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Joint scientific research with the National Reserve "Pechersk Lavra" on the control and monitoring
of slope-related risks in the Pechersk Lavra territory has been continued to prevent negative
impacts on the preservation of the architectural and archaeological monuments of the reserve.
Based on structural and morphometric analysis and field observations, a comprehensive
assessment of the ecological and geological state of the territory was made. The most vulnerable
areas subject to destruction and subject to appropriate reinforcement were identified. All locations
of water and gravity processes were calculated in real conditions and slope angle maps were
created. These data helped to trace the evolution of the palaco-relief under the influence of
exogenous and endogenous processes. This made it possible to establish a detailed transformation
of the slopes, taking into account all the details of the territory, especially in the built-up areas of
Lavra Ravine, Near and Far Caves. The main natural and anthropogenic factors disrupting slope
stability were identified. The research demonstrated the effectiveness of using integrated
morphostructural and geological, geomorphological methods for such territories.
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Introduction

With the advancement of technological progress, the influence of man-made factors on the geological
environment is rapidly increasing. This leads to the intensification of exogenous processes, including
hazardous ones. This phenomenon is particularly evident in urbanized areas, regions with large industrial
facilities, and urban agglomerations (Anishchenko and Borovyi, 2006). Buildings, historical monuments,
and recreational areas are suffering. Today, there is an ongoing struggle between progress and the
consequences it creates. In most cases, this occurs due to a lack of knowledge, imperfect reasoning, and
poor understanding of geological processes that cannot be ignored. Our research focuses on the territory of
the Kyiv “Pechersk Lavra”, a unique reserve located on the slopes of the Dnipro river within the Kyiv
agglomeration.

The territory of the Kyiv Pechersk Historical and Cultural Reserve covers an area of up to 23 hectares and
encompasses various morphological relief elements. The architectural monuments of the reserve are
situated within the Pechersk accumulative and denudation loess plateau, at elevations ranging from 170 to
198 meters, gently sloping to the east. Structurally, it represents an anticlinal uplift composed of a layer (up
to 15 meters thick) of loess-like loams, beneath which lie poorly sorted sandy-clay deposits of the Dnipro
glacial complex of the Quaternary system. The plateau is divided by the Lavra ravine, which is up to 80
meters deep, into two nearly equal parts. Most slopes are equipped with landslide protection measures that
significantly reduce the activity of landslide processes, but some of them are outdated and no longer
effective (Technical Report, 2017; Ivanik et al., 2020).

The research was conducted as part of a joint scientific project between the National Reserve "Kyiv
Pechersk Lavra" and Taras Shevchenko National University of Kyiv, aimed at studying the dynamics of
landslides on slopes within the Lavra territory. Field materials from geological surveys and data from
observation wells located within the reserve were utilized. The territory was surveyed during the summer,
spring, and autumn seasons.

Based on a comprehensive approach, including structural and morphometric analysis, a series of additional
cartographic materials was developed, allowing for the reconstruction of slope morphology considering
both natural and anthropogenic impacts. The method of structural morphometry is based on the graphical
decomposition of relief (depending on the orders of valleys and watershed lines) into base, summit,
residual, dynamic, and other mathematical models of the FEarth's surface, followed by their
interpretationThe results of these studies allow to reconstruct the development of the relief in the modern
period: to calculate the amplitudes of oscillations of relief heights; to establish static connections between
relief surfaces and tectonic structures; to study the relief in the process of its development in combination
with the movements of the earth's crust; and to analyse the potential development of hazardous geological
processes (Ivanik et al., 2020).

The conducted studies demonstrate the effectiveness of using morphostructural studies in the spatial
forecasting of water and gravity processes and prevention of their development.

The results of the analysis of paleo-relief slope angle maps. The main factors of deformation of the
Pechersk slopes are landslide processes. Recently, the most active movement of material from the plateau
has been in the Lavra ravine area. Here, active landslide areas of the slopes are located in a zone with
additional technogenic load from buildings, which is constantly increasing over time. The second important
factor in the activation of landslides is the excessive overmoistening of the upper layers of the section,
which are composed of loess, due to breakthroughs in the worn-out water supply system. Loess is very
vulnerable to water, and as a result, we observe constant sinkholes of varying scale in the area. Suphosion
occurs, where the soil mass in the form of a suspension moves along the contact of loess and variegated
clays downward. In 2005, these processes caused the collapse of the vaulted part of the Near Caves
(Cherevko, 2017; Menshov et. al., 2012).
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The right-bank slopes of the DniproRiver within Kyiv are high and steep, with slopes of 50°—60°. Slope
height above the water level ranging from 65-105 meters. These slopes are typically dissected by a network
of ravines and gullies and are affected by landslide processes. Since the main factor disrupting slope
stability is erosion and denudation processes, it is important to study the change in slope steepness of the
paleo-relief over time (Palyeenko, 1992; Menshov and Sukhorada, 2012). This will allow an assessment of
the intensity of transformation and the dynamics of material removal. Continuing structural and
morphometric research in the reserve area, we constructed additional maps of the slope angles of the paleo-
relief based on existing maps, which enabled us to evaluate the deformation dynamics of the slope in detail.
Based on the spatial analysis, maps of slope angles were created using the software tools of the Spatial
Analyst Tools module. The data from five base surfaces served as the basis for the creation of palaeo-relief
maps. They reflect the local erosion bases at each stage of their formation. The final result was five slope
angle maps, each of which corresponds to a change in slope steepness at a certain stage of their
development (Fig. 1). The first (early) stage is characterized by the maximum slope steepness of up to 50°
(Fig. 1(a)). Over time, the natural development of geological processes reduced the slope steepness to 40°
(fourth-order map) (Fig. 1(b)). Such changes can be observed on the hill of the Citadel complex, where the
slopes are gradually levelled under the influence of plane washout and initial landslide activity, which
indicates the development of an erosion and denudation cut.

