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Extended Abstract

Introduction

Earth's surface landforms and geomorphological landscapes are constantly evolving. Geomorphic systems
are complex, leading to uncertainties in our understanding of their state. Thus, the ability to measure
variables is crucial for geomorphologists. Therefore, the main goal of scientific explanation in the science
of geomorphology is the ability to measure the processes and environmental factors that affect the evolution
of the Earth's landscapes and landforms. As Mansouri et al. (2023) noted, quantitative methods in
geomorphology are important because they offer tools to accurately and efficiently quantify interactions
between landforms and related processes, enabling more effective description and interpretation. Tectonic
geomorphology studies the interplay between tectonic forces and surface processes that sculpt Earth's
landscapes, particularly in active deformation zones. Quantitative topographic analysis is valuable for
measuring landforms and geomorphological landscapes because tectonic activity significantly shapes the
Earth's topography. In earth sciences, including geomorphology, digital elevation models are commonly
used to extract and evaluate topographic swath profiles, providing insights into surface conditions and
roughness. Geoscientists commonly employ topographic and drainage network analyses in tectonic
geomorphology (Pérez-Pena et al, 2009a; 2009b; 2010; Kirby and Whipple, 2012; Giaconia et al, 2012;
Royden and Perron, 2013; Willet et al, 2014; Pérez-Pefia et al, 2017). Specifically, topographic swath
profiles are used to analyze these patterns, revealing landscape elements and tectonic influences (Molin et
al, 2004; 2012; Andreani et al, 2014; Scotti et al, 2014; Azafion et al, 2015). Swath profiles analysis is most
widely used in tectonic geomorphology. Numerical evaluation of tectonic uplift or subsidence, detection of
fault location, explanation of river capture and antecedent valley formation, as well as testing of geophysical
models, are among the most common applications. The present-day great availability of high-resolution
Digital Elevation Models has improved tectonic geomorphology analysis in its methodological aspects and
geological meaning. Today, it has been proven that swath profile analysis has proved to be useful in the
study of large orogens to evaluate the effects of vertical surface movements, as well as in the investigation
of fluvially or glacially sculpted topography. One of the main applications of topographic swath profiles is
morphological and morphotectonic analysis of various landscapes on the Earth's surface to explore the short
and long-term landscape response to tectonic activity and climate changes. Most of the morphometric
analyses are conducted in GIS software, which has become a standard tool for analyzing drainage network
metrics.

Materials and Methods

To investigate the long-term evolution of the landscape within the Iranian part of the Makran Accretionary
Prism, with a particular focus on the interaction between active tectonic processes and the erosional impact
of deep river incision, we employed the SwathProfiler plugin.
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This methodology allowed us to generate topographic swath profiles, providing a detailed representation of
the landscape's morphology. A key advantage of this approach, as originally described by Pérez-Pefia et al.
(2017), lies in its streamlined and automated execution. The entire workflow is designed to be readily
implemented using digital elevation models (DEMs) data within the widely used ArcGIS software
environment, ensuring efficient data processing and analysis. The ease of use and automation significantly
reduce the time and effort required for generating swath profiles, making it a valuable tool for large-scale
landscape studies. Furthermore, to complement the topographic analysis, we integrated both topographic and
geological datasets. Topographic information was extracted from topographic maps at scales of 1:250,000
and 1:50,000, providing a range of spatial resolutions for detailed and regional analysis. Geological data,
crucial for understanding the underlying structural controls on landscape evolution, were derived from
geological maps at scales of 1:100,000 and 1:250,000. The integration of these diverse datasets,
encompassing topographic and geological information at multiple scales, allowed for a comprehensive
assessment of the factors influencing the long-term landscape development of the Makran Accretionary
Prism. The combination of the SwathProfiler plugin's efficient processing capabilities with the availability
of detailed topographic and geological data enabled a robust and insightful investigation into the complex
interplay of tectonic and fluvial processes shaping this dynamic region. The SwathProfiler minimizes the
time and the calculation process to extract swath and longitudinal river profiles. They also allow the
extraction of key information from profiles that may help in their interpretation and analysis. Swath profiles
can be examined statistically to extract maximum, minimum, and mean topographic elevation for each
transect. Mean elevation is a good approximation to the general topographic trend of the landscape within
the swath profile band, whereas maximum and minimum elevation can inform about landscape variations in
the direction perpendicular to the swath profile. Moreover, other parameters as local relief (maximum
elevation - minimum elevation) or quartile (Q1 - Q3), can also describe topographic variations along the
swath. Generally, stable areas, such as basins or plateaus with low-to-moderate incision, will yield low values
of local relief and swath profiles where all lines will merge. Conversely, high local relief and wider variations
of swath profiles will be characteristics of mountain ranges or highly dissected landscapes exposed to high
incision and/or uplifting (Pérez-Pefia et al, 2017).

