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ABSTRACT

Glaciers have always been a potential hazard in the Caucasus region, where mountain canyons are quite densely
populated. The processes associated with global climate change occurring everywhere have greatly exacerbated the
problem of preventing the population from glacial disasters. For example, there is a sad experience associated with the
collapse of the Kolka glacier, which caused a giant ice mudflow in 2002. A similar disaster should include the glacial
mudflow from the Buba glacier on 9/3/2023, which resulted in a tragedy with numerous victims at the Shovi resort.
Determining the possible place and time of development of such catastrophic events (earthquakes, volcanic eruptions,
large-scale floods) has a very low degree of reliability and is problematic, despite the modern level of scientific
methods of ground and space monitoring. In particular, there is an obvious need for long-term monitoring and
comprehensive diagnostics of the current state of the Caucasus glaciers, taking into account each new experience. It
should be noted that there is a paucity of information that allows us to judge the processes that have occurred on the
Buba glacier over the past decades. Therefore, hardly anyone could imagine a large-scale virtual picture of the spread
of a glacial mudflow along the gorges of the Bubistskali and Dzhandzhakhi rivers, adequate to what it turned out to be
in reality. At the same time, in the case of a sufficiently complete database of observation results and its correct
analysis, based on the principle of hydrodynamic similarity, there is a possibility of theoretical modeling of probable
parameters of a flood or glacial mudflow in any mountain gorge. For example, in the case of the Caucasus region, one
can use some of the results obtained by numerical modeling of the Dzhankuat and Kolka glaciers. In particular, these
models are quite useful not only for determining probable causes, but also for retrospective analysis of the
consequences of destruction on the Buba glacier. First of all. This concerns the process of propagation of
hydrodynamic waves in a heterogeneous mudflow. For this purpose, records of seismic equipment are also important,
which contain information on the frequency spectrum of acoustic waves generated by the process of destruction on the
Buba glacier. Hydrodynamic waves of various types could have existed in the gorges of the Bubistskali and Chanchakhi
rivers. In the characteristic range of the Froude similarity number, the most probable is the generation of running
rolling waves, the height of which could reach several meters. The appearance of solitary waves (solitons), as well as
the so-called gravity waves, was unlikely, but one cannot exclude the possibility of their generation in those places for
which local conditions were suitable. In the lower, widest section of the Shovi gorge, in the zone of the so-called
cottages, the movement of the mudflow was similar to the movement of the ice mudflow in the Genaldon River gorge
after the collapse of the Kolka glacier in 2002. Despite the huge difference in the initial volumes of mudflows that came
down from the Buba and Kolka glaciers, the deposit of viscoplastic mass in the last sections of its distribution turned
out to be comparable taking into account the spatial scale and the amplitude of the waves in both cases decreased to
heights of 1-3 meters.
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Introduction

There is sufficiently comprehensive information on the dynamics of glaciers in the Central
Caucasus, suitable for modeling glacial processes that lead to the formation of debris flows, which spread
through the riverbeds of mountain rivers, canyons, and mountain valleys. These models are based on two
sources: the analysis of results from field morphological studies of glaciers and the observed changes in the
landscape that occurred after debris flow events on specific glaciers. In the latter case, particular attention is
given to the movement of the rock-ice debris flow, for which hydrodynamic equations are used. Regardless
of its location, such a scheme forms the basis for an analytical or numerical model of glacier dynamics.
Therefore, to some extent, it is universal, though it may have specific elements in particular cases.
Specifically, these are the simulation models for the Djankuat and Kolka glaciers [1,2]. These and similar
models can serve as tools for the retrospective analysis of the causes and outcomes of large-scale destructive
events associated with glaciers in various regions of the Earth. However, their ability to predict the time and
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location of a potential disaster is not only limited but also unlikely. Nevertheless, the results of modeling the
Djankuat glacier, as well as the disaster on the Kolka glacier, may be useful for analyzing the consequences
of the destructive event on the Buba glacier, which caused a catastrophe in the Shovi Gorge. The first model
generalizes data from long-term expeditions to the Djankuat glacier. The analytical basis for both models is
the hydrodynamic equations. A quantitative assessment of the geophysical parameters of the Djankuat
glacier was obtained, which, in terms of linear characteristics, is almost identical to the Buba glacier, located
100 km to the southwest. In the second model, a retrospective picture of the spread of a giant ice debris flow
was reconstructed, virtually simulating the catastrophic process on the Kolka glacier in 2002. In particular,
this model simulates the conditions for the generation of giant waves that actually spread through the
Karmadon and Genaldon gorges. The obtained model parameters for the movement of the debris flow were
in agreement with its destructive impact, as determined from satellite and ground-based observations.

The Event on the Buba Glacier

There are two fairly detailed reports on the disaster at the Buba glacier (Figure 1), caused by the
collapse of a glacial debris flow at about 15:03 h on August 3, 2023. The first report was prepared by the
National Environment Agency of Georgia [16], and the second was prepared by Swiss specialists [15]. These
reports were published a few months after the disaster and have a clear structural similarity, as well as
identical main conclusions: the disaster occurred due to the overlap of several natural factors, making it
impossible to accurately predict the timing of the event. Given the practical full alignment of the
methodology and input data used in both reports for the computer simulation of the disaster, the final part of
this work will provide an analysis of the main conclusions from the report prepared by the Swiss specialists.

Fig.1. Buba Glacier (photo by D. Svanadze).

