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A B S T R A C T

Molluscs from archaeological contexts offer increasing potential for reconstructing past environments, climates, 
and human-environment interactions, particularly through the geochemical information archived in their shells. 
Here, we present the first sclerochemical analyses (δ18O, δ13C) conducted on Iron Age molluscs (9th century BCE 
– 1st century CE) from the Inqitat plateau in the Khor Rori Archaeological Park (Dhofar, Oman), with the aim of 
assessing changes in seasonal variability during the period of site occupation by the local population. Despite the 
abundance of archaeological shell assemblages, this region remains sclerochemically understudied due to its 
complex climatic and oceanographic setting. After selecting the best suitable shells and checking their preser
vation, we analysed ten specimens belonging to three species: the bivalves Anadara uropigimelana and Tivela 
stefaninii, and the gastropod Oliva bulbosa. Our results reveal an increase in seawater seasonality over the ~1000- 
year interval examined, from ~4 to ~8 ◦C, values exceeding the modern seasonal range along the Dhofar coast, 
with the most pronounced variability occurring in the last occupation phase. This enhanced seasonality likely 
reflects a progressive intensification of the summer monsoon and a strengthened upwelling of Indian Ocean 
waters along the Dhofar coast. Increased monsoon activity, particularly in the latest phase investigated, may 
have produced longer rainy seasons and more frequent flooding, prompting adaptive responses in the man
agement of meteoric waters and flood-prone areas within the Khor Rori area and beyond. Nevertheless, coastal 
geomorphology, marine environmental conditions, and upwelling dynamics likely made the coastal area of 
Dhofar rich in food resources, thereby sustaining its attractiveness to past human communities.

1. Introduction

Mollusc shells are a common component of archaeological assem
blages, as they are present in nearly all coastal environments that were 
inhabited or exploited by humans in the past (e.g., Prendergast and 
Stevens, 2014; Thomas, 2015). Indeed, shell-rich archaeological sites 
are widespread and occur globally, spanning diverse periods of human 
time (Thomas, 2015). Archaeological accumulations of mollusc shells 
are commonly found in middens and within settlements (e.g., Carenti 
and Wilkens, 2008; Gutiérrez-Zugasti, 2011; Gutiérrez-Zugasti et al., 
2011; Prendergast and Stevens, 2014). While such mollusc deposits are 

typically interpreted as food refuse, coastal human populations also 
collected shells for a variety of other purposes, including their use as fish 
bait, in dye production, and as raw material for ornaments or tools (e.g., 
Lombardi et al., 2008; Campbell, 2017; Lischi, 2018, 2020).

Mollusc shells represent an increasingly valuable archive not only for 
understanding past human-environment interactions, but also for 
reconstructing past environmental changes either with traditional 
methods (based on species ecological and environmental requirements) 
or with geochemical analyses (Álvarez et al., 2011; Andrus, 2011; 
Thomas, 2015). In particular, the analysis of shell stable isotope com
positions (δ18O, δ13C) using a sclerochemical approach – widely 

* Corresponding author.
E-mail addresses: gaia.crippa@unimi.it (G. Crippa), andrea.chiari@unimi.it (A. Chiari), silvialischi@msn.com (S. Lischi), mauro.cremaschi@unimi.it

(M. Cremaschi), mjl@bgs.ac.uk (M.J. Leng). 

Contents lists available at ScienceDirect

Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

https://doi.org/10.1016/j.quascirev.2026.109975
Received 21 January 2026; Received in revised form 27 March 2026; Accepted 28 March 2026  

Quaternary Science Reviews 382 (2026) 109975 

Available online 2 April 2026 
0277-3791/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-5543-8128
https://orcid.org/0000-0002-5543-8128
https://orcid.org/0009-0000-6331-2034
https://orcid.org/0009-0000-6331-2034
https://orcid.org/0000-0003-0038-7332
https://orcid.org/0000-0003-0038-7332
https://orcid.org/0000-0003-1115-5166
https://orcid.org/0000-0003-1115-5166
mailto:gaia.crippa@unimi.it
mailto:andrea.chiari@unimi.it
mailto:silvialischi@msn.com
mailto:mauro.cremaschi@unimi.it
mailto:mjl@bgs.ac.uk
www.sciencedirect.com/science/journal/02773791
https://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2026.109975
https://doi.org/10.1016/j.quascirev.2026.109975
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2026.109975&domain=pdf
http://creativecommons.org/licenses/by/4.0/


employed in geological and modern contexts for seasonal (palaeo) 
environmental reconstructions – has been recently applied also to 
archaeological settings (e.g., Mannino et al., 2003; Andrus, 2011; Lin
dauer et al., 2017; Butler et al., 2019; García-Escárzaga et al., 2020; 
Schmitt et al., 2022). This high-resolution analysis offers a unique op
portunity to characterise in detail past climatic and environmental 
changes and their effects on past human behaviours (Andrus, 2011; 
Twaddle et al., 2016), as well as determine the season of mollusc 
collection, contributing to the knowledge of ancient subsistence strate
gies and site occupation (e.g., Shackleton, 1973; Mannino et al., 2003, 
2007; Burchell et al., 2013; Eerkens et al., 2013; Prendergast et al., 
2016).

The environment plays a vital role in human life, providing the 
physical space and conditions within which populations operate 
(Twaddle et al., 2016). Consequently, changes in environmental con
ditions can act as powerful structuring agents, influencing human 
behaviour across multiple temporal and spatial scales (Rowland, 1983, 
1999; Ulm, 2013; Twaddle et al., 2016). Understanding the environ
mental context in which past populations lived is therefore crucial for 
addressing key archaeological questions (Twaddle et al., 2016).

The oxygen isotope composition of mollusc shell carbonate primarily 
reflects the temperature and the isotopic composition of the water in 
which the organism lived (Epstein et al., 1953; Kim et al., 2007). In 
regions where environmental variability is driven predominantly by 
either temperature or water composition, establishing a causal rela
tionship between isotopic signals from environment and carbonate is 
generally simple (Twaddle et al., 2016). However, in environments 
influenced by both temperature and variable water mixing (e.g., estu
arine and freshwater systems or some tropical regions) disentangling 
these effects can be challenging, particularly when dealing with 
archaeological materials for which independent environmental data are 
lacking (Culleton et al., 2009; Andrus and Thompson, 2012; Twaddle 
et al., 2016). Some authors have even excluded material from such 
settings entirely, stating that their inherent complexities make them too 
difficult or inaccurate to analyse (e.g. Godfrey, 1988; Milner, 2001; 
Twaddle et al., 2016). As a result, research often concentrates on or
ganisms and habitats that are less affected by fluctuations in seawater 
δ18O values (Andrus, 2011). Nevertheless, a growing body of research 
has demonstrated the efficacy of using oxygen isotopes even in regions 
characterised by more complex temperature-water composition dy
namics, particularly when combined with high-resolution growth 
feature analysis, modern comparative baselines or additional stable 
isotope analysis (e.g., Kennett and Voorhies, 1995; Kirby et al., 1998; 
Andrus and Crowe, 2000; Surge et al., 2001; Jones et al., 2005; Twaddle 
et al., 2016; Caldarescu et al., 2021; de Winter et al., 2024).

In this study, we performed sclerochemical analyses on mollusc 
specimens belonging to three different species, the bivalves Anadara 
uropigimelana (Bory de St.-Vincent, 1827) and Tivela stefaninii (Nardini, 
1933), and the gastropod Oliva bulbosa (Röding, 1798.), collected from a 
climatic and oceanographic complex setting in the Dhofar Governorate, 
southern Oman. These species are commonly found in archaeological 
shell assemblages of the Arabian Peninsula (e.g., Martin, 2005; Rose
lló-Izquierdo et al., 2005; Lindauer et al., 2017, 2018; Callapez and 
Dinis, 2020; Crippa et al., 2024) and are currently living in the 
Indo-Pacific region (e.g., Tursch and Germain, 1985; Lutaenko, 2011; 
Grizzle et al., 2018). Their abundance in archaeological contexts, com
bined with the presence of clear growth lines and increments in their 
shells, makes them excellent archives for high resolution palaeoclimatic 
and palaeoenvironmental reconstructions.

The examined molluscs come from Iron Age circular houses within 
the HAS1 settlement and from an adjacent midden, located on the 
Inqitat plateau (Khor Rori Archaeological Park), a site characterised by 
abundant mollusc remains (Crippa et al., 2024). This site is of funda
mental importance for understanding the indigenous population of the 
area and their habits. Discovered in 2016, it has since then been the 
subject of extensive investigation by the DHOMIAP Project, focusing on 

its characteristics, chronology and interactions with the nearby South 
Arabian city of Sumhuram (Lischi, 2019a, 2019b, 2021, 2023). A recent 
multimethodological study by Crippa et al. (2023) on both burned and 
unburned mollusc shells from the circular houses and supported by 
on-site observations, suggests that the HAS1 settlement was completely 
destroyed by a fire. This event appears to have led to the abandonment 
of the promontory by local inhabitants belonging to the Dhofar Coastal 
Culture.

