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Abstract: Many mass transport complexes (MTCs) contain up to kilometre-scale (mega)clasts
encased in a debritic matrix. Although many megaclasts are sourced from headwall areas, the
irregular basal shear surfaces of many MTCs indicates megaclast entrainment during the
passage of flows into the deeper basin is also common. However, the mechanisms responsible
for entrainment of large blocks of substrate, and their influence on the longitudinal behaviour
of their associated flows, have not been widely considered. We here present examples of
megaclasts from exhumed MTCs (Neuquén Basin, Argentina, and Karoo Basin, South Africa)
and MTCs imaged in 3D seismic reflection data (Magdalena Fan, offshore Colombia and
Santos Basin, offshore Brazil) to investigate these process-product interactions. We show that
highly sheared basal surfaces are well-developed in distal locations, sometimes extending
beyond their associated deposit. This points to deformation and weakening of the substrate
ahead of the flow, suggesting preconditioning of the substrate by distributed shear ahead of,
and to the side of, a mass flow could result in entrainment of large fragments. An improved
understanding of the interactions between flow evolution, seabed topography, and
entrainment and abrasion of megaclasts will help to refine estimates of runout distances, and

therefore geohazard potential, of submarine landslides.
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Entrainment of megaclasts in submarine landslides

A major volumetric component of some submarine mass transport complexes (MTCs) are
megaclasts; these are blocks of relatively undeformed strata that can be carried by sediment
gravity currents due to the high cohesive strength of the muddy matrix (e.g. Marr et al. 2001;
Lee et al. 2004; Kvalstad et al. 2005; Moscardelli et al. 2006; Bull et al. 2009; Dunlap et al.
2010). Megaclasts span a wide range of sizes, ranging from greater than boulder (4.1 m
diameter; Blair & McPherson 1999), to kms in length, and 100’s m in height, and are thus
synonymous with ‘blocks’, ‘rafts’, and ‘olistoliths’ (e.g. Lucente & Pini 2003; Bull et al. 2009;
Festa et al. 2016). Megaclasts are identified and characterized in outcrops (e.g. Lucenete &
Pini 2003; Dykstra et al. 2011; Alves 2015; Sobiesiak et al. 2016; Brooks et al. 2017) and high-
resolution seismic reflection data (e.g. McGilvery et al. 2004; Jackson 2011; Watt et al. 2012;
Olafiranye et al. 2013). Subsurface studies have been particularly insightful, allowing the
distribution of megaclasts to be constrained (e.g. Moscardelli et al. 2006; Jackson 2011; Ortiz-
Karpf et al. 2017), and highlighting the influence they may have on subsequent flow processes
and stratal architecture (e.g. Jackson & Johnson 2009; Ortiz-Karpf et al. 2015; 2017; Kneller
et al. 2016). Erosion at the base of megaclasts may also explain the development of linear
scours (Moscardelli et al. 2006) identified on the basal shear surface of seismically imaged
MTCs; such features may be used as kinematic indicators that define the bulk flow direction
of the parent flow (e.g. Posamentier & Kolla 2003; McGilvery et al. 2004). Seismic reflection
data also permit detailed study of the internal structure of megaclasts, indicating deformation
can occur before, during, and after transport in the parent flow, revealing much about flow
rheology and related stresses (e.g., Lucente & Pini 2003; Bull et al. 2009; Jackson 2011).
Furthermore, these data allow assessment of the role of megaclasts in hydrocarbon
exploration and development in deep-water systems (e.g. Gamboa & Alves 2015; Alves 2015).
It is therefore important to understand the origin and distribution of megaclasts, and their

influence on flow rheology and evolution.

Megaclasts are either sourced from the protolith in a headwall area, or entrained from the
basal or lateral substrate during emplacements of the mass flow (Piper et al. 1997; Sobiesiak
etal. 2016). Headwall-sourced megaclasts may travel only short distances downdip (e.g. Alves
2015), or may be transported several tens to hundreds of kilometres by sliding over the basal

shear surface (e.g. Hampton et al. 1996; Mohrig et al. 1999). The size of megaclasts sourced
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Entrainment of megaclasts in submarine landslides

from the headwall region is controlled by a number of factors, including excess pore pressure,
strain softening, the mechanism of sliding (Kvalstad et al. 2005), and pressure build-up at their
bases (Alves 2015). After initial slope failure, headwall-sourced megaclasts may move
downslope and become fragmented by a combination of sliding (Hampton et al. 1996;
Masson et al. 1997; Mohrig et al. 1999), rotation, and rolling (Gee et al. 2006; Lourengo et al.
2006) processes. The basal shear surface of an MTC can be highly erosional (e.g. Moscardelli
et al. 2006; Alves and Cartwright 2009; Sawyer et al. 2009; Dakin et al. 2013; Ortiz Karpf et al.
2015; Fig. 1), comprising ramps and flats (e.g. Lucente & Pini 2003), scours and grooves. The
basal shear surface may be represented by a zone of distributed strain rather than a discrete

surface (e.g. Alves & Lourenco, 2010).

