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ABSTRACT

The present study introduces the first comprehensive thermochronological research at the south-
ern Moroccan passive continental margin. The established low-temperature thermochronological
methods apatite and zircon fission-track (AFT, ZFT) as well as apatite and zircon (U-Th-Sm)/He
(AHe, ZHe) dating combined with time-temperature (t-T) path modelling have been applied to
resolve the long-term landscape evolution of the Tarfaya Basin and western Anti-Atlas. The Tarfaya
Basin is the northern part of the Tarfaya-Ladyoune-Dakhla Basin that extends over 1000 km along
the Moroccan Central Atlantic margin. The basin is characterised by vast subsidence since
Mid-Triassic times, whereby up to 12 km of Mesozoic to Cenozoic sedimentary rocks have been
accumulated. In the northeast, the basin is bounded by an ENE-trending Palaeozoic fold belt, the
Anti-Atlas. The mountain belt consists of numerous widespread Precambrian basement inliers
surrounded by a thick Palaeozoic sedimentary succession that is folded during the Variscan
orogeny. Due to massive surface uplift and exhumation since the Upper Carboniferous—Lower
Permian, the Anti-Atlas reaches elevations of more than 3300 m and therefore, constitutes a
potential source area for the surrounding basins. The study intends to analyse and interpret
thermochronological data to constrain the pattern and history of subsidence and exhumation at
the southern Moroccan passive continental margin.

The main research objective was focused on the thermal, subsidence and exhumation history of the
Tarfaya Basin in order to better comprehend the hydrocarbon generation in time and space. To
determine the t-T development, thermochronological analyses were performed on 66 outcrop and
well samples from Mesozoic—Cenozoic sedimentary rocks. The results reveal a continuous subsi-
dence phase in the offshore Tarfaya Basin from Mid-Triassic onward to recent times. In contrast,
AHe and AFT data as well as thermal modelling point to a basin inversion in the northeastern
onshore basin starting in the Palaeogene at 65-50 Ma. The rock uplift and exhumation period
resulted in the erosion of a 1.2-1.6 km thick Cretaceous—Palaeogene sedimentary pile at an
average rate of 0.025 mm/a corresponding with peak Atlasian surface uplift in the Cenozoic.
Detrital AFT ages from 92 (+16) to 237 (¥35) Ma of the Upper Cretaceous—Neogene succession
indicate no heating above 60 °C confirming immature to early mature Cenomanian to Campanian
and Eocene source rocks in the onshore Tarfaya Basin.

The second objective dealt with the thermal, subsidence and exhumation history of the western
Anti-Atlas mountain belt. Thermochronological data of 34 Precambrian—Lower Carboniferous sam-
ples propose a common geological evolution of the western Anti-Atlas. ZFT ages from 287 (+23) to
331 (+24) Ma point to a main exhumation in the Upper Carboniferous—Lower Permian related to
the Variscan folding and post-folding erosion. The rock uplift and exhumation phase lasted up to
the Lower Cretaceous, whereby 9 km of Precambrian—Palaeozoic overburden has been eroded at
an average rate of 0.046 mm/a. In the late Lower Cretaceous to Upper Cretaceous, the western
Anti-Atlas underwent a minor subsidence phase in accordance with the widespread transgression
across the North African continent in the Cenomanian—Turonian. AHe ages between 49 (+3) and 89
(£5) Ma as well as t-T path modelling indicate the final exhumation period starting in the Upper
Cretaceous, contemporaneously with the earliest record of surface uplift in the Atlas system during
Senonian (90-65 Ma). The exhumation process and erosion of the 1.5-2.5 km thick Cretaceous
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Abstract

overburden continued until present time at an average rate of 0.045 mm/a. Except for a hiatus in
the Upper Cretaceous, the extensive denudation events in the western Anti-Atlas suggest a
continuous clastic sediment flux to the Tarfaya Basin from Triassic to recent times.

The third objective considered the establishment of a correlation between subsidence history of
the Tarfaya Basin and exhumation history of the western Anti-Atlas. Hence, a provenance analysis
of the Cretaceous to Neogene sedimentary succession has been performed. Thermochronological
data suggest a continuous sediment transport from the western Anti-Atlas to the Tarfaya Basin
from Lower Cretaceous onward to present time. Furthermore, due to Precambrian ZHe and ZFT
single grain ages, a concurrent sediment input from a cratonic area, i.e. the Reguibat Shield,
occurred. During the early Upper Cretaceous, the influx from various source areas into the Tarfaya
Basin decreased. In the Neogene, the sediment input from the cratonic area reduced and an influx
emerged from the High Atlas probably by a coastal longitudinal flow, i.e. the Canary Current.
Finally, the northeastern onshore Tarfaya Basin delivered clastic material to the offshore and
southern onshore basin in the Neogene.
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ZUSAMMENFASSUNG

Die vorliegende Studie stellt die erste umfassende thermochronologische Forschungsarbeit am
stdlichen marokkanischen passiven Kontinentalrand dar. Zur Auflésung der langzeitlichen Land-
schaftsentwicklung des Tarfaya Beckens und des westlichen Anti-Atlas wurden die bewahrten
niedrig-Temperatur thermochronologischen Methoden, Apatit- und Zirkon-(U-Th-Sm)/He (AHe,
ZHe) sowie Apatit- und Zirkon-Spaltspurdatierung (AFT, ZFT) in Kombination mit Zeit-Temperatur
(t-T) Modellierungen angewandt. Das Tarfaya Becken stellt den nordlichen Abschnitt des Tarfaya-
Laayoune-Dakhla Beckens dar, welches sich Gber 1000 km entlang des marokkanischen zentralat-
lantischen Randes erstreckt. Das Becken ist seit der Mitteltrias bis in die Gegenwart von enormer
Versenkung gepragt, wobei bis zu 12 km an mesozoisch—kanozoischen Sedimentgesteinen
abgelagert wurden. Im Nordosten ist das Becken von einem ENE-verlaufenden paldozoischen
Faltenglrtel, dem Anti-Atlas, begrenzt. Der Gebirgsglrtel besteht aus zahlreichen grofsflachigen
prakambrischen Grundgebirgsfenstern, die von einer machtigen, verfalteten, paldozoischen
sedimentaren Abfolge umgeben sind. Aufgrund von gewaltiger Heraushebung und Exhumierung
seit dem Oberkarbon—Unterperm erreicht der Anti-Atlas Hoéhen von mehr als 3300 m und stellt
daher ein potentielles Liefergebiet fir die umgebenden Becken dar. Die Studie befasste sich mit
der Analyse und Interpretation thermochronologischer Daten, um die Versenkungs- und Exhumie-
rungsgeschichte des sidlichen marokkanischen passiven Kontinentalrandes nachzuzeichnen.

Der Forschungsschwerpunkt richtete sich auf die thermische, Subsidenz- und Exhumierungsge-
schichte des Tarfaya Beckens zum besseren Verstandnis der Kohlenwasserstoffbildung in Zeit und
Raum. Zur Bestimmung der t-T Entwicklung wurden thermochronologische Analysen an 66
mesozoisch—kanozoischen, sedimentdren Aufschluss- und Bohrproben durchgefiihrt. Die Ergeb-
nisse zeigen eine kontinuierliche Versenkungsphase in dem offshore Tarfaya Becken seit der
Mitteltrias bis in die heutige Zeit. Im Gegensatz dazu deuten AHe und AFT Daten ebenso wie
thermische Modellierungen auf eine Beckeninversion im nordostlichen onshore Becken im
Paldogen vor 65-50 Ma hin. Die Anhebungs- und Exhumierungsphase, welche mit der Heraus-
hebung des Atlas Gebirgsglrtels korreliert, fihrte zur Erosion einer 1.2-1.6 km machtigen,
kretazisch—paldogenen Abfolge bei einer durchschnittlichen Rate von 0.025 mm/a. Detritische AFT
Alter von 92 (+16) bis 237 (¥35) Ma schlieRen eine Aufheizung der oberkretazisch—neogenen
Schichten Gber 60 °C aus. Diese Feststellung bekraftigt frihreifes bis unreifes organisches Material
in den Muttergesteinen des Cenomanium—Campanium und Eozan in dem onshore Tarfaya Becken.

Die zweite Fragestellung beschéftigte sich mit der thermischen, Subsidenz- und Exhumierungsge-
schichte des westlichen Anti-Atlas Gebirgsglrtels. Thermochronologische Daten von 34 Proben des
Prakambriums bis Unterkarbons deuten auf eine einheitliche geologische Entwicklung des
westlichen Anti-Atlas hin. ZFT Alter von 287 (+23) bis 331 (+24) Ma weisen auf eine bedeutende
Exhumierung im Oberkarbon—Unterperm, verbunden mit der variszischen Faltung und anschlie-
Renden Erosion, hin. Die Anhebungs- und Exhumierungsphase dauerte bis in die Oberkreide an,
wobei 9 km an prakambrischer—paldozoischer Uberlagerung bei einer durchschnittlichen Rate von
0.046 mm/a erodiert wurden. In der spaten Unterkreide bis Oberkreide erlebte der westliche Anti-
Atlas eine geringfiigige Versenkungsphase, die in Ubereinstimmung mit der ausgedehnten Trans-
gression Uber dem nordafrikanischen Kontinent wahrend des Cenomanium—Turonium ist. Sowohl



Zusammenfassung

AHe Alter von 49 (%3) bis 89 (+5) Ma als auch t-T Modellierungen zeigen, dass die abschlieBende
Exhumierung in der Oberkreide, zeitgleich mit den frihesten Anzeichen einer Heraushebung des
Atlasgebietes im Senonium (90-65 Ma), begann. Der Exhumierungsprozess und die Erosion der
1.5-2.5 km méchtigen Kreidelberlagerung setzten sich, bei einer Rate von 0.045 mm/a, bis in die
heutige Zeit fort. Mit Ausnahme einer Unterbrechung in der Oberkreide, lassen die umfassenden
Denudationsereignisse im westlichen Anti-Atlas einen kontinuierlichen klastischen Sedimenteintrag
in das Tarfaya Becken seit der Trias bis in die heutige Zeit vermuten.

Das dritte Forschungsziel bestand darin, eine Korrelation zwischen der Subsidenzgeschichte des
Tarfaya Beckens und der Exhumierungsgeschichte des westlichen Anti-Atlas herzustellen. Demzu-
folge wurde eine Herkunftsanalyse der kretazisch—neogenen, sedimentaren Abfolge durchgefihrt.
Thermochronologische Daten verdeutlichen einen kontinuierlichen Sedimenttransport aus dem
westlichen Anti-Atlas ins Tarfaya Becken seit der Unterkreide bis zum gegenwartigen Zeitpunkt.
Basierend auf ZHe und ZFT Einzelkornaltern, ereignete sich parallel ein Sedimenteintrag aus einem
kratonischen Gebiet, i.e. dem Reguibat Schild. Wahrend der friihen Oberkreide verringerte sich der
Zustrom aus den unterschiedlichen Liefergebieten ins Tarfaya Becken. Im Neogen reduzierte sich
der Sedimenteintrag aus dem kratonischen Liefergebiet und ein Zustrom aus dem Hohen Atlas
moglicherweise durch eine Klstenlangsstromung, i.e. dem Kanarenstrom, trat auf. Zusatzlich
lieferte das norddstliche onshore Tarfaya Becken klastisches Material in das offshore und sidliche
onshore Becken im Neogen.
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The present study was part of a comprehen-
sive project for hydrocarbon exploration at the
Moroccan passive continental margin. For a
long time, Morocco is subject of numerous
research programmes and exploration studies.
In Morocco, source rocks are well known
occurring mainly in the Silurian, Jurassic,
Cretaceous and Eocene strata (Macgregor,
1996; Morabet et al., 1998). According to the
large number of Mesozoic to Cenozoic basins
at the Central Atlantic margin, a promising
hydrocarbon potential is suggested. Produc-
tive oil and gas fields exist in the Essaouira
Basin, Rharb Basin and Pre-Rif Basin (Jabour et
al., 2000; Macgregor, 1996).

The Atlantic Margin Project dealt with the
hydrocarbon potential of the Tarfaya Basin,
the southernmost Moroccan basin. Oil shows
appear in the offshore wells Cap Juby-1, MO-2
and MO-8 probably sourced from Upper
Triassic or Jurassic carbonate layers (Davison,
2005; Jabour et al, 2000; Macgregor and
Moody, 1998; Morabet et al., 1998; ONAREP,
2002, 2003). The vast majority of Mesozoic—
Cenozoic source rocks in the Tarfaya Basin
derive from two stratigraphic intervals, the
Upper Cretaceous (particularly Cenomanian—
Turonian) and Eocene. However, no oil and
gas production exist in the Tarfaya Basin due
to mainly immature source rocks. Therefore,
the Atlantic Margin Project has been carried
out in order to unravel the hydrocarbon
generation in the basin by biostratigraphic,

INTRODUCTION

geochemical, source rock, basin development
and source-to-sink analyses.

The present thesis investigated the long-term
landscape evolution of the Moroccan passive
continental margin assessed by low-tempera-
ture thermochronology (LTT). Due to the lack
of thermochronometric data, the time-
temperature (t-T) development of the Tarfaya
Basin is so far poorly understood and con-
strained. The determination of the thermal
history in the Tarfaya Basin is essential for a
detailed explanation of the hydrocarbon
generation in time and space. To improve the
understanding of the processes involved, the
established and sensitive LTT methods apatite
and zircon (U-Th-Sm)/He dating (AHe, ZHe) as
well as apatite and zircon fission-track dating
(AFT, ZFT) were performed. LTT techniques
have been applied successfully to unravel rates
of exhumation in a variety of tectonic scenar-
ios, such as active orogens and passive
margins (Bishop, 2007; Gunnell et al., 2009;
Reiners and Brandon, 2006). Based on the
AHe, AFT and ZHe data, designated samples
were modelled with the 2-D numerical model-
ling software ‘HeFTy’ to determine thermal
histories of the Tarfaya Basin and the western
Anti-Atlas (Ketcham, 2005; Ketcham et al.,
20073, b; Ketcham et al., 2009).

Applying the aforementioned thermochro-
nological methods, the current research study
intends to resolve the following three key
objectives:



Introduction

(A) The main research goal dealt with the
t-T development of the Tarfaya Basin, espe-
cially of the pre-Palaeogene sediments, in
order to better comprehend the hydrocarbon
generation in time and space (Fig. 1.1).

(B) Furthermore, the study was focused
on Palaeogene to Neogene sedimentary rocks.
Due to their low thermal imprint below the
partial annealing zone and partial retention
zone, Cenozoic sedimentary rocks indicate the

Canaty Islands

Tarfaya Basin

Sedimentation & compaction

- - AHe 7o°cl10Ma
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t-T evolution of the source area, so-called
provenance (Fig. 1.1).

(Q) The third objective was the determi-
nation of the thermal, subsidence and exhu-
mation history of potential source areas.
Consequently, the
concentrated additionally on the northeastern
the Anti-Atlas

research interest was

continental source region,

mountain belt (Fig. 1.1).
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Fig. 1.1: Thermal and tectonic processes at the Atlantic margin of I\/Iorocco including key obJectNes of the present study.
The represented thermochronological analyses (AHe, AFT, ZHe and ZFT) were performed in the project. Rocks in the

subsurface (white circles) are exhumed and sampled at the surface (filled circles). (A) Thermal, subsidence and exhumation

history of the Tarfaya Basin. (B) Provenance analysis of Cenozoic sedimentary rocks. (C) Thermal, subsidence and
exhumation history of the Anti-Atlas mountain belt (modified after Bauer et al., 2010; Ehlers and Farley, 2003).
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Geological setting

Overview

2.1 Overview

Morocco is located in a particular region, the
northwestern edge of the large African conti-
nent, and is bounded by the Central Atlantic
passive continental margin in the west and an
active plate collision zone, the Alpine belt, in
the north (Fig. 2.1). The geographic position of
Morocco explains the varied landform with a
wide range of outcropping terranes from
Archean to Cenozoic age as well as different
tectonic systems of sedimentary basins up to
metamorphic fold belts. The topography of
Morocco shows two contrary domains, (1) the
southern area consisting mainly of lowlands
with gentle topography and (2) the Atlas
mountain belt to the north dominating by a
rugged topography with high mountain ranges
as well as rhomboid plateaus and basins
(Fig. 2.1).

In northern Morocco, the Rif mountains, the
western continuation of the Kabylian- Tellian
belt (Maghrebides) extends along the Medi-
terranean coast (Alboran Sea) till the Strait of

Canary Islands

o= Tarfaya Basin

Tarfaya®
Laayoune

Boujdour *

BELGIEN

Essaouira

Gibraltar. South of the coastal region, elevated
plateaus, the Mesetas occur, followed by the
Atlas mountain belt that forms the northern
boundary to the lower Sahara region. The High
Atlas exhibit huge elevations with more than
4000 m a.s.l. including the highest peak of
North Africa, the 4165 m high Jebel Toubkal.
The Middle Atlas, a limb of the Atlas system,
stretches perpendicular through the Meseta
and reaches elevations of about 3000 m a.s.l.
The elevation decreases continuously west-
ward from the Middle Atlas towards the
Meseta, the Atlantic coastal basins and finally
to the Atlantic abyssal plain. At the northern
sub-Sahara boundary, south of the High Atlas,
a vast mountain belt, the Anti-Atlas (AA) is
situated reaching up to 2700 m a.s.l. in the
Jebel Sarhro Mountains and 3300 m a.s.l. in
the recent Jebel Siroua volcano. South of the
Anti-Atlas, the elevation decreases to less than
400 m a.s.l. in the Tindouf Basin and 200 m
a.s.l. in the Tarfaya Basin (TB).

The geographic and geological characteristics

Tangier *

Rabat,
Casablanca,

Hig
plateaus

Mor >
orocco Meseta

Marrakech™"

Algeria

Mauritania

Fig. 2.1: Overview of the Moroccan regions. Digital elevation model (DEM) derived from Aster GDEM.
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of Morocco are due to the specific position at
the northwestern edge of Africa during the
plate tectonic Wilson-Cycle. The Mesozoic—
Cenozoic cycle started with the Pangaea
break-up, continued with the opening of the
Central Atlantic as well as the Alpine Tethys
Ocean and ended with the closure of the
Tethys Ocean and the formation of the Alpine
mountain range (Michard et al., 2008a).

2.2 Central Atlantic passive
continental margin

The NW African Central Atlantic passive conti-
nental margin extends from the northern top
of Morocco up to the Guinea fault zone in the
south. Similarities in the stratigraphy appear
along the entire NW African margin. The
Moroccan Central Atlantic passive continental
margin stretches over nearly 3000 km from
Tangier to Lagouira in the south representing
one of the oldest continental margins conju-
gate to the Nova Scotia margin in North
America. Except for the offshore area around
the Rif and Atlas mountains, the complete
margin reveals a broad homogeneity in the
geodynamic evolution.

Numerous Mesozoic to Cenozoic extensional
basins are located along the two conjugate
margins of Morocco and North America
(Withjack et al., 2012). On- and offshore basins
at the Moroccan passive continental margin
are from north to south the Pre-Rif and Rharb
Basins, Doukkala Basin, Essaouira Basin, Souss
Basin, Tarfaya Basin and Tarfaya-Ladyoune-
Dakhla Basin (Davison, 2005; Hafid et al., 2008;
Zihlke et al., 2004) (Fig. 2.2). Based on the key
position at the Central Atlantic Ocean and the
promising hydrocarbon potential, the Moroc-
can margin is subject of numerous research
programmes and exploration studies.

The opening of the Central Atlantic Ocean and
consequently, the development of the Central
Atlantic passive continental margin is con-
nected with two different tectonic stages, a

rifting and a drifting episode. The onset of
continental rifting at the future Moroccan
margin occurred in the Upper Permian before
260 Ma (Hafid et al., 2008; Zihlke et al., 2004)
(Fig. 2.3). In the Tarfaya-Ladyoune segment,
the rifting possibly started in Mid-Triassic
times (Ellouz et al., 2003). The rifting propa-
gated from E to W and from S to N with a
NW-SE extension direction, oblique to the
ENE-WSW trend of the Atlas Mountains
(Beauchamp et al.,, 1999; Le Roy and Piqué,
2001). Thereby, a system of NE-SW striking
syn-rift normal faults, graben and half-graben
connected to E-W striking transfer faults
emerged on top of the Variscan continental
crust (Frizon de Lamotte et al., 2009; Hafid et
al., 2008). Except for the Atlantic and Atlas
basins, the rifting yielded an enormous erosion
in western Morocco and consequently, the
extensive exposure of Palaeozoic and Precam-
brian rocks (Michard et al., 2008a).

The initial sedimentation during the rifting
consisted of Triassic red marine and fluviatile
fine-grained clastic rocks accompanied by
volcanic intercalations (Brown, 1980; Le Roy
and Piqué, 2001). In the Upper Triassic (210-
200 Ma), the formation of evaporite basins
started at both sides of the Central Atlantic rift
(Fig. 2.3). Broad diapiric salt basins developed
with a thickness of up to 1500 m in the off-
shore area, whereby sedimentation rates of
about 1 mm/a have been reached (Davison,
2005). The halokinesis of the syn-rift salt
greatly influenced the evolution of the conti-
nental slope and the abyssal plain (Hafid et al,,
2008) (Fig. 2.3). Simultaneously, a high mag-
matic activity took place at the Central Atlantic
rift. This brief event at 200 (+ 1) Ma is charac-
terised by voluminous basaltic magmatism and
termed as Central Atlantic Magmatic Province
(CAMP) (Hames et al., 2003; McHone, 2000;
Olsen et al., 2003; Wilson, 1997). The CAMP
consists of dikes, sills, subaerial lavas, pyroclas-
tics and plutons at both sides of the entire
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Central Atlantic rift in a 6000 km long, N-S
trending zone and has been dated to 197-203
Ma in Morocco (Fietchner et al., 1992; Knight
et al., 2004; Marzoli et al., 2004; Sahabi et al.,
2004; Sebai et al., 1991; Verati et al., 2007)
and 198-203 in the USA (Hames et al., 2000).
Whereas the origin of the CAMP is not pre-
cisely clarified, suggested theories are an
asymmetric, subhorizontal plume (McHone,

2000) or multiple source origin. During CAMP,
no distinct rock uplift phase occurred, since
the evaporites appear within and above the
basalt. The Central Atlantic rifting stage lasted
until the Hettangian-Sinemurian (200-190 Ma)
(ZUhlke et al., 2004), while Gouiza et al. (2010)
assumed a two-phase rifting stage up to 175
Ma confirmed by numerical modelling at a
Doukkala—High Atlas transect.

16° W] 14° W] 12°W|

I Rif fold-and-thrust beit

(Palaeozoic to Tertiary)

[ Atias fold belt

(Triassic to Cretaceous)

- Moroccan Meseta

(Triassic to Tertiary)

l:] Saharian Basins

3N (Cretaceous to Tertiary)

Atlanic Basins
(Upper Permian to Tertiary)

l:l Palaeozoic Basement and Basins

- Precambrian Basement

Major tectonic lineaments

30°N 0 200 km
[ — — |

Study areas

10° W] 8 W]
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and Rharb

Doukkala
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Essaouira
Basin

see Fig. 2.7

28°N

26°N

24°N

Tindouf Basin

Taoudenni
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Fig. 2.2: Overview of the main tectono-sedimentary units of western Morocco including Atlantic Basins and study areas
(Fig. 2.7 and Fig. 2.24). MB: Missour Basin; SM: Southern Meseta; JB: Jebilet; RH: Rehamna; RNF: Rif Nappe Front;
SAF: South Atlas Fault; AAMF: Anti-Atlas Major Fault (modified from Zihlke et al., 2004).
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During the initial phase of drifting in the Lower
Jurassic, the opening of the Central Atlantic at
the Moroccan margin and the Ligurian Tethys
began, which were connected by a transform
fault system (Fig. 2.4). The ocean spreading
started in the southern part between Western
Sahara—Mauritania and the Baltimore Canyon
(Davison, 2005). The oldest oceanic crust in
the Central Atlantic is of Sinemurian to Late
Pliensbachian age (195-184 Ma) (Le Roy et al.,
1998; Sahabi et al., 2004; Steiner et al., 1998;
Zihlke et al., 2004). Previous models sug-
gested a later onset of sea-floor spreading in
Toarcian to Bajocian times (178-169 Ma)

(Klitgord and Schouten, 1986). During the early
drift stage (185-145 Ma), the Central Atlantic
spreading half-rate was approximately 19
mm/a (Klitgord and Schouten, 1986) (Fig. 2.3).
The onset of drifting caused a major transgres-
sion coupled with high subsidence rates that
were compensated by thick terrigenous clastic
sequences as well as the establishment of a
carbonate platform extending over 6000 km
from Portugal to Guinea-Bissau. The Jurassic
carbonate platform overlapping Triassic sedi-
ments and Variscan basement is considered as
a post-rift sequence of a Triassic aborted rift
(Jansa, 1981; Piqué and Laville, 1996). The
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Fig. 2.3: Summary of chrono- and lithostratigraphic features along the Moroccan passive continental margin (modified

from Davison, 2005). Tectonic events are taken from Zihlke (2004).
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Fig. 2.4: Schematic relative motion of the African, North
American and lberian platein the Upper Jurassic. Ad:
Adria; Ap: Apulia; Br: Briangonnais (according to Grobe,
2011; Rosenbaum et al., 2002).

Moroccan passive continental margin was
dominated by open marine transgressive
conditions till the sea level fall in the Berri-
asian, whereby the carbonate deposition
terminated (Hafid et al., 2008). During the
early post-rift period in the Upper Jurassic—
Lower Cretaceous, a main stage of erosion
took place in the Central Atlantic that yielded a
widespread exposure between the Western
Meseta and the Anti-Atlas. In the Lower Creta-
ceous, huge amounts of sediments were
deposited in the basins along the entire NW
African passive continental margin (Davison,
2005) (Fig. 2.5).
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Doukkala and Essaouira Basin as well as the Puerto
Cansado-1 well in the Tarfaya Basin (according to Le Roy
and Piqué, 2001).

The sea level fall lasted until Hauterivian and
enabled in large areas the formation of pro-
grade delta systems, unconformably overlying

the carbonate platform (Davison, 2005; Hafid
et al.,, 2008; Ranke et al.,, 1982; von Rad and
Wissmann, 1982). A steady rising sea level led
to the deposition of a thick Aptian—Albian
succession composed of shallow marine, la-
goonal and intertidal sediments represented
by shales, sandstones and shelly limestones (El
Khatib et al., 1995). The high sea level in the
Upper Cretaceous—Eocene flooded the major-
ity of Morocco and effected the deposition of
marly limestones. Between Palaeocene and
Eocene, marine clastic sediments were depos-
ited at the Moroccan passive continental
margin overlain by continental clastics of
Oligocene age (Davison, 2005).

Since the onset of drifting in the Lower Juras-
sic, multiple changes in the drift direction
emerged due to the opening of the South
Atlantic, the rotation and collision of Iberia,
the Tethys closure and most comprehensive to
the collision of Africa and Iberia during the Rif-
Betic orogeny in the Oligocene—Miocene
(Michard et al., 2008a). In the Upper Creta-
ceous (90 Ma), the opening of the South
Atlantic Ocean terminated the parallel move-
ment of Africa and southern Eurasia yielding a
convergence of the continents (Rosenbaum et
al., 2002) (Fig. 2.3). The convergent motion of
the African and Eurasian plates resulted in
Pyrenees—Alps and Maghrebides—Atlas crustal
shortening events that led to the closure of
the Tethys Ocean and the formation of the
Atlas mountain belt (Michard et al.,, 2008a).
The onset of compressive deformation and
related surface uplift in the Atlas system
occurred as early as the Senonian, whereby
the timing of the inversion is still a matter of
debate (Beauchamp et al., 1999; Ellouz et al,,
2003; Frizon de Lamotte et al., 2009; Laville et
al., 1995). The main inversion of the Mesozoic
extensional rift system took place during two
distinct stages, (1) in the Middle to Upper
Eocene and (2) in the Pliocene—Quaternary,
separated by a period of subsidence in the
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Oligocene—Miocene (Beauchamp et al., 1999;
Beauchamp et al., 1996; Frizon de Lamotte et
al., 2000; Frizon de Lamotte et al., 2008;
Froitzheim et al, 1988; Giese and
Jacobshagen, 1992) (Fig. 2.3, Fig. 2.6). In the
Ouarzazate Basin, the onset of continental
sedimentation in the Middle Eocene corre-
sponds to the earliest record of Atlas surface
uplift (Tesén et al.,, 2010). The Oligocene—
Miocene subsidence episode is attested with
the deposition of thick continental molasses
unconformably overlain the Atlas system
(Frizon de Lamotte et al., 2000). The second
phase of compressive deformation and associ-
ated surface uplift and relief building in the
Atlas system started after the molasse
deposition and is still active at present (Frizon
de Lamotte et al., 2009). In the compressional
tectonic stages, the Atlas belt underwent a
NW-SE shortening including the deformation
of Neogene continental deposits (Ait Brahim et
al., 2002; Morel et al., 2000). The surface uplift
of the Atlas belt results from both lithospheric
thinning and moderate crustal shortening
yielding the rugged topography in the Atlas
mountain belt (Babault et al., 2008; Frizon de
Lamotte et al., 2009; Missenard et al., 2006;
Teixell et al.,, 2005; Zeyen et al.,, 2005). The
Atlas Mountains constitutes the southernmost
edge of the Alpine deformation that is mainly
limited to areas north of the South Atlas Fault
(SAF). In southern Morocco, e.g. the Anti-Atlas,
the Mesozoic—Cenozoic deformation is negli-
gible (Frizon de Lamotte et al., 2000; Helg et
al., 2004).

(A) 50-35 Ma ‘
Iberian t

plate

Iberian
plate

J!
v ﬁp

Mediterranean Sea

African plate

(C) 3 Ma-present

Iberian

t ' African plate

Fig. 2.6: Schematic kinematic scenario of the Maghreb
and West Mediterranean since the Eocene. (A) First
inversion of the Atlas Basin. (B) Subsidence stage in the
Atlas system. (C) Second inversion of the Atlas system
(modified from Frizon de Lamotte et al, 2009).
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2.3 Tarfaya-Ladyoune-Dakhla Basin —
Tarfaya Basin

2.3.1 Overview

The Tarfaya-Ladyoune-Dakhla Basin extends
over 1000 km along the western Saharan
margin from the Mauritanian border to the
Canary Islands in the north. The basin is
bounded by the Mauritanides thrust belt
(Adrar Souttouf, Dhoul, Zemmour)
Precambrian Reguibat Arch in the SE-E, the
Palaeozoic fold belt of the Anti-Atlas in the NE
and the East Canary Ridge in the NW (Hafid et
al., 2008) (Fig. 2.2, Fig. 2.7). The Tarfaya Basin

and

(TB) is the northern continuation of the
Tarfaya-Ladyoune-Dakhla Basin and stretches
from Daora to Ifni along the western margin of
the Sahara (Davison, 2005). The topography of
the TB is dominated by
elevations of less than 200 m (Fig. 2.8, 2.9 and
Fig. 2.10).

lowlands with

2.3.2 Triassic to Neogene subsidence and
uplift history

Subsidence analyses have been carried out
from different areas of the Tarfaya-Ladayoune-
Dakhla Basin indicating vast subsidence since
the onset of rifting. The subsidence rates
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28°N Tarfaya, —

’—| Lower Carboniferous
- Devonian
- Silurian
- Ordovician
|:| Cambrian

Adoudounian-
Taliwinian

Precambrian

- Neoproterozoic
Il Fa'acoproterozoic
- Mauritanides

Normal fault
\\ (proved/presumed)

Chebeika-1 ] Well location

(Chebeika-1)

0 50 km
— — —
A
Zemmour fault Jebel Zini [l

El Amra-1
4

25 km

Fig. 2.7: (A) Geological map from the study area of the Tarfaya-Ladyoune-Dakhla Basin. Red dashed line is a cross section
(A-AV). (B) Cross section across the northern Tarfaya-Ladyoune-Dakhla Basin (according to Choubert et al., 1966; Ministére

de I'Energie et des Mines, 1985).
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Fig. 2.9: View from Labtaina al Talliya at Oued Saguia el-Hamra into the flat, desertic, sabkha-like landscape of the Tarfaya
Basin (MA-69, MA-70).

Fig. 2.10: Typical flat, desertic landscape with sabkha-like slopes. (A) View from Gor El Berd, close to Smara (MA-61, MA-
62). (B) View from Sabkha La’cal, close to Akhfennir. (C) View from El Ouatia at the Oued Chebeika (MA-73, MA-74). (D)
View from Labtaina al Talliya at Oued Saguia el-Hamra (MA-69, MA-70).
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presented below have been determined by
von Rad and Einsele (1980) in the Boujdour
area and Wenke et al. (2013) in the Tan-Tan,
Cap Juby and Ladyoune area. In Triassic times,
subsidence is strongly dependent on locality
with peak subsidence rates of about 250
m/Ma at the outer shelf of the Tan-Tan area
(Fig. 2.11). During the early drift stage, subsi-
dence rates reached maximum values of 120
m/Ma in the Boujdour area, 150 m/Ma in the
Cap Juby area and 200 m/Ma in the Ladyoune
area (Fig. 2.11). The entire basin was affected
by massive subsidence with rates of 50-140
m/Ma during the delta formation in the early
Lower Cretaceous (Fig. 2.11). Afterwards, the
subsidence decreased gradually to < 25 m/Ma
in the Upper Cretaceous. The Palaeogene and
diverse

Neogene is characterised by a

subsidence/uplift history. In the Maastrichtian
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Fig. 2.11: Permian to present day quantitative subsidence
history at the outer shelf of the (A) Tan-Tan area, (B) Cap
Juby area and (C) Ladyoune area (Wenke et al., 2013).
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to Lower Oligocene, the peak Atlasian defor-
mation and surface uplift strongly affected the
northeastern onshore TB resulting in flexural
rock uplift and erosion of the Meso- to
Cenozoic succession down to the Lower Creta-
ceous (Choubert et al., 1966; Wenke et al,,
2011, 2013). Besides, von Rad and Einsele
(1980) postulated a rock uplift in the Neogene,
contemporaneously to the Canary volcanism.
A brief subsidence episode is documented in
the Early Miocene (~190 m/Ma in the Laay-
oune area). Thereafter, the subsidence curves
reveal Neogene rock uplift in the entire basin
with maximum rates of 80 m/Ma, excluding a
subsidence phase in the Ladyoune area during
Pliocene—Pleistocene (Fig. 2.11). The Atlasian
orogeny is reflected in the Tarfaya-Ladyoune-
Dakhla Basin by an increasing periodic influx of
detrital material into the offshore part of the
basin from Upper Cretaceous onward (Hafid et
al., 2008; Wenke et al., 2011, 2013).

2.3.3 Structural features

The Tarfaya-Ladyoune-Dakhla Basin is charac-
terised by depressions and block tilting in the
SW and in the N by syn-rift graben, half-
graben, horsts and W-dipping normal faults
overlain by virtually undeformed Jurassic to
Cretaceous formations, which form a slightly
westward dipping monocline (Abou Ali et al.,
2005; El Khatib et al., 1995; Hafid et al., 2008).
Main faults in the basin are the Tarfaya trans-
fer fault and the Tiznit fault (Le Roy and Piqué,
2001). In the E of the Tarfaya Basin, the base-
ment is cut by several faults that are believed
to represent the reactivated Variscan,
E-directed Zemmour thrust separating Anti-
Atlas and Tindouf Basin to the east (Choubert
et al., 1966; Le Roy and Piqué, 2001) (Fig. 2.7).

2.3.4 Lithologies

The basement of the Tarfaya-Ladyoune-Dakhla
Basin consists of Precambrian rocks from the
West African Craton (WAC) as well as Pan-
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African belt and in the south of Palaeozoic
rocks from the Mauritanides unconformably
overlain by Meso- to Cenozoic sediments. The
thickness of the sedimentary succession
exceeds 12 km in the northern onshore basin
and decreases southwards to approximately
1 km in Ad Dakhla (Kolonic et al., 2002).

Upper Triassic—Lower Jurassic syn-rift deposits
of the Tarfaya Basin were found only in the
subsurface (Hafid et al., 2008). The succession
is composed of red conglomerates and
sandstones, thin bedded red shales and
carbonates, evaporites and volcanics (Ranke et
al., 1982). The sedimentary succession was
deposited under continental to restricted
marine conditions and reach a thickness of up
to 3 km in the Chebeika-1 well and 5 km in the
offshore basin (El Khatib et al., 1995; Heyman,
1989; Le Roy and Piqué, 2001). Upper Triassic
evaporites exist only offshore and form the
southern extremity of the Moroccan salt basin
(Hafid et al., 2008). In the Chebeika-1 well,
doleritic basalt lava flows from the CAMP are
interbedded in the Triassic succession.

In the Middle—Upper Jurassic, the basin is
dominated by the westward progradation of a
carbonate platform (El Khatib et al., 1995;
Ranke et al., 1982). The thickness varies
between 600 m in the Puerto Cansado-1 well
and 1700 m in the Amseiquir-1 well, whereby
the carbonates only appear in the northern
of the basin. The
transgression occurred in the Oxfordian—

segment maximum
Kimmeridgian, while the carbonate platform
prevailed up to the Tithonian (Hafid et al,
2008). The carbonates and lagoonal shales of
the Jurassic succession provide good source
rocks, e.g. in the Cap-Juby area (Davison, 2005;
Jabour et al., 2000; Morabet et al., 1998).

The transgression is followed by an important
regression from Tithonian to Hauterivian and
resulted in the deposition of a 1-4 km thick
continental to transitional sequence consisting
of predominantly fine-grained clastic sedi-

ments that unconformably overlies the
carbonate platform (Hafid et al., 2008; Ranke
et al., 1982; von Rad and Wissmann, 1982)
(Fig. 2.12, Fig. 2.13 and Fig. 2.14).

conglomerate; coarse-grained sandstone

fine-grained-sandstone

black shales;
carbonate

A .

Fig. 2.12: (A) Albian succession at the mouth of Oued
Chebeika. A shallowing upward trend with anoxic, marine
sediments at the base, covered by oxic siliciclastics is
exposed. (B) Fine-grained sandstone (MA-72).

Fig. 2.13: Aptian—Albian red bed sandstone at Oued
Saguia el-Hamra (MA-65).

Fig. 2.14: Lower Cretaceous outcrop from the Tarfaya

Basin. The picture is taken from Abteh close to Oued
Chebeika (MA-75).

In the Tarfaya-Ladyoune-Dakhla Basin, the sea
level fall led to the formation of the prograding
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Tan-Tan and Boujdour delta systems (Davison,
2005; Ranke et al, 1982; von Rad and
Wissmann, 1982). Several authors proposed
that the Tindouf Basin, Reguibat Shield, Mauri-
tanides and the Anti-Atlas constitute source
areas for the clastic sediment material of the
Lower Cretaceous delta systems (Ali, 2012; Ali
et al., 2014; Davison, 2005; Jarvis et al., 1999;
Ranke et al., 1982).

A marine transgression began in the Upper
Albian and lasted until the Turonian—Lower
Coniacian including peaks in the Albian/
Cenomanian, Cenomanian/Turonian and San-
tonian/Campanian (Kolonic et al., 2002; Kuhnt
et al., 2001; Kuhnt et al., 2005). During Albian
to Lower Cenomanian, the Tarfaya Basin is
characterised by shallow marine to lagoonal
sedimentation composed of thinly bedded
black marls, claystones, siltstones and dolo-
mitic limestones (Einsele and Wiedmann,
1982; El Khatib et al., 1995; Wiedmann et al,,
1982) (Fig. 2.15). The succession of the trans-
gressive Upper Cenomanian—Coniacian
consists of deeper-water shales and lime-
stones and is overlain by shallow water oyster
shell beds of the Santonian (Davison, 2005)
(Fig. 2.16). At the Cenomanian/Turonian
boundary appear organic-rich black shales that
were deposited during the C/T anoxic event
caused by an shelf upwelling along the Atlantic
coast (Kolonic et al., 2005; Kuhnt et al., 2001;
Kuhnt et al., 2005; Lining et al.,, 2004) (Fig.
2.17). The Upper Cretaceous biogenic, marine
sediments reach a maximum thickness of 800—
1000 m (Kolonic et al.,, 2002; Kuhnt et al,
2001; Kuhnt et al., 2005; Leine, 1986; Ranke et
al., 1982). Sedimentation rates during the
Cenomanian—Turonian exceeded 0.001 mm/a
for deep areas to approximately 0.005-0.020
mm/a on the continental shelf at the TB
(Herbin et al., 1986; Kolonic et al., 2002;
2003;

Nzoussi-Mbassani et al,, Nzoussi-

Mbassani et al., 2005).
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Fig. 2.15: Cenomanian—Turonian silt- to sandstone at the
Oued Ma Fatma (MA-79).

Fig. 2.16: Cross stratified Coniacian sandstone overlain by
bioturbatic siltstone at Labtaina al Talliya (MA-69, MA-
70).

Pliocene-Quaternary

R —————— o .A -
Fig. 2.17: Turonian black shales, covered by Senonian,
Miocene and Pliocene—Quaternary siliciclastics at the
Oued Ma Fatma (modified after Wenke et al., 2011).

The Palaeocene—Eocene is characterised by
thin marine siliceous chalk layers as well as
sandy and marly sediments unconformably
overlying the Upper Cretaceous (El Khatib et
al., 1995) (Fig. 2.18). At the shelf edge an
erosional unconformity truncates the Palaeo-
cene, Upper Cretaceous and partially the
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Lower Cretaceous. The erosion probably took
place in Santonian to Palaeocene times based
on the rock uplift of the hinterland and slope
reequilibration (Jarvis et al., 1999). The 300 m
thick Oligocene continental sandstones and
conglomerates occur only in the southern
basin due to erosion during a regressive period
in the northern part (Davison, 2005). The
Palaeogene reaches a maximum thickness of
1km in the centre of the onshore Tarfaya-
Ladyoune-Dakhla  Basin and  decreases
seawards to 200 m (Ranke et al., 1982). The
Miocene is dominated by sandy limestones
and oyster beds and is exposed onshore only
in the western part of the basin (Davison,
2005; Ranke et al., 1982) (Fig. 2.19, Fig. 2.20).
The largely thin Miocene succession thickens
westwards beyond the shelf edge up to 1000
m (Hafid et al., 2008).

Fig. 2.18: Eocene black shales at the coastline north of
Lemsid (MA-57, MA-58).

Fig. 2.19: Miocene fine-grained sandstone at the Sabkha
Matmarfag (MA-54, MA-55).
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Fig. 2.20: Campanian shales, overlain by Miocene and
Plio-Pleistocene siliciclastics at the Sabkha Tah (MA-53).

2.3.5 Hydrocarbon potential of Morocco —
Tarfaya Basin

Morocco is for a long time subject of numer-
ous research programmes and exploration
studies. Based on the large number of Meso-
zoic to Cenozoic basins at the Atlantic margin,
a promising hydrocarbon potential is sug-
gested. Therefore, the exploration interest in
Morocco is focused on the Atlantic margin and
several companies drilled exploratory wells
(MO-1 to MO-8, Cap Juby-1, El Amra-1 etc.) in
the on- and offshore Tarfaya-Ladayoune-Dakhla
Basin since the mid-1950s (El Mostaine, 1991;
Jarvis et al., 1999; Leine, 1986).

The hydrocarbon potential of Morocco derive
from only a few key source rock intervals, the
Silurian, Upper Cretaceous and Eocene,
whereby the majority of the Silurian petro-
leum systems are now extinct (Boote et al,,
1998; Macgregor, 1996) (Fig. 2.21). Further
source rock intervals has been detected in the
Devonian, Triassic and Jurassic (Macgregor,
1998) (Fig. 2.21). Despite considerable explo-
ration effort, no large discoveries have been
made due to the absence of mature source
rocks. Many Moroccan basins contain over-
mature Palaeozoic and immature Upper Cre-
taceous/Eocene source rocks (Macgregor,
1996). However, noteworthy oil shows in the
Moroccan basins emphasize the possible
economic relevance of petroleum systems
along the NW African passive continental
margin. In the offshore wells Cap Juby-1, MO-2
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and MO-8 of the Tarfaya Basin, oil shows
appear probably sourced from Upper Triassic,
Middle
carbonate layers (Davison, 2005; Jabour et al.,
2000; Macgregor and Moody, 1998; Morabet
et al., 1998; ONAREP, 2002, 2003). Productive
oil fields exist since the 1970s in the Essaouira

Toarcian or Jurassic intra-shelf

Basin, where the source rocks are shales of
Oxfordian age (Broughton and Trepanier,
1993; Jabour et al., 2000; Macgregor, 1996).
Furthermore oil and gas producing fields are
situated in the Rharb and Pre-Rif Basin at the
northern Moroccan Atlantic margin.

