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	vi	

�NmmarT		
�Nr	Nn-erstan-in4	o3	the	�arthjs	 interior	is	 limite-	(T	the	access	Re	have	o3	 its	-eeH	
laTersd	 Rhile	 the	 <noRle-4e	 Re	 have	 o3	 �arthjs	 evolNtion	 is	 restricte-	 to	 harveste-	
in3ormation	 3rom	the	Hresent	state	o3	oNr	Hlanetg	�e	there3ore	Nse	HroSiesd	HhTsical	
an-	nNmerical	mo-elsd	an-	o(servations	ma-e	on	an-	3rom	the	sNr3ace	o3	the	�arthg	
�he	lan-scaHe	resNlts	3rom	a	com(ination	o3	Hrocesses	oHeratin4	at	the	sNr3ace	an-	in	
the	 sN(sNr3aceg	 �hNsd	 i3	 one	 <noRs	 hoR	 to	 rea-	 the	 lan-scaHed	 one	maT	 Nn3ol-	 its	
4eolo4ical	evolNtiong	

n	 the	 Hast	 -eca-ed	 nNmeroNs	 stN-ies	 have	 -ocNmente-	 <mqscale	 NHRar-	 an-	
-oRnRar-	vertical	movements	in	the	continental	ri3te-	mar4ins	o3	the	�tlantic	�cean	
an-	 in	 their	 hinterlan-sg	 �hese	movementsd	 -escri(e-	 as	 eShNmation	 uNHRar-v	 an-	
sN(si-ence	 u-oRnRar-vd	 have	 (een	 la(elle-	 as	 kNnHre-icte-l	 an-oor	 kNneSHecte-lg	
i�nHre-icte-j	(ecaNse	conceHtNald	HhTsicald	an-	nNmerical	mo-els	that	Re	-isHose	o3	
3or	the	evolNtion	o3	continental	mar4ins	-o	not	4enerallT	accoNnt	3or	these	relativelT	
recent	o(servationsg	i�neSHecte-j	(ecaNse	the	<mqscale	vertical	movements	occNrre-	
Rhen	oNr	 recor-	o3	 the	4eolo4ical	historT	 is	 insN33icient	 to	sNHHort	 themg	�s	Tetd	 the	
mechanisms	resHonsi(le	3or	the	<mqscale	vertical	movements	remain	eni4maticg	

�ne	o3	the	common	techniINes	Nse-	(T	4eoscientists	to	investi4ate	the	Hast	<inematics	
o3	 the	continental	 crNst	 is	 to	coNHle	 iloRqtemHeratNre	 thermochronolo4Tj	an-	 itimeq
temHeratNre	 mo-ellin4jg	 n	 Morocco	 aloned	 over	 tRentT	 stN-ies	 Rere	 con-Ncte-	
3olloRin4	this	aHHroachg	�he	reason	(ehin-	this	a(Nn-ance	o3	stN-ies	an-	the	relate-	
enthNsiasm	o3	researchers	toRar-s	Moroccan	4eolo4T	is	-Ne	to	its	HNzzlin4	lan-scaHes	
an-	comHleS	historTg	 n	 this	 �hesisd	Re	 investi4ate	Nnconstraine-	asHects	o3	 the	<mq
scale	vertical	movements	that	occNrre-	in	Morocco	an-	its	sNrroNn-in4s	u�anarT	slan-sd	
�l4eriad	Malid	an-	MaNritaniavg		

�he	 transition	 area	 (etReen	 4enerallT	 sN(si-in4	 -omains	 an-	 mostlT	 eShNmin4	
-omainsd	 Tet	 HoorlT	 Nn-erstoo-d	 is	 -iscNsse-	 via	 the	 evolNtion	 o3	 a	 Hro3iled	 rNnnin4	
across	the	ri3te-	continental	mar4in	uchaHter	�vg	�oRqtemHeratNre	thermochronolo4T	
-ata	3rom	the	central	Morocco	coastal	area	-ocNment	a	<mqscale	eShNmation	(etReen	
the	Permian	an-	 the	�arlToMi--le	 �Nrassicg	�he	 relate-	erosion	 3e-	se-iments	 to	 the	
sN(si-in4	Mesozoic	(asin	 to	 the	northRestg	�asement	 roc<s	alon4	 the	 transect	Rere	
sN(seINentlT	 (Nrie-	 (etReen	 the	 �ate	 �Nrassic	 an-	 the	 �arlT	 �retaceoNsg	 
rom	 late	
�arlTo�ate	�retaceoNs	onRar-sd	roc<s	Hresent	alon4	the	transect	Rere	eShNme-	to	their	
Hresentq-aT	Hositiong	
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�he	 HostqVariscan	 thermal	 an-	 4eolo4ical	 historT	 o3	 the	 �ntiq�tlas	 (elt	 in	 central	
Morocco	is	constraine-	Rith	a	transect	constrNcte-	alon4	stri<e	o3	the	(elt	uchaHter	�vg	
�he	 initial	eHiso-e	occNrre-	 in	 the	�ate	�riassic	an-	 le-	 to	a	<mqscale	eShNmation	o3	
crNstal	roc<s	(T	the	en-	o3	the	Mi--le	�Nrassicg	�he	3olloRin4	Hhase	Ras	characterise-	
(T	(asement	sN(si-ence	an-	occNrre-	-Nrin4	the	�ate	�Nrassic	an-	most	o3	the	�arlT	
�retaceoNsg	 �he	 (asement	 roc<s	 Rere	 then	 sloRlT	 (roN4ht	 to	 the	 sNr3ace	 a3ter	
eSHeriencin4	a	<mqscale	eShNmation	throN4hoNt	the	�ate	�retaceoNs	an-	the	�enozoicg	
�he	 eShNmation	 eHiso-es	 eSten-e-	 into	 the	 interior	 o3	 the	 �3rican	 tectonic	 Hlated	
HerhaHs	(eTon-	the	samHle-	(elt	itsel3g		

�ShNmation	rates	an-	3lNSes	o3	material	ero-e-	3rom	the	hinterlan-s	o3	the	Moroccan	
ri3te-	mar4in	Rere	INanti3ie-	3rom	the	Permian	uchaHter	�vg	�he	hi4h	-enN-ation	ratesd	
o(taine-	 in	 central	 Morocco	 -Nrin4	 the	 �arlT	 to	 Mi--le	 �Nrassic	 an-	 in	 northern	
Morocco	-Nrin4	the	�eo4ened	are	comHara(le	to	valNes	tTHical	o3	ri3t	3lan<d	-omald	or	
strNctNral	 NHli3tsg	 �hese	 are	 o(taine-	 in	 central	Morocco	 -Nrin4	 the	 �arlT	 to	Mi--le	
�Nrassic	 an-	 in	 northern	 Morocco	 -Nrin4	 the	 �eo4eneg	 �ShNmation	 rates	 3or	 other	
Herio-s	in	northern	to	soNthern	Morocco	avera4e	aroNn-	inormalj	-enN-ation	valNesg	
Perio-s	 o3	 hi4h	 Hro-Nction	 o3	 se-iments	 in	 the	 investi4ate-	 soNrce	 areas	 are	 the	
Permiand	the	�Nrassicd	the	�arlT	�retaceoNsd	an-	the	�eo4ene	

�he	Phanerozoic	evolNtion	o3	 soNrceqtoqsin<	sTstems	 in	Morocco	an-	sNrroNn-in4s	 is	
illNstrate-	 in	 several	 maHs	 uchaHter	 �vg	 �N(stantial	 shi3ts	 in	 the	 soNrce	 areas	 Rere	
evi-ence-	(etReen	the	central	an-	northern	Moroccan	-omains	-Nrin4	the	Mi--leq�ate	
�Nrassic	an-	(etReen	the	Meseta	an-	the	�ntiq�tlas	-Nrin4	the	�arlTq�ate	�retaceoNsg		


inallTd	the	mechanisms	resHonsi(le	3or	the	onset	an-	sN(sistence	o3	the	NnHre-icte-	
<mqscale	vertical	movements	are	-iscNsse-	uchaHter	�vg	�e	HroHose	that	a	com(ination	
o3	 the	 lar4eqscale	 crNstal	 3ol-in4d	 mantleq-riven	 -Tnamic	 toHo4raHhTd	 an-	 thermal	
sN(si-enced	 sNHerimHose-	 to	 chan4es	 in	 climatesd	 sea	 level	 an-	 ero-i(ilitT	 o3	 the	
eSHose-	roc<sd	Rere	crNcial	to	the	timin4d	amHlitN-ed	an-	stTle	o3	the	o(serve-	vertical	
movementsg	

�he	 <mqscale	 vertical	 movements	 Rill	 continNe	 to	 (e	 stN-ie-	 3or	 Tears	 to	 comeg	
�SHectantlTd	 this	�hesis	Rill	 -eliver	 sN33icientlT	 ro(Nst	4roNn-s	 3or	 3Nrther	ela(orate-	
an-	inte4rate-	stN-ies	in	Morocco	an-	(eTon-g	 	



	viii	

�amenvattin4		
�ns	(e4riH	van	het	(innenste	van	-e	aar-e	Ror-t	(eHer<t	-oor	-e	toe4an4	-ie	Re	ertoe	
he((end	terRi;l	ons	(eel-	van	haar	evolNtie	(eHer<t	is	tot	-e	hNi-i4e	staatg	�e	moeten	
vertroNRen	 oH	 HroSTjsd	 3Tsische	 en	 nNmerie<e	 mo-ellen	 en	 o(servaties	 oH	 het	
aar-oHHervla<g	�e	toHo4ra3ie	is	zo{n	HroSTd	om-at	-at	het	resNltaat	is	van	-e	com(inatie	
van	 Hrocessen	 aan	 -e	 oHHervla<te	 en	 in	 -e	 on-er4ron-g	 �Ns	 Ranneer	 ieman-	 het	
lan-schaH	<an	lezend	<an	men	-e	4eolo4ische	evolNtie	ervan	herlezeng	

n	 het	 a34eloHen	 -ecenniNm	 he((en	 talri;<e	 stN-ies	 -e	 oHRaartse	 en	 neerRaartse	
verticale	(eRe4in4en	in	-e	continentale	ri3tmar4es	van	-e	�tlantische	�ceaan	en	hNn	
achterlan-	 oH	 een	 schaal	 van	 <ilometers	 4e-ocNmenteer-g	 �eze	 (eRe4in4end	
omschreven	 als	 oHhe33in4	 uomhoo4v	 en	 -alin4	 unaar	 (ene-envd	 zi;n	 aan4emer<t	 als	
ionvoorsHel(aarj	enoo3	ionverRachtje	ionvoorsHel(aarj	om-at	-e	conceHtNeled	3Tsische	
en	 nNmerie<e	mo-ellen	 -ie	Re	 4e(rNi<en	 voor	 -e	 evolNtie	 van	 continentale	mar4es	
-eze	 relatie3	 recente	 Raarnemin4en	 over	 het	 al4emeen	 niet	 (evattene	 {onverRacht{	
om-at	-e	verticale	(eRe4in4en	onvol-oen-e	ver<laar-	Ror-en	-oor	onze	4eolo4ische	
4eschie-enisg	Vooralsno4	(li;ven	-e	mechanismen	-ie	verantRoor-eli;<	zi;n	voor	-eze	
verticale	(eRe4in4en	oH	een	schaal	van	<ilometers	eni4matischg	

�en	van	-e	4e(rNi<eli;<e	metho-en	-ie	-oor	4eoRetenschaHHers	Ror-en	4e(rNi<t	om	
-e	<inematie<	van	-e	continentale	<orst	te	on-erzoe<en	is	thermochronolo4ie	(i;	la4e	
temHeratNNr	 in	 com(inatie	 met	 ti;-qtemHeratNNrmo-ellerin4g	 n	 Maro<<o	 alleen	 al	
Rer-en	on4eveer	tRinti4	stN-ies	Nit4evoer-	met	4e(rNi<ma<in4	van	-eze	(ena-erin4g	
�e	 re-en	 voor	-eze	overvloe-	 aan	 stN-ies	 en	het	 -aaraan	 ver(on-en	enthoNsiasme	
over	 -e	Maro<<aanse	 4eolo4ie	 is	 te	 -an<en	 aan	 -e	 raa-selachti4e	 lan-schaHHen	 en	
comHleSe	4eschie-enisg	n	-it	Hroe3schri3t	on-erzoe<en	Re	on(e<en-e	asHecten	van	-e	
verticale	 (eRe4in4en	 -ie	 zich	 oH	 een	 schaal	 van	 <ilometers	 he((en	 voor4e-aan	 in	
Maro<<o	en	omstre<en	u-e	�anarische	�ilan-end	�l4eri;ed	Mali	en	MaNritani2vg	

�et	over4an4s4e(ie-	tNssen	sti;4en-e	en	-alen-e	-omeinen	Ror-t	(eschreven	aan	-e	
han-	van	-e	evolNtie	van	-e	�i-i	 3niq-oorsne-e	-ie	over	-e	verschoven	continentale	
mar4e	 looHt	 uhoo3-stN<	 �vg	 �a4eqtemHeratNNrs	 thermochronolo4ie4e4evens	 Nit	 het	
<Nst4e(ie-	van	-e	�ntiq�tlas	-ocNmenteren	een	oHhe33in4	oH	een	schaal	van	<ilometers	
tNssen	het	Perm	en	het	Vroe4oMi--en	�Nrag	�e	-aarmee	samenhan4en-e	erosie	voe--e	
se-iment	aan	het	-alen-e	Mesozo9sche	(e<<en	 in	het	noor-Resteng	�o<<el4esteente	
lan4s	-e	-oorsne-e	Rer-	(e4raven	tNssen	het	�aat	�Nra	en	het	Vroe4	�ri;tg	Vana3	het	
Vroe4o�aat	�ri;t	Rer-	het	4esteente	-at	aanRezi4	is	lan4s	-e	-oorsne-e	oH4eheven	tot	
zi;n	hNi-i4e	Hositieg	
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�e	Hostq�ercTnische	thermische	en	4eolo4ische	4eschie-enis	van	-e	�ntiq�tlas4or-el	
Ror-t	vast4ele4-	-oor	een	-oorsne-e	lan4s	-e	as	van	het	4e(er4te	uhoo3-stN<	�vg	�e	
eerste	 eHiso-e	 von-	 Hlaats	 in	 het	 �aat	 �rias	 en	 lei--e	 tot	 een	 oHhe33in4	 van	
<orst4esteente	oH	een	schaal	van	<ilometers	te4en	het	ein-e	van	het	Mi--en	�Nrag	�e	
vol4en-e	 3ase	 resNlteer-e	 in	 -alin4	 van	 -e	 so<<el	 4e-Nren-e	 het	 �ate	 �Nra	 en	 het	
4rootste	 -eel	 van	 het	 Vroe4	 �ri;tg	 �et	 so<<el4esteente	Rer-en	 vervol4ens	 lan4zaam	
naar	-e	oHHervla<te	4e(racht	4e-Nren-e	een	oHhe33in4	oH	een	schaal	van	<ilometers	in	
het	�aat	�ri;t	en	het	�enozo9cNmg	�e	oHhe33in4s3asen	stre<ten	zich	Nit	tot	in	het	mi--en	
van	-e	�3ri<aanse	te<tonische	Hlaat	en	misschien	(Niten	-e	(emonster-e	4or-el	zel3g	

�e	 oHhe33in4ssnelhe-en	 en	 se-imentaanvoer	 zi;n	 4e<Ranti3iceer-	 vana3	 het	 Perm	
uhoo3-stN<	 �vg	 �e	 ho4e	 -enN-atiesnelhe-en	 zi;n	 ver4eli;<(aar	 met	 Raar-en	 -ie	
4eassocieer-	 Ror-en	 met	 ri3t3lan<en	 en	 thermisch	 aan4e-reven	 <oeHelvormi4e	 o3	
strNctNrele	oHhe33in4eng	�er4eli;<e	snelhe-en	Ror-en	4ezien	in	-e	�ntiq�tlas	ti;-ens	het	
Vroe4	�Nra	en	in	-e	�o4e	�tlas	en	�i3	ti;-ens	het	�eo4eeng	�Hhe33in4ssnelhe-en	voor	
an-ere	 Herio-en	 in	 -e	 Mesetad	 �o4e	 �tlasd	 �ntiq�tlas	 en	 het	 �e4Ni(atschil-	 zi;n	
4emi--el-en	 ron-	 -e	 normale	 -enN-atieRaar-eng	 Perio-es	 van	 ho4e	
se-imentHro-Nctie	in	-e	on-erzochte	(ron4e(ie-en	zi;n	het	Permd	het	�Nrad	het	Vroe4	
�ri;4	en	het	�eo4een	

�e	Phanerozo9sche	evolNtie	van	(ronq(e<<en	sTstemen	in	Maro<<o	en	om4evin4	Ror-t	
4e9llNstreer-	 in	 verschillen-e	 <aarten	 u�oo3-stN<	 �vg	 �anzienli;<e	 veran-erin4en	 van	
(ron4e(ie-en	 zi;n	 aan4etoon-	 tNssen	 -e	 �ntiq�tlas	 en	 Mesetaq-omeinen	 vana3	 het	
Mi--en	tot	�aat	�ri;t	en	tNssen	-e	Meseta	en	�ntiq�tlas	vana3	het	Vroe4	tot	Mi--eno�aat	
�ri;t	

�ot	 slot	 Ror-en	 -e	 strNctNren	 -ie	 verantRoor-eli;<	 zi;n	 voor	 het	 ontstaan	 en	 het	
voortzetten	van	-e	onvoorsHel(are	verticale	(eRe4in4en	oH	een	schaal	van	<ilometers	
4eanalTseer-	 uhoo3-stN<	 �vg	 �e	 stellen	 een	 com(inatie	 voor	 van	 4rootschali4e	
<orstvervoNRin4d	-oor	-e	mantel	aan4e-reven	-Tnamie<	in	toHo4ra3ied	en	thermische	
(o-em-alin4d	 (ovenoH	 oH	 het	 <limaatd	 zeeniveaN	 en	 ero-eer(aarhei-	 van	 het	
(loot4estel-e	4esteented	-roe4en	(i;	aan	-e	timin4	van	verticale	(eRe4in4end	Hatronen	
en	amHlitN-es	zoals	Raar4enomen	in	Maro<<o	en	omstre<eng	

�e	verticale	(eRe4in4en	oH	een	schaal	van	<ilometers	zNllen	no4	vele	;aren	(estN-eer-	
Ror-eng	�oHeli;<	levert	-it	Hroe3schri3t	een	soli-e	(asis	voor	een	ver-ere	NitRer<in4	en	
4e9nte4reer-e	stN-iesg	
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�g�g	�coHe	o3	the	�hesis	

�he	Hresentq-aT	lan-scaHe	is	the	resNlt	o3	a	3inite	amoNnt	o3	Hrocesses	oHeratin4	at	the	
sNr3ace	an-	 in	 the	sN(sNr3ace	o3	 the	�arthg	�hese	Hrocesses	are	nNmeroNsd	comHleSd	
an-d	 HerhaHs	 more	 imHortantlTd	 not	 3NllT	 Nn-erstoo-g	 �ne	 o3	 the	 challen4es	 in	
4eoscience	 over	 the	 last	 -eca-es	 has	 (een	 to	 -e3ine	 an-	 INanti3T	 the	 evolNtion	 o3	
continental	mar4ins	u3i4g	�g�vg		

	
�igure	 1.1.	 Morphology	 of	 the	 Central	 Atlantic	 seafloor	 and	 con.ugate	 margins	 (data:	
GE�COZ2c14Z1�).	The	simplified	plate	tectonic	evolution	is	after	Stampfli	and	�orel	(2cc2).	

n	the	case	o3	Hassive	ri3tin4	u�llen	an-	�llend	����vd	eSistin4	mo-els	state	that	the	ri3t	
zone	 an-	 3lan<s	 are	 characterise-	 (T	 lithosHheric	 stretchin4d	 hi4h	 sNr3ace	 heatq3loRd	
seismic	activitTd	ne4ative	�oN4Ner	anomaliesd	 thermal	anomalT	at	-eHthd	an-	maT	(e	
a33ecte-	(T	volcanism	an-	3lan<	NHli3tg	�he	latter	occNrs	alon4	the	3ootRall	o3	3aNlts	o3	
the	ri3tg	�Tnqri3t	3lan<	NHli3t	maT	eSten-	over	���	<m	into	the	Nnstretche-	crNstd	reachin4	
NH	to	�	<m	in	elevation	an-	lea-in4	to	intensi3ie-	erosion	ueg4g	�llen	an-	�llend	����vg	
�ithosHhere	<inematic	mo-els	characterise	the	Hostqri3t	sta4e	(T	sloR	coolin4	3olloRin4	
the	continental	(rea<qNH	an-	thermal	contraction	uigeg	thermal	sN(si-encevg	�s	o(serve-	
(T	 �aHsen	 et	 alg	 u����avd	 the	 continental	 crNst	 a-;acent	 to	 Hassive	 mar4ins	 have	
3reINentlT	 (een	 -escri(e-	 as	 shoNl-er	 NHli3ts	 -Nrin4	 their	 sTnqri3t	 sta4e	 an-	 as	
tectonicallT	INiescent	-Nrin4	their	Hostqri3t	sta4eg	
Nrthermored	this	assNme-	inactivitT	
a4rees	Rith	most	conceHtNald	HhTsicald	an-	nNmerical	mo-els	that	Re	-isHose	o3	3or	the	
evolNtion	o3	Hassive	mar4ins	urevieRe-	in	�attsd	����vg	

�ontinental	Hassive	mar4ins	an-	their	hinterlan-sd	esHeciallT	in	the	�tlantic	realmd	are	
the	 locNs	 o3	 a	 si4ni3icant	 amoNnt	 o3	 stN-ies	 that	 evi-ence	 Hreqd	 sTnqd	 an-	 Hostqri3t	
eHiso-ic	<mqscale	NHRar-	uigeg	eShNmationv	an-	-oRnRar-	uigeg	sN(si-encev	movements	
ueg4g	�reen	et	algP����vg	Preqri3t	eShNmation	eHiso-es	are	recor-e-	in	the	vicinitT	o3	the	
3NtNre	�tlantic	�cean	ueg4g	�Nezq�arre	an-	�n-riessend	����e	�Niz	et	algP	����e	�eline<	et	
algP	����e	�aHsen	et	algd	����avg	�Tnqri3t	eShNmation	eHiso-es	have	(een	-escri(e-	in	the	
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�tlantic	ri3t	3lan<s	ueg4g	�N<assoN	et	algP	����e	�eline<	et	algP	����e	�il-man	et	algP	����e	
�aHsen	 et	 algP	 ����avd	 Rhile	 sTnqri3t	 sN(si-ence	 eHiso-es	 have	 (een	 -ocNmente-	 in	
3eRer	Hlaces	ueg4g	�Nezq�arre	an-	�n-riessend	����e	�hor(al	et	algP	����vg	Postqri3t	<mq
scale	vertical	movements	have	(een	-ocNmente-	alon4	the	�orth	 ueg4g	 �aHsen	et	algP	
����e	 �aHsen	et	 algP	 ����ae(vd	 �entral	 ueg4g	 �ertotti	 an-	�oNizaP	 ����e	�mi-on	et	 algP	
����v	an-	�oNth	ueg4g	�eline<	et	algP	����e	�il-man	et	algP	����v	�tlantic	mar4insg	�eTon-	
the	 �tlantic	 realmd	 �Nstralian	 mar4ins	 have	 eSHerience-	 similar	 movements	 ueg4g	
�assone	et	algP	����vg		

�lthoN4h	 all	 the	 a(ove	mentione-	 stN-ies	Rere	 <een	 to	 investi4ate	 the	 eShNmation	
eHiso-esd	verT	3eR	3ocNse-	on	the	sN(si-ence	eventsg	�he	latter	are	imHortant	(ecaNse	
in	 manT	 Hlaces	 thic<	 se-iment	 series	 have	 (een	 -eHosite-	 an-	 then	 remove-g	 �his	
imHacte-	not	onlT	 the	thermal	historT	o3	 the	sN(stratNmd	(Nt	also	the	soNrceqtoqsin<	
sTstems	3e-	(T	the	removal	o3	these	seINencesg	Moreoverd	a	lin<	mNst	eSist	(etReen	
-omains	Nn-er4oin4	coeval	oHHosite	vertical	movementsg	�s	several	stN-ies	con-Ncte-	
in	the	mar4ins	o3	the	�entral	�tlantic	have	alrea-T	HroHose-	ueg4g	�ertotti	an-	�oNizad	
����vd	anomaloNs	vertical	movements	in	the	eShNmin4	-omain	are	coeval	to	eScessive	
-oRnRar-	movements	in	the	sN(si-in4	-omaing		

�ShNmation	an-	sN(si-ence	eHiso-es	occNr	in	re4ions	characterise-	(T	(oth	stretche-	
an-	 nonqstretche-	 lithosHhered	 -emonstratin4	 that	 other	 Hrocesses	 eStrinsic	 to	 the	
ri3tin4	are	at	Ror<d	or	that	the	e33ects	o3	the	ri3tin4	an-	-ri3tin4	oNtreache-	their	mar4insg	
�everal	 aNthors	 have	 INalitativelT	 teste-	 asHects	 o3	 these	 vertical	 movements	 Rith	
nNmerical	mo-els	ueg4g	�eroT	et	algP	����e	�oNizad	����e	 amato	et	algP	����vg	�oReverd	
to	(etter	 constrain	 the	mo-elsd	 a	INanti3ication	o3	 these	movements	over	4eolo4ical	
time	an-d	more	imHortantlTd	at	the	scale	o3	the	mar4in	is	reINire-g		

Vast	re4ions	alon4	ri3te-	continental	mar4ins	are	characterise-	(T	the	eSHosNre	o3	Hreq
ri3t	roc<s	ueg4g	in	�orRaTd	�ana-ad	�reenlan-d	Moroccod	MaNritaniad	�razild	�Nstraliahvg	
�oRq�emHeratNre	 �hermochronolo4T	 u���v	 an-	 timeq�emHeratNre	 utq�v	 mo-ellin4	
techniINes	Hrovi-e	Nn-erstan-in4	o3	the	thermal	historT	o3	4eolo4icallT	illqconstraine-	
areas	 characterise-	 (T	 no	 or	 little	 se-imentarT	 recor-s	 ueg4g	 �alla4her	 et	 algP	 ����e	
�hor(al	et	algP	����e	�aHsen	et	algP	����e	�eiSell	et	algP	����e	�aHsen	et	algP	����(e	�eline<	
et	 algP	 ����vg	 �hese	 techniINes	 are	 commonlT	 emHloTe-	 as	 HroSies	 to	 reconstrNct	
vertical	 movements	 ueg4g	 �eiSell	 et	 algP	 ����vg	 �ecent	 Phg�g	 -issertations	 nicelT	
ela(orate-	on	the	���	metho-	u�ehrtd	����e	�eHr1tred	����e	�om/nechd	����vg	�ecaNse	
the	 ���	 a4es	 recor-	 the	 coolin4	 o3	 roc<	 samHlesd	 theT	 are	 lin<e-	 either	 to	 thermal	
relaSation	an-oor	eShNmation	ualso	calle-	-enN-atione	eg4g	Pa4el	et	algP	����vg	�enced	
���	a4es	are	recor-e-	shortlT	a3ter	ma4matic	eventsd	-Nrin4oa3ter	Hrocesses	lin<e-	to	
the	 creation	o3	 toHo4raHhT	 ueg4g	 oro4eniesd	 shoNl-er	 NHli3td	 thermal	 -omin4vd	 an-oor	
-Nrin4	Hrocesses	lea-in4	to	enhance-	erosion	ueg4g	climatic	an-	sea	level	chan4esvg	

���	has	(een	Nse-	in	manT	re4ions	aroNn-	the	4lo(ed	resNltin4	in	verT	-ense	-ata	sets	
3or	 re4ions	 characterise-	 (T	 HNzzlin4	 lan-scaHes	 sNch	 as	 the	 elevate-	 continental	
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Hassive	 mar4ins	 ueg4g	 �aHsen	 et	 algP	 ����avd	 the	 �imalaTa	 an-	 �lHs	 moNntainsd	 an-	
Morocco	 3or	 instanceg	�ver	 thirtT	 ���	 an-	 timeq�emHeratNre	 utq�v	mo-ellin4	 stN-ies	
have	(een	con-Ncte-	in	Morocco	an-	its	sNrroNn-in4sg	�hered	the	lar4e	ma;oritT	o3	the	
Hro-Nce-	���	a4es	sHanne-	the	Herio-	(etReen	the	Variscan	an-	�tlas	oro4enies	ucag	
���q��	 Mavg	 �heT	 Rere	 -escri(e-	 as	 resNltin4	 3rom	 vertical	 movementsd	 an-	 have	
sometimes	 (een	 la(elle-	 as	 <mqscale	 kNneSHecte-l	 eShNmation	 an-	 kNnHre-icte-l	
sN(si-ence	eHiso-esd	remainin4	eni4matic	toq-ate	u3i4g	�g�e	eg4g	�hor(al	et	algP	����vg		

�he	elements	o3	the	a(oveq-escri(e-	eShNmation	an-	sN(si-ence	eHiso-es	that	are	Tet	
to	(e	 investi4ate-	aref	 the	 lin<	(etReen	the	onshore	an-	o33shore	movementsd	 their	
eStent	aRaT	 3rom	the	ri3te-	mar4ind	 their	 ratesd	 the	resNltin4	soNrceqtoqsin<	sTstemsd	
an-	the	resHonsi(le	mechanismusvg	�his	�hesis	is	a	contri(Ntion	to	(ri-4e	these	4aHs	in	
oNr	<noRle-4e	o3	the	Moroccand	��	�3ricand	an-	�entral	�tlantic	4eolo4ical	evolNtionsg		
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�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.P	2c1c).	A)P	�)P	and	
C)	 Pre-P	 Syn-	 and	 post-rift	 situationsP	 respectively.	 MO�:	 Mid-Oceanic	 �idge	 (spreading	
centre)Q	COT�:	Continent-Ocean	Transition	�one.	
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�g�g	�hesis	�Ntline	

�his	�hesis	is	comHose-	o3	seven	chaHtersd	startin4	in	the	intro-Nction	Rith	a	4eneral	
-e3inition	o3	the	<mqscale	vertical	movements	an-	3olloRe-	(T	the	4eolo4ical	historT	o3	
Morocco	 uan-	 (T	 eStensiond	 o3	 its	 sNrroNn-in4sf	 the	 �entral	 �tlantic	 �ceand	 �l4eriad	
MaNritaniad	an-	Maliv	u3i4g	�g�vg		

�haHter	�	eSamines	the	lin<	(etReen	the	onshore	an-	o33shore	-omainsd	alon4	the	�ntiq
�tlas	coastlined	in	the	�i-i	3ni	areag	�he	(asement	o3	the	ri3te-	mar4in	is	oNtcrHin4	in	the	
�ntiq�tlas	 (eltd	 an-	 has	 mostlT	 (een	 sN(si-in4	 since	 the	 �ate	 �riassicg	 �e	 Nse	 ���d	
seismicd	 an-	 (orehole	 -atad	 as	 Rell	 as	 neR	 a4e	 control	 on	 Mesozoic	 se-iments	 to	
-ocNment	the	HostqVariscan	4eolo4ical	evolNtion	o3	a	transect	-e3ine-	across	the	ri3te-	
mar4ing	

�haHter	�	 3ocNses	on	the	 lan-Rar-	eStent	o3	 the	vertical	movements	alon4	the	�ntiq
�tlasg	�he	�ntiq�tlas	(elt	eSten-s	over	more	than	���	<md	3rom	the	�tlantic	mar4in	in	
the	Rest	 to	 the	 interior	 o3	 the	 �3rican	 Hlate	 in	 the	 eastg	 �lon4	 the	 aSis	 o3	 the	 (eltd	
Precam(rian	 crTstalline	 (asement	 roc<s	 are	 oNtcroHHin4d	 Rhich	 alloRs	 3or	 the	
investi4ation	o3	the	thermal	historT	3ar	aRaT	3rom	the	coast	(T	Her3ormin4	���	an-	tq�	
mo-ellin4g	PaleoqtemHeratNre	 transects	 rNnnin4	Harallel	 to	 the	�ntiq�tlas	 tren-	Rere	
then	(Nilt	an-	Nse-	to	-escri(e-	the	lan-Rar-	Ravelen4th	o3	these	movementsg	

�haHter	�	Hrovi-es	the	rates	o3	the	vertical	movements	-ocNmente-	Rith	tq�	mo-ellin4g	

or	 thisd	 all	 tq�	 mo-ellin4	 (estq3it	 cNrves	 are	 -i4itize-	 an-	 temHeratNreqtoq-eHth	
conversion	is	aHHlie-g	�he	eShNmation	an-	sN(si-ence	rates	Rere	then	Nse-	as	inHNt	3or	
interHolation	at	the	scale	o3	the	mar4ind	in	or-er	to	INanti3T	the	volNme	o3	roc<s	that	
Rere	ero-e-	-Nrin4	several	eShNmation	eHiso-esg		

n	chaHter	�d	Re	have	comHile-	neR	3in-in4s	Rith	an	eStensive	revieR	o3	eSistin4	-ata	
in	or-er	to	(Nil-	ten	soNrceqtoqsin<	maHsd	3rom	Permian	to	�eo4eneg	�mHhasis	is	Hlace-	
on	 �Nrassic	 an-	 �retaceoNs	 Herio-sg	 �he	 maHs	 contain	 Rell	 -atad	 oNtcroH	 sHatial	
-istri(Ntiond	litho3acies	3rom	onshore	an-	o33shore	(asinsd	Hrovenance	stN-T	analTsesd	
relevant	Halaeontolo4ical	-atad	an-	eShNme-	-omainsg		

n	 chaHter	 �d	 Re	 -iscNss	 several	 asHects	 o3	 the	 investi4ate-	 vertical	 movementse	
<noRle-4e	 Rhich	 Re	 acINire-	 3rom	 the	 Moroccan	 ri3te-	 mar4in	 an-	 a-;acent	
continental	crNstg	n	this	chaHterd	Re	also	ventNre	into	the	comHleS	an-	elNsive	tas<	o3	
constrainin4	the	mechanismusv	resHonsi(le	3or	the	vertical	movementsg	
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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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�g�g	�eo4raHhT	an-	4eolo4ical	historT	o3	Morocco		

�g�g�g	�eo4raHhT	o3	Morocco	

�he	�entral	�tlantic	continental	mar4ins	eSten-	3rom	Morocco	to	�Ninea	in	the	east	an-	
�ana-a	to	the	���	in	the	Rest	u3i4g	�g�e	�avisond	����e	�ith;ac<	an-	�chlisched	����vg	
Moroccod	 locate-	 in	�orthRest	�3ricad	 is	 characterise-	(T	 a	 itriHle	 ;Nnctionj	 o33shore	
�4a-ir	ueg4g	Michar-	et	algP	����v	(etReen	the	�entral	�tlantic	�ceand	the	�est	�3rican	
�ratond	an-	the	�tlas	oro4enic	sTstemg	�he	relie3	u3i4g	�g�v	varies	3rom	hi4h	moNntainoNs	
re4ions	u�i3	an-	�tlas	(eltsvd	level	hi4h	4roNn-s	u�aNts	PlateaNS	an-	�Narzazate	(asinvd	
ol-	elevate-	massi3s	u�entral	Massi3d	�ehamnad	�e(iletsd	Massi3	�ncientd	�ntiq�tlasd	an-	
�N4artavd	nonqelevate-	coastal	Hlains	uMesetad	�oNss	�asind	�ar3aTa	�asind	an-	�a<hla	
�asinvd	an-	the	�aharan	-omain	usoNth	o3	the	�ntiq�tlasv	mar<e-	(T	er4sd	re4s	u�e4Ni(at	
�hiel-vd	an-	sa(<has	usalt	3latsvg	�he	Moroccan	4eolo4T	u3i4g	�g�v	Ras	-e3ine-	(T	ma;or	
events	3rom	the	Precam(rian	to	the	Hresentq-aT	u3i4g	�g�vg	

�g�g�g	�eolo4T	o3	Moroccof	Preqri3t	

�he	�entral	�tlantic	Hreqri3t	Herio-	o3	Morocco	 is	characterise-	(T	the	�(Nrnean	an-	
Pana3rican	 oro4enies	 -Nrin4	 the	 PaleoHroterozoic	 an-	 �eoHroterozoic	 uPiIN0	 et	 algP	
����vd	resHectivelTg	�hese	oro4enies	-e3orme-	the	ol-est	se-iments	o3	Morocco	an-	
the	crTstalline	(asement	o3	the	�estern	�3rican	�ratond	an-	are	eSHose-	in	the	�e4Ni(at	
shiel-d	 MaNritani-esd	 an-	 in	 the	 core	 o3	 the	 �ntiq�tlasg	 Marineq-ominate-	
se-imentation	 occNrre-	 -Nrin4	 the	 �arlT	 Palaeozoic	 an-	 -eHosits	 are	 Hreserve-	 an-	
eSHose-	in	the	Meseta	massi3sd	�ntiq�tlasd	an-	�in-oN3	(asin	uMichar-	et	algP	����vg		

�he	�ate	Palaeozoic	Variscan	oro4enT	u3i4g	�g�e	(asin	inversiond	crNstal	3ol-in4d	intense	
thrNstin4d	 naHHe	 strNctNresd	 4ranitic	 intrNsionhv	 a33ecte-	 the	 Palaeozoic	 cover	 an-	
Precam(rian	(asement	o3	 the	Mesetad	�i4h	�tlasd	an-	�ntiq�tlas	 ueg4g	Michar-	et	algP	
����vg	t	Ras	3olloRe-	in	�ate	Permian	to	Mi--le	�riassic	(T	Hostqoro4enic	collaHse	uor	
HeneHlanation	o3	the	(eltv	constraine-	in	Morocco	(T	the	Variscan	Nncon3ormitT	ueg4g	

rizon	-e	�amotte	et	algP	����vg		

	



ntro-Nction	

	��	

	1�

	
�igure	1.4.	Geography	of	Morocco	and	its	surroundings	(data:	GE�COZ2c14Z1�)	?ith	main	
geological	domainsP	sedimentary	basinsP	and	Variscan	Massifs	superimposed.		
	 	

AntiͲAtůaƐ

Rif

og

cm

rh

jb

ŵa

Zeguiďat 
^Śieůd

zm

ŵt

MeƐeta

High

Onshore Basins
  ϭ 'Śaƌď
  Ϯ 'ueƌĐiĨ
  ϯ ,autƐͲWůateauǆ
  ϰ �ouŬŬaůa
  ϱ ^eƩat
  ϲ �aŚiƌa
  ϳ �ƐƐaouiƌaͲAgadiƌ
  ϴ  ^ouƐƐ

Variscan Massifs
  Đŵ Centƌaů MaƐƐiĨ
  ƌŚ  ZeŚaŵna
  ũď  :eďiůetƐ
  ŵa MaƐƐiĨ AnĐien
  og Ougaƌta
  ǌŵ �eŵŵouƌ
  ŵt MauƌitanideƐ

    ϵ Ouaƌǌaǌate
  ϭϬ 'uiƌ ,aŵada
  ϭϭ <eŵͲ<eŵ
  ϭϮ dindouĨ
  ϭϯ daƌĨaǇa
 ϭϰ �aŬŚůa
  ϭϱ daoudeni
  ϭϲ Zeggane
  ϭϳ ^ďaa

CanaƌǇ 
/ƐůandƐ
(^ÖAIN)

CENTRAL ATLANTIC

�atŚǇŵetƌǇͬ�ůeǀation [ŵ]

ͲϯϬϬϬͲϰϱϬϬ ͲϭϱϬϬ Ϭ ϭϱϬϬ ϯϬϬϬ

Rabat

Agadir

Dakhla

Tangier Oran

M
id

dů
e  

 AtůaƐ

ϭϴ°W ϭϲ°W ϭϰ°W ϭϮ°W ϭϬ°W ϴ°W ϲ°W ϰ°W Ϯ°W Ϭ°
ϯϲ°N

ϯϰ°N

ϯϮ°N

ϯϬ°N

Ϯϴ°N

Ϯϲ°N

Ϯϰ°N

ϮϬ°N

ϮϮ°N

ϭϬϬ Ϭ ϰϬϬ Ŭŵ

MOROCCO
AL¦ERIA

MAçRITANIA

MALI

ϭ

Ϯ ϯ

ϰ ϱ

ϲ

ϳ

ϴ

ϵ
ϭϬ

ϭϭ

ϭϮ

ϭϯ

ϭϰ

ϭϱ

ϭϲ

ϭϳ



�haHter	�	

��	

	  �

�g�g�g	�eolo4T	o3	Moroccof	�Tnqri3t	

Morocco	eSHerience-	 tRo	nearlT	 sTnchronoNs	 eHiso-es	o3	 ri3tin4	-Nrin4	 �riassic	 an-	
�Nrassic	 timesf	 the	 �entral	 �tlantic	 ucag	 ���q���	 Mae	 �a(ails	 et	 algP	 ����e	 
rizon	 -e	
�amotte	et	algP	����v	an-	�tlasic	ucag	���q���	Mad	a(orte-e	PiIN0	et	algP	����e	3i4g	�g�v	
ri3tsg	 �he	 orientation	 o3	 the	 �entral	 �tlantic	 ri3t	 is	 HartlT	 inherite-	 3rom	 Variscan	
strNctNresd	as	ri3t	strNctNres	occNrre-	over	an-	Harallel	to	the	tren-	o3	the	Palaeozoic	
(eltg	�he	�tlasic	 ri3t	(elon4s	 to	 the	�ethTsian	 realm	an-	 is	oriente-	at	 cag	��~	 to	 the	
�entral	�tlantic	ri3t	u3i4g	�g�vg	 n	the	ri3t	zonesd	4ra(ens	an-	hal3	4ra(en	Rere	3ille-qNH	
Rith	sTnqri3t	-eHosits	in	the	�oN<<alad	�r4anao�ssaoNiraq�4a-ird	�ar3aTa	coastal	(asins	
an-	�i4hoMi--le	�tlas	(asinsg	�t	cag	���	Mad	the	�entral	�tlantic	Ma4matic	Province	
u��MPe	3i4sg	�g�	an-	�g�v	Ras	characterise-	(T	the	emHlacement	o3	ma3ic	-T<es	an-	sillsd	
3olloRe-	(T	3loo-	(asalts	-ate-	Nntil	cag	���	Ma	ueg4g	�avies	et	algP	����vg		

�g�g�g	�eolo4T	o3	Moroccof	Postqri3t	

�he	onset	o3	-ri3tin4	mar<in4	the	(rea<qNH	o3	Pan4aea	occNrre-	at	the	(e4innin4	o3	the	
�Nrassicg	�he	Hrecise	a4e	is	-e(ate-	(etReen	���	an-	���	Ma	ueg4g	�a(ails	et	algP	����e	
�avisonP	����vg	�he	-eveloHment	o3	the	Moroccan	Hassive	mar4in	-Nrin4	the	�Nrassic	
an-	�arlT	�retaceoNs	Ritnesse-	the	accNmNlation	o3	marine	an-	neritic	se-iments	in	the	
Hresentq-aT	o33shored	coastald	�i4hoMi--le	�tlasd	an-	�ettat	PlateaN	uMesetavg	�he	Periq
�tlantic	�l<aline	PNlse	uP��Pv	is	recor-e-	(T	HlNtons	an-	3loo-	(asalt	in	the	con;N4ate	
mar4ins	o3	the	�entral	an-	�oNth	�tlantic	oceansd	(etReen	���	an-	��	Ma	uMatton	an-	
�e(ra<d	 ����e	 Montero	 et	 algP	 ����vg	 �he	 �ichat	 strNctNre	 in	 MaNritania	 an-	 some	
car(onatites	in	the	MaNritani-es	are	mani3estations	o3	the	P��Pg	�ome	o3	the	�anaries	
slan-	seamoNnts	u3i4g	�g�v	have	(een	-ate-	(etReen	���	an-	��	Ma	uvan	-en	�o4aar-d	
����vd	overlaHHin4	Rith	the	timin4	o3	the	P��P	activitTg		

�he	oHenin4	o3	the	�oNth	�tlantic	at	cag	��	Ma	le-	to	the	�3rican	an-	�NroHean	Hlate	
conver4ence	3rom	the	�ate	�retaceoNs	to	the	Hresentq-aTd	an-	maT	(e	resHonsi(le	3or	
3ol-in4	an-	(asin	inversion	in	the	�i4h	an-	Mi--le	�tlas	an-	in	the	�i3	chains	u�NiraN-d	
����vg	�he	on4oin4	�tlas	oro4enesis	that	Hea<e-	in	the	�ocene	is	characterise-	(T	the	
-e3ormation	an-	sNrrection	o3	the	�i3d	Mi--le	an-	�i4h	�tlasd	an-	o3	the	�ntiq�tlas	to	
some	 eStent	 uMichar-	 et	 algd	 ����vg	 
inallTd	 the	 �enozoic	 volcanism	 uMissenar-	 an-	
�a-oNSd	����v	an-	sNr3ace	NHli3t	have	(een	interHrete-	as	(ein4	associate-	to	a	mantle	
anomalT	u!eTen	et	algd	����e	�eiSell	et	algd	����e	Missenar-d	����vg	�enozoic	volcanism	
an-	sNr3ace	NHli3t	are	o(serve-	alon4	tRo	aSesd	3rom	the	�anarT	slan-s	to	the	�iroNa	
massi3	u�ntiq�tlasvd	an-	3rom	the	latter	to	the	�i3	(eltg	
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�igure	 1.5.	 Geological	map	 of	Morocco	 and	 its	 surroundings	 (after	 
ollard	 et	 al.P	 1985).	
CAMP:	 Central	 Atlantic	 Magmatic	 ProvinceQ	 PAAP:	 Peri-Atlantic	 Al/aline	 Province.	 The	
Cretaceous	sediments	in	Mali	(SE	corner)	are	classified	in	Early	and	Late	CretaceousP	?hich	
includes	the	middle	Cretaceous	as	defined	in	Morocco.		
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�igure	1.6.	Tectonic	chart	of	the	Atlantic	realm	
and	 MoroccoP	 see	 references	 therein	 (ages	
after	 ICS	 2c16X12).	 LIP:	 Large	 Igneous	
ProvinceQ	 CAMP:	 Central	 Atlantic	 Magmatic	
ProvinceQ	PAAP:	Peri-Atlantic	Al/aline	Pulse.	
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	�c<noRle-4ementsf	 �elena	 van	 -er	 Ve4t	 is	 than<e-	 3or	 Hroo3rea-in4	 this	 chaHterg	
Pierreq�livier	�rNna	is	than<e-	3or	Hroo3rea-in4	the	3i4Nresg	�milie	�haillan	is	than<e-	
3or	-i4itizin4	the	�retaceoNs	oNtcroHs	3rom	the	��	�3rican	4eolo4ical	maHsg		