Megaclasts may also be entrained from the lateral margins of basal shear surfaces; in this
case, shear is accommodated either by strike-slip faults striking sub-parallel to the parent
flow direction (Martinsen 1994; Alves & Cartwright 2009; Alves 2015), or by normal faults
that face inwards towards the flow/deposit (Bull et al. 2009). Irrespective of whether
material is entrained from the basal or lateral substrate, it is clear these processes cause
submarine landslides to ingest large volumes of substrate during their emplacement (e.g.
Dykstra et al. 2011; Dakin et al. 2013), such that their final volume is far greater than that of
material that initially failed from the headwall region (e.g. Gee et al. 2006; Alves &
Cartwright, 2009; Butler & McCaffrey 2010; Fig. 1). However, the precise mechanisms for
entraining megaclasts, and their influence on the subsequent rheology of the associated

flow evolution, is poorly understood.

Here, we investigate the origin of megaclasts and their impact on flow rheology contained
within erosionally based, stratigraphically chaotic units, using examples of exhumed MTCs
exposed in the Neuquén Basin, Argentina and the Karoo Basin, South Africa, and imaged in
3D seismic reflection data from offshore Colombia and offshore Brazil (Fig. 2). Outcrop
examples allow us to study the detailed composition and structure of megaclasts, whereas
seismically imaged examples allow us to place megaclasts in their correct spatial position with
respect to erosional features along the basal shear surface and in their overall context within

the larger submarine slope system. Our specific objectives are: i) to describe the megaclasts
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Entrainment of megaclasts in submarine landslides

and infer the rheology of their host flow, ii) to discuss the mechanisms for entrainment of
substrate during the passage of the flow, and iii) to consider how megaclast abrasion during

transport can influence flow processes.

Subsurface Examples

General seismic expression

MTCs offshore Colombia and Brazil (Fig. 2) display many of the criteria typically used to
identify MTCs in seismic reflection data (cf. Posamentier and Kolla, 2003; Lee et al. 2004;
McGilvery et al. 2004; Moscardelli et al. 2006; Bull et al. 2009). First, the majority of these
deposits (>95%) are dominated by chaotic, low-amplitude seismic reflections that we
interpret as deposits of mud-rich debris flows (debrites). The top surfaces are rugose, which
is related to a combination of the high yield strength of the debrite-dominated portion of
these deposits, and the structurally coherent megaclasts protruding above their upper
surfaces (Fig. 3). Second, the MTCs are underlain by a sharp, erosional surface, which we
interpret as the “basal shear surface” (i.e. the surface above which the MTC was translated
and deposited; e.g. Posamentier and Kolla 2003; Lee et al. 2004; McGilvery et al. 2004;
Moscardelli et al. 2006; Bull et al. 2009; Alves and Lourenco 2010). A series of elongate
lineaments, which are best-expressed in map view, occur on the basal shear surface. These
are ‘V'-shaped in cross section and are interpreted as grooves or striations (sensu Bull et al.
2009) created by and during passage of the parent flow. Irrespective of the process origin of
the grooves, we can use these features as kinematic indicators to infer the local or regional
transport direction of the parent flow. Embedded within the seismically chaotic, debrite-
dominated body of the MTCs, are packages of parallel, low-to-moderate amplitude reflections
that are often folded or faulted (e.g. Jackson 2011; Olafiranye et al. 2013; Alves 2015; Ortiz-
Karpf et al. 2017). We interpret these reflection packages as megaclasts that were
transported within the parent flow and preserved within the associated deposit (cf. Lee et al.
2004; McGilvery et al. 2004; Moscardelli et al. 2006; Dunlap et al. 2010). An alternative
interpretation is that these packages represent in-situ ‘remnant blocks’ (sensu Bull et al. 2009)
of substrate material, now flanked by debrite. However, their discordant bases and internal

deformation suggest they are not in-situ and have been transported.



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154

Entrainment of megaclasts in submarine landslides

Offshore Colombia

Geological setting and data: The Magdalena Fan is located along the Colombian-Caribbean
continental margin (Fig. 2) on the NE-trending South Caribbean Deformation Belt, in an area
of relatively subdued tectonic deformation between two main imbricate thrust belts. The
Magdalena Fan is fed by the Magdalena River and was deposited during a period of thin-
skinned compressional tectonic deformation; sediment input and stratigraphic architecture
are thus strongly structurally controlled (Romero-Otero 2009; Vinnels et al. 2010). We use a
Post-Stack Depth-Migrated 3D seismic survey to assess stacked Late Pleistocene MTCs that
coalesce above a composite basal surface (Ortiz-Karpf et al. 2016). Here, we focus on the
largest of these MTCs, referred to as C1 by Ortiz-Karpf et al. (2016, 2017; Fig. 3). Seismic
reflection data have a bin spacing of 12.5 x 12.5 m, a maximum frequency of 45 Hz, and a
dominant frequency of 30 Hz in the interval of interest; together, these parameters yield a

vertical resolution of c. 10-15 m and a horizontal resolution of c. 15 m.

Description: MTC C1 covers at least 400 km? and was likely sourced from, or near to, the shelf
edge (Ortiz-Karpf et al. 2016). The MTC was deposited on a structurally-deformed slope,
trending SE along the axis of a thrust-bound syncline, traversing a thrust-cored anticline
across a structural saddle, and extending to the W onto the largely undeformed basin floor
(Ortiz-Karpf et al. 2016). The basal surface of MTC C1 is erosive (200-500 m relief) and marked
by grooves that can be traced for up to 50 km, from the updip to the downdip limits of the
seismic dataset (Fig. 4). Above the thrust-cored anticlines, the lateral margins of the MTC are
steep and the basal surface is characterized by arcuate scarps that face inwards towards the
deposit. The top surface is irregular, tending to have most prominent relief (c. 150 m) directly

above contained megaclasts.