In the Tarfaya-Ladyoune-Dakhla Basin, several
source rocks occur in the Jurassic, Cretaceous
and Cenozoic sedimentary units. Wenke et al.
(2011) identified 13 potential source rock and
11 reservoir units. In the Jurassic, potential
source rocks are Toarcian black shales, Call-
ovian and Upper Oxfordian carbonates of the
inner and outer shelf areas (Wenke et al,,
2011). The Tan-Tan well shows 60 m of Lower
Jurassic source rocks matured during the
Lower Cretaceous (Davison, 2005). Based on
the burial depth, the Lower Jurassic unit is
probably post-mature for hydrocarbon gen-
eration in large parts of the basin (Jarvis et al.,
1999). Indications for kerogen type-Ill source
rocks of Berriasian and Valanginian age were
found in well MO-07 (Ellouz et al., 1998).
Evidences for the presence of Upper
Hauterivian source rocks are known from the
Cap Juby area. Furthermore, certain layers of
the Aptian—Albian have source rock potential

(Cool et al., 2008; Morabet et al., 1998; Tissot
et al., 1980). Sachse et al. (2011) did not found
high quality source rocks in the Lower Creta-
ceous, but indications of petroleum impregna-
tion are existing. However, the vast majority of
Mesozoic—Cenozoic source rocks in the
Tarfaya Basin derive from two stratigraphic
intervals, the Upper Cretaceous (particularly
Cenomanian—Turonian) and Eocene (Fig. 2.22,
Fig. 2.23). Numerous studies are dealing with
the Cenomanian—Turonian organic carbon rich
black shales formed during the C/T anoxic
event (Kolonic et al., 2002; Kolonic et al., 2005;
Kuhnt et al., 2001; Kuhnt et al., 2009; Kuhnt et
al., 2005; Liuning et al.,, 2004). High quality
petroleum source rocks with high Cy, content
and hydrogen index (HI) values were found in
Cenomanian, Turonian, Coniacian and Eocene
samples of the onshore TB (Sachse, 2011;
Sachse et al., 2011; Sachse et al., 2012). The
source rocks of the Cenomanian—Turonian
exist onshore and reach a maximum thickness
of 50 m, with varying TOC content between 6
and 20 % (Einsele and Wiedmann, 1982;
Herbin et al., 1986; Kuhnt et al., 1990; Sachse
et al.,, 2011; Sachse et al., 2012; Wiedmann et
al., 1982). Coniacian as well as Eocene samples
of the onshore TB reached C,, content of up
to 9 %, Santonian samples of up to 13 %
(Sachse et al., 2011; Sachse et al., 2012). TOC
content from Albian to Campanian black
shales of the offshore TB reach maximum
values of 12 % (Cool et al., 2008). Vitrinite
reflectance data of Cenomanian, Turonian,

Cambrian |Ordov. [Silur|Devonian

Stratigraphy

ICarbonifer{Permian| Triassic | Jurassic

Palaeo-
Cretaceous

Source rock

Reservoir

Trap formation

Petroleum generation

most petroleum lost

most petroleum preserved

Fig. 2.21: Composite petroleum systems of Morocco. Boxes are sized according to the relative importance of the various

reservoirs, source rocks and events (modified after Macgregor, 1998).
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Fig. 2.22: Turonian black shales at Oued Ma Fatma.

Fig. 2.23: Eocene black shales at the coastline north of
Lemsid.

Coniacian and Santonian samples from the TB
range between 0.3 and 0.4 %, Campanian
samples showed VR, values of 0.4-0.7 % and

Eocene samples of 0.5 %, indicating immature
to early mature organic matter (Sachse et al.,
2014; Sachse et al., 2011; Sachse et al., 2012).
The main reservoirs of the Tarfaya-Ladyoune-
Dakhla Basin are Triassic—Jurassic deepwater
clastic sediments, Jurassic talus slope deposits,
Lower Cretaceous basin-floor sandstones and
turbidite sands in the deep water fans of the
Boujdour and Tan-Tan Deltas as well as
Palaeocene to Oligocene turbidite sandstones
(Jarvis et al.,, 1999; Macgregor and Moody,
1998; Ranke et al., 1982; von Rad and Sarti,
1986; Wenke et al., 2013) (Fig. 2.21).

The generation of structural traps in the TB is
dominated by the principal mechanism of the
halokinesis (Jarvis et al., 1999). Due to the salt
movement in the Jurassic salt flank and drape
anticline, traps are common in the TB (Jarvis et
al., 1999). The main traps are carbonate build-
1998).
Furthermore, main exploration targets are

ups  (Macgregor and Moody,
sporadic roll-over structures of the Albian
generated along listric faults and Maastrichtian
carbonate reservoirs (Heyman, 1989; Jabour
et al.,, 2000; Morabet et al., 1998).
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2.4 Anti-Atlas

2.4.1 Overview

The ENE-trending Anti-Atlas (AA) mountain
belt extends from the Atlantic Ocean over 500
km into the Moroccan interior and shows a

rugged topography achieving elevations up to
3300 m a.s.l. and a plateau height of 1800 m
a.s.l. (Fig. 2.1, Fig. 2.2, Fig. 2.24 and Fig. 2.27).
In the north, the mountain belt is bounded by
a reactivated Variscan fault system, the South
Atlas Fault (SAF) that separates the High Atlas
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Fig. 2.24: (A) Geological map from the study area of the western Anti-Atlas. Black dashed lines are geological (A—A’) and
topographic (B—B’) cross sections. (B) Geological cross section across the western Anti-Atlas (according to Michard, 1976;
Ministére de I'Energie et des Mines, 1985). (C) Topographic cross section.
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(HA) and Anti-Atlas (Fig. 2.2). The AA is divided terised by slightly contrasting lithostratigraphic
at the Anti-Atlas Major Fault (AAMF) in an columns (Fig. 2.2). Due to the Eburnean base-
eastern and western part (EAA, WAA), charac- ment, the metacratonic western Anti-Atlas

~—— T ————T

Fig. 2.25: Folded Precambrian to Cambrian of the western Anti-Atlas. The picture is taken close to Irherm.

Fig. 2.26: Folded Precambrian to Cambrian of the western Fig. 2.27: Landscape from the western Anti-Atlas. (A)
Anti-Atlas. (A) Picture is taken close to Irherm. (B) View Typical rugged topography of the western Anti-Atlas.
from the Bas Draa inlier. (C) Picture is taken at the eastern Picture is taken from a small village between Tanalt and
Kerdous inlier, close to Tafraoute. Tarcouate in the western Kerdous inlier. (B) Rough,

desertlike landscape between Tafraoute and Ait
Mansour. (C) Deeply incised canyon and oasis of Ait
Mansour, formed by the Oued Sidi Mansour.
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marks the northern rim of the West African
Craton (WAC), whereas Palaeoproterozoic
exposures are lacking east of the AAMF
(Gasquet et al., 2008) (Fig. 2.24). The AA forms
the southern Phanerozoic foreland of two
intracontinental mountain belts, (1) the Late
Palaeozoic North African Variscides and (2) the
Cenozoic Atlas belt and consists of numerous
widespread Precambrian basement inliers
surrounded by a thick Palaeozoic sedimentary
succession that are folded during the Alleghe-
nian—Variscan orogeny (Burkhard et al., 2006;
Frizon de Lamotte et al., 2000; Hoepffner et
al., 2006; Hoepffner et al., 2005; Pique and
Michard, 1989) (Fig. 2.2, Fig. 2.24, Fig. 2.25
and Fig. 2.26). The inliers are structural culmi-
nations of the Variscan fold belt and form a
large NE-SW trending anticline (Helg et al.,
2004; Michard et al.,, 2008b) (Fig. 2.2, Fig.
2.24). The anticline could arise from buckling
and thermal doming caused by a baby plume
(Fullea et al., 2010) or the controversial flow of
Canary mantle plume material (Berger et al.,
2010; Duggen et al., 2009).

2.4.2 West African Craton — Pan-African
belt

The West African Craton (WAC) extends over
millions of square kilometres in the Sahara
Desert from the Ivory Coast in the south across
Mali and Mauritania and is bounded by the
Anti-Atlas  mountain belt as well as the
Algerian Ougarta in the north. The crystalline
basement crops out in the Precambrian inliers
of the WAA and the Reguibat Shield, whereas
it is overlain by a thick layer of virtually unde-
formed sediments in the Tindouf Basin and
large parts of the Anti-Atlas (Fig. 2.24). The
WAC formed at the amalgamation of three
Archean terranes during the Eburnean
orogeny (2.1-2.0 Ga). It is suggested that the
Eburnean orogeny represents a major tectonic

impulse of crustal growth connected with the
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emergence of the hypothetical supercontinent
Columbia (Bertrand and Jardim de S&, 1990;
Rodgers and Santosh, 2002).

In the Neoproterozoic, the WAC was mainly
affected by the Pan-African event, whereby
Proto-Gondwana emerged, followed by a
collision event of Proto-Gondwana, Proto-
Laurasia and Congo Craton enabling the
establishment of the hypothetical superconti-
nent Pannotia (Dalziel, 1997). The Pan-African
belt surrounding the WAC formed in two main
phases between 750-660 Ma and 630-560
Ma (Gasquet et al, 2008; Michard et al.,
2008a). In Morocco, the belt is only exposed
with low-P-metamorphic units in the Precam-
brian inliers of the AA. Subduction and colli-
sion processes are well described with
obduced ophiolites and island arcs in the
Siroua and Bou Azzer inliers (Saquaque et al.,
1989; Thomas et al., 2002).

In the Late Ediacaran—Lower Cambrian, the
Anti-Atlas area was affected by post-Pan-
African extensional tectonics with the forma-
tion of numerous widespread graben and half-
graben structures (Algouti et al., 2001;
Benssaou and Hamoumi, 2003; Burkhard et
al., 2006; Pigue et al., 1999). Tholeiitic—alkaline
volcanism in the Lower Cambrian points to an
intracontinental setting (Burkhard et al., 2006).
The rifting was active until Lower Carbonifer-
ous and resulted in the vast subsidence of the
Anti-Atlas Basin and the WAC (Burkhard et al.,
2006; Michard et al., 2008b). Until the end of
this phase up to 12 km of mainly shallow
marine fine-grained clastic deposits accumu-
lated in the northern WAC and the former
Pan-African belt (Burkhard et al., 2006; Helg et
al., 2004; Michard et al.,, 2008b) (Fig. 2.28).
The delivery area of the huge clastic
sedimentation could be the widespread
Shield that was affected by
magmatism and rock uplift since the Cambrian
(Michard et al., 2008a).

Hoggar
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Fig. 2.28: Sediment accumulation curve for the western
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Anti-Atlas between Guelmin and Foum El Hassan. The
recent sediment thickness is compiled from a variety of
stratigraphic literature data regarding the western Anti-
Atlas. Relevant formation names and events are displayed
at the top and bottom of the chart (according to Burkhard
et al., 2006).

2.4.3 Variscan to Neogene uplift and
exhumation history

The rock uplift and exhumation of the Pre-
cambrian basement and the erosion of the
Palaeozoic cover is mainly related to three
major tectonic episodes: (1) the Variscan
orogeny in the Upper Carboniferous—Lower
Permian, (2) exhumation in the Triassic—Juras-
sic, as the AA formed the denudation shoulder
of the Central Atlantic rift and (3) in the Upper
Eocene—Pleistocene linked to the surface uplift
of the Atlas belt (Burkhard et al., 2006;
Gasquet et al., 2008; Helg et al., 2004).

The Variscan compression with a main short-
ening direction of NW-SE vyielded intense
inversion and folding of the Palaeozoic Anti-
Atlas Basin (Burkhard et al., 2006). The folding
is dominated by upright detachment folds,
whereas thrusting structures are lacking
except for the westernmost AA along the
Atlantic coastline (Belfoul et al., 2001; Helg et
al., 2004). K-Ar and zircon fission-track data
from the western Anti-Atlas (WAA) confirm
rock uplift and exhumation of the Precambrian
basement in the Upper Carboniferous associ-
ated with the Variscan folding and post-folding
erosion (Bonhomme and Hassenforder, 1985;
Margoum, 2001; Sebti et al., 2009; Soulaimani
and Piqué, 2004). The post-folding erosion of

the WAA correlates with northwestern source
areas of the detrital input in the Jebel Reounia
sandstones (Upper Namurian) of the Tindouf
Basin, suggesting that the rock uplift and ero-
sion of the western Anti-Atlas has been started
as early as ~320 Ma (Cavaroc et al., 1976;
Michard et al., 2008b; Sebti et al., 2009). The
Mauritanides orogen dated at 330-310 Ma as
well as the western Meseta domain show also
ages of Variscan folding (Hoepffner et al,,
2006; Lecorche et al.,, 1991; Michard et al.,
2008a).

Based on the lack of Meso—Cenozoic succes-
sions in the AA, the post-Variscan tectonics is
difficult of explanation. The AA was affected by
vertical movements in the Upper Permian—
Lower Triassic caused by the Central Atlantic
and Tethys rifting (El Arabi et al., 2006; Knight
et al., 2004). Various authors supposed the
last significant rock uplift in the AA during
Triassic rifting and Lower to Middle Jurassic
transtensional tectonic processes related to
sedimentation in the High Atlas system and
offshore (El Arabi et al., 2006; Hafid et al,,
2008; Laville et al., 2004). Therefore, the AA is
suggested as the denudation shoulder of the
Central Atlantic rift, but even a connection
with the Atlas rift is feasible (El Harfi et al,,
2006; Malusa et al., 2007).

In contrast to the Tindouf Basin, Tarfaya-
Ladyoune-Dakhla Basin, Meseta and High
Atlas, Cretaceous to Middle Eocene deposits
are lacking in the Anti-Atlas as well as the
northern part of the Middle Atlas. Choubert
(1948) proposed a 200 km wide E-W seaway
in Cenomanian—Turonian times at the present
High Atlas, southern Middle Atlas and Western
Meseta between two elevated areas, the Anti-
Atlas in the south and the northern Middle
Atlas. This interpretation is disputable since
the Cenomanian—Turonian series of the High
Atlas, Meseta and Middle Atlas are devoid of
any coastal facies suggesting the proximity of a
shoreline northward or southward (Charriere
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et al., 2009; Frizon de Lamotte et al., 2008).
Hence, a flooding of the entire northern
Morocco, including the AA area during Ceno-
manian—Turonian is more probable (Michard
et al.,, 2008b). Zouhri et al. (2008) postulated
that the Anti-Atlas was covered by shallow
marine  Cenomanian—Turonian  carbonates
eroded during Senonian—Cenozoic times. The
erosion phase is documented in the Tindouf
Basin, where the Cretaceous series are trun-
cated by the Miocene—Pliocene molasses
(Frizon de Lamotte et al.,, 2009). Preserved
Cretaceous—Palaeogene deposits reach 1-2
km in the Atlantic basins and the Meseta,
which is probably a minimum value because of
post-deposition Atlasian denudation (Hafid et
al., 2008; Hafid et al., 2006; Mustaphi et al.,
1997, Saddiqi et al., 2009; Zuhlke et al., 2004).
Therefore, a Cretaceous—Eocene sedimentary
pile of 1.5 km is thus realistic for the western
Anti-Atlas (Ruiz et al., 2011). If the entire
Moroccan territory was overlain by Cretaceous
deposits, the northern Middle Atlas, the Anti-
Atlas and the Reguibat Shield look like wide
anticlines with intermediate synclines in the
Meseta, High Atlas and the Tindouf Basin
originated by a lithosphere folding referable to
N-S compression consistent with the Africa—
Eurasia convergence (Frizon de Lamotte et al.,
2009; Teixell et al., 2003).

Whereas high elevations in the Atlas mountain
belt are due to Cenozoic crustal shortening
during the convergence of Africa and Eurasia,
the Anti-Atlas is considered to have undergone
minor Alpine deformation (Frizon de Lamotte
et al.,, 2004; Frizon de Lamotte et al.,, 2000;
Helg et al., 2004; Missenard et al., 2006; Teixell
et al., 2005) even though Neogene transpres-
sional faulting is documented in its eastern
segment (Malusa et al., 2007). Ruiz et al.
(2011) and Burkhard et al. (2006) proposed
that the present-day topography of the
western AA is the result of a recent slight
exhumation and erosion starting in the
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Oligocene (30 Ma). Altogether, the Anti-Atlas
mountain belt is a key natural laboratory as it
is possibly the southernmost expression of the
Alpine deformation.

2.4.4 Lithologies

The Precambrian basement inliers of the Anti-
Atlas mountain belt consist of a large variety of
magmatic, metamorphic and sedimentary
rocks. The oldest rocks are Palaeoproterozoic
low- to medium-grade metasedimentary
series and intrusive granitoids assigned to the
Eburnean orogeny (2 Ga) (Ait Malek et al.,
1998; Gasquet et al.,, 2008; Soulaimani and

Piqué, 2004; Walsh et al., 2002) (Fig. 2.29).

Fig. 2.29: Precambrian granite (2 Ga). (A) Granite outcrop
at Ait Mansour (MA-13). (B) Hand specimen of the rose
porphyric granite at Tarcouate (MA-17).

U-Pb ages of zircons from granitoids of the
Irherm, Bas Draa, Kerdous and Tagragra de
Tata inliers range between 2.0 and 2.1 Ga (Ait
Malek et al., 1998; Walsh et al., 2002). Micro-
granites and pegmatites of the Kerdous and
Tagragra de Tata inliers have been dated at 1.8
Ga (Gasquet et al., 2004). Subsequently, in the
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Tonian—Cryogenian the deposition of a sedi-
mentary cover of quartzites and limestones
occurred (Lkest/Taghdout Group) that were
deformed and recrystallized during the Pan-
African orogeny (685-660 Ma) (Gasquet et al.,
2008; Sebti et al., 2009). Between 610 and 550
Ma several granitoid generations intruded in
the Pan-African mountain belt (Fig. 2.30, Fig.
2.31). The Neoproterozoic magmatism is

confirmed by U-Pb data from the Bas Draa and

= Eor

Fig. 2.30: Precambrian diabase (600 Ma) at Khmes ait

Oufka (MA-09).

;&
v 3G

Fig. 2.31: Precambrian granite (600 Ma) at Tarsouale (MA-
12). (A) Mafic xenoliths (Gabbro) in granite. (B) Hand
specimen of the porphyric granite.

Kerdous inliers ranging from 560 to 583 Ma
(Ait Malek et al., 1998). The youngest units of
the Precambrian inliers are slightly deformed
late- and post-orogen volcano-sedimentary
series (Anezi and Ouarzazate/ Tanalt Group)
dated at 550-570 by U-Pb geochronology that
unconformably overlie the Eburnean and Pan-
African sequences (Sebti et al., 2009;
Soulaimani et al., 2004; Thomas et al., 2002).
The Anezi formation is characterised by alluvial
fans, fluvial deposits, volcanic rocks and grani-
toids with a thickness of up to 2000 m, while
the QOuarzazate/Tanalt Group consist of brec-
cias, conglomerates and volcanic rocks with a
maximum thickness of 800 m (Soulaimani and
Piqué, 2004).

The Precambrian basement is conformably
overlain by Upper Ediacaran—Lower Cambrian
(Adoudounian) carbonates and siltstones,
followed by Cambrian to Ordovician siliciclastic
series, Silurian shales and Devonian carbon-
ates, sandstones and shales, folded during the
Variscan orogeny (Burkhard et al., 2006; Sebti
et al., 2009; Soulaimani and Burkhard, 2008;
Soulaimani et al., 2004). The Palaeozoic suc-
cession was primarily deposited under shallow
marine conditions. During Middle Cambrian—
Upper Silurian times, the sedimentation was
dominated by a detrital input, followed by
Upper Silurian—Devonian carbonate deposition
and a renewed increase in detrital input during
Lower Carboniferous times (Burkhard et al,,
2006; Michard et al, 1982; Pique and
Michard, 1989; Wendt, 1985). The Palaeozoic
succession reaches a thickness of at least 10
km in the westernmost Anti-Atlas near Tiznit, a
thickness of 8-10 km in the central AA and
decreases to approximately 6 km in the east-
ernmost AA (Burkhard et al., 2006; Faik et al.,
2001; Michard et al., 2008b; Michard et al,,
2010; Ruiz et al., 2008).
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2.5 Thermochronological data of
Morocco

Low-temperature thermochronological data
are quite scarce in northwest Africa as well as
the Central Atlantic passive margin. In Mo-
rocco, only a few data from the Central and
Marrakech High Atlas, the western Meseta
and the Anti-Atlas are published (Fig. 2.32).
Whereas thermochronological data of the
Tarfaya-Ladyoune-Dakhla Basin are still lack-
ing, Ruiz et al. (2011) presented apatite and
zircon (U-Th-Sm)/He ages (AHe and ZHe) as
well as apatite fission-track ages (AFT) of
Precambrian rocks from the westernmost
basement inliers Kerdous, Ifni and Irherm of
the Anti-Atlas (Fig. 2.24, Fig. 2.32). In this
study, AFT ages of the Kerdous inlier range
between 143 (+11) and 173 (+23) Ma, where-
as AFT ages from the Ifni inlier are slightly
younger varying from 121 (+8) to 141 (+9) Ma.
AHe ages from the Irherm inlier cover a range
between 58 (1) and 148 (+2) Ma and ZHe

ages of the same samples from 193 (+15) to
248 (+20) Ma. To determine the post-Variscan
rock uplift history of the WAA, Sebti et al.
(2009) performed zircon fission-track (ZFT)
analyses on Precambrian granites and schists
of the Kerdous and Ifni inliers. The ZFT ages
range between 319 (+32) and 358 (+31) Ma in
the Kerdous inlier and from 327 (¥37) to 338
(#35) Ma in the Ifni inlier. These data are
consistent with K-Ar ages (white micas, biotite)
varying between 291 (+7) and 357 (+9) Ma of
the Kerdous inlier and the Lakhssas Plateau
(Bonhomme and Hassenforder, 1985;
Margoum, 2001; Soulaimani and Piqué, 2004).
Thermochronological data indicate a common
geological evolution in the western Anti-Atlas
with a burial of 7-9 km of the Precambrian
inliers in the Carboniferous (Ruiz et al., 2011;
Sebti et al., 2009). K-Ar and ZFT ages are
assigned to the Variscan folding, followed by
rapid exhumation and cooling related to the

post-folding erosion. The tT modelling
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Fig. 2.32: Overview of the published low-temperature thermochronological data from Morocco. White transparent areas
are sampling areas of the respective study. Digital elevation model (DEM) derived from Aster GDEM.
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performed by Ruiz et al. (2011) shows a slow
cooling in the Upper Triassic to Lower Creta-
ceous. Based on the overall Cenomanian—
Turonian transgression across North Africa,
the models reveal a subsidence phase during
Cretaceous—Eocene followed by a final cooling
from 30 Ma until recent times (Frizon de
Lamotte et al., 2009; Guiraud et al., 2005; Ruiz
et al, 2011). In the eastern Anti-Atlas, AFT
ages cover a range between 88 (+4) and 284
(¥42) Ma (Malusa et al., 2007). The Variscan
units have been buried beneath 3 km over-
burden before the Mesozoic. Thermal models
point to a very slow Mesozoic—Palaeogene
cooling and a fast Neogene exhumation
between Upper Miocene—Pliocene (Malusa et
al., 2007).

Furthermore, thermochronological analyses
have been carried out in the High Atlas and
the Moroccan Meseta. Barbero et al. (2011)
presented AFT ages from the western Meseta
ranging between 202 (+7) and 239 (¥18) Ma,
whereas Ghorbal et al. (2008) published a
younger AFT age of 148 (+6) Ma from the
same Precambrian granitic body. In the
southwestern Meseta, AFT ages vary between
144 (£10) and 153 (£18) Ma in the Rehamna
Massif and from 186 (+5) to 203 (£7) Ma in the
Jebilet Massif (Ghorbal et al., 2008; Saddigi et
al., 2009). AHe data of the western and south-
western Mesta reveal a vast spread from 16
(£3) to 186 (+15) Ma (Ghorbal et al., 2008).
The t-T modelling shows a heating phase from
Upper Triassic to Lower Jurassic simultane-
ously to the main stage of Central Atlantic
rifting and the associated major subsidence in
the High Atlas, Middle Atlas and the Atlantic
rift (Barbero et al., 2011; Ghorbal et al., 2008;
Lancelot and Winterer, 1981; Saddigi et al.,
2009). Ghorbal et al. (2008) emphasized that
the subsidence affected an area stretching
from the Atlantic margin to the Atlas. Sub-

sequently, a cooling event between Upper
Jurassic—Lower Cretaceous occurred (Ghorbal
et al., 2008; Saddiqi et al., 2009). Similar to the
WAA, the western Meseta underwent a phase
of burial during Upper Cretaceous—Eocene
with a maximum depth of 1-2 km (Barbero et
al., 2011; Ghorbal et al., 2008; Saddiqgi et al.,
2009). Ghorbal et al. (2008) suggested that the
subsidence involved a larger area from the
northern Atlas belt to the Rif mountains.
Published AFT data from the Central and
Marrakech High Atlas show a very large spread
between 9 (1) and 270 (+10) Ma (Balestrieri
et al., 2009; Barbero et al., 2007; Missenard et
al., 2008). AHe ages from the Central High
Atlas cover a range from 9 (+1) to 33 (+3) Ma
(Barbero et al.,, 2007). Thermal modelling
suggests that the main surface uplift and
major denudation event in the Central and
Marrakech High Atlas results from thermal
doming as well as crustal shortening coupled
with the Africa—Eurasia convergence in the
Lower to Middle Miocene (Balestrieri et al.,
2009; Barbero et al., 2007; Missenard et al.,
2008).

Wipf et al. (2010) presented thermochrono-
logical data of Lower Cretaceous sedimentary
and Neogene magmatic rocks from Fuerteven-
tura, Canary Islands. In this study, AHe, AFT
and ZHe ages are in the same order of magni-
tude varying between 12 (+2) and 20 (+2) Ma,
whereas ZFT ages are obviously older ranging
from 16 (+4) to 59 (£7) Ma. AHe, AFT, ZHe as
well as several ZFT data are referred to a
Lower Miocene magmatic event and a subse-
quent rapid cooling with rates of 50-70 °C/Ma.
ZFT ages of Lower Cretaceous sediments
indicate a reheating event in the Eocene linked
with the initial island formation stage. This
event started with a slow cooling from 50 to
20 Ma, followed by a rapid cooling at 20 Ma
related to the Miocene magmatic phase.
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2.6 Crustal and lithospheric thick-
ness, geothermal gradients and heat

flow densities of Morocco

Recent works, based on geophysical modelling
of gravity, geoid, topography and heat flow
data confirmed the existence of a thinned
lithosphere under the Anti-Atlas, the High
Atlas and Middle Atlas (Frizon de Lamotte et
al., 2004; Missenard et al., 2006; Teixell et al,,
2005; Zeyen et al., 2005). In the WAC, the
lithosphere attains a thickness of 250 km,
whereas the metacratonic areas at the border
of the WAC reveal a thickness of 130-150 km
(Michard et al., 2008a). Geophysical models
show that the lithosphere—asthenosphere
boundary (LAB) is situated at ~110-130 km
depth below the western Anti-Atlas (Fullea et
al., 2010; Ruiz et al., 2011). The lithosphere
thins down to 60-80 km in a NE-oriented
corridor underneath the central and eastern
Anti-Atlas, High Atlas and Middle Atlas (Frizon
de Lamotte et al., 2004; Fullea et al., 2010;
Missenard et al., 2006; Teixell et al., 2005;
Zeyen et al., 2005). This assumption provides
an explanation for the high present-day topog-
raphy of the Atlas belt. The average crustal
thickness of the AA mountain belt reaches

approximate values of 30-35 km (Frizon de
Lamotte et al., 2004; Michard et al., 2008a).

Since Morocco exhibit a large variety of
geological formations due to its geographical
position, an enormous spread in the
geothermal gradient and heat flow density
(HFD) can be observed. The geothermal
gradient ranges between approximately 12
and 50 °C/km (Rimi, 1990, 2000; Zarhloule et
al., 2005) (Tab. 2.1). The maximum values of
30-50 °C/km und 70-110 mW/m? (HFD) are
reached in northeastern Morocco (Rimi, 1990,
2000, 2001; Rimi and Lucazeau, 1987) (Fig.
2.33, Tab. 2.1). The southern Central Atlantic
margin, the Rif mountains and the Middle
Atlas constitute the Moroccan regions with
the highest crustal temperatures, whereas the
Anti-Atlas show the

indicating no significant thermal or tectonic

lowest temperatures
reactivation since the Precambrian (Rimi,
1999). Geothermal gradients and heat flow
densities of Moroccan regions are presented
in Figure 2.33 and Table 2.1.

The geothermal gradient along the Atlantic
margin varies between 23—-34 °C/km, whereas
the Tarfaya-Ladyoune-Dakhla Basin reveals a
slightly lower gradient of 20-30 °C/km (Rimi,
1990).

The appreciable increase of the

Table 2.1: Geothermal gradients and heat flow densities of Moroccan regions (Rimi, 1990, 1999, 2000, 2001; Rimi et al.,

1998; Rimi and Lucazeau, 1987; Zarhloule et al., 2005)
Locality

Northeastern Morocco
Southwestern Rif

Meseta

High plateaus

Atlantic margin
Tarfaya-Ladyoune-Dakhla Basin

Wells: Chebeika-1
Puerto Cansado-1
Cap Juby-1

Anti-Atlas

Wells: Oum Doul-1

Adrar Zougar-1
Tindouf Basin
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Geothermal Gradient [°C/km]

Heat flow [mW/m?]

30-50 70-110
20-34 50-90
16-24 60—65
16-30 60
23-34 65-85
20-30 60-90
54
78
87
12-16, 20-25 36-40
83
85
20-34 70-100
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gradient offshore towards the Canary Islands
can be explained by the intensive hot spot
volcanism (Rimi, 2001; Zarhloule et al., 2005)
(Fig. 2.33). In the Tindouf Basin, a large spread
in the gradient of 20-34 °C/km was deter-
mined (Rimi, 1990). Geothermal gradients as
well as heat flow densities at Precambrian
shields are in general substantially lower
compared to other continental areas. In the
southern WAC, the gradient ranges between
10 and 15 °C/km, while the HFD is about 37
(+8) mW/m? (Brigaud et al., 1985). Compara-
ble with the WAC and further metacratonic
areas, the AA mountain belt shows a very low
gradient of 12-16 °C/km (Rimi, 1990). In
contrast, Ruiz et al. (2011) and Zarhloule et al.
(2005) recommended a geothermal gradient

of 20-25°C/km for the western Anti-Atlas
based on the lithosphere thickness (Fig. 2.33,
Tab. 2.1). Except for the AA, southern
Morocco is characterized by high heat flow
densities. In the Tarfaya-Ladyoune-Dakhla
Basin, the HFD varies between 60-100
mW/m? due to numerous well data ranging
from 54 to 88 mW/m? (Rimi, 1990, 1999,
2000). An E-W trending heat flow density
anomaly with a mean value of 80-100 mW/m?
extends from the Canary lIslands across the
Tindouf Basin to the southern Algerian Sahara
(Lucazeau et al., 1988; Rimi, 1990). Consistent
with data from the WAC, the average HFD of
the Anti-Atlas reveal a considerably lower
value of 3640 mW/m? (Rimi, 1999; Rimi and
Lucazeau, 1987).
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Fig. 2.33: Geothermal gradient map of Morocco (modified from Zarhloule et al., 2005).
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Methodology

Low-temperature thermochronology

3.1 Low-temperature
thermochronology

Thermochronological methods, such as (U-Th-
Sm)/He and fission-track (FT) dating, are based
on the production of an isotope or radiation
damage, respectively, resulting from nuclear
decay, and the subsequent, thermally
controlled retention of these decay products.
Reiners and Brandon (2006) described that
these thermal sensitivity of thermochronome-
ters and thereof revealed ages provide
information about the cooling history of the
rock, rather than the crystallization ages of its
minerals.

As other radiometric dating methods, low-
temperature thermochronology is subject to
the general decay equation (1), describing the
decay of natural radiogenic mother isotopes
(N) to measurable decay products (daughter

isotopes or radiation damages) (D).
D =Dy + N(e* — 1) (1)

t: Ageofthe sample

D:  Quantity of daughter products

Dp: Quantity of daughter isotope in the original
composition

N: Quantity of mother isotope

A: Decay constant

Based on the assumption that radiogenic

mother isotopes disintegrate to stable
daughter products, the sample age, where the
radiometric system is thermodynamically
closed, can be calculated by the general age

equation (2).
1 D
t=1mn(1+2) (2)

Substitution of D with the density of sponta-
neous fission-tracks ps=)\f/)\dN(eAdt—1) and N
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with the density of induced fission-tracks
p="*Nlod vields the age equation of fission-
track dating (Galbraith and Laslett, 1993;
Hurford and Green, 1982; Wagner and Van
den Haute, 1992) (3).

t= %ln [1 + —’1“"506”‘1’] (3)

Afpi

t: Age of the sample
ps: Density of spontaneous fission-tracks

pi. Density of induced fission-tracks
238

Ao: Decay constant for a-emission of U
1.55125x10"%a ™ (Jaffey et al, 1971)

Ar Spontaneous fission decay constant of 2y
~85x 10" a™ (Wagner and Van den Haute,
1992)

Ay Total decay constant of 23‘9U/ e+,

I Isotopic ratio “CUy/ “PU, 72527 x 10 7
(Cowan and Adler, 1976)

o:  Thermal neutron fission cross section for
P, 580.2 x 10" cni’ (Hanna et al,, 1969)

¢.  Thermal neutron fluence

Q. Procedure factor for etching conditions and
individual counting of the operator

G: Geometry factor (0.5 for the external
detector method)

The basic foundation of the (U-Th-Sm)/He
technique is the accumulation of *He due to
the a-decay of 238y, 23y, B2Th, their daughter
products and '’

(Farley, 2002) (4):

Sm. The decay equation is

‘He=87FU (st — 1) +7 (ﬁ)

(eb3t—1) 4+ 6 7h (ebn2f — 1)
+ 1 sm (et — 1) (4)

t: Accumulation time or He age

A: Decay constant (35 = 1.551 x 10 04 ’], Aozs =
9.849x10 %47, N03,=4.948x10 a2, Ny =
6.54 x 10 %3 7) (Farley, 2002; Lugmair and
Mart, 1978)
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3.1.1 Fission-track thermochronology
Apatite (AFT) and zircon fission-track thermo-
chronology (ZFT) is based on the spontaneous

fission of %

U, during which the heavy
fragments of this fission create chemically
etchable linear defects in the crystals (Wagner,
1972) (Fig. 3.1).

Fission-tracks are metastable in relation to
time and temperature. The annealing of
spontaneous fission-tracks is governed by
temperature and the time the apatite and
zircon grains have been kept at a certain
temperature.

In apatite, the fission-tracks anneal completely
at temperatures above 110 °C/10 Ma. The
isotherm is referred to as the closure
temperature (T.) of the system, based on the
concept of other geochronological techniques
where the mineral becomes “closed” to the
diffusion of the daughter product below a
certain temperature (Dodson, 1973; Dodson,
1979; Ravenhurst and Donelick, 1992). Below
110 °C/10 Ma fission-tracks in apatite partially
anneal up to 60 °C/10 Ma, where the
annealing is virtually zero. Consequently, the
AFT system is sensitive to the temperature
range between 110-60 °C/10 Ma, called the
partial annealing zone (PAZ) (Gleadow and
Fitzgerald, 1987).

Information on the thermal history of apatite
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is stored in two archives: the etch pit areal
density at an artificially polished internal
surface and the length distribution of horizon-
tal confined tracks (Lisker et al., 2009; Wagner
and Van den Haute, 1992).

The temperature sensitive annealing of fission-
tracks in apatite is kinetically constrained by
two important effects: (1) the chemical
composition of the apatite (i.e. Cl/F-ratio) and
(2) the crystallographic orientation of the
tracks. Both kinetic parameters are routinely
determined.

Whereas fluorine rich apatites totally anneal at
90-110 °C/10 Ma, chlorine rich apatites
anneal between 110 °C/10 Ma and 150 °C/10
Ma. Besides electron microprobe measure-
ments of the chemical composition, the etch
pit diameter (Dpy) has been shown as an alter-
nate parameter that represents the chlorine
and fluorine content of individual apatite
crystals, with Cl-rich apatites showing larger
etch pits than fluorapatite (Barbarand et al,,
2003; Donelick, 1993, 1995; Sobel and Seward,
2010). In the thermal modelling software
*HeFTy', Dyar can be used as a kinetic parame-
ter (Ketcham, 2005; Ketcham et al., 20073, b;
Ketcham et al., 2009).

Furthermore, the crystallographic orientation
affects the annealing, as tracks parallel to the
c-axis anneal slower than tracks orthogonal to

Fig. 3.1: Schematic illustration of fission-track formation according to the ‘ion explosion spike' theory of Fleischer et al.
(1975). (A) lonisation of the lattice atoms by the moving charged particle. (B) Positive charged ions repel each other,
creating a cylindrical zone of disordered structure. (C) Formed fission-track (redrafted after Dickin, 2005; Ravenhurst and
Donelick, 1992; Wagner and Van den Haute, 1992).
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the c-axis (Donelick et al., 1999; Green, 1981,
1988; Green and Durrani, 1977; Laslett et al,,
1984). This anisotropy increases with anneal-
ing (Donelick et al., 1999; Green, 1981; Laslett
et al., 1984). The database on crystallographic
effects of annealing in apatite are integrated in
recent annealing models (Donelick, 1991;
Donelick et al., 1999; Donelick et al., 1990;
Ketcham, 2003; Ketcham et al.,, 2007a, b;
Ketcham et al., 1999). In this study, the con-
fined fission-track lengths were corrected for
their crystallographic orientation by applying
the computer code ‘HeFTy' to the data set
(Ketcham et al., 2007a).

In zircon, beside temperature the annealing
kinetics is controlled by the degree of
metamictisation which can be determined by
Raman spectroscopy. Metamictisation is
caused by interaction of the alpha particle and
the alpha-recoil nucleus with the crystal lattice
of zircon (Geisler et al., 2001; Nasdala, 2009;
Vance, 1975; Zhang et al., 2008; Zhang et al.,
2009). The alpha-particle creates point defects
and the alpha recoil nucleus creates large
areas of amorphisation, mostly nest-shaped.
The amount of alpha-particle and alpha-recoil
nucleus within the crystal lattice of zircon is a
function of the uranium and thorium content.
Alpha-particle and alpha-recoil nucleus anneal
at a higher temperature than fission-tracks in
zircon (Nasdala et al., 2004; Nasdala et al.,
2001). Therefore, the total annealing tempera-
ture of zircon decrease from 330 °C/10 Ma to
190 °C/10 Ma with increasing metamictisation
(Garver, 2002; Garver and Kamp, 2002; Rahn
et al, 2004; Reiners and Brandon, 2006).
Various other authors discussed the partial
annealing zone of fission tracks in zircon as
ranging between ~300 °C/10 Ma and 200
°C/10 Ma (Brix et al., 2002; Garver, 2002;
Hasebe et al., 2003; Rahn et al., 2004; Reiners
and Brandon, 2006; Tagami et al., 1996;
Yamada et al.,, 2003; Yamada et al., 2007;
Yamada et al., 1995). The interpretation of the
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ZFT ages will consider the uranium concentra-
tion as a broad indicator for the possible
temperature the samples have experienced.
Nevertheless, for a full description of the
metamictisation, the Th-content has also to be
taken under consideration.

3.1.2 (U-Th-Sm)/He thermochronology
The (U-Th-Sm)/He
apatite (AHe) and zircon (ZHe) is based on the

thermochronology  of

accumulation of “He due to the a-decay of
238y, 235y, B2Th, their daughter products and
Sm. Related to mineral specific diffusion
parameters and the duration of a certain tem-
perature, apatite and zircon are characterized
by a closure temperature (T.) and a partial
retention zone (PRZ) at a specific holding time.
The closure temperature of mineral grains is
dependent on the activation energy (E), a
geometric factor for the crystal form (A), the
thermal diffusivity (Do), the length of the
average diffusion pathway from the interior to
the surface of the grain (a) and the cooling
rate at closure temperature (Dodson, 1973).
The crystal size itself represents the effective
diffusion domain in apatites, with larger
crystals having a higher closure temperature
(Farley, 2000; Reiners and Farley, 2001).

In apatite, the T. is ~70 °C/1 Ma for a simple
monotonic cooling rate of 10 °C/1 Ma and a
subgrain domain size of > 60 um and the par-
tial retention zone (PRZ) ranges from 40 °C/1
Ma to 70 °C/1 Ma (Farley, 2000; Farley et al.,
1996; Wolf et al., 1998; Wolf et al., 1996).

In zircon grains with an effective radius of 60
um and a cooling rate of 10 °C/1 Ma, the He
diffusion data yield closure temperatures of
171-196 °C, with an average of 183 °C/1 Ma
(Reiners et al., 2002; Reiners et al., 2004).
Various  complicating  factors in  the
(U-Th-Sm)/He thermochronology may cause
false cooling ages and a large variety in the
single grain aliquot ages of a sample.

Since a-particles travel approximately 25 um in
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apatite and 20 um in zircon after being emit-
ted with high kinetic energy during the decay
of U and Th, a-particles may be ejected out of
a crystal or injected into a crystal from decay
in surrounding grains. Therefore, an a-ejection
(F) correction is needed for the compensation
of the lost or gained helium fraction (Farley,
2000; Farley et al., 1996; Wolf et al., 1996).
This correction factor strongly depends on
grain size and shape, but includes high, gener-
ally unknown errors, which are believed to be
as high as 20 %.

Current studies deal with the recently intro-
duced correction for radiation damage
(Flowers et al., 2009; Flowers et al., 2007;
Shuster and Farley, 2009; Shuster et al., 2006).
The “He diffusion in apatite is impeded by
radiation-induced damage to the crystal struc-
ture (Shuster et al., 2006). Their model predict
that the effective “He closure temperature of
apatite will vary with cooling rate and effective
U concentration [5], but may differ from the
commonly assumed T. of ~70 °C by up to
+15 °C (Shuster and Farley, 2009; Shuster et
al., 2006; Spiegel et al., 2009).

eU = [U] + 0.235[Th] + 0.0053[Sm] (5)

The eU factor characterizes the dependency of
*He-diffusion on the amount of accumulated
crystal defects created by the movements of
the fission products and the alpha-recoil
nucleus in the crystal lattice.

In apatite, radiation damage leads to increased
cooling ages (Shuster and Farley, 2009;
Shuster et al., 2006). According to Reiners et
al. (2004) and Reiners (2005) the influence of
radiation damage on ZHe ages is minor as long
as U concentrations are less than ~1000 ppm.
At higher U concentrations, a rapid decrease in
the He ages is observable.

Depending on the amount of radiation
damage and cooling history of the hosting
rock, the He diffusivity of a zircon can either be

decreased, as He is trapped, resulting in a
positive correlation with the eU content or the
He diffusivity can increase as numerous traps
are connected, resulting in a negative correla-
tion (Guenthner and Reiners, 2010). Such an
inverse correlation can be seen by plotting the
ZHe age as a function of eU (Reiners, 2005). If
such a negative correlation trend is envisaged
in the data, the low-eU zircons are the most
reliable ones to give a meaningful ZHe cooling
age.

Beside radiation damage, older apatite ages
are believed to be caused by U-/Th-rich
inclusions or fluid inclusions that might not
completely dissolved during sample digestion,
zonation, variation in grain size or related to
slow cooling through the PRZ (Fitzgerald et al.,
2006; Reiners and Farley, 2001). To avoid
these factors only appropriate crystals
(inclusion- and crack-free with accurate grain
size) were selected. Based on old AHe ages,
Fitzgerald et al. (2006) recommended the
calculation of a weighted mean age and the
determination of a ‘most representative age’.
In the present study, the youngest AHe aliquot
ages and the ZHe ages with the lowest eU
concentration were used for further interpre-

tation and discussion.

3.2 Sampling strategy

Two field campaigns were carried out within
this project. In June—July 2008 started the first
field campaign with the sampling of six wells in
the ONHYM facilities, followed by a field trip in
the western Anti-Atlas mountain belt and the
northern Tarfaya Basin (Fig. 3.2). The second
field trip in March 2009 was focused on the
Tarfaya—Ladyoune Basin between Tan-Tan in
the north, Boujdour in the south and Smara in
the east (Fig. 3.2).

In total, 100 samples were collected and
prepared for thermochronological analyses,
composed of 34 samples from the Anti-Atlas
and 66 samples from the Tarfaya Basin.
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Fig. 3.2: Geological map of the western Anti-Atlas and Tarfaya Basin with sample and well locations.

