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Abstract: The Makran coast displays evidence of surface uplift since at least the Late Pleistocene, 15 

but it remains uncertain whether this displacement is accommodated by creep on the subduction 16 

interface, or in a series of large earthquakes. Here, we address this problem by looking at the short 17 
term (Holocene) history of continental vertical displacements recorded in the geomorphology and 18 
sedimentary succession of the Makran beaches. In the region of Chabahar (Southern Iran), we 19 
study two bay-beaches through the description, measurement and dating of 13 sedimentary 20 
sections with a combination of radiocarbon and Optically Stimulated Luminescence (OSL) dating. 21 

Our results show that lagoonal settings dominate the early Holocene of both studied beach 22 
sections. A flooding surface associated with the Holocene maximum transgression is followed by a 23 
prograding sequence of tidal and beach deposits. Coastal progradation is evidenced in Pozm Bay, 24 
where we observe a rapid buildup of the beach ridge succession (3.5 m/yr lateral propagation over 25 
the last 1950 years). Dating of Beris Beach revealed high rates of uplift, comparable to the rates 26 

obtained from the nearby Late Pleistocene marine terraces. A 3150 year old flooding surface within 27 
the sedimentary succession of Chabahar Bay was possibly caused by rapid subsidence during an 28 
earthquake. If true, this might indicate that the Western Makran does produce large earthquakes, 29 
similar to those that have occurred further east in the Pakistani Makran. 30 
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1. Introduction 34 

The Makran coast, in southeastern Iran, sits above oceanic lithosphere of the Arabian plate that 35 
is currently subducting northward under Eurasia. The coast has clearly experienced long-term uplift 36 
throughout the Late Pleistocene, as evidenced by the presence of emerged sequences of marine 37 

terraces, some of which outcrop at more than a hundred meters above present sea-level [1–3]. In the 38 
eastern Makran (Pakistan), surface uplift of the coastal margin appears to be closely linked with 39 
large earthquakes, the last of which was a Mw 8.1 thrust event in 1945 [4,5]. However, in the western 40 
segment of the Makran (Iran), there is no obvious historical evidence for large earthquakes in the last 41 
1000 years [6–9]. It is currently unclear whether the lack of seismicity reflects a different mechanical 42 

behavior at the subduction interface, or if infrequent large earthquakes occurred in the past and 43 
should be expected to happen again [10–12]. Here, we apply some concepts of coastal evolution to 44 
the Makran coast, coupled to observations of the Holocene beach sedimentary record, in order to 45 
better understand the nature of vertical motions in the Makran over the last 10,000 years. 46 

Due to their close relation to mean sea level, beaches are prone to record relative sea-level 47 

changes related to coseismic vertical motions, as commonly observed in subduction zones [13,14]. 48 
Along a coastline experiencing coseismic uplift, a beach staircase profile can develop due to the 49 
sudden abandonment of the active ridge during earthquakes [15]. Inversely, in regions experiencing 50 
coseismic subsidence, remobilization of the sediments from the destroyed frontal part of the beach 51 

into a new active beach ridge situated further landward has been observed to happen in the few 52 
years following earthquakes [16]. On the other hand, if the western Makran is behaving aseismically, 53 
beach successions are expected evolve according to continuous rock uplift, along with varying sea 54 
level and sediment supply. 55 

Although several studies have considered the long-term uplift recorded by the spectacular 56 

Pleistocene marine terraces exposed along the Makran coast [5,17–19], relatively little attention has 57 
been focused on the shorter-term record. Paleoseismic studies from the Makran coastline have 58 
mainly focused on the tsunami risk associated with megathrust earthquakes within the Makran 59 
subduction zone [20,21,8,22–25]. A few studies have published palesoseismic observations 60 
associated with the Mw 8.1 1945 eastern Makran earthquake [26,10], but geological evidence for 61 

older events have rarely been described [27]. Moreover, studies focusing on the beach ridge 62 
succession of Chabahar Bay have not considered the potential for coseismic vertical motion [28–30]. 63 

In this study, we have analyzed the development of two bay-beaches in the Iranian Makran; 64 
Chabahar Bay and Beris Bay (Fig. 1). We measured 11 and 2 sections respectively in these bays in 65 

order to understand the history of the beaches using the sedimentary succession of recent deposits. 66 
To place time constraints on these sequences, we sampled intervals showing interesting changes in 67 
facies for both radiocarbon and optically stimulated luminescence dating (OSL). Furthermore, we 68 
visited and sampled the beach ridge succession of Pozm Bay in order to get insight on coastal 69 
progradation. Fluvial sedimentary input was assessed through a study of the watersheds of main 70 

tributaries. Our results shed light on the landscape evolution of the region over the Holocene, driven 71 
by the interaction between sediment input, eustatic sea level variation and vertical tectonic motion. 72 

 73 

2. Geological setting  74 

The Makran subduction zone is the result of northwards subduction of the Arabian plate under 75 

Eurasia [4,31,32,10,8]. Although the margin is currently active, as indicated by GPS [33–35] and 76 
recently uplifted marine terraces [5,18,36,19,2], seismic activity in the Makran remains relatively low 77 
compared to other subduction zones. The eastern segment has experienced several large thrust 78 
earthquakes, notably the Mw 8.1 in 1945 [4] and a recent Mw 6.3 event in 2017 [12]. However, the 79 
western segment (the focus of this study) has seemingly not experienced any major thrust 80 

earthquake since the historical events of 1008 or 1483 [6,8], whose exact magnitudes, location and 81 
focal mechanisms remain controversial [9]. 82 
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The bedrock geology at the coastal plain [37,38,5,39–41,2,1,42,43] is dominated by erodible 83 
Tertiary marl forming a flat coastal strip (Fig. 1). The coastal plain is occasionally punctuated by 84 
prominent headlands, whose bedrock geology is dominated by more resistant, late tertiary 85 
calcareous sandstones.  86 

