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ABSTRACT 

The Lansdowne Bank is a partly drowned, isolated carbonate platform of around 4000 km
2
 

located 300 km west of New Caledonia, in the SW Pacific Ocean, in water depths of 20 to 100 m. New 

multibeam bathymetric data, high resolution seismic reflection profiles and sediment gravity cores have 

been acquired on the bank top and adjacent slopes. This dataset reveals an almost continuous 4 km wide 

outer reef rim located in ca. 50 m water depth, surrounding a gently deepening inner platform, reaching 

up to 100 m water depth. The bank is bordered by very steep slopes showing numerous erosional 

morphologies such as canyons, channels and gullies. Along with these bypass features, spectacular bank 
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margin collapses and slope failures are evidenced by up to 20 km-wide bank edge and intraslope failure 

scars, respectively, resulting in a typical “scalloped” geometry of the bank margin. These failure scars can 

lead to a complete collapse of the outer reef rim and impact subsequent reef development. Bank margin 

collapses are evidenced by hectometer to kilometer-scale blocks and debris shed on the slope, likely 

emplaced by rock fall/avalanching processes originating from the brittle failure of early cemented bank 

edge and upper slope sediments. In turn, failures triggered on the un-cemented mud-prone middle to 

lower slopes likely generate more cohesive, submarine debris flows that could be at the origin of erosive 

morphologies within the debris fields. Estimated individual failure volumes can reach up to 3 km
3
. 

Quaternary sea-level lowstands, that would have led to platform exposure, fracturing and karstification, 

and the development of an erosional sea cliff, as well as subsequent rising sea-level are believed to play a 

significant role in mass wasting event emplacement, yet “bottom up” submarine processes such as the 

upslope propagation of bypass morphologies by retrogressive headward erosion cannot be ruled out. In 

terms of geomorphic and stratigraphic constraints, the documented bank margin collapses affect a terrace 

located in 70 m water depth around the bank, which, depending on its age and origin, could provide a 

minimum age for collapse events. Finally, considering the shallow water depth of failure headscarps, the 

volumes of material involved in the slides as well as their vicinity to the nearby main island of New 

Caledonia, numerical simulations of the tsunamigenic potential of submarine slides have been performed. 

They showed that these slides would have been able to produce a meter-scale wave that would reach the 

northern coast of the island in less than an hour.   
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1. INTRODUCTION 

Modern carbonate platforms have been extensively documented around the world (Emery et al., 

1954; Reijmer et al., 2009; Gischler, 2006, 2011; Harris et al., 2011; Kench et al., 2015; Jorry et al., 2016; 

Hamylton et al., 2017) and are natural laboratories to study carbonate sedimentary facies and associated 

depositional processes. Carbonate platforms also form sensitive proxies to reconstruct Quaternary sea-

level fluctuations (Woodroffe and Webster; 2014, Puga-Bernabéu et al., 2016; Rovere et al., 2018) or 

vertical tectonic movements (Taylor et al., 1987; Cabioch et al., 1998; Pedoja et al., 2014; Munch et al., 

2014; Leclerc et al., 2014). Our knowledge of modern carbonate slopes has improved due to recent 

acquisition of high resolution multibeam bathymetry and seismic data, notably around the Bahamas and 

in the Indian Ocean, revealing their morphologies and controlling sedimentary processes (Mulder et al., 

2012a, 2012b; Betzler et al., 2016a; Tournadour et al., 2017; Counts et al., 2018; Wunsch et al., 2018; 

Jorry et al., 2020).  

Although diverse processes contribute to remobilising sediments in such environments, from 

density cascading (Wilson and Roberts, 1995; Counts et al., 2019), episodic downslope gravity flows 

(Eberli, 1991; Andresen et al., 2003; Droxler and Schlager, 1985; Glaser and Droxler, 1993; Jorry et al., 

2008, 2010; Mullins et al., 1984; Schlager et al., 1994; Webster et al., 2012) to more sustained contour 

currents (Betzler et al., 2014, 2016b; Lüdmann et al., 2013, 2018), it has been widely documented both in 

ancient and modern settings that carbonate slopes are characterized by large-scale gravitational collapses 

(e.g. Mullins and Hine, 1989; Boselinni et al., 1993; Borgomano, 2000; Janson et al., 2010; Correa et al., 

2011; Jo et al., 2015; Tournadour et al., 2015; Principaud et al. 2015; Puga-Bernabéu et al., 2017; Counts 

et al., 2018; Le Goff et al., 2020). These mass wasting processes play a key role in shaping the platform 
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edge and slope, in the stratigraphic evolution of the margin as well as in the export of margin and slope-

derived sediments into deep-water environments. Associated landslide scars can form large-scale 

embayments of the platform edge, resulting in what was classically described as “scalloped margins” 

(Mullins and Hine, 1989). These features are typically associated with accumulations of fallen blocks and 

debris at the base-of-slope (e.g. “carbonate megabreccias” of Hine et al., 1992). Consequently, many of 

the depositional models depicting carbonate slope architectures included mass wasting as a central 

process, from the classical “debris sheet” model of Cook et al. (1972) and the “carbonate apron” models 

of Cook and Mullins (1983), to the more complex “debris-dominated” models compiled in Playton et al. 

(2010).  

In this study, we present new data on a partly drowned, isolated carbonate platform of the SW 

Pacific Ocean, the Lansdowne Bank, which is typified by large-scale (tens of kilometers long) failure 

scars affecting the slope and the platform margin, thus conforming to a “scalloped margin”. Along with 

the overall characteristics of the bank top, we document margin collapse and slope failure morphologies 

and discuss their relative chronology, potential emplacement mechanisms and controlling factors. In 

addition, we address the tsunamigenic potential of an individual submarine but representative landslide 

through numerical simulations, particularly with regards to potential hazards along the coast of the nearby 

main island of New Caledonia. This case study highlights the role of catastrophic sediment collapses on 

platform edge and slope morphologies, as well as in the export of platform edge sediments towards deep-

water environments. It also highlights the impact of margin collapses on the external platform 

morphologies, which can lead to a complete collapse of outer reef rims and can influence post-failure reef 

development, typically distributed along failure scars that reshape the geometry of the bank edge. 
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2. REGIONAL SETTINGS  

The Lansdowne Bank is an extensive, 150 km-long and 10-50 km wide bathymetric high of 

around 4000 km
2 

located in the SW
 
Pacific Ocean (Fig. 1). It is remote from any major terrigeneous 

sediment source and lies at water depths ranging from 20 to 100 m. It is located 300 km west of New 

Caledonia, at the northernmost extremity of the Lord Howe Rise and the Fairway Ridge. The latter two 

structural features are part of the SW Pacific ridge and basin system, commonly referred to as 

“Zealandia” (Luyendyk, 1995; Mortimer et al., 2017), a mostly submerged fragment of thinned 

continental crust isolated during the Cretaceous breakup of the eastern Gondwana margin and opening of 

the Tasman Sea (Gaina et al., 1998). The Fairway Ridge is a 600 km-long, NW-SE oriented, southward 

deepening basement structure inherited from this Cretaceous rifting (Vially et al., 2003; Lafoy et al., 

2005; Collot et al., 2009). In relation to Late Eocene obduction tectonics in New Caledonia (Collot et al., 

2008), the Fairway Ridge is uplifted in its northernmost part at the Lansdowne Bank, at the junction 

between three deep-water basins: the Fairway Basin in the South, the New Caledonia Basin in the East 

and the Northern Middleton Basin in the West, also called Lord Howe Basin (Launay et al., 1977) or 

North Lord Howe Basin (Auzende et al., 1999) (Fig. 1).  

Although no multibeam bathymetry data coverage existed prior to this study, the Lansdowne 

Bank has been formerly described as a “submerged atoll” with a barrier reef at around 30-40 m water 

depth, surrounding an internal lagoon up to 90 m deep (Mignot, 1984; Richer de Forges et al., 1986; 

1988; Missègue et al., 1998). Sedimentary samples are sparse but available samples within the inner part 

of the bank revealed that bioclastic sands and Halimeda meadows prevail (Richet de Forges & Pianet, 

1984). Most of the bank is submerged and overall planar, yet a deepening towards the south-east was 
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reported (Missègue et al., 1998). The fact that the northern part of the bank is shallower than the southern 

part is evidenced by a 20 km-long stripe of living reef, called Nereus Reef (Fig. 1). Dominant winds 

(southeastern trade winds) are roughly parallel to the overall orientation of the Fairway Ridge and the 

Lansdowne Bank. The southern and western margins of the latter can be thus considered as windward 

margins, and the eastern and northern margins as leeward margins. Unlike the platform top, the slopes of 

the Lansdowne Bank have been partly imaged with multibeam bathymetric data from past oceanographic 

cruises (see data and methods). These data reveal prominent erosional seafloor features such as canyons, 

channels and gullies, organized radially from the bank (Fig. 1). These bypass features seem to originate 

both from the slope and from the platform margin. Indeed, on the western slope of the Lansdowne Bank, 

towards the Northern Middleton Basin, tributary canyons, up to 250 m deep and typically 2-3 km wide, 

merge downslope into low sinuosity channels, whereas upslope they seem to reach the platform edge. On 

the northern slope, canyons are narrower and associated with failure scars on the slope. On the eastern 

slope, tributary canyons are also present among which the deeply incised (up to 800 m), 3-4 km wide, 

sinuous Lansdowne Canyon is the most prominent (Williams et al., 2016; Mortimer et al., 2019; Fig. 1). 