Results and Discussion

In general, the longitudinal topographic profiles show remarkable features. Generally, the results indicate
substantial variations in both longitudinal and transverse profiles, with a significant degree of oscillation
observed in their respective values (maximum elevation (0-2200 m), minimum (0-1500), mean (0-1680), Q1
(0-1610), Q3 (0-1850), local relief (0-1550) and THi" (0-0.8)). All longitudinal profiles have recorded a very
high percentage of relief, which indicates the presence of a rugged mountainous landscape along the main
direction of the Makran belt. Additionally, by carefully examining these profiles, we can observe a type of
topographic asymmetry in the path of the profiles, except for the diagram related to the inner Makran, which
somehow displays a state of relative topographic symmetry. Overall, a general examination of the
longitudinal profiles shows that in the outer and inner Makran subzones the topographic situation is relatively
compact; however, in northern and coastal Makran, the level of compression and density of relief is reduced
in favor of the expansion of low and low-lying surfaces (corresponding to the unit of wide valleys, plains).
However, the northern Makran highlands still have a higher relative density than coastal Makran. On the
other hand, the transverse topographic profiles also show very interesting features and differences in the
topographic situation of the region. Generally, all profiles perpendicular to Makran are asymmetrical. The
main reason for their asymmetry is the effect of the action of the main faults and thrusts in the region
(including: Chahkhan, Ghasr-e Ghand, Bashagard, and Bampour thrusts). Therefore, as these profiles show,
it is easy to observe the Makran subzones and their boundaries. Overall, the findings show that all
longitudinal and transverse profiles recorded high changes in their values. In other words, in most profiles,
the local relief curve has high variability and values. Also, the values of the enhanced transverse Hypsometric
Integral index (THi") show high variations. Thus, the highest and lowest THi* values were recorded in the
North Makran longitudinal profile (affected by the Minab Thrust) and Outer Makran longitudinal profile,
respectively, as well as in transverse profiles 1, 2, and 4. In addition, in significant parts of the longitudinal
and transverse profiles, it was observed that the profile of the mean elevation moved away from the minimum
and, along with the third quartile curve, approached the maximum. Overall, the findings of this study
demonstrated that higher values (close to 1) of the THi" index, along with the mean elevation curve and the
third quartile closing the maximum in many areas, indicate the existence of a young landscape and a transient
state of adjustment to higher uplift rates. Overall, the results indicate a strong correlation between the first
quartile parameter and both the mean and minimum elevation, with a confidence level of 99%. Pearson's
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correlation coefficient (r) values for the first quartile were 0.997 with mean elevation and 0.993 with
minimum elevation. On the other hand, the results also demonstrate a robust correlation between the mean
and minimum height parameters (Table 4). Positive values between these parameters indicate a positive and
additive effect between them. Furthermore, strong relationships and correlations are evident between the Q3
and the mean, the Q1 and Q3, the Q3 and the maximum elevation, and the Q3 and the minimum elevation,
all at a 95% confidence interval (Table 5).

