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Abstract

Large submarine landslides can have serious socioeconomic consequences as they

have the potential to cause tsunamis and damage seabed infrastructure. It is

important to understand the frequency of these landslides, and how that fre-

quency is related to climate-driven factors such as sea level or sedimentation

rate, in order to assess their occurrence in the future. Recent studies have pro-

posed that more landslides occur during periods of sea level rise and lowstand,

or during periods of rapid sedimentation. In this contribution we test these

hypotheses by analysing the most comprehensive global data set of ages for

large (> 1km3) late Quaternary submarine landslides that has been compiled

to date. We include the uncertainties in each landslide age that arise from both

the dating technique, and the typically larger uncertainties that result from the

position of the samples used for dating. Contrary to the hypothesis that conti-

nental slope stability is linked to sea level change, the data set does not show

statistically significant patterns, trends or clusters in landslide abundance. If

such a link between sea level and landslide frequency exists it is too weak to be

detected using the available global data base. It is possible that controlling fac-

tors vary between different geographical areas, and their role is therefore hidden
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in a global data set, or that the uncertainties within the dates is too great to

see an underlying correlation. Our analysis also shows that there is no evidence

for an immediate influence of rapid sedimentation on slope stability as failures

tend to occur several thousand years after periods of increased sedimentation

rates. The results imply that there is not a strong global correlation of landslide

frequency with sea level changes or increases in local sedimentation rate, based

on the currently available ages for large submarine landslides.
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1. Introduction1

Submarine landslides include the largest mass flows on Earth and can be2

far larger than landslides on land (Hampton et al., 1996). For instance, the3

Storegga slide offshore Norway has a volume of over 3, 000 km3, and covers an4

area larger than Scotland (Haflidason et al., 2004). For comparison, collapse of5

the Mt St Helens volcano in 1980 involved ∼ 3 km3 (Voight et al., 1985), whilst6

the annual global flux of sediment from rivers into the ocean is ∼ 11 km3 Milli-7

manSyvitski1992, Tallingetal2007. Submarine landslides can generate damaging8

tsunamis and therefore pose a significant geohazard. The Storegga slide pro-9

duced a tsunami that locally had ran up of 20m around the North Sea coasts,10

∼8100 years ago (Haflidason et al., 2005). A slump containing 5 − 10 km3 of11

sediment triggered a tsunami that killed 2200 people in Papua New Guinea12

in 1998 (Tappin et al., 2001). The landslides themselves can damage seafloor13

infrastructure, such as that used to recover oil and gas, or seafloor telecommu-14

nication cables that carry more than 95 % of the global internet traffic. Such15

cables were broken by a large submarine landslide and the flow of sediment it16

generated off Grand Banks, Canada, in 1929 (Piper and Aksu, 1987). Numerous17

hypotheses have been put forward for what causes large submarine landslides,18

including earthquakes, rapid deposition or gas hydrate dissociation (e.g. Maslin19
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et al., 1998; Stigall and Dugan, 2010; Masson et al., 2011). These hypotheses are20

poorly tested, and even less is known about the effect of other preconditioning21

factors such as fluid flow focussing in the slope (Dugan, 2012).22

23

It has been proposed that future climatic change and ocean warming may24

increase the frequency of large submarine landslides, such as through triggering25

by gas hydrate dissociation (Maslin et al., 1998; Tappin, 2010). It is there-26

fore important to know if past large landslides coincided with major climatic27

events, or were more frequent during periods of rising sea level. It is also im-28

portant to understand the timing of large submarine landslides to document29

their frequency and assess the hazard they pose, and to constrain the factors30

that precondition and trigger slope failure. The timing of landslides and factors31

such as sea level or sedimentation rate can potentially provide a test for failure32

mechanism hypotheses.33

34

Comparisons of landslide frequency with sea level have been undertaken pre-35

viously by Maslin et al. (2004), Owen et al. (2007), Lee (2009), and Leynaud36

et al. (2009), who used compilations of between 16 and 43 large submarine land-37

slides. All studies suggest an increased landslide occurrence during periods of38

glaciation and/or during glacial to interglacial transitions. Several other authors39

report an increased recurrence interval of submarine landslides from various ge-40

ographical locations worldwide during sea level lowstand and during sea level41

rise (e.g. Paull et al., 1996; Prins et al., 2000; Piper et al., 2003; Lebreiro et al.,42

2009; Henrich et al., 2010; Lee et al., 2010). These studies are largely qualitative43

and are not supported by any rigorous statistical analysis. Importantly, they44

do not take fully into account uncertainties in the determination of landslide45

ages. These uncertainties can be large, as illustrated by changes in understand-46
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ing of the age(s) of the Storegga slide. Early studies were based on three cores47

containing turbidites deposited in an adjacent depositional basin that had no48

physical connection to the Storegga slide scars. The slide was interpreted as a49

three-phase event, one of which was older than 30 ka (Bugge et al., 1988). This50

was then revised by later work that used a more extensive (> 90) core data51

set (Haflidason et al., 2005), to show that the slide was one main event that52

occurred ∼8,100 years ago. This significant change in age of the Storegga slide53

is cautionary, as many other slides are dated using small core data sets compa-54

rable to that originally used to date Storegga and similar scientific approaches55

to obtain landslide ages (e.g. Pearce and Jarvis, 1992; Wynn et al., 2002).56

57

Moreover, the age of a landslide is always accompanied by an uncertainty in-58

terval as the accurate age determination is complicated by a number of factors.59

The main uncertainty is typically related to the location of samples, not the60

uncertainty in the dating method, which is often radiocarbon dating. Samples61

for dating submarine landslides can originate from its source area (scar) or the62

depositional zone. They can be taken above the scar as well as above, below63

or within the landslide deposit (Fig. 1a-d). These dates usually provide mini-64

mum or maximum emplacement ages, rather than exact ages. Their proximity65

to the exact age depends strongly on sedimentology. For instance, the time66

gap between landslide and sample age will be large if the boundary between67

pre- and post-failure sedimentation is disturbed by along-slope sediment trans-68

port (deposition and erosion), subsequent minor scarp failure or bioturbation69

(Fig. 1g).70

1.1. Aims71

This contribution assembles a data set of ages for 68 large volume submarine72

landslides, of which 67 are previously published. The data set also includes new73
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radiocarbon dates for the Walker-Massingill slide in the Gulf of Mexico. The74

ages are derived by dating of the landslide itself, or by dating of the turbidite75

generated by a landslide. Only landslides (or turbidites) with volumes in excess76

of 1 km3 are included in this study. Each data point underwent a critical review77

to avoid interpretation errors and is assigned an individual uncertainty interval.78

79

The first aim is to address the following questions. Given the available ages80

for these landslides, and taking into account uncertainties in these ages, is there81

an association between sea level and the timing of seafloor failure? Does land-82

slide frequency vary significantly with sea level, or could the pattern of landslide83

ages be random and unrelated to sea level? We apply basic statistics to the data84

set and assess whether the impact of sea level cycles on landslide timing is as85

strong as previously suggested (Maslin et al., 2004; Owen et al., 2007; Lee, 2009).86

87

The data set is then subdivided to consider the frequency of landslides in88

different settings that comprise (i) glaciated margins, (ii) river-dominated sys-89

tems, (iii) sediment-starved margins, and (iv) the north-west African margin90

where there is an extensive data set. This is done to accomplish the second91

aim. Is there a significant association between landslide timing and sea level in92

particular subsets of the data?93

94

We then document available information on changes in sedimentation rate95

in the vicinity of these large volume landslides. Our third aim is to determine96

whether there is an association between periods of rapid sedimentation and the97

timing of landslides, and we analyse the temporal relation of peak sedimenta-98

tion rates and nearby large scale landslides. This analysis aims to understand99

whether there is a strong causal link between periods of rapid sedimentation100
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and landslides, as has been predicted by some previous models (e.g. Coleman101

and Prior, 1988; Leynaud et al., 2007; Stigall and Dugan, 2010).102

103

We conclude with a summary of the implications of this work for predicting104

the likely hazard posed by landslides (and landslide-tsunamis) in the future as105

sea level rises rapidly.106

107

This paper follows the terminology of Masson et al. (2006). The term ’land-108

slide’ is used as a generic term encompassing all forms of slope failure. The109

terms ’slide’, ’debris flow’ and ’turbidity current’ imply particular failure pro-110

cesses (Masson et al., 2006). Debrites and turbidites are deposits of the latter111

two processes.112

1.2. Climate change and slope stability113

A variety of factors has been proposed to impact on the stability of conti-114

nental slopes. One of these factors is sea level change associated with glacial-115

to-interglacial climatic cycles (Mulder and Moran, 1995; Maslin et al., 1998;116

Vanneste et al., 2006; Owen et al., 2007; Leynaud et al., 2009; Lee, 2009). Here,117

we analyse the direct and indirect links between eustatic sea level and slope118

stability. The eustatic (global) sea level curve is used (Waelbroeck et al., 2002),119

rather than local sea level curves for individual areas, because local sea level120

curves are not available for some areas. Moreover, local sea levels often reflect121

a combination of different processes in addition to sea level change, such as122

isostatic rebound, tectonics or sediment loading. Eustatic sea-level is therefore123

also a better proxy for large-scale climate changes, including changes in ocean124

temperature and circulation.125
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1.2.1. Deposition rates126

One factor often assumed as the driving mechanism for submarine landslides127

is high rates of deposition that cause overpressure in the sediment (e.g. Stigall128

and Dugan, 2010). This is because rapid sedimentation favours the retention of129

pore fluid, and development of high excess pore pressures. The amount of terres-130

trial sediment that is transported into the ocean is mainly controlled by weather-131

ing patterns in the hinterlands, which are subjected to glacial-interglacial shifts132

of climate belts. The interplay with many other factors, for example a regional133

time delay between climate-driven onshore changes and offshore deposition (e.g.134

