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Abstract 19	
Coastal and submarine landslides are frequent at the western tip of the Gulf of Corinth, where small to 20	
medium failure events (106-107 m3) occur on average every 30-50 years. These landslides trigger 21	
tsunamis, and consequently represent a significant hazard. We use here a dense grid of high-resolution 22	
seismic profiles to realize an inventory of the large mass transport deposits (MTDs) that result from 23	
these submarine landslides. Six large mass wasting events are identified, and their associated deposits 24	
locally represent 30% of the sedimentation since 130ka in the main western Basin. In the case of a large 25	
MTD of ~1 km3 volume, the simultaneous occurrence of different slope failures is inferred and suggests 26	
an earthquake triggering. However, the overall temporal distribution of MTDs would result from the 27	
time-dependent evolution of pre-conditioning factors, rather than from the recurrence of external 28	
triggers. Two likely main pre-conditioning factors are (1) the reloading time of slopes, which varied 29	
with the sedimentation rate, and (2) dramatic changes in water depth and water circulation that occurred 30	
10-12ka ago during the last post-glacial transgression. Such sliding events likely generated large 31	
tsunami waves in the whole Gulf of Corinth, possibly larger than those reported in historical sources 32	
considering the observed volume of the MTDs.  33	
 34	
1 Introduction 35	
The study of marine geohazards through their imprint in the late Quaternary sedimentary record is of 36	
great significance, since it can provide further information on geohazard events recorded in historical 37	
records, or even extend this record to much earlier times. The identification and recurrence patterns of 38	
mass transport deposits (MTDs) resulting from submarine landslides in sedimentary basins and lakes 39	
provide valuable information on possibly associated tsunamis as well as their potential trigger (e.g. 40	
earthquake). Tsunami hazard is particularly an issue of concern in the Mediterranean Sea where more 41	
than 300 tsunamis have been listed in the historical and sedimentary records  (Soloviev, 1990; Salamon 42	
et al., 2007; Lorito et al., 2008). 43	
 44	
This paper focuses on the Gulf of Corinth, Greece, located in the most seismically active part of the 45	
Corinth Rift. This area shows one of the largest seismic hazard in Europe (Woessner et al., 2013) and is 46	
affected by a tsunami once every 19 years on average, leading to a significant risk (Papadopoulos, 2003; 47	
Papathoma and Dominey-Howes, 2003). The gulf's western tip is the most active part of the Corinth rift, 48	
characterized by an extension of 15 mm.yr-1 (Briole et al., 2000), and by frequent submarine or coastal 49	
landslides (e.g. Henzen et al., 1966; Papatheodorou and Ferentinos, 1997; Lykousis et al., 2009). Small 50	
to medium failure events (106-107 m3) occur on average every 30-50 years (Lykousis et al., 2007a). 51	
These landslides trigger tsunamis (Galanopoulos et al., 1964; Stefatos et al., 2006; Tinti et al., 2007) and 52	
induce coastal erosion by upslope retrogression (Papatheodorou and Ferentinos, 1997, Hasiotis et al., 53	
2006). Tsunamis reaching an intensity ≥ 4 consequently represent a significant hazard in the western 54	
Gulf of Corinth (Beckers et al. 2017), and are documented for the last two millennia from historical 55	
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sources and onland geological studies (De Martini et al., 2007; Kontopoulos and Avamidis, 2003; 56	
Kortekaas et al., 2011). However, these data sets are incomplete.  57	
 58	
A dense grid of high-resolution seismic profiles acquired in this area (Beckers et al., 2015) was used to 59	
realize an inventory of the large mass transport deposits (MTDs) that may be interpreted as the result of 60	
submarine landslides. Dated from the Late Pleistocene and the Holocene, the mapped mass transport 61	
deposits range from 106-109 m3. Average recurrence intervals are presented and discussed, as well as 62	
pre-conditioning factors that might have played a role in the occurrence of these large submarine 63	
landslides. The MTDs' temporal distribution is discussed, as well as the implications of their occurrence 64	
on tsunami hazard. 65	
 66	
2 Setting 67	
The western Gulf of Corinth is characterized by a relatively flat deep basin dipping gently to the east. 68	
Featuring a narrow canyon in the west, it widens in the east (Delphic Plateau, Fig. 1). It is bordered to 69	
the south by 400m high Gilbert deltas built by the Erineos, Meganitis and Selinous rivers and, at its 70	
north-western end, by the fan-delta of the Mornos River that drains 913 km2 and is by far the largest 71	
watershed among the rivers flowing toward the westernmost Gulf of Corinth. The delta fronts are highly 72	
unstable (Ferentinos et al, 1988; Lykousis et al., 2009), which favours frequent submarine landsliding 73	
(Stefatos et al., 2006; Tinti et al., 2007). During the last centuries, submarine landslides have been 74	
triggered by earthquakes but some also occurred because of sediment overloading (Galanopoulos et al., 75	
1964; Heezen et al., 1966). Numerous debris-flow deposits and mass-transport deposits (MTDs) have 76	
thus accumulated at the foot of the deltas (Ferentinos et al., 1988; see also a facies map in Beckers et al., 77	
2016). Alongside these gravity-driven sedimentary processes, contour-parallel bottom-currents also 78	
influenced sediment transport in this area (Beckers et al., 2016). 79	
 80	
3 Data and Method 81	
