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Abstract

This study presentsdata on the rates of the vertical movements as documentedwith time-
Temperature(t-T) modelling.All availablet-T modellingpublishedresultshavebeendigitizedand a
temperatureto-depth conversiorapplied.However t-T modellingstudiesusingthe producedlow-
temperature thermochronologyagesas inputs failed to reconstructa unique time-constrained
geologicahistoryfor the CentralAtlanticsyn andpostrift phaseat the scaleof the Moroccanpassive
margin. Indeed, modelling results from different publicationssometimesshow opposite vertical
movementdn identicalareasfor the sametime interval Toovercomethis, arigorousqualitycontrol
anddiscriminationof the datahadto be undertakenand appliedto the t-T curvedatasetbasedon
severalconditions.Theexhumationand subsidenceateswere then usedasinput for interpolation
at the country scale,in order to quantfy the volumeof rocksthat were erodedduringthe several

exhumationepisodes

The results predict high denudationrates comparableto valuestypical of rift flank, domal or
structuraluplifts, in the Anti-Atlas(0.1 km/Myr) duringthe Earlyto Middle Juassicandin the High
Atlas(0.1km/Myr) andRif(upto 0.5km/Myr) duringthe NeogeneDuringother periods exhumation

ratesin the Meseta,HighAtlas,Anti-Atlas,and Reguibashieldare around0.04+0.0&m/Myr.

Estimatesof cumulativeerodedvolumesfrom Permianonwardsare betweenca.15x1® and 2x1¢
km?® (in the ReguibatShieldand Meseta, respectively. Periodsof high rates of denudationin the
investigatedsource areasinclude the Permian,the Jurassicthe Early CretaceougBerriasianto

Barreman),andthe Neogene.

Ten erosional (quantitative) and depositional (qualitative) & & 2 daNdESA ynjags have been
constructed,coveing the period betweenthe VariscanOrogenyand the PresentDay (Permianto

Neogene) Emphasiss placedon the Jurassi@and Cretaceougperiods.Themapsare basedon the
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extent of exhumeddomains(first part of this study) the integrationof data from new geological
fieldwork,outcrop spatialdistribution lithofaciesfrom onshoreand offshorebasin,biostratigraphic
data, well data, paleogeographyand depositionalenvironmentmaps, provenanceanalysisand
calculatecexhumatiorrates.Theresultsillustratechangesn the Permiarnto Neogenesourceto-sink

systemsandallowfor the analysiof the dynamicnature of their components

We observeseverakhiftsin sedimentarysourceareasthroughthe investigatederiod, notablyfrom
the Anti-Atlasto the Mesetaoccurringat the end of the Middle Jurassi@andfrom the Mesetato the

Anti-Atlasin the late EarlyCretaceous.
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1. Introduction
Sourceto-sink studiesencompasghe investigationof the exhumationhistory of the hinterland
0 Wa 2 dieIS@@lidistribution of fluvial and coastaldeposits6 W (iadhdXide Sarchitecture of
continentaltraps,shallowanddeepmarinedepocenter® W a d gyAlleR, 7008 Sgmmeet al.,2009
HellandHanseret al., 2016). Analysesf this kind take into accountgeologicakurfaceproceses,
suchaserosion,transportation,and deposition.Underlyingmechanismgor the onsetof sourceto-
sinksystemsare controlledbytectonic,eustatic,and/orclimaticchangege.g.Wellset al.,2017). The
availabilityof robust sedimentary stratigraphc, geochronologyprovenance palaeontologyl ow
TemperaturelThermochronologyl TT)andnumericalanalysesllowsintegraionto improvesource

to-sinkmodels(e.g.HellandHanseret al.,2016).

Sourceto-sink studies have limitations dependingon, for instance,the spatial and temporal
resolutionsof eachcomponent,or simplyon the existenceand quality of the sedimentaryrecord.
Moreover, such studiescan be done on different temporal scales(sedimentarypulsesof annual
duration, glacial/nonglacialcyclesin kyr, exhumationin Myr, etcX 0Tde creation of relief in the
hinterlandhassometimesbeendisregardedseeHellandHanseret al., 2016), despitethe fact that
the verticalmotion rate, exposureperiod, extent, andthe erodibility of the sourceareasare major

parameterghat significantlyimpactthe sedimentaryrecordin basins.

Continentalpassivemarginsand their hinterlands especiallyin the Atlantic realm (fig. 1), are the
locus of a significantamount of studiesthat evidencepre-, syn, and postrift episodickm-scale
upward(i.e.exhumationjand downward(i.e. subsidencejnovementse.g.Greenet al,, 2018). Pre
rift exhumationepisodesarerecordedin the vicinityof the future AtlanticOcean(e.g.JuezLarreand
Andriessen2006 Ruizet al, 2011; Jelineket al., 2014, Japseret al,, 20163). Synrift exhumation

episodeshavebeendescribedn the Atlanticrift flanks(e.g.Oukassoet al., 2013 Jelinelet al., 2014
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Wildmanet al,, 2015 Japseret al,, 2016, Chartonet al., 2018, while synrift subsidenceepisodes
in the unstretchedcontinental crust have been documentedin fewer places(e.g.JuezLarreand
Andriessen,2006 Ghorbal et al, 2008. Postrift km-scale vertical movements have been
documentedalongthe North (e.g Japse et al,, 2006 Japseret al., 2016a;b), Central(e.g.Frizonde
Lamotteet al., 2009 Bertotti and Gouiza2012 Amidonet al,, 2016) and South(e.g.Jelineket al.,,

2014 Wildmanet al., 2015 Atlanticmargins

Bertotti and Gouiza(2012) proposed,n the easternmarginof the CentralAtlantic that anomalous
verticalmovementsin the exhumingdomainare concurrentto excessivelownwardmovementsin
the subsidingdomain.Exhumatiorand subsidencespisodesoccurin regionscharacterisedy both
stretched and non-stretched lithosphere,demonstratingthat processesther than rifting are at
work, or that the effectsof the rifting anddrifting extendbeyondthe rifted margin Severahuthors
havequalitativelytested aspectsof theseverticalmovementswith numericalmodels(e.g.Leroyet
al., 2008 Gouiza2011; CloetinghandBurov,2011;Yamatoet al,, 2013. However{o better constrain
the models a quantificationof thesemovementsovergeologicatime and, moreimportantly, at the

scaleof the margin isrequired

VastregionsalongAtlanticrifted continentalmarginsare characterisedy the exposureof pre-rift
rocks (e.g.in Norway, CanadaGreenlanl, Morocco, Mauritania, BraziX 0 There,LTTand time-
Temperature(t-T) modellingtechniquesprovided understandingof the thermal history, asthis is
especiallyaluablefor geologicallyill-constrainedareascharacterisedoy no or little sedimentary
cover(e.g.Gallagheet al., 1998 Ghorbalet al., 2008 Japseret al., 2009 Teixellet al., 2009 Japsen
etal, 20120; Jelinelket al,, 2014). Thesdechniguesare commonlyselectedasproxiesto reconstruct
verticalmovementdqe.g.Teixelket al., 2009. Becaus¢he LT Tagesecordthe coolingof rocksamples,

theyarelinkedeitherto thermalrelaxationand or exhumation(alsocalleddenudation;e.g.Pagekt
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al, 2014). Hence L TTagesarerecordedafter magmaticevents,during/afterprocessedinkedto the
creationof topography(e.g.orogenies shoulder uplift, thermal doming) and/or during processes

leadingto enhancecerosion(e.g.climaticandsealevelchanges)