Métiver and Gaudemer, 1999; Castelltort and VanDenDriessche, 2003) make the135

sedimentation histories of different continental margins variable (e.g. Nittrouer,136

2007; Covault and Graham, 2010).137

138

In high latitudes terrestrial sediment input is highest during glacial periods139

due to erosion at the base of ice sheets which then extend to the shelf edge140

(Vorren et al., 1998; Weaver et al., 2000; Rørvik et al., 2010). Across-shelf ori-141

ented ice streams drain the ice sheets and therewith provide effective transport142

of eroded material. Consequently, large depocentres of glacigenic sediments143

(trough mouth fans) develop in front of these ice streams. This process stops as144

soon as ice sheets retreat, leaving a minor terrestrial input to the ocean by melt-145

water and a significantly smaller sedimentation rate (Dowdeswell and Elverhøi,146

2002; Rørvik et al., 2010). Mulder and Moran (1995) suggest that not only147

elevated deposition rates at glaciated margins during glaciations but also the148

weight of the ice sheet causes excess pore pressure in the sediment.149

150

During glacial periods in moderate latitudes the ice was concentrated inland151

and did not reach the shelves (Clark et al., 2009). Large amounts of sediments152
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locked up in these ice sheets are released by meltwater discharge pulses during153

deglaciation (Lebreiro et al., 2009; Toucanne et al., 2012). At most mid-latitude154

continental margins deposition rates are thus highest at the end of a glacial, i.e.155

during the onset of sea level rise (e.g. Ducassou et al., 2009; Lebreiro et al.,156

2009; Bourget et al., 2011). This is also when most of the big river systems157

experience highest discharge rates (Covault and Graham, 2010). Contrarily, in158

some cases the rising sea level may also hamper the sediment coming off the159

shelf and sedimentation rates decrease (e.g. Nelson, 1990; Rothwell et al., 2000;160

Reeder et al., 2002).161

162

In low latitudes weathering rates in the hinterland change with climate shifts.163

River systems may be active or not depending on precipitation rates. The “Wet164

Sahara” is one example, which describes short pluvial phases with active river165

systems in an otherwise arid area (e.g. Pachur and Kröpelin, 1987).166

167

Hemipelagic sedimentation rates on continental slopes are generally highest168

during glacials due to increased productivity, regardless of latitude (Berger and169

Wefer, 1991). This pattern may change at large water depths (ocean dependent,170

typically between 3-5 km), in which the corrosivity of the prevailing bottom171

water controls the net-flux of phytodetritus to the seafloor (Berger, 1972). The172

provenance of such corrosive deep water currents varies spatially and temporally173

according to climate driven changes in global ocean circulation patterns.174

1.2.2. Location of depocentres175

Not only does the amount of terrestrial sediment delivered to the continental176

margin changes from glacials to interglacials, but also the location of its deposi-177

tion (Lee, 2009). In periods of low sea level large areas of the continental shelves178

are exposed and sediment deposition shifts seaward, by-passing the continental179
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slope, and towards the continental toe (Posamentier et al., 1992). This is critical180

as, when loaded, a slope has a higher potential to fail due to prevailing shear181

stresses than a nearly flat shelf where shear stresses are absent. During high182

sea level shelves are flooded and most continental slopes are disconnected from183

rivers or ice streams (Covault and Graham, 2010), limiting direct delivery of184

sediment to the continental slope and promoting deposition on the continental185

shelf. However, some river systems appear to be continuously active at all sea186

level stands, although with a reduced activity during sea level high stands (e.g.187

Monterey, Zaire, Covault and Graham, 2010).188

1.2.3. Stress changes189

Previous work has suggested that sea level fluctuations impact on slope sta-190

bility directly (Weaver and Kuijpers, 1983; Lee et al., 1996), as they alter the191

stress regime at the seafloor. It is important to understand that sea level fluc-192

tuations change hydrostatic pore water pressure (the weight of all the water193

above). This directly affects the total stress (the total load experienced at a194

point), which is the sum of the effective stress and the pore water pressure.195

The fraction of the applied load that is borne by the pore fluid is given by the196

loading efficiency α. For shallow marine sediments α = 0.97 (Liu and Flemings,197

2009), i.e. a change in total stress is almost entirely borne by the pore pressure198

(97 %) and the effective stress changes only slightly (3 %). Therefore, from a199

geomechanical point of view, the direct impact of changing sea level on slope200

stability is likely to be minimal.201

202

Free gas is affected more strongly by a change in sea level as it depends on203

total stress. If gas is present in the pore space during sea level fall, the pore204

pressure drops less than the total stress due to the high compressibility of gas205

and overpressure develops (Liu and Flemings, 2009). Contrarily, the effective206
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stress increases in gas bearing sediments when sea level rises.207

1.2.4. Isostatic adjustment208

When ice sheets retreat the Earth’s crust responds elastically to the loss209

of weight by isostatic rebound. This uplift is most rapid where the ice was210

thickest, such as in the centre of the continent, and gradually declines towards211

the continental margin (e.g. Milne et al., 2001), thereby causing steepening of212

continental slopes and decreasing their stability. However, this slope gradient213

increase is small; e.g. on the order of 0.1◦ for the Norwegian continental mar-214

gin. We calculate this using the total uplift of 0.76 km in the past 13 ka at the215

centre of uplift at the Swedish Baltic coast (Mörner, 1979), and a distance of216

about 400 km to the Norwegian continental slope, where the uplift is nearly zero.217

218

The crust also responds in a brittle manner to crustal stress changes by219

generation of earthquakes (Bungum et al., 2005). Seismic shaking can cause an220

increase in pore pressure as well as a decrease in the sediment’s strength and is221

therefore capable of triggering a submarine landslide (Biscontin et al., 2004).222

1.2.5. Bottom water temperature223

A change in global surface temperature is followed by a gradual and slow224

temperature change of the bottom water in the oceans and at the seafloor (e.g.225

Clark et al., 2009). A bottom water temperature increase leads to a downslope226

shift of the gas hydrate stability zone and will cause dissociation of hydrates227

at the base of the hydrated layer (Kvenvolden, 1993). However, Reagan and228

Moridis (2008) showed that in the case of thick hydrated layers in large water229

depths (> 600m), the released gas will migrate back into the stability zone to230

form hydrate again. If the layer is thin (in water depths < 600m) a temperature231

increase of as little as 1◦ C can cause the release of significant amounts of free232
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gas that can promote slope instability.233

234

During the retreat of ice sheets, hydrate destabilisation due to a temper-235

ature increase is counterbalanced by an increase in pressure due to sea level236

rise. Nevertheless, this stabilising effect is small and can only delay a release of237

methane, especially in shallow water (Kvenvolden, 1993; Reagan and Moridis,238

2008).239

1.2.6. Bottom water currents240

Strong intermediate and deep water bottom currents can erode sediment at241

the toe of the slope and therewith undercut and destabilise the slope (Hampton242

et al., 1996). A climate-ocean circulation link is widely accepted (e.g. Rahm-243

storf, 2002) and glacial-interglacial variability of bottom current strengths has244

been reported from various locations (McCave et al., 1995; Gröger et al., 2003).245

However, the way in which bottom current strengths are affected is complex and246

spatially variable, i.e. during glacials bottom currents can be stronger (Revel247

et al., 1996) or weaker (McCave et al., 1995; Gröger et al., 2003).248

1.2.7. Groundwater flow249

Groundwater seepage may contribute to excess pore pressures within a con-250

tinental slope (Locat and Lee, 2002). Drainage patterns depend on head dif-251

ferences between continental groundwater and sea level, which increase during252

sea level fall (Lee, 2009). In addition, DeFoor et al. (2011) show evidence that253

ice sheet meltwater infiltrated into the continental groundwater, and was dis-254

charged as submarine groundwater in the Greenland Shelf. The authors report255

a twofold increase in discharge rate during the Last Glacial Maximum compared256

to ice-free conditions.257
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1.2.8. Climate-independent causes258

Seismicity is generally controlled by tectonics and thus assumed independent259

of climate, unless associated with glacial loading or rebound. A trigger mecha-260

nism such as an earthquake would be expected to produce randomly distributed261

landslides. Exceptions are glaciated regions, where seismicity is controlled by a262

retreat of the ice sheet. Oversteepening due to salt doming or other tectonic ac-263

tivities as well as a stress-related collapse of mechanically weak layers are other264

climate-independent failure mechanisms.265

1.3. Dating submarine landslides266

Several approaches can be used to estimate the timing of submarine land-267

slides. The most appropriate strategy is to determine the age of the hemipelagic268

sediment that is (i) immediately overlying and/or underlying the landslide de-269

posit in sediment cores from the deposition zone, or (ii) overlying the landslide270

scar or surface along which sediment has been removed in sediment cores from271

the source area. Three methods are widely used for the age determination of272

hemipelagic sediment. The uncertainties involved with each dating method are273

firstly described, followed by (often larger) uncertainties arising from the loca-274

tion of the sediment samples within the core.275

1.3.1. 14C AMS276

14C Accelerator Mass Spectrometry (AMS) dating of microfossil shells is the277

most widely used tool to determine the absolute age of marine sediments younger278

than 50 ka (e.g. Thomson and Weaver, 1994). This method can date sediments279

to an age of up to 50 ka with typical measurement uncertainties of ±100 years.280

A calibration (e.g. Reimer et al., 2009) as well as a reservoir correction for281

conversion to calendar years is necessary (Lassey et al., 1990). These corrections282

vary both temporally and locally and are the main reasons for the uncertainty283
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of calibrated dates in marine sediments, which is typically in the order of ±500284

years. Bioturbation is another potential error source.285

1.3.2. Oxygen isotopes286

Oxygen isotope stratigraphy is the preferred method for dating marine sedi-287

ments older than 50 ka, and those with a low biogenic content (Prell et al., 1986).288

