0.1 0.09 024 0.3 0.14 0.62 0.52 162 047  0.15 027 010 093 075 1.25
Cs 156 052 099 067 0.64 5.20 1.24 295 240  1.07 1.06  0.09 142 220 261
Ba 280.51 276.95 171.50 212.55 1067.98 303.39 201.98 15895 267.08 107.63 70.50 143.21 77.48 139.68 184.01
La 860 6.63 1489 1532 7.91 3235 1313 2045 2548 13.04 1069 115 919 14.87 23.30
Hf 1.66 156 454 873 1.67 6.85  2.03 371 12,06 1.32 144  0.10 164 250 3.99
Ta 018 014 036 0.32 0.1 0.95 0.39 054 088 022 022 002 025 034 045
w 035 078 055 0.51 0.40 1.67 1.08 2.1 209 085 043 016 252 061 1.18
Tl 027 025 018 0.22 0.26 0.45 0.20 049 039 0.24 018 022 012 070 147
Pb 500 5.08 2362 3.82 507 1167 7.92 430 598 166 156  0.31 342 391 4.71
Th 2.19 129 401 4.24 1.18 9.19 3.60 542 699 254 233 017 269 394 518
U 055 050 176 1.20 0.59 2.96 179 17.96 363 1362 535 074 979 2425 28.02
La/Sc 394 815 529 6.27 7.23 2.46 3.10 264 375 3.90 3.61 330 239 271 340
Th/Sc 1.00 158 142 174 1.08 0.70 0.85 070 103 0.76 079 048 070 072 0.76
Cr/Th 737 926 714 345 1015  8.10 9.74 2458 928 2442 2795 3086 2325 19.62 21.79
Th/Co 0.56 1.05 044 096 0.20 1.15 0.76 043 193  1.01 196  0.28 106 082 0.80
Zr/Hf 3559 38.08 3801 4183 3869 3875 36.04 37.76 4050 3457 3516 3.71 3587 40.60 41.65
La/Y 1.00 152 100 124 1.26 1.25 1.23 093 096 0.74 074 103 094 098 0.77
Sc/Cr 014 0.07 010 0.17 0.09 0.18 0.12 0.06 0.10  0.05 0.05 007 006 007 0.06
Cr/Ni 475 312 169 235 1.55 2.61 3.26 159 338  4.02 327 050 083 116 1.24
CriV 1.34 193 112 076 0.32 0.78 0.68 169  0.67 1.39 1.51 0.09 032 135 167
Y/Ni 2.53 114 089 198 0.81 0.91 0.99 026 138 1.14 073  0.11 013 023 0.33
Zr/Sc 2711 7312 6130 14945 5889 2014 1725 1807 71.89 1371 17.07 1.08 1531 18.46 2423
La/Co 220 539 163 345 1.31 406 277 162 7.05 519 899  1.91 362 3.08 3.60




Upper Cretaceous

Early Eocene

Oligo-Early Miocene

I Core-3 Core-4 Sebkha El Farma Sebkha Aridal
BS Bs | Bs BS | BsS BS | BSs | Bs | Bs | swm sMv | sv | swm SM
| C3-07 ] ca-17 c4-18 cCa-20 cC4-25| 17-01 1707 17-16 1720  17-24 | 16-02  16-07 16-10  16-14 |
2156 835 1490 1557  13.79  47.88  19.92 2846  36.88 10.51  40.00 62.20 46.12 60.80
374 132 203 203 234 6.59 271 3.80 7.90 1.87 3.41 3.85 217 4.34
028 0.1 0.16 018  0.16 0.38 021 028 0.48 0.14 0.34 0.37 0.32 0.52
860 227  7.34 1062 212 2.51 245  1.79 5.20 2.28 1.08 1.39 0.96 5.52
132 110 1.21 082 092 2.40 102 1.37 3.09 0.88 0.84 1.25 0.67 0.66
3561 4367 3427  29.84 4308 1158  27.54 2410  14.95 46.54  29.87 6.89 28.00 10.93
014 037 025 0.11 0.10 0.40 1.11 1.08 0.19 0.08 0.72 0.85 0.84 0.83
023 031 0.32 018  0.16 4.23 659  6.63 3.74 0.54 0.97 6.94 0.55 0.86
085 034 050 0.51 0.46 2.03 110 1.33 2.02 0.53 0.92 0.88 0.74 1.48
002 001 0.02 002 001 0.02 0.01 uD 0.02 0.01 0.02 uD 0.03 0.04
2860 43.84 4018 3879 3777 2050  38.00 33.83  24.39 3529  23.00 16.42 20.90 15.84
101.13 101.85 10129 98.76 101.07 9875 100.88 102.89  99.16 98.76  101.32 10115  101.39  102.00
0.59 077  0.71 0.38 0.78
576 633  7.34 767 589 7.27 735 749 4.67 5.62 11.73 16.16 21.25 14.01
370 110 156 283 288 0.56 019 022 0.60 0.98 0.95 0.14 1.35 1.72
910 422  7.34 823 766 1404 973 983 21.24 7.51 11.04 14.05 6.90 8.20
434 208 243 2.61 278 7.27 3.90 485 8.85 2.62 3.54 4.78 2.97 4.82
32426 21072 166.85 6145 170.86 1282.25 656.70 437.95 118582  104.45  30.25 39.82 20.77 40.19
5598 5290  61.04  33.03 4597  139.30 149.09 14190  87.53 2940 4635 75.53 41.66 46.37
221 108 193 287 294 5.76 327 357 9.37 2.08 2.16 1.81 1.09 2.20
16.83 10678 47.79 4174 4413 7459 7882 7482 9166 1270 12,51 21.03 6.27 9.53
945 3308 1767 1082 1092  44.00 3843 3889  37.59 6.48 5.48 11.55 5.04 5.04
65.00 23849 11571 10529 8167 289.78 358.16 231.57  390.74 2368  33.22 38.21 17.54 34.96
452 206 278 289  3.02 9.66 437 594 11.45 2.55 4.29 5.46 2.97 4.88
2807 1070 1588 1804 1679  50.11 2421 3175 6115 17.07 2493 28.38 19.66 36.57
73009 798.81 499.29 446.07 907.06 376.67 806.80 68356 33259  339.52 317.50  276.60 24477  278.84
10.77 1253 8.11 764 684 1925 1985 1884  17.57 5.52 19.16 20.49 21.13 25.83
8571 3231 54.85 7399 4856 12406 73.93 9318 14976 4622 44370 37518 51558  506.85
412 158 225 285 235 6.78 123 4.76 8.60 2.47 2.93 0.40 1.34 4.30
074 971 971 4386 1663 605 4524 2050  33.59 1.87 3.80 4.21 0.62 0.99
061 032 051 038 039 1.21 004 075 1.39 0.32 0.22 0.04 0.10 0.08
066 060  0.50 082 055 3.91 3.06 335 4.40 0.69 0.18 0.10 0.18 0.33
154 064 095 1.06 1.07 2.94 127 168 3.63 0.91 0.76 1.25 0.55 1.03
107.96 5576  69.91 11501 149.80 15230 113.80 137.01 637.31  166.12 26155 21094 17469  729.31
1021 927 754 706 662 1970 1305 1473  21.87 6.00 15.97 18.49 16.63 20.74
217 087  1.31 1.72 1.14 3.25 178 2.39 3.94 1.18 10.01 5.31 10.27 12.00
026  0.11 0.15 018  0.15 0.51 002 035 0.64 0.18 0.19 0.02 0.08 0.10
057 030  0.70 069 067 2.29 169  2.94 3.74 0.94 0.56 0.42 0.37 0.82
015 013  0.22 152 0.89 0.90 581 202 7.38 0.12 0.23 0.51 0.15 0.21
366 365  3.22 1.91 263 1009 369  3.92 9.87 2.01 4.11 4.71 3.59 6.22
282 1.1 1.76 1.95 1.77 4.96 232 323 6.27 1.50 4.20 4.63 4.72 5.97
422 1552 802 526  3.35 5.33 6.14 1445 5.02 2.00 3.55 9.18 4.78 4.45
235 445 311 270 239 2.71 335  3.04 2.47 2.29 4.51 3.87 5.59 4.30
065 058  0.72 075 064 0.68 060 067 0.71 0.57 1.19 0.97 1.59 1.24
19.82  43.76 3473  16.94  26.02 2810 6424 4393  13.97 1959 11.02 16.30 8.82 7.77
128 112 091 068 0.0 0.86 071 091 0.67 0.72 1.95 2.57 4.34 2.71
3943 3729 4193 4297 4242 3812 4151 3903  38.03 39.30 4433 70.65 50.21 42.25
095 074 093 092 097 1.02 066 078 1.24 1.09 0.83 0.90 0.79 0.80
008 004  0.04 008 0.6 0.05 003 003 0.10 0.09 0.08 0.06 0.07 0.10
333 050 1.8 0.79 1.04 1.87 189  1.90 0.95 2.32 3.71 3.59 6.64 4.87
017 025 037 054 027 0.11 023 032 0.07 0.28 1.53 1.90 2.01 1.15
064 012 017 018 0.5 0.26 025 025 0.19 0.43 1.53 0.97 3.37 2.71
19.73 1552 2260 28.33 1749  17.06 1896 1922  16.92 17.64 12535 7855 17332 105.10
461 862 391 246 226 3.42 3.99 413 2.33 2.89 7.41 10.24 15.29 9.44