 87 

Figure 1. General satellite view of a segment of the Makran coast (image Bing satellite). Pink dashed 88 
line: rough delineation of the Makran ranges. White lines: beach ridges. Yellow outlines: protruding 89 
headlands. Blue names: studied regions. Red squares: locations of Figures 3a, 3b and 3c. Ta: Tang, 90 
Gu: Gurdim, Po: Pozm, Ko: Konarak, Ch: Chabahar, Li: Lipar, Be: Beris, Ji: Jiwani, Gw: Gwadar. 91 

The climate in Makran is arid to semi-arid and has been so for at least 5000 years [44–46]. This 92 

makes it possible to interpret the Holocene depositional record based on the current coastal setting. 93 
The mean annual precipitation is low (127 mm), and occurs mostly during winter [47,48]. Rivers are 94 
dry most of the year, but activate during heavy rain episodes resulting in flash flood events 95 
inundating the coastal plain and bringing large amounts of sediments to the sea [2,47,1,39,49]. The 96 

tide range is micro to mesotidal (1.8-3 m) [18,28], and the current wave regime in Chabahar is mostly 97 
towards the NNW, with a maximum significant wave height of 3 m [50,28]. Based on a record 98 
spanning 1985-2007, winds come mostly from the south and the west [50,51].  99 

Only a few previous studies have focused on the Holocene coastal depositional record of the 100 
Makran [28–30,47]. Radiocarbon dating indicates that the coastal morphologies along the Makran 101 

have been developing since the mid-Holocene maximum transgression, around 6000 BP 102 
[47,29,30,2,10,48,5,28,52] (supplementary table S1.1). Previous work has shown that the coastline has 103 
prograded outwards by up to 20 km since the mid-Holocene maximum transgression [47,53]. 104 
Moreover, it has been proposed that the Gurdim and Konarak headlands used to be islands that 105 
were progressively attached to the mainland by widening tombolos, evolving into the current 106 

omega shaped bay morphology (Fig. 1) [2,18,49,29]. The Chabahar Bay-beach has been shown to 107 
prograde laterally at about 0.7 m/yr between 5500 and 1200 BP, reducing to 0.12 m/yr since then [29]. 108 
However, dating results from a recent study of the same strandplain imply a much more continuous 109 
progradation of 1-2.2 m/yr (faster for younger samples) [28].  110 

Signs for the presence of lagoonal systems during the early Holocene in the coastal Pakistani 111 
Makran have been observed [47,53]. Some of these ancient lagoons have evolved to low-lying flats, 112 
such as those observable west of Pasni and northwest of Gwadar, due to their complete filling by 113 
fine alluvial sediments. In fact, we can currently observe that the large active lagoons of the Makran, 114 
such as that of Kalat or Miani (Pakistan), host river deltas and will one day be entirely filled. 115 

 3. Sea-level curve 116 

Knowledge of the sea-level behavior during the Holocene is of utmost importance in order to study 117 
the beaches developing during this period. A number of complex sea-level curves have been 118 
published from localities around the western Indian Ocean [54], but they are all different in their 119 
details and mostly situated too far from the Makran to be relevant to our study. We have focused on 120 

the simple Oman Sea curve proposed by Lambeck [55] (Fig. 2a). This curve predicts a sea-level rise 121 
until 6000 BP, where the sea level stabilized to its current position until today. 122 



Quaternary 2019, 2, x FOR PEER REVIEW 4 of 21 

 

Continental uplift has an impact on the relative sea-level curve and should be taken into 123 
consideration. Our limited knowledge of the uplift rate variations during this period creates 124 
uncertainty regarding the relative sea-level curve of the Makran. However, the Makran coast has 125 
been continuously uplifting during the Late Pleistocene, as shown by the presence of marine terraces 126 

[19]. Therefore, the resulting relative sea-level curve should peak at around 6000 ka, hereafter 127 
referred to as the mid-Holocene relative highstand, and then slowly fall until present time. The 128 
magnitude of this peak is not well known due to the uncertainties mentioned above (Fig. 2b shows 129 
an example with 1 mm/yr of uplift, consistent with the rates calculated in the Makran [19]). 130 

 131 

Figure 2. Simplified sea-level curve for the Holocene. (a) Eustatic sea-level curve of Lambeck [55] for 132 
the Oman Sea (Muscat). The purple line represents an uplift of 1 mm/yr. (b) Holocene relative 133 
sea-level changes on a coast uplifting at 1 mm/yr, a value considered reliable for the studied segment 134 
of the Makran coast [19]. 135 

4. Results  136 

Here we present the main results of our research on the Holocene beach evolution based on their 137 

geomorphological and sedimentological characteristics. Our focus is on three main sites, Beris 138 
Beach, Chabahar Bay and Pozm Bay (Fig. 3), which we describe separately in the following sections. 139 
Details of the methods used are reported in supplementary S2. Dating results are summarized in 140 
Table 1 and 2, and more analytical details are provided in the data repository [56]. The facies 141 
description and interpretation of the depositional setting is summarized in Table 3 and detailed in 142 

supplementary table S1.5. Sedimentary logs, legends and field pictures are compiled in Fig. 5 and 143 
Fig. 7. Additional field pictures can be found in the data repository [56], as referred to in 144 
supplementary table S1.5. 145 

