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mmar 		
r	 n erstan in 	o 	the	 arth s	interior	is	 limite 	 	the	access	 e	have	o 	its	 ee 	

la ers 	 hile	 the	 no le e	 e	 have	 o 	 arth s	 evol tion	 is	 restricte 	 to	 harveste 	
in ormation	 rom	the	 resent	state	o 	o r	 lanet 	 e	 there ore	 se	 ro ies 	 h sical	
an 	n merical	mo els 	an 	o servations	ma e	on	an 	 rom	the	s r ace	o 	the	 arth 	
he	lan sca e	res lts	 rom	a	com ination	o 	 rocesses	o eratin 	at	the	s r ace	an 	in	

the	 s s r ace 	 h s 	 i 	 one	 no s	 ho 	 to	 rea 	 the	 lan sca e 	 one	ma 	 n ol 	 its	
eolo ical	evol tion 	

n	 the	 ast	 eca e 	 n mero s	 st ies	 have	 oc mente 	 m scale	 ar 	 an 	
o n ar 	vertical	movements	in	the	continental	ri te 	mar ins	o 	the	 tlantic	 cean	

an 	 in	 their	 hinterlan s 	 hese	movements 	 escri e 	 as	 e h mation	 ar 	 an 	
s si ence	 o n ar 	 have	 een	 la elle 	 as	 n re icte 	 an or	 ne ecte 	
n re icte 	 eca se	conce t al 	 h sical 	an 	n merical	mo els	that	 e	 is ose	o 	

or	the	evol tion	o 	continental	mar ins	 o	not	 enerall 	acco nt	 or	these	relativel 	
recent	o servations 	 ne ecte 	 eca se	the	 m scale	vertical	movements	occ rre 	
hen	o r	 recor 	o 	 the	 eolo ical	histor 	 is	 ins icient	 to	s ort	 them 	 s	 et 	 the	

mechanisms	res onsi le	 or	the	 m scale	vertical	movements	remain	eni matic 	

ne	o 	the	common	techni es	 se 	 	 eoscientists	to	investi ate	the	 ast	 inematics	
o 	 the	continental	 cr st	 is	 to	co le	 lo tem erat re	 thermochronolo 	an 	 time
tem erat re	 mo ellin 	 n	 Morocco	 alone 	 over	 t ent 	 st ies	 ere	 con cte 	
ollo in 	this	a roach 	 he	reason	 ehin 	this	a n ance	o 	st ies	an 	the	relate 	
enth siasm	o 	researchers	to ar s	Moroccan	 eolo 	is	 e	to	its	 zzlin 	lan sca es	
an 	 com le 	histor 	 n	 this	 hesis 	 e	 investi ate	 nconstraine 	as ects	o 	 the	 m
scale	vertical	movements	that	occ rre 	in	Morocco	an 	its	s rro n in s	 anar 	 slan s 	
l eria 	Mali 	an 	Ma ritania 		

he	 transition	 area	 et een	 enerall 	 s si in 	 omains	 an 	 mostl 	 e h min 	
omains 	 et	 oorl 	 n erstoo 	 is	 isc sse 	 via	 the	 evol tion	 o 	 a	 ro ile 	 r nnin 	

across	the	ri te 	continental	mar in	 cha ter	 	 o tem erat re	thermochronolo 	
ata	 rom	the	central	Morocco	coastal	area	 oc ment	a	 m scale	e h mation	 et een	

the	Permian	an 	 the	 arl Mi le	 rassic 	 he	 relate 	erosion	 e 	 se iments	 to	 the	
s si in 	Mesozoic	 asin	 to	 the	north est 	 asement	 roc s	alon 	 the	 transect	 ere	
s se entl 	 rie 	 et een	 the	 ate	 rassic	 an 	 the	 arl 	 retaceo s 	 rom	 late	
arl ate	 retaceo s	on ar s 	roc s	 resent	alon 	the	transect	 ere	e h me 	to	their	
resent a 	 osition 	

	 	



vii	

	

	

he	 ost Variscan	 thermal	 an 	 eolo ical	 histor 	 o 	 the	 nti tlas	 elt	 in	 central	
Morocco	is	constraine 	 ith	a	transect	constr cte 	alon 	stri e	o 	the	 elt	 cha ter	 	
he	 initial	e iso e	occ rre 	 in	 the	 ate	 riassic	an 	 le 	 to	a	 m scale	e h mation	o 	

cr stal	roc s	 	the	en 	o 	the	Mi le	 rassic 	 he	 ollo in 	 hase	 as	characterise 	
	 asement	s si ence	an 	occ rre 	 rin 	the	 ate	 rassic	an 	most	o 	the	 arl 	
retaceo s 	 he	 asement	 roc s	 ere	 then	 slo l 	 ro ht	 to	 the	 s r ace	 a ter	

e eriencin 	a	 m scale	e h mation	thro ho t	the	 ate	 retaceo s	an 	the	 enozoic 	
he	 e h mation	 e iso es	 e ten e 	 into	 the	 interior	 o 	 the	 rican	 tectonic	 late 	
erha s	 e on 	the	sam le 	 elt	itsel 		

h mation	rates	an 	 l es	o 	material	ero e 	 rom	the	hinterlan s	o 	the	Moroccan	
ri te 	mar in	 ere	 anti ie 	 rom	the	Permian	 cha ter	 	 he	hi h	 en ation	rates 	
o taine 	 in	 central	 Morocco	 rin 	 the	 arl 	 to	 Mi le	 rassic	 an 	 in	 northern	
Morocco	 rin 	the	 eo ene 	are	com ara le	to	val es	t ical	o 	ri t	 lan 	 omal 	or	
str ct ral	 li ts 	 hese	 are	 o taine 	 in	 central	Morocco	 rin 	 the	 arl 	 to	Mi le	
rassic	 an 	 in	 northern	 Morocco	 rin 	 the	 eo ene 	 h mation	 rates	 or	 other	
erio s	in	northern	to	so thern	Morocco	avera e	aro n 	 normal 	 en ation	val es 	

Perio s	 o 	 hi h	 ro ction	 o 	 se iments	 in	 the	 investi ate 	 so rce	 areas	 are	 the	
Permian 	the	 rassic 	the	 arl 	 retaceo s 	an 	the	 eo ene	

he	Phanerozoic	evol tion	o 	so rce to sin 	s stems	 in	Morocco	an 	s rro n in s	 is	
ill strate 	 in	 several	 ma s	 cha ter	 	 stantial	 shi ts	 in	 the	 so rce	 areas	 ere	
evi ence 	 et een	the	central	an 	northern	Moroccan	 omains	 rin 	the	Mi le ate	
rassic	an 	 et een	the	Meseta	an 	the	 nti tlas	 rin 	the	 arl ate	 retaceo s 		

inall 	the	mechanisms	res onsi le	 or	the	onset	an 	s sistence	o 	the	 n re icte 	
m scale	vertical	movements	are	 isc sse 	 cha ter	 	 e	 ro ose	that	a	com ination	
o 	 the	 lar e scale	 cr stal	 ol in 	 mantle riven	 namic	 to o ra h 	 an 	 thermal	
s si ence 	 s erim ose 	 to	 chan es	 in	 climates 	 sea	 level	 an 	 ero i ilit 	 o 	 the	
e ose 	roc s 	 ere	cr cial	to	the	timin 	am lit e 	an 	st le	o 	the	o serve 	vertical	
movements 	

he	 m scale	 vertical	 movements	 ill	 contin e	 to	 e	 st ie 	 or	 ears	 to	 come 	
ectantl 	 this	 hesis	 ill	 eliver	 s icientl 	 ro st	 ro n s	 or	 rther	ela orate 	

an 	inte rate 	st ies	in	Morocco	an 	 e on 	 	



	viii	

amenvattin 		
ns	 e ri 	van	het	 innenste	van	 e	aar e	 or t	 e er t	 oor	 e	toe an 	 ie	 e	ertoe	

he en 	ter i l	ons	 eel 	van	haar	evol tie	 e er t	is	tot	 e	h i i e	staat 	 e	moeten	
vertro en	 o 	 ro s 	 sische	 en	 n merie e	 mo ellen	 en	 o servaties	 o 	 het	
aar o ervla 	 e	to o ra ie	is	zo n	 ro 	om at	 at	het	res ltaat	is	van	 e	com inatie	
van	 rocessen	 aan	 e	 o ervla te	 en	 in	 e	 on er ron 	 s	 anneer	 ieman 	 het	
lan scha 	 an	lezen 	 an	men	 e	 eolo ische	evol tie	ervan	herlezen 	

n	 het	 a elo en	 ecenni m	 he en	 talri e	 st ies	 e	 o aartse	 en	 neer aartse	
verticale	 e e in en	in	 e	continentale	ri tmar es	van	 e	 tlantische	 ceaan	en	h n	
achterlan 	 o 	 een	 schaal	 van	 ilometers	 e oc menteer 	 eze	 e e in en 	
omschreven	 als	 o he in 	 omhoo 	 en	 alin 	 naar	 ene en 	 zi n	 aan emer t	 als	
onvoors el aar 	en o 	 onver acht 	 onvoors el aar 	om at	 e	conce t ele 	 sische	
en	 n merie e	mo ellen	 ie	 e	 e r i en	 voor	 e	 evol tie	 van	 continentale	mar es	
eze	 relatie 	 recente	 aarnemin en	 over	 het	 al emeen	 niet	 evatten 	 onver acht 	

om at	 e	verticale	 e e in en	onvol oen e	ver laar 	 or en	 oor	onze	 eolo ische	
eschie enis 	Vooralsno 	 li ven	 e	mechanismen	 ie	verant oor eli 	zi n	voor	 eze	

verticale	 e e in en	o 	een	schaal	van	 ilometers	eni matisch 	

en	van	 e	 e r i eli e	metho en	 ie	 oor	 eo etenscha ers	 or en	 e r i t	om	
e	 inematie 	van	 e	continentale	 orst	te	on erzoe en	is	thermochronolo ie	 i 	la e	

tem erat r	 in	 com inatie	 met	 ti tem erat rmo ellerin 	 n	 Maro o	 alleen	 al	
er en	on eveer	t inti 	st ies	 it evoer 	met	 e r i ma in 	van	 eze	 ena erin 	
e	 re en	 voor	 eze	overvloe 	 aan	 st ies	 en	het	 aaraan	 ver on en	entho siasme	

over	 e	Maro aanse	 eolo ie	 is	 te	 an en	 aan	 e	 raa selachti e	 lan scha en	 en	
com le e	 eschie enis 	 n	 it	 roe schri t	on erzoe en	 e	on e en e	as ecten	van	 e	
verticale	 e e in en	 ie	 zich	 o 	 een	 schaal	 van	 ilometers	 he en	 voor e aan	 in	
Maro o	en	omstre en	 e	 anarische	 ilan en 	 l eri e 	Mali	en	Ma ritani 	

et	over an s e ie 	t ssen	sti en e	en	 alen e	 omeinen	 or t	 eschreven	aan	 e	
han 	van	 e	evol tie	van	 e	 i i	 ni oorsne e	 ie	over	 e	verschoven	continentale	
mar e	 loo t	 hoo st 	 	 a e tem erat rs	 thermochronolo ie e evens	 it	 het	

st e ie 	van	 e	 nti tlas	 oc menteren	een	o he in 	o 	een	schaal	van	 ilometers	
t ssen	het	Perm	en	het	Vroe Mi en	 ra 	 e	 aarmee	samenhan en e	erosie	voe e	
se iment	aan	het	 alen e	Mesozo sche	 e en	 in	het	noor esten 	 o el esteente	
lan s	 e	 oorsne e	 er 	 e raven	t ssen	het	 aat	 ra	en	het	Vroe 	 ri t 	Vana 	het	
Vroe aat	 ri t	 er 	het	 esteente	 at	aan ezi 	is	lan s	 e	 oorsne e	o eheven	tot	
zi n	h i i e	 ositie 	

	 	



i 	

	

	

e	 ost erc nische	thermische	en	 eolo ische	 eschie enis	van	 e	 nti tlas or el	
or t	vast ele 	 oor	een	 oorsne e	lan s	 e	as	van	het	 e er te	 hoo st 	 	 e	

eerste	 e iso e	 von 	 laats	 in	 het	 aat	 rias	 en	 lei e	 tot	 een	 o he in 	 van	
orst esteente	o 	een	schaal	van	 ilometers	te en	het	ein e	van	het	Mi en	 ra 	 e	
vol en e	 ase	 res lteer e	 in	 alin 	 van	 e	 so el	 e ren e	 het	 ate	 ra	 en	 het	
rootste	 eel	 van	 het	 Vroe 	 ri t 	 et	 so el esteente	 er en	 vervol ens	 lan zaam	

naar	 e	o ervla te	 e racht	 e ren e	een	o he in 	o 	een	schaal	van	 ilometers	in	
het	 aat	 ri t	en	het	 enozo c m 	 e	o he in s asen	stre ten	zich	 it	tot	in	het	mi en	
van	 e	 ri aanse	te tonische	 laat	en	misschien	 iten	 e	 emonster e	 or el	zel 	

e	 o he in ssnelhe en	 en	 se imentaanvoer	 zi n	 e anti iceer 	 vana 	 het	 Perm	
hoo st 	 	 e	 ho e	 en atiesnelhe en	 zi n	 ver eli aar	 met	 aar en	 ie	
eassocieer 	 or en	 met	 ri t lan en	 en	 thermisch	 aan e reven	 oe elvormi e	 o 	

str ct rele	o he in en 	 er eli e	snelhe en	 or en	 ezien	in	 e	 nti tlas	ti ens	het	
Vroe 	 ra	en	in	 e	 o e	 tlas	en	 i 	ti ens	het	 eo een 	 he in ssnelhe en	voor	
an ere	 erio en	 in	 e	 Meseta 	 o e	 tlas 	 nti tlas	 en	 het	 e i atschil 	 zi n	
emi el en	 ron 	 e	 normale	 en atie aar en 	 Perio es	 van	 ho e	

se iment ro ctie	in	 e	on erzochte	 ron e ie en	zi n	het	Perm 	het	 ra 	het	Vroe 	
ri 	en	het	 eo een	

e	Phanerozo sche	evol tie	van	 ron e en	s stemen	in	Maro o	en	om evin 	 or t	
e ll streer 	 in	 verschillen e	 aarten	 oo st 	 	 anzienli e	 veran erin en	 van	
ron e ie en	 zi n	 aan etoon 	 t ssen	 e	 nti tlas	 en	 Meseta omeinen	 vana 	 het	

Mi en	tot	 aat	 ri t	en	t ssen	 e	Meseta	en	 nti tlas	vana 	het	Vroe 	tot	Mi en aat	
ri t	

ot	 slot	 or en	 e	 str ct ren	 ie	 verant oor eli 	 zi n	 voor	 het	 ontstaan	 en	 het	
voortzetten	van	 e	onvoors el are	verticale	 e e in en	o 	een	schaal	van	 ilometers	
eanal seer 	 hoo st 	 	 e	 stellen	 een	 com inatie	 voor	 van	 rootschali e	
orstvervo in 	 oor	 e	mantel	aan e reven	 namie 	in	to o ra ie 	en	thermische	
o em alin 	 oveno 	 o 	 het	 limaat 	 zeenivea 	 en	 ero eer aarhei 	 van	 het	
loot estel e	 esteente 	 roe en	 i 	aan	 e	timin 	van	verticale	 e e in en 	 atronen	

en	am lit es	zoals	 aar enomen	in	Maro o	en	omstre en 	

e	verticale	 e e in en	o 	een	schaal	van	 ilometers	z llen	no 	vele	 aren	 est eer 	
or en 	 o eli 	levert	 it	 roe schri t	een	soli e	 asis	voor	een	ver ere	 it er in 	en	
e nte reer e	st ies 	
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ntro ction	
	 	



ha ter	 	

	

	  

	 co e	o 	the	 hesis	

he	 resent a 	lan sca e	is	the	res lt	o 	a	 inite	amo nt	o 	 rocesses	o eratin 	at	the	
s r ace	an 	 in	 the	s s r ace	o 	 the	 arth 	 hese	 rocesses	are	n mero s 	com le 	
an 	 erha s	 more	 im ortantl 	 not	 ll 	 n erstoo 	 ne	 o 	 the	 challen es	 in	
eoscience	 over	 the	 last	 eca es	 has	 een	 to	 e ine	 an 	 anti 	 the	 evol tion	 o 	

continental	mar ins	 i 	 		

	
igure	 1.1.	 Morphology	 of	 the	 Central	 Atlantic	 seafloor	 and	 con ugate	 margins	 (data:	
GE CO 2 14 1 ).	The	simplified	plate	tectonic	evolution	is	after	Stampfli	and	 orel	(2 2).	

n	the	case	o 	 assive	ri tin 	 llen	an 	 llen 	 	e istin 	mo els	state	that	the	ri t	
zone	 an 	 lan s	 are	 characterise 	 	 lithos heric	 stretchin 	 hi h	 s r ace	 heat lo 	
seismic	activit 	ne ative	 o er	anomalies 	 thermal	anomal 	at	 e th 	an 	ma 	 e	
a ecte 	 	volcanism	an 	 lan 	 li t 	 he	latter	occ rs	alon 	the	 oot all	o 	 a lts	o 	
the	ri t 	 n ri t	 lan 	 li t	ma 	e ten 	over	 	 m	into	the	 nstretche 	cr st 	reachin 	

	to	 	 m	in	elevation	an 	lea in 	to	intensi ie 	erosion	 e 	 llen	an 	 llen 	 	
ithos here	 inematic	mo els	characterise	the	 ost ri t	sta e	 	slo 	coolin 	 ollo in 	
the	continental	 rea 	an 	thermal	contraction	 i e 	thermal	s si ence 	 s	o serve 	

	 a sen	 et	 al 	 a 	 the	 continental	 cr st	 a acent	 to	 assive	 mar ins	 have	
re entl 	 een	 escri e 	 as	 sho l er	 li ts	 rin 	 their	 s n ri t	 sta e	 an 	 as	
tectonicall 	 iescent	 rin 	their	 ost ri t	sta e 	 rthermore 	this	ass me 	inactivit 	
a rees	 ith	most	conce t al 	 h sical 	an 	n merical	mo els	that	 e	 is ose	o 	 or	the	
evol tion	o 	 assive	mar ins	 revie e 	in	 atts 	 	

ontinental	 assive	mar ins	an 	their	hinterlan s 	es eciall 	in	the	 tlantic	realm 	are	
the	 loc s	 o 	 a	 si ni icant	 amo nt	 o 	 st ies	 that	 evi ence	 re 	 s n 	 an 	 ost ri t	
e iso ic	 m scale	 ar 	 i e 	e h mation 	an 	 o n ar 	 i e 	s si ence 	movements	
e 	 reen	et	al 	Pre ri t	e h mation	e iso es	are	recor e 	in	the	vicinit 	o 	the	
t re	 tlantic	 cean	 e 	 ez arre	an 	 n riessen 	 	 iz	et	al 	 	 eline 	et	

al 	 	 a sen	et	al 	 a 	 n ri t	e h mation	e iso es	have	 een	 escri e 	in	the	
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tlantic	ri t	 lan s	 e 	 asso 	et	al 	 	 eline 	et	al 	 	 il man	et	al 	 	
a sen	 et	 al 	 a 	 hile	 s n ri t	 s si ence	 e iso es	 have	 een	 oc mente 	 in	
e er	 laces	 e 	 ez arre	an 	 n riessen 	 	 hor al	et	al 	 	Post ri t	 m
scale	vertical	movements	have	 een	 oc mente 	alon 	the	 orth	 e 	 a sen	et	al 	

	 a sen	et	 al 	 a 	 entral	 e 	 ertotti	 an 	 o iza 	 	 mi on	et	 al 	
	an 	 o th	 e 	 eline 	et	al 	 	 il man	et	al 	 	 tlantic	mar ins 	 e on 	

the	 tlantic	 realm 	 stralian	 mar ins	 have	 e erience 	 similar	 movements	 e 	
assone	et	al 	 		

ltho h	 all	 the	 a ove	mentione 	 st ies	 ere	 een	 to	 investi ate	 the	 e h mation	
e iso es 	ver 	 e 	 oc se 	on	the	s si ence	events 	 he	latter	are	im ortant	 eca se	
in	 man 	 laces	 thic 	 se iment	 series	 have	 een	 e osite 	 an 	 then	 remove 	 his	
im acte 	not	onl 	 the	thermal	histor 	o 	 the	s strat m 	 t	also	the	so rce to sin 	
s stems	 e 	 	the	removal	o 	these	se ences 	Moreover 	a	lin 	m st	e ist	 et een	
omains	 n er oin 	coeval	o osite	vertical	movements 	 s	several	st ies	con cte 	

in	the	mar ins	o 	the	 entral	 tlantic	have	alrea 	 ro ose 	 e 	 ertotti	an 	 o iza 	
	anomalo s	vertical	movements	in	the	e h min 	 omain	are	coeval	to	e cessive	

o n ar 	movements	in	the	s si in 	 omain 		

h mation	an 	s si ence	e iso es	occ r	in	re ions	characterise 	 	 oth	stretche 	
an 	 non stretche 	 lithos here 	 emonstratin 	 that	 other	 rocesses	 e trinsic	 to	 the	
ri tin 	are	at	 or 	or	that	the	e ects	o 	the	ri tin 	an 	 ri tin 	o treache 	their	mar ins 	
everal	 a thors	 have	 alitativel 	 teste 	 as ects	 o 	 these	 vertical	 movements	 ith	
n merical	mo els	 e 	 ero 	et	al 	 	 o iza 	 	 amato	et	al 	 	 o ever 	
to	 etter	 constrain	 the	mo els 	a	 anti ication	o 	 these	movements	over	 eolo ical	
time	an 	more	im ortantl 	at	the	scale	o 	the	mar in	is	re ire 		

Vast	re ions	alon 	ri te 	continental	mar ins	are	characterise 	 	the	e os re	o 	 re
ri t	roc s	 e 	in	 or a 	 ana a 	 reenlan 	Morocco 	Ma ritania 	 razil 	 stralia 	
o em erat re	 hermochronolo 	 	 an 	 time em erat re	 t 	 mo ellin 	
techni es	 rovi e	 n erstan in 	o 	the	thermal	histor 	o 	 eolo icall 	ill constraine 	
areas	 characterise 	 	 no	 or	 little	 se imentar 	 recor s	 e 	 alla her	 et	 al 	 	
hor al	et	al 	 	 a sen	et	al 	 	 ei ell	et	al 	 	 a sen	et	al 	 	 eline 	

et	 al 	 	 hese	 techni es	 are	 commonl 	 em lo e 	 as	 ro ies	 to	 reconstr ct	
vertical	 movements	 e 	 ei ell	 et	 al 	 	 ecent	 Ph 	 issertations	 nicel 	
ela orate 	on	the	 	metho 	 ehrt 	 	 e r tre 	 	 om nech 	 	 eca se	
the	 	 a es	 recor 	 the	 coolin 	 o 	 roc 	 sam les 	 the 	 are	 lin e 	 either	 to	 thermal	
rela ation	an or	e h mation	 also	calle 	 en ation 	e 	Pa el	et	al 	 	 ence 	

	a es	are	recor e 	shortl 	a ter	ma matic	events 	 rin a ter	 rocesses	lin e 	to	
the	 creation	o 	 to o ra h 	 e 	 oro enies 	 sho l er	 li t 	 thermal	 omin 	 an or	

rin 	 rocesses	lea in 	to	enhance 	erosion	 e 	climatic	an 	sea	level	chan es 	

	has	 een	 se 	in	man 	re ions	aro n 	the	 lo e 	res ltin 	in	ver 	 ense	 ata	sets	
or	 re ions	 characterise 	 	 zzlin 	 lan sca es	 s ch	 as	 the	 elevate 	 continental	
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assive	 mar ins	 e 	 a sen	 et	 al 	 a 	 the	 imala a	 an 	 l s	 mo ntains 	 an 	
Morocco	 or	 instance 	 ver	 thirt 	 	 an 	 time em erat re	 t 	mo ellin 	 st ies	
have	 een	con cte 	in	Morocco	an 	its	s rro n in s 	 here 	the	lar e	ma orit 	o 	the	
ro ce 	 	a es	s anne 	the	 erio 	 et een	the	Variscan	an 	 tlas	oro enies	 ca 	

	 Ma 	 he 	 ere	 escri e 	 as	 res ltin 	 rom	 vertical	 movements 	 an 	 have	
sometimes	 een	 la elle 	 as	 m scale	 ne ecte 	 e h mation	 an 	 n re icte 	
s si ence	e iso es 	remainin 	eni matic	to ate	 i 	 	e 	 hor al	et	al 	 		

he	elements	o 	the	a ove escri e 	e h mation	an 	s si ence	e iso es	that	are	 et	
to	 e	 investi ate 	are 	 the	 lin 	 et een	the	onshore	an 	o shore	movements 	 their	
e tent	a a 	 rom	the	ri te 	mar in 	 their	 rates 	 the	res ltin 	so rce to sin 	s stems 	
an 	the	res onsi le	mechanism s 	 his	 hesis	is	a	contri tion	to	 ri e	these	 a s	in	
o r	 no le e	o 	the	Moroccan 	 	 rican 	an 	 entral	 tlantic	 eolo ical	evol tions 		

	



ntro ction	

		

	1

	
igure	1.2.	Summary	of	the	unexpected	 m-scale	vertical	movements	observed	in	the	Central	
Atlantic	margins	and	their	ad acent	continental	crusts	(after	Gouiza	et	al. 	2 1 ).	A) 	 ) 	and	
C)	 Pre- 	 Syn-	 and	 post-rift	 situations 	 respectively.	 MO :	 Mid-Oceanic	 idge	 (spreading	
centre) 	COT :	Continent-Ocean	Transition	 one.	
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	 hesis	 tline	

his	 hesis	is	com ose 	o 	seven	cha ters 	startin 	in	the	intro ction	 ith	a	 eneral	
e inition	o 	the	 m scale	vertical	movements	an 	 ollo e 	 	the	 eolo ical	histor 	o 	

Morocco	 an 	 	 e tension 	 o 	 its	 s rro n in s 	 the	 entral	 tlantic	 cean 	 l eria 	
Ma ritania 	an 	Mali 	 i 	 		

ha ter	 	e amines	the	lin 	 et een	the	onshore	an 	o shore	 omains 	alon 	the	 nti
tlas	coastline 	in	the	 i i	 ni	area 	 he	 asement	o 	the	ri te 	mar in	is	o tcr in 	in	the	
nti tlas	 elt 	 an 	 has	 mostl 	 een	 s si in 	 since	 the	 ate	 riassic 	 e	 se	 	

seismic 	 an 	 orehole	 ata 	 as	 ell	 as	 ne 	 a e	 control	 on	 Mesozoic	 se iments	 to	
oc ment	the	 ost Variscan	 eolo ical	evol tion	o 	a	transect	 e ine 	across	the	ri te 	

mar in 	

ha ter	 	 oc ses	on	the	 lan ar 	e tent	o 	the	vertical	movements	alon 	the	 nti
tlas 	 he	 nti tlas	 elt	e ten s	over	more	than	 	 m 	 rom	the	 tlantic	mar in	in	

the	 est	 to	 the	 interior	 o 	 the	 rican	 late	 in	 the	 east 	 lon 	 the	 a is	 o 	 the	 elt 	
Precam rian	 cr stalline	 asement	 roc s	 are	 o tcro in 	 hich	 allo s	 or	 the	
investi ation	o 	the	thermal	histor 	 ar	a a 	 rom	the	coast	 	 er ormin 	 	an 	t 	
mo ellin 	Paleo tem erat re	 transects	 r nnin 	 arallel	 to	 the	 nti tlas	 tren 	 ere	
then	 ilt	an 	 se 	to	 escri e 	the	lan ar 	 avelen th	o 	these	movements 	

ha ter	 	 rovi es	the	rates	o 	the	vertical	movements	 oc mente 	 ith	t 	mo ellin 	
or	 this 	 all	 t 	 mo ellin 	 est it	 c rves	 are	 i itize 	 an 	 tem erat re to e th	
conversion	is	a lie 	 he	e h mation	an 	s si ence	rates	 ere	then	 se 	as	in t	 or	
inter olation	at	the	scale	o 	the	mar in 	in	or er	to	 anti 	the	vol me	o 	roc s	that	
ere	ero e 	 rin 	several	e h mation	e iso es 		

n	cha ter	 	 e	have	com ile 	ne 	 in in s	 ith	an	e tensive	revie 	o 	e istin 	 ata	
in	or er	to	 il 	ten	so rce to sin 	ma s 	 rom	Permian	to	 eo ene 	 m hasis	is	 lace 	
on	 rassic	 an 	 retaceo s	 erio s 	 he	 ma s	 contain	 ell	 ata 	 o tcro 	 s atial	
istri tion 	litho acies	 rom	onshore	an 	o shore	 asins 	 rovenance	st 	anal ses 	

relevant	 alaeontolo ical	 ata 	an 	e h me 	 omains 		

n	 cha ter	 	 e	 isc ss	 several	 as ects	 o 	 the	 investi ate 	 vertical	 movements 	
no le e	 hich	 e	 ac ire 	 rom	 the	 Moroccan	 ri te 	 mar in	 an 	 a acent	
continental	cr st 	 n	this	cha ter 	 e	also	vent re	into	the	com le 	an 	el sive	tas 	o 	
constrainin 	the	mechanism s 	res onsi le	 or	the	vertical	movements 	
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igure	 1.3.	 Simplified	 structural	 map	 of	 Morocco	 and	 its	 surroundings	 ith	 the	 studied	
domains	covered	in	each	chapter	of	this	Thesis.	
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	 eo ra h 	an 	 eolo ical	histor 	o 	Morocco		

	 eo ra h 	o 	Morocco	

he	 entral	 tlantic	continental	mar ins	e ten 	 rom	Morocco	to	 inea	in	the	east	an 	
ana a	to	the	 	in	the	 est	 i 	 	 avison 	 	 ith ac 	an 	 chlische 	 	

Morocco 	 locate 	 in	 orth est	 rica 	 is	 characterise 	 	 a	 tri le	 nction 	o shore	
a ir	 e 	Michar 	et	al 	 	 et een	the	 entral	 tlantic	 cean 	the	 est	 rican	

raton 	an 	the	 tlas	oro enic	s stem 	 he	relie 	 i 	 	varies	 rom	hi h	mo ntaino s	
re ions	 i 	an 	 tlas	 elts 	level	hi h	 ro n s	 a ts	Platea 	an 	 arzazate	 asin 	
ol 	elevate 	massi s	 entral	Massi 	 ehamna 	 e ilets 	Massi 	 ncient 	 nti tlas 	an 	

arta 	non elevate 	coastal	 lains	 Meseta 	 o ss	 asin 	 ar a a	 asin 	an 	 a hla	
asin 	an 	the	 aharan	 omain	 so th	o 	the	 nti tlas 	mar e 	 	er s 	re s	 e i at	
hiel 	an 	sa has	 salt	 lats 	 he	Moroccan	 eolo 	 i 	 	 as	 e ine 	 	ma or	
events	 rom	the	Precam rian	to	the	 resent a 	 i 	 	

	 eolo 	o 	Morocco 	Pre ri t	

he	 entral	 tlantic	 re ri t	 erio 	o 	Morocco	 is	characterise 	 	 the	 rnean	an 	
Pana rican	 oro enies	 rin 	 the	 Paleo roterozoic	 an 	 eo roterozoic	 Pi 	 et	 al 	

	 res ectivel 	 hese	oro enies	 e orme 	the	ol est	se iments	o 	Morocco	an 	
the	cr stalline	 asement	o 	the	 estern	 rican	 raton 	an 	are	e ose 	in	the	 e i at	
shiel 	 Ma ritani es 	 an 	 in	 the	 core	 o 	 the	 nti tlas 	 Marine ominate 	
se imentation	 occ rre 	 rin 	 the	 arl 	 Palaeozoic	 an 	 e osits	 are	 reserve 	 an 	
e ose 	in	the	Meseta	massi s 	 nti tlas 	an 	 in o 	 asin	 Michar 	et	al 	 		

he	 ate	Palaeozoic	Variscan	oro en 	 i 	 	 asin	inversion 	cr stal	 ol in 	intense	
thr stin 	 na e	 str ct res 	 ranitic	 intr sion 	 a ecte 	 the	 Palaeozoic	 cover	 an 	
Precam rian	 asement	o 	 the	Meseta 	 i h	 tlas 	an 	 nti tlas	 e 	Michar 	et	al 	

	 t	 as	 ollo e 	in	 ate	Permian	to	Mi le	 riassic	 	 ost oro enic	colla se	 or	
ene lanation	o 	the	 elt 	constraine 	in	Morocco	 	the	Variscan	 ncon ormit 	 e 	
rizon	 e	 amotte	et	al 	 		
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igure	1.4.	Geography	of	Morocco	and	its	surroundings	(data:	GE CO 2 14 1 )	 ith	main	
geological	domains 	sedimentary	basins 	and	Variscan	Massifs	superimposed.		
	 	

Anti At a

Rif

og

cm

rh

jb

a

egui at 
ie d

zm

t

Me eta

High

Onshore Basins
   a
   ue i
   aut ateau
   ou a a
   e at
   a i a
   aoui a Agadi
    ou

Variscan Massifs
   Cent a  Ma i
    e a na
    e i et
  a Ma i  An ien
  og Ouga ta
   e ou
  t Mau itanide

     Oua a ate
   ui  a ada
   e e
   indou
   a a a
  a a
   aoudeni
   eggane
   aa

Cana  
and

( AIN)

CENTRAL ATLANTIC

at et e ation [ ]

Rabat

Agadir

Dakhla

Tangier Oran

M
id

d
e  

 At a

°W °W °W °W °W °W °W °W °W °
°N

°N

°N

°N

°N

°N

°N

°N

°N

 

MOROCCO
AL ERIA

MA RITANIA

MALI



ha ter	 	

	

	  

	 eolo 	o 	Morocco 	 n ri t	

Morocco	e erience 	 t o	nearl 	 s nchrono s	 e iso es	o 	 ri tin 	 rin 	 riassic	 an 	
rassic	 times 	 the	 entral	 tlantic	 ca 	 	 Ma 	 a ails	 et	 al 	 	 rizon	 e	
amotte	et	al 	 	an 	 tlasic	 ca 	 	Ma 	a orte 	Pi 	et	al 	 	 i 	 	
ri ts 	 he	 orientation	 o 	 the	 entral	 tlantic	 ri t	 is	 artl 	 inherite 	 rom	 Variscan	
str ct res 	as	ri t	str ct res	occ rre 	over	an 	 arallel	to	the	tren 	o 	the	Palaeozoic	
elt 	 he	 tlasic	 ri t	 elon s	 to	 the	 eth sian	 realm	an 	 is	oriente 	at	 ca 	 	 to	 the	
entral	 tlantic	ri t	 i 	 	 n	the	ri t	zones 	 ra ens	an 	hal 	 ra en	 ere	 ille 	
ith	s n ri t	 e osits	in	the	 o ala 	 r ana ssao ira a ir 	 ar a a	coastal	 asins	

an 	 i h Mi le	 tlas	 asins 	 t	ca 	 	Ma 	the	 entral	 tlantic	Ma matic	Province	
MP 	 i s 	 	an 	 	 as	characterise 	 	the	em lacement	o 	ma ic	 es	an 	sills 	

ollo e 	 	 loo 	 asalts	 ate 	 ntil	ca 	 	Ma	 e 	 avies	et	al 	 		

	 eolo 	o 	Morocco 	Post ri t	

he	onset	o 	 ri tin 	mar in 	the	 rea 	o 	Pan aea	occ rre 	at	the	 e innin 	o 	the	
rassic 	 he	 recise	a e	is	 e ate 	 et een	 	an 	 	Ma	 e 	 a ails	et	al 	 	
avison 	 	 he	 evelo ment	o 	the	Moroccan	 assive	mar in	 rin 	the	 rassic	

an 	 arl 	 retaceo s	 itnesse 	the	acc m lation	o 	marine	an 	neritic	se iments	in	the	
resent a 	o shore 	coastal 	 i h Mi le	 tlas 	an 	 ettat	Platea 	 Meseta 	 he	Peri
tlantic	 l aline	P lse	 P P 	is	recor e 	 	 l tons	an 	 loo 	 asalt	in	the	con ate	

mar ins	o 	the	 entral	an 	 o th	 tlantic	oceans 	 et een	 	an 	 	Ma	 Matton	an 	
e ra 	 	 Montero	 et	 al 	 	 he	 ichat	 str ct re	 in	 Ma ritania	 an 	 some	
car onatites	in	the	Ma ritani es	are	mani estations	o 	the	P P 	 ome	o 	the	 anaries	
slan 	seamo nts	 i 	 	have	 een	 ate 	 et een	 	an 	 	Ma	 van	 en	 o aar 	

	overla in 	 ith	the	timin 	o 	the	P P	activit 		

he	o enin 	o 	the	 o th	 tlantic	at	ca 	 	Ma	le 	to	the	 rican	an 	 ro ean	 late	
conver ence	 rom	the	 ate	 retaceo s	to	the	 resent a 	an 	ma 	 e	res onsi le	 or	
ol in 	an 	 asin	inversion	in	the	 i h	an 	Mi le	 tlas	an 	in	the	 i 	chains	 ira 	

	 he	on oin 	 tlas	oro enesis	that	 ea e 	in	the	 ocene	is	characterise 	 	the	
e ormation	an 	s rrection	o 	the	 i 	Mi le	an 	 i h	 tlas 	an 	o 	the	 nti tlas	to	

some	 e tent	 Michar 	 et	 al 	 	 inall 	 the	 enozoic	 volcanism	 Missenar 	 an 	
a o 	 	an 	s r ace	 li t	have	 een	inter rete 	as	 ein 	associate 	to	a	mantle	

anomal 	 e en	et	al 	 	 ei ell	et	al 	 	Missenar 	 	 enozoic	volcanism	
an 	s r ace	 li t	are	o serve 	alon 	t o	a es 	 rom	the	 anar 	 slan s	to	the	 iro a	
massi 	 nti tlas 	an 	 rom	the	latter	to	the	 i 	 elt 	
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igure	 1.5.	 Geological	map	 of	Morocco	 and	 its	 surroundings	 (after	 ollard	 et	 al. 	 1985).	
CAMP:	 Central	 Atlantic	 Magmatic	 Province 	 PAAP:	 Peri-Atlantic	 Al aline	 Province.	 The	
Cretaceous	sediments	in	Mali	(SE	corner)	are	classified	in	Early	and	Late	Cretaceous 	 hich	
includes	the	middle	Cretaceous	as	defined	in	Morocco.		
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igure	1.6.	Tectonic	chart	of	the	Atlantic	realm	
and	 Morocco 	 see	 references	 therein	 (ages	
after	 ICS	 2 16 12).	 LIP:	 Large	 Igneous	
Province 	 CAMP:	 Central	 Atlantic	 Magmatic	
Province 	PAAP:	Peri-Atlantic	Al aline	Pulse.	

Era Epoch Date [Ma]Period Geodynamic events Ma
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

210

220

230

240

250

260

270

280

290

300

310

320

330

340

Ce
no

zo
ic

Pa
le

og
en

e
N

eo
ge

ne
Quaternary

66.0

23.03

2.6

~145.0

Cr
et

ac
eo

us

Upper

Lower

272.95 ± 0.1

259.1 ± 0.5

251.9 ± 0.02

M
es

oz
oi

c

Ju
ra

ss
ic

Tr
ia

ss
ic

201.3 ± 0.2

174.1 ± 1.0

Lower

Upper

Middle

163.5 ± 1.0

~237

Upper

Middle

Lower
247.2

Pa
la

eo
zo

ic

Pe
rm

ia
n

323.2 ± 0.4

298.9 ± 0.15

Ca
rb

on
ife

ro
us

D
ev

on
ia

n

393.3 ± 1.2

382.7 ± 1.6

358.9 ± 0.4

Paleocene

56.0

33.9

Miocene

Eocene

Oligocene

Pliocene 5.3

100.5

Lopingian

Guadalupian

Cisuralian

Pennsylvanian

Mississippian

Upper

Middle

Al
pi

ne
 o

ro
ge

ny
 (E

ur
op

e-
Af

ric
a 

Co
nv

er
ge

nc
e)

 c
a

i
an

 
e 

an
ga

ea
 a

eti
on

 a

PA
AP

 L
IP

 g,
k

CA
M

P 
LI

P 
b

i
in

g 
Ce

nt
a

 A
ta

nti
 j

(P
an

ga
ea

 b
re

ak
-u

p)

 
i

in
g 

At
a

 
ai

ed
 e

i
in

g 
N

o
t

 A
ta

nti
 d,

 j 
 

i
in

g 
ou

t
 A

ta
nti

 j

N
o

t
e

n 
an

d 
ou

t
e

n 
eg

en
t

 

ou
t

e
n 

eg
en

t

Northern 
segment

Ca
na

ry
 Is

la
nd

s 
an

d 
se

am
ou

nt
s i  

e
tia

 a
a

in
e 

o
an

i
 

o
in

e
 h

At
a

 d
e

o
ati

on
 e

a
i

an
 d

e
o

ati
on

 f

a Ma  
b ege  
c ta i and o e  
d Ludin and o  
e i u  et a  
f u a d et a  
g Ma on and e a  
h Missenard and Cadoux, 2011
i an den ogaa d  
j i on de La o e et a  
k Montero et al., 2016



ntro ction	

	 	

	1

	 c no le ements 	 elena	 van	 er	 Ve t	 is	 than e 	 or	 roo rea in 	 this	 cha ter 	
Pierre livier	 r na	is	than e 	 or	 roo rea in 	the	 i res 	 milie	 haillan	is	than e 	
or	 i itizin 	the	 retaceo s	o tcro s	 rom	the	 	 rican	 eolo ical	ma s 		





	

he	 i i	 ni	transect	across	the	
ri te 	mar in	o 	Morocco	

	

stract 	 he	occ rrence	o 	 m scale	e h mations	 rin 	s n 	an 	 ost ri t	sta es	has	
een	 oc mente 	alon 	 tlantic	continental	mar ins 	 hich	are	also	characterise 	 	
asins	 n er oin 	s stantial	s si ence 	 he	relationshi 	 et een	the	e h min 	an 	

s si in 	 omains	is	 oorl 	 n erstoo 	 n	this	st 	 e	reconstr ct	the	evol tion	o 	a	
	 m	lon 	transect	across	the	Moroccan	ri te 	mar in	 rom	the	 estern	 nti tlas	to	

the	 tlantic	 asin	o shore	the	cit 	o 	 i i	 ni 	 o tem erat re	thermochronolo 	 ata	
rom	the	 i i	 ni	area	 oc ment	a	ca 	 	 m	e h mation	 et een	the	Permian	an 	the	
arl Mi le	 rassic 	 he	 relate 	 erosion	 e 	 se iments	 to	 the	 s si in 	Mesozoic	
asin	to	the	 	 asement	roc s	alon 	the	transect	 ere	s se entl 	 rie 	 	 	
m	 et een	the	 ate	 rassic	an 	the	 arl 	 retaceo s 	 rom	late	 arl ate	 retaceo s	
on ar s 	roc s	 resent	alon 	the	transect	 ere	e h me 	to	their	 resent a 	 osition 	

	 	

																																																								

	 he	a stract	an 	 arts	o 	the	cha ter	are	 lishe 	 in	the	African	 ournal	of	Earth	Sciences 	
harton 	 ertotti 	 rante i 	 an 	 lot 	 	 he	 i i	 ni	 transect	 across	 the	 ri te 	

mar in	o 	Morocco	 entral	 tlantic 	Vertical	movements	constraine 	 	 	
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	 ntro ction	

n	the	 tlantic	realm 	the	lin 	 et een	the	 enerall 	e h min 	onshore	an 	s si in 	
o shore	 omains	is	rarel 	investi ate 	 t	the	same	time 	 m scale 	s n 	an 	 ost ri t	
vertical	 movements	 are	 c rrentl 	 ein 	 oc mente 	 in	 nearl 	 all	 tlantic	 assive	
mar ins 	 he	 ro ose 	n merical	mo els	 e 	 amato	et	al 	 	 or	the	evol tion	o 	
assive	mar in	are	 airl 	 eneral	an 	still	 na le	to	 rovi e	 re ictions	 	 hich	the 	

can	 e	teste 	a ainst	o servations	 rom	nat ral	s stems 	 his	is	 artl 	 e	to	the	 act	
that	most	o 	these	eni matic	vertical	movements	are	 oc mente 	onshore	 sin 	 o
em erat re	 hermochronolo 	 	 itho t	 an 	 attem t	 to	 lin 	 them	 to	 the	

movements	in	o shore	areas 	 hese	o servations	re ire	an	inte rate 	anal sis	o 	the	
entire	s stem	 rom	the	e h min 	 omain	 so rce 	to	the	s si in 	re ion	 sin 	to	 ll 	
n erstan 	the	tectonics	involve 		

n	this	cha ter 	 e	constr ct	a	 	 m	lon 	transect	across	the	Moroccan	ri te 	mar in	
i 	 	 rom	the	 estern	 nti tlas	to	the	o shore	 assive	mar in	 asin 	that	 e	call	

the	 i i	 ni	 transect 	 he	 coe istence	 o 	 Mesozoic	 se iments	 an 	 re ional	
ncon ormities	 in	 the	 st 	 area	 i 	 	 ma es	 it	 a	 e 	 transition	 et een	 the	
enerall 	 s si in 	 o shore	 an 	 e h min 	 nti tlas	 e 	 o iza	 et	 al 	 a 	

an in 	on	an	e istin 	 	 ata	 ase	an 	 sin 	ne 	an 	ro st	strati ra hic	a es	o 	
the	 Mesozoic	 se iments 	 e	 resent	 a	 reconstr ction	 o 	 s n 	 an 	 ost ri t	 vertical	
movements	alon 	the	 i i	 ni	transect 		

	Present a 	architect re	o 	the	 i i	 ni	transect	

he	 i i	 ni	transect	 i s 	 	an 	 	is	com ose 	o 	the	 i i	 ni	 ome	in	the	onshore	
omain	 an 	 the	 tlantic	 continental	 shel 	 slo e 	 an 	 a ssal	 asin	 in	 the	 o shore	
omain 		

he	Precam rian	 asement	is	com ose 	o 	 eo roterozoic	 ranites	an 	metamor hic	
roc s	 Pan rican	oro en 	e 	 homas	et	al 	 	 hese	roc s	are	 artiall 	covere 	

	a tochthono s	 ate	 eo roterozoic	an 	Palaeozoic	se iments	 e 	Michar 	et	al 	
	an 	 ere	 e orme 	 rin 	the	late	Palaeozoic	Variscan	oro en 	 e 	 r har 	

et	al 	 	 he	 re Mesozoic	 asement	o tcro in 	onshore	is	a ecte 	o shore	 	
	an 	 	 i in 	normal	 a lts 	 hich	 o n 	s n ri t	hal 	 ra ens 	



i i	 ni	

	 	

	

		
igure	2.1.	A)	Simplified	geological	map	of	the	Sidi	Ifni	area	(after	 ollard	et	al. 	1985)	and	
LTT	 data	 localisation	 (Sebti 	 2 11 	 uiz	 et	 al. 	 2 11 	 Sehrt	 et	 al. 	 2 17 	 present	 study).	
athymetry	 contour	 lines	are	every	5 	m.	 Syn-rift	offshore	normal	 faults	are	 from	Le	 oy	

and	Pi u 	(2 1).	 C:	Cenozoic 	M:	Mesozoic 	 :	Cambrian 	p :	Precambrian 	A T:	Apatite	
fission	trac 	ages 	A e:	( -Th) e	dating	on	apatites.	 - )	Geological	cross-section	of	the	
Sidi	Ifni	area	(after	 azidi	et	al. 	1986 	1991)	onto	 hich	 e	pro ected	LTT	ages.	
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igure	 2.2.	A)	 Stratigraphic	 log	of	 the	 Ifni-1	 (I -1)	 ell	 (after	 ell	 report).	 eritic:	 eritic	
clastics	 and	 sandstones	 (continental	 for	 the	 Triassic) 	 Carbonate:	 Limestones dolomites 	
Salt:	 Salt	 and	 other	 evaporites.	 )	 Simplified	 geological	 map	 of	 the	 Sidi	 Ifni	Margin	 ith	
highlight	 on	Mesozoic	 sediments	 (after	 1 1 	 geological	 maps	 of	 Tiznit	 and	 Sidi	 Ifni 	
azidi	et	al. 	1986 	1991).	 :	Middle 	 urassic	fluvial	red	conglomerates	and	red pin grey	

coarse	to	very	coarse	sandstones 	M :	Intertidal	fine	clastics	and	shallo 	marine	carbonates	
identified	as	Middle	 urassic	 (Arantegui	et	al. 	2 16 	Arantegui 	2 18).	C-E)	Cross-sections	
illustrating	 the	 geometry	 of	 the	 contact	 bet een	 the	 Sidi	 Ifni	 basement	 roc s	 and	 the	
Mesozoic	sediments	(based	on	field	 or 	and	Google	Earth	investigations).		
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n	the	continental	shel 	the	 ni 	 ell	sho s	ca 	 	 m	thic 	Mesozoic	se iments	 i 	
	 com risin 	 the	 s n 	 an 	 ost ri t	 ac a es 	 he	 s n ri t	 Permian riassic	

se iments	 are	 tr ncate 	 	 the	 Mi le	 rassic	 se iments	 close	 to	 the	 shoreline 	
est ar s 	 o er	 rassic	 lat orm	 se iments	 thin	 into	 asinal	 acies	 a i 	 et	 al 	

	 hile	the 	are	also	tr ncate 	near	the	coast	 	Mi le	 rassic	se iments 	an 	
are	missin 	in	 ni 	 ell	 i 	 	 he	 ell	traverse 	the	Mi le	 rassic 	 hich	starts	
ith	a	section	o 	mi e 	car onates	an 	clastics 		

	
igure	2.3.	The	Sidi	Ifni	transect:	Composite	cross-section	running	through	the	Sidi	Ifni	area 	
based	on	the	 interpretation	of	the	2 	seismic	 line	SP-83- 7	 from	Gouiza	(2 11)	and	from	
the	geological	map	from	 ollard	et	al.	 (1985).	The	seismic	 line	ends	ca.	1 	 m	before	the	
shoreline.	 The	 gap	 (dashed	 line	 in	 figure	 2.1A)	 as	 interpolated	 from	 the	 seismic	
interpretation	and	the	geological	map 	the	LTT	ages	are	pro ected.	 	I -1	is	pro ected	on	the	
basement	 high	at	 2	 second	 (T T).	 	 The	 ell	 report	does	 not	document	 Lo er	 urassic	
sediments	but	only	Triassic	and	Middle	 urassic.	C:	Cenozoic 	M:	Mesozoic	( :	Cretaceous 	 :	
urassic 	Tr:	Triassic) 	P:	Permian 	 :	Cambrian 	p :	Precambrian.		 	

