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Key Points

x Coupled, thermanechanical models show that during continental rifting, the sediment flux

reflects the topographic evolution of rifts.

X High crustal strengttslow extension and efficient surface processes promote strain

localization and sediment production.

X Models show tha timelagof 2 5 Myr between the main tectonic activity and the peak in

sediment flux could exist for natural systems.
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Abstract

Continental rifts fornby extensionand their absequent evolutiodepend®n the tectonic and
climatic boundary condition$iere, weinvestigatenow faulting, topographyand the evolution of the
sediment fluduring rifting are affectedy these boundgrconditions In particular, ve want to
elucidate whether it is possible to correlate tectonic activity, topographysediment flux on long
timescales (40 Myr)We use ahermemechanical model coupled with a landscape evolution model
andpresenta series ol4 modes, testinghe sensitivity of the models twustal strength, extension
rate andfluvial erodibility. The degreeof strain localizatiordrivesthe structural evolution of the
modelled rifts: slow extension, high crustal strengtid efficient surface procesgg®motea high
degree of strain localization, resulting in lessivefaultswith largeroffset on themOverall, the
magnitude osediment productionorrelates with the degree of strain localizatidm case of
unchangedrosional power, systems wiglower extensioproduce morsedimenbwingto a
strongemositive £edbacketween erosion and fault offsé¥e observea characteristic sequenoé
eventsreflecting the geomorphigctonicstagef the rifts the highestrock uplift rates are observed
before the maximum elevation, and the highest sediment flux postdates the peak in el@uation
results indicate that for natural systemfie evolution of the sediment flux is a good proxy for the
evolution oftopographyand thata gapof 2 5 Myr betweerthe peaks irmain tectonic activity and
sediment fluxcanexist.

Plain Language Summary

Continental rifting is the response of the uppermost part of the Earth to extensional, tectonic forces.
The resulting landscape consists of subsided, sedifiledtbasins and uplifted, highlevation rift
shoulders. Resolving what contributes to riftorglongtimescales (i.e., tens of millions of years)

from natural examples is challenging, since inverting the sedimentary record to resolve correlations
between tectonic activity, topography and the sediment production relies on several assumptions. We
use computer models to simulate continental rifting, and subject the models to different boundary
conditions. This allows us to have a holistic view of the rifting process under variable conditions over

a 40Million -year period, and we assess how the togagratectonic deformation and sediment
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production evolve over time. We see that the degree of localization of deformation is decisive for the
evolution of the rifts, and that localization correlates with sediment production. Furthermore, the
temporal evoltion of the sediment production reflects the tectonic and topographic evolution. Moving
from models to natural examples, our findings indicate that the evolution of the sediment production is
a good proxy for topography. However, a gap af®2Million years could exist between the main

tectonic activity and the highest sediment production.

1 Introduction

7KH (DUWKYV VXUIDFH LV VKDSHG E R WdéentfyingpassieBRaQulifgD QG VXU ID
and feedbacks between tectonic and surface prodeagsdseen a focus of research during the past
decadege.g., Champagnac et al., 2012; Molnar & England, 1990; Whipple, 2009; Whittaker, 2012)
plethora of studies focused awuntain belteandshowed that orographic precipitation can focus
deformation and exhumatigBeaumont et al., 1992; Willett, 199%at spatial and temporal

variations inuplift andexhumatiorcan be controlletdy erosion(e.g., Enkelmann et al., 2009; Gruijic

et al., 2006)that variations in erosion reflect variations in tectonieatiptrolled rock uplifie.g.,

Adams et al., 2015; Michel et al., 2018; Wang et al., 2044 how sensitive the orogdeformation

is toerosion and depositon(UG V HW DO : Ribektéh¥ibnal Gettings high
lithospheric strength increases rift asymmetry and rift kslevielevatior(e.g., Beucher & Huismans,
2020; Corti et al., 2018; Theunissen & Huismans, 203t@dies documented thafeedback between
footwall erosion andhanging walldeposition leadprolongsfault activity and offse{Maniatis et al.,
2009; Olive et al., 2014which enhances the formation of large offset asymmetric normal faults
(Beucher & Huismans, 2020; Theunissen & Huismans, 2@t@) thaenhancedediment supplyo

the rift basinowing to an antecedent river network can localize fault displace(femelsdaél et al.,
2017) All these studies demonstrate, how sensitive the evolution of oragdnfis is to both

tectonic and climatic boundary conditi®
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High crustal Intermediate
strength crustal strength

V

Number of faults, fault offset, fault activity?

Effects of tectonics (crustal

strength, extension rate) @ Evolution of topography: Elevation and fluvial network?
and surface processes on

@ Amount and evolution of sediment production?

Figure 1: Cartoon illustrating the effects of tectonic and surface processes on the development of rifts
Tectonicallydriven extension leads to uplift and subsidence of the landscape, resulting in rift shoulder uplift and
basin subsidenc®ependingn the crustal strengtleft or right part of the cartoondhe resulting rift

geometries can be different. Surface processel adluvial erosion or hillslope processes lower the elevated
landscape and generate sediment. The efficiency of the sprizmesses affects the topography and the

deposition of sediments in the basfasosion increases from the front towards the back of the carfblom)

numbers indicate specific questions that are addressed in this work, and that are related to tbitleéects

tectonic (extension rate, crustal strength) and climatic boundary conditions (efficiency of surface processes).
Modified from Whittaker et al. (2010).

At continental riftgtectonically driven faulting leads to uplift and subsidence of the lapdsca
forming rifts with highelevation shoulders and bounding baskig.(1). Climatically influenced
surface processes erode the landscape, create relief and produce selatiefiisthe tectonically
generated depressions creating the stratigraphard of a basi(Fig. 1). Variations in the associated
sediment flux can be related both to tectonic and climatic cdesgesForzoni et al., 2014; McNeill et
al., 2019; Rohais & Rouby, 2020; Sgmme et al., 2@h8@jn turn, the preservedtratigraphic record is
often used to unravel thedfectsof tectonic or surface processes, for instancmtgyring the history

of rock uplift, the evolution of topography and the drainage netyveorttclimatic variationge.g.,
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Armitage et al., 2011; Geelltort & Van Den Driessche, 2003; Geurts et al., 2020; Guillocheau et al.,
2012; Rohais & Rouby, 2020; Sgmme et al., 2019; Stevens Goddard et al., 2020; Whittaker et al.,
2010) Correlations between catchment area, runoff, rediefl sediment fluxlaserved in preserttay

river systemgSyvitski & Milliman, 2007)arecommorty usedto invert the evolution of the sediment
flux (aspreserved in the stratigraphic record) for instance for the evolution of past relief and
catchment eea(e.g., Rohais & Rouby, 2020; Sgmme et al., 2008 of theinherentassumptiongor

this approacthis that temporal variatiain the sediment fluarecoeval and correlatedith changsin
relief or catchment aresso on long timescaleg(a.g.,asinduced by tectonicalkgontrolled changes

in rock uplift). However, obtainingndependentonstraing on past topographic evoluti@nd linking

this tosediment flux is challenging.

