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Land-surface quantitative analysis based on digital elevation model (DEM) has been applied for improving the
geomorphological mapping of piedmont alluvial fans. Indeed, these fans are frequently along a mountain front,
where a series of coalescing fans may eventually occur. The margins of adjacent fans are rather difficult to map,
thus preventing accurate and meaningful quantification of fan morphometric properties such as fan area, length,
and slope. These morphometric properties are essential for informing on the influence of climatic conditions and
tectonic factors on the fan-building processes. Therefore, in this paper, we propose a quantitative digital mapping
approach along a stretch of about 50 km in the southern front of the Anti-Lebanon Mountains. Here, the
Geomorphological Map of Syria at 1:1,000,000 scale (1963) reported at least nine piedmont alluvial fans, but
these were poorly characterized in terms of geomorphometric characteristics and construction processes.
Adopting the 1-arcsec SRTMv3 DEM, we propose a four-step workflow to analyse the feeding catchments
morphology and fan morphometry. In this manner, the identification and geomorphological mapping of coa-
lescent piedmont fans as well as the recognition of the main construction process have been improved. The
proposed approach can support geomorphological investigations of wide and inaccessible areas—especially
where arid and semi-arid climate conditions prevail—as well as where socio-political issues may prevent
effective field work.

Anti-Lebanon Mountains
Geomorphological mapping
Fluvial fans

Alluvial fans

confinement is not always obvious. Furthermore, the formation of these
fan-shaped landforms is intricately influenced by variations in climate

1. Introduction

Piedmont alluvial fans are key depositional landforms representing
the link between the upland sediment source and the downward sink
system. These landforms develop when a high-bed load stream passes
from an area of high energy to one of reduced stream power, thus
depositing a landform typically fan-shaped in plan and wedge shaped in
profile (Bull, 1977; Blair and McPherson, 2009; Harvey, 2018) (Fig. 1).
The most relevant condition for the alluvial fan development is the
transition from laterally confined catchments to open plains where un-
confined flows radially spread the sediment without barriers (Ventra
and Clarke, 2018). Indeed, the mountain fronts, both on the planet Earth
and other planetary surfaces (Harvey, 2005; Radebaugh et al., 2018),
are frequently characterized by coalescing alluvial fans.

The coalescence of these landforms represents a key challenge for the
geomorphological survey and mapping because their lateral
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conditions, tectonics, and human activities. This influence has been
discussed by various researchers (e.g., Bull, 1968; Harvey et al., 2005;
Stock et al., 2008; Blair and McPherson, 2009; Walstra et al., 2010;
Benito, 2013; Macklin and Lewin, 2015; Norini et al., 2016; Karymbalis
et al.,, 2022), thus highlighting the potential for these factors to
complicate the morphology and morphometry of such landforms. In
fact, the globally recognized role of environmental variability emerges
as a fundamental factor in creating disequilibrium conditions in
geomorphic systems encompassing hillslopes and interconnected chan-
nel networks (Delchiaro et al., 2022).

The geomorphological mapping and characterization of piedmont
alluvial fans are quite challenging, but essential for an effective land
management and hazard evaluation. Indeed, the main hazard affecting
alluvial fans includes inundation by flooding water and/or hyper-
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concentrated solid-liquid flows, which move rapidly with unpredictable
paths (Field and Pearthree, 1997). Therefore, the proper geomorpho-
logical mapping aimed at representing landforms and their associated
processes can be effective for preventing socio-economic losses related
to geomorphological hazards (Chelli et al., 2021).

Several qualitative and semi-quantitative field techniques have been
developed for discerning coalescent fans (e.g., McFadden et al., 1989)
requiring time and resources. However, the combination of field surveys
and photointerpretation of both aerial and satellite images is the most
common technique for the fan identifications and mapping (Crouvi
et al., 2006). Recently, remote sensing tools like image processing in
combination with geomorphometry can classify different types of fans
even when our knowledge of field conditions is scarce (Babic et al.,
2021). Although the exclusive use of remotely sensed data for producing
geologically plausible predictions is, in general, quite challenging (e.g.,
Weiss and Walsh, 2009; Cracknell and Reading, 2014; El Fels and El
Ghorfi, 2022), the development of innovative techniques allow it to
considerably support geomorphological investigations over inaccessible
and wide territories (Knight et al., 2011; Verstappen, 2011; lacobucci
et al., 2020, 2022a, 2022b).

Considering the extent of the piedmont alluvial fans, we propose
here a land-surface quantitative analysis using open access DEM data.
This approach aims to (i) map the limit of coalescent fans in the pied-
mont area, and (ii) determine the main construction process considering
the morphometry of both fans and feeding catchments, discerning be-
tween alluvial and fluvial fans by specific morphometric parameters
(Ventra and Clarke, 2018; Harvey, 2018). Alluvial fans (AFs) have i)
small feeding catchments with high relief; ii) short radii (hundreds of
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meters up to few kilometres); iii) high slopes; and iv) the prevalence of
runoff events of relatively short duration (e.g., debris flows and hyper-
concentrated flows). On the other hand, fluvial fans (FFs) present i)
wider surfaces with radii of tens up to hundreds of kilometres, ii) low
slopes, iii) extensive and well-integrated feeding catchments, and iv) the
prevalence of fluvial processes (Ventra and Clarke, 2018; Harvey, 2018;
Moscariello, 2018).

The southern margin of the Anti-Lebanon Mountains (ALM), in the
southwestern sector of Syria, is an ideal study area where several alluvial
fans with different sizes and shapes, but poorly studied in literature, crop
out. Moreover, the application of a remotely desk geomorphological
approach is favoured by the absence of vegetation and is potentially
suitable for refining the planar fan shape and boundaries, as well as for
supporting the assessment of the main construction processes respon-
sible for the fan's genesis and development. Therefore, we propose here a
four-step workflow where morphometric and non-morphometric pa-
rameters of both feeding catchments and fans have been collected,
analysed and clustered.