Mio-Pliocene SW part of basin

Mio-Pliocene NE part of basin

Sebkha Aridal | Sebkha El Farma Oued El Khatt Sebkha Tah E Sebkha Tah W |Sebkha Tisfourine Onhym Quarry Amma
s | s s | s s | s | s S s | s S s | s S
16--18 16--21| 17--32 17--37] 19--06 19--10 19--12 20--07 20--23  20--28 23--13 24--09 24--16] 26--30
38.60 43.09 65.84 40.21 42384 4081 21.72 35.21 73.86 50.72 32.37 40.23 4226 32.29
1.97 2.42 4.32 243 1.86 2.34 1.28 3.24 2.57 1.60 1.32 3.68 2.85 2.88
0.08 0.10 0.28 0.09 0.09 0.13 0.08 0.15 0.18 0.14 0.19 0.30 0.11 0.18
0.93 0.57 1.51 1.55 0.53 0.62 0.72 0.81 4.29 9.13 11.32 0.72 0.64 1.08
0.34 0.53 1.29 0.60 0.60 0.76 0.47 0.98 0.47 0.40 0.34 1.58 0.87 1.24
32.80 28.02 1274 2952 3049 3115 4451 34.76 7.56 16.60 22.08 28.53 29.02 33.83
0.07 0.04 0.10 0.06 0.11 0.02 0.03 0.03 0.86 0.72 0.45 0.04 0.07 0.09
0.83 0.62 0.84 0.92 0.40 0.42 0.19 0.93 0.51 0.44 0.67 1.01 0.64 0.84
0.53 0.87 1.52 1.21 0.85 0.89 0.50 0.95 1.03 0.70 0.56 1.18 1.35 1.08
ub 0.10 0.02 ub ub ub ub 0.01 ub 0.01 ub 0.01 0.01 0.02
2315 2450 13.00 22.00 22.89 2284 29.56 23.38 10.05 21.50 31.82 22.00 24.00 26.63
99.33 100.99 101.52 98.66 100.70 100.03 99.10 100.49 101.44  102.01 101.19 99.35 101.95 100.26
1959 1781 1524 16.55 23.03 1744 16.97 10.87 28.74 31.70 24.52 10.93 14.83 11.21
0.64 1.40 1.81 1.32 2.13 212 2.63 1.02 2.02 1.59 0.84 1.17 2.1 1.29
6.93 6.24 16.13  50.22 4.72 4.46 3.03 8.90 6.04 4.92 3.00 12.89 6.32 4.24
1.34 1.64 4.09 1.29 1.85 1.45 1.30 2.57 2.52 1.27 0.77 3.92 1.56 1.46
16.91 3435 7263 3735 2129 2558 13.34 21.93 23.36 23.96 19.75 48.81 16.90 25.72
1583 1581 3133 1835 23.58 10.08 17.25 24.39 27.78 11.89 13.27 2531 10.20 10.66
2.18 3.72 3.12 1.55 1.60 2.24 2.28 2.83 1.96 2.22 0.39 4.65 2.31 2.26
6.52 6.91 8.44 6.53 6.55 6.46 7.48 7.17 6.66 7.90 4.50 9.25 8.51 6.36
2.47 2.86 4.82 2.33 2.72 5.71 2.24 3.03 3.86 2.67 2.02 4.54 3.60 2.22
7.67 7.90 29.30 8.25 13.75 29.75 6.66 14.63 17.92 15.49 21.70 21.78 1589 11.13
2.18 3.16 5.17 2,72 2.67 2.64 1.65 3.37 3.05 1.66 0.97 4.52 3.04 2.64
12.57 22.01 38.84 2892 2341 2195 1269 22.39 27.41 16.60 8.28 2956 31.44 2198
14424 188.15 161.80 336.93 73.31 67.09 103.49 114.54 11417  118.19 87.48 154.18 831.61 66.67
10.74  6.26 12.36 3.50 5.32 5.60 4.40 16.85 15.99 12.41 4.49 10.19 6.34 5.41
43.09 79.51 165.37 4815 79.78 31.07 41.25 46.03 117.78  21.64 35.23 93.54 30.30 27.63
1.22 1.77 5.49 1.82 272 2.89 1.76 2.40 297 1.44 1.58 5.78 2.48 2.85
0.21 0.86 0.73 0.30 0.27 0.76 0.27 0.76 1.51 3.08 0.68 0.61 0.52 0.48
0.17 0.18 0.58 0.20 0.27 0.25 0.19 0.32 0.42 0.12 0.14 0.56 0.31 0.24
0.09 0.24 1.79 0.78 0.25 0.24 0.19 0.33 0.27 0.25 0.11 0.44 0.44 0.22
0.29 0.36 1.00 0.39 0.54 0.51 0.33 0.58 0.73 0.41 0.31 0.98 0.59 0.51
125.16 871.61 289.70 274.67 173.33 146.30 137.15 151.92 188.15 131.16 43.67 176.12 221.73 148.11
6.70 8.40 13.32 5.22 5.85 7.53 5.13 14.81 13.79 9.70 4.91 12.30 6.48 8.06
1.09 2.02 4.08 1.22 1.94 0.92 1.03 1.23 2.89 0.66 1.00 248 0.91 0.82
0.09 0.13 0.41 0.14 0.20 0.18 0.13 0.19 0.24 0.08 0.11 0.50 0.17 0.18
0.62 0.93 0.87 0.81 0.51 0.82 0.70 0.91 0.70 0.62 0.23 0.59 0.37 0.71
0.09 0.16 0.26 0.19 0.13 0.12 0.09 0.18 0.19 0.15 0.07 0.17 0.18 0.12
2.20 5.36 5.29 3.24 2.7 3.07 2.30 2.62 3.95 3.48 249 4.07 3.73 2.89
1.06 2.03 3.22 1.46 1.44 1.35 0.85 1.61 2.53 1.48 1.05 3.12 1.74 1.46
0.61 1.04 244 0.76 0.66 0.60 0.39 0.61 2.47 2.23 1.93 0.94 0.90 0.60
5.00 5.13 3.26 4.06 3.16 5.20 3.94 5.76 5.46 7.67 6.35 3.14 4.16 5.54
0.79 1.24 0.79 1.14 0.78 0.93 0.65 0.63 1.00 117 1.35 0.80 1.12 1.00
15.00 7.80 9.72 1253 16.36 744  20.35 15.11 10.98 8.05 12.69 8.11 5.88 7.32
0.49 0.55 1.03 0.94 0.90 0.60 0.37 0.57 1.29 0.67 2.7 0.67 0.75 0.64
39.40 39.34 4052 3942 4119 33.71 40.07 37.55 40.78 33.02 35.40 37.69 3319 33.62
0.62 1.34 1.08 1.49 1.10 1.35 117 0.88 0.86 0.78 1.09 1.21 1.02 1.49
0.08 0.10 0.13 0.07 0.08 0.14 0.08 0.1 0.09 0.1 0.06 0.15 0.15 0.14
243 2.29 3.71 2.81 3.60 1.56 2.31 3.40 417 1.50 2.95 2.74 1.20 1.68
0.94 0.46 0.43 0.49 1.1 0.39 1.29 1.1 1.19 0.50 0.67 0.52 0.60 0.41
1.65 0.91 1.46 0.54 0.81 0.87 0.59 2.35 2.40 1.57 1.00 1.10 0.75 0.85
3219 4859 4046 3745 4317 2144 31.64 17.89 46.65 17.10 45.58 23.88 1947 18.98
3.08 2.26 4.27 3.36 3.65 3.36 2.25 5.23 7.05 4.37 12.73 2.65 2.81 3.57




Mio-Pliocene NE part of basin

fatma Core-1 Core-2 Core-3 Core-4
| s s | s | s | s | s s | s s | s s | s |1 s | s | s S
26-34| C1-01 C1-03 C1-04 C1-05 C1-08 | C2-01 C2-02 | C3-01 C3-03| C4-01 C4-03 C4-05 C4-07 C4-08 C4-13
1770  37.81 48.07 3978 5329 5249 5423 5779  49.96 37.81 2950 37.26 4050 5242 4872  59.69
144 133 160 153 180 178  4.65 505 409 441 167 311 314 348 38 591
046 011 013 012 014 015 043 046 058 019 047 021 057 055 046  0.38
155 038 980 1057 7.99 856 1.33 1.62 1700 111 08 075 079 109 114 168
186 050 046 043 047 047 1.93 2.30 190 170 08 096 225 197 194 251
4280 3506 17.22 19.91 1459 1494 2043 1723 2412 3230 37.94 3202 2925 2063 2301 14.71
007 045 023 027 068 069  0.12 024 021 011 005 014  0.21 014 016 026
050 034 045 043 052 052 247 1.15 108 109 053 093 084 088 089  1.01
050 0.64 075 069 082 077 1.48 1.50 113 149 072 145 105 113 1.21 1.79
002 001 001 001 001 002 003 003 003 002 001 002 003 003 003 003
3283 2632 2405 2759 2026 21.05 1430 1490 17.10 2030 29.98 2515 2295 1804 1896  13.11
99.86 102.98 102.81 101.38 100.60 101.49 101.51 102.38 101.35 100.62 10241 101.82 101.75 100.48 100.48 101.16
1229 2843 3004 2600 2961 2949 1166 1144 1222 857 17.66 1198 1290 1506 1262  10.10
100 188 167 160 158 148  0.60 1.30 105 137 136 124 125 128 136 177
765 311 781 698 673 504 1329 1503 1095 11.89 404 679 826  11.81 1218  21.08
245 124 099 157 153 154 462 527 545 444 137 227 449 485 463 537
51.37 3251 2182 2935 1871 3629 3827 4947 4703 4022 2308 2064 5136 43.04 4202 47.62
2539 3210 2171 1143 2103 1042 1577 2212 1985 1666 2124 17.27 2950  30.38  27.80  33.92
477 143 151 128 215 142 378 434 319 301 438 826 717 531 6.56  7.88
1161 700 604 418 536 344  6.63 807 446 535 746 584 858 927 972 1287
598 287 264 089 406 -069  3.72 840 256 233 383 754 938 790 891  10.09
16.94 905 945 968 1555 1398 2194 2507 2099 1920 992 1319 2457 2201 2313  31.16
248 173 203 208 210 214 560 604 534 505 197 359 422 460 503  7.01
11.81 1522 1807 17.32 1976 19.05 3545 3765 2867 2886 1561 2619 2503 27.55 3028 4573
54167 10430 154.26 15597 116.06 11218 21813 216.33 322.87 34199 68513 854.82 64581 210.31 25331 202.92
663 1137 896 1004 1313 1285 1335 1478 1634 1243 792 768 1570 1560 1425  13.31
10328 59.33 9444 66.28 98.68 88.50 468.26 486.28 811.01 344.35 117.27 13850 66144 671.76 527.72 115.59
793 198 329 315 221 244 853 938 1199 755 343 385 945 936 767 685
069 195 126 277 162 1777 032 045 072 047 026 028 054 050 060 044
051 021 028 030 035 026 074 083 075 064 035 079 126 085 086  0.95
061 042 022 036 024 039 061 068 065 059 047 043 069 056 062 062
039 047 053 055 052 054 1.03 1.21 075 092 029 051 059 08 094 167
131.71 128.31 120.83 109.68 14571 13218 231.66 237.39 207.84 180.94 130.61 198.85 174.25 183.04 189.70 260.39
963 1035 913 951 1130 1210 1576  18.60 2245 1420 584 872 1816 2141 17.85  14.59
248 131 204 160 217 206 1026 1070  17.28 741 234 303 1412 1532 1151 275
040 012 020 019 014 018 056 057 074 047 021 024 056 062 049 042
073 054 074 043 102 054 128 1085 078 141 134 102 268 323 495  1.39
012 015 016 015 019 018  0.21 023 018 018 017 018 018 017 018  0.31
273 316 294 354 389 347 547 593 402 402 227 320 49 503 539 741
209 140 151 154 178 185  3.91 4.41 490 325 119 199 398 541 455 374
124 132 135 270 294 264 1.48 297 235 187 080  1.01 187 202 181 299
393 837 927 605 739 7.85  3.41 353 4412 320 425 385  4.04  4.41 386 272
085 114 153 098 117 120 085 084 090 073 08 088 089  1.11 098 070
1213 2286 14.36 741 1180 565  4.03 502 405 513 17.91 868 7.4 562 611  9.06
044 125 100 121 083 130 1.04 1.02 154 108 027 024 056 102 069 048
4161 4520 4622 4155 4556 4293 4563 4545 4693 4647 5018 4578 4685 43.86 4583  42.06
145 091 102 095 086 094 1.18 1.26 137 117 074 114 116 137 125 110
010 004 005 014 007 015 029 024 027 027 006 013 015 016 017  0.16
219 459 360 274 393 303 238 274 445 311 297 296 344 328 286 264
049 099 099 039 112 029 041 045 042 041 092 084 057 071 066  0.71
057 162 149 240 245 374 201 183 366 227 111 1.31 183 168 147  1.03
4210 47.97 9580 4220 6459 57.39 101.42 9227 14891 77.54 8547 6107 147.20 13844 113.99 2154
202 918 605 743 526 850 417 428 703 471 133 106 253 403 272 185