The amount of 18O/16O in hand picked calcareous shells of microorganisms is289

measured in a mass spectrometer and the resulting isotope record has a domi-290

nant glacial-interglacial signal (Shackleton and Opdyke, 1973). The relationship291

of this isotope record to age is obtained by orbital tuning (e.g. Imbrie et al.,292

1984). The isotope content is measured preferably on benthic foraminifera as,293

while alive, they were subjected to a much smaller range of temperature due to294

relatively stable deep water temperatures (Shackleton and Opdyke, 1973).295

296

Uncertainties in this method may arise from bioturbation that mixes foraminifera297

up or down the core. For instance, Hutson (1980) reports a 4.5 ky uncertainty for298

oxygen isotope stratigraphy due to bioturbation at oxygen isotope stage bound-299

aries. Uncertainties will be higher for cases with relatively low abundance or300

variations in abundance of the species on which the isotopes are measured (Hut-301

son, 1980). Differences within one species, as well as physiological differences302

between different species, may also result in different 18O/16O ratios. Moreover,303

below a certain water depth (ocean dependent, typically between 3−5 km), the304

carbonate in foraminifera shells begin to dissolve (Berger, 1972). At ages older305

than the 14C range (50 ka) the isotope record is tied in to absolute ages by306

orbital tuning which can introduce maximum errors of about 5 ky (Martinson307

et al., 1987). If an uncertainty range is not given in the original publication,308

information on the data in such detail that would allow to estimate the indi-309

vidual uncertainty range is often not provided either. Thus, there is a need for310

13



a uniform uncertainty range which takes into account all possible uncertainties311

named above. For the purpose of this study, we thus assume uncertainties in-312

volved with oxygen isotopes to be about 5 ky for the period 0-50 ka, and about313

10 ky for older samples. This is a trade-off between conservative and consis-314

tent uncertainty estimation, as especially for dates younger than about 5 ky the315

uncertainties can be lower.316

1.3.3. Biostratigraphy317

Biostratigraphic methods are indirect dating methods based on the identifi-318

cation of micro- or nanofossils in the sediment. A biozone (interval of geological319

strata) is assigned according to the prevailing taxons. The definitions of such320

biozones, the determination of statistically comparable counting techniques and321

the identification of fossils for biostratigraphy are often subjective, and are all322

potential sources of uncertainty. Additional error sources include the reworking323

of fossils (Sadler, 2004) and uncertainties at zone boundaries resulting from dif-324

fuse transitions between biozones (Jasko, 1984). The length of the uncertainty325

interval strongly depends on the frequency of individual species in the sediment326

and thus can vary largely between sites. Therefore, no universal error can be327

estimated and we use the uncertainties assigned by the original authors. One328

example method is the calcareous nanofossil stratigraphy introduced by Weaver329

(1994) which is based on the analysis of ratios of different species of coccoliths.330

Used in conjunction with oxygen isotope stratigraphy Weaver (1994) suggests331

an accuracy of a few thousand years.332

1.3.4. Uncertainties due to sample locations333

By far the largest source of uncertainty originates from the positioning of334

the sample in the sediment core relative to the landslide deposit or scar. Ideally,335

samples are taken from hemipelagic background sediment deposited after the336

14



event (Fig. 1a, b) to provide a minimum landslide age. For cores retrieved from337

the depositional zone samples may also be taken from the hemipelagic sediment338

deposited before the event (Fig. 1c) to provide a time bracket for the maximum339

landslide age. The sample is preferably taken very close to the landslide de-340

posit or scar, whilst at the same time avoiding sediment mixing by bioturbation341

or bottom currents (Fig. 1g). This method is favoured by rapid sedimentation342

rates, and is more problematic in areas with low sedimentation rates. The time343

interval between deposition of the sediment from which the sample is taken and344

the actual event should be calculated based on local sedimentation rates and345

added or subtracted to the estimated age of the sample. Uncertainties arising346

from this interpolation can be large, especially when accumulation rates are low347

or unknown (Fig. 1e), but can be reduced by taking several samples to better348

constrain the sedimentation rate history (Fig. 1b, e).349

350

Samples taken above the landslide scar or deposit (Fig. 1a) can give an age351

that is too young if the samples are located on a local high within a geometri-352

cally irregular deposit. Post-failure sedimentation on a local high in a hummocky353

deposit can result in a local reduction in sedimentation rate, or even a hiatus354

(Fig. 1f). Samples taken above the landslide deposit can also return an age older355

than the actual emplacement age. This occurs if the landslide deposit carries356

abundant microfossils that are affected by bioturbation and reworking of this357

deposit (Fig. 1g). On the contrary, if the landslide deposit has low carbonate358

content, the contamination by bioturbation is less important. It is generally359

best to obtain multiple dates in the sediment that drapes a landslide, such that360

the accumulation rate can be used to extrapolate a more precise age for the361

upper surface of the landslide (Fig. 1b, e).362

363
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Samples taken below the landslide deposit (Fig. 1c) can return much older364

ages than the emplacement age. This is because the base of the landslide is365

likely to erode underlying background sediment, and the uncertainty depends366

on the depth of erosion.367

368

Dating the landslide deposit itself (Fig. 1d) gives a maximum age for the369

failure. However, the uncertainty can be large due to reworking of the failed370

material, because the landslide can contain relatively old material.371

372

Uncertainties resulting from the relative position of samples and landslide373

deposit in the sediment are relatively difficult to quantify. It can be reduced374

by extrapolating accumulation rates using multiple dates in the drape above a375

landslide, especially in locations with rapid sedimentation, or by having samples376

from many cores (e.g. Haflidason et al., 2005, for the Storegga slide). Ages that377

are consistent with multiple dating techniques may also be considered to be378

more robust.379

1.3.5. Uncertainties if landslide has multiple depositional lobes or headwalls380

Depositional lobes characterise the downslope ends of many submarine land-381

slides (O’Leary, 1991). In some cases several lobes are mapped which could have382

been created successively during one event, as in the Storegga slide (Haflidason383

et al., 2005). However, they could have also been emplaced at longer time in-384

tervals and thus represent several separate events (Georgiopoulou et al., 2009;385

Förster et al., 2010). It is therefore important to take cores from all lobes in386

order to correctly interpret the timing of the events and to understand their387

temporal evolution. This is not always the case and increases the level of uncer-388

tainty. For instance, four depositional lobes are observed in the Trænadjupet389

slide area (Laberg et al., 2002b). Although radiocarbon ages have only been de-390
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termined for one of the lobes, the slide has been interpreted as one single event391

(Laberg et al., 2002a,b). The same principle holds if a landslide area shows392

multiple headwalls. Ideally, cores need to be taken from all scars to constrain393

the timing between single events.394

395

These error sources are not predictable and are therefore not included in any396

error estimations. Consequently, uncertainties for submarine landslide ages are397

always conservative.398

2. Data and methods399

A data base is established, which collates ages of submarine landslides. Ex-400

cept for one landslide (Walker-Massingill slide in the Gulf of Mexico), the es-401

timated ages and/or radiocarbon dates have been published previously. We402

calculate actual emplacement ages from the available data and develop meth-403

ods for determining uncertainty intervals for ages obtained with the 14C method.404

The methods used to analyse the data base is explained in this section.405

2.1. Criteria for inclusion in the data set406

The data set only contains submarine landslides worldwide for which reli-407

able ages are available. Only open continental slopes are within the scope of this408

paper. Volcanic island failures are omitted because they may involve subaerial409

material and have specific failure mechanisms (Masson et al., 2002). Only case410

studies in which ages were obtained by radiocarbon 14C AMS measurements or411

by applying a combination of several methods (e.g. biostratigraphy and oxygen412

isotopes or bio-, magneto- and seismic stratigraphy) were accepted.413

414

The data base also includes large turbidites with volumes > 1 km3, which415

increases the size of the data base significantly. Large volume turbidites in deep416
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sedimentary basins have been used as proxies for landslides on the adjacent417

continental slope (Talling et al., 2007). Moving down the continental slope a418

submarine landslide may undergo progressive disintegration and can eventually419

turn into a density flow that is deposited several hundred kilometres away from420

the source (e.g. Masson et al., 2006). The 1929 Grand Banks event, where a421

seismically triggered landslide evolved into a turbidity current, is a seminal ex-422

ample (Piper and Aksu, 1987). Nevertheless, density flows can also be initiated423

by flood discharges from rivers (Mulder and Alexander, 2001). These flows are424

usually small, considering that the mean annual discharge of all rivers world-425

wide is 2 · 1013 kg (Milliman and Syvitski, 1992), or about 11 km3, assuming a426

density of 1800 kg/m3 (Baas and Best, 2002). Canyon levee system turbidites427

(e.g. Lebreiro et al., 2009; Henrich et al., 2010) are likely dominated by river428

input and are thus omitted here.429

2.2. Real emplacement ages430

Ages obtained from radiocarbon dating of material above (Fig. 1a, b) or be-431

low (Fig. 1c) the landslide deposits do not always provide the real emplacement432

date as the sample is usually taken at some distance from the failed material.433