LTThasbeenusedin manyregionsaroundthe globe resultingin verydensedatasetswherenot fully
constrainednechanism$iavegeneratedavarietyof landscapesuchaselevatedcontinentalpassive
margins(e.g.Japseret al,, 2012a), the Himalayaand Alps mountains.Overthirty LTTand time-
Temperature (t-T) modelling published studies have been conducted in Morocco and its
surroundingsThere the largemajorityof the derivedLTTagesspan the periodbetweenthe Variscan
and Atlasorogeniegca.300-40 Ma). Thesecoolingageswere interpreted asresultingfrom vertical
& dzy’ LINB RubsiiénSeBpisodeswith the mechanismto generatethis movementremaining
enigmatic to-date (e.g. Ghorbal et al., 2009. As a prerequisite to constrain the responsible

mechanism(s)erticalmovemensratesareto be investigate

Sedimenfluxesmaybe quantifiedby calculatirg the amountof depositedsedimentdn the sink,the
erosionrate in the source or usingother techniqueghat investigatehe paleodrainagesystem(e.g.
Wold and Hay, 1990 Gallagheret al., 1998 Barnesand Heins,2008 Matenco et al., 2013.
Understanling sedimentbudgetsand pathwaysare crucialfor hydrocarbonexploration to predict

reservoirpresenceandqualityand mappotentialplayfairways

Theobjectivesof thispaperare 1) to submita simpleworkflowthat quantifieserodedmaterialfluxes
from basementareasinvestigatedby LTTt-T studies,2) to assesghe extent of sourceand sink
domains 3) to provideinsightsinto the postVariscarpaleogeographievolutionof Moroccoandits
surroundingsand 4) characterisethe evolution of sedimentdelivery pathwaysand estimatethe

volumeof deliverythroughtime.
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Thisstudyshouldbe consideredasa first frameworkfor future studiesinvestigatingsourceto-sink
systemscreatingan opportunity for definition and quantificationof sedimentgpathwaysandfluxes
alongthe entire Moroccanrifted marginandinto the interior of its adjacentcontinentalcrust. The
aim of these mapsis not to preciselydefine the paleadrainagesystems.asthe resolutionof our
datasetdssin all casedoo coarse put to illustratethe dynamicnature of the sourceto-sinksystems

andof their componentsduringthe Phanerozoipostorogenic synrift andpostrift phases

10
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2. Summary gelogical historypf Morocco
TheCentralAtlanticcontinentalmarginsextendfrom Moroccoto Guineain the eastand Canadado
the USAto the west (fig. 1; Davison,2005 Withjackand Schlische2005. Moroccois locatedin
NorthwestAfricabetween the CentralAtlanticoceanc crust the WestAfricanCraton,andthe Atlas
orogenicsystem.The relief (fig. 2A) variesfrom high mountainousregions(Rif and Atlas belts),
elevated plains (Hauts Plateauxand OuarzazateBasin), high massifs(Central Massif, Rehamna,
Jebilets,Massif Ancient, Anti-Atlas, ReguibatShield and Ougarta),non-elevated coastl plains
(Meseta,SousBasin TarfayaBasinand DakhlaBasir), andthe Saharardomainmarkedby ergsand

sabkhagsaltflats).

The geologicahistory of Moroco (fig. 2B) is punctuatedby a number of major eventsfrom the

Precambriarto the presentday (fig. 2Q. Priorto the CentralAtlanticrifting period, Moroccowas
subjected to the Eburnean and Panafrican orogenies during the Paleoproterozoicand

NeoproterozoigPiquéet al., 2006), respectively Theseorogeniesdeformedthe oldestsediments
and crystallinebasementof the Western African Craton,and are exposedin the Reguibatshield,
Mauritanides,andin the core of the Anti-Atlas.Marine clasticdominatedsedimentationoccurred
duringthe EarlyPalaeozoianddepositsarepreservedandexposedn the MesetamassifsAnti-Atlas,

andTindoufbasin(Michardet al., 2008).

The Late Palaeozoid/ariscanorogeny (fig. 2G basininversion,crustal folding, intense thrusting,
nappestructures,graniticA y (i NXziffacggthe Palaeozoicoverand Precambian basementof
the Meseta, High Atlas,and Anti-Atlas (e.g. Michard et al,, 2010). It was followed between Late
Permianto Triassidy a postorogeniccollapse of whichterminaisonis markedin Moroccoby the

so-calledVariscar(or often WercyniaQunconformity(e.g.Frizonde Lamotteet al.,, 2004).

11
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Morocco experiencedwo partly coevalepisodesof rifting during Triassicand Jurassigimes: The
CentralAtlantic(ca.230-190Ma; Labailset al.,, 201G, Frizonde Lamotteet al., 2015 and Atlasic(also
called Tethyan;ca. 240-185 Ma, aborted; PigLe et al., 2006 fig. 2Q rifts. The orientation of the
CentralAtlanticrift was partly inheritedfrom Variscarstructures asrift structuresoccurredaround
andparallelto the trend of the Palaeozoibelt. TheAtlasicrift belongsto the Tethysiarrealmandis
orientedat ca.45°to the CentralAtlanticrift (fig.2). Inthe rift zonesgrabensandhalf grabenwere
filled with continentalsynrift depositsin the Doukkala Argana/EssaouirAgadir, Tarfayacoasal
basinsand High/MiddleAtlasbasins At ca.201 Ma, the CentralAtlanticMagmaticProvince(CAMP;
figs.2BandC) ischaracterisedy the emplacemenbf maficdykesandsills(e.g.Davieset al., 2017),

followedby flood basaltsdateduntil ca.190 Ma (Veratiet al., 2007).

Theonsetof Pangae®reakup markingcontinentaldrift andinitiation of the proto-Atlanticoccurred
at the beginningof the JurassicThepredseageis debatedbetween190and170Ma (e.g.Labailset
al., 2010 Davison2005. Thedevelopmenif the Moroccanpassivanarginduringthe Jurassiand
EarlyCretaceousvitnessedhe accumulatiorof neriticanddeepermarinesedimentsn the present
day offshore,the coastalbasing the High/MiddleAtlas,andin the Mesetabasins ThePeii-Atlantic
AlkalinePulse(PAAPIsrecordedby plutonsandflood basaltin the conjugatemarginsof the Central

andSouthAtlanticoceanspetween125and80 Ma (Matton andJebrak2009 Monteroet al., 2016).