The updip knickpoint of the latter is located on the slope in around 1500 m water depth. On the southern 

slope, towards the Fairway Basin, available swath coverage revealed fewer and less prominent erosional 

features, possibly due to lower gradients of the slope and/or higher sedimentation rates, but a NW-SE 

oriented channel-lobe system is known further south in the basin (Rouillard et al., 2017; Pattier et al., 

2019). We decided to map the updip continuation of slope features towards the Lansdowne Bank upper 

slope and bank edge (Fig. 2), notably to address the potential connection between slope features and 
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platform top morphologies (e.g. inlets), and, in a general manner, to track any morphological expressions 

of platform-to-basin sediment transfer. 

3. DATA AND METHODS 

The SEDLAB cruise (Etienne et al., 2018) was conducted from 7th April to 5th May 2018 

onboard the French R/V Alis and acquired geophysical and geological data in the Lansdowne Bank area 

(Fig. 2). Multibeam bathymetry was acquired with a Kongsberg EM1002 multibeam echosounder capable 

of mapping in water depths up to 1000 m. Processing of the multibeam bathymetric data was performed 

with GLOBE software (Ifremer). High-resolution seismic reflection profiles were acquired on the bank 

top using a 250 to 160 J Sparker source, a single channel SIG streamer and a numerical DELPH 

acquisition system. Shooting rate ranged from 300 to 500 ms at 5 knots. Seismic processing was 

performed with DELPH software (gain control, filtering 240-1000 Hz and swell correction). Superficial 

sediment samples were collected on the bank top with a gravity Küllenberg corer with a three meter long 

barrel. Sediment cores were split in half longitudinally and documented with high resolution photographs. 

In total, the cruise acquired around 2100 km
2
 of multibeam data, seven seismic profiles totaling 328 

kilometers and eight gravity cores (up to 1.8 m-long), representing 9.6 m of unconsolidated sediments in 

total. These new data supplement those of earlier cruises, notably DSDP site 587 (Kennett et al., 1986; 

Fig. 1); ZoNéCo-04 cruise (Le Suavé, 1996; Missègue et al., 1998) as well as ECOSAT and ECOSAT II 

cruises (Seton et al., 2016; Williams et al., 2016; respectively). A sedimentary facies analysis of platform 

top environments has been performed, and sediments from eight cores have been described in terms of 

texture, lithology and nature of main components using a binocular microscope. Map production and 

geomorphological analysis of seafloor features was realized with ArcGIS (Esri), notably to estimate 
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sediment volumes involved in margin collapses (see section 4.7). Tsunami modeling has been performed 

with the GEOWAVE software (Watts et al., 2003) which has been widely used and validated throughout 

different real tsunami case studies (e.g. Watts and Tappin, 2012). GEOWAVE takes into account that 

most tsunamis triggered by landslides show a dispersive and nonlinear behavior. A first module called 

TOPICS (Tsunami Open and Progressive Initial Conditions System) allows to generate the initial 

deformation surface. The latter is subsequently introduced within a second module called FUNWAVE 

which computes the tsunami long wave propagation (Chen et al., 2000; Kennedy et al., 2000) under the 

fully nonlinear Boussinesq equations (Wei et al., 1995; Wei and Kirby, 1995). The digital elevation 

model used for tsunami simulation comes from a sampling of a regional 500 m resolution bathymetric 

grid (DTSI, 2009) combined with high resolution data from SEDLAB. The final grid has 750 x 750 cells 

at 500 m resolution and includes the Lansdowne Bank and the northern part of New Caledonia mainland. 

4. RESULTS 

4.1. Bank top morphologies 

Our multibeam bathymetric data document for the first time the detailed physiography of the 

Lansdowne Bank, which could be described as a partly drowned, isolated platform (sensu Tucker and 

Wright, 1990) or as a detached rimmed shelf (sensu Handford and Loucks, 1993; Wright and Burchette, 

1996). The platform top extends over an area of 3860 km
2
, as revealed by our complete bank edge survey 

(Fig. 3). It has an atoll-like morphology (“empty bucket” geometry sensu Schlager, 1981, 1989), with an 

almost continuous 3-4 km wide outer reef rim, typically lying between 40 to 60 m water depths, 

surrounding an inner platform that gently deepens towards the center of the bank, typically at water 

depths between 50 to 70 m, but locally up to 100 m deep (Figs. 2 & 3). The platform top is not entirely 
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symmetric, and a southeastern deepening of the bank is observed. This deepening has been attributed by 

Missègue et al. (1998) to a NW-SE normal fault delimiting the northern margin (Fig. 3). Such structurally 

inherited topography might explain the shallower water depths in the northern part with some areas of the 

reef crest reaching 10-15 m water depth, notably in the vicinity of the modern Nereus reef near present 

sea-level. In contrast, the deepest parts of the inner platform are located in the southeastern area, where 

the bank is the widest (Fig. 3). In addition to this northwest-southeast asymmetry, reef crests of the 

northern and eastern leeward margins tend to be deeper (up to 60 m water depth) and wider (up to 5 km 

wide) than those of the southern and western windward margins, which are located at 10 to 45 m water 

depth and are 1 to 3 km wide (Figs. 1 and 3). This morphological difference is likely due to preferential 

reef growth along the windward margins, as known from other locations (e.g. Yamano et al., 2003). In 

terms of spatial distribution of reefal morphologies, reef crests and reef flats show alignments typically 

orthogonal but in places parallel to the outer bank edge. Prominent pinnacle reefs, up to 20 m high, are 

common in back reef settings, but are also sparsely present within the inner platform (Fig. 3). Although 

the bathymetric coverage is limited on the bank top because of the restricted swath width in shallow 

waters, there is an apparent lack of discontinuities throughout the reef rims (such as inlets), as well as 

internal channels, sandy shoals/dunes or any obvious current-related bedforms on the platform top. 

However, outer reef morphologies are almost absent in the southeastern part of the bank, most likely due 

to the large-scale bank margin collapses and slope failures affecting that area (see section 3.5 and 

discussion). 

4.2. Bank top modern sediments 
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As a first order sedimentary facies analysis of platform top environments, sediments have been 

described from eight cores distributed along two transects crossing the platform margin, from back reef to 

outer reef settings (KL06 to KL09 and KL02 to KL05; Fig. 2), and in deep inner platform settings, with 

one core (KL03) in the center of the bank (Fig. 2). The two core transects reveal similar patterns. Back 

reef environments are characterized by medium-grained carbonate sands containing large benthic 

foraminifers (LBF) (Marginopora vertebralis, Amphistegina sp., Elphidium limbatum, among others), 

few planktic foraminifers (such as Orbulina universa, Globigerinoides sacculifer), abundant echinoid 

spines, Halimeda, serpulids, bryozoa, coral and sponge debris. Coarse-grained carbonate sands 

accumulated on the reef flat, forming a discontinuous sandy apron as seen on sparker data (Fig. 4). They 

exhibit a typical high-energy setting LBF association dominated by Calcarina sp., associated with 

Amphistegina sp., miliolids, Quinqueloculina sp., Peneroplis sp. Bioclasts are represented by echinoid, 

sponge, and coral debris. The outer reef exhibits a LBF and bioclast association similar to the reef flat, 

and shows Calcarina, Amphistegina sp., Marginopora sp., miliolids, echinoid and sponge fragments. 

Deep inner platform settings (KL03) are characterized by the deposition of carbonate mud with abundant 

planktic foraminifers. Compared to reef settings, LBF are very rare (dominated by Amphistegnia sp.), and 

sponge and mollusc fragments are abundant. 

4.3.  Bank top stratigraphy 

Although we primarily focus on surface geomorphology data in this paper, an interpretation of 

the seismic line crossing all the platform from northwest to southeast is proposed (Fig. 4). This line 

images the shallow sedimentary cover of the bank, up to 125 ms two-way-time (twt) at the maximum, 

corresponding approximately to 125 m of sediments (considering an average sound velocity of 2000 m/s 
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given the likely porous and unconsolidated nature of carbonate sediments on the platform top; Kenter et 

al., 2002). On reef rims, seismic penetration is only half of that, largely due to their higher impedance 

compared to unconsolidated carbonate sands and mud of inner platform settings. Based on reflection 

geometries, main unconformities and seismic facies variability, three main seismic units are distinguished 

(Fig. 4B). The deepest seismic unit, U1, is poorly imaged and comprises the acoustic “basement”. 

