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IN RHUMEL-SMENDOU BASIN (NE ALGERIA)

— OBSERVATIONS FROM THE MORPHOMETRIC
INDICES AND HYDROGRAPHIC FEATURES OBTAINED
BY THE DIGITAL ELEVATION MODEL

Nabil Manchar, Riheb Hadji, Ahmed Bougherara, Kamel Boufaa

Summary

The eastern Tell Atlas of Algeria is characterized by a complex neotectonic system including
lateral strike-slips, and normal and reverse faults. The landscape of the Neogene basin of Mila-
Constantine acquired its shape due to the perpetual action of tectonic activity, and erosion pro-
cesses. Neo-tectonics in this basin have affected the geometry of the stream network and the
contemporary landscape topography. Our methodology evaluates the active tectonics in this
mountainous region by a combination of drainage network and geomorphic indices, namely, the
basin-shape index (Bs), stream-length gradient (SL), hypsometric integral (HI), mountain front
sinuosity (Smf), basin asymmetry factor (AF), and valley-floor ratio (Vf). The calculated val-
ues of the six measured geomorphic indices were used to differentiate the distribution of faults
function as well as the relative tectonic activity in the study area. The obtained results from the
GIS-based multi-criteria analysis of these indices consist of the index of active tectonics (IAT).
Hence, we defined four hierarchic degrees of IAT, namely, very high (VH), high (H), moder-
ate (M), and low (L). The relative active tectonics represents an obvious correlation between
morpho-structural features, tectonic activities, and uplift rates. It selects the morphotectonic
features and landforms that interpret the tectonic events in the study area. Our results prove that
this approach discerns the most active regions related to the neo-tectonic action in the Rhumel-
Smendou drainage basin. The combination of geomatics and field surveys highlights the cliffs
which are still rising by using the drainage patterns, the landform model, and the mountain
range shape.
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1. Introduction

The NNW-SSE convergence between the Nubian and Eurasian plates is responsible
for the recent tectonic activity in northern Africa. This activity was initiated in the
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Late Cretaceous [McKenzie 1972]. The Maghrebides Belt in the Western and Central
Mediterranean accumulates 3-6 mm yr-1 of crustal shortening, dextral shearing, and
2.4 mm yr-1 on the Guelma E-W- trending lateral strike-slip [Bougrine et al. 2019],
presenting, thus, a major structural seismotectonic element in the region [Bendjama et
al. 2021]. Neogene and Quaternary post-nape basins contain a series of E-W to NE-SW
trending folds associated with active faults [Meghraoui 1988].

Neotectonics is the upper Tertiary and the Quaternary tectonic movements have
influenced the current shape of the relief. The neotectonic activity associated with conti-
nental uplift stands out along the meridional border of Numidic Chain by faults scarps,
deeply incised rivers, and filling deposits along mountain fronts and in fault-bounded
valleys [Benabbas 2006, Hadji et al. 2013, 2014, Manchar et al. 2018, 2019]. The North
range of Algeria has undergone septentrional structuring in result of the convergence
of Nubian and Eurasian plates. Despite extensive research on the morphotectonics of
the Algerian alpine chain, little is known about the tectonics of the Neogene basin of
Constantine. In the last decades, the sequent seismic events have demonstrated that
this region is strongly influenced by a compressive geodynamic action [Benouar 1994,
Harbi et al. 2003, Mahleb et al. 2022].

