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ARTICLE INFO ABSTRACT

Editor: Amy Prendergast Shells of the aquatic gastropod Melanoides tuberculata and the terrestrial gastropod Zootecus insularis were ana-
lysed using high-resolution isotope sampling (up to 274 samples per shell) to assess their potential use as a proxy
for hydroclimatic and palaeoenvironmental reconstruction in drylands. A total of 169 snails (fossil and modern)
were collected from 37 sites in Northern Oman and Dhofar, with each site selected for its specific geomorpho-
logical, archaeological or ecological context. This included fluvial terraces, playa environments, modern oasis
gardens, irrigation channels and archaeological sites from the Neolithic (6,000-3,200 BCE) and Early Bronze Age
(3,200-2,000 BCE) periods. The 5'80 data obtained from these gastropods could be classified into eight different
patterns, three for the aquatic snails (Type 1 A-C) and five for the terrestrial snails (Type 2 A-E), which were
linked to the environmental context of their habitat. Furthermore, the use of the aquatic snails enabled us to
distinguish between groundwater and surface water signals, whereas the terrestrial snails were employed to
reconstruct changes in rainfall origin, humidity, evaporation, regular wet-dry cycles, and meteorological events.
According to the results, gastropods can be used to elucidate the long-term, local evolution of rain-fed floodplain
ecosystems in drylands and to identify the hydrological resources present in the vicinity of archaeological sites,
particularly with regard to type 1 A-C (e.g., surface water vs groundwater).
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1. Introduction emergence of khareef-like conditions (kharif = local Arabic term for the
southeastern monsoon from June to early September) characterised by

Throughout the Quaternary, the climate of Oman was characterised high humidity, moderate temperatures, increased rainfall, and fog

by alternating periods of arid and humid conditions, which have been
attributed to fluctuations in the mean latitude of the Intertropical
Convergence Zone (ITCZ) over time (Fleitmann et al., 2007). In periods
when the ITCZ migrated further southward (e.g., today), summer
monsoon precipitation was weakened and only reached as far north as
the Dhofar region (Weyhenmeyer et al., 2000). In periods when it moved
further northward (e.g., Holocene Humid Period; Fontes et al., 1993;
Fig. 1) much of northern Oman received increased mean annual pre-
cipitation (Fleitmann et al., 2003). This would have led to the
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throughout the region, transforming the Arabian Desert into verdant
landscapes with permanent lakes or wetlands (Rosenberg et al., 2012;
Matter et al., 2015; Parker et al., 2016). Such periods have been docu-
mented in the Pleistocene and the Holocene (10,500 to 6,000 years ago;
Fleitmann et al., 2003, 2007). Wadis benefited from more intense and
regular flow (Blechschmidt et al., 2009; Woor et al., 2022) and vege-
tation density increased (Parker et al., 2004). This has been associated
with greater accessibility of local water resources, which is believed to
play an important role in the dispersal of hominins both within and
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beyond Arabia (Armitage et al., 2011; Parton et al., 2015; Breeze et al.,
2016). Furthermore, it has been postulated that they may have influ-
enced the settlement patterns during the Holocene in Oman, particularly
during the Neolithic (6,000-3,200 BCE) and the Early Bronze Age
(3,200-2,000 BCE) (Preston et al., 2015).

In contrast, dry periods are characterised by infrequent and spatially
limited rainfall (coastal areas: 60-100 mm/yr; mountainous regions:
200-300 mm/yr) with a high inter-annual variability driven by the
Westerlies and the Mediterranean depression (Weyhenmeyer et al.,
2002), which makes Oman exposed to chronic water stress. Meteoro-
logical events such as cyclones originating from the Indian Ocean can
also contribute to rainfall. The southern coast of Oman is exposed to
cyclones every 5 to 7 years and the northern coast every 10-15 years,
but the frequency of those phenomena is escalating with climate change
(Mansour et al., 2021). Such events can result in the delivery of a
considerable quantity of precipitation in a relatively short period. This
has been recently illustrated by the tropical Cyclones Gonu (2007) and
Shaheen (2021), which delivered 625 mm (Elgamal et al., 2007) and >
300 mm of precipitation in Muscat (Terry et al., 2022), respectively, in
one day. Cyclones are mainly impacting coastal areas but some of them
can penetrate inland (for instance Mekunu in 2018) (Andreou et al.,
2022).

In Oman, reconstructing the temporal and spatial characteristics of
past rainfall and its associated humid or dry periods is complicated by
the need to rely on terrestrial archives such as speleothems, lacustrine
deposits (Nicholson et al., 2020) and fluvial sediments (Parton et al.,
2015; Beuzen-Waller et al., 2022). All of these archives have inherent
limitations, including that they are site-specific, require sufficient rain-
fall to form (Fleitmann et al., 2011; Mueller et al., 2023), can be influ-
enced by groundwater fluctuations, or are discontinuous (Blechschmidt
et al., 2009; Hoffmann et al., 2015; Beuzen-Waller et al., 2022; Mueller
et al., 2023; Woor et al., 2022). Furthermore, the poor preservation of
biomarkers in arid and semi-arid regions, resulting from weathering,
drought-induced diagenetic alteration, and deflation, represents a sig-
nificant challenge to local-scale palaeoenvironmental reconstructions.

Terrestrial and fresh/brackish-water gastropod shells represent
hitherto unexploited archives for climate reconstructions in Oman. This
is surprising given that these shells can be found in a variety of envi-
ronments and in many different temporal and spatial contexts (Beuzen-
Waller, 2020; Girod and Sassoon, 2022). Following previous studies,
stable isotope data (5'%0 and 5'3C) of aragonitic shells can be used to
reconstruct palaeoenvironmental conditions (e.g., Stott, 2002; Balak-
rishnan and Yapp, 2004; McConnaughey and Gillikin, 2008; Schone,
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2008; Yanes et al., 2009; Prendergast et al., 2015; Louis et al., 2022;
Stringer and Prendergast, 2023). Although most of these studies use bulk
samples (providing an average environmental signal recorded over the
lifetime of the animal), there are studies that employed higher-
resolution sampling to obtain more detailed environmental data (e.g.,
Leng et al., 1998; Taft et al., 2014, 2020; Zaarur et al., 2016; Ghosh
et al., 2017; Long et al., 2020; Dong et al., 2022; Schmitt et al., 2022;
Quenu et al., 2023; Li et al., 2024).

In this study, high-resolution sampling with a 0.5 to 1.5 mm spacing
(up to 274 samples per shell; for exact number see Supplementary S1)
was conducted on 56 specimens of the aquatic (freshwater/brackish-
water) gastropod species Melanoides tuberculata (O. F. Miiller, 1774) and
on 113 specimens of the terrestrial species Zootecus insularis (Ehrenberg,
1831). A total of 6288 samples were drilled for stable isotope analysis
6'3C and 6180), with which we evaluated the potential of the snail shell
as an insight into past hydroclimatic and palaeoenvironmental condi-
tions in drylands. The shells originated from specific geomorphological
contexts including channel deposits, overbank deposits as well as playa
depressions (Fig. 3). Additionally, archaeological contexts were
considered including sites from the Neolithic period (approx.
6,000-3,200 BCE, during the Holocene Humid Period) and from the
Early Bronze Age (approx. 3,200-2,000 BCE, starting at the onset of arid
conditions). Shells from modern contexts, sampled in karstic springs,
oasis gardens and falaj irrigation canals (underground galleries draining
groundwater until it reaches the surface, whereupon it is redirected
towards villages and agricultural plots), were analysed as modern
reference materials (Fig. 2; for coordinates, please see Supplementary
S2). The typology of the §'%0 signals was then compared to their
stratigraphic, geomorphologic, and archaeological context of sampling
to test their accuracy, their capacity to characterise water body types
(ephemeral, permanent, subject to evaporation, continuously or
discontinuously supplied with water) and to record climatic fluctuations
or anthropogenic watering.

2. Material and methods

All data including sections position, full descriptions as well as re-
sults from sedimentary and geochemical analyses will be stored in an
open access WebGIS (https://www.umweltwandel.online/webgis/).
The reader is referred to the Supplementary Data (doi.https://doi.
org/10.5281/zenodo.13341949) for detailed information regarding
the isotopic data of the snail shells and their position in the stratigraphic
profile as well as for the profile description (S3-S39).
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Fig. 1. (a) The Indian Ocean Monsoon system and the current position of the inter-tropical convergence zone (ITCZ) during summer. (b) The Indian Ocean Monsoon
system and the current position of the ITCZ during winter, redrawn from Fleitmann and Matter (2009). (c¢) Suggested northern position of the summer ITZC during

humid periods (from Van Rampelbergh et al., 2013).
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Fig. 2. Geographical overview of the 37 sections analysed in this study. The various geomorphological contexts are depicted in different colours. Early Bronze Age
Buildings I, VII and XI (EBA Building: B. I; B VII; BXI) are indicated on both the map and the satellite image. Furthermore, on the satellite image, Wadi Samad and the
Al-Khashbah oasis are indicated. Due to the proximity of the individual sections to each other, it has been necessary to enlarge some map sections (dashed lines and
frames) in order to facilitate their recognition. (Source: top: Base Map ESRI Shaded Relief, layout Conrad Schmidt, down: Google Earth imagery, caption from 2021,

layout Tara Beuzen-Waller).

2.1. Geomorphological and archaeological sampling strategy

The collection of snails was investigated as part of a multidisci-
plinary project (UmWeltWandel Project; UWW) dedicated to the
reconstruction of the environment and settlement during the Neolithic
and Bronze Age in Northern Oman. In this context, 37 sections were
opened in fluvial terraces with the objective of studying and dating
phases of alluvial aggradation in wadi systems during the Holocene.
Each section was described and sampled for dating purposes

(publication in preparation). The snails were hand-picked from precisely
recorded stratigraphic contexts. For a full description of each section and
corresponding stratigraphic layers the reader is referred to the Supple-
mentary Data and the WebGIS. The section names consist of two letters
and a number (e.g., KS11), and snail sample code started with a U fol-
lowed by a number (e.g., U2001).

Gastropods examined in this study originated from or within a 100-m
radius of Neolithic (2) or Early Bronze Age (1) sites (Fig. 3). All sites are
located on a fluvial terrace or near an active wadi system. Neolithic
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Fig. 3. Schematic illustration of the context of sampling (1) Bronze Age site, including monumental building and circular ditches, (2) Neolithic site, including
fireplace and area within a 100 m radius, (3) fossilised channel deposits from a low fluvial terrace, (4) fossilised overbank deposits from a low fluvial terrace, (5)
hydromorphic units with in overbanks deposits, (6) depressions and playa sedimentation, and (7) oasis gardens (palm groves) fed by falaj.

snails come from excavated archaeological contexts or its surroundings.
The gastropods from the Early Bronze Age site were collected from ex-
cavations within Early Bronze Age buildings or from specific areas
assumed to be linked to early-stage water management activities (such
as ‘ditches’; Fig. 3). Most shells were collected from the archaeological
site complex of Al-Khashbah (UWW project); other specimens selected
for comparison came from various different sites (see Table 1).

More snails were collected from low fluvial terraces built up during
the early to mid-Holocene. These fluvial deposits consist of three main
types: (3) ‘channel deposits’, characterised by coarse materials consist-
ing of well-rounded pebbles and boulders or heterometric materials in a
coarse, sandy matrix and refers to the most active part of the floodplain;
(4) ‘overbank deposits’, defined by fine deposits dominated by sorted
fine sands and silt; in some cases these present (5) ‘hydromorphic units’
in areas affected by the water table or being consistently humid (Fig. 3).
Finally, a few samples were collected from (6) local depressions (playas).
These are small basins that collect run-off water from low elevation hills
and are filled with silty to sandy sediments (Fig. 3). To provide a
reference for the isotope signal, modern aquatic samples were collected
from oasis garden (7), irrigated by a falaj canal, or by electrically
pumped water. Additionnaly, modern samples were collected in a wadi
at the natural outlet of a karstic spring (Dima wa at-Tayyin in Northern
Oman) (Fig. 3).

