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ARTICLE INFO ABSTRACT

Article history: This research investigates the geodiversity of the AL-Zubaidat region in Southeastern Iraq, with
Received 16 July 2024 a focus on its geomorphological and hydrological characteristics. This information helps re-
Received in revised form 3 November 2025 searchers identify suitable locations for natural reserves, thereby enhancing the protection of

Accepted 13 November 2025 Iraqi biodiversity. The region attracts eco-tourism visitors, benefiting the economy and provid-

ing various scientific, cultural, educational, and aesthetic benefits. This research employed the
geoinformatics methodology for geospatial analysis, constructing a comprehensive
geodatabase, categorizing spatial features through topographic, geological, and hydrological
maps, and correlating data with satellite imagery and elevation models. Geodiversity was clas-
sified according to physical parameters and international criteria, with the final classification
geosite attributes formulated utilizing maps, field photographs, and geodatabases. The research em-
geoheritage ployed specific parameters to analyze the geomorphometric and slope diversity of the
AL-Zubaidat area Al-Zubaidat area watersheds. The study area in Al-Zubaidat comprises dome-shaped hills, ter-
tiary geological formations, valleys, and badlands. The area encompasses 782.308 km? and shall
consist of three principal watersheds (Al-Sharhani, Abu-Ghraibat, and Al-Shakak), as well as 12
sub-watersheds. The watershed perimeter is correlated with the circulating ratio, form factor,
and elongation ratio, with larger perimeters generally indicating larger basin areas. The region
encompasses low-slope terrain, with elevated slope values in the northern sections, especially
in the headwaters. Geoheritage, geodiversity, geoconservation, and geoparks can facilitate sus-
tainable development, promote healthy lifestyles, and foster cultural diversity. These initiatives
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are crucial for policymakers and regional stakeholders in semi-arid and developing regions,

particularly in Southeast Asia, to enhance income and protect vulnerable natural resources.
© 2025 Beijing Normal University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The notion of geodiversity first emerged in scientific literature during the 1990s. lan Cray defines geodiversity as encompassing
the natural spectrum of geological diversity (rocks, minerals, fossils), geomorphological diversity (landforms and physical pro-
cesses), and soil properties (dispersal patterns and types) (Diniz, de Aratjo, & das Chagas, 2022; Mucivuna, Garcia, Reynard, &
Rosa, 2022; Najwer, Jankowski, Niesterowicz, & Zwolinski, 2022), including various types of water bodies and the physical pro-
cesses that created them (Gordon, Crofts, Diaz-Martinez, & Woo, 2018; Kubalikova, 2020). Geodiversity denotes the variety of abi-
otic components within a specific area (Pardo-Iglizquiza & Dowd, 2021; L. S. Pereira & da Silva Farias, 2020). These elements
constitute the landscape structure and, along with the biotic components, comprise the natural diversity of our planet
(Henriques & Brilha, 2017).

Geodiversity stabilizes and sustains ecosystems (Quesada-Roman & Pérez-Umafia, 2020). The geographical location of the eco-
system—whether it is situated in equatorial, tropical, or polar regions—influences the environmental quality of the landscape
(Alexandrowicz & Margielewski, 2010; Gatas et al.,, 2018; Gordon, Crofts, Gray, & Tormey, 2021). Since its inception, the notion
of geodiversity has been linked to the terms “geography,” “geoheritage,” “geoconservation,” “geopark,” “geotourism,” and “eco-
tourism” (Carrién-Mero, Montalvan-Burbano, Herrera-Narvaez, & Morante-Carballo, 2021; Gray, Gordon, & Brown, 2013; D. L.
Pereira, Pereira, Brilha, & Santos, 2013). This concept has captivated earth scientists, geographers, and ecologists due to its scien-
tific, educational, aesthetic, and cultural significance (Gordon, 2019).

Geodiversity enhances society and the natural environment by contributing to economic development, recreational pursuits,
geotourism, and geoheritage (Carrion-Mero et al., 2021). It is crucial for biodiversity conservation as it offers a natural habitat
for all organisms (Zarnetske et al., 2019). In contrast to biodiversity, the erroneous belief that geodiversity is inherently strong
and resilient contributed to its lack of protection from collapse and degradation (Hjort, Heikkinen, & Luoto, 2012). Numerous
studies have demonstrated that geodiversity is a non-renewable resource; its extent is finite and susceptible to both natural
and anthropogenic threats. Recent evidence suggests that international agreements have addressed the issue of geodiversity in
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Fig. 1. The study area is located in Southeastern Iraq.
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a cursory manner (Mucivuna et al., 2022). Public policies have not prioritized safeguarding geodiversity, as demonstrated by na-
tional conservation agencies' absence of legal protective measures (Crofts, 2019).

The terrain of Iraq is characterized by its geodiversity, encompassing a wide range of geological formations, diverse geomor-
phological characteristics, varied soil compositions, and abundant water resources. This encourages researchers in earth science,
geography, and environmental science to investigate geodiversity. Such studies can help identify optimal locations for natural re-
serves, thereby positively impacting the conservation of Iraqi biodiversity. The present study elucidates the AL-Zubaidat region in
Southeastern Iraq, specifically within the Misan Governorate. The significance of the survey lies in its revelation of the geodiversity
of the AL-Zubaidat area, encompassing geological, geomorphological, and pedological aspects. This facilitates a profound compre-
hension of the region's ecology, which may be designated as a reserve. They annually offer eco-tourism activities to tourists from
both domestic and international locations, positively impacting the nation's economy. Furthermore, establishing the AL-Zubaidat
area as a national reserve confers numerous scientific, cultural, educational, and aesthetic benefits.

The research problem can be defined as follows: Do physical geographical factors affect the formation and development of ge-
odiversity in the Al-Zubaydat region? This study seeks to (a) examine the geodiversity, geoconservation, geomorphological, and
hydrological diversity in the Al-Zubaydat region in Southeastern Iraq, and (b) delineate along with map the geodiversity of the
Al-Zubaydat area, which includes river systems, hills, fault scarps, valleys, badlands, alluvial plains, alluvial fans, floodplains,
meanders, and dunes on a regional scale.

2. Materials and methods
2.1. Study area

The Al-Zubaidat area is in the eastern section of Misan Governorate, Southeastern Iraq, within the East Tigris region (Maaroof,
2025). It is bordered north and northeast by Iranian territory; east, south, and southeast by Al-Sanaf Marsh, and west by the
Al-Teeb River (Maaroof et al., 2023. The study area is situated between longitudes 47°09'2.489"E and 47°28'54.156"E and latitudes
32°5/50.932”N and 32°29'48.133"N, encompassing an area of 782.308 km?. The study area is located in the eastern section of the
Iraqi alluvial plain, distinguished by its floodplains and expansive marshes. Al-Sanaf Marsh, a prominent wetland situated south of
the study area, receives water from the river drainage basins within the region, specifically Al-Sharhani, Abu Ghraibat, and
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Fig. 2. River drainage basins of the Al-Zubaidat area.
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Fig. 3. Contour lines for the Al-Zubaidat area watersheds.
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Fig. 4. Contour lines for the Al-Zubaidat area sub-watersheds.
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Fig. 5. 3D Terrain view of the Al-Zubaidat area.

