
Abstract

The Persian Gulf, south of Iran, has been a key maritime 

theater for Persian Empires and Arab Caliphates, yet its Holocene 

coastal dynamics remain poorly understood. This thesis investigates 

how relative sea-level (RSL) changes, salt tectonics, and climate shifts 

affected ancient harbors and navigation in the northern Gulf. Using a 

multidisciplinary approach—including geomorphology, archaeology, 

sedimentology, and remote sensing—the study aims to assess natural 

and anthropogenic risks to waterfront archaeological sites. Results 

show RSL is controlled by regional sea-level change and local salt 

tectonics, with two post-mid-Holocene lowstands recorded. The first 

lowstand (250–450 AD) deepened the Shatt-al-Arab, shifting Sassanian 

harbors from Rishar to Apologus. The second lowstand (from 650 AD), 

combined with summer Shamal winds, made Apologus too shallow for 

large vessels, favoring Siraf as an alternative. A later lowstand and +3.7 

m coastal uplift at Bataneh (Najirum), due to salt injection, increased 

RSL oscillation intervals. RSL rise and winter Shamal winds degraded 

Siraf’s harbor between 950–1100 AD, leading to economic decline and 

a trade shift to Kish Island by 1000 AD. Shoreline analysis (1973–

2006) along 244 transects reveals 70% erosion, driven by drought, 

coastal development, and watershed changes, damaging Siraf’s 

waterfront. Modern petrochemical expansion has destroyed 90% of 

Bataneh’s ancient site in the last 20 years. Urgent geoarchaeological 

studies are needed, as Persian Gulf waterfront sites face rapid 

destruction from development, ongoing RSL rise, and coastal erosion.
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General introduction  

The Persian Gulf basin is situated at junction of 

the Arabian Platform and Iranian continental block. The 

tectonic history of the Persian Gulf is subdivided into four 

important phases (Baniasad et al., 2017; Bordenave and 

Hegre, 2006; Hosseiny et al., 2016; Konyuhov and 

Maleki, 2006; Smith et al., 1994: 

1- Late Permian opening of Neo-Tethys: the Arabian-

Nubian continental block was amalgamated with 

Gondwana that this stage named “Hidjaz tectonic”. 

During Paleozoic, the Persian Gulf was located at rear part 

of the passive Gondwana margin of the ancient Paleo-

Tethys Ocean (Ziegler, 2001). 

2- Late Permian to middle Triassic phase of extension: 

concurrent Tethys I opening Iranian plate was separated 

from Gondwana. By the time the Persian Gulf was a 

passive margin of Neo-Tethys I (Ziegler, 2001). 

3- Late Triassic to Early Jurassic: rifting occurred at the 

northern end of the Arabian Platform. It led to creat a new 

northern passive margin with Neo-Tethys II. By the Early 

to late Middle Jurassic, the Gotnia Basin created across 

the northern parts of the Persian Gulf 

4- Late Middle Eocene and Early Miocene: Arabian Plate 

started impact to southern Asia, and the initiation of the 

Zagros Orogeny. The maximum compression between 

Arabian continent and southern Asia happened in 
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Miocene to Pliocene which is coincident with the Late 

Alpine Orogeny in Europe (Ziegler, 2001). 

Zagros Fold-Thrust Belt is a part of the Alpine–

Himalayan orogenic belt. Zagros is located at the 

northeastern margin of the Arabian plate. It resulted from 

the opening and closing of the Neo-Tethys oceanic realm 

(Takin, 1972, Stöcklin, 1974, Berberian and King, 1981, 

Agard et al., 2005, Frizon de Lamotte et al., 2011, 

Mouthereau et al., 2012). The Zagros is one of the most 

active collisional belts in the world. 

The main axis of the asymmetric Persian Gulf 

follows the Zagros folding system. The axis has generated 

two main synclines in the western and central northern 

half of the Gulf, named the western and central basins 

(Purser and Seibold, 1973, Seibold and Vollbrecht, 1969). 

The basins are connected through transverse shoal 

between two synclinal areas reflected to uplift along the 

northward prolongation of the Qatar Arc. In the central 

basin, the axis is situated close to the Iranian coast. This 

section of the Gulf is generally steeper and deeper than the 

western basin and contains huge folds with steeply-

dipping flanks in the hinterland (Kassler, 1973). 

The central basin is well known for several salt 

domes and diapiric folds along its coast (Kalat, Bostaneh, 

Mughu, Moallem, Homiran and Darang) and offshore 

islands (Great and small Tunb, Farur, Abu Musa) in Iran, 

the United Arab Emirates (Sir Abu Nuayer, Arzanah, Sir 
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Bani Yas) and Qatar (Halul and Sharao). (Beydoun, 1991; 

Thomas et al., 2015). The source of salt structures 

originates from two main evaporation layers, namely the 

Neoproterozoic-Cambrian Hormuz Salt and the 

Oligocene-Miocene Fars Salt deposits. The salt extrusion 

of the Hormuz formation occurred during Oman-Zagros 

contraction events during the Cretaceous to Cenozoic and 

predates Fars salt deposition. In the early Miocene, during 

the onset of the Zagros continental collision, the Hormuz 

salt extrusion was reactivated. Consequently, Fars salt 

diapirism is triggered by gravitational loading produced 

by an overriding allochthonous Hormuz Salt sheet. This 

process pushed the Fars salt outwards (Snidero et la., 

2020). The salt diapir close to the present coast of the 

Persian Gulf emerged following the reactivation of salt 

domes by the final Zagros folding phase (Fars salt 

diapirism through the narrow zone of fold-thrust belt) 

(Talbot and Alavi, 1996; Edgell, 1996; Motiei, 2001, 

Jahani et al., 2007).  

The Persian Gulf coastal morphology is 

influenced by plate and salt tectonic regimes Three 

morphological zones are detectible along the Persian Gulf 

coastal zones: (i) Zone I: gently sloping marshland coasts 

with permanent rivers Such as Shat-al-Arab, Zohre, Hilla 

and Mand, and several ephemeral rivers with high 

sediment supply to the shallow coastal zone; (ii) Zone II 

diapiric uplifting coasts with salt domes; and (iii) Zone III 

rocky coasts with steep coastal slopes.  
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During the early Holocene global sea level rise 

continued following the lowstand during the last glacial 

maximum at 18th millennium BC (Clark et al., 2009). 

Most areas of the exposed Persian Gulf were covered by 

siliciclastic sand dunes (Sarnthein, 1972). By 8th 

millennium BC, relative sea level was 30 m below present 

and the main part of the Persian Gulf was submerged 

(Lambeck, 1996). The present sedimentary regime was 

initiated shortly after 8th millennium BC and coincided 

with the transition to a more humid climate, which 

contrasts with the arid climate of the late Holocene. The 

Persian Gulf transgression exceeded present sea level by 

5150 - 5030 BC and it reached a highstand shortly after at 

3340 – 2620 BC (Lokier et al., 2015).  At this time, the 

lowland coastal zones in the south and north of the Persian 

Gulf and Mesopotamia were inundated (Aqrawi, 2001; 

Heyvaert and Baeteman, 2007). Hyper-arid climate 

conditions were initiated in the south of the Persian Gulf 

since 2150 BC concurrent with dune reactivation (Parker 

and Goudie, 2008). Relative sea level recorded a lowstand 

at 510 – 780 AD and it is reached present levels around 

950 ADS (Lokier et al., 2015; Paul and Lokier, 2017).  

The main weather phenomenon in the Persian 

Gulf is a strong northwesterly Shamal wind that occurs 

during summer and winter (Perrone, 1979). The summer 

Shamal winds result from interaction between summer 

monsoon low-pressure systems over NW India, that 

extend to the W and SE areas of the Gulf, and stationary 
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high-pressure systems over the Mediterranean with a 

ridge extending SE towards the NW of the Persian Gulf 

(Bartlett, 2004). Winter Shamal wind over the north of the 

Persian Gulf is affected by cold air carried into the region 

by quasi-stationary Siberian high pressure in the east 

(Crook, 2009). It is usually interrupted by frontal systems 

that are created in the Eastern Mediterranean Sea and 

moves southeast following the polar front jet. The frontal 

system moves towards the Persian Gulf where the polar 

front jet and sub-tropical jet converge to strengthen the 

system by generating strong winds at the front. The strong 

NW wind passes over the northern Persian Gulf and it 

attains five times the initial speed close to the surface (15-

20 m/s) in the center of the Gulf (Thoppil and Hogan, 

2010). The intensity of the Shamal wind is enhanced by 

the funnel-like structure of the Zagros Mountain along the 

Iranian coast (Giannakopoulou and Toumi, 2012). The 

other weather system that affects the summer-time 

Shamal wind is the Indian Ocean Dipole (IOD). A 

positive IOD leads to decreased summer precipitation in 

the Persian Gulf and increasing duration and intensity of 

the summer Shamal wind (Senafi and Anis, 2012). The 

winter Shamal brings cold and dry air that leads to falling 

temperatures and evaporation (Thoppil and Hogan, 2010). 

The winter-time Shamal wind, that blows during January 

and February, creates the highest waves in the middle part 

(central basin) of the Persian Gulf, whereas, the summer-

time Shamal (June and July) influences the northwestern 
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part of the Persian Gulf, especially at Shatt-al-Arab and 

Ras-e-Motaf. The intensity of the Shamal wind is 

attenuated following the summertime Shamal and it 

reaches its minimum during September and October 

(Kamranzad, 2018).  

The Persian Gulf has an arid and semi-arid 

climate with low local fluviatile run-off. Numerous 

streams draining the Zagros Mountain area in the Iranian 

coastal characterized by frequent flash flooding. Different 

pattern of precipitation and humidity transportation are 

existed over Persian Gulf and southern Zagros Mountains.  

Study on 17 years winter precipitation over the Persian 

Gulf reveal that special patterns of heavy precipitations 

during La Niña and neutral El Niño-Southern Oscillation 

(ENSO) years in the northern coast. Meanwhile, during 

warm ENSO precipitations were taken place over entire 

of the Persian Gulf. The source of humidity in the Persian 

Gulf are generally from Red and Arabian Seas (Sandeep 

and Ajayamohan, 2018). 

Evaporation and freshwater inputs create 

differences in water densities between the northern and 

southern parts of the Persian Gulf. This feature leads to 

the inflow marine water via the Straits of Hormuz be close 

to Iranian coast, It subsequently splits into two branches: 

(i) one branch continues on a NW path and the second, 

veers offshore and joins the returning southeastern flow. 

The Shamal wind intensifies the outflowing branch. The 
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highest wave energy occurs in the Ras-e-Motaf during 

storm condition. This part of the Persian Gulf is known as 

Iran’s “Bermuda triangle” (Reynolds, 1993; Thoppil and 

Hogan, 2010). 

The Persian Gulf has semi-diurnal and diurnal 

tides with an oscillation period between 21.6 and 27 hours 

(Defant, 1961). The tidal currents are mediated by Persian 

Gulf water circulation and bathymetry. In the Bandar-e 

Abbas (Straits of Hormuz), because of water exchanges 

between the Persian Gulf and the Oman Sea, tidal currents 

are faster and Mean Higher High Water (MHHW) is 

higher (3.4 m) than the other parts of the Gulf. Tidal 

currents are also strong in shallow waters (Pous et al., 

2012) and MHHW in the Shatt-al-Arab estuary is +3 m.  

For the Persian Gulf coast of Iran, much of our 

understanding of waterfront archaeological heritage and 

maritime trade activities can be attributed to the works of 

Stiffe (1895, 1896,1897a, 1897b, 1899, 1900), Goitein 

(1954), Ricks (1970), Whitehouse (1968, 1969, 1970 and 

1971), Caspers (1971), Whitehouse and Williamson 

(1973), Whitcomb, (1984), Gyselen, (1989), Rougeulle et 

al., (1999) Priestman and Kennet (2002), Daryaee, (2003), 

Khosrowzadeh et al., (2006), Priestman (2003, 2005, 

2013, 2020), Daryaee, (2009), Potter (2009), Whitehouse 

et al., (2009), Esmaeili Jelodar (2011), Khakzad (2012), 

Averbuch (2013), Azarian  (2013), Carter et al., (2013), 

Khakzad and Trakadas (2014), Pashazanous et al. (2014), 
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Khakzad et al., (2015), Howard-Johnston (2017), Swan et 

al., (2017), Ghasemi and Gyselen (2018),  Tomber et al., 

(2020). The mentioned works are focused on 

archaeological excavation, historical literature reviews, 

filed surveys and analysis on ceramic morphology, origin, 

distribution patterns, mineralogy and geochemistry 

analysis. 

The first evidence of maritime trade dates back 

to the 3rd millennium BC, along the Arabian coast of the 

Persian Gulf. The archaeological remains attest to trade 

connections between both Mesopotamian and Indus 

civilizations (Caspers, 1971). By the 247 BC- 224 AD 

Parthians Empire ruled in both northern and southern 

Persia Gulf under the local kingdoms in order to benefited 

Silk Road trade via sea trading route (Daryaee, 2009). 

Maritime trade continued under the Sassanid empires. The 

Sassanian empires sought to gain control of the Persian 

Gulf for both political and economic aspirations. Daryaee 

(2009) believes that the Sasanians saw the Persian Gulf as 

their mare nostrum and part of Iranshahr, or the “Domain 

of the Iranians.” A flourishing maritime trade between the 

Persians and the Romans reduced the amount of traffic on 

the Silk Road (Potter, 2009). The first acceleration in 

maritime trade in the Persian Gulf was happened during 

late Antiquity when the connection between Fars and East 

Asia leads to creating conflicts between Persian and 

Roman (Daryaee, 2003).  
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According to historical texts such as Tabari, al-

Istakhri, Ibn Hawqal, al-Mas’udi (Tabari, 1987, al-

Istakhri 1870, Ibn Hawqal 1965, Al-Mas’udi, 1962) 

maritime trade flourished again during the 9th and 10th 

centuries AD Siraf (chief port) and Najirum (subsidiary) 

played key roles in facilitating maritime navigation for 

oceangoing vessels. For the first time in history, regular 

trade between merchants from Persian Gulf with India, 

Southern Asia, South Arabia and East Africa merchants 

had been started. In fact, Siraf was a redistribution center 

network linking to Basra (Abbasid caliphate capital). By 

the time, Siraf became the wealthiest city in the world 

(Priestman, 2007). The prosperity of Siraf during 

Sassanian and early Islamic (highest prosperity of the 

Port) is confirmed by archaeozoological studies by 

Driesch and Dockner (2002). Their results suggested the 

variety of animal’s species decreased from133 during 

flourishing stages to 72 when the Siraf lost importance. 

By the 13 to 16 AD it reached just to 39 species that it 

suggested gradually abandonment of Siraf. The decline of 

Siraf was concurrent with dramatic economic decline in 

southern Iraq and northwest of the Persian Gulf (Adams, 

1965; Wilkinson, 2003).  

Although, the historical and archaeological 

studies shed light on the maritime history of the Persian 

Gulf but none of them could not explain impacts of 

environmental impacts on maritime trade and important 

harbours shifts in the Persian Gulf.  Any understanding of 
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ancient maritime trade in the Persian Gulf must be based 

on a proper contextualization of the physical factors 

involved in shipping goods from one place to another 

(Caspers, 1971). Without consideration of the main 

physical parameters - involving maritime navigation and 

port facilities, such as wind and surface current regimes, 

relative sea level history, climate changes and tectonic 

settings – it is not possible to fully grasp maritime trade 

and ancient harbours. There are still several unanswered 

questions regarding maritime trade in the Persian Gulf and 

its waterfront archaeological remains. Until now, there we 

no data on the reasons for a spatial shift in important 

harbours from the northwest to the central part of the Gulf 

during the Abbasid dynasty (9th to 10th centuries A.D.). 

According to the existing hypothesis, political issues are 

the most important factors for this change. But key 

questions remain: 

- Despite a central government located in Basra during the 

Abbasid dynasty, why did maritime and trade activities 

suddenly shift from Apologus (located at Shatt-al-Arab) 

to Siraf, around 450 km along the coast?  

- Although several Sassanid harbours existed close to 

Shatt-al-Arab, such as Rishahr (Rev Ardashir) in the 

northwest Persian Gulf, why were key harbours relocated 

to the central basin?  

- What were the impacts of natural processes such as 

climate change, relative sea-level changes, coastal erosion 
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and coastal uplift on the harbour facilities and navigation 

in the Persian Gulf?  

It is impossible to answer these archaeological 

questions without considering palaeo-environmental 

changes. Unfortunately, despite the Persian Gulf’s rich 

history and the presence of several waterfront heritage 

sites, our knowledge is limited to just a handful of field 

surveys and ancient geographers’ texts. Our 

understanding of the Persian Gulf’s mediaeval history is 

sparse. 

It is impossible to answer these archaeological 

questions without considering palaeo-environmental 

changes. Unfortunately, despite the Persian Gulf’s rich 

history and the presence of several waterfront heritage 

sites, our knowledge is limited to just a handful of field 

surveys and ancient geographers’ texts. Our 

understanding of the Persian Gulf’s mediaeval history is 

sparse.  

Alarmingly, during the last two decades, we have 

been witnessing serious damage to coastal heritage sites, 

by oil-gas companies and urbanization. Some 

archaeological sites have been completely destroyed. 