Internally, MTC C1 comprises debrite with megaclasts, which are 0.22-1.6 km long and 20-280
m thick, and are gently folded (Ortiz-Karpf et al. 2017). The majority of megaclasts have
rounded edges and are dispersed throughout the MTC, although there are concentrations
towards the lateral margins and to the W of the thrust-cored anticlines. Some megaclasts
occur in clusters overlying discrete erosional scours along the basal shear surface. Towards

the western limit of the dataset, the largest megaclasts overlie the eroded levee of an
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Entrainment of megaclasts in submarine landslides

underlying channel-levee complex where they are characterized by angular edges, and

parallel internal reflections that are weakly to undeformed.

Interpretation: We infer that megaclasts in offshore Colombia formed: i) from direct
degradation of the headwall scarp, based on the presence of grooves that can be traced to
the updip limit of the dataset, towards the MTC source area (Ortiz-Karpf et al. 2017); ii) via
local collapse of, or shearing from, the lateral margins, based on the development of arcuate
scarps along the basal shear surface; and iii) from direct seabed entrainment, based on

clustering of megaclasts above erosional scours developed along the basal shear surface.

Most of the megaclasts have rounded edges, suggesting some degree of abrasion against the
basal shear surface or through direct impact with material carried within the debris-flow
itself. Furthermore, most megaclasts are internally folded, suggesting they have been
subjected to compressional and/or shear stress. Megaclast folding may have occurred during
transport, or in-situ, prior to entrainment, due to compression of the substrate ahead of the
confined flow (Jackson, 2011). The variety of megaclast sizes likely reflects their different
origins, which may imply different compositions, degrees of consolidation, and/or transport
distances. For example, the larger clasts may have been locally entrained or may have been
mechanically more resistant, perhaps due to their lithification state; conversely, smaller clasts
may be composed of weaker, possibly less lithified material, and/or were transported longer

distances.

Offshore Brazil

Geological setting and data: The Santos Basin (Fig. 2) formed due to Cretaceous rifting and
post-Cretaceous thermal subsidence. Late Cretaceous and Cenozoic erosion of the South
American craton resulted in deposition of a thick clastic wedge along the NW basin margin
(e.g. Modica & Brush 2004). This wedge is mudstone-rich and characterized by large (1.5-2.0
km high), SE-dipping clinoforms that are deformed by slope-perpendicular (i.e., NE-SW
striking) normal faults (e.g. Modica & Brush 2004). This slope repeatedly failed during the
Cretaceous and Cenozoic, with these events associated with deposition of MTCs on the slope
and basin-floor (e.g. Modica & Brush 2004; Jackson 2011). We use a time-migrated, three-

dimensional seismic reflection dataset to study a Cenozoic, megaclast-bearing MTC that was
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Entrainment of megaclasts in submarine landslides

derived from the upper slope and which covers ~3700 km? of the proximal basin-floor (Fig. 5).
The flow responsible for deposition of the MTC had a run-out distance of c.135 km and its
pathway partly controlled by partially confined, salt-controlled minibasins. In the interval of
interest, the seismic data have a vertical resolution of c. 10 m and a horizontal resolution of

12.5m.

Description: Towards the NW, within a minibasin bounded by salt diapirs, the MTC is thickest
(up to 400 ms TWT) and contains megaclasts (0.3-10 km? in area, 200-380 ms thick) encased
in debrite . Most of the larger megaclasts are broadly rectangular in map view (Fig. 6) and
have sharp, sub-vertical contacts with the encasing debrite. The bases of the megaclasts sit
on, and locally define, the basal shear surface, which is sharp and incises up to 35 m into the
underlying units. Downdip of (i.e. to the SE) and lateral to (i.e. NE and SW) the minibasin the
MTC thins abruptly in all directions and eventually pinches out. Abrupt downdip thinning of
the MTCs suggests the salt diapirs were expressed at the seabed at the time of MTC
emplacement. Seismic-scale megaclasts are rare downdip of the minibasin, where the deposit
is inferred to be debrite-dominated. Locally, near the downdip terminus of the MTC, we
identify isolated packages of continuous, deformed, parallel reflections that resemble

substrate material, and which are embedded in the chaotic debrite (Fig. 6).

The basal shear surface of the MTC is characterized by broadly NE-trending striations that
developed within the minibasins and are absent 5 to 8 km beyond the minibasin edge (Fig. 6).
Striations trend SE, indicating the parent flow travelled from the NW, an interpretation
consistent with the overall geographical context (i.e. the coeval shelf edge lay to the NW) and
thickness of the MTC (i.e. the deposit pinches out towards the SE). In addition to the striations,
we also observe a series of larger-amplitude (10-60 ms TWT) up-stepping and down-stepping
ramps orientated broadly parallel (i.e. NW-trending) or perpendicular (i.e. NE-trending) to the
inferred parent flow direction (Figs 6, 7). Beneath the basal shear surface, the parallel

continuous reflections that constitute the substrate are locally deformed (Fig. 7).