The present study is the first to deal with a sclerochemical analyses of 
Iron Age molluscs in the Dhofar region, and the first to focus on the three 
species examined here. Most published research on archaeological 
molluscs from Oman is geographically and chronologically distant from 
the context under investigation. To our knowledge, only a few studies 
have addressed the sclerochemistry of archaeological molluscs from 
Oman. Martin (2005) investigated marine molluscs from Neolithic to 
Bronze Age sites in the Ja'alan region (northern Oman); Berger et al. 
(2020) briefly analysed marine bivalves from the Neolithic site of 
Ruways-1 (northern Oman), and Schmitt et al. (2022) studied aquatic 
and terrestrial gastropods from the Al-Khashbah site, dated to the Early 
Bronze Age and the Late Islamic Period, in northern Oman. The present 
study investigates the palaeoclimatic conditions prevailing during a 
selected interval of settlement occupation (9th century BCE – 1st century 
CE), employing mollusc shells as archives of seasonality, to infer sea
sonal seawater temperature fluctuations, evaluate the long-term vari
ability in seasonal climate patterns and understand how these changes 
affect the population behaviour.

2. Geological and geomorphological setting

The HAS1 settlement is situated on the Inqitat promontory on the 
eastern side of the Wadi Darbāt estuary, within the Khor Rori Archae
ological Park about 40 km east of Salalah, in the Dhofar Governorate, 
southern Oman (Fig. 1A and B).

The mouth of Wadi Darbāt is flanked by two promontories located on 
either side (east and west), known by several names, including Inqitat 
Mirbat and Inqitat Taqah, al-Hamr al Sharqiya (which gives the settle
ment its acronym HAS1) and al-Hamr al Wusta, or al Humr al Tarfiyah 
and al Humr al Wusta. These promontories are mesas of a broader ma
rine erosional terrace extending from Taqah to the Wadi Hinna valley 
near Mirbat. This marine terrace ranges in elevation from 30 to 100 m 
above sea level and is limited seaward by a steep scarp. Although no 
direct dating has been conducted, the terrace is thought to have formed 
during the Late Pleistocene (MIS 5; Cremaschi, 1996, 2017; Cremaschi 
and Negrino, 2002; Hoorn and Cremaschi, 2004).

The eastern Inqitat's geological bedrock consists of Oligocene 
shallow-marine and shoreline bioclastic and micritic limestone, 
belonging to the Ashawq Formation (Roger et al., 1989), and immerging 
to the S–SE in the seaward direction. They are unconformably cut to the 
top by a Pleistocene erosional surface, which forms the flat surface of the 
Inqitat. A valley runs through the middle part of the mesa, dividing the 
Inqitat into two parts in the east–west direction.

Its formation is due to the presence of systems of normal faults, 
which have amplified the effect of the erosional processes that frag
mented the Pleistocene marine terrace into two distinct mesas, now 
known as the Inqitat promontories. These erosional processes were most 
active during the Last Glacial Maximum (~20 ka), driven by a signifi
cant drop in the sea level (Hoorn and Cremaschi, 2004; Cremaschi, 
2017; Zerboni et al., 2020).

The surface of the Inqitat is covered by a palaeosol of the terra rossa 
type characterised by a red colour, a clayey texture, and the presence of 
carbonate and gypsum concretions. The palaeosol, developed on the 
marine abrasion terrace during MIS 5 and reflects a long history of cli
matic fluctuations, indicating a period in the past marked by greater 
water availability and a dense vegetal cover (Cremaschi and Perego, 
2008; Cremaschi, 2017).

G. Crippa et al.                                                                                                                                                                                                                                  Quaternary Science Reviews 382 (2026) 109975 

2 



3. Materials

Ten mollusc specimens belonging to three different species were here 
analysed: two bivalves, Anadara uropigimelana and Tivela stefaninii, and 
one gastropod, Oliva bulbosa. All the specimens are currently housed in 
the collections of the Dipartimento di Scienze della Terra ‘A. Desio’ of 
the University of Milan and registered with reference numbers consist
ing of a prefix MPUM followed by a five-digit number (Table 1). Field 
numbers are used for simplicity when referring to the specimens in the 
text (Table 1).

Anadara uropigimelana is an epifaunal/seminfaunal species living in 
muddy, sandy or rocky substrates in intertidal-infralittoral settings, 
Tivela stefaninii is an infaunal bivalve of sandy intertidal to infralittoral 
settings, whereas Oliva bulbosa is an epifaunal gastropod living mainly in 
muddy-sandy to sandy intertidal-shallow infralittoral settings (Crippa 
et al., 2024 and refs therein).

Mollusc specimens come from two different areas on the Inqitat 
plateau, Khor Rori, Oman (17◦01′45.2″ N, 54◦26′32.4″ E): the HAS1 
settlement, located in the centre of the northern plateau of Inqitat, and 
the trash dump or midden, located on the northern side of the inter
mediate valley of Inqitat (Fig. 1A and B). The settlement is composed of 
circular or semi-circular megalithic structures, used as houses. They are 
formed by a stone basement made by a sandwich wall, filled with soil 

mixed with rocks of different sizes, and by a not preserved roof probably 
constituted by perishable material and supported by wooden poles. A 
multimethodological study on burned and unburned mollusc shells from 
the HAS1 circular structures (Crippa et al., 2023) and traces of the poles 
and the roof found carbonised in situ during the excavation activities 
(Lischi, 2019a; 2023), indicated that the site was engulfed by a fire. The 
northern cliff of the intermediate valley is characterised by a series of 
middens with a conical shape and significant volume (Cremaschi and 
Perego, 2008; Lischi, 2023, 2026); one of these has been strati
graphically sampled through an excavated trench nearly 4 m deep.

The specimens here examined were collected from two stratigraphic 
units within two circular structures (circular structures B5, US30 and B9, 
US54) and from three stratigraphic units within the excavated midden 
(US63, US70, US95) (Fig. 1C–E). The stratigraphic unit US30 is the 
lowest layer found in the circular structure B5, being composed of big 
fragments of charcoal mixed with medium and small stones, completely 
carbonised wooden poles and complete vessels (Crippa et al., 2024). The 
stratigraphic unit US54 is found inside the circular structure B9; here 
carbonised wooden beams and a lot of fire traces (charcoals) occur, 
together with some archaeological materials, suggesting the contem
poraneity with US30 (Lischi, 2019a, 2022, 2023). In the midden, three 
stratigraphic units have been sampled: US63 is the shallower one, fol
lowed by US70 and US95 going deeper in the trench (Fig. 1 D). This long 

Fig. 1. A) Location of the Inquitat plateau in the Dhofar region, Oman (red star). B) Northern plateau of the Inqitat promontory where the HAS1 settlement is 
situated. C) Part of the eastern section of the midden with the trench, where specimens from US63, US70, US95 come from. D) Detail of the trench in the midden 
showing the alternation of layers and the sampled stratigraphic units. E) HAS1 settlement showing the position of the circular structures (B5, B9), where specimens 
from US30 and US54 come from.

G. Crippa et al.                                                                                                                                                                                                                                  Quaternary Science Reviews 382 (2026) 109975 

3 



stratigraphy stretches from the beginning to the end of the Iron Age (9th 
century BCE to 1st century CE).

The HAS1 settlement (Meghalayan, Late Holocene) was inhabited 
from at least the 4th century BCE until the 1st-2nd century CE (Middle- 
Late Iron Age) (Lischi, 2018; 2019a; 2022, 2023). Based on radiocarbon 
dating on animal bones and charcoal the stratigraphic units here 
investigated show the following ages (Lischi, 2019a): US70 (702 – 
397 cal BCE), US63 (515 – 349 cal BCE), US30 (1st century CE) 
(Table 1). US54 and US95 have not been dated, but US54 is coeval with 
US30, and US95 has an intermediate position between US70 and US98 
(843 – 739 cal BCE), and thus an intermediate age (Table 1).

These stratigraphic units correspond to three distinct occupation 
phases of the promontory by the local populations, as identified by the 
stratigraphic analysis, by the material culture recovered during the 
excavation (Lischi, 2022) and by the exploitation of the resources (e.g., 
molluscs, Crippa et al., 2024). From the oldest to the youngest the 
following phases were identified: (1) Phase 1, US95 and US98 (Early 
Iron Age, 1200–800 BCE), (2) Phase 2, US63 and US70 (Middle Iron Age, 
800–300 BCE), and (3) Phase 3, US30 and US54 (Late Iron Age, 300 
BCE–300 CE).

4. Methods

Ten specimens were analysed for sclerochemical analyses (δ13C, 
δ18O): four specimens of Anadara uropigimelana, three specimens of 
Tivela stefaninii and three specimens of Oliva bulbosa. For each strati
graphic unit two shells belonging to two different species were selected 
(Table 1).

Prior to isotope analyses, shells were checked for preservation 
through Scanning Electron Microscopy and X-Ray Powder Diffraction 
analyses. The results of these analyses are reported in Chiari et al. 
(2025), where a detailed description of the mineralogy and of the 
microstructure is provided together with the sample preparation pro
cedure of each analysis. All the shells are well-preserved showing the 
original microstructure and aragonite mineralogy.

