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Abstract 

Active tectonics and coastal deformation predispose continental margins to submarine 

gravitational instability and canyon head retreat. Here we investigate the drivers of this 

susceptibility along the Italian coasts. We analyse a dataset of over 2,700 canyon heads using 

a multi-parametric susceptibility model that integrates bathymetry, instrumental seismicity, 

uplift rates, and crustal deformation fields derived from satellite geodesy. Results indicate 

that proximity to river mouths and regional seismicity are primary drivers of retreat 

susceptibility, suggesting that such susceptibility characterizes canyon dynamics at least 

since the establishment of the current tectonic regime. By integrating these results with 

demographic exposure data, we identify priority areas for mitigating natural disasters such 

as landslide-generated tsunamis and coastal erosion in highly populated regions. 

1. Introduction 
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Submarine Canyons (hereafter, SCs) represent some of the most massive and dynamic 

morphological feature in marine landscapes, that represent  preferential sediment escape 

way to abyssal plain or intraslope basin1–3. These landforms could incise continental margins 

from continental platform/slope to abyssal plains, or can be confined into the  continental 

slope only4–8. 

The present study focuses on SCs that cut the shelf-break landward. Their dynamic nature 

makes them critical components in Earth's sedimentary systems, affecting oceanographic 

processes, sediment routing, and marine ecosystem development and distribution9,10. Given 

the size of these landforms, the SCs growth therefore constitutes one of the principal 

mechanisms of offshore landscape evolution. As with many other Quaternary geological 

processes, the study of landscape evolution allows to disentangle the tectonic and climatic 

forces driving the development of submarine canyon, thereby enhancing our understanding 

of their associated geohazards11–18. 

Submarine canyons can evolve through two mechanisms depending on the dominant 

erosional processes. Top-down canyons develop through turbidity currents and sediment-

gravity flows originating from the continental shelf, or through underwater landslides 

starting from the SCs head. Conversely, bottom-up processes involve retrogressive erosion 

at canyon heads through mass wasting events that propagate upslope6,19,20. This manuscript 

focuses on submarine canyons whose evolution is dominated by headward retrogressive 

processes and on the potential geohazards that such mechanisms may drive in coastal areas. 

While retrogressive submarine canyons occur globally, their proximity to coastal areas and 

associated hazard potential vary depending on continental margin architecture. In the 

Atlantic Ocean, for example, canyons typically indent the shelf but remain several kilometers 
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offshore due to wider continental shelves21. In contrast, the Mediterranean Sea presents 

distinctive characteristics where tectonically-controlled narrow shelves and steep margins 

facilitate the development of shelf-incising canyons with heads located near or directly 

adjacent to the coastline22. This geological configuration, enhanced by high seismicity, 

correlated with high tectonic uplift rates, and sediment supply from steep coastal 

catchments, makes Mediterranean submarine canyons particularly relevant for coastal 

geohazard assessment, as retrogressive processes can directly threaten nearshore 

infrastructure and population centres3,19,23. Canyon heads undergoing retrogressive retreat 

represent critical zones where erosion directly impacts the shelf and nearshore 

environments, potentially involving massive submarine landslides that can drive hazards to 

modern societies such as tsunamis and coastal erosion7,24,25. 

These geohazards are especially related to regions where SCs intersect narrow continental 

platform shelf break adjacent to densely populated coastal communities, whose retreat may 

affect the shoreline which can be monitored using recently developed remote sensing 

techniques employing multispectral imagery to track its position13,18,26. While individual 

case studies have explored the relationship between retrogressive erosion of canyon heads 

and related hazards4,22,27–32, a large-scale comprehensive analysis incorporating a 

statistically noteworthy number of cases is so far lacking. Thus, local drivers of submarine 

canyon retreat have been frequently explored, and the implications of the results have 

subsequently been generalized conceptually. However, regional case studies that would 

allow for the investigation of the drivers of canyon retreat at a lower level of abstraction, and 

therefore more robustly, are still limited and often analyse the problem at a scale too large 

to be able to robustly isolate the forces for canyon retreat2,33,34. Considering the above, a 
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fundamental scientific question remains unresolved: what are the primary drivers 

controlling canyon head retreat? While recent global studies have highlighted the role of 

river discharge and tectonic activity in maintaining canyon connection, understanding this 

process requires assessing susceptibility, the inherent spatial predisposition of a site to 

undergo retrogressive failure, independent of temporal frequency, which represents a 

fundamental component of hazard evaluation35. Equally important is the challenge of 

quantifying the associated hazard potential to inform risk management strategies for 

vulnerable coastal communities. The significance of these geohazards has become 

increasingly critical as global coastal population density continues to rise, with over 600 

million people currently residing in low-elevation coastal zones less than 10 meters above 

sea level especially in tourist areas that meaningfully increase their population density in 

specific period of the year36–39. The Italian continental margins (central Mediterranean Sea, 

Fig. 1) provide an ideal natural laboratory for addressing these research questions, offering 

different tectonic settings, abundant SCs, and extensive high-resolution datasets on 

bathymetry (e.g. the MaGIC project dataset4), vertical tectonic differential ground 

movements (considering both the long-term deformation depicted from morphotectonic 

related paleo-geodetic indicator and also instrumental dataset such as satellite geodesy 

data), seismicity, and coastal demographics that enable integrated analysis of multiple 

contributing factors. 
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Figure – 1: Seismotectonic and morphologic setting of the Italian continental margin. A) Potential sources of large 

earthquakes, including crustal active faults (orange ribbons) and subduction interfaces (shown with gray 

contours) from the DISS database143. B) River catchments colour coded according to their average Ksn and river 
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mouths (blue dots with variable size according to the flow accumulation of the related drainage basin). C) Area-

source seismogenic model, geodynamic zonation and expected focal mechanisms for each area46,47. D) Quaternary 

volcanoes and historical and instrumental seismicity with MW≥ 4.0 from the INGV CPTI catalogue166. 

 

By analysing over 2,700 shelf-indenting canyon heads incising the Italian continental 

margins and correlating them with tectonic and morphological variables (described in the 

section 3.1), we aim to enhance understanding of the primary Quaternary geological 

processes driving canyon head retreat and their associated hazards. Our methodology 

integrates multiple independent variables, including high-resolution bathymetry, crustal 

velocity and strain-rate fields, earthquake density 2D distribution, and coastal proximity 

metrics, to develop a robust statistical framework that quantifies canyon retreat 

susceptibility while elucidating the relative contribution of each geological, geophysical and 

morphological factor. 

2. Seismotectonic and Morphologic setting 

The Italian continental margin encompasses several sub-basins of the central Mediterranean 

Sea. These sub-basins display diverse bathymetric and structural settings, underlain by old 

Mesozoic Tethyan and Neogene oceanic crusts as well as thick continental lithosphere. Their 

present-day geodynamic framework results from the protracted convergence and slow 

collision between the African and Eurasian plates40–42, which has driven the formation of the 

Apennine-Maghrebian orogenic system and the opening of the Tyrrhenian back-arc basin 

through eastward roll-back of the Adriatic-Ionian slab43–45(Fig. 1). 

Within this geodynamic context, the study area can be subdivided into five distinct 

seismotectonic domains characterized by contrasting fault kinematics, seismicity patterns, 
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and deformation rates46–48: (1) back-arc extensional basins, including the Tyrrhenian Sea 

margins, formed by post-Miocene rifting, thin oceanic or transitional crust, and widespread 

active volcanism49,50; (2) extensional belts, comprising zones of active normal faulting along 

the Tyrrhenian margins and inner Apennines, where seismicity is dominated by high-angle 

normal faults accommodating ongoing extension perpendicular to the chain51; (3) active 

orogenic belts, including the Calabrian Arc and portions of the external Apennines and 

Siculo-Maghrebian thrust system, where reverse and strike-slip faulting accommodates 

ongoing convergence and lateral tectonics16,52–55; (4) foreland basins, encompassing the 

Adriatic and Ionian and the Sicily Channel deformed margins, characterized by flexural 

subsidence, thrust-related folding, the moderate compressional seismicity56–58; and (5) 

stabilized old orogenic belts, representing ancient, seismically quiescent portions of the 

thrust belt where deformation has ceased or diminished59. 

A main tectonic feature is represented by the Calabrian subduction zone, where remnant 

Ionian oceanic lithosphere subducts beneath the Calabrian Arc at a steep angle (~70°), 

generating the deepest seismicity in the Mediterranean region (down to 500 km)60,61. This 

narrow subduction system creates vertical differential movements, with rapid tectonic uplift 

rates (up to 1-2 mm/yr) along the Ionian coast of Calabria62,63 contrasting with slow uplift 

or subsidence in the adjacent foreland, producing steep submarine slopes and remarkable 

shaking frequency64. The spatial distribution of seismicity (Fig. 1d) reflects this complex 

geodynamic partitioning, with shallow crustal earthquakes concentrated along the actively 

deforming extensional and compressional belts, while intermediate-depth and deep 

compressional seismicity characterizes the Calabrian subduction zone65. Active volcanism 

(Fig. 1d) is predominantly confined to the Tyrrhenian back-arc domain and the Calabrian 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Arc, including the Aeolian Islands, Mount Etna, and submarine volcanic complexes66,67 (many 

of which show evidence of Holocene activity68) further distinguishing these actively 

deforming settings from the almost stable foreland domains. 

