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Abstract

This article endeavours to analyse the recent deformation in the Enfidha re-
gion. This analysis has been carried out using the Residual Digital Elevation
Model (DEM). It is the altimetric difference between two DEM generated
from the contour lines of two topographical maps over a period of 100 years.
This deformation has been studied by some authors who report the presence
of recent ground movements by comparing contour lines with a downward
trend in elevation from 1893 to 1985. In 2006, this study area was marked by
the presence of two earthquakes that occurred in several coastal cities located
in the northeastern part of Tunisia. Our study involves a quantitative estima-
tion of altimetric variations under a Geographic Information System (GIS)
environment. Our proposed methodology aims at the mapping of residual
(DEM) and the extraction of parameters that have a morphological and
morphostructural signature. The extraction of quantitative morphostructural
parameters requires the integration of multi-source and multi-scale data. This
can only be done if the problem of heterogeneity at the level of scale and
coordinate system is solved through the use of GIS tools and the obtainment
of the vectorial shapefile format. Then, in order to compare the DEM genera-
tion errors with reference to recent and old data, they must be projected in
the same projection system and on the same scale. The available data are two
topographic maps of Enfidha which represent two different epochs. The first
one is an old topographic map of 1893 (type 1922) at a scale of 1:50,000 and
the second one is a recent topographic map of 1985 at a scale of 1:25,000.
These topographical maps have the Lambert (IGN) projection system. This
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methodological approach, based on residual (DEM), allows to highlight an
estimated subsidence of 3 m/100years located in the Enfidha plain and ex-
tends to the south coast of Cap Bon area in Tunisia. The variation of the con-
tour lines shape between the old and the recent map can be studied in corre-
lation with a relay structure fault observed and recognized by some analysts
in this area. These relay accidents remain active according to the results ob-
tained by the residual (DEM) and validated by the field observations of two
sites that we have carried out in the Enfidha endorheic basin.

Keywords

Recent Deformation, Residual Digital Elevation Model (DEM), Geographic
Information System (GIS), Topographical Maps, Enfidha’s Endorheic Basin

1. Introduction

Since the early orogenic phases, the Tunisian Sahel region and its foreland have
recorded distinct cycles of uplift, erosion and displacement estimated displace-
ment estimated in some regions at a few hundred metres [1] [2]. The repeated
folds generally result from maximum compressive stresses oscillating between an
NW-SE pole [3] [4] [5] and an NS pole [6] [7]. This causes the individualization
of a complex system of folds and evolves integrally in the molded faults on the
faults solicited by the same compressions. The generated structures are always
altered by an intense erosion that gives these folded structures their geomor-
phological imprints. These imprints can be observed and analyzed using the dif-
ferent hydrographic networks that cross them. These networks, once plotted on
a topographic map, allow to qualify and quantify the tectonic movements dep-
loyed over a given period of time. In our case, this period is about 100 years.
This work has four main objectives: 1) to measure, using morphometric indices,
the amplitude of the movements responsible for the collapse of the endorheic
basin of the Enfidha region 2) to develop a morphological pattern in line with
that of the tectonics of the region 3) to present an evolutionary scenario of this
region compatible with the general geodynamic framework of the Atlasique Tu-
nisie 4) and to relate this evolution with that observed in the western Mediterra-
nean during the quaternary period [8] [9]. To achieve these objectives, we have
collected data from the analysis of a Digital Elevation Model (DEM) of two to-
pographic maps with two different periods from 1893 (type 1922) at the 1/50,000
scale and from 1985 at the 1/25,000 scale with the Lambert (IGN) projection
system. The validation of recent deformation is done by direct observation in the
field. This is only possible in the GIS environment and the use of GIS tools that
enable the shapefile vector format to solve the problem of heterogeneity, super-
position and application of mathematical operators. The various studies carried
out using morphometric index and structural analyses [10]-[21] indicate that the

DEM, the hydrographic network can significantly determine the existence of
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tectonics or erosion. In the present work, we are interested in quantifying and
highlighting the recent deformation by applying a comparative approach to the
DEM of two topographic maps from 1985 to 1893. The assessment of the results
is carried out through field observations in two sites. Essentially, a methodologi-
cal approach has been developed in this context. It is based on the residual
(DEM), which corresponds to an arithmetical difference of two DEM.

2. The Studied Area
2.1. The Geomorphological Context

Enfidha region is situated between Zaghouan mountain range and the sea. It is
located in the middle of a plain in the Tunisian Sahel.