A particularly important element related to the discussed disaster is the recording of seismic
oscillations generated by the collapse on the Buba Glacier. Along with the emission of acoustic waves, a
powerful glacial debris flow spread through the gorges of the Bubistkali and Dzhandzhakhi rivers. We have
records from the seismograph of the Seismic Monitoring Service of Georgia, located in the village of Gari
(42°35'12.75"N, 43%27'58.81"E) adjacent to the district center of Oni, as well as data from four stations
located on the northern side of the Caucasus Range, kindly provided by the Seismic Monitoring Service of
the North Caucasus (Figure 2c), where the waves, accompanying the destructive process on the Buba Glacier
was particularly well recorded. Together, these records provide a clear understanding of the nature of the
process that began at about 15:03 h on August 3, 2023 (Figure 2b,c). It is clear that the mechanism for
generating and spreading seismic and acoustic waves in the Earth’s medium is identical. The boundary
between the frequencies of seismic and acoustic waves is somewhat conditional. Specifically, the generation
of acoustic waves is always accompanied by the process of destruction of ice clusters of any size and shape.
It is accepted that this boundary is near the lower frequencies audible to the human ear. It is believed that
above this threshold, seismic wave packets represent the so-called high-frequency trace, the intensity of
which decreases with distance according to a nonlinear law. Thus, higher-frequency acoustic waves are
formally a continuation of seismic waves. They can be recorded by seismic equipment at distances of up to
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several dozen kilometers from the epicenter of the earthquake [3]. Spectral analysis of the acoustic radiation
from glacial processes is an effective tool for studying structural formations on glaciers. On glaciers in
various regions, the method of acoustic emission in the frequency range of 15-20 kHz [4] has been used to
diagnose ice movement and ice formation, as well as rockfalls. As a result of these studies, links between the
acoustic radiation spectrum and the parameters of dynamic changes in glaciers were identified. Generalizing
the results of acoustic studies obtained from several glaciers provided a quantitative estimate of the impact of
potential mechanical obstacles on the parameters of ice displacement in the glacier bed, when acoustic
effects characteristic of ice destruction were recorded [4,5]. These results demonstrate the effectiveness of
diagnostics using acoustic waves not only in cases of smooth ongoing glacial processes but also in cases of
spontaneously occurring phenomena, which most often lead to glacier destruction. For example, the
recordings in Figure 2b,c, clearly indicate that on the Buba Glacier, with an interval of approximately 3-4
seconds, two destructive events occurred. According to popular opinion, and following the aforementioned
reports, these events are more likely related to the fall of a rock mass rather than the breaking of ice from the
glacier's tongue. According to eyewitnesses of the event in the Shovi Gorge, the sound wave was the first
alarming signal. Additionally, according to eyewitnesses, the powerful effect that typically accompanies the
propagation of a shock wave was not felt. Thus, it can be assumed that rockfall or icefall was one of trigger
for the destruction process on the Buba Glacier [15,16]. A similar mechanism for a glacial mudflow has been
discussed in connection with the Kolka glacier disaster [17]. The paper deals with an 11 m side ice cube, the
so-called energetic reference. Was calculated the volume of a rock avalanche (approximately 40,000 m3),
falling from a height of about 1 km, which is necessary to melt a 0°C reference ice cube, which would give
us about 1300 cubic meters of water [17]. In the case of Shovi, the height is likely much less, so it is almost
certain that there was a theoretical possibility production about of a 10,000 m? water, if (0.5 - 1)10® m® of
rock fall occurred simultaneously, which is not yet clear and maybe could be confirmed by an expedition to
the disaster site. In that case, it can be hypothesized that the catastrophic event started, for example, due to
the rupture of the integrity of the subglacial water reservoir(s) in a certain local area of the glacier. It is likely
that the size of this area could have increased sharply within a very short time. This circumstance may be one
of the arguments in favour of the hypothesis that, for some reason, whether due to the fall of rock debris or
the break-off of ice from the glacier’s tongue, the subglacial water reservoir(s) were emptied. Therefore, it
may be justified to assume that information about the linear characteristics that define the volume of the
reservoir is present in the acoustic wave frequency spectrum. In this regard, it is worth noting that the lowest
frequencies in the infrasound range in the recordings, such as those from the ZEI seismic station, may reflect
the natural mechanical vibrations of the Buba Glacier as a unified elastic body. It is known that the spectrum
of natural vibrations is related to the linear characteristics of the body, i.e., its size. Typically, natural
vibrations occur due to some external trigger. In the case of glaciers, vibrations can be caused by any
mechanical reason, such as a seismic shock, a snow avalanche, the collapse of rocks, or the breaking of ice.
It is known that in the spectrum of natural mechanical vibrations of an elastic body, the lowest frequency is
dominant, and higher frequencies are overtones (harmonics). Usually, the spectrum of acoustic radiation
from a vibrating body is discrete, but in the case of complete degeneration, it can become practically
continuous. The filling of the spectrum with overtones occurs due to the complex structure and the presence
of cavities or heterogeneous-density formations within the body. Such structural features are present in every
glacier. Accordingly, each glacier should have a characteristic spectrum of its own acoustic radiation. In
calm conditions, this spectrum should primarily reflect the mechanical vibrations of the glacier's internal
structures. However, in the presence of a strong external trigger, the entire glacier may also vibrate.
Therefore, it is clear that, in most cases, the spectrum of natural frequencies will be relatively high-
frequency, as the linear dimensions of even the largest internal heterogeneities of glaciers are typically
several times smaller than the size of the glacier. As confirmation of this reasoning, the study [6] provides a
broad set of data that determined the characteristic acoustic radiation interval of the natural mechanical
vibrations of glacial structures: f = 100-300 Hz. It is clear that the process of spontaneous outflow of water
from internal glacier reservoirs must also be accompanied by the emission of acoustic waves in this range.
The main frequency of such wave packets should also be linked to the characteristic linear size (volume) of
the reservoir.

The lowest frequency in the spectrum of the glacier's natural vibrations should indicate either its slow
movement or the oscillation of the glacier as a single body. This bears some resemblance to the emission of
seismic waves from the elastic zone of an earthquake’s epicenter. Similar to seismic waves, the emission of
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acoustic waves from the hypocenter of an earthquake is a quite common phenomenon. Acoustic waves, in
this case, propagate not only through the Earth’s medium but also through the atmosphere. Therefore, the
emission of acoustic radiation in the frequency range of 20-20,000 Hz is used as an indicator of the intensity
of glacial processes during monitoring [4].

c)
Fig.2. a) Seismic station layout, b) Gari station (Georgia), ¢) Records of stations in North Ossetia
(Russia) (courtesy of the North Caucasus Seismic Monitoring Survey).
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It is evident that this type of noise effect, which emerged after the destruction on the Buba Glacier,
reached the resort area in the Shovi Gorge. As mentioned earlier, there may have been water reservoirs under
this glacier. Therefore, the delay between two bursts recorded on the seismograms may indicate that there
was a rupture or collapse of two reservoirs, separated by ice partitions. Certainly, this assumption is not
definitive. Indeed, if there was only one water reservoir, its ice wall could have collapsed first to a certain
level. Then, after some delay, the remaining part could have collapsed. In any case, the existence of multiple
subglacial water reservoirs is quite plausible. It is likely that clarity on this issue could be provided either by
direct examination of the glacier or through satellite observation, i.e., if traces of geomorphological changes
in solid structures are found in the area of the glacier tongue.