Two seismic reflection surveys were carried out in 2011 and 2014 with the aim of imaging the 82	
subsurface below the westernmost Gulf of Corinth floor. The data were acquired by the Renard Center 83	
of Marine Geology of the University of Ghent along a grid of 600 km high-resolution seismic profiles 84	
with a "CENTIPEDE" Sparker seismic source combined with a single-channel high-resolution streamer 85	
as receiver (see details in Beckers et al., 2015). The expected vertical resolution at depth is ~1 m. In the 86	
deep basin (Canyon and Delphic Plateau areas, Fig. 1), the maximum penetration depth below the sea 87	
floor is about 360 ms TWTT (two-way travel time) to the east and about 100 ms TWTT to the west, i.e., 88	
270-360 m and 75-100 m, respectively. 89	
The inferred stratigraphic framework (Beckers et al., 2015) permits to identify two temporal horizons. 90	
Reflector 1 has been mapped in the whole study area, except in a basin west of the Trizonia Island (Fig. 91	
1). This reflector corresponds to the beginning of the last post-glacial transgression, at 10.5-12.5 ka 92	
(Cotterill, 2006; Beckers et al., 2016). The second temporal horizon, 'reflector 2', has been mapped in 93	
the Delphic Plateau area only. It corresponds to the marine isotopic stage 6 to 5 transgression, which 94	
occurred at ca. 130 ka.  95	
 96	
Mass transport deposits have been identified on high-resolution seismic profiles based on their typical 97	
seismic facies made of discontinuous to chaotic reflections. The shape of each deposit in map view has 98	
been interpolated manually, based on the seismic profiles that intersect the MTD. Thicknesses were 99	
derived using a seismic velocity of 1600 m s-1 (Bell et al., 2009). For the largest MTDs, an inverse 100	
distance weighted interpolation between thickness data points was used to derive isopach maps of the 101	
deposits and estimate their total volume. However, this interpolation method cannot be used for smaller 102	
MTDs crossed only by a few seismic lines. In this case, the volume was estimated by multiplying the 103	
MTD surface by an average thickness value. The derived volumes of small MTDs (surface area < ~2 104	
km2) are thus rough estimates, especially for MTDs crossed by only two or three seismic profiles. By 105	
contrast, volume estimates of large MTDs (surface area > ~5 km2) are more accurate with volume 106	
uncertainties probably < 20 %. 107	
  108	
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Figure 1. Inventory of mass transport deposits (MTDs) at the westernmost Gulf of Corinth for the last ca. 109	
130 ka. A) spatial extent and age of the 32 MTDs with in grey seismic grid used for the inventory;. B) to G): 110	
spatial distribution of MTDs for each sliding event (SE). Grey lines show the seismic grid. Black dots 111	
represents the mounds described in Beckers et al. (2016a). The total volume of sediments in the MTDs is 112	
mentioned for each sliding event. 113	

 114	
  115	
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 116	
Some potential landslide headscarps have been mapped using three different data sources, namely (1) 117	
the grid of high-resolution seismic profiles acquired for this study, (2) an analysis of three submarine 118	
landslides in the study area by (Tinti et al., 2007), and (3) a 3D bathymetric view of the area between the 119	
Erineos and the Selinous fan-deltas from Lykousis et al. (2009). In the absence of multi-beam 120	
bathymetry over the whole study area, the mapping of Late Quaternary submarine landslides head scarps 121	
presented here is certainly not exhaustive. 122	
 123	
4 Results 124	
Thirty-two MTDs have been imaged in the study area, from which 67% are located in the large E-W 125	
trending basin located below the flat deep basin (Canyon and Delphic Plateau, Fig. 1). Eight MTDs have 126	
been identified in the northern margin of the Gulf, and two in the Nafpaktos Bay to the west of the 127	
Corinth Gulf (Fig. 1). The age of 24 MTDs has been estimated based on the stratigraphic framework 128	
developed previously (Beckers et al., 2015): 19 of them occurred during the Holocene and 5 during the 129	
period between ~130 ka and ~11.5 ka. A finer stratigraphy could be established in the flat deep basin, 130	
thanks to the relative continuity of the reflectors over this 20 km-wide area. Consequently, this work 131	
focuses on the 22 MTDs located in this area. 132	
 133	
In the Delphic Plateau basin (eastern part of the deep flat basin), most MTDs are imaged as lenticular 134	
bodies of low-amplitude, incoherent reflections (Fig. 2 and 3). They generally have a flat upper surface 135	
and pinch out on their margins. Their thickness ranges between a few meters, which is the minimal 136	
thickness for a MTD to be imaged with the seismic system used, and 53 meters. The geometry and 137	
seismic facies indicate subaquatic mass-flow deposits (e.g. Moernaut et al., 2011, Strasser et al., 2013). 138	
The seismic facies of many MTDs also suggests a fine-grained lithology, which would make them 139	
different from the coarse-grained deltaic deposits that are known to fail relatively frequently along the 140	
southern coast. However, this statement must be viewed cautiously considering the uncertainties on the 141	
interpretation of seismic facies in terms of grain-size, especially for reworked sediments. For instance, 142	
failure of coarse-grained deltaic deposits commonly result to their total disaggregation and 143	
transformation into grain flows and turbidity currents, whereas finer grained deposits evolve as 144	
landslides and cohesive debris flows (Tripsanas et al., 2008). 145	
 146	