For sclerochemical analyses, bivalve specimens were sectioned 
longitudinally from the umbo to the ventral region along the axis of 
maximum growth using a low speed saw with a thin diamond blade, 
whereas gastropod specimens were cut transversally, perpendicular to 
the growth axis; subsequently, 5 mm-thick slices were cut from each half 
specimen to obtain two specular sections for each specimen and 
mounted on glass slides. These sections were smoothed with 400 and 
1000 grit SiC powder and cleaned with demineralized water. One sec
tion was prepared for SEM analysis following the procedure of Crippa 
et al. (2016), whereas the other section was polished with 1 μm Al2O3 to 
make the growth lines clearer. The polished section was first photo
graphed using a Motic SMZ-171-TLed stereomicroscope at 7.5x magni
fication. Multiple images were taken for each specimen and combined 
using the “Photomerge command” tool in Adobe Photoshop (Adobe Inc.) 
to create a high-resolution image of the shell, allowing clear 

visualization of the growth lines.
The polished section was then sampled at high resolution (~1 mm 

spacing) using a microdrill (Dremel 3000) equipped with a 300-μm 
tungsten carbide drill bit. Bivalve shells were sampled from the dorsal to 
the ventral margin when the entire shell was preserved, whereas 
gastropod shells were sampled only in the last years of growth, where 
the outer shell layer was thicker, from nearly mid-shell toward the shell 
aperture. The number of powder samples collected from each specimen 
was variable, from 17 to 52 samples per shell, covering different years of 
shell growth (Supplementary Fig. S1). We collected from a minimum of 
7 (in Oliva bulbosa) to a maximum of 41 samples (in Anadara uropigi
melana) per year. Assuming an approximately constant shell growth, we 
collected samples with a roughly bimonthly to nearly weekly resolution. 
Although the precise age of each individual sample cannot be con
strained, the sampling density is sufficient to resolve the seasonal cycle 
and identify annual temperature maxima and minima.

For isotope analyses c. 50 μg of carbonate were dissolved in 100% 
phosphoric acid and the carbon and oxygen isotope ratios (13C/12C and 
18O/16O) were measured using an Isoprime dual inlet mass spectrometer 
plus Multiprep device at the British Geological Survey, Keyworth (UK). 
Isotope values (δ13C, δ18O) are reported as per mil (‰) deviations of the 
isotope ratios calculated to the V-PDB scale using a within-run labora
tory standard (KMC) calibrated against the international standards 
(NBS18 and NBS19). Analytical reproducibility for these analyses was 
better than 0.1‰ for δ13C and δ18O.

Seawater temperature seasonality was estimated using two ap
proaches (Table 2): method 1) by calculating the difference between the 
maximum and minimum δ18O values (δ18Omax-as, δ18Omin-as) recorded 
across the entire shell (Δδ18Oas), which reflects the maximum season
ality captured in the sampled interval by each shell; and method 2) by 
identifying the larger amplitude δ18O cycle (Δδ18Ooc) calculated as the 
difference between the maximum and minimum δ18O values (δ18Omax- 

oc, δ18Omin-oc) within a single cycle, defined between two consecutive 
annual growth lines. We here refer to seasonality as the difference be
tween maximum and minimum isotope values, corresponding to the 
difference between the warmest and coldest seawater temperatures 
(Kwiecien et al., 2022). In using both methods, we capture the maximum 
seasonality experienced by the organism during its life/sampled interval 
(method 1) and the maximum seasonality experienced by the organism 
in one year (method 2). We acknowledge that estimates of seasonality 
based on Tmax–Tmin can be sensitive to temporal resolution, as 
higher-resolution records may, in some cases, increase the likelihood of 
capturing extreme values. At the same time, this approach allows to 
capture the full amplitude of the seasonal cycle recorded in the shell, 
including short-lived extremes that may be ecologically and climatically 
relevant. However, in sclerochemical records, the relationship between 
recorded values and environmental extremes is further complicated by 
biological factors such as variable growth rates and seasonal growth 
cessation. Therefore, given the high-resolution but non-continuous 
sampling strategy and the possibility of species-specific shell growth 

Table 1 
Specimens analysed for sclerochemistry. For each specimen are reported the stratigraphic unit (US) from which the specimen come from, the ID number, the museum 
number (MPUM), the species name and the age of each stratigraphic unit based on radiocarbon dating, as well as the subdivision of the stratigraphic units into Phase 1, 
2 and 3.

US ID number MPUM number Species Age

Phase 3 US30 T2 BS-246 12340 Tivela stefaninii

1st century CE
O3 BS-49 12409 Oliva bulbosa

US54 A4 OS-107 12335 Anadara uropigimelana
T3 OS-120 12341 Tivela stefaninii

Phase 2 US63 A3 MS-296 12336 Anadara uropigimelana 515 – 349 cal BCE
O1 MS-24 12411 Oliva bulbosa

US70 A2 A2 12337 Anadara uropigimelana 702 – 397 cal BCE
T1 T1 12343 Tivela stefaninii

Phase 1 US95 A1 A1 12338 Anadara uropigimelana
Intermediate between US70 and US98O2 OB1 12413 Oliva bulbosa

US98 Not sampled 843 – 739 cal BCE
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cessation when temperatures are at their extremes, we cannot exclude 
the possibility that some absolute seasonal extremes were not captured, 
meaning that the reconstructed amplitude of seasonality could represent 
a minimum estimate.

For each shell, the maximum (δ18Omax), minimum (δ18Omin) and 
average (δ18Oavg) δ18O values were also determined (Tables 2 and 3).

For all δ18O values (maximum, minimum, average) and δ18O varia
tions (Δδ18O) we calculated the corresponding maximum (Tmax-as, Tmax- 

oc), minimum (Tmin-as, Tmin-oc) and average (Tavg) palaeotemperatures, as 
well as palaeotemperature excursions (ΔTas, ΔToc) using the modified 
equation of Grossman and Ku (1986) (Tables 2 and 3). Since no direct 
data for the δ18O value of seawater (δ18Osw) are available for the studied 
time interval in the Dhofar region, δ18Osw was assumed to be equal to the 
present-day value for the area (+0,5 ‰) (Schmidt et al., 1999).

Data on annual salinity variation in the area are scarce. Tudhope 
et al. (1996) indicate that seasonal salinity differences off Southern 
Oman are typically less than 0,4 ‰, while Shahjahan et al. (2012, their 
Fig. 7) reported no significant salinity variation in shallow waters (5 m) 
at Salalah between summer and winter. If we consider a salinity annual 
variability of 0,4 ‰, this would correspond to an estimated δ18Osw 
variability of approximately 0,1 ‰ using the surface δ18Osw-salinity 
relationship of Delaygue et al. (2001) for the Arabian Sea. Such vari
ability would translate into temperature uncertainties of <0,5 ◦C.

The seasonal amplitude recorded by mollusc specimens, recon
structed subtracting the minimum temperature from the maximum 
temperature derived from sequential isotopic sampling of the shell, was 
compared to the modern seasonal temperature range, calculated with 
the same approach as the difference between the maximum and mini
mum seawater temperature, using data obtained from website (weather 
spark.com) and other sources related to nearby areas (e.g. Prell and 
Streeter, 1982; Tudhope et al., 1996; Khan et al., 2021). We acknowl
edge that modern datasets are based on multi-year monthly averages, 
whereas shell-based values reflect discrete sampling points along the 
growth profile. Because both modern and fossil seasonality values 
represent single seasonal amplitudes (i.e., ranges defined as Tmax− Tmin) 
a formal statistical comparison was not applied. The comparison is 
therefore descriptive and aims to evaluate differences in absolute sea
sonal amplitude between fossil shells and modern conditions.

As previously discussed, the stratigraphic units examined correspond 
to three distinct occupation phases of the promontory by the local 

populations (Table 1). To facilitate the comparison between these pha
ses and to identified potential trends, we also estimated the average 
palaeotemperature (Tavg-phase) and the average palaeotemperature 
excursion (ΔTavg-as, ΔTavg-oc) for each phase. These were calculated by 
averaging the average palaeotemperatures and the palaeotemperature 
excursions recorded by each species (both across the entire shell and 
within the main cycle) within each phase (Table 3). Similarly, we 
determined the average δ18O values for warm and cold intervals 
(δ18Oavg-warm, δ18Oavg-cold) and their corresponding palaeotemperatures 
(Tavg-warm, Tavg-cold) for each occupation phase (Table 3).

For each shell, the maximum (δ13Cmax), minimum (δ13Cmin) and 
Δδ13C values were also determined for the entire shell and the larger 
amplitude cycle, as well as the average value (δ13Cavg) (Table 4).

5. Results

5.1. Growth lines

The microstructure of growth lines in the three examined species at 
the SEM have already been extensively described by Chiari et al. (2025); 
here, we report only the key features relevant to the discussion.

