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Abstract: In this paper, we state the usefulness of geomorphic analysis, typically applied to highly
deformed landforms, to investigate the tectonic geomorphology of an intercontinental structure: the
Fatima suture zone. The Fatima suture zone (FSZ) landscape is a tectonically distinct deformation
zone along the eastern coast of the Red Sea in western Saudi Arabia providing a complex zone in
terms of geology, tectonics, and geomorphology. This zone presents many deformations and fault
reactivations that were produced from the effect of horizontal, vertical, and thrust motions as well as
deposition and erosion processes. Through several morphometric analyses, remotely sensed data,
and geospatial techniques, we recognized the detailed geomorphic surface features of the Fatima
suture zone region. Morphometric indices applied in this paper include the stream length gradient
index (SL), basin asymmetry factor index (Af), hypsometric integral index (Hji), valley floor width
to valley floor height ratio index (Vf), basin shape index (Bs), and mountain front sinuosity index
(Smf). Every single morphometric index provides three different relative tectonic classes based on the
assigned value ranges. The overall results obtained from the analysis were averaged and presented
as an indicator index namely the relative seismic activity (RSA) index, which was classified into
four distinct classes from relatively very high to low seismic activity: class 1 is very high seismic
activity (CA < 1.5); class 2 is high seismic activity (1.5 < CA < 2); class 3 is moderate seismic activity
(2 < CA < 2.5); and class 4 is low seismic activity (CA > 2.5). Additionally, a combination of the two
indices (Smf and Vf) was presented as a quantitative model of the relative seismic activity of the
examined mountain fronts. The results of the RSA index provided signatures of all four classes of
the study region. Two-thirds of the total area of the study region were recorded as high to very high
classes in terms of seismic activity. The paper finally concludes that this integration method allows
assessment and evaluation of the highly deformed landscapes related to active tectonism. Despite the
impact of the Fatima suture zone providing low to medium activities in some parts, it has a signature
control on the recent landscape evolution.
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1. Introduction

Tectonic geomorphology presents one of the most expanding disciplines integrating
tectonics and geomorphology. As the geological branch rapidly develops, it is likely that
more attention will be given to quantifying the rates, timing, and magnitude of different
landscape evolutions [1]. It is also suggested to incorporate the study of geochronology,
geophysics, geodesy, paleoclimatology, remote sensing, and archology, among others [2-5].
This geological trend is very significant because the quantifying results of regional research
on neo-tectonism are important for precisely evaluating land use development and natu-
ral hazards management of heavily populated regions [2,6]. In mountain regions, recent
tectonic activity can be expressed as a major reason for the reshaping of the different land-
forms of Earth’s surface as the product of the interaction between erosional and tectonic
actions [2,7,8]. The study of drainage system behaviors in active regions proves that it is
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able to understand tectonic evolution and present tectonic signatures [3]. They can be recog-
nized from river slope, river incision rate, basin geometry, and river path deflection [9-11].
The morphometric indices identify morphometric surfaces that present evidence of re-
cent tectonic activity of different landforms [11-13]. The Tertiary rift of the Red Sea is
situated between the African and Arabian Shields (Figure 1a). Morphometric analysis
has broadly been successfully used in several different tectonically active regions. Glob-
ally, many studies applied this analysis including Central USA [14], northern Mississippi
(USA) [15], California (USA) [16], southern Italy [17], southern Spain [9], Germany [18],
eastern Turkey [19,20], and central Greece [21]. On the other hand, this effective analysis
was successfully applied locally, including in the eastern desert of Egypt [22], southeastern
Iran [23], southwestern Iran [24], the Gulf of Suez [25], the Sinai Peninsula [26], eastern
Jordan [27], and central Arabia [28]. The tectonic story of the Arabian Shield was initiated
by the spreading of the Red Sea producing different types of arcs during the rifting pro-
cesses of Rodinia [29]. Recent active tectonism associated with surface uplift is recognized
along the eastern border of the Red Sea basin in western Saudi Arabia via faulted blocks,
deeply incised streams, and quaternary deposits along the Red Sea margin zone [30-32].
The seismic record of the Red Sea provides all earthquake magnitudes (M > 2:7) from
1964 to the present day including earthquakes not presented by ISC (http://www.isc.ac.uk
(accessed on 26 March 2023) [33-35]. The Fatima suture zone provides a natural laboratory
for investigating continental-scale thrusting systems (Figure 1b). Studying active tecton-
ics along those regions with high relative tectonic signals during the Holocene and late
Pliocene is extremely important and significant to evaluate recent tectonic activity and
regional seismic hazard possibilities [12,36,37]. Investigating regional areas to calculate
active tectonic rates or even applying quantitative methods to obtain those rates is very
critical, and such investigations are always in need of modern data and methods [9,15,19].

The general approach of this work is to focus on the geomorphic signatures of the
active tectonic intercontinental suture zone in Jeddah terrane at the western Arabian
Shield. Thus, standard morphometric indices that are known to be very effective in tectonic
geomorphology studies [6,23,38-40] including the stream length gradient index (SL), basin
asymmetry factor index (Af), hypsometric integral index (Hji), valley floor width to valley
floor height ratio index (Vf), basin shape index (Bs), and mountain front sinuosity index
(Smf) were applied and calculated. The main purpose of this work is to preciously apply and
calculate several morphometric indices of relative tectonism and topographic signatures
to provide an average single index reference that aids in mapping and categorizing the
different relative tectonic scales of the Fatima suture zone (FSZ). Based on the combined
analysis of the valley floor width to valley height (Vf) and mountain front sinuosity (Smf)
indices, this paper also aims to present a classification of relative tectonic scales for each
structural segment and the seismic potential of the entire Fatima suture zone for the regional
seismic hazards. Under this framework process, the paper additionally aims to prove the
validity of the morphometric analysis, typically used in active regions to evaluate the
tectonic signature and development of landscapes.
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Figure 1. (a) A simplified plate tectonic map showing the location of the Arabian-Nubian Shield.
(b) Simplified tectonic setting map of the Arabian-Nubian Shield illustrating faults and sutures of
the different tectonic terrenes.
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2. Regional Geological and Structural Setting