In the Canyon basin (western part of the deep flat basin), the MTDs present the same general 147	
characteristics but the reflector pattern is more variable (Fig. 4). Some high-amplitude reflections are 148	
observed in some MTDs, revealing coarser-grained sediments and locally preserved layering. 149	
 150	
Finally, some of the 22 MTDs show sediment/fluid escape features at their top (Fig. 2 and 4). Such 151	
features might have been produced by the combination of under-compaction (excess pore water 152	
pressure) and shaking, thus possibly pointing to paleoearthquakes (e.g. Moernaut et al., 2007, Moernaut 153	
et al., 2009). The volume of sediments in individual MTDs ranges from 7.7 105 to 8.6 108 m3 (Fig. 5). 154	
 155	
Landslide headscarps have been identified in different parts of the study area (Fig. 1A). They are 156	
particularly numerous on the slopes of the large Gilbert fan-deltas of the Erineos, Meganitis and 157	
Selinous at the south-east and Mornos at the north-west. In the latter area, one up to 50 m-high 158	
headscarp is imaged in the seismic data. The absence of undisturbed sediments on the erosional slope, 159	
downslope of the headscarp, suggests a recent age. In the Erineos, Meganitis and Selinous fan-delta 160	
slopes, headscarps have been identified in the seismic data and on the 3D view from Lykousis et al. 161	
(2009). Most of these headscarps are relatively small, lunate-shaped features linked to gullies. Two large 162	
head scarps are localized on the northern slope as well (Fig. 1A). Linking a headscarp to a particular 163	
MTD is often delicate for two reasons. First, the age of the headscarps is difficult to estimate because 164	
these erosional forms often affect steep slopes in coarse-grained deposits, making impossible to define a 165	
seismic stratigraphy in such areas. Second, at the foot of these erosional slopes, a high number of MTDs 166	
are stacked (e.g., Fig. 2). Exceptions, detailed hereafter, concern three recent submarine landslides and 167	
the largest observed MTD (MTD 19).  168	
  169	
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 170	
Figure 2. E-W Sparker seismic profile showing the mass transport deposits imaged in the Delphic Plateau 171	
basin. See the location of the profile in Fig. 1. 172	
 173	
 174	

 175	
  176	
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Figure 3. S-N Sparker seismic profile showing the mass transport deposits imaged in the Delphic Plateau 177	
basin. Questions marks highlight units of remobilized sediments that are difficult to localize in the 178	
stratigraphic framework. See the location of the profile in 1. 179	

 180	
  181	
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Figure 4. Examples of mass transport deposits in the Canyon basin. See the location of the Sparker seismic 182	
profile in 1 183	

  184	
 185	
Figure 5. Volume distribution of the 22 MTDs studied in the Canyon and the Delphic Plateau basins. The 186	
names given to the three largest MTDs correspond to the notation in Fig. 1. 187	

 188	
 189	
 190	
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The stratigraphic position of MTDs in the Canyon and in the Delphic Plateau basins is not random. Most 191	
of them may be assigned to multi-MTDs temporal "events", based on un-deformed underlying or 192	
overlying reflections that can be followed across the basin. Such correlations suggest that six events of 193	
large submarine mass wasting occurred over the last 130 ka. Two sliding events (SE) are represented by 194	
MTDs located between reflectors 2 and 1 (SE E and F). The four others occurred during the Holocene: 195	
SE D comprises MTDs deposited just on top of the reflector 1, SE C is located in the middle of the 196	
Holocene sequence, SE B somewhat higher, and finally SE A includes MTDs that outcrop at the sea 197	
floor. The spatial distribution and the total volume of the MTDs associated to each of these events are 198	
represented in Fig. 1. In some zones (Fig. 1), the existence or the geometry of MTDs is difficult to 199	
evaluate because of seismic blanking affecting some stratigraphic intervals. In the Canyon, a wide 200	
blanking area exists at a depth of about 50 to 70 m below the sea floor, a few meters below reflector 1. 201	
This so far poorly understood blanking area might correspond to a large MTD from the sliding events E 202	
or F, or to coarse-grained fluvio-deltaic deposits. Consequently, the stratigraphy of MTDs between 203	
reflectors 2 and 1 is well established only below the Delphic Plateau. However, there, the spatial extent 204	
of the MTDs from SE D (Fig. 1E) is uncertain, owing to chaotic reflections that disturb the seismic 205	
stratigraphy possibly in relation with sediment remobilization from the underlying sliding event F (Fig. 206	
3). 207	
 208	
The definition of sliding events does not necessarily imply a synchronous occurrence of all submarine 209	
landslides included in one event. Indeed, the accuracy of the correlation between separated MTDs that 210	
are interpreted to belong to the same sliding event is in the order of one or two reflections in the seismic 211	
data. This uncertainty results from the discontinuous character of many reflections and the relatively 212	
large distance that separates some MTDs (up to 8.5 km). This "stratigraphical" uncertainty corresponds 213	
to ~1-2 meters of sediment or, based on sedimentation rate estimates, 300 to 1000 years of 214	
sedimentation (Lykousis et al., 2007). 215	
 216	
Individual sliding events are characterized as follows (Fig. 1B to G): 217	
 218	
Sliding event A:  Eight MTDs that outcrop at the sea floor have been identified. Their spatial distribution 219	