Reflections are discontinuous and their overall geometry is difficult to reconstruct and interpret. U1 is 

topped by a very irregular truncation surface (S1), typified by clear v-shaped incisions up to 60 ms twt 

deep (ca. 60 m deep). Such incisions are mainly localized in the shallower, northern part of the bank 

whereas S1 is rather paraconformable in the southwestern part of the bank. The limited number and wide 

spacing of profiles do not allow a precise mapping of this surface between lines, but it is likely to be 

polygenic (i.e. comprising several phases of erosion and infill). Seismic unit U2 is located above this 

surface and comprises variable seismic facies, from high to moderate amplitude, well-stratified reflections 

subparallel to S1, to more localized, moderate to low amplitude, chaotic to mounded reflections, possibly 

corresponding to reefs. Towards the southeastern part of the bank, where no clear angular unconformity is 

seen, U2 displays a significant thickening and is ca. 100 ms twt thick (ca. 100 m) at the minimum. The 

associated asymmetric depocenter is located at the location of the deepest part of the present day 

bathymetry, possibly suggesting that it corresponds to a former inner platform infill and that reflection 

dips are depositional. However, a tectonic origin of depositional dips cannot be excluded, but the limited 

seismic coverage does not allow to choose between the two assumptions. Finally, U2 is delimited at its 

top by a clear and widespread sub-planar unconformity (S2) evidenced by erosional truncations, located 

at a depth below seafloor comprised between 100-150 ms twt (ca. 100-150 m deep). The uppermost unit, 
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U3, also thickens towards the inner platform in the southern part of the bank. It comprises three main 

seismic facies: (F3.1) high to moderate amplitude, highly bedded tabular reflections (mud-prone 

heterolithic intervals, as suggested by core KL03); (F3.2) transparent to faintly bedded, low amplitude 

tabular reflections (likely representing coarse-grained bioclastic sand intervals); and (F3.3) moderate to 

low amplitude, mounded, chaotic to faintly bedded reflections (likely representing reefs). This uppermost 

unit comprises the outer reef rim structures visible on bathymetry as well as isolated pinnacles. Despite 

the poor seismic imaging below outer reef rims, seismic reflections and facies on the platform edge 

suggest that modern reefs were initiated on top of S2. 

4.4. Marine terrace 

Of particular note on both the swath bathymetry and seismic data is the presence of a 100 to 200 

m wide, flat bathymetric zone, consistently located between 65-70 m water depths on the present day 

fore-reef, directly seaward of the reef crest (Fig. 5). This “terrace” surrounds the bank almost 

continuously, apart from the southern area where a significant portion of the uppermost slope and bank 

edge collapsed (see following sections) and hence the terrace is missing. Figure 5 shows that the terrace is 

characterized by a very clear seismic reflector, possibly in the stratigraphic continuity of the S2 

unconformity, at around 100 ms twt (ca. 100 m deep). However, seismic imaging through reefs is very 

poor and the two unconformities S1 and S2 are both very close to each other on the bank margin. Seismic 

data also show that the terrace is overlain and/or composed of a wedge-shaped layered unit (Fig. 5D), 

which is composed coarse-grained skeletal sands as revealed by gravity core KL-05. 

4.5. Slope physiography  
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The Lansdowne Bank outer margins show three main domains: (i) a very steep upper slope with 

angles of repose ranging between 50° to 20°, typically between the bank edge at 50-60 m and ca. 300-400 

m water depth; (ii) a rapidly decreasing middle slope with angles ranging from 20° to 5°, typically 

comprised between ca. 300-400 and 500 m; and (iii) a lower slope progressively flattening with a 

decrease in slope angle from 5° to less than 1° from 500 m deep down to basinal settings (Fig. 6). In terms 

of typography, such steep slope profiles point to an escarpment margin type of Playton et al. (2010) or to 

the bypass margin type of James and Mountjoy (1983). In the northern margin, upper slope profiles are 

even steeper and can locally reach angles of up to 75° on the fore-reef that remain steep down to 1000 m 

water depth, i.e. in this particular area no transition to a smoother middle slope is seen on the data 

acquired during SEDLAB. Such steep slope profiles are likely due to a NW-SE normal fault affecting the 

Fairway Ridge basement in this area and delimiting the northeastern edge of the Lansdowne Bank (Fig. 

3), as interpreted on vintage seismic profiles (Mignot, 1984). In terms of slope morphologies, the western 

margin of the bank is marked by arcuate canyon heads (Figs. 2 and 7), all ending at the bank edge to form 

convex bank-ward embayments forming a scalloped margin geometry, sensu Mullins and Hine (1989). 

Canyon heads are marked by tributary, straight to low sinuosity gullies separated by diamond-shaped 

interfluves. Partly buried isolated blocks, up to 600 m in diameter/maximum length and up to 100 m high, 

are present within interfluve areas (Fig. 7). On the northern slope, where slope gradients are steeper, the 

configuration is similar with canyon heads reaching at the bank edge, yet their downdip continuation was 

not mapped by the SEDLAB cruise. On the southern and eastern slopes, spectacular bank edge and 

intraslope failures have been imaged, and are associated with slope gullies, low sinuosity 

channels/canyons, notably in the updip continuity of the Lansdowne Canyon.  
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4.6. Bank margin collapses and slope failures 

We document in this section the large-scale bank margin collapses and slope failures of the 

southern and eastern margins of the bank, respectively facing the Fairway and the New Caledonia basins 

(Fig. 8). These gravity collapses affect the bank margin over more than 50 km and are expressed on 

bathymetric data by mass transport complexes (MTCs) composed of failure scars on the bank edge and 

slope, and of fallen blocks and debris on the slope. The latter are spread over almost 600 km
2
 and can be 

located on the lower slope up to 10 km away from the bank edge, yet their majority is concentrated one to 

five kilometers away from the bank edge. We use the term “block” to represent coherent, outsized debris 

with dimensions in the order of several hundreds of meters. We describe MTCs in areas labelled A to D in 

a counterclockwise sense around the bank (Fig. 8), starting in the south. Their main morphological 

parameters are compiled into Table 1. Failure scars are evidenced by up to 20 km-long arcuate headscarps 

on the bank edge and slope (Table 2). Except for area A where a single headscarp occurs, other areas 

shows complex morphologies with several headscarps located at different depths of the bank edge and 

slope. Some are very superficial and affect the shallowest parts of the bank edge (typically between 60 m 

to 100 m water depths; headscarps B1 and C1; Table 2). However, these shallow scarps are parallel to 

more prominent headscarps located within the upper to middle slopes, typically between 100 and 400 m 

water depths (headscarps B2 and C2; Fig. 8). Of particular note is that all these shallow headscarps affect 

the terrace morphology identified elsewhere around the bank at ca. 70 m water depth. Deeper headscarps 

have been also imaged (B3, B4, C3 and C4), and are located at more variable depths on the middle to 

lower slopes (Fig. 8; Table 2). All scarps are spatially associated with blocks and debris, most of them 

being located in depositional areas on the middle to lower slope. However, in some places, blocks and 
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debris are not spatially associated with fresh headscarps, neither on the bank edge nor on the slope (Fig. 

7C). Their shapes vary from angular to smooth and from elongated to sub-rounded, whereas their 

dimensions range from a few 10s of meters in diameter/maximum length for the smallest imaged debris 

and up to 1 km for the most prominent blocks. Blocks can reach maximum heights of up to 150 m 

whereas debris are only a few meters to a few tens of meters high.  

Area A is marked by a single headscarp (headscarp A, mapped in green on Figs. 8 and 9) that is 

21 km long, around 340 m high and which affects a significant portion of the margin, from the bank edge 

at 60 m and the upper slope down to 400 m water depth. Associated debris occur in front of the failure 

scar on a debris field extending from the base of the upper slope over the middle to lower slope section. 

Debris are typically subrounded and less than 200 meters in diameter, yet subrounded or elongated bigger 

blocks are present. We note that debris are almost absent in a continuous trough-shaped zone along the 

headscarp (Fig. 9A). The area is also typified by tributary slope gullies, occurring both within and outside 

the MTC, that merge further downslope into the submarine channels of the northern Fairway Basin 

described by Rouillard et al. (2017) and Pattier et al. (2019). Outside the debris field, to the west of the 

depositional area, gullies end on the lower slope at ca. 450 m water depth, whereas they reach the base of 

the upper slope at around 300 m close to the western edge of headscarp A and within the debris field. 

Gullies are v-shaped, up to 15 m deep and up to 200 meters wide. Adjacent to the western edge of 

headscarp A, the bank edge displays a slightly deeper terrace (labeled “Future failure area?” on Fig. 9A). 

On the bank top, the outer reef rim is not collapsed but the reef crest displays specific geometrical 

patterns, with 4-6 km-long, arcuate reef alignments facing the present day slope (Fig. 9B).  
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Area B is more complex, with a source area that comprises at least four headscarps affecting the 

bank edge and the slope over around 20 km (Fig. 8). It comprises a shallow headscarp between 60 m and 

100 m deep (headscarp B1, mapped in black in Figs. 8 and 9), which follows the main headscarp in the 

upper slope between 100-300 m (headscarp B2, mapped in yellow on Figs. 8 and 9). Deeper, secondary 

headscarps are present on the middle to lower slope between 300 to 550 m water depth (headscarps B3 

and B4, mapped in purple and blue respectively on Figs. 8 and 9). Fallen debris and blocks are more 

heterogeneous in size than in area A and occur within the upper, middle and lower slopes. Outsized, 

coherent angular blocks can be found downslope a few kilometers from the bank edge, along with smaller 

sized debris (Fig. 9C). The MTC depositional area is crossed by slope gullies but also by wider (up to 400 

m wide) and deeper (up to 80 m deep) low sinuosity channels that are tributaries of the Lansdowne 

Canyon (Figs. 1 and 8). Blocks and debris are not particularly funneled within channels and, in some 

places, are partly buried on interfluve areas (Fig. 9D).The updip extremity of gullies and channels are 

hard to determine confidently, but they seem to be located on the middle slope, in the debris field. Finally, 

on the lower slope, isolated small-scale arcuate scarps occur, suggesting local slide scars on that portion 

of the slope. The external platform and the outer reef rim display bank edge parallel alignments of reef 

morphologies and are significantly affected by headscarps, since the entire fore-reef and reef crest have 

collapsed (Fig. 9D). This indicates that the pre-failure(s) location of the bank edge was located seaward at 

a distance of at least the reef crest’s width at that location.  