Mio-Pliocene NE part of basin Pleistocene Recent Sediments
Core-1 ISeguit EI Hamrg Oued Draa I
S sM | sM | sm | sm | sm | sm | sm | sm | sm | swm sand sand+silt  silt silt+sand
C4--14 |} C1--11  C1--16 C1--19 C1--20 C1--21 C1--22 C1--23 C1--24 C1--25 C1--26 07--04 06--01 06--02 06--03
44.66 20.48 3496 4840 5215 64.35 6349 8446 2747 4261 23.56 85.69 6759 61.65 61.53
4.02 1.77 3.88 6.63 7.65 7.09 6.92 2.64 5.60 9.23 5.49 ub 11.21 11.71 12.66
0.45 0.15 0.31 0.50 0.60 0.64 0.64 0.31 0.38 0.59 0.36 0.14 0.67 0.77 0.69
1.08 15.30 12.44 8.33 7.02 4.67 5.1 0.93 11.77 8.16 11.45 0.25 2.06 2.59 2.55
2.1 0.68 1.44 2.85 3.20 217 1.74 0.67 2.05 1.87 2.32 0.28 4.42 5.00 4.98
25.36 25.35 19.06 12.01 9.78 6.25 7.26 3.29 22.16 14.08 22.72 6.77 4.22 5.59 5.74
0.11 0.18 0.33 0.38 0.38 0.38 0.34 1.55 0.86 0.66 0.51 0.05 0.12 0.13 0.14
0.88 0.44 0.67 1.07 1.28 1.25 1.31 0.60 0.69 1.00 0.63 0.16 0.63 1.48 0.74
1.24 0.56 1.11 1.82 2.04 2.04 1.99 0.94 1.83 2.94 1.85 0.23 2.70 2.70 2.76
0.03 0.04 0.02 0.02 0.02 0.01 0.01 ub 0.02 0.02 0.02 0.01 0.05 0.06 0.07
20.80 36.96 28.76 19.27 16.58  11.02 12.29 2.87 29.80 20.80 31.33 5.63 6.91 9.11 8.67
100.86 101.94 103.04 101.36 100.80 99.96 101.22 98.32 102.74 102.09 100.37 100.04 100.72 100.95 100.67
11.11 11.57 9.01 7.30 6.82 9.08 9.17 31.99 4.91 4.62 4.29 6.03 5.26 4.86
1.41 1.27 1.66 1.70 1.59 1.63 1.52 1.57 2.65 2,94 2.94 1.44 4.29 1.82 3.73
13.65 4.72 8.55 15.01 15.95 14.58 15.60 7.59 12.85 22.00 14.44 10.30 4476 51.80 55.39
4.81 219 3.87 6.52 7.90 7.33 7.42 245 6.59 9.22 6.30 3.73 10.44 11.44 11.66
38.83 25.32 61.49 5456 68.09 67.68 76.94 37.17 198.89 12450 61.16 52.28 79.35 88.12 86.18
31.50 10.56 51.17 6543 8189 7439 7588 4421 127.39 138.66 87.83 23.48 4491 66.66 50.52
6.00 2.74 2.25 3.32 3.98 3.15 2.59 1.92 3.35 3.16 5.41 2.79 11.77 14.05 12.29
9.25 8.09 1299 2142 2407 19.36 18.58 10.58 3570 2458 77.18 10.54 2500 27.67 28.12
7.37 -1.03 4.12 7.55 5.54 9.00 7.23 6.39 19.99 10.77 23.39 5.70 2135 2221 21.92
24.14 20.75 3167 6550 7486 5696 57.23 29.05 89.68 7146 214.04 28.56 69.17 83.17 63.32
5.18 2.40 4.94 7.47 9.74 9.16 8.98 3.57 7.57 11.83 7.50 5.28 14.18 1529 16.25
30.93 15.97 33.56 57.99 63.69 6275 61.72 26.29 47.73 8223  48.18 35.56 8742 7136 93.02
238.96 89.01 95.10 113.07 122.24 113.04 117.64 131.89 230.25 240.67 257.70 336.78 129.16 150.30 174.55
17.75 7.44 12.33 19.03 2159 2493 23.30 2274  25.71 32.03 19.56 10.33 2461 2715 24.03
622.73 55.28 126.75 189.60 226.58 335.27 359.90 77.83 134.69 21146 114.94 285.71 294.69 564.12 243.88
7.97 2.74 5.24 8.54 10.70 1214 12.26 3.93 6.38 9.82 5.92 6.36 11.83  13.97 1244
0.42 2.19 1.96 0.79 0.94 1.56 2.54 3.40 63.45 6.42 112.60 0.95 0.59 0.79 0.81
0.80 0.37 0.72 1.09 1.33 1.26 1.22 0.26 0.92 1.41 0.91 0.69 1.81 2.10 2.09
0.48 0.20 0.29 0.27 0.43 0.42 0.52 0.26 1.46 0.59 1.70 0.69 0.54 0.68 0.67
1.00 0.75 1.61 2.89 3.25 2.83 2.83 1.06 2.33 4.1 2.27 0.98 5.08 4.97 5.14
191.66 62.87 122.56 198.71 211.10 252.32 256.59 139.83 125.54 243.55 147.68 432.16 436.92 427.00 489.16
23.90 6.74 1210 19.62 22.66 25.25 23.82 19.87 19.97 28.77 16.94 12.57 31.14 32.64 32.82
14.04 1.41 2.94 4.53 5.61 8.02 8.58 1.52 3.28 5.12 2.86 6.41 7.35 13.49 6.12
0.49 0.17 0.32 0.51 0.69 0.76 0.77 0.08 0.41 0.64 0.39 0.42 0.84 0.98 0.89
1.31 0.46 1.00 1.04 1.23 1.05 1.11 0.80 0.83 1.25 0.74 0.63 1.30 1.49 1.33
0.21 0.13 0.28 0.50 0.52 0.48 0.48 0.19 0.31 0.92 0.30 0.23 0.46 0.47 0.50
5.05 5.53 4.29 5.70 6.19 6.30 6.71 3.77 3.80 6.57 3.72 5.42 14.01 13.75 20.29
6.49 1.52 3.17 5.16 6.14 6.81 6.61 3.92 4.53 7.35 4.25 2.81 8.89 9.59 9.31
1.76 1.58 2.55 4.38 4.36 3.69 3.77 15.48 16.07 11042 21.10 1.96 2.87 3.35 2.32
4.97 3.07 3.13 3.01 2.87 3.45 3.21 8.10 3.03 3.12 2.69 3.37 2.98 2.85 2.81
1.35 0.69 0.82 0.79 0.78 0.93 0.89 1.60 0.69 0.80 0.68 0.75 0.85 0.84 0.80
4.85 6.95 16.15 12.67 13.33  10.92 11.47 11.26  28.14 18.85  20.66 8.35 5.05 6.95 5.43
1.08 0.56 1.41 1.55 1.54 2.16 2.55 2.04 1.35 2.33 0.79 1.01 0.76 0.68 0.76
44.35 39.13 4314 4186 4042 4183 4193 51.37 41.04 4134 40.17 44.59 40.08 41.83 39.84
1.35 0.91 0.98 1.03 1.05 1.01 1.02 0.87 0.78 0.90 0.87 1.22 1.27 1.20 1.37
0.15 0.21 0.08 0.10 0.10 0.10 0.10 0.06 0.05 0.07 0.07 0.16 0.23 0.17 0.23
3.41 1.30 3.94 3.05 3.40 3.84 4.08 4.18 3.57 5.64 1.14 2.23 1.80 2.41 1.80
0.81 0.42 0.83 1.20 1.20 1.10 0.99 1.19 0.64 1.1 1.44 0.45 0.57 0.76 0.59
1.92 0.92 0.95 0.89 0.90 1.29 1.25 215 0.72 1.30 0.25 0.98 0.98 0.98 0.85
129.58  25.19 32,78 29.09 28.69 4575 4852 31.74 2044 2293 18.25 76.59 28.24 4932 20.91
3.98 2.46 5.38 5.90 5.69 8.02 9.19 10.35 5.97 9.10 3.13 4.50 2.65 2.32 2.67




Recent Sediments

I Tan-Tan River I Oued Chebeika I Seguit El Hamra I Cap Jubil Oued Akhfennir IOueI El Craal Laayoune Plagel Tarfaya
sand sand+silt  sand mud mud mud  silttsand  mud sand sand sand sand sand sand
06--04 06--05 06--06 06--07 07--01 07--02 07--03 07--05 08--02 09--01 09--02 14--01 15--10 18--03a
82.23 65.15 81.88 45.19 52.07 46.49 51.98 47.81 42.88 49.12 47.74 56.83 4717 44.12
5.03 9.47 5.11 13.37 12.68  20.93 13.04 19.54 2.69 3.01 3.06 4.51 5.16 4.57
0.56 0.64 0.12 0.66 0.69 0.77 0.70 0.86 0.08 0.33 0.28 0.40 0.12 0.07
0.94 2.21 0.44 3.61 3.10 3.34 2.71 3.54 1.05 1.16 1.1 1.20 1.12 0.72
2.48 3.84 0.61 5.25 4.86 7.52 4.95 7.27 0.79 1.82 1.66 2.03 1.04 0.71
3.04 6.98 3.86 12.53 10.56 3.66 10.27 5.62 28.82 24.28 24.80 18.49 23.46 26.34
0.06 0.13 0.05 0.23 0.43 0.25 0.39 0.26 0.13 0.09 0.10 0.14 0.11 0.10
0.70 0.89 0.23 1.13 117 2.37 1.57 0.99 1.03 1.23 1.12 0.82 1.91 1.75
1.49 2.27 3.67 3.35 242 3.51 2.40 3.34 1.26 1.18 1.19 1.36 1.84 1.88
0.03 0.05 0.01 0.07 0.07 0.09 0.06 0.08 0.01 0.02 0.02 0.02 0.01 0.01
3.41 9.36 3.63 16.10 13.10 11.73 11.86 11.56 2347 20.05 20.59 15.48 19.38 20.95
100.09 101.13 99.71 101.61 101.28 100.80 100.08 101.03 102.37 10243 101.79 101.41 101.48 101.38
16.35 6.88 16.02 3.38 411 2.22 3.99 2.45 15.94 16.32 15.60 12.60 9.14 9.65
213 2.55 15.96 2.96 2.07 2.56 1.53 3.37 1.22 0.96 1.06 1.66 0.96 1.07
13.75 32.59 6.24 43.82 56.26 100.90 56.96 98.90 5.15 6.94 7.81 4.41 9.18 6.13
5.07 8.54 1.29 12.29 11.65 16.46 11.57 17.76 1.20 3.02 2.84 1.07 1.87 1.25
41.98 64.12 11.61 104.59 106.16 147.40 107.52 152.30 10.39 42.87 40.26 7.97 13.56 8.51
16.41 33.07 3.31 59.06 65.25 86.86 72.49 88.30 2.64 14.12 11.99 3.70 13.74 3.94

3.33 8.51 0.63 12.28 1295 17.69 11.63 18.77 - 1.51 1.51 0.45
8.15 21.02 2.02 36.03 37.00 48.20 35.91 49.32 1.96 7.59 8.07 0.10 2.47 1.41
6.67 17.59 1.63 21.60 20.79  26.52 19.11 27.13 3.18 3.29 3.09 0.82 1.91 1.57
62.05 52.56 16.91 80.25 89.58 99.92 102.85 11444 1223 22.48 23.49 5.14 14.89 16.97
6.14 11.61 4.72 17.14 16.30 26.32 16.49 25.85 2.68 3.44 3.54 1.18 4.87 4.23
40.57 67.96 89.92 100.70 86.74 84.17 87.02 13274 27.37 26.43 28.11 6.23 42.25 43.14
116.12 159.78 10743 252.65 256.48 180.67 266.36 202.21 1064.02 718.77 761.15 125.35 972.81 1020.10
18.98 23.78 5.18 20.65 2488 2497 23.80 27.81 6.44 8.90 10.33 3.68 7.73 5.82
668.74 314.19 85.51 231.22 203.76 135.06 195.59 133.48 28.10 68.28 51.56 207.06 45.35 32.28
8.83 11.62 2.19 11.20 1225 14.82 12.29 16.11 1.53 4.1 3.98 2.1 2.55 1.88
0.39 0.68 0.23 1.71 2.59 1.77 3.00 2.54 0.26 0.73 0.93 0.20 0.28 0.25
0.91 1.59 0.31 2.07 210 3.50 2.09 3.33 0.23 0.48 0.46 0.17 0.36 0.32
0.45 0.56 0.10 0.52 0.69 0.65 0.71 0.70 0.35 0.67 0.64 0.08 0.41 0.39
1.39 3.25 1.27 5.11 4.78 7.64 4.83 8.29 0.49 0.57 0.66 0.17 0.74 0.61
373.23 43226 686.95 301.75 439.22 363.15 481.82 41091 213.75 27548 316.42 118.38 330.52 329.48
22.56 27.98 8.02 30.81 35.00 43.93 35.00 51.30 5.73 9.75 9.28 4.98 7.58 6.01
15.59 7.75 217 5.79 5.18 3.70 4.85 3.66 0.81 1.71 1.44 4.84 1.28 0.98
0.44 0.86 0.16 0.81 0.87 1.06 0.88 1.16 0.12 0.28 0.27 0.13 0.19 0.15
0.85 1.14 0.21 1.40 1.33 1.86 1.29 1.87 0.24 0.47 0.46 0.26 0.40 0.29
0.22 0.39 0.44 0.56 0.53 0.79 0.52 0.80 0.15 0.21 0.23 0.04 0.22 0.23
9.34 15.49 7.44 16.54 17.20 21.26 15.86 24.02 3.33 5.08 5.01 2.16 5.02 3.88
6.17 8.20 1.75 8.84 9.78 12.27 9.38 14.02 1.45 2.04 2.07 1.43 1.93 1.64
1.82 1.99 0.62 2.78 4.30 2.40 4.40 3.22 1.00 1.36 1.72 0.76 0.95 0.90
4.45 3.28 6.22 2.51 3.01 2.67 3.03 2.89 476 3.23 3.27 4.65 4.04 4.82
1.22 0.96 1.36 0.72 0.84 0.75 0.81 0.79 1.20 0.68 0.73 1.34 1.03 1.31
2.66 4.03 1.89 6.68 6.67 7.08 7.73 6.30 1.82 6.92 5.80 2.58 7.13 2.41
1.85 0.96 2.77 0.72 0.76 0.69 0.81 0.75 - 1.35 1.37 4.27
42.91 40.56 39.34 39.94 39.30 36.48 40.37 36.43 34.68 39.87 35.78 42.75 35.36 32.99
1.19 1.18 1.55 1.49 1.41 1.76 1.47 1.84 0.89 1.09 0.90 1.36 0.98 1.03
0.31 0.26 0.39 0.21 0.18 0.19 0.16 0.20 0.46 0.21 0.24 0.29 0.14 0.32
2.01 1.57 1.64 1.64 1.76 1.80 2.02 1.79 1.34 1.86 1.49 36.96 5.55 2.80
0.39 0.52 0.28 0.56 0.61 0.59 0.67 0.58 0.25 0.33 0.30 0.46 1.01 0.46
2.33 1.13 2.56 0.57 0.67 0.52 0.66 0.56 3.29 1.17 1.28 36.73 3.13 413
131.83  36.80 66.32 18.82 17.50 8.20 16.91 7.51 23.35 22.64 18.14 193.10 24.21 25.92
6.76 3.29 12.69 2.51 2.70 2.48 3.01 2.73 - 6.48 6.15 16.80