The study area (Figure 1) is characterized by low relif areas between 10 m and
170 m. It covers an area of 82.9 km” and 37.07 km perimeter and is limited to a
rectangle defined by the following geographical coordinates: 11.445073E;
11.581343W and 40.180091N; 40.104110S. To the northeast, this region is dis-
tinguished by the outcrop of a range of structural massifs (El Ogla, Garci,
Medhker and Fadhloun Mountains). To the southeast, however, it is identified
by a spreading plain.

2.2. The Geologic Context

The Oligocene facies distribution throughout the sandstone pole and the carbo-
nate pole in the Sahel and in offshore domains [22] reveals some latitudinal
and longitudinal lineaments. In the Tunisian Sahel eastern margin, along with
the Gulf of Hammamet and Cape Bon, the Miocene and Pliocene sedimentary
series are most often buried below the surface. In the northeastern Sahel, the
Miocene and Pliocene basins are also characterized by synclinal gutter forma-
tion associated with folded structures along the EW tectonic corridors of El
Haouaria, Tazoghrane, Hammamet-Maamoura and the N-S of Jriba-Enfidha
[23].

Until today, The study area was also marked by the predominance of Quater-
nary deposits with recent soils and alluvium occupying the Enfidha plain and the
mountain foothills, as well as the oligo-Mio-Pliocene sandstone deposits (Figure
2).

Significantly, the study area includes the Enfidha block [7] [24], which cor-
responds to a folded and faulted zone. The geologic structures of Enfidha are
closely associated with the N-S axis [25]. Thus, this axis limits our sector from
the west. It corresponds to a deep suture due to the heterogeneity of the bedrock
[25]. This axis separates a stable area in the East from another unstable area in
the West [25]. It is due to the reduction in the atlasic direction folds (NE-SW)
which become NS as they approach the Haffouz-Kairouan area in the south [25].
Towards the east of this N-S axis, oriental plains are developing, dominated by
Mio-plioquaternary outcrops [23] [26] [27] [28]. In this way, the processing and
interpretation of petroleum seismic profiles, seismic profiles, gravity data and
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Figure 1. The geographical setting of the study area.
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Figure 2. The geologic setting of the study area. (1) Recent alluvium; (2) Old alluvial
deposits; (3) Soils and Sebkha; (4) Soils; (5) Crust and crusting; (6) Screes; (7)
Conglomerates, sandstones and clays; (8) Sandstone with clays; (9) Sandstone limestones
in Lumachelles; (10) Fine sand, sandy clay and ferruginous sandstone; (11) Nummullites
and clay sandstone alternation; (12) Marly clays and sandstone; (13) Gray-green marl.

surface data have permitted some authors [23] [24] [29] [30] [31] [32] [33] to
demonstrate that in the subsurface, the area is very fractured and pull-apart ba-
sins associated with strike-slip corridors are developed [34]. The installation of
inherited fault corridors, following the directions E-W, NW-SE, NE-SW and
N-S control the basin fillings [34]. Other authors [24] [27] [35] [36] [37] have

given the E-W fault an important role in the eastern of Tunisia. The study area is
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located in the eastern platform which is characterized, during the Mesozoic pe-
riod, by a slower and more active subsidence during the Cenozoic period. The
style of its deformation is essentially marked by the play of horsts and grabens,
associated with folds of a large curvature radius [38]. The tectonic deformations
recognized by seismic data in depth [23] [39] affect only narrow, elongated areas
oriented in three major directions: N45, N100-120 and N160-180. These zones,
which are active at several geologic and tectonically complex times, delimit large
areas with few or no deformations [38]. The Miocene deformation is much less
intense than in the other parts of Tunisia. Indeed, the eastern platform is only
affected by the N45 direction folds, often accompanied by reverse faults and as-
sociated with the N90-110 dextral and N160-180 senestral faults [39]. The
Plio-Quaternary deformation proofs are recognized outcrops in small areas,
most often in the extension of the Atlas structures and as a result of accidents
detected by seismic reflection [39]. This deformation is represented by a succes-
sion of dissymmetrical anticlines, with straightened NW flanks, and by N90
dextral and N160 senestral strike-slip, all probably due to pre-existing accidents
[39]. According to [30], in the further east of Zaghouan accident and precisely
40 kilometres away, is located the new overlapping front of the Atlas Mountains
of Tunisia. This is a NNE-SSW to North-South accident, connecting Chrichira
in the south, to Enfidha in the north along more than 100 km [30]. On the other
hand, since 1922, a seismological survey has been established in the country
since 1922 and developed later, in 1976 and 1985, by the National Institute of
Meteorology (NMI) of Tunisia. The seismicity of major Tunisian events does not
exceed a magnitude of 6.8. In the Tunisian Sahel sector, two earthquakes were
felt in (2006) in several coastal cities of the North-East and affected several re-
gions, including Nabeul, Saouaf, Ennadhour, Essalloum, Enfidha, the southern
districts of the city of Tunis and Monastir (2013), thus marking the presence of

the recent deformation.

