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Abstract

The combination of structural and lithological data with morphometric indi-
cators in a GIS environment constitutes a methodological approach with high
added value to identify neotectonic deformations, in particular in the Qua-
ternary outcrops where faults are generally masked by thick recent sediments.
This approach, based on the crossing of multisource data, is used in this work
to understand the mechanisms that generate landscape forms in the Quater-
nary outcrop of Oued Lahmar, which belongs to the northwest of Tunisia. In
fact, the databases of various morphometric indicators, extracted from the
hydrographic network, have been generated using remote sensing data and
open sources applications. This database has been enriched by lithological
and tectonic data extracted from the regional geological map, to understand
the results of the morphometric analysis. The results obtained provide valua-
ble information on the identification of subsurface activity in Oued Lahmar
and large vicinity areas with heterogeneous geomorphic and structural cha-
racteristics. Indeed, this study revealed the existence of an E-W subsurface
tectonic control covered by the Quaternary sedimentary series not indicated
on the geological map of the region. This tectonic direction, which follows
most of the magmatic outcrop edge in the region, may allow the intrusion of
magma and the rejuvenation of ancient deep faults.
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1. Introduction

Since research work of Horton [1] [2] [3] concerning the study of the origin and
evolution of river networks, morphometric analysis was used in several studies.

The analysis and interpretation of the morphometric indicators has been suc-
cessfully applied in several studies to solve many geological problems [4] [5] [6]
[7]. This analysis provides a more accurate vision of morphodynamic changes in
the investigation area.

Recently, with the advancement of remote sensing and GIS, computation of
various spatial data and morphometric indicators of drainage network was sim-
plified.

The river system is a component of the complex geomorphological system,
which is very sensitive to exogenous variations, including climatic variations and
active tectonic deformations [8].

Changes in fluvial style, active bandwidth, river slope or the watercourse shape,
may reflect a response to the tectonic activity. However, the whole network does
not respond to tectonic influences in a simple and linear pattern. Higher order
drains are partially adapted to the regional morphostructural organization and
can be useful to highlight the regional structural pattern [9].

One of the parameters of morphostructural analysis is to detect drainage ano-
malies [10] and the understanding of drainage network and tectonics with the
special reference to anomalies have proved their credibility beyond doubt.

Several research studies [11]-[17] have revealed that all local deviations of the
drainage direction from the regional topographic gradient are treated as drai-
nage anomalies. These drainage anomalies may have structural or lithological
origins (alternating hard and soft rocks) and may be induced by erosion pheno-
mena. Researchers [14] [17]-[23] have estimated that most of these drainage
anomalies have significant neotectonics.

In Tunisia, for example, the stream network data were analyzed in southern
Atlas in order to characterize the basement structure and its relationship to neo-
tectonic evaluation [17]. In northern Tunisia, hypsometric and drainage anoma-
ly data were used to determine the general crustal and upper-mantle structure
[23] [24].

Longitudinal profiles of watercourses allow the analysis of the landscape re-
sponse to internal and external perturbations. They have been widely used in stu-
dies of tectonic geo-morphology [24] [25] [26] [27] [28].

The knickpoint represents a geomorphological phenomenon characterized by
an abrupt change in the slope of a watercourse. The generation and the migra-
tion of the knickpoint are closely influenced by tectonics and climate as well as
the nature and hardness of the bedrock [29].

In the present study, geologic and topographic map, morphometry and re-
mote sensing will be used to identify anomalies in the drainage network and its
relationship to tectonics in the region under study. These anomalies correspond,

in general, to subsurface faults and abnormal contacts.
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Various technical methods and indicators have been applied to identify the
expression of major faults at different levels.

Indeed, the North African margin originated from important tectonic events,
starting from the rifting phase related to the breakup of Pangea and ending with
the Cenozoic Alpine orogeny of the Maghrebide chain. In Tunisia, this tectonics
is reflected by intense and recent deformations, which started in the Upper Mi-
ocene and are continuing until today.

This paper uses GIS, geologic data and various morphometric indicators to
present a new characterization of the subwatershed of Oued Lahmar, and to de-

velop a more reliable information for the deep tectonic activities in the region.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1), as a part of the north-west of Tunisia, belongs to the
Maghreb belt in the western Mediterranean. This area resulting from the colli-
sion between the African plate (Gondwana supercontinent) and the Meso-Me-
diterranean microplate known as derived from the European continent during

the Neo-Tethysian oceanic opening in the Lower Jurassic.
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Figure 1. Digital elevation model of the study area showing hydrographic network.
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The structural organization of the region is established during the Meso-Ce-
nozoic and Quaternary periods following a polyphase and complex geodynamic
evolution.