Thus, the spectrum of the glacier’s natural mechanical vibrations can be quite rich. Typically, the
texture of a glacier consists of numerous surface and subsurface formations, each with characteristic natural
sizes. To generate vibrations corresponding to these formations, a mechanical trigger is needed. Such
triggers include seismic shocks, rockfalls, and ice blocks breaking off from the glacier. Additionally,
mechanical vibrations—and therefore the emission of acoustic waves—can be triggered by the slow
movement of the entire glacier and small local shocks that sporadically occur in the ice field, similar to ice
floe collisions during ice drift in rivers. These effects can lead to the development of parametric resonance at
a certain natural frequency of the glacier, which would amplify the acoustic emission. As a result, the surface
density of the ice and its plasticity may change in certain areas. Laboratory modeling has also shown that the
periodicity of wave movements related to the glacier’s natural vibrations and its structural components can
manifest as periodic secondary textures in the form of bulges and nodes characteristic of standing waves. In
the case of their formation, structures with changing ice density could negatively affect the stability of the
glacier’s surface layer, especially at its boundary, i.e., where the glacier contacts solid rock [7].

Formula (1) represents the simplest relationship between the parameters of the wave.

In the frequency spectrum range, the natural oscillation frequencies of the glacier may include
frequencies corresponding to oscillations of subglacial water reservoirs. Their linear parameters, as well as
the characteristic sizes of the glacier, are present in the simple expression for the phase velocity of acoustic
waves:

fo=v/d, 1)

where fo . is the fundamental frequency, v - is the speed of sound in the Earth's medium, and d - is the
characteristic linear size of the glacier or its structure. Specifically, in the approximation of harmonic
oscillations, all subsequent frequencies in the discrete spectrum of the glacier's natural oscillations can be
considered harmonics of its fundamental frequency. However, the approximation of harmonic oscillations is
an ideal abstraction for a heterogeneous, dispersive solid medium like a glacier. In reality, the complex form
of any oscillating body leads to the emergence of overtones caused by frequency splitting in the harmonic
series. In the case of a glacier, due to the superposition of multiple frequencies in the vibration spectrum, a
noise background should form, accompanying any glacial process. However, through spectral analysis of
peak frequencies, it is possible to judge the degree of disruption in the harmonic oscillation series. It is clear
that in a heterogeneous solid medium, particles of rock and ice fragments of different sizes may be present.
Therefore, chaotic scattering and degeneration of acoustic waves will occur, contributing to the saturation of
the noise background accompanying glacier oscillations. A body of arbitrary geometric shape can have
several linear scales. Nevertheless, it can be approximated by some symmetric body. For example, a glacier
can be most simply represented as a rectangular parallelepiped. The natural (free) mechanical oscillations of
a parallelepiped may be axisymmetric, i.e., the frequency spectrum of its oscillations may include two or
three fundamental frequencies, depending on the shape of its cross-section. In reality, to determine the
frequency spectrum of free oscillations of a body, formula (1) is too simple. In fact, any elastic homogeneous
body, regardless of its shape, must have a dominant fundamental frequency of its natural mechanical
oscillations. The specific spatial configuration of such a body, assuming small perturbations in its shape,
reflects the nature of the spectrum of its natural oscillations. In this regard, the spectrum of spheroidal
oscillations is the simplest, the generation of which occurs with small perturbations of the surface of a
homogeneous elastic sphere, a body that has a single linear scale, its radius. Clearly, in a very rough
approximation, a glacier can only be abstractly approximated as a sphere, for example, based on the
condition of equal volumes. Sometimes, such an approximation can be useful for specific analysis. For
example, one can use the analytical formula for the discrete spectrum of natural mechanical oscillations f, of
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an elastic spherical body [8]. It was derived using a physical analogy with the natural hydromechanical
oscillations of a liquid spherical droplet, which occur due to the effect of surface tension of the droplet [9]. It
should be noted that this formula has proven quite effective for modelling the frequency spectrum of natural
mechanical oscillations in the elastic zone of moderate-strength earthquake foci. Along with seismic waves,
acoustic waves are also generated there, whose frequency spectrum is an extension of the spectrum of lower-
frequency acoustic waves:

V 2
f, = 27z|p? [(n—1)n+2)n]’ 'n=2,3.4 (2)

where v - is the longitudinal seismic wave speed, and R is the radius of the sphere. The fundamental
oscillation frequency corresponds to n=2.

In the presence of subglacial water reservoirs, as well as cavities and other heterogeneous
formations of various sizes and densities, their natural oscillation frequencies will be present in the general
spectrum of the glacier's acoustic radiation. The low-frequency part of this spectrum should be associated
with the linear characteristics of the glacier as a unified body. Let us demonstrate this with a specific
example and estimate the possible discrepancy in the change of the fundamental frequency of the glacier's
natural oscillations using formulas (1) and (2). Suppose we have a parallelepiped with sides a=2 103 m,

b=2.102m and c¢=102 m. The volume of this parallelepiped is Q= 4. 10’ m3, Consequently, the radius of
the equivalent sphere with the same volume is R ~2.1 102m3. A typical value for the longitudinal seismic

wave speed in the Caucasus region is V, ~5.10%m/sec. Therefore, for each side of the parallelepiped, the

frequencies corresponding to formula (1) are: f,, 2.5 Hz, fy,- 25 Hz, fo= 100 Hz. For the fundamental
frequency of the sphere equivalent to the parallelepiped, from formula (2), we obtain: f,.11 Hz. Thus, using

formula (1), the fundamental frequency of the natural mechanical oscillations of the model glacier varies in
the range /2.5—100/ Hz, which starts with infrasonic frequencies. This range also includes the fundamental
frequency of the natural oscillations of the virtual equivalent sphere. In the absence of a mechanical trigger,
oscillations of the glacier as a unified body are unlikely. Apparently, for this reason, infrasonic frequencies
are outside the typical range of the glacier’s oscillation frequency spectrum, which was determined through

statistical analysis: f=/100—300/ Hz [6]. For this range, using formula (1) with V ~5 103m/sec, the

average statistical range of linear scale variation is d=/17-50/m. If the reservoirs are approximated as
spheres, i.e., the linear scale is equated with the radius, the limiting volumes of the virtual equivalent
spherical water reservoirs are Q1~500000 m®and Q,~15000 m®. In rough approximation, one can consider
that the first of these values is in satisfactory quantitative agreement with the presumed water volume in the
debris flow that reached the Shovi Gorge. According to unconfirmed estimates, the volume of the debris
mass, in which water accounted for approximately ~20-30 %,: Q~ 1500000 m?. Therefore, if the destruction
on the Buba glacier began after the rupture of a subglacial water reservoir, the dominant frequency in the
spectrum of acoustic waves generated at that time could have been f~100 Hz.