3. The Background and Purpose of the Study

The context of this study is essentially based on [40] previous work, develops a
the comparative examination of the isohypses of the old Enfidha topographic
map (n°43, 1/50,000, lifted in 1892), the new Enfidha NE topographic sheets
(n°43-NE, 1/25,000, published in 1990) and the topographic surveys of the rail-
way level control at entrance of the city. According to a conventional approach
and with recourse to multisource data, this comparison permits us to remark
that in the Enfidha plain, the contours are clearly shifted upstream. This dis-
placement expresses a downward revision of the equivalent altitudes of a subsi-
dence trend. This phenomenon is apparent the case of the Enfidha plain, around
Sebkhet el Kelbia and Bled Saadia (Jbibina sheet, n°48) [40].

This study focuses on the implementation of a methodological approach
(Figure 3) based essentially on both the use of digital topographic data (contour

lines, hydrographic network) and the generation of DEM in a GIS environment.
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Figure 3. The methodological approach to the generation of a residual DEM to
analyze recent deformations through map data (contour lines) from 1893 and 1985.

The purpose of this analysis is to quantitatively study recent deformations in the
study area and thus to understand how land subsidence is affected in Enfidha.
Accordingly, it seems necessary to validate the current tectonic accidents of the
Oligocene by field observations and to control the morphology of the soil in cer-
tain sites under study. Two topographic maps are used of Enfidha. The old to-
pographical map of Enfidha type 1922, sheet n°43, scale 1/50,000, raised in 1893.
The two sheets of Enfidha SE and SW (n°43, 1/25,000, published in 1985), pho-
togrammetric surveys of 1981 (completed in 1984). The geologic data, extracted
from the 1/50,000 geologic map (National Office of Mines) of 1974, and field

observation data are also used in this study.

4. Methodological Approach

Our methodological approach presented by the flowchart (Figure 3), is based
mainly on the generation of residual (DEM) in a GIS environment that makes
possible the processing of spatial information and the estimation of the altime-

tric variation in the Enfidha lowland.

4.1. Data Homogenization

4.1.1. Scanning Topographic and Geologic Maps
The resolution of the scan affects the quality of the digitization afterwards, espe-
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cially when using documents on a large scale; where the boundaries of buildings,
roads, etc. can be “incorrectly” reproduced. However, the use of a very high res-
olution is not always necessary since it is impossible to exceed the accuracy of
the initial document, and moreover the size of the scanned document becomes
more difficult to handle with a computer later on. In general, a resolution be-
tween 250 dot per inch and 300 dot per inch is sufficient.

Paper topographic and geologic information, supplied by the (Office of Topo-
graphy and Cartography and National Mining Office), were scanned directly to
RGB color TIFF files using a high-resolution, large format drum scanner at an

optical resolution of 300 dpi.

4.1.2. The Georeferencing Process

The first step in georeferencing, or warping, the TIFF was to generate a neatline
coverage with precise corner coordinates. A preexisting neatline or index grid
could also be used as a reference. Georeferencing process allows the image to be
displayed in a precise coordinate system and cartographic coordinates to be used
to assign a spatial location to map features. Finally, all the elements of a map
layer have a specific geographical position and extent that allow them to be lo-
cated on or near the earth’s surface.

The digitized topographic of both 1893 and 1985 and geologic maps were
geo-referenced in the ArcMap environment using the kilometric grid of the
Lambert North Tunisia coordinate system. An error measurement (residual er-
ror) is returned when the general formula (polynomial transformation) is calcu-
lated and applied to the control point. This error is the difference between the
final position of the origin point and the actual position specified (destination
point). The total error is calculated using the root mean square errors (RMSE) of
all residues. This value describes the homogeneity of the transformation between

the different control points (links).