Area C also comprises several headscarps affecting both the bank edge and the slope. Similarly to 

area B, a very shallow headscarp (C1, mapped in black in Figs. 8 and 10) affects the bank edge between 

60 and 100 m water depths, and follows a deeper headscarp located between 100-350 m on the upper 
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slope (headscarp C2, pink in Figs. 8 and 10). In turn, the middle slope is affected by a wider headscarp 

C3, between 350-500 m water depths. The two latter headscarps form the the present-day bank-ward 

embayment at that location but the deepest portions of the imaged lower slope comprise an even deeper, 

partly imaged scarp (C4, red in Figs. 8 and 10). In the proximal depositional area of the MTCs, debris and 

blocks are again heterogeneous in size and shape but, contrary to area B, are rare on the upper slope. On 

the middle slope, contained within C3, a distinct cluster of angular to elongated, outsized (up to 1 km-

long) coherent block distributed following an arcuate area facing the slope stands out (Fig. 10A and B). A 

similar cluster of outsized coherent blocks is present further to the northwest, but differs from the former 

as being located outside of the sidewall of C3. Here, some of the blocks have a smoother appearance, 

suggesting partial burial by slope and hemipelagic sediments. Another morphological feature in this area 

is an arcuate canyon head reaching the middle slope in the southeastern part of the MTC (Fig. 10A and 

B). On the bank top, the shallowest headscarps (C1 and C2) visibly impact the distribution of reef 

morphologies, as a change in the orientation of reef alignments is observed, with reef alignments oriented 

orthogonally to the headscarps (and not orthogonally to the likely straighter pre-failure orientation of the 

bank edge). In addition, a slightly deeper (up to 70 m deep) linear area throughout the reef rim is observed 

towards the canyon head, possibly suggesting erosion and/or preferential offbank sediment transport 

along this axis (Fig. 10B).  

Area D (Fig. 10C and D) is typified by prominent fallen blocks, again up to almost 1 km in 

diameter, within a portion of the slope that is still significantly affected by canyons and gullies, yet no 

evidence on surface data was found for any failure scars. These blocks are angular to subangular and crop 

out on the seafloor, but some have a much smoother surface than others, suggesting partial burial due to 
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post-failure sediment blanketing (Fig. 10D). Scouring is observed around some blocks suggesting 

interaction with post-failure flows. Again, blocks are present within gullies and canyon interfluves areas. 

Of note is the rarity of smaller sized debris in that area. Contrary to area A and B, gullies are shallower 

(less than 5 m deep), u-shaped, straighter and more regularly spaced. Gully heads are consistently located 

at around 400 m water depth. Reefal morphologies on the external platform are continuous, and display 

clear alignments orthogonal to the bank edge (Fig. 10D). 

4.7. Volume estimations 

Estimating the volumes of material involved in the bank margin collapses and slope failures implies 

to reconstruct the initial configuration of the bank edge and slope before failure. Ideally, it would require 

a complete seismic imaging of MTCs, from their proximal source area down to their most distal 

depositional areas. Despite a lack of such a dataset, we have undertaken a first-order estimation for 

individual failures, by reconstructing the “pre-failure” bathymetry of the bank margin, typically by 

extrapolating margin profiles located directly outside failure areas. The methodology is illustrated with 

the example of area C (Fig. 11), where the pre-failure bank margin and slope were reconstructed based on 

bathymetric profiles located north and south of the failure scars. Subsequently, the elevation difference 

between the reconstructed pre-failure bathymetry and the present day bathymetry within the mass 

transport complex highlights material loss in the headscarp and depletion areas, as well as material gain in 

depositional areas (Fig. 11) and allows estimating the volume of displaced material. For area C, this 

single failure involves approximately 3 km
3 

of material. For areas B and A, the uncertainty in the pre-

failure slope reconstruction are greater but our estimates indicated volumes in the order of a few km
3
 

(Table 1). Such volumes are similar to slope failures reported in similar settings, such as the margin and 
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slope failures of southwestern Great Bahama Bank (Jo et al., 2015), the Great Barrier Reef mixed margin 

(Puga-Bernabéu et al., 2017; 2020) or the SW Indian Ocean isolated platforms (Counts et al., 2018). 

5. DISCUSSION 

5.1. Transport and depositional processes within MTCs 

The seafloor variability revealed by our acoustic data suggests diverse transport and depositional 

processes. Within the documented MTCs, the size, angular shape, distribution over a relatively short 

distance from the bank edge of most debris and blocks suggest that they have been emplaced by mass 

slides (sensu Mulder and Cochonat, 1996), most likely rock avalanching processes derived from the 

brittle failure of early lithified material from the bank edge and/or the slope. Depending on the origin of 

the margin collapses, at least part of the rock avalanching and debris emplacement could have been 

subaerial. Clear trends are lacking in the downslope distribution of debris and blocks size, yet outsized 

coherent blocks tend to be located closer to the source area than smaller sized debris. This distribution 

suggests little longitudinal disintegration of fallen blocks into smaller sized debris and points to rapid 

freezing of the rock avalanche. The possible presence of curved failures planes at depth indicated by 

distinct headscarps at different levels along the margin profile, might also suggest translational sliding 

and/or rotational slumping processes. However, the lack of sufficient subsurface imaging that would 

reveal the overall geometry of failure planes and relationships with associated deposits do not allow us to 

discriminate between these mass slide processes. The distal end of most MTCs is not covered by our 

swath data (MTCs of areas B and C) thus it is difficult to apply the Skempton ratio (maximum headscarp 

height to slide length ratio; Skempton and Hutchinson, 1969) that is typically used to discriminate slides 

from slumps. However, in area A, the entire slide length is likely imaged and the failure plane is almost 
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entirely evacuated (as suggested by the debris-free trough morphology along headscarp A; Fig. 9) and 

indicates a ratio of 0.017, which points to a translational slide. That said, the ubiquity of debris and blocks 

in our study area and the absence of more homogeneous, depositional areas of displaced sediments (such 

as depositional cones or lobes) could potentially favor a dominance of rock avalanching over the slump, 

slide and debris flow processes. Again, the lack of data on the distal ends of MTCs limits the discussion 

on flow processes and notably the possible longitudinal transformation from proximal mass slides to 

cohesive debris flows and turbidity currents, as documented in other submarine landslides (e.g. Lastras et 

al., 2005). Apart from headscarps and blocks, no other clear kinematic indicator (e.g. Bull et al., 2009) 

that would allow further discussion on transport and deformation processes are available for our current 

dataset. Blocks do not exhibit any preferential orientation, except an along slope orientation of elongated 

blocks. The arcuate cluster of blocks of area D is oriented in the opposite direction to that of headscarps 

C1, C2 and C3. In some places, elongated blocks may correspond to extensional ridges separated by 

normal faults grabens (Fig. 9A).  

Along with mass slides, bypass morphologies such as slope gullies, low sinuosity channels and 

canyons suggest that other processes are involved along the Lansdowne Bank slopes. Regularly spaced, u-

shaped straight gullies (Fig. 10C), with heads consistently located at around 400 m water depth, 

disconnected from the bank edge, could point to erosional, dense plunging currents (i.e. density cascading 

processes; see Wilson and Roberts, 1995; Betzler et al., 2014) in the eastern, leeward, margin of the 

Lansdowne Bank. In contrast, the less regularly spaced, v-shaped tributary gullies with heads located at 

different water depths, such as those of the southern windward slope of the Lansdowne Bank (Fig. 9A), as 

well as the low sinuosity channels and canyons of areas B and C (Figs. 9 and 10), could rather be initiated 
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by slope failures and/or downslope eroding gravity flows. They would propagate upslope by retrogressive 

headward erosion as classically documented in siliciclastic, carbonate and mixed settings (Farre et al., 

1983; Pratson and Coakley, 1996; Puga-Bernanéu et al., 2011; Mulder et al., 2012b; Tournadour et al., 

2017). The presence of isolated, small scale slope failure scars is consistent with this interpretation (Fig. 

9C). Within v-shaped gullies, the internal crescentic bedforms (Fig. 9A) are likely to correspond to the 

“cyclic steps” documented in the literature (e.g. Cartigny et al., 2014) indicative of downslope 

supercritical flows. While we do not rule out the fact that these erosional pathways could be initiated 

and/or be influenced later in their evolution by other sedimentary processes such as offbank transport or 

along slope currents, a more comprehensive discussion of the sedimentary dynamics along the 

Lansdowne Bank slopes is beyond the scope of this paper and our dataset.  

