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ABSTRACT
The Persian Gulf (PG) being a shallow marginal sea in the northwest Indian Ocean experiences extreme 
environmental conditions (high seawater temperature and salinity) that impact on bottom sedimen-
tation. To decipher the controlling parameters on sedimentation in the environment of the PG we 
have used a total of 25 surface sediments and three short cores, 22 coastal sediments as well as water 
column properties (temperature, salinity dissolved oxygen) and hydrodynamics (current velocity and 
direction). We applied sedimentological (grain size and type of sedimentary fractions), mineralogical 
(thin-section, SEM/EDS, XRD, polished-sections), and geochemical analyses (XRF core scanning). 
The sediments are mainly composed of silt, however sand fraction partially elevates up to around 
80% and clay to 10%.  Calcium carbonate and organic materials compose up to 18% and 52% of 
the bulk sediments, respectively. Sea floor surface sediments varies in different fractions, always with 
high amount of carbonates. Detrital carbonates and aluminum silicate minerals are more common 
in the beaches and around islands with exposed parent rocks. The core that covers the sedimentation 
in the Persian Gulf since the end of the Early Holocene encompasses facies representing a higher 
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INTRODUCTION

The Persian Gulf (PG) is a shallow, semi-enclosed basin in 
the northwest Indian Ocean. It is located at the heart of 
the global desert belt in an arid/hyperarid climate. The PG 
experiences an unprecedented dust emission and tempera-
ture increase (20% of world dust mission is in this area, air 
temperature rise is twice the global average), which makes it 
a potential model for studying the effects of future climate 
change on other water bodies (Pous et al. 2015; Saleh Abolfazl 
et al. 2021; Zittis et al. 2022). The basin exhibits a relatively 
fast general water circulation, which is mainly driven by a 
high rate of evaporation (Pous et al. 2015). Meanwhile, the 
coastal areas, especially the southern coast of the PG along 
the Arabian Peninsula, undergo a shallow water carbonate 
precipitation (Shinn 1973; Wagner & Van der Togt 1973). 
The bottom morphology inherited from long geological his-
tory of compression processes between Arabian and Eurasian 
plates while sedimentary and hydroclimatic processes exert 
secondary impacts on shaping the basin (Kennett & Ken-
nett 2007; Orang et al. 2018). The PG receives terrigenous 
sediment from fluvial systems that mainly originate from the 

northern part. These systems carry sediment from the Zagros 
and Taurus mountains(Garzanti et al. 2016). In addition to 
the fluvial systems, eolian deposits with annual 89 million 
ton are a significant component of terrigenous sediments that 
are mainly supplied from the surrounding deserts by prevail-
ing winds (Kukal & Saadallah 1973; Al-Dousari et al. 2017; 
Ghafarian et al. 2022). 

The modern sedimentary processes of the PG have been 
studied by several scholars, mainly for coastal urban devel-
opment e.g., Hassan (2018), oil and gas explorations e.g., 
Warren (2010) and environmental purposes (e.g., Houbolt 
1957; Sugden 1963; Evans et al. 1969; Kendall & Skipwith 
1969). However, these studies are scarcer in the northern part 
of the PG, where detrital sedimentation is more common. 
Hamzeh (2021) reported that the surface sediment properties 
in the northern PG are affected by the strong bottom current 
forcing, terrigenous sediment supply, bottom topography 
and climate. The sedimentation in the northern part of the 
PG is dominated by terrigenous material, which gradually 
changes to carbonate precipitation in the southern coast. 
The grain size also increases from north to south (Baltzer & 
Purser 1990), which contradicts the classical depth-related 
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biogenic carbonate signature in the base, followed by more detrital and organic matter in the middle. 
Sea level variations are interpreted as the primary driver of such sedimentological variations: periods 
of high level favored stagnant water conditions and stratification, which allowed to incorporate higher 
proportion of organic matter in coated grains. Both modern and Holocene sedimentations display 
strong imprint of basin parameters (mainly water stratification and circulation) in sediment grains 
and composition. Sediment inputs from the PG catchment led to mixed (in situ biogenic precipita-
tion diluted by detrital supply) sedimentation in the northern part of the PG.

RÉSUMÉ
Sédimentation moderne et holocène dans le golfe Persique.
Le golfe Persique (PG), une mer marginale peu profonde située au nord-ouest de l’océan Indien, 
est soumis à des conditions environnementales extrêmes (températures et salinité élevées de l’eau de 
mer) qui influencent la sédimentation du fond. Pour déchiffrer les paramètres contrôlant la sédi-
mentation dans l’environnement du PG, nous avons analysé un total de 25 sédiments de surface, 
trois carottes courtes, 22 sédiments côtiers, ainsi que les propriétés de la colonne d’eau (température, 
salinité, oxygène dissous) et l’hydrodynamique (vitesse et direction du courant). Nous avons effectué 
des analyses sédimentologiques (granulométrie et type de fractions sédimentaires), minéralogiques 
(lames minces, SEM/EDS, XRD, plaques polies) et géochimiques (scan XRF des carottes). Les sédi-
ments sont principalement composés de silt, mais la fraction de sable peut atteindre environ 80% et 
l’argile jusqu’à 10%. Le carbonate de calcium et les matières organiques représentent respectivement 
jusqu’à 18% et 52% des sédiments. Les sédiments de surface du fond marin varient en différentes 
fractions, toujours avec une quantité élevée de carbonates. Les carbonates détritiques et les minéraux 
aluminosilicatés sont plus fréquents sur les plages et autour des îles aux roches mères exposées. La 
carotte qui couvre la sédimentation dans le golfe Persique depuis la fin de l’Holocène inférieur com-
prend des faciès représentant une signature carbonatée biogénique plus élevée à la base, suivie de plus 
de matière détritique et organique au milieu. Les variations du niveau de la mer sont interprétées 
comme le principal moteur de ces variations sédimentologiques : les périodes de niveau élevé ont 
favorisé les conditions d’eau stagnante et la stratification, permettant ainsi une incorporation plus 
élevée de matière organique dans les grains enrobés. Les sédimentations récentes montrent une forte 
empreinte des paramètres du bassin (principalement la stratification et la circulation de l’eau) dans 
les grains et la composition des sédiments. Les apports de sédiments provenant du bassin versant du 
PG ont conduit à une sédimentation mixte (précipitations biogéniques in situ diluées par un apport 
détritique) dans la partie nord du PG.
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sediment distribution pattern. The northern part is closer to 
the Zagros Mountains hydrological drainage and has a mixed 
sedimentation due to the relatively deeper sub-basin, more 
fluvial supply and less carbonate sedimentation which is more 
evident in the silt fraction (Seibold et al. 1973).