Glaciers of the Central Caucasus are well studied

The Djankuat glacier has been the object of careful study for several decades. Therefore, it can be
considered a reference for the purpose of identifying general patterns in the dynamic processes occurring on
other glaciers of the Central Caucasus. Analysis of morphological changes occurring on glaciers is obviously
a traditional tool necessary for identifying empirical relationships between glacier parameters and variable
external factors. Undoubtedly, numerical models using observation data can provide a diagnostic picture of
glacial processes. The long-term goal of such models, based on hydrodynamic equations, is such a
gualitative and quantitative interpretation of observation results, which is necessary for real forecasting of
catastrophic events associated with glaciers. Obviously, this is preceded by reliable confirmation of cause-
and-effect relationships between various physical factors capable of causing a catastrophic result. An
example is the numerical model of the ice mudflow that came down from the Kolka glacier and caused a
gigantic catastrophe in the Karmadon Gorge and in the Geraldon River Canyon. In particular, this model,
like other similar models, can be useful for analyzing the results of the catastrophic event on the Buba
glacier. For this purpose, information on the dynamics of the Djankuat glacier, which has been the object of
fairly detailed monitoring for a number of years, is also valuable. There is an obvious similarity in the
geophysical characteristics of the Buba and Djankuat glaciers, which are in almost identical climatic
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conditions. However, field observations have not been carried out on the Buba glacier since the Soviet era.
First of all, there are no data on changes in ice thickness that occurred during climate change. At the same
time, there is fairly complete information on the Djankuat glacier.

It is assumed that the trigger for the rupture of the subglacial water reservoir on the Buba glacier was a
rockfall, There is a possibility that the cause of the destruction on the Buba glacier could be a decrease in the
thickness of the ice in the manner noted in the upper part of the Djankuat glacier at altitudes of 3000-3100 m,
occurring synchronously with an increase in the area of ice in the nearest area of the glacier bed. As a result
of this effect, since this zone is an area of rapid transformation of the pressure field, the local threshold of
glacier stability could decrease. A similar effect in sea and lake ice, as well as on rivers, leads to the
formation of ice hummocks. Therefore, it cannot be ruled out that a similar phenomenon took place on the
Buba glacier. In this regard, the following questions arise: how real is the possibility of the formation and
subsequent detachment of a structure similar to an ice hummock from the glacier surface? Was this event
impulsive or was it prepared for a certain time? It is impossible not to assume that something similar has
already happened many times or will happen in the future on other glaciers, including the Buba Glacier. It
seems quite reasonable that the effects of global climate change on glaciers should be especially active in
their upper part, where the slope of the relief to the horizon is usually steeper than in the lower sections of
the glacier.

Thus, there is a possibility of new destruction on the Buba glacier and a repeated mudflow in the Shovi
gorge. Therefore, the most important task is to control the thickness of the Buba glacier, especially in its
upper part, which can hardly be done only by satellite observations. For this purpose, the radio sounding
method is especially convenient, which highlights the internal structures of the glacier. Accurate data on the
thickness of the ice increases the effectiveness of the empirical formula that determines the magnitude of the
shear stress in the glacier bed using the difference in height between the top and base of the glacier AH [1]

7=0,005 + 1,598AH - 0,435AH2. 3)
= . C 4
B Bpgsina “)

where h- is the thickness of the ice, 8 - is the coefficient of the cross-sectional shape of the glacier, p - is
the density of the ice, g - is the acceleration of gravity, O - is the angle of inclination of the surface to the

horizontal plane, C - is the coefficient of quantitative correction.
Obviously, the parameters t and a are variable and depend on the specific parameters of the glacier. The

coefficient B depends on the surface friction at the boundary and in the bed of the glacier, i.e. in the area of

contact of the glacier with the enclosing medium. The angle o should be averaged over a segment, the length
of which is approximately an order of magnitude greater than the ice thickness. It is believed that in this
case, model (4) will be in agreement with the approximation of ideal plasticity, the condition of which is the
minimization of shear stress. From formula (3) it follows that for large glaciers (AH> 1.6 km), the shear
stress is on average T =~ 150 kPa with + 30% error. For medium glaciers, such as Djankuat and Buba, Tt~ 110
kPa. Formulas (3) and (4) are quite useful, although there is a significant error in quantitative estimates. In
any case, they correspond to the general ideas about quasi-stationary processes of glacier parameter changes
over a long period of time, comparable to several decades and centuries. A significant error will obviously
affect the results of a comparative analysis between new and retrospective data. Probably, this shortcoming
can be corrected within the framework of numerical models, the value of which seems undoubted in the
process of transition from diagnosing the state of glaciers to predicting the time and place of destructive
phenomena.

Glacial flow in the Shovi gorge

Glacial mudflow should be considered either as a heterogeneous liquid or as a water-containing
plastic mass. In both cases, the movement of the medium in a canyon or in an open area is subject to the laws
of hydrodynamics. It is known that, depending on its viscosity, a liquid medium can be classified as a
Newtonian or so-called rheological liquid (for example, Bingham's liquid). Water is a Newtonian fluid, but
the mudflow from the Buba glacier, which is a mixture of water with solid particles and ice fragments, is
considered a suspension that belongs to the class of viscoplastic (pseudo plastic) Bingham fluid with a plastic
viscosity coefficient of: 7 = /10° - 10/ Pas. Such a liquid, unlike water, always has an initial shear stress
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7, Which is in the functional dependence: T = f(B) on the strain rate: p = (Z—i), where & - is the linear strain.

This dependence qualitatively changes from nonlinear to linear with an increase in the parameter 3. During
this process, pseudo plastic viscosity is transformed into dynamic viscosity, i.e. the Bingham fluid acquires
the qualities of an ordinary Newtonian fluid. In this case, the following equation is valid for the shear stress:

T=710+nB ®)

Among the special properties of Bingham fluid that distinguish it from Newtonian fluid, of particular
importance is its ability to maintain its spatial structure after flow deceleration on a solid surface. This state
continues up to a certain point and can be disrupted by the action of some factor, for example, due to an
increase in the angle of inclination of the flow channel to the horizon o. In this case, the force required to
shift the viscoplastic mass must exceed the force of surface friction. Such a medium belongs to the class of
viscoplastic (pseudoplastic) Bingham fluid with a characteristic coefficient of plastic viscosity: = /10° -
10'% Pas.