To determine the thermal and exhumation
history of potential source areas for the
Tarfaya Basin, Precambrian inliers from the
western Anti-Atlas were sampled (Fig. 3.2).
The landscape of the Anti-Atlas mountain belt
is characterized by a complex topography with

large distribution of elevations of up to
approximately 2000 m above sea level in the
study area. Therefore, 23 samples were taken
from various elevations between 60 and 1885
m a.s.l. (Tab.4.20). Samples were collected
from different Precambrian lithologies (2000-
550 Ma), including mainly magmatic rocks like
granite, rhyolite, gabbro and diabase as well as
siliciclastic metasedimentary rocks of the four

westernmost basement inliers Irherm, Ker-
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dous, Ifni and Bas Draa (Fig. 3.2, Tab. 4.20).

The wells Oum Doul-1 and Adrar Zougar-1,
located in the southwestern Anti-Atlas at the
boundary to the Tindouf Basin, have been

driled in  Precambrian to Palaeozoic
metasedimentary rocks (Fig.3.2, Fig.3.3).
Whenever drill cuttings were available,

samples were taken from medium- to coarse-
grained siliciclastic sediments over the entire
drilling profile. The five samples from the Oum
Doul-1 well are of Devonian to Lower
Carboniferous age (Fig. 3.3, Tab. 4.21). In the
Adrar Zougar-1 well,
collected from the Precambrian to Middle

six samples were

Ordovician succession (Fig. 3.3, Tab. 4.21).
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Oum Doul-1 (333 m a.s.l.) Adrar Zougar-1 (570 m a.s.l.)

Depth [m][Stratigraphy| Samples

0D-01: Claystone, 500 AZ-01: Sandstone

Sandstone|

OD-02: Siltstone, 1135 AZ-02: Sandstone

Sandstone

OD-03: Siltstone

AZ-03: Siltstone,
Sandstone

2544 'AZ-04: Sandstone

3000 IAZ-05: Sandstone
OD-04: Siltstone,
Sandstone

3316
OD-05: Siltstone, | 'TD 3397
Sandstone|

IAZ-08: Sandstone

Fig. 3.3: Schematic stratigraphic profile from wells Oum
Doul-1 and Adrar Zougar-1 of the western Anti-Atlas with
sample positions.

In the Tarfaya Basin, 35 outcrop samples were
taken for the determination of the time—
temperature development and Provenance
analysis (Fig. 3.2). Due to the flat topography
of the Tarfaya Basin with elevations of less
than 400 m a.s.l, an elevation-dependent
sampling strategy could be neglected. The
collected  from

outcrop samples were

sandstones and conglomerates ranging
between Lower Cretaceous and Pleistocene
age and from siliciclastic metasedimentary
rocks of Lower Ordovician age (Fig.3.2,
Tab. 4.1).

The three sampled onshore wells El Amra-1,
Chebeika-1 and Puerto Cansado-1, situated in
the northern Tarfaya Basin, have been drilled
in the

Precambrian basement (Fig. 3.2, Fig.3.4 and

Mesozoic  succession and the
Fig. 3.5). The offshore well Cap Juby-1 contains
the Mesozoic to Cenozoic succession (Fig. 3.5).
Whenever drill cores or cuttings were available

samples were taken from medium- to coarse-
grained siliciclastic sediments over the entire
drilling profile (Fig. 3.5). 26 samples from the
four wells are sandstones, siltstones and
conglomerates of Triassic to Lower Cretaceous
age and two samples of Miocene age (Fig. 3.5,
Tab. 4.2). Furthermore two samples were
taken from siliciclastic metasedimentary rocks
of the
Chebeika-1 well, one sample was collected
from a diabase of the CAMP intruded in the
Triassic succession.

Precambrian basement. In the

Fig. 3.4: Drill core and cutting boxes from wells Cap
Juby-1, Puerto Cansado-1 and Chebeika-1, ONHYM
facilities, Rabat.

3.3 Sample processing - preparation
Sample processing followed the standard

heavy mineral separation techniques (Grist
and Ravenhurst, 1992a, b; Stockli, 2005).

To avoid any contamination and due to the
drilling fluids in the cuttings, all samples were
washed and subsequently dried in an oven
with a maximum temperature of 30 °C.
Outcrop samples of about 3 kg were crushed
with a rock splitter. Additionally, a hand
specimen was stored. Further crushing of the
outcrop samples as well drill core samples
were performed by a jaw crusher. After
crushing, samples were sieved and particles
<300 um were separated for the shaking table
(Wilfley table). Particles > 300 um of outcrop
and drill core samples as well as drill cuttings
were further processed with a roller mill
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Fig. 3.5: Schematic geological profile from wells Cap Juby-1, Puerto Cansado-1, Chebeika-1 and El Amra-1 of the Tarfaya
Basin (W-E) with sample positions. Stratigraphy after Wenke et al. (2011).

aiming at the reduction of the grain size to
<300 um. After every crushing cycle, the
samples were sieved and particles <300 um
went to the shaking table. This procedure was
repeated until more than 90 % of the sample
material was < 300 um. The separation with
the shaking table was followed by sieving of
the heavy fraction through 63 pm. Conse-
guently, a sample fraction with grain sizes
between 63 um and 300 um was obtained for
further processing.

Heavy mineral separation was performed to
receive apatite and zircon concentrates. The
first step was the heavy liquid separation by
LST Fastfloat (80 % sodium polytungstate) with
a density of 2.8 kg/m® in a heavy liquid
centrifuge, followed by the separation with a
manual magnet and Frantz magnetic
separator. Finally, the non-magnetic fraction
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was processed by methylene iodide with a
density of 3.3 kg/m? and a solution of methyl-
ene iodide and acetone with a density of 3.2
kg/m® in a centrifuge or separating funnel
depending on the sample quantity. In several
zircon fractions an aqua regia digestion was
carried out to eliminate non-magnetic heavy
minerals, e.g. pyrite.

3.3.1 Fission-track processing and data
acquisition

The mounts necessary for the fission-track
analysis were prepared by standard prepara-
tion techniques (Glasmacher et al., 1998; Grist
and Ravenhurst, 1992a, b).

Apatite grains were embedded in epoxy resin
and afterwards dried for at least 48 hours. The
grain mounts were cut, grinded and polished
to reveal a smooth internal mineral surface.
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For observation under the optical microscope,
an etching procedure was carried out to make
the fission-tracks visible. Sobel and Seward
(2010) emphasized that Dy, values are
influenced by etching conditions and therefore
a controlled etching is essential for further use
of Dpr as a kinetic parameter in thermal
models like ‘HeFTy’. Apatite mounts were
etched in 5.5 M HNO; for 20 (£1) s at 20 (+1)
°C (thermalized water bath) and covered in
close contact by U—free micas as external
detectors. The mounts were packed into an
aluminium tube together with three glass
neutron dosimeter (CN5) of known uranium
content at the top, middle and bottom of the
batch and Durango apatite samples as internal
age standards.

Zircon grains were embedded in Teflon on a
hotplate at 315 °C. Subsequently the grain
mounts were grinded and polished to reveal a
smooth internal mineral surface. A controlled
etching process were performed after
standards given by Gleadow et al. (1976) and
Garver (2003). The etchant was a KOH:NaOH
eutectic melt mixed at a ratio of 7:5. Zircon
mounts were etched in an oven at 200 (£5) °C
for 3.5-8 h and afterwards also covered in
close contact by U—free micas as external
detectors. The mounts were packed into an
aluminium tube together with three glass
neutron dosimeter (CN1) of known uranium
content at the top, middle and bottom of the
batch and Fish Canyon Tuff zircon samples as
internal age standards.

Apatite and zircon batches were irradiated at
the research reactor FRM |l in Garching,
Germany with a fluence of 1 x 10'® or 1 x 10"
thermal neutrons/cm?, except for one apatite
batch irradiated at the research reactor Triga
in Mainz, Germany. After irradiation detection
micas were etched in 48 % HF for 20 (+1) min
at 20 (x1) °C. Based on water release into the
horizontal confined fission-tracks as a result of
irradiation, sample mounts have been cleaned

with 99.9 % ethanol in an ultrasonic bath and
dried for 10 min at 90 °C. Finally grain mount
and detection mica are attached side by side
to a glass slide for further processing under
the optical microscope.

Area densities (tracks/cm?®) of spontaneous
and induced tracks, confined track lengths and
c-axis oriented etch pit diameters (Dpa)
(Donelick, 1993, 1995) were determined at the
Heidelberg fission-track laboratory of the
Thermochronology and Archaeometry
Research Group. The applied system consists
of an Leitz ‘Aristomet’ optical microscope
equipped with an Autoscan” ‘AS3000i" 3-axis
microscope stage, a high-resolution Peltier-
cooled colour CCD camera ‘ColorView IlI' (5
megapixel) of Olympus’ and a Windows
based computer system with two Samsung®
244T monitors. Movement along each axis is
monitored by an external laser scale sensor ‘BL
55 RE' of Sony®. These sensors guarantee a
deviation of less than 500 nm along 4-5 cm of
movement. The entire setup is operated with
the Autoscan’ software Trakscan®, which also
calculates the track densities. Applying the
largest possible resolution, each pixel is
equivalent to less than 250 nm in size. Fission
tracks were counted using 100x (apatite) and
160x (zircon) dry objectives. Confined length
and etch pit size were measured by a 160x dry
objective using the Autoscan’ computer code
‘EasyLength .

Fission-track ages were determined using
external detector method (Fleischer et al.,
1965) combined with the {-method described
by Hurford and Green (1982, 1983) and
Wagner and van den Haute (1992). The
C-values of 333.4 (+17.9) and 334.6 (+15.8) for
apatite and 140.8 (+#5.9) for zircon were
obtained by counting Durango apatite and Fish
Canyon Tuff zircon age standards. All ages and
1o errors were calculated with the computer
code ‘TRACKKEY” (Dunkl, 2002). The fission-
track data are presented after the recommen-
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dation of Hurford (1990) and reported as
central ages according to Galbraith and Laslett
(1993).

In samples with a large spread in the single
grain age distribution, age populations were
determined by using the computer code
‘Popshare’ (Dunkl and Székely, 2002).

3.3.2 (U-Th-Sm)/He processing and data
acquisition

(U-Th-Sm)/He analysis was performed on
suitable single grains of apatite and zircon. The
heavy mineral concentrates obtained from
separation process were screened and at least
three appropriate grains selected for AHe and
ZHe dating. As the a-ejection correction factor
strongly depends on grain size and shape only
euhedral grains with a minimum size of 60 um
in width and a maximum length of 300 um are
used for dating in order to minimise the
uncertainties. Apatite and zircon were known
to occasionally produce a relatively large
scatter in ages obtained on crystals from one
sample that is generally believed to be caused
either by cracks, mineral or fluid inclusions or
by zoning of uranium and thorium concentra-
tion within a single crystal. Therefore, only
crystals free of inclusions and cracks were
selected, requiring a careful and time-
intensive picking process. The apatite and
zircon concentrates were searched under a
binocular and suitable mineral grains were
handpicked, using fine tweezers. Before
packing in U-free Pt foil tubes, the crystal sizes
of the grains were measured (Mitchell and
Reiners, 2003).

The apatite analysis as well as the zircon
analysis of well samples was performed at the
(U-Th-Sm)/He Laboratory of the Department
of Geology, University of Kansas, Lawrence,
USA. The handpicking of apatite and zircon
grains and screening for inclusions were car-
ried out using a Nikon SMZ-U stereo-

microscope with rotating stage and cross-
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polarization. All grains were digitally photo-
graphed using a Nikon digital ColorView”
camera. AnalySIS” imaging software was used
for the morphometrical measurement of each
grain before loading into Pt tubes (Fig. 3.6).

89.54 um

198.85 pm

50 um

Fig. 3.6: Apatite grain with shape dimensions photo-
graphed with the Nikon digital ColorView® camera at the
(U-Th-Sm)/He Laboratory of the Department of Geology,
University of Kansas.

Subsequently, the morphometric values were
imported into a LabView programme to cal-
culate the a-ejection correction factor. The
apatite procedure generally follows that of
House et al. (2000), ideal for single-crystal
analysis. The radiogenic “He was extracted in
an ultrahigh vacuum chamber through heating
with Nd-YAG lasers. The aliquots were heated
for 10 minutes at 1300 °C and subsequently
reheated to ensure complete degassing. The
released gas was measured and quantified
with a Balzers Prisma QMS-200 quadrupole
mass spectrometer. After complete degassing,
grains were recovered and dissolved for U, Th
and Sm determination. The apatite aliquots
were spiked with known amounts of tracer-
isotopes (*°Th, *°U, **Sm) and dissolved in
30 % HNO; for 1 h at 90 °C. The zircon grains
were dissolved by using a standard U-Pb
double pressure-vessel digestion procedure
(HF, HNOs and HClI) for a total of four days. In
order to minimize effects caused by unde-
tected mineral inclusions some apatite grains
were processed like zircon to ensure complete
digestions as described in Vermeesch et al.
(2007). *Sm was determined in order to
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constrain the potentially significant radiogenic
*He input by this isotope. After dissolution,
spiked aliquot solutions were analyzed for U,
Th, and Sm using a Fisons/VG PlasmaQuad |I
Inductively Coupled Plasma Mass Spectro-
meter (ICP-MS) as described by Stockli et al.
(2003) and Wipf (2006). All quantities were
measured on a single crystal, to eliminate
uncertainties that arise from grain to grain
heterogeneities (Ehlers and Farley, 2003;
Farley and Stockli, 2002). Reported errors are
6 % for apatite and 8 % for zircon based on the
respective reproducibility of the Durango and
Fish Canyon Tuff age standards.

The zircon analysis of outcrop samples was
performed at the Arizona Radiogenic Helium
Dating Laboratory of the Department of
Geosciences, University of Arizona, Tucson,
USA. The handpicking of zircon grains and
screening for inclusions were carried out at
the Heidelberg fission-track laboratory of the
Thermochronology and Archaeometry Re-
search Group by using an Olympus SZX16
stereomicroscope with a rotating stage. All
grains were digitally photographed with an
XC50° ‘ColorView" (5
megapixel) camera. Olympus Stream” imaging

Olympus digital
software was used to measure shape dimen-
sions of each grain before loading into Pt tubes
(Fig. 3.7).

At the Radiogenic Helium Dating Laboratory
the radiogenic “He was extracted by in vacuo
heating for 20 min at 1250-1400 °C with an
Nd-YAG laser, followed by cryogenic purifica-
tion and quantification of the amount of
released He with a Balzers quadrupole mass
spectrometer (QMS). Subsequently, grains
were recovered and dissolved in Teflon
microvials in Parr bombs with HF, HNO; and
HCI to remove fluoride salts. After dissolution,
spiked aliquot solutions were analyzed for U
and Th content on a high-resolution Element2
ICP-MS. Based on the reproducibility of stan-
dards an estimated uncertainty of less than

3% (1o) has been proposed (Mitchell and
Reiners, 2003).

The obtained AHe and ZHe raw data were
corrected for alpha ejection using the method
of Farley (1996) and Farley et al. (2002).

(2) Lange 271,98 ym

(3) Lange 103,23 ym

Fig. 3.7: Zircon grain with shape dimensions photo-
graphed with the Olympus XC50® digital ‘ColorView’
camera at the Heidelberg fission-track laboratory.

3.4 Time-temperature path
modelling

The thermal history can be achieved by a
modelling procedure that combines the
annealing kinetics of fission-tracks in apatite
and the He-diffusion behaviour of apatite and
zircon with the determined apatite fission-
track data set (single grain ages, confined
fission-track length distribution, Dpa,®), apatite
and zircon (U-Th-Sm)/He data sets and the
time-temperature (t-T) coordinates from the
known geological evolution of the area. The
computer code ‘HeFTy' v. 1.7.4 (Ketcham,
2005; Ketcham et al., 2007a, b; Ketcham et al,,
2009) used for modelling tests the geological
heating and cooling constraints against the
thermochronological data in order to deter-
mine a best-fit t-T evolution. The primary goal
of the program is to define envelopes of good
and acceptable results in t-T space that
contain all paths passing baseline statistical
criteria and being conformed to the user-
entered geological constraints. A good fit
corresponds to a merit value of 0.50 or higher
(goodness of fit, GOF > 50 %) and an
acceptable fit corresponds to a merit value of
0.05 or higher (GOF =5 %).
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The modelling process was started with the
forward approach, considering information
from geological evolution of the study area
and the thermochronological data set. In this
study AFT ages were combined with AHe and
ZHe data whenever available. Based on the
best forward model, the inverse modelling was
initiated. Along this t-T path geologically
constrained time-temperature boxes were
entered in the program by using the time-
scales of Gradstein (2004). The modelling
procedure was initiated with wide open boxes
that were continuously minimized during the
modelling process to find the best solution.
The computer code generates in the Monte
Carlo approach at least 10000 single t-T paths,
displaying only those that best approximate
the measured data. The amount of needed
model runs to find the best possible solution is
dependent on the existed degrees of freedom.
In simple AFT or combined AFT+AHe+ZHe
modelling 50000 model runs were performed,
whereas in simple AHe or ZHe modelling
30000 model runs were sufficient to find the
best solution.

Several apatite He-diffusion models are given
by ‘HeFTy’ software (Farley, 2000; Flowers et
al.,, 2009; Shuster et al.,, 2006; Wolf et al,,
1996), while each model was tested to find the
best fit model. In the present study the He-
diffusion models for apatite of Farley (2000)
and Shuster et al. (2006) and for zircon of
Reiners et al. (2004) with a-ejection correction
after Farley et al. (1996) were used to model
the thermal history (Fig.3.8). The applied
annealing model of fission-tracks in apatite is
described by Ketcham et al. (2007a) (Fig. 3.8).

3.5 Thermochronology in
sedimentary basins

Sedimentary basins represent some of the
best natural laboratories for studying and
constraining geological processes. The deter-
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mination of the sedimentation, burial, erosion
and inversion history combined with various
analytical and modelling techniques enables to
evaluate hydrocarbon generation in time and
space. Thermochronological methods, espe-
cially —apatite fission-track and apatite
(U-Th-Sm)/He dating, play an increasingly
important role in the evaluation of these
processes. In combination with further burial
and thermal history analysis, thermochrono-
meters provide important constraints on the
timing and duration of heating/cooling events
that can be used to evaluate hydrocarbon
systems. In contrast to vitrinite reflectance
data, thermochronology can determine tem-
peratures and its timing. Combined with
maximum  palaeotemperature techniques,
thermochronology provide some of the best
indicators for magnitude and timing of basin
inversion in sedimentary basins (Green et al.,
1995; Hill et al., 1995).

As the apatite annealing temperature range of
60-110 °C/10 Ma corresponds with liquid
hydrocarbon generation temperatures, AFT
dating is particularly important for basin
analysis and hydrocarbon exploration.

In a well with currently maximum tempera-
tures at any depth, the shallowest/coolest
samples should have relatively old AFT ages,
due to detrital ages that are at least as old as
the depositional age (Armstrong, 2005;
Naeser, 1979) (Fig.3.9a). A considerable
scatter in the detrital AFT single grain age
distribution in the shallow section is based on
the variation in source regions with different
exhumation histories. AFT ages can either
decrease or increase down section in the
upper part of the well (Fig. 3.9a). Based on the
apatite PAZ, below 60 °C the AFT ages
decrease continuously down section up to
110 °C, where the AFT ages are virtually zero
depending on the apatite chemistry (Fig. 3.9a).
An inversion after maximum burial yields an
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HeFTy Preferences ﬂ
General Apatite FT | (U-Th)He |

Defaults for new models
Default annealing model: |ketcham etal., 2007 ~|
Default c-axis projection model: ]Kettham etal. 2007, 5.5M ;I (also defines Lo etch method)
Default kinetic parameter: |opar @m)  ¥| value: 165
Default c-axis projection usage: lO"_LI Default Cf-rrad. usagem
Default age uncertainty reporting: [m Default zeta mode: Traditional v
Default length reduction in standard:0.893 Default Length GOF:  [Kuiper's Statistic |

Initial track length estimation Etch method: 5.5MHNO3, 21°C, 20 s

I Default initial track length source: |From Kpar vl Default constant value (um): |16.3

Lo (mean) =[0.283 = [ppar m) | +[1563  Lo(9=[0.35 = Dpar (um) +[15.72

Kinetic parameter information
Dpar conversion:  Carlson et al. (1999) Dpar (um) -Il *My Dpar + [0 pm

Default axis maximum for plotting kinetic parameter: |Dpar (um) vl : |5

Cancel | Restore Defadtvd.lesl

A )
HeFTy Preferences

General | Apatite FT (UTh)/He |

Default diffusion calibration: |Farley, 2000 (Durango Apatite) v | Defaultradius: [33.9  ym
Default age to report:ICorrected v I Default age alpha correction: IFarley etal. 1996 v
Default alpha calculation: |Redistribution vl Geometry: ISphere 'I

Default "Other” calibration parameters

Mineral: |Apatite | Activation energy (E): |32.9 keal fmol |Do ;l lSU cm?/sec

OK I Cancel Restore Default Values

———— — ————

HeFTy Preferences u

General | Apatite FT (U-Th)ME|

Default diffusion calibration: |Reiners et al., 2004 (Zrcon) ~_v| Defaultradius: 521  pm
Default age to repat:lConecb:d 'I Default age alpha mrredion:lFarley etal, 1996 v]
Default alpha calculation: |Redistribution vl Geometry: ISphere v|

Default "Other” calibration parameters

Mineral: IZircon 'I Activation energy (E): |40.4 kealfmol  [Do ~| l0.46 m2fsec

Cancel J Restore Default Values ]

Fig. 3.8: HeFTy preferences for time-temperature modelling (radius from sample MA-12).
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uplifted PAZ and total zone

(Fig. 3.9b). In the inverted zones the accumula-

annealing

tion of fission-tracks results in increasing ages
and generates a fossil PAZ and fossil total
annealing zone (Armstrong, 2005; Fitzgerald
and Gleadow, 1990; Naeser, 1979) (Fig. 3.9b).
Due to the fact that most wells are too shallow
a fossil and modern PAZ occur rarely together.
Except that temperatures (PRZ: 40-70 °C/1
Ma) are lower, in a well with currently maxi-
mum temperatures the general structure of
the AHe age profile is similar to the AFT profile

Detrital
AFT ages " =

(A) Detrital
+ He ages’ .

20

Temperature (°C)
(wsy) prdag

140} .

Thermochronometer age (Ma)

with detrital He ages above the PRZ that can
reveal a considerable scatter based on varia-
tions in source regions (Fig. 3.9a). An inversion
after maximum burial generates an AHe age
profile similar to the AFT profile (Fig. 3.9b). The
exhumation of the section forms a fossil PRZ
and a new PRZ as helium accumulates. An
example study in the Ottway Basin of Australia
showed decreasing AHe ages from wells of 75
Ma at the surface to virtually zero at depths
with a temperature of approximately 80 °C
(House et al., 1999).

(B)
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Fig. 3.9: Low-temperature thermochronometer versus temperature profiles in a well. (A) Scenario without uplift and
exhumation. AFT ages (filled squares) are all older than AHe ages (filled circles). APAZ: apatite partial annealing zone; APRZ:
apatite partial retention zone. (B) Scenario with rock uplift toward surface resulting in a fossil APAZ and APRZ (Armstrong,

2005; Naeser, 1979).
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Results

4.1 Tarfaya Basin

28 Cretaceous to Cenozoic and two Lower
Ordovician outcrop samples as well as 29
Meso- to Cenozoic and two Precambrian
samples from wells Chebeika-1, El Amra-1,
Puerto Cansado-1 and Cap Juby-1 have been
collected and prepared for low-temperature
thermochronology. Every sample that con-
tained apatite grains were processed for
fission-track Whenever

apatite analysis.

suitable grains were available in the well
samples, apatite (U-Th-Sm)/He dating were
carried out. Furthermore, apatite and zircon
(U-Th-Sm)/He as well as zircon fission-track
analysis were performed on designated
outcrop samples. The complete thermochro-
nological data set as well as location and
description of the samples from the Tarfaya

Basin are presented in Tables 4.1 and 4.2.

Table 4.1: All thermochronological data from outcrop samples of the Tarfaya Basin and sample location with description
Sample I Coordinateis (WGS84) I ElevationI Lith. I Stratigraphic age I Apatite I Error I Apatite I Error I Zircon I Error I Zircon I Error
N Latitude W Longitude [ma.s.l] (U-Th-Sm)/He 1o FT tlo (U-Th-Sm)/He tlo FT 1o
DD°MM'SS.S" DD°MM'SS.S" [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma]
1 1 1 1 | 1 I I 1 | | 1
MA-18  29°38'42" 9°58'49" 150 sdst Lo Cretaceous no ap. 176.2 19.6 n.d. - n.d. -
MA-19  29°38'42" 9°58'49" 150 congl Lo Cretaceous 63.5 3.8 180.7 13.7 n.d. - n.d. -
MA-24  28°17'13" 11°31'25" 0 sdst Albian 72.6 4.4 172.2 121 184.7 3.0 503.0 48.3
MA-25  28°17'34" 11°31'28" 0 sdst Albian no ap. no ap. - n.d. - nd. -
MA-26  28°12'10" 11°46'54" 2 sdst Turonian no ap. 216.3 18.0 n.d. - nd. -
MA-27  27°54'36" 12°57'46" 0 sdst, carb  Lower Pliocene no ap. 1425 16.2 n.d. - nd. -
MA-28  28°37'16" 10°46'38" 344 sdst,carb  Pleistocene no ap. no ap. - n.d. - n.d. -
MA-52  28°00'17" 12°28'51" 25 sdst Mio-Pliocene no ap. 237.2 348 n.d. - nd. -
MA-53  27°43'34" 12°54'26" 34 sdst Miocene n.d. - 1453 145 n.d. - 404.3 293
MA-54  26°25'22" 13°15'44" 148 sdst Miocene no ap. 104.4 17.4 8115 13.8 4613 46.7
MA-56  26°12'05" 13°54'36" 105 congl Mio-Pliocene n.d. - 1829 14.8 n.d. - n.d. -
MA-57  26°36'32" 13°42'29" 50  sdst, carb Eocene no ap. no ap. - n.d. - n.d. -
MA-58  26°36'33" 13°42'25" 61 sdst Pliocene n.d. - 141.7 35.0 n.d. - n.d. -
MA-59  28°04'48" 11°59'01" 80 sdst Pliocene n.d. - 916 16.2 n.d. - n.d. -
MA-60  26°39'44" 12°56'19" 101 sdst Eocene no ap. no ap. - n.d. - n.d. -
MA-61  26°37'42" 11°52'47" 332 congl Lo Cretaceous n.d. - 186.8 14.2 n.d. - n.d. -
MA-63  26°37'31" 11°58'15" 321 brec  Lower Ordovician  no ap. no ap. - n.d. - n.d. -
MA-64  26°37'31" 11°58'15" 321 quart Lower Ordovician ~ no ap. no ap. - n.d. - n.d. -
MA-65  27°01'46" 12°00'38" 281 sdst Lo Cretaceous no ap. no ap. - n.d. - n.d. -
MA-66  27°07'18" 11°52'46" 351  sdst,slst Lo Cretaceous no ap. no ap. - n.d. - n.d. -
MA-67  26°34'41"  12°14'47" 263 sdst  Cenoman-Turon n.d. - 2204 180 n.d. - n.d. -
MA-68  26°40'41" 12°35'22" 226 sdst Eocene no ap. no ap. - n.d. - n.d. -
MA-69  26°55'11" 12°12'01" 165 sdst Coniacian n.d. - 1411 116 n.d. - n.d. -
MA-70  26°55'08" 12°12'01" 184 sdst Coniacian no ap. 206.4 16.6 n.d. - n.d. -
MA-71  27°07'07" 11°34'36" 226 congl Lo Cretaceous no ap. no ap. - n.d. - n.d. -
MA-72  28°17'37" 11°32'37" 12 sdst Albian n.d. - 170.5 14.7 n.d. - n.d. -
MA-75  28°08'29" 11°18'18" 147 sdst Lo Cretaceous no ap. 199.3 17.6 n.d. - n.d. -
MA-77  28°40'37" 11°07'21" 25 sdst Lo Cretaceous n.d. - 185.3 14.3 1195.0 17.1 585.0 583
MA-78  28°12'15" 11°46'58" 17 sdst Campanian n.d. - 174.9 12.1 n.d. - 4523 40.7
MA-79  28°09'33" 11°38'20" 147 sdst  Cenoman-Turon no ap. no ap. - n.d. - n.d. -

Elevation in meter above sea level; Lith.: Lithology; sdst: sandstone; congl: conglomerate; carb: carbonate; brec: breccia; Lo Cretaceous: Lower
Cretaceous; Cenoman-Turon: Cenomanian-Turonian; no ap.: no apatite; n.d.: not determined.
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Table 4.2: All thermochronological data from wells of the Tarfaya Basin (Chebeika-1, El Amra-1, Puerto Cansado-1 and Cap

Juby-1) and sample location with description
T T T

Sample Depth Recent T Lithology I Stratigraphic age I Apatite I Error I Apatite I Error
[mb.s.] [°C] (U-Th-Sm)/He tlo FT tlo
[Ma] [Ma] [Ma] [Ma]
1 I | | | | I |
Chebeika-1
CH-01 301-304 28 sdst Lower Cretaceous no ap. - 143.0 11.8
CH-02 1213-1214.50 50 sdst Lower Cretaceous no ap. - 1318 321
CH-03 1456.50 - 1458.50 56 sdst, sIst Upper Jurassic 140 0.8 1199 10.5
CH-04 1696.50 - 1698.50 63 sdst, congl Upper Jurassic 15.1 0.9 98.1 15.8
CH-05 1961 - 1964 69 sdst Upper Jurassic 13 0.1 114.4 24.1
CH-06 2194 - 2196 75 sdst Upper Jurassic 25 0.1 69.0 7.0
CH-07 2489 - 2490 82 sdst Lower Jurassic 0.0 0.0 68.9 6.3
CH-08 2959.50 - 2961 94 sdst Triassic 0.0 0.0 384 38
CH-09 3265-3267 102 dia Triassic 0.0 0.0 20.6 43
CH-10 3646 - 3648 111 sdst, clyst Triassic 0.0 0.0 85 23
CH-11 3839-3844 116 sdst Triassic 0.0 0.0 8.7 1.8
CH-12 4188 -4191 125 sdst Precambrian 0.0 0.0 0.0 0.0
El Amra-1
EA-01 215-218 25 sdst Albian no ap. - 111.0 121
EA-02 530-535 33 sdst Aptian 1403 8.4 146.7 115
EA-03 789-792 40 sdst Berriasian no ap. - no ap. -
EA-04 1013-1016 45 sdst, sIst Oxfordian—Kimmeridgian no ap. - no ap. -
EA-05 1234-1238 51 sdst, slst Oxfordian—Kimmeridgian no ap. - 117.2 16.1
EA-06 1390 - 1865 61 congl Triassic no ap. - 75.7 13.7
EA-07 2114 -2362 76 congl Lower Triassic 11.4 0.7 712 12.9
EA-08 2572.80-2574.20 84 quart Precambrian no ap. - no ap. -
Puerto Cansado-1
PC-01 433.50-499.50 32 sdst Albian 340 20 117.8 10.9
PC-02 890 -1095.80 45 sdst Aptian 18.0 11 128.6 11.0
PC-03 1284 -1286 53 sdst Barremian no ap. - 1173 105
PC-04 1357-1360 54 sdst Barremian 15.9 22 120.2 111
PC-05 1555-1674 60 sdst Hauterivian 18.8 11 64.5 5.0
PC-06 2296.50 - 2297.50 78 sdst, carb Tithonian 35 0.2 487 45
PC-07 3668 - 3669.80 112 sdst Bathonian 0.0 0.0 12.8 31
Cap Juby-1
cJ-01 780-1100 48 slst Upper Miocene 9.1 0.5 67.3 12.8
aJ-02 1200-1370 58 slst Middle Miocene 6.2 04 92.8 11.9
CJ-03 1560 - 1850 71 sdst, clyst Valanginian 0.8 0.0 110.8 40.5
CJ-04 2040 - 2180 83 sdst Valanginian 1.1 0.1 no ap. -

Depth in meter below surface; sdst: sandstone; slst: siltstone; congl: conglomerate; dia: diabase; clyst: claystone; quart: quartzite; carb: carbonate; no ap.: no
apatite.
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4.1.1 Chebeika-1

4.1.1.1 Apatite (U-Th-Sm)/He ages

Four samples from well Chebeika-1 with two
and three, respectively single grain aliquots
have been analysed by apatite (U-Th-Sm)/He
dating. Two samples contained no suitable
apatite grains for AHe processing. Raw AHe
ages cover a range from 1.0 (¥0.1) to 71.4
(#4.3) Ma (Tab. 4.3). a-ejection correction
after Farley et al. (1996) was applied to all
grains resulting in ages between 1.3 (+0.1) and
88.8 (+5.3) Ma (Tab. 4.3). Since the youngest
AHe age of the aliquots is generally considered
to reveal the most accurate date of cooling,
the youngest single grain age of every sample
was used for further interpretation and
discussion. These a-ejection corrected single
grain ages range from 15.1 (x0.9) Ma at a
depth of 1696.50-1698.50 m to 1.3 (+0.1) Ma
at a depth of 1961-1964 m (Fig. 4.2, Tab. 4.3).
Based on the AHe ages of 1.3 (x0.1) and 2.5
(£0.1) Ma from samples CH-05 and CH-06 and
the increment of the current temperature
with increasing depth, the AHe ages of
samples CH-07 to CH-12 have been set at 0.0
Ma. The ages decrease almost continuously
with increasing depth (Fig. 4.2). All single grain

aliquot ages are significantly younger than the
corresponding sedimentation age of the
sampled rock and younger as the apatite
fission-track age.

All samples show no clear positive correlation
between single grain age and effective
Uranium concentration (eU = [U] + 0.235 [Th]
+0.0053 [Sm]; e.g. Shuster et al., 2006; Spiegel
etal., 2009) (Fig. 4.1).
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Fig. 4.1: AHe single grain ages (1o error) from well
Chebeika-1 plotted against eU.

In samples from the Chebeika-1 well, no
correlation between equivalent grain radius
and AHe age distribution has been determined
(Reiners and Farley, 2001) (Fig. 4.3).
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Fig. 4.2: Thermochronometric age (1o error) — depth distribution of the Chebeika-1 well. On the left side the recent

temperature distribution as well as a schematic stratigraphic profile is displayed.
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Fig. 4.3: AHe single grain ages (1o error) from well

Chebeika-1 plotted against equivalent grain radius.

4.1.1.2 Apatite fission-track ages

In the Chebeika-1 well, twelve samples have
been determined by apatite fission-track
analysis. The apatite fission-track central ages
range from 143.0 (+11.8) Ma at a depth of
301-304 m to 0.0 Ma at a depth of 4188-4191
m (Fig. 4.2, Tab. 4.4). Sample CH-12, with an
age of 0.0 Ma, indicates a complete annealing
and therefore a current temperature of more
than 110 °Cin 4188—-4191 m depth. Except for
sample CH-05, the AFT ages
continuously from the top to the bottom of
the well (Fig. 4.2). The scatter is due to the
very low amount of apatite single grains in

decrease

samples CH-04 and CH-05. Whereas in sample
CH-04 an age of 98.1 (+15.8) Ma was
determined by five grains, in sample CH-06
only six grains was analysed resulting in an AFT
age of 114.4 (+24.1) Ma. The ages of the
Triassic and Jurassic samples are younger than
the respective sedimentation or intrusive age
of the sampled rock. In contrast the Lower
Cretaceous samples reveal similar AFT and
sedimentation ages. The single grain age
distributions of eleven samples fulfilled the
requirement of the y*-test indicating a
homogenous distribution with respect to the
1o error of the single grain ages (Galbraith,
1981). Whereas the test is passed when
X*>5 %, the samples reached values between
45 and 100 %. Sample CH-11 barely failed the
requirement of the x’-test with a value of 4 %.
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4.1.1.3 Etch pit size and track length
distribution

Etch pit size (Dpar) @and confined spontaneous
fission-track lengths were measured in every
sample. A total of 685 Dy, values were deter-
mined for all apatite grains (Tab. 4.5). The
mean Dyy values for each sample reveal a
range between 1.3 (+0.2) and 1.7 (0.3) um.
The narrow Dy, distribution indicates a very
homogenous chemical composition concern-
ing the fluorine and chlorine content of the
apatites. Five samples show a negative
skewness ranging from -0.120 to -1.490, while
the other samples exhibit a positive skewness
between 0.073 and 1.218. The skewness is a
factor of symmetry of the Dy, value
distribution. A large skewness value indicates a
larger variation in the etch pit size. The largest
etch pit size as well as the largest spread
ranging between 1.0 (20.1) and 2.7 (+0.1) was
measured in sample CH-06. No positive
correlation between single grain ages and Dy,
values has been detected.

Confined spontaneous fission-track lengths
were detected in only five of twelve samples.
A total of 34 track lengths were measured
(Tab. 4.5). The obtained mean track lengths
range from 9.1 (+1.1) to 11.4 (¥1.7) um. The
track length distributions of the samples show
no significant skewness ranging between
-0.566 and -0.271. The largest track length of
14.6 (+0.1) pm and the smallest of 6.9 (+0.1)
um were measured in sample CH-01. After
correcting of the confined track lengths for
by the
computer code ‘HeFTy’, the mean confined

their crystallographic orientation

fission-track lengths changed to a distribution
between 11.8 (+0.8) and 13.2 (+1.1) um
(Ketcham et al., 2007a). The skewness of the
c-axis corrected track length distributions
range from -0.397 to 0.416. The largest track
length after c-axis correction of 15.2 (0.1) um
and the smallest of 10.2 (¥0.1) um was
determined in sample CH-01.
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Table 4.3: Apatite (U-Th-Sm)/He data from well Chebeika-1 of the Tarfaya Basin
T T T T T T T T T T T T T T
Sample RecentT Mass Radius U Th Sm eU Th/U ‘He Fe Rawage  Error Corr. age Error
'l [ugl [um] [ug/el [ue/gl [ne/el [e/el [nmol/g] [Ma] #1o[Ma] [Ma] #1c[Ma]
1 1 1 1 1 1 1 1 I 1 I 1 1
CH-03.1 56 4.8 56.0 1 8 9 3 9.9 015 0.728 10.2 0.6 140 0.8
CH-03.3 56 5.7 59.0 2 8 18 4 4.6 0.28 0.750 13.9 0.8 18.5 1.1
CH-04.1 63 114 685 2 2 33 3 0.9 1.19 0.805 71.4 4.3 88.8 53
CH-04.2 63 85 65.0 6 22 63 11 39 071 0.777 11.7 0.7 151 0.9
CH-04.3 63 24.5 87.0 <1 3 26 1 5.6 0.10 0.840 13.5 0.8 16.0 1.0
CH-05.1 69 3.6 54.0 3 18 9 7 6.2 0.28 0.711 7.5 0.4 10.5 0.6
CH-05.2 69 6.0 60.5 1 8 18 3 135 041 0.750 28.4 1.7 37.8 2.3
CH-05.3 69 52 62.0 <1 1 <1 <l -582 000 0.735 10 0.1 13 0.1
CH-06.1 75 39 52.0 7 12 21 10 1.7 0.26  0.725 4.6 0.3 6.4 0.4
CH-06.2 75 3.6 51.0 12 5 20 13 0.4 0.73 0.727 10.5 0.6 14.5 0.9
CH-06.3 75 7.6 64.0 2 7 8 4 3.1 0.04 0.767 19 0.1 2.5 0.1

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

ck data from well Chebeika-1 of the Tarfaya Basin

Table 4.4: Apatite fission-tra
T T

T
Sp. Tracks

T
Ind. Tracks

Sample Recent T n U (std) POP) Central age Error
ra . . [ne/el ., N N [%] . [Ma] Bl [Ma]
CH-01 28 20 13.5(11.3) 6.370 400 11.291 709 99.9 143.0 11.8
CH-02 50 3 6.6 (5.6) 3.512 27 6.763 52 86.3 131.8 321
CH-03 56 20 18.3(8.3) 9.869 311 20.944 660 97.0 119.9 10.5
CH-04 63 6 9.84(7.1) 3.624 60 9.424 156 85.2 98.1 15.8
CH-05 69 5 12.28(7.7) 4.839 35 10.784 78 89.4 1144 24.1
CH-06 75 17 20.3(17.9) 5.661 171 21.021 635 97.8 69.0 7.0
CH-07 82 18 22.0(13.9) 6.465 237 24.059 882 94.7 68.9 6.3
CH-08 94 20 23.1(15.7) 3.820 174 25.577 1165 89.4 384 3.8
CH-09 102 20 7.09 (3.3) 0.769 40 8.630 449 44.8 20.6 43
CH-10 111 11 15.27 (9.6) 0.673 15 20.418 455 81.1 8.5 2.3
CH-11 116 20 29.3(19.3) 0.964 48 29.389 1463 4.0 8.7 1.8
CH-12 125 2 3.63(1.0) 0.000 0 4.185 18 100.0 0.0 0.0

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; p,: density of spontaneous tracks (10°
tr/cmz),' Ns: number of spontaneous tracks; p;: density of induced tracks (105 tr/cmz); Ni: number of induced tracks; P()(Z): probability that
single grains are consistent and belong to the same population. Test is passed if P(xz) >5 % (Galbraith, 1981). Nd = 13338 tracks counted on
CNS5 dosimeter glass. Central ages are calculated using a Z-value of 333.36 + 17.89. Samples were irradiated at the FRM |l reactor facility in

Garching, Germany with a fluence of 1 x 10" neutrons/cmz.
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Table 4.5: Confined fissi
T T

on-track length data from well Chebeika-1 of the Tarfaya Basin

Sample n CcT cT cT cT (01) L L L L L n Dpar  Dpar  Dpar  Dpar Dgar
CT mean std skew min max mean std skew min max D, mean std skew min  max

. [um] I[um]I . [pm] . [um] . [um] I[utm]I . [um] . [um] . . [um] I[uLm]I [um] . [um]

CH-01 27 114 17 0566 69 146 132 11 -0397 102 152 113 1.7 0.2 0447 11 2.5
CH-02 n.da* = - - - - = - - - - 15 17 0.2 -1490 13 1.8
CH-03 2 9.6 06 0000 92 100 118 0.8 0.000 112 123 98 15 0.2 0552 11 2.1
CH-04 n.da. = - - - - = - - - - 30 15 0.2 -0120 1.0 1.8
CH-05 n.da. = - - - - = - - - - 25 1.6 03 1218 13 2.2
CH-06 3 9.1 1.1 0271 80 102 119 05 0416 114 125 81 1.6 04 1167 1.0 2.7
CH-07 1 9.4 - - 9.4 9.4 126 - - 126 126 89 1.6 03 -0.527 1.0 2.2
CH-08 1 11.0 - - 11.0 110 132 - - 132 132 84 17 03 -0382 09 24
CH-09 n.da. = - - - - = - - - - 57 15 02 0073 11 1.9
CH-10  n.da. = - - - - = - - - - 41 13 0.2 -0123 09 1.8
CH-11  n.da. = - - - - = - - - - 51 15 02 0371 11 2.0
CH-12  n.da. = - - - - = - - - - 1 1.2 - - 1.2 1.2

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dy, mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values; n.da.: no data.

50



Tarfaya Basin

Results

4.1.2 El Amra-1

4.1.2.1 Apatite (U-Th-Sm)/He ages

Two samples from well El Amra-1 with two
and three, respectively single grain aliquots
have been analysed by apatite (U-Th-Sm)/He
dating. Three samples contained no apatite
grains and three samples no suitable grains for
AHe processing. Raw AHe ages cover a range
from 8.5 (+0.5) to 145.8 (+8.7) Ma (Tab. 4.6).
a-ejection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 11.4 (+0.7) and 185.4 (+11.1) Ma
(Tab. 4.6). The youngest a-ejection corrected
single grain age of each sample range from
140.3 (+8.4) Ma at a depth of 530-535 m to
11.4 (#0.7) Ma at a depth of 2114-2362 m
(Fig. 4.5, Tab. 4.6). The ages decrease almost
continuously with increasing depth (Fig. 4.5).
Whereas the AHe age of sample EA-07 is
significantly younger than the corresponding
sedimentation age of the sampled rock and
younger than the apatite fission-track age,
sample EA-02 reveal an age older than the
depositional age and equal to the AFT age. The

o Surface temperature: ~20°C

age is probably caused by uranium and
thorium rich inclusions that might not have
been completely dissolved during sample
digestion.