The quantitative and qualitative assessment of seismic activity requires the evalu-
ation of the Holocene and Pleistocene dynamic tectonics [Keller and Pinter 2002].
Recently, several researchers have studied the Tellian Atlas in Northeast Algeria [Yelles-
Chaouache et al. 2006]. The tectonic geochronology of an area can be correlated with
the spatial combination of different morphotectonic indices, measured in a field survey
and derived from topographic maps, aerial photographs digital elevation models, and
satellite data [Keller 1986]. The GIS-multicriteria analysis allows to assess the dynamics
of river evolution and the characteristics of the drainage shape related to the morpho-
structural and neotectonic evolution in the study area. This technique was widely used
by several researchers in natural hazard assessment [Keller and Pinter 1996, Hadji et
al. 2014, Zahri et al. 2016, Dahoua et al. 2017, Mouici et al. 2017, El Mekki et al. 2017,
Rais et al. 2017, Anis et al. 2019, Ncibi et al. 2020]. The disastrous seismic event that
occurred in Mila town on August 07%, 2020, with a magnitude of 4.9 degrees induced
several landslides which damaged the urban sites in the western parts of Mila (Fig.
la). Tectono-structural and geomorphologic framework prospection together with
specific geophysical and geotechnical tests are necessary to understand the causes of
the landslides and the evaluation of the current state of the damaged sites, as well as to
propose a model of landslide behavior in the Rhumel-Smendou Neogene basin. The
main aim of our paper is to delineate/rate the active tectonics areas based on geomor-
phic indices, namely, the stream gradient (SL), drainage basin asymmetry (AF), and
basin shape (Bs), hypsometric integral (Hi) along with convex-up hypsometric curve,
valley floor width-valley height ratio (Vf), drainage basin shape such as mountain-front
sinuosity (Smf). Thereby, the fault structures that might have been responsible for the
active tectonics and the earthquake sequences have been highlighted. Therefore, the
relationships between these events and local faults are established by integrating the
geological and seismo-tectonic data. By consulting the geo-scientific literature, we have
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found that the geomorphic indices and the drainage patterns had been widely used in
evaluating neotectonic activities worldwide [Wells et al. 1988, Azor et al. 2002]. Bull
and McFadden [1977] and Silva et al. [2003] have linked the VE, Smf, and BS indexes to
evaluate tectonic activity. Whereas, El-Hamdouni et al. [2008] developed and applied
a model that included the Af, Hi, SL, VF, Smf, and Bs, indices. Thus, the aim of this
research was to introduce a combined approach that will be useful in showing relative
active tectonic events of an area by applying geomorphic indices and drainage patterns.

Our approach follows three main phases: 1) the evaluation of the geomorphic indi-
ces and the drainage patterns, ii) the calibration of six geomorphic indices, and 2) the
calculation and the classification of IAT index. This study demonstrates the usefulness
of this kind of methods of assessing the neotectonic activity in the Neogene basins
of Mediterranean countries. Our result would help decision-makers and academic
researchers to mitigate geologic hazards that could affect the great dam of Beni Haroun
and megalopolis of Constantine.

2. General setting

The Rhumel-Smendou (1081.28 km?; longitude of 249641 to 302110 E; and latitude
of 4021372 to 4051694 N, WGS 84, UTM 32N) is a sub-watershed of the great Kebir-
Rhumel basin. It was structured during the Tertiary period in result of the evolution of
the Tellian-Atlasic chain [Benabbas 2006, Tamani et al. 2019] (Fig. 1b).
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Fig. 1. a) Photos of the mega-Landslides caused by the seism of Mila 07/08/20 (Mw = 4.9).
b) Geographic location of the study area. c) the 57 sub-basins of the Rhumel-Smendou
basin
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This basin was filled by a silico-clastic and carbonatic series of Mio-plio-quaternary
age, installed on a substratum that was pre-structured by thrust sheet units of the
Tellian, Penitellian, and neritic units belonging to the external zones of eastern Algeria
Maghrebian chain [Wildi 1983, Coiffait 1992, Hamad et al. 2018]. The altitude ranges
from 500 to 1350 m a.s.L.

This area is characterized by a well-developed stream network, including Bouhadjeb,
El Kram, El Aria, and Smendou wadi, which are the main watercourse of the basin (Fig.
1c). All these wades flow toward the Northeast [Hamed et al. 2017]. The study area is
characterized by a semi-arid climate, with a dry and hot summer, and humid and cold
winter [Demdoum et al. 2015]. Precipitations range from 600 to 900 mm/year; most of
rain falls between Decembers to February [Benmarce et al. 2021]. The study area could
be subdivided into three distinct natural sub-areas: the first one is the mountainous
massifs of the Numidian chain in the north, the second is the hills of Smendou and
Zardezas with altitudes varying from 400 to 500 m a.s.l. and the third is the valley
areas including the depression of Beni Brahim-BouHadjeb and the Smendou valley.
The morphology shows three units: Ouled Kebbeb, Smendou (which is analyzed in
this paper), and Mila (which remains the most important). These units are inserted
between the Numidian chain in the north and the mountains of Constantine in the
south. Geologically, the study area is characterized by the superposition of thrust
sheet units made up from the base to the top by: Neritic unit (Cretaceous carbon-
ate), Ultra-Tellian unit (Cretaceous-Eocene marls and marly limestone), Tellian units:
Marly dominance (Cretaceous-Eocene), Numidian unit with sandstone Burdigalian,
clay, and flysch (Eocene), Mio-Plio-Quaternary: sandy clays, marls, and conglomer-
ate (Mio-Pliocene). Alluvial terraces and lacustrine calcareous formations from the
Quaternary period [Raoult 1974, Coiffait and Vila 1977, Vila 1980]. This structure was
deposited during the paroxysmal compressional phases of the Eocene and Miocene
(Fig. 2a) [Guiraud 1973, Durand-Delga 1969].

