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Abstract

This study applies modern seismic geomorphologhrtiegies to deep-water collapse features in the ger&asin
(Namibian margin, Southwest Africa) in order toyide unprecedented insights into the segmentatidndagradation
processes of gravity-driven linked systems. Thensig analysis was carried out using a high-quatdiggth-migrated
3D volume that images the Upper Cretaceous pdasitrifcession of the basin, where two buried codldpatures with
strongly contrasting seismic expression are obseri/ge lower Megaslide Complex is a typical marggade,
extensional-contractional gravity-driven linked teys that deformed at least 2 km of post-rift settibhe complex is
laterally segmented into scoop-shaped megaslidés 20 km wide that extend downdip for distancesoess of 30
km. The megaslides comprise extensional headwalll $gstems with associated 3D rollover structanes thrust
imbricates at their toes. Lateral segmentation calong sidewall fault systems which, in the pnexi part of the
megaslides, exhibit oblique extensional motion define horst structures up to 6 km wide betweeividdal
megaslides. In the toe areas, reverse slip aleggethame sidewall faults, creates lateral ramgshaihginwall thrust-
related folds up to 2 km wide. Headwall rollovetielimes, sidewall horsts and ramp anticlines mgyresent novel
traps for hydrocarbon exploration on the Namibiaargin.

The Megaslide Complex is unconformably overlairféoy hundreds of metres of highly contorted straltéctv define
an upper Slump Complex. Combined seismic attribatesdetailed seismic facies analysis allowed nappf
headscarps, thrust imbrications and longitudinebstzones within the Slump Complex that indicat@minantly
downslope movement of a number of coalesced calapstems. Spatial and stratal relationships betwesse
shallow failures and the underlying megaslides sagthat the Slump Complex was likely triggeredhsy
development of topography created by the activadfdine main structural elements of the lower MéigasComplex.
This study reveals that gravity-driven linked sysseundergo lateral segmentation during their eiaiyutand that their
upper section can become unstable, favouring ftiation of a number of shallow failures that preduidespread
degradation of the underlying megaslide structuBavity-driven linked systems along other margins likely to
share similar processes of segmentation and degradenplying that the megaslide-related, hydrdsear trapping
structures discovered in the Namibian margin magdyamon elsewhere, making megaslides an attraetdreent of
deep-water exploration along other gravitationalgtable margins.

Keywords: Orange Basin; West Africa; deep-wateaydy-driven deformation, gravity-driven linked $gms, slumps,
slides, traps

1 Introduction

Gravity-driven processes of deformation have a enigle in shaping the architecture of many contimlemargins
(Butler and Turner, 2010). Margin collapse resfitben gravity-driven processes acting at differegatlss producing a
wide spectrum of products (Butler and Turner, 20M¥gaslides are margin-scale collapse failuresitivalve up to 4
km of succession and show a proximal zone of eidarsonnected through a weak detachment surfaaelistal
contractional domain (Cobbold et al., 2004; Correstal., 2005; Damuth, 1994; de Vera et al., 2QHyrence et al.,
2002; Oliveira et al., 2013; Peel et al., 1995; Rowl., 2008; Trincardi and Argnani, 1990; Turrid95). Collapse is
not ascribed to plate tectonics stresses, butliréstly related to the generation of significgravitational potential on
the proximal part of the margin due to high seditagon rates and phases of uplift (Peel, 2014; Roetal., 2004;
Schultz-Ela, 2001). For this reason, megaslidesls®knows as 'gravity-driven linked systems'.(Rgwan et al.,
2004) or 'near-field stress-driven linked systefiigriey et al., 2011).

Although the availability of large amount of 2D regal seismic data along unstable margins has pieani
comprehensive studies on the controlling factorsthe structural styles of the gravity-driven lidkgystems (e.g.
Lawrence et al. 2002; Rowan et al. 2004; Cobbokl.€2004; Corredor et al. 2005; de Vera et al.®@0the intrinsic
limits of resolution of 2D seismic data and thersitg of extensive 3D seismic coverage has limiteglunderstanding
of the spatial and temporal evolution of theseesysst In particular, little is known about how downttanslation of
large sliding masses above a décollement is accalated laterally. Lateral terminations and intesegmentation of
megaslides are thought to occur along obliquefalifis parallel or sub-parallel to the sliding dtien (Morley et al.,
2011; Stewart, 1999). These features are poorlymeoted and only few studies, mainly based on 2B aiad on 3D
volumes with limited coverage, have identified th@anesh et al., 2014; de Vera et al., 2010; Ledwd., 2012; Peel
et al., 1995; Trincardi and Argnani, 1990). This hesulted in a lack of understanding of how tHeatures fit in the
overall evolution of gravity-driven linked systems.



In contrast to gravity-driven linked systems, sutinelandslides remobilise and displace only metefsundreds of
meter of sediments, producing mostly incoherenbditp that exhibit a basal shear surface abovehwhiterial is
translated basinward from a proximal headscarpdistal toe area (Bull et al., 2009; Prior et 4884; Richardson et
al., 2011). Failure is commonly ascribed to a \gra# triggering mechanisms that include slope sé&ing, seismicity,
destabilisation of gas hydrates and high sedimentaates (Hampton et al., 1996; Judd and Hovl206y; Lee et al.,
2007; Locat and Lee, 2002; McAdoo et al., 2000 Products of submarine landslides are commonlgreiesl on
seismic lines as composite bodies characterisdiddaky to highly disrupted and chaotic seismic égaivith variable
amplitude, which are referred to with a nhumbereoifits including, mass-transport complexes, slumpptexas,
submarine giant landslides or slides (Alves, 2@&es and Cartwright, 2010; Bryn et al., 2005; Buthnd Turner,
2010; Frey-Martinez et al., 2005; Gamboa et all02@Gee et al., 2007, 2006; Jackson, 2012; Kvakstadl, 2005;
Moscardelli et al., 2006; Moscardelli and Wood, 20Bosamentier and Martinsen, 2011; Sawyer e2@D9; Scarselli
et al., 2013). Submarine landslides produce nunsestructures, some of which may be used as kinenmaticators of
their dynamic evolution (sensu Bull et al. 2009)b®arine landslides occur with large scale grasiiyen linked
systems (e.g. Trincardi and Argnani 1990; Peel.&t9®5; de Vera et al. 2010) or, together with safiews, can be the
sole gravity-driven processes active on unstableyims (e.g. Bryn et al., 2005; Frey-Martinez et 2005; Pickering
and Hiscott, 2015). Whilst previous studies haweassed the morphology and the controlling faatbsubmarine
landslides, less is known about how they interattt large-scale collapse systems (Butler and Tyr2@t0; Reis et al.,
2010).

This paper presents the results of a 3D seismi stasly of two buried collapse features withinthgper Cretaceous
succession of the Orange Basin, on the passiveimairélamibia (Fig. 1). During the Late Cretace®s margin
underwent gravitational collapse which producedrgd scale gravity-driven linked system (Figs. &, &, de Vera et
al. 2010) which, in places, is overlaid by an egtea landslide (Slump Complex in Figure 4). The<ismic dataset
analysed in this study covers an area large entwgiovide a partial image of both the compresdiand extensional
domain of the gravity-driven linked system andhad bverlying submarine landslide. The analysisisf dataset hence
provides a unique opportunity to gain insights ithte 3D geometries and evolution of gravity-driVi@ked systems
and the extent to which they control the triggeramgl emplacement of landslides.

2 Regional Overview

The volcanic passive margin of Namibia forms adazgntinental shelf that extends along the soutéi-east of
Africa for ~1800 km (Fig. 1a). The margin was deypsd in response to the stretching of Gondwana shre Late
Jurassic, and subsequent opening of the Southti&ti@eean, between the Nubian and the South Ameptates, in
the Early Cretaceous (Eagles, 2007; Heine et@L32Macdonald et al., 2003; Torsvik et al., 200%)e Walvis Ridge
to the north and the Agulhas-Falkland Fracture Zortbe south are two prominent morphotectonicufiest that define
the extent of the margin (Fig. 1a). The Walvis Ridg a seafloor feature with a relief in exces2 & that formed as a
hotspot trail associated with the Tristan da Cumbtapot (Elliott et al., 2009; O’Connor and Duncaf90). The
impact of this hotspot occurred in the early stagfesontinental separation and was accompanietidpttpouring of
the voluminous Parana and Etendeka flood basaltartiet al., 1998; Gladczenko et al., 1997; Hawkeatiwet al.,
1992; Jackson et al., 2000; O’Connor and Dunca®@0;Beate et al., 1990). The Agulhas-Falkland BracZone is a
dextral strike-slip fault zone that accommodateztdttonic separation of the Nubian and the Soutierican plates
(Ben-Avraham et al., 1997; Bird, 2001). The OraBgsin is located in the central-southern part efMfamibian
margin, opposite the mouth of the Orange River.(E&), and contains up to 8 km of continental teingasediments
that record the Late Jurassic to present-day giftind opening of the South Atlantic Ocean (Austid Blchupi, 1982;
Bauer et al., 2000; Brown et al., 1995; Emery et1#75; Gerrard and Smith, 1982; Gladczenko e¢18B8; Light et
al., 1993; Séranne and Anka, 2005).