The simplecorrelationbetweertectonic activity topographyand sediment fluxn geologic
timescalesmplicit in the BQART methods, furthermore, hamperedly thetransient response of
landscapes to changes in tectcamelor climatic conditionsandby possiblefeedbacks between
tectonic and surface processgesy., Allen, 2008; Allen & Heller, 2011; Li et al., 2018; Whittaker et
al., 2010) Here, weaimto circumventthese limitation@andobtaincoeva constraints otopography,
tectonic activity and sediment productiarsing coupled forward modellingVe analysethe evolution
of continental rifts from the syrift to the postrift using ahigh-resolution2D thermemechanical
modelcoupled with a landscape evolution mgoa@eid sibjectthe riftsto differenttectonic andsurface
processoundaryconditions Thelandscape evolutiomodelincludesthe temporally and spatially
transient uplift field of faults and simuksthe erosional response of the evolving landscape. In turn,
thetectonicmodel includes the effects of erosion and deposition on the evolutibhnosphere
deformation andault formation Hence, the modelllows investigdhg the response of tectonics (i.e.,
evolution of the structure of a rift, number of faults, fault djfse the redistribution of mass by
erosion and sedimentatioand at the same time allows me#asyithe amount of sedimegenerated
over time We addresshe followingquestiongFig. 1): (1) What is the influence of different boundary
conditions specifically crustal strength, erosional power, and extension rate strub&ural and

topographic evolution of rifs(2) How do the boundary conditions affect sediment produetidhn
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How arethe evolution of sediment fluxopographyand tectonic actity correlatecon long

timescale®

The response of sediment production to variations in tectonic and climatic boundary
conditions has been the subject of previous work using surface process fegdelsrmitage et al.,
2011; Densmore etl., 2007; Forzoni et al., 2014; Li et al., 2018; Yedaml., 2019)These models
used either simple 1D geometries or were restricted to a lhsgatial extent (i.e., focusing on a
single catchment), considered only short timescale$ (dyt), or simplified the tectonicsising
uniform uplift fields Inherent to all of thes&tudies isthat they are not able to incluttee effect of
erosionanddeposition on fault offseiwing to their lacking mechanical pa®n the other hand,
previouswork using coupled models in rift settings often used simple tectonic boundary conditions
and focused for instance solayg the role of the crustal rheology using fixed extension r@es,
$QGUpPV(ODUWLtQH] HW DO %HXFKHU +XLVPDQV 20LYH
2019) These studies demonstrated thegalogy affects the coupling between crust and mantle
(Beucher & Huismans, 2020; Huismans & Beaumont, 2002, 2003; Theunissen & Huismans, 2019)
andshowed deedback between erosidmnging walldepositionand fault offset $QGUpV(ODUWtQH] |
al., 2019; Olive et al.,@L4; Theunissen & Huismans, 2019ther work using purely thermo
mechanical models also highlightta effect of extension rate dhe width asymmetry and
distribution of deformatiomf rifts andrifted margirs (Huismans & Beaumont, 20020@3; Naliboff et
al., 2017; Svartman Dias et al., 2015; Tetreault & Buiter, 204/8)build upontheseconclusionsand
as tectonidoundary conditionswve test the sensitivity of the modeldawmth variable crustal
rheologies and different extensioates.In order to test the sensitivity of the models to surface

processes, we vary tleeodibility between the models.

We present a series of humerical experiments, where we systematically vary the tectonic
and surfac@rocessfficiency parametersWe focuson elucidating changes the sediment
productionboth during the synift and postrift phaseandonwhat the underlying mechanisms are.
We analy® (1) thestructuraland topographievolution of the riftand(2) howthisimpacts the

evolutionof thesediment flux For selectednodels we provide detailed analyses of fault actiyity
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fault offset and topographyFurthermorewe relate the temporal evolution of the sediment flux with
the temporal evolution of elevation and rock upidentifyingfour phaseghatreflect the geomorpho
tectonic evolution of the rif\WWe also discuss, whetey can be observeid natural exampleshVe
finally assesshow our model results corroborate tggroach to invert the sediment record for the

topographic evolution of rifts.

2 Modelling Methods

2.1 The T-model: a coupledthermo-mechanicalsurface-process model

We use a lithospherscale thermanechanicakurfaceprocess model to investigate continental rifting
(Wolf et al. 2021, seFig. 2a). The model consists of the 2D thermechanical code Fantom
(Thieulot, 2011}, coupled to the 2D landscape evolution cbdstScapéBraun & Willett, 2013; Yuan
et al., 2019)FastScpe and Fantom are tightly coupled in-gnanner(Beaumont et al., 1992; Wolf et
al., 2021) so that uplift and subsidence arising from the themmechanical model provide

cylindrical uplift signal to FastScape and average erosiomepdsition feed back to the thermo
mechanical computation. The coupled model castilne temporally and spatially transient evolution
of continental rifts subject to the interaction betwserface processes and tectonics. In the following,
we describe the setup and boundary conditions detttenic and surface proces®del and explain

the strategy behind our modelling approach.

2.2 Setup and boundary conditions for Fantom

Fantom is a tarmomechanically coupled, arbitrary Lagrangi&uolerian, finiteelement code that
solves for planestrain, incompressible, visqaastic creeping flows and heat transfer in the model
domain. Viscous deformation is approximated by nonlinear power law aneematerial properties
are based on flow laws of wet quaf@eason & Tullis, 1995)dry Maryland diabasg@vackwell et al.,
1998)and wet olivingKarato & Wu, 1993)Frictionatplastic deformation is modelled using a
pressuradependent DruckdPrager yield criterion, cordering the effect of plastic straimeakening
on the material§Huismans & Beaumont, 2003) full explanation of the inherent equations and a

table of all materiatonstants is given in the electronic supplement (section S1 and Table S1).
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175  Figure 2: Model setp (a) Overview, model dimensions, and resolutions of theo@el, where a 2D landscape

176  evolution model (FastScape) is coupled with a 2D themecohanical mod€Fantom). (b) Model setup and

177  geometry for Fantom, illustrating the layered structure (all thermal and mechanical properties are summarized in
178 Table S1 in the supplement), the boundary conditiogg £\éxtension rate, y= velocity of basal counter fio)

179 and the initial thermal state (red lines). Location and extent of features that promote strain localization at the
180 beginning of extension are indicated: initial temperature anomaly (notch in the 1330°C isotherm) and strain

181 inheritance. The inset displaya closeup view of the upper 130 km of the model, @nelstrength envelopes of

182 the two different rheologies considered in our models, which differ in the strength of the lower crust (R1 = high
183 crustal strength, R2 = intermediate crustal strength). (c) Temporal evolution of the Mbdaimdels have a

184  total dumtion of 40 Myr and synift duration depends on the extension rate (7.5 Myr, 15 Myr, 30 Myr).
185

186 The model domain is 120n wide, 600 km deep, and vertically stratifided. 2b). From top
187  to bottom the model consists of continental crusBgkm), lithcspheric mantle (3820 km), and
188 sublithospheric mantle (12800 km). To test the sensitivity of the model to different crustal

189 strengths, we discern two different crusts, R1, strong crust, and R2, intermediate strength crust (see
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strength envelopes in theset ofFig. 2b). R1 uses dry Maryland diabase as material for the lower
crust, R2 uses wet quartz for the lower crust. Otherwise, the two rheologies consist of the same
materials, using wet quartz as material for the upper parts of the crust andsimetfoli the

lithospheric and sublithospheric mantle. To account for strongerd®agléetedconditions, the flow

law of the lithospheric mantle is scaled by a faétdVe do not consider models with an even weaker
crust(see for instance, Huismans & Beaumont, 2011; Theami&sHuismans, 2019pecause very

weak crust does not result in significant rift initialization for the extension durations that we consider.
Material that is eroded and deposited as sediment during the model run (materials S1, S2 and S3 in

Fig. 2b) has the same mechanical properties as upper crust.

