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Abstract  9 

Combinations of tectonic geomorphological criteria are frequently used to detect vertical and 10 

lateral growth of fold structures in tectonically active settings due to their low cost and relative 11 

ease of application. The purpose of this study is to analyze the morphometric properties of 12 

drainage basins developed into the flanks of a growing anticline to explore the active tectonic 13 

growth patterns of the fold. We target the Handun anticline in the Zagros Simply Folded Belt 14 

due to it being actively growing fold structure and that possesses a high variability of drainage 15 

basin morphologies across different parts of the fold structure. 16 

57 drainage basins were characterized in terms of their orientation using a newly defined 17 

drainage basin orientation (DBO) index, in combination with a set of standard tectonic 18 

geomorphological metrics (drainage basin area [Ba], slope [S], asymmetry factor [AF], 19 

hypsometric integral [HI], basin shape [Bs], crescentness index [CI], sinuosity of main drainage 20 

[Smd], drainage density [Dd], drainage density of 1st-order streams [Dd1], drainage frequency 21 

[Df]) and sinuosity of the main anticline ridge [Sad]). Indices were synthesized for spatial 22 

comparison between western, central and eastern zones of the growing fold. 23 

Results show that the DBO is strongly correlated with its CI, Smd, and A. In terms of spatial 24 

distribution, the central zone (the main fold axis) is characterized by lower values of DBO, A, 25 

S, CI, Smd, and Sad. These contrast with the western and eastern zones (fold plunge regions), 26 
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which are characterized by higher values of Dd, Dd1, and Df. Of note is the southern limb of 27 

the anticline, which is characterized by drainage basins with larger A, and higher values of AF, 28 

CI, and Smd. This suggests higher lateral erosion on the southern fold flanks. In contrast, 29 

drainage basins with steeper S, and greater DBO elongation are found on the northern limb, 30 

suggesting dominance of vertical erosion. This contrasting south-north erosion pattern suggests 31 

that the northern fold flank is actively steepening, and presenting a more youthful topography, 32 

with lower and spatially focused erosion that is increasing with time. Overall, high values of 33 

the newly proposed DBO metric relate to the presence of a curved and / or an asymmetric 34 

forked drainage pattern that is configured to the trend of faults and fractures across the fold. 35 

These structures are typically oriented oblique to the fold axis, with further modification into a 36 

semi-annular drainage pattern developed around a salt diapir.  37 

 38 

Keywords: Drainage basin orientation, tectonic geomorphological indices, folds, anticlines 39 

 40 

Introduction 41 

Quantitative analysis of landforms in tectonically active regions, especially within collisional 42 

zones of elevated compressive strain, can provide useful information concerning the patterns 43 

and rates of tectonic activities and the landscape development (Jackson et al., 1998; Delcaillau 44 

et al., 2006; Ramsey et al., 2008; Keller and DeVecchio, 2022). Such analysis can be achieved 45 

through application of geomorphic indices to the landscape and its component landforms. 46 

These DEM and satellite images derived indices are low-cost, with relatively easy-to-perform 47 

data collection and analysis steps. Thus, they are highly effective tools to apply and inform on 48 

improving our understanding of active tectonics. Morphometric parameters related to drainage 49 

basins (i.e., hypsometric integral, asymmetry, elongation, circularity, crescentness index), river 50 
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networks (i.e., drainage density, frequency, confluence angle, hierarchal anomaly index), and 51 

mountain fronts (i.e., mountain front sinuosity, facet slope-to-height ratio, percentage faceting, 52 

valley floor width-to-height ratio) have been commonly applied to landscapes affected by 53 

varying tectonic activity worldwide (Wells et al., 1988; Ramírez-Herrera, 1998; El Hamdouni  54 

et al., 2008; Peréz-Peña et al., 2010; Altin and Altin, 2011; Özkaymak and Sözbilir, 2012; 55 

Bahrami, 2013; Bahrami et al., 2020; García-Delgado and Velandia, 2020; Różycka and 56 

Migoń, 2021; Bahrami, 2022). In compressional tectonic settings, the geomorphic signatures 57 

of a laterally growing (widening) fold typically includes: (1) decreases in drainage density and 58 

degree of dissection; (2) decrease in elevation of wind gaps; (3) decrease in relief along a fold 59 

topographic profile; (4) development of asymmetric drainage patterns; (5) deformation of 60 

progressively younger deposits or landforms; (6) decrease in rotation and inclination of the 61 

anticline forelimb; (7) development of an asymmetric forked tributary network; (8) 62 

development of a series of curved wind gaps; and (9) the development of fan-shaped tributary 63 

drainage patterns on fold flanks, have all been analyzed in folded structures (Keller et al., 1999; 64 

Ramsey et al., 2008; Bretis et al., 2011; Keller and DeVecchio, 2013; Collignon et al., 2015, 65 

2016;Sissakian et al., 2019; Machuca et al., 2021; Adeoti and Webb, 2022). Nevertheless, little 66 

attention has been devoted to the drainage basin orientation and its relation to active tectonics 67 

in growing folds. The few existing studies include Ramsey et al. (2007) who evaluated the 68 

deflection of rivers using the angle between the general trend of the basin outlet with respect 69 

to an east-west direction. They suggested that deflections of rivers are controlled by the fault 70 

lines. A further example is by Krystopowicz et al. (2020) who defined a morphometric factor, 71 

called the catchment-fault azimuth, expressed as the angle between the fault and the main axis 72 

of the catchment measured in a counterclockwise direction. Their study revealed that values of 73 

basin asymmetry and basin-fault azimuth illustrate tilting of fault block footwall catchments as 74 

part of a regional tilting pattern. Generally, the trunk drainage of a basin is oriented 75 
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perpendicular to the mountain front line, whereas it is oriented oblique to the mountain front 76 

line, or fold axis, when it is affected by a fault trace or lateral growth of a fold. Thus, 77 

quantitative evaluation of the orientation of drainage basins developed on the fold flanks can 78 

obtain useful information about active tectonics. 79 

The Zagros Simply Folded belt is one of the most tectonically active areas in the world, 80 

containing pronounced ‘whaleback’ anticlines that are growing vertically and laterally (Lee 81 

and Falcon, 1952; Berberian, 1995; Ramsey et al., 2008; Bahrami, 2013; Faghih and 82 

Nourbakhsh, 2014; Collignon et al., 2016; Woodbridge et al., 2019; Bahrami, 2022). Although 83 

drainage system development and morphometry have been studied as evidence of fold growth 84 

throughout the Zagros (Ramsey et al., 2008; Bretis et al., 2011; Bahrami, 2013; Collignon et 85 

al., 2016; Woodbridge et al., 2019; Bahrami et al., 2020), drainage basin orientation in 86 

association with vertical and lateral growth of folds is a less evaluated aspect. Recently, 87 

Bahrami et al. (2020) proposed a “crescentness index” of a drainage basin as a new 88 

morphometric index suggesting lateral growth of the Gorm anticline (Fars region). The study 89 

showed that the development of crescent-shaped basins in the pre-nose fold segment, where 90 

the upstream drainage basin parts have been curved towards the central region of the anticline, 91 

provides strong geomorphic evidence for lateral fold propagation. In terms of the Handun 92 

anticline which forms the focus of this study, Ramsey et al. (2008) briefly examined the effect 93 

of some oblique fractures on the orientation and pattern of its drainages. However, detailed 94 

examination and precise interpretation of its drainage basin morphometries and their networks 95 

across different parts of the Handun anticline have not been considered. The Handun anticline 96 

displays a high variability in the morphometry of its drainage basins and their networks, and 97 

we use this variability to explore in detail and more precisely their relationships to tectonic 98 

activity.  99 
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Accordingly, the objectives of this study are to: (1) investigate the relationship between 100 

drainage basin orientation and the morphometric properties of the drainage basins and their 101 

networks; (2) to assess the variations of the analyzed morphometric parameters in three tectonic 102 

zones and the northern and southern limb flanks of the growing fold structure; and (3) evaluate 103 

the effects of lateral and vertical growth of the fold and its resulting fault trends on the drainage 104 

basin orientation. 105 

Study area 106 

Geological setting 107 

The Zagros Fold and Thrust Belt (ZFTB), in which the study area is located, is one of the 108 

youngest continental collision belts in the world, extending over 1500 km from Kurdistan in 109 

northern Iraq to the Hormuz Strait at the mouth of the Persian Gulf. Folding in the 110 