Jackson (2011) indicate that the megaclasts are invariably deformed by two principle fold
types: (i) frontal folds — these anticlines characterize the megaclast frontal margins, and

directly overlie frontal ramps along the basal shear surface. Folds hinges, like the ramps they
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overlie, trend perpendicular to the overall SE flow direction; and (ii) /ateral folds — these
synclinal and anticlinal folds are developed at the lateral (i.e., NE and SW) margins of the
megaclasts and are typified by relatively steep (>10°) limb dips. Fold hinges are oriented
parallel to the SE flow direction. Additional anticlines, which are faulted and have relatively
steep (up to 25°) limb dips and hinges trending parallel to the rear of the megaclast (i.e.
perpendicular to the SE flow direction). Megaclasts are also internally folded, typically
adjacent to intra-megaclast faults, and contain moderately-to-steeply dipping (50°-75°)
normal faults that display maximum throws of 135 m. These faults are typically top truncated,
or rarely die out upward within the megaclasts. The strike of faults is highly variable both
within and between clasts, with common oblique to orthogonal intersections, and they do
not display a consistent geometric relationship to the overall SE transport direction of the
MTC. In addition to shear fractures (i.e. normal faults), opening mode fractures also occur
within megaclasts. These features display up to 500 m of horizontal extension, display variable
strikes, and are filled with inferred debritic material. These zones typically die out within or

may fully dissect, individual megaclasts.

Interpretation: In the Santos Basin, most large megaclasts were likely incorporated into the
MTC at its source and transported within the parent flow, rather than being eroded from the
seabed during passage of the parent flow. This interpretation is based on the following
observations: (i) the reflection character of the megaclasts matches that of material directly
landward of the headwall scarp; (ii) the height of the largest, best-preserved megaclasts
matches that of the headwall scarp; (iii) it seems unlikely that megaclasts, up to 350 m thick,
would be entrained from the seabed during passage of the parent flow, in which case we
might expect evidence of deeper erosion; and (iv) the long axis of large, rectangular
megaclasts invariably trend NE, which is consistent with them being derived from a

retrogressive failure process driving growth of the headwall scarp.

Outcrop examples

The studied deposits display many of the criteria typically used to identify MTCs. First, they
are dominated by poorly sorted muddy sandstone and sandy mudstone that define the
deposit matrix, and which support well-rounded extrabasinal clasts, or contorted intrabasinal

clasts. Second, they are bound by strata that follow the regional tectonic dip. Third, they are
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Entrainment of megaclasts in submarine landslides

bound at their bases by erosional surfaces or zones of distributed strain, which we interpret
as basal shear surfaces or ‘zones’ (cf. ‘kinematic boundary layer’ of Butler et al. 2016). The
contained megaclasts are identified by being: (i) supported by the poorly-sorted matrix; (ii)
internally intensely deformed, with structures not following the more subtle, regional
tectonic trends; and (iii) in some cases they are lithologically distinct to the surrounding

stratigraphy.

Karoo Basin, South Africa

Geological setting: The Karoo Basin, South Africa has been interpreted as a retroarc foreland
basin (Visser & Prackelt 1996), and more recently as a thermal sag basin that subsequently
evolved into a retroarc foreland basin in the Triassic (Tankard et al. 2009). The infilling Karoo
Supergroup is up to 8 km thick and is subdivided into the Dwyka, Ecca and Beaufort groups.
An outcrop at Vriesgwaadg Farm [33°14°09”S, 21°52’36”E] exposes a 3 km long and 150 m
high section of Permian clastic marine deposits of the Lower Ecca Group. The studied section
is located at the distal end of the Laingsburg depocentre (Fig. 2). In this location, the
Collingham Formation is overlain by the Vischkuil Formation, which comprises siltstone-rich
turbidites and debrites that form the basal section of the 1800 m thick shallowing-upward
succession from basin-floor deposits (Vischkuil and Laingsburg formations; van der Merwe et
al. 2009), through channelized submarine slope (Fort Brown Formation; Hodgson et al. 2011),

to shelf-edge and shelf deltas (Waterford Formation; Jones et al. 2015).

At Vriesgwaadg Farm, a section of Whitehill, Collingham and Vischkuil formations is overlain
by several thick (10’s m thick) MTCs, two of which are confined by 2-4.5 km wide and 60-90
m deep erosion surfaces, interpreted as basal shear surfaces (Fig. 8). Surface 1 incises older
MTCs and the Collingham and Whitehill formations, whereas Surface 2 incises confined
turbidites and younger MTCs. Overall, palaeoflow is towards the NE and E throughout the
succession (Brooks et al. 2017).The mapping of successive slope-to-basin-floor systems in the
Laingsburg depocentre indicates the presence of a broadly W-E trending, southern basin
margin (van der Merwe et al. 2014), interpreted as the source slope of the MTCs (Brooks et