Hemipelagic sedimentation rates at the location of the specific core are needed434

to interpolate the sample age to the age of emplacement.435

436

The emplacement age equals radiocarbon age + dsf

sr , where dsf is the dis-437

tance in the core between the radiocarbon sample and the failure deposit and438

sr is the sedimentation rate. In the case of a single radiocarbon age obtained439

below the landslide deposit hemipelagic sedimentation rates have to be inferred440

elsewise, e.g. from other cores nearby or regional rates, and the emplacement441

age is calculated by radiocarbon age − dsf

sr . All radiocarbon ages are calendar442

dates after calibration with Marine09 (Reimer et al., 2009) and delta-R = 0. As443
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the measurement error of the 14C AMS method is small compared to the un-444

certainty from the location of the sample relative to the landslide deposit and445

potential variations in the sedimentation rate, we do not take into account the446

measurement error and use the mean calibrated age. The age obtained assumes447

no erosion during emplacement. If measurements from several cores are avail-448

able and the ages are similar, then the arithmetic mean of all samples is used in449

order to average out uncertainties. However, in the case of considerably differ-450

ent ages, the oldest date for samples above the landslide and the youngest for451

samples below the landslide are used.452

453

For landslide ages obtained by oxygen isotope stratigraphy it is not necessary454

to calculate the real emplacement age as the isotope curve ideally is a series455

of closely spaced measurements that interpolates ages down to the landslide456

deposit. In the case of biostratigraphy the assignment of real emplacement457

ages is generally not possible because biozones rather than absolute ages are458

determined.459

2.3. Uncertainty estimation for emplacement ages obtained by 14C460

As the technical error with the 14C AMS method is small, the main uncer-461

tainty in dating submarine failures arises from estimating sedimentation rates462

needed to calculate real emplacement ages. Sedimentation rates are usually ob-463

tained by linear interpolation between two 14C ages, i.e. dividing the distance464

by the age difference between these two samples, or between a 14C age and the465

seafloor with an age of zero. Ideally, several radiocarbon ages are available in the466

hemipelagic sediment above the landslide deposit (Fig. 1b) as the sedimentation467

history can be determined with a higher resolution and changes in sedimentation468

rates can be detected (Fig. 1e, open circles). If these values vary significantly,469

the sedimentation rate from the interval closest to the failure deposit is chosen.470
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If only one age above the deposit is available (Fig. 1a), a linear sedimentation471

rate from the seafloor to the sample must be assumed (Fig. 1e, filled circles).472

Consequently, both the errors for the 14C measurements and an uncertainty473

due to simplification of sedimentation rate propagate into the final sedimen-474

tation rate that is used for the age estimate of a submarine landslide. Errors475

can be especially large when time and distance for the interpolation are large476

and sedimentation rates change within short periods (Fig. 1e). We take these477

uncertainties into account by assuming that sedimentation rates may vary by a478

factor of four. A four-fold change in hemipelagic sedimentation rate over time479

is frequently observed in sediment cores used in this study (Tables 1-4 and 6 in480

Supplement). Accordingly, if the radiocarbon sample was taken above the fail-481

ure deposit, the minimum age, i.e. the lower bound of the uncertainty interval,482

is calculated by radiocarbon age + dsf

sr·4 , and the maximum age, i.e. the upper483

bound of the uncertainty interval, correspondingly by radiocarbon age + dsf
sr
4

.484

Hence, the longer the distance between sample and failure deposit, the longer485

is the uncertainty interval. Low sedimentation rates enhance this effect.486

487

The aforementioned method is applied to case studies in which minimum488

radiocarbon ages were available, such that the sample was taken from above489

the landslide deposit. If additional maximum ages were measured either from490

material within or below the landslide deposit and the results provide an age491

younger than the maximum age determined by the method described above, the492

latter age is discarded and the measured age accepted. If more than one age493

estimate is available the maximum and minimum ages for each age estimate are494

calculated. The overall uncertainty interval and the emplacement age for the495

particular event is then obtained by taking the arithmetic mean of all samples.496
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2.4. Global sea level as proxy for global climate497

The global mean sea level is used here as an analogue of global climate498

and environmental changes. The sea level curve used here is based on ben-499

thic foraminifera isotopic records (mean ocean δ18O) and displayed relative to500

present sea level (Waelbroeck et al., 2002).501

2.5. Continental slope accumulation rates502

Accumulation rates are not only important for dating marine landslides but503

may also directly impact on slope stability (Stigall and Dugan, 2010). Therefore504

we compare the timing of submarine landslides to pre-failure sedimentation rates505

from the continental slopes where the landslides originate. Sedimentation rate506

estimates are not always available from ideal locations proximal to the headwall.507

Cores used to determine these rates may originate from different locations on508

the slope and thus record different rates of sediment input. We acknowledge509

the uncertainties in these estimates of accumulation rates near the landslides.510

However, the values show whether the margin is subject to high (> 5 m/ky),511

intermediate (0.5-5 m/ky) or low (< 0.5 m/ky) sedimentation rates. Relative512

trends in sedimentation rates such as increases and decreases are likely to be513

synchronous across and are likely to affect the whole continental slope so that514

correlation of changes in sedimentation rates to timings of landslides within one515

region are still relevant.516

2.6. Data presentation and statistics517

Large and irregular uncertainty intervals along with a bias towards younger518

ages limit a statistical analysis of landslide ages. We therefore analyse the data519

set both qualitatively and by using basic statistical tests.520

521
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The frequency distribution of the data is shown by histograms. We found522

that the duration of the histogram bins (e.g. 1 ky, 2 ky, or 5 ky) is important523

because it may change the shape of the histogram. Histogram bins must be524

long enough to cater for uncertainties in the data. However, shorter bins are525

needed to see of landslides occur during shorter lived fluctuations in sea level.526

We therefore analyse histograms with a range of bin durations, which are 5 ky,527

2 ky and 1 ky.528

529

For each bin duration, two histograms are calculated. One histogram is530

based on the best estimate age and ignores the uncertainty in that ’best guess’531

of landslide age. The second histogram is calculated by taking into account the532

uncertainty interval and ignoring the best estimate age. It is assumed that the533

probability of the landslide is evenly distributed over the uncertainty interval,534

regardless of the best estimate age. This process is illustrated by considering an535

event with an uncertainty interval ranging between 3-7 ka BP, and a bin dura-536

tion of 2 ky. The landslide will be assigned as 0.25 to the 2-4 ka bin, 0.5 to the537

4-6 ka bin and 0.25 to the 6-8 ka bin.538

539

It is also important to test if the data set is randomly distributed through540

time or if it has any statistically significant peaks, clusters or trends. A model541

of randomness is provided by the Poisson distribution. The χ2 test can be used542

to assess the goodness of fit of the data set to the Poisson distribution (Swan543

and Sandilands, 1995). As a temporal process is tested, the data is split into544

time intervals of certain lengths (identical to histogram bins as described above)545

and the number of bins containing a certain number of landslides (j=0...10) is546

counted (Oj). We then calculate the expected number of bins (Ej) containing547

certain numbers of landslides (j) according to a Poisson model with the same548
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total number of events (n) and histogram bins (T , the ratio of the total length549

of the data set [ky] and the bin size [ky]) as in the landslide data set:550

Ej = T · e
−n
T ·

( n
T )j

j!
(1)

We thus obtain an expected number of histogram bins (Ej) with j = 1...10551

landslides (also termed class), which can be compared to those numbers observed552

in the landslide data set using the χ2 test. The χ2 test is not valid if Ej is small.553

There is no general convention on the minimum Ej in one class but a value of554

five is often used (Swan and Sandilands, 1995). Classes with Ej < 5, can be555

eliminated by combining two or more classes together. The resulting number of556

valid classes k is used in the χ2 test:557

χ2 =
k∑

j=1

(Oj − Ej)2

Ej
. (2)

As the Poisson distribution has one parameter, the number of degrees of freedom558

ν is given by k− 2. If the resulting value of χ2 is small, the observed number of559

histogram bins containing j = 1...k landslides is close to the expected number.560

Thus, if the critical χ2
crit value within a 5 % or 10 % level of significance exceeds561

the resulting χ2 then the data set resembles a Poisson distribution. The test is562

only conducted for histogram bin lengths of 2 ky and 1 ky because calculations563

for 5 ky bins fail the Ej >= 5 criterion. Furthermore, this analysis can only be564

applied to a data set that is free from sampling bias.565

566

We also visually test if peaks and clusters in the landslide frequency are sig-567

nificantly different to those obtained in random distributions. As a measure for568

abnormally high peaks we analyse the maximum number of landslides in a bin.569

The maximum difference in number of landslides between two neighbouring bins570

23



will provide information about whether these large peaks cluster within sets of571

high peaks, i.e. describing a trend, or if they occur as single peaks surrounded572

by bins containing comparatively small numbers of landslides. The number of573

neighbouring bins containing more than the average number of landslides in a574

bin is used as a measure of clustering in the data. The average numbers are575

calculated by dividing the number of total events by the number of histogram576

bins, i.e. there will be six 5 ky bins within a 30 ky long data set. A compar-577

ison of these characteristics to those of a randomly distributed sample allows578

a judgement of the significance of these different characteristics. To do so,579

probabilities for each characteristic are computed using 1000 sets of computer580

generated random numbers with the same sample size and time frame as in the581

original landslide data base.582

2.7. Subdivision into depositional systems583

In addition to analysing the entire data set we further investigated sub-584

groups that are characterised by fundamental differences in their depositional585

environment. The reason for the subdivision is that changes in sea level and586

climate are likely to impact different depositional environments in different ways.587

588

Glaciated margins are thought to be strongly influenced by climatic cycles589

due to the direct influence of a growing and shrinking ice sheet and a significantly590

higher sediment input during glacials (Owen et al., 2007; Lee, 2009). In contrast,591

most river deltas experience the highest sediment input during deglaciation (sea592

level rise) or lowstands (Covault and Graham, 2010). As rivers effectively trans-593

port terrestrial sediment (Milliman and Syvitski, 1992) this subset of river fan594

systems is also characterised by generally high deposition rates (> 1 m/ky).595

596

A third subset comprises stretches of continental margins characterised by597
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rather low sediment deposition rates (<1 m/ky). This includes areas that have598

not been affected by ice sheet coverage, are located away from major river fan599

systems, or have experienced strong bottom currents that prevent sediment de-600

position. This subset, referred to here as ’sediment-starved continental margins’601

includes for instance the north-west African, the south-east Australian and US602

east coast margins. However, there might be an element of the river fan sys-603

tems subset in this group, as rivers are dynamic systems and highly influenced604

by local climate in the hinterland. Although virtually no rivers are known from605

the Sahara today, there is strong evidence for the existence of paleorivers (e.g.606