4.1 Makran coastal evolution 146 
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The morphology of the Makran coast is strongly influenced by the spatial distribution of 147 
sandstones and marls, which have a marked contrast in resistance (and erodibility) (e.g., [57–59]). 148 
Wave action erodes faster through soft marl bedrock than through indurated sandstones, which 149 
causes the coastline to develop into deep bays and protruding headlands. Material eroded from 150 

headlands, exposed to wave attack, is transported by alongshore currents and preferentially 151 
redeposited in embayments, together with continental fluvial input, to form prograding beaches, 152 
progressively protecting the bays from coastal retreat [59,57]. The ability of a coastline to either 153 
develop a large amplitude, or evolve towards a smooth profile depends on many factors, such as 154 
bedrock lithology or wave regime, but it is primarily a function of the sedimentary budget [57,59]. 155 

We infer that the sedimentary input supplying the Makran beaches mainly originates from 4 156 
sources (e.g., [60,45,61,57,62,59]); (1) alongshore transport of littoral sediments, (2) erosion of nearby 157 
headlands, exposed to wave attack, (3) eolian transport and (4) river input. These sources are all 158 
linked to climatic conditions, which remained relatively constant in the Makran since the start of the 159 
Holocene. However, we observed the presence of abandoned river channels within the low coastal 160 

plain (Fig. 4a, 4b) indicating that the Makran Rivers have switched from one bay to another, 161 
drastically modifying the sandy fluvial input towards each local bay beach, throughout the 162 
Holocene. We gathered information on river watersheds in order to understand where fluvial 163 
sediments input the Oman Sea and how fluvial sedimentary input can influence beach progradation. 164 

We used a ASTER DEM (30m), which we analyzed using the Topotoolbox from matlab [63,64]. The 165 
majority of the sand-sized material brought into the Oman Sea by the rivers comes from erosion of 166 
the Makran ranges, northwards of the coastal plain (Fig. 4a, brown numbers). In this respect, small 167 
watersheds, mostly draining the fine-grained bedrock of the coastal plain, bring little coarse material 168 
to build beaches.  169 

 170 

Figure 3. Satellite images of the studied beaches and localization of sampled material and measured 171 
logs. Legend: Blue star : OSL sample. Purple star: radiocarbon sample, white circles: stratigraphic 172 
logs positions, red lines: paleocliff of the mid-Holocene maximum transgression. (a) Beris Beach. 173 
Image from Google Earth (b) Pozm Bay. Image from Bing satellite. (c) Chabahar Bay. Image from 174 
Google Earth. 175 



Quaternary 2019, 2, x FOR PEER REVIEW 6 of 21 

 

 176 

Table 1. Result of radiometric dating. Geolocalisation and more analytical details are in the data 177 
repository [56]. 178 

Sample Area 
Radiocarbon age 

Comments** 

Beach 

progradation 

rate 
Conventional                 

± 1σ 

Calibrated                

± 2σ * 

  

BP Cal BP 

 

m/yr 

RN15-P3 Pozm Bay 590 ± 30 54 ± 54 290m f.c. > 0.6 

RN15-P7 Pozm Bay 490 ± 30 39 ± 39 660m f.c. > 3.3 

RN15-P15 Pozm Bay 810 ± 30 184 ± 116 1450m  f.c. > 4.8 

RN15-P18 Pozm Bay 1620 ± 30 931 ± 112 1840m f.c. > 0.6 

RN15-24 Chabahar Bay 4240 ± 30 4010 ± 135 1500m f.c. 0.4 

RN16-18 Chabahar Bay 6883 ± 22 7167 ± 101 

  RN16-19 Chabahar Bay 3465 ± 20 3041 ± 121 

  RN16-29 Chabahar Bay 5969 ± 21 6138 ± 117 In life position 

 RN16-34 Chabahar Bay 5903 ± 21 6067 ± 113 

  RN16-36 Chabahar Bay 6915 ± 22 7218 ± 84 

  RN16-37 Chabahar Bay 5602 ± 21 5743 ± 115 

  RN15-89 Beris Beach 4590 ± 30 4506 ± 131 460m f.c. 0.1 

RN16-11 Beris Beach 5744 ± 21 5874 ± 107 

  RN16-41 Beris Beach 8200 ± 23 8432 ± 88 

  RN16-44 Beris Beach 8612 ± 23 8940 ± 146 

  *Calibrated using Oxcal 4.2 [65], with the curves IntCal 13 and Marine 13 [66] 179 

Reservoir correction, Delta_R = 236±31 years for Makran, according to the website, http://calib.org/marine/ 180 

** f.c.: From the current coastline 181 

Table 2. Results of OSL dating. Geolocalisation and more analytical details are in the data repository 182 
[56]. 183 

Area Location Sample 
Paleodose  

CAM ± 1σ 

N° of 

Aliquots 
RSD OD 

Env. 

dose 

Age         

± 1σ 

   

[Gy] out of 24 % % 

[Gy / 

ka] [a] 

         
Pozm Bay 

7km from the 

coastline 
RN17-28 

2.710 ± 

0.121 
23 22.3 20 

1.386 ± 

0.04 

1955 ± 

101 

Chabahar 

Bay 
K3, Above FS RN17-35 

4.489 ± 

0.206 
24 23.6 21 

1.438 ± 

0.04 

3123 ± 

163 

Chabahar 

Bay 
K6, Below FS RN17-36 

4.368 ± 

0.230 
24 21.0 25 

1.371 ± 

0.03 

3187 ± 

186 

Chabahar 

Bay 
K11 RN17-37 

2.287 ± 

0.073 
24 17.2 15 

1.369 ± 

0.03 

1670 ± 

67 

Beris Beach 
At the base of 

the cliff 
RN17-44 

5.929 ± 

0.242 
24 23.1 19 

1.296 ± 

0.04 

4576 ± 

227 

184 

http://calib.org/marine/
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 185 
The presence of headland and bays favors the formation of a concave beach morphology in the 186 

shadow zones behind headlands (Fig. 1). These crenulated beaches best develop when waves 187 
approach the coastline with a steep angle of incidence and are facing towards the main alongshore 188 

current direction [67,68]. Most bay-beaches of the western Makran are crenulated, facing towards 189 
the west (e.g., Fig. 4a), implying a dominant wave direction towards the NW throughout the Late 190 
Holocene, as recently measured in Chabahar by [50] (Fig. 1, west of Pasabander). Consequently, 191 
from this dominant wave direction, alongshore currents are expected to flow from east to west [60]. 192 
Interestingly, the crenulated bays of the eastern Makran (Pakistan; Fig. 1 east of Jiwani) face in the 193 

opposite direction, suggesting a mirrored wave and alongshore regime. 194 

Table 3. Short description and interpretation of the facies of Beris and Chabahar Bay cross sections. 195 
More details may be found in supplementary table S1.5. 196 