The maximum slope an glesare recorde dalmost throughout the reservene ar the upperedge of the slopes.
These slopes are slightlyde for med vertically, unlike the irfoot. In these areas, the area isincreasing, which
indicates the development of erosion in cisions of the valley system.
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Figure 1The reconstruction of the development of paleo-slopes from ancient to modern times (maps of
slope angles).

The third-order map demonstrates the second stage of slope formation (Fig. 1(c)). Visually, it is almost no
different from the previous one. The slope angles do not change, but the map shows a more active
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deformation of the slope morphology in terms of increasing the size of areas of demolished and
accumulated material, thus smoothing their steepness. Therefore, the slopes are becoming more level. This
is particularly evident on the right side of the Lavra ravine. It undergoes more intense action from planar
runoff, and the angles here range from 20° to 30°. Similar processes occur on the hill of the Onufriyevska
Tower.

Based on the constructed map of slope angles for the daytime surface and considering the quantitative and
qualitative indicators for the studied area, three terraces were distinguished (from bottom to top): two that
are well-defined by steep steps, and the third - corresponding to the slightly sloping plateau at the foot of
which the building of the Assumption Cathedral is located.

At the third (before the modern) stage (Fig. 1(d)), the slope angle increases to 50°, indicating that the entire
area was probably uplifted. Such changes are described in (Nesterovskyi, 2023), and are manifested in an
increase in the overall height of the palaco-relief and a decrease in the erosion base from 108 m to 95 m.
We assume that this occurred as a result of regional tectonic movements of the Middle Dnipro right bank
associated with the Ukrainian Shield. At this stage, all slopes underwent changes, which are recorded in the
fine localization of slope angles of various gradations and the disappearance of clear terracing. Small
mound-like hillocks with angles of up to 20° appear on the slopes.

The first-order map (Fig. 1(e)) demonstrates the current state of the Pechersk slopes. The angle of
inclination of the surface does not change, but the transformation of the morphological appearance of the
slope continues. On the slopes, fine terracing develops in the form of short, small bodies with varying
steepness of 4°-20°. Here, more or less flat areas with a surface slope of 4°—6° also appear. Most of these
are developed on the upper plateau, indicating the active development of not only landslide processes but
also suffosion processes.

Our data made it possible to overlay the residual relief calculations on the palaco-relief slope angle maps
and obtain not only effective results of dynamic slope deformation, but also to estimate the likely material
wear (Fig. 2). This provides an opportunity to determine further actions and avoid the development of
landslide processes in the near future. For example, looking at the current position of the hill on which the
church building K-59 is located, we see a certain stabilisation of landslide processes on the right slope of
the Lavra ravine, as appropriate anti-landslide works have been carried out here. At the same time, on the
left slope, where no such work has been carried out, we expect landslides and material removal to intensify
in the near future. We can also predict significant soil denudation at the base of the first terrace, which
predicts destabilisation of the Near and Far Caves.
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Figure 2 The map of relative indicators of slope deformation and dynamics: a) before the modern; b)
forecast.

Taking into account that climatic or geological conditions in the region will not change significantly in the
near future, we should expect active denudation processes to continue on the territory of the reserve. The
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slopes of the Citadel complex and the slopes of the central part of the Reserve are in danger in the future. In
these areas, significant landslide activity and suphosic processes with localised soil subsidence are
predicted. Dangerous slope alteration will also continue in the area of the Upper Lavra, near the K-84
complex, and on the fortification ramparts (Fig. 2(b)).

It is also necessary to pay attention to the plateau, which is now complicated by the appearance of local
subsidence with inclination angles of 40-6° due to the intensification of suphosion processes. These
locations are highlighted in Figure 2(b).

Conclusions

Currently, scientific research is ongoing in cooperation with the Department of Geological Control and

Monitoring of Slope Risks on the territory of the Pechersk Lavra. They provided new results that showed

the need for effective ways to protect the territory of the Conservation Area. The maps of slope steepness

made it possible to reconstruct the transformation of the slope relief over time and to establish the
relationship between these transformations and the geological structure of the region. Areas with potential
hazards were identified and marked.

The most vulnerable areas include the Near and Far Caves, the slopes of the Citadel complex, and the upper

reaches of the Lavra ravine. Hazar dousslope processes continue to develop in the area of the Upper

Lavra, as well as outside the Reserve towards the Park of Glory the“Candle of Glory”complex.

The main factors of slope stability are both the peculiarities of the rock complexes of the coastal zone and

significant changes the geological environment duetoman-madeload. The mapshows about 30 unstable

landslide-prone areas within the reserve, of whichabout 20 are the most dangerous for architectural
complexes and archaeological sites.
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