4.1.3. The Digitization Process

A blank shapefile was created for every topographic and geologic GIS layer be-
fore digitizing began. The next operation concerns the digitization of contours
lines from the three maps of Enfidha, one of 1893 at 1/50,000 and two SW/SE
maps of 1985 at 1/25,000 under the ArcGis software. Similarly, the geologic map
is digitized to present the lithological formations and site locations of field ob-
servations used to validate the obtained results with respect to the altitude varia-
tion between two periods of 1893 and 1985 by the residual (DEM). ESRI ArcGIS
version 10.2.2 software was used, as well as various vector data formats (ArcInfo
covers, shape files and geospatial databases) and raster images (ArcGrid, TIFF)
to perform the conversion. During the completion of the project, geodatabase
topological tools were used as (must not self intersect) for contour lines and

(must not have gaps and must not overlap) for geologic formation contacts.

4.1.4. The Homogenization of the Scale Map

This operation concerns the homogenization of the scale by adjusting the two
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topographic maps (SW, SE at 1/25,000 scale) to 1/50,000 scale. As is known, the
1/25,000 map contains more detail than the 1/50,000 map so it is more reasona-
ble to make the transition from 1/25,000 to 1/50,000 scale without loss of infor-
mation that is not possible otherwise, where you cannot add and provide
non-existent details to the 1/25,000 scale map. In fact, the applied treatment is
based on the transition from the 5 m equidistance, of the topographic map at a
scale of 1/25,000, to the 10 m of the topographic map at a scale of 1/50,000. This
treatment is based on the spatial request by the selection of 10 m countour line
interval and not 5 m of the 1/25,000 map. This process provides the same con-

tour lines configuration of the 1/50,000.

4.2. The Overlay and Comparison of the Contours of the Two
Topographic Maps

After having completed the digitization of the contour lines of the old 1893 sheet
and those of the recent 1985 sheets and the homogenization of the 1/50,000
scale, we have systematically superimposed the backgrounds of all the sheets in
these two contour lines.

The comparative examination indicates a shift, especially in the Enfidha plain.
The contour lines are completely parallel and the contour lines (10, 20, 30 and 40
m) of 1985 are moving to the west (Figure 4).

The contours are clearly defined upstream. This displacement expresses a

downward revision of the equivalent altitudes of a downward trend in the land.

S Enfidha 1
S b

& i;%nn montain
500 i S
Q\l)s.p / f;,
30
5387

Contour line (1893)

540

Contour line (1985)

4
Elevation (m)|
50 ¢

878 2500 st (m)

T 0 T f
A 746 582 1033 1313 683 B

Figure 4. The topographic profile (AB) shows the position of the 1893 and 1985 contour
lines and the decrease in elevation according to distance.
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The intersection points in the topographic profile (AB) (Figure 4) with the
contours of two maps between two epochs show the subsidence and westward
shift of the 1985 contours, which can reach a distance of 2500 m.

4.3. The Generation and Validation of DEM

Based on cartographic modelling that involves an ordered sequence of elemen-
tary GIS operations on maps operating on raw data as well as on derived data,
the aim is to stimulate a spatial modelling process [41].

In fact, Digital Elevation Models provide true terrain configuration informa-
tion in the form of morphometric and topographic parameters [13] [14] [16]
[18] [42] [43] [44], that can be used for both geomorphic and tectonic purposes,
as in the case of the study of recent deformation [15] [18] [20] [44]-[50]. The
DEM induces direct and indirect information (in the form of morphometric pa-
rameters) [20] [45] [47] [51] about the behavior of not only of the relief and its
variations but also the hydrographic network [18] [20] [45] [47].

4.3.1. The Performance of Error Statistics and the Evaluation of the
Accuracy of the DEM

Thus, the data obtained by digitizing the contour lines on the various topo-
graphic maps can be transformed into a (unique) database.

The study area topographic data that is available in a vector format for the
study area is derived from the digitization of the topographic map of the Enfidha
region at a scale of 1:50,000 with a surface equidistance of 10 m and a digitiza-
tion of the map at a topographic scale of 1:25,000 with a surface equidistance of
5 m. To analyze them, after the homogenization of the scale at 1/50,000, these
vector data in the form of linear contour lines composed by 83 contour lines for
the 1893 map and by 98 contour lines for the 1985 map are transformed into an
equidistant “point” database of 5 m, composed of 44,629 points (for the topo-
graphic map “type 1922” 1893) and 43,250 points (for the 1985 topographic
map) with altitudinal values in format (x4, y7, zi) (Table 1).