In samples from the El Amra-1 well, no clear
correlation between single grain age and
effective Uranium concentration has been
determined (Fig. 4.4).
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Fig. 4.4: AHe single grain ages (1o error) from well El
Amra-1 plotted against eU.

The samples show no correlation between
equivalent grain radius and AHe age distribu-
tion (Fig. 4.6).
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Fig. 4.5: Thermochronometric age (1o error) — depth distribution of the El Amra-1 well. On the left side the recent

temperature distribution as well as a schematic stratigraphic profile according to Wenke et al. (2011) is displayed.
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4.1.2.2 Apatite fission-track ages

Five of eight samples from well El Amra-1 have
been determined by the apatite fission-track
method. Three samples contained no apatite
grains. The AFT central ages vary between
146.7 (£11.1) Ma at a depth of 530-535 m and
71.2 (¥12.9) Ma at a depth of 2114-2362 m
(Fig. 4.5, Tab. 4.7). The AFT ages decrease
almost continuously with increasing depth
(Fig. 4.5). In the upper part of the well, sample
EA-01 shows a younger age of 111.0 (#12.1)
Ma than sample EA-02. The AFT ages of the
Triassic and Jurassic samples are younger than
the corresponding sedimentation age of the
sampled rock, while the Lower Cretaceous
samples reveal similar or older AFT ages. All
single grain age distributions fulfilled the
requirement of the x-test with values
between 14 and 97 %.
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4.1.2.3 Ftch pit size and track length
distribution

Etch pit size (Dpar) and confined spontaneous
fission-track lengths were measured in every
sample. A total of 254 D, values were
determined for all apatite grains (Tab. 4.8).
The mean Dy, values for each sample reveal a
range between 1.4 (+0.2) and 1.9 (+0.2) um.
Two samples show a negative skewness of
-0.020 and -0.133, while the other samples
exhibit a positive skewness between 0.177 and
0.320. The largest spread in etch pit size
varying between 1.3 (#0.1) and 2.7 (+0.1) um
was measured in sample EA-02. No positive
correlation between single grain ages and Dy,
values has been detected.

A total of 142 confined fission-track lengths
were measured in four samples (Tab. 4.8). The
obtained mean track lengths differ from 9.9
(+0.4) to 12.0 (£1.3) um. The track length
distributions of the samples show a positive
skewness ranging between 0.039 and 1.630.
The largest track length of 14.8 (0.1) um as
well as the smallest of 9.2 (#0.1) um was
EA-02. After the
correction of the confined track lengths for

measured in  sample
their crystallographic orientation, the mean
confined fission-track lengths changed to a
distribution between 11.9 (x0.4) and 13.3
(#1.2) um. The skewness of the c-axis
corrected track length distributions indicates a
variation from -1.134 to 0.681. The largest
track length after c-axis correction of 15.5
(+0.1) um and the smallest of 9.8 (#0.1) um
was determined in sample EA-02.
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Table 4.6: Apatite (U-Th-Sm)/He data from well El Amra-1 of the Tarfaya Basin
T T T T T T T T T T T T T T

Sample RecentT Mass Radius U Th Sm eU Th/U ‘He Fe Rawage  Error Corr. age Error

[°q [ugl [um] [ug/gl [me/e] [ug/el [ug/gl [nmol/g] [Ma] #1c[Ma] [Ma] #1c[Ma]
I 1 1 1 1 I 1 1 1 I 1 I 1 1
EA-02.1 33 45 570 7 1 14 8 01 588 0755 1399 8.4 185.4 11.1
EA-022 33 55 590 20 33 50 27 17 1601 0753 1057 6.3 1403 8.4
EA-02.3 33 131 748 13 13 51 16 10 1322 0811 1458 8.7 179.6 10.8
EA-05.1 51 240 555 2 7 17 3 39 033 073 182 1.1 247 15
EAD52 51 291 570 1 3 16 2 31 009 0749 85 0.5 114 0.7

eU = [U] +0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

Table 4.7: Apatite fission-track data from well El Amra-1 of the Tarfaya Basin
T

Sample Recent T n U (std) Sp. Trlacks Ind. Trlach POP) Central age Error

. e . . [ne/el ., N N [%] . [Ma] Bl [Ma]
EA-01 25 11 17.4(12.0) 7.686 171 17.799 396 51.1 111.0 12.1
EA-02 33 20 19.4 (13.4) 8.878 499 15.533 873 96.7 146.7 11.5
EA-05 51 5 19.5(13.5) 12.277 91 26.983 200 60.0 117.2 16.1
EA-06 61 6 22.95(11.0) 8.220 68 30.702 254 143 75.7 13.7
EA-07 76 6 15.3(10.9) 3.736 47 13.594 171 38.7 71.2 129

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; p,: density of spontaneous tracks (10° tr/em?);
Nq: number of spontaneous tracks; p;: density of induced tracks (105 tr/cmz); Ni: number of induced tracks; P(xz): probability that single
grains are consistent and belong to the same population. Test is passed if P(xz) > 5 % (Galbraith, 1981). Nd = 13338 tracks counted on CN5
dosimeter glass. Central ages are calculated using a Z-value of 333.36 + 17.89. Samples were irradiated at the FRM Il reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cmz.

Table 4.8: Confined fission-track length data from well El Amra-1 of the Tarfaya Basin

T T T T T T T T T T T T T T T T

Sample n CcT cT CT CT CcT L Le L Le L n Doar  Dpar  Dpar  Dpr  Dgar
CT mean std skew min max mean std skew min max Dg mean std skew min max
[um]  [um] [um] [um]  [um] [um] [um]  [um] [um]  [um] (um]  [um]

EA-O1 16 119 13 0406 94 130 133 08 0681 122 141 52 16 02 0206 1.2 2.2
EA-02 122 120 13 0039 92 148 133 12 -0607 98 155 119 19 02 0177 13 2.7
EA-05 3 99 04 1630 96 104 119 04 -1134 115 122 25 1.7 03 -0020 11 2.3
EA-06 1 14.5 - - 145 145 155 - - 155 155 28 1.5 04 0320 1.0 2.1
EA-07 n.da. = - - - - = - - - - 30 14 02 -0133 10 1.8

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Do, mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values; n.da.: no data.
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4.1.3 Puerto Cansado-1

4.1.3.1 Apatite (U-Th-Sm)/He ages

Six samples from well Puerto Cansado-1 with
three to six single grain aliquots have been
analysed by apatite (U-Th-Sm)/He dating. One
sample contained no apatite grains for AHe
processing. Raw AHe ages cover a range from
1.9 (#0.1) to 53.8 (+3.2) Ma (Tab. 4.9). a-
ejection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 3.5 (+0.2) and 62.6 (+3.8) Ma (Tab.
4.9). The youngest a-ejection corrected single
grain age of each sample range from 34.0
(£2.0) Ma at a depth of 433.50-499.50 m to
3.5 (+0.1) Ma at a depth of 2296.50-2297.50
m (Fig. 4.8, Tab. 4.9). Based on the calculated
current temperature in 3668-3669.80 m
depth, the AHe age of sample PC-07 has been
set as 0.0 Ma. The ages decrease almost
continuously with increasing depth (Fig. 4.8).
All single grain aliquot ages are significantly
younger than the corresponding sedimen-
tation age of the sampled rock and younger

o Surface temperature: ~20°C

than the apatite fission-track age. The samples
from the Puerto Cansado-1 well show no clear
positive correlation between single grain age
and effective Uranium concentration (Fig. 4.7).
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Fig. 4.7: AHe single grain ages (10 error) from well Puerto
Cansado-1 plotted against eU.

According to Reiners and Farley (2001), a clear
positive correlation between equivalent grain
radius and AHe age distribution was deter-
mined in sample PC-05 (Fig. 4.9). A positive
correlation is indicative for a long residence
time in the PRZ.
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Fig. 4.8: Thermochronometric age (1o error) — depth distribution of the Puerto Cansado-1 well. On the left side the recent
temperature distribution as well as a schematic stratigraphic profile according to Wenke et al. (2011) is displayed.
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Fig. 4.9: AHe single grain ages (1o error) from well Puerto
Cansado-1 plotted against equivalent grain radius.

4.1.3.2 Apatite fission-track ages

In the Puerto Cansado-1 well every sample has
been analysed by apatite fission-track dating.
The AFT central ages range from 128.6 (+11.0)
Ma at a depth of 890-1095.80 m to 12.8
(#3.1) Ma at a depth of 3668-3669.80 m
(Fig. 4.8, Tab. 4.10). The apatite fission-track
ages decrease almost continuously with
increasing depth, whereby sample PC-01 is
slightly younger than sample PC-02 (Fig. 4.8).
While the Jurassic to Barremian samples
reveal ages younger than the corresponding
sedimentation age, the Albian and Aptian
samples (PC-01, PC-02) show similar AFT and
stratigraphic ages. Except for sample PC-07, all
single grain age distributions fulfilled the re-
quirement of the y*test with values between
93 and 100 %.

4.1.3.3 Etch pit size and track length
aistribution

Etch pit size (Dpyr) and confined spontaneous
fission-track lengths were measured in every
sample. A total of 803 D, values were
determined for all apatite grains (Tab. 4.11).
The mean Dy, values for each sample reveal a
range between 1.5 (+0.3) and 1.7 (+0.4) um.
All samples show a positive skewness ranging
from 0.027 to 1.359. The largest etch pit size
of 2.8 (¥0.1) um was measured in sample

PC-02. Sample PC-06 shows the largest spread
in etch pit size ranging between 0.6 (+0.1) and
2.6 (¥0.1) um. In sample PC-02, a positive
correlation between single grain ages and Dy,
values has been detected (Fig. 4.10). The
positive correlation indicates an inhomo-
geneous chemical composition concerning the
fluorine and chlorine content of the apatite
grains.
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Fig. 4.10: AFT ages (1o error) from sample PC-02 plotted

against Dy, values.

Confined spontaneous fission-track lengths
were detected in every sample. A total of 112
track lengths were measured (Tab. 4.11). The
obtained mean track lengths range from 11.0
(#1.7) to 12.3 (¢1.3) pum. The track length
distributions of the samples show a skewness
ranging between -1.056 and 1.427. The largest
track length of 15.3 (+0.1) um was measured
in sample PC-02, while the smallest of 7.6
(#0.1) um was measured in sample PC-01.
After correcting of the confined track lengths
for their crystallographic orientation, the mean
confined fission-track lengths changed to a
distribution between 12.8 (+0.8) and 13.8
(£0.7) um. The c-axis corrected track length
distributions of the samples show a skewness
ranging between -1.672 and 1.302. The largest
track length after c-axis correction of 15.9
(#0.1) pm and the smallest of 10.3 (+0.1) um
was determined in sample PC-02.
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Table 4.9: Apatite (U-Th-Sm)/He data from well Puerto Cansado-1 of the Tarfaya Basin
T T T T

Sample RecentT Mass Radius U Th Sm eU Th/U ‘“He Fe Rawage  Error Corr. age Error

. [l . [ug] . [um] I[ug/glllug/glllug/glllug/gll I[nmol/g]I . [Ma] Ii 1cx[Ma]I [Ma] Ii 1o [Ma]
PC-011 32 09 315 7 18 105 12 25 157 0560 234 14 418 25
PCO12 32 07 306 3 38 9 12 115 126 0520 177 1.0 34.0 2.0
PC-013 32 10 288 3 21 121 8 77 118 0570 249 15 437 26
PC-01.4 32 08 322 35 41 31 45 12 679 0560 279 17 498 3.0
PC-015 32 14 366 3 15 64 7 44 113 0610 279 16 457 2.7
PC-02.1 45 41 501 1 13 66 5 96 108 0712 392 3.1 55.0 4.4
PC-022 45 28 475 2 41 76 11 228 100 0679 154 12 22.7 18
PC-023 45 26 444 7 45 157 17 70 179 0670 173 14 25.8 2.1
PC-02.4 45 19 417 3 47 126 14 151 107 0640 127 0.8 19.9 12
PC-025 45 28 445 1 15 8 5 128 058 0680 193 12 284 17
PC-026 45 52 560 1 49 72 13 365 095 0720 130 0.8 180 11
PC-041 54 79 650 3 8 4 19 049 0775 206 12 26.5 16
PC042 54 227 870 1 3 24 1 52 010 0837 133 19 159 2.2
PC-043 54 246 900 <1 19 1 55 020 0840 295 338 35.1 45
PC-051 60 60 590 12 15 55 16 12 127 0761 143 0.9 18.8 11
PC-052 60 128 740 2 21 3 21 040 0808 244 15 30.2 18
PC-053 60 373 1040 1 25 2 89 064 0860 538 32 62.6 3.8
PCO61 78 09 346 1 39 33 10 307 011 0550 19 01 35 0.2
PC-062 78 14 381 7 29 25 14 41 038 0610 48 0.4 7.8 0.6
PC-063 78 10 345 28 64 61 43 23 120 0580 51 03 88 0.5
PC-06.4 78 12 352 1 3 78 10 262 015 0570 26 0.2 46 0.3

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

Table 4.10: Apatite fission-track data from well Puerto Cansado-1 of the Tarfaya Basin
T T T T T

T T T

Sample Recent T n U (std) Sp. Tr:'acks Ind. Trlach PEP) Central age Error
. [’c . . [ug/el Lok (8 : o N; . 1%l . [Ma] . +1c[Ma]

PC-01 32 20 20.0(16.6) 9.257 262 18.867 534 100.0 117.8 109
PC-02 45 20 6.8 (6.5) 3.040 352 5.665 656 94.4 128.6 11.0
PC-03 53 20 6.2 (5.3) 2.979 290 6.091 593 94.9 117.3 10.5
PC-04 54 16 8.0(5.2) 3.911 259 8.470 561 100.0 120.2 11.1
PC-05 60 20 14.3(11.3) 4.639 402 18.694 1620 933 64.5 5.0
PC-06 78 30 19.8 (18.0) 4.267 211 21.113 1044 98.7 48.7 4.5
PC-07 112 30 26.0(44.2) 0.959 97 20.205 2043 0.0 12.8 3.1

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains p,: density of spontaneous tracks (105 tr/cmz);
N,: number of spontaneous tracks; pi: density of induced tracks (10° tr/cm?); Ni: number of induced tracks; P(x’): probability that single
grains are consistent and belong to the same population. Test is passed if P(x’) > 5 % (Galbraith, 1981). Nd = 16835 tracks counted on CN5
dosimeter glass. Central ages are calculated using a C-value of 333.36 + 17.89. Samples were irradiated at the FRM I reactor facility in
Garching, Germany with a fluence of 1 x 10'® neutrons/cm’.
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Table 4.11: Confined fission-track length data from well Puerto Cansado-1 of the Tarfaya Basin
T T T

T T T T T T T T T T T
Sample n cT CcT cT (01) CcT L L L L L n Dpar  Dpar  Dpar  Dgr  Dpar
CT mean std skew min max mean std skew min max D, mean std skew min  max
. . [pm] I[uLm]I . [um] . [um] . [um] I[utm]I . [um] . [um] . . [um] I[uLm] (um]  [pum]
PC-01 13 11.0 18 -0147 76 136 128 10 -0230 113 141 114 1.6 02 1243 1.2 2.5
PC-02 74 110 17 0132 83 153 130 11 -0.010 103 159 205 1.7 04 0527 09 2.8
PC-03 5 116 26 -0861 7.7 143 137 12 -0270 123 150 107 1.6 02 1251 11 2.6
PC-04 3 123 13 -1056 108 134 138 0.7 -1672 130 143 75 1.7 03 0.027 06 2.4
PC-05 6 11.2 17 1427 96 143 133 10 1378 125 151 92 1.7 03 1359 13 2.6
PC-06 4 114 11 0091 102 126 133 06 0771 127 140 120 1.6 0.3 0444 06 2.6
PC-07 7 108 15 0171 91 128 128 08 1302 121 143 90 1.5 03 0323 08 2.2

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,- mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to

the mean value; min: minimum single values; max: maximum single values; n.da.: no data.
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4.1.4 Cap Juby-1

4.1.4.1 Apatite (U-Th-Sm)/He ages

Four samples from the offshore well Cap
Juby-1 with two or three single grain aliquots
have been analysed by apatite (U-Th-Sm)/He
dating. Raw AHe ages cover a range from 0.6
(£0.0) to 9.3 (+2.1) Ma (Tab. 4.12). a-ejection
correction after Farley et al. (1996) was
applied to all grains resulting in ages between
0.8 (+0.0) and 12.1 (+2.7) Ma, whereas the
youngest a-ejection corrected single grain age
of each sample range from 9.1 (+0.5) Ma at a
depth of 780-1100 m to 0.8 (#0.0) Ma at a
depth of 1560-1850 m (Fig. 4.13, Tab. 4.12).
The AHe ages decrease continuously with
increasing depth (Fig. 4.13). All single grain
aliquot ages are significantly younger than the
corresponding sedimentation age of the
sampled rock as well as younger than the
apatite fission-track age.

The samples from the Cap Juby-1 well show no
clear positive correlation between single grain
age and effective Uranium concentration
(Fig. 4.11).

Except for sample CJ-04, no clear positive
correlation between equivalent grain radius

o Surface temperature: ~20°C

and AHe age distribution was determined
(Fig. 4.12).
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Fig. 4.11: AHe single grain ages (1o error) from well Cap
Juby-1 plotted against eU.
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Fig. 4.12: AHe single grain ages (1o error) from well Cap
Juby-1 plotted against equivalent grain radius.
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4.1.4.2 Apatite fission-track ages

Three of four samples from offshore well Cap
Juby-1 have been determined by apatite
fission-track dating. One sample contained no
apatite grains. The AFT ages range between
67.3 (+12.8) Ma at a depth of 780—-1100 m and
110.8 (+40.5) Ma at a depth of 1560-1850 m
(Fig. 4.13, Tab. 4.13). In contrast to the
onshore wells, the apatite fission-track ages
increase with increasing depth (Fig. 4.13). The
Neogene samples show significantly older AFT
ages than the corresponding sedimentation
age. While two single grain age distributions
fulfilled the requirement of the y’-test with
high values of 81 and 98 %, sample CJ-02
reveals a large spread in the single grain age
distribution and reaches a low value of 23 %
for the x*test indicating several age popula-
tions.

4.1.4.3 Ftch pit size and track length
distribution
Etch pit size (Dypar) and confined spontaneous

fission-track lengths were measured in every
sample. A total of 73 Dy, values were
determined for all apatite grains (Tab. 4.14).
The mean Dy, values for each sample reveal a
range between 1.4 (+0.4) and 2.0 (£0.2) um.
The samples show skewness between -0.293
and 1.458. The largest spread in etch pit size
varying between 0.6 (+0.1) and 3.6 (+0.1) um
was measured in sample CJ-02. This sample
shows also the largest spread in etch pit size
ranging between 0.6 (+0.1) and 3.6 (+0.1) um.
No positive correlation between single grain
ages and Dy, values has been detected.

In two samples, only 5 confined fission-track
lengths were detected (Tab. 4.14). Sample
CJ-02 show a mean track length of 10.8 (+2.5)
um and a skewness of 0.605. After correcting
of the confined track lengths for their
crystallographic  orientation, the mean
confined fission-track lengths of sample CJ-02
changed to a distribution of 12.9 (+1.8) um
with a skewness of 0.473 and a maximum
track length of 15.2 (+0.1) um.
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Table 4.12: Apatite (U-Th-Sm)/He data from well Cap Juby-1 of the Tarfaya Basin
T T T T T T T T

Sample RecentT Mass Radius U Th Sm eU Th/U *He F; Rawage Error Correctedage Error
'cl [ugl [uml [ug/el [ue/gl [ne/sl [ue/el [nmol/g] [Ma] £1o[Ma] [Ma] #£1o[Ma]

a-01.2 48 217 910 1 8 13 3 6.9 013 0832 76 0.5 9.1 0.5
CJ-013 48 8.4 475 <1 4 83 1 102 008 0.765 7.2 0.4 9.5 0.6
Cl-02.1 58 9.8 55.0 <1 5 82 1 103 006 0.782 4.8 03 6.2 04
C-02.2 58 6.0 474 <1 2 38 1 52 0.05 0.754 7.0 0.4 9.2 0.6
023 58 8.6 500 <1 2 40 1 9.6 0.05 0.773 9.3 2.1 121 2.7
C-03.1 71 29 520 <1 2 1 1 7.5 0.00 0.689 0.6 0.0 0.8 0.0
CJ-03.2 71 38 553 <1 1 1 <1 6.2 0.01 0.711 5.3 03 7.4 0.4
Cl-04.1 83 5.1 570 <1 <1 1 <1 238 000 0.736 0.8 0.0 11 0.1
CJ-04.2 83 53 60.0 <1 1 1 <1 437 000 0.736 2.3 0.1 31 0.2
CJ-043 83 6.7 644 <1 <1 <1 <1 298 0.00 0.757 3.8 1.0 5.0 13

eU =[U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

Table 4.13: Apatite fission-track data from well Cap Juby-1 of the Tarfaya Basin
T T T T T

Sample Recent T n U (std) Sp. Tracks Ind. Tracks POP) Central age Error
e [ne/e] Ps N pi N; [%] [Ma] 10 [Ma]
1 ] 1 1 I I 1 1 | 1
CJ-01 48 4 26.1(16.4) 9.791 38 36.845 143 80.5 67.3 12.8
CJ-02 58 10 15.4(15.7) 4.720 116 12.940 318 22.8 92.8 119
CJ-03 71 2 7.2(6.7) 2.930 11 6.660 25 98.3 110.8 40.5

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (10° tr/cm’);
Ns: number of spontaneous tracks; p:: density of induced tracks (105 tr/cmz); Ni: number of induced tracks; P(xz): probability that single
grains are consistent and belong to the same population. Test is passed if P(xz) >5 % (Galbraith, 1981). Nd = 15419 tracks counted on CN5
dosimeter glass. Central ages are calculated using a C-value of 333.36 + 17.89. Samples were irradiated at the FRM Il reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cmz.

Table 4.14: Confined fission-track length data from well Cap Juby-1 of the Tarfaya Basin

T T T T T T T T T T T T T T T T T

Sample n CcT CcT CcT CcT CcT L. L L. L L. n Doar  Dpr  Dpar Dpar Dgar
CT mean std skew min max mean std skew min max Dg mean std skew min  max

[um]  [um] [um]  [um]  [um] [um] [um]  [um] [um]  [um] [um]  [um]

| | 1 1 | I 1 I 1 1 1 1 I 1 I 1 |
cl-01 1 109 - - 109 109 132 - - 132 132 18 20 02 -0293 14 24
Cl-02 4 108 25 0605 81 141 129 1.8 0473 109 152 45 16 07 1111 06 36
C-03 nda. - - - - - - - - - - 10 14 04 1458 09 24

n: number of measured individual confined tracks (CT) and etch pit diameter (Dps); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dy, mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values; n.da.: no data.
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4.1.5 Outcrop samples

4.1.5.1 Apatite (U-Th-Sm)/He ages

Two Lower Cretaceous outcrop samples from
the Tarfaya Basin have been analysed by
apatite (U-Th-Sm)/He dating, whereas 18
samples contained no apatite or no suitable
apatite grains for AHe processing and 10
samples could not be determined. Raw AHe
ages cover a wide range from 38.1 (+2.3) to

(1996) was
applied to all grains resulting in ages between
63.5 (+3.8) and 302.3 (+18.1) Ma (Tab. 4.15).
The large spread in the single grain ages is

correction after Farley et al

probably caused by uranium and thorium rich
that
completely dissolved during sample digestion.

inclusions might not have been

The youngest a-ejection corrected single grain
age of sample MA-19 is 63.5 (+3.8) Ma and
72.6 (£4.4) Ma of sample MA-24 (Fig. 4.14,

185.6 (+11.1) Ma (Tab. 4.15). a-ejection Tab. 4.15). Both samples contain one AHe
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Fig. 4.14: Geological map of the Tarfaya Basin with sample locations, AFT and ZFT central ages, ZHe ages as well as the

youngest AHe age (1o error).
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single grain age younger than the respective
sedimentation age of the sampled rock and
younger than the AFT.

The samples show no clear correlation
between single grain age and effective

Uranium concentration (Fig. 4.15).
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Fig. 4.15: AHe single grain ages (1o error) from outcrop
samples of the Tarfaya Basin plotted against eU.

In the outcrop samples from the Tarfaya Basin,
no correlation between equivalent grain radius
and AHe age distribution has been determined
(Fig. 4.16).
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Fig. 4.16: AHe single grain ages (1o error) from outcrop
samples of the Tarfaya Basin plotted against equivalent
grain radius.

4.1.5.2 Apatite fission-track ages

19 of 30 outcrop samples from the Tarfaya
Basin have been analysed by apatite fission-
track dating covering the entire study area.
Eleven samples contained no apatite grains.
The AFT central ages cover a wide range from
91.6 (£16.2) to 237.2 (+34.8) Ma (Fig. 4.14,
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Tab. 4.16). All ages are older than the respec-
tive sedimentation age of the sampled rock.
The single grain age distributions of ten
samples fulfilled the requirement of the x’-test
with values between 13 and 100 %, while nine
samples failed the y*-test indicating several
age populations. Based on the large spread in
the AFT age distribution, a differentiated
consideration is necessary.

The ages of seven Lower Cretaceous samples
(MA-18, MA-19, MA-24, MA-61, MA-72,
MA-75 and MA-77) are equal within the
standard deviation ranging between 170.5
(¥14.7) and 199.3 (+17.6) Ma (Fig. 4.17,
Tab. 4.16). The AFT ages are slightly older than
the corresponding sedimentation age and the
single grain age distributions fulfilled the
requirement of the x-test with values
between 66 and 100 % (Fig. 4.17).

The Upper Cretaceous samples (MA-26,
MA-67, MA-69, MA-70 and MA-78) show ages
that range from 141.1 (+11.6) to 220.4 (+18.0)
Ma. The AFT ages are significantly older than
the corresponding sedimentation age and
mostly older than the Lower Cretaceous AFT
ages (Fig. 4.17). While the single grain age
distribution of the Cenomanian—Turonian
samples passed the x’-test with values of 89
and 98 %, the Coniacian and Campanian sam-
ples reveal low values between 0 and 13 %.

1 Maastrichtian
75_: Campanian PE2): 13—8—]
— 85— Santonjan |
F "7 Coniacian PG O P dE—e—]
= 7 Turonian N P(¢): 98 =—@—
% 95? Cenomanian ] (): 89
o 3
5_105_. Albian H—o—
A I P(r?): 92, 99
2115
I
® 1257
] Lower Cretaceous —Hiese-ts—
135 P(;): 66, 69, 91, 93, 100
145 T T

T T T T T T T
0 25 50 75 100 125 150 175 200 225 250
AFT age [Ma]

Stratigraphic age Apatite fission-track age

Fig. 4.17: AFT ages (10 error) from Cretaceous samples of
the Tarfaya Basin plotted against stratigraphic age.

The AFT ages of the seven Neogene samples
(MA-27, MA-52, MA-53, MA-54, MA-56,
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MA-58 and MA-59) cover a wide range
between 91.6 (+16.2) and 237.2 (+34.8) Ma.
The youngest as well as the oldest age was
obtained from Pliocene sandstone samples
(MA-52, MA-59) at similar elevations of 25 and
80 m. All ages are significantly older than the
corresponding sedimentation age of the
sampled rock. All single grain age distributions
failed the requirement of the x*-test with a
value of 0 %.

The age-elevation plot for the entire Tarfaya
Basin shows the large spread in the age
distribution (Fig. 4.18). The majority of the
samples reveal AFT ages significantly older
than the sedimentation age. Consequently, no
age-elevation relationship exists, since the
ages represent solely or partially the thermal
history of the source area.
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Fig. 4.18: AFT age (10 error) — elevation plot from outcrop
samples of the Tarfaya Basin.

4.1.5.3 Etch pit size and track length
aistribution

Etch pit size (Dpa) and confined spontaneous
fission-track lengths were measured in 19
outcrop samples from the Tarfaya Basin. A
total of 1998 Dy, values were determined for
all apatite grains (Tab. 4.17). The mean D,
values for each sample reveal a narrow range
between 1.3 (+0.1) and 1.9 (#0.3) um. The
narrow range indicates a very homogenous
chemical composition concerning the fluorine
and chlorine content of the apatites. Except
for samples MA-26 (-0.653), MA-61 (-0.784),

MA-70 (-0.136) and MA-75 (-0.047), all
samples exhibit a positive skewness between
0.009 and 1.583. The largest etch pit size of
2.9 (#0.1) was measured in samples MA-67
and MA-69. Sample MA-53 shows the largest
spread in etch pit size ranging between 0.9
(#0.1) and 2.7 (£0.1) um. A slightly positive
correlation between single grain ages and Dy,
values has been detected in sample MA-56
(Fig. 4.19).
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Fig. 4.19: AFT ages (1o error) from sample MA-56 plotted

against Dy, values.

A total of 504 track lengths of confined
spontaneous fission-tracks were measured
(Tab. 4.17). The obtained mean track lengths
range from 10.4 (+0.6) to 13.8 (+x0.6) um. The
track length distributions of the samples show
no significant skewness ranging between
-1.567 and 0.935. The largest track length of
16.3 (£0.1) um was measured in sample
MA-56, while the smallest of 6.7 (+0.1) pm
sample MA-19. After
correcting of the confined track lengths for

was measured in

their crystallographic orientation, the mean
confined fission-track lengths changed to a
distribution between 12.2 (#0.3) and 14.6
(#1.0) um. The c-axis corrected track length
distributions of the

significant skewness ranging between -0.602

samples show no
and 1.028. The largest track length after c-axis
correction of 16.6 (+0.1) um was measured in
sample MA-56, whereas the smallest of 10.7
(£0.1) um was determined in sample MA-19.
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4.1.5.4 Zircon (U-Th-Sm)/He ages

Three outcrop samples from the Tarfaya Basin
with three single grain aliquots have been
determined by zircon (U-Th-Sm)/He analysis.
Raw ZHe ages cover a wide range from 33.9
(£0.8) to 904.6 (+12.5) Ma (Tab. 4.18).
a-ejection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 47.7 (+0.8) and 1195.0 (¥17.1) Ma
(Tab. 4.18). The ZHe ages with the lowest eU
content of the aliquots are presented in Figure
4.14. However, for further interpretation and
discussion all single grain ages were used. Two
samples (MA-54, MA-77) show similar ages
between 506.7 (+8.7) and 1195.0 (+17.1) Ma.
These ages are significantly older than the
corresponding sedimentation and AFT age of
the sampled rock. Sample MA-24 yielded two
single grain ages of 184.7 (+3.0) and 384.6
(£6.6) Ma that than the
sedimentation, AFT and AHe age. In contrast,
grain MA-24.2 with an age of 47.7 (¥8.7) Ma is
younger than the sedimentation, AFT and AHe
age (Tab. 4.18). This could be due to an
relatively high U

are older

analytical error or the
content, since ZHe ages decrease rapidly to
anomalously young and unreproducible ages
at U concentrations of ~1000 ppm (Reiners,
2005). Eight single grains yielded detrital ages
and therefore represent the thermal history of
the source area. Except for grain MA-24.1 with
an age of 184.7 (+3.0) Ma, the ZHe ages of the

Tarfaya Basin are significantly older than the

Table 4.15; Apatite (U-Th-Sm)/He data from outcrop samples of the Tarfaya Basin
T T T T T T T T T T

ZHe and ZFT ages of the western Anti-Atlas
mountain belt (Fig. 4.23).

4.1.5.5 Zircon fission-track ages

Five outcrop samples from the Tarfaya Basin
have been analysed by zircon fission-track
dating. The zircon fission-track central ages
range between 404.3 (+29.3) and 585.0
(£58.3) Ma (Fig. 4.14, Tab. 4.19). All ages are
significantly older than the corresponding
sedimentation and AFT age of the sampled
rock. Single grain ages of the samples are
similar to the ZHe ages. The single grain age
distribution of four samples fulfilled the
requirement of the x-test with values
between 54 and 100 %, while sample MA-54
failed the y*-test with a value of 1 % indicating
several age populations. However, all samples
show a vast spread in the single grain age
distribution ranging from 226.5 to 1207.8 Ma
(Fig. 5.9, Fig. 5.10 and Fig. 5.12).

The ZFT central ages represent the thermal
history of the source area. 49 of the 142
determined single grain ages are in the range
of the ZFT ages from outcrop samples of the
western Anti-Atlas (Fig. 5.9, Fig. 5.10 and Fig.
5.12). Additionally 52
correspond to the ZFT age range of the wells

single grain ages

Adrar Zougar-1 and Oum Doul-1, whereas 41
ages are older than any ZFT ages determined
in the western Anti-Atlas mountain belt (Fig.
5.9, Fig. 5.10 and Fig. 5.12).

Sample  Mass Radius U Th Sm eU Th/U *He [ Raw age Error Correctedage Error
(gl  [um] [ug/e]l [ug/el [ue/gl [ug/el [nmol/g] [Ma] %10[Ma] [Ma] +1c[Ma]
1 1 1 ] 1 1 | I | 1 | 1 ]
MA-191 11 347 21 10 46 23 0.5 483  0.600 38.1 23 63.5 3.8
MA-19.2 40 55.1 3 17 62 8 5.1 435 0711 101.3 6.1 142.3 8.5
MA-24.1 15 39.0 44 96 21 66 2.2 67.40 0.614 185.6 11.1 302.3 18.1
MA-24.2 0.9 34.0 29 23 50 35 0.8 3146 0.577 163.5 9.8 283.2 17.0
MA-243 11 356 28 12 8 31 04 727  0.606 440 26 726 44

eU =[U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each

sample discussed in the text.
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Table 4.16: Apatite fission-track data from outcrop samples of the Tarfaya Basin
T T T T T T T T T
Sample Elevation n U (std) Sp. Tracks Ind. Tracks P(xz ) Central age Error
| [mas.l] | | [ug/s] | Ps | Ns | o) | N; | [%] [Ma] | 110 [Ma]
MA-18 150 6 17.1(12.5) 14.816 214 14.677 212 93.4 176.2 19.6
MA-19 150 20 12.4(8.8) 9.039 727 8.741 703 100.0 180.7 13.7
MA-24 0 20 14.2 (8.4) 12.129 1003 12.347 1021 98.8 172.2 12.1
MA-26 2 9 12.0(4.6) 14.179 564 11.464 456 97.5 216.3 18.0
MA-27 0 20 18.2(12.7) 13.324 1224 15.338 1409 0.0 142.5 16.2
MA-52 25 19 10.0(7.4) 9.838 606 59.206 3647 0.0 237.2 34.8
MA-53 34 23 13.7(6.3) 8.751 723 75.505 6238 0.0 1453 145
MA-54 148 15 8.3(5.3) 4.025 245 48.164 2932 0.0 104.4 17.4
MA-56 105 22 10.3 (4.8) 9.340 1203 61.194 7882 0.0 182.9 14.8
MA-58 61 9 17.0(8.5) 8.998 162 104.198 1876 0.0 141.7 35.0
MA-59 80 24 10.2(3.9) 4.071 580 60.927 8681 0.0 91.6 16.2
MA-61 332 7 10.4 (4.1) 10.846 327 70.846 2136 65.8 186.8 14.2
MA-67 263 20 11.2 (8.5) 12.736 437 13.989 480 88.5 2204 18.0
MA-69 165 22 22.2(20.6) 10.695 1085 18.709 1898 0.0 141.1 11.6
MA-70 184 16 12.9 (6.8) 12.391 523 72.191 3047 3.9 206.4 16.6
MA-72 12 20 10.5 (6.5) 9.836 335 13.888 473 91.7 170.5 14.7
MA-75 147 8 11.3(6.3) 10.581 212 64.836 1299 68.9 199.3 17.6
MA-77 25 20 4.3(3.1) 3.849 317 25.414 2093 90.5 185.3 143
MA-78 17 20 10.4 (3.8) 8.915 668 63.030 4723 12.5 174.9 12.1

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (105 tr/cmz);
N,: number of spontaneous tracks; p;: density of induced tracks (10° tr/cm?); Ni: number of induced tracks; P(x’): probability that single

grains are consistent and belong to the same population. Test is passed if P(x’) > 5 % (Galbraith, 1981). Nd = 17386 tracks counted on CN5
dosimeter glass. Central ages are calculated using a -value of 333.36 + 17.89 for samples MA-18 to MA-27 and 334.55 + 15.80 for samples
MA-52 to MA-78. Samples MA-18 to MA-27 were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1 x 10"
neutrons/cm’. Samples MA-52 to MA-78 were irradiated at the Triga reactor facility in Mainz, Germany.

Table 4.17: Confined fission-track length data from outcrop samples of the Tarfaya Basin
T T T T T T T T T T T T T T T T T

Sampe n CT C C C € L L L L L N Duw Du Dua Du D
CT mean std skew min max mean std skew min max Dy mean std skew min max

. . [um] I[um]I . [um] . [um] . [um] I[um]I . [um] . [um] . . [um] [uLm]I (um] . (um]

MA-18 n.da. - - - - - - - - - - 30 1.3 01 1.073 1.2 1.6
MA-19 112 115 16 -035 6.7 154 133 10 -0160 10.7 161 250 1.5 01 0319 11 2.0
MA-24 117 119 1.7 -0009 7.7 159 136 11 -0.011 11.0 164 240 15 02 0838 10 24
MA-26 6 119 13 0085 101 136 136 09 0646 128 149 45 1.3 01 -0653 1.0 1.6
MA-27 17 116 19 0262 88 156 136 10 0549 124 158 95 16 03 0505 13 2.3
MA-52 5 113 20 -0207 87 137 135 10 0062 124 146 90 1.7 03 1583 1.2 2.7
MA-53 14 120 25 -1044 71 144 137 11 -0576 120 152 111 16 04 1326 09 2.7
MA-54  n.da. = - - - - = - - - - 69 15 04 1149 0S5 2.6
MA-56 98 126 15 -0015 89 163 140 10 0072 118 166 151 16 03 1117 1.2 2.6
MA-58 3 138 06 0935 133 145 146 07 1028 140 154 37 1.5 02 0009 11 1.9
MA-59 37 120 1.7 -0123 87 158 137 11 -0129 115 159 147 1.5 03 0028 09 2.0
MA-61 10 126 21 -0968 79 157 142 11 0068 121 162 35 16 02 -0784 1.0 1.9
MA-67 8 116 19 -0417 84 141 133 14 -0207 111 152 100 1.8 04 1188 1.2 2.9
MA-69 27 119 17 -0478 7.7 149 136 10 -0.059 117 157 107 19 03 098 13 2.9
MA-70 5 124 05 -1567 116 129 140 05 -0602 134 144 80 16 02 -0136 11 1.9
MA-72 2 104 06 0000 99 108 122 03 0000 120 124 95 1.9 03 0569 13 2.8
MA-75 2 121 13 0000 111 130 132 0.2 0000 130 133 39 1.5 01 -0.047 1.2 17
MA-77 18 117 18 0704 74 146 135 09 -0231 122 151 137 14 02 0306 08 22
MA-78 23 118 14 0878 101 154 135 1.0 0530 116 160 140 15 03 0699 10 24

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values; n.da.: no data.
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Table 4.18: Zircon (U-Th-Sm)/He data from outcrop samples of the Tarfaya Basin
T T T T T T T T T T

Sample  Mass Radius U Th Sm eU Th/U *He Ft Raw age Error Correctedage Error
gl  [uml [ug/gl [ue/gl [ug/el [ne/el [nmol/g] [Ma] +1o0[Ma] [Ma] +10 [Ma]
1 1 1 1 1 1 1 1 I 1 I 1 1
MA-241 19 423 658 262 nd. 720 041 5185 0718 1325 2.2 184.7 3.0
MA-24.2 2.3 41.1 916 88 n.d. 936 0.10 170.8 0.710 339 0.6 47.7 0.8
MA-24.3 1.7 38.2 696 108 n.d. 721 0.16 1062.7 0.696 267.7 4.5 384.6 6.6
MA-54.1 5.0 53.1 150 71 n.d. 167 0.49 767.0 0.784 796.4 134 1015.9 17.6
MA-54.2 6.1 574 118 48 n.d. 130 042 477.1 0797 646.5 10.8 8115 13.8
MA-54.3 7.9 62.3 153 44 n.d. 164 0.29 373.8 0.808 409.5 7.0 506.7 8.7
MA-771 33 464 115 68 nd. 131 060 689.0 0757 904.6 12.5 1195.0 171
MA-77.2 4.2 51.0 135 27 n.d. 142 0.20 621.6 0.777 761.0 11.6 979.0 15.3
MA-77.3 24 42.8 261 96 n.d. 284 0.38 679.2 0.728 428.4 8.9 588.5 124

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold and red marked data are discussed in the text.

Table 4.19: Zircon fission-track data from ou

T
Sp. Tracks

tcrop samples of the Tarfaya Basin
T T

T
Ind. Tracks

Sample  Etchtime n U (std) P(?) Central age Error

| at 200 °C [h] | [ug/sl Ps [\ | oi | N; | [%] | [Ma] 1 * 10 [Ma]
MA-24 5.0 27 112.5(38.3) 261.295 1808 21.534 149 99.5 503.0 48.3
MA-53 5.0 41 145.7 (48.1) 278.315 3234 28.744 334 85.9 404.3 29.3
MA-54 4.0 24 141.7 (69.4) 290.966 2745 25.864 244 0.7 461.3 46.7
MA-77 4.0 26 123.5(48.2) 341.141 1915 23.871 134 92.9 585.0 58.3
MA-78 5.0 24 160.6 (64.3) 319.510 1994 29.163 182 53.8 452.3 40.7

Etch time in KOH:NaOH (7:5) eutectic melt at 200 + 2 °C; U (std): Uranium concentration and standard deviation; n: number of counted
apatite grains; ps: density of spontaneous tracks (105 tr/cmz); Ns: number of spontaneous tracks; p;: density of induced tracks (105 tr/cmz);
Ni: number of induced tracks; P(xz): probability that single grains are consistent and belong to the same population. Test is passed if P(xz) >
5% (Galbraith, 1981). Nd = 6044 tracks counted on CN1 dosimeter glass. Central ages are calculated using a C-value of 140.83 + 5.93.
Samples were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1 x 10" neutrons/cm’.
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4.1.6 Time-temperature modelling

Four Lower Cretaceous samples from the
Tarfaya Basin (EA-02, PC-02, MA-19 and
MA-24) with more than 50 measured confined
fission-track lengths were used to test
geological constraints against the thermo-
chronological data set (Fig. 4.20). Whenever
possible the AFT data set were combined with
apatite (U-Th-Sm)/He data. An AFT+AHe based
time-temperature (t-T) modelling with ‘HeFTy’
was performed in three of the four samples. In
sample EA-02, the AFT+AHe based t-T model-
ling yielded no good and acceptable fit results,
due to the AHe age. Therefore, only AFT data
were used to model the individual thermal
history of sample EA-02. In all numerical
models, we used the youngest AHe age of the
three single grain aliquots of each sample (see
Tab. 4.9, 4.15). To improve the thermal
modelling, depositional ages were imple-
mented as external t-T constraint. The
uncertainty is presented in the diagrams in
green and brown colour depending on the
reliability level (see Fig. 4.20).

All samples have been tested by 50000 inverse
models against the data set. The obtained t-T
models of all samples indicate a goodness of fit
(G.O.F.) greater than 90 % for the AFT and AHe
age. Two samples (EA-02, PC-02) reveal a
G.O.F. greater than 90 % for the confined FT
length distribution, whereas in samples MA-19

and MA-24 the length distribution could not
be reproduced better than 55 %. All obtained
t-T models of the Lower Cretaceous samples
from the Tarfaya Basin have at least 48 good
and 1067 acceptable t-T paths, while sample
PC-02 shows the largest number with 472
good and 2650 acceptable t-T paths.