indicates that three of them result from slope failures in the Mornos delta and five from failures at 220	
different locations along the southern margin (Fig. 1). The volumes of these MTDs range between ~4.7 221	
106 m3 and ~6.2 107 m3, and the total volume of the eight MTDs is about ~2.2 108 m3. 222	
 223	
Some of these MTDs correspond to submarine landslides described in the literature (Galanopoulos 224	
1964; Papatheodorou and Ferentinos 1997; Tinti et al., 2007). The MTD located north-east of the 225	
Erineos delta results from a coastal landslide on this fan-delta in 1963, which triggered a large tsunami 226	
on both sides of the Gulf (Galanopoulos et al., 1964; Stefatos et al., 2006). The MTD located at the foot 227	
of the Meganitis fan-delta likely corresponds to a coastal landslide triggered by the 1995 Aigion 228	
earthquake on this delta (Papatheodorou and Ferentinos 1997; Tinti et al., 2007). The volumes of 229	
sediments involved in these two landslides have been estimated at ~4.6 107 m3 from the data presented 230	
by Stefatos et al. (2006), and about ~2.8 107 m3 by Tinti et al. (2007), respectively. The corresponding 231	
volumes estimated from the present study are ~6.1 107 m3 and ~2.2 107 m3, which are in the same order 232	
of magnitude. Another well preserved but undated landslide headscarp has been identified by Tinti et al. 233	
(2007) on the eastern side of the Mornos fan-delta (Fig. 1). These authors estimated the volume of the 234	
sliding mass at ~9 106 m3. Our data show a MTD located about 1 km downslope of the scarp, with an 235	
estimated volume of ~9.9 106 m3 that fits remarkably well with the volume derived from the geometry of 236	
the scarp. 237	
 238	
Sliding event B: The sliding event B comprises three MTDs located at the western tip of the canyon. 239	
They are located between 12 and 16 m below the sea floor and are relatively thin (~2 to 5 m thick) (Fig. 240	
4). Location and geometry of the MTDs indicate that they result from slope failures in the Mornos fan-241	
delta and in the Psathopyrgos scarp. The total volume of these MTDs is about ~1.7 107 m3. 242	
 243	
Sliding event C: The sliding event C includes one large MTD extending over a wide area below the 244	
Canyon and a part of the Delphic Plateau (MTD 10), and smaller deposits located at the foot of the 245	
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southern slopes, in the Psathopyrgos scarp and Erineos fan-delta areas. The thickness of MTD 10 is 246	
shown in Fig. 6. Five local maxima are connected by a 2-5 m thick sheet of low-amplitude incoherent 247	
reflections. The thickest sediment accumulation (30 m) is located at the foot of the Erineos fan-delta. 248	
The other maxima are 5 to 10 m thick. Two are located at the western tip of the MTD and suggest 249	
sediment inputs from the Mornos fan-delta area and from the Psathopyrgos scarp (Fig. 4). The last two 250	
maxima are located in the south-eastern part of the deposit, with a possible source in the Erineos fan-251	
delta. The total volume that failed during sliding event C is about ~2.0 108 m3, including ~1.4 108 m3 for 252	
MTD 10. 253	
 254	
Figure 6. Left: Thickness of MDT 10, the largest MDT from the sliding event C, deduced from the 255	
interpretation of Sparker seismic profiles. Contours represent the sea floor bathymetry (one line every 20 m). 256	
MoF = Mornos fan-delta, ErF = Erineos fan-delta, MeF = Meganitis fan-delta. 257	
Center: Thickness of MDT 14, the largest of the two MTDs that define the sliding event D, deduced from the 258	
interpretation of Sparker seismic profiles. Contours represent the sea floor bathymetry (one line every 20 m). 259	
ErF = Erineos fan-delta. 260	
Right: Spatial extent and thickness of the largest MTD from the presented inventory (MTD 19, sliding event 261	
F). Contours represent the sea floor bathymetry (one line every 20 m). The black bold lines represent two 262	
landslide head scarps likely linked to the MTD. The dotted line shows the location of the seismic profile in 263	
Fig. 7. EF = Erineos fan-delta, SF = Selinous fan-delta. 264	
 265	

 266	
 267	
The geometry of MTD 10 suggests that slope failures occurred simultaneously in different parts of the 268	
westernmost gulf during sliding event C. The main source of sediment was the Erineos fan-delta, as 269	
attested by the location of the thickest sediment accumulation in the MTD 10, and by the presence of 270	
other MTDs at the same stratigraphic level between MTD 10 and the Erineos fan-delta (Fig. 1D). 271	
 272	
Sliding event D: Two MTDs are located just on top of reflector 1 and define the sliding event D. Both 273	
are between ~2 and 10 m thick and spread over several square kilometres in front of the Erineos and 274	
Meganitis fan-deltas. The southern limit of the deposits is unclear, because the stratigraphy in the area 275	
between the two MTDs and the Erineos pro-delta is poorly constrained (hatching on Fig. 1E and 276	
question marks in Fig. 3). In this area, it is not sure whether the incoherent reflections located south of 277	
the SE D MTD at a similar depth represent the same MTD or the underlying, older (SE F), MTD or 278	
escape features from the latter, as suggested by the escape features observed at the sea floor (Fig. 3). 279	
 280	
The isopach map of the largest deposit (MTD 14) is shown in Fig. 6 and suggests that it was fed by 281	
slope failure(s) south of the Delphic Plateau. The volume of MTD 14 is estimated at ~8.7 107 m3, and 282	
the total volume of SE D MTDs is about ~1.0 108 m3. Considering uncertainties on the geometry of 283	
these MTDs' southern edges, these values are minimum estimates. 284	
 285	