2. Study area

The study area is located at 33°20'00" to 33°50'00" N and 35°55'00"
to 36°45'00" E between the intermontane continental basin of Damascus
(i.e., Damascus Basin) and the ALM (Fig. 2). The entire study area is
about 4300 km? where more than 50 % of the western and northern
sector is mountainous with elevation between 1200 up to 2800 m a.s.l.
The southeastern sector presents a low relief ranging between 600 and
1100 m a.s.l. Considering the extent of the study area, the climatic

Fig. 1. Cartoon sketch of the piedmont alluvial fans. The numbers in brackets show the fan elements considered in each analysis of the workflow.
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Fig. 2. Map showing the location of the study area (black rectangle) between the intercontinental Damascus Basin and the ALM, in relation to the Syrian tectonic
zones and the historical earthquakes (https://earthquake.usgs.gov/earthquakes/map/): DSFS (Dead Sea Fault System), PFB (Palmyra Fold Belt), EFS (Euphrates Fault
System), and AAF (Abdel-el-Aziz Faults). a) The lithological map derived from the Geological Map of Syria (1964, https://exhibits.library.cornell.edu/barazangi-m
ap-collection/catalog/60-2733) with the main faults of the study area: Y (Yammouneh fault), R (Rachaya fault), S (Serhaya fault), B (Bassimeh fault), and D
(Damascus fault). The mapped faults derive from the Active Faults of Eurasia Database v2022 (Zelenin et al., 2022). Histograms showing the percentage of the
lithotypes outcropping within each analysed catchment (i.e., B1 to B9 from west to east) are reported.

setting is quite heterogeneous, distinguishing three main climatic re-
gions: the Mediterranean one in the ALM (Csa), the semi-arid region in
the easternmost sector (BSk), and the arid region in the Damascus Basin
(BWKk) (Fig. 3). Indeed, the western mountainous sector represents a
precipitation barrier, which progressively decreases the rainfalls east-
ward (Kattan, 2006; Zepner et al., 2020; Baba et al., 2021).

The Syrian region is crossed by four tectonic zones as shown in Fig. 2:
the Dead Sea Fault System (DSFS), the Abd-el-Aziz Faults (AAF), the
Euphrates Fault System (EFS), and Palmyra Fold Belt (PFB) (Barazangi
et al., 1993; Brew et al., 2001; Abdul-Wahed, 2022). The study area is
between the DSFS and the southwestern margin of the PFB, where
several active faults are recognized like the Damascus and Bassimeh
reverse faults as well as the Serghaya and Rachaya left-lateral faults
(Brew et al., 2001; Kattan, 2006; Abou Romieh et al., 2012) (Fig. 2a).
According to Abou Romieh et al. (2012), the Damascus fault has a throw
of about 2500 m, while the Bassimeh fault of approximately 1000 m.
These faults became active around 0.9 Myr, with estimated vertical slip

rates of about 1.1 mm y~ ! for the Bassimeh fault and 2.8 mm y ! for the
Damascus fault. The Authors explained the lack of major earthquakes
and low slip rate recently measured geodetically in the area (Alchalbi
et al., 2010) due to crustal shortening within the region.

The lithological units derived from the Geological Map of Syria
(1964) (Fig. 2a) show that limestones and limestone/marl alternations
mainly occur in the mountain sector, while the intermontane basins are
characterized by conglomerates. Specifically, the widest basins at B1,
B2, and B9 are characterized by a greater lithological heterogeneity than
the smallest ones (B3-B8). Generally, the outcropping lithologies within
basins are quite homogeneous in terms of erodibility—primarily con-
sisting of limestones and limestone/marl alternations. As reported in the
Geomorphological Map of Syria at 1:1,000,000 scale completed in 1963
(https://esdac.jrc.ec.europa.eu/content/geomorphological-map-syria),
the southeastern piedmont sector of the ALM is essentially characterized
by several Quaternary alluvial deposits mapped as alluvial fans and
developed in a flat saline plain. The catchment area is characterized by
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Fig. 3. The mean annual precipitation extracted from WorldClim version 2.1 (Fick and Hijmans, 2017) with data collected from 1970 to 2000. The green stars

represent the location of the climate charts reported on the left.

folded mountains. Specifically, the western sector corresponding to B1
and B2 was distinguished in medium - height mountains with flattened
divides and steep slopes as well as low mountains with small and low
ridges. The eastern sector (B9) has low mountains with coniform and
cuesta-hilly relief. Finally, the area proximal to the Damascus fault,
where smallest catchments have been delineated, were classified as
mountains of medium height with narrow divides and longitudinal
valleys (Geomorphological Map of Syria at 1:1,000,000 scale, 1963).

3. Materials and methods

The present section provides information about the adopted mate-
rials and the methodological approach based on quantitative analyses of
land-surface topography. The diagram in Fig. 4 summarizes the research
workflow, specifying each step of the proposed analysis that will be

detailed in dedicated sub-sections. Specifically, adopting the 1-arcsec
SRTMv3 DEM, we propose i) the analysis of the total-basin slope-area
function to extract the drainage network and delineate fluvial process
domain (Vergari et al., 2018) as well as to estimate the rainfall contri-
bution to its spatial distribution; ii) the analysis of the longitudinal
profiles of the extracted drainage network in each feeding catchment to
understand the tectonic influence on fan development; iii) the multi-
parameter topographic analysis (sensu Piacentini et al., 2021; Iaco-
bucci et al., 2022a, 2022b) to improve the mapping of fan boundaries;
iv) the application of a regression analysis to the upslope profiles of the
fan axis (sensu Williams et al., 2006) to support the interpretation of the
fan construction process; and v) the computation, assessment, and
clustering of selected parameters of both feeding catchments and allu-
vial fan bodies to identify the cluster tendency and to investigate the
catchment-fan relationship.