According to information received from eyewitnesses of the event, as well as as a result of the
analysis of numerous television programs, the mudflow in the lower part of the Shovi gorge acquired a
viscoplastic character within approximately 20-25 minutes after the collapse on the Buba glacier.
Interestingly, in fact, in the same time interval, a picture of the spread of an ice mudflow after the destruction
of the Kolka glacier developed. This circumstance allows us to imagine the movement of the mudflow in the
Shovi gorge in the image of the movement of the ice-rock mass in its last section in the Genaldon River
gorge. According to the principle of hydrodynamic similarity, these two pictures of the mudflow propagation
could differ only in the quantitative factor. It is known that in the numerical modeling of the movement of a
liquid medium, a standard set of hydrodynamic parameters is used, among which the cornerstone is the
coefficient of dynamic viscosity of the liquid. As indicated above, in the case of a viscoplastic suspension,
the coefficient of dynamic viscosity is transformed into the coefficient of plastic viscosity. In a normal
liquid, its value determines the degree of flow turbulence, i.e. the value of this parameter changes depending
on the flow regime. Consequently, until a mudflow with suspended solid particles retains the qualities of a
normal liquid, the distribution of the solid fraction along the bed of the liquid will largely depend on its
dynamic viscosity. Due to the orographic similarity of the Shovi and Genaldon gorges, despite the huge
difference in the volumes of mudflows, the degree of turbulence in both cases can be considered the same.
Therefore, in these gorges, one can assume a similarity in the distribution of the solid fraction. This process
may also have been influenced by stochastic changes in river beds [10]. Such changes were probably
prepared by the active action of a number of geological, geophysical and climatic factors:

- activity of erosion formations in the river beds, in the gorges of which frequent floods are typical;

- increase in solid sediments incomings of rivers, depending on the geological structure of the gorge,
geophysical properties of rocks and activity of the liquid component of the mudflow;

- change in turbulent characteristics of the mudflow due to surface and deep erosion of the slopes of the
gorge;

- roughness of the river bed and slopes of the gorge, change in its angle of inclination;

- climate change.

Mudflow with variable rheology

The movement of a non-uniform liquid in a gravity field along an inclined channel approximating a
river bed is a physical analogue of the propagation of a mudflow along a mountain gorge. The mathematical
problem of studying various liquid flows is associated with solving the equations of hydrodynamics. One of
the areas is turbulent flows and waves that occur in both ordinary and rheological liquids. The flow of liquid
in channels at sufficiently large angles of inclination can become unstable, as a result of which waves of
various types can arise in the liquid. An important parameter of the waves is their height, which can be
analytically determined, for example, after solving the well-known Burgers equation. However, for a general
idea of the process of propagation of waves that arose in the mudflow in the Shovi gorge, one can use only a
simplified analysis, without using solutions to specific equations. In particular, after the standard
transformation to the dimensionless form of the equation of fluid motion in the channel, two criteria of
hydrodynamic similarity appear: the Reynolds number and the Froude number, which are associated with the
parameters of the fluid flow and the linear characteristics of the channel [12]. The Reynolds number
determines the flow regime, which in case of very strong flow will necessarily be turbulent. In this case, in a
normal fluid, depending on the value of the Froude number, various waves can be generated. In a viscous-
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plastic medium with Bingham rheology, wave motions can be less diverse than in a normal fluid. For
example, in a mixing heterogeneous fluid, waves arise due to the development of instability due to a velocity
shift in layers with different densities. Also, due to the restructuring of the flow structure, heterogeneous
layers with large gradients of velocity and density arise in the rheological fluid. The appearance of such a
texture in a liquid flow makes it possible to simplify the problem of mathematical modeling of waves by
introducing a small parameter. It is the ratio of the channel depth to the wavelength and is the criterion for
the approximation of the so-called shallow water. Although this model significantly simplifies the
hydrodynamic equations, complications associated with the nonlinearity of the waves may arise for a
rheological fluid. Therefore, such waves in a viscous-plastic fluid are not discussed below.

By means of retrospective analysis it is possible not only qualitatively, but also, to a certain extent,
guantitatively to present a hydrodynamic picture of the propagation of a glacial mudflow along the gorges of
the Bubiskali and Dzhandzhakhi rivers, which together form the Shovi gorge. For example, based on the
tracks in the river beds it is possible to analyze the rheological properties of the water-saturated soil mass,
which forms the basis of the mudflow, which allows estimating the probability of generating various types of
hydrodynamic waves. This goal can also be achieved by estimating the ranges of dimensionless
hydrodynamic numbers in different sections of river beds during the movement of the mudflow mass, which
allows applying the principle of hydrodynamic similarity. In particular, in the case of approximating the
mudflow bed with a rectangular channel, it is possible to use the results of those analytical solutions based
on simplifying assumptions of the shallow water equations. They are valid within certain intervals of change
in the Reynolds and Froude similarity numbers. For example, for large Reynolds numbers, when the fluid is
highly turbulent, the Froude parameter quite simply characterizes the process of changing the flow regime
due to the generation of hydrodynamic waves, the specifics of which are associated with negative effects that
often arise as a result of the propagation of wave disturbances. For example, during the propagation of the
mudflow in the Shovi gorge, so-called rolling hydrodynamic waves could be generated, which could well
have been one of the reasons that determined the catastrophic scale of the glacial mudflow.

In the one-dimensional approximation, at sufficiently large Reynolds numbers, the unsteady shallow water
equations, with turbulent fluid friction at the bottom of an inclined channel, have the form [12,13]

52 M 5ehw)=0, ©®)

a 0 2 ghz _ . 2
a(hu) + a—x(hu +=-cos¢) = ghsing —C,, u*, (7

where h, u - are the average depth and velocity of the fluid; g - is the acceleration of gravity; ¢ - is the angle
of inclination of the channel; C,, - is the friction coefficient, which is assumed to be constant for simplicity.
The first equation (1) denotes the continuity of the medium, (2) determines the movement of the fluid in an
inclined channel.

After the standard transition to dimensionless variables and parameters, the form of the continuity equation
(6) does not change, but equation (7) takes the form

d d h?
- (hw) + a—x(hu2+7) = ah —u?, (8)

where o= tgplC,, - is the only dimensionless parameter that determines the flow. If there is a uniform fluid
flow in a channel with a normal depth ho, then the Froude number of such a flow will be determined by the
parameter o, related to the Froude number: Fr=+/a. In the shallow water approximation, the Froude number
allows us to classify hydrodynamic waves that can be generated at sufficiently large Reynolds numbers,
when the flow is highly turbulent. In particular, in the case of approximating the channel of a mudflow with
a rectangular channel, we can use the results of known analytical and numerical solutions obtained for some
types of hydrodynamic waves.