The shell of Anadara uropigimelana is characterised by major and 
minor growth lines (Fig. 2). In polished sections, these appear as thin, 
slightly darker (light grey) bands alternating with lighter ones, repre
senting growth increments. On the outer shell surface major annual 
growth lines form prominent steps (Fig. 2A and B). Between major 
growth lines, numerous thin minor growth lines occur on the shell 
surface, mainly observable in the interspaces between the costae. At the 
SEM the growth line microstructure is generally well-defined and con
sists of irregular simple prisms; in some cases, however, the prisms are 
less distinct and growth lines correspond to bands of higher porosity 
(Fig. 2C–E). Growth lines cross both outer and inner layers. In the outer 
layer major growth lines cross only the crossed lamellar microstructure, 
but not the dendritic non denticular composite prismatic one.

Numerous major and minor growth lines cross the shell of Tivela 
stefaninii. In polished sections, they appear as darker bands alternating 
with lighter ones, corresponding to growth increments. The darker 
bands may be thin and distinct, or thicker and more diffuse, often con
sisting of a bundle of several growth lines (Fig. 3A). Occasionally, they 
form small steps on the outer shell surface; more often, the latter is 

Table 2 
Stable isotope results. For each analysed specimen are reported the Phase, the US, the ID number, the species, the maximum and minimum δ18O values (δ18Omax, 
δ18Omin), the difference between the maximum and minimum values (Δδ18O) and the corresponding palaeotemperature values (Tmax, Tmin, ΔT) for the all shell (as) and 
for one cycle (i.e., the larger amplitude cycle) (oc).

US ID number Species δ18Omax-as (‰) Tmin-as (◦C) δ18Omin-as (‰) Tmax-as (◦C) Δδ18Oas (‰) ΔTas (◦C)

Phase 3 US30 T2 Tivela stefaninii − 0.38 23.25 − 2.39 31.97 2.01 8.72
O3 Oliva bulbosa +0,15 20.95 − 1.08 26.29 1.23 5.34

US54 A4 Anadara uropigimelana +0,20 20.73 − 1.85 29.63 2.05 8.90
T3 Tivela stefaninii +1,05 17.04 − 1.62 28.63 2.67 11.59

Phase 2 US63 A3 Anadara uropigimelana +0,19 20.77 − 1.56 28.37 1.75 7.60
O1 Oliva bulbosa +0,69 18.60 − 0.2 22.47 0.89 3.87

US70 A2 Anadara uropigimelana − 0.02 21.69 − 1.28 27.15 1.26 5.46
T1 Tivela stefaninii − 0.16 22.29 − 1.85 29.63 1.69 7.34

Phase 1 US95 A1 Anadara uropigimelana − 0.25 22.68 − 1.41 27.72 1.16 5.04
O2 Oliva bulbosa +0,12 21.08 − 0.94 25.68 1.06 4.60

​ US ID number Species δ18Omax-oc (‰) Tmin-oc (◦C) δ18Omin-oc (‰) Tmax-oc (◦C) Δδ18Ooc (‰) ΔToc (◦C)

Phase 3 US30 T2 Tivela stefaninii − 0.54 23.94 − 2.39 31.97 1.85 8.03
O3 Oliva bulbosa +0,13 21.03 − 1.08 26.29 1.21 5.26

US54 A4 Anadara uropigimelana +0,20 20.73 − 1.85 29.63 2.05 8.90
T3 Tivela stefaninii +1,05 17.04 − 1.22 26.89 2.27 9.85

Phase 2 US63 A3 Anadara uropigimelana +0,15 20.95 − 1.56 28.37 1.71 7.42
O1 Oliva bulbosa +0,69 18.60 − 0.05 21.82 0.74 3.22

US70 A2 Anadara uropigimelana − 0.02 21.69 − 1.28 27.15 1.26 5.46
T1 Tivela stefaninii − 0,16 22.29 − 1.56 28.34 1.40 6.05

Phase 1 US95 A1 Anadara uropigimelana − 0,43 23.46 − 1.41 27.72 0,98 4.26
O2 Oliva bulbosa +0,12 21.08 − 0.48 23.68 0.60 2.60
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crossed by numerous growth lines of similar size. Distinguishing be
tween major and minor growth lines is not always straightforward. At 
the SEM, the microstructure of the growth lines is generally composed 
of irregular simple prisms. However, this microstructure is not always 
clearly visible; indeed, in some cases, growth lines are recognizable due 
to their different brightness with respect to the surrounding layer. 
Looking in more detail, these growth lines are associated with an in
crease in the size and a change in the shape of the basic structural units, 
forming an aligned row of small prisms; this often coincides with the 
presence of a thin band of higher porosity (Fig. 3B–E).

The shell of Oliva bulbosa is crossed by major and minor growth 
lines. In polished sections, major annual growth lines appear as darker 
bands alternating with lighter ones, corresponding to growth in
crements. These major lines cross the outer and middle layer, inter
rupting the transitional layer, which appears as a thin, white layer in the 
central part of the shell section (Fig. 4 A). On the outer shell surface 
major growth lines appear as shallow grooves. At the SEM, growth lines 
in the outer and middle layers are curved, following the outline of the 
aperture (Fig. 4 B), whereas in the inner layer they are parallel to the 
external and internal shell surfaces. The microstructure of major growth 
lines consists of a stockade of irregular simple prisms (Fig. 4C and D). 
Numerous minor growth lines occur within the transitional layer, not 
extending into the outer and middle layers (Fig. 4E and F). The 
microstructure of minor growth lines is often unclear; they are typically 
visible due to their different brightness compared to the surrounding 
layer and are frequently associated with thin bands of higher porosity 
(Fig. 4 F).

5.2. Stable isotopes

The results of stable isotope analyses (Figs. 5–7) show that annual 
growth lines in the A. uropigimelana specimens here analysed generally 
record the highest δ13C and δ18O values. The correlation between 
annual growth lines and isotope profiles is not straightforward in the 
T. stefaninii specimens here analysed. Growth lines generally record 
intermediate δ18O values, between the lowest and highest δ18O values, 
with no clear correspondence with δ13C values. Annual growth lines in 
the O. bulbosa specimens here examined record in many cases the lowest 
δ18O values, with no particular correlation with δ13C values.

The stable isotope results are hereafter presented divided by the 
three occupation phases of the settlement by the local population and 
are reported in Figs. 5–8 and Tables 2–4. Measured δ13C and δ18O 
values of each shell sample are reported in the Supplementary Material 
(Table S1).

In the oldest phase (Phase 1) two specimens were analysed 
belonging to Anadara uropigimelana (A1) and Oliva bulbosa (O2) (Fig. 5). 
Considering the entire shell, the ΔTas ranges from 4,60 ◦C (O. bulbosa) to 
5,04 ◦C (A. uropigimelana) (Fig. 8A–Table 2). Considering one cycle, the 
ΔToc ranges from 2,60 ◦C (O. bulbosa) to 4,26 ◦C (A. uropigimelana) 
(Fig. 8B–Table 2). The Δδ13Cas and Δδ13Coc values range from 0,73 ‰ 
(O. bulbosa) to 1,44 ‰ (A. uropigimelana) and from 0,70 ‰ (O. bulbosa) 
to 1,44 ‰ (A. uropigimelana), respectively (Table 4).

In the middle phase (Phase 2) four specimens were analysed: two 
shells of A. uropigimelana (A2, A3), one of T. stefaninii (T1) and one of 
O. bulbosa (O1) (Fig. 6). Considering the entire shell, the ΔTas ranges 
from 3,87 ◦C (O. bulbosa) to 7,60 ◦C (A. uropigimelana) 
(Fig. 8A–Table 2). Considering one cycle, the ΔToc ranges from 3,22 ◦C 
(O. bulbosa) to 7,42 ◦C (A. uropigimelana) (Fig. 8B–Table 2). The Δδ13Cas 
and Δδ13Coc values range from 1,12 ‰ (T. stefaninii) to 1,95 ‰ 
(A. uropigimelana) and from 0,90 ‰ (O. bulbosa) to 1,87 ‰ 
(A. uropigimelana), respectively (Table 4).

In the youngest phase (Phase 3) four specimens were analysed: one 
shell of A. uropigimelana (A4), two of T. stefaninii (T2, T3) and one of 
O. bulbosa (O3) (Fig. 7). Considering the entire shell, the ΔTas ranges 
from 5,34 ◦C (O. bulbosa) to 11,39 ◦C (T. stefaninii) (Fig. 8A–Table 2). 
Considering one cycle, the ΔToc ranges from 5,26 ◦C (O. bulbosa) to Ta
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9,85 ◦C (T. stefaninii) (Fig. 8B–Table 2). The Δδ13Cas and Δδ13Coc values 
range from 0,59 ‰ (O. bulbosa) to 2,68 ‰ (T. stefaninii) and from 0,37 ‰ 
(O. bulbosa) to 1,95 ‰ (T. stefaninii), respectively (Table 4).