Al-Shakak (Figs. 1 and 2). The maximum elevation in the study area is 240 m.a.s.l., while the minimum is 20 m.a.s.l, with a
gradient descending from north to south (Figs. 3-6).

The study area comprises geological formations from various periods. The Bai Hassan Formation comprises rock deposits and
conglomerates resulting from erosion. This formation is prominently displayed with significant thickness in the northern section
of the study area (Fig. 7a). The stratigraphic column of this formation reveals that the lower section comprises layers of limestone,
while the upper section consists of predominantly flat clay layers, attaining a thickness of 580 m (Al-Jiburi, 2005). Sheet run-off
deposits are distributed throughout the central regions of the study area. The upper strata of these deposits originate from the
Holocene epoch, indicating that their formation commenced in the early Pleistocene epoch. The formation of these deposits is as-
sociated with the deposition of alluvial fans located in the northern and northeastern sectors of the eastern Al-Jazira region, sit-
uated north of the study area (Al-Salih & Al-Kubaisi, 2016).

Aeolian deposits are distributed in areas adjacent to the Bai Hassan Formation, extending in a longitudinal strip of up to
31.431 km and covering an area of 124.559 km? (Table 1). These deposits comprise fine sand and silt, attaining an average ele-
vation of 5 m. These deposits were created by wind activity that transported fine sediments from the adjacent floodplain areas
(Fig. 7a). Depression-fill deposits accumulate in widely spaced, shallow depressions, which are frequently filled with rainwater.
The Al-Sanaf Marsh is the primary depression that is contiguous with and intersects this formation. The deposits comprise silty
clay and silty sand, with an average thickness of 1 m and an area of 85.514 km?.

The study area is classified as arid and semi-arid according to the Koppen climate classification (Al-Hasani et al., 2024a,
2024b). It is characterized by two primary seasons: the hot season, which lasts from April to October, and the cold season, roughly
from November to March (Al-Hasani et al., 2025). The summer season is defined by elevated temperatures and aridity, particu-
larly during June, July, and August, with average temperatures of 41.5 °C, 48.3 °C, and 47.7 °C, respectively (Fig. 8). Winter is char-
acterized by moderate temperatures that tend to decline (Al-Hasani et al., 2024a, 2024b). Winter month temperature averages
decline, with December, January, and February recording 13.9 °C, 12.2 °C, and 14.8 °C, respectively.

The precipitation in the study area is characterized by its seasonal occurrence, with extended periods of rainfall (Maaroof &
Kareem, 2020). Rainfall in the study area occurs from October to May, with an annual average of 12 mm. Precipitation during
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Fig. 6. Sub-watersheds 3D models of the Al-Zubaidat area.

this period is inconsistent (Maaroof et al,, 2023), with the highest total of 31.1 mm in January and the lowest total of 8.8 mm in
October. Subsequently, monthly rates commence a decline, beginning in February at 32.4 mm. Monthly precipitation rates com-
mence a decrease in April, attaining 18.3 mm, after which rainfall ceases. The precipitation in the study area exhibits annual and
monthly variability (Agha & Sarlak, 2016). The yearly mean wind speed in the study area is 3.6 m/s, with summer wind speeds
(June, July, and August) reaching 5.4 m/s, 5.4 m/s, and 4.7 m/s, respectively. The mean wind velocity diminishes during winter
(November, December, and January), attaining values of 2.8, 2.7, and 2.5 m/s, respectively.

2.2. Data processing

This research employed a geospatial analysis methodology grounded in geoinformatics. A series of procedures was imple-
mented to construct the research. A comprehensive geodatabase concerning the study area was assembled and integrated
into the geographic information system, encompassing geological, geomorphological, and hydrological data (Maaroof,
2024). Classification of the spatial features in procedure 1, was conducted by utilizing a diverse array of topographic, geolog-
ical, geomorphological, and hydrological maps published by the Iraqi General Authority for Survey and the Iraqi Geological
Survey at multiple scales (1:1,000,000, 1:250,000, 1:100,000, 1:25,000). Geospatial alignment of data from procedures 1
and 2 utilized the Landsat ETM+ satellite imagery for the United States in 2021, alongside the digital elevation model data
of the SRTM type (Maaroof, Al-Abdan, & Kareem, 2021). Geodiversity was categorized based on the physical factors and pro-
cesses that generated it, according to international standards. A conclusive classification of geodiversity features in maps, field
photographs, and geodatabases was developed and illustrated by tables to elucidate the geodiversity within the study area
(Fig. 9). The layers were digitally processed using ArcGIS V.10.8, ArcGIS Pro V.3.1, ArcGIS Earth V.2.1, QGIS V.3.12.1, Global
Mapper V.11, Surfer V.21, and SAS Planet V.19.1 software.

The study area comprises numerous landforms arranged according to geomorphological factors and processes. Their identifi-
cation and dimensional measurements were conducted through the analysis of satellite imagery and digital elevation models,
along with an examination of topographic and geomorphological maps provided by the Iraqi Geological Survey. The
geomorphometric diversity of the Al-Zubaidat area watersheds was analyzed utilizing a series of parameters. The parameters of-
fered precise insights into the geomorphometric attributes of the study area's primary and secondary river drainage basins

621


move_f0045

B.F. Maaroof, H.H. Kareem, B. Al-Hasani et al.

International Journal of Geoheritage and Parks 13 (2025) 616-637

4T'120° 4T°200°E 47°280°E 47"120°E 47°200°E 47°280°E
N N
z BE ‘
z
£ oz £
o 3 o o
8 @ b o
Zz £
g 533 8
& Ll &
Geological Formati
@D Bai Hassan @ Hils
z | @D Sheet Run off Deposits g g @D Anticlinal and Synclinal R _§
@ Aeolian Deposits g & [ Badland &
S ; 4 P Bt " .
© | @ Depression Fill Deposits (23 AL-Zubaidat Area © D Alluvial plains (3 AL-Zubaidat Area
@D Crevasse Splay Deposits /77 i
SPayLeposts ;22545 9 135 18 o Pood plains 022545 9 135 18
Flood Plain Deposits km Sand Dunes km
47120°E 47°200°E 47°280°E 47120°E 47°200°E 47280°E

Fig. 7. a. Geological formation. b. Geomorphological regions of Al-Zubaidat area.

(Table 2). The slope diversity of the Al-Zubaidat area watersheds was examined using topographic data from the digital elevation
model, terrain classification into elevation categories, determination of slope orientations, and analysis of terrain cross-sections.

