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Abstract 

Sub-weekly to sub-monthly records of δ18O and δ13C values in Melanopsis shells from the 

Jordan River Dureijat (JRD) archaeological site in the upper Jordan River Valley are 

assessed for changes in seasonal hydrology in the gastropod’s habitat, and these records are 

compared to results from one modern shell, collected from Agamon Hula.  Growth marks 

which correspond with abrupt decreases in δ18O and δ13C values in the modern shell are 

interpreted as a pause in growth during the winter months.  While the modern shell 

displays a large range of δ18O values and has a strong correlation between δ18O and δ13C 

values, fossil shells exhibit smaller ranges and weak or no correlation between δ18O and 

δ13C values, implying that the water body was hydrologically open.  Mean δ18O values did 

not exhibit large changes among sedimentary layers (-6.8, -6.8, -7.3, -6.2‰ for layers 

dated 23.8, 18.6, 16.3, 14.5cal ka BP, respectively), and were remarkably similar to the 

modern shell mean δ18O (-6.4‰).  A distinct difference between the δ18O and δ13C patterns 

from the different layers is observed.  Shells dated to colder periods (23.8, 18.6cal ka BP) 

show little seasonality in δ18O and δ13C values, consistent with a large, buffered water 

body.  Those dated to 16.3cal ka BP exhibit rapid changes which may reflect a stream 

environment, rather than a lake.  Finally, shells dated to 14.5cal ka BP exhibit larger 

seasonal changes, perhaps due to a longer residence time.  These results provide valuable 

insight into paleoseasonality for climate modelers and archaeologists.  
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1 Introduction 

1.1 Context of Study 

Understanding the effects of a changing climate on the environment and human society is a 

pressing modern concern.  In the Levant (eastern Mediterranean region encompassing 

Israel, Jordan, Lebanon, Syria, and regions of Egypt and Saudi Arabia; Figure 1.1), a long 

history of human habitation and the presence of large climate gradients on a small spatial 

scale enables such studies (Enzel and Bar-Yosef, 2017; Rambeau, 2010; Robinson et al., 

2006).  Well-dated climate records can provide insight into changes in human society, but 

few existing records can be easily correlated with human activity at archaeological sites 

(Enzel and Bar-Yosef, 2017; Rambeau, 2010).  Furthermore, very few studies of pre-

Holocene paleoseasonality have been performed in this region, and none have examined 

changing seasonality during the Epipaleolithic, the age when human civilizations were 

beginning to form permanent settlements.  An improved understanding of paleoseasonality 

in an area of highly seasonal precipitation will also aid climate modelers in predicting 

water availability in a water-stressed region (Rambeau, 2010). 

Global  fluctuations in climate during the late Pleistocene were dramatic due to changing 

conditions of ice sheets in the northern hemisphere (Alley, 2000; Robinson et al., 2006).  

During the Last Glacial Maximum (LGM; 22-19ka BP), the Laurentide Ice Sheet in North 

America, the Scandinavian Ice Sheet in Europe, and the Greenland Ice Sheet reached their 

maximum extent.  This period is marked by colder and drier conditions nearly worldwide 

(Bush and Philander, 1999).  After the LGM, ice sheets began to retreat, bringing generally 

warmer and wetter climates (Clark et al., 2012).  Warming during this period, called the 

Late Glacial, reaches a peak during the Bølling-Allerød (B-A; 15-13ka) but reverses during 

the Younger Dryas (YD; 12.7-11.5ka BP) (Clark et al., 2012). During the Holocene, a 

warmer climate emerged. In addition, rapid changes in climate due to abrupt input of cold 

freshwater to the North Atlantic, called Heinrich events, occurred at ~23.8ka (Heinrich 2; 

H2) and ~16.0ka (Heinrich 1; H1) (Hemming, 2004).   

