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Abstract

Over time, river networks achieve a specific pattern as determined by the function of several factors such as climate, tectonic,
geological structures, topography, lithology, and base-level fluctuations. The relative importance of mentioned factors on
drainage systems was studied to determine the controlling factors of their heterogeneity across the tectono-stratigraphic
zones of onshore Iranian Makran. We applied structural, geomorphological, and climate analysis. Results indicate that the
dendritic patterns of N-S flowing rivers in the western part of Iranian Makran are mostly controlled by the Minab-Zendan
Fault activity and distribution of olistostrome cover, whereas the dominant trellis patterns in the eastern part are controlled
by the well-developed thrust fault-related fold systems. The channel steepness pattern demonstrates that the high values are
mostly localized in the hanging wall of thrust and normal faults. Accordingly, the topographic profiles of the steep rivers
show the old stages of incision in the Inner and Outer Makran. However, some rivers of the Coastal Makran are in the young
stage of incision, where the normal faults are located and active. The sediment connectivity index shows that the Inner
Makran has a high potential of sediment supplies, while the Outer Makran intra-mountain basins and the Coastal-plain are
more prone to sediments accumulation. Our findings reveal that the river patterns and landscape evolution in the Inner and
Outer Makran are controlled by thrust faults, olistostrome and related mini-basins, while rivers in the Coastal Makran are
governed by activity of Pliocene—Pleistocene normal faults.

Keywords Drainage pattern - Thrust-normal faults - Climatic-topographic analysis - Active accretionary wedge - Onshore
Makran (Iran) - TanDEM-X 12.5 m

Introduction

The drainage networks are notable geomorphic features
incised the Earth’s surface, designed by uplift and erosion
under the coupled impact of tectonics and climate (e.g. How-
ard 1967; Kirby and Whipple 2012; Willett et al. 2014; Sey-
bold et al. 2021). The pattern of drainage networks and their
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evolution is useful in geological, structural, and geomorpho-
logical interpretations (e.g. Howard 1967; Twidale 2004).
The presence of diverse drainage systems is important in
terms of water-erosion hazards and environmental disasters
such as flash-floods, mudflows, and debris flows especially
in active continental margins (e.g. Montgomery and Dietrich
1989; Bull 2011). Drainage networks provide valuable infor-
mation on fault system development and fold growth, and it
may help to interpret the sedimentary basin geometry and
sedimentation pattern based on the fault geometry (Jack-
son and Leeder 1994). The evolution of drainage patterns in
active accretionary wedges largely depends on thrust faults
(e.g. Viaplana-Muzas et al. 2015). In some cases, chaotic
sedimentary cover (olistostrome) also influences drainage
pattern by changing lithological strength (St-Onge 2012).
Furthermore, extensional tectonic regime in mature active
accretionary wedges generate normal faults (e.g. Ring et al.
2010), affecting drainage patterns. The Makran Accretionary
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Wedge is one of the largest active accretionary wedges in
the world (Burg 2018) with arid/semi-arid climate settings
(e.g. Kehl 2009) and almost 100% rock exposure with the
presence of both thrust and normal faults, and olistostrome
sedimentary cover (Dolati 2010).

The Makran Accretionary Wedge (Fig. 1a and inset) was
formed during the Late Mesozoic by northward subduc-
tion of the Arabian Plate under the Central Iran and Afghan
blocks (e.g. Ricou 1994; Alavi 2007). The Late Cretaceous-
Oligocene deep marine sediment was supplied from the
eroded Makran magmatic arc in the north, and Miocene
deep to shallow marine-deltaic sediments was recycled
from the exposed accretionary wedge (Mohammadi et al.
2016a, 2017). The accretionary wedge is divided into the
onshore wedge to the north, and the active offshore (sub-
marine) wedge to the south. These two parts are distincted

by a narrow (a few kilometres wide) coastal belt where mud
volcanoes and normal faults are noticeable in both onshore
and offshore (e.g. Von Rad et al. 2000; Back and Mor-
ley 2016; Burg 2018). The onshore Makran Accretionary
Wedge is partly exposed in SE Iran (e.g. McCall and Kidd
1982; McCall 2002) and in SW Pakistan (e.g. Farhoudi and
Karig 1977; Leggett and Platt 1984), as well as offshore in
the northern Arabian Sea (White and Louden 1982; White
1983).

Based on the seismic profiles across the eastern Makran,
the offshore Makran consists of the outer deformation front
and imbricate fan systems forming a series of thrust fault-
related anticlinal ridges with interfering synclinal basins
(thrust-top basins), along with an inner sector of the slope
and upper slope where extensional normal faults and shale
diapirs occur. In addition, four main depositional sequences

a
P Jazmurian Depression Sistan Basin 3
& <
: E
e Inner Makran =
[} [S]
3
g o)
s
Zl £
Qar Outer Makran
{ _Coastal-rough Makran z\,z 50°E % 60°E 70°E A
e o ] ! { e S
E v o Boastal ]2\ eSS T e e
™ L "Makran 85 g ) o~
100 km o Coastal-plain Makran e/ \ran ¢ atghanistan 5%
z Gulf of Oman AN ¢ [
~E . . . . . .  [Mediterancan winds ) (7 )
J /
58°E 59°E 60°E 61°E 62°E 63°E = N
& \
—A—A_ Thrust fault Unknown dip-slip fault x Syncline s Coastal Makran divide | "5ﬂ R
LEGEND . o ¢
Normal fault Dextral, Sinistral strike-slip faults —o—— Anticline Geographical border N
Tropical cyclone
= Elevation (m)
~r - 2200
o~ .
Fanuj Sarbaz
2 -4 e AR e
i Sedij \ N\ Nikshahr z i 7 T oz
SRS
z LT
& Kilttmb Strahler stream order
1
2
Gavbandi- i)
Jask o
n —_—
% Vekdar JSer]d- 5
Bahmadi g g
Konaisk Chabah: 100 ki
‘m
Gulf of Oman BEEER ety
. ) . ) Bahoukalat, ]
b 58°E 59°E 60°E 61°E 62°E 63°E

Fig. 1 a Simplified map of the Iranian onshore Makran with tec-
tono-stratigraphic zones and major structures of the studied area
(relief part with white boundary) based on Dolati (2010). Distribu-
tion of olistostromes (yellow polygons; Burg et al. 2008) modified
with Google earth image. Abbreviations: BT Bashakerd Thrust, SST
Sistan-Siahan Thrust, BpT Bamposht Thrust, ChT Chanf Thrust, LT
Lashar Thrust, PT Pishamak Thrust, GGT Ghasr-e-Ghand Thrust, GT
Gativan Thrust, and CKT Chah Khan Thrust. The blue arrows in inset
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Fig. 1a indicate dominant air masses from south and north, compiled
from Fleitmann et al. (2007) and abbreviations: C.S.Caspian Sea,
P.G.Persian Gulf, G.0.0. Gulf of Oman. b Topographic overview
of the Iranian Makran main River Basins (similar area presented in
Fig. 1a by white polygon and relief) with six color-coded Strahler
orders from a TanDEM-X 12.5 m image (https://tandemx-science.dlr.
de/). River catchments are represented by the local names and black
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have been distinguished in the offshore Makran based on
their seismic character: oceanic crust mega-sequence,
Himalayan turbidite mega-sequence, Makran sand mega-
sequence, and growth mega-sequence (Minshull and White
1989; Kopp et al. 2000; Kukowski et al. 2001; Schluter
et al. 2002; Grando and McClay 2007). Onshore Makran
with heterogeneous structural and geomorphological pat-
terns from east to west, and north to south is structurally
subdivided into four main tectonostratigraphic zones. The
main tectonostratigraphic zones from north to south that the
river system drains are: the North Makran, the Inner Makran,
the Outer Makran, and the Coastal Makran (Fig. 1a; e.g.
Dolati 2010; Burg et al. 2013). In detail, major headwaters
drain the North Makran, middle streams incise the Eocene
to Miocene turbidites of the Inner and Outer Makran, and
downstream parts flow over and flood the Late Miocene—Pli-
ocene shallow marine (shelf and delta) deposits along the
Coastal Makran during rainy seasons. From the Iranian
Makran toward the Pakistani Makran, the river channels are
deflected from the almost N-S flow direction to the E-W
direction along the regional fault-related large elongated
folds. Makran's western drainage pattern is relatively shorter
than its eastern side and flows downslope of a steadily grow-
ing wedge (Haghipour and Burg 2014). Finally, all these
rivers discharge into the Gulf of Oman (Fig. 1a, b).