Let us estimate the characteristic intervals of change of the hydrodynamic similarity numbers. Reynolds
number Re=u]°1—d, where Up is the characteristic velocity value, d is the channel width, n is the kinematic
Ug
has been proven that the flow in the channel becomes unstable when Fr>2 (a>4). For example, the
characteristic velocity of the mudflow and the parameters of the Shovi gorge: uo=/10-20/m/sec, d=/40-60/m,
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viscosity coefficient. Froude number Fr= , Where hq is the normal (characteristic) channel depth. It



ho =/8-10/m, a=5°. For water containing solid particles, n~/1-10/10°m?sec. Therefore, we will have the
following characteristic intervals of change of the indicated dimensionless parameters of hydrodynamic
similarity: Re=/4-12/ 107 and Fr=/1-2.2/. The large value of the Reynolds number means that the degree of
flow turbulence in the main part of the Shovi gorge was critically high. Such an effect could probably be
noticeable in the last, widest section of the gorge, where the viscoplastic nature of the mudflow could be
fully revealed. In this place, the movement of the mudflow mass had a complete similarity with the
movement of a viscoplastic medium with a small (=20%) water content. In this regard, the question of the
nature of wave motions, the spectrum of which can be presented based on the results of some solutions of
shallow water equations, as well as on the data of laboratory experiments, seems interesting [12].

Thus, in the shallow water approximation, the value of the Froude parameter allows us to classify the waves
whose generation is most probable in the case of sufficiently large Reynolds numbers. This means that the
degree of flow turbulence in the main part of the gorge was critically high. It is also likely that the value of
the Froude number in some places of the gorge could go beyond the characteristic interval. For example, due
to local changes in the depth of the flow or a decrease in its speed. Therefore, the question of the nature of
those wave motions, the spectrum of which can be represented by the results of solving the shallow water
equations and data from laboratory experiments, is of particular interest [12]. In this case, the Froude number
is a determining parameter that can serve as a quantitative criterion distinguishing between different types of
long hydrodynamic waves whose generation is possible in the shallow water approximation [13,14]. Thus,
the probability of generating waves of different types depends on the value of the Froude number:

1) 0.3<Fr< 0.5. Such an interval of the Froude number for the case of a mudflow in the Shovi gorge is
unlikely. It is more typical for a channel of finite depth, along the bottom of which a liquid with a higher
density flows than in the surface layer. It is known that with such a flow structure in an inhomogeneous
liquid, so-called gravity (density) waves can be generated;

2) 0.9<Fr<1.1. According to the Kadomtsev-Petviashvili equation, for such Froude numbers, with a balance
of the influence of linear dispersion, nonlinearity and spatial effects, the generation of solitons (solitary
waves) is possible. The probability of such a balance, as well as the conditions necessary for the generation
of gravity waves, is quite low. Nevertheless, despite the rigidity of the mathematical criteria, the probability
of soliton propagation in the Shovi gorge cannot be completely excluded,;

3) Fr<2. In this case, according to the shallow water equations, as a result of the effect of turbulent friction
on the channel bottom, so-called linear rolling waves can be generated. For these waves, the critical value is
Fr=2, which determines the threshold for the development of linear instability and a noticeable increase in
amplitude;

4) Fr>2. At a sufficiently large Re, a nonlinear stage of increasing flow instability develops. This case
corresponds to a certain critical channel depth, in which a picture of a turbulent flow arises. So-called
depression waves appear in the liquid, as well as rolling waves with hydraulic jumps, which facilitate a
change in the flow regime from subcritical to supercritical. A feature of such wave solutions is the presence
of a smooth section of the wave trajectory, indicating the transition from subcritical to supercritical flow [12]
(sections 2, 1 in Fig. 3,a,b).
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Fig. 3. Rolling waves (V.Yu., Lyapidevsky, V.M. Teshukov. Mathematical models of the propagation of
long waves in an inhomogeneous liquid. Novosibirsk, Publishing House SB RAS, 2000, 420 p (in Russian).

5) 2<Fr<6. In a turbulent flow, the effect of modulation of running packets of nonlinear rolling waves,
averaged within certain spatial and temporal scales, may occur. Such a specific wave effect in the Shovi
Gorge could occur in places where there was a sharp increase in the local Froude number.

As an example of what can happen to a wave packet with an increase in the Froude number, we can use the
result of numerical modeling when Fr=5. Fig. 4 corresponds to the theoretical picture of the evolution of a
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packet of modulated rolling waves. They were generated in a flow of inhomogeneous fluid as a result of a
nonlinear increase in small disturbances, the initial amplitude of which was =1% of the normal channel depth
ho [12]. The maximum amplitudes that were recorded in the corresponding laboratory experiment turned out
to be significantly less than the theoretical ones. Nevertheless, the qualitative nature of the growth of the
amplitude of the wave packet, which initially had an exponential nature, was confirmed. However, after the

traveling wave has passed a certain distance, the amplitude stops growing. It turned out that for a developed
turbulent flow, the average values of the minimum depths satisfy the inequality: XE—W <10, where C,y, is the
0
friction coefficient. It is believed that small disturbances grow exponentially along the channel until the wave
reaches the boundary of the hyperbolicity region of the shallow water equation system, after which the wave
amplitude stops growing and the flow becomes quasi-periodic. The bold lines show the distribution of the
average values of the maximum and minimum wave depths along the channel over many periods. Note that
the average values of the minimum wave depth in a developed flow, determined in a laboratory experiment
and as a result of non-stationary numerical calculations, agree well. At the same time, the corresponding
experimental values of the maximum amplitude turned out to be significantly less than the analytically

determined theoretical amplitudes.

|lTllr-l'.::; [
3 L
2 F
|
| |
1 I| /III /l,llll /II
0 0 20 xe,/hy,

Fig. 4. results of numerical calculations on the evolution of a rolling wave packet (V.Yu., Lyapidevsky, V.M.
Teshukov. Mathematical models of the propagation of long waves in an inhomogeneous liquid. Novosibirsk,
Publishing House SB RAS, 2000, 420 p (in Russian))

Georgia, Shovi Disaster, Event Analysis. Report Ne14230941, Zolikofen, November 28, 2023, 42 p.

It was noted above that the reports [15,16] use an almost identical structure, with the exception that
the report of the Georgian Nature Agency devotes a lot of space to the general geology and hydrology of the
Caucasus Range, which is hardly not directly related to the disaster in the Shovi Gorge. In these reports, the
Swiss RAMSS simulation program is used to model the hydrodynamic parameters of the glacial mudflow.
Therefore, we consider it sufficient to cite some data and conclusions from [15], which are actually repeated
in [16]. It can only be briefly noted that these initial data, as well as the results of modeling the parameters of
ice mudflow movement, are to some extent universal, since they also characterize other glaciers and viscous-
plastic mudflows. It can be considered that the obvious similarity of the hydrodynamic picture in such cases
is the result of the actual identity of the computer programs, which are based on the equations of
hydrodynamics and the input initial conditions and boundary conditions, which is obviously a consequence
of the general similarity of the orography of mountain canyons and their physical parameters in the Caucasus
and in other mountain systems.