The Fatima suture zone (FSZ) has been deformed from highly thrusted mafic, ultra-
mafic, and volcanic-sedimentary rocks. It is a very complex region in terms of geology,
tectonics, and geomorphology (Figure 1b). It is located between the Ad Damm fault zone
and bi'r Umgq suture zone (Figure 1) in a border deformation zone along the eastern coast
of the Red Sea basin. The study region is ~17.192 km? within the zone of Jeddah ter-
rane [41,42]. A complete sequence of the ophiolite has been mapped in the FSZ presenting
a northeast-southwest trend in the western zone of the Arabian Shield [42]. The geological
investigation in the FSZ indicates that the described ophiolitic section is metamorphosed to
amphibolite and green-schist facies and is intruded by later felsic and mafic intrusions [41].
The oldest unit that has been observed in the FSZ belongs to the Precambrian period and
is located at the southeastern corner of the FSZ region. It is described as the Wadi Lithis
series, which is composed of a metamorphic complex of meta-diorite, meta-gabbro, and
amphibolite. Unconformable, the Precambrian amphibolite schist layers overlie the Wadi
Litho series. They include some beds of marble, sericite schist, and quartzite [41]. The
sericite and chlorite schist is derived mostly from sediments and has been recorded in
the eastern part of the study region covering a very narrow elongated zone. This unit
belongs to the Precambrian age as well. It is described as quarzitic stretched conglomerate,
minor arkosite, graphitic schist, and marble [43]. The Precambrian andesite, diabase, slate,
greenstone conglomerate is intercalated with andesite porphyry and mostly presents sharp
contact with the southern part of the Mecca batholith. It is also observed north of the FSZ
structure [43]. Unconformable, the diorite and granodiorite unit was mainly observed in
the southern part of the FSZ and is composed of gneissic, some sheared and altered quartz
diorite, and adamellite. It is often contaminated with migmatitic xenolithic metamorphic
rocks [43,44]. The Mecca batholith at both exposures of the Fatima suture covers granite,
granite gneiss, granodiorite, gabbro, tonalite, and diorite, locally mylonitized and foliated
in the areas exposed near the Fatima shear zone [41]. Authors in Ref. [45] described the
tonalite as having a well-foliated gneissic texture with well-segregated layers of felsic and
mafic minerals [41]. Nonconformable, the Halaban andesite unit comes after the granite
and granite gneiss unit. Halan andesite is fine-grained andesite and felsite, subordinate
dacite, trachyte, and rhyolite breccia and agglomerate in extrusive phase [43]. Layers of the
Fatima Formation were observed and recorded in a post-amalgamation basin [41,43,44].
These layers overlie nonconformably on the volcanic and granitic rocks along the north-
western edges of the FSZ structure [43,46]. The Fatima Formation is composed of arkose,
red and purple shale or slate, siltstone, basal conglomerate, sandstone, and thin limestone
members containing stromatolitic structures [43]. Red or pink unmetamorphosed alkalic
to per-alkalic granite and some grey adamellite were cropped out in the southern part
of the study zone [43]. In this suture zone, the Eocene age is represented by the Usfan
and Shumaysi Formations. The Usfan Formation is recorded as a very small area in the
northeastern corner of the study zone [43]. It is composed mainly of marine and littoral
sediments [43]. The Shumaysi Formation overlies conformably on the Usfan Formation.
The lithology of the Shumaysi Formation is sandstone, white shale, siltstone, and oolitic
hematite [43]. The Pliocene olivine-rich basalt is mapped mainly in the northeastern corner
of the study zone. This unit presents lower flow that is in part weathered and dissected;
the youngest flows and cinder cones are little altered [41,43]. The quaternary deposits are
represented by three types of sediments. Terrace sand and gravel were observed in the
northern part of the study zone. The next quaternary deposits are gravel, silt, sand, and
clay [43]. They include coastal plain surficial deposits and slightly raised coral reefs. They
cover most of the western areas of the study zone [42,43]. The final quaternary deposits are
represented by eolian mobile sand covering small elongated areas in the western part of
the study zone [43].

Structurally, a complete ophiolitic section has been observed and mapped in the FSZ
showing a northeast-southwest direction in the western part of the Arabian Shield [42].
The ophiolitic rocks are deformed by thrust faults and folds and show distinctive styles
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and patterns of lineations and foliations [41,42]. Low deformed granitic rocks of the
Mecca batholith cover both shoulders of the FSZ structure line, whereas thrust faults
having opposite dipping oriented NE control its internal deformations [41]. The intrusion
deformation of a pink granitic rock took place along the southeastern shoulder of the
FSZ that has been laterally deformed by thrusting between the metagabbro, tonalite, and
serpentinite rocks [41,43]. NW- and SE-verging thrust faults in the two edges of the
FSZ deformation are joined at its middle part producing a positive flower deformation
that presents the uplifting signature of the entire zone [41]. The author in Ref. [47] also
recognized the antithetic thrusting and its positive flower structure [41]. Antithetic thrust
faults also deform the two margins of the FSZ. The FSZ’s main thrusts show steep dips,
whereas the nearly vertical intersecting thrust faults give gentle dips [41-43]. Structural
analysis that has been applied along the FSZ provides foliation patterns paralleling the
thrust traces and records several folds that have different styles and trends [42,45,46]. All
details about the lithological and structural framework of the current work are illustrated
in Figure 2.
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Figure 2. Detailed geological map of the Fatima suture zone and neighboring regions modified
after [43].
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3. Methodology