3 Tectono-stratigraphy of the Orange Basin

The tectono-stratigraphic history of the OrangeiBass previously investigated using wide-anglssét surveys and
reflection seismic surveys tied to hydrocarbon esqtion wells (Austin and Uchupi, 1982; Bauer et 2000; Brown et
al., 1995; Gerrard and Smith, 1982; Gladczenkd.e1897; Koopmann et al., 2014; Light et al., 198®llo et al.,
2011; Paton et al., 2008). These studies identifedreflectors that delimit a number of offshoegsences (Figs. 2 &
3).

3.1 Rift to Post-Rift: Late Jurassic to Aptian
In the Orange Basin, the earliest evidence of atss$tetching and rift deformation is provided hg bccurrence of
marginal rift basins; NW-SE-trending, isolated grab and half grabens located beneath the presgmmz shelf
(Fig. 3; Coward et al., 1999; Gerrard and Smitt82tGladczenko et al., 1998; Jungslager, 1999; Kwom et al.,
2014; Light et al., 1993). Where drilled, theseitsontain Upper Jurassic—Lower Cretaceous canttihstrata and
volcaniclastic deposits (e.g. Jungslager, 1999; Makl 2003). The Late Jurassic age of these seumm@ovides the
upper constraint for the onset of rifting in thesima(Fig. 3; Gerrard and Smith, 1982; Jungslag@®9] Light et al.,
1993; McMillan, 2003; Séranne and Anka, 2005).



Lithospheric stretching and initial break-up cod®dl with voluminous volcanic activity as testifiegd the ubiquitous
'seaward dipping reflectors' (SDRs) observed inQhenge Basin and elsewhere along the Namibianimée@. 2;
Bauer et al., 2000; Elliott et al., 2009; Gladczeek al., 1998; Jackson et al., 2000; Koopmanh e2@14). SDRs
form a series of wedges of volcaniclastic stratessibly fault bounded (e.g. Fig. 2), emplaced atmos#etched and
downwarped continental basement (Fig. 3, Gladczetlkd., 1998, 1997).

In the Orange Basin the transition to a passivegindras been generally associated with the Barrethigak-up”
unconformity that truncates both the SDRs andrifig of the marginal rift basins and separatesthsequences from
the overlying Barremian—Aptian sub-parallel strat&equence Il (Figs. 2 & 3; Brown, 1995; Gerrand &mith, 1982;
Jungslager, 1999; Koopmann et al., 2014; Light.etl893; Séranne and Anka, 2005). The onset afdkiup” is in
broad agreement with the formation of the oceannaganomaly M4 in the Late Barremian (~126 Ma)jol is
considered the strongest evidence for the timegehimg of the South Atlantic Ocean along the Naambmnargin
(Eagles, 2007; Heine et al., 2013; Koopmann e2all4; Séranne and Anka, 2005; Torsvik et al., 2009

The Barremian-Aptian Sequence Il is regarded aarsitional sequence as it consists of a transgeesaccession of
terrestrial sandstones intercalated with basaltia land overlain by marine sediments (Fig. 3; Geraad Smith, 1982;
Light et al., 1993; Mello et al., 2011; Séranne Amita, 2005; Wickens and McLachlan, 1990). Simitansitional
sequences have been described elsewhere along#hé\ftican margin and indicate that break-up js@cess that
occurs over a prolonged period of time (Beglingeale 2012; Soares et al., 2012; Soares et dl4REequence Il is
bounded to the top by Reflector 2, which marks meouformity of Aptian age (Brown et al., 1995; Ged and Smith,
1982; Light et al., 1993). This unconformity is tight to be related to a first phase of post-riftgimauplift (see
Section 3.3).

3.2 Post-Rift: Aptian to Present-Day
The marine Aptian to present day post-rift megasage includes the late Lower Cretaceous Sequehardlthe
Cenozoic Sequence IV (Figs. 2 & 3, Gerrard and I§n®82; Light et al., 1993; McMillan, 2003; Sérarand Anka,
2005). In the lower part of Sequence lll, progrgdimits are bounded by a distinct horizon (Refle2in Figures 2 &
3). These units have been interpreted as anciefftestiges that developed since the Aptian in resparf deepening of
the basin and important sediment delivery from@nange River (Fig. 3; Brown et al., 1995; Gerrand &mith, 1982;
Light et al., 1993; Paton et al., 2008). Well datdicates that in the inner part of the margin Betfbr 2a marks an
unconformity along which part of the Turonian isseing (Fig. 3; Gerrard and Smith, 1982; Light et B993;
McMillan, 2003). This unconformity has been intexigd to be a secondary erosional surface relatge tfirst phase
of post-rift margin uplift along the Namibian mangisee Section 3.3). The Turonian strata basinwhtide ancient
shelf edge have been intersected by commerciaswilich found a deep marine succession made uge ki
basinal shales (Light et al., 1993; McMillan, 2088ickens and McLachlan, 1990), which has been sstgdeo form a
regional marine source rock unit in the Orange Bé&ldrich et al., 2003; Kuhlmann et al., 2010).0Ae Reflector 2a,
a succession of Coniacian and younger deep méralessand silt, occasionally interbedded with sahds been
drilled (Light et al., 1993).
In the continental shelf, Reflector 3 marks an urficamity below which more than 300 m of Maastrieltito
Campanian strata are missing (Fig. 3; Gerrard anithS1982; Hirsch et al., 2010; Light et al., 199aton et al.,
2008). The truncation of these strata has beeterkta the second phase of post-rift margin uglifing the Late
Cretaceous (see Section 3.3).
Open-marine sedimentation continued in the CenamtacSequence IV (Figs. 2 & 3). Well cuttings icalie that
Sequence IV is made of clays and sands overlasabgly and shelly limestone and calcareous sandsf@eerard and
Smith, 1982). Contourite deposits and numeroudashalollapse failures characterise the infill oistsequence (Fig.3;
Scarselli, 2014).

3.3 Gravity-Driven Deformation in the Orange Basin
The importance of gravity-driven processes in tiawdion of the Orange Basin has been recognisezkseminal
seismic works carried out along the Namibian mangithe late 70s (Dingle, 1980; Emery et al., 1988mmerhayes et
al., 1979). Later research based on commerciale2fdrsc data clearly demonstrated that large metmslhmplexes,
commonly detached onto Turonian marine shales, batensively deformed the Cretaceous successign ZEBrown,
1995; Butler and Paton, 2010; de Vera et al., 2@drard and Smith, 1982; Light et al., 1993; Selir014. Recent
regional mapping of gravity-driven deformation hetOrange basin has shown that almost a thirdeofdtume of the
Upper Cretaceous was deformed by a number of twsplexes (Scarselli, 2014).
It has been suggested that the failure of the ntidgasomplexes occurred in the Late Cretaceousedponse to high
rates of margin uplift and assisted by a favorabgrpressured shale detachment (de Vera et al)20hset of
overpressures within organic-rich shale units dueydrocarbon generation and resulting reductioshefar strength of
shales is a common mechanism for the formationezfknand efficient basal detachments (Cobbold €2@09, 2004;
Rowan et al., 2004). The occurrence of this mecmarn the Orange Basin seems to be supported bysinaf
vitrinite content of the Turonian shale detachmetich indicates that these sediments enteredithéralow in the
Santonian (~85 Ma) (Hirsch et al., 2010; Kuhimahalg 2010).
As reported in Section 3.2, seismic and well datkciate that the Orange Basin experienced a nuofh@rases of
uplift in the Cretaceous which are considered tehenhanced gravitational collapse of the posstiticession (Fig. 3;



de Vera et al., 2010). These pulses of uplift Hasen corroborated by phases of denudation docuthegtbasin
modelling studies and apatite fission track anal{Big. 3; Gallagher and Brown, 1999a; Gallagher Brown, 1999b;
Hirsch et al., 2010; Kounov et al., 2009; Raabl.e2805, 2002; Tinker et al., 2008). The causthefuplifts remains
unknown or subject to debate (Dauteuil et al., 2¢4iBsch et al., 2010; Kounov et al., 2009), withumber of authors
suggesting that mantle plume uplifts could haveegated vertical stresses at the base of the littevsdeading to
regional topographic uplift (Doucouré and de W@pP3; Kounov et al., 2009; Lithgow-Bertelloni andvér, 1998;
Tinker et al., 2008).

4 Seismic Data & Methodology

4.1 Seismic data location and resolution
This study is based on the analysis of 3D depthratégl marine seismic reflection data. The 3D seishataset is
located across the present day inner slope of t#rgim between water depths of 350 m and 1300 g (). The
dataset has a rectangular shape with dimensiods.6fkm by 68.1 km and a total area of 2417 km2hBdines and
crosslines have a shot-point spacing of 25 m aad¢ismic data is zero-phase reverse polarity avitital penetration
of 10 km.
In order to estimate vertical and horizontal segsrasolution, frequency analysis was carried oatdpth interval of
2.5-5 km, which corresponds to the Upper Cretaceduse the collapse features described in thismagefound. The
results of the analysis indicated that the domifi@guency within the window of interest is ~15 Iheismic refraction
studies in the Orange Basin have indicated thaséismic velocity of the Upper Cretaceous is ~2406-1 (Bauer et
al. 2000). This information suggests that the eattand horizontal seismic resolution within thet&m of interest is
~40 and ~80 m, respectively.