The numerical modelling of the four samples
yielded a well-defined thermal history with
numerous possible t-T paths (Fig. 4.20). The
thermal models reveal that all four samples
underwent a cooling, followed by a reheating
after the deposition and an ongoing cooling to
present time. They show an overall similar
pattern with a three-phase thermal history.
Based on the partially reset AFT ages, the
cooling history in the source area is poorly
constrained. The exhumation to the surface
occurred approximately between Carbon-
iferous—Permian (300 Ma) and Aptian—Albian
(110 Ma). After the deposition during the
Lower Cretaceous, the samples underwent a
heating from 20 °C to 60-75 °C in the Tarfaya
Basin. The subsidence occurred from Aptian—
Albian until Palaeocene—Eocene (65-50 Ma) in
samples EA-02, PC-02 and MA-24 and until
Lower Miocene (20 Ma) in sample MA-19.
Since then, a slow continuous cooling event
can be observed throughout the final part of
the thermal history.
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Fig. 4.20: Results from numerical modelling of Lower Cretaceous samples from the Tarfaya Basin. Displayed are the t-T
paths (left), the c-axis corrected confined fission-track length (L) frequency distribution overlain by a calculated probability
density function (best fit) and the modelled helium diffusional profiles. The modelling tests possible t-T curves that fit
independent geological constraints (squares) against the thermochronological data set. The results in the t-T curve show
three different reliability levels (green: acceptable fit = all t-T paths with a goodness of fit (G.O.F.) of > 0.05 (5 %); brown:
good fit = all t-T paths with a G.O.F. of > 0.5 (50 %); black line: best fit). P: number of total tested inverse models; A:
acceptable fit models; G: good fit models; D: determined AHe and AFT age (1o error), mean L. and He content; M:
modelled AHe and AFT age, mean L. and He content; G.O.F.: goodness of fit of best fit model; N: number of single grains

and measured confined fission-track lengths.
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4.1.7 Age population calculation

Upper Cretaceous to Neogene samples from
the Tarfaya Basin show a large spread in the
single grain age distribution of the apatite
fission-track analysis. Therefore age popula-
tion calculation of eight Neogene and three
Upper Cretaceous samples have been per-
formed by ‘Popshare’ software (Dunkl and
2002).
computer code ‘Popshare’ yielded two or

Székely, In ten samples applying
three age populations, whereas sample MA-52
reveals no good fitting results (Fig. 4.21,
Fig. 4.22). Seven samples show two age
components and samples MA-58 and MA-69
three  components,  while  population
calculation of sample MA-27 vyielded good
fitting result with two as well as three
components.

The different calculated age populations of the
Upper Cretaceous samples range from 114.7
(+20.6) to 260.3 (+6.8) Ma (Fig. 4.21). While a
young population as in the Cenozoic samples is

missing, sample MA-69 shows an age compo-

Ma-69, Coniacian

nent of 114.7 (+20.6). In every sample a
middle age component ranging between
144.1 (+21.8) and 171.6 (+3.9) Ma and an old
age population ranging from 200.0 (+8.9) to
260.3 (¥6.8) Ma has been determined.
Samples MA-69 and MA-70 from the same
outcrop reveal identical middle and old age
populations, whereas the younger population
is missing in sample MA-70.

The different calculated age populations of the
seven Miocene to Pliocene samples range
overall from 22.9 (+14.2) to 262.9 (+0.9) Ma
(Fig. 4.22). Five samples (MA-27, MA-54,
MA-58, MA-59 and CJ-02) reveal a young age
component ranging between 22.9 (+14.2) and
87.5 (£14.8) Ma. Every Neogene sample shows
a middle age component ranging from 130.7
(£58.6) to 179.9 (+28.5) Ma. Furthermore, in
samples MA-27, MA-53, MA-56 and MA-58, an
old age population has been determined that
range between 215.9 (+9.1) and 262.9 (+0.9)
Ma.

Ma-70, Coniacian
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Fig. 4.21: AFT single grain age distribution of Upper Cretaceous samples from the Tarfaya Basin overlain by the age
population curve calculated with the computer code ‘Popshare’ (Dunkl and Székely, 2002).
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Fig. 4.22: AFT single grain age distribution of Cenozoic samples from the Tarfaya Basin overlain by the age population curve
calculated with the computer code ‘Popshare’ (Dunkl and Székely, 2002).
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4.2 Western Anti-Atlas

23 Precambrian outcrop samples, five Palaeo-
zoic samples from the Oum Doul-1 well and six
samples from Adrar Zougar-1 well have been
collected and prepared for low-temperature
thermochronology. Every sample containing
apatite grains were processed for apatite
fission-track analysis. Whenever suitable grains
were available, apatite (U-Th-Sm)/He dating

were carried out. Zircon (U-Th-Sm)/He and
zircon fission-track analysis were performed
on designated samples distributed over the
entire study area. The complete thermochro-
nological data set as well as location and
description of samples from the western Anti-
Atlas (WAA) are presented in Figure 4.23 and
Tables 4.20, 4.21.
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Fig. 4.23: Geological map of the western Anti-Atlas with sample locations, AFT and ZFT central ages, ZHe ages as well as the

youngest AHe age (1o error).
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Table 4.20: All thermochronological data from outcrop samples of the western Anti-Atlas and sample location with
description
T

Sample Coordinates (WGS84) Elevation Lith.  Stratigraphicage  Apatite  Error Apatite  Error Zircon Error  Zircon  Error

Nlatitude W Longitude [ma.s.l.] (U-Th-Sm)/He t1c FT t1o (U-Th-Sm)/He tlo FT 1o
DD*MM'SS.S" DD*MM'SS.S* [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma]
| 1 | I I | | I I | I I I
MA-01  30°18'22" 8°32'14" 1018 rhyo Precambrian Il no ap. - 168.4 10.6 130.1 29 nd. -
MA-02  30°10'57" 8°28'55" 1410  quart  Precambrian IP no ap. - 1635 115 nd. - nd. -
MA-03  30°10'57" 8°28'55" 1410 congl  Precambrian P 85.4 51 169.0 171 nd. - 330.6 238
MA-04  30°10'57" 8°28'55" 1410 congl  Precambrian IF no ap. - 1746 135 nd. - nd. -
MA-05  30°07'S5" 8°23'31" 1786 rhyo  Precambrian lIl no ap. - no ap. - nd. - nd. -
MA-06  30°02'19" 8°35'32" 1885 quart Precambrian 49.0 29 149.6 135 nd. - 310.0 18.9
MA-07  29°44'35" 8°57'44" 1003 gr Precambrian IP no ap. - no ap. - nd. - nd. -
MA-08  29°41'06" 9°01'14" 1053 gr Precambrian II" no ap. - 154.7 122 nd. - 2986 306
MA-09  29°28'47" 9°07'06" 1285 dia Precambrian I’ 88.7 53 1258 135 nd. - nd. -
MA-10  29°31'03" 9°00'21" 1437 quart  Precambrian I’ no ap. - 169.0 115 nd. - 3114 220
MA-11  29°33'15" 9°00'57" 1418 gr Precambrian | no ap. - 165.9 15.7 nd. - nd. -
MA-12  29°35'19" 9°01'23" 1082 gr Precambrian I 88.2 53 180.7 11.7 2236 5.4 n.d. -
MA-13  29°38'02" 8°56'07" 1603 gr Precambrian | 88.7 53 1503 116 nd. - nd. -
MA-14  29°38'02" 8°56'07" 1603 peg Precambrian | 55.7 33 155.2 10.4 243.0 34 303.6 27.0
MA-15  29°35'01" 8°54'15" 1522 gab Precambrian I’ 61.0 37 1714 113 nd. - nd. -
MA-16  29°43'20" 9°12'05" 715 rhyo Precambrian Il no ap. - 119.7 134 nd. - nd. -
MA-17  29°28'20" 9°27'18" 530 gr Precambrian | 1231 7.4 139.0 9.1 207.7 31 287.1 23.0
MA-20  29°2023" 10°08'33" 60 grd  Precambrian D'lfni 119.8 7.2 1753 139 287.3 4.0 n.d. -
MA-21  29°16'49" 10°08'35" 260 gr Precambrian D'Ifni 164.1 9.8 181.8 123 251.7 53 n.d. -
MA-22  29°10'00" 10°05'29" 570 ignim  Precambrian D'lfni  noap. - 189.1 143 nd. - nd. -
MA-23  29°08'26" 10°05'48" 414 brec  Precambrian D'lfni  noap. - 218.5 174 nd. - nd. -
MA-29  28°29'35" 10°17'50" 344 congl Precambrian 110.7 6.6 150.4 10.0 204.8 4.2 3135 22.7
MA-30  28°26'03" 10°38'00" 134 gr Precambrian | 1299 7.8 186.4 12.0 210.9 31 303.8 25.1

Elevation in meter above sea level; Lith.: Lithology; rhyo: rhyolite; quart: quartzite; congl: conglomerate; gr: granite; dia: diabase; peg: pegmatite; gab: gabbro;
grd: granodiorite; ignim: ignimbrite; brec: breccia; no ap.: no apatite; n.d.: not determined.

Table 4.21: All thermochronological data from wells Oum Doul-1 and Adrar Zougar-1 of the Anti-Atlas and sample location

with description
T T T T T T T T T T T T
Sample Depth Rec.T Lithology Stratigraphic age Apatite Error  Apatite  Error Zircon Error  Zircon  Error

[mb.s] [°q (U-Th-Sm)/He t1c FT t1o (U-Th-Sm)/He t1lo FT tlo
[Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma] [Ma]

Oum Doul-1

0OD-01 531-567 34 sdst, clyst Lower Carboniferous no ap. no ap. - n.d. - 483.3 59.4
0D-02 1066-1179 48 sdst, slst  Lower Carboniferous n.d. 177.1 14.5 276.5 221 369.4 28.8
0OD-03 1751-1847 65 slst Upper Devonian n.d. 69.9 185 289.7 23.2 nozr. -

OD-04 3098-3147 98 sdst, slst Lower-Middle Devonian no ap. 25.2 2.6 90.7 7.3 337.5 433
0OD-05 3388-3463 106  sdst,slst Lower-Middle Devonian no ap. no ap. - n.d. - 327.7 335

Adrar Zougar-1

AZ-01 455 -463 31 sdst Middle Ordovician 16.4 1.0 1149 122 202.1 16.2 366.1 28.6
AZ-02 1090-1113 48 sdst Lower Ordovician 8.7 0.5 163.0 323 n.d. - 345.8 336
AZ-03 1988-2095 71 sdst, slst Lower Cambrian 0.0 0.0 53.7 49 n.d. - 3129 22.7
AZ-04 2541-2587 84 sdst Taliwinian 0.0 0.0 29.5 29 1316 10.5 295.5 234
AZ-05 3021-3059 96 sdst Adoudounian 0.0 0.0 89 1.2 n.d. - 260.2 19.9
AZ-06 3315-3387 104 sdst Precambrian 0.0 0.0 9.5 14 81.4 6.5 257.8 176

Depth in meter below surface; Rec. T: Recent calculated temperature; sdst: sandstone; clyst: claystone; slst: siltstone; no ap.: no apatite; no zr.: no zircon; n.d.:
not determined.
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4.2.1 Irherm inlier

4.2.1.1 Apatite (U-Th-Sm)/He ages

Two samples from the Irherm inlier of the
western Anti-Atlas with three single grain
aliguots have been determined by apatite
(U-Th-Sm)/He analysis (AHe). Four samples
contained no apatite grains for AHe
processing. Raw AHe ages cover a wide range
from 28.4 (+1.7) to 96.2 (+5.8) Ma (Tab. 4.22).
a-ejection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 49.0 (+2.9) and 167.8 (+¥10.1) Ma
(Tab. 4.22). Since the youngest AHe age of the
aliquots is generally considered to reveal the
most accurate date of cooling, the youngest
single grain age of every sample was used for

further interpretation and discussion. These a-

Palaeozoic-Cenozoic Precambrian

- Adoudounian-Taliwinian

ejection corrected individual grain ages
revealed an age spectra from 49.0 (+2.9) to
85.4 (+5.1) Ma (Fig. 4.24, Tab. 4.22). Since the
three single grain aliquot ages of sample
MA-03 are very similar, the AHe age is more
accurate and reliable than sample MA-06. The
ages are significantly younger than the
corresponding sedimentation, metamorphic
or intrusive age of the sampled rock. From
every sample at least two AHe single grain
ages are younger than the apatite fission-track
age.

A positive correlation between single grain age

and effective Uranium concentration (eU =
[U] +0.235 [Th] + 0.0053 [Sm]; e.g. Shuster et
al., 2006; Spiegel et al.,, 2009) could not be
observed in samples from the Irherm inlier
(Fig. 4.25).

Bl Dolerites and Gabbros
- Micaschists, gneiss and migmatites of Tasserhirt
- Granite of Tasserhirt, Tazeroualt, Azguemerzi

Normal fault

| Pliocene-Pleistocene Il Vo!canic series of Tanalt, Irherm, Ouarzazate (proved/presumed)
[ | Cretaceous [ | Volcanic-sedimentary series of Anezi Sample No.
[ cambrian [ | Volcanic-sedimentary series AHe age (10 error)

AFT age (1o error)
ZHe age (10 error)
ZFT age (10 error)

Fig. 4.24: Geological map of the Irherm inlier with sample locations, AFT and ZFT central ages, ZHe ages as well as the

youngest AHe age (10 error).
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Fig. 4.25: AHe single grain ages (1o error) from the Irherm
inlier plotted against eU.

No clear positive correlation between

equivalent grain radius and AHe age
distribution was determined (Reiners and

Farley, 2001) (Fig. 4.26).
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Fig. 4.26: AHe single grain ages (10 error) from the Irherm
inlier plotted against equivalent grain radius.

4.2.1.2 Apatite fission-track ages

Five samples from the Irherm inlier have been
analysed by apatite fission-track dating (AFT).
One sample contained no apatite grains. The
apatite fission-track central ages cover a range
from 149.6 (+13.5) to 174.6 (¥13.5) Ma
yielding an average age of 165.0 (+13.2) Ma
(Fig. 4.24, Tab. 4.23). The samples of the
Irherm inlier were collected from elevations
between 1018 m and 1885 m. The youngest
age of 149.6 (+13.5) Ma was obtained from a
guartzite sample (MA-06) with the highest
elevation of 1885 m. Precambrian quartzite
and conglomerate samples (MA-02, MA-03,
MA-04) from the same outcrop show identical
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AFT ages. The apatite fission-track ages of the
five samples analysed are virtually equal within
the standard deviation indicating a rapid
exhumation of the Irherm inlier between 170—
150 Ma. All ages are significantly younger than
the corresponding sedimentation, metamor-
phic or intrusive age of the sampled rock. All
single grain age distributions fulfilled the
requirement of the y’test indicating a
homogenous distribution with respect to 1o
error of the single grain ages (Galbraith, 1981).
Whereas the test is passed when x*> 5 %, the
samples reached values from 83 to 100 %.

4.2.1.3 Etch pit size and track length
aistribution

A total of 550 Dy, values were determined for
all apatite grains (Tab. 4.24). The mean Dpar
values for each sample reveal a very narrow
range between 1.4 (+0.1) and 1.6 (£0.1) um.
The narrow range indicates a very homo-
geneous chemical composition concerning the
fluorine and chlorine content of the apatites.
The samples exhibit a minor skewness
between -0.361 and 0.521. The skewness is a
factor of symmetry of the Dy, value
distribution. A large skewness value indicates a
larger variation in the etch pit size. The largest
etch pit size of 2.0 (+0.1) um was measured in
samples MA-01 and MA-04. Sample MA-04
shows also the largest spread in etch pit size
ranging between 1.1 (£0.1) and 2.0 (+0.1) um.
No positive correlation between single grain
ages and D, values has been detected.

A total of 199 track lengths of confined
spontaneous fission-tracks were measured
(Tab. 4.24). The obtained mean track lengths
range from 10.9 (£1.5) to 12.0 (x1.0) um. All
samples show a unimodal, narrow track length
distribution. The track length distributions of
the samples show no significant skewness
ranging between -0.738 and 0.244. This
indicates a simple cooling history with no
obvious reheating events. The largest track
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length of 15.8 (+0.1) um as well as the smallest
of 6.6 (x0.1) um was measured in sample MA-
02. No
distribution and elevation or variation of AFT

relation between track length
ages has been determined. After correcting of
the confined track lengths for their
crystallographic orientation by the computer
code ‘HeFTy’, the mean confined fission-track
lengths changed to a distribution between
12.9 (£1.0) and 13.6 (£0.6) um. The c-axis
corrected track length distributions of the
samples show no significant skewness ranging
between 0.095 and 1.096. The largest track
length after c-axis correction of 16.3 (0.1) um
as well as the smallest of 10.3 (+0.1) um was
measured in sample MA-02. Even with this
correction, no relation exists between track
length distribution and elevation or variation

of AFT ages.

4.2.1.4 Zircon (U-Th-Sm)/He ages

One sample from the Irherm inlier with three
single grain aliquots has been determined by
zircon (U-Th-Sm)/He analysis (ZHe). Raw ZHe
ages cover a range from 60.5 (¥1.4) to 114.3
(#2.4) Ma (Tab. 4.25). a-ejection correction
after Farley et al. (1996) was applied to all
grains resulting in ages between 87.8 (+2.0)
and 162.2 (+3.4) Ma (Tab. 4.25). Since the ZHe
age with the lowest eU content of the aliquots
is generally considered to reveal the most
accurate date of cooling, these single grain
ages were used for further interpretation and
discussion. This a-ejection corrected individual
grain age is 130.1 (¥2.9) Ma for sample MA-01
(Fig. 4.24, Tab. 4.25). The age is significantly
younger than the corresponding intrusive age
of the sampled rock and anomalously younger
than every AFT age of samples from the
Irherm inlier.

In sample MA-01, a negative correlation
between single grain age and effective
Uranium concentration has been observed
(Fig. 4.27). A negative correlation is given by an

increasing He diffusivity as numerous traps are
connected depending on the radiation
damage and cooling history of the hosting rock
(Guenthner and Reiners, 2010). The influence
of radiation damage on ZHe ages is minor as
long as U concentrations are less than ~1000
ppm (Reiners, 2005). At higher U concen-
trations the ZHe ages decrease rapidly to
anomalously young and unreproducible ages
(Reiners, 2005). Consequently, based on the
determined eU concentrations between 1107
and 2515 ppm in sample MA-01, the ZHe
single grain aliquot ages could be anomalously
young and unreproducible (Tab. 4.25).
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Fig. 4.27: ZHe single grain ages (10 error) from the Irherm

inlier plotted against eU.

No clear positive correlation between equiva-
lent grain radius and ZHe age distribution was
determined 2001)

(Fig. 4.28).
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Fig. 4.28: ZHe single grain ages (10 error) from the Irherm

inlier plotted against equivalent grain radius.
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4.2.1.5 Zircon fission-track ages

Two samples from the Irherm inlier have been
analysed by zircon fission-track dating (ZFT).
The zircon fission-track central ages are equal
within the standard deviation ranging between
310.0 (+18.9) and 330.6 (+23.8) Ma (Fig. 4.24,
Tab. 4.26). All ages are significantly younger
than the
metamorphic or intrusive age of the sampled
rock. ZFT ages are older than ZHe, AFT and
which

difference in closure temperature between

corresponding  sedimentation,

AHe ages, is consistent with the
the thermochronological systems. All single
fulfilled  the
requirement of the y’-test with values of
100 %.

grain  age  distributions

4.2.1.6 Summary

The age-elevation plot shows similar ages of
the different thermochronometric methods
(Fig. 4.29). However, all ages of sample MA-06
with the highest elevation of 1885 m are

slightly younger vyielding a minor negative
(Fig. 4.29).
indicative for a general decay in relief (Braun,
2002).

Except for the ZHe age of sample MA-01 with

slope This negative slope is

a very high eU concentration of 1107 pg/g, the

comparison of all data reveals an age
distribution appropriate to the closure
temperatures of the respective thermo-

chronological methods (Fig. 4.29).
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Fig. 4.29: AHe, AFT, ZHe and ZFT age (10 error) — elevation
plot from the Irherm inlier.

Table 4.22: Apatite (U-Th-Sm)/He data from the Irherm inlier
T T T

T T T T T T T T T T
Sample  Mass Radius V] Th Sm eU Th/U *He Fe Raw age Error Correctedage Error
ugl  [uml [g/gl [ue/sl [ue/e]l [ue/el [nmol/g] [Ma] +10[Ma] [Ma] + 10 [Ma]
I | 1 1 I 1 I 1 I 1 I 1 1
MA-03.1 1.8 41.9 <1 2 7 1 8.9 0.33 0.628 72.0 4.3 114.7 6.9
MA-032 12 315 2 6 87 3 31 114 0592 50.5 30 85.4 5.1
MA-03.3 1.9 40.7 1 2 35 2.0 0.61 0.629 59.0 3.5 93.8 5.6
MA-06.1 3.2 49.8 3 1 28 3 0.3 1.34 0.706 71.1 4.3 100.7 6.0
MA-06.2 11 318 2 9 85 4 4.6 0.71 0.580 284 17 49.0 29
MA-06.3 1.0 35.4 2 7 64 3 4.4 2.04 0.573 96.2 5.8 167.8 10.1

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each

sample discussed in the text.
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Table 4.23: Apatite fission-track from the Irherm inlier
T T

T T T T T T T T
Sample Elevation n U (std) Sp. Tracks Ind. Tracks P(xz) Central age Error
. [mas.l] . . [ug/e] . Ps . N . Pi . N; . [%] . [Ma] . t1c[Ma]
MA-01 1018 20 27.4(7.4) 23.929 2105 24.381 2066 98.9 168.4 10.6
MA-02 1410 20 21.6 (10.6) 17.895 1011 18.161 1026 98.0 163.5 11.5
MA-03 1410 20 2.9(2.3) 2.703 277 2.664 273 99.9 169.0 17.1
MA-04 1410 20 7.7(12.2) 6.393 684 6.122 655 100.0 174.6 13.5
MA-06 1885 10 26.5(38.2) 12.557 366 14.169 413 82.8 149.6 13.5

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (105 tr/cmz);
N,: number of spontaneous tracks; p;: density of induced tracks (10° tr/cm?); Ni: number of induced tracks; P(x’): probability that single
grains are consistent and belong to the same population. Test is passed if P(x’) > 5 % (Galbraith, 1981). Nd = 15419 tracks counted on CN5
dosimeter glass. Central ages are calculated using a Z-value of 333.36 + 17.89. Samples were irradiated at the FRM Il reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cm”.

Table 4.24: Confined fission-track length data from the Irherm inlier

Sample n cT ¢ ca ca ¢ L L L L L n  Dax Da Da Da D
CT mean std skew min max mean std skew min max Dy mean std skew min max
(bl fum] W] Tpm] - [um] - (] (um]  [um]  tum] [um) (um]  [um]

1 1 1 1 1 1 1 1

MA-01 106 117 14 0076 83 153 134 09 0095 104 160 180 16 01 0253 13 2.0
MA-02 46 109 15 0244 66 158 129 10 0422 103 163 136 14 02 0521 11 1.9
MA-03 7 120 1.0 -0.738 102 133 136 06 0279 127 146 88 14 01 -0354 1.0 1.6
MA-04 34 115 14 0056 76 151 132 09 109 116 159 98 1.5 0.2 0437 11 2.0
MA-06 6 112 17 0154 93 133 129 10 0279 116 143 48 14 01 -0361 1.0 1.6

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values.

Table 4.25: Zircon (U-Th-Sm)/He data from the Irherm inlier
T

T T T T T T T T T T T

T
Sample  Mass Radius 0] Th Sm eU Th/U *He Ft Raw age Error Correctedage Error

[ugl  [um] [ug/gl [ug/el [ve/e] [ug/e] [nmol/g] [Ma]  +1c[Ma] [Ma] +1c[Ma]
1 1 1 I 1 1 1 1 1 1 1 1 1
MA-01.1 19 384 2301 911 nd. 2515 041 8227 0690 605 1.4 87.8 2.0
MA-012 17 382 1075 135 nd. 1107 013 5390 0692 900 2.0 130.1 2.9
MA-01.3 2.1 401 1179 286 nd. 1246 025 7732 0705 1143 24 162.2 34

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold are discussed in the text.

Table 4.26: Zircon fission-track data from the Irherm inlier

T T T T T T T T T T
Sample  Etchtime n U (std) Sp. Tracks Ind. Tracks P Central age Error
at 200 °C[h] [ug/e] ps Ng pi N; [%] [Ma] *10[Ma]
1 | 1 1 | | 1 1 1 1
MA-03 3.5 21 169.6 (39.0) 260.080 3035 28.622 334 100.0 330.6 23.8
MA-06 5.0 20 165.5 (36.4) 225.100 5131 26.454 603 100.0 310.0 189

Etch time in KOH:NaOH (7:5) eutectic melt at 200 + 2 °C; U (std): Uranium concentration and standard deviation; n: number of counted
apatite grains; ps: density of spontaneous tracks (10° tr/cm’); Ny: number of spontaneous tracks; p: density of induced tracks (10° tr/cm’);
Ni: number of induced tracks; P(xz): probability that single grains are consistent and belong to the same population. Test is passed if P(Xz) >
5% (Galbraith, 1981). Nd = 11255 tracks counted on CN1 dosimeter glass. Central ages are calculated using a -value of 140.83 + 5.93.
Samples were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1 x 10™ neutrons/cm”.

77



Results

Western Anti-Atlas

4.2.2 Kerdous inlier

4.2.2.1 Apatite (U-Th-Sm)/He ages

Six samples from the Kerdous inlier of the
western Anti-Atlas with two or three single
grain aliqguots have been determined by
apatite (U-Th-Sm)/He analysis. Four samples
contained no apatite grains for AHe process-
ing. Raw AHe ages cover a wide range from
40.1 (+2.4) to 173.6 (+10.4) Ma (Tab.4.27).

a-ejection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 55.7 (+3.3) and 236.7 (x14.2) Ma
(Tab. 4.27). The youngest a-ejection corrected
single grain ages revealed an age spectra from
55.7 (+¥3.3) to 123.1 (¥7.4) Ma (Fig. 4.30,
Tab.4.27). All single grain ages of three
samples (MA-09, MA-12, MA-13) are equal
within the standard deviation ranging between
88.2 (+5.3) and 97.3 (+5.8) Ma (Tab. 4.27). In
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Fig. 4.30: Geological map of the Kerdous inlier with sample locations, AFT and ZFT central ages, ZHe ages as well as the

youngest AHe age (1o error).
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contrast, samples MA-14 and MA-15 show a
large spread in the single grain ages including a
younger age and ages between 80 and 90 Ma.
Consequently, the youngest AHe age of
samples MA-09, MA-12 and MA-13 is more
accurate and reliable. A substantial difference
in the AHe age can be observed between a
Precambrian granite sample (MA-13) and an
intruded pegmatite sample (MA-14) from the
same outcrop. Whereas the Pegmatite sample
yielded an age of 55.7 (¥3.3) Ma, the granite
sample reveal a significant older age of 88.7
(#5.3) Ma. Fitzgerald et al. (2006) recom-
mended the calculation of weighted mean
ages and the determination of ‘most
representative ages'. The weighted mean ages
are equal within the standard deviation
yielding ages of 91.1 (+8.2) Ma (MA-13) and
88.2 (+5.3) Ma (MA-14). However, the most
representative ages slightly differ from each
other with an age of 89.9 (+6.8) Ma for sample
MA-13 and 72.0 (#4.3) Ma for sample MA-14.
Sample MA-17, from a lower elevation of 530
m compared to the eastern Kerdous inlier,
shows a significant older single grain age of
123.1 (£7.4). All ages are significantly younger
than the

metamorphic or intrusive age of the sampled

corresponding  sedimentation,

rock. From every sample, at least one AHe
single grain age is younger than the apatite
fission-track age.
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Fig. 4.31: AHe single grain ages (1o error) from the

Kerdous inlier plotted against eU.

A positive correlation between single grain age
and effective Uranium concentration has been
observed in sample MA-14 of the Kerdous
inlier (Fig. 4.31). A positive correlation is
indicative for a long residence time in the PRZ.

No clear positive correlation between equiva-
lent grain radius and AHe age distribution was
determined (Fig. 4.32).
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Fig. 4.32: AHe single grain ages (1o error) from the

Kerdous inlier plotted against equivalent grain radius.

4.2.2.2 Apatite fission-track ages

All samples from the Kerdous inlier have been
analysed by apatite fission-track dating. The
samples reveal different apatite fission-track
central ages between 119.7 (+13.4) and 180.7
(#11.7) Ma from elevations between 530 m
and 1603 m (Fig. 4.30, Tab. 4.28). Based on the
large spread in the AFT age distribution, the
data were grouped into two areas. In the
eastern Kerdous inlier, seven samples (MA-08,
MA-10, MA-11, MA-12, MA-13, MA-14 and
MA-15) show a narrow age spectra ranging
from 150.3 (+11.6) to 180.7 (+x11.7) Ma and
yielding an average age of 163.9 (+12.1) Ma
(Fig. 4.30). In contrast to the AHe ages, the
granite sample (MA-13) and an intruded
pegmatite sample (MA-14) from the same
outcrop vielded identical AFT ages of 150.3
(#11.6) and 155.2 (+10.4) Ma. In the western
Kerdous inlier, the AFT ages are substantial
younger compared to the eastern part. A
rhyolite sample (MA-16) taken at 715 m
revealed the youngest obtained age of 119.7
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(£¥13.4) Ma from the entire WAA. Further-
more, two samples (MA-09, MA-17) vyielded
ages of 125.8 (+13.5) and 139.0 (¥9.1) Ma. The
three samples that were collected from
elevations between 530 m and 1285 m yielded
an average age of 128.2 (¥12.0) Ma. The
Kerdous inlier consist of three different
domains intersected by two E-W trending
shear zones, the Ameln Valley faulted zone to
the north and the Tasrirt—Tahala faulted zone
to the south (Soulaimani and Piqué, 2004). The
younger age population is separated by these
faults from samples of the eastern Kerdous
inlier. All ages are significantly younger than
the corresponding sedimentation, meta-
morphic or intrusive age of the sampled rock.
The single grain age distributions fulfilled the
requirement of the x-test with values
100 %

homogenous distribution with respect to 1o

between 89 and indicating a

error of the single grain ages.

4.2.2.3 Etch pit size and track length
distribution

A total of 1450 D, values were determined
for all apatite grains (Tab. 4.29). The mean Dy,
values for each sample reveal a very narrow
range between 1.3 (+0.1) and 1.7 (#0.1) um.
Except for sample MA-17 (-0.239), all samples
exhibit a positive skewness between 0.057 and
2.179. Sample MA-08 shows the largest track
length and spread in etch pit size ranging
between 1.2 (+0.1) and 2.7 (+0.1) um. No
positive correlation between single grain ages
and Dy, values has been detected.

A total of 490 track lengths of confined
spontaneous fission-tracks were measured
(Tab. 4.29). The obtained mean track lengths
range from 10.0 (+0.7) to 12.0 (x1.7) um. All
samples show a unimodal, narrow track length
distribution. The track length distributions of
the samples show a skewness ranging
between -1.258 and 1.686. The largest track
length of 15.4 (+0.1) um was measured in
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sample MA-14. After correcting of the
confined track lengths for their crystallo-
graphic orientation, the mean confined fission-
track lengths changed to a distribution of 11.5
(£1.0) and 13.6 (+1.5) um. The c-axis corrected
track length distributions of the samples show
a skewness ranging between -1.740 and 1.732.
The largest track length after c-axis correction
of 15.9 (#0.1) um was measured in sample
MA-14.

4.2.2.4 Zircon (U-Th-Sm)/He age

Three samples from the Kerdous inlier with
three single grain aliquots have been
determined by zircon (U-Th-Sm)/He analysis.
Raw ZHe ages cover a range from 106.2
(£21.9) to 177.3 (+2.5) Ma (Tab. 4.30). o-
gjection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 133.2 (+27.5) and 243.0 (¥3.4) Ma
(Tab. 4.30). The single grains with the lowest
eU concentration revealed similar ages from
207.7 (£3.1) to 243.0 (£3.4) Ma (Fig. 4.30,
Tab. 4.30). All ages are significantly younger
than the corresponding sedimentation, meta-
morphic or intrusive age of the sampled rock
as well as older than the AHe and AFT ages.

In sample MA-12, a negative correlation
between single grain age and effective
Uranium concentration has been observed
(Fig. 4.33). A negative correlation is given by an
increasing He diffusivity as numerous traps are
connected depending on the radiation
damage and cooling history of the hosting rock
(Guenthner and Reiners, 2010). The influence
of radiation damage on ZHe ages is minor as
long as U concentrations are less than ~1000
ppm (Reiners, 2005). At higher U concentra-
tions the ZHe ages decrease rapidly to
anomalously young and unreproducible ages
2005). In MA-12 eU

concentrations of more than 1000 ppm were

(Reiners, sample

determined (Tab. 4.30). Especially the single
grains MA-12.1 and MA-12.2 show anoma-
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lously young and unreproducible ages

(Tab. 4.30).
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Fig. 4.33: ZHe single grain ages (1o error) from the
Kerdous inlier plotted against eU.

No clear positive correlation between equiva-
lent grain radius and ZHe age distribution was
determined (Fig. 4.34).
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Fig. 4.34: ZHe single grain ages (1o error) from the
Kerdous inlier plotted against equivalent grain radius.

4.2.2.5 Zircon fission-track ages
Four samples from the Kerdous inlier have
been analysed by zircon fission-track dating.

The zircon fission-track central ages are equal
within the standard deviation ranging between
287.1 (+23.0) and 311.4 (+22.0) Ma (Fig. 4.30,
Tab. 4.31). All ages are significantly younger
than the
metamorphic or intrusive age of the sampled
rock. ZFT ages are older than ZHe, AFT and
AHe ages, which is consistent with the

corresponding  sedimentation,

difference in closure temperature between
the thermochronological systems. All single
grain age distributions fulfilled the require-
ment of the x’-test with values of 100 %.

4.2.2.6 Summary
The age-elevation plot shows similar or
identical ages of the ZHe and ZFT method
(Fig. 4.35). AHe ages increase with decreasing
elevation and AFT data reveal two slightly
different age populations (Fig. 4.35).

The comparison of all data reveals an age
distribution appropriate to the closure
of the

chronological methods (Fig. 4.35).
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Fig. 4.35: AHe, AFT, ZHe and ZFT age (1o error) — elevation
plot from the Kerdous inlier.
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Table 4.27: Apatite (U-Th-Sm)/He data from the Kerdous inlier
T T T T T T

Sample  Mass Radius U Th Sm el Th/U *He [ Raw age Error Correctedage Error

[ugl  [um] [ug/gl [ug/el [ve/e] [ug/el [nmol/g] [Ma] #10[Ma] [Ma] + 10 [Ma]
1 1 1 1 1 1 I 1 I 1 I 1 1
MA09.1 12 345 3 5 29 4 17 113 0596 529 32 887 53
MA-09.2 09 337 3 9 69 5 34 163 0558 543 3.3 97.3 5.8
MA-12.1 2.8 453 38 19 38 42 05 1451 0676  63.2 38 93.5 5.6
MA-12.2 2.1 436 41 18 47 45 04 1506 0666  60.7 36 91.1 55
MA-123 11 339 39 20 41 43 05 1230 0588 519 31 88.2 5.3
MA-131 30 467 2 1 6 2 04 083 0700 621 37 887 53
MA-13.2 27 629 3 2 6 3 1.0 293 0755 717 10.2 95.0 13.5
MA-13.3 24 451 5 1 6 5 0.2 174 0683 612 3.7 89.6 5.4
MA-141 43 571 7 1 6 8 0.2 346 0745 837 5.0 112.4 6.7
MA-142 29 501 5 <1 5 5 0.1 175 0714 644 39 90.3 5.4
MA-143 34 508 2 2 6 3 07 059 0720 401 24 55.7 33
MA-151 26 433 26 14 45 30 05 671 0676 412 25 61.0 37
MA-152 3.0 475 19 7 37 20 0.4 576 0.692 514 3.1 74.2 45
MA-153 2.2 435 22 6 34 23 03 701 0670 550 3.3 82.2 49
MA-17.1 36 551 11 3 23 12 02 1169 0734 1736 10.4 236.7 14.2
MA-17.2 1.8 432 23 4 23 24 02 1280 0670 979 59 146.1 838
MA-173 34 508 12 1 20 12 0.1 612 0726 894 54 123.1 74

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

Table 4.28: Apatite fission-track from the Kerdous inlier
T T

Sample  Elevation n U (std) Sp. Tracks Ind. Tracks POP) Central age Error

| [ma.s.l] | | [ug/e] | Ps | N; | o) | N; | [%] | [Ma] 1 110 [Ma]
MA-08 1053 20 13.4(9.2) 8.680 495 14.204 810 98.9 154.7 12.2
MA-09 1285 20 5.2(4.5) 3.802 203 5.131 274 100.0 125.8 135
MA-10 1437 20 25.4(13.7) 22.724 1216 22.836 1222 99.9 169.0 11.5
MA-11 1418 20 7.2(6.3) 5.263 329 5.423 339 99.0 165.9 15.7
MA-12 1082 20 24.5(7.4) 21.973 1374 30.800 1926 89.3 180.7 11.7
MA-13 1603 20 7.3(3.1) 5.427 622 6.238 715 99.6 150.3 116
MA-14 1603 20 15.1(6.8) 11.132 1056 18.174 1724 88.5 155.2 10.4
MA-15 1522 20 22.3(7.1) 19.965 1470 20.168 1485 99.8 1714 11.3
MA-16 715 19 6.0(7.3) 2.728 177 3.977 258 100.0 119.7 134
MA-17 530 20 22.1(9.5) 16.279 1179 30.791 2230 98.2 139.0 9.1

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (10° tr/em?);
Ns: number of spontaneous tracks; p:: density of induced tracks (105 tr/cmz); Ni: number of induced tracks; P(xz): probability that single
grains are consistent and belong to the same population. Test is passed if P(xz) > 5 % (Galbraith, 1981). Nd = 15419 tracks counted on CN5
dosimeter glass. Central ages are calculated using a C-value of 333.36 + 17.89. Samples were irradiated at the FRM I reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cmz.
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Table 4.29: Confined fission-track length data from the Kerdous inlier
T T T T T T T T T T T T T T T T
Sample n (01) cT cT cT CcT L L L L L n Dpar  Dpar  Dpar  Dgr  Dpar
CT mean std skew min max mean std skew min max D, mean std skew min max
. . [um] I[um]I . [um] . [um] . [um] I[utm]I . [um]  [um] . . [um] I[ptm]I . (um] . (um]
MA-08 13 111 0.7 168 100 130 128 0.8 -0628 11.1 143 115 1.5 02 2179 12 2.7
MA-09 5 120 16 -1.258 95 134 136 15 -1740 111 148 81 13 0.1 0301 11 1.6
MA-10 12 119 14 0168 96 146 135 10 0383 120 153 100 14 0.2 0237 10 1.8
MA-11 2 100 0.7 0000 95 105 115 10 0000 108 121 93 13 0.1 1489 1.0 2.1
MA-12 109 118 14 018 9.2 153 135 09 0541 120 155 180 1.7 0.1 0.057 1.2 2.2
MA-13 27 116 15 0426 85 148 135 11 -0565 105 158 177 14 0.2 0604 11 2.0
MA-14 95 120 1.7 0140 91 154 136 12 -0.039 10.7 159 245 16 0.2 1091 11 2.6
MA-15 112 120 13 -0133 87 146 136 09 -0.154 110 158 145 1.5 0.1 0339 11 1.8
MA-16 4 112 22 0954 94 142 130 15 1.732 119 153 84 13 0.2 0961 09 1.9
MA-17 111 10.7 14 0223 78 142 128 08 0374 113 150 230 1.7 0.1 -0239 1.2 2.0

n: number of measured individual confined tracks (CT) and etch pit diameter (Dy); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values.

Table 4.30: Zircon (U-Th-Sm)/He data from the Kerdous inlier
T

T
eU Th/U

T
Error  Corrected age

Sample  Mass Radius u Th Sm *He Ft Raw age Error
(bg] [um] [ng/e] [ug/g] [us/gl [vg/el [nmol/g] [Ma] t1c[Ma] [Ma] t10[Ma
1 1 1 1 1 1 1 1 L L 1 1
MA-12.1 8.1 60.1 1979 141 n.d. 2012 0.07 1158.8 0.798 106.2 219 133.2 27.5
MA-12.2 7.6 57.1 1617 147 n.d. 1651 0.09 12341 0.788 137.4 6.3 174.4 8.0
MA-123 59 521 1125 112 nd. 1151 010 10905 0777 1736 4.2 2236 54
MA-14.1 29 40.8 281 47 n.d. 292 0.17 276.8 0.715 173.8 24 2430 34
MA-14.2 4.2 45.2 611 74 n.d. 628 0.12 532.6 0.737 155.6 2.3 211.1 3.1
MA-14.3 8.0 55.1 320 43 n.d. 330 0.14 3191 0.781 177.3 2.5 226.9 3.2
MA-17.1 9.4 61.6 240 65 n.d. 255 0.28 2355 0.802 169.5 2.6 211.3 3.2
MA-17.2 75 59.3 151 25 n.d. 157 0.17 1411 0795 165.1 24 207.7 3.1
MA-17.3 8.8 60.3 353 59 n.d. 367 0.17 309.4 0.799 154.9 2.4 194.0 3.0

eU = [U] +0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold and red marked data are discussed in the text.

Table 4.31: Zircon fission-track data from the Kerdous inlier

T
Sp. Tracks

T
Ind. Tracks

Sample  Etchtime n U (std) P Central age Error

. at200°C[h] . . [ug/gl Lk Ny . pi N; . 1%l . [Ma] . +1c[Ma]
MA-08 7.0 13 193.4 (58.0) 243.632 1065 29.739 130 100.0 298.6 30.6
MA-10 5.0 22 161.3 (40.3) 212.746 3054 24.869 357 100.0 311.4 22.0
MA-14 5.0 15 174.5 (38.4) 243.837 1551 29.242 186 100.0 303.6 27.0
MA-17 7.0 20 159.6 (36.7) 202.373 1954 25.685 248 99.8 287.1 23.0

Etch time in KOH:NaOH (7:5) eutectic melt at 200 + 2 °C; U (std): Uranium concentration and standard deviation; n: number of counted
apatite grains; ps: density of spontaneous tracks (10° tr/cm’); Ny: number of spontaneous tracks; p;: density of induced tracks (10 tr/cm?);
N:: number of induced tracks; P(x’): probability that single grains are consistent and belong to the same population. Test is passed if P(x’) >
5% (Galbraith, 1981). Nd = 11255 tracks counted on CN1 dosimeter glass. Central ages are calculated using a C-value of 140.83 + 5.93.
Samples were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1 x 10 neutrons/cm”.
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4.2 3 Ifni inlier

4.2.3.1 Apatite (U-Th-Sm)/He ages

Two samples from the Ifni inlier of the western
Anti-Atlas with three single grain aliquots have
been determined by apatite (U-Th-Sm)/He
analysis. Raw AHe ages cover a wide range
from 67.0 (¥4.0) to 1450 (+8.7) Ma
(Tab. 4.32). a-ejection correction after Farley
et al. (1996) was applied to all grains resulting
in ages between 119.8 (+7.2) and 223.7
(¥13.4) Ma (Tab. 4.32). Both samples show a
large spread in the single grain ages. The
youngest a-ejection corrected single grain age
of the two samples range from 119.8 (+7.2) to
164.1 (£9.8) Ma (Fig. 4.37, Tab. 4.32). The ages
are  significantly ~ younger  than  the
corresponding sedimentation, metamorphic
or intrusive age of the sampled rock. From
every sample, at least one AHe single grain age
is younger than the apatite fission-track age.

A positive correlation between single grain age
and effective Uranium concentration has been
observed in sample MA-21 of the Ifni inlier
(Fig. 4.36). A positive correlation is indicative
for a long residence time in the PRZ.

No clear positive correlation between equiva-
lent grain radius and AHe age distribution was
determined (Fig. 4.38).
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Fig. 4.36: AHe single grain ages (1o error) from the Ifni

inlier plotted against eU.
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Fig. 4.38: AHe single grain ages (1o error) from the Ifni

inlier plotted against equivalent grain radius.

4.2.3.2 Apatite fission-track ages

All samples from the Ifni inlier have been
analysed by apatite fission-track dating. The
samples reveal slightly different apatite fission-
track central ages between 175.3 (+13.9) and
2185 (+17.4) Ma from lower elevations
between 60 m and 570 m (Fig. 4.37,
Tab. 4.33). Three samples show identical ages
(MA-20, MA-21 and MA-22) vyielding an
average age of 182.1 (+13.5) Ma. The oldest
age of 218 (+17.4) Ma was obtained from a
breccia sample (MA-23) close to the ignimbrite
sample MA-22. All ages are significantly
younger than the corresponding
sedimentation, metamorphic or intrusive age
of the sampled rock. The single grain age
distributions fulfilled the requirement of the
X’-test with values between 95 and 99 %
indicating a homogeneous distribution with
respect to 1o error of the single grain ages.

4.2.3.3 Etch pit size and track length
aistribution

A total of 704 D, values were determined for
all apatite grains (Tab. 4.34). The mean Dpar
values for each sample reveal a very narrow
range between 1.4 (+0.2) and 1.7 (£0.3) um.
The samples exhibit a positive skewness of
0.127 and 2.913. Sample MA-21 shows the
largest spread in etch pit size ranging between
1.2 (#0.1) and 3.4 (#0.1) pm. No positive

correlation between single grain ages and Dgar
values has been detected.