Furthermore, coastal erosion is another important risk for 

waterfront heritage sites. Until now, there have been no 

damage assessment reports with regards to natural and 

anthropogenic impacts on heritage remains. 
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In sum, much of the Persian Gulf’s history is still 

unknown and it is at risk of being lost forever. 

Multidisciplinary geoarchaeological studies are required 

to shed light on the data gaps and to produce both natural 

and anthropogenic risk assessments. The present thesis is 

the first geoarchaeological study on waterfront 

archaeological records on the northern coast of the Persian 

Gulf. In this study, we selected Siraf and Najirum as 

important Sassanid-Islamic ancient harbours after visiting 

13 Sassanid Islamic waterfront ancient remains from 

Mahroban that located at northwest end of the Persian 

Gulf to Kalat opposite of Kish Island (Fig 1). Siraf and 

Najirum are located at different coastal zones (Zone III 

and II respectively) with a close distance. 
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Figure 1: Location of visited Sassanid-Islamic waterfront ancient remains and studied sites 
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Multidisciplinary proxies such as Remote 

Sensing (RS), Geographic Information Systems (GIS), 

geomorphology, sedimentology, stratigraphy, 

biostratigraphy, magnetic susceptibility, physical 

oceanography and tectonics are considered in order to: 

1-Investigate the impacts of Relative Sea level 

oscillations, environmental changes and crustal mobility 

on ancient navigation in the Persian Gulf, displacement of 

important harbours from the northwest to the central part 

of the Gulf and harbours history of Siraf and Najirum as 

two important ancient harbours during Sassanid and 

Islamic Periods.  

2- Evaluate risk of coastal erosion and human impacts on 

waterfront heritage remains by remote sensing and 

geography information system.  

The thesis is contained three chapters. The first 

chapter is addressed to impact of crustal mobility on 

Relative Sea Level (RSL) changes in the northern part of 

the Persian Gulf and harbour history of Bataneh 

(Najirum). Second chapter is deal with impacts of RSL 

changes and Summer Shamal wind on the ancient 

navigation risk through the Persian Gulf and shifting 

important harbours from northwest (Apologus) to central 

(Siraf) part of the Persian Gulf. Also, in this chapter an 

attempt has been made evaluate environmental impacts on 
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flourishing and falling of Siraf. Finally in chapter 3 looks 

at impacts of coastal erosion on the Siraf waterfront 

heritage remains with remote sensing and geography 

information system. 
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Abstract  
The impacts of relative sea-level (RSL) 

variations, crust mobility on the development of ancient 

harbours in the northern Persian Gulf is poorly 

understood. Many unanswered questions remain with 

regards to the main reasons of shifting the most important 

ancient harbours location along the norther part of the 

Persian Gulf coastal during last 2 kyr B.P. Furthermore, 

some important early Islamic harbours, such as Siraf, have 

ancient city quarters that are today below present sea-

level. The aim of this study is evaluation probably 

relationship between halokinesis and RSL changes via 

sea-level modeling and multidisciplinary 

geoarchaeological methods on Sassanid –Islamic Bataneh 

ancient site, presently known as Najirum ancient harbour, 

located at foothill of active Darang salt diapir. The result 

of this study reveals that after the mid-Holocene 

highstand, regressive phase of RSL was not continuously 

and studied facies were logged three RSL oscillations. 

The oscillation time intervals are changed correlated with 

eustatic sea level position. By the first lowstand, 

important Sassanid harbours had changed from Rishar to 

Apologus. Second lowstand with together summer 

Shamal wind led to transition maritime trade from 

Apologus to Siraf in the Abbasid dynasty.  Coastal uplift 

at Bataneh coastal zone exposed the city at risks from 

flooding and fluvial debris flows. With a modification of 
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the local watershed, runoff water originating from the salt 

anticlinal was controlled and used for the extraction of 

gypsum in evaporation ponds. The economic expansion 

of Siraf, led to Bataneh being abandoned with a shift in 

trade to Kish Island. 

Keywords: Relative sea-level, Geoarchaology, Najirum, 

ancient harbour, Crust mobility, Persian Gulf  
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1. Introduction  
The Persian Gulf is located between the Zagros 

Mountains to the northwest and the Arabian Platform to 

the southeast. Collison of the Arabian and Eurasian 

continents played out during the Tertiary. In the end of 

Oligocene, opening of the Red Sea divided Arabia from 

Africa that it has produced the uplift of the Arabian Shield 

and exposed Precambrian crystalline basement. The main 

fault systems with N-S trend are from Qatar Arc and SE 

boundary of the Shield. During Zagros orogenic system 

evolution, the Arabian Plate was flexed and Mesopotamia 

foreland basin and the Persian Gulf in the front of the 

Zagros Mountain have formed (Konert et al., 2001). The 

asymmetry of the Persian Gulf has been accentuated due 

to the tilting of the Arabian Peninsula, associated with an 

opening of the Red Sea in the Neogene. Zagros is one of 

the most active collisional belts in the world and much of 

the deformation and seismicity of the Zagros Mountains 

and high-relief topography on the northeastern margin of 

the Persian Gulf are related to its active tectonics. On the 

southern margin of the Gulf, the aseismic low-relief is 

consistent with a tectonically static region (U. S. 

Geological Survey, 2011). 

Zagros tectonic setting and halokinesis are 

controlled the Persian Gulf basin and coastal morphology. 

According to Pourkerman et al., (2020) classification, the 
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Persian Gulf coastal is subdivided in three morphological 

zones with different tide level: (i) gently sloping 

marshland coasts with permanent rivers (Zone 1); (ii) 

diapiric uplifting coast salt domes (Zone II) and rocky 

coast with steep coastal slope (Zone III) (Fig 1, table 1). 

Several studies have done in the Persian Gulf in 

order to reconstruct Holocene RSL changes (Kassler, 

1973; McClure and Vita-Finzi, 1982 Lambeck, 1996; 

Aqrawi, 2001; Williams and Walkden, 2002; Lokier et al., 

2015; Paul and Lokier 2017). Uchupi et al., (1999) 

suggested that Holocene marine transgression was 

accelerated basin subsidence at axial zone and local 

uplifts were happened especially in the northeast of the 

Persian Gulf. The coastal uplift in United Arab Emirates 

was happened under the influences of Holocene RSL rise 

and halokinesis (Wood et al., 2012). By the contrast, 

Steven et al., (2014) believes that RSL in southeast of 

Persian Gulf is controlled by eustatic sea level changes 

and halokinesis and neo-tectonic had no impacts on RSL 

and coastal elevation changes.  

In order to understand past coastal changes, 

especially RSL fluctuations, multidisciplinary 

geoarchaeological studies of ancient harbours and 

maritime structures are widely used (e.g., Morhange et al., 

2001; Marriner and Morhange, 2007, Marriner et al., 

2010, Marriner et al., 2017; Benjamin et al., 2017; Vacchi 

et al., 2020, Pourkerman et al., 2020). The most important 
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ancient harbours in the Persian Gulf were located in the 

Iranian sector until the twentieth century A.D. (Potter, 

2009). Coastal cabotage and the location of ancient 

harbours in the Persian Gulf were partly controlled by 

RSL changes, coastal morphology, the meteo-marine 

context (e.g. Shamal winds) and sea surface currents 

(Pourkerman et al., 2020).  

The Sassanian Empires were interested in 

gaining control of the Persian Gulf, for both political and 

economic aspirations. Flourishing maritime trade between 

Persians and Romans reduced the amount of land-based 

traffic on the Silk Road (Potter, 2009). The foundation of 

Najirum dates back to the Sassanid Empire (Al-Istakhri, 

1870). It is classified as a sector of Siraf in the Ardeshir 

Khooreh (“Khooreh” means “province” in Persian). The 

Ardeshir Khooreh was one of the largest provinces 

between the five main united provinces of Fars (Al-

Istakhri, 1870). The southern part of the province was 

demarcated by the Persian Gulf coast. Because it was 

adjacent to the central Sassanid Empire, and due to the 

importance of maritime trade activities at this time, 

Ardeshir Khooreh became one of the most important 

provinces.  

After the demise of the Sassanid Empire, an 

important eastward shift in harbours took place in the 

early Abbasid period, from Ubulla (Apologus) to Siraf in 

the central basin when Basra was the caliphate capital 
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(Potter, 2009). Najirum and Siraf became important sites 

for maritime trade during the Abbasid dynasty, as attested 

by the writings of ancient geographers such as Al-Istakhri 

(1870), Ibn Hawqal (1965) and Ibn Balkhi (1984). After 

150 years, Siraf lost its importance and it was replaced by 

Kish Island.  

In this study, we employ geoarchaeology to 

investigate the evolution of Bataneh (Najirum) ancient 

site. The site was selected because of its location at the 

foothill of a salt diapiric fold in order to reconstruct RSL 

changes and the role of halokinesis in driving coastal 

changes.    

2. Salt tectonic   
One of the most important features of the Zagros 

belt is presence several salt diapir of Late Precambrian-

Early Cambrian Hormuz salt that existed in the eastern 

part of Zagros fault thrust belt and the Persian Gulf. 

Halokinesis was started shortly after the deposition of the 

Hormuz salt in the early Paleozoic and it is continued up 

to present (Jahani et al., 2007). The salt domes are 

generally existed along near N-S and NE-SW fault system 

(Jahani et al, 2017).  

The central basin of the Persian Gulf is well 

known for several salt domes and diapiric folds along its 

coast (Kalat, Bostaneh, Mughu, Moallem, Homiran and 
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Darang) and offshore islands (Great and small Tunb, 

Farur, Abu Musa) in Iran, the United Arab Emirates (Sir 

Abu Nuayer, Arzanah, Sir Bani Yas) and Qatar (Halul and 

Sharao). (Beydoun, 1991; Thomas et al., 2015). In the 

eastern of the central basin salt tectonic is linked to salt 

bearing system form Hormuz salt formation and late 

Oligocene-Early Miocene Fars salt (Fig 2) (Hassanpour et 

al., 2020). In the early Miocene, after the beginning of the 

Zagros continental collision, the Hormuz salt extrusion 

started again. Consequently, Fars salt diapirism is 

triggered by gravitational loading produced by an 

overriding of the allochthonous Hormuz salt sheet. This 

process pushed the Fars salt outwards (Snidero et la., 

2020). The salt diapir close to the present coast of the 

Persian Gulf emerged following the reactivation of salt 

domes during the final Zagros folding phase (Jahani et al., 

2007). The impacts of halokinesis on the coastal elevation 

of the United Arab Emirates has been discussed by Wood 

et al. (2012) and Lidour et al. (2020). But its effects on 

RSL and coastal dynamics in the northern Persian Gulf is 

still unknown.  

The ancient site of Bataneh is located in the 

foothills of the Darang Anticline (diapiric fold, Zone II) 

(Fig 2B). The Darang salt pillow is located along the 

southern end of Dashti Fault system with N-S orientation 

(Fig 2) and it is core of Darang anticlinal. The Darang salt 

pillow have started to grow since Paleozoic and it 

continuous through geological time (Jahani et al., 2017). 
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The diapiric fold has exposed lithological units with 

evaporation minerals such as gypsum and gypsum marl. 

The concentration of deep rill erosion features in the 

upland areas shows their high sensitivity to water erosion 

(Fig 2C). Bataneh has an open coastal morphology and 

NW-SE longshore current responsible for coastal erosion 

and moving sandbars along the coast (Pourkerman et al., 

2019).  
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Figure 2: A) The Persian Gulf bathymetry, coastal geomorphological classification and major structural elements 

of Zagros fold-and-thrust belt (modified after Berberian, 1995, Jiménez-Munt et al., 2012; Jahani et al., 2017, 

Hassanpour et al., 2020 and Pourkerman et al., 2020). MZF = Main Zagros Fault; HZF = High Zagros Fault; MFF 

= Mountain Front Flexure; NFS = Nezamabad Fault system. B) Position of the ancient site at the Darang salt 

diapiric fold on the Landsat 8 (RGB= 753), position of N-S Dashti and NE-SW Nezamabad fault systems. C) 

Lithological units. 
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Table 1: Geomorphological zonation and tidal levels at sites from the Strait of Hormuz to Shatt-al-Arab 

 

Place Ancient site 
Lat 

N 

Long 

E 

Height in meters above datum Class 

MHHW MLHW MHLW MLLW  

Bandar-e Abbas unknown 29° 22' 56° 17' 3.4 2.6 1.4 0.7 Zone II 

Asaluyeh Siraf 27° 28' 52° 37' 1.6 1.5 0.7 0.3 Zone III 

Dayyer 
Bataneh 

(Najirum) 
27° 50' 51° 56' 2.0 1.6 0.8 0.5 Zone II 

Bandar-e 

Bushehr 
Rishar 28° 54' 50° 45' 1.9 1.3 1.1 0.5 Zone I 

Bandar-e 

Ganaveh 
Jannaba 29° 34' 50° 31' 2.2 1.5 1.3 0.6 Zone I 

Imam Hassan Ceniz 29° 50' 50° 15' 2.4 1.7 1.3 0.6 Zone I 

Shatt-al-Arab Apologus 29°50' 48°43' 3.0 2.4 1.3 0.4 Zone I 
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3. Geomorphological features and 

archaeological context 
According to field observations, the ancient site 

of Bataneh comprises four sectors separated by natural 

geomorphological features such as rocks, bays and flood 

plains. All of the ancient sites lie on high ground, 7 to 11 

m above present sea level. Several streams and ephemeral 

rivers are sourced in the evaporation unit; the largest one 

passes north of site B. Alluvial fans, floodplains and wadis 

are the most important geomorphological features, with a 

high potential risk of flooding and debris flows for 

archaeological remains (Fig 3).  

Our knowledge about the historic sites is limited 

to just two surveys conducted by Esmaeili Jelodar (2011) 

and Azarian (2013). Esmaeili Jelodar (2011) introduced 

three (A, B, C) ancient zones. He dated the sites to the late 

Sassanid – early Islamic period on the basis of a ceramics 

chrono-typology. His study focused on zone B because of 

the presence of features mentioned in historic texts, such 

as ancient mosques with stair cases carved into the rock 

(Talle Ashrafi), to the north and an estuary to the west (Fig 

4). A variety of ceramics and Chinese porcelains attest to 

a thriving city. The archaeological remains and spatial 

location of the ancient site (distance from Siraf) harbour 

have led archaeologists to identify the ancient site as the 

missing port town of Najirum. 
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The site is elevated 8 to 10 m above present sea 

level to the north. To the south, the elevation decreases 

with a gentle slope. An ephemeral river channel passes 

between zones B and C. Five alluvial fans are located 200 

m north of the ancient site, along two ephemeral rivers 

(Fig 3). 
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Figure 3: General geomorphological map of Bataneh and its ancient 

sites located on a Google Earth image (2011). Zones A, B and C are 

reported by Esmaeili Jelodar (2011) and D is introduced in this study. 

The black dashed-line denotes the location of a manmade dike and 

artificial watercourse for redirecting runoff water. The recent 

industrial constructions at site C have been updated using a Landsat 

8 panchromatic band (2020). 

Although zone B has been damaged by recent 

industrial constructions, zones A and C contain three 

important types of artefacts. (i) Urban fabric containing 

several ancient walls and decorative gypsum objects. The 

building walls are made of rubble and baked gypsum. On 

the interior side, the walls are covered with plaster motifs. 

(ii) An artisanal area with remains of furnaces and (iii) an 
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area of rectangular embankments (ponds) connected via 

an ancient canal (Fig 4).   

To the west of the city, two ancient embankments 

have been erected along either bank of the stream, for 

channel stability. A trace of dikes is observed at the end 

of the walls in order to prevent water runoff to the sea. 

The eastern embankment is distinct, with the ancient canal 

that stretched along the ponds (Fig 4). 

 

Figure 4: A) General geomorphological features of zone B and sectors 

of the ancient city of Bataneh. The green point indicates the coring 

site. B) Remnants of the ancient city wall, comprising rubble and 

baked gypsum. C) Remains of an ancient furnace in the old industrial 

area (purple zone). D) Several samples showing the use of baked 

gypsum for decorative elements and E) plaster motifs. 
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4. Methodology  
In this study we integrated high-resolution 

Corona, Google Earth and moderate resolution Landsat 

OLI images (overpass frequencies of 16 days) in order to 

map the ancient site and its geomorphological features 

(Beck et al., 2007, Myers, 2010, Saleem et al., 2018), in 

addition to updating the most recent anthropogenic 

constructions over the historical site. The satellite images 

were georeferenced using 1:100,000 topographic maps 

from the National Cartographic Center (NCC) with a Root 

Mean Square Error (RMSE) of between 0.01and 0.05 

pixels.  

A 3-m borehole was extracted from sector (iii) 

zone B, an area in which human disturbance was 

negligible. The core was leveled using a theodolite (+4.5 

meter) in relation to present Mean Sea Level (MSL). After 

core collection, nondestructive magnetic susceptibility 

(MS) was measured using a Bartington MS2c 100-mm 

diameter loop sensor with an MS2 meter at 2 cm 

resolution (Delile et al., 2014). Subsamples were obtained 

using the high-resolution sampling procedure described 

by Marriner and Morhange (2007). Subsamples were 

oven-dried at 50°C for 12h. Each sample was separated 

into three fractions for biostratigraphy, granulometry, 

Organic Matter (OM) and carbonate content. Wet sieving 

was performed using mesh sizes of 2 mm and 63 microns. 