Previous geomorphological analyses based on swath
profile, longitudinal stream profile, and channel steepness
index on the drainage systems of Iranian Makran, indi-
cate that some rivers are in morphological disequilibrium
(Haghipour and Burg 2014). According to Kober et al.
(2013), the geomorphic evolution of the Iranian Makran
has been controlled by the prevailing SW-Asian monsoon
and Mediterranean winter rainfall and the regional surface
uplift processes resulting from the Arabia—Eurasia conver-
gence. Exposure ages (°Be) from the alluvial river terraces
(Haghipour et al. 2012) suggest that the active folding sys-
tem is an adequate process to absorb much of the shortening
amount and describe partly the lack of frequent seismicity
(e.g. Heidarzadeh et al. 2008) of Makran. The remaining
convergence may be absorbed by creep on associated blind
décollements and thrust faults (Haghipour et al. 2012). On
the other hand, seismological and geomorphological inves-
tigations across Makran (Penney et al. 2017), and field
mapping, remote sensing, and dating (1*C, OSL, >*°Th/U)
approaches of the uplifted marine terraces (Normand et al.
2019a), indicate that most likely the offshore megathrust
behaviour in Makran or heterogeneous accumulation of
deformation in the overriding subducting plate caused con-
siderable deformation during the Late Quaternary in the
easternmost boundary of Iranian Coastal Makran.

A few studies investigated the geomorphological char-
acteristics of Makran in different aforementioned aspects

(Snead 2002; Vita-Finzi 2002; Haghipour et al. 2012;
Kober et al. 2013; Haghipour and Burg 2014, 2015; Nor-
mand et al. 2019a, b). However, drainage pattern develop-
ment across the Makran is still poorly known. The drain-
age network pattern is changing from west to east and
north to south onshore Makran, while the climate pattern
is almost homogenous across the Makran (e.g. Kehl 2009).
However, structural and geomorphological patterns of the
onshore Makran Accretionary Wedge (e.g. Burg 2018)
vary from the west (Iran) to east (Pakistan) and north to
south for several reasons: Different convergence rates from
west to east (e.g. Vernant et al. 2004; Penney et al. 2017),
exposure of Makran ophiolite belt in the west (the North
Makran zone; Hunziker et al. 2015), presence of regional-
scale olistostrome (over 10,000 km? area with ~ 600 m
thickness) in the west Makran (Burg et al. 2008), different
deformation pattern of the western and eastern bound-
ary of Makran due to the presence of Minab-Zendan and
Ornach-Nal mega strike-slip faults (Fig. 1a) in the west
and east Makran, respectively (e.g. Ellouz-Zimmermann
et al. 2007; Grando and McClay 2007), and distinct uplift
rate of the coastal terraces along the Makran coast (Nor-
mand et al. 2019a). Meanwhile, the Makran Accretion-
ary Wedge, which is located in a regional compressional
tectonic setting, locally behaves as an extensional system
due to slab-rollback since the Late Miocene-Pliocene (e.g.
Burg et al. 2013). In this case, the role of thrust faults and
related folds (mostly in the Inner and Outer Makran) and
normal faults (Coastal Makran) in drainage pattern devel-
opment is unclear. In addition, the role of olistostrome as
a cohesive sediment mass that covers partly the tectono-
sedimentary structures is still unclear in the development
of drainage patterns in the Iranian Makran. Taken together,
these characteristics make the onshore Makran Accretion-
ary Wedge an ideal case to investigate the simultaneous
role of thrust faults and normal faults in drainage pattern
evolution/development in a region with extremely dry cli-
mate settings and perfect rock exposure.

We present combined results from modern climate data,
catchment-topographic metrics of 191 sub-catchments,
and structural and field evidence to characterize the con-
trolling factor(s) of drainage pattern evolution across the
different tectono-stratigraphic zones of Iranian onshore
Makran. To better understand the relationship between
drainage patterns and fault systems as the main geological
structures of the Makran Accretionary Wedge (e.g. Burg
2018; Normand et al. 2019a), we examined the impact of
active faulting on river systems by using channel steepness
index, topographic profiles, and field observations. Finally,
the results were combined with the sediment connectivity
index to identify the region(s) most vulnerable to erosion,
sediment supply, and deposition.
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Study area

The north-dipping subduction of the Arabian plate beneath
the Eurasian plate formed Makran Accretionary Wedge
in SE Iran (Iranian Makran) and SW Pakistan (Pakistani
Makran, Fig. 1a inset). The subduction started in the Late
Cretaceous (e.g. McCall 2002; Alavi 2007) and is still
active (~2 cm/yr; e.g. Masson et al. 2007). The onshore
Makran “with ~200 km width” is limited to the Jazmu-
rian (Iran) and Mashkel (Pakistan) depressions in the
north and the Gulf of Oman in the south (Burg 2018). The
offshore Makran, with~ 150 km wide in the north of the
Gulf of Oman, formed the seaward margin of the onshore
Makran (White 1982). From west to east Makran, this
wedge is stretched ~ 1000 km between the Minab-Zendan
and Ornach-Nal strike-slip faults, respectively (Fig. la;
McCall 1997). In the frame of this study, we focus on the
Iranian onshore Makran.

The Iranian onshore Makran includes four main tectono-
stratigraphic units from north to south: North, Inner, Outer,
and Coastal Makran (Figs. 1a and 2; Burg 2018). The zones
are separated by the presence of almost W-E striking thrust
faults. The Inner and Outer Makran are separated by the
Ghasr-e-Ghand Thrust (GGT), whereas the Outer Makran is
separated by the Chah Khan Thrust (CKT) from the Coastal
Makran (Figs. 1a and 2). Both the Inner and Outer Makran
pinched out to the west, and reaching their maximum exten-
sion in the Pakistani Makran, while the Coastal Makran
reaches its maximum extension in the west of Iranian
Makran (Fig. 1a). Presence of several small thrust faults with
west—east strike within the Inner and Outer Makran indi-
cates dominant fault-related internal deformation pattern in

these zones (Dolati 2010). The northern boundary of Inner
Makran corresponds to the Sistan-Siahan Thrust (SST),
which separates Makran from the south Sistan Basin Eocene
deep marine turbidites (Mohammadi 2016b; Fig. 1a). The
presence of North Makran in our study area is negligible
(Fig. 1a). Lithologically, Inner and Outer Makran consist of
over 7 km deep-marine turbiditic sandstone and shale inter-
vals, and Coastal Makran is dominantly composed of deep
to shallow marine and deltaic sandstones and marls (Fig. 1a;
Mohammadi 2010; Mohammadi et al. 2016a, 2017; Kaveh
et al. 2020). To better understand the different structural
and geomorphological controlling processes on the drainage
pattern development, we divided the tectono-stratigraphic
Coastal Makran zone into two geomorphological zones:
Coastal-rough Makran with high relief in the north, and
Coastal-plain with low topography in the south (Fig. 1a).
The Coastal-plain exhibits different northward and lateral
extension from west to east Makran, with its maximum
growth in the southeasternmost of Iranian Makran (Sarbaz
Catchment; Fig. 1b), which is consistent with the maximum
uplift rate of coastal terraces (Haghipour et al. 2012; Nor-
mand et al. 2019a). The surface uplift rates for the Coastal-
plain terraces mostly range between 0.05 and 1.2 mm/year,
except an anomalous high rate about 3—-5 mm/year in the
east (Normand et al. 2019a). Compared to other subduction
zones around the world, these rates are high, indicating the
upper plate has been accumulating considerable permanent
deformation during the Late Quaternary. However, the fact
that short-term (Holocene) and long-term (Pleistocene)
uplift trends are different may indicate that large, infrequent
earthquakes strongly influenced the short-term uplift trends
in the region (Normand et al. 2019a, b).
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Fig.2 A combined overview of the geological map and main drainage system in the onshore Iranian Makran (our study area). Lines and river