Theopeningof the SouthAtlanticat ca.85 Ma led to the Africanand Europearplate convergence
from the Late Cretaceousto the presentday, and may support far-field intraplate stresses
responsibldor foldingandbasininversionin the HighandMiddle Atlasandin the RifchaindGuiraud,
1998. TheongoingAtlasorogenesighat peakedin the Eocenes characterisedy the deformation
andupheavabf the Rif,the Middle Atlas,andthe HighAtlas(Michardet al.,2008). Finally,Cenozoic

volcanism(Missenardand Cadoux,2011) and surfaceuplift, observedalongtwo axes,from the

12
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Canarylslandsto the Sirouamassif(AntiAtlas) and from the latter to the Rif belt, have been
interpreted asassociatedo a mantle anomaly(Zeyenet al., 2005 Teixellet al., 2005 Missenard,

2006).

13
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3. Quantifying veital movemergandfluxes oferodedmaterial

3.1.t-T modelling databasend tDepth results

In Moroccoand its surroundingspverthirty LT Tpublishedstudieshavebeenconductedin the last
25years(seeexhaustivdist asof March2018in Charton 2018) Thisprovidesanextensivedatabase
of over 1000 coolingagesin the study area(including(U-Th)/Heagesfrom apatite crystals(AHe)
Apatite FissionTrack(AFT)ages (U-Th)/Heagesfrom zirconcrystals(ZHe) and ZirconFissionTrack
(ZFThrges) Thespatialdistributionof the samplegfig. 3) highlydependson the lithology,assamples
must contain either apatite or zirconcrystalggrains For this reason,only Precambriarcrystalline
basementrocks,meta-psammiteswithin the otherwise(marine)metapelite dominatedPalaeozoic
column,MesoCenozoiclasticsedimentsanddykes/sillof allagescouldbe analysedor LTTin the

studiedarea

LTTstudiesoften usethe producedcoolingages fissiontrack densityand length asinputs for t-T
inversemoddling (e.g.Pagel2014). Suchmodellingallowstestingof severak-T pathsby guidingthe
modelrealisationswith userdefinedconstraints. Themethod providesa comprehensivélustration

of the t-T path of the analysedsample highlightingcoolingandheatingevent(s).

Amongstthe abovementioned LT Tstudies twenty performedt-T modelling,resultingin 117 t-T
models(figs. 3 and 4; AppendixA). The programsthat were usedin these studiesfor the inverse
modellingof LTTdata are HeFTy(Ketcham,2005, AFTSolve(Ketchamet al., 2000, and QTQt

(Gallagher2012 also,see Vermeescland Tian(2014) for acomparisorof HeFTYand QTQtcodes)

providingcomparablethermal histories Theprogramsoutputs are labelledasW |l O O S LYHI2R{RIXT >

2L A A

A~ s oA

14
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In order to quantify volumesof eroded materialon the top of the presentlyexposedrocksin the
studyarea,we applya temperatureto-depth conversionon selectedt-T results(fig 5; see method

andselectionin AppendixA).

15
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3.2 Vertical movement rates

Exhumationand subsidencerates (km/Myr; fig. 6) were calculatedfrom the depth-convertedt-T
curves(fig.5). We definesevenperiodsof time for thesecalculationgperiodsato g), resultingin up
to sevenverticalmovementratesfor eachcurves Permian(a; 299-252Ma), Triassid¢b; 252-201Ma),
Earlyto Middle Jurassi¢c; 201-163Ma) LateJurassito Ealy Cretaceougd; 163-125Ma) Cretaceous
(e; 12566Ma),Palaeogendf; 66-23Ma),and Neogeng(g; 23-0Ma). The selectionof time periodsis
basedon the observedresolutionof the t-T results on recognitionof key eventsin the regional
sedimentaryrecord and on the timing of exhumationand subsidenceeventsasrecordedby t-T

modelling Thecalculatedsubsidenceandexhumationratesrangefrom -0.09to 0.49km/Myr.

Thefirst order interpretation gainedfrom this figure is that there were four periodsof activeand
widespreaddenudationin the studiedarea:the Permian,Earlyto Middle Jurassicl.ate Jurassid¢o
EarlyCretaceousand Neogeng(periodsa, ¢, d, and g, respectively)Duringthe Permian(perioda),
sampledbasementin the Mesetaand the Anti-Atlaswere stronglyexhumed(0 to 0.12 km/Myr),
whilethoseof the ReguibaShieldwere stable(ca.-0.01km/Myr). Duringthe Triassi¢periodb), the
exhumationin the Mesetaandthe Anti-Atlasslowsdown (0.01to 0.05km/Myr). TheHighAtlasand
most of the Mesetaand Reguibatsamplesare subsiding(0 to -0.08 km/Myr). In the Earlyto Middle
Jurassig¢periodc), the Variscarrocksof the Anti-Atlasare greatlyexhumed(0 to 0.16 km/Myr). For
this region, we observe an accelerationof the exhumationfrom the Triassicto the Jurassic,
characterisedy the highestratesrecordedin this study, with the exceptionof Neogeneexhumation
rates Concomitantlythe regionssurroundinghe Anti-Atlaswere mostlysubsidingn the north (Oto
-0.09 km/Myr) and mildly exhumingin the south (0 to 0.06 km/Myr). The Late Jurassido Early
Cretaceougperiod (d) is markedby the stabilityor subsidencef the Anti-Atlas(0 to -0.05km/Myr),
whereasthe sampledbasementof the Meseta,the Reguibatshield,and the High Atlasto some

extent,were exhuming(0 to 0.09km/Myr). Duringthe Cretaceougperiode), the exhumationin the
16



Non-peer reviewed EarthArXiv preprint | submitted to Basin Research
Meseta,the HighAtlasand the ReguibatShieldregionsslowsdown, and all areasare rather stable
(weak exhumation and subsidence)with motion rates between ca. 0.03 and -0.03 km/Myr.
Exhumationisrenewedin the Anti-Atlasduringthe Palaeogenéperiodf; 0.01to 0.03km/Myr), while
other areasremain characterisedby rates similarto those of the Late CretaceousFinally,the
Neogene(g) period wascharacterisedoy a significantaccelerationn exhumation whichincreases
from atypicalvaluebelow0.10km/Myr, to reach0.20km/Myr in the HighAtlasand 0.4%km/Myr in

the Rifbelt.