3. Results
3.1. Landforms diversity

3.1.1. Hills

The hills in the study area are dome-shaped with steep slopes, covering an area of 130.779 km? and constituting 16.716% of
the study area (Table 3; Figs. 7b, 10a). These hills have withstood erosion and weathering processes, forming after the removal of
softer rock formations. The hills comprise the majority of the badlands in the study area, manifesting as small chains that extend
along the floodplain region (Maaroof & Kareem, 2023). The study area features two hills: the first type is widely spaced, isolated,
and low in elevation, while the second type is closely situated, intersected, and distinguished by its height and steep gradient. The
geological formations of these hills originate from the Tertiary period (Bai Hassan Formation) and comprise limestone, gypsum,

and gravel of varying sizes.

Table 1

Era, area, and percentage of geological formations at the Al-Zubaidat area.
Geological formation Era Area (km?) Percentage
Bai Hassan Pliocene 393.478 50.295%
Sheet run-off deposits Holocene 164.756 21.059%
Aeolian deposits Pleistocene 124.559 15.921%
Depression fill deposits Pleistocene 85.514 10.930%
Crevasse sply deposits Pleistocene 6.383 0.817%
Flood plain deposits Pleistocene 7.618 0.975%
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3.1.2. Fault scarps

Cracks in the earth's crust have formed on the rock surfaces within the study area, covering an expanse of 84.410 km?, which
constitutes 10.789% (Table 3) and (Figs. 7b, 10b). Fault scarps are present in all rock types, but are most prominent in the strat-
ified sedimentary rocks that define the study area (Sissakian & Fouad, 2015). Fault scarps are abundantly distributed in the east-
ern sections of the Al-Zubaidat area, resulting from faulting processes throughout the region's geological history (Fouad, 2010).
These scarps are distinguished by their linearity and longitudinal extension, oriented in a southeast-northwest direction, and
formed after faulting processes that were influenced by erosion and sedimentation.

3.1.3. Valleys

Valleys represent one of the most prevalent geomorphological features in the study area. Fluvial processes sculpted many val-
leys due to river drainage conditions during the Quaternary period (Maaroof, 2022a, b). Certain valleys have desiccated due to
climate change and fall within the semi-desert classification (Figs. 2, 10c, 11).

3.1.4. Badland

This landform is a result of significant erosion caused by precipitation and flowing water in arid and semi-arid regions. In re-
gions with plentiful rainfall, torrents erode fragile rocks, transforming the landscape into gorges and crevices punctuated by

START

A4
‘ Landsat Image ETM+8 (15 m) F ; Input Data } D(Iggﬂ)lf::;?rt;:)r.‘(%of:?l
: N - )
A 4 N — B .
Topographical maps on a scale | ) . |, Location
| of 1:100,000 * Geoprocessing * ;
oy ) v ) Contour
Geological Maps on a scale of # k i -
‘ 1:250,000 ‘ Layers Overly v
‘ Slope
. 4 / Y >
Hydrological Maps on a scale of =~ ; ) - Y -
1:250,000 |  GeoDatabase Hydrology
| — —
A2 v ; v v
Land Cover Layer (Raster) (15 m) ' Geodiversity Modelling Sub-Watersheds }< - Watersheds
V‘ ' v
Landforms Diversity Geomorphometric Diversity Slopes Diversity

Fig. 9. Information flowchart of methodology.
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Table 2

Parameters used to measure the geomorphometric diversity of the watersheds and sub-watersheds in the Al-Zubaidat area.
Parameters Units Formula Description Reference
Circulatory ratio (R;) % . = 4mA/P? A: basin area (km?); P: perimeter (km) (S]t ;35}171;”’

. . o . R (Schumm,
Elongation ratio (R,) % R. = Y/ (A/m)/L, A: basin area (km?); Ly: basin length (km) 1963)
Form factor (F) % Fr =A/(Ly)? A: basin area (km?); Ly: basin length (km) (Horton, 1945)
Relief ratio (Ry) m/km Ry, = H/Ly, H: the difference between the highest and lowest levels; L,: basin length (km) (Silt_];slgl)m’
Ru(ige)dness number km Rn = H*D/1,000 H: the difference between the highest and lowest levels; D: drainage density (S]t 335}171)“’

n
Texture ratio (T) streams/ T = Nu/P Nu: the number of tributaries in the dranpage basnp; P: The length of the perimeter (Strahler,
km of the drainage basin 1954)
Stream orders (U) Orders Hlerl_zrr;t: ical - (Horton, 1945)
Stream length (Lu) km Li:rget:;r?f Main channel length of the stream (km) (Horton, 1945)

jagged outcrops and cliffs (Maaroof et al,, 2025). The badlands are located in the northern region of the study area within the Bai
Hassan Formation, characterized by a sequence of sandstone, clay, and siltstone strata interspersed with conglomerates, covering
an area of 178.277 km? and constituting 22.788% of the total study area (Table 3, Figs. 7b, 10d).

3.1.5. Alluvial plain

This plain comprises flat terrain covered by sediments of diverse coarseness, spanning an area of 164.755 km?, constituting
21.060% (Table 3) and (Figs. 7b, 10e). It is comparatively low, somewhat near the baseline level. Its gentle incline distinguishes
this plain and encompasses various geomorphological features, including meanders, alluvial fans, wetlands, and lakes.

3.1.6. Alluvial fans

This landform is created at the transition zones between the steep slopes to the north and northeast of the study area
(Fig. 10f) and the neighboring low-lying regions, characterized by their gentle gradients, such as plains and valley bottoms. Allu-
vial fans form when rivers cascade over steep terrains, transporting substantial quantities of sediment (Al-Jiburi & Al-Basrawi,
2011). As the flow velocity of these rivers abruptly diminishes upon reaching the adjacent low-lying regions, they deposit most
of their sediments, forming alluvial fans that extend throughout the northern study area (Sissakian, Jab'bar, & Jabbar, 2014).

3.1.7. Flood plain

The floodplain is situated in the western and southwestern regions of the study area, encompassing an area of 99.531 km?,
which accounts for 12.722% of the total study area (Table 3; Fig. 7b). It is among the most level surface characteristics in the
study area. This plain was created by the deposition of sediments carried by valleys from the elevated northern regions. This
plain inclines in a northeast-southwest orientation, aligning with the overall gradient of the study area (Yacoub, 2011b).

3.1.8. Meander

The meander in the research area is a consequence of lateral erosion induced by the river, influenced by prevailing geomor-
phological processes (Maaroof & Kareem, 2022). The presence of a bank characterized by a high ratio of sand and silt and a
low ratio of clay is the principal factor contributing to the formation of the meander in the examined region (Fig. 10g). This
bank vigorously reacts to lateral erosion processes, forming an external arch or concavity characterized by a steep, deep, narrow
bank.