Facies Short description 
Depositional 

Environment 

Beris Beach 

  1 Matrix supported, fine-grained 

laminated deposit 

Lagoon 

2 Conglomerate, clay matrix Lagoon with 

fluvial input 

3 Conglomerate, no matrix Fluvial 

channel 

4 Conglomerate, sandy matrix Mouth bar 

5 Well-sorted sandstone. Cross 

stratifications 

Shoreface 

6 Horizontally laminated well 

sorted sandstone 

Beach 

Chabahar 

Bay 

  

A Laminated fine-grained deposit, 

evaporites 

Supratidal 

flats 

B Heavily bioturbated 

fine-grained deposit 

Intertidal 

ponds 

C Sandy deposits, wavy beddings Intertidal 

lagoon 

D Erosive base, channelised, 

bi-directional cross bedding 

Tidal channel 

E Same as D, with occasional <20 

cm thick mud drapes 

Tidal channel 

F Same as D without the 

channelised morphology 

Intertidal / 

subtidal 

G Horizontally laminated well 

sorted sandstone 

Beach 

 197 
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 198 

Figure 4. Fluvial input in the Chabahar region. (a) Map of Chabahar region with the watersheds 199 
boundaries. Total watershed size is expressed in blue, whereas the watershed area draining hard 200 
tertiary bedrock (sand source for beaches) is expressed in brown. Purple = studied regions. (b) 201 
Google Earth satellite image near Konarak airport. Abandoned river channels of the Sergan River are 202 
visible in the landscape (red arrows. (c) Beach destruction and healing throughout flood events 203 
(Beris). N25.209° E61.022°. Images from Google Earth. 204 

4.2 Beris Beach 205 

Beris Beach is 30km long and is built on Tertiary marl bedrock between two rocky headlands 206 

(Fig. 1, Fig. 3a). The high marl cliffs that punctuate the back of this beach (Fig. 3a, red line) stand as 207 
relicts of the maximum extent of coastal regression that peaked shortly before ~4500 BP, according to 208 
our dating results (see below). Since then, relative sea-level fall has favored beach progradation. Its 209 
characteristic seaward-concave plan shape (eastern end) is the result of beach building by wave 210 
refraction around Beris headland under a NW predominant wave direction [68,67].  211 

At Beris Beach, the oldest beach ridge was sampled at two different locations and dated with 212 
two different methods that both yielded an age of ~4500 BP indicating the start of beach deposition 213 
at that time. The OSL sample (RN17-44) was sampled at the base of the paleocliff, such that it should 214 
correctly estimate the start of beach deposition. Previous dating results from this beach include ages 215 
at 3976 ± 29 and 3646 ± 17 BP [48] and 7605 ± 75 BP [10]. The latter, significantly older than other 216 

results, is from dating of a lithofaga mollusk found within a boulder that might have been reworked 217 
during the transgression. 218 

The beach receives minor fluvial sedimentary input (Fig. 4a) and as a result, has remained 219 
narrow (250-600m wide, Fig. 3a) and has prograded slowly since the mid-Holocene relative 220 

highstand (< 0.1 m/yr). Other sedimentary sources could be alongshore transport (two large 221 
watersheds discharge into the nearby Jiwani Bay, Fig. 4a) and erosion of the bordering Beris and 222 
Lipar headlands, but the distinctive dark orange color of this beach indicates that most of the sand 223 
seems to originate from the orange-colored rocks that outcrop north of the beach (Fig. 3a). The 224 
western part of the beach is nearly linear and is intermittently cross cut by river channels hosting 225 

lagoons (Fig. 3a, Fig. 4c). Looking over a succession of satellite images covering several years, we can 226 
see that the river incises through the beach during flash floods, whereas wave action re-builds a 227 
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continuous beach ridge shortly after the flood events (Fig. 4c). The studied section in Beris is situated 228 
in one of those incisions and as such, the observed sedimentary facies are greatly influenced by 229 
fluvial input and contain a substantial proportion of pebbles. 230 

 231 

Figure 5. Beris Beach stratigraphic logs. Facies numbering is as reported in Table 3. (a) Beris Beach 232 
transect. N 25.219, E 60.985. (b) Log B2. (c) Close up of the transect at the position of log B1 (black 233 
square in Fig. 5a). (d) Log B1. (e) Close up of facies 5. (f) Close up of the bottom of log B1, the 234 
transition from facies 2 to 4-5. (g) Legend for all logs (Figures 5 and 7). *Ages standard deviations are 235 
not reported on the figures but can be seen in Tables 1 and 2. More pictures can be seen in the data 236 
repository [56], images C. 237 