Pleistocene paleoclimate in the Levant is well-correlated with glacial fluctuations in the 

Northern hemisphere (Figure 1.2) (Roberts et al., 2008; Robinson et al., 2006).  While 

paleoclimate archives in the Levant, including pollen, lake levels, and speleothems, 

indicate cold and arid conditions during Heinrich events and warm, wet conditions during 

the B-A, records of the LGM are contradictory (Bar-Matthews et al., 1999; 2003; Bartov et 

al., 2002; Miebach et al., 2017; Rossignol-Strick, 1995; Torfstein et al., 2013).  Pollen 

stratigraphy indicates arid conditions, while lake levels in Lake Lisan, the precursor to the 

Dead Sea, are at a high stand (Bartov et al., 2002; 2003; Miebach et al., 2017).  

Meanwhile, speleothem isotope records indicate aridity, but some speleothems grew where 

conditions today are too arid for their formation (Bar-Matthews et al., 1999; 2003; Vaks et 

al., 2006).   



18 

 

Figure 1.1 Map of the Levant with referenced paleoclimate records. 1: Ghab Valley, 2: 

Hula Basin, 3: Peqiin Cave, 4: Israeli coastal plain, 5: Ma’ale Efrayim Cave, 6: Soreq 

Cave, 7: Jerusalem West Cave, 8: Wadi Faynan, 9: Ocean Drilling Program (ODP) Site 

967, 10: Site of core M44-1-KL83, 11: Site of core GeoB5804-4, 12: Site of core 

GeoB5844-2. 13: Birkat Ram. Original map produced with GMT 

(http://gmt.soest.hawaii.edu/). Adapted from Robinson et al. (2006). 

Situated at the transition between arid and Mediterranean climates, the Levant is sensitive 

to changes in atmospheric circulation (Ziv et al., 2006).  Extreme topography gives the 

region large climate gradients both by latitude and altitude, making studies of the region’s 

paleoclimate meaningful on a limited spatial scale (Rambeau, 2010; Roberts et al., 2008; 

Robinson et al., 2006).  Precipitation is highly seasonal, with a cool, wet winter and warm, 

dry summer (Rambeau, 2010; vanZeist et al., 2009; Ziv et al., 2006). 

Despite highly seasonal precipitation in the region, high-resolution records demonstrating 

Late Pleistocene seasonality in the Levant have not yet been examined.  An understanding 

of weather patterns during this time will improve climate models and enhance insight into 

ecological and cultural changes (Rambeau, 2010).  Biogenic carbonates from lacustrine 

deposits can hold high-resolution records, reflecting seasonality in δ18O and δ13C values in 

lake water (Prendergast et al., 2017). 

http://gmt.soest.hawaii.edu/
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Figure 1.2 Late Quaternary paleoclimate archives, eastern Mediterranean and Greenland.  

Reprinted from Robinson et al. (2006).  References: 1: Alley (2000); 2: Compilation by 

Robinson et al. (2006) of Bartov et al. (2002); (2003); Begin (1985); Landmann et al. 

(2002); Neev and Emery (1967, 1995); Stein (2001); Yechieli et al. (1993); 3: Bar-

Matthews et al. (2003); 4: Arz et al. (2003); 5: Emeis et al. (2000); (2003); 6: Gvirtzman 

and Wieder (2001); 7: Rossignol-Strick (1995); 8: Goodfriend and Magaritz (1988); 

Magaritz (1986); 9: Goodfriend (1990, 1991, 1999); Magaritz and Heller (1980); 10: 

Reeder et al. (2002) 
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Lake water δ18O values are sensitive to hydrological changes (Leng and Marshall, 2004; 

Roberts et al., 2008).  These values represent a mixture of δ18O of precipitation, surface 

water, and ground water which enters the lake and the effects of evaporation (Leng and 

Marshall, 2004; Roberts et al., 2008).  Evaporation releases low-mass isotopes into the 

atmosphere in greater proportion, enriching surface waters in 18O.  Aragonite shells 

forming within these water bodies reflect water δ18O values, however, aragonite formation 

has a temperature-dependent isotope fractionation of about -0.24‰ per 1°C increase (Kim 

et al., 2007; Roberts et al., 2008).  Because increased temperature and evaporation often 

coincide, these signals may negate one another (Roberts et al., 2008; Zaarur et al., 2016).  