3.1.9. Dunes
They encompass extensive regions of the study area, covering 124.556 km?, which constitutes 15.921% of the total area
(Table 3). The geomorphological map reveals two dune areas, with the first located southwest of the Badlands region (Figs. 7b,

Table 3

Area and percentage of geomorphological regions in the Al-Zubaidat area.
Geomorphological regions Area (km?) Percentage
Hills 130.779 16.716%
Fault scarps 84.410 10.789%
Badland 178.277 22.788%
Alluvial plain 164.755 21.060%
Flood plain 99.531 12.722%
Dunes 124.556 15.921%

624



B.F. Maaroof, H.H. Kareem, B. Al-Hasani et al. International Journal of Geoheritage and Parks 13 (2025) 616-637

47'9['0'E 47° 1I8‘0'E 47“2.3'0'E 47°39‘0"E -
l ! 1 i
o —| = N $
; |!RAN @ ) A £
0, @ ‘
IRAQ
(@) '
T (b) z
" e) ) _?
o 8
z
2
G International Borders >V1S ‘\.4 °
55 AL-Zubaidat Area 0 | 425 85
!

L
T T
47°9'0"E 47°16'0'E
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10h). The second dune area is a longitudinal strip west of the fault scarps region (Yacoub, 2010). The study area comprises three
types of dunes: longitudinal, barchan, and transverse. The formation of these dunes is likely attributed to variations in surface
roughness, resulting in the concentration of sand, particularly in the lower regions (Al-Janabi, Jawad Ali, Al-Taie, & Jack, 1988).

3.2. Geomorphometric diversity

3.2.1. Watershed area (A)

The Al-Zubaidat region encompasses a total area of 782.308 km?, comprising three principal watersheds (Al-Sharhani,
Abu-Ghraibat, and Al-Shakak) and twelve sub-watersheds (see Table 4, Figs. 2, 11). The Abu-Ghraibat watershed is the principal
one, encompassing an area of 553.423 km?, constituting 70.741% of the Al-Zubaidat region. The Al-Sharhani watershed includes a
total area of 129.411 km?, representing a rate of 16.541%, and is the second-largest watershed in the Al-Zubaidat region. The
Al-Shakak watershed is the more minor primary watershed in the study area, encompassing an area of 99.485 km?, which con-
stitutes 12.716% of the region's total area. The sub-watersheds exhibited varying sizes, with sub-watershed 6 (SW6)
encompassing an area of 399.893 km? and a rate of 51.112, making it the largest sub-watershed in the study area.
Sub-watershed 8 (SW8) comprises an area of 4.433 km?, constituting 0.566% of the total area, and is the smallest
sub-watershed within the study area (Table 5, 6, 7, and 8).

3.2.2. Watershed length (L)

It is a fundamental geomorphometric variable, as it has numerous correlations in assessing the characteristics of the water-
shed. Schumm (1956) ascertained this parameter by measuring a line from the downstream point to the apex of the drainage
basin. The data in Table 4 indicate that the drainage basins with the most significant area correspond to those with the longest
lengths. The Abu-Ghraibat watershed measures 42.355 km, making it the longest in the study area and the largest in the region.
The Al-Shakak watershed ranks second, measuring 18.660 km in length. The Al-Sharhani watershed ranks third, measuring
17.094 km in length, despite having a larger area than the Al-Shakak watershed. The Al-Sharhani watershed is distinguished by
its circular shape, which contrasts with the longitudinal form of the Al-Shakak watershed. This suggests that the rocks in the
source area are of a complex type resistant to water erosion, resulting in no correlation between length and area. The sub-
watershed lengths vary, with SW6 being the longest at 41.029 km and SW8 the shortest at 4.203 km (Tables 5, 6; Figs. 2, 11).

3.2.3. Watershed width (W)

The width of the primary watersheds in the study area exhibits variation. The width of the Abu-Ghraibat watershed attains
13.066 km, denoting the maximum value. The minimum width of the Al-Shakak watershed is 5.331 km. The Al-Sharhani

625


move_t0020
move_t0025
move_t0030
move_t0035
move_t0040

B.F. Maaroof, H.H. Kareem, B. Al-Hasani et al. International Journal of Geoheritage and Parks 13 (2025) 616-637

i N
= A0 #3)

[

SW1 sw2 hy, "
SW3 )
aT°90E 471430°E 4T°200°E 47°2530°E i
= J
g b Swa
) Lo
© o o~
8 &
] ™ ~ N7
Ll 2 |
j)
z Z Sws
3 3
o L&
Ik ~ I~
Y o
] @
L)
= 4
z E A\
o L= ¥ f
~Nod ;_ g /
g g :
e SW9
z (2 2
g | 8 5 > Sub-Watershed
¥4 5 Stream Orders
] B
£ 1
2
- z N/ 3
£ o
2lo1l7as 7 105 14 te /N4
fx OO KT S N6
4T°90E 47°1430°E 47°200°E 47°2530°E

Fig. 11. Sub-watershed drainage networks for the Al-Zubaidat area.

watershed's width averages 7.570 km. The width values of sub-watersheds in the study area exhibit variation, with sub-
watershed 6 (SW6) recording a maximum width of 9.746 km. In contrast, sub-watershed 8 (SW8) records a length of
1.054 km, the shortest among the sub-watersheds, while the others exhibit significant variability in their measurements due to
variations in rock quality and differing impacts of river erosion processes.

3.2.4. Watershed perimeter (P)

This parameter is related to various geomorphometric characteristics for assessing watershed dimensions. It relates to the co-
efficients of the Circulatory Ratio (R.), Form Factor (F), and Elongation Ratio (R.) of the watersheds. The increase in the perimeter
correlates directly with the expansion of the area (Abboud & Nofal, 2017). The perimeter measurements for the primary water-
sheds (Al-Sharhani, Abu-Ghraibat, and Al-Shakak) were 56.793, 142.454, and 53.949 km, respectively. The sub-watersheds exhib-
ited varying values, with sub-watershed 6 (SW6) attaining the highest measurement of 117.093 km, while sub-watershed 8

Table 4

Geomorphometric diversity of the main watersheds of the Al-Zubaidat area.
Parameters Values

Al-Sharhani watershed Abu-Ghraibat watershed Al-Shakak watershed

Basin area (A) (km? 129.411 553.423 99.485
Basin length (L) (km?) 17.094 42.355 18.660
Basin width (W) (km) 7.570 13.066 5.331
Basin perimeter (P) (km) 56.793 142.454 53.949
Circulatory ratio (R.) 2.278 3.884 1.844
Elongation ratio (R,) 0.751 0.626 0.603
Form factor (Fy) 0.442 0.308 0.285
Relief ratio (Rj) 11.700 5.666 9.110
Ruggedness number (R;,) 0.007 2.387 5572
Texture ratio (T) 7.078 5.306 4.226
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Table 5
Areas and their percentages of watersheds and sub-watersheds in the Al-Zubaidat area.

Values of watersheds

Al-Sharhani watershed Abu-Ghraibat watershed Al-Shakak watershed
16.541% 70.741% 12.716%

Values of sub-watersheds
SW1 SW2 SW3 Sw4 SW5 SW6 SW7 SW8 SW9 SW10 SW11 SW12
2.770% 2.063% 1.837% 8.118% 1.753% 51.112% 19.060% 0.566% 4.056% 5.053% 1.081% 2.525%

(SW8) recorded the lowest at 13.834 km. Elevated values of this parameter in specific watersheds signify heightened activity and
progression of geomorphological processes.