After processing and oven-drying, the ostracods were 
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picked from 10 g of the >125 µm size fraction and placed 

on microslides in order to count and identify the species 

(Marriner et al., 2005). Simultaneously,  microscopic 

sedimentary properties and general minerals were noted. 

Macrofossils (>2mm) were identified using the Persian 

Gulf dataset described by Sahafi et al. (2000).  

Laser granulometry was performed using a 

Horiba La950E after treatment of sediments by peroxide 

hydrogen and HCL 0.1 in order to remove the effects of 

biological production on the sedimentary textures. The 

sediments were classified according to Folk (1954) 

ternary diagrams and statistical parameters calculated by 

the method of moments (Folk and Ward, 1957).  Organic 

matter (OM) and carbonate properties were calculated 

using loss-on-ignition (LOI) at 550 °C and 950°C (Heiri et 

al., 2001).  

According to the main facies changes and 

anthropogenic horizons, 14C dates were performed at 

Poznan Radiocarbon Laboratory, mainly on charcoal and 

juvenile bivalve shells due to the absence of organic 

matter. The data were calibrated using CALIB 8.1, with a 

marine delta reservoir specific to the Persian Gulf 

(Southon et al., 2002) (Table 2).  

The Glacial Isostatic Adjustment (GIA) 

simulations performed in this work are based on model 

ICE-6G (VM5a) of Peltier (2012) and Peltier et al. (2015). 

The Late-Pleistocene-ice-sheets chronology of model 
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ICE-6G (VM5a) was been implemented in the program 

SELEN4 (Spada and Melini, 2019). SELEN4 solves the 

Sea-Level Equation by taking into account the horizontal 

migration of shorelines, for the transition from grounded 

to floating ice and for the effects of rotational feedback on 

sea level. The Sea-Level Equation was solved using a 

pseudo-spectral approach with a spatial resolution 

corresponding to the maximum harmonic degree 

lmax=256, on a grid with a spacing of ~40 km. 

Table 2: Calibrated radiocarbon ages for three important facies.    

ID Dating 

material 

Depth 

cm 

Radiocarbon 

age 

Calibration 

1 sigma  Significant  2 sigma Significant  

Naj1-1 Charcoal  78 1175 ± 30 823-892 AD 0.78 774-899 AD 0.82 

Naj2-1 Shell 145  2035 ± 30 482-535 AD 1.0 380-725 AD 1.0 

Naj3-1 Shell 268 2400 ± 30 50-247 AD 1.0 50 BC- 354 AD 1.0 

 

5. Results 

5.1. Geomorphological and archaeological 

contexts 

5.1.1 Local watershed management 

The alluvial geomorphological features such as 

wadis, alluvial fans and flood plains underscore the high 

potential risk of flooding and debris flow by flash flooding 

events during winter and autumn, on this specific lowland 

coast. One of the most important factors mediating runoff 
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power discharge to downstream areas is soil permeability 

(Sampson, 2016). The upstream lithological units are 

made of low permeability gypsum marls with sandstone 

interlayers. The gypsum marl unit contains soluble 

evaporation minerals and fine-grained sediment (silt and 

clay). This leads to a decrease in permeability and soil 

strength against erosion (Heshmati et al., 2013). As a 

result, a huge amount of sediment was reworked to 

downstream areas through the stream channels, leading to 

coastal progradation at base level. Decreases in slope 

angles and sudden changes in watershed bedrock types 

from marl (soft bedrock) to sandstone (hard bedrock) 

means that the runoff cannot be evacuated. Abrupt stream 

channel disruption has led to the formation of alluvial fans 

north of the ancient site at base level (Fig 5B).   

In order to protect the city from flash floods, a 

cemented dike was erected at the end of the stream, with 

an aim to reduce runoff energy. The water was channeled 

in an artificial watercourse that was excavated into the 

bedrock (Fig 3, Fig 5C and D). The watercourse directed 

runoff water to the city via a channel which passed north 

of the city. During flooding events, muddy sediment 

passed through the artificial channel (Fig 5E). The runoff 

water, containing high amounts of dissolved salts, was 

channeled to the city for industrial purposes.  
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Figure 5: A) The red arrow represents an old ephemeral river direction 

that has led to erosion of the marl section of the rock. The cyan arrow 

and C) show eroded sandstone rock from the outcrop. The yellow 

dashed line and B) shows the manmade dike used to reduce 

floodwater velocity and sluice water along a narrow artificial channel 

shown in purple. D and E) artificial channel over sandstone bedrock. 

Mud balls are formed due to the reworking of mud pieces over the 

hard bedrock.   

5.1.2. Analysis of the urban area 

We could not find any preserved ancient 

buildings to analyses the urban fabric, due to extensive 

erosion and destruction by industrial activities and also 
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the absence of archaeological excavations. Based on the 

remains of building walls it is possible to infer the 

widespread use of rubble and cooked gypsum for 

construction (Fig 4).  

South of the zone, we identified 15 almost 

rectangular embankments, probably used as ponds (Fig 

4). The ponds were fed by an ancient canal. The canal lies 

on a gentle west-to-east slope and it has distribution canals 

between the ponds. The runoff water was stopped behind 

the dike to prevent outflow to the sea. The trapped water 

entered the canals and moved through them under gravity. 

Different elevations between each row of ponds (from 

north to south) facilitated this flow. So, saturated water 

collected in the wet seasons and gypsum precipitated due 

to evaporation processes during warm and arid seasons. 

The resulting gypsum crystals were collected for baking 

in the furnaces of the artisanal area. 

5.1.3 Evaluation of site damage  

In terms of archaeological erosion, the study site 

has been significantly damaged by anthropogenic 

processes during last 20 years. Satellite images and field 

observations demonstrated that anthropogenic activities 

have destroyed much of the ancient urban and artisanal 

areas. According to Esmaeili Jelodar’s (2011) report, the 

destruction of the ancient site predates recent industrial 

developments. Unfortunately, we can presently see the 
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same trend in the other ancient zones A and C. But a 

newly discovered site (site D) is almost virgin (Fig 6).   

  

Figure 6: A) View of part of the bulldozed ancient site of Bataneh 

(zone B); B) industrial construction in ancient zone C. C) and D) 

newly discovered ancient zone D containing late Sassanid-early 

Islamic ceramics. 

5.2. Litho- and biostratigraphy 
The core station is +4.5 meter above current seal-

level. In the coastal stratigraphy, two main marine (A) and 

brackish (B) environments have been identified. The 

facies were differentiated according to the lithology, 

sediment properties (mineralogy and grain morphology), 

ostracods assemblages and grain size. The core was 

divided into four facies (Fig 7). 

5.2.1. Unit A: marine facies and RSL fluctuations 

The first marine facies is observed at 267-280 cm 

where yellowish brown silty sand changes to the dark 

brown sandy silt with negatively skewed, poorly sorted 
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sediment and high organic matter (OM) content. The 

ostracod species Cytherella sericea, Chrysocythere 

corralloides, Keijella karwarens, Asymmetricythere 

indoiranica together with Hemicytheridea paiki and 

Keijella neaki are consistent with a marine sub-tidal 

environment. The sandy portions have two different 

sources: (i) the first is bar-like shaped quartz with rounded 

edges, linked to an inter-basin source and (ii) the second 

comprises fine to very fine sub-rounded quartz, biotite 

sheets, imported by aeolian processes. The inter-basin 

portions are generally aggregated by evaporitic minerals 

with rounded edges. The absence of euryhaline species 

and sudden changes in facies without a transitional facies 

shows a marine transgression over a disconformity 

surface. This transition from playa (1-A) to marine (2-C) 

conditions was concurrent with increasing MS concurrent 

with imported iron (biotite) into the environment by wind 

and emerging Venericythere darwinii, Hemicytheridea 

paiki and Keijella neaki species. The finest sediment grain 

size, with the highest amounts of MS and OM in the 

marine environment, is observed at 278 cm. 

An assemblage of euryhaline ostracods C. torosa 

and the marine lagoonal Cytherella sericea, Venericythere 

papuensis species may indicate a minor oscillation of the 

RSL and the extension of shallow marine conditions (2-

B). A marked increase in sediment grain size due to an 

increasing sand fraction (13.3 to 71.75%), decreasing 

sorting, OM and MS suggest a higher energy environment 
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at 250-267 cm during 50 BC – 354 AD. An upward 

increase in sediment grain size continues to 235-250 cm 

where the mean size is 2.2 phi with near symmetrical 

skewness. Improved sorting in the yellowish-brown sand 

is consistent with stable environmental energy. A 

significant decrease in C. torosa and the high abundance 

of Cytherella sericea, Cerallicythere adenensis, 

Cistacythereis sp, Alocopocythere reticulata, 

indoaustralica species, in addition to abundant joined 

juvenile bivalves, is consistent with a marine environment 

(2-C). At 225-235 cm, a decrease in mean grain size and 

a sandy texture was accompanied by improved sorting and 

positive skewness concomitant with a high-energy 

setting. These data testify to the onset of permanent 

longshore drift currents leading to the creation of 

sandbars. The abundance of C. torosa shows relative 

instability in the coastal environment. Nevertheless, other 

species such as Cytherella sericea (marine lagoonal), 

Asymmetricythere whatleyi, Lankacythere elaborara, 

Corallicythere adenensis, Moosella striata, Chrysocythere 

keiji (coastal) and Keijella karwarens (subtidal) indicate 

the extension of the marine (2-C) setting. Also, high MS 

values indicate inputs of iron-rich minerals such as biotite 

to the environment through wind processes. This 

transgressive facies represents a lower shoreface facies 

with shoreface ridges. The ridges, comprising fine to 

coarse sands, are attributed to longshore transportation of 

tidal inlets are mainly active for cross shore mobility 
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during marine transgression (McBride and Moslow, 

1991). 

  

Figure 7: Sediment stratigraphy, biostratigraphy, chronology and 

sedimentology of the studied core. Six main palaeoenvironments are 

defined. 

OM enrichment in the silty sand sediment, as 

well as a decline in sorting indices, positive skewness 

values and a significant reduction in single ostracod 

valves confirms a gradually decreasing energy setting. 

Marine lagoonal ostracod species (Cytherella sericea and 

Venericythere papuensis) together with C. torosa and 

coastal species (Paijenborchellina venosa, Paranesidea 

handel) indicate a shifting environment from 2-C to 2-A 

(212-225 cm). These data translate a backshore facies 

with oscillations in marine inundation and vegetation 

growth. A return to muddy deposition is identified within 

the sandy sediment of shore ridges or cheniers. 
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The first brackish facies is between marine 

lagoonal facies (2-A) (192-202 (1-B) and 181-192 (1-C). 

The ostracod assemblages and sediment textures in the 

two yellowish brown sands are different from the other 

brackish facies. The main difference is the presence of a 

tiny crust of syn-sedimentary marine cement fractions 

(beachrock) in these facies. Mean sorting and skewness 

indices imply increasing environmental energy 

(increasing sediment grain size with increasing sorting 

index from base to top). C. torosa is the main species in 

both facies but its abundance increases from base to top 

(57.17% to 73.17%). The beachrock fractions generally 

contain fine to very fine sand portions resulting from wind 

influxes during cementation. The cementation occurred 

during increases in seawater injection within the 

sediments via increasing wave and tidal energy (increase 

wind events). Storm waves could be responsible for 

developing coarser sediment over marine lagoonal facies 

and creating Chenier structures. 

At 181-192 cm when hypersaline species 

abundances were high due to the RSL expansion, C. 

torosa is observed with marine lagoonal and coastal (2-C) 

species such as Cytherella sericea, Venericytherepap 

uensis, Propontocypris bengalensis and Bishopina guhai. 

There is a mixture of rounded and angular sands with 

angular to sub-rounded beachrock fractions consistent 

with RSL expansion and increasing sediment transport 

with coastal processes.   
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Marine lagoonal species (Cytherella sericea and 

Venericcythere darwinii) and low abundances of C. torosa 

appear again at 171-181 cm (facies 2-A). An increase in 

sediment grain size, sorting index and skewness evokes a 

RSL expansion and developing backshore facies (2-C) at 

144-162 cm. A variety of ostracod species are observed in 

these facies, including brackish (C. torosa), marine 

lagoonal (Cytherella sericea and Venericcythere darwinii) 

and marine (Tanella gracilis, Cerallicythere adenensis) 

taxa.  

The RSL started to fall during 380-725 AD and 

a marine lagoonal environment (2-A) with Cytherella 

sericea and Venericcythere darwinii species was created 

at 123-144 cm. Decreasing sediment grain size together 

with increasing sorting index and positive skewness 

values shows that deposition occurred in a confined 

environment without biotite sheets. The absence of biotite 

suggests a shift in wind directions and probably the onset 

of NW Shamal winds. RSL reduction led to the deposition 

of the second brackish facies at 123 cm. By this time 

accessibility to the northwest ports had been restricted via 

Ras-e-Motaf and the unique morphological shape of 

Shatt-al-Arab palaeo-delta (Pourkerman et al., 2020). 

Navigation through Ras-e-Motaf became dangerous 

following the onset of summer time NW Shamal wind ca 

650 AD.  The highest wave energy, with an anti-clockwise 

whirlpool under storm conditions, occurred in the Ras-e-

Motaf. This part of the Persian Gulf is known as Iran’s « 
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Bermuda triangle » and it has been an area of numerous 

shipping accidents (Kamranzad et al., 2013). 

5.2.2. Unit B: open lagoon with freshwater flux  

The second brackish facies at 103 to 123 cm is 

characterized by a dramatic decrease in the marine 

lagoonal species Cytherella sericea (15.63%) and an 

increase in the hypersaline species C. torosa which 

represents 84% of total valves. Plant remains are also 

observed and constitute the first evidence of fresh water 

flux in the open lagoon facies (1-C). The sediment 

changes to dark brown silty sand with light gray sandy silt 

lenses at 94-103 cm. The lenses contain charcoal and plant 

remains. The presence of the macrofossil Neogastropoda 

olividae points to the extension of an open lagoon (1-C) 

setting. 

Increasing mean sediment grain size, negative 

skewness, decreasing MS, increasing sorting index and 

the appearance of aggregated fine sand at 87-94 cm are 

consistent with changes in the environmental setting. C. 

torosa attains relative abundances of 94% and the 

percentage of single valves versus joined valves is 30.4 to 

69.5%, respectively. This facies represents a hypersaline 

playa environment (1-A) with aeolian influxes. Dark 

brown silty sand with a rounded sand fraction, nearly 

symmetrical skewness and extremely poor sorting (4.3 

phi) is observed at 80-87 cm. The presence of the marine 

lagoonal species Cytherella sericea (14.06%), together 
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with C. torosa (85.9%) and gravels, suggests the onset of 

limited access to the sea. Cytherella sericea attains relative 

abundances of up to 20% with Urocythereis margaritifera 

and C. torosa at 75-80 cm suggesting an open lagoon 

environment (1-C). This facies represents the last 

evidence of marine species following isolation from the 

sea due to coastal uplift.  

5.2.3. Unit C: anthropogenic zone  

An anthropogenic facies is observed at 40-75 cm, 

where brownish black sediment contains ceramics, 

charcoal and gypsum (crystals with charcoal inclusions, 

baked and amorphous) (Fig 8). Radiocarbon dating 

reveals that the first human trace occurred between 774 - 

899 AD. MS recorded maximum magnetic contents (3.8 

and 4.48×10-4SI) and is positively correlated with OM. 

The anthropogenic facies begins with poorly sorted silty 

sand with positive skewness. It gradually changes to very 

poorly sorted sandy silt with near symmetric skewness. 

The grain size fines upwards, with a decreasing sorting 

index. MS and OM values continue to increase up to 40 

cm where the euryhaline species C. torosa attains 94.87%. 

A thin layer of amorphous white gypsum is deposited at 

the top of the unit and constitutes a marker for the 

termination of the anthropogenic facies. 
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Figure 8: A) anthropogenic section of the studied core with 

evaporation minerals of different crystal morphologies. This section 

ends with gypsum crystals at 38-40 cm. B) Needle aragonite C, D, E) 

different crystal shapes of gypsum with black organic matter 

inclusions. 

5.2.4. Unit D: lagoon 

The anthropogenic horizon is covered by aeolian 

sediments that contain yellowish brown rounded to sub-

rounded silty sand, gypsum crystals, plant remains, 

charcoal and small fraction of ceramics with rounded 

edges (consistent with reworking by wind action from the 

exposed archaeological site). Sorting ranges between very 

poor to poor (3.46-1.24 phi). The sediment sorting 

improves from base to top. The sedimentology suggests 

environmental oscillation changes between playa (1-A) 

and playa-lagoon (1-B) in the manmade evaporation 

ponds. Lagoonal species such as Urocythereis 
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margaritifera and Penthesilenula olivencae, together with 

C. torosa, are consistent with variable salinities, typical of 

playa-lagoon environments (1-B). The abundance of 

ostracod shells decreases from the base to the top. A 

maximum shell abundance is observed at 5-7 cm (1-A) 

where C. torosa is the single species. At 35-37 cm and 15-

17 cm (1-B) the percentage of C. torosa decreases and 

Urocythereis margaritifera comprises a quarter of the 

shells. MS varies between 3.32 and 4.66×10-4SI, with a 

maximum value logged at 15-17 cm where carbonate 

content and mean sediment size decreases.  