��	

��
�he	�i-i	3ni	transect	across	the	

ri3te-	mar4in	o3	Morocco	
	

�(stractf	�he	occNrrence	o3	<mqscale	eShNmations	-Nrin4	sTnq	an-	Hostqri3t	sta4es	has	
(een	-ocNmente-	alon4	�tlantic	continental	mar4insd	Rhich	are	also	characterise-	(T	
(asins	Nn-er4oin4	sN(stantial	sN(si-enceg	�he	relationshiH	(etReen	the	eShNmin4	an-	
sN(si-in4	-omains	is	HoorlT	Nn-erstoo-g	n	this	stN-Td	Re	reconstrNct	the	evolNtion	o3	a	
��	<m	lon4	transect	across	the	Moroccan	ri3te-	mar4in	3rom	the	Restern	�ntiq�tlas	to	
the	�tlantic	(asin	o33shore	the	citT	o3	�i-i	3nig	�oRqtemHeratNre	thermochronolo4T	-ata	
3rom	the	�i-i	3ni	area	-ocNment	a	cag	�	<m	eShNmation	(etReen	the	Permian	an-	the	
�arlToMi--le	 �Nrassicg	 �he	 relate-	 erosion	 3e-	 se-iments	 to	 the	 sN(si-in4	Mesozoic	
(asin	to	the	��g	�asement	roc<s	alon4	the	transect	Rere	sN(seINentlT	(Nrie-	(T	�q�	
<m	(etReen	the	�ate	�Nrassic	an-	the	�arlT	�retaceoNsg	
rom	late	�arlTo�ate	�retaceoNs	
onRar-sd	roc<s	Hresent	alon4	the	transect	Rere	eShNme-	to	their	Hresentq-aT	Hositiongy	

	 	

																																																								
y	�he	a(stract	an-	Harts	o3	the	chaHter	are	HN(lishe-	 in	the	African	�ournal	of	Earth	Sciencesf	
�g�hartond	 �g�ertottid	 �g�rante4Nid	 an-	 �g�Nlotd	 ����g	 �he	 �i-i	 3ni	 transect	 across	 the	 ri3te-	
mar4in	o3	Morocco	u�entral	�tlanticvf	Vertical	movements	constraine-	(T	���g	
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�g�g	ntro-Nction	

n	the	�tlantic	realmd	the	lin<	(etReen	the	4enerallT	eShNmin4	onshore	an-	sN(si-in4	
o33shore	-omains	is	rarelT	investi4ate-g	�t	the	same	timed	k<mqscalel	sTnq	an-	Hostqri3t	
vertical	 movements	 are	 cNrrentlT	 (ein4	 -ocNmente-	 in	 nearlT	 all	 �tlantic	 Hassive	
mar4insg	�he	HroHose-	nNmerical	mo-els	ueg4g	 amato	et	algd	����v	3or	the	evolNtion	o3	
Hassive	mar4in	are	3airlT	4eneral	an-	still	Nna(le	to	Hrovi-e	Hre-ictions	(T	Rhich	theT	
can	(e	teste-	a4ainst	o(servations	3rom	natNral	sTstemsg	�his	is	HartlT	-Ne	to	the	3act	
that	most	o3	these	eni4matic	vertical	movements	are	-ocNmente-	onshore	Nsin4	�oRq
�emHeratNre	 �hermochronolo4T	 u���vd	 RithoNt	 anT	 attemHt	 to	 lin<	 them	 to	 the	
movements	in	o33shore	areasg	�hese	o(servations	reINire	an	inte4rate-	analTsis	o3	the	
entire	sTstem	3rom	the	eShNmin4	-omain	usoNrcev	to	the	sN(si-in4	re4ion	usin<v	to	3NllT	
Nn-erstan-	the	tectonics	involve-g		

n	this	chaHterd	Re	constrNct	a	��	<m	lon4	transect	across	the	Moroccan	ri3te-	mar4in	
u3i4g	�g�v	3rom	the	Restern	�ntiq�tlas	to	the	o33shore	Hassive	mar4in	(asind	that	Re	call	
the	 �i-i	 3ni	 transectg	 �he	 coeSistence	 o3	 Mesozoic	 se-iments	 an-	 re4ional	
Nncon3ormities	 in	 the	 stN-T	 area	 u3i4g	 �g�v	 ma<es	 it	 a	 <eT	 transition	 (etReen	 the	
4enerallT	 sN(si-in4	 o33shore	 an-	 eShNmin4	 �ntiq�tlas	 ueg4g	 �oNiza	 et	 algd	 ����avg	
�SHan-in4	on	an	eSistin4	���	-ata	(ase	an-	Nsin4	neR	an-	ro(Nst	strati4raHhic	a4es	o3	
the	 Mesozoic	 se-imentsd	 Re	 Hresent	 a	 reconstrNction	 o3	 sTnq	 an-	 Hostqri3t	 vertical	
movements	alon4	the	�i-i	3ni	transectg		

�g�g	Presentq-aT	architectNre	o3	the	�i-i	3ni	transect	

�he	�i-i	3ni	transect	u3i4sg	�g�	an-	�g�v	is	comHose-	o3	the	�i-i	3ni	-ome	in	the	onshore	
-omain	 an-	 the	 �tlantic	 continental	 shel3d	 sloHed	 an-	 a(Tssal	 (asin	 in	 the	 o33shore	
-omaing		

�he	Precam(rian	(asement	is	comHose-	o3	�eoHroterozoic	4ranites	an-	metamorHhic	
roc<s	uPanq�3rican	oro4enTe	eg4g	�homas	et	algd	����vg	�hese	roc<s	are	HartiallT	covere-	
(T	aNtochthonoNs	�ate	�eoHroterozoic	an-	Palaeozoic	se-iments	ueg4g	Michar-	et	algd	
����vd	an-	Rere	-e3orme-	-Nrin4	the	late	Palaeozoic	Variscan	oro4enT	ueg4g	�Nr<har-	
et	algd	����vg	�he	HreqMesozoic	(asement	oNtcroHHin4	onshore	is	a33ecte-	o33shore	(T	
��	an-	��	-iHHin4	normal	3aNltsd	Rhich	(oNn-	sTnqri3t	hal3	4ra(ensg	
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�igure	2.1.	A)	Simplified	geological	map	of	the	Sidi	Ifni	area	(after	
ollard	et	al.P	1985)	and	
LTT	 data	 localisation	 (SebtiP	 2c11Q	 �uiz	 et	 al.P	 2c11Q	 Sehrt	 et	 al.P	 2c17Q	 present	 study).	
�athymetry	 contour	 lines	are	every	5c	m.	 Syn-rift	offshore	normal	 faults	are	 from	Le	�oy	
and	Pi8u&	(2cc1).	 C:	CenozoicQ	M:	MesozoicQ	N:	CambrianQ	pN:	PrecambrianQ	A�T:	Apatite	
fission	trac/	agesQ	A
e:	(�-Th)X
e	dating	on	apatites.	�-�)	Geological	cross-section	of	the	
Sidi	Ifni	area	(after	�azidi	et	al.P	1986Q	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)P	 Carbonate:	 LimestonesXdolomitesP	
Salt:	 Salt	 and	 other	 evaporites.	 �)	 Simplified	 geological	 map	 of	 the	 Sidi	 Ifni	Margin	?ith	
highlight	 on	Mesozoic	 sediments	 (after	 1X1ccccc	 geological	 maps	 of	 Tiznit	 and	 Sidi	 IfniQ	
�azidi	et	al.P	1986Q	1991).	�O:	MiddleO	�urassic	fluvial	red	conglomerates	and	redXpin/Xgrey	
coarse	to	very	coarse	sandstonesQ	M�:	Intertidal	fine	clastics	and	shallo?	marine	carbonates	
identified	as	Middle	�urassic	 (Arantegui	et	al.P	2c16Q	AranteguiP	2c18).	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	shel3d	the	3niq�	Rell	shoRs	cag	�	<m	thic<	Mesozoic	se-iments	u3i4g	
�g��vd	 comHrisin4	 the	 sTnq	 an-	 Hostqri3t	 Hac<a4esg	 �he	 sTnqri3t	 Permiancq�riassic	
se-iments	 are	 trNncate-	 (T	 the	 Mi--le	 �Nrassic	 se-iments	 close	 to	 the	 shorelineg	
�estRar-sd	 �oRer	 �Nrassic	 Hlat3orm	 se-iments	 thin	 into	 (asinal	 3acies	 u�a3i-	 et	 ald	
����vd	Rhile	theT	are	also	trNncate-	near	the	coast	(T	Mi--le	�Nrassic	se-imentsd	an-	
are	missin4	in	3niq�	Rell	u3i4g	�g�vg	�he	Rell	traverse-	the	Mi--le	�Nrassicd	Rhich	starts	
Rith	a	section	o3	miSe-	car(onates	an-	clasticsg		

	
�igure	2.3.	The	Sidi	Ifni	transect:	Composite	cross-section	running	through	the	Sidi	Ifni	areaP	
based	on	the	 interpretation	of	the	2�	seismic	 line	SP-83-c7	 from	Gouiza	(2c11)	and	from	
the	geological	map	from	
ollard	et	al.	 (1985).	The	seismic	 line	ends	ca.	1c	/m	before	the	
shoreline.	 The	 gap	 (dashed	 line	 in	 figure	 2.1A)	 ?as	 interpolated	 from	 the	 seismic	
interpretation	and	the	geological	mapQ	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:	CenozoicQ	M:	Mesozoic	(:	CretaceousQ	�:	
�urassicQ	Tr:	Triassic)Q	P:	PermianQ	N:	CambrianQ	pN:	Precambrian.		 	

Mesozoic	 se-iments	 in	 contact	 Rith	 Palaeozoic	 an-	 Precam(rian	 roc<s	 are	 eSHose-	
alon4	a	narroR	��q��	oriente-	-omain	alon4	 the	coastline	 u3i4g	�g��vg	 nterti-al	 3ine	
clastics	an-	shalloR	marine	car(onates	eSHose-	alon4	�raima	�each	Rere	maHHe-	(T	
 azi-i	et	alg	u����v	as	�oRer	to	Mi--le	�retaceoNs	re-	san-stones	Rith	con4lomerate	
inter(e-sd	(itNminoNs	marls	an-	 limestones	Rith	�atica	 an-	Ampulinad	overlTin4	 re-	
con4lomeratesg	�he	a4e	Ras	ori4inallT	esta(lishe-	on	HoorlT	Hreserve-	ostraco-sg	�hese	
se-iments	have	(een	req-ate-	Nsin4	(enthic	3oramini3erad	4reen	al4aed	4astroHo-s	an-	
(ivalves	as	Mi--le	�Nrassic	u3i4g	�g��e	�rante4Nid	����vg	n	the	north	o3	the	Hresent	stN-T	
aread	oNtcroHs	are	maHHe-	as	�oRer	�retaceoNs	 re-	con4lomeratesd	 san-stones	an-	
4reT	 an-	 Hin<	 ar4illaceoNs	 san-stones	 overlain	 (T	 Mi--le	 �retaceoNs	 -olomitesd	
limestones	an-	marlT	limestones	Rith	trigoniidsd	alectryonids	an-	nerineids	u azi-i	et	algd	
����vg	 �he	 4reat	 resem(lance	 in	 3acies	 an-	 3aNna	 Rith	 the	 stN-T	 area	 o3	 �rante4Ni	
u����v	stron4lT	sN44ests	a	4eneralize-	mis-atin4	o3	the	Mesozoic	oNtcroHs	in	the	�i-i	
3ni	areag	�n-erlTin4	Nn-ate-	se-iments	strati4raHhicallT	con3orma(le	are	3lNvial	clastics	
u3i4sg	�g��d	�	an-	�vd	an-	Rill	(e	consi-ere-	in	this	Ror<	as	Mi--le	�Nrassicg	�ase-	on	
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3iel-	 o(servationsd	 their	 architectNre	 shoRs	 allNvial	 3ans	 -oRnlaHHin4	 on	 (asement	
roc<s	laterallT	associate-	to	allNvial	Hlain	-eHositsg		

�33shored	Nn-i33erentiate-	�HHer	�Nrassico�oRer	�retaceoNs	neritic	clastics	overlT	the	
�HHer	 �Nrassic	 car(onate	 Hlat3ormd	 an-	 are	 re3erre-	 to	 as	 the	 i�a(les	 -e	 �anq�anj	

ormation	ueg4g	�hoN(ert	et	algd	����e	Martinis	an-	Visintind	����vg	
inallTd	the	�oRer	
�retaceoNs	re3lections	in	line	�Pq��q��	are	interHrete-	as	NHq-iH	trNncations	close	to	the	
sea(e-	in	the	continental	shel3	-omaing	�he	�retaceoNs	se-iments	-rille-	in	3niq�	are	
neritic	 clastics	 an-	 car(onatesg	 �he	 Mi--le	 �retaceoNs	 u�Htianq�l(ianv	 to	 �enozoic	
se-iments	are	onlT	Hreserve-	close	to	the	shel3	e-4e	an-	3Nrther	o33shored	Rhile	�ate	
�retaceoNs	se-iments	are	not	recor-e-	in	the	stN-T	areasg	

�g�g	���	an-	timeq�emHeratNre	mo-ellin4f	Metho-s	an-	resNlts	

�he	 samHles	 M����	 an-	 ��!��	 Rere	 collecte-	 3rom	 a	 4ranite	 o3	 the	 Precam(rian	
(asement	an-	the	Mi--le	�Nrassic	con4lomerate	o3	�4ezira	(eachd	resHectivelT	u3i4g	�g�vg	
�Hatite	crTstals	Rithin	these	samHles	Rere	analTse-	3or	aHatite	3ission	trac<s	u�
�v	an-	
u�q�hvo�e	 u��evg	 �he	 �
�	 measNrements	 uta(le	 �g�v	 Rere	 carrie-qoNt	 at	 �alhoNsie	
�niversitT	 u�ali3aSd	 �ana-av	 (T	 �g�oNisd	 an-	 a4es	 Rere	 calcNlate-	 Nsin4	 the	 eSternal	
�etector	metho-	u�alla4her	et	algd	����vg	�he	metho-	is	-escri(e-	in	�oNis	u����vg	�he	
��e	analTses	 uta(le	�g�v	Rere	con-Ncte-	 in	�alhoNsie	�niversitT	 u�ali3aSd	�ana-av	(T	
�g�islitsTnd	(ase-	on	�g
arleTjs	techniINe	sNmmarize-	in	
arleT	u����vg	

�he	 tRo	 samHles	 Hro-Nce-	 �riassic	 �
�	 a4es	 u���g����g�	 an-	 ���g���g�	 Mav	 an-	
�retaceoNs	mean	��e	a4es	u���g���g�	an-	��g���g�	Mavg	�he	a(Nn-ance	o3	con3ine-	
trac<s	(etReen	��q��	�m	u3i4g	�g�v	 is	 the	resNlts	o3	 lon4	resi-ence	a(ove	the	�Hatite	
Partial	�nnealin4	!one	u�P�!e	�i4otq�ormierd	����v	an-	is	comHati(le	Rith	raHi-	coolin4	
throN4h	the	�P�!	 ueg4g	�hor(al	et	algd	����vg	�he	-isHersion	o3	��e	sin4le	4rain	a4es	
sN44ests	a	Hartial	oHenin4	o3	the	�e	sTstem	u�oN4ier	et	algd	����v	(etReen	cag	���	an-	
��	Ma	3or	M����	an-	(etReen	���	an-	��	Ma	3or	��!��g	
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�igure	2.4.	Sampled	outcrops	(left	panel)P	trac/	length	distribution	(central	panel)P	and	radial	plots	
(bivariate	 scatterplotsQ	 right	 panel).	 �adial	 plots	 ?ere	 made	 ?ith	 �adialPlotter	 ?ith	 Linear	
Transformation	(VermeeschP	2cc9).	sd:	Standard	deviationQ	L:	Error	?ith	1L	(Ma)	(?ith	precision	
given	by	1X	L)Q	M2:	Chi-s8uare	probability.	A)	Precambrian	granite	of	the	Sidi	Ifni	area	exposed	in	
a	riverbed	close	to	the	city	of	MestiP	?here	MESc1	?as	sampled.	�)	Middle	�urassic	red	beds	(or	
olderQ	AranteguiP	2c18)	lying	unconformably	on	the	Proterozoic	basementP	located	north	of	the	
Lgzira	villageP	and	?here	LG�c1	?as	sampled.		 	

	
Table	 2.1.	 Apatite	 �ission	 trac/	 results.	 n	 is	 the	 number	 of	 analyzed	apatite	 crystals.	 Ks	 is	 the	
density	of	spontaneous	trac/sP	Ki	 is	the	density	of	 induced	trac/sP	and	Kd	is	the	density	of	fossil	
trac/s.	nsP	niP	and	nd	are	the	number	of	trac/s	used	for	the	density	calculation.	P(M2)o	is	the	Chi-
s8uare	probabilityQ	samples	pass	the	Chi-s8uare	test	?hen	Pr5o.	A�T	ages	are	central	ages	?ith	
error	s1L.	MTL	is	the	mean	trac/	lengths	?ith	error	s1L	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	 (I)q362.3	 is	 the	
correcting	factor	defined	by	�leischer	and	
art	(1972)Q	L(I)q8.6	is	the	zeta	uncertainty	(Traditional	
calibrationQ	
urfordP	199c).		 	
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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)X
e	analyses.	�ive	ali8uots	from	each	sample	?ere	analyzed.	
A
e	ages	are	corrected	using	the	�t	factor	based	on	crystal	geometries.	e�:	Effective	uranium.	
Mean	concentrationsP	radiusP	and	ages	are	used	as	input	in	t-T	modelling.		 	

�he	timeq�emHeratNre	utq�v	Haths	Rere	o(taine-	(T	mo-ellin4	�
�	len4thsd	�Hard	an-	
�
�o��e	a4es	Rith	the	inverse	mo-ellin4	so3tRare	�e
�T	u�etchamd	����e	ta(le	�g�	an-	
3i4g	�g�vg	�e
�T	rNns	a	Monte	�arlo	al4orithm	that	4enerates	tq�	Haths	that	match	to	a	
certain	eStent	u�oo-ness	�3	
itd	��
v	the	inHNt	-atag	n	the	Hresent	stN-T	Re	Nse	�
�	
mo-els	ucomHose-	o3	the	�
�	sin4leq4rain	a4e	-ata	an-	the	con3ine-	trac<	len4thsv	an-	
��e	mo-els	ucomHose-	o3	the	mean	��e	correcte-	a4ed	the	chemical	comHositiond	an-	
ra-iNs	o3	the	aHatite	crTstalvg	Paths	are	consi-ere-	iacceHta(lej	Rhen	the	��
	3or	the	
�
�	mo-el	is	(etReen	�	an-	���d	an-	i4oo-j	Rhen	hi4her	than	���g	�he	i(est	3itj	Hath	
has	the	hi4hest	��
	3or	(oth	��e	an-	�
�	mo-elsg		


ive	constraints	Rere	 imHose-	to	the	-i33erent	mo-elsg	�onstraint	a	 u���q���~�o���q
���	Mav	is	(ase-	on	the	en-	o3	the	Palaeozoic	loRq4ra-e	metamorHhism	-ocNmente-	
(T	�Niz	et	alg	u����v	in	the	Restern	�ntiq�tlas	unote	that	the	aNthors	-escri(e-	it	3rom	
���	to	���	Mad	Rhich	is	on	the	e-4e	o3	oNr	mo-ellin4	Rin-oRvg	�onstraint	b	u���q���	
Mav	is	(ase-	on	the	�Nrassic	se-iments	lTin4	on	Palaeozoic	an-	Precam(rian	roc<s	in	the	
onshore	 �i-i	 3ni	 area	 u�rante4Nid	 ����vg	 mHortantlTd	 the	 constraint	 is	 set	 at	 sNr3ace	
temHeratNre	3or	the	4ranitic	(oNl-er	u��q��~�vd	an-	close	to	sNr3ace	temHeratNres	3or	
the	samHle-	4ranitic	u��q��~�vg	�e	assNme	that	the	latter	mNst	have	(een	Hrotecte-	
3rom	�Nrassic	erosion	(T	the	Precam(rian	uan-	Palaeozoiccv	roc<	colNmn	sittin4	on	toH	
o3	itg	�he	constraint	c	u���q��~�o��e	a4e	�	��	MTrv	is	(ase-	on	the	Hro-Nce-	��e	a4es	
3or	its	time	comHonent	an-	the	temHeratNre	ran4e	is	(ase-	on	the	closNre	temHeratNres	
HroHose-	(T	�hNster	et	alg	u����v	3or	the	��e	sTstemg	�onstraint	d	u��q��~�o��q�	Mav	is	
(ase-	on	 the	 3act	 that	 the	 samHles	Rere	collecte-	at	 the	 sNr3aceg	�onstraint	e	 u���q
��~�o���q���	Mav	 is	 (ase-	 on	 the	 3act	 thatd	 Hrior	 to	 -eHositiond	 Re	 lac<	 4eolo4ical	
evi-ences	o3	the	soNrce	Hrovenanceg	�he	lar4e	constraint	e	alloRs	the	realisations	to	(e	
at	 sNr3ace	 as	 Rell	 as	 at	 (Nrie-	 temHeratNres	 (e3ore	 the	 -eHosition	 o3	 the	 4ranitic	
(oNl-erg	 	

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	 simulationsP	 ?hich	 are	 performed	 ?ith	 the	 
e�Ty	
soft?are	 (version	 1.8.2Q	 Apatite	 to	 �irconQ	 etchamP	 2cc5).	 A)	 Parameters	 used	 for	 the	 A�T	
models.	Cf	irradiationP	see	�onelic/	and	Miller	(1991)Q	�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.P	1999)Q	uiperUs	statisticP	see	
Press	 et	 al.	 (1992)Q	 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



�haHter	�	

��	

			 

	 	
�igure	2.5.	�esults	of	t-T	modelling	for	A)	MESc1	and	�)	LG�c1.	�esults	are	displayed	?ith	up	to	
2cc	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	pathsQ	G:	Good	paths.	APA�:	Apatite	Partial	
Annealing	�one.		 	

�he	thermal	mo-ellin4	resNlts	are	characterise-	(T	tRo	coolin4	eventsd	o3	si4ni3icantlT	
-i33erent	amHlitN-esd	seHarate-	(T	a	heatin4	Hhaseg	�he	heatin4	Hhased	althoN4h	4Ni-e-	
(T	constraint	cd	 is	sNHHorte-	(T	the	4eneration	o3	acceHta(le	an-	4oo-	Haths	 in	(oth	
simNlationsg	�esNlts	3or	(oth	samHles	are	verT	similar	u3i4g	�g�vg	�he	(estq3it	tq�	Hath	o3	
M����	shoRs	a	coolin4	event	en-in4	in	the	�arlToMi--le	�Nrassic	ucoolin4	o3	������~�	
(etReen	cag	���	an-	���	Mavd	a	sN(seINent	heatin4	to	a	temHeratNre	o3	cag	��q��~�	at	
the	�arlT	to	�ate	�retaceoNs	(oNn-arT	uheatin4	o3	cag	��~�	(etReen	cag	���	an-	���	
Mavd	3olloRe-	(T	the	secon-	an-	last	coolin4	eHiso-e	ucoolin4	o3	cag	�����~�	(etReen	
���	an-	�	Mavg	�he	timin4	o3	heatin4	an-	coolin4	eHiso-es	o(taine-	3rom	the	4ranitic	
(oNl-er	is	similard	(Nt	this	samHle	reache-	a	hi4her	temHeratNre	uo3	cag	��~�v	-Nrin4	the	
heatin4	eHiso-eg		

�etReen	the	tRo	samHlesd	the	Rei4hte-	avera4es	are	nearlT	i-enticald	Rith	a	Permian	
to	 �arlToMi--le	 �Nrassic	 coolin4	 eHiso-ed	 �ate	 �Nrassic	 to	 �arlT	 �retaceoNs	 heatin4	
eHiso-ed	 an-	 �ate	 �retaceoNs	 to	 Hresentq-aT	 coolin4	 eHiso-eg	 �oReverd	 the	 tRo	
samHles	are	characterise-	(T	-i33erent	temHeratNre	maSima	an-	minima	-Nrin4	each	
Hhaseg	 �t	 ���	Mad	 temHeratNres	 are	 ��~�	 cooler	 in	 the	 (oNl-erd	 Rhile	 the	 (oNl-er	
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reache-	temHeratNres	cag	��~�	hi4her	than	the	4ranite	samHle	at	���	Mag	�e	Nse-	the	
3orRar-	mo-ellin4	oHtion	o3	�e
�T	in	or-er	to	o(tain	the	��
	o3	the	Rei4hte-	avera4es	
u3i4g	�g�vg	�hile	the	�
�	an-	��e	-ata	o3	M����	are	reHro-Nce-d	the	��
	valNe	o3	the	
��!��	��e	 a4e	 is	 �g	�hen	Re	 increase	 the	 temHeratNres	 o3	 cag	 ��~�	 at	 ��	Mad	 the	
3orRar-e-	Haths	Tiel-	��
	valNes	si4ni3icantlT	hi4herd	esHeciallT	Rith	��!��d	3or	Rhich	
the	��e	a4e	��
	valNe	reache-	�g��g	�e	therea3ter	Nse	the	Rei4hte-	avera4e	resNlts	
to	 -escri(e	 the	 evolNtion	o3	 the	 �i-i	 3ni	 transectd	Rith	 ��~�	 a--e-	 at	 cag	 ��	Ma	 3or	
��!��g		

PrevioNs	���	an-	tq�	mo-ellin4	stN-ies	carrie-qoNt	in	the	�i-i	3ni	area	u3i4sg	�g��	an-	�g�e	
�e(ti	 et	 algd	 ����e	 �e(tid	 ����e	�Niz	et	 algd	 ����e	 �ehrt	et	 algd	 ����v	 conclN-e-	 that	 a	
�ar(oni3eroNsq�arlT	�retaceoNs	<mqscale	eShNmation	u�q�	<mv	Ras	3olloRe-	(T	a	Hostq
ri3t	sN(si-ence	u�q�	<mv	-Nrin4	the	�ate	�retaceoNsd	an-	(T	an	eShNmation	u�q�g�	<mv	
-Nrin4	 the	 �enozoicg	 �Nr	 (estq3it	 resNlts	 shoR	 similar	 tren-	 an-	 amHlitN-es	 as	 the	
HrevioNs	stN-ies	in	the	�i-i	3ni	area	u3i4g	�g�	an-	re3erences	thereinvd	Rith	tRo	coolin4	
eHiso-es	seHarate-	(T	a	heatin4	evente	the	timin4d	hoReverd	 is	si4ni3icantlT	-i33erentg	
�he	main	reason	lies	in	the	a4e	o3	the	Mesozoic	se-iments	Nse-	to	constrain	the	cNrvesd	
Rhich	Rere	assNme-	to	(e	�arlT	�retaceoNs	(Nt	have	noR	(een	shoRn	to	(e	Mi--le	
�Nrassic	u�rante4Nid	����vg	t	is	Rorth	notin4	that	three	o3	the	(estq3it	cNrves	3rom	�e(ti	
u����v	also	shoR	the	HostqVariscan	eShNmation	en-in4	-Nrin4	the	�Nrassicg	�oReverd	
the	relate-	eShNmation	Ras	interHrete-	as	en-in4	in	the	�arlT	�retaceoNs	(ecaNse	o3	all	
the	other	mo-elle-	tq�	Haths	usee	ori4inal	mo-els	3or	4oo-	an-	acceHta(le	realisationsvg		

	

	
�igure	 2.6.	 �est-fit	 (dashed)	 and	?eighted	 average	 t-T	 paths	 of	MESc1	 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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�g�g	PostqVariscan	evolNtion	o3	the	�i-i	3ni	transect	

nte4ratin4	 resNlts	 3rom	 ���	 an-	 tq�	 mo-ellin4	 Rith	 the	 (ac<striHHin4	 o3	 3niq�	 Rell	
u�oNizad	����vd	Re	reconstrNcte-	the	evolNtion	o3	the	�i-i	3ni	transect	u3i4g	�g�vg	n	this	
Hartd	 Re	 convert	 the	 temHeratNres	 o(taine-	 3rom	 the	 Rei4hte-	 avera4e	 cNrves	 to	
-eHthsd	Nsin4	a	4eothermal	4ra-ient	o3	��~�o<m	an-	a	sNr3ace	temHeratNre	o3	��~�e	ueg4g	
�ehrt	 et	 algd	 ����vg	 
olloRin4	 the	Variscan	oro4enT	 u3i4g	 �g��vd	 -Nrin4	 the	Permiand	 a	
ma;or	eShNmation	ucag	�g�	<mv	occNrre-	in	the	uHresentq-aTv	onshore	-omaing	�lthoN4h	
o33shore	 Permian	 se-iments	 are	 Nn-i33erentiate-	 3rom	 the	 (ase	 o3	 the	 sTnqri3t	
se-imentsd	Re	consi-er	the	Restern	Hart	o3	the	transect	to	have	starte-	sN(si-in4	-Nrin4	
the	Permiang	

�Nrin4	the	�riassic	an-	�arlToMi--le	�Nrassicd	the	NHRar-	movement	o3	the	eastern	Hart	
o3	the	transect	continNe-	ucag	�	<md	Nsin4	the	a(oveqmentione-	4eothermvd	Hersistin4	
Nntil	 cag	 ���	 Ma	 u3i4g	 �g��vg	 �he	 eShNmation	 en-e-	 either	 ��q��	 MTr	 a3ter	 the	
continental	(rea<NH	u�arlT	�Nrassice	cag	���q���	Mae	�aha(i	et	algd	����e	�a(ails	et	algd	
����e	 �Nn-in	 an-	 �or0d	 ����v	 or	 ��q�	MTr	 (e3ore	 the	 continental	 (rea<NH	 uMi--le	
�Nrassice	cag	���q���e	�lit4or-	et	algd	����e	�avisond	����e	�oNiza	et	algd	����vd	as	the	
onset	o3	-ri3tin4	 in	the	�entral	�tlantic	 is	still	-e(ate-g	�he	relate-	-enN-ation	event	
she-	 imHortant	 volNmes	 o3	 se-iments	 to	 the	 Restd	 as	 atteste-	 (T	 the	 se-iments	
accommo-ate-	(T	the	��	-iHHin4	normal	3aNlts	u�e	�oT	an-	PiIN0d	����vg	

�Nrin4	the	Mi--le	�Nrassicd	erosion	caNse-	an	Nncon3ormitT	Rhich	can	(e	3olloRe-	in	
the	 Hresent	 -aT	 o33shore	 -omain	 a(ove	 the	 �riassic	 an-	 mer4es	 onshore	 Rith	 the	
Nncon3ormitT	 a(ove	 the	 PalaeozoicoPrecam(riang	�e	 consi-er	 that	 the	 �arlToMi--le	
�Nrassic	 eShNmation	 eHiso-e	 in	 the	 Restern	 �ntiq�tlas	 a33ecte-	 also	 the	 HrevioNslT	
sN(si-in4	 -omaind	 reachin4	 at	 least	 the	 vicinitT	 o3	 3niq�	 Rellg	 �rosion	 a33ecte-	 the	
Palaeozoic	series	an-	the	�i-i	3ni	4ranite	u3i4g	�g��vd	Nntil	the	eShNmation	en-e-	in	the	
�arlToMi--le	 �Nrassicg	 �he	 samHle-	4ranitic	(oNl-er	Hrovenance	maT	(e	 the	Restern	
�ntiq�tlasd	as	(oth	samHles	share	a	similar	tq�	evolNtiong	

�Nrin4	 the	 �ate	 �Nrassic	 to	 the	 �arlT	 �retaceoNs	 u3i4g	 �g��vd	 imHortant	 sN(si-ence	
u(etReen	 cag	 �g�	 an-	 �	 <mv	 occNrre-	 in	 the	 o33shore	 an-	onshore	 -omainsg	 �elate-	
se-iments	are	characterise-	(T	neritic	clastics	an-	car(onates	u3niq�v	an-	(T	a	3lNvial	
-ominate-	environment	u�ehrt	et	algd	����vg	�his	event	is	recor-e-	in	the	3niq�	Rell	(T	
an	acceleration	o3	 the	 total	 sN(si-ence	 ratesd	 3rom	cag	�g��	 to	�g��	<moMTr	 u�oNizad	
����vg	�	concNrrent	sN(si-ence	eHiso-e	is	o(serve-	in	the	entire	�ntiq�tlas	u�oNiza	et	
algd	����avg		
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�igure	2.7.	Conceptual	model	of	the	geological	evolution	of	the	Sidi	Ifni	transectQ	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	
MESc1	and	LG�c1	and	bac/stripping	of	the	Ifni-1	?ell	(in	GouizaP	2c11).	The	description	of	
each	 stage	 is	 in	 the	 text.	 
orizontal	 scale	 is	 for	 �)	 to	 E)	 (no	 vertical	 exaggeration).	 �:	
�ndifferentiated	 basement	 offshore	 and	 PrecambrianXPalaeozoic	 basement	 onshoreQ	 T:	
TriassicXPermianQ	 �:	 Lo?erP	 MiddleP	 and	 �pper	 �urassicQ	 :	 Cretaceous.	 Thic/ness	 in	 the	
offshore	 domain	 is	 here	 estimated	 from	 Ifni-1	 ?ellP	 hence	 no	 Early	 �urassic	 at	 the	 ?ell	
position	?as	considered.		 	
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�N(si-ence	 en-e-	 (etReen	 the	 �arlT	 an-	 �ate	 �retaceoNs	 aroNn-	 ���	Ma	 an-	Ras	
3olloRe-	(T	eShNmation	3rom	the	�ate	�retaceoNs	onRar-s	u(etReen	cag	�	an-	�	<mvg	
�he	lac<	o3	�HHer	�retaceoNs	se-iments	in	the	3niq�	Rell	an-	NHq-iH	trNncations	o3	the	
�oRer	�retaceoNs	re3lections	in-icate	that	the	�ate	�retaceoNs	to	�enozoic	eShNmation	
reache-	the	Hresentq-aT	o33shore	-omain	u3i4g	�g��v	an-	that	�oRer	�retaceoNs	-eHosits	
reache-	3arther	east	into	the	Restern	�ntiq�tlasg		 	

�he	 �enozoic	 eShNmation	 in	 the	 �i-i	 3ni	 area	 is	 overall	 3airlT	 4entled	 Rith	 a	 sli4ht	
acceleration	in	the	last	��q��	MTr	u3i4g	�g�vg	�he	sNr3ace	eSHression	o3	the	eShNmation	
Ras	investi4ate-	(T	�estaRaT	et	alg	u����vg	�heT	reco4nise-d	Rith	3iel-	reconnaissance	
an-	NHli3t	mo-ellin4d	that	the	HresentlT	eSHose-	Hart	o3	the	transect	has	Nn-er4one	over	
���	m	o3	NHli3t	since	the	Plioceneg	�everal	NHli3t	Hhases	are	ascri(e-	to	the	total	motiond	
an-	have	in-Nce-	a	4eneral	tiltin4	o3	the	lan-scaHe	toRar-s	the	o33shore	-omaing		

�g�g	�onclNsions	

�he	tq�	mo-ellin4	resNlts	constraine-	(T	Mi--le	�Nrassic	strati4raHhT	Hreserve-	alon4	
the	coast	alloRe-	the	reconstrNction	o3	the	4eolo4ical	evolNtion	o3	the	�i-i	3ni	transectg	
�esNlts	 in-icate	the	eShNmation	o3	the	onshore	-omain	o3	the	transect	(T	cag	�g�	<m	
(etReen	 the	 en-	 o3	 the	 Variscan	 oro4enT	 an-	 the	 �arlToMi--le	 �Nrassicg	 �rosion	
a33ecte-	 the	 Palaeozoic	 series	 an-	 eventNallT	 reache-	 the	 Precam(rian	 (asementg	
�ro-e-	material	Ras	roNte-	to	the	sN(si-in4	Mesozoic	(asin	to	the	northRestg	�oc<s	
alon4	the	transect	Rere	sN(seINentlT	(Nrie-	to	a	-eHth	o3	�g�	to	�	<m	-Nrin4	the	�ate	
�Nrassic	an-	the	�arlT	�retaceoNsg	�he	(Nrial	event	is	-ocNmente-	in	the	o33shore	Rell	
u
q�v	 (T	 an	 acceleration	 o3	 the	 total	 sN(si-ence	 ratesg	 
rom	 the	 late	 �arlTo�ate	
�retaceoNs	onRar-sd	the	onshore	transect	roc<s	Rere	eShNme-	(T	�	to	�	<md	Rhile	the	
�oRer	�retaceoNs	-eHosits	in	the	continental	shel3	Rere	eSHose-	an-	ero-e-	utrNncate-	
re3lectionsvg	

	

	

	

	

	

	

	

	

	

	



�i-i	3ni	

	��	

	��

�c<noRle-4ementsf	 �elena	 van	 -er	 Ve4t	 is	 than<e-	 3or	 Hroo3rea-in4	 this	 chaHterg	
Pierreq�livier	�rNna	an-	�aHtiste	�eHillier	are	than<e-	3or	Hroo3rea-in4	the	3i4Nres	an-	
ta(lesg	MaS	�olic<i	 is	than<e-	3or	-esi4nin4	the	�ateS	co-e	Nse-	to	nicelT	Hlot	the	tq�	
cNrvesg	�Ninten	�oersma	is	than<e-	3or	the	4eolo4ical	-iscNssionsg	
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PostqVariscan	evolNtion	an-	

thermal	historT	o3	the	�ntiq�tlas	
	

�(stractf	�he	�ntiq�tlas	(elt	o3	Morocco	eSten-s	���r���d	over	more	than	���	<md	
3rom	the	�tlantic	mar4in	in	the	Rest	to	the	interior	o3	the	�3rican	Hlate	in	the	eastg	t	
eShi(its	Precam(rian	roc<s	oNtcroHHin4	as	(asement	inliers	an-	sNrroNn-e-	(T	marine	
�-iacaranr�am(rian	seINences	aroNn-	the	aSis	o3	the	moNntain	ran4eg	�he	(eltd	Rhich	
has	 3or	 a	 lon4	 time	 (een	 interHrete-	 as	 o3	 Variscan	 a4ed	 is	 noR	 reveale-	 to	 have	
eSHerience-	ma;or	vertical	movements	throN4h	Mesozoic	an-	�enozoic	timesg	�here(Td	
the	�ntiq�tlas	-omain	aHHears	to	(e	a33ecte-	(T	tRo	eHiso-es	o3	eShNmation	seHarate-	
(T	an	eHiso-e	o3	sN(si-enceg	�he	initial	eHiso-e	occNrre-	in	the	�ate	�riassic	an-	le-	to	
the	eShNmation	o3	�g�r��g�	<m	o3	crNstal	roc<s	(T	the	en-	o3	the	Mi--le	�Nrassic	ucag	
���r���	Mavg	 �he	 3olloRin4	 Hhase	 resNlte-	 in	 �r�	 <m	 o3	 (asement	 sN(si-ence	 an-	
occNrre-	-Nrin4	the	�ate	�Nrassic	an-	most	o3	the	�arlT	�retaceoNsg	�he	(asement	roc<s	
Rere	 then	 sloRlT	(roN4ht	 to	 the	 sNr3ace	a3ter	eSHeriencin4	�r�g�	 <m	o3	eShNmation	
throN4hoNt	 the	 �ate	 �retaceoNs	 an-	 the	 �enozoicg	 �he	 timin4	 o3	 these	 eHiso-es	 o3	
eShNmation	 an-	 sN(si-ence	 coinci-es	 Rith	 ma;or	 tectonic	 an-	 thermal	 events	 in	
relation	Rith	the	evolNtion	o3	the	�tlantic	an-	�ethTs	�ceansd	in-icatin4	that	the	e33ects	
o3	their	ri3tin4	an-	-ri3tin4	eSten-e-	(eTon-	their	HresNme-	mar4insgy	 	

																																																								
y 	�he	 a(stract	 an-	 Harts	 o3	 the	 chaHter	 are	 HN(lishe-	 in	 the	 International	 �ournal	 of	 Earth	
Sciencesf	Mg�oNizad	�g�hartond	�g�ertottid	Pg�n-riessend	an-	�g�g�g�tormsd	����g	PostqVariscan	
evolNtion	o3	the	�ntiq�tlas	(elt	o3	Morocco	constraine-	3rom	loRqtemHeratNre	4eochronolo4Tg	
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�g�g	ntro-Nction	

�he	Precam(rian	an-	Palaeozoic	-omains	o3	the	�ntiq�tlas	Rere	reco4nise-	as	relativelT	
sta(le	Rith	no	ma;or	HostqVariscan	vertical	movements	u�hoN(ert	an-	Mar,aisd	����e	
Michar-d	����e	�NiraN-	et	algP	����d	����e	MalNs#	et	algP	����e	Michar-	et	algP	����vg	
VarioNs	 stN-ies	 Rere	 con-Ncte-	 in	 the	 �ntiq�tlas	 an-	 its	 sNrroNn-in4sd	 Nsin4	 �oRq
�emHeratNre	 �hermochronolo4T	 u���v	 an-	 timeq�emHeratNre	 utq�v	 mo-ellin4	
techniINes	u3i4g	�g�	an-	re3erences	thereinvg	�	HostqVariscan	eShNmation	uin	the	sense	
o3	 �n4lan-	an-	Molnard	 ����e	 igeg	 an	erosional	Nnloa-in4v	 an-	Hostq�arlT	�retaceoNs	
sN(si-ence	 eHiso-es	 are	 reco4nise-	 an-	mo-elle-	 in	 the	Restern	 u�Niz	 et	 algP	 ����e	
�e(tid	����e	�ehrtd	����v	an-	central	�ntiq�tlas	u�N<assoN	et	algP	����vd	(Nt	not	in	the	
eastern	�ntiq�tlas	uMalNs#	et	algP	����vg		

	

	
�igure	 3.1.	Geological	map	of	 the	 Anti-Atlas	 (modified	 and	 simplified	 from	
ollard	et	 al.P	
1985Q	Soulaimani	et	al.P	2c14)	?ith	LTT	sample	location	?ith	references	therein.	�AAP	CAAP	
and	 EAA:	 �esternP	 CentralP	 and	 Eastern	 Anti-AtlasP	 respectivelyQ	 C:	 Cenozoic	 (Siroua	
VolcanismQ	 ca.	 1c-5	 Ma)Q	 M:	 Mesozoic	 (CAMP	 related	 �y/esQ	 ca.	 2cc-195	 Ma)Q	 Pal:	
PalaeozoicQ	pN:	Precambrian.	