Brittle carbonate margin collapse and slope failure resulting in outsized blocks emplacement has been 

reported on modern carbonate platforms, notably along Bahamian slopes, such as the northern slope of 

Little Bahama Bank (Tournadour et al., 2015) or the southwestern (Jo et al., 2015; Schnyder et al. 2016) 

and northwestern slopes of Great Bahama Bank (GBB, Mulder et al., 2012a; Principaud et al., 2015; Le 

Goff et al., 2020). In the case of northwestern GBB, the main headscarps of MTCs are located on the un-

cemented fine-grained slope and the run-out distances of blocks are greater than in our case study. The 

margin collapse documented by Jo et al. (2015) is more comparable to those presented in our study, since 

the upper cemented portion of the slope is affected and results in the deposition of elongated fragments of 

collapsed margin, as well as slide/slumps scars and channels on the middle and lower slope sections. 

Similarly, the examples of scalloped margin geometries of modern isolated carbonate platforms exist on 

the Nicaraguan rise (Mullins and Hine, 1989; Hine et al., 1992) but we are unaware of details morpho-
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bathymetrical studies on those banks. In mixed carbonate-siliciclastic settings, the submarine landslides 

reported along the Great Barrier Reef (GBR) are also comparable, notably the Viper Slide (Webster et al., 

2016) and the Bowl Slide (Puga-Bernabéu et al., 2020). These submarine landslides indeed comprised 

multiple headscarps located both on the shelf edge and on the slope, and depositional areas dominated by 

fallen debris located close to the source area. Debris avalanching and translational sliding were the main 

mass movements invoked (Puga-Bernabéu et al., 2020). 

5.2. Age constraints 

Keys to the discussion on the likely absolute age of mass wasting events as well as the possible role 

of relative sea-level fluctuations as a main triggering for large-scale collapses around the Lansdowne 

Bank lie in (i) the age of the onset of coralgal reef deposition on the Lansdowne Bank, and in (ii) the age 

and origin of the terrace identified at ca. 70 m around the bank. Indeed, numerous bank edge collapses 

affect these morphologies, and determining their age would thus provide a minimum age for MTC 

emplacement as well as hints on their timing relative to sea-level changes. Regarding the former point, the 

onset of coralgal reef deposition on the Lansdowne Bank remains poorly constrained. Past studies on 

barrier reefs such as the Australian GBR (Peerdeman and Davies 1993; Webster and Davies, 2003; 

Humblet and Webster, 2017), Florida Keys barrier reef (Multer et al. 2002), the Belize barrier reef 

(Droxler and Jorry, 2013), and New Caledonian barrier reef (Cabioch et al. 2008; Montaggioni et al. 

2011) suggest that modern reef communities are inherited from the MIS11 sea-level transgression and the 

subsequent highstand, at ca. 400 ky BP. Based on these global and regional constrains, as well as on our 

first-order seismic stratigraphy, we could argue that the onset of coralgal reef development begun during 

MIS 11 on the Lansdowne Bank and would be marked on seismic data by the S2 erosional unconformity 
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(Figs. 4 and 5) onto which present day reefs may have initiated. Following that hypothesis, the reef 

sequences imaged on our seismic data (purple units within U3, Fig 4), may represent stacked reef units 

separated by subaerial exposure surfaces, during middle and upper Quaternary interglacial/glacial cycles. 

The last reef edifice, evidenced on both seismic and bathymetric data (Figs. 3, 4 and 5), would have been 

deposited during the last post-glacial sea-level rise. However, an alternative hypothesis would be to 

consider a more recent, MIS2 to Holocene post-glacial origin for the entire reef sequence of seismic Unit 

3 deposited onto the erosional surface S2, which would in this case represent exposure associated to the 

Last Glacial Maximum (LGM, Waelbroeck et al., 2002; Yokoyama et al., 2000, 2018). This hypothesis 

could be consistent with the overall thickness of seismic U3, which is less than 50 m thick, notably when 

comparing to overall thicknesses of drilled post-glacial reef sequences of the GBR (see Webster et al., 

2018). However, this hypothesis does not rule out that coralgal reef growth begun during MIS 11, 

possibly onto the S1 polygenic erosional unconformity, or deeper in the stratigraphy that is not imaged by 

our sparker seismic.  

Regarding the age and origin of the terrace located at ca. 70 m water depth around the bank, many 

examples in the literature described submerged terraces at 70-80 m water depth range around the world’s 

Pleistocene carbonate platforms, such as the reef platform of Martinique (Leclerc et al., 2015), the 

drowned banks of the Texas shelf edge (Khanna et al., 2017), isolated carbonate platforms of the 

Mozambique Channel (Jorry et al., 2016), the Maldives (Fürstenau et al., 2010; Rovere et al., 2018), the 

Bahamas (Rankey and Doolittle, 2012), the GBR (Hinestrosa et al., 2014), among many others. Because 

rates of Quaternary sea-level changes are typically outpacing tectonic related vertical movements, Late 

Pleistocene submerged reef terraces are often interpreted as reflecting glacio-eustatic variations and 
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subsequent sea-level changes (Woodroffe and Webster, 2014). Indeed, they are thought to reflect periods 

of stable sea level (“stillstands”), or decreased sea-level rise (e.g. Blanchon and Jones, 1995) or, on the 

contrary, periods of increased sea-level rise that lead to reef backstepping (Khanna et al., 2017). Similarly 

to the onset of coralgal reef deposition, the origin and age of the particular terrace located at 70 m water 

depth is contentious, as it could be either linked to glacial lowstands of the Pleistocene where relative sea-

level was several times at ca. 80 m below that of the present day (e.g. MIS 6; Rohling et al., 2017), or, 

alternatively, to much younger events during the last deglacial, such as periods of decreased sea-level rise 

before and after meltwater pulse 1A (e.g. Fairbanks, 1989; Camoin et al., 2004). In New Caledonia, 

several marine terraces have been identified on the outer reef slopes of the barrier reef (Flamand, 2006; 

Flamand et al., 2008), including a widespread marine terrace at ca. 70-80 m water depth which was 

indirectly attributed to MIS 11 by correlation with barrier reef sequences (Flamand, 2006; their T3 marine 

terrace). If that age is valid in our case, this might confirm that the S2 unconformity, onto which the 

modern reef would have initiated on the Lansdowne Bank, dates back to 400 ka and that the marine 

terrace is a morphological relict of the associated topography. However, the fact that no other terraces are 

preserved around the Lansdowne Bank might actually suggest that the terrace was rather formed during 

the last climatic cycle, yet it may also suggest that the Bank experienced significant reshaping of its 

slopes during the Late Quaternary. Moreover, the fact that this terrace did not experience any southern tilt 

as suggested by previous studies and by the overall deepening of the inner platform towards the south, 

could be due to a relative tectonic stability of the Bank during the last 400 ky BP but could also be an 

additional argument to say that the terrace records more recent events (e.g. deglacial-Holocene 

stillstands). Therefore, given our dataset, it appears difficult to confidently determine whether the terrace 
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is attributed to Pleistocene lowstands and would have been destabilized at any time subsequently, or if it 

is much younger, possibly from latest Pleistocene or early Holocene, thus suggesting that MTCs where 

triggered more recently during the last relative sea-level rise. The latter interpretation would be consistent 

with the relative “freshness” of MTCs related seafloor features, such as failure scars and associated fallen 

debris fields. 

5.3. Relative timing between MTCs  

The occurrence of multiple headscarps at different levels of the bank edge and slope suggests multiple 

failure events rather than a single catastrophic collapse, but the relative timing of such events remains 

hard to determine. Without any seismic imaging or data on the nature and age of blocks and their post-

failure cover, it is difficult to confidently determine the exact chronology of MTCs emplacement. 

However, indirect evidence allows us to infer the relative timing between MTCs such as (i) presence of 

uncovered, “fresh” headscarps; (ii) presence of sharp, angular outsized blocks contrasting with smoothed 

and partly buried blocks; (iii) collapse or modification of the spatial distribution of reefs on the external 

platform; and finally (iv) the collapse of the bank-scale terrace located at ca. 70 m water depth. On the 

basis of these criteria, the margin segment from areas A to C of the southern margin (Figs. 9 and 10) 

located updip of the Lansdowne Canyon in the New Caledonia Basin and updip of the smaller scale 

channels and gullies of the northern Fairway Basin (Rouillard et al., 2017) seems to be the most recent 

affected segment. On the contrary, in area D and along western slope canyons, fallen blocks are not 

related to any fresh headscarps on the slope or on the bank edge. Their overall smoother character 

(suggesting burial under post-failure sedimentation) together with the presence of the terrace along the 

bank edge at ca. 70 m water depth and an intact outer reef rim (suggesting post-slide reef growth; see next 
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section) following the present day bank edge suggest that these blocks originate from older events than 

those operating in areas A to C. 

5.4. Impact of margin collapses on bank top morphologies 

 Our data show that the shallow headscarps may result in a collapse of the external reef rim of the 

Lansdowne Bank (as seen in area B; Fig. 9D). Moreover, bank margin collapse significantly reshapes the 

geometry of the bank edge and affects post-failure reef growth, as suggested by the distribution of 

constructive reef morphologies within the reef crest, that, in some places, preferentially developed parallel 

to failure scars (see area C; Fig. 10B). At other places, where partly buried fallen blocks on the slope and 

bank edge embayments suggest old mass wasting events, the imaged outer reef rim structures run parallel 

to the bank edge (Figs. 7 and 10D) and point to post-failure reef growth along the newly shaped bank 

edge. More speculatively, the specific reef distribution patterns imaged on the reef crest follows arcuate 

structures facing the slope (Fig 9B.), and may mark old slide scars that would have been preserved by 

subsequent reef development. Indeed, topographic highs and breaks of the basement substrate are known 

to be preferential zones for reef development (Camoin and Webster, 2015; Esker et al., 1998; Woodroffe 

and Webster, 2014). Similarities between these reef crest arcuate structures and landslide scars are 

convincing in terms of scales, position at the bank edge, orientation relative to the present day slope and 

overall morphology. However, this interpretation implies that the bank edge was located further inside the 

bank and would require significant bank progradation to reach the present day bank edge position. 