4.2 Seismic Attributes
In order to gain insights into the internal andeemnal geometries of the Megaslide Complex and thm® Complex,
stratal slices, depth slices and key horizons heen interpreted (see Section 4.3). Shaded-relebtlgp-steered
coherency have been extracted along stratal icgsorizons for further in-depth analysis oftilve complexes. The
two attribute volumes have been generated using @@&hdTect. Once generated, these volumes haveskperted,
and together with the amplitude dataset have bealysed using Halliburton geophysical interpretatiools,
including Geoprobe and DecisionSpace Desktop.

4.2.1 Shaded Relief
Shaded relief seismic attribute measures the anafuigtht that variably dipping seismic events wibuéflect when
illuminated by a distant light source (Barnes, 2003is attribute is designed to display 3D seisddta as illuminated
apparent topography when imaged as time slicegligaiding interpretation by revealing or suggestrue geology
(Barnes, 2010, 2003, 2002). Shaded relief is atiineal attribute, therefore features that trengppadicular to the
illumination direction are highlighted, whereastteas that trend parallel to that illumination diien are suppressed.
For this research shaded relief was calculatedviafig a standard OpenDtect workflow (De Groot amif, B005;
Farrukh, 2009). The azimuth of illumination was t&e800°, this value provided the best illuminatiparpendicular to
the structures analysed in this research.

4.2.2 Dip-Steered Coherency
Coherency is a seismic attribute that measuresampare similarity of adjacent traces (Bahorich Badmer, 1995;
Chopra and Marfurt, 2008, 2007; Marfurt et al., 89T he attribute highlights discontinuities wittgaismic data, and
it is widely used for detecting faults and chanigeseismic facies (e.g. Azar et al., 2009; lacopimil Butler, 2011). In
this research, the generation of the coherencynwelbas been 'guided’ by the local dip of seismémts/using a
seismic processing method known as dip-steering@m@et et al., 2004; Marfurt and Alves, 2015). Tiisthod
provides a dramatic improvement in accuracy andaiein power compared to standard coherency (edsot et
al., 2004). Dip-steered coherency was createdviitip a recommended processing workflow for OpenD@ouwer,
2009; De Groot and Bril, 2005).
4.3 Seismic Interpretation Strategy
Seismic horizons and location of the depth slicgedyesed in this paper are shown in Figure 4 togetlith interpreted
regional seismic units. Depth-slice at -3450 nmfikay significance for the understanding of the ggdmetries of the
Megaslide Complex as it cuts both the extensiondlantractional domains of the system, revealimg ktructures
evolve in plan view and therefore aiding their i interpretation (Figs. 5 & 6). Horizons P1, KfdeK1 (Fig. 5)
mark the main kinematic packages within the MedasGomplex (see Section 5), allowing timing of staiing of the
complex to be inferred. Also, PO is a bright andtoaious pre-kinematic horizon (Fig. 5), that tdggtwith KO and K1
have been displayed in a series of seismic bloagrdims in order to show the 3D architecture oMkegaslide
Complex (e.g. Figs. 8, 10 & 12).
The basal shear surface of the Slump Complex hers ised to define its shape and regional extegtl(8). The basal
shear surface and top of the Slump Complex have be¢hematically combined to generate a proportisiiee (sensu
Posamentier et al. 2007) within the complex (segiféi 4 for its location). Along the proportionatsland key depth-
slices, coherency and amplitude have been co-reddard co-displayed (sensu Posamentier et al. 200ig) allowed



unravelling of the internal seismic facies arrangatof the complex (Fig. 13). Exploded seismic kldagrams are
also shown in order to present the lateral vanigtiof the internal geometry of the upper Slump Cermps well as to
elucidate the relationships of these variations Wit structures forming the underlying Megaslidenplex (e.g. Figs
19 & 20).

5 Seismic Stratigraphy

Figure 4 shows the seismic characteristics of adiggection through the 3D dataset. The Megaglioeplex and the
Slump Complex occur within the Aptian-Maastricht@equence Ill. The seismic stratigraphic frameworkhe two
complexes is presented below.

5.1 Stratigraphy of the Megaslide Complex
5.1.1 Basal Detachment

The Megaslide Complex is characterized by updigh#oNE) listric extensional growth faults and dali(to the SW)
basinward-vergent imbricate thrust faults that saleonto a common detachment level (Fig. 4). Basesdeismic
stratal relationships and published well and saishata, the strata forming the detachment leveaaceibed to the
Turonian marine shales (de Vera et al., 2010; 8#ar2014). These shales are seismically charase@by a
discontinuous facies with variable amplitude (Hj.The detachment is a strikingly sub-horizontaface that
typically displays subtle ramps that possibly Imkiltiple levels of basal slip at different stratighic levels (Fig. 4).
Above the detachment, a section of up to 2 km giédCretaceous strata has been involved in theazmplent of the
Megaslide Complex (Fig. 4). Based on stratal-stmadtrelationships shown in Figure 4 and detaife8éction 6, this
section has been divided into four main kinematitsu From older to younger these units are: PreeHKiatic, Syn-
Kinematic |, Post-Kinematic | and Syn-KinematiqMHig. 4).

5.1.2 Pre-Kinematic Unit
This section is formed by a package of relativelgtmuous reflections and is bounded to the botbgrthe detachment
level and to the top by horizon P1. The unit isodefed by faults and folds and does not contain tresivata,
indicating that its deposition pre-dates the atitiveof these structures. The basal part of thé@mess poorly imaged
and seems to comprise a ~200 m thick package fided reflections that may represent a slump(enit Figs. 4 &
7). Along this part of the margin early slump ewenave been commonly observed within the Cenomahi@onian
section, and these have been ascribed to an estdgg of margin collapse (Scarselli, 2014).

5.1.3 Syn-Kinematic Unit |
This unit is characterised by mostly continuousrs& reflections with variable amplitudes and isihded to the
bottom and to the top by horizons P1 and KO, respdyg. The section contains clear growth stratsoamted with the
development of the thrusts faults forming the caxtional domain (e.g. Figs. 4 & 11), indicatingtttiee its deposition
was coeval with the activation of these structures.

5.1.4 Post-Kinematic Unit
This unit is formed by a package of high amplituadatively continuous reflections up to 300 m khibat is bounded
by horizon KO to the bottom and horizon K1 to thp.tThe section does not exhibit any growth gece®tassociated
with the thrust and extensional faults that displacindicating a time of limited fault activitg(g. Figs. 4, 7 & 11).

5.1.5 Syn-Kinematic Unit Il
This unit comprises a package of mostly low amggtucontinuous reflections bounded at the baseobigdn K1, with
the upper section of the unit heavily eroded bytthgal shear surface of the overlying Slump Com(iéx 4). The
unit exhibits clear growth strata associated withéxtensional faults (e.g. Figs. 4 & 7), indicgtihat its deposition
occurred together with structural activity alonggh faults. However, there is no evidence of syrikiatic sequences
associated with the thrust fault within this padakaigdicating that extension and contraction inktegaslide Complex
were not coeval. The implications of this appadiahotomy are presented in Section 6.4 and disdussBection 9.

5.2 The Sump Complex
A high amplitude and irregular eroded surface ménksbasal shear surface of the overlying Slump @exn(Fig. 4).
The complex has a highly variable thickness ranfiog a few meters up to 800 m (Fig. 4). As dethileSection 7,
the system is characterized by a number of seifanies consisting of chaotic, disrupted to semiticwous
reflections. The top of the Slump Complex is dddity a high to low amplitude, mostly continuoudeetion which
separates it from the overlying uppermost UppetaCeous to Present-day succession (Fig. 4).

6 Megaslide Complex
The structural architecture of the Megaslide Comjdallustrated in the coherency and shaded relégdth slices
shown in Figure 5. These reveal prominent E-W tirggnéaults that divide the complex into three mségments: the



northern megaslide s5, the central megaslide séhrensouthern megaslide s7. Megalides s5 and sahérgartially
covered by the 3D survey whereas the width of #mdral s6 is entirely imaged (Fig. 5). Central nstiga 6 is
approximately 20 km wide and at least 30 km lorig.(B). The length of the megaslide is likely torhach longer as
the contractional and extensional domains aremaged in full, and regional 2D mapping has showitipie rotated
extensional fault blocks updip of the ones obsemetie 3D dataset (Scarselli, 2014). The centegaslide s6 is
clearly defined by three main fault systems: (N-8- trending headwall fault system, (2) an E-Whtliag sidewall
fault system and (3) a N-S trending thrust fauditegn. The structures forming these domains have imegped in
detail and are illustrated in the 3D fault modehwégaslide s6 shown in Figure 6.