6.Discussion  
RSL changes in the Persian Gulf is controlled by 

eustatic seal level rise, basin subsidence and local uplifts. 

During the Holocene the axial zone of the Persian Gulf 

experienced twofold subsidence following to a rapid sea 

level rise especially in the central basin (Uchupi et al., 

1999). The central basin is contained plenty of active salt 

diapirs along N-S deep-seated extensional faults and tear 

fault systems with origin of Hormuz salt formation 

(Jahani et al., 2007; Jahani et al., 2017). Correlation 

between Darang salt pillow growth and RSL fall 

suggested probably impacts of halokinesis on the RSL 

oscillations. During the Persian Gulf highstand (3340 BC 

– 2620 BC) the lower Khuzestan plain experienced 

several RSL oscillations with small periods (Heyvaert and 
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Baeteman, 2007). The oscillations were continued with 

RSL retrogradation. By a contrast a rapid RSL fall 

occurred in Abu Dhabi during a short period after a 

highstand (Lokier et al., 2015) and reached below current 

sea level by 510 – 780 AD. Therefore, variety RSL 

changes in north and south part of the Persian Gulf could 

be result of difference tectonic setting and fault systems. 

Halokinesis have direct effect on RSL 

oscillations via the Persian Gulf axial zone subsidence and 

local uplifts at basin and coastal through the fault systems.  

As result, our reconstructed RSL was not correlated with 

ICE—6G (VM5a) model for the studied sites. Although 

the model shows a continuous fall, but, the studied facies 

were logged three RSL oscillations. Duration between 

each oscillation was correlated with modeled sea-level 

position. Increase water column in central basin floor 

leads to increasing crust mobility at basin and coastal 

zones. Meanwhile, time interval between lowstand with 

next highstand were decreased. Darang salt anticlinal 

foothill was recorded cal. +3.7 m uplift by the second 

lowstand. 

RSL in the Persian Gulf is an important factor for 

ancient harbour location. Rishar (Rev Ardeshir) and 

Apologus were two important Sassanid harbours in the 

northwest of the Persian Gulf (Strange 1905; Whitehouse 

and Williamson; 1973). Apologus was a riverine harbour 

located at Shatt-al-Arab and Rishar is situated on the 
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Bushehr coastal peninsula. The archaeological evidence 

shows that the port of Bushehr was connected to Kazirun 

and Shiraz via a road used for the export of commodities 

to other regions. It was the nearest port to Fars and it made 

Rishar an important port (Boucharlat and Salles, 1981). 

The first sea water column reduction had negative impacts 

on the Rishar harbour operation because of its coastal 

morphology (Fig 2). The same trend is observed in other 

zone I ancient harbours (Mahroyan, Ceniz, Jenaba). This 

problem of harbour accessibility provided an opportunity 

for Apologus to replace them. Apologus maintained its 

importance in maritime trade until the early Abbasid 

Caliphate (750 – 1260 AD), which coincided with the 

second RSL reduction. After then, in the first century of 

Islam, the main harbours shifted from Apologus (Ubulla) 

to Siraf (Wilson, 2011).  

The first sea water column reduction was also 

concurrent with the foundation of a defensive outpost with 

a port at Siraf (Whitehouse and Williamson; 1973) but 

maritime trade flourished at Apologus. It could be related 

to maintaining sea level due to the Karun-Tigris-

Euphrates delta subsidence and local uplift (Uchupi et al., 

1999). Seawater intrusion to the river channel during 

high-tide increased the water depth for ocean-going 

navigation. It was favorable to Apologus’s maritime trade 

until the late Sassanid Empire (ca. 450 to 650 AD). During 

the Sassanid to early Islamic periods, the settlement 
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density reached its maximum in Mesopotamia (Lawrence 

et al., 2016).  

Present an unconformity over subtidal facies and 

emerging coastal environment at studied facies would be 

result of rapid sea water oscillation. The water column 

reduction is correlated with the first evidence of 

anthropogenic trace at Siraf. RSL rise and developing 

coastal facies was concurrent with progradation of marine 

facies over the first Sassanid anthropogenic horizon at 

Siraf (50 BC – 550 AD) (Fig 9).  
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Figure 9: Geoarchaeology-age depth model of the Bataneh facies 

changes, Siraf anthropogenic trace (Pourkerman et al., 2020) and 

ICE-6G (VM5a) model. This figure suggested impacts of RSL 

changes and coastal uplift on Siraf ancient harbour and Bataneh. 

The second sea water column reduction was 

coincided with changes in sediment origin following to an 

increase in summer northwest winds around 650 AD and 

flourishing of Siraf (Pourkerman et al., 2020) (Fig 9). This 

period was concurrent with dune reactivation and a peak 

in aeolian deposition in the southeast of the Persian Gulf 

(Stokes et al., 2003; Parker et al., 2011)  

During the Umayyad to early Abbasid dynasties 

(650-750 AD), there was a decrease in maritime trade in 

the Gulf (Potter, 2009). It could be related to sudden 

changes in both RSL reduction and economic/political 

changes. A decreasing river water column at Shatt-al-

Arab following RSL fall and decreases in precipitation led 

to accessibility problems at Apologus for oceangoing 

vessels (Al-Istakhri, 1870). By contrast, risk of navigation 

in the western part of the Persian Gulf was accelerated 

during summer by the interaction of Persian Gulf water 

circulation and summer Shamal winds at Ras-e-Motaf 

(Pourkerman et al., 2020). The Shamal wind generates the 

highest wave energy with an anti-clockwise whirlpool 

(under storm conditions) at Ras-e-Motaf. This area is 

famous as being Iran’s « Bermuda triangle » and has been 

an area of numerous shipping accidents (Kamranzad et al., 

2013).  
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Bataneh is located in zone II where halokinesis 

have had direct effects on the coastal zone and its 

hinterland. Darang salt diapiric fold and the 

geomorphological changes in the hinterland was 

concurrent with a second RSL fall. The rapid transition 

from open lagoon to brackish facies translates a rapid 

uplift of ca. +3.7 m in the coastal zone due to the Darang 

salt pillow growth. The uplift changing local watershed 

geomorphology and fluvial directions. These changes 

caused the abrupt cessation of the stream channel and 

extending alluvial fans. The stream sourced in the 

sensitive gypsum marl unit was a great risk for the ancient 

city. The city was protected by embankment walls and a 

dam with artificial canal over hard bedrock that it redirects 

flooding water to the city through a safe path. 

One of the reasons that Bataneh port failed was 

probably due to coastal uplift. The expansion of Siraf 

brought rapid urbanization of the city and local towns. 

This rapid expansion necessitated new building materials. 

At this time, cooked gypsum was widely used as cement, 

plaster motifs and decorative objects. Therefore, gypsum 

very soon became a noteworthy commercial good. 

Several ancient gypsum mines existed around Siraf. 

Traditional mining necessitated time and labor for the 

extraction and transfer of raw gypsum. As a result, 

gypsum became expensive. New gypsum extraction 

methods via evaporation pools at Bataneh led to cheaper 

gypsum. The method took advantage of Bataneh’s 
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geomorphological traits and gypsum units present in the 

local geology.  

7.Conclusions  
Two RSL fall have been recorded. The first event 

(250 – 400 AD) had negative impacts on harbours in the 

western basin such as Rishar. There were only minor 

impacts on Apologus due to the crustal mobility balance 

at Shatt-al-Arab delta. The second RSL fall event at 770 

– 900 AD and onset summer Shamal wind since 650 AD 

was coincident with important harbours shifted to the 

central part of the Persian Gulf. Both Bataneh and Siraf 

were suitable locations. Siraf was surpassed by Bataneh 

because of its stable rocky coast. Uplift at Bataneh led to 

changing geomorphological features in the hinterland and 

the city was exposed to flooding risk. The runoff water 

that originated from marl gypsum units was harnessed by 

a dam and artificial canal and sluiced to the city through 

safe channels. The runoff water was collected in 

evaporation ponds and left to precipitate as gypsum 

during the warm and arid summers. The gypsum trade 

brought prosperity to the city.  Coastal uplift was a key 

factor in reducing port accessibility and therefore activity 

at Bataneh. The location of Najirum’s harbour is still 

unclear.  

Recent oil and gas infrastructure has destroyed 

large parts of the ancient sites. These structures are also at 
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risk from natural hazards such as coastal uplift and 

flooding. South Pars offshore oil and gas field has led to 

the expansion of several petrochemical companies along 

the coastal. They have had direct and indirect impacts on 

the destruction of ancient sites. Further geoarchaeological 

studies are required at waterfront sites of the Persian Gulf 

because many sites are being destroyed by modern 

developments, present RSL rise and coastal erosion 

(Pourkerman et al., 2018). 
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Abstract 

Historical texts and archaeological studies attest 

to the maritime and trade importance of the Persian Gulf 

since the Sassanid Empires. Nonetheless, there is a 

paucity of data regarding ancient navigation and the 

reasons for a shift in maritime trade from the western (e.g. 

Shatt-al-Arab) to eastern (Siraf) Persian Gulf by the 

Abbasid dynasty. For some scholars, Siraf was occupied 

between 360 and 977 CE, after which time an earthquake 

entrained the demise of the city. However, it is unclear 

when Siraf was founded and how natural navigation 

conditions changed for ocean-going vessels in harbours of 

the NW Persian Gulf. To address this knowledge gap, we 

here present new geoarchaeological data from Siraf. Two 

anthropogenic facies were detected in drilled cores. They 

suggest that Siraf dates back to 2 BC-317 CE. After a 

hiatus, a second occupation phase began during the reign 

of Shapur II. Relative Sea-Level (RSL) fluctuations, 

climate change and Persian Gulf bathymetry all affected 

the possible nautical accessibility of this ancient Persian 

harbour. A fall in RSL, leading to a shortening of 

navigable water columns and amplified summer-time 

Shamal wind from 550 CE onwards possibly led to a loss 

in the importance of Shatt-al-Arab and other ports in the 

western Persian Gulf. It appears to have made Siraf the 
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best alternative for seafarers. According to the wind 

regimes, the best time for arrival and departure from Siraf 

was August and October, respectively. RSL rise and 

increasing coastal erosion during the winter-time Shamal 

winds led to the degradation of harbour potentialities and 

was possibly at the origin of economic decline and poorly 

adapted harbour works at Siraf during a 150-year period 

between 850 and 1000 CE. 

Keywords: Siraf, Gerchaeology Persian Gulf, Shamal winds 

Coastal geomorphology, Relative sea level 
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1. Introduction 

Although the history of maritime trade in the 

Persian Gulf dates back to the 3rd century BC (Caspers, 

1971), maritime trade did not thrive until the 8th century 

AD onwards. During the 9th to 10th centuries AD, 

historians such as Tabari, al-Istakhri, Ibn Hawqal, al-

Mas’udi (Tabari, 1987, al-Istakhri 1870, Ibn Hawqal 

1965, Al-Mas’udi, 1962) describe Siraf as the most 

important port of the Persian Gulf. Much of our 

understanding of Siraf’s archaeological record is 

attributed to the work of Stiffe (1985) Whitehouse (1968, 

1969, 1970 and 1971) and Whitehouse and Williamson 

(1973). Since these studies, however, just a handful of 

investigations and excavations have taken place in Siraf 

(Khakzad and Trakadas, 2014; Pashazanous et al., 2014; 

Khakzad et al., 2015). Numerous knowledge gaps remain 

regarding the rise and fall of Siraf as a key port settlement. 

Geoarchaeological studies based upon 

geoscience tools have the potential to answer key 

archaeological questions about ancient sites (Marriner and 

Morhange, 2007, Marriner et al., 2010, Marriner et al., 

2017). Geoarchaeological studies in coastal areas can 

shed light on human-environment interactions using a 

multidisciplinary framework that marries archaeology, 

geomorphology, palaeoclimatology, relative sea-level 

changes, biology and geochemistry (Marriner and 
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Morhange, 2007; Ferrario, et al., 2015). However, very 

few geoarchaeological studies have been undertaken on 

medieval Mediterranean harbours (Marriner et al., 2006; 

Morhange and Marriner, 2010; Goiran et al., 2014, Vacchi 

et al., 2020). In a similar vein, no comprehensive 

geoarchaeological studies have been conducted on ancient 

harbours of the Persian Gulf from this period 

(Pourkerman et al., 2018).  

Apologus, formerly known as Ubulla, was the 

most important port in the northwest Persian Gulf during 

Sassanid to Abbasid periods (Le Strange, 1905). The port 

was located at the mouth of the Shatt-al-Arab River. Basra 

(Abbasid capital) was supported by Ubulla port. The trade 

seasons in Basra were mediated by the rhythm of the 

Indian monsoon. The ships and goods arrived in July and 

vessels had to depart before the onset of Indian Ocean 

winds in October (Potter, 2009). By the early centuries of 

Islam, maritime trade in Ubulla declined. There was a 

successful transition of the most important harbours from 

Ubulla (northwest) to Siraf (center) (Sheriff, 1987).  

The aim of this paper is to investigate the impacts 

of RSL and climate changes on ancient navigation in the 

Persian Gulf, including the displacement of important 

harbours from the northwest to the central part of the Gulf. 

In this study, we also analyze Siraf’s infrastructure and its 

coastal morphology in order to shed light on its evolution 

during mediaeval times.    
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2. Geological and geomorphological settings 

The present morphological features of the 

Persian Gulf are the result of Paleozoic to Quaternary 

orogeny (Kashfi, 1976; Alavi, 1994, 2004; Sharland et al., 

2001). The main axis of the asymmetric Persian Gulf 

follows the Zagros folding system (Fig 10). The axis has 

generated two main synclines in the western and central 

northern half of the Gulf, named the western and central 

basins (Seibold & Vollbrecht 1969) (Fig 10). The basins 

are connected through transverse shoal between two 

synclinal areas reflected to uplift along the northward 

prolongation of the Qatar Arc (Ras-e-Motaf). In the 

central basin, the axis is situated close to the Iranian coast, 

in the Kangan area. This section of the Gulf is generally 

steeper and deeper than the western basin and contains 

huge folds with steeply-dipping flanks in the hinterland. 

These features have created narrow coastal plains 

associated with numerous ephemeral streams, estuaries 

and a steep coastal bathymetry close to the shoreline (Fig. 

10) (Purser and Seibold, 1973). 
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Figure 10: A) General morphology of the Persian Gulf with the 

location of some of its ancient harbours and distribution of the salt 

domes in southern Iran (Arian and Noroozpour; 2015) (B) 3D coastal 

morphology of the harbours. The black arrows denote the positions 

of the Shatt-al-Arab delta and the Siraf coastline. The bathymetry 

values are also valid for B. 

Marl (Kazhdomi, Mishan), sandstone with 

gypsum and marl (Aghajari) and conglomerates with 

calcareous sandstone (Bakhtiyari) are the main 

Cretaceous-Pliocene formations that folded in the last 

Zagros orogenic movement during Miocene/Pliocene 

times. Erosion has generated a scarp-and-valley landscape 
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(Fig 11). Siraf is flanked by calcareous sandstone with 

interlayers of conglomerate rock to the north, into which 

several wells and graves have been cut (Wilkinson, 1974). 

The Persian Gulf coastal morphology is 

influenced by plate and salt tectonic regimes. Three 

morphological zones are recognizable: (i) Zone I: gently 

sloping marshland coasts with permanent rivers (Shat-al-

Arab, Zohre, Hilla and Mand) and several ephemeral 

rivers with high sediment supply to the shallow coastal 

zone; (ii) Zone II diapiric uplifting coasts with salt domes; 

and (iii) Zone III rocky coasts with steep coastal slopes 

(Fig 10). The ancient city of Siraf is located in zone III, in 

the central basin. It is characterized by a narrow coastal 

plain and numerous short fluvial systems, including three 

ephemeral rivers (Figs 11 and 12) (Whitehouse, 1968).  
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Figure 11:Geological and geomorphological map of the Siraf 

watershed. The background image derives from Google Earth Pro and 

shows the ancient urban fabric in July 2018. Most of the historic 

sectors have been destroyed with the exception of some coastal 

quarters at risk from coastal erosion. 

3. Palaeoenvironments and salt tectonics 
During the early Holocene inundation of the 

Persian Gulf (8550 – 7550 BC) (Lambeck, 1996), the 

mean latitudinal position of the summer ITCZ advanced 

rapidly northwards. A RSL highstand of +2 m occurred 

around 5150 to 4940 BC (Lambeck, 1996; Lokier et al., 

2015). At this time, monsoon rains migrated further north 

than at present, over the Persian Gulf and Iran (Fleitmann 

et al., 2003; Djamali et al., 2010. Enhanced precipitation 

over northern Oman and the central part of the Persian 
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Gulf, resulted from the more northerly monsoon position 

(Fleitmann and Matter, 2009). It would have been 

conducive to heightened erosion of continental zones and 

increased sediment supply/progradation to/of coastal 

areas. A comparable situation has been observed along the 

coastline of the Nile Delta, which, after a phase of deltaic 

growth and progradation has become more vulnerable to 

coastal erosion during the past 4000 years, due to falling 

sediment supply (Mariner et al., 2013). For instance, in 

the Bay of Abukir, on the western flank of the delta, the 

ancient cities of Eastern Canopus and Herakleion today 

lie 5 to 7 meters below current mean sea level (Flaux et 

al., 2017). 