Sliding event E: Two MTDs define this sliding event. The largest one is located in the Delphic Plateau 286	
basin, just south of the Trizonia Island and has a volume of ~6.6 106 m3. The second is much smaller 287	
(~1.3 106 m3) and is located in the Canyon basin. Stratigraphically, both are located a few meters below 288	
reflector 1. However, they are horizontally 8.5 km apart, making the correlation uncertain. The total 289	
volume of the two MTDs in sliding event E is ~7.9 106 m3. 290	
 291	
Sliding event F: The sliding event F is defined by one single large complex MTD (MTD19) (Fig. 1). 292	
This deposit is located in the Delphic Plateau basin. Stratigraphically, it belongs to the upper part of the 293	
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unit between reflectors 2 and 1, suggesting that this event occurred during the last glacial period. With a 294	
volume of ~8.6 108 m3, this deposit is the largest MTD of the present inventory. It covers an area of 41 295	
km2, i.e., almost the whole Delphic Plateau. The isopach map reveals a main up to 50 m-thick sediment 296	
accumulation in the south-western part of the deposit (Fig. 3) and another ~30 m-thick depocenter in the 297	
north-eastern part (Fig. 6). The MTD is imaged as low amplitude, almost transparent chaotic reflections 298	
except in the thickest part where high-amplitude reflections indicate coarser-grained sediments and 299	
locally preserved layering (Fig. 3). No sedimentological structure has been observed between the two 300	
maxima in thickness. 301	
 302	
The geometry of the deposit and the absence of clear structure between the two depocenters support the 303	
idea of at least two simultaneous slope failures having generated this large MTD. The largest failure 304	
occurred south of the MTD, on the Meganitis or the Erineos fan-delta slopes.  Considering the large 305	
volume of sediments in the south-western part of the MTD, we expected a major scar across the 306	
southern slopes, which we could not retrieve however neither from the seismic data, nor from published 307	
bathymetries (Lykousis et al., 2009). Indeed, dozens of small head scarps and gullies dissect the slopes 308	
of the offshore Erineos and Meganitis deltas, making difficult the identification of large features. Two 309	
submarine landslide headscarps located 2 km from each other are highlighted by seismic profiles on the 310	
slope north of the MTD (bold lines in Fig. 6). Cut through stratified hemipelagites, they are 11 and 15 311	
m-high and are located at 300 and 195 m below the sea level, respectively (Fig. 7). Although it is not 312	
possible to reconstruct the 3D geometry of a single large headscarp from the seismic data, this might be 313	
a good candidate source of the thick sediment accumulation in the north-eastern part of MTD 19.  314	
 315	
Figure 7. Sparker seismic profile illustrating a submarine landslide head scarp that is probably linked to the 316	
MTD 19. See the location of the profile in Fig. 6. 317	
 318	

 319	
 320	
 321	
5 Discussion 322	
 323	
5.1 Limitations of the analysis 324	
 325	
Before discussing the implications of the presented MTD inventory in the deep flat basin in terms of 326	
sediment sources and triggering mechanisms, it is necessary to point out that only submarine landslides 327	
that have remobilized a sufficient quantity of sediments down to the basin floor are considered here. 328	
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Moreover, the high-resolution seismic profiling system used does not permit identifying MTDs thinner 329	
than ~1 m. Consequently, our inventory is incomplete and could be refined by the use of very-high 330	
resolution seismic profiling systems and long cores. 331	
 332	
5.2 Sediment sources 333	
 334	
According to the mapping of the thickness of the deposits, large sliding events in the westernmost Gulf 335	
of Corinth mainly result from slope failures in, or close to, the Gilbert-type fan-deltas. However, the 336	
seismic facies of most large MTDs implies that they are likely composed mainly of fine-grained 337	
sediments, rather than gravels typical of fan-deltas. Seismic profiles in the Erineos fan-delta area have 338	
shown that the pro-delta foresets are locally made of a thick accumulation of stratified fine-grained 339	
sediments up to 90 m thick for the Holocene unit. Preserved between large gullies, these sediments 340	
display a surface slope of ~6°. They are probably the main source of sediments for the largest MTDs 341	
(MTD 10, 14 and 19). However, some smaller MTDs seem to be made of coarser-grained sediments 342	
according to the seismic character (e.g., in SEs A and B in the Canyon basin), suggesting failure also 343	
occurred in coarser-grained parts of the fan-deltas (e.g., the 1963 slide in the Erineos fan-delta). 344	
 345	
5.3 Significance of the sliding events 346	
 347	
The data suggest that large submarine landslides have been triggered during six short periods of time 348	
over the last 130 ka. These sliding events include variable numbers of MTDs, from one (SE F) to 8 (SE 349	
A). During three sliding events (C, D, F), a particularly large MTD accumulated at the basin floor, and it 350	
has been shown that these large MTDs resulted from several possibly synchronous slope failures. 351	
Similar MTD distributions have been observed in lakes in the Alps and in the Chilean Andes (Strasser et 352	
al., 2013; Moernaut et al., 2007). In these studies, the correlation of MTDs into a same "sliding event" 353	
was supported by radiocarbon dating and a simultaneous triggering has been proposed. Correlations 354	