We use a 400 km wide area in the centre of the model with initial strain inheritance (Fig. 2b),
simulating inherited structures from previous tectonic ev@iteunissen & Huismans, 20190
localize rifting in the centre dhis domain, we add a small thermal anomaly at the base of the
lithosphere in the centre of the model (Fig. 2b). A more detailed explanation of the approach for strain

inheritance can be found in the electronic sappnt.

On each side of the model, the lithosphere is extended with half the extension rate as
horizontal velocity boundary conditiongin Fig. 2b). Lateral outflow of material is balanced by a
low velocity inflow of material in the sulithospheric matle in order to preserve mass (v Fig. 2b).
The bottom and sides of the model are horizontal and vertical free slip boundaries, respectively,
whereas the top of the model serves as free surface subgeosion and deposition. As thermal
boundary conition the base of the model is kept at a constant temperature of 1522 °C and the lateral
boundaries are thermally insulated. The numerical resolution in our models is 500 m horizontally and
the vertical resolution is depth dependent with a 200 m resolutithhe upper 20 km. This high

resolution allows investigating the basicale feedback of tectonics and surface processes.

2.3 Setup and boundary conditions for FastScape
We use a modified version of FastScape to model surface pro(Bssas & Willett, 2013; Yuaret
al., 2019) Fastscapaccounts for onshore erosion, sediment transpond deposition in the marine

SDUW RI WKH ODQGVFDSH 7KH UDWH RI FKDQJH Rl H@HYDWLRQ
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levelis simulated by solving the stream power [@e., river incision; Whipple & Toker, 1999)and

hillslope processe&Culling, 1963)
’!—;’ L7FG#H 5 EGJ’D IRU Kamd (1)

whereh is elevationU is uplift rate k; is fluvial erodibility, A is upstream drainage areas slope, m
and n are stream power law exponents,karid the transport coefficient of hillslope diffusion. We do
not include continental deposition. Hence, no material is deposited sbaveveblnd all eroded
material is transported by the riversth@ marine domain or out of the model according to the

drainage organisation.

Below sea levelsediment transport and deposition are simulated using a diffusion equation as
described invuanet al.(2019) Using the amount of sediment flaeming from the continental

domain of the modelds), the rate of elevation changanbe approximatedy:
T L Gel °DE 3, for h < hea eve ®3)

whereky is the marine diffusion coefficienEquation(3) is valid if the material transportéelow
consists of one grainsizkn our case weonsidertwo different grainsizes and use a coupdiEusion
with distinct transport coefficients for the twoainsizeghaving values of 200 ffyr and 100 rfyr,
respectively. We refer to the paper duanet al (2019)for further technical details about this

approach.

FastScape truly sits on top of Fantom and has the same spatial dimension of 500 m. We
choose a model depth of 400 km for the FastScape model, resembling a typical wictintriental
rift system. The left and righdide boundaries of the landscape are open so that water flows out and the

top and bottom boundaries are periodic.

2.4 Modelling strategy
To investigate theariability of tectonic and surface procesgesontirental rifts, we test the
sensitivity of our models to crustal rheology, extension rateflanidl erodibility. The resulting

parameter combinations yield @lifferent models (Table 1).

10
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252

Extension rate K: value Evolution displayed

Model name Rheology (km/Myr] [m°‘2/yr] in
M1 R1 10 0.5 x 10° Anﬂg't%n L
M2 R1 5 0.5 x 10° Anﬂg'tén )
M3 R2 10 0.5 x 10° Anifri]g'tiin 3
M4 R1 5 0.25 x 10° Ani';ig'tg 4
M5 R1 5 1.0x 10° Ani';ig'ti?m 5
SM1 R1 2.5 0.5x10° Animation 6
SM2 R2 2.5 0.5x10° Animation 7
SM3 R1 5 0.1x10° Animation 8
SM4 R2 5 0.1x10° Animation 9
SM5 R2 5 0.25 x 10° Animation 10
SM6 R2 5 0.5x10° Animation 11
SM7 R2 5 1.0x 10° Animation 12
SM8 R1 10 0.25 x 10° Animation 13
SM9 R1 10 1.0 x10° Animation 14

Table 1 Summary of parameters of the 14 models with varying tectonic parameters (rheology, extension rate)
and erodibility k; value). R1 refers to strong crust, R2 to intermediate strength crust, ségaim Detailed
analyses of the evolution of structures and topography for the main models\S)lare provided in Figs +

6.

We consider two different crustal rheologies (R1 andM®;2b) with a total 75 km of
extension. This is sufficient to devela rift without reaching crustal breakup. The duration of
extension depends on the extension rate and we consider four combinations of extension rate and
duration: 7.5 Myr at a rate of 10 km/Myr, 15 Myr at a rate of 5 km/Myr, and 30 Myr at a rate of 2.5
km/Myr. All models have a total duration of 40 Myr with variable durations of theagyh postrift

phaseskKig. 2c).

11



253 Fluvial incision controlghe erosional efficiencyerosionrate, and sediment yield. In the Stream
254  Power Law, coefficients randn arerelatively well known(Stock & Mortgomery, 1999)but fluvial

255  erodibility (ki) spans a wide range as it incorporates effedéged to climate, rock type, vegetation

256 and abrasive agenfStock & Montgomery, 1999We keepm=0.4 and n=hndtest the effect of

257  erosionakfficiencyby changing fluviakrodibility, considerindg values of 0.1, 0.25, 0.5 andk1.0™®

258 m%%yr (Table 1). These values covewale range, leading to very little erosion and a ldasting

259 landscape or very efficient erosion and rapid degradation of the land3tégpean be envisioned as
260 rifts experiencingarid to humidclimatic boundary condition®Ve use aeferencek value of 0.5 x

261 10" m®9yr for all of our extension rates and rheologies (Table 1). To account fexjsting relief,

262  we set the sea level #2000 m below the initial model surface (which is at O m).

263 We analyse the output from both the tectonic and surface processes (seeakctronic

264  supplement, section S4 for details of analyses procedure). We focus on five models (mods M1
265 in Table 1), for which we provide detailed analyses ofthactural and topograph&volution (Figs 3

266  6). Supplementary models (SMASM9) are included in the analyses of the evolution of topography
267 and sediment flux (Figg +9). For all models we provide animations of topography and structures in
268 the electronic supplement.

269 3 Results

270 Weprovide adetailed description of the evolution tfe rift geometry for selected models (MM5,

271 Table ). We focus on the reference model Biddhighlight changesn the evolution of rifing. We

272  thendescribe the sensitivity die evolution oklevation and sediment production to extension rate

273 anderodibility.

274  3.1Evolution of rift geometry and faults
275 3.1.1Referencemodel M1
276 The reference model has a high crustaéngth (rheology REig. 2b), intermediate

277  erodibility (k = 0.5x 10”® m>%yr), and an extension rate of 10 km/Mgr 7.5 Myr.