PrevioNs	stN-ies	3ocNse-	on	one	or	several	nei4h(oNrin4	(asement	oNtcroHs	u3i4g	�g�vd	
(Nt	none	reconstrNcte-	the	thermal	historT	o3	the	entire	(eltg	�he	aim	o3	this	chaHter	is	
to	Nnravel	the	thermal	historT	o3	the	�ntiq�tlas	3rom	the	en-	o3	the	Palaeozoic	to	the	
Hresentq-aTg		
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�Relve	 samHles	 3rom	 the	 Precam(rian	 (asement	 o3	 the	 �ntiq�tlas	 u3i4g	 �g�v	 Rere	
collecte-	alon4	a	cag	���	<m	lon4	���o���	transect	u3i4g	�g��vg	�Hatite	
ission	�rac<s	
u�
�v	an-	u�q�hvo�e	u��ev	a4es	Rere	eStracte-d	interHrete-	an-	Nse-	3or	tq�	mo-ellin4	
Rith	re4ional	constraintsg		

	

	
�igure	 3.2.	 Geological	 cross-sections	 of	 the	 Anti-Atlas	 built	 from	 the	 geological	 map	
(including	cross-sectionsQ	
ollard	et	al.d	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	EarthQ	vertically	exaggerated	1c	times	for	A	to	E	
and	4c	times	for	�	and	G.	Cross-sections	AP	�P	�P	and	G	are	parallel	to	the	trend	of	the	beltQ	
Cross-sections	CP	�P	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.d	2cc8Q	�addi	et	al.d	2cc7).	^LTT	
ages	 from	 chapter	 2.	 �)	 Cross-section	 bet?een	 the	 Souss	 and	 Ouarzazate	 basinsQ	 C
A:	
Central	
igh	Atlas.	C)	Cross-section	along	the	?estern	Anti-AtlasQ	�
A:	�estern	
igh	Atlas	
(after	Soulaimani	et	al.d	2cc8).	�)	Cross-section	along	the	central	Anti-Atlas	(after	Missenard	
et	 al.	 2cc8Q	 �alestrieri	 et	 al.d	 2cc9).	 E)	 Cross-section	 along	 the	 eastern	 Anti-Atlas	 (after	
�ossen	and	�ilali	MouteiP	1988Q	�obert-Charrue	2cc6Q	Malus�	et	al.d	2cc7Q	Soulaimani	et	al.d	
2cc8Q	 �addi	 et	 al.d	 2cc7).	 �)	 Cross-section	 along	 Tarfaya	 �asin	 and	 �as	 �raa	 (after	
Soulaimani	et	al.d	 2c14).	G)	Cross-section	along	the	Sidi	 Ifni	 continental	shelf	and	the	 Ifni	
inlier	(after	SebtiP	2c11).	
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�g�g	�eolo4ical	settin4	o3	the	�ntiq�tlas	

�he	Moroccan	�ntiq�tlas	 is	 locate-	northRest	o3	the	�aharan	-omaing	�he	���o���	
oriente-	(elt	eSten-s	over	���	<m	an-	has	a	mean	elevation	o3	����	m	u3i4sg	�g�	an-	
�g�vg	t	is	(oNn-e-	(T	the	�riassicq�Nrassic	inverte-	ri3t	o3	the	�i4h	�tlas	3ol-	an-	thrNst	
(elt	in	the	northd	the	�N4arta	oro4en	in	the	east	uin	�l4eriavd	an-	the	�entral	�tlantic	
�cean	in	the	Restg	�NrroNn-in4	loRqlTin4	an-	level	hi4h	4roNn-	areas	are	the	�oNss	an-	
�Narzazate	(asins	seHarate-	(T	the	�iroNa	PlateaN	in	the	northd	the	Palaeozoic	Nn3ol-e-	
sNccession	o3	the	�in-oN3	(asin	in	the	soNthd	the	�retaceoNsq�eo4ene	�ama-a	-N	�Nir	
(asin	in	the	eastd	an-	the	Mesoq�enozoic	�ar3aTa	(asin	locate-	on	the	soNthqRestern	
si-e	 u3i4g	 �g�vg	 �oHo4raHhicallTd	Re	-escri(e	 the	�ntiq�tlas	as	a	(Nl4e	HlNn4in4	 to	 the	
soNthd	 soNthqRest	 an-	 northqeast	 Nn-er	 Hiles	 o3	 rather	 Rea<lT	 -e3orme-	 �HHer	
Palaeozoic	to	�enozoic	se-imentsg	

�he	 (asement	 o3	 the	 (elt	 u3i4sg	 �g�	 an-	 �g�v	 is	 comHose-	 o3	 Precam(rian	
metamorHhose-	roc<s	mar<e-	(T	the	�eoHroterozoic	Panq�3rican	oro4enT	usee	�homas	
et	algP	����	an-	�oNlaimani	et	algP	����	3or	the	4eolo4ical	historT	o3	the	�ntiq�tlasvg	�ne	
tectonic	3eatNre	remainin4	3rom	this	Herio-	is	the	�ntiq�tlas	Ma;or	
aNlt	u��M
e	3i4sg	�g�	
an-	�g�vg	�he	���q���	oriente-	��M
	is	a	Proterozoic	sinistral	stri<eqsliH	u�hoN(ert	
an-	
aNreqMNretd	����e	�nnih	an-	�i04eoisd	����v	an-	Ras	interHrete-	as	the	relic	o3	a	
�oRer	 �eoHroterozoic	 (asind	 Rhich	 Ras	 thrNste-	 -Nrin4	 the	 Panq�3rican	 oro4enT	
u�e33eran	et	algP	����e	�nnih	an-	�i04eoisd	����vg	�he	��M
	sN(-ivi-es	the	Precam(rian	
o3	the	(elt	into	tRo	-istinct	-omains	u�hoN(ert	an-	
aNreqMNretd	����vg	�oNth	o3	the	
��M
d	 the	 (asement	 consists	 o3	 �(Nrnean	 PalaeoHroterozoic	 schist	 an-	 4ranitic	
intrNsions	 an-	 o3	 �eoHroterozoic	 shalloRqRater	 seriesd	 Rhich	 Rere	 3ol-e-	 an-	
metamorHhose-	 -Nrin4	 the	 Panq�3rican	�ro4enT	 u�alsh	 et	 algd	 ����e	 �homas	 et	 algP	
����e	�asINet	et	algP	����e	�oNlaimani	et	algP	����vg	�orth	o3	the	��M
d	the	-omain	is	
mainlT	 �eoHroterozoic	 in	 a4ed	 Rith	 oHhiolites	 an-	 islan-	 arcqrelate-	 4neiss	 an-	
intrNsions	accrete-	-Nrin4	the	climaS	o3	the	Panq�3rican	oro4enT	u�j�emos	et	algP	����e	
�l	�a-i	et	algP	����e	�e33eran	et	algP	����e	�oNlaimani	et	algP	����vg	

�he	�ntiq�tlas	(asement	is	covere-	(T	�ate	�eoHroterozoic	an-	Palaeozoic	se-iments	
u
a(red	����e	Michar-	et	algP	����vd	-eHosite-	-Nrin4	an-	a3ter	the	HeneHlanation	o3	the	
Panq�3rican	(elt	 ueg4g	�eN3	et	algP	����e	
a(red	����vg	�he	<mqthic<	marine	Palaeozoic	
se-imentation	o3	the	�ntiq�tlas	(asin	thins	toRar-s	the	east	ueg4g	Michar-	et	algd	����vd	
as	the	sa4	(asin	is	then	connecte-	to	the	�heic	oceang	
rom	the	�ar(oni3eroNs	to	�arlT	
Permiand	 �on-Rana	 conver4e-	 toRar-s	 �aNrNssia	 u�oNlaimani	 et	 algP	 ����	 an-	
re3erences	 thereinv	 an-	 the	 sN(seINent	 Variscan	 oro4enesis	 eventNallT	 le-	 to	 the	
accretion	o3	Pan4aeag	
ol-in4	an-	-e3ormation	o3	the	�ntiq�tlas	occNrre-	(etReen	the	
�ate	 �ar(oni3eroNs	 an-	 the	 �arlT	 Permian	 ueg4g	 �onhomme	an-	�assen3or-erd	 ����e	
Michar-	et	algP	����vg	�he	Variscan	tectonic	in	the	entire	�ntiq�tlas	is	re3erre-	to	as	a	
thic<qs<inne-	(asement	inversion	uPiIN0	et	algP	����e	�el4	et	algP	����e	�Nr<ar-	et	algP	
����e	Michar-	et	algP	����v	Rith	the	eSceHtion	o3	the	Resternmost	�ntiq�tlasd	Rhich	is	
characterize-	 (T	 thinqs<inne-	 tectonic	 u3i4g	 �g��e	 Rest	 o3	 the	 �asq�r%a	 an-	 3ni	
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Precam(rian	oNtcroHsd	alon4	the	Restern	mar4ine	�oeH33ner	et	algP	����e	�Nr<har-	et	
algP	 ����vg	 �he	 Variscan	 chain	 Ras	 HeneHlaine-	 Hrior	 to	 the	 Mesozoic	 uVariscan	
�ncon3ormitTe	
rizon	-e	�amotte	et	algP	����e	�oNlaimani	et	algP	����vg	�everal	other	
Nncon3ormities	 are	 reco4nise-	 in	 the	 sNrroNn-in4s	 (asins	Rithin	 the	Mesoq�enozoic	
seINences	u3i4g	�g�vg	Most	o3	the	Mesozoic	se-imentarT	roc<s	are	missin4	in	the	�ntiq
�tlas	 u3i4sg	 �g�d	 �g�d	 an-	 �g�vg	 �oReverd	 a	 si4ni3icant	 amoNnt	 o3	 HoorlT	 -ate-	 in3raq
�enomanian	 ueg4g	 �hoN(ert	 et	 algP	 ����v	 3lNvial	 se-iments	 are	 eSHose-	 aroNn-	 the	
Restern	�ntiq�tlas	u3i4sg	�g��	an-	�vg		

�Nrin4	 the	 �riassicd	 the	 �ntiq�tlas	 Ras	 locate-	 east	 o3	 the	 ��q��	 oriente-	 �entral	
�tlantic	 ri3t	 an-	 soNth	 o3	 the	 ���q���	oriente-	�i4h	�tlas	 ri3t	 u�aha(i	 et	 algP	 ����e	
Michar-	et	algP	����vg	�he	 troN4hs	Rere	 3ille-	Rith	ri3tqrelate-	se-imentsd	 reco4nise-	
aroNn-	the	�ntiq�tlas	in	the	sN(sNr3ace	o3	the	north	�ar3aTa	ueg4g	�l	�mraq�	Relle	�lsend	
����e	Michar-	et	algP	����v	an-	�oNss	ueg4g	���q�	Relle	
rizon	-e	�amotte	et	algd	����e	
�e(rier	et	algP	����v	(asinsd	as	Rell	as	in	oNtcroHs	north	o3	the	�iroNa	Massi3	u�hevalier	
et	algP	����e	�l	�ra(i	et	algP	����	an-	re3erences	thereinvg	�he	�entral	�tlantic	Ma4matic	
Province	 u��MPe	cag	���q���	Mav	sills	an-	��q��	oriente-	-T<es	are	eSHose-	 in	 the	
moNntainoNs	an-	central	Hart	o3	the	(elt	u3i4g	�g��e	eg4g	�e(ai	et	algP	����e	Marzoli	et	algP	
����e	�ni4ht	et	algP	����vg		

�he	onset	o3	-ri3tin4	 in	 the	�entral	�tlanticd	(etReen	���	an-	���	Ma	u-e(ate-d	see	
revieR	 in	Michar-	et	 algP	 ����e	 �a(ails	 et	 algP	 ����vd	mar<e-	 the	 seHaration	(etReen	
�orth	�merica	an-	�orthq�est	�3ricag	�3ter	the	��MP	eventd	the	eStension	in	the	�i4h	
�tlas	ri3t	(asin	stoHHe-d	resNltin4	in	an	a(orte-	ri3t	ueg4g	Michar-	et	algP	����vg	
rom	the	
�athonian	to	the	�arlT	�retaceoNsd	northern	Morocco	Ritnesses	the	-enN-ation	o3	the	
soqcalle-	�est	Moroccan	�rch	ueg4g	�hoN(ert	an-	
aNreqMNretd	����e	�hor(al	et	algd	
����e	
rizon	-e	�amotte	et	algP	����vd	to	Rhich	the	�ntiq�tlas	Ras	sNHHose-lT	attache-g	
�he	�HHer	�Nrassic	an-	�oRer	�retaceoNs	siliciclastic	se-iments	-eHosite-	in	the	�tlantic	
(asins	ueg4g	�ennT	et	algP	����e	�an<e	et	algP	����e	�(oN	�li	et	algP	����e	�avisond	����e	
�a3i-	 et	 algP	 ����e	�a--oNmi	 et	 algd	 ����e	�en<ed	 ����v	 are	 li<elTd	 at	 least	 HartiallTd	
soNrce-	3rom	this	iarchj	u�hor(al	et	algP	����vg	n	the	eastern	�entral	�tlantic	mar4insd	
the	�ate	�retaceoNs	starts	Rith	a	ma;or	trans4ression	that	laste-	3rom	the	�enomanian	
to	 the	 �Nronian	 ueg4g	 �chlan4er	 an-	 �en<Tnsd	 ����e	 �aI	 et	 algd	 ����vg	 �ome	 aNthors	
assNme	that	the	inNn-ation	reache-	the	�ntiq�tlas	u3i4g	�g��e	eg4g	�hor(al	et	algd	����e	
�Niz	et	algd	����e	�ehrtd	����v	an-	HerhaHs	covere-	it	comHletelT	u
rizon	-e	�amotte	et	
algd	����e	�Nimer#	et	algP	����vg		

�arlT	stN-ies	con-Ncte-	in	the	�ar3aTa	(asin	uMartinis	an-	Visintind	����e	�hoN(ert	et	
algP	����v	o(serve-	that	the	�retaceoNs	seINences	Rere	not	tectonicallT	-e3orme-d	(Nt	
-isHlaT	a	4entle	-iH	 toRar-s	 the	�tlantic	�ceang	�l(ian	 3ossils	Rere	 3oNn-	a(ove	 the	
k�a(les	 -e	 �anq�anl	 
ormationd	 Rhich	 is	 comHose-	 o3	 �q�	 <m	 o3	 Nn-i33erentiate-	
clasticsg	
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�igure	3.3.	Simplified	stratigraphic	columns	and	dominant	lithologies	of	the	different	regions	
of	the	Anti-Atlas	and	surrounding	the	beltP	modified	from	the	follo?ing	studies.	A)	Anti-Atlas	
after	Michard	 et	 al.	 (2cc8).	 �)	 Tarfaya	basin	 after	�an/e	 et	 al.	 (1982)Q	 Souss	 basin	after	
Sama/a	 and	 �ouhaddioui	 (2cc3)Q	 Ouarzazate	 basin	 after	 Ellero	 et	 al.	 (2c12).	 C)	 �raa	

amada	after	Lepr'tre	et	al.	(2c15)	and	Guerra/	(1989)Q	Guir	
amada	after	El	�oussi	(1993)	
and	�obert-Charrue	and	�ur/hard	(2cc8).	

�he	thic<est	interval	o3	this	3ormation	Rere	traverse-	onshore	(T	eSHloration	Rells	at	
the	 Restern	 e-4e	 o3	 (asin	 an-	 Rere	 attri(Nte-	 to	 the	 �arlT	 �retaceoNsg	 �he	 limit	
(etReen	the	�ar3aTa	(asin	an-	the	�ntiq�tlas	 is	-escri(e-	as	a	tectonic	one	uMartinis	
an-	Visintind	����vg	
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�igure	 3.4.	 A)	 �ndifferentiated	 infra-Cenomanian	 (�azidi	 et	 al.P	 1991)	 lying	 ?ith	
unconformity	on	the	Precambrian	basement	(PIII:	Proterozoic)P	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�21c-c6	?as	sampled.	
C)	�ndifferentiated	clastic	 infra-Cenomanian	overlying	the	Variscan	Palaeozoic	sediments.	
�)	 CAMP	 �guid	 dy/eP	 south	 of	 the	 Saghro	 Precambrian	 dome	 (or	 inlier)P	 crosscutting	 a	
syncline	of	the	Anti-Atlas	Palaeozoic.	E)	Eastern	termination	of	the	beltP	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).	
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n	 �orthq�est	 �3ricad	 the	 �ate	 �retaceoNs	 an-	 �enozoic	 are	 mar<e-	 (T	 the	
�lHineo�tlasic	oro4eniesg	 �he	 conver4ence	(etReen	 the	�3rican	an-	�NroHean	Hlates	
starte-	in	the	�ate	�retaceoNsd	resNltin4	3rom	the	�oNth	�tlantic	oHenin4	uPiIN0	et	algd	
����e	 �osen(aNm	 et	 algd	 ����	 an-	 re3erences	 thereinvg	 �ollision	 an-	 relate-	
-e3ormations	occNrre-	in	the	�ocened	an-	are	still	onq4oin4	urevieRe-	in	Michar-	et	algd	
����	an-	
rizon	-e	�amotte	et	algd	����vg		

nherite-	 3aNlts	 3rom	 the	 �ate	�eoHroterozoic	Rere	 reactivate-	 -Nrin4	 the	 �enozoic	
horizontal	 shortenin4	 event	 u�oNlaimani	 et	 algd	 ����	 an-	 re3erences	 thereinv	 as	 theT	
involve	Palaeozoicd	Mesozoicd	an-	�enozoic	roc<s	u�hoN(ertd	����vg	�he	most	stri<in4	
resNlt	o3	the	�lHine	collision	in	Morocco	is	the	�i4h	�tlas	ri3t	inversiond	cNlminatin4	at	
����	m	u�oN(<al	Massi3vg	n	the	�ntiq�tlasd	-e3ormation	is	consi-ere-	to	(e	mil-	Rith	
lon4	Ravelen4th	crNstal	 3ol-in4	u�hoN(ert	an-	Mar,aisd	����e	�oeH33ner	et	algd	����e	

rizon	-e	�amotte	et	algd	����e	�el4	et	algd	����e	�Nimer#	et	algd	����vg		

�g�g	���	metho-	an-	resNlts	

�s	reveale-	(T	3i4Nre	�g�d	samHlin4	3rom	HrevioNs	Ror<s	 is	coverin4	the	moNntainoNs	
-omain	3rom	Rest	to	eastg	�esHite	the	eStensive	amoNnt	o3	stN-iesd	���	-ata	is	lac<in4	
3or	an	imHortant	sNr3ace	o3	the	(eltg	�he	samHles	uta(le	�g�v	an-	their	locations	Rere	
tar4ete-	3or	their	aHatite	crTstal	contentd	 igeg	 tar4etin4	the	crTstalline	(asement	u3i4sg	
�g�	an-	�g��vg		


ission	trac<s	an-	u�q�hvo�e	-atin4	metho-sd	Rith	aHatites	an-	zirconsd	are	aHHlica(le	
to4ether	3or	the	 investi4ation	o3	the	coolin4	o3	roc<s	(etReen	cag	��	an-	���~�g	�his	
ran4e	is	li<elT	matchin4	the	temHeratNre	Rin-oR	o3	the	�ntiq�tlas	thermal	historT	3rom	
the	 Variscan	 to	 the	 Hresent	 -aTd	 (ecaNse	 the	 Palaeozoic	 cover	 is	 o3	 loRq4ra-e	
metamorHhism	uigeg	����~�e	eg4g	�Niz	et	algd	����vg		

�g�g�g	�nalTtical	metho-s	

�he	samHles	Rere	Hrocesse-	at	the	mineral	seHaration	la(oratorT	o3	the	V�	�niversitT	
o3	�mster-amg	�amHles	Rere	crNshe-d	an-	minerals	Rere	sieve-	to	conserve	onlT	the	
aHatite	 3raction	 size	 an-	 sorte-	accor-in4	 to	 their	-ensitTg	 
or	 the	�
�	analTsesd	 the	
aHatites	 o(taine-	 3rom	 the	 seHaration	Rere	Holishe-d	 irra-iate-d	 an-	etche-	 in	 aci-d	
ena(lin4	3ission	trac<s	to	(e	measNre-	Nn-er	a	microscoHeg	
or	the	��e	analTsesd	tRo	
to	3oNr	aHatites	Rere	manNallT	selecte-	3rom	each	samHle	in	a	tRoqsteH	Hrocess	that	
involves	�eliNm	eStraction	an-	mass	sHectrometer	measNrementsg	�he	samHles	Rere	
Hrocesse-	an-	analTse-	3or	�
�	an-	u�q�hvo�eg	�he	mineral	seHarationd	�
�d	an-	��e	
metho-s	are	-etaile-	in	the	3olloRin4	Hara4raHhsg		
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Table	3.1.	LocationP	descriptionP	and	LTT	results	(A�T:	Apatite	fission	trac/sQ	A
e:	(�-Th)X
e	dating	
on	apatite)	of	the	collected	samples.^	

n	or-er	to	eStract	aHatite	4rainsd	the	roc<	samHles	Rere	sHlit	into	small	Hieces	Nsin4	a	
lar4e	hT-raNlic	roc<sHlitterg	�he	Hieces	Rere	then	crNshe-	 in	a	 ;aRqcrNsherd	 then	 in	a	
-is<	millg	�he	crNshe-	samHles	Rere	sieve-	in	a	sieve	machine	to	seHarate	the	3raction	
smaller	than	���	�md	Rhich	is	-eslime-	in	a	Ret	sieve	sTstem	to	remove	everTthin4	that	
is	less	than	��	�m	an-	-rie-	in	the	oven	at	��_�g	�he	o(taine-	���q��	�m	HoR-er	Ras	
3Nrther	 Hrocesse-	 (T	 heavT	 liINi-	 an-	 over3loR	 centri3N4e	 to	 seHarate	 the	minerals	
(ase-	on	their	-ensitiesg	�ince	the	avera4e	aHatite	-ensitT	is	aroNn-	�g��	4ocm�d	4rains	
Rith	-ensities	loRer	than	�g��	an-	hi4her	than	�g��	4ocm�	Rere	seHarate-	3rom	the	restg	

inallTd	 the	 latter	 3raction	 u�g��	 �	 a	 �	 �g��	 4ocm�v	Rent	 throN4h	 a	 
rantz	ma4net	 to	
seHarate	 ma4netisa(le	 an-	 nonqma4netisa(le	 mineralsg	 �t	 this	 sta4ed	 the	 nonq
ma4netisa(le	3raction	contains	mostlT	aHatitesg	

�Hatite	crTstals	Rere	moNnte-	in	eHoST	alon4	Rith	siS	zircon	minerals	ali4ne-	alon4	a	
-ia4onalg	�he	moNnts	Rere	4rin-e-	an-	Holishe-	to	reveal	the	internal	sNr3ace	o3	the	
aHatites	an-	then	eSHose-	to	�g�	M	����	3or	��	secon-s	at	room	temHeratNre	to	reveal	
3ission	trac<s	caNse-	(T	the	sHontaneoNs	3ission	o3	����g	�he	eSternal	-etector	metho-	
Ras	aHHlie-	(T	Hlacin4	loR	�	micas	on	toH	o3	the	aHatite	moNntsd	an-	the	samHles	Rere	
sent	 to	the	
�M		 research	reactor	 in	�archin4	 u�ermanTv	 3or	 irra-iationd	alon4	Rith	
-osimeter	 4lassesd	 ��q�d	 o3	 <noRn	 NraniNm	 content	 3or	 the	 -etermination	 o3	 the	
thermal	neNtron	3lNSg	�3ter	irra-iationd	the	mica	sheets	Rere	remove-	3rom	the	aHatite	
moNnts	 an-	 the	 -osimeter	 4lassesd	 an-	 etche-	 3or	 ��	min	 an-	 then	 ��	min	 in	 aci-	
solNtiond	 ���	�
d	 at	 room	 temHeratNre	 to	ma<e	 the	 in-Nce-	 trac<s	 visi(le	Nn-er	 an	
oHtical	microscoHeg	
ission	trac<	-ensitiesd	len4ths	an-	�Har	Rere	measNre-	in	aHatite	
4rains	Rith	internal	sNr3aces	Harallel	to	the	�qaSisd	Nsin4	����S	ma4ni3ication	Rith	a	���S	
-rT	 o(;ective	 an-	 the	 
��ta4e	 �	 NH4ra-e	 Hro4ram	 u�NmitrNd	 ����vg	 �Hard	 Rhich	
reHresents	the	lon4	aSes	o3	
�	etchqHitsd	is	a	roN4h	HroST	3or	the	chemical	comHosition	
o3	aHatite	an-	there3ore	3or	the	annealin4	HroHerties	u�onelic<	et	algd	����vg	�ince	the	

																																																								
y	�amHles	Rere	collecte-	an-	analTse-	(T	Mohame-	�oNizag		

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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����o����	 ratio	 is	 constantd	 the	 nNm(er	 o3	 in-Nce-	 trac<s	 is	 HroHortional	 to	 the	
concentration	o3	 ����	 in	 the	aHatites	an-	aHHlie-	 thermal	neNtron	 3lNSg	�he	con3ine-	
trac<	 len4ths	Rere	measNre-	 in	everT	 samHle	 3or	 their	 imHortant	 insi4hts	 in	 thermal	
historT	u�aslett	et	algd	����e	�lea-oR	et	algd	����e	�reen	et	algd	����e	�ar(aran-	et	algd	
����e	 �ello	 et	 algd	 ����vg	 
ish	 canTon	 tN33	 an-	 �Nran4o	 aHatites	 Rere	 Nse-	 as	 a4e	
stan-ar-s	to	-etermine	the	!eta	3actor	u�Nr3or-	an-	�reend	����v	o3	oNr	aHatitesd	3rom	
Rhich	 3inallTd	 Hoole-	 �
�	 a4es	 Rere	 calcNlate-g	 
olloRin4	 the	 metho-	 -escri(e-	 in	
�alla4her	 et	 alg	 u����vd	 3ission	 trac<	 a4es	 have	 (een	 calcNlate-	 Rith	 the	 ������� 	
so3tRare	u�Nn<ld	����vd	Nsin4	a	zeta	valNe	o3	���	�	��	3or	aHatite	an-	��q�	4lassg	

�Ro	to	3oNr	aHatites	crTstal	ualiINotsv	o3	each	samHle	Rere	han-qHic<e-	to	o(tain	the	
(est	sNita(le	aliINots	to	(e	-ate-g	u�o�hv�e	-atin4	Ras	accomHlishe-	at	the	no(le	4as	
la(oratorT	o3	the	V�	�niversitT	o3	�mster-amd	throN4h	a	tRoqsteH	Hrocess	that	involves	
�eliNm	 eStraction	 an-	 the	 -etermination	 o3	 �	 an-	 �h	 concentrations	 Nsin4	 �PqM�	
techniINeg	 
irstd	 each	 sin4le	 aHatite	 crTstal	 Rent	 throN4h	 a	 �eliNm	 eStraction	 line	
eINiHHe-	Rith	a	laser	an-	mass	sHectrometerg	�he	aHatite	crTstal	is	heate-	(T	laser	NH	
to	 ���_�	 to	 release	 the	 �ed	 Rhich	Ras	 then	 eSHan-e-	 into	 the	mass	 sHectrometerd	
Rhere	�e	a(Nn-ance	Ras	measNre-	as	coNnts	Her	secon-	an-	converte-	to	cc��P	Nsin4	
an	internal	stan-ar-g	�3ter	�e	eStractiond	the	aHatite	crTstal	Ras	Nnloa-e-	an-	cleane-	
in	a	�	ml	�e3lon	(ea<er	3ille-	Rith	Milli�	Raterg	�he	samHle	Ras	sHi<e-	Rith	cali(rate-	
����hq����	solNtion	u����o����h	�	�g��v	an-	-issolve-	(T	a--in4	ten	-roHs	o3	����	an-	
ten	-roHs	o3	 concentrate-	�
g	 �he	(ea<er	Ras	Hlace-	on	a	hotHlate	at	���_�	 3or	��	
hoNrsg	
inallTd	the	solNtion	Ras	trans3erre-	to	an	�PqM�	tN(e	3or	-etermination	o3	the	
�	an-	�h	concentrationsg	�he	e33ective	NraniNm	concentration	ue�e	�hNster	et	algd	����e	

loRers	 et	 algd	 ����vd	 Rhich	 has	 an	 in3lNence	 on	 the	 �e	 closNre	 temHeratNred	 is	
calcNlate-	asf		

e�	�	w�x	�	�g���	S	w�hx	

�g�g�g	���	resNlts	

�he	�
�	a4es	are	(etReen	���g����	an-	��g���g�	Ma	in	the	eastern	an-	central	�ntiq
�tlasd	resHectivelT	uta(le	�g�vg		

�he	Hro-Nce-	a4es	are	(etReen	cag	��q���	Ma	in	the	central	�ntiq�tlas	uM�����q��d	
��d	��d	��d	an-	��vd	cag	���q���	Ma	in	the	Restern	�ntiq�tlas	uM�����q��	an-	��vd	an-	
cag	���q���	Ma	in	the	eastern	�ntiq�tlas	uM�����q��d	��d	��d	an-	��vg	�
�	a4es	(ecome	
ToNn4er	toRar-s	the	central	�ntiq�tlas	u3i4g	�g��vg		
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Table	3.2.	Apatite	�ission	trac/	 results.	n	 is	 the	number	of	measured	apatite	crystalsQ	Ks	 is	 the	
density	of	spontaneous	trac/sQ	Ki	is	the	density	of	induced	trac/sP	and	Kd	is	the	density	of	fossil	
trac/s	in	trac/Xcm2Q	ns	P	ni	P	and	nd	are	the	number	of	trac/s	used	for	the	density	calculation.	P(M2)o	
is	the	chi-s8uared	probability	((P	r	5o)	is	a	pass).	A�T	ages	are	pooled	agesQ	the	error	is	s1L	in	
million	 yearsQ	MTL	 stands	 for	mean	 trac/	 lengths	 and	 associated	 to	 it	 are	 the	 error	 s1LP	 the	
standard	deviation	SdtMTLP	both	in	vmQ	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	(I)q358	and	is	the	correcting	factor	defined	by	�leischer	and	
art	
(1972)Q	L(I)q1c	is	the	uncertainty	in	zeta	(Traditional	calibrationQ	
urford	and	GreenP	1983).		

�in4le	4rain	a4es	are	clNstere-	aroNn-	the	central	a4e	o3	each	samHle	u3i4g	�g��vd	Rith	
reasona(le	stan-ar-	-eviations	o3	less	than	���g	�verT	samHle	Hasse-	the	chiqsINare-	
test	u���vd	Rhich	in-icates	that	all	samHles	are	characterise-	(T	a	sin4le	a4e	HoHNlationg	
�he	Mean	�rac<	�en4ths	uM��v	ran4e	3rom	��g��	to	��g��	�m	an-	the	associate-	errors	
are	ran4in4	3rom	�g��	to	�g��	�m	uta(le	�g�	an-	3i4g	�g�vg	�he	M��	o3	all	samHles	shoR	
no	correlation	Rith	the	�
�	a4es	u3i4g	�g��v	an-	the	M��	ran4e	is	characteristic	o3	sloR	
coolin4	o3	roc<s	throN4h	the	�Hatite	Partial	�nnealin4	!one	u�P�!e	�lea-oR	et	algd	����vg	
�n	the	other	han-d	the	-istri(Ntion	o3	the	trac<	len4ths	u��v	3or	the	central	an-	eastern	
�ntiq�tlas	 is	characterise-	(T	a	3airlT	narroR	�aNssian	-istri(Ntion	an-	a(Nn-ant	lon4	
trac<s	u3i4g	�g��vd	an-	sN44ests	a	raHi-	coolin4	throN4h	the	�P�!	an-	a	lon4	resi-ence	
time	in	shalloR	-eHths	ushalloRer	than	the	�P�!v	or	close	to	the	sNr3ace	u�i4otq�ornierd	
����e	�hor(al	et	algd	����vg		

�he	correcte-	��e	a4es	ran4e	3rom	����g������g��	to	��g����g��	Ma	uta(le	�g�vg	 n	
each	samHle	several	aliINots	are	analTse-d	Rhich	alloRs	3or	a	INalitative	chec<	on	the	
reHro-NctivitT	o3	the	a4eg	��e	a4es	an-	resNlts	Rere	onlT	consi-ere-	Rhen	at	least	tRo	
aliINots	Rithin	one	samHle	-isHlaTe-	similar	a4esd	Rith	a	-i33erence	not	4reater	than	��	
MTr	ucag	avera4e	-atin4	error	o3	oNr	aliINotsvg	���	o3	oNr	aliINots	reHlicate	Rithin	the	
avera4e	 errorg	 �liINots	 that	 -o	 not	 reHlicate	 are	 M�����q��td	 M�����q��td	
M�����q��td	M�����q��td	 an-	all	 the	aliINots	 3rom	 the	 samHles	M�����q��	an-	
M�����q��d	Rhich	are	there3ore	-iscar-e-	uta(le	�g�vg		

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	samplesQ	�)	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)X
e	analyses.	�ncorrected	A
e	ages	are	corrected	using	an	�t	factor	
(all	sample	but	MO�21c-c8:	�arleyP	2ccc).	The	age	replication	is	explained	in	the	text	([	yesQ	x	
no).	�old	A
e	ages	are	displayed	in	table	3.1.	

Poor	��e	a4e	reHlication	Rithin	the	same	samHle	coNl-	(e	attri(Nte-	to	analTtical	errors	
-Nrin4	 the	�e	 eStractiond	 or	more	 li<elT	 to	 the	 Hresence	 o3	 Nn-etecte-	 3lNi-	 an-oor	
mineral	 inclNsions	 in	the	analTse-	aHatite	aliINotsg	�3ter	this	steHd	the	correcte-	��e	
a4es	 are	 (etReen	���g�����g��	 to	 ��g����g��	Ma	 in	 the	Restern	 an-	 eastern	�ntiq
�tlasd	 resHectivelTg	 �veralld	 the	 ��e	 a4es	 o3	 the	 selecte-	 aliINots	 seem	 to	 (ecome	
ToNn4er	toRar-s	the	east	u3i4g	�g��vg	�he	e�	ue33ective	NraniNmv	o3	the	analTse-	aHatite	
crTstals	are	(etReen	�g��	an-	��g��	HHm	u3i4g	�g�vg	n	all	three	4eo4raHhic	-omains	o3	
the	�ntiq�tlas	Re	INalitativelT	o(serve	Rea<	Hositive	correlations	(etReen	the	e�	an-	
the	��e	a4es	u3i4g	�g�vg	�his	maT	resNlt	 3rom	several	coolin4	an-	heatin4	eHiso-esd	as	
alrea-T	interHrete-	in	areas	o3	��	�3rica	(T	HrevioNs	aNthors	ueg4g	�eHr1tre	et	algd	����e	
����vg		

	

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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PN(lishe-	�
�	a4es	Hro-Nce-	3rom	the	�ntiq�tlas	uMalNs#	et	algd	����e	�hor(ald	����e	
�e(ti	et	algd	����e	�Niz	et	algd	����e	�e(tid	����e	�N<assoN	et	algd	����e	�ehrtd	����v	are	
(etReen	������	an-	����g�	Ma	uMalNs#	et	algd	����vd	an-	correcte-	reHro-Nci(le	��e	
a4es	ran4e	3rom	���g���g�	u�Niz	et	algd	����v	to	��g���g�	Ma	u�hor(ald	����vg	�ith	the	
error	(arsd	oNr	ra-iometric	a4es	3all	Rithin	these	ran4esg	

	


i4Nre	�g�g	�orrecte-	��e	a4es	vg	e33ective	NraniNm	concentration	Hlots	3or	the	�v	�esternd	
�v	�entrald	an-	�v	�astern	�ntiq�tlasg		

�g�g�g	���	temHoralosHatial	-istri(Ntions	in	the	�ntiq�tlas	

���	sTstems	u!ircon	
ission	�rac<sd	!
�e	!ircon	u�q�hq�mvo�ed	!�ee	�
�e	��ev	an-	their	
relate-	a4es	Hro-Nce-	 in	 the	�ntiq�tlas	can	(e	seHarate-	 into	 time	Herio-s	 u3i4g	�g�vg	
�hese	Herio-s	sli4htlT	overlaH	(Nt	remain	consistentf	!
�	3rom	���	to	���	Ma	uclosNre	
temHeratNres	o3	the	sTstemf	���q���~�e	�ran-on	et	algd	����vd	!�e	3rom	���	to	���	Ma	
u���q���~�e	�einers	et	algd	����vd	�
�	3rom	���	to	��	Ma	u���q��~�e	�reen	et	algd	����vd	
an-	��e	3rom	���	to	��	Ma	u���q��~�e	�hNster	et	algd	����vg	�here3ored	the	3irstqor-er	
tren-	Re	coNl-	in3er	3rom	3i4Nre	�g�	is	a	3airlT	continNoNs	coolin4	(etReen	the	Variscan	
an-	the	Hresent	-aTg		

�
�	a4es	(ecome	ToNn4er	toRar-s	the	north	o3	the	central	�ntiq�tlas	an-	toRar-s	the	
Rest	o3	the	eastern	�ntiq�tlas	u3i4g	�g�vg	n	the	central	�ntiq�tlasd	the	ran4e	o3	�
�	a4es	
3rom	�N<assoN	et	alg	u����v	ucag	���q���	Mav	comHares	to	the	ones	3rom	the	rest	o3	the	
(elt	uavera4e	o3	cag	���	Mavd	Rhich	is	not	the	case	3or	oNr	resNlts	that	are	someRhat	
ToNn4er	 ucag	 ���q��	Mavg	 �imilar	 ToNn4er	 �
�	 a4es	Rere	 Hro-Nce-	 (T	MalNs#	 et	 alg	
u����v	in	the	northern	e-4e	o3	the	eastern	-omain	u3i4g	�g�vg	


i4Nre	�g�	shoRs	availa(le	correcte-	an-	reHro-Nci(le	��e	a4esg	�onsi-erin4	the	error	
(arsd	��e	a4es	are	(etReen	cag	���	an-	���	Ma	in	the	Resternd	cag	���	an-	��	Ma	in	
the	centrald	an-	cag	���	to	��	Ma	in	the	eastern	�ntiq�tlasg	�he	tren-	Re	o(serve-	in	
oNr	-ata	set	is	there3ore	reHresentativeg	�veralld	the	collecte-	samHles	shoR	ToNn4er	
��e	a4es	toRar-s	the	�astg		
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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	9cmP	�ASA)	of	 the	Anti-Atlas	
reliefs.	 Timing	 of	 the	 geological	 events	 (right	 panel)	 are	 from	Michard	 et	 al.	 (2cc8).	 CA:	
Central	AtlanticQ	CAMP:	Central	Atlantic	Magmatic	Province.	

�g�g	Mo-elle-	Mesoq�enozoic	thermal	historT	o3	the	�ntiq�tlas		

�g�g�g	tq�	mo-ellin4f	Proce-Nre	an-	Harameters	

�he	 tq�	 Haths	mo-elle-	 3rom	measNre-	�
�	 len4ths	 an-	 a4es	 are	 o(taine-	Rith	 the	
inverse	mo-ellin4	�e
�T	so3tRare	uversion	�g�g�e	�Hatite	to	!ircone	�etchamd	����vg	�he	
so3tRare	Nses	a	Monte	�arlo	al4orithm	that	4enerates	tq�	Haths	that	matchd	to	a	certain	
eStent	 u�oo-ness	o3	
it	(ase-	on	 the	�olmo4orovq�mirnov	 testd	��
vd	 the	 inHNts	Re	
imHlemente-g	n	the	Hresent	Ror<	Re	Nse	�
�	mo-els	ucomHose-	o3	the	�
�	sin4leq4rain	
a4e	 -ata	 an-	 the	 con3ine-	 trac<	 len4thsv	 an-	 ��e	 mo-els	 ucomHose-	 o3	 the	 ��e	
Nncorrecte-	a4ed	the	chemical	comHositiond	an-	size	o3	the	aHatite	crTstalvg	�hen	the	
avera4e	��
	 3or	 the	 3ission	 trac<	 len4th	-istri(Ntiond	��e	a4ed	an-	�
�	a4e	mo-el	 is	
(etReen	�	an-	���	Haths	are	la(elle-	iacceHta(lejd	an-	i4oo-j	Rhen	hi4her	than	���g	
�he	 i(est	 3itj	 realisation	 is	 a	 nonqNniINe	 solNtion	 as	 it	 has	 the	 hi4hest	 ��
	 o3	 ���	
iterationsd	(Nt	other	rNns	maT	have	-i33erent	(estq3it	Hathsg	
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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	irradiationP	see	�onelic/	and	Miller	(1991)Q	
�par	 is	 the	 diameter	 of	 etched	 spontaneous	 trac/s	 measured	 parallel	 to	 the	 c-axisQ	 uiperUs	
statisticP	see	Press	et	al.	 (1992)Q	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-	(etReen	cag	���	an-	��~�	(T	the	�
�	an-	��e	-atae	a(ove	
an-	(eloR	these	temHeratNres	there	are	almost	no	thermal	si4nals	recor-e-	in	the	���	
-atag	
or	the	same	reasonsd	the	���	resNlts	4ive	insi4hts	into	the	coolin4oheatin4	events	
3rom	 the	 Hresent	 -aT	 to	 the	 measNre-	 a4esg	 �here3ored	 oNtsi-e	 these	 time	 an-	
temHeratNre	 3rames	 the	 mo-ellin4	 -eHen-s	 solelT	 on	 i(oSesjg	 �eolo4ical	 an-	
ra-iometric	constraintsd	or	(oSesd	are	Nserq-e3ine-	tq�	Rin-oRs	that	4Ni-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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4enerate-	 cNrvesg	 �e	 consi-er	 ���	 o3	 the	 resNlts	 3rom	 the	 �
�	 measNrements	 as	
analTticallT	relia(le	3or	tq�	mo-ellin4d	as	��q���	con3ine-	trac<s	are	4enerallT	consi-ere-	
relia(le	 ueg4g	 �aslett	et	algd	����e	�alla4her	et	algd	����e	�a4ami	an-	�j�Nllivand	����e	
�onelic<	 et	 algd	 ����e	 �alestrieri	 et	 algd	 ����e	 �eline<	 et	 algd	 ����vg	�e	 there3ore	 rNn	
mo-els	Rith	the	�
�	resNlts	o3	samHles	characterise-	(T	an	n��	hi4her	than	��	uta(le	
�g�vg		

�astd	 onlT	 the	 coNHles	 �
�o��e	 Rere	 consi-ere-d	 an-	 there3ore	 M�����q��	 is	 not	
3Nrther	Nse-g	�iS	samHles	Rere	Nse-	3or	tq�	mo-ellin4d	Rhich	Tiel-e-	�
�	a4es	Rith	more	
than	��	M��	an-	Hro-Nci(le	��e	a4es	uM�����q��d	��d	��d	��d	��d	an-	��vg	Mo-ellin4	
Harameters	are	liste-	in	ta(le	�g�g		

�g�g�g	tq�	mo-ellin4	constraints	

�ase-	on	the	ra-iometric	resNlts	an-	4eolo4ical	o(servations	-ocNmente-	in	the	�ntiq
�tlas	(elt	an-	the	sNrroNn-in4	-omainsd	Re	Nse	three	constraints	to	4Ni-e	the	-i33erent	
tq�	mo-els	 in	�e
�Tf	 tRo	4eolo4ical	an-	one	 ra-iometric	 uconstraint	af	��MP	-T<ese	
constraint	 bf	 in3raq�enomanian	 Nn-i33erentiate-	 se-imentse	 constraint	 cf	 ��e	 a4esvg	
�esHite	the	3act	that	Variscan	metamorHhism	is	3airlT	Rell	constraine-	3or	(oth	time	an-	
temHeratNre	u3i4g	�g��v	in	the	�ntiq�tlas	u�Niz	et	algP	����vd	the	Hro-Nce-	���	resNlts	have	
little	 to	 no	 in3ormation	 concernin4	 times	 (e3ore	 ���	Mag	�e	 ar(itrarilT	 -e3ine-	 the	
mo-ellin4	 3rame	at	���q�~�o���q�	Mad	Rhich	ta<e	 into	accoNnt	 the	��MP	-T<es	an-	
Nn-i33erentiate-	Mesozoic	se-iments	4eolo4ical	constraintsg		

�onstrain	a	is	(ase-	on	the	
oNm	!4Ni-	an-	4herm	��MP	relate-	-T<es	u3i4sg	�g�d	�g�d	
an-	 �g��vd	 oNtcroHHin4	 in	 the	 �ntiq�tlasg	 �he	most	 recent	 -atin4	 -isHlaTs	 an	 a4e	 o3	
���g���g�	Ma	u���ro���r	a4e	on	Hla4ioclasee	�e(ai	et	algd	����vg	�heT	are	seHarate-	3rom	
the	Precam(rian	 samHles	 selecte-	 3or	mo-ellin4	(T	 less	 than	���	<m	Rith	no	visi(le	
ma;or	3aNlts	on	the	4eolo4ical	maHg	�iven	their	eStentd	these	-T<es	Rere	emHlace-	an-	
eShNme-	to	their	Hresent	elevations	 to4ether	Rith	 the	sNrroNn-in4	host	4ranitic	an-	
se-imentarT	roc<sg	�he	emHlacement	historT	o3	the	-T<es	Ras	constraine-	(T	the	Ror<	
o3	�oNil	et	alg	u����v	an-	�ilva	et	alg	u����d	����vg	�he	analTsis	o3	4eoqthermometer	an-	
4eoq(arometer	 shoRe-	 that	 these	 -T<es	Rere	 emHlace-	 at	 temHeratNre	 o3	 cag	 ���q
���~�	an-	HressNre	o3	�	to	�	<(arg	�ssNmin4	an	avera4e	-ensitT	o3	����	<4om�	3or	the	
continental	crNstd	�ilva	et	alg	u����v	calcNlate-	an	emHlacement	-eHth	o3	�	to	��	<m	3or	
the	 !4Ni-	 -T<eg y 	�onsi-erin4	 thermal	 4ra-ients	 (etReen	 ��	 an-	 ��~�d	 a	 sNr3ace	

																																																								
y	�e	learne-	a3ter	the	HN(lication	o3	�oNiza	et	alg	u����av	that	the	4eoq(arometer	metho-	Nse-	
in	�ilva	et	alg	u����v	cannot	(e	relia(lT	Nse-	Rith	intrNsive	roc<s	uHersg	commg	Pg�ilvavg	�his	means	
that	 oNr	 samHles	 coNl-	 have	 (een	 at	 �	 to	 ��	 <m	 in	 -eHth	 ���	 Ma	 a4od	 as	 Rell	 as	 at	
shalloRero-eeHer	-eHthsg	�sin4	a	-i33erent	or	mo-i3ie-	constraint	RoNl-	most	li<elT	imHact	the	
4ra-ients	o3	the	tq�	realisationsg	n	this	�hesisd	hoReverd	Re	Nse	the	constraint	a	as	-e3ine-	in	
�oNiza	et	alg	u����avg		
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temHeratNre	o3	��~�d	an-	a	lithostatic	-ensitT	o3	����	<4om�d	Re	estimate	that	the	host	
roc<s	 o3	 the	 4herm	 -T<e	 Rere	 at	 -eHths	 o3	 cag	 �g�	 to	 ��g�	 <mg	 �onsi-erin4	 the	
metamorHhism	eSHerience-	(T	the	HresentlT	oNtcroHHin4	Palaeozoic	roc<s	u�Niz	et	algd	
����vd	the	temHeratNre	li<elT	-i-	not	reach	more	than	���~�g	�here3ored	Re	consi-er	a	
loR	 thermal	 4ra-ient	 o3	 ��~�o<mg	 
or	 the	 constraint	 ad	 Re	 hence	 estimate	 the	
temHeratNre	ran4e	3or	the	host	roc<s	o3	(oth	-T<es	(etReen	���	to	���~�	at	���q���	
Mag	

�onstraint	 b	 is	 (ase-	 on	 the	 Mesozoic	 se-iments	 overlTin4	 the	 Precam(rian	 an-	
Palaeozoic	o3	the	�ntiq�tlasg	n3raq�enomaniany	se-iments	are	lTin4	Nncon3orma(lT	on	
(asement	roc<s	in	the	vicinitT	o3	samHles	collecte-	in	the	Restern	an-	central	Harts	o3	
the	(elt	 u3i4sg	�g��	an-	�e	�hoN(ertd	����e	�o(ertq�harrNe	����e	!oNhri	et	algd	����e	
�hor(ald	����e	�e(ti	et	algd	����e	�Niz	et	algd	����e	�e(tid	����e	�N<assoN	et	algd	����e	
�ehrtd	����vg	�	3airlT	thic<	Hac<a4e	ucag	�	<m	o33shore	�ar3aTae	�avisond	����v	o3	clastics	
se-iments	is	reco4nise-	o33shored	on	the	seismic	lines	an-	in	the	Rellsd	as	�HHer	�Nrassic	
an-	 �oRer	 �retaceoNs	 se-iments	 ueg4g	 the	 �anq�an	 an-	 �oN;-oNr	 �eltase	 ���P	 ���e	
PNerto	�ansa-o	�	Rellvg	�ther	Nn-i33erentiate-	earlT	Mesozoic	roc<s	are	eSHose-	in	the	
�ar3aTa	�asind	on	the	�iroNa	Massi3	at	(oth	�oNss	an-	�Narzazate	(asin	si-es	u�ollar-	et	
algd	 ����vg	 �he	 occNrrence	 o3	 these	 Mesozoic	 Hassive	 mar4in	 clasticsd	 overlTin4	
Palaeozoic	 an-	 Precam(rian	 roc<sd	 is	 -ia4nostic	 3or	 a	 ma;or	 re4ression	 an-oor	
eShNmation	 that	 too<	 Hlace	 in	 the	Moroccan	 Restern	 mar4ind	 characterise-	 (T	 the	
(roa-	 erosion	 o3	 the	 soqcalle-	 i�ntiq�tlas	 �rchj	 u
rizon	 -e	 �amotte	 et	 algd	 ����	 an-	
re3erences	 thereinvg	 �he	 timin4	 o3	 the	 eShNmation	 remains	 Nncertaing	 n	 a	 recent	
Hrovenance	stN-Td	a	section	o3	�oRer	�retaceoNs	clastic	se-iments	in	the	north	�ar3aTa	
�asin	Ras	investi4ate-	u4eochemicald	�-q�r	isotoHicd	�li	et	algd	����vg	�he	clastics	Rere	
3oNn-	to	(e	soNrce-	3rom	the	�e4Ni(at	�hiel-d	(Nt	not	3rom	the	�ntiq�tlasg	�oReverd	
this	stN-T	re4ar-e-	Hart	o3	the	�oRer	�retaceoNs	se-iments	ucag	��	m	oNt	o3	NH	to	�	<me	
�rante4Nid	����vg	 n	 the	eastern	termination	o3	 the	(eltd	a	 3airlT	 lar4e	area	o3	Mi--le	
�retaceoNs	roc<s	is	eSHose-	u�enomaniane	�enToNce3d	����e	�enToNce3	et	algd	����vg	n	
the	a(sence	o3	Hrovenance	stN-ies	carrie-	oNt	in	these	se-imentsd	Re	assNme	that	the	
eastern	�ntiq�tlas	Ras	the	soNrce	o3	the	�Nir	�ama-a	�enomanian	re-(e-sg	
inallTd	the	
�ntiq�tlas	(asement	Ras	HrevioNslT	mo-elle-	to	(e	atoclose	to	the	sNr3ace	(T	HrevioNs	
tq�	mo-ellin4	stN-ies	u�hor(ald	����e	�Niz	et	algd	����e	�N<assoN	et	algd	����vg		

	