Upper Cretaceous

Mio-Pliocene

E beach Sebkha Tisfurine Onhym Quarry Akhfennir Core-1 Core-2 Core-3
sand WM WM WM WM WM WM WM WM WM WM WM WM WM WM
18--04a 23--01 24--03 24--04 24--05 24--06 | 24--18 |26--25 ] C1--06 C1--07 C1--09 C1--10 | C2--03 C2--04 | C3--02
50.23 24.93 4253 36.82 34.91 41.08 13.89 50.31 4577 5843 8095 8244 8.86 13.11 42.04
5.25 5.15 5.35 4.74 4.73 4.22 3.1 4.60 1.45 1.92 4.22 4.44 2.27 3.19 3.97
0.09 0.39 0.41 0.39 0.34 0.34 0.18 0.70 0.12 0.17 0.31 0.31 0.17 0.21 0.39
0.66 10.45 2.62 2.13 2.70 2.59 13.57 1.90 9.68 6.96 2.75 1.58 16.52 14.68 1.12
0.82 2.25 2.44 1.95 2.10 2.1 3.16 5.25 0.37 0.49 1.56 1.97 5.16 6.43 1.71
22.45 22.73 2164 26.32 26.45 23.54 25.02 18.50 17.34 12.02 3.34 1.60 33.36 30.48 29.57
0.10 0.36 0.17 0.15 0.12 0.14 0.42 0.06 0.52 0.78 0.77 0.84 0.27 0.27 0.17
1.77 2.22 2.62 2.34 2.45 2.52 2.55 1.25 0.43 0.59 0.97 1.14 0.52 0.40 1.12
1.84 1.79 1.61 1.42 1.42 1.33 0.79 1.29 0.69 0.85 1.40 1.45 0.61 0.95 1.1
0.01 0.02 0.03 0.03 0.03 0.03 0.01 0.09 0.01 0.01 ub ub 0.04 0.03 0.02
18.33 30.58 23.33 2388 26.00 22.61 39.13 66.14  24.50 17.21 5.58 3.24 34.30 32.30 20.80
101.68 101.08 102.86 100.26 101.34 100.60 101.96 100.15 100.91 99.46 101.91 99.08 102.14 102.16 102.13

0.25 0.28 0.24 0.24 0.24 0.28 0.10
9.57 4.84 7.95 7.77 7.38 9.73 4.47 10.94  31.57 3043 19.18  18.57 3.90 411 10.59
1.04 0.91 0.69 0.68 0.64 0.58 0.35 1.12 1.60 1.44 1.44 1.27 1.17 2.38 0.99
7.42 15.84 2218 21.38 20.50 18.13 10.93 16.64 5.66 5.39 10.09 10.56 10.92 14.04 13.56
1.56 5.47 5.14 5.15 4.68 4.63 3.64 4.29 1.42 1.66 3.32 3.72 2.93 3.40 3.65
10.06 183.24 4157 43.33 41.80 41.06 30.18 57.64 21.04 48.21 60.25 72.06 71.66 76.59 24.96
9.38 126.79 2485 37.70 34.51 34.78 51.07 31.29 6.70 26.02 39.22 52.04 49.98 47.03 15.41
0.18 6.25 3.74 4.69 5.60 4.16 2.16 5.76 0.84 1.35 1.48 1.70 2.93 2.99 3.62
1.70 83.06 10.59 12.88 12.15 11.46 12.42 22.03 2.67 6.82 10.68 12.60 7.79 10.68 7.45
1.78 50.80 7.01 7.50 7.35 6.71 5.40 7.55 -0.09 3.51 4.43 4.78 1.15 2.56 297
14.91 134.73 35,55 29.84 35.01 35.55 33.65 4196 13.27 15.63 23.26 27.21 34.52 37.98 22.98
4.91 6.33 6.63 5.96 5.76 5.39 4.32 5.08 1.76 2.38 5.01 5.52 3.02 4.22 5.24
43.41 44.06 4091 3714 35.80 34.38 24.87 3243 16.74 21.25 3943 4237 17.06 26.57 37.75
865.86 311.88 317.03 35272 337.14 33512 31863 26450 126.52 103.72 90.75 9592 238.51 213.14 380.53
6.78 18.84 1274 12.36 10.46 11.46 16.15 11.16  10.12 1427 18.63 20.48 6.43 6.90 9.35
36.58 86.52 220.68 109.81 82.44 82.26 466.66 94.21 8437 12762 113.89 98.49 72.54 93.96 52.72
2.16 5.85 7.07 6.96 6.03 6.30 3.19 5.93 2.1 3.00 1.10 1.66 6.20 5.77 4.71
0.25 27.54 0.92 1.1 1.27 1.41 3.78 2.02 2.51 9.42 8.37 6.15 1.03 1.71 0.35
0.37 0.71 0.83 0.74 0.71 0.63 0.13 0.61 0.22 0.27 0.11 0.01 0.43 0.52 0.56
0.47 1.94 0.48 0.49 0.40 0.47 0.20 0.44 0.34 0.31 0.15 0.50 1.53 1.82 0.50
0.65 2.08 1.78 1.66 1.62 1.34 0.75 1.31 0.46 0.59 1.53 1.56 0.88 1.40 1.16
343.32 716.34 200.41 169.27 161.47 17829 25736 164.70 12196 151.99 213.83 227.32 51.46 76.14  221.23
6.99 16.57 15.71 17.28 13.12 14.92 15.20 12.92 9.00 1237 1744  18.96 8.33 9.20 10.51
1.09 242 5.44 2.93 2.26 2.23 10.98 2.54 1.90 2.78 1.39 2.02 1.77 2.30 1.39
0.16 0.39 0.53 0.46 0.41 0.42 0.10 0.39 0.13 0.19 0.07 0.00 0.28 0.29 0.29
0.41 1.01 0.94 0.70 0.83 0.56 0.55 0.83 1.19 1.65 0.45 0.76 0.63 0.69 2.42
0.22 0.33 0.22 0.20 0.19 0.19 0.22 0.26 0.17 0.25 0.33 0.36 0.08 0.13 0.21
4.38 3.50 7.33 6.68 6.31 5.65 4.03 5.71 3.89 3.47 3.57 3.84 7.62 7.73 5.45
1.76 4.37 4.57 4.32 3.66 3.90 4.05 3.93 1.44 2.07 3.74 4.21 2.28 2.67 3.07
0.96 16.60 2.87 2.53 2.88 2.00 3.55 3.26 2.85 3.06 3.34 3.86 1.58 1.94 1.35
4.49 3.03 3.06 3.36 2.80 3.22 417 3.01 6.35 7.44 5.25 5.09 2.84 2.71 2.88
1.13 0.80 0.89 0.84 0.78 0.84 1.1 0.91 1.01 1.24 1.12 1.13 0.78 0.79 0.84
5.32 29.02 5.44 8.72 9.44 8.92 12.62 7.97 4.66 12.58 1049 12.36 21.92 17.59 5.03
9.64 0.70 1.22 0.92 0.65 0.94 1.88 0.68 1.70 1.53 2.52 2.47 0.78 0.89 0.85
33.49 35.77 40.55 37.42 36.47 36.95 42.49 37.09 4437 4586 81.99 4885 41.03 40.92 37.86
1.03 0.88 1.23 1.40 1.25 1.30 0.94 1.16 0.89 0.87 0.94 0.93 1.30 1.33 1.12
0.17 0.04 0.21 0.14 0.14 0.13 0.07 0.14 0.21 0.06 0.08 0.07 0.06 0.07 0.24
5.50 1.53 2.35 2.93 2.84 3.03 4.11 1.42 2.51 3.82 3.67 413 6.41 4.40 2.07
0.93 0.69 0.60 0.87 0.83 0.85 1.69 0.54 0.32 0.54 0.65 0.72 0.70 0.61 0.62
3.98 0.23 1.20 0.96 0.86 1.00 1.30 0.51 3.79 2.09 1.74 1.63 0.83 0.65 1.25
23.49 15.80 4293 21.33 17.61 17.78 128.11 21.94 59.51 76.77 3426  26.46 24.72 27.64 14.46
38.23 2.65 4.20 3.68 2.34 3.59 7.05 2.24 10.67 9.17 11.78 11.14 2.84 3.08 2.90