Nevertheless, aragonite shells record changes in water δ18O and can be sampled at high 

resolution to assess seasonal changes (Geary et al., 2012; Mannino et al., 2008; Schmitz 

and Andreasson, 2001; Schöne et al., 2007; Spiro et al., 2009; Taft et al., 2012; 2013; 

2014; Zaarur et al., 2016). 

δ13C values reflect several processes.  Plants and algae preferentially take up 12C, enriching 

the water body in 13C as they grow (Leng and Marshall, 2004).  When they decay, 12C is 

released back into the water body, lowering δ13C values.  Similarly, groundwater δ13C 

values are generally low due to soil bacteria respiration (Leng and Marshall, 2004).  

Storms may wash in terrestrial carbon, lowering δ13C values of carbonate in the lake. 

Waters from karstic springs reflect δ13C values of carbonate in the source rock (Leng and 

Marshall, 2004).  In water bodies with long residence times, δ13C and δ18O are often 

positively correlated due to evaporative enrichment, though hyperalkaline water bodies 

may obscure this relationship (Leng and Marshall, 2004; Roberts et al., 2008). 

Gastropod shell δ18O and δ13C can be assessed along the growth spiral to provide reliable 

information about seasonality of these isotopes in water during its lifetime (Schmitz and 

Andreasson, 2001; Zaarur et al., 2016).  This study examines the applicability of 

sclerochronological studies in gastropods of the Melanopsis genus by assessing one 

modern shell and modern isotope patterns from Melanopsis specimens in Israel measured 

by Zaarur et al. (2016) and applies these results to subfossil Melanopsis specimens from 

the Jordan River Dureijat (JRD) archaeological site to assess seasonal and environmental 

changes in this water body during the Late Pleistocene.  Specifically, these results are 

assessed for potential changes in hydrology in the catchment, including changes in the 

amount of snow, water body volume, and residence time. 

1.2 Current State of Paleoclimate Research in 

the Levant, 25-13ka 

1.2.1 Heinrich 2 Event (~23.8ka) 

Lake Lisan levels rapidly declined during the H2 event from the ~25ka maximum of 

~170mbsl to ~290mbsl (Bartov et al., 2003; Hazan et al., 2005; Lev et al., 2014; Torfstein 

et al., 2013).  Speleothems in Soreq Cave exhibit a positive δ18O excursion, interpreted as 

arid conditions (Bar-Matthews et al., 1999).   Miebach et al. (2017) produced a robustly 

dated pollen record for the Ohalo II site.  An abrupt decrease in arboreal pollen and 

expansion of Chenopodiaceae occur during H2, consistent with very arid conditions 

(Miebach et al., 2017). 
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1.2.2 Last Glacial Maximum (22-19ka) 

During the LGM, temperatures in the Levant were cooler than present.  Zaarur et al. (2016) 

calculate that Sea of Galilee water was approximately 3°C cooler based on clumped 

isotope analysis.  Fluid inclusion δD from Soreq cave speleothems yield temperatures of 

~7-9°C at the height of the LGM, 9-11°C cooler than present (McGarry et al., 2004).  

Annual average temperatures at Mitzpe Shelagim (2224masl) on Mount Hermon are 

calculated to be below zero during this period (Ayalon et al., 2013). 

Lake Lisan rose to 180mbsl, ~240m above Holocene levels, and merged with the Sea of 

Galilee (Bartov et al., 2002; Hazan et al., 2005; Torfstein et al., 2013).  During this time, 

evaporation was likely 2-3 times greater than today’s 1.5m/y in the Dead Sea area due to 

fresher water and inferred higher wind speeds (Stanhill, 1994; Stein et al., 1997).  

Mineralogy of lake sediments indicates large amounts of freshwater input to Lake Lisan 

(Torfstein et al., 2013).  For high lake levels to coincide with high evaporation, more water 

in the catchment needs to reach the lake.  Some researchers propose that a larger 

proportion of snow released in a spring melt could cause high lake levels because less 

water recharges groundwater or is taken up by plants (Develle et al., 2011; Zaarur et al., 

2016).  Speleothem growth near Mt. Hermon halted during much of the last glacial, and 

Ayalon et al. (2013) suggest that frozen soil prevented their growth.   