Thus, we consider it convenient to present those extracts from [15] that seem especially important:

Estimation of the event volume from August 2023. “Debris Source Volume, estimation [m?]
Rockfall (release area) ca. 10° m® Upper channel (periglacial area) ca. (0.5 — 1) 10° m*® ; Middle flat part
(above tree line) ca. (0.1 - 0.2) 10° m® ; Middle and lower channel (below tree line) ca. (0.5 — 0.8) 10° m*.
Total (2-3)10° m* .~

Input parameters for RAMMS simulation (August 2023 event). “The volume that reached the valley
is an important input parameter for the debris flow simulation. The parameters for the simulation of the
debris flow due to the slope failure on 3rd August 2023 are described in Table 2: Table 2: Applied
simulation parameters RAMMS for the reconstruction of the August 2023 event. Dry friction coefficient (Mu)
W [-] 0.05 Turbulent friction coefficient (Xi) & [m/s*] 1000; Volume [m?] (1.5 - 2.5) 10° . Density: 1,8 10°
kg/m3.”
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The estimated volume that reached the valley is about 2 Mio. m®* - max. 3 Mio. m®~, which
corresponds to the volume estimation of NEA. “.The trigger of the event can only be assumed — there are
many uncertainties. But, we assume that the rock mass was "ready to fail" due to the severe weakening of the
previous years. With the high temperatures in summer and the maximum melting rate of fissure ice
(permafrost), the fissures and cavities in the rock were probably filled with water at this time. It is
conceivable that the precipitation on the days before August 3rd, 2023 could have produced a brief
overpressure of water in the right place in the rock, causing the rock mass to collapse .

* According to our (Z. Kereselidze, N. Varamashvili) assessments, the maximum volume that reached valley is
overestimated by about = 50%.

Causality of the Process. “The causality lies in the interplay of the geological disposition (large-scale
tectonic structures, fracturing, strong loosening), the local geomorphology (steep glacier and glacier fore
field with large debris deposits), the long-lasting, recurring high summer temperatures (climate change with
ever higher zero-degree limit in summer and associated strong degradation of permafrost and glacier melt)
and the weather on the day of the event (local and strong precipitation intensity). In the following sections,
the individual influencing factors are explained, and their interplay explored .

We therefore strongly recommend carrying out a disposition analysis to localize the hotspots for
such processes. “Existing methods (e.g. Swiss methodology) can be used for this purpose. For such an
analysis, the evaluation of satellite data is a must. Only with satellite data localities with active movements
can be evaluated over large areas in an efficient way. Combined with the disposition analysis, the hotspots
in the Georgian Caucasus can be evaluated*. Such an analysis should definitely be carried out in a multi-
stage process. Then, not all localities with a high risk of collapse are critical for the settlement area. Only
with a multi-stage process the areas that are really critical for the settlements can be determined. It has to be
discussed to test the methodology and adapted to Georgian circumstances in a small test area with high
damage potential”.

Conclusion

The analysis of the causes of the collapse of the Buba glacier on 3/9/2023 is an ambiguous task. The
tragic event that took place in the Shovi gorge was prepared by a number of natural phenomena, probably
associated with global climate change. Characteristic signs of this process were noted on the Djankuat
glacier, a supporting glacier for the Central Caucasus, which has a certain similarity with the Buba glacier.
Therefore, it can be assumed that the dynamic changes on these two glaciers occurred, to some extent,
according to a similar pattern. This assumption allows us to use information on the change in ice thickness in
the upper part of the Djankuat glacier for extrapolation to the Buba glacier. It cannot be ruled out that this
phenomenon caused the formation of ice hummocks on the surface of the glacier, the shift of which was
facilitated by the intensive melting process. Along with a possible rockfall, the collapse of ice hummocks in
the glacier bed could have triggered the destruction of the intraglacial water reservoir, after which a mudflow
spread in the river beds flowing in the Shovi Gorge. The available information about the collapse on the
Buba Glacier and monitoring of the changes that occurred in the Shovi Gorge require filling with new data
from ground and space observations; In particular, we consider it necessary to check whether the rockfall
process was a one-off event or consisted of separate, spaced out in time events. A ground expedition to the
Buba Glacier can clarify this.
During the propagation of the mudflow in the gorges of the Bubiskali and Chanchakhi rivers, which make up
the Shovi gorge, hydrodynamic waves of various types could have existed. In particular, for the
characteristic range of the Froude hydrodynamic similarity humber, the most probable is the generation of
running rolling waves, the height of which could reach several meters. The appearance of solitary waves
(solitons), as well as the so-called gravity waves, was unlikely, but one cannot exclude the possibility of their
generation in those places where local conditions were suitable. In the lower, widest section of the Shovi
gorge, in the zone of the so-called cottages, the movement of the mudflow mass was similar to the movement
of the ice mudflow in the Genaldon River gorge that came down after the collapse of the Kolka glacier in
2002. Despite the huge difference in the initial volumes of glacial mudflows that came down from the Buba
and Kolka glaciers, the thickness of viscoplastic deposits in the last flat areas of their distribution turned out
to be comparable, taking into account the difference in covered areas. Obviously, this is due to the same
nature of the braking of the viscous-plastic mudflow at the stage of its final stop, which is also indicated by a
decrease in wave amplitudes within /1-3/ m.
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2300035¢0b{obgdom. Mbs 900b0dbml  0bxgm®Is300l  LodEoMYg, MMIgEoE  LdOEGdL 5O
335993l 300X GO  dMWM  sMHEggdol  4obTogEmdsdo dMdLl dgobgzamBg Fodobsty
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K Bompocy Moe/inpoBaHuA TUHAMHYEKON KAPTHHBI
pacnpoCcTpaHeHUs ceJeBOoro noroka B yueibe lloBu Beaeacreue
oOpymieHusi Ha Jeanuke byoa