The statistical results analysis (Figure 5) shows relatively symmetrical distri-
butions (Sk > 0) associated with a leptokurtic orography [52], uniformly distri-
buted orographic volumes and ridge lines developed with very pronounced to-
pographic maxima. A positive kurtosis (Ks > 3) indicates that the tails allow
more observations (Figure 5(a)). Asymmetric distributions (Figure 5(b)) on the
left (Sk> 0) and (Ks < 3) are associated with a platykurtic orography [52].

Table 1. The Kriging statistical parameters for the point topographic database.

Min Median Mean Max RMSE me
z 10 60 59.15 170
1985 2.3 -0.011
zi 8.96 59.10 59.16 181.23
z 10 60 64.91 170
1893 2.29 0.014
zi 9.37 61.07 64.89 179.34
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Figure 5. The elevation density histograms (a): 1893 and (b): 1985.

At this stage of processing, we are interested in evaluating the altimeter accu-
racy of the DEM in raster format. The inherent anomalies of interpolation me-
thods can be optimized by adopting the best spatial interpolator. Several statis-
tical methods can be used (inverse distance weighting, minimum curvature,
natural neighbor, kriging, etc.) to evaluate the DEM’s accuracy.

The external validation method (with control data), described by [45], assesses
the quality of a parameter noted z corresponding to any local parameter that
can be extracted from the DEM of n control points, knowing that the first para-
meter generally evaluated is the elevation. The assessment in point 7is noted Zi.
The value of the control data at this point is noted zi The most commonly used
measure is the Root Mean Square Error noted RMSE [53] [54] [55]. The RMSE
equation can be expressed as (1):

RMSE = =3 (3i-zi)’ (1)
niz
This measure can be specified by the systematic error (or bias) RMSE?, cor-
responding to the mean error (arithmetic) noted me (mean error), and the ran-
dom error noted o, which corresponds to the standard deviation of the error
[45] [53] [56]. The three variables are linked by the following relation (2):

RMSE? = me? + ¢ )

with an average of errors defined as follows (3):

n

me:EZ(ii—zi) (3)

niz

According to [57], for the internal validation (without control data), the
DEM’s compliance with landforms can be controlled by visualizing the parame-
ters derived from the surface because they are more sensitive to the accuracy of
the altitude values and artifacts of the interpolation method than at the altime-
tric level. [58] also proposes to visualize the result of the DEMs filtering (for
example a Laplacian filter to detect the objects contours). The quality of a DEM
depends essentially on a series of choices made during the construction of this

DEM. These choices concern both the basic data used to obtain all the reference
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points and the final format [45] [59]. Indeed, it can be analyzed with regard to
genealogy (source data, acquisition and construction methods), the morpholog-
ical context (terrain characteristics) and also the timeliness of the data [45] [60]
[61]. It is necessary to work on a common grid rather than a specific grid for
each survey. It is also important to use the same interpolators (e.g. Ordinary
Kriging) applied to different topographic data sets. DEM is built at 10 m inter-
vals (73 rows x 100 columns) by an “exact interpolator”, such as the ordinary
kriging. It is a local stochastic (or geostatistical) method developed by [62] [63],
with one-time databases of two date maps. The one must have almost the same
value of the root of the Mean Square Error (RMSE) (Table 1 and Figure 6), a
low distribution in the plain and a high distribution in the hills (Figure 7).

The map of the average interpolation errors generated by a calculation on

both rasters by the following equation:

. 1
Mean Interpolation Errors = E(z(ma) + 2(1985))

This map (Figure 8) shows errors that range from 0 to 1 m in the plain and
very high values that can reach 10 m in the landforms with a fairly high standard
deviation of 0.6 (Table 2).

4.3.2. Residual DEM

The main idea behind this article is to perform a simple raster subtraction be-
tween two DEM with different dates and perfectly identical footprint. The ob-
tained result is the arithmetic difference between the DEM of 1893 and that of
1985. As shown in the flowchart (Figure 3), the generated DEM is in “Raster”
format, with image oriented data presented as a group of juxtaposed square pix-
els, which effectively mark the arithmetic pixel by pixel difference (GRID).

This GRID difference reflects our use of two “GRID” DEM with identical
alignment and cell size used to calculate the two models generated in 1893 and
1985. However, the difference in DEM in vector format presents relatively exag-
gerated errors with a very rough estimate by setting the same coordinates for
each point on the map where the arithmetic difference remains dependent on

having the Z for the same points from one companion to another.