Mio-Pliocene

Core-3 Core-4
WM WM WM WM WM WM WM
C3--04 C3--05 C3--06 | C4-09 C4-10 C4--15 C4--16
48.47 33.77 5.89 52.75 40.75 20.72 2193
5.30 3.46 1.93 3.67 3.25 3.57 3.13
0.34 0.30 0.08 0.60 0.32 0.23 0.30
1.55 1.17 1.31 1.12 0.85 1.30 1.19
2.72 2.24 1.82 2.18 1.45 2.66 3.42
21.34 33.73 59.71 20.55 28.27 40.05 39.11
0.12 0.51 0.07 0.17 0.29 0.58 0.58
0.85 0.67 0.13 0.78 0.69 0.54 0.54
1.67 1.13 0.22 1.15 1.09 1.05 0.91
0.02 0.02 0.02 0.03 0.02 0.02 0.03
17.30 24.20 28.50 17.09 23.18 31.46  30.78
99.79  101.31 99.87 100.22 100.25 102.28 102.00
9.15 9.76 3.05 14.37 12.54 5.80 7.01
1.96 1.69 1.69 1.47 1.58 1.94 1.69
19.52 12.40 2.83 12.48 11.29 1546  14.30
5.49 3.82 1.39 5.86 3.52 4.45 3.70
48.51 37.84 13320 52.23 32.68 56.09 69.43
31.09 23.55 31.14 20.68 28.27 4052 34.15
4.66 4.25 2.67 4.41 3.19 4.04 4.94
12.67 10.27 22.02 7.60 7.91 9.38 15.47
5.04 2.79 4.11 7.30 6.99 3.95 6.68
43.66 37.54 81.64 25.20 19.80 27.85 36.36
7.04 4.52 1.56 5.28 417 5.04 4.19
45.44 28.98 7.23 29.75 28.94 30.04 25.15
24468 339.19 949.84 247.79 305.03 47451 378.84
11.68 10.26 3.89 18.04 10.82 9.10 10.07
158.55 22294 2435 764.17 344.38 7451 157.86
6.95 5.74 1.20 12.28 5.63 5.39 6.20
0.41 0.62 2.10 0.69 0.83 0.58 1.10
0.82 0.46 0.19 0.85 0.63 0.88 0.62
0.65 0.64 1.20 0.69 0.46 0.85 1.27
1.69 1.07 0.40 0.95 0.89 1.46 1.22
24428 16169 108.63 187.17 19042 11829 109.16
14.60 11.61 2.80 22.10 13.62 10.86 12.24
3.65 5.07 0.68 17.02 7.67 1.84 3.58
0.42 0.31 0.08 0.71 0.35 0.30 0.32
0.92 0.87 0.25 9.97 5.70 0.74 0.94
0.25 0.18 0.06 0.17 0.17 0.18 0.21
6.73 5.92 1.92 5.30 4.87 7.57 9.52
4.05 3.05 0.78 5.41 3.42 2.77 2.96
1.73 7.07 1.48 2.30 2.89 8.28 5.23
2.66 3.04 2.02 3.77 3.87 2.44 3.30
0.74 0.80 0.56 0.92 0.97 0.62 0.80
7.68 7.73 40.10 3.82 8.27 14.65 11.55
0.87 0.72 0.29 1.23 1.07 0.68 0.60
43.41 43.98 35.81 44.89 44.88 40.39 44.06
1.25 1.13 0.72 1.23 1.26 1.19 1.22
0.18 0.16 0.04 0.28 0.12 0.11 0.11
2.46 2.29 1.41 2.72 3.57 4.32 2.21
0.64 0.62 0.23 0.40 0.86 0.72 0.49
0.92 1.00 0.18 2.37 1.37 0.97 0.65
28.88 58.29 17.54  130.32 97.86 16.73  42.62
3.13 2.73 1.05 5.02 4.27 2.69 2.47

S=sandsone

SM=sandy marl

BS=black shale

WM=weathered marl

LOI=loss on ignition

Na20*%= CI- bound Na20 from seawater or brine salt
UD= under detection limit



Table 3.2.2 Rare earth element (REE) compositions of the Tarfaya basin sediments from Lower Cretaceous to recent

tratigraphic ag Lower cretaceous Upper Cretaceous Upper Cretaceous

Sections Boukhchebat Sebkha Tah E | Sebkha Tah W] Sebkha Tisfourine | Amma fatma Core-1 Core-3 Core-4

Rocktype | s | s | s | s | s sM | sm | sm | sm sM | sv Jarbonat Bs | Bs | Bs | Bs | Bs | Bs | Bs | Bs

Sa. no. 27--02 27--12 27--21 27--26 27--28] 20--02 20--05]20--13 20-19 | 23--04 23-11 26-14  26--23|C1--27 C1--28 C3-07 C4--17 C4--18 C4--20 C4--25

La 860 6.63 1489 1532 791 3235 13.13 2045 2548 13.04 10.69 1156 919 1487 2330 1021 927 754 7.06 6.62
Ce 20.83 13.39 30.02 33.11 17.33 64.71 28.07 35.63 49.71 19.09 15.92 158 16.88 26.66 36.93 19.71 1415 1253 12.66 12.23
Pr 248 180 399 410 204 770 325 468 6.06 2.72 2.25 019 212 34# 5.11 2.36 1.81 157 161 150
Nd 975 717 1570 1576 8.09 28.87 1274 18.04 23.17 10.69 8.89 072 818 13.01 19.74 889 7.04 6.08 6.17 566
Sm 197 138 291 306 157 556 249 3.51 4.43 2.06 1.75 013 161 253 3.82 1.73 136 117 120 1.13
Eu 047 032 065 057 046 118 056 076 0.90 0.46 0.38 0.03 035 053 0.83 038 030 025 026 025
Gd 182 123 282 260 1.51 520 227 344 429 2.10 1.75 0.14 151 235 3.86 1.67 148 113 116 1.06
Tb 028 016 041 038 0.21 079 034 052 0.69 0.33 0.27 002 024 036 0.60 027 022 017 018 0.16
Dy 157 082 234 204 112 462 192 315 422 2.00 1.65 014 138 219 3.7 1.60 140 1.07 1.09 1.00
Ho 030 0.15 046 041 022 091 037 065 087 0.43 0.36 0.03 028 045 0.79 033 030 023 023 0.20
Er 082 041 128 117 057 255 1.02 185 254 1.25 1.03 0.09 081 129 230 095 085 064 064 0.59
Tm 012 006 019 018 008 038 014 028 0.39 0.18 0.15 0.01 012 0.19 0.34 015 0.12 0.10 0.10 0.09
Yb 082 042 130 129 053 257 098 184 267 1.23 1.02 0.09 081 129 227 095 081 065 064 0.60
Lu 012 007 020 021 008 038 015 028 040 0.19 0.16 001 012 020 036 015 012 0.10 0.10 0.09
Y 8.62 435 1496 1234 6.27 2591 10.64 2205 2647 17.60 1.12 112 973 1513 3029 1077 1253 8.11 7.64 6.84
>REE 49.94 34.03 7717 80.19 41.74 157.76 67.42 95.07 12581 55.75 46.26 433 4359 69.32 103.96 49.34 39.22 33.23 33.09 31.18
LREE/HREE 745 911 750 863 854 800 831 686 6.78 6.18 6.20 706 720 727 6.25 709 634 707 695 7.15
Eu/Eu* 076 076 069 062 092 067 072 067 063 0.67 0.66 066 069 066 0.66 069 065 067 068 0.69
Ce/Ce* 111 095 095 1.02 1.06 1.01 1.05 089 0.98 0.79 0.80 0.84 094 092 0.83 098 085 089 092 0.95
La/Sm 436 478 511 501 5.03 581 527 582 575 6.34 6.12 858 572 589 6.09 589 6.82 647 586 586
Gd/Yb 223 292 218 202 285 202 233 187 1.61 1.72 1.72 155 186 1.82 1.70 1.77 183 173 181 177
La/Yb 10.55 15.67 1150 11.89 1497 1257 13.44 1112 9.56 10.63 10.51 1273 1130 1151 1027 10.80 1150 1158 11.08 11.05
Y/Ho 28.34 28.47 3241 30.36 28.67 28.40 29.08 34.04 30.45 41.17 3.15 37.86 34.26 33.76 3810 3231 41.60 35.72 33.53 33.78

Gdy/Yby 185 242 180 167 236 1.67 192 155 133 1.42 1.42 128 154 150 1.41 1.46 151 143 150 1.47




Early Eocene

Oligo-Early Miocene

Mio-Pliocene SW part of basin

Sebkha El Farma Sebkha Aridal Sebkha Aridal Sebkha El Farma Oued El Khatt
BS BS | B | BS | sMm [ sMm]sm] sv | sm s | s s | s s | s | s
17-01  17-07 1716 17-20  17-24 |16-02 16-07 16-10  16--14 |16-18 16--21 17-32 1737 | 19-06  19-10  19--12
19.70  13.05 14.73 2187  6.00 1597 1849 1663 2074 670  8.40 13.32 5.22 5.85 7.53 5.13
3569  17.98 2247 4169 1139 3015 33.82 3170  39.96 827  17.26 28.78 995 1217  12.96 7.97
4.64 2.69 3.15 5.14 143 368 4.14  3.88 486 142 186 3.31 1.20 1.46 1.68 1.18
17.76  10.57 12.19 1957 553 1414 1564 1507 1880 545  6.96 12.97 4.55 5.60 6.38 4.59
3.46 2.08 2.33 3.76 111 267 294 292 362 098  1.30 2.56 0.89 1.12 1.23 0.94
0.75 0.48 0.52 0.80 025 054 062 0.0 078 026 033 0.59 0.23 0.26 0.29 0.22
3.36 2.28 2.48 3.51 1.08 267 288 293 364 115 124 2.44 0.79 1.07 1.15 0.92
0.52 0.36 0.38 0.53 016 043 046 047 059 019  0.18 0.38 0.12 0.16 0.17 0.13
3.02 2.27 2.39 3.05 095 264 28 292 369 134  1.00 2.19 0.64 0.91 0.96 0.72
0.61 0.50 0.52 0.61 019 057 061 062 079 030 020 0.44 0.12 0.18 0.19 0.14
1.73 1.48 1.52 1.69 052 168 179  1.86 233 084 055 1.20 0.34 0.51 0.52 0.39
0.26 0.22 0.23 0.25 008 026 029 029 036 012  0.08 0.18 0.05 0.08 0.07 0.06
1.66 1.48 1.49 1.69 053 181 203 206 253 073 055 1.15 0.35 0.50 0.48 0.38
0.24 0.23 0.23 0.25 008 028 032 033 039 011  0.09 0.17 0.05 0.08 0.07 0.06
19.25  19.85 18.84 1757 552  19.16 2049 2113 2583 1074  6.26 12.36 3.50 5.32 5.60 4.40
93.41 55.67 64.62 10441 2929 7750 86.86 8229  103.09 27.86  40.00 69.68 2451 2994 3368 22.85
7.12 5.25 5.94 7.95 741 644 670  6.11 6.14 476 920 7.48 8.83 7.53 8.26 7.05
0.67 0.67 0.66 0.67 070 062 065 062 065 076  0.80 0.73 0.84 0.72 0.74 0.73
0.92 0.74 0.81 0.96 095 096 095 0.7 098 066  1.07 1.06 0.98 1.02 0.89 0.79
5.69 6.27 6.31 5.82 543 597 628 570 573 687  6.44 5.19 5.85 5.21 6.11 5.44
2.02 1.54 1.67 2.08 204 148 142 142 144 157  2.28 2.12 2.28 2.13 2.41 2.44
11.84 8.83 9.92 1296  11.36 883 9.09  8.06 821 912 1540 11.57 1498 1165  15.81 13.59
3149 39.49 36.28 28.87 2942 3367 33.72 3382 3250 3555 31.35 28.39 28.18 2974  30.16 30.35
1.67 1.27 1.38 1.72 168 122 117 1.8 119 130  1.88 1.75 1.88 1.76 1.99 2.02