catchments as in Fig. la, b
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Fault systems in onshore Makran are primarily charac-
terized by several thrust faults, particularly in the Inner and
Outer Makran. These faults with the nearly west—east strike
correspond to the Makran main tectono-stratigraphic unit
boundaries (Fig. 1a). The thrust faults are Eocene to Early
Miocene in age in onshore Makran with gradually young-
ing trend toward the south. They formed by the ongoing
accretion of deep marine sediments due to the northward
subduction of the Arabian Plate beneath the Central Iran
and Afghan blocks (Burg 2018). Normal faults are relatively
young and cut out the Late Miocene—Pleistocene sedimen-
tary rocks and uplifted terraces of the Coastal Makran
(Fig. 1a; e.g. Normand et al. 2019a). Several strike-slip faults
with different strikes exist across the Makran, especially
toward the east, displaying up to 100 m displacements of the
older geological structures and geomorphological features
on satellite images (e.g. Dolati and Burg 2013). A number
of conjugate strike-slip faults (dominant NW—-SE dextral and
NE-SW sinistral) are scattered in onshore Makran, cutting
the older thrust faults, folds, the Eocene—Miocene rocks in
the Inner and Outer Makran, and Pliocene to Pleistocene
sedimentary rocks in the Coastal Makran (Fig. 2). According
to Dolati and Burg (2013), the conjugate strike-slip faults
suggest bulk NNE-SSW shortening in onshore Makran.
The fold systems are distributed across the region. They are
mainly tight folds in the Inner Makran, while toward the
Outer and Coastal Makran change to gentler folds (Burg
2018). These folds are not continuously exposed throughout
the Iranian Makran, and some parts are buried by olistos-
trome (Fig. 1a; Burg et al. 2008). The olistostrome repre-
sents massive mass flow on a regional scale caused by paleo-
tsunami in the Late Miocene (Tortonian-Messinian; Burg
et al. 2008). The recorded instrumental seismicity is sparse
in the Iranian onshore Makran and no large-magnitude event
is documented (e.g. Byrne et al. 1992; Rajendran et al. 2013;
Penney et al. 2017). However, the great instrumental earth-
quake reported from 1945 (Mw =8.1; Ambraseys and Mel-
ville 1982) Offshore Pakistani Makran caused a tsunami
(Hoffmann et al. 2013), significantly affecting the Iranian
Makran indicating that the Makran offshore is a seismically
active area (e.g. Musson 2009).

The main drainage systems of the Iranian onshore
Makran are classified into two main groups based on
drainage area. The first group includes major river basins
with areas varying between ~ 4500 km? and ~ 17,500 km?,
known as Jegin, Gabrik, Sedij, Fanuj, Nikshahr, Sarbaz,
and Nahang from west to east of [ranian Makran (Fig. 1b;
Table S1). This headwater group is located mainly in the
Inner Makran at elevations ~ 1200 to ~2200 m and flows
through the Outer and Coastal zones (Figs. 1 and 2). The
second group contains small rivers with a catchment area
between 200 km? and ~ 2700 km? (Fig. 1b; Table S1). This

group drains from the Coastal-rough Makran at eleva-
tions ~200 to ~ 1400 m (Fig. 1b). The trunk channel of
both groups flows from north to south and discharges to
the Gulf of Oman. The Sarbaz and Nahang Rivers are the
only perennial rivers, and all the other Iranian Makran
rivers are ephemeral (Fig. 1b; Haghipour and Burg 2014).

The Makran climate pattern is divided into humid Early
Holocene until 6500 years B.P. (Fleitmann et al. 2007),
relatively arid during Late Holocene (Cullen et al. 2000;
He et al. 2020), and arid/semi-arid in present day (e.g.
Kehl 2009; Bourget et al. 2010) with poor vegetation cover
(Miller et al. 2016). The precipitation type is generally
characterized by a Mediterranean-type humid climate,
which mostly affects the Inner and Outer Makran with
intense rainfalls during autumn and winter. In contrast,
the Indian dry monsoons and rarely the tropical cyclones
affect the Makran in the summer (Fig. la inset; e.g. Wey-
henmeyer et al. 2002). The storm Gonu, which occurred on
June 2007, is an example of a tropical cyclone that affected
also the Iranian Makran region (e.g. Fritz et al. 2010).

The Coastal-plain Makran is also subject to tidal oscil-
lations, which is dominated by meso-tidal in the Gulf of
Oman (1.8-3 m; Shah-Hosseini et al. 2018). The maxi-
mum wave height (~3 m) was recorded in the Chabahar
coast with SSE-NNW direction, particularly from January
to June in agreement with the south-eastern Indian sum-
mer monsoon (Shah-Hosseini et al. 2018).

Data and methods
Time series analysis on modern precipitation data

To reveal the spatial and temporal characteristics of mod-
ern precipitation patterns in the Iranian Makran, we used
43 years (October 1972 to September 2017, data from
2017 until now is not available) daily rainfall dataset from
43 gauging meteorological stations. Based on time period
coverage (43 years) and the geographical locations of
69 available stations, 43 stations were selected to have
a homogenous distribution pattern (Fig. S1). From the
selected stations, we calculated mean areal precipitation
(Fig. 3a), long-term mean annual precipitation (Fig. 3b),
monthly mean precipitation with extreme values (Fig. 3c),
and trend analysis (Fig. S2).The linear regression analy-
sis was performed to determine Annual Maximum rainfall
(AMAX; Dales and Reed 1989) for each station (Fig. S2).
In addition, a spatial interpolation method was used in
ArcGIS application to create a surface map of long-term
mean annual rainfall across the onshore Iranian Makran
(Fig. 30¢).
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Fig.4 The precipitation and catchment metrics extracted from mete- network length, ¢ Drainage area, and d Drainage density. The lines
orological data and TanDEM-X 12.5 m, respectively, for 191 sub- display divide between Makran tectono-stratigraphic zones (black
catchments of the study area: a Mean annual precipitation, b River lines)
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Fig.5 Topographic parameters derived from TanDEM-X 12.5 m: a Mean elevation, b Mean topographic relief, ¢ Mean hillslope angle, and d

Melton’s ruggedness number. The solid lines as Fig. 4

Topographic analyses based on TanDEM-X
Catchment-topographic metrics, regression analysis

To find out the geomorphic pattern differences across the
Makran zones, we use ArcGIS to perform terrain analysis
including catchment parameters and topographic metrics
calculations (Figs. 4a—d and 5a—d; Table S1). To provide
another perspective on Makran drainage pattern varia-
tions in detail, we chose these methods, while avoiding
repetition of previously used methods (e.g. Haghipour
and Burg 2014), to make a multi-proxy data set to shed
light on the river catchment development in the poorly
understood Onshore Makran. Our catchment-topographic
analysis were extracted from the TanDEM-X images with
a spatial resolution of 12.5 m, launched between 2010 and
2014 (https://tandemx-science.dlr.de/). The performance
of TanDEM-X is quite well across the semi-arid to arid
regions due to sparse or no vegetation cover (Wessel et al.
2018), like Makran. Based on these images, we classified
the Iranian Makran river networks into the six Strahler
stream order, containing 7130 river segments (Fig. 1b).
Some characteristics of rivers can be inferred by stream
order, specifically drainage pattern types. Drainage pattern
type mainly depends on geological structures, lithology
erodibility of rocks, and climate setting. Hence, this can be
used as a proxy to show the controlling factor(s) of surface
dynamics and active tectonic (e.g. Keller 1986; Twidale
2004; Bull 2011). To do a precise comparison between
three main zones of Iranian Makran, we extracted 191 sub-
catchments from third-order and second-order (in case of
a lack of third-order) of the drainage network, including
49, 39, and 103 sub-catchments from the Inner, Outer,