Speleothem deposition during this period indicates that the climate was not arid, in that 

enough water was available for the formation of these structures (Vaks et al., 2006).  

However, positive excursions in speleothem δ18O indicate a dry climate (Bar-Matthews et 

al., 2003).  Although the higher speleothem δ18O values could indicate a different source of 

meteoric water, general circulation models indicate that the eastern Mediterranean Sea was 

the source of meteoric waters during the LGM, just as it is today (Enzel et al., 2008; 

Goldsmith et al., 2017). 

Zaarur et al. (2016) also posit that snow comprised a greater proportion of precipitation 

during the LGM and was released in spring melt.  Because snow generally has low δ18O 

values, 10% less snowfall from the LGM to the Holocene could explain the low water δ18O 

values calculated by Zaarur et al. (2016) during this period.  

Pollen records from Birkat Ram show a decrease in arboreal pollen and an increase in 

steppe vegetation, implying a shift to dry conditions (Schiebel, 2013).  Pollen records 

which indicated wet conditions during the LGM either lack a reliable chronology or have 

been revised (Horowitz, 1989; Rossignol-Strick, 1995; vanZeist et al., 2009; Weinstein, 

1976). 

General circulation models calculate arid conditions in the Levant (Enzel et al., 2008; 

Rambeau, 2010; Robinson et al., 2006).  Still, researchers urge caution when applying 

paleoclimate results to the entire region (Enzel et al., 2008; Rambeau, 2010; Roberts et al., 

2008; Vaks et al., 2006; Zaarur et al., 2016). 

1.2.3 Late Glacial 

As the ice sheets of the Northern Hemisphere receded, the Levant began to warm.  

Temperatures based on speleothem fluid inclusion δD are warmer at ~18.6-18.9ka (9-

12°C) than ~18.9-19.2ka (7-9°C) (McGarry et al., 2004) and speleothem δ18O becomes 
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more negative, indicating greater water availability (Bar-Matthews et al., 2003).  Lake 

Lisan levels fell, indicating lower precipitation, higher evaporation, or both (Bartov et al., 

2002; Hazan et al., 2005; Torfstein et al., 2013).   

Heinrich 1 Event 

Few records of H1 exist in the Levant (Robinson et al., 2006).  A positive excursion in 

Soreq Cave speleothems indicates dry conditions (Bar-Matthews et al., 2003).  Lake Lisan 

levels further lowered, similar to the H2 event (Bartov et al., 2002; Bartov et al., 2003). 

Bølling-Allerød 

Evidence from speleothems and Ghab Valley pollen indicate a warm and wet B-A (Bar-

Matthews et al., 2003; Rossignol-Strick, 1995).  Oak forests, which require at least 

500mm/y rain, grew, and speleothem δ13C indicates the spread of C3 plants (Bar-Matthews 

et al., 2003; Rossignol-Strick, 1995).  Lake Lisan levels rose, reaching a maximum at 

~15ka, implying a greater precipitation/evaporation ratio (Bartov et al., 2002). 

1.3 Melanopsis Occurrence and Life Cycle 

Snails of the Melanopsis genus occur in the Mediterranean region and New Zealand 

(Glaubrecht, 1993).  Their shells are thick, imperforate, and have a notch at the base of the 

aperture (Heller et al., 1999; 2005).  The upper part of the inner lip often contains a callus, 

and the upper part of the aperture is narrow (Heller et al., 1999; 2005).  Gastropods of the 

Melanopsis genus are extant in the Hula Valley and have occurred there throughout the 

Pleistocene (Grossowicz et al., 2003; Heller et al., 1999; 2005).   