4.2.1 Beris Beach Sedimentology 238 

B1 and B2 represent, respectively, the proximal and distal parts of the system, which can be 239 
inferred by their geographical position as well as by looking at their pebble content (Fig. 5). The 240 
lower part of the sequence indicates the presence of a lagoon at 8432 ± 88 BP occasionally disturbed 241 

by flash flood events (facies 1 and 2). After an erosive surface, the sedimentary succession switches 242 
to a facies with a major marine influence (Fig. 6). Relative sea-level rise at that time (Fig. 2b) explains 243 
the presence of this flooding surface. However, we suspect the sample from the sandy layer, dated at 244 
8940 ± 146 BP (i.e., older than the underlying sample, see Fig. 5d) to be reworked. During this 245 

transgression, the accommodation space is filled with nearshore facies 5, occasionally cross cut by 246 
flood conglomerates (facies 4). Conglomerate layers are thicker near the top of section B1, indicating 247 
a proximity to the river mouth, where erosion of the wave-built sandy layers occurs during 248 
successive floods (Fig. 4c, facies 3 in Fig. 6). The amount of pebbles decreases upwards and the 249 
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proportion of sandy matrix increases, probably caused by channel migration. In the distal part of the 250 
system (B2), the environment remains marine (dominated by shoreface facies 5) though occasional 251 
thin conglomerate layers (facies 4) suggest sporadic fluvial input associated to the more proximal 252 
facies seen in B1. Finally, the upper beach facies 6 in B1 and B2 marks the emergence of the 253 

succession after the mid-Holocene relative highstand. Since then, the beach has prograded to its 254 
current position. This shallowing upwards sedimentary sequence is consistent with the relative 255 

sea-level curve (Fig. 2b).  256 

Figure 6. Beris Beach, interpretation of the described facies depositional environment (based on 257 
Figure 4c). Black dashed lines: beach ridges. Facies numbering is as reported in Table 3. 258 

4.3 Chabahar Bay 259 

Chabahar Bay is a 20km wide and 17 km deep omega-shaped bay situated between the two 260 
prominent headlands of Chabahar and Konarak (Fig. 1). The onshore central part of the bay is 261 

occupied by an up to 5 km wide plain of prograding beach ridges flanked by two lagoonal systems. 262 
In fact, the Chabahar Bay sedimentary record is dominated by lagoonal, tidal and beach deposits 263 
(see section 4.3.1). We do not observe a paleocliff at the back of the beach; hence, the maximum 264 
extend of the Holocene transgression remains unclear. The omega shape of the bay is due to wave 265 

diffraction around the two headlands, similar to what can be observed, at a smaller scale, behind 266 
human made breakwaters originally separated from the coastline [69]. Hence, it is possible that the 267 
rocky headlands of Konarak and Gurdim were detached from the mainland at the start of the 268 
Holocene, as has been proposed by other studies [2,18,49,29]. 269 

Although the presence of this wide strandplain hints towards a high input of sediment, 270 

Chabahar Bay currently receives sediments from only two small watersheds (max 500 km2) draining 271 
mainly the fined grained rocks of the coastal plain (Fig. 4a). Part of the sand input comes from 272 
erosion of the nearby headlands (mainly Chabahar headland, due to its size, upstream position and 273 
sandstone dominated bedrock). However, the abandoned river channels observable around 274 
Konarak airport (Fig. 4b) suggest that the Sergan River used to flow into the Chabahar Bay, nearly 275 

tripling its coarse-grained fluvial input (Fig. 4a, brown numbers). Results from Gharibreza [29] 276 
indicate that beach progradation in Chabahar Bay substantially slowed down at 1200 BP, which 277 
might be the moment when the Sergan River diverted towards Pozm Bay. However, recent results of 278 
Shah-Hosseini et al. [28] suggest an opposite scenario, where beach progradation increases until 279 

today. We also observed potential wind gaps in the Makran Ranges north of Chabahar, hinting 280 
towards ancient river routes towards the Chabahar Bay (Fig. 4a). However, these routes were 281 
probably diverted due to rock uplift, on timescales greater than the Holocene. 282 
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 283 

Figure 7. Stratigraphic logs of Konarak Airport section (K1-K11). Facies lettering is as reported in 284 
Table 3. Vertical scale is not absolute altitude, but height above the bottom of the channel. Blue 285 
outlined arrow: Flooding surface (see section 4.4.2). Green arrow : Mid-Holocene transgression. More 286 
field pictures can be found in the data repository [56], images B. 287 

4.3.1 Chabahar Bay sedimentology 288 
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We measured eleven logs (Fig. 7) along a 4.5 km long man-made trench through the coastal 289 
plain near Konarak airport, within Chabahar Bay (Fig. 1, 3c). At this locality, the contact between the 290 
Tertiary marl bedrock and the first layers of Holocene fine-grained lagoonal deposits (facies B) was 291 
observed ~5 km from the current coastline (K1). This basal lagoonal layer was dated at 6138 ± 117 BP 292 

on a shell in life position, indicating deposition of this layer during the mid-Holocene relative 293 
highstand. The basal bed is overlain by a thick (up to 3m observed above the surface) layer of 294 
intertidal lagoonal muds, outcropping over a lateral distance exceeding 2.5 km (K2). These deposits 295 
become progressively sandier towards the sea and about 3 km from the current coastline they are 296 
dominated by sands (facies C) (K4-K8), occasionally cross cut by sandy intertidal channels rich in 297 

shell fragments (Facies D, E) (K5-K8). Those intertidal facies are overlain by an extensive layer of 298 
laminated muds (facies A), interpreted as supratidal deposits (K3-K6, K8-9). This sequence is 299 
typically expected along an emerging coastline experiencing outwards or lateral progradation due to 300 
relative sea-level fall and/or high sedimentary input. As new lagoonal settings develop seawards, 301 
ancient, inactive intertidal areas become supratidal flats (Fig. 8).  302 

A drastic change in facies is observed in the central portion of the sedimentary logs (K3-K9) as 303 
the supratidal layered muds of facies A (i.e., deposited above mean sea-level, Fig 8) abruptly 304 
transitions to the lower intertidal facies D or F (i.e., deposited below mean sea-level, Fig. 8). This 305 
succession is visible in most logs (K3-K9) (outlined blue arrow, Fig. 7), over a distance of more than 306 