12
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287

Figure 3: Results of the eference model M1Model results for model M1 with high crustal strength, 7.5 Myr

of extension (extension rate of 10 km/Myr) and intermediate erodibiity@.5 x 10° m®%yr): (a) Structures

(left column) and topography (right column) at selected time steps. Major faults are labelled in accordance with
their onset of activityfaults active duringhe respective timestep are labelled in bold). Numbers in the grey
boxesindicate vertical fault offset on the two boundary faults (F1 and F2). The black arrows indicate
lithospherescale faults that reach a depth over 15 km. The topography transitions from onshore to offshore at the
sea level {1000 m). (b) Evolution of the vical fault offset on the two boundary faults F1 (blue, right side) and

F2 (red, left side). (c) Evolution of incremental (dashed curves) and cumulative (solid curves) sediment volumes

from the two rift sides over time (blue = right side, red = left side)
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288 At 3 Matwo boundary fault§F1 and F2form a75 km wideasymmetric rift syster(Fig. 3a).
289 Major fault F1 forns a crustal scale sheaonecutting into the upper mantle lithosph€Feg. 3a)and
290 is associated witkignificantrift shoulderelevation ~ 3000 m(Fig. 3b) FaultF2 exhibitsonly ~6 km
291 displacemenandis associatewith more subdued topograpkiyig. 39. On both sides of the rift

292  minor fluvial valleys orthogonal to the main drainage divittes.

293 At 6 Ma, displacement along F1 and Feacles10.8 and 6.4 km respective(lfigs. 3a and

294  3b), new fault F4 dissesthe footwall of F2 anddeformation shito the centre of the riforming

295 faultsF3 and FFig. 39. Footwall uplift of F4 on the left sideedues theareadrainingtowardsthe

296 rift basin. Erosion of the right rift flank is associated with headward migration of the drainage divide.
297 Material eroded from both rift flanks is deposited in the hanging wall grabens of F1 and F2. Activity
298 of F1 ceases at 6.5 Ma with a total offsef.0.8 km, while F2 remains active until 7.5 Ma with a total

299 offset of 7.3 km (Fig. 3b).

300 At 7.5 Madeformation is partitioned between l8&nk faultsF2 and F4 and the centre of the
301 rift F3 and FEFig. 39. Thefinal rift geometry isasymmetric with the highest offset and topography
302 associated witlr1 on the right sideRig. 39. On the leftside rift topography is associated with F4,
303  while the fault block between F2 and feftms a low-lying fluvial floodplain nextto the basir{Fig.

304 3a)

305 At 15 Mabothrift flanks aresignificantly erodediown to~1 kmelevation(Fig. 33.

306 Landwarddrainage divideetreatformswide lowlying floodplainsallowing transitof sediments to
307 the basirthatfirst fill up therift bounding half grabens anlden thecentral part of the basifrig. 3a)
308 At 30 Ma, onshore rift flank morphologliasbeenfurtherwarpeddown andthe lateralfloodplains

309 and the central basaresubmergedFig. 3a)

310 Sedimentflux varies stronglythroughout the model evolution (Fig. 3c)n @e right side of
311 the riftsediment flux reaches a maximum valu€@00 kni/Myr aroundthe endof activity of F1 at
312  y6.5 Ma(Fig. 3c) andthen decreasexponentiallyto asteady value at 25 M#ig. 3c) On the left

313 rift side, the sediment flugeals earlier and at dower value~1500km*Myr and then similarly
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decreases exponentially during the post Tifte contrastingvolution ofsediment fluxthrough times
alsoreflected in the cumulativeéediment volume 17 x 10° km® and 28x 10° km® at 40 Mafor the left

and right siderespectively(Fig. 39.

3.1.2Effect of decreasingextension rate

Model M2 (Fig. 4) useshalf theextension rate of the reference mogekm/Myr until 15 Ma)
andidenticalother parameter@igh crustaistrength rheologifrR1, intermediatesrodibility ki = 0.5x
10" m>%yr). Slower extensiorin M2 delays localization ofdeformationand rift formationwith

respect to reference moddll.

At 5.5 Ma, an asymmetric rift has developed with khbof offset on right boundary rift fault Fand

rift flank elevation of y1500 mand insipient fault F2 otheleft side(Figs.3a and3b). With ongoing
extensiorboth F1 and F2 take up most of the deformation leading to a largely symmetric rift at 11 Ma.
Activity on F1 ceasearound y13.5 Ma, whereas F2 remaiactive until the end aéxtension at 15

Ma. Subsequentiydeformation shifts basiward breaking up theentral block between F1 and,F2
forming conjugate faults F3 and F4 in the centre. In contrast to model Mlaistdeformation is
accommodatedy the rift boundary faults F1 and K&th a similartotal offset (y11.5 km) at the end

of extension (Figs.l). Sediment flux peaks are similar in magnitude on both sides of the rift and
coincide with the timing of cessation of activity on F1 and F2 (Fig. 4c). Cumulative sediment volume

at 40 Ma is higher than in model M1 reaching the same magnitude on bettie#t(Fig. 4c).

3.1.3Effect of decreasing crustal strength
Model M3 (Fig. 5) investigates the influence of intermediate crustal strength (rheology R2),
lower than in the reference model, with the same extension rate (10 km/Myr), and ero#jlRyS(

x 10" m®2yr).

Intermediate crustal strength results in a significantly different rift style companeddels
M1 and M2, with more distributed deformation. At 4 Ma and 40 km extension, a broad 150 km wide
symmetric graben has formed with equdset on main rift boundary faults F1 and F2, and secondary

hanging wall faults F3 and F4 (Fig. 5a). Offset along F1 and F2 leads to a maximum rift flank
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340

341
342
343
344
345
346
347
348
349

Figure 4: Effect of decreasing the extension raté&rResults for model M2 with high crustal strength, Myr of
extension (extension rate of 5 km/Myr) and intermediate erodibidity @.5 x 10° m®?yr): (a) Structures (left
column) and topography (right column) at selected time steps. Major faults are indicated and labelled in
accordance with their oasof activity faults active duringhe respective timestep are labelled in bold).

Numbers in the grey boxes indicate vertical fault offset on the two boundary faults (F1 and F2). The black
arrows indicate lithosphergcale faults that reach a great depth (>15 km). The topography transdgions

onshore to offshore at the sea lev&DQ0 m). (b) Evolution of the vertical fault offset on the two boundary

faults F1 (blue, right side) and F2 (red, left side). (c) Evolution of incremental (dashed curves) and cumulative

(solid curves) sedimenblumes from the two rift sides over time (blue = right side, red = left side).
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350 elevation of ~1500 m, lower compared to models with strong crustal rheology. Moderate footwall

351 uplift along secondary hanging wall faults F3 and F4 divides the graben inbeb&sins. At 7.5 Ma

352 major bounding faults F1 and F2 accommodate offgbts km, significantly less compared to models

353 1 and 2 (Fig. 5a). At this stage deformation has migrated to the right half graben breaking up its

354  hanging wall forming secongeneratiomormal faults F4, F5, and F6 resulting in a broad about 3000

355 m deep submerged basin. Hanging wall subsidence associated with F2 results in a separate shallow
356 submerged basin. Peastt erosion efficiently removes the rift shoulders leading to headd epsion,

357 drainage divide migration, and river capture events around 25 Ma (Fig. 5a). Sediments are deposited in
358 the haltgrabens associated with F1, F2, and F5 leading to rapid infill and a shallow basin at the end of

359 the model at 40 Ma.

360 Sediment flux (Fig5c) varies strongly throughout the model evolution. Peaks from both the
361 left (900 knf) and right (1250 k) side occur at ~6 Ma, coeval with the end of main activity on F2
362 and F1, respectively (Fig. 5b). On the right rift side, a significant peak in setdilne (~2000 k)

363  during the postift is observedat 25 Ma related to river capture on the right rift side. The horst

364 uplifted between F3 and F6 (Fig. 5a) formsamsienttopographic barrier. This prevents the sediment
365 coming from the left rift sidérom reaching the central basin, resulting in decreased sediment flux
366 from the left rift side during 25:30 Ma,also reflected in thdifferenceof the cumulative volume of

367 12 x 16 km®and 22 x 16km® for the left and right side, respectively.