3. Submarine Canyons (SCs) 

SCs are steep-walled valleys that typically exhibit low overall sinuosity in both active and 

passive margin settings, occur on slopes and evolve under gravitational processes1,3,34,69–72. 

They comprise distinct morphologies: the head (which may incise the shelf break or remain 

confined to the slope), the walls, the main channel, and tributaries (also called gullies)73–76. 

Based on their morphology and relationship with the continental shelf, SCs can be 

categorized as follows: Type 1, which incise the shelf and are connected to a river system; 

Type 2, which also incise the shelf but have no river connection; and Type 3, known as 'blind' 

canyons, which are restricted entirely to the continental slope3,23,69,70. A comprehensive 

global mapping study identified 9,477 SCs worldwide, covering approximately 4.4 million 

km² (1.2% of the ocean floor) and comprising an average of 11.2% of the global continental 

slope area. Shelf-incising SCs (which cut across the shelf break) are substantially larger than 

their blind counterparts, with average sizes of 777 km² and mean lengths of 54.8 km, 

compared to 375 km² and 37.3 km for blind SCs (confined to the slope)77. In the present 

study, for, we extracted the highest point of each mapped detachment niche to serve as a 

unique identifier. This approach enabled the creation of a nationwide point-based inventory 

of submarine canyons (SCs) in Italy. Each point record in this inventory is referred to as 

Punto Identificativo del Canyon Sottomarino (PICS, Identification Point of the Submarine 

Canyon, see Fig. 2). 
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Figure – 2: 3D topo-bathymetric view of the Gulf of Palermo (Italy). The map shows Submarine Canyon (SCs) 

headwalls along the continental slope. The pink dashed line marks the shelf edge, red lines indicate canyon heads, 

and black dots represent the Punto Identificativo del Canyon Sottomarino (PICS, Identification Point of the 

Submarine Canyon). The vertical scale is exaggerated 10 times. Topography is from Regione Siciliana LiDAR 

dataset and bathymetry from MaGIC multibeam data124,167. The black polygon in the inset shows the location of 

the Area Of Interest (AOI) on the geoid (topographic data from ETOPO168). 

 

As mentioned above, the evolution of SCs is driven by a complex interplay between large-

scale controlling factors, such as tectonic activity and climate-driven cycles. These factors, in 

turn, govern submarine landslides, turbidity currents, and dense shelf water cascading that 

are responsible for canyon incision and maintenance2,23,76,78. Retrogressive erosion of 
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canyon heads represents a critical evolutionary process since it can affect anthropogenic 

coastal assets. Despite this, the relation between the SCs and their regional tectonic setting 

in shaping canyon geomorphology and influencing sediment transport dynamics is not fully 

explored even if global-scale studies demonstrated the relation between SCs morphology 

and, especially, concavity is influenced by tectonic setting3,79,80 and that the slope failure 

processes could be more important in passive-margin81. 

These seafloor features serve crucial functions in Earth's sedimentary systems, facilitating 

sediment transport from continental shelves to deep marine basins mainly through density 

flows81–85. They influence oceanographic processes, benthic ecosystem distribution, marine 

pollution pathways and carbon sequestration pathways81,85–88. Submarine landslides 

originating from shelf-incising canyon heads pose geohazards to coastal regions through 

multiple mechanisms: direct tsunami generation from mass failure, progressive ground 

destabilization and erosion of nearshore areas due to retrogressive erosion undermining the 

coastal foundation, and damage to seafloor infrastructure. However, assessing these hazards 

is challenging due to the nearshore data gap caused by limitations in ship-based bathymetric 

surveys in shallow waters (the white ribbon) which restricts our ability to fully characterize 

canyon head morphology and dynamics in the most vulnerable coastal zones28,89,90. Climate 

change may affect sediment circulation frequency and intensity within these systems, 

potentially altering deep-sea ecosystems and carbon storage mechanisms on continental 

margins2. 

4. Results 

All the canyon heads mapped within the submarine canyon headwalls yielded a total of 2,765 

mapped PICS along nearly the entire Italian coastline, with 𝑑𝑃𝑐 values ranging from a few 
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meters to approximately 69 km (please refer to Tab. 1 for the full acronym list used in this 

manuscript). 

This comprehensive database of values served as the set of dependent variables for 

subsequent exploring relationships between canyon retreat susceptibility and various 

regressors. Regarding the independent variable transformation analyses, the results are 

summarized in the Supplementary Information (Supplementary Table 1). 

# Variable Variable meaning 

1 dPr The minimum distance between each PICS and the nearest river mouth 

2 dPc
dPr

⁄  The degree of alignment between the PICS and nearest river mouths 

3 rFlowAcc Flow Accumulation at the PICS nearest river mouth 

4 rKsn Stream network averaged normalized steepness index at the PICS closest river mouth 

5 RM A relief metric computed as the weighted average between relief and topographic variance, with equal 

weight assigned to both terms 

6 s The topographic slope value computed in the PICS location 

7 GNSSv GNSS vertical velocity field 

8 GNSSh GNSS horizontal velocity field 

9 GNSS2inv The 2nd invariance of horizontal strain rate values 

10 EGMSavg InSAR coastal vertical deformation 

11 F06 Uplift rate computed from literature of MIS 5.5 paleoshorelines elevation 

12 CPTI15 Instrumental earthquake seismic moment distribution 

13 DISSsnt Synthetic earthquake seismic moment distribution 

Table – 1: Tectonic and morphologic independent variables used in this study. The first column includes the 

progressive numbering also reported in the text, the second column reports the variable acronyms, while the third 

column, reports a brief explanation of the variable meaning. 

 

Logarithmic transformation emerged as the predominant best-fit model for both raw and 

standardized data, optimal for six and four variables respectively, followed by square root 

transformation (three variables for raw data) and quadratic transformation (three variables 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

for standardized data). The highest coefficient of determination (R²) value (0.48) was 

observed for the distance between each PICS and the nearest river mouth with logarithmic 

transformation applied to raw data, while the lowest (0.0005) was found for the second 

invariant of strain rate. For standardized variables, the second invariant of the GNSS 

horizontal velocity field showed the highest R² (0.21) with quadratic transformation. 

The Akaike’s Information Criterion (AIC) values showed consistent patterns with R² 

improvements, with the lowest values for the distance to the nearest river mouth (6023.60 

for raw data, 6430.26 for standardized data) indicating the best overall model fit among all 

variables. Standardization improved model performance for several variables, most notably 

for the second invariant of strain rate (improvement of 46.13%) and topographic variance 

(improvement of 39.68%). Conversely, other variables such as slope and distance to the 

nearest canyon axis performed better in their raw form, showing negative improvements of 

-46.68% and -46.41% respectively (see  Supplementary Table 1 for more information). 

4.1. The Multiple Linear Regression Models 

The Variance Inflation Factors (VIF) analysis demonstrated that multicollinearity is not a 

concern for the independent variables in this study. All VIF values remained well below the 

critical threshold of 5, with the highest values observed for CPTI₁₅ (2.45), DISSsnt (2.36), and 

F₀₆ (2.34), while the lowest was found for GNSSv (1.10). This indicates that the independent 

variables maintain sufficient distinctiveness in the model (Supplementary Table 1). The 

correlation analysis identified six relationships with absolute correlation coefficients 

exceeding 0.5, with the strongest being the positive correlation between CPTI₁₅ and DISSsnt 

(r = 0.649), followed by F₀₆ and CPTI₁₅ (r = 0.606). Notable negative correlations were 

observed between F₀₆ and DPr (r = -0.584) and between DPr and CPTI₁₅ (r = -0.561). 
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As shown in Fig. 3a–d and Supplementary Table 2, both regression models achieved 

exceptionally high explanatory power, with R² values exceeding 99%. The Huber model 

demonstrated slightly superior variance explanation (R² = 0.997, adjusted R² = 0.997) 

compared to the Stepwise model (R² = 0.992, adjusted R² = 0.992). However, the models 

exhibited contrasting strengths in different performance metrics. The Stepwise model 

showed superior predictive accuracy with substantially lower error metrics (Root Mean 

Square Error (RMSE) = 0.961, Mean Absolute Error (MAE) = 1.08) compared to the Huber 

model (RMSE = 1.65, MAE = 1.77). The Stepwise model also demonstrated better parsimony, 

with markedly lower information criteria values (AIC = 6160, Bayesian Information 

Criterion (BIC) = 6520) compared to the Huber model (AIC = 12800, BIC = 12900), reflecting 

its more efficient model structure relative to complexity. Both models showed evidence of 

heteroscedasticity, with White's test yielding χ² values of 42000 (Stepwise) and 259000 

(Huber), and Breusch-Pagan test statistics of 632 (Stepwise) and 1280 (Huber), all with p < 

0.001. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Figure – 3: Statistical validation and model comparison for the Stepwise and Huber regression models. (a - d) 

Performance metrics comparison between models: (a) coefficient of determination, (b) Root Mean Square Error, 

(c) Akaike Information Criterion and (d) Bayesian Information Criterion. (e - f) Quantile-Quantile plots for the 

Stepwise and Huber models, with outliers in black dots and ±2 standard deviation thresholds as red dashed lines. 