6.1 Headwall fault system
Basinward-dipping, N-S-trending, listric extensibfaults arranged in a spoon-shaped geometry foerheadwall
fault system (Figs.5-7). Spacing between adjacants is 0.5-1.5 km, with an overall fault lengtil®-15 km (Fig. 7).
Fault displacement and fault dip vary from 50-40@md 40°-20° respectively (Fig. 7) The fault systgtineates a
series of tilted fault blocks that commonly showmwunced rotation, reaching values in excess ofF#g° 7). Lower
fault dips, larger displacements and a higher degfélock rotation seem to be associated witimtbee external (i.e.
landward) faults (Fig. 7), possibly indicating areaall basinward migration of extensional straithivi the system.
Within the fault blocks, syn-extension sedimentai®revealed above horizon K1 by wedge-shapedthretrata of
the Syn-Kinematic Il unit that exhibit thickeningdfanning against adjacent fault planes (FigGfpwth strata within
highly rotated fault blocks can attain thicknesses1 km (Fig. 7).
Laterally the faults curve towards their tips aim with the sidewall fault systems forming the iggd spoon-shaped
arrangement of the headwall system (Figs. 5 & 6)the headwall strata dip into these arcuate anbfaults, they
form a prominent, dome-shaped 3D rollover antic(ifig. 8). The anticline is ~20 km across and @Edglly affected
by crestal collapse features that occur in the foficlosely spaced normal faults and horst & gragtemctures (Figs. 8,
9a & 10a).

6.2 Sdewall fault system
The sidewall fault system consists of opposite igparcuate, E-W-trending faults that laterallyide the megaslides
and consistently offset, and thus post date, thetstres forming the N-S trending thrust fault eyst(Fig. 5). In the
headwall area the sidewall systems are formed tsyodenormal faults with dips of ~30° and typicéplacements of
~400 m (Fig. 9a). Between adjacent megaslidedatlie systems form pronounced sidewall horsts up kon wide that
extend basinwards for 10-15 km (Fig. 10a & b). €faaning of dips above horizon K1 is observedia hanging wall
of this proximal segment of the sidewall faultsyiFa), indicating coeval development of thesecttmes with the
headwall faults.
Downdip of the headwall area the displacement efsidewall faults reduces and structural complexityeases, as
shown by the occurrence of potential thrust am@direactivated in extension and fault splays whidiibit reverse
movement along their slip surfaces (Fig. 9b). A porrent of oblique slip may be increasingly impottiong this
segment of the sidewall faults.
Towards the toe area, the sidewall faults changgrpssively to clear reverse faults with dips df-80° and typical
displacements in excess of 400 m (Fig. 9c). Thensvfaults together with well imaged associatedjimay wall folds
form prominent lateral thrust ramps and anticlinpgo 2 km wide that laterally bound the toe regibthe megaslides
(Figs. 9¢ & 10c). The deep erosion of the Slump @lemabove the ramp anticlines of the central migdmbinders a
clear identification of the associated growth str@ig. 9¢). This prevents any inference of thesigeetiming of the
activation of these structures. Nevertheless, timgiglong the lateral ramps has clearly affectedzon K1 (Fig. 9¢),
indicating that these ramps developed together, witshortly after, the headwall faults.

6.3 Thrust fault system
A series of N-S-trending landward-dipping imbricttieust faults with associated basinward vergisgnametric
hanging wall folds form the thrust fault systemgd:i4, 6 & 11). Thrust faults spacing and fault pageometries vary
greatly along strike, with ramp angle of 30°-408 dranging wall folds up to 3 km across (Figs. 418.1dentification
of growth strata associated with the thrust fael&ted folds is possible only in selected partthefsurvey where the
emplacement of the Slump Complex has not completelijerated the underlying section (Fig. 11). $irust
sedimentation above horizon P1 is evidenced byapgek of reflections of the Syn-Kinematic | unitttbalap onto the
fold limbs and exhibit fanning geometry (Fig. 1These growth strata are generally thin, with maximhicknesses of
~200 m found in the backlimb of the folds (Fig. 11)
The thrust fault system exhibits master fault seysiehat extend laterally for tens of kilometregy(/5). From these,
minor km long segments branch off, together crgagitomplex fault network that is displaced bydisal segments
of the E-W-trending sidewall faults (Fig. 5). Ingltomplex setting, fault spacing is highly varebhd as it decreases,
the interaction between contiguous thrust rampsioes increasingly important in shaping the styléhefsystem (Fig.
12). This is readily seen by the fact that faulipgh of inner (to the NE) thrust ramps graduallyngjes from sigmoidal
to listric when the distance from contiguous rampsrease below ~2 km (see the along strike evaolatidault T2 in
Figure 12). The geometry of the hanging wall fattlanges consistently with the shape of the assatthtust ramps.
This is evidenced by the fact that sigmoidal thrastps typically exhibit hanging wall folds withagell developed
narrow and steep forelimbs (see fold F1 in Fig, &2)ereas folds in the hanging wall of listric thrtaults typically



have gentle forelimbs (see F2 in Fig. 12c) ordtaists (see F3 and F4 in Fig. 12), and commonlibéxarasitic folds
at the associated thrust tips (e.g. see F2 in EigRc).

The observations above suggest that the thrustdgsem developed in a forward-breaking sequehaos,
emplacement of outer, younger thrusts caused lmakan and straightening of inner, older thrushpa together with
refolding and flattening of the forelimbs of thesasiated hanging wall folds.

6.4 Timing of Headwall Extension and Toe Contraction
Analysis of kinematic strata described above (Fig® & 11) together with the fact that the threxgstems were
displaced by the sidewall faults (Fig. 5) strongliggests that the structuring of the headwall &esll systems was
coeval and postdates the build-up of the fold &ndst belt. Key sections also show that the SyreKiatic | unit and
the Syn-Kinematic Il unit are divided by a 300 rickhpackage of parallel reflections of the Postétmatic | unit (Fig.
11). This observation indicates that, after thédsup of the fold and thrust belt, a significant@mt of time elapsed
before the activation of the coeval headwall adéwall fault systems. The striking mismatch betwdentiming of
headwall extension and toe contraction impliesafcsstructuring of the megaslides through two sssive sliding
events separated by a phase of quiescence. Assistin Section 9, it is suggested that the exdaragsociated with
the first phase of sliding took place outside apdip of the study area and deformation shiftedrbaaid during the
second phase of sliding. Basinward shift of defdromais independently supported by patterns ofrbaard
propagation of strain as observed in the extensemacontraction domains. Local gentle foldingtaf Post-
Kinematic | and Syn-Kinematic Il units above theu$t faults (Fig. 11), also suggests that the &wid thrust belt may
have experienced a secondary phases of actiglylrelated to the activation of the extensiomailfs at the headwall
during the second sliding event.

7 Slump Complex

The Slump Complex is seismically characterised Hiseupted to chaotic facies with the basal shedase that
clearly cuts into the lower Megaslide Complex dtedent stratigraphic levels (Fig. 4) The 3D datadearly images
the northern and southern flanks of the Slump Cemfut not the updip (to the E) and downdip (& 1)
terminations of the system (Fig. 13a). Thus itrigyan the central part of the complex where magphthe basal
shear surface and seismic facies analysis weriedamut (Fig. 13). Regional 2D seismic mapping indgcated that the
system extends over an area ~1200 km2 with ariatalut of in excess of 50 km and a volume of ~683 KScarselli,
2014).

7.1 Seismic Facies Analysis
The internal seismic expression of the Slump Comgeevealed by a co-rendered amplitude-coheremtaction
along the proportional slice halfway between itsdt@hear surface and top surface (Fig. 13b). Ajhadhe complex is
largely characterised by a strongly disrupted sigigaties, careful examination of the extractioloab recognition of
distinct seismic signatures and deformational geéde® Two main seismic facies associations armdef these are
(1) a coherent facies made of blocks of relatiwagtinuous reflections with a very discontinuousrémsparent
seismic facies in between and (2) an overall higldyupted to chaotic seismic facies.

7.1.1 Coherent Blocks and Associated TransparastrBeFacies
This facies association is observed in limited stieahe northern and southern part of the Slummi@ex (Fig. 13b).
As detailed below, the coherent facies represestsias of blocks of variable dimensions that Haeen evacuated by
well defined headscarps. These blocks are lab&liee Block N, Slide Block S and Slide Block NERigure 13c.

Slide Block N
The northern flank of the Slump Complex exhibitethdistinct areas characterised by coherent sefswies (Figs.
13b & 14) that form three blocks of relatively iatatratigraphy (Slide Block N1, N2 & N3 in Figurg4 & 15). The
three slide blocks are part of a large complexllafieSlide Block N in Figure 13c.
The blocks are characterised by high to low amgéticontinuous reflections, with dips in exces8@fabutting
against the basal shear surface, indicating tlesetiblocks represent portions of stratigraphyhbsé slid and rotated
during emplacement—slide blocks (Fig. 15). The kearps bounding the blocks form arcuate segmemqtairiorm
which extend for over 10 km (Fig. 14), and in veatisection appear as surfaces that sole out &tatbed shear surface
with a planar to listric shape, reaching dips up40° (Fig. 15). The headscarps propagate upwéedtafg some 600
m of post-slumping strata, suggesting that theyeweactivated as normal faults after that failurevored (Fig. 15).
With lengths up to 12 km and widths up to 4 km, blexks are markedly elongated and can attain beigi~500 m,
with volumes of individual blocks in excess of 10X (Figs. 14 & 15). The distance between adjackrikis indicates
that these slid above the basal shear surfacaufadrbds of meters (Fig. 15). Also, their irregudeoss sectional shape,
pervasive internal faulting and conspicuous stmtasion at their top surfaces, suggest that thekblare severely
degraded, a further indication of their downsla@s$port (Fig. 15). The arcuate planform of theeissed headscarps
(Fig. 14) may imply that the blocks were deformgddading of material evacuated by subsequent loaad<ollapses.
This, in turn, would suggest an overall compondmetrogradation in the development of the complex.