Pachur and Kröpelin, 1987).607

608

Data from the north-west African margin is also taken as a separate group.609

This data set is unusually extensive and contains several very large landslides610

mapped along the continental slope as well as turbidity currents from the same611

sediment-starved area.612

2.8. Limitations613

2.8.1. Bias due to limited core penetration614

In some cases scientific drill cores provide information about old buried land-615

slides (e.g. Maslin et al., 1998), although only few landslides haven been drilled.616

Therefore, the majority of submarine landslides in the data set are sampled by617

box, piston or gravity corers. These devices have a limited penetration depth618

(< 30 m) which strongly depends on the nature and fabric of the sediment.619

Thus, the material obtained only covers a short time interval, especially in ar-620

eas of high sedimentation rates such as in river fans. In many cases the core does621

not penetrate the entire failed mass, so that deeply buried landslide deposits are622

not sampled. Cores in turbidite systems sometimes recover several sequences of623

landslide deposits (Table 1 and references therein), but even then the recovery624
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is limited. Table 1 summarises the age limits and maximum penetration depths625

for several turbidite studies. This data shows that in most cases the cores date626

back no further than ∼30 ka BP, which corresponds roughly to the onset of the627

Last Glacial Maximum (LGM). It is therefore not possible to evaluate the fre-628

quency of landslides which occurred before the LGM.629

630

Due to the bias towards younger landslides, we use a cut-off age of 30 ka.631

We assume that landslides younger than 30 ka are in most cases unaffected by632

this sampling bias (Table 1). Exceptions may occur in environments with rapid633

deposition of coarse sediment, such as trough mouth fans, where cores rarely634

penetrate beyond ∼15 ka (e.g. King et al., 1998; ÓCofaigh et al., 2001; Laberg635

et al., 2002b), contributing to a regional bias (as discussed below). Following636

Yokoyama et al. (2000), the 30-0 ka BP period covers parts of the last sea level637

fall (30-22 ka BP), the lowstand during the LGM (22-18 ka BP), the rapid sea638

level rise (18-6 ka BP) as well as the modern highstand (6-0 ka BP).639

2.8.2. Regional bias640

Continental slopes in the different subsets may be scientifically investigated641

to varying levels of detail. This can be due to difficulties in accessibility, for642

example in regions that are permanently covered by ice. Large parts of the643

Antarctic continental slope and the margins surrounding the Arctic Ocean re-644

main unexplored. River deltas are often close to good infrastructure on land645

and host hydrocarbon reservoirs, so the data base for these settings may be646

relatively good.647

2.8.3. Short term and local climatic events648

Whereas global and local climate changes are often reconstructed to annual649

resolution based on ice cores, tree rings, lake varves, etc., few submarine land-650
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slide has a comparable resolution. The timing of the Storegga slide coincides651

with a local temperature drop of 3◦C that lasted no more than 100 years (Daw-652

son et al., 2011). However, taking into account the uncertainty interval of the653

Storegga event, which is as low as 55 years (Bondevik et al., 2012), we can-654

not exactly determine whether the slope failed during the temperature fall, the655

temperature low or the subsequent temperature rise. Thus, even the age of the656

best dated slide in the world is not good enough to allow comparison to short657

term climate fluctuations. Local sea level curves can also differ significantly658

in magnitude (Raymo and Mitrovica, 2012) as well as in phase (Owen et al.,659

2007) from the global mean sea level. The analysis presented here only takes660

into account global sea level changes and ignores local and short term climatic661

fluctuations.662

3. Results663

3.1. Landslide age data base664

The data base contains 68 landslides, the geographic locations of which are665

shown in Fig. 2. Table 2 lists all landslides with their minimum, maximum and666

most likely age rounded to the nearest ten years. A brief summary of the data667

on which each landslide age is based on, how uncertainty intervals were obtained668

for individual failures and sedimentation rates in the vicinity of the respective669

failure is provided in the supplement to this article.670

671

Several landslides were rejected from the data base, although some of these672

were included in previous landslide age compilations (e.g. in Owen et al., 2007;673

Lee, 2009). The Canadian abyssal plain turbidites (Grantz et al., 1996), Afen674

slide (Wilson et al., 2004), Rockall bank slump (Flood et al., 1979) and north675

Faeroe slide complex (van Weering et al., 1998) were rejected due to inconsis-676
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tent 14C dates. Landslide ages inferred from sediment thickness and nearby677

sedimentation rates, such as for the Andøya slide (Laberg et al., 2000), Peach678

2 and 3 debris flows (Holmes et al., 1998), Currituck slide (Prior et al., 1986)679

and Amazon shallow E debris flow (Maslin et al., 2005), were omitted as well.680

Some turbidite systems such as in the Ulleung basin (Lee et al., 2010) had to681

be excluded from the data set despite their well constrained ages as no volume682

estimates are available.683

3.2. Data base analysis684

The age constraints for 68 submarine landslides with volumes > 1km3 were685

found suitable for subsequent analysis (Table 2, Fig. 3). The most recent slide in686

the data base is the Trænadjupet slide (4.22 ka), while several turbidity currents687

are younger, e.g. the Grand Banks event that happened in 1929 AD. The oldest688

event is the Cape Blanc slide off north-west Africa (135-175 ka). Out of the689

total 68 landslides in the data set, 32 occurred since the LGM and 41 in the690

past 30 ka. The data base contains predominantly younger landslides because691

of the 50 ka limit of radiocarbon dating as well as the limited availability of692

long cores that sample deeply buried landslide deposits. We determine the693

quality of the age estimate for individual landslides by taking into account the694

number of samples and cores as well as the methodology based on which the695

age was determined, the quality of the sedimentation rates and the number of696

existing lobes and headwalls that were sampled. In this data base two entries697

have a very good (Grand Banks, Storegga), two have a good (Balearic Abyssal698

Plain, Madeira Abyssal Plain ’a’), six have an intermediate and 58 have a low699

quality age control. The age range between minimum and maximum ages, i.e.700

the uncertainty interval, can be large (up to 61 ky). The average uncertainty701

interval for all entries in the data base is 10.4 ky, and is 3.8 ky for those younger702

than 30 ka.703
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3.2.1. Visual evaluation704

We separate the sea level curve shown in Fig. 3 into five intervals: Sea level705

rise and highstand during termination II (136-122 ka BP), sea level fall (122-706

22 ka BP), sea level lowstand during the LGM (22-18 ka BP), sea level rise after707

the LGM (18-6 ka BP) and the modern highstand (6-0 ka BP). Taking uncer-708

tainties into account, 22 events lie fully within a period of rising sea level. Ten709

events can be assigned to sea level fall and five events occurred during sea level710

highstand. Almost half of the ages in the data set (31) have uncertainties that711

span over one or more sea level transitions and therefore cannot be directly at-712

tributed to a particular sea level stand. When uncertainties are ignored and the713

best estimate ages are used, the data set contains three entries for the 14 ky long714

penultimate period of sea level rise (frequency of 0.21 failures/ky), 25 entries for715

the 100 ky long period of overall falling sea level (0.25 failures/ky), six entries716

during the 4 ky long LGM (1.5 failures/ky), 25 entries for the 12 ky period of717

sea level rise after the LGM (2.08 failures/ky) and seven entries for the last 6 ky718

(1.17 failures/ky).719

720

Fig. 4 shows a histogram representation of the data set with a histogram721

bin length of 5 ky. The number of landslides older than the LGM (> 22 ka)722

is comparatively low and three landslides occur within a 5 ky bin at most. As723

uncertainties are high for old landslides we analyse the uncertainty histogram724

(open bars) and find that histogram peaks coincide with sea level lowstand (140-725

135 ka, 115-105 ka BP), highstand (125-120 ka, 45-35 ka BP) or rising sea level726

(85-80 ka, 65-60 ka BP). For the past 30 ka uncertainties are generally smaller727

and the analysis is based on the histogram using best estimate ages. The his-728

togram is nearly bell-shaped with a maximum of ten events within a single 5 ky729

bin during the maximum rate of sea level rise. During the preceding sea level730
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lowstand as well as the following modern highstand less failures occurred.731

732

Figs. 5a and 5b represent the same data base with smaller histogram bin733

lengths of 2 ky and 1 ky, respectively. This representation is particularly useful734

for the past ∼ 30 ka as the data base is more comprehensive, age errors are735

smaller and the sea level changed rapidly. A quiet period in terms of landslide736

occurrence can be identified when sea level rise comes to a halt with only four737

landslides during 6-1 ka BP. The bell-shaped curve covering a large part of the738

period of sea level rise since the LGM seen in Fig. 4 appears not as a curve739

with one maximum but rather with two maxima during early sea level rise740

(18-16 ka BP) and when sea level rise was in full progress (11-9 ka BP). During741

the early stages of the LGM (22-20 ka BP) a comparatively high number of five742

landslides occurred, followed by a drop to only one landslide in the 20-18 ka743

interval.744

3.2.2. Statistical analysis of non-biased data (0-30 ka BP)745

The part of the data base covering the past 30 ka is assumed free of sampling746

bias (see section 2.8.1). The 30-0 ka BP period comprises 40 events. Because no747

bias is involved, at least in terms of core depth penetration, this subset can748

undergo statistical tests.749

750

The data set’s fit to a Poisson model is tested using a χ2 test. The Poisson751

model describes a frequency distribution of random data. The H0 hypothesis752

states that the landslides in the data set fit the Poisson model and thus are ran-753

domly distributed through time, which is accepted when the calculated value754

for χ2 is smaller than the critical χ2 value. The number of histogram bins that755

contain 0 to 10 landslides are counted (grey lines in Fig. 5c) and compared to756

the number of expected bins for a Poisson distributed sample (black lines in757
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Fig. 5c). This is done for bin lengths of 1 and 2 ky. The 1 ky binned landslide758

data (dashed lines in Fig. 5c), in particular, is in good agreement with the ar-759

tificial data, which follows the Poisson distribution (R2 = 0.98). The 2 ky bin760

landslide data has more spikes than the smoother artificial sample (R2 = 0.32).761