3.2.5. Watershed circularity ratio (R.)

The circularity ratio measures the proximity of the watershed's shape to a perfect circle. High circularity ratio values are indic-
ative of round watersheds, whereas low values suggest more elongated shapes (Prasannakumar, Shiny, Geetha, & Vijith, 2011).
The circularity ratio for the Abu-Ghraibat watershed attains 3.884%, the highest among the principal watersheds. The parameter's
value for the Al-Shakak watershed is 1.844%, representing the lowest recorded value to date. The circularity ratio ranges from
0.464 % in SW5 (the lowest) to 3.415% in SW6 (the highest).

3.2.6. Watershed elongation ratio (R,)

This parameter was introduced by Schumm in 1963. The watershed approaches a rectangular configuration. The values of this
parameter range from 0 to 1. The proximity of the values to zero correlates with the elongation of the watershed. Values exceed-
ing 1 indicate that the watershed is nearing a circular configuration (Arefin, Mohir, & Alam, 2020). The elongation ratio for the Al-
Sharhani watershed attains 0.751%, the highest recorded value, indicating proximity to a circular form. In contrast, the Al-Shakak
watershed records a value of 0.603%, the lowest among the watersheds, signifying a high elongation ratio. The coefficient value for
SW10 is 0.726%, the highest among sub-watersheds, whereas for SW2, it was 0.387%, the lowest.

3.2.7. Watershed form factor (Fy)

This parameter identifies whether the watershed's shape diverges from or converges towards a triangular form. Minimal
values of this parameter suggest that the watershed is nearing a triangular configuration and vice versa. The form factor for
the Al-Shakak watershed is 0.285%, the lowest among all watersheds, indicating a shape that approximates a triangle. The Al-
Sharhani watershed attains a value of 0.442%, the highest figure signifying its deviation from the triangular form. The sub-
watershed SW3 exhibits the lowest values at 0.115%, suggesting a near-triangular configuration.

3.2.8. Watershed relief ratio (Ry,)

This parameter identifies the topographic system of the area. The volume of transported sediments escalates with heightened
relief, forming various erosional and depositional landforms (Resmi, Babeesh, & Achyuthan, 2019). The relief ratio enables the as-
sessment of the watershed's hydrological conditions. The flood intensifies as the relief ratio rises, attributable to the water
current's arrival velocity. This exacerbates the effects of water erosion and the concomitant transport of substantial sediment
quantities (Fenta, Yasuda, Shimizu, Haregeweyn, & Woldearegay, 2017). The relief ratio for the Al-Sharhani watershed attains
11.700 m/km, the highest among all. The Abu-Ghraibat watershed recorded a value of 5.666 m/km, the lowest observed. The
sub-watersheds exhibited diverse values for this parameter, with SW2 recording the highest at 14.539 m/km and SW5 the
weakest at 1.973 m/km.

Table 6

Geomorphometric diversity of the sub-watersheds of the Al-Zubaidat area.
Parameters Values

SW1 SW2 Sw3 Sw4 SW5 SW6 Sw7 SW8 Sw9 SW10 SW11 SW12

Area (A) (km?) 21.679 16.146 14373 63,518 13.720 399.893  149.128 4.433 31.740 39.534 8.460 19.759
Basin length (L) (km?) 10.188  11.692 11.175 19416 10.136 41.029 30.707 4.203 13.577 9.767 5.923 12.581
Width (W) (km) 2127 1.380 1.286 3.271 1.353 9.746 4.856 1.054 2.337 4.047 1.428 1.570
Perimeter (P) (km) 26.287 26963  26.922 50 29.533  117.093 83.831 13.834 38112 28705 14.721  34.933
Circulatory ratio (R.) 0.824 0.598 0.533 1.270 0.464 3.415 1.778 0.320 0.832 1.377 0.574 0.565
Elongation ratio (R.) 0.515 0.387 0.382 0.463 0.412 0.550 0.448 0.565 0.468 0.726 0.554 0.398
Form factor (Fy) 0.208 0.118 0.115 0.168 0.133 0.237 0.158 0.250 0.172 0414 0.241 0.124
Relief ratio (Rjy) 9.815 14539  15.212 9.785 1.973 6.093 2.279 2.379 10311 14.333 3.376 5.563
Ruggedness number (R,) 8.718 14.073  15.833 8.586 1.476 3.005 1.195 1.284 6.431 8.178 2.433 3913
Texture ratio (T) 2.586 1.854 1.671 3.84 1.286 4.569 2.528 0.650 1.600 3.553 1.154 1.431
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Table 7

Stream orders for Al-Zubaidat area watersheds.
Watersheds Stream orders Percentage

1st 2nd 3rd 4th 5th 6th Total streams

Al-Sharhani watershed 204 108 44 31 15 - 402 29.004%
Abu-Ghraibat watershed 380 177 86 62 47 4 756 54.545%
Al-Shakak watershed 115 54 40 15 4 - 228 16.450%
Total streams 699 339 170 108 66 4 1,386 100%
Percentage 50.432% 24.458% 12.265% 7.792% 4.761% 0.288% - 100%

3.2.9. Watershed ruggedness number (R,,)

This parameter quantifies the correlation between topography and the density of watershed discharge. The ruggedness value
escalates with the augmentation of relief and the extension of the stream's length. Strahler (1957) observed that ruggedness
values ranged from 0.06 in low-relief watersheds to over 1 in high-relief watersheds (Strahler, 1957). The ruggedness value for
the Al-Shakak watershed is 5.572 km?, indicating a relatively high measurement within the study area. This elevated value indi-
cates a favorable trend in stream lengths, despite the watershed's relatively small area compared to its peers. The elevated value is
attributable to the limestone formations within the watershed, which exhibit diverse reactions to water erosion processes. The
sub-watershed measurements range from the value above, with SW2 attaining 14.073 km, a notably high figure, while SW8 re-
cords the lowest value at 1.284 km.

3.2.10. Texture ratio (T)

This parameter measures the distance between the streams or their closeness to each other. It indicates the quality of the to-
pography, the degree of erosional development of the watershed, and its efficiency. Smith (1950) classified watersheds by topo-
graphic texture value into four classes: 0-4 (coarse), 4-10 (medium), 10-15 (fine), and more than 15 (very fine) (Strahler, 1954).
The value of the topographic texture is 4.226 streams/km for the Al-Shakak watershed, which is a medium value according to
Smith's (1950) scale. It reaches 7.078 streams/km for the Al-Sharhani watershed, which is also a medium value.