The coherent and continuous facies that charaetetige blocks is significantly different to the yeliscontinuous,
transparent to low amplitude seismic facies thatiobetween them (Figs. 14 & 15). This facies withinternal
reflectivity typifies the presence between the k#oof deposits with no stratal organization. Thesesiderations may
indicate that the transparent facies represent ftags that where generated by the degradatiohestide blocks and
that infilled the accommodation created by the aa#ion of the blocks (Fig. 14).

Slide Block N is bounded downdip by a series of Bréhding, closely spaced, north-verging thrustg.(E6). These
can be likely interpreted as 'thrusts in the teahimall' (sensu Posamentier and Martinsen, 201dt)dbveloped as the
Slump Complex terminated laterally above the unyilegl northern lateral ramp of megaslide s6 (Fig. 16

Slide Block S & NE
The Slide Block S and Slide Block NE are locatethm southern and northeastern part of the SlumppBax
respectively (Figs. 13b & c). Slide Block S compsgwo blocks up to 4 km across that were evacuatedcommon,
linear headscarp that defines the southern flankeBlump Complex (Fig. 13c). By contrast Slidedd NE forms a
spoon-shaped, headwall scarp up to 10 km acrosartparts a relief of ~500 m along the basal slseigiace of the
complex (Figs. 13a & c).

7.1.2 Chaotic Seismic Facies
Large extents of the Slump Complex exhibit a lowar@ncy, disrupted seismic facies with variable lgoge (Figs.
13b & c). Within these areas, distinct subunitsictare termed slump lobes, can be tentativelytifled, suggesting
that this large disrupted mass is the combinatfcsegeral coalesced collapse features (Fig. 13®).Slump lobes are
presented below together with the evidence thgdaupheir identification.

Slump Lobe CS, CN & S
These lobes are located in the central-southetropéne Slump Complex (Figs. 13b & c¢). The lobes laterally
defined by SE-NW-trending lineations—parallel te transport direction— marked by semi-continuofiecgons with
variable amplitude that are clearly imaged on dspitles as well as proportional slices (Figs. 13b7. These
lineaments are interpreted to be longitudinal skeaiaces (sensu Bull et al., 2009), heavily steelbends that form
between adjacent failures segments evolving atrdift strain rates. The longitudinal shear surfétatsbound Slump
Lobe CS constrain transverse, arc-like stringseafiscontinuous reflections (Fig. 17). Dip sectidmugh these
features shows packages of continuous reflectitaeply dipping to the east (Fig. 18). Given thesgrtransport
direction towards west, these can be tentativebrneted either as thrusts or, similarly to SBleck N, evacuated
blocks that have deformed by loading of materiairsed upslope (Fig. 18). A scoop-shaped scour @kim across is
observed at the basal shear surface immediatelaliethese continuous, tilted packages (Figs.l8a¢). This
feature may be tentatively interpreted as the il headscarp that has been overflowed by sugeedsmp events
sourced further upslope (i.e. to the east; Fig, $8e also mega scour in Fig. 19a). In this vieswdbntinuous and tilted
packages of reflections would constitute heavilfjpdeed slide blocks rather than thrusts. Irrespeatif the
interpretation, the spatial association of longitatishears and these packages of more contintiata supports the
occurrence of multiple failure segments within tigavily disrupted component of the Slump Compleg.(E3c).
Slump Lobe S is located between the Slide Blook ®¢ south and the Slump Lobe CS to the norths(Higb & c).
The upslope termination of the lobe is not cleait &slocated at the southern limit of the 3D data(Figs. 13b & c). It
is likely that the proximal part of this unit extknfurther to the SE, with the slump having a défe source area with
respect to the other lobes (Fig. 13c). The dowtakpof the lobe is partly imaged in the 3D data extibits a
prominent basal ramp with associated west-verdingsts terminating above the southern lateral ramynderlying
megaslides s6 and s7. (Figs. 13c & 19a).
Slump Lobe CN is bounded to the north by the Steck N and to the south by the Slump Lobe CS (E&). The
upslope termination of the lobe is not clear aimilarly to Slump Lobe CS, it may have been obéted by the
collapse of lobes sourced further updip (Fig. 13c).

Slump Lobe NE and Lobe SE
The chaotic mass in the eastern (i.e. proximal) gfathe Slump Complex can be tentatively dividetiSlump Lobe
NE to the north and Slump Lobe SE to the south. (F3g). These units are defined on the base oBtljacent, km-
wide, basal scours (Figs. 13a & c) that cut deeqtythe underlying Megaslide Complex (see meganscim Fig. 20).
The source area of these units is likely locatethér to the E, in an area not imaged by the 3&.daegional 2D
mapping further updip shows listric headscarpgoup00 m in height, that cut into the footwall o&jor normal faults
of the underlying Megaslide Complex (Scarselli, 20These may be the headscarps associated with shemps. The
Slump Lobe SE likely merged downdip with Slump Ldbd, CS and S forming a continuous contorted irl@gu
deposit (Figs. 19a & b), whereas the downdip segwieBlump Lobe NE was obliterated by the late exopment of
the Slide Blocks NE and N (Figs. 13c, 19¢ & 20).

8 Slump Complex — Megaslide Complex Relationships
Several observations can be made on the conttbedbwer Megaslide Complex on the emplacemerti@iipper
Slump Complex and on the timing of emplacemenhefttvo complexes.



8.1 Timing of Megaslide & Sump Complex Emplacement
The collapse of the Slump Complex resulted in ermsind deformation at multiple levels of the kinéimatratigraphy
of the underlying Megaslide Complex (e.g. Figs. 4 8. Therefore, the identification of the kinerogiackages that
were affected by the collapse of the Slump Complexides a broad constraint on the timing of thegkxrement of
this system with respect to the structuring ofuhderlying megaslides.
As described in Section 6.4, the development oMbgaslide Complex occurred through the activatibthe various
fault systems at different times. In particulanats been noted that thrusting was followed by a@ladé quiescence
before the onset of the structuring of the headasdl sidewall systems. This phase of quiescenevésaled by a
package of parallel reflections of the Post-Kindmanit that seal the underlying growth strata aigged with the
thrust faults (Fig. 11). In places this post-thmusit is clearly not affected by the Slump Comp(Eig. 11). This
indicates that a considerable span of time sephthteformation of the thrust fault system anddabkapse of the
Slump Complex. Given the thickness of the postghamit of ~200 m and assuming a typical slopersedtation rate
of 10-50 mMyr-1 (Middleton, 2003), the emplacemefrithe Slump Complex post dates the fold and tHvektof the
Megaslide Complex by several millions of yearscdmtrast, the Slump Complex everywhere cuts irngosim-
kinematic packages associated with the headwalkatevall faults of the Megaslide Complex (e.g.9-i), 7 & 9a),
suggesting that its emplacement may have occuugdglor shortly after the activation of those fasystems.
8.2 Megaslide Complex Control on Slump Complex Maipgy
The potential constrains of the lower Megaslide @lex on the morphology of the upper Slump Complexexplored
with Figure 13d that shows the superposition ofdtnectures of the two complexes. The map cledrbns that the
major structural elements of megaslides s6 andaddly constrained the lateral extent of the oveg\Slump
Complex (Fig. 13d).

8.2.1 Control of the Sidewall Structures
The northern and southern flanks of the Slump Cempéem to be constrained by the E-W-trending satidault
systems that bound megaslides s6 and s7 (Fig. TBid)is readily seen in particular along the nenthflank of the
Slump Complex, where large headscarps of SlidekBlbcorrespond to the position of the extensioeghnsent of the
underlying sidewall faults of megaslide s6 (Figd),3vhereas, further west, where the sidewall faygtem has a
distinct reverse slip, the basal shear surfackeBiump Complex ramps up stratigraphy and the atprminates
above the ramp anticline of the underlying centrabaslide 6 (Figs. 13d & 16). This suggests thardlief created by
the northern ramp anticline of the megaslide aated barrier for the advance of the slump masses.
To the south the relationships between the two dexes are not as obvious; however, similarly toepbations to the
north, the basal shear of the Slump Complex rampstratigraphy and the complex terminates withreesef thrusts
above the lateral ramps of megaslides s6 and gg.(E8c & 19a). This further corroborates the jtetation that the
lateral ramps at the toe of underlying megaslideséd high relief areas at the time of the downslopllapse of the
Slump Complex.