Considering the three occupation phases we observed different pat
terns (Table 3): an increase of the average warmest palaeotemperatures 
(Tavg-warm, from 26,70 to 26,91 to 29,13 ◦C) and a decrease in the coldest 
palaeotemperatures (Tavg-cold, from 21,88 to 20,84 to 20,49 ◦C) from the 
oldest to the youngest phase, leading to an increase in seasonality 

(ΔTavg) in both the entire shell (from 4,82 to 6,07 to 8,64 ◦C) and one 
cycle (from 3,43 to 5,54 to 8,01 ◦C). This increase in the seasonal 
palaeotemperature variation is also observable in each single species 
from the oldest to the youngest phase (Fig. 8, Table 2): Anadara uropi
gimelana records a ΔTas from 5,04 to 5,46-7,60 to 8,90 ◦C and a ΔToc 
from 4,26 to 5,46-7,42 to 8,90 ◦C; Oliva bulbosa records the lowest ΔT: a 
ΔTas from 4,60 to 3,87 to 5,34 ◦C and a ΔToc from 2,60 to 3,22 to 
5,26 ◦C; Tivela stefaninii records the highest ΔT: a ΔTas from 7,34 to 8,72- 

Fig. 2. A) Photo of a shell section of Anadara uropigimelana (specimen A3); major growth lines form steps on the outer shell surface which are traceable in the shell 
section; dog: direction of growth. B) Outer layer composed of crossed lamellae and dendritic nondenticular composite prisms near the outer shell surface. The growth 
line crosses only the linear crossed lamellar outer layer. Specimen A3 (modified from Chiari et al., 2025). C-D) Irregular simple prismatic microstructure of a major 
growth line in the outer crossed lamellar layer. Specimen A1 (C), specimen A4 (D, modified from Chiari et al., 2025). E) Irregular complex crossed lamellar inner 
layer crossed by tubules and growth lines. In the latter, the irregular simple prisms are less defined and the growth line corresponds to a band with a higher porosity. 
Specimen A4 (modified from Chiari et al., 2025).

Table 4 
Stable isotope results. For each analysed specimen are reported the US, the ID number, the species, the maximum and minimum δ13C values (δ13Cmax, δ13Cmin), the 
difference between the maximum and minimum values (Δδ13C) for the all shell (as) and for one cycle (i.e., the larger amplitude cycle) (oc), as well as the average δ13C 
value (δ13Cavg).

US ID number Species δ13Cmax-as (‰) δ13Cmin-as (‰) Δδ13Cas (‰) δ13Cmax-oc (‰) δ13Cmin-oc (‰) Δδ13Coc (‰) δ13Cavg (‰)

US30 T2 Tivela stefaninii +1,96 − 0,72 2,68 +1,23 − 0,72 1,95 +0,59
O3 Oliva bulbosa +1,86 +1,27 0,59 +1,86 +1,49 0,37 +1,58

US54 A4 Anadara uropigimelana +0,17 − 1,00 1,17 +0,17 − 1,00 1,17 − 0,50
T3 Tivela stefaninii +1,76 +0,72 1,04 +1,67 +0,73 0,94 +1,25

US63 A3 Anadara uropigimelana +0,90 − 1,05 1,95 +0,90 − 0,97 1,87 − 0,25
O1 Oliva bulbosa +1,83 +0,23 1,60 +1,73 +0,83 0,90 +1,11

US70 A2 Anadara uropigimelana +0,11 − 1,38 1,49 +0,11 − 1,38 1,49 − 0,71
T1 Tivela stefaninii +1,40 +0,28 1,12 +1,24 +0,28 0,96 +0,91

US95 A1 Anadara uropigimelana +0,57 − 0,87 1.44 +0,57 − 0,87 1.44 − 0,08
O2 Oliva bulbosa +1,50 +0,77 0,73 +1,50 +0,80 0,70 +1,11
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11,59 ◦C and a ΔToc from 6,05 to 8,03-9,85 ◦C. Despite these clear 
trends, no particular pattern has been observed in the average palae
otemperatures considering each single species (Tavg) or the three phases 
(Tavg-phase) (Table 3).

Concerning δ13C values, no trends have been observed in Δδ13Cas, 
Δδ13Coc and δ13Cavg from the oldest to the youngest phases. Oliva bulbosa 
records the highest δ13Cavg values (from +1,11 to +1,58 ‰), Anadara 
uropigimelana the lowest δ13Cavg values (from − 0,71 to − 0,08 ‰), 
whereas Tivela stefaninii records intermediate δ13Cavg values (from 
+0,59 to +1,25 ‰).

6. Discussion

6.1. Growth line formation

Most mollusc species continue to grow their calcareous shells 
throughout their lifespan, although the rate of growth can vary 
seasonally and with the ontogenetic age of the organism, typically 
decreasing as the animal grows older (Thomas, 2015). In all species of 
bivalves and gastropods which continue to grow throughout life, new 
growth is added incrementally at the shell edge in bivalves or aperture in 
gastropods. These growth increments form a chronological sequence 
which can preserve a detailed record of the environmental conditions 
experienced by the organism during its life (Thomas, 2015).

For sclerochemical methods to be successfully applied to most 

seasonality archives, such as mollusc shells, it is essential that the 
biology, especially shell growth patterns, and ecology of the species are 
sufficiently well understood. This knowledge is crucial for determining 
how seasonal variations are recorded in the archive, thereby allowing 
these relationships to be extrapolated to fossil or archaeological speci
mens (Schöne, 2008; West, 2013; Thomas, 2015; Hausmann, 2024).

Ideally, actualistic studies on living specimens should be conducted 
to establish a modern reference before analysing archaeological mate
rial. However, this is not always feasible, either due to the unavailability 
of modern reference material or because the study design did not include 
a preliminary investigation of the archive's seasonal dynamics. Both of 
these limitations apply to the present study.

While some ecological information is available for the species 
examined (see material section), quite nothing is known about their 
shell growth patterns, their timing of growth line formation or their life 
span. Data from congeneric species exist (e.g. Tursch et al., 1995; 
Sugiura et al., 2014; Marquardt et al., 2022), but they cannot be used 
here as a comparison as within the same genus different species can have 
different life spans, as well as different shell growth pattern and timing 
of growth line formation. In particular, no data exist for T. stefaninii and 
O. bulbosa. For A. uropigimelana, Lindauer et al. (2017) reported, in a 
single archaeological specimen analysed primarily for other purposes, 
the presence of a growth line formed during the warmest season. 
However, in their fig. 4 , which shows the stable isotope profile, the 
authors did not indicate the position of the growth line. It is also unclear 

Fig. 3. A) Photo of a shell section of Tivela stefaninii (specimen T2); major growth lines form small steps on the outer shell surface and bundle of several growth lines 
form dark bands; dog: direction of growth. B, C) Numerous growth lines in the middle crossed lamellar layer. Specimen T3 (B) and Specimen T1 (C). D) Irregular 
simple prismatic growth line crossing the fine complex crossed lamellar inner layer. Specimen T1 (modified from Chiari et al., 2025). E) Linear crossed lamellar 
middle layer crossed by numerous growth lines. Specimen T2 (modified from Chiari et al., 2025).
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whether the specimen was correctly identified as A. uropigimelana, as the 
authors frequently referred to it simply as Anadara sp.

Based on the isotope data obtained in the present study, the forma
tion of annual growth lines does not occur simultaneously in the three 
mollusc species analysed. Anadara uropigimelana exhibits well-defined 
major growth lines, clearly visible on the outer shell surface, in 

polished sections, and at the SEM. In the A. uropigimelana specimens 
analysed here, annual growth lines generally correspond to the highest 
peaks in δ18O and δ13C. Growth lines recording the highest δ18O values 
indicate that, in this species, annual growth lines form during cold 
peaks, when water temperature is at its lowest. Indeed, specimens of 
A. uropigimelana generally record warmer temperatures compared to the 

Fig. 4. A) Photo of a shell section of Oliva bulbosa (specimen O1); major growth lines are represented by dark curved lines crossing the entire outer and middle layer; 
dog: direction of growth. B) Major growth line crossing the crossed lamellar outer and middle layers and showing an irregular simple prismatic microstructure. 
Specimen MS-24. C, D) Growth lines in the middle layer. Specimen O2 (C) and Specimen O1 (D). E) The transitional layer, crossed by numerous tidally controlled 
growth lines, separates the branching crossed lamellar outer layer and the linear crossed lamellar middle layer 1. Specimen O3 (modified from Chiari et al., 2025). F) 
Tidally controlled growth lines crossing the branching crossed lamellar microstructure in the transitional layer. Specimen O3 (modified from Chiari et al., 2025).

Fig. 5. δ13C (yellow) and δ18O (blue) data from shells of Anadara uropigimelana (specimen A1) and Oliva bulbosa (specimen O2) from the oldest occupation phase 
(US95; Phase 1). The position of the growth lines is represented by vertical grey bands.
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other two examined species (Table 2).
Similar to A. uropigimelana, also Oliva bulbosa annual growth lines are 

very distinct on the outer shell surface, in polished sections, and under 
SEM imaging. These appear as curved, dark lines that cross the entire 
outer shell layer, following the curvature of the aperture. In the exam
ined O. bulbosa specimens, growth lines often correspond to the lowest 
δ18O values, with no consistent relationship to δ13C values. These lower 
δ18O values indicate that growth line formation in this species generally 
occurs during warmer periods, when water temperatures are higher. 
Indeed, specimens of O. bulbosa generally record the coldest tempera
tures and the maximum temperatures are the lowest recorded among the 
three species, thus confirming a reduced growth during the warmest 
season (Fig. 8, Table 2).