Despite the importance of the PG as a classic ramp system 
for carbonate precipitation during the Holocene (Gischler & 
Lomando 2005), there are still very few studies covering this 
period: Purser (1973) described the carbonate sedimentation 
and diagenesis, while (Uchupi et al. 1996, 1999) mostly focused 
on restricted coastal areas. In the absence of paleoenvironmental 
studies, the reconstruction of the Holocene evolution of the PG 
basin is still only based on geophysical models (Lambeck 1996).

Climate change is expected to alter sedimentation rates 
and sedimentary processes in various water bodies. For exam-
ple, in warm arid climates (e.g., the PG), increased eolian 
sedimentation and consequently higher bioproductivity are 
anticipated (Beni et al. 2021). This situation could lead to 
greater preservation of organic matter and a more stable water 
column (Mahowald et al. 1999; Kars et al. 2017). To monitor 
these changes, it is important to study the sediments of the 
coastal and offshore areas. The Iranian National Institute for 
Oceanography and Atmospheric Science (INIOAS) has been 
carrying out regular oceanographic expeditions since 2012 
to measure the water properties and the possible changes in 
the sediment properties in the northern part of the PG. To 
identify any changes in sediment properties during the indus-
trial period, we need to compare the surface sediments with 
the pre-industrial ones. For this purpose, we have collected a 
series of short sediment cores from different sub-basins of the 
PG. In this study, we have three objectives: 1) to present the 
offshore sediment distribution pattern and their provenance 
using sedimentary analyses on surface sediment samples; 2) to 
detect changes in sediment properties by comparing the surface 
sediments with Holocene deposits along the cores; and 3) to 
examine any relationship between the water properties and 
sediment distribution pattern using physical oceanography 
and hydrodynamic data obtained by INIOAS expeditions.

STUDY SITE

GEOGRAPHY AND GEOMORPHOLOGY

The PG is an epicontinental sea of the northwestern Indian 
Ocean, which extends longitudinally for about 1000 km with 
a maximum width of 350 km. It has an average depth of 40 m 
and a maximum depth of 180 m near the northern shores (Ghaz-
ban 2009; Pous et al. 2013). It has an asymmetric morphology 
along its longitudinal axis, with a steep slope on the northern 
shore adjacent to the Zagros Mountains and a gentle slope on 
the southern and northwestern parts, belonging to the Arabian 
Peninsula. Seibold & Vollbrecht (1969) divided the basin into six 
sub-basins: the Mesopotamian shallow shelf at the westernmost 
head, the Arabian shallow shelf at the south, the western sub-basin 
and the central sub-basin. The central swell separates the western 
sub-basin from the central one, and the eastern swell separates 
the central sub-basin from the Strait of Hormuz (Fig. 1B).

The PG is a shallow marginal sea that has been flooded 
several times during the Quaternary due to the eustatic 
sea level changes (Lokier et al. 2015; Naderi et al. 2024). 
However, the tectonic setting of the basin has also sig-
nificantly affected its accommodation space and the rate 
of flooding over geological time (Konyuhov & Maleki 
2006). The main sources of freshwater for the PG are the 
Zagros and Taurus Mountains, which mainly supply water 
to the Mesopotamian Shallow Shelf. The Mesopotamian 
river system consists of the Euphrates and Tigris rivers, 
which join in the southern Mesopotamian plain and form 
the Shatt al-Arab River. This river also receives water and 
sediment from the Karun River before discharging into the 
northwestern PG (Fig. 1). The Tigris and Euphrates rivers 
originate in southern Turkey in the Taurus Mountains, flow-
ing through Syria and Iraq before converging in southern 
Iraq to form the Shatt al-Arab River. The Tigris River has 
a catchment area of 472 000 km², spanning Turkey, Syria, 
Iraq, and Iran, with a length of 1 718 km. The mean river 
discharge was 815 m³/s during 1931-2006, which reduced 
to approximately 100 m³/s before joining the Shatt al-Arab. 
The Euphrates River has a catchment area of 444 000 km² 
and a length of 2 718 km, draining regions in Turkey, Syria, 
Iraq, and Saudi Arabia. The mean water discharge during 
1930-1999 was 559 m³/s, which decreased to 153 m³/s. 
High discharge typically occurs in April and May, while 
low discharge is observed in August and July (Saleh D. K. 
2010; Al-Ansari et al. 2015).