Furthermore, it is possible that inundation of the 

Persian Gulf led to increased vertical stress of the basin 

floor that could have reactivated regional salt domes. The 

salt domes lie in the Hormuz formation and were active 

before the Zagros folding. The domes were reactivated by 

subsidence resulting from Zagros tectonic events (Jahani 

et al., 2007). The distribution of the salt domes is depicted 

in Figure 10. Deformation of a narrow zone along the 

Persian Gulf littoral has led to a concentration of domes 

along the present coast that are classified as active salt 

domes (zone II) (Jahani et al., 2007). These coastal salt 

domes could have been reactivated following the 

displacement of salt to the edge of the area due to basin 

subsidence resulting from increased vertical stress (Wood 

et al., 2012).  
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4. Meteorological and physical oceanography 

The main weather phenomenon in the Persian 

Gulf is a strong northwesterly Shamal wind that occurs 

during summer and winter (Perrone, 1979). The summer 

Shamal winds result from interaction between summer 

monsoon low-pressure systems over NW India, that 

extend to the W to SE parts of the Gulf, and stationary 

high-pressure systems over the Mediterranean with a 

ridge extending SE towards the NW of the Persian Gulf 

(Bartlett, 2004). Winter Shamal wind over the north of the 

Persian Gulf is affected by cold air carried into the region 

by quasi-stationary Siberian high pressure in the east 

(Crook, 2009). It is usually interrupted by a frontal system 

that is created in the east of the Mediterranean Sea and 

tracks to the southeast following the polar front jet. The 

frontal system moves toward the Persian Gulf with the 

polar front jet behind and sub-tropical jet ahead of the 

frontal system converge, strengthening the system and 

generating strong wind at the front. The NW wind is 

strong during its passage over the northern Persian Gulf 

and it reaches five times its initial surface speed (15-20 

m/s) in the central part of the Gulf (Thoppil and Hogan, 

2010). The intensity of the Shamal wind is enhanced by 

the funnel-like structure of the Zagros Mountain along the 

Iranian coast (Giannakopoulou and Toumi, 2012). The 

other weather system that affects the summer-time 

Shamal wind is the Indian Ocean Dipole (IOD). A 

positive IOD leads to decreased summer precipitation in 

the Persian Gulf and increasing duration and intensity of 

the summer Shamal wind (Al Senafi and Anis, 2012). The 
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winter Shamal brings cold and dry air that leads to falling 

temperatures and evaporation (Thoppil and Hogan, 2010). 

The winter-time Shamal wind, that blows during January 

and February, creates the highest waves in the middle part 

(central basin) of the Persian Gulf, whereas, the summer-

time Shamal (June and July) influences the northwestern 

part of the Persian Gulf, especially at Shatt-al-Arab and 

Ras-e-Motaf. The intensity of the Shamal wind is 

attenuated following the summertime Shamal and it 

reaches its minimum during September and October 

(Kamranzad, 2018).  

Evaporation and freshwater inputs create 

differences in water densities between the northern and 

southern parts of the Persian Gulf. This feature leads to 

marine water inflow via the Straits of Hormuz, before 

flowing in a NW direction along the Iranian coast 

(Reynolds, 1993). It subsequently splits into two 

branches: (i) one branch continues on a NW path, while 

(ii) the second veers offshore and joins the returning 

southeastern flow. The Shamal wind intensifies the 

outflowing branch (Thoppil and Hogan; 2010). Water 

circulation and the distribution of basin wave power is 

represented in Figure 14. The highest wave energy, with 

an anti-clockwise whirlpool under storm conditions, 

occurs in the Ras-e-Motaf. This part of the Persian Gulf is 

known as Iran’s “Bermuda triangle” and it has been an 

area of numerous shipping accidents (Kamranzad et al., 

2013).  
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The Persian Gulf has semi-diurnal and diurnal 

tides with an oscillation period between 21.6 and 27 hours 

(Defant, 1961). The tidal currents are mediated by Persian 

Gulf water circulation and bathymetry. In the Bandar-e 

Abbas (Straits of Hormuz), because of water exchanges 

between the Persian Gulf and the Oman Sea, tidal currents 

are faster and Mean Higher High Water (MHHW) is 

higher than elsewhere in the Gulf (Table 3). Tidal currents 

are also strong in shallow waters (Pous et al., 2012). 

MHHW in the Shatt-al-Arab estuary is +3 m and MLLW 

is 0.4 m.  

Table 3 : Geomorphological zonation and tidal levels at different 

sites from the Strait of Hormuz to Shatt-al-Arab. 

Place 
Lat 

N 

Long 

E 

Height in meters above datum 
Class 

MHHW MLHW MHLW MLLW 

Bandar-e Abbas 29° 22' 56° 17' 3.4 2.6 1.4 0.7 Zone II 

Asaluyeh* 27° 28' 52° 37' 1.6 1.5 0.7 0.3 Zone III 

Bandar-e Bushehr 28° 54' 50° 45' 1.9 1.3 1.1 0.5 Zone I 

Bandar-e Ganaveh 29° 34' 50° 31' 2.2 1.5 1.3 0.6 Zone I 

Imam Hassan 29° 50' 50° 15' 2.4 1.7 1.3 0.6 Zone I 

Shatt-al-Arab 29°50' 48°43' 3.0 2.4 1.3 0.4 Zone I 

5. The ancient urban fabric of Siraf 

The port of Siraf was a point of connection 

between the Persian Gulf and the Far East. Merchants 

imported spices, silk and other luxury goods, and exported 

pearls, Arabian-produced frankincense and other precious 

resins (Whitehouse and Williamson, 1973).  Our 

knowledge of the ancient urban fabric of Siraf is limited 

because of sparse excavations and the loss of ancient 

remains due to natural and anthropogenic activities. In this 

study, we focus on the work of Whitehouse (1968, 1969, 
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1970, 1971), who performed a comprehensive 

investigation of medieval Siraf, producing valuable data 

and maps. The buildings generally manifest a NE-SW 

orientation except the great mosque (for religious reasons) 

and benefit from shallow wells (Fig. 12).   

The archaeological excavation by Whitehouse 

(1968) in the northwest area of the great mosque (section 

B) (Fig 12) elucidated three important occupation layers. 

The earliest occupation (Period 1) contained undisturbed 

beach sand, located 1 m above current sea level. It lies 

beneath mixed sand and clay with a horizon showing 

abundant Sassanid-Islamic pottery (before cal. 825 AD). 

Period 2 contains four generations of buildings that are 

covered by rubble from the collapse of large buildings. 

The approximate age of period 2 is between 825 ± 25 to 

977 ± 78 AD.  Finally, period 3, dating to the late 11th 

century AD onwards, comprises a poor agricultural soil.  
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Figure 12: Map of Medieval Siraf, with the location and orientation 

of its buildings (Whitehouse, 1968). The rose diagram shows that the 

ancient buildings trend towards the north. The most important 

waterfront remains are A) the Potter’s Quarter, B) the great mosque 

and C) the Bazaar.  The different colours represent different 

orientations. D) Rock cut grave at Shilau valley and E) water front 

remains that exposed severe coastal erosion (Pourkerman et al., 2018) 

Construction materials were selected as a 

function of accessibility to natural resources. Bakhtiray 

conglomerate was exploited as a source of rubble and the 

Aghajari formation was quarried for gypsum. These 

materials were broadly used for building constructions 

and city protection structures. Cooked gypsum was 

employed as cement and for interior-exterior facing. The 

cooked gypsum absorbs humidity from the air and would 

have helped to decrease inside temperatures during warm 

and humid seasons. The use of rubble stone materials with 
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gypsum mortar, in addition to gypsum as an interior 

decorative material, was very common under Sassanian 

rule (Huff, 2005).  

6. Methods and data acquisition  

The main parts of the coastal zone in the 

medieval sector of Siraf are covered by gravel. The gravel 

accumulations result from the destruction of 

archaeological remains by coastal erosion (Pourkerman et 

al., 2018). A continuous series of 3-m cores was drilled 

using a vibracore in the SE part of the medieval Bazaar at 

17 cm above current Mean Sea Level (MSL) (Fig 12). The 

core tubes were immediately transported to the laboratory 

for nondestructive magnetic susceptibility analysis (MS). 

The coring site was levelled using a theodolite and 

benchmarked relative to current sea level. All depths are 

relative to present mean sea level. A 2.4 m outcrop section 

was logged at a site called the “Potter’s Quarter” (Fig 12) 

where a whole sedimentary sequence was observed 

beneath an ancient building.  

Before subsampling, magnetic susceptibility was 

measured using a Bartington MS2C 100-mm diameter 

loop sensor with an MS2 meter. Magnetic susceptibility 

was measured every 2 cm (Delile et al., 2014), in order to 

probe human impacts on the sedimentary properties.  

High-resolution sampling was undertaken on 

each of the cores (44 sub-samples over 3 m). Each sample 
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was split into two subsamples for grain-size, organic 

matter and carbonate-content analyses. Wet sieving was 

employed to separate the >2mm and <63 micron fractions. 

Dry sieving was performed for the sand granulometry and 

a laser grain-size analyzer (Horiba La 950 E) was used for 

the silt/clay fractions. The sediments were classified and 

plotted on a ternary diagram using the methodology 

outlined by Folk (1954, 1980). Organic Matter (OM) and 

carbonate content were measured using Loss-On-Ignition 

(LOI) at 550  °C and 950 °C (Heiri et al., 2001). The mean 

grain size was calculated using Folk and Ward (1957). 

The chronological data are based on the correlation of 

core facies with archaeological excavation data from 

Siraf. Juvenile marine shells contained in the 

anthropogenic facies were used for radiocarbon dating. 

The 14C data were calibrated using Calib version 7.1.0 

online version (http://calib.org) and a standard Persian 

Gulf marine reservoir age (Southon et al., 2002) (Table 4). 

Historic wind directions and durations were obtained 

from the database of the Iranian Meteorological Office 

(http://irimo.ir).  Bathymetric maps and 3D models of the 

seafloor were created based on hydrological maps of the 

Iranian National Cartographic Center and international 

chart series published by the United Kingdom 

hydrographic office in scales 1:100000 for the Persian 

Gulf and 1:20000 for the Shatt-al-Arab pro-delta area. 

 

http://irimo.ir/
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Table 4: Calibrated radiocarbon ages for two anthropogenic facies.    

ID Depth Radiocarbon Age 
Calibration 

1 sigma Significant 2 sigma Significant 

Siraf 1 177 cm 2305±67 cal AD 223- 404 68.3 
cal AD 113- 

478 
95.4 

Siraf 2 235 cm 2385±101 cal AD 91- 342 68.3 

cal BC 44-AD 

459 

 

95.4 

 

The RSL curve was obtained by a Glacial 

Isostatic Adjustment (GIA) simulation in which we 

adopted model ICE-6G (VM5a) of Peltier (2012) and 

Peltier et al. (2015). The simulation used the ICE-6G 

(VM5a) model through the program SELEN4 (Spada and 

Melini, 2019). SELEN4 solves the Sea-Level Equation by 

taking into account the horizontal migration of shorelines, 

for the transition from grounded to floating ice and for the 

effects of rotational feedbacks on sea level. The Sea-Level 

Equation was solved using a pseudo-spectral approach 

with a spatial resolution corresponding to the maximum 

harmonic degree lmax=256, on a grid with a spacing of 

~40 km. 

7. Results  

7.1. Present-day wind and wave regimes  

The winter and summer-time Shamal winds have 

a WNW direction. The wind speed in wet seasons (Oct-

Mar) is stronger than in dry seasons, although wind 

duration in the dry seasons (Apr-Sep) is longer (Table 5, 

Fig. 13). Secondary wind directions in the dry and wet 

seasons blow from the S and NW respectively. The NW 
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wind direction is less frequent and blows in April, October 

and November, for around 83 days with an average speed 

of 14 m/s. It is as strong as the WNW Shamal wind. The 

S wind is weaker than the dominant wind direction and it 

blows from July to September for 118 days with an 

average speed of 9.75 m/s. The S wind is the dominant 

wind in August.  

Table 5: 17-year wind speed (m/s) and duration averages, 

categorized by month and by wet and dry seasons. 

Month season 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Dec Nov Wet Dry 

Speed 

m/s 
10.8 13.5 13.4 12.8 14.5 12.6 11 10.5 9.25 9.5 11.8 10.8 12.5 11.3 

Days 

(numb

er) 

76 117 57 59 174 56 88 16 63 76 86 120 331.7 473 
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Figure 13: Central Persian Gulf wind directions and speed (m/s) for 

the period 2001-2018. The data were obtained from the Iranian 

Meteorological Office (http://irimo.ir). 

7.2. Fresh-water management system 

According to field observations, the city is 

located in a coastal desert with average precipitation of 

13.2 mm/yr. Flash flooding takes place during winter and 

autumn; at the time of writing, the most recent example 

dated to the 23rd March 2020. The city’s fresh water was 

supplied by harnessing and storing rainfall via numerous 

wells and cisterns on the hills overlooking Siraf, and 

stocked in alluvial sediments overlooking the ancient 

settlement (Fig 12). The wells, excavated into the hills, are 

protected from sediment influx by manmade rocky stairs, 
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plastered mortared rubble and a 5-10 cm protuberance. 

Further features of the wells are shallow rills to direct 

water to the well mouth. Pronounced water erosion in the 

upstream Shilau valley, with several outlet tunnels, was 

observed on the downside of the wells. Shallow wells 

(upper present sea-level) and cisterns are reported for 

medieval Siraf, for both cultivation and domestic 

purposes (Whitehouse, 1968, 1969, 1971) (Fig 14). 

  

Figure 14:  A and B) plastered mortar rubble to restrict downstream 

debris flows and sediment influx into the excavated wells. C) Surface 

water channels into the wells. D) Well associated with a tank, drain 

and cistern (850 AD) from Whitehouse (1971).     

7.3. Paleoenvironmental analysis  

7.3.1. Upper shore facies 

The stratigraphic units were bounded between 

two upper shore facies (US1 and US3 at the base and top, 
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respectively). Another upper shore facies were also 

logged at 72-82 cm (US2). The US1 transitioned between 

slightly gravelly sand ((g) S) with bivalve shells and 

juvenile shells of Veneridae to gravelly sand (g S) with 

abundant shell debris. An increase in OM is observed 

between 284-267 cm; OM decreases with rising carbonate 

and sediment grain size. MS in the US1 is also represented 

decrease trend from base to top (1.4×10-4 SI to 4.06×10-5 

SI). The facies changes in US1 represent rising energy 

conditions due to the transition in sedimentary 

environments from lower shoreface to upper shoreface 

following a sea-water regression. US2 is made of gravelly 

sand with fine shell debris and sand. US2 sediments 

comprise medium to fine sands. Gravel decreases 

dramatically from base to top concurrent with increasing 

fine sand ((g) S). An inverse trend is observed for MS 

(2.5×10-5 SI to 5.06×10-5 SI) (Fig 15). The increase of 

carbonate content in these facies is related to increasing 

shell debris. The positive correlation between MS and 

carbonate content results from the impact of winnowing 

on magnet mineral residuals and bioclast debris 

reworking. US3 transitions from gravelly sand to slightly 

gravelly sand. The mean sediment grain size decreases 

upwards. The main difference between the facies US2 and 

US3 is the absence of bivalve shells at US2. It is suggested 

that US2 is more under the influence of wind processes 

than coastal action. 
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Figure 15: Stratigraphic log of the study core with MS values, mean 

grain size, sediment texture, OM, carbonate content and 

archaeological periods (Whitehouse, 1968).   

The sediment outcrop exposed in the Potter’s 

Quarter shows a shoreface facies between 95 and 200 cm 

above present-day sea level. It contains light brown shelly 

sand with ceramics at the top, with alluvial facies at the 

base. The alluvial facies comprise fine sand and silt with 

interlayers of cobbles in a sandy silt matrix. This facies 

attests to flooding events during heavy precipitation and 

debris flows resulting from flashflood events. A narrow 

coastal plain void of any significant vegetation cover 

increased the risk of flooding at Siraf. The thickness of the 
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outcrop facies decreases from west to east of the Potter’s 

Quarter section (Fig 12 E).  

7.3.2. Unit B (anthropogenic facies) 

7.3.2.1. Anthropogenic facies 

Two important anthropogenic facies (A1 and 

A2) are recorded at 203-240 and 149-178 cm. According 

to radiocarbon analysis, A1 is dated to 44 cal. BC – 425 

cal. AD; it comprises a very compacted facies, with iron 

and ceramic fragments. A1 is located above US1 and the 

facies comprises 30 to 89 % gravel and the mean grain 

size is between 1 to -1.1 phi. The MS data manifests three 

peaks in this unit, with a maximum of 1.03×10-3 (SI) and 

an average of 7×10-4 (SI). Meanwhile, we did not observe 

upper shore facies above A1 and beneath A2, suggesting 

the resumption of anthropogenic activities shortly after 

the RSL fall (Fig 16). A2 contained coarser sediments (-

0.6 to -1.11 phi) with 65-90% of the sediments comprising 

gravels. A sample from this second anthropogenic facies 

yielded a calibrated radiocarbon age of 113 – 477 cal. AD. 

Two MS peaks of 1.53×10-3 and 1.21×10-3 are logged in 

this unit, with an average MS of 6.6×10-4 SI (Fig 15).  