The interpretation of major growth lines in Tivela stefaninii is more 
complex, as they are less distinct compared to those in A. uropigimelana 
and O. bulbosa. In this study, we consider as annual growth lines those 
that form a step on the outer shell surface. The correlation between 

growth lines and isotopic profiles in the T. stefaninii specimens is not 
straightforward. Growth lines generally coincide with intermediate δ18O 
values (i.e., between minimum and maximum values) without a clear 
correspondence to δ13C values. This suggests that growth line formation 
occurs during a transitional period, specifically after the warmest season 
and before the onset of the coldest. This is the species generally 
recording the largest seasonal variation (Fig. 8, Table 2).

If on the one hand the different timing of growth line formation in 
the three species, slowing their growth in different seasons, may 
complicate the palaeoenvironmental and palaeoclimatic interpretation, 
on the other hand, this allows to record the full seasonal range in 
seawater temperatures during the examined time intervals.

6.2. Palaeoclimate during the occupation of the HAS1 site

The sclerochemical analysis performed in this study provides, for the 
first time, an insight into the evolution of seasonality from the oldest to 

Fig. 6. δ13C (yellow) and δ18O (blue) data from shells of Anadara uropigimelana (specimens A2, A3), Tivela stefaninii (specimen T1) and Oliva bulbosa (specimen O1) 
from the middle occupation phase (US63, US70; Phase 2). The position of the growth lines is represented by vertical grey bands. In Tivela stefaninii the dashed vertical 
grey bands also mark growth lines; however, because they do not form visible steps on the outer shell surface, we cannot be certain that they represent major 
growth lines.

Fig. 7. δ13C (yellow) and δ18O (blue) data from shells of Anadara uropigimelana (specimen A4), Tivela stefaninii (specimens T2, T3) and Oliva bulbosa (specimen O3) 
from the youngest occupation phase (US30, US54; Phase 3). The position of the growth lines is represented by vertical grey bands.
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the youngest occupation phases of the Inqitat plateau by the local 
population. When considering the three occupation phases, a trend of 
increasing seasonality is observed from the oldest (Phase 1) to the 
youngest (Phase 3) phase, both in the seasonal signals recorded by the 
entire shell and by the main annual growth cycle (Fig. 8C). Although the 
average temperatures for each phase are similar (Table 3), the average 
warmest temperatures increase while the average coldest temperatures 
decrease, resulting in an overall enhancement of seasonality from Phase 
1 to Phase 3. The same trend is evident when each species is considered 
individually across the three phases. It should be noted that the speci
mens analysed in each phase may not have lived within exactly the same 
time interval (i.e., they may not have been coeval), and that shell stable 
isotope data alone may reflect the natural isotopic variation recorded by 

the organism during its lifetime. Furthermore, we also acknowledge that 
species-specific vital effects may have influenced the different seasonal 
ranges recorded by different taxa. However, when these data are inter
preted collectively, the increasing trend in seasonality across the three 
phases becomes evident (Fig. 8C).

To properly interpret these data, it is necessary to consider that the 
Dhofar region has a complex climatic and oceanographic setting, 
distinct from the rest of Oman. Modern seawater surface temperature 
variations along the Dhofar coast near Salalah (seasonal range: ~5 ◦C, 
Fig. 9; Prell and Streeter, 1982; Tudhope et al., 1996; Khan et al., 2021) 
shows that the temperature pattern deviates from the classical seasonal 
cycle, typically characterised by maximum annual values in summer and 
minimum annual values in winter. In contrast, the lowest temperatures 

Fig. 8. A, B) Funnel charts showing the seasonal temperature variation recorded by each of the analysed specimens in all shell (A) and in one cycle (B). In yellow are 
represented specimens of A. uropigimelana, in violet those of T. stefaninii and in blue those of O. bulbosa. Coloured rectangles around specimen ID identify the three 
phases of site occupation: Phase 1 in yellow, Phase 2 in orange, Phase 3 in red. C) Funnel chart showing the increasing trend in seasonality from Phase 1 to Phase 3 in 
both all shell (as) and one cycle (oc) and modern seasonal seawater range along the coast of Salalah, Dhofar.

Fig. 9. Seasonal cycle of seawater temperature at Salalah. The central dark blue curve shows the multi-year mean, and the shaded light blue area represents the 
approximate 10th–90th percentile range of interannual variability. No additional smoothing was applied; the smooth appearance reflects averaging inherent in the 
underlying observational data compiled by WeatherSpark. This curve illustrates the not-classical sinusoidal annual cycle and allows estimation of the annual 
temperature amplitude (max–min) used for δ18O interpretation (modified from weatherspark.com).

G. Crippa et al.                                                                                                                                                                                                                                  Quaternary Science Reviews 382 (2026) 109975 

11 

http://weatherspark.com


occur during summer, with another minimum in winter, while the 
highest temperatures are recorded in spring and autumn (Tudhope et al., 
1996). This non-standard seasonal configuration complicates the inter
pretation of the isotope profiles, which do not show a typical sinusoidal 
curve, reflecting unique oceanographic conditions. For this reason, in 
our study we focus primarily on the recorded δ18O/temperature varia
tions (Δδ18O and ΔT), rather than on the specific shape of the isotope 
profiles.

These unusually low summer seawater temperatures are linked to the 
influence of the Indian Ocean monsoon acting along the Dhofar coast 
during summer and the consequent seasonal upwelling of Indian Ocean 
waters (e.g., Jung et al., 2002; Petit et al., 2007; Munz et al., 2017; 
Watanabe et al., 2017). Unlike the rest of Oman, the winter monsoon is 
weak in Dhofar, whereas the summer monsoon is stronger (Hoorn and 
Cremaschi, 2004; Martin, 2005; Petit et al., 2007). The alongshore 
monsoon winds induce coastal upwelling of cold, nutrient-rich and sa
line deep water to the surface, causing a decrease of seawater temper
atures and an increase in salinity that occurs annually during summer 
months (e.g., Jung et al., 2002; Petit et al., 2007; Munz et al., 2017; 
Watanabe et al., 2017; Crippa et al., 2024; Müller et al., 2026). This 
cooling leads to the condensation and precipitation of moisture carried 
by the southwesterly winds on the windward side of the Dhofar Moun
tains (Müller et al., 2026), particularly during July and August. Due to 
orographic effects, most of the rainfall is concentrated on the southern 
slopes of the Jebel Qara, Qamar and Samhan, while the Salalah Plain 
receives significantly less precipitation (Khalifa, 1988). Precipitation is 
generally light in Dhofar mountains (daily rainfall <5 mm/day, 
100-400 mm per year; Zerboni et al., 2020; Kwarteng et al., 2009; Müller 
et al., 2026) and occurs mainly as light rain and drizzle (Hoorn and 
Cremaschi, 2004; Petit et al., 2007), which consists of small droplets 
falling slowly and having a large specific surface area. This is a 
distinctive feature of the monsoon in the Dhofar Mountains, which dif
fers markedly from the Indian Summer Monsoon in India, where rainfall 
can be intense with pouring rain and high precipitation rates (Müller 
et al., 2026). At present, the Indian Summer Monsoon contributes to 
groundwater recharge in the Dhofar mountains, which subsequently 
flows toward the Salalah coastal plain to the south and the Najd region 
to the north (Müller et al., 2026). The estuaries along the Salalah Plain 
are supplied with freshwater originating from the mountains, mainly 
through subsurface groundwater flow (Hoorn and Cremaschi, 2004; 
Zerboni et al., 2020).

Prell et al. (1992) indicated that monsoonal upwelling conditions 
were established around 8 Ma, when the relative abundance of endemic 
upwelling species of radiolarians and foraminifers increased, reflecting 
the onset and intensification of the modern monsoon circulation. This 
suggests that monsoon-driven upwelling conditions were also active 
during the occupation of the HAS1 settlement.