3.2.11. Watershed stream orders (U)

The stream orders have been classified according to the method developed by Strahler (1954). According to this method, the
first streams of waterways that do not receive tributaries from above are classified as first-order tributaries; when two streams of
the first order meet, a stream of the second order is formed (Umrikar, 2017). When two streams of the second order meet, a
stream of the third order is formed, and so on for the rest of the other orders (Dinagara Pandi et al., 2017). The total number
of stream orders for the study area watersheds was six, and their numbers varied from one order to another. According to
Horton's (1945) law for waterways, they follow orders in a geometric sequence, whose maximum limit is the first order, and
then decrease as the order increases. The numbers of the first, second, and third orders were 699, 339, and 170, respectively, ac-
counting for 50.432%, 24.458%, and 12.265%, respectively. The rest of the orders came in smaller numbers and percentages
(Tables 7 and 8).

3.2.12. Watershed stream length (L)

The total stream length for the study area is 1,252.312 km, with large watersheds comprising most of the length. The stream
lengths of the Abu-Ghraibat watershed reach 784.14 km, accounting for 62.615% of the total. The Al-Sharhani watershed came in
second place, with a total stream length of 292.231 km, representing 23.335% of the total stream length. The Al-Shakak watershed

Table 8

Stream orders for Al-Zubaidat area sub-watersheds.
Watersheds Stream orders Percentage

st 2nd 3rd 4th 5th Total streams

SW1 35 17 12 5 - 69 4931%
Sw2 27 12 5 4 - 51 3.625%
Sw3 23 15 5 4 - 47 3.263%
Sw4 97 55 21 19 - 192 13.923%
SW5 22 9 1 5 15 39 2.755%
SW6 269 124 68 44 30 535 38.796%
SW7 107 52 18 18 17 212 15.373%
SW8 4 1 4 - - 9 0.652%
SW9 31 14 15 2 - 62 4.423%
SW10 52 27 21 3 - 103 7.396%
SW11 9 4 4 - - 17 1.232%
SW12 23 9 14 4 - 50 3.625%
Total streams 699 339 188 108 62 1,386 100%
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Table 9

Stream lengths are according to the stream orders for the Al-Zubaidat area watersheds.
Watersheds Stream lengths (km) Percentage

1st 2nd 3rd 4th 5th 6th Total streams

Al-Sharhani watershed 153.494 82.137 33.004 17.115 6.481 - 292.231 23.335%
Abu-Ghraibat watershed 384.144 204.495 80.614 63.053 48.165 3.669 784.14 62.615%
Al-Shakak watershed 81.815 46.707 33.619 9.422 4378 - 175.941 14.049%
Total streams 619.453 333.339 147.237 89.59 59.024 3.669 1252.312 100%
Percentage 49.464% 26.617% 11.757% 7.153% 4.713% 0.292% - 100%

comes in last place, with a total stream length of 175.941 km, representing a percentage of 14.049%. Sub-watersheds also vary in
length, with SW6 taking first place, boasting a total stream length of 562.833 km, which accounts for 44.956% of the total stream
length. SW7 is in second place, with a total stream length of 213.428 km, with a percentage of 17.047. The rest of the sub-
watersheds deviate from the above values, with the lowest being SW8, which has a total stream length of 7.876 km, accounting
for 0.629% (Tables 9 and 10).

3.3. Slope diversity

3.3.1. Slope categories

The watersheds in the study area are classified into five slope categories (see Tables 11 and 12 and Figs. 12 and 13). Each cat-
egory is defined by slope characteristics corresponding to the geomorphological stage of the watershed throughout its entirety.
The slope classifications in watersheds and sub-watersheds differed based on the effects of geomorphological processes, phases,
climate, and geological structure (Maaroof, 2022a). The slope category ranging from 0 to 0.686 covers an area of 252.82 km?, ac-
counting for 46.638% of the Abu-Ghraibat watershed. This proportion represents the highest value among the considered slope-
category areas in this context. In contrast, the slope category from 5.187 to 10.415 covers an area of 1.693 km?, making up
1.354% of the Al-Sharhani watershed, which is the lowest value. Notably, there are variations in slope categories across sub-
watersheds. In sub-watershed SW6, the slope category from 0 to 1.512 occupies an area of 150.812 km?, representing 37.982%
of the sub-watershed area, marking the highest recorded proportion. Meanwhile, in sub-watershed SWS8, the slope category
from 5.407 to 10.689 covers an area of 0.110 km?, accounting for 2.692% of the sub-watershed area, which is the minimum
value observed.

3.3.2. Slope directions

The study area exhibits a gradual slope from north to south and southwest, representing its overall gradient. The study area
encompasses local slopes in the north, east, south, and west, as well as secondary directions. There is variability in the regions
and percentage gradients of slopes within watersheds. The western slopes (247.5-292.5) encompassed an area of 61.789 km?,
representing 11.164% of the Abu-Ghraibat watershed, the highest recorded value. Flat (—1) slopes attained an area of
4.324 km?, constituting 3.341% of the Al-Sharhani watershed, the lowest recorded value (Table 13 and Fig. 14).

3.3.3. Slope parts

The slope segment is the portion of the sloped cross-section where the inclination angle remains uniform. Analyzing the slope
component enables the determination of the uniformity of the overall terrain cross-section length and the geomorphometric at-
tributes of the slope elements. Table 14 reveals a discernible variation in the numbers and lengths of the slope segments. In the

Table 10

Stream lengths are according to the stream orders for the Al-Zubaidat area sub-watersheds.
Watersheds Stream lengths (km) Percentage

1st 2nd 3rd 4th 5th Total streams

SW1 26.747 13.709 8.188 1.039 - 49.683 3.968%
SW2 16.668 9.548 4.398 5424 - 36.038 2.878%
SwW3 17.037 12.178 3.123 0.714 - 33.052 2.640%
Sw4 76.626 41.280 17.173 8.448 143.529 11.464%
SW5 16.403 5419 0.121 1.488 6.48 29.911 2.389%
SW6 282.338 140.392 62.229 47.461 30413 562.833 44.956%
SW7 98.881 62.819 18.385 15.592 17.751 213.428 17.047%
SW8 2.924 1.283 3.669 - - 7.876 0.629%
Sw9 27.138 12.867 15.536 0.027 - 55.568 4.438%
SW10 29.565 21.301 14.998 0.428 - 66.292 5.295%
SW11 8.016 4.051 3.085 - - 15.152 1.210%
SW12 16.889 8.363 8.96 4378 - 38.59 3.082%
Total streams 619.232 333.210 159.865 84.999 54.644 1251.950 100%
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Table 11
Slope categories, their areas, and percentages for the Al-Zubaidat area watersheds.
Watersheds Slope categories (m/km) Area (km?) Percentage
0-0.776 72.858 58.264%
0.776-1.797 33.750 26.990%
Al-Sharhani watershed 1.797-3.226 11.601 9.277%
3.226-5.187 5.144 4.113%
5.187-10.415 1.693 1.354%
0-0.686 252.820 46.638%
0.686-1.450 154.803 28.556%
Abu-Ghraibat watershed 1.450-2.480 85.252 15.726%
2.480-3.968 40.932 7.550%
3.968-9.730 8.280 1.527%
0-0.858 47.418 49.847%
0.858-1.881 23.148 24.334%
Al-Shakak watershed 1.881-3.102 15.760 16.567%
3.102-4.917 6.861 7.212%
4917-8.415 1.938 2.037%

Terrain cross-section of the Abu-Ghraibat watershed, there are 216 slope segments, with an average length of 0.087 in the head-
water region, representing the highest value documented in the study area. The terrain cross-section of the Al-Sharhani watershed
consists of 31 slope segments. In the headwater region, these segments have an average length of 0.085, which represents the
minimum value among the relevant measurements. The rise in the number of slope segments in specific terrain cross-sections
of the study area's watersheds is attributed to the water erosion processes to which they are subjected, particularly since these
regions are in the youthful phase of the geomorphological cycle (Figs. 15, 16, and 17).