7.3.2.2. Erosion and accretion facies 

The marine facies above A1 is generally made-

up of sandy gravel sediments. The gravel abundance 

changed from 70% to 46%, from base to top. Furthermore, 

MS decreased from base to top (6.78×10-4 SI to 4.63×10-
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5 SI) consistent with a decreasing gravel fraction. 

Sediment texture changed to gravelly sand with 

significant decline in carbonate that overlies the accretion 

facies. Fining upward in the accretion zone is consistent 

with a fall in energy dynamics. The same trend is observed 

for A2, the main difference being that the erosion and 

accretion facies above it are thicker than A1. It could 

suggest that RSL oscillations in the central part of the 

Persian Gulf happened over longer periods (Fig 16). In 

other words, RSL oscillations in the Persian Gulf were 

controlled by hydrostatic pressure changes over the 

central basin floor resulting from global sea-level 

fluctuations (Pourkerman et al., 2020). The thickness of 

erosion-accretion facies decreases upwards and end at 

US2. The facies are recognized by changes in sedimentary 

structures and manifest reworked manmade material in 

the stratigraphic column. The sediment grain size in the 

erosional facies is upward fining. 46-75% of the sediment 

properties are created by >2 mm portions and the sediment 

texture is sandy gravel. Upwardly decreasing magnetic 

susceptibility values (1.2×10-4 SI and 1.6×10-4 SI) over 

the anthropogenic facies represents a rapid rise in RSL 

and increasing marine-sediment deposition. US2 is 

covered by accretion facies after a rising in RSL (950-

1230 AD). 

Gravel accumulations at 0-13 cm and 16-27 cm resulted 

from a decrease in the rate of sand deposition and an 
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increase of cumulative bed-load transport during storm 

events (Lisle, 1989). Therefore, the gravel portions were 

mixed with fine to very fine sand. These erosional facies 

were influenced by storm action rather than RSL 

oscillations.  

8. Discussion 

8.1. Impact of RSL and Shamal winds on the geography of 

important harbour locations 

RSL in the central basin is controlled by global 

sea-level rise and salt tectonics (Pourkerman et al., 2020). 

The modeled relative sea level (RSL) curve for Siraf 

suggests that RSL was higher than present during the late 

Parthian and early Sassanid (Fig 16) periods. Meanwhile, 

a rapid RSL fall started at ~50 cal. BC and with a lowstand 

between 50 and 150 AD. The chronological data suggest 

that the first anthropogenic activity in the coastal area of 

Siraf is recorded during the late Parthian to the first 

Sassanid empires (44 BC- 452 AD). After a short time, 

marine facies overly A1 following a RSL rise. Seafaring 

in the Persian Gulf was vital to Persia’s commercial and 

maritime activities during the Sassanian period. Rising 

RSL created opportunities to extend maritime trade along 

the northwest coast. As a result, several ports were 

founded between 226 and 241 AD (Vosougi and Sefatgo, 

2016).  

Flourishing seafaring and maritime trade in the 

Persian Gulf during the Sassanid Empire prompted 
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Shapur II to build coastal defenses along the Siraf 

coastline to counter the threat of Arab raids (Whitehouse, 

Williamson, 1973). Subsequently, the most important 

harbours during the Sassanian dynasty were built in the 

northwest part of the Persian Gulf because of their vicinity 

to the capital, Istakhr. Apologus, located on the river 

Shatt-al-Arab, became the main port for Sassanian trade 

(Le Strange, 1905).  

 

Figure 16: The black line RSL curve in the northern part of the central 

basin (Pourkerman et al., 2020). The pink line denotes the 

reconstructed RSL for the United Arab Emirates (UAE) (Lokier et al., 

2015). The blue arrow shows the RSL recorded at Ras Khumays 

peninsula in the UAE (Arhan et al., 2020).  The dashed line indicates 

RSL changes evaluated by ICE-6G (VM5a) at Siraf. The dashed 

brown line shows late Holocene oxygen isotope records from the 

Arabian Peninsula (Fleitmann et al., 2013). 

The radiocarbon chronology confirms that the 

facies A2 elucidated in our studied core can be attributed 
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to the early Sassanian period (113 AD- 477 AD), when 

Siraf was erected as a military base in order to protect the 

maritime trade activites. The unit A2 was concurrent with 

a second RSL fall. The thicker marine facies over A2 

represents slower RSL changes between 450 and 750 cal. 

AD. RSL in the Persian Gulf experienced another 

lowstand with the onset of summer Shamal winds during 

the late Umayyad to mid Abbasid dynasties, around 700 

to 950 cal. AD. It led to an increase in navigation risk, 

such as sinking in shallow water, for ocean-going ships 

from Janaba (Ganaveh) to Basra (Shatt-al-Arab) (Fig 10). 

From an environmental perspective, the last RSL fall 

coincided with the development of Siraf harbour from 850 

to 1000 AD (Fig 16). 

The demise of the Umayyad dynasty and the rise 

of the Abbasid dynasty in 750 AD was associated with the 

introduction of Islamic maritime trade. By that time, RSL 

was at a lowstand and the Shatt-al-Arab river channel had 

prograded into the sea over its palaeo-delta. The delta was 

prograding by fluvial and tidal processes. It had negligible 

impacts on the pro-delta that was below low-tide level. A 

small and shallow tidal channel developed at the delta 

front. As a result, the navigable water column became too 

shallow during low-tide in the Shatt-al-Arab estuary. This 

acted as an obstacle for ocean-going vessels to enter and 

navigate the Shatt-al-Arab river channel. As a result, 

ocean-going vessels were no longer able to use the 
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harbours at Shatt-al-Arab and in zone I (Fig 17 and Fig 

10).   

“In this deadly sea (Persian Gulf) several 

dangerous routes exist and the toughest one is 

Jannaba (Bandar-e Ganaveh) to Basra, the so-

called Hor-e Jannaba, which is a terrible place 

during storms. Also, there is a place called 

Kheshbat at 6 meel (distance unit) from 

Abadan on the sea, along the Tigris River. In 

some cases the water is so shallow that big 

ships cannot enter, even at high tide. Several 

towers have been erected in order to guide the 

ships to the Tigris estuary using fire light at 

night. Those ships that deviate from the path 

run aground in shallow water” (Ibn Hawqal, 

1965) 

These environmental changes led to a shift in the 

location of the most important harbours from the west 

(zone I) to the central basin (zone III) of the Persian Gulf 

(Apologus to Siraf). During the latter half of the ninth 

century, the harbours of Apologus and Basra went into 

decline at the same time as Siraf grew in importance 

(Ricks, 1970). Siraf became a key maritime port due to 

the location of the site (close to Ras-e-Motaf), relative 

coastal stability with low vertical movements and a steep 

coastal morphology (Fig 17).  
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Southward migration of the monsoon between 

750 BC to 650 AD led to an interruption of precipitation 

in northern Oman (Fleitmann and Matter, 2009) and 

decreasing summer Shamal wind intensity. Northwest 

harbours were more accessible for merchants through 

Ras-e-Motaf. The monsoon resumed after 650 AD, 

coincident with an intensification of summer Shamal 

winds (Fig 16). Around this time, there is evidence of 

dune reactivation in the south of the Persian Gulf (Stokes 

et al., 2003; Parker et al., 2011). 

  

Figure 17: 3D model of Shatt-al-Arab submarine river delta and Siraf 

coastal morphology. 

Navigation risks in the western part of the 

Persian Gulf increased during summer months by the 



104 

interaction of Persian Gulf water circulation and summer 

Shamal winds at Ras-e-Motaf. The most significant 

impact of the summer Shamal wind was on Ras-e-Motaf. 

Ras-e-Motaf lies on the border between the central and the 

western basins (zone III). Due to its unique morphology, 

the highest wave energy in the Persian Gulf is created in 

this area during storm conditions (Kamranzad et al., 

2013). Therefore, navigating through the Ras-e-Motaf 

was dangerous for sea-going vessels, and damage/sinking 

was not uncommon (Fig 18).  

A RSL rise after 950 AD, and increasing 

monsoon activities, led to significant erosion of the Siraf 

structures in the coastal zone and maritime trade shifted 

to Kish Island (Fig 16). The most important barrier to 

rekindling prosperity in western ports such as Siraf was 

seafaring conditions. Ocean-going vessels accessed the 

Persian Gulf via the Strait of Hormuz when the counter 

wind and swell was minimum.  

During the dry season, particularly in August, the 

impacts of the summer-time Shamal wind on the central 

basin was minimum. Furthermore, the S winds and the 

NNE to NE surface current directions were favorable to 

seafaring in the central basin.  

Inaccessibility of the western basin’s ports 

eventually led to them being superseded by ports in the 

central basin. Furthermore, the winter-time Shamal wind 

began in October with minimum intensity. WNW winds, 
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with southeastward surface currents, allowed vessels to 

travel from the Persian Gulf into the Indian Ocean. As a 

result, Siraf provided the best alternative roadstead for 

Persian and Arabian harbours in the western basin.  

  

Figure 18: Persian Gulf wave-power distribution (Kamranzad et al., 

2013) and current directions (Thoppil and Hogan; 2010). The black 

dashed line shows the location of the Gulf’s “Bermuda triangle” and 

probable ancient navigation route in the central basin. 

8.2. Advantages of Siraf as an important harbour 

The falling RSL provided Siraf with suitable 

conditions for seafarers to access both the hinterland and 

the sea. The advantage of Siraf was: (i) its unique coastal 

morphology; (ii) its location in the Gulf (the nearest 

possible place to Ras-e-Motaf); and (iii) its close ties with 

the hinterland. The harbour of Siraf is located in zone III. 
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Its connection to the deep water was possible via its steep 

coastal morphology (Fig. 17). The close proximity of 

Siraf to Firuzabad made Siraf’s port facilities particularly 

attractive to seafarers and merchants. The city’s initial 

military vocation (Lowick, 1985) was gradually 

superseded by a commercial raison d’être and Siraf 

became one of the main trade cities of the Persian Gulf. 

Concurrent with the decline of the port of Apologus 

around 750 AD, the first evidence of trade with China is 

observed at Siraf (Whitehouse, 2009; Pashazanous et al., 

2014). Underwater surveys have demonstrated that the 

city extended at least 300 m from the present shoreline 

(Khakzad et al., 2015). This suggests that falling RSL and 

positive coastal sediment budgets allowed the medieval 

city to extend seawards. 

According to the stratigraphic section and 

Whitehouse (1968) the city is erected atop coastal sandy 

sediments with shell fractions. The facies constituted a 

permeable basement for the transfer of fresh water. A 

modified Qanat system was designed for collecting and 

transferring freshwater to the city. The technique was 

adapted to Siraf’s geomorphological context, 

characterized by saline seawater levels to the south and 

the hills to the north. The Qanat system comprised a series 

of wells dug into alluvial sediments beneath the 

groundwater level in foothills and water flow by gravity 

via a network of gently sloping tunnels that transported 

water to lower elevations (Beaumont, 1971). At Siraf, the 
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wells were dug into the sandstone with interlayers of 

conglomerates on the steeper hillside slopes. The wells 

were interconnected via underground tunnels and/or 

permeable layers. 

The exposed coastal section of medieval Siraf, 

shows interlayers of fine sand with pebbles that translate 

flooding (Fig 19). To alleviate flood damage but harness 

water for consumption during the wet seasons, the local 

watershed was extensively modified. Several variously-

sized dams, sandstone carving and plastered rubble were 

used to alleviate water energy and trap water on the 

hillside. Water was collected in numerous wells behind 

the dams. Nonetheless, these hillside wells were not 

sufficient in meeting the needs of all domestic and 

agricultural activities. Whitehouse (1968) has suggested 

that other wells and cisterns were used to tap underground 

water resources. 

Collected water was discharged downstream and 

transported to the irrigation system or stored underground 

in wells and cisterns. The different densities between the 

saline sea water and fresh water created a mixing zone 

(Back et al., 1986) that ensured that fresh water did not 

flow into the sea. Furthermore, the unique 

geomorphology of Siraf, with a small and flat tidal area, 

reduced the mixing zone (Pourkerman et al., 2018). 

Therefore, the city possessed a sustainable fresh-water 
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resource, in the form of shallow wells  (above sea level), 

for domestic and agriculture purposes (Fig 19).  

 

Figure 19: Stratigraphic section of the ancient wall in the Potter’s 

Quarter, I) A: natural deposits and B: Ancient wall II) Cross section 

of the well. 

8.3. The decline of Siraf   

In the eleventh century, the great port of Siraf 

went into decline and Kish Island replaced it for maritime 

trade (Whitehouse, 1983). Al-Muqaddasi reported that the 

977 AD earthquake significantly damaged Siraf. 

According to archaeological excavations and the voyage 

descriptions of Ya¯qu¯t, medieval Siraf was used until the 

13th century AD (al-Muqaddasi, 1906, Whitehouse and 

Williamson, 1973; Ya¯qu¯ t, 1955, Whitehouse, 2009; 

Pashazanous et al., 2014). Environmental factors such as 

RSL and climate changes probably contributed to the 

gradual demise of Siraf. 
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In Abu Dhabi, RSL reached the present level 

after 780 AD (Lokier et al., 2015). A highstand is recorded 

between 950 to 1230 AD (Arhan et al., 2020) that it is 

correlated with the US2 marine facies. Rising RSL and 

increasing summer Shamal wind intensity (Fig 16) 

accentuated erosion of Siraf’s port. The coastal 

stratigraphy shows two erosional facies over the 

anthropogenic horizons that clearly underline the impacts 

of marine currents on anthropogenic facies.  

The Shamal winds, which played an important 

role in developing maritime trade at Siraf, turned into a 

hazard during the ensuing phase of RSL rise. The 

foundations of medieval Siraf were sensitive to erosion. 

Erosion removed the lower compact sediments leading to 

the collapse of overlying infrastructure. Due to the 

absence of robust construction materials, coastal 

processes easily eroded gypsum between the plastered 

rubble. Therefore, the structures were easily degraded and 

the sediment fractions reworked by coastal processes and 

longshore currents. This could explain why there are no 

reports of preserved underwater structures in Siraf. 

Furthermore, RSL rise significantly compromised the 

city’s water resources. RSL rise, led to salt-water 

intrusion into wells. Access to fresh water in the city 

therefore became limited. In light of the environmental 

impacts on civil and trade infrastructure, Siraf’s 

population gradually migrated away from the city. 
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Due to changing coastal processes, erosion took 

place with the reworking of finer sediment stocks. 

Erosional facies between the accretion layers suggest a 

fall in sediment supply during RSL rise or an increase in 

environmental energy resulting from storm events during 

an intensification of monsoon events between 1600-1500 

AD (Fig 16). In both cases, coarse sediment derives from 

the erosion of waterfront anthropogenic remains. Erosion 

of the coastal archaeology is clearly attested along the 

present shoreline (Pourkerman et al., 2018).  

9. Conclusion 

Maritime trade in the Persian Gulf was very 

important for Sassanian and Islamic dynasties, who 

prioritized the best locations for commercial ports. 

Several archeological studies have been undertaken on 

medieval Siraf and other ports of the Persian Gulf. 

However, numerous questions remain unanswered. In 

conclusion, we would like to insist on the following 

factors to explain the evolution of medieval Siraf.  

- Early evidence of human settlement in Siraf dates 

back to early Sassanid and possibly late Parthian 

periods. 

Siraf became important for Persian Gulf 

maritime trade because other important ports (e.g. 

Apologus, Bushehr, Mahruban) located in the western 

basin could not be used by ocean-going vessels. Climate 
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change, RSL fall, coastal morphology and the Shamal 

winds were keys factors in the rise in importance of Siraf 

for maritime trade. The ports located in Shatt-al-Arab and 

the western Persian Gulf lost their significance when RSL 

in the Gulf reached a lowstand after 550 AD and a more 

vigorous summer-time Shamal disconnected the western 

and central basins of the Persian Gulf. 

The fresh water-management system of Siraf 

was unique and cleverly adapted to the local 

geomorphology. Its design was based on the local 

environment, and its lithological and sedimentological 

properties. It was a modified version of the Qanat system, 

adapted to the coastal environment. In addition to meeting 

the fresh-water demands of the city, it also alleviated the 

impact of flooding events from the northern hills.  

The decline of medieval Siraf partially resulted 

from RSL rise and winter-time Shamal winds that eroded 

waterfront infrastructure and degraded harbour amenities. 

Seafarers exploited the Shamal winds for sailing 

in the Persian Gulf. August and October were the best 

times for the arrival and departure of ocean-going vessels 

in the central basin, respectively. 