																																																								
	

y	�he	�Nrassic	a4e	o3	the	re-(e-s	alon4	the	shoreline	in	the	Restern	�ntiq�tlas	u�rante4Nid	
����v	Ras	evi-ence-	a3ter	the	HN(lication	o3	�oNiza	et	alg	u����avg	�oReverd	the	choices	Re	
ma-e	timin4qRise	3or	the	constraint	b	are	eStremelT	relevant	in	the	li4ht	o3	this	req-atin4g	
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�igure	 3.8.	 Constraints	 used	 in	 t-T	
modelling	 from	 literature	 (see	
references	 in	 the	 figure)	 and	 from	
our	modelling	 (blue	 constraints).	A)P	
�)P	 and	 C)	 �esternP	 centralP	 and	
eastern	 Anti-AtlasP	 respectively.	
Variscan:	 CompressionP	
metamorphism	 and	 the	 load	 of	
Palaeozoic	 sedimentsQ	 �uXCret:	
Presence	 close	 to	 the	 surface	of	 the	
sampled	 basement	 roc/s	 during	 the	
Late	�urassic	to	the	Early	CretaceousQ	
LCret:	 Late	 Cretaceous	 to	
Palaeogene	 overburden	 in	 the	
?estern	 Anti-AtlasQ	 Trias:	 Presence	
atXclose	 to	 the	 surface	 of	 the	
basement	roc/s	 in	the	Siroua	during	
the	TriassicQ	�y/es:	See	text.		
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�s	 oNr	 samHles	 are	 -istant	 o3	 several	 tens	 o3	 <ilometres	 3rom	 these	 se-imentsd	 Re	
cannot	4Ni-e	oNr	mo-ellin4	to	sNr3ace	temHeratNres	onlTg	
or	constraint	b	Re	consi-er	
that	the	(asement	samHles	Rere	close	to	the	sNr3ace	u��q��~�v	in	the	�ntiq�tlas	Hossi(lT	
3rom	the	�arlT	�Nrassic	to	the	en-	o3	the	�arlT	�retaceoNs	u���	to	���	Mavg		

�onstraint	c	is	(etReen	the	�arlT	�retaceoNs	an-	the	�ocene	u���q��	Mav	to	ena(le	the	
tq�	Haths	to	reqenter	the	�P�!	an-	�eqP�!	u��q���~�vg	�his	(oS	is	necessarT	(ecaNse	oNr	
sensitivitT	mo-ellin4	eSHeriments	shoRe-	that	�e
�T	ten-s	to	onlT	4enerate	Haths	 in	
shalloR	temHeratNre	(etReen	the	�arlT	�retaceoNs	an-	the	Hresentq-aTd	i4norin4	the	
��e	a4esg	�his	metho-	Ras	Nse-	in	HrevioNs	Ror<s	in	the	�ntiq�tlasd	3or	tq�	mo-ellin4d	
(T	a--in4	�
�d	��ed	!
�d	an-	!�e	a4es	as	constraints	 u�Niz	et	algd	����e	�ehrtd	����e	
�oNtan-d	Hersg	comgvg		

�he	constraints	in	HN(lishe-	stN-ies	o3	the	�ntiq�tlas	are	comHare-	Rith	those	o3	this	
chaHter	u3i4g	�g�vg	�he	��MP	�T<e	constraint	is	centre-	on	eINivalent	temHeratNre	to	
the	 i!�ej	 (oSes	 Nse-	(T	 �ehrt	 u����v	 3or	 the	Restern	�ntiq�tlasg	 �he	 constraints	 3or	
�Nrassico�retaceoNs	 Hresence	 close	 to	 the	 sNr3ace	 have	 (een	 Nse-	 similarlT	 3or	 the	
Restern	an-	central	�ntiq�tlasd	(Nt	not	 in	the	eastern	Hart	o3	the	(elt	 u3i4g	�g��vg	�he	
ra-iometric	constraint	u��ev	-oes	not	comHare	Rith	HrevioNs	constraints	in	the	central	
an-	eastern	�ntiq�tlasd	(Nt	 is	not	 incomHati(le	Rith	�ate	�retaceoNs	(Nrial	constraint	
u�ehrtd	����v	in	Restern	�ntiq�tlas	u3i4g	�g��vg	n	the	central	�ntiq�tlas	u3i4g	�g��vd	some	
samHles	Rere	thoN4ht	to	(e	close	to	the	sNr3ace	in	the	northernmost	central	�ntiq�tlas	
-Nrin4	the	�riassic	u�hor(ald	����vd	Rhich	are	eINivalent	to	one	constraint	a--e-	in	tq�	
mo-ellin4	o3	the	Meseta	(asement	roc<s	u�hor(al	et	algd	����vg	�nli<e	the	Meseta	ueg4g	
�hor(al	et	algd	����v	the	(asement	roc<s	o3	the	�ntiq�tlas	are	not	thoN4ht	to	have	(een	
at	the	sNr3ace	-Nrin4	the	�riassicg	�oReverd	�riassic	se-iments	are	3oNn-	on	toH	o3	the	
(asement	north	o3	the	�iroNa	u�hevalier	et	algd	����vg	�e-imentolo4ical	u�aN-on	et	algd	
����vd	strNctNral	u�l	�ra(i	et	algd	����vd	an-	ra-iometric	ueg4g	�hor(ald	����v	analTses	
also	sN44est	that	the	(asement	roc<s	o3	the	�iroNa	an-	Massi3	�ncien	Rere	3ormin4	a	
relie3	-Nrin4	the	-eHosition	o3	these	se-imentsg	!�e	a4es	Rere	Hro-Nce-	in	the	Restern	
�ntiq�tlasd	an-	are	(etReen	���g����g�	an-	���g����g�	Ma	in	�Niz	et	alg	 u����vd	an-	
���g���	an-	����	Ma	in	�ehrt	u����e	3i4g	�g�vg	�he	Hresence	o3	samHle-	roc<s	at	sNr3ace	
temHeratNre	-Nrin4	the	�riassic	is	there3ore	incomHati(le	Rith	!�e	a4esg		

�g�g�g	tq�	mo-ellin4	resNlts	

�e
�T	 sNccee-e-	 in	 3in-in4	 tq�	 Haths	 that	 honoNr	 the	�
�o��e	 resNlts	 u3i4sg	 �g�	 an-	
�g��vg	�he	 resNlts	 in-icate	a	common	tren-d	mar<e-	(T	 tRo	coolin4	an-	one	heatin4	
eHiso-esg	�	steeH	coolin4	4ra-ient	is	o(serve-	in	all	the	mo-elsd	esHeciallT	in	M�����q
��d	��d	an-	��g	�	�retaceoNs	heatin4	an-	a	3inal	�ate	�retaceoNs	to	Hresentq-aT	coolin4	
eHiso-es	are	Hresent	in	everT	mo-elg		
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�igure	 3.9.	 �esults	 of	 thermal	 history	modelling	 for	 samples	 from	 the	 Anti-Atlas	 granitic	
basementQ	�AAP	CAAP	and	EAA:	�esternP	CentralP	and	Eastern	Anti-AtlasP	respectively.	5c	
good	(?hen	possible)P	15c	acceptableP	and	 the	best-fit	 (highest	Goodness	of	�itQ	GO�)	 t-T	
curves	are	displayed.	 See	parameters	 in	 table	3.4.	 It:	�umber	of	 iteration	 for	 the	 inverse	
modellingQ	A:	Acceptable	pathsQ	G:	Good	paths.^	

	

	

																																																								
y	�he	mo-ellin4	Ras	Her3orme-	(T	Mohame-	�oNizag		

250

��
)+
�*

�����)��*

200

0

/00

200 /50 /00

0

100

'�(

250

��
)+
�*

�����)��*

200

0

/00

200 /50 /00

0

100

'�(

250

��
)+
�*

�����)��*

200

0

/00

200 /50 /00

0

100

'�(

250

��
)+
�*

�����)��*

200

0

/00

200 /50 /00

0

100

'�(

250

��
)+
�*

�����)��*

200

0

/00

200 /50 /00

0

100

'�(

250

��
)+
�*

�����)��*

200

0

/00

200 /50 /00

0

100

'�(

a

b

c

���2/0&/0��%����

"&����"�!
�
"#�/04�
��#�7502
��#�/7/1

�eƐtͲĮt 'O&
��������#�0$76��
�� ��������"�#�0$7/
��	�����#�0$22

���2/0&/2��%����

"&����"�!
�
"#�/04�
��#�5625
��#�/514

�eƐtͲĮt 'O&
��������#�0$75�
�� ��������"�#�0$77
��	�����#�0$75

���2/0&/5��%����

"&����"�!
�
"#�/04�
��#�12/25
��#�1147

�eƐtͲĮt 'O&
��������#�/$0�
�� ��������"�#�0$62
��	�����#�0$64

���2/0&/4��%����

"&����"�!
�
"#�/04�
��#�220/7
��#�60//

�eƐtͲĮt 'O&
��������#�0$77�
�� ��������"�#�/$0
��	�����#�0$76

���2/0&04��%������

"&����"�!
�
"#�/04�
��#�/5652
��#�1

�eƐtͲĮt 'O&
��������#�0$70��
�� ��������"�#�0$15
��	�����#�0$24

�������"�'���80$5( �����"�������"�'���80$05(��!"���"�������!" ���"!

���2/0&07��%����

"&����"�!
�
"#�/04�
��#�2///�
��#�6/

�eƐtͲĮt 'O&
��������#�0$60��
�� ��������"�#�0$56
��	�����#�0$12



�haHter	�	

	 ��	

			 

�he	 3irst	 coolin4	 event	 (roN4ht	 the	 �ntiq�tlas	 samHle-	 (asement	 3rom	 hi4h	
temHeratNres	o3	���q���_�	to	loRer	temHeratNres	o3	��q��_�g	t	starte-	(T	the	en-	o3	
the	�riassic	u���q���	Mav	an-	en-e-	at	varia(le	times	in	the	-i33erent	-omains	o3	the	
(eltg	�ince	oNr	mo-ellin4	eSHeriments	onlT	caHtNre	 the	Hostq�riassic	evolNtion	o3	 the	
�ntiq�tlasd	this	coolin4	coNl-	have	initiate-	mNch	earlier	than	illNstrate-	in	oNr	mo-elsd	
as	sN44este-	in	3i4Nre	�g�g	�he	(estq3it	tq�	Haths	shoR	a	raHi-	initial	coolin4	Hhase	that	
en-e-	 aroNn-	���q���	Mag	�3ter	 this	 3irst	 coolin4	 eventd	 the	(asement	 roc<s	 o3	 the	
Restern	an-	central	Precam(rian	-omes	Rere	heate-	a4ain	an-	reache-	temHeratNres	
ran4in4	 (etReen	 ��	 an-	 ���_�	 aroNn-	 ���q���	 Ma	 u3i4sg	 �g��q�vg	 �oReverd	 in	 the	
eastern	�ntiq�tlasd	the	(asement	remaine-	sta(le	at	aroNn-	��_�	3rom	���	to	���	Mad	
(e3ore	 eSHeriencin4	 a	 raHi-	 u���q���	 Mav	 ��_�	 heatin4	 event	 u3i4g	 �g��vd	 Rhile	 the	
easternmost	samHle	Nn-erRent	a	sloR	an-	Hrolon4e-	u���q��	Mav	heatin4	event	o3	onlT	
��_�	 u3i4g	�g�
vg	�he	 3inal	 coolin4	Hhased	Rhich	Hlace-	 the	(asement	 roc<s	at	 sNr3ace	
temHeratNre	ucag	��_�vd	Ras	mNch	sloRer	than	the	ol-er	mo-elle-	coolin4	Hhase	an-	
laste-	lon4er	ucag	���	Mav	in	all	the	eSamine-	samHlesg	

	
�igure	3.1c.	�eighted	average	curve	from	t-T	modelling	results	sho?n	in	fig.	3.9Q	�AAP	CAAP	
and	EAA:	�esternP	CentralP	and	Eastern	Anti-Atlas.	See	modelling	parameters	in	table	3.4.	

�g�g�g	tq�	mo-ellin4f	�omHarison	Rith	literatNre	

�Nr	mo-el	(estq3it	Hathsd	-isHlaTe-	in	3i4Nre	�g��d	shoR	manT	similarities	Rith	those	o3	
the	 literatNreg	�heT	 illNstrate	a	 thermal	evolNtiond	Rhich	 is	also	characterise-	(T	 tRo	
coolin4	Herio-s	seHarate-	(T	a	heatin4	event	in	the	Restern	an-	central	�ntiq�tlas	u3i4sg	
�g���	an-	�vd	an-	(T	a	continNoNs	coolin4	Hhase	in	the	eastern	�ntiq�tlas	u3i4g	�g���vg	
mHortantlTd	the	�enozoic	temHeratNre	evolNtion	is	3airlT	i-entical	(etReen	all	cNrvesd	
an-	shoNl-	(e	consi-ere-	as	ro(NstlT	constraine-	in	�e
�T	(T	the	�
�o��e	-atag		
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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-AtlasQ	�)	
Central	 Anti-AtlasQ	 C)	 Eastern	 Anti-Atlas.	 Grey	 envelopes	 are	 framing	 the	 best-fit	models	
from	the	literature	(see	references	in	the	figure).	 	
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�oReverd	ma;or	 -iscreHancies	 are	 o(serve-	 in	 the	 timin4	 an-	 rates	 o3	 each	 thermal	
eventg	 
or	 instanced	 �Niz	 et	 alg	 u����v	 Hre-icte-	 the	 heatin4	 event	 in	 the	 Restern	
Precam(rian	-omes	to	(e	��	to	��	MTr	ToNn4er	than	in	oNr	mo-els	u3i4g	�g���vg	n	the	
eastern	 -omain	 MalNs#	 et	 alg	 u����v	 o(taine-	 a	 HostqVariscan	 thermal	 evolNtion	
characterize-	(T	a	continNoNs	sloR	coolin4	-Nrin4	the	Mesozoic	an-	hi4h	coolin4	rates	
-Nrin4	the	�enozoicd	an-	no	heatin4	event	as	shoRe-	in	oNr	mo-els	u3i4g	�g���vg		

n	the	central	�ntiq�tlas	-Nrin4	the	�ate	�Nrassico�arlT	�retaceoNsd	oNr	(estq3it	resNlts	
shoR	 4reater	 heatin4	 o3	 the	 roc<s	 than	 in	 the	 literatNre	 uNH	 to	 ���~�	 a4ainst	 ��~�d	
resHectivelTvg	�he	-iscreHancies	(etReen	the	-i33erent	thermal	histories	resNlt	mainlT	
3rom	the	-i33erent	constraints	imHose-	on	the	mo-elsg	�lthoN4hd	oNr	mo-els	accoNnt	
3or	(oth	�
�	an-	��e	-atad	most	o3	the	HN(lishe-	tq�	Haths	relT	solelT	on	
�	-ata	ueSceHt	
�ehrtd	����vg	Moreoverd	all	the	HN(lishe-	mo-els	i4nore	the	near(T	��MP	-T<esd	Rhich	
are	-ocNmente-	to	(e	emHlace-	at	�	to	��	<m	in	-eHth	(T	the	en-	o3	the	�riassic	u�oNil	
et	alg	����e	�ilva	et	alg	����vg	

�g�g	�eolo4ical	evolNtion	an-	thermal	transects	o3	the	�ntiq�tlas	

�e	(Nilt	several	�ntiq�tlas	HaleoqtemHeratNre	transects	oriente-	���q���	u3i4g	�g��vg	
�he	samHle	locations	Rere	ortho4onallT	Hro;ecte-	to	a	line	rNnnin4	Harallel	to	the	�ntiq
�tlas	tren-	Rith	an	an4le	o3	��~	Rith	the	���	-e4ree	line	o3	latitN-e	u3i4g	�g���vg	n	the	
3olloRin4	sectionsd	Re	also	-eveloH	on	sNHHortin4	4eolo4ical	evi-ences	-ocNmente-	in	
the	�ntiq�tlas	or	in	its	sNrroNn-in4sg	

�g�g�g	Palaeozoic	(asind	Variscan	oro4enTd	an-	Hreqri3t	sta4e	

�he	(asement	roc<s	are	overlain	Rith	a	mar<e-	Nncon3ormitT	(T	�ate	�eoHroterozoic	
se-iments	an-	volcanics	an-	�am(rian	se-iments	u3i4g	�g�e	cag	���q���	Mae	Michar-	et	
algd	 ����vg	 �his	 reINires	 the	 Precam(rian	 (asement	 to	 (e	 at	 or	 close	 to	 sNr3ace	
temHeratNres	at	the	(e4innin4	o3	the	Palaeozoicg	�he	�ntiq�tlas	Ras	then	characterise-	
-Nrin4	that	time	(T	a	3airlT	continNoNs	se-imentationd	revieRe-	(T	several	aNthors	ueg4g	
�hoN(ertd	 ����e	 PiIN0d	 ����e	 �Nr<har-	 et	 algd	 ����e	 Michar-	 et	 algd	 ����vg	 �qP(	
Hrovenance	stN-T	on	zircon	shoRe-	that	the	�o44ar	u�Nare4	�hiel-d	��	�l4eriav	Ras	a	
li<elT	soNrce	o3	the	siliciclastic	�am(rian	se-iments	u�vi4a-	et	algd	����vg	�oNlaimani	et	
alg	u����v	sN44este-	that	a	soNrce	o3	�am(rian	to	�evonian	�ntiq�tlas	se-iments	Ras	
locate-	in	the	soNthd	an-	there3ore	coNl-	(e	the	�e4Ni(at	shiel-g	 n	the	eastern	�ntiq
�tlasd	the	heatin4	o3	�evonian	roc<s	Ras	estimate-	to	reach	temHeratNres	comHrise-	
(etReen	���	an-	���~�	Rith	 cono-ont	 coloNr	alteration	 in-eS	 u��	o3	�	 to	�d	�el<ad	
����vg		

�he	Palaeozoic	series	thic<ness	is	estimate-	to	(e	a(oNt	��	<m	in	the	Restern	to	central	
�ntiq�tlas	an-	-ecreases	-oRn	to	�	<m	toRar-	the	eastern	Hart	ueg4g	
ai<	et	algd	����e	
Michar-	 et	 algd	 ����vg	 �he	 en-	 o3	 the	 Palaeozoicd	 3rom	 �ate	 �ar(oni3eroNs	 to	 �arlT	
Permiand	is	characterize-	(T	the	inversion	an-	3ol-in4	o3	the	�ntiq�tlas	(asin	uVariscan	
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oro4enTvg	 �oNlaimani	 et	 alg	 u����v	 estimate-	 a	 temHeratNre	 ran4e	 3or	 the	 (asement	
roc<s	o3	the	�ntiq�tlas	-Nrin4	the	3ol-in4	o3	the	Palaeozoic	series	u���q���	Mav	(ase-	
on	!
�d	�o�rd	an-	���ro���r	3rom	the	Restern	�ntiq�tlasg	�emHeratNres	o3	the	(asement	
at	the	(ase	o3	the	Palaeozoic	series	Rere	comHrise-	(etReen	���	an-	���~�d	Rhich	are	
hi4h	enoN4h	to	reset	the	!
�	sTstem	uPa4el	et	algd	����vd	an-	Rithin	the	estimation	o3	
�Niz	et	alg	u����v	3rom	illite	crTstallinitT	o3	������~�	3or	the	NHHer	Hart	o3	the	(asement	
ueHizonevg	 n	 the	central	an-	eastern	�ntiq�tlasd	 the	metamorHhic	zones	o3	 the	 loRer	
most	 Palaeozoic	 se-iment	 Rere	 estimate-	 to	 anchiozoneoeHizone	 uz���q���~�v	 an-	
anchiozoneo-ia4enetic	 zone	 uz���q���~�vd	 resHectivelT	 uillite	 crTstallinitTe	 �Niz	 et	 algd	
����vg	�he	(asement	roc<s	are	NsNallT	-escri(e-	as	o3	loR	to	me-iNm	metamorHhism	
4ra-e	u���q���~�e	�N44isch	an-	
lP4eld	����e	�oNlaimanid	����e	�Niz	et	algd	����vg	�he	
a(oveqmentione-	temHeratNres	are	reHorte-	onto	the	3irst	Haleoqtransect	u3i4g	�g���vg	

�t	���	Mad	Precam(rian	oNtcroHs	Rere	there3ore	at	temHeratNres	o3	more	than	cag	���d	
���d	an-	���~�d	3or	the	Resternd	centrald	an-	eastern	�ntiq�tlasd	resHectivelT	u3i4g	�g���vg	
�he	relie3	o3	the	(elt	-Nrin4	the	Variscan	moNntain	(Nil-in4	Ras	li<elT	hi4her	than	the	
actNal	one	ueScee-in4	several	<m	hi4h	accor-in4	to	�Nr<har-	et	algd	����vd	HerhaHs	Rith	
a	similar	(Nl4e	shaHe	u3i4g	�g��vg	�Nrin4	the	�ar(oni3eroNsd	the	�in-oN3	(asin	Ras	li<elT	
3e-	(T	terrestrial	se-iments	soNrce-	3rom	the	�ntiq�tlas	u�Czar	et	algd	����vg		

�ittle	is	<noRn	o3	the	Permian	an-	�arlT	�riassic	in	Moroccog	�he	3eR	oNtcroHs	maHHe-	
as	Permian	are	concentrate-	in	the	Meseta	an-	Restern	�i4h	�tlasd	an-	are	comHose-	
o3	 terrestrial	 se-iments	 u�roNtin	et	algd	����vg	�he	(asement	o3	 the	�ntiq�tlas	an-	 its	
Palaeozoic	 cover	mi4ht	 have	 starte-	 to	move	 NHRar-	 as	 earlT	 as	 the	 Permiano�arlT	
�riassicg	 �he	 Variscan	 Nncon3ormitT	 is	 Rell	 <noRn	 across	 Morocco	 u3i4sg	 �g��v	 as	 a	
VariscanoNn-i33erentiate-	 �riassic	 contact	 in	 the	Mesetad	 �oNssd	 an-	 �ar3aTa	 (asinse	
VariscanoMi--le	 �retaceoNs	 contact	 in	 the	 �in-oN3	 an-	 �Narzazate	 (asins	 an-	 �Nir	
�ama-ad	an-	sN44ests	 that	 the	Variscan	chain	Ras	HartiallT	HeneHlaine-	Hrior	 to	 the	
�ate	�riassic	u3i4g	�g���e	revieRe-	in	Michar-	et	algd	����vg		

�g�g�g	�n-	o3	�riassic	to	�Nrassic	coolin4	eHiso-e		

�he	en-	o3	�riassic	to	Mi--le	�Nrassic	thermal	eHiso-e	is	characterise-	(T	coolin4	rates	
(etReen	 �	 an-	 �~�oMTrg	 �e	 interHret	 this	 coolin4	 event	 as	 relate-	 to	 crNstal	
eShNmationo-enN-ationg	�his	eShNmation	eSten-e-	(eTon-	the	�ntiq�tlas	senso	strictog	
into	the	interior	o3	the	�3rican	�ontinentd	igeg	over	����	<m	u3i4sg	�g���	an-	
vg	n-ee-d	
Re	have	no	evi-ence	3or	an	eastern	termination	o3	this	eShNmation	in	the	�ntiq�tlasg	
�ne	 �arlT	 �Nrassic	 �
�	 coolin4	 a4e	 u�����g�	 Mav	 Ras	 Hro-Nce-	 3rom	 the	 �N4arta	
moNntains	in	�l4eria	u�<<oNched	����vd	���	<m	soNthRest	o3	oNr	easternmost	samHleg		
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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	9cmP	�ASA)	map	?ith	the	pro.ection	lineQ	�-)	3cc-
2c	 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)P	 meaning	 that	 the	 relative	 position	 of	 the	
samples	 remained	 similar	?ithin	 the	Moroccan	margin.	 Ch2:	Temperature	of	 the	 Tbest-fit	
model	of	the	Sidi	Ifni	granite	(chapter	2).^	 	
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3i4Nre	�g��	(Nt	are	not	-iscNsse-	in	the	teSt	o3	this	chaHterg	

200

100

150

0

250

T[
°C

]

200

100

150

0

250

T[
°C

]

200

100

150

0

250

T[
°C

]
200

100

150

0

250

T[
°C

]

200

100

150

0

250

T[
°C

]

200

100

150

0

250
0 150 600Distance from origin [km]150 600

T[
°C

]

WSW                 ENEAt 150 Ma
(F) (G)

(H) (I)

0

WSW                 ENEAt 125 Ma

WSW                 ENEAt 100 Ma WSW                 ENEAt 80 Ma

(J) (K)
WSW                 ENEAt 65 Ma WSW                 ENEAt 20 Ma

Distance from origin [km]

0 150 600Distance from origin [km]

0 150 Distance from origin [km]0 150 600Distance from origin [km]

0 150 600Distance from origin [km]

Ch2 Ch2

Ch2 Ch2

Ch2
Ch2z

600



�haHter	�	

	 ��	

			 

n	the	�ar3aTa	(asind	�an<e	et	alg	u����v	-ocNmente-	that	toRar-s	the	toH	o3	the	Mi--le	
�Nrassicd	the	nNm(er	o3	san-	laTers	is	increasin4g	�heT	conclN-e-	that	these	laTers	Rere	
li<elT	3e-	(T	the	erosion	o3	a	irisin4	hinterlan-j	in	the	soNth	u�e4Ni(at	�hiel-v	an-	east	
u�ntiq�tlasvg	�e	consi-er	that	 throN4hoNt	the	�Nrassicd	 the	Palaeozoic	series	coverin4	
the	�ntiq�tlas	Rere	HartiallT	ero-e-d	3ee-in4	clastic	se-iments	in	the	�ar3aTa	an-	�oNss	
(asinsg	

�e-(e-s	an-	san-stones	are	reco4nise-	in	the	�ias	an-	�o44er	u3i4g	�g�v	o3	the	�oNss	
(asin	ueg4g	Rell	���q�e	�ama<a	an-	�oNha--ioNid	����vd	�ssaoNiraq�4a-ir	�asin	u�Nval	
�rnoNl-d	Hersg	comgvd	an-	�entral	�i4h	�tlas	ueg4g	�llain	�onan	et	algd	����vg	�he	soNrce	
o3	 these	 se-iments	 aHHears	 to	 (e	 the	 �ntiq�tlasd	 ero-in4	 the	 (asement	 an-	 its	
Palaeozoic	coverg	

�g�g�g	�ate	�Nrassic	to	�arlT	�retaceoNs	sN(si-ence		

�esNlts	shoR	a	Ri-esHrea-	heatin4	event	startin4	in	the	�ate	�Nrassic	u3i4sg	�g��
d	�d	an-	
�vg	 �he	 �ntiq�tlas	 Ras	 comHletelT	 to	 HartiallT	 covere-	 (T	 se-imentsd	 Rhile	 the	
-eHocenter	o3	this	sN(si-ence	event	Ras	locate-	in	the	north	o3	the	central	�ntiq�tlas	
an-	Rest	o3	the	eastern	�ntiq�tlasg	�onsi-erin4	a	temHeratNre	4ra-ient	o3	��~�o<m	ucag	
avera4e	3or	Moroccoe	!arhloNled	����vd	Re	o(tain	a	-eHth	o3	cag	�q�	<m	to	(e	consistent	
Rith	 oNr	 resNltsg	 �onsi-erin4	 that	 the	 stN-ie-	 roc<s	 Rere	 at	 cag	 �	 <m	 -eHth	 in	 the	
HrevioNs	Herio-d	 the	se-iment	colNmn	shoNl-	have	(een	at	most	�	<m	 in	 the	central	
�ntiq�tlasg	 �Nrial	 4ra-ients	 are	 (etReen	 �g�	 an-	 �~�oMTrd	 Rhich	 translates	 into	 a	
sN(si-ence	rate	o3	NH	to	�g��	<moMTr	uNsin4	the	thermal	4ra-ient	o3	��~�o<mvg	

�he	sN(si-ence	o3	the	�ntiq�tlas	(asement	Ras	coeval	Rith	the	Hostqri3t	Hhase	o3	the	
�entral	�tlanticg	�he	increase	o3	sN(si-ence	toRar-s	the	central	-omain	resem(les	the	
evolNtion	o3	the	�i4h	�tlas	troN4hd	Rith	a	Mesozoic	-eHocenter	locate-	in	the	central	
Hart	o3	the	ri3t	sTstem	u�lloNz	et	algd	����e	�ar(ero	et	algd	����e	�oNiza	et	algd	����vg	�Niz	
et	 alg	 u����v	 HroHose-	 that	 a	 (asin	-eveloHe-	 in	 the	 late	 �arlT	 �retaceoNse	Rith	 the	
(asement	roc<s	locate-	at	��	<m	in	-eHth	ucag	��~�v	an-	Ras	also	HroHose-	in	HrevioNs	
stN-ies	u�NiraN-	et	algd	����e	�RezeTd	����e	�oNlaimani	et	algd	����vg		

�g�g�g	�ate	�arlT	�retaceoNs	to	Hresentq-aT	eShNmation	

�Nr	 samHles	 Tiel-e-	 �ate	 �retaceoNs	 �
�	 a4es	 in	 the	 central	 �ntiq�tlasd	 in	 line	Rith	
HrevioNs	Ror<s	ueg4g	MalNs#	et	algd	����e	�hor(ald	����vg	�his	imHlies	that	these	roc<s	
Rere	(Nrie-	-eeHer	than	elseRhere	in	the	(eltd	-Nrin4	the	�arlT	�retaceoNsd	as	aHatites	
o3	 these	 samHles	mNst	 have	 reqentere-	 the	 total	 annealin4	 zoneg	 �he	 tq�	mo-ellin4	
resNlts	shoR	that	a3ter	the	�ate	�Nrassicq�arlT	�retaceoNs	sN(si-ence	the	samHle-	�ntiq
�tlas	(asement	roc<s	Rere	eShNme-	u3i4sg	�g���	to	�vg		

�he	earlT	�ate	�retaceoNs	is	characterise-	(T	a	ma;or	trans4ression	an-	laste-	3rom	the	
�enomanian	 to	 the	�Nronian	 u�chlan4er	an-	 �en<Tnsd	����e	 �Pnin4	et	algd	 ����vg	�he	
Ri-esHrea-	occNrrence	o3	�enomanianq�Nronian	oNtcroHsd	reco4nise-	in	the	north	an-	
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soNth	 o3	 the	 eastern	 �ntiq�tlas	Rith	 similar	 3acies	 u�Nimer#	 et	 algd	 ����v	 an-	 in	 the	
�ar3aTad	�oNssd	an-	�Narzazate	(asins	are	evi-ences	o3	this	trans4ressiong	�he	thic<ness	
o3	the	�HHer	�retaceoNs	marine	se-iment	is	cag	�	<m	o33shore	�ar3aTa	u�avisond	����e	
Rell	���q�vd	less	than	�	<m	in	the	�Narzazate	an-	�oNss	(asin	uMissenar-d	����vd	an-	
the	 Palaeo4ene	 is	 lac<in4g	 �here3ored	 the	 thic<ness	 o3	 (oth	 series	 coNl-	 have	 (een	
4reaterg	�he	Hresence	o3	�enomanian	clastic	se-iments	in	the	�Nir	�ama-a	Ras	recentlT	
con3irme-	 (T	 eStensive	 Haleontolo4ical	 Ror<s	 ueg4g	 �enToNce3	 et	 algd	 ����d	 ����vg	
�aNroHo-	an-	�roco-ilian	ichno3acies	shoRe-	that	an	emer4e-	lan-	Ras	near(T	these	
se-imentsd	Rhich	accor-in4	to	oNr	mo-ellin4	resNltsd	Ras	the	�ntiq�tlasg	�here3ored	the	
(elt	Ras	sNrroNn-e-	(T	immerse-	areasg	�e	estimate	the	coolin4	rate	(etReen	�g�	an-	
�g�~�oMag	�his	is	an	or-er	o3	ma4nitN-e	loRer	than	the	HrevioNs	�Nrassic	eShNmationg	

�iven	 that	 at	 least	 tRo	 imHortant	 san-stone	 laTers	 are	 o(serve-	 throN4hoNt	 the	
Palaeozoic	 colNmn	 u3i4g	 �g�vd	 the	 se-iments	 resNltin4	 3rom	 the	 erosion	 o3	 �ntiq�tlas	
containd	a	priorid	aHatite	crTstalsg	3	(asement	roc<s	o3	the	�ntiq�tlas	an-	its	cover	Rere	
at	 the	 sNr3ace	 -Nrin4	 the	 Palaeo4eneo�eo4ened	 assNmin4	 the	 Resternd	 centrald	 an-	
eastern	�ntiq�tlas	as	Hotential	soNrcesd	the	relate-	terrestrial	se-iment	in	the	�ar3aTa	
(asin	RoNl-	have	aHatites	(earin4	�
�	a4es	o3	earlT	�ate	�retaceoNs	ucag	���q��	Mavd	as	
Rell	as	ol-er	�
�	a4es	ran4in4	3rom	cag	���	to	���	Ma	u3i4g	�g�vg	�ehrt	u����v	investi4ate-	
the	 north	 �ar3aTa	 (asin	 an-	 o(taine-	 seven	 �
�	 a4es	 ran4in4	 3rom	 ��g����g�	 to	
���g����g�	Ma	3or	Miocene	an-	Pliocene	san-stones	ucag	��d	���d	���d	���g�d	���d	���d	
an-	���	Mavg	�e	there3ore	sN(mit	that	the	entire	�ntiq�tlas	uRestern	an-	central	Harts	
at	 leastv	Ras	a	se-imentarT	soNrce	 3or	 the	�eo4ene	san-stones	o3	 the	north	�ar3aTa	
(asing		

�he	thic<ness	o3	missin4	se-iments	-eHosite-	(e3ore	the	onset	o3	the	Hlate	conver4ence	
in	the	north	central	�ntiq�tlas	is	cag	�	<mg	�he	thic<ness	o3	Precam(rianoPalaeozoic	roc<s	
remainin4	atoH	the	samHles	(T	the	en-	o3	the	Mi--le	�Nrassic	 is	cag	�	<mg	�nce	(oth	
thic<nesses	are	a--e-d	Re	sN44est	that	the	�ntiq�tlas	mNst	have	(een	eShNme-	(T	�	
<mg	�his	-oes	not	accoNnt	3or	sNr3ace	NHli3td	Rhich	has	to	(rin4	these	roc<s	at	cag	�g�	<m	
in	elevationg	�veralld	i3	the	�lHine	-e3ormation	is	mil-d	the	vertical	movements	occNrrin4	
-Nrin4	that	event	are	more	si4ni3icant	than	HrevioNslT	thoN4htg	
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�g�g	�onclNsions	

�he	analTtical	an-	nNmerical	analTses	o3	neR	�
�	an-	��e	a4es	she-	li4ht	on	the	�ntiq
�tlas	thermal	an-	4eolo4ical	evolNtiong	�he	samHle-	(asement	roc<s	Rere	atoclose	to	
the	 sNr3ace	 -Nrin4	 the	 en-	 o3	 the	 �eoHroterozoic	 to	 the	 �arlT	 �am(riang	 �heT	
Nn-erRent	(Nrial	an-	heatin4	-Ne	to	the	marine	an-	clastic	se-imentation	u�ntiq�tlas	
Palaeozoic	(asinv	Nntil	the	onset	o3	the	Variscan	oro4enTd	Rhich	resNlte-	in	shortenin4	
an-	3ol-in4	o3	the	Palaeozoic	seriesg	�he	Variscan	relie3	Ras	HeneHlaine-	Hrior	to	the	
�riassicg		

�he	acceleration	o3	the	eShNmation	occNrre-	near	the	�riassico�Nrassic	(oNn-arTg	�he	
HresentlT	eSHose-	(asement	roc<s	Rere	eShNme-	3rom	cag	�q��	<m	in	-eHthd	3rom	the	
en-	o3	the	�riassic	to	the	Mi--le	�Nrassicg	�he	Restern	termination	o3	the	eShNmation	
Ras	not	constraine-g	�oReverd	one	�
�	a4e	collecte-	3Nrther	 into	the	 interior	o3	 the	
�3rican	Hlate	sN44ests	that	the	eShNmation	eSten-e-	3arther	east	o3	the	�ntiq�tlasd	igeg	
����	<mg		

�he	Palaeozoic	cover	Ras	HartiallT	ero-e-d	in-icatin4	that	the	�ntiq�tlas	Ras	most	li<elT	
the	 soNrce	 o3	 terrestrial	 se-iments	 she-	 to	 sNrroNn-in4	 (asinsf	 �ar3aTa	
uonshoreoo33shorevd	 �oNsso�ssaoNiraq�4a-ird	 an-	 north	�Narzazateo�entral	 �i4h	�tlas	
(asinsg	�N(si-ence	starte-	in	the	�ntiq�tlas	at	the	en-	o3	the	�Nrassicd	an-	laste-	Nntil	
the	�arlT	�retaceoNsg	�he	-eHocentre	Ras	locate-	in	the	centre	an-	north	o3	the	eastern	
�ntiq�tlasd	 Rhere	 the	 �
�	 a4es	 Rere	 resetg	 �e	 estimate	 the	 thic<ness	 o3	 the	
se-imentarT	colNmn	to	(e	cag	�	<md	-ecreasin4	to	cag	�	<m	toRar-s	the	northqeastern	
an-	the	soNthqRestern	e-4es	o3	the	(eltg		

�he	�ntiq�tlas	samHles	Rere	eShNme-	3rom	the	late	�arlT	�retaceoNs	to	the	Hresentq
-aTd	 startin4	 aroNn-	 the	 (e4innin4	 o3	 Hlate	 conver4ence	 (etReen	 the	 �Nrasian	 an-	
�3rican	Hlatesg	�he	eShNmation	3irst	occNrre-	in	the	centre	o3	the	(elt	an-	reache-	the	
e-4es	 -Nrin4	 the	 �ate	 �retaceoNsg	 �he	 Restern	 an-	 central	 �ntiq�tlas	 Harts	 Rere	
soNrcin4	se-iments	-eHosite-	in	the	north	�ar3aTa	�asin	-Nrin4	the	�eo4eneg	
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�ontri(Ntionsf	Mohame-	�oNiza	 collecte-	 the	 samHlesd	 comHlete-	 the	analTsesd	 an-	
Her3orme-	 the	 nNmerical	 mo-ellin4g	 	 Her3orme-	 similar	 nNmerical	 mo-ellin4	 in	 an	
earlier	sta4e	o3	this	stN-T	an-	HarticiHate-	Rith	the	interHretation	o3	���	a4es	an-	tq�	
mo-ellin4	resNltsg	�ll	coqaNthors	o3	the	;oNrnal	article	HarticiHate-	in	the	interHretation	
o3	the	resNltsg		

�c<noRle-4ementsf	Mohame-	�oNiza	is	than<e-	3or	lea-in4	this	Ror<g	�evin	�is-om	is	
than<e-	 3or	 Hroo3rea-in4	 this	 chaHterg	 Pierreq�livier	 �rNna	 an-	�aHtiste	 �eHillier	 are	
than<e-	3or	Hroo3rea-in4	the	3i4Nres	an-	ta(lesg	MaS	�olic<i	 is	 than<e-	3or	-esi4nin4	
the	�ateS	co-e	Nse-	to	nicelT	Hlot	the	tq�	cNrvesg	�eo33reT	�Niz	an-	�0mi	�eHr1tre	are	
than<e-	3or	the	���	-iscNssionsg		

		





	

��	

��
�	INantitative	stN-T	o3	Postq

Variscan	vertical	movements	in	
Morocco	

	

�(stractf	�e	Nse	tq�	mo-ellin4	resNlts	3rom	Morocco	an-	its	sNrroNn-in4s	to	-e3ine	an-	
INanti3T	eShNmation	events	3rom	the	Permian	to	the	�eo4eneg	�i4h	-enN-ation	rates	
comHara(le	to	valNes	tTHical	o3	ri3t	3lan<d	-omal	or	strNctNral	NHli3ts	are	onlT	o(taine-	in	
the	�ntiq�tlas	u�g�	<moMTrv	-Nrin4	the	�arlT	to	Mi--le	�Nrassic	an-	in	the	�i4h	�tlas	u�g�	
<moMTrv	an-	�i3	uNH	to	�g�	<moMTrv	-Nrin4	the	�eo4eneg	�ShNmation	rates	3or	other	
Herio-s	in	the	Mesetad	�i4hq�tlasd	�ntiq�tlasd	an-	�e4Ni(at	shiel-	are	aroNn-	�g����g��	
<moMTrg	�e	then	Hresent	a	series	o3	eShNmation	maHs	3rom	Rhich	Re	eStract	erosion	
Hatterns	 an-	 volNmesg	 �stimates	 o3	 ero-e-	 volNmes	 3rom	 Permian	 onRar-s	 are	
(etReen	 cag	 ��S���	 an-	 �S���	 <m�	 in	 the	 �e4Ni(at	 �hiel-	 an-	Mesetad	 resHectivelTg	
Perio-s	 o3	 hi4h	 Hro-Nction	 o3	 se-iments	 in	 the	 investi4ate-	 soNrce	 areas	 are	 the	
Permiand	the	�Nrassicd	the	�arlT	�retaceoNs	u�erriasian	to	�arremianvd	an-	the	�eo4enegy	

	 	

																																																								
y	Parts	o3	this	chaHter	Rill	(e	sN(mitte-	to	�asin	researchf	�hartond	�gd	�ertottid	�gd	�tormsd	�g�g�gd	
an-	�e-3ernd	�gd	to	(e	sN(mitte-g	�ShNmation	rates	an-	volNmes	o3	ero-e-	material	lin<e-	to	the	
PostqVariscan	vertical	movements	in	Morocco	an-	sNrroNn-in4sg	
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�g�g	ntro-Nction	

�ontinental	 Hassive	 mar4insd	 esHeciallT	 in	 the	 �tlantic	 realmd	 are	 the	 locNs	 o3	 a	
si4ni3icant	 amoNnt	 o3	 stN-ies	 that	 evi-ence-	 NnHre-icte-	 Hreqd	 sTnqd	 an-	 Hostqri3t	
eHiso-ic	<mqscale	NHRar-	ueShNmationv	an-	-oRnRar-	usN(si-encev	movements	ueg4g	
�reen	et	algP	����vg	�hese	events	occNr	in	re4ions	characterise-	(T	(oth	stretche-	an-	
nonqstretche-	lithosHhered	-emonstratin4	that	other	Hrocessesd	eStrinsic	to	the	ri3tin4d	
are	at	Ror<g	�everal	aNthors	have	INalitativelT	 teste-	these	vertical	movements	Rith	
nNmerical	mo-els	 ueg4g	 �eroT	et	algP	 ����e	�oNizad	����e	 amato	et	algP	 ����vd	(Nt	 to	
(etter	constrain	these	mo-els	Re	still	 lac<	a	INanti3ication	o3	 these	movements	over	
4eolo4ical	time	an-	at	a	lar4e	scaleg		

�oRq�emHeratNre	 �hermochronolo4T	 u���v	 an-	 timeq�emHeratNre	 utq�v	 mo-ellin4	
stN-ies	 con-Ncte-	 in	 Morocco	 an-	 sNrroNn-in4s	 -ocNment	 <mqscale	 vertical	
movementsd	occNrrin4	 in	 the	Herio-	(etReen	 the	Variscan	an-	�tlas	oro4eniesyg	 �he	
�entral	�tlantic	ri3tin4	occNrre-	(etReen	the	�ate	�riassic	an-	the	�arlT	 �Nrassic	 ueg4g	
�a(ails	et	algP	����vg	�onseINentlTd	the	-ocNmente-	vertical	movements	are	la(elle-	as	
Hreqd	sTnqd	an-	Hostqri3t	<mqscale	eShNmation	an-	sN(si-ence	eHiso-esg	�ecaNse	the	���	
-ata	recor-	the	coolin4	o3	roc<	samHlesd	theT	are	lin<e-	to	thermal	relaSation	or	erosion	
uor	 -enN-atione	 eg4g	 Pa4eld	 ����vg	 �enced	 ���	 a4es	 are	 o(serve-	 shortlT	 a3ter	
ma4matism	eventsd	-Nrin4oa3ter	Hrocesses	 lin<e-	 to	 the	creation	o3	 toHo4raHhT	 ueg4g	
oro4eniesd	shoNl-er	NHli3td	thermal	-omin4vd	an-oor	-Nrin4	Hrocesses	enhancin4	erosion	
ueg4g	climatic	an-	sea	level	chan4esvg		

n	 Moroccod	 the	 lar4e	 ma;oritT	 o3	 the	 ���	 a4es	 Rere	 -escri(e-	 as	 resNltin4	 3rom	
kNneSHecte-l	 vertical	movements	 an-	 remain	 toq-ate	 eni4matic	 ueg4g	�hor(al	 et	 algP	
����vg	 �he	 tq�	 mo-ellin4	 stN-ies	 Nsin4	 the	 Hro-Nce-	 a4es	 as	 inHNts	 have	 3aile-	 to	
reconstrNct	 a	 NniINe	 timeqconstraine-	 4eolo4ical	 historT	 3or	 the	 Phanerozoic	 at	 the	
scale	o3	the	Moroccan	Hassive	mar4ing	nstea-	aNthors	o(taine-	contemHorarT	oHHosite	
vertical	movements	in	nei4h(oNrin4	areasg	�his	is	the	case	3or	instance	o3	the	�ntiq�tlas	
an-	 �i4h	 �tlasoMeseta	 massi3sd	 Rhich	 Rere	 soNrce	 areas	 at	 -i33erent	 times	 3or	 the	
terrestrial	material	-elivere-	to	coastal	(asins	ueg4g	�oNiza	et	algP	����avg	

Moreoverd	 the	 Rest	 Moroccan	 o33shore	 Mesozoic	 (asins	 have	 Hotential	 HetroleNm	
sTstems	 u�avisond	����vd	hoReverd	 to	-ate	hT-rocar(on	eSHloration	has	mostlT	(een	
NnsNccess3Nlg	 �o	 a--ress	 thisd	 HostqVariscan	 an-	 Hreq�tlas	 oro4enies	 soNrceqtoqsin<	
sTstems	nee-	to	(e	(etter	-e3ine-	an-	INanti3ie-g		

	

																																																								
y	Please	note	that	the	intro-Nction	o3	this	�hesis	uchaHter	�v	 inclN-es	the	4eolo4ical	historT	o3	
Moroccog	
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n	this	chaHterd	Re	INanti3T	the	Hreqd	sTnqd	an-	Hostqri3t	<mqscale	vertical	movements	
occNrrin4	since	the	en-	o3	Variscan	in	Morocco	an-	sNrroNn-in4sg	
irstd	Re	-i4itize	all	
availa(le	 tq�	mo-ellin4	 resNltsg	�e	 then	 convert	 these	 thermal	 evolNtions	 to	 vertical	
movements	 Rith	 4eolo4icallTqconstraine-	 4eotherms	 utemHeratNre	 to	 -eHth	
conversionvg	�his	alloRs	calcNlations	o3	-enN-ation	rates	3or	seven	Herio-sd	Rhich	are	
Hresente-	in	a	series	o3	interHolate-	contoNr	maHsg	
inallTd	Re	eStract	the	volNmes	o3	
ero-e-	material	an-	comHare	them	to	estimations	o3	-eHosite-	se-iments	alon4	the	
ri3te-	mar4in	o3	Moroccog	

�g�g	Vertical	movement	-ata(ases	

�g�g�g	���	-ata(ase	

�oRq�emHeratNre	 �hermochronolo4T	 u���v	 is	 a	 set	 o3	 Ri-elT	 Nse-	 chronoq
thermometersd	 Rhich	 alloR	 3or	 the	 reconstrNction	 o3	 the	 coolin4	 historT	 o3	 aHatite	
an-oor	zircon	(earin4	roc<s	ueg4g	�reen	et	algP	����e	
arleTd	����vg	n	Morocco	an-	its	
sNrroNn-in4sd	at	least	��	���	stN-ies	Rere	con-Ncte-	an-	HN(lishe-	uor	sN(mitte-v	in	
the	last	��	Tears	uta(le	�g�vg	�his	alloRs	3or	the	-eveloHment	o3	an	eStensive	-ata(ase	
o3	 ���	 u�q�hvo�e	 a4es	 3rom	 aHatite	 crTstals	 u��ev	 oNt	 o3	 ���	 samHlesd	 ���	 �Hatite	

ission	 �rac<	 u�
�v	 a4esd	 ���	 u�q�hvo�e	 a4es	 3rom	 zircon	 crTstals	 u!�ev	 oNt	 o3	 ��	
samHlesd	an-	��	!ircon	
ission	�rac<	u!
�v	a4esg	�he	sHatial	-istri(Ntion	o3	the	samHles	
u3i4g	 �g�v	 hi4hlT	 -eHen-s	 on	 the	 litholo4T	 o3	 consi-ere-	 areasd	 as	 roc<	 samHles	mNst	
contain	either	aHatite	or	zircon	crTstalsg	
or	 this	 reasond	onlT	Precam(rian	crTstalline	
(asement	roc<sd	metaqHsammites	Rithin	the	otherRise	marine	metaqHellite	-ominate-	
Palaeozoic	colNmnd	Mesoq�enozoic	clastic	se-imentsd	an-	-T<esosills	o3	all	a4es	coNl-	(e	
analTse-	3or	���	in	Moroccog	

Pro-Nce-	��ed	�
�d	!�ed	an-	!
�	a4es	uta(le	�g�v	are	(etReen	�	an-	���	Mad	�	an-	���	
Mad	��	an-	����	Mad	an-	��g�	an-	���	Mad	resHectivelT	unNll	a4es	Rere	Hro-Nce-	3rom	
(orehole	samHlesvg	�he	analTse-	samHles	3or	3ission	trac<s	o33er	one	Hoolq	or	centralq
a4ed	Rhereas	3or	the	u�eq�vo�h	sTstem	NH	to	ten	a4es	are	Hro-Nce-	3or	each	consi-ere-	
samHlesg	 
or	 the	 latter	 sTstemd	 a	 me-ian	 a4e	 is	 calcNlate-g	 Me-ian	 ��e	 a4es	 are	
(etReen	�	an-	���	Ma	an-	me-ian	!�e	a4es	are	(etReen	��g�	an-	���	Ma	uta(le	�g�vg		
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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	 ali8uots	 (crystals)	 and	 n:	 �umber	 of	 roc/	 samples	
(aA
eq529Q	 nA
eq15cQ	 nA�Tq312Q	 a�
eq225Q	 n�
eq66Q	 n��Tq59Q	 total	 t-T	 q	 117).	 PN:	
PrecambrianP	 Pal:	 PalaeozoicP	Meso:	MesozoicP	 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.d	2c16.	^^^Other	modelling	results	are	availableP	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).	