17
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3.3. Exhumation mapand eroded material
Sedimenfluxesmaybe quantfied by calculatinghe amountof depositedsedimentdn the sink,the
erosionrate in the source or usingother techniqueghat investigatethe paleodrainagesystem(e.g.
WoldandHay,199Q Gallagheet al.,1998 BarnesandHeins 2008 Matencoet al., 2013. Sediment
routing is an important parameterin dynamicsystemsasit defineswhere the sedimentswill be
delivered.Understandingedimentbudgetsand pathwaysare crucialfor hydrocarbonexploration

to predictreservoirpresenceand qualityandmappotential playfairways

In the followingsection we estimatethe volumeof materialthat has beenremovedthroughtime in
the examinedarea Wefirst build seven®xhumationmap<ifig. 7), usingthe calculatedexhumation
rates as recorded by t-T modelling This takes into account subsidencerates and simplified
stratigraphycolumnsfor the Permianto Neogeneonshoreand offshore basinsin the study area
(AppendixA3) to defineareasundergoingsubsidenceVolumesof materialremovedper millionyeas

arethen calculatedrom thesemapsfor the consideredegionsof Moroccoandsurroundings.

Volume calculationsof eroded material per million years (km¥Myr; eroded material flux) are
performed using Surfer software (AppendixA3). The volumesare also separatelycalculated by
maskingother areas,for three regionsof highinterest: the Meseta,HighAtlas,Anti-Atlas,and the
Reguibathieldtablel). Theerodedmaterialfluxescomputedhereareanestimationof the amount
of removed material, per million years,above of the collectedsamples.Theyare not the total
terrigeneoussedimentfluxes asL T Tdatadoesnot takeinto accountthe lithologyof the overburden,
and hencedisregardits erodibility (Flowersand Ehlers,2018). The calculatedvolume of material
removedfrom the sourceareaswill mostlikely be higherthan the volume of terrestrial material

depositedin the sinkareas.

18
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Thecalculatedvolumesof erodedmaterialfor the sevenexhumationmapsrangefrom 0.76x1 to
0.07x1C km? /Ma for the Jurassi@nd Triassicrespectively(fig. 7 and table 1). Forthe regionsof
specifidnterest, the erodedmaterialfluxesarebetweenca.600and11,000km?/Ma for the Reguibat
Shield,ca. 700 and 8,000km*/Ma for the Anti-Atlas,and ca.100and 2,300km*/Ma for the Meseta
andHighAtlasmassifgfig. 7). Thedescriptionsof the exhumationmapsand observedpatternsare

presentedbelow.

19
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4. Sourceandsink maps
Largescalereconstructionsof the Moroccangeologicalhistory have been carried out in several
studiesin the pastdecadege.g.Rankeet al., 1982 LeRoyet al, 1997 b S Y 6e24].,2005 Sibuet
et al., 2012 andthis datahasbeencollatedandinegratedinto our study. Themajority of the maps
used in this review focused on depositional environnents, palaeogeography,tectonic plate
reconstruction,and more local structural/stressmaps (AppendixB), based on extensivedata

collections.

Usingthe knowledgegatheredhitherto in the previouspart of this study,we constructten & & 2 dzNXD S
and sinké maps, whichillustrate the timing, extent, and rate of exhumationepisodesdocumented
with LTTand t-T modellingresults.Usinggeologicaimaps severalother databasegwell, outcrop,
fossil,and provenancedata) and previouspaleogeographyvork, we alsoreconstructedthe gross
depositionakenvironmentsThe mapspresentedillustratethe source transitional andsinkdomains

from the Permianto Neogenewithin a simplifiedstructuralframework.

20
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4.1. Prerift: Permian and Triassic maps

Duringthe Permian(fig.9), erosionoccurredin the remnantsof the Variscarchain(e.g.Lorenz 1988
Hmichet al,, 2006, locatedmostlyin the Mesetaand WesternAnti-Atlas.KnownPermiarbasinsare
the EasterrMeseta,Doukkalaand ArganavalleybasinsFromthe interpolaed area,we estimatethe
volume of producedsedimentsto be about 1.0x1§ km?, of which little is preservedtoday. Our
working hypothesisis that Permiansedimentswere re-worked during the Triassicand/or that the
erosionof the Variscarchainyieldedlittle coarseterrestrialmaterial. Subsidinglomainspredicted

by the t-T modellingresultsarethe Centraland EasterrReguibaShield.

Fromthe Permianto the EarlyTriassiqperiodsa to b; figs.9 and 10), the sourceareashiftedfrom

most of the domah affectedby the Variscarorogenyto only part of it: TheMeseta,the Anti-Atlas,
andthe easternReguibaBhield Theappearancef transitionaldepositionaknvironmentgsanother
important change resultingfrom marineincursionsfrom the Tethysiarrealm asfar asthe Tarfaya
basin(e.g.Rankeet al., 1982 Scotese2012 Leleuet al.,2016). Theerosionthat occurredin the Anti-

Atlasduringthe Triassiés supportedby provenanceandpaleccurrentevidencean the MassifAncien
(Brown, 1980 Baudonet al., 2009 Domenechet al., 2018 evidencinga drainage divide

perpendiculato the Anti-Atlastrends.

21
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4.2. Sywrift: Triassic and Early Jurassic maps

Duringthe Triassi¢periodb; fig. 10), the northern Meseta(estimatedvolumeof erodedmaterial:ca.

6,000km?), the Anti-Atlas(ca.35,000km?), and the ReguibatShield(ca.30,000km?) were being
eroded.A large portion of the Mesetashowsconsiderdle subsiegnce (e.g. Ghorbalet al., 2009,

whichis comparableto Triassicsubsidencelocumentedin the CentralAtlanticand High Atlasrift

zones(e.g.Gouizaet al.,2010;Moragaset al., 2016, respectively) TheCentralAtlanticand Atlasrift

zoneswere subsidingexceptmaybefor a part of the MassifAncienwhichactedasa majordrainage
divide assuggstedin Domenechet al., 2018 (fig. 10). Thismassifis indeeddescribedas forming
positive structural relief sourcingTriassicsedimentsto the Arganaand Oukaimedervalley (e.g.
Baudonet al., 2012). Thet-T modellingresultsdo not coverthe time before 200 Ma in the Central
and EasternAnti-Atlas(Gouizeet al., 2017), but red clasticsoverlyingPrecambriarbasementn the

northern CentralAnti-Atlasare mappedas TriassicNo recent study on these sedimentshasbeen
conducted however basalticflows coveringthem haveyieldedagesof 205.9+7.9and207.8+6.9Va
(Fiechtneret al.,, 1992), suggestinghat thesedepositsare indeed TriassicThis suggestghat while
the coreof the Anti-Atlascontinuedto exhung, its northern marginwasalreadysubsidingincluding

the SoussaandOuarzazatbasins).