al. 2017).
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Description: Megaclasts are identified at several stratigraphic horizons, both overlying and
embedded within debrites, which contain m-scale, intraformational folded clasts (Fig. 8).
Megaclasts can be subdivided into two types. Type 1 clasts are 50-200 m long and 5-15 m
thick, comprise thin- to thick-bedded, sandstone-rich, normally graded turbidites. They are
sub-angular and elongate, and readily discernible from surrounding debrite, which is
sandstone- to siltstone-rich, and which contains mm-cm scale mudclasts throughout. Type 1
megaclasts are preserved within a topographic low formed by a concave basal shear surface.
The parent MTC partially infills this surface, and has a rugose top surface with minor (few
metres) relief onto which younger turbidites onlap. Type 2 clasts are 0.4-1 km long and 10-60
m high, consist of basin floor deposits of the underlying Whitehill and Collingham formations.
Layering within all clasts is subhorizontal, with the dip of coherent bedded sections generally
being weakly discordant (<10°) with the underlying and overlying turbidites. Type 2
megaclasts are sub-angular and elongate, with largely undeformed centres and primary
bedding structures, such as ripple laminations, preserved that indicate megaclasts were not
overturned. The margins of Type 2 megaclasts are faulted and highly disaggregated, with
sections of bedded strata (10’s of centimetres to several metres in height and length) dipping
at high angles and locally being overturned. Type 2 megaclasts occur at the top of deformed
clast-rich, sandy MTCs, with clastic dykes, sourced from the sandy matrix, that fill fractures at
the megaclast peripheries. The MTC containing Type 2 megaclasts infills topographical lows
along the basal shear surface, with the megaclasts protruding above the top surface of the

deposit to form a highly rugose top surface onto which younger turbidite packages onlap.

Interpretation: Type 1 megaclasts are supported by their debritic, turbidite clast-bearing
matrix; we therefore interpret local entrainment and transport within the parent flow. The
entrainment of Type 2 megaclasts from substrate (the Whitehill and Collingham formations)
suggests the southern basin margin was tilted at the time of MTC emplacement (Brooks et
al. 2017). The weakly deformed interiors, angular shape and faulted nature of their margins
suggests Type 2 megaclasts were lithified prior to erosion and entrainment, and that their
margins were deformed as they collided with other debris during transport. Based on the
stratigraphic origin of these clasts, we interpret they were entrained from the substrate

during transport, rather than at the headwall of the parent flow. The location of Type 2
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megaclasts at the top of MTCs indicates transport as rafted blocks, perhaps supported by
buoyancy or clast-to-clast interactions (e.g. Mulder & Alexander 2001; McGilvery et al.
2004). Alternatively, the megaclasts moved to the top of the flow, and were preserved
within the associated deposit through ‘kinetic sieving’ (Middleton & Hampton, 1976), or
moved as slide blocks over internal basal shear surfaces, remaining sub-parallel as they were

transported (Gee et al. 2006).

Neuquén Basin, Argentina

Geological setting: The Neuquén Basin covers 120,000km? and is located along the eastern
foothills of the Southern Central Andean cordillera, Argentina (Howell et al. 2005; Fig. 2). The
Neuquén Basin formed in response to Late Triassic to Early Jurassic rifting, Early Jurassic to
Early Cretaceous post-rift thermal subsidence, and Late Cretaceous to Cenozoic Andean
shortening (e.g. Vergani et al. 1995; Franzese & Spalletti 2001; Howell et al. 2005). At Chacay
Melehue, on Ruta 43 [37°16°01.00”S 70°31°43.00”"W] is a well-exposed 7 km, E-W trending,
dip-orientated transect through the Middle Jurassic (Bathonian) Los Molles Formation. The
section comprises a laterally extensive, chaotic unit (10-60 m thick) that is underlain by a thick
claystone-prone interval with distinctive volcaniclastic beds that aid physical correlation, and
is overlain by a sandstone- (25 to 60 m thick) and then a mudstone-rich (450-500 m thick)
division (Fig. 9). The chaotic unit is a very poorly sorted, mud-rich sandstone matrix containing
granular quartz grains, rounded to well-rounded pebble and cobble clasts of metamorphic
and igneous origin, and abundant megaclasts (tens of metres in length), supporting a debrite
interpretation, . The basal shear surface is sharp and flat to slightly undulating. Locally, the
surface cuts steeply down into and then up through, the underlying substrate, which contains
multiple thrust faults and gravel dykes. Downdip, the basal shear surface thickens to form a

several metre-thick basal shear zone of high strain.

Description: Megaclasts (up to 200m long, 30 m thick) in the debrite comprise two lithologies
that occur in two distinct stratigraphic positions: (i) oyster-bearing conglomerate that is not
observed in the underlying stratigraphy, which is concentrated towards the base of the
chaotic unit, and have rounded edges; and (ii) thin-bedded, weakly deformed interbedded

turbiditic strata, which are concentrated towards the top of the chaotic unit and are relatively
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undeformed and angular, containing open folds and low angle reverse faults. The

conglomeratic megaclasts comprise well rounded igneous and metamorphic clasts.

Interpretation: The two megaclasts lithologies suggest entrainment occurred at two distinct
times during MTC emplacement. Conglomeratic megaclasts with shallow-marine fauna were
most likely derived from the headwall of the submarine landslide on the shelf, where broadly
time-equivalent, compositionally similar, conglomerate-bearing successions occur (Veiga et
al. 2013). In contrast, the thin-bedded turbiditic megaclasts were likely entrained as rafted
blocks from the underlying substrate during emplacement. Their thin-bedded weakly
deformed nature suggest the thin-bedded substrate was mostly lithified before entrainment.
The occurrence of smaller (few metres diameter) clasts around the megaclasts suggest that
either these have broken off from megaclasts during transport, or were entrained as smaller
blocks from the local substrate. Commonly, thin-bedded megaclasts are located towards the
top of the chaotic unit indicating granular convection supported by buoyancy, or were
translated over internal shear surfaces and remained sub-parallel as they were transported

(Gee et al. 2006).