The relatively large seismicity of northern Tunisia is the expression of an ac-
tive current tectonics known so far in the foreland of the alpine chain [30] [31].
This region of the Maghreb branch belongs to the perimediterranean mobile belt,
which extends from Gibraltar to the north of Calabria and is characterized by a
geodynamic governed by major accidents of NW-SE to E-W and especially SW-
NE to N-S directions [32].

Indeed, this region is characterized by several structural features that are
usually associated with the phenomena responsible for the development of po-
lymetallic mineralization, well as the transfer and dispersion on the surface of
various geochemical elements.

The landscape morphology of the region is the result of the dynamic interac-
tion between tectonic, magmatic activity, lithology and fluvial processes [23].
Two types of relief (Figure 1) characterize the region: a mountainous area espe-
cially in the south whose highest point of elevation rises to over 685 m and a
plain, occupying the central part of the map. The average elevation is 157 m.

The high altitude areas are occupied by a resistant substratum represented by
the Cenozoic carbonate and saliferous intrusions of Triassic age. The low slope
areas are predominant and occupy mainly the beds of the Oued Zouaraa and its
tributaries and the entire southwestern coastal part of the map. Sandstone and

alluvial deposits mainly cover these areas.

2.2. Geodatabase

Recently, the use of remote sensing data and GIS provide increasingly homoge-
neous surface data and allow the development of more efficient processing and
synthesis methods. So, the study of morphostructural characteristics and topogra-
phy of a hydrographic network and its complex behavior has become possible.

In this study, the hydrographic network, automatically extracted from a 30 m
resolution DEM (SRTM) obtained from Shuttle Radar Topography Mission data
available on the United States Geological Survey (USGS) website.

The second datasets to be acquired for this study were the digital geological
maps at 1:50,000 scale were imported into ArcGIS to extract the necessary geo-
logical and structural vector layer.

Geologic map, topographic map and digital radar data were geometrically rec-
tified and georeferenced to world space coordinate system UTM (Universal Trans-
verse Mercator)/WGS84 (World Geodetic System) using digital image processing
software.

For proper determination of flow direction and flow accumulation, DEM sinks
were identified and filled. To obtain the drainage basins; depressions were elim-
inated. The extension “Arc Hydro Tools 9.1” allows finalizing this task by using

the D8 algorithm [33], a minimum accumulation area threshold was established.
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The contributing drainage area of every cell was computed and the catchments

were defined and numbered to facilitate analysis.

2.3. Drainage Anomaly Extraction

The drainage anomaly detection can be done manually based on the hydrograph-
ic network and the relief. However, the manual aspect of this operation can be
hampered by several factors including the high density of the hydrographic net-
work, the complexity of defining the flow direction of the drains (especially in
flat areas) or also the imprecision in determining the angle between surface and
the drain.

In this study, in order to obtain the drainage anomaly map, the Automatic
Drainage Anomalies Extraction Tool (ADAET) are used. This methodology de-
velopped by Moussi and Rebai [24] using the model builder technique in ArcGIS
environment. This automatic extraction method, tested in the Enfidha area (Tu-
nisia), can also be applied in many other areas with similar geomorphological
and geological configurations: quaternary deposit plain and subsurface active
faults [24].

This drainage anomalies extraction method is based on the principle that the
anomalous drains correspond to the drainage flowing obliquely and deviating
from the orthogonal isohypses of the summit envelope surface of the land and all
those with counter slope drainage [12] [13] [14] [34].

2.4. Knickpoint Identification

The Neotectonics Research Group of the Federal University of Parana has de-
veloped a tool for hydrographic network analysis and automatic knickpoint ex-
traction based on the methods proposed by Hack [35].

This program called Knickpoint Finder, coded in python, can be easily inte-
grated into the ArcGIS toolbox, and use a digital elevation model (DEM) as in-
put data to identify the relief breakpoints along drainage profiles (knickpoints).
This software allows the altimetric range to be determined from user-defined
parameters. These parameters should be based on experience and knowledge

that the user has of the analyzed area [36].

3. Results and Discussions

3.1. Drainage Network Direction Analysis

The graphical representation and spatial characterization of the drainage net-
work is the starting point of this work, which aims to identify the subsurface ac-
tivity through the automatic analysis of watersheds and river networks.

The Oued Zouaraa in the center of the map (Figure 2) collects, through its af-
fluent Oued Bou Zanna, Oued Bellif, Oued EL Malih, and Oued Lahmar..., the
waters of the North and Southeast region of the map.