These complex oceanographic dynamics influence the stable isotope 
composition recorded in mollusc shells, thereby complicating the 
reconstruction and interpretation of palaeoclimatic and palae
oenvironmental signals and the recognition of clear annual cycles in the 
shells (Bemis and Geary, 1996). Upwelling and freshwater input from 
the summer monsoon occur during the same season (upwelling is pro
moted by the monsoon), but their effects tend to counteract each other: 
freshwater input decreases the δ18O value of the seawater, while up
welling increases it. The overall impact of freshwater input on the δ18O 
value of the seawater is probably limited, as precipitation is very low 
and reaches the Salalah plain mainly as subsurface groundwater flow (e. 
g. Zerboni et al., 2020; Müller et al., 2026). Upwelling may have 
amplified the coldest temperatures recorded, while minor precipitation 
events occurring in spring or autumn (Prell and Streeter, 1982; Kwar
teng et al., 2009; Gunawardhan and Al-Rawas, 2016; Khan et al., 2021), 
when seawater temperatures are higher, could affect the warmest 
seawater temperatures recorded by the shell. However, as reported by 
several authors (e.g., Tudhope et al., 1996; Shahjahan et al., 2012), 
oceanographic cruise data indicate that modern spatial and temporal 

gradients in salinity off southern Oman are very small, typically less than 
0,4 ‰ over lateral distances of 100-200 km and water depths of 0-100 m; 
seasonal differences fall within a similar range (e.g., Brock et al., 1992; 
Currie, 1992; Tudhope et al., 1996). Extremely low rainfall, the absence 
of both local and regional run-off, the narrow and open continental 
shelf, and the distance of our sampling site from both the Red Sea and 
the Persian Gulf (two potential sources of high-salinity water) likely 
explain this relative salinity homogeneity (Tudhope et al., 1996). Based 
on this evidence, changes in the oxygen isotopic composition of 
seawater resulting from rainfall, evaporation, or the mixing of different 
water masses seem to be small compared to the temperature-driven 
isotopic signals recorded by bivalve shells. However, seasonal vari
ability in salinity and thus in δ18O seawater value cannot be excluded, 
but likely contribute to the isotopic signal recorded in the shells and to 
the observed enhanced seasonality. As this variability cannot be con
strained, its effect on reconstructed temperatures is difficult to quantify. 
Consequently, while salinity variations are unlikely to dominate the 
δ18O signal, they represent an additional source of uncertainty that may 
influence both absolute temperature estimates and the reconstructed 
seasonal variability, as discussed in the following paragraphs.

Based on these premises, interesting information on the monsoon 
activity during the occupation phases of the site can be gained from the 
sclerochemistry of the analysed shells. When comparing the seasonal 
temperature variations inferred from the molluscs analysed in this study 
with modern values (seasonal range: ~5 ◦C, Fig. 8C and 9), we observe 
that seasonality was lower than today during Phase 1, comparable to 
present-day conditions in Phase 2, and higher than today during Phase 
3.

The progressive increase in seasonality recorded by the shells may 
reflect a gradual strengthening of monsoon activity from the earliest to 
the latest occupation phases, possibly linked to enhanced upwelling of 
colder, more saline waters, which would have amplified the seasonal 
signal preserved in the shells, together with an increase in rainfall. 
Indeed, toward the youngest phase, we observe a decrease in the coldest 
temperatures, indicating more intense upwelling and thus high δ18O 
values recorded by the shells, and an increase in the warmest temper
atures, possibly reflecting more freshwater runoff and thus low δ18O 
values recorded by the shells. These combined effects would further 
amplify the seasonal contrast recorded in the shells.

To identify upwelling events and quantify their intensity, Killingley 
and Berger (1979) proposed to use the occurrence of a negative corre
lation between oxygen and carbon isotope ratios in mollusc shells. Shells 
accreted during periods of upwelling are expected to exhibit higher δ18O 
and lower δ13C values, because upwelled waters are cool, 18O-enriched, 
and 13C-depleted, resulting in a negative δ18O-δ13C correlation. 
Although this relationship has been documented in several studies (e.g., 
Killingley and Berger, 1979; Tao et al., 2013; Bassett and Andrus, 2021), 
it is not always straightforward. The δ13C minima and δ18O maxima are 
not necessarily synchronous (Killingley and Berger, 1979; Tao et al., 
2013; Caldarescu et al., 2021) and the negative δ18O-δ13C correlation, 
often considered diagnostic of upwelling, may not always be a reliable 
indicator for reconstructing such events. Bemis and Geary (1996) and 
Tao et al. (2013) further suggested that eutrophic environments, such as 
Pacific upwelling areas, are characterised by high Δδ18O (2.3‰-3.2‰), 
a pattern also observed in our specimens, mainly in those from Phase 3.

In the specimens here examined, the correlation between δ18O and 
δ13C is not straightforward (Supplementary Fig. S2). Anadara uropigi
melana specimens show both positive and negative correlation, Tivela 
stefaninii a negative, and Oliva bulbosa a positive correlation. To be noted 
that these correlations are always weak (R2 < 0,2767 in all the speci
mens) and therefore not useful. When looking at the profiles in more 
detail, in A. uropigimelana, δ18O peaks generally coincide with δ13C 
peaks, indicating cold conditions associated with an enhanced produc
tivity event (13C-enriched waters). In T. stefaninii, especially in speci
mens from Phase 3, δ18O peaks often correspond to low or intermediate 
δ13C values, suggesting the upwelling of cold and nutrient-rich waters, 
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which are enriched in 12C. The Oliva bulbosa profiles are comparatively 
flatter than those of the other two species, making it difficult to discern 
any clear isotopic correlation. As upwelling is also associated with 
increased nutrient inputs, it promotes seasonally higher primary pro
ductivity, leaving surface waters relatively enriched in 13C. Conse
quently, in upwelling zone the δ13CDIC value would initially decrease 
before subsequently increasing (Bassett and Andrus, 2021). However, 
this general trend may be complicated by a desynchronization between 
upwelling and the resulting phytoplankton blooms (Graniero et al., 
2017). This lag can be short and therefore difficult to resolve in our 
sclerochemical analyses. For instance, Henson and Thomas (2007)
documented a 15-day delay between upwelling and phytoplankton 
blooms in the modern California Current system. This may explain why 
in some cases we observe a correlation between δ18O and δ13C peaks, 
whereas in others we do not. Such variability may reflect the fact that 
the three taxa do not record the same seasonal window, despite living in 
the same time interval, possibly documenting slightly different stages of 
the same upwelling event. A. uropigimelana primarily grows during the 
warm-intermediate season and slows or stops growth during the coldest 
months; O. bulbosa grows mainly during cold-intermediate seasons 
(growth lines forming when temperatures are higher), whereas 
T. stefaninii records both the warmest and coldest seasons (growth lines 
forming between the highest and lowest temperatures). For example, 
T. stefaninii, in recording the coldest season, may capture both the initial 
arrival of cold, nutrient-rich (12C-enriched) upwelled waters and the 
subsequent phytoplankton bloom (13C-enriched waters). In contrast, 
A. uropigimelana, which reduces growth during the coldest phase, may 
preferentially record the later productivity signal rather than the full 
upwelling cycle, resulting in different δ13C-δ18O correlations among 
species living within the same interval. Besides these explanations, the 
different δ13C-δ18O correlations may be also due to different living and 
feeding strategies (Anadara uropigimelana is an epifaunal/seminfaunal 
species, Tivela stefaninii is an infaunal bivalve, whereas Oliva bulbosa is 
an epifaunal gastropod). These different life habits may potentially 
affect their internal utilization of the dissolved organic carbon. As 
widely discussed in the literature, carbon isotopes in molluscs are 
influenced by variable contributions of metabolic CO2 and ambient 
dissolved organic carbon (McConnaughey et al., 1997; McConnaughey 
and Gillikin, 2008). Species-specific vital effects may therefore modulate 
or even decouple δ13C from purely environmental forcing.

Despite these complications, the shells from Phase 1 to Phase 3 re
cord a progressive intensification of seasonal signals, suggesting 
enhanced monsoon activity and strengthened upwelling from the 9th 
BCE to 1st century CE. Geomorphological and palynological evidence 
from the Dhofar coastal wetlands indicates that between ca. 752–391 
BCE and 250–534 CE, partly overlapping with our dataset, freshwater 
runoff into the estuaries was substantially greater than at present, 
reflecting enhanced SW summer monsoon activity (Hoorn and Crema
schi, 2004). The highly dynamic and non-linear behaviour of these 
estuarine systems implies strong seasonal contrasts rather than uni
formly wet conditions. At Sumhuram, high-resolution palynological 
records document repeated short-lived flooding events between ca. 204 
BCE and 130 CE, pointing to intense and concentrated rainfall episodes 
during a phase of stronger monsoonal influence (Mariotti Lippi et al., 
2011). The event-driven and discontinuous nature of sedimentation 
during this interval, as highlighted by subsequent archaeopalynological 
reassessments (Bellini et al., 2011), further supports a climate regime 
characterised by pronounced intra-annual variability. Taken together, 
these independent terrestrial records support a context of intensified 
monsoon influence during the period investigated here and especially in 
the last occupation phase, within which the progressive strengthening of 
seasonal signals observed in the shells is best interpreted as an ampli
fication of seasonal contrasts rather than a simple increase in mean 
annual humidity.

To our knowledge, no other coeval records with a temporal resolu
tion comparable to that of the present study are available for assessing 
the evolution of monsoon activity in Dhofar. Speleothem data 
(Fleitmann et al., 2003, 2007) indicate a weakening of the summer 
monsoon during the Middle and Late Holocene, resulting in decreased 
precipitation. However, Kiran Kumar and Ramesh (2017) argued that 
there is no clear evidence for a steady decline of the South Asian summer 
monsoon throughout the Holocene; on the contrary, their results suggest 
a progressive increase in monsoon rainfall. Regardless of these different 
interpretations, the isotopic patterns recorded in the Khor Rori shells 
may represent short-term fluctuations superimposed on a longer-term 
climatic trend.