Zagros Simply Folded Belt started in the early Miocene (Sherkati et al., 2005), and folds 111 

associated with the Zagros Foredeep are still growing (Berberian, 1995). 112 

The Handun anticline is part of Bandar Abass region in the eastern termination of the ZFTB. 113 

The Bandar Abbas region, also known as the hinterland, syntaxis, and embayment is a 114 

transitional area between three geological zones comprising 1) the Zagros collisional belt to 115 

the NW, 2) the Makran accretionary prism to the east, and 3) the Oman Mountains to the SE 116 

(Molinaro et al., 2004; Faridi et al., 2021). Two main characteristics of the eastern Zagros are: 117 

(1) numerous emergent or still buried salt diapirs, distributed irregularly across a wide region 118 

from the suture zone in the north to the Persian Gulf in the south; and (2) particular aspect 119 

ratios of folds, which are typically short and (compact) folds with irregular along strike shapes 120 

that frequently display a plan view ‘zigzag’ shape on maps and satellite imagery with marked 121 

changes in fold axis configuration (Jahani et al., 2009). 122 
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The Handun anticline in the Zagros Simply Folded Belt (ZSFB), located to the northeast of the 123 

town of Fin in the Hormozgan province (Fig. 1) is the focus of this study. The anticline is 124 

oriented E-W, with a length of 37 km, width of 9 km and area of 244.5 km2. The anticline spans 125 

an altitudinal range from 1840 m to 280 m. The Middle Miocene to Pleistocene syn-orogenic 126 

coarsening upward sediments of the Agha Jari and Bakhtiyari Formations developed in central 127 

parts of the Handun anticline show the minimum age of anticline is Pleistocene (Faridi et al., 128 

2021). 129 

Lithological units of the anticline span the Pre-Cambrian, Cenozoic and the Quaternary (Fig. 130 

2). The areas of Guri, Razak, Asmari-Jahrom, Hormuz, Quaternary, and Bakhtyari formations 131 

are respectively 80%, 7.2%, 6.4%, 4.7%, 1.6%, and 0.1% of the whole study area. Two sets of 132 

faults crosscut the Handun anticline, including (1) E-W trending faults, parallel to the fold axis; 133 

and (2) NW-SE trending faults, oblique to the fold axis (Fig. 2). The Handun anticline occurs 134 

within a zone of relatively high seismic activity (Berberian and Tchalenko, 1976). Some 135 

historical and twentieth-century earthquakes have been recorded in the Bandar Abbas region 136 

(Berberian et al., 1977; Berberian and Tchalenko, 1976; Ambraseys and Melville, 1982; 137 

Berberian, 2014; Zare et al., 2014). Notable events include the Khurgu earthquake (21 March 138 

1977 Mw 7), as one of the most destructive earthquakes in the Bandar Abbas region, occurring 139 

~ 15 km southeast of the Handun anticline.  140 

Folds in the western branch of the syntaxis, in which the Handun anticline is located, have 141 

higher aspect ratios (half wavelength/axial length), compared to the eastern branch of the 142 

syntax which comprises long and thin folds with lower aspect ratios (Molinaro et al., 2004). 143 

The Handun anticline is a faulted detachment fold (Molinaro et al., 2005, Ginés et al., 2019; 144 

Faridi et al., 2021) with a salt core. In the Southeastern Zagros Folded belt, the Hormuz Series, 145 

composed predominantly of the Late Precambrian Hormuz Salt formation (1–1.5 km-thick), 146 

forms a basal viscous decollement influencing the wavelength, amplitude and style of folding 147 
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(Colman-Sadd, 1978; Sepehr and Cosgrove, 2004). According to Molinaro et al. (2004, 2005), 148 

folding developed first through the development of large detachment anticlines, followed by 149 

steep limbs of the most developed folds in the Southeastern Zagros that have already reached 150 

a more mature stage involving faulting within the forelimbs of the folds.  151 

The Handun anticline comprises a salt diapir located at the fold culmination, exhibits a 152 

particular ‘peanut-like’ shape in plan view (Jahani et al., 2009). According to Jahani et al. 153 

(2009) the Handun diapir is now inactive with a wide empty crater, but shows growth strata in 154 

the Eocene-Oligocene levels and recycled Hormuz materials in Miocene beds, implying that 155 

the plug was near the surface before the Zagros orogeny and then emerged during folding. Due 156 

to the relative weakness of the salt and the strength of the surrounding wall-forming rocks, a 157 

strain gradient develops so that the central portion of the wall is squeezed more than the ends. 158 

With further fold shortening, a vertical weld develops, linking two remnant diapirs that have 159 

not been squeezed as much (Rowan and Vendeville, 2006). The core of Handun anticline is 160 

broken through by a salt diapir whose emergent top surface is now eroded away. According to 161 

the classification of salt diapirs of Eastern Fars based on their present-day surface morphology 162 

(Jahani et al., 2007), the Handun salt diapir is ‘dead’, comprising a highly eroded dome located 163 

within a near empty crater (type E: sensu Janhani et al., 2007). 164 

Based on the Bandar Abbas synoptic station located approximately 50 km southeast of the 165 

study area, the mean annual precipitation, temperature and relative humidity (during 1980-166 

2021 period) are 169.2 mm, 26.9 °C and 64.6%, respectively. 167 

 168 

Geomorphic features 169 

Based on the dip, topographic slopes, and width of limbs, the Handun anticline can be divided 170 

into 3 tectonic zones: western (W), central and eastern (E). The W and E zones encompass the 171 
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plunges of the anticline, whereas the central zone comprises the main anticlinal ridge and its 172 

limbs which are extensively eroded. In the western and eastern zones, the flanks of the plunging 173 

anticlinal limbs are incised by numerous low order consequent drainages and, in some cases, 174 

their orientation is changed by the fracture trends. As described by Ramsey et al. (2008), two 175 

wind gaps (abandoned / isolated dry valleys) are developed in the western plunge of the fold. 176 

The larger wind gap occurs as a ~ 5-km-long and 200-m-deep dry valley across the fold crest 177 

with several meanders. The second wind gap in the west comprises a shorter and straighter 178 

valley, cutting the tip of the fold. A 3rd wind gap can also be identified around the western 179 

nose of the anticline, where a deflected river around the fold nose has left a shallow wind gap 180 

(Fig. 3). Topographic cross-sections along the crest (AA′ profile), across the width of the fold 181 

(BB′, CC′, DD′, and EE′ profiles), and parallel to the hinge in the northern and southern limbs 182 