Fromthe LateTriassid¢o EarlyJurassi¢periodsb to c; figs.10 and11) marinedomairs progressively
coveredthe Atlas and Central Atlantic rift. The only significantchangein source areasis an
exhumationeventoccuringin the westernReguibaShieldand startingin the EarlyJurassigfig. 11).
A recent provenancestudy by Marzoli et al. (2017), usingdetrital zircon U-Pb ages,showsthat
sedimentsinterfingeringwith the CAMPbasaltsin the westernHighAtlas havebeensourcedfrom

the Mesetadomain.
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4.3. Early Pogift: Early Jurassic to early Early Cretaceous maps

TheEarlyand Middle Jurassiepochs(periodc; figs.11 and 12) are markedby enhancederosionin
the Anti-AtlasandReguibathieldand to someextentin the Meseta(seevolumesof erodedmaterial
in table 3). Fromall the periodsdefinedin this study,periodc is the mostactivein terms of eroded
materialfluxfor the Anti-Atlas.It islikelythat the Anti-Atlasformed atopographicswel ascalculated
exhumationratesare higherin the centralpart of the belt (e.g.fig. 11). Middle Jurassicedbedsare
recordedin the onshorebasinsnorth andwest of the Anti-Atlas(TarfayaAgadirEssaouiraCentral
HighAtlas,Ifni Margin,and Sousdasins Appendixd). In the basinssouthandeastof the Anti-Atlas,
no JurassisedimentsarerecognisedThissupportsthe ideaof anexhumingAnti-Atlasand Reguibat

ShieldJinkedby an exhumingor stableTindoufarea.

Thesiliclasticfraction within the overallcarbonatesedimentationis abundantin the CentralHigh
Atlasduringthe EarlyJurassi@andin the EssaouirgdAgadirBasinduringmost of the Earlyand Middle
JurassidDuvalArnould,2019. Coarsegrainedclasticsedimentsare depositedin the Centraland
WesternHighAtlasduringthe Toarcianandthe rest of the EarlyJurassi¢s dominatedby carbonate
sedimentationwith up to 40 % of fine grainedsiliciclastic§10-20%average)Middle Jurassicocks
are composedof clayto coarseclastics(alluvial plain) and mixed carbonatesiliciclastican the
Westernand CentralHighAtlas,respectivelyMalaval 2016;JoussiaumeZ016).Theseobservations
point towardsthe presenceof anactivesourceof clasticsedimentsn the vicinityof thesebasingor
the Earlyto Middle Jurassianatchingthe resultsof t-T studiesconductedin the Anti-Atlas(e.g.Ruiz

etal.,2011;Oukassowt al.,2013;Gouizeet al.,2017).

The Earlyand Middle Jurassicepochs(period ¢; figs. 11 and 12) are fairly similar in terms of
depositionakenvironments Moreover, the exhumationpatternsare identicalon both mapsasthey

originate from the sameexhumationmap, in this casepresentedasfigure 7C. Provenancestudies
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carriedout on Middle Jurassisedimentsevidencesedinentary transport from the Mesetato the
Middle Atlas(Prattet al.,2015), and from the Anti-Atlasto the EssaouirsAgadirbasin(Stets,1992).
Depositionaknvironmentsn the EssaouirsAgadirbasinchangefrom fluvialto lagoonalduringthe
EarlyJurass, from continental/transitionato shallowmarine(dolomites)n the Middle Jurassicand
then remainshallowmarine/ shelfl duringthe LateJurassi¢DuvatArnould,2019. In the Sidilfni
area, Arantegui(2018 documenteda Bathonian(Middle Jurassicyage for shallow marine and

lacustrinedepositsexposedalongthe coast(Chartonet al.,2018).

Fromthe Middle to LateJurassicour resultsshowa shift in the areasof sedimentproduction,from
the Anti-Atlasto the Meseta.TheLateJurassi¢periodd; fig. 13) showsa majorshiftin the sediment
source areas:the Anti-Atlasis no longer an active source while the Meseta becomesstrongly
exhumed.A highresolutionclay mineralogystudy, carriedout in folded Jurassicedimentsof the
EssaouirddgadirBasin (Ouajhainet al., 2011), showsa clear shift in either the sedimentsource
lithology or areg between the Middle and Late Jurassicpassingfrom a chlorite- to an illite-
dominatedassemblagdt is possiblethat Middle Jurassi@rosionof the Anti-Atlas reacheddownto
the Precambrianhence cutting through the metamorphosedPalaeozoicseries and eventually
sourcingbasementchlorite to surroundingbasins.The Mesetais alsoa documentedsourcearea
duringthe LateJurassicassuggestedy paleccurrernts measuredn the westernHighAtlas(Stets,
1992). TheUpperJurassigvas not depositedn the CentraHighAtlas but fluvialdepositsof Callovian
age are recorced, while in the Western High Atlas, the Malm is dominated by carbonate

sedimentationinterbeddedwith fine siliciclasticen the Kimmeridgiar{DuvatArnould,2019).

Thetransitionbetweenthe Jurassi@and Cretaceougperiodd; fig. 13 and 14) was, accordingo our
current datasetat least, fairly quiescent The coastlineshifted towards the north in the Middle

Atlas/Rifareas andtowardsthe westin the Tarfayabasin.Thelatter changevasaccompaniedythe
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onsetof large EarlyCretaceousleltaic systems(TarTanand Boujdourdeltas;fig. 14). Theentire
ReguibatShieldwasan activesourceof sedimentssincethe EarlyJurassi@and remainsone during
the EarlyCretaceousThissuggestghat an accelerationof the exhumationor a changein source
lithology in the ReguibatShield must have occurredin the earliest Cretaceoussupplyingthe
silicclasticsto the TanTanand Boujdourdeltas.lt is likely that the erosionin the ReguibatShield
reachedthe graniticbasementat the end of the Jurassicwith removalof the meta-pelitesfrom the

overlyingEarlyPalaeozoibasin.

Bxhumationof the Meseta massifgca.750 km*/Ma) from LateJurassi¢o EarlyCretaceougperiod
d) wasfirst describedin Ghorbalet al. (2008). The preservedonshorebasinsof the Mesetado not
recordUpperJurassisedimentsgxceptedn the coastalDoukkalabasin(fig. 14). Thissuggestshat

asurfacelargerthanthat of the presentlyoutcroppingbasementwasbeingeroded.

In the LateJurassi@and EarlyCretaceousit is unknownif the Tindoufbasinwassourcingsediments
to the TarfayaBasindeltas a transitionalsink or simplystable,asno LTTcoolingageshavebeen
measuredNeverthelessyaluesof vitrinite reflectancefrom the SilurianKuuskraat al, 2013, in the
northernTindoufbasin suggesthat thesesedimentsvere previouslyburieddeeperandsignificantly
thick overburden is missing, which was deposited and subsequentlyeroded between the
Carboniferousand the Late CretaceousAs most of the Anti-Atlasand the central ReguibatShield
were subsidingduring the Late Jurassic/EarlZretaceougfigs.14 and 15), we assumethat 1) the
missingoverburdenwasdepositedduring this period in the northern TindoufBasin,and 2) in the

absenceof evidencethe basinwasfairly stableelsewhere

A sedimentaryprovenancestudywasconductedin the north TarfafaBasinfor LowerCretaceouso
CenozoisedimentgAlietal, 2014). Theirresultsshowedthat the LowerCretaceousedimentsvere

sourcedfrom the ReguibatShield while upper Cretaceousedimentswere sourcedfrom both the
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Reguibathieldandthe Anti-Atlas(fig.15). Duringperiodd, the ReguibaShieldvitnessedsubstantial
erosion (ca. 8,200 km®/Myr). It appearsthat the sourcearea of the sedimentsdepositedin the
Boujdourand TanTanLowerCretaceousleltasis the ReguibatShield(and potentially part of the

south Tindoufbasin) with over 700,000km? of erodedmaterial.
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4.4, LatePostrift and syrAtlas kinematicaniddle Cretaceous to Neogene maps
The middle Cretaceougperiodsd and g figs. 14, 15, and 16) is characterisedoy another shift in
sourceareas The Anti-Atlaspresentlyoutcroppingbasementwhichwassubsidingduringthe Early
Cretaceousjs exhumedagain from the middle Cretaceousonwards (fig. 15). Meanwhile, the
southern massifsof the Meseta underwent subsidenceduring the middle Cretaceousafter a

prolongatedexhumationepisode.