Conclusion

The topographic analysis conducted in this study, characterized by its rapid execution, has demonstrated the
considerable potential for employing topographic swath profiles. This method proves both useful and
practical when examining the relief characteristics of mountainous regions, especially when such analyses
are performed over a regional extent. The study highlights the value of topographic swath profiles as a
powerful tool for understanding and quantifying the complex surface variations inherent in mountainous
landscapes. By employing this approach, researchers and practitioners can gain valuable insights into the
geomorphological features and processes that shape these areas. Therefore, the application of topographic
swath profiles offers a valuable and efficient means of analyzing the relief of mountainous terrains at a
regional scale, highlighting its applicability in various geomorphological studies and environmental
assessments. The SwathProfiler extension within the ArcGIS software provides a streamlined approach to
conducting sophisticated topographic analyses. This tool is designed to facilitate rapid and efficient
processing, making it particularly useful for geomorphological and morphotectonic investigations that cover
extensive geographic areas. Specifically, its capabilities are optimized for landscape studies conducted at a
regional scale, allowing researchers and analysts to easily perform advanced analyses of topographic data.
By employing the SwathProfiler extension, ArcGIS users can readily extract valuable insights from
topographic information, leading to a more comprehensive understanding of landscape evolution and
tectonic processes across broad regions. The creation and subsequent analysis of topographic swath profiles
within the Iranian section of the Makran prism proved valuable in discerning and elucidating regional
topographic characteristics. This process, utilizing a digital elevation model as its primary data source,
facilitated the consideration of both internal tectonic processes and external erosional influences that
collectively shape the landscape. By employing topographic swath profiles, we were able to effectively
recognize and interpret the dominant topographic patterns present in the region. The extraction of these
profiles specifically allowed for a more detailed examination of the interplay between the forces of tectonic
uplift and deformation, which originate from within the Earth, and the surficial processes of erosion, driven
by external factors such as climate and weathering. This approach offers a comprehensive understanding of
the factors responsible for the observed topographic features in this tectonically active area.

Keywords: Relief, Makran, Tectonic Geomorphology, Tectonic Uplift Process, Topographic Swath Profiles.
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Fig. 1: a: Geographical setting of the Makran accretionary prism (base map from ETOPOI
http://www.ngdc.noaa.gov/mgg/global/relief/ETOPO1/image/color_etopol ice full.tif.gz); b) Simplified map of
the Iranian part of the Makran zone with its tectonic-stratigraphic subzones; English italics indicate the main thrust
faults that also form the boundaries of the subdivisions (CKT: Chah Khan Thrust, GGT: Ghasr Gand Thrust, BT:
Bashagerd Thrust, BPT: Bampour Thrust, MZT: Minab-Zendan Thrust) (modified from Dolati, 2010; Burg et al,
2013; Burg, 2018) and the location of the main and active faults of the study area (Zelenin et al, 2022). SSZ
represents the Sistan Suture Zone.
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Table 1: Key information on Makran subzones (based on geological maps (Burg et al, 2013)).

Zone Subzone Border (Extend)
From the south of the Jaz
North Makran Murian Depression and the
Bashakerd Thrust
Inner Makran Between the Bashakerd Thrust

and Ghasr Ghand Thrust

Makran Outer Makran Between the Ghasr Ghand

Between the Chah Khan Thrust

Coastal Makran and Coastline

Thrust and Chah Khan Thrust

Lithology Dominant structural features
Cretaceous
sedimentary and
igneous-ultramafics

rocks

Imbricated Zone, widespread
Tortonian Olistostrome

Numerous thrust and strike-
slip faults, high compression
and fracture of sedimentary
structures, widespread
Tortonian Olistostrome
Open and large folds with a
weak axial-plane cleavage,
widespread Tortonian
Olistostrome, and less
shortening than the Inner
Makran

Eocene to Middle
Miocene rocks

Upper Oligocene to
Middle-Miocene rocks

Very weakly deformed, the
absence of any thrust faults,
the presence of numerous
faults with normal
mechanisms, the occurrence of
mud-volcano, and the presence
of gentle folds