500 m, suggesting it is not a local feature (for example related to channel migration). This 307 
sedimentary succession implies the creation of accommodation following the deposition of facies A. 308 
Therefore, a relative sea-level rise, or flooding surface, seems to occur within the sedimentary 309 
successions, whereas the relative sea-level curve of the Holocene on an uplifting coast would rather 310 
be expected to be globally falling (Fig. 2b). 311 

We logged two sections toward the seawards end of the section (logs K10 and K11). On the 312 
southern flank, the lower part of the K11 log is made of the supratidal muds of facies A, overlain by 313 
an erosive surface and the deposition of sandy facies rich in shells interpteted as facies D. This 314 
flooding surface can be associated to the mid-Holocene transgression based on our dating results 315 
(Fig. 7a). The presence of decimetric subangular boulders directly above the erosive surface is 316 

attributed to ravinement. The northern section contains low angle lamination of the swash zone, 317 
typical of prograding beach ridges (K10). 318 

 319 

Figure 8. Chabahar Bay depositional setting. Facies lettering is as reported in Table 3. (a) Google 320 
Earth satellite image of the eastern part of Chabahar Bay (27/1/2015). N25.42°, E60.59°. (b) 321 
Interpretation of the described facies depositional environment. Black dashed lines: beach ridges. 322 
Colored full lines: tidal channels. Eolian degradation of inactive beach ridges is taking place but is 323 
difficult to represent graphically. 324 

4.3.2 Timing of the flooding event 325 

We attempted to date the episode of relative sea-level rise observed within the sedimentary logs 326 
K3-K9 (outlined blue arrows in Fig. 7) in order to understand if this was a slow or fast event, or if it 327 
might coincide with the mid-Holocene maximum transgression. Unfortunately, the results are 328 
unclear, because OSL and radiocarbon results do not agree with each other (see Fig. 7, e.g., log K6). 329 
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Therefore, we propose two different interpretations based on either method, since combining both 330 
leads to ambiguous conclusions.  331 

Based on the radiocarbon results, the lower layer of lagoonal deposits date shortly before the 332 
mid-Holocene relative highstand (~7000-6000 BP). At that time, the relative sea level was rising (Fig. 333 

2) which seems at odds with the prograding sequence of sediments below the flooding surface (see 334 
above). Eventually, the sequence becomes immerged and the coastal regression is expressed in the 335 
logs by the flooding surface. After the maximum transgression ~6000 years ago, the relative sea level 336 
falls, and the system progrades. Hence, the flooding surface is associated with Early Holocene 337 
sea-level rise. 338 

Based on OSL dating, the system postdates the mid-Holocene relative highstand. Samples 339 
below and above the flooding surface date at the same age within errors of ~3150 years ago. 340 
Therefore, the prograding lagoonal system has been flooded very quickly around 3150 years ago. 341 
This rapid relative sea-level rise is at odds with the seemingly steady and undisturbed nature of the 342 
sea-level curve at that time (Fig. 2). 343 

4.4 Pozm Bay  344 

Pozm Bay is another omega-shaped bay delimited in the east by Konarak and in the west by 345 
Gurdim headlands. The size of the bay (12 km wide, 6.5 km deep) is considerably smaller than that 346 
of the neighboring Chabahar Bay. However, the paleocliff, that we observed within the Tertiary marl 347 

bedrock, is 9.4 km away from the current coastline (red line, Fig. 3c), implying substantial coastal 348 
progradation. Two major rivers, the Nikshar and Sergan Rivers, with watersheds of 5400 and 1115 349 
km2, respectively, currently discharge into Pozm Bay, though sporadic river avulsion towards the 350 
nearby bays has happened throughout the Holocene (Fig. 4a, 4b). The oldest ridges, situated further 351 
from the sea, are partially degraded to elongated and NNE directed eolian dunes, as expected from 352 

the two main wind directions, coming from the west and south [50]. The lowlands between the 353 
oldest ridges (white-covered areas, north of the bay in Fig. 3b) are possibly ancient intertidal 354 
lagoons. Following flash flood events, these regions of the coastal plain transform into ephemeral 355 
ponds where fine-grained alluvial deposit decant. The outer 4 km of the bay hosts a succession of 356 
sandy beach ridges, flanked by two active lagoonal systems at the mouths of the rivers (Fig. 3b, Fig. 357 

4a). 358 

 359 

Figure 9. Pozm Bay topographic profile. (a) Topographic profile through the beach ridge succession 360 
(see Fig. 9c). No obvious step-like topography can be detected. (b) Horizontal progradation rate from 361 
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dated ridges. (c) Satellite view of Pozm Bay profile (Fig. 9a). Image Google Earth, 25.39°N, 60.24°E. 362 
The profile is projected on the black line (see supplementary table S1.3). 363 

We have measured a ~2700 m long topographic profile through the 22 of the southernmost 364 
beach ridges of Pozm Bay, with a hand-held GPS (Fig. 9, supplementary table S1.2-3). The resulting 365 
topographical profile shows a succession of topographical ridges that is overall flat. Based on this 366 

data, we conclude that the ridges were built by normal beach progradation, driven by high sediment 367 
supply and facilitated by relative sea-level fall (e.g., [62,70]). The profile does not indicate a climbing 368 
staircase pattern as seen in other subduction zones experiencing repeated episodes of coseismic 369 
uplift (e.g., [15]). Some ridges, that are slightly more voluminous (Fig. 9a, bolded), could result from 370 

extensive sediment rework following a relative sea-level rise, or tsunami (e.g., [16]), but this 371 
interpretation remains ambiguous.  372 

We have dated four shell samples from the beach ridges (from the sea, beach ridge N°3, 7, 15 373 
and 18) (Fig. 3b) to better understand the prograding history of the strandplain. Unfortunately, the 374 
two first samples yielded very young conventional ages that could not be accurately calibrated. 375 