368 3.1.4Effect of erodibility

369 Models M4,M2, and M5 (Table 1) explore the sensitivity to changing erodibility Witralues 0.25,
370 0.5, and 1 x 18 m®?yr, respectively. They hawehigh crustaistrength rheology R1 and a low
371 extension rate 5 km/Myr. We compahetmodels at the end of extension at 15 Ma (Eig.6; see

372  supplementary animations for full model evolution).

373 Varying erodibility affects both the number athe offset of faults. Model M4 with very low
374  erodibility exhibits five faults and minor riftank erosion. In contrast model M2 with intermediate
375 erodibility is dominated by two main rift boundary faults andderateift flank erosion. Model M5

376  with even higher erodibility shows strongly enhanced offset along F1 and F2 (>14 km), significant rift

17



377

378
379
380
381
382
383
384
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387

388

Figure 5: Effect of decreasing crustal strengthResults for model M3 with intermediate crustal strengt8,

Myr of extension (extension rate of 10 km/Myr) dntérmediate erodibilityl¢ = 0.5 x 10° m>yr): (a)

Structures (left column) and topography (right column) at selected time I8k&jos faults are indicated and

labelled in accordance with their onset of activity (faatt8ve duringhe respective timestep are labelled in

bold). Numbers in the grelyoxes indicate vertical fault offset on the two boundary faults (F1 and F2). The black
arrows indicate faults that terminate at the transition from upper (UC) to middle crust (MC). The topography
transitions from onshore to offshore at the sea level fwisiat-1000 m) (b) Evolution of the vertical fault

offset on the two boundary faults F1 (blue, right side) and F2 (red, left side). (¢) Evolution of incremental
(dashed curves) and cumulative (solid curves) sediment volumes from the two rift sidiémeyblue = right

side, red = left side).
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Figure 6: Sensitivity to erodibility. Structures (left column) and topography (right column) at the end of
extension at 15 Ma for models M2, M4, and M5 with high crustal strength, 15 Myr of extension and variable
erosional efficiency: (a) M4 witk = 0.25 x 10° m>%yr, (b) M2 withk = 0.5x 10™® m®%yr, and(c) M5 with k;

=1 x 10° m*?yr. Faults are labelled according to their onset of activity, and active faults at 15 Ma are labelled
in bold. Numbers in the grey boxes indicate vertical fault offset on the two boundary faults (R).arteF

topographytransitions from onshore to offshore at the sea let@00 m)

flank erosion, and thick, tilted sediment wedges.

Erodibility alsostrongly impacts the topography through the drainage system. Low erodibility
model M4 develops numerous small catchments with a drainage divid® &m from the shoreline,
whereas the high erodibility model M5 develops fewer larger catchments andagérdivide that
migratesto ~55 km from the shoreline (Fig. 6). Rift shoulders are lowered down faster for higher

erodibility (< 1500 m at 15 Ma) than for lower erodibility (2082500 m at 15 Ma).

3.2 Sensitivity of elevationand sedimentproduction to extension rate anderodibility

We nextexplore how varying extension rate agradibility affect elevation and sediment production.
ModelsSM1,M1 andM2 (Table 1)explore the sensitivity to varyirgxtension rategqual to2.5
km/Myr, 5 km/Myr, and10 km/Myr, respectivelyfor identicalerodibility k; = 0.5x 10 m®%yr and

crustal strength R{Fig. 7). In contrast, rodels M4, SM3, M2 and MBTable 1)explore the effect of
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408

409  Figure 7: Influence of extension rate on the evolution of elevation (aediment flux (b) and sediment

410 volume (c) Results are for modeld1, M2, SM1with high crustal strength, intermediate erosional efficiekgy (
411  =0.5x 10° m®%yr), and variable extension rates/extension durations of 30 Myr (black), 15 Myr (red) and 7.5
412  Myr (blue).In all panelsthecolored triangles indicate the end of extensibthe respective modelote that

413  sediment flux in the slowest model (2.5 km/Myredaot reach a steady value within the 40 Myr simulation.
414  Sediment flux and volumareonly recorded after the basin has reached sea level at, tfimi@i¢ch depends on

415 the respective extension rate). Priorgtegdiment is transported out of the model domThe total volumes of
416  sediment lost this way are 4952 k8016 kni, 904 kn? and 322 krifor models with extension rates of 2.5

417  km/Myr, 5 km/Myr, 10 km/Myr and 15 km/Myr, respectively.

418

419  varyingerodibility with k: = 0.1, 0.25, 0.5, % 10" m>%yr, respectivelyfor an identicakxtension rate

420 5 km/Myrand crustal strength REig. 8).

421  Maximum elevatiorfollows a similarevolutionfor the models with variable extension ratéh four
422  characteristic phas€Big. 7d). During Fhase 1,nitial rifting with distributed deformatiogenerags
423  almost no topographyaximum topography increases rapidly during Phase 2 when deformation

424  localizes,and the mainmift shouldersareuplifted (Fig. 7). Maximum elevation is reached
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systematicallyeathedbeforetherespectiveendof extension Thefaster the extensiorate the earlier
the peakwhich is also slightly highgFig. 7a). During Phases, rift activity migratesto the centre of
the basinwith maximum topography slowly decréagtowards the end of the syiit phase. Ater

the end of extensiguluring Phase ,Zelevation decaygraduallyand the rift shoulders are completely

eroded awayvith atimescale dependingrimarily on fluvial erodibility (Fig. 73 89.

Sediment fluxsimilarly exhibitsfour characteristic phases in the models (Fig. 7b). Initial
Phase 1 shows a slow increase of sediment flux with time. During Phase 2 sediment flux increases
rapidly after the basin reaches sea level (tehd reaches a peak shodRer maximum
topography is reached. Subsequently sediment flux decreases slowly during Phase 3 until the end of
extension (Fig. 7b). The timing of peak sediment flux depends on the extension rate (FEigurinig).
Phase 4 the sediment fldecreases expentiallyto a steady state value 15 Myr after the end of
extension (Fig. 7b). Cumulative sediment volume slowly increases with time and mirrors the evolution
of sediment flux. At 40 Myr cumulative sediment volumes are notably higher for lower exieatso

(Fig. 7c).

Models with varying erodibility (e.g., Fig. 8) shdeaturesimilar tothose with varying
extension rate. All reach a maximum elevationy8D00 m except for the high erodibility model that
has maximum topography ~2800 m (Fig. 8&)etiming of maximum topographgccurs earliewith
increasing erodibility andccurs,in all caseswell before the end of extension. Subsequenilying

the postrift maximum elevation decreases progressively to a few hundreds of metres (Fig. 8a).