Fig. 4. The workflow with the main steps (black rectangles) and the specific outputs.
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3.1. Analysis of the slope-area (S-A) function

Given the inherent connection between the formation of alluvial fans
and the morphological characteristics of their feeding catchments, as
well as the gradients in rainfall distribution, we first focused the analysis
on the drainage basins situated upstream of the fan apex points. Our
objective was twofold: first, to ascertain the flow accumulation that
initiates the fluvial domain delineating the predominant processes in the
feeding catchments; and second, to quantify the impact of spatial rainfall
gradients. This entailed the computation of the total-basin slope-area (S-
A) function wherein both the flow accumulation weighted and un-
weighted by the precipitation rate were considered for each catchment
under investigation.

In the S-A analysis, the slope S (m m™ 1) can be empirically expressed
as a function of the drainage area A (m?2) computed for each pixel of the
drainage basin (e.g., Vergari et al., 2018; Delchiaro et al., 2023).
Generally, the relationship between S and A is positive at low A values,
but the slope of the curve becomes negative for higher A values sug-
gesting a more fluvial domain (Vergari et al.,, 2018 and reference
therein). Subsequently, to quantify the influence of spatial rainfall gra-
dients on single catchments, the S-A function was also computed with
the flow accumulation weighted by the precipitation rate R (m yr™ 1),
approximated by the stream discharge (AeR, m® yr™!) according to
Adams et al. (2020). With this approach we can derive two different
drainage networks: one unweighted and the other weighted by the
precipitation rate.

The drainage network has been extracted from the SRTM version 3
DTM (SRTMv3) using the TopoToolbox (Schwanghart and Scherler,
2014). The selected DTM was generated in 2000 and downloaded from
the US Geological Survey's EarthExplorer website. Its ground resolution
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is 1 arcsec (specifically 29.10 m in the study area), with an expected
vertical accuracy of about +£16 m absolute and + 6 m relative (Mukul
et al.,, 2017; Elkhrachy, 2018; Uuema et al., 2020). As reported by
several authors (Boulton and Stokes, 2018; Woor et al., 2023), the ALOS
World 3D-30 m (also known as AW3D30) DEM is the best for analysing
landforms and processes due to superficial running waters in highland
areas. However, several anthropic noises have been detected, especially
in the westernmost sector of the Damascus Basin, so the adoption of
AW3D30 was prevented.

3.2. River longitudinal profiles analysis

To comprehend the tectonic influence on fan development, we
conducted an analysis of river longitudinal profiles. Longitudinal pro-
files retain important characteristics, including non-lithological knick-
points that signify variations in rock uplift rates, reflecting changes in
base level (Delchiaro et al., 2021; Exposito et al., 2022; Pirrotta et al.,
2022; Moumeni et al., 2024). The stream network utilized for this
analysis was derived through the application of a flow accumulation
threshold for initiating the fluvial domain. The identification of knick-
points was achieved using the knickpointfinder function of TopoToolbox
(Schwanghart and Scherler, 2014; Stolle et al., 2019), with a tolerance
height value set at 30 m.

3.3. Multi-parameter topographic analysis on radial profiles

The alluvial fans mapped in the Geomorphological Map of Syria at
1:1,000,000 scale (V/O Technoexport, 1963) have been considered in
this step starting from the evaluation of the fan apex position aligned to
the catchment outlets of B1-B9. We next considered three elements to

Fig. 5. The radial profiles made for each fan (F1-F9) with apex points marked by green points.
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recognize and remap the exact plan shape of the nine fans (F1-F9;
Fig. 5): i) the elevation of fan apex/catchment outlet; ii) the commonly
conical shape; and iii) the “sope-break” between the mean slope of the
fan surface and the adjacent valley floor typically along the fan toe
(Norini et al., 2016). The landforms reported in the Geomorphological
Map of Syria and the extracted contour lines from the SRTMv3 DEM are
landmarks for drawing a series of radial profiles starting from the fan
apex up to the distal sector. This also includes the area beyond the fan
toe (Williams et al., 2006; Norini et al., 2016). The radial profiles were
drawn considering the maximum angle within which each fan is
included (59° for the narrowest F9 up to 155° of F3) and splitting these
angles to have at least five profiles for each fan (Fig. 5).

The position of the fan toe along the radial profiles is determined
considering the terrain elevation and the mean slope of the profile
(Norini et al., 2016). To recognize the “slope-breaks”, we considered the
slope as the most suitable morphometric parameter that can detect the
distal sectors. Precisely, when the values of the slope along the profiles
are above the first standard deviation (c) or the mean (p), we can
identify the topographic signature of the detected landform (Iacobucci
et al., 2022a, 2022b) (for example Figs. 8, 9, and Supplementary ma-
terials 1).

3.4. Regression analysis on upslope fan axis

Once the distal end points were recognized along each radial profile
and the fan distal edges were correctly mapped, we next plotted the
slope vs upslope distance computed along the fan axis. Williams et al.
(2006) represented the fan shape by plotting the slope as a function of
the distance given that the slope is independent from the location along
the fan axis. We applied a moving average filter for smoothing the
sampling data with a sliding window of length 5 or 10 for the smallest
(F3-F8) and largest fans (F1/F2/F9), respectively. The regression anal-
ysis of the slope vs upslope distance plots were performed using the
exponential and the power law regressions as proposed by Williams
et al. (2006). The selection of the resulting exponential vs power law
model was performed by considering the coefficient of determination
R2. In fact, according to Williams et al. (2006), the AFs are characterized
by greater slopes and shorter fan axis than FFs, with the slope values
progressively increasing in the apex sector. Resulting in a more concave-
up profile, it should be better described by an exponential model in the
regression analysis. In contrast, the FFs profile is characterized by lower
slopes that constantly increase toward the apex sector, and the power
law model is the most suitable.