A total of 232 track lengths of confined
spontaneous fission-tracks were measured
(Tab. 4.34). The obtained mean track lengths
range from 11.8 (#1.3) to 12.6 (+1.1) um. All
samples show a unimodal, narrow track length
distribution. The track length distributions of
the samples show no significant skewness
ranging between -0.316 and 0.914. The largest
track length of 15.1 (+0.1) um was measured
in sample MA-21. After correcting of the
confined track lengths for their crystallo-
graphic orientation, the mean confined fission-
track lengths changed to a distribution of 13.5
(£0.9) and 14.0 (£0.7) um. The c-axis corrected
track length distributions of the samples show
no significant skewness ranging between
-0.504 and 0.520. Sample MA-29 shows the
largest spread in track length after c-axis
correction ranging between 10.1 (#0.1) and
15.4 (£0.1) pm.

4.2.3.4 Zircon (U-Th-Sm)/He ages

Two samples from the Ifni inlier with three
single grain aliquots have been determined for
zircon (U-Th-Sm)/He analysis. Raw ZHe ages
cover a wide range from 130.7 (+3.5) to 270.3
(#4.0) Ma (Tab. 4.35). a-ejection correction
after Farley et al. (1996) was applied to all
grains resulting in ages between 173.2 (+4.7)
and 362.0 (#5.4) Ma (Tab. 4.35). The single
grains with the lowest eU concentration
revealed similar ages of 251.7 (#5.3) and 287.3
(#4.0) Ma (Fig. 4.37, Tab. 4.35). All ages are
significantly younger than the corresponding
sedimentation, metamorphic or intrusive age
of the sampled rock as well as older than the
AHe and AFT ages.

In sample MA-21, a negative correlation
between single grain age and effective
Uranium concentration has been observed
(Fig. 4.39). A negative correlation is given by an
increasing He diffusivity as numerous traps are
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connected depending on the radiation
damage and cooling history of the hosting rock
(Guenthner and Reiners, 2010). The influence
of radiation damage on ZHe ages is minor as
long as U concentrations are less than ~1000
ppm (Reiners, 2005). At higher U concen-
trations the ZHe ages decrease rapidly to
anomalously young and unreproducible ages
(Reiners, 2005). Consequently, based on the
determined eU concentrations of 1099 and
1156 ppm in sample MA-21, two ZHe single
grain aliquot ages could be anomalously young
and unreproducible (Tab. 4.35).

No clear positive correlation between equiva-
lent grain radius and ZHe age distribution was
determined (Fig. 4.40).
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Fig. 4.39: ZHe single grain ages (1o error) from the Ifni
inlier plotted against eU.
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4.2.3.5 Summary

The age-elevation plot shows similar ages of
the AFT method, while AHe and ZHe ages are
slightly different (Fig. 4.41).

The comparison of all data shows an age
distribution
temperatures of the respective thermochro-

appropriate to the closure

nological methods (Fig. 4.41).
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Table 4.32: Apatite (U-Th-Sm)/He data from the Ifni inlier
T T T T T

T
Sample  Mass Radius U Th Sm eU Th/U *He F Raw age Error Correctedage Error

gl [um] [ug/gl [ug/el [me/e] [ug/el [nmol/g] [Ma] *1c[Ma] [Ma] +1c[Ma]
1 1 1 I 1 1 1 I 1 1 1 1 1
MA-20.1 22 434 13 20 90 17 1.5 779 0652 789 47 1209 7.3
MA-202 09 315 10 19 102 14 2.0 590 0559 670 40 119.8 72
MA-203 07 312 7 17 36 11 2.2 6.88 0532  104.7 6.3 196.9 11.8
MA-21.1 14 396 18 25 23 24 13 1551 0624 1172 7.0 188.0 11.3
MA-21.2 1.8 429 23 35 18 32 15 2518 0648 1450 8.7 223.7 134
MA213 24 442 15 21 18 20 14 1225 0673 1104 6.6 164.1 9.8

eU = [U] +0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

Table 4.33: Apatite fission-track from the Ifni inlier
T T

Sample  Elevation n U (std) Sp. Tracks Ind. Tracks POP) Central age Error

. [masl] . . [ue/e] L N, L N; . 1% . [Ma] . +10[Ma]
MA-20 60 20 8.9(2.6) 7.821 501 11.318 725 95.3 175.3 139
MA-21 260 20 18.7(4.7) 17.416 1044 25.239 1513 99.1 181.8 12.3
MA-22 570 18 14.7 (6.5) 14.326 767 13.242 709 99.0 189.1 143
MA-23 414 18 12.1(8.2) 11.642 675 9.296 539 99.0 218.5 17.4

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; p,: density of spontaneous tracks (10° tr/em?);
Nq: number of spontaneous tracks; p;: density of induced tracks (105 tr/cmz); Ni: number of induced tracks; P(xz): probability that single
grains are consistent and belong to the same population. Test is passed if P(xz) > 5 % (Galbraith, 1981). Nd = 15419 tracks counted on CN5
dosimeter glass. Central ages are calculated using a Z-value of 333.36 + 17.89. Samples were irradiated at the FRM Il reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cmz.

Table 4.34: Confined fission-track length data from the Ifni inlier

T T T T T T T T T T T T T T T T

Sample n CcT cT CT cT CcT L Le L Le L n Doar  Dpar  Dpar  Dpr  Dgar
CT mean std skew min max mean std skew min max Dg mean std skew min max
[um]  [um] (um] [um]  [um]  [um] [um]  [um] [um]  [um] (um]  [um]

MA-20 105 11.8 13 0126 88 146 135 09 -0504 101 154 230 16 02 0880 1.2 2.2
MA-21 111 121 14 -0316 89 151 137 10 -0438 111 156 297 1.7 03 2913 1.2 34
MA-22 10 126 11 0914 113 145 140 0.7 0520 129 154 &7 14 02 0703 09 2.0
MA-23 6 122 11 -0087 107 137 138 08 0147 127 150 90 1.5 02 0127 10 2.1

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values.

Table 4.35: Zircon (U-Th-Sm)/He data from the Ifni inlier

T
Sample  Mass Radius U Th Sm eU Th/U *He Ft Raw age Error Correctedage Error

[ugl [um] [ug/e]l [ug/el [ue/e]l [ug/e] [nmol/g] [Ma] *1c[Ma] [Ma] +10 [Ma]
1 1 1 1 1 I 1 I I 1 1 1 1
MA-201 21 396 528 204 nd 576 040 5767 0701 1834 2.5 2616 3.6
MA-202 48 535 207 76 nd. 224 038 2757 0780 2241 31 2873 40
MA-203 34 472 223 111 nd. 249 051 3704 0747 2703 40 362.0 5.4
MA-21.1 40 491 1085 303 nd. 1156 029 8212 0755 1307 35 173.2 4.7
MA-212 31 457 1051 207 nd. 1099 020 859.9 0739 1437 3.2 194.6 43
MA213 33 451 666 217 nd. 717 033 7293 0740 1863 39 251.7 5.3

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold are discussed in the text.
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4.2 4 Bas Draa inlier

4.2.4.1 Apatite (U-Th-Sm)/He ages

Two samples from the lower elevated Bas
Draa inlier of the western Anti-Atlas with three
single grain aliquots have been determined by
apatite (U-Th-Sm)/He analysis. Raw AHe ages
cover a wide range from 74.9 (+4.5) to 164.9
(¥9.9) Ma (Tab. 4.36). a-ejection correction
after Farley et al. (1996) was applied to all
grains resulting in ages between 110.7 (+6.6)
and 227.4 (+13.6) Ma (Tab. 4.36). Both
samples show a large spread in the single grain
ages. The youngest a-ejection corrected single
grain age of the two samples range from 110.7
(£6.6) to 129.9 (+7.8) Ma (Fig. 4.43, Tab. 4.36).
The ages are significantly younger than the
corresponding sedimentation, metamorphic
or intrusive age of the sampled rock. From
every sample, at least one AHe single grain age

129.9(7.8)

Palaeozoic-Cenozoic [ cambrian >~ Normal fault
| Pliocene-Pleistocene I Adoudounian-Taliwinian WA 2\9 (:roveldfzresumed)
Cretaceous Precambrian - ample No.

g Lower Carboniferous Il Vo'canic series of Tanalt, Irherm, Ouarzazate AHe age (10 error)
I Devonian [ | Volcanic-sedimentary series of Anezi — AFT age (10 error)
- Silurian [ Micaschists, gneiss and migmatites of Tasserhirt _ ZHe age (1o error)
- Ordovician - Granite of Tasserhirt, Tazeroualt, Azguemerzi _ ZFT age (10 error)

is younger than the apatite fission-track age.

A positive correlation between single grain age
and effective Uranium concentration has been
observed in sample MA-29 of the Bas Draa
inlier (Fig. 4.42). A positive correlation is
indicative for a long residence time in the PRZ.
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Fig. 4.42: AHe single grain ages (1o error) from the Bas

Draa inlier plotted against eU.

Fig. 4.43: Geological map of the Bas Draa inlier with sample locations, AFT and ZFT central ages, ZHe ages as well as the

youngest AHe age (1o error).
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In both samples a positive correlation between
equivalent grain radius and AHe age distri-
bution was determined indicating a long
residence time in the PRZ (Reiners and Farley,
2001) (Fig. 4.44).
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Fig. 4.44: AHe single grain ages (1o error) from the Bas
Draa inlier plotted against equivalent grain radius.

4.2.4.2 Apatite fission-track ages

Both samples from the Bas Draa inlier have
been analysed by apatite fission-track dating.
The samples reveal slightly different apatite
fission-track central ages of 150.4 (+10.0) and
186.4 (£12.0) Ma from lower elevations of 134
m and 344 m (Fig. 4.43, Tab. 4.37). All ages are
significantly younger than the corresponding
sedimentation, metamorphic or intrusive age
of the sampled rock. The single grain age
distributions fulfilled the requirement of the
X’-test with values of 93 and 99 % indicating a
homogenous distribution with respect to 1o
error of the single grain ages.

4.2.4.3 Ftch pit size and track length
aistribution

A total of 335 D, values were determined for
all apatite grains (Tab. 4.38). The mean Dpar
values for each sample reveal a very narrow
range between 1.4 (+0.1) and 1.7 (£0.1) um.
The samples exhibit a minor positive skewness
of 0.107 and 0.229. Sample MA-29 shows the
largest spread in etch pit size ranging between
1.3 (0.1) and 2.1 (+0.1) pm.

A total of 223 track lengths of confined

spontaneous fission-tracks were measured
(Tab. 4.38). The obtained mean track lengths
range from 11.7 (+1.5) to 12.2 (#1.5) um. Both
samples show a unimodal, narrow track length
distribution. The track length distributions of
the samples show a negative skewness ranging
between -0.886 and -0.410. The largest track
length of 16.2 (+0.1) um as well as the smallest
of 5.3 (#0.1) um was measured in sample
MA-29. After correcting of the confined track
lengths for their crystallographic orientation,
the mean confined fission-track lengths
changed to a distribution of 13.5 (+0.9) and
13.8 (+1.0) um. The c-axis corrected track
length distributions of the samples show no
significant, negative skewness. Sample MA-29
shows the largest spread in track length after
c-axis correction ranging between 11.4 (+0.1)
and 16.4 (£0.1) pm.

4.2.4.4 Zircon (U-Th-Sm)/He ages

Both samples from the Bas Draa inlier with
three single grain aliquots have been
determined by zircon (U-Th-Sm)/He analysis.
Raw ZHe ages cover a range from 151.4 (+3.1)
to 187.1 (+2.9) Ma (Tab. 4.39). a-ejection
correction after Farley et al. (1996) was
applied to all grains resulting in ages between
204.1 (£3.5) and 246.2 (+3.8) Ma (Tab. 4.39).
The single grains with the lowest eU
concentration revealed identical ages of 204.8
(+4.2) and 2109 (+3.1) Ma (Fig. 4.43,
Tab. 4.39). All ages are significantly younger
than the corresponding sedimentation, meta-
morphic or intrusive age of the sampled rock
as well as older than the AHe and AFT ages.
The age—eU concentration plot shows no clear
positive or negative correlation in samples
from the Bas Draa inlier (Fig. 4.45). Whereas
the three single grain ages of sample MA-30
are equal within the standard deviation,
sample MA-29 reveals no obvious correlation
between eU content and ZHe age.

No clear positive correlation between equiva-
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lent grain radius and ZHe age distribution was
determined (Fig. 4.46).
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Fig. 4.45: ZHe single grain ages (1o error) from the Bas
Draa inlier plotted against eU.
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Fig. 4.46: ZHe single grain ages (1o error) from the Bas
Draa inlier plotted against equivalent grain radius.

4.2.4.5 Zircon fission-track ages

All samples from the Bas Draa inlier have been
analysed by zircon fission-track dating. The
zircon fission-track central ages are equal
within the standard deviation ranging between

Table 4.36: Apatite (U-Th-Sm)/He data from the Bas Dréaa inlier
T T T

303.8 (+25.1) and 313.5 (+22.7) Ma (Fig. 4.43,
Tab. 4.40). All ages are significantly younger
than the
metamorphic or intrusive age of the sampled
rock. ZFT ages are older than ZHe, AFT and
which
difference in closure temperature between

corresponding  sedimentation,

AHe ages, is consistent with the
the thermochronological systems. All single
grain age distributions fulfilled the require-
ment of the x’-test with values of 100 %.

4.2.4.6 Summary

The age-elevation plot shows similar or
identical ages of the different thermochrono-
metric methods (Fig. 4.47). However, AHe and
AFT ages of sample MA-29 are slightly younger
yielding a minor negative slope (Fig. 4.47). This
negative slope is indicative for a general decay
in relief (Braun, 2002). The comparison of all data
shows an age distribution appropriate to the

closure  temperatures of the respective
thermochronological methods (Fig. 4.47).
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Fig. 4.47: AHe, AFT, ZHe and ZFT age (10 error) — elevation
plot from the Bas Draa inlier.

T T T T T T T T T T
Sample  Mass Radius u Th Sm eU Th/U *He Fe Raw age Error Correctedage Error
gl  [um] [ue/e]l [uefe]l [ue/gl [ug/el [nmol/g] [Ma] t10[Ma] [Ma]  +1c[Ma]
1 | 1 1 1 1 1 1 1 1 1 1 ]
MA-29.1 27 432 6 6 41 8 0.9 3.26 0.676 749 45 110.7 6.6
MA-29.2 1.5 52.0 17 6 61 18 0.3 3598 0.717 125.3 204 174.7 285
MA-29.3 3.9 53.6 22 7 86 23 0.3 21.79  0.725 164.9 9.9 227.4 13.6
MA-30.1 0.9 39.5 19 4 48 20 0.2 20.97 0.642 124.3 113 193.5 17.6
MA-30.2 1.5 40.7 15 3 48 16 0.2 12.04 0.652 133.7 8.0 205.1 12.3
MA-303 1.2 374 21 4 70 22 0.2 991 0633 822 49 129.9 7.8

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each

sample discussed in the text.
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Table 4.37: Apatite fission-track from the Bas Draa inlier
T

Sample Elevation n U (std) Sp. Tracks Ind. Tracks P()(2 ) Central age Error
[mas.l] [ug/e] Ps N Pi N; [%] [Ma] +1c[Ma]
1 I 1 1 I I 1 1 1 1
MA-29 344 20 18.4 (11.4) 13.145 1320 15.406 1547 98.5 150.4 10.0
MA-30 134 20 16.3 (4.7) 15.842 1411 22.140 1972 92.9 186.4 12.0

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (105 tr/cmz);
N,: number of spontaneous tracks; p;: density of induced tracks (10° tr/cm?); Ni: number of induced tracks; P(x’): probability that single
grains are consistent and belong to the same population. Test is passed if P(x’) > 5 % (Galbraith, 1981). Nd = 15419 tracks counted on CN5
dosimeter glass. Central ages are calculated using a Z-value of 333.36 + 17.89. Samples were irradiated at the FRM Il reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cm”.

Table 4.38: Confined fission-track length data from the Bas Draa inlier

Sampe n CT € C C € L L L L L n Dw Du Da Du D
CT mean std skew min max mean std skew min max Dy mean std skew min max
 tuml fum] (wm] fum] - fum] - [pml] (um]  [um]  tum] [um) (um]  [um]

1 1 1 1 1 1 1 1

MA-29 117 122 15 -088 53 162 138 10 -0.021 114 164 110 14 01 0107 1.0 1.7
MA-30 106 117 15 -0410 79 143 135 09 -0304 113 153 225 1.7 01 0229 13 2.1

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values.

Table 4.39: Zircon (U-Th-Sm)/He data from the Bas Draa inlier
T T T T T T

T
Sample  Mass Radius u Th Sm eU Th/U *He Ft Raw age Error Correctedage Error

[ugl [um] [ue/e]l [ue/el [ue/e]l [ug/e] [nmol/g] [Ma] %1c[Ma] [Ma] + 10 [Ma]

1 1 1 1 1 I 1 I I 1 1 1 1
MA-291 43 506 310 208 nd. 359 069 3668 0760 187.1 2.9 246.2 3.8
MA-292 23 419 490 231 nd. 545 048 4754 0715  160.2 3.8 2239 5.4
MA-293 35 457 209 183 nd. 252 090 2078 0739 1514 31 204.8 42
MA-301 70 596 250 47 nd. 261 019 2313 079 1624 2.8 204.1 35
MA302 118 667 230 44 nd. 241 019 2283 0824 1739 25 2109 3.1
MA-303 108 631 463 56 nd. 476 012 4396 0807 169.3 35 209.7 4.4

eU = [U] +0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold are discussed in the text.

Table 4.40: Zircon fission-track data from the Bas Draa inlier
T T T T

T T
Sample  Etchtime n U (std) Sp. Tracks Ind. Tracks P(X) Central age Error
at 200 °C[h] [ne/e] Ps Ny Pi N; [%] [Ma] t10([Ma]
1 1 1 1 1 1 1 1 1 1
MA-29 5.0 20 149.9 (30.0) 206.306 2837 23.925 329 99.9 313.5 22.7
MA-30 3.5 20 180.2 (36.0) 250.332 1880 29.960 225 100.0 303.8 25.1

Etch time in KOH:NaOH (7:5) eutectic melt at 200 + 2 °C; U (std): Uranium concentration and standard deviation; n: number of counted
apatite grains; ps: density of spontaneous tracks (105 tr/cmz); Ns: number of spontaneous tracks; p;: density of induced tracks (105 tr/cmz);
N:: number of induced tracks; P(x’): probability that single grains are consistent and belong to the same population. Test is passed if P() >
5% (Galbraith, 1981). Nd = 11255 tracks counted on CN1 dosimeter glass. Central ages are calculated using a Z-value of 140.83 + 5.93.
Samples were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1 x 10" neutrons/cm’.
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4.2.5 Precambrian inliers — Summary

The Precambrian inliers show identical age
populations in the various thermochro-
nological methods. Therefore, the data were

presented and discussed by comparison.

4.2.5.1 Apatite (U-Th-Sm)/He ages

The AHe ages revealed an age spectra from
49.0 (£2.9) to 164.1 (+9.8) Ma (Fig. 4.23,
Fig. 4.48). Based on the large spread in the age
distribution and the very different nature of
the topography from northeast to southwest
in the sampling area, the data were grouped
into two areas:

(1) Elevated northeastern part with the
Irherm and Kerdous inliers

(2) Lower southwest area including the Ifni
and Bas Draa inliers and the south-
western part of the Kerdous inlier

(1) In the Irherm and Kerdous inliers,
seven Precambrian samples yielded significant
younger AHe ages than in the Ifni and Bas Draa
inliers ranging from 49.0 (+2.9) to 88.7 (+5.3)
Ma (Fig. 4.48). The area reveals two different
AHe age populations that are not separable
regionally, topographically or by major
structural features. Ages of the younger
population range between 49.0 (+2.9) and
61.0 (3.7) Ma yielding an average age of 55.2
(£3.3) Ma (Fig. 4.48). The youngest age of 49.0
(¥2.9) Ma was obtained from a quartzite
sample (MA-06) taken at 1885 m, the highest
elevation of all samples. The AHe ages of the
older population from the Irherm and Kerdous
inliers are equal within the standard deviation
ranging from 85.4 (+5.1) to 88.7 (+5.3) Ma and
yielding an average age of 87.8 (+5.3) Ma.

(2) The AHe ages of samples from the
lower southwestern inliers Bas Draa and Ifni
including a sample from the Kerdous inlier
cover a range from 110.7 (+6.6) to 164.1 (£9.8)
Ma (Fig. 4.48). Except for a granite sample
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from the Ifni inlier with an age of 164.1 (+9.8)
Ma, the samples reveal a very narrow age
spectra ranging from 110.7 (+6.6) to 129.9
(£7.8) Ma. The five samples were taken from
lower elevations between 134 and 530 m and
yielded an average age of 129.7 (+7.8) Ma.

The age-elevation plot for the entire sampling
area shows a rather large scatter in the age
distribution and no obvious relationship
(Fig. 4.48).
described above indicate an apparent relation-

However, the separate areas

ship between elevation and AHe ages and an
increasing impact of the Atlasian orogeny from
southwest to northeast in the western Anti-
Atlas.
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Fig. 4.48: AHe age (10 error) — elevation plot from outcrop
samples of the western Anti-Atlas.

4.2.5.2 Apatite fission-track ages

The apatite fission-track central ages cover a
wide range from 119.7 (+13.4) to 2185
(#17.4) Ma (Fig. 4.23, Fig. 4.49), while 17 ages
range between 150 and 190 Ma. Based on the
large spread in the AFT age distribution, the
data were grouped into three areas.

(1) Northeastern block (Irherm and Eastern
Kerdous inliers)

(2) Southwestern block (Ifni and Bas Draa
inliers)

(3) Middle block (Western Kerdous inlier)
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(1) In the northeastern block, 12 samples
revealed a narrow age spectra ranging from
149.6 (+13.5) to 180.7 (£11.7) Ma (Fig. 4.49).
The samples from the Irherm and eastern
Kerdous inliers were collected from elevations
between 1018 m and 1885 m vyielding an
average age of 164.4 (+12.6) Ma.

(2) In the lower southwestern block
including samples from the Ifni and Bas Draa
inliers, the AFT ages are somewhat older than
in the northeastern block. The six central ages
determined range between 150.4 (+10.0) and
218.5 (+17.4) Ma yielding an average age of
183.6 (+13.3) Ma (Fig. 4.49). In this block a
large degree of scatter in the age distribution
can be observed. Four samples revealed a
narrow age spectra from 175.3 (+13.9) to
189.1 (+14.3) Ma vyielding an average age of
183.2 (£13.1). A sample from the Bas Draa
inlier show a significantly younger age of 150.4
(£10.0) Ma similar to the youngest ages of the
northeastern block.

(3) In the western Kerdous inlier the AFT
ages are substantial younger compared to the
other blocks. The central ages range between
119.7 (#13.4) and 139.0 (¥9.1) Ma yielding an
average age of 128.2 (+12.0) Ma (Fig. 4.49).

The age-elevation plot for the entire sampling
area shows a large spread in the age distribu-
tion and no obvious relationship is visible
(Fig. 4.49).
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Fig. 4.49: AFT age (10 error) — elevation plot from outcrop
samples of the western Anti-Atlas.

However, the separate blocks indicate a minor
and AFT
central ages. Considering all ages from the

relationship between elevation
northeastern block, the narrow age spectrum
indicates a rapid exhumation between 180
and 150 Ma in this part of the study area.

4.2.5.3 Zircon (U-Th-Sm)/He age

The ZHe ages of the entire study area revealed
an age spectra from 130.1 (+2.9) to 287.3
(#4.0) Ma (Fig. 4.23, Fig. 4.50). A regional
separation of the sampling area based on the
Z/He ages could not be determined. Five
samples from the Kerdous and Bas Draa inliers
show a narrow age range between 204.8
(#4.2) and 243.0 (£3.4) Ma, whereas the two
ZHe ages of the Ifni inlier are slightly older
ranging from 251.7 (+5.3) to 287.3 (#4.0) Ma.
The ZHe age of 130.1 (+2.9) Ma from the
Irherm inlier is an anomalously young and
unreproducible age due to the very high eU
concentration.

The age-elevation plot for the entire sampling
area shows a scatter in the age distribution
and no obvious relationship (Fig. 4.50).
Excluding samples from the Ifni inlier, the ZHe
data show a relatively narrow age distribution.
Considering ages from the Kerdous and Bas
Draa inliers, the age spectra indicates a rapid
exhumation in the study area between 250
and 200 Ma.
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Fig. 4.50: ZHe age (10 error) — elevation plot from outcrop
samples of the western Anti-Atlas.
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4.2.5.4 Zircon fission-track ages
The zircon fission-track central ages cover a
narrow range between 287.1 (+23.0) and
330.6 (+23.8) Ma (Fig. 4.23, Fig. 4.51). A
separation of the study area in several blocks
based on the ZFT ages could not be
determined. The ZFT ages show no elevation-
distribution.  The
collected from

or regional-dependent
analysed samples were
elevations between 134 m and 1885 m and
yielded an average age of 307.3 (+24.1) Ma.
The age-elevation plot shows the narrow
range in the age distribution for the entire
sampling area (Fig. 4.51). The zircon fission-
track central ages of the eight samples are
equal within the standard deviation to the
calculated average age of 307.3 (+24.1) Ma
indicating a rapid exhumation in the study

area between 330 and 290 Ma.
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Fig. 4.51: ZFT age (10 error) — elevation plot from outcrop

samples of the western Anti-Atlas.
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4.2.5.5 Summary

A comparison of all thermochronological data
shows an age distribution appropriate to the
of the
thermochronometric methods (Fig. 4.52). All

closure temperatures respective
apatite (U-Th-Sm)/He ages are younger than
the corresponding apatite fission-track age of
the sample. Except for sample MA-01 with a
very high eU concentration of 1107 pg/g, the
zircon (U-Th-Sm)/He ages are older than the
AFT and AHe ages. According to the higher
closure temperature, the zircon fission-track
data show significant older ages than the
corresponding AHe, AFT and ZHe age of the
sampled rock.
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Fig. 4.52: AHe, AFT, ZHe and ZFT age (10 error) — elevation
plot from outcrop samples of the western Anti-Atlas.
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4.2.6 Adrar Zougar-1

4.2.6.1 Apatite (U-Th-Sm)/He ages

Three samples from well Adrar Zougar-1 with
three and four, respectively single grain
aliquots have been analysed by apatite (U-Th-
Sm)/He dating. Raw AHe ages cover a range
from 0.0 (x0.0) to 27.2 (£1.6) Ma (Tab. 4.41).
a-ejection correction after Farley et al. (1996)
was applied to all grains resulting in ages
between 0.0 (+0.0) and 40.0 (¥2.4) Ma
(Tab. 4.41). The youngest a-ejection corrected
single grain age of each sample range from
16.4 (£1.0) Ma at a depth of 455-463 m to 0.0
(#0.0) Ma at a depth of 1988-2095 m
(Fig. 4.54, Tab. 4.41). Based on the AHe age of
0.0 Ma from sample AZ-03 and the increment
of the current temperature with increasing
depth, AHe ages of samples AZ-04 to AZ-06
are also 0.0 Ma. The
continuously with increasing depth (Fig. 4.54).
All single grain aliquot ages are significantly

ages decrease

younger than the corresponding sedimenta-
tion age of the sampled rock and younger than
the apatite fission-track age.

0 Surface temperature: ~20°C

A positive correlation between single grain age
and effective Uranium concentration has been
observed in sample AZ-01, while the other
samples show no obvious correlation
(Fig. 4.53). A positive correlation is indicative

for a long residence time in the PRZ.
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Fig. 4.53: AHe single grain ages (1o error) from Adrar
Zougar-1 well plotted against eU.

In samples from the Adrar Zougar-1 well, no
clear correlation between equivalent grain
radius and AHe age distribution was deter-
mined (Fig. 4.55).
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Fig. 4.54: Thermochronometric age (10 error) — depth distribution of the Adrar Zougar-1 well. On the left side the recent

temperature distribution as well as a schematic stratigraph

ic profile is displayed.
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Fig. 4.55: AHe single grain ages (1o error) from Adrar
Zougar-1 well plotted against equivalent grain radius.

4.2.6.2 Apatite fission-track ages

Every sample has been analysed by apatite
fission-track dating. The AFT central ages
range between 163.0 (+32.3) Ma at a depth of
1090-1113 m and 8.9 (+1.2) Ma at a depth of
3021-3059 m (Fig. 4.54, Tab. 4.42). Except for
sample AZ-02 the ages decrease continuously
from the top to the bottom of the well
(Fig. 4.54). The scatter in the upper part of the
well is due to the very low amount of apatite
single grains. Whereas in sample AZ-01 an age
of 114.9 (+12.2) Ma was determined by four
grains, in sample AZ-02 only one grain was
analysed resulting in an AFT age of 163.0
(£32.3) Ma. All ages are significantly younger
than the corresponding sedimentation age of
the sampled rock. All single grain age distribu-
tions fulfilled the requirement of the y’-test
with values between 8 and 100 %.

4.2.6.3 Etch pit size and track length
distribution

Etch pit size (Dpar) and confined spontaneous
fission-track lengths were measured in every
sample from well Adrar Zougar-1. A total of
292 Dy, values were determined for all apatite
grains (Tab. 4.43). The mean Dy, values for
each sample reveal a very narrow range
between 1.3 (#0.2) and 1.6 (¥0.2) um. All
samples exhibit a positive skewness between
0.097 and 1.749. The largest etch pit size of
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2.2 (¥0.1) um as well as the largest spread in
etch pit size was measured in sample AZ-06.
Between single grain ages and Dy, values no
positive correlation has been detected.
Confined spontaneous fission-track lengths
were detected in only one sample. A total of 4
track lengths were measured (Tab. 4.43). The
obtained mean track lengths of sample AZ-04
is 11.5 (£1.7) um. After correcting of the
confined track lengths for their crystallo-
graphic orientation, the mean confined fission-
track lengths changed to 13.0 (£1.4) um. The
largest track length after c-axis correction is
14.3 (+0.1) um.

4.2.6.4 Zircon (U-Th-Sm)/He ages

Three samples with three single grain aliquots
each have been analysed by zircon (U-Th-
Sm)/He dating, while three samples were not
determined. Raw ZHe ages cover a range from
49.7 (£4.0) to 150.1 (£12.0) Ma (Tab. 4.44).
a-ejection correction after Farley et al. (1996)
was applied to all single grains resulting in ages
between 59.2 (+4.7) and 207.8 (+16.6) Ma
(Tab. 4.44). The single grains with the lowest
eU concentration revealed ages of 202.1
(+16.2) Ma (AZ-01) and 131.6 (+10.5) Ma
(AZ-04) (Fig. 4.54, Tab. 4.44). Sample AZ-06
yielded a ZHe age of 174.2 (+13.9) for the
single grain (AZ-06.2) with the lowest effective
Uranium concentration (Tab. 4.44). Since this
single grain age is substantially older than
sample AZ-04, single grain AZ-06.1 with a
significantly younger age of 81.4 (+6.5) and
similar eU content was used for further
interpretation and discussion (Tab. 4.44). The
ZHe ages decrease continuously with
increasing depth (Fig. 4.54). All single grain
ages are significantly younger than the
corresponding sedimentation age of the
sampled rock and older than the apatite
fission-track age.

The age—eU concentration plot shows no clear
positive or negative correlation in the samples
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of the Adrar Zougar-1 well (Fig. 4.56). Whereas
the three single grain ages of samples AZ-01
and AZ-04 are equal within the standard
deviation, sample AZ-06 show no obvious
correlation between eU content and ZHe age.

350

e e AZ-01
ot ® AZ-04
300 1 ® AZ06
250
200 -
3 o
g @
3 150
—e—
100 -
—e—
50 .
0

o 2‘5 5‘0 7‘5 1[;0 1;5 1;0 1;5 2(;0 22r5 250
ZHe age [Ma]

Fig. 4.56: ZHe single grain ages (1o error) from Adrar

Zougar-1 well plotted against eU.

In samples from the Adrar Zougar-1 well, no
clear positive correlation between equivalent
grain radius and ZHe age distribution was
determined (Fig. 4.57).
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Fig. 4.57: ZHe single grain ages (1o error) from Adrar

Zougar-1 well plotted against equivalent grain radius.

4.2.6.5 Zircon fission-track ages

All samples were analysed by zircon fission-
track dating. The ZFT central ages range
between 366.1 (+28.6) Ma at a depth of 455—
463 m and 257.8 (+17.6) Ma at a depth of
3315-3387 m (Fig. 4.54, Tab. 4.45). The ZFT
ages decrease continuously with increasing
depth (Fig. 4.54). All ages are significantly
younger than the corresponding sedimenta-
tion age of the sampled rock. All single grain
age distributions fulfilled the requirement of
the y*-test with values between 94 and 100 %.
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Table 4.41: Apatite (U-Th-Sm)/He data from well Adrar Zougar-1
T T T T

Sample RecentT Mass Radius U Th Sm eU Th/U *He F; Rawage Error Correctedage Error
'cl [ugl [uml [ug/el [ue/gl [ne/sl [be/sl [nmol/g] [Ma] £1o[Ma] [Ma] #£1o[Ma]

A7-01.1 31 4.6 43.0 1 46 92 22 4.2 131 0.656 108 0.6 16.4 1.0
AZ-01.2 31 34 39.0 18 47 76 29 2.6 260 0.628 16.3 1.0 259 16
AZ-01.3 31 5.5 455 19 48 87 30 2.5 458 0679 27.2 1.6 40.0 24
AZ-01.4 31 45 425 16 47 85 27 31 2.83  0.654 18.0 11 27.4 1.6
AZ-02.1 48 3.2 48.0 10 10 30 13 1.0 066 0.705 9.3 0.6 13.2 0.8
AZ-02.2 48 3.0 38.2 23 25 42 29 11 091 0627 5.8 03 9.3 0.6
AZ-02.3 48 3.8 39.8 23 68 66 39 3.0 116 0.630 55 03 87 05
AZ-02.4 48 33 42.0 19 34 46 27 17 091 0654 6.8 0.4 10.4 0.6
AZ-03.1 71 35 46.0 11 16 68 14 15 0.00 0.688 -0.1 0.0 -0.1 0.0
AZ-03.2 71 40 410 22 13 76 26 0.6 000 0.659 0.0 0.0 0.0 0.0
AZ-03.3 71 2.7 357 17 16 106 21 0.9 037 0612 31 0.2 51 0.3

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Shuster et al. (2006) and Ketcham (2009). Data in bold: youngest apatite (U-Th-Sm)/He grain of each
sample discussed in the text.

Table 4.42: Apatite fission-track data from well Adrar Zougar-1
T T

T T T

Sample Recent T n U (std) Sp. Tr:'acks Ind. Trlacks P(xz) Central age Error
. a . . [ne/el Lok N; L N; . [%] . [Ma] . + 10 [Ma]
AZ-01 31 4 14.1(10.0) 8.774 176 18.645 374 96.9 114.9 12.2
AZ-02 48 1 23.7(-) 20.422 46 30.632 69 - 163.0 323
AZ-03 71 20 17.7 (15.9) 4.403 223 20.296 1028 99.7 53.7 4.9
AZ-04 84 16 31.3(14.7) 4.359 260 37.475 2235 10.5 29.5 2.9
AZ-05 96 24 30.9(22.9) 1.281 118 35.497 3270 7.8 8.9 1.2
AZ-06 104 26 19.8 (22.0) 0.848 73 22.740 1958 31.7 9.5 14

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (105 tr/cmz);
N,: number of spontaneous tracks; pi: density of induced tracks (10° tr/cm?); Ni: number of induced tracks; P(x’): probability that single
grains are consistent and belong to the same population. Test is passed if P(x’) > 5 % (Galbraith, 1981). Nd = 16296 tracks counted on CN5
dosimeter glass. Central ages are calculated using a C-value of 333.36 + 17.89. Samples were irradiated at the FRM I reactor facility in
Garching, Germany with a fluence of 1 x 10'® neutrons/cm’.

Table 4.43: Confined fission-track length data from well Adrar Zougar-1

Sampe n CT CT CT C € L L L L L n Du Do D Du D
CT mean std skew min max mean std skew min max Dy, mean std skew min  max

. . [um] I[uLm]I . [um] . [um] . [um] I[um]I . [um] . [um] . . [um] I[um]I . [um] . [um]
AZ-01 nda. - - - - - - - - - - 18 16 02 0097 12 20
AZ-02  nda. - - - - - - - - - - 5 13 02 1749 12 16
AZ-03 nda. - - - - - - - - - - 76 15 02 0369 12 15
AZ-04 4 115 17 0000 96 133 130 14 -0474 113 143 70 15 02 045 11 21
AZ05 nda. - - - - - - - - - - 60 13 02 1307 10 20
AZ-06 nda. - - - - - - - - - - 63 16 02 0615 12 22

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values; n.da.: no data.
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Table 4.44: Zircon (

U-Th-Sm)/He data from well Adrar Zougar-1
T T T T T

T
Sample  Mass Radius U Th Sm eU Th/U *He Ft Raw age Error Correctedage Error
[ugl  [um] [ug/gl [ug/gl [me/g] [ug/e] [nmol/g] [Ma] *1c[Ma] [Ma] +1c[Ma]
1 1 1 I 1 I 1 I 1 1 1 1 1
AZ-01.1 46 46.1 54 37 1 62 0.68 51.0 0.743 150.1 12.0 202.1 16.2
AZ-01.2 2.9 41.0 56 77 <1 74 1.39 59.3 0.710 147.5 11.8 207.8 16.6
AZ-01.3 24 38.5 94 68 <1 110 0.72 79.2 0.696 132.1 10.6 189.7 15.2
AZ-04.1 4.4 46.9 161 87 1 182 0.54 102.7  0.750 103.8 8.3 138.3 111
AZ04.2 11.7 64.6 55 17 1 59 0.31 345 0.818 107.7 8.6 131.6 105
AZ-04.3 6.0 51.9 321 31 1 328 0.10 1983 0.778 111.0 89 142.7 11.4
AZ-06.1 6.2 53.2 160 140 2 192 088 659 0.776 63.2 51 814 6.5
AZ-06.2 113 60.6 119 39 1 128 0.33 98.3 0.806 140.4 11.2 174.2 13.9
AZ-06.3 194 72.3 313 45 1 324 0.14 87.0 0.839 49.7 4.0 59.2 47

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold are discussed in the text.

Table 4.45: Zircon fission-track data from we

Il Adrar Zougar-1
T

T
Ind. Tracks

Sample  Etchtime n U (std) Sp. Tracks P(X}) Central age Error
. at 200 °C [h] . . [ue/e] L n N, L N; . 1% . [Ma] e 1o [Ma]
AZ-01 8.0 20 151.3(27.2) 252.779 2611 24.978 258 99.8 366.1 28.6
AZ-02 6.5 18 199.9 (52.0) 296.955 1394 31.101 146 100.0 345.8 33.6
AZ-03 7.0 20 128.5(36.0) 182.171 2846 21.123 330 99.9 3129 22.7
AZ-04 5.0 20 177.7 (40.9) 234.150 2083 28.777 256 98.7 295.5 23.4
AZ-05 6.0 20 223.3(69.2) 248.969 2030 34.831 284 98.2 260.2 19.9
AZ-06 3.5 20 223.2 (51.3) 256.558 2890 36.220 408 93.8 257.8 17.6

Etch time in KOH:NaOH (7:5) eutectic melt at 200 + 2 °C; U (std): Uranium concentration and standard deviation; n: number of counted
apatite grains; ps: density of spontaneous tracks (105 tr/cmz); Ns: number of spontaneous tracks; pi: density of induced tracks (105 tr/cmz);
Ni: number of induced tracks; P(xz): probability that single grains are consistent and belong to the same population. Test is passed if P(xz) >
5% (Galbraith, 1981). Nd = 11255 tracks counted on CN1 dosimeter glass. Central ages are calculated using a {-value of 140.83 + 5.93.
Samples were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1 x 10™ neutrons/cm”.
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4.2.7 Oum Doul-1

4.2.7.1 Apatite fission-track ages

In the Oum Doul-1 well, three of five samples
contained apatite grains for fission-track
dating. The apatite fission-track central ages
range from 177.1 (+14.5) Ma at a depth of
1066-1179 m to 25.2 (+2.6) Ma at a depth of
3098-3147 m (Fig. 4.58, Tab. 4.46). The AFT
ages decrease continuously with increasing
depth (Fig. 4.58). All ages are younger than the
corresponding sedimentation age of the
sampled rock. All single grain age distributions
fulfilled the requirement of the ¥’-test
indicating a homogeneous distribution with
values between 39 and 100 %.

4.2.7.2 Etch pit size and track length
distribution

Etch pit size (Dpar) and confined spontaneous
fission-track lengths were measured in three
samples. A total of 293 Dy, values were
determined for all apatite grains (Tab. 4.47).
The mean Dy, values for each sample reveal a
very narrow range between 1.3 (+0.1) and 1.7
(#0.3) um. The largest etch pit size of 2.4 (+0.1)
um as well as the largest spread in etch pit size

o Surface temperature: ~20°C

was measured in sample OD-02. No positive
correlation between single grain ages and Dy,
values has been detected.

Confined spontaneous fission-track lengths
were detected in only two samples (Tab. 4.47).
A total of 77 track lengths were measured.
Sample OD-02 show a mean track lengths of
11.3 (£1.8) and a minor skewness of 0.195
indicating a simple cooling history with no
obvious reheating events. After correcting of
the confined track lengths for their crystallo-
graphic orientation, the mean confined fission-
track lengths of sample OD-02 changed to 13.2
(#1.1) um with a skewness of 0.544. The
largest track length after c-axis correction is
16.0 (£0.1) pm.

4.2.7.3 Zircon (U-Th-Sm)/He ages

Three samples with two or three single grain
aliquots each have been analysed by zircon (U-
Th-Sm)/He dating, while two samples were not
determined. Raw ZHe ages cover a wide range
from 63.0 (#5.0) to 278.3 (+22.3) Ma
(Tab. 4.48). a-ejection correction after Farley
et al. (1996) was applied to all single grains
resulting in ages between 87.4 (+7.0) and
391.4 (+31.3) Ma (Tab. 4.48). The a-ejection
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Fig. 4.58: Thermochronometric age (1o error) — depth distribution of the Oum Doul-1 well. On the left side the recent
temperature distribution as well as a schematic stratigraphic profile is displayed.
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corrected ZHe ages with the lowest eU
content revealed an age spectra from 276.5
(¥22.1) Ma at a depth of 1066—1179 m to 90.7
(#7.3) Ma at a depth of 3098-3147 m
(Fig. 4.58, Tab. 4.48). Sample OD-03 yielded a
ZHe age of 391.4 (+31.3) for the single grain
(OD-3.1) with the lowest effective Uranium
concentration (Tab. 4.48). As this single grain
age is substantially older than sample OD-02
and does not fit in the age distribution, single
grain OD-3.3 with a significantly younger age
of 289.7 (+23.2) and a similar eU content was
used for further interpretation and discussion
(Tab. 4.48). All single grain ages are signifi-
cantly younger than the corresponding
sedimentation age of the sampled rock as well
as older than the apatite fission-track age.

The age—eU concentration plot shows no clear
positive or negative correlation in samples of
the Oum Doul-1 well (Fig. 4.59). Whereas the
three single grain ages of sample OD-04 are
equal within the standard deviation, samples
OD-02 and OD-03 reveal no obvious correla-
tion between eU content and ZHe age.
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Fig. 4.59: ZHe single grain ages (1o error) from Oum
Doul-1 well plotted against eU.

In samples from the Oum Doul-1 well, no clear
positive correlation between equivalent grain
radius and ZHe age distribution was deter-
mined (Fig. 4.60).
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Fig. 4.60: ZHe single grain ages (1o error) from Oum

Doul-1 well plotted against equivalent grain radius.

4.2.7.4 Zircon fission-track ages

In the Oum Doul-1 well, four of five samples
contained zircon grains for fission-track
analysis. The zircon fission-track central ages
range from 483.3 (+59.4) Ma at a depth of
531-567 m to 327.7 (+33.5) Ma at a depth of
3388-3463 m (Fig. 4.58, Tab. 4.49). The ZFT
ages decrease continuously with increasing
depth (Fig. 4.58). Whereas the Devonian
samples reveal a younger ZFT age than their
corresponding sedimentation age, the Lower
Carboniferous samples show similar or older
ages than their depositional age. All single
grain age distributions fulfilled the require-

ment of the X’-test with values of 100 %.
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Table 4.46: Apatite fission-track data from well Oum Doul-1
T

Sample Recent T n U (std) Sp. Tracks Ind. Tracks P()(2 ) Central age Error
[°cl [ug/el Ps N pi Ni [%] [Ma] + 10 [Ma]
1 1 1 1 1 1 1 1 1 1
0OD-02 48 20 16.4 (8.2) 12.780 451 18.390 649 99.5 177.1 14.5
0OD-03 65 5 9.3(4.9) 3.360 19 12.203 69 99.5 69.9 18.5
OD-04 98 11 45.1(24.4) 6.139 146 62.732 1492 38.8 25.2 2.6

U (std): Uranium concentration and standard deviation; n: number of counted apatite grains; ps: density of spontaneous tracks (105 tr/cmz),'
N,: number of spontaneous tracks; p;: density of induced tracks (10° tr/cm?); Ni: number of induced tracks; P(x’): probability that single
grains are consistent and belong to the same population. Test is passed if P(x’) > 5 % (Galbraith, 1981). Nd = 15419 tracks counted on CN5
dosimeter glass. Central ages are calculated using a C-value of 333.36 + 17.89. Samples were irradiated at the FRM Il reactor facility in
Garching, Germany with a fluence of 1 x 10" neutrons/cm”.