2.2. Sclerochronological sampling strategy

113 adult specimens of the terrestrial snail Z. insularis and 56 adult
specimens of the aquatic snail M. tuberculata were collected from 37
sites. All shells were collected dead except for those from KS25. The
selected shells were freed from dirt and debris by mechanical cleaning,
then placed in Eppendorf cylinders with deionized water and shaken for
24 h on a shaking table. Subsequently, the specimens were subjected to
repeated ultrasonic rinsing before being dried in an oven at 40 °C for 24
h. Then, samples were analysed using Raman spectroscopy (S43) to
preclude the presence of any diagenetic alteration before carbonate
powders were collected for 5'3C and 5'0 measurements via manual
high-resolution micromilling on the shell surface (Fig. 4). Although the
isotopes of both oxygen and carbon were measured, this study focused
primarily on the oxygen isotopes. For a detailed description of the
methodology, please refer to the Supplementary Material (§40). Carbon
isotopes were only used as an indicator of diagenetic alteration or to
determine measurement errors. All sampled shells were sent to the Curt-
Engelhorn-Zentrum Archdometrie gGmbH in Mannheim for 1*C dating
(see S41).

2.2.1. Melanoides tuberculata

The aquatic snail, M. tuberculata, secretes its aragonitic shell from the
extrapallial fluid in isotopic equilibrium with the surrounding water
(Abell, 1985; Leng et al., 1999; Kieniewicz and Smith, 2007; Shanahan
et al., 2005). This species is primarily found in standing or slow-moving
water (De Kock and Wolmarans, 2009), on rocky or muddy substrate at
depth > 20 cm to 2 m (Shanahan et al., 2005) in freshwater habitats but
can also tolerate brackish water (De Kock and Wolmarans, 2009; Raw
etal., 2016; Leng et al., 1999), which is only the case for site RW1 in this
sample set. To reconstruct palaeotemperature, the Grossman and Ku
(1986) palaeothermometry equation was used with the VPDB-VSMOW
scale correction of -0.27 %o (cf. Gonfiantini et al., 1995; Dettman
et al., 1999) and a Slsowater value of -1.17 %o (see S42). This value
represents the arithmetic mean of data from a well in Al-Khashbah
(coordinates: UTM-WGS84: 40Q 606980.844E 2506633.639N; Fig. 2),
which were obtained during fieldwork campaigns 2022 and 2023:

Tyis0[ C] = 20.60 — 4.34 % (8'®Ogsett — (5" Opter — 0.27) ) @

To ascertain whether the aquatic environment was fed by ground-
water or rainwater, the stable oxygen isotope signature of water
&t 8Owater) was reconstructed from 8180511811 data using eq. (1), solved for
8"80uwater (Schone et al., 2020):

19.43 — 4.34 x 50y — T[ (]

18 —
o Owater - —434

@

with T = 35.72 °C, the mean annual temperature recorded by a HOBO
data logger placed in the aforementioned well (see S42). Oxygen isotope
data were presented in d-notation relative to the Vienna Pee Dee
Belemnite (VPDB) while the SISOwater data were presented in 3-notation
relative to the Vienna Standard Mean Ocean Water (VSMOW). A total of
56 shells of M. tuberculata were analysed, with samples taken from the
aperture to the 3'9-4" whorl. The number of samples taken per shell was
dependent on its size, within the range of 4 to 274 intra-annual samples
per shell. They all dated to Neolithic and Early Bronze Age. The snails
from LZ5, MD1, BS5, BS6 and KS25 are recent and were used as refer-
ence material.

2.2.2. Zootecus insularis

Terrestrial snails typically only secrete their aragonitic shell for a few
hours per night (Balakrishnan and Yapp, 2004; Balakrishnan et al.,
2005) and only within a specific temperature range (Lécuyer et al.,
2020). Because of this, temperature was not calculated for this species.
Z. insularis have been found in Oman in a variety of environments,
including agricultural fields, under shady trees, small thick bushes,
banks of shady canals, sewage ponds (Qamar et al., 2017), mountain
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Table 1

Context of samples with site (section name), sample number of the aquatic
(Melanoides tuberculata) and terrestrial (Zootecus insularis) snails and origin of
the material (either project, archaeological mission or collaborator). Most snails
were collected at the archaeological site complex of Al-Khashbah (UWW proj-
ect); other specimens came from various different sites. The site SM1 is from the
surrounding of the Neolithic site of Wadi Stum in Dhofar (EORK project, directed
by Maria Pia Maiorano); RW1 refers to the Neolithic site of BJD-1 near Al-
Haddah (courtesy of Vincent Charpentier and the Arabian seashore project);
KH13 is the code for the Neolithic site of KSH-A in Al-Khashbah (excavated by
Maria Pia Maiorano and Lucas Proctor); BT1 and BT2 were collected near the
Early Bronze Age site of Rakhat al Madrh, near Bat (excavated by the Bat
Archaeological project by Jennifer Swerida and Eli Dollarhide). BS1, BS2, BS3
were obtained from near the Early Bronze Age site of AD-1, AD-2 and AD-3 in
Bisya (excavated by the French Archaeological Mission in Central Oman,
directed by Mathilde Jean and Martin Sauvage).

Site Sample no. Sample no. Project and
Melanoides tuberculata Zootecus insularis archaeological
mission/collaborator

(1) Archaeological site (inside or near an Early Bronze Age)

UmWeltWandel
KS1 U167 U158; U161 W )
KS2 U533 U84; U532 UWw
U28; U29; U30; U33;
KS3 Us76 uww
KS52 U898 U896; U903 Uww
U916; U918; U919;
KS53 U921: uww
U956-Z; U1043-Z;
U1473-FS2-Z;
U2203-Z; U2331-Z;
U956-M; U1043-M; U2337-2; U2509;

U1473-FS1-M; U1473-
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Table 1 (continued)

Site Sample no. Sample no. Project and
Melanoides tuberculata Zootecus insularis archaeological

mission/collaborator
French
Archaeological

BS1 U2525; U2526; U2524 U2527; U2528 Mission:
Mathilde Jean,
Martin Sauvage

BS2 U3041 See BS1

BS3 U3060; U3042 See BS1

BS4 U3043; U3061; U3062 See BS1

KS30 U1451 U728; U729; U1453 uww

(6) Mid-Late Holocene Depression

U3040; U3052;
U3053; U3055;

Bat Archaeological
project:

U2510; U2511;
U2512; U2513;
U2514; U2515;
U2516; U2517;
U2518; U2519;
U2520; U2521
U2194; U2199;
U2200

KS54  FS2-M; U2203-M;
U2331-M; U2335;

U2337-M

uww

KT10

(2) Archaeological site (inside or near a Neolithic site)
U2530; U2531;
U2533; U2534;
U2541

U2532 Maria Pia Maiorano,
Lucas Proctor

U3076; U3077; U3078
U3051; U3046; U3047;

SM1 U3048; U3049; U3050 Us039

Vincent Charpentier
EORK project:
Maria Pia Maiorano

(3) Mid-Late Holocene Channel deposits

KS6 U4; U7; U13; U8 U503 uww

KS7 U501 uww

KS8 U566; U569 Uuww

KT39 U2278 uww

(4) Early-Mid-Late Holocene Overbank deposits
U17; U19; U37; U36;

Ks4 u23 U3s uww
U38; U39; U40; U74;

KS5 U80; U2186; U2188; Uuww
U2189

KS32 U749 U750 uww

KS34 U801; U1456; U1457  UWW

KS59 Ul1165 uww
U1955; U1957;

K76 U1961; U1963 oww
U1966; U1967;

KS77 U1968; U1969; Uuww
U1970; U2338

KT45 U2277 uww

(5) Early-Mid-Late Holocene Hydromorphic unit

BT1 U3054 U3057; U3059; Jennifer Swerida,
U3056; U3058 Eli Dollarhide
U3071; U3072;
BT2 U3073; U3074; see BT1
U3075
KS38 U834; U1458; U1459 Uww
(7) Modern Garden or Suspected Protohistoric Garden
BS5 U3044; U3063 Uww
U3045; U3064;
BS6 U3065; U3066; uww
U3067; U3068
KS25 U3069; U3070; U3117 uww
U1044; U1048; U1049; U1047; U1069;
KS55 U1058; U1064; U1067; U1466-Z; U1482-Z; uww
U1461-M; U1483-FS8 U1050
U2204; U2207;
KT11 U2339-M U2339.7 uww
LZ5 U332; U345 Uww
MD1 U1972; U2522; U2523 uww
1
£ j 48 £
(& \ . (@]
b, b

Fig. 4. Z. insularis (left) and M. tuberculata (right) before and after high-
resolution sampling.

environments (up to 1,900 m above sea level), premontane environ-
ments (Feulner and Green, 2003), narrow coastal plains, silty soils be-
tween rocks, vegetation on mountain slopes, suburban lawns and
gardens (Girod and Sassoon, 2022), parks and agricultural fields
(Al-Khayat, 2010). They prefer moist soil with a moderate amount of
humus (Qamar et al., 2017) and dig to a depth of 25 cm (Al-Khayat,
2010). In total 69 shells of Z. insularis of varying ages and sizes were
analysed, with 2 to 100 intra-annual samples per shell. The remaining 44
snails were too brittle for high-resolution analysis so that only two to six
samples were obtained per specimen. Consequently, these were pre-
cluded from further interpretation, although their values were still used
as a bulk signal and for dating. All shells dated to the Neolithic and Early
Bronze Age, with one exception from KS6 (U503; 659-605 cal BCE).
Z. insularis was not found in a modern environment or in living position,
so no comparative modern reference material is available for the
terrestrial dataset.
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3. Results
3.1. Isotope signal 5180ghen

The 8804 data were plotted against distance from the aperture (e.
g., Fig. 4) in order to identify shifts recorded in the gastropod shells that
were caused by changes of environmental conditions. These changes
may have been caused by variations in water temperature, water sour-
ces, freshwater input, evaporation, and other factors. Upon analysis of
the aforementioned graphs, it became evident that the 125 snails could
be classified into eight distinct groups, each exhibiting a unique isotopic
pattern. The 56 aquatic M. tuberculata snails (Type 1) were classified into
three distinct pattern types, while the 69 terrestrial Z. insularis snails
(Type 2) were divided into five types. These patterns were compared
visually due to varying lengths, non-uniform sampling intervals, and the
presence of non-linear trends and abrupt changes. These factors
complicate direct mathematical comparisons, making visual inspection
a flexible and effective approach to identify significant patterns and
anomalies.

3.1.1. Typel A: EISOsheu variation less than 1 %o

The slsosheu pattern recorded by M. tuberculata snails in this cate-
gory showed overall variability of less than 1 %o, as evidenced by a
recent specimen of the snail U3063, which originated from a modern
irrigation canal (BS5) (Fig. 5). Another sixteen shells collected from
three modern and seven archaeological sites (Table 2) exhibited a
similar pattern. Modern sites included a recently abandoned oasis gar-
den (LZ5, BS5) and a wadi fed by a karst spring (MD1). The archaeo-
logical sites included Bronze Age ditches close to Building I and XI (KS1,
KS52; Fig. 2) and three areas (KS2, KS54, KS55, KT11) close to Early
Bronze Age buildings where landscape modification (such as irrigation,
gardening, soil improvement) is suspected. BS4 came from a hydro-
morphic unit. Although the specimens had a comparable degree of intra-
shell variation, values of the single shells exhibited considerable vari-
ability (Table 2). Temperature variations were calculated using eq. (1),
ranging from a minimum of 19.7-22.3 °C (KT11; U U2339-M) to a
maximum of 31.5-33.0 °C (KS52; U898). Temperature fluctuations
recorded by these shells are limited to a maximum of 4 °C. The carbon
isotope values ranged between -16.5 %o (U2523) and -7.1 %o (U533).