between the mass wasting records of neighbour lakes and the historical seismicity revealed that most of 355	
these "sliding events" had been triggered by large earthquakes (Strasser et al., 2006; Moernaut et al., 356	
2007). In the westernmost Gulf of Corinth, neither coring, nor dating is available to confirm our 357	
correlations between MTDs. Moreover, the occurrence of frequent turbidity currents (Heezen et al., 358	
1966; Lykousis et al., 2007a) and small-scale submarine landslides perturbs the sediment layering and 359	
induces discontinuities in the seismic reflections, which makes MTD correlations based on the seismic 360	
stratigraphy less accurate there than in many lakes. 361	
 362	
The case of sliding event A demonstrates that MTDs grouped within the same event did not necessarily 363	
occur at the same moment. Indeed, direct observation has shown that one MTD of this event occurred in 364	
1963 AD and another in 1995 AD. By contrast, the synchronicity of different submarine landslides has 365	
been suggested for SE C, D and F from the complex shape of the large MTDs they include. Though not 366	
a proof, this lends support to the hypothesis of a seismic trigger of these three sliding events. 367	
 368	
Consequently, the sliding events defined in this study may represent two different situations. In a first 369	
case, they correspond to a period of time of 0.3 to 1 ka during which several submarine landslides of 370	
various origins occurred. The sliding event A is such a case, with the coastal landslide caused in the 371	
Meganitis delta area by the 1995 Aigion earthquake and an aseismic coastal landslide in the Erineos 372	
delta area in 1963. The second case refers to likely simultaneous submarine landslides originating from 373	
different slopes and forming a wide MTD of complex shape in the basin floor. An example of this case, 374	
which is proposed to be earthquake-triggered, is the sliding event F, with a single MTD of complex 375	
shape. Sliding events C and D possibly belong to this category as well. There is insufficient data to 376	
allow for the determination of the nature of the minor events B and E. 377	
 378	
Two main questions arise from these observations. 379	
- Is seismicity the only forcing of SEs C, D and F or could other triggers or pre-conditioning factors 380	
such as sediment supply and sea level change have influenced the system? 381	
- What are possible trigger mechanisms and/or pre-conditioning factors responsible for a cluster of slope 382	
failures such as SE A? 383	
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 384	
Urlaub et al. (2013) make inferences about controls on triggers of submarine landsliding from the 385	
statistical analysis of the ages of 68 very large slides (> 1 km3) around the world. From a subset of 41 386	
slides that occurred during the best documented last 30 ky, they show that the distribution of number of 387	
events per ky resembles a Poisson distribution, suggesting that large submarine mass wasting might be 388	
essentially random or, at best, that the global-scale signal for a climatic control, through either sea level 389	
or sedimentation rate changes, is incoherent (non-uniform response of continental slopes worldwide) or 390	
too weak to be expressed clearly with such a small sample size. They also note that, though strong 391	
earthquakes might represent a temporally random trigger at the global scale, most of the slides in their 392	
data set are located in low-seismicity passive continental margins (Urlaub et al., 2013). Here, we first 393	
investigate the possible role of earthquakes through a comparative analysis of the frequency of sliding 394	
events and earthquakes in the Gulf of Corinth area. Then, other potential controls will be discussed by 395	
comparing the age distribution of the largest sliding events with published data about changes in 396	
sediment dynamics and marine conditions in the Corinth Rift area. Owing to the small number of events 397	
and high age uncertainties, which rule out statistical considerations, we provide only a qualitative 398	
analysis. 399	
 400	
5.4. The possible role of large earthquakes 401	
 402	
The last four sliding events occurred during the last 10-12 ka, at an average rate of one event every 2.5-3 403	
ka. Only two sliding events have been detected between ca. 130 ka and 10-12 ka. This a priori 404	
surprising low frequency during the last glacial period (110-12 ka) with respect to the Holocene might 405	
actually be somewhat biased by the fact that the seismic reflections corresponding to that period are less 406	
clear (lower amplitude and lower continuity) than the reflections from the Holocene interval. 407	
Consequently, medium-sized landslides such as those detected in SEs A and B might have been missed 408	
in the seismic unit between reflectors 2 and 1. 409	
 410	
The average recurrence interval for large earthquakes (Mw 6-7) has been estimated in the central part of 411	
the Gulf of Corinth at ~500 yr during the Holocene, and ~400 yr for the period 12-17 ka, based on the 412	
record of "homogenites" in the deepest part of the Gulf (Campos et al., 2013). In the western Gulf of 413	
Corinth, estimates from palaeoseismological trenches on individual faults suggest an average recurrence 414	
interval ≤ 360 yr on the Aigion fault (Pantosti et al., 2004), and of 200-600 yr on the East Helike fault 415	
(McNeill et al., 2005) for the past 0.5-1 ka. It is clear, therefore, that large sliding events in the 416	
westernmost Gulf of Corinth were less frequent than Mw 6-7 earthquakes, during both the Holocene and 417	
the last glacial period. Consequently, while (anomalously?) large earthquakes could have triggered SEs 418	