The χ2 test returns values of 0.951 and 0.043 for 2 ky and 1 ky binned land-762

slide data, respectively. These are well below the critical value of 5.991 (5 %763

significance with two degrees of freedom). Increasing the level of significance to764

10 % yields a critical value of 4.605. Even with such a high level of significance,765

the critical values exceed the calculated χ2. Therefore, the H0 hypothesis is766

accepted and the timing of landslides resembles a Poisson distribution, i.e. the767

occurrences of landslides over time are very similar to randomly distributed data.768

769

Fig. 6 shows the probability for the maximum numbers of landslides that can770

occur within one histogram bin (Fig. 6a, d, g), the maximum difference in num-771

bers of landslides between two neighbouring bins (Fig. 6b, e, h) and the number772

of neighbouring bins containing more than seven (Fig. 6c), four (Fig. 6f) and773

three (Fig. 6i) events in randomly distributed samples in bins of 5 ky (Fig. 6a-c),774

2 ky (Fig. 6d-f) and 1 ky (Fig. 6g-i). The arrows mark the position of the land-775

slide data set. The maximum number of landslides in the data base agrees very776

well with the maximum number of events that are likely to occur in random777

distributions (Fig. 6a, d, g). The maximum difference in the numbers of land-778

slides between neighbouring histogram bins in the data set also conforms with779

those expected in random distributions (Fig. 6b, e, h). Therefore, the height of780

peaks in the original data set is not significant. Their appearance in clusters or781

single peaks could also originate from a random distribution. Only the number782

of neighbouring bins containing more than average landslides in the landslide783

data set exceeds the most likely number by one in the 5 ky and 2 ky binned784
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histograms (Fig. 6c, f). However, the probability of these higher values is still785

larger than 10 % and the occurrence is comparatively likely.786

787

In summary, the temporal distribution of landslides resembles a Poisson788

distribution and is relatively easily reproduced by a random number generator.789

Therefore, any observed peaks and clusters as identified from Fig. 4 are not790

statistically significant.791

3.2.3. Timing of failures in different depositional systems792

Fig. 7 shows histograms of the data set divided into three sets of different793

sedimentation environments (Fig. 7a-c) as well as one regional subset (Fig. 7d)794

representing slides off the north-west African coast. The histogram bin length795

is 5 ky in all plots.796

797

Out of the total 68 landslides 15 occurred at glaciated continental margins798

(Fig. 7a). The single events are nearly evenly scattered from 140 ka BP to recent799

without any periods of significantly increased landslide frequency or outstanding800

peaks. This is evident in both the histogram based on best estimate ages and801

the histogram that includes uncertainties. Landsliding seemed to have occurred802

during all sea level conditions.803

804

The relationship between landslide frequency and sea level is different for805

landslides in river fans and systems with large sedimentary input (Fig. 7b). The806

36 events in this group span over a period from 115 ka BP to recent, although807

only four events are older than 45 ka. The highest abundance of nine landslides808

was between 10-5 ka BP coinciding with a high rate of sea level rise. This peak809

was preceded by a gradual increase in abundance from one landslide between810

30-25 ka BP during falling sea level, to nine landslides during sea level lowstand811
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(25-15 ka BP). The 10-5 ka BP maximum is followed by a steep drop to only812

three landslides in the past 5 ka. These features are nearly identical when un-813

certainties are included (open bars). However, in a 2 ky bin size representation814

(Fig. 8a) the outstanding peak reduces to three neighbouring moderate peaks815

and is even less pronounced in a 1 ky bin size histogram (Fig. 8b).816

817

Fig. 7c shows a histogram of landslides at sediment-starved margins with818

comparatively little terrestrial sediment input, i.e. at moderate to low lati-819

tudes and away from rivers. This group includes failures at the north-west820

African continental margin, although these are also represented individually in821

Fig. 7d. The histogram shows a scattered distribution of nine events between822

155-25 ka BP. Eight landslides are younger than 25 ka giving a slightly denser823

histogram distribution with seven landslides clustering at sea level lowstand and824

early rise during and just after the LGM (25-10 ka BP). Only one landslide is825

younger than 10 ka.826

827

The landslide record on the north-west African continental margin (Fig. 7d)828

resembles the glaciated margin subset. All 11 data points are nearly evenly829

distributed over the entire time frame without any clustering or increased fre-830

quency.831

832

For the largest of these subgroups, the river fan system group, we apply the833

same test for Poisson distribution as applied to the undivided data. The result834

is shown in Fig. 8c with the same notation as in Fig. 5c. The curves for expected835

and observed intervals resemble each other (R2 = 0.69 for the 2 ky fit, R2 = 0.93836

for the 1 ky fit). The χ2 test for 2 and 1 ky bins returns values of 0.955 and837

0.492, respectively. Both values are well below the critical 5.991 with 5 % signif-838
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icance with two degrees of freedom. The calculated χ2 values are also below the839

critical values with 10 % significance (4.605). As with the uncategorised 0-30 ka840

data set, the river fan systems subset follows a Poisson process and could be841

essentially random.842

843

The river system subset’s peaks and cluster identified in Fig. 7b were anal-844

ysed in the same way as for the main data set and the results are displayed845

in Fig. 9, following the notation used for Fig. 6. Independent of the bin size846

all characteristics of the landslide data set locate at comparatively high prob-847

abilities. Accordingly, peaks and clusters are not significant and can easily be848

reproduced by random numbers.849

3.2.4. Temporal variations of accumulation rates and the timing of landslides850

Fig. 10 shows the timing of submarine landslides and typical accumulation851

rates in their source areas, for those sites where changes in accumulation rates852

have been documented (Table 3). For simplification and consistency the land-853

slide names are given rather than the name of the source area, i.e. for the slide854

named BIG95 sedimentation rates typical for the Ebro margin in the western855

Mediterranean Sea are documented. For a clearer visualisation the figure is856

separated into six subplots. Note the logarithmic y-scale in Fig. 10a.857

858

Peak accumulation rates were highest in the Storegga slide area (36 m/ky),859

followed by the large river fans of the Mississippi (12 m/ky) and Amazon (4 m/ky).860

All systems in Fig. 10 show increased sediment accumulation during the LGM861

with the exception of the Nile, where deposition rates were low until about862

14 ka BP and increase while sea level was rising. The onset of rapid deposition863

in the Amazon Fan at about 34 ka BP is earlier than for the other margins.864

The length of high accumulation intervals differ and for depositional systems865
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like the Amazon and Mississippi fans, and the Iberian, Makran and south-east866

Australian margin these periods extend well into the onset of deglaciation. How-867

ever, as the global sea level rises to almost modern level (6 ka BP) sedimentation868

rates at all margins decrease significantly. Through time the sediment accumu-869

lation rates changed by up to a factor of four (Makran, BIG95, Iberian margin,870

Heradotus basin, south-east Australia), about an order of magnitude (Trænad-871

jupet, Mississippi/Walker-Massingill, Balearic abyssal plain, Amazon) or even872

more (Storegga, Nile).873

874

The data show that landslide occurrence is higher during or after a period875

of increased deposition, except for three samples (Amazon Fan and Balearic876

abyssal plain). The delays between the onset of high accumulation rates and877

actual failure vary between < 1 ky to as long as 25 ky (Table 4). The delay times878

summarised in Table 4 involve all the uncertainties of landslide age estimates as879

well as uncertainties with respect to the determination of sedimentation rates.880

Consequently, large errors are possible and the data should be treated with881

caution.882

4. Discussion883

The compiled data set of ages of submarine landslides contains 68 large884

landslides at continental margins worldwide, and is significantly larger than885

previously published data sets (Maslin et al., 2004; Owen et al., 2007; Lee, 2009;886

Leynaud et al., 2009). For further interpretation of the data set it is important887

to recall that for a large part of the data base uncertainty in ages is significant,888

and dating is of low quality. Nearly half of the landslides in the data base have889

uncertainty intervals too large to be directly assigned to a particular sea level890

condition.891
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4.1. Apparent bin size dependence892