�g�g�g	tq�	mo-ellin4	-ata(ase	

���	stN-ies	o3ten	Nse	the	Hro-Nce-	coolin4	a4es	an-	3ission	trac<	-ensitT	an-	len4th	as	
inHNts	 3or	 tq�	 inverse	mo-ellin4	 ueg4g	 Pa4eld	 ����vg	 �Nch	mo-ellin4	 alloRs	 3or	 testin4	
several	tq�	Haths	(T	4Ni-in4	the	mo-el	realisations	Rith	Nserq-e3ine-	constraintsg	�he	
metho-	 Hrovi-es	 a	 comHrehensive	 reHresentation	 o3	 the	 tq�	 Hath	 o3	 the	 analTse-	
samHled	hi4hli4htin4	coolin4	an-	heatin4	eventusvg		


rom	the	��	���	stN-ies	consi-ere-	in	the	Hresent	stN-Td	��	Her3orme-	tq�	mo-ellin4	
usee	aHHen-iS	3or	-etailsvd	resNltin4	in	���	tq�	mo-els	u3i4g	�g�vg	�he	Hro4rams	that	Rere	
Nse-	in	these	stN-ies	3or	the	inverse	mo-ellin4	o3	���	-ata	are	�e
�T	u�etchamd	����vd	
�
�	�olve	u�etcham	et	algP	����vd	an-	���t	u�alla4herd	����vg	�ee	Vermeesch	an-	�ian	
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� 	an-	���t	so3tRaresg	�he	oNtHNts	are	 iacceHta(lejd	
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i4oo-jd	 i(estq3itjd	 an-	 iRei4hte-	 avera4ej	 Haths	 3or	 �e
�To�
��olve	 or	 iHro(a(ilitTj	
ran4ed	imaSimNm	li<elihoo-j	an-	ieSHecte-j	Haths	3or	���tg	�e	-i4itize-	the	Rei4hte-	
avera4eoeSHecte-	cNrves	Rhen	availa(le	u3i4g	�g�e	else	the	(estq3itomaSimNm	li<elihoo-	
cNrvesv	Nsin4	�e(Plot�i4itizeryg	

�he	 conclNsion	 that	 Ras	 reache-	 in	 nearlT	 all	 tq�	 stN-ies	 Ras	 that	 the	 consi-ere-	
samHlesd	 Rith	 coolin4	 a4es	 ToNn4er	 than	 their	 strati4raHhic	 a4esd	 recor-e-	 vertical	
movementsg	 �his	 means	 that	 coolin4	 an-	 heatin4	 events	 can	 (e	 translate-	 to	
eShNmation	an-	sN(si-enced	resHectivelTg	�he	eSceHtions	to	this	4eneral	conclNsion	are	
the	resNlts	3rom	samHles	collecte-	in	the	�anarT	slan-s	u�iH3	et	algP	����v	an-	in	the	
�iroNa	massi3	ueg4g	�hor(ald	����vd	3or	Rhich	a	�enozoic	thermal	event	 is	assNme-	to	
reset	the	���	a4esg		

�g�g�g	tq�	mo-ellin4	4eolo4ical	constraints		

�he	eSternal	4eolo4ical	constraints	a--e-	to	tq�	mo-ellin4	(etReen	���	an-	�	Ma	are	
revieRe-	in	this	sectiong	n	the	stN-T	aread	tRo	tTHes	o3	4eolo4ical	constraints	are	Nse-f	
�v	 Rhere	 se-iments	 are	 overlTin4	 the	 samHle-	 (asementd	 a	 constraint	 is	 a--e-	 at	
sNr3ace	 temHeratNres	 ucag	��q��°�v	 3or	 the	 time	o3	-eHositione	�v	Rhere	 the	a4e	an-	
temHeratNres	 o3	 the	 emHlacement	 or	metamorHhism	 o3	 the	 samHle-	 (asement	 are	
<noRnd	 a	 corresHon-in4	 constraint	 is	 imHlemente-g	 n	 the	 case	 o3	 -etrital	
thermochronolo4Td	 the	 strati4raHhic	 a4e	 o3	 the	 samHle-	 se-iments	 is	 Nse-	 as	 a	
constraintd	Rhich	is	a	similar	aHHroach	to	the	3irst	tTHeg	 

n	the	�i3	(eltd	Pliocene	se-iments	an-	Miocene	���ro���r	an-	�q�r	ra-iometric	-atin4	
Rere	Nse-	as	4eolo4ical	constraints	u�oma4nT	et	algd	����e	�z-imoNsa	et	algd	����vg	n	
the	Mesetad	 constraints	 (ase-	 on	 the	 Variscan	 4ranite	 emHlacements	 an-	 Permiand	
�riassicd	an-	�enomanian	se-imentarT	recor-s	in	the	(asins	sNrroNn-in4s	the	Variscan	
massi3s	Rere	 a--e-	 to	 the	 tq�	mo-ellin4	 u�a--iIi	 et	 algd	 ����e	 �hor(al	 et	 algd	 ����e	
�ar(ero	 et	 algd	 ����vg	 n	 the	 Variscan	�i4h	 �tlas	 uMassi3	 �ncienvd	 �riassic	 an-	 HoorlT	
-ate-	 �arlT	 �retaceoNs	 se-iments	 overlTin4	 Precam(rian	 (asement	 roc<s	 alloRe-	
aNthors	to	a--	relate-	constraints	to	the	mo-els	u�hor(ald	����e	�alestrieri	et	al	����e	
�ar(ero	et	algd	����e	�omenech	et	algd	����vg	 n	the	�entral	�ntiq�tlasd	emHlacement	
-ata	3rom	the	�Nrassic	intrNsive	roc<s	serve-	as	a	constraint	u�ar(ero	et	algd	����vg	n	the	
�ar3aTa	 (asind	 �ehrt	 et	 alg	 u����(v	 Nse-	 the	 �Htian	 an-	 �l(ian	 strati4raHhic	 a4e	 o3	
samHle-	se-iments	3or	the	tq�	mo-ellin4g		

																																																								
y	�n<it	�ohat4i	uhttHsfooaNtomerisgioo�e(Plot�i4itizerov	
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�igure	 4.2.	 �igitized	 t-T	 modelling	 ?eighted	 averagesP	 best-fit	 curvesP	 and	 acceptable	
envelops	(grey	area)	for	
e�Ty	results	or	expected	curvesP	maximum	li/elihood	curves	and	
limits	of	2L	confidence	 level	 (grey	area)	 for	�T�t	 results	 (see	 references	 in	 table	4.1).	 t-T	
results	for	borehole	samples	from	Sehrt	(2c14)P	as	?ell	as	results	from	El	
aimer	(2c14)	and	
�arbero	et	al.	(2cc7)P	for	?hich	only	envelopes	?ere	publishedP	are	not	digitized.	
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n	 the	 �e4Ni(at	 �hiel-d	 a	 constraint	 at	 sNr3ace	 temHeratNres	 Ras	 -e3ine-	 3or	 the	
�arlToMi--le	�retaceoNsd	as	se-iments	uHoorlT	-ate-v	are	eSHose-	in	the	�ar3aTa	an-	
�in-oN3	(asins	u�eHr1tre	et	algP	����e	����e	����vg	n	the	eastern	�e4Ni(at	�hiel-d	the	
HoorlT	 -ate-	 �HHer	 �retaceoNs	 se-iments	 o3	 the	 �e44ane	 (asin	 Rere	 Nse-	 as	 a	
constraint	u�eHr1tre	et	algP	����vg	�veralld	these	stN-ies	Nse-	the	4eolo4ical	constraints	
3airlT	consistentlTg	�oReverd	the	tq�	mo-els	o3	the	�ntiq�tlas	shoR	ma;or	-iscreHancies	
u�oNiza	et	algP	����ae	 3i4g	�g��vg	�ne	o3	 the	asHects	o3	 the	mo-ellin4d	 to	Rhich	 these	
-iscreHancies	 can	 (e	 attri(Nte-d	 is	 the	 Nse	 o3	 -i33erent	 4eolo4ical	 constraintsg	 �he	
Variscan	metamorHhism	u�Niz	et	algP	����e	�harton	et	algP	����e	MalNs#	et	algP	����v	an-	
the	emHlacement	o3	the	��MP	-T<es	u�oNiza	et	algd	����av	Rere	Nse-	as	constraintsg	
�he	 �riassic	 se-iments	 in	 the	 north	 o3	 the	 (elt	 u�hor(ald	 ����vd	 Mi--le	 �Nrassic	
se-iments	u�harton	et	algP	����vd	HoorlT	-ate-	terrestrial	n3raq�enomanian	se-iments	
in	the	Resternd	centrald	an-	eastern	�ntiq�tlas	ueg4g	�Niz	et	algP	����e	�N<assoN	et	algP	
����v	 an-	 �enomanian	 3lNvial	 se-iments	 overlTin4	 the	 Variscan	 (asement	 on	 the	
eastern	 �ntiq�tlas	 u�oNiza	 et	 algP	 ����av	 Rere	 Nse-	 as	 evi-ences	 o3	 the	 HresentlT	
oNtcroHHin4	�ntiq�tlas	(asement	roc<s	(ein4	close	to	sNr3ace	temHeratNresg	

�esHite	the	classical	Nse	o3	an	�arlT	�retaceoNs	mo-ellin4	constraint	in	Moroccod	less	
an-	less	o3	the	�oRer	�retaceoNs	terrestrial	(e-s	are	still	consi-ere-	as	sNch	aroNn-	the	
�ntiq�tlas	urevieRe-	in	�oNiza	et	algd	����ae	�harton	et	alP	2c18vg	n	the	eastern	Hart	o3	
the	(eltd	 the	eStensive	Haleontolo4ical	Ror<	con-Ncte-	 (T	�enToNce3	an-	coqaNthors	
shoRe-	that	the	re-	(e-s	are	�enomanian	ueg4g	�enToNce3	et	algP	����vg	n	the	central	
�ntiq�tlasd	no	recent	stN-T	on	the	local	Nn-i33erentiate-	clastics	has	(een	con-Ncte-d	
(Nt	 the	 onlT	 time	 constraint	 is	 the	 �enomanian	 limestones	 Hositione-	 a(ove	 in	 the	
strati4raHhic	colNmn	ueg4g	
etah	et	algP	����vg	�he	clastics	coNl-	hence	(e	�enomanian	
in	a4ed	similarlT	to	the	eastern	�ntiq�tlasg	
inallTd	 in	the	Restern	�ntiq�tlasd	�rante4Ni	
u����v	shoRs	Rith	neR	(iostrati4raHhT	control	that	the	local	re-(e-sd	also	maHHe-	as	
�oRer	 �retaceoNsd	 are	 in	 3act	 �athonian	 uMi--le	 �Nrassicv	 or	 ol-erg	 �veralld	 this	
invali-ates	the	Nse	o3	an	�arlT	�retaceoNs	constraint	4Ni-in4	(asement	roc<s	o3	the	�ntiq
�tlas	 close	 to	 sNr3ace	 temHeratNresg	 n	 this	 �hesisd	Re	 consi-er	 the	 other	mo-ellin4	
constraints	Nse-	in	�ntiq�tlas	as	vali-g	

�g�g	�ShNmation	an-	sN(si-ence	rates	

�g�g�g	tq�	resNlt	selection	an-	-eHth	conversion	

n	or-er	to	INanti3T	volNmes	o3	ero-e-	material	on	the	toH	o3	the	HresentlT	eSHose-	
roc<s	in	the	stN-T	aread	Re	aHHlT	a	temHeratNreqtoq-eHth	conversiong	�e	aHHlie-	3ive	
con-itions	to	select	reHresentative	an-	vali-	tq�	cNrvesd	resNltin4	in	a	total	o3	��	selecte-	
tq�	 cNrves	 u-etaile-	 in	 ta(le	 �g�vg	�e	 consi-er	 that	mo-ellin4	 resNlts	 have	 to	 iv	 start	
(e3ore	��	Ma	ua(oNt	the	size	o3	ToNn4est	consi-ere-	Herio-vd	iiv	(e	(ase-	on	�e
tTd	�
�	
solve	or	���t	resNltsd	iiiv	i3	-i33erent	mo-els	Nsin4	the	same	���	-ata	eSistd	(e	3rom	the	
most	recent	realizations	ueg4g	in	�eHr1tre	et	algd	����	an-	�eHr1tred	����vd	ivv	shoNl-	(e	
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(ase-	on	one	samHle	an-	not	several	as	3or	vertical	Hro3iles	u;Nsti3ie-	(T	the	3act	that	Re	
are	 intereste-	 in	HNnctNal	measNrementsvd	 an-	 vv	 (e	 comHati(le	Rith	 the	 4eolo4ical	
historT	o3	each	re4ion	as	-iscNsse-	in	the	HrevioNs	Hartg		

	
�igure	 4.3.	 Geothermal	 gradients	 used	 for	 the	 depth	 conversion	 of	 the	 t-T	 curves.	
Geotherms:	 Geothermal	 gradients	 documented	 in	 literatureP	 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	 temHeratNreqtoq-eHth	 conversion	 u3i4g	 �g�vd	 Re	 Nse	 three	 -i33erent	
4eotherms	 (ase-	 on	 the	 location	 o3	 the	 selecte-	 tq�	 cNrves	 u3i4g	 �g�v	 an-	 <eeH	 the	
sNr3ace	temHeratNre	constant	at	��~�g	�he	consi-ere-	4eothermal	4ra-ients	are	(ase-	
on	several	stN-iesd	Rhich	serve	as	analo4Ne	3or	Hast	4eo-Tnamic	settin4	 in	Moroccog	
�Nth	an-	�illin4sho3er	u����e	a3ter	several	aNthorsv	o(taine-	4eothermal	4ra-ients	o3	
��q��~�o<m	 3or	 the	 �lHsg	 �ccor-in4	 to	 these	 valNesd	 Re	 consi-ere-	 a	 4eotherm	 o3	
��~�o<m	3or	the	Variscan	oro4enTg	�he	4eotherm	in	the	ri3t	zone	o3	the	�ast	�3rican	�i3t	
sTstem	is	cag	��~�o<m	uvan	-er	�ee<	et	algP	����v	an-	(etReen	��	an-	��~�o<m	in	the	
�io	�an-e	�i3t	u�ri-Relld	����vg	�e	consi-er	a	4eotherm	o3	��~�o<m	as	reHresentative	
3or	the	�i4h	�tlas	�i3t	zoneg	�he	3lan<s	o3	the	�ast	�3rican	�i3t	sTstems	-isHlaT	4eothermal	
4ra-ients	(etReen	��	an-	��~�o<m	uvan	-er	�ee<	et	algP	����v	an-	Re	Nse	��g�~�o<m	as	
an	analo4Ne	3or	the	�entral	�tlantico�i4h	�tlas	ri3t	3lan<sg	
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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	
2cMaP	ii)	be	based	on	
e�tyP	A�T	solve	or	�T�t	resultsP	iii)	for	different	models	based	on	the	same	
LTT	dataP	be	from	the	most	recent	and	published	realisationsP	iv)	should	be	based	on	one	sample	
(as	opposed	to	vertical	profiles)P	and	v)	be	compatible	?ith	the	geological	evidences	discussed	in	
the	text.		

�astlTd	!arhloNle	u����v	o(taine-	Hresentq-aT	valNes	3rom	Moroccan	Passive	mar4in	o3	
��	 to	 ��~�o<mg	 �s	 an	 analo4Ne	 3or	 the	 Hostqri3t	Moroccan	 Hassive	mar4in	 at	 ��	Ma	
umatNre	Hassive	mar4inv	an-	 3or	 intraqcontinental	-omain	o3	 the	�e4Ni(at	�hiel-d	Re	
consi-ere-	 a	 4eotherm	 o3	 ��~�o<mg	 �he	 selecte-	 4eotherms	 ta<e	 into	 accoNnt	 the	
thermal	relaSation	that	3olloRs	a3ter	the	ri3tqrelate-	heatin4	Hhaseg	

�o	 INanti3T	 a	 -eHth	 ran4e	 in	 the	 temHeratNreqtoq-eHth	 conversiond	 Re	 Nse-	 tRo	
constant	4eotherms	o3	��	an-	��~�o<mg	�oth	valNes	are	realisticd	4iven	the	Hresent	-aT	
valNes	o3	4eothermal	4ra-ients	in	Morocco	an-	o3	the	Nse-	analo4Nesg	�he	loR	an-	hi4h	
constant	4eotherms	aHHlie-	to	the	-i4itize-	temHeratNre	ran4es	Tiel-	the	maSimNm	an-	
minimNm	-eHthsd	resHectivelT	u-ashe-	linese	3i4g	�g�vg	

	

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	4.2P	assuming	the	
geothermal	gradient	evolving	as	on	figure	4.3	and	assuming	a	surface	temperature	of	2caC.	
The	bold	lines	are	used	for	vertical	movement	rates	calculationsQ	non-selected	curves	in	the	
bac/ground	 ?ere	 also	 converted	 to	 depthQ	 conditions	 for	 selection	 are	 in	 table	 4.2.	 The	
upper	 and	 lo?er	 limits	 (thic/	 dashed	 lines)	 are	 calculated	 ?ith	 a	 geotherm	 of	 4c	 and	
2caCX/mP	respectively.	 	
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�g�g�g	Vertical	movement	rates		

�he	vertical	movements	an-	their	rates	-ocNmente-	(T	the	analTze-	samHles	can	(e	
INanti3ie-	3rom	the	-eHthqconverte-	cNrves	u3i4g	�g�vg	�hNsd	eShNmation	an-	sN(si-ence	
rates	u<moMTrv	Rere	calcNlate-g	�e	-e3ine	seven	Herio-s	o3	time	3or	these	calcNlations	
uHerio-s	a	to	gvd	resNltin4	in	seven	vertical	movement	rates	3or	each	cNrves	u3i4sg	�g�	an-	
�g�vf	Permian	uae	���q���Mavd	�riassic	ube	���q���Mavd	�arlT	to	Mi--le	�Nrassic	uce	���q
���Mavd	�ate	�Nrassic	to	�arlT	�retaceoNs	ude	���q���Mavd	�retaceoNs	uee	���q��Mavd	
Palaeo4ene	 ufe	 ��q��Mavd	 an-	 �eo4ene	 uge	 ��q�Mavg	 �he	 calcNlate-	 sN(si-ence	 an-	
eShNmation	 rates	 ran4e	 3rom	 q�g��	 to	 �g��	 <moMTrg	 
i4Nres	 �g�	 an-	 �g�	 shoR	 the	
calcNlate-	motion	rates	Rith	a	sHatial	or	temHoral	horizontal	aSesd	resHectivelTg	n	the	
3olloRin4d	Re	-escri(e	the	evolNtion	o3	the	rates	as	illNstrate-	(T	3i4Nre	�g�g	

	
�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	4	span	bet?een	3cc	and	c	Ma.	The	combined	error	bars	are	extracted	
from	the	results	of	rate	calculations	using	a	constant	geotherm	of	2caCX/m	and	a	surface	
temperature	of	 2caC.	Mes:	MesetaQ	
A:	
igh	AtlasQ	 AA:	Anti-AtlasQ	C�:	 Coastal	Mesozoic	
basinsQ	�S:	�eguibat	Shield.	�orth	and	South	are	only	mar/ed	for	period	4	because	Morocco	
has	been	significantly	rotated	since	the	Permian	(e.g.	ScoteseP	2c12).	

�Nrin4	 the	Permian	 uHerio-	avd	 samHle-	(asements	 in	 the	Meseta	an-	 the	�ntiq�tlas	
Rere	stron4lT	eShNme-	u�	 to	�g��	<moMTrvd	Rhile	 those	o3	 the	�e4Ni(at	�hiel-	Rere	
sta(le	ucag	q�g��	<moMTrvg	�Nrin4	the	�riassic	uHerio-	bvd	the	eShNmation	in	the	Meseta	
an-	the	�ntiq�tlas	sloRs	-oRn	u�g��	to	�g��	<moMTrvg	�he	�i4h	�tlas	an-	most	o3	the	
Meseta	an-	�e4Ni(at	samHles	are	sN(si-in4	u�	to	q�g��	<moMTrvg	n	the	�arlT	to	Mi--le	
�Nrassic	 uHerio-	cvd	 the	HresentlT	eSHose-	Variscan	 roc<s	o3	 the	�ntiq�tlas	are	4reatlT	
eShNme-	 u�	 to	 �g��	 <moMTrvg	 
or	 this	 re4iond	 Re	 o(serve	 an	 acceleration	 o3	 the	
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eShNmation	 3rom	 the	 �riassic	 to	 the	 �Nrassic	 Rith	 the	 hi4hest	 rates	 recor-e-	 in	 the	
Mesozoicg	 �oncomitantlTd	 the	 sNrroNn-in4	 massi3s	 o3	 the	 �ntiq�tlas	 Rere	 mostlT	
sN(si-in4	in	the	north	u�	to	q�g��	<moMTrvd	an-	mil-lT	eShNmin4	in	the	soNth	u�	to	�g��	
<moMTrvg	�he	�ate	�Nrassic	to	�arlT	�retaceoNs	Herio-	udv	is	mar<e-	(T	the	sN(si-ence	
o3	the	�ntiq�tlas	u�	to	q�g��	<moMTrvd	Rhereas	the	samHle-	(asement	o3	the	Mesetad	
the	 �e4Ni(at	 shiel-d	 an-	 the	 �i4h	 �tlas	 to	 some	 eStentd	 Rere	 eShNmin4	 u�	 to	 �g��	
<moMTrvg	�Nrin4	 the	�retaceoNs	 uHerio-	evd	 the	eShNmation	 in	 the	Mesetad	 the	�i4h	
�tlasd	an-	the	�e4Ni(at	�hiel-	re4ions	sloRs	-oRnd	an-	all	areas	are	rather	sta(le	uRea<	
eShNmation	an-	sN(si-encev	Rith	motion	rates	(etReen	cag	�g��	an-	q�g��	<moMTrg	�he	
eShNmation	is	reneRe-	in	the	�ntiq�tlas	-Nrin4	the	Palaeo4ene	uHerio-	fe	�g��	to	�g��	
<moMTrvd	Rhile	other	areas	remain	characterise-	(T	eShNmin4	an-	sN(si-in4	-omainsg	

inallTd	 the	 �eo4ene	 u4v	 Herio-	 Ras	 characterise-	 (T	 eShNmation	 Rith	 a	 si4ni3icant	
acceleration	tren-e	4enerallTd	(eloR	�g��	<moMTrd	theT	reach	�g��	<moMTr	in	the	�i4h	
�tlas	an-	�g��<moMTr	in	the	�i3	(eltg		

	

	
�igure	4.6.	Evolution	of	the	calculated	exhumation	and	subsidence	rates	of	basement	roc/s	
for	the	last	3cc	Ma	in	the	A)	MesetaP	�)	
igh	AtlasP	C)	Anti-AtlasP	and	�)	�eguibat	Shield.	
Periods	as	defined	in	the	text	and	rates	as	presented	in	figure	4.5.	
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�g�g	�ShNmation	maHs	an-	ero-e-	material	3lNSes	

n	the	3olloRin4	sectiond	Re	estimate	the	volNmes	o3	material	that	have	(een	remove-	
throN4h	 timeg	�e	 3irst	 (Nil-	 seven	 eShNmation	maHs	 u3i4g	 �g�vd	 Nsin4	 the	 calcNlate-	
sN(si-enceoeShNmation	rates	as	recor-e-	(T	���g	�e	also	ta<e	into	accoNnt	simHli3ie-	
strati4raHhT	colNmns	o3	 the	Permian	 to	�eo4ene	onshore	an-	o33shore	(asins	 in	 the	
stN-T	area	u3i4g	�g�vg	�e	then	calcNlate	volNmes	o3	material	remove-	Her	million	Tearsd	
3rom	these	maHs	3or	the	consi-ere-	re4ions	o3	Morocco	an-	sNrroNn-in4sg	

�g�g�g	nterHolation	o3	the	eShNmation	rates	an-	limitations	

�ata	Hoints	3or	o3	the	eShNmation	maHs	consist	o3	the	eShNmation	an-	sN(si-ence	rates	
calcNlate-	 a(ove	 Rith	 varia(le	 4eothermsg	 
or	 the	 comHNtation	 o3	 ran4es	 o3	 the	
volNmesd	Re	Nse	rates	o(taine-	3rom	the	temHeratNre	ran4es	converte-	to	-eHth	Rith	
constant	4eothermsg		

�e	a--e-	sTnthetic	Hoints	on	the	(asis	o3	the	strati4raHhT	colNmnsd	Rhich	are	comHile-	
in	3i4Nre	�g�g	
or	each	Hreserve-	se-imentarT	(asind	NH	to	3oNr	Hoints	Rere	create-g	3	
se-iments	Rere	-eHosite-	-Nrin4	one	o3	the	selecte-	Herio-s	an-	are	still	Hreserve-	in	
a	(asind	Re	attri(Nte	a	rate	o3	q�g���	<moMTr	to	all	the	sTnthetic	Hoints	o3	this	(asing	
�hen	se-iments	are	not	recor-e-	in	a	(asind	(ecaNse	theT	Rere	not	-eHosite-	or	not	
Hreserve-d	Re	attri(Nte	to	sTnthetic	Hoints	a	rate	o3	�	<moMTrg		

�he	�ontinentalq�cean	�oNn-arT	u���e	Miles	et	algd	����v	is	imHlemente-	as	a	line	an-	
is	Nse-	to	Tiel-	sTnthetic	eShNmationosN(si-ence	ratesg	�e3ore	the	�Nrassicd	the	���	has	
not	Tet	(een	create-	in	Moroccog	�evethelessd	3or	the	Permian	an-	�riassic	uHerio-s	a	
an-	 bvd	 Re	 consi-er	 a	 similar	 Hosition	 3or	 the	 line	 to	 Tiel-	 sTnthetic	 ratesg	 
or	 the	
Permiand	the	���	line	is	attri(Nte-	an	eShNmation	rate	o3	�g�	<moMTrg	�his	is	to	accoNnt	
3or	 the	 collaHse	 uHeneHlainv	 o3	 the	Variscan	 chaind	Rhich	 is	 -ocNmente-	 in	Morocco	
(etReen	the	�ar(oni3eroNs	an-	the	�riassic	ueg4g	Michar-	et	algP	����vg	�ShNmation	rates	
-Nrin4	Hostqoro4enic	collaHses	have	(een	Nse-	or	-ocNmente-	(etReen	�g��	an-	�g�	
<moMTr	ueg4g	�li3t	et	algP	����e	Mazzoli	et	algP	����e	�asini	et	algP	����vg	�e	consi-er	in	
this	stN-T	a	loRer	eShNmation	rate	o3	�g�	<moMTrd	comHara(le	to	the	hi4hest	rate	Re	
calcNlate-	 3or	 the	 Permian	 uHerio-	 avg	 
rom	 �riassic	 onRar-s	 uHerio-s	 b	 to	 gvd	 Re	
attri(Nte-	to	the	���	line	a	sN(si-ence	rate	loRer	than	q�g��	<moMTr	uq�g���	<moMTrvg	
�his	 is	 eINivalent	 to	 a--in4	 manT	 sTnthetic	 Hoints	 Rith	 sN(si-in4	 ratesd	 as	 a(oveq
-e3ine-d	in	the	sloHe	or	(asinal	-omainsg		
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�igure	4.7.	Simplified	stratigraphic	columns.	The	hatched	parts	highlight	continental	facies	
andXor	 coarse	 to	 very	 coarse	 deposits.	 �elo?	 uncoformity	 surfaces	 are	 the	 name	 of	 the	
corresponding	 VariscanXPrecambrian	 basement	 (MS:	 MesetaP	 
A:	 
igh	 AtlasP	 AA:	 Anti-
AtlasP	and	�S:	�eguibat	shield	basements).	The	seven	selected	periods	(a	to	4)	are	sho?n	on	
the	left.	^Late	Cretaceous	in	the	Tindouf	basin	is	present	in	the	eastern	and	?estern	partsP	
but	not	in	its	central	part	(
ollard	et	al.d	1985).	
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or	 the	 interHolation	 o3	 the	 eShNmation	 uan-	 sN(si-encev	 ratesd	Re	 Nse	 the	 nearest	
nei4h(oNr	al4orithm	uavaila(le	in	�Nr3er	version	�e	�ol-en	�o3tRared	ncgvg	�his	al4orithm	
is	 simHle	 to	 imHlementd	 its	 interHolation	 4ri-	 can	 (e	 eSten-e-	 to	 the	 stN-T	 area	
comHletelTd	an-	alloRs	3or	the	imHlementation	o3	3aNltsg	�he	interHolation	4ri-	eSten-s	
3rom	�	to	q��~�	an-	��	to	��~�	u���S���	lines	Rith	3iSe-	sHacin4v	an-	en-s	at	the	���	
in	the	Restg	
or	the	�riassicd	Palaeo4ened	an-	�eo4ened	the	�tlas	sTstem	3aNlts	are	a--e-	
as	(oNn-ariesg		

�he	�earest	�ei4h(or	is	3airlT	simHled	(Nt	as	sNch	it	has	some	limitationsg	
or	instanced	
this	al4orithm	4ives	(etter	resNlts	Rith	re4NlarlT	sHace-	-ata	Hointsg	n	a--itiond	it	-oes	
not	 eStraHolate	 the	 rates	 a(ove	 an-	 (eloR	 their	 valNesg	 �he	 interHolate-	 rates	 are	
calcNlate-	3rom	the	closest	-ataosTnthetic	Hointsg	�hen	locate-	eSactlT	in	the	mi--le	
(etReen	tRo	Hointsd	the	loRest	valNe	Rill	(e	attri(Nte-	to	the	interHolate-	ratesd	Rhich	
is	most	li<elT	resHonsi(le	3or	arte3acts	o(serve-	in	the	maHs	u3i4g	�g�vg	�hese	arte3acts	
are	eSHresse-	as	areas	Rith	imHortant	chan4es	o3	rates	over	short	-istancesg		
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�igure	4.8.	Exhumation	maps	for	the	seven	selected	periods	(aqc	on	this	page	and	-q4	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	t	-c.c11	/mXMyrP	a	
stable	 domain	 characterised	 by	 rates	 bet?een	 -c.c1	 and	 c.c1P	 and	 an	 exhuming	 domain	
?ith	 rates	 u	 c.c11	 /mXMyr.	 �ote	 that	 the	 ?estern	 boundary	 is	 the	 Continent-Ocean	
�oundary	(CO�).		

(c) E. / M.Jurassic
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(b) Triassic
(252-201Ma)

(a) Permian
(299-252Ma)
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�igure	4.8.	(continued)		
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�g�g�g	�ro-e-	material	3lNSes	an-	associate-	Nncertainties	

VolNme	 calcNlations	 o3	 ero-e-	material	 Her	million	 Tears	 u<m�oMTre	 ero-e-	material	
3lNSv	are	Her3orme-	Rith	�Nr3er	so3tRare	(etReen	the	interHolate-	sNr3ace	an-	a	Hlane	
characterise-	(T	a	nNll	motion	rate	u�	<moMTrvg	�he	ero-e-	material	3lNSes	comHNte-	
here	are	an	estimation	o3	the	amoNnt	o3	ero-e-	material	Her	million	Tearsd	a(ove	the	
samHles	eSHose-	at	the	sNr3ace	to-aTg	�heT	are	hoRever	not	se-iment	3lNSesg	n-ee-d	
���	 -ata	 -oes	 not	 ta<e	 into	 accoNnt	 the	 litholo4T	 o3	 the	 over(Nr-end	 an-	 hence	 its	
ero-i(ilitT	u
loRers	an-	�hlersd	����vg	n	other	Ror-sd	the	calcNlate-	volNme	o3	material	
remove-	3rom	the	soNrce	areas	Rill	NltimatelT	not	(e	eINal	to	the	volNme	o3	material	
-eHosite-	in	the	sin<	areasg	�he	volNmes	are	calcNlate-	3or	three	re4ions	o3	interestf	the	
Mesetad	the	�i4h	�tlasd	the	�ntiq�tlasd	an-	the	�e4Ni(at	�hiel-	uta(leg	�g�vg	

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

�he	calcNlate-	volNmes	o3	ero-e-	material	3or	the	seven	eShNmation	maHs	ran4e	3rom	
�g�S���	to	�g�S���	<m�	3or	the	�Nrassic	an-	�riassicd	resHectivelT	u3i4g	�g�	an-	ta(le	�g�vg	

or	the	consi-ere-	re4ionsd	the	ero-e-	material	3lNSes	are	(etReen	cag	���	an-	��d���	
<m�oMa	3or	the	�e4Ni(at	�hiel-d	cag	���	an-	�d���	<m�oMa	3or	the	�ntiq�tlasd	an-	cag	
���	an-	�d���	<m�oMa	3or	the	Meseta	an-	�i4h	�tlas	massi3s	u3i4g	�g�vg		

�esi-es	 Hrovi-e-	 ran4es	 3or	 the	 rates	 an-	 volNmesd	 Re	 assess	 the	 error	 (ar	 o3	 the	
Hresente-	Ror<3loRg	���	analTses	 in	Morocco	have	 tTHicallT	���	error	 3or	 u�q�hvo�e	
sTstemd	Rhile	the	
�	sTstem	error	-eHen-s	on	the	oHeratord	(Nt	is	also	z���	uestimation	
ma-e	3rom	the	-ataset	4athere-	in	this	stN-Tvg	�he	tq�	mo-ellin4	has	a	lar4e	temHoral	
an-	 thermal	 NncertaintT	 associate-	 to	 all	 realisations	 ueg4g	 4oo-	 an-	 acceHta(le	
enveloHes	 3or	 �e
�Tv	 an-	 increases	 Rith	 time	 u3i4g	 �g�vg	 �ther	 3actors	 sNch	 as	 the	
selection	 o3	 tq�	 mo-ellin4	 cNrves	 an-	 4eothermsd	 HlNs	 the	 3act	 that	 Re	 assNme	 a	
constant	 sNr3ace	 temHeratNred	 are	 imHactin4	 the	 error	 (arg	 �nother	 soNrce	 o3	
NncertaintT	lies	in	the	Nse	o3	nonqrestore-	(ase	maHs	3or	the	eShNmation	maHs	(ecaNse	
eStents	 o3	 some	 areas	 are	 li<elT	 to	 (e	 -i33erent	 uin	 the	�i4h	�tlas	 (e3ore	 the	 recent	
oro4enT	3or	instancevg	�he	Nse	o3	a	nNll	motion	rate	3or	the	create-	sTnthetic	Hoints	also	
intro-Nces	 an	 errord	 as	 nonqrecor-e-	 se-iments	 mi4ht	 have	 (een	 ero-e-	 uigeg	
sN(si-ence	 ratev	 or	 never	 -eHosite-	 uigeg	 nNll	 or	 eShNmation	 ratevg	 �astd	 the	 errors	
associate-	 to	 the	 interHolation	metho-	 an-	 volNme	 calcNlations	 are	 also	 -i33icNlt	 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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INanti3Tg	�veralld	Re	estimate	the	error	o3	oNr	metho-	to	���	3or	Permian	an-	Mesozoic	
uHerio-s	a	to	ev	an-	to	���	3or	Palaeo4ene	an-	�eo4ene	uHerio-s	f	an-	gvg		

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

�g�g	�ShNmation	an-	sN(si-ence	evolNtion	

�g�g�g	Phanerozoic	eShNmation	an-	sN(si-ence	Hatterns		

�he	eShNmation	maHs	u3i4g	�g�v	shoR	the	Hattern	o3	erosion	in	the	continental	Moroccan	
mar4in	 (etReen	 the	 Permian	 an-	 the	 Hresentq-aTg	 �Nrin4	 the	 Permian	 uHerio-	 avd	
erosion	occNrre-	in	the	remnants	relie3s	o3	the	Variscan	chain	ueg4g	�orenzd	����e	Voi4t	
et	 algP	 ����vd	 locate-	mostlT	 in	 the	Meseta	 an-	�estern	 �ntiq�tlasg	 �noRn	 Permian	
(asins	 are	 the	 �astern	 Mesetad	 �oN<<ala	 an-	 �r4ana	 ValleT	 (asinsg	 
rom	 the	
interHolate-	aread	Re	estimate	the	volNme	o3	Hro-Nce-	se-iments	to	(e	a(oNt	�g�S���	

<m�d	 o3	Rhich	 onlT	 little	 is	 Hreserve-	 to-aTg	 �N(si-in4	 -omains	 Hre-icte-	 (T	 the	 tq�	
mo-ellin4	resNlts	are	the	�entral	an-	�astern	�e4Ni(at	�hiel-g		

�Nrin4	the	�riassic	uHerio-	bv	the	northern	Meseta	ucag	�d���	<m�vd	the	�ntiq�tlas	ucag	
��d���	 <m�vd	 an-	 the	 �e4Ni(at	 �hiel-	 ucag	 ��d���	 <m�v	 Rere	 (ein4	 ero-e-g	 �	 lar4e	
Hortion	o3	the	Meseta	sN(si-e-d	Rhich	coNl-	mean	that	it	Ras	Hart	o3	the	�entral	�tlantic	
an-oor	�i4h	�tlas	 ri3t	 zonesg	�ccor-in4	 to	 the	 strati4raHhic	 colNmnsd	most	Moroccan	
(asins	 contain	 �riassic	 se-imentse	 eSceHt	 the	 �in-oN3d	 the	 �aoN-enid	 an-	 the	 �Nir	
�ama-a	(asinsg	�he	�entral	�tlantic	an-	�tlas	ri3t	zones	Rere	sN(si-in4d	eSceHt	Harts	o3	
the	 Massi3	 �ncieng	 �his	 massi3	 is	 -escri(e-	 as	 a	 strNctNral	 relie3	 soNrcin4	 �riassic	
se-iments	 to	 the	 �r4ana	 an-	 �N<aime-en	 valleT	 ueg4g	 �aN-on	 et	 algP	 ����vg	 �he	 tq�	
mo-ellin4	resNlts	-o	not	cover	the	time	(e3ore	���	Ma	in	the	�entral	an-	�astern	�ntiq
�tlas	u�oNiza	et	algP	����avd	(Nt	re-	clastics	overlTin4	the	Precam(rian	(asement	in	the	
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northern	�entral	 �ntiq�tlas	 are	maHHe-	 as	 �riassicg	 �hered	 no	 recent	 stN-T	 on	 these	
se-iments	 has	 (een	 con-Ncte-d	 hoReverd	 (asaltic	 3loRs	 coverin4	 them	have	 Tiel-e-	
a4es	 o3	 ���g���g�	 an-	 ���g���g�	Ma	 u
iechtner	 et	 algP	 ����vd	 sN44estin4	 that	 these	
-eHosits	are	in-ee-	�riassicg	n	tNrnsd	this	means	that	Rhile	the	core	o3	the	�ntiq�tlas	
Ras	eShNmin4d	its	northern	coNnterHart	Ras	sN(si-in4	uinclN-in4	�oNss	an-	�Narzazate	
(asinsvg		

�he	 �Nrassic	 Herio-	 uHerio-	 cv	 is	 mar<e-	 (T	 enhance-	 erosion	 in	 the	 �ntiq�tlas	 an-	
�e4Ni(at	 �hiel-d	 an-	 to	 some	 eStent	 in	 the	Mesetag	�e	 estimate	 the	 Hro-Nction	 o3	
se-iment	(T	erosion	to	(e	�g�S���	<m�g	
rom	the	seven	selecte-	Herio-sd	it	is	the	most	
active	one	in	terms	o3	ero-e-	material	3lNS	3or	the	�ntiq�tlasg	t	is	li<elT	that	the	�ntiq
�tlas	Ras	a	(Nl4e	as	eShNmation	rates	are	hi4her	 in	 the	central	Hartg	Mi--le	 �Nrassic	
re-(e-s	are	recor-e-	in	the	onshore	(asins	north	an-	Rest	o3	the	�ntiq�tlas	u�ar3aTad	
�4a-irq�ssaoNirad	�entral	�i4h	�tlasd	3ni	Mar4ind	an-	�oNss	(asinse	3i4g	�g�vg	n	the	(asins	
soNth	an-	east	o3	the	�ntiq�tlasd	no	�Nrassic	se-iments	are	reco4nise-g	�his	sNHHorts	the	
i-ea	 o3	 eShNmin4	 �ntiq�tlas	 an-	 �e4Ni(at	 �hiel-d	 lin<e-	 (T	 an	 eShNmin4	 or	 sta(le	
�in-oN3	areag	
rom	the	Mi--le	to	�ate	�Nrassicd	oNr	resNlts	shoR	a	shi3t	in	the	areas	o3	
se-iment	Hro-Nctiond	3rom	the	�ntiq�tlas	to	the	Mesetag		

�he	eShNmation	o3	 the	Meseta	massi3s	 ucag	���	<m�oMTrv	 3rom	�ate	 �Nrassic	 to	�arlT	
�retaceoNs	uHerio-	dv	Ras	3irst	-escri(e-	in	�hor(al	et	alg	u����vg	�he	Hreserve-	onshore	
(asins	 o3	 the	Meseta	 -o	 not	 recor-	Mi--leo�HHer	 �Nrassic	 se-imentsd	 eSceHte-	 the	
coastal	�oN<<ala	(asing	�his	 sN44ests	 that	a	 sNr3ace	 lar4er	 than	 that	o3	 the	HresentlT	
oNtcroHHin4	(asement	Ras	(ein4	ero-e-g	�lthoN4h	most	vertical	movement	rates	are	
ne4ative	in	the	�ntiq�tlasd	one	is	Hositive	in	the	Restern	Hart	o3	the	(elt	u3i4g	�g��vg	�his	
coNl-	(e	-Ne	to	a	tq�	mo-ellin4	inconsistencT	or	it	coNl-	(e	a	remnantd	nonqstrNctNrald	
relie3	3rom	the	HrevioNs	Herio-g	�	se-imentarT	Hrovenance	stN-T	Ras	con-Ncte-	in	the	
north	�ar3a3a	�asin	3or	loRer	�retaceoNs	to	�enozoic	se-iments	u�li	et	algP	����vg	�heir	
resNlts	shoRe-	that	the	�oRer	�retaceoNs	se-iments	Rere	soNrce-	3rom	the	�e4Ni(at	
�hiel-d	Rhile	NHHer	�retaceoNs	se-iments	Rere	soNrce-	3rom	(oth	the	�e4Ni(at	�hiel-	
an-	 the	�ntiq�tlasg	 n	 tNrnsd	 it	 sN44ests	 that	 the	one	Hositive	vertical	movement	 rate	
calcNlate-	3or	the	Restern	�ntiq�tlas	is	Rron4d	an-	that	the	tq�	mo-ellin4	resNlts	3or	that	
sHeci3ic	samHle	are	inconsistentg	�he	�e4Ni(at	�hiel-	Ritnesse-	sN(stantial	erosion	ucag	
�d���	 <m�oMTrvg	 t	 aHHears	 that	 the	 soNrce	 area	 o3	 the	 se-iments	 -eHosite-	 in	 the	
�oN;-oNr	an-	�anq�an	-eltas	is	the	�e4Ni(at	�hiel-d	Rith	over	���d���	<m�	o3	ero-e-	
material	-Nrin4	the	�Nrassico�retaceoNs	Herio-g	

n	 the	 late	 �arlT	 to	 �ate	 �retaceoNs	 Herio-	 uHerio-	 evd	 sN(si-in4	 -omains	 are	 the	
-ominant	3eatNre	in	the	stN-T	areag	�his	Herio-	is	characterise-	(T	a	rise	in	the	sea	level	
u�enomanianq�Nronian	trans4ressione	eg4g	PiIN0	et	algP	����vd	Rhich	reache-	the	interior	
o3	 Morocco	 an-	 �l4eria	 ueg4g	 �ate	 �retaceoNs	 -eHosits	 in	 the	 �Nir	 �ama-ae	 eg4g	
�enToNce3	 et	 algP	 ����vg	 t	 aHHears	 to	 have	 HartiallT	 sN(mer4e-	 the	 �e4Ni(at	 shiel-d	
�in-oN3	(asins	ueSceHt	its	central	Hartvd	an-	the	(or-ers	o3	the	�ntiq�tlasg	�he	�ntiq�tlas	
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erosion	 ucag	 ���	 <m�oMTrv	 starts	 in	 its	 centred	 an-	 later	 eStents	 to	 the	 eastern	 an-	
Restern	re4ionsg		


inallTd	the	Palaeo4ene	an-	the	�eo4ene	uHerio-s	f	an-	gv	Herio-s	are	characterise-	(T	
the	�tlas	oro4enTd	Rhich	is	eSHresse-	(T	hi4h	eShNmation	rates	in	the	�i4h	�tlasd	�i3d	
an-	also	�ntiq�tlas	an-	�e4Ni(at	�hiel-g	�e	estimate	 the	volNme	o3	ero-e-	material	
3rom	the	stN-ie-	area	-Nrin4	the	Palaeo4ene	an-	�eo4ene	to	cag	�g�S���	an-	�g�S���	

<m�d	resHectivelTg	

�g�g�g	�ro-e-	material	3lNSes	vsg	se-imentation	rates		

�e	comHare	the	total	ero-e-	volNme	rates	to	the	stN-T	o3	�elm	u����e	3i4g	�g��vg	�his	
stN-T	 consi-ere-	 several	 se4ments	 alon4	 the	 Restern	 �3rican	 mar4ind	 inclN-in4	 the	
Moroccan	 se4mentg	�he	 se-imentation	 rates	 in	 the	o33shore	-omain	an-	 the	coastal	
(asins	are	o(taine-	3rom	nine	interHrete-	seismic	Hro3iles	HerHen-icNlar	to	the	coastd	
an-	eSten-e-	(T	eStraHolation	an-oor	Rell	control	to	the	(asin	uNsin4	���P	Rellsvg	�he	
o(taine-	volNmetric	 ratesd	 3rom	the	�riassic	 to	 the	�eo4ened	Rere	 then	a-;Nste-	 3or	
se-iments	Rith	a	 terrestrial	 soNrceg	 t	 is	 imHortant	 to	note	 that	 the	 resolNtion	 is	not	
i-entical	 (etReen	 the	 tRo	 stN-iese	 moreoverd	 the	 -e3ine-	 Herio-s	 are	 also	 not	
sTstematicallT	concor-antg	

	
�igure	 4.1c.	 Comparison	 of	 the	 total	 eroded	 material	 flux	 to	 sedimentation	 rates	 in	
Moroccan	offshore	and	coastal	basins	(after	
elmP	2cc9).		