Alternatively, such arcuate structures might rather be related to fracture/dissolution features (see section 

5.4.1). In any case, we believe that post-slide reef growth is a strong argument to discuss the relative 

timing of the emplacement of the different MTCs and submarine canyons imaged around the Lansdowne 
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Bank. Similar post-slide reef growth around failure scars was also documented and used as an argument 

to discuss the age of the Viper slide on the GBR (Webster et al., 2016). In our case, some MTCs predate 

the development of the bank wide external reef rim at 40-50 m water depth as well as the terrace feature 

at ca. 60-70 m (e.g., slides from the western margin or eastern slope), whereas others post-date both the 

external reef rim and the terrace (slides from the southern margin).  

5.5. Emplacement mechanisms, preconditioning factors and triggers of MTCs 

The emplacement mechanisms as well as controlling and preconditioning factors of mass wasting 

events in carbonate settings are diverse and vary, from slope oversteepening beyond angle of repose 

(Cook et al., 1972; Adams and Kenter, 2014), sediment overloading (Ginsburg et al., 1991), fluid 

overpressure (Spence and Tucker, 1997), to differential compaction and presence of preferential 

detachment surfaces (Malone et al., 2001). Typical triggers include increased sedimentation rates, 

tsunamis and storm waves, bottom current activity leading to increased surface shear stress on the 

seafloor, as well as tectonic activity and earthquakes (e.g. Austin et al., 1988; Schlager et al., 1988; 

Payros et al., 1999; Jo et al., 2015; Wunsch et al., 2017; Tournadour et al., 2017). Globally, the absence of 

in situ measurements and precise stratigraphic constraints tend to limit discussions on all these 

mechanisms. However, in this section, we tentatively discuss the possible controls for the large-scale 

submarine failures occurring along the Lansdowne Bank, notably slope re-sedimentation processes, 

relative sea-level falls, as well as other possible external triggers. Finally, we provide a conceptual model 

for the MTCs emplacement which likely results from the interplay of these parameters. 

5.5.1. Slope oversteepening and platform early fracturing 
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Carbonate slopes are steeper than their siliciclastic counterparts due to reef aggradation/progradation, 

early submarine cementation and compositional variations (Cook et al., 1972; Grammer et al., 1993; 

Adams and Kenter, 2014). Thus, intrinsic slope oversteepening is a key preconditioning factor for mass 

wasting events, which act as slope re-adjustment processes when the slope angle is higher than the angle 

of repose (i.e. equilibrium profile). The latter is in turn controlled by the interplay of several factors, from 

sediment composition and fabric (Kenter, 1990) to microbial processes (Reolid et al., 2014). In our case 

study, the steep to very steep slope profiles of the Lansdowne Bank could be a strong preconditioning 

factor for margin collapse events, and that independently of other external parameters. However, the 

diversity of slope features around the bank, with a clear spatial link with erosional features, might suggest 

that slope re-sedimentation processes are also involved within MTCs (see next section). Among other 

processes that could lead to oversteepening and undercutting of the slope profile are contour currents (e.g. 

Betzler et al., 2014; Tournadour et al., 2015; Wunsch et al., 2017, 2018). However, no clear along slope 

current indicators such as scours, furrows or sandwaves have been imaged around the Lansdowne Bank. 

Another significant preconditioning factor on margin collapses is the development of syn-depositional 

margin parallel fractures at the platform margin as documented in ancient rimmed carbonate platforms 

(Frost and Kerans, 2009; McNeill and Eberli, 2009; Nooitgedacht et al., 2018) or proposed in numerical 

modeling experiments (Nolting et al., 2018; 2020). These fractures are proposed to be gravity driven 

and/or related to differential compaction and are believed to have a key role in gravitational collapses 

which, in turn, maintain sub-vertical reef walls. Although no such fractures are evident on our data, the 

arcuate reef structures of the reef crest as well as platform parallel reef alignments (Figs. 9A and 9B) 

might indicate ancient neptunian dikes formed by fracturing and karstic dissolution during subaerial 
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exposure at sea-level lowstands. Of note is that very similar arcuate reef structures are seen along the 

present-day reef of New Caledonia, along “Blue Holes”, which are likely to be karstic caves formed on 

margin parallel fractures as proposed for the Bahamas (Smart et al., 1988; Flügel, 2010).  

5.5.2. Retrogressive headward erosion of slope morphologies 

In our case study, the margin collapses and slope failures that are still exposed on the seafloor are 

spatially associated with erosional morphologies, including slope gullies, low sinuosity channels and 

canyons (Figs. 7 to 10). Furthermore, the margin collapse and slope failures of areas B and C are located 

on the headscarp domain of the deep Lansdowne Canyon (Figs. 1 and 8). A simple mechanism that could 

thus be significantly involved in the generation of bank edge collapses and slope failures is the 

retrogressive headward erosion of these features, from lower to upper slope and bank edge environments. 

Such process is indeed frequently involved in the genesis and evolution of slope canyons (Farre et al., 

1983; Pratson and Coakley, 1996; Puga-Bernabéu et al., 2011; Mulder et al., 2012b; Tournadour et al., 

2017) as well as in the evolution of landslides (Gardner et al., 1999). Similar to the models proposed by 

Puga-Bernabéu et al. (2011) on the Great Barrier Reef and to that of Tournadour et al. (2017) for the 

northern slope of Little Bahama Bank, one could consider that MTCs were emplaced following a four 

stage evolution proess during which retrogressive erosion prevails, with (i) inception of small scale 

failures, gullies and channels on the lower and/or middle slopes; (ii) updip propagation of slope gullies 

and channels, during which coalescent slides can be triggered on the middle to upper slope sections, 

possibly due to higher slope gradients or at any other geological weakness forming a preferential 

detachment surface (e.g. Harwood and Towers, 1988); (iii) formation of a proper canyon head when 

coalescent slides merge, forming “deep” headscarps, as observed in our data; and ultimately (iv) canyon 
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headward propagation by successive retrogressive sidescarp and headscarp failures reaching the upper 

slope and bank edge, resulting in shallow headscarps, margin collapse and destabilization of the platform 

edge and outer reefs. The configuration of the western part of area A (Figs. 9A and B) could be consistent 

with such interpretation, notably when considering the distribution of gully heads, which get closer to the 

bank edge as getting closer to the failure area. However, this simple scenario would imply that most 

erosional slope features contained within MTCs depositional areas predate margin failures, yet the cross-

cutting relationships between failure headscarps, fallen debris and slope erosional features do not 

necessarily concur with that statement. Although debris and blocks are not preferentially contained within 

erosional talwegs and erosional pathways are not deviated or funneled by blocks and debris (Figs. 9, 10 

and 11), in many places partly buried blocks are present within interfluves areas of submarine canyons 

(Figs. 7, 9 and 10). Rather this latter observation would indicate that failures predate the formation of 

erosional pathways within the debris fields. Consequently, other mechanisms than retrogressive erosion 

are thus highly likely to interplay in the generation of MTCs around the Lansdowne Bank.  

5.5.3. Relative sea-level  

The relationships between relative sea-level fluctuations and mass wasting processes around 

carbonate platforms remain unclear. Periods of low relative sea-level have been yet suggested as having 

an indirect role in the triggering and/or preconditioning of slope failures, since they can result in platform 

exposure, erosion, weathering, dissolution and pore fluid overpressure release (Spence and Tucker, 1997), 

or in the generation of preferential detachment surfaces due to early diagenesis (Malone et al., 2001). 

They can also have a direct genetic link, by gravitational instability, where significant rock falls along 

carbonate sea cliffs occur during relative sea-level lowstands and sea-level rise, resulting in talus breccia 
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deposition (Grammer and Ginsburg, 1992). Similarly, Aby (1994) highlighted the role of wave 

undercutting at the base of carbonate sea cliffs during lowstands, platform-parallel fractures developed 

during emersion, block deposition at the base of cliff and, ultimately, margin retreat. Wunsch et al. (2017, 

2018) demonstrated that slope failures of the northern part of the leeward slope of Great Bahama Bank 

were correlated with lowering of the sea-level from the last glaciation. However, other case studies 

suggested that slope failures and gravity-related sedimentation was also active during relative sea-level 

rise and highstand (e.g. Grammer et al., 1993; Reijmer et al., 2012; 2015). On the GBR, Puga-Bernabéu et 

al. (2017) and Webster et al. (2016) suggested that the Viper and Gloria slides occurred during relative 

sea-level rise, during the last deglacial sea-level rise for the former and during the MIS12-11 for the latter. 

In terms of mechanisms, increased hydrostatic pressure on upper slope sediments was suggested as 

triggering calcidebris flows during relative sea-level rises (Andresen et al., 2003; Lantzsch et al., 2007). 