Two rivers from Iran, the Karun and Karkheh, also join 
the Shatt al-Arab, both originating from the Zagros Moun-
tains. The catchment areas and lengths of the Karun and 
Karkheh are 72 000 km² and 51 000 km², and 867 km and 
964 km, respectively. The water discharge of the Karun River 
is 777 m³/s, and that of the Karkheh River is 184 m³/s 
(UN-ESCWA & BGR 2013). The Karkheh River joins the 
marshlands on the eastern side of the Shatt al-Arab, while 
the Karun River bifurcates into two channels, one joining 
the Shatt al-Arab and the other flowing directly into the 
PG. The average annual sediment discharge of the Karun 
River is 45 million tons (Najafpour et al. 2016).

Extensive construction of dams and hydraulic structures 
has altered the water and sediment discharge regimes 
downstream of the Shatt al-Arab’s main tributaries (Tigris, 
Euphrates, Karun, and Karkheh rivers), resulting in reduced 
discharge and a smoothed annual hydrograph. The Mediter-
ranean climate dominates the catchment area, character-
ized by hot, dry summers and wet, cold winters. Snowmelt 
and rainfall determine peak discharge during April-May, 
accounting for half of the total discharge. Approximately 
90% of sediments are supplied from the Anatolian and 
Zagros mountain belts (Al-Ansari et al. 2015; Garzanti 
et al. 2016; Najafpour et al. 2016). The Shatt al-Arab is a 
192 km long river flowing along the Iran-Iraq border to 
the northern PG. Several rivers draining from the south-
ern flank of the Zagros Mountains flow directly into the 
PG, collectively contributing an annual water discharge of 
approximately 3.5 km³
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CLIMATE

Climate of the PG is arid to hyperarid with average annual 
precipitation of c. 100 mm and evaporation of 2000 mm (Pous 
et al. 2013). The precipitation increases from south to north and 
along the Iranian coast reaching to annual  average of 225 mm, 
maximum 324 mm and minimum 110 mm (Beni et al. 2021).

The Shamal wind (Arabic for “north”) is a strong north-
northwesterly wind that varies by season and driver. In summer 
(June-July), it results from the pressure difference between 
a temporal high-pressure system over the Arabian Peninsula 
and a thermal low-pressure system mainly over Iran. These 
systems and the position of the intertropical convergence 

zone (ITCZ) affect the wind’s onset, duration, and direc-
tion. This hot and dry wind affects only the west of the PG, 
where it carries dust from the deserts of Levant and Iraq. In 
winter (January-February), it is mainly driven by the Siberian 
High pressure system, which pushes cold air southward. The 
Zagros Mountains channel this air towards the warmer PG, 
creating strong waves in the central basin (Kamranzad et al. 
2013). Besides the Shamal wind, other regional winds such as 
southerly Ghows blow over the PG bringing high humidity to 
the north coast. These winds arise from the interaction of the 
region’s major climatic systems, the Indian Ocean Monsoon 
(IOM) and the Mid-latitude Westerlies (MLW).
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SEDIMENTOLOGY

The Taurus and Zagros Mountains are major sources of sedi-
ments fluvial systems of Tigris, Euphrates, and Karun rivers 
which make Shatt el Arab River entering from northwest 
into the PG. During the Quaternary glacial periods, the sea 
level was lower and the rivers were flowing on the exposed 
basin of the PG, entering to the Gulf of Oman through Strait 
of Hormoz. The Tigris River sediments have four different 
sources, three of which are related to basaltic, granitic, and 
metamorphic rocks from the Taurus Mountains and the fourth 
belongs to Zagros carbonate formations (Awadh et al. 2011; 
Garzanti et al. 2016). The sediments of Shatt el Arab have 
a similar composition to the Tigris River’s sediments (Philip 
1968). The Zagros Mountains is a major source of weathered 
carbonate, marl, sandstone and conglomerate (Aghajari and 
Bakhtiari Formations) as well as weathered ophiolitic rocks 
into the northern PG (Berry et al. 1970; Purser & Seibold 
1973; Moghadam & Stern 2011; Sahraeyan 2013). 

The sedimentation rate varies between c. 0.1 and 5 mm 
in the PG, depending on the geomorphological and geo-
graphic position (Al-Ghadban et al. 1998). Sedimentation 
rate has also changed over time; during the Late Holocene, 
the range varied between 0.13 and 0.74 mm.yr–1 in the Strait 
of Hormuz and from 0.18 to 2 mm.yr–1 in the central basin 
(Al-Ghadban et al. 1998). According to these studies the area 
of interest (Core St 99) has a rough estimation of 0.15 mm.
yr–1 during the Holocene (Hamzeh et al. 2021), indicating 
that the base of the cores could reach to the Early Holocene 
(>7500 c. yr BP). The highest sedimentation rates occurred 
at the northwest coasts of the PG where several ephemeral 
rivers flow into the gentle coastal slopes and marshlands 
(Hamzeh & Lahijani 2022) (Fig. S1.1). These coastal areas 
are classified as river- and tide-dominated coasts by Pourker-
man et al. (2020), where hydrodynamically has lower energy 
than other parts of the Gulf.