(g - h) Residuals versus fitted values plots with outliers (black dots) and Interquartile Range boundaries (red 

dashed lines). Percentages show outlier proportions. (i) Top five regressors contribution for both models, with 

significance levels indicated by asterisks. 
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The outlier analysis revealed complete concordance between the two models. Quantile-

quantile plots (QQ) analysis identified 148 anomalous observations in each model, while 

residual-based analysis detected 138 outliers in both models. This perfect consistency in 

outlier identification across both analytical approaches and regression methods indicates 

that approximately 5% of the dataset (n = 2765 PICS) consists of observations with unusual 

retreat patterns (Fig. 3e–h and Supplementary Tables 2). 

The Stepwise regression model incorporated 62 coefficients: one intercept term, 13 main 

effects, and 48 two-way interaction terms. White's heteroscedasticity-robust estimation 

identified several dominant predictors (Supplementary Table 3 and Supplementary 

Equation 1). Among main effects, the distance-related parameters showed the most 

substantial influence: DPc/DPr exhibited the strongest positive coefficient (29.457, p < 

0.001), followed by DPr (9.180, p < 0.001), while F₀₆ showed a strong negative effect (-2.956, 

p < 0.001). The interaction terms revealed complex relationships, with DPr: DPc/DPr showing 

the strongest positive interaction (7.541, p < 0.001), and F06: RM displaying the strongest 

negative interaction (-6.139, p < 0.001). Other notable interactions included DPr :rKsn (-0.602, 

p < 0.001) and F06: DPr (-1.750, p < 0.001), indicating that the effects of distance parameters 

are substantially modulated by topographic and relief characteristics. 

The analysis revealed substantial differences between original and White's standard errors 

across multiple parameters. In the Stepwise model, the most pronounced variation was 

observed for DPr: DPc/DPr (114% difference), followed by DPr: rKsn (105%) and  

DPc/DPr: CPTI15 (87%). Four interaction terms exhibited changes in statistical significance 

when applying White's robust standard errors: F06: DISSsnt, GNSSinv: DPr, DPc/DPr: RM , and 
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DPc/DPr: CPTI15. The Stepwise model, which includes 62 coefficients (1 intercept, 13 main 

effects, and 48 interaction terms), is formally represented by the equation shown in 

Supplementary Equation 1. 

For the Huber model (Supplementary Table 4), the robust estimation analysis examined 14 

main effect parameters without interaction terms. The distance-related parameters showed 

the strongest effects: DPc/DPr exhibited the highest positive coefficient (28.521, p < 0.001), 

followed by DPr (9.190, p < 0.001). Among the negative coefficients, EGMSavg showed the 

strongest effect (-0.894, p < 0.001), followed by RM (-1.046, p = 0.027) and GNSSh (-0.196, p 

= 0.001). The geodetic variables maintained their significance, with GNSSinv showing a 

substantial positive coefficient (0.965, p < 0.001). The Huber model exhibited even larger 

variations in standard errors compared to the Stepwise model, with DPr showing the 

maximum difference of 292%, followed by GNSSv (91%) and s (86%). Only two variables 

experienced changes in statistical significance under White's robust estimation: s (p-value 

shifted from 0.0003 to 0.052) and GNSSv (p-value shifted from 0.033 to 0.262). The Huber 

model is formally represented by the Supplementary Equation 2. 

4.2. Regressor Contribution to Susceptibility 

The analysis of robust White coefficients' contributions to submarine canyon head retreat 

susceptibility in the Stepwise model reveals an exceptionally wide range of influences, 

spanning 20 orders of magnitude (from 10¹⁸ to 10⁻² units, see Fig. 3i, Fig. 4a and 

Supplementary Table 5). The model demonstrates a clear hierarchy dominated by 

interaction effects involving seismic density parameters. The five highest contributors, all 

exceeding 10¹⁷ units, are exclusively interaction terms where DISSsnt interacts with other 

variables. These are rFlowAcc: DISSsnt (6.37×10¹⁸, p = 0.005), rKsn: DISSsnt (2.54×10¹⁸, p < 
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0.001), GNSSinv: DISSsnt (1.70×10¹⁸, p < 0.001), GNSSh:DISSsnt (1.28×10¹⁸, p < 0.001), and 

GNSSv: DISSsnt (3.36×10¹⁷, p < 0.001). Beyond seismic interactions, the model identifies 

important contributions from earthquake catalogue parameters, with DPr: CPTI15 

(1.28×10¹², p < 0.001) and several other CPTI₁₅ interaction terms ranging from 10⁹ to 10⁸ 

units. Individual variables show markedly lower contributions than interaction terms, with 

DPr: rKsn (2.39×10⁵, p < 0.001) and DPr (1.10×10⁵, p < 0.001) being the only non-interaction 

terms approaching 10⁵ units, suggesting that the interplay between variables is substantially 

more important than their individual effects in determining susceptibility. 
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Figure – 4: Spatial distribution and geodynamic control of submarine canyon susceptibility. (a) Quantile 

classification of PICS based on the Stepwise susceptibility model (for interpretation of the colours of the dots 

representing the PICS refer to the second colourbar from the left for classification range 1–10). (b) Spatial 

comparison between Stepwise and Huber susceptibility models, displaying classification differences (Δ values 
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shown in the third colourbar, range −9 to +5). Positive values indicate higher susceptibility in the Stepwise model, 

while negative values suggest the Huber model assigns greater susceptibility.  

(c) Median susceptibility aggregated by geodynamic setting (ZS16 seismogenic zones). Polygon colours represent 

the median PICS susceptibility within each zone, enabling direct comparison with panel (d) through a unified 

colour scale (rightmost colourbar, Low–Medium–High). (d) Spatial consistency (process homogeneity) within 

geodynamic zones. Polygon colours indicate the consistency weight (inverse of interquartile range), with higher 

values (lighter colours) representing homogeneous landslide processes dominated by tectonic forcing, and lower 

values (darker colours) indicating heterogeneous, multi-factor-controlled environments requiring site-specific 

analysis. The unified colour scale facilitates direct visual comparison between panels (c) and (d), where matching 

colours across both panels identify process-dominated zones, while contrasting colours reveal complex, spatially 

variable susceptibility patterns. The leftmost colourbar indicates bathymetric elevation (km). 

 

The Huber model reveals a contrasting pattern with a simpler structure spanning 17 orders 

of magnitude (from 10¹⁶ to 10⁻¹ units, Fig. 3i and Supplementary Table 5 ). This model 

contains only main effects without interaction terms. The contribution hierarchy is 

dramatically dominated by a single variable: DISSsnt shows an exceptionally high 

contribution of 8.58×10¹⁶ (p < 0.001), approximately 9 orders of magnitude larger than the 

second-ranked variable. This is followed by CPTI₁₅ (2.10×10⁷, p = 0.350,) and DPr (1.10×10⁵, 

p < 0.001). The remaining variables show contributions below 10² units, with rFlowAcc (82.6, 

p < 0.001) and DPc/DPr (17.7, p < 0.001) completing the top five contributors. 

Comparison of the two models reveals fundamentally different architectures for explaining 

canyon head retreat susceptibility (Fig. 4b). The Stepwise model distributes explanatory 

power across numerous interaction terms, with seismic density (DISSsnt) acting as a key 

moderator in the top five interactions, contributing cumulatively through its interactions 

with hydrological (rFlowAcc, rKsn) and geodetic (GNSS) parameters. In contrast, the Huber 
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model concentrates explanatory power in DISSsnt as a dominant individual predictor 

(8.58×10¹⁶), with earthquake catalogue density (CPTI₁₅) and distance to river mouth (DPr) 

providing secondary contributions that are 9 and 11 orders of magnitude smaller, 

respectively. The DPr parameter maintains relevance across both models, appearing as 

individual variable in both approaches (1.10×10⁵ in each), though in the Stepwise model it 

gains additional importance through its interactions with seismic parameters (DPr: CPTI15 = 

1.28×10¹², p < 0.001). This contrast suggests that while seismic forcing is critical in both 

models, the Stepwise approach captures complex nonlinear relationships through 

interactions, whereas the Huber method prioritizes a simpler additive structure dominated 

by fault-related seismicity. 