In this work, integration between remotely sensed data and geospatial analysis plays
the main role in investigating the relative tectonic framework of the FSZ. Applying the
different tools in ArcGIS (version 10.4) and QGIS (Version 3.28.5) on a 30 m spatial resolu-
tion digital elevation model (DEM) produced from a Shutter Radar Topography Mission
(SRTM), morphometric and topographic signatures of the entire FSZ were extracted. Sev-
eral morphometric indices were examined and calculated over the FSZ within a total region
of about 17.192 km?. The processed hill-shade tool in ArcGIS was run to analyze the valley
floor width to valley height and mountain front sinuosity indices. Raster and hydrology
analysis options in both ArcGIS and QGIS were used in constructing and classifying the
proposed region into numbers of basins that give streams greater than the fourth order
by the stream order method of the author in Ref. [48]. The basins, basin sizes, basin delin-
eations, stream orders, and stream drainage systems were extracted and modeled from the
possessed digital elevation data through the available algorithms in the software tools used.
The basins were ordered from 1 to 41 covering the entire region of the FSZ. The thrusting
and accompanying structural elements within the study zone were categorized into 50 seg-
ments on the basis of varying trends of the different faults. The investigative morphometric
indices are based on lithology type and the quantitative analysis of the drainage systems
and mountain front sensuosities [49,50]. These effective indices may provide anomaly
values indicating some local changes in the general uplift or subsidence framework [2,9,22].
In the current study, we calculated and analyzed several different morphometric indices
in the Fatima suture mountain fronts and neighboring basins. These indices are assigning
three relative tectonic classes based on the value ranges of every single morphometric index.
Accordingly, the assigned classes are averaged and arbitrarily classified into an index of
tectonic activity (ITA) of the entire investigated region. Particularly, Vf and Smf indices
are analyzed together to provide an activity calcification of the mountain fronts along the
main Fatima suture deformation. Studying the rock strength of deformed regions helps
in effectively analyzing most of the morphometric indices [2,3,9,37]. The rock strength of
the study region has been inferred and evaluated following field observation and research
of authors in similar studies [3,24,39,51]. In this study, several classes or levels of rock
resistance were recognized along with the lithology type and field description, starting
with very high resistance level (metamorphic complex, marble, quartzite, diorite, and
granodiorite); high resistance level (granite, granite gneiss, andesite, and felsite); moderate
resistance level (quartz diorite, sandstone, and sandy limestone); and low resistance level
(sandstone, conglomerate, shale, marly limestone, and eolian sand).

3.1. Morphometric Indices
3.1.1. Stream-Length Gradient Index (SL)

The stream-length gradient index (SL) is one of the sensitive tools considered in
morphometric analysis [5,19,52]. It is defined as:

SL=(Ah/Al) x 1

where Ah/Al describes the local gradient of the stream segment (change in height divided
by change in length), and term I represents the length of the segments from the investigated
drainage divide to the midpoint of the evaluated river reach [39,52] (Figure 3).

The processing of the SL index has been run every 50 m of the length of the rivers and
streams. This quantitative index is very indicative for assessing active structure elements,
particularly fault segments and their level of activity [9,12,22]. This index depends mainly
on the tectonic and lithological controls on river profiles across the fault trace [39]. The
SL index values increase as streams and rivers run over resistant rocks and tectonically
active areas [12,24] and decrease as rivers flow over less soft rocks and or very low tectonic
activity [24].
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Figure 3. (a) Mechanism of the calculation of the SL index and (b) Simplified view of the basin
modified after that of author in Ref. [52].

3.1.2. Asymmetric Factor (Af)

The asymmetrical factor index (Af) is a valuable parameter to assess tectonic tilting re-
garding the scale of an investigated drainage basin [11,12,53]. This index may be calculated
over a relatively vast area [53]. The Af index is defined as:

Af =100 x (Ar/At)

where Ar describes the part facing downstream occupying area to the right of the basin,
whereas At provides a figure regarding the entire area of the investigated basin (Figure 4).
The values of this index are sensitive to variances in tilting perpendicular to the main
river direction [9,19]. Af values close to 50 provide stable conditions for a basin with no
or little tilting, while values below or above 50 could produce, as a result of the tilting
level of a basin, tectonic signatures or lithological structures that control erosion processes,
as for example rivers going down bedding plains over time [9,19,23]. Regarding this
index, structural control of the bedding orientation could play a significant role in basin
asymmetry development [2].
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Ij:Right area
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Figure 4. Drainage system response to uplift along a normal fault by moving laterally in a down-tilt
direction, modified after authors” work in Ref. [12].
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3.1.3. Hypsometric Integral Index (Hi)

The hypsometric integral index plays a significant role in tectonic geomorphology
studies [1,3]. This integral index is generally extracted for a particular basin and is a
parameter that is independent of a given basin total area. It recognizes the distribution
of elevation of a given landscape area, particularly a basin [2,48]. The mechanism of this
index is run as the zone below the derived hypsometric curve and thus describes the total
volume of a given basin that has been assigned for no erosion [9,24] (Figure 5).
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Figure 5. Typical different models of hypsometric curves, after work by author in Ref. [48] and
geomorphic process development, after authors” work in Refs. [2,8].

The formula that may be run to define this index [9,12] is:
Hi = (Mean elevation — Min. elevation/Max. elevation — Min elevation)

The required values for this index are extracted from the SRTM digital elevation model.
Significantly, this index works in a similar manner to the SL index in that lithological
strength as well as other indices influence the value, and it does not directly indicate
tectonic activity signals [9].

3.1.4. Drainage Basin Shape Index (Bs)

The shape of the drainage basins may be differentiated between different basins and
their activity levels. Accordingly, in active tectonic zones the elongated basins paralleling
to the topographic slope of a mountain tend to give signatures about tectonism and are
described as relatively younger basins. As tectonic signals cease or revolution continues,
the elongated basins convert to circular basins [2,40] (Figure 6).

The horizontal projection of a drainage basin shape may be expressed using the
circularity scale; Bs [22,54] calculated via the following simple formula:

Bs = Bl/Bw

where Bl measures the length of the drainage basin detected from the basin headwaters
to the basin mouth, and Bw describes the basin width at its widest edges. High Bs results
indicate basins with elongation shapes reflecting high tectonic activity signals, while low Bs
results tend to describe basins with more circular shapes and lower tectonic activity levels.
Mountain fronts characterized by rapid uplifting generally are recognized by steep and
elongated drainage basins, and when tectonism processes slow down, extending basins are
produced from the mountain front up [9,54].
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3.1.5. Valley Floor Width-to-Height Index (Vf)

The valley floor width-to-height index parameter (Vf) is a very significant morphomet-
ric indicator that discriminates between the maturity levels of basins [40]. It is recognized as:

Vf =2Viw/(Eld — Esc) + (Erd — Esc)

where Vfw estimates averaged width of the valley floor; Eld gives values of the elevation of
the divide along the left wall of the valley; Erd expresses the right wall averaged elevation;
and Esc estimates the elevation of the floor of the valley [3] (Figure 7).