3.1.2. Type 1 B: 51804 variation between 1 and 2 %o

All 23 M. tuberculata snails in this category had a variability of 1
and 2 %o in their alsosheu values, comparable to that observed in the
recent aquatic snail U2522 (Fig. 6), which was collected in one inlet of
the falaj of Al-Khashbah (KS25). In some parts, the isotope values of
these snails also exhibited a consistent and gradual increase (e.g.,
U2522: 0.9 %o; 14 to 6 mm) or decrease (e.g., U2522: -1.5 %o; 43 to 35
mm) in certain parts. The snails were collected from modern and
archaeological sites (Table 3). This included areas surrounding a
Neolithic site in Dhofar (SM1) and Early Bronze Age sites of Bat (BT1),
Bisya (BS1, BS4), and Al-Khashbah (KS54 and KS55) (Fig. 2). Modern
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reference snails were also included, such as KS25 (canal in the oasis of
Al-Khashbah). Although the snails recorded a similar 618Osheu range, the
individual range was highly variable (Table 3). The temperature fluc-
tuations calculated from individual shells were constrained to a
maximum of 8.6 °C, as determined by eq. (1). The temperature range
from all snails was between (min) 16.3-21.4 °C (KS32; U749) and (max)
38.1-45.3 °C (SM1; U3051). The carbon isotope values ranged between
-17.2 %o (U2523) and -3.8 %o (U533).

3.1.3. Typel C: 51805heu variation greater than 2 %o

The M. tuberculata specimens in this category displayed a notable
degree of variability in their 5804y values, with a range exceeding
2 %o (Fig. 7). The maximum observed range was 7.2 % (RW1: U3077). A
total of 16 specimens were collected from a variety of archaeological
sites, including those dating to the Neolithic (SM1, KH13 and RW1) and
the Bronze Age (KS54), as well as an overbank deposit (KS4) and hy-
dromorphic units (BS1 and KS30). The maximum temperature range of a
snail from this category was calculated to be 31.2 °C (RW1: U3077),
with a range between 15.8 and 45.7 °C (Table 4). The lowest tempera-
ture was recorded by specimen U13 (KS6), with a reading of 4.7 °C,
while the highest temperature was observed in specimen U3048 (SM1),
at 57.0 °C. The carbon isotope values of all snails ranged between -10.4
%o (U13) and -2.2 %0 (U3076).

3.1.4. Type 2 A: Slowly but steadily increasing 51804 values

Nine shells of Z insularis showed steadily increasing §'%Ogpen
values (Fig. 8). These shells were collected from seven different sites
(Table 5), with the majority originating from a small depression with
playa-sediment infilling (BT1, BT2) or overbank deposits (KS34, KS32,
KS4, KT45). One shell was collected from an oasis garden (KT11). The
isotope ranges of the single shells exhibited considerable variability,
with values spanning from 1.8 %o (U3057) to 11.4 %o (U2277). Carbon
isotope values varied between -11.1 %o (U2204) and 0.1 %o (U3053).

3.1.5. Type 2 B: Steadily decreasing 51805heu values

Six shells of Z. insularis showed steadily decreasing 518041 values
(Fig. 9). They were collected from four different sites (Table 6). Shells
from two areas were associated with the Al-Khashbah Early Bronze Age
site (KS53 and KS54), while BT1 came from a depression and BS1 from a
hydromorphic unit, near Bat and Bisya, respectively. Individual isotope
ranges were highly variable, fluctuating between a range of 2.7 %o
(U1473-FS2-Z) and 12.4 %o (U2337-Z; Fig. 9). Carbon isotope values
varied between -10.0 %o (U2204) and 1.7 %o (U3053).

3.1.6. Type 2 C: Sharply dropping 5Oy values

Eighteen shells recorded sharp (and sudden) 5'804penl drops
(Fig. 10: 27-24 and 20-19 mm). After reaching the most negative point,
the 8'80gen values slowly increased again (Fig. 10: 19--5 mm). The
snails were collected from thirteen different sites, including all envi-
ronmental contexts (Table 7). Carbon isotope values varied between
-10.9 %o (U503) and 1.6 %o (U84).
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Fig. 5. Stable oxygen isotope data of a M. tuberculata snail U3063 (blue) along with reconstructed water temperatures (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Summary of snails with a 8'80gp,e;; variability of <1 %o. The species (sp.: M. tub. = Melanoides tuberculata), sample name, section (sec), measured 5'*Cgpey and 8'%0gpen
range (min and max) and calculated mean (&) and standard deviation (c) are provided. The calculated temperature (T) ranges (min, max and mean) and ages (cal BCE)
are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without taking into account a possible hardwater effect. Years marked in red were
estimated from the context of the archaeological findings. Modern sites are marked green.

33C (%0) 380 (%) T(O age
sample sp. sec min (4] c max min (9] c max min (4] max cal BCE 26
U3041 M. tub. BS2 -15.2 -12.3 1.4 -10.8 -2.8 -2.4 0.2 -2.0 23.0 24.8 26.5 425 (CE) 266(CE)
U3043 M. tub. BS4 -11.2 -10.5 0.4 -9.6 -3.7 -3.4 0.2 -3.0 27.2 28.9 30.5 1017 (CE) 895 (CE)
U3063 M. tub. BS5 -12.2 -11.1 0.5 -9.6 -3.0 -2.5 0.3 -2.1 23.4 25.3 27.2 recent
ule7 M. tub. KS1 -9.1 -8.6 0.3 -8.2 -3.0 -2.7 0.2 -2.2 23.8 26.0 27.4 4,356 4,261
U533 M. tub. KS2 -8.4 -7.8 0.3 -7.1 -3.9 -3.6 0.2 -3.1 27.7 30.0 31.1 7,936 7,602
U898 M. tub. KS52 -9.8 -9.1 0.3 -8.7 -4.3 -4.1 0.1 -3.8 30.7 32.2 33.0 3,891 3,655
U956-M M. tub. KS54 -8.6 -8.2 0.2 -7.8 -3.2 -3.0 0.1 -2.6 25.8 27.5 28.2 4,346 4,252
U1F4871?1—VI M. tub. KS54 -9.5 -9.1 0.3 -8.6 -3.4 -3.0 0.2 -2.7 25.9 27.5 29.1 3,520 3,372
U2335 M. tub. KS54 -10.6 -9.9 0.4 -8.7 -3.4 -3.2 0.1 -2.7 26.0 28.3 29.3 3,711 3,642
U1044 M. tub. KS55 -10.3 -9.6 0.3 -8.9 -3.3 -3.1 0.1 -2.5 25.1 27.7 28.7 3,522 3,373
U1048 M. tub. KS55 -11.4 -10.3 0.7 -8.8 -4.0 -3.7 0.3 -3.1 27.9 30.4 31.8 3,629 3,379
U1049 M. tub. KS55 -11.4 -10.7 0.4 -10.1 -3.6 -3.3 0.1 -3.2 28.2 28.9 29.9 3,710 3,639
U1058 M. tub. KS55 -9.4 -8.8 0.3 -8.0 -3.0 -2.8 0.1 -2.5 25.4 26.5 27.5 3,632 3,382
U2339-M M. tub. KT11 -9.6 -8.9 0.5 -8.0 -1.8 -1.4 0.1 -1.2 19.7 20.5 22.3 3,076 2,915
U332 M. tub. LZ5 -10.2 -9.8 0.1 -9.5 -2.7 -2.4 0.2 -1.9 22.7 24.7 25.9 243 (CE) 353 (CE)
U1972 M. tub. MD1 -14.9 -14.1 0.6 -12.5 -3.5 -2.6 0.3 -2.6 25.5 28.1 29.6 recent
U2523 M. tub. MD1 -16.5 -15.4 0.7 -13.6 -3.6 -3.4 0.1 -2.9 26.9 29.1 30.0 recent
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Fig. 6. Stable oxygen isotope data of a M. tuberculata snail U2522 (blue) along with reconstructed water temperatures (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.1.7. Type 2 D: Repeated and continuous slow increase and decrease of
5'80nen values

Thirty-four Z. insularis snails showed a repeated and continuous,
yet slow, 5'804pe;; increase followed by slow decrease. The Slgoshen
signal was more gradual and less distinct than Type 2 C and was
repeated between one and three times. The ‘cycles’ were variable in
height and width. (Fig. 11). The snails originated from eighteen sections,
including all environmental contexts (Table 8). Carbon isotope values
varied between -8.6 %o (U2194) and 1.7 %o (U1047).

3.1.8. Type 2 E: Rapid change in the 5180pen values

Type 2 E showed a rapid change of up to 1 % between two
adjacent 51804pen values (Fig. 12). However, this pattern only occurred
in two series of measurements (Table 9), with samples coming specif-
ically from Early Bronze Age contexts (ditch: KS53 and surrounding of
Building VII: KS54; Fig. 2). Carbon isotope values varied between -7.0 %o
(U956-Z) and 0.3 %o (U921).

3.1.9. No Signal

The other 44 snails from 14 sections (Table 10) were too brittle for
high-resolution analysis. Consequently, due to the limited number of
intra-annual samples (2-8 per shell), it was not possible to categorise
these snails into the here established Types 2 A-E.

3.2. Isotope signal 5180 ater

During fieldwork campaigns in 2022 and 2023, water samples were
collected from a single well (Fig. 2), which was continuously fed with
groundwater and thus had a constant isotope (6180‘,‘,;,ter = -1.17 £ 0.09
%o; Fig. 13, red) and temperature (35.72 °C) value. This value was lower
than the 5'80,yqrer values calculated from the 880, reference material
from snails living in karst spring water (MD1: 0.46 £ 0.24 %o; Fig. 13,
light green), in the Al-Khashbah falaj (KS25: 0.77 + 0.28 %o; Fig. 13,
green) or in the old oasis of Bisya (BS5: 1.46 + 0.38 %o; Fig. 13, dark
green).

With one exception (KS52: U898), all shells assigned to Type 1 A
(dark blue) were plotted within the range of the Al-Khashbah falaj
(green) and the karst spring water (light green), as they exhibited a
similar range. With three exceptions (SM1: U2526; KT39: U2278; KS6:
U4) all shells classified in the Type 1 B (light blue) lie within the range of
the signal of the recently abandoned garden (dark green). Of the shells
categorised as Type 1 C, eleven out of sixteen are outside the ground-
water signal range, and the other five have their average value within,
but the high variability within a shell means that their minimum and
maximum values are outside.

4. Discussion

The isotopic records presented in this study have been interpreted as
changes in the 5'80 of meteoric water, in accordance with the findings of
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Table 3

Summary of snails with a 8'80gpe;; variability between 1 and 2 %. The species (sp.: M. tub. = Melanoides tuberculata), sample name, -section (sec), measured 8'>Cgpe; and
8'80hen range (min and max) and calculated mean (&) and standard deviation (o) are provided. The calculated temperature (T) ranges (min, max and mean) and ages
(cal BCE) are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without accounting for a possible hardwater effect. Ages marked in red
were estimated from the context of the archaeological findings. Modern sites are marked green.