4.3. Geodynamic Control on Susceptibility Patterns 

The PICS aggregation within the seismogenic zones revealed pronounced variations in 

submarine canyon head retreat susceptibility across different geodynamic settings (Fig. 1C 

and 4C-D, Supplementary Table 6). Median susceptibility values ranged from 2 (reverse-

faulting old orogenic belt) to 10 (reverse-faulting back-arc basin, normal-faulting 

extensional belt, and reverse-faulting active orogenic belt). The consistency metric revealed 

marked differences in spatial homogeneity of susceptibility within zones. Eight zones (36% 

of total) exhibited perfect consistency (value = 1.0, Interquartile Range method (IQR) = 0), 

indicating spatially uniform susceptibility entirely controlled by regional geodynamic 

forcing such as high-susceptibility back-arc basin and orogenic belt zones. Conversely, 

foreland basin settings displayed the lowest consistency values, reflecting strong modulation 

of susceptibility by local factors beyond regional tectonics, as expected in slower deforming 

areas. Aggregation by fault kinematic regime (see Supplementary Table 6) revealed 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

systematic patterns: normal-faulting extensional belts exhibited high median susceptibility 

(9) with moderate spatial variability (IQR = 4); reverse-faulting active orogenic belts (n=82 

PICS) showed the highest median susceptibility (10) with high consistency (median 

consistency = 0.79); strike-slip orogenic belts (n=495 PICS) displayed intermediate 

susceptibility (median = 7) and moderate consistency (0.58). Notably, the large reverse-

faulting old orogenic belt dataset (n=707 PICS) presented anomalously low susceptibility 

(median = 2) despite compressional tectonics. The spatial distribution of high-consistency 

zones (Fig. 4D) identified geodynamic settings where canyon retreat susceptibility is both 

elevated and spatially predictable, including the Calabrian subduction zone and portions of 

the northern Tyrrhenian extensional belt. 

4.4. Priority Assessment Results: Critical Hotspots Identification 

The area-wide exposure metric, quantifying cumulative demographic pressure within 10 km 

buffers around each PICS, was computed for 1, 754 canyon heads (63.4% of the total dataset, see 

Fig. 5). The calculation incorporated an average of 7.4±4.4 municipalities per PICS, indicating 

substantial variability in the density of coastal settlements surrounding different canyon systems. 

The resulting metric values ranged from 0.0037 to 0.7071. When classified into 10 quantile-based 

classes, the distribution was approximately uniform across all classes, with each containing 

between 9.18% (class 10, highest exposure) and 10.60% (class 7) of the dataset. The composite 

priority score ranged from 6.7 to 86.7 across the analysed PICS. The top 97 highest-priority canyon 

heads (3.51% of the dataset) exhibited composite scores 80.0, with all sites displaying maximum 

proximity exposure (class 10) combined with variable but elevated values in the other two 

components (mean susceptibility class 6.5, mean area-wide exposure class 8.3), indicating that the 

highest-priority sites are characterized by the convergence of extreme local demographic pressure 
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with elevated geological susceptibility and regional exposure. The adaptive threshold analysis for 

multi-criteria hotspot identification revealed that at threshold 6, 113 PICS (4.09%) satisfied all 

three criteria simultaneously. Increasing the threshold to 7 reduced the number of tri-criteria 

hotspots to 74 PICS (2.68%), while threshold 8 eliminated all tri-criteria overlaps (0 PICS). Based 

on this analysis, threshold 7 was identified as optimal, balancing selectivity with statistical 

robustness. The 74 Critical Hotspots identified at this threshold exhibited mean values of proximity 

exposure class 9.8 (range 8-10), susceptibility class 7.0 (invariant at class 7), and mean area-wide 

exposure of 0.143 (range 0.128-0.172, corresponding to classes 7-9, see Supplementary Table 7 

for the complete list of acronyms and their definitions). 
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Figure – 5: Demographic exposure along the Italian coastline. The exposure was computed within 10 km-radius 

circular buffer areas around the canyon heads considering the Priority Index of the PICS. The map shows the 

location of the 74 highest-priority sites. (Critical Hotspots) highlighted with bold black lines. 
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5. Discussion 

Our analysis of submarine canyon head retreat susceptibility along the Italian continental 

margins revealed the combined influence of morphological and tectonic factors in driving 

the canyon retreat process. By compiling the first nationwide high-resolution database of 

submarine canyon heads (2,765 PICS) and employing robust multivariate regression 

techniques, we quantified for the first time the relative contributions of various drivers to 

submarine mass movement susceptibility. This spatial scale of analysis provides insights 

that cannot be achieved through single case studies alone. In the following we discussed 

achieved results into the framework of the entire studied area. Moreover, to examine the 

regional variability of canyon head retreat processes and their associated potential hazards, 

we also selected two focus areas along the Italian margins that have been extensively studied 

in previous research. These areas enable us to explore their related geohazards with a 

deeper understanding of the local seismotectonic and morphological context, and to validate 

our model against well-documented hazardous regions. 

The regression analyses reveal seismogenic fault activity (DISSsnt) as the overwhelmingly 

dominant driver of canyon head retreat susceptibility across Italian margins. In the Huber 

model, DISSsnt exhibits an exceptional contribution of 8.58×10¹⁶ units (p < 0.001), 

approximately 9 orders of magnitude larger than the second-ranked variable (CPTI₁₅ = 

2.10×10⁷, p = 0.350) and 11 orders of magnitude larger than the distance to river mouths 

(DPr = 1.10×10⁵, p < 0.001). This extreme dominance indicates that proximity to active 

seismogenic sources exerts a far stronger control on canyon head instability than any other 

measured parameter8,91. However, this finding must be contextualized within the potential 
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dual role of seismic activity. While acting as a primary destabilizing trigger, repeated ground 

shaking over the time can also induce 'seismic strengthening' of the seabed, which increases 

substrate consolidation92–95. This competing effect could, in turn, influence (and potentially 

inhibit) the long-term retrogradation of submarine canyons and warrants further 

investigation. 

In the Stepwise model, seismic forcing maintains its primacy but operates through a different 

mechanism: DISSsnt appears as the key moderating variable in the five highest-contributing 

interaction terms, all exceeding 10¹⁷ units. The dominant interactions are with hydrological 

parameters (rFlowAcc: DISSsnt= 6.37×10¹⁸, rKsn: DISSsnt = 2.54×10¹⁸) and geodetic 

deformation measures (GNSSinv: DISSsnt = 1.70×10¹⁸, GNSSh: DISSsnt = 1.28×10¹⁸, 

GNSSv: DISSsnt = 3.36×10¹⁷), all with p < 0.01. This pattern demonstrates that seismic forcing 

amplifies the influence of both sediment supply and active crustal deformation in driving 

canyon retreat. Specifically, seismic activity can initiate a multi-hazard cascade: it acts as a 

trigger for events, such as submarine landslides, on slopes already destabilized (or 

'conditioned') by high sediment loads or active deformation96. 

The prominence of fault-based seismicity (DISSsnt) over catalogue-based seismicity (CPTI₁₅) 

provides important mechanistic insights. While CPTI₁₅ shows substantial contributions in 

the Stepwise model through its interactions (DPr: CPTI15 = 1.28×10¹², p < 0.001; rKsn: CPTI15 

= 3.97×10⁹, p < 0.001), these remain several orders of magnitude below DISSsnt-related 

contributions. This disparity suggests that proximity to mapped seismogenic sources, which 

integrate long-term tectonic loading and fault geometry, provides a more robust predictor 

of canyon head instability than historical earthquakes occurrence alone. The seismogenic 

source database captures the spatial distribution of potential future ruptures more 
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comprehensively than the historical catalogue, which is limited by temporal incompleteness 

and magnitude detection thresholds97,98. 

Distance to river mouths (DPr) emerges as a noteworthy but secondary factor, with identical 

contributions of 1.10×10⁵ units in both models (p < 0.001). Its role is amplified through 

interactions in the Stepwise model, particularly with seismic parameters (DPr: CPTI15 = 

1.28×10¹², DPr: rKsn = 2.39×10⁵) and distance ratios (DPr: DPc/DPr = 5.15×10⁴). This 

supports the hypothesis that many Italian submarine canyons originated as subaerial river 

valleys subsequently submerged during post-glacial sea-level rise, creating paleovalleys that 

represent zones of weakness within the shelf-slope system21. The interaction structure 

suggests that river proximity becomes most influential where combined with seismic 

activity or steep topography, aligning with observations from the SE African and U.S. Atlantic 

margins where sea-level fluctuations and drainage extension influenced slope stability.99,100. 