Mio-Pliocene NE part of basin

Mio-Pliocene NE part of basin

Sebkha Tah E | Sebkha Tah W |Sebkha Tisfourine Onhym Quarry | Amma fatma Core-1 Core-2 Core-3
S s | s S s | s s | s s | s s] s | s s | s s | s s | s
20--07 20--23 20--28 23--13 24--09 24--16 | 26--30 26--34]C1--01 C1--03 C1--04 C1--05 C1--08] C2--01 C2--02] C3--01 C3--03] C4--01 C4--03
14.81 13.79 9.70 4.91 12.30 6.48 8.06 9.63 1035 9.13 951 1130 1210 1576 18.60 2245 1420 584 8.72
15.13 2844 18.42 9.70 2588 1349 1431 20.19 1855 19.62 20.19 22.05 24.65 34.01 4035 4834 30.69 1221 18.62
3.91 3.30 2.22 1.15 3.08 1.59 185 240 242 218 231 255 278 385 455 559 353 149 217
16.40 13.35 8.95 4.56 11.81  6.25 6.96 920 963 856 9.09 10.19 10.90 14.71 17.28 2153 1348 589 8.55
3.51 2.74 1.84 0.87 2.35 1.25 131 176 190 170 183 208 218 288 334 415 268 120 1.73
0.85 0.62 0.43 0.18 0.52 0.29 029 032 044 039 042 048 049 062 069 08 057 028 0.38
3.71 2.77 1.86 0.81 2.09 1.19 118 151 192 163 175 208 215 256 293 342 237 121 153
0.53 0.41 0.28 0.12 0.32 0.19 017 022 028 024 026 031 032 039 044 048 035 0.19 023
2.84 2.34 1.60 0.67 1.79 1.08 094 119 166 137 150 183 184 231 254 273 207 121 130
0.54 0.47 0.33 0.13 0.35 0.21 018 023 033 027 030 037 037 047 0.51 055 041 025 0.26
1.39 1.27 0.92 0.36 0.97 0.58 050 064 09 071 080 102 102 132 144 159 115 073 0.72
0.18 0.19 0.13 0.05 0.14 0.09 0.07 009 013 010 012 015 015 020 022 025 017 011 0.11
1.15 1.19 0.87 0.36 0.96 0.57 048 065 08 061 076 095 09 139 153 178 119 069 0.73
0.17 0.18 0.13 0.05 0.14 0.08 007 010 012 0.09 011 014 014 022 024 029 018 0.10 0.11
16.85 15.99 1241 4.49 10.19 6.34 541 6.63 1137 8.96 10.04 13.13 1285 13.35 1478 16.34 1213 792 7.68
65.14 71.06 47.67 23.94 62.72 33.35 36.38 48.13 4942 46.59 48.96 5548 60.05 80.69 94.66 113.93 73.07 3140 45.16
5.11 6.99 6.73 8.26 8.18 7.28 9.05 933 699 822 765 7.04 757 804 854 921 818 592 7.99
0.72 0.69 0.72 0.67 0.71 0.73 072 060 070 071 073 070 069 070 068 065 070 070 0.71
0.49 1.03 0.97 1.00 1.03 1.03 091 103 091 108 106 101 104 107 108 1.06 106 1.02 1.05
4.22 5.04 5.27 5.64 5.24 5.17 6.16 546 545 537 520 542 556 547 557 541 529 485 5.04
3.23 2.33 2.13 2.23 217 2.09 247 232 240 270 229 219 224 184 191 192 199 174 210
12.89 11.57  11.14 13.57 1276  11.37 16.90 14.82 1294 1507 1245 11.88 1261 11.31 1215 12,63 1193 840 12.01
31.20 3416  37.51 34.35 29.14 2951 29.85 28.68 34.34 33.68 33.56 3537 34.50 28.67 29.04 29.77 2941 31.31 2947
2.67 1.93 1.76 1.85 1.79 1.73 204 192 198 223 190 181 18 152 158 159 164 144 174




Mio-Pliocene NE part of basin

Mio-Pliocene NE part of basin

Pleistocene

Recent Sediments

Core-4 Core-1 Seguit El Hamra] Oued Draa | Tan-Tan Riverl
S| s s] s s |[sv]sm]svu] sm] sm | sm]sm]su]|] sm | sm sand sand+silt  silt  silt+sand sand sand-+sill
C4--05 C4--07 C4--08 C4--13 C4--14]C1-11 C1-16 C1-19 C1-20 C1--21 C1--22 C1-23 C1-24 C1--25 C1-26]  07--04 06--01 06--02 06--03 06--04 06--05]
18.16 21.41 17.85 1459 2390 6.74 1210 19.62 22.66 2525 23.82 19.87 19.97 28.77 16.94 12.57 3114 3264 3282 2256 27.98
39.59 4585 38.54 31.07 5141 14.00 22.85 37.72 4223 49.16 4559 37.06 31.05 49.68 29.34 24.57 6593 7069 68.66 48.18 57.89
462 528 443 361 596 152 289 465 519 583 547 458 426 654 3.79 3.01 766 819 798 564 6.86
17.69 19.85 16.94 14.02 22.80 587 11.09 17.67 19.68 21.90 20.74 18.01 16.48 24.93 14.50 11.54 2916 3125 30.32 2128 2657
336 372 328 284 422 116 213 343 384 424 401 353 322 476 284 2.19 572 616 581 395 515
068 073 065 067 080 026 047 072 083 089 086 075 070 101 060 0.49 118 126 122 076 1.06
296 319 285 263 356 1.14 204 323 358 3.99 374 345 319 463 272 1.99 521 562 522 354 475
045 047 042 041 052 018 032 050 057 063 059 053 050 071 042 0.29 080 086 079 055 0.74
258 274 242 237 304 109 190 304 344 392 369 314 3.09 439 262 1.73 464 503 454 331 440
053 056 048 047 061 024 039 062 071 081 076 065 066 092 055 0.35 091 101 090 068 088
151 160 140 130 176 069 1.09 177 199 231 217 183 193 263 157 1.00 253 283 249 197 246
023 025 021 019 028 011 017 027 030 036 033 027 029 039 024 0.15 038 043 037 031 037
162 176 148 129 191 082 142 178 206 241 229 177 193 259 158 1.06 255 295 247 214 249
026 028 023 019 030 013 017 027 031 036 035 026 030 040 024 0.16 038 045 037 033 037
15.70 15.60 14.25 1331 17.75 7.44 1233 19.03 21.59 24.93 2330 22.74 2571 3203 19.56 10.33 2461 2715 2403 1898 23.78
94.24 107.69 91.19 7565 121.06 33.95 5870 9529 107.38 122.07 114.42 9570 87.60 132.35 77.96 61.11 158.18 169.36 163.94 115.18 141.98
823 886 853 747 904 665 7.11 724 722 719 716 698 630 6389 6.78 7.98 803 777 850 793 7.56
066 065 065 075 063 069 069 066 068 066 068 065 067 066 066 0.72 066 065 068 063 065
1.06 1.06 1.06 105 106 107 095 097 095 099 098 095 083 089 0.0 0.98 1.05  1.06 104 105 1.02
540 576 545 513 567 580 568 571 591 595 593 563 620 6.04 597 5.75 544 530 565 572 543
183 181 192 203 1.8 140 182 181 174 166 163 195 165 179 1.72 1.88 205 191 211 165 190
11.24 1218 1204 1129 1251 823 10.81 1099 11.01 1049 10.38 11.22 10.33 11.10 10.71 11.83 12.23  11.06 1328 1055 11.21
29.77 28.05 29.39 28.05 29.20 31.60 31.88 30.51 30.61 30.72 30.50 35.07 38.74 34.90 35.71 29.30 2698 2697 26.85 28.03 27.09
152 150 159 168 154 145 151 150 144 137 135 161 137 148 142 1.55 169 158 175 137 158




Recent Sediments

Oued Chebeika Seguit El Hamra | Cap Jubi | Oued Akhfennir | Ouel El Craa | Laayoune Plage | Tarfaya E beach
sand mud mud mud silt+sand mud sand sand sand sand sand sand sand
06--06 06--07 07--01 07--02 07--03 07--05 08--02 09--01 09--02 14--01 15--10 18--03a 18--04a
8.02 30.81 35.00 43.93 35.00 51.30 5.73 9.75 9.28 4.98 7.58 6.01 6.99
16.67 64.01 72.84  84.81 71.68 106.47 11.24 19.91 19.12 10.13 15.11 11.76 13.55
1.99 7.42 8.44 10.80 8.29 12.10 1.40 245 2.41 1.29 1.83 1.43 1.67
7.57 28.19 32.03 40.85 31.49 45.31 5.56 9.70 9.48 5.12 7.26 5.61 6.51
1.42 5.36 6.07 7.61 5.88 8.32 1.12 1.91 1.93 1.00 1.46 1.09 1.27
0.39 1.15 1.27 1.54 1.21 1.68 0.26 0.44 0.44 0.20 0.38 0.28 0.33
1.22 4.79 5.44 6.35 5.18 6.92 1.1 1.76 1.85 0.85 1.41 1.04 1.23
0.17 0.69 0.80 0.90 0.76 0.98 0.17 0.26 0.28 0.12 0.22 0.16 0.18
0.95 3.92 4.57 5.01 4.36 5.47 1.01 1.52 1.68 0.66 1.27 0.94 1.08
0.19 0.76 0.90 0.97 0.86 1.05 0.21 0.30 0.34 0.13 0.26 0.19 0.22
0.52 2.10 2.48 2.67 2.38 2.88 0.58 0.84 0.94 0.39 0.73 0.54 0.64
0.08 0.31 0.36 0.40 0.35 0.42 0.09 0.12 0.13 0.06 0.10 0.08 0.10
0.52 2.09 2.43 2.66 2.35 2.81 0.57 0.79 0.87 0.45 0.68 0.55 0.63
0.08 0.31 0.36 0.39 0.35 0.42 0.09 0.12 0.13 0.07 0.10 0.08 0.09
5.18 20.65 2488 2497 23.80 27.81 6.44 8.90 10.33 3.68 7.73 5.82 6.78
39.78 151.92 17297 208.88 170.15 246.12 29.13 49.88 48.89 25.47 38.39 29.76 34.51
9.58 9.08 8.91 9.72 9.18 10.67 6.55 7.65 6.78 8.22 6.98 7.25 7.18
0.91 0.70 0.67 0.68 0.67 0.68 0.70 0.73 0.72 0.67 0.81 0.81 0.80
1.02 1.04 1.04 0.95 1.03 1.05 0.97 1.00 0.99 0.98 0.99 0.98 0.97
5.65 5.74 5.76 5.78 5.95 6.17 5.12 5.10 4.82 4.98 5.18 5.53 5.50
2.33 2.29 2.24 2.38 2.20 2.46 1.95 222 2.13 1.89 2.07 1.89 1.93
15.34 14.76 1443  16.51 14.89 18.24 10.07 12.30 10.69 11.08 11.11 10.94 11.03
27.79 27.04 2769 2585 27.74 26.39 30.87 29.35 30.25 27.43 30.22 30.50 30.31
1.93 1.90 1.86 1.97 1.82 2.03 1.61 1.84 1.76 1.56 1.72 1.56 1.60




Upper Cretaceous Mio-Pliocene Mio-Pliocene
Sebkha Tisfurine Onhym Quarry Akhfennir Core-1 Core-2 Core-3 | Core-3 Core-4
WM wM WM WM WM WM]WMIWM WM WM WM|WM WM|WM WM WM WM WM wM WM WM
23--01 24--03 24--04 24--05 24--06] 24--18]26--25 | C1--06 C1--07 C1--09 C1--10] C2--03 C2--04] C3--02 C3--04 C3--05 C3--06] C4--09 C4--10 C4--15 C4--16
16.57 15.71 1728 1312 1492 1520 1292 9.00 1237 1744 1896 833 920 1051 1460 1161 280 2210 13.62 10.86 12.24
28.00 33.32 36.77 28.20 31.71 2890 27.54 1860 26.33 3528 40.04 2130 20.79 2540 3148 2545 557 47.04 29.00 2437 27.04
3.69 383 423 324 364 355 318 219 304 423 472 230 232 270 357 287 0.72 5.31 332 268 299
14.24 1459 16.22 1257 1396 13.71 1235 871 1217 16.77 1875 927 9.06 10.78 13.73 11.07 274 2012 1275 10.33 11.39
2.79 282 305 246 270 264 243 175 250 337 378 171 171 224 271 217 055 3.87 242 201 223
0.59 061 062 053 057 05 053 04 057 076 083 036 035 053 059 048 0.12 0.77 051 044 046
2.66 260 266 220 240 250 226 173 244 324 361 144 150 207 240 197 0.55 3.44 216 184 2.01
0.41 039 040 033 036 037 034 025 036 049 055 021 022 031 036 030 0.09 0.52 032 0.28 0.30
2.40 226 218 189 201 225 193 147 212 288 320 116 124 169 206 1.75 0.53 3.03 1.88 158 1.74
0.50 045 043 037 039 048 038 029 042 058 063 022 024 032 040 035 0.1 0.62 0.38 031 0.34
1.45 126 120 101 109 142 104 078 115 158 172 059 067 085 111 097 0.32 1.79 1.09 084 0.96
0.21 019 018 015 016 023 016 011 016 023 024 009 010 012 0.17 0.15 0.05 0.28 0.17 013 0.14
1.43 130 120 100 106 158 106 072 106 149 161 059 068 082 111 098 0.33 1.94 114 0.81 0.93
0.22 019 018 015 015 025 016 011 016 022 023 009 0.10 012 0.17 015 0.05 0.31 0.18 012 0.14
18.84 12.74 1236 1046 1146 16.15 11.16 10.12 1427 18.63 2048 643 6.90 935 1168 1026 3.89 18.04 10.82 9.10 10.07
75.15 79.51 86.59 67.24 7512 73.63 66.26 46.12 64.87 8856 98.88 47.65 48.20 5846 74.45 6028 1454 11113 68.94 56.60 62.91
7.04 813 922 839 878 704 799 737 716 720 732 978 9.04 820 850 8.03 6.09 8.26 835 851 850
0.66 069 067 070 068 066 069 071 071 070 069 069 067 075 071 071 0.68 0.64 0.68 0.70 0.67
0.88 1.05 105 106 105 097 105 103 105 101 104 119 110 117 107 1.08 0.96 1.06 1.06 111 1.10
5.94 557 567 533 552 576 532 513 495 517 501 489 536 469 539 534 506 5.71 562 541 549
1.86 200 222 220 226 158 213 239 231 218 224 246 222 253 216 201 1.69 1.77 190 228 215
11.63 1210 14.44 1314 14.06 9.60 1220 1247 11.71 1172 11.77 1422 1357 1285 1316 11.84 853 1140 11.98 13.44 13.10
37.35 28.28 28.74 2850 29.22 33.97 29.69 34.72 34.18 3212 3240 29.22 2828 29.15 29.06 29.63 34.63 29.19 28.76 29.23 29.29
1.54 166 184 182 187 131 176 198 191 180 185 204 183 209 179 166 140 1.47 158 188 1.78




Table 3.2.3 Range of elemental ratios of the Tarfaya basin sediments in this study compared to the ratios in similar fractions derived from felsic rocks,
mafic rocks and upper continental crust.