and Coastal Makran, respectively (Figs. 1a and S3). As
a regional-scale work, the mentioned Strahler orders are
large enough to show the topographic-climatic variations
across the onshore Iranian Makran. The North Makran is
excluded from our work due to a negligible presence in
our study area (Fig. 1a). Catchment parameters such as
river network length, drainage area, and drainage density
were calculated for mentioned sub-catchments (Fig. 4b—d;
Table S1). Drainage density is a total river length per
drainage area, and indicates the degree of fluvial dissec-
tion (e.g. Horton 1932, 1945). In addition, topographic
metrics including elevation, relief, slope angle, Melton’s
ruggedness number were also calculated, and all were pre-
sented in mean values (Fig. 5a—d; Table S1). A summary
of catchment parameters and topographic metrics equa-
tions is presented in Table 1. Relief is an essential metric
to understand the topography of a region and is in good
agreement with the slope angle (Montgomery and Bran-
don 2002; DiBiase et al. 2010). Melton's ruggedness is
also one of the important indices, which can clarify more
characteristics of topographic relief. This index is char-
acterized by steepness and length of the slope to indicate
the instability of the land surface, topographic roughness,
and structural complexity (Strahler 1957; Melton 1958;
Wilford et al. 2004). High Melton’s ruggedness number
correspond to regions with steeper slope and rough relief,
which may be the consequence of tectonic uplift, while
low values usually indicate tectonic stability or minimal
uplift (Valkanou et al. 2020). In addition, this metric
allows us to identify the regions that have experienced
sediment production and transportation due primarily to
bedrock incision and erosion (Wilford et al. 2004). In all
mentioned metrics, the lithological effect is considerable.
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Table 1 Description of GIS-based catchment-topographic metrics derived from TanDEM-X 12.5 m

Aspect Catchment Parameters Abbr. Unit Description Reference
Linear Stream order So - Hierarchical rank, Strahler method Strahler (1964)
River network length L km Lr=L1+L2....4+L6 Horton (1945)
Drainage area A km? Area draining to catchment outlet Schumm (1956)
Areal Drainage density Dd Km™! Dd=ZXLr/A Horton (1932)
Topography Topographic metrics
Elevation Elev m Height above sea level Moore et al. 1991;
Catchment Relief CR m CR=Elev,, —Elev,;, Wilson 2018
Hillslope angle S ° The degree of inclination of a feature
relative to the horizontal plane
Melton’s ruggedness number Mrn - Mrn=CR * Dd Melton 1965
Sediment connectivity index IC - The degree of linkage that controls Borselli et al. 2008;
sediment fluxes throughout landscape Crema and Cavalli 2018
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Fig.6 Correlation matrix of climatic-catchment-topographic variables selected to distinguish their relationships in Makran different tectono-
stratigraphic zones: a Inner Makran, b Outer Makran, and ¢ Coastal Makran

The catchment parameters and topographic indices are
separately calculated for each of the 191 sub-catchments
(Figs. 4 and 5) and the results are summarized in Table S1
separately for each zone.

To better understand and assess possible controls on
drainage pattern evolution, the relationship between

calculated catchment parameters and topographic-cli-
matic metrics, linear regression analysis was conducted
separately for each studied zone (Fig. 6a—c). Additionally,
topographic variations across distinct zones were inves-
tigated during several field works (Fig. 7a—k), and using
high resolution satellite images (Fig. 71-n).
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Inner Makran
(Olistostrome)

Inner Makran

E Index Photos (a-n)

Coastal
Makran
Coastal-plain‘Makran

(Marl Badland)

% Field photo

Outer Makran Coastal-rough Makran

Inner Makran

* Esri, World Imagery map, Maxar, 0.46 m (October 2018)

Fig.7 Field evidence showing the different topographic overview
of the Iranian Makran tectono-stratigraphic zones: a Inner Makran,
b Olistostrome distribution in Inner Makran, ¢ Outer Makran, d
Coastal-rough Makran, e Badlands in Coastal-plain Makran, f ero-
sional surface of Coastal-plain Makran, g thrust faulting (white line,
Bamposht Thrust), h, i, j the Late Quaternary normal faulting on the
Coastal-rough (h) and uplifted coastal terrace (i, j), k surface rupture

Channel steepness index and valley width to depth ratio

The channel steepness index, k,, is a property of rivers,
which can encode information about erosion rates, lithol-
ogy, and uplift (e.g. Whipple and Tucker 1999; Gailleton
et al. 2021; Smith et al. 2022), and is widely used in tec-
tonic geomorphology because its empirical correlation
with erosion rates is positive (e.g. Cyr et al. 2010; DiBiase
et al. 2010; Kirby and Whipple 2012; Scherler et al. 2014;
Haghipour and Burg 2014; Mandal et al. 2015; Harel et al.
2016; Kaveh Firouz 2018; Peri et al. 2022). In fact, k is a
metric derived from the stream power model. A power law
relationship between channel gradient and drainage area was
noted by Morisawa (1962), which led to a means of normal-
izing river gradients. These observations was formalized into

due to strike-slip faulting (Irar earthquake, 11 May 2013; photo by
Geological Survey of Iran), 1, m, n some evidence from strike-slip
faults on the satellite image (Esri, world imagery base map, Maxar,
0.46 m resolution) in the western and eastern part of Coastal-plain
Makran (I and m, respectively), and conjugate strike-slip fault in the
eastern part of Inner Makran (n). The location of all photos (a-n) is
shown in the index

the slope—area relationship with a concavity index (6), which
describes how quickly river gradient decreases with increas-
ing drainage area (Flint 1974), and k; that describes the rela-
tive steepness of a river regardless of its drainage area:

S = kA (1

where S is the channel slope (S =dz/dx, z is the elevation and
x the flow distance); and A is the drainage area. To compare
k, within different channels, the steepness index is typically
calculated with a fixed value of €. This is called the reference
concavity index, denoted by 6, Using a reference concav-
ity index, the channel steepness index is normalized, and is
denoted with the symbol k,,, (Wobus et al. 2006). Despite
the importance of constraining € for calculating the channel
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Fig.8 a The normalized channel steepness (k,) map of Iranian
Makran on TanDEM-X 12.5 m. The black polygons represent the
main river catchments. The brown and purple lines are thrust and nor-
mal faults (names as in Fig. 1a), respectively. The small black rec-
tangles indicate the locations of profiles shown in Fig. 8b. The inset
Fig. 8a displays Instrumental seismicity of Iranian Makran (1950—

steepness index, it is often assumed that 0.4 <6< 0.6 (e.g.
Kirby and Whipple 2012; Tucker and Whipple 2002; Whip-
ple 2004), typically a value of 0.45 (Gailleton et al. 2021).

A normalized channel steepness (k,,) map has been
generated using the digital elevation models (DEMs),
Topotoolbox-2 (Schwanghart and Scherler 2014, 2017)
and related codes from Gallen and Wegmann (2017) for
the entire Iranian Makran (Fig. 8a). To create this map, we
selected a set “threshold drainage area” of 107 m?, “con-
cavity index” of 0.45, “smoothing distance” of 1000 m,
and “an arbitrary scaling area” of 1 m? (e.g. Snyder et al.
2000; Wobus et al. 2006). These values were derived from
Haghipour and Burg (2014), as well as considering the
Strahler order used in our study. The k,, values for Makran
river system are categorized into five colour-code lines.
The red colour shows highest values (> 105), while blue
colour indicates the lowest (< 25; Fig. 8a). The k,, is one
of the significant topographic metrics in tectonic geomor-
phology and can be used as a proxy for uplift, erosion and
incision (e.g. Kirby and Whipple 2012).
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2022). b The topographic profiles extracted from DEM, the color-
coded profiles as shown in Fig. 6 separated for each zone of Makran.
The W and D parameters are width of incision at surface and depth of
incision, respectively. The W/D ratio is classified to> 10 (blue letters)
and < 10 (red letters)

To detect the river incision stage across the Iranian
Makran, we extracted 16 topographic profiles normal to
the main rivers (Fig. 8b) with the highest k,, value, which
are mostly located on the fault zones (Fig. 8a). In fact, the
channel incision dimensions (2D) were measured from the
profiles to determine whether fault systems and channel inci-
sions are related (e.g. Beechie et al. 2008). Therefore, we
measured the incision width at surface (W) and depth (D)
from aforementioned profiles, as well as the W/D ratio to
determine most recent activities of faults, where the seis-
micity is sparse.