In Morocco,widespreadcoarsesedimentsare describedfrom the EarlyCretaceouge.g.Davison,
2005 Frizonde Lamotteet al., 2009 Luber,2017). In the north Tarfayabasin,Arantegui(2018 has
shownthat the undifferentiated LowerCretaceouglasticsuccessiolis characterisedy fluvialand
tidal flat environments,with alluvial fan conglomeratesat the basein contact with Cambrian
metamorphosedsedimentsThestudyfurther providesan updatedbiostratigraphyof AptianAlbian
(middle Cretaceousjransitionalto shallowmarine depositsexposedalong coastaloutcrops The
meanpaleccurrent directionfor the fluvial units indicates a local transport direction towardsthe

northwest.

Thetransitionfrom shallowmarine to continentaldepositionenvironmens occurredbetweenthe
Earlyandthe middleCretaceousn the Essaouiradgadirbasin Thecontinentalenvironmentrecords
a general palaeo-current direction towards the west and a significant regression, probably
tectonicallycontrolled,duringthe LatestBarremiarto EarlyAptian(Luber,2017). In the LateAptian
and Albian times, the area was drowned once againwith the establishmentof shallow marine

conditions.

Provenancetudiessuggesthat onlythe ReguibaShield(includingthe Mauritanides)vere sourcing
clasticsedimentsto the north Tarfayabasinduringthe EarlyCretaceouswhile the Anti-Atlaswas

part of the siliciclasticsupplyto the coastalbasinfrom Late Cretaceouonwards(Ali et al., 2014).

27



Non-peer reviewed EarthArXiv preprint | submitted to Basin Research
Prat et al. (2015 collectedAlbiansedimentsdepositedin the Rifbasin,andtracedthe provenance

to two sourcesthe Meseta anda presentlyunknownsourcearea.

A CenomaniasTuroniancarbonateplatform with low detrital influx prevaied in the CentralHigh
Atlas,whilein the Atlanticdomain Turonianorganiematter rich blackshalesvere depositedin fault

boundedrestricredbasinswvhererelativelydeepermarineenvironmentprevailed(\WWang,2018).

Duringthe middle Cretaceousthe central Anti-Atlasbecane an activesourceareaandthe Meseta
exhumationsloweddown significantly Bythe end of the Cretaceousthe entire Anti-Atlass.s.was
sourcingsedimentsto surroundingbasins,and most of the Mesetaand High Atlasdomainswere

subsidingandprogressivly drowned

In the late Earlyto LateCretaceouperiod (periode; fig. 16), subsidinglomainsare dominantin the
study area. This period is characterisedby a rise in global sea level (CenomaniatsTuronian
transgressione.g. Piquéet al., 2006), whichtransgressedhto the interior of Moroccoand Algeria
(e.g.UpperCretaceouslepositsin the GuirHamadag.g.Benyoucett al,, 2015). It appeargo have
partiallysubmergedhe Reguibashield,the Tindoufbasin(exceptits centralpart), andthe borders
of the Anti-Atlas.Anti-Atlaserosion(ca.900 km®/Ma) is dominatedin the centre,and later exterds

to the easternandwesternregions.

Finally the Palaeogen@andthe Neogeneperiods(periodsf andg; fig. 17 and 18) are characterised
by the Atlasorogeny, whichis expressedy highexhumationratesin the HighAtlasandRif,andto a
lesserextentin the Anti-Atlasand ReguibaShield We estimatethe volumeof erodedmaterialfrom

the studiedareaduringthe PalaeogenandNeogeneo ca.0.5x1¢ and0.7x1C® km?, respectively.

Duringthe Palaeogenéfig. 17), alargeportion of the studyareawasemerged Epicontinentabasins

developedaroundthe exhumingmassifof the Mesetaandthe HighAtlas,andshallowmarinesetting
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persistedin the Tarfayabasin Paleontologicaévidencecomesfrom remainsof fish, lizardsand

mammalge.g.whalesandturtles; seepaleontologyeferencesn AppendixB).

TheNeogeneeriod(fig. 18) showsonlyminordifferenceswith the presentdaysituation,with nearly
all of Moroccoemergent. Importantsedimentsourceareasare the Meseta,the HighAtlas,the Anti-
Atlas,and the ReguibatShield.Someshallowmarine sinkswere developedin the North Tarfaya

southernSettatand Gharbbasinsandalongthe Mediterraneancoastin the Rifdomain

29



Non-peer reviewed EarthArXiv preprint | submitted to Basin Research

5. Discussion

5.1.Prerequistesadvantagesand possible improvements the proposed workflow

Theworkflow presentedhere broadlyconstrairs sourceto-sinksystemsand domainsthroughtime,

usingt-T modellingasthe basisfor sourceand sinkmapsconstruction The prerequistego applythis

workflow elsewhereare limited to the availability of denset-T datases and prior geological
knowledge Anycandidatestudyareashouldbe characterisedby the presenceof exposedcrystalline
basemat that hasbeen subjectedto LTTL-T investigation Thisworkflow requiresprior, but not

extensive knowledgeabout sedimentarybasins palaeo-thermal regimes and paleogeographylin

order to constructdetailed sourceand sink maps publishedgeologicaldata must be obtained

corroboratedandinterpretedin terms of depositionakenvironmens (includingboreholedatawhen

availablg. Additionally,in areas where horizontalmovementswere substantial exhumationmaps

shouldbe generatedirom restoredbasemap.