Eld
1600

sl N\
N

mm

.=1400
_S \Vfw /
21300 1
N Esc_________ N
= 1200
1100
| I | |
1 o, 3 4
X Distance in km X

Figure 7. Mechanism of measuring the valley floor width-to-height (V).

This index mainly records relative uplift and incision rates. It is differentiated between
V-shaped valleys and flat floored valleys [2,19,36].

3.1.6. Mountain Front Sinuosity Index (Smf)

The Smf index is a very important indicator for evaluating the relative activity signals
along the different mountain fronts. This parameter measures the tectonic/erosion balance
between producing a winding line of mountain front and providing uplift signatures with
relatively straight mountain fronts [21,23]. Authors in Ref. [40] define this index as:

Smf = Lmf/Ls
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where Lmf measures the sinuous trace of the mountain fronts (morphological break in the
slope), and Ls detects the straight-trace length of the mountain fronts [13,38] (Figure 8).

- R -
e R Dramage basin divide 1
sl - " r-
v Lmf-" e '
' Mountain Range . :
-~ 9 Ls Basin N
~ /
~ o ’,
) ~ €T T e e - = -
~ - - = . - o o -_ e, — - =

Figure 8. Figure showing the mechanism of defining mountain front sinuosity (Smf).

The active mountain fronts generally provide uplift signatures rather than erosional
conditions.

4. Results and Discussion
4.1. Morphometric Indices
4.1.1. Stream-Length Gradient Index (SL)

The SL index values were computed over the study region using geospatial analysis
from digital elevation models and are illustrated in Figure 9. In order to start analyzing
the values of this index, the lithology that covers the study region was defined by different
rock strength levels based on their resistance levels (Figure 9a).

The SL values range from less than 100 to greater than 500 along the main channels
of the investigated basins. The lowest values are mostly observed over the soft rocks
(Figure 9). Regarding this index, we aimed to use SL values to figure out the tectonic
activity of basins and structural elements as well; therefore, we investigated values of the
SLindex over the different lithology, faults, and thrusting (Figure 9a,b). Quantitative values
of the SL index linked to relative lithology resistance suggest that values provide a variable
distribution over the entire study region. The analysis of the SL values along the SE border
of the Fatima suture zone, particularly over basin 35, demonstrates the highest values
of this index with moderate resistance rocks. This observation may represent the most
anomalous remarks of this index. Many authors have interpreted these anomalies, where
high SL values are not associated with hard rocks, to be tectonic activity signatures. Some
locations in the study region over the northern border also present enormously high SL
values over relatively soft rock units such as basins (40 and 41; in Figure 9a). The analysis
of the SL index along the main Fatima suture trace reveals that low-to-medium values run
parallel to the thrusting zones. At the NE border, the highest SL index crosses the eastern
terminal of the thrusting and runs parallel to a major fault or shear zone (Figure 9b). At
the SE border, moderate-to-high values were observed along a major fault or shear zone
(Figure 9b). SL index values generally increase as streams and rivers run over active uplift
spots and provide lower signals when running parallel to tectonic features such as valleys
initiated by a strike-slip fault [39]. Most of the faults/shear zones carry SL segments with
low values indicating active tectonic signals of these tectonic elements (Figure 9b).



Sustainability 2023, 15, 11130

11 0f 28

1
8 SL index values (m)
?a —< 100 =300 - 400
100-200 =400 -500
=—200-300 ===>500
[-22° 00’

|-21° 30

|-21° 00

Lithological strength
levels

[ JLow
[_IModerate
Bl High

39° 45’ a

0 20 40km

40° 30"

Il Very high

SL index values (m)
—< 100 =300 - 400

100-200 =400 -500
=——200-300 ==—=>500

39°00°

[-22°00'

[-21° 30

-21° 00

Fault / shear zone

39°45' b

—vy— Thrust faults bounding Fatima suture ‘ 0 20 4%“

40° 30 %z

Figure 9. (a) SL index along the streams and geological strength levels (ellipsoidal polygons indicate
the SL index anomalies), yellow numbers indicate the basin’s numbers; (b) SL index along the tectonic

elements of the study zone.



Sustainability 2023, 15, 11130

12 of 28

4.1.2. Asymmetry Factor Index (Af)

The results illustrated in Table 1 for the Af index include the Af-50 presenting the
range of difference between the neutral amount of 50 and the calculated value [9,22]. Ac-
cordingly, in order to assess the relative tectonic activity, the absolute amount of difference
is essentially required. The Af-50 values range from 0.79 to 43.37 (Table 1).

Table 1. Asymmetry factors and classes of FSZ.

Basins Af Af-50 Class Basins Af Af-50 Class
1 72.023 22.023 1 22 47.953 —2.046 -
2 62.766 12.766 2 23 29.407 —20.952 1
3 54.703 4.703 - 24 —16.786 -33.213 1
4 57.145 7.145 3 25 62.230 12.230 2
5 84.291 34.291 1 26 44.444 —5.555 3
6 42.553 —7.446 3 27 55.977 5.977 3
7 43.710 —6.289 3 28 38.305 —11.694 2
8 77.134 27.134 1 29 55.865 5.865 3
9 56.427 15.427 1 30 58.464 8.464 3
10 39.909 —10.090 2 31 59.917 9.917 3
11 71.469 21.469 1 32 60.794 10.794 2
12 43.835 —6.164 3 33 72.083 22.083 1
13 75.270 25.270 1 34 64.013 14.013 2
14 55.501 5.501 3 35 67.248 17.248 1
15 20.477 —29.522 1 36 48.207 -1.972 -
16 50.791 0.791 - 37 40.714 —9.285 3
17 61.935 11.935 2 38 57.811 7.811 3
18 37.906 —12.093 2 39 52.899 2.899 -
19 55.054 5.054 3 40 52.964 2.964 -

20 61.198 11.198 2 41 62.363 12.363 2
21 93.379 43.379 1

The lowest values of the Af index were observed for basins 16, 36, 22, 40, and 39 as
0.79, —1.97, —2.04, 2.89, and 2.96, respectively (basins do not show any tilting amount). In
contrast, basin 21 located in the SW part of the study area, provides the highest value of the
Af index (highly asymmetric basin) (Table 1 and Figure 10). The rest of the basins record
values in between these two divisions (Table 1).