1.3.1 Species of the Upper Jordan River Valley 

Species-level taxonomy is highly debated; some taxonomists argue there is one species 

with multiple forms depending on habitat, and others assert that different forms are 

separate species (Heller et al., 2005).  Based on traditional and non-traditional 

conchiometrics performed by Heller et al. (2005), ten species occur in the Levant, three of 

which occupy the upper Jordan River Valley: M. buccinoidea (Olivier, 1801), M. costata 

(Olivier, 1804), and M. saulcyi (Bourguignat, 1853) (Figure 1.3).  Taxonomy by Heller et 

al. (2005) is used in this thesis. 

Smooth-shelled M. buccinoidea lives on rocks or silty mud and is a generalist feeder 

(Heller et al., 2005).  This species occurs in springs and streams, and does not currently 

occupy the Jordan River or the Sea of Galilee (Heller et al., 2005).  It is possible that the 

M. buccinoidea population of the Jordan Valley is a subspecies, with a stouter shell and a 

larger mouth-to-height ratio (Heller et al., 2005).  Fossil evidence suggests hybridization 

with M. costata and with M. saulcyi throughout the Pleistocene (Bandel et al., 2007; 

Grossowicz et al., 2003; Heller et al., 1999; 2005).  Modern snails exhibit intermediate 

morphology between M. buccinoidea and M. costata where their two habitats meet, such as 

streams entering the Sea of Galilee (Bandel et al., 2007). 

The species M. costata has four subspecies, of which M. costata lampra occupies parts of 

the upper Jordan River under overhanging vegetation (Heller et al., 2005).  This species 

has ribs on its lower whorls which extend the length of the whorl and are rounded at the 

top but uniform along their length (Heller et al., 2005). 
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Distinguished by its waisted ribs which extend to the middle of the whorl, M. saulcyi 

occupies boulders and aquatic vegetation and is widely distributed in springs and streams.  

Björgvinsson (2017) identified M. cerithiopsis as a potential species in the JRD 

assemblage, which Heller et al. (2005) considers a synonym of M. saulcyi. 

1.3.2 Life Cycle and Growth 

Snails of the genus Melanopsis hatch with a shell 0.2-0.4mm in diameter (Alhejoj and 

Bandel, 2013).  Shohat (1995) studied the life cycle of M. praemorsa (synonym of M. 

buccinoidea and M. costata) from a desert oasis subject to flash floods, En-Gedi, and a 

stable Mediterranean stream, Nahal Dan.  While En-Gedi snails have two breeding 

seasons, in late winter and spring, those from Nahal Dan have no distinct breeding season 

and could breed year-round (Shohat, 1995).  At En-Gedi, a spatial study assessed habitat 

preference.  M. praemorsa prefer shallow, running water in silty or rocky areas, and very 

few migrated further than a few meters (Shohat, 1995). 

Few studies have been conducted on growth rate.  Idaghdour (1991) mentions that 

Melanopsis grow to about half their full height in their first year of life.  Elkarmi and 

Ismail (2006) collected and measured specimens from Azraq Oasis, Jordan.  Finding five 

size groups, Elkarmi and Ismail (2006) assume an annual breeding season and conclude 

that these are annual age groups.  Zaarur et al. (2016) conclude that Melanopsis live for 

about two years based on oxygen isotope patterns. 

    

Figure 1.3 Melanopsis of the Hula Basin. M. buccinoidea (A), M. costata lampra (B), and 

M. saulcyi (C).  Scale bars are 5mm.  Adapted from Heller et al. (2005). 

C 
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1.4 Use of Gastropod Shells in 

Sclerochronological Studies 

Spiro et al. (2009) give a brief review of studies assessing the use of δ18O and δ13C time 

series in gastropod shells.  The δ18O time series from gastropod shells may show greater 

variation than the water in which the organism lived (Schmitz and Andreasson, 2001; Spiro 

et al., 2009).  In addition, δ18O values of water calculated from δ18O measured from the 

shell aperture may be systematically lower than actual water δ18O due to vital effects 

(Schmitz and Andreasson, 2001; Spiro et al., 2009).  The δ13C values were found to more 

reliably reflect dissolved inorganic carbon (DIC) δ13C (Spiro et al., 2009).  Vital effects 

can alter the isotope ratios in aragonite, especially in temperate zones (Grossman and Ku, 

1986; Schmitz and Andreasson, 2001; Spiro et al., 2009). 