In our case study, considering the present day water depth of the Lansdowne Bank at less than 100 m 

deep and assuming negligible tectonic movements over the Quaternary along the Lord Howe Rise and 

Fairway Ridge, the platform was undoubtedly totally emerged during Middle/Late Pleistocene sea-level 

lowstands. Indeed, the ca. 120 m sea-level fall of the LGM would have led to a complete platform 

exposure, margin parallel fracturation at the platform edge, platform-top karstification, as well as the 

development of a subaerial sea cliff prone to destabilization by wave undercutting and gravitational 

instability.  

5.5.4. Other possible external triggers 

Apart from episodic intraplate volcanic activity during the Tertiary (Exon et al., 2004; Van de Beuque 

et al., 1998), the area is considered as being tectonically inactive since at the least the Eocene (Collot et 
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al., 2008; Rouillard et al., 2017) and therefore tectonic related slope oversteepening is unlikely. However, 

recent seismic activity reported in the vicinity of the Lansdowne Bank does not allow us to rule out the 

fact that failures could have been seismically triggered. Indeed, the worldwide network gathered in the 

USGS database reports a few events with a magnitude >4 close to the southern Lansdowne Bank and the 

Lansdowne Canyon, suggesting presence of a small cluster of earthquakes between the Fairway Ridge 

and the New Caledonia Basin, roughly aligned along 20.5°S (as noted by Pillet and Pelletier, 2005; their 

fig. 5). In 2002, a 5.7 earthquake was recorded at 20.52°S 162.18°E (Fig. 1). The passage of a storm and 

its associated hydrostatic loading and wave hammering are known to have the potential to trigger slope 

failures (e.g. Rogers and Goodbred, 2010) and the Lansdowne Bank is located in an area exposed 

seasonally to tropical cyclones, notably between the hot and wet season from January to April. The most 

superficial failure headscarps in our study area occur between 60-100m of water depth and could have 

been triggered by oscillating pressures during storm wave propagation. In addition, the windward position 

of the destabilized margin with regards to trade winds, as well as its orientation facing dominant swells is 

possibly another external trigger. Finally, as several potential sources of fluid have been suggested, 

notably fluids of diagenetic origin (Pattier et al., 2019), fluid escapes are another potential trigger that can 

be speculated to be involved, notably when considering several indirect indications documented in the 

Fairway Basin, such as polygonal faulting or pockmarks, but these would tend to affect all bank margins 

in the same way.  

5.5.5. Conceptual depositional model 

Figure 12 schematic cartoons aim at explaining the formation of the documented MTCs of the 

Lansdowne Bank, where several mechanism/controlling factors interplay, during a cycle of relative sea-
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level fluctuation. In this scheme, we consider a stable slope during relative sea-level highstand with 

maximum aggradation as the initial state (stage 1). Erosional slope morphologies such as gullies, channels 

and canyons can be present along the lower slope, and can originate from various processes (e.g. 

retrogressive headward propagation from initial lower slope failures, downslope eroding turbidity currents 

or density cascading processes (Wilson and Roberts, 1995; Betzler et al., 2014). Following that initial 

stage, in the absence of age constraints, we consider two alternative scenarios for the relative timing of 

margin collapses and slope failures with regard to relative sea-level fluctuations. In the former alternative 

(stages 2a and 3a), margin collapses and slope failures are believed to essentially occur during relative sea 

level fall. Stage 2a involves exposure of the platform, margin fracturing and neptunian dikes, 

karstification, and development of an erosional sea cliff that will be prone to subaerial rock fall. This 

stage would result in the accumulation of a rock fall-dominated debris field and outsized coherent blocks 

from early lithified material shed from shallow headscarps on the bank edge and upper slope regions (e.g. 

B1, B2, C1, C2; Figs. 8, 9 and 10). During that stage, lower slope erosional morphologies could progress 

upslope due to retrogressive headward progagation. Stage 3a corresponds to the onset of slope failures, 

still during low relative sea-level, possibly due to overloading on the upper and middle slopes, and/or due 

to continued upslope migration of erosional morphologies, resulting in deeper headscarps on the lower 

portions of the slope (e.g. B3, C3; Figs. 9 and 10). However, the associated submarine rock avalanches 

would affect mud prone material and could evolve into more cohesive erosional debris flows that could 

also initiate channel and gully systems within the MTCs depositional area. In the second alternative 

(stages 2b and 3b), we consider that margin collapses and slope failures are essentially triggered during 

relative sea level rise, which would be consistent with a deglacial-Holocene origin for the destabilized 
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marine terrace (see section 5.2). Stage 2b considers a similar configuration to that of stage 2a, with 

platform exposure, karstification and fracturing, as well as upslope propagation of slope morphologies. 

However, we consider more limited margin failures and subaerial emplacement of fallen debris and 

blocks on the upper slope, at the base of the erosional sea cliff. Stage 3b corresponds to a relative sea-

level rise which will result in coeval submarine slope failures and margin collapses, possibly due to 

increased hydrostatic pressure on the upper slope debris sheets and bank edge sediments, as well as by 

wave undercutting during transgression. Similarly to stage 2b, gullies and channels within the debris field 

might originate from downslope eroding flows sourced from slope failures, yet we do not rule out again 

that they could also be formed by retrogressive headward propagation. Finally, Stage 3 is common to both 

scenarios and considers the configuration at high relative sea-level, similar to the present day 

configuration, with post-slide reef development along shallow failure headscarps, and possibly enhanced 

platform to basin sediment transfers due to the destabilization of external reefs. Note that karstic features 

and open fractures are likely to be filled at that stage, possibly resulting in the arcuate and linear 

geometries of the present day reef crest. 

5.6. Tsunamigenic potential 

The potential of submarine landslides to produce devastating tsunamis in purely carbonate or mixed 

carbonate-siliciclastic settings is comparatively less documented than in subaerial or other marine 

settings, but has been addressed by modeling in recent studies in the Bahamas and in the Great Barrier 

Reef (Schnyder et al., 2016; Webster et al., 2016; Puga-Bernabéu et al., 2020). In this study, due to the 

proximity of the Lansdowne Bank to the inhabited main island of New Caledonia, the tsunami potential 

of the Lansdowne Bank MTCs was assessed. An individual MTC was selected, the one of area C, where 
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the source and depositional area are best imaged by our data (Figs. 8 and 10). Input parameters were 

derived from bathymetric data and geological settings. The center of mass has been located at 161.3°E; 

20.5°S; the measure of the main headscarp provided an along-slope length of the slid mass of 7000 m, a 

thickness of ca. 500 m and an across-slope width of 2000 m, corresponding to a total volume of 7 km
3
. 

The slope angle has been estimated to be 36.6° and the distance travelled by the center of mass to 4000 m. 

A bulk density of 2700 kg.m
-3

 has been chosen for the collapsed material, corresponding to consolidated 

carbonate sediments. The modelled azimuth has been chose to N70° in agreement with the orientation of 

the submarine landslide deposits. The propagation was computed with a time step of 0.8 s during 7200 

time steps, i.e. ~1h30. Figure 13 shows the tsunami travel times and maximum wave heights which are 

around 10 m in the vicinity of the slide region corresponding to the maximum water elevation reached in 

each 500 m by 500 m cell of the domain during the whole propagation. Two important implications arise 

from our tsunami simulations. First, is the ability of the Lansdowne Bank landslides to produce a tsunami 

able to reach New Caledonia coastlines 300 km away from the source within 35 minutes, as shown on 

Figure 13. Second, due to the dispersive effect, the maximum wave height at the New Caledonia shoreline 

is considerably smaller than the wave height in the source area (which is around 10 m). Of note is that the 

tsunami initial amplitude is strongly influenced by the slide behavior (speed, cohesion, run-out distance, 

etc.), thus the values shown here must be considered with care. In addition, it must be noted that the 

modelling has been performed considering the present day sea-level, and a smaller water depth would 

have significant consequences on our simulations. Nevertheless, the 500 m resolution of the D.E.M. is 

precise enough to include the New Caledonia lagoon and indicates that the amplitude of the wave due to 

the shoaling effect when entering the lagoon increases by a factor 2 to 3 (from 0.5 m in the open ocean to 
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1-1.5 m at the external barrier). It shows also that the main tsunami amplitude is not located directly in the 

failure direction but prefers to follow shallow bathymetry zones like the Fairway Ridge toward the South, 

probably due to the dispersion effect at greater depths, corresponding in this area to the New Caledonia 

Basin. An accurate study of potential landslide sources as well as a mapping of actual landslide scars 

should be done in the future to better estimate this underrated hazard. Regarding the effects of the external 

barrier reef, recent studies on submarine landslides along the Great Barrier Reef indicated that reefs 

would have a buffering effect on tsunami waves (Puga-Bernabéu et al., 2020). However, although these 

slides are similar in terms of volumes and geometry, in our case study the distance between the source 

and the external barrier reef of New Caledonia is much greater and implies that only very energetic low 

frequencies would reach the New Caledonian reef. Other studies demonstrated that, depending on the 

wave amplitude, wavelength and frequency, as well as geometry and roughness of the reef, the latter can 

have an amplification effect on tsunami waves (e.g. Kunkel et al., 2006; Fernando et al., 2008; Roger et 

al., 2014). In addition, other studies suggested that discontinuous barrier reefs (ie. with inlets), as it is the 

case in New Caledonia, lead to an amplification of tsunami heights and increased run-ups directly in front 

of inlets (Gelfenbaum et al., 2011; Le Gal and Mitaraï, 2020). Therefore, the use of more detailed 

bathymetric data close to the shore, reproducing particularly the coral reef barrier and its openings, would 

help to conclude on the protective role (or not) of these features against tsunami waves triggered by 

landslides especially along the western coast of New Caledonia, a priori sheltered from tsunami triggered 

by earthquakes all around the Pacific Ocean according to past events analysis (Sahal et al., 2010; Roger et 

al., 2019). 
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6. CONCLUSIONS 

New geophysical and geological data acquired during the SEDLAB cruise in 2018 show that the 

Lansdowne Bank is a partly drowned, isolated rimmed platform typified by diverse resedimentation 

processes along its edge and adjacent slopes evidenced by submarine canyons, channels and gullies. 