In order to explain the significance of the tilting amounts of the basins along the Fatima
suture zone and neighboring ranges, we used the tilting amounts of the basins to arbitrarily
categorize the FSZ basins into four levels indicating specific levels of relative tectonic
activity: symmetrical class 0 (Af <5); asymmetrical class 3 (5 < Af < 10); asymmetrical class 2
(10 < Af < 15); and asymmetrical class 1 (15 < Af) [8,19,20,55]. How bedding orientation is
structurally governed could act an important factor in the basins” asymmetric development.
Inclined amounts of bedding provide suitable conditions for valley migration in the down-
dip direction providing symmetrical basins. In this study, several basins were detected
to have an asymmetric index related to structural rule, and those were not considered in
the index development of the relative tectonic activity. Significantly, the most asymmetric
characteristics were observed along the main trace of the FSZ in the western part (basins 5,
13, and 15) and in the eastern part in basins 33 and 35 (Figure 11).
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Figure 11. Relative asymmetry tectonic map produced by asymmetry classes.

Figure 10. Figure providing the tilting amount related to tectonic activity extracted from the Af index.
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4.1.3. Hypsometric Integral Index (Hj)

The results of the Hi index provide values between 0.25 and 0.64. The lowest value
was observed for basin 3 in the NW part of the study region, whereas the highest result was
recorded in the southern border of the study zone for basin number 23 (Figures 12 and 13).
In this study, the hypsometric integral index presented an analysis of the hypsometric
integral and curves. High values of the Hi index suggest prevailing conditions of younger
landscapes and basins and fewer conditions of erosion processes resulting mostly from
active tectonic signals [2,20,22]. In contrast, lower values of the Hi index suggest older
landscapes, more signals for erosion conditions, and fewer signatures of relative tectonic
uplift [9,56]. In this paper, we consider analysis of the hypsometric curves and investigate
whether the curves are convex in the lower portions, convex to concave in the middle
regions, or convex in the upper regions, as well as the Hi index values themselves. Many
papers assume that convex curves are usually associated with high Hi values indicating
uplift associated with active folds or along faults [1,2,9,19]. Generally, high Hi values are
related to relatively young tectonic activity while low values of this index are extracted
from landscapes that have been subjected to erosion and few impacts of recent tectonics.
The Hi index was calculated for each basin, and values were defined into three groups
of activity with respect to the concavity or convexity of the hypsometric curves: convex
curves (class 1; Hi > 0.5); convex—concave curves (class 2; 0.4 < Hi < 0.49); and concave
curves (class 3; Hi < 0.4). Hi index analysis of the study zone was completed based on the
DEMs and utilization of all investigated basin bodies of greater than the fourth order. The
analysis and results are illustrated in Figures 12 and 13. Half of the studied basins were
assigned to class 2 (twenty-one basins), while classes 1 and 2 were recorded for nine and
twelve basins, respectively.

4.1.4. Drainage Basin Shape Index (Bs)

The analysis of the drainage basin shape index (Bs) provides values between 0.32 and
6.22. The lowest value was calculated in basin 24, which is located in the most southern tip
of the study zone. In contrast, the highest value is assigned for basin 19, which covers an
area in the SE part of the study zone (Table 2; Figure 14). The analysis of this index depends
mainly on a basin geometry; therefore, relatively recent basins along active zones tend to
provide elongation shapes parallel to the topography of the slope of a given mountain.
The scale of this index is the circularity of the basins. As tectonic activity decreases with
time, the elongated basins turn into circular basins. Many papers have suggested that
the reason for this transformation is because the widths of the basins are narrow close
the mountain fronts over the regions characterized by tectonic activity where the stream
energy has been directed mainly to down cutting; vice versa, a slow uplift allows basins
to widen upstream from the given mountain fronts [2,9,23,57]. In this paper, the Bs index
was computed for each basin, and values were categorized into three activity groups with
respect to the circularity or elongation of the basins: class 1 = Bs > 3 (high tectonic activity);
semi-circular/semi-elongation basins class 2 = 1 < Bs < 3 (moderate tectonic activity); and
elongated basins class 3 = Bs < 1 (low tectonic activity). The analysis of this index reveals
that the most elongated basins (basins 18, 19, and 20) are concentrated in the middle region
parallel to the main trace of the FSZ. They are also observed in the northern (basin 41),
eastern (basins 5 and 14), southern (basins 23 and 26), and western (basins 5 and 14) parts
of the study region, respectively (Figure 14). Additionally, the most circular basins (low
relative tectonic activity) are recorded in the NW corner of the study region, namely basins
1, 2, and 4 (Figure 13). More than half of the basins are assigned as moderate tectonic
activity basins (22 basins) and nine basins have high tectonic activity, while the lowest
tectonic activity basins are accounted for the remaining ten basins (Table 2; Figure 14).
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of a given basin.
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Table 2. Values of Bs index in the investigated basins (Bl: basin length assigned from the headwaters

to the mouth; Bw: basin width measured along its widest zone).

