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The Black Sea represents a distinctive geological and geochemical system, characterized by
anoxic conditions, hydrogen sulfide accumulation, frequent gas venting, mud volcanism, and
the formation of gas hydrates. The presence of gas hydrates and their dissociation could
trigger slope failure, turbidites, and submarine landslides. To examine the instability in gas
hydrate zones, an integrated analysis based on cruise data (R/V Mare Nigrum, cruise MN
249) is performed. During the cruise sediment cores were taken with a gravity corer from
sites in the western part of the Black Sea. All cores were characterized by the presence of
deep-sea sediments: sands, silt, sapropel, clays, and turbidite sediments. Geotechnical
modeling was conducted using the OPTUM G2 software with two-dimensional finite element
analysis (FEM). The modeling results indicate that gas hydrate dissociation leads to a
decrease in effective stress, reducing soil strength, and potentially triggering slope instability.
The model incorporated varying types of materials while accounting for critical physical and
mechanical properties, such as soil cohesion, internal friction angle, type of model, and
others. The maximum values of strains are observed on the boundary between silt deposits
and turbidite complexes. The same trend is evident for the distributions of stresses. This study
provides valuable insights for improving marine geohazard preparedness, reducing risks, and
promoting sustainable practices in the Black Sea region.
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Introduction

The Black Sea represents a distinctive geological and geochemical system, characterized by anoxic
conditions, hydrogen sulfide accumulation, frequent gas venting, mud volcanism, and the formation
of iron-manganese nodules. It also contains substantial reserves of gas hydrates, as well as
hydrocarbon deposits, among other features (Geological..., 2013; Shnyukov and Kobolev, 2017;
Burwicz-Galerne et al., 2024). The presence of gas hydrates and their dissociation could trigger slope
failure, turbidites, and submarine landslides. The analysis of different databases suggests that there is
a high level of variability in the occurrence of submarine landslides. This increase in landslide
occurrences amplifies the importance of research and measures to mitigate these natural disasters. The
complexity of factors influencing landslides in the Black Sea ranges from geological and
morphological features to climate conditions.

Landslide hazard assessment and landslide management are based on various approaches and
methodologies among which the regional forecasting of landslides and the determination of the main
causes and their possible associations is of great importance (Sim et al., 2022; Tian et al., 2023; Van
den Hurk et al., 2023).

Method and Theory

To examine the instability in gas hydrate zones, an integrated analysis based on cruise data (R/V Mare
Nigrum, cruise MN 249) (Fig. 1) is performed. During the cruise MN 249 of R/V Mare Nigrum
sediment cores were taken with a gravity corer from sites in the Black Sea. All cores were
characterized by the presence of deep-sea sediments: sands, silt, sapropel, clays, and turbidite
sediments.

According to the analysis of relevant publications, there is evidence confirming the relationship
between gas hydrate dissociation and the failure of underwater slopes, as well as other geotechnical
hazards (Sultan et al, 2024; Tian et al., 2023; Sim et al., 2022; Geological..., 2013).
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Figure 1 An overview map of sedimentological stations of DOORS-2 surveys for LEG-2. DOORS-2
Black Sea Survey 2023.

Geotechnical modeling was conducted using the OPTUM G2 software with two-dimensional finite
element analysis (FEM). OPTUM G2 is a finite element software for strength and strain analysis
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under in-plane deformation (Krabbenhoft et al., 2015). The modeling results indicate that gas hydrate
dissociation leads to a decrease in effective stress, reducing soil strength, potentially triggering slope
instability.

Results

Signs of gravitational processes and submarine landslides were found in the sediment cores. For
instance, at the Karota F 2 station (1116 m), submarine landslide textures are observed in the sediment
core (Fig. 2). Thus, at the level of 0.43 m (up to 0.50 m), the upper boundary of the area of slid gray
sands in soft plastic silts is clearly visible. The upper part of the compacted sand block is deformed,
and acute-angled; the bottom is located on a smooth clay flysch layer. The presence of these deformed
layers suggests that submarine landslides in this region may be related to changes in the mechanical
properties of sediments due to gas hydrate dissociation. This assumption aligns with previous studies
indicating that the dissociation of gas hydrates can lead to a pore pressure increase and a reduction in
effective stress, triggering slope instability and sediment deformation. We can also observe turbidites
(two-component flysch) - interbedding of light gray pelitic silts with darker fine-grained gray sand
(layers from 0.5 to 3 cm of sand and from 0.5 to 4 cm of silt). In the face, the sand is gray, fine, and
redeposited with shells of Dreissena polimorfa, Gastropoda and another fossil remains. Below 20 cm,
more sand sediments are observed (up to 5 cm) with interlayers of silts (up to 0.5 cm). The flysch
layering is inclined (angle up to 30 degrees, while the angke of the upper sapropel layer is no more
than 10 degrees).