Table 4.47: Confined fission-track length data from well Oum Doul-1

Sample  n cT ¢ ¢ ¢ ¢ L L L L L n Da Du Dw Da Du

CT mean std skew min max mean std skew min max Dy mean std skew min  max
[bm]  [um] (bm] [um] [um]  [um] [um]  [um] [um]  [pm] [bm]  [um]
1 I} 1 1 1 1 1 1 1 1

1 1 1 1 1 1

0D-02 76 113 18 019 76 154 132 11 0544 112 160 224 1.7 03 0415 11 2.4
0OD-03 1 11.0 - - 11.0 110 133 - - 133 133 21 13 0.1 -0953 1.0 14
OD-04 n.da. - - - - - - - - 48 1.5 0.3 0.551 09 2.2

n: number of measured individual confined tracks (CT) and etch pit diameter (D,); CT mean: mean confined track length; L. mean: mean
track length after c-axis correction; Dp,r mean: mean etch pit diameter; std: standard deviation; skew: skewness of distribution relative to
the mean value; min: minimum single values; max: maximum single values; n.da.: no data.

Table 4.48: Zircon (U-Th-Sm)/He data from well Oum Doul-1
T T

T T
Sample  Mass Radius U Th Sm eU ThU *He Ft Raw age Error Corrected age Error

[ugl [um] [ug/e]l [ug/e] [ug/e]l [ug/e] [nmol/g] [Ma] *1c0[Ma] [Ma] +10 [Ma]
1 1 1 1 1 1 1 1 1 1 1 1 1
oD-021 43 468 70 23 <1 75 033 1021 0755 2465 19.7 326.6 26.1
OD-023 50 483 <1 <1 0 1 070 06 0754 2085 16.7 2765 221
OoD-03.1 26 406 33 13 0 36 039 548 0711 2783 223 391.4 313
OoD-032 53 478 198 79 1 216 040 3130 0759 2622 210 3453 27.6
OD-033 34 428 42 35 <1 50 08 577 0722 2093 16.7 289.7 232
oD-041 45 466 70 84 2 90 120 328 0742 673 54 90.7 7.3
oD-042 28 419 122 59 1 136 049 463 0721 630 5.0 87.4 7.0
oD-043 37 444 92 25 <1 98 027 370 0738 695 5.6 94.1 7.5

eU = [U] + 0.235 [Th] + 0.0053 [Sm] (concentrations in weight %); F.: a-ejection correction factor; raw ages are corrected after Farley et al.
(1996); radius calculated according to Reiners et al. (2004) and Ketcham (2009). Data in bold are discussed in the text.

Table 4.49: Zircon fission-track data from well Oum Doul-1
T T T T

Sample  Etchtime n U (std) Sp. Trlach Ind. Trlacks P(X) Central age Error

: at 200 °C [h] ' : [ne/e] Lok Ns . o N; : %] . [Ma] = 1o [Ma]
0D-01 7.0 14 130.7 (35.3) 263.580 1095 19.498 81 100.0 483.3 59.4
0D-02 7.0 20 164.8 (46.1) 268.574 2674 26.215 261 100.0 369.4 28.8
OD-04 7.0 14 201.5 (74.6) 273.692 710 29.297 76 100.0 337.5 43.3
0OD-05 7.0 16 215.0(75.3) 287.749 1170 31.726 129 100.0 327.7 335

Etch time in KOH:NaOH (7:5) eutectic melt at 200 + 2 °C; U (std): Uranium concentration and standard deviation; n: number of counted
apatite grains; ps: density of spontaneous tracks (10° tr/cm?); Ng: number of spontaneous tracks; p;: density of induced tracks (10° tr/cm?);
Ni: number of induced tracks; P(xz): probability that single grains are consistent and belong to the same population. Test is passed if P(Xz) >
5% (Galbraith, 1981). Nd = 11255 tracks counted on CN1 dosimeter glass. Central ages are calculated using a {-value of 140.83 + 5.93.
Samples were irradiated at the FRM Il reactor facility in Garching, Germany with a fluence of 1x 10” neutrons/cm?.
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4.2.8 Time-temperature modelling

4.2.8.1 Outcrop samples

10 Precambrian outcrop samples from the
western Anti-Atlas (MA-01, MA-02, MA-12,
MA-14, MA-15, MA-17, MA-20, MA-21, MA-29
and MA-30) with more than 46 measured
confined fission-track lengths were used to
test geological constraints against the thermo-
chronological data set (Fig. 4.61, Fig. 4.62 and
Fig. 4.63). Whenever possible the AFT data set
were combined with apatite and zircon
(U-Th-Sm)/He data. An AFT+AHe+ZHe based
time-temperature (t-T) modelling with ‘*HeFTy'
was performed in the five samples MA-12,
MA-14, MA-20, MA-29 and MA-30, whereas
the modelling of sample MA-15 is based on
the AFT+AHe data set. In two samples (MA-17,
MA-21) an AFT+AHe+ZHe based t-T modelling
yielded no good and acceptable fit results, due
to the AHe age. Therefore only AFT+ZHe data
were used to model the individual thermal
history of samples MA-17 and MA-21. In all
numerical models, we used the youngest AHe
age and the ZHe age with the lowest effective
U concentration (eU) of the three single grain
aliquots of each sample (see Table 4.20). To
improve the thermal modelling, ZFT ages were
implemented as external t-T constraint. Frizon
de Lamotte et al. (2009), Ruiz et al. (2011) and
Zouhri et al. (2008) suggested that the Anti-
Atlas was covered by Cretaceous deposits.
Based on this assumption, the models were
forced to move towards the surface in the
Lower Cretaceous and subsequently to bury
during the Cretaceous—Eocene (Fig. 4.61, Fig.
4.62 and Fig. 4.63). Therefore, two external
geological constraints were implemented. The
uncertainty is presented in the diagrams in
green and brown colour depending on the
reliability level (see Fig. 4.61).

All samples have been tested by 50000 inverse
models against the data set. The obtained t-T
models of six samples (MA-01, MA-02, MA-14,

MA-17, MA-21 and MA-29)
goodness of fit (G.O.F.) greater than 79 % for
the AFT age and the confined FT length
distribution. In four samples (MA-12, MA-15,
MA-20 and MA-30) the length distribution
and/or the AFT age could not be reproduced

indicate a

better than 28 %. Whereas in seven samples
the models reveal a G.O.F. greater than 95 %
for the AHe and ZHe age, in sample MA-20 the
modelled AHe age matches the measured one
with 72 % confidence. All t-T models have at
least 14 good and 2039 acceptable t-T paths.
The majority (eight samples) reveals more
than 440 good and 3500 acceptable t-T paths,
while sample MA-02 shows the largest
number with 3677 good and 11924 acceptable
t-T paths.

The numerical modelling of 10 samples yielded
a well-defined thermal history with numerous
possible t-T paths (Fig. 4.61, Fig. 4.62 and
Fig. 4.63). They have been grouped according
to locality in the study area. The thermal
models show that all 10 samples underwent
continuous cooling until the Lower Creta-
ceous, followed by reheating during Upper
Cretaceous and a cooling phase in Cenozoic
times. They show an overall similar pattern
with a three- or four-phase thermal history.
Four of seven ZHe based samples (MA-12,
MA-17, MA-29 and MA-30) reveal a slow initial
cooling between 310 and 230-210 Ma, fol-
lowed by rapid cooling event during Triassic,
Jurassic and Lower Cretaceous until ~120 Ma.
In contrast samples MA-01, MA-02, MA-14,
MA-15, MA-20 and MA-21 show an incipient
continuous fast cooling from 310 to ~125 Ma.
During this time span every sample cooled
down from 240 °C to ~20-40 °C. The samples
entered into the apatite partial annealing zone
(PAZ) between 240 and 190 Ma. After the
exhumation towards the surface, the samples
underwent a reheating up to 55-75 °C. In the
majority of the models, the subsidence
occurred during the Upper Cretaceous until
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95-70 Ma. Since then, a cooling event can be were implemented as external t-T constraint.
observed throughout the final part of the All samples have been tested by 30000 inverse
thermal history. models against the data set. The obtained t-T
models of every sample indicate a G.O.F. of
Four Precambrian outcrop samples from the 100 % for the AHe age. All t-T models have at
western Anti-Atlas (MA-03, MA-06, MA-09 and least 2776 good and 5108 acceptable t-T
MA-13) with solely AHe data were used to test paths, while sample MA-13 shows the largest

geological constraints against the thermo- number with 3847 good and 7157 acceptable
chronological data set (Fig. 4.64). In all t-T paths.

numerical models, we used the youngest AHe The numerical modelling of the four samples
age of the two or three single grain aliquots of yielded similar to the AFT+AHe+ZHe based
each sample (see Tab. 4.20). To improve the models a well-defined thermal history with
thermal modelling, ZFT and AFT ages and two numerous possible t-T paths. They have been
geological constraints as described above grouped according to locality in the study area
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Fig. 4.61: Results from numerical modelling of outcrop samples from the western Anti-Atlas (‘HeFTy', Ketcham, 2005;
Ketcham, 2011; Ketcham et al., 20073, b; Ketcham et al., 2009). Displayed are the t-T paths (left), the c-axis corrected
confined fission-track length (L.) frequency distribution overlain by a calculated probability density function (best fit) and
the modelled helium diffusional profiles. The modelling tests possible t-T curves that fit independent geological constraints
(squares) against the thermochronological data set. The results in the t-T curve show three different reliability levels
(green: acceptable fit = all t-T paths with a goodness of fit (G.O.F.) of 0.05 (5 %); brown: good fit = all t-T paths with a
G.O.F. of > 0.5 (50 %); black line: best fit). P: number of total tested inverse models; A: acceptable fit models; G: good fit
models; D: determined AHe, AFT and ZHe age (10 error), mean L. and He content; M: modelled AHe, AFT and ZHe age,
mean L. and He content; G.O.F.: goodness of fit of best fit model; N: number of single grains and measured confined
fission-track lengths.
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Fig. 4.62: Results from numerical modelling of outcrop samples from the western Anti-Atlas (for further explanation see

Fig. 4.61).
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Fig. 4.63: Results from numerical modelling of outcrop samples from the western Anti-Atlas (for further explanation see
Fig. 4.61).
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(Fig. 4.64). The thermal models show that all
samples underwent continuous cooling until
the Lower Cretaceous, followed by reheating
during Upper Cretaceous and a cooling phase
in Cenozoic times. They show an overall similar
pattern with a three-phase thermal history.
Based on the lack of ZHe ages and confined
fission-track length distributions, the t-T mod-

els are less constrained in large temperature
ranges and so they are only significant to a
limited extent. Every sample reveals an initial
continuous cooling until the Lower Creta-
ceous. During this time span, every sample
cooled down from 240 °C to ~20-40 °C. After
the exhumation towards the surface, the sam-
ples underwent a reheating up to 50-70 °C. In

Irherm inlier

MA-03, Precambrian Il (~630-600 Ma)

MA-06, Precambrian (~550 Ma)

P 30000; A: 5873; G: 3075

AHe:
D: 85.4 (5.1) Ma; M: 85.4 Ma; G.O.F.. 1.00

Lo L b b L b

o]

60— 60—
g r ST
o [ e |
E E]
®120— ® 120~
@ L ] L
a a
5 5[
= r - -

300 250 200 150 100 50
Time [Ma]
< Helium Diffusional Profile
510 —
£ ol Total He: T
§ 08 b 114 nmolig T
£ 0.6}—M: 1.13 nmol/g T
3 T T~
E 04 \\\
5 02
g 0.0 I | L | L | | 1
Z 0 0.2 0.4 0.6 0.8 1.0

Normalized Radius

0

180
P: 30000; A: 5108, G: 2778
e:
D: 49.0(2.9) Ma; M: 49.0 Ma; G.O.F.. 1.00
240 rom T T N T T IV N A Y B
350 300 250 200 150 100 50 0
Time [Ma]
c Helium Diffusional Profile
S 100 o
£ gl Total He: T~
§ [ D:0.71 nmolig ~~—_
£ 0.6 M: 0.74 nmolig T~
3. ~
5 04r .
gk
5 02+ N
£ r N
5 00 1 | 1 | L | L | L
Z 0 0.2 0.4 0.6 0.8 1.0

Normalized Radius

Kerdous inlier

MA-09, Precambrian Il (~630-600 Ma)

MA-13, Precambrian | (~2000 Ma)

0
60— 60—
e [ e [
2 2
©120— © 1201~
@ - 1] -
=3 o
E r £ -
@ O
= r - -
180 180
[ PP: 30000; A: 66394; G: 3500 B P: 30000; A: 7157; G: 3847
L AHe: o AHe:
L D: 88.7 (5.3) Ma; M: 88.7 Ma; G.O.F.: 1.00 B D: 88.7 (5.3) Ma; M: 88.7 Ma; G.O.F.: 1.00
T b b b s b by TN T T T N T T T A R

300 250 200 150 100 50

Time [Ma]

c Helium Diffusional Profile

g o ———"

£ q| Total He T

5 D'B, D: 1.13 nmolig \\\,\

§ 06 M: 1.27 nmol/g - ~_

o 04— I

[ -

S 02f \\\

E oo I I \ [

Z 0 0.2 0.4 06 08 10

Normalized Radius

0

240

350 300 250 200 150 100 50 0
Time [Ma]
c Helium Diffusional Profile
§19
8 | Total He T
g 0.87 D: 0.83 nmol/g ™~
£ 0.6 M:0.77 nmolfg
8. F ™S
o 0.4 ~.
£ B \‘\
= 02— N
E oo \ ! I [
Z 0 02 0.4 0.6 08 1.0

Normalized Radius

Fig. 4.64: Results from numerical modelling of outcrop samples from the western Anti-Atlas (for further explanation see

Fig. 4.61).
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the majority of the models, the subsidence
occurred during the Upper Cretaceous until
80-70 Ma. Since then a cooling event through
the final part of the thermal history was
observed.

4.2.8.2 Adrar Zougar-1/0Oum Doul-1

Three samples from the Oum Doul-1 well (OD-
02, OD-03 and 0OD-04) with more than 76
measured confined fission-track lengths or
Z/He data were used to test geological con-
straints against the thermochronological data
set (Fig. 4.65). To improve the thermal model-
ling, depositional ages and ZFT ages were
implemented as external t-T constraints.

All samples have been tested by 30000 inverse
models against the data set. The obtained t-T
models of two samples (OD-03, OD-04) indi-
cate a G.O.F. of 100 % for the ZHe age. Sample
0OD-02 reveals a G.O.F. greater than 98 % for
the AFT and ZHe age, whereas the confined FT
length distribution could not be reproduced
better than 74 %. The AFT+ZHe based model
of sample OD-02 has 942 good and 4790
acceptable t-T paths, while samples OD-03 and
0OD-04 show a significant larger number of
good and acceptable results.

The thermal models indicate that all samples
underwent a continuous heating after the
deposition and subsequently, after the
maximum subsidence, a cooling to recent
temperature (Fig. 4.65). They show an overall
similar pattern with a three-phase thermal
history. The samples (OD-02, OD-03 and
0OD-04) reveal a rapid initial heating after the
deposition in the Devonian and Carboniferous.
In samples OD-02 and OD-03, the maximum
heating in the Upper Carboniferous—Lower
Permian is followed by a fast cooling during
Permian and Triassic until ~210 Ma. During
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this time span sample OD-02 cooled down
from 180 °C to ~65 °C and entered into the
APAZ at 240 Ma. Subsequently, a slow cooling
phase to recent temperature occurred and
lasted until present time.

Three samples from the Adrar Zougar-1 well
(AZ-01, AZ-04 and AZ-06) with AHe and ZHe
data were used to test geological constraints
against the thermochronometric data set
(Fig. 4.65). To improve the thermal modelling,
depositional ages and ZFT ages were imple-
mented as external t- T constraints.

All samples have been tested by 30000 inverse
models against the data set. The obtained t-T
models of every sample indicate a G.O.F.
greater than 99 % for the AHe and ZHe age.
The AHe+ZHe based model of sample AZ-01
has 792 good and 2803 acceptable t-T paths,
while sample AZ-04 shows the largest number
with 3975 good and 7353 acceptable t-T
paths.

The thermal models indicate that all samples
underwent a continuous heating after the
deposition and subsequently, after the maxi-
mum subsidence, a cooling to recent tempera-
ture (Fig. 4.65). They show an overall similar
pattern with a two- or three-phase thermal
history. The samples (AZ-01, AZ-04 and AZ-06)
reveal a fast initial heating after the deposition
in the Precambrian—Ordovician. In samples
AZ-01 and AZ-04 the maximum heating in the
Carboniferous—Permian is followed by a rela-
tively continuous cooling to recent tempera-
ture between Lower Permian and present.

Due to the lack of apatite confined fission-
track length distributions, t-T path modelling is
imprecise in comparison to thermal models of
the Precambrian outcrop samples and
therefore, has been performed without a
subsidence event in the Upper Cretaceous.
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Fig. 4.65: Results from numerical modelling of wells Adrar Zougar-1 and Oum Doul-1 from the Anti-Atlas (for further
explanation see Fig. 4.61).
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Discussion

Thermal, subsidence and exhumation history of the Tarfaya Basin

5.1 Thermal, subsidence and
exhumation history of the Tarfaya

Basin

The main objective of the present study was
the determination of the time-temperature
(t-T)
especially of the pre-Palaeogene sediments for

development of the Tarfaya Basin,

a better understanding of the hydrocarbon
generation in time and space.

5.1.1 Geothermal gradient

In sedimentary basins three temperature
ranges can be distinguished for thermo-
chronological methods (Fig. 5.1). The range
covering the lowest temperatures, i.e. the
uppermost section in the borehole, does not
record any depositional history but shows the
thermal history of the source areas of the
sediments, if no burial with a later exhumation
occurred (Armstrong, 2005; Naeser, 1979)
(Fig. 5.1). The second area, i.e. the middle

section in the borehole, is the range which can
reveal the thermal evolution of the sedimen-
tary basin, whereas the lowest section in the
borehole has lost all its previous information
(Fig. 5.1). The exact depths of these zones in a
well depend primarily on the geothermal
gradient.

A geothermal gradient has been determined
by thermochronological and literature data
due to the lack of measured bottom hole tem-
peratures in the different wells of the Tarfaya
Basin.

The southern Atlantic margin is, beside the Rif
mountains and the Middle Atlas, the region
with the highest crustal temperatures in
Morocco (Rimi, 1999). The geothermal gradi-
ent along the entire Atlantic margin vary
between 23-34 °C/km, whereas the gradient
is slightly lower ranging between 20-30 °C/km
in the Tarfaya-Ladyoune-Dakhla Basin (Rimi,
1990; Zarhloule et al., 2005). The appreciable
increase of the gradient offshore towards the
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temperature temperature temperature 0
~20°C ~20°C ~20°C
thermal history
0= 0 0 | of the source area  thermal history
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1—-- 1= 1= 1— ]
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Fig. 5.1: Schematic overview of the relevant temperature ranges for the applied thermochronological methods AHe and

AFT on wells of the Tarfaya Basin. The left side represents the TVD with corresponding temperatures expected in wells
assuming different geothermal gradients. On the right side the meaning of the temperature ranges relevant for each
dating technique is displayed. Red dashed lines refer to TVD of wells El Amra-1, Puerto Cansado-1, Chebeika-1 and Cap
Juby-1. Black dashed lines refer to closure temperatures of the thermochronological methods AHe and AFT as well as the

upper boundary of the APAZ and APRZ.
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Canary Islands can be explained by the inten-
sive hot spot volcanism (Rimi, 2001; Zarhloule
et al.,, 2005). Since AFT ages are completely
reset in a depth of 4.2 km in well Chebeika-1
and AHe data are nearly completely reset in a
depth of 2.2 km in wells Chebeika-1 and
Puerto Cansado-1, thermochronological data
indicate a current geothermal gradient of
approximately 25 °C/km in the onshore basin.
The completely reset AHe ages in a depth of
1.6—1.8 km in well Cap Juby-1 suggest a higher
geothermal gradient of 30 °C/km in the
offshore Tarfaya Basin. Consequently, a geo-
thermal gradient of 25 °C/km in the onshore
and 30 °C/km in the offshore basin and a
surface temperature of 20 °C have been used
for calculation of exhumation and subsidence
rates as well as overburden thickness in the
Tarfaya Basin.

5.1.2 Thermochronological data

5.1.2.1 Chebeika-1/Fl Amra-1/Puerto
Cansado-1

In total, 25 Triassic to Aptian and two Precam-
brian samples from the three onshore wells
Chebeika-1, El Amra-1 and Puerto Cansado-1
of the Tarfaya Basin have been analysed by
low-temperature thermochronology.
Thermochronological data and t-T modelling
indicate a similar subsidence and exhumation
history of the three wells. The wells El Amra-1
and Chebeika-1 are situated close together,
whereas well Puerto Cansado-1 is located
approximately 70 km west of El Amra-1 and
Chebeika-1 (Fig. 4.14). A comparative display
of the thermochronological data shows the
similar ages and trend in the age distribution
(Fig. 5.2). AHe ages are substantially younger
than the corresponding sedimentation age
varying between 34 (+2) and 0 (+0) Ma. AFT
data of Precambrian to Jurassic samples are
also younger than the respective deposition
age ranging from 120 (+11) to 0 (#0) Ma. In

contrast, Lower Cretaceous samples reveal
similar or slightly older AFT ages varying
between 147 (+11) and 111 (£12) Ma. The
three wells show a typical age distribution of a
sedimentary basin without obvious rock uplift
after maximum subsidence. In a well with
currently maximum temperatures at any
depth, the shallowest/coolest samples should
have relatively old AFT ages, due to detrital
ages that are at least as old as the depositional
age (Armstrong, 2005; Naeser, 1979) (Fig.
3.9a). The considerable scatter in the AFT ages
in the shallow section (Lower Cretaceous) is
based on the variation in source areas with
diverse exhumation histories (Fig. 5.2). AFT
ages can either decrease or increase down the
section in the upper part of the well (Fig. 3.9a).
Furthermore, in an uplifted well the accu-
mulation of fission-tracks generates a fossil
PAZ and fossil total annealing zone, which is
non-existent in the three onshore  wells
(Armstrong, 2005; Fitzgerald and Gleadow,
1990; Naeser, 1979) (Fig. 3.9b).

However, the obvious difference in AFT ages
of well (111-147 Ma) and outcrop (171-199
Ma) samples points to a low thermal imprint
of the Tarfaya Basin on the Lower Cretaceous
well samples. A heating to more than 60 °C
yields a nowadays eroded overburden of at
least 1 km of Cretaceous—Cenozoic sedimen-
tary rocks on top of the Lower Cretaceous
succession and a minor exhumation during
Cenozoic times. Sachse et al. (2011) suggested
a maximum burial of about 2 km for the Creta-
ceous sediments according to vitrinite reflec-
tance data and the geological setting. The
peak Atlasian deformation and surface uplift
strongly affected the northeastern Tarfaya
Basin in the Maastrichtian to Lower Oligocene
resulting in the erosion of the Meso- to Ceno-
zoic succession down to the Lower Cretaceous
(Choubert et al.,, 1966; Ranke et al., 1982;
Wenke et al., 2011, 2013).
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Fig. 5.2: Thermochronometric age (1o error) — depth distribution of the Chebeika-1, El Amra-1 and Puerto Cansado-1 well.

On the left side the recent temperature distribution is displayed.

5.1.2.2 Cap Juby-1

In total, four Valanginian to Upper Miocene
samples from the offshore well Cap Juby-1 of
the Tarfaya Basin have been analysed by low-
temperature thermochronology.

The offshore well Cap Juby-1 differs from the
onshore wells including a 1.5 km thick Paleo-
gene to Neogene sedimentary cover. AHe ages
are substantially younger than the corre-
sponding sedimentation age ranging between
9 (+1) and 1 (¥0) Ma. AFT data of the Miocene
samples are older than the respective deposi-
tion age varying from 93 (+12) to 67 (+13) Ma.
The Lower Cretaceous sample reveals an older
AFT age of 111 (+41) Ma. The nearly continu-
ous sedimentary succession from Triassic to
Pleistocene and the negative trend in the
apatite fission-track data point to a basin
without rock uplift and an ongoing subsidence
phase (Fig. 4.13). As described above, in a well
with currently maximum temperatures at any
depth, the shallowest/coolest samples should
have relatively old AFT ages, due to detrital
ages that are at least as old as the depositional
age (Armstrong, 2005; Naeser, 1979) (Fig.
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4.13). Besides, a Miocene sample shows a
considerable scatter in the detrital AFT single
grain age distribution which is based on the
variation in source areas with different exhu-
mation histories (Fig. 4.22). Contrary to the
northeastern onshore Tarfaya Basin, an ongo-
ing subsidence episode of the offshore basin is
attested to by an increasing periodic sediment
flux of detrital material from Upper Creta-
ceous onward (Hafid et al., 2008; Wenke et al.,
2011, 2013).

5.1.2.3 Outcrop samples

In total, 28 Cretaceous to Cenozoic and two
Lower Ordovician samples of the Tarfaya Basin
have been analysed by low-temperature
thermochronology.

Thermochronological data are indicative of a
similar subsidence and exhumation history of
the Lower Cretaceous from the northeastern
onshore Tarfaya Basin. Apatite (U-Th-Sm)/He
ages of 64 (x4) and 73 (+4) Ma are younger
than the corresponding sedimentation age
indicating a subsidence and heating to
approximately 70 °C until the Cretaceous/
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Palaeogene boundary. Apatite fission-track
central ages varying between 171 (+¥15) and
199 (+18) Ma are slightly older than the depo-
sition age. The increasing AFT ages from Lower
to Upper Cretaceous suggest a partially reset
of the Lower Cretaceous AFT data confirming a
heating to about 70 °C in the Tarfaya Basin
(Fig. 5.3).

The AHe and AFT data set point to a basin
inversion and rock uplift phase due to the
Atlasian deformation after maximum subsi-
dence. On the basis of the postulated
geothermal gradient, a less than 2 km thick
sedimentary pile on top of the Lower Creta-
ceous succession seems realistic. As afore-
mentioned, Sachse et al. (2011) supposed a
maximum burial of about 2 km for the Creta-
ceous sediments according to vitrinite reflec-
tance data and the geological setting.

Except for an anomalously young and unre-
producible age of 48 (+1) Ma due to an U
concentration of ~1000 ppm, zircon (U-Th-

Sm)/He ages ranging from 185 (+3) to 1195
(£#17) Ma and zircon fission-track central ages
varying between 503 (+48) and 585 (+58) Ma
are significantly older than the respective
deposition age. Both thermochronometers
reveal no thermal imprint of the Tarfaya Basin
representing solely the thermal history of the
source area. The observed vast spread in the
detrital ZHe and ZFT single grain age distribu-
tion is related to variations in source regions
with diverse exhumation histories (Fig. 5.8, Fig.
5.9).

Thermochronological data from Upper Creta-
ceous samples are essentially older than the
corresponding sedimentation age, whereby
AFT ages range between 141 (+12) and 220
(¥18) Ma and a single ZFT age reaches a value
of 452 (#41) Ma indicating no heating above
60 °C in the Tarfaya Basin (Fig. 5.3). Since the
Upper Cretaceous never experienced tem-
peratures higher than 60 °C, the samples
reveal no thermal imprint of the Tarfaya Basin
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and represent solely the thermal history of the
source areas. Except for the Cenomanian—
Turonian, a vast spread in the detrital AFT and
ZFT single grain age distribution has been
observed indicating variations in source
regions with different exhumation histories
(Fig. 4.21, Fig. 5.10).

The Cretaceous outcrop samples show a typi-
cal AFT age distribution, including detrital ages
in the Coniacian to Campanian, of a sedimen-
tary basin without obvious rock uplift after
maximum  subsidence (Armstrong, 2005;
Naeser, 1979) (Fig. 3.8a, Fig. 5.3).
Thermochronometric data from Neogene
samples are also substantially older than the
respective deposition age, whereby AFT ages
range between 92 (+16) and 237 (+35) Ma,
ZHe single grain aliquot ages from 507 (+9) to
1016 (+18) Ma and ZFT ages between 404
(£29) and 461 (+47) Ma. Similar to the Upper
Cretaceous, the Neogene samples never
experienced temperatures higher than 60 °C
revealing no thermal imprint of the Tarfaya
Basin and representing solely the thermal
history of the source areas. The observed vast
spread in the detrital AFT and ZFT single grain
age distribution is due to variations in source
regions with different exhumation histories
(Fig. 4.22, 5.12). Consequently, provenance
analysis of the Cretaceous—Cenozoic sedimen-
tary succession has been carried out and is
described in chapter 5.3.

The thermochronological ages confirm that
Cretaceous and Cenozoic sedimentary rocks of
the Tarfaya Basin never experienced high
diagenetic temperatures (Michard et al,
2008a). Furthermore, the data set preclude a
Neogene heating event in the onshore Tarfaya
Basin caused by the flow of Canary mantle
plume material (Duggen et al., 2009).

5.1.3 Hydrocarbon potential

In the Tarfaya Basin exists a large variety of
Jurassic, Cretaceous and Cenozoic source
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rocks. The vast majority of Mesozoic-Cenozoic
source rocks in the Tarfaya Basin derive from
two stratigraphic intervals, the Upper Creta-
ceous (particularly Cenomanian—Turonian) and
Eocene. High quality petroleum source rocks
with high Co, content and hydrogen index
values were found in the Cenomanian,
Turonian, Coniacian and Eocene of the
onshore Tarfaya Basin (Sachse, 2011; Sachse
et al.,, 2011; Sachse et al.,, 2012). However,
Cenomanian to Campanian and Eocene sam-
ples point to immature to early mature organic
matter according to vitrinite reflectance data
(Macgregor, 1996; Sachse et al., 2014; Sachse
et al., 2011; Sachse et al.,, 2012). Since the
Upper Cretaceous and Eocene never under-
went temperatures higher than 60 °C, ther-
mochronological data confirm immature to
early mature Cenomanian to Campanian and
Eocene source rocks in the onshore Tarfaya
Basin.

5.1.4 Interpretation of t-T path modelling
Numerical modelling based on AHe and AFT
data sets, yielded a similar, well-defined ther-
mal history of the Lower Cretaceous from the
entire northeastern onshore Tarfaya Basin
with numerous possible t-T paths (Fig. 4.20).
The best fit paths of the thermal models show
that all samples underwent continuous cooling
in the source area until Lower Cretaceous,
followed by heating during Upper Cretaceous
to Palaeocene and a cooling phase to recent
time (Fig. 5.4).

On the basis of the partially reset AFT ages, the
cooling history in the source area is poorly
constrained. The rock uplift and exhumation to
the surface occurred approximately between
Carboniferous—Permian (300 Ma) and Aptian—
Albian (110 Ma). Since rock uplift and exhuma-
tion in the western Anti-Atlas lasted from
Upper Carboniferous to Lower Cretaceous, the
WAA is a potential source area for the Lower
Cretaceous samples. The elevation of the
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Fig. 5.4: Comparative presentation of best fit paths from Lower Cretaceous samples of the Tarfaya Basin.

hinterland during Lower Cretaceous, which
can be recognized along the whole West Afri-
can passive continental margin, induced a
huge amount of clastic sediment material
transported to the Tarfaya Basin (Green et al.,
2002; Miller and Duddy, 1989).

After the deposition, the Lower Cretaceous
underwent a minor subsidence in the Upper
Cretaceous—Palaeogene (Fig. 5.4). The mod-
elled t-T paths indicate a heating to tempera-
tures of 60-75 °C until 65-20 Ma. Subsidence
rates between 0.019 and 0.040 mm/a, calcu-
lated from thermal models, are in accordance
with values of < 0.025 mm/a obtained by
seismic interpretation (von Rad and Einsele,
1980; Wenke et al., 2013) (Fig. 2.11, Tab. 5.1).
Therefore, t-T path modelling points to
sedimentation in the entire onshore Tarfaya
Basin due to the Cenomanian—Turonian
transgression and similar to the western Anti-
Atlas during Upper Cretaceous—Palaeogene,
resulting in a 1.2-1.6 km thick nowadays
eroded sedimentary pile on top of the Lower
Cretaceous samples. In the Upper Cretaceous,

no significant amounts of sediment have been
deposited in this basin (Fig. 5.6). The absent
clastic sediment flux from the hinterland led to
stable conditions in the Tarfaya Basin propos-
ing a thin overburden on the Lower Creta-
ceous rocks (Wenke et al.,, 2013). Preserved
Upper Cretaceous to Palaesogene deposits
reach a maximum thickness of 2 km in the
Tarfaya-Ladyoune-Dakhla Basin (Hafid et al.,
2008; Ranke et al., 1982). According to vitrinite
reflectance data, Sachse et al. (2011) sug-
gested a maximum burial of approximately 2
km for the Cretaceous sedimentary rocks.

The inversion of the northeastern onshore
Tarfaya Basin after maximum subsidence
started in the Palaeogene and lasted until
recent times (Fig. 5.4). The final rock uplift and
exhumation is documented in the modelled
t-T paths by a cooling from 60-75 °C to current
temperature. The amount of exhumation that
occurred during this episode was 1.2—1.6 km,
with varying rates between 0.018 and 0.090
mm/a depending on the onset of cooling (Tab.
5.1). The calculated exhumation rates are
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consistent with maximum values of 80 mm/a
determined by Wenke et al. (2013) (Fig. 2.11).
An increasing exhumation from west to east in
the northern Tarfaya Basin has been observed.
A compressive deformation and related sur-
face uplift took place in the Atlas system as
early as the Senonian, while the main inversion
of the Mesozoic extensional rift systems began
in the Middle to Upper Eocene and is still
active at present time (Barbero et al., 2007;
Ellouz et al.,, 2003; Frizon de Lamotte et al,,
2009; Laville et al., 1995). The northeastern
Tarfaya Basin was strongly affected by peak
Atlasian deformation and surface uplift in the
Maastrichtian to Lower Oligocene resulting in
the erosion of the Meso- to Cenozoic
succession down to the Lower Cretaceous
(Choubert et al., 1966; Ranke et al.,, 1982;
Wenke et al., 2011, 2013). Besides, von Rad
and Einsele (1980) recommended a rock uplift
in the Neogene, contemporaneously to the

Canary volcanism.

Therefore, final exhumation in the t-T path
modelling corresponds to a proposed rock
uplift phase in the northeastern Tarfaya Basin
starting at the Upper Cretaceous/Palaeogene
boundary, whereas a single model confirm a
later onset in Neogene times.

The rock uplift and exhumation stage of the
northeastern onshore Tarfaya Basin suggests a
sediment transport to the surrounding regions
in the Cenozoic. An increasing periodic influx
of detrital material into the offshore and
southern onshore TB since Palaeocene corre-
lates to massive erosion in the northeastern
onshore Tarfaya Basin due to major Atlasian
surface uplift (Hafid et al., 2008; Wenke et al.,
2011, 2013) (Fig. 5.6). Consequently, the
northeastern onshore Tarfaya Basin is a poten-
tial source area for the Cenozoic sedimentary
pile of the offshore and southern onshore
Tarfaya Basin.

Table 5.1: Main t-T segments and calculated subsidence and exhumation rates from samples of the Tarfaya Basin
T T T T T T

Sample Depth

Cooling Heating t-tsegment T-T segment

Cooling/heating Geothermal Subsidence  Exhumation

[mb.s.] [Ma] [°C] gradient [°C/Ma]  gradient [°C/km] rate [mm/a] rate [mm/a]
| | 1 1 1 1 1 1 1
Fast 120-55 25-60 0.54 25 0.022
EA-02 530-535
Fast 55-recent 60-30 0.55 25 0.022
890— Fast 120-65 20-75 1.00 25 0.040
PC-02
109580 sjow 65-recent 75-45 0.46 25 0.018
—
Elevation
[mas.l]
I 1
Slow 105-20 25-65 0.47 25 0.019

Fast 105-50 25-60
Fast 50-recent 60-20

0.80 25 0.032

Exhumation rates were calculated considering cooling rate, surface temperature and geothermal gradient. Based on literature data
geothermal gradients of 25 °C/km were applied (see text for further explanations).
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5.2 Thermal, subsidence and
exhumation history of the western
Anti-Atlas

The present study was focused on the deter-
mination of the thermal, subsidence and
exhumation history of potential source areas,
i.e. the western Anti-Atlas mountain belt.

5.2.1 Precambrian inliers

5.2.1.1 Geothermal gradient

The calculation of exhumation and subsidence
rates as well as overburden thickness requires
the determination of (palaeo-) geothermal
gradients and surface temperatures.

The western Anti-Atlas marks the northwest-
ern fringe of the WAC. Geothermal gradients
as well as heat flow densities at Precambrian
shields are in general substantial lower
compared to other continental areas. In the
southern WAC the gradient vary between 10
and 15 °C/km (Brigaud et al., 1985). Compara-
ble with the WAC and further Precambrian
shields, the Anti-Atlas mountain belt shows a
very low gradient ranging between 12-16
°C/km (Rimi, 1990, 2000). In contrast, Ruiz et
al. (2011) and Zarhloule et al. (2005) proposed
a geothermal gradient of 20-25 °C/km for the
western Anti-Atlas based on the lithosphere
thickness.

Since the Anti-Atlas show the lowest crustal
temperatures in Morocco and therefore
underwent no significant thermal or tectonic
reactivation since the Precambrian, a substan-
tial higher palaeogeothermal gradient s
implausible (Rimi, 1999). Contrary to large
parts of Morocco, the CAMP magmatism is
lacking in the WAA. Ruiz et al. (2008) consid-
ered a significant higher palaeogeothermal
gradient of 35-50 °C/km in the Anti-Atlas Basin
during the Palaeozoic. As typical gradients for
sedimentary basins with thick infill are ~25
°C/km or less, the value is probably too high
for the more than 10 km thick Anti-Atlas Basin

(Allen and Allen, 1990). Consequently, a
palaeogeothermal gradient of 25 °C/km from
Carboniferous to Lower Cretaceous and a
gradient of 20 °C/km to recent times have
been used for calculation of exhumation and
subsidence rates as well as overburden thick-
ness in the WAA. The current annual mean
surface temperature in the WAA is ~20 °C.

5.2.1.2 Thermochronological data

In total, 23 Precambrian samples from the four
inliers (Irherm, Kerdous, Ifni and Bas Draa) of
the western Anti-Atlas have been analysed by
low-temperature thermochronology.
Thermochronological data and t-T modelling
reveal a similar thermal and exhumation
history of the entire study area. The zircon
fission-track central ages determined are equal
within the standard deviation ranging between
287 (+23) and 331 (+24) Ma and indicating a
simultaneous rapid exhumation in the study
area between Upper Carboniferous and Lower
Permian. The ZFT data confirm published ages
from granites and schists of the Kerdous and
Ifni inliers ranging from 319 (+32) to 358 (+31)
Ma (Sebti et al., 2009). Furthermore, the data
are consistent with K-Ar ages (white micas,
biotite) varying between 291 (+7) and 357 (+9)
Ma of the Kerdous inlier and the Lakhssas
Plateau (Bonhomme and Hassenforder, 1985;
Margoum, 2001; Soulaimani and Piqué, 2004).
Several authors suggested that the rock uplift
and exhumation of the Precambrian basement
and the deformation and erosion of the
Palaeozoic cover is mainly related to the
Variscan orogeny in the Upper Carboniferous—
Lower Permian (Burkhard et al., 2006; Gasquet
et al., 2008; Helg et al., 2004). ZFT and K-Ar
data of the western Anti-Atlas confirm a
simultaneous rock uplift and exhumation of
the entire Precambrian basement in the
Carboniferous associated with the Variscan
folding and post-folding erosion.

Except for an anomalously young and unre-
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producible age of 130 (+3) Ma due to an U
concentration of more than 1000 ppm, the
zircon (U-Th-Sm)/He ages range from 205 (+4)
to 243 (+3) Ma in the Kerdous and Bas Draa
inliers and from 252 (+5) to 287 (¥4) Ma in the
Ifni inlier. The data are in consistence with four
published ZHe ages varying between 193 (+15)
and 248 (£20) Ma of the Irherm inlier (Ruiz et
al., 2011). The majority of apatite fission-track
central ages of the entire study area cover a
range from 150 (+14) to 189 (+14) Ma. Two
ages south of the Tasrirt—Tahala fault and an
age north of the Ameln Valley fault ranging
between 120 (+13) and 139 (¥9) Ma indicate a
slightly later exhumation in the southern and
northern domain of the Kerdous inlier during
the drifting process(Soulaimani and Piqué,
2004). The AFT data confirm published ages
from the Kerdous and Ifni inliers varying
between 121 (+8) and 173 (+23) Ma (Ruiz et
al.,, 2011). ZHe and AFT ages are related to the
last significant exhumation phase of the
Precambrian inliers occurring during Triassic
rifting and Lower to Middle Jurassic transten-
sional tectonic processes, as the AA formed
the denudation shoulder of the Central
Atlantic rift (El Arabi et al., 2006; El Harfi et al.,
2006; Gasquet et al., 2008; Hafid et al., 2008;
Laville et al., 2004; Malusa et al., 2007).

The apatite (U-Th-Sm)/He data from the west-
ern Anti-Atlas reveal a large spread in the age
distribution. In the elevated northeastern part
including the Irherm and Kerdous inliers, the
ages range from 49 (+3) to 89 (+5) Ma.
Excluding a single age of 148 (+2), published
AHe ages varying from 58 (1) to 104 (+4) Ma
of the Irherm inlier are consistent with the
determined data (Ruiz et al.,, 2011). Samples
from the lower southwestern inliers Bas Draa
and Ifni yielded substantial older ages ranging
between 111 (£7) and 164 (x10) Ma. The final
minor exhumation of the Precambrian inliers
took place in the Upper Eocene to present,
contemporaneously with the surface uplift of
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the Atlas belt due to the convergence of the
African and Eurasian plates (Frizon de Lamotte
et al.,, 2004; Frizon de Lamotte et al., 2000;
Gasquet et al., 2008; Helg et al., 2004,
Missenard et al., 2006; Teixell et al., 2005).
While the Atlasian surface uplift is negligible in
the lower inliers Ifni and Bas Draa, AHe ages of
the elevated inliers Irherm and Kerdous are a
crucial indication for an increasing impact of
the Atlasian orogeny from southwest to
northeast in the western Anti-Atlas. Burkhard
et al. (2006) proposed that the present-day
topography of the western AA is the result of a
recent slight exhumation.

5.2.1.3 Interpretation of t-T path
modelling

Numerical modelling based on AHe, AFT and
ZHe data sets, yielded a similar, well-defined
thermal history of the entire western Anti-
Atlas with numerous possible t-T paths (Fig.
4.61, Fig. 4.62 and Fig. 4.63). The best fit paths
of the thermal models show that all samples
underwent continuous cooling from Upper
Carboniferous to Lower Cretaceous, followed
by reheating during Upper Cretaceous and
finally a cooling phase in Cenozoic times (Fig.
5.5).

The Anti-Atlas area was affected by post-Pan-
African rifting and extensional tectonics in the
Palaeozoic until the Lower Carboniferous
resulting in the vast subsidence of the Anti-
Atlas Basin (Burkhard et al., 2006; Michard et
al.,, 2008b; Pique et al., 1999) (Fig. 2.28). The
uppermost Proterozoic to Upper Carbonifer-
ous sedimentary succession reaches a
thickness of up to 12 km in the westernmost
Anti-Atlas near Tiznit (Burkhard et al., 2006;
Faik et al.,, 2001; Helg et al., 2004; Michard,
1976; Michard et al., 2008b; Pigue and
Michard, 1989). In the Upper Carboniferous,
the Precambrian samples were buried in the
depth at approximately 240 °C (Fig. 5.5). Based
on the postulated palaeogeothermal gradient
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Fig. 5.5: Comparative presentation of best fit paths from thermal models of the western Anti-Atlas.

and surface temperature, the recent surface
of the Precambrian inliers was overlain by 9
km of Precambrian to Palaeozoic rocks. Ruiz et
al. (2011) and Sebti et al. (2009) assumed a
common geological evolution of the Precam-
brian inliers in the western Anti-Atlas with a
burial of 7-9 km in the Carboniferous.