3"3C (%0) 380 (%) T(CO age
sample sp. sec min (0] c max min (9] c max min (0] max cal BCE 26
U2525 M. tub. BS1 -7.5 -6.5 0.4 -5.4 -5.0 -4.2 0.4 -3.1 27.9 32.6 36.3 5,210 4,990
U2526 M. tub. BS1 -8.2 -7.4 0.3 -6.0 -4.8 -4.1 0.4 -2.9 27.2 31.9 35.0 5,209 4,998
U3061 M. tub. BS4 -13.2 -12.2 0.9 -9.9 -3.6 -3.1 0.3 -2.2 23.8 27.7 29.9 822 (CE) 680 (CE)
U3062 M. tub. BS4 -12.6 -11.0 1.1 -8.0 -3.9 -3.1 0.3 -2.6 25.5 27.8 31.4 775 (CE) 665 (CE)
U3044 M. tub. BS5 -11.9 -10.9 0.8 -8.9 -2.9 -2.1 0.3 -1.4 20.2 23.3 26.7 recent
U3054 M. tub. BT1 -8.1 -7.0 1.1 -3.8 -2.1 -1.7 0.3 -0.8 18.0 21.6 23.5 2,200 2,000
U4 M. tub. KS6 -10.4 -9.4 0.6 -8.3 -2.3 -1.5 0.4 -0.8 18.0 21.0 24.4 4,988 4,802
u7 M. tub. KS6 -9.8 -8.4 1.1 -4.1 -3.2 -2.4 0.4 -1.5 20.8 24.9 28.2 8,342 8,245
U3069 M. tub. KS25 -10.1 -9.4 0.5 -8.1 -3.6 -3.1 0.3 -2.5 25.2 27.7 30.0 recent
U3070 M. tub. KS25 -9.6 9.1 0.3 -8.4 -3.3 -2.9 0.2 -2.3 24.2 26.9 28.8 recent
U3117 M. tub. KS25 -10.7 -10.1 0.4 -9.1 -3.4 -2.9 0.3 -2.1 23.4 27.1 29.1 recent
U749 M. tub. KS32 -7.7 -6.4 1.1 -3.9 -1.6 -1.2 0.3 -0.5 16.3 19.8 21.4 3,368 3,108
U1043-M M. tub. KS54 -10.2 -9.3 0.5 -7.6 -3.4 -3.0 0.3 -2.3 24.5 27.2 29.3 3,937 3,708
U2331-M M. tub. KS54 -8.8 -7.8 0.4 -7.0 -2.6 -2.0 0.2 -1.5 21.0 22.9 25.6 4,334 4,172
U2337-M M. tub. KS54 -10.2 -9.5 0.4 -7.9 -2.9 -2.5 0.2 -1.9 22.6 25.4 27.0 3,630 3,382
U2203-M M. tub. KS54 -10.5 -9.4 0.5 -7.5 -2.9 -2.4 0.2 -1.8 22.2 24.9 27.0 3,092 2,921
U1064 M. tub. KS55 -10.8 -8.7 1.4 -6.8 -3.3 -2.5 0.6 -1.3 20.1 25.1 28.7 3,345 3,100
U1461-M M. tub. KS55 -9.6 -9.2 0.2 -8.5 -2.9 -2.3 0.3 -1.8 22.2 24.5 27.0 3,512 3,365
Ul_:gg M. tub. KS55 -10.3 -9.8 0.3 -9.3 -3.3 -2.8 0.5 -1.9 22.4 26.4 28.7 3,638 3,528
U2278 M. tub. KT39 -11.9 -10.4 0.6 -8.9 -1.8 -1.4 0.3 -0.7 17.2 20.2 22.2 1,615 1,515
U345 M. tub. LZ5 -11.9 -10.4 0.5 -9.6 -3.0 -2.6 0.3 -1.8 21.9 25.6 27.2 225 (CE) 328 (CE)
U2522 M. tub. MD1 -17.2 -15.3 0.8 -13.1 -3.8 -3.3 0.3 -2.3 24.4 28.5 30.7 recent
U3051 M. tub. SM1 -6.2 -5.5 0.4 -3.8 -7.1 -6.2 0.5 -5.5 38.1 41.1 45.3 6,221 6,069
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Fig. 7. Stable oxygen isotope data of a M. tuberculata snail U2525 (blue) along with reconstructed water temperatures (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

Summary of snails with a 8'80gp,e;; variability >2 %o. The species (sp.: M. tub. = Melanoides tuberculata), sample name, section (sec), measured 8'*Cgpepr and 8'%0gpen
range (min and max) and calculated mean (&) and standard deviation (c) are provided. The calculated temperature (T) ranges (min, max and mean) and ages (cal BCE)
are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without accounting for a possible hardwater effect. Years marked in red were
estimated from the context of the archaeological findings.

513C (%0) 5180 (%o) T (°C) age

sample sp. sec min (9] c max min (9] c max min (9] max cal BCE 20

U2524 M. tub. BS1 -7.6 -6.4 0.6 -4.7 -5.4 -4.0 0.5 -2.8 26.6 31.8 37.8 5,471 5,309
U2532 M. tub. KH13 -9.4 -7.6 1.0 -5.2 -3.0 -1.8 0.6 0.7 11.4 22.1 27.4 5,778 5,659
U23 M. tub. KS4 -9.4 -8.1 1.0 -6.2 -4.5 -3.5 0.5 -2.4 24.7 29.7 34.0 7,128 6,828
U8 M. tub. KS6 -10.1 -7.9 1.3 -3.9 -3.6 -2.8 0.4 -1.5 21.1 26.3 30.1 5,837 5,716
U13 M. tub. KS6 -10.4 -9.0 1.7 -1.4 -3.0 -2.2 1.0 2.2 4.7 23.7 27.3 5,006 4,845
U1451 M. tub. KS30 -8.6 -6.8 1.4 -2.9 -2.6 -1.8 0.5 -0.3 15.7 22.2 25.7 3,981 3,805
Ul_:;l;M M. tub. KS54 -8.8 -8.1 0.4 -6.9 -6.3 -2.6 0.8 -1.6 21.1 25.8 41.8 3,633 3,525
U1067 M. tub. KS55 -9.0 -7.9 0.6 -6.8 -1.0 -0.2 0.6 1.2 8.9 15.0 18.8 2,871 2,625
U3076 M. tub. RW1 -6.9 -5.9 1.1 -2.2 -6.6 -0.6 1.3 0.0 14.2 16.8 43.0 3,980 3,804
U3077 M. tub. RW1 -5.3 -4.3 0.8 -2.3 -7.2 -4.5 2.1 -0.3 15.8 33.9 45.7 3,776 3,653
U3078 M. tub. RW1 -7.1 -4.6 1.0 -2.9 -7.2 -4.0 2.3 0.0 14.5 31.9 45.7 3,906 3,656
U3046 M. tub. SM1 -7.9 -7.1 0.5 -5.5 -9.5 -8.1 0.6 -7.0 44.7 49.5 55.4 7,138 7,043
U3047 M. tub. SM1 -7.7 -6.4 0.6 -5.0 -9.7 -7.8 1.1 -4.9 35.7 48.2 56.6 7,578 7,484
U3048 M. tub. SM1 -8.1 -6.7 0.8 -5.2 -9.8 -8.4 0.6 -7.3 45.8 50.7 57.0 7,578 7,484
U3049 M. tub. SM1 -8.0 -7.0 0.7 -5.6 -9.5 -8.0 0.6 -7.2 45.5 49.1 55.6 7,534 7,371
U3050 M. tub. SM1 -8.2 -7.5 0.4 -5.9 -8.9 -7.9 0.5 -6.8 43.8 48.8 52.9 7,584 7,514
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Fig. 8. Stable oxygen isotope data of a Z. insularis snail U2277 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 5
Summary of snails with steadily increasing 5'®Ogpey values. The species (sp.: Z.

ins. = Zootecus insularis), sample name, section (sec), measured 8'>Cgpepy and 8'%0gpen

range (min and max) and calculated mean (@) and standard deviation (o) are provided. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without
accounting for a possible hardwater effect. Years marked in red were estimated from the context of the archaeological findings.

513C (%0) 5180 (%0) age
sample sp. sec min (%) c max min (9] c max cal BCE 20
U3053 Z. ins. BT1 -2.2 -1.3 0.5 0.1 1.5 4.9 1.7 7.8 2,200 2,000
U3055 Z. ins. BT1 -5.5 -4.6 0.3 -4.3 2.9 5.0 1.3 7.3 2,200 2,000
U3057 Z. ins. BT1 -5.4 -4.6 0.5 -3.8 0.9 1.5 0.6 2.7 2,400 2,200
U3075 Z. ins. BT2 -6.4 -6.1 0.2 -5.7 0.4 1.7 0.9 3.6 2,400 2,000
u17 Z. ins. KS4 -2.2 -1.3 0.3 -0.7 -5.2 -2.5 1.3 -0.3 7,466 7,331
U750 Z. ins. KS32 -5.6 -4.2 0.7 -2.5 -5.0 -0.1 2.2 3.1 5,201 4,935
U801 Z. ins. KS34 -2.2 -1.5 0.3 -1.0 -1.6 -0.6 0.6 0.5 5,291 5,054
U2204 Z. ins. KT11 -11.1 -9.7 0.8 -8.4 1.3 3.5 1.1 5.4 3,339 3,095
u2277 Z. ins. KT45 -5.1 -4.2 0.5 -3.0 -6.4 -1.3 2.4 5.0 5,720 5,631
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Fig. 9. Stable oxygen isotope data of a Z. insularis snail U2337-Z (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 6

Summary of snails showing steadily decreasing §'®0g,ey; values. The species (sp.: Z. ins. = Zootecus insularis), sample name, section (sec), measured 8'3Cgpey and
61805he11 range (min and max) and calculated mean (&) and standard deviation (o) are provided. The calculated temperature (T) ranges (min, max and mean) and ages
(cal BCE) are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without accounting for a possible hardwater effect. Years marked in red

were estimated from the context of the archaeological findings.

513C (%0) 5180 (%o) age

sample sp. sec min (0] c max min (4} c max cal BCE 26

U2527 Z. ins. BS1 -2.2 0.1 1.0 1.7 -6.2 -1.9 2.1 3.3 8,225 7,848
U3052 Z. ins. BT1 -6.0 -4.0 1.3 -1.7 -3.1 -0.8 1.4 1.0 2,400 2,000
U918 Z. ins. KS53 -5.9 -4.7 0.5 -3.7 -4.8 -0.6 2.6 4.8 5,480 5,376
U919 Z. ins. KS53 0.4 1.1 0.4 1.7 -3.9 -0.2 2.3 3.3 8,211 7,857
Ul_:;;Z Z. ins. KS54 -10.0 -9.2 0.4 -8.2 2.0 3.7 0.5 4.7 3,487 3,125
U2337-Z Z. ins. KS54 -6.5 -4.3 1.1 -2.6 -11.1 -4.8 3.9 1.3 5,983 5,841

several previous studies of freshwater molluscs (e.g., Dettman et al.,
1999; Gajurel et al., 2006; Schone et al., 2020). It has been demonstrated
that shells can record changes in temperature, salinity, flow velocity,
river water sources (Versteegh et al.,, 2011), meteoric water,

precipitation (e.g., Dansgaard, 1964; Rozanski et al., 1993), evapora-
tion, (storm) events, catchment (sizes) (Klaus and McDonnell, 2013),
and monsoon rainfall (Davis and Muehlenbachs, 2001) as the §'%0
values of the shell reflect the properties of the water in which the
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Fig. 10. Stable oxygen isotope data of a Z. insularis snail U503 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 7

Summary of snails showing a sharp and sudden drop in the 8'804pey values. The species (sp.: Z. ins. = Zootecus insularis), sample name, section (sec), measured 8'3Cqhen
and alsosheu range (min and max) and calculated mean (@) and standard deviation (c) are provided. The calculated temperature (T) ranges (min, max and mean) and
ages (cal BCE) are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without accounting for a possible hardwater effect. Years marked in

red were estimated from the context of the archaeological findings.