(@) ! (b) )
150-] 150
100 . |
" 5100
50 504
T T T T T T
50 100 150 50 100 150
Z Z

Figure 6. Distribution of altitude values, (a): 1893; (b): 1985 (2 observed value;
zt: interpolated value).
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Figure 7. Lambert IGN coordinate system map for the distribution of interpolation
(or residual) errors (a) 1985; (b) 1893.

Figure 8. The map for interpolation (or residual) mean error distribution.
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Table 2. The Kriging interpolation method statistical parameters for the mean RMSE
error distribution.

Minimum Maximum Mean Median Standard deviation

RMSE -9 10 -0.05 -0.015 0.6

We have calculated the altitude differences on the same grid and applied an
interpolator to generate the DEM. The comparison of the residual between the
DEM enables the visualization and quantification of the altitude variation over
the entire sector. These variations involve slope or local subsidence variations
[64].

The residual DEM therefore constitute a spatio-temporal database applicable
to several morphological phenomena as an example for studying the coastal de-
gradation problem as a whole [65] [66] [67] [68].

They can also be used in the calculation of sediment volumes extracted (or
deposited) from successive bathymetric surveys [64] [67] [69] and in the estima-

tion of water stock variations in the watershed [70].

5. Results and Discussion

5.1. Recent Deformation Analysis by Residual (DEM)
5.1.1. DEM and Derived Models

As previously mentioned in the introduction, this work is based on the analysis
of recent deformations by the residual digital elevation model (DEM) that re-
veals morphostructural responses.

Through simple and complex spatial analyses, our methodology consists in
extracting several morphometric parameters from the DEM in order to study the
morphostructural behavior and the recent deformation of the investigated area.

In this study, two spatial analysis levels were performed. The first is a complex
spatial analysis that allows us to identify the second and third order morphome-
tric parameters: topographic profile, slope profile and topographic residual
(Figures 9-11). All these parameters permit us to determine the morphostruc-
tural behavior and establish a geomorphological framework for the studied mas-
sifs.

The second is a simple spatial analysis that makes it possible to identify
first-order morphometric parameters (slope map, relief map, three-dimensional
views) (Figures 10-12).

5.1.2. Residual Topography
The residual topography is also a grid surface of a high analytical importance
[15] [66] [68] [70]. It is produced by the arithmetic subtraction of the recent
surface (1985) from the old surface of 1893 (type 1922) (Figure 9).

From the DEM, an automatic extraction is carried out according to a topo-
graphic section chosen to indicate the variation in altitude over the entire field

and projected on the map.
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An examination of the residual map reveals very large topographic residual
intervals between 1 and 45 m and between —7 and —35 m that appear in the hill-
side mountain (Figure 9). The residual map (Figure 9) shows an estimated ab-

solute subsidence of 3 to 7 meters in the Enfidha plain.
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Figure 9. The residual (DEM) of topographic variation in the epoch between 1893 and 1985.
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Figure 10. The slope maps (a) 1893. (b) 1985.
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Figure 11. The topographic Maps (a) 1893; (b) 1985.

Consequently, while considering a 100 m shift between the line contours of
1893 (type 1922) and those of 1985, the one can either descend or rise abruptly
of almost 20 m of altitude as shown in the topographic profile (AB) (Figure 11).

Thus, considering a 100 m offset between the contour lines of 1893 (type
1922) and those of 1985, one can suddenly descend or rise by nearly 20 m in al-
titude as also indicated in the topographic profile (AB) (Figure 11).

In the plain, the margin of error risk is almost insignificant and a displace-
ment of a few meters will not have a significant effect on the residue as indicated
in the topographic profile (CD) (Figure 11). The altitude varies between 1 and 2
m for a 100 m displacement.

It is undeniable that taking into consideration the margin of error in georefe-
rencing, digitization and modelling of the digital terrain model (interpolation)
(Figure 11) is crucial.

1) Slope distribution and morphometry of topographic profiles

Slope distribution

Many authors prove that the quality of a DEM depends on the derivation de-
gree of the geomorphological parameters which is calculated in relation to the
altimetry level [71] [72] [73] [74] [75]. If the parameter is the altitude or if it is
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Figure 12. The synoptic view of this study area’s three-dimensional models. (a) 3D
Model (1985) and (b) 3D Model (1893).

calculated by the first derivatives [76] (slope, orientation) or secondary deriva-
tives (e.g. curvatures), the obtained accuracy will be different. In order to better
characterize the investigated morphostructures, we generate a grid DEM with a
10 m resolution. From these, we generated slope maps, relief maps, slope profiles
and topographic profiles.