The RSL results show that sea level rose from its 

lowstand position to present levels between 850 to 950 

AD. 
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During the last two last decades, concurrent with 

oil-gas industry developments in the coastal zone, several 

archaeological sites have been destroyed due to industrial 

constructions and urbanization. A number of heritage 

remains have already been lost and others are at risk. This 

study has revealed the importance of geoarchaeological 

studies in understanding the environmental evolution of 

ancient maritime sites of the Persian Gulf.  
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Abstract 

Successful heritage management requires a robust 

comprehension of the threats facing archaeological sites, at 

both current and future timescales. Siraf, on the Persian Gulf of 

Iran, is a site of national and international importance whose 

history stretches back to the Sassanid period (224–652 AD). In 

the present context of global change (drought and relative sea-

level rise) and anthropogenic impacts (coastal artificialization 

and reduced sediment supply), the city's waterfront 

archaeology is undergoing significant erosion. Nonetheless, at 

present, the processes leading to the loss of Siraf's in situ 

archaeological remains are still poorly understood, including 

the rates, timing and drivers of coastal erosion. Here we use 

Landsat images to monitor shoreline changes along the Siraf 

coastline between 1973 and 2016. We spatially quantify the 

causes and impacts of surface changes along 244 transects. The 

results demonstrate that coastal erosion is responsible for 

widespread and archaeologically significant damage, with 48% 

of the studied transects showing erosion during the period 

1973–2016. We elucidate significant temporal variations in the 

data and, most notably, demonstrate that continued drought 

since the early 2000s has impacted upon sediment supply to 

coastal areas, severely accentuating erosion. For instance, 

between 2003 and 2016, 70% of transects recorded shoreline 

retreat with worrying implications for the waterfront 

archaeology of Siraf. These quantitative results provide 

invaluable spatial information regarding the causes and impacts 

of erosion upon Siraf's waterfront heritage, in addition to 

furnishing a template for the protection of the city's 

internationally important cultural heritage. 
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1. Introduction 

Probing the rates, timing and drivers of erosion 

on and around archaeological sites is key to developing 

effective heritage management strategies (Ahmad, 2006) 

to ensure the long-term survival of threatened remains 

(Mourtzas & Marinos, 1994; Dawson, 2005; Dromgoole, 

2006). Damage to archaeological sites can derive from a 

plethora of both natural (Stewart, 1999; Robinson et al., 

2010) and anthropogenic (Wilkinson et al., 2006) factors, 

each of which may operate at different temporal and 

spatial timescales. In the current context of global change, 

archaeological sites in coastal areas are particularly 

vulnerable and at risk from erosion (Erlandson, 2008, 

2012), essentially underpinned by three cumulative 

factors: (1) the dynamic geomorphological character of 

coastal areas; (2) relative sea-level rise (e.g. Brunel and 

Sabatier, 2009; Ford and Kench, 2015); and (3) climate 

and human-induced reductions in sediment supply to 

coastal areas (Syvitski et al., 2005; El Banna and Frihy, 

2009; Anthony et al., 2014). Quantifying the drivers and 

rates of change of “at risk” coastal sites, using integrated 

geographical, geoarchaeological and geomorphological 

approaches, is therefore critical in developing informed 

approaches to the management and effective conservation 

of archaeological remains (Franco, 1996; Marriner & 

Morhange, 2005; Andreou et al., 2017). 
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Quantitative techniques, based on historical 

documents and satellite images, have been demonstrated 

to be powerful tools in quantifying shoreline changes at 

annual to decadal timescales (Pardo-Pascual et al., 2012; 

García-Rubio et al., 2015). For instance, Landsat sensor 

series (MSS, TM, ETM+ and OLI) have provided 

continuous and widely democratized data since 1972, and 

have become one of the most common data sources 

employed to map and monitor shoreline changes (Miller 

et al., 2011). Satellite imagery techniques have also been 

used in archaeological reconnaissance (Beck et al., 2007; 

Deroin et al., 2011; Lasaponara and Masini, 2011). The 

infrared and visible bands of the Landsat sensors are 

particularly useful in differentiating between land surface 

and water (Yamazaki et al., 2015), and can therefore aid 

in quantitatively probing the spatial and temporal 

dimensions of recent shoreline change. These approaches 

are extremely valuable for assessing longer-term patterns 

of change around archaeological sites in coastal areas. 

1.1. Research aims and archaeological context 

This study uses a series of Landsat satellite 

images from 1973 to 2016, and various statistical 

techniques (Net Shoreline Movement [NSM], End Point 

Rate [EPR], Last Median of Square [LMS]), to monitor 

44 years of coastal erosion along the Siraf coastline. Our 

analysis helps to identify “at risk” archaeological zones, 

findings that were corroborated during recent field 
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surveys by the authors. The erosion of Siraf’s 

archaeological remains has been highlighted by a number 

of recent publications (e.g. Khakzad et al., 2015a) but 

quantitative estimates to assess the spatial and temporal 

dimensions of these changes have been hitherto lacking. 

As an ancient port city, Siraf possesses extensive 

waterfront archaeology, where geomorphic processes are 

particularly active and capable of exacerbating this 

erosion potential. Coupled with global change and human 

impacts, the combined consequences of these factors 

mean that Siraf’s archaeological remains are being 

subjected to high rates of decay and destruction. The 

deterioration of Siraf’s archaeological remains is 

compounded by the fact that the site has yet to be 

registered on the list of national heritage sites of Iran, 

although it features on the UNESCO World Heritage 

Tentative List since 2007. Addressing these challenges is 

imperative to the effective present and future preservation 

of the site’s archaeological heritage (Khakzad et al., 

2015b). 

In this chapter we probe the when, where and 

why of coastal erosion along the coast of Siraf and assess 

it within the context of the city’s cultural heritage. The 

aims of the present section are: 

(1) to quantitatively assess the erosion rates along Siraf’s 

waterfront, between 1973-2016; 
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(2) to map these changes using different chronological 

windows, in order to understand the spatial dimensions 

and implications of this erosion in relation to the 

archaeological remains and other sensitive urban areas; 

(3) to probe the causes of coastal change; and 

(4) to propose maps of “at risk” waterfront remains for 

local, national and international planners, heritage 

managers and other stakeholders. 

2. Study area 
Siraf occupies a narrow coastal plain, around 0.5 

to 1 km wide, delimited by the foothills of the Zagros 

Mountain range in the north and ephemeral watercourses 

to the east and west. Siraf is one of the most important 

ancient ports of the Persian Gulf (Fig. 20), with a 

documented history stretching back to the Sassanian 

period, when Shapur II established a coastal fort at the site 

in the 4th century AD. Archaeological understanding of 

Siraf is based largely on the work of Whitehouse and 

colleagues who extensively excavated the site during the 

1960s and early 1970s. More recently, the waterfront 

archaeology of Siraf has been investigated by Khakzad et 

al. (2014a). 

During the Sassanian period (224-652 AD), 

imported objects indicate that trade relations had 

developed between Siraf and the Arabian Sea region as 

far as the Makran and Sind coasts near the regions of 
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Karachi and Gujarat (Ricks, 1970; Whitehouse and 

Williamson, 1973; Whitehouse, 2009). By the 6th century 

AD, contacts extended west to at least Aden and south 

along the Indian coast and on to Sri Lanka (Whitehouse, 

2009). Chinese ceramics are first attested before c. 750–

775 AD (Whitehouse, 2009; Pashazanous et al., 2014). 

There is abundant textual and archaeological 

evidence pertaining to the medieval period at Siraf. The 

site appears to have enjoyed its greatest period of 

prosperity during the 9th and 10th centuries AD. The large 

Congregational Mosque, constructed over the Sassanian 

fort, was completed in 825 AD (Whitehouse, 1980). 

Remains of the medieval city of Siraf are extensive, with 

several mosques, bazaars, merchants’ houses, a 

fortification system, cisterns and aqueducts. Cemeteries, 

in the coastal foothills, overlooked the settlement and 

beyond these valleys lay an extensive network of roads 

and semi-arable land (Wilkinson, 1974; Whitehouse, 

2009). The wealth and prosperity of medieval Siraf is 

described by numerous historians from this period, 

including Tabari (9th-10th centuries), al-Muqaddasi (10th 

century), al-Balkhi (10th century), al-Istakhri (10th 

scentury), Ibn Hawqal (10th century), al-Mas’udi (10th 

century) and Ya¯qu¯ t (12th-13th centuries). They portray 

a wide trade network spanning the Red Sea to the East 

African coast, India and the Far East. After the mid-11th 

century AD, the city gradually lost its importance and 

when Ya¯qu¯t visited Siraf in the early 13th century, he 
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describes a settlement of just a few residents (Ya¯qu¯ t, 

1955-57). 

 

Figure 20: Location maps of Siraf in the Persian Gulf and local 

geomorphological context. 

3. Methods 

3.1. Data sources  

To quantify shoreline changes along the Siraf 

coastline, we used multi-temporal Landsat data, 

Multispectral Scanner (MSS), Thematic Mapper (TM), 

Enhanced Thematic Mapper (ETM+) and Operational 

Land Imager (OLI), for the period 1973-2016. The 

Landsat satellites have overpass frequencies of 16 days 

with an equatorial crossing time at 10:00 am. The data 

properties are presented in Table 6. We downloaded Level 
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1T Landsat images from USGS EarthExplorer 

(http://earthexplorer.usgs.gov).  

The Top of Atmospheric (TOA) was calculated 

from the DN (Digital Number) for every band (Equation 

1).  

LTOA= ML× DN + AL
     

     (1) 

The ML (gain) and AL (offset) values were 

given in the metadata files. TOA reflectance was 

calculated by normalizing LTOA to the band average 

solar irradiance (Equation 2): 

ρTOA =
π∙LTOA∙d

2

F0∙cosθ0
     

      (2) 

Table 6: Data sources used in this paper (U.S. Geology Survey, 2014) 

Sensor Time (GTM +3:30) 
Date of 

acquisition 
Path/Row Bands 

resolution 

(m) 

Wavelength 

(nm) 

MMS 6:35:16 25-Jan-73  Band 4 - Green 60 0.5 - 0.6 

    Band 5 - Red 60 0.6 - 0.7 

    Band 6 - NIR 1 60 0.7 - 0.8 

    Band 7 - NIR 2 60 0.8 - 1.1 

TM 6:25:33 13-Oct-87 162/41 Band 1 - Blue 30 0.45 - 0.52 

    Band 2 - Green 30 0.52 - 0.60 

    Band 3 - Red 30 0.63 - 0.69 

    Band 4 - NIR 30 0.76 - 0.90 

    Band 5 - SWIR 1 30 1.55 - 1.75 

    Band 6 - TIR 120 10.40 - 12.50 

http://earthexplorer.usgs.gov/
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    Band 7 - SWIR 1 30 2.08 - 2.35 

ETM+ 

(SLC 

on) 

6:46:53 8-Apr-03 162/41 Band 1 - Blue 30 0.45 - 0.515 

    Band 2 - Green 30 0.525 - 0.605 

    Band 3 - Red 30 0.63 - 0.69 

    Band 4 - NIR 30 0.75 - 0.90 

    Band 5 - SWIR 1 30 1.55 - 1.75 

    Band 6 - TIR 60 10.40 - 12.5 

    Band 7 - SWIR 1 30 2.09 - 2.35 

    Pan Band 15 0.52 - 0.90 

OLI 6:58:04 15-Feb-16 162/41 
Band 1 - Coastal 

aerosol 
30 0.433–0.453 

    Band 2 - Blue 30 0.450–0.515 

    Band 3 - Green 30 0.525–0.600 

    Band 4 - Red 30 0.630–0.680 

    Band 5 - NIR 30 0.845–0.885 

    Band 6 - SWIR 1 30 1.560–1.660 

    Band 7 - SWIR 2 30 2.100–2.300 

    Band 8 - 

Panchromatic 
15 0.500–0.680 

    Band 9 - Cirrus 30 1.360–1.390 

 

Where d is the earth-sun distance, θ0 the sun 

zenith angle and F0 solar irradiance for the band average. 

ρTOA denotes the sun reflectance observed by the sensor. 

In this study, we used simplified ρTOA for the atmospheric 

correction (Vanhellemont and Ruddick, 2014) (Equation 

3). 

ρTOA= ρr+ ρa+t0tv ρw     

     (3) 
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Where ρr and ρa are reflectance resulting from 

aerosols and Rayleigh scattering, t0 is diffuse 

transmittance for the sun-sea and sea-sensor (tv). t0 and tv 

paths are calculated by substituting θ with θ0 and θv 

(Equation 4):  

t = exp[−(
τr

2
+ τoz)/ cos θ                                                             

 (4)   

Where  τr and τoz are the average bands of 

Rayleigh and Ozone optical thickness for a standard 

atmosphere. 

Aerosol reflectance was estimated using a 

method outlined by Ruddic et al. (2000). The images were 

georeferenced using 1:100,000 topographic maps from 

the National Cartographic Center (NCC) with a Root 

Mean Square Error (RMSE) of between 0.01 to 0.05 

pixels.  



134 

 

Figure 21: Tidal information for Bandar-e Taheri (Siraf), obtained 

from the NCC database (http://iranhydrography.ncc.org.ir). 

1.1. Shoreline detection and digitization 

The determination of reliable shoreline positions 

using RS techniques depends on various factors such as 

differences in the tidal range and meteorological 

conditions during image acquisition (Singh, 2002; Ryu et 

al., 2002; Boak and Turner, 2005). The tides in the study 

area are semidiurnal and Mean Higher High Water is 1.7 

m. For the purposes of this investigation, we selected 

images acquired during calm sea conditions and in which 

the high-water line from the last high tide was clearly 

visible (Klemas, 2011). The tidal information for Siraf 

(Bandar-e Taheri) was obtained from the NCC database 

(http://iranhydrography.ncc.org.ir; Figure 21). The data were 

http://iranhydrography.ncc.org.ir/
http://iranhydrography.ncc.org.ir/
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available for the years 2006 to 2016 and provide useful 

information for the sea-level position during MHHW at 

Siraf on Landsat OLI images. We used these data as a 

baseline to choose other images according to the sea-level 

position on the variable beach morphology. This approach 

helps to dramatically reduce the tide-effected width 

during shoreline mapping. 

NWDI is a suitable method to extract shoreline 

positions from MSS images because it has a limited 

wavelength, from 0.5 to 1.1 nm. The NIR band of the MSS 

images helps to delineate the water-saturated zone in the 

vicinity of the land-water boundary (Tulbure et al., 2016). 

AWEI were employed to detect shoreline positions from 

the TM, ETM+ and OLI, which supported wider spectral 

wavelength (Table 7).  

Table 7: Land-water extraction indices 

Index Equation Reference 

Normalized Difference Water 

Index 
NDWI = (Green – NIR) / (Green + NIR) 

McFeeters, 

1996 

Automated Water Extraction 
Index 

AWEI= 4 × (Green - SWIR 1) – (0.25 × NIR + 2.75 × SWIR2) 
Feyisa et 
al., 2014 

A threshold value was applied to the NWDI and 

AWEI images in order to differentiate between the surface 

water/non-surface water zone along the Siraf coastline 

(Figure 22). The selected pixels representing the shoreline 

position were converted into vector layers using ArcGIS 

ver. 10.3.  
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1.1. Littoral cells and transects 

Field observations and existing information from coastal 

surveys undertaken by the hydrographic department of the 

NCC (2012) were used to define four coastal cells (zones 

1 to 4; see Figure 22). The beaches of zones 1, 2 and 4 are 

gravel dominated whereas zone 3 essentially comprises 

sand. The littoral cells have been subdivided into 

perpendicular transects against the baseline. The baseline 

was defined as the 1973 shoreline. Using the Digital 

Shoreline Analysis System (DASA ver. 4.3), shoreline 

changes were assessed for 244 transects at 50-m intervals. 

There are 46 transects in zone 1, 64 in zone 2, 87 in zone 

3 and 47 in zone 4.  

1.2. Uncertainty and predictability 

Accurately mapping shoreline positions has 

always been associated with significant uncertainties, 

because the shoreline position is constantly influenced by 

long-shore sediment movements and tides (Appeaning 

Addo et al., 2008).  Typical inventory errors have been 

estimated by several studies. The shoreline position error 

was calculated using summation errors, such as satellite 

data resolution and scale, the topographic map SOI 

reference used for geo-referencing and digitizing error 

(Moore, 2000; Morton et al., 2004). A separate error was 

calculated for each shoreline. These error margins were 

incorporated into all transects.   
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1.3. Shoreline changes and prediction  

Siraf shoreline changes were measured using 

NSM and EPR methods for the periods 1973-1987, 1987-

2003, 2003-2016, 1987-2016 and 1973-2016. For each 

transect, the distance between the oldest and the most 

recent shoreline was calculated by NSM (Manca et al., 

2013). The EPR was calculated by dividing shoreline 

change by time. The EPR unit is meters per year (Equation 

5).  

EPR =
d1−d0

t1−t0
                                                                                                                            

(5) 

Where d is the distance in meters between the 

intersected shoreline-transect and the baseline, and t 

indicates time. 
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Figure 22: Position of the 244 transects used in this study. These have 

been grouped into four zones based on the local littoral cells. 

The Last Median of Square (LMS) is a rate-of-

change statistical method used to determine the rate of 

shoreline change by fitting least square regression lines to 

all shoreline intersections for a particular transect. Unlike 
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linear regressions that are based on the mean of the 

residuals, the LMS uses the median value of the squared 

residuals to give a best-fit line equation (Rousseeuw and 

Leroy, 2005). This method provides more reliable 

regression estimates and minimizes shoreline prediction 

errors. 