Active crustal deformation, measured through geodetic parameters (GNSSinv, GNSSh, GNSSv, 

EGMSavg), contributes primarily through its interactions with seismic forcing in the Stepwise 

model. The strongest deformation-related interaction is GNSSinv: DISSsnt (1.70×10¹⁸, p < 

0.001), while deformation-seismicity coupling through GNSSinv: CPTI15 (1.16×10⁹, p = 

0.002) demonstrates how these processes amplify each other's effects through dual 

mechanisms: direct steepening of submarine slopes and enhancement of seismic energy 

release in actively deforming zones. Areas experiencing rapid deformation may therefore 

represent hotspots where tectonic activity, seismic shaking, and morphological instability 

converge to drive canyon head retreat through coupled feedback mechanisms. The 

contribution analysis reveals substantial spatial heterogeneity in the factors driving 

susceptibility. While seismogenic sources (DISSsnt) dominate at the national scale, examining 
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specific regional clusters reveals important variations in how this seismic forcing interacts 

with local morphological and hydrological conditions87. 

Finally, a consideration on time-scales is necessary. Our statistical model identifies active 

tectonics and seismicity as dominant drivers based on datasets covering a seismotectonic 

and morphotectonic time window. Consequently, our conclusions on canyon retreat 

susceptibility act as a proxy for the dynamics occurring within the time frame defined by the 

establishment of this setting. 

The marked susceptibility contrast between actively deforming margins (median = 9-10) 

and stabilized settings (median = 2-5) demonstrates that active tectonics serves as a primary 

predisposing factor for canyon head retreat. The elevated susceptibility observed in reverse-

faulting active orogenic belts and normal-faulting extensional belts reflects the dual role of 

active tectonics in promoting canyon head instability: (1) steepening of submarine slopes 

through vertical differential movements, which increases gravitational potential energy and 

reduces slope stability, and (2) seismic shaking frequency and magnitude, which serves as a 

primary triggering mechanism for retrogressive mass wasting events. The Calabrian 

subduction zone exemplifies this synergy, where compressional tectonics generates both 

steep bathymetric gradients and high seismicity, producing spatially uniform maximum 

susceptibility (median = 10, consistency = 1.0). This perfect consistency indicates that 

regional geodynamic forcing completely dominates local morphological variability in 

determining canyon retreat susceptibility. Conversely, the anomalously low susceptibility of 

the reverse-faulting old orogenic belt (median = 2) suggests that ancient, stabilized orogenic 

belts could not preserve the elevated geohazard potential of actively deforming margins. 
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The contrast in consistency values between different tectonic environments provides 

insights into the relative importance of regional versus local controls on susceptibility. High-

consistency zones (≥ 0.5) indicate settings where canyon retreat processes are primarily 

controlled by uniform regional forcing, enabling reliable hazard prediction based on 

geodynamic classification alone. These zones exhibit narrow susceptibility distributions, 

with most PICS displaying similar retreat potential regardless of local position within the 

zone. Foreland basin settings exhibit the lowest consistency values (0.2-0.33), indicating that 

regional tectonics alone cannot explain the observed susceptibility variability. In these 

environments, local morphological factors, such as proximity to specific river mouths, local 

slope gradients, and sediment supply rates, play major roles in determining canyon head 

stability. The high IQR values (2-4) observed in foreland basins suggest that hazard 

assessment in these settings requires detailed site-specific analysis beyond regional 

geodynamic characterization. This spatial heterogeneity may reflect the transitional nature 

of foreland basins, where the interplay between flexural subsidence, sediment loading, and 

variable fluvial input creates complex local boundary conditions that modulate susceptibility 

independently of regional tectonic forcing. 

The comparable median susceptibility values observed in normal-faulting extensional belts 

(median = 9) and reverse-faulting active orogenic belts (median = 10) indicate that both 

extensional and compressional active margins generate favourable conditions for canyon 

head instability, although through different mechanisms. These findings could have critical 

implications for regional hazard assessment strategies. In high-consistency geodynamic 

settings, susceptibility can be reliably predicted using regional tectonic classification, 

enabling efficient large-scale hazard mapping. However, in low-consistency environments 
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such as foreland basins, hazard assessment requires integration of high-resolution local 

datasets including bathymetry, sediment properties, and detailed fluvial connectivity 

analysis. 

The Critical Hotspots identification underscores that the convergence of high geological 

susceptibility with elevated demographic exposure occurs in a limited subset of locations 

along the Italian margins (See Fig. 5). This spatial selectivity has important implications for 

prioritizing resource allocation in hazard mitigation strategies, enabling focused 

deployment of monitoring infrastructure and detailed risk assessment in areas where the 

potential societal impact is maximized. The optimal threshold identification at class ≥7 

reveals that the highest levels of risk across all three dimensions rarely coincide spatially. 

The adopted weighting approach highlights that even moderately susceptible canyon heads 

pose hazards when located adjacent to heavily exposed major population centres, potentially 

warranting more immediate intervention than highly susceptible but remotely located sites. 

However, this emphasis on proximity exposure must be balanced against the recognition 

that catastrophic submarine landslides at highly susceptible sites can generate relatively far-

field tsunami impacts affecting coastlines kilometres distant, as demonstrated by historical 

events such as the 1929 Grand Banks tsunami and the 1977 Gioia Tauro landslide-

tsunami90,91,101. 

The tri-criteria overlap frequencies at threshold ≥7 (74 PICS) indicates that most high-risk 

canyon heads are characterized by dominance of one or two factors rather than all the three 

feature dimensions (proximity exposure + area-wide exposure + retreat susceptibility). This 

pattern has practical implications for hazard characterization: sites with proximity exposure 

+ area-wide exposure overlaps represent locations where demographically exposed coastal 
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zones are present, but susceptibility remains moderate, suggesting that hazard management 

should focus on population preparedness and tsunami early warning systems rather than 

geological monitoring (e.g. the Northern Sicilian Continental Margin12,14,26,32,102). Conversely, 

sites with susceptibility + area-wide exposure overlaps represent geologically active zones 

in populated regions where detailed bathymetric monitoring and slope stability assessment 

should take priority to detect precursory signals of potential failures (e.g. the eastern coast 

of the Sicilian island near Mt. Etna Volcano and the city of Catania103–107). 

The overlapping of high values in the three components exhibit limited spatial covariance at 

their extreme values. This spatial independence can be interpreted through the controlling 

processes: canyon retreat susceptibility is primarily governed by geological factors including 

active tectonics, seismicity, river proximity, and slope morphology over millennial 

timescales; proximity exposure reflects contemporary settlement patterns determined by 

socioeconomic factors and historical coastal development; area-wide exposure captures 

regional demographic distribution influenced by orography, agricultural suitability, and 

urban agglomeration processes. The 74 Critical Hotspots identified through the adaptive 

threshold approach represent priority targets for integrated monitoring strategies 

combining geological and demographic surveillance. These sites warrant deployment of 

high-resolution repeat bathymetric surveys to detect active canyon head retreat, installation 

of seismic monitoring networks to capture earthquake-triggered slope failures, and 

development of detailed tsunami inundation models calibrated to local bathymetric and 

coastal morphology. Equally important is the implementation of community-based 

preparedness programs in municipalities surrounding these hotspots, including public 
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education on tsunami recognition and evacuation procedures and establishment of 

evacuation routes and safe zones108–111. 

The analysis of two focus areas along the Italian margins is aimed to a dual purpose: 1) it 

provided insights into varying classes of exposure to submarine canyon retreat-related 

hazards, and 2) it enabled the validation of our model against known hazardous regions as 

the Gioia Tauro Gulf and Ischia Island (Fig. 6). The analysis of the Gioia Tauro Gulf (Fig. 6A-

C) demonstrates the robustness of the model's susceptibility component. In this critical area, 

the model accurately flags high canyon susceptibility, which is consistent with known 

historical events. This result simultaneously highlights a clear pathway for enhancement 

rather than a conceptual limitation. The current discrepancy, where high susceptibility does 

not translate to high exposure, is directly attributable to the present exclusion of 

infrastructure location data (Fig. 4A, 5 and 6A). The model's approach is conceptually sound, 

and this specific limitation can be resolved simply by augmenting the exposure calculation 

with a layer detailing key infrastructure. This actively deforming region exhibits 

characteristic features that predispose it to submarine canyon retreat: a narrow continental 

shelf, steep slopes, and direct canyon-river connectivity enabling efficient sediment transfer 

from terrestrial sources to canyon heads112 (such small and seasonal rivers are also known 

as fiumare in the recent literature27). These morphological conditions, coupled with high 

seismicity, create favourable circumstances for gravity-driven mass movements and 

associated coastal hazards. The canyon has a well-documented history of catastrophic 

failures, most notably the 1977 landslide-tsunami event90,113–116. Numerical modelling 

demonstrated that a relatively small submarine failure (5.7 million m³) generated tsunami 

waves reaching 5 meters near the coast90. Subsequent investigations revealed unstable 
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sedimentary deposits at the canyon head, fresh detachment scarps from recent mass wasting 

events, and anthropogenic impacts—including bottom trawling damage and marine litter 

accumulation—that potentially exacerbate natural instability10. The topo-bathymetric 

swath profile perpendicular to the coastline (Fig. 6B) quantitatively illustrates the extreme 

morphological conditions. The profile reveals a narrow continental shelf transitioning 

abruptly into steep slope gradients. At approximately 14 km from the profile origin 

(corresponding to the immediate offshore zone), minimum slope values exhibit notable 

steepening. The minimum elevation profile of the canyon displays a pronounced convexity—

a knickpoint characterized by an abrupt increase in slope gradient—indicating a transitional 

zone of enhanced susceptibility to retrogressive failure. Both cases show ideal conditions for 

submarine canyon instability through the combination of active tectonics, high seismicity, 

and resulting steep topography. 