3. Material and methods
3.1. Data sources

This research uses a 30-m resolution digital elevation model (SRTM/DEM) and
1/25000 topographic maps for the generation of the stream network and the deriva-
tion of morphometric indices. Six 1/50000 geological maps were used, namely, of Sidi
Merouane N° 50, Sidi Driss N° 51, Zighoud Youcef N° 52, Radjas N° 72, Constantine
N° 73, and El Aria N° 74, for the structural study and lithological identification (Fig.
2b). Therefore, field surveys and satellite imagery (data ETM+ Landsat 8) observations
were drawn on for a detailed analysis of the study area. The Arcgis 10.8 software was
run to create and process the Geodatabase. The stream network was extracted and
sub-watersheds were delineated using multiple flow direction algorithms. Hence fifty-
seven drainage sub-basins were identified (Table 1) (Fig. 1c). The adopted approach is
resumed in the methodological flowchart of the Figure 3.
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Fig. 3. Methodological flowchart of the adopted approach

3.2. Calculation of geomorphic indices

Basin shape index (Bs)

Drainage basins tend to take on an elongated shape in active tectonic areas. Thus, high
values of Bs are typically associated with elongated basins, whereas low values indicate
circular basins. Bs is calculated by the eq. (1):

Bs=B/B, (1)

While B, is the length between the headwaters and the mouth of the basin, B, is the
width of the basin measured at its widest point [Ramirez-Herrera 1998].

Stream-length gradient index (SL)

Rivers typically acquire smooth concave longitudinal profiles [Snow and Slingerland
1987]. Anomalously high SL values highlight tectonics activity [Keller 1986]. Hence,
perturbations in river profiles may be explained as a reaction to continuous tectonism.
SL is calculated by the eq. (2):

SL=AH/AL - L (2)

where: AH/AL is the channel slope or gradient of the reach, and L is the total channel
length.
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Hypsometric integrals (Hi)

Hypsometric curves and hypsometric integrals are important to understand drainage
basin development caused by its erosional and depositional activities [El Hamdouni et
al. 2008]. Hi is calculated by the eq. (3):

Hi = (Elev,, - Eleva , )/(Elev, - Elev, ) (3)

where: Elev, , Elev,; and Elev,  are the average, lowest, and highest elevations.

Mountain front sinuosity index (Smf)

The mountain front sinuosity index has been defined by (Bull 1978). Smf is calculated
by the eq. (4):

Smf=Lmf/ Ls 4)

where: L, and Ls are, respectively, the planimetric length and the length of a mountain
front measured in a straight line.

Asymmetry factor (AF)

Asymmetry factor (AF) is a significant tool in determining the tectonic tilting of the
basin. An AF value above or below 50 may result from basin tilting, resulting either
from active tectonics or structural control differential erosion [Hare and Gardner
1985]. AF is calculated by the eq. (5):

AF=(A,/A) - 100 (5)

where: A and A, are, respectively, the area of the right side of the main channel facing
downstream and the total area of the basin.

Valley floor (Vf)

Vfis defined as the ratio of the width of the valley floor to its average height [Bull 1978].
Vfis calculated by the eq. (6):

Vf= 2Vfw/ [(Eld_ Esc) + (Erd - Esc)] (6)

where:
Vf - the ratio of valley floor width to valley height,
the width of the valley floor,
the elevation of the divide on the left side of the valley,
. — theelevation on the right side,
the average elevation of the valley floor.

esllesiles!
| I |
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Fig. 4. Values of geomorphic indices: a) Bs. b) SL. ¢) Hi. d) Smf. e) Af. ) Vf

4. Results and discussions

We have determined the geomorphic indices in order to analyze topography, drain-
age network and the role of relative active tectonic in the deformational process. The
geomorphic indices are determined for all 57 basins (Table 1).

o Bs values of the 57 basins range from 0.11 to 5.71 (Fig. 4a). The NW border of
Rhumel-Smendou basin gives the highest values; whereas, the lowest ones appear
along the Rhumel watercourse. Bs values are ranked into 3 classes, namely: Class 1
(> 4); Class 2 (4-3) and Class 3 (< 3) (Fig. 5a).

o SLvalues for the Rhumel river are ranging from 1215 to 8.25 (Fig. 4b), which gener-
ally infer that high SL values occur in the areas where active tectonics has resulted
in vertical deformation at the earth’s crust (Fig. 5b). The comparison of the lower
knickpoint with SL anomalous value demonstrates that the study area is dominated
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by active faults signatures such as the Rhumel river showing tremendous lateral
shifts and meanders in this reach, preserved several braided bar deposits, develop-
ing new terrace scarps, etc.