OCEANOGRAPHY 
Physical oceanography
The PG exhibits significant annual variations in sea surface 
temperatures (SST), with monthly mean SST climatologies 
ranging from 19.6 °C in February to 33.2 °C in August (NOAA 
2024). (Fig. S1.2). Additionally, extensive areas of hypersaline 
water with salinity levels surpassing 42 practical salinity unit 
(psu) are prevalent. During summer, the greatest disparity in 
density between the surface and bottom layers occurs e.g., 
ranging from 23.74 to 27.10 Kg/m³ (+ 1000) (Azizpour et al. 
2014; Saleh et al. 2021). This difference diminishes notably 
during the winter season. In the summer months, the ther-
mocline depth is primarily found between depths of 25 and 
50 meters, resulting in a water column characterized by two 
layers (Reynolds 1993). Throughout the summer, the strati-
fication of the water column hinders the swift exchange of 
deep water due to the weaker Shamal wind and consequent 
limited vertical mixing, spanning across most of the PG. This 
stratified condition endures in the central and western sectors 
until mid-autumn. Conversely, in winter, as the air gradually 
cools and surface layer temperatures drop, the density of the 

surface layer increases. This prompts an extension of vertical 
mixing into the adjacent near-bottom layer that is strength-
ened by more intensive Shamal wind. The result is a nearly 
uniform density across the water column in the PG and the 
Strait of Hormuz starting from January (Saleh et al. 2021). 

The circulation patterns within the PG are primarily influ-
enced by a reverse-estuarine Mediterranean-type flow. This 
circulation involves the export of high-density hypersaline 
PG water (PGW) along the southern edge of the Strait of 
Hormuz into the Gulf of Oman (Kämpf & Sadrinasab 2006). 
Simultaneously, a surface inflow of less saline and lower den-
sity waters originating from the Indian Ocean Surface Water 
(IOSW) occurs along the northern side of the strait. This 
phenomenon has been documented by Chao et al. (1992), 
Reynolds (1993), and Swift & Bower (2003).

In the PG, hypoxia (defined as dissolved oxygen (DO) 
levels less than 2 mg.l–1, or 61 µmol.kg–1) from summer to 
autumn appears to be a recurring event, primarily occurring 
at depths of ≥ 50 meters down to the seafloor. This seasonal 
hypoxia initiates in late summer and reaches its peak severity 
during mid-autumn, covering an area of up to 50 000 km² 
within the PG (Saleh et al. 2021). In the Strait of Hormuz, 
seasonal hypoxia likely emerges in early summer, particularly 
in the lowermost part of the eastern region on the Iranian 
side. This area is less influenced by the high-salinity outflow 
of water from the PG (Saleh et al. 2021). Within the hypoxic 
and low-oxygen zones, researchers discovered elevated levels 
of phosphate and nitrate concentrations, along with low pH 
values (Al-Ansari et al. 2015; Saleh et al. 2021). These findings 
indicate the substantial generation of nutrients and dissolved 
inorganic carbon through the decomposition and reminer-
alization of submerged organic material in layers beneath the 
thermocline. The observed reduced pH values in the hypoxic 
waters of the PG reached levels comparable to the predictions 
for the surface ocean by the year 2100 under the conditions of 
ocean acidification (Saleh et al. 2021). Lachkar et al. (2022) 
undertook the task of reconstructing the dissolved oxygen 
trends within the PG from 1982 to 2010 and investigating 
the underlying factors governing these changes. Their research 
uncovered a notable decline in oxygen levels across the study 
period. The oxygen content witnessed a decrease of almost 
1% per decade, while the near-bottom oxygen concentration 
dwindled by 10 to 30 mmol.m–3 in the deeper regions of the 
PG from the early 1980s to the late 2000s.

Hydrodynamics
The general water circulation in the PG is related to the excess 
evaporation from the PG surface, which causes an influx of 
less saline Indian Ocean Surface Water (IOSW) through the 
northern parts of the Strait of Hormuz and the formation 
of dense water on the northwest part of the PG and Arabian 
shallow shelf as a reverse estuary (Kämpf & Sadrinasab 2006). 
The water circulation is also influenced by winds, tides, and 
riverine freshwater influx, among which tidal currents have 
the greatest role in energy of water motion (Reynolds 1993; 
Pous et al. 2015). Different currents have a different time scale: 
tides vary at diurnal or semi-diurnal periods; wind driven 
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currents develop over some days; and density-driven currents 
change weekly or seasonally (Reynolds 1993). The PG is a 
shallow sea and wind-driven currents have substantial role in 
generating currents in the whole basin. Density-driven, tidal, 
and wind-driven currents seem to play an important role in 
sediment transport (Li et al. 2015). Tidal currents disturb and 
mobilize sediments and residual and density-driven currents 
transport them. Previous studies of current dynamics in the PG 
and the Strait of Hormuz (Reynolds 1993; Johns et al. 2003; 
Azizpour et al. 2016) show that tidal currents are dominant 
in this area, followed by wind-driven and density-driven cur-
rents. Fig. S1.3 shows the current speed for a station near the 
Abu-Musa Island in the PG and the prominent role of tidal 
current. The current speed increases from west to east(Johns 
et al. 2003; Azizpour et al. 2016). The mean speed of residual 
(or density-driven) current is about 30 cms–1 (Figs S1.3-S1.6).

MATERIAL AND METHODS

A total of 50 surface sediment samples and two sediment cores 
from the PG obtained during the PGE-19 oceanographic 
expedition in 2019 by the Iranian National Institute for 
Oceanography and Atmospheric Science (INIOAS) (Fig. 1C) 
using VanVeen grab sampler and gravity corer, respectively. 
Moreover, 26 surficial coastal sediment samples have been 
collected using a shovel along the northern coast of the PG 
(Fig. 1C).