Mesozoic	 se iments	 in	 contact	 ith	 Palaeozoic	 an 	 Precam rian	 roc s	 are	 e ose 	
alon 	a	narro 	 	oriente 	 omain	alon 	 the	coastline	 i 	 	 nterti al	 ine	
clastics	an 	shallo 	marine	car onates	e ose 	alon 	 raima	 each	 ere	ma e 	 	
azi i	et	al 	 	as	 o er	to	Mi le	 retaceo s	re 	san stones	 ith	con lomerate	

inter e s 	 it mino s	marls	an 	 limestones	 ith	 atica	 an 	Ampulina 	overl in 	 re 	
con lomerates 	 he	a e	 as	ori inall 	esta lishe 	on	 oorl 	 reserve 	ostraco s 	 hese	
se iments	have	 een	re ate 	 sin 	 enthic	 oramini era 	 reen	al ae 	 astro o s	an 	
ivalves	as	Mi le	 rassic	 i 	 	 rante i 	 	 n	the	north	o 	the	 resent	st 	

area 	o tcro s	are	ma e 	as	 o er	 retaceo s	 re 	con lomerates 	san stones	an 	
re 	 an 	 in 	 ar illaceo s	 san stones	 overlain	 	 Mi le	 retaceo s	 olomites 	

limestones	an 	marl 	limestones	 ith	trigoniids 	alectryonids	an 	nerineids	 azi i	et	al 	
	 he	 reat	 resem lance	 in	 acies	 an 	 a na	 ith	 the	 st 	 area	 o 	 rante i	
	stron l 	s ests	a	 eneralize 	mis atin 	o 	the	Mesozoic	o tcro s	in	the	 i i	

ni	area 	 n erl in 	 n ate 	se iments	strati ra hicall 	con orma le	are	 l vial	clastics	
i s 	 	 	an 	 	an 	 ill	 e	consi ere 	 in	this	 or 	as	Mi le	 rassic 	 ase 	on	
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iel 	 o servations 	 their	 architect re	 sho s	 all vial	 ans	 o nla in 	 on	 asement	
roc s	laterall 	associate 	to	all vial	 lain	 e osits 		

shore 	 n i erentiate 	 er	 rassic o er	 retaceo s	neritic	clastics	overl 	the	
er	 rassic	 car onate	 lat orm 	 an 	 are	 re erre 	 to	 as	 the	 a les	 e	 an an 	

ormation	 e 	 ho ert	et	al 	 	Martinis	an 	Visintin 	 	 inall 	 the	 o er	
retaceo s	re lections	in	line	 P 	are	inter rete 	as	 i 	tr ncations	close	to	the	

sea e 	in	the	continental	shel 	 omain 	 he	 retaceo s	se iments	 rille 	in	 ni 	are	
neritic	 clastics	 an 	 car onates 	 he	 Mi le	 retaceo s	 tian l ian 	 to	 enozoic	
se iments	are	onl 	 reserve 	close	to	the	shel 	e e	an 	 rther	o shore 	 hile	 ate	
retaceo s	se iments	are	not	recor e 	in	the	st 	areas 	

	 	an 	time em erat re	mo ellin 	Metho s	an 	res lts	

he	 sam les	 M 	 an 	 	 ere	 collecte 	 rom	 a	 ranite	 o 	 the	 Precam rian	
asement	an 	the	Mi le	 rassic	con lomerate	o 	 ezira	 each 	res ectivel 	 i 	 	
atite	cr stals	 ithin	these	sam les	 ere	anal se 	 or	a atite	 ission	trac s	 	an 	
h e	 e 	 he	 	 meas rements	 ta le	 	 ere	 carrie o t	 at	 alho sie	

niversit 	 ali a 	 ana a 	 	 o is 	 an 	 a es	 ere	 calc late 	 sin 	 the	 e ternal	
etector	metho 	 alla her	et	al 	 	 he	metho 	is	 escri e 	in	 o is	 	 he	
e	anal ses	 ta le	 	 ere	con cte 	 in	 alho sie	 niversit 	 ali a 	 ana a 	 	
islits n 	 ase 	on	 arle s	techni e	s mmarize 	in	 arle 	 	

he	 t o	 sam les	 ro ce 	 riassic	 	 a es	 	 an 	 	 Ma 	 an 	
retaceo s	mean	 e	a es	 	an 	 	Ma 	 he	a n ance	o 	con ine 	

trac s	 et een	 	 m	 i 	 	 is	 the	res lts	o 	 lon 	resi ence	a ove	the	 atite	
Partial	 nnealin 	 one	 P 	 i ot ormier 	 	an 	is	com ati le	 ith	ra i 	coolin 	
thro h	the	 P 	 e 	 hor al	et	al 	 	 he	 is ersion	o 	 e	sin le	 rain	a es	
s ests	a	 artial	o enin 	o 	the	 e	s stem	 o ier	et	al 	 	 et een	ca 	 	an 	

	Ma	 or	M 	an 	 et een	 	an 	 	Ma	 or	 	
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igure	2.4.	Sampled	outcrops	(left	panel) 	trac 	length	distribution	(central	panel) 	and	radial	plots	
(bivariate	 scatterplots 	 right	 panel).	 adial	 plots	 ere	 made	 ith	 adialPlotter	 ith	 Linear	
Transformation	(Vermeesch 	2 9).	sd:	Standard	deviation 	 :	Error	 ith	1 	(Ma)	( ith	precision	
given	by	1 	 ) 	 2:	Chi-s uare	probability.	A)	Precambrian	granite	of	the	Sidi	Ifni	area	exposed	in	
a	riverbed	close	to	the	city	of	Mesti 	 here	MES 1	 as	sampled.	 )	Middle	 urassic	red	beds	(or	
older 	Arantegui 	2 18)	lying	unconformably	on	the	Proterozoic	basement 	located	north	of	the	
Lgzira	village 	and	 here	LG 1	 as	sampled.		 	

	
Table	 2.1.	 Apatite	 ission	 trac 	 results.	 n	 is	 the	 number	 of	 analyzed	apatite	 crystals.	 s	 is	 the	
density	of	spontaneous	trac s 	 i	 is	the	density	of	 induced	trac s 	and	 d	 is	the	density	of	fossil	
trac s.	ns 	ni 	and	nd	are	the	number	of	trac s	used	for	the	density	calculation.	P( 2) 	is	the	Chi-
s uare	probability 	samples	pass	the	Chi-s uare	test	 hen	P 5 .	A T	ages	are	central	ages	 ith	
error	 1 .	MTL	is	the	mean	trac 	lengths	 ith	error	 1 	and	standard	deviation	SdtMTL.	nTL	is	the	
number	of	measured	trac 	lengths.	 par	is	the	diameter	of	etched	spontaneous	trac s	measured	
parallel	 to	 the	c-axis	and	 is	associated	to	 its	standard	deviation	Sdt par.	 eta	 ( ) 362.3	 is	 the	
correcting	factor	defined	by	 leischer	and	 art	(1972) 	 ( ) 8.6	is	the	zeta	uncertainty	(Traditional	
calibration 	 urford 	199 ).		 	

(A)

( )

Me ti anite

e e ation 
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e e ation 

Lengt  [ ]

n

Lengt  [ ]

i e ion   
( )

i e ion   
( )

Cent a  age   
Me ti g anite

Cent a  age   
Leg i a g aniti  ou de  

L

Samples n
U	

[ppm]
ρs	 [x105 	tr	cm-2 ]			

(ns )

ρi	 [x105 	tr	cm-2 ]	

(ni)

ρd	 [x105 	tr	cm-2 ]	

(nd )
P(χ2 )	

%
AFT	Ages±1σ	

[Ma]
MTL±1σ		[μm]

StdMTL	

[μm]
nTL

Dpar	
[μm]

StdDpar	

[μm]

MES	01 26 25.1 2.24	(1430) 2.19	(1399) 11.4	(6234) 25.1 206.07±10.29 11.38±0.85 1.93 21 2.23 0.82

LGZ	01 36 32.9 2.933	(2518) 2.86	(2455) 11.8	(6234) 8.5 214.27±8.85 11.77±0.31 1.98 105 2.3 0.92
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Table	2.2.	 esult	of	apatite	( -Th) e	analyses.	 ive	ali uots	from	each	sample	 ere	analyzed.	
A e	ages	are	corrected	using	the	 t	factor	based	on	crystal	geometries.	e :	Effective	uranium.	
Mean	concentrations 	radius 	and	ages	are	used	as	input	in	t-T	modelling.		 	

he	time em erat re	 t 	 aths	 ere	o taine 	 	mo ellin 	 	len ths 	 ar 	an 	
e	a es	 ith	the	inverse	mo ellin 	so t are	 e 	 etcham 	 	ta le	 	an 	

i 	 	 e 	r ns	a	Monte	 arlo	al orithm	that	 enerates	t 	 aths	that	match	to	a	
certain	e tent	 oo ness	 	 it 	 	the	in t	 ata 	 n	the	 resent	st 	 e	 se	 	
mo els	 com ose 	o 	the	 	sin le rain	a e	 ata	an 	the	con ine 	trac 	len ths 	an 	

e	mo els	 com ose 	o 	the	mean	 e	correcte 	a e 	the	chemical	com osition 	an 	
ra i s	o 	the	a atite	cr stal 	Paths	are	consi ere 	 acce ta le 	 hen	the	 	 or	the	

	mo el	is	 et een	 	an 	 	an 	 oo 	 hen	hi her	than	 	 he	 est	 it 	 ath	
has	the	hi hest	 	 or	 oth	 e	an 	 	mo els 		

ive	constraints	 ere	 im ose 	to	the	 i erent	mo els 	 onstraint	a	
	Ma 	is	 ase 	on	the	en 	o 	the	Palaeozoic	lo ra e	metamor hism	 oc mente 	

	 iz	et	al 	 	in	the	 estern	 nti tlas	 note	that	the	a thors	 escri e 	it	 rom	
	to	 	Ma 	 hich	is	on	the	e e	o 	o r	mo ellin 	 in o 	 onstraint	b	 	

Ma 	is	 ase 	on	the	 rassic	se iments	l in 	on	Palaeozoic	an 	Precam rian	roc s	in	the	
onshore	 i i	 ni	 area	 rante i 	 	 m ortantl 	 the	 constraint	 is	 set	 at	 s r ace	
tem erat re	 or	the	 ranitic	 o l er	 	an 	close	to	s r ace	tem erat res	 or	
the	sam le 	 ranitic	 	 e	ass me	that	the	latter	m st	have	 een	 rotecte 	
rom	 rassic	erosion	 	the	Precam rian	 an 	Palaeozoic 	roc 	col mn	sittin 	on	to 	
o 	it 	 he	constraint	c	 e	a e	 	 	M r 	is	 ase 	on	the	 ro ce 	 e	a es	
or	its	time	com onent	an 	the	tem erat re	ran e	is	 ase 	on	the	clos re	tem erat res	
ro ose 	 	 h ster	et	al 	 	 or	the	 e	s stem 	 onstraint	d	 	Ma 	is	
ase 	on	 the	 act	 that	 the	 sam les	 ere	collecte 	at	 the	 s r ace 	 onstraint	e	

	Ma 	 is	 ase 	 on	 the	 act	 that 	 rior	 to	 e osition 	 e	 lac 	 eolo ical	
evi ences	o 	the	so rce	 rovenance 	 he	lar e	constraint	e	allo s	the	realisations	to	 e	
at	 s r ace	 as	 ell	 as	 at	 rie 	 tem erat res	 e ore	 the	 e osition	 o 	 the	 ranitic	
o l er 	 	

Sample	Aliquots
U	

[ppm]
Th	

[ppm]

147 Sm	
[ppm]

Th/U
eU			

[ppm]
He	

[fmol]
Radius	
[µm]

Mass	
[µg]

Uncorrected	
He	age±1σ	[Ma]

Ft	factor
Corrected	

He	age±1σ	[Ma]
MES01_I 21.8 33.1 13.3 1.5 29.5 21.9 40.5 1.9 73.0±4.4 0.65 113.0±6.8
MES01_II 18.9 29.0 9.5 1.5 25.6 30.8 54.0 4.5 48.5±2.9 0.73 66.6±4.0
MES01_III 15.0 24.5 8.5 1.6 20.7 11.8 42.0 2.0 52.0±3.1 0.65 79.7±4.8
MES01_IV 19.5 24.7 9.5 1.3 25.2 64.5 52.0 3.7 124.5±7.5 0.72 172.6±10.4
MES01_V 21.1 34.1 12.6 1.6 29.0 6.8 35.0 1.0 40.8±2.5 0.59 69.2±4.2

MES01	Mean 20.0 31.5 11.0 44.5 100.2±6.0

LGZ01_I 24.2 27.1 27.4 1.1 30.6 25.5 44.0 2.6 58.9±3.5 0.68 87.0±5.2
LGZ01_II 46.9 59.4 43.6 1.3 60.8 34.5 40.0 1.6 64.4±3.9 0.64 100.7±6.0
LGZ01_III 32.5 55.6 30.7 1.7 45.4 74.2 45.5 3.1 96.0±5.8 0.68 140.5±8.4
LGZ01_IV 24.8 27.0 24.5 1.1 31.1 85.2 57.0 5.9 84.8±5.1 0.75 113.5±6.8
LGZ01_V 21.0 30.0 26.9 1.4 28.0 11.5 41.0 2.3 33.2±2 0.65 51.1±3.1

LGZ01	Mean 29.9 39.8 30.6 45.5 98.6±5.9
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Table	 2.3.	 Input	 parameters	 used	 for	 both	 simulations 	 hich	 are	 performed	 ith	 the	 e Ty	
soft are	 (version	 1.8.2 	 Apatite	 to	 ircon 	 etcham 	 2 5).	 A)	 Parameters	 used	 for	 the	 A T	
models.	Cf	irradiation 	see	 onelic 	and	Miller	(1991) 	 par	is	the	diameter	of	etched	spontaneous	
trac s	measured	parallel	 to	 the	 c-axis	and	 is	used	as	a	proxy	 for	 the	 chemical	 composition	of	
apatite	and	therefore	for	the	annealing	properties	( onelic 	et	al. 	1999) 	 uiper s	statistic 	see	
Press	 et	 al.	 (1992) 	 SE	 stands	 for	 standard	 error.	 )	 Parameters	 used	 for	 the	 A e	models.	 C)	
Parameters	used	in	the	inverse	modelling.		 	

Annealing	model	–	Ketcham	et	al., 	2007			
C-axis	projection	–	Ketcham	et	al., 	2007,	5.0M
Model	c-axis	projected	lengths	–	yes
Default	initial	mean	track	length	–	From	Dpar	(µm)
Length	reduction	in	standard	–	0.893
Kinetic	parameter	–	Dpar	(µm)
Population	number	–	one
Length	Data
Goodness	of	fit	method	–	Kuiper’s	Statistic
Age	Data
Uncertainty	mode	–	1	SE	(σ)

Model	parameters
Calibration	–	Shuster	et	al., 	2006	(Durango	Apatite)
Stopping	distances	–	Ketcham	et	al., 	2011
Alpha	calculation	–	Redistribution
Data
Age	to	report	–	Corrected
Age	alpha	correction	–	Ketcham	et	al., 	2011

Search	Method	–	Monte	Carlo
Acceptable	Path	(GOF)	-	0.05
Good	Path	(GOF)	-	0.5
Subsegment	spacing	–	Random
Ending	condition	–	Path	tried	=	1000000
Segment	parameters
Path	between	constraints	-	Monotonic	consistent
Halve	-	2	times
Randomizer	style	-	Episodic
No	imposed	maximum	dt/dt

C.    Inverse	modeling

B.   Parameters	He	Apatite

A.     Parameters	AFT



ha ter	 	

	

			 

	 	
igure	2.5.	 esults	of	t-T	modelling	for	A)	MES 1	and	 )	LG 1.	 esults	are	displayed	 ith	up	to	
2 	curves	for	both	good	and	acceptable	goodness	of	fit	(GO )	and	the	best-fit	t-T	path	(upper	
panels)	or	 ith	the	constraint	points	and	the	 eighted	average	(lo er	panels).	 or ard	modelling	
as	 used	 to	 reproduce	 the	 eighted	 average	 curves	 in	 order	 to	 obtain	 their	GO 	 values.	 See	

modelling	parameters	in	table	2.3.	Acc:	Acceptable	paths 	G:	Good	paths.	APA :	Apatite	Partial	
Annealing	 one.		 	

he	thermal	mo ellin 	res lts	are	characterise 	 	t o	coolin 	events 	o 	si ni icantl 	
i erent	am lit es 	se arate 	 	a	heatin 	 hase 	 he	heatin 	 hase 	altho h	 i e 	
	constraint	c 	 is	s orte 	 	the	 eneration	o 	acce ta le	an 	 oo 	 aths	 in	 oth	

sim lations 	 es lts	 or	 oth	sam les	are	ver 	similar	 i 	 	 he	 est it	t 	 ath	o 	
M 	sho s	a	coolin 	event	en in 	in	the	 arl Mi le	 rassic	 coolin 	o 	 	
et een	ca 	 	an 	 	Ma 	a	s se ent	heatin 	to	a	tem erat re	o 	ca 	 	at	

the	 arl 	to	 ate	 retaceo s	 o n ar 	 heatin 	o 	ca 	 	 et een	ca 	 	an 	 	
Ma 	 ollo e 	 	the	secon 	an 	last	coolin 	e iso e	 coolin 	o 	ca 	 	 et een	

	an 	 	Ma 	 he	timin 	o 	heatin 	an 	coolin 	e iso es	o taine 	 rom	the	 ranitic	
o l er	is	similar 	 t	this	sam le	reache 	a	hi her	tem erat re	 o 	ca 	 	 rin 	the	

heatin 	e iso e 		

et een	the	t o	sam les 	the	 ei hte 	avera es	are	nearl 	i entical 	 ith	a	Permian	
to	 arl Mi le	 rassic	 coolin 	 e iso e 	 ate	 rassic	 to	 arl 	 retaceo s	 heatin 	
e iso e 	 an 	 ate	 retaceo s	 to	 resent a 	 coolin 	 e iso e 	 o ever 	 the	 t o	
sam les	are	characterise 	 	 i erent	tem erat re	ma ima	an 	minima	 rin 	each	
hase 	 t	 	 Ma 	 tem erat res	 are	 	 cooler	 in	 the	 o l er 	 hile	 the	 o l er	

T 
[°

C]

Time [Ma]

200

0300

100

200 100

0

300

T 
[°

C]

Time [Ma]

200

0300

100

200 100

0

300

t-T paths
    Acc: 29796     G: 8678

MES01 - Me ti 
Granite

 

LGZ01 - Lgezira 
aniti  ou de

Time (Ma) 0100

T 
[°

C]

200

300

100

200

0

300
Time [Ma] 0300 200 100

300

T 
[°

C]

200

100

0

t-T paths
    Acc: 7344    G: 1275

ood it O

A e ta e it O

e t it 

APAZCon t aint  u e  de ned ti e te e atu e indo

ood it on t aint oint  

A e ta e it on t aint oint  

eig ted a e age

ood it O

A e ta e it O

e t it 

ood it on t aint oint  

A e ta e it on t aint oint  

eig ted a e age

eig ted a e age O
    A  age       a  engt       A e age  

eig ted a e age O
    A  age       a  engt       A e age  

e t t O
    A  age       a  engt       A e age  

e t t O
    A  age       a  engt       A e age  

(B)

a

c

d

e

c

d

(A)

e

c

d

a

c

d



i i	 ni	

	 	

	

reache 	tem erat res	ca 	 	hi her	than	the	 ranite	sam le	at	 	Ma 	 e	 se 	the	
or ar 	mo ellin 	o tion	o 	 e 	in	or er	to	o tain	the	 	o 	the	 ei hte 	avera es	
i 	 	 hile	the	 	an 	 e	 ata	o 	M 	are	re ro ce 	the	 	val e	o 	the	

	 e	 a e	 is	 	 hen	 e	 increase	 the	 tem erat res	 o 	 ca 	 	 at	 	Ma 	 the	
or ar e 	 aths	 iel 	 	val es	si ni icantl 	hi her 	es eciall 	 ith	 	 or	 hich	
the	 e	a e	 	val e	reache 	 	 e	therea ter	 se	the	 ei hte 	avera e	res lts	
to	 escri e	 the	 evol tion	o 	 the	 i i	 ni	 transect 	 ith	 	 a e 	 at	 ca 	 	Ma	 or	

		

Previo s	 	an 	t 	mo ellin 	st ies	carrie o t	in	the	 i i	 ni	area	 i s 	 	an 	 	
e ti	 et	 al 	 	 e ti 	 	 iz	 et	 al 	 	 ehrt	et	 al 	 	 concl e 	 that	 a	
ar oni ero s arl 	 retaceo s	 m scale	e h mation	 	 m 	 as	 ollo e 	 	a	 ost

ri t	s si ence	 	 m 	 rin 	the	 ate	 retaceo s 	an 	 	an	e h mation	 	 m 	
rin 	 the	 enozoic 	 r	 est it	 res lts	 sho 	 similar	 tren 	 an 	 am lit es	 as	 the	

revio s	st ies	in	the	 i i	 ni	area	 i 	 	an 	re erences	therein 	 ith	t o	coolin 	
e iso es	se arate 	 	a	heatin 	event 	the	timin 	ho ever 	 is	si ni icantl 	 i erent 	
he	main	reason	lies	in	the	a e	o 	the	Mesozoic	se iments	 se 	to	constrain	the	c rves 	
hich	 ere	ass me 	to	 e	 arl 	 retaceo s	 t	have	no 	 een	sho n	to	 e	Mi le	
rassic	 rante i 	 	 t	is	 orth	notin 	that	three	o 	the	 est it	c rves	 rom	 e ti	

	also	sho 	the	 ost Variscan	e h mation	en in 	 rin 	the	 rassic 	 o ever 	
the	relate 	e h mation	 as	inter rete 	as	en in 	in	the	 arl 	 retaceo s	 eca se	o 	all	
the	other	mo elle 	t 	 aths	 see	ori inal	mo els	 or	 oo 	an 	acce ta le	realisations 		

	

	
igure	 2.6.	 est-fit	 (dashed)	 and	 eighted	 average	 t-T	 paths	 of	MES 1	 compared	 to	 the	
best-fit	t-T	paths	obtained	in	previous	studies	for	samples	of	the	Precambrian	basement	of	
the	Sidi	Ifni	area.	 	
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	Post Variscan	evol tion	o 	the	 i i	 ni	transect	

nte ratin 	 res lts	 rom	 	 an 	 t 	 mo ellin 	 ith	 the	 ac stri in 	 o 	 ni 	 ell	
o iza 	 	 e	reconstr cte 	the	evol tion	o 	the	 i i	 ni	transect	 i 	 	 n	this	
art 	 e	 convert	 the	 tem erat res	 o taine 	 rom	 the	 ei hte 	 avera e	 c rves	 to	
e ths 	 sin 	a	 eothermal	 ra ient	o 	 m	an 	a	s r ace	tem erat re	o 	 	 e 	
ehrt	 et	 al 	 	 ollo in 	 the	Variscan	oro en 	 i 	 	 rin 	 the	Permian 	a	
ma or	e h mation	 ca 	 	 m 	occ rre 	in	the	 resent a 	onshore	 omain 	 ltho h	
o shore	 Permian	 se iments	 are	 n i erentiate 	 rom	 the	 ase	 o 	 the	 s n ri t	
se iments 	 e	consi er	the	 estern	 art	o 	the	transect	to	have	starte 	s si in 	 rin 	
the	Permian 	

rin 	the	 riassic	an 	 arl Mi le	 rassic 	the	 ar 	movement	o 	the	eastern	 art	
o 	the	transect	contin e 	 ca 	 	 m 	 sin 	the	a ove mentione 	 eotherm 	 ersistin 	
ntil	 ca 	 	 Ma	 i 	 	 he	 e h mation	 en e 	 either	 	 M r	 a ter	 the	

continental	 rea 	 arl 	 rassic 	ca 	 	Ma 	 aha i	et	al 	 	 a ails	et	al 	
	 n in	 an 	 or 	 	 or	 	M r	 e ore	 the	 continental	 rea 	 Mi le	

rassic 	ca 	 	 lit or 	et	al 	 	 avison 	 	 o iza	et	al 	 	as	the	
onset	o 	 ri tin 	 in	the	 entral	 tlantic	 is	still	 e ate 	 he	relate 	 en ation	event	
she 	 im ortant	 vol mes	 o 	 se iments	 to	 the	 est 	 as	 atteste 	 	 the	 se iments	
accommo ate 	 	the	 	 i in 	normal	 a lts	 e	 o 	an 	Pi 	 	

rin 	the	Mi le	 rassic 	erosion	ca se 	an	 ncon ormit 	 hich	can	 e	 ollo e 	in	
the	 resent	 a 	 o shore	 omain	 a ove	 the	 riassic	 an 	 mer es	 onshore	 ith	 the	
ncon ormit 	 a ove	 the	 Palaeozoic Precam rian 	 e	 consi er	 that	 the	 arl Mi le	
rassic	 e h mation	 e iso e	 in	 the	 estern	 nti tlas	 a ecte 	 also	 the	 revio sl 	

s si in 	 omain 	 reachin 	 at	 least	 the	 vicinit 	 o 	 ni 	 ell 	 rosion	 a ecte 	 the	
Palaeozoic	series	an 	the	 i i	 ni	 ranite	 i 	 	 ntil	the	e h mation	en e 	in	the	
arl Mi le	 rassic 	 he	 sam le 	 ranitic	 o l er	 rovenance	ma 	 e	 the	 estern	
nti tlas 	as	 oth	sam les	share	a	similar	t 	evol tion 	

rin 	 the	 ate	 rassic	 to	 the	 arl 	 retaceo s	 i 	 	 im ortant	 s si ence	
et een	 ca 	 	 an 	 	 m 	occ rre 	 in	 the	 o shore	 an 	 onshore	 omains 	 elate 	

se iments	are	characterise 	 	neritic	clastics	an 	car onates	 ni 	an 	 	a	 l vial	
ominate 	environment	 ehrt	et	al 	 	 his	event	is	recor e 	in	the	 ni 	 ell	 	

an	acceleration	o 	 the	 total	 s si ence	 rates 	 rom	ca 	 	 to	 	 m M r	 o iza 	
	 	conc rrent	s si ence	e iso e	is	o serve 	in	the	entire	 nti tlas	 o iza	et	

al 	 a 		
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igure	2.7.	Conceptual	model	of	the	geological	evolution	of	the	Sidi	Ifni	transect 	A)	Situation	
at	 the	 end	of	 the	 Variscan	orogeny	 to	 E)	 present-day	architecture	 of	 the	 Sidi	 Ifni	margin	
simplified	 from	 figure	 2.3.	 Vertical	 movements	 estimated	 from	 t-T	 modelling	 results	 of	
MES 1	and	LG 1	and	bac stripping	of	the	Ifni-1	 ell	(in	Gouiza 	2 11).	The	description	of	
each	 stage	 is	 in	 the	 text.	 orizontal	 scale	 is	 for	 )	 to	 E)	 (no	 vertical	 exaggeration).	 :	
ndifferentiated	 basement	 offshore	 and	 Precambrian Palaeozoic	 basement	 onshore 	 T:	

Triassic Permian 	 :	 Lo er 	 Middle 	 and	 pper	 urassic 	 :	 Cretaceous.	 Thic ness	 in	 the	
offshore	 domain	 is	 here	 estimated	 from	 Ifni-1	 ell 	 hence	 no	 Early	 urassic	 at	 the	 ell	
position	 as	considered.		 	
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si ence	 en e 	 et een	 the	 arl 	 an 	 ate	 retaceo s	 aro n 	 	Ma	 an 	 as	
ollo e 	 	e h mation	 rom	the	 ate	 retaceo s	on ar s	 et een	ca 	 	an 	 	 m 	
he	lac 	o 	 er	 retaceo s	se iments	in	the	 ni 	 ell	an 	 i 	tr ncations	o 	the	
o er	 retaceo s	re lections	in icate	that	the	 ate	 retaceo s	to	 enozoic	e h mation	
reache 	the	 resent a 	o shore	 omain	 i 	 	an 	that	 o er	 retaceo s	 e osits	
reache 	 arther	east	into	the	 estern	 nti tlas 		 	

he	 enozoic	 e h mation	 in	 the	 i i	 ni	 area	 is	 overall	 airl 	 entle 	 ith	 a	 sli ht	
acceleration	in	the	last	 	M r	 i 	 	 he	s r ace	e ression	o 	the	e h mation	
as	investi ate 	 	 esta a 	et	al 	 	 he 	reco nise 	 ith	 iel 	reconnaissance	

an 	 li t	mo ellin 	that	the	 resentl 	e ose 	 art	o 	the	transect	has	 n er one	over	
	m	o 	 li t	since	the	Pliocene 	 everal	 li t	 hases	are	ascri e 	to	the	total	motion 	

an 	have	in ce 	a	 eneral	tiltin 	o 	the	lan sca e	to ar s	the	o shore	 omain 		

	 oncl sions	

he	t 	mo ellin 	res lts	constraine 	 	Mi le	 rassic	strati ra h 	 reserve 	alon 	
the	coast	allo e 	the	reconstr ction	o 	the	 eolo ical	evol tion	o 	the	 i i	 ni	transect 	
es lts	 in icate	the	e h mation	o 	the	onshore	 omain	o 	the	transect	 	ca 	 	 m	
et een	 the	 en 	 o 	 the	 Variscan	 oro en 	 an 	 the	 arl Mi le	 rassic 	 rosion	

a ecte 	 the	 Palaeozoic	 series	 an 	 event all 	 reache 	 the	 Precam rian	 asement 	
ro e 	material	 as	ro te 	to	the	s si in 	Mesozoic	 asin	to	the	north est 	 oc s	

alon 	the	transect	 ere	s se entl 	 rie 	to	a	 e th	o 	 	to	 	 m	 rin 	the	 ate	
rassic	an 	the	 arl 	 retaceo s 	 he	 rial	event	is	 oc mente 	in	the	o shore	 ell	

	 	 an	 acceleration	 o 	 the	 total	 s si ence	 rates 	 rom	 the	 late	 arl ate	
retaceo s	on ar s 	the	onshore	transect	roc s	 ere	e h me 	 	 	to	 	 m 	 hile	the	
o er	 retaceo s	 e osits	in	the	continental	shel 	 ere	e ose 	an 	ero e 	 tr ncate 	
re lections 	
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c no le ements 	 elena	 van	 er	 Ve t	 is	 than e 	 or	 roo rea in 	 this	 cha ter 	
Pierre livier	 r na	an 	 a tiste	 e illier	are	than e 	 or	 roo rea in 	the	 i res	an 	
ta les 	Ma 	 olic i	 is	than e 	 or	 esi nin 	the	 ate 	co e	 se 	to	nicel 	 lot	the	t 	
c rves 	 inten	 oersma	is	than e 	 or	the	 eolo ical	 isc ssions 	

	

	

	

	

	





	

	

	

Post Variscan	evol tion	an 	
thermal	histor 	o 	the	 nti tlas	

	

stract 	 he	 nti tlas	 elt	o 	Morocco	e ten s	 	over	more	than	 	 m 	
rom	the	 tlantic	mar in	in	the	 est	to	the	interior	o 	the	 rican	 late	in	the	east 	 t	
e hi its	Precam rian	roc s	o tcro in 	as	 asement	inliers	an 	s rro n e 	 	marine	

iacaran am rian	se ences	aro n 	the	a is	o 	the	mo ntain	ran e 	 he	 elt 	 hich	
has	 or	 a	 lon 	 time	 een	 inter rete 	 as	 o 	 Variscan	 a e 	 is	 no 	 reveale 	 to	 have	
e erience 	ma or	vertical	movements	thro h	Mesozoic	an 	 enozoic	times 	 here 	
the	 nti tlas	 omain	a ears	to	 e	a ecte 	 	t o	e iso es	o 	e h mation	se arate 	

	an	e iso e	o 	s si ence 	 he	initial	e iso e	occ rre 	in	the	 ate	 riassic	an 	le 	to	
the	e h mation	o 	 	 m	o 	cr stal	roc s	 	the	en 	o 	the	Mi le	 rassic	 ca 	

	Ma 	 he	 ollo in 	 hase	 res lte 	 in	 	 m	 o 	 asement	 s si ence	 an 	
occ rre 	 rin 	the	 ate	 rassic	an 	most	o 	the	 arl 	 retaceo s 	 he	 asement	roc s	
ere	 then	 slo l 	 ro ht	 to	 the	 s r ace	a ter	e eriencin 	 	 m	o 	e h mation	

thro ho t	 the	 ate	 retaceo s	 an 	 the	 enozoic 	 he	 timin 	 o 	 these	 e iso es	 o 	
e h mation	 an 	 s si ence	 coinci es	 ith	 ma or	 tectonic	 an 	 thermal	 events	 in	
relation	 ith	the	evol tion	o 	the	 tlantic	an 	 eth s	 ceans 	in icatin 	that	the	e ects	
o 	their	ri tin 	an 	 ri tin 	e ten e 	 e on 	their	 res me 	mar ins 	 	

																																																								

	 he	 a stract	 an 	 arts	 o 	 the	 cha ter	 are	 lishe 	 in	 the	 International	 ournal	 of	 Earth	
Sciences 	M o iza 	 harton 	 ertotti 	P n riessen 	an 	 torms 	 	Post Variscan	
evol tion	o 	the	 nti tlas	 elt	o 	Morocco	constraine 	 rom	lo tem erat re	 eochronolo 	
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	 ntro ction	

he	Precam rian	an 	Palaeozoic	 omains	o 	the	 nti tlas	 ere	reco nise 	as	relativel 	
sta le	 ith	no	ma or	 ost Variscan	vertical	movements	 ho ert	an 	Mar ais 	 	
Michar 	 	 ira 	et	al 	 	 	Mal s 	et	al 	 	Michar 	et	al 	 	
Vario s	 st ies	 ere	 con cte 	 in	 the	 nti tlas	 an 	 its	 s rro n in s 	 sin 	 o
em erat re	 hermochronolo 	 	 an 	 time em erat re	 t 	 mo ellin 	

techni es	 i 	 	an 	re erences	therein 	 	 ost Variscan	e h mation	 in	the	sense	
o 	 n lan 	an 	Molnar 	 	 i e 	 an	erosional	 nloa in 	 an 	 ost arl 	 retaceo s	
s si ence	 e iso es	 are	 reco nise 	 an 	mo elle 	 in	 the	 estern	 iz	 et	 al 	 	
e ti 	 	 ehrt 	 	an 	central	 nti tlas	 asso 	et	al 	 	 t	not	in	the	
eastern	 nti tlas	 Mal s 	et	al 	 		

	

	
igure	 3.1.	Geological	map	of	 the	 Anti-Atlas	 (modified	 and	 simplified	 from	 ollard	et	 al. 	
1985 	Soulaimani	et	al. 	2 14)	 ith	LTT	sample	location	 ith	references	therein.	 AA 	CAA 	
and	 EAA:	 estern 	 Central 	 and	 Eastern	 Anti-Atlas 	 respectively 	 C:	 Cenozoic	 (Siroua	
Volcanism 	 ca.	 1 -5	 Ma) 	 M:	 Mesozoic	 (CAMP	 related	 y es 	 ca.	 2 -195	 Ma) 	 Pal:	
Palaeozoic 	p :	Precambrian.	