Theworkflowmaybe usedto test severalexhumationscenariogi.e.exhumationrates,timing, and
location)againsthe stratigraphc record,andmaybe further validatedwith sedimentaryprovenance
analysesVolumescanbe calculatedwithout prior information on actualsedimentfluxesor budges,
but may be comparedwith existingresults (as exemplifiedin part 5.4 of this work; Helm,2009)
Provenancestudiesarealsonot arequirementto buildexhumatiormaps but they mayfacilitateand
improvethe constructionof the sourceandsinkmaps.Aswith all studies the qualityandquantity of
availabledata will improvethe results,but this methodologyallowsexhumationrates and eroded
materialfluxesto be estimatedwithout the needfor newfieldworkcampagnsor analysesf samples

makingit a powerfultool for evaluatingunderexplorecandfairlyremote areas

These resultscanbe updatedandimprovedasmore t-T data points are madeavailable awayfrom

clustersin well-studiedbasementareasand by gatheringsubsidenceurvesfrom preservedbasins
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or extractingsubsidenceatesfor their interpolationwith exhumatiorrates It maybe subsequently
be extendedto includelandscapesvolution modelling,usingthe verticalmovementratesasinput,
whichwill helpin definingthe mostlikelysedimententry pointsinto the sinks aswell asprovidinga

first order estimateof the paleoc-altimetry (e.g.Sallest al., 2017).

Finally this workflow could be greatlyimprovedif associatedvith a systematianvestigaton of the
contactbetweent-T modelledbasementareasandtheir sedimentarycover. Indeed,identifyingthe
truncation surfacesvhere sedimentsextendonto basementareas andinterpolatingthesesurfaces
for the time of deposition canoffer valuable insighs, while mappingonlappingfeatures canbe used

to identify if basementareas were palaeo-highs(topographicor bathymetric)
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5.2 Uncertainties of the workflow
Togethemwith the uncertaintyinherentin the rangesfor the ratesandvolumes other uncertainties
needto be recognisedo fully understandthe limitationsof the presentedworkflow. TypicallyLTT
analysesn Moroccohave~10%error for both (U-Th)/Heand FTsystens (Charton 2018). Thet-T
modellingshowsa sustantialtemporal and thermal uncertaintyassociatedo all realisations(e.g.

goodandacceptableenvelopedor HeFTyandthis uncertaintyincreasewith age(fig. 4).

Otherfactorsincludingthe selectionof t-T curvesandgeothermsto model plusthe assunption of a
constantsurfacetemperature,impacton the error range Anothersourceof uncertaintyliesin the
useof nonrestoredbase mapsfor the exhumationrmaps,assomeareasmayhavechangedn shape
and/or surface(the HighAtlasbefore the Genozoicorogenyfor instan®). Further,the use of null
verticalmovementrates for syntheticpointsintroducesan error, asnon-recordedsedimentsmight
have been eroded (i.e. subsidencerates should have been used during the assumedtime of
deposition or neverdeposited(i.e.null or exhumatiorrates). Otherpotential errors associatedvith
the interpolationmethodandvolumecalculationsaremoredifficult to quantify.Overallwe estimate
the error for the ratesand calculatederoded material fluxesto ~20%for the Permian(periods a),

~15%for the Mesozoidperiodsb to €) andto ~10%for the Cenozoigperiodsf andg).
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5.3. Limitation®of the source angink maps

Dataquality,datadensityandtemporalresolutian are highlyvariableacrosghe areacoveredby the
sourceand sink maps.Thisleadsto variablerobustnessof the presentedmaps,which complicates
the comparisondrom one to another. Datingis the primary uncertainty,as severalPhanerozoic
layersin Moroccoand the surroundingareahave undifferentiatedages(e.g.Hollardet al., 1985).
This is for instancethe casefor PermaTriassic,Middle to Late Jurassicand Earlyto Middle
Cretaceousedbedsd ¢ / 2 y (i A y 8§ % NIO&I $hiechoNdBieharE widelymappedaccrosghe
study area, but their ages are weakly constrained. These intervals may be intercalated by
biostratigraphicallymarine sequencesor radiometricallydated magmaticintrusions, but these
biostratigraphicor geochronologistudiesare generallylocaland extrapolationstill hasto be made

to simila but non-constrainedacies.

TheproposedPermiarmapis characterisedy the lesscertaindominantdepositionakenvironments
as it is constrainedwith limited data. While the Neogeneis a datarich time interval and the
correspondingnapis of higherresolution Anotherlimiting aspectisintroducedby the definition of
the time-windowsthat eachmap covers.The temporalresolutionof the Permianand Triassianaps
iscoarseastheyencompassga.50 Myr, comparedo the shortMiddle Jurassiinterval(ca. 11 Myr).
It is alsoimportant to note that the Triassianapis mostlycomposedof Late Triassidata, asEarly
andMiddle Triassicedimentsarerarelydocumentedn the stratigraphyof Morocco.Althoughmuch
of the Triassisedimentsare mappedasundifferentiated wheredatedthey are mainlyLateTriassic
andthe bestdatingoccursat the endof the sequencewhere CAMRIykesandsillsareradiometrically
datedat endTriassién age Howevergxhumatiorrateswerecalculatedor the entire Triassicywhich

will resultin areductionin overallrate andwill haveintroduced a biason the map.
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Moreover,our sourceandsinkmapsuse the presentdayunrestoredgeographyandgeologyasbase
maps.In manyareasthisis acceptablehoweverthis shouldbe taken into accountwhenusingthem
anddiscussingmplicationsfor areassuchasthe AtlasandRifbelts,for whichCenozoiupheavalvas

mostlycausedoy N-Sshortening(e.g.Michardet al.,2008).
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5.4. Comparing eroded material flux to terrestrial sedimgotarates

Thetotal estimatederodedvolumerates(table1) canbe comparedo publishedsedimentatiorrates
Helm (2009 fig. 19). The study by Helmcalculatedsedimentatiornratesfor severalsegmentsalong
the offshorewest Africanmargin,includingthe Moroccansegment.Thesedimentationratesin the

offshore domain and the coastalbasinswere obtained from nine interpreted seismicprofiles
perpendicularto the coast,and extendedby extrapolationand/or well control to the basin(using
DSDRuvells).Terestrial sedimentationratesfrom the Triassido the Neogenewere then estimated
and adjustedto the portion of terrigenoussedimentsrecordedin the used control wells It is

importantto note that the ageresolutionis not identicalacrossHelm (2009 and this study, in other

words, the start and end dates of calculatedintervak are not systematicallyconcordant. An

assumptionis that, in an ideal situation resultsfrom the eroded material flux modellingshould
approximatethe terrestrial sedimentation(i.e. disregardingouting of sedimentin onshorebasins,
climate, lithology of the sourceareaor suspensiooad, and the terrestrial componentexitingthe

systemto further offshore).