(FF′ and GG′) are shown in Fig. 4. The crest profile shows significant erosion of the central 183 

fold region, resulting in the formation of larger and more circular basins, especially on the 184 

southern limb. Transverse profiles across the fold demonstrate that the southern limb is more 185 

eroded compared to the northern one (BB′, and DD′ profiles). The plunged zones (BB′ and EE′ 186 

profiles) have gentler topographic gradients. However, these two display differences, where 187 

the eastern plunge (EE′) is more eroded compared to the western one (BB′). Profiles parallel to 188 

thehinge in the northern and southern limbs (FF′ and GG′) show higher erosion and 189 

entrenchment of the southern limb compared to the northern one. Evaluation of the fold crest 190 

line (Fig. 6) shows that the central part of the anticline is extensively eroded compared to the 191 

plunged zones, indicated by higher sinuosity along the anticline divide in the center, and lower 192 

values in the western and eastern zones (Table 1). 193 

The combined effect of uplift and erosion of anticline has resulted in the formation of triangular 194 

facets along the southern limb of the central zone (Fig. 5). Erosion of these triangular facets 195 

acting concurrently with uplift of the mountain fronts has created V-shaped valleys, with their 196 
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wide upper parts and narrow outlets, known as ‘wine-glass’ forms on the steep slopes of 197 

southern limb in the central portion of the anticline (Fig. 5a). Surface features of karst, 198 

especially karren, are common geomorphic features on carbonate rocks of the Guri Member 199 

(Fig. 5b). 200 

 201 

Materials and methods 202 

Faults, stratigraphic units, their lithologies and their collective spatial distributions were 203 

derived from 1:100,000-scale geological maps (Gharabeili, 2005; Talebi, 2007). 57 drainage 204 

basins developed into the anticline limbs were delineated based on Google EarthTM images and 205 

12.5 m resolution ALOS DEM data. Note that the 57 drainage basins are the main rivers whose 206 

trunk streams originate at the main drainage divide of the anticline. Drainage networks were 207 

digitized manually using Google EarthTM images in combination with the 12.5 m ALOS DEM. 208 

The mapped drainages were ordered according to Strahler system (Strahler, 1957) (Fig. 6).  209 

Generally, the water flow direction is perpendicular to the contour lines, and hence the main 210 

drainage networks flow perpendicular to the fold axis ((Jackson et al., 1998; Ramsey et al., 211 

2008). The main drainage network of a basin, formed on a fold flank, is oriented at a high angle 212 

to the mountain front (close to 90o), whereas it is oriented oblique to the mountain front line, 213 

or fold axis, when it is affected by a fault trace or lateral growth of a fold (Ramsey et al., 2007; 214 

Ramsey et al., 2008; Ribolini and Spagnolo, 2008; Castelltort et al., 2012; Krystopowicz et al., 215 

2020) 216 

Thus, the degree of oblique orientation of the drainages with respect to the mountain front 217 

can be diagnostic of active tectonic controls. In this study, a new geomorphic index, namely 218 

the drainage basin orientation (DBO), is presented to evaluate the effect of active tectonics in 219 
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controlling the orientation of drainage developed into the flanks of an anticline. The DBO is 220 

defined as: 221 

α−= 90DBO
 222 

where α  is the angle between the mountain front line and the straight-line between the 223 

endpoints of basin’s main drainage (Fig. 7a).  High values of DBO (i.e., larger than 15o) reflect 224 

basins affected by active tectonics such as faulting and lateral growth of folds. Very low DBO 225 

values (close to 0) typically demonstrate ‘normal’ drainage basins little affected by active 226 

tectonics. However, in some rare cases, drainage basins with lower DBO values (close to 0) 227 

can be affected by faults trending perpendicular to the fold axis.     228 

As a fold grows, all of the morphometric properties of drainage basins and their networks are 229 

affected by active tectonics. In addition to the DBO index, other morphometric indices related 230 

to drainage basins and their networks are used in this study: area (Ba), slope (S), asymmetry 231 

factor (AF), hypsometric integral (HI), basin shape (Bs), crescentness index (CI), sinuosity of 232 

main drainage (Smd), drainage density (Dd), drainage density of 1st-order streams (Dd1), 233 

drainage frequency (Df), and sinuosity of anticline divides (Sad). The area and slope of 234 

drainage basins were calculated using Integrated Land and Water Information System (ILWIS 235 

3.3) software (ITC, 2007). The mean topographic slope (%) of each basin (S) was derived by 236 

weighted average of all pixels of the slope map. The basin mid-lines were obtained using the 237 

‘Distance Calculation’ function in the ILWIS software. The asymmetry factor (AF) is used to 238 

calculate possible tectonic tilting of a drainage basin (Hare and Gardner, 1985; Keller and 239 

Pinter, 2002; El Hamdouni et al., 2008). It is defined as: AF = 100(Ar/At), where Ar is the 240 

drainage area on the right hand (facing downstream) of the main stream and At is the total area 241 

of the drainage basin. In this study, the AF is expressed as the absolute value minus 50 (Peréz-242 

Peña et al., 2010):  243 
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At
ArAF 10050 ×

−=
 244 

The basin shape (Bs) index is expressed as: Bl/Bw 245 

where Bl is the length of basin mid-line and Bw is the width of the basin measured at its widest 246 

point (see details in Bahrami et al., 2020). Drainage basins in tectonically active areas are 247 

generally considered youthful and actively eroding and thus possess an elongated shape (higher 248 

Bs value) (Ramírez-Herrera, 1998).  249 

Drainage density (Dd) is defined as total stream length per unit area (Horton, 1932; Langbein, 250 

1947). Drainage frequency is the total number of stream segments of all orders per unit area 251 

(Devi et al., 2011). The first-order drainages are sensitive to tectonics and are important 252 

indicators of areas with high rates of uplift (Zuchiewicz, 1998; Keller and Pinter, 2002). The 253 

N1/N index, the ratio of 1st-order streams to the total number of streams of all orders, is 254 

expected to increase in younger segments (plunges) of a laterally growing anticline.  Drainage 255 

density, drainage frequency, and the N1/N indexes can provide insights into the impact of 256 

active tectonics on drainage networks (Devi et al., 2011; Melosh and Keller, 2013, Bahrami, 257 

2022). In the older segments of tectonically active folds, drainage density and frequency are 258 

more developed and have had more time to integrate or cannibalize other nearby drainages, 259 

whereas the number of low-order streams are higher in the younger segments (noses) (Keller 260 

and Pinter, 2002, Bahrami et al., 2020).  261 

 262 

Sinuosity of main drainage (Smd) of a basin is expressed as:  263 

Smd= Mc/SL    264 

where Mc is the length of the main channel and SL is the length of the straight-line between 265 

the endpoints of the main channel (Fig. 7b). The rate of uplift and slope gradient can affect the 266 
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values of channel sinuosity (Adams, 1980; Zámolyi et al., 2010; Joshi et al., 2013). It is 267 

expected that channel sinuosity is higher in the older and more uplifted segment of the anticline 268 

due to the higher lateral erosion of basins, whereas it is lower in the younger segments (noses) 269 

due to the presence of younger basins with lower erosion. 270 

 271 

The hypsometric integral (HI) is calculated using an elevation-relief ratio (Strahler, 1952; 272 

Delcaillau et al., 1998; Bishop et al., 2002; Pavano et al., 2018). In this study, the 2nd order 273 

polynomial equation was fitted to the hypsometric curve, and then the fitted equation was 274 

integrated within the desired limits (0 to 1) to estimate the HI (Harlin, 1978; Singh et al., 2008; 275 

Liffner et al., 2018; Bahrami et al., 2020). High HI values typically reflect pronounced 276 

‘youthful’ topography, likely corresponding to recent tectonic deformation. Low HI values are 277 

often related to ‘older’ landscape topography that has been exposed and thus eroded for a longer 278 

time period (Keller and Pinter, 2002; He et al., 2019).  279 

The crescentness index (CI) (Bahrami et al., 2020) is defined as: 280 

CI=LBM/SL 281 

where LBM is the length of the basin mid-line and SL is the length of the straight-line between 282 

the endpoints of basin mid-line (Fig. 7c. High CI values (close to 1.5) are associated with 283 

entirely crescent-shaped basins, whereas the low CI values (close to 1) are straight basins (least 284 

crescent-shaped). The higher CI values relate to drainage basins developed on fold limbs, and 285 

these are considered as evidence for lateral fold growth (Bahrami et al., 2020). 286 