The spatial distribution of the drainage network analysis, extracted from the

topographic map of the study area (Figure 3(A)), shows a clear dominance of
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Figure 2. Spatial distribution of the drainage network order.

(B)

(A)

Op Drrection 10 ° casses

Figure 3. Rose diagrams showing directions of stream network (A) and tectonic linea-

ments (B).

the N-S and E-W directions succeeded respectively by the NW-SE and NE-SW

directions. Indeed, statistical analysis of the tectonic lineaments extracted from
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the Nefza geological map (Figure 3(B)) shows that the major directions are N60,
N40 and N-S respectively. The secondary order directional families are respec-
tively NW-SE and E-W.

Therefore, we can deduce a positive correlation between the results of the
structural analysis and the directions of the drainage stream. This shows the im-
pact of the tectonic regime on the drainage network. However, the order of im-
portance of the directional families in terms of frequency shows a clear distur-
bance. This modification is represented by the E-W orientation, which is the
first dominant family orientation of the hydrographic network stream.

Indeed, the relationship between neotectonics and the hydrographic network
seems obvious and can be seen in several study sites. This case is observed and
analysed by Comentale [19] in the Matese Mountain (Italy), he shows that the
inflicted neotectonics on this structure, thus generating its uplift, radically dis-
organized the hydrographic network.

In general, in a topographic map study, first and second order drains are often
numerous, too short and too large. Riazanoff [37] explains that low-order seg-
ments (orders 1 or 2) are directly oriented in the direction of the slopes, while
higher-order segments are liberated gradually from this slope effect, and their
directions tend to be parallel to the major hillside slopes.

The N-S and E-W stream directions dominate the general orientations
(Figure 3(A)) of the different stream orders. These two directions show a set
with inverse evolution from lower to higher orders (Figure 4), which show high
frequencies of the NE-SW and NW-SE directions and a regression of the N-S di-
rections. The NE-SW and NW-SE directions exist whatever the order considered.

> i >
3 v
]

1st order 2nd order
3rd order 4th order

Figure 4. Rose diagrams of different order frequency of drainage network streams.
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The interpretation of the rose diagrams for different order streams (Figure
3(A)) and faults (Figure 3(B)) results in the conclusion that higher order stream,
follow regional geological structures, while first order stream may be associated

with notectonic structures.

3.2. Hypsometric Analysis

Based on the previous study conducted by Sedrette and Rebai [23] concerning

the hypsometric analysis in the Nefza region, the sub-watersheds of the region

can be classified into three categories, according to their hypsometric characte-

ristics (Hypsometric Integrals (HI) and Hypsometric Curve (HC)):

- 41 basins with HI value < 0.35); this watersheds are in the severe stage of ero-
sion, with low relief (maximum threshold 35%).

- 19 basins with 0.35 < HI value > 0.5; this watersheds are in the intermediate
stage, with moderate incision and erosion (maximum threshold 50%).

- Basins 58, 68 and 37 with HI > 0.5 (Figure 5) characterized by a deep inci-
sion and slight soil erosion. This high HI values have generally been asso-

ciated with higher rates of tectonic activity.
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Figure 5. Geological map of Nefza region showing the distribution of sub-watershed under study.
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Indeed, basin number 58 is covered by salt-intrusion in major proportion,

clay and sandstone, marlstone, sandstone, carbonate and slop deposit (Figure 5).

In this case, the lithological characteristics of the land and especially the hard-

ness of the Triassic salt-intrusion rock can be a factor to explain youthful stage

of this basin.

Whereas, the both basins number 37 and 68 are covered especially by sand-

stone (Figure 5). For the watershed number 68 which crossed by tectonic linea-

ments, the high value of the HI and convex HC can be the result of active tec-

tonics that disorganize the hydrographic network. Several studies have demon-

strated the utility of hypsometric analysis in tectonic interpretation. In the active

areas, the watershed hypsometric curve is S-shaped and with higher values of

hypsometric integral. This reflects the constant rejuvenation of the terrain.

The Basin no 37 (Figure 6) is characterized by HI = 0.51 and S_shaped HC.

The absence of apparent tectonic index in this basin does not allow explaining

the results of the hypsometric analysis especially that the roofing materials are

dominated by old and recent sandstone dunes. Active faults may therefore not

be depicted on published geological maps, which are typically based mainly on

outcrop fault mapping.