513C (%0)

380 (%o0)

age
sample sp. sec min (9] c max min (0] c max cal BCE 26
U3060 Z. ins. BS3 -5.0 -3.8 0.7 -2.2 -0.1 4.0 2.9 9.0 4,796 4,693
600 545
2 Z. ins. BT2 -4. -3. R -1. X . 1. 11.
U307 ins. 4.6 3.3 0.8 4 4.0 8.8 7 5 (CE) (CE)
ulel Z. ins. KS1 -7.5 -6.0 0.8 -3.8 -4.4 -1.5 1.9 1.4 6,750 6,600
U84 Z. ins. KS2 0.5 1.0 0.2 1.6 -0.9 1.4 1.4 3.7 8,732 8,560
U38 Z. ins. KS5 -0.6 0.5 0.4 1.3 -5.1 -2.3 1.3 0.1 7,040 6,701
U74 Z. ins. KS5 -6.6 -4.4 0.9 -2.7 -3.0 -0.7 1.5 2.7 8,288 8,218
. 605 659
U503 Z. ins. KS6 -10.9 -9.2 0.7 -7.9 -3.4 2.9 2.9 7.0 (CE) (CE)
U566 Z. ins. KS8 -2.9 -0.8 0.8 0.3 2.9 6.6 1.7 9.2 4,328 4,063
U728 Z. ins. KS30 -5.6 -4.2 0.7 -2.9 0.0 2.7 1.8 5.8 3,651 3,533
U729 Z. ins. KS30 -5.5 -4.5 0.8 -3.1 -5.2 -0.5 1.7 2.1 4,446 4,352
U1456 Z. ins. KS34 -6.1 -5.4 0.5 -4.2 2.0 4.4 0.8 5.6 5,475 5,332
U1457 Z. ins. KS34 -1.0 0.4 0.5 1.4 -1.0 3.7 2.7 7.1 5,980 5,796
U1458 Z. ins. KS38 -5.2 -3.8 0.9 -1.0 -1.5 0.5 1.7 4.1 7,311 7,057
U896 Z. ins. KS52 -6.9 -4.6 1.2 -1.5 -5.3 -0.9 2.1 2.5 8,536 8,298
U903 Z. ins. KS52 -5.7 -5.1 0.4 -4.4 -1.3 2.4 1.8 5.3 6,641 6,481
U1069 Z. ins. KS55 -8.4 -6.9 0.7 -5.3 2.5 4.4 0.9 6.4 4,221 3,977
U1482-Z Z. ins. KS55 9.1 -8.0 0.6 -7.0 1.2 4.8 1.3 6.7 4,445 4,343
U1955 Z. ins. KS76 -2.2 -0.3 0.9 1.5 -5.1 -0.9 2.2 4.0 6,461 6,397
O -
£
(]
-]
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—— T
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Fig. 11. Stable oxygen isotope data of a Z. insularis snail U29 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

gastropod lived. This principle applies to the aquatic snail M. tuberculata,
which secretes its shell close to thermodynamic equilibrium with the
surrounding water. In contrast, the regulatory mechanisms controlling
biomineralization in the terrestrial snail Z. insularis are not well under-
stood and can be caused by several environmental factors (see 4.1.2). It
is currently unknown whether the shell secretion of Z. insularis is in
equilibrium with precipitation, dew, and/or humidity. Additionally, it
remains unclear whether the rate of shell growth changes under
favourable environmental conditions or how fast shell growth is initi-
ated when such conditions emerge.
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In general, changes in the isotope variability of meteoric water are
based on (1) seasonal variation, (2) variation along altitudinal and lat-
itudinal gradients, (3) variation in the amount of precipitation and (4)
the degree of evaporation (Dansgaard, 1964), the latter being a domi-
nant factor in arid areas. Furthermore, it is important to consider (5)
reservoir effects, whereby water bodies such as lakes and rivers may
have higher 580 values due to the evaporation of the lighter isotope. In
addition, rivers flowing through specific areas may also have 5'%0
values that deviate from local precipitation values, reflective of the
origin of their various water inputs (Sjogren and Price, 2013). Moreover,
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Table 8

Summary of snails showing a repeated and continuous slow increase followed by slow decrease in the §'®0gpey values. The species (sp.: Z. ins. = Zootecus insularis),
sample name, section (sec), measured 8'3Cge;; and 5'80g,e range (min and max) and calculated mean () and standard deviation (o) are provided. The calculated
temperature (T) ranges (min, max and mean) and ages (cal BCE) are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without ac-
counting for a possible hardwater effect. Years marked in red were estimated from the context of the archaeological findings.

3"3C (%0) 380 (%0) age
sample sp. sec min [0] c max min [0] c max cal BCE 26
U3040 Z. ins. BT1 -4.3 -3.6 0.3 -3.0 4.2 5.3 0.7 6.7 2,400 2,000
U3059 Z. ins. BT1 -0.5 0.3 0.4 1.3 -0.3 1.8 1.3 4.7 2,400 2,200
U3071 Z. ins. BT2 -2.6 -0.8 0.7 0.4 -4.3 0.5 2.8 5.3 198 52
U3073 Z. ins. BT2 -2.4 -2.0 0.3 -1.2 -4.9 -4.0 0.7 -2.9 9,308 9,248
U3074 Z. ins. BT2 -1.8 -1.4 0.3 -0.9 3.1 4.5 0.8 5.7 1,517 1,439
U2530 Z. ins. KH13 -7.5 -5.7 1.2 -2.3 -3.4 0.8 2.2 5.0 7,026 6,650
U2531 Z. ins. KH13 -4.3 -2.9 0.7 -1.7 -2.8 0.7 1.3 3.0 6,437 6,261
U158 Z. ins. KS1 -4.6 -4.0 0.4 -3.3 -1.9 -0.1 1.0 1.2 6,372 6,097
U532 Z. ins. KS2 -4.0 -2.3 1.0 -0.7 -3.3 -0.2 1.3 2.8 7,572 7,372
U28 Z. ins. KS3 -2.1 -1.1 0.4 0.0 -2.9 1.3 1.1 2.8 8,279 7,967
U29 Z. ins. KS3 -1.2 -0.3 0.5 0.8 -3.7 -1.9 0.6 -0.8 9,801 9,407
U30 Z. ins. KS3 -2.6 -2.3 0.2 -2.1 -3.5 -2.7 0.6 -1.8 8,206 7,820
U35 Z. ins. KS4 -3.9 -2.3 0.9 -0.5 -2.2 -1.0 0.7 0.6 7,642 7,537
U36 Z. ins. KS4 -6.4 -5.6 0.7 -3.7 1.2 1.7 0.4 2.4 6,376 6,101
u37 Z. ins. KS4 -2.5 -1.1 0.6 -0.4 -2.4 1.3 1.3 3.3 5,982 5,803
U39 Z. ins. KS5 -2.6 -1.6 0.5 -0.4 -1.3 -0.1 0.9 2.2 7,711 7,579
U40 Z. ins. KS5 -3.9 -3.2 0.4 -2.1 1.8 2.5 0.4 3.4 4,236 4,046
U8so Z. ins. KS5 -4.3 -2.7 1.3 -0.5 -4.5 -1.0 2.0 2.1 6,221 6,067
U501 Z. ins. KS7 -5.4 -3.9 0.5 -3.0 4.5 6.3 0.9 8.2 516 398
U569 Z. ins. KS8 -7.9 -6.8 0.5 -5.9 -0.6 3.5 2.5 8.2 3,017 2,908
U1453 Z. ins. KS30 -2.8 -1.8 0.5 -1.1 -2.3 -0.6 1.1 1.0 6,375 6,090
U834 Z. ins. KS38 -0.1 1.0 0.5 1.6 -5.2 -2.6 1.9 1.1 6,464 6,401
U1459 Z. ins. KS38 -2.7 -1.9 0.4 -1.3 -6.5 -5.0 0.7 -3.6 11,650 11,529
U1043-Z Z. ins. KS54 -6.5 -5.3 0.7 -3.9 1.4 3.4 1.1 5.9 1,437 1,304
U2203-Z Z. ins. KS54 -6.9 -4.6 1.3 -2.0 -4.7 0.8 2.2 4.6 5,026 4,847
U2331-Z Z. ins. KS54 -6.8 -5.9 0.6 -5.1 5.4 6.4 0.5 7.1 1,509 1,440
U1047 Z. ins. KS55 -1.0 0.7 0.4 1.7 -2.0 2.0 2.4 6.9 5,735 5,641
U1466-Z Z. ins. KS55 -7.5 -4.2 1.3 -2.3 0.8 1.9 0.4 2.6 3,641 3,528
U1165 Z. ins. KS59 -6.0 -3.5 0.3 1.1 0.5 2.5 1.2 5.0 4,045 3,956
U2194 Z. ins. KT10 -8.6 -7.8 0.5 -6.6 -0.4 1.3 0.6 2.5 2,577 2,473
U2199 Z. ins. KT10 -6.2 -2.0 1.3 -0.1 -6.0 -3.5 1.4 -0.1 8,215 7,956
U2207 Z. ins. KT11 -2.2 -0.3 0.6 0.4 0.8 2.5 1.1 4.9 5,623 5,485
U2339-Z Z. ins. KT11 -8.0 -7.5 0.3 -7.2 2.4 3.2 0.4 3.9 3,640 3,528
U3039 Z. ins. SM1 -6.9 -6.0 0.7 -4.6 0.4 2.1 1.1 4.3 7,953 7,744
+1 1
%
o
Distance from aperture (mm)
Fig. 12. Stable oxygen isotope data of a Z. insularis snail (U921).
Table 9

Summary of snails showing a rapid change of up to 1 %o between two adjacent 5'80gpen values. The species (sp.: Z. ins. = Zootecus insularis), sample name, section (sec),
measured §'%Cype and 5'80gpen range (min and max) and calculated mean (@) and standard deviation (c) are provided. The calculated temperature (T) ranges (min,
max and mean) and ages (cal BCE) are included. Age calibration was achieved using Oxcal 4.4 with the IntCal20 dataset without accounting for a possible hardwater
effect.

513C (%0) 5180 (%0) age
sample sp. sec min (0] c max min (0] c max cal BCE 20
U921 Z. ins. KS53 -3.7 -1.3 1.0 0.3 -3.7 -1.6 1.0 0.1 6,390 6,242
U956-Z Z. ins. KS54 -7.0 -6.1 0.7 -4.3 3.4 5.1 1.1 7.8 3,704 3,632
(6) the continental effect, which results from Rayleigh fractionation, Al-Khashbah region, the strength of this effect depends on the trajec-
needs to be considered. This effect causes a gradual decrease in isotope tories of the air masses, which travel different distances depending on
ratios during rainout as air masses move inland (Gat et al., 2001). In the whether they come from the southeast or the north. Furthermore, the Al-
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Summary of snails originating from a buffered aquatic environment. The species (sp.: Z. ins. = Zootecus insularis), sample name, section (sec), measured 5'>Cge;; and
8'80hen range (min and max) and calculated mean (&) and standard deviation (c) are provided. The calculated temperature (T) ranges (min, max and mean) and ages
(cal BCE) are included. Years marked in red were estimated from the context of the archaeological findings. Modern samples are marked green.