8.2.2 Control of the Headwall Structures
The structural elements at the headwall of the si@gs also strongly controlled the morphologyhaf Slump
Complex. This is indicated by the fact that headssaf Slide Block NE have developed along the umost segments
of the scoop-shaped headwall faults that delindgegteollover anticline of megaslide 6 (Fig. 20bhig may suggest that
the headwall megaslide structures formed weak zathésh were exploited by Slide Block NE, impartitogit a
markedly arcuate planform geometry (Fig. 20b).
Also, Slump Lobe NE and Slump Lobe SE noticeabily tbwards the structural highs at the headwathefunderlying
megaslides. This is shown by the reduced thickiseskthese lobes above the rollover anticline ofjastide s6 and
above the sidewall horsts that laterally boundrtiegjaslides (Fig. 20). Thinning of the slump lobles\e these
structurally controlled morphological barriers sagts that the collapse of the Slump Complex wasataa shortly
after the activation of the headwall structurethef megaslides.

8.2.3 Control of the Thrust Fault System
The morphology the basal shear surface of the Slomplex above the thrust fault system of the eémiegaslide 6
the is strikingly flat (Figs. 19b & c¢). This mayggest that the collapse of the Slump Complex is énéa occurred
above a featureless morphology as the thrust $gatem was sealed by a considerable thicknesatqidt-thrusting
strata. This, in turn, indicates that the imbrisadél not control the development of the overlyBigmp Complex.

9 Discussion

A model for the evolution of the Namibian Megaslidemplex is proposed in Figure 21. The model dlestrates the
relationships between the Megaslide Complex an&thmp Complex, contributing to previous discussicegarding
the control of the structuring of gravity-drivenltied systems on the initiation and emplacementiofarine
landslides (Butler and Turner, 2010; Reis et &10).



9.1 Segmentation and Evolution of the Megaslide Complex
Structuring and segmentation of the Namibian MedasComplex are discussed in the following sectidie
evolutionary path presented is compared to sandkp&riments and natural examples to asses the ajxgdicability
of the model proposed.

9.1.1 Model for Structuring of Megaslides
The emplacement of the Megaslide Complex occurpésbdically through multiple sliding events (FidL)2A first
stage of margin instability triggered the onset¢aifly megaslides in the proximal part of the ma(&ilg. 21a). The
extent of the 3D data available for this reseatidmdt allow imaging of the extensional domainiudése early systems,
which are likely located updip of area analysedslope of the study area, regional 2D seismic |l shown the
occurrence of a number of seaward-dipping listidis bounding markedly rotated fault blocks uf@ tam wide (de
Vera et al., 2010; Scarselli, 2014). These mayasgmt the extensional counterpart of the well irddgll and thrust
belt shown in this study.
A period of quiescence followed the emplacementhefproximal megaslides (Fig. 21b). During thisiperearly
structures were deactivated and buried (Fig. 2Reewed margin instability brought about a basinvghift of sliding
with the formation of spoon-shaped headwalls thathbeen described in this study (Fig. 21c). Tetitsl of material
away from the headwalls of the megaslides wasddyesiccommodated by oblique extensional motiomglthe
proximal part of the sidewall fault systems (FigcP As translation progressed downslope, rotatistrata into the
headwall faults as well as into the sidewall faghsated prominent headwall rollover anticlinesetbgr with sidewall
horsts bounding adjacent megaslides (Fig. 21c)yBauctures were displaced by the sidewall faaitd transported
downslope by the newly emplaced megaslides (Fig). Zlowndip and lateral spreading of the failingssiinduced
mild reactivation of early thrust faults and thesenof reverse slip along the distal segment ofittewall systems,
which, in turn, resulted in the formation of later@mps and associated anticlines (Fig. 21c). Ndardyed thrust faults
are expected to be present downdip of the studyasdhese would have accommodated this later sfagdieling (Fig.
21c). Partially imaged, well-structured thrust ranape observed at the westernmost limit of the &@ @Fig. 4),
suggesting that the contractional domain of the &d8&de Complex extends well outside the study aed,such thrust
ramps are likely present further downslope.

9.1.2 Mechanisms for Episodic Basinward DevelopndeBegmentation of Megaslides
Initiation of gravity-driven linked systems has heescribed to three main mechanisms (1) gravitgasting sustained
by sediment progradation, (2) gravity gliding drivey progressive tilt of the detachment and (3pmalination of the
two (e.g. Peel, 2014; Rowan et al., 2004; Vendeyv#D05). In this work, high quality, depth miga&D seismic has
clearly shown that the extensional and contractidoenains of the megaslides are located abovekanstr
subhorizontal basal detachment (Fig. 4), implyimat the Cretaceous phases of uplift did not reéstdtmarked
basinward tilting of the part of the margin anatyse this study. This therefore, indicates thatgyegliding had
limited contribution into driving the collapse ¢fe Namibian megaslides, whereas gravity spreadusgained by
sediment discharge from the Orange River sincéit@n, may have been key in the development cfelsystems.
The distinct episodic behaviour of emplacemenhefXlamibian Megaslide Complex are likely relateghases of
activation and deactivation of the mechanismsadbaisted sliding such as, surges of sediment delteethe basin and
pulses in generation and dissipation of overpresswithin the Turonian detachment. Theoretical nwfbg gravity
spreading have predicted a temporal link betweésodps of basinal deposition with phases of gradéfprmation
(Peel 2014). The results of these models, togetitarthe fact that accumulation rates in the Latet@ceous Orange
Basin were high and variable (Guillocheau et @12 Rust and Summerfield, 1990), suggest a stcontyol of
sedimentation on the episodic emplacement of thmibian megaslides.
The lateral extent of these driving mechanismikedyt to have controlled the distribution and saféhe Namibian
megaslides. Lateral changes in the physical priggzeof the Turonian shales forming the basal detect of the
megaslides may have been responsible for unevaibdisons of overpressures. This in turn may hiedkto lateral
variations in the efficiency of the detachment,diaring formation of distinct segments of failurex e other hand,
localised and persistent deposition of discretesotf sediments may have created thick and unssaldienent wedges
that underwent gravitational collapse. It is sugg@shat with sustained delivery of sediments, nestable wedges
would develop basinward, driving a downslope prapiag of segmented megaslides. The latter mechaajgsim
highlights the importance of sedimentation and igyaspreading over gravity gliding for the emplaarhof the
Namibian megaslides as compared to the conclusibother authors (de Vera et al., 2010; Peel, 2014)
The segmentation into distinct units of collaps¢hef Namibian Megaslide Complex shares similaritigh the “multi-
cell model” for the development of slumps that texently been proposed by Alsop and Marco (2014 duthors
analysed in detail well exposed outcrops of slumyats within the late Pleistocene Lisan Formatdéthe Dead Sea
basin. They recognised that the slumps are compafsgzizeral small, second-order flow cells (i.engb failures)
driven by laterally restricted, second-order péyations, such as local variations in lithologyidlpressure and slope
steepness. This suggests that segmentation odaltseales in all types of gravity-driven procesef deformation.

9.1.3 Comparisons with Sandbox Experiments & NatGxamples
Lateral segmentation and basinward shifting ofeslidre also observed in analogue models (e.g. Mesrgnd
Cobbold 2006; Mourgues et al. 2009). In those nmdznd wedges were successively layered on ahegew



compressed air was injected at its base, so ttsatriolate deformation driven by sediment programatibove
overpressured shale detachments. Top views of duehnig have shown the occurrence of progressivedrlapping
slide units with long fractures that laterally bdwsmnd link the contractional and extensional dosaifithe sliding sand
pack (Mourgues et al., 2009). It is very likelytthizose fractures accommodated the progressiveigmolof the
sliding sand pack, hence they can be favorably emetpwith the sidewall faults presented in thigaesh. This leads
to the conclusion that the lateral segmentatiome@MNamibian Megaslide Complex into distinct unépresents an
important benchmark for sand box models of graeitet! sliding above overpressured detachments.

The characteristic features that typify the latseimentation of the Namibian Megaslide Complexatainique to
this system. Regional 2D seismic interpretatiostoffe the Amazonas Fan, in the Brazilian Equatpéakive margin,
has permitted extensive mapping of the late Miocehale-rooted, Amazonas gravity-driven linked sys{Reis et al.,
2010). Structural maps of a section of the mar@@0-km long shows an extensional domain locateHershelf-upper
slope and a contractional domain in the sloperggtif the basin. The maps clearly illustrate adjaeerays of updip
extensional faults and downdip thrust consistesgigmented into adjacent zones of deformation @@ tom across.
The laterally discontinuous arrangement observéhbearstructural domains of the Amazonas system neidgct similar
segmentation of the megaslides to that observétkitlNamibian margin (Fig. 20). Lateral partitionings also been
reported to characterise a number of prolific gsadriven fold belts, such as those offshore Moziguée (Law, 2011),
Niger Delta (Benesh et al., 2014; Leduc et al.,2@hd Gulf of Mexico (Peel et al., 1995). This gests that the
model of lateral segmentation of megaslide com@gxeposed in this study may have wide applicgbilihis, in turn,
implies that the potential novel structural trapssented in this study, such as lateral thrust sasidewall ridges and
rollover anticlines, may be common elsewhere, n@gkiegaslides a more attractive element of deeprweatgoration
along gravitationally unstable margins.