Basins Bl (m) Bw (m) Bs Class Basins Bl (m) Bw (m) Bs Class
1 50,700 57,200 0.88 3 22 81,010 23,340 2.50 2
2 23,300 39,000 0.59 3 23 44,230 78,600 5.62 1
3 33,800 26,100 1.29 2 24 66,700 20,550 0.32 3
4 20,700 33,000 0.61 3 25 58,080 24,580 2.36 2
5 31,600 8890 3.55 1 26 18,000 51,600 3.48 1
6 25,600 10,200 25 2 27 23,020 11,000 2.09 2
7 12,400 48,600 2.55 2 28 31,880 14,900 213 2
8 11,000 14,700 0.74 3 29 25,610 26,250 0.97 3
9 11,300 86,500 1.30 2 30 38,990 24,490 1.59 2
10 39,700 14,300 2.77 2 31 34,030 17,720 1.92 2
11 15,510 58,400 2.65 2 32 35,500 38,450 0.92 3
12 38,660 14,080 2.74 2 33 43,070 23,380 1.84 2
13 34,000 12,530 2.71 2 34 41,590 16,670 2.49 2
14 22,050 55,700 3.95 1 35 53,710 17,500 3.06 1
15 27,500 10,660 2.57 2 36 16,460 22,980 0.71 3
16 16,060 17,930 0.89 3 37 30,610 14,860 2.05 2
17 36,100 16,220 2.22 2 38 19,220 26,240 0.73 3
18 76,990 23,630 3.25 1 39 38,930 25,020 1.55 2
19 49,060 78,800 6.22 1 40 63,310 48,320 1.31 2
20 43,200 86,800 497 1 41 86,740 18,520 4.61 1
21 29,920 11,700 2.55 2
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Figure 14. Bs tectonic activity classes of the analyzed basins.

4.1.5. Valley Floor Width-to-Height Index (Vf)

The results of the mean Vf values range from 0.3 to 3.50 all over the studied region
(Table 3; Figure 15). The lower value of this index was calculated for basin 8 at the middle
part of the study region along the main FSZ trace, whereas the highest was extracted
from streams of basin 27 in the southern tip of the study region (Table 3; Figure 15). This
particular index recognizes valleys with open floors relative to the height of their walls,
providing a “U” shape and a “V” shape that defines the narrow, steep valleys [9,39].
Therefore, U-shaped valleys generally give high values of the Vf index, whereas valleys
with a V shape have low Vf values. In order to discuss this index effectively, the relationship
between uplift and incision is important to mention. Streams with low Vf values indicate
active tectonic signals with high rates of incision and uplift. Accordingly, high values of
this index usually provide signals of low active tectonics and no rate of incision. The values
of Vf are calculated for the main valleys of the study region. In the general results, the Vf
values were observed to be relatively low for most of the basins of the study region, with a
small exception of the more stable areas in the southern part of the study region (Table 3;
Figure 15). Values of the Vf index are shown in Table 3, and locations where processing of
the Vf index were run are illustrated in Figure 15.
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Table 3. Values and relative tectonic classes of Vf calculated in the FSZ.

Basins vf Class Basins vf Class Basins vf Class
1 2.69 3 15 0.86 1 29 1.93 2
2 243 2 16 1.95 2 30 0.99 1
3 2.15 2 17 1.90 2 31 1.23 2
4 2.10 2 18 0.55 1 32 1.65 2
5 0.61 1 19 0.57 1 33 0.95 1
6 2.18 2 20 0.66 1 34 1.88 1
7 0.32 1 21 0.66 1 35 0.95 1
8 0.30 1 22 0.93 1 36 245 2
9 0.49 1 23 0.68 1 37 3.00 2
10 2.50 2 24 0.63 1 38 2.20 2
11 0.89 1 25 0.68 1 39 1.00 1
12 1.75 2 26 3.15 3 40 1.60 2
13 0.85 1 27 3.50 3 41 2.50 2
14 2.82 3 28 2.19 2

39°00'

-22° 00

—21°00'

Figure 15. Location of sections for the Vf index calculation in the FSZ, red arrows indicate the

calculated sections.

Vf values vary based on river discharge, basin size, and lithology encountered [9].
For this reason, Vf values should be compared for the same geological conditions [2,3].
In order to follow the general structure of this paper, Vf values were classified into three
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levels in respect to relative tectonic activity: class 1 (Vf < 1); class 2 (1 < Vf < 2.5); and
class 3 (Vf > 2.5), as high, moderate, and low tectonic activity, respectively (Figure 16).
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Figure 16. Relative tectonic classes map of the Vf index in the FSZ.

4.1.6. Mountain Front Sinuosity Index (Smif)

In this work, the results of the mountain front sinuosity index range from 1.0 to 2.4
along the 65 segments of mountain fronts (Table 4). The lowest value, highest value, and
values between them reveal that all segments provide signatures of tectonic activity, and
no inactive faults were recorded in the study region. The lowest values were recorded for
segment 8 in the middle part and 41 and 50 in the eastern part of the study region, whereas
the highest value was observed for segment 26 in the middle part of the study region
(Figure 17). Active uplift producing straight mountain fronts generally has low values
of Smf; when the uplift rate ceases, as long as erosional actions produce more sinuous
signatures along the mountain fronts, it provides lower values of Smf [1,36,38]. Results of
Smf are calculated using topographic maps, digital elevation models, or aerial photography.
High resolution data with a large scale such as topographic maps are more appropriate
for Smf assessment than other small-scale data [9,40]. Results from the Smf index reach 1.0
along the active fronts, whereas its values increase if the process of erosion starts to control
the conditions producing irregular traces over time. In this study, Smf values less than
1.5 indicate active tectonic fronts, while fronts providing values greater than 2.5 belong
to inactive fronts [3,38,39]. This effective index has also been applied in many regions,
such as in southern Spain by authors in Ref. [9], using topographic maps, from which they
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extracted values between 1.04 to 1.61. Another study was in central Anatolia, in which the
author in Ref. [39], using a digital elevation model, presented values between 1.5 and 2.3.
He considered values greater than 2.5 as a scale of inactive tectonic fronts and values less
than 1.5 as indicative of active fronts.

Table 4. Morphometric indices of the investigated segments.