Discussion
Mechanisms of megaclast entrainment

We here consider several mechanisms that may precondition the substrate, and ultimately
result in entrainment of large fragments from the seabed during the passage of debris flows

(Fig. 10).

Plucking: This process is similar to that occurring at the base of glaciers; i.e. entrainment of
large pieces of bedrock driven by melting and freezing water under pressure in fractures (e.g.
Rthlisberger & lken 1981). In subaerial settings, entrainment of lithified substratum by mass
movements occurs by plucking of fractured blocks of material from the bed (e.g. Stock &
Dietrich 2006). In numerical models, Mitchell (2014) invokes plucking of large clasts as a key

process responsible for material entrainment in bedrock-floored submarine canyons.
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A similar process to plucking is envisaged beneath sediment gravity flows, involving the
detachment of substrate beneath highly energetic turbulent flows, either by shearing of scour
edges within a mobile, aggrading bed (e.g. Clark and Stanbrook 2001; Butler and Tavernelli
2006; Dykstra et al. 2011; Eggenhuisen et al. 2011), or by delamination or “hydraulic jacking”
(Puigdefabregas et al. 2004; Eggenhuisen et al. 2011; Fonnesu et al. 2016; Fig. 10), a process
associated with injection of sand derived from the flow. Substrate disaggregation below
turbidity currents has been proposed to explain remobilization of metre-thick turbidite sand
(Butler & Tavarnelli 2006; Butler et al. 2016). This mechanism is associated with substrate
liguefaction by loading, enhanced by high-frequency reverberations caused by turbulence
within the overriding turbidity current (Rge & Hermansen 2006). A variant of entrainment via
plucking is ‘enveloping’. The front of debris-flows are not always radial; instead, finger-like
projections are observed in some natural alluvial fan deposits (Hooke 1967; Suwa & Okuda
1983), and in physical experiments (Haas et al. 2016), giving the deposits an irregular edge. If
a frontally confined flow developed an uneven debris-flow front then large pieces of substrate
could be enveloped, and ingested as the flow propagated into the basin, or bevelled to form

remnant blocks (Fig. 1, 6).

Deformation of substrate: Deformation of the substrate is kinematically linked to the passage
of debris flow itself (Butler & McCaffrey 2010; Watt et al. 2012; Dakin et al. 2013), which can
precondition the substrate to entrainment of large fragments (Figs 10, 11). During deposit
emplacement, the body force from the confined debris flow is transmitted into the underlying
and adjacent substrate as a wave of compressional deformation (i.e. folding and thrusting),
with lateral shear being characterized by strike-slip-related deformation (Butler & McCaffrey
2011). Deformation can continue for as long as the shear stress induced by the flow exceeds
the critical shear stress of the substrate (Watt et al. 2012). Lateral loading of the substrate is
inferred from seismic examples (e.g. Moscardelli et al. 2006), being cited as a mechanism by
which the substrate is preconditioned to fail and thus permit entrainment of substrate
material in the form of megaclasts. Failure preconditioning by this mechanisms may be a
fundamental process governing the propagation and growth of the basal shear surface, such

as observed in bedding-plane controlled subaerial landslides (e.g. rupture propagation; Petley
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et al. 2005; Watt et al. 2012). A similar process likely occurs in strata beyond the lateral
margins of a submarine debris flow (Alves 2015), with formation of a zone of distributed shear
ultimately leading to the development of imbricate thrusts (Watt et al. 2012). Substrate
deformation can also occur through shear coupling beneath an overriding flow. For example,
van der Merwe et al. (2009) demonstrate that high basal shear stresses coupled with a
vertical loading stress from an unconfined debris-flow triggered an underlying slide that was
developed above a much deeper décollement surface. Similar shear coupling processes have
been proposed in other large- and small-scale mass-transport deposits (Schnellmann et al.
2005; Minisini et al. 2007; Dasgupta 2008). Therefore, the basal shear might not, in fact, be a
discrete surface, but rather a zone, with the associated shear stresses distributed through a
thicker zone below the flow. A subsidiary process allowing megaclast entrainment is margin
failure; this may occur where the basal shear surface becomes underfilled during
emplacement (net degradation and bypass). In this case, the margin may fail by gravitational
collapse, with large fragments entrained into (i.e. if failure is syn-emplacement) or near the

top of (i.e. if post-emplacement) the flow (Bull et al. 2009).

Evidence for megaclast entrainment processes from case studies:

The arcuate scarps identified on the lateral margin of the basal shear surface offshore
Colombia (Fig. 4) are interpreted to record gravity-driven failure. In some cases, the arcuate
scarps are associated with normal faults that dip in towards the MTC, with these faults
accommodating failure of material and causing its eventual entrainment into the passing flow.

Sudden lateral unloading would likely result in a series of retrogressive failure events.

Ortiz-Karpf et al. (2017) interpret that dense packing of megaclasts towards the margins of
the MTCs (offshore Colombia) is a result of increased shear stress towards the base and lateral
margins of the parent flow, leading to entrainment from a progressively deepening basal
shear surface. Their interpretation is supported by the presence of clusters of megaclasts
above erosional scours, suggesting that, in some cases, the energy of the flow was insufficient
to transport the locally entrained material. In a similar way, the occurrence of large, relatively

undeformed megaclasts above the levee of an underlying channel-levee complex, indicates
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local entrainment that could also be explained by locally elevated shear stresses as the levee

was partially overridden by the debris flow (Ortiz-Karpf et al. 2017).