Magnetic susceptibility (MS) of the cores was measured at 
the INIOAS laboratory using a Bartington Magnetic Suscepti-
bility Meter MS2C in two cm interval and high variability of 
data normalized regarding the mean value of each core. XRF 
scanning has been done on one core using an ITRAX core 
scanner at CEREGE laboratory, Aix- Marseille University.

A total of 223 sediment sub-samples from the cores, 
marine surface samples and coastal samples have been ana-
lysed for sedimentological investigation (Table 1). Prior 
to the sample treatments, all the samples were oven dried 
at 60°C. Grain size, calcium carbonate, and OM contents 
were measured for all the samples. The large biogenic car-
bonate removed and organic matter-free sediment samples 
were granulometrically characterised by standard sieving a 
Laser-Particle-Sizer (Fritsch Analysette Comfort 22, analys-
ing range of 0.04 to 2000 µm). Calcium carbonate content 
was determined using a Bernard calcimeter and expressed 
as dry sediment weight. The OM content was measured by 
wet digestion through oxidation in hydrogen peroxide on 
bulk samples (Schumacher 2002). 

For the fauna identification, 100 sub-samples were examined 
firstly for macrofauna and then they were wet sieved using 
a mesh size of 125 µm and dried to study under the optical 
microscope. Scanning Electron Microscope (SEM) and Energy 
Dispersive Spectroscopy (EDS) of Geological Survey of Iran 
(GSI) were utilized for 10 samples to identify sediment grain 
analysis and diagenesis. As the majority of the marine samples 
are fine-grained sediment, therefore the mineralogical iden-
tifications were based on XRD analysis on 21 representative 

bulk samples and clay mineralogy. Analysis of the XRD has 
been done in Kanpazhuh Co. Lab. Finally, the sand fraction 
was studied optically using Zeiss Axio Lab microscope. Twenty 
sediment blocks were preserved in epoxy resin. Fifteen of which 
were mounted on thin sections. We focused our analysis on 
the lithoclasts. A total of 1750 lithoclasts have been classified. 
Moreover, five sub-samples were prepared for polish section to 
be studied using reflective polarizing microscope. The polish 
sections and thin sections were prepared at the laboratory of 
Faculty of Geology, University of Tehran.

RESULTS

SURFACE SEDIMENTS

Grain size
The distribution of surface sediments shows that coarse-grained 
sediments of gravel and sand are mainly accumulated in the 
middle part of the PG. Clay contributes less than ten percent 
(average 2.5%) of the surface sediments content (Figs 2; S2.1). 
The surface sediments in the northwestern part of the PG are 
mainly composed of medium silt to medium sand. The surface 
sediments in the northwestern part of the PG have similar 
amounts of sand and silt (48% and 47%, respectively), and 
a low percentage of clay (about 11%). 

The sediments near the north-eastern Iranian shores are 
mostly composed of fine to medium silt, which becomes 
coarser towards the deeper part. Silt is the dominant sedi-
ment fraction, making up about 80% of grains. Sand is a 
minor component, with less than 20%. However, fine sand 
becomes more abundant near the seasonal and permanent 
rivers (such as Hilla, Mand and Mehran) (Figs 2; S2.1). The 
sediment composition changes to gravelly sand in deeper 
parts of the Strait of Hormuz. The gravel component consists 
mostly of shell debris, which has the highest proportion near 
Ras-e Motaf in the west and Hendorabi Island in the East 
(Figs 2; S2.1). Sand is the main sediment fraction in this 
area, and it is often in very coarse class. The sand portions 
have two different sources: shell fragments in the West and 
East of the PG up to 86%, and ooid particles in the central 
basin. The sediments get coarser in the eastern part of the 
Strait of Hormuz. 

The sediment grain size in Khuran mangrove forests is mainly 
fine silt and sand (Figs 2; S1.1). The sediment becomes finer 
in the middle parts of the Qeshm mangrove forests. However, 
the banks of Khamir and the Mehran River delta have coarser-
grained sediment of sandy silt and silty sand. The distribution 
of sediments on the (Folk 1980) ternary diagrams (Fig. S2.2) 
shows that most of the surface sediments are silt and sandy silt 
(Fig. 2). The northern coasts of the PG have sandy-gravelly 
sediment, which changes to rocky shores in some parts of 
the north PG coast. Muddy shores are found in low-energy 
environments in the northwestern PG (Figs 2; S2.1).

Organic matter
The amount of OM in surface sediments varies from 5% to 
18%. The highest abundance of OM has been observed in 
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the west of the PG, south of Qeshm Island and east of Kish 
Island. The lowest values of OM are in the areas of Lawan, 
Hendorabi, and Abu Musa islands (Fig. S2.1A).

Calcium carbonate
The calcium carbonate content varies from 12% to 52% in 
surface sediments. The highest values of calcium carbonate are 

TABLE 1

Environment ID Coordinates (X, Y)
Depth 

(m)
Thin 

section XRD SEM
Polish 
section

×

×
×
×
×
×
× ×
×
×
× × ×
× ×
× ×
× × ×
×
× ×
× × ×
×
×
× ×
× ×
× × ×
×

×

× ×
J ×

× × ×
×
×

G × × ×
TS ×

× ×
×
× ×
× ×
×
×
× ×
×
× ×
×
×
× ×
×

D ×
×

× ×
×

×

× ×
×
×

×
×

×

×

×
×

×
×
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observed around the islands of Kish, Hendorabi, Lawan and 
also in the southern parts of Abu Musa Island. On the other 
hand, the lowest values of calcium carbonate are observed in 
nearshore areas of the western coasts, Hormuz Island and east 
and northeast of the Strait of Hormuz (Fig. S2.1A).

