Monitoring’2025 EAGE

Mon25-106

0. Ivanik

SUMMARY

Based on the conducted morphostructural studies, a comprehensive analysis of erosion-
denudation processes in Madagascar has been carried. The main focus of this research is the
application of a complex methodology that combines geomorphological mapping, remote
sensing data, and GIS-based analysis. This allows for a detailed assessment of erosion
dynamics, including the identification of active zones of denudation, sediment transport
pathways, and the influence of tectonics on landscape evolution. The study has revealed a
differentiation in the indicators of potential denudation processes across various regions of
Madagascar, as well as within distinct tectonic blocks. Furthermore, the research has
provided insights into the evolution of the relief within these tectonic units, emphasizing the
significant role of tectonic activity and erosion in shaping landscape dynamics and long-term
morphological transformations. The morphology of slopes plays a key role in erosion
processes. The influence of this parameter on lavaka formation is assessed by analyzing
variations in slope, aspect, and curvature types (concave, convex, and flat). It was proved that
climatic changes and heavy rainfall accelerate erosion, but they do not fundamentally change
the bases of erosion or prevent them from changing.
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Introduction

Madagascar is a moderately seismically active microcontinent surrounded by passive margins with
locally steep topography. It has a complicated tectonic structure and geologic evolution (Collins et al.,
2000). Since the erosion processes in Madagascar are a direct reflection of differentiated tectonic
movements and denudation, their analysis requires a comprehensive methodological approach.
Understanding these processes necessitates the integration of erosion-denudation studies with
morphostructural analysis to identify spatial and temporal patterns of landform transformation. A key
aspect of this research is the application of a complex methodology that combines geomorphological
mapping, remote sensing data, and GIS-based analysis. This allows for a detailed assessment of
erosion dynamics, including the identification of active zones of denudation, sediment transport
pathways, and the influence of tectonics on landscape evolution.

The primary objective of these studies is to evaluate the role of morphostructural features in shaping
the relief of Madagascar and their direct impact on the manifestation of erosion-denudation processes.
By analyzing the correlation between tectonic activity, rock composition, and climatic factors, this
research aims to enhance our understanding of the mechanisms driving erosion and provide a basis for
sustainable land management in Madagascar’s fragile environments.

Method and Theory

Hypsometric and morphometry analysis are quantitative relief research methods that study the
landforms' quantitative characteristics. At the same time, morphometry is a part of cartometry that
analyzes how to measure various map features. Stages of youth, maturity, and old age in regions of
homogeneous rocks give a distinctive series of hypsometric forms, but mature and old stages give
identical curves unless monadnock masses are present (Strahler, 1957).

The method of structural morphometry (Filosofov, 1975) has been applied for the analysis of
morphology characteristics of the relief of Madagascar. The morphological and paleomorphological
models with their subsequent interpretation have been created. Mathematical operations with these
models enable the integrated analysis of the relief, allowing for much more detailed
determination/description of local forms, analysis of tectonic movements within different tectonic
blocks (Bemarivo belt, Itremo Sheet, Antananarivo block, Antongil block, Tsaratanana sheet, and
Southern Madagascar). Geological interpretation of morphometric models allows to reveal the
interrelation between morphology and tectonics, and enables to understand the potential of erosion
and denudation processes.

All constructions have been carried out based on the stream order map, which serves as a fundamental
framework for subsequent analyses and further spatial modeling. The order of a stream is closely
related to its geological age; lower-order streams are often dated by Holocene or Late Pleistocene,
while higher-order streams are significantly older. Additionally, the formation and inheritance of
valleys are not random but are influenced by tectonic factors (Ivanik & Tustanovska, 2011).

Basic surface maps depict complex surfaces passing through the thalwegs of valleys, which are their
edges. The basic surface should be called the surface that covers the local bases of erosion. Of course,
the longitudinal profiles of valleys are a reflection of the evolution of the relief and recent tectonic
movements (Ramahaimandimby, 2023). But even a large number of longitudinal profiles of valleys
does not create a clear spatial picture of movements and changes in relief. Maps of base surfaces
provide a more accurate representation.

Maps of base surfaces are constructed based on stream order maps. The concept of an increase in the
stream orders from elementary streams to the main flow was previously presented by Robert Horton
(1948) and later by V. Filosofov (1975) and others. The composition of the stream system of a
drainage basin can be expressed quantitatively in terms of stream order, drainage density, bifurcation
ratio, and stream-length ratio, etc. (Horton, 1948; Strahler, 1957). The base surface is a finite surface,
the lower part of which coincides with the erosion base. The base surface is generally concave upward
except along divides, and its margins intersect the initial surface around the upstream portion of the
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drainage area. The ultimate base surface is, under ideal conditions, closely similar to a segment of a
parabaloid cut by a plane which is not parallel with the axis of the parabaloid. The parabaloidal
surface is ribbed with ridges which represent the divides between streams (Horton, 1948). Maps of
basic surfaces are constructed on the basis of stream orders maps. Intersections of erosion forms with
topography isolines form a number of points. The points of the same elevation are connected by
smooth lines (isobasites), which should not cross or lie below the corresponding elevation lines. To
construct the maps of basic surfaces of a certain order, thalwegs of streams of the corresponding order
and above are used. To map the basic surface of the second order, all streams are shown excepting the
streams of the first order. All valleys above the second order are shown on the third order basic
surface map, etc. On the basis of large-scale topographic maps and DEM, maps of basic surfaces of
the 2nd, 3d, and 4th orders are constructed.