+ Hivalues on the higher side of Hi indicate the formation of landforms due to active
tectonics. The hypsometric curves of all the basins are cumulatively analysed to rep-
resent young, mature and old stages of the basins’ development. The Hi values vary
between 0.11 (basin 48) to 0.57 (basin 45) (Fig. 4c). All values are ranked into three
classes, namely: Class 1 (> 0.5) of convex hypsometric curves, Class 2 (0.4-0.5) of
concave-convex hypsometric curves and Class 3 (< 0.4) of concave hypsometric
curves (Fig. 5¢).

o Smfvalues linked between the mountain fronts and active tectonics. The active up-
lift is straight with low values of Smf. The values of this index range from 1,1 to
3,26 (Fig. 4d). The lowest values are associated with the SW border of the Rhumel-
Smendou sub-watershed (Fig. 5d).
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Fig. 5. Classes of geomorphic indices: a) Bs. b) SL. ¢) Hi. d) Smf. e) Af. f) Vf
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o AF value close to 50 signals a slight tilting that is perpendicular to the stream flow.
The arrow indicates an asymmetry direction of the basins. AF values are divided
into three classes, namely: Class 1 (> 15), Class 2 (7-5), and Class 3 (< 7). Basin N°
55 with the highest AF value is an asymmetrical basin, while basin N° 4 with the
lowest value proves to be a gently asymmetric basin. Class 1 denotes fully asym-
metrical basins with values ranging from 16,14 to 40,48, while Class 2 and 3 indicate
gently asymmetric basins with values ranging from 7,29 to 13,30 for Class 2, and
6,78 to —45,66 for Class 3 (Fig. 4 e, 5e). In this study, the basins that belong to the
Class 1 correspond to the SE of the subwatershed and the W border. The high tec-
tonically activity zone covers an area of 270.4 km?.

o Vfvalues of the main 164 streams range from 0.17 (basin N° 5) to 12.87 (basin N° 13)
(Fig. 4 ). Vfhas been sorted into three classes: Class 1 (< 1), Class 2 (1-2), and Class
3 (>2) (Fig. 51). The valley floor width to valley height ratio indicates a V-shape with
low values and U-shape with higher values of Vf. V-shape valley represents a young
stage of basin development. The faults passing from V-shaped valleys undergo more
intensive erosional processes, and these basins show landslide activity.

Tectonic activity based on geomorphic indices and seismic activity

This study presents data on geomorphic indices that have been already used in other
studies to estimate landscape in terms of potential tectonic activity. Overall, the indices
are discussed in relation to a particular area, and assessed in regard to relative tectonic
activity [Bull and McFadden 1977, Rockwell et al. 1985]. The method presented in
this study is adopted to evaluate an index over an area that represents relative tectonic
activity (Iat).

Several studies have used a combination of two indices (Smf and Vf) to provide
semi-quantitative information on the relative degree of tectonic activity of mountain
fronts. Previous studies using these indices provide a classification of tectonic activity
[Silva et al. 2003]. It suggests that V-shaped valleys with low Vfvalues < 1 develop in
response to active uplift, and that the broad U-shaped valleys with high Vfvalues > 1
indicate significant lateral erosion, due to the absence of tectonic activity. In some stud-
ies, the morphometric analysis includes integrating Vfand Smfvalues, such as frequency
distribution diagrams, showing the distribution of these values along streams and along
the mountain front. Vfvalues are overlaid with Smf values on the same diagram to give
a better picture of the relative degree of tectonic activity and to recognize three differ-
ent classes. These authors describe ‘active fronts’ by low values of Smf (< 1.6) and Vf
(< 0.5) indices, characterized by the presence of steep alluvial fans receiving Holocene
sediments at the apex, triggered by uplift rates of the order of 1 to 5 m/ka. Rockwell et
al. [1985] suggest that lower uplift rates of 0.4 to 0.5 m/ka were sufficient to maintain
Smf values at 1.4 and Vf values at 1, and thus generate active fronts (class 1). They
also reported that alluvial fans and gullies can develop along active fronts. These stud-
ies focused on the assessment of active tectonics along mountain fronts, ignoring the
regional assessment. El Hamdouni [2008] presented a method for the evaluation by an
index of an area that represents tectonic activity by arbitrarily dividing various indices
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into three classes: class one denoting high activity and class three - low activity. Iat is
obtained by the standardization of the different classes of geomorphic indices (S/n).
The obtained values of Iat are divided into: class 1 (S/n < 1.5) with very high tectonic
activity; class 2 (1.5 < S/n < 2) with high tectonic activity; class 3 (2 < §/n < 2.5) with
moderately active tectonics; and class 4 (of S/n > 2.5) with low active tectonics. Values
and classess of Bs, SL, Hi, Smf, Af, Vf, and Iat are summarized in Table 1.