The submarine flanks of Ischia Island represent a distinct scenario where volcano-tectonic 

processes dominate the geohazard framework and interact with submarine canyon 

dynamics (Fig. 6D-F). Our model identified several high-susceptibility exposure hotspot PICS 

around the island, particularly along its southern and western margins (Fig. 4A and 5). The 

3D visualization (Fig. 6D) reveals highly irregular submarine topography with multiple 

landslide scars and debris accumulations, while the swath profile (Fig. 6E) illustrates the 

extremely steep gradient of the island's submarine flanks. At approximately 2.5 km along the 

swath profile, there is a notable increase in relief energy that is compatible with landslide 

deposits, while, in the surroundings, the distribution of minimum elevations reveals an 

increase in slope angle, which, combined with locally enhanced relief energy, suggests the 

upstream area is likely characterized by excess topography, a condition where slopes exceed 
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threshold stability angles117,118. The high susceptibility values align with extensive 

documentation of past mass movement events from Mount Epomeo's flanks that could 

generate tsunami waves up to 5 meters high along nearby coastlines89. 
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Figure – 6: Bathymetry and swath analysis of the Gioia Tauro and Ischia Island canyon systems. 3D view of the 

Gioia Tauro (A) and Ischia Island (D) submarine canyon system. The small coloured circles highlight the PICS 

location. Topo-bathymetry and PICS colour coding are as in Fig. 3. Swath profiles of Gioia Tauro (B) and Ischia 

Island (E) showing elevation range in light blue and mean elevation in black. The swath direction is perpendicular 

to the coastline and can be read in insets C and F, respectively. Geographic context map of Gioia Tauro (C) and 

Ischia Island (F) showing the areas represented in the 3D visualization (larger polygon) and the swath profile 

corridor (smaller polygon) in relation to coastline. 

 

A key distinction of the Ischia case is the land-to-sea kinematic chain of the mass movements. 

While the Gioia Tauro study case involve primarily submarine processes, many of Ischia's 

most noteworthy mass movements originate on the subaerial flanks of Monte Epomeo and 

then continue drive mass movement on the submarine canyon heads119. This scenario 

represents a hazard continuum spanning both terrestrial and marine environments, 

increasing both the complexity and potential impact of these events. The interaction 

between active volcanism, steep topography, and seismicity at Ischia creates a multi-hazard 

environment requiring specialized monitoring approaches that integrate submarine and 

subaerial observations. This integration is particularly crucial given the island's high 

population density and importance as a touristic destination, where the potential impact of 

canyon-related tsunamis could be catastrophic. 

While the models exhibit high explanatory power (R² > 0.97, Fig. 2), certain unexplained 

anomalies (or specific local drivers) highlight the need for future research into temporal 

dynamics, such as recurrence intervals and driving thresholds. As per the terrestrial 

landslides, time-series of bathymetric data in selected high-susceptibility areas could 

provide crucial insights into the rate of active processes120. The complex interaction effects 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

identified in our Stepwise model suggest that canyon retreat processes are inherently non-

additive, with factors such as river proximity, seismicity, and differential tectonic 

deformation acting synergically to influence susceptibility. These research support the 

development of machine learning approaches to better capture these non-linear 

relationships121. The overlay of susceptibility with demographic exposure data (Fig. 4D) 

revealed that approximately one third of high-susceptibility PICS coincide with densely 

populated coastal areas, a finding that provides important context for assessing the potential 

societal relevance of the hazard posed by canyon head retreat nearshore areas. Moreover, 

the identification of previously underrecognized hazard areas, such as southeastern 

Sardinia, highlights the value of systematic, data-driven approaches for comprehensive 

hazard detection beyond traditionally recognized zones. 

The contribution analysis highlights how Quaternary processes controlling the landscape 

evolution contributes to susceptibility conditions that may not be readily apparent when 

considering contemporary (e.g. historic or instrumental) tectonic activity alone. Future 

research should integrate onshore and offshore datasets to develop comprehensive 

landscape evolution models and fill the gap of no data (e.g. white ribbon), as the artificial 

boundary between subaerial and submarine environments has proven insufficient for 

understanding the complex hazard sequence of interconnected events that affect coastal 

regions. As demonstrated by recent studies, submarine mass movements can drive cascading 

hazards that propagate across the land-sea interface, affecting sediment routing systems and 

generating tsunamis87,96. By treating the coastal zone as a continuum rather than separate 

domains, future investigations can more effectively address the Quaternary geological 

processes and associated hazards that coastal communities increasingly face, particularly in 
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densely populated Mediterranean coastal regions and as a consequence of the sea level rise 

due to the global warming122,123. 

6. Conclusion 

This first nationwide statistical assessment of submarine canyon head retreat susceptibility 

along the Italian continental margins has revealed the complex interplay between 

seismogenic forcing fluvial connectivity, active deformation, and morphological factors in 

controlling geohazard potential. By analysing over 2,700 submarine canyon head 

detachment niches using a consistent methodology, we have developed a comprehensive 

framework that enhances our understanding and prioritization of submarine canyon-related 

hazards. 

Among the factors investigated in this study, our analyses identify proximity to active 

seismogenic faults as the overwhelmingly dominant control on canyon head retreat 

susceptibility, exhibiting contributions approximately 9-11 orders of magnitude larger than 

other parameters. Distance to river mouths emerges as a secondary factor, particularly when 

interacting with seismic parameters and morphological variables. Regional earthquake 

catalogue seismicity and geodetic deformation metrics contribute primarily through their 

interactions with these dominant factors, demonstrating that canyon retreat processes are 

inherently non-additive and controlled by synergistic relationships between tectonic 

forcing, sediment supply systems, and slope morphology. 

It is important to emphasize that these findings reflect the specific set of variables analysed  

in our study. Other factors documented in the literature, including sediment transport 

dynamics, turbidity current frequency and magnitude, dense shelf water cascading, 

sediment grain size distribution, and the efficiency of canyons as sediment conduits from 
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shelf to deep basin, may exert influence on canyon evolution and retreat rates but were not 

directly quantified in this analysis. Future investigations integrating time-series bathymetric 

data with sediment flux measurements could provide crucial insights into the rates and 

temporal patterns of active retrogressive processes, bridging the gap between susceptibility 

assessment and hazard quantification. 

The identification of both well-documented high-hazard regions validates our approach 

while highlighting the value of systematic, data-driven hazard assessment at regional scales. 

The aggregation of susceptibility by seismogenic zones revealed that geodynamic setting 

exerts strong control on both the magnitude and spatial consistency of canyon retreat 

potential, with active orogenic belts and extensional margins displaying elevated and 

spatially uniform susceptibility. 

Ongoing and future research efforts would point to investigate the relationship between 

submarine canyon retreat dynamics and river hydrological activity, building upon recent 

advances in understanding fluvial-submarine connectivity. Furthermore, new refinements 

of this framework could incorporate additional dimensions including critical infrastructure 

exposure (ports, underwater cables, coastal defences), but also other geologic independent 

variables as the sediment dynamic and role of the submarine canyons to provide a more 

comprehensive risk prioritization tool applicable to other tectonically active coastal margins 

worldwide. 

7. Data and Methods 

The dataset used in this research is derived from the morpho-bathymetric database acquired 

as part of the MaGIC project (Marine Geohazards along the Italian Coasts124), consisting of 

over 70,000 nautical miles of collected multibeam data. However, the dataset does not cover 
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shallow coastal waters (due to the white ribbons problem previously mentioned) whose 

morpho-bathymetric mapping remains one of the primary challenges for the marine 

geoscience community125–127. Specifically, we mosaicked 68 bathymetric georeferenced 

raster tiles, with a geometric resolution of 50 meters, imaging both the continental shelf and 

slope areas. Subsequently, we proceeded to map all the detachment niches within the canyon 

head of each Submarine Canyon (SCs) identified in the dataset. These features, which are the 

primary scars left by gravitational mass-wasting events such as slides and slumps, were then 

manually outlined as vector polyline in a georeferenced environment to precisely define 

their upper morphology and location (see Fig. 2). 