Sinuosity of anticline divides (Sad) is a quantitative index related to fold morphometry. In the 287 

early stages of fold formation, the main drainage divide usually coincides with the fold hinge. 288 

As the fold grows over time, headward erosion of the basins formed on the fold limb flanks 289 
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will increase the sinuosity of the fold main drainage divide, hence forcing divergence between 290 

the hinge and the main topographic divide. The ‘Sad’ is defined as (Bahrami et al., 2020):  291 

Sad = LD/LH  292 

where LD is the length of main divide of the anticline and LH is the hinge length (Fig. 7d). 293 

Generally, higher Sad values are associated with the older, more eroded segment of the 294 

anticline (core), whereas lower values are related to younger segments (noses) with lower 295 

erosion. 296 

To analyze correlations between variables, the Pearson's correlation coefficient (r) and 297 

probability at 0.01 and 0.05 levels for the utilized morphometric parameters were calculated. 298 

In order to compare the means of variables in two groups of basins (Northern limb/Southern 299 

limb basins), the independent sample t-tests were calculated for different parameters. Tukey's 300 

post -hoc test was performed to show statistically significant differences between pairs of 301 

means (Zone1 versus zone 2, zone 1 versus zone 3, and zone 2 versus zone 3) for different 302 

parameters.  303 

The rock strength also plays a role in the morphometry of landforms and drainage networks 304 

(Stokes and Mather, 2015). Although most of the study area (80%) is composed of the same 305 

lithology (Guri Member), the exposure of some lithological units having various strengths in 306 

the study area could exert some effect upon the morphometry of the basins and their drainage 307 

networks. According to some studies focused on the relative strength of geological formations 308 

in Iran (Sepehr and Honarmandnejad, 2012; Peyrowan and Shariatjafari, 2013), we categorized 309 

the lithological formations of the study area into two strength types:  310 

Type 1 (strong): Guri, Asmari–Jahrom, Bakhtiari,  311 

Type 2 (weak): Hormuz Series, Razak, and Quaternary alluvial terraces and deposits  312 
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Basins that comprised >70% of type 1 were considered to have a ‘strong’ rock strength, 50 to 313 

70% type 1 as ‘intermediate’ strength, and <50% type 1 as ‘weak’ strength.  314 

Results 315 

Rates and variations of parameters 316 

The study area anticline and its 57 drainage basins across the three tectonic zones are shown in 317 

Fig. 8. The morphometric properties of the studied drainage basins are summarized in Table 5. 318 

Values of basin area range from 0.058 km2 (basin 40 in the eastern zone) to 25.74 km2 (basin 319 

45 in the central zone). Amongst all basins, basin 1 (western zone) has the lowest topographic 320 

slope (8.5%), whereas basin 34 (central zone) has the highest value (69.27%). Basin 7 (western 321 

zone) is the most elongated (Bs= 11.43), whereas basin 31 (central zone) is the most circular 322 

(Bs=1.165). The lowest HI value (0.41) is associated with basin 40 (eastern zone) whereas the 323 

highest HI value (0.77) is related to basin 17 (western zone). The lowest value of asymmetry 324 

factor (0.81 %) is related to basin 31 (central zone), and the highest value (35.2%) is associated 325 

with basin 22 (western zone). Basin 1 (western zone) has lowest value of the crescentness index 326 

(CI= 1.003) whereas basin 35 (central zone) is the most crescent-shaped (CI=1.344). The 327 

lowest value of sinuosity of the main drainage (1.028) is associated with basin 56 (in the 328 

western zone) whereas the highest value (2.57) is related to basin 52 (western zone). Values of 329 

drainage basin orientation across the study area ranges from 0 (basin 30 in the central zone) to 330 

46o (basin 45 in the central zone).   331 

Tectonic zone results 332 

The values of the morphometric parameters of the drainage networks (Dd, Dd1, and Df), the 333 

mean values of drainage basin properties (Ba, S, Bs, HI, AF, CI, Smd, and DBO), and the 334 

sinuosity of the anticline drainage divide (Sad) across the 3 tectonic zones are given in Table 335 

1. Results show that basins have a larger mean area in the central zone (4.02 km2), compared 336 
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to the western and eastern zones (respectively 1.93 and 1.73 km2). The mean of topographic 337 

slope of basins in the central zone (54.81%) is higher compared to the western and eastern 338 

zones (23.25% and 31.3% respectively). The central zone has relatively circular basins 339 

compared to more elongated basins in the western and eastern zones. This is confirmed by the 340 

lower mean value of Bs in the central zone (2.46) compared to higher mean Bs in the western 341 

and eastern zones (5.34 and 4.58 respectively). Higher mean HI values in the western zone 342 

(0.63), compared to those of the central and eastern zones (0.53 and 0.46 respectively) shows 343 

that basins of the western zone have younger topography than other zones. Basins have higher 344 

mean values of AF in the western zone (15.31), compared to the central and eastern zones 345 

(12.48 and 5.53 respectively). Although the absolute value of AF increases from the western 346 

zone towards the eastern zone, a regular trend in the direction of basin tilting is lacking. About 347 

60% of basins in the western zone are tilted towards the west, whilst 50% of basins in the 348 

central zone are tilted towards the west, and 67% of basins in the eastern zone are tilted towards 349 

the north. The mean crescentness index (CI) is higher the central zone (1.13), compared to the 350 

western and eastern zones (1.09 and 1.04 respectively). The mean sinuosity of main drainage 351 

(Smd) of basins is higher in the central zone (1.24) than the western and eastern zones (1.19 352 

and 1.16 respectively). The mean drainage basin orientation (DBO) is also higher in the central 353 

zone (24.36o), compared to the western and eastern zones (22 o and 13.67 o respectively). 354 

Results of the sinuosity of the anticline divide (Sad) show that the central zone of the anticline 355 

is characterized by higher Sad values (1.37) compared to the northwestern and southeastern 356 

noses (1.23 and 1.03 respectively). 357 

 As Fig. 9 shows, the median values of Ba, S, CI, and DBO are greater in the central zone 358 

compared to western and eastern zones. In contrast, the median value of Bs is lower in the 359 

central zone compared to the plunges. The median values of AF and HI decrease from western 360 

zone towards eastern zone. The median values of Smd are fairly similar among three zones. 361 
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The ANOVA test results (Table 2) show that means of basin slope, basin shape, hypsometric 362 

integral, and asymmetry factor have statistically significant differences between three zones. 363 

Results of Tukey's post -hoc test show that zones 1 and 2 have statistically different means of 364 

basin slope, basin shape, and hypsometric integral. Zones 2 and 3 have statistically different 365 

means of basin slope. Zones 1 and 3 have statistically different means of hypsometrical integral. 366 