Previo s	st ies	 oc se 	on	one	or	several	nei h o rin 	 asement	o tcro s	 i 	 	
t	none	reconstr cte 	the	thermal	histor 	o 	the	entire	 elt 	 he	aim	o 	this	cha ter	is	

to	 nravel	the	thermal	histor 	o 	the	 nti tlas	 rom	the	en 	o 	the	Palaeozoic	to	the	
resent a 		
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elve	 sam les	 rom	 the	 Precam rian	 asement	 o 	 the	 nti tlas	 i 	 	 ere	
collecte 	alon 	a	ca 	 	 m	lon 	 	transect	 i 	 	 atite	 ission	 rac s	

	an 	 h e	 e 	a es	 ere	e tracte 	inter rete 	an 	 se 	 or	t 	mo ellin 	
ith	re ional	constraints 		

	

	
igure	 3.2.	 Geological	 cross-sections	 of	 the	 Anti-Atlas	 built	 from	 the	 geological	 map	
(including	cross-sections 	 ollard	et	al. 	1985)	and	published	cross-sections	(see	references	
thereafter).	 The	 position	 of	 the	 cross-sections	 and	 the	 LTT	 ages	 are	 sho n	 on	 the	map.	
Elevation	profiles	extracted	from	Google	Earth 	vertically	exaggerated	1 	times	for	A	to	E	
and	4 	times	for	 	and	G.	Cross-sections	A 	 	 	and	G	are	parallel	to	the	trend	of	the	belt 	
Cross-sections	C 	 	and	E	are	perpendicular	to	the	trend	of	the	belt.	A)	Cross-section	from	
the	 Ifni	 inlier	to	the	Ougnat	 inlier	 (after	Soulaimani	et	al. 	2 8 	 addi	et	al. 	2 7).	 LTT	
ages	 from	 chapter	 2.	 )	 Cross-section	 bet een	 the	 Souss	 and	 Ouarzazate	 basins 	 C A:	
Central	 igh	Atlas.	C)	Cross-section	along	the	 estern	Anti-Atlas 	 A:	 estern	 igh	Atlas	
(after	Soulaimani	et	al. 	2 8).	 )	Cross-section	along	the	central	Anti-Atlas	(after	Missenard	
et	 al.	 2 8 	 alestrieri	 et	 al. 	 2 9).	 E)	 Cross-section	 along	 the	 eastern	 Anti-Atlas	 (after	
ossen	and	 ilali	Moutei 	1988 	 obert-Charrue	2 6 	Malus 	et	al. 	2 7 	Soulaimani	et	al. 	
2 8 	 addi	 et	 al. 	 2 7).	 )	 Cross-section	 along	 Tarfaya	 asin	 and	 as	 raa	 (after	
Soulaimani	et	al. 	 2 14).	G)	Cross-section	along	the	Sidi	 Ifni	 continental	shelf	and	the	 Ifni	
inlier	(after	Sebti 	2 11).	
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	 eolo ical	settin 	o 	the	 nti tlas	

he	Moroccan	 nti tlas	 is	 locate 	north est	o 	the	 aharan	 omain 	 he	 	
oriente 	 elt	e ten s	over	 	 m	an 	has	a	mean	elevation	o 	 	m	 i s 	 	an 	

	 t	is	 o n e 	 	the	 riassic rassic	inverte 	ri t	o 	the	 i h	 tlas	 ol 	an 	thr st	
elt	in	the	north 	the	 arta	oro en	in	the	east	 in	 l eria 	an 	the	 entral	 tlantic	
cean	in	the	 est 	 rro n in 	lo l in 	an 	level	hi h	 ro n 	areas	are	the	 o ss	an 	
arzazate	 asins	se arate 	 	the	 iro a	Platea 	in	the	north 	the	Palaeozoic	 n ol e 	

s ccession	o 	the	 in o 	 asin	in	the	so th 	the	 retaceo s eo ene	 ama a	 	 ir	
asin	in	the	east 	an 	the	Meso enozoic	 ar a a	 asin	locate 	on	the	so th estern	

si e	 i 	 	 o o ra hicall 	 e	 escri e	 the	 nti tlas	as	a	 l e	 l n in 	 to	 the	
so th 	 so th est	 an 	 north east	 n er	 iles	 o 	 rather	 ea l 	 e orme 	 er	
Palaeozoic	to	 enozoic	se iments 	

he	 asement	 o 	 the	 elt	 i s 	 	 an 	 	 is	 com ose 	 o 	 Precam rian	
metamor hose 	roc s	mar e 	 	the	 eo roterozoic	Pan rican	oro en 	 see	 homas	
et	al 	 	an 	 o laimani	et	al 	 	 or	the	 eolo ical	histor 	o 	the	 nti tlas 	 ne	
tectonic	 eat re	remainin 	 rom	this	 erio 	is	the	 nti tlas	Ma or	 a lt	 M 	 i s 	 	
an 	 	 he	 	oriente 	 M 	is	a	Proterozoic	sinistral	stri e sli 	 ho ert	
an 	 a re M ret 	 	 nnih	an 	 i eois 	 	an 	 as	inter rete 	as	the	relic	o 	a	
o er	 eo roterozoic	 asin 	 hich	 as	 thr ste 	 rin 	 the	 Pan rican	 oro en 	
e eran	et	al 	 	 nnih	an 	 i eois 	 	 he	 M 	s ivi es	the	Precam rian	

o 	the	 elt	into	t o	 istinct	 omains	 ho ert	an 	 a re M ret 	 	 o th	o 	the	
M 	 the	 asement	 consists	 o 	 rnean	 Palaeo roterozoic	 schist	 an 	 ranitic	

intr sions	 an 	 o 	 eo roterozoic	 shallo ater	 series 	 hich	 ere	 ol e 	 an 	
metamor hose 	 rin 	 the	 Pan rican	 ro en 	 alsh	 et	 al 	 	 homas	 et	 al 	

	 as et	et	al 	 	 o laimani	et	al 	 	 orth	o 	the	 M 	the	 omain	is	
mainl 	 eo roterozoic	 in	 a e 	 ith	 o hiolites	 an 	 islan 	 arc relate 	 neiss	 an 	
intr sions	accrete 	 rin 	the	clima 	o 	the	Pan rican	oro en 	 emos	et	al 	 	
l	 a i	et	al 	 	 e eran	et	al 	 	 o laimani	et	al 	 	

he	 nti tlas	 asement	is	covere 	 	 ate	 eo roterozoic	an 	Palaeozoic	se iments	
a re 	 	Michar 	et	al 	 	 e osite 	 rin 	an 	a ter	the	 ene lanation	o 	the	

Pan rican	 elt	 e 	 e 	et	al 	 	 a re 	 	 he	 m thic 	marine	Palaeozoic	
se imentation	o 	the	 nti tlas	 asin	thins	to ar s	the	east	 e 	Michar 	et	al 	 	
as	the	sa 	 asin	is	then	connecte 	to	the	 heic	ocean 	 rom	the	 ar oni ero s	to	 arl 	
Permian 	 on ana	 conver e 	 to ar s	 a r ssia	 o laimani	 et	 al 	 	 an 	
re erences	 therein 	 an 	 the	 s se ent	 Variscan	 oro enesis	 event all 	 le 	 to	 the	
accretion	o 	Pan aea 	 ol in 	an 	 e ormation	o 	the	 nti tlas	occ rre 	 et een	the	
ate	 ar oni ero s	 an 	 the	 arl 	 Permian	 e 	 onhomme	an 	 assen or er 	 	
Michar 	et	al 	 	 he	Variscan	tectonic	in	the	entire	 nti tlas	is	re erre 	to	as	a	
thic s inne 	 asement	inversion	 Pi 	et	al 	 	 el 	et	al 	 	 r ar 	et	al 	

	Michar 	et	al 	 	 ith	the	e ce tion	o 	the	 esternmost	 nti tlas 	 hich	is	
characterize 	 	 thin s inne 	 tectonic	 i 	 	 est	 o 	 the	 as r a	 an 	 ni	
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Precam rian	o tcro s 	alon 	the	 estern	mar in 	 oe ner	et	al 	 	 r har 	et	
al 	 	 he	 Variscan	 chain	 as	 ene laine 	 rior	 to	 the	 Mesozoic	 Variscan	
ncon ormit 	 rizon	 e	 amotte	et	al 	 	 o laimani	et	al 	 	 everal	other	
ncon ormities	 are	 reco nise 	 in	 the	 s rro n in s	 asins	 ithin	 the	Meso enozoic	

se ences	 i 	 	Most	o 	the	Mesozoic	se imentar 	roc s	are	missin 	in	the	 nti
tlas	 i s 	 	 	 an 	 	 o ever 	 a	 si ni icant	 amo nt	 o 	 oorl 	 ate 	 in ra
enomanian	 e 	 ho ert	 et	 al 	 	 l vial	 se iments	 are	 e ose 	 aro n 	 the	
estern	 nti tlas	 i s 	 	an 	 		

rin 	 the	 riassic 	 the	 nti tlas	 as	 locate 	 east	 o 	 the	 	 oriente 	 entral	
tlantic	 ri t	 an 	 so th	 o 	 the	 	 oriente 	 i h	 tlas	 ri t	 aha i	 et	 al 	 	

Michar 	et	al 	 	 he	 tro hs	 ere	 ille 	 ith	 ri t relate 	se iments 	 reco nise 	
aro n 	the	 nti tlas	in	the	s s r ace	o 	the	north	 ar a a	 e 	 l	 mra 	 ell 	 lsen 	

	Michar 	et	al 	 	an 	 o ss	 e 	 	 ell 	 rizon	 e	 amotte	et	al 	 	
e rier	et	al 	 	 asins 	as	 ell	as	in	o tcro s	north	o 	the	 iro a	Massi 	 hevalier	
et	al 	 	 l	 ra i	et	al 	 	an 	re erences	therein 	 he	 entral	 tlantic	Ma matic	
Province	 MP 	ca 	 	Ma 	sills	an 	 	oriente 	 es	are	e ose 	 in	 the	
mo ntaino s	an 	central	 art	o 	the	 elt	 i 	 	e 	 e ai	et	al 	 	Marzoli	et	al 	

	 ni ht	et	al 	 		

he	onset	o 	 ri tin 	 in	 the	 entral	 tlantic 	 et een	 	an 	 	Ma	 e ate 	see	
revie 	 in	Michar 	et	 al 	 	 a ails	 et	 al 	 	mar e 	 the	 se aration	 et een	
orth	 merica	an 	 orth est	 rica 	 ter	the	 MP	event 	the	e tension	in	the	 i h	
tlas	ri t	 asin	sto e 	res ltin 	in	an	a orte 	ri t	 e 	Michar 	et	al 	 	 rom	the	
athonian	to	the	 arl 	 retaceo s 	northern	Morocco	 itnesses	the	 en ation	o 	the	

so calle 	 est	Moroccan	 rch	 e 	 ho ert	an 	 a re M ret 	 	 hor al	et	al 	
	 rizon	 e	 amotte	et	al 	 	to	 hich	the	 nti tlas	 as	s ose l 	attache 	

he	 er	 rassic	an 	 o er	 retaceo s	siliciclastic	se iments	 e osite 	in	the	 tlantic	
asins	 e 	 enn 	et	al 	 	 an e	et	al 	 	 o 	 li	et	al 	 	 avison 	 	
a i 	 et	 al 	 	 a o mi	 et	 al 	 	 en e 	 	 are	 li el 	 at	 least	 artiall 	

so rce 	 rom	this	 arch 	 hor al	et	al 	 	 n	the	eastern	 entral	 tlantic	mar ins 	
the	 ate	 retaceo s	starts	 ith	a	ma or	trans ression	that	laste 	 rom	the	 enomanian	
to	 the	 ronian	 e 	 chlan er	 an 	 en ns 	 	 a 	 et	 al 	 	 ome	 a thors	
ass me	that	the	in n ation	reache 	the	 nti tlas	 i 	 	e 	 hor al	et	al 	 	

iz	et	al 	 	 ehrt 	 	an 	 erha s	covere 	it	com letel 	 rizon	 e	 amotte	et	
al 	 	 imer 	et	al 	 		

arl 	st ies	con cte 	in	the	 ar a a	 asin	 Martinis	an 	Visintin 	 	 ho ert	et	
al 	 	o serve 	that	the	 retaceo s	se ences	 ere	not	tectonicall 	 e orme 	 t	
is la 	a	 entle	 i 	 to ar s	 the	 tlantic	 cean 	 l ian	 ossils	 ere	 o n 	a ove	 the	
a les	 e	 an an 	 ormation 	 hich	 is	 com ose 	 o 	 	 m	 o 	 n i erentiate 	

clastics 	
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igure	3.3.	Simplified	stratigraphic	columns	and	dominant	lithologies	of	the	different	regions	
of	the	Anti-Atlas	and	surrounding	the	belt 	modified	from	the	follo ing	studies.	A)	Anti-Atlas	
after	Michard	 et	 al.	 (2 8).	 )	 Tarfaya	basin	 after	 an e	 et	 al.	 (1982) 	 Souss	 basin	after	
Sama a	 and	 ouhaddioui	 (2 3) 	 Ouarzazate	 basin	 after	 Ellero	 et	 al.	 (2 12).	 C)	 raa	
amada	after	Lepr tre	et	al.	(2 15)	and	Guerra 	(1989) 	Guir	 amada	after	El	 oussi	(1993)	

and	 obert-Charrue	and	 ur hard	(2 8).	

he	thic est	interval	o 	this	 ormation	 ere	traverse 	onshore	 	e loration	 ells	at	
the	 estern	 e e	 o 	 asin	 an 	 ere	 attri te 	 to	 the	 arl 	 retaceo s 	 he	 limit	
et een	the	 ar a a	 asin	an 	the	 nti tlas	 is	 escri e 	as	a	tectonic	one	 Martinis	

an 	Visintin 	 	
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igure	 3.4.	 A)	 ndifferentiated	 infra-Cenomanian	 ( azidi	 et	 al. 	 1991)	 lying	 ith	
unconformity	on	the	Precambrian	basement	(PIII:	Proterozoic) 	located	north	of	the	Lgezira	
village	 (see	 the	 previous	 chapter	 for	 re-dating	 of	 these	 redbeds	 to	 the	 urassic)	 )	
Precambrian	outcrops	of	the	Anti-Atlas	( erdous	inlier)	in	 hich	MO 21 - 6	 as	sampled.	
C)	 ndifferentiated	clastic	 infra-Cenomanian	overlying	the	Variscan	Palaeozoic	sediments.	
)	 CAMP	 guid	 dy e 	 south	 of	 the	 Saghro	 Precambrian	 dome	 (or	 inlier) 	 crosscutting	 a	

syncline	of	the	Anti-Atlas	Palaeozoic.	E)	Eastern	termination	of	the	belt 	plunging	under	the	
Cenomanian	to	Cenozoic	Guir	 amada.	 -E)	Google	Earth	scenes	 ith	vertical	exaggeration	
of	3	(positions	on	cross-sections	in	figure	3.2).	

1 km

(A)

(C) (D)

(B)

25 m

1 km 1 km

20 km

PIII Undiferentiated 
infra Cenomanian

Siroua 

Palaeozoic 

guid dyke

Palaeozoic

N w

E N

Google arth Google arth 

Precambrian

Palaeozoic

High Atlas

Souss

Google arth 

MOR210-06

Undiferentiated 
infra Cenomanian

Google arth 

Palaeozoic 

CenomanianCenozoic
Guir Hamada

E(E)



ha ter	 	

	 	

			 

n	 orth est	 rica 	 the	 ate	 retaceo s	 an 	 enozoic	 are	 mar e 	 	 the	
l ine tlasic	oro enies 	 he	 conver ence	 et een	 the	 rican	an 	 ro ean	 lates	

starte 	in	the	 ate	 retaceo s 	res ltin 	 rom	the	 o th	 tlantic	o enin 	 Pi 	et	al 	
	 osen a m	 et	 al 	 	 an 	 re erences	 therein 	 ollision	 an 	 relate 	

e ormations	occ rre 	in	the	 ocene 	an 	are	still	on oin 	 revie e 	in	Michar 	et	al 	
	an 	 rizon	 e	 amotte	et	al 	 		

nherite 	 a lts	 rom	 the	 ate	 eo roterozoic	 ere	 reactivate 	 rin 	 the	 enozoic	
horizontal	 shortenin 	 event	 o laimani	 et	 al 	 	 an 	 re erences	 therein 	 as	 the 	
involve	Palaeozoic 	Mesozoic 	an 	 enozoic	roc s	 ho ert 	 	 he	most	stri in 	
res lt	o 	the	 l ine	collision	in	Morocco	is	the	 i h	 tlas	ri t	inversion 	c lminatin 	at	

	m	 o al	Massi 	 n	the	 nti tlas 	 e ormation	is	consi ere 	to	 e	mil 	 ith	
lon 	 avelen th	cr stal	 ol in 	 ho ert	an 	Mar ais 	 	 oe ner	et	al 	 	
rizon	 e	 amotte	et	al 	 	 el 	et	al 	 	 imer 	et	al 	 		

	 	metho 	an 	res lts	

s	reveale 	 	 i re	 	sam lin 	 rom	 revio s	 or s	 is	coverin 	the	mo ntaino s	
omain	 rom	 est	to	east 	 es ite	the	e tensive	amo nt	o 	st ies 	 	 ata	is	lac in 	
or	an	im ortant	s r ace	o 	the	 elt 	 he	sam les	 ta le	 	an 	their	locations	 ere	
tar ete 	 or	their	a atite	cr stal	content 	 i e 	tar etin 	the	cr stalline	 asement	 i s 	

	an 	 		

ission	trac s	an 	 h e	 atin 	metho s 	 ith	a atites	an 	zircons 	are	a lica le	
to ether	 or	the	 investi ation	o 	the	coolin 	o 	roc s	 et een	ca 	 	an 	 	 his	
ran e	is	li el 	matchin 	the	tem erat re	 in o 	o 	the	 nti tlas	thermal	histor 	 rom	
the	 Variscan	 to	 the	 resent	 a 	 eca se	 the	 Palaeozoic	 cover	 is	 o 	 lo ra e	
metamor hism	 i e 	 	e 	 iz	et	al 	 		

	 nal tical	metho s	

he	sam les	 ere	 rocesse 	at	the	mineral	se aration	la orator 	o 	the	V 	 niversit 	
o 	 mster am 	 am les	 ere	cr she 	an 	minerals	 ere	sieve 	to	conserve	onl 	the	
a atite	 raction	 size	 an 	 sorte 	 accor in 	 to	 their	 ensit 	 or	 the	 	 anal ses 	 the	
a atites	 o taine 	 rom	 the	 se aration	 ere	 olishe 	 irra iate 	 an 	 etche 	 in	 aci 	
ena lin 	 ission	trac s	to	 e	meas re 	 n er	a	microsco e 	 or	the	 e	anal ses 	t o	
to	 o r	a atites	 ere	man all 	selecte 	 rom	each	sam le	in	a	t o ste 	 rocess	that	
involves	 eli m	e traction	an 	mass	s ectrometer	meas rements 	 he	sam les	 ere	
rocesse 	an 	anal se 	 or	 	an 	 h e 	 he	mineral	se aration 	 	an 	 e	

metho s	are	 etaile 	in	the	 ollo in 	 ara ra hs 		
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Table	3.1.	Location 	description 	and	LTT	results	(A T:	Apatite	fission	trac s 	A e:	( -Th) e	dating	
on	apatite)	of	the	collected	samples. 	

n	or er	to	e tract	a atite	 rains 	the	roc 	sam les	 ere	s lit	into	small	 ieces	 sin 	a	
lar e	h ra lic	roc s litter 	 he	 ieces	 ere	then	cr she 	 in	a	 a cr sher 	then	 in	a	
is 	mill 	 he	cr she 	sam les	 ere	sieve 	in	a	sieve	machine	to	se arate	the	 raction	

smaller	than	 	 m 	 hich	is	 eslime 	in	a	 et	sieve	s stem	to	remove	ever thin 	that	
is	less	than	 	 m	an 	 rie 	in	the	oven	at	 	 he	o taine 	 	 m	 o er	 as	
rther	 rocesse 	 	 heav 	 li i 	 an 	 over lo 	 centri e	 to	 se arate	 the	minerals	
ase 	on	their	 ensities 	 ince	the	avera e	a atite	 ensit 	is	aro n 	 	 cm 	 rains	
ith	 ensities	lo er	than	 	an 	hi her	than	 	 cm 	 ere	se arate 	 rom	the	rest 	
inall 	 the	 latter	 raction	 	 	 	 	 	 cm 	 ent	 thro h	 a	 rantz	ma net	 to	
se arate	 ma netisa le	 an 	 non ma netisa le	 minerals 	 t	 this	 sta e 	 the	 non
ma netisa le	 raction	contains	mostl 	a atites 	

atite	cr stals	 ere	mo nte 	in	e o 	alon 	 ith	si 	zircon	minerals	ali ne 	alon 	a	
ia onal 	 he	mo nts	 ere	 rin e 	an 	 olishe 	to	reveal	the	internal	s r ace	o 	the	

a atites	an 	then	e ose 	to	 	M	 	 or	 	secon s	at	room	tem erat re	to	reveal	
ission	trac s	ca se 	 	the	s ontaneo s	 ission	o 	 	 he	e ternal	 etector	metho 	
as	a lie 	 	 lacin 	lo 	 	micas	on	to 	o 	the	a atite	mo nts 	an 	the	sam les	 ere	

sent	 to	the	 M	 	research	reactor	 in	 archin 	 erman 	 or	 irra iation 	alon 	 ith	
osimeter	 lasses 	 	 o 	 no n	 rani m	 content	 or	 the	 etermination	 o 	 the	

thermal	ne tron	 l 	 ter	irra iation 	the	mica	sheets	 ere	remove 	 rom	the	a atite	
mo nts	 an 	 the	 osimeter	 lasses 	 an 	 etche 	 or	 	min	 an 	 then	 	min	 in	 aci 	
sol tion 	 	 	 at	 room	 tem erat re	 to	ma e	 the	 in ce 	 trac s	 visi le	 n er	 an	
o tical	microsco e 	 ission	trac 	 ensities 	len ths	an 	 ar	 ere	meas re 	in	a atite	
rains	 ith	internal	s r aces	 arallel	to	the	 a is 	 sin 	 	ma ni ication	 ith	a	 	
r 	 o ective	 an 	 the	 ta e	 	 ra e	 ro ram	 mitr 	 	 ar 	 hich	

re resents	the	lon 	a es	o 	 	etch its 	is	a	ro h	 ro 	 or	the	chemical	com osition	
o 	a atite	an 	there ore	 or	the	annealin 	 ro erties	 onelic 	et	al 	 	 ince	the	

																																																								

	 am les	 ere	collecte 	an 	anal se 	 	Mohame 	 o iza 		

Anti-Atlas Samples Latitude	[Dec.] Longitude	[Dec.] Elevation	[m]
MOR210-06 29.58162 -9.17497 1090 135.2 ±7.7 109.8 ±10.7
MOR210-07 29.70680 -8.96750 1045 129.5 ±9.8
MOR210-08 30.02728 -8.59041 1807 96.8 ±9.6

MOR210-09 30.19866 -7.80825 1822 92.2 ±3.9 69.0 ±6.6
MOR210-10 30.28485 -7.79115 1780 94.7 ±4.1 69.7 ±6.7
MOR210-11 30.47779 -7.37185 1568 79.9 ±7.7 49.3 ±4.8
MOR210-12 30.45819 -7.35064 1550 87.5 ±3.9
MOR210-13 31.01398 -6.43273 1284 98.1 ±5.3

MOR210-14 31.22250 -5.76013 1831 213.3 ±16 42.7 ±4.1
MOR210-15 31.19869 -5.75257 1987 160.3 ±6.5 112.0 ±10.8
MOR210-16 31.57646 -4.77030 941 156 ±6.9 35.8 ±3.4
MOR210-17 31.52191 -4.77644 974 177 ±10.7 47.1 ±4.6

Western

AHe	age	[Ma]AFT	age	[Ma]

Central	

Eastern

-
-

-
-
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	 ratio	 is	 constant 	 the	 n m er	 o 	 in ce 	 trac s	 is	 ro ortional	 to	 the	
concentration	o 	 	 in	 the	a atites	an 	a lie 	 thermal	ne tron	 l 	 he	con ine 	
trac 	 len ths	 ere	meas re 	 in	ever 	 sam le	 or	 their	 im ortant	 insi hts	 in	 thermal	
histor 	 aslett	et	al 	 	 lea o 	et	al 	 	 reen	et	al 	 	 ar aran 	et	al 	

	 ello	 et	 al 	 	 ish	 can on	 t 	 an 	 ran o	 a atites	 ere	 se 	 as	 a e	
stan ar s	to	 etermine	the	 eta	 actor	 r or 	an 	 reen 	 	o 	o r	a atites 	 rom	
hich	 inall 	 oole 	 	 a es	 ere	 calc late 	 ollo in 	 the	 metho 	 escri e 	 in	
alla her	 et	 al 	 	 ission	 trac 	 a es	 have	 een	 calc late 	 ith	 the	 	

so t are	 n l 	 	 sin 	a	zeta	val e	o 	 	 	 	 or	a atite	an 	 	 lass 	

o	to	 o r	a atites	cr stal	 ali ots 	o 	each	sam le	 ere	han ic e 	to	o tain	the	
est	s ita le	ali ots	to	 e	 ate 	 h e	 atin 	 as	accom lishe 	at	the	no le	 as	

la orator 	o 	the	V 	 niversit 	o 	 mster am 	thro h	a	t o ste 	 rocess	that	involves	
eli m	 e traction	 an 	 the	 etermination	 o 	 	 an 	 h	 concentrations	 sin 	 P M 	

techni e 	 irst 	 each	 sin le	 a atite	 cr stal	 ent	 thro h	 a	 eli m	 e traction	 line	
e i e 	 ith	a	laser	an 	mass	s ectrometer 	 he	a atite	cr stal	is	heate 	 	laser	 	
to	 	 to	 release	 the	 e 	 hich	 as	 then	 e an e 	 into	 the	mass	 s ectrometer 	
here	 e	a n ance	 as	meas re 	as	co nts	 er	secon 	an 	converte 	to	cc P	 sin 	

an	internal	stan ar 	 ter	 e	e traction 	the	a atite	cr stal	 as	 nloa e 	an 	cleane 	
in	a	 	ml	 e lon	 ea er	 ille 	 ith	Milli 	 ater 	 he	sam le	 as	s i e 	 ith	cali rate 	

h 	sol tion	 h	 	 	an 	 issolve 	 	a in 	ten	 ro s	o 	 	an 	
ten	 ro s	o 	 concentrate 	 	 he	 ea er	 as	 lace 	on	a	hot late	at	 	 or	 	
ho rs 	 inall 	the	sol tion	 as	trans erre 	to	an	 P M 	t e	 or	 etermination	o 	the	
	an 	 h	concentrations 	 he	e ective	 rani m	concentration	 e 	 h ster	et	al 	 	
lo ers	 et	 al 	 	 hich	 has	 an	 in l ence	 on	 the	 e	 clos re	 tem erat re 	 is	

calc late 	as 		

e 	 	 	 	 	 	 h 	

	 	res lts	

he	 	a es	are	 et een	 	an 	 	Ma	in	the	eastern	an 	central	 nti
tlas 	res ectivel 	 ta le	 		

he	 ro ce 	a es	are	 et een	ca 	 	Ma	in	the	central	 nti tlas	 M 	
	 	 	an 	 	ca 	 	Ma	in	the	 estern	 nti tlas	 M 	an 	 	an 	

ca 	 	Ma	in	the	eastern	 nti tlas	 M 	 	 	an 	 	 	a es	 ecome	
o n er	to ar s	the	central	 nti tlas	 i 	 		

	



nti tlas	

	 	

 

	
Table	3.2.	Apatite	 ission	trac 	 results.	n	 is	 the	number	of	measured	apatite	crystals 	 s	 is	 the	
density	of	spontaneous	trac s 	 i	is	the	density	of	induced	trac s 	and	 d	is	the	density	of	fossil	
trac s	in	trac cm2 	ns	 	ni	 	and	nd	are	the	number	of	trac s	used	for	the	density	calculation.	P( 2) 	
is	the	chi-s uared	probability	((P	 	5 )	is	a	pass).	A T	ages	are	pooled	ages 	the	error	is	 1 	in	
million	 years 	MTL	 stands	 for	mean	 trac 	 lengths	 and	 associated	 to	 it	 are	 the	 error	 1 	 the	
standard	deviation	SdtMTL 	both	in	 m 	nTL	is	the	number	of	measured	trac 	lengths.	 par	is	the	
diameter	of	etched	spontaneous	trac s	measured	parallel	to	the	c-axis	and	is	associated	to	 its	
standard	deviation	Sdt par.	 eta	( ) 358	and	is	the	correcting	factor	defined	by	 leischer	and	 art	
(1972) 	 ( ) 1 	is	the	uncertainty	in	zeta	(Traditional	calibration 	 urford	and	Green 	1983).		

in le	 rain	a es	are	cl stere 	aro n 	the	central	a e	o 	each	sam le	 i 	 	 ith	
reasona le	stan ar 	 eviations	o 	less	than	 	 ver 	sam le	 asse 	the	chi s are 	
test	 	 hich	in icates	that	all	sam les	are	characterise 	 	a	sin le	a e	 o lation 	
he	Mean	 rac 	 en ths	 M 	ran e	 rom	 	to	 	 m	an 	the	associate 	errors	

are	ran in 	 rom	 	to	 	 m	 ta le	 	an 	 i 	 	 he	M 	o 	all	sam les	sho 	
no	correlation	 ith	the	 	a es	 i 	 	an 	the	M 	ran e	is	characteristic	o 	slo 	
coolin 	o 	roc s	thro h	the	 atite	Partial	 nnealin 	 one	 P 	 lea o 	et	al 	 	
n	the	other	han 	the	 istri tion	o 	the	trac 	len ths	 	 or	the	central	an 	eastern	
nti tlas	 is	characterise 	 	a	 airl 	narro 	 a ssian	 istri tion	an 	a n ant	 lon 	

trac s	 i 	 	an 	s ests	a	ra i 	coolin 	thro h	the	 P 	an 	a	lon 	resi ence	
time	in	shallo 	 e ths	 shallo er	than	the	 P 	or	close	to	the	s r ace	 i ot ornier 	

	 hor al	et	al 	 		

he	correcte 	 e	a es	ran e	 rom	 	to	 	Ma	 ta le	 	 n	
each	sam le	several	ali ots	are	anal se 	 hich	allo s	 or	a	 alitative	chec 	on	the	
re ro ctivit 	o 	the	a e 	 e	a es	an 	res lts	 ere	onl 	consi ere 	 hen	at	least	t o	
ali ots	 ithin	one	sam le	 is la e 	similar	a es 	 ith	a	 i erence	not	 reater	than	 	
M r	 ca 	avera e	 atin 	error	o 	o r	ali ots 	 	o 	o r	ali ots	re licate	 ithin	the	
avera e	 error 	 li ots	 that	 o	 not	 re licate	 are	 M 	 M 	
M 	M 	an 	all	 the	ali ots	 rom	 the	 sam les	M 	an 	
M 	 hich	are	there ore	 iscar e 	 ta le	 		

Samples n
ρs	 (x10 5 )			

[tr	cm -2 ]
ns

ρi	 (x10 5 )				

[tr	cm -2 ]
ni

ρd	 (x10 5 )	

[tr	cm -2 ]
nd P(χ2 )	%

AFT	Ages	
[Ma]

±1σ	[Ma] MTL	[μm] ±1σ	[μm]
StdMTL	

[μm]
nTL

Dpar	
[μm]

StdDpar

MOR210-06 25 6.615 917 5.482 760 6.3265 13062 100 135.2 7.7 12.47 1.78 0.241 54 2.04 0.27

MOR210-07 16 5.748 447 4.977 387 6.3265 13062 100 129.5 9.8 12.94 1.49 0.26 32 1.75 0.2

MOR210-09 20 13.694 2014 16.699 2456 6.3265 13062 89.21 92.2 3.9 12.04 1.53 0.15 102 1.73 0.19

MOR210-10 15 12.943 1819 15.369 2160 6.3265 13062 53.31 94.7 4.1 12.69 1.56 0.15 105 1.88 0.21

MOR210-11 13 0.247 203 0.348 286 6.3265 13062 100 79.9 7.7 - - - 3 - -

MOR210-12 15 21.974 1637 28.257 2105 6.3265 13062 99.63 87.5 3.9 12.34 1.39 0.13 118 1.84 0.17

MOR210-13 26 8.492 918 9.732 1052 6.3265 13062 92.15 98.1 5.3 12.5 1.26 0.14 85 1.93 0.31

MOR210-14 20 5.926 611 3.094 319 6.3265 13062 99.97 213.3 16 13.07 1.35 0.26 26 - -

MOR210-15 15 33.682 3130 23.502 2184 6.3265 13062 70.21 160.3 6.5 12.81 1.15 0.28 132 2.52 0.24

MOR210-16 17 20.729 2181 14.865 1564 6.3265 13062 99.75 156 6.9 12.45 1.16 0.12 95 2.17 0.21

MOR210-17 25 6.095 935 3.846 590 6.3265 13062 99.99 177 10.7 13.56 1.02 0.15 44 - -
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igure	3.5.	A)	Trac 	length	distribution	(left	panel)	and	radial	plot	(right	panel)	for	8	out	of	
12	samples 	 )	Mean	trac 	length	(MTL)	as	a	function	of	apatite	fission	trac s	ages	(A T).		
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Table	3.3.	 esult	of	the	( -Th) e	analyses.	 ncorrected	A e	ages	are	corrected	using	an	 t	factor	
(all	sample	but	MO 21 - 8:	 arley 	2 ).	The	age	replication	is	explained	in	the	text	( 	yes 	x	
no).	 old	A e	ages	are	displayed	in	table	3.1.	

Poor	 e	a e	re lication	 ithin	the	same	sam le	co l 	 e	attri te 	to	anal tical	errors	
rin 	 the	 e	 e traction 	 or	more	 li el 	 to	 the	 resence	 o 	 n etecte 	 l i 	 an or	

mineral	 incl sions	 in	the	anal se 	a atite	ali ots 	 ter	this	ste 	the	correcte 	 e	
a es	 are	 et een	 	 to	 	Ma	 in	 the	 estern	 an 	 eastern	 nti
tlas 	 res ectivel 	 verall 	 the	 e	 a es	 o 	 the	 selecte 	 ali ots	 seem	 to	 ecome	
o n er	to ar s	the	east	 i 	 	 he	e 	 e ective	 rani m 	o 	the	anal se 	a atite	
cr stals	are	 et een	 	an 	 	 m	 i 	 	 n	all	three	 eo ra hic	 omains	o 	
the	 nti tlas	 e	 alitativel 	o serve	 ea 	 ositive	correlations	 et een	the	e 	an 	
the	 e	a es	 i 	 	 his	ma 	res lt	 rom	several	coolin 	an 	heatin 	e iso es 	as	
alrea 	inter rete 	in	areas	o 	 	 rica	 	 revio s	a thors	 e 	 e r tre	et	al 	 	

		

	

Sample	
Aliquots

Crystal	
length	[mm]

Crystal	
radius	[mm]

Th/U
Uncorrected	
He	age	[Ma]

±1σ	[Ma] Ft	factor
Corrected	

He	age	[Ma]
±1σ	[Ma]

Reproducible	
ages	

MOR210-06_I 200.84 62.97 0.11 84.91 8.26 0.77 109.8 10.7 •
MOR210-06_II 160.92 49.05 3.21 2506.64 376.22 0.70 3573.1 536.3 x
MOR210-06_III 170.00 71.00 2.21 89.76 11.15 0.78 115.8 14.4 •
MOR210-06_IV 152.87 57.00 1.45 81.95 10.19 0.73 111.6 13.9 •

MOR210-07_I 216.93 75.76 0.82 125.09 12.24 0.80 156.3 15.3 x
MOR210-07_II 175.88 39.99 1.44 44.40 4.29 0.66 67.4 6.5 x
MOR210-07_III 152.56 37.77 1.22 76.56 7.78 0.64 119.7 12.2 x

MOR210-08_I 95.62 24.45 0.79 47.15 4.69 0.49 96.8 9.6 •
MOR210-08_II 131.52 28.16 0.03 65.39 6.58 0.56 116.2 11.7 •
MOR210-08_III 88.81 26.61 1.14 39.66 4.22 0.51 78.3 8.3 x

MOR210-09_I 315.64 154.00 0.01 65.83 6.35 0.89 73.7 7.1 •
MOR210-09_II 234.88 85.41 0.10 56.93 5.47 0.82 69.0 6.6 •
MOR210-09_III 225.59 60.58 0.03 53.32 5.41 0.77 69.0 7.0 •

MOR210-10_I 203.78 51.73 0.05 51.27 4.93 0.74 69.7 6.7 •
MOR210-10_II 207.49 70.33 0.06 56.61 5.43 0.79 71.5 6.9 •
MOR210-10_III 343.96 77.98 0.17 24.66 2.37 0.82 29.9 2.9 x
MOR210-10_IV 207.49 61.04 0.07 59.93 5.81 0.77 77.8 7.5 •

MOR210-12_I 166.18 44.79 0.05 34.45 3.35 0.70 49.3 4.8 •
MOR210-12_III 162.00 66.84 28.00 41.30 5.91 0.75 55.3 7.9 •
MOR210-12_IV 119.76 57.09 40.66 35.37 3.91 0.70 50.9 5.6 •

MOR210-13_I 209.92 67.94 0.41 114.18 10.99 0.78 145.7 14.0 x
MOR210-13_II 120.22 45.30 1.03 81.73 7.95 0.67 121.2 11.8 x
MOR210-13_III 133.68 42.70 0.60 35.50 3.40 0.67 52.9 5.1 x

MOR210-14_I 180.10 47.11 4.41 31.35 3.01 0.70 45.1 4.3 •
MOR210-14_II 122.08 39.46 2.88 30.22 3.20 0.63 47.6 5.0 •
MOR210-14_III 125.79 46.19 2.97 28.75 2.80 0.67 42.7 4.1 •

MOR210-15_I 206.56 56.86 1.04 84.19 8.13 0.75 112.0 10.8 •
MOR210-15_II 161.07 60.81 1.05 85.48 8.23 0.75 113.8 11.0 •

MOR210-16_I 258.08 57.33 0.82 20.78 2.00 0.76 27.2 2.6 x
MOR210-16_II 240.93 80.93 1.09 37.64 3.63 0.81 46.3 4.5 •
MOR210-16_III 179.64 46.30 1.05 28.33 2.70 0.70 40.4 3.8 •
MOR210-16_IV 240.91 33.32 1.16 22.49 2.14 0.63 35.8 3.4 •

MOR210-17_I 187.99 43.17 3.01 51.59 4.99 0.68 75.7 7.3 x
MOR210-17_II 176.39 50.83 2.95 33.65 3.27 0.71 47.1 4.6 •
MOR210-17_III 154.57 53.49 2.65 36.84 3.55 0.72 51.4 5.0 •
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P lishe 	 	a es	 ro ce 	 rom	the	 nti tlas	 Mal s 	et	al 	 	 hor al 	 	
e ti	et	al 	 	 iz	et	al 	 	 e ti 	 	 asso 	et	al 	 	 ehrt 	 	are	
et een	 	an 	 	Ma	 Mal s 	et	al 	 	an 	correcte 	re ro ci le	 e	

a es	ran e	 rom	 	 iz	et	al 	 	to	 	Ma	 hor al 	 	 ith	the	
error	 ars 	o r	ra iometric	a es	 all	 ithin	these	ran es 	

	

i re	 	 orrecte 	 e	a es	v 	e ective	 rani m	concentration	 lots	 or	the	 	 estern 	
	 entral 	an 	 	 astern	 nti tlas 		

	 	tem oral s atial	 istri tions	in	the	 nti tlas	

	s stems	 ircon	 ission	 rac s 	 	 ircon	 h m e 	 e 	 	 e 	an 	their	
relate 	a es	 ro ce 	 in	 the	 nti tlas	can	 e	se arate 	 into	 time	 erio s	 i 	 	
hese	 erio s	sli htl 	overla 	 t	remain	consistent 	 	 rom	 	to	 	Ma	 clos re	

tem erat res	o 	the	s stem 	 	 ran on	et	al 	 	 e	 rom	 	to	 	Ma	
	 einers	et	al 	 	 	 rom	 	to	 	Ma	 	 reen	et	al 	 	

an 	 e	 rom	 	to	 	Ma	 	 h ster	et	al 	 	 here ore 	the	 irst or er	
tren 	 e	co l 	in er	 rom	 i re	 	is	a	 airl 	contin o s	coolin 	 et een	the	Variscan	
an 	the	 resent	 a 		

	a es	 ecome	 o n er	to ar s	the	north	o 	the	central	 nti tlas	an 	to ar s	the	
est	o 	the	eastern	 nti tlas	 i 	 	 n	the	central	 nti tlas 	the	ran e	o 	 	a es	
rom	 asso 	et	al 	 	 ca 	 	Ma 	com ares	to	the	ones	 rom	the	rest	o 	the	
elt	 avera e	o 	ca 	 	Ma 	 hich	is	not	the	case	 or	o r	res lts	that	are	some hat	
o n er	 ca 	 	Ma 	 imilar	 o n er	 	 a es	 ere	 ro ce 	 	Mal s 	 et	 al 	

	in	the	northern	e e	o 	the	eastern	 omain	 i 	 	

i re	 	sho s	availa le	correcte 	an 	re ro ci le	 e	a es 	 onsi erin 	the	error	
ars 	 e	a es	are	 et een	ca 	 	an 	 	Ma	in	the	 estern 	ca 	 	an 	 	Ma	in	

the	central 	an 	ca 	 	to	 	Ma	in	the	eastern	 nti tlas 	 he	tren 	 e	o serve 	in	
o r	 ata	set	is	there ore	re resentative 	 verall 	the	collecte 	sam les	sho 	 o n er	

e	a es	to ar s	the	 ast 		
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igure	3.7.	LTT	data	from	the	Anti-Atlas	(references	in	figure	3.1).	The	elevation	plot	(bottom	
plot)	 is	made	 from	 the	point	extraction	 from	a	 EM	 (S TM	9 m 	 ASA)	of	 the	Anti-Atlas	
reliefs.	 Timing	 of	 the	 geological	 events	 (right	 panel)	 are	 from	Michard	 et	 al.	 (2 8).	 CA:	
Central	Atlantic 	CAMP:	Central	Atlantic	Magmatic	Province.	