3.5. Cluster analysis

To investigate the relationships between the morphometric and non-
morphometric parameters describing both the fans and the corre-
sponding catchments—as well as the clustering tendency between AFs
and FFs—the k-means cluster analysis available in the open-source
software JASP 0.16.4.0 (JASP Team, 2023 - JASP version 0.17 Com-
puter Software) was applied. K-means clustering is a hard partitioning
algorithm that aims to partition data into several clusters, where each
observation belongs to only one group. The data is divided such that the
degree of similarity between two data observations is maximal if they
belong to the same group and minimal if not. We used MacQueen's al-
gorithm setting the centre type as “means”, 25 as maximum number of
iterations, and 25 as maximum number of possible random sets used.
Moreover, the cluster determination was optimized according to
Bayesian Information Criterion (BIC) obtaining 2 clusters.

The morphology and morphometry between AF and FF are rather
different, and thus we selected 13 parameters (Table 1), many of which
have been already proposed in previous works (e.g., Santangelo et al.,
2012; Mokarram et al., 2014; Karymbalis et al., 2016; Karymbalis et al.,
2022; Ozpolat et al., 2022; Woor et al., 2023). The study of these pa-
rameters can be useful for predicting the prevailing process such as
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Table 1
The morphometric parameters considered for discerning AF and FF.
Parameter Abbreviation Units Description
Fan
Area Fa km? Planimetric area of fan
Slope Fs m Axial slope from apex to toe
m—l
Length F km Axial length from apex to toe
Apex elevation Fae m a.s. Elevation of fan apex above sea
L level
Toe elevation Fre ma.s. Elevation of fan toe above sea level
L
Relief F, m Difference in fan elevation from the
apex to the toe
Catchment
Area Ca, km? Planimetric area of the catchment
above the fan apex
Total channel Ca km Total length of channels within
length catchment
Drainage density Cad - Ratio of total length of channels to
total area of catchment
Circularity index Cei - Derived by the equation Circ =
4nAc/Pc? that expresses the shape
of catchment
Relief C; m Vertical difference between
maximum catchment elevation and
fan apex elevation
Melton's roughness ~ Cpyr - Change in catchment relief across
index space: Gy = G; * C3 % (Melton,
1965)
Mean annual Cp m Available at https://www.
precipitation yr ! worldclim.org/data/worldclim21.
rate htm

erosion or deposition (Mokarram et al., 2022), and then deducing the
main depositional process (Santangelo et al., 2012). Among the selected
parameters, Melton's roughness index (Cp,) can potentially discern be-
tween AF and FF, thus discriminating between different transport pro-
cesses (e.g., Kostaschuk et al., 1986; Crosta and Frattini, 2004;
Karymbalis et al., 2016). In addition to the morphometric parameters,
we also considered the mean annual precipitation of each catchment
(Cp). The latter can play a relevant role, especially in the smallest basins
that are more sensitive to extreme events. The channel length of each
feeding catchment was computed considering the unweighted drainage
network because it matches with the TerraColor satellite images.

Finally, we evaluated which parameter is more significant in the
distinction between AF and FF, thus allowing us to surely define the
prevailing construction process.

4. Results
4.1. Analysis of the S-A function

Fig. 6 reports the S-A functions with the flow accumulation weighted
and unweighted by the precipitation rate related to the entire catch-
ments area as well as to the single catchments. A minimum drainage area
of 1.5 10° m? and a minimum discharge of 10® m® yr~! were obtained for
the channel initiation from the entire area curves (Fig. 6a), based on the
computation of the slope derivative (dashed lines in Fig. 6a) of the S-A
function, as suggested by Vergari et al. (2018).

By juxtaposing the trends of the curves (Fig. 6b) and examining the
maximum values at the apex points (Fig. 6¢) associated with individual
catchments, the difference between the two curves and the maximum
values is gradually greater from B1 to B8. This underscores the impact of
decreasing rainfall from B1 to B8. In contrast, B9 exhibits a compara-
tively smaller difference in both curve trends and maximum values.

However, it is also possible to observe a strict dependence between
the spatial distribution of the fluvial process domain and the size of the
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Fig. 6. a) The total-basin S-A functions with the flow accumulation weighted and not weighed by the precipitation rate related to all the catchment areas for the
fluvial domain thresholds delineation. The slope derivatives are also reported as red and black dashed lines, respectively for weighted and not weighed cases. b) The
total-basin S-A functions for the single feeding catchments (B1-B9). ¢) The maximum values of contributing area and stream discharge versus the thresholds.
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catchment in Figs. 6¢ and 7. Notably, there is a consistent decrease in the
values of the contributing area from B1 to B6, ranging from nearly 10°
m? to just below 107 m2. Subsequently, the values rebound from B7 to
B9. All values remain above the 1.5 10° m? threshold defined for the
fluvial domain. Nevertheless, it is interesting to observe that the stream
discharge at the apex point for basin B6 marginally falls below the 10°
m® yr! threshold, thus indicating that the fluvial processes are not
developed at all (Fig. 6¢).

4.2. River longitudinal profile analysis

As we can already observe in Fig. 7, the weighted and unweighted
drainage networks are considerably different in length, especially in the
easternmost basins (B5-B9). Furthermore, in order to cross-check the
morphological imprint of the drainage network, we have compared both
drainage networks to TerraColor Satellite images in ArcGIS 10.8.2
(https://hub.arcgis.com/datasets/esri::world-imagery/about). The
extracted drainage networks present a rectangular pattern, especially in
the largest basins where several stream piracy can be deduced. More-
over, by examining the longitudinal profiles of the rivers shown in Fig. 8,
it becomes evident that knickpoints are present exclusively within ba-
sins B1, B2, B7, and B9. Among these, the most significant knickpoint
heights are observed solely within basins B1 and B2. In contrast, basins
B7 and B9 exhibit one knickpoint with a height of 87 m and three
knickpoints ranging from 33 to 38 m in height, respectively.