Overall, the means of most parameters including Ba, Bs, CI, Smd, DBO are fairly similar in 367 

zones 1 and 3 (plunges).   368 

 369 

Limb results 370 

Table 3 shows the morphometric parameters associated with drainage networks and the mean 371 

values of the morphometric indices related to the drainage basins for the southern and northern 372 

limbs of the anticline. The northern limb is characterized by steeper slopes, depicting more 373 

elongated and younger basins (higher S, Bs and HI values) with higher values of drainage basin 374 

orientation, compared to the southern limb. The values of drainage density, drainage frequency, 375 

and 1st order drainage density are also higher in the northern limb. The southern limb is 376 

characterized by larger basins, with higher values of asymmetry factor, crescentness index and 377 

sinuosity of main channel. 378 

  Box plots of the morphometric parameters in the northern and southern limbs of the Handun 379 

anticline are given in Fig. 10.  The median values of Ba, AF, CI, and Smd are higher in the 380 

southern limb than northern one. The median values of S, Bs, Hi, and DBO are higher in the 381 

northern limb compared to the southern one. According to the t-test values (Table 4), there is 382 

statistically significant difference between mean of basin area in the northern and southern 383 

limbs. 384 

Regression analysis 385 
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To evaluate the quality of the relationship between the resulting morphometric parameters, 386 

linear regressions were performed. Pearson's correlation coefficient (r) and confidence levels 387 

of p = 0.01 and p = 0.05 for different parameters are given in Table 6. Drainage basin 388 

orientation is strongly correlated with crescentness index, sinuosity of main channel, and basin 389 

area; so that the values of CI, Smd, and Ba increase with DBO. Basin area (Ba) is strongly 390 

positively correlated with the S, AF, CI, Smd, and DBO indexes, whereas it is strongly 391 

negatively correlated with Bs and HI (Table 6). Topographic slope (S) of basins has a strong 392 

positive correlation with CI, and a strong negative correlation with Bs. Basin shape (Bs) is 393 

strongly negatively correlated with CI and Smd. The crescentnes index (CI) of basins is 394 

strongly positively correlated with Smd and DBO.  395 

Discussion  396 

The Bandar Abbas syntaxis, as a transitional zone between the Zagros belt, the Makran 397 

convergence zone, and the Oman Mountains, hosts numerous salt diapirs. Lateral and vertical 398 

fold growth as well as the geodynamic history of a salt diapir in the central part of Handun 399 

anticline is likely to have strongly controlled the fold shape and the fluvial landscape 400 

morphometric properties. Geomorphic evidence, including a decrease in the fold limb dip 401 

towards the west and east (Fig. 2), a decrease in relief of the topographic profile along the fold 402 

crest towards the west and east (Fig.4), a decrease in the sinuosity of the anticline drainage 403 

divide (Sad) from the core of the anticline towards west and east (Table 1), development of 404 

fan-shaped and asymmetric forked drainage patterns in the western and eastern fold plunge 405 

regions (Fig. 6), and formation of three wind gaps around the western plunge of the anticline 406 

(Fig. 3) collectively demonstrate lateral propagation of the Handun anticline towards the west 407 

and east. In accordance with criteria of Hetzel (Hetzel et al., 2004; Keller and DeVecchio, 408 

2022), a decrease in wind gap elevation towards west (Fig. 3) implies lateral growth of the 409 

Handun anticline towards the west. The decrease in elevations of the bases of the wind gaps 410 
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from east to west (Fig. 3), and the presence of a water gap flowing around the western nose of 411 

the fold collectively reinforce the westwards lateral propagation of the Handun anticline. As 412 

Fig. 5 shows, field geomorphological evidence demonstrates that wind gap 3 has been recently 413 

abandoned. Development of the fan-shaped and asymmetric forked drainage network on the 414 

fold plunges, especially that of the western one, is further strong evidence for lateral anticline 415 

growth (Fig. 6). Most of the asymmetric forked drainage networks are observed in the southern 416 

limb of the western zone, where the tributary headwaters (often 1st order drainages) have been 417 

curved towards the central parts of the anticline. The development of triangular facets and 418 

wine-glass valleys in the central zone (Fig. 5), and the lack of these features in the western and 419 

eastern zones, depicts a youthful topography with less erosion, also implying lateral fold 420 

growth.     421 

Results show that the older and high-amplitude segment of the fold (central zone) is 422 

characterized by larger and relatively circular basins, and a higher sinuosity of its anticlinal 423 

ridge drainage divide (Sad), implying dominance of lateral and headward erosion. In contrast, 424 

the smaller and highly elongated basins in the plunge areas (western and eastern zone) depict 425 

less eroded and younger topography. Data shows that the western and eastern plunges have 426 

lower values of topographic slope, indicating a more youthful topography due to the less 427 

marked amplitudes of these zones, compared with central zone with its high-amplitude and 428 

steep-sloped topography. It is expected that values of the hypsometric integral would be lower 429 

in the central zone of anticline compared to the plunges. Results show that the mean HI is 430 

higher in the western zone than that of the central zone, whereas the mean HI is lower in the 431 

eastern zone than that of the central zone (Table 1). This confirms a more youthful topography 432 

for the western fold plunge and active lateral growth towards the west. The absolute values of 433 

the asymmetry factor increase from the eastern zone towards the western zone. It is expected 434 

that basins formed in the western and eastern zones will be tilted towards the fold tips, because 435 
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the topographic slopes and the dip of the strata are generally towards the fold noses. 436 

Nevertheless, a regular trend in the direction of basin tilting is lacking (Fig. 8). Bahrami et al. 437 

(2020) attributed this lack of regular trend in the direction of basin tilting in the Gorm anticline 438 

(Fars region), to the curvature or crescentness of the drainage basins and their main channels. 439 

They argued that in the initial stages of the fold growth, the main drainage of elongated basins 440 

migrates towards the fold tip. With increasing lateral growth of the fold, the headwater areas 441 

of the basins tend to be curved towards the center of the fold and, hence, a crescent-shaped 442 

basin can form. In this stage, the upstream segment of the main channel migrates perpendicular 443 

to the hinge, towards adjacent syncline, and hence tends to decrease the drainage area on the 444 

right hand (facing downstream) of the trunk stream. Therefore, the upstream and downstream 445 

segments of the main drainage of a crescent-shaped basin affect the asymmetry factor in a 446 

reverse manner, so that the downstream part of the trunk channel tends to increase the drainage 447 

area on the right hand of the trunk stream, whereas the upstream part of main channel tends to 448 

decrease it (see Fig. 14 in Bahrami et al., 2020).  449 

Results show that the southern limb is characterized by larger basins, with higher values of 450 

asymmetry factor, crescentness index and sinuosity of the main channels (Table 3), suggesting 451 

a higher lateral erosion of this limb. In contrast, steeper slopes, highly elongated and younger 452 

basins (higher, Bs, Bs, and HI values) with higher values of drainage basin orientation in the 453 

northern limb reflect a more youthful topography and lower erosion.  454 

Note that values of the crescentness index and sinuosity of the main channels are higher in the 455 

central zone compared to the western and eastern fold plunge zones (Table 1). Generally, in 456 

the older and more uplifted segment of the central zone, the main drainages of the basins are 457 

more sinuous due to the lateral erosion of these basins. Also, due to this lateral erosion, basins 458 

are more crescent-shaped in the central zone, whereas younger basins of the western and 459 

eastern zones with lower erosion have lower values of CI and Smd.     460 
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Although different geomorphological evidence of lateral and vertical growth of folds have been 461 

proposed (Keller et al., 1999; Azor et al., 2002; Ramsey et al., 2008; Bretis et al., 2011; 462 

Bahrami, 2013; Collignon et al., 2016; Bahrami et al., 2020), all of the geomorphic evidence 463 

associated with fold growth may not be evident from a given fold because of erosion. Hence, 464 

new geomorphic indicators are required to detect lateral fold growth. In this study, a new 465 

morphometric index, drainage basin orientation (DBO), was calculated for 57 basins in three 466 

tectonic zones of anticline and its relation with other morphometric parameters were evaluated. 467 

Results show that drainage basin orientation is strongly correlated with crescentness index, 468 

basin area, and sinuosity of main drainage, implying that the value of drainage basin orientation 469 

is higher in larger and more crescent-shaped basins with more sinuous main drainage (Table 6). 470 