Elememtal Lower Upper Early Oligo- Mio-Pliocene Mio-Pliocene Mio-Pliocene Pleistocene Upper Cretaceous Range of Range of
Ratio Cretaceous Cretaceous  Eocene Early Miocene ~ SW part NE part NE part Recent and Mio-Pliocene sediments from sediments from UCC?
of the basin  ofthe basin  (sandy marls) sediments  weathered marls ~ felsic sources’  mafic sources'

La/Sc 3.94-8.15 2.35-445 2.29-3.35 3.87-5.59 3.14-5.20 2.72-9.27 2.69-8.10 2.51-6.22 2.02-7.44 2.50-16.3 0.43-0.86 2.21
Th/Sc 1.00-1.74 0.58-1.03  0.57-0.71 0.97-1.59 0.65-1.24 0.63-1.53 0.68-1.60 0.68-1.36 0.56-1.24 0.84-20.5 0.05-0.22 0.79
Cr/Th 3.45-10.15 8.10-43.76 13.97-64.24 7.77-16.30 7.44-20.35  4.03-22.86 6.95-28.14 1.82-8.35 3.82-40.10 4.00-15.00 25-500 7.76
Th/Co 0.20-1.05 0.43-1.96  0.67-0.91 1.95-4.34 0.37-1.03 0.24-2.71 0.56-2.55 0.68-9.64 0.29-2.52 0.67-19.4 0.04-1.40 0.63
La/Co 1.31-539 1.62-8.99  2.33-4.13 7.41-15.29 2.25-4.27 1.06-12.73 2.46-10.35 2.30-38.23 1.05-11.78 1.80-13.8 0.14-0.38 1.76
Eu/Eu* 0.62-0.92 0.63-0.72  0.66-0.70 0.62-0.65 0.72-0.84 0.60-0.75 0.65-0.69 0.63-0.91 0.64-0.75 0.40-0.94 0.71-0.95 0.63

' Cullers (1994, 2000); Cullers and Podkovyrov (2000); Cullers et al. (1988).

% McLennan (2011); Taylor and Mclennan (1985).



Table 3.2.4 Nd isotopic data for sediments samples of the Tarfaya basin.

Sections Stratigraphy Rock type  Sa.no. Tawt Sm  Nd Sm/™Nd ™ Nd/Nd 420 €4(0)  €na(T)  Tom  Tenur

(Ma)  (ppm) (ppm) (Ga)” (Ga)
Boukhchebat Lower cretaceous sandstone 27--02 120 1.97 9.75 0.12 -0.3786 0.511835 +12 -15.7 -14.5 2.0 1.6
" " sandstone 27--12 120 1.38 717 0.12 -0.4065 0.511791 +07 -16.5 -15.3 2.0 1.6
" " sandstone 27--26 120 3.06 15.76 0.12 -0.4041 0.511654 +12 -19.2 -18.0 2.2 1.9
" " sandstone 27--28 120 1.57 8.09 0.12 -0.4022 0.511792 +07 -16.5 -15.3 2.0 1.6
Tisfourine Upper cretaceous sandy marl 23--04 80 2.06 10.69 0.12 -0.4089 0.511880 +12 -14.8 -14.0 1.8 1.4
" " sandy marl 23--11 80 1.75 8.89 0.12 -0.3957 0.511870 +07 -15.0 -14.2 1.8 1.5
Amma Fatma " carbonate 26--14 80 0.13 0.72 0.11 -0.4450 0.512023 +12 -12.0 -11.1 1.5 1.1
" " black shale 26--23 80 1.61 8.18 0.12 -0.3959 0.511893 +12 -14.5 -13.7 1.8 1.5
core-1 " black shale C1--27 80 253 13.01 0.12 -0.4030 0.511913 +12 -14.1 -13.3 1.8 1.4
" " black shale C1--28 80 3.82 19.74 0.12 -0.4049 0.511898 +12 -14.4 -13.6 1.8 1.4
core-4 " black shale C4--18 80 1.17 6.08 0.12 -0.4100 0.511882 +12 -14.7 -13.9 1.8 1.4
" " black shale C4--25 80 1.13 5.66 0.12 -0.3861 0.511871 +12 -15.0 -14.2 1.9 1.5
Sebkha El Farma Early Eocene black shale 17--01 40 346 17.76 0.12 -0.4004 0.511882 +12 -14.7 -14.3 1.8 1.5
" " black shale 17--16 40 233 1219 0.12 -0.4117 0.511898 +12 -14.4 -14.0 1.8 1.4
" " sandy marl 17--24 40 1.1 5.53 0.12 -0.3854 0.511907 +12 -14.3 -13.9 1.9 1.5
Sebkha Aridal Oligo-Early Miocene sandy marl 16--02 25 267 1414 0.11 -0.4187 0.511453 +12 -23.1 -22.9 2.5 2.2
" " sandy marl 16-10 25 292 15.07 0.12 -0.4049 0.511433 +12 -23.5 -23.3 2.6 2.3
Sebkha Aridal Mio-Pliocene sandstone 16--18 10 0.98 5.45 0.11 -0.4503 0.511326 +07 -25.6 -25.5 25 2.2
Sebkha El Farma SW Part of the basin sandstone 17--32 10 256  12.97 0.12 -0.3922 0.512017 +12 -12.1 -12.0 1.7 1.2
Oued El Khatt " sandstone 19--06 10 1.12 5.60 0.12 -0.3841 0.511971 +12 -13.0 -12.9 1.8 1.3
" " sandstone 19--12 10 0.94 4.59 0.12 -0.3678 0.511989 +12 -12.7 -12.6 1.8 1.4
Tisfourine Mio-Pliocene sandstone 23--13 10 0.87 4.56 0.12 -0.4140 0.511761 +12 -17.1 -17.0 2.0 1.6
Onhymm quarry NE Part of the basin sandstone 24-09 10 235 11.81 0.12 -0.3889 0.511983 +12 -12.8 -12.7 1.7 1.3
" " sandstone 24-16 10 1.25 6.25 0.12 -0.3839 0.511919 +12 -14.0 -13.9 1.8 1.5
Amma Fatma " sandstone 26--34 10 1.76 9.20 0.12 -0.4106 0.511982 +12 -12.8 -12.7 1.7 1.2
core-1 " sandstone C1--01 10 1.90 9.63 0.12 -0.3935 0.511930 +12 -13.8 -13.7 1.8 1.4
" " sandstone C1--05 10 2.08 10.19 0.12 -0.3714 0.511916 +07 -14.1 -14.0 1.8 1.5
" " sandy marl C1--16 10 213 11.09 0.12 -0.4100 0.511926 +12 -13.9 -13.8 1.7 1.3
" " sandy marl C1--25 10 476 2493 0.12 -0.4127 0.511885 +12 -14.7 -14.6 1.8 1.4
Core-4 " sandstone C4-03 10 1.73 8.55 0.12 -0.3781 0.512134 +12 -9.8 9.7 1.5 1.0
" " sandstone C4--07 10 3.72 19.85 0.11 -0.4243 0.511927 +12 -13.9 -13.8 1.7 1.3
" " sandstone C4--13 10 2.84 14.02 0.12 -0.3767 0.511995 +12 -12.6 -12.5 1.8 1.3
Seguit el hamra Pleistocene sand 07---04 1 219 11.54 0.11 -0.4175 0.512094 +12 -10.6 -10.6 1.5 1.0
Oued draa recent sediments silt+sand 06--03 0 5.81 30.32 0.12 -0.4108 0.511926 +12 -13.9 -13.9 1.7 1.3
Oued Cheibeika " mud 06--07 0 536 28.19 0.12 -0.4151 0.511789 +12 -16.6 -16.6 1.9 1.6
Seguit el hamra " mud 07--05 0 8.32  45.31 0.11 -0.4358 0.511886 +12 -14.7 -14.7 1.7 1.3
Oued El craa " sand 14--01 0 1.00 5.12 0.12 -0.3991 0.511649 +07 -19.3 -19.3 2.2 1.9
Amma Fatma Upper cretaceous WM 24-03 80 282 1459 0.12 -0.4059 0.511936 125 -13.7 -12.9 1.8 1.3
Core-1 Mio-Pliocene WM C1--09 10 3.37 16.77 0.12 -0.3814 0.511947 +12 -13.5 -12.7 1.8 1.4
Core-4 " WM C4--16 10 223 11.39 0.12 -0.3990 0.511970 +12 -13.0 -12.2 1.7 1.3

Tstrat= stratigraphic age estimated from fossil record and Morocco Geogolical map;

?The model ages Ty were calculated following the model of DePaolo (1981)




Table 3.2.5 Srisotopic data for sediments samples of the Tarfaya basin.