Mineralogy
In the clayey part of the PG surface sediments, the dominant 
minerals are kaolinite, aragonite and calcite. Their amount 
includes up to 89% of the minerals identified in XRD. After 
them, muscovite and quartz are found in the samples up 
to 14% and 8.5%, respectively. The amount of quartz and 
muscovite is higher towards northwest of the PG, while the 
samples that were collected in the northeast of the PG and 
near Qeshm Island have more kaolinite. The highest amount 
of calcium carbonate (calcite and aragonite) was seen in the 
surface samples of the middle part of the PG (surface sam-
ple 64% with 69.5% carbonate) (Table 2; Figs S2, S3). The 
dominant minerals in the fine-grained part of the coastal 
sediments include aragonite and calcite, the total amount of 
which varies from 32% to 59%. After them, quartz with a 
maximum of 20% and kaolinite with a maximum of 33% 
are present in some samples. 

Studies of thin sections of coastal surface samples reveal 
the most important mineralogical changes in diopside and 
zircon minerals. The highest abundance of diopside has 
been observed in Aftab, Duplangan and Hamira stations. 
Zircon has been observed only in Doplangan and Farur 
stations (Figs 3; S4). 

Also, we observed a high amount of ooid and rock frag-
ments, which are more abundant in Doplangan, Kohestak, 
Moalem, Kong, Bashi, Oli, Delwar and Kalat beaches. These 
particles are more available in the clastic beaches while they are 
absent in carbonate beaches of Kish and Farur islands. In most 
ooids, we have observed signs of calcite substitution instead of 
aragonite and destruction of layering in the ooids (Figs 3; S4).

The main components of polished sections of beach sam-
ples include siliciclastic particles. Iron oxides and hydroxides 
(ilmenite, hematite and magnetite) and pyrite are very small 
amount of the constituent minerals of these samples. The 
heavy minerals in the samples do not show much diversity.

Coarse sand and gravel portions existed in the northern part 
of the PG are generally made of gray to black coated grains. 
Results of thin sections and SEM-EDS analysis are demon-
strated that coated grains have two different origins. The first 
one is coated shells and the second made of coating around 
a nuclei (ooid). According to the EDS analysis the coating 
material made of kaolinite and organic materials (Figs 4; S5). 

CORE ANALYSIS

Core St 99
The analysis of sediment constituents by XRF core scanning 
shows numerous changes and fluctuations along the core 
(Figs 5; S6.1). Calcium and strontium, which contribute 
more to carbonate structure show a similar trend along the 
cores. Both Ca and Sr have elevated value in the basal part 
of the core. General trend of Fe, Mn and Ti are similar and 
they display minimum in the basal core that are opposite 

51°50°E 52° 53°

400 km

Legend

Permanent River Stream Gravelly Sand Silty Sand Silt Sandy Silt

54° 55° 56° 57°

29°N

28°
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of Ca and Sr curves. On the other hand, titanium, iron and 
manganese are indicator of clastic sediments entering the 
basin, which show the least biological and chemical par-
ticipation in situ. MS value shows smooth trend along the 
core barely could be comparable to the lithogenic elements’ 
curve (Figs 5; S6.1).

Lithoclasts are classified into 12 different groups based on 
microscopic features and morphological characteristics, which 
include aggregates, fractures with fresh surfaces, unaltered 
particles, lawsonite, glaucophane, cylindrical grains, grains 
with rounded surfaces, compressed grains, marine and mostly 
fossil cements and coated grains (Fig. S6.2). 

The lithoclasts varied in plenty and size along the core, 
and they were related to the sediment compaction. The base 
of the core has the highest abundance of lithoclasts, which 
were mainly composed of coarse marine cements, aggregate 
material, and lawsonite. The amount of lithoclasts in the 
studied core significantly decreased toward core top (Fig. 5).

Based on the biological, geochemical, sedimentological 
properties of the sediments, three main facies can be distin-
guished in the studied cores (Figs 5; S6.2, S7). According 
to the sedimentation rate and the sediment properties, it 
seems that basal core (facies C) has deposited during the 
Mid-Holocene (c. 7500-4200 yr BP). Facies A contains 
coarse-grained sediments consisting of cemented lithoclasts. 
SEM-EDS analysis shows that the cement is mainly com-
posed of calcium carbonate. The cement is intermixed with 
very fine silt and clay minerals, suggesting deposition in a 
calm and shallow marine environment (Figs 6A; S8). The 
middle part of the facies, greenish lithoclasts are generally 

composed of high-magnesium carbonate and organic mat-
ter in the matrix of kaolinite (Fig. 6B). Figure 6B-I shows 
rounded grains without sharp corners, indicating transport 
in the sedimentary basin. 

In this facies, X-ray images show a very dense texture that 
is accompanied by higher Sr and Cl values.  According to 
the high frequency of planktonic (Globigerina praebulloides 
Blow, 1959, Orbulina universa d’Orbigny, 1839, Neoglobo-
quadrina praehumerosa (Natori, 1976), Globigerinella obesa 
(Bolli, 1957), Globigerinoides sacculifer (Brady, 1877)) and 
benthic foraminiferal shells (Asterorotalia pulchella (d’Orbigny, 
1839) and Bigenerina aspratilis Loeblich & Tappan, 1994), 
the higher calcium and strontium peaks could be explained 
in this facies.