513C (%0)

5180 (%o)

age
sample sp. sec min [0] c max min [4) c max cal BCE 20

U2528 Z. ins. BS1 -3.9 -2.9 0.7 -2.3 0.1 1.8 1.2 2.8 6,453 6,262
U3042 Z. ins. BS3 -3.4 -3.3 0.1 -3.2 2.0 2.3 0.3 2.8 4,779 4,558
U3045 Z. ins. BS6 -10.1 9.7 0.3 -9.5 2.8 3.6 0.6 4.2 recent

U3064 Z. ins. BS6 -9.2 -7.9 1.0 -7.1 1.9 2.5 0.5 3.0 recent

U3065 Z. ins. BS6 -11.0 -10.1 0.7 -9.3 3.4 3.9 0.4 4.3 recent

U3066 Z. ins. BS6 -10.5 -10.3 0.2 -10.1 3.5 3.8 0.3 4.1 recent

U3067 Z. ins. BS6 -11.3 -10.9 0.4 -10.5 4.5 5.0 0.6 5.8 recent

U3068 Z. ins. BS6 -7.7 -7.3 0.3 -6.9 3.0 3.1 0.1 3.1 recent

U3056 Z. ins. BT1 0.2 0.4 0.2 0.6 -3.7 -3.1 0.5 -2.2 2,400 2,200
U3058 Z. ins. BT1 -0.4 0.2 0.5 0.9 -4.0 -2.7 1.1 -1.4 6,381 6,104
U2533 Z. ins. KH13 -7.1 -6.4 0.5 -6.0 -3.1 -2.8 0.2 -2.5 5,725 5,633
U2534 Z. ins. KH13 -7.8 -6.6 0.9 -5.6 -2.7 -2.4 0.4 -1.8 5,985 5,837
U2541 Z. ins. KH13 -7.8 -7.4 0.3 -7.1 -4.2 -4.1 0.2 -3.9 6,066 5,925
U33 Z. ins. KS3 -0.8 -0.6 0.3 -0.5 -0.3 -0.2 0.1 -0.1 7,605 7,538
U576 Z. ins. KS3 -0.9 -0.9 0.0 -0.8 -7.0 -5.9 1.0 -4.9 7,952 7,679
U19 Z. ins. KS4 -5.2 -4.9 0.2 -4.7 -1.0 -0.9 0.1 -0.8 7,732 7,592
U2186 Z. ins. KS5 -0.6 -0.1 0.3 0.1 -5.5 -2.1 2.3 -0.7 7,739 7,596
U2188 Z. ins. KS5 -0. 2 0.0 0.2 0.2 -0.9 -0.3 0.4 0.1 9,111 8,635
U2189 Z. ins. KS5 -8.0 -7.8 0.1 -7.7 -3.7 -3.1 0.4 -2.7 9,192 8,772
U916 Z. ins. KS53 -4.7 -3.8 1.1 -2.6 3.3 4.0 0.7 4.8 7,732 7,596
U2509 Z. ins. KS54 -8.7 -8.5 0.3 -8.0 -1.8 -1.7 0.1 -1.6 -

U2510 Z. ins. KS54 -8.5 -8.3 0.1 -8.2 -2.3 -2.3 0.0 -2.2 -

U2511 Z. ins. KS54 -3.2 -2.8 0.3 -2.4 1.1 1.8 1.0 3.2 1,282 1,417
U2512 Z. ins. KS54 -0.7 -0.3 0.3 0.1 -0.6 1.4 1.6 3.2 1,496 1,316
U2513 Z. ins. KS54 -4.6 -4.0 0.5 -3.6 -0.6 -0.4 0.3 0.1 1,743 1,620
U2514 Z. ins. KS54 -9.1 -8.8 0.3 -8.5 -2.2 -2.0 0.2 -1.8 -

U2515 Z. ins. KS54 -8.7 -7.9 0.7 -7.1 -2.6 -2.4 0.1 -2.3 -

U2516 Z. ins. KS54 -10.9 -10.6 0.2 -10.3 -4.2 -4.2 0.1 -4.1 -

U2517 Z. ins. KS54 -4.9 -4.2 0.5 -3.8 2.7 2.8 0.2 3.0 4,445 4,336
U2518 Z. ins. KS54 -6.0 -5.6 0.4 -5.1 4.7 7.8 2.1 9.2 2,471 2,302
U2519 Z. ins. KS54 -1.3 -0.8 0.5 0.1 3.8 4.4 0.6 5.3 4,443 4,270
U2520 Z. ins. KS54 -9.1 -9.0 0.1 -8.9 -3.0 -2.9 0.1 -2.8 -

U2521 Z. ins. KS54 -3.5 -2.5 0.8 -1.8 2.4 4.5 1.6 6.2 3,632 3,381
U1050 Z. ins. KS55 -9.2 -7.8 1.2 -5.8 2.2 3.5 0.9 4.8 -

U1957 Z. ins. KS76 -6.4 -6.0 0.5 -5.3 -0.8 -0.4 0.5 0.3 -

U1961 Z. ins. KS76 -3.3 -2.9 0.5 -2.3 0.3 2.4 1.5 3.8 -

U1963 Z. ins. KS76 -0.1 0.3 0.6 1.1 1.2 2.2 1.3 4.0 7,317 7,069
U1966 Z. ins. KS77 -6.0 -5.5 0.3 -5.2 -0.9 0.0 0.9 0.9 4,356 4,265
U1967 Z. ins. KS77 -2.5 -2.0 0.3 -1.8 0.5 1.6 0.8 2.5 4,994 4,846
U1968 Z. ins. KS77 0.1 0.4 0.3 0.8 4.4 4.9 0.4 5.3 5,370 5,221
U1969 Z. ins. KS77 -6.0 -5.2 0.5 -4.7 -0.1 0.5 0.5 1.1 4,444 4,336
U1970 Z. ins. KS77 -4.9 -4.0 0.8 -2.8 -6.2 -5.7 0.5 -4.9 7,242 7,053
U2338 Z. ins. KS77 -17.8 -16.5 1.2 -14.9 -0.9 -0.3 0.6 0.3 -1,024 -900
U2200 Z. ins. KT10 -6.2 -6.1 0.1 -6.0 4.4 4.9 0.4 5.2 3,368 3,108

Hajar Mountains can induce an (7) orographic effect. For the sampling
localities on the lee side of the mountains, this effect is particularly
important. As air masses rise over the mountains, they precipitate most
of their moisture on the windward side, where precipitation §'°0 levels
are higher, leaving the lee side drier with an '0-depleted moisture
signature. Ultimately, three distinct aquatic systems—atmospheric
water (e.g., water vapour from evaporation, rainwater, and atmospheric
moisture), surface water (oceans, rivers, streams, and lakes), and
groundwater (groundwater, spring systems, and pore water)—are pre-
sent in Oman either continuously (groundwater and pore water) or oc-
casionally when it rains (streams, pools, and the water vapour produced
by their evaporation), making it challenging to interpret the isotope
signal recorded by the snails.

4.1. Typology of 51804pen values and environmental interpretation

4.1.1. Melanoides tuberculata

The interpretation of palaeoenvironments based on 5'80gen Of
freshwater molluscs is a challenging task, as both 6180Water and tem-
perature can vary significantly depending on the ecohydrological
setting. However, the small variation in 6180511511 values of M. tuberculata
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compared to oxygen isotope data from the terrestrial gastropod
Z. insularis — which is more directly exposed to Slsoprecipitation signals and
likely more significant, air temperature changes — suggests that the
studied aquatic specimens inhabit water bodies with varying degrees of
environmental buffering (classified as types A-C). This classification can
provide insights into the water balance of the respective habitats with
distinct hydrological characteristics.

4.1.1.1. Environmental interpretation for Type 1 a: Strongly buffered sys-
tem. The minor 61805heu fluctuations of less than 1 %o (Fig. 5) indicate
that the snails inhabited buffered water bodies largely unaffected by
evaporation, such as groundwater. Oxygen isotopes values in ground-
water bodies typically show attenuated 6180‘,‘,‘3“er variations compared to
those of continental water bodies such as lakes, which are especially in
these arid conditions prone to evaporation and/or freshwater input like
precipitation. However, the narrow range in the specimens of type 1 A
suggests an extremely constant 8'%0,aer signal with only marginal
temperature fluctuations. Such conditions are likely due to the pre-
dominance of groundwater, as these water bodies lacked external wadi
flow supply, rainwater inputs, or evaporative conditions.

This assumption can be strengthened by comparison with modern
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Fig. 13. The calculated 5'804 values derived from the M. tuberculata 5'0g,eys data were divided by environmental context (symbols) and colours, according to
their 5'80geys pattern (Type 1 A-C). Error bars indicate the maximum range observed in the data points. The range of the measured 8804 values of the Al-
Khashbah well is in between the two red dashed lines. The calculated 880y values from the snails from KS25 (falaj Al-Khashbah), MD1 (karstic spring water)
and BS5 (recently abandoned garden) were represented as green dashed lines, indicating the 5'0,,acr ranges of different modern water regimes. These values were
used as a comparison for the fossil 5'80,yater values recorded by the snails. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

representatives of M. tuberculata under the current hydrological and
temperature conditions. The Al-Khashbah region nowadays has a mean
annual air temperature of approximately 28-29 °C (Nizwa, 2019).
Average groundwater temperature of the well (35.72 °C), monitored for
over a year, exceeded the air temperature. The reconstruction of the
water temperatures with 6180511311 of modern specimens (U332; U1972;
U2523, U3063) using the current groundwater oxygen isotope value of
-1.17 %o yielded an average of 26.2 °C, which is more comparable to the
air temperature than to the measured groundwater temperature.
Assuming the same groundwater 580 value for the fossil specimens, the
calculated temperatures of the fossil shells would be slightly higher
(maximum 33.0 °C; KS52: U898) than those of modern specimens.
However, these temperatures only slightly exceed the typical tempera-
ture tolerance of M. tuberculata, i.e., 18 to 32 °C (Mitchell and Brandit,
2005). It is possible that the higher temperatures observed in fossil snails
result from the use of the modern groundwater oxygen isotope signa-
ture, which may have been different in the past due to sea level changes,
hydraulic gradients (Weyhenmeyer et al., 2000), different mean resi-
dence times of groundwater and groundwater recharge sources (Clark
et al., 1987), or variable aquifer reservoirs (e.g., Matter et al., 2006).
With the exception of values reconstructed from U898 (KS52), all
618owmr data inferred from the studied snails are higher than measured
5'80yater data of groundwater (well), but fall within the observed
reference range based on snails from the Al-Khashbah falaj (KS25:
U3117, U3069, U3070) and specimens from the karstic spring (MD1:
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U1972; U2522; U2523), both drained with groundwater (Fig. 13). This
discrepancy may be attributed to the fact that the water from the well
does not reach the surface in the same manner as it does in the karstic
spring or the falaj, despite the well and the falaj originating from the
same groundwater system. Furthermore, although we know the depth at
which the water snail lives (>20 cm to 2 m; Shanahan et al., 2005), it is
impossible to reconstruct the depth of the water and therefore the
evaporation rate of the water may be slightly different. Alternatively,
the elevated temperatures characteristic of the region may have
contributed to the observed increase in the Eilgowater signal, potentially
due to evaporation.