Sediment connectivity index

We also tested the sediment connectivity index (IC) in
relation to the degree of which river system coupling with
the transport of water and sediment flux (Figs. 1b and 9a).
This index is defined as the degree of coupling between
sediment sources and sinks in a system and identifies
how efficiently sediment is transported from hillslopes to
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Fig.9 a Pattern of sediment connectivity index (a proxy for erosion hazard susceptibility) throughout the Iranian Makran river catchments. b
Local relief map with a 2 km radius sampling window over the region. Lines and names as Figs. 1 and 2

channels and within channels (Cavalli et al. 2013). This
measurement provides overall information about sediment
connectivity patterns in the catchment. The low values
show a sediment trap and depositional pattern, while high
values are indicative of an erosional pattern (e.g. Borselli
et al. 2008; Cavalli et al. 2013; Bracken et al. 2015; Zin-
garo et al. 2019). Understanding of sediment transfer that
is responsive to tectonic activities and base-level changes
can provide valuable insight into erosional responses of
topography and mass-wasting dynamics. To obtain a com-
prehensive view of erosional/depositional patterns in the
Iranian Makran, sediment connectivity analysis was per-
formed at the main catchment scale (Fig. 9a).

The connectivity index has been implemented through
the Model Builder application running in ArcGIS 10.6.1
(ESRI 2018), and it uses functionalities and algorithms
available in the Spatial Analyst extension and TauDEM
5.3.7 tool (https://hydrology.usu.edu/taudem/taudem5/
index.html). IC is derived following the approach of Bor-
selli et al. (2008), who defined the Index of Connectivity
as:

Dup
IC =log, <Z> )
n

where the upslope and downslope components of connec-
tivity are Dy, and Dy, respectively. IC was defined in the
range of (— oo, 4+ o0), with connectivity increasing for larger
IC values.

The D, is the potential for downward routing of the
sediment produced upslope and is estimated as follows:

D,, = WSVA 3)

where W is the mean weighting factor of the upslope con-
tributing area, S is the mean slope gradient of the upslope
contributing area (m/m) and A is the upslope contributing
area (m2).

The downslope component D, estimate the flow path
length that a particle has to travel to arrive to the nearest
target or sink. Thus, D, can be calculated as:
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d

1

Dy, = i W, “4)

where d; is the length of the flow path along the i cell
according to the steepest downslope direction (m), W, and
S; are the weighting factor and the slope gradient of the i
cell, respectively. It is important to note that d; can assume
two values: cell size (/) in the case of cardinal direction and
N2 in the case of diagonal direction.

Results
Precipitation gradients

Based on local meteorological data, mean areal precipi-
tation presented on a heat-map (Fig. 3a), reveals an arid
climate pattern across the Iranian Makran. The Inner and
Outer Makran recorded relatively higher amounts of long-
term (43 years) annual precipitation (130-193 mm and
117-242 mm, respectively) compared to the Coastal Makran
(72—-184 mm; Fig. 4a). According to the box and whisker
plot, the monthly distribution of precipitation shows most
of the precipitations occur during December to March with
several rainstorms (Fig. 3b). The spring and summer seasons
are rather dry across the Makran. However, tropical cyclones
(e.g. Gonu tropical cyclone in June 2007, Fritz et al. 2010)
rarely occur in summer and affect the Makran and adjacent
regions (Fig. 3a, b). Based on our large long-term data set
(43 years), the mean annual precipitation is about 147 mm
for the Iranian Makran, indicating an arid climate pattern for
the region (Fig. 3b).

Linear regression analysis and long-term mean annual
rainfall values indicate that the possibility of large storms
(> 150 mm precipitation in short time) is not concentrated
in the specific part of Makran. However, the Inner and Outer
Makran are more capable of experiencing intense rainfall
(100-150 mm) than the Coastal Makran (Fig. 3c).

Catchment-topographic metrics

Six Strahler stream orders display drainage pattern is mostly
dendritic type across the Iranian Makran, except trellis type
in the eastern limit of Inner and Outer Iranian Makran
(Fig. 1b). There is no unique pattern of river network length
relative to Iranian Makran zones from north to south and
west to east (Fig. 4b). Most of the long river tributaries
(> 600 m) are located in Fanuj, Sarbaz, and Iranian part of
Nahang Catchments (Figs. 1b and 4b). Furthermore, the
Peersohrab and Bahoukalat Catchments along the Coastal
Makran show a high river network length. The drainage
area displays an almost similar pattern to the river length
(Fig. 4c). Drainage density is slightly higher (~1 km™') in
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the Coastal Makran compared to the Inner and Outer Makran
(Fig. 4d).

The mean elevation, relief, and slope decrease from the
Inner Makran to the Coastal Makran. There are some local
exceptions (e.g. middle Nikshahr, middle Sarbaz, and upper
Nahang catchments; Fig. 1b). However, Fanuj Catchment is
significant, which shows lower topographic metrics than its
western and eastern catchments (Fig. 5). Overall, a maxi-
mum mean elevation of 1444 m, the highest relief at~ 660 m,
and slope ~32° were observed in Inner Makran. These val-
ues are scattered throughout our study area (Fig. Sa—c).
The Melton’s ruggedness number varies between 0.001
and 0.82 in Iranian Makran (Fig. 5d) with maximum values
(0.40-0.82) in the Inner and Outer Makran. While the low
values (< 0.40) are dominantly scattered across the Coastal
Makran (Fig. 5d). However, the lower Sarbaz Catchment
is an exception, where the river and tributaries are tilted
(Fig. 1b).

The Jegin and Gabrik River Catchments are considered
separately from the other studied river catchments due to the
high topographic values through their catchments (Figs. 4
and 5; Table S1). The high topographic values in the afore-
mentioned rivers could be attributed to the Minab-Zendan
Fault system activity (Fig. 1a) and exposure of massive del-
taic sandstones (Fig. 2).

Our correlation analyses of catchment parameters, topo-
graphic metrics, and precipitation amounts revealed both
positive and negative (inverse) correlations between these
variables over three distinct zones of Iranian Makran. The
correlation values are classified to very weak inverse (—0.50
to —0.25), weak inverse (—0.25 to 0), very weak positive
(0-0.25), weak positive (0.25-0.50), moderate positive
(0.50-0.75), and strong positive (0.75-1). They are shown
as a color-coded matrix in Fig. 6. The relationships between
catchment parameters and topographic metrics are very
weak to weak inverse in all three zones of Iranian Makran.
There are some exceptions with a very weak positive cor-
relation. Melton’s ruggedness is the only topographic metric
that shows a moderate-strong positive correlation with catch-
ment parameters in all three zones, except with drainage
density in the Coastal Makran (Fig. 6). The relationships
between topographic metrics (elevation, catchment relief,
and Melton’s ruggedness) are mostly weak inverse in the
Inner Makran, weak-moderate in the Outer Makran, and
strong in the Coastal Makran. The relief and slope angle
are the only two metrics showing a strong positive correla-
tion in all three zones. The correlation between precipitation
amount and catchment parameters is mainly weak inverse
for the entire Iranian Makran (Fig. 6). In contrast, the rela-
tionships between precipitation amount and topographic
metrics are more positive in the Makran. A strong correla-
tion was found between precipitation and elevation, which is
strong in the Outer and Coastal Makran zones. This does not
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apply to the Inner Makran since it has very weak positive/
negative correlations (Fig. 6). These correlations suggest
that the catchment parameters are not dominantly governed
by topography or precipitation, and, instead, the other fac-
tors cooperate to control drainage patterns and landscape
evolution.