An increase in the values of iron has been observed at 
the middle part of this facies that continues to the end of 
the facies. 

Facies B is started by a significant drop of the values of all 
studied elements, frequency of foraminifera assemblages, and 
grain size gradually decreased to make fine-grained muddy 
sediments (Figs 5; S6.2).

The facies C is started with an increase in the Fe and Mn 
values, and foraminifera frequency. The X-Ray image shows 
higher density of the sediment. Sedimentological properties 
are indicated by increase sediment particle size and general 
decrease of lithoclast abundance. The frequency of planktonic 
and benthic foraminifera show significant changes along 
the rest of the facies (Fig. 5). According to the position of 
the facies C on top of the core, it is certainly attributed to 
the late Holocene. 
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Core T5S3
Core T5S3 has homogenous sandy mud texture from top to 
base. According to the XRD analysis results, the most abun-
dant minerals in this core are kaolinite, calcite, and aragonite. 
Muscovite and quartz are also present, but in lower amounts. 
Moreover, biotite is demonstrated in two horizons of 59-61 cm 
and 81-83 cm with of 28% and 5% of the counted minerals, 
respectively. Dolomite exists in some coastal and marine sam-
ples at the rate of 1% to 5%. The optical mineralogy studies 
revealed that the studied horizons contained single olivine 
and plagioclase grains with hematite pigments (Figs 3; S9). 

DISCUSSION

MODERN SEDIMENTATION ENVIRONMENT

Sedimentation in marine environments is controlled by a wide 
range of intra- and extra-basinal driving factors (Mahiques 
et al. 2004; Garzanti et al. 2016; Dauner et al. 2022). Basin 
morphology, hydrodynamics, water column properties and 
biogechemical processes incorporate in bottom sedimentation. 
The climate over the catchments basin and sediment supply 
are also determinant in marine basin sedimentation (Einsele 
1996; Jin et al. 2020). 
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Extremely warm climate of the PG region during the summer 
causes stagnant water in deep area of the PG that is associ-
ated with oxygen deficiency in the near bottom areas (Saleh 
et al. 2021) (Fig. S1.2). Oxygen deficiency reduces organic 
material decomposition that lead to OM increase in these 
areas. The hot weather condition is also prevalent during the 
Holocene that in turn has led to the formation of organic 
matter coated grains (Fig. 4).

Despite of high sediment supply by northern rivers and dust 
input as well as high bioproductivity, the sedimentation rate 
is not high in the PG except in river mouths and embayment 
areas (Hamzeh & Lahijani 2022). High renewal rate of the PG 
water (Vaezi & Lak 2023) (PGW) (Pous et al. 2015) and water 
circulation pattern could affect sediment distribution pattern. 
The finest sediment grain sizes are observed in the northern areas 
of the western and central basins of the Gulf where the bottom 
current reached to its minimum. Presence of the coarse grain 
sediments in some deep parts of the PG could be attributed 
to the impact of density driven currents that are theoretically 
be able to remove the finer portion of the sediments (Hamzeh 
2021). However, Pous et al. (2015) demonstrated that the density 
driven currents in the PG are too weak to mobilize the bottom 
sediments; instead the density driven currents play a major 
role in flushing away the suspended and dissolved materials. 
Spatio-temporal changes in near bed turbulence significantly 
could change the threshold shear for sediment resuspension 
(Yang et al. 2019). Estimated near-bed shear stress based on 
current measurements in Chahpahn station in the PG dem-
onstrate the threshold of bottom erosion (Fig. 7). More in situ 
measurements required for quantification of bottom sediment 
erosion and removal from the PG. 

The mineralogical data suggested four important terrestrial 
sources of sediment in the PG: 1) Mesopotamia (aeolian); 2) 
Aghajari Formation of Zagros (alluvial); 3) Hormuz series 
(salt dome erosion); and 4) Tarus mountains (fluvial). Aeo-
lian imports under the influence of the summer Shamal wind 
activities could be the most important extra-basin source of 
sediment. Mineralogical composition in the coastal area is 
more dependent on lithological and morphological proper-
ties. In the northern PG from the east to the west low-lying, 
low energy river-dominated coasts changed to steep slopes, 
high energy of rocky coasts (Baltzer & Purser 1990; Pourker-
man et al. 2020). The energy of environment and erosion of 
bedrocks contributed to the mineralogical composition that 
is different in the northwest compared to the northeast PG. 
Geochemical and optical mineralogical analyses in high-energy 
deltaic systems reveal the presence of numerous reworked 
heavy minerals, such as chromite. These minerals are likely 
derived from the Oligo-Miocene sequences of the Zagros 
(Aghajari Formation). The Aghajari Formation, characterized 
by its thick clastic deposits, comprises fluvial sediments that 
have undergone significant weathering and erosion (Bahrami 
2009; Pourkermana et al. 2017; Vaezi & Lak 2023).

The correlation matrix of marine surface and coastal sedi-
ments (Fig. 8A) reveals both positively and negatively cor-
related mineral groups. Some clay minerals, such as kaolinite 
and dickite, exhibit positive associations but display negative 
correlations with calcite. The weak association between calcite 
and aragonite may indicate two dominant sources: terrigenous 
for calcite and in biochemical source for aragonite. Minerals 
originating from crystalline rocks form three positively cor-
related groups, which include some carbonate minerals. These 
groups may represent the surrounding catchment areas and 
uplifted islands in the PG. Some uplifted islands expose the 
Precambrian series (Hormoz Complex), which are rich in salt 
as well as magmatic and metamorphic rocks. Their mineral 
signatures, such as tobermorite, are highlighted in the sedi-
ments around these islands.