Segments Smf \%3 Segments Smf Vf Segments Smf vf
1 2.3 2.49 23 23 1.25 45 2.0 2.10
2 2.1 240 24 1.85 1.05 46 21 2.33
3 2.0 2.10 25 2.1 1.25 47 1.75 1.95
4 1.4 0.70 26 24 245 48 2.35 1.45
5 1.25 0.95 27 1.7 1.20 49 1.45 0.90
6 1.35 1.00 28 1.65 248 50 1.1 0.90
7 1.2 0.72 29 2.0 2.35 51 1.6 1.12
8 1.1 0.75 30 2.0 2.23 52 1.64 1.40
9 1.55 1.0 31 1.7 2.40 53 1.8 1.70
10 1.25 0.90 32 1.68 241 54 1.88 2.10
11 1.8 2.00 33 1.5 2.10 55 2.10 1.84
12 1.6 1.75 34 1.55 2.45 56 1.8 1.50
13 2.1 1.80 35 2.1 2.30 57 2.1 2.15
14 1.9 1.65 36 1.95 1.25 58 1.98 2.35
15 222 1.90 37 2.15 2.45 59 1.95 1.85
16 2.1 1.20 38 1.7 1.10 60 1.48 0.98
17 1.3 0.95 39 1.48 0.80 61 1.35 0.95
18 1.38 0.90 40 1.3 0.70 62 1.70 1.40
19 2.2 1.25 41 1.2 0.83 63 2.0 1.45
20 2.0 1.45 42 1.1 0.95 64 2.3 1.95
21 1.95 2.00 43 1.83 1.50 65 1.62 1.30
22 1.75 240 44 1.60 1.75

39°00'

Fault/ shear zone

Locations of Vfindex along
the structural elements
Segments of Smfindex

—y— Thrust faults bounding Fatima suture

40° 30'

Figure 17. Figure shows the investigated 65 segments and related calculated Vf index.
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In this study, almost all the mountain segments had relatively low Smf values (Table 4).
The considered segments are illustrated in Figure 17 and could be sorted into two main
trends of front segments: the segments along the middle zone of the study region paralleling
the main trace of the FSZ (fronts such as 5, 6, 7, 8, 9, etc.) illustrate straight lines and bound
the FZS, and the segments of NW-SE trend are represented by fronts (45, 47, 48, 56, and 59)
giving relatively high Smf index values.

4.2. Relative Seismic Activity Assessment

In this study, we processed and analyzed the most effective morphotectonic indices
and checked their validity in examining the relative seismic signals in regions affected by
active tectonic elements previously discussed. In order to complete the tectonic assessment
of the studied region, the mechanism of the morphometric indices will be discussed in
this section. Several papers have applied a combination of two indices (Smf and Vf) to
present such a preliminary quantitative model of relative levels of seismic activity of the
examined mountain fronts. Many studies applied these two particular indices to present a
chart to assign seismic activity classes [40,58]. In some recent papers, the morphometric
analysis provided the designation of a chart of the Smf and Vf values, like a frequency
distribution chart that illustrates the distribution of these two values along mountain fronts
and major rivers crossing them [19,25,39,56]. The Smf values are plotted against the Vf
values on a same chart providing three classes of relative tectonic activity. These previous
papers recognize “relatively high active fronts” as those giving values of Smf less than 1.6
and Vf less than 0.5, triggered by rates of uplift ranging from 1 to 5 m/Ka. Authors in
these papers also define “moderate active fronts” as values of Smf between 1.6 and 2.5.
Authors in Ref. [38] discuss that lower rates of uplift of 0.4:0.5 m/ka were sufficient enough
to keep values of the Smf index down to 1.4 and values of the Vf down to 1, and authors
stated that was necessary to produce active fronts. Obviously, from the previous discussion,
these researchers tried to focus on the relative seismic activity assessment along different
mountain fronts, and they did not give attention to assessing areal regions with respect to
the regional seismic activity.

In this paper, we dealt with the data on morphometric indices that have been analyzed
in several other papers to assess the studied landscape with respect to relative seismic
activity. In general, the particular indices along the mountain fronts were applied only
to studies of faults, not an area [19,39]. We present here the combination diagram of Smf
and Vf to provide a model of relative activity class along all faults, shears, or thrusts in the
studied regions. The mountain fronts of the study zone were defined into 65 front segments
(Figure 17). According to the Smf and Vf chart, the results come from all front segments of
the FSZ that fall within the zone of classes 1 and 2 (Figure 18). Based on the results of this
study, only 16 segments were assigned to be plotted within the high tectonic activity class,
whereas the rest of the segments belong to the moderate class of the tectonic activity class
(Figure 18).

In this paper, the authors followed a technique to produce a new index in order
to assess the relative seismic activity (RSA) over the entire FSZ and neighboring regions.
Arbitrarily, authors classified the different indices into three distinct classes: high, moderate,
and low classes (Table 5). The boundaries of the applied classes vary based on which single
index is being assessed; for this paper’s target, we selected the limits that normally match
with variance in the range of values in the applied indices (Table 5). Therefore, in order to
complete the relative seismic activity model, authors arbitrary recognize a RSA average
index. RSA is extracted and obtained by the average of the classes of the morphometric
indices (CA) and sorted into four distinct classes, where class 4 indicates low seismic
activity with values of CA > 2.5; class 3 reflects moderate seismic activity (2 < CA < 2.5);
class 2 is high seismic activity (1.5 < CA < 2); and class 1 indicates very high seismic activity
(CAL15).
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Figure 18. Figure showing plot of Smf and Vf for the mountain fronts of each single segment and
activity class. Inferred rates of uplift U (mm/yr) from author in Ref. [38].

The averages of the applied indices of the seismic activity CA and RST values are
presented in Table 5 for 41 basins in the study region. For the applied morphometric
indices, authors have assigned three classes or levels of seismic activity, but we modified
this scale by adding one more class for RTA. We added this extra class because we recog-
nized a few tectonic geomorphology indices with unusually low values indicating greater
seismic activity.