	Mo elle 	Meso enozoic	thermal	histor 	o 	the	 nti tlas		

	t 	mo ellin 	Proce re	an 	 arameters	

he	 t 	 aths	mo elle 	 rom	meas re 	 	 len ths	 an 	 a es	 are	 o taine 	 ith	 the	
inverse	mo ellin 	 e 	so t are	 version	 	 atite	to	 ircon 	 etcham 	 	 he	
so t are	 ses	a	Monte	 arlo	al orithm	that	 enerates	t 	 aths	that	match 	to	a	certain	
e tent	 oo ness	o 	 it	 ase 	on	 the	 olmo orov mirnov	 test 	 	 the	 in ts	 e	
im lemente 	 n	the	 resent	 or 	 e	 se	 	mo els	 com ose 	o 	the	 	sin le rain	
a e	 ata	 an 	 the	 con ine 	 trac 	 len ths 	 an 	 e	 mo els	 com ose 	 o 	 the	 e	
ncorrecte 	a e 	the	chemical	com osition 	an 	size	o 	the	a atite	cr stal 	 hen	the	

avera e	 	 or	 the	 ission	 trac 	 len th	 istri tion 	 e	a e 	an 	 	a e	mo el	 is	
et een	 	an 	 	 aths	are	la elle 	 acce ta le 	an 	 oo 	 hen	hi her	than	 	
he	 est	 it 	 realisation	 is	 a	 non ni e	 sol tion	 as	 it	 has	 the	 hi hest	 	 o 	 	

iterations 	 t	other	r ns	ma 	have	 i erent	 est it	 aths 	
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Table	3.4.	 e Ty	(version	1.8.2)	parameters	commonly	used	in	each	simulation	presented	in	this	
chapter.	A)	Parameters	used	for	the	A T	models.	Cf	irradiation 	see	 onelic 	and	Miller	(1991) 	
par	 is	 the	 diameter	 of	 etched	 spontaneous	 trac s	 measured	 parallel	 to	 the	 c-axis 	 uiper s	

statistic 	see	Press	et	al.	 (1992) 	SE	stands	 for	standard	error.	 )	Parameters	used	for	 the	A e	
models.	C)	Parameters	of	the	inverse	modelling.	GO 	stands	for	Goodness	of	 it.	

he	mo els	are	constraine 	 et een	ca 	 	an 	 	 	the	 	an 	 e	 ata 	a ove	
an 	 elo 	these	tem erat res	there	are	almost	no	thermal	si nals	recor e 	in	the	 	
ata 	 or	the	same	reasons 	the	 	res lts	 ive	insi hts	into	the	coolin heatin 	events	
rom	 the	 resent	 a 	 to	 the	 meas re 	 a es 	 here ore 	 o tsi e	 these	 time	 an 	
tem erat re	 rames	 the	 mo ellin 	 e en s	 solel 	 on	 o es 	 eolo ical	 an 	
ra iometric	constraints 	or	 o es 	are	 ser e ine 	t 	 in o s	that	 i e	the	teste 	

Annealing	model	–	Ketcham	et	al. ,	2007			

C-axis	projection	–	Ketcham	et	al. ,	2007,	5.0M

Model	c-axis	projected	lengths	–	yes

Default	initial	mean	track	length	–	From	Dpar	(µm)

Length	reduction	in	standard	–	0.893

Kinetic	parameter	–	Dpar	(µm)

Population	number	–	one

Length	Data

Goodness	of	fit	method	–	Kuiper’s	Statistic

Age	Data

Uncertainty	mode	–	1	SE	(σ)

Model	parameters

Calibration	–	Shuster	et	al.,	 2006	(Durango	Apatite)

Stopping	distances	–	Ketcham	et	al.,	2011

Alpha	calculation	–	Redistribution

Data

Age	to	report	–	Corrected

Age	alpha	correction	–	Ketcham	et	al., 	2011

Search	Method	–	Monte	Carlo

Acceptable	Path	(GOF)	-	0.05

Good	Path	(GOF)	-	0.5

Subsegment	spacing	–	Random

Ending	condition	–	Path	tried	=	1000000

Segment	parameters

Path	between	constraints	-	Monotonic	variable

Halve	-	2	times

Randomizer	style	-	Episodic

No	imposed	maximum	dt/dt

A.					Parameters	AFT

B.			Parameters	He	Apatite

C.				Inverse	modeling
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enerate 	 c rves 	 e	 consi er	 	 o 	 the	 res lts	 rom	 the	 	 meas rements	 as	
anal ticall 	relia le	 or	t 	mo ellin 	as	 	con ine 	trac s	are	 enerall 	consi ere 	
relia le	 e 	 aslett	et	al 	 	 alla her	et	al 	 	 a ami	an 	 llivan 	 	
onelic 	 et	 al 	 	 alestrieri	 et	 al 	 	 eline 	 et	 al 	 	 e	 there ore	 r n	

mo els	 ith	the	 	res lts	o 	sam les	characterise 	 	an	n 	hi her	than	 	 ta le	
		

ast 	 onl 	 the	 co les	 e	 ere	 consi ere 	 an 	 there ore	 M 	 is	 not	
rther	 se 	 i 	sam les	 ere	 se 	 or	t 	mo ellin 	 hich	 iel e 	 	a es	 ith	more	

than	 	M 	an 	 ro ci le	 e	a es	 M 	 	 	 	 	an 	 	Mo ellin 	
arameters	are	liste 	in	ta le	 		

	t 	mo ellin 	constraints	

ase 	on	the	ra iometric	res lts	an 	 eolo ical	o servations	 oc mente 	in	the	 nti
tlas	 elt	an 	the	s rro n in 	 omains 	 e	 se	three	constraints	to	 i e	the	 i erent	

t 	mo els	 in	 e 	 t o	 eolo ical	an 	one	 ra iometric	 constraint	a 	 MP	 es 	
constraint	 b 	 in ra enomanian	 n i erentiate 	 se iments 	 constraint	 c 	 e	 a es 	
es ite	the	 act	that	Variscan	metamor hism	is	 airl 	 ell	constraine 	 or	 oth	time	an 	

tem erat re	 i 	 	in	the	 nti tlas	 iz	et	al 	 	the	 ro ce 	 	res lts	have	
little	 to	 no	 in ormation	 concernin 	 times	 e ore	 	Ma 	 e	 ar itraril 	 e ine 	 the	
mo ellin 	 rame	at	 	Ma 	 hich	ta e	 into	acco nt	 the	 MP	 es	an 	
n i erentiate 	Mesozoic	se iments	 eolo ical	constraints 		

onstrain	a	is	 ase 	on	the	 o m	 i 	an 	 herm	 MP	relate 	 es	 i s 	 	 	
an 	 	 o tcro in 	 in	 the	 nti tlas 	 he	most	 recent	 atin 	 is la s	 an	 a e	 o 	

	Ma	 r r	a e	on	 la ioclase 	 e ai	et	al 	 	 he 	are	se arate 	 rom	
the	Precam rian	 sam les	 selecte 	 or	mo ellin 	 	 less	 than	 	 m	 ith	no	visi le	
ma or	 a lts	on	the	 eolo ical	ma 	 iven	their	e tent 	these	 es	 ere	em lace 	an 	
e h me 	to	their	 resent	elevations	 to ether	 ith	 the	s rro n in 	host	 ranitic	an 	
se imentar 	roc s 	 he	em lacement	histor 	o 	the	 es	 as	constraine 	 	the	 or 	
o 	 o il	et	al 	 	an 	 ilva	et	al 	 	 	 he	anal sis	o 	 eo thermometer	an 	
eo arometer	 sho e 	 that	 these	 es	 ere	 em lace 	 at	 tem erat re	 o 	 ca 	

	an 	 ress re	o 	 	to	 	 ar 	 ss min 	an	avera e	 ensit 	o 	 	 m 	 or	the	
continental	cr st 	 ilva	et	al 	 	calc late 	an	em lacement	 e th	o 	 	to	 	 m	 or	
the	 i 	 e 	 onsi erin 	 thermal	 ra ients	 et een	 	 an 	 	 a	 s r ace	

																																																								

	 e	learne 	a ter	the	 lication	o 	 o iza	et	al 	 a 	that	the	 eo arometer	metho 	 se 	
in	 ilva	et	al 	 	cannot	 e	relia l 	 se 	 ith	intr sive	roc s	 ers 	comm 	P ilva 	 his	means	
that	 o r	 sam les	 co l 	 have	 een	 at	 	 to	 	 m	 in	 e th	 	 Ma	 a o 	 as	 ell	 as	 at	
shallo er ee er	 e ths 	 sin 	a	 i erent	or	mo i ie 	constraint	 o l 	most	li el 	im act	the	
ra ients	o 	the	t 	realisations 	 n	this	 hesis 	ho ever 	 e	 se	the	constraint	a	as	 e ine 	in	
o iza	et	al 	 a 		
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tem erat re	o 	 	an 	a	lithostatic	 ensit 	o 	 	 m 	 e	estimate	that	the	host	
roc s	 o 	 the	 herm	 e	 ere	 at	 e ths	 o 	 ca 	 	 to	 	 m 	 onsi erin 	 the	
metamor hism	e erience 	 	the	 resentl 	o tcro in 	Palaeozoic	roc s	 iz	et	al 	

	the	tem erat re	li el 	 i 	not	reach	more	than	 	 here ore 	 e	consi er	a	
lo 	 thermal	 ra ient	 o 	 m 	 or	 the	 constraint	 a 	 e	 hence	 estimate	 the	
tem erat re	ran e	 or	the	host	roc s	o 	 oth	 es	 et een	 	to	 	at	 	
Ma 	

onstraint	 b	 is	 ase 	 on	 the	 Mesozoic	 se iments	 overl in 	 the	 Precam rian	 an 	
Palaeozoic	o 	the	 nti tlas 	 n ra enomanian 	se iments	are	l in 	 ncon orma l 	on	
asement	roc s	in	the	vicinit 	o 	sam les	collecte 	in	the	 estern	an 	central	 arts	o 	

the	 elt	 i s 	 	an 	 	 ho ert 	 	 o ert harr e	 	 o hri	et	al 	 	
hor al 	 	 e ti	et	al 	 	 iz	et	al 	 	 e ti 	 	 asso 	et	al 	 	
ehrt 	 	 	 airl 	thic 	 ac a e	 ca 	 	 m	o shore	 ar a a 	 avison 	 	o 	clastics	
se iments	is	reco nise 	o shore 	on	the	seismic	lines	an 	in	the	 ells 	as	 er	 rassic	
an 	 o er	 retaceo s	 se iments	 e 	 the	 an an	 an 	 o o r	 eltas 	 P	 	
P erto	 ansa o	 	 ell 	 ther	 n i erentiate 	earl 	Mesozoic	roc s	are	e ose 	in	the	
ar a a	 asin 	on	the	 iro a	Massi 	at	 oth	 o ss	an 	 arzazate	 asin	si es	 ollar 	et	

al 	 	 he	 occ rrence	 o 	 these	 Mesozoic	 assive	 mar in	 clastics 	 overl in 	
Palaeozoic	 an 	 Precam rian	 roc s 	 is	 ia nostic	 or	 a	 ma or	 re ression	 an or	
e h mation	 that	 too 	 lace	 in	 the	Moroccan	 estern	 mar in 	 characterise 	 	 the	
roa 	 erosion	 o 	 the	 so calle 	 nti tlas	 rch 	 rizon	 e	 amotte	 et	 al 	 	 an 	

re erences	 therein 	 he	 timin 	 o 	 the	 e h mation	 remains	 ncertain 	 n	 a	 recent	
rovenance	st 	a	section	o 	 o er	 retaceo s	clastic	se iments	in	the	north	 ar a a	
asin	 as	investi ate 	 eochemical 	 r	isoto ic 	 li	et	al 	 	 he	clastics	 ere	
o n 	to	 e	so rce 	 rom	the	 e i at	 hiel 	 t	not	 rom	the	 nti tlas 	 o ever 	
this	st 	re ar e 	 art	o 	the	 o er	 retaceo s	se iments	 ca 	 	m	o t	o 	 	to	 	 m 	
rante i 	 	 n	 the	eastern	termination	o 	the	 elt 	a	 airl 	 lar e	area	o 	Mi le	
retaceo s	roc s	is	e ose 	 enomanian 	 en o ce 	 	 en o ce 	et	al 	 	 n	

the	a sence	o 	 rovenance	st ies	carrie 	o t	in	these	se iments 	 e	ass me	that	the	
eastern	 nti tlas	 as	the	so rce	o 	the	 ir	 ama a	 enomanian	re e s 	 inall 	the	
nti tlas	 asement	 as	 revio sl 	mo elle 	to	 e	at close	to	the	s r ace	 	 revio s	

t 	mo ellin 	st ies	 hor al 	 	 iz	et	al 	 	 asso 	et	al 	 		

	

																																																								
	

	 he	 rassic	a e	o 	the	re e s	alon 	the	shoreline	in	the	 estern	 nti tlas	 rante i 	
	 as	evi ence 	a ter	the	 lication	o 	 o iza	et	al 	 a 	 o ever 	the	choices	 e	

ma e	timin ise	 or	the	constraint	b	are	e tremel 	relevant	in	the	li ht	o 	this	re atin 	



nti tlas	

	 	

 

igure	 3.8.	 Constraints	 used	 in	 t-T	
modelling	 from	 literature	 (see	
references	 in	 the	 figure)	 and	 from	
our	modelling	 (blue	 constraints).	A) 	
) 	 and	 C)	 estern 	 central 	 and	

eastern	 Anti-Atlas 	 respectively.	
Variscan:	 Compression 	
metamorphism	 and	 the	 load	 of	
Palaeozoic	 sediments 	 u Cret:	
Presence	 close	 to	 the	 surface	of	 the	
sampled	 basement	 roc s	 during	 the	
Late	 urassic	to	the	Early	Cretaceous 	
LCret:	 Late	 Cretaceous	 to	
Palaeogene	 overburden	 in	 the	
estern	 Anti-Atlas 	 Trias:	 Presence	

at close	 to	 the	 surface	 of	 the	
basement	roc s	 in	the	Siroua	during	
the	Triassic 	 y es:	See	text.		
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s	 o r	 sam les	 are	 istant	 o 	 several	 tens	 o 	 ilometres	 rom	 these	 se iments 	 e	
cannot	 i e	o r	mo ellin 	to	s r ace	tem erat res	onl 	 or	constraint	b	 e	consi er	
that	the	 asement	sam les	 ere	close	to	the	s r ace	 	in	the	 nti tlas	 ossi l 	
rom	the	 arl 	 rassic	to	the	en 	o 	the	 arl 	 retaceo s	 	to	 	Ma 		

onstraint	c	is	 et een	the	 arl 	 retaceo s	an 	the	 ocene	 	Ma 	to	ena le	the	
t 	 aths	to	re enter	the	 P 	an 	 e P 	 	 his	 o 	is	necessar 	 eca se	o r	
sensitivit 	mo ellin 	e eriments	sho e 	that	 e 	ten s	to	onl 	 enerate	 aths	 in	
shallo 	tem erat re	 et een	the	 arl 	 retaceo s	an 	the	 resent a 	i norin 	the	

e	a es 	 his	metho 	 as	 se 	in	 revio s	 or s	in	the	 nti tlas 	 or	t 	mo ellin 	
	a in 	 	 e 	 	an 	 e	a es	as	constraints	 iz	et	al 	 	 ehrt 	 	
o tan 	 ers 	com 		

he	constraints	in	 lishe 	st ies	o 	the	 nti tlas	are	com are 	 ith	those	o 	this	
cha ter	 i 	 	 he	 MP	 e	constraint	is	centre 	on	e ivalent	tem erat re	to	
the	 e 	 o es	 se 	 	 ehrt	 	 or	 the	 estern	 nti tlas 	 he	 constraints	 or	
rassic retaceo s	 resence	 close	 to	 the	 s r ace	 have	 een	 se 	 similarl 	 or	 the	
estern	an 	central	 nti tlas 	 t	not	 in	the	eastern	 art	o 	the	 elt	 i 	 	 he	

ra iometric	constraint	 e 	 oes	not	com are	 ith	 revio s	constraints	in	the	central	
an 	eastern	 nti tlas 	 t	 is	not	 incom ati le	 ith	 ate	 retaceo s	 rial	constraint	
ehrt 	 	in	 estern	 nti tlas	 i 	 	 n	the	central	 nti tlas	 i 	 	some	

sam les	 ere	tho ht	to	 e	close	to	the	s r ace	in	the	northernmost	central	 nti tlas	
rin 	the	 riassic	 hor al 	 	 hich	are	e ivalent	to	one	constraint	a e 	in	t 	

mo ellin 	o 	the	Meseta	 asement	roc s	 hor al	et	al 	 	 nli e	the	Meseta	 e 	
hor al	et	al 	 	the	 asement	roc s	o 	the	 nti tlas	are	not	tho ht	to	have	 een	

at	the	s r ace	 rin 	the	 riassic 	 o ever 	 riassic	se iments	are	 o n 	on	to 	o 	the	
asement	north	o 	the	 iro a	 hevalier	et	al 	 	 e imentolo ical	 a on	et	al 	

	str ct ral	 l	 ra i	et	al 	 	an 	ra iometric	 e 	 hor al 	 	anal ses	
also	s est	that	the	 asement	roc s	o 	the	 iro a	an 	Massi 	 ncien	 ere	 ormin 	a	
relie 	 rin 	the	 e osition	o 	these	se iments 	 e	a es	 ere	 ro ce 	in	the	 estern	
nti tlas 	an 	are	 et een	 	an 	 	Ma	in	 iz	et	al 	 	an 	

	an 	 	Ma	in	 ehrt	 	 i 	 	 he	 resence	o 	sam le 	roc s	at	s r ace	
tem erat re	 rin 	the	 riassic	is	there ore	incom ati le	 ith	 e	a es 		

	t 	mo ellin 	res lts	

e 	 s ccee e 	 in	 in in 	 t 	 aths	 that	 hono r	 the	 e	 res lts	 i s 	 	 an 	
	 he	 res lts	 in icate	a	common	tren 	mar e 	 	 t o	coolin 	an 	one	heatin 	

e iso es 	 	stee 	coolin 	 ra ient	is	o serve 	in	all	the	mo els 	es eciall 	in	M
	 	an 	 	 	 retaceo s	heatin 	an 	a	 inal	 ate	 retaceo s	to	 resent a 	coolin 	

e iso es	are	 resent	in	ever 	mo el 		
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igure	 3.9.	 esults	 of	 thermal	 history	modelling	 for	 samples	 from	 the	 Anti-Atlas	 granitic	
basement 	 AA 	CAA 	and	EAA:	 estern 	Central 	and	Eastern	Anti-Atlas 	respectively.	5 	
good	( hen	possible) 	15 	acceptable 	and	 the	best-fit	 (highest	Goodness	of	 it 	GO )	 t-T	
curves	are	displayed.	 See	parameters	 in	 table	3.4.	 It:	 umber	of	 iteration	 for	 the	 inverse	
modelling 	A:	Acceptable	paths 	G:	Good	paths. 	
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he	 irst	 coolin 	 event	 ro ht	 the	 nti tlas	 sam le 	 asement	 rom	 hi h	
tem erat res	o 	 	to	lo er	tem erat res	o 	 	 t	starte 	 	the	en 	o 	
the	 riassic	 	Ma 	an 	en e 	at	varia le	times	in	the	 i erent	 omains	o 	the	
elt 	 ince	o r	mo ellin 	e eriments	onl 	ca t re	 the	 ost riassic	evol tion	o 	 the	
nti tlas 	this	coolin 	co l 	have	initiate 	m ch	earlier	than	ill strate 	in	o r	mo els 	

as	s este 	in	 i re	 	 he	 est it	t 	 aths	sho 	a	ra i 	initial	coolin 	 hase	that	
en e 	 aro n 	 	Ma 	 ter	 this	 irst	 coolin 	 event 	 the	 asement	 roc s	 o 	 the	
estern	an 	central	Precam rian	 omes	 ere	heate 	a ain	an 	reache 	tem erat res	

ran in 	 et een	 	 an 	 	 aro n 	 	 Ma	 i s 	 	 o ever 	 in	 the	
eastern	 nti tlas 	the	 asement	remaine 	sta le	at	aro n 	 	 rom	 	to	 	Ma 	
e ore	 e eriencin 	 a	 ra i 	 	 Ma 	 	 heatin 	 event	 i 	 	 hile	 the	

easternmost	sam le	 n er ent	a	slo 	an 	 rolon e 	 	Ma 	heatin 	event	o 	onl 	
	 i 	 	 he	 inal	 coolin 	 hase 	 hich	 lace 	 the	 asement	 roc s	at	 s r ace	

tem erat re	 ca 	 	 as	m ch	slo er	than	the	ol er	mo elle 	coolin 	 hase	an 	
laste 	lon er	 ca 	 	Ma 	in	all	the	e amine 	sam les 	

	
igure	3.1 .	 eighted	average	curve	from	t-T	modelling	results	sho n	in	fig.	3.9 	 AA 	CAA 	
and	EAA:	 estern 	Central 	and	Eastern	Anti-Atlas.	See	modelling	parameters	in	table	3.4.	

	t 	mo ellin 	 om arison	 ith	literat re	

r	mo el	 est it	 aths 	 is la e 	in	 i re	 	sho 	man 	similarities	 ith	those	o 	
the	 literat re 	 he 	 ill strate	a	 thermal	evol tion 	 hich	 is	also	characterise 	 	 t o	
coolin 	 erio s	se arate 	 	a	heatin 	event	in	the	 estern	an 	central	 nti tlas	 i s 	

	an 	 	an 	 	a	contin o s	coolin 	 hase	in	the	eastern	 nti tlas	 i 	 	
m ortantl 	the	 enozoic	tem erat re	evol tion	is	 airl 	i entical	 et een	all	c rves 	
an 	sho l 	 e	consi ere 	as	ro stl 	constraine 	in	 e 	 	the	 e	 ata 		
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igure	3.11.	 est	fit	curves	of	t-T	models	from	the	literature	(thin	lines)	and	our	simulations	
(thic 	blue	lines)	for	the	regions	investigated	in	the	present	 or :	A)	 estern	Anti-Atlas 	 )	
Central	 Anti-Atlas 	 C)	 Eastern	 Anti-Atlas.	 Grey	 envelopes	 are	 framing	 the	 best-fit	models	
from	the	literature	(see	references	in	the	figure).	 	
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o ever 	ma or	 iscre ancies	 are	 o serve 	 in	 the	 timin 	 an 	 rates	 o 	 each	 thermal	
event 	 or	 instance 	 iz	 et	 al 	 	 re icte 	 the	 heatin 	 event	 in	 the	 estern	
Precam rian	 omes	to	 e	 	to	 	M r	 o n er	than	in	o r	mo els	 i 	 	 n	the	
eastern	 omain	 Mal s 	 et	 al 	 	 o taine 	 a	 ost Variscan	 thermal	 evol tion	
characterize 	 	a	contin o s	slo 	coolin 	 rin 	the	Mesozoic	an 	hi h	coolin 	rates	

rin 	the	 enozoic 	an 	no	heatin 	event	as	sho e 	in	o r	mo els	 i 	 		

n	the	central	 nti tlas	 rin 	the	 ate	 rassic arl 	 retaceo s 	o r	 est it	res lts	
sho 	 reater	 heatin 	 o 	 the	 roc s	 than	 in	 the	 literat re	 	 to	 	 a ainst	 	
res ectivel 	 he	 iscre ancies	 et een	the	 i erent	thermal	histories	res lt	mainl 	
rom	the	 i erent	constraints	im ose 	on	the	mo els 	 ltho h 	o r	mo els	acco nt	
or	 oth	 	an 	 e	 ata 	most	o 	the	 lishe 	t 	 aths	rel 	solel 	on	 	 ata	 e ce t	
ehrt 	 	Moreover 	all	the	 lishe 	mo els	i nore	the	near 	 MP	 es 	 hich	
are	 oc mente 	to	 e	em lace 	at	 	to	 	 m	in	 e th	 	the	en 	o 	the	 riassic	 o il	
et	al 	 	 ilva	et	al 	 	

	 eolo ical	evol tion	an 	thermal	transects	o 	the	 nti tlas	

e	 ilt	several	 nti tlas	 aleo tem erat re	transects	oriente 	 	 i 	 	
he	sam le	locations	 ere	ortho onall 	 ro ecte 	to	a	line	r nnin 	 arallel	to	the	 nti
tlas	tren 	 ith	an	an le	o 	 	 ith	the	 	 e ree	line	o 	latit e	 i 	 	 n	the	
ollo in 	sections 	 e	also	 evelo 	on	s ortin 	 eolo ical	evi ences	 oc mente 	in	
the	 nti tlas	or	in	its	s rro n in s 	

	Palaeozoic	 asin 	Variscan	oro en 	an 	 re ri t	sta e	

he	 asement	roc s	are	overlain	 ith	a	mar e 	 ncon ormit 	 	 ate	 eo roterozoic	
se iments	an 	volcanics	an 	 am rian	se iments	 i 	 	ca 	 	Ma 	Michar 	et	
al 	 	 his	 re ires	 the	 Precam rian	 asement	 to	 e	 at	 or	 close	 to	 s r ace	
tem erat res	at	the	 e innin 	o 	the	Palaeozoic 	 he	 nti tlas	 as	then	characterise 	

rin 	that	time	 	a	 airl 	contin o s	se imentation 	revie e 	 	several	a thors	 e 	
ho ert 	 	 Pi 	 	 r har 	 et	 al 	 	 Michar 	 et	 al 	 	 P 	
rovenance	st 	on	zircon	sho e 	that	the	 o ar	 are 	 hiel 	 	 l eria 	 as	a	

li el 	so rce	o 	the	siliciclastic	 am rian	se iments	 vi a 	et	al 	 	 o laimani	et	
al 	 	s este 	that	a	so rce	o 	 am rian	to	 evonian	 nti tlas	se iments	 as	
locate 	in	the	so th 	an 	there ore	co l 	 e	the	 e i at	shiel 	 n	the	eastern	 nti
tlas 	the	heatin 	o 	 evonian	roc s	 as	estimate 	to	reach	tem erat res	com rise 	
et een	 	 an 	 	 ith	 cono ont	 colo r	 alteration	 in e 	 	o 	 	 to	 	 el a 	

		

he	Palaeozoic	series	thic ness	is	estimate 	to	 e	a o t	 	 m	in	the	 estern	to	central	
nti tlas	an 	 ecreases	 o n	to	 	 m	to ar 	the	eastern	 art	 e 	 ai 	et	al 	 	

Michar 	 et	 al 	 	 he	 en 	 o 	 the	 Palaeozoic 	 rom	 ate	 ar oni ero s	 to	 arl 	
Permian 	is	characterize 	 	the	inversion	an 	 ol in 	o 	the	 nti tlas	 asin	 Variscan	
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oro en 	 o laimani	 et	 al 	 	 estimate 	 a	 tem erat re	 ran e	 or	 the	 asement	
roc s	o 	the	 nti tlas	 rin 	the	 ol in 	o 	the	Palaeozoic	series	 	Ma 	 ase 	
on	 	 r 	an 	 r r	 rom	the	 estern	 nti tlas 	 em erat res	o 	the	 asement	
at	the	 ase	o 	the	Palaeozoic	series	 ere	com rise 	 et een	 	an 	 	 hich	are	
hi h	eno h	to	reset	the	 	s stem	 Pa el	et	al 	 	an 	 ithin	the	estimation	o 	

iz	et	al 	 	 rom	illite	cr stallinit 	o 	 	 or	the	 er	 art	o 	the	 asement	
e izone 	 n	the	central	an 	eastern	 nti tlas 	 the	metamor hic	zones	o 	the	 lo er	
most	 Palaeozoic	 se iment	 ere	 estimate 	 to	 anchiozone e izone	 	 an 	
anchiozone ia enetic	 zone	 	 res ectivel 	 illite	 cr stallinit 	 iz	 et	 al 	

	 he	 asement	roc s	are	 s all 	 escri e 	as	o 	lo 	to	me i m	metamor hism	
ra e	 	 isch	an 	 l el 	 	 o laimani 	 	 iz	et	al 	 	 he	

a ove mentione 	tem erat res	are	re orte 	onto	the	 irst	 aleo transect	 i 	 	

t	 	Ma 	Precam rian	o tcro s	 ere	there ore	at	tem erat res	o 	more	than	ca 	 	
	an 	 	 or	the	 estern 	central 	an 	eastern	 nti tlas 	res ectivel 	 i 	 	

he	relie 	o 	the	 elt	 rin 	the	Variscan	mo ntain	 il in 	 as	li el 	hi her	than	the	
act al	one	 e cee in 	several	 m	hi h	accor in 	to	 r har 	et	al 	 	 erha s	 ith	
a	similar	 l e	sha e	 i 	 	 rin 	the	 ar oni ero s 	the	 in o 	 asin	 as	li el 	
e 	 	terrestrial	se iments	so rce 	 rom	the	 nti tlas	 zar	et	al 	 		

ittle	is	 no n	o 	the	Permian	an 	 arl 	 riassic	in	Morocco 	 he	 e 	o tcro s	ma e 	
as	Permian	are	concentrate 	in	the	Meseta	an 	 estern	 i h	 tlas 	an 	are	com ose 	
o 	terrestrial	 se iments	 ro tin	et	al 	 	 he	 asement	o 	 the	 nti tlas	an 	 its	
Palaeozoic	 cover	mi ht	 have	 starte 	 to	move	 ar 	 as	 earl 	 as	 the	 Permian arl 	
riassic 	 he	 Variscan	 ncon ormit 	 is	 ell	 no n	 across	 Morocco	 i s 	 	 as	 a	

Variscan n i erentiate 	 riassic	 contact	 in	 the	Meseta 	 o ss 	 an 	 ar a a	 asins 	
Variscan Mi le	 retaceo s	 contact	 in	 the	 in o 	 an 	 arzazate	 asins	 an 	 ir	
ama a 	an 	 s ests	 that	 the	Variscan	chain	 as	 artiall 	 ene laine 	 rior	 to	 the	
ate	 riassic	 i 	 	revie e 	in	Michar 	et	al 	 		

	 n 	o 	 riassic	to	 rassic	coolin 	e iso e		

he	en 	o 	 riassic	to	Mi le	 rassic	thermal	e iso e	is	characterise 	 	coolin 	rates	
et een	 	 an 	 M r 	 e	 inter ret	 this	 coolin 	 event	 as	 relate 	 to	 cr stal	

e h mation en ation 	 his	e h mation	e ten e 	 e on 	the	 nti tlas	senso	stricto 	
into	the	interior	o 	the	 rican	 ontinent 	i e 	over	 	 m	 i s 	 	an 	 	 n ee 	
e	have	no	evi ence	 or	an	eastern	termination	o 	this	e h mation	in	the	 nti tlas 	
ne	 arl 	 rassic	 	 coolin 	 a e	 	 Ma 	 as	 ro ce 	 rom	 the	 arta	

mo ntains	in	 l eria	 o che 	 	 	 m	so th est	o 	o r	easternmost	sam le 		
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igure	 3.12.	 Palaeo-temperature	 transects	 of	 the	 presently	 outcropping	 roc s	 from	 the	
Precambrian	Anti-Atlas.	A)	 EM	(S TM	9 m 	 ASA)	map	 ith	the	pro ection	line 	 - )	3 -
2 	 Ma	 temperature	 transects.	 The	 error	 bars	 ere	 provided	 by	 the	 envelopes	 of	 the	
realisations	 ith	a	good	GO .		
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igure	 3.12.	 (continued)	 e	assume	 that	 the	post-Variscan	 exhumation	 of	 the	Anti-Atlas	
has	 only	 a	 vertical	 component	 (no	 horizontal) 	 meaning	 that	 the	 relative	 position	 of	 the	
samples	 remained	 similar	 ithin	 the	Moroccan	margin.	 Ch2:	Temperature	of	 the	 best-fit	
model	of	the	Sidi	Ifni	granite	(chapter	2). 	 	

	 	

																																																								

	 he	 aleo tem erat res	 rom	cha ter	 	 sam le	M 	 rom	the	 i i	 ni	area 	are	sho n	on	
i re	 	 t	are	not	 isc sse 	in	the	te t	o 	this	cha ter 	
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n	the	 ar a a	 asin 	 an e	et	al 	 	 oc mente 	that	to ar s	the	to 	o 	the	Mi le	
rassic 	the	n m er	o 	san 	la ers	is	increasin 	 he 	concl e 	that	these	la ers	 ere	

li el 	 e 	 	the	erosion	o 	a	 risin 	hinterlan 	in	the	so th	 e i at	 hiel 	an 	east	
nti tlas 	 e	consi er	 that	 thro ho t	the	 rassic 	 the	Palaeozoic	series	coverin 	

the	 nti tlas	 ere	 artiall 	ero e 	 ee in 	clastic	se iments	in	the	 ar a a	an 	 o ss	
asins 	

e e s	an 	san stones	are	reco nise 	in	the	 ias	an 	 o er	 i 	 	o 	the	 o ss	
asin	 e 	 ell	 	 ama a	an 	 o ha io i 	 	 ssao ira a ir	 asin	 val	
rno l 	 ers 	com 	an 	 entral	 i h	 tlas	 e 	 llain	 onan	et	al 	 	 he	so rce	

o 	 these	 se iments	 a ears	 to	 e	 the	 nti tlas 	 ero in 	 the	 asement	 an 	 its	
Palaeozoic	cover 	

	 ate	 rassic	to	 arl 	 retaceo s	s si ence		

es lts	sho 	a	 i es rea 	heatin 	event	startin 	in	the	 ate	 rassic	 i s 	 	 	an 	
	 he	 nti tlas	 as	 com letel 	 to	 artiall 	 covere 	 	 se iments 	 hile	 the	

e ocenter	o 	this	s si ence	event	 as	locate 	in	the	north	o 	the	central	 nti tlas	
an 	 est	o 	the	eastern	 nti tlas 	 onsi erin 	a	tem erat re	 ra ient	o 	 m	 ca 	
avera e	 or	Morocco 	 arhlo le 	 	 e	o tain	a	 e th	o 	ca 	 	 m	to	 e	consistent	
ith	 o r	 res lts 	 onsi erin 	 that	 the	 st ie 	 roc s	 ere	 at	 ca 	 	 m	 e th	 in	 the	
revio s	 erio 	 the	se iment	col mn	sho l 	have	 een	at	most	 	 m	 in	 the	central	
nti tlas 	 rial	 ra ients	 are	 et een	 	 an 	 M r 	 hich	 translates	 into	 a	

s si ence	rate	o 	 	to	 	 m M r	 sin 	the	thermal	 ra ient	o 	 m 	

he	s si ence	o 	the	 nti tlas	 asement	 as	coeval	 ith	the	 ost ri t	 hase	o 	the	
entral	 tlantic 	 he	increase	o 	s si ence	to ar s	the	central	 omain	resem les	the	

evol tion	o 	the	 i h	 tlas	tro h 	 ith	a	Mesozoic	 e ocenter	locate 	in	the	central	
art	o 	the	ri t	s stem	 llo z	et	al 	 	 ar ero	et	al 	 	 o iza	et	al 	 	 iz	

et	 al 	 	 ro ose 	 that	 a	 asin	 evelo e 	 in	 the	 late	 arl 	 retaceo s 	 ith	 the	
asement	roc s	locate 	at	 	 m	in	 e th	 ca 	 	an 	 as	also	 ro ose 	in	 revio s	

st ies	 ira 	et	al 	 	 eze 	 	 o laimani	et	al 	 		

	 ate	 arl 	 retaceo s	to	 resent a 	e h mation	

r	 sam les	 iel e 	 ate	 retaceo s	 	 a es	 in	 the	 central	 nti tlas 	 in	 line	 ith	
revio s	 or s	 e 	Mal s 	et	al 	 	 hor al 	 	 his	im lies	that	these	roc s	
ere	 rie 	 ee er	than	else here	in	the	 elt 	 rin 	the	 arl 	 retaceo s 	as	a atites	

o 	 these	 sam les	m st	 have	 re entere 	 the	 total	 annealin 	 zone 	 he	 t 	mo ellin 	
res lts	sho 	that	a ter	the	 ate	 rassic arl 	 retaceo s	s si ence	the	sam le 	 nti
tlas	 asement	roc s	 ere	e h me 	 i s 	 	to	 		

he	earl 	 ate	 retaceo s	is	characterise 	 	a	ma or	trans ression	an 	laste 	 rom	the	
enomanian	 to	 the	 ronian	 chlan er	an 	 en ns 	 	 nin 	et	al 	 	 he	
i es rea 	occ rrence	o 	 enomanian ronian	o tcro s 	reco nise 	in	the	north	an 	
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so th	 o 	 the	 eastern	 nti tlas	 ith	 similar	 acies	 imer 	 et	 al 	 	 an 	 in	 the	
ar a a 	 o ss 	an 	 arzazate	 asins	are	evi ences	o 	this	trans ression 	 he	thic ness	

o 	the	 er	 retaceo s	marine	se iment	is	ca 	 	 m	o shore	 ar a a	 avison 	 	
ell	 	less	than	 	 m	in	the	 arzazate	an 	 o ss	 asin	 Missenar 	 	an 	

the	 Palaeo ene	 is	 lac in 	 here ore 	 the	 thic ness	 o 	 oth	 series	 co l 	 have	 een	
reater 	 he	 resence	o 	 enomanian	clastic	se iments	in	the	 ir	 ama a	 as	recentl 	

con irme 	 	 e tensive	 aleontolo ical	 or s	 e 	 en o ce 	 et	 al 	 	 	
a ro o 	an 	 roco ilian	ichno acies	sho e 	that	an	emer e 	lan 	 as	near 	these	
se iments 	 hich	accor in 	to	o r	mo ellin 	res lts 	 as	the	 nti tlas 	 here ore 	the	
elt	 as	s rro n e 	 	immerse 	areas 	 e	estimate	the	coolin 	rate	 et een	 	an 	

Ma 	 his	is	an	or er	o 	ma nit e	lo er	than	the	 revio s	 rassic	e h mation 	

iven	 that	 at	 least	 t o	 im ortant	 san stone	 la ers	 are	 o serve 	 thro ho t	 the	
Palaeozoic	 col mn	 i 	 	 the	 se iments	 res ltin 	 rom	 the	 erosion	 o 	 nti tlas	
contain 	a	priori 	a atite	cr stals 	 	 asement	roc s	o 	the	 nti tlas	an 	its	cover	 ere	
at	 the	 s r ace	 rin 	 the	 Palaeo ene eo ene 	 ass min 	 the	 estern 	 central 	 an 	
eastern	 nti tlas	as	 otential	so rces 	the	relate 	terrestrial	se iment	in	the	 ar a a	
asin	 o l 	have	a atites	 earin 	 	a es	o 	earl 	 ate	 retaceo s	 ca 	 	Ma 	as	
ell	as	ol er	 	a es	ran in 	 rom	ca 	 	to	 	Ma	 i 	 	 ehrt	 	investi ate 	

the	 north	 ar a a	 asin	 an 	 o taine 	 seven	 	 a es	 ran in 	 rom	 	 to	
	Ma	 or	Miocene	an 	Pliocene	san stones	 ca 	 	 	 	 	 	 	

an 	 	Ma 	 e	there ore	s mit	that	the	entire	 nti tlas	 estern	an 	central	 arts	
at	 least 	 as	a	se imentar 	so rce	 or	 the	 eo ene	san stones	o 	 the	north	 ar a a	
asin 		

he	thic ness	o 	missin 	se iments	 e osite 	 e ore	the	onset	o 	the	 late	conver ence	
in	the	north	central	 nti tlas	is	ca 	 	 m 	 he	thic ness	o 	Precam rian Palaeozoic	roc s	
remainin 	ato 	the	sam les	 	the	en 	o 	the	Mi le	 rassic	 is	ca 	 	 m 	 nce	 oth	
thic nesses	are	a e 	 e	s est	that	the	 nti tlas	m st	have	 een	e h me 	 	 	
m 	 his	 oes	not	acco nt	 or	s r ace	 li t 	 hich	has	to	 rin 	these	roc s	at	ca 	 	 m	
in	elevation 	 verall 	i 	the	 l ine	 e ormation	is	mil 	the	vertical	movements	occ rrin 	

rin 	that	event	are	more	si ni icant	than	 revio sl 	tho ht 	
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	 oncl sions	

he	anal tical	an 	n merical	anal ses	o 	ne 	 	an 	 e	a es	she 	li ht	on	the	 nti
tlas	thermal	an 	 eolo ical	evol tion 	 he	sam le 	 asement	roc s	 ere	at close	to	

the	 s r ace	 rin 	 the	 en 	 o 	 the	 eo roterozoic	 to	 the	 arl 	 am rian 	 he 	
n er ent	 rial	an 	heatin 	 e	to	the	marine	an 	clastic	se imentation	 nti tlas	

Palaeozoic	 asin 	 ntil	the	onset	o 	the	Variscan	oro en 	 hich	res lte 	in	shortenin 	
an 	 ol in 	o 	the	Palaeozoic	series 	 he	Variscan	relie 	 as	 ene laine 	 rior	to	the	
riassic 		

he	acceleration	o 	the	e h mation	occ rre 	near	the	 riassic rassic	 o n ar 	 he	
resentl 	e ose 	 asement	roc s	 ere	e h me 	 rom	ca 	 	 m	in	 e th 	 rom	the	

en 	o 	the	 riassic	to	the	Mi le	 rassic 	 he	 estern	termination	o 	the	e h mation	
as	not	constraine 	 o ever 	one	 	a e	collecte 	 rther	 into	the	 interior	o 	the	
rican	 late	s ests	that	the	e h mation	e ten e 	 arther	east	o 	the	 nti tlas 	i e 	

	 m 		

he	Palaeozoic	cover	 as	 artiall 	ero e 	in icatin 	that	the	 nti tlas	 as	most	li el 	
the	 so rce	 o 	 terrestrial	 se iments	 she 	 to	 s rro n in 	 asins 	 ar a a	
onshore o shore 	 o ss ssao ira a ir 	 an 	 north	 arzazate entral	 i h	 tlas	
asins 	 si ence	starte 	in	the	 nti tlas	at	the	en 	o 	the	 rassic 	an 	laste 	 ntil	

the	 arl 	 retaceo s 	 he	 e ocentre	 as	locate 	in	the	centre	an 	north	o 	the	eastern	
nti tlas 	 here	 the	 	 a es	 ere	 reset 	 e	 estimate	 the	 thic ness	 o 	 the	

se imentar 	col mn	to	 e	ca 	 	 m 	 ecreasin 	to	ca 	 	 m	to ar s	the	north eastern	
an 	the	so th estern	e es	o 	the	 elt 		

he	 nti tlas	sam les	 ere	e h me 	 rom	the	late	 arl 	 retaceo s	to	the	 resent
a 	 startin 	 aro n 	 the	 e innin 	 o 	 late	 conver ence	 et een	 the	 rasian	 an 	
rican	 lates 	 he	e h mation	 irst	occ rre 	in	the	centre	o 	the	 elt	an 	reache 	the	

e es	 rin 	 the	 ate	 retaceo s 	 he	 estern	 an 	 central	 nti tlas	 arts	 ere	
so rcin 	se iments	 e osite 	in	the	north	 ar a a	 asin	 rin 	the	 eo ene 	
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ontri tions 	Mohame 	 o iza	 collecte 	 the	 sam les 	 com lete 	 the	anal ses 	an 	
er orme 	 the	 n merical	 mo ellin 	 	 er orme 	 similar	 n merical	 mo ellin 	 in	 an	

earlier	sta e	o 	this	st 	an 	 artici ate 	 ith	the	inter retation	o 	 	a es	an 	t 	
mo ellin 	res lts 	 ll	co a thors	o 	the	 o rnal	article	 artici ate 	in	the	inter retation	
o 	the	res lts 		

c no le ements 	Mohame 	 o iza	is	than e 	 or	lea in 	this	 or 	 evin	 is om	is	
than e 	 or	 roo rea in 	 this	 cha ter 	 Pierre livier	 r na	 an 	 a tiste	 e illier	 are	
than e 	 or	 roo rea in 	the	 i res	an 	ta les 	Ma 	 olic i	 is	 than e 	 or	 esi nin 	
the	 ate 	co e	 se 	to	nicel 	 lot	the	t 	c rves 	 eo re 	 iz	an 	 mi	 e r tre	are	
than e 	 or	the	 	 isc ssions 		

		





	

	

	 antitative	st 	o 	Post
Variscan	vertical	movements	in	

Morocco	
	

stract 	 e	 se	t 	mo ellin 	res lts	 rom	Morocco	an 	its	s rro n in s	to	 e ine	an 	
anti 	e h mation	events	 rom	the	Permian	to	the	 eo ene 	 i h	 en ation	rates	

com ara le	to	val es	t ical	o 	ri t	 lan 	 omal	or	str ct ral	 li ts	are	onl 	o taine 	in	
the	 nti tlas	 	 m M r 	 rin 	the	 arl 	to	Mi le	 rassic	an 	in	the	 i h	 tlas	 	
m M r 	an 	 i 	 	to	 	 m M r 	 rin 	the	 eo ene 	 h mation	rates	 or	other	
erio s	in	the	Meseta 	 i h tlas 	 nti tlas 	an 	 e i at	shiel 	are	aro n 	 	
m M r 	 e	then	 resent	a	series	o 	e h mation	ma s	 rom	 hich	 e	e tract	erosion	
atterns	 an 	 vol mes 	 stimates	 o 	 ero e 	 vol mes	 rom	 Permian	 on ar s	 are	
et een	 ca 	 	 an 	 	 m 	 in	 the	 e i at	 hiel 	 an 	Meseta 	 res ectivel 	

Perio s	 o 	 hi h	 ro ction	 o 	 se iments	 in	 the	 investi ate 	 so rce	 areas	 are	 the	
Permian 	the	 rassic 	the	 arl 	 retaceo s	 erriasian	to	 arremian 	an 	the	 eo ene 	

	 	

																																																								

	Parts	o 	this	cha ter	 ill	 e	s mitte 	to	 asin	research 	 harton 	 	 ertotti 	 	 torms 	 	
an 	 e ern 	 	to	 e	s mitte 	 h mation	rates	an 	vol mes	o 	ero e 	material	lin e 	to	the	
Post Variscan	vertical	movements	in	Morocco	an 	s rro n in s 	
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	 ntro ction	

ontinental	 assive	 mar ins 	 es eciall 	 in	 the	 tlantic	 realm 	 are	 the	 loc s	 o 	 a	
si ni icant	 amo nt	 o 	 st ies	 that	 evi ence 	 n re icte 	 re 	 s n 	 an 	 ost ri t	
e iso ic	 m scale	 ar 	 e h mation 	an 	 o n ar 	 s si ence 	movements	 e 	
reen	et	al 	 	 hese	events	occ r	in	re ions	characterise 	 	 oth	stretche 	an 	

non stretche 	lithos here 	 emonstratin 	that	other	 rocesses 	e trinsic	to	the	ri tin 	
are	at	 or 	 everal	a thors	have	 alitativel 	 teste 	 these	vertical	movements	 ith	
n merical	mo els	 e 	 ero 	et	al 	 	 o iza 	 	 amato	et	al 	 	 t	 to	
etter	constrain	these	mo els	 e	still	 lac 	a	 anti ication	o 	these	movements	over	
eolo ical	time	an 	at	a	lar e	scale 		

o em erat re	 hermochronolo 	 	 an 	 time em erat re	 t 	 mo ellin 	
st ies	 con cte 	 in	 Morocco	 an 	 s rro n in s	 oc ment	 m scale	 vertical	
movements 	occ rrin 	 in	 the	 erio 	 et een	 the	Variscan	an 	 tlas	oro enies 	 he	
entral	 tlantic	ri tin 	occ rre 	 et een	the	 ate	 riassic	an 	the	 arl 	 rassic	 e 	
a ails	et	al 	 	 onse entl 	the	 oc mente 	vertical	movements	are	la elle 	as	
re 	s n 	an 	 ost ri t	 m scale	e h mation	an 	s si ence	e iso es 	 eca se	the	 	
ata	recor 	the	coolin 	o 	roc 	sam les 	the 	are	lin e 	to	thermal	rela ation	or	erosion	
or	 en ation 	 e 	 Pa el 	 	 ence 	 	 a es	 are	 o serve 	 shortl 	 a ter	
ma matism	events 	 rin a ter	 rocesses	 lin e 	 to	 the	creation	o 	 to o ra h 	 e 	
oro enies 	sho l er	 li t 	thermal	 omin 	an or	 rin 	 rocesses	enhancin 	erosion	
e 	climatic	an 	sea	level	chan es 		

n	 Morocco 	 the	 lar e	 ma orit 	 o 	 the	 	 a es	 ere	 escri e 	 as	 res ltin 	 rom	
ne ecte 	 vertical	movements	 an 	 remain	 to ate	 eni matic	 e 	 hor al	 et	 al 	

	 he	 t 	 mo ellin 	 st ies	 sin 	 the	 ro ce 	 a es	 as	 in ts	 have	 aile 	 to	
reconstr ct	 a	 ni e	 time constraine 	 eolo ical	 histor 	 or	 the	 Phanerozoic	 at	 the	
scale	o 	the	Moroccan	 assive	mar in 	 nstea 	a thors	o taine 	contem orar 	o osite	
vertical	movements	in	nei h o rin 	areas 	 his	is	the	case	 or	instance	o 	the	 nti tlas	
an 	 i h	 tlas Meseta	 massi s 	 hich	 ere	 so rce	 areas	 at	 i erent	 times	 or	 the	
terrestrial	material	 elivere 	to	coastal	 asins	 e 	 o iza	et	al 	 a 	

Moreover 	 the	 est	 Moroccan	 o shore	 Mesozoic	 asins	 have	 otential	 etrole m	
s stems	 avison 	 	ho ever 	 to	 ate	h rocar on	e loration	has	mostl 	 een	
ns ccess l 	 o	 a ress	 this 	 ost Variscan	 an 	 re tlas	 oro enies	 so rce to sin 	

s stems	nee 	to	 e	 etter	 e ine 	an 	 anti ie 		

	

																																																								

	Please	note	that	the	intro ction	o 	this	 hesis	 cha ter	 	 incl es	the	 eolo ical	histor 	o 	
Morocco 	



h mation	rates	 	vol mes	

	 	

	

n	this	cha ter 	 e	 anti 	 the	 re 	s n 	an 	 ost ri t	 m scale	vertical	movements	
occ rrin 	since	the	en 	o 	Variscan	in	Morocco	an 	s rro n in s 	 irst 	 e	 i itize	all	
availa le	 t 	mo ellin 	 res lts 	 e	 then	 convert	 these	 thermal	 evol tions	 to	 vertical	
movements	 ith	 eolo icall constraine 	 eotherms	 tem erat re	 to	 e th	
conversion 	 his	allo s	calc lations	o 	 en ation	rates	 or	seven	 erio s 	 hich	are	
resente 	in	a	series	o 	inter olate 	conto r	ma s 	 inall 	 e	e tract	the	vol mes	o 	

ero e 	material	an 	com are	them	to	estimations	o 	 e osite 	se iments	alon 	the	
ri te 	mar in	o 	Morocco 	

	Vertical	movement	 ata ases	

	 	 ata ase	

o em erat re	 hermochronolo 	 	 is	 a	 set	 o 	 i el 	 se 	 chrono
thermometers 	 hich	 allo 	 or	 the	 reconstr ction	 o 	 the	 coolin 	 histor 	 o 	 a atite	
an or	zircon	 earin 	roc s	 e 	 reen	et	al 	 	 arle 	 	 n	Morocco	an 	its	
s rro n in s 	at	least	 	 	st ies	 ere	con cte 	an 	 lishe 	 or	s mitte 	in	
the	last	 	 ears	 ta le	 	 his	allo s	 or	the	 evelo ment	o 	an	e tensive	 ata ase	
o 	 	 h e	 a es	 rom	 a atite	 cr stals	 e 	 o t	 o 	 	 sam les 	 	 atite	
ission	 rac 	 	 a es 	 	 h e	 a es	 rom	 zircon	 cr stals	 e 	 o t	 o 	 	
sam les 	an 	 	 ircon	 ission	 rac 	 	a es 	 he	s atial	 istri tion	o 	the	sam les	
i 	 	 hi hl 	 e en s	 on	 the	 litholo 	 o 	 consi ere 	 areas 	 as	 roc 	 sam les	m st	

contain	either	a atite	or	zircon	cr stals 	 or	 this	 reason 	onl 	Precam rian	cr stalline	
asement	roc s 	meta sammites	 ithin	the	other ise	marine	meta ellite	 ominate 	

Palaeozoic	col mn 	Meso enozoic	clastic	se iments 	an 	 es sills	o 	all	a es	co l 	 e	
anal se 	 or	 	in	Morocco 	

Pro ce 	 e 	 	 e 	an 	 	a es	 ta le	 	are	 et een	 	an 	 	Ma 	 	an 	 	
Ma 	 	an 	 	Ma 	an 	 	an 	 	Ma 	res ectivel 	 n ll	a es	 ere	 ro ce 	 rom	
orehole	sam les 	 he	anal se 	sam les	 or	 ission	trac s	o er	one	 ool 	or	central

a e 	 hereas	 or	the	 e h	s stem	 	to	ten	a es	are	 ro ce 	 or	each	consi ere 	
sam les 	 or	 the	 latter	 s stem 	 a	 me ian	 a e	 is	 calc late 	 Me ian	 e	 a es	 are	
et een	 	an 	 	Ma	an 	me ian	 e	a es	are	 et een	 	an 	 	Ma	 ta le	 		
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Table	4.1.	LTT	and	t-T	modelling	studies	carried	out	in	Morocco	and	neighbouring	countries.	t-T	
(n):	 umber	 of	 t-T	 models.	 a:	 umber	 of	 ali uots	 (crystals)	 and	 n:	 umber	 of	 roc 	 samples	
(aA e 529 	 nA e 15 	 nA T 312 	 a e 225 	 n e 66 	 n T 59 	 total	 t-T	 	 117).	 P :	
Precambrian 	 Pal:	 Palaeozoic 	Meso:	Mesozoic 	 Ceno:	 Cenozoic.	 Studies	 conducted	 in	 several	
regions	(regions	as	defined	here).	 A T	ages	 ere	digitized	from	figure	4a	of	Mart n-Monge	et	
al. 	2 16.	 Other	modelling	results	are	available 	but	 ere	not	preferred	in	the	cited	 or s.	