Maximum sediment flux is proportional to erosafficiency (Figs. 8b,c). Models with
varying erosioal efficiency exhibit maximum sediment flux values of about 800, 1800, 4000, and
8000 kni/Myr, respectively, fok ranging [0.1, 0.25, 0.5, 1.0] x 20n°%yr. Maximum sediment flux
is systematically later than peak elevation. The case withemigdability (k= 1.0 x 10 m>%yr)
shows a sudden increase in sediment flux (> 6000Ntym) at y33 Ma, marking a river capture event
(Fig. 8b). Cumulative sedimevolume at 40 Ma increases with erodibility (from 20 to 120 %k

Fig. 8c).
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Figure 8: Influence of erosional efficiency on the evolution of elevation (a), sediment flux (b) and sediment
volume (c).Results for modelwith high crustal strength, 15 Myr of extension and variable erosional
efficiencies ofi; = 0.1 x 10° m*yr (yellow), ks = 0.25 x 10> m®?yr (orange)k = 0.5 x 10° m>%yr (red) andk;
=1 x 10° m®?yr (purple).In all panels, the yellow trianglesditate the end of extension of the modks.

panel (a), fax refers to the timing of maximum elevation, which occurs earlier for more efficient erosion.
Sediment flux and cumulative sediment voluareonly recorded after the basin of the respective model has
reached sea level at timg(tvhich varies between 4.55 Ma). Prior to § sediment is transported out of the
model domain. The total volumes of sediment lost this way are 3348@Rt6 kmi, 726km® and 393 kn (for
models withk; values of 1, 0.5, 0.25 and 110" m>%yr, respectively)Note thatsediment flux irmodel with

low erosioral efficiencyk; = 0.25 x 10 m®¥yr exhibits several maxima and minima, due to fault activity in the

footwalls of F1 and F2, which lead to drainage reorganization (see)Fig. 6

4 Discussion

In the following, we first discusthe firstorder controlof rheology, extension rate, and surface
process efficiencpn the evolution omodelledrifts. Next, we address hotlie different factors are

reflected in the sediment productiand compare with naturdft examplesWethen discuss
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limitations of our modelling approach and compare our results to other modelling studies.

4.1 Influence of extenson rate, rheology, and erodibility onrift evolution

Our results show thdlhe evolution of a rift isnostly controlled byhe degree of strain localization.
High degree obtrain localizationmesults in a simpler rift geometry, with less active faaftdmore
offset.Models M1to M5 demonstrat&ow crustal rheology, surface process efficiency, and extension
rateaffect thedegreeof strain localization.

Comparison between model Miith strong crus{Fig. 3) and M3with intermediate crustal
strength(Fig. 5) illustrates the effect of rheology on strain localizatintermediatecrustal strength
limits the coupling between crust and mariBeucter & Huismans, 2020andresults in faults
terminating at the top of th@scousmiddle crusi(Fig. 5). The weaker coupling reduces strain
localizationand leads ta wide symmetric riftvith multiple active faults with moderate offsét
contrast stong crusippromotesstrain localization in a narrow rift with few large offsstistatscale
faultsthatconnect to thetrong uppemantlelithospherg(Figs. 3 and 4)Rift flank topography
associated with footwallplift is directly controlled by thamount of fault offseand by the strength
of the crustThe drong crust cases promote large offset normal $ahlitgeneraténigh topography
(>3000 m), while in contrast intermediate crustal strength cases promote reduced offset and lower rift
flank topography(~1500 m).

The relative importance of tectonic uplift and erosiothe modelsan be understood
considering the nedimensionabplift-erosion numbelOg(Whipple & Tucker, 1999)hat can be
formulatedfor n=1as 04 3 71 : G, S D, whereU is tectonic uplift rate, anldis elevation.0gonly
weakly scales with drainage ameriver length, whicharetherefore omittedThis simple relationship
shows thator large Oguplift dominates over erosigandvice versa for lowOg We observe in our
models that haing the extension ratéwhich reduces the uplift ratekas the same effect as doubling

@, both in terms of structure and sediment flux. This is easy to explainOgitecauséhe resulting
erosion numbeOgwill be the samavhen eithehalvingthe extenson rate or doublingG; Similarly,

modelswith strong rheologyesult inhigher topography (300@) thanthose withintermediate

rheology (1500m). Accordingly, if we choose an intermediate rheology, we need to adli¢he
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extension rate, or doubl&jn order toobtaina similar Og that is the same surface process efficiency.

The behavior of models M1, M2, M4, M$§ consistent with this simple scalingtbe trade off
and relative importance of extension rate that controls rock uplift rateg #ie main rift bounding
faults andof fluvial erodibility that controls the ratef erosion of topography generated along these
faults, counteracting rock uplifilodels M1 fast extensionkig. 3) and M2 glow extensionkig. 4),
with an identicakrodibility, show that bBwer extensiompromotedocalization of deformatiomvith
only four activefaultsin model M2 with higheroffsetas compared to six faults in model Ma.
contrast Model$12, M4, andM5 (Fig. 6) illustrate the effect afaryingerodibility for an identical
extension rateHighererodibility promotes strain localizatiaesulting in fewefaultswith more
offsetandmore symmetric riftingerosioral efficiencyis increasedor eithera highererodibility or
for slower extensiorA positivefeedback between footwadlosion hanging wallsedimentation, and
fault offsethas been demonstrated by earlier stufBas., Maniatis €al., 2009; Olive et al., 2014;
Theunissen & Huismans, 201@Qur models show thathigher erosional efficiency increases this
feedbaclkowing to more erosion in the footwall and deposition in the hanglty Efficient erosion
and depositiopromote the evolution of large displacement boundary faults #msd 6). The
increased offset on the boundary fadksaysthe basirward migration of deformation and limits the
development of other fagltintermediate crustal strength cases resulibwer rift shoulders resulting
in lower surface process efficiency given the sa@ealue whichlimitsthe feedbacketween
tectonic uplift and erosion

In summaryrheology, extension ratanderodibility impact thestructuralevolutionof rifts.
For a givererodibility, astronger crusaindslower extensioimcreasestrain localizationlessfaultsare
active more faultoffsetis generatedherift is more symmetricand the feedback between erosion and
deposition is strongef his in turn,alsohasimportant implicationgor the evolution of the sediment

production of rift systemdurtherdiscussedbelow.

4.2 Sediment production of the rift
4.2.1Total volume ofsediment

The amount ofedimenproduced during riftingcales with (1) topography, and (2) surface
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proces efficiency Syn-rift tectonicrock uplift generateglevaedrift shouldersandfluvial erosion
providesthe main source of sedimenBuringthe postrift, rivers cancapture the hinterland drainage
network,yielding additional sedimenThese two sources of sediment depend omtotution of the
rift andthetotal sediment volumis controlled by rift structural style ambeology,by extension rate
andby erodibility. Fig. 9 summarize the volumeof sediment produced aftdd Myr of simulation

for all models M1 to M5 and SM1to SM9, Table 1)

As expected,dr a strong crusinda given extension raféor instance for models with5
Myr of extensiol, a highererodibility increases the total sediment volu(fég. 9). However, br a
givenerodibility, slower extesionmodels with lower topography and rock upittes(i.e., 30 and 15
Myr of extension) yield substantially more sedim@td +80 x 10° km?®), thanfaster extesionmodels
with higher topography and rock uplitites(i.e., 45 x 10° km?® for 7.5 of extensionFig. 9. This is
intuitive, as the volume of generated sediment scales with the magnitude of topography and
cumulative rock uplift; the latter is higher flmwer extension rates (Bdg8 and 4)Slower extension
localizes deformatioon fewer structuresustainingnorefault offsetover a longer duratioandcan
beexplained by the more efficiefaedbaclkbetween continuefhult localization and surface processes
atlower extensiorrates(Figs. 7 and 9.

For intermediate crustal strength, higher erodibility similarly increases the total sediment
volume (Fig. 9). However, comparison between models with intermediate and high crustal strength
shows that cases with stronger crust generate10D % more sedient (e.g., models M1 vs. M3 or
M5 vs. SM7, Fig. 9). Lower fault offset and associated footwall uplift for the intermediate crustal
strength cases limits the feedback between erosion and deformation and the lower maximum elevation
of the rift shoulders rests in lower sediment volumes.