Schmitz and Andreasson (2001) performed sclerochronological analysis on a variety of 

modern gastropods from different climate zones, noting a reflection of seasonal 

temperatures and humidity in the curves.  Isotope patterns of shells from temperate zones 

exhibit sharp peaks in δ18O values which represent winter, while patterns from the 

subtropical zone have smoother winter peaks (Schmitz and Andreasson, 2001).  Intra-shell 

δ18O values for the temperate zone can have small ranges of ~2‰ or larger ranges up to 

~5‰ (Schmitz and Andreasson, 2001).  Ranges in subtropical shells are generally ~2‰ 

(Schmitz and Andreasson, 2001).  Dry tropical zones exhibit large intra-shell variations of 

>4‰, and a humid tropical climate generally results in small variations up to ~2‰ 

(Schmitz and Andreasson, 2001). 

Spiro et al. (2009) interpreted δ18O and δ13C variations along the growth axis of fossil 

Viviparidae family gastropods from the Gesher Benot Ya’aqov (GBY) archaeological site, 

close to JRD.  A small range in δ18O, often under 2‰, implies a relatively constant source 

of water, while changes in δ13C reflect annual productivity cycles (Spiro et al., 2009).   

Oxygen isotopes in Radix sp. shells on the Tibetan Plateau reflect the hydrologic cycle, 

with ice cover, melt, precipitation, and evaporation distinguishable (Taft et al., 2013).  

Lake size impacted results, with evaporation more heavily influencing larger lakes with 

longer residence times (Taft et al., 2012).  δ13C variations reflect growth and decay of 

aquatic vegetation and carbon flux into the lake during storm events (Taft et al., 2012; 

2013). 

δ18O values along the growth spiral of three modern Melanopsis specimens were 

determined by Zaarur et al. (2016) (Figure 1.4).  Shells of M. costata from the Sea of 

Galilee and the Jordan River near GBY and M. buccinoidea from Dan Spring (major 

Jordan River tributary) were used.  The δ18O values from these specimens reflect 

equilibrium with their environment, with high seasonal variability in the Sea of Galilee and 

Jordan River samples. Higher overall δ18O in the Sea of Galilee reflects evaporative 

processes (Zaarur et al., 2016).  The Dan Spring specimen had a relatively constant δ18O, 

demonstrating equilibrium with the stable spring water temperature and little influence of 

evaporation (Zaarur et al., 2016). 
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Figure 1.4 Sclerochronology of Melanopsis specimens from the Sea of Galilee, Jordan River, and Dan Spring.  Reprinted from Zaarur et al. 

(2016).
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1.4.1 Gastropod Growth Marks and Sclerochronology 

Many gastropods exhibit growth marks on their shells which may indicate a pause in 

growth, either due to environmental conditions or to physiological reasons, such as 

reproduction (Geary et al., 2012; Mannino et al., 2008; Schöne et al., 2007).  These 

features have not been well-studied in most gastropods, though some researchers have 

noted the formation of these features during periods of thermal stress, both for cold and hot 

temperatures (Mannino et al., 2008; Schöne et al., 2007).  Gastropods may respond to 

thermal stress by thickening their shell rather than lengthening it improving insulation 

(Mannino et al., 2008).   

Sclerochronological studies which note the presence of growth marks often use them as an 

aid in assessing seasonal growth (Geary et al., 2012; Mannino et al., 2008; Schöne et al., 

2007).  Geary et al. (2012) note the presence of growth marks in Melanopsis shells from 

Lake Pannon which correspond with winter maxima in δ18O values, and attribute several 

growth marks noted near the aperture to pauses in growth to reproduction.   
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2 Site Setting 

2.1 Geologic Setting 

The Hula Valley lies in northeastern Israel along the Jordan-Dead Sea Rift (Figure 2.1).  