4.1.1.2. Environmental interpretation for Type 1 B: Buffered system (with
external water inputs?). The variability of 5180g4pnen values is higher in
Type 1 B snails (Fig. 6) than in Type 1 A, but not as abrupt as expected
for a meteorological event such as a cyclone or a storm causing a sudden
shift to lower values. The limited range of 1 to 2 %o suggests that both
periods of water inflow (rain or temporary connection to a wadi flow)
and evaporation were sufficiently prolonged to alter the §!80 value of
the water body and ultimately the snail shell. According to the majority
of data the isotope changes occurred at a slow and gradual pace. It is
proposed that snails of Type 1 B characterise habitats in a buffered
system which is not continuously supplied with water or a water body
with alternating evaporation and water input phases (like a pool or
nowadays falaj).
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The calculated 580y ater signal of Type 1 B shells was elevated in
comparison to the data measured in the modern well and the signal of
Type 1 A shells. However, with the exception of four values (BT1:
U3054; KS32: U749; BS4: U3062; BS1: U2526) all the remaining data
points fell within the range of the reference snail originating from an
irrigated garden (Fig. 13). This discrepancy between the irrigated gar-
den and groundwater signal may be attributed to a greater exposure of
the water to evaporation in comparison to Type 1 A. In Oman, these
conditions are commonly found in wadis fed by karstic springs (e.g.,
Wadi Tanuf or Dima Wattayyen), within permanent pools connected to
the underflow/inferoflux (e.g., in Wadi Adam, and Wadi Bani Khalid) or
within artificial canals draining groundwater to irrigate gardens (falaj).
However, it is necessary to differentiate between the latter, as there are
two types of aflaj: The falaj aini, which drains spring water, while the
falaj daudi drains groundwater stored in a shallow aquifer. Both systems
transport groundwater through canals to the surface, where it flows
overground until it reaches agricultural plots. During the water trans-
port, evaporation may occur, which affects the 6180‘,‘,‘3“er value and
therefore the value.

4.1.1.3. Environmental interpretation for Type 1 C: Open aquatic envi-
ronment. A 5'0ghen variability larger than 2 %o (Fig. 7) suggests that
Type 1 C snails experienced significant meteorological events e.g.,
prolonged droughts leading to increased 618Osheu values and/or heavy
rainfall events resulting in decreased 5'80¢pe values. Presumably, Type
1 C shells inhabited an open, highly variable aquatic environment, like
those currently prevailing in these wadi systems. Temperature changes
occurring during the lifespan of the studied specimens were consider-
able and reached up to 29 °C. Reconstructed extremes of 62 °C (SM1;
U3048) do most certainly not reflect actual water temperature, because
studied species could not survive such conditions. They typically occur
between 18 and 32 °C (Mitchell and Brandt, 2005). More likely, the
isotopic composition of the ambient water body changed as a result of a
storm or cyclonic event, resulting in lower 618’0‘,\,;“@r values and over-
estimated temperatures.

The calculated 5'80uyater signal was typically lower than the one of
modern groundwater (Fig. 13) indicating that these snails recorded
either a rainwater signal or the signal of a rainfed hydrosystem char-
acterised by irregular wet and dry phases. In Oman, wadis are dry most
of the year, but storm/cyclonic events and flash floods may occur
intermittently during the winter rainfall season. These floods can over-
flow riverbanks or fill small pools, where standing water may persist for
days/weeks before it slowly evaporates and infiltrates into the ground.

4.1.2. Zootecus insularis

Like aquatic snails, terrestrial gastropods can be used to reconstruct
environmental conditions. Following previous studies, the stable oxygen
isotope value of terrestrial gastropod shells is mainly influenced by air
temperature and humidity as well as the 8'%0 signature of water
consumed by the snails (e.g., Balakrishnan and Yapp, 2004; Prendergast
et al., 2015). The shell oxygen isotope values can be used to determine
precipitation, the origin of moisture from which precipitation formed
and to infer meteoric water information (Balakrishnan et al., 2005). In
this study, the studied terrestrial snails could be assigned to five groups
(A, B, C, D and E) based on their 61805heu values. Despite the estab-
lishment of (regionally) specific equations for the calculation and
modelling of palaeotemperatures using various land snail species (e.g.,
Prendergast et al., 2015; Zanchetta et al., 2005; Balakrishnan and Yapp,
2004), this study initially attempted to employ eq. (1). The temperature
ranges obtained fell outside the optimal growth of land snails (7 and
27 °C; Lécuyer et al., 2020), with values ranging from -35.7 °C (BT2;
U3072) to 62.6 °C (KS54; U2337-Z). Further research on this topic and
on the alsowate, values computed from the 618051,511 values of terrestrial
snails is required, but is beyond the scope of this study. Additionally, the
interpretation of the 5'80hen signal of the terrestrial snails is a
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challenging endeavour, as these snails only produce their shell when
conditions are optimal (Balakrishnan and Yapp, 2004; Balakrishnan
et al., 2005; Lécuyer et al., 2020), which in Oman is limited to a few
hours per night due to the arid climate. Furthermore, if conditions are
not favourable, these snails enter aestivation, which may account pro-
nounced fluctuations observed in the isotopic datasets.

4.1.2.1. Environmental interpretation for Type 2 A: Strongly evaporative
pattern. Gradually increasing 8'%Oge values (Fig. 8) were interpreted
as implications for evaporation during periods of high temperature and
low humidity. This signal indicates a drying out of or increasingly arid
local environment with little or no rainfall to increase the air humidity
during the lifetime of the snails. This situation is typical in arid envi-
ronments such as Oman, which is characterised by high evaporation
rates of up to 2200 mm/year and an estimated evaporative rain of 83 %
(Abdel-Rahman and Abdel-Magid, 1993). This pattern can be used to
identify short-term aridification of an area and/or the presence of a
stable arid environment.

4.1.2.2. Environmental interpretation for Type 2 B: continuous freshwater
input signal. Specimens documenting a steady 5'80gpe; decrease (Fig. 9)
were likely exposed to a continuously wetter environment with little or
no aridification. This isotope signature does not indicate a rapid or
episodic increase in humidity, nor does it show signals of evaporation. It
instead represents a stable wet environment, with a tendency for this
state to become increasingly pronounced. When those snails are found in
deposits showing hydromorphic processes, they seem to match with
wetter conditions that prevailed during the Holocene Humid Period and
suggest the presence of permanent and stable wetlands. When this signal
is found in snails recovered from or near an Early Bronze Age site, it can
be interpreted as a striking finding, considering that regional palae-
oclimatic data (e.g., Fleitmann et al., 2007; Parker et al., 2016; Beuzen-
Waller et al., 2022) indicate the onset of arid conditions by the begin-
ning of the Early Bronze Age (ca. 3,000 BCE). It is therefore proposed
that these snails might have recorded the human-induced wet conditions
at a local level. In this set, the isotopic data from one snail (U2527)
obtained from an overbank deposit near Bisya seems to indicate a
palaeo-wetland—apparently active during the Holocene Humid Period
according to the age-dating of the snail (8,225-7,848 cal BCE). The
other examples (Table 6) came from Early Bronze Age archaeological
sites. Specimens U918 and U919 were excavated from the outer ditch of
Building XI at Al-Khashbah, U2337-Z and U1473-FS2-Z from the im-
mediate surrounding of Building VII at Al-Khashbah (Fig. 2) and U3052
from an Early Bronze Age building of Rakhat al-Madrh (RAM-3), near
Bat. Today, such wet conditions are confined to the immediate vicinity
of annual karstic springs, permanent pools surrounded by dense vege-
tation and anthropogenic environments such as irrigated oases.

4.1.2.3. Environmental interpretation for Type 2 C: Meteorological event
signal. In Type 2 C, the sharply dropping 5'80ger values (Fig. 10) may
have recorded a significant and rapid increase in humidity, or this
phenomenon may have been triggered by a temporal gap in the docu-
mented record, possibly due to aestivation. As this pattern has also been
recorded by another terrestrial species from China, where a heavy
rainfall event could be precisely linked to the meteorological record of a
single super rainstorm event (Wang et al., 2024), the signal is also
interpreted here as a heavy rainfall event, such as a summer tropical
cyclone or storm (Weyhenmeyer et al., 2000, 2002), which occurs
frequently in modern times. In such a case, a significant quantity of 150
is introduced into the system over a relatively short time interval.
Following the event, the environment gradually becomes drier because
of evaporation. This results in 5'8Ogpe; values returning to their pre-
event levels.
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4.1.2.4. Environmental interpretation for Type 2 D: Cyclic weather varia-
tion signal. Like in the Type 2 C specimens, both evaporation and
freshwater influx are visible in the Type 2 D pattern (Fig. 11). However,
in these specimens, the 5! 8Osheu signal is more continuous without sharp
drops and is repeated. This pattern may indicate a slow change in
environmental conditions, such as a seasonal shift between prolonged
wet and dry seasons alternating periodically, with variable width and
height in the signal attributed to the fact that the environmental con-
ditions are not consistent from year to year. In the absence of published
data on the annual growth rate of this terrestrial snail species, it is not
possible to estimate the duration of the aforementioned time intervals,
particularly given the absence of visible growth increments. This makes
it difficult to compute the duration of the wet and dry phases/season. A
consistent rainfall/water input source and stable environmental condi-
tions can be inferred when the isotopic signatures exhibit similar
minima and maxima values (Fig. 11).

A comparison of the 5180spe1eothem data reveals discrepancies with
the 6180511511 data. Previous studies have examined speleothem isotopic
signatures for rainfall origin (Burns et al., 1998, 2001; Weyhenmeyer
et al., 2000, 2002; Fleitmann et al., 2003), by considering the Rayleigh
effect, which postulates a gradual depletion of isotope ratios with
rainfall (Gat et al., 2001). In the case of Oman, this means that the
isotopic signature of rain coming from the north (Eastern Mediterra-
nean; winter depressions), is isotopically enriched, compared to that of
rain coming from the south (Indian Ocean; monsoons and cyclones)
(Burns et al., 1998, 2001; Weyhenmeyer et al., 2000, 2002; Fleitmann
et al., 2003). The speleothems of the Hoti Cave recorded a 5'%0 range
between -6 and -4 %o from 9,500 to 6,300 BCE (Holocene Humid
Period), indicative of high monsoonal precipitation inputs. The fourteen
snails dated to this period exhibit a considerably wider 5'80ghen span,
ranging from -5.0 to 1.7 %o. In the subsequent period, the values of the
speleothems increased to approximately -3%03 %o, indicating a reduction
in monsoon precipitation, with most precipitation originating from the
north (Mediterranean Sea) (Fleitmann & Matter, 2009). The twenty
shells that are younger than 6,300 BCE exhibit a considerably broader
range, spanning from -4 to 6.4 %o.. Further research is required to
elucidate whether the observed discrepancies can be attributed to
metabolic effects or differences in the chemical composition of the
calcite and aragonite present in the speleothems and snails, respectively.
Since both snails and speleothems require different conditions for
optimal growth, it is plausible that they have documented distinct
conditions.

4.1.2.5. Environmental interpretation for Type 2 E: rapid wet/dry cycle.
The rapid isotopic shifts of Type 2 E shells (Fig. 12) may indicate an
unstable environment with significant changes in the environmental
conditions, either caused by unfavourable environmental conditions, so
that the snail enters to aestivation, or by man-made environmental
changes. As the first possibility cannot be confirmed, because other
environmental records, such as speleothems or pollen, are either not
available or do not have such a high resolution for comparison, we
suggest the second possibility, because the shifts are very frequent in
some cases. The decreasing 5'804hen values are likely to be caused by
repeated freshwater input over short intervals of time while the
increasing values may be caused by short-term evaporation without
fully drying out. Such conditions can be observed in irrigated gardens
that are regularly watered but not flooded continuously. U921 (ditch)
and U956-Z were found in the vicinity of Early Bronze Age sites. Since
that time, climate presumably was as arid as today (Fleitmann et al.,
2007; Parton et al., 2015). It is hypothesized that these snails were either
older and relocated, and recorded a climate characterised by repeated
short-term water input alternating with evaporation or that they
recorded artificial watering in the surroundings of Early Bronze age
sites.
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4.2. Correlation between context of sampling and isotope signal

To evaluate the correlation between sampling context and the iso-
topic pattern, the aquatic and the terrestrial snails were evaluated
separately. Two signal types (Type 1 A and 2 A) align closely with the
environmental context of sampling. The majority of aquatic snails
classified as Type 1 A, a “strongly buffered environment”, originate from
either a hydromorphic unit or an oasis garden. These two environments
are influenced by groundwater, either naturally or artificially. Terres-
trial snails classified as Type 2 A (evaporation pattern) were primarily
sourced from two environments, namely overbank deposits and de-
pressions (Fig. 3). These environments are rarely flooded and are
exposed to prevailing evaporative conditions (Fig. 14). Further research
is required to ascertain the duration of the drought by analysing the shell
growth parameters.