Theamountof synrift sediment relative to the total sediment volunweases systematically
with increasing erodibility, irrespective of the rheology and extension rate (Fig. 9). This effect is
stronger for lower rates @xtension, as the feedback between erosion/deformation is stronger. For
example, models with intermediate extension duration (15 Myr) and erodibility (i.e., models M2, M5
and SM7 withk; [ m®?yr), produce over 50 % of thetal sedimentolume during the syn

rift. This results in a rift, where the majority of sediment is deposited during active deformation and
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Figure 9: Sediment volumes generated during rifting.Comparison of the sediment volumes (deposited since

the basin has reached sewdl) for the 14 models (Table 1). Models are grouped according to their rheology (red

= strong, R1; grey = intermediate, R2) and subsequently ordered with respect to extension duration/rate. Models
with darkcolored bars share the sakpgalue (i.e.k = 0.5), in order to easily compare the sediment volumes

for models with the same intermediate erosional efficiency. Models withletreues (i.e., 0.1, 0.25 and 1) are
palecolored. For each model, the height of the bar indicates the total sedirhanéyahereas the height of the

hatched bar indicates the synrift volume.

subjected to faulting.

For the models withery high erodibility (i.e., ki = 1x 10™ m®2yr), river capture events
duringthe postrift phasemayresult in aransientincreag of thevolumeof sediment delivered to the
basin. However, theolumeof sediment generated by river capture is se@thpared tahat
generated during the syift phase(i.e., Fig. 8c)

In summary, total sedimemblumeproduced during rift evolutioprimarily reflectsthe
combined effects dftrain localizatioranderodibility. Sow extension, strong crysind efficient
surface processes yidhighertotal volumes ofsediment. For a giveerodibility, aredudion of 50%
in the extension rate ressiih a15to 40 %highersedimentolume(Fig. 9). Sediment volumés
directly proportional teerodibility (Fig. 9). Efficient erosionincreass the proportionof synrift to
postrift sedimers (Fig. 9) Theseobservations point toward a compliexeractionof tectonic and

surface processeontrollingsediment productiarA rift systemmaygenerate a large amount of

26



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

sedimenbased orits tectonic boundargonditions {.e., the degree of strain localizati@ould be
high, because the crustisong,and extension is slowlow erosional efficiencynay in turn affect
the degree of strain localizatitimiting thefeedback between deformatianderosionand reducing
sedimenproduction

4.22 Temporal evolution ofrift structure, sediment flux, and comparison to natural cases

The evolution ofift structure and associateddiment fluxFig. 10a)follows four distinct temporal
geomorphetectonicphasegFig. 10b). Phase karly-stagerift initiation is marked by distributed
deformation limited offset on several faulthatprodues little elevation,andlow erosion rates
generatindittle sedimentGrowth Phase 2 exhibitt®calization ofdeformation on thenain rift
boundingfaultswith rapid rift flank uplift, basinsubsidenceriver incisioninto the uplifting riftflanks,
and steep religlesuling in higherosion rateand astrong increase in sediment fllkhased basir
ward migration of fault activityassociated with a decrease in uplift and erosion,rigtebaracterized
by sediment fluxslowly decreammg from its peakAfter the end of extensignecay Phasé shows
exponential decrease in sediment fiteecing post riftfluvial erosionof rift flank topographyand
landward migration ofiver divides. Drainage capture of the hinterland during Phase 4 may lead to a
transient increase in sediment flux. These four phases can be recognized in both strong and
intermediate crustal strength modelsthacase of intermediate crustal strengtte general trend of
the flux is similar but the magnitude of the different peaks is lower compared tuigherustal
strength case (Fig. S4 and S5).

We suggest that the phases of rifting shown by our models reproduce many characteristics of
natural rit systems. Phasé to 3 can be recognized in the northern North Gealikhani et al., 2021;
Fossen et al., 2021\Wwhere deformation was initially distributed over several 100s of kilometers
width (e.g., Phase 1), before localizing on the boundary faults that accommodate most of the strain
forming a 15Gkm wide rift (Phase 2), and subsequent bagnd migration of deformation at the end
of the synrift (e.g., Phase JFazlikhani et al., 2021 Bimilarly, the Gulf of SuegGawthorpe et al.,
2003)exhibits both initial distributed deformation (Phase 1), followed by localization of deformation
on the boundary faults (Phase 2), and a subsequentwasirshift in deformation (Phase 3). The

Gulf of Corinth exhibits an initial phase of wide distribdiextension (Phase 1) before shifting

27



599

600
601
602
603
604
605
606

Figure 10: Evolution of the sediment flux related to rifting phases(a) General evolution of the sediment flux
subdivided into four phaseand(b) cartoons of the four geomorpitectonic phases of the rifAfter an initial

phase of distributed deformation (PhaseHtg,rifts have a different tectonic and topographic evolu@irase 2

to 4), depending on the crustal strengiiine left column displays the evolution in case of a high crustal strength,
the rightcolumn in case of intermediate crustal strenBid arrows indicate the magnitude of rock uplift, and
grey arrows the magnitude of erosion, such that if uplift exceeds erosion the surface is uplifting, and when

erosion exceeds uplift the surface is lowdere
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607 deformation into the present day Gulf (Phase @8)d et al., 2017; Gawobrpe et al., 2018)

608 Full coverage of the evolution of sediment fliax the active stagesf rifting is scarce for

609 natural examples. Howeveahe Gulf of Suez and Lake Albert riftovide sufficient data coveragad
610 corroborate our proposed patteimthe Gulf of Suezthe synrift peak in sediment fluxoincideswith
611 the rift climax(Phase ), with a strong decreade low steady sediment fluix the postift (Phase

612 4), followed bya second, climatenduced peak in sediment fl{Rohais et al., 2016; Rohais & Rouby,
613 2020) ThelLake Albertrift (East African Rift systemgxhibitslow sedimentation rates during the first
614 11 Myr ofslow extension (Phase (Simon, 2015)followed by a strong increase and maximum

615 sedimentation rates during the next 4 Myr, reftegtocalization and increasddult offset on the

616 mainrift boundary faul{Phase 2)Lastly, a major iver capture eventharacteristic for Pase 4

617 explairsthe increase in sediment flux in the Zambezi DelttheEast Africarifted margin(Walford

618 etal, 2005)

619 The BQART methodSyvitski & Milliman, 2007)that empirically relates preseday values
620 of sediment flux omodern river systems to relief, catchment aseml climatic factorss used to

621 invertthe evolution of sediment fluto infer the pasttopographic evolution of riftée.g., Rohais &

622 Rouby, 2020; Sgmme et al., 201Qur modelresults allowindependent validation diie BQART

623 method on geologic timescaléd/e usemaximum topographgsa measure of reliefnd compare this
624 to the sediment flux of our modeReak elevation systematically predates peak sediment fllx#3y
625 Myr in models with sufficiently high erosion for a river network to devgkigs. 7and 8).The

626 magnitude in peak sediment flux correlates strongly estidibility consistent with the climatic

627 factors in the BQART methodhese observatiorshowthatlong time scaléemporalchanges in

628 sediment flux reflect coeval changegapographyconsistent with one dhe basi@assumptionsf

629 the BQART methodHowever, the magnitude of the peak in sediment flux does not necessarily scale
630 with themagnitude of topographyndicating a complex relationship between the sediment flux and
631 reliefitopographyThis is in accordance with observations frBnewer et al(2020)suggestingthat

632 reliefand palegtopography ara significant source of uncertainty for estimation of sediment flux with
633 the BQART methodin our modelsthe magnitude of topography is mostly sensitive to crustal

634 strength and to kesserdegree to extensiaate.Both peak sediment flux and cumulative sediment
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635 volumeare critically depenehtonthe feedback between erosjalepositionand fault offsetA

636  system with astrongfeedbacki.e. slow extensiogombined withhigh erodibility, yields more

637 sedimentcompared to a system withst extensiorhigher rock uplift rates and topograplaynda

638 weakerfeedbackln natural systems independennstraints omectonic and climatic boundary

639 conditionsand their effect otopography andediment fluxmay help taefinetheBQART method

640 for reconstructing the topographic evolution of rifts from the sediamgnécord.Our results also

641 demonstrate ame lagbetween peak rock uplifate topographyand sediment fluxwhich ismostly a
642 function of the extensiorate (Fig. 7 S33. If the extension rate is loywgeakuplift rateprecedes the

643 major pulse in sediment that is delivered to a basin by several million(gegwss Myr for model

644  M2). Thismayhelp to refine the understanding and interpretation of sedameecord, when it

645 comes to attributing changes in sediment flux to tectonic events.