Nonetheless, we know they are recent, (a maximum of several hundred years). The 15th and 18th 376 
beach ridges yielded calibrated ages of 184 ± 116 BP and 931 ± 112 BP respectively (Fig. 9). We also 377 
sampled one of the oldest beach ridges, close to the observed paleocliff, which yielded an 378 
unexpectedly young OSL age of 1955 ± 101 years. Although we aimed to sample beach facies, we do 379 
not exclude the possibility that we might have sampled an eolian deposit ([56], image A_1), in which 380 

case the OSL age result has to be considered a minimum age for the underlying beach.  381 
Our dating results from the beach ridge succession at Pozm Bay indicate three main facts; (1) 382 

According to the OSL results (RN17-28), the active beach ridge was still close to the paleocliff 1955 383 
years ago (i.e. late after the mid-Holocene relative highstand) (Fig. 3b, blue star); (2) the recent 384 
progradation has been very fast, with a mean value of 5.2 m/yr between 1955 ± 101 years and 918 ± 385 

112 years, and a minimum of 4.8 m/yr during the last 300 years (Fig. 9b); (3) progradation rates seem 386 
to have slowed significantly between 931 ± 112 and 184 ± 116 years ago (Fig. 9b, beach ridges P18 and 387 
P15) (400 meters in 747 years, or 0.55 m/yr). Nevertheless, a mean progradation rate of 5.2 m/yr over 388 
a long period of 1955 years is very high and indicates that this OSL age must be considered with 389 

caution (see above). The rapid recent (< 300 years) beach progradation is probably due to a local 390 
increase in fluvial sedimentary input due to the redirection of one (or both) rivers towards Pozm Bay 391 
(Fig. 4a, 4b).  392 

5. Discussion 393 

5.1 Coseismic signal in beach sedimentology? 394 

In Chabahar Bay, we observed a layer of supratidal facies (i.e., deposited above the mean 395 
sea-level) overlain by sediments deposited in the lower intertidal zone (i.e., below mean sea-level). 396 
This transition is observable in several logs along a distance of more than 500 m, hence, it is not 397 
caused by local migration of tidal channels. Although dating using radiocarbon and OSL yield 398 
conflicting results (see section 4.3.1), we favor the OSL data because they directly date sediment 399 

deposition and are not affected by reworking issues. These results suggest that Chabahar Bay has 400 
undergone an abrupt flooding event 3150 years ago. This rapid flooding event is neither consistent 401 
with (1) the tectonic uplift experienced by the coast, that tends to emerge the sedimentary system 402 
(aside from the discussed transition, the studied vertical succession of facies are generally 403 

shallowing upwards), (2) subsidence by sediment compaction, which operate over longer timescales 404 
and (3) the form of the eustatic sea-level curve, that is undisturbed since the mid-Holocene 405 
transgression (Fig. 1). Although there is some uncertainty regarding the details of the local eustatic 406 
sea-level curve (see section 3), the timing and amplitude of this flooding event is too short to be 407 
caused by a eustatic sea-level rise. Thus, based on these considerations, we consider it is plausible 408 

that the flooding event observed in Chabahar Bay was caused by an earthquake. Although the 409 
western segment of the Makran subduction zone (our study area) has not produced a major 410 
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earthquake in recent times (> 500 years), previous work have shown that the potential to produce 411 
large earthquakes exist (e.g., [10–12,71]). 412 

If this interpretation is correct, the flooding surface should also be expected within the 413 
stratigraphic logs of nearby beaches. Unfortunately, the other sections studied at Beris Beach do not 414 

contain sediments as young as this event. Moreover, we find no clear indications for earlier vertical 415 
coseismic displacements within the Beris Beach succession. The flooding surface at the base of the 416 
Beris Beach sequence is contemporaneous with the Early Holocene eustatic sea-level rise and 417 
therefore does not constitute an evidence for coseismic subsidence. In fact, most of the sedimentary 418 
facies comprising the Beris section (shoreface facies, Fig. 5) do not have a close relation to the 419 

sea-level position (Fig. 6) and therefore do not record minor relative sea-level changes.  420 
From a study of altitudes of dated beach ridges, Shah-Hosseini et al. [28] constructed a relative 421 

sea-level curve of Chabahar Bay. Their curve is globally falling over the Holocene, due to an overall 422 
uplifting trend of the land [19]. However, the presence of a plateau (due to a lack of data between 423 
3200 and 2000 BP) could be caused by a subsidence event in 3150 BP, followed by uplift. Large 424 

boulders along the coast of Oman, interpreted as being displaced by tsunami waves originating in 425 
the Makran subduction zone, have been recently dated to 7540 ± 120 cal yr. BP, 1175 ± 115 cal yr. BP 426 
and 265 ± 155 cal yr. BP [72]. The possible 3150 year old event we describe here could complete this 427 
record. 428 

In the eastern Makran, Page et al. [5] reported a coseismic uplift of 2m in Ormara during the 429 
1945 Mw 8.1 earthquake, which seems at odds with the predicted coseismic subsidence that we 430 
propose here for the western Makran. However, this difference could be due to the trench-coast 431 
distance being smaller in the eastern than in the western Makran (~75 km in Ormara, ~130km in 432 
Chabahar), which would favor coseismic uplift in the east and coseismic subsidence in the west (e.g., 433 