References
Stratigraphic	age	

of	sample
t-T	modelling	
Software

Ketama/	Flysch	zones
Azdimousa	 et	al. ,	

1998
Meso. -

13-20
(5)

-
4	failed	χ

test
- -

Azdimousa 	et	al.,	
2013

Pal. -
14-17
(13)

-
19
(4)

2 HeFTy

Romagny	 et	al. ,	2014 Pal.
7-21

(45/11)
- - - 2 QTQt

Wipf 	et	al.,	 2010 Meso.-Ceno.
15-20
(6/2)

15-46
(3)

13-21
(6/3)

50-59
(3)

- -

Barbero	 et	al., 	2007* Pal. -
270
(1)

- - 1 AFT-Solve

El	Haimer,	2014* Pal. -
174-198

(2)
- - - -

Ghorbal	 et	al. ,	2008* Pal.
51-243
(9/3)

148
(1)

- - 1 HeFTy

	Barbero 	et	al., 	2011 Pal. -
202-239

(7)
- - 5 HeFTy

Sabbil,	1995 Pal. -
81-113

(21)
-

185-228
(6)

4
Gallagher	et	al.	
(1993)	model

Ghorbal	 et	al. ,	2008* Pal.
15-253
(21/6)

143-147
(3)

- - 3 HeFTy

	Saddiqi	 et	al. ,	2009* Pal. -
148-153

(4)
- - 2 AFT-Solve

Mansour,	1991 PЄ-Pal. -
170-218

(7)
- - - -

Ghorbal,	2009* Pal.
14-70
(16/4)

155-163
(3)

- - 3 HeFTy

Saddiqi	 et	al. ,	2009* Pal. -
186-203

(6)
- - 2 AFT-Solve

El	Haimer,	2014* PЄ-Pal. - - -
276-313

(5)
- -

Central	High	Atlas Barbero	 et	al. ,	2007* Meso.-Ceno.
25-135
(6/3)

76-242
(6)

- - 2 AFT-Solve

Skoura	Massif Barbero 	et	al., 	2007* Pal. -
143
(1)

- - - -

Ghorbal,	2009* Pal.-Meso.
14-141
(18/4)

142-153
(2)

- - 2 HeFTy

Balestrieri	 et	al .,	
2009*

Meso. -
72-185

(2)
- - - -

Missenard	 et	al .,	
2008*

PЄ -
9-27
(10)

- - - -

Ghorbal,	2009* PЄ
9-125

(64/17)
9-134
(17)

- - 14 HeFTy

Balestrieri	 et	al .,	
2009*

PЄ-Pal.-	Meso. -
20-86

(4)
- - - -

El	Haimer,	2014* PЄ
6-12
(6/2)

- - - - -

Domenech	
Verdaguer,	2015*

PЄ
3-11

(33/11)
-

20-709
(65/23)

- 3*** QTQt

	El	Haimer,	2014* Pal.
2-9

(8/2)
65-78

(5)
- - 1 HeFTy

Domenech	
Verdaguer,	2015*

Pal.-Meso. - -
66-439

(100/19)
- - -

Sehrt,	2014* Meso.
63-142
(2/1)

176-181
(2)

- - 1 HeFTy

Charton	 et	al., 	2018* Meso.
51-140
(5/1)

214
(1)

- - 1 HeFTy

H
ig
h	
At
la
s

Northern	Sub-Atlas

Eastern	Precambrian	
MAM	(Toubkal/	
Oukaimeden)

Western	Palaeozoic	
MAM

Anti-Atlas	Coastal	margin

Ri
f

Internal	Zone

Canary	Islands	(Spain)

Eastern	Meseta

W
es
te
rn
	M

es
et
a

Central	Massif

Rehamna

Jebilets

Locations
AHe	[Ma]

(a/n)
AFT	[Ma]

(n)
ZHe	[Ma]

(a/n)
ZFT	[Ma]

(n)
t-T
(n)	
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Table	4.1.	(continued)		

References
Stratigraphic	age	

of	sample
t-T	modelling	

Software

Sebti	et	al.,	2009 PЄ - - -
319-358

(10)
- -

Ruiz	et	al.,	2011 PЄ
58-148

(5/5)
121-173

(10)
193-248

(4/4)
- 5*** HeFTy

Sebti,	2011 PЄ -
169-189

(5)
- - 4 HeFTy

Sehrt,	2014* PЄ
49-236
(35/12)

120-218
(21)

87-362
(24/8)

287-331
(8)

14 HeFTy

Sehrt,	2014*	(wells) PЄ-Pal. -
9-177

(9)
59-391
(17/6)

258-483
(10)

6 HeFTy

Lepretre,	2015* PЄ
113-248

(14/1)
- - - 1*** QTQt

Gouiza	et	al.,	2017* PЄ
67-156

(6/2)
129-135

(2)
- - 1 HeFTy

Sehrt	et	al.,	2017

Charton	et	al.,	2018* PЄ
67-173

(5/1)
206
(1)

- - 1 HeFTy

Missenard	et	al.,	2008* PЄ -
26-87

(4)
- - - -

Ghorbal,	2009* PЄ
36-152
(24/5)

96-147
(4)

- - 4 HeFTy

Balestrieri	et	al.,	2009* PЄ -
66-212

(5)
- - 2 HeFTy

Oukassou	et	al.,	2013 PЄ -
134-171

(9)
-

306-340
(6)

2 HeFTy

Leprêtre,	2015* PЄ
36-143

(4/1)
- - - - -

Gouiza	et	al.,	2017* PЄ
30-146
(13/4)

87-98
(5)

- - 3 HeFTy

Malusa	et	al.,	2007 PЄ-Pal.-	Meso. -
88-239

(10)
- - 3 HeFTy

Gouiza	et	al.,	2017* PЄ
27-114
(12/4)

156-213
(4)

- - 2 HeFTy

Akkouche,	2007 Pal. -
175
(1)

- - - -

Sehrt,	2014* Meso.-Ceno.
73-302

(3/1)
92-237

(17)
48-1195

(9/3)
404-585

(5)
1 HeFTy

Sehrt,	2014*	(wells)
PЄ-Pal.-	Meso.-

Ceno.
0-185

(51/21)
0-147

(27)
- - 2 HeFTy

Leprêtre,	2015* PЄ
14-185
(43/11)

107-175
(13)

- - 3 QTQt

Leprêtre	et	al.,	2015*

Gouiza	et	al.,	in	
revision

PЄ
1-119
(12/5)

45-102
(17)

-
117-159

(2)
- -

Leprêtre	et	al.,	2017*

Leprêtre	et	al.,	2013 PЄ
92-149

(5/1)
139-256

(4)
- - 4*** HeFTy

Leprêtre,	2015* PЄ
38-396
(20/3)

150-202
(4)

- - 8*** QTQt

Bradley	et	al.,	2015	 PЄ -
170
(1)

- - - -

Lepretre	et	al.,	2017*

Leprêtre,	2015* PЄ
32-384
(38/6)

237-497
(8)

- - 2 QTQt

Leprêtre	et	al.,	2017*

Martín-Monge	et	al.,	
2016

PЄ-Pal. -
106-397**

(5)
- - - -

Same	as	Leprêtre,	2015

AHe	[Ma]
(a/n)

AFT	[Ma]
(n)

ZHe	[Ma]
(a/n)

ZFT	[Ma]
(n)

Same	as	Sehrt,	2014

Re
gu

ib
at

	S
hi

el
d

Central	Reguibat	Shield	
(Mauritania)

Locations
t-T
(n)	

Central	Anti-Atlas	(Agadir-
Melloul	/	Zenaga	/	Siroua	
/	Ouzellarh	/	Bou	Azzer)

Tarfaya	Basin

Eastern	Anti	Atlas	(Saghro	
/	Ougnat)

Ougarta	(Algeria)

Eastern	Reguibat	Shield	
(Algeria/Mau.)

Western	Reguibat	Shield

Taoudeni	Basin

Same	as	Leprêtre,	2015

Same	as	Leprêtre,	2015

Same	as	Leprêtre,	2015

An
ti-

At
la

s

Western	Anti-Atlas	(Bas	
Draa	/	Ifni	/	Kerdous	/	

Igherm)
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igure	4.1.	Location	of	LTT	samples	and	t-T	modelling	(see	references	in	table	4.1).	

	t 	mo ellin 	 ata ase	

	st ies	o ten	 se	the	 ro ce 	coolin 	a es	an 	 ission	trac 	 ensit 	an 	len th	as	
in ts	 or	 t 	 inverse	mo ellin 	 e 	 Pa el 	 	 ch	mo ellin 	 allo s	 or	 testin 	
several	t 	 aths	 	 i in 	the	mo el	realisations	 ith	 ser e ine 	constraints 	 he	
metho 	 rovi es	 a	 com rehensive	 re resentation	 o 	 the	 t 	 ath	 o 	 the	 anal se 	
sam le 	hi hli htin 	coolin 	an 	heatin 	event s 		

rom	the	 	 	st ies	consi ere 	in	the	 resent	st 	 	 er orme 	t 	mo ellin 	
see	a en i 	 or	 etails 	res ltin 	in	 	t 	mo els	 i 	 	 he	 ro rams	that	 ere	
se 	in	these	st ies	 or	the	inverse	mo ellin 	o 	 	 ata	are	 e 	 etcham 	 	

	 olve	 etcham	et	al 	 	an 	 t	 alla her 	 	 ee	Vermeesch	an 	 ian	
	 or	a	com arison	o 	 e 	an 	 t	so t ares 	 he	o t ts	are	 acce ta le 	
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oo 	 est it 	 an 	 ei hte 	 avera e 	 aths	 or	 e olve	 or	 ro a ilit 	
ran e 	 ma im m	li elihoo 	an 	 e ecte 	 aths	 or	 t 	 e	 i itize 	the	 ei hte 	
avera e e ecte 	c rves	 hen	availa le	 i 	 	else	the	 est it ma im m	li elihoo 	
c rves 	 sin 	 e Plot i itizer 	

he	 concl sion	 that	 as	 reache 	 in	 nearl 	 all	 t 	 st ies	 as	 that	 the	 consi ere 	
sam les 	 ith	 coolin 	 a es	 o n er	 than	 their	 strati ra hic	 a es 	 recor e 	 vertical	
movements 	 his	 means	 that	 coolin 	 an 	 heatin 	 events	 can	 e	 translate 	 to	
e h mation	an 	s si ence 	res ectivel 	 he	e ce tions	to	this	 eneral	concl sion	are	
the	res lts	 rom	sam les	collecte 	in	the	 anar 	 slan s	 i 	et	al 	 	an 	in	the	
iro a	massi 	 e 	 hor al 	 	 or	 hich	a	 enozoic	thermal	event	 is	ass me 	to	
reset	the	 	a es 		

	t 	mo ellin 	 eolo ical	constraints		

he	e ternal	 eolo ical	constraints	a e 	to	t 	mo ellin 	 et een	 	an 	 	Ma	are	
revie e 	in	this	section 	 n	the	st 	area 	t o	t es	o 	 eolo ical	constraints	are	 se 	
	 here	 se iments	 are	 overl in 	 the	 sam le 	 asement 	 a	 constraint	 is	 a e 	 at	

s r ace	 tem erat res	 ca 	 ° 	 or	 the	 time	o 	 e osition 	 	 here	 the	a e	an 	
tem erat res	 o 	 the	 em lacement	 or	metamor hism	 o 	 the	 sam le 	 asement	 are	
no n 	 a	 corres on in 	 constraint	 is	 im lemente 	 n	 the	 case	 o 	 etrital	
thermochronolo 	 the	 strati ra hic	 a e	 o 	 the	 sam le 	 se iments	 is	 se 	 as	 a	
constraint 	 hich	is	a	similar	a roach	to	the	 irst	t e 	 

n	the	 i 	 elt 	Pliocene	se iments	an 	Miocene	 r r	an 	 r	ra iometric	 atin 	
ere	 se 	as	 eolo ical	constraints	 oma n 	et	al 	 	 z imo sa	et	al 	 	 n	

the	Meseta 	 constraints	 ase 	 on	 the	 Variscan	 ranite	 em lacements	 an 	 Permian 	
riassic 	an 	 enomanian	se imentar 	recor s	in	the	 asins	s rro n in s	the	Variscan	

massi s	 ere	 a e 	 to	 the	 t 	mo ellin 	 a i i	 et	 al 	 	 hor al	 et	 al 	 	
ar ero	 et	 al 	 	 n	 the	 Variscan	 i h	 tlas	 Massi 	 ncien 	 riassic	 an 	 oorl 	
ate 	 arl 	 retaceo s	 se iments	 overl in 	 Precam rian	 asement	 roc s	 allo e 	

a thors	to	a 	relate 	constraints	to	the	mo els	 hor al 	 	 alestrieri	et	al	 	
ar ero	et	al 	 	 omenech	et	al 	 	 n	the	 entral	 nti tlas 	em lacement	
ata	 rom	the	 rassic	intr sive	roc s	serve 	as	a	constraint	 ar ero	et	al 	 	 n	the	
ar a a	 asin 	 ehrt	 et	 al 	 	 se 	 the	 tian	 an 	 l ian	 strati ra hic	 a e	 o 	

sam le 	se iments	 or	the	t 	mo ellin 		

																																																								

	 n it	 ohat i	 htt s a tomeris io e Plot i itizer 	
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igure	 4.2.	 igitized	 t-T	 modelling	 eighted	 averages 	 best-fit	 curves 	 and	 acceptable	
envelops	(grey	area)	for	 e Ty	results	or	expected	curves 	maximum	li elihood	curves	and	
limits	of	2 	confidence	 level	 (grey	area)	 for	 T t	 results	 (see	 references	 in	 table	4.1).	 t-T	
results	for	borehole	samples	from	Sehrt	(2 14) 	as	 ell	as	results	from	El	 aimer	(2 14)	and	
arbero	et	al.	(2 7) 	for	 hich	only	envelopes	 ere	published 	are	not	digitized.	
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n	 the	 e i at	 hiel 	 a	 constraint	 at	 s r ace	 tem erat res	 as	 e ine 	 or	 the	
arl Mi le	 retaceo s 	as	se iments	 oorl 	 ate 	are	e ose 	in	the	 ar a a	an 	
in o 	 asins	 e r tre	et	al 	 	 	 	 n	the	eastern	 e i at	 hiel 	the	
oorl 	 ate 	 er	 retaceo s	 se iments	 o 	 the	 e ane	 asin	 ere	 se 	 as	 a	

constraint	 e r tre	et	al 	 	 verall 	these	st ies	 se 	the	 eolo ical	constraints	
airl 	consistentl 	 o ever 	the	t 	mo els	o 	the	 nti tlas	sho 	ma or	 iscre ancies	
o iza	et	al 	 a 	 i 	 	 ne	o 	 the	as ects	o 	 the	mo ellin 	 to	 hich	 these	
iscre ancies	 can	 e	 attri te 	 is	 the	 se	 o 	 i erent	 eolo ical	 constraints 	 he	

Variscan	metamor hism	 iz	et	al 	 	 harton	et	al 	 	Mal s 	et	al 	 	an 	
the	em lacement	o 	the	 MP	 es	 o iza	et	al 	 a 	 ere	 se 	as	constraints 	
he	 riassic	 se iments	 in	 the	 north	 o 	 the	 elt	 hor al 	 	 Mi le	 rassic	

se iments	 harton	et	al 	 	 oorl 	 ate 	terrestrial	 n ra enomanian	se iments	
in	the	 estern 	central 	an 	eastern	 nti tlas	 e 	 iz	et	al 	 	 asso 	et	al 	

	 an 	 enomanian	 l vial	 se iments	 overl in 	 the	 Variscan	 asement	 on	 the	
eastern	 nti tlas	 o iza	 et	 al 	 a 	 ere	 se 	 as	 evi ences	 o 	 the	 resentl 	
o tcro in 	 nti tlas	 asement	roc s	 ein 	close	to	s r ace	tem erat res 	

es ite	the	classical	 se	o 	an	 arl 	 retaceo s	mo ellin 	constraint	in	Morocco 	less	
an 	less	o 	the	 o er	 retaceo s	terrestrial	 e s	are	still	consi ere 	as	s ch	aro n 	the	
nti tlas	 revie e 	in	 o iza	et	al 	 a 	 harton	et	al 	2 18 	 n	the	eastern	 art	o 	

the	 elt 	 the	e tensive	 aleontolo ical	 or 	con cte 	 	 en o ce 	an 	co a thors	
sho e 	that	the	re 	 e s	are	 enomanian	 e 	 en o ce 	et	al 	 	 n	the	central	
nti tlas 	no	recent	st 	on	the	local	 n i erentiate 	clastics	has	 een	con cte 	
t	 the	 onl 	 time	 constraint	 is	 the	 enomanian	 limestones	 ositione 	 a ove	 in	 the	

strati ra hic	col mn	 e 	 etah	et	al 	 	 he	clastics	co l 	hence	 e	 enomanian	
in	a e 	similarl 	to	the	eastern	 nti tlas 	 inall 	 in	the	 estern	 nti tlas 	 rante i	

	sho s	 ith	ne 	 iostrati ra h 	control	that	the	local	re e s 	also	ma e 	as	
o er	 retaceo s 	 are	 in	 act	 athonian	 Mi le	 rassic 	 or	 ol er 	 verall 	 this	
invali ates	the	 se	o 	an	 arl 	 retaceo s	constraint	 i in 	 asement	roc s	o 	the	 nti
tlas	 close	 to	 s r ace	 tem erat res 	 n	 this	 hesis 	 e	 consi er	 the	 other	mo ellin 	

constraints	 se 	in	 nti tlas	as	vali 	

	 h mation	an 	s si ence	rates	

	t 	res lt	selection	an 	 e th	conversion	

n	or er	to	 anti 	vol mes	o 	ero e 	material	on	the	to 	o 	the	 resentl 	e ose 	
roc s	in	the	st 	area 	 e	a l 	a	tem erat re to e th	conversion 	 e	a lie 	 ive	
con itions	to	select	re resentative	an 	vali 	t 	c rves 	res ltin 	in	a	total	o 	 	selecte 	
t 	 c rves	 etaile 	 in	 ta le	 	 e	 consi er	 that	mo ellin 	 res lts	 have	 to	 i 	 start	
e ore	 	Ma	 a o t	the	size	o 	 o n est	consi ere 	 erio 	ii 	 e	 ase 	on	 e t 	 	

solve	or	 t	res lts 	iii 	i 	 i erent	mo els	 sin 	the	same	 	 ata	e ist 	 e	 rom	the	
most	recent	realizations	 e 	in	 e r tre	et	al 	 	an 	 e r tre 	 	iv 	sho l 	 e	
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ase 	on	one	sam le	an 	not	several	as	 or	vertical	 ro iles	 sti ie 	 	the	 act	that	 e	
are	 intereste 	 in	 nct al	meas rements 	 an 	 v 	 e	 com ati le	 ith	 the	 eolo ical	
histor 	o 	each	re ion	as	 isc sse 	in	the	 revio s	 art 		

	
igure	 4.3.	 Geothermal	 gradients	 used	 for	 the	 depth	 conversion	 of	 the	 t-T	 curves.	
Geotherms:	 Geothermal	 gradients	 documented	 in	 literature 	 from	 present-day	 or	 recent	
settings	 similar	 to	 ones	 in	 Moroccan	 geological	 past.	 See	 description	 of	 the	 geotherms	
considered	as	analogues	in	the	text.	

o	 achieve	 the	 tem erat re to e th	 conversion	 i 	 	 e	 se	 three	 i erent	
eotherms	 ase 	 on	 the	 location	 o 	 the	 selecte 	 t 	 c rves	 i 	 	 an 	 ee 	 the	

s r ace	tem erat re	constant	at	 	 he	consi ere 	 eothermal	 ra ients	are	 ase 	
on	several	st ies 	 hich	serve	as	analo e	 or	 ast	 eo namic	settin 	 in	Morocco 	

th	an 	 illin sho er	 	a ter	several	a thors 	o taine 	 eothermal	 ra ients	o 	
m	 or	 the	 l s 	 ccor in 	 to	 these	 val es 	 e	 consi ere 	 a	 eotherm	 o 	

m	 or	the	Variscan	oro en 	 he	 eotherm	in	the	ri t	zone	o 	the	 ast	 rican	 i t	
s stem	is	ca 	 m	 van	 er	 ee 	et	al 	 	an 	 et een	 	an 	 m	in	the	
io	 an e	 i t	 ri ell 	 	 e	consi er	a	 eotherm	o 	 m	as	re resentative	
or	the	 i h	 tlas	 i t	zone 	 he	 lan s	o 	the	 ast	 rican	 i t	s stems	 is la 	 eothermal	
ra ients	 et een	 	an 	 m	 van	 er	 ee 	et	al 	 	an 	 e	 se	 m	as	

an	analo e	 or	the	 entral	 tlantic i h	 tlas	ri t	 lan s 	
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Table	4.2.	Selection	of	t-T	(t-T)	models	for	temperature-to-depth	conversion	and	for	exhumation	
and	 subsidence	 rate	 calculations.	 Conditions:	 The	 t-T	modelling	 results	 had	 to	 i)	 start	 before	
2 Ma 	ii)	be	based	on	 e ty 	A T	solve	or	 T t	results 	iii)	for	different	models	based	on	the	same	
LTT	data 	be	from	the	most	recent	and	published	realisations 	iv)	should	be	based	on	one	sample	
(as	opposed	to	vertical	profiles) 	and	v)	be	compatible	 ith	the	geological	evidences	discussed	in	
the	text.		

astl 	 arhlo le	 	o taine 	 resent a 	val es	 rom	Moroccan	Passive	mar in	o 	
	 to	 m 	 s	 an	 analo e	 or	 the	 ost ri t	Moroccan	 assive	mar in	 at	 	Ma	

mat re	 assive	mar in 	an 	 or	 intra continental	 omain	o 	 the	 e i at	 hiel 	 e	
consi ere 	 a	 eotherm	 o 	 m 	 he	 selecte 	 eotherms	 ta e	 into	 acco nt	 the	
thermal	rela ation	that	 ollo s	a ter	the	ri t relate 	heatin 	 hase 	

o	 anti 	 a	 e th	 ran e	 in	 the	 tem erat re to e th	 conversion 	 e	 se 	 t o	
constant	 eotherms	o 	 	an 	 m 	 oth	val es	are	realistic 	 iven	the	 resent	 a 	
val es	o 	 eothermal	 ra ients	in	Morocco	an 	o 	the	 se 	analo es 	 he	lo 	an 	hi h	
constant	 eotherms	a lie 	to	the	 i itize 	tem erat re	ran es	 iel 	the	ma im m	an 	
minim m	 e ths 	res ectivel 	 ashe 	lines 	 i 	 	

	

i ii iii iv v

Sabil,	1995 4 . 4 . . . 0 Program:	 Gallagher	et	al,	1993

Barbero 	et	al., 	2007 3 t-T: 	no	best-fit	or	weighted	average	

Malusa	 et	al., 	2007 3 . . . . 3 0 Anti-Atlas: 	no	Mesozoic	vertical	movements

Ghorbal	 et	al., 	2008 4 . . . . . 4 All	conditions	are	met

Balestrieri 	et	al., 	2008 2 . . . . 2 0 Anti-Atlas: 	E.Cretaceous	exhumation

Ghorbal	,	2009 23 1 . . . 4 18 	t-T:	 younger	than	20Ma; 	Anti-Atlas:	 E.Cret.	exhumation

Saddiqi	 et	al., 	2009 4 . . . . . 4 All	conditions	are	met

Barbero	 et	al., 	2011 5 . . . . . 5 All	conditions	are	met

Ruiz 	et	al., 	2011 5 . . . . 5 0 Anti-Atlas: 	E.Cretaceous	exhumation

Sebti,	2011 4 . . . . 4 0 Anti-Atlas: 	E.Cretaceous	exhumation

Azdimousa 	et	al., 	2013 2 1 . . . . 1 t-T: 	younger	than	20Ma

Lepretre 	et	al.,	 2013 4 . . 4 . . 0 t-T:	 corrected	models	in	Lepretre,	2015

Oukassou	 et	al., 	2013 2 . . . . 2 0 Anti-Atlas: 	E.Cretaceous	exhumation

ElHaimer,	2014 1 t-T:	 no	best-fit	or	weighted	average	

Romagny	 et	al., 	2014 2 1 . . . . 1 t-T:	 younger	than	20Ma

Sehrt,	2014 24 . . . . 14 2 t-T: 	results	from	wells;	 Anti-Atlas:	 E.Cret.	exhumation

Domenech,	2015 3 . . . 3 . 0 t-T: 	modelled	for	vertical	profiles

Lepretre,	2015 14 . . . . 1 13 Anti-Atlas: 	E.Cretaceous	exhumation

Gouiza 	et	al., 	2017	 6 . . . . . 6 All	conditions	are	met

Charton	et	al.,	in	press 2 . . . . . 2 All	conditions	are	met

t-T	modelling	studies
t-T					

(n=117)
t-D		

(n=56)
Comments

Failed	to	meet	conditions
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igure	4.4.	Time-depth	curves	converted	from	t-T	curves	sho n	in	figure	4.2 	assuming	the	
geothermal	gradient	evolving	as	on	figure	4.3	and	assuming	a	surface	temperature	of	2 C.	
The	bold	lines	are	used	for	vertical	movement	rates	calculations 	non-selected	curves	in	the	
bac ground	 ere	 also	 converted	 to	 depth 	 conditions	 for	 selection	 are	 in	 table	 4.2.	 The	
upper	 and	 lo er	 limits	 (thic 	 dashed	 lines)	 are	 calculated	 ith	 a	 geotherm	 of	 4 	 and	
2 C m 	respectively.	 	
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	Vertical	movement	rates		

he	vertical	movements	an 	their	rates	 oc mente 	 	the	anal ze 	sam les	can	 e	
anti ie 	 rom	the	 e th converte 	c rves	 i 	 	 h s 	e h mation	an 	s si ence	

rates	 m M r 	 ere	calc late 	 e	 e ine	seven	 erio s	o 	time	 or	these	calc lations	
erio s	a	to	g 	res ltin 	in	seven	vertical	movement	rates	 or	each	c rves	 i s 	 	an 	

	Permian	 a 	 Ma 	 riassic	 b 	 Ma 	 arl 	to	Mi le	 rassic	 c 	
Ma 	 ate	 rassic	to	 arl 	 retaceo s	 d 	 Ma 	 retaceo s	 e 	 Ma 	

Palaeo ene	 f 	 Ma 	 an 	 eo ene	 g 	 Ma 	 he	 calc late 	 s si ence	 an 	
e h mation	 rates	 ran e	 rom	 	 to	 	 m M r 	 i res	 	 an 	 	 sho 	 the	
calc late 	motion	rates	 ith	a	s atial	or	tem oral	horizontal	a es 	res ectivel 	 n	the	
ollo in 	 e	 escri e	the	evol tion	o 	the	rates	as	ill strate 	 	 i re	 	

	
igure	 4.5.	 Exhumation	 and	 subsidence	 rates	 calculated	 from	 the	 56	 selected	 depth	
converted	curves	of	figure	4.4	using	the	variable	geotherms	sho n	in	figure	4.3.	The	seven	
defined	periods	a	to	 	span	bet een	3 	and	 	Ma.	The	combined	error	bars	are	extracted	
from	the	results	of	rate	calculations	using	a	constant	geotherm	of	2 C m	and	a	surface	
temperature	of	 2 C.	Mes:	Meseta 	 A:	 igh	Atlas 	 AA:	Anti-Atlas 	C :	 Coastal	Mesozoic	
basins 	 S:	 eguibat	Shield.	 orth	and	South	are	only	mar ed	for	period	 	because	Morocco	
has	been	significantly	rotated	since	the	Permian	(e.g.	Scotese 	2 12).	

rin 	 the	Permian	 erio 	a 	 sam le 	 asements	 in	 the	Meseta	an 	 the	 nti tlas	
ere	stron l 	e h me 	 	 to	 	 m M r 	 hile	 those	o 	 the	 e i at	 hiel 	 ere	

sta le	 ca 	 	 m M r 	 rin 	the	 riassic	 erio 	b 	the	e h mation	in	the	Meseta	
an 	the	 nti tlas	slo s	 o n	 	to	 	 m M r 	 he	 i h	 tlas	an 	most	o 	the	
Meseta	an 	 e i at	sam les	are	s si in 	 	to	 	 m M r 	 n	the	 arl 	to	Mi le	
rassic	 erio 	c 	 the	 resentl 	e ose 	Variscan	 roc s	o 	 the	 nti tlas	are	 reatl 	

e h me 	 	 to	 	 m M r 	 or	 this	 re ion 	 e	 o serve	 an	 acceleration	 o 	 the	
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e h mation	 rom	 the	 riassic	 to	 the	 rassic	 ith	 the	 hi hest	 rates	 recor e 	 in	 the	
Mesozoic 	 oncomitantl 	 the	 s rro n in 	 massi s	 o 	 the	 nti tlas	 ere	 mostl 	
s si in 	in	the	north	 	to	 	 m M r 	an 	mil l 	e h min 	in	the	so th	 	to	 	
m M r 	 he	 ate	 rassic	to	 arl 	 retaceo s	 erio 	 d 	is	mar e 	 	the	s si ence	
o 	the	 nti tlas	 	to	 	 m M r 	 hereas	the	sam le 	 asement	o 	the	Meseta 	
the	 e i at	 shiel 	 an 	 the	 i h	 tlas	 to	 some	 e tent 	 ere	 e h min 	 	 to	 	
m M r 	 rin 	 the	 retaceo s	 erio 	e 	 the	e h mation	 in	 the	Meseta 	 the	 i h	
tlas 	an 	the	 e i at	 hiel 	re ions	slo s	 o n 	an 	all	areas	are	rather	sta le	 ea 	

e h mation	an 	s si ence 	 ith	motion	rates	 et een	ca 	 	an 	 	 m M r 	 he	
e h mation	is	rene e 	in	the	 nti tlas	 rin 	the	Palaeo ene	 erio 	f 	 	to	 	
m M r 	 hile	other	areas	remain	characterise 	 	e h min 	an 	s si in 	 omains 	
inall 	 the	 eo ene	 	 erio 	 as	 characterise 	 	 e h mation	 ith	 a	 si ni icant	
acceleration	tren 	 enerall 	 elo 	 	 m M r 	the 	reach	 	 m M r	in	the	 i h	
tlas	an 	 m M r	in	the	 i 	 elt 		

	

	
igure	4.6.	Evolution	of	the	calculated	exhumation	and	subsidence	rates	of	basement	roc s	
for	the	last	3 	Ma	in	the	A)	Meseta 	 )	 igh	Atlas 	C)	Anti-Atlas 	and	 )	 eguibat	Shield.	
Periods	as	defined	in	the	text	and	rates	as	presented	in	figure	4.5.	
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	 h mation	ma s	an 	ero e 	material	 l es	

n	the	 ollo in 	section 	 e	estimate	the	vol mes	o 	material	that	have	 een	remove 	
thro h	 time 	 e	 irst	 il 	 seven	 e h mation	ma s	 i 	 	 sin 	 the	 calc late 	
s si ence e h mation	rates	as	recor e 	 	 	 e	also	ta e	into	acco nt	sim li ie 	
strati ra h 	col mns	o 	 the	Permian	 to	 eo ene	onshore	an 	o shore	 asins	 in	 the	
st 	area	 i 	 	 e	then	calc late	vol mes	o 	material	remove 	 er	million	 ears 	
rom	these	ma s	 or	the	consi ere 	re ions	o 	Morocco	an 	s rro n in s 	

	 nter olation	o 	the	e h mation	rates	an 	limitations	

ata	 oints	 or	o 	the	e h mation	ma s	consist	o 	the	e h mation	an 	s si ence	rates	
calc late 	 a ove	 ith	 varia le	 eotherms 	 or	 the	 com tation	 o 	 ran es	 o 	 the	
vol mes 	 e	 se	rates	o taine 	 rom	the	tem erat re	ran es	converte 	to	 e th	 ith	
constant	 eotherms 		

e	a e 	s nthetic	 oints	on	the	 asis	o 	the	strati ra h 	col mns 	 hich	are	com ile 	
in	 i re	 	 or	each	 reserve 	se imentar 	 asin 	 	to	 o r	 oints	 ere	create 	 	
se iments	 ere	 e osite 	 rin 	one	o 	the	selecte 	 erio s	an 	are	still	 reserve 	in	
a	 asin 	 e	attri te	a	rate	o 	 	 m M r	to	all	the	s nthetic	 oints	o 	this	 asin 	
hen	se iments	are	not	recor e 	in	a	 asin 	 eca se	the 	 ere	not	 e osite 	or	not	
reserve 	 e	attri te	to	s nthetic	 oints	a	rate	o 	 	 m M r 		

he	 ontinental cean	 o n ar 	 	Miles	et	al 	 	is	im lemente 	as	a	line	an 	
is	 se 	to	 iel 	s nthetic	e h mation s si ence	rates 	 e ore	the	 rassic 	the	 	has	
not	 et	 een	create 	in	Morocco 	 evetheless 	 or	the	Permian	an 	 riassic	 erio s	a	
an 	 b 	 e	 consi er	 a	 similar	 osition	 or	 the	 line	 to	 iel 	 s nthetic	 rates 	 or	 the	
Permian 	the	 	line	is	attri te 	an	e h mation	rate	o 	 	 m M r 	 his	is	to	acco nt	
or	 the	 colla se	 ene lain 	 o 	 the	Variscan	 chain 	 hich	 is	 oc mente 	 in	Morocco	
et een	the	 ar oni ero s	an 	the	 riassic	 e 	Michar 	et	al 	 	 h mation	rates	
rin 	 ost oro enic	colla ses	have	 een	 se 	or	 oc mente 	 et een	 	an 	 	

m M r	 e 	 li t	et	al 	 	Mazzoli	et	al 	 	 asini	et	al 	 	 e	consi er	in	
this	st 	a	lo er	e h mation	rate	o 	 	 m M r 	com ara le	to	the	hi hest	rate	 e	
calc late 	 or	 the	 Permian	 erio 	 a 	 rom	 riassic	 on ar s	 erio s	 b	 to	 g 	 e	
attri te 	to	the	 	line	a	s si ence	rate	lo er	than	 	 m M r	 	 m M r 	
his	 is	 e ivalent	 to	 a in 	 man 	 s nthetic	 oints	 ith	 s si in 	 rates 	 as	 a ove
e ine 	in	the	slo e	or	 asinal	 omains 		
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igure	4.7.	Simplified	stratigraphic	columns.	The	hatched	parts	highlight	continental	facies	
and or	 coarse	 to	 very	 coarse	 deposits.	 elo 	 uncoformity	 surfaces	 are	 the	 name	 of	 the	
corresponding	 Variscan Precambrian	 basement	 (MS:	 Meseta 	 A:	 igh	 Atlas 	 AA:	 Anti-
Atlas 	and	 S:	 eguibat	shield	basements).	The	seven	selected	periods	(a	to	 )	are	sho n	on	
the	left.	 Late	Cretaceous	in	the	Tindouf	basin	is	present	in	the	eastern	and	 estern	parts 	
but	not	in	its	central	part	( ollard	et	al. 	1985).	
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or	 the	 inter olation	 o 	 the	 e h mation	 an 	 s si ence 	 rates 	 e	 se	 the	 nearest	
nei h o r	al orithm	 availa le	in	 r er	version	 	 ol en	 o t are 	 nc 	 his	al orithm	
is	 sim le	 to	 im lement 	 its	 inter olation	 ri 	 can	 e	 e ten e 	 to	 the	 st 	 area	
com letel 	an 	allo s	 or	the	im lementation	o 	 a lts 	 he	inter olation	 ri 	e ten s	
rom	 	to	 	an 	 	to	 	 	lines	 ith	 i e 	s acin 	an 	en s	at	the	 	
in	the	 est 	 or	the	 riassic 	Palaeo ene 	an 	 eo ene 	the	 tlas	s stem	 a lts	are	a e 	
as	 o n aries 		

he	 earest	 ei h or	is	 airl 	sim le 	 t	as	s ch	it	has	some	limitations 	 or	instance 	
this	al orithm	 ives	 etter	res lts	 ith	re larl 	s ace 	 ata	 oints 	 n	a ition 	it	 oes	
not	 e tra olate	 the	 rates	 a ove	 an 	 elo 	 their	 val es 	 he	 inter olate 	 rates	 are	
calc late 	 rom	the	closest	 ata s nthetic	 oints 	 hen	locate 	e actl 	in	the	mi le	
et een	t o	 oints 	the	lo est	val e	 ill	 e	attri te 	to	the	inter olate 	rates 	 hich	

is	most	li el 	res onsi le	 or	arte acts	o serve 	in	the	ma s	 i 	 	 hese	arte acts	
are	e resse 	as	areas	 ith	im ortant	chan es	o 	rates	over	short	 istances 		
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igure	4.8.	Exhumation	maps	for	the	seven	selected	periods	(a c	on	this	page	and	 	on	the	
next	one)	after	geological	record	(fig.	4.7)	and	vertical	movement	rates	(fig.	4.5).	 e	define	
three	domains	in	the	exhumation	maps:	a	subsiding	domain	 ith	rates	 	- . 11	 m Myr 	a	
stable	 domain	 characterised	 by	 rates	 bet een	 - . 1	 and	 . 1 	 and	 an	 exhuming	 domain	
ith	 rates	 	 . 11	 m Myr.	 ote	 that	 the	 estern	 boundary	 is	 the	 Continent-Ocean	
oundary	(CO ).		
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igure	4.8.	(continued)		
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	 ro e 	material	 l es	an 	associate 	 ncertainties	

Vol me	 calc lations	 o 	 ero e 	material	 er	million	 ears	 m M r 	 ero e 	material	
l 	are	 er orme 	 ith	 r er	so t are	 et een	the	inter olate 	s r ace	an 	a	 lane	
characterise 	 	a	n ll	motion	rate	 	 m M r 	 he	ero e 	material	 l es	com te 	
here	are	an	estimation	o 	the	amo nt	o 	ero e 	material	 er	million	 ears 	a ove	the	
sam les	e ose 	at	the	s r ace	to a 	 he 	are	ho ever	not	se iment	 l es 	 n ee 	

	 ata	 oes	 not	 ta e	 into	 acco nt	 the	 litholo 	 o 	 the	 over r en 	 an 	 hence	 its	
ero i ilit 	 lo ers	an 	 hlers 	 	 n	other	 or s 	the	calc late 	vol me	o 	material	
remove 	 rom	the	so rce	areas	 ill	 ltimatel 	not	 e	e al	to	the	vol me	o 	material	
e osite 	in	the	sin 	areas 	 he	vol mes	are	calc late 	 or	three	re ions	o 	interest 	the	

Meseta 	the	 i h	 tlas 	the	 nti tlas 	an 	the	 e i at	 hiel 	 ta le 	 	

	
Table	4.3.	Eroded	material	fluxes	and	surface	areas	from	Permian	(a)	to	 eogene	( ).	The	ranges	
of	our	results	are	provided	 ith	the	presented	 or flo 	but	 ith	constant	geotherm	of	2 C m 	
and	4 C m .	 e	also	estimate	the	error	of	our	findings	bet een	2 	and	1 .		

he	calc late 	vol mes	o 	ero e 	material	 or	the	seven	e h mation	ma s	ran e	 rom	
	to	 	 m 	 or	the	 rassic	an 	 riassic 	res ectivel 	 i 	 	an 	ta le	 	

or	the	consi ere 	re ions 	the	ero e 	material	 l es	are	 et een	ca 	 	an 	 	
m Ma	 or	the	 e i at	 hiel 	ca 	 	an 	 	 m Ma	 or	the	 nti tlas 	an 	ca 	

	an 	 	 m Ma	 or	the	Meseta	an 	 i h	 tlas	massi s	 i 	 		

esi es	 rovi e 	 ran es	 or	 the	 rates	 an 	 vol mes 	 e	 assess	 the	 error	 ar	 o 	 the	
resente 	 or lo 	 	anal ses	 in	Morocco	have	 t icall 	 	error	 or	 h e	

s stem 	 hile	the	 	s stem	error	 e en s	on	the	o erator 	 t	is	also	 	 estimation	
ma e	 rom	the	 ataset	 athere 	in	this	st 	 he	t 	mo ellin 	has	a	lar e	tem oral	
an 	 thermal	 ncertaint 	 associate 	 to	 all	 realisations	 e 	 oo 	 an 	 acce ta le	
envelo es	 or	 e 	 an 	 increases	 ith	 time	 i 	 	 ther	 actors	 s ch	 as	 the	
selection	 o 	 t 	 mo ellin 	 c rves	 an 	 eotherms 	 l s	 the	 act	 that	 e	 ass me	 a	
constant	 s r ace	 tem erat re 	 are	 im actin 	 the	 error	 ar 	 nother	 so rce	 o 	
ncertaint 	lies	in	the	 se	o 	non restore 	 ase	ma s	 or	the	e h mation	ma s	 eca se	

e tents	 o 	 some	 areas	 are	 li el 	 to	 e	 i erent	 in	 the	 i h	 tlas	 e ore	 the	 recent	
oro en 	 or	instance 	 he	 se	o 	a	n ll	motion	rate	 or	the	create 	s nthetic	 oints	also	
intro ces	 an	 error 	 as	 non recor e 	 se iments	 mi ht	 have	 een	 ero e 	 i e 	
s si ence	 rate 	 or	 never	 e osite 	 i e 	 n ll	 or	 e h mation	 rate 	 ast 	 the	 errors	
associate 	 to	 the	 inter olation	metho 	 an 	 vol me	 calc lations	 are	 also	 i ic lt	 to	

	
a b c d e f g

21601 1804 22771 15711 5480 11579 28769

23653 3805 29275 19355 6923 14025 33463 *

20686 1879 14561 9623 3421 6935 17020 **

Meseta	&	High	Atlas 2318 115 571 745 180 161 1304

Anti-Atlas 3579 675 8061 1020 929 1343 3030

Reguibat	Shield 1782 588 11486 8226 1583 7653 10886

Exhuming	domain	 1.6	10 6 0.9	10 6 1.2	10 6 1.2	10 6 0.6	10 6 1.0	10 6 1.3	10 6

Subsiding	domain 0.7	10 6 1.4	10 6 1.1	10 6 1.1	10 6 1.7	10 6 1.3	10 6 1.0	10 6

Interpolation	Grid

Volume	rates	

[km 3 /Myr]