Bounded to the east by the basaltic Golan Heights and to the west by the carbonate Upper 

Galilee mountains, sediments have been accumulating in this valley since at least the 

Middle to Late Miocene (Rybakov et al., 2003).  The Hula Valley experiences subsidence 

due to tectonic activity, allowing lakes and swamps to form when wetter conditions occur 

(vanZeist et al., 2009). At its southern end, the Jordan River drains the valley through an 

uplifted basalt block which acts as a natural dam. 

 

Figure 2.1 Simplified geologic map of the Hula Valley and surroundings with location of 

former Lake Hula.  Reprinted from Weinstein-Evron et al. (2001). 

2.2 Jordan River Dureijat Excavation Site 

The JRD excavation site lies within the Hula Basin (Figure 2.2) just to the south of the 

confluence of the Dureijat with the Jordan River (Marder et al., 2015).  This site was 

discovered in 1999 during a project by the Kinneret Drainage Authority to deepen the 

Jordan River (Sharon et al., 2002).  A test excavation performed in 2002 uncovered human 
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artefacts (Marder et al., 2015).  Subsequent excavations in 2014, 2015, 2016, and 2017 

revealed a wealth of stone tools and plant and animal remains (Sharon, 2016, 2017).  

Sedimentary strata at the site, shown in Figure 2.3, have been interpreted as a succession of 

mud layers indicating a submerged shallow lake environment and coquinas rich in 

gastropod and Unio shells representing a shallow near-shore lake environment (Sharon, 

2016). 

 

Figure 2.2 Hula Valley and surrounding areas.  Black square indicates approximate 

outline of Figure 2.1. 

Covering the entire Epipaleolithic, the JRD site provides a unique opportunity to study 

cultural and environmental change just prior to a switch to permanent settlements and 

farming (Marder et al., 2015; Sharon, 2016, 2017).  Fish hooks and stones used to weigh 

down fishing lines were found in the sediments, evidence that people returned to this spot 

to fish repeatedly over the course of 10,000 years (Sharon, 2016, 2017).  Other 

archaeological sites along the upper Jordan River, such as GBY and NMO, have yielded 

artefacts from earlier periods, and nearby Epipaleolithic sites include Eynan, a Natufian 

site with permanent dwellings within 9km, and Ohalo II on the south shore of the Sea of 

Galilee, a Kebaran site with the earliest known temporary brush huts (Enzel and Bar-

Yosef, 2017; Marder et al., 2015; Nadel, 2002; Valla et al., 2004).   

2.3 Climatic Setting 

In the Levant, a hotter and more arid climate prevails at lower latitudes, while higher 

latitudes experience greater precipitation and cooler temperatures.  At the border between 

arid and Mediterranean climates, the Hula Basin is sensitive to changes in climate 

(Rambeau, 2010; Schiebel, 2013; vanZeist et al., 2009).  Modern climate (Figure 2.5, Israel 

Meteorological Service, 2018) is characterized by cool, wet winters, with temperatures 

sometimes dropping below 0°C, and hot, dry summers with temperatures reaching 40°C 

(vanZeist et al., 2009). Annual temperatures average 21°C, and annual rainfall ranges from 

400-800mm (vanZeist et al., 2009).  Higher altitudes experience a cooler, wetter climate, 

with average annual temperatures in the mountains surrounding the Hula Basin reaching 

16°C and an average annual precipitation of 1000mm (vanZeist et al., 2009). 
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Figure 2.3 JRD excavation south wall with layers indicated and images of stone tools 

(scale bar 2cm).  Adapted from Sharon (2016). 

Winds within the valley are primarily northern and southern but reflect local topography, 

not regional trends (vanZeist et al., 2009).  Regional winds are primarily westerlies, with 

easterly winds more frequent during winter (vanZeist et al., 2009).  Inter-annual variation 

in precipitation is closely related to the strength of the Cyprus Low (Figure 2.4) and 

precipitation is highest when southwestern Europe experiences mild, dry winters (Ziv et 

al., 2006).  Although connections have been made to the North Atlantic Oscillation and the 

El Niño Southern Oscillation, these are weak or correlate only with data from recent years 

(Ziv et al., 2006). 