We measured the shortest distance between each PICS and the coastline (dPc), using the 

shoreline geodatabase developed by the Italian Institute for Environmental Protection and 

Research (ISPRA, LC20128) and an in house developed code (The MathWorks Inc., 2024129). 

7.1. Morphological and Tectonic as independent Variables 

Considering the dPc dataset as a dependent variable, we explored different geologic 

processes that, as independent variables (regressors, see Tab. 1), may influence the 

susceptibility to submarine canyon retreat. The regressors considered in this study can be 

divided into two categories: morphological and tectonic. The morphological variables were 

computed using the Copernicus GLO-30 digital elevation model (30 m spatial resolution)130, 

resampled to 50 m per pixel to match the spatial resolution of the bathymetric dataset and 

avoid computational bottlenecks (see section 4). The resampling and some of the 

morphometric independent variables was computed using MATLAB129 and the TopoToolbox 

library131. 
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We used six morphological variables.  1) The distance between each PICS and the nearest 

river mouth (𝑑𝑃𝑟), where the geographic locations of the river mouths along the entire Italian 

hydrographic network (RNDT, ISPRA132) were obtained by intersecting the drainage 

network with the LC20. 2) The degree of alignment between the PICS and river mouths along 

the line of minimum distance, computed as the ratio 
dPc

dPr
⁄ . 3) The newly computed stream 

network flow accumulation value of the river mouth closest to each PICS (rFlowAcc). 4) The 

newly computed stream network averaged normalized channel steepness index value133 of 

the river mouth closest to each PICS  (rKsn). 5) A relief metric (RM) that was computed 

as the arithmetic mean of relief and topographic variance (Eq. 1), giving equal weight to both 

components, where relief represents the elevation difference within a moving window and 

topographic variance quantifies the standard deviation of elevation values within the same 

window: 

RM =
(

𝑟𝑒𝑙𝑖𝑒𝑓 − min(𝑟𝑒𝑙𝑖𝑒𝑓)
max(𝑟𝑒𝑙𝑖𝑒𝑓) − min(𝑟𝑒𝑙𝑖𝑒𝑓)

) + (
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 − min(𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒)

max(𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒) − min(𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒)
)

2
 

Eq. 1 

Relief and variance values were extracted from the bathymetry within a circular area with a 

4000 m radius, centred on each PICS. 6) The slope value (s) computed in the PICS location. 

Among the tectonic independent variables are crustal deformation proxies as 26 years of 

GNSS positioning data from about 920 continuous GNSS stations, spanning the 1994 / 2020-

time interval from several geodetic networks evenly distributed across the Italian territory 

(see supplementary notes for details). The raw data processing followed the workflow 

proposed by Palano et al.134 (see Supplementary Information for further details on GNSS 

processing, Supplementary Note 1) and allowed the computation of horizontal and vertical 

velocity fields (numbered 7 and 8, labelled GNSSv, GNSSh, respectively). Moreover, we 
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computed the 2nd invariance of the horizontal strain rate values, a scalar metric that 

quantifies the total magnitude of deformation, thereby identifying zones undergoing intense 

deformation and to distinguish regions dominated by compressional or extensional regimes, 

numbered 9 and labelled GNSS2inv. 

We also considered the vertical ground movements measured by Sentinel-1 data along the 

coastline analyzed using Synthetic Aperture Radar Interferometry (InSAR), and freely 

available in the European Ground Motion Service135,136. Specifically, we used the vertical 

displacements from the Level 3 Ortho product, with a spatial resolution of approximately 

100 by 100 meters. To provide an averaged assessment for the area surrounding each PICS, 

such a metric was calculated by averaging the ground motion values from the 10 InSAR 

points closest to each PICS within a 4 km search radius (numbered 10 and labelled EGMSavg).  

To consider the long-term vertical deformation, we used uplift rates computed from 

elevation of MIS 5.5 paleoshorelines, reported in the literature137 (labelled F06, see 

Supplementary Note 2). 

We quantified earthquake density around each PICS location using a custom MATLAB 

function that computes density values within circular buffers of variable radii. Following 

Burrato et al. (2023)138,139, buffer radii were defined according to the 95th percentile of 

epicentral distances corresponding to landslide occurrences: 41.5 km for Mw < 5.5, 66.3 km 

for 5.5 ≤ Mw < 6.5, and 77.3 km for Mw ≥ 6.5. Rather than computing simple earthquake 

counts, we implemented a seismic moment-weighted density approach. For each earthquake 

within the buffer, we calculated the scalar seismic moment (that correlates directly with 

radiated seismic energy and resultant ground motion parameters140) using the standard 

relationship: 
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𝑀0 = 101.5𝑀𝑤+10.7 N\m Eq. 2 

The density value at each PICS location was then computed as: 

𝜌𝑒𝑞 =
∑𝑀0,𝑖

πr2
 Eq. 3 

where the summation includes all earthquakes i falling within the buffer radius r. This 

approach provides a physically-based measure that reflects actual seismic energy release 

rather than simple event counts, better representing the cumulative ground shaking 

potential. We applied this calculation to two independent earthquake datasets: the Italian 

parametric earthquake catalogue (numbered 12 and labelled CPTI15) and a dataset of 

synthetic epicenters (numbered 13 and labelled DISSsnt). The first one includes 1,766 

historical and instrumental events with Mw ≥ 4.0 covering the time period from the year 

1000 to 2020 (CPTI15v4.0141). The second one consists of 2,354 scenario earthquakes (M > 

5.5) generated using a floating fault approach142 along the Composite Seismogenic Sources 

(CSS) of the DISS database143. Synthetic hypocentres were positioned at 2/3 of the CSS width 

depth and distributed at 5-km intervals along-strike. 

7.2. Data Preprocessing and Transformation 

To investigate the relationships between PICS locations and the various selected regressors, 

we implemented a comprehensive statistical analysis framework focused on understanding 

how different independent variables impact the dPc value. In doing this, we assumed the 

PICS–coast distance as a proxy for the susceptibility to retrogressive canyon evolution, 

where a shorter distance indicates higher susceptibility to the retreat of individual 

detachment niches. Given the incompleteness the employed datasets, we first addressed the 

issue of missing values in our input variables through linear interpolation, ensuring data 

continuity without introducing artificial patterns. Given the typically skewed nature of 
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distance measurements in geological contexts, we applied a Box-Cox transformation to dPc 

aiming to normalize its distribution and stabilize variance144. To account for differences in 

scales between independent variables and to improve the interpretability of regression 

coefficients, we standardized each variable using the Z-score method145. For each 

independent variable, both standardized and non-standardized, we systematically tested 

linear, logarithmic, square root, quadratic, and exponential transformations to identify the 

optimal mathematical approach for linearization. We evaluated each transformation's 

effectiveness using coefficient of determination (R²) values, AIC, and BIC, selecting the 

transformation that best captured the underlying relationships while maintaining 

interpretability146 (Supplementary Table 1). 

7.3. Multiple Linear Regression Analysis 

We used the linearized regressors as input datasets for a regression analysis that employed 

two complementary approaches to ensure robust results. Firstly, we implemented a 

stepwise regression with bidirectional elimination, which systematically evaluated the 

significance of each regressor and their combination while controlling for the influence of 

other variables147–148. This method allowed us to identify the most important regressors 

affecting  

𝑑𝑃𝑐 values while avoiding overparameterization of the overall model. In parallel, we applied 

a Huber's robust regression, which provides more reliable results in the presence of outliers 

or when the data doesn't perfectly meet classical regression assumptions such as the 

heteroscedasticity in the distribution of the residuals149. The performance of both multiple 

linear regression models (Stepwise and Huber) was evaluated using R² and its adjusted 

version, AIC, BIC, the RMSE and MAE measuring the average prediction error (see 
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Supplementary Table 2). Both models were validated using 5-fold cross-validation, dividing 

our dataset into training and testing subsets to ensure the models' predictive capabilities 

weren't overfitted to our specific dataset150. 

7.4. Model Diagnostics 

We conducted a thorough investigation of regression assumptions to ensure the validity of 

our statistical inferences. Multicollinearity among predictor variables was assessed using 

VIF, with values above 5 indicating potential concerns about variable independence151. To 

evaluate the consistency of error variance across predictions (homoscedasticity), we 

employed both White's test and the Breusch-Pagan test152,153. The normality of residuals was 

assessed through both graphical QQ and, numerical methods such as Kolmogorov-Smirnov 

and Anderson-Darling tests154,155. Where heteroscedasticity was detected, we applied 

White's robust standard errors to ensure valid statistical inference despite violation of 

classical assumptions. We conducted outlier detection using a dual approach based on 

residual analysis and QQ plots. For the residual analysis, we employed the IQR, where 

outliers were identified as points falling outside the boundaries defined for both fitted values 

and residuals by: 

Outliers < 𝑄1 −  1.5 × IQR   Eq. 3 

Outliers > 𝑄3 +  1.5 × IQR  Eq. 4 

where Q1 and Q3 are the first and third quartile, respectively. In the QQ plot analysis, an 

approach was implemented using standard deviation thresholds, where points beyond two 

standard deviations from the mean were classified as outliers. For positive quantiles, we 

applied an even more conservative threshold of 1.5 standard deviations to ensure robust 
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outlier detection. This dual methodology was applied to both the stepwise and Huber 

regression models to ensure comprehensive outlier identification. 