Fig. 10a, green line, [73–76]). 434 

5.2 Holocene uplift rates 435 

Rock uplift rates are of interest to try to understand the seismic behavior of the region. 436 
Short-term uplift rates, based on Holocene dates, have been observed to be very different (most of 437 
the times, higher) from those obtained on longer time scales (usually from Pleistocene marine 438 

terraces) [77–79]. On a time scale of a few thousand years, coseismic and interseismic vertical 439 
movements are a major component of the total vertical displacement [80]. Hence, in this context, the 440 
timing of sample deposition and present position within the seismic cycle is expected to be an 441 
important factor influencing short-term uplift rates, if the margin does indeed experience large 442 

earthquakes (see Fig. 10).  443 

Table 4. Holocene uplift rates. Uplift rates based on lagoonal deposits are more precise than those 444 
based on beach deposits. More details in supplementary text S2 and table S1.4. 445 

 446 

Area Sample Deposits Age ± 2σ 

Mean Uplift 

rate since 

Age 

Pleistocene 

uplift rate [19] 

   

[years] [mm/y] [mm/y] 

Chabahar Bay 

RN15-24 Beach 4010 ± 135 1.29 ± 0.9 ~0.6 

RN16-18 Lagoon 7167 ± 101 1.88 ± 0.2 ~0.6 

RN16-29 Lagoon 6138 ± 117 1.38 ± 0.4 ~0.6 

Beris Beach 

RN15-89 Beach 4506 ± 131 2.92 ± 1.2 1 to 4 

RN16-41 Lagoon 8432 ± 88 3.38 ± 0.2 1 to 4 

RN17-44 

(OSL) Beach 4576 ± 454 3.75 ± 1.8 1 to 4 

 447 
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Uplift calculations based on Holocene samples have been attempted by previous authors 448 
[48,29,10,5,28] and are also presented here based on our results (Table 4). Holocene mean uplift rates 449 
from near the middle of Beris Beach are very high, varying between 2.9 and 3.75 mm/yr. These 450 
values fit quite well with the Late Pleistocene trends obtained from marine terraces [19], where 451 

long-term uplift rates along Beris Beach increase from from 1 to 5 mm/yr going from west to east. 452 
Note that the uncertainties regarding the Pleistocene uplift trend along Beris Beach are high due to 453 
local lack of data [19], which makes comparison to Holocene rates dubious. However, the fast 454 
Holocene uplift rates obtained here emphasize the highly active nature of the tectonics in this region.  455 

In Chabahar Bay, previous uplift results vary substantially, ranging from 0.7 to 4.75 mm/yr 456 

[28,29]. Our results in the western Chabahar Bay vary between 1.3 and 1.9 mm/yr. Both ours and 457 
previous results are higher than the predicted long-term trend of ~0.6 mm/yr obtained from the 458 
Konarak marine terraces situated 10 km southwards [19]. 459 

Holocene uplift rates obtained from lagoonal and beach deposits in Chabahar Bay are much 460 
higher than Pleistocene uplift rates obtained from marine terraces. Moreover, within the same beach, 461 

calculated uplift rates differ, depending on the age of the considered sample (i.e., the time 462 
considered for averaging the uplift rate) (Table 4) (see Fig. 10d). This indicates a complex history of 463 
vertical movements on time scales of less than several millennia, possibly related to coseismic 464 
movements. We do not currently have sufficient data to provide a clearer picture of the vertical 465 

motion of this region over the Holocene. However, the fact that short-term and long-term uplift 466 
trends are different (e.g., Fig. 10b, 10c) might indicate that the short-term uplift history of the 467 
Chabahar region is strongly influenced by large, infrequent earthquakes.  468 

 469 

Figure 10. Scenarios of vertical displacements on a seismically active subduction zone. eq: 470 
earthquake. (a) Vertical deformation distribution based on a viscoelastic model of elastic rebound for 471 
a thrust earthquake [81]. Our example scenarios of Fig. 10b to 10d are at ~-5H from the trench 472 
(dashed black line), where coseismic subsidence and interseismic uplift occurs. Red and green lines 473 
represent the interseismic and coseismic movement of the continent (overriding plate of a 474 
subduction thrust), respectively. (b) and (c) show two different scenarios, where the timing of sample 475 
deposition and present day positionwithin the seismic cycle affect the resulting short-term uplift 476 
rates. Do fast Holocene rates calculated for the Makran imply an upcoming coseismic subsidence 477 
earthquake (like in Fig. 10c)? (d) Example showing how samples with different ages and having 478 
different uplift rates suggest a non-linear history of vertical displacements. (e) Example where 479 
continuous deformation happens without coseismic vertical displacements, U1, U2 and U are 480 
expected to be equal. 481 

6. Conclusions 482 

In this study, we have presented sedimentological data along with dating to show the evolution 483 
of the coastal Makran in Iran during the Holocene. Results from two studied beach sections indicate 484 
that since 8400 BP, some regions of the coastal Makran were already occupied by the sea. Coastal 485 
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lagoons were progressively submerged with time until the maximum Holocene transgression. Since 486 
then, deposition was dominated by prograding sequences of tidal and beach deposits. Variation in 487 
the rate of coastal progradation during the Late Holocene seems to be linked to the migration of 488 
fluvial sedimentary input from one bay to another.  489 

Our observations are in line with what might be expected on an uplifting coast. However, a 490 
flooding surface divides the Late Holocene sedimentary succession of Chabahar Bay. This rapid 491 
flooding event, dated at 3150 years BP from two (underlying and overlying) OSL results, is 492 
attributed to coastal subsidence caused by a large subduction earthquake. Additionally, short-term 493 
uplift rates, obtained from our Holocene samples, vary depending on the timescale considered. This 494 

might indicate a complex history of vertical displacements, possibly linked to coseismic movements. 495 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Published 496 
Makran beach dating results, Pozm Bay GPS data, Uplift rate calculation method and observed facies 497 
descriptions. Text S2: Description of the methods used in this paper: Fieldwork approach, radiocarbon dating, 498 
OSL dating, calculation of uplift rates. Data repository: [56], field pictures, radiocarbon dating analytical details, 499 
OSL dating analytical details. 500 
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