Positive landforms located above the basic surface of the corresponding order are called residual
relief. Maps of the residual relief of Madagascar area reflect the relative heights of excess of positive
landforms above the base of erosion, as well as the volume of rocks that may be removed by erosion
in the future. To construct a map of the residual relief of a certain order, the points of intersection of
the isobasites of a certain order from the map of the base surface and topography isolines are used.
The smooth lines of the same values of the differences in the heights of the points are called
isohypsopachytes. Moreover, the higher the order of the base surface, the greater the relief masses
become the residual ones.

Results

Analyzing the map of basic surfaces and erosion rates (Brosens et al., 2023), we can describe the
dependences of erosion rates and evolution of relief. The highest rates of erosion correspond to
lowered areas of the basic surface of the 2™ order.

For Madagascar area, the constructed map of residual relief of the 2" order demonstrates the relative
volume of deposits that could be removed by erosion and denudation (Fig. 1), therefore, is it possible
to assess the potential denudation processes in the different geomorphological zones and river basins.
The highland regions of Madagascar are characterized by the presence of numerous prominent gullies.
Referred to locally by the Malagasy term lavaka, these landforms are typical erosion features, each
representing the removal of thousands of cubic meters of material. Lavakas exhibit distinct
characteristics that differentiate them from other types of gullies. The majority of lavakas (>80%)
originate at mid-slope positions, independent of valley drainage systems (Wells et al., 1991). In
certain regions, both active and inactive lavakas are present on nearly every slope (Cox et al., 2010),
while other areas with similar geomorphological characteristics remain almost entirely devoid of these
erosion features. This study focuses on the formation, distribution, and underlying processes of
lavakas, providing a comprehensive analysis of their development in relation to tectonic and
geomorphological factors.

The morphology of the slope plays a key role in lavaka development. The influence of this parameter
on lavaka formation is assessed by analyzing variations in curvature types (concave, convex, and flat),
along with water and sediment accumulation on the surface, slope, and aspect. These observations
suggest that curvature has a significant impact on lavaka occurrence. Curvature, a three-dimensional
characteristic of a two-dimensional surface, reflects the shape of the slope. A positive curvature
indicates the surface is upwardly convex at that cell (Fig. 2).

A negative curvature suggests the surface is upwardly concave at that cell. A value of 0 indicates the
surface is flat. The values for Madagascar vary from -1.38 to 3.044 depending on the type of
geomorphological zones.
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Figure 1 Maps of isohypsopachytes (a) and residual relief of the 2" order (b), the blue symbols show
the erosion rates (mm kyr ' ) according to cosmogenic nuclides analysis '’ Be (Brosens et al., 2023),
Madagascar area.

In the profile output, a negative value indicates the surface is upwardly convex at that cell. A positive
profile suggests the surface is upwardly concave at that cell. A value of 0 indicates the surface is flat.
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Figure 2 Reclassification map of a surface curvature (a): 1-concave, 2-relatively flat; flat and slightly
convex, 3- convex, 4 — highly convex, distribution of lavakas within each type of a surface curvature

(b).
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In the plan output, a positive value indicates the surface is upwardly convex at that cell. A negative
plan suggests the surface is upwardly concave at that cell. A value of 0 indicates the surface is flat.
The spatial overlap between lavakas and curvature of slopes shows that most of lavakas correspond to
a slightly convex and convex surface. Despite the multiplicity of factors that can influence lavaka
occurrence, there is a correlation between lavaka density and the morphology of slopes.

Conclusions

Based on the conducted morphostructural studies, a comprehensive analysis of erosion-denudation
processes has been carried out, supplemented by a comparative assessment of these findings with data
obtained from cosmogenic nuclide research. The study has revealed a differentiation in the indicators
of potential denudation processes across various regions of Madagascar, as well as within distinct
tectonic blocks. Furthermore, the research has provided insights into the evolution of the relief within
these tectonic units, emphasizing the significant role of tectonic activity in shaping landscape
dynamics and long-term geomorphological transformations. The morphology of slopes plays a key
role in erosion processes. The influence of this parameter on lavaka formation is assessed by
analyzing variations in curvature types (concave, convex, and flat), along with water and sediment
accumulation on the surface, slope, and aspect. Climatic changes and heavy rainfall accelerate
erosion, but they do not fundamentally change the bases of erosion or prevent them from changing.
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