4. Results and discussion 
Our results manifest temporal and spatial 

variations in shoreline change rates at Siraf and highlight 

a number of pressing concerns with regards to the city’s 

waterfront archaeology. For the total period 1973-2016, 

the study area shows a general trend towards moderate 

progradation with a mean shoreline advance rate of 0.24 

m/year (Figures 23 & 24), and minimum and maximum 

values of -1.57 m/year and 7.14 m/year respectively. For 

the three intervening periods, we recorded an overall 

erosional trend between 1973-1987 (mean = -0.11 

m/year), a progradational trend between 1987-2003 

(mean = 1.1 m/year) and a renewed erosional phase 

between 2003-2016 (mean = -0.35 m/year; Figure 25). We 

focus notably on the period 2003-2016, which is most 

important in contextualizing the present predicament of 

Siraf’s waterfront remains. As outlined above, during data 

processing the results were divided into four areas 

consistent with the local littoral cells, due to the 

significant spatial differences in both the EPR and NSM 

results. The EPR and NSM results are discussed below in 
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relation to each of these areas, before the overall trends 

are considered together as part of a wider discussion of the 

results. 

  

Figure 23: Map of average EPR erosion/accretion rates, in m/year, for 

the period 1973-2016. 

4.1. Zone 1 

Zone 1 has the lowest number of transects in our 

study (n=46). Total change from all geomorphic processes 

identified within zone 1 resulted in extremely moderate 

mean shoreline advance of 0.007 m/year for the total 

study period of 1973 to 2016. For the three intercalating 

time windows, we observed average erosion of -0.192 

m/year for the period 1973-1986, accretion of 0.6 m/year 

for the period 1987-2003 and average erosion of -0.478 

m/year between 2003-2016. For the period 2003-2016, 
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shoreline retreat was observed along 80 % of the transects 

in this zone (Figure 26). Spatially, erosion was distributed 

throughout the entire length of the zone, and appears to be 

linked to down-drift reductions in sediment supply from 

the two local watercourses in zone 2. The maximum rate 

of erosion was -2.03 m/year along transect 21. 

  

Figure 24: Histogram of LMS erosion/accretion rates, in m/year and 

by transect, for the period 1973-2016. 

1.1. Zone 2 

Zone 2 has a total of 64 transects. Overall, for the 

44-year survey period, erosion in zone 2 was -0.06 

m/year. We reconstructed average accretion of 0.078 

m/year and 0.506 m/year for the periods 1973-1987 and 

1987-2003 respectively, consistent with two fluvial 

systems in this zone that supply sediment. By contrast, the 
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most recent period, 2003-2016, was characterized by a 

switch to an erosional trend, with average erosion rates of 

-0.905 m/year. For this 13-year time window, erosion was 

particularly pronounced around the mouths of the two 

fluvial systems in this area, in addition to around the old 

city walls of Siraf. Between 2003 and 2016, 80 % of the 

transects recorded shoreline retreat with maximum rates 

of -3.19 m/year in transect 102. 

  

Figure 25:  Boxplots of EPR shoreline changes by zone and for the 

different time periods (1: 1973-1987; 2: 1987-2003; 3: 2003-2016 and 

4: 1987-2016) investigated in this study. 
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1.1. Zone 3 

Zone 3 contains the highest number of transects 

in our study, with a total of 87. This area is significant 

because it contains a high density of archaeological 

vestiges, including, from west to east, Bang-I Sar, the 

ancient fort wall, the Great Mosque and the Bazar. The 

zone records overall accretion for the period 1973-2016 

with an average rate of 0.766 m/year. Nonetheless, over 

the 44-year period, we observed significant temporal 

variations in the data. Between 1973-1986, 69 % of the 

transects in this area recorded erosion with a total average 

rate of -0.582 m/year and a maximum rate of -2.97 in 

transect 170 (Figures 25 & 26). By contrast, the period 

1986-2003 was characterized by generalized 

progradation, notably around Siraf port. During this 

timeframe, we recorded strong average accretion of 2.539 

m/year for the zone as a whole, with a maximum rate of 

19.92 m/year at transect 179. These highly skewed data 

are the result of the construction of seawalls to create a 

coastal resort in 2008. Not only did these structures 

significantly artificialize zone 3 but they also affected 

longshore sediment transport to other littoral cells along 

the Siraf coastline. The structure acts as a sediment bypass 

and, by longshore processes, transports sediment to the 

fishing harbour of Siraf. For the period 2003-2016, the 

overall trend is accretional, with an average rate of 0.174 

m/year. Nonetheless, 57 % of the transects show an 

erosional trend with significant implications for the 
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waterfront archaeology in this area (Figure 27). In 

particular, erosion rates >1 m/year were recorded at the 

foot of the sea-facing wall of Siraf’s old city, which is 

disturbing and deteriorating important cultural deposits 

and structures, a finding that we corroborated during field 

surveys in late November 2016 (Figure 28). Our 

reconstructed change rates in zone 3 are consistent with 

data from Khakzad et al. (2014a), who describe, between 

1973 and 2012, total coastal retreat of around 8 m on the 

southern flank of Siraf’s old coastal mosque (52 20 

06.42E; 27 40 02.49N). This rate is consistent with the value 

of 8.6 m (average -0.2 m/yr) that we obtained in the same area 

for the period 1973 to 2016. 
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Figure 26:  Histogram of EPR erosion/accretion rates, in m/year and 

by transect, for the period 1973-1987, 1986-2003 and 2003-2016. The 

archaeological areas/sites are denoted. 

1.1. Zone 4 

Zone 4 comprises 47 transects. This zone 

includes an ephemeral fluvial system. Total change from 

all geomorphic processes identified within zone 1 resulted 

in mean shoreline retreat of -0.08 m/year for the total 

study period of 1973 to 2016. Between 1973-1987, the 

dominant geomorphological regime was accretionary 

with an average rate of 0.614 m/year. By contrast, the 

periods 1987-2003 and 2003-2016 manifest the switch to 



146 

an erosional regime with average erosion rates of -0.427 

m/year and -0.442 m/year. The strong erosional trend 

since 1987 appears to be linked to two factors: (1) sharp 

falls in sediment supply from the ephemeral fluvial 

system that exists in this area; and (2) construction of the 

fishing harbour of Siraf, that acts as a downdrift sediment 

trap and that blocks sediment transfer into zone 4. For the 

periods 1987-2003 and 2003-2016, 77 % and 70 % of the 

46 transects in this zone manifest erosion trends. 

  

Figure 27: Map of average EPR erosion/accretion rates, in m/year, for 

the period 2003-2016. 

1.1. Siraf’s waterfront archaeology and the wider 

implications of coastal erosion 

Understanding the geomorphological processes 

encountered in particular landscape contexts is 
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fundamental to developing effective heritage 

management strategies. In coastal environments in 

particular, the potential for the widespread and damaging 

erosion of archaeological remains is considerable. This is 

in part due to the increased erosion rates typically 

encountered in coastal areas, which has been excaberated 

by global change and anthropogenic impacts on sediment 

supply. At Siraf, continued drought since the early 2000s 

has severely affected sediment supply to coastal areas 

(Figures 10 and 11) leading to extensive erosion of the 

coastline during the past two decades. The area has 

recorded a stepwise decrease in total precipitation, with 

an annual average of 196.53 mm/year between 1973-

1986, 187.97 mm/year between 1986-2003 and 174.24 

mm/year between 2003-2014. This trend is mirrored by 

the regional water courses of Mand and Hilla which, 

although not in direct vicinity of Siraf, are representative 

of the fluvial systems in the Busher province. We note a 

threefold decrease in discharge rates between 1970-1986 

and 2003-2011, with significant impacts on sediment 

delivery to the region’s coasts. The city’s waterfront 

archaeology is particularly exposed and at danger due to 

the highly erodible nature of its deposits (Figure 31). The 

erosion of Siraf’s coastal archaeology is an ongoing 

legacy problem that must be urgently addressed by local, 

national and international stakeholders, including urban 

and coastal planners, heritage managers, archaeologists 

and geomorphologists. To effectively combat the 
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problem, we suggest continued and close monitoring of 

the ongoing erosion. 

  

Figure 28: Photographs of the coastal erosion at the base of Siraf’s 

old city walls (Group 3 transects). 
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Figure 29: Annual total precipitation for the Siraf area (data from 

http://climate.geog.udel.edu/~climate/html_pages/Global2014/REA

DME.GlobalTsP2014.html). The red lines denote annual averages for 

the periods 1970-1986, 1986-2003 and 2003-2014. 

5. Conclusions 
Analyses of Landsat images have provided an 

effective methodology for monitoring the why, when and 

where of coastal change at Siraf. 70 % of the coastline is 

presently undergoing erosion with widespread 

implications for the city’s important archaeological 

deposits and upstanding structural remains. Although 

further work is required to assess when this erosion takes 

place, we suggest that low-magnitude erosion plays an 

important role in destabilizing surface deposits, with the 
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most significant occurring during high-magnitude storm 

events. At present, the resolution of our present data does 

not allow us to effectively probe this aspect of the coastal 

erosion, and a local monitoring program would be 

advantageous. 

  

Figure 30: Average annual discharge of the rivers Mand and Hilla on 

the Persian Gulf (for the linear correlation, r = -0.44). The red lines 

denote annual averages for the periods 1970-1986, 1986-2003 and 

2003-2011. 
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Figure 31: Box plots of shoreline changes rates at important 

archeological sites for the different time periods (1: 1973-1987; 2: 

1987-2003; 3: 2003-2016 and 4: 1987-2016). 

In sum, our research suggests that a well-defined 

management and protection plan is urgently required for 

Siraf. Our data and mapping of the erosion now provide a 

baseline of geographic information with which to develop 

an appropriate and targeted management plan, which must 

include national and international stakeholders. This 

research has emphasized the need for interdisciplinary 

approaches to the research and management Siraf’s 

waterfront archaeology. There is an urgent need for 

appropriate mitigation strategies to be designed and 

implemented in order to combat this rapid coastal erosion, 
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which is threatening a site of national and international 

importance. 
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Conclusions  
The RSL oscillations in the Persia Gulf are 

controlled by eustatic sea-level changes and crustal 

mobility via the Persian Gulf axial zone subsidence and 

localized uplift through the fault systems. For this reason 

the reconstructed RSL is not correlated with the ICE—6G 

(VM5a) model for the study sites. Although the model 

shows a continuous fall, the studied facies record three 

RSL oscillations. The duration between each oscillation 

was correlated with the modeled sea-level position and the 

important harbours displacements. An increasing water 

column in the central basin floor can lead to increasing 

crustal mobility in coastal areas. Meanwhile, the time 

interval between the lowstand and the ensuing highstand 

decreased. 

From environmental point of view RSL 

oscillations, summer Shamal wind, the Persian Gulf 

surface current regimes and morphology of basin had 

significant impacts on navigation and port activities. The 

first important harbour shift was happened at zone I from 

Rishar to Apologus. It was concurrent with emerging first 

evidence of human trace at Siraf (44 BC – 452 AD). By 

the time RSL reached cal. 3 meter below current level at 

Siraf. It had negative impacts on the Rishar port operation 

due to its shallow coastal morphology. The evidence of 

economic prosperity in the northwest of the Persian Gulf 

continuous until 9th century when a dramatic economic 
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decline was happened. Meanwhile, the major settlement 

being founded in central part of the Persian Gulf 

(Priestman, 2005). The archaeological findings suggested 

that the Apologus prosperity continuous by the first 

recorded lowstand in the studied cores and emerging 

second anthropogenic horizon at Siraf (113 – 477 AD).  

During this event, RSL could be maintained by Shatt-Al-

Arab delta subsidence and local uplifts (Uchupi et al., 

1999).  

During second lowstand (780 – 900 AD) the 

Shatt-al- Arab River channel had prograded into the sea 

over its palaeo-delta. It had negligible impacts on the pro-

delta that was below low-tide level. A small and shallow 

tidal channel developed at the delta front. As a result, the 

navigable water column became too shallow during low-

tide in the Shatt-al- Arab estuary. On the other hand, 

increase in summer Shamal winds around 650 AD was 

accelerated risk of navigations through Ras-e-Motaf and 

Shatt-al-Arab estuary during storm conditions. The 

danger of navigation through the northwest of the Persian 

Gulf is mentioned by ancient geographers such as Ibn 

Hawqal (1965) and Al-Istakhri (1870). By the time shift 

in important harbours from northwest (Apologus) to 

central (Siraf) part of the Persian Gulf were taken place. 

Siraf and Najirum were suitable place for 

harbour activities because their close location to Ras-e- 

Motaf at zone III and II, respectively. By the second RSL 
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fall, Najirum recorded 3.7 m uplift. The uplift was under 

the influences of Darang salt pillow growth by the salt 

injection via Hormuz salt formation through N-S Dashti 

fault system. Coastal uplift was a key factor in reducing 

port accessibility and therefore activity. Therefore, the 

studied side had a low harbour potentiality during 

flourishing of Siraf. As the results, location of Najirum’s 

harbour town is still unclear.  

One of the reasons that Bataneh (Najirum) port 

failed was probably due to coastal uplift. The diapiric fold 

has exposed lithological units with evaporation minerals 

such as gypsum and gypsum marl. The concentration of 

deep rill erosion features in the upland areas shows their 

high sensitivity to water erosion. As well as, 

geomorphological features such as wadi and alluvial fans 

in Bataneh underscore high potential risk of flooding and 

debris flow. The runoff water that sourced from 

evaporation geological units was harnessing and directing 

to the city for extraction gypsum. The expansion of Siraf 

brought rapid urbanization of the city and local towns. 

This rapid expansion required new building materials. At 

this time, cooked gypsum was widely used as cement, 

plaster motifs and decorative objects. Therefore, gypsum 

very soon became a noteworthy commercial good. 

Several ancient gypsum mines existed around Siraf. 

Traditional mining required time and labor for the 

extraction and transfer of raw gypsum, as a result, gypsum 

became expensive. New gypsum extraction methods via 
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evaporation pools at Bataneh led to cheaper gypsum. The 

method took advantage of Bataneh’s geomorphological 

characters and gypsum units present in the local geology. 

The harbour history of Siraf was started with the 

decline of the port of Apologus around 750 AD. Siraf was 

surpassed by Bataneh because of relative coastal stability 

with low vertical movements and a steep coastal 

morphology. The city’s fresh water was supplied by 

harnessing and storing rainfall via numerous wells and 

cisterns on the hills overlooking Siraf, and stocked in 

alluvial sediments overlooking the ancient settlement. A 

modified Qanat system was designed for collecting and 

transferring freshwater to the city. Access to freshwater 

was possible in form of shallow well for domestic and 

agricultural purposes. The city extended at least 300 m 

from the present shoreline (Khakzad et al., 2014). This 

suggests that falling RSL and positive coastal sediment 

budgets allowed the medieval city to extend seawards. 

The Persian Gulf surface current and summer Shamal 

wind led to flourishing harbour activates at Siraf (Fig 32). 
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Figure 32: Summery of the results of this study  

Rising RSL and increasing summer Shamal wind 

intensity accelerated erosion of Siraf’s port. The 

foundations of medieval Siraf were sensitive to erosion. 

Erosion removed the lower compact sediments and it 

leading to the collapse of overlying infrastructure. Due to 

the absence of robust construction materials, coastal 

processes easily eroded gypsum between the plastered 

rubble. Therefore, the structures were easily degraded and 

the sediment fractions reworked by coastal processes and 

longshore currents. Furthermore, RSL rise significantly 

compromised the city’s water resources. RSL rise, led to 

salt-water intrusion into wells. Access to fresh water in the 

city therefore became limited. In light of the 

environmental impacts on civil and trade infrastructure, 

Siraf’s population gradually migrated away from the city. 
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The Bataneh was abandon simultaneously because of its 

economic dependence on Siraf (Fig 32).    

The studied ancient sites are at risk of destruction 

due to the natural and anthropogenic processes. Costal 

erosion has significant impacts on Siraf waterfront ancient 

remains. On the other hand, South Pars offshore oil and 

gas field has led to the expansion of several petrochemical 

companies along the coastal. It leads to create new job 

opportunity and expanding cities and industrial structures 

over the ancient sites. The images are represented critical 

situation of the ancient remains in studies sites. Same 

trend is observed for the other visited heritage remains 

(Fig 33). 
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Figure 33: Destruction of ancient remains at Bataneh (A) and Siraf (B) by the industrial construction and 

urbanization since 1971 
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Research prospective 
Majid Pourkerman has participated in numerous 

field work projects which have been added to his 

experiences for marine and coastal studies. During work 

at the INIO-AS Majid Pourkerman worked at the internal 

office and organization (Maritime and Port Organization). 

The PhD project gave him the opportunity to develop 

scientific collaborations with researcher from institutions 

in Iran (University of Tehran and Institute of archaeology 

of Iran), France (Aix-Marseille and Besançon 

Universities) and Italy (Venice, Pisa and Urbino 

Universities) Germany (University of Bremen). During 

his PhD, Majid Pourkerman has increased his 

international network with European universities and 

UNESCO. 

Majid Pourkerman has contributed to write ECR 

project on the Persian Gulf under title: “At the crossroads 

of civilisation: multidisciplinary archaeological and 

palaeoenvironmental perspectives on the making, rise and 

fall of complex societies in southern Iran and the Persian 

Gulf”. At this project he will continuous his research on 

Coastal heritage management of Persian Gulf coastal 

archaeology. 

As well as, he had submitted a Marie Curie 

proposal entitle “Evaluation of coastal erosion and 

flooding at UNESCO world heritage sites along the 

Mediterranean seaboard”.  The aim of the project is to 
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evaluate risk of coastal erosion and flooding at waterfront 

UNESCO heritage sites. This project will investigate 49 

world heritage sites located in low-lying coastal areas of 

the Mediterranean, with cooperation of UNESCO WHSs.  
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