Using a purely qualitative approach as was done in similar studies (e.g.893

Owen et al., 2007; Lee, 2009; Leynaud et al., 2009), and by choosing a sufficiently894

large histogram bin size (5 ky), the landslide time series seems to contain several895

peaks, trends and clusters when compared to the global sea level curve. However,896

patterns such as peaks and clusters appear rather diffuse and are less prominent897

when the data set is plotted with smaller histogram bin sizes (compare Figs. 4898

and 5a, b as well as Figs. 7b and 8a, b). This apparent bin size dependence899

is cautionary and, depending on which bin size is chosen, can manipulate any900

visual interpretation. This should be avoided by statistically testing the data901

set for appropriate distributions.902

4.2. Past landslide frequency903

The highest frequency of submarine landslides in a global average was dur-904

ing periods of rising sea level after the LGM with an average of two failures per905

thousand years. The landslide frequency during the LGM and the modern high906

stand was 1.5 and 1.2 failures per ky, respectively. The sea level fall preceding907

the LGM has a landslide frequency of only 0.4 failures per ky, but is likely influ-908

enced by a sampling bias. Although the landslide frequency was highest during909

the period of sea level rise after the LGM, statistically testing showed that this910

peak of landslide frequency is not significant, and could easily be achieved with911

a random data set.912

913

Dividing the data set into subsets of different depositional environments914

results in substantially different temporal distributions in the subset. Failures915

at the north-west African continental slope as well as at glaciated margins are916

regularly spaced over time. The latter is interesting, as it has been suggested917

previously that the stability of glaciated margins is heavily affected by climatic918
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changes owing to the direct impact of ice sheet advances and retreats or surging919

of glaciers (Owen et al., 2007; Tappin, 2010) as well as catastrophic floods during920

glacial-interglacial transition (Piper and Normark, 2009). The frequency of921

landslides at sediment-starved margins increases slightly towards the end of922

the LGM. Failures at river fan systems cluster in the past 30 ka which is most923

likely an artifact of sampling bias considering high sedimentation rates usually924

involved in river dominated systems. The landslide frequency was highest during925

sea level rise (1.4 failures per ky), intermediate during the LGM and the modern926

high stand (1 and 0.7 failures per ky, respectively) and comparatively low during927

times of falling sea level (0.4 failures per ky). The landslide frequency of the928

river subset during the past 30 ka is remarkably similar to that of the entire929

data set. It is thus evident that the river-subgroup dominates the overall data930

set. As for the uncategorised data, the peak in landslide frequency during sea931

level rise following the LGM is not statistically significant.932

4.3. How strong is sea level forcing of landslide frequency?933

The data set is very similar to randomly distributed artificial data. Our934

results show that landslide timings are distributed according to a Poisson dis-935

tribution, i.e. could be essentially random, and do not show any significant936

trends, peaks or clusters. No statistically significant peaks can be found when937

splitting up the data set into groups of distinct depositional environments, even938

for river fed systems that appear to have more slides during low and rising sea939

level through visual inspection. These results stand in contrast to the conclu-940

sions of previous studies on the timing of submarine landslides by Maslin et al.941

(2004), Owen et al. (2007) and Lee (2009), who all suggest that the dominant942

factor for the timing of landslides is glacial-interglacial cyclicity.943

944

Four factors can be responsible for the timing of landslides being random:945
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(I) There is no forcing such as sea level or climate change that controls the946

timing of submarine landslides.947

(II) The forcing is weak and the data base is too small to resolve the signal.948

As opposed to a strong forcing, a weak forcing requires a large data set949

to show up as a significant signal.950

(III) Affects of sea level or climate change on slope stability are not uniform951

and every margin responds differently, resulting in inconsistent signals.952

(IV) The landslide ages are not sufficiently accurate or are incorrect - as953

Storegga’s age once was.954

If climate does not have any influence on slope stability, or if the forcing is955

weak, climate-independent processes must be dominant factors causing subma-956

rine landslides. Seismicity can be assumed independent of climate. Earthquakes957

as triggers would likely produce randomly distributed events in a global data958

set. An exception are glaciated regions, where seismicity is also a function of959

isostatic rebound and is highest when ice sheets retreat and sea level is rising960

(Bungum et al., 2005). The potential of earthquakes to cause landslides is evi-961

dent from field observations (Piper and Aksu, 1987) and lab testing (Biscontin962

et al., 2004). However, not every earthquake causes slope failures, regardless963

of their magnitude (Sumner et al., 2013; Völker et al., 2011). The majority964

of landslides in the data base originate from passive continental margins with965

generally low levels of seismicity. We therefore suggest that earthquakes may966

invoke or initiate slope instability, but are possibly not the unique mechanism967

for many large submarine landslides.968

969

Oversteepening due to salt doming or other tectonic activities as well as a970

stress-related collapse of mechanically weak layers are other climate-independent971

failure mechanism. Contourite deposits forming mechanically weak layers have972
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been repeatedly discussed as failure mechanisms, especially for but not limited973

to failures at glaciated margins (e.g. Lindberg et al., 2004; Bryn et al., 2005;974

Laberg and Camerlenghi, 2008).975

976

Separate analyses for individual margins can help in explaining if and how977

climate affects regional or local slope stability. We attempted this for the north-978

west African continental margin. Unfortunately, the data is sparse and only ages979

for 11 landslides along an entire margin within a period of 150 ka are available.980

However, visually the data set does suggest a random distribution.981

4.4. The origin of reduced landslide frequency during the modern sea level high-982

stand983

A prominent pattern in the data base is that significantly fewer events occur984

in the past 6 ka (seven events) than during the sea level rise since the LGM (25985

events). The 6-1 ka BP period is particularly quiet with only four failures. This986

observation is certainly robust, as any bias due to core lengths would tend to987

increase the number of younger events. Global sea level was at a similar level988

towards the end of Termination II (125-120 ka BP), but as these old ages involve989

large uncertainty intervals and the data base is generally sparse this cannot990

be used as an analogue for the modern sea level highstand. During sea level991

highstand shelves are flooded and disconnected from rivers so that less sediment992

reaches the slopes. The level of post-glacial seismicity decreases and the stress993

conditions in the sediment equilibrate. Continental slopes are thus expected to994

stabilise during a high but stable sea level. Mechanisms causing landslides un-995

der these conditions are likely independent of sea level. Indeed, two of the three996

failures between 6-1 ka BP occurred at the Iberian margin (turbidites E5 and997

E6) and Masson et al. (2011) present evidence that earthquakes triggered the998

corresponding landslides. The Trænadjupet slide off the Norwegian continental999
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margin is the third failure in this otherwise quiet period. Laberg et al. (2003)1000

suggest that a contourite underlying the Trænadjupet slide acted as a mechani-1001

cally weak layer. With this evidence for earthquakes and weak layers, we suggest1002

that during stable and high sea level potential failure mechanisms are limited1003

to those independent of sea level and therefore less failures may be expected.1004

If over all climatic stages only climate independent failure mechanisms act, the1005

data would be distributed uniformly and such a drop in frequency as observed1006

during the modern highstand would not exist. This supports reasons (II) and1007

(III) discussed above, i.e. that climate forcing may be weak and variable across1008

different margin settings.1009

4.5. Relevance of preconditioning1010

Sedimentation rates at most continental margins are highest during the LGM1011

or shortly after (Fig. 10) and thus are tightly linked to global sea level. As we1012

do not observe a significant correlation of landslide timings with global climate1013

or sea level, rapid sedimentation rates do not seem to be important as a direct1014

cause for slope failure. However, an indirect impact on the stability of continen-1015

tal slopes is possible. Excess pore pressure develop as a result of rapid loading1016

which decrease the strength and ’precondition’ the slope for failure (e.g. Stigall1017

and Dugan, 2010). An external trigger, most likely a climate-independent one1018

such as an earthquake may then be necessary to eventually cause failure. Hence,1019

although preconditioned by a climate-controlled process, the landslide can occur1020

at any time irrespective of sea level.1021

1022

Rapid deposition may allow for, accommodate, or enhance other processes1023

capable of destabilising a slope, such as fluid flow to areas of less rapid deposi-1024

tion where the corresponding effective stress reduction is more critical (Dugan1025

and Flemings, 2000; Bryn et al., 2005; Leynaud et al., 2007). A delay time is1026
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necessary for the fluid migration to take place which mainly depends on the1027

permeability of the sediment as well as the distance the fluid has to travel, and1028

may involve several thousand to a million years (Dugan and Flemings, 2000;1029

Dugan, 2012). This may explain the observed variations in delay times between1030

the onset of rapid deposition and the timing of the failure (Table 4) and supports1031

reason (III) discussed above. 2D numerical modelling of excess pore pressure1032

generation due to fluid flow for well-constrained case studies as for the Storegga1033

slide (Leynaud et al., 2007) and the New Jersey continental margin (Dugan and1034

Flemings, 2000) can help to test this hypothesis.1035

4.6. Future geohazard from submarine landslides1036

Our work suggests that, at least during the last 30 ka, there has not been1037

a strong global linkage between the frequency of major (> 1km3) landslides1038

and rapid sea level rise. The linkage is sufficiently weak that it is not statis-1039

tically significant in our data set. This suggests that future rises in sea level1040

will not make a significant difference to global landslide frequency. However,1041

we acknowledge that the data set has uncertainties and has a limited number1042

of examples. It is also possible that local signals are masked in a global data1043

set, and by comparing it to eustatic sea level. For geohazard evaluation on a1044

regional scale further studies are needed that assess the landslide frequency in1045

specific regions in response to local sea level changes. These could be glaciated1046

margins, where local sea level patterns can be inherently different to the global1047

trend (Peltier, 2002), or river fan systems with different peak deposition timings1048

(Covault and Graham, 2010).1049

1050
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5. Conclusions1051

A data set with ages of 68 submarine landslides at open continental slopes1052

with volumes > 1km3 has been compiled. This data base is the most compre-1053

hensive one to date and is the only one considering uncertainty intervals to the1054

age estimates, and to include changes in local sedimentation rates.1055

1056

Based on this data set we do not find statistical evidence for a climate con-1057

trol on the timing of large submarine landslides, as these resemble a Poisson1058

distribution in which events are essentially random. One reason could be that1059

the sample size is too small and/or the forcing too weak to be statistically signif-1060

icant. Another explanation is that the impact of climate on factors promoting1061

slope instability is not uniform and margins respond differently to an external1062

climate forcing, thus resulting in an inconsistent signal. For example fluid flow1063

within the slope may act as an important factor controlling the timing of failure.1064

However, there does not appear to be a very strong linkage between sea level1065

and landslide frequency.1066

1067

A time lag of several kiloyears between periods of rapid deposition and slope1068

failure implies that in most cases rapid deposition does not immediately trigger1069

failure. Rapid deposition may well weaken the slope due to excess pore pres-1070

sures locked in low permeable sediment, or due to fluid migration within layers1071

of high permeability towards areas far away from the excess pore pressure ini-1072

tiation area.1073

1074

About half of the landslides in the data base have uncertainties that are too1075

large to attribute them to a particular sea level stand. To confidently reject or1076

confirm any climate dependence an unbiased data set that covers one full sea1077
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level cycle is necessary. This means that sediments and buried landslides as1078

old as 130 ka need to be recovered which in many locations is only possible by1079

scientific deep sea drilling.1080
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Figure Captions

Figure 1: Different sampling strategies for radiocarbon dating of subma-

rine landslides. The rectangles represent sediment cores with hemipelagic back-

ground sedimentation (white) and a landslide deposit (grey). Open and filled

black circles indicate the position of the sample. A minimum age is obtained by

taking one (a) or several samples (b) from the hemipelagic unit above the land-

slide deposit. A maximum age is obtained when samples are either taken from

the hemipelagic unit below (c) or within (d) the failure deposit. A linear average

sedimentation rate for the core based on one sample can be significantly different

from actual temporary sedimentation rates (e), which can be calculated when

several samples between the top of the core and the top of the failure deposit

are available. Samples above the deposit can give an age too young if located

on a local high (f) and bioturbation on the top as well as erosion at the base

of the failed deposit (g) are possible sources of uncertainty to the estimated ages.