4.3. Multi-parameter topographic analysis
Five to seven radial profiles were computed for each fan (52 in total),

and the identified “slope-break” points were mapped as end points. The
radial profiles of the largest fan F1 and the smallest one F3 are reported
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here as examples (Figs. 9, 10, and 11). The other ones (F2, F4-F9) are
available in the Supplementary materials 1.

The profiles of F1 show the eastward development of the deposit
because the mapped end points are about 20-30 km from the apex point
along the profiles p5-p7. The area of F1 is about 358.8 km? (Fig. 9a),
which is greater than the mapped fan in the Geomorphological Map of
Syria. The apex point is 706 m a.s.l., taken in the Barada river channel,
but the elevation of several points is greater than 700 m—especially
where local reliefs occur (e.g., pl of F1 in Supplementary materials 1)
and where the Barada's levees are evident (e.g., p1-p3 of F1 in Supple-
mentary materials 1). Fig. 10 shows the most significant profiles (p4, p5,
p6, and p7), where specific characteristics can be observed. In each
profile, at least three different zones can be recognized (similarly to the
profiles of F9 in Supplementary materials 1): the first one is character-
ized by slope values greater than the first standard deviation (o), the
second one presents the slope values between the mean (p) and the first
standard deviation, and the last one has slope values below or proximal
to the mean, thus remaining quite steady. Only along profile p7 can we
distinguish four different zones, i.e., a more convex shape is seen be-
tween 3 and 13 km.

The smallest fan F3 is only 6.4 km? (Fig. 9b) with a regular shape. Its
deposit in the Geomorphological Map of Syria is not clearly mapped, but
its presence is confirmed by the radial profiles and the extracted contour
lines. The slope-breaks recognized as end points are about 2 km from the
apex point, where the topographic expression of the plain is marked by
slope values below or proximal to the mean values. Conversely, the fan
deposit (i.e., from the apex to the end points) is characterized by slope
values above the first standard deviation (Fig. 11). The apex point has
been extracted along the feeding channel at the outlet point of the
catchment (690 m a.s.l.), but the radial profiles do not show topographic
evidence of the drainage system as in F1.

Fig. 7. The extracted drainage network in the nine feeding catchments (B1-B9) and the knickpoints. The red rectangle shows a detail of the TerraColor images where

the extracted drainage network (unweighted) matches up with the satellite view.
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Fig. 8. The location of knickpoints along the unweighted drainage network in B1-B9 basins, and the longitudinal profiles of upstream stream networks with
identified knickpoints. Additionally, the corresponding lithology intersected by the profiles is indicated.
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Fig. 9. The radial profiles of the largest fan F1 (a) and the smallest fan F3 (b).

Fig. 10. The radial profiles (dotted grey lines) of F1 where the evidence of “slope-breaks” along p4, p5, and p6 are pointed out by the black arrows. The slope color
bar is helpful for discerning the fan from the alluvial plain: red values above the first standard deviation and yellow values above the mean detect the fan, while green
values below the mean detect the alluvial plain beyond the fan toe. The recognition of different sectors are evident considering the linear regression (dotted red lines).
The intersection of the convex longitudinal profile of F2 is evident between 3 and 13 km in profile p7. The horizontal blue and red lines represent the first standard
deviation (c) and the mean (p) of the slope, respectively.

10
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Fig. 11. The radial profiles of F3 (except for p6 are available in Supplementary materials 1) are represented by dotted grey line; the black arrows indicate the
recognized “slope-breaks” along the fan deposit and mapped as end points. The slope color bar is useful for distinguishing the fan from the alluvial plain: red values
above the first standard deviation and yellow values above the mean detect the fan, while green values below the mean detect the alluvial plain beyond the fan toe.
The distinction between fan and alluvial plain, and the identification of the “slope-breaks” are evident in the linear regression (dotted red lines). The horizontal blue
and red lines represent the standard deviation (o) and the mean (p) of the slope, respectively.
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Fig. 12. Remapped alluvial fan shapes F1-F9 thanks to the identification of the “slope-breaks” mapped as end points along the radial profiles of Fig. 5.

Fig. 13. The regression analysis of F1-F9. The red and green dotted line represent the exponential and the power law regression, respectively. The equations and R?
coefficient are reported in each graph.
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The identification of “slope-breaks” along each profile allows the
remapping of F1-F9 fans as reported in Fig. 12.

4.4. Regression analysis on fan axis

The remapped fans F1-F9 were used to trace the fan axis as the
median between the apex and the distal edge. Along each fan axis, the
slope values were filtered using a moving average filter for improving
the fitting of the regression analysis. Specifically, the moving average
filter is computed using a sliding window of length 5 or 10 for the
smallest (F3-F8) and larger fans (F1/F2/F9), respectively.

In Fig. 13 the largest alluvial fans F1, F2, and F9 are better inter-
polated by the power law regression despite the R? coefficient keeping
low values of about 0.3. In contrast, the alluvial fans F3-F8 are better
described by the exponential regression as also confirmed by the R?
coefficient that increases up to 0.79 in F3. The slope along the fan axis of
F1, F2, and F9 is quite low (0.05 m m ) reaching the maximum in the
apex sector of F9 (0.06 m m’l). The lowest difference between the
power law R? coefficient and the exponential one in F1 (0.028) makes
identification of the best linear fitting (power law or exponential) quite
uncertain. Instead, the difference between R? coefficients in F2 and F9 is
slightly greater (0.067 and 0.088, respectively); the power law regres-
sion seems to offer the best linear fitting.

Among the fans described through the exponential regression, F6,
F7, and F8 clearly show a significant increase in the slope in the apex
sector where the last points reach 0.1-0.2 m m~!. F3, F4, and F5 present
an apex sector less sloped with values around 0.05-0.08 m m ™.

The mean slope of the “exponential fans” (i.e., F3-F8) are higher than
the one observed in the “power fans” (i.e., F1/F2/F9) with values
around 0.04 m m™* up to 0.08 m m~! like in F6, while F1, F2, and FO
have a quite low mean slope (0.02-0.03 m m ). As previously observed
in the S-A analysis, in the regression analysis F1, F2, and F9 are different
from F3-F8, thus potentially suggesting different depositional
mechanisms.