7.5. Susceptibility Assessment 

The final phase of our analysis involved developing a quantitative metric for assessing 

canyon retreat susceptibility. Using the regression results, we created a composite index that 

includes only those predictors found to be statistically meaningful in both regression models, 

with each variable weighted according to its relative importance in explaining the response 

variable. The susceptibility index (𝑆𝑖) for each location i was calculated as: 

𝑆𝑖 = ∑ 𝛽𝑗𝑋𝑖𝑗

𝑛

𝑗=1

 Eq. 5 

where: 

- 𝛽𝑗  is the standardized coefficient (from White's robust estimation) for predictor j; 

- 𝑋𝑖𝑗 is the value of predictor j at location 𝑖; 

- n is the number of meaningful predictors in the model. 

For any interaction terms present in the model, the equation expands to: 

𝑆𝑖   =   ∑ 𝛽𝑗  𝑋𝑖𝑗

𝑝

𝑗=1

   +   ∑ 𝛽𝑘  (𝑋𝑖𝑚  ×  𝑋𝑖𝑛)

𝑞

𝑘=1

  Eq. 6 

where: 

- 𝑝 is the number of individual predictors; 

- 𝑞 is the number of interaction terms; 

- 𝑋𝑖𝑚 and 𝑋𝑖𝑛 are the interacting variables; 

- 𝛽𝑘 is the coefficient for the interaction term. 

More explicitly, if we consider all the meaningful variables in our model, the equation 

becomes: 
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𝑆𝑖 = β1(𝑑Pr)𝑖 + β2(𝑑Prc)𝑖 + β𝑛(. . . )𝑖 … Eq. 7 

This formulation excludes the intercept term (𝛽0) as we are interested in the relative 

contributions of the predictors rather than absolute values. We calculated this susceptibility 

index using coefficients from both the stepwise regression and Huber regression models, 

allowing us to compare and validate the results across different statistical approaches. The 

weights (𝛽𝑗) were derived from standardized regression coefficients to ensure that variables 

measured in different units could be meaningfully combined into a single metric. 

The statistical significance of each predictor was assessed through p-values calculated using 

White's heteroscedasticity-consistent standard errors. P-values lower than 0.05 were 

considered statistically meaningful. Extremely small p-values (< 1e-16) were rounded to 

zero in the output, indicating major contributions. The contribution of each variable or 

interaction term to the overall susceptibility was then quantified as the absolute value of the 

mean effect across all locations: 

𝐶𝑗 = |
1

𝑁
∑ 𝛽𝑗𝑋𝑖𝑗

𝑁

𝑖=1

| Eq. 8 

where 𝐶𝑗  is the contribution of predictor j, N is the total number of locations, 𝛽𝑗  is the 

coefficient, and 𝑋𝑖𝑗 represents either a single variable or the product of two variables in the 

case of interaction terms. This metric provides a measure of the average magnitude of each 

predictor's effect on the susceptibility index, allowing for the ranking of variables by their 

relative importance in the model. 

To classify submarine canyon head retreat susceptibility, we employed a quantile-based 

approach that preserved the inherent statistical distribution of the values and utilized chi-

square tests for validation. The resulting categories were then assigned descriptive labels 

ranging from 'Very Low' to 'Critical', facilitating a qualitative interpretation of the results. 
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7.6. Susceptibility Aggregation by Geodynamic Setting 

To investigate the relationship between submarine canyon head retreat susceptibility and 

regional seismotectonic conditions, we aggregated PICS-level susceptibility values within 

the seismogenic zones defined by the Italian Seismogenic Zonation (ZS16)46,47. Each PICS 

was spatially assigned to its corresponding ZS16 zone using a point-in-polygon analysis, 

enabling the characterization of susceptibility patterns across different fault kinematic 

regimes (e.g. normal, reverse, strike-slip, and undefined) and geodynamic settings (e.g., 

orogenic belts, foreland basins, back-arc basins, extensional belts). For each seismogenic 

zone containing at least three PICS, we computed descriptive statistics of the susceptibility 

distribution: mean, median, 25th percentile (P25), 75th percentile (P75), interquartile range 

(IQR = P75 − P25), minimum, and maximum values. To quantify the spatial homogeneity of 

susceptibility within each zone—reflecting the degree to which geodynamic forcing 

uniformly controls canyon head retreat processes—we defined a consistency metric as: 

Consistency =
1

1 + IQR
 

 

Eq. 9 

This metric ranges from 0 (highly heterogeneous susceptibility, indicating complex multi-

factor control) to 1 (spatially uniform susceptibility, suggesting dominant tectonic forcing). 

To facilitate comparative visualization, median susceptibility values were linearly 

normalized to a 0–1 range. Since median values span from 1 (minimum observed 

susceptibility) to 10 (maximum observed susceptibility), the normalization was performed 

using: 

Normalized Median =
Median − 1

9
 Eq. 10 
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7.7. Relating Susceptibility to Coastal Demographic Exposure 

We conducted a multi-criteria analysis examining the spatial correlation between PICS 

susceptibility and demographic exposure (ISTAT156 census data) along the Italian coastline. 

Such demographic exposure was computed as a multiplicative index of four normalized (0-

100) and quantile-classified parameters: population density, elevation, municipal area, and 

coastal distance. A Boolean weighting scheme was applied to elevation to restrict the 

exposure assessment to the most vulnerable coastal areas. Maximum weight was allocated 

solely to municipalities bordering the coastline or those situated within the lowest decile 

(10%) of mean elevation. Moreover, we computed two complementary exposure metrics for 

each PICS, the first, proximity exposure, quantifies the maximum demographic pressure in 

the immediate vicinity of each canyon head by identifying the highest demographic value 

among municipalities whose vertices fell within 10% of the minimum distance to the PICS, 

ensuring capture of severe exposure scenarios while maintaining spatial coherence. The 

second metric, area-wide exposure, quantifies the cumulative demographic pressure across 

a broader coastal zone by computing the weighted average of all municipal exposure values 

within a 10 km buffer around each PICS, with weights following an exponential distance-

decay function to emphasize proximal municipalities. The 10 km buffer distance was 

established based on the most recent literature concerning the effects of local tsunamis 

generated by nearshore submarine mass failures mostly in the Mediterranean area157–165. 

This area-wide metric is incorporated into the integrated tsunami-landslide exposure index. 

This index is formulated by combining coastal population exposure with the computed 

susceptibility, the latter serving as a proxy for seafloor slope instability potential. Both 
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exposure metrics were classified into 10 quantile-based classes across the entire PICS 

dataset (class 1 = lowest exposure, class 10 = highest exposure). 

To integrate the multi-dimensional risk information into a unified priority metric, we 

developed a composite risk score combining three normalized components: canyon retreat 

susceptibility, proximity exposure, and the integrated tsunami-landslide exposure. The 

composite priority score was then calculated as a weighted linear combination: 

Priority Score = 100 × [(0.40 × 𝐸prox) + (0.30 × 𝑆norm) + (0.30 × 𝐸area)] Eq. 11 

where 𝐸prox represents normalized proximity exposure, 𝑆norm represents normalized canyon 

retreat susceptibility, and 𝐸area represents the normalized area-wide exposure component. 

The weighting scheme (40% proximity exposure, 30% susceptibility, 30% area-wide 

exposure) prioritizes immediate local exposure while maintaining balanced consideration of 

geological susceptibility and broader regional exposure patterns. 

Finally, to identify canyon heads requiring immediate attention in hazard mitigation 

strategies, we implemented a Priority Score adaptive threshold approach testing multiple 

class-based criteria (≥6, ≥7, ≥8, ≥9) applied simultaneously to all three criticality 

components. The optimal threshold was determined as the most restrictive criterion 

yielding a statistically meaningful number of multi-criteria hotspots (≥7). A PICS was 

classified as a Critical Hotspot if it satisfied all three conditions simultaneously: proximity 

exposure class ≥ threshold, susceptibility class ≥ threshold, and area-wide class ≥ threshold. 

Critical Hotspots were marked with distinct symbols to distinguish multi-criteria priority 

sites from the broader PICS population. 

Data Availability Statement 
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DBMI15/); 

• Ground deformation (EGMS): Copernicus Land Monitoring Service 
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Editorial summary: 

Regional earthquakes and proximity to river mouths primarily dictate where submarine 
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canyons retreat, posing risks to coastal populations, according to simulations of the multi-

parametric susceptibility model applied to over 2,700 canyon heads around Italy. 
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