Surface	area	

[km2 ]

Periods	[-]
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anti 	 verall 	 e	estimate	the	error	o 	o r	metho 	to	 	 or	Permian	an 	Mesozoic	
erio s	a	to	e 	an 	to	 	 or	Palaeo ene	an 	 eo ene	 erio s	f	an 	g 		

	
igure	 4.9.	 Estimated	 eroded	 material	 flux	 for	 the	 three	 main	 sediment	 sources	
(Meseta igh	Atlas 	Anti-Atlas 	and	 eguibat	Shield)	for	the	seven	defined	periods	(a- ).	The	
eroded	material	 flux	 is	 obtained	 ith	 variable	 geotherms	 (fig.	 4.3) 	 hile	 the	 ranges	 are	
given	by	calculations	done	 ith	t o	constant	geotherms	of	2 	and	4 C m.	See	the	text	for	
a	estimation	of	the	error	bar	associated	to	our	 or flo .		

	 h mation	an 	s si ence	evol tion	

	Phanerozoic	e h mation	an 	s si ence	 atterns		

he	e h mation	ma s	 i 	 	sho 	the	 attern	o 	erosion	in	the	continental	Moroccan	
mar in	 et een	 the	 Permian	 an 	 the	 resent a 	 rin 	 the	 Permian	 erio 	 a 	
erosion	occ rre 	in	the	remnants	relie s	o 	the	Variscan	chain	 e 	 orenz 	 	Voi t	
et	 al 	 	 locate 	mostl 	 in	 the	Meseta	 an 	 estern	 nti tlas 	 no n	 Permian	
asins	 are	 the	 astern	 Meseta 	 o ala	 an 	 r ana	 Valle 	 asins 	 rom	 the	

inter olate 	area 	 e	estimate	the	vol me	o 	 ro ce 	se iments	to	 e	a o t	 	

m 	 o 	 hich	 onl 	 little	 is	 reserve 	 to a 	 si in 	 omains	 re icte 	 	 the	 t 	
mo ellin 	res lts	are	the	 entral	an 	 astern	 e i at	 hiel 		

rin 	the	 riassic	 erio 	b 	the	northern	Meseta	 ca 	 	 m 	the	 nti tlas	 ca 	
	 m 	 an 	 the	 e i at	 hiel 	 ca 	 	 m 	 ere	 ein 	 ero e 	 	 lar e	

ortion	o 	the	Meseta	s si e 	 hich	co l 	mean	that	it	 as	 art	o 	the	 entral	 tlantic	
an or	 i h	 tlas	 ri t	 zones 	 ccor in 	 to	 the	 strati ra hic	 col mns 	most	Moroccan	
asins	 contain	 riassic	 se iments 	 e ce t	 the	 in o 	 the	 ao eni 	 an 	 the	 ir	
ama a	 asins 	 he	 entral	 tlantic	an 	 tlas	ri t	zones	 ere	s si in 	e ce t	 arts	o 	

the	 Massi 	 ncien 	 his	 massi 	 is	 escri e 	 as	 a	 str ct ral	 relie 	 so rcin 	 riassic	
se iments	 to	 the	 r ana	 an 	 aime en	 valle 	 e 	 a on	 et	 al 	 	 he	 t 	
mo ellin 	res lts	 o	not	cover	the	time	 e ore	 	Ma	in	the	 entral	an 	 astern	 nti
tlas	 o iza	et	al 	 a 	 t	re 	clastics	overl in 	the	Precam rian	 asement	in	the	
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northern	 entral	 nti tlas	 are	ma e 	 as	 riassic 	 here 	 no	 recent	 st 	 on	 these	
se iments	 has	 een	 con cte 	 ho ever 	 asaltic	 lo s	 coverin 	 them	have	 iel e 	
a es	 o 	 	 an 	 	Ma	 iechtner	 et	 al 	 	 s estin 	 that	 these	
e osits	are	in ee 	 riassic 	 n	t rns 	this	means	that	 hile	the	core	o 	the	 nti tlas	
as	e h min 	its	northern	co nter art	 as	s si in 	 incl in 	 o ss	an 	 arzazate	
asins 		

he	 rassic	 erio 	 erio 	 c 	 is	 mar e 	 	 enhance 	 erosion	 in	 the	 nti tlas	 an 	
e i at	 hiel 	 an 	 to	 some	 e tent	 in	 the	Meseta 	 e	 estimate	 the	 ro ction	 o 	

se iment	 	erosion	to	 e	 	 m 	 rom	the	seven	selecte 	 erio s 	it	is	the	most	
active	one	in	terms	o 	ero e 	material	 l 	 or	the	 nti tlas 	 t	is	li el 	that	the	 nti
tlas	 as	a	 l e	as	e h mation	rates	are	hi her	 in	 the	central	 art 	Mi le	 rassic	

re e s	are	recor e 	in	the	onshore	 asins	north	an 	 est	o 	the	 nti tlas	 ar a a 	
a ir ssao ira 	 entral	 i h	 tlas 	 ni	Mar in 	an 	 o ss	 asins 	 i 	 	 n	the	 asins	

so th	an 	east	o 	the	 nti tlas 	no	 rassic	se iments	are	reco nise 	 his	s orts	the	
i ea	 o 	 e h min 	 nti tlas	 an 	 e i at	 hiel 	 lin e 	 	 an	 e h min 	 or	 sta le	
in o 	area 	 rom	the	Mi le	to	 ate	 rassic 	o r	res lts	sho 	a	shi t	in	the	areas	o 	

se iment	 ro ction 	 rom	the	 nti tlas	to	the	Meseta 		

he	e h mation	o 	 the	Meseta	massi s	 ca 	 	 m M r 	 rom	 ate	 rassic	 to	 arl 	
retaceo s	 erio 	d 	 as	 irst	 escri e 	in	 hor al	et	al 	 	 he	 reserve 	onshore	
asins	 o 	 the	Meseta	 o	 not	 recor 	Mi le er	 rassic	 se iments 	 e ce te 	 the	

coastal	 o ala	 asin 	 his	 s ests	 that	a	 s r ace	 lar er	 than	 that	o 	 the	 resentl 	
o tcro in 	 asement	 as	 ein 	ero e 	 ltho h	most	vertical	movement	rates	are	
ne ative	in	the	 nti tlas 	one	is	 ositive	in	the	 estern	 art	o 	the	 elt	 i 	 	 his	
co l 	 e	 e	to	a	t 	mo ellin 	inconsistenc 	or	it	co l 	 e	a	remnant 	non str ct ral 	
relie 	 rom	the	 revio s	 erio 	 	se imentar 	 rovenance	st 	 as	con cte 	in	the	
north	 ar a a	 asin	 or	lo er	 retaceo s	to	 enozoic	se iments	 li	et	al 	 	 heir	
res lts	sho e 	that	the	 o er	 retaceo s	se iments	 ere	so rce 	 rom	the	 e i at	
hiel 	 hile	 er	 retaceo s	se iments	 ere	so rce 	 rom	 oth	the	 e i at	 hiel 	
an 	 the	 nti tlas 	 n	 t rns 	 it	 s ests	 that	 the	one	 ositive	vertical	movement	 rate	
calc late 	 or	the	 estern	 nti tlas	is	 ron 	an 	that	the	t 	mo ellin 	res lts	 or	that	
s eci ic	sam le	are	inconsistent 	 he	 e i at	 hiel 	 itnesse 	s stantial	erosion	 ca 	

	 m M r 	 t	 a ears	 that	 the	 so rce	 area	 o 	 the	 se iments	 e osite 	 in	 the	
o o r	an 	 an an	 eltas	is	the	 e i at	 hiel 	 ith	over	 	 m 	o 	ero e 	

material	 rin 	the	 rassic retaceo s	 erio 	

n	 the	 late	 arl 	 to	 ate	 retaceo s	 erio 	 erio 	 e 	 s si in 	 omains	 are	 the	
ominant	 eat re	in	the	st 	area 	 his	 erio 	is	characterise 	 	a	rise	in	the	sea	level	
enomanian ronian	trans ression 	e 	Pi 	et	al 	 	 hich	reache 	the	interior	

o 	 Morocco	 an 	 l eria	 e 	 ate	 retaceo s	 e osits	 in	 the	 ir	 ama a 	 e 	
en o ce 	 et	 al 	 	 t	 a ears	 to	 have	 artiall 	 s mer e 	 the	 e i at	 shiel 	
in o 	 asins	 e ce t	its	central	 art 	an 	the	 or ers	o 	the	 nti tlas 	 he	 nti tlas	
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erosion	 ca 	 	 m M r 	 starts	 in	 its	 centre 	 an 	 later	 e tents	 to	 the	 eastern	 an 	
estern	re ions 		

inall 	the	Palaeo ene	an 	the	 eo ene	 erio s	f	an 	g 	 erio s	are	characterise 	 	
the	 tlas	oro en 	 hich	is	e resse 	 	hi h	e h mation	rates	in	the	 i h	 tlas 	 i 	
an 	also	 nti tlas	an 	 e i at	 hiel 	 e	estimate	 the	vol me	o 	ero e 	material	
rom	the	st ie 	area	 rin 	the	Palaeo ene	an 	 eo ene	to	ca 	 	an 	 	

m 	res ectivel 	

	 ro e 	material	 l es	vs 	se imentation	rates		

e	com are	the	total	ero e 	vol me	rates	to	the	st 	o 	 elm	 	 i 	 	 his	
st 	 consi ere 	 several	 se ments	 alon 	 the	 estern	 rican	 mar in 	 incl in 	 the	
Moroccan	 se ment 	 he	 se imentation	 rates	 in	 the	o shore	 omain	an 	 the	coastal	
asins	are	o taine 	 rom	nine	inter rete 	seismic	 ro iles	 er en ic lar	to	the	coast 	

an 	e ten e 	 	e tra olation	an or	 ell	control	to	the	 asin	 sin 	 P	 ells 	 he	
o taine 	vol metric	 rates 	 rom	the	 riassic	 to	 the	 eo ene 	 ere	 then	a ste 	 or	
se iments	 ith	a	 terrestrial	 so rce 	 t	 is	 im ortant	 to	note	 that	 the	 resol tion	 is	not	
i entical	 et een	 the	 t o	 st ies 	 moreover 	 the	 e ine 	 erio s	 are	 also	 not	
s stematicall 	concor ant 	

	
igure	 4.1 .	 Comparison	 of	 the	 total	 eroded	 material	 flux	 to	 sedimentation	 rates	 in	
Moroccan	offshore	and	coastal	basins	(after	 elm 	2 9).		

his	com arison	sho s	that	the	siliciclastic	vol mes	 e osite 	in	the	o shore coastal	
asins	an 	the	ero e 	vol me	o 	material	 rom	the	inter olation	 ri 	are	o 	the	same	

or er	o 	ma nit e	 i 	 	Vol mes	are	even	similar	 rin 	the	 riassic 	earl 	 arl 	
retaceo s 	 retaceo s 	 Palaeo ene 	 an 	 eo ene 	 t	 is	 overall	 a	 airl 	 oo 	match 	

e ce t	 or	the	rates	 rin 	the	 rassic	 erio 	 ccor in 	to	o r	res lts 	 et een	 	
to	 	 m M r	o 	material	 ere	ero e 	 hile	the	o shore	seems	to	recor 	a o t	

	to	 	 m M r	o 	siliciclastic	se iments 	 o	e lain	this	 iscre anc 	 e	ma e	
the	h othesis	 that	the	erosion 	occ rrin 	 in	the	 e i at	 hiel 	 nti tlas 	 in o 	
an 	Meseta	remove 	 ine raine 	an or	car onate 	meta se iments	 rom	the	to 	o 	
the	Palaeozoic	 ile 	 ence 	 little	coarse	 terrestrial	material	 o l 	 e	 recor e 	 in	 the	
asins 	 ere	 lat orm	limestones	are	 ominant 		
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	 oncl sions	

e	have	 se 	t 	mo ellin 	res lts	 rom	Morocco	an 	its	s rro n in s	as	a	 ro 	 or	
e inin 	an 	 anti in 	e h mation	events	 rom	the	Permian	to	the	 resent a 	 e	

then	 resente 	a	series	o 	e h mation	ma s	 rom	 hich	 e	e tracte 	erosion	 atterns	
an 	vol mes 	 his	allo e 	 s	to	ela orate	on	the	 ossi le	res onsi le	mechanism s 	o 	
these	vertical	movements 	 he	 resente 	 in in s	have	im lications	 or	the	evol tion	o 	
the	 entral	 tlantic	 assive	 mar ins	 an 	 or	 o r	 n erstan in 	 o 	 the	 Permian	 to	
eo ene	Moroccan	so rce to sin 	s stems 		

he	 reconstr cte 	 evol tion	 o 	 vertical	 movements	 an 	 erosion	 at	 the	 scale	 o 	 the	
assive	mar in	 can	 e	 ivi e 	 into	 	 areas 	 the	 e i at	 hiel 	 the	 nti tlas 	 the	

Meseta 	 an 	 the	 i h	 tlas he	 e i at	 hiel 	 is	 mar e 	 	 s si ence	 rom	 the	
Permian	 to	 the	 riassic 	 an 	 e h mation	 rom	 the	 rassic	 on ar s	 or	most	 o 	 the	
massi 	 	 m M r 	ca 	 	 m 	 e	in er	that	the	 e i at	shiel 	 as	the	
onl 	so rce	o 	se iments	 or	the	 o o r	an 	the	 an an	 retaceo s	 eltas 	o shore	
ar a a	 asin 		

he	sam le 	 nti tlas	 asement	roc s	 ere	 ee l 	 rie 	 in	the	Permian	an 	 ere	
e h me 	 et een	the	 riassic	an 	the	Mi le	 rassic	 	 m M r 	ca 	 	
m 	 si ence	 rin 	 the	 ate	 rassic arl 	 retaceo s	 as	 ollo e 	 	 a	 inal	
e h mation	 rom	the	 ate	 retaceo s	on ar s	 	 m M r 	ca 	 	 m 	
Moreover 	 the	 s atial	 istri tion	 an 	 the	 hi h	 val es	 o 	 e h mation	 rates	 s est	
str ct ral	or	 omal	 li t	in	the	 arl Mi le	 rassic 	 ith	hi her	relie s	in	the	 entral	
nti tlas 	

he	 resentl 	o tcro in 	Variscan	roc s	 in	the	Meseta	an 	 i h	 tlas	 ere	close	to	
the	s r ace	 rin 	the	Permian ate	 riassic 	 ollo e 	 	s si ence	 ntil	the	Mi le	
rassic 	 e h mation	 in	 the	 ate	 rassic arl 	 retaceo s	 e h mation	 rates 	

m M r 	ero e 	material 	 ca 	 	 m 	 rene e 	 s si ence	 rin 	 the	 ate	
retaceo s	an 	a	 inall 	e h mation	 rin 	the	 enozoic	 	 m M r 	ca 	 	
m 	 here 	the	s si ence	event	s nchrono s	to	the	ri tin 	 ro ht	the	sam les	 rom	
close	to	the	s r ace	 o n	to	 	 m 	s estin 	that	the	 entral	 tlantic	an or	the	 i h	
tlas	ri t	zone s 	e ten e 	over	nearl 	the	entire	Meseta 	
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c no le ements 	 Ma 	 olic i	 is	 than e 	 or	 roo rea in 	 this	 cha ter	 an 	 or	
esi nin 	 the	 ate 	 co e	 se 	 to	 nicel 	 lot	 the	 t 	 c rves 	 Pierre livier	 r na	 is	

than e 	 or	 roo rea in 	the	 i res	an 	ta les 	 inten	 oersma	 is	 than e 	 or	the	
eolo ical	 isc ssions 		





	

	

	 alitative	st 	o 	the	
Phanerozoic	so rce to sin 	

s stems	o 	Morocco	
	

stract 	 e	constr cte 	 	 aleo 	erosional	an 	 e ositional	ma s 	 hich	 e	calle 	
so rce to sin 	ma s 	 he 	cover	the	 erio 	 et een	the	Variscan	an 	the	 resent
a 	 he	ma s	are	 ase 	on	the	si 	 ollo in 	 ata ases 	 	 eolo ical	ma s 	 	o tcro 	

an 	 ossil	 ata 	 	 ell	 ata 	 	 aleo eo ra h 	an 	 e ositional	environment	ma s 	 	
rovenance	anal sis 	an 	 	e h mation	rates 	 he	 revailin 	o ective	 as	to	ill strate	

an 	 isc ss	 chan es	 in	 the	 Permian	 to	 eo ene	 so rce to sin 	 s stems	 an 	 the	
namicit 	o 	their	com onents 	

	 	

																																																								

	Parts	o 	this	cha ter	 ill	 e	s mitte 	to	Earth	Science	revie s 	 harton	et	al 	in	 re aration 	
Post Variscan	so rce to sin 	s stems	o 	Morocco	an 	s rro n in s 	 	 alitative	st 	



ha ter	 	

	 	

		  

	 ntro ction	

o rce to sin 	 st ies	 encom ass	 the	 investi ation	o 	 the	e h mation	histor 	o 	 the	
hinterlan 	 so rce 	the	s atial	 istri tion	o 	 l vial	an 	coastal	 e osits	 to 	an 	the	
architect re	 o 	 continental	 tra s 	 shallo 	 an 	 ee 	marine	 e ocenters	 sin 	 e 	
llen 	 	 mme	et	al 	 	 ellan ansen	et	al 	 	 nal ses	o 	this	 in 	ta e	

into	 acco nt	 eolo ical	 s r ace	 rocesses 	 s ch	 as	 erosion 	 trans ortation 	 an 	
e osition 	 n erl in 	 mechanisms	 or	 the	 onset	 o 	 so rce to sin 	 s stems	 are	

controlle 	 	 tectonic 	e static 	an or	climatic	chan es	 e 	 ells	et	al 	 	 he	
com ination	o 	state	o 	the	art	se imentar 	strati ra hic 	 eochronolo 	 rovenance 	
alaeontolo 	 o em erat re	 hermochronolo 	 	 an 	 n merical	 anal ses	

allo s	 or	 il in 	 stron 	 cases	 o 	 inte rate 	 so rce to sin 	 st ies	 e 	 ellan
ansen	 et	 al 	 	 e iment	 l es	ma 	 e	 anti ie 	 	 invertin 	 the	 amo nt	 o 	
e osite 	se iments	in	the	sin 	the	erosion	rate	in	the	so rce 	an 	other	techni es	

that	investi ate	the	 aleo	 raina e	s stem	 e 	 ol 	an 	 a 	 	 alla her	et	al 	
	 arnes	 an 	 eins 	 	 Matenco	 et	 al 	 	 he	 se iment	 ro tin 	 is	 an	

im ortant	 arameter	 in	 namic	 s stems 	 as	 it	 e ines	 here	 the	 se iments	 ill	 e	
elivere 	 rom	these	notions 	it	seems	evi ent	that	se iment	 ets	an 	 ath a s	

are	cr cial	 or	h rocar on	e loration 		

o rce to sin 	st ies	also	have	their	limitations	 e en in 	on 	 or	instance 	the	s atial	
an 	 tem oral	 resol tions	 o 	 each	 com onent 	 or	 sim l 	 on	 the	 alit 	 o 	 the	
se imentar 	 recor 	 he	 creation	 o 	 relie 	 in	 the	 hinterlan 	 has	 sometimes	 een	
isre ar e 	 see	 ellan ansen	et	al 	 	 es ite	the	 act	that	the	vertical	motion	

rate 	timin 	e tent 	an 	the	ero i ilit 	o 	the	so rce	areas	are	ma or	 arameters	that	
si ni icantl 	im act	the	se imentar 	recor 	in	the	 asins 		

et een	 the	 Variscan	 an 	 tlas	 oro enies 	 Morocco	 an 	 s rro n in 	 areas	 have	
itnesse 	ma or	 eolo ical	events 	 o	 ill strate	 these	events 	 reconstr ctions	o 	 the	

Moroccan	 ast 	at	vario s	scales	an 	 ithin	 i erent	 iel s	o 	 eosciences 	have	 een	
carrie 	o t	in	several	st ies	in	the	 ast	 eca es	 e 	 an e	et	al 	 	 e	 o 	et	al 	

	 em o 	et	 al 	 	 i et	 et	 al 	 	 hese	 or s	 resente 	 e ositional	
environments 	 str ct ral 	 an or	 eo ra hic 	 aleo ma s	 ase 	 on	 e tensive	 ata	
collections 		

sin 	the	 no le e	 athere 	hitherto	in	this	 hesis 	 e	constr ct	 	 so rce to sin 	
ma s 	 hich	 acco nt	 or	 the	 timin 	 e tent 	 an 	 stren th	 o 	 e h mation	 e iso es	
oc mente 	 ith	 	an 	t 	mo ellin 	st ies	 cha ters	 	 	an 	 	 sin 	 eolo ical	

ma s	 an 	 several	 other	 ata ases	 ell 	 o tcro 	 ossil 	 an 	 rovenance	 ata 	 an 	
revio s	 reconstr ctions	 as	 the	 asis	 or	 o r	ma s 	 e	 also	 reconstr cte 	 the	 ross	
e ositional	environments 	 he	ma s	 resente 	 in	 this	 cha ter	 ill strate	 the	 so rce 	

																																																								

	 ha ter	 	incl es	the	 eolo ical	histor 	o 	Morocco 	



o rce to sin 	

	 	

	

transitional 	an 	sin 	 omains	 rom	Permian	to	 eo ene 	 hile	also	incl in 	sim li ie 	
str ct ral	 rame or 	 he	 aim	 o 	 these	ma s	 is	 not	 to	 acc ratel 	 e ine	 the	 aleo
raina e	s stems 	as	the	resol tion	o 	o r	 atasets	is	too	coarse 	 t	to	ill strate	the	
namicit 	 o 	 the	 so rce to sin 	 s stems	 an 	 o 	 their	 com onents	 rin 	 the	

Phanerozoic	 in	Morocco	an 	s rro n in s 	 i e 	 in	 ost oro enic 	s n ri t 	an 	 ost ri t	
settin s 	 his	cha ter	sho l 	hence	 e	consi ere 	as	a	 ac ro n 	st 	creatin 	an	
o ort nit 	 or	 t re	 e inition	an 	 anti ication	o 	se iments	 ath a s	an 	 l es	
alon 	the	entire	Moroccan	ri te 	mar in	an 	into	the	interior	o 	its	a acent	continental	
cr st 	

	 ata	 se 	to	constr ct	the	so rce to sin 	ma s	

e	 i itize 	 the	 eolo ical	ma 	 o 	Morocco	 at	 	 ollar 	 et	 al 	 	 t	
res lte 	in	 i es rea 	constraints	 or	o r	ma s 	 ith	the	e ce tion	o 	the	Permian 	 or	
hich	onl 	ver 	little	se iments	remain	in	the	 asins	an 	even	less	are	e ose 	 everal	

ates 	o 	the	strati ra h 	 ere	 ro ht	to	this	ma 	es eciall 	aro n 	the	 nti tlas	
see	 cha ters	 	 	 an 	 	 an 	 in	 the	 entral	 i h tlas 	 n	 the	 latter 	 the	 so calle 	
o ches	 o es 	terrestrial	re e s	com rise 	 et een	Mi le	 rassic	an 	mi le	
retaceo s	 tian 	 marine	 car onates	 harri re	 an 	 a o mi 	 	 have	

historicall 	 een	attri te 	to	the	Mi le	an 	 ate	 rassic	 ollar 	et	al 	 	 ecent	
iostrati ra h 	 or 	constraine 	the	a es	o 	the	re e s	in ee 	to	the	Mi le	an 	 ate	
rassic 	 t	 also	 to	 the	 arremian	 arl 	 retaceo s 	 revie e 	 in	 harri re	 an 	
a o mi 	 	 or	 nei h o rin 	 re ions	 not	 covere 	 	 the	Moroccan	ma 	 e	
i itize 	the	ma 	o 	 	 rica	com ile 	 	the	 	in	 	 or	 hich	no	chan es	
ere	ma e 	

he	o tcro 	an 	 ossil	 ata	 in	Morocco	 is	e tensive 	as	 s este 	 	 the	 title	o 	 the	
recent	 s ecial	 e ition	 on	 Morocco	 rom	 the	 o rnal	 eolo es 	 m er	 	
se tem re	 	 e	Maroc 	 ara is	 es	 eolo es 	 e	have	selecte 	o tcro 	an 	
ossil	 ata	 rom	relevant	 lications	to	 e	 se 	in	this	cha ter	 ta le	 		

he	 ell	 ata ase	 i 	 	is	com ose 	o 	 P	an 	 P	 ell	re orts 	con i ential	 ell	
re orts	 an 	 com letion	 lo s	 rante 	 	 the	 ice	 ational	 es	 rocar res	
Marocain 	 M 	 etaile 	 ell	 ata	 rom	 lishe 	 or s	 nota l 	Michar 	et	al 	

	an 	limite 	 ell	 ata	s ch	as	total	 e th 	reache 	 ormation 	or	strati ra h 	onl 	
in	other	 lishe 	st ies	or	com an 	re orts 		
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igure	5.1.	Location	of	boreholes	in	Morocco	and	surrounding	 	African	countries	 (non-
exhaustive).	 	

rthermore 	 the	 resent	 revie 	 as	 carrie 	 o t	 ithin	 the	 orth	 rica	 esearch	
ro 	 	 in	 hich	 several	 other	 Ph 	 ro ects	 on	 the	 Moroccan	 eolo 	 are	

con cte 	 ome	o 	 these	 ro ects	 er 	 	 rante i 	 	 val rno l 	 in	
re 	 an 	in	 re 	investi ate 	the	se imentar 	recor s	o 	the	 estern	 i h	 tlas	

an 	north	 ar a a	 asin 	 hese	 or s	 rovi e	val a le	hi h resol tion	 acies	anal sis 	
iostrati ra h 	an 	re ional	reconstr ctions 		

																																																								

	 he	com lete	list	o 	the	re erences	 or	the	 ell	 ata ase	 ill	 e	 elivere 	 on	re est	to	the	
a thor 	
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e	 se 	 several	 t es	 o 	 aleo reconstr ctions	 as	 the	 asis	 or	 e ositional	
environments	 an 	 eneral	 tectonic	 re ime 	 he	 ma orit 	 o 	 the	 ma s	 se 	 in	 this	
cha ter	 oc se 	 on	 e ositional	 environments 	 aleo eo ra h 	 tectonic	 late	
reconstr ction 	 an 	more	 local	 str ct ral stress	ma s	 ta le	 	 n	 some	 cases 	 e	
mo i ie 	them	accor in 	to	ne 	evi ence	 o tcro 	 ossil 	an or	 ell	 ata 	 lishe 	
a ter	 these	 reconstr ctions 	 e imentar 	 rovenance	anal sis	 con cte 	 in	Morocco	
an 	s rro n in s	 or	the	Permian	to	 eo ene	 erio s	are	scarce 	three	investi ate 	the	
rovenance	 ith	 etrital	zircon	 P 	 Pratt	et	al 	 	Marzoli	et	al 	 	 om nech	

et	al 	in	revie 	one	st 	 se 	trace 	elements	an 	ra io enic	 r	isoto es	 li	et	
al 	 	an 	one	 ro ce 	 etrital	 	a es	 ehrt 	 	 onetheless 	more	st ies	
oc mente 	 aleo c rrent	 irections	in	 l vial	s stems	 e 	 ro n 	 	 a on	et	al 	

		

s	revie e 	in	the	 o rth	cha ter	o 	this	 hesis 	n mero s	t 	mo ellin 	st ies	have	
een	 con cte 	 in	Morocco	 an 	 s rro n in s 	 he 	 iel e 	 insi hts	 on	 the	 timin 	

location 	an 	am lit e	o 	e h mation	an 	s si ence	e iso es	a ectin 	the	 resentl 	
e ose 	Precam rian Variscan	 asement	roc s 	 eostatistics	allo e 	 s	to	inter olate	
vertical	movement	rates	at	the	scale	o 	the	ri te 	mar in	o 	Morocco	an 	to	e ten 	it	
over	several	 s	o 	 ilometres	into	the	interior	o 	the	 rican	tectonic	 late 	 e	 se	
the	 res lts	 o 	 these	 inter olations	 to	 constrain	 the	 so rce	 omains 	 hile	mo i in 	
their	e tent	 ase 	on	the	control	 oints	 escri e 	a ove 		
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Table	5.1.	 eferences	used	in	this	chapter	to	construct	the	source-to-sin 	maps.	 ossil	data	 as	
collected	from	Paleobiology	 atabase	(https: paleobiodb.org ).	

Map Outcrop	Data Fossil	data

Permian Wartit	et	al.,	1990	|	Central	Massif	 Broutin	et	al.,	1989	|	Argana	valley	
	(fig.	5.2) Chalouan	et	al.,	2008	|	Rif	basin Doubinger,	1956	|	Central	Massif	

Triassic	 Brown,	1980	|	Argana	valley Lagnaoui	et	al.,	2016	|	Argana	valley
(fig.	5.3) Chalouan	et	al.,	2008	|	Rif	basin	 Kammerer	et	al.,	2012	|	Argana	valley

Chalouan	et	al.,	2008	|	Rif	basin

	

Early	Jurassic Merino-Tome	et	al.,	2017	|	Eastern	High	Atlas Lee,	1983	|Central	High	Atlas
	(fig.	5.4) Sanders	et	al.,	2015	|	Rif	basin	 Jenny	and	Jossen,	1982	|	Central	High	Atlas

Steiner	et	al.,	1998		|	Canary	Islands Bourillot	et	al.,	2008	|	Central	High	Atlas
Beauvais,	1986	|	Eastern	High	Atlas

Middle	Jurassic Benvenuti	et	al.,	2017	|	Ouarzazate	basin Oukassou	et	al.,	2016	|Middle	Atlas
	(fig.	5.5) Charriere	and	Haddoumi,	2017	|	Central	High	Atlas Mahammed	et	al.,	2005	|	Eastern	High	Atlas

Merino-Tome	et	al.,	2017	|	Central	High	Atlas Haddoumi	et	al.,	2016	|	Central	High	Atlas
Ouajhain	et	al.,	2011	|	Essaouira-Agadir	basin Monbaron	and	Taquet,	1981	|	Central	High	Atlas

Late	Jurassic	 Benvenuti	et	al.,	2017	|	Ouarzazate	basin Ourribane	et	al.,	2000	|	Essaouira-Agadir	basin
(fig.	5.6) Ouajhain	et	al.,	2011	|	Essaouira-Agadir	basin Nouri	et	al.,	2011	|	Central	High	Atlas

Mekahli	and	Benhamou,	2004	|	Eastern	High	Atlas Touria	Hssaida	et	al.,	2014	|	Rif	basin
Steiner	et	al.,	1998		|	Canary	Islands

(early)	Early	 Ali	et	al.,	2014	|	Tarfaya	basin Benest	et	al.,	1996	|	Rif	basin
Cretaceous Steiner	et	al.,	1998		|	Canary	Islands Middlemiss,	1980	|	Essaouira-Agadir	basin

	(fig.	5.7) Ettachfini	et	al.,	1998	|	Doukkala	basin
Monbaron,	1978	|	Middle	Atlas

middle	Cretaceous	 Aquit	et	al.,	2013	|	Tarfaya	basin Ait	Boughrous	et	al.,	2007	|	Guir	Hamada
(fig.	5.8) Benyoucef	et	al.,	2015	|	Guir	Hamada Cavin	et	al.,	2010	|	Kem	Kem	beds

Steiner	et	al.,	1998		|	Canary	Islands Ibrahim	et	al.,	2014	|	Kem	Kem	beds
Dhondt	et	al.,	1999	|	Tarfaya	basin
Benzaggagh	et	al.,	2017	|	Rif	basin

(mid-late)	Late	 Aquit	et	al.,	2013	|	Tarfaya	basin Andreu	and	Tronchetti,	1994	|	Middle	Atlas
Cretaceous Chalouan	et	al.,	2008	|	Rif	basin Dhondt	et	al.,	1999	|	Tarfaya	basin

	(fig.	5.9) Ambroggi	and	Lapparent,	1954	|	Essaouira-Agadir	basin
Mulder	et	al.,	2000	|	Essaouira-Agadir	basin

Rage	and	Wouters,	1979	|	Settat	basin

Palaeogene	 Chalouan	et	al.,	2008	|	Rif	basin Zouhri	et	al.,	2014	|	Dakhla	basin
(fig.	5.10) Trappe,	1991	|	Ouarzazate	basin Marivaux	et	al.,	2017	|	Dakhla	basin

Gingerich	and	Zouhri,	2015	|	Tarfaya	basin
Adaci	et	al.,	2007	|	Kem	Kem	beds

Tabuce	et	al.,	2005	|	Ouarzazate	basin
Jouve	et	al.,	2005	|	Settat	basin
Gaffney	et	al.,	2006	|	Rif	basin

Neogene	 - Dartevelle,	1937	|	Canary	Islands
(fig.	5.11) Wijsman-Best	and	Boekschoten,	1982	|	Porto	Santo

Keoniguer,	1967	|	Dakhla
Rage,	1976	|	Middle	Atlas

Chevalier,	1962	|	Safi	basin
Ennouchi,	1954	|	Rif	

Saint	Martin,	1990		|	Rif	
Ennouchi,	1954	|	Rif

Hugues-Alexandre	et	al.,	2013	|	Hauts	Plateaux
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Table	 5.1.	 (continued).	 	 Including	 paleogeography 	 depositional	 environment 	 and	 stress	 	
structural	maps.	

Map Paleoreconstruction Provenance	strudy

Permian Broutin	et	al.,	1998	|	Meseta	 -

	(fig.	5.2) Ellouz	et	al.,	2003	|	Atlas	Systems	
Chopin	et	al.,	2014	|	Atlas	Systems

Triassic	 Leleu	et	al.,	2016	|	Morocco	 Domenech	et	al.,	in	review	|	Massif	Ancien

(fig.	5.3) Benvenuti	et	al.,	2017	|	Massif	Ancien Baudon	et	al.,	2009	|	Massif	Ancien
Ait	Brahim	et	al.,	2002	|	Atlas	Systems

Ranke	et	al.,	1982	|	Tarfaya	basin
Le	Roy,	1997	|	Atlantic	Shelf

Early	Jurassic Ellouz	et	al.,	2003	|	Atlas	Systems	 Domenech	et	al.,	2017	|	Western	High	Atlas	

	(fig.	5.4) Elmi	et	al.,	2009	|	Rif	basin
Sibuet	et	al.,	2012	|	Atlantic

Laville	and	Pique,	1991		|	Atlantic

Middle	Jurassic Ellouz	et	al.,	2003	|	Atlas	Systems Stets,	1992	|	Massif	Ancien

	(fig.	5.5) Nemcok	et	al.,	2005	|	Morocco Pratt	et	al.,	2015	|	Middle	Atlas	

Late	Jurassic	 Ellouz	et	al.,	2003	|	Atlas	Systems Stets,	1992	|	Rehamna

(fig.	5.6) Nemcok	et	al.,	2005	|	Morocco
Sibuet	et	al.,	2012	|	Atlantic

Ranke	et	al.,	1982	|	Tarfaya	basin

(early)	Early	 Sibuet	et	al.,	2012	|	Atlantic Ali	et	al.,	2014	|	Tarfaya	basin
Cretaceous Aloui	et	al.,	2014	|	Algeria Lepretre,	2015	|	Reguibat	Shield	

	(fig.	5.7) Ye	et	al.,	2017	|	Reguibat	Shield Pratt	et	al.,	2015	|	Rif	basin
Luber,	2018	|	Essaouira-Agadir	basin Luber,	2018	|	Essaouira-Agadir	basin

middle	Cretaceous	 Ye	et	al.,	2017	|	Reguibat	Shield Essafraoui	et	al.,	2015	|		Massif	Ancien
(fig.	5.8) Meister	et	al.,	2017	|	Kem	Kem	beds

Pratt	et	al.,	2015	|	Rif	basin
Ali	et	al.,	2014	|	Tarfaya	basin

(mid-late)	Late	 Sibuet	et	al.,	2012	|	Atlantic Ali	et	al.,	2014	|	Tarfaya	basin
Cretaceous Ye	et	al.,	2017	|	Reguibat	Shield

	(fig.	5.9) Ait	Brahim	et	al.,	2002	|	Atlas	Systems
van	den	Bogaard,	2013	|	Canary	Islands

Ranke	et	al.,	1982	|	Tarfaya	basin

Palaeogene	 Ranke	et	al.,	1982	|	Tarfaya	basin -
(fig.	5.10) Ait	Brahim	et	al.,	2002	|	Atlas	Systems

van	den	Bogaard,	2013	|	Canary	Islands

Neogene	 Ranke	et	al.,	1982	|	Tarfaya	basin Ali	et	al.,	2014	|	Tarfaya	basin
(fig.	5.11)
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	 o rce to sin 	ma s	

he	 resente 	ma s	are	 e ine 	accor in 	to	the	 eolo ical	time	chart	 ivision	 ith	a	
stron 	 oc s	on	the	 retaceo s	an 	 rassic	 erio s 	 he	time in o s	covere 	 	the	
ma s	are	as	 ollo 	Permian	 	to	 	Ma 	 i 	 	 riassic	 	to	 	Ma 	 i 	 	
arl 	 rassic	 	to	 	Ma 	 i 	 	Mi le	 rassic	 	to	 	Ma 	 i 	 	 ate	
rassic	 	 to	 	Ma 	 i 	 	 earl 	 arl 	 retaceo s	 	 to	 	Ma 	 i 	 	

mi le	 retaceo s	 	to	 	Ma 	 i 	 	 mi late 	 ate	 retaceo s	 	to	 	Ma 	 i 	
	Palaeo ene	 	to	 	Ma 	 i 	 	an 	 eo ene	 	to	 	Ma 	 i 	 		

o r	 t es	 o 	 e ositional	 environments	 are	 escri e 	 in	 this	 or 	 terrestrial 	
transitional 	 shallo 	 marine 	 an 	 marine 	 or	 most	 o 	 the	 control	 oints 	 the	
environments	 ere	alrea 	inter rete e 	in	the	associate 	st 	 ta le	 	 n	other	
instances 	 e	inter rete 	the	 e ositional	environment	 ase 	on	litholo 	an or	 ossil	
ata 	 n	 the	 ollo in 	ma s 	 the	 transitional	 environments	 s all 	 s est	 a	 coastal	

sit ation 	 t	ma 	acco nt	 or	areas	characterise 	 	the	 l ct ation	 et een	shallo 	
marine	an 	terrestrial	environments 	

he	e h mation	 attern	reco nise 	here	is	alrea 	 escri e 	in	the	 o rth	cha ter 	an 	
the	 e ositional	environment	an 	str ct ral	reconstr ctions	are	 ell	 escri e 	in	the	
literat re	 ta le	 	 here ore 	 in	 the	 ollo in 	 te t 	 e	 oc s	 on	 the	 chan es	 that	
occ rre 	 rom	one	 erio 	to	another 	as	 ell	as	on	the	so rce to sin 	s stems 	 e	 se 	
the	 res lts	 o 	 se imentar 	 rovenance	 an 	 aleo c rrent	 st ies	 as	 a	 ro 	 or	 the	
so rce to sin 	s stems 	ill strate 	 ith	 lac 	arro s	in	o r	ma s 	

rom	the	Permian	to	the	 riassic	 i s 	 	an 	 	the	so rce	area	shi te 	 rom	most	
o 	the	 omain	a ecte 	 	the	Variscan	oro en 	to	 art	o 	it 	the	Meseta 	the	 nti tlas 	
an 	the	eastern	 e i at	 hiel 	 he	 resence	o 	transitional	 e ositional	environments	
is	another	im ortant	chan e 	res ltin 	 rom	marine	inc rsions	 rom	the	 eth sian	realm	
as	 ar	as	the	 ar a a	 asin	 e 	 an e	et	al 	 	 cotese 	 	 ele 	et	al 	 	 he	
erosion	that	occ rre 	in	the	 nti tlas	 rin 	the	 riassic	is	s orte 	 	 rovenance	
an 	 aleo c rrent	evi ences	 in	the	Massi 	 ncien	 ro n 	 	 a on	et	al 	 	
om nech	et	al 	in	revie 	evi encin 	a	 raina e	 ivi e	 er en ic lar	to	the	 nti tlas	

tren s 		

rom	the	 riassic	to	 rassic	 i s 	 	an 	 	the	marine	 omain	stea il 	covere 	the	
tlas	 an 	 entral	 tlantic	 ri te 	 omains 	 here	 are	no	 si ni icant	 chan es	 in	 so rce	

areas 	e ce te 	 or	 the	 estern	 e i at	 hiel 	 here	the	e h mation	starts	 in	 the	
arl 	 rassic 	 he	 recent	 rovenance	 st 	 o 	 Marzoli	 et	 al 	 	 sho s	 that	

se iments	a ove	the	 MP	 asalts	in	the	 estern	 i h	 tlas	have	 een	so rce 	 rom	
the	Meseta	 omain 	

he	 arl 	 an 	Mi le	 rassic	 e ochs	 i s 	 	 an 	 	 are	 airl 	 similar	 in	 terms	o 	
e ositional	environments	an 	the	e h mation	 atterns	are	i entical	as	the 	ori inate	
rom	the	same	 e h mation 	ma 	 he	 ate	 rassic	e och	 i 	 	ho ever	sho s	a	
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ma or	shi t	 in	the	se iment	so rce	areas 	the	 nti tlas	 is	no	 lon er	an	active	so rce	
hile	 the	Meseta	 is	 stron l 	 e h me 	 t	 is	 orth	 notin 	 that	 a	 hi h resol tion	 cla 	

mineralo 	st 	 as	carrie 	o t	in	 ol e 	 rassic	se iments	o 	the	 ssao ira a ir	
asin	 a hain	et	al 	 	 he	st 	sho s	a	clear	shi t	o 	se iment	so rce	litholo 	

or	 area	 et een	 the	 Mi le	 an 	 ate	 rassic 	 assin 	 rom	 a	 chlorite ominate 	
assem la e	 to	 a	 illite ominate 	 assem la e 	 t	 is	 ossi le	 that	 the	 arl 	 to	Mi le	
rassic	erosion	o 	the	 nti tlas	reache 	the	Precam rian 	hence	c ttin 	thro h	the	

metamor hose 	 Palaeozoic	 series 	 an 	 event all 	 so rcin 	 chlorites	 to	 s rro n in 	
asins 		

e ositional	environments	in	the	 ssao ira a ir	 asin	chan e	 rom	 l vial	to	la oonal	
rin 	the	 arl 	 rassic 	 rom	continental transitional	to	shallo 	marine	in	the	Mi le	
rassic 	an 	remaine 	on	the	shel 	 rin 	the	 ate	 rassic	 val rno l 	in	 re 	 n	

the	 i i	 ni	area 	 rante i	 	 oc mente 	a	 athonian	 Mi le	 rassic 	a e	 or	
the	shallo 	marine	an 	lac strine	 e osits	 more	 etails	in	cha ter	 		

rin 	 the	 Mi le	 rassic	 i 	 	 rovenance	 st ies	 carrie 	 o t	 on	 rassic	
se iments	evi ence 	a	trans ort	o 	se iment	 rom	the	Meseta	to	the	Mi le	 tlas	 Pratt	
et	al 	 	an 	 rom	the	 nti tlas	to	the	 ssao ira a ir	 asin	 tets 	 	 he	
Meseta	 is	 also	 a	 oc mente 	 so rce	 area	 rin 	 the	 ate	 rassic 	 as	 s este 	 	
aleo c rrents	meas re 	in	the	 estern	 i h	 tlas	 tets 	 	
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he	 transition	 et een	 the	 rassic	 an 	 retaceo s	 i 	 	 an 	 	 is	 airl 	
monotono s 	 he	coastline	shi te 	to ar s	the	north	in	the	Mi le	 tlas i 	areas 	an 	
to ar s	the	 est	in	the	 ar a a	 asin 	 he	latter	chan e	 as	accom anie 	 	the	onset	
o 	 lar e	 arl 	 retaceo s	 eltaic	 s stems	 an an	 an 	 o o r	 eltas 	 he	 entire	
e i at	 hiel 	 as	an	active	so rce	o 	se iments	since	the	 arl 	 rassic 	 his	s ests	