Analysis of the RSA index reveals that the low seismic activity level (high RSA class)
was observed in a small area in the southern part of the study region. A very high seismic
activity level was recorded for 12 basins, and high seismic activity was observed for
18 basins, while moderate seismic activity was recorded for the rest of the basins (10 basins)
(Table 5). Therefore, analysis of the basins’ numbers implies that 29.29% is the percent
of the very high seismic basins, 43.90% is the percent of the high seismic activity level,
basins of moderate seismic activity were recorded at 24.39% of the total area of the studied
region, and finally, the lower seismic level was covered by only 2.43% of the study region
total area (Figure 19). The distribution of the applied indices recognizes different zones
associated with diverse mountain fronts and different relative rates of seismic activity
(Figure 19). The high seismic activity zones cover mainly the western and southern part of
the study region, while the moderate seismic activity parts are plotted in the NW and SE
locations of the study region. Within the entire study region, about 36.07% (5378.29 km?) is
class 1 (very high seismic activity) as estimated by RSA; 36.62% (5469.63 km?) reflects high
seismic activity based on the RSA index (class 2); 24.66% (3677.9 km?) presents signatures
of class 3 (moderate seismic activity); and just 2.56% (383.06 km?) compose the lowest
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seismic activity class (class 4) with the lowest value of the RSA index. Therefore, two thirds
of the total study area is assigned into classes 1 and 2 of very high to high seismic activity
with respect to the average results from the morphometric analysis. Regarding different
seismic conditions with higher rates of tectonic activity, the morphometric indices” values
could vary, as could their value range [2]. Accordingly, the RSA index could also provide
different values, as could the boundaries between the evaluated classes of relative seismic
activity [9].

Table 5. Values of Bs index in the investigated basins (Bl: basin length assigned from the headwaters
to the mouth; Bw: basin width measured along its widest zone).

: SL Af Hi Vf Bs Smf RSA
Basins Class Class Class Class Class Class CA Class
1 3 1 3 3 3 2 25 3
2 3 2 3 2 3 2 2.5 3
3 2 - 3 2 2 2 1.8 2
4 2 3 3 2 3 1 2.3 3
5 3 1 2 1 1 2 1.6 2
6 3 3 1 2 2 3 2.3 2
7 2 3 3 1 2 2 2.1 3
8 1 1 3 1 3 1 1.6 2
9 1 1 2 1 2 1 1.3 1
10 1 2 2 2 2 1 1.6 2
11 2 1 1 1 2 1 2.1 3
12 1 3 2 2 2 3 1.5 1
13 2 1 2 1 2 1 1.6 2
14 1 3 2 3 1 - 1.3 1
15 2 1 1 1 2 1 1.5 1
16 3 - 1 2 3 - 2 2
17 2 2 2 2 2 2 2 2
18 2 2 2 1 1 - 1.3 1
19 2 3 3 1 1 - 1.6 2
20 2 2 2 1 1 - 1.3 1
21 2 1 1 1 2 - 1.6 2
22 1 - 3 1 2 2 1.5 1
23 3 1 1 1 1 1.6 2
24 2 1 1 1 3 - 1.3 1
25 1 2 2 1 2 3 1.8 2
26 3 3 2 3 1 - 2 2
27 3 3 3 3 2 - 2.3 3
28 2 2 2 2 2 2 2 2
29 2 3 3 2 3 3 2.6 4
30 21 3 3 1 2 3 2.3 3
31 2 3 2 2 2 3 2.3 3
32 2 2 1 2 3 2 2 2
33 1 1 1 1 2 1 1.6 2
34 1 2 2 1 2 1 1.5 1
35 1 1 2 1 1 1 1.1 1
36 1 - 2 2 3 2 1.6 2
37 2 3 2 2 2 2 2.1 3
38 1 3 2 2 3 2 2.1 3
39 1 - 1 1 2 2 1.1 1
40 1 - 2 2 2 3 1.6 2
41 2 2 2 2 1 - 1.5 1
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Figure 19. Figure showing the distribution of the RSA index of relative seismic activity in the FSZ

and neighboring areas.

5. Conclusions

In the current paper, we present an effective method for investigating the tectonic

morphology features of a highly deformed zone and its influence on the recent landscape
evolution. The case study is the Fatima suture zone in western Arabia provides a very good
natural laboratory for the study of the intercontinental suture zone. The conclusions of this
study could be listed as:

1.

Through the study of this deformed zone, the paper demonstrates the usefulness of
significant geological neo-tectonic studies with morphotectonic analysis. It is also
proven that the morphometric indices applied generally in vertical motion faults (Af,
Vf, and Smf) can be successfully applied to suture structures.

The quantitative morphometric indices provide a very important series of geomor-
phic characteristics that define the study zone into different active tectonic levels
that are distributed over the entire study suture zone. Additionally, these powerful
indices provide the keys to processing and analyzing using remote sensing data and
geospatial analysis over a vast region as an effective tool to recognize different tectonic
geomorphology anomalies possible due to the behavior of seismic activity. This is
particularly useful in the coastal eastern Red Sea around Mecca and Jeddah for which
few studies on tectonic geomorphology based on morphometric analysis are available.
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The combination of results from Smf and Vf was performed to preliminary examine
the mountain fronts of the Fatima suture zone.

3. Every single morphometric index was classified arbitrarily into a number of activity
classes; therefore, we applied an averaged index (RSA) that integrates all indices and
classifies the studied landscape into four distinct levels of relative seismic activity.
The lowest level of relative seismic activity, RSA (class 4), was observed only for one
basin in the southern part of the study region, while the remaining 40 basins were
distributed over the FSZ region has and have moderate, high, and very high seismic
activity levels. The very high seismic activity class was recorded mainly along the
thrust faults bounding the Fatima suture in the middle part of the study region. It
also covers a vast area in the southern part of the study region. The high seismic
activity class was observed in the eastern, western, and southern parts of the study
region. The paper suggests that the southern part of the study region could provide
seismic signatures rather than the northern zones. Thus, further detailed studies on
quaternary chronology are required along the Fatima suture zone.

4.  Finally, this paper demonstrates that morphological analysis is a very effective method
for evaluating deformed structures; despite the fact that they do not produce sig-
nificant topography, it provides a control on the evolution of the landscape at vari-
ous scales.
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