Although many of the large clasts were likely derived from the headwall source region, the
presence of deformed seismic reflections in the substrate below the MTC offshore Brazil and
partially disaggregated material towards its margins (Fig. 7), suggests the development of
distributed shear zones. The ramps and flats developed along the basal shear surface (Fig. 6)
may represent areas where substrate was entrained as megaclasts. Similar to the Colombia
example, high shear stress at the base of the flow could have caused substrate deformation
and subsequent erosion. Impingement of the cohesive flow against its margins could have
deformed, weakened, and ultimately entrained the substrate (Fig. 10). Observations from our
outcrop examples strengthen our hypothesis that substrate shear zone development is an
important process in the entrainment of megaclasts. In the Neuquén Basin example, the basal
shear surface thickens downstream into a zone (Fig. 9), suggesting the basal shear zone was
progressively entrained in an upstream position. Enhanced preservation of the zone
downstream suggests that shear rupture propagation might be an important consideration in
development of basal shear surfaces in submarine landslide studies (Watt et al. 2012).
Furthermore, the presence of a thick interval of thrusts, and the local presence of injectites
sourced from the MTC (Fig. 9), suggests widespread substrate deformation may have helped

entrain the megaclasts of turbiditic strata observed above the erosional base of the MTC.

Abrasion of megaclasts and impact on flow behaviour

The initial composition of a MTC, which is controlled by the protolith, can be markedly
different to the final deposit as it rides over and entrains different substrate material (Piper
et al. 1997; Lucennte & Pini 2003; Dykstra et al. 2011). Most of the material entrained from
the substrate into an overriding mass flow will likely be poorly lithified (Mohrig et al. 1999).
The resulting high pore-fluid pressure within the substrate lowers its bulk strength and leads
to significant remobilization of the deposit (Dakin et al. 2013). Entrainment of different
substrate types, for example the proportions of clay: silt: sand (Fig. 11), will impact the bulk
grain-size distribution, and therefore temporal and spatial flow transformations, and the

resulting deposit character (e.g., Iverson 1997; Dykstra et al. 2011; Joanne et al. 2013; Ortiz
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Karpf et al. 2017). Similarly, during transport the megaclasts can be abraded or broken into

smaller clasts (Fig. 11), which leads to changes in flow rheology and velocity.

Offshore Brazil, many internal structures are truncated at the megaclast margins, suggesting
they formed early during the flow event and were progressively eroded at the clast margins
during transport. The variable orientation of the intra-megaclast faults and folds with respect
to the net-flow direction probably relates to complex, intraflow stress patterns that are not
solely controlled by the overall flow motion towards the SE, but which at least partly reflect
kinematic interaction of the megaclasts with the irregular basal shear surface. Offshore
Colombia, the compositional variability of the substrate and complicated bathymetry is
considered an important control on the behavior of subsequent flows, and the ultimate
geometry of the associated MTCs (Ortiz Karpf et al. 2017)=. For example, the basal shear
surface incised more deeply and eroded more substrate material from the sand-rich, poorly
lithified material within channel-fills, compared to the more resistant, mud-prone, levees

deposits.

Outcrop observations provide further evidence for the process of megaclast abrasion, and the
importance in controlling the evolution of flow rheology. For example, in the Neuquén Basin
example, the rounded edges of the shallow-marine conglomerate megaclasts, and the large
high proportion of rounded clasts of similar igneous and metamorphic rock types in the
debrite matrix to the conglomerate, suggest significant abrasion of these megaclasts during
transport (Fig. 9). The degradation of megaclasts, whether entrained from the headwall, or
during the bulking of the flow, will results in changes to the matrix strength and the flow
character. The process and importance of megaclast abrasion and degradation has been
identified in other locations. For example, Dykstra et al. (2011) discuss the effect of substrate
entrainment on the compositional and rheological evolution of mass flows, documenting
shearing of sand from entrained megaclasts into the matrix of an MTC at Cerro Bola,
Argentina. They hypothesize that MTCs propagating over sandy substrates may become

sandier downslope.

Conclusions
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Here, we use case studies of megaclasts in debris flows from outcrop and subsurface data to
illustrate their importance as key features of many MTCs, and highlight their potential role in
changing flow behaviour. There is a complicated interrelationship between flow character,
seabed topography, basal shear surface/zone development, entrainment of substrate as
sediment and megaclasts, and abrasion and degradation of the megaclasts. We consider
several mechanisms of entrainment, possible from a weakened substrate, which include i)
plucking/delamination, ii) enveloping, and iii) distributed shear zones. The range of possible
mechanisms for megaclast entrainment presented are not intended to be comprehensive or
mutually exclusive. The development of an ‘instantaneous’ shear surface and a distributed
shear zone, possibly developed through rupture propagation or shear coupling ahead of the
flow front, is dynamic. As the zone propagates basinward the substrate will weaken and
become preconditioned such that it is susceptible to entrainment as sediment and
megaclasts. The entrainment, and subsequent abrasion, of the megaclasts will impact flow
behaviour. The resulting flow transformations will be spatially and temporally complicated as
the flow interacts with changes in seabed topography and variations in substrate with
different degrees of compaction and lithification, and lithology. However, more work is
needed to better constrain the relationships between the MTC, the basal shear zone, and the
character and deformation of the substrate that might be linked to MTC emplacement in
ancient deposits for outcrop and the subsurface. This can be complimented with physical and
numerical modelling experiments. An integrated approach to the understanding of megaclast
entrainment and abrasion will advance our predictive abilities to estimate the volumes and
runout distances, and therefore the geohazard potential, of submarine landslides in modern

continental margins.
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FIGURE CAPTIONS