�his	comHarison	shoRs	that	the	siliciclastic	volNmes	-eHosite-	in	the	o33shoreocoastal	
(asins	an-	the	ero-e-	volNme	o3	material	3rom	the	interHolation	4ri-	are	o3	the	same	
or-er	o3	ma4nitN-e	u3i4g	�g��vg	VolNmes	are	even	similar	-Nrin4	the	�riassicd	earlT	�arlT	
�retaceoNsd	 �retaceoNsd	 Palaeo4ened	 an-	�eo4eneg	 t	 is	 overall	 a	 3airlT	 4oo-	matchd	
eSceHt	3or	the	rates	-Nrin4	the	�Nrassic	Herio-g	�ccor-in4	to	oNr	resNltsd	(etReen	��d���	
to	��d���	<m�oMTr	o3	material	Rere	ero-e-d	Rhile	the	o33shore	seems	to	recor-	a(oNt	
����	to	����	<m�oMTr	o3	siliciclastic	se-imentsg	�o	eSHlain	this	-iscreHancTd	Re	ma<e	
the	hTHothesis	 that	the	erosiond	occNrrin4	 in	the	�e4Ni(at	�hiel-d	�ntiq�tlasd	�in-oN3d	
an-	Meseta	remove-	3ineq4raine-	an-oor	car(onate-	metaqse-iments	3rom	the	toH	o3	
the	Palaeozoic	Hileg	�enced	 little	coarse	 terrestrial	material	RoNl-	(e	recor-e-	 in	 the	
(asinsd	Rere	Hlat3orm	limestones	are	-ominantg		

0100200300 Time [Ma]

0

40000

30000

20000

10000Fl
ux

/r
at

e 
[k

m
3 /M

yr
]

�roded material Ňux ;study areaͿ

Total sedimentation rates

Terrestrial sedimentation rates

in Atlantic oīshoreͬcoastal 
basins ;after Helm, 200ϵͿ 



�haHter	�	

	 ��	

		  

�g�g	�onclNsions	

�e	have	Nse-	tq�	mo-ellin4	resNlts	3rom	Morocco	an-	its	sNrroNn-in4s	as	a	HroST	3or	
-e3inin4	an-	INanti3Tin4	eShNmation	events	3rom	the	Permian	to	the	Hresentq-aTg	�e	
then	Hresente-	a	series	o3	eShNmation	maHs	3rom	Rhich	Re	eStracte-	erosion	Hatterns	
an-	volNmesg	�his	alloRe-	Ns	to	ela(orate	on	the	Hossi(le	resHonsi(le	mechanismusv	o3	
these	vertical	movementsg	�he	Hresente-	3in-in4s	have	imHlications	3or	the	evolNtion	o3	
the	 �entral	 �tlantic	 Hassive	 mar4ins	 an-	 3or	 oNr	 Nn-erstan-in4	 o3	 the	 Permian	 to	
�eo4ene	Moroccan	soNrceqtoqsin<	sTstemsg		

�he	 reconstrNcte-	 evolNtion	 o3	 vertical	 movements	 an-	 erosion	 at	 the	 scale	 o3	 the	
Hassive	mar4in	 can	 (e	 -ivi-e-	 into	 �	 areasf	 the	 �e4Ni(at	 �hiel-d	 the	 �ntiq�tlasd	 the	
Mesetad	 an-	 the	 �i4h	 �tlasg�he	 �e4Ni(at	 �hiel-	 is	 mar<e-	 (T	 sN(si-ence	 3rom	 the	
Permian	 to	 the	 �riassicd	 an-	 eShNmation	 3rom	 the	 �Nrassic	 onRar-s	 3or	most	 o3	 the	
massi3	u�g��q�g��	<moMTre	cag	�d���d���	<m�vg	�e	in3er	that	the	�e4Ni(at	shiel-	Ras	the	
onlT	soNrce	o3	se-iments	3or	the	�oN;-oNr	an-	the	�anq�an	�retaceoNs	-eltasd	o33shore	
�ar3aTa	(asing		

�he	samHle-	�ntiq�tlas	(asement	roc<s	Rere	-eeHlT	(Nrie-	 in	the	Permian	an-	Rere	
eShNme-	(etReen	the	�riassic	an-	the	Mi--le	�Nrassic	u�g��q�g��	<moMTre	cag	���d���	
<m�vg	 �N(si-ence	 -Nrin4	 the	 �ate	 �Nrassico�arlT	 �retaceoNs	 Ras	 3olloRe-	 (T	 a	 3inal	
eShNmation	3rom	the	�ate	�retaceoNs	onRar-s	u�g��q�g��	<moMTre	cag	���d���	<m�vg	
Moreoverd	 the	 sHatial	 -istri(Ntion	 an-	 the	 hi4h	 valNes	 o3	 eShNmation	 rates	 sN44est	
strNctNral	or	-omal	NHli3t	in	the	�arlToMi--le	�Nrassicd	Rith	hi4her	relie3s	in	the	�entral	
�ntiq�tlasg	

�he	HresentlT	oNtcroHHin4	Variscan	roc<s	 in	the	Meseta	an-	�i4h	�tlas	Rere	close	to	
the	sNr3ace	-Nrin4	the	Permiano�ate	�riassicd	3olloRe-	(T	sN(si-ence	Nntil	the	Mi--le	
�Nrassicd	 eShNmation	 in	 the	 �ate	 �Nrassico�arlT	 �retaceoNs	 ueShNmation	 ratesf	 �g��q
�g��<moMTre	 ero-e-	materialf	 cag	 ��d���	 <m�vd	 reneRe-	 sN(si-ence	-Nrin4	 the	 �ate	
�retaceoNs	an-	a	3inallT	eShNmation	-Nrin4	the	�enozoic	u�g��q�g��	<moMTre	cag	��d���	
<m�vg	�hered	the	sN(si-ence	event	sTnchronoNs	to	the	ri3tin4	(roN4ht	the	samHles	3rom	
close	to	the	sNr3ace	-oRn	to	�	<md	sN44estin4	that	the	�entral	�tlantic	an-oor	the	�i4h	
�tlas	ri3t	zoneusv	eSten-e-	over	nearlT	the	entire	Mesetag	
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�c<noRle-4ementsf	 MaS	 �olic<i	 is	 than<e-	 3or	 Hroo3rea-in4	 this	 chaHter	 an-	 3or	
-esi4nin4	 the	 �ateS	 co-e	 Nse-	 to	 nicelT	 Hlot	 the	 tq�	 cNrvesg	 Pierreq�livier	 �rNna	 is	
than<e-	3or	Hroo3rea-in4	the	3i4Nres	an-	ta(lesg	�Ninten	�oersma	 is	 than<e-	3or	the	
4eolo4ical	-iscNssionsg		





	

��	

��
�	INalitative	stN-T	o3	the	

Phanerozoic	soNrceqtoqsin<	
sTstems	o3	Morocco	

	

�(stractf	�e	constrNcte-	��	Haleoq	erosional	an-	-eHositional	maHsd	Rhich	Re	calle-	
ksoNrceqtoqsin<l	maHsg	�heT	cover	the	Herio-	(etReen	the	Variscan	an-	the	Hresentq
-aTg	�he	maHs	are	(ase-	on	the	siS	3olloRin4	-ata(asesf	�v	4eolo4ical	maHsd	�v	oNtcroH	
an-	3ossil	-atad	�v	Rell	-atad	�v	Haleoq4eo4raHhT	an-	-eHositional	environment	maHsd	�v	
Hrovenance	analTsisd	an-	�v	eShNmation	ratesg	�he	Hrevailin4	o(;ective	Ras	to	illNstrate	
an-	 -iscNss	 chan4es	 in	 the	 Permian	 to	 �eo4ene	 soNrceqtoqsin<	 sTstems	 an-	 the	
-TnamicitT	o3	their	comHonentsgy	

	 	

																																																								
y	Parts	o3	this	chaHter	Rill	(e	sN(mitte-	to	Earth	Science	revie?sf	�harton	et	algd	in	HreHarationg	
PostqVariscan	soNrceqtoqsin<	sTstems	o3	Morocco	an-	sNrroNn-in4sf	�	INalitative	stN-Tg	



�haHter	�	

	 ��	

		  

�g�g	ntro-Nction	

�oNrceqtoqsin<	 stN-ies	 encomHass	 the	 investi4ation	o3	 the	eShNmation	historT	o3	 the	
hinterlan-	uisoNrcejvd	the	sHatial	-istri(Ntion	o3	3lNvial	an-	coastal	-eHosits	uitojvd	an-	the	
architectNre	 o3	 continental	 traHsd	 shalloR	 an-	 -eeH	marine	 -eHocenters	 uisin<je	 eg4g	
�llend	����e	�Fmme	et	algd	����e	�ellan-q�ansen	et	algd	����vg	�nalTses	o3	this	<in-	ta<e	
into	 accoNnt	 4eolo4ical	 sNr3ace	 Hrocessesd	 sNch	 as	 erosiond	 transHortationd	 an-	
-eHositiong	 �n-erlTin4	 mechanisms	 3or	 the	 onset	 o3	 soNrceqtoqsin<	 sTstems	 are	
controlle-	(T	tectonicd	eNstaticd	an-oor	climatic	chan4es	 ueg4g	�ells	et	algd	����vg	�he	
com(ination	o3	state	o3	the	art	se-imentarTd	strati4raHhicd	4eochronolo4Td	Hrovenanced	
Halaeontolo4Td	 �oRq�emHeratNre	 �hermochronolo4T	 u���vd	 an-	 nNmerical	 analTses	
alloRs	 3or	 (Nil-in4	 stron4	 cases	 o3	 inte4rate-	 soNrceqtoqsin<	 stN-ies	 ueg4g	 �ellan-q
�ansen	 et	 algd	 ����vg	 �e-iment	 3lNSes	maT	 (e	 INanti3ie-	 (T	 invertin4	 the	 amoNnt	 o3	
-eHosite-	se-iments	in	the	sin<d	the	erosion	rate	in	the	soNrced	an-	other	techniINes	
that	investi4ate	the	Haleo	-raina4e	sTstem	ueg4g	�ol-	an-	�aTd	����e	�alla4her	et	algd	
����e	 �arnes	 an-	 �einsd	 ����e	 Matenco	 et	 algd	 ����vg	 �he	 se-iment	 roNtin4	 is	 an	
imHortant	 Harameter	 in	 -Tnamic	 sTstemsd	 as	 it	 -e3ines	Rhere	 the	 se-iments	Rill	 (e	
-elivere-g	
rom	these	notionsd	 it	seems	evi-ent	that	se-iment	(N-4ets	an-	HathRaTs	
are	crNcial	3or	hT-rocar(on	eSHlorationg		

�oNrceqtoqsin<	stN-ies	also	have	their	limitations	-eHen-in4	ond	3or	instanced	the	sHatial	
an-	 temHoral	 resolNtions	 o3	 each	 comHonentd	 or	 simHlT	 on	 the	 INalitT	 o3	 the	
se-imentarT	 recor-g	 �he	 creation	 o3	 relie3	 in	 the	 hinterlan-	 has	 sometimes	 (een	
-isre4ar-e-	usee	�ellan-q�ansen	et	algd	����vd	-esHite	the	3act	that	the	vertical	motion	
rated	timin4d	eStentd	an-	the	ero-i(ilitT	o3	the	soNrce	areas	are	ma;or	Harameters	that	
si4ni3icantlT	imHact	the	se-imentarT	recor-	in	the	(asinsg		

�etReen	 the	 Variscan	 an-	 �tlas	 oro4eniesd	 Morocco	 an-	 sNrroNn-in4	 areas	 have	
Ritnesse-	ma;or	4eolo4ical	eventsyg	�o	 illNstrate	 these	eventsd	 reconstrNctions	o3	 the	
Moroccan	Hastd	at	varioNs	scales	an-	Rithin	-i33erent	3iel-s	o3	4eosciencesd	have	(een	
carrie-	oNt	in	several	stN-ies	in	the	Hast	-eca-es	ueg4g	�an<e	et	algd	����e	�e	�oT	et	algP	
����e	�em+o<	et	 algd	 ����e	 �i(Net	 et	 algd	 ����vg	 �hese	Ror<s	 Hresente-	-eHositional	
environmentsd	 strNctNrald	 an-oor	 4eo4raHhicd	 HaleoqmaHs	 (ase-	 on	 eStensive	 -ata	
collectionsg		

�sin4	the	<noRle-4e	4athere-	hitherto	in	this	�hesisd	Re	constrNct	��	ksoNrceqtoqsin<	
maHsld	 Rhich	 accoNnt	 3or	 the	 timin4d	 eStentd	 an-	 stren4th	 o3	 eShNmation	 eHiso-es	
-ocNmente-	Rith	���	an-	tq�	mo-ellin4	stN-ies	uchaHters	�d	�d	an-	�vg	�sin4	4eolo4ical	
maHs	 an-	 several	 other	 -ata(ases	 uRelld	 oNtcroHd	 3ossild	 an-	 Hrovenance	 -atav	 an-	
HrevioNs	 reconstrNctions	 as	 the	(asis	 3or	 oNr	maHsd	Re	 also	 reconstrNcte-	 the	 4ross	
-eHositional	environmentsg	�he	maHs	Hresente-	 in	 this	 chaHter	 illNstrate	 the	 soNrced	

																																																								
y	�haHter	�	inclN-es	the	4eolo4ical	historT	o3	Moroccog	
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transitionald	an-	sin<	-omains	3rom	Permian	to	�eo4ened	Rhile	also	inclN-in4	simHli3ie-	
strNctNral	 3rameRor<g	 �he	 aim	 o3	 these	maHs	 is	 not	 to	 accNratelT	 -e3ine	 the	 Haleoq
-raina4e	sTstemsd	as	the	resolNtion	o3	oNr	-atasets	is	too	coarsed	(Nt	to	illNstrate	the	
-TnamicitT	 o3	 the	 soNrceqtoqsin<	 sTstems	 an-	 o3	 their	 comHonents	 -Nrin4	 the	
Phanerozoic	 in	Morocco	an-	sNrroNn-in4sd	 igeg	 in	Hostqoro4enicd	sTnqri3td	an-	Hostqri3t	
settin4sg	�his	chaHter	shoNl-	hence	(e	consi-ere-	as	a	(ac<4roNn-	stN-Td	creatin4	an	
oHHortNnitT	3or	3NtNre	-e3inition	an-	INanti3ication	o3	se-iments	HathRaTs	an-	3lNSes	
alon4	the	entire	Moroccan	ri3te-	mar4in	an-	into	the	interior	o3	its	a-;acent	continental	
crNstg	

�g�g	�ata	Nse-	to	constrNct	the	soNrceqtoqsin<	maHs	

�e	 -i4itize-	 the	 4eolo4ical	maH	 o3	Morocco	 at	 �f�d���d���	 u�ollar-	 et	 algd	 ����vg	 t	
resNlte-	in	Ri-esHrea-	constraints	3or	oNr	maHsd	Rith	the	eSceHtion	o3	the	Permiand	3or	
Rhich	onlT	verT	little	se-iments	remain	in	the	(asins	an-	even	less	are	eSHose-g	�everal	
kNH-atesl	o3	the	strati4raHhT	Rere	(roN4ht	to	this	maHd	esHeciallT	aroNn-	the	�ntiq�tlas	
usee	 chaHters	 �d	 �d	 an-	 �v	 an-	 in	 the	 �entral	 �i4hq�tlasg	 n	 the	 latterd	 the	 soqcalle-	
k�oNches	�oN4esl	terrestrial	re-(e-s	comHrise-	(etReen	Mi--le	�Nrassic	an-	mi--le	
�retaceoNs	 u�Htianv	 marine	 car(onates	 u�harri/re	 an-	 �a--oNmid	 ����v	 have	
historicallT	(een	attri(Nte-	to	the	Mi--le	an-	�ate	�Nrassic	u�ollar-	et	algd	����vg	�ecent	
(iostrati4raHhT	Ror<	constraine-	the	a4es	o3	the	re-(e-s	in-ee-	to	the	Mi--le	an-	�ate	
�Nrassicd	 (Nt	 also	 to	 the	 �arremian	 u�arlT	 �retaceoNse	 revieRe-	 in	 �harri/re	 an-	
�a--oNmid	 ����vg	 
or	 nei4h(oNrin4	 re4ions	 not	 covere-	 (T	 the	Moroccan	maHd	 Re	
-i4itize-	the	maH	o3	��	�3rica	comHile-	(T	the	������	in	����d	3or	Rhich	no	chan4es	
Rere	ma-eg	

�he	oNtcroH	an-	 3ossil	-ata	 in	Morocco	 is	eStensived	as	 sN44este-	(T	 the	 title	o3	 the	
recent	 sHecial	 e-ition	 on	 Morocco	 3rom	 the	 ;oNrnal	 k�eolo4Nesl	 u�Nm(er	 ���d	
seHtem(re	����vf	k�e	Marocd	Hara-is	-es	4eolo4Neslg	�e	have	selecte-	oNtcroH	an-	
3ossil	-ata	3rom	relevant	HN(lications	to	(e	Nse-	in	this	chaHter	uta(le	�g�vg		

�he	Rell	-ata(ase	u3i4g	�g�v	is	comHose-	o3	���P	an-	��P	Rell	reHortsd	con3i-ential	Rell	
reHorts	 an-	 comHletion	 lo4s	 4rante-	 (T	 the	 k�33ice	 �ational	 -es	 �T-rocar(Nres	
Marocainl	u��� Mvd	-etaile-	Rell	-ata	3rom	HN(lishe-	Ror<s	unota(lT	Michar-	et	algd	
����vd	an-	limite-	Rell	-ata	sNch	as	total	-eHthd	reache-	3ormationd	or	strati4raHhT	onlT	
in	other	HN(lishe-	stN-ies	or	comHanT	reHortsg		
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�igure	5.1.	Location	of	boreholes	in	Morocco	and	surrounding	��	African	countries	 (non-
exhaustive).	^	


Nrthermored	 the	 Hresent	 revieR	 Ras	 carrie-	 oNt	 Rithin	 the	 �orth	 �3rica	 �esearch	
�roNH	 u����vd	 in	 Rhich	 several	 other	 Phg�g	 Hro;ects	 on	 the	 Moroccan	 4eolo4T	 are	
con-Ncte-g	 �ome	o3	 these	 Hro;ects	 u�N(erd	 ����e	 �rante4Nid	 ����e	�Nvalq�rnoNl-d	 in	
HreHge	�an4d	in	HreHgv	investi4ate-	the	se-imentarT	recor-s	o3	the	Restern	�i4h	�tlas	
an-	north	�ar3aTa	�asing	�hese	Ror<s	Hrovi-e	valNa(le	hi4hqresolNtion	3acies	analTsisd	
(iostrati4raHhTd	an-	re4ional	reconstrNctionsg		

																																																								
y	�he	comHlete	list	o3	the	re3erences	3or	the	Rell	-ata(ase	Rill	(e	-elivere-	NHon	reINest	to	the	
aNthorg	
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�e	 Nse-	 several	 tTHes	 o3	 HaleoqreconstrNctions	 as	 the	 (asis	 3or	 -eHositional	
environments	 an-	 4eneral	 tectonic	 re4imeg	 �he	 ma;oritT	 o3	 the	 maHs	 Nse-	 in	 this	
chaHter	 3ocNse-	 on	 -eHositional	 environmentsd	 Haleo4eo4raHhTd	 tectonic	 Hlate	
reconstrNctiond	 an-	more	 local	 strNctNralostress	maHs	 uta(le	 �g�vg	 n	 some	 casesd	Re	
mo-i3ie-	them	accor-in4	to	neR	evi-ence	uoNtcroHd	3ossild	an-oor	Rell	-atav	HN(lishe-	
a3ter	 these	 reconstrNctionsg	 �e-imentarT	Hrovenance	analTsis	 con-Ncte-	 in	Morocco	
an-	sNrroNn-in4s	3or	the	Permian	to	�eo4ene	Herio-s	are	scarcee	three	investi4ate-	the	
Hrovenance	Rith	-etrital	zircon	�qP(	uPratt	et	algd	����e	Marzoli	et	algd	����e	�om/nech	
et	algd	in	revieRvd	one	stN-T	Nse-	trace-	elements	an-	ra-io4enic	�-q�r	isotoHes	u�li	et	
algd	����vd	an-	one	Hro-Nce-	-etrital	���	a4es	u�ehrtd	����vg	�onethelessd	more	stN-ies	
-ocNmente-	HaleoqcNrrent	-irections	in	3lNvial	sTstems	ueg4g	�roRnd	����e	�aN-on	et	algd	
����vg		

�s	revieRe-	in	the	3oNrth	chaHter	o3	this	�hesisd	nNmeroNs	tq�	mo-ellin4	stN-ies	have	
(een	 con-Ncte-	 in	Morocco	 an-	 sNrroNn-in4sg	 �heT	 Tiel-e-	 insi4hts	 on	 the	 timin4d	
locationd	an-	amHlitN-e	o3	eShNmation	an-	sN(si-ence	eHiso-es	a33ectin4	the	HresentlT	
eSHose-	Precam(rianoVariscan	(asement	roc<sg	�eostatistics	alloRe-	Ns	to	interHolate	
vertical	movement	rates	at	the	scale	o3	the	ri3te-	mar4in	o3	Morocco	an-	to	eSten-	it	
over	several	���s	o3	<ilometres	into	the	interior	o3	the	�3rican	tectonic	Hlateg	�e	Nse	
the	 resNlts	 o3	 these	 interHolations	 to	 constrain	 the	 soNrce	-omainsd	Rhile	mo-i3Tin4	
their	eStent	(ase-	on	the	control	Hoints	-escri(e-	a(oveg		
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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:XXpaleobiodb.orgXbX).	

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	 paleogeographyP	 depositional	 environmentP	 and	 stress	 X	
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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�g�g	�oNrceqtoqsin<	maHs	

�he	Hresente-	maHs	are	-e3ine-	accor-in4	to	the	4eolo4ical	time	chart	-ivision	uRith	a	
stron4	3ocNs	on	the	�retaceoNs	an-	�Nrassic	Herio-svg	�he	timeqRin-oRs	covere-	(T	the	
maHs	are	as	3olloRf	Permian	u���	to	���	Mae	3i4g	�g�vd	�riassic	u���	to	���	Mae	3i4g	�g�vd	
�arlT	�Nrassic	u���	to	���	Mae	3i4g	�g�vd	Mi--le	�Nrassic	u���	to	���	Mae	3i4g	�g�vd	�ate	
�Nrassic	 u���	 to	 ���	Mae	 3i4g	 �g�vd	 uearlTv	 �arlT	 �retaceoNs	 u���	 to	 ���	Mae	 3i4g	 �g�vd	
mi--le	�retaceoNs	u���	to	��	Mae	3i4g	�g�vd	umi-qlatev	�ate	�retaceoNs	u��	to	��	Mae	3i4g	
�g�vd	Palaeo4ene	u��	to	��	Mae	3i4g	�g��vd	an-	�eo4ene	u��	to	�	Mae	3i4g	�g��vg		


oNr	 tTHes	 o3	 -eHositional	 environments	 are	 -escri(e-	 in	 this	 Ror<f	 terrestriald	
transitionald	 shalloR	 marined	 an-	 marineg	 
or	 most	 o3	 the	 control	 Hointsd	 the	
environments	Rere	alrea-T	interHrete-e-	in	the	associate-	stN-T	uta(le	�g�vg	n	other	
instancesd	Re	interHrete-	the	-eHositional	environment	(ase-	on	litholo4T	an-oor	3ossil	
-atag	 n	 the	 3olloRin4	maHsd	 the	 transitional	 environments	 NsNallT	 sN44est	 a	 coastal	
sitNationd	(Nt	maT	accoNnt	3or	areas	characterise-	(T	the	3lNctNation	(etReen	shalloR	
marine	an-	terrestrial	environmentsg	

�he	eShNmation	Hattern	reco4nise-	here	is	alrea-T	-escri(e-	in	the	3oNrth	chaHterd	an-	
the	-eHositional	environment	an-	strNctNral	reconstrNctions	are	Rell	-escri(e-	in	the	
literatNre	 uta(le	 �g�vg	 �here3ored	 in	 the	 3olloRin4	 teStd	Re	 3ocNs	 on	 the	 chan4es	 that	
occNrre-	3rom	one	Herio-	to	anotherd	as	Rell	as	on	the	soNrceqtoqsin<	sTstemsg	�e	Nse-	
the	 resNlts	 o3	 se-imentarT	 Hrovenance	 an-	 HaleoqcNrrent	 stN-ies	 as	 a	 HroST	 3or	 the	
soNrceqtoqsin<	sTstemsd	illNstrate-	Rith	(lac<	arroRs	in	oNr	maHsg	


rom	the	Permian	to	the	�riassic	u3i4sg	�g�	an-	�g�vd	the	soNrce	area	shi3te-	3rom	most	
o3	the	-omain	a33ecte-	(T	the	Variscan	oro4enT	to	Hart	o3	itf	the	Mesetad	the	�ntiq�tlasd	
an-	the	eastern	�e4Ni(at	�hiel-g	�he	Hresence	o3	transitional	-eHositional	environments	
is	another	imHortant	chan4ed	resNltin4	3rom	marine	incNrsions	3rom	the	�ethTsian	realm	
as	3ar	as	the	�ar3aTa	(asin	ueg4g	�an<e	et	algd	����e	�cotesed	����e	�eleN	et	algd	����vg	�he	
erosion	that	occNrre-	in	the	�ntiq�tlas	-Nrin4	the	�riassic	is	sNHHorte-	(T	Hrovenance	
an-	HaleoqcNrrent	evi-ences	 in	the	Massi3	�ncien	u�roRnd	����e	�aN-on	et	algd	����e	
�om/nech	et	algd	in	revieRv	evi-encin4	a	-raina4e	-ivi-e	HerHen-icNlar	to	the	�ntiq�tlas	
tren-sg		


rom	the	�riassic	to	�Nrassic	u3i4sg	�g�	an-	�g�v	the	marine	-omain	stea-ilT	covere-	the	
�tlas	 an-	�entral	�tlantic	 ri3te-	-omainsg	 �here	 are	no	 si4ni3icant	 chan4es	 in	 soNrce	
areasd	eSceHte-	 3or	 the	Restern	�e4Ni(at	�hiel-d	Rhere	the	eShNmation	starts	 in	 the	
�arlT	 �Nrassicg	 �he	 recent	 Hrovenance	 stN-T	 o3	 Marzoli	 et	 alg	 u����v	 shoRs	 that	
se-iments	a(ove	the	��MP	(asalts	in	the	Restern	�i4h	�tlas	have	(een	soNrce-	3rom	
the	Meseta	-omaing	

�he	�arlT	 an-	Mi--le	 �Nrassic	 eHochs	 u3i4sg	 �g�	 an-	�g�v	 are	 3airlT	 similar	 in	 terms	o3	
-eHositional	environments	an-	the	eShNmation	Hatterns	are	i-entical	as	theT	ori4inate	
3rom	the	same	keShNmationl	maHg	�he	�ate	�Nrassic	eHoch	u3i4g	�g�v	hoRever	shoRs	a	



�oNrceqtoqsin<	

	��	

	��

ma;or	shi3t	 in	the	se-iment	soNrce	areasf	the	�ntiq�tlas	 is	no	 lon4er	an	active	soNrce	
Rhile	 the	Meseta	 is	 stron4lT	 eShNme-g	 t	 is	Rorth	 notin4	 that	 a	 hi4hqresolNtion	 claT	
mineralo4T	stN-T	Ras	carrie-	oNt	in	3ol-e-	�Nrassic	se-iments	o3	the	�ssaoNiraq�4a-ir	
�asin	u�Na;hain	et	algP	����vg	�he	stN-T	shoRs	a	clear	shi3t	o3	se-iment	soNrce	litholo4T	
or	 area	 (etReen	 the	 Mi--le	 an-	 �ate	 �Nrassicd	 Hassin4	 3rom	 a	 chloriteq-ominate-	
assem(la4e	 to	 a	 illiteq-ominate-	 assem(la4eg	 t	 is	 Hossi(le	 that	 the	 �arlT	 to	Mi--le	
�Nrassic	erosion	o3	the	�ntiq�tlas	reache-	the	Precam(riand	hence	cNttin4	throN4h	the	
metamorHhose-	 Palaeozoic	 seriesd	 an-	 eventNallT	 soNrcin4	 chlorites	 to	 sNrroNn-in4	
(asinsg		

�eHositional	environments	in	the	�ssaoNiraq�4a-ir	(asin	chan4e	3rom	3lNvial	to	la4oonal	
-Nrin4	the	�arlT	�Nrassicd	3rom	continentalotransitional	to	shalloR	marine	in	the	Mi--le	
�Nrassicd	an-	remaine-	on	the	shel3	-Nrin4	the	�ate	�Nrassic	u�Nvalq�rnoNl-d	in	HreHgvg	n	
the	�i-i	3ni	aread	�rante4Ni	u����v	-ocNmente-	a	�athonian	uMi--le	�Nrassicv	a4e	3or	
the	shalloR	marine	an-	lacNstrine	-eHosits	umore	-etails	in	chaHter	�vg		

�Nrin4	 the	 Mi--le	 �Nrassic	 u3i4g	 �g�vd	 Hrovenance	 stN-ies	 carrie-	 oNt	 on	 �Nrassic	
se-iments	evi-ence-	a	transHort	o3	se-iment	3rom	the	Meseta	to	the	Mi--le	�tlas	uPratt	
et	algd	����vd	an-	3rom	the	�ntiq�tlas	to	the	�ssaoNiraq�4a-ir	(asin	u�tetsd	����vg	�he	
Meseta	 is	 also	 a	 -ocNmente-	 soNrce	 area	 -Nrin4	 the	 �ate	 �Nrassicd	 as	 sN44este-	 (T	
HaleoqcNrrents	measNre-	in	the	Restern	�i4h	�tlas	u�tetsd	����vg	
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i4Nre	 �g�g	 Permian	 maHg	 y	 �imHli3ie-	 soNrceqtoqsin<	 sTstems	 evi-ence-	 Rith	
Hrovenance	stN-T	or	HaleoqcNrrentsg	���f	�estern	�3rican	�raton	
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�he	 transition	 (etReen	 the	 �Nrassic	 an-	 �retaceoNs	 u3i4g	 �g�	 an-	 �g�v	 is	 3airlT	
monotonoNsg	�he	coastline	shi3te-	toRar-s	the	north	in	the	Mi--le	�tlaso�i3	areasd	an-	
toRar-s	the	Rest	in	the	�ar3aTa	(asing	�he	latter	chan4e	Ras	accomHanie-	(T	the	onset	
o3	 lar4e	 �arlT	 �retaceoNs	 -eltaic	 sTstems	 u�anq�an	 an-	 �oN;-oNr	 -eltasvg	 �he	 entire	
�e4Ni(at	�hiel-	Ras	an	active	soNrce	o3	se-iments	since	the	�arlT	�Nrassicg	�his	sN44ests	
that	an	acceleration	o3	the	eShNmation	or	a	chan4e	in	ero-e-	litholo4ies	in	the	�e4Ni(at	
�hiel-	mNst	have	occNrre-	in	the	earliest	�retaceoNsd	sNHHlTin4	the	siliciclastics	to	the	
�anq�an	an-	�oN;-oNr	-eltasg	t	is	li<elT	that	the	erosion	in	the	�e4Ni(at	�hiel-	reache-	
the	4ranitic	(asement	at	the	en-	o3	the	�Nrassicd	Rith	a	Hrior	removal	o3	the	Variscan	
metaqHelites	3rom	the	�arlT	Palaeozoic	(asing		

n	the	�ate	�Nrassic	an-	�arlT	�retaceoNsd	 it	 is	Nn<noRn	 i3	 the	�in-oN3	(asin	Ras	also	
soNrcin4	se-iments	to	the	�ar3aTa	-eltasd	as	no	�
�	a4es	Rere	Hro-Nce-g	�everthelessd	
valNes	o3	vitrinite	re3lectance	3rom	the	�ilNrian	u�NNs<raa	an-	Moo-hed	����v	sN44est	
that	there	is	a	missin4	laTer	that	Ras	-eHosite-	an-	sN(seINentlT	ero-e-	(etReen	the	
�ar(oni3eroNs	 an-	 the	 �ate	 �retaceoNs	 uvalNes	 are	 too	 hi4h	 3or	 the	 Hreserve-	
over(Nr-envg	�s	most	o3	the	�ntiq�tlas	an-	the	central	�e4Ni(at	�hiel-	Rere	sN(si-in4	
-Nrin4	 the	 �ate	 �Nrassico�arlT	 �retaceoNs	 eHochsd	Re	 assNme	 that	 the	 �in-oN3	 (asin	
missin4	laTer	Ras	-eHosite-	theng		

�he	�retaceoNs	u3i4sg	�g�d	�g�d	an-	�g�v	is	characterise-	(T	another	HostqVariscan	shi3t	in	
se-iments	soNrce	areasg	n	Moroccod	Ri-esHrea-	coarse	se-iments	are	-escri(e-	in	the	
�arlT	�retaceoNs	ueg4g	�avisond	����e	
rizon	-e	�amotte	et	algd	����vg	�Nrin4	the	Mi--le	
�retaceoNsd	 the	 central	 �ntiq�tlas	 (ecame	 an	 active	 soNrce	 area	 an-	 the	 Meseta	
eShNmation	sloRe-	-oRn	si4ni3icantlT	 uchaHter	�vg	�t	 the	en-	o3	 the	�retaceoNsd	 the	
entire	�ntiq�tlas	 sgsg	Ras	 soNrcin4	 se-iments	 to	 sNrroNn-in4	(asinsd	 an-	most	o3	 the	
Meseta	an-	�i4h	�tlas	-omains	Rere	sN(si-in4g		

n	the	north	�ar3aTa	(asind	�rante4Ni	u����v	shoRs	that	the	Nn-i33erentiate-	earlT	�arlT	
�retaceoNs	clastic	sNccession	is	characterise-	(T	3lNvial	an-	ti-al	3lat	environmentsd	Rith	
con4lomerates	at	the	(ase	in	contact	Rith	�am(rian	metamorHhose-	se-imentsg	�he	
stN-T	 3Nrther	 Hrovi-es	 an	 NH-ate-	 (iostrati4raHhT	 o3	 the	 �Htianq�l(ian	 uMi--le	
�retaceoNsv	transitional	to	shalloR	marine	-eHositsg	�he	mean	HaleoqcNrrent	-irection	
3or	the	3lNvial	Nnit	in-icate	a	transHort	-irection	toRar-s	the	northRestg		

�he	transition	3rom	shalloR	marine	to	continental	-eHosition	environment	(etReen	the	
�arlT	 an-	 the	Mi--le	 �retaceoNs	 in	 the	 �ssaoNiraq�4a-ir	 (asin	 is	 characterise-	 (T	 a	
4eneral	HaleoqcNrrent	-irection	toRar-s	the	Rest	u�N(erd	����vg	n	the	�ate	�Htian	an-	
�l(ian	 timesd	 the	 area	 Ras	 -roRne-	 once	 a4ain	 Rith	 the	 esta(lishment	 o3	 shalloR	
marine	con-itionsg		

�enomanianq�Nronian	uMi--le	�retaceoNsv	car(onate	Hlat3orm	Rith	loR	-etrital	in3lNS	
Ras	 Hrevailin4	 in	 the	 �entral	 �i4h	 �tlasd	 Rhile	 in	 the	 �tlantic	 -omain	 the	 �Nronian	
or4anicqmatter	 rich	 (lac<	 shales	 Rere	 -eHosite-	 in	 a	 relativelT	 -eeHer	 marine	
environment	u�an4d	in	HreHgvg		
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Provenance	 stN-ies	 sN44est	 that	 onlT	 the	 �e4Ni(at	 �hiel-	 an-	 MaNritani-es	 Rere	
soNrcin4	clastic	se-iments	to	the	north	�ar3aTa	(asin	-Nrin4	the	�arlT	�retaceoNsd	Rhile	
the	�ntiq�tlas	Ras	Hart	o3	the	 in	the	siliciclastic	sNHHlT	to	the	coastal	(asin	3rom	�ate	
�retaceoNs	 onRar-s	 u�li	 et	 algd	 ����vg	 Pratt	 et	 alg	 u����v	 collecte-	 �l(ian	 se-iments	
-eHosite-	in	the	�i3	(asind	an-	trace-	the	Hrovenance	to	tRo	soNrcesf	a	Mesetian	one	
an-	a	HresentlT	Nn<noRn	uigeg	ero-e-v	soNrce	areag	

�Nrin4	the	Palaeo4ene	u3i4g	�g��v	most	o3	the	stN-T	area	Ras	emer4e-g	�Hicontinental	
(asins	-eveloHe-	aroNn-	the	eShNmin4	massi3s	o3	the	Meseta	an-	the	�i4h	�tlasd	an-	
shalloR	 marine	 settin4	 Hersiste-	 in	 the	 �ar3aTa	 (asing	 �he	 -inosaNrs	 are	 4onef	
Paleontolo4ical	evi-ences	are	rests	o3	3ishesd	lizar-sd	an-	mammals	uRhalesd	tNrtleshvg		

�he	 �eo4ene	 Herio-	 u3i4g	 �g��v	 shoRs	 onlT	 minor	 -i33erences	 Rith	 the	 Hresentq-aT	
sitNationd	as	nearlT	all	o3	Morocco	is	emer4e-g	mHortant	se-iment	soNrce	areas	are	the	
Mesetad	the	�i4h	�tlasd	the	�ntiq�tlasd	an-	the	�e4Ni(at	�hiel-g	�ome	shalloR	marine	
sin<s	Rere	-eveloHe-	in	the	�orth	�ar3aTa	soNthern	�ettatd	an-	�har(	(asinsd	an-	alon4	
the	Me-iterranean	coast	in	the	�i3	-omaing	

�g�g	�imitations		

�ata	INalitTd	-ata	-ensitTd	an-	temHoral	resolNtion	are	verT	varia(le	across	the	ksoNrceq
toqsin<l	 maHsg	 �his	 lea-s	 to	 varia(le	 ro(Nstness	 o3	 the	 Hresente-	 maHsd	 Rhich	
comHlicates	the	comHarisons	3rom	one	to	anotherg	�atin4	is	the	HrimarT	NncertaintTd	as	
several	 Phanerozoic	 laTers	 are	 Nn-i33erentiate-	 in	 Morocco	 an-	 sNrroNn-in4s	 ueg4g	
�ollar-	 et	 algd	 ����vg	 �his	 is	 3or	 instance	 the	 case	 o3	 Permoq�riassicd	Mi--le	 to	 �ate	
�Nrassicd	an-	�arlT	to	Mi--le	�retaceoNs	re-(e-s	uk�ontinentale	ntercalairelvd	all	three	
more	or	less	Ri-elT	maHHe-	in	the	stN-T	aread	(Nt	their	a4es	are	Rea<lT	constraine-g	
�hese	laTers	maT	(e	intercalate-	(T	-ate-	marine	seINences	or	ma4matic	intrNsionsd	
(Nt	the	(iostrati4raHhic	or	4eochronolo4ic	stN-ies	are	4enerallT	local	an-	eStraHolation	
still	has	to	(e	ma-e	3or	similar	(Nt	nonqconstraine-	3aciesg		

�he	Permian	maH	remains	the	most	sHecNlative	as	it	Ras	constraine-	Rith	verT	limite-	
amoNnt	o3	-atag	�hile	the	�eo4ene	is	a	-ata	rich	time	interval	an-	the	corresHon-in4	
maHs	is	(etter	constraine-g	�nother	limitin4	asHect	is	intro-Nce-	(T	the	-e3inition	o3	the	
timeqRin-oRs	that	each	maH	coversg	 n-ee-d	the	temHoral	resolNtion	o3	the	Permian	
an-	�riassic	maHs	is	coarsed	as	theT	encomHass	cag	��	MTrd	esHeciallT	Rhen	comHare-	
to	the	short	Mi--le	�Nrassic	interval	ucag	��	MTrvg	t	is	also	imHortant	to	note	that	the	
�riassic	maH	is	mostlT	comHose-	o3	�ate	�riassic	-atad	as	�arlT	an-	Mi--le	�riassic	times	
are	rarelT	-ocNmente-	in	the	strati4raHhT	o3	Moroccog	n-ee-d	the	3aNlts	an-	stresses	
are	 ri3t	 relate-d	 an-	 there3ore	 most	 li<elT	 �ate	 �riassicg	 �he	 �riassic	 se-iments	 are	
maHHe-	as	Nn-i33erentiate-	�riassic	or	as	 �ate	�riassic	 an-	 the	��MP	-T<es	an-	 sills	
occNrre-	in	the	lattermost	�riassicg	�oReverd	the	eShNmation	rates	Rere	calcNlate-	3or	
the	entire	�riassicd	Rhich	mi4ht	intro-Nce	a	(ias	in	the	maHg		
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Moreoverd	oNr	ksoNrceqtoqsin<l	maHs	are	Nsin4	the	Hresentq-aT	4eo4raHhT	an-	4eolo4T	
as	(ase	maHsg	 n	other	Ror-sd	 this	means	 that	 the	maHs	are	Nnrestore-g	�his	 shoNl-	
-e3initelT	(e	ta<en	into	accoNnt	Rhen	rea-in4	them	an-	-iscNssin4	imHlications	3or	the	
�tlas	an-	�i3	(eltsd	3or	Rhich	�enozoic	NHheaval	Ras	mostlT	caNse-	(T	�q�	comHression	
ueg4g	Michar-	et	algd	����vg	�Nr	overall	messa4e	is	that	the	Permian	an-	�riassic	maHs	
are	the	least	constraine-	amon4	the	constrNcte-	HaleoqmaHsg	

�g�g	�onclNsions	

n	this	chaHterd	Re	constrNcte-	��	Haleoq	strNctNrald	erosionald	an-	-eHositional	maHs	
3rom	Permian	to	the	Hresentq-aTd	Rhich	Re	calle-	ksoNrceqtoqsin<l	maHsg		

�Nrin4	 the	Permiand	 terrestrial	(asins	Rere	 locate-	 in	 the	Meseta	an-	Rere	 soNrce-	
Rith	ero-e-	material	o3	the	Variscan	chaing	 n	Moroccod	oNr	-ata	collection	3rom	the	
Permian	is	scarced	an-	Tet	scarcer	in	Moroccan	sNrroNn-in4sg		

n	 the	 �riassicd	 the	 -eHosition	 occNrre-	 in	manier	 Hlacesg	 �ctive	 se-imentarT	 soNrce	
areas	 Rere	 the	 �entral	Massi3	 unorthern	Mesetavd	 the	 uResternv	 �ntiq�tlasd	 an-	 the	
ucentralv	�e4Ni(at	�hiel-g	�errestrialotransitional	environments	covere-	the	�i4h	�tlasd	
the	Mesetad	an-	the	�ar3aTa	(asins	as	Rell	as	Hart	o3	the	�e4Ni(at	�hiel-g	

�hroN4hoNt	the	�Nrassicd	shalloR	marine	an-	marine	environments	are	Rell	reco4nise-g	
�ctive	 se-imentarT	 soNrce	 areas	 Rere	 the	 �ntiq�tlasd	 the	 �e4Ni(at	 �hiel-d	 an-	 the	
Meseta	massi3sg	�	sN(stantial	shi3t	o3	soNrce	area	Ras	evi-ence-	3rom	the	�ntiq�tlas	to	
the	Mesetao�i4h	�tlas	at	the	transition	(etReen	the	Mi--le	an-	the	�ate	�Nrassic	ucag	
���	Mavg		

n	 the	�retaceoNsd	 terrestrial	 environments	 are	 coverin4	 a	 sN(stantial	 Hortion	o3	 the	
stN-T	aread	esHeciallT	(etReen	���	an-	���	Mag	�nother	consi-era(le	shi3t	o3	soNrce	
area	 Ras	 evi-ence-	 3rom	 the	 Mesetao�i4h	 �tlas	 to	 the	 �ntiq�tlas	 at	 the	 transition	
(etReen	the	earlT	�arlT	an-	the	mi--le	�retaceoNs	ucag	���	Mavg	