4. Discussion
We have recognized dome-shaped hills, valleys, and badlands. The region encompasses 782.308 km? and includes three main

watersheds (Al-Sharhani, Abu-Ghraibat, and Al-Shakak) along with 12 subordinate watersheds, primarily defined by fluvial geo-
morphic features. The advancement of geoheritage, geodiversity, and geoconservation, along with the establishment of geoparks,

Table 12
Slope categories, their areas, and percentages for the Al-Zubaidat area sub-watersheds.

Watersheds Slope categories (m/km) Area (km?) Percentage Watersheds Slope categories (m/km) Area (km?) Percentage

0-1.130 8214 39.136% 0-1.196 52.440 35.697%

1.130-2.063 6.239 29.726% 1.196-2.152 49.422 33.642%

SW1 2.063-3.194 4.340 20.678% SW7 2.152-3.289 30.787 20.957%

3.194-5.012 1.951 9.295% 3.289-4.963 11.991 8.162%

5.012-12.530 0.244 1.162% 4.963-15.249 2.2625 1.540%

0-1.552 6.425 41.761% 0-1.131 1.878 45.973%

1.552-3.246 5.821 37.835% 1.131-2.221 1.351 33.072%

SwW2 3.246-5.787 2.038 13.246% SW8 2.221-3.563 0.502 12.288%

5.787-9.457 0.777 5.050% 3.563-5.407 0.244 5.973%

9.457-17.998 0.324 2.105% 5.407-10.689 0.110 2.692%

0-1.536 6.715 49.165% 0-1.533 10.601 34.482%

1.536-3.145 4.508 33.006% 1.533-2.839 11.071 36.011%

SW3 3.145-5.632 1.621 11.868% Sw9 2.839-4.485 6.159 20.033%

5.632-9.289 0.594 4.349% 4.485-7.211 2.380 7.741%

9.289-18.652 0.220 1.610% 7.211-14.479 0.532 1.730%

0-1.479 25.298 40.685% 0-1.762 12.297 31.718%

1.479-2.823 20.610 33.146% 1.762-3.349 13.237 34.143%

SwW4 2.823-4.706 11.268 18.121% SW10 3.349-5.376 8.707 22.458%

4.706-7.799 4.156 6.683% 5.376-8.284 3.568 9.203%

7.799-17.145 0.847 1.362% 8.284-22.475 0.960 2.476%

0-1.085 3.895 30.060% 0-1.102 3.277 40.481%

1.085-2.020 4356 33.618% 1.102-1.879 2.324 28.709%

SW5 2.020-2.984 2911 22.466% SW11 1.879-2.631 1.360 16.800%

2.984-4.251 1.382 10.666% 2.631-3.734 0.900 11.117%

4.251-7.688 0.413 3.187% 3.734-6.391 0234 2.890%

0-1.512 150.812 37.982% 0-1.280 7.959 42.368%

1.512-2.798 123.966 31.221% 1.280-2.475 7.011 37.322%

SW6 2.798-4.462 81.526 20.532% SW12 2.475-4.609 2.988 15.906%

4.462-7.109 33.664 8.478% 4.609-8.279 0.615 3.273%

7.109-19.286 7.087 1.784% 8.279-21.766 0.212 1.128%
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Table 13

Slope directions for Al-Zubaidat area watersheds.
Slope directions Al-Sharhani watershed Abu-Ghraibat watershed Al-Shakak watershed

Area (km?) Percentage Area (km?) Percentage Area (km?) Percentage

Flat (-1) 4324 3.341% 11.243 2.031% 4.386 4.409%
North (0—22.5) 13.401 10.355% 57.866 10.456% 7.458 7.496%
Northeast (22.5—67.5) 8.623 6.663% 53.382 9.645% 6.906 6.942%
East (67.5—112.5) 10.279 7.943% 70.366 12.714% 9.354 9.403%
Southeast (112.5—157.5) 11.511 8.895% 77.044 13.921% 13.827 13.899%
South (157.5—202.5) 15.400 11.900% 66.391 11.996% 14.238 14.312%
Southwest (202.5—247.5) 17.523 13.54% 67.147 12.133% 13.202 13.270%
West (247.5—292.5) 21.516 16.626% 61.789 11.164% 11.156 11.214%
Northwest (292.5—337.5) 15.267 11.797% 52.885 9.556% 10.660 10.715%
North (337.5—360) 11.562 8.935% 35.304 6.3793% 8.293 8.336%

offers substantial prospects for promoting sustainable development, advocating sustainable lifestyles, and augmenting the appre-
ciation of natural and cultural diversity while also fostering peace (Quesada-Roman, Zangmo, & Pérez-Umafia, 2020). These initia-
tives are crucial for disseminating geoscience knowledge to policymakers involved in geotourism and conservation across multiple
nations, as well as to local stakeholders. In semi-arid and developing regions, particularly in Southeast Asia, there is an urgent
need to advance geoheritage research, focusing on geomorphological dynamics and the significant anthropogenic pressures that
affect geo- and biodiversity. This emphasis is crucial for enhancing revenue via geotourism, especially for marginalized communi-
ties, while protecting their fragile natural resources (Quesada-Valverde & Quesada-Roman, 2023).

In their upper layers, the hills in the study area have been exposed to various erosion factors, especially water erosion, due to
the weak resistance of some of the rocky parts. This has led to the formation of many waterways that divide them and form these
hills, which reached a maximum height of 230 m above sea level. All fault scarps in the study area undergo morphological
changes after the faulting processes, as evidenced by many waterways that cut them and sediments on parts of them. The
slope of these scarps is steep towards the Al-Shakak drainage basin, with a slope angle ranging between 50° and 60°. The
slope of these scarps varies from one place to another, as the slopes are steep in the southeastern range and less steep in the
northwestern range (Fouad, 2015). A group of factors, such as the type of rocks and faults, controls the formation of the valleys.
Streamways often follow areas of weak rock, where streams merge to form valleys (Sissakian & Fouad, 2015). The rock formations
in the badlands vary in hardness; the less resistant rocks are vulnerable to erosion, while the more resistant ones remain as prom-
inent outcrops surrounded by lower areas (Yacoub, 2011a). Several factors contribute to the formation of this plain, the most sig-
nificant of which is the frequent flooding of rivers (Fouad & Sissakian, 2011).