4.5. Cluster analysis

The table available in the Supplementary materials 3 summarizes the
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main morphometric parameters and the mean annual precipitation of
each feeding catchment, which is considered here for distinguishing the
alluvial fans of the study area. Due to the relevant difference among the
fans, we considered the normalized values according to the range scaling
method.

We first compared the normalized values of fan and catchment areas
(F, and C,), total channel length of the catchment (C), fan axis length
(FD, fan mean slope (Fg), and catchment Melton Roughness (Cpy)
(Fig. 14). The area of the feeding catchments (C,) is directly related to
the area of the corresponding alluvial fan (F,) (Fig. 14a), as well as the
total channel length of the feeding catchments (C) is directly propor-
tional to the corresponding alluvial fan area (F,) (Fig. 14b). Conversely,
the fan axis length (F)) is inversely correlated to its mean slope (F;)
(Fig. 14c), as the fan mean slope (F;) and the catchment Melton
Roughness (Cp,r) (Fig. 14d). The R? coefficients of the plots with direct
proportion are quite higher: 0.96 and 0.94. The R coefficient decreases
to 0.42 in the F}-F; plot, while in the Fs-Cpy,, plot is 0.81. However, there is
clustering of F3-F8 fans in each graph, whereas F1, F2, and F9 are rather
distant from each other, except in Fig. 14d. Specifically, in the first two
plots (Fig. 14a and b), the F3-F8 fans are characterized by smallest areas
and shortest drainage networks in the feeding catchments; hence, they
are proximal to the origin. Instead, F3-F8 fans are less grouped in the Fj-
F; plot because the normalized slopes along their fan axes vary between
0.333 and 1.00, while the normalized axis length is quite short (below
0.049). Similarly, F3-F8 fans are less grouped in the F;-Cp,; plot.

We next conducted k-means clustering analysis to explore the cor-
relation between the morphometric characteristics of both fans and their
respective catchments, as well as the clustering tendency between FFs
and AFs. Fig. 15a shows the t-SNE cluster plot and the summary statistics
of the two-cluster model whose accuracy is about 0.502. The cluster
analysis distinguished two groups where cluster 1 is formed by F3-F8
fans, and cluster 2 is F1, F2, and FO.

In the plots of Fig. 14 F2, and F9 are between two end members (F1
on one hand, and F3-F8 on the other one). The same framework can be
observed in the t-SNE cluster plot (Fig. 15a) where F2 and F9 are clus-
tered together to F1 (cluster 2) despite them being quite proximal to
cluster 1 (F3-F8). Once again, the main distinction is between the F1/
F2/F9 group (“power fans”), and F3-F8 (“exponential fans”), as in the S-

Fig. 14. Scatter plots of the normalized values of fan area vs catchment area (C, vs F,) (a), the channel length in the feeding catchments vs the area of the alluvial fan
(Cq vs Fy) (b), the length of the fan axis vs the mean slope (F; vs F) (c), and the catchment roughness vs fan mean slope (Cy,, vs F) (d).
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Fig. 15. The t-SNE cluster plot (a) and the cluster mean plot (b) obtained in JASP 0.16.4.0.

A analysis. characterized by lower values than F1 and F9. After considering the
Observing the morphometric parameters of the feeding catchments morphometric parameters of the alluvial fans, the distinction between

(Supplementary materials 3), specifically the area and the channel F3-F8 and F1/F2/F9 is less evident because only F1 seems discernible

length, F3-F8 are characterized by the smallest areas and the shortest thanks to its widest area (358.81 km?), longest fan axis (29.79 km), and

drainage networks. On the other hand, F1/F2/F9 have the widest lowest mean slope (0.02 m m™1).

feeding catchments and the longest drainage networks, despite F2 being In the cluster mean plot (Fig. 15b) the difference between cluster 1

Fig. 16. The final sketch with the main outputs: the remapping of the fans and their distinction according the prevailing construction process (FFs and AFs), thus
highlighting the frequency of the stacked fans. The feeding catchments are distinguished considering the precipitation contribution in the delineation of the pre-
vailing construction process of the fans. The drainage networks are discerned according to the outputs derived from the S-A analysis.
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and cluster 2 is quite obvious in each category except when we consider
the F,, Fae, Fte, and F,. The cluster means of C,, C¢, Cdqd, Cr, Crr, and
Cp—as well as F,, F, Fe, and F—vary approximately between 0 and 1
for cluster 2. The mean is below 0 in cluster 1. Conversely, the cluster
means of Fq, C¢;, and Fy are marked by positive values for cluster 1 and
negative ones for cluster 2.

The cluster mean plot can help infer the most suitable parameters for
discerning the two clusters. In fact, the feeding catchment parameters
fully distinguished the two clusters whose quartiles are well separated.
Rather, some fan parameters (e.g., Fa, Fae, Fte, Fr) seem to be less suitable
for discerning the two clusters, while the quartiles of Fs and F) are nicely
separated (Fig. 15b), thus clearly discerning the two clusters.

5. Discussion
5.1. Coalescing alluvial fans geomorphological mapping

Nine alluvial fans (named F1-F9) were confirmed along the southern
margin of the ALM close to the Damascus intermontane basin. Their
geomorphological characterization and mapping have been improved
(Fig. 16). The construction of radial profiles and the extraction of con-
tour lines mark the end points and thus delineating the piedmont fans.
They also recognize the adjacent fans that coalescence as in F1 and F2.
The latter has a convex-up profile along the radial profile p7 in Fig. 10,
thus suggesting the superposition of F2 deposits above F1.