Upper Miocene and
Plio—Pleistocene
sediments
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Fig. 2: Schematic for creating curved topographic swath profiles (Pérez-Peiia et al, 2017).
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Fig. 3. Relationships between elevation (maximum - minimum elevation) and hypsometry in swath profiles. Points
P1 and P2 show very different hypsometry integral (HI) values due to small changes in mean elevation in a transect
with very low elevation (Pérez-Pefia et al, 2017). See text for more information.
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Fig. 6: The location and width of the longitudinal and transverse paths designated for drawing the topographic
swath profiles in the study area. Italicized English letters with underlines (LSP: Longitudinal Swath Profile and
TSP: Transverse) indicate the name of the path designated for each profile. For more information, see the text and
Table 2.
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Table 2: Some of the most important characteristics related to the routes determined for the preparation and

drawing of topographic swath profiles in the Makran zone. For more information, refer to Figure 6, which provides
additional details.
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Fig. 7: Diagram of the topographic swath profiles along the longitudinal paths determined in the Makran subzones.

For information on the geographical location of each subzone, see Figure 1b; and the path of each profile, see
Figure 6. International boundaries are not documented in these diagrams.
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Table 3: Key quantitative values for longitudinal and transverse topographic swath profiles in the study area.

Longitudinal topographic profiles

Transverse topographic profiles

Parameter  Value LSPI  LSP2 LSP3 LSP4 TSP1 TSP2  TSP3 TSP4
THi* Max. 038 0.73 0.75 0.72 0.8 0.7 0.75 0.75
Dominanttrend ~ 0.2-0.5  025-0.5 0206  02-0.5  025-0.5 025-05 025-0.5 025-0.6
Min. 0.03 0.06 0.0 0.06 0.0 0.0 0.03 0.0
Max,  High 2200 2150 2000 1900 1460 1380 1790 1800
© Low 300 750 70 0 0 0 0 0
Elevation  ~ High 1300 1680 1650 790 1000 1150 1560 1550
(m) Low 250 650 30 0 0 0 0 0
v, High 1110 1500 1480 500 700 1010 1350 1490
© Low 210 500 10 0 0 0 0 0
Third  Max. 1510 1810 1850 1470 1300 1200 1700 1600
Quartile quartile  Min. 250 690 50 0 0 0 0 0
(m) First ~ Max. 1190 1610 1550 650 890 1100 1500 1510
quartile  Min. 210 550 30 0 0 0 0 0
Local Max. 1300 1190 1000 1550 980 480 800 600
Relief (m) Min. 25 100 50 0 0 0 0 0
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Table 4: Pearson's correlation coefficient matrix for parameters related to the topographic swath profiles in the
studied routes.

Parameter Max. elevation Min. elevation Mean elevation 3rd  1st quartile Local relief  THi*
quartile
Max. elevation 1
Min. elevation 0.401 1
Mean elevation 0.446 0.988 1
3rd quartile 0.741 0.727 0.791 1
1st quartile 0.391 0.993 0.997 0.749 1
Local relief 0.635 -0.413 -0.330 0.225 -0.395 1
THi* 0.190 - 0.052 0.002 0.003 -0.031 0.222 1
Bolded numbers = significance at 99% confidence level.
Italic numbers = significance at 95% confidence level.

Table 5: Quantitative values of the coefficients related to Pearson's correlation coefficient for the parameters and

variables extracted from the studied swath profiles.

Parameter r T

1st quartile with Mean elevation 0.997 30.616
1st quartile with Min. elevation 0.993 20.654
Mean with Min. elevation 0.988 15.599
3rd quartile with Mean elevation 0.791 3.162
1st and 3rd quartile 0.749 2.770
3rd quartile with Max. elevation 0.741 2.765
3rd quartile with Min. elevation 0.727 2.590

Pr>|t| Significance (at confidence level)
<0.0001 99%
<0.0001 99%
<0.0001 99%
0.020 95%
0.032 95%
0.035 95%
0.041 95%
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Fig. 8: Diagrams of the topographic swath profiles along the designated transverse paths and perpendicular to the
Makran zone. For information on the path of each profile, see Figure 6.
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