Surprisingly, no obvious sediment transfer axes across the reef rims (i.e. inlets), internal channels, tidal 

shoals or any clear current-related bedforms were imaged on the bank top. However, spectacular large-

scale margin collapses and slope failures have been imaged and are associated with km-sized fallen 

blocks, forming chaotic debris fields at the base of slope. These failures do not only destabilize the entire 

outer reef rim but possibly impact post-slide reef growth and offbank sediment transport. Determining 

preconditioning factors and triggering mechanisms for such bank edge and slope failure remains 

somewhat speculative, however, we emphasize the potential role of relative sea-level fluctuations as well 

as retrogressive erosion processes, yet the relative timing between slope morphologies and landslides 

remains unclear. External triggers such as seismic activity or oscillating waves during storm events are 

also envisaged. In any case, the possible interplay between margin collapse and slope bypass features is 

seen as a key parameter in the export of sediments from the isolated carbonate platform to the deepwater 

sedimentary basin. Finally, simplified modelling of the tsunamigenic potential of these submarine 

landslides suggests that mass wasting events should be taken into account when assessing natural hazards 

and risk in New Caledonia. 
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9. FIGURE CAPTIONS 

Figure 1: A. Regional location map of the study area in the SW Pacific Ocean. NZ: New Zealand; PNG: Papua New 

Guinea; AUS: Australia. B. Location map of the Lansdowne Bank area, on the northern extremity of the Fairway 

Ridge and Lord Howe Rise, around 300 km away from New Caledonia (NC). Yellow circles correspond to 

earthquakes referenced by the USGS in the study area (magnitude >3). Grey scale map corresponds to global 

seafloor topography (Smith and Sandwell, 1997). C. Bathymetric map around the Lansdowne Bank, showing newly 

acquired multibeam data by the SEDLAB cruise onboard French R/V Alis as well as compiled data from past cruises 

(in bright colors). Background data (pale colors) corresponds to global seafloor topography (Smith and Sandwell, 

1997). The grey arrow indicates the updip part of the channel-lobe system documented by Rouillard et al. (2017) 

and Pattier et al. (2019). 

 

Figure 2: Overview of multibeam bathymetry (EM1002), very high resolution seismic and sediment gravity cores 

acquired during the SEDLAB cruise. Locations of all figures provided in this paper are indicated, as well as those of 

bathymetric profiles of Figure 6 (numbered from 1 to 9).  

 

Figure 3: A. Shaded bathymetric map onto which only the shallow-water bathymetry (< 100 m deep) of the 

SEDLAB data has been color-coded to highlight the physiography of the bank top. Isobaths (10 m spacing) were 

tentatively drawn on the bank top based on SEDLAB data and SHOM (French Naval Hydrographic and 

Oceanographic Service) navigation maps. The dashed red line corresponds to the approximate position of the 

basement normal faults delimiting the northern slope of the bank. B. Bathymetric profiles across the bank (location 

on Fig. 2) displaying its typical concave-up topography as well as a deepening of the inner platform and eastern 

leeward reef rim toward the southeast. Note also the narrower and shallower character of the western and southern 

windward reef rim compared to its leeward counterpart to the north and the east. Pi: Pinnacle reefs (circled on the 

map). 

 

Figure 4: A. Very high resolution sparker seismic profile crossing the Lansdowne Bank from the NW to SE 

(location on Fig. 2). B. Line drawing interpretation of the above profile showing the first order stratigraphy imaged 

by the SPARKER comprising a poorly imaged, disrupted lower unit (U1, grey), a middle unit developed above a 
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highly irregular truncating surface (S1, red) showing channelized geometries as well as a thick depocenter on the 

southeastern part of the bank (U2, orange) and finally an upper unit (U1, yellow) characterizing the present day 

configuration with outer reef rims and subtabular geometries in the inner platform, delimited from U2 by a 

subplanar erosional unconformity (S2, blue). C. Details of the two main erosional unconformities S1 and S2 and 

typical seismic character of seismic units. Note the truncation by S2 of the infills of the S1 incision(s). D. Details of 

the southeastern margin of the Bank showing the border of the depocenter of unit U2, possibly as constructive 

prograding features. Note the backstepping trend of reefal facies (in purple) within U1. F3.1, F3.2 and F3.3 are 

seismic facies (see text for their description). 

 

Figure 5: 3D bathymetric views and sparker seismic profiles showing a continuous, flat morphology interpreted as a 

submerged reef level at ca. 70-80 mbsl on the uppermost slope of the Lansdowne Bank, in fore reef environments. 

Note the possible correlation between the terrace and the S2 unconformity in seismic data. Location of Figures A 

and C are provided on Fig. 2.  

 

Figure 6: Slope bathymetric profiles from the bank edge to the most distal extent of the SEDLAB data in key 

locations around the Lansdowne Bank, representative of slope profiles in the different margins (see Fig. 2 for profile 

locations). 

 

Figure 7: A. Close-up bathymetric map on an arcuate canyon head along the western slope of the Lansdowne Bank 

B. Same area than A where only the shallow water areas have been color-coded to highlight bank top morphologies, 

as well as the terrace at ca. 70 m bordering the bank edge. C. Close-up bathymetric map on canyon heads close to 

Nereus reef, on the western slope of the Lansdowne Bank. Note the partly buried blocks on the slope, typically 

within canyon interfluves D. Same area than Fig. C with color-coding of the bank edge bathymetry only. 

 

Figure 8: A. Bathymetric map of the southeastern part of the Lansdowne Bank, showing numerous gravitational 

features on the slope, including slope gullies, channels and canyons but also spectacular mass transport complexes. 

The latter are composed of slide scars evidenced by headscarps associated with fallen/transported blocks and debris. 

Locations of close-up figures 9 and 10 are provided. B. Surface morphological map showing erosional features (in 
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green), blocks and debris (in red) as well as the main failure headscarps. For descriptive purposes, this area has been 

subdivided into four areas (from A to D). 

 

Figure 9: A. Close-up bathymetric map on the western limit of area A. Note the spatial correlation between debris 

distribution and extent of headscarp A. B. Same area than A showing the distribution of reefal morphologies 

following arcuate alignments. C. Close-up bathymetric map on the southern part of area B, showing a complex 

source area with headscarps at different levels of the bank edge and slope, ahead of a channelised debris field (see 

text for details). D. Same area than C revealing a complete collapse of the reef crest by headscarps B1 and B2, as 

well as bank edge parallel reef alignments. 

 

Figure 10: A. Close-up bathymetric map on area C, showing several headscarps affecting both the bank edge and 

the slope, outsized (up to 1 km long) fallen blocks within an arcuate cluster contained with headscarp C2, as well as 

an individual canyon head reaching the upper slope section. B. Same area than A showing post-slide growth of the 

reef crest, as well as potential evidence for preferential sediment transfer axis suggested by a deeper channelised 

area with fewer reefs oriented towards the canyon head identified on the slope. C. Close-up bathymetric map on area 

D, showing angular outsized blocks, linear slope gullies and a canyon head with dentritic internal gullies reaching 

the middle to upper slope, but without any visible headscarps on the bank edge or slope. D. Same area than C 

showing bank edge perpendicular reef alignments but a lack of evidence for failures on the bank edge. 

 

Figure 11: Schematic diagram showing the simple methodology used to estimate volumes of material involved 

within individual mass transport complexes (example of area C). The pre-slide bathymetry was reconstructed by 

extrapolating slope profiles located immediately outside of the failure area. Uncertainty lies in the determination of 

the pre-failure location of the bank edge (i.e. distance “d”). The calculation of the elevation difference between the 

pre-slide bathymetry and the present day bathymetry highlights and quantify zones of “loss” or “gain” of material 

(cold to warm colors on the elevation difference maps, respectively). 

 

Figure 12: A. Schematic conceptual models for the bank edge collapse and slope failures emplacement of the 

southern Lansdowne Bank during a cycle of relative sea level fluctuation. See discussion for details. 
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Figure 13: Maximum tsunami wave heights map with an angle of failure = 70° clockwise from North (symbolized 

by the black arrow). The red star indicates the landslide source. Thin black lines represents the tsunami travel times 

(TTT) with an interval of 5 minutes.   
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Highlights 
 

 The Lansdowne Bank is a partly drowned, isolated carbonate platform of the SW Pacific. 

 Morphologies of the bank top and adjacent slopes have been investigated. 

 Spectacular bank margin collapses and slope failures are described.  

 Margin collapses can affect the entire external reef rim and influence subsequent reef growth. 

 Numerical modeling of the tsunamigenic potential of these slides has been performed. 
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