The mean values of DBO, Ba, CI, are higher in the central zone, compared to the western and 471 

eastern zones, suggesting that more eroded central zone is marked by the larger and more 472 

crescent-shaped basins with more sinuous main drainages. Although the mean value of 473 

drainage basin orientation is higher in the central zone, the mean DBO is also high in the 474 

western and eastern plunges. Overall, the high values of DBO in the Handun anticline can be 475 

explained as follows:  476 

(1) The main reason for increased drainage basin orientation in the fold plunge zones 477 

(western and eastern zones) is the presence of an asymmetric forked drainage pattern 478 

or curved drainages. In the early stages of fold growth, drainages are either not curved 479 

or are less curved, whereas with progressive lateral growth of the fold over time, 480 

headwater tributaries become curved towards the core of the anticline, and hence a 481 

crescent-shaped basin can develop on the fold plunges (Fig. 11). The general trends of 482 

the main channel of these crescent-shaped basins that are often oblique to the fold axis, 483 

have resulted in the increased values of drainage basin orientation (DBO) in the western 484 

and eastern zones. This situation is in accordance with the finding of Bahrami et al. 485 
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(2020) study, demonstrated the development of crescent-shaped basins in the pre-nose 486 

segment of Gorm anticline in Fars area, where the upstream parts of basins have been 487 

curved towards the central part of the anticline. 488 

(2) Faults and fractures can also affect the trends of the DBO. Major faults of the Zagros 489 

Simply Folded Belt include belt-parallel faults and belt-oblique faults (Sepehr and 490 

Cosgrove, 2007). Aside from major faults, there are numerous fractures with different 491 

trends formed on the folds. Although precise information about the kinematics between 492 

the folds and faults are not available for the study area anticline, the findings of some 493 

studies from different parts of the Zagros have shown that minor faults and fracture 494 

systems are related to either folds, or major basement faults (such as Sarvestan, Bala 495 

Rud, Kazerun, Izeh, and Anaran faults) with strike-slip deformation (Mobasher and 496 

Babaie, 2008; Tavani et al., 2014; Joudaki et al., 2016). The fold-related fractures are 497 

the axial (FA), cross-axial (FC), and two oblique (FO1 and FO2) fracture sets 498 

(Mobasher and Babaie, 2008; Joudaki et al., 2016). Fractures associated with major 499 

basement faults are five sets (including: synthetic Riedel shear fractures (R); antithetic 500 

Riedel shear fractures (R ′); synthetic P-shear fractures; Y-shear fractures, parallel to 501 

the main strike-slip fault; and extensional T-set fractures, parallel to the principal 502 

shortening direction (Z) (Mobasher and Babaie). Among these fractures, oblique 503 

fractures as well as extensional fractures oriented parallel to the anticline axes have 504 

exerted a major control in the increase of drainage basin orientation. For example, the 505 

main drainages of basins 10, 16, 18, and 19, with high DBO values (Table 5) coincide 506 

with oblique fractures in the western zone (Fig. 12). Also, with progressive growth of 507 

the anticline over time, oblique faults or fractures can join to the normal faults or 508 

fractures oriented parallel to the fold axis (Fig. 13), and thereby curved drainages with 509 

high DBO values are formed. Overall, Numerous faults and fractures oriented oblique 510 
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and parallel to the fold axis in some anticlines of Zagros belt such as Anaran (Joudaki 511 

et al., 2016), Kuhe-Asmari (McQuillan, 1973; Carminati et al., 2013), Bankol 512 

(Bahrami, 2022), Sim (Carminati et al., 2013), Kabir-Kuh (Pireh et al., 2006), 513 

Bangestan (Tavani et al., 2011), Dil, Khami, and Sulak (Ahmadhadi et al., 2008) 514 

anticlines have developed. These faults and major fractures play an important role in 515 

the orientation of drainages and their basins on the limbs of folds.  516 

(3)  The salt diapir located in the core of the fold also controls the drainage configuration 517 

and hence drainage basin orientation in the central zone. In maturely eroded domes such 518 

as the study area one, where curved outcrops of alternating resistant/weak sedimentary 519 

layers are developed around the salt diapir, a ridge (in resistant rocks) and valley (in 520 

soft layers) topography is formed. In this semi-annular drainage pattern, the main 521 

drainages are arranged into a circular pattern with subsidiary drainages configured at 522 

right angles to them. As Fig. 14 shows, this drainage pattern in the southern part of salt 523 

diapir in the central zone has developed some curved main drainages resulting in the 524 

increase of the values of drainage basin orientation (i.e., basins 45 with high DBO 525 

value).  526 

(4) The tectonic geomorphic history of the basins also controls the value of drainage basin 527 

orientation. Although the value of DBO is increasing from noses towards the fold 528 

central part, some basins (52 and 55) around the fold nose have higher values of DBO 529 

and CI. The positions of basins 52 and 55 coincide with wind gaps 1 and 2 in the western 530 

plunge (Figs. 3 and 8), where the abandonment of river channels has resulted in the 531 

formation of dry valleys that are now crescent-shaped basins in which their main 532 

channels are oriented oblique to the fold axis. Specifically, basin 52 (coincides with 533 

wind gap 1) with high value of drainage basin orientation (43o), and crescentness index 534 

(1.31), and highest value of sinuosity of main channel (2.57) amongst all basins, 535 
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comprises an abandoned deeply entrenched, meandering channel. This shows that 536 

tectonic geomorphic history of basins can exert an important role in the present day 537 

orientation and other morphometric properties of channels and basins.  538 

Comparison of the morphometric properties of drainage networks across the three tectonic 539 

zones shows that values of drainage density (Dd), 1st order drainage density (Dd1), and 540 

drainage frequency (Df) are higher in the plunges (western and eastern zone) compared to the 541 

central zone (Table 1). Higher values of the1st order drainage density in the plunges especially 542 

the western plunge shows younger and less-developed drainage networks in these areas. 543 

Results also shows that values of Dd, Dd1 and Df are higher in the less-eroded and steeply-544 

sloped northern limb, compared with highly-eroded southern limb. Hence, results imply that 545 

more eroded parts of the anticline (central zone and southern limb) have lower drainage density 546 

and frequency, compared to the younger and less-eroded segments of the Handun anticline.    547 

Fig. 14 shows the spatial variation in drainage pattern in different parts of the anticline. A fan-548 

shaped drainage pattern is developed around the ends of the anticline noses. A dendritic 549 

drainage pattern is observed in the central zone. Parallel and curved parallel drainage patterns 550 

are developed in the western and eastern zones. Radial drainage pattern is observed in the 551 

central zone. An asymmetric forked drainage pattern is developed on the southern limb of the 552 

western zone, especially in the pre-nose area. A semi-annular drainage pattern is developed  553 

around the salt diapir in the core of anticline (Basin 44) (Fig. 14).  554 

The effect of lithology should also be considered as a secondary factor in decreasing values of 555 

Hypsometric integral and basin shape. Results show that nearly all basins (except basins 37, 43 556 

and 45) are dominated by strong bedrocks. Basins 37 and 45 in the central zone are 557 

characterized by weak strength rocks, as <50% of these basins are composed of rock type 1 558 