Both radial profiles and contour lines (Supplementary materials 2)
show clear differences between the delineated and remapped fans as the
ones provided by the Geomorphological Map of Syria at 1:1,000,000
scale (1963) as shown in Fig. 12. Specifically, several fans present
shifted apex points and different plan shapes, mainly due to the differ-
ence in the scale of investigation (1,1,000,000 vs 1:200,000 of the
present work). Moreover, the radial profiles of the largest fans F1 and F9
allow us to recognize the plausible occurrence of a stacked fan structure.
Indeed, their profiles along the apex sectors have the steepest slopes
with values greater than the first standard deviation (specifically, pro-
files p4-p7 for F1 as well as p2-p4 for F9 in Supplementary materials 1).
The middle sectors are characterized by slope values proximal to the first
standard deviation or between the mean and the standard deviation.
Finally, the area beyond the end points is characterized by slope values
lower than the mean. The identification of these three different sectors
only above the largest fans F1 and F9 suggests the development of
smallest fans exclusively in their apex sectors as typically recognisable in
the “stacked” fans (Fig. 16).

5.2. Fan construction processes

The difference in the prevailing construction process among the
piedmont fans of the study area was first suggested by their remapping.
Specifically, the smallest fans (F3-F8) have confined catchments and a
short fan axis, while the largest fans (F1, F2, and F9) have wide catch-
ments and long fan axis. As reported by Ventra and Clarke (2018),
Harvey (2018), and Moscariello (2018), these morphometric charac-
teristics are the most indicative for discerning between AF and FF.

The distinction between F3-F8 and F1/F2/F9 found in each step of
the workflow may be helpful for obviating the absence of field investi-
gation, thus validating the complete remote-desk approach adopted
here.

We first considered the S-A functions to connect this cluster tendency
with the prevailing construction process. Precisely, the feeding catch-
ments of the largest fans F1/F2/F9 show a well-developed fluvial
domain that is less pronounced in B3-B8 (not weighted data). Indeed,
the occurrence of fluvial processes can be easily seen in Fig. 6¢ where
there is a greater distance between the thresholds and maximum values,
and thus a greater development of the fluvial domain.

Considering the rainfall's influence, it is evident that the eastward
aridification may play a relevant role, especially in the smallest
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catchments (B3-B8). The plots in Fig. 6b suggest the eastward increasing
distance between not-weighted vs weighted data that we can associate
with the role of the different climatic conditions in the drainage network
development: a greater distance between weighted and not-weighted
data implies a greater influence of precipitation. Specifically, we note
the role of precipitation in B6 where the fluvial domain is not developed
at all. Therefore, the absence of a marked fluvial domain in the smallest
catchments (B3-B8), in addition to a seasonal distribution of rainfall,
suggests that the occurrence of extreme events like debris flows played a
significant role in the fan development (Fig. 16). Moreover, we suppose
that the influence of precipitation in B9 may be intermediate, given the
longitudinal extent of the basin with the western sector less influenced
than the eastern one (Fig. 16).

The distinction of construction process seems to be also evident in
the regression analysis applied to the upslope profiles. F3-F8 have been
described as “exponential fans” since the increasing slope values, espe-
cially in the apex sectors, easily defines a straightforward concave-up
profile especially in F6-F8. Therefore, the selection of the most suit-
able regression has been easier considering the highest values of R?
(>0.6). In this manner, a steeper profile (up to 0.08 m m 1) and shortest
axis (few km), typical of AFs (Bull, 1977; Blair and McPherson, 2009;
Ventra and Clarke, 2018; Harvey, 2018; Moscariello, 2018), allow us to
confirm the preliminary distinction in the construction process between
F3-F8 and F1/F2/F9. The latter could be potentially defined as “power
fans” since the constant increase of the slope values apex-ward is
describable through a power law regression that is typically associated
with FFs (Williams et al., 2006). However, the quite low value of R?
(below 0.34) is weak for selecting the most suitable regression, thus
leaving the definition of “power fans” rather unsure.

The plots of Fig. 14 show that F1/F2/F9 have long axes of several
tens of kilometres (10-30 km) and rather low slopes (below 0.03 m
m™1). These two features are typically seen in FFs as reported elsewhere
(Bull, 1977; Kostaschuk et al., 1986; Blair and McPherson, 2009; Ventra
and Clarke, 2018; Harvey, 2018; Moscariello, 2018). Therefore, we
conclude that the regression analysis is more suitable for recognizing
AFs than FFs, where the identification of the prevailing construction
process seems to be clearer. Conversely, the poor feasibility of the
regression analysis over the largest fans may be due to a more complex
development mechanism and morphodynamics (e.g., alternation of
fluvial and gravitational processes, occasional occurrence of hyper-
concentrated flows, etc.).

A further distinction in the construction process has been obtained
through the computation of the cluster analysis. Several catchment and
fan parameters have been considered for defining the morphometric
correlation between catchments and fans as well as for discovering the
cluster tendency of the mapped landforms. The C, vs F, and C vs F,
plots (Fig. 14) perfectly describe the typical linear proportion (R? up to
0.96): there is a wider feeding catchment, a longer drainage network,
and thus a higher fan area. Likewise, there is a well-known correlation
between Fj and Fg: they are inversely proportional despite the coefficient
of determination being low (0.42). Conversely, F; and Cp,; are inversely
related in the present study, contrasting some previous works (e.g.,
Kostaschuk et al., 1986; Crosta and Frattini, 2004; Karymbalis et al.,
2016). Fs and Cy, are relevant morphometric parameters for defining the
fan energy in the construction process: AFs are characterized by higher
Cmr and Fg than FFs (Karymbalis et al., 2016). In the present study, F3-F8
are characterized by highest slopes (Fs > 0.33) and low catchment
roughness (C,r > 0.7); while F1/F2/F9 present lowest slopes (Fs < 0.16)
and high catchment roughness (Cpr > 0.9). We can explain this
controversial tendency considering the catchment size (several hun-
dreds vs few tens of km?). B1/B2/B9 are the widest basins characterized
by various landscapes (i.e., medium - height mountains with flattened
divides, steep slopes, low mountains with small and low ridges, and low
mountains with coniform and cuesta-hilly relief), that may result in the
highest relief. Conversely, B3-B8 are the smallest catchments with a
quite homogeneous landscape (mountains of medium height with
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narrow divides and longitudinal valleys), and their relief may be lower.