Type 2 C and D shells were particularly useful indicators of seasonal
environmental changes and events because they were found in each
studied archaeological context (Fig. 14). More generally, snail shells can
serve as a key archive to study palaeo-rainfall in drylands, because they
are not limited to specific contexts (Girod and Sassoon, 2022) and can
record (even small) rainfall events (Dong et al., 2022; Wang et al.,
2024). Furthermore, it is conceivable that snail shells may record
repeated rainfall or flooding events (e.g., Fig. 11). This would provide
valuable insights into the frequency of rainfall and flooding and their
potential origins. It is important to note that the snails only record brief
weather and seasonal fluctuations, as they have relatively short life-
spans. This limits the ability to speak of climate based on their data.
Indeed, further studies are required to ascertain the maximum lifespan
of a snail, with previous studies yielding highly variable ranges from 2 to
7 years (Heller, 1990). Finally, the process of shell secretion requires
further investigation (see Section 4.3).

This study also documented the evolution of environmental signals
observed in aquatic snails sampled from Neolithic and Bronze Age
archaeological sites. Isotope signals reflected a diachronic transition
from an open environment (surface water) to a buffered environment
(groundwater). The majority of the aquatic snails collected from
Neolithic sites were indicative of open system environments (Type 1 C),
such as wadis, suggesting the presence of rain-fed surface water in the
vicinity of the site during its occupation. This is consistent with the
current understanding of the prevailing conditions during the Neolithic,
which are characterised by a humid climate (Holocene Humid Period)
enabling the accessibility of surface water. Conversely, aquatic snails
collected from or in the vicinity of Early Bronze Age sites, recorded a
buffered to strongly buffered environment, indicating that the sites were
in close proximity to a groundwater outcrop or groundwater discharge
area, such as those prevailing near falaj irrigation system or springs. This
information is of interest because the water management during the
Early Bronze Age is not well attested in the region (Charbonnier, 2015).
Furthermore, the recurrent pattern in Early Bronze age settlement
location may also indicate that Early Bronze Age societies chose to settle
in areas with a shallow water table or where groundwater was acces-
sible. This strategy can be explained by a decrease of the rainfall, in
conjunction with the southward migration of the monsoon (Fleitmann
et al., 2007; Parton et al., 2015). However, due to C dating un-
certainties, it is still impossible to place shells in accurate temporal
context.

By including the 'C ages of the studied aquatic snails (without
correction of the hardwater effect), the average age obtained for snails
coming from Neolithic contexts (6,066-5,633 cal BCE) matched well
with the chronology of the Neolithic period (6,000-3,200 BCE). In the
Early Bronze Age contexts (3,200-2,000 BCE), the 14¢ dates exhibited
greater variability (ranging from 7,936 to 2,921 cal BCE). This suggests
that some of the studied specimens (i.e., the oldest ones) were
allochthonous and might be biased by a hardwater effect (Lindauer
et al., 2018). Further research is required to ascertain whether the
relative age dating provided by the stratigraphic context is more reliable
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Fig. 14. Pie charts depicting the relative proportion of contexts in which shells with a given signal type were recovered. Type 1 refers to M. tuberculata shells while
Type 2 refers to Zootecus insularis. See Results section for a detailed description.

than the absolute age dating when using snails as a geoarchaeological
proxy in arid environments.

4.3. Limits and further investigation

Although there are studies on high-resolution sampling of other
terrestrial snail species (e.g., Leng et al., 1998; Long et al., 2020; Dong
et al., 2022; Li et al., 2024), this is the first study to sample both
terrestrial Z. insularis and freshwater/brackish water M. tuberculata
snails from the same arid environment at unprecedented high resolution
and use their isotope data to reconstruct environmental conditions.
Although others have interpreted the data with other species here are
still some issues that require further investigation: First, diagenetic
alteration of aragonite is a persistent concern (Swart, 2015 and refer-
ences therein). It may be caused by temperature (Ritter et al., 2017;
Forjanes et al., 2022), meteoritic water, time (Lindauer et al., 2018;
Milano et al., 2018) and anthropogenic burning within archaeological
sites. The latter factor is not considered due to the non-consumable
nature of the snails and their locations, which are not in the vicinity
of fireplaces. Considering the relatively young geological age of the
snails (oldest U1459: 11,650 cal BCE) the time factor was as well,
leaving temperature and meteoric water as the remaining possibilities
for post-depositional isotope changes. The temperature-induced
decomposition of the organic matrix of a shell can cause the
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precipitation of abiogenic aragonite at temperatures between approxi-
mately 80 and 175 °C (Forjanes et al., 2022). Although Al-Khashbah
does not experience temperatures as high as 80 °C, Swart (2015) sug-
gests that early diagenetic alterations tend to occur at temperatures
between 20 °C and 30 °C, which are commonly reached in Oman
(highest temperatures recorded by a HOBO data logger placed in a tree
10 cm above the ground near Al-Khashbah: 47.5 °C). Furthermore, the
fog caused by temperature fluctuations can act as a fluid required to
facilitate abiogenic aragonite precipitation and associated isotopic
changes. Finally, in Oman, floods during the rainy season can expose the
snails to varying temperatures (daily fluctuations of up to 20 °C) and
chemical compositions of fluids.

Another factor to be considered is the post-mortem transportation
and/or relocation of snails due to unstable depositional environments
(such as flooplain). Especially the terrestrial snails are are often moved
by water (rain and rivers) (Girod and Sassoon, 2022 and references
therein) before they are finally deposited. It is possible that the snails
may be relocated vertically (during the excavation of sediments and/or
bioturbation) or horizontally (due to floods, wind or human activity, for
example, in mudbricks, which were a common building material used in
Early Bronze Age construction). It is likely that the relocation was
limited to short distances, because further transport during strong flow
of flash floods would have increased the probability of damage.
Nevertheless, there were some areas where the snails were relatively
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protected, e.g., if they were incorporated into mudbrick materials. This
is probably the primary reason for the long-term preservation of Early
Bronze Age shells. It needs to be pointed out that the reconstructed
environmental conditions pertain to the area where the shells originally
lived, rather than the stratigraphic layer where they were discovered.
The paucity of existing studies on this topic serves to illustrate a gap in
the understanding of these taphonomic processes, underscoring the need
for further investigation in order to accurately interpret the environ-
mental histories from shell assemblages.

Radiocarbon dating of terrestrial and freshwater shells poses signif-
icant challenges resulting from a possible hardwater effect (Lindauer
etal., 2017, 2018; Lindauer, 2019; Philippsen, 2013). 14C dates of shells
reflect the age of the carbon in the environment in which the snail lived
as well as its food resource. This carbon eventually becomes incorpo-
rated into the shell calcium carbonate throughout life. Freshwater snails
use dissolved inorganic carbon in the water to build up their shell
whereas terrestrial shells digest the carbon from food and soil.
Depending on the source, this can lead to a radiocarbon age that is
shifted in comparison with the true calendar age of the shell which is
described as hardwater effect. In contrast to the marine reservoir effect
that usually comprises at most around 1000 years, the hardwater effect
can easily account for over 3,000 years (Philippsen and Heinemeier,
2013). It is recommended that the age of a stratigraphic layer is deter-
mined by 1*C-dating rather than the shell itself. This can be achieved by
dating a large set of shells found in a single sedimentary layer and/or a
multiproxy dating approach including cross age dating of charcoal,
humic acid, etc. and optically stimulated luminescence (OSL).

It is also of great importance to gain an understanding of the rate of
shell formation and growth in terrestrial snails under both optimal and
suboptimal humidity and temperature conditions. Additionally, further
studies are required to correlate live-collected terrestrial snail data with
recorded environmental data, which is essential for future research in
that region. This represents another area for further research. Further-
more, the indistinct growth lines of both species make it challenging to
determine the specific period of growth, a limitation that is also present
in the classical sclerochronology of shells (e.g., Schone and Surge, 2012;
Taft et al., 2014). It will also be imperative to determine whether both
species possess an inner and outer shell layer, given that the shells are
fragile and may be pierced during drilling (Fig. 4). This necessitates an
investigation into whether the two layers, if present, exhibit an isotopic
offset and if it is necessary to examine them separately, if feasible.
However, this is beyond the scope of the present study.

5. Conclusion

In this study, the stable oxygen isotope values of aquatic
(M. tuberculata) and terrestrial (Z. insularis) snail shells were determined.
Specimens were recovered from specific archaeological, geomorpho-
logical and modern contexts with the goals of investigating their po-
tential as a snapshot insight into past hydroclimatic and
palaeoenvironmental conditions in drylands, correlating their environ-
mental context with a specific 61805heu pattern. Additionally, the 5180
signature of the groundwater was determined and temperature data
were collected. The comparison between the stable oxygen isotope data
of aquatic (M. tuberculata) and terrestrial (Z. insularis) snails and the
areas of sampling enabled the extraction of eight distinct environmental
signals, differentiated by aquatic (Type 1) and terrestrial (Type 2) en-
vironments in which those types of snails lived. The interpretation of
this data represents a preliminary attempt to develop a typology of
isotopic signals based on 8'®0 variations in snail shells, aiming to
elucidate environmental and hydrological conditions. The proposed
typology includes: Type 1 A: In a strongly buffered aquatic environ-
ment, minimal §'80g,e variations (< 1 %o) indicate the presence of
stable groundwater sources, reflecting a relatively constant isotopic
composition. Type 1 B: In a buffered aquatic environment, §'8Ogpen
variations range from 1 to 2 %o. This suggests occasional inputs from a
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wadi, rainwater inflow, and subsequent evaporation, indicating mod-
erate variability in water sources and environmental conditions. Type 1
C: In an open aquatic environment, large variations (> 2 %o) in 61805}1311
highlight a highly variable environment. These pronounced shifts may
reflect rapid responses to environmental changes, such as prolonged
droughts or fluctuations in water supply. Type 2 A: Consistently
increasing 5'804nen values hint at exposure to a drying environment,
potentially reflecting a trend towards arid conditions or reduced water
availability. Type 2 B: A continuous decrease in 61805he11 values denotes
steady freshwater input, likely from a stable and continuous source such
as a river or precipitation, reflecting a more humid and stable hydro-
logical condition. Type 2 C: Sharp drops in §'%0gpey values reveal a
meteorological event, such as heavy rainfall associated with cyclones.
These sudden changes may be followed by dry periods, suggesting sig-
nificant weather fluctuations. Type 2 D: Repeated and slow increases
followed by decreases in slsosheu values imply alternating periods of
evaporation and freshwater influx. This pattern suggests seasonal shifts
between prolonged wet (monsoonal) and dry seasons. Type 2 E: Rapid
and strong short-term fluctuations in 5'80gnen values reflect high-
frequency changes in water input and evaporation, potentially caused
by human activities such as irrigation (in a modern context), revealing
anthropogenic influences on the environmental system. Surprisingly,
most of the aquatic snails in this study lived in groundwater and
therefore recorded either a pure groundwater signal (Type 1 A; strong
buffered system) or a groundwater-fed environmental signal with slight
evaporation and freshwater influxes (Type 1 B; buffered system).
Finally, the results obtained from the archaeological sites indicate that
aquatic snails may be a reliable indicator of ancient irrigation systems or
water management practices exploiting groundwater, which could
prove to be a valuable tool for future geoarchaeological research in
dryland regions. In conclusion, the findings of this study provide support
for further scientific development of sclerochronology with gastropods,
which is currently a largely underutilised area of research.
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