(strong). Basin 43 in the eastern zone is characterized by intermediate strength rocks, as 50 to 559 
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70% of these basins are composed of rock type 1. Hence, the lithological effect should also be 560 

considered in decreasing values of HI and Bs indexes in the central and eastern zones, where 561 

the exposure of some soft rocks has facilitated the lateral and vertical erosion and hence 562 

decreasing HI and Bs indexes. 563 

Conclusion 564 

Drainage basins and their networks formed on an actively growing anticline are affected by the 565 

interaction of surface processes and active tectonics affecting the folds. The Handun anticline 566 

in the Bandar Abass region, as part of the hinterland or syntaxis, is a transitional area between 567 

three geological zones of the Zagros collisional belt to the NW, the Makran accretionary prism 568 

to the east, and the Oman Mountains to the SE. The salt-cored Handun anticline with numerous 569 

drainage basins, often oriented oblique to the fold axis, was selected to analyze the effect of 570 

active tectonics on the drainage basin orientation and other morphometric parameters of basins 571 

and their networks. Data show that drainage basin orientation is strongly correlated with 572 

crescentness index, basin area, and sinuosity of main drainage, implying that the value of 573 

drainage basin orientation is higher in larger and more crescent-shaped basins with more 574 

sinuous main drainage. The mean values of drainage basin orientation, basin area, crescentness 575 

index are higher in the central zone, compared to the western and eastern zones, suggesting 576 

that more eroded central zone is marked by the larger and more crescent-shaped basins with 577 

more sinuous main drainages. Southern flank of anticline is characterized by larger basins, with 578 

higher values of asymmetry factor, crescentness index and sinuosity of main channel, implying 579 

the higher lateral erosion, while steeper slopes, highly elongated and younger basins (higher, 580 

Bs, Bs, and HI values) with higher value of drainage basin orientation in the northern limb 581 

imply the youthful of topography and lower erosion. 582 
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 It is worth noting that although the values of drainage basin orientation are higher in the central 583 

zone, the mean DBO is also high in the western and eastern plunges. The high DBO value can 584 

be attributed to four parameters: (1) the presence of asymmetric forked drainage pattern or 585 

curved drainages, which their general trends are often oblique to the fold axis, resulted in the 586 

increased values of drainage basin orientation in the western and eastern zones; (2) the trend 587 

of faults and fractures,  especially oblique fractures oriented parallel to the anticline axis that 588 

exert strong control in the increase of drainage basin orientation; (3) the semi-annular drainage 589 

pattern formed around the salt diapir located in the core of the fold, in which main drainages 590 

are arranged in a circular pattern with subsidiary drainages lying at right angles to them, 591 

resulting in the increased values of drainage basin orientation; and (4) tectonic geomorphic 592 

history of basins, so that some basins (52 and 55), with higher values of DBO, coincide with 593 

wind gaps 1 and 2 in the western plunge, where the abandonment of river channels has caused 594 

the formation of dry valleys that are now crescent-shape basins in which their main channels 595 

are oriented oblique to the fold axis. 596 

Overall, a decrease in the values of sinuosity of anticline divide, drainage basin orientation, 597 

and crescentness index from the core of anticline towards west and east, development of fan-598 

shaped and asymmetric forked drainage patterns in the western and eastern plunge, formation 599 

of three wind gaps around the western plunge of the anticline, imply the lateral propagation of 600 

Handun anticline towards west and east. 601 
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 808 

 809 

Table captions 810 

Table 1. Mean values of morphometric properties of 57 basins. Basins 1 to 25 and 46 to 57 811 

are in the Western zone, basins 26 to 37 and 44 to 45 are in the central zone, and basins 38 to 812 

43 are in the eastern zone.  N is the number of basins.  813 

Table 2. The P-values for ANOVA test (Between Zones), and Tukey's post–hoc test. Marked 814 

correlations (bold) are significant at the significance level of p = 0.05. 815 

Table 3. Mean values of morphometric parameters associated with drainage networks (Dd, 816 
Dd1, and Df), sinuosity of anticline divide (Sad) and the means of the morphometric properties 817 
related to the drainage basins (Ba, S, Bs, HI, AF, CI, Smd, and DBO) in the northern and 818 
southern limbs of the anticline. N is the number of basins. 819 

Table 4.  The t-test results comparing means of variables in Northern limb/Southern limb 820 

basins. Marked correlations (bold) are significant at the significance level of p = 0.05. 821 

Table 5. Summary of drainage basin and  their network parameters. 822 

Table 6. Pearson's correlation matrix for morphometric properties of studied basins. 823 

 824 

Figure captions 825 

Fig. 1. Regional study location map and detailed topography of the Handun anticline (red line) 826 
based on 12.5 m ALOS DEM data. 827 

Fig. 2. Geological map of the Handun anticline and three geological cross-sections in the 828 
western nose (AB), central part (C-D), and eastern nose (E-F). Hs; Hormuz Series (salt, 829 
gypsum, shale, sandstone and limestone, and igneous rocks), As-Ja; Asmari-Jahrom 830 
(limestone and dolomitic limestone), Rz; Razak (marl, siltstone, sandstone and gypsum), 831 
Grm; Guri Member (limestone), Bk; Bakhtyari (conglomerate, sandstone, marl), Qt; 832 
Quaternary alluvial terraces and deposits. 833 

Fig. 3. Topographic profile (A-B) showing the wind (W1, W2, and W3) and water gaps 834 
developed around the western end of the plunging anticline nose.  835 

Fig. 4. Topographic profiles along the fold crest (AA′), across  the width of the fold (BB′, CC′, 836 
DD′, and EE′), and parallel to the hinge in the northern and southern limbs (FF′ and GG′), 837 

Fig. 5. Major landforms and processes of the Handun anticline; (a) triangular facets, composed 838 
of carbonate rocks of the Guri Member, developed in the steeply-sloped southern limb of the 839 
central zone; (b) small rillen-karren developed into carbonate rocks of the Guri Member; (c) 840 
dry valley (wind gap 1 [W1 in Fig. 3]) formed in the western plunge of the fold; (d) small dry 841 
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valley (wind gap 2 [W2 in Fig. 3]) developed in the western plunge of the fold; (e) recently 842 
formed dry valley (wind gap 3 [W3 in Fig. 3]) developed around the western end of anticline 843 
nose. 844 

Fig. 6. Drainage map of the Handun anticline and its fold structure zonation. 845 

Fig. 7. Graphical summary of methods used for calculating drainage basin orientation (a), 846 
sinuosity of main drainage (Smd), crescentness index  (c), and sinuosity of anticline divide (d). 847 

Fig. 8. Map of the 57 drainage basins and their main channel networks with respect to the three 848 
zones. Red arrows depict the asymmetry directions of the drainage basins. 849 

Fig. 9.  Box plots showing the distribution of Ba (km2), S (%), Bs, HI, AF, CI, Smd, and 850 
DBO in three zones of the study area. Box plots represent 25–75% of values, the caps at the 851 
end of the vertical lines represent 10–90% of values and the line in the center of the box 852 
shows the median value.  853 

Fig. 10.  Box plots showing the distribution of Ba (km2), S (%), Bs, HI, AF, CI, Smd, and 854 
DBO in the northern and southern limbs of the Handun anticline.  855 

Fig. 11. Schematic illustration of the formation of asymmetric forked drainage pattern or 856 
curved drainage in a crescent-shaped basin, due to the lateral growth of a fold. With further 857 
lateral anticline growth, the general trend of the main channel of the crescent-shaped drainage 858 
basin becomes oblique to the fold axis, resulting in an increased value of drainage basin 859 
orientation (DBO). 860 

Fig. 12. Oblique fractures oriented oblique to the anticline axis having a major control in the 861 
increase of drainage basin orientation in basins 10, 16, 18, and 19. 862 

Fig. 13. Schematic representation of the joining of oblique fault/fracture to the normal 863 

fault/fracture oriented parallel to the fold axis. At first stage, a drainage coinciding with an 864 

oblique fault/fracture is developed (a). With progressive erosion and growth of the anticline 865 

over time (b), the oblique drainage can join to the drainage coinciding with the trace of normal 866 

fault/fracture oriented parallel to the fold axis, and thereby a curved drainage with high DBO 867 

is formed. 868 

Fig. 14. Dendritic, parallel, curved parallel, asymmetric forked, fan-shaped, radial, and semi-869 
annular drainage patterns developed on the flanks of the Handun anticline. 870 