Thiscomparisorshowsthat the siliciclastiozolumesdepositedin the offshore/coastabasinsandthe
erodedvolumeof materialfrom the interpolationgrid are, for the most part, of the sameorder of
magnitude(fig. 19). Furthermore ratesare very similarduringthe Triassicearly EarlyCretaceous,
Late CretaceousPabeogene,and Neogene.Overall the correlationis good, exceptfor the rates
obtainedduringthe Jurassiperiod.Accordingo our results,between10,000to 30,000km®/Myr of
materialwere eroded,whilethe offshoreseemgo recordmuchlowervolumesabou 1000to 2000
km3/Myr of siliciclasticsediments.This discrepancycould be explainedby consideringthe eroded
lithologiesat this time. A hypothesids that erosionin the ReguibatShield Anti-Atlas, Tindouf,and
Mesetamayhaveremovedfine-grainedand/or carbonatedmeta-sedimentsrom the upperpart of

the Palaeozoisection Hence little coarseterrestrial materialwould be recordedin the Atlantic
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basinswere platform limestonesare dominant.Additionally fluvial systempathwayscouldhavere-

routed sedimentdo the east.
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6. Conclusions
t-T modellingresultshavebeenusedasa proxyto define and quantifyexhumationeventsfrom the
Permiarto the presentdayin easternMoroccoandits surroundingsA seriesof exhumationmapsis
presentedfrom whicherosionpatternsand erodedmaterialfluxeshavebeenextracted Thisallows
analysisof the possiblemechanism(syesponsiblefor these vertical movements.The presented
findings have implicationsfor the evolution of the Central Atlantic passivemargins and for our

understandingf the Permianto Neogenavioroccansourceto-sinksystems.

Thereconstructedevolutionof verticalmovementsand erosionat the scaleof the passivemargin
canbe dividedinto 3 areas:The Reguibat Shield,the Anti-Atlas,and the High AtlagMeseta The
ReguibatShieldis markedby subsidencdrom the Permianto the Triassicfollowed by exhumation
from the Jurassionwards(0.01-0.06km/Myr; ca.1,400,00km?). Weinfer that the Reguibashield
was the only sourceof sedimens for the Boujdourand the TanTan Cretaceoudeltas, offshore

Tarfayabasin.

The sampledAnti-Atlas basementrocks were deeply buried in the Permianand were exhumed
betweenthe Triassi@andthe Middle Jurassi€0.01-0.16km/Myr; ca.300,000km?). Subsilenceduring
the Late Jurassic/Earlretaceousvas followed by a final exhumationfrom the Late Cretaceous

onwards(0.01-:0.05km/Myr; ca.180,000km?).

PresentlyoutcroppingVariscarrocksin the HighAtlasand Mesetawere closeto the surfaceduring
the Permian/LateTriassicfollowed by subsidenceuntil the Middle Jurassicexhumationin the Late
Jurassic/Earlgretaceougexhumationrates: 0.01-0.09km/Myr; eroded material: ca. 28,000km?),
renewedsubsidenceluringthe LateCretaceousnda finallyexrumationduringthe Cenozoi¢0.01-
0.20km/Myr; ca.37,000km?). The subsidence&ventwassynchronouso Atlanticrifting, andsample

analysigndicatesrapid burial from closeto the surfacedownto 4 km, suggestinghat subsidence
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associatedvith the Cental Atlanticand/or the HighAtlasrift zone(sextendedovernearlythe entire

Meseta.

Thisstudypresents10d & 2 dahda & ynhps integratingdatafrom palaeo- structural,erosional,

anddepositionaimapsfor the Permianto the presentday.

Duringthe Permianterrestrialbasindocatedacrosshe Mesetawere sourcedwith erodedmaterial
of the Variscanchain.In the Middle to Late Triassicwidespreadrifting allowed more extensive
depositionacrosaviorocca Activesedimentarysourceareaswerethe northern Meseta the western
Anti-Atlas,andthe centralReguibatShield Initially most of Moroccowasdominated by continental
deposits,with a gradualtransgressionnlandfrom Tethysto the eastandthe proto-Atlanticto the
westextendingterrestrial/transitionalmarineenvironmentsacrosshe HighAtlas,the Meseta,and

the Tarfayabasinsaswell aspart of the ReguibaShield.

Throughoutthe Jurassicshallow marine and marine environmentsdominate, with periods of
discretesiliciclastiagnput. Active sedimentarysourceareaswerethe Anti-Atlas,the ReguibatShield,
andthe MesetamassifsA substantiakhift of sourceareawasevidencedrom the Anti-Atlasto the

Meseta/HighAtlasat the transitionbetweenthe Middle andthe LateJurassi¢ca.163Ma).

In the Early Cretaceousterrestrial environmentscover a substantialportion of the study area,
especialljpetweenl145and 125 Ma. Anotherconsiderableshift of sourceareawasevidencedrom

the Meseta/HighAtlasto the Anti-Atlasat the transition betweenthe early Earlyand the middle
Cretaceougca.125Ma).Finallyduringthe Cenozoicalmostall the presentlyoutcroppingbasement

areasprovidedsoure materialto the coastalandforelandbasins.

The presentedworkflow enablespast large scalesourceto-sink domainsto be constrained.The
prerequisitesif appliedelsewhereare limited to the availabilityof t-T datasetsand prior geological

knowledgeThese resultsmaybefurtherimprovedasmoret-T datapointsaremadeavailableand/or
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if as®ciatedwith a systematidnvestigationof the contactbetweent-T modelledbasementareas

andtheir sedimentarycover.
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Periods [-]
d

a b c e f g
| preferred scenario 218 1.8 228 15.7 55 16 287
Interpolat
" e'éf.f O | constant geotherm (20°C/km) 236 a8 293 193 69 140 35
Eroded material | constant geotherm (40°C/km) 20.7 19 146 96 34 69 17.0
fluxes
[10° km*MMyr] Meseta & High Atlas 23 0.1 06 0.7 02 0.1 13
Anti-Atlas 36 06 81 10 09 13 30
Reguibat Shield 18 06 115 82 16 76 109
Surface area Exhuming domain 16 09 12 12 06 10 13
8 2
(107 km'] Subsiding domain 07 14 11 11 17 13 10

Tablel. Erodedmaterialfluxesandsurfaceareasfrom Permian@) to Neogengg). Preferredscenario

for the geothermss presentedn AppendixA. We estimatethe error of thesefluxesbetween20and

10%(seediscussion)
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Figurel. Morphologyof the CentralAtlanticseafloorandconjugatemargingdata:GEBCO_2014_1D).

Simplifiedplate tectonicevolutionis after Stampfliand Borel(2002). WAC WesternAfricanCraton.

Figure 2. A) Geographyof Morocco and its surroundings(data: GEBCO_2@1 1D) with main
geologicadomains,sedimentarybasins,and VariscarMassifssuperimposedB) Geologicamap of
Moroccoandits surroundinggafter Hollardet al., 1985).CAMP CentralAtlanticMagmaticProvince
(TriassiG)PAAPPeriAtlantic AlkalineProvince (Cretaceous)C) Tectonicchart of the Atlanticrealm
andMorocco seereferencegherein(numericabgesafter ICS2016/12). LIP LargelgneousProvince;

CAMP CentralAtlanticMagmaticProvince PAAPPertAtlanticAlkalinePulse.
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Fgure3. Locationof samplesusedfor t-T modelling Jocatedin the Rif, the Meseta andHighAtlag,
the Anti-Atlas, the ReguibatShield, and the western Anti-Atlas and north TarfayaBasifk (see

referencedetailsin table A).
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