On the basis of ZFT data, the onset of cooling
took place in the Upper Carboniferous during
the Variscan orogeny, vyielding an intense
inversion and folding of the Anti-Atlas Basin.
The cooling event is assigned to the Variscan
folding, followed by rapid exhumation and
the
sedimentary cover (Burkhard et al., 2006;
Gasquet et al., 2008; Helg et al., 2004; Sebti et
al.,, 2009) (Fig. 5.5). The initial deformation of
the western Anti-Atlas is generally considered

post-folding  erosion  of Palaeozoic

as Upper Carboniferous due to the youngest
age of deformed and tilted sediments (Helg et
al., 2004; Michard, 1976; Pique and Michard,
1989). The post-folding erosion of the western
Anti-Atlas correlates with northwestern source
areas of the detrital input in the Jebel Reounia

sandstones (Upper Namurian) of the Tindouf
Basin, suggesting that the western Anti-Atlas
has been uplifted and eroded as early as ~320
Ma (Cavaroc et al.,, 1976; Michard et al.,
2008b; Sebti et al., 2009). According to differ-
ent ZHe ages, some samples reveal a slow
initial cooling from Upper Carboniferous to
Upper Triassic with exhumation rates between
0.020 and 0.029 mm/a (Fig. 5.5, Tab.5.2).
Subsequently, a rapid cooling event occurred
between Upper Triassic and Lower Cretaceous
until ~120 Ma with exhumation rates from
0.061 to 0.068 mm/a (Fig. 5.5, Tab. 5.2). In
contrast, several samples show an incipient
continuous fast cooling from 310 to ~125 Ma
with exhumation rates between 0.042 and
0.053 mm/a (Fig. 5.5, Tab. 5.2). Considering
the entire study area, the cooling phase lasted
from the Upper Carboniferous to the Lower
Cretaceous, whereby the majority of the 9 km
of Precambrian to Palaeozoic overburden has
been eroded. Ruiz et al. (2011) postulated that
the western Anti-Atlas experienced a slow and
continuous phase of denudation from Central
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Table 5.2: Main t-T segments and calculated subsidence and exhumation rates from outcrop samples of the western Anti-Atlas

Irherm inlier

MA-01 1018
Slow 90-10 65-40 0.31 20 0.016
vame o U108 205 oe9 20005

Slow 55-10 65-40 0.56 20 0.028

Kerdous inlier

Slow 310-230 240-200 0.50

N
w

0.020

Slow 290-215 240-185 0.73 25 0.029
vy o VeWRSL 21510 a8s2s1s 25 0061
Slow 110-25 25-70 0.53 20 0.026
Ifni inlier
MA-20 60 Slow 125-30 25-60 0.37 20 0.018
wa w0 mx o mows  mes 0 . om0
Slow 75-recent 65-20 0.60 20 0.030
Bas Draa inlier
Slow 310-225 240-195 0.53 25 0.021

%
w
w
~
N

Slow 95—recent 55-20 0.37 20 0.018

Slow 300-210 240-195 0.50 25 0.020

%
o
=
w
~

Slow 90-recent 60-20 0.44 20 0.022

Subsidence and exhumation rates were calculated considering cooling rate, surface temperature and geothermal gradient. Based on
literature data geothermal gradients of 20 °C/km and 25 °C/km were applied (see text for further explanations).
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Atlantic continental rifting in the Permian—
Triassic until the Lower Cretaceous. Caused by
the Central Atlantic and Tethys rifting, the
Anti-Atlas was affected by vertical movements
in the Upper Permian—Lower Triassic (El Arabi
et al, 2006; Knight et al.,, 2004). Various
authors supposed the last significant exhuma-
tion phase of the Precambrian inliers during
Triassic rifting and Lower to Middle Jurassic
transtensional tectonic processes, as the AA
formed the denudation shoulder of the
Central Atlantic rift (El Arabi et al., 2006; El
Harfi et al., 2006; Gasquet et al., 2008; Hafid et
al., 2008; Laville et al.,, 2004; Malusa et al.,
2007). A Lower Cretaceous rock uplift of the
passive continental margin is reported for the
whole Central Atlantic region (Green et al.,
2002; Miller and Duddy, 1989).

The rock uplift and exhumation episode of the
Precambrian inliers led to a huge amount of
sediment material transported to the sur-
rounding basins since the Variscan orogeny.
Therefore, the Anti-Atlas mountain belt has to
be considered as a potential source area for
the Triassic to Lower Cretaceous sedimentary
pile of the Tarfaya Basin. In the Triassic to
Lower Jurassic up to 5 km of clastic material
has been deposited in the Basin (El Khatib et
al.,, 1995; Le Roy and Piqué, 2001). Whereas
the Middle—Upper Jurassic is dominated by a
carbonate platform, the sediment flux of clas-
tic material increased enormously due to the
elevation of the hinterland during Lower
Cretaceous yielding the deposition of a 1-4 km
thick continental sequence (El Khatib et al.,
1995; Hafid et al., 2008; Ranke et al., 1982).
The sediment flux diagram reveals a continu-
ous relatively high input in the Tarfaya Basin
between Triassic and Lower Cretaceous
(Wenke et al., 2013) (Fig. 5.6). Peak clastic
sediment flux rates can be recognized for the
Central Atlantic rift stage in the Upper Triassic
and delta formation in the Lower Cretaceous,
interrupted by peak during carbonate platform

build-up in the Middle—-Upper Jurassic (Fig.
5.6). The general continuous sediment flux to
the Tarfaya Basin corresponds to the modelled
consistent rock uplift and erosion in the west-
ern Anti-Atlas between Triassic and Lower
Cretaceous times.
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Fig. 5.6: Permian to present day sediment flux at the

outer shelf of the (A) Tan-Tan area, (B) Cap Juby area and

(C) Ladyoune area (Wenke et al., 2013).

After the exhumation phase, the Precambrian
inliers underwent a minor subsidence in the
Upper Cretaceous (Fig. 5.5). A burial phase
during Upper Cretaceous—Eocene is attested
to by thermochronological studies in the
western Anti-Atlas (Ruiz et al., 2011) and in the
Meseta region (Ghorbal et al., 2008; Saddiqgi et
al., 2009). The modelled t-T paths show a
reheating to temperatures of 55-75 °C. In the
majority of the models, the subsidence
occurred until 95-70 Ma. Except for one
sample, subsidence rates range between
0.018 and 0.071 mm/a (Tab. 5.2). Therefore,
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t-T path modelling suggests sedimentation in
the Anti-Atlas mountain belt during late Lower
Cretaceous—Upper Cretaceous resulting in a
1.5-2.5 km thick sedimentary pile on top of
the Precambrian—Palaeozoic rocks. Corre-
sponding to a widespread transgression across
the North African continent in the Cenoma-
nian—Turonian, a flooding of the entire
northern Morocco, including the Anti-Atlas is
presumable (Frizon de Lamotte et al., 2008;
Guiraud et al.,, 2005; Michard et al., 2008b).
Zouhri et al. (2008) postulated that the Anti-
Atlas was covered by shallow marine Cenoma-
nian—-Turonian carbonates eroded during
Senonian—Cenozoic times. Since preserved
Cretaceous deposits reach a thickness of 1-2
km in the Atlantic Basins and the Meseta,
which is probably a minimum value because of
post-deposition Atlasian denudation (Hafid et
al., 2008; Mustaphi et al., 1997; Saddiqi et al.,
2009; Zihlke et al., 2004), a calculated Creta-
ceous sedimentary pile of 1.5-2.5 km seems
realistic for the western Anti-Atlas. Ruiz et al.
(2011) proposed a nowadays eroded Creta-
ceous—Eocene sedimentary succession of 1.5
km in the WAA.

On the basis of transgression and sedimenta-
tion in the Anti-Atlas, an enormously decreas-
ing clastic sediment flux from the mountain
belt can be assumed during Upper Cretaceous.
The widespread transgression led to the depo-
sition of a thin shallow marine sedimentary
succession in the Tarfaya Basin (El Khatib et al.,
1995). In the Upper Cretaceous no substantial
amounts of sediment have been deposited in
the TB and the clastic sediment flux from the
hinterland starved (Wenke et al., 2013) (Fig.
5.6). Therefore, an absent clastic sediment flux
to the Tarfaya Basin corresponds to the
modelled subsidence and sedimentation in the
western Anti-Atlas during Upper Cretaceous.
The final cooling and exhumation of the Pre-
cambrian inliers started in the late Upper
Cretaceous and continued until recent times
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(Fig. 5.5). In some samples, the final exhuma-
tion started in the Eocene—Oligocene (Fig. 5.5,
Tab. 5.2). The modelled t-T paths indicate a
cooling from 55—75 °C to surface temperature.
The amount of exhumation that took place
during this episode was approximately 2 km,
with varying rates between 0.016 and 0.100
mm/a depending on the onset of cooling (Tab.
5.2). An initial convergence of the African and
Eurasian continents occurred in the Upper
Cretaceous (90 Ma) due to the opening of the
South Atlantic Ocean (Rosenbaum et al,
2002). The onset of compressive deformation
and related surface uplift in the Atlas system
took place as early as the Senonian (90-65
Ma), while the main inversion of the Mesozoic
extensional rift systems began in the Middle to
Upper Eocene and is still active at present time
(Barbero et al., 2007; Beauchamp et al., 1999;
Ellouz et al.,, 2003; Frizon de Lamotte et al,,
2009; Laville et al., 1995; Teixell et al., 2005). In
the Anti-Atlas mountain belt, a minor exhuma-
tion of the Precambrian inliers occurred in the
Upper Eocene—Oligocene to recent times,
contemporaneously with the surface uplift of
the Atlas belt due to the convergence of the
African and Eurasian plates (Burkhard et al.,
2006; Frizon de Lamotte et al., 2004; Frizon de
Lamotte et al., 2000; Gasquet et al., 2008; Helg
et al., 2004; Missenard et al., 2006). The majo-
rity of the thermal models are in accordance
with an initial surface of the Atlas system in
the Senonian, whereas two models confirm a
later final exhumation associated with the
main Atlasian surface uplift in the Oligocene.

The rock uplift and exhumation phase of the
Precambrian inliers led to an increasing
sediment transport to the surrounding basins
in the Cenozoic. Therefore, the western Anti-
Atlas is a potential source area for the Ceno-
zoic sedimentary pile of the Tarfaya Basin. In
the Palaeogene and Neogene the sedimenta-
tion in the basin is dominated by continental
sandstones reaching a maximum thickness of
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2 km, whereby a Cenozoic sedimentary suc-
cession is lacking in the northeastern basin
due to flexural rock uplift since the Maas-
trichtian (Davison, 2005; El Khatib et al., 1995;
Hafid et al., 2008; Ranke et al., 1982; Wenke et
al.,, 2011). The sediment flux diagram reveals
an increasing input in the Tarfaya Basin from
Palaesocene onward, with a peak clastic
sediment flux in the Middle Miocene to Pleis-
tocene (Wenke et al., 2013) (Fig. 5.6). Conse-
quently, the modelled continuous exhumation
in the western Anti-Atlas between late Upper
Cretaceous and recent times corresponds to
an increasing clastic sediment flux to the
Tarfaya Basin since Palaeocene.

Summarising, based on t-T path modelling and
thermochronological data of samples from the
Precambrian inliers Irherm, Kerdous, Ifni und
Bas Draa, exhumation took place at least since
the Upper Carboniferous related to the Varis-
can folding and post-folding erosion in the
western Anti-Atlas. The exhumation phase
lasted beyond the Central Atlantic rift and drift
stage until the Lower Cretaceous, whereby 9
km of Precambrian—Palaeozoic overburden
has been eroded, with exhumation rates
between 0.020 and 0.068 mm/a. In the Upper
Cretaceous the Precambrian inliers underwent
a minor subsidence with varying rates
between 0.018 and 0.133 mm/a. The mod-
elled t-T paths indicate sedimentation in the
Anti-Atlas mountain belt during late Lower
Cretaceous—Upper Cretaceous resulting in a
1.5-2.5 km thick sedimentary pile on top of
the Precambrian—Palaeozoic rocks. The final
exhumation phase started in the late Upper
Cretaceous and continued until present time.
During this exhumation episode, rates vary
between 0.016-0.100 mm/a. The Anti-Atlas
mountain belt could have been a potential
source area for the Tarfaya Basin since the
Triassic. Except for a hiatus in the Upper
Cretaceous, a continuous clastic sediment flux

to the TB could have been occurred to recent
times.

5.2.2 Oum Doul-1/Adrar Zougar-1

5.2.2.1 Geothermal gradient

A geothermal gradient has been determined
by thermochronological and literature data,
due to the lack of measured bottom hole tem-
peratures.

The wells Oum Doul-1 and Adrar Zougar-1 are
situated in the southwestern Anti-Atlas close
to the Tindouf Basin. The Anti-Atlas mountain
belt shows a very low gradient ranging
between 12-16 °C/km (Rimi, 1990, 2000),
whereas Ruiz et al. (2011) and Zarhloule et al.
(2005) proposed a geothermal gradient of 20—
25 °C/km. In the Tindouf Basin, the gradient
varies between 20 and 34 °C/km (Rimi, 1990).
Therefore, a geothermal gradient higher than
20 °C/km at the Anti-Atlas/Tindouf Basin
boundary seems realistic. Since AHe ages are
completely reset in a depth of 2 km in well
Adrar Zougar-1, thermochronological data
indicate a current geothermal gradient of
approximately 25 °C/km. The following calcu-
lated exhumation and subsidence rates are
based on the assumption of this geothermal
gradient and a surface temperature of 20 °C.

5.2.2.2 Interpretation of thermochro-
nological data and t-T path modelling

In total, 11 Precambrian to Palaeozoic samples
from wells Oum Doul-1 and Adrar Zougar-1
have been analysed by low-temperature
thermochronology. The wells contain the
virtually complete stratigraphic succession
from Precambrian to Lower Carboniferous
sedimentary rocks (Fig. 5.7).
Thermochronological data illustrate a common
thermal history of the entire succession.
Except for two zircon fission-track ages of
Carboniferous thermo-

Lower samples,

chronometric ages are younger than the
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corresponding sedimentation age (Fig. 5.7).
AHe ages determined ranging between 16 (1)
and 0 (+0) Ma and AFT central ages varying
from 177 (+15) to 10 (+1) Ma are significantly
younger than the stratigraphic age of the
sampled rock. Excluding a Lower to Middle
Devonian sample, zircon (U-Th-Sm)/He data
alternating between 290 (+23) and 81 (+7) Ma
and zircon fission-track central ages ranging
between 483 (+59) and 258 (+18) Ma reveal a
continuous age decrease with increasing
depth across the entire succession (Fig. 5.7).
Thermochronological data from both wells
suggest an uplifted succession after maximum
burial due to the absence of detrital ages,
except for ZFT ages of the Upper Carbonifer-
ous (Armstrong, 2005; Naeser, 1979) (Fig. 5.7).
Appropriate to the postulated geothermal
gradient and surface temperature, the recent
surface of the Adrar Zougar-1 well was over-
lain by approximately 8 km of Upper Ordovi-
cian to Carboniferous sedimentary rocks, since
the entire succession was buried in a depth at

approximately 240 °C in the Upper Carbonif-
erous. The late Proterozoic to Palaeozoic
sedimentary succession reaches a thickness of
up to 12 km in the westernmost Anti-Atlas
near Tiznit (Burkhard et al., 2006; Faik et al.,
2001; Helg et al, 2004; Michard, 1976;
Michard et al.,, 2008b; Pique and Michard,
1989). An overburden of ~8km is consistent
with a suggested Upper Ordovician to Upper
Carboniferous sedimentary pile of about 7 km
in the western Anti-Atlas (Helg et al., 2004).

The t-T path modelling shows a continuous
heating after the deposition during the
Palaeozoic, as the Anti-Atlas was affected by
post-Pan-African  rifting and extensional
tectonics that caused a vast subsidence of the
Anti-Atlas Basin and the deposition of a thick
sedimentary pile (Burkhard et al, 2006;
Michard et al., 2008b; Pique et al., 1999).
Excluding sample AZ-06, the subsidence phase
lasted until 330-305 Ma with a maximum rate
of 0.065 mm/a (Tab. 5.3). Subsequently, the
inversion of the Anti-Atlas Basin started in the
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Upper Carboniferous and continued until
recent time. During this nearly continuous
cooling episode the 8 km overburden has
been eroded with varying exhumation rates
between 0.019 and 0.029 mm/a (Tab. 5.3).
The initial exhumation phase is assigned to the
Variscan folding, followed by rapid exhumation
and post-folding erosion of the Palaeozoic
sedimentary cover (Burkhard et al., 2006;
Gasquet et al., 2008; Helg et al., 2004; Sebti et
al., 2009). Similar to the Precambrian inliers,
exhumation in the southwestern Anti-Atlas
took place during Triassic rifting, Jurassic
transtensional tectonic processes, Lower Cre-
taceous delta formation and finally during
Atlasian deformation (Burkhard et al., 2006;
Gasquet et al., 2008; Laville et al., 2004).

The recent surface of the Oum Doul-1 well was
overlain by approximately 5 km of Palaeozoic

sedimentary rocks based on the postulated
geothermal gradient and surface temperature,
since the entire succession was buried in
depth at approximately 170-180 °C in the
Upper Carboniferous. In the western Anti-
Atlas, the Carboniferous reach a maximum
thickness of ~2 km (Helg et al., 2004). There-
fore, a nowadays eroded overburden of 5 km
on top of the Oum Doul-1 succession is
implausible. The maximum heating tempera-
tures and calculated overburden is due to
reset ZHe ages of Devonian to Lower Carbon-
iferous samples. The ZHe single grain aliquot
ages of these samples reveal a large spread,
including old non-reset ages which are
assumed to be the more accurate data (Tab.
4.48). The non-reset ZHe ages, ranging from
327 (+26) to 391 (+31) Ma, yield a heating to
temperatures below 130-140 °C of the entire

Table 5.3: Main t-T segments and calculated subsidence and exhumation rates from wells Oum Doul-1 and Adrar Zougar-1

of the southwestern Anti-Atlas

Sample Depth Cooling Heating t-tsegment T-Tsegment Cooling/heating Geothermal Subsidence  Exhumation
[mb.s.] [Ma] [°cl gradient [°C/Ma]  gradient [°C/km] rate [nm/a] rate [mm/a]
| ] 1 1 | I I 1 |
Oum Doul-1

Very fast  340-310 20-180 5.33 25 0.213
0D-02 110 1676; Fast 310-210 180-65 1.15 25 0.046
Very slow 210-recent 65-50 0.07 25 0.003

Very fast  370-330 20-195 4.38 25 0.175
0OD-03 11785211; Fast 330-210 195-100 0.79 25 0.032
Very slow 210-recent 100-65 0.17 25 0.007

Very fast  400-350 20-240 4.40 25 0.176
0D-04 3;)1%487_ Slow 350-155 240-185 0.28 25 0.011
Slow 155-recent 185-100 0.55 25 0.022

Adrar Zougar-1

Very fast  465-330 20-240 1.63 25 0.065
AZQ1 455-463  Slow 330-215 240-185 0.48 25 0.019
Fast 215-recent 185-30 0.72 25 0.029

Az04 2541— Fast 545-305 20-240 0.92 25 0.037
2587 Slow 305-recent  240-85 0.51 25 0.020

AZ.06 3315— Fast 545-245 20-240 0.73 25 0.029
3387 Slow 245-recent  240-105 0.55 25 0.022

Subsidence and exhumation rates were calculated considering cooling rate, surface temperature and geothermal gradient. Based on
literature data a geothermal gradient of 25 °C/km was applied (see text for further explanations).
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Oum Doul-1 succession resulting in an over-
burden of ~3 km. Besides, a higher palaeogeo-
thermal gradient of 30 °C/km would yield in a
less overburden of ~2.5 km. Ruiz et al. (2008)
considered a substantial higher palaeogeo-
thermal gradient of 35-50 °C/km in the Anti-
Atlas Basin during the Palaeozoic.

The t-T path modelling shows a continuous
heating after the deposition similar to the
Adrar Zougar-1 well during the Palaeozoic, as
the Anti-Atlas was affected by post-Pan-
African rifting and extensional tectonics
resulting in the vast subsidence of the Anti-
Atlas Basin and the deposition of a thick sedi-
mentary pile (Burkhard et al., 2006; Michard et
al., 2008b; Pique et al., 1999). Excluding
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sample OD-04, the subsidence phase lasted
until 330-310 Ma with a maximum rate of
0.213 mm/a (Tab. 5.3). Subsequently, the
inversion of the Anti-Atlas Basin started in the
Upper Carboniferous and continued until
present time. During this cooling episode the
less than 5 km overburden has been eroded.
The initial fast exhumation phase with rates
between 0.032 and 0.046 mm/a is assigned to
the Variscan folding, post-folding erosion and
Triassic rifting (Burkhard et al., 2006; Gasquet
et al, 2008; Helg et al., 2004; Sebti et al,,
2009) (Tab. 5.3). Afterwards, a slow cooling
phase to recent temperature occurred during
Jurassic to Cenozoic with exhumation rates
between 0.003 and 0.007 mm/a (Tab. 5.3).
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5.3 Provenance analysis — Detrital
thermochronology

The third key objective of the present study
was the provenance analysis of the Cretaceous
to Neogene sedimentary rocks from the Tar-
faya Basin. Due to their low thermal imprint
below the partial annealing zone and partial
retention zone, the Cretaceous/Cenozoic sedi-
mentary succession indicates the t-T evolution
of the source area, so-called provenance.

5.3.1 Triassic to Jurassic succession

The oldest Mesozoic sedimentary rocks of the
Tarfaya Basin are Triassic continental to
restricted marine red conglomerates and
sandstones with a maximum thickness of 5 km
in the offshore basin (El Khatib et al., 1995; Le
Roy and Piqué, 2001; Ranke et al., 1982). The
Jurassic is dominated by an extensive carbon-
ate platform (Hafid et al., 2008). During this
time span, exhumation occurred in the Anti-
Atlas mountain belt, as the AA formed the
denudation shoulder of the Atlantic rift (El
Harfi et al., 2006; Gasquet et al., 2008; Malusa
et al., 2007). On the basis of thermochrono-
logical data of the current study and further
geological data, the AA was a potential source
area for the continental sedimentary rocks of
the surrounding basins (El Arabi et al., 2006; El
Harfi et al., 2006; Gasquet et al., 2008; Laville
et al.,, 2004). The Triassic and Jurassic well
samples show apatite fission-track and (U-Th-
Sm)/He ages significantly younger than the
corresponding stratigraphic age, indicating a
partial or complete reset in the Tarfaya Basin.
Since the t-T evolution of the source area is
overprinted by a thermal imprint of the TB, a
provenance analysis based on AHe and AFT
dating techniques is not feasible.

5.3.2 Lower Cretaceous
The Cretaceous and Cenozoic sedimentary
succession of the Tarfaya Basin is suitable for

provenance analysis, as the rocks never experi-
enced high diagenetic temperatures (Michard
etal., 2008a).

In the Lower Cretaceous, an important regres-
sion resulted in the deposition of a 1 — 4 km
thick continental to transitional sequence and
the establishment of widespread delta
systems in the Tan-Tan and Boujdour area
(Hafid et al., 2008; Ranke et al., 1982; von Rad
and Wissmann, 1982). The offshore Boujdour
Delta developed due to rock uplift and erosion
in the Reguibat Shield and Anti-Atlas (Davison,
2005). The regionally extensive deltas were
linked by incised valleys with the eastern
source areas (AA, Reguibat Shield) (Wenke et
al.,, 2013). Jarvis et al. (1999) suggested that
the Lower Cretaceous sedimentary rocks were
sourced from the Tindouf Basin and the West
African Craton. Ali (2012) and Ali et al. (2014)
proposed the Reguibat Shield and the Mauri-
tanides as dominant source areas due to
geochemical and petrographic data. Thermal
modelling and published geological data reveal
that the Anti-Atlas mountain belt as well as the
entire Central Atlantic passive continental
margin was affected by denudation processes
in the Lower Cretaceous (Green et al., 2002;
Miller and Duddy, 1989; Ruiz et al., 2011).

The large variety in thermochronological data
of the Cretaceous samples is more compli-
cated to interpret and therefore necessitate
differentiated considerations.

The Lower Cretaceous outcrop samples show
AHe ages substantially younger than the
respective stratigraphic age indicating a com-
plete reset in the Tarfaya Basin. In contrast,
the AFT ages are slightly older than the strati-
graphic age. On the basis of t-T modelling, the
Lower Cretaceous samples underwent a
heating to approximately 70 °C after deposi-
tion confirming a low thermal imprint in the
basin. Since similar AFT data appear in the
western Anti-Atlas, the WAA can be consid-
ered as potential source area for the apatite
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grains. Besides, Malusa et al. (2007) published
similar AFT ages from the eastern Anti-Atlas.
Due to the maximum heating temperature of
the Lower Cretaceous in the TB, zircon (U-Th-
Sm)/He and zircon fission-track data represent
the thermal history of the source area.

Contrary to the western Anti-Atlas, the ZHe
single grain aliquot ages reveal a large spread
varying from 185 to 1195 Ma (Fig. 5.8). In the
WAA, the ZHe ages cover a range between 88
and 362 Ma. Published ZHe ages of the Irherm
inlier (WAA) vary from 193 to 248 Ma (Ruiz et
al.,, 2011). Except for two single grain aliquot
ages of the Tarfaya Basin, the ZHe ages of the
WAA are significantly younger (Fig. 5.8). There-
fore, based on the Precambrian ZHe ages, an
additional cratonic source area seems realistic.
The ZFT single grain age distribution, ranging
from 331 to 1208 Ma, shows a larger spread
than the western Anti-Atlas (Fig. 5.9). In the
WAA, the ZFT ages vary between 226 and 616
Ma. Published ZFT central ages of the Kerdous
and Irherm inlier (WAA) cover a range from
319 to 358 Ma (Sebti et al., 2009). These data
are consistent with K-Ar ages (white micas,
biotite) varying between 291 (+7) and 357 (+9)
Ma of the Kerdous inlier and the Lakhssas
Plateau (Bonhomme and Hassenforder, 1985;
Margoum, 2001; Soulaimani and Piqué, 2004).
Accordingly, a large number of ZFT single grain
ages from the TB are substantially older and
cannot connected with data from the WAA
suggesting a cratonic source area (Fig. 5.9).

Several authors proposed that the cratonic
Reguibat Shield constitutes a source area for
the clastic sediment material of the Lower
Cretaceous (Ali, 2012; Ali et al., 2014; Davison,
2005; Jarvis et al., 1999; Ranke et al., 1982).
Concluding, AFT, ZHe and ZFT ages of the
Lower Cretaceous samples from the Tarfaya
Basin indicate diverse source areas. While AFT
ages are in consistence with data from the
western Anti-Atlas, Precambrian ZHe and ZFT
data reveal that clastic material were delivered
additionally from a cratonic source area.

5.3.3 Upper Cretaceous

In the Upper Cretaceous, a transgression led
to the deposition of thinner shallow marine to
lagoonal sediments (El Khatib et al., 1995). The
Cenomanian—Turonian basin fill has a small
thickness and is characterised by decreasing
terrigenous influx and increasing plankton
input (Ranke et al., 1982). Altogether, the sedi-
ment flux reduced significantly in the Tarfaya
Basin during Upper Cretaceous (Fig. 5.6).
Between Coniacian and Campanian sediment
input increased moderately according to the
initial Atlasian compression. Ali (2012) has
taken the Reguibat Shield, Mauritanides and
the western Anti-Atlas as source areas for the
Upper Cretaceous due to geochemical and
petrographic data of the heavy minerals zir-
con, tourmaline, rutile, garnet and hornblende
into consideration. In contrast, apatite grains
are not indicative of a particular provenance
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Fig. 5.8: ZHe single grain aliquot ages from outcrop samples of the western Anti-Atlas and the Lower Cretaceous of the

Tarfaya Basin. Green: western Anti-Atlas; Red: Tarfaya Basin.
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Fig. 5.9: ZFT single grain age distribution of the western Anti-Atlas and the Lower Cretaceous of the Tarfaya Basin. Green:

single grain age range from outcrop samples of the WAA, Light Green: single grain age range from well samples of the

WAA; Red: Tarfaya Basin.

(Ali, 2012). Various authors as well as t-T path
modelling of the present study postulate a
sedimentation phase in the AA during Upper
Cretaceous (Cenomanian—Turonian) (Frizon de
Lamotte et al., 2009; Michard et al., 2008b;
Ruiz et al., 2011; Zouhri et al., 2008).

The Upper Cretaceous outcrop samples show
AFT data essentially older than the corre-
sponding stratigraphic age indicating no reset
in the Tarfaya Basin. Furthermore, the large
spread in the single grain age distribution of
Coniacian—Campanian samples point to no
thermal imprint in the TB for the AFT system
(Fig. 4.21). An age population calculation,
applying the computer code ‘Popshare’,
yielded at least two different populations
(Dunkl and Székely, 2002) (Tab. 5.4). The sam-
ples reveal four age populations between 144
and 200 Ma that are in accordance with AFT
ages from the western Anti-Atlas of the
current study and published data considering
the AA as potential source area for the apatite
grains of the Upper Cretaceous (Malusa et al.,
2007; Ruiz et al., 2011) (Tab. 5.4). The older
populations of 249 and 260 Ma are consistent
with AFT data of the eastern AA mountain belt
or could have been sourced from a cratonic
area (Malusa et al., 2007) (Tab. 5.4).

The ZFT single grain age distribution, ranging
between 226 and 864 Ma, shows a larger
spread compared to ages from 226 to 616 Ma
in the western Anti-Atlas (Fig. 5.10). Therefore,

some ZFT single grain ages of the Upper
Cretaceous samples from the Tarfaya Basin
are substantially older and cannot be con-
nected with data from the western Anti-Atlas
(Fig. 5.10). On the basis of old Precambrian ZFT
ages, an additional cratonic source area is
presumable. While apatite grains are not
indicative of a particular provenance, geo-
chemical and petrographic data of zircon
grains suggest that the Reguibat Shield, Mauri-
tanides and the WAA are potential source
areas (Ali, 2012).

Similar to the Lower Cretaceous, the AFT and
ZFT ages of the Upper Cretaceous samples
from the TB point to mixed source areas,
whereby the majority of the detrital material
from the Coniacian to Campanian succession
could have been delivered from the Anti-Atlas
mountain belt.

5.3.4 Cenozoic

The Cenozoic is characterised by marine layers
in the Palaeocene—Eocene, continental sand-
stones and conglomerates in the Oligocene
and sandy limestones in the Miocene
(Davison, 2005; El Khatib et al., 1995). Ali
(2012) and Ali et al. (2014) supposed the
Reguibat Shield, Mauritanides and the western
Anti-Atlas as source areas for the Cenozoic due
to geochemical and petrographic data of the
heavy minerals zircon, tourmaline, rutile,
garnet and hornblende. Since the Anti-Atlas
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Table 5.4: Apatite fission-track

age populations from samples of the Tarfaya Basin
T T T T

T T T
Sample Stratigraphic age n Single grain age P()(2 ) 1. Population 2. Population 3. Population
distribution High Atlas Tarfaya Basin Reguibat Arch
| : | [Ma] | [%] | [Ma] ] Anti-Atlas [Ma] . Anti-Atlas [Ma]
CJ-02 Middle Miocene 10 53.3-162.5 22.8 59.0 (+10.8) 136.6 (£16.3)
MA-27 Lower Pliocene 20 62.8-273.9 0.0 87.5 (+14.8) 165.4 (+11.3) 251.6 (+6.4)
MA-27 Lower Pliocene 20 62.8-273.9 0.0 84.1(+2.3) 162.4 (£62.0)
MA-53 Miocene 23 38.5-249.5 0.0 - 130.7 (£58.6) 215.9 (¥9.1)
MA-54 Miocene 15 35.2-220.8 0.0 57.8 (+25.8) 179.9 (£28.5)
MA-56 Miocene-Pliocene 22 89.5-291.7 0.0 - 156.3 (£37.2) 259.0 (£25.2)
MA-58 Pliocene 9 15.1-319.1 0.0 30.6 (+27.9) 159.4 (+21.0) 262.9 (+0.9)
MA-59 Pliocene 24 10.4-216.3 0.0 22.9(+14.2) 171.0 (£36.7)
MA-69 Coniacian 22 90.4-276.2 0.0 114.7 (+20.6) 171.6 (3.9) 260.3 (6.8)
MA-70 Coniacian 16 124.8 - 267.2 3.9 - 167.2 (+46.8) 249.2 (¥7.2)
MA-78 Campanian 20 125.9-258.6 12.5 - 144.1 (£21.8) 200.0 (+8.9)

n: number of counted apatite grains; P(xz): probability that single grains are consistent and belong to the same population.
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Fig. 5.10: ZFT single grain age distribution of the western Anti-Atlas and the Upper Cretaceous of the Tarfaya Basin. Green:
single grain age range from outcrop samples of the WAA; Light Green: single grain age range from well samples of the

WAA; Red: Tarfaya Basin.

underwent a recent minor exhumation and
erosion starting in the Oligocene (30 Ma), the
AA is a potential source area for the Tarfaya
Basin during the Cenozoic (Burkhard et al,
2006; Ranke et al., 1982). Furthermore, in the
Maastrichtian to Lower Oligocene, the peak
Atlasian deformation and surface uplift
strongly affected the northeastern onshore TB
resulting in flexural rock uplift and erosion of
the Meso- to Cenozoic succession down to the
Lower Cretaceous (Choubert et al, 1966;
Wenke et al, 2011, 2013). Von Rad and
Einsele (1980) postulated a rock uplift in the
Neogene, contemporaneously to the Canary
volcanism. The Atlasian orogeny is reflected in
the Tarfaya-Ladyoune-Dakhla Basin by an

increasing periodic influx of detrital material
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into the offshore part of the basin from Upper
Cretaceous onward (Hafid et al., 2008; Wenke
etal., 2011, 2013).

A provenance analysis of the Palaeogene could
not be carried out due to the minor availability
of Palaeocene to Oligocene outcrops in the
Tarfaya Basin and the lack of apatite and zir-
con grains in Eocene samples.

Miocene to Pliocene samples have been ana-
lysed by the low-temperature thermochro-
nological techniques AFT, ZHe and ZFT. Since
the Neogene never experienced temperatures
higher than 60 °C, the samples reveal no
thermal imprint of the TB and represent solely
the thermal history of the source area. The
AFT ages are essentially older than the respec-
tive stratigraphic age and show a large spread
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in the single grain distribution (Fig. 4.22). An
age population calculation yielded at least two
populations, whereby every sample reveals a
population between 131 and 180 Ma (Tab.
5.4). Similar to the Upper Cretaceous samples,
the data are in accordance with AFT ages from
the Anti-Atlas of the present study and pub-
lished data considering the AA as source area
for the apatite grains of the Neogene (Malusa
et al,, 2007; Ruiz et al., 2011). Besides, the
data correspond to AFT ages from the Creta-
ceous of the Tarfaya Basin (Tab. 5.4). Since the
Meso- to Cenozoic succession has been
eroded in large parts of the northeastern
onshore TB due to a rock uplift starting in the
Palaeogene, the Tarfaya Basin is a further,
potential source area for the Neogene
sedimentary pile of the western TB (Choubert
et al.,, 1966; Ranke et al., 1982; Wenke et al.,
2011, 2013). Thermal modelling of Lower
Cretaceous samples confirms exhumation in
the northeastern TB since the Palaeocene (Fig.
4.20). An older population ranging from 252 to
263 Ma occurs only in some Miocene to Plio-
cene samples and correlates with AFT data of
the eastern AA mountain belt or could have
been sourced from a cratonic area (Malusa et
al.,, 2007) (Tab. 5.4). Contrary to the Upper
Cretaceous samples, a younger population
varying between 23 and 88 Ma appears in the
Neogene samples (Tab. 5.4). The source area
of the young population is highly affected by
the Atlasian orogeny. Published AFT data of 9—
92 Ma from the High Atlas are in consistence
with the young population suggesting the HA
as source area for the Neogene sedimentary
rocks (Balestrieri et al., 2009; Barbero et al,,
2007; Missenard et al., 2008). A coastal longi-
tudinal flow, the Canary Current could have
delivered the detrital material from the Souss

Basin to the Tarfaya Basin.

Three ZHe single grain aliquot ages ranging
from 507 to 1016 Ma are significantly older
than ZHe ages of the western Anti-Atlas (Fig.
5.11). Consequently, ZHe data are indicative of
a cratonic source area for the Miocene to
Pliocene rocks.

The ZFT single grain age distribution varying
from 245 to 1172 Ma reveals a larger spread
than the WAA (Fig. 5.12). As aforementioned,
the ZFT ages of the current study and
published data range between 226 and 616
Ma in the WAA (Sebti et al., 2009). Hence,
some ZFT single grain ages of the Neogene
samples from the Tarfaya Basin are substan-
tially older and cannot be associated with data
from the western Anti-Atlas pointing to a
cratonic source area (Fig. 5.12). A mixed
sediment input from the Reguibat Shield,
Mauritanides and WAA has been recom-
mended by Ali (2012) and Ali et al. (2014).
According to the surface uplift in Morocco due
to the Atlasian orogeny in the Cenozoic, the
Anti- Atlas, High Atlas and Tarfaya Basin are
potential source areas (Burkhard et al., 2006;
Frizon de Lamotte et al., 2009; Ranke et al,,
1982; von Rad and Einsele, 1980; Wenke et al,,
2011).

Concluding, AFT, ZHe and ZFT ages of the Mio-
to Pliocene samples from the Tarfaya Basin
indicate diverse source areas. The majority of
AFT and ZFT ages correspond with data from
the western Anti-Atlas and northeastern
onshore TB. Similar to the Cretaceous succes-
sion, Precambrian ZHe and ZFT ages appear in
the thermochronometric data indicating a
cratonic source area. In contrast to the Creta-
ceous, an additional young population points
to a further source area highly affected by the
Atlasian orogeny.
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Fig. 5.11: ZHe single grain aliquot ages from outcrop samples of the western Anti-Atlas and the Neogene of the Tarfaya

Basin. Green: western Anti-Atlas; Red: Tarfaya Basin.
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Fig. 5.12: ZFT single grain age distribution of the western Anti-Atlas and the Neogene of the Tarfaya Basin. Green: single
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Summarising, thermochronological data sug-
gest a continuous sediment transport from the
western Anti-Atlas to the Tarfaya Basin from
Lower Cretaceous onward to recent times (Fig.
5.13). Furthermore, based on Precambrian
ZHe and ZFT ages, a simultaneous sediment
input from a cratonic area, i.e. the Reguibat
Shield occurred. According to the lack of
thermochronological data from the Reguibat
Shield, a source-to-sink correlation cannot be
established. During the early Upper Creta-
ceous, a transgression and the deposition of
shallow marine sediments in the entire north-
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western Morocco led to a decreasing sedi-
ment influx from the various source areas into
the Tarfaya Basin (Fig. 5.13). Contempora-
neously with the surface uplift of the Atlas
system, due to the convergence between the
African and Eurasian plates in the Neogene,
the sediment input from the cratonic area
reduced and an influx took place from the
High Atlas probably by a coastal longitudinal
flow, i.e. the Canary Current. Additionally, the
northeastern onshore TB delivered clastic
material to the offshore and southern onshore
basin.
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Fig. 5.13: Schematic sediment transport to the Tarfaya Basin based on thermochronological ages and published geological
data. WHA: Western High Atlas; CHA: Central High Atlas; WAA: Western Anti-Atlas; EAA: Eastern Anti-Atlas. (A) Lower
Cretaceous. (B) Upper Cretaceous. (C) Neogene.
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The main research objective was focused on
the thermal, subsidence and exhumation his-
tory of the Tarfaya Basin in order to better
comprehend the hydrocarbon generation in
time and space. The Tarfaya Basin is charac-
terised by a vast subsidence history over more
than 200 Ma since the onset of the Central
Atlantic rifting in Triassic times. In the offshore
basin, the subsidence phase continued
throughout early to mature drift stages as well
as peak Atlasian surface uplift and is still active
at present times. In contrast, the northeastern
onshore Tarfaya Basin reveals a basin inversion
starting in the Palaeogene at 65-50 Ma. The
rock uplift and exhumation period resulted in
the erosion of a 1.2-1.6 km thick Cretaceous—
Palaeogene sedimentary pile at an average
rate of 0.025 mm/a. An increasing exhumation
from west to east in the onshore basin has
been observed. Consequently, the northeast-
ern Tarfaya Basin was strongly affected by
peak Atlasian deformation and surface uplift in
the Cenozoic. The exhumation stage suggests
a sediment transport to the surrounding
regions in the Cenozoic and could be an expla-
nation for the increasing periodic influx of
detrital material into the offshore and south-
ern onshore Tarfaya Basin since Palaeocene.
Besides, thermochronological data substanti-
ate that the Cretaceous to Cenozoic sedimen-
tary rocks never underwent high diagenetic
temperatures precluding a Neogene heating
event caused by the flow of Canary mantle

CONCLUSIONS

plume material. The investigation of the Upper
Cretaceous—Neogene succession indicates
that the major source rock intervals never
experienced a heating to 60 °C confirming
immature to early mature Cenomanian to
Campanian and Eocene source rocks in the
onshore Tarfaya Basin. Therefore, future
petroleum exploration should concentrate on
Jurassic source rocks, which are assumed as
sources of the oil shows in the offshore Cap
Juby area.

The second objective dealt with the thermal,
subsidence and exhumation history of the
western Anti-Atlas mountain belt. According to
the presence of high surface elevations, the
Anti-Atlas constitutes a potential source area
for the surrounding basins, i.e. the Tarfaya
Basin. Thermochronological data suggest a
common geological evolution of the western-
most Precambrian inliers Irherm, Kerdous, Ifni
and Bas Draa. The 300 Ma thermal history of
the western Anti-Atlas is dominated by enor-
mous exhumation initiating in the Upper
Carboniferous—Lower Permian related to the
Variscan folding and post-folding erosion. The
rock uplift and exhumation phase lasted
beyond the rift and drift stage, as the Anti-
Atlas formed the denudation shoulder of the
Central Atlantic rift, up to the Lower Creta-
ceous. Meanwhile, 9 km of Precambrian—
Palaeozoic overburden has been eroded at an
average rate of 0.046 mm/a. In compliance
with the widespread transgression across the
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Conclusions

North African continent in the Cenomanian—
Turonian, the western Anti-Atlas underwent a
minor subsidence phase at an average rate of
0.049 mm/a. Sedimentation in the Anti-Atlas
mountain belt during late Lower Cretaceous to
Upper Cretaceous vyielded a 1.5-2.5 km thick
sedimentary pile on top of the Precambrian—
Palaeozoic rocks. Subsequently, the final
exhumation period started in the Upper Creta-
ceous, contemporaneously with the earliest
record of compressive deformation and sur-
face uplift of the Atlas system in the Senonian
(90-65 Ma). The exhumation process and
erosion of the 1.5-2.5 km thick Cretaceous
overburden continued until present time at an
average rate of 0.045 mm/a. Corresponding to
the extensive denudation events, the Anti-
Atlas mountain belt could have been a poten-
tial source area for the Tarfaya Basin since the
Triassic. Except for a hiatus in the Upper
Cretaceous, a continuous clastic sediment flux
to the basin could have been occurred to
recent times.

The third objective considered the estab-
lishment of a connection between subsidence
history of the Tarfaya Basin and exhumation
history of the western Anti-Atlas. Conse-

138

guently, a provenance analysis of the Creta-
ceous to Neogene sedimentary succession has
been performed. Thermochronological data
suggest a continuous sediment transport from
the western Anti-Atlas to the Tarfaya Basin
from Lower Cretaceous onward to recent
times. Furthermore, based on Precambrian
ages, a simultaneous sediment input from a
cratonic area, i.e. the Reguibat Shield,
occurred. According to the lack of thermo-
chronometric data from the Reguibat Shield, a
source-to-sink correlation cannot be estab-
lished. During the early Upper Cretaceous, a
transgression and the deposition of shallow
marine sediments in the entire northwestern
Morocco led to a decreasing sediment influx
from the various source areas into the Tarfaya
Basin. In the Neogene, contemporaneously
with the surface uplift of the Atlas mountain
belt, the sediment input from the cratonic
area reduced and an influx took place from the
High Atlas probably by a coastal longitudinal
flow, i.e. the Canary Current. Finally, the
northeastern onshore Tarfaya Basin delivered
clastic material to the offshore and southern
onshore basin in the Neogene.
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