Previous studies of gravity-driven linked systeris® g&how that they share many similarities withasrial landslides
(e.g. Damuth 1994; de Vera et al. 2010), a conmfusupported by this research. The Namibian mefgzstilearly
show extensional headwalls laterally delimited lolewall faults and sidewall ridges with contractbfolds at their
toes. Similar features such as 'strike-slip fatitat laterally divide subaerial landslides haverbeeadily observed and
mapped in detail in a number of studies (e.g. Fignaind Johnson, 1989; Parise, 2003).

9.2 Jump Complex Emplacement & Degradation of the Megaslide Complex
Seismic evidence shows that Slump Complex cut geefa the syn-kinematic strata of headwall ancwidll
structures of the underlying Megaslide ComplexsTihdicates that emplacement of the Slump Complex w
controlled by the structuring and segmentatiorhefunderlying Megaslide Complex, causing widespasgtadation
of the shallow section of the latter (Fig. 21d)iggering mechanisms and wider implications of tegrddation of the
megaslides are discussed.

9.2.1 Triggering Mechanisms and Emplacement
A number of triggering factors have been proposedte collapse of submarine landslides worldwitha(pton et al.,
1996; Lee et al., 2007; Locat and Lee, 2002). Beedlne Slump Complex is largely controlled by theciuring of the
underlying megaslides, it is suggested that reletraygering mechanisms should be sought amongsethelated to
fault activity. Commonly these are limited to thi@¢ slope steepening, (2) fluid seepage and (8j)rsée shaking (Gee
et al., 2006; Hampton et al., 1996; Lee et al.,20@cat and Lee, 2002). Although this study did mmvide
compelling evidence for assessing the effectivenéfise three triggering factors, these are broagbluated in the
context of this study.
Gravity exerts a downslope driving stress, andhareiase of slope steepness due to faulting cartdesldpe instability
(Gee et al., 2006; McAdoo et al., 2000; Morley, 208loscardelli and Wood, 2008). The Statfjord Figlide system,
offshore Norway, is an example of submarine ladéslitriggered by fault-related slope steepeningtti#enmer and
Fossen, 1999; Welbon et al., 2007). The systerapsdld as a result of the activation of regionamsibnal faults
which created high relief areas along the elevidetivall of those structures (Hesthammer and FqQsk@90).
Similarly, the structuring of the Namibian megasidnay have left exposed the footwall of the hedchwma of the
sidewall faults, imparting seafloor steepening &igdjering the failures that form the Slump Comp{Eig. 21d).
Seepage of fluids can lead to weakening and fadfisdiments (Locat and Lee, 2002). Gee et aDgRfeported that
upward migration and release of fluids along faldines can occur during fault slip and promoteeloglapse in
overlaying strata. This mechanism may be partibulaievant for the initiation of the Slump Complas the sidewall
and headwall faults of the underlying megaslidey have formed important conduits for upward migratof fluids
sourced from the overpressured Turonian shale ldietawt. This, in turn, may have promoted weakenimdyellapse
of the upper section of the megaslides.
Earthquake shaking, due to fault rupture, genewateslerations of the sediment column that candedinear stresses
large enough to trigger the collapse of a previpaiible slope (Hampton et al., 1996; Lee et 80,72 Locat and Lee,
2002). Earthquake related stresses can also camsteint excess pore pressure leading to a degradditshear
strength and collapse of the sediment column (Led ,€2007). Although earthquakes are considefiedtese triggers
of submarine landslides (e.g. Lee et al., 20073, suggested that this mechanism can be discavbed related to
activity of megaslide faults. The reason is thasthfaults are not basement-involved structurebttay affect sections
of sediments only few kilometres thick which arguably poorly consolidated. These characteristiskarmegaslides
faults likely to be aseismic (Scholz, 2002). Thesms to be corroborated by the marked paucityagfiteearthquakes



along margins where gravity-driven linked systemesagtive at the present day, such as the NigegaDatiewole and
Healy, 2013).

The bathymetry imparted by megaslide structurinigomdy provided a triggering factor, it also larg@inpacted the
emplacement of the overlying failures. This is ®gigd by the fact that structural highs such asdatamp anticlines
acted as barriers, preventing further advancee$bhmping masses causing their progressive thjreuia termination
(Fig. 21d). That similarly applies to megaslide dwall structures such as the rollover anticlineg tcted as a barrier
above which slumps markedly thin, but also providedk zones prone to collapse (Fig. 21d). Thisligbts the
control of the megaslide structures on the ovatadlpe, extension, thickness and volume of the yingrfailures.

9.2.2 Comparison with other Degradation Complexes\Wider Implications
Degradation complexes with similar seismic charésties to those presented have been observee abtitractional
toes of a number of gravity-driven linked systemstsas those in the Amazonas Fan (Reis et al.,)201Din the
Niger Delta (Heini and Davies, 2006). As an exanipdés et al. (2010) have reported the downslopeusd of a
series of contorted, slump-like failures that dgejdgraded the shallow, frontal part of the cornitoaal domain of the
Amazons gravity-driven linked system. The failuf@sned deposits up to 600 m thick and left behargé headscaps
perched on the seaward-facing flanks of the threistted folds.
According to the classification of submarine lartst of Moscardelli and Wood (2008), the degradatiomplexes
observed in Amazonas Fan and those mapped offdleorgbia, can be regarded as 'detached’ failurgs.ig because
the emplacement of these complexes is strictlyrotiat! by local bathymetric features—the underlyinggaslides
structures—and are hence 'detached’ from sediroartisg regions at the edges of the margins (Maoshand Wood
2008). The authors of the classification suggest tlecause detached systems are triggered byinhstalbilities they
are invariably of modest dimensions, with volumeshie order of few cubic kilometres. In contrakis tstudy indicates
that detached systems such as the Namibian Slumplégr can attain to a much larger volume of makaahey are
linked to megaslide structures that extends fos tdrkilometres. This is highlighted by the facttithe Namibian
Slump Complex has an estimated volume in exce88@km3, a size that approaches some of the lastmgs failures
so far reported in the literature, such as the &hBebris Flow (Gee et al., 1999) and the BrunieieS|Gee et al.,
2007), both with volumes in the order of 1000 ka8t this reason, it is proposed that the failussoeaiated with the
proximal part of megaslides presented in this nesedogether with those occurring in their cortii@tal toes, form a
new member of detached failures termed 'megaskdgadiation complexes'.

10 Conclusions
The 3D seismic geomorphology of Late Cretaceousibiammegaslides offers previously unattainablégimsinto the
4D evolution of gravity-driven linked systems. Timain conclusions of this research are:

» Gravity-driven linked systems are laterally segradnnto series of spoon-shaped km-wide megaslides.

e The megaslides are characterised by a headwatldigstem from where material is translated dowreslop
Translation is accommodated laterally by a pasidéwall fault systems.

» Extensional displacement in the proximal part ef sikdewall faults form prominent sidewall horststa® km
wide that laterally bound the megaslides.

» During emplacement, rotation of strata into thedwvesll faults as well as into the sidewall faulteates
headwall rollover anticlines tens of kilometres &:id

» Downdip lateral spreading of the sliding mass iredueverse displacement in the distal segmentof th
sidewall systems with the formation of lateral r@&namd associated anticlines up to 2 km acrosdateaglly
bound the downslope part of the megaslides.

» Lateral thrust anticline, sidewall horsts and redipanticlines represent novel structural traps tinake
megaslides an attractive element of deep-wateoexjibn along the Namibian margin and other
gravitationally unstable margins.

e Structuring of the megaslides occurs through episddisinward stepping, sliding events separategeiypds
of quiescence of few millions of years. Distinctssles of emplacement may be related to phasethaheed
sediment delivery or pulses in generation and plig&in of overpressure at the basal detachmentlatéel
variations of the same mechanisms likely contreldtze and distribution of the megaslides.

* The activation of the headwall and sidewall systeloméng the structuring of the megaslides creates
gravitationally unstable areas that typically cpdia resulting in slump complexes with volumes afdreds of
cubic kilometres that degrade the upper inner @fattie megaslides.

» Together with the classic toe degradation compleksgrved at the leading edge of gravity-drivekdih
systems, these collapses at the headwalls andalidex¥ megaslides form a new category of 'detached
failures' (sensu (Moscardelli and Wood, 2008), ttrmegaslide-degradation complexes, which camattai
volumes of hundreds of cubic kilometres.

» The emplacement of the degradation complexes diroefiects the distribution and nature of the ugag
megaslide structures as these structures ultimatelirol the overall extent, thickness and sizthef
overlying collapse failures.
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Figure 1: Location map of the study area. a) Digitavation model showing the location of the OmBgsin along the
passive margin of Namibia. b) 3D view of the OraBgein showing the location of the 3D seismic dettasalysed in
this research. The 3D survey is located above rthsept-day slope of the margin. Note also the iocaif key seismic
lines shown in Figure 2 and 4. Topography from US@&®6), bathymetry from Amante and Eakins (2009).