In the study area, three main structures could be identified, namely: Macheta Brat,
Sidi Dris and Sennaoua-Mila. In the first structure the water flows through a main
watercourse of a perfect EW linearity of NS branch until Oued Smendou (basin N°
40) shows very high tectonic activity (Fig. 6a). In the second structure, the field survey
identified an NNE-SSW the sub-vertical fault of 13 km of length. This active tectonic
accident separates Jurassic bedrock from the Oligo-Miocene layer. The geometry and
location of the Sidi Driss fault are consistent with the spatial alignment of the earth-
quake clusters and the focal mechanism solutions of aftershocks [Bendjama et al. 2021].
This fault is passing through basins 05, 10, 12, 17, 14 and 34, which are classified as very
high to high active tectonic (Fig. 6a). Compared to the previous results of seismological
studies, such as Yelles-Chaouache et al., 2006, this research has determined new active
faults speared along the Neogene basin (Fig. 6b). It was found that the main cause of
the seism of Mila (07/08/2020, Mw = 4.9) which triggered mega landslides was related
by a 4 km long NNE-SSW seismic fault in the substratum. For the main structures that
have been noticed are the fault of Machetat Brat and wadi Smendou in the east; the fault
of Sidi Dris to the north; the Sennaoua fault to the west; and the Jebel Akhal fault to the
south. As to the NW-SE fault of Jebel Lakhal, the company responsible for digging the
adduction tunnel discovered a gigantic karstic network often exceeding 2 m in height.
During the first pumping tests (Q = 23 m*/s) numerous leaks appeared along the tunnel
and could not be immediately sealed, hence the spillage of a very large quantity of water
in the fractured galleries. It rushed into the faults and caused 736 small earthquakes in
just 10 days [Abacha 2009]. The projection of the epicenters of the earthquakes high
lighted an active SE NW fault crossing the southern flank of the Jebel Lakhal massif.
The Oued Smendou strike-slip structure follows a north-south corridor, with a length
of 7.5 km and a width of 3.6 km. The western boundary of the corridor reveals a series
of hydrographic anomalies. While the eastern limit coincides with the abrupt changes
in the directions of the wadi.

5. Conclusion and outlook perspectives

Geomorphic indices of active tectonics constitute useful parameters to assess the
active tectonics in Neogene basins and their relationship with seismic activity. The
values of the stream length-gradient index, along with the implication of geomor-
phic indices with seismic activity, in the NE of Algeria, serve as a significant tool
for determining structural discontinuities and geomorphological anomalies. This
method is efficient in identifying tectonically active zones. The geomorphic indi-
ces have a profound role in the landscape shaping and substratum faulting such as

Geomatics, Landmanagement and Landscape No. 4 « 2022



62 N. Manchar, R. Hadji, A. Bougherara, K. Boufaa

the major fault of Mcid Aicha-Debagh passing behind the septentrional border of
the Rhumel-Smendou subwatershed. The results obtained from Vf ratio shows that
basins located in the North and South have a higher tectonism regime. Asymmetric
factors present values of different basins, which have structural discontinuity due
to passing through major faults and thrusts. Higher values of Hi and lower values
of Smf suggest active erosional processes or a high degree of tectonic activity. The
higher values of Bs and Sl index also defined the high degree of tectonism in the study
area. All those parameters combined (determined by Iat parameter), and compared
with seismic data and landslide susceptibility, determined the role of active tecton-
ics in triggering landslides and other natural hazards. This study provides a tool for
identifying the actual causal factors in the event of major disasters, such as landslides,
earthquakes, and floods. This research requires chronological and geo-historical
studies of the Holocene period. It certainly allows the characterization of the main
tectonic features and the neo-formed structures.
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