The minerals have been categorized into four groups and utilized 
in ternary diagrams (Fig. 8B-E) for marine surface and coastal 
sediments, as well as two short cores. These diagrams indicate 
more diversified sources for the modern sediments, with domi-
nant contributions from eolian and terrigenous sources, likely 
originating from the uplifted islands and the Zagros Mountains.

Finally, coastal sediment in the eastern part of the PG is asso-
ciated by calcite, dolomite and anhydrite that generally resulted 
from salt domes erosion. Clay mineralogical studies for the PG 
demonstrated that palygorskite, smectite, illite, and chlorite are 
the main minerals for fractions smaller than 2 µm. Meanwhile, 
the abundance of kaolinite in the studied sediment, especially 
in the coastal area, could be the result of shale lithoclasts that 
were transported from the marl section of Aghajari Formation. 
Abundance of kaolinite in this part of the PG could be attributed 
to the transportation of shell fragments form marly sections of 
the Aghajari Formation, where we could see activities of salt 
domes in the coastal zone. The presence of chromite mineral on 
the shores of Dopalangan is another proof of sediment transfer 
from the Zagros (Aghajari Formation). 
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Moving coarse sediments over marine bed by submarine 
currents is main reason to generation coating grains. Pres-
ence of dissolution traces over and inside ooids is attested 
by periodically environmental changes . During periods of 
stagnant water conditions, hypoxic or anoxic environments 
develop, leading to the precipitation of organic matter onto 
sediment grains. Conversely, when vertical mixing intensi-
fies, the increased water movement enhances oxygen levels, 
resulting in the oxidation of the organic matter coating the 
sediment grains (Canfield 1993; Lau et al. 2024).

SEDIMENTARY ENVIRONMENT SINCE MID-HOLOCENE

The Holocene sediments in the PG display role of basin 
morphology and governing climate, where in the southern 
parts are composed more carbonate and evaporite and in the 
north are mixed clastic and carbonate (Shinn 1973; Wagner & 
Van der Togt 1973; Baltzer & Purser 1990). Signature of the 
past climate events is reflected as changes in dust, clastic and 
biogenic and carbonate components. The Holocene sedimen-
tation in the PG began when the sea level rose and flooded 
the low-land desert area that was crossed by rivers flowing 

to the Gulf of Oman (Kennett & Kennett 2007; Hosseinyar 
et al. 2021). From 7500 to 6500 cal yr BP, the central basin 
had a warm shallow marine environment with arid climate 
conditions (high dust storm events). During this time, marine 
cement with terrigenous silt was formed. Between 6500 and 
5200 cal yr BP, the sea level in the PG rose rapidly and cre-
ated an anoxic condition at the basin floor. This resulted in a 
decrease in benthos species and an increase in coated grains. 
This trend continued until 4200 cal yr BP, when the relative 
sea level reached its maximum.

The sea level in the central part of the PG reached its high-
est point in 6500 cal yr BP, but the evidence of highstand was 
found later, between 5290 and 4570 cal yr BP, in the southern 
PG (Lokier et al. 2015; Pourkerman et al. 2020). The sea level 
in the PG dropped around 4200 cal yr BP. The coastal cores 
show evidence of a sea level drop between 2500 and 1400 cal 
yr BP. The sea level in the PG was 3 meters lower than the 
current level at most during this period, according to Pourker-
man et al. (2021). The sea level started to rise after 1400 cal 
yr BP and after a highstand in 1000 cal yr BP (Damien et al. 
2020), the sea level in the PG at the current level.
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CONCLUSION

The composition and particle size of the bottom sediments 
in the PG were investigated and found to be influenced by 
factors within the basin (such as environmental energy and 
water column stratification) and sediment supply from the 
catchment area (including rivers and islands). The major 
sources of terrigenous sediments are from Zagros and Taurus 
mountains. Olivine and moissanite minerals have been found 
in the surface sediments of the PG, which have not been seen 
in coastal sediments. This phenomenon shows that their ori-
gin is probably from the Tarus and Zagros ophiolites, which 
enter the PG through the Karun, Tigris and Euphrates rivers. 
Also, this phenomenon shows that the origin of coastal and 
sea bottom sediments has partially different sources.

The sediment grain size and mineralogical properties in the 
middle part of the PG are controlled by coastal energy and mor-
phology. In this section, steep coasts and cliffs are dominant. The 
coarse-grained sediments of the deep bottom area of the PG have 
a high percentage of organic matter. Stagnant water condition 
due to warming caused oxygen deficiency in deep bottom areas 
that led to preservation of OM in the modern sediments and 
in the Middle Holocene. The sediment cores showed signs of 
reduction conditions that associated with buried OM around 
the sediment grains.  The abundance of coated grains in the 
central basin could indicate a rapid rise of sea level in the PG. 

Also, we found that some parts of the PG have low amount 
of clay sediment where high energy tidal current prevents 
calm environmental condition for sedimentation and rapid 
flushing transports fine materials into the Gulf of Oman. 

The PG sediment composition displays strong imprint of 
dominant environmental conditions both in the PG itself and 
in the catchment basin. In the northern PG it shows mixed 
sedimentation of carbonate and clastic sediments. The current 
global warming and regional environmental changes could 
affect on the future sedimentation in the PG by reduction 
in fluvial supply, elevated dust sources and preservation of 
biogenic sediments.
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