3. Kepeceanase, H. BapamamBuin
Pe3rome

JlemHukM Bceraa MPENCTaBIsUIM MOTEHIHMAJIbHYIO OMACHOCTh B peruoHe KaBkaza, rnie TOpHbIE KaHHWOHBI
SIBIISIOTCSL IOCTATOYHO TYCTO HaceleHHbIMHU. llpomecchl, cBsi3aHHBIE C IJI00AIBHBIMH KIMMaTHYECKHUMHU
W3MEHECHUSIMH, TPOUCXOAALIMMHU TTOBCEMECTHO, KpaiiHe o0OoCTpuiaM mpo0ieMy NMpeBEeHIMH HaceleHHs OT
TISUaNbHBIX KaTacTpod. Hampumep, mmeercss medyanbHBIN ONBIT, CBA3aHHBIM C OOpYyIICHHEM JIEAHUKA
Komnka, craBmero npu4nHOM BOSHHKHOBEHUS THTAHTCKOW 10 00beMy NiegoBoit cenu B 2002 roxy. K paspsmy
mo100HO# KaTacTpodbl CIeIyeT OTHECTH CXOI TISIHAEHON cenu ¢ eqanka by6a 9/3/2023 r, B pesynbsraTe
KOTOPOTO MpPOM30ILIa Tpareuss ¢ MHOTOYHCICHHBIMH jkepTBaMu Ha Kypopre LHosu. OmpenencHue
BO3MOXXKHOTO MECTa M BpPEMEHHU pPAa3BUTHS TOJOOHBIX  KaTacTPOPUUECKHX COOBITHU (3EMIIETPICEHHS,
W3BEPKEHHS BYJIKAHOB, MAaclITaOHble HABOJHEHMSA) MMEET BEChbMa HHU3KYI0 CTENEHb JIOCTOBEPHOCTH MU
SBISIETCS. TPOOJIEMHBIM, HECMOTpPST Ha  COBPEMEHHBIH YPOBEHb HAYYHBIX METOJIOB HA3eMHOTO H
KOCMHYECKOT0 MOHHTOpPHHTA. B 4YacTHOCTH, SIBIAETCS OYEBUAHOW HEOOXOIUMOCTH JOJITOCPOYHOTO
MOHUTOPHHIa U BCECTOPOHHEI'O IMarHOCTHPOBAaHUS TEKYIIEro COCTOSIHMA JeAHUKOB KaBkasza, ¢ yuerom
Ka)X1oro HOBOTO ormbITa. CleyeT OTMETHTh CKYIHOCTh WH(POPMAIUii, TTO3BOJISIONINN CyTUTh O TPOLeccax,
MPOTEeKaBIINX Ha jeqHuke byba 3a mocnemnue necsrunetus. [losTomy, Bpsia JU KTO MOT IpPEACTaBUTH
MacIITaOHYIO BUPTYAIbHYIO KapTHHY PacHpOCTPaHEHHUs TISILMANIBHOM Celu Mo yienbsaMm pek byOucukanu u
JxaHmkaxu, aJeKBaTHYIO TOM, Kakoil OHa OKa3ajach B peajJbHOCTH. B TO ke Bpems, B cilydae HalU4dus
JIOCTaTOYHO TIOJIHOW 0a3bl pe3yibTaTOB HAONIOJICHUH M ee KOPPEKTHOIO aHalnu3a, Ha OCHOBE IPHHIUIA
THJIPOIMHAMUYECKOTO TOA00Ms, CYIIECTBYET BO3MOXKHOCTh TEOPETHUYECKOTO MOJICIUPOBAHHS BEPOSTHBIX
napaMeTpoB HABOAHEHHWS WM INIAIUAIbHON cenu B JI0OOM TopHOM ymienbe. Hanpumep, B ciydae
KaBka3ckoro pernoHa MO>KHO BOCIIOJIb30BATHCS HEKOTOPHIMU Pe3yJIbTaTaMH, TIOJIYyUYEeHHBIMHA TIPU TTOMOIIH
YHCJICHHOTO MOJenupoBaHus JnenHukoB Jlkankyar u Komka. B wacTHOocTH, 3T MoOpaenH SIBISIFOTCS
JOCTaTOYHO MOJIE3HBIMU HE TOJILKO ONPEJIEJICHHsI BEPOSTHBIX IPUYMH, a TAK)KE PETPOCHEKTHBHOTO aHAJIN3a,
MOCJIECTBUHN pa3pylieHus Ha Jieanuke byba. B nepByro ouepenp. 3To kacaercs nporecca pacupocTpaHeHUs
THJIPOIMHAMUYECKHUX BOJIH B HEOJHOPOJHOM CEIEBOM IMOTOKe. [l ATOW LIeNIM TaKkKe BayKHBIMH SIBIISIOTCS
3allUCH CEMCMHUYECKOW ammapaTypbl, KOTOPbIE COAEp)KaT MH(POPMAIMIO O CHEKTPE YacTOT aKyCTHUECKHX
BOJIH, TEHEPUPOBAHHBIX  IPOLECCOM paspylleHus Ha jenHuke byba. B ymenssx pek byOucukamu u
YaH4yaxy MOTJIM CYHIECTBOBATh THAPOJAMHAMHYECKHE BOJHBI PAa3IMYHOTO TUMA. B XapakTepHOM Jnamna3oHe
BEIMYMH 4ncia nogodus Opyna Hambosee BEPOSTHBIMU CIIENYeT CUNTATh TEHEPAIHIO OCTYIIMX KaTAIIHXCS
BOJIH, BBICOTA KOTOPBIX MOIJIA JOCTHIaTh HECKOJIBKUX METPOB. [losiBNeHHE yeIUHEHHBIX BOJH (COJIUTOHOB),
a TakXKe T.H. TPAaBUTAI[HOHHBIX BOJH, OBUIO MaJOBEPOATHBIM, OJIHAKO HENIb3S UCKIIIOUUTH BO3MOXHOCTH MX
TeHEpallui B T€X MECTax, JUIsl KOTOPBIX JIOKaJbHBIC YCIOBUS ObuH moaxoasmuMu. Ha HukHeMm, HanboJee
HIIMPOKOM ydacTke ymenbs LloBu, B 30HE T.H. KOTTEIKEH, IBM)KEHHE CEJIEBOW MacChl OBbLIO MOAOOHBIM
JBIDKEHHUIO JIEOBOTO celsd B yiienbe peku ['eHangoH mocne oOpyuenus Ha negnuke Konka B 2002 T.
HecMoTpst Ha OrpOoMHYIO pa3HHITY IEPBOHAYATHHBIX 00BEMOB celieH, ComeAmux ¢ JJeaHnKkoB byba u Konkw,
BBIHOCHI BSI3KOIUIACTUYECKOM Macchl,  Ha TIOCIEAHUX YYacTKax €€ paclpoCTpaHeHMs, OKa3aJicCh
COM3MEPUMBI C YUETOM MPOCTPAHCTBEHHBIX MAcIITa0OB M aMIUIMTYABI BOJIH B 000MX CIy4asx YMEHbIINIACh
110 BBICOT 1-3 metpa.

KioueBbie cjioBa: TpUPOJHBIE KaTacTpodbl, JIEAHUK, CEJIEBbIE TOTOKH, aKyCTHYECKHUE BOJIHBL,
BSI3KOIUIACTHKA.

62