Fig. 1. (a) Cartoon to illustrate the bulking up of submarine landslides down slope from
initiation failure, to entrainment of substrate during the passage of the flow. Matrix sediment
and megaclasts can be entrained at the headwall, and from the substrate, which could be
deformed prior to overriding by the flow. Adapted from Butler and McCaffrey (2010). (b) A
basal shear surface without the overlying deposit to illustrate features such as ramps and
flats, lineations, scours with megaclasts, and zones of deformation ahead of and to the side

of the deposit.

Fig. 2. Location maps for the four case studies of megaclasts in MTCs. (a) Location of 3D
seismic reflection survey from the Magdalena Fan, offshore Colombia. (b) Location of 3D
seismic reflection survey from the Santos Basin, offshore Brazil. (c) Location of the
Vriesgwaadg Farm outcrop, Laingsburg depocentre, Karoo Basin, South Africa. (d) Location of

the Chacay Melehue outcrop in the Neuquén Basin, Argentina.

Fig. 3. Perspective view of a variance extraction on the basal surface of the Magdalena Fan
MTC. The MTC was sourced from the shelf break and propagated above a structurally-
deformed slope, trending SE along the axis of a syncline, traversing an anticline across a
structural saddle, and continuing to the W onto the largely undeformed basin floor. On the

structurally-deformed slope, the basal surface is characterised by steep lateral margins.

Fig. 4. (a) Variance extraction on the basal surface of the MTC showing the distribution of the
megaclasts. Note the lineations on the basal surface, which are interpreted as grooves or
striations. (b) Seismic section across the downdip portion of the MTC showing megaclasts on

the lateral margins.

Fig. 5. (a) Perspective view of a variance extraction coloured by subsurface elevation of the
base surface of the MTC from the Santos Basin. Note the minibasins separated by salt highs.
(b) Seismic cross-sections along the MTC showing. Note the greater thickness of the MTC

within the largest minibasin and the presence of megaclasts.

Fig. 6. (a) Variance extraction on the basal surface of the MTC from the Santos Basin, showing
grooves or striations that occur mostly within the minibasins and disappear a few kilometres
downdip. The basal surface is characterised by up-stepping and down-stepping ramps with

variable orientations; the arrow indicated the down-thrown side of each ramp. (b) Variance
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extraction across the middle of the MTC showing the downdip and areal variation in the
internal seismic character. Megaclasts are mostly present within the minibasins and the

deposit becomes more homogenous downdip.

Fig. 7. (a) Seismic cross-section towards the downdip margin of the MTC showing internally-
deformed, semi-continuous seismic reflections that resemble the surrounding substrate. (b)
Seismic cross-section across the minibasin showing internally-deformed, continuous

reflections towards the base of the MTC.

Fig. 8. (a) Panel of Vriesgewaagd Farm outcrop demonstrating the presences of megaclasts
both intercalated with and at the top of MTCs that infill large scale concave basal shear
surfaces (Surfaces 1 and 2). (b) Photopanel demonstrating the two types of megaclast
recognised at this outcrop, and the presence of clastic injectites through the fractured
margins of the megaclast. (c) Photopanel demonstrating the coherently bedded internal
sections of a megaclast and the disaggregated and faulted margins. The MTC and megaclast

create a rugose top surface onto which younger turbidite packages onlap.

Fig. 9. Location and geometries of megaclasts and basal shear surface in the MTC of Chacay
Melehue. (a) In the distal part of the outcrop, the basal shear 'zone' is preserved in the
underlying substrate. Angular megaclasts of thin-bedded turbiditic strata locally entrained
and located to the top of the MTC. Geologist as scale (1.85m). (b) Megaclasts of oyster-
bearing shallow-marine conglomerates are rounded and located at the base of the MTC near
a flat basal shear surface. (c) Large scale geometry of the MTC with megaclasts. Here the
deposit contains several locally entrained megaclasts, and the substrate is deformed by

multiple thrust faults and cross-cutting gravel injections. Bus for scale.

Fig. 10. Mechanisms of megaclast entrainment. (a) The emplacement of an erosionally
confined debris-flow can deform the substrate ahead, below, and to the sides of the flow,
such that it is weakened and liable to entrainment. (b) Megaclast could be entrained through
plucking or delamination of the substrate. (c) The weakened substrate could be enveloped
and entrained by a debris-flow with an uneven flow front. (d) If a distributed shear zone

developed ahead of the flow through shear rupture then thrust faults can be exploited.

Fig. 11. Cartoon to illustrate the interrelationships between flow character, seabed

topography, basal shear surface/zone, and the entrainment and abrasion of megaclasts. The
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‘instantaneous’ shear surface and the distributed shear zones are is dynamic, and propagate
basinward such that the substrate is weakened. The preconditioning of the substrate permits
entrainment as sediment and megaclasts. The entrainment, and subsequent abrasion of the

megaclasts will change the flow character, and therefore behaviour.
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