 871 

Table 1 872 

Zone Ba (km2) S (%) Bs HI AF CI Smd DBO Sad Dd Dd1 Df 

Western 1.93 23.25 5.34 0.63 15.31 1.09 1.19 22 1.23 5.91 3.32 9.28 

Central 4.02 54.81 2.46 0.53 12.48 1.13 1.24 24.36 1.37 4.22 2.73 6.18 

Eastern 1.73 31.33 4.58 0.46 5.53 1.04 1.16 13.67 1.03 5.01 3.31 6.93 
 873 

Table 2 874 
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Parameter Ba S Bs HI AF CI Smd DBO 
ANOVA test (Between Zones) 0.249 0.000 0.000 0.000 0.011 0.077 0.677 0.224 

 
Tukey's post -hoc test 

 
Zones to compare 

1-2 
1-3 
2-3 

0.242 0.000 0.000 0.01 0.432 0.275 0.726 0.823 
0.993 0.082 0.677 0.000 0.009 0.354 0.955 0.298 
0.488 0.000 0.093 0.162 0.129 0.072 0.733 0.201 

 875 

Table3 876 

Parameters Ba (km2) S (%) Bs HI AF CI Smd DBO Dd Dd1 Df 

Northern limb 1.38 33.33 4.76 0.60 13.52 1.09 1.14 23.51 5.76 3.53 8.63 

Southern limb 4.67 28.64 4.10 0.56 13.73 1.11 1.32 17.78 4.89 2.87 7.48 
 877 

Table 4 878 

 

 

Parameters 

t-test parameters 

T df Sig (2 tailed) 

 

Ba -2.103 17.82 0.050 

S 1.045 55 0.300 

Bs 0.947 55 0.334 

HI 1.394 55 0.169 

AF -0.096 55 0.924 

CI -1.139 55 0.260 

Smd -2.040 17.903 0.056 

DBO 1.603 55 0.115 

 879 

Table 5 880 

Basin No. Ba (km2) S (%) Bs HI AF (%) CI Smd DBO 

1 0.15 8.54 6.16 0.67 10.66 1.00 1.07 19 

2 0.16 10.20 4.81 0.59 26.28 1.01 1.07 23 

3 0.17 18.23 3.63 0.51 19.95 1.04 1.14 19 

4 0.75 11.37 5.96 0.71 15.76 1.31 1.20 32 

5 0.41 20.68 4.87 0.74 18.86 1.02 1.07 12 

6 0.16 21.20 9.38 0.60 25.45 1.01 1.04 7 

7 0.11 18.87 11.43 0.66 10.54 1.02 1.03 6 

8 0.39 18.30 5.38 0.70 13.25 1.03 1.04 18 

9 0.37 22.36 5.39 0.55 10.45 1.01 1.07 12 

10 0.77 24.54 2.47 0.67 21.66 1.07 1.06 22 

11 0.33 19.45 4.70 0.68 18.83 1.01 1.05 13 

12 0.24 18.34 6.72 0.71 19.88 1.03 1.06 15 

13 0.22 17.37 6.89 0.73 10.91 1.01 1.05 14 
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14 0.20 18.62 6.73 0.73 7.39 1.04 1.05 21 

15 0.59 28.97 3.05 0.57 12.48 1.08 1.14 17 

16 1.97 31.10 2.23 0.69 25.08 1.10 1.11 32 

17 0.86 18.87 7.82 0.77 15.36 1.09 1.15 27 

18 2.37 24.38 6.17 0.54 18.85 1.14 1.24 36 

19 2.21 26.66 5.71 0.57 7.61 1.14 1.32 38 

20 3.82 22.88 7.48 0.48 7.06 1.14 1.27 41 

21 3.11 25.95 5.83 0.55 15.30 1.04 1.15 30 

22 6.66 32.91 3.41 0.58 35.23 1.09 1.19 38 

23 3.71 34.49 5.12 0.69 17.94 1.15 1.18 32 

24 2.16 35.17 8.03 0.65 6.45 1.12 1.18 42 

25 3.19 42.91 3.25 0.66 4.87 1.07 1.25 20 

26 2.24 49.93 3.85 0.72 9.31 1.10 1.18 20 

27 1.05 43.82 4.14 0.62 5.33 1.06 1.11 23 

28 1.13 51.64 2.42 0.62 5.53 1.09 1.25 5 

29 0.65 50.02 4.09 0.59 11.17 1.07 1.05 27 

30 0.66 54.18 2.75 0.50 7.92 1.06 1.04 0 

31 1.71 48.05 1.16 0.53 0.81 1.23 1.14 10 

32 0.29 42.58 5.24 0.47 5.02 1.07 1.15 26 

33 0.66 57.85 1.92 0.57 18.83 1.03 1.25 29 

34 0.57 69.27 1.53 0.51 9.15 1.14 1.14 28 

35 0.78 66.79 1.41 0.54 16.69 1.34 1.16 38 

36 1.04 64.86 1.41 0.43 22.35 1.14 1.11 29 

37 4.86 57.79 1.42 0.47 10.47 1.15 1.43 42 

38 2.85 42.56 8.94 0.44 4.00 1.06 1.17 45 

39 0.42 28.26 2.62 0.45 4.46 1.02 1.11 9 

40 0.06 24.63 2.79 0.41 1.46 1.01 1.17 7 

41 0.33 23.05 4.03 0.47 16.35 1.01 1.18 6 

42 0.92 21.85 3.73 0.51 3.99 1.03 1.10 5 

43 5.78 47.65 5.37 0.50 2.94 1.11 1.22 10 

44 14.92 52.89 1.65 0.48 26.08 1.13 1.64 18 

45 25.74 57.71 1.40 0.43 26.11 1.23 1.79 46 

46 4.47 38.01 2.24 0.72 19.88 1.16 1.37 7 

47 2.31 38.13 5.39 0.68 6.07 1.07 1.11 3 

48 3.38 27.01 3.32 0.73 13.87 1.02 1.09 14 

49 2.80 24.12 4.95 0.64 23.31 1.09 1.24 18 

50 2.96 23.57 6.94 0.56 4.80 1.18 1.25 27 

51 10.52 26.06 1.71 0.41 24.02 1.25 1.37 41 

52 5.97 24.01 2.33 0.61 16.70 1.31 2.57 43 

53 0.69 20.00 4.87 0.65 16.85 1.05 1.13 13 

54 0.73 23.02 3.87 0.68 10.01 1.07 1.11 13 

55 2.13 20.75 3.31 0.52 7.85 1.28 1.41 35 

56 0.18 13.06 8.21 0.61 17.33 1.02 1.03 12 

57 0.25 9.99 7.77 0.52 9.52 1.02 1.04 2 

Min 0.06 8.54 1.16 0.41 0.81 1.00 1.03 0.00 

Mean 2.42 31.45 4.55 0.59 13.58 1.09 1.20 21.70 

Max 25.74 69.27 11.43 0.77 35.23 1.34 2.57 46.00 

SD 4.12 15.77 2.35 0.10 7.71 0.09 0.23 12.73 
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 881 

Table 6 882 

Parameters Ba S Bs HI AF CI Smd DBO 

Ba 1        
S 0.323* 1       

Bs -0.32* -0.573** 1      
HI -0.314* -0.363 0.305 1     
AF 0.344** -0.094 -0.160 0.120 1    
CI 0.416** 0.329* -0.374** -0.185 0.077 1   

Smd 0.605** 0.177 -0.340** -0.210 0.159 0.596** 1  
DBO 0.406** 0.226 -0.109 -0.202 0.232 0.593** 0.458** 1 

⁎⁎ Significant correlation at the 0.01 level. 883 
⁎ Significant correlation at the 0.05 level. 884 
 885 
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