�astd	 -Nrin4	 the	 �enozoicd	 almost	 all	 HresentlT	 oNtrcoHHin4	 (asement	 areas	 Rere	
soNrcin4	material	to	the	coastal	an-	3orelan-	(asinsg	
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�c<noRle-4ementsf	����	mem(ers	�n4el	�rante4Nid	�im	�N(erd	�N-e	�Nvalq�rnoNl-d	
�eonar-o	MNnizqPicheld	�ianHen4	�an4d	an-	�mmanNel	�oINette	are	than<e-	3or	their	
valNa(le	colla(orationg	�N-e	�Nvalq�rnoNl-	an-	�mmanNel	�oINette	are	 than<e-	 3or	
Hroo3rea-in4	 this	 chaHterg	 �milie	 �haillan	 is	 than<e-	 3or	 -i4itizin4	 the	 �retaceoNs	
oNtcroHs	3rom	the	��	�3rican	4eolo4ical	maHsg	
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�iscNssionf	Vertical	movements	

an-	Nn-erlTin4	mechanisms	
	

�(stractf	�he	Hotential	mechanisms	resHonsi(le	3or	the	onset	an-	continNation	o3	the	
<mqscale	NnHre-icte-	vertical	movements	are	-iscNsse-	 in	this	chaHterg	�he	-i33erent	
comHilations	an-	comHarisons	o3	-ata	hitherto	4athere-	 shoR	 that	 loRqtemHeratNre	
thermochronolo4T	 a4es	 relate-	 to	 ri3tin4d	 i3	 ever	 Hresentd	 have	 (een	 overHrinte-	 (T	
Hostqri3t	eventsg	�he	mechanisms	HrevioNslT	HroHose-	3or	the	Moroccan	case	accoNnt	
3or	 local	 to	 re4ional	 o(servationsg	 �oReverd	 not	 all	 o3	 these	 HoHose-	 mechanisms	
accoNnt	3or	the	lar4eqscale	an-	more	4eneral	o(servationsg	�n	the	other	han-d	recent	
stN-ies	have	sN(mitte-	that	mantleq-riven	-Tnamic	toHo4raHhT	shoNl-	(e	consi-ere-	
as	a	4eneral	Nn-erlTin4	caNse	3or	(oth	NHRar-	an-	-oRnRar-	movements	o(serve-	in	
manT	Hlaces	o3	the	Rorl-g	�oReverd	this	Hrocess	-oes	not	ta<e	into	accoNnt	the	local	
an-	re4ional	o(servationsg	�e	ar4Ne	that	a	com(ination	o3	lar4eqscale	crNstal	3ol-in4d	
mantleq-riven	-Tnamic	toHo4raHhTd	an-	thermal	sN(si-enced	Ras	instrNmental	to	the	
eShNmation	 an-	 sN(si-ence	 eHiso-esg	 Moreoverd	 these	 lar4eqscale	 eHiso-es	 Rere	
sNHerimHose-	(T	chan4es	 in	climatesd	sea	 leveld	an-	ero-i(ilitT	o3	 the	eSHose-	roc<sd	
overall	 contri(Ntin4	 to	 the	 vertical	 movement	 timin4sd	 Hatternsd	 an-	 amHlitN-es	
o(serve-	in	Morocco	an-	its	sNrroNn-in4sg	
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�g�g	ntro-Nction	

�ne	 o3	 the	 characteristics	 o3	 the	 <mqscale	 NnHre-icte-	 eShNmation	 an-	 sN(si-ence	
eHiso-es	occNrrin4	in	Morocco	that	remains	Nnconstraine-	is	the	tri44erin4	Hrocessuesvg	
n	 this	 chaHterd	 Re	 -iscNss	 the	 Hossi(le	 mechanisms	 resHonsi(le	 3or	 the	 onset	 an-	
Hersistence	o3	these	movementsg		


irstd	 Re	 ela(orate	 on	 the	 ri3tin4	 an-	 -ri3tin4	 tectonicsg	 �e	 secon-lT	 eSamine	 the	
-ataset	 o3	 �oRq�emHeratNre	 �hermochronolo4T	 u���v	 a4es	 in	 Morocco	 an-	
sNrroNn-in4s	to	Hossi(lT	-e3ine	tren-s	that	are	eSHecte-	alon4	Hassive	mar4insg	�hir-d	
Re	revieR	the	Hrocesses	that	Rere	HroHose-	3or	Morocco	as	li<elT	can-i-ates	to	eSHlain	
the	 o(serve-	 eShNmation	 an-	 sN(si-ence	 eHiso-esg	 
oNrthd	 Re	 ela(orate	 on	 the	
tectonic	imHlications	o3	the	resNlts	o(taine-	hitherto	in	this	�hesis	an-	comHare	them	
to	HN(lishe-	-atad	Rhich	inclN-es	the	comHarison	o3	the	Hresentq-aT	architectNre	an-	
evolNtion	o3	the	�i-i	3ni	transect	to	other	se4ments	across	the	Moroccan	ri3te-	mar4ind	
the	Ravelen4ths	o3	vertical	movements	3rom	the	�ntiq�tlas	to	the	rest	o3	Moroccod	an-	
the	 eShNmation	 an-	 sN(si-ence	 rates	 to	 instances	 in	 the	 literatNre	 Rhere	 the	
mechanisms	are	<noRng	�astd	Re	comHile	an-	comHare	-i33erent	HroSies	3or	tectonicd	
climated	an-	eNstatic	chan4esg	

�g�g	�SHecte-	tectonic	evolNtion	alon4	a	ri3te-	Hassive	mar4in		

�everal	tTHes	o3	ri3ts	an-	Hassive	mar4ins	eSists	ueg4g	�llen	an-	�llend	����vg	�hese	tTHes	
maT	(e	cate4orise-	 in	 several	 3ashionsd	(ase-	on	 their	 4eo-Tnamic	 conteStd	 volcanic	
activitTd	Ri-thd	or	other	asHectsg	�e	Rill	3ocNs	on	the	tectonics	eSHecte-lT	involve-	in	
the	case	o3	the	�entral	�tlantic	ri3tin4	an-	-ri3tin4	u3i4g	�g�vg		

�he	ri3tin4	o3	 the	�entral	�tlantic	 is	consi-ere-	as	Hassive	 ueg4g	�an<ar-	an-	�elsin<d	
����v	an-	asTmmetric	ueg4g	PiIN0	an-	�avilled	����e	�oNizad	����vg	�he	earlT	Mesozoic	
ri3tin4	 Ras	 characterise-	 (T	 a	 Ri-e	 ri3te-	 zone	 u
rizon	 -e	 �amotte	 et	 algP	 ����vd	
imHortant	terri4enoNs	inHNtsd	salt	se-imentationd	an-	(T	the	�entral	�tlantic	Ma4matic	
Province	u��MPe	eg4g	Michar-	et	algP	����vg		
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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.P	 2c1c).	A)P	�)P	 and	C)	Pre-P	 Syn-	and	
post-rift	 situationsP	 respectively.	 MO�:	 Mid-Oceanic	 �idge	 (spreading	 centre)Q	 COT�:	
Continent-Ocean	Transition	�one.	�)P	E)P	�)P	and	G)	Evolution	of	different	aspects	of	a	rifted	
continental	 margin.	 
)	 and	 I)	 Cartoons	 illustrating	 source-to-sin/	 systems	 and	 salt	
mobilisationP	respectively.	
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Passive	ri3tin4	-eveloHs	in	an	eStensional	4eo-Tnamic	conteStd	Rith	eStension	-riven	(T	
Hlate	movements	 ueg4g	Michon	an-	Merled	����vg	 t	has	(een	 sN44este-	 that	Hassive	
ri3tin4	is	characterise-	(T	lithosHheric	stretchin4d	asthenosHhere	NHRellin4d	hi4h	sNr3ace	
heatq3loR	 u3i4g	 �g��vd	 seismic	 activitTd	 ne4ative	 �oN4Ner	 anomaliesd	 normal	 3aNlts	
reachin4	 -eeH	 Rithin	 the	 continental	 crNstd	 an-	 thermal	 anomalies	 at	 -eHth	 ueg4g	
�Nismans	an-	�eaNmontd	����e	�llen	an-	�llend	����vg	�sTmmetric	ri3tsd	Rhich	maT	lea-	
to	mantle	eShNmation	alon4	a	-etachment	3aNltd	are	characterise-	(T	simHle	shear	an-	
hi4h	eStension	rates	uMichon	an-	Merled	����vg	t	Ras	also	evi-ence-	that	asTmmetric	
ri3ts	can	resNlt	3rom	ri3t	zone	mi4ration	u3or	-etailsd	see	�rNne	et	algP	����vg	�he	a-;acent	
Nnstretche-	 continental	 lithosHhere	 uri3t	 3lan<sv	 maT	 (e	 a33ecte-	 (T	 small	 scale	
convectiond	 volcanismd	 an-	 NHli3t	 u3i4g	 �g��e	 eg4g	�lsend	 ����e	 �llen	 an-	�llend	 ����vg	
Pre-icte-	sTnqri3t	vertical	movements	are	sN(stantial	an-	raHi-	sN(si-ence	 in	 the	ri3t	
zone	u3i4g	�g��e	Mc�enzied	����v	an-	NHli3t	or	no	motions	in	the	ri3t	3lan<s	u�lsend	����e	
�Nismans	an-	�eaNmontd	����vg	

�he	 Hassive	mar4in	 o3	 northRest	 �3rica	 is	 a	 ri3te-d	matNred	 3airlT	 narroRd	 se-imentq
noNrishe-	mar4in	ueg4g	Michar-	et	algP	����vg	t	is	consi-ere-	as	nonqvolcanicd	or	ma4maq
Hoord	as	the	continental	mar4in	lac<s	seaRar-	-iHHin4	re3lectors	ueg4g	�ontrNcci	et	algP	
����e	�iari	et	algP	����vg		

�i3te-	ma4maqHoor	continental	mar4ins	are	characterise-	(T	seaRar-	-iHHin4	normal	
3aNlts	 an-	 a	 (rea<qNH	 Nncon3ormitT	 ueg4g	 Paton	 et	 algd	 ����vg	 �he	 Hre-icte-	 Hostqri3t	
vertical	 movement	 in	 ri3te-	mar4ins	 is	 a	 sloR	 an-	 continNoNs	 sN(si-ence	 u3i4g	 �g��e	
Mc�enzied	����vd	lin<e-	to	thermal	coolin4	o3	the	lithosHhere	u3i4g	�g�g�e	eg4g	�ertottid	
����e	�attsd	 ����vg	 �he	 a-;acent	 Nnstretche-	 continental	 lithosHhere	 is	 assNme-	as	
tectonicallT	INiescent	in	most	mo-els	o3	Hassive	mar4ins	evolNtion	urevieRe-	in	�attsd	
����vg	�oReverd	some	stN-ies	have	shoRn	that	Hostqri3t	NHli3t	an-	eShNmation	can	(e	
Hre-icte-	in	the	Nnstretche-	lithosHhere	a-;acent	to	ri3te-	mar4ins	u3i4g	�g�
e	�eroT	et	
algP	 ����e	  amato	et	 algP	 ����vg	 �he	mo-elle-	 vertical	movements	Rere	eSHlaine-	as	
resNltin4	 3rom	 asthenosHhere	 NHRellin4	 or	 thermal	 in-Nce-	 3leSNral	 resHonse	 o3	 the	
lithosHhereg		

�oNrceqtoqsin<	sTstems	maT	resNlt	3rom	the	erosion	o3	the	Nnstretche-	lithosHhere	i3	its	
sNr3ace	resi-es	a(ove	sea	level	ueg4g	Martinsen	et	algP	����e	�ellan-q�ansen	����e	3i4g	
�g��vg	�he	soqcalle-	iHassiveqmar4in	san-sj	are	a	Hro-Nct	eSamHle	o3	sNch	sTstems	ueg4g	
�arzanti	et	algP	����vg	
inallTd	the	se-imentarT	over(Nr-en	in	a	se-imentqrich	mar4ind	
alon4si-e	other	Hrocessesd	is	sNsceHti(le	to	tri44er	salt	mo(ilisation	an-	local	NHli3ts	u3i4g	
�g��e	eg4g	Pichel	et	algP	����vg		
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�g�g	���	a4e	Hatternsf	�	lin<	Rith	ri3tin4	or	-ri3tin4	Hrocessesc	

�he	���	a4es	Hro-Nce-	in	Morocco	an-	its	sNrroNn-in4s	are	HerhaHs	relate-	to	coolin4	
or	heatin4	events	relate-	to	the	ri3tin4	or	-ri3tin4	Hrocessesg	�ssNmin4	that	sNch	si4nals	
Rere	not	sNHerimHose-	(T	other	Hrocessesd	a	clear	Hattern	is	eSHecte-	to	emer4e	3rom	
sHatial	an-	temHoral	-istri(Ntions	o3	the	���	a4es	u3i4g	�g�	an-	�g�vg	�Nrin4	the	�riassicd	
tRo	-istinct	ri3ts	-eveloHe-	in	Moroccof	the	�entral	�tlantic	an-	�i4h	�tlas	ri3tsg	3	lin<e-	
to	ri3tin4	Hrocessesd	Hro-Nce-	a4es	close-	to	the	ri3te-	areas	shoNl-	recor-	coolin4	a4es	
3rom	�riassic	 to	 �arlT	 �Nrassic	 times	Rith	overall	 ol-er	 a4es	 aRaT	 3rom	 the	 ri3t	 zoneg	
n-ee-d	it	has	(een	-emonstrate-	that	���	a4es	maT	(e	a33ecte-	or	reset	(T	heat	3lNSes	
in	 the	 ri3te-	 areas	 or	 their	 vicinitT	 ueg4g	 Moore	 et	 algP	 ����e	 �ohrman	 et	 algP	 ����vg	
Moreoverd	3lan<	NHli3t	RoNl-	4enerate	eShNmation	an-	conseINentlT	���	sTstems	RoNl-	
recor-	coolin4	in	the	Nnstretche-	crNsts	alon4	the	ri3te-	areasg		

	

	
�igure	6.2.	Temporal	distribution	of	LTT	ages	produced	in	Morocco	and	surrounding	(plotted	
in	bins	of	2c	Myr).	See	all	references	in	table	4.1.	�esults	of	thermochronology	on	A)	apatite	
and	�)	zircon	crystals.		
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3	 ���	a4e	Hatterns	Rere	 lin<e-	 to	Hostq(rea<NH	NHli3t	 in	 the	Nnstretche-	 lithosHhere	
ueg4g	�eroT	et	algP	����vd	one	RoNl-	eSHect	Mi--leo�ate	�Nrassic	to	�arlT	�retaceoNs	a4es	
alon4	the	ri3te-	continental	mar4in	o3	the	�entral	�tlanticg	�RaT	3rom	the	mar4ind	4iven	
the	assNme-	tectonic	inactivitT	in	the	mo-elsd	no	HarticNlar	tren-	or	Hattern	is	eSHecte-g	
�hNsd	the	ri3tqrelate-	a4e	Hattern	shoNl-	Hrevailg		


rom	����	���	a4es	Hro-Nce-	in	Morocco	an-	sNrroNn-in4s	u3i4g	�g�vd	���	(elon4s	to	
the	HostqVariscan	 an-	Hreq�tlas	oro4enT	Herio-d	 characterise-	(T	 the	Hreqd	 sTnqd	 an-	
Hostqri3t	sta4es	o3	(oth	the	�entral	�tlantic	an-	�tlas	ri3tsg	
or	the	remainin4	-atad	���	
(elon4s	to	the	Herio-	o3	�tlas	-e3ormations	ucag	��q�Mavd	��	to	the	Variscan	ucag	���q
���	 Mav	 an-	 ��	 is	 ol-er	 than	 the	 Variscang	 �hese	 coolin4	 a4es	 clearlT	 shoR	 that	
Ri-esHrea-	coolin4	events	too<	Hlace	(e3ored	-Nrin4d	an-	a3ter	the	ri3tin4	sta4esg		

�he	sHatial	-istri(Ntion	o3	the	coolin4	a4es	maT	(e	o(serve-	in	3i4Nre	�g�d	hi4hlitin4	a4e	
Hatterns	in	some	areasg	
or	the	��e	an-	�
�	sTstemsd	�enozoic	a4es	are	concentrate-	
close	to	recent	moNntains	u�i3d	�tlasv	or	in	the	�anarT	slan-sg	Mesozoic	an-	Palaeo4ene	
��e	a4es	Rere	Hro-Nce-	3or	all	Variscan	massi3sg	�s	o(serve-	3or	the	�ntiq�tlas	(elt	in	
chaHter	�d	there	is	a	tren-	Rith	ToNn4er	��e	a4es	toRar-s	the	northeastg	n	the	�e4Ni(at	
�hiel-d	�
�	a4es	are	(ecomin4	si4ni3icantlT	ol-er	 uPalaeozoicv	 toRar-s	 the	northeastg	
�his	Hattern	is	not	aHHlica(le	to	the	�ntiq�tlasd	as	its	Restern	an-	eastern	terminations	
are	 characterise-	 (T	 Permian	 to	 �Nrassic	 �
�	 a4esg	 �hered	 �
�	 a4es	 are	 (ecomin4	
ToNn4er	toRar-s	the	centre	o3	the	(eltg		

���	on	zircons	Ras	someRhat	less	aHHlie-	in	stN-ies	con-Ncte-	in	Morocco	u3i4sg	�g��	
an-	�vg	�hile	most	 o3	 the	 !
�	 a4es	 recor-	 a	 Variscan	 si4nald	 !�e	 a4es	 are	 3or	 their	
ma;oritT	Permian	or	ToNn4erg	�o	clear	a4e	Hatterns	are	-istin4Nishe-	Rithin	these	-ata	
setsg		

�e	 also	 constrNcte-	 a	 transect	 rNnnin4	 HerHen-icNlar	 to	 the	 �ontinentalq�ceanic	
�oNn-arT	 u���vd	 Hro;ectin4	 ortho4onallT	 all	 availa(le	 
�	 a4es	 an-	 the	 calcNlate-	 u�q
�hvo�e	me-ian	a4es	onto	it	u3i4g	�g�vg	�e	aim	to	see	i3	there	are	coolin4	a4e	Hatterns	
that	coNl-	(e	eSHlaine-	(T	Hrocesses	intrinsic	to	the	�entral	�tlantic	ri3tin4d	even	thoN4h	
theT	are	not	visi(le	on	a	maH	vieRg	n	that	cased	Re	shoNl-	o(serve	coolin4	a4es	o3	ri3tin4	
a4es	at	the	continentalqoceanic	(oNn-arTd	an-	ol-er	a4es	aRaT	3rom	the	(oNn-arTd	Nntil	
a	threshol-	-istance	Rhere	theT	are	not	reset	anTmoreg		
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�igure	 6.3.	 LTT	 cooling	 ages	 spatial	 pattern	 superimposed	 to	 the	 �EM	 (data:	
GE�COZ2c14Z1�).	See	complete	list	of	references	in	chapter	4P	table	4.1.	
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�igure	 6.4.	 LTT	 ages	 orthogonally	 pro.ected	 along	 a	 ��XSE	 trending	 line.	 The	 line	 runs	
perpendicular	 to	 the	 CO�	 (orientation	of	 a	 trend	 line	 offshore	Morocco	 is	 ca.	 47a�).	 The	
position	of	the	CO�	is	after	Miles	et	al.P	2c12.	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	 �
�	 a4es	 seem	 to	 (ecome	 ol-er	 soNthqeastRar-s	 aRaT	 3rom	 the	 �ontinentalq
�ceanic	 �oNn-arT	 u���vd	 as	 o(serve-	(T	 �eHr1tre	 et	 alg	 u����vg	�oReverd	 this	 tren-	
seems	to	eSist	onlT	(ecaNse	o3	3eR	coolin4	a4es	Hro-Nce-	in	the	�e4Ni(at	�hiel-g	�e	-o	
not	o(serve	sNch	Hatterns	in	the	other	(asement	areas	o3	Morocco	u3i4g	�g�vg	�imilarlTd	
the	��ed	!
�d	an-	!�e	sTstems	-o	not	shoR	clear	temHoral	tren-s	aRaT	3rom	the	���d	
Rhich	maT	(e	-Ne	to	a	lac<	o3	-atag	�here3ored	Re	cannot	conclN-e	here	that	the	coolin4	
a4es	an-	Hatterns	are	relate-	to	the	ri3tin4g	t	is	also	o(serve-	3or	�
�	an-	��e	a4es	that	
3eR	-ata	Hoints	seem	to	(e	ol-er	than	the	ri3tin4	a4ed	NH	to	���q���	<m	aRaT	3rom	the	
���	u3i4sg	�g��	an-	�vg	

�--itionallTd	 it	 has	 (een	 -emonstrate-	 3or	 the	 �
�	 sTstem	 that	Mean	 �rac<	 �en4th	
uM��v	 vs	 �
�	 a4e	 Hlots	 u3i4g	 �g�e	 sometimes	 calle-	 i(oomeran4	 Hlotsje	 �alla4her	 an-	
�roRnd	����v	Tiel-	insi4hts	into	the	coolin4	historTg	�here3ored	coolin4	events	evi-ence-	
Rith	 this	metho-	 uclNster	 o3	 lon4	M��v	maT	-isHlaT	 a	 temHoral	 lin<	 to	 the	 ri3tin4d	 as	
eSemHli3ie-	in	the	�razilian	u�o4n0	et	algP	����v	an-	n-ian	ri3te-	mar4ins	u�amHaniled	
����vg	 n	 the	Moroccan	-ataset	hoReverd	 there	 is	 no	 i(oomeran4j	 cNrve	nor	 a	 clear	
temHoral	lin<	(etReen	lon4	M��	ucag	��q��	�mv	an-	the	timin4	o3	ri3tin4g		

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

�he	-istri(Ntion	o3	the	coolin4	a4es	RithoNt	4eneral	temHoral	an-	sHatial	Hatternsd	an-	
the	a(sence	o3	i(oomeran4	cNrvejd	sN44est	that	the	Hrocesses	intrinsic	to	ri3tin4	an-oor	
-ri3tin4	 mi4ht	 have	 little	 to	 -o	 Rith	 the	 vertical	 movement	 timin4s	 an-	 Hatterns	 in	
Morocco	or	that	theT	Rere	sNHerimHose-	(T	other	events	that	occNrre-	-Nrin4	the	Hostq
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�g�g	Vertical	movementsf	ProHose-	mechanisms	

�neSHecte-	 vertical	 movements	 are	 la(elle-	 as	 sNch	 (ecaNse	 oNr	 recor-	 o3	 the	
4eolo4ical	 historT	 is	 not	 sN33icientlT	 -etaile-	 to	 Hrovi-e	 concomitant	 an-	 a-eINate	
4eolo4ical	 Hrocesses	 sNHHortin4	 their	 occNrenceg	 �he	 HroHose-	 mechanisms	 mNst	
accoNnt	3or	several	o(servationsf	<mqscale	sN(si-ence	an-	eShNmation	on	a	3airlT	lar4e	
scaled	not	restricte-	to	the	hinterlan-s	o3	the	mar4ins	ueg4g	eShNmation	o3	the	�o44ar	
Massi3	 in	�l4eriae	�n4lish	et	algP	����vd	an-	 in	mNltiHle	eHiso-es	ueg4g	�e4Ni(at	�hiel-e	
�eHr1tre	et	algP	����vg		

�tN-ies	 have	 ar4Ne-	 that	 these	 eHiso-ic	 eShNmation	 an-	 sN(si-ence	 events	 can	 (e	
eSHlaine-	in	terms	tectonic	Hlate	motions	an-	-rivin4	3orces	ueg4g	�reen	et	algP	����v	or	
lithosHheric	3ol-in4	o3	the	continental	mar4in	ueg4g	�aHsen	et	algP	����vg	Mantleq-riven	
-Tnamic	 toHo4raHhT	 has	 also	 (een	 HroHose-	 as	 a	 can-i-ate	 3or	 the	 initiation	 an-	
Hreservation	o3	these	vertical	movements	ueg4g	�o44ar-	et	algP	����e	see	MPller	et	algP	
����d	3or	a	recent	revieRvg	

�Nmerical	 mo-ellin4	 stN-ies	 shoR	 that	 Hostqri3t	 chan4es	 in	 mantle	 convection	 ueg4g	
 amato	et	algP	����v	or	thermallT	in-Nce-	3leSNral	resHonse	o3	the	lithosHhere	u�eroT	et	
algP	 ����v	 eventNallT	 lea-	 to	 NHli3t	 in	 the	 ri3te-	mar4in	 hinterlan-sg	 �oReverd	 these	
mo-elle-	mechanisms	onlT	accoNnt	3or	the	Hostqri3t	tectonics	alon4	a	ri3te-	continental	
mar4ind	 an-	 thNs	 cannot	(e	Nse-	 to	 test	 the	o(serve-	Hreq	an-	 sTnq	 ri3t	movements	
o(serve-	in	Moroccog		

n	 Moroccod	 HrevioNs	 aNthors	 have	 tentativelT	 associate-	 the	 NHRar-	 movements	
evi-ence-	via	timeq�emHeratNre	utq�v	mo-ellin4	to	the	Variscan	chain	erosion	3or	the	
Hreqri3t	eShNmation	ueg4g	�Niz	et	algd	����vd	to	the	NHli3te-	ri3t	shoNl-ers	3or	the	sTnqri3t	
eShNmation	ueg4g	�N<assoN	et	algd	����vd	an-	to	 intraqHlate	horizontal	crNstal	stresses	
relate-	to	the	�oNth	�tlantic	oHenin4	an-	-ri3tin4	3or	the	late	Hostqri3t	eShNmation	ueg4g	
Michar-	et	algd	����ae	�hor(al	et	algd	����e	�oNiza	et	algd	����avg		

�ome	aNthors	 ueg4g	
rizon	-e	�amotte	et	algd	����e	�Niz	et	algd	����e	�N<assoN	et	algd	
����e	 �oNlaimani	 et	 algd	 ����v	 sN44este-	 that	 the	 Variscan	 (elt	 Ras	 the	 soqcalle-	
iNHli3te-	shoNl-erj	o3	the	�entral	�tlantic	an-	�i4h	�tlas	ri3ts	3rom	the	en-	o3	the	�riassic	
to	the	�arlT	�Nrassicg	�riassic	re-	(e-s	in	the	�echar	�asin	u
a(red	����v	an-	o33shore	
�tlantic	mar4in	ueg4g	3niq�e	�(oN	�li	et	algd	����e	�a3i-	et	algP	����vd	an-	a	lac<	o3	�riassic	
se-iments	 an-	 heatin4	 events	 at	 ���	 Ma	 in	 the	 Restern	 �ntiq�tlas	 thermal	 historT	
mo-els	 usee	 ar4Nment	 in	 �oNlaimani	 et	 algd	 ����vd	 are	 elements	 that	 sNHHort	 that	
conclNsiong	Moreoverd	 ri3t	 NHli3te-	 shoNl-ers	 are	 -escri(e-	 as	 re4ional	 3eatNres	Rith	
elevate-	areas	NH	to	one	hNn-re-	<ilometres	aRaT	3rom	the	ri3t	mar4in	ueg4g	�Nc<d	����e	
�llen	an-	�llend	����vg	�ontrariRised	the	a(sence	o3	�riassic	to	�Nrassic	se-iments	in	the	
�in-oN3d	�ntiq�tlasd	an-	�Nir	�ama-a	(asins	 le-	
a(re	 u����v	 to	HroHose	an	 isostatic	
re(oNn-	-Ne	to	the	removal	o3	thic<	laTers	o3	��MP	(asalts	-Ne	to	erosiong	
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�oNiza	u����v	shoRe-	Rith	lithosHheric	mo-ellin4	that	the	ri3tin4	<inematics	Rere	not	
sN33icient	to	eSHlain	<mqscale	vertical	movements	in	the	ri3t	3lan<s	-Nrin4	an-	a3ter	the	
ri3tin4g	 Moreoverd	 �Niz	 et	 alg	 u����e	 see	 re3erences	 thereinv	 -emonstrate-	 that	 the	
NHHermost	isotherms	Rithin	the	lithosHhere	o3	the	�ntiq�tlas	are	not	mNch	a33ecte-	(T	
thermal	HertNr(ations	occNrrin4	close	 to	 the	 lithosHhereqasthenosHhere	(oNn-arT	or	
-eeHerg	�om/nech	u����v	ar4Nes	that	the	Hostqri3t	thermal	relaSation	o3	the	lithosHhere	
coNl-	not	entirelT	eSHlain	the	o(serve-	coolin4	in	tq�	mo-ellin4	resNltsd	an-	hence	that	
eShNmation	mNst	have	occNrre-g		

�Tnqse-imentarT	3ol-in4	an-	3aNltin4	-ocNmente-	in	the	�Nrassic	an-	�retaceoNs	o3	the	
Restern	 �i4h	 �tlas	 sN44est	 that	 re4ional	 �q�	 shortenin4	 sNHHorte-	 the	 vertical	
movements	 u�ertotti	 an-	 �oNizad	 ����vg	 �ther	 nonq�tlasic	 comHressional	 strNctNres	
have	(een	o(serve-	onshore	in	the	MissoNr	(asin	u�eaNchamH	et	algd	����vd	�ssaoNiraq
�4a-ir	(asin	u
ern$n-ezq�lanco	an-	�oNizad	����vd	an-	�entral	�i4h	�tlas	u�alvin	et	algP	
����vg	�33shored	in	the	Hassive	mar4ind	�ate	�retaceoNs	comHressional	strNctNres	have	
also	 (een	 interHrete-	 on	 seismic	 Hro3ilesd	 near	 �a3i	 u�NnlaH	 et	 algP	 ����vd	 �ssaoNira	
u�eNmaier	et	algP	����vd	an-	�anq�an	u�(oN	�li	et	algd	����vg	�oReverd	theT	have	(een	
attri(Nte-	 to	 the	 �tlasic	 shortenin4g	 �hortenin4	 -irections	 in3erre-	 in	 the	
a(ovementione-	stN-ies	are	(etReen	�q�	an-	���q���g	n	the	�ar3aTa	(asind	�Nrassicq
�retaceoNs	ktectonic	movementsl	Rere	-escri(e-	an-	attri(Nte-	to	the	motions	o3	an	
eastq(oNn-in4	 3aNlt	 u�hoN(ert	et	 algP	 ����vg	 �his	 3aNlt	Ras	 sai-	 to	(e	a	 tectonic	 limit	
(etReen	the	�ntiq�tlas	an-	the	(asing	�onethelessd	it	is	har-	to	resolve	i3	this	in3erre-	
Hostqri3t	an-	nonq�tlasic	shortenin4	is	the	caNse	o3	the	vertical	movements	or	merelT	
the	conseINence	o3	a-;acent	areas	(ein4	NHli3te-	(T	other	mechanismsg	

�ase-	on	a	care3Nl	analTsis	o3	the	terraces	in	the	�ntiq�tlas	coastal	aread	�estaRaT	et	
alg	u����v	conclN-e-	that	the	o(serve-	�eo4ene	NHli3t	Ras	climate	-riveng	n	the	interior	
o3	the	�ntiq�tlas	an-	�i4h	�tlasd	other	aNthors	tentativelT	associate-	the	NHli3t	to	a	lar4e	
mantle	anomalT	u�eiSell	et	algP	����e	�N<assoN	et	algd	����vd	resNltin4	3rom	the	Moroccan	
�ot	�ine	u�r(oleTa	et	ald	����e	�eiSell	et	algP	����e	Missenar-d	����e	�a(aNlt	et	algd	����e	

rizon	�e	�amotte	et	algd	����vg		

�oRnRar-	movementsd	also	o(taine-	Rith	tq�	mo-ellin4d	Rere	solelT	eSHlaine-	in	terms	
o3	se-imentationd	o3	Rhich	-eHosits	are	noR	ero-e-	3rom	the	samHle-	(asement	areas	
ueg4g	 �hor(al	 et	 algd	 ����e	 �eHr1tre	 et	 algd	 ����vg	 �o	 evi-ence	 that	mo-elle-	 heatin4	
events	 can	 (e	 -escri(e-	 in	 terms	 o3	 se-imentarT	 loa-in4d	 �ehrt	 u����v	 calcNlate-	
sN(si-ence	rates	3rom	tq�	mo-els	converte-	to	-eHthg	�e	then	ma-e	a	comHarison	to	
rates	o(taine-	3rom	seismic	interHretations	in	the	north	�ar3aTa	(asin	an-	o(serve-	that	
theT	Rere	comHara(leg	
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�g�g	�haracteristics	o3	the	NHRar-	movementsf	nsi4hts	3rom	this	�hesis	

�g�g�g	�in<	(etReen	o33shore	ri3te-	an-	onshore	nonqri3te-	-omains		


ive	crossqsectionsd	HerHen-icNlar	to	the	Moroccan	ri3te-	mar4in	across	o33shore	an-	
onshore	�tlantic	(asinsd	are	comHare-	to	the	Hresentq-aT	�i-i	3ni	transect	uchaHter	�vg	
�o	 comHare	 the	 4eolo4ical	 evolNtionsd	 Re	 Nse	 HN(lishe-	 tq�	mo-els	 an-	 sN(si-ence	
cNrves	alon4	these	transects	u3i4g	�g�vg		

�he	�oN<<alad	�a(at	�33shored	an-	�ssaoNira	transects	u3i4sg	�g��d	�	an-	�d	resHectivelTv	
all	 -eHict	 a	 �riassic	 or	 �Nrassic	 Nncon3ormitT	 over	 the	 (asementd	 onshore	 as	Rell	 as	
o33shored	 an-	 a	 relativelT	 thic<	 Mesozoic	 se-imentation	 uNH	 to	 �q�	 <mvg	 �he	 �HHer	
�retaceoNs	re3lections	are	trNncate-	at	the	Hresentq-aT	continental	shel3	e-4e	u�a3i-	et	
algd	����vd	Rhich	is	attri(Nte-	to	�enozoic	tectonicsg	n	the	Meseta	an-	�i4h	�tlasd	���	
stN-ies	 an-	 tq�	 mo-els	 have	 -ocNmente-	 a	 similar	 <inematic	 evolNtion	 o3	 vertical	
movements	 ueg4g	 �hor(al	 et	 algd	 ����e	 �om/nech	 et	 algd	 ����vg	 �he	 HresentlT	
oNtcroHHin4	 Variscan	 roc<s	 in	 the	 Meseta	 Rere	 close	 to	 the	 sNr3ace	 -Nrin4	 the	
Permiano�ate	�riassicd	3olloRe-	(T	sN(si-ence	Nntil	the	Mi--le	�Nrassicd	eShNmation	in	
the	�ate	�Nrassico�arlT	�retaceoNsd	reneRe-	sN(si-ence	-Nrin4	the	�ate	�retaceoNs	an-	
a	3inal	eShNmation	in	the	�enozoicg		

�oth	�ntiq�tlas	sections	u3i4sg	�g��	an-	�v	shoR	a	3airlT	thic<	Mesozoic	Hac<a4e	u(etReen	
�	an-	�	<mv	at	 the	Restern	 3lan<	o3	 the	(eltd	Rith	 tRo	 to	 three	Nncon3ormitiesf	one	
3olloRin4	 the	 Variscan	 3ol-in4d	 one	 Rithin	 the	 �Nrassicd	 an-	 one	 at	 the	 (ase	 o3	 the	
�enozoicg	 n	 the	 �ntiq�tlasd	 �oNiza	 et	 alg	 u����av	 an-	 this	 stN-T	 -ocNment	 a	 similar	
thermal	 evolNtiond	 althoN4h	 -i33erent	 3rom	 the	 one	 -escri(e-	 in	 the	 Meseta	 ueg4g	
�hor(al	et	algd	����vg		

�he	-i33erences	in	HostqVariscan	thermal	evolNtions	o3	the	Mesetao�i4h	�tlas	an-	�ntiq
�tlas	hi4hli4ht	several	shi3ts	o3	soNrce	areas	3or	the	se-iments	-elivere-	to	the	�tlantic	
an-	coastal	(asins	(etReen	the	Mi--le	an-	�ate	�Nrassic	an-	(etReen	the	�arlT	an-	�ate	
�retaceoNsg		
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�igure	6.6.	Present-day	2�	architecture	of	 the	Moroccan	passive	margin	(central	panels)P	
selected	subsidence	and	bac/stripping	curves	(left	panels)P	and	t-T	modelling	(right	panels)	
results.	A	to	�)	�abatP	�ou//alaP	EssaouiraP	Sidi-IfniP	�orth	TarfayaP	and	�a/hla	transectsP	
respectively.	 �ote	 that	 cross-sections	 TaU	 and	 TcU	 are	 in	 time.	 See	 location	 map	 for	
orientation.	C:	CenozoicQ	:	CretaceousQ	�:	�urassicQ	T:	TriassicQ	�:	�asement	(Palaeozoic	and	
Precambrian).	 The	 letters	 V�W	 and	 VW	 are	 sho?n	 on	 the	 sections	 only	 if	 the	 �urassic	 or	
Cretaceous	are	locally	undifferentiated.	The	t-T	best-fit	results	of	samples	1X6P	TO.c4.c1	and	
MA29	are	from	Ghorbal	 et	al.P	2cc8P	GhorbalP	 2cc9	and	Sehrt	 et	al.P	2c17aP	 respectively.	
The	t-T	?eighted	average	results	of	samples	LG�c1XMESc1	and	SC12	are	from	the	present	
?or/	 and	 Lepr'tre	 et	 al.P	 2c15P	 respectively.	 The	 subsidence	 curves	 from	 ?ells	 S�3	
(synthetic)P	 ��P-1	and	 I�-1XTT-1	are	 from	Gouiza	et	al.P	 2c1cP	�ouatmani	et	al.P	 2cc7	and	
GouizaP	2c11P	respectively.	 	
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inallTd	the	�a<hla	section	u3i4g	�g�
v	shoRs	that	no	se-iments	are	Hreserve-	Hrior	to	the	
�arlT	 �retaceoNs	 u�an<e	 et	 algd	 ����e	 �a--iIi	 et	 algd	 ����v	 Rest	 o3	 the	
MaNritani-eso�e4Ni(at	 �hiel-g	 �he	 thic<ness	 o3	 the	 �retaceoNs	 -eHosits	 maT	 have	
reache-	�	<md	Nncon3orma(lT	overlain	(T	Palaeocene	se-iments	u�an<e	et	algd	����vg	
�he	-ocNmente-	<inematic	evolNtion	ueg4g	�eHr1tre	et	algd	����v	is	also	-i33erent	3rom	
those	 o3	 other	 se4mentsd	 shoRin4	 sN(si-ence	 3rom	 the	 Permian	 to	 the	 �riassic	 an-	
eShNmation	3rom	�Nrassic	onRar-s	3or	most	o3	the	�e4Ni(at	�hiel-d	Rith	locallT	shorter	
an-	mil-er	eShNmation	an-	sN(si-ence	eHiso-es	ueg4g	�eHr1tre	et	algd	����vg	

�he	 insi4hts	 o(taine-	 3rom	 the	 crossqsectionsd	 sN(si-ence	 analTsesd	 an-	 onshore	
thermal	historT	4ive	Ns	the	oHHortNnitT	to	lin<	the	onshore	an-	o33shore	-omainsg	t	is	
clear	that	stron4	eShNmation	eHiso-es	in	the	hinterlan-	are	eSHresse-	in	the	sin<s	(T	
normal	to	eScessive	sN(si-ence	ratesd	as	i3	it	Ras	echoin4	a	3leSNral	resHonse	o3	the	crNst	
or	 lithosHhereg	�he	lin<	(etReen	eShNmation	an-	eScessive	sN(si-ence	eHiso-es	maT	
(e	evi-ence-	-Nrin4	the	�riassic	in	the	�ssaoNira	an-	north	�ar3aTa	transects	u3i4sg	�g��	
an-	�vd	-Nrin4	the	�arlT	to	Mi--le	�Nrassic	in	the	�oN<<ala	u3i4g	�g��v	an-	north	�ar3aTa	
transectsd	 an-	 -Nrin4	 the	 �arlT	 �retaceoNs	 in	 the	 �ssaoNira	 transects	 u�ertotti	 an-	
�oNizad	����vg	Moreoverd	in	all	transects	eSceHt	the	�a<hla	oned	sN(si-ence	recor-e-	
(T	 ���	 an-	 tq�	mo-ellin4	 can	 (e	 lin<e-	 to	 se-iments	 Hreserve-	 in	 the	 o33shore	 an-	
coastal	(asinsg	t	is	there3ore	not	sNrHrisin4	to	o(serve	se-iments	trNncate-	in	the	shel3	
or	coastal	-omains	ueg4g	�ate	�retaceoNs	in	the	Meseta	an-	�e4Ni(at	�hiel-	re4ions	an-	
�arlT	�retaceoNs	alon4	the	Restern	�ntiq�tlasvg	
inallTd	it	is	Rorth	notin4	that	the	nonq
Hreserve-	se-iments	maT	not	(e	 lin<e-	to	one	sHeci3ic	hinterlan-	<inematicg	 nstea-d	
theT	 are	 lin<e-	 to	 sta(le	 areas	 -Nrin4	 the	 Permiand	 Mesozoic	 sN(si-ence	 an-	
eShNmation	eHiso-es	in	the	�a<hla	transect	u3i4g	�g�
vd	an-	eShNmation	in	the	�a(at	u3i4g	
�g��v	an-	�ssaoNira	transects	-Nrin4	the	�ate	�retaceoNsoPalaeo4ene	transitiong	


Nrthermored	Re	 HroHose	 that	 the	 o(serve-	 sTnqri3t	 eShNmation	 is	 not	 lin<e-	 to	 ri3t	
shoNl-er	NHli3td	 3or	 tRo	reasonsf	 iv	 the	Permian	to	�Nrassic	eShNmation	starte-	 in	the	
�ntiq�tlas	an-	�e4Ni(at	�hiel-	(e3ore	the	initiation	o3	ri3tin4	usee	chaHter	�ve	an-	iiv	�ate	
�riassic	se-iments	are	Rell	reHresente-	east	o3	the	�tlantic	3aNlts	in	manT	(asins	ueg4g	
�a(atf	�a3i-	et	algP	����e	�oN<<alaf	�oNiza	et	algP	����e	o33shore	�i-i	3nif	�haHter	�v	an-	
soNth	 to	 the	 ri3t	 relate-	 3aNlts	 u�oNss	 (asinf	 �ama<a	 an-	 �oNha--ioNid	 ����vg	 �his	
Hrocess	has	HrevioNslT	(een	-iscar-e-	3or	the	Hostqri3t	<mqscale	eShNmation	in	elevate-	
continental	Hassive	mar4insd	as	the	area	Nn-er4oin4	eShNmation	eSten-s	3ar	(eTon-	the	
scale	o3	3lan<	ri3t	NHli3t	ueg4g	�aHsen	et	algP	����e	�reen	et	algP	����vg	n	4enerald	the	role	
o3	the	3aNlts	seems	to	(e	limite-	to	the	sN(si-ence	eHiso-esg	
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�g�g�g	�ShNmation	an-	sN(si-ence	Ravelen4ths	

�he	 vertical	 movement	 hal3	 Ravelen4ths	 can	 (e	 estimate-	 3rom	 the	 evolNtion	 o3	
sN(si-ence	an-	eShNmation	o(serve-	alon4	a	crossqsection	tren-in4	HerHen-icNlar	to	
the	stri<es	o3	the	�e(ilets	Massi3d	�i4h	�tlasd	�ntiq�tlasd	an-	�e4Ni(at	�hiel-	u3i4g	�g�vg	
�he	hal3	Ravelen4thsd	eSHresse-	as	the	-istance	(etReen	nNll	Hointsd	are	(etReen	cag	
��	an-	���	<m	3or	the	eShNmin4	-omainsd	an-	cag	��	an-	���	<m	3or	the	sN(si-ence	
Ravelen4thsg	

�he	 �in-oN3	 (asin	 remains	 3airlT	 Nnconstraine-	 in	 terms	 o3	 vertical	movements	 an-	
there3ore	these	Ravelen4ths	shoNl-	(e	care3NllT	consi-ere-d	esHeciallT	(e3ore	the	�ate	
�retaceoNsg	�everthelessd	 the	 lon4est	hal3	Ravelen4th	 is	o(serve-	-Nrin4	the	sTnqri3t	
sta4e	3or	the	�e4Ni(at	�hiel-	to	�ntiq�tlas	areag	n	4eneral	termsd	the	hal3	Ravelen4ths	
shorten	 toRar-s	 the	northd	NH	 to	 the	�tlantic	(asind	Rhere	 sN(si-ence	Hrevails	 in	all	
illNstrate-	Herio-sg	�he	vertical	movements	3avoNre-	the	trans4ression	or	re4ression	o3	
the	 sead	Rith	Hositive	 3ee-(ac<	on	 the	associate-	motion	 ratesd	 assNmin4	 that	 these	
movements	Rere	not	tri44ere-	(T	sea	level	chan4esg	

�s	a	 remin-erd	oNr	 resNlts	 3rom	the	�ntiq�tlas	 in	chaHter	�	 sN44este-	Hreqd	 sTnqd	an-	
Hostqri3t	eShNmation	eHiso-es	Rith	an	inlan-	hal3	Ravelen4th	reachin4	over	���	<mg	�he	
other	 hal3	 Ravelen4ths	 u3i4g	 �g�v	 aHHeard	 hoReverd	 3airlT	 ksmalll	 to	 (e	 eSHlaine-	 (T	
mantle	-riven	-Tnamic	toHo4raHhT	uRavelen4ths	o3	�����	<me	eg4g	MPller	et	algP	����vg	

ProHose-	mechanisms	in	Morocco	3or	the	Hositive	an-	ne4ative	vertical	movementsd	as	
revieRe-	 in	 the	HrevioNs	sectionsd	are	 lar4eqscale	Hrocesses	 usee	�eiSell	et	algP	����vg	
�hese	Hrocesses	maT	act	at	Ravelen4ths	 3rom	one	to	several	hNn-re-s	o3	<ilometres	
ueg4g	�en4Erd	����e	�a(aNlt	et	algP	����e	
rizon	-e	�amotte	et	algP	����vg	�he	HroHose-	
Hrocesses	 3or	 the	eShNmation	eHiso-es	Rith	matchin4	hal3	Ravelen4ths	are	 ri3t	 3lan<	
NHli3ts	uhoRever	-iscar-e-	in	the	HrevioNs	sectionvd	mantle	-riven	-omin4d	lithosHheric	
3leSNred	 crNstalqscale	 3ol-in4d	 an-	 erosional	 Nnloa-in4g	 
or	 the	 sN(si-ence	 eHiso-esd	
Rhile	se-imentarT	loa-in4	Ras	the	onlT	Hrocess	HroHose-d	tectonic	sN(si-ence	re4imes	
have	li<elT	enhance-	the	-oRnRar-	movementsg	�hese	maT	(e	eSHlaine-	in	terms	o3	
crNstal	thinnin4	uri3t	zonevd	thermal	coolin4	uol-	ri3tvd	 lithosHheric	3leSNred	an-	crNstalq
scale	3ol-in4	usee	�eiSell	et	algP	����vg		
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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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�g�g�g	�	semiqINantitative	comHarison	o3	vertical	movement	rates		

Positive	 an-	 ne4ative	 vertical	movements	maT	 (e	 caNse-	 (T	 nNmeroNs	mechanisms	
Rere	revieR	in	�eiSell	et	alg	u����vg	�ne	imHortant	asHect	o3	these	movementsd	Rhich	
in	 tNrn	also	alloRs	 3or	 comHarison	Rith	oNr	 resNltsd	 is	 their	motion	 rateg	 �he	vertical	
movement	rates	consi-ere-	in	the	3olloRin4	ta(les	are	3rom	the	chaHter	�	o3	this	�hesis	
uta(les	�g�	an-	�g�v	an-	3rom	literatNre	uta(les	�g�	an-	�g�vg	n	the	latterd	Re	selecte-	
rates	Rith	Rellqconstraine-	tri44erin4	an-oor	sNHHortin4	mechanismsg	

�he	calcNlate-	eShNmation	rates	in	chaHter	�	are	characterise-	(T	mean	valNes	(etReen	
�	 u�g����v	 an-	�g��	 <moMTrd	Rith	 an	overall	mean	o3	 �g���	 <moMTrg	�elativelT	hi4h	
eShNmation	 valNes	 are	 (etReen	 cag	 �g��	 an-	 �g�	 <moMTrg	 �hen	 comHare-	 to	
eShNmation	 rates	 in	 the	 literatNred	 the	 o(taine-	 rates	 are	 comHara(le	 to	 erosional	
Nnloa-in4d	mantle	NHRellin4d	ri3t	3lan<	NHli3td	ma4matic	arcd	oro4ensd	an-	crNstal	3ol-in4	
uta(le	�g�e	see	re3erence	thereinvg	
or	o(vioNs	reasons	Re	rNle	oNt	ma4matic	arc	as	a	
can-i-ate	3or	the	o(serve-	movement	an-	the	ri3t	3lan<	NHli3t	Ras	HrevioNslT	-iscar-e-	
usee	ar4Nment	in	a	section	�g�g�vg	ValNes	3or	3ore(Nl4e	an-	core	comHleS	settin4s	have	
(een	 -ocNmente-	 Rith	 rates	 ��g�	 <moMTr	 ueg4g	 Michel	 et	 algd	 ����vd	 an-	 are	 thNs	
consi-er	as	Nnli<elT	can-i-atesg		

�oReverd	 it	 is	Rorth	notin4	that	the	Hresente-	valNes	are	not	onlT	-eHen-ent	on	the	
tectonic	Hrocessesd	(Nt	also	on	 the	ero-i(ilitT	o3	 the	roc<s	at	 the	sNr3ace	an-	on	the	
climateg	 �he	 last	 tRo	 Harameters	 are	 not	 constraine-	 in	 this	 �hesisd	 an-	 it	 is	 hence	
-i33icNlt	to	3NllT	-iscriminate	the	eShNmation	mechanisms	solelT	(ase-	on	the	ratesg	

�he	 sN(si-ence	 rates	 calcNlate-	 3rom	 noR	 ero-e-	 (asins	 are	 comHare-	 to	 total	
sN(si-ence	 rates	 in	 <noRn	 tectonic	 settin4s	 uta(les	 �g�	 an-	 �g�vg	 �he	 calcNlate-	
sN(si-ence	 rates	 are	 characterise-	 (T	 mean	 valNes	 (etReen	 �	 uq�g����v	 an-	 q�g��	
<moMTrd	Rith	an	overall	mean	o3	q�g���	<moMTrg	�elativelT	hi4h	sN(si-ence	valNes	are	
(etReen	 cag	 �g��	 an-	 �g��	 <moMTrg	 �hen	 comHare-	 to	 eShNmation	 rates	 in	 the	
literatNred	the	o(taine-	rates	are	comHara(le	to	rates	o(serve-	3or	thermal	sN(si-ence	
an-	crNstal	3ol-in4	uta(le	�g�e	see	re3erence	thereinvg	�heT	are	hoRever	loRer	(T	one	to	
tRo	or-ers	o3	ma4nitN-e	than	rates	-ocNmente-	3or	(asins	-eveloHin4	in	ri3t	zone	an-	
3ore-eeH	settin4sg		

�ven	 thoN4h	 these	 (asins	 have	 -eveloHe-	 as	 eHicontinental	 (asins	 in	 Nnstretche-	
continental	 crNstd	 their	 HroSimitT	 Rith	 the	 continental	 mar4in	 o3	 the	 �riassic	 ri3ts	
sN44ests	 that	 thermal	 sN(si-ence	 mi4ht	 (e	 a	 4oo-	 can-i-ate	 3or	 the	 -oRnRarHsg	
�am(rian	 ri3tin4	 strNctNresd	 Rhich	 a33ecte-	 the	 �ntiq�tlasd	 �i4h	 �tlasd	 an-	 coastal	
Meseta	 ueg4g	 �avier	�lvarod	����vd	 characterises	 the	(asement	o3	 the	�entral	�tlantic	
Hassive	mar4in	hinterlan-s	as	an	ol-	ri3tg		



�haHter	�	

���	

		  

	
Table	 6.1.	 Exhumation	 rates	 from	 chapter	 4	 of	 this	 ThesisP	 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	 crNstal	 3ol-in4	 is	 also	 a	 sNita(le	 can-i-ated	 4iven	 that	 sTnqse-imentarT	
comHressional	 strNctNres	Rere	o(serve-	 in	manT	Hreserve-	(asins	 usee	 section	�g�vg	
Moreoverd	the	relativelT	hi4h	eShNmation	rates	are	comHara(le	to	crNstal	3ol-in4	ratesg	
�o4etherd	theT	sNHHort	the	i-ea	that	lar4eqscale	crNstal	3ol-in4	a33ecte-	the	stN-T	area	
-Nrin4	the	sTnq	an-	Hostqri3t	sta4esg		

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	ThesisP	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).	