that	an	acceleration	o 	the	e h mation	or	a	chan e	in	ero e 	litholo ies	in	the	 e i at	
hiel 	m st	have	occ rre 	in	the	earliest	 retaceo s 	s l in 	the	siliciclastics	to	the	
an an	an 	 o o r	 eltas 	 t	is	li el 	that	the	erosion	in	the	 e i at	 hiel 	reache 	

the	 ranitic	 asement	at	the	en 	o 	the	 rassic 	 ith	a	 rior	removal	o 	the	Variscan	
meta elites	 rom	the	 arl 	Palaeozoic	 asin 		

n	the	 ate	 rassic	an 	 arl 	 retaceo s 	 it	 is	 n no n	 i 	 the	 in o 	 asin	 as	also	
so rcin 	se iments	to	the	 ar a a	 eltas 	as	no	 	a es	 ere	 ro ce 	 evertheless 	
val es	o 	vitrinite	re lectance	 rom	the	 il rian	 s raa	an 	Moo he 	 	s est	
that	there	is	a	missin 	la er	that	 as	 e osite 	an 	s se entl 	ero e 	 et een	the	
ar oni ero s	 an 	 the	 ate	 retaceo s	 val es	 are	 too	 hi h	 or	 the	 reserve 	

over r en 	 s	most	o 	the	 nti tlas	an 	the	central	 e i at	 hiel 	 ere	s si in 	
rin 	 the	 ate	 rassic arl 	 retaceo s	 e ochs 	 e	 ass me	 that	 the	 in o 	 asin	

missin 	la er	 as	 e osite 	then 		

he	 retaceo s	 i s 	 	 	an 	 	is	characterise 	 	another	 ost Variscan	shi t	in	
se iments	so rce	areas 	 n	Morocco 	 i es rea 	coarse	se iments	are	 escri e 	in	the	
arl 	 retaceo s	 e 	 avison 	 	 rizon	 e	 amotte	et	al 	 	 rin 	the	Mi le	
retaceo s 	 the	 central	 nti tlas	 ecame	 an	 active	 so rce	 area	 an 	 the	 Meseta	

e h mation	slo e 	 o n	si ni icantl 	 cha ter	 	 t	 the	en 	o 	 the	 retaceo s 	the	
entire	 nti tlas	 s s 	 as	 so rcin 	 se iments	 to	 s rro n in 	 asins 	 an 	most	o 	 the	
Meseta	an 	 i h	 tlas	 omains	 ere	s si in 		

n	the	north	 ar a a	 asin 	 rante i	 	sho s	that	the	 n i erentiate 	earl 	 arl 	
retaceo s	clastic	s ccession	is	characterise 	 	 l vial	an 	ti al	 lat	environments 	 ith	

con lomerates	at	the	 ase	in	contact	 ith	 am rian	metamor hose 	se iments 	 he	
st 	 rther	 rovi es	 an	 ate 	 iostrati ra h 	 o 	 the	 tian l ian	 Mi le	
retaceo s 	transitional	to	shallo 	marine	 e osits 	 he	mean	 aleo c rrent	 irection	
or	the	 l vial	 nit	in icate	a	trans ort	 irection	to ar s	the	north est 		

he	transition	 rom	shallo 	marine	to	continental	 e osition	environment	 et een	the	
arl 	 an 	 the	Mi le	 retaceo s	 in	 the	 ssao ira a ir	 asin	 is	 characterise 	 	 a	
eneral	 aleo c rrent	 irection	to ar s	the	 est	 er 	 	 n	the	 ate	 tian	an 	
l ian	 times 	 the	 area	 as	 ro ne 	 once	 a ain	 ith	 the	 esta lishment	 o 	 shallo 	

marine	con itions 		

enomanian ronian	 Mi le	 retaceo s 	car onate	 lat orm	 ith	lo 	 etrital	in l 	
as	 revailin 	 in	 the	 entral	 i h	 tlas 	 hile	 in	 the	 tlantic	 omain	 the	 ronian	

or anic matter	 rich	 lac 	 shales	 ere	 e osite 	 in	 a	 relativel 	 ee er	 marine	
environment	 an 	in	 re 		
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Provenance	 st ies	 s est	 that	 onl 	 the	 e i at	 hiel 	 an 	 Ma ritani es	 ere	
so rcin 	clastic	se iments	to	the	north	 ar a a	 asin	 rin 	the	 arl 	 retaceo s 	 hile	
the	 nti tlas	 as	 art	o 	the	 in	the	siliciclastic	s l 	 to	the	coastal	 asin	 rom	 ate	
retaceo s	 on ar s	 li	 et	 al 	 	 Pratt	 et	 al 	 	 collecte 	 l ian	 se iments	
e osite 	in	the	 i 	 asin 	an 	trace 	the	 rovenance	to	t o	so rces 	a	Mesetian	one	

an 	a	 resentl 	 n no n	 i e 	ero e 	so rce	area 	

rin 	the	Palaeo ene	 i 	 	most	o 	the	st 	area	 as	emer e 	 icontinental	
asins	 evelo e 	aro n 	the	e h min 	massi s	o 	the	Meseta	an 	the	 i h	 tlas 	an 	

shallo 	 marine	 settin 	 ersiste 	 in	 the	 ar a a	 asin 	 he	 inosa rs	 are	 one 	
Paleontolo ical	evi ences	are	rests	o 	 ishes 	lizar s 	an 	mammals	 hales 	t rtles 		

he	 eo ene	 erio 	 i 	 	 sho s	 onl 	 minor	 i erences	 ith	 the	 resent a 	
sit ation 	as	nearl 	all	o 	Morocco	is	emer e 	 m ortant	se iment	so rce	areas	are	the	
Meseta 	the	 i h	 tlas 	the	 nti tlas 	an 	the	 e i at	 hiel 	 ome	shallo 	marine	
sin s	 ere	 evelo e 	in	the	 orth	 ar a a	so thern	 ettat 	an 	 har 	 asins 	an 	alon 	
the	Me iterranean	coast	in	the	 i 	 omain 	

	 imitations		

ata	 alit 	 ata	 ensit 	an 	tem oral	resol tion	are	ver 	varia le	across	the	 so rce
to sin 	 ma s 	 his	 lea s	 to	 varia le	 ro stness	 o 	 the	 resente 	 ma s 	 hich	
com licates	the	com arisons	 rom	one	to	another 	 atin 	is	the	 rimar 	 ncertaint 	as	
several	 Phanerozoic	 la ers	 are	 n i erentiate 	 in	 Morocco	 an 	 s rro n in s	 e 	
ollar 	 et	 al 	 	 his	 is	 or	 instance	 the	 case	 o 	 Permo riassic 	Mi le	 to	 ate	
rassic 	an 	 arl 	to	Mi le	 retaceo s	re e s	 ontinentale	 ntercalaire 	all	three	

more	or	less	 i el 	ma e 	in	the	st 	area 	 t	their	a es	are	 ea l 	constraine 	
hese	la ers	ma 	 e	intercalate 	 	 ate 	marine	se ences	or	ma matic	intr sions 	
t	the	 iostrati ra hic	or	 eochronolo ic	st ies	are	 enerall 	local	an 	e tra olation	

still	has	to	 e	ma e	 or	similar	 t	non constraine 	 acies 		

he	Permian	ma 	remains	the	most	s ec lative	as	it	 as	constraine 	 ith	ver 	limite 	
amo nt	o 	 ata 	 hile	the	 eo ene	is	a	 ata	rich	time	interval	an 	the	corres on in 	
ma s	is	 etter	constraine 	 nother	limitin 	as ect	is	intro ce 	 	the	 e inition	o 	the	
time in o s	that	each	ma 	covers 	 n ee 	the	tem oral	resol tion	o 	the	Permian	
an 	 riassic	ma s	is	coarse 	as	the 	encom ass	ca 	 	M r 	es eciall 	 hen	com are 	
to	the	short	Mi le	 rassic	interval	 ca 	 	M r 	 t	is	also	im ortant	to	note	that	the	
riassic	ma 	is	mostl 	com ose 	o 	 ate	 riassic	 ata 	as	 arl 	an 	Mi le	 riassic	times	

are	rarel 	 oc mente 	in	the	strati ra h 	o 	Morocco 	 n ee 	the	 a lts	an 	stresses	
are	 ri t	 relate 	 an 	 there ore	 most	 li el 	 ate	 riassic 	 he	 riassic	 se iments	 are	
ma e 	as	 n i erentiate 	 riassic	or	as	 ate	 riassic	 an 	 the	 MP	 es	an 	 sills	
occ rre 	in	the	lattermost	 riassic 	 o ever 	the	e h mation	rates	 ere	calc late 	 or	
the	entire	 riassic 	 hich	mi ht	intro ce	a	 ias	in	the	ma 		
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Moreover 	o r	 so rce to sin 	ma s	are	 sin 	the	 resent a 	 eo ra h 	an 	 eolo 	
as	 ase	ma s 	 n	other	 or s 	 this	means	 that	 the	ma s	are	 nrestore 	 his	 sho l 	
e initel 	 e	ta en	into	acco nt	 hen	rea in 	them	an 	 isc ssin 	im lications	 or	the	
tlas	an 	 i 	 elts 	 or	 hich	 enozoic	 heaval	 as	mostl 	ca se 	 	 	com ression	
e 	Michar 	et	al 	 	 r	overall	messa e	is	that	the	Permian	an 	 riassic	ma s	
are	the	least	constraine 	amon 	the	constr cte 	 aleo ma s 	

	 oncl sions	

n	this	cha ter 	 e	constr cte 	 	 aleo 	str ct ral 	erosional 	an 	 e ositional	ma s	
rom	Permian	to	the	 resent a 	 hich	 e	calle 	 so rce to sin 	ma s 		

rin 	 the	Permian 	 terrestrial	 asins	 ere	 locate 	 in	 the	Meseta	an 	 ere	 so rce 	
ith	ero e 	material	o 	the	Variscan	chain 	 n	Morocco 	o r	 ata	collection	 rom	the	

Permian	is	scarce 	an 	 et	scarcer	in	Moroccan	s rro n in s 		

n	 the	 riassic 	 the	 e osition	 occ rre 	 in	manier	 laces 	 ctive	 se imentar 	 so rce	
areas	 ere	 the	 entral	Massi 	 northern	Meseta 	 the	 estern 	 nti tlas 	 an 	 the	
central 	 e i at	 hiel 	 errestrial transitional	environments	covere 	the	 i h	 tlas 	
the	Meseta 	an 	the	 ar a a	 asins	as	 ell	as	 art	o 	the	 e i at	 hiel 	

hro ho t	the	 rassic 	shallo 	marine	an 	marine	environments	are	 ell	reco nise 	
ctive	 se imentar 	 so rce	 areas	 ere	 the	 nti tlas 	 the	 e i at	 hiel 	 an 	 the	

Meseta	massi s 	 	s stantial	shi t	o 	so rce	area	 as	evi ence 	 rom	the	 nti tlas	to	
the	Meseta i h	 tlas	at	the	transition	 et een	the	Mi le	an 	the	 ate	 rassic	 ca 	

	Ma 		

n	 the	 retaceo s 	 terrestrial	 environments	 are	 coverin 	 a	 s stantial	 ortion	o 	 the	
st 	area 	es eciall 	 et een	 	an 	 	Ma 	 nother	consi era le	shi t	o 	so rce	
area	 as	 evi ence 	 rom	 the	 Meseta i h	 tlas	 to	 the	 nti tlas	 at	 the	 transition	
et een	the	earl 	 arl 	an 	the	mi le	 retaceo s	 ca 	 	Ma 	

ast 	 rin 	 the	 enozoic 	 almost	 all	 resentl 	 o trco in 	 asement	 areas	 ere	
so rcin 	material	to	the	coastal	an 	 orelan 	 asins 	
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c no le ements 	 	mem ers	 n el	 rante i 	 im	 er 	 e	 val rno l 	
eonar o	M niz Pichel 	 ian en 	 an 	an 	 mman el	 o ette	are	than e 	 or	their	
val a le	colla oration 	 e	 val rno l 	an 	 mman el	 o ette	are	 than e 	 or	
roo rea in 	 this	 cha ter 	 milie	 haillan	 is	 than e 	 or	 i itizin 	 the	 retaceo s	

o tcro s	 rom	the	 	 rican	 eolo ical	ma s 	





	

	 	

isc ssion 	Vertical	movements	
an 	 n erl in 	mechanisms	

	

stract 	 he	 otential	mechanisms	res onsi le	 or	the	onset	an 	contin ation	o 	the	
m scale	 n re icte 	vertical	movements	are	 isc sse 	 in	this	cha ter 	 he	 i erent	
com ilations	an 	 com arisons	o 	 ata	hitherto	 athere 	 sho 	 that	 lo tem erat re	
thermochronolo 	 a es	 relate 	 to	 ri tin 	 i 	 ever	 resent 	 have	 een	 over rinte 	 	
ost ri t	events 	 he	mechanisms	 revio sl 	 ro ose 	 or	the	Moroccan	case	acco nt	
or	 local	 to	 re ional	 o servations 	 o ever 	 not	 all	 o 	 these	 o ose 	 mechanisms	
acco nt	 or	the	lar e scale	an 	more	 eneral	o servations 	 n	the	other	han 	recent	
st ies	have	s mitte 	that	mantle riven	 namic	to o ra h 	sho l 	 e	consi ere 	
as	a	 eneral	 n erl in 	ca se	 or	 oth	 ar 	an 	 o n ar 	movements	o serve 	in	
man 	 laces	o 	the	 orl 	 o ever 	this	 rocess	 oes	not	ta e	into	acco nt	the	local	
an 	re ional	o servations 	 e	ar e	that	a	com ination	o 	lar e scale	cr stal	 ol in 	
mantle riven	 namic	to o ra h 	an 	thermal	s si ence 	 as	 instr mental	to	the	
e h mation	 an 	 s si ence	 e iso es 	 Moreover 	 these	 lar e scale	 e iso es	 ere	
s erim ose 	 	chan es	 in	climates 	sea	 level 	an 	ero i ilit 	o 	the	e ose 	roc s 	
overall	 contri tin 	 to	 the	 vertical	 movement	 timin s 	 atterns 	 an 	 am lit es	
o serve 	in	Morocco	an 	its	s rro n in s 	
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	 ntro ction	

ne	 o 	 the	 characteristics	 o 	 the	 m scale	 n re icte 	 e h mation	 an 	 s si ence	
e iso es	occ rrin 	in	Morocco	that	remains	 nconstraine 	is	the	tri erin 	 rocess es 	
n	 this	 cha ter 	 e	 isc ss	 the	 ossi le	 mechanisms	 res onsi le	 or	 the	 onset	 an 	
ersistence	o 	these	movements 		

irst 	 e	 ela orate	 on	 the	 ri tin 	 an 	 ri tin 	 tectonics 	 e	 secon l 	 e amine	 the	
ataset	 o 	 o em erat re	 hermochronolo 	 	 a es	 in	 Morocco	 an 	

s rro n in s	to	 ossi l 	 e ine	tren s	that	are	e ecte 	alon 	 assive	mar ins 	 hir 	
e	revie 	the	 rocesses	that	 ere	 ro ose 	 or	Morocco	as	li el 	can i ates	to	e lain	

the	 o serve 	 e h mation	 an 	 s si ence	 e iso es 	 o rth 	 e	 ela orate	 on	 the	
tectonic	im lications	o 	the	res lts	o taine 	hitherto	in	this	 hesis	an 	com are	them	
to	 lishe 	 ata 	 hich	incl es	the	com arison	o 	the	 resent a 	architect re	an 	
evol tion	o 	the	 i i	 ni	transect	to	other	se ments	across	the	Moroccan	ri te 	mar in 	
the	 avelen ths	o 	vertical	movements	 rom	the	 nti tlas	to	the	rest	o 	Morocco 	an 	
the	 e h mation	 an 	 s si ence	 rates	 to	 instances	 in	 the	 literat re	 here	 the	
mechanisms	are	 no n 	 ast 	 e	com ile	an 	com are	 i erent	 ro ies	 or	tectonic 	
climate 	an 	e static	chan es 	

	 ecte 	tectonic	evol tion	alon 	a	ri te 	 assive	mar in		

everal	t es	o 	ri ts	an 	 assive	mar ins	e ists	 e 	 llen	an 	 llen 	 	 hese	t es	
ma 	 e	 cate orise 	 in	 several	 ashions 	 ase 	on	 their	 eo namic	 conte t 	 volcanic	
activit 	 i th 	or	other	as ects 	 e	 ill	 oc s	on	the	tectonics	e ecte l 	involve 	in	
the	case	o 	the	 entral	 tlantic	ri tin 	an 	 ri tin 	 i 	 		

he	ri tin 	o 	 the	 entral	 tlantic	 is	consi ere 	as	 assive	 e 	 an ar 	an 	 elsin 	
	an 	as mmetric	 e 	Pi 	an 	 aville 	 	 o iza 	 	 he	earl 	Mesozoic	

ri tin 	 as	 characterise 	 	 a	 i e	 ri te 	 zone	 rizon	 e	 amotte	 et	 al 	 	
im ortant	terri eno s	in ts 	salt	se imentation 	an 	 	the	 entral	 tlantic	Ma matic	
Province	 MP 	e 	Michar 	et	al 	 		
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igure	6.1.	Summary	of	the	vertical	movements	expected	in	the	Central	Atlantic	margins	and	
their	ad acent	 continental	 crusts	 (after	Gouiza	 et	al. 	 2 1 ).	A) 	 ) 	 and	C)	Pre- 	 Syn-	and	
post-rift	 situations 	 respectively.	 MO :	 Mid-Oceanic	 idge	 (spreading	 centre) 	 COT :	
Continent-Ocean	Transition	 one.	 ) 	E) 	 ) 	and	G)	Evolution	of	different	aspects	of	a	rifted	
continental	 margin.	 )	 and	 I)	 Cartoons	 illustrating	 source-to-sin 	 systems	 and	 salt	
mobilisation 	respectively.	
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Passive	ri tin 	 evelo s	in	an	e tensional	 eo namic	conte t 	 ith	e tension	 riven	 	
late	movements	 e 	Michon	an 	Merle 	 	 t	has	 een	 s este 	 that	 assive	

ri tin 	is	characterise 	 	lithos heric	stretchin 	asthenos here	 ellin 	hi h	s r ace	
heat lo 	 i 	 	 seismic	 activit 	 ne ative	 o er	 anomalies 	 normal	 a lts	
reachin 	 ee 	 ithin	 the	 continental	 cr st 	 an 	 thermal	 anomalies	 at	 e th	 e 	

ismans	an 	 ea mont 	 	 llen	an 	 llen 	 	 s mmetric	ri ts 	 hich	ma 	lea 	
to	mantle	e h mation	alon 	a	 etachment	 a lt 	are	characterise 	 	sim le	shear	an 	
hi h	e tension	rates	 Michon	an 	Merle 	 	 t	 as	also	evi ence 	that	as mmetric	
ri ts	can	res lt	 rom	ri t	zone	mi ration	 or	 etails 	see	 r ne	et	al 	 	 he	a acent	
nstretche 	 continental	 lithos here	 ri t	 lan s 	 ma 	 e	 a ecte 	 	 small	 scale	

convection 	 volcanism 	 an 	 li t	 i 	 	 e 	 lsen 	 	 llen	 an 	 llen 	 	
Pre icte 	s n ri t	vertical	movements	are	s stantial	an 	ra i 	 s si ence	 in	 the	ri t	
zone	 i 	 	Mc enzie 	 	an 	 li t	or	no	motions	in	the	ri t	 lan s	 lsen 	 	

ismans	an 	 ea mont 	 	

he	 assive	mar in	 o 	 north est	 rica	 is	 a	 ri te 	mat re 	 airl 	 narro 	 se iment
no rishe 	mar in	 e 	Michar 	et	al 	 	 t	is	consi ere 	as	non volcanic 	or	ma ma
oor 	as	the	continental	mar in	lac s	sea ar 	 i in 	re lectors	 e 	 ontr cci	et	al 	

	 iari	et	al 	 		

i te 	ma ma oor	continental	mar ins	are	characterise 	 	sea ar 	 i in 	normal	
a lts	 an 	 a	 rea 	 ncon ormit 	 e 	 Paton	 et	 al 	 	 he	 re icte 	 ost ri t	
vertical	 movement	 in	 ri te 	mar ins	 is	 a	 slo 	 an 	 contin o s	 s si ence	 i 	 	
Mc enzie 	 	lin e 	to	thermal	coolin 	o 	the	lithos here	 i 	 	e 	 ertotti 	

	 atts 	 	 he	 a acent	 nstretche 	 continental	 lithos here	 is	 ass me 	as	
tectonicall 	 iescent	in	most	mo els	o 	 assive	mar ins	evol tion	 revie e 	in	 atts 	

	 o ever 	some	st ies	have	sho n	that	 ost ri t	 li t	an 	e h mation	can	 e	
re icte 	in	the	 nstretche 	lithos here	a acent	to	ri te 	mar ins	 i 	 	 ero 	et	

al 	 	 amato	et	 al 	 	 he	mo elle 	 vertical	movements	 ere	e laine 	 as	
res ltin 	 rom	 asthenos here	 ellin 	 or	 thermal	 in ce 	 le ral	 res onse	 o 	 the	
lithos here 		

o rce to sin 	s stems	ma 	res lt	 rom	the	erosion	o 	the	 nstretche 	lithos here	i 	its	
s r ace	resi es	a ove	sea	level	 e 	Martinsen	et	al 	 	 ellan ansen	 	 i 	

	 he	so calle 	 assive mar in	san s 	are	a	 ro ct	e am le	o 	s ch	s stems	 e 	
arzanti	et	al 	 	 inall 	the	se imentar 	over r en	in	a	se iment rich	mar in 	

alon si e	other	 rocesses 	is	s sce ti le	to	tri er	salt	mo ilisation	an 	local	 li ts	 i 	
	e 	Pichel	et	al 	 		
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	 	a e	 atterns 	 	lin 	 ith	ri tin 	or	 ri tin 	 rocesses 	

he	 	a es	 ro ce 	in	Morocco	an 	its	s rro n in s	are	 erha s	relate 	to	coolin 	
or	heatin 	events	relate 	to	the	ri tin 	or	 ri tin 	 rocesses 	 ss min 	that	s ch	si nals	
ere	not	s erim ose 	 	other	 rocesses 	a	clear	 attern	is	e ecte 	to	emer e	 rom	

s atial	an 	tem oral	 istri tions	o 	the	 	a es	 i 	 	an 	 	 rin 	the	 riassic 	
t o	 istinct	ri ts	 evelo e 	in	Morocco 	the	 entral	 tlantic	an 	 i h	 tlas	ri ts 	 	lin e 	
to	ri tin 	 rocesses 	 ro ce 	a es	close 	to	the	ri te 	areas	sho l 	recor 	coolin 	a es	
rom	 riassic	 to	 arl 	 rassic	 times	 ith	overall	 ol er	 a es	 a a 	 rom	 the	 ri t	 zone 	
n ee 	it	has	 een	 emonstrate 	that	 	a es	ma 	 e	a ecte 	or	reset	 	heat	 l es	
in	 the	 ri te 	 areas	 or	 their	 vicinit 	 e 	 Moore	 et	 al 	 	 ohrman	 et	 al 	 	
Moreover 	 lan 	 li t	 o l 	 enerate	e h mation	an 	conse entl 	 	s stems	 o l 	
recor 	coolin 	in	the	 nstretche 	cr sts	alon 	the	ri te 	areas 		

	

	
igure	6.2.	Temporal	distribution	of	LTT	ages	produced	in	Morocco	and	surrounding	(plotted	
in	bins	of	2 	Myr).	See	all	references	in	table	4.1.	 esults	of	thermochronology	on	A)	apatite	
and	 )	zircon	crystals.		
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	 	 a e	 atterns	 ere	 lin e 	 to	 ost rea 	 li t	 in	 the	 nstretche 	 lithos here	
e 	 ero 	et	al 	 	one	 o l 	e ect	Mi le ate	 rassic	to	 arl 	 retaceo s	a es	
alon 	the	ri te 	continental	mar in	o 	the	 entral	 tlantic 	 a 	 rom	the	mar in 	 iven	
the	ass me 	tectonic	inactivit 	in	the	mo els 	no	 artic lar	tren 	or	 attern	is	e ecte 	
h s 	the	ri t relate 	a e	 attern	sho l 	 revail 		

rom	 	 	a es	 ro ce 	in	Morocco	an 	s rro n in s	 i 	 	 	 elon s	to	
the	 ost Variscan	 an 	 re tlas	oro en 	 erio 	 characterise 	 	 the	 re 	 s n 	 an 	
ost ri t	sta es	o 	 oth	the	 entral	 tlantic	an 	 tlas	ri ts 	 or	the	remainin 	 ata 	 	
elon s	to	the	 erio 	o 	 tlas	 e ormations	 ca 	 Ma 	 	to	the	Variscan	 ca 	

	 Ma 	 an 	 	 is	 ol er	 than	 the	 Variscan 	 hese	 coolin 	 a es	 clearl 	 sho 	 that	
i es rea 	coolin 	events	too 	 lace	 e ore 	 rin 	an 	a ter	the	ri tin 	sta es 		

he	s atial	 istri tion	o 	the	coolin 	a es	ma 	 e	o serve 	in	 i re	 	hi hlitin 	a e	
atterns	in	some	areas 	 or	the	 e	an 	 	s stems 	 enozoic	a es	are	concentrate 	

close	to	recent	mo ntains	 i 	 tlas 	or	in	the	 anar 	 slan s 	Mesozoic	an 	Palaeo ene	
e	a es	 ere	 ro ce 	 or	all	Variscan	massi s 	 s	o serve 	 or	the	 nti tlas	 elt	in	

cha ter	 	there	is	a	tren 	 ith	 o n er	 e	a es	to ar s	the	northeast 	 n	the	 e i at	
hiel 	 	a es	are	 ecomin 	si ni icantl 	ol er	 Palaeozoic 	 to ar s	 the	northeast 	
his	 attern	is	not	a lica le	to	the	 nti tlas 	as	its	 estern	an 	eastern	terminations	

are	 characterise 	 	 Permian	 to	 rassic	 	 a es 	 here 	 	 a es	 are	 ecomin 	
o n er	to ar s	the	centre	o 	the	 elt 		

	on	zircons	 as	some hat	less	a lie 	in	st ies	con cte 	in	Morocco	 i s 	 	
an 	 	 hile	most	 o 	 the	 	 a es	 recor 	 a	 Variscan	 si nal 	 e	 a es	 are	 or	 their	
ma orit 	Permian	or	 o n er 	 o	clear	a e	 atterns	are	 istin ishe 	 ithin	these	 ata	
sets 		

e	 also	 constr cte 	 a	 transect	 r nnin 	 er en ic lar	 to	 the	 ontinental ceanic	
o n ar 	 	 ro ectin 	 ortho onall 	 all	 availa le	 	 a es	 an 	 the	 calc late 	
h e	me ian	a es	onto	it	 i 	 	 e	aim	to	see	i 	there	are	coolin 	a e	 atterns	

that	co l 	 e	e laine 	 	 rocesses	intrinsic	to	the	 entral	 tlantic	ri tin 	even	tho h	
the 	are	not	visi le	on	a	ma 	vie 	 n	that	case 	 e	sho l 	o serve	coolin 	a es	o 	ri tin 	
a es	at	the	continental oceanic	 o n ar 	an 	ol er	a es	a a 	 rom	the	 o n ar 	 ntil	
a	threshol 	 istance	 here	the 	are	not	reset	an more 		
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igure	 6.3.	 LTT	 cooling	 ages	 spatial	 pattern	 superimposed	 to	 the	 EM	 (data:	
GE CO 2 14 1 ).	See	complete	list	of	references	in	chapter	4 	table	4.1.	
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igure	 6.4.	 LTT	 ages	 orthogonally	 pro ected	 along	 a	 SE	 trending	 line.	 The	 line	 runs	
perpendicular	 to	 the	 CO 	 (orientation	of	 a	 trend	 line	 offshore	Morocco	 is	 ca.	 47 ).	 The	
position	of	the	CO 	is	after	Miles	et	al. 	2 12.	The	location	of	the	pro ection	line	on	the	map	
is	for	illustration	purpose	only.	Median	ages	are	used	for	A e	and	 e.	Only	the	produced	
ages	of	shallo est	samples	from	boreholes	 ere	plotted.		
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he	 	 a es	 seem	 to	 ecome	 ol er	 so th east ar s	 a a 	 rom	 the	 ontinental
ceanic	 o n ar 	 	 as	 o serve 	 	 e r tre	 et	 al 	 	 o ever 	 this	 tren 	

seems	to	e ist	onl 	 eca se	o 	 e 	coolin 	a es	 ro ce 	in	the	 e i at	 hiel 	 e	 o	
not	o serve	s ch	 atterns	in	the	other	 asement	areas	o 	Morocco	 i 	 	 imilarl 	
the	 e 	 	an 	 e	s stems	 o	not	sho 	clear	tem oral	tren s	a a 	 rom	the	 	
hich	ma 	 e	 e	to	a	lac 	o 	 ata 	 here ore 	 e	cannot	concl e	here	that	the	coolin 	

a es	an 	 atterns	are	relate 	to	the	ri tin 	 t	is	also	o serve 	 or	 	an 	 e	a es	that	
e 	 ata	 oints	seem	to	 e	ol er	than	the	ri tin 	a e 	 	to	 	 m	a a 	 rom	the	

	 i s 	 	an 	 	

itionall 	 it	 has	 een	 emonstrate 	 or	 the	 	 s stem	 that	Mean	 rac 	 en th	
M 	 vs	 	 a e	 lots	 i 	 	 sometimes	 calle 	 oomeran 	 lots 	 alla her	 an 	
ro n 	 	 iel 	insi hts	into	the	coolin 	histor 	 here ore 	coolin 	events	evi ence 	
ith	 this	metho 	 cl ster	 o 	 lon 	M 	ma 	 is la 	 a	 tem oral	 lin 	 to	 the	 ri tin 	 as	

e em li ie 	in	the	 razilian	 o n 	et	al 	 	an 	 n ian	ri te 	mar ins	 am anile 	
	 n	 the	Moroccan	 ataset	ho ever 	 there	 is	 no	 oomeran 	 c rve	nor	 a	 clear	

tem oral	lin 	 et een	lon 	M 	 ca 	 	 m 	an 	the	timin 	o 	ri tin 		

	
igure	6.5.	MTL	vs	A T	age	plot	for	Morocco	and	its	surroundings.	

he	 istri tion	o 	the	coolin 	a es	 itho t	 eneral	tem oral	an 	s atial	 atterns 	an 	
the	a sence	o 	 oomeran 	c rve 	s est	that	the	 rocesses	intrinsic	to	ri tin 	an or	
ri tin 	 mi ht	 have	 little	 to	 o	 ith	 the	 vertical	 movement	 timin s	 an 	 atterns	 in	

Morocco	or	that	the 	 ere	s erim ose 	 	other	events	that	occ rre 	 rin 	the	 ost
ri t	sta e 	
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	Vertical	movements 	Pro ose 	mechanisms	

ne ecte 	 vertical	 movements	 are	 la elle 	 as	 s ch	 eca se	 o r	 recor 	 o 	 the	
eolo ical	 histor 	 is	 not	 s icientl 	 etaile 	 to	 rovi e	 concomitant	 an 	 a e ate	
eolo ical	 rocesses	 s ortin 	 their	 occ rence 	 he	 ro ose 	 mechanisms	 m st	

acco nt	 or	several	o servations 	 m scale	s si ence	an 	e h mation	on	a	 airl 	lar e	
scale 	not	restricte 	to	the	hinterlan s	o 	the	mar ins	 e 	e h mation	o 	the	 o ar	
Massi 	 in	 l eria 	 n lish	et	al 	 	an 	 in	m lti le	e iso es	 e 	 e i at	 hiel 	
e r tre	et	al 	 		

t ies	 have	 ar e 	 that	 these	 e iso ic	 e h mation	 an 	 s si ence	 events	 can	 e	
e laine 	in	terms	tectonic	 late	motions	an 	 rivin 	 orces	 e 	 reen	et	al 	 	or	
lithos heric	 ol in 	o 	the	continental	mar in	 e 	 a sen	et	al 	 	Mantle riven	

namic	 to o ra h 	 has	 also	 een	 ro ose 	 as	 a	 can i ate	 or	 the	 initiation	 an 	
reservation	o 	these	vertical	movements	 e 	 o ar 	et	al 	 	see	M ller	et	al 	

	 or	a	recent	revie 	

merical	 mo ellin 	 st ies	 sho 	 that	 ost ri t	 chan es	 in	 mantle	 convection	 e 	
amato	et	al 	 	or	thermall 	in ce 	 le ral	res onse	o 	the	lithos here	 ero 	et	

al 	 	 event all 	 lea 	 to	 li t	 in	 the	 ri te 	 mar in	 hinterlan s 	 o ever 	 these	
mo elle 	mechanisms	onl 	acco nt	 or	the	 ost ri t	tectonics	alon 	a	ri te 	continental	
mar in 	an 	 th s	 cannot	 e	 se 	 to	 test	 the	o serve 	 re 	an 	 s n 	 ri t	movements	
o serve 	in	Morocco 		

n	 Morocco 	 revio s	 a thors	 have	 tentativel 	 associate 	 the	 ar 	 movements	
evi ence 	via	time em erat re	 t 	mo ellin 	to	the	Variscan	chain	erosion	 or	the	
re ri t	e h mation	 e 	 iz	et	al 	 	to	the	 li te 	ri t	sho l ers	 or	the	s n ri t	

e h mation	 e 	 asso 	et	al 	 	an 	to	 intra late	horizontal	cr stal	stresses	
relate 	to	the	 o th	 tlantic	o enin 	an 	 ri tin 	 or	the	late	 ost ri t	e h mation	 e 	
Michar 	et	al 	 a 	 hor al	et	al 	 	 o iza	et	al 	 a 		

ome	a thors	 e 	 rizon	 e	 amotte	et	al 	 	 iz	et	al 	 	 asso 	et	al 	
	 o laimani	 et	 al 	 	 s este 	 that	 the	 Variscan	 elt	 as	 the	 so calle 	

li te 	sho l er 	o 	the	 entral	 tlantic	an 	 i h	 tlas	ri ts	 rom	the	en 	o 	the	 riassic	
to	the	 arl 	 rassic 	 riassic	re 	 e s	 in	the	 echar	 asin	 a re 	 	an 	o shore	
tlantic	mar in	 e 	 ni 	 o 	 li	et	al 	 	 a i 	et	al 	 	an 	a	lac 	o 	 riassic	

se iments	 an 	 heatin 	 events	 at	 	 Ma	 in	 the	 estern	 nti tlas	 thermal	 histor 	
mo els	 see	 ar ment	 in	 o laimani	 et	 al 	 	 are	 elements	 that	 s ort	 that	
concl sion 	Moreover 	 ri t	 li te 	 sho l ers	 are	 escri e 	 as	 re ional	 eat res	 ith	
elevate 	areas	 	to	one	h n re 	 ilometres	a a 	 rom	the	ri t	mar in	 e 	 c 	 	
llen	an 	 llen 	 	 ontrari ise 	the	a sence	o 	 riassic	to	 rassic	se iments	in	the	
in o 	 nti tlas 	an 	 ir	 ama a	 asins	 le 	 a re	 	 to	 ro ose	an	 isostatic	

re o n 	 e	to	the	removal	o 	thic 	la ers	o 	 MP	 asalts	 e	to	erosion 	
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o iza	 	sho e 	 ith	lithos heric	mo ellin 	that	the	ri tin 	 inematics	 ere	not	
s icient	to	e lain	 m scale	vertical	movements	in	the	ri t	 lan s	 rin 	an 	a ter	the	
ri tin 	 Moreover 	 iz	 et	 al 	 	 see	 re erences	 therein 	 emonstrate 	 that	 the	

ermost	isotherms	 ithin	the	lithos here	o 	the	 nti tlas	are	not	m ch	a ecte 	 	
thermal	 ert r ations	occ rrin 	close	 to	 the	 lithos here asthenos here	 o n ar 	or	
ee er 	 om nech	 	ar es	that	the	 ost ri t	thermal	rela ation	o 	the	lithos here	

co l 	not	entirel 	e lain	the	o serve 	coolin 	in	t 	mo ellin 	res lts 	an 	hence	that	
e h mation	m st	have	occ rre 		

n se imentar 	 ol in 	an 	 a ltin 	 oc mente 	in	the	 rassic	an 	 retaceo s	o 	the	
estern	 i h	 tlas	 s est	 that	 re ional	 	 shortenin 	 s orte 	 the	 vertical	

movements	 ertotti	 an 	 o iza 	 	 ther	 non tlasic	 com ressional	 str ct res	
have	 een	o serve 	onshore	in	the	Misso r	 asin	 ea cham 	et	al 	 	 ssao ira

a ir	 asin	 ern n ez lanco	an 	 o iza 	 	an 	 entral	 i h	 tlas	 alvin	et	al 	
	 shore 	in	the	 assive	mar in 	 ate	 retaceo s	com ressional	str ct res	have	

also	 een	 inter rete 	 on	 seismic	 ro iles 	 near	 a i	 nla 	 et	 al 	 	 ssao ira	
e maier	et	al 	 	an 	 an an	 o 	 li	et	al 	 	 o ever 	the 	have	 een	

attri te 	 to	 the	 tlasic	 shortenin 	 hortenin 	 irections	 in erre 	 in	 the	
a ovementione 	st ies	are	 et een	 	an 	 	 n	the	 ar a a	 asin 	 rassic
retaceo s	 tectonic	movements 	 ere	 escri e 	an 	attri te 	to	the	motions	o 	an	

east o n in 	 a lt	 ho ert	et	 al 	 	 his	 a lt	 as	 sai 	 to	 e	a	 tectonic	 limit	
et een	the	 nti tlas	an 	the	 asin 	 onetheless 	it	is	har 	to	resolve	i 	this	in erre 	
ost ri t	an 	non tlasic	shortenin 	is	the	ca se	o 	the	vertical	movements	or	merel 	

the	conse ence	o 	a acent	areas	 ein 	 li te 	 	other	mechanisms 	

ase 	on	a	care l	anal sis	o 	the	terraces	in	the	 nti tlas	coastal	area 	 esta a 	et	
al 	 	concl e 	that	the	o serve 	 eo ene	 li t	 as	climate	 riven 	 n	the	interior	
o 	the	 nti tlas	an 	 i h	 tlas 	other	a thors	tentativel 	associate 	the	 li t	to	a	lar e	
mantle	anomal 	 ei ell	et	al 	 	 asso 	et	al 	 	res ltin 	 rom	the	Moroccan	
ot	 ine	 r ole a	et	al 	 	 ei ell	et	al 	 	Missenar 	 	 a a lt	et	al 	 	
rizon	 e	 amotte	et	al 	 		

o n ar 	movements 	also	o taine 	 ith	t 	mo ellin 	 ere	solel 	e laine 	in	terms	
o 	se imentation 	o 	 hich	 e osits	are	no 	ero e 	 rom	the	sam le 	 asement	areas	
e 	 hor al	 et	 al 	 	 e r tre	 et	 al 	 	 o	 evi ence	 that	mo elle 	 heatin 	
events	 can	 e	 escri e 	 in	 terms	 o 	 se imentar 	 loa in 	 ehrt	 	 calc late 	
s si ence	rates	 rom	t 	mo els	converte 	to	 e th 	 e	then	ma e	a	com arison	to	
rates	o taine 	 rom	seismic	inter retations	in	the	north	 ar a a	 asin	an 	o serve 	that	
the 	 ere	com ara le 	
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	 haracteristics	o 	the	 ar 	movements 	 nsi hts	 rom	this	 hesis	

	 in 	 et een	o shore	ri te 	an 	onshore	non ri te 	 omains		

ive	cross sections 	 er en ic lar	to	the	Moroccan	ri te 	mar in	across	o shore	an 	
onshore	 tlantic	 asins 	are	com are 	to	the	 resent a 	 i i	 ni	transect	 cha ter	 	
o	 com are	 the	 eolo ical	 evol tions 	 e	 se	 lishe 	 t 	mo els	 an 	 s si ence	

c rves	alon 	these	transects	 i 	 		

he	 o ala 	 a at	 shore 	an 	 ssao ira	transects	 i s 	 	 	an 	 	res ectivel 	
all	 e ict	 a	 riassic	 or	 rassic	 ncon ormit 	 over	 the	 asement 	 onshore	 as	 ell	 as	
o shore 	 an 	 a	 relativel 	 thic 	 Mesozoic	 se imentation	 	 to	 	 m 	 he	 er	
retaceo s	re lections	are	tr ncate 	at	the	 resent a 	continental	shel 	e e	 a i 	et	

al 	 	 hich	is	attri te 	to	 enozoic	tectonics 	 n	the	Meseta	an 	 i h	 tlas 	 	
st ies	 an 	 t 	 mo els	 have	 oc mente 	 a	 similar	 inematic	 evol tion	 o 	 vertical	
movements	 e 	 hor al	 et	 al 	 	 om nech	 et	 al 	 	 he	 resentl 	
o tcro in 	 Variscan	 roc s	 in	 the	 Meseta	 ere	 close	 to	 the	 s r ace	 rin 	 the	
Permian ate	 riassic 	 ollo e 	 	s si ence	 ntil	the	Mi le	 rassic 	e h mation	in	
the	 ate	 rassic arl 	 retaceo s 	rene e 	s si ence	 rin 	the	 ate	 retaceo s	an 	
a	 inal	e h mation	in	the	 enozoic 		

oth	 nti tlas	sections	 i s 	 	an 	 	sho 	a	 airl 	thic 	Mesozoic	 ac a e	 et een	
	an 	 	 m 	at	 the	 estern	 lan 	o 	 the	 elt 	 ith	 t o	 to	 three	 ncon ormities 	one	
ollo in 	 the	 Variscan	 ol in 	 one	 ithin	 the	 rassic 	 an 	 one	 at	 the	 ase	 o 	 the	
enozoic 	 n	 the	 nti tlas 	 o iza	 et	 al 	 a 	 an 	 this	 st 	 oc ment	 a	 similar	

thermal	 evol tion 	 altho h	 i erent	 rom	 the	 one	 escri e 	 in	 the	 Meseta	 e 	
hor al	et	al 	 		

he	 i erences	in	 ost Variscan	thermal	evol tions	o 	the	Meseta i h	 tlas	an 	 nti
tlas	hi hli ht	several	shi ts	o 	so rce	areas	 or	the	se iments	 elivere 	to	the	 tlantic	

an 	coastal	 asins	 et een	the	Mi le	an 	 ate	 rassic	an 	 et een	the	 arl 	an 	 ate	
retaceo s 		
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igure	6.6.	Present-day	2 	architecture	of	 the	Moroccan	passive	margin	(central	panels) 	
selected	subsidence	and	bac stripping	curves	(left	panels) 	and	t-T	modelling	(right	panels)	
results.	A	to	 )	 abat 	 ou ala 	Essaouira 	Sidi-Ifni 	 orth	Tarfaya 	and	 a hla	transects 	
respectively.	 ote	 that	 cross-sections	 a 	 and	 c 	 are	 in	 time.	 See	 location	 map	 for	
orientation.	C:	Cenozoic 	 :	Cretaceous 	 :	 urassic 	T:	Triassic 	 :	 asement	(Palaeozoic	and	
Precambrian).	 The	 letters	 	 and	 	 are	 sho n	 on	 the	 sections	 only	 if	 the	 urassic	 or	
Cretaceous	are	locally	undifferentiated.	The	t-T	best-fit	results	of	samples	1 6 	TO. 4. 1	and	
MA29	are	from	Ghorbal	 et	al. 	2 8 	Ghorbal 	2 9	and	Sehrt	 et	al. 	2 17a 	 respectively.	
The	t-T	 eighted	average	results	of	samples	LG 1 MES 1	and	SC12	are	from	the	present	
or 	 and	 Lepr tre	 et	 al. 	 2 15 	 respectively.	 The	 subsidence	 curves	 from	 ells	 S 3	

(synthetic) 	 P-1	and	 I -1 TT-1	are	 from	Gouiza	et	al. 	 2 1 	 ouatmani	et	al. 	 2 7	and	
Gouiza 	2 11 	respectively.	 	
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inall 	the	 a hla	section	 i 	 	sho s	that	no	se iments	are	 reserve 	 rior	to	the	
arl 	 retaceo s	 an e	 et	 al 	 	 a i i	 et	 al 	 	 est	 o 	 the	