495000 496000 497000 498000 499000 500000 501000 502000

g A H C g
(=3 o
P=3 a \\ 1=3
0 O
o o
=3 6 =]
< <
(= (=3
(=4 (=3
=] =]
< <
(=2 [=2]
=] o
A <+
(= o
o o
(= (=3
o~ - =l
o (2]
=] =]
< <
(=3 (=4
(= (=3
(=] o
N - - N
[=2] (=23
(=] =]
< <
(= (=3
(= (=3
(=] =]
> B
(=] =]
< <

Legend
gl — st twork [5555 Cl d sandst g
8- ream NetWOorK [Reed ay and sandastone _§
=4 7 =]
< H . <
Lithology /] Slope deposit

° E Alluvium Sandstone °
S WGS_1984_UTM_Zone_32N | S
o - - o
8 U 1 1 L] 1 1 1 1 g
i 495000 496000 497000 498000 499000 500000 501000 502000 ¥
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In the eastern region of the map of Nefza, near the basin 37, which covers the
Oued Lahmar and its tributaries, the hydrographic network has a low density.
This area that refers to the alluvial plains of Oued Zouaraa in the North, and
Oued Berkoukech in the South is covered by a permeable sandstone bedrock

crossed by a few collinear subtypes streams.

3.3. Drainage Anomaly Analysis

The distribution of the river network extracted from the topographic Nefza map

shows mainly three types of stream network pattern:

- The dendritic to contoured dendritic type characterizes mainly the NW and
SW regions of the map. This type of network is superimposed on the un-
iformly resistant sediments, or bevelled by a horizontal surface, or crystalline
rocks. A slight regional slope must have existed at the time the drainage was
installed.

On the geological map of Nefza this type of network covers the Numidian
sandstones.

- The trellised type characterizes the effluents of the Oued Maden at the Lower
Maas-trichian carbonate rock outcropping in the south-west of the Nefza lo-
cality.

- The parallel type predominates in the north east of the map. According to
Howard’s definition, “it characterizes sedimentary rocks, with a clear dip, or
parallel fracture zones”. On the geological map, it crosses a slope formations
lithology.

This allows us to deduce that the type of drainage gives an idea of the litholo-
gy and some-times of the existence of more or less intense fracturing. It is there-
fore a good marker of the regional geological environment.

This dendritic, parallel, and trillesid types are highly sensitive indicators of ac-
tive tectonics in the deformed area [38].

If the drainage network were only directed by the topography, all drains
would follow the line of greatest slope. This scheme reflects the theoretical flow
pattern, which is not always the case; many networks have segments that are ob-
lique to the normal gravity drainage or even opposite to it. The origin of these
deviations from the normal is often geological.

Drainage anomalies are local course changes in the layout of the networks
shape to the regional drainage, or to the topography, or to the presence of par-
ticular structures. They often highlight the existence of structural features that
are usually masked.

Thus, the elaboration of the drainage anomaly map of the study area (Figure
7) shows that the overall distribution of the anomalous segments is not homo-
geneous, but that it favors certain directions.

In this research work, the anomalous drainage, defined by the oblique direc-
tions subject to the influence of the bedrock characteristics, allows the quantita-
tive and qualitative study of the main directions of obstacles (Figure 8) in order

to extract the most important ones.
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Figure 7. Simplified geological map of the study area overlaid by drainage anomaly map.

Figure 8. Rose diagram of third order anomalous drains directions.
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The statistical analysis of the anomalous segments directions (Figure 8) high-
light preferential directions and reveal that the E-W, NW-SE and N-S are domi-
nant, with a second minority mode materialized by the NE-SW direction. How-
ever, the anomalous E-W drains seem to be the majority direction family.

The results of the directional analysis of anomalous third order drain (Figure
8), show the predominance of the E-W, NW-SE and NE-SW directions respec-
tively, while the N-S direction is insignificant.

The drainage anomalies map and its comparison with the existing tectonic
and lithological map shows that parts of the drainage anomalies are located near
the most important tectonic faults in the region or the result of the bedrock
change with contrasting resistance to erosion.

Other drainage anomalies (marked by ellipses shape in (Figure 7)) can neither
be explained by a lithological change nor by the tectonic lineament map ex-
tracted from the geological map. Their alignments indicate an EW-trending di-
rection (Figure 9).

Knickpoints could serve as good indicators of active structures as proven in
the Himalayas [39], Tibetan Plateau [40], Japan forear [41]. By applying the Knick-
point Finder in the study area, about 200 knickpoints were identified.
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The superposition of the Knickpoint map on the lithological, tectonic and
morphological information layers of the Nefza area was carried out in order to
understand their geological significance. Most of the knickpoints, recorded along
the longitudinal profiles of the various rivers in the region, are located within or
around (to 0.5 km) lithological boundaries, suggesting their relation to changes
in rock resistance (Figure 10).