646 In summary, the temporal evolution of the sediment flux follows a distinctive pattern. It
647 reflects thesuccessivhases of the tectonic and geomorphic evolutionefithsystem, which can

648 also be observed in natural systefftse magnitude of the peak in sediment flux depends on the

649 erosional efficiency, but also dhe magnitude of topography as controlled by crustdblogy.The

650 duration of the phases and timaing of the sediment flux peak(s) depend on the extension rate and the
651 erosional efficiency.

652 4.3 Comparison with previous model work and limitations of our modelling approach

653 Earlier studies investigated continental extension using numerical modelsasnipd) the evolution
654  of the late stages of rifting or passive margin format8sueralbf these studies focused on the role
655 crustal rheology and surface processés J $Q G U p \é( 8. DA01Y;tBetcher & Huismans,

656  2020; Buiter et al., 2008; Theunissen & Huismans, 204Bgreas others focused on theerplay of

657 crustal rheology and extension régeg., Naliboff et al., 2017; Svartman Dias et al., 2015; Tetreault &
658  Buiter, 2018) Our study is the firdio test the sensitivity of continental riftirand the associated

659 surface procesesponsédo the combined effects afustal rheology, extension raemderodibility.

660 Our resultcorroborate the rolef crustal rheology controlling the coupling between crust and
661 mantle with gronger coupling restig in more localized and focused deformat{erg., Theunissen

662 & Huismans, 2019eadng to higher elevation of the rift shoulddiesg.,Beucher & Huismans, 2020;
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Tetreault & Buiter, 2018)Extension rate androdibility havea subordinate control on crusiantle
coupling For a strong couplingve observasymmetric rift{in terms of fault offset and elevation)
during the initial stages of riftingrrespective of the extension rate. Howewueicase oklower
extensiorenhanced offset along the second rift bounding faats to symmetrigft structure
towards the end of extension.

The feedback effect between erosisedimentationanddeformationduring rifting has been
described in earlier studiessQGUpV(0ODUWtQH] HavalD ZD08; Maniatis &tlaVy2009;
Olive et al., 2014; Theunissen & Huismans, 202430 in our casestronger surface procesdead to
morestrain localization $Q G U p V (0D U W t Q HirorE faultdfiset and prolonged taactivity
(Beucher & Huismans, 2020; Olive et al., 2014; Theunissen & Huismans, &0d & ore symmetric
basinswith fewer active fault¢Buiter et al., 2008)In addition, we showthat the feedbactf surface
processes on tectoniissstronger for slower (but longduration) extensionresuling in largerfault
offset generaing more sediment.

Our models have the following inherdimitations We do not include temporadr spatial
variations oferodibility in our modelsand3D effects of deformatioare excluded owingp the 2D
nature of thehermoemechanical modelWe only consider sedimentation offshore bekmsa leveland
no material is deposited in the continental dom&ius any onshore sedimetihat could be
remobilized later on, is not considered in our analysis of the sedimemtrfilna total sediment
volume.No material is depositediuring the early staged ofting before the basin has reached sea
leveland sediment produced during this time leaves the model dor@irever, not including the
sediment generated during early rifting does not significantly change total sediment estiumages.
5 Conclusiors
We use a thermmechanical model coupled with a landscape evolution model to investigate the
evolution of continental riftOur modelsaim at resolving the evolution of tectonic activity, the
associated topography and sediment production during rifting, and how they are affatied by
tectonic and surface process&esindary conditionsNe show that the degree of strain localization is
critical for the evolution of a rift, and that it is controlled by crustal rheology, extension rate, and

erodibility. Our results corroborate that an increaseradibility promotes a strong coupling between
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tectonic and surface processes, through the &ddbetween footwall erosiohanging wall

deposition, and increased fault offset. We demonstrate that for an intermediate crustal strength, weak

coupling between crust and mantle limits fault offset, which reduces the efficiency of the feedback.

Feedbaclbetween tectonics and surface processes is strongest for slovextemdedxtension

owing to lower uplift rates and prolonged fault activity. Slowly extending rift systems with strong

crust and efficient erosion exhibit a strong coupling between testanid srface processes, resulting

in a structurally simple rift, with large fault offset and high sediment produdtMenreactthe

following specificcondusions:

1. Structure, topogrdyy, and sediment volund the riftsareprimarily controlledby thedegreeof
strain localization.

2. Rift systems withstrong crust and high degree of strain localizatiagenerate the highest
sediment volumeg-or a givererodibility, dower extending rifts produce more sedim#ran
faster extending riftssuch that aeduction in extension rate by 50% increstbe amount of
sediment by 15+40 %.

3. Feedback between erosion and deformation increases fault efisancing rock upliftand
yielding more sediment. The effect is strongest for systeitisefficient erosiorn(slow extension
and higherodibility) andlimited if the coupling between crust and mantle is low.

4. We identifyfour characteristiphasedor the evolution of sediment fluPhase Earlystagerift
initiation is associatedith low topography, erosion rates, generating little sediment. Phase 2 rift
growthis associatewith uplift alongthe main rift bounding faults resulting in high erosion rates
and a strong increase in sediment flux. Phasasiiiward migration of faulactivity is associated
with slowly decreasingediment fluxPost rift Phase displaysexponential decrease in sediment
flux. Drainage capture of the hinterland during Phase 4 may lead to a transient increase in
sediment flux. The phases of riftingproduce many characteristics of natural rift systems and can
be for examplerecognized in the northern North Sea, the Gulf of Suez, and the Gulf of Corinth.

5. Our modellingresultsindicate that for natural examples, the approach of inverting the sadirye
record for the topographic evolution of rifts is promising. HowevVerpeaks irock

uplifmaximum elevatio predatehe peak in sediment fluxy 2 5 Myr (depentihg on the
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extension rafe

In summary, the evolution of a rift in terms of struesjrtopography and sediment flux reflects
the complex interactions that can occur between tectonic and surface proséssaggesthat future
work could include a more detailed analysis of geomorphic metrics (e.g., catchnagor axfethe
stratigraphic architecturé comparison oftiese metricklom the model outpuwith natural cases
could also lead to a better understanding of the complicated processes behind continental rifting.
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Open research

As earth surface process model, we use the fi@edjlable, open source code FastScape

https://fastscape.ofg/as outlined in the methods section. As themexhanical model, we use the

code Fantom (Thielot, 2011), using the equations and procedure as outlined in the methods section. In
the supplementary material, we provide animationdl d4amodels containing the essential data for

our analyses.
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