Ma ritani es e i at	 hiel 	 he	 thic ness	 o 	 the	 retaceo s	 e osits	 ma 	 have	
reache 	 	 m 	 ncon orma l 	overlain	 	Palaeocene	se iments	 an e	et	al 	 	
he	 oc mente 	 inematic	evol tion	 e 	 e r tre	et	al 	 	is	also	 i erent	 rom	

those	 o 	 other	 se ments 	 sho in 	 s si ence	 rom	 the	 Permian	 to	 the	 riassic	 an 	
e h mation	 rom	 rassic	on ar s	 or	most	o 	the	 e i at	 hiel 	 ith	locall 	shorter	
an 	mil er	e h mation	an 	s si ence	e iso es	 e 	 e r tre	et	al 	 	

he	 insi hts	 o taine 	 rom	 the	 cross sections 	 s si ence	 anal ses 	 an 	 onshore	
thermal	histor 	 ive	 s	the	o ort nit 	to	lin 	the	onshore	an 	o shore	 omains 	 t	is	
clear	that	stron 	e h mation	e iso es	in	the	hinterlan 	are	e resse 	in	the	sin s	 	
normal	to	e cessive	s si ence	rates 	as	i 	it	 as	echoin 	a	 le ral	res onse	o 	the	cr st	
or	 lithos here 	 he	lin 	 et een	e h mation	an 	e cessive	s si ence	e iso es	ma 	
e	evi ence 	 rin 	the	 riassic	in	the	 ssao ira	an 	north	 ar a a	transects	 i s 	 	

an 	 	 rin 	the	 arl 	to	Mi le	 rassic	in	the	 o ala	 i 	 	an 	north	 ar a a	
transects 	 an 	 rin 	 the	 arl 	 retaceo s	 in	 the	 ssao ira	 transects	 ertotti	 an 	
o iza 	 	Moreover 	in	all	transects	e ce t	the	 a hla	one 	s si ence	recor e 	
	 	 an 	 t 	mo ellin 	 can	 e	 lin e 	 to	 se iments	 reserve 	 in	 the	 o shore	 an 	

coastal	 asins 	 t	is	there ore	not	s r risin 	to	o serve	se iments	tr ncate 	in	the	shel 	
or	coastal	 omains	 e 	 ate	 retaceo s	in	the	Meseta	an 	 e i at	 hiel 	re ions	an 	
arl 	 retaceo s	alon 	the	 estern	 nti tlas 	 inall 	it	is	 orth	notin 	that	the	non
reserve 	se iments	ma 	not	 e	 lin e 	to	one	s eci ic	hinterlan 	 inematic 	 nstea 	

the 	 are	 lin e 	 to	 sta le	 areas	 rin 	 the	 Permian 	 Mesozoic	 s si ence	 an 	
e h mation	e iso es	in	the	 a hla	transect	 i 	 	an 	e h mation	in	the	 a at	 i 	

	an 	 ssao ira	transects	 rin 	the	 ate	 retaceo s Palaeo ene	transition 	

rthermore 	 e	 ro ose	 that	 the	 o serve 	 s n ri t	 e h mation	 is	 not	 lin e 	 to	 ri t	
sho l er	 li t 	 or	 t o	reasons 	 i 	 the	Permian	to	 rassic	e h mation	starte 	 in	the	
nti tlas	an 	 e i at	 hiel 	 e ore	the	initiation	o 	ri tin 	 see	cha ter	 	an 	ii 	 ate	
riassic	se iments	are	 ell	re resente 	east	o 	the	 tlantic	 a lts	in	man 	 asins	 e 	
a at 	 a i 	et	al 	 	 o ala 	 o iza	et	al 	 	o shore	 i i	 ni 	 ha ter	 	an 	

so th	 to	 the	 ri t	 relate 	 a lts	 o ss	 asin 	 ama a	 an 	 o ha io i 	 	 his	
rocess	has	 revio sl 	 een	 iscar e 	 or	the	 ost ri t	 m scale	e h mation	in	elevate 	

continental	 assive	mar ins 	as	the	area	 n er oin 	e h mation	e ten s	 ar	 e on 	the	
scale	o 	 lan 	ri t	 li t	 e 	 a sen	et	al 	 	 reen	et	al 	 	 n	 eneral 	the	role	
o 	the	 a lts	seems	to	 e	limite 	to	the	s si ence	e iso es 	
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	 h mation	an 	s si ence	 avelen ths	

he	 vertical	 movement	 hal 	 avelen ths	 can	 e	 estimate 	 rom	 the	 evol tion	 o 	
s si ence	an 	e h mation	o serve 	alon 	a	cross section	tren in 	 er en ic lar	to	
the	stri es	o 	the	 e ilets	Massi 	 i h	 tlas 	 nti tlas 	an 	 e i at	 hiel 	 i 	 	
he	hal 	 avelen ths 	e resse 	as	the	 istance	 et een	n ll	 oints 	are	 et een	ca 	
	an 	 	 m	 or	the	e h min 	 omains 	an 	ca 	 	an 	 	 m	 or	the	s si ence	
avelen ths 	

he	 in o 	 asin	 remains	 airl 	 nconstraine 	 in	 terms	 o 	 vertical	movements	 an 	
there ore	these	 avelen ths	sho l 	 e	care ll 	consi ere 	es eciall 	 e ore	the	 ate	
retaceo s 	 evertheless 	 the	 lon est	hal 	 avelen th	 is	o serve 	 rin 	the	s n ri t	

sta e	 or	the	 e i at	 hiel 	to	 nti tlas	area 	 n	 eneral	terms 	the	hal 	 avelen ths	
shorten	 to ar s	 the	north 	 	 to	 the	 tlantic	 asin 	 here	 s si ence	 revails	 in	all	
ill strate 	 erio s 	 he	vertical	movements	 avo re 	the	trans ression	or	re ression	o 	
the	 sea 	 ith	 ositive	 ee ac 	on	 the	associate 	motion	 rates 	ass min 	 that	 these	
movements	 ere	not	tri ere 	 	sea	level	chan es 	

s	a	 remin er 	o r	 res lts	 rom	the	 nti tlas	 in	cha ter	 	 s este 	 re 	s n 	an 	
ost ri t	e h mation	e iso es	 ith	an	inlan 	hal 	 avelen th	reachin 	over	 	 m 	 he	

other	 hal 	 avelen ths	 i 	 	 a ear 	 ho ever 	 airl 	 small 	 to	 e	 e laine 	 	
mantle	 riven	 namic	to o ra h 	 avelen ths	o 	 	 m 	e 	M ller	et	al 	 	

Pro ose 	mechanisms	in	Morocco	 or	the	 ositive	an 	ne ative	vertical	movements 	as	
revie e 	 in	 the	 revio s	sections 	are	 lar e scale	 rocesses	 see	 ei ell	et	al 	 	
hese	 rocesses	ma 	act	at	 avelen ths	 rom	one	to	several	h n re s	o 	 ilometres	
e 	 en r 	 	 a a lt	et	al 	 	 rizon	 e	 amotte	et	al 	 	 he	 ro ose 	
rocesses	 or	 the	e h mation	e iso es	 ith	matchin 	hal 	 avelen ths	are	 ri t	 lan 	
li ts	 ho ever	 iscar e 	in	the	 revio s	section 	mantle	 riven	 omin 	lithos heric	

le re 	 cr stal scale	 ol in 	 an 	 erosional	 nloa in 	 or	 the	 s si ence	 e iso es 	
hile	se imentar 	loa in 	 as	the	onl 	 rocess	 ro ose 	tectonic	s si ence	re imes	

have	li el 	enhance 	the	 o n ar 	movements 	 hese	ma 	 e	e laine 	in	terms	o 	
cr stal	thinnin 	 ri t	zone 	thermal	coolin 	 ol 	ri t 	 lithos heric	 le re 	an 	cr stal
scale	 ol in 	 see	 ei ell	et	al 	 		
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igure	6.7.	 ighly	schematic	 -SSE	evolution	of	vertical	movements	as	evidenced	by	LTT	
and	t-T	modelling	(see	chapter	4).		
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	 	semi antitative	com arison	o 	vertical	movement	rates		

Positive	 an 	 ne ative	 vertical	movements	ma 	 e	 ca se 	 	 n mero s	mechanisms	
ere	revie 	in	 ei ell	et	al 	 	 ne	im ortant	as ect	o 	these	movements 	 hich	

in	 t rn	also	allo s	 or	 com arison	 ith	o r	 res lts 	 is	 their	motion	 rate 	 he	vertical	
movement	rates	consi ere 	in	the	 ollo in 	ta les	are	 rom	the	cha ter	 	o 	this	 hesis	
ta les	 	an 	 	an 	 rom	literat re	 ta les	 	an 	 	 n	the	latter 	 e	selecte 	
rates	 ith	 ell constraine 	tri erin 	an or	s ortin 	mechanisms 	

he	calc late 	e h mation	rates	in	cha ter	 	are	characterise 	 	mean	val es	 et een	
	 	 an 	 	 m M r 	 ith	 an	overall	mean	o 	 	 m M r 	 elativel 	 hi h	

e h mation	 val es	 are	 et een	 ca 	 	 an 	 	 m M r 	 hen	 com are 	 to	
e h mation	 rates	 in	 the	 literat re 	 the	 o taine 	 rates	 are	 com ara le	 to	 erosional	
nloa in 	mantle	 ellin 	ri t	 lan 	 li t 	ma matic	arc 	oro ens 	an 	cr stal	 ol in 	
ta le	 	see	re erence	therein 	 or	o vio s	reasons	 e	r le	o t	ma matic	arc	as	a	
can i ate	 or	the	o serve 	movement	an 	the	ri t	 lan 	 li t	 as	 revio sl 	 iscar e 	
see	ar ment	in	a	section	 	Val es	 or	 ore l e	an 	core	com le 	settin s	have	
een	 oc mente 	 ith	 rates	 	 m M r	 e 	 Michel	 et	 al 	 	 an 	 are	 th s	

consi er	as	 nli el 	can i ates 		

o ever 	it	 is	 orth	notin 	that	the	 resente 	val es	are	not	onl 	 e en ent	on	the	
tectonic	 rocesses 	 t	also	on	 the	ero i ilit 	o 	 the	roc s	at	 the	s r ace	an 	on	the	
climate 	 he	 last	 t o	 arameters	 are	 not	 constraine 	 in	 this	 hesis 	 an 	 it	 is	 hence	
i ic lt	to	 ll 	 iscriminate	the	e h mation	mechanisms	solel 	 ase 	on	the	rates 	

he	 s si ence	 rates	 calc late 	 rom	 no 	 ero e 	 asins	 are	 com are 	 to	 total	
s si ence	 rates	 in	 no n	 tectonic	 settin s	 ta les	 	 an 	 	 he	 calc late 	
s si ence	 rates	 are	 characterise 	 	 mean	 val es	 et een	 	 	 an 	 	
m M r 	 ith	an	overall	mean	o 	 	 m M r 	 elativel 	hi h	s si ence	val es	are	
et een	 ca 	 	 an 	 	 m M r 	 hen	 com are 	 to	 e h mation	 rates	 in	 the	

literat re 	the	o taine 	rates	are	com ara le	to	rates	o serve 	 or	thermal	s si ence	
an 	cr stal	 ol in 	 ta le	 	see	re erence	therein 	 he 	are	ho ever	lo er	 	one	to	
t o	or ers	o 	ma nit e	than	rates	 oc mente 	 or	 asins	 evelo in 	in	ri t	zone	an 	
ore ee 	settin s 		

ven	 tho h	 these	 asins	 have	 evelo e 	 as	 e icontinental	 asins	 in	 nstretche 	
continental	 cr st 	 their	 ro imit 	 ith	 the	 continental	 mar in	 o 	 the	 riassic	 ri ts	
s ests	 that	 thermal	 s si ence	 mi ht	 e	 a	 oo 	 can i ate	 or	 the	 o n ar s 	
am rian	 ri tin 	 str ct res 	 hich	 a ecte 	 the	 nti tlas 	 i h	 tlas 	 an 	 coastal	

Meseta	 e 	 avier	 lvaro 	 	 characterises	 the	 asement	o 	 the	 entral	 tlantic	
assive	mar in	hinterlan s	as	an	ol 	ri t 		



ha ter	 	

	

		  

	
Table	 6.1.	 Exhumation	 rates	 from	 chapter	 4	 of	 this	 Thesis 	 for	 hich	 the	 mechanisms	 are	
un no n.	The	 hite	dots	sho 	the	mean	average	exhumation	rates.	

	
Table	 6.2.	 Exhumation	 rates	 from	 literature	 here	 the	 mechanisms	 are	 no n	 (see	
references	therein).	

he	 cr stal	 ol in 	 is	 also	 a	 s ita le	 can i ate 	 iven	 that	 s n se imentar 	
com ressional	 str ct res	 ere	o serve 	 in	man 	 reserve 	 asins	 see	 section	 	
Moreover 	the	relativel 	hi h	e h mation	rates	are	com ara le	to	cr stal	 ol in 	rates 	
o ether 	the 	s ort	the	i ea	that	lar e scale	cr stal	 ol in 	a ecte 	the	st 	area	
rin 	the	s n 	an 	 ost ri t	sta es 		

0.001 0.01 0.1 1

● Meseta

● High	Atlas

● Anti-Atlas

● Meseta

● High	Atlas

● Anti-Atlas

● Reguibat	Shield

● Meseta

● High	Atlas

* ● Anti-Atlas *value	obtained	by	Sehrt,	2014

● Reguibat	Shield

● Meseta

● High	Atlas

● Anti-Atlas

● Reguibat	Shield

Pre-Rift	
(Permian	period	from	chapter	4)

Syn-Rift	
(Triassic	period	from	chapter	4)

This	Thesis

Exhumation	rate	[km/Myr]	(log	scale)

Post-rift	&	Pre-Atlasic
	(Jurassic	to	Cretaceous	periods	from	chapter	4)

Post-rift	&	Atlasic
	(Cretaceous	to	Neogene	periods	from	chapter	4)

Processes References 0.001 0.01 0.1 1

Karlstrom	et	al.,	2012;	Vogl	et	

Rusmore	et	al.,	2005

Swell
(mantle	upwelling)

Orogen	
(crustal	thicknening)

Ernst	et	al.,	1997;	Ring	et	al.,	
1999;	Mazzoli	et	al.,	2014	

Normal	fault/core	
complex

(tectonic	exhumation)

Forebulge	
(flexure/rebound)

Cederbom	et	al.,	2004;	
Whipple,	2009;	Michel	et	al.,	

2017

Burg	et	al.,	1997;	Weisheit	et	
al.,	2014;	Tan	et	al.,	2017

Antiform
(crustal	folding)

Magmatic	arc
(magmatic	addition)

Rift	flanks	
(flexural	rebound)

Oslen,	1995;	Foster	and	
Gleadow,	1992,	1996

Exhumation	rate	[km/Myr]	(log	scale)

Erosional	unloading
(orogenic	collapse)

Summerfiled	et	al.,	1999;	
Braun,	2002;	Braun	and	

Robert,	2005;	Strobl	et	al.,	
2012

Einsele,	1992;	Vernon	et	al.,	
2008;	Binnie	et	al.,	2008;	

Guerit	et	al.,	2016;	Gemignani	
et	al.,	2017
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Table	6.3.	Subsidence	rates	from	chapter	4	of	this	Thesis 	for	 hich	the	mechanisms	are	un no n.	
The	 hite	dots	sho 	the	mean	average	subsidence	rates.	

	
Table	 6.4.	 Total	 subsidence	 rates	 (i.e.	 including	 sedimentation)	 from	 literature	 here	 the	
mechanisms	are	 no n	(see	references	therein).	

evertheless 	 ca tion	 sho l 	 e	 se 	 ith	 s ch	 com arison 	 as	 it	 as	 ver 	 recentl 	
sho n	 	 reen	 et	 al 	 	 that	 the	 thermal	 histories	 erive 	 rom	 	mi ht	 e	
erroneo s 	 he	 mo els	 o ten	 sho 	 contin o s	 coolin 	 an 	 heatin 	 hases	 as	
e em li ie 	 or	 Morocco	 in	 this	 hesis 	 hile	 the	 se imentar 	 recor s	 s est	 in	
eneral	a	rather	e iso ic	evol tion 	 here ore 	the	o taine 	rates	in	cha ter	 	ma 	have	

to	 e	correcte 	in	this	re ar 	lea in 	to	hi her	rates	 or	narro er	 erio s 	

	 	

-0.001 -0.01 -0.1 -1

● Meseta

● Reguibat	Shield

●

● High	Atlas

● Reguibat	Shield

● Meseta

● High	Atlas

● Anti-Atlas

● Reguibat	Shield

● Meseta

● High	Atlas

● Anti-Atlas

● High	Atlas

Syn-Rift	
(Triassic	period	from	chapter	4)

Post-rift	&	Pre-Atlasic
	(Jurassic	to	Cretaceous	periods	from	chapter	4)

Post-rift	&	Atlasic
	(Cretaceous	to	Neogene	periods	from	chapter	4)

Pre-Rift	
(Permian	period	from	chapter	4)

This	Thesis
Subsidence	rate	[km/Myr]	(log	scale)

Processes References -0.001 -0.01 -0.1 -1

long-lived	features transient	features

Subsidence	rate	[km/Myr]	(log	scale)

Sedimentation	rate
(no	tectonic	subsidence)

Read	et	al.,	1986;	Miall,	2014

Foredeep
(flexural	subsidence)

Doglioni	et	al.,	1999;	Lee	and	
Wagreich,	2017

Rift	zone
(crustal	thinning)

Einsele,	1992;	Davis	and	
Green,	1997

Old	rift/rifted	margin
(thermal	subsidence)

Doglioni	et	al.,	1998;	Watts,	
2012

Synform	
(crustal	folding)

Bouatmani	et	al.,	2007;	Oveisi	
et	al.,	2007;	Vincent	et	al.,	

2010
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	 om ilation	o 	tectonic 	climatic 	an 	e static	 ro ies	vs 	this	 hesis	

e	 com ile 	 i erent	 tectonic 	 climatic 	 an 	 e static	 ro ies	 into	 i re	 	 to	
alitativel 	 iscriminate	these	 rocesses 	 e	o serve	that	the	e h mation	e iso es	

that	mar e 	the	Moroccan	 eolo ical	histor 	are	ca se 	 	a	com ination	o 	 actors	
incl in 	 lan mass	 osition	 aleo latit e 	an 	hence	climate 	 ene lanation	o 	 the	
Variscan	 chain	 erosion li t 	 thermal	 mantle	 anomal 	 MP 	 P P 	 enozoic	
volcanism 	 lo al	sea	level	 ro 	an 	 ar iel 	stress 		

here	is	a	match	 et een	tectonic	events	an 	calc late 	vol mes	o 	ero e 	material	
rom	cha ter	 	 i s 	 	an 	 	 s	the	 tlas	oro en 	evolves 	these	vol mes	increase 	
hich	 co l 	 also	 e	 lin e 	 to	 ertiar 	 volcanism 	 he	o serve 	 arl Mi le	 rassic	

enhance 	 erosion	 starts	 at	 the	 en 	 o 	 the	 entral	 tlantic	 an 	 tlas	 ri tin 	
concomitantl 	to	the	 MP	 es	intr sion 	 o	lon 	 MP	relate 	 es	are	 resent	
in	the	 entral	 nti tlas	 o m	 i 	an 	 herm	 es 	e 	 ilva	et	al 	 	 o il	et	
al 	 	 hich	 co l 	 e lain	 a	 omal	 li t	 o 	 the	 nti tlas 	 s ose l 	 e	 to	 a	

MP	relate 	mantle	anomal 	 han es	in	sea	level	correlate	 ell	 ith	the	calc late 	
vol mes	o 	ero e 	material	 i 	 	as	 rises	an 	 ro s	are	matchin 	 lo 	an 	hi h	
erosion 	 res ectivel 	 Paleo latit es	 are	 a	 e 	 actor	 in	 aleo climates	 st ies	 van	
ins er en	et	al 	 	altho h	the 	cannot	 irectl 	 e	 se 	as	 aleo climate	 ro ies 	
o ever 	since	the	Permian 	the	hi hest	latit es	 i 	 	 ere	reache 	 rin 	the	
rassic	an 	the	Paleo ene eo ene 	 hich	are	the	 erio s	characterise 	in	o r	mo el	
	enhance 	erosion	in	the	 nti tlas	an 	 e i at	 hiel 		

e	also	com are	 ll	s rea in 	rates	at	the	 tlantic	Mi 	 ceanic	 i es	 M 	 i 	 	
to	 the	 o taine 	 ero e 	material	 vol mes	 cha ter	 	 as	 one	ma 	 e ect	 enhance 	
erosion	 rin 	or	 imme iatel 	a ter	a	 ea 	 in	these	accretion	rates 	 e	o serve	t o	
ea s	 or	the	 entral	 tlantic	M 	 aro n 	 	Ma	an 	 rom	 	Ma	on ar s 	an 	one	

si ni icant	 ea 	 or	 the	 o th	 tlantic	M 	 rom	 ca 	 	 to	 	Ma 	 o ever 	 e	
cannot	esta lish	a	 irect	lin 	 ith	the	increase	in	vol mes	o 	ero e 	material 	

inall 	 e	 se 	the	 namic	to o ra h 	mo el	o 	 arnett Moore	et	al 	 	 hich	
as	a lie 	to	 orth	 rica	 or	the	Mesozoic enozoic	 erio 	 rom	 	to	ca 	 	Ma 	

the	northernmost	an 	so thernmost	 oints	o 	Morocco	have	e erience 	a	ver 	similar	
evol tion 	 t	their	evol tion	 iver e	 rom	 	Ma	on ar s	 i 	 	 n ee 	a ter	 	
Ma	the	so th	 art	e erience 	an	increase 	 namic	to o ra h 	o 	 	to	 	m	 hile	
the	north	 art	sho s	a	ne ative	 namic	to o ra h 		
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igure	6.8.	Permian	to	 eogene	evolution	of	A)	ma or	tectonic	events	in	the	Atlantic	realm	
and	Morocco	(see	references	in	chapter	1) 	 )	volumes	of	eroded	material	per	million	year	
for	 the	 Meseta igh	 Atlas 	 Anti-Atlas 	 and	 eguibat	 Shield	 (chapter	 4) 	 C)	 see	 level	 (1	

Snedden	and	Liu 	2 1 ) 	 )	paleo-latitude	of	t o	points	in	Morocco	(after	maps	of	2	Scotese 	
2 12) 	E)	 ull	Mid	Oceanic	 idge	(MO )	spreading	rates	(after	3	Labails	et	al. 	2 1 	4	M ller	
et	 al. 	 2 8 	 5	Schettino	et	al. 	 2 16 	 6	Granot	 and	 yment 	2 15 	 7	 urnberg	and	M ller 	
1991 	8	Mosar	et	al. 	2 2 	9	Torsvi 	et	al. 	2 1) 	 )	and	dynamic	topography	of	three	points	
in	Morocco	(from	the	GPlates	 ebsite 	after	model	CIs	of	1 	 arnett-Moore	et	al. 	2 17)	
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nhance 	erosion	 rin 	the	 rassic	 as	 riven	 	the	 ositive	 namic	to o ra h 	
MP	 e	em lacements 	an 	onset	o 	sea loor	s rea in 	three	 rocesses	that	ma 	

e	lin e 	 rthermore 	a	lo 	sea	level	an 	a	 osition	at	a	relativel 	similar	latit e	as	
resent a 	ma 	e lain	this	e h mation	event 	 t	the	contrar 	 hen	the	vol mes	o 	

ero e 	material	are	the	lo est	 rin 	the	 ate	 retaceo s 	the	 erio 	is	characterise 	
	a	hi h	sea	level 	small	val es	o 	 namic	to o ra h 	an 	lo er	 aleo latit e	than	

the	 rassic	an 	Palaeo ene	 erio s 	 he	occ rrence	o 	the	P P	at	ca 	 	Ma	 e 	
Maton	an 	 ra 	 	ass min 	an	associate 	mantle	anomal 	sho s	that	mantle	
anomalies	 ma 	 not	 al a s	 tri er	 lar e scale	 en ation	 events 	 t	 that	 other	
circ mstances	have	to	 e	 athere 	

	 oncl sions	

he	 i erent	 com ilations	 an 	 com arisons	 o 	 ata	 rom	 this	 hesis	 an 	 rom	 the	
literat re	let	 s	s ec late	on	the	 rocesses	 rivin 	the	vertical	movements 	remainin 	
ho ever 	not	 ll 	ascertaine 	 i tin 	 	 atterns 	 i 	the 	e iste 	have	clearl 	 een	
over rinte 	 	 ost ri t	events 	 itho t	a	 ran 	tem oral	or	s atial	con i rations 	 ome	

	a es	retain	a	Variscan	si nal 	es eciall 	on	zircon	cr stals 	an 	the	 e	s stem	seems	
artic larl 	 ell	 s ite 	 to	 st 	 the	 tlasic	 oro en 	 o ever 	 the	 	 s stem	 sho s	
i es rea 	a es	 rom	Palaeozoic	to	 eo ene 		

he	 ro ose 	mechanisms	 in	Morocco	 acco nt	 or	 local	 to	 re ional	 o servations 	 n	
eneral 	ho ever 	the 	 o	not	acco nt	 or	lar e	scale	an 	more	 eneral	o servations	
m scale	 s si ence	 an 	 e h mation 	 airl 	 lar e	 scale 	 not	 restricte 	 to	 the	

hinterlan s	o 	the	mar ins 	an 	m lti le	e iso es 	 hich	 e	consi er	as	a	re irement	
to	e lain	these	movements 	 n	the	other	si e 	recent	st ies	ass min 	mantle	 riven	

namic	 to o ra h 	 as	 an	 n erl in 	 ca se	 or	 oth	 ar 	 an 	 o n ar 	
movements	 e 	M ller	et	al 	 	seem	to	not	ta e	into	acco nt	the	local	an 	re ional	
o servations 	

he	com arison	o 	the	 i i	 ni	 transect	 to	other	 transects	alon 	the	ri te 	mar in	o 	
Morocco	hi hli hts	chan es	in	the	architect re	o 	the	o shore	Mesozoic	 e osit 	 e	
sho 	here	that	the	a ove e ine 	se ments	alon 	the	mar in	 n er ent	si ni icantl 	
i erent	 inematic	 evol tions 	 ith	 s eci ic	 vertical	 movement	 atterns	 an 	 lin s	
et een	the	hinterlan 	an 	 asins 		

inall 	the	 avelen th	evol tion	an 	motion	rates	s est	lar e scale	cr stal	 ol in 	
a ectin 	 oth	 e h min 	 an 	 s si in 	 omains	 ith	 hi her re enc 	 here	 the	
continental	lithos here	 as	a ecte 	 	 am rian	an or	 riassic	ri tin 	 rthermore 	
e	ass me	that	 it	 is	the	com ination	o 	the	 lar e scale	cr stal	 ol in 	mantle riven	
namic	 to o ra h 	 to	 some	 e tent 	 an 	 thermal	 s si ence 	 s erim ose 	 to	

climate 	sea	level	an 	ero i ilit 	o 	the	e ose 	roc s	 see	 lo ers	an 	 hlers 	 	
that	contri te 	to	the	vertical	movement	timin 	 atterns 	an 	am lit es 		
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c no le ements 	 iovanni	 ertotti	 is	than e 	 or	the	man 	 eolo ical	 isc ssions 	
evin	 is om	is	than e 	 or	 roo rea in 	this	cha ter 	Pierre livier	 r na	is	than e 	
or	 roo rea in 	the	 i res	an 	ta les 	
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	 mmar 	o 	this	 hesis		

hro ho t	this	 hesis 	 e	have	investi ate 	the	vertical	movements	that	occ rre 	in	
the	 eolo ical	 ast	o 	Morocco	an 	its	s rro n in s 	

he	transition	area	 et een	 enerall 	s si in 	 omains	an 	mostl 	e h min 	 omains	
has	 een	 escri e 	via	the	evol tion	o 	the	 i i	 ni	transect 	r nnin 	across	the	ri te 	
continental	 mar in	 cha ter	 	 o tem erat re	 thermochronolo 	 ata	 rom	 the	
nti tlas	coastal	area	 oc ment	a	 m scale	e h mation	 et een	the	Permian	an 	the	
arl Mi le	 rassic 	 he	 relate 	 erosion	 e 	 se iments	 to	 the	 s si in 	Mesozoic	
asin	to	the	north est 	 asement	roc s	alon 	the	transect	 ere	s se entl 	 rie 	
et een	the	 ate	 rassic	an 	the	 arl 	 retaceo s 	 rom	 late	 arl ate	 retaceo s	

on ar s 	roc s	 resent	alon 	the	transect	 ere	e h me 	to	their	 resent a 	 osition 	

he	 ost Variscan	thermal	an 	 eolo ical	histor 	o 	the	 nti tlas	 elt	 as	constraine 	
ith	 transects	 constr cte 	 alon 	 stri e	 o 	 the	 elt	 cha ter	 	 he	 initial	 e iso e	

occ rre 	in	the	 ate	 riassic	an 	le 	to	a	 m scale	e h mation	o 	cr stal	roc s	 	the	
en 	o 	the	Mi le	 rassic 	 he	 ollo in 	 hase	res lte 	in	 asement	s si ence	an 	
occ rre 	 rin 	the	 ate	 rassic	an 	most	o 	the	 arl 	 retaceo s 	 he	 asement	roc s	
ere	 then	 slo l 	 ro ht	 to	 the	 s r ace	 a ter	 e eriencin 	 a	 m scale	 e h mation	

thro ho t	the	 ate	 retaceo s	an 	the	 enozoic 	 he	e h mation	e iso es	e ten e 	
into	the	interior	o 	the	 rican	tectonic	 late 	 erha s	 e on 	the	sam le 	 elt	itsel 		

he	e h mation	rates	an 	material	ero e 	 l 	 rom	the	hinterlan s	o 	the	Moroccan	
ri te 	mar in	have	 een	 anti ie 	since	the	Permian	 cha ter	 	 i h	 en ation	rates	
com ara le	 to	 val es	 t ical	 o 	 ri t	 lan 	 mantle	 riven	 omin 	 or	 str ct ral	
a ltin ol in 	 li ts 	 hese	 ere	 o taine 	 in	 the	 nti tlas	 rin 	 the	 arl 	 to	

Mi le	 rassic	an 	in	the	 i h	 tlas	an 	 i 	 rin 	the	 eo ene 	 h mation	rates	 or	
other	 erio s	in	the	Meseta 	 i h tlas 	 nti tlas 	an 	 e i at	shiel 	avera e	aro n 	
normal	 en ation	val es 	Perio s	o 	hi h	 ro ction	o 	se iments	in	the	investi ate 	
so rce	areas	are	the	Permian 	the	 rassic 	the	 arl 	 retaceo s 	an 	the	 eo ene 	

he	Phanerozoic	evol tion	o 	so rce to sin 	s stems	in	Morocco	an 	s rro n in s	 ere	
ill strate 	in	several	ma s	 cha ter	 	 stantial	shi ts	in	so rce	areas	 ere	evi ence 	
et een	 the	 nti tlas	 an 	 Meseta	 omains	 rom	 the	 Mi le	 to	 ate	 rassic	 an 	
et een	the	Meseta	an 	 nti tlas	 rom	the	 arl 	to	Mi le ate	 retaceo s 		

inall 	 the	 mechanisms	 res onsi le	 or	 the	 onset	 an 	 ee 	 o 	 the	 m scale	
n re icte 	vertical	movements	have	 een	revie e 	 cha ter	 	 e	 ro ose 	that	a	

com ination	o 	the	lar e scale	cr stal	 ol in 	mantle riven	 namic	to o ra h 	an 	
thermal	s si ence 	s erim ose 	to	chan es	in	climates 	sea	level	an 	ero i ilit 	o 	
the	 e ose 	 roc s 	 contri te 	 to	 the	 vertical	 movement	 timin 	 atterns 	 an 	
am lit es	o serve 	in	Morocco	an 	its	s rro n in s 	



oncl sion	

	 	

	

	 rther	investi ation	

	 o tem erat re	thermochronolo 	

here	remain	man 	 laces	in	Morocco	an 	in	its	s rro n in 	 here	 o em erat re	
hermochronolo 	 	 st ies	 co l 	 e	 n erta en 	 or	 e am le 	 the	 asement	

o tcro s	in	the	 arta 	 char 	an 	 a t	Platea 	re ions	have	ver 	little	to	no	 	
ata 		

s	 e	have	con cte 	 or	the	 nti tlas 	an	alon 	stri e	 	transect	o 	the	 i h	 tlas	
o l 	s rel 	 rin 	insi hts	into	the	evol tion	o 	this	inverte 	ri t 	Precam rian	o tcro s	

ma 	 e	sam le 	in	the	east	o 	Morocco	or	in	 l eria 	 he	 estern	termination	o 	the	
Massi 	 ncien	in	the	 estern	 i h	 tlas	has	not	 et	seen	a	st 	a l in 	the	 e	
co le 		

ei h o rin 	co ntries	 l eria 	Mali 	an 	Ma ritania 	have	 airl 	small	 ata ases	o 	 	
a es 	Man 	o ort nities	e ist 	in	terms	o 	e os re	o 	cr stalline	 asement 	to	e lore	
the	vertical	movements	ever	 rther	a a 	 rom	the	ri te 	mar in 	

ores	 rom	 ells	that	reache 	the	cr stalline	 asement	in	shallo 	onshore	 asins	 	
m	 ee 	co l 	 iel 	insi hts	into	the	evol tion	o 	the	Meseta 	 o ss 	 arzazate 	an 	
o 	 the	 rims	 o 	 the	 in o 	 an 	 ao eni	 asins 	 Moreover 	 the	 ri te 	 continental	
asement	 elo 	 the	 assive	 mar in	 co l 	 e	 sam le 	 in	 str ct ral	 hi hs 	 s ch	 as	

o shore	 i i	 ni	 	 ell 	 Potential	 tar ets	 or	 ne 	 	 ata	 are	 o 	 little	 interest	
itho t	ro st	 atin 	o 	se imentar 	s ccessions	aro n 	the	sam le 	 ro n s 		

am lin 	the	 MP	 es	 or	 	anal ses	 o l 	allo 	a	hi h resol tion	st 	on	the	
e h mation 	 or	this	the	 es	m st	contain	a atite	an 	or zircon	cr stals 	have	their	
em lacement	tem erat res	 airl 	 recisel 	constraine 	an 	 e	overlain	 	 ell ate 	
se iments 	 	 these	 con itions	 are	met 	 at	 least	 o r	 ell e ine 	 time tem erat re	
constraints	 can	 e	 e ine 	 ithin	 	M r	 em lacement 	 	 a es 	 se iments 	 an 	
resent a 	 MP	 es	are	e ose 	in	the	st 	area	in	the	 nti tlas 	 in o 	 asin 	
char 	 arta 	 e i at	 hiel 	an 	 ao eni	 asin 	

rthermore 	it	 o l 	 e	interestin 	to	re esi n	the	time tem erat re	mo ellin 	 rom	
lishe 	 or s	 in	 the	 li ht	 o 	 ne 	 se iment	 atin 	 i e 	 eolo ical	 constraint 	 his	

o l 	 rin 	more	 control	 oints	 or	 the	 inter olation	 o 	 o r	 e h mation	ma s	 an 	
o l 	s rel 	im rove	the	res lts	 resente 	in	cha ter	 		

	 vi encin 	ero e 	 m thic 	 asins	

rom	an	aca emic	an 	 in strial	 oint	o 	vie 	 it	 o l 	 e	 interestin 	 to	 investi ate	
rther	 the	 s si ence	 e iso es	 oc mente 	 	 	 n ee 	 it	 remains	 ncertain	
hether	 or	 not	 the	 heatin 	 hases	 in erre 	 rom	 time tem erat re	 mo ellin 	 can	

act all 	 e	translate 	in	s si ence	relate 	to	se imentation 		
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o	evi ence	 that	 these	no ero e 	 asins	e iste 	one	ma 	meas re	 the	 i 	 o 	 the	
termination	 o 	 the	 se imentar 	 nits	 aro n 	 asement	 o tcro s	 onla in 	 or	
tr ncate 	an 	to	 ro ect	them	onto	the	ol er	area 	 ne	ma 	also	sam le	se iments	 or	
ia enesis	 anal sis	 e 	 	 alon 	 a	 transect	 that	 traverses	 an	 area	 o 	 s stantial	

s si ence	evi ence 	 	 	 e 	 rin 	the	 arl 	 retaceo s	in	the	central	 nti tlas 	
	se iments	 ere	in ee 	 e osite 	over	the	 resentl 	e ose 	 asement 	the	res lts	

sho l 	 is la 	 an	 increase	 o 	 ia enesis	 to ar s	 asement 	 an 	 that	 cannot	 e	
e laine 	 ith	 the	 reserve 	 over r en 	 ollo in 	 this	 line	 o 	 reasonin 	 e istin 	
metamor hism	 st ies	 co l 	 e	 se 	 to	 com are	 the	 ma im m	 rial	 reache 	 	
Palaeozoic	meta se iments	an 	the	estimate 	over r en 		

	 an sca e	 vol tion	Mo els		

he	 istri tion	o 	ero e 	se iments	in	the	continental	ri te 	mar in	is	controlle 	 	
the	 raina e	s stems 	 hich	connect	the	e h min 	an 	the	s si in 	 omains 	Most	o 	
these	 s stems	 are	 not	 reserve 	 res ltin 	 in	 a	 lac 	 o 	 ata	 or	 their	 size 	 se iment	
l es 	an 	entr oint	 osition 		

m ortant	 an 	 interestin 	 ro resses	 have	 een	 ma e	 in	 n merical	 mo els	 o 	
eomor holo 	 Paleo altimetr 	 an 	 se iment	 ro tin 	 ma 	 e	 a roache 	 ith	
rocess ase 	n merical	mo els	 enerall 	calle 	 an sca e	 vol tion	Mo el	 M 	

	 ne t	 ste 	 or	 the	 n erstan in 	 an 	 anti ication	 o 	 the	Moroccan	 Phanerozoic	
so rce to sin 	s stems	is	to	a l 	these	mo els	to	cases	alon 	the	 tlantic	ri te 	mar in 	
Moreover 	tectonic 	climatic	an 	e static	scenarios	ma 	also	 e	teste 		

	 emote	sensin 	in	the	 in o 	 asin 	 hort	 avelen th	 	 	

ar e	 re ions	 o 	 rica	 have	 een	 le t	 nto che 	 	 an 	 in 	 o 	 	 st ies 	 either	
eca se	the 	are	 airl 	remote	or	 or	the	a sence	o 	a atite	an 	or	zircon	cr stals	in	the	

e ose 	roc s 	 he	 estern	termination	o 	the	 in o 	 asin	sho s	a	 reat	e os re	o 	
evonian	 an 	 ar oni ero s	meta se iments 	 ith	 little	 to	 no	 ve etation 	 an 	 is	 ar	
rom	 ense	roa 	net or s 		

o ever 	 the	 inematic	evol tion	o 	 this	 asin	 is	 e 	 or	so rce to sin 	s stems	as	 it	
connects	t o	ma or	so rce	areas 	the	 nti tlas	an 	the	 e i at	 hiel 	an 	stretches	
o t	over	 	 m 	 	this	 asin	 as	a	so rce	area	 rin 	one	or	several	 erio s	o 	its	
Phanerozoic	 histor 	 then	 s stantial	 vol mes	 o 	 ero e 	 material	 m st	 have	 een	
e orte 		

ne	 sho l 	 e in	 ith	 a	 easi ilit 	 st 	 o 	 sin 	 	 as	 a	 ro 	 or	 remote	
investi ation	o 	the	thermal	mat rit 	o 	lar el 	e ose 	se imentar 	la ers 	 he	 	
ma 	 e	 se 	 to	 estimate	 the	 llite	 ectral	 Mat rit 	 e 	 o lier	 et	 al 	 	
some hat	similar	to	 llite	 r stallinit 	 hich	is	a	 ro 	 or	thermal	mat rit 	 he	initial	
lan	 co l 	 e	 to	 cali rate	 the	 	 scenes	 rom	 	 ro cts	 ith	 	

meas rements 	 llite	 r stallinit 	 ith	 	 an 	 Vitrinite	 e lectance	 rom	 han 	
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sam les	collecte 	 in	the	north	 ar a a	an 	 estern	 in o 	 asins 	 t	 is	 orth	notin 	
that	the	tem erat re	ran e	 or	the	a lication	o 	this	 aleo thermometer	is	relevant	to	
this	s rve 		

	 alt	mo ilisation	

he	res lts	 rom	the	investi ation	o 	the	timin 	an 	evol tion	o 	salt core 	anticline	in	
the	 ssao ira a ir	 asin	 a i 	et	al 	 	 l e 	 	are	com ara le	to	that	o 	
st ies	con cte 	in	the	central	 i h	 tlas	 e 	 a ra	et	al 	 	Mora as	et	al 	 	
an 	o shore	 ssao ira	 Pichel	et	al 	 	 he	 irst	mo ilization	o 	 riassic	salt	in	these	
asins	occ rre 	in	the	 arl Mi le	 rassic	 i 	 	

he	 ro ose 	mechanisms	 or	the	halo inesis	are	 s all 	a	com ination	o 	 i erential	
loa in 	mo i ication	o 	 the	heat	 ra ient 	hetero eneit 	o 	 the	salt s strat m	 e 	
asement	 a lts 	com ressional	or	e tensional	 orces 	an 	slo e	insta ilit 	 e 	 lso 	

et	al 	 	 ort	et	al 	 	 o	consens s	has	 et	 een	 ro ose 	 or	the	tri erin 	
mechanism s 	in	the	Moroccan	salt	 asins 	 ne	 zzlin 	trait	o 	this	s stem	is	the	lac 	
o 	 oc mente 	 ia irism	in	the	 o ss	an 	 arzazate	 asins 	

o ever 	 the	 arl 	 to	 Mi le	 rassic	 e ochs	 are	 characterize 	 	 an	 im ortant	
e h mation	o 	the	 nti tlas	 this	 hesis 	 t	is	there ore	 ossi le	that	this	e h mation	
as	associate 	to	s r ace	 li t 	in cin 	an	stee enin 	o 	the	slo es	o 	the	salt	 asin	

s strat m 	north	o 	the	 elt 	 his	ne 	relie 	 o l 	event all 	lea 	to	lateral	 l es	o 	
salt 	 onset	 o 	 ravitational	 orces	 e ormin 	 rassic	 se iments	 i 	 	 an 	 hen	
associate 	 ith	normal	ri t	 a lts	creatin 	 ttresses	alon 	 hich	the	salt	 o ies	 o l 	
start	 their	 ascension 	Moreover 	 the	 ro ction	 o 	material	 rom	 the	 nti tlas	ma 	
have	tri ere 	 i erential	loa in 	o 	 etritic	se iments	in	the	 i h	 tlas	 asin 	in ce 	

	 the	 istri tion	o 	 the	entr oints 	 his	h othesis	 remains	ver 	 s ec lative 	 t	
co l 	 e	teste 	 ith	tailore 	 inite	element	mo els 		



ha ter	 	

	

		  

	
igure	7.1.	Comparison	of	salt	activities	in	the	salt	basins	of	Morocco.	Pal.	( ):	Palaeozoic	
and	 older 	 T:	 Triassic 	 :	 urassic 	 C:	 Cretaceous 	 and	 Ceno:	 Cenozoic.	 The	 urassic	 shelf	
margin	 is	after	 afid	et	al. 	 2 1 .	 Salt	bodies	distribution	 in	 the	offshore	domain	 is	after	
Pichel	(in	preparation).		

	 rocar on	e loration	

e ar in 	h rocar on	e loration	 in	 the	Moroccan	o shore 	a	 t re	a lication	o 	
o r	 res lts	 is	 to	 se	 the	 so rce to sin 	 ma s	 resente 	 in	 cha ter	 	 as	 ross	
e ositional	environment	ma s	in	the	e loration	o 	the	shel 	slo e 	an 	 ee 	 asin 	
rthermore 	 a	 ne t	 ste 	 or ar 	 co l 	 e	 to	 acc ratel 	 re ict	 the	 reservoir	
istri tion	 in	 the	 Moroccan	 tlantic	 o shore	 an 	 coastal	 asins	 ith	 strati ra hic	

mo ellin 	 e 	 el t 	 ionisos 		

he	re ire 	in ts	have	 een	 artiall 	 athere 	in	this	 hesis 	hinterlan 	e h mation	
histor 	ero e 	material	 l es 	nat re	o 	the	ero e 	material 	an 	 ossi le	entr 	 oints 	
ther	 in ts 	 all	 ithin	 o r	 reach	 literat re	 an 	 ells	 re orts 	 are	 the	 s si ence	

histor 	o 	the	 reserve 	 asins 	the	climatic	evol tion 	the	sea level	c rve 	an 	the	 ase	
s r ace	 or	the	se imentar 	s stem	to	 il 	on 		

ast 	there	are	esta lishe 	relationshi s	 et een	se iment	 rovenance	an 	reservoir	
alit 	 e 	 ossi	 et	 al 	 	 Provenance	 st ies	 have	 een	 an 	 are	 con cte 	 in	

Morocco	 see	 cha ter	 	 o ette 	 in	 ro ress 	 heir	 res lts 	 com ine 	 ith	 o r	
so rce to sin 	ma s 	 ill	hel 	to	 rther	inte rate	this	notion	in	the	Moroccan	o shore	
an 	onshore	 la s 	
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