C, D and F, as suggested above from the geometry of MTDs 10, 14 and 19, it is likely that other factors 419	
contributed to the occurrence of such large sliding events. These factors are explored in the next section. 420	
 421	
5.5 Other potential triggers and pre-conditioning factors 422	
 423	
Other possible processes that might have "pre-conditioned" or triggered sliding events in the Gulf of 424	
Corinth need to show a return period of at least 2.5 ka over the last 12 ka in order to fit the SE 425	
frequency. The following processes are proposed: 426	
1. Sediment loading on top of a weak layer (e.g., gas-filled muddy sediments, as suggested for the area 427	
by Lykousis et al. (2009)) (pre-conditioning factor); 428	
2. Pulses of increased onshore erosion inducing temporary increase of sedimentation offshore, in turn  429	
leading to slope overloading (pre-conditioning factor); 430	
3. Sea level changes, which would have favoured slope failures during either lowstand conditions 431	
(Perissoratis et al., 2000) or sea level rises (Zitter et al., 2012) (pre-conditionning factor); 432	
4. Changes in the circulation and/or intensity of bottom-currents progressively destabilizing submarine 433	
slopes through an increase in sedimentation or erosion rate (pre-conditioning factor); 434	
5. Middle-term tectonic pulses, which would have temporarily increased the level of regional seismicity 435	
(Koukouvelas et al., 2005; Demoulin et al., 2015) (trigger); 436	
6. Loading by exceptional storm waves (trigger); 437	
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7. Large supply of coarse-grained sediments at a river mouth during exceptional flooding events 438	
inducing slope failures by sediment overloading, as attested for the 1963 coastal landslide on the Erineos 439	
fan-delta by Galanopoulos et al. (1964) (trigger). 440	
 441	
All these hypotheses are not directly testable. Moreover, it is likely that different pre-conditioning 442	
factors and triggers have interacted in various ways over the last 130 ka. Nevertheless, the four proposed 443	
pre-conditioning factors can be discussed by comparing the SE age distribution with independent data 444	
available for the region. We focus on the four events that mobilized a large volume of sediment (≥ 108 445	
m3, SEs A, C, D, and F) because they probably indicate slope failures in different parts of the 446	
westernmost Gulf, thus pointing to a regional signal. Even though these events have not been directly 447	
dated by coring, ages can be reasonably inferred from the seismic stratigraphy. The most recent sliding 448	
event (SE A) comprises MTDs that outcrop at the sea floor and consequently occurred in the last 0.3-1 449	
ka (a range accounting for the thin layer of hemipelagites possibly covering some MTDs). Sliding event 450	
C likely dates from the Mid-Holocene (~6-7 ka) according to the Holocene age-depth curve in the 451	
central part of the Gulf of Corinth (Campos et al., 2013). The two MTDs defining SE D occurred just 452	
after the lacustrine to marine transition at the end of the Last Glacial, around 10-12 ka. Finally, the 453	
sliding event F dates from sometime in the last glacial period. 454	
 455	
Among the listed pre-conditioning factors, onshore erosion dynamics in the Corinth Rift area is the best 456	
temporally documented. Fuchs (2007) presents the evolution of sedimentation rates in colluvial deposits 457	
in the Phlious Basin, 25 km south of Xylocastro, for the last 10 ka (Fig. 8). He identifies two main 458	
phases of land degradation between 6.5 and 8.5 ka, and from ~4 ka onwards. While the age of SE A 459	
corresponds to the end of the most recent period of land degradation, the much more uncertain age of SE 460	
C could correspond to the end of the land degradation phase at 6.5-8.5 ka (Fig. 8). The sliding event D is 461	
too old to be compared with the results of Fuchs (2007). In brief, a relation might exist between periods 462	
of high sediment supply from the watersheds and the occurrence of sliding events during the last 10 ky 463	
(hypotheses 1 and 2). 464	
 465	
Less information is available about Late Pleistocene sediment dynamics in the area. Collier et al. (2000) 466	
suggest that the denudation rate in the Alkyonides Basin during the last glacial period (12-70 ka) was 467	
almost twice those of the Holocene and MIS 5 interglacials. Instead, six radiocarbon dates on long cores 468	
in the center of the Gulf of Corinth show a moderate increase in sedimentation rate between the end of 469	
the last glacial period (17- 12 ka) and the Holocene (Campos et al., 2013). Overall, these data suggest 470	
that the Last Glacial probably experienced the largest sedimentation rates over the last 130 ka in the 471	
Gulf of Corinth. While the occurrence of the major SE F during this period again lends support to 472	
increased sedimentation as a pre-conditioning factor of landsliding, it may however be surprising that no 473	
other large sliding event has been recorded under such circumstances during the ~60 ky-long Last 474	
Glacial. 475	
 476	
Beside changes in erosion rates in the watersheds, the offshore realm underwent large changes between 477	
the last glacial period and today. From 70 to 12 ka, the Gulf of Corinth was a lake and the water level 478	
was around -60 m, assuming a constant depth of the Rion Sill over this period (Perissoratis et al., 2000). 479	
At 10-12 ka, the rising waters in the Ionian Sea flooded the "Lake Corinth" through the Rion Sill 480	
(Moretti et al., 2003; VanWelden 2007). The sea level continued to increase from ca. -60 m to its 481	