Flat (-1)

@ North (0-22.5)
@D Northeast (22.5-67.5)
> East (67.5-112.5)
@D Southeast (112.5-157.5)
@D South (157.5-202.5)
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@ West (247.5-292.5)
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@ North (337.5-360)

01853 8 9 12
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Fig. 14. Slope direction for Al-Zubaidat area watersheds.
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Table 14

Slope parts for Al-Zubaidat area watersheds.
Terrain cross-section Length of Terrain cross-section (km) Slope parts The average length of the slope part (km)
Al-Sharhani watershed
Headwaters 2.664 31 0.085
Middle 7.203 83 0.086
Mouth 8.927 103 0.086
Longitudinal section 18.675 215 0.086
Abu-Ghraibat watershed
Headwaters 18.803 216 0.087
Middle 12.365 143 0.086
Mouth 10.728 132 0.081
Longitudinal section 41.779 475 0.087
Al-Shakak watershed
Headwaters 4214 49 0.086
Middle 9.140 103 0.088
Mouth 5313 61 0.087
Longitudinal section 18.525 209 0.088

Geodiversity refers to the variety of natural geological elements, including rocks, minerals, and fossils, as well as geomorpho-
logical features, such as landforms, landscapes, and topographical characteristics, along with soil properties and their associated
systems and processes. (Quesada-Roman et al., 2022) This definition has been expanded to encompass lithological, tectonic, geo-
morphological, soil, hydrological, and topographical components, as well as the physical processes occurring on both terrestrial
and aquatic surfaces. This comprehensive approach has facilitated categorizing rocks, landforms, and soils based on their distinc-
tiveness and representativeness.

The variation in watersheds within their areas is due to the influence of a group of overlapping factors, including the type
of rocks, tectonic activities, climate, slope, natural vegetation, and time. Values less than 1% naturally move away from
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F
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Fig. 15. Terrain cross-sections of the Al-Sharhani watershed.
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Fig. 16. Terrain cross-sections of Abu-Ghraibat watershed.

circularity and closer to elongation and vice versa. High values in some watersheds indicate that they are approaching a cir-
cular shape, resulting from an increase in the amount of rain and an increase in sediment yield. Additionally, water reaches
the estuary quickly. This rapid delivery, combined with high drainage density, intensifies flooding and erosion, which can ex-
pand the channel network within the watershed. The low elongation ratio in some watershed sub-watersheds is due to faults
extending along the watershed and the presence of solid rocks on both sides, which impede lateral erosion processes and
hinder the widening of the watershed. The variation in the relief ratio values (Ry) is due to the variation in watershed
areas. Watersheds with large areas have a lower relief ratio and vice versa. In addition to the effect of rock quality, water-
sheds with widespread hard rocks have a higher relief ratio, as these rocks are resistant to water erosion processes. Rough-
ness values (R,) vary during the stages of the geomorphological cycle referred to by Davies 1927. Roughness values decrease
at the beginning of the cycle and then gradually increase until they reach a maximum at the onset of maturity of the geomor-
phological cycle, after which they decrease again in the ageing stage and at the end of the erosional cycle. Most watersheds
are categorized as having a medium texture ratio (T) due to their weak, sandy, and dolomitic rock compositions, which are
resistant to erosional processes. In addition, most of these watersheds are in the advanced stage of the erosion cycle, charac-
terized by a flattening of the land. As for sub-watersheds, most of them fall into the category of coarse texture for the same
reasons above. The variation in stream lengths is naturally due to variations in watershed areas, the degree of slope, and var-
iations in rock hardness.

The slope category values indicate that the study area encompasses extensive regions of low-slope terrain, with limited
areas exhibiting a steep slope. Figs. 13 and 14 demonstrate that most lands with elevated slope values are concentrated in
the northern regions of the study area, specifically situated in the headwaters of the watersheds. The steep inclines in the
watershed's upstream region align with its geomorphological phase, as these areas inherently undergo an initial stage of
the geomorphological cycle defined by Davies in 1936. This stage remains in the geomorphological development phase,
and as time progresses, it will undergo various erosion processes that erode its rocks, ultimately transforming it into a
plain area. The slope director values demonstrate that the slope orientations align with the overall gradient of the study
area's surface. The alignment of the slopes with the river drainage network, along with the courses of the streams, facilitates
extensive erosion and shapes the overall orientation of the slopes through various geomorphological processes. The augmen-
tation of slope segments in specific terrain cross-sections of the study area's watersheds is attributed to the water erosion
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Fig. 17. Terrain cross-sections of the Al-Shakak watershed.

processes to which they are subjected, particularly since these regions are in the initial phase of the geomorphological cycle.
The variation in stream orders between watersheds is directly proportional to the area of each watershed. A larger watershed
area correlates with an increased number of streams.

Geotourism highlights some aspects of the Earth's geological and geomorphological heritage, which can either augment or di-
minish the significance of geoheritage. Once geoheritage is recognized and valued, the imperative for geoconservation arises. The
geoconservation community must prioritize geographic heritage preservation within protected areas, enhancing its visibility on
local, national, and international platforms concerning nature conservation, sustainable development, and human well-being
(Pérez-Umaiia, Quesada-Roman, & Zangmo Tefogoum, 2020).

5. Conclusions

The study area comprises dome-shaped hills with steep slopes, created following the removal of soft rock and geological for-
mations from the Tertiary period. Fault scarps, fissures in the Earth's crust, are prevalent in the eastern regions of Al-Zubaidat.
Valleys and badlands are formed through precipitation and flowing water erosion, whereas alluvial plains, fans, floodplains,
meanders, and dunes occupy extensive regions. Dunes are created by a deposit consisting predominantly of sand and silt. The
Al-Zubaidat region has three primary watersheds (Al-Sharhani, Abu-Ghraibat, and Al-Shakak) and twelve sub-watersheds. The
largest is Abu-Ghraibat, while the most extensive sub-watershed is SW6. The watershed perimeter correlates with the circulating
ratio, form factor, and elongation ratio, where more significant perimeters signify larger areas. Comprehending these factors can
facilitate the prediction of watershed characteristics and potential alterations. The watersheds of the study area are classified into
five slope categories, each defined by slope characteristics corresponding to its geomorphological stage. The maximum value is
located in the Abu-Ghraibat watershed, whereas the minimum is in the Al-Sharhani watershed. The sub-watersheds exhibit
varying slope classifications, with SW6 possessing the steepest slopes and SW8 the gentlest. The study area encompasses
extensive regions of low-slope terrain, interspersed with smaller areas exhibiting significant slopes. Most regions with elevated
slope values are located in the northern sections of the study area, particularly in the headwaters region. Slope gradients vary
across the watersheds, with the Abu-Ghraibat watershed having the steepest gradient and the Al-Sharhani watershed the
gentlest.
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