Figure 2: Locations of all submarine landslides in the landslide age data base.

Different marker shapes represent different depositional regimes (dots: glaciated

regions, triangles: river fan systems, rectangles: sediment-starved margins).

Figure 3: Global mean sea level (dark grey curve, Waelbroeck et al., 2002)

and global stack of benthic δ18O records (light grey curve, Lisiecki and Raymo,

2005) plotted with all submarine landslides listed in Table 2 including their in-

dividual uncertainty intervals. If available, the age with highest probability is

shown by a grey square. The colour of the uncertainty line indicates the sed-

imentary environment (river fan systems with high terrestrial input, glaciated

margins and sediment-starved margins). The grey time line on the upper part of
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the figure indicates the sea level patterns: Sea level fall and lowstand from 180-

136 ka BP, sea level rise and highstand during Termination II (136-122 ka BP),

sea level fall (122-22 ka BP), the Last Glacial Maximum (LGM) from 22-18 ka BP

followed by a sea level rise (18-6 ka BP) and the modern sea level highstand (6-

0 ka BP).

Figure 4: Global mean sea level (light grey) and time line (top) as in Fig. 3

and histogram representation of submarine landslides based on the most likely

ages (dark grey bars) as well as taking into account the uncertainty interval,

assuming an evenly distributed probability along this interval (open bars with

black edges). The bin width is 5 ky.

Figure 5: Histograms of the assumed non-biased part of the data set plotted

with bin widths of 2 ky (a) and 1 ky (b) following the same notation as in Fig. 4.

Panel c) shows the number of histogram bins expected to have j = 0−10 events

(Ej) according to the Poisson model (black lines and dots) as opposed to the

observed number of histogram bins with j landslides from the landslide data set

(grey lines and dots). The continuous lines represent a 2 ky bin width whilst

the dashed lines show the results for 1 ky bins.

Figure 6: Probabilities for the maximum number of landslides in one his-

togram bin (a), maximum difference in number of landslides between two neigh-

bouring bins (b) as well as the number of neighbouring bins with more than the

average number of landslides (c) for randomly distributed samples and a his-

togram bin size of 5 ky. Probabilities for the same characteristics are also shown

for histogram bin sizes of 2 ky (d, e, f) and 1 ky (g, h, i). The arrows indicate

the numbers observed in the landslide data base.
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Figure 7: Histogram representation as in Fig. 4 for subsets of the landslide

data set (notation identical to Fig. 4): (a) glaciated margins, (b) river fan sys-

tems with large sediment input, (c) sediment-starved margins and (d) failures

off the coast of north-west Africa. The grey curves depict global mean sea level

(Waelbroeck et al., 2002) and n is the number of landslides in the respective

subset.

Figure 8: Histograms of the river fan systems subset (Fig. 7b) plotted with

bin widths of 2 ky (a) and 1 ky (b) following the same notation as in Fig. 5.

Panel c) shows the number of histogram bins expected to have j = 0− 8 events

(Ej) according to the Poisson model (black lines and dots) as opposed to the

observed number of histogram bins with j landslides from the landslide data set

(grey lines and dots). The continuous lines represent a 2 ky bin width whilst

the dashed lines show the results for 1 ky bins.

Figure 9: Probabilities of various characteristics for randomly distributed

samples with the same sample size as the river fan systems subset, following the

notation of Fig. 6. The arrows highlight the numbers observed in the river fan

systems subset.

Figure 10: Sea level curve (grey) after Waelbroeck et al. (2002), timing of

submarine landslides (squares) with uncertainty intervals (thin solid lines) and

accumulation rates over time (dashed lines). Note the logarithmic scale in the

uppermost panel.
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Tables

Area Max core length [m] Max age [ka] Reference
Balearic abyssal plain 36.0 >50.0 Rothwell et al. (1998)
Heradotus basin 26.0 28.8 Reeder et al. (2000)
Iberian margin 4.4 23.0 Gracia et al. (2010), Masson et al. (2011)
Nile 29.0 120.0 Ducassou et al. (2007)
Makran 33.0 21.6 Bourget et al. (2011)
Indus 9.2 40.0 Bourget et al. (2013)

Table 1: Approximate lengths of cores recovering turbidites or slide deposits and maximum
obtained ages.
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Landslide Area Sedimentation Rate [m/ky] Reference
Agadir basin 0.02 Bozzano et al. (2002)
Amazon 4.41 (34-10 ka), 0.45 (105-3 ka) Mikkelsen et al. (1997)
Balearic abyssal plain 0.33 (50-21 ka), 3.50 (21-20 ka),

0.27 (<20 ka)
Rothwell et al. (2000)

BIG95 1.00 (>22 ka), 1.75 (22-18 ka), 1.00
(18-11 ka), 0.63 (<11 ka)

Nelson (1990)

Black Shell 0.12 (<12 ka), 0.24 (glacials) Balsam (1981)
Cape Blanc 0.11 (200-193 ka), 0.15 (193-

183 ka), 0.09 (183-152.5 ka), 0.12
(152.5-142.0 ka), 0.17 (142-135 ka)

Sarnthein and Tiedemann
(1989)

Cape Fear 0.20 Paull et al. (1996)
Flemish Pass 0.70 (>122 ka), 0.18 (122-50 ka),

0.21 (50-26 ka)
Huppertz and Piper (2009)

Grand Banks 0.10 (<26 ka) Huppertz and Piper (2009)
Heradotus basin 0.05 (>28 ka), 2.00 (28-17 ka), 1.00

(17-6 ka), 0.15 (6-0 ka)
Reeder et al. (2000)

Hinlopen 0.04-0.20 Winkelmann et al. (2008)
Iberian margin 0.54 (50-25 ka), 1.08 (25-8 ka),

0.23 (<8 ka)
Lebreiro et al. (2009)

Indus Fan 1.65 (25-12 ka) Bourget et al. (2011)
Makran 1.65 (25-12 ka), 0.90 (<12 ka) Bourget et al. (2011)
MAP 0.02 Bozzano et al. (2002)
Mauritania 0.12 (50-27 ka), 0.25 (27-15 ka),

0.20 (<15 ka)
Sarnthein and Tiedemann
(1989)

Montserrat 0.01-0.10 Reid et al. (1996)
Nile 0.10 (127-70 ka), 0.03 (70-25 ka),

0.02 (25-14.8 ka), 0.20 (14.8-
12 ka), 1.50 (12-8 ka), 0.30
(< 8 ka)

Ducassou et al. (2009)

Nyk <1.20 (Nyk drift) Evans et al. (2005)
Peach 4 0.40-2.00 (26-19 ka) Knutz et al. (2002)
Sahara 0.12 (91-74 ka), 0.12 (50-27 ka) Sarnthein and Tiedemann

(1989)
SE Australia 0.05 (34-25 ka), 0.16 (25-11 ka),

0.05 (<11 ka)
Jenkins and Keene (1992)

Storegga 1.40 (>24.5 ka), 2.7 (24.5-18.9 ka),
36.0 (18.9-18.6 ka), 27.00 (18.6-
17.8 ka), 1.10 (<17.8 ka)

Hjelstuen et al. (2004)

Trænadjupet 0.70 (26-21 ka), 1.10 (21-19 ka),
2.20 (19-18 ka), 0.18 (18-0 ka)

Rørvik et al. (2010)

Walker-Massingill 5.00 (42-24 ka), 12.00 (24-16 ka),
4.00 (16-11 ka), 1.00 (<11 ka)

Flemings et al. (2006)

Table 3: Variation of sedimentation rates over time in the landslide source area.
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Failure Delay [ky] Max delay [ky] Min delay [ky]
Amazon 20.9 21.6 12.5
BIG95 9.6 10.4 6.4
Black Shell 7.35
Heradotus basin (endmembers) 0.9 2.6 0

20.5 21.5 18.5
Iberian margin (endmembers) 2.0 2.8 2.4

24.5 24.9 24.3
Makran 23.3 23.5 23.3
Mauritania 13.0 16.1 0
Nile 2.5 5.5 0
SE Australia 1 3.1 4.0 0
SE Australia 2 4.4 4.7 2.9
SE Australia 3 8.2 9.0 5.2
Storegga 10.8 10.8 10.7
Trænadjupet 14.8 14.9 13.2
Walker-Massingill 17.5 17.5 12.3

Table 4: Delay between onset of increased sedimentation on the continental slope and best
estimate age, minimum and maximum age of landslides for examples shown in Fig. 10.
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