present elevation until 5.5-6 ka, and bottom currents appeared in the study area (Beckers et al., 2016). 482	
The deposition of SE D occurred at 10-12 ka, when the water level started to increase in the Corinth 483	
Gulf. Water level increase and bottom current initiation might have favoured the destabilization of 484	
sediments deposited during the preceding glacial period. In the Sea of Marmara, observations by Zitter 485	
et al. (2012) and Beck et al. (2007) show an increase in large mass wasting events at the end of the last 486	
lacustrine period and at the beginning of the marine period that likewise can be explained by a change in 487	
oceanographic conditions, confirming the possible control of these pre-conditioning factors on SE D. 488	
 489	
 490	
 491	
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Figure 8. Comparison between the erosion dynamics over the last 10 ka from colluvial and alluvial archives 492	
in the Peloponnese (Fuchs, 2007), the rate of local water level changes, and the occurrence of large sliding 493	
events in the westernmost Corinth Rift during the Holocene. Bars without error bars in the second panel 494	
indicate minimum sedimentation rates. 495	
 496	

 497	
 498	
 499	
5.6 Conceptual model for the sliding events 500	
 501	
Large sliding events (total volume ≥108 m3) occurred in the westernmost Gulf of Corinth with fairly 502	
long recurrence intervals, ≥ 2.5 ka. We suggest that their temporal distribution is primarily controlled by 503	
changes in pre-conditioning factors, which were a prerequisite for any landslide trigger to be effective. 504	
In other words, the clustering of slope failures during distinct sliding events would depend on the 505	
appropriate state of pre-conditioning factors, which occur only during limited periods of time. Two 506	
types of pre-conditioning factors may have played a significant role, on one hand increased denudation 507	
rates, identified at 17-70 ka, 6.5-8.5 ka and 0-4 ka and, on the other hand, dramatic changes in 508	
oceanographic conditions that occurred at 10-12 ka. More generally, the SE frequency would reflect the 509	
time needed to reload submarine slopes beyond their stability threshold after each event. Once the pre-510	
conditioning factor evolution has made the slopes prone to sliding, each individual sliding event is 511	
characterized by either simultaneous submarine landslides producing large coalesced MTDs and 512	
pointing to a likely seismic trigger (SEs C, D and F) or separate smaller slides caused by various lower-513	
intensity triggers (earthquakes, exceptional onshore flood events, as exemplified by the 1995 and 1963 514	
coastal landslides, respectively) over a few centuries (SE A).  515	
 516	
Finally, we underline that the sliding processes have not been clearly identified in this study. Lykousis et 517	
al. (2009) mention debris flows and avalanches for slope failures on steep fan-delta slopes (2-6°) in the 518	
western Gulf of Corinth, and rotational slumps on low angle (0.5-2°) prodelta slopes. One sharp head 519	
scarp identified in this study also shows that at least one translational slide happened in hemipelagites 520	
accumulated far from the main river outlets. 521	
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 522	
5.7 Implications for tsunami hazard in the Gulf of Corinth 523	
 524	
Among the 32 MTDs identified in this study, MTD 19 stands out as a particularly large feature (a little 525	
less than 1 km3 in volume). This is 6 times the volume of the second largest MDT identified in this 526	
study, and about two orders of magnitude larger than the range previously proposed for the size of 527	
submarine landslides in the westernmost Gulf of Corinth (Lykousis et al., 2007). It is also 6 times larger 528	
than the largest MTD reported in the rest of the Gulf of Corinth, which occurred in the area of the 529	
Perachora Peninsula (Papatheodorou et al.,1993; Stefatos et al., 2006). MTD 19 likely resulted from the 530	
coalescence of at least two probably synchronous major slides. If correct, these slides should have 531	
triggered very large tsunamis waves, probably larger than those reported by historical sources in the 532	
westernmost Gulf of Corinth, which were triggered by small to medium-sized slope failures 533	
(Papadopoulos 2003; Stefatos et al., 2006; Tinti et al., 2007). 534	
 535	
6 Conclusion 536	
 537	
We documented the existence of large mass wasting events during the Holocene and the Late 538	
Pleistocene in the westernmost Gulf of Corinth. Mass wasting events consist in submarine or coastal 539	
landslides that occurred during short periods of time. Six large mass wasting events are listed, their 540	
associated deposits locally representing 30% of the sedimentation since 130 ka in the Delphic Plateau 541	
Basin. In the case of large MTDs (up to almost 1 km3 for the largest), a simultaneous triggering of 542	
separate slope failures is proposed, suggesting a seismic origin. However, it is suggested that the 543	
temporal distribution of sliding events is primarily controlled by the evolution of pre-conditioning 544	
factors. Two main pre-conditioning factors are identified, namely (1) the time needed to slope reloading 545	
after an event, which varied in relation with temporally varying sedimentation rates, and (2) dramatic 546	
changes in water depth and water circulation that occurred 10-12 ka ago during the last post-glacial 547	
transgression. Finally, it is likely that these sliding events have triggered large tsunami waves in the 548	
whole Gulf of Corinth, in some cases (much?) larger than those reported in historical sources.  549	
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