Subsequently, a digital contrast is applied to the produced slope map in order
to highlight the slope gradients and their trend in the geologic terrain. The final
products maps illustrated in figures (Figure 10, Figure 11) are a 2.5 dimension
with a distribution of the slope and an elevation of the value.

Topographic and slope profiles.

The topographic and slope profiles are automatically generated from two
DEM.

The idea is to extract altimetric variations or slope gradients along a topo-
graphic trace through the DEM. The comparison between the (AB) profile
(1893) and the (AB) profile (1985) illustrates the subsidence of the Enfidha plain,
which is about 2 to 3 meters in height (Figure 11).

The topographic maps and profiles show two geographical compartments
with a very clear morphological contrast. There are mountain ranges on the one

side, and very cut-out plateaus and plains on the other (Figures 10-12).
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The mountain ranges indicate a topographic development up to 170 meters of
altitude (case of Medhker Mountain) (Figure 11).

“V”-shaped valleys are very remarkable on the topographic profiles and dem-
onstrate a strong incision and a development of very degraded interleaved rivers
arranged parallel to each other and often reduced to summits of mountains and
hills. The lowest of them are located at an altitude of between 50 and 60 meters
as can be seen at the bottom of Medhker Mountain.

2) The synoptic view of the three-dimensional models

The synoptic view of this study area’s three-dimensional models reveals a
succession of geometrically different folds: El Ogla, Garci, Medhker and the
Fadhloun mountains in the south and the vast Enfidha plain (Figure 12). The
comparison between the two models (a) and (b) is a good indication of the sub-
sidence, which is very apparent in the Fadhoum mountain, in the Enfidha plain

and in the East of the Garci and El Ogla mountains (represented by red circles).

5.2. The Impact of Recent Deformation on the River System
5.2.1. The Effect of Lithology on the Behavior of the Hydrographic
Network

In the [77] work, it is revealed that the hydrographic network configuration re-
sults from the simultaneous interactions of many and complex factors. If water is
incompressible by nature and flows by the shortest path from the highest point
(summit, ridge ...) to the lowest point (sea, lake, river ...), obstacles that modify
its path. The causes are geologic, tectonic, climatic (paleoclimate), vegetation
and human action. They have an important role in the evolution of the rivers
flow paths [77]. It appears that the geomorphological context of a given area
correlates with the morphology of hydrographic networks [78] [79], which
makes it possible to understand the path of these networks and therefore can
provide information in relation to the geomorphology of the associated areas.
The analysis of (Figure 13) uncovers the fact that on the same lithological facies
(Quaternary), hydrographic networks of different forms are established. For this
reason, the causes of the hydrographic network layout modification are not of a

pure geologic (lithological) order, but are also related to active tectonics.

5.2.2. Geographical Classifications of the Hydrographic Network

The geometry of the hydrographic network highlights two categories of faults.

¢ Evidence of E-W and NW-SE faults: The study area is marked by a main hy-
drographic network with a NNW-SSE direction. We also note that these riv-
ers flow towards the endorheic zone of Enfidha. This proves a flow from

NNW to the SSE. The traces of these rivers still show concavity bends to the

West and convexity to the East (Figure 13).

In the entire study area, the elbow geometry is aligned in an E-W direction.
This argues in favor of the existence of an E-W direction fault with dextral
strike-slip.
¢ Evidence of the E-W and N-§ faults: The hydrographic network of the Sahel
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sebkhas watersheds follows the synclinal gutters and the East-West and
North-South faults in a well-regulated manner (Figure 13). Right-angled
stream deviations occur at the interference corners of the two accident net-

works [28].

6. Field Validation

The obtained result from the analysis of residual DEM and hydrographic net-
work approves the existence of subsidence in the Enfidha plain varying between
3 and 7 m (£50 cm). In the course of this analysis, we have carried out a field
work in the Enfidha region to observe evidence of recent deformation. This is
illustrated by the presence of recent relay tectonics, marked in particular by the
morphology of the contour lines (Figure 4). We have chosen two very interest-
ing observation sites located between the relief and the quaternary deposit of the
Enfidha plain (Figure 14).

The Jgarneya region is located in the north, 6 km away from the town of En-
fidha (Figure 14).