Figure 2: 2D regional seismic profile crossing @mnge Basin from the outer shelf to the slopetithting the main
sequences and regional reflectors. Note the gralvitien linked system affecting the Upper CretaseBaquence 3.
Note also the seaward dipping reflectors withingte-rift Upper Jurassic-Lower Cretaceous Sequéritiee marginal
rift basins are not imaged in this line as theylacated further to the east, beneath the innerpenstof the shelf.
Section location shown in Figure 1. Modified from dera et al. (2010).

Figure 3: Chronostratigraphic chart of the OrangsiB compiled from Gerrard and Smith (1982); Lighél. (1993);
Séranne and Anka (2005). The gravity-driven feaargalysed in this paper are located in the UppetaCeous
Sequence lll. The Turonian open marine shaleshagght to have acted as a regional detachmentcsuida the Late
Cretaceous megaslides.

Figure 4: a) Uninterpreted and b) interpreted repnéative dip section through the 3D seismic voluhie section
shows the lower Megaslide Complex and the overlghgnp Complex. Note the erosionally truncated upaet of
the Megaslide Complex and the chaotic seismic aafe¢he overlying Slump Complex. Section locatstiown in
Figures 1 & 5.

Figure 5: a) Coherency and b) shaded relief ddjahsswithin the Megaslide Complex at depth of -348. (¢)
Interpreted structural map. Note in panel "a" theusrence of prominent E-W-trending sidewall fatitat segment the
complex into distinct megaslides. Panel "b" cleatpws that the thrust-related folds are cut asdlaced by the
sidewall faults. Depth-slice location shown in Figd.

Figure 6: 3D model showing the architecture ofdbetral megaslide s6. Note the spoon-shaped amangeof the
headwall faults that link laterally with the siddiMaults. The model shows horizon K1 at the hedtlafethe
megaslide, whereas horizon P1 is shown at theTtoe stratigraphic location of these surfaces isvshim Figure 4.

Figure 7: a) Uninterpreted and b) interpreted sacthowing the details of headwall fault systermefaslide s6. Note
the listric nature of the extensional faults thelimkate a series of well imaged rotated fault kéo&Growth strata
associated with the extensional faults are obsesbede horizon K1. Note that these are truncatetthéypasal shear
surface of the overlying Slump Complex. Sectioratamn is shown in Figure 4.

Figure 8: Seismic block diagram showing the stmadtarchitecture of the headwall of megaslide d& $eismic
blocks are cropped at horizon K1 and show the sebaped morphology of the headwall of the megashdehe
headwall faults curve and link laterally with thdeswvall faults the headwall strata form a promingntrollover
anticline. Also note the pervasive faulting affagtithe crest of the anticline.

Figure 9: Interpreted and uninterpreted strikeisastshowing the along-strike variation in the stowal style of the
sidewall faults that bound megaslides s5, s6 &\&ie in the headwall section “a” the occurrencgrofwth strata
above horizon K1 that thicken against the sidefaailts bounding megaslides s6 and S7. Sectionl&drty shows that
horizon K1 is folded above the northern lateral pashmegaslide s6, suggesting coeval developmethig&tructure
with the faults at the headwall of the megaslidisoAote in section “a” the pervasive faultinglad trest of the
rollover anticline of megaslide 6. Sections locatstnown in Figure 5.

Figure 10: Seismic block diagram showing the geqiiarexpression of the sidewall faults. From blégkto block
“c” the sidewall faults change from normal to reseeforming at the toe lateral ramps with associatatwjing wall



anticlines. Note also the prominent sidewall hotistd divide megaslides s6 and s7. Seismic bloaksped above
horizon KO.

Figure 11: a) Uninterpreted and b) interpreted dipysection showing the details of the thrust fayktem at the toe of
megaslide s6. The system is formed by well imagesinovard verging, listric thrust faults with assded hanging wall
anticlines. The anticlines are strongly asymmetiit steep and short forelimbs and long backlinide latter
comprises thick growth strata that onlap and pregjwely thin toward the crest of the anticlinese Host-Kinematic
unit seals and divides the syn-thrusting Syn-Kingriaunit from the syn-extensional Syn-Kinematicséction. This
indicates that the development of the headwallsathelwvall systems postdates the thrust fault syskate that the
Slump Complex cut deeply into the syn-extensionyal-Kinematic Unit Il. Section location shown in ki@ 4.

Figure 12: Seismic block diagram showing the alstnigge variation in structural style of the thriesult system as
interaction of contiguous thrust ramps occurs. N as fault space between faults T1 and T2 pesiyely decreases
from block "a" to "c", T2 thrust ramp is straighézhand its shape changes from sigmoidal to listecordingly, the
forelimb of associated F2 anticline becomes pragvedy shallower and parasitic folding is develop€dese
observations indicate that the thrust fault systieweloped in a forward-breaking sequence. Blockppd above
horizon PO. Block locations shown in Figure 5.

Figure 13: a) Structural map of the basal shedasarof the Slump Complex, b) co-rendered coheramaylitude
extraction along the proportional slice within ®leimp Complex. These maps were used for investigaind
interpreting the internal architecture of the coampic) Map of the interpreted structural elemefithe Slump
Complex showing that the complex is the result aftiple coalesced collapse features. b) Map shoiwlheg
superposition of the Slump Complex on top of thegtide Complex. This map was used to explore therpial
control of the Megaslide Complex on the architeetoirthe Slump Complex. See text for complete disicun.

Figure 14: a) Uninterpreted and b) interpreteditiefahe co-rendered coherency-amplitude extractitong the
proportional slice within the Slump Complex. Theage shows the internal arrangement of slide blémksing the
norther part of the Slump Complex. See text focukision of the interpretation. Location of the ation is shown in
Figure 13b.

Figure 15: a) Uninterpreted and b) interpreted ansitp section through the Slide Block N along tbettmern flank of
the Slump Complex. The slide block is formed by®aes of coherent blocks of stratigraphy evacubtedistinct
headscarps. Section location shown in Figures 13 8See text for discussion.

Figure 16: a) Uninterpreted and b) interpretediearkey section through the Slump Complex shoviirgNW lateral
termination of the complex above the underlyingrak ramp of megaslide s6. Section location showFigure 14.

Figure 17: a) Uninterpreted and b) interpreteditiefahe co-rendered coherency and amplitude etitra along the
proportional slice within the Slump Complex. Théragtion shows details of the chaotic seismic fthat
characterises the central part of the complex.upied reflections with variable amplitude markirg-SW-trending
lineations are observed. These are interpretednastlidinal shear surfaces that bound distinct ssgsnof failure
within the chaotic mass of the complex. Note tratkages of continuos reflections are laterally taised within the
shear surfaces, these may represent slabs of/edjationtinuos stratigraphy transported downdigshymp Lobe CS.
Location of the extraction is shown in Figure 13b.

Figure 18: a) Uninterpreted and b) interpretediealrkey section through the Slump Complex shovdipping strata
in the central part of the system. These rotatedastan be interpreted as thrust sheets or robtddeéls of stratigraphy
transported within a slump. See text for explamati®ection location shown in Figure 17.

Figure 19: Exploded seismic block diagram illustrathe along strike variation in the internal sture of the Slump
Complex. Block “a” shows the main headscarp andteak blocks that form Slide Block NE. The headssdgve
developed along the faults that occur at the @kste rollover anticline of the central megaslafe Block “b” and “c”
show that Slump Lobe SE has merged with the dowSdimp Lobe S forming a continuous contorted irfagu
deposit. Also note the flat relief of the basalashaf the Slump Complex above the thrust faultesysof the underlying
megaslide. This suggest that the these thrussfdidtnot control the emplacement of the Slump AeryBlocks
location shown in Figure 13c.

Figure 20: Exploded seismic block diagram illustrgthe downdip variation in the internal structofghe Slump
Complex. Block “a” shows Slump Lobes NE and SE #ratdefined by large, km-wide, basal scours. ateral
variation in thickness of these two lobes suggeststhey have preferentially emplaced in strudtianas at the head of
the central megaslide s6. Block “b” shows the detHithe rotated blocks forming Slide Block NE.tB@lso that the
headscarps of Slide Block N have exploited thet$aatl the crest of the rollover anticline of meghesk6. Location of
the block is shown in Figure 13c.



Figure 21: Conceptual model showing the evolutiatgral segmentation and degradation of megaslites diagram
is based on the results of the detailed 3D int¢éaticm of the Orange Basin Megaslide Complex. a)yEsdage of
margin instability and sliding. b) Phase of quieseeand burial of early structures. ¢) Renewed mangtability and
new episode of sliding. d) Formation of seafloggdgraphy during megaslide emplacement that triggegaslide-
degradation complexes.
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Seismic Geomorphology of Cretaceous Megaslides Offshore Namibia
(Orange Basin): Insights into Segmentation and Degradation of
Gravity-Driven Linked Systems.

Nicola Scarselli, Ken McClay and Chris Elders

Highlights

1) 3D seismic geomorphology reveals lateral segmentation of gravity-driven linked
systems into km-wide scoop-shaped megaslides

2) Megaslide segmentation provides a variety of hydrocarbon trapping structures

3) Emplacement of megaslides likely to trigger shallow failures with volumes of
hundreds of cubic kilometers