Other knickpoints are located in the proximity of tectonic discontinuities al-
ready signalled on the geological map (Figure 10). Therefore, knickpoints coin-
ciding with the trace of these faults might be indicators of tectonic activity.

However, some knickpoint alignments their justification not explained neither
by the lithology nor by the tectonic lineaments mapped on the geological map
(Figure 11). One alignments of E-W anomalies can be distinguished in the area
of the recent sandstone dunes in the northwestern of Oued Zouaraa.

These anomalies propagate along the Oued Lahmar, show a regressive erosion
phenomenon, which induce the formation of knikpoints. These knickpoints propa-
gate from downstream to upstream of the river as a result of a fall in the local
base level facilitated by the non-cohesive structure of the sandstone rock. This

alignment may be the result of tectonic uplift.
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Figure 11. Knickpoint identified in the watercourse of Oued Lahmar.

In order to highlight this fact, the identification of a few points along the
Oued Lahmar was carried out on site using their coordinates, extracted from the
topographic layer, and a GPS device.

These knickpoints are located on Quaternary sandstone bedrock. Despite the
agricultural land use, the surrounding landscape shows well-individualized ter-
races (Figure 12).

Such well-marked uplift by Quaternary terrace levels has also been reported in
several studies [42] [43] [44] [45], that attributed this uplift to tectonic effects.
However, based on the results of this morphometric study and following the
overall work undertaken in the Nefza area, this terraced landscape can be inter-
preted as proof of epirogenic (ie. regional) uplift, combined with the local ef-
fects of fault reactivation. This observation is also developed for other areas of
the Mediterranean basin [46] [47]. Several Mediterranean river systems have
been the subject of research, within the framework of the IGCP 449 project [48].
River terraces are particularly abundant in southern Italy, where they attest to an
acceleration of uplift in the early Middle Pleistocene.

This observation can probably explain our hypothesis of reactivation of an-
cient E-W faults at the Oued Lahmar.

This morphometric approach was able to identify the high value of HI at the
level of the watershed n° 37 as well as the drainage anomalies and the succession

of knickpoint revealed at the level of Oued Lahmar watercourse. None of these
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Figure 12. Quaternary terraces on either side of the Oued Lahmar.

observations explained by lithology or by regional tectonics mapped on the geo-
logical map.

The absence of any indicator of tectonic lineament at the surface in these ba-
sins does not neglect the idea of tectonic control prevailing in them, especially
since the cover materials are dominated by old and recent sandstone dunes.

Active faults may not be represented on published geological maps; these are
generally based primarily on outcrop fault mapping.

This study revealed the existence of a subsurface tectonic control in Oued
Lahmar that is not indicated on the 1:50,000 geological map of the region.

This finding coincides with the results of the aeromagnetic and gravity ano-
malies analysis performed by Jallouli [49] in the region showing the existence of
a deep intrasedimentary igneous body whose length is of the order of 20 km.
This E-W tectonic lineament direction follows the most of the magmatic outcrop
edge in the Nefza region. Indeed, at the Maghreb region scale, Ben Ayed [32] has
described ancient E-W transform faults. This E-W fracturing is deep and it has
replayed in dextral strike-slip fault.

4. Conclusions

This study focused on the determination of the neotectonic landscape signature
of the Oued Lahmar sub watershed, in the North East of Tunisia, based on the
morphometric analysis methodology and open sources applications in GIS en-
vironment.

Indeed, the use of morphometric indicators especially the spatial distribution
of the drainage network anomalies, hypsometric analysis, and knickpoint, coupled
with tectonic lineaments data and lithology layers provide a new element in the
geological characterization of the region and highlights the existence of masked
structural features that remain unknown until today by specifying their trend.

The Oued Lahmar watershed shows clearly an E-W trend tectonic activity.
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This fact is well founded by the hypsometric analysis, the drainage anomalies
extraction, the knickpoints identification and the terraced landscape on its wa-
tercourse.

This neotectonic activity may be the result of the reactivations of E-W faults
well documented in previous studies in the Maghrebides belt region. Therefore,
this effect of tectonic stresses and the subsurface thermal phenomenon may al-
low the intrusion of magma into the sedimentary series and the rejuvenation of
these deep faults.

This approach confirms that, in numerous cases, more detailed studies must
be conducted at specific geological sites involving precise analysis and investiga-
tion of local topography, geology, remote sensing data and fieldwork to better
understand local morphology and geology.

The multisource morphotectonic approach presented in this paper provides a

basis for neotectonic mapping of the region in the near future.
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