Ro/Sr St st

Sections Stratigraphy Rock type] Sa.no. | Tspat RD Sr +20 I'sr €sr €s
(ppm) (ppm) (M 0 (M)
Boukhchebat Lower cretaceous sandstone 27--02 120 51.08  50.33 2.96 0.802673  +20 0.797619 1393.5 13241
" " sandstone | 27--12 120 46.27  37.20 3.65 0.846050  +20 0.839830 2009.2 19234
" " sandstone | 27--26 120 4213  56.63 2.18 0.840446  +20 0.836727 1929.7 1879.3
" " sandstone | 27--28 120 48.08 78.87 1.78 0.828855  +20 0.825811 1765.2 1724.3
Tisfourine Upper cretaceous sandy marl | 23--04 80 23.39 826.89 0.08 0.734558  +20 0.734464 426.7 426.7
" " sandy marl | 23--11 80 23.28 205.87 0.33 0.739028  +20 0.738655 490.1 486.2
Amma Fatma " carbonate 26--14 80 1.51 42476 0.01 0.714019  £20 0.714007  135.1 136.3
" " black shale | 26--23 80 25.81 398.80 0.19 0.729871 120 0.729658 360.1 358.5
core-1 " black shale | C1--27 80 4517 265.41 0.49 0.732798 120 0.732236  401.7 3951
" " black shale | C1--28 80 59.13 274.89 0.62 0.737295  +20 0.736585 465.5 456.8
core-4 " black shale | C4--18 80 15.88  499.29 0.09 0.723076  +20 0.722972 263.7 263.6
" " black shale | C4--25 80 16.79  907.06 0.05 0.721284 120 0.721223 238.2 238.8
Sebkha El Farma Early Eocene black shale | 17--01 40 50.11 376.67 0.39 0.717516 20 0.717297 184.8 1823
" " black shale | 17--16 40 31.75 683.56 0.13 0.722039 20 0.721962 249.0 2486
" " sandy marl | 17--24 40 17.07 339.52 0.15 0.725936 +20 0.725854 304.3 303.8
Sebkha Aridal Oligo-Early Miocene | sandy marl | 16--02 25 2493 317.50 0.23 0.731301 +20 0.731221 3804  379.7
" " sandy marl 16-10 25 19.66 244.77 0.23 0.730462 +20 0.730379 368.5 367.8
Sebkha Aridal Mio-Pliocene sandstone | 16--18 10 12.57 144.24 0.25 0.726188 +20 0.726152 307.8 307.5
Sebkha El Farma | SW Part of the basin | sandstone 17--32 10 38.84 161.80 0.70 0.721137 20 0.721039 236.2 2349
Oued El Khatt " sandstone 19--06 10 23.41 73.31 0.93 0.748414  +20  0.748283 623.3 621.7
" " sandstone 19--12 10 12.69 103.49 0.36 0.752345 120 0.752295 679.1 678.6
Tisfourine Mio-Pliocene sandstone 23--13 10 8.28 87.48 0.27 0.742575  +20 0.742536 5404 5401
Onhymm quarry NE Part of the basin sandstone 24-09 10 29.56 154.18 0.56 0.724488  +20 0.724409 283.7 28238
" " sandstone 24-16 10 31.44 831.61 0.11 0.739709  +20 0.739693  499.8 4997
Amma Fatma " sandstone | 26--34 10 11.81 541.67 0.06 0.720118 20 0.720109 221.7 2217
core-1 " sandstone | C1--01 10 15.22  104.30 0.42 0.739994  +20 0.739934 503.8 503.1
" " sandstone | C1--05 10 19.76  116.06 0.49 0.735976 20 0.735906 446.8 446.0
" " sandy marl | C1--16 10 33.56 95.10 1.02 0.741814 120 0.741668 529.6  527.8
" " sandy marl | C1--25 10 82.23 240.67 0.99 0.732708  +20 0.732567 400.4 398.6
Core-4 " sandstone C4-03 10 26.19 854.82 0.09 0.722332 120 0.722320 253.1 2531
" " sandstone | C4--07 10 27.55 210.31 0.38 0.721780  +20 0.721726 2453 2447
" " sandstone | C4--13 10 4573 202.92 0.65 0.726323  +20 0.726230 309.8 308.6
Seguit el hamra Pleistocene sand 07---04 1 3556 336.78 0.31 0.726487  +20 0.726482 3121 3120
Oued draa recent sediments silt+sand 06--03 0 93.02 174.55 1.55 0.729867  +20 0.729867  360.1 360.1
Oued Cheibeika " mud 06--07 0 100.70 252.65 1.16 0.739094  +20 0.739094 491.0 491.0
Seguit el hamra " mud 07--05 0 132.74 202.21 1.90 0.727649 120 0.727649 328.6 328.6
Oued El craa " sand 14--01 0 6.23  125.35 0.14 0.720207  +20 0.720207 223.0 223.0
Amma Fatma Upper cretaceous WM 24-03 80 4091 317.03 0.37 0.728087 20 0.727662 334.8 330.2
Core-1 Mio-Pliocene WM C1--09 10 39.43  90.75 1.26 0.740953  +20 0.739520 517.4 4985
Core-4 " WM C4--16 10 2515 378.84 0.19 0.727168  +20 0.726949 321.8 320.0

Tstrat= stratigraphic age estimated from fossil record and Morocco Geogolical map







Table 3.3.1 Clay mineral data for the sediments samples of the Tarfaya basin. The major and trace elements ratios are taken as reference

Sections Stratigraphic age Rock type Sa.no. |Smectite lllite Kaolinite Chlorite Palygorskite Corrensite Sepiolite lllite chemistry llite Kaolinite/lllite  Al,04/Na,O TiO,/Na,0 K,O/Na,O Th/Sc  Zr/Sc  Zr/Hf
% % % % % % % index Crystallinity

Amma Fatma Upper Cretaceous black shale | 26--17 10 47 34 6 1 0 0 0.28 0.42 0.72 6.55 0.43 2.31
" (Turonian) black shale 26--23 37 35 10 11 7 0 0 0.43 0.23 0.29 7.78 0.49 2.61 0.70 15.31 35.87
Core-4 " black shale | C4--17 13 32 51 0 5 0 0 0.23 0.32 1.59 4.26 0.35 1.1 0.58 15.52 37.29
" " black shale | C4--18 3 36 51 6 5 0 0 0.26 0.29 1.42 6.34 0.5 1.56 0.72 2260 41.93
" " black shale | C4--25 1 39 48 7 5 0 0 0.21 0.26 1.23 14.63 1 2.88 0.64 17.49 4242
Sebkha Tah Upper Cretaceous sandy marl 20--02 20 50 14 9 4 0 0 0.39 0.32 0.28 4.97 0.31 1.28 0.70 20.14 38.75
" (Santonian) sandy marl 20--05 30 35 18 10 7 0 0 0.40 0.39 0.51 3.05 0.21 0.95 0.85 17.25 36.04
" " black shale 20--13 20 61 17 2 0 0 0 0.44 0.44 0.28 6.93 0.43 1.95 0.70 18.07 37.76
" " sandy marl 20--19 74 13 10 0 3 0 0 0.43 0.20 0.77 3.94 0.4 1.22 1.03 71.89 40.50

Sebkha Tisfourine Upper Cretaceous sandy marl 23--03 0 15 0 0 0 84 0 0.50 0.69 0.00 1.36 0.08 0.33
" (Campanian) sandy marl 23--04 0 38 1 0 0 61 0 0.46 0.58 0.03 1.1 0.1 0.45 0.76  13.71 3457

" " sandy marl 23--07 0 42 0 0 0 58 0 0.46 0.60 0.00 1.12 0.07 0.26
Core-1 " black shale | C1--27 38 52 5 1 3 0 0 0.35 0.34 0.10 1.09 0.08 0.42 0.72 18.46 40.60
" " black shale | C1--28 36 55 5 1 3 0 0 0.32 0.33 0.09 1.28 0.1 0.4 0.76 2423 41.65
Sebkha El Farma Early Eocene black shale 17--01 0 13 0 5 53 20 9 0.33 0.26 0.00 1.81 0.1 0.56 0.68 17.06  38.12
" " black shale 17--07 37 33 5 1 22 0 2 0.35 0.43 0.15 0.47 0.04 0.19 0.60 18.96 41.51
" " black shale 17--16 0 33 0 3 58 2 4 0.32 0.27 0.00 0.64 0.05 0.22 0.67 19.22  39.03
" " black shale 17--20 42 27 5 1 24 0 2 0.24 0.37 0.19 2.35 0.14 0.6 0.71 16.92 38.03
" " sandy marl 17--24 11 31 1 0 38 0 19 0.40 0.27 0.03 3.46 0.26 0.98 0.57 17.64  39.30

" " sandy marl 17--28 17 9 0 0 71 0 3 0.24 0.22 0.00 1.32 0.12 0.45
Sebkha Aridal Oligo- Early sandy marl 16--02 0 1 6 1 2 90 0 0.27 0.15 6.00 3.52 0.35 0.95 119 12535 44.33
" Miocene sandy marl 16--07 0 4 7 1 6 82 0 0.30 0.27 1.75 0.63 0.06 0.14 0.97 7855 70.65
" " sandy marl 16--10 0 10 0 0 16 73 0 0.24 0.35 0.00 3.95 0.58 1.35 159 173.32 50.21
" " sandy marl 16--14 0 4 0 0 4 92 0 0.76 0.28 0.00 5.05 0.6 1.72 124 10510 4225
Sebkha Aridal Mio-Pliocene sandstone 16--21 69 16 2 2 11 0 0 0.32 0.27 0.13 3.9 0.16 14 124 4859 39.34
Sebkha El Farma SW part of the basin sandstone 17--32 50 8 1 4 7 29 0 0.45 0.34 0.13 5.14 0.33 1.81 0.79 4046 40.52
Oued El Khatt " sandstone 19--06 91 2 6 1 1 0 0 0.29 0.33 3.00 4.65 0.23 213 0.78 4317 41.19
" " sandstone 19--10 80 5 0 0 15 0 0 0.22 0.23 0.00 5.57 0.31 212 0.93 2144 3371
" " sandstone 19--12 73 20 2 1 3 0 0 0.39 0.32 0.10 6.74 0.42 2.63 0.65 31.64 40.07

Sebkha Tah Mio-Pliocene sandstone 20--27 24 19 0 0 58 0 0 0.24 0.25 0.00 1.66 0.14 0.71
Sebkha Tisfourine SW part of the basin sandstone 23--13 59 40 0 0 0 0 0 0.44 0.42 0.00 1.97 0.28 0.84 1.35 4558 35.40
Onhym Quarry " sandstone 24--09 73 13 3 5 6 0 0 0.41 0.25 0.23 3.64 0.3 1.17 0.80 23.88 37.69
" " sandstone 24--16 10 28 8 10 44 0 0 0.23 0.19 0.29 4.45 0.17 2.1 1.12 19.47  33.19
Amma Fatma " sandstone 26--34 2 24 5 6 34 0 29 0.27 0.32 0.21 2.88 0.92 1 0.85 4210 41.61
Core-1 " sandstone C1--03 78 13 0 0 9 0 0 0.33 0.42 0.00 3.56 0.29 1.67 153 9580 46.22
" " sandstone C1--05 88 8 0 0 4 0 0 0.31 0.14 0.00 3.46 0.27 1.58 117 6459 4556
" " sandstone C1--08 53 22 0 0 25 0 0 0.35 0.14 0.00 3.42 0.29 1.48 120 57.39 4293
Core-4 " sandstone C4--03 36 36 4 22 3 0 0 0.24 0.13 0.11 3.34 0.23 1.24 0.88 61.07 45.78
" " sandstone C4--07 58 19 6 10 7 0 0 0.32 0.16 0.32 3.95 0.63 1.28 111 13844 43.86
" " sandstone C4--13 49 24 5 8 15 0 0 0.37 0.42 0.21 5.85 0.38 1.77 0.70 2154 42.06
" " sandstone C4--14 52 25 5 11 6 0 0 0.40 0.23 0.20 4.57 0.51 1.41 1.35 129.58 44.35
" Recent sediments sand+silt 06--01 8 44 30 10 8 0 0 0.42 0.26 0.68 17.79 1.06 4.29 0.85 28.24 40.08
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4.71
6.61
5.8

0.52
0.58
0.59
0.56
0.87
0.2
0.32
0.18
0.19
0.15
0.15
0.17
0.08
0.95
0.5
0.27
0.61
0.28
0.29
0.32
0.27
0.33
0.53
0.35
0.4
0.45
0.62
0.77
0.46
0.43
0.56

1.82
2.96
2.07
2.56
3.37
0.91
1.3
0.69
0.68
0.64
0.58
0.65
0.35
2.8
1.07
1.47
1.12
1.6
1.44
1.44
1.27
1.17
2.38
0.99
1.96
1.69
1.69
1.47
1.58
1.94
1.69

0.84
0.72
0.84
0.75
0.79
0.80

0.89
0.84
0.78
0.84

1.1

0.91
1.01
1.24
1.12
1.13
0.78
0.79
0.84
0.74
0.80
0.56
0.92
0.97
0.62
0.80

49.32
18.82
17.50
8.20
7.51
15.80

42.93
21.33
17.61
17.78

73.21

21.94
59.51
76.77
34.26
26.46
24.72
27.64
14.46
28.88
58.29
17.54
130.32
97.86
16.73
42.62

41.83
39.94
39.30
36.48
36.43
35.77

40.55
37.42
36.47
36.95

24.28

37.09
44.37
45.86
81.99
48.85
41.03
40.92
37.86
43.41
43.98
35.81
44.89
44.88
40.39
44.06

WM=weathered marl
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