6.3. Impact of climatic conditions on human site occupation

The Dhofar region is a key area for understanding past human 
groups. Southern Oman, in fact, has long been regarded as a de
mographic and environmental refugium during earlier arid phases, sus
tained by monsoon-driven moisture along the Dhofar escarpment (Rose 
et al., 2019). From the Iron Age onwards, the same region became 
increasingly integrated into regional and long-distance exchange net
works, initially through overland caravan routes, and later via Indian 
Ocean maritime routes, thanks mainly to the presence of the 
highest-quality frankincense (Avanzini, 2008; Newton and Zarins, 
2010). Its primary export product was frankincense, a resin produced by 
Boswellia sacra, a tree growing on the Nejd plateau and in the drier wadis 
of the mountain ranges of southern Oman and eastern Yemen (Raffaelli 
et al., 2011; Hoorn and Cremaschi, 2004). Important settlements, such 
as the South Arabian city of Sumhuram, located near the site of Inqitat 
(Khor Rori archaeological park), played a crucial role within the region's 
trade networks during the Late Iron Age. Consequently, understanding 
how human adaptation and resource exploitation respond to changing 
environmental conditions, especially in desert environments, is essen
tial. Environment and climate are, indeed, key variables influencing 
human decision-making (e.g., Twaddle et al., 2016 and reference 
therein).

The climatic conditions, i.e. the increase in monsoon intensity and 
upwelling from Phase 1 to Phase 3, indicated by the sclerochemical 
analysis of the shells analysed in this study may also have implications 
for the different patterns of site occupation by the local population. 
Three distinct phases of use of the promontory were identified (Lischi, 
2022; Crippa et al., 2024). During the Early Iron Age (Phase 1, US95 and 
US98), the area was exploited with less intensity. In the Middle Iron Age 
(Phase 2, US63 and US70) the coastal environment experienced inten
sive use, corresponding to the main occupation phase of the settlement. 
During the Late Iron Age (Phase 3; US30 and US54), the area continued 
to be used with a comparable intensity; however, this phase also sug
gests the establishment of contacts with Sumhuram, founded around the 
end of the 2nd century BCE, and an increasing involvement in wider 
regional and international exchange networks. The final destruction of 
the settlement by fire (end of the 1st – beginning of the 2nd century CE), 
possibly intentional, may be tentatively linked to processes of territorial 
control associated with the emergence of Sumhuram.

An increase in monsoon activity may have positive effects on human 
societies, as it enhances water availability, particularly in arid regions. 
Conversely, decrease in precipitation and increasing aridity can 
contribute to population movements and migration (Gupta et al., 2006). 
However, excessive rainfall and prolonged summer monsoon seasons, 
leading to extreme climatic events such as cyclones or widespread 
flooding, can have detrimental effects, including severe damage to 
agricultural production (Gupta et al., 2006).

An intensification of the summer monsoon can also strengthen 
associated upwelling processes, thereby fuelling biological productivity 
within the euphotic zone and ultimately increasing food availability. 
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Upwelling brings substantial nutrient inputs to surface waters, pro
moting biomass development through increases in both phytoplankton 
and zooplankton. These planktonic blooms, in turn, attract large quan
tities of fish, such as sardines. The high abundance of fish in upwelling 
zones therefore makes these areas particularly attractive to human 
populations (Martin, 2005). Today, the northern Arabian Sea is regarded 
as one of the most productive marine regions in the world (e.g., Tudhope 
et al., 1996; Munz et al., 2017; Watanabe et al., 2017). However, up
welling may also contribute, together with ongoing climate warming, to 
the development of harmful algal blooms, which exert significant im
pacts on the distribution and survival of coastal marine biota (Al-Azri 
et al., 2012; Burt et al., 2016).

While the abandonment of the HAS1 site is archaeologically associ
ated with its destruction by fire, most plausibly linked to deliberate 
actions connected with the establishment of Sumhuram, environmental 
factors may nevertheless have played an important indirect role during 
the final phases of occupation (Lischi, 2021, 2023). An intensification of 
summer monsoon dynamics, particularly during Phase 3, is likely to 
have resulted in longer and more disruptive rainy seasons, increasing the 
frequency and magnitude of flooding along the wadi system and placing 
additional stress on local infrastructures and activities. Such conditions 
would have required more careful management of meteoric waters, a 
need that is well documented within the walled city of Sumhuram 
through the presence of extensive water-management features (Degli 
Esposti and Pavan, 2020; Lischi, 2026). For the indigenous communities 
occupying the Inqitat plateau, prolonged monsoon seasons may have 
entailed extended periods of seasonal mobility towards the mountain 
hinterland, as strong winds, intensified rainfall, and reduced fishing 
opportunities would have made prolonged occupation of the coastal 
plateau increasingly impractical during the monsoon months.

Recent studies have shown that intensified monsoon dynamics may 
have had contrasting effects on coastal and inland occupations during 
the Iron Age. On the one hand, increased seasonality likely imposed 
constraints on permanent coastal habitation, particularly during the 
summer months, encouraging patterns of seasonal or intermittent 
occupation, as observed at the Iron Age Nafūn complex in south-central 
Oman (Danielisová et al., 2024). On the other hand, coastal environ
ments shaped by favourable morphology, productive upwelling systems, 
and dynamic marine conditions would have remained highly attractive 
due to their exceptional availability of food and other valuable re
sources, supporting sustainable livelihoods despite seasonal constraints. 
As highlighted by Danielisová et al. (2024), the Indian Ocean coastal 
zone offered a rich and resilient resource base for Iron Age communities 
in the region. Within this broader context, it may be tentatively sug
gested that increased seasonal contrasts also enhanced the permeability 
of otherwise arid pre-desert landscapes. Given that trilith structures are 
widely regarded as markers of mobile pastoral practices associated with 
the Dhofar Inland Cultural sphere (Lischi, 2022), their eastward 
expansion during the Late Iron Age may have been facilitated by epi
sodes of enhanced seasonal water availability, allowing pastoral groups 
to extend their seasonal mobility beyond Hadramawt and Dhofar 
(Garba, 2025).

7. Conclusion

Archaeological sites are often among the best sources of abundant 
mollusc shells from well-stratified and dated contexts. Because these 
shells can be directly linked to human activities, they provide a rela
tively straightforward means of inferring past human behaviour 
(Kwiecien et al., 2022), as well as the environmental conditions pre
vailing during human occupation (Twaddle et al., 2016). The present 
study represents the first sclerochemical analysis of the species Anadara 
uropimigelana, Tivela stefaninii and Oliva bulbosa, as well as the first 

application of this approach to shells from an archaeological context in 
Dhofar.

The main conclusions are as follows: 

• Growth lines formation in the three analysed species occurred at 
different times: in A. uropigimelana growth lines form during periods 
of lower water temperatures, in O. bulbosa during periods of higher 
temperatures, and in T. stefaninii between the highest and lowest 
temperatures.

• Sclerochemical analyses (δ18O, δ13C) of mollusc shells reveal an in
crease in seasonality from Phase 1 to Phase 3 (ΔTavg-as from 4,82 to 
6,07 to 8,64 ◦C and ΔTavg-oc from 3,43 to 5,54 to 8,01 ◦C). This 
enhanced seasonality may reflect stronger monsoon activity and 
intensified upwelling from the 9th century BCE to the 1st century CE, 
across an interval of approximately 1000 years.

• These high-resolution sclerochemical profiles provide valuable con
tributions to palaeoclimate discussions and reconstructions, partic
ularly in complex climatic and oceanographic settings such as 
Dhofar, which are often understudied due to their intrinsic 
complexity.

• Coastal morphology, marine environmental conditions, and up
welling dynamics likely made the area surrounding the HAS1 site 
especially rich in food resources, rendering it highly attractive to 
human populations.

• The intensification of the summer monsoon, particularly during 
Phase 3, may have led to longer and more disruptive rainy seasons, 
with increased flooding along the wadi system. Rather than resulting 
in a reduced exploitation of the site, these conditions likely required 
a reorganisation of activities and a more careful management of 
meteoric waters, implying a shift in how the site and its surrounding 
landscape were used during the final occupation phase.

Taken together, these observations emphasise that the environ
mental dynamics documented at Khor Rori during the Late Iron Age 
should not be interpreted in isolation, nor as purely local phenomena. 
Instead, they point to a broader regional framework in which intensified 
seasonality and non-linear environmental responses structured human 
behaviour across southern Oman. Within this framework, coastal, 
inland, and urban communities adopted distinct yet coexisting adaptive 
strategies, ranging from flexible mobility and diversified land use to 
more formalised and engineered solutions for water management. The 
evidence from HAS1 thus contributes to a more nuanced understanding 
of how intensified climatic variability intersected with cultural tradi
tions, mobility regimes, and emerging socio-political landscapes, 
shaping diverse pathways of human adaptation rather than uniform 
responses to environmental change.
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Schmitt, K., Walliser, E.O., Schöne, B.R., Gey, C.J., Schimdt, C., 2022. Environmental 
reconstructions based on aquatic and terrestrial snails originating from the Early 
Bronze Age and the late islamic Period- A stable isotope case study from the Al- 
Khashbah archaeological Site, Sultanate of Oman. J. Archaeol. Sci.: Report 45, 
103620. https://doi.org/10.1016/j.jasrep.2022.103620.
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