In each plot of Fig. 14, we see again the separation of F1/F2/F9 from
F3-F8 as confirmed by the cluster analysis. Indeed, the optimized k-
means clustering according to BIC value was perfectly recognized in the
two groups, where most of the selected parameters straightforwardly
distinguish cluster 1 (F3-F8) from cluster 2 (F1/F2/F9). The maximum
distinction between the two clusters can be observed in almost all pa-
rameters, especially for the catchment ones (as already observed by
Crosta and Frattini (2004)), while F,, Fae, Fie, and F; are less suitable.
Hence, we can infer that the parameters of the feeding catchments seem
to be the most suitable variables for discriminating the prevailing con-
struction process, while the morphometric fan parameters like slope and
length are more significant when compared to the catchment
parameters.

The role of tectonics in fan development was also considered
including the literature about the Damascus reverse fault. Abou Romieh
et al. (2009) have estimated a significant slip rate that was successively
confirmed by the inferred Late Pleistocene fluvial terraces of Barada
River (Abou Romieh et al., 2012). Moreover, the Damascus reverse
faults developed a throw of about 2500 m and activated about 0.9 Ma
with an estimated vertical slip rate of about 2.8 mm yr-1 (Abou Romieh
etal., 2012). However, the low slip rate geodetically measured along the
Palmyrides (~ 1.5 + 1.0 mm yr-1 from Alchalbi et al., 2010), as well as
the quasi-total absence of significant earthquakes in the study area
(Fig. 2), may be explained by the crustal shortening within the PFB
(Abou Romieh et al., 2012).

Moreover, from longitudinal river profiles, it was possible to observe
that the non-lithological knickpoints are concentrated in the B1 and B2
basins, where the fault is likely to have had its maximum slip, effectively
generating a greater accommodation space. The knickpoints in the B9
basin, on the other hand, are probably due to fluvial captures. Indeed,
we can observe the straightforward westward development of the basin
(lowest C), in addition to the occurrence of the rectangular drainage
pattern. Therefore, tectonic impacts on fan development would have
been greater in Bl and B2, creating the maximum accommodation
space. Therefore, tectonic impacts on fan development would have been
greater in B1 and B2.

The absence of the stacked structures along the radial profiles of F2
would also seem to suggest that the tectonic input may play a minor role
in fan development in the study area. The occurrence of stacked struc-
tures only in F1 and F9 may be correlated with human activity. Indeed,
the river management along the Barada River, as well as the mining
activities in B1 and B9 may have modified the base level, thus favouring
the stacked framework.

Heterogeneous lithologies undoubtedly play a key role in the
development of the piedmont alluvial fans (Bull, 1968; Harvey et al.,
2005; Blair and McPherson, 2009). However, the lithological map re-
ported in Fig. 2a shows a very homogeneous distribution of lithologies in
the basins with the highest variability in the largest basins (B1, B2, and
B9). Moreover, we can infer that the erodibility may be quite homoge-
neous among basins considering the prevailing outcrop of limestones
and limestones/marl alternations.

Despite the low resolution of the SRTMv3 DEM, the proposed
workflow has successfully unravelled the distinction between FFs and
AFs along the southern margin of the ALM. The insights are suitable for
the regional investigation of several piedmont fans as in the study area
where the construction processes have not yet been defined. However,
geomorphological field work is essential for confirming these results as
well as for cross-checking what is preliminary identified by remote
analysis. For example, sedimentological analysis is essential for
describing the active/abandoned zones (e.g., fan head, trunk channel,
distributary channels) and for characterizing sediment flows and for
inferring the lithological setting of the feeding catchment.
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6. Conclusions

The southern margin of the ALM preserves nine alluvial fans (F1-F9)
that longitudinally occupy the piedmont sector for about 50 km. The size
and the characteristics of the physical landscape of the study area
strongly favoured a remote methodological approach. The remotely-
desk investigation of the area offered geomorphological characteriza-
tion and classification via the construction process of the alluvial fans
previously mapped in the Geomorphological Map of Syria at
1:1,000,000 scale. The proposed methodological approach using the 30
m SRTMv3 DEM is suitable for the regional investigations of alluvial fans
in semi-arid zones.

The main outcomes can be summarised as follows:

1. All alluvial fans previously reported in a rough way on an existing
geological map have been remapped, thus delimiting the coalescent
fans through the radial profiles and the extracted contour lines.

2. The S-A analysis of the feeding catchments is suitable for defining the
role of the spatial rainfall gradient, as well as for delineating the
initiation of the fluvial domain.

3. Regression analysis over the upslope profiles is potentially useful for
a preliminary distinction of the AFs where the exponential regression
can be applied.

4. Cluster analysis that considered parameters of both feeding catch-
ments and fans is the critical step for straightforwardly discerning
the prevailing construction process, especially considering the
catchment parameters as well as the fan length and slope.

5. The FFs (F1/F2/F9) are characterized by widest areas, longest axis,
and lowest slopes; moreover, F1 and F9 can be defined as stacked
fans that are typical of active mountain fronts (e.g., Damascus
reverse fault). On the other hand, the AFs (F3-F8) have smallest
areas, shortest axis, and highest slopes.

6. The rainfall influence increases eastward favouring the fluvial-
dominated processes in the wider catchments as well as run-off
events in smaller catchments.

7. The role of tectonics is relevant in the westernmost sector (B1-B2),
where the slip of the Damascus fault may be maximum and may
develop the greater accommodation space.

Finally, wide and inaccessible areas can be potentially investigated
using the approach proposed here especially where arid and semi-arid
climate conditions prevail as well as where socio-political issues may
prevent effective field work.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.geomorph.2024.109148.
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