�everthelessd	 caNtion	 shoNl-	 (e	 Nse-	Rith	 sNch	 comHarisond	 as	 it	Ras	 verT	 recentlT	
shoRn	 (T	 �reen	 et	 alg	 u����v	 that	 the	 thermal	 histories	 -erive-	 3rom	 ���	mi4ht	 (e	
erroneoNsg	 �he	 mo-els	 o3ten	 shoR	 continNoNs	 coolin4	 an-	 heatin4	 Hhases	 uas	
eSemHli3ie-	 3or	 Morocco	 in	 this	 �hesisvd	 Rhile	 the	 se-imentarT	 recor-s	 sN44est	 in	
4eneral	a	rather	eHiso-ic	evolNtiong	�here3ored	the	o(taine-	rates	in	chaHter	�	maT	have	
to	(e	correcte-	in	this	re4ar-d	lea-in4	to	hi4her	rates	3or	narroRer	Herio-sg	

	 	

-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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�g�g	�omHilation	o3	tectonicd	climaticd	an-	eNstatic	HroSies	vsg	this	�hesis	

�e	 comHile-	 -i33erent	 tectonicd	 climaticd	 an-	 eNstatic	 HroSies	 into	 3i4Nre	 �g�d	 to	
INalitativelT	-iscriminate	these	Hrocessesg	�e	o(serve	that	the	eShNmation	eHiso-es	
that	mar<e-	the	Moroccan	4eolo4ical	historT	are	caNse-	(T	a	com(ination	o3	 3actors	
inclN-in4	 lan-mass	Hosition	 uHaleoqlatitN-ev	an-	hence	climated	HeneHlanation	o3	 the	
Variscan	 chain	 uerosion�NHli3tvd	 thermal	 mantle	 anomalT	 u��MPd	 P��Pd	 �enozoic	
volcanismvd	4lo(al	sea	level	-roHd	an-	3arq3iel-	stressg		

�here	is	a	match	(etReen	tectonic	events	an-	calcNlate-	volNmes	o3	ero-e-	material	
u3rom	chaHter	�e	3i4sg	�g��	an-	�vg	�s	the	�tlas	oro4enT	evolvesd	these	volNmes	increased	
Rhich	 coNl-	also	(e	 lin<e-	 to	�ertiarT	 volcanismg	�he	o(serve-	�arlToMi--le	 �Nrassic	
enhance-	 erosion	 starts	 at	 the	 en-	 o3	 the	 �entral	 �tlantic	 an-	 �tlas	 ri3tin4d	
concomitantlT	to	the	��MP	-T<es	intrNsiong	�Ro	lon4	��MP	relate-	-T<es	are	Hresent	
in	the	�entral	�ntiq�tlas	u
oNm	!4Ni-	an-	4herm	-T<ese	eg4g	�ilva	et	algP	����e	�oNil	et	
algP	 ����vd	Rhich	 coNl-	 eSHlain	 a	 -omal	 NHli3t	 o3	 the	�ntiq�tlasd	 sNHHose-lT	 -Ne	 to	 a	
��MP	relate-	mantle	anomalTg	�han4es	in	sea	level	correlate	Rell	Rith	the	calcNlate-	
volNmes	o3	ero-e-	material	 u3i4g	�g��vd	as	rises	an-	-roHs	are	matchin4	 loR	an-	hi4h	
erosiond	 resHectivelTg	 PaleoqlatitN-es	 are	 a	 <eT	 3actor	 in	 Haleoqclimates	 stN-ies	 uvan	
�ins(er4en	et	algP	����vd	althoN4h	theT	cannot	-irectlT	(e	Nse-	as	Haleoqclimate	HroSiesg	
�oReverd	since	the	Permiand	the	hi4hest	latitN-es	u3i4g	�g��v	Rere	reache-	-Nrin4	the	
�Nrassic	an-	the	Paleo4eneo�eo4ened	Rhich	are	the	Herio-s	characterise-	in	oNr	mo-el	
(T	enhance-	erosion	in	the	�ntiq�tlas	an-	�e4Ni(at	�hiel-g		

�e	also	comHare	3Nll	sHrea-in4	rates	at	the	�tlantic	Mi-	�ceanic	�i-4es	uM��e	3i4g	�g��v	
to	 the	 o(taine-	 ero-e-	material	 volNmes	 uchaHter	 �vd	 as	 one	maT	 eSHect	 enhance-	
erosion	-Nrin4	or	 imme-iatelT	a3ter	a	Hea<	 in	these	accretion	ratesg	�e	o(serve	tRo	
Hea<s	3or	the	�entral	�tlantic	M��	uaroNn-	���	Ma	an-	3rom	��	Ma	onRar-sv	an-	one	
si4ni3icant	 Hea<	 3or	 the	 �oNth	 �tlantic	M��	 u3rom	 cag	 ���	 to	 ��	Mavg	 �oReverd	 Re	
cannot	esta(lish	a	-irect	lin<	Rith	the	increase	in	volNmes	o3	ero-e-	materialg	


inallTd	Re	Nse-	the	-Tnamic	toHo4raHhT	mo-el	o3	�arnettqMoore	et	alg	u����vd	Rhich	
Ras	aHHlie-	to	�orth	�3rica	3or	the	Mesozoicq�enozoic	Herio-g	
rom	���	to	cag	��	Mad	
the	northernmost	an-	soNthernmost	Hoints	o3	Morocco	have	eSHerience-	a	verT	similar	
evolNtiond	(Nt	their	evolNtion	-iver4e	3rom	��	Ma	onRar-s	u3i4g	�g�
vg	n-ee-d	a3ter	��	
Ma	the	soNth	Hart	eSHerience-	an	increase-	-Tnamic	toHo4raHhT	o3	NH	to	���	m	Rhile	
the	north	Hart	shoRs	a	ne4ative	-Tnamic	toHo4raHhTg		
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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)Q	�)	volumes	of	eroded	material	per	million	year	
for	 the	 MesetaX
igh	 AtlasP	 Anti-AtlasP	 and	 �eguibat	 Shield	 (chapter	 4)Q	 C)	 see	 level	 (1	

Snedden	and	LiuP	2c1c)Q	�)	paleo-latitude	of	t?o	points	in	Morocco	(after	maps	of	2	ScoteseP	
2c12)Q	E)	�ull	Mid	Oceanic	�idge	(MO�)	spreading	rates	(after	3	Labails	et	al.d	2c1cQ	4	M=ller	
et	 al.d	 2cc8Q	 5	Schettino	et	al.d	 2c16Q	 6	Granot	 and	�ymentP	2c15Q	 7	�urnberg	and	M=llerd	
1991Q	8	Mosar	et	al.d	2cc2Q	9	Torsvi/	et	al.d	2cc1)Q	�)	and	dynamic	topography	of	three	points	
in	Morocco	(from	the	GPlates	?ebsiteP	after	model	CIs	of	1c	�arnett-Moore	et	al.d	2c17)	
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�nhance-	erosion	-Nrin4	the	�Nrassic	Ras	-riven	(T	the	Hositive	-Tnamic	toHo4raHhTd	
��MP	-T<e	emHlacementsd	an-	onset	o3	sea3loor	sHrea-in4e	three	Hrocesses	that	maT	
(e	lin<e-g	
Nrthermored	a	loR	sea	level	an-	a	Hosition	at	a	relativelT	similar	latitN-e	as	
Hresentq-aT	maT	eSHlain	this	eShNmation	eventg	�t	the	contrarTd	Rhen	the	volNmes	o3	
ero-e-	material	are	the	loRest	-Nrin4	the	�ate	�retaceoNsd	the	Herio-	is	characterise-	
(T	a	hi4h	sea	leveld	small	valNes	o3	-Tnamic	toHo4raHhTd	an-	loRer	HaleoqlatitN-e	than	
the	�Nrassic	an-	Palaeo4ene	Herio-sg	�he	occNrrence	o3	the	P��P	at	cag	���	Ma	ueg4g	
Maton	an-	�0(ra<d	����vd	assNmin4	an	associate-	mantle	anomalTd	shoRs	that	mantle	
anomalies	 maT	 not	 alRaTs	 tri44er	 lar4eqscale	 -enN-ation	 eventsd	 (Nt	 that	 other	
circNmstances	have	to	(e	4athere-g	

�g�g	�onclNsions	

�he	 -i33erent	 comHilations	 an-	 comHarisons	 o3	 -ata	 3rom	 this	 �hesis	 an-	 3rom	 the	
literatNre	let	Ns	sHecNlate	on	the	Hrocesses	-rivin4	the	vertical	movementsd	remainin4	
hoReverd	not	3NllT	ascertaine-g	�i3tin4	���	Hatternsd	 i3	theT	eSiste-d	have	clearlT	(een	
overHrinte-	(T	Hostqri3t	eventsd	RithoNt	a	3ran<	temHoral	or	sHatial	con3i4Nrationsg	�ome	
���	a4es	retain	a	Variscan	si4nald	esHeciallT	on	zircon	crTstalsd	an-	the	��e	sTstem	seems	
HarticNlarlT	Rell	 sNite-	 to	 stN-T	 the	�tlasic	 oro4eng	�oReverd	 the	�
�	 sTstem	 shoRs	
Ri-esHrea-	a4es	3rom	Palaeozoic	to	�eo4eneg		

�he	HroHose-	mechanisms	 in	Morocco	 accoNnt	 3or	 local	 to	 re4ional	 o(servationsg	 n	
4enerald	hoReverd	theT	-o	not	accoNnt	3or	lar4e	scale	an-	more	4eneral	o(servations	
u<mqscale	 sN(si-ence	 an-	 eShNmationd	 3airlT	 lar4e	 scaled	 not	 restricte-	 to	 the	
hinterlan-s	o3	the	mar4insd	an-	mNltiHle	eHiso-esvd	Rhich	Re	consi-er	as	a	reINirement	
to	eSHlain	these	movementsg	�n	the	other	si-ed	recent	stN-ies	assNmin4	mantle	-riven	
-Tnamic	 toHo4raHhT	 as	 an	 Nn-erlTin4	 caNse	 3or	 (oth	 NHRar-	 an-	 -oRnRar-	
movements	ueg4g	MPller	et	algP	����v	seem	to	not	ta<e	into	accoNnt	the	local	an-	re4ional	
o(servationsg	

�he	comHarison	o3	 the	�i-i	 3ni	 transect	 to	other	 transects	alon4	the	ri3te-	mar4in	o3	
Morocco	hi4hli4hts	chan4es	in	the	architectNre	o3	the	o33shore	Mesozoic	-eHositg	�e	
shoR	here	that	the	a(oveq-e3ine-	se4ments	alon4	the	mar4in	Nn-erRent	si4ni3icantlT	
-i33erent	 <inematic	 evolNtionsd	 Rith	 sHeci3ic	 vertical	 movement	 Hatterns	 an-	 lin<s	
(etReen	the	hinterlan-	an-	(asinsg		


inallTd	the	Ravelen4th	evolNtion	an-	motion	rates	sN44est	lar4eqscale	crNstal	3ol-in4d	
a33ectin4	 (oth	 eShNmin4	 an-	 sN(si-in4	 -omains	 Rith	 hi4herq3reINencT	 Rhere	 the	
continental	lithosHhere	Ras	a33ecte-	(T	�am(rian	an-oor	�riassic	ri3tin4g	
Nrthermored	
Re	assNme	that	 it	 is	the	com(ination	o3	the	 lar4eqscale	crNstal	 3ol-in4d	mantleq-riven	
-Tnamic	 toHo4raHhTd	 to	 some	 eStentd	 an-	 thermal	 sN(si-enced	 sNHerimHose-	 to	
climated	sea	level	an-	ero-i(ilitT	o3	the	eSHose-	roc<s	usee	
loRers	an-	�hlersd	����vd	
that	contri(Nte-	to	the	vertical	movement	timin4d	Hatternsd	an-	amHlitN-esg		
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�c<noRle-4ementsf	�iovanni	�ertotti	 is	than<e-	3or	the	manT	4eolo4ical	-iscNssionsg	
�evin	�is-om	is	than<e-	3or	Hroo3rea-in4	this	chaHterg	Pierreq�livier	�rNna	is	than<e-	
3or	Hroo3rea-in4	the	3i4Nres	an-	ta(lesg	
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�g�g	�NmmarT	o3	this	�hesis		

�hroN4hoNt	this	�hesisd	Re	have	investi4ate-	the	vertical	movements	that	occNrre-	in	
the	4eolo4ical	Hast	o3	Morocco	an-	its	sNrroNn-in4sg	

�he	transition	area	(etReen	4enerallT	sN(si-in4	-omains	an-	mostlT	eShNmin4	-omains	
has	(een	-escri(e-	via	the	evolNtion	o3	the	�i-i	3ni	transectd	rNnnin4	across	the	ri3te-	
continental	 mar4in	 uchaHter	 �vg	 �oRqtemHeratNre	 thermochronolo4T	 -ata	 3rom	 the	
�ntiq�tlas	coastal	area	-ocNment	a	<mqscale	eShNmation	(etReen	the	Permian	an-	the	
�arlToMi--le	 �Nrassicg	 �he	 relate-	 erosion	 3e-	 se-iments	 to	 the	 sN(si-in4	Mesozoic	
(asin	to	the	northRestg	�asement	roc<s	alon4	the	transect	Rere	sN(seINentlT	(Nrie-	
(etReen	the	�ate	 �Nrassic	an-	the	�arlT	�retaceoNsg	
rom	 late	�arlTo�ate	�retaceoNs	
onRar-sd	roc<s	Hresent	alon4	the	transect	Rere	eShNme-	to	their	Hresentq-aT	Hositiong	

�he	HostqVariscan	thermal	an-	4eolo4ical	historT	o3	the	�ntiq�tlas	(elt	Ras	constraine-	
Rith	 transects	 constrNcte-	 alon4	 stri<e	 o3	 the	 (elt	 uchaHter	 �vg	 �he	 initial	 eHiso-e	
occNrre-	in	the	�ate	�riassic	an-	le-	to	a	<mqscale	eShNmation	o3	crNstal	roc<s	(T	the	
en-	o3	the	Mi--le	�Nrassicg	�he	3olloRin4	Hhase	resNlte-	in	(asement	sN(si-ence	an-	
occNrre-	-Nrin4	the	�ate	�Nrassic	an-	most	o3	the	�arlT	�retaceoNsg	�he	(asement	roc<s	
Rere	 then	 sloRlT	 (roN4ht	 to	 the	 sNr3ace	 a3ter	 eSHeriencin4	 a	 <mqscale	 eShNmation	
throN4hoNt	the	�ate	�retaceoNs	an-	the	�enozoicg	�he	eShNmation	eHiso-es	eSten-e-	
into	the	interior	o3	the	�3rican	tectonic	Hlated	HerhaHs	(eTon-	the	samHle-	(elt	itsel3g		

�he	eShNmation	rates	an-	material	ero-e-	3lNS	3rom	the	hinterlan-s	o3	the	Moroccan	
ri3te-	mar4in	have	(een	INanti3ie-	since	the	Permian	uchaHter	�vg	�i4h	-enN-ation	rates	
comHara(le	 to	 valNes	 tTHical	 o3	 ri3t	 3lan<d	 mantle	 -riven	 -omin4d	 or	 strNctNral	
u3aNltin4o3ol-in4v	 NHli3tsg	 �hese	 Rere	 o(taine-	 in	 the	 �ntiq�tlas	 -Nrin4	 the	 �arlT	 to	
Mi--le	�Nrassic	an-	in	the	�i4h	�tlas	an-	�i3	-Nrin4	the	�eo4eneg	�ShNmation	rates	3or	
other	Herio-s	in	the	Mesetad	�i4hq�tlasd	�ntiq�tlasd	an-	�e4Ni(at	shiel-	avera4e	aroNn-	
normal	-enN-ation	valNesg	Perio-s	o3	hi4h	Hro-Nction	o3	se-iments	in	the	investi4ate-	
soNrce	areas	are	the	Permiand	the	�Nrassicd	the	�arlT	�retaceoNsd	an-	the	�eo4eneg	

�he	Phanerozoic	evolNtion	o3	soNrceqtoqsin<	sTstems	in	Morocco	an-	sNrroNn-in4s	Rere	
illNstrate-	in	several	maHs	uchaHter	�vg	�N(stantial	shi3ts	in	soNrce	areas	Rere	evi-ence-	
(etReen	 the	 �ntiq�tlas	 an-	 Meseta	 -omains	 3rom	 the	 Mi--le	 to	 �ate	 �Nrassic	 an-	
(etReen	the	Meseta	an-	�ntiq�tlas	3rom	the	�arlT	to	Mi--leo�ate	�retaceoNsg		


inallTd	 the	 mechanisms	 resHonsi(le	 3or	 the	 onset	 an-	 NH<eeH	 o3	 the	 <mqscale	
NnHre-icte-	vertical	movements	have	(een	revieRe-	uchaHter	�vg	�e	HroHose-	that	a	
com(ination	o3	the	lar4eqscale	crNstal	3ol-in4d	mantleq-riven	-Tnamic	toHo4raHhTd	an-	
thermal	sN(si-enced	sNHerimHose-	to	chan4es	in	climatesd	sea	level	an-	ero-i(ilitT	o3	
the	 eSHose-	 roc<sd	 contri(Nte-	 to	 the	 vertical	 movement	 timin4d	 Hatternsd	 an-	
amHlitN-es	o(serve-	in	Morocco	an-	its	sNrroNn-in4sg	
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�g�g	
Nrther	investi4ation	

�g�g�g	�oRqtemHeratNre	thermochronolo4T	

�here	remain	manT	Hlaces	in	Morocco	an-	in	its	sNrroNn-in4	Rhere	�oRq�emHeratNre	
�hermochronolo4T	 u���v	 stN-ies	 coNl-	 (e	 Nn-erta<eng	 
or	 eSamHled	 the	 (asement	
oNtcroHs	in	the	�N4artad	�0char-d	an-	�aNt	PlateaNS	re4ions	have	verT	little	to	no	���	
-atag		

�s	Re	have	con-Ncte-	3or	the	�ntiq�tlasd	an	alon4	stri<e	���	transect	o3	the	�i4h	�tlas	
RoNl-	sNrelT	(rin4	insi4hts	into	the	evolNtion	o3	this	inverte-	ri3tg	Precam(rian	oNtcroHs	
maT	(e	samHle-	in	the	east	o3	Morocco	or	in	�l4eriag	�he	Restern	termination	o3	the	
Massi3	�ncien	in	the	Restern	�i4h	�tlas	has	not	Tet	seen	a	stN-T	aHHlTin4	the	�
�o��e	
coNHleg		

�ei4h(oNrin4	coNntries	u�l4eriad	Malid	an-	MaNritaniav	have	3airlT	small	-ata(ases	o3	���	
a4esg	ManT	oHHortNnities	eSistd	in	terms	o3	eSHosNre	o3	crTstalline	(asementd	to	eSHlore	
the	vertical	movements	ever	3Nrther	aRaT	3rom	the	ri3te-	mar4ing	

�ores	3rom	Rells	that	reache-	the	crTstalline	(asement	in	shalloR	onshore	(asins	u��q�	
<m	-eeHv	coNl-	Tiel-	insi4hts	into	the	evolNtion	o3	the	Mesetad	�oNssd	�Narzazated	an-	
o3	 the	 rims	 o3	 the	 �in-oN3	 an-	 �aoN-eni	 (asinsg	 Moreoverd	 the	 ri3te-	 continental	
(asement	 (eloR	 the	 Hassive	 mar4in	 coNl-	 (e	 samHle-	 in	 strNctNral	 hi4hsd	 sNch	 as	
o33shore	 �i-i	 3ni	 u
q�	 Rellvg	 Potential	 tar4ets	 3or	 neR	 ���	 -ata	 are	 o3	 little	 interest	
RithoNt	ro(Nst	-atin4	o3	se-imentarT	sNccessions	aroNn-	the	samHle-	4roNn-sg		

�amHlin4	the	��MP	-T<es	3or	���	analTses	RoNl-	alloR	a	hi4hqresolNtion	stN-T	on	the	
eShNmationg	
or	this	the	-T<es	mNst	contain	aHatite	an-	orozircon	crTstalsd	have	their	
emHlacement	temHeratNres	3airlT	HreciselT	constraine-d	an-	(e	overlain	(T	Rellq-ate-	
se-imentsg	 3	 these	 con-itions	 are	metd	 at	 least	 3oNr	 Rellq-e3ine-	 timeqtemHeratNre	
constraints	 can	 (e	 -e3ine-	Rithin	 ���	MTr	 uemHlacementd	 ���	 a4esd	 se-imentsd	 an-	
Hresentq-aTvg	��MP	-T<es	are	eSHose-	in	the	stN-T	area	in	the	�ntiq�tlasd	�in-oN3	(asind	
�0chard	�N4artad	�e4Ni(at	�hiel-d	an-	�aoN-eni	(asing	


Nrthermored	it	RoNl-	(e	interestin4	to	re-esi4n	the	timeqtemHeratNre	mo-ellin4	3rom	
HN(lishe-	Ror<s	 in	 the	 li4ht	 o3	 neR	 se-iment	 -atin4	 uigeg	 4eolo4ical	 constraintvg	 �his	
RoNl-	 (rin4	more	 control	 Hoints	 3or	 the	 interHolation	 o3	 oNr	 eShNmation	maHs	 an-	
RoNl-	sNrelT	imHrove	the	resNlts	Hresente-	in	chaHter	�g		

�g�g�g	�vi-encin4	ero-e-	<mqthic<	(asins	


rom	an	aca-emic	an-	 in-Nstrial	Hoint	o3	vieRd	 it	RoNl-	(e	 interestin4	 to	 investi4ate	
3Nrther	 the	 sN(si-ence	 eHiso-es	 -ocNmente-	 (T	 ���g	 n-ee-d	 it	 remains	 Nncertain	
Rhether	 or	 not	 the	 heatin4	 Hhases	 in3erre-	 3rom	 timeqtemHeratNre	 mo-ellin4	 can	
actNallT	(e	translate-	in	sN(si-ence	relate-	to	se-imentationg		
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�o	evi-ence	 that	 these	noRqero-e-	(asins	eSiste-d	one	maT	measNre	 the	-iH	o3	 the	
termination	 o3	 the	 se-imentarT	 Nnits	 aroNn-	 (asement	 oNtcroHs	 uonlaHHin4	 or	
trNncate-v	an-	to	Hro;ect	them	onto	the	ol-er	areag	�ne	maT	also	samHle	se-iments	3or	
-ia4enesis	 analTsis	 ueg4g	 ���v	 alon4	 a	 transect	 that	 traverses	 an	 area	 o3	 sN(stantial	
sN(si-ence	evi-ence-	(T	���	ueg4g	-Nrin4	the	�arlT	�retaceoNs	in	the	central	�ntiq�tlasvg	
3	se-iments	Rere	in-ee-	-eHosite-	over	the	HresentlT	eSHose-	(asementd	the	resNlts	
shoNl-	 -isHlaT	 an	 increase	 o3	 -ia4enesis	 toRar-s	 (asementd	 an-	 that	 cannot	 (e	
eSHlaine-	 Rith	 the	 Hreserve-	 over(Nr-eng	 
olloRin4	 this	 line	 o3	 reasonin4d	 eSistin4	
metamorHhism	 stN-ies	 coNl-	 (e	 Nse-	 to	 comHare	 the	 maSimNm	 (Nrial	 reache-	 (T	
Palaeozoic	metaqse-iments	an-	the	estimate-	over(Nr-eng		

�g�g�g	�an-scaHe	�volNtion	Mo-els		

�he	-istri(Ntion	o3	ero-e-	se-iments	in	the	continental	ri3te-	mar4in	is	controlle-	(T	
the	-raina4e	sTstemsd	Rhich	connect	the	eShNmin4	an-	the	sN(si-in4	-omainsg	Most	o3	
these	 sTstems	 are	 not	 Hreserve-d	 resNltin4	 in	 a	 lac<	 o3	 -ata	 3or	 their	 sized	 se-iment	
3lNSesd	an-	entrTqHoint	Hositiong		

mHortant	 an-	 interestin4	 Hro4resses	 have	 (een	 ma-e	 in	 nNmerical	 mo-els	 o3	
4eomorHholo4Tg	 PaleoqaltimetrT	 an-	 se-iment	 roNtin4	 maT	 (e	 aHHroache-	 Rith	
Hrocessq(ase-	nNmerical	mo-els	4enerallT	calle-	�an-scaHe	�volNtion	Mo-el	u��Mvg	

�	 neSt	 steH	 3or	 the	 Nn-erstan-in4	 an-	 INanti3ication	 o3	 the	Moroccan	 Phanerozoic	
soNrceqtoqsin<	sTstems	is	to	aHHlT	these	mo-els	to	cases	alon4	the	�tlantic	ri3te-	mar4ing	
Moreoverd	tectonicd	climatic	an-	eNstatic	scenarios	maT	also	(e	teste-g		

�g�g�g	�emote	sensin4	in	the	�in-oN3	(asinf	�hort	�avelen4th	�	u���v	

�ar4e	 re4ions	 o3	 �3rica	 have	 (een	 le3t	 NntoNche-	 (T	 anT	 <in-	 o3	 ���	 stN-iesd	 either	
(ecaNse	theT	are	3airlT	remote	or	3or	the	a(sence	o3	aHatite	an-	or	zircon	crTstals	in	the	
eSHose-	roc<sg	�he	Restern	termination	o3	the	�in-oN3	(asin	shoRs	a	4reat	eSHosNre	o3	
�evonian	 an-	 �ar(oni3eroNs	metaqse-imentsd	Rith	 little	 to	 no	 ve4etationd	 an-	 is	 3ar	
3rom	-ense	roa-	netRor<sg		

�oReverd	 the	<inematic	evolNtion	o3	 this	(asin	 is	<eT	 3or	soNrceqtoqsin<	sTstems	as	 it	
connects	tRo	ma;or	soNrce	areasd	the	�ntiq�tlas	an-	the	�e4Ni(at	�hiel-d	an-	stretches	
oNt	over	���d���	<m�g	3	this	(asin	Ras	a	soNrce	area	-Nrin4	one	or	several	Herio-s	o3	its	
Phanerozoic	 historTd	 then	 sN(stantial	 volNmes	 o3	 ero-e-	 material	 mNst	 have	 (een	
eSHorte-g		

�ne	 shoNl-	 (e4in	 Rith	 a	 3easi(ilitT	 stN-T	 o3	 Nsin4	 ���	 as	 a	 HroST	 3or	 remote	
investi4ation	o3	the	thermal	matNritT	o3	lar4elT	eSHose-	se-imentarT	laTersg	�he	���	
maT	 (e	 Nse-	 to	 estimate	 the	 llite	 �Hectral	 MatNritT	 ueg4g	 �oN(lier	 et	 algP	 ����vd	
someRhat	similar	to	llite	�rTstallinitTd	Rhich	is	a	HroST	3or	thermal	matNritTg	�he	initial	
Hlan	 coNl-	 (e	 to	 cali(rate	 the	 ���	 scenes	 3rom	 �����	 Hro-Ncts	 Rith	 ���	
measNrementsd	 llite	 �rTstallinitT	 uRith	 ���vd	 an-	 Vitrinite	 �e3lectance	 3rom	 han-	
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samHles	collecte-	in	the	north	�ar3aTa	an-	Restern	�in-oN3	(asinsg	 t	 is	Rorth	notin4	
that	the	temHeratNre	ran4e	3or	the	aHHlication	o3	this	Haleoqthermometer	is	relevant	to	
this	sNrveTg		

�g�g�g	�alt	mo(ilisation	

�he	resNlts	3rom	the	investi4ation	o3	the	timin4	an-	evolNtion	o3	saltqcore-	anticline	in	
the	�ssaoNiraq�4a-ir	(asin	u�a3i-	et	algP	����e	�lN4ed	����v	are	comHara(le	to	that	o3	
stN-ies	con-Ncte-	in	the	central	�i4h	�tlas	ueg4g	�aNra	et	algP	����e	Mora4as	et	algP	����v	
an-	o33shore	�ssaoNira	uPichel	et	algP	����vg	�he	3irst	mo(ilization	o3	�riassic	salt	in	these	
(asins	occNrre-	in	the	�arlTqMi--le	�Nrassic	u3i4g	�g�vg	

�he	HroHose-	mechanisms	3or	the	halo<inesis	are	NsNallT	a	com(ination	o3	-i33erential	
loa-in4d	mo-i3ication	o3	 the	heat	4ra-ientd	hetero4eneitT	o3	 the	saltqsN(stratNm	ueg4g	
(asement	3aNltsvd	comHressional	or	eStensional	3orcesd	an-	sloHe	insta(ilitT	ueg4g	�lsoH	
et	algP	����e	
ort	et	algP	����vg	�o	consensNs	has	Tet	(een	HroHose-	3or	the	tri44erin4	
mechanismusv	in	the	Moroccan	salt	(asinsg	�ne	HNzzlin4	trait	o3	this	sTstem	is	the	lac<	
o3	-ocNmente-	-iaHirism	in	the	�oNss	an-	�Narzazate	(asinsg	

�oReverd	 the	 �arlT	 to	 Mi--le	 �Nrassic	 eHochs	 are	 characterize-	 (T	 an	 imHortant	
eShNmation	o3	the	�ntiq�tlas	uthis	�hesisvg	t	is	there3ore	Hossi(le	that	this	eShNmation	
Ras	associate-	to	sNr3ace	NHli3td	in-Ncin4	an	steeHenin4	o3	the	sloHes	o3	the	salt	(asin	
sN(stratNmd	north	o3	the	(eltg	�his	neR	relie3	RoNl-	eventNallT	lea-	to	lateral	3lNSes	o3	
saltd	 onset	 o3	 4ravitational	 3orces	 -e3ormin4	 �Nrassic	 se-iments	 u3i4g	 �g�vd	 an-	 Rhen	
associate-	Rith	normal	ri3t	3aNlts	creatin4	(Nttresses	alon4	Rhich	the	salt	(o-ies	RoNl-	
start	 their	 ascensiong	Moreoverd	 the	 Hro-Nction	 o3	material	 3rom	 the	�ntiq�tlas	maT	
have	tri44ere-	-i33erential	loa-in4	o3	-etritic	se-iments	in	the	�i4h	�tlas	(asind	in-Nce-	
(T	 the	-istri(Ntion	o3	 the	entrTqHointsg	�his	hTHothesis	 remains	verT	 sHecNlatived	(Nt	
coNl-	(e	teste-	Rith	tailore-	3inite	element	mo-elsg		
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�igure	7.1.	Comparison	of	salt	activities	in	the	salt	basins	of	Morocco.	Pal.	(p):	Palaeozoic	
and	 olderP	 T:	 TriassicP	 �:	 �urassicP	 C:	 CretaceousP	 and	 Ceno:	 Cenozoic.	 The	 �urassic	 shelf	
margin	 is	after	
afid	et	al.d	 2c1c.	 Salt	bodies	distribution	 in	 the	offshore	domain	 is	after	
Pichel	(in	preparation).		

�g�g�g	�T-rocar(on	eSHloration	

�e4ar-in4	hT-rocar(on	eSHloration	 in	 the	Moroccan	o33shored	a	 3NtNre	aHHlication	o3	
oNr	 resNlts	 is	 to	 Nse	 the	 isoNrceqtoqsin<j	 maHs	 Hresente-	 in	 chaHter	 �	 as	 4ross	
-eHositional	environment	maHs	in	the	eSHloration	o3	the	shel3d	sloHed	an-	-eeH	(asing	

Nrthermored	 a	 neSt	 steH	 3orRar-	 coNl-	 (e	 to	 accNratelT	 Hre-ict	 the	 reservoir	
-istri(Ntion	 in	 the	 Moroccan	 �tlantic	 o33shore	 an-	 coastal	 (asins	 Rith	 strati4raHhic	
mo-ellin4	ueg4g	�el3t��e	�ionisosvg		

�he	reINire-	inHNts	have	(een	HartiallT	4athere-	in	this	�hesisf	hinterlan-	eShNmation	
historTd	ero-e-	material	3lNSesd	natNre	o3	the	ero-e-	materiald	an-	Hossi(le	entrT	Hointsg	
�ther	 inHNtsd	 all	 Rithin	 oNr	 reach	 uliteratNre	 an-	 Rells	 reHortsvd	 are	 the	 sN(si-ence	
historT	o3	the	Hreserve-	(asinsd	the	climatic	evolNtiond	the	seaqlevel	cNrved	an-	the	(ase	
sNr3ace	3or	the	se-imentarT	sTstem	to	(Nil-	ong		

�astd	there	are	esta(lishe-	relationshiHs	(etReen	se-iment	Hrovenance	an-	reservoir	
INalitT	 ueg4g	 �ossi	 et	 algP	 ����vg	 Provenance	 stN-ies	 have	(een	 an-	 are	 con-Ncte-	 in	
Morocco	 usee	 chaHter	 �e	 �oINetted	 in	 Hro4ressvg	 �heir	 resNltsd	 com(ine-	 Rith	 oNr	
soNrceqtoqsin<	maHsd	Rill	helH	to	3Nrther	inte4rate	this	notion	in	the	Moroccan	o33shore	
an-	onshore	HlaTsg	
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�c<noRle-4ementsf	�iovanni	�ertotti	an-	�oeH	�torms	are	than<e-	3or	the	4eolo4ical	
-iscNssionsg	 �hristian	 �lN4ed	 �N-e	 �Nvalq�rnoNl-d	 an-	 �eonar-o	 MNnizqPichel	 are	
than<e-	3or	their	-esi4n	an-	content	inHNts	o3	3i4Nre	�g�g	
ran<	Van	�Niten(ee<	u�Rente	
�niversitTv	an-	�e-ric	�hieNlot	u�trecht	�niversitTv	are	than<e-	3or	their	colla(oration	
re4ar-in4	sections	�g�g�	an-	�g�g�d	resHectivelTg	
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�tlas	 �ro4end	 Moroccof	 �ournal	 of	 African	 Earth	
Sciencesd	��d	Hg	���r���g	

�orsvi<d	�g�gd	Van	-er	Vood	�gd	Meertd	�g�g	an-	Mosard	
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�c<noRle-4ements		
ManT	-eserve	to	(e	than<e-	3or	their	helH	in	this	research	Hro;ectg	
irst	an-	3oremostd	
�iovanni	 �ertotti	 an-	 �oeH	 �torms	 are	 than<e-	 3or	 initiatin4	 this	 Phg�g	 Hro;ectg	 �he	
�etherlan-s	 research	 centre	 3or	 nte4rate-	 �oli-	 �arth	 �cience	 u���v	 is	 than<e-	 3or	
3Nn-in4	this	Hro;ectg	�he	�orth	�3rica	�esearch	�roNH	u����v	an-	its	lea-erd	�onathan	
�e-3ernd	 are	 than<e-	 3or	 sNHHortin4	 this	 researchg	 �he	 sHonsors	 o3	 the	 ����	 are	
than<e-	3or	manT	valNa(le	inHNtsg	�he	3oNr	in-eHen-ent	an-	the	reserve	mem(ers	o3	
the	-e3ence	committeed	�elHhine	�oN(Td	�ntonio	�eiSelld	�llar-	MartiniNsd	Mohame-	
�oNizad	an-	�avi-	�rNhnd	are	than<e-	3or	their	comments	an-	3or	;N-4in4	mT	Ror<	on	
Rhat	is	3or	med	a	verT	sHecial	-aTg	

�iovanni	�ertotti	an-	�oeH	�torms	are	than<e-	3or	Hroo3rea-in4	this	�hesisg	�elena	van	
-er	 Ve4td	 MaS	 �olic<id	 �Nlien	 �himotd	 �evin	 �is-omd	 �eN(en	 !otzq�ilson	 an-	 �oris	
�oNllan4er	 are	 than<e-	 3or	 their	 sN44estions	 re4ar-in4	 the	 HroHositionsg	 �oen	 van	
�oorenen(Nr4	is	than<e-	3or	translatin4	this	�hesisj	sNmmarT	to	�Ntchg	�elena	van	-er	
Ve4td	�evin	�is-omd	an-	�oen	van	�oorenen(Nr4	are	 than<e-	 3or	 their	helH	Rith	 the	
-e3ence	ceremonTg	�he	Hresence	o3	everT(o-T	Rho	;oins	the	ceremonT	an-oor	HartT	
a3terRar-s	is	eStremelT	aHHreciate-g		

	have	ha-	a	verT	Hleasant	time	as	a	Phg�g	can-i-ate	in	�el3td	an-	that	is	HartlT	than<s	to	
mT	 sNHervisorsf	�iovanni	 �d	 �oeH	 �d	 an-	 �onathan	�g	 �Hecial	 than<s	 to	�iovannie	 ToN	
somehoR	alRaTs	<neR	the	ri4ht	rTthmn	3or	meg		am	verT	4rate3Nl	3or	all	ToN	have	-one	
an-	taN4ht	meg		


rom	the	����d		3irst	Rish	to	than<	�im	�	an-	�n4el	�g	�e	starte-	an-	Rent	throN4h	
this	Phg�g	eSHerience	to4etherd	an-	it	Ras	aResomeg	�hat	is	also	trNe	3or	ToN	4NTs	q	�N-e	
��d	�eo	PMd	�ianHen4	�d	�mmanNel	�d	�aRar	�d	�ichar-	�d	�ara	�d	an-	MaS	�g		can	onlT	
thin<	o3	one	 thin4	 to	 saT	heref	 �etjs	Rrite	 cool	HaHers	 to4etherb	�mon4st	 the	����	
sHonsor	mem(ersd	 	Rish	to	than<	the	3olloRin4	4eoscientists	 3or	sHar<lin4	 i-eas	that	
en-e-	NH	in	this	�hesisf	�velina	�	u�eHsolvd	�amian	�j�	u�hevronvd	�nriINe	�	u�osmosvd	
�illiam	�	u�osmosvd	�leanor	�	u�airnv	an-	�ram	�	u�essvg		

	 ha-	 the	 HleasNre	 o3	 sNHervisin4	 several	 (rilliant	 stN-entsg	�hile	 (ein4	 an	 eScellent	
eSHerience	3rom	mT	3NtNre	careerd	theT	also	helHe-	me	a	4reat	-eal	Rith	mT	researchf	
�anne	�d	�smee	-�d	�as	�d	Michiel	Vd	MaNrits	-�d	�ie<	Md	�nnemi;n	v-�d	an-	�hristian	
�d	than<	ToNg		also	ha-	the	chance	to	HarticiHate	in	several	coNrses	as	a	��d	3or	Rhich		
am	4rate3Nl	to	�an	�ees	�	u�g�cg	3iel-triHvd	�erhar-	�	uMg�cg	
iel-	�eveloHment	Plan	an-	
�eismic	 nterHretationvd	 �oeH	 �	 uMg�cg	 �eolo4ical	 Mo-ellin4vd	 an-	 �iovanni	 �	 u�g�cg	
�eolo4Tvg		esHeciallT	en;oTe-	Vesc	Rith	ToN	�an	�eesd	an-	can	onlT	Rish	to	retNrn	there	
a4aing	�al3	�d	than<	ToN	3or	settlin4	me	in	the	o33iced	tRicee	�T-ia	�d	Marli;n	�d	Mar4ot	
�Pd	Mar;a	�v-�d	an-	Mari;<e	�v�	than<	ToN	3or	coNntless	lo4istic	thin4ies	ToN	helHe-	me	
Rithe	�itad	than<	ToN	3or	<eeHin4	mT	-es<	clean	an-	ti-Tg		
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�astd	3or	mT	Phg�g	Hro;ectd		Rish	to	RarmlT	than<	Mohame-	�	3or	all	the	4eolo4ical	an-	
nonq4eolo4ical	conversations	Re	ha-	to4ether	-Nrin4	the	last	3oNr	Tearsg	

�his	�hesis	is	mT	4reatest	achievement	Tetg	t	seems	there3ore	onlT	3ittin4	to	also	than<	
the	HeoHle	that	contri(Nte-	to	mT	Rell	(ein4	over	the	last	Tearsg	

�oin4	 a	 Phg�g	 RoNl-	 not	 (e	 3Nn	 RithoNt	 3elloR	 Phg�gs	 an-	 Postq�ocsd	 an-	 mT	 trNe	
aHHreciation	4oes	to	themg	�o	here	it	4oesf	
rom	the	ifield?or/-loversU	sectiond	�elena	
v-Vd	 �evin	 �d	 �oen	 v�d	 �ees	�d	 �i--arth	 �d	 �Nnhai	 
d	 �n-rea	 
d	 �Ninten	 �d	 �hais	 �d	
�o-ol3o	�d	�avi-	�d	Pierreq�livier	�d	Martha	�d	�ahNl	Pd	�antosh	�d	 oNRei	�d	�ico	�d	
an-	�teHhan	-�e	3rom	the	ie8uation-gee/sU	sectiond	MaS	�d	�oris	�d	�iSNe	�d	�arlos	�d	
�eN(en	!�d	�isanne	�d	�an;ani	�d	�oeri	�d	Matteo	�d	ris	�d	�nne	Pd	�il	�d	�anq�illem	Vd	
MTrna	 �d	 �hris	 �d	 �arlien	 �d	  ohei	 �d	 an-	 �iels	 �e	 3rom	 the	 ifoam-fanaticsU	 sectiond	
�aHtiste	�d	�leS	�d	an-	�ichar-	�e	an-	3rom	the	icloud-gazersU	sectiond	�Nlien	�g	�o	all	o3	
ToNd	save	�oen	an-	�evind		am	sorrT	3or	smN44lin4	the	�er3	4Nns	ing		mi4ht	sli4htlT	(e	
resHonsi(le	3or	the	chaos	theT	4enerate-ggg	�tilld		hoHe	ToN	Rill	3or4ive	me	an-		than<	
ToN	all	so	mNchg		

	have	also	(e3rien-e-	the	(etter	halves	o3	mT	3avoNrite	collea4Nes	q	�aNrie	�	an-	PaNl	
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