Channel steepness response to active fault systems

The pattern of normalized channel steepness index (Fig. 8a)
shows that the rivers draining the high relief of the Inner
Makran have k,, values between 45 and 300 m® that are
well distributed from west to east Makran. Similar range of
k, was observed for the Outer Makran, but mostly localized
in the western part (Jegin and Gabrik Catchments). The &,
values are mainly <45 m®? across the Coastal Makran, how-
ever, there are some local exceptions in the lower catchments
of Jegin, Gabrik, Nikshahr, and Konarak rivers (Fig. 8a)
with abrupt changes in kg, values. Our mean topographic
profiles on the regions with highest &, value (red colour-
code mostly along trunk channels, Fig. 8a) show that the W
(width of incision at surface) parameter is mostly higher than
1000 m in the Inner and Outer Makran, while it decreases
to less than 1000 m in the Coastal-rough Makran (Fig. 8b).
This is consistent with the U-shaped valleys in the Inner and
Outer Makran, and V-shaped valleys in the Coastal-rough
Makran, the old and young stages of incision, respectively.
The D parameter (depth of incision) does not show a special
trend across the zones, thus we consider the ratio between
W and D (W/D) for each profile. This ratio is classified
into> 10 and < 10 (Fig. 8b). All the profiles in the Inner and
Outer Makran zones exhibit W/D ratio > 10, except profiles
N1, N2 in the Nikshahr Catchment. These two profiles are
located on the hanging wall of the Lashar Thrust (Figs. la
and 8a), while the footwall is covered by more erodible
olistostrome (Fig. 1a). All the profiles in the Coastal-rough
Makran indicate V-shaped valleys with W/D ratio< 10, in
concordance with presence of almost W—E striking normal
faults (the lower and upper catchment of Nikshahr and Kon-
arak, respectively; profiles N3, and K1; Fig. 8) and unknown
dip-slip faults (the middle and lower catchment of Jegin and
Gabrik, respectively; profiles J2, J3, and G3, Fig. 8). This
evidence suggests the possible activities of normal faults,
where they cut the Pliocene sedimentary rocks (Fig. 7j).

Sediment connectivity index

Sediment connectivity results are displayed in a map, with
values ranging from low (—18 to —6, blue colour spectrum),
neutral (-6 to —5, cream colour), to high (-5 to 4, red col-
our spectrum, Fig. 9a). Most of the high values appear in
areas with high topographic relief and slope. However,
there are some regions with high topographic metrics (i.e.

southern part of Nahang Catchment) and low sediment con-
nectivity index. The Sarbaz and Nahang upper catchments
showed strong differences in sediment connectivity (Fig. 9a).
Even though the Sarbaz and Nahang river basins have almost
identical relief and slope (Fig. 5b, c), however, exposure of
olistostrome cover changes sediment connectivity (Fig. 9a)
and drainage patterns from Sarbaz to Nahang Catchment
(Fig. 1b). In fact, olistostrome as an erodible chaotic lithol-
ogy is widely distributed and influenced the sediment con-
nectivity in the upper catchment of Sarbaz, but decreases
toward the east and Nahang catchments.

The sediment connectivity is in agreement with Melton’s
ruggedness (Figs. 4d, and 8), while this is in contrast with
drainage density (Figs. 4d and 9a). This index shows mostly
a high value in the Inner, and western part of Coastal-rough,
and intermediate and low values in the Outer and Coastal-
plain Makran zones, respectively. These are consistent with
the structural pattern, thus reflect more erosional, erosional-
depositional (hybrid), and depositional patterns, respectively
(Figs. 1a and 9a). It is worth mentioning that the western
Coastal-rough Makran reaches its maximum development
toward the north (Fig. 1a), where the topographic metrics are
higher than the eastern Makran as evidenced by the sediment
connectivity (Figs. 5 and 9a).

Discussion
Climate impact on the drainage pattern

An increase in rainfall intensity especially in dry areas can
be associated with the rapid development of drainage den-
sity, erosion, and sediment supply (Tucker and Slingerland
1997). However, this is not consistently observed from the
Inner to Coastal Makran and from the west to the east of
Iranian Makran, where drainage density and mean annual
precipitation have weak inverse correlations (Fig. 4a, d).
Large floods (Fig. 3b) are exceptions, causing the Makran
low topography Coastal-plain to respond more than other
parts of Makran in a short time, but in general, precipitation
is not the main controlling factor of the drainage density in
Makran (Figs. 1b and 4a, d). Despite the mostly dendritic
pattern of rivers in the Coastal-plain, the catchment param-
eters and pattern of rivers are constantly changing by flood
or drought, as they are primarily ephemeral rivers.
According to several studies of deep and shallow marine
sediments from the Gulf of Oman, Arabian Sea, and cave
sediments in northern Oman, climate variation has been
observed since the Early Holocene with periods of humid
(Early Holocene, Fleitmann et al. 2007), dry (Late Holo-
cene, Cullen et al. 2000; He et al. 2020), and arid/semi-arid
(present-day, Kehl 2009; Bourget et al. 2010) conditions.
Unlike the Present-day climate with minimal impact, the
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Early Holocene humid climate might be one of the important
controlling factors in drainage pattern development, where it
caused erosion and incision to increase. However, the influ-
ence of climate on vegetation and thus erosion rate is not
well understood. Additionally, the Makran coast was influ-
enced by relatively low-stand sea level during the last glacial
period and high sea level during the Holocene, which may
have impacted river patterns, especially along the Coastal-
plain (Bourget et al. 2010). However, in the present day,
the Coastal-plain lacks features like deep incising valleys.
Most likely, simultaneous interaction between coastal uplift
rate and sea level fluctuations control the Makran rivers
base-level.

Lithological impact on the drainage pattern

Drainage patterns can be controlled by lithology of the
catchment, where the various rock types respond to erosion
differently (e.g. Keller 1986; Vijith et al. 2017). Among the
sedimentary cover (succession of deep marine turbiditic
sandstone and shale to shallow marine marls and deltaic
sandstones) of the Iranian Makran (Figs. 1a and 2), shales
and marls are very sensitive to erosion, making them one
of the most important sources of sedimentary budget in
catchments (e.g. Bouma and Imeson 2000). Therefore,
the Coastal-plain Makran with dominant marly bedrocks
(Fig. 7e, f) has shown more development of drainage net-
works, where the density of rivers is more remarkable
than other tectono-stratigraphic zones of Iranian Makran
(Fig. 4d). Although there is no rising or falling trend of
drainage density from west to east Coastal-plain, they are
consistent with marl outcrops distribution (Figs. 1a, 2 and
4d). The erosional pattern of marls in a dry climate condi-
tion (heavy rainfall in a short period) of Makran, caused to
development of a badland topography (hundreds of square
kilometres; Normand et al. 2019a) and dendritic river pattern
in the Coastal-plain (Fig. 1a). However, the presence of con-
glomerate, sandstone, or consolidated Quaternary deposits
as a cap-rock in the western part of Coastal Makran, prevents
rapid erosion and therefore the development of badland mor-
phology (Normand et al. 2019a). Dendritic drainage pattern
displays no structural control, can be eroded easily in all
directions, and occur where the lithology is homogeneous
(Zernitz 1932; Feldman et al. 1997; Twidale 2004). Simi-
larly, the dendritic pattern developed largely on Inner, Outer,
and Coastal-rough Makran, where their lithological and
structural patterns were partly covered by the olistostrome
(thick massive weak-consolidated sediment with very bad
sorting, and without any internal structures and bedding;
Figs. 1 and 7e). This massive chaotic cover (olistostrome) is
lacking in the Pakistani Makran, where the trellis pattern is
dominant (Burg 2018).
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Furthermore, lithology along with relief and slope
influence the depth of incision (e.g. Keller 1986), thereby
enhancing deep vertical incision through the sandstone bed-
rock in the Inner and Outer Makran zones (for example the
Jegin River with deeply incised channel; Figs. 2 and 8b),
and lateral river migration (meandering) particularly in the
Coastal-plain with dominant marl lithology.

Taken together, lithology has a significant impact on
drainage patterns in combination with topography and
tectonic.