Figure 2 Gravity core, station Karota F2, 1116 m (43°25.453' N, 29°34.304'E). The upper part is
presented by slid gray sands in soft plastic silts; the bottom is located on a smooth clay flysch layer.
Turbidites (two-component flysch) interbedding of light gray pelitic silts with darker fine-grained
gray sands.

To define the parameters of sediments, the data from laboratory tests have been used (Babinets et al.,
1981). In terms of plastic properties silts are quite diverse, ranging from light sandy loams to heavy
clays. The physical and mechanical properties of the clay sediments were used to calculate the slope
stability. The consistency of clay sediments is predominantly fluid, latent-fluid, less frequently fluid-
plastic, and sometimes plastic (B = 0.66-4.3). The volumetric mass (A) of silts varies from 1.17 to
2.02 T/m* (predominantly 1.38-1.6 T/m’. The volume mass of the solid phase of silty sediments varies
from 0.5 to 1.6 T/m*; and density - from 2.22 to 2.76 t/m’ (prevailing 2.62-2.67 T/m?). Plastic strength
of silts (Pt) varies also widely from 0.001-10 to 0.03-0.035 MPa.

The maximum strength is in biogenic-carbonate sediments, the minimum - in the near-surface layer of
silts; usually Pt = (1-9) - 10~ MPa. As a rule, silt has the ability to thixotropic hardening (3-6 times).
Modulus of deformation with increasing dispersity decreases from 2-3 MPa to 0.3-0.4 MPa; shear
resistance is: adhesion - 0.002-0.035 MPa (usually 0.004-0.02 MPa), friction angle - 4-7°. The
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filtration coefficient of heavy silt varieties is 0.4-1.5 m/year.

The geotechnical modeling results confirm that a decrease in effective stress, particularly in silty-
clayey sediments, is a major factor in slope instability. The structural strength of the considered
sediments is (1-5) — 10° MPa. Deformation strength of the described sediments for pore pressures (8-
12) - 10 MPa (characterizing consolidation of soils of latent state) is usually 0.02-0.1 MPa for the
upper horizons of silts (up to depths in the thickness of 1.5-2.0 m) and 0.03-0.2 MPa - for silts in the
lower parts of the studied section.

The observed deformation patterns, combined with the measured geotechnical properties, suggest that
submarine landslides in this region are likely influenced by a combination of sediment loading, gas
hydrate dissociation, and tectonic activity. These factors should be considered when evaluating
geohazard risks in submarine environments. The silt of the area is characterized by a tendency to
decrease humidity and porosity and to improve strength properties (2-3 times) as the content of
coarse-grained material increases. In homogeneous silts, there is a slight increase in strength
properties with depth, a parallel increase in density, and a decrease in moisture content. This trend
suggests a gradual consolidation process, which may influence long-term slope stability and the
mechanical behavior of sediments under varying stress conditions.

Using the Optum2G software, the stress-strain relations were determined. For calculations, data from
gravity core Karota F2 is used. The model incorporated varying types of materials while accounting
for critical physical and mechanical properties, such as soil cohesion, internal friction angle, type of
model, and others (Fig. 3). Limit analysis method simulates the soil as an entirely plastic material
where the associated flow rule is followed. Figure 3 shows the distribution of strains and
displacements within the slope. The maximum values of strains are observed on the boundary
between silt deposits and turbidite complexes. The same trend is evident for the distributions of
stresses.
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Figure 3 Limit analysis and assessment of stress-strain relations within landslide-prone slope: A-
total strains ¢[xx] distribution and B - total displacements distribution u[x] for LT Lower GM. The
vertical scale of the section is increased by 10 times.
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Conclusions

Slope failure and submarine landslides are identified as instability phenomena induced by gas hydrate
presence and dissociation. It was found that the onset of the growing instability of the material system
mainly depends on the degree of slopes and specific physical properties, the suction, and the
hardening parameter. The distribution of strains and displacements within the slope exhibits
significant spatial variability, influenced by the composition and structural features of the sea bed
sediments. The maximum values of strains are predominantly observed along the boundary between
silt deposits and turbidite complexes, where mechanical contrasts in material properties create
localized stress concentrations. A similar trend is evident in the distribution of stresses and
displacements, with peak values occurring in strata where lithological transitions impose differential
deformation patterns. These findings suggest that the mechanical behavior of the slope is largely
controlled by the stratigraphic interface, which acts as a zone of enhanced strain accumulation and
stress redistribution. Understanding these patterns is essential for assessing slope stability and
predicting potential failure mechanisms in geologically complex environments. In addition, the results
underscore the significant role of slope gradient in governing stability. This study provides valuable
insights for improving marine geohazard preparedness, reducing risks, and promoting sustainable
practices in the Black Sea region.
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