—— Hydrographic network (1893) —— Contour (1893)
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Figure 13. The geometric Parameters of Enfidha Hydrographic Networks. (a) Hydrography of 1985; (b) Hydrography of 1893 and

(c) Pull-apart basins.
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Figure 14. The location of the observation sites. (1) Recent alluvium; (2) Old alluvial
deposits; (3) Soils and Sebkha; (4) Soils; (5) Crust and crusting; (6) Screes; (7)
Conglomerates, sandstones and clays; (8) Sandstone with clays; (9) Sandstone limestones
in Lumachelles; (10) Fine sand, sandy clay and ferruginous sandstone; (11) Nummulites
and clay sandstone alternation; (12) Marly clays and sandstone; (13) Gray-green marl.

In the first observation site, an analysis of the Mio-Pliocene outcrop formed
by conglomerates, sandstones and clays have been analysed. The analysis detects
the presence of two combined fault networks in both directions: NE-SW and
NW-SE (Figure 15 and Figure 16) as well as the set of a N120 fault showing the
dextral offset with a normal set. This offset can be estimated at 25 cm. The sub-
sidence of SE behavior in olive trees is controlled by another fault in the N45
(NE-SW) direction (Figure 15). The fracture intensity clearly shows the disten-
sive NE-SW and NW-SE direction regime (Figure 16).

In the second observation site, tectonic analysis shows the presence of a global
fault network (Figure 17), with a sinistral normal direction of N120 and N135.
The global fault network tilt a movable deposit and are filled with stony allu-
vium. The outcrop of Lower Miocene Lumachelle Sandstone indicates the exis-
tence of a normal fault with a direction of N45 and another fault with a direction
of N145 affecting the Roman Ruins (Figure 17 and Figure 18).

The fracture intensity clearly shows the distensive NE-SW and NW-SE direc-
tion regime (Figure 18).

The previous work [30] indicates the existence of a subsurface fault that ex-
tends straight through the study area. On the other hand, following our observa-
tions and according to the tectonic index found, the existence of relay faults af-
fect Miocene deposits and even Quaternary deposits, so the relative date of these
faults is Miocene-Quaternary, marking an active tectonic. In the North of En-
fidha, there is Henchir Jgarneya. It is the ancient Uppenna, where the ruins of an
important fortress and a church are located, there is a mosaic bearing epitaphs of
various bishops and martyrs is found. The Roman ruins are affected by dextral
faults (N142-155), showing a lateral displacement of a few centimeters in the
Hammam and the mosaics (Figure 19(d)). The calculated tensor for minor
faults illustrates a strike-slip regime characterized by a 01 = N017 and 03 = N085
[80].
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7. Conclusions

Our proposed methodology aims to quantify the variation in altitude by restor-
ing two DEM from two topographic maps, produced at two different epochs, in
1893 and 1985. A hydrographic network, which is a complementary morpholog-
ical study, is also used to reveal morphostructural responses considered as indi-

cators of recent deformation in the case of the Enfidha region.

Geology

- Miocene deposit
B 2t network NE-SW and NW-SE

Figure 15. The fracturing Mio-Pliocene outcrops indicate the presence of NE-SW and
NW-SE faulting networks.

Figure 16. The fracture pattern of Mio-Pliocene outcrops.
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Figure 17. The Oligocene outcrop faults networks.

Figure 18. The fracture patterns of Oligocene outcrops.

This study is essentially based on the analysis of digital and hydrographic to-
pographic data with automatic and semi-automatic extraction of altitude differ-
ences from the residual (DEM).

The obtained result approves the existence of subsidences in the Enfidha plain
from a few meters varying between 1 and 3 m over a period of 100 years. On the
other hand, it is necessary to be careful while evaluating the variation of altitude
especially in the relief. A georeferencing or digitization error, or even a shift of
the digitized contour lines by around ten meters can cause incorrect subsidence
of several meters.

Field observations made in the presence of directions (N120, N135, N160) are
also consistent with previous gravimetric, seismic and tectonic work and have
shown the presence of underground accidents that have remained active to this

day.
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Figure 19. The neotectonics and recent deformation in the study
area affect Marabouts and Tombs (a); Bridge at the Entrance of
Enfidha (b); Current deposits (c) and Roman Ruins (d).

We conclude that the analysis of recent deformations by GIS is significant and
promising. However, the results can be improved by setting up a GPS surveil-

lance network that allows direct measurements of recent deformation.
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