Topographic impact on the drainage pattern

The weak inverse correlations between drainage parameters
(area, length, and drainage density) and topographic metrics
(mean relief and slope) across the Inner and Coastal-rough
Makran (Figs. 6a, ¢ and 9a) imply favourable areas for ero-
sion (Howard 1997; Dragicevi¢ et al. 2018). This relation-
ship is mostly attributed to different channelization stages
that reflect the extension and integration of existing chan-
nels (Lin and Oguchi 2004). By contrast, the Outer Makran
with weak positive correlations for those parameters sug-
gests a slower eroding area than the Inner and Coastal-rough
Makran. These interpretations may bring biases since topog-
raphy contributes significantly to the pattern of drainage
and erosion (e.g. Burbank and Anderson 2011). Generally,
the topographic metrics are decreasing from Inner to Outer
Makran (except Jegin and Gabrik Catchments with thick
deltaic sandstones and high topography), however, the main
thrust fault (Chah Khan Thrust; Figs. 1a and 2) along the
strike of Coastal-rough Makran (mainly Fanuj, and Nikshahr
Catchments; Fig. 1) create a sudden increase in topography.
Therefore, the Outer Makran exhibits a depression, where
the sediment supplies from Inner Makran are trapped in
the intra-mountain basins. Accordingly, the erosional pat-
tern is more dominant through the Inner Makran (except
Nahang catchment, Figs. 7a, b and 9a), while eastern part
of Outer Makran (Sarbaz catchment, Fig. 9a), and Coastal
Makran display hybrid patterns (more erosional in high
topography Coastal-rough and depositional in low topogra-
phy Coastal-plain; Figs. 5 and 9a). In addition, catchments
with high Melton ruggedness values (>0.50) are more prone
to instability and debris flow production (Bovis and Jakob
1999; Wilford et al. 2004). This is mainly identified in the
strongly deformed Inner Makran (Fig. 7a, b) whit tight folds
and denser thrust fault systems (Fig. 1a), as Haghipour and
Burg (2014) reported knickpoint related to debris flow in
the upper catchment of Fanuj (in the border of North and
Inner Makran, concordance with Bashakerd Thrust, Fig. 1a).
Contrary to this, Melton's ruggedness value decreases
from Coastal Makran with the gentle-fold system to the
less deformed flat Coastal-plain (< 0.3), which is prone to
flooding and indicates more flooding influence. The Melton
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ruggedness values between 0.3 and 0.5 are predominantly
set with Outer Makran (Fig. 7¢), which is an intermediate
zone with both mentioned possibilities but to a lesser degree.
In general, weak inverse to moderate positive catchment-
topographic/climatic correlations across the Iranian Makran
reveal that tectonics and topography are key factors in drain-
age evolution coupled with lithology and precipitation.

Tectonic impact on the drainage systems
Thrust fault-related fold impact

The north dipping Makran thrust fault systems with
west—east strike (i.e. Fig. 7g) play an important role in the
pattern of drainage networks, particularly those correspond-
ing to the tectonic boundaries of Makran zones (Figs. 1 and
2). The north to south draining rivers are perpendicular to
the main thrust faults (Fig. 1), which form fault-related anti-
clines and act as barriers to the main rivers, thereby increas-
ing drainage density and river length in the uplifted blocks
(Figs. 8a and 10a). Therefore, downward blocks (footwalls)
act as large-scale synformal basins, accumulating eroded
detritus (e.g. the Outer Makran relative to the Inner Makran;
Figs. 9 and 10a). In case of the Sarbaz River with two main

Hanging wall streams

Thrust fault-related Anticline

Not to scale

(¢}

R SRR AT

streams to the west and east in the upper and middle catch-
ment (Inner and Outer Makran; Fig. 1), the footwall of CKT
(Fig. 1a) serves as a large synformal basin in the lower catch-
ment (Coastal-plain Makran maximum northward extension;
Fig. 1a), bringing two streams together to form the main
trunk channel for the Sarbaz River. On the other hand, the
drainage pattern variations from the dominant dendritic in
the west to the dominant trellis in the east (mainly in Paki-
stani Makran; Fig. 8a), could be explained by the following
reasons due to the thrust faulting:

The west Makran is distinguished by the presence of sev-
eral long-wavelength synclines (large piggy-back basins)
and anticlines with thick sandstone sequences from the
east Iranian Makran. The wavelengths of these synclines
(Fig. 1a) increase from north to south. They probably formed
due to rotation of thrust fault during movement on the frontal
thrust. These piggy-back basins are characterized by syn-
sedimentary growth strata (Burg and Mohammadi 2015).
These synclines have W-E orientation orthogonal to the
bulk shortening direction for most of the length of Makran
and changed to NW-SE orientation, becoming parallel to
the Minab-Zendan fault (Fig. 1a). Therefore, the general
structural pattern of Makran with W-E strike of thrust fault-
related fold system changes to NW-SE strike in the west

Footwall streams

25°45'N

25"?5'N

Fig. 10 a Schematic block-diagrams (upper part) and TanDEM-X 12.5 m images (lower part) of a thrust, b normal, and ¢ dextral strike-slip
faulting across the Iranian Makran. The location of TanDEM-X images is presented in Fig. 2 (white rectangles)
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Iranian Makran, which caused to complete pinch-out of
the Inner Makran zone in the west of Iranian Makran. This
dominantly influenced the drainage pattern of west Makran,
a region prone to the dendritic pattern with dominant ero-
sional features (Fig. 1b). In addition, the majority of western
Makran small rivers near to the Jegin River Catchment are
characterized by high k,,, (Fig. 8a), where the topography is
higher than the eastern part (Fig. 5). This region is located
on the hanging wall of Minab-Zendan Fault zone, which
is structurally an oblique dextral-reverse fault and is the
surface expression of a deep flower-structure (Regard et al.
2004, 2005).

East—west ward elongate valleys (parallel to main thrust
faults) specifically in the eastern part of Iranian Makran
(mainly Nahang Catchment) creating a trellis pattern, which
is a common characteristic of fold and thrust belt moun-
tains (e.g. Howard 1967; Twidale 2004) such as Zagros
(Rangzan and Igbaluddin 1995), Appalachian Mountains
(Kochel 1990; Aravinda and Balakrishna 2013) and Paki-
stani Makran (Burg 2018). Headward erosion is significant
in trellis pattern evolution and is widely invoked in explana-
tions of river capture (Bishop 1995; Twidale 2004). Accord-
ingly, the Pakistani Makran may have captured the Nahang
River (Fig. 1b).

The geomorphological indices used in this work sug-
gested that the thrust fault systems are slightly active or no
active since the river valleys are in old stages of incision and
tend to lateral extension (Fig. 8b). This evidence can reflect
tectonically steady structural development in the Inner and
Outer Makran as noted by Haghipour et al. (2012) and Burg
(2018). However, an exception of V-shaped valleys with
W/D < 10 was observed in the Nikshahr River on the hang-
ing wall of Lashar Thrust (Fig. 8b). This may not related
to the activity of Lashar Thrust due to lack of seismicity
(Fig. 8a inset), however, the absence of seismicity does not
mean that the structure is not active, it may have a very high
recurrence period, or the structure may be growing at a very
low rate. The presence of erosive olistostrome in the footwall
of Lashar Thrust (Fig. 1a) most probably increased the inci-
sion depth in the hanging wall of Lashar Thrust (Fig. 8b).

Normal fault impact

Coastal Makran is the location of normal faulting (Figs. 1a
and 2) since the slab rollback of subducting plate started in
the Late Miocene-Pliocene (e.g. Burg et al. 2013) and caused
N-S extension of the Makran (e.g. Masson et al. 2007). As
a result of the Late Quaternary normal faulting (Fig. 7h, 1)
and related half-grabens (Fig. 10b), local changes of eleva-
tion and relief occurred along the main trunk of some riv-
ers in the Coastal-rough Makran (Nikshahr, and Konarak
river basins, Fig. 10b). Therefore, the aforementioned rivers
started active deep incisions, and exhibit V-shaped valleys
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with locally high k, (Fig. 8a). This is consistent with the
significant decrease in the W/D ratio (< 10) compared to the
Inner and Outer Makran zones with W/D > 10 (Fig. 8b). The
drainage system in the vicinity of the normal faults displays
dendritic pattern and asymmetric distribution with respect
to the main axial valley (Figs. 8a and 10b). The drainage
density is relatively higher in the footwalls (Fig. 10b) com-
pared to the downward blocks, which form half-graben
(Fig. 10b). Since the normal faults are active in the Makran
region (Normand et al. 2019a, b), the half-grabens act as the
intra-mountain basins, and trap a coarser detritus of eroded
sediments (Leeder and Jackson 1993) similar to the lower
catchment of Nikshahr River (Figs. 9 and 10b). In addition,
half-graben influenced drainage patterns locally and caused
axial-drainage parallel to the normal fault strikes (Fig. 10b).
Similar pattern reported from the extensional setting with
normal faults such as the western United States (e.g. Nevada;
Peakall 1998) and central Greece (Goldsworthy and Jackson
2000). Overall, the normal faults are the active structure
across the Iranian Coastal Makran (Fig. 8a inset). The pres-
ence of normal faults in the Coastal-plain Makran, where
they cut and deformed the Pleistocene uplifted coastal ter-
races, is the geological evidence for the activity of Makran
normal faults (Fig. 7j; Normand et al. 2019a).

Additionally, the unknown dip-slip faults in the middle
and lower catchments of Jegin and Gabrik (Fig. 8a) that
were previously mapped as thrust faults in the Taherui
1:250,000 geological map (Geological Survey of Iran) are
most likely normal faults (Figs. 1a, 2 and 8a). According to
the northward direction of Makran subduction, all thrusts
are expected to represent a northward-dip, while they are
mapped as southward dipping thrusts. On the other hand,
thrust faults in the Outer Makran zone show no deeply
incised valleys (except N1 and N2 due to the olistostrome;
Fig. 8b), while the aforementioned faults seem to behave as
active normal faults with a deeply incised valleys along the
Coastal-rough Makran.

Strike-slip fault impact

The majority of Makran strike-slip faults are minor scale
and have minimal impact on topography across the Inner
and Outer Makran, including conjugate strike-slip faults
as well (Figs. 2 and 7n). On the contrary, the Coastal
Makran is highly influenced by these structures (Figs. 71,
m and 10c), but their role is hard to assess because of
low topography and alluvial sediment cover. These faults
are strike-slip and have cut the Neogene sediments in the
Coastal-plain (Figs. 1a and 7m). However, the strike, offset
and role of the aforementioned strike-slip fault(s) remain
indistinct across the Coastal-plain Makran. On the other
hand, the Minab earthquake (Irar, 11 May 2013, Fig. 8a
inset) with Mw 6.1 provides evidence for the surface



International Journal of Earth Sciences (2023) 112:539-559

555

deformation (Fig. 7k), caused by a strike-slip fault roughly
perpendicular to the Minab-Zendan Fault zone (Penney
et al. 2015).

Pattern of sediment connectivity index
and water-erosion hazard

In general, the sediment connectivity pattern has changed
toward the east Makran in accordance with the development
of thrust fault-related fold systems, exhibiting a correlation
with the development of higher connectivity parallel to the
mentioned geological structures in the W-E strike (Fig. 9a,
b). Combining the aforementioned factors with the sediment
connectivity index, suggest that Sarbaz Catchment has the
highest potential of sediment supply among all the catch-
ments, since it is a perennial river with a large catchment
area and density, overlain by erosive marls (Figs. 2, 4 and
9a). The Jegin and Gabrik Catchments have a high poten-
tial of sediment supply and mass-flow, but they are seasonal
rivers and mostly covered by sandstone, thus compared to
the Sarbaz catchment are in the second order. This potential
decreases from Sedij to Fanuj and Nikshahr Catchments.
Nahang Catchment and Coastal-plain Makran are more
depositional due to syncline structure and low topography
(Fig. 9a, b), respectively (Fig. 1a, b). Arid climate and low
vegetation cover of Makran make all rivers prone to flooding
and mass-flow production during intense rainfall of Decem-
ber to March, as well as very rare rainfall during summer
caused by tropical storms. The low topography Coastal-plain
is a favorable place to drown by flood and mass flow. Tidal
oscillations and waves also contribute to sediment produc-
tion through uplifted coastal terraces erosion, which could
be considered as part of the planning for the urban and
industrial development of the Makran coastal zone, particu-
larly in the eastern Iranian Makran with large infrastructures
and human population. On the other hand, considering the
long-term mean annual rainfall (Fig. 3¢), we suggest that
the Fanuj and Sarbaz upper Catchment, Jegin and Gabrik
Catchments are more prone to mudflows or debris flow on
a large scale.

Together, the Inner and Outer Makran typically have
dominant north-dipping thrust faults that exhibit high sedi-
ment connectivity in their hanging wall, where relief has
increased relatively compared to the footwall (Fig. 9b), with
the exception of Costal-rough Makran. Relief and topogra-
phy in the Coastal-rough Makran are mostly controlled by
mini-basins and folded massive deltaic sandstones in large-
scale (Fig. 2). However, there is no special sediment connec-
tivity pattern in the hanging wall and footwall of the Coastal
Makran with normal faults (north and south dipping), where
the local and disconnected normal faults are scattered with
north and south-dips (Fig. 9a).

Implication for drainage evolution in active
accretionary wedges

Drainage pattern and landscape evolution in active accre-
tionary wedges are dominantly depends on the geometry
of wedges (e.g. Davis et al. 1983; Viaplana-Muzas et al.
2015). Rivers in accretionary wedges flow from the older,
high elevated accreted zone to the younger lower relief zone
by crosscutting thrust faults, notably forming trellis river
patterns (e.g. Pakistani onshore Makran) similar to fold and
thrust belts (e.g. Zagros Mountain; Rangzan and Igbalud-
din 1995). However, in some accretionary wedges, olistos-
tromes overlying the geological structures, forming synfor-
mal depocenters (minibasins; Burg et al. 2008; Ruh et al.
2018), changing rock strenght, and thus the river morphol-
ogy becomes more dendritic such as in the Iranian onshore
Makran (Fig. 1b) and Central Andes in Peru (De Jong 1974;
Karatson et al. 2012). In the mature accretionary wedges
due to slab rollback, extensional tectonic regimes and nor-
mal faulting are induced, which can increase river channel
depth and incision in the younger parts of active accretionary
wedges (e.g. Hellenic trench in the eastern Mediterranean;
onshore Makran; Ring et al. 2010; Normand et al. 2019a).
On the other hand, the uplifted coast of accretionary wedges
(e.g. Central Andes in Chile and Peru; onshore Makran;
e.g.Marquardt et al. 2004; Saillard et al. 2011; Normand
et al. 2019a) also affects drainage patterns and coastal plain
development by changing the base-level of rivers and con-
sequently river incision. Taken together, these geological
structures are the major drivers of fluvial landscape evolu-
tion in accretionary wedges.

Our findings reveal a considerable impact of regional
tectonic and geological structures in combination with
topography and lithology on drainage network evolution
and sediment yield across the onshore Iranian Makran as
a world-scale active accretionary wedge. In addition, the
evolution of fluvial landscapes within the accretionary
wedges is not homogeneous because geological structures
are impacted differently across distinct domains of wedges
over time.

Conclusion

The present study evaluated the main drivers of drainage pat-
tern development in onshore Iranian Makran. The following
conclusions have been made:

e Transitional changes in Makran rivers trend and pat-
tern from dominant N-S flowing rivers with dendritic
pattern in the west (Iranian Makran) to dominant E-W
flowing rivers with trellis pattern in the east (Pakistani
Makran) correspond to the change of the tectono-mor-
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phologic style of Makran from west to east. In fact, the
Sarbaz River Catchment in the eastern Iranian Makran
serves as a transitional zone between west Makran with
several mini-basins and a large olistostrome cover, and
east Makran with well-developed thrust fault-related
fold system.

e Geological structures including thrust fault-related
folds, normal fault-related half grabens, mini-basins
and growth strata, and olistostrome cover are the main
driver of drainage pattern development in the Iranian
onshore Makran. As a secondary factor, the impact of
lithology (more erosive marls) and large river floods
are considerable in drainage patterns developments.

e The catchment-topographic metrics show river systems
are not in equilibrium in the westernmost and eastern-
most of Iranian Makran, while the central part of the
region appears to be in a semi-equilibrium condition.

e The river channel steepness (k,,) pattern and W/D ratio
highlight the activity of normal faults in the Coastal
Makran, where the rivers are in the young phase of
incision.

e The sediment connectivity index shows that the domi-
nant erosional pattern in the western Iranian Makran
transitionally changes to more depositional pattern in
the eastern Iranian Makran with several scattered nor-
mal fault-related intra-mountain depositional basins.
Although sediment connectivity index has decreased
toward the east Iranian onshore Makran, there is a cor-
relation between higher connectivity and the develop-
ment of thrust fault-related fold systems on the W-E
strike.
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