At the nearby Kefar Blum weather station (75masl), mean daily maximum temperatures in 

January and August are 16.5°C and 34.2°C, respectively, and mean daily minimum 

temperatures for these months are 5.8°C and 19.2°C, respectively (Israel Meteorological 

Service 2018).  Over 60% of precipitation falls December through February, and rain 

events may occur September through May, reaching ~500mm total (Israel Meteorological 

Service 2018).  Mean daily evaporation, measured at Dafna, is highest in June and July 

(8.6mm) and lowest in January (1.8mm) (Israel Meteorological Service 2018). 
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Figure 2.4 Average sea level pressure (hPa) for the rainy seasons of the ten wettest years 

in northern Israel (See Ziv et al. (2006) for details).  Note the low over Cyprus and the 

northern Levant.  Reprinted from Enzel et al. (2008). 

2.4 Hydrologic Setting 

Prior to drainage in the 1950s, the Hula Valley held a shallow lake (Lake Hula, Figure 2.1) 

at its southern end (~14km2) and extensive swamps to the north (vanZeist et al., 2009).  

The Jordan River, which flows through the valley, has three main tributaries.  Dan Spring 

contributes about 50% of the Jordan River’s water, and the Banias and Hatzbani springs 

provide about 25% each (Zaarur et al., 2016).  Precipitation near Mount Hermon recharges 

these karst springs (Gil'ad and Bonne, 1990; Zaarur et al., 2016).  The basaltic Golan 

aquifer also contributes water to the valley and may have had a more prominent role in the 

geologic past (Dafny et al., 2006; Litaor et al., 2008; Spiro et al., 2011). 

Approximately nine km north of JRD lies Agamon Hula, a nature reserve with restored 

wetlands and a small, shallow manmade lake fed by canals (Litaor et al., 2008).  

Hydrology is seasonal, with rainy months raising the water level and dry months allowing 

for groundwater infiltration into the lake (Litaor et al., 2008).  However, water levels are 

closely managed and artificially altered (Litaor et al., 2008).  Water managers divert water 

into the lake prior to the start of the wet season, raising the water level to provide habitat 

for waterfowl (Litaor et al., 2008).   
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Figure 2.5 Kfar Blum weather station data.  Minimum and maximum daily temperature, with 10-day moving average.  Daily and 10-day 

rolling sum of precipitation.  Normalized wind roses (m/s) for Jan 2015-Dec 2016, and seasonal for Dec-Feb (2014-2017) and Jun-Aug 

(2015-2016) (right). Data downloaded from Israel Meteorological Service (2018).
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2.5 δ18O of Meteoric, Surface, and Ground 

Waters 

Water δ18O values discussed in this thesis are relative to SMOW (Gat and Dansgaard, 

1972; Gil'ad and Bonne, 1990) or VSMOW (all other referenced values) and are 

summarized in Figure 2.6. 

Precipitation within the Hula Valley has variable δ18O values. Gat and Dansgaard (1972) 

measured values from -6.5‰ to -5.5‰ while Gil'ad and Bonne (1990) measured -8.1‰.  

Precipitation in the surrounding mountains has more negative δ18O values as altitude 

increases (Gat and Dansgaard, 1972; Litaor et al., 2008).  However, snow δ18O measured 

by Gil'ad and Bonne (1990) on Mt. Hermon was remarkably similar to their measured 

values of Hula Valley precipitation.  Though Mt. Hermon snow δ18O ranged from -13.3 to 

-6.0‰, most values were near -8.5‰, and values average -8.9‰ (Gil'ad and Bonne, 1990). 

Zaarur et al. (2016) measured a δ18O value of -3.5‰ of water from the Jordan River at 

GBY.  Litaor et al. (2008) measured lower values of δ18O in the Jordan River, ranging 

from about -7.2 to -6.6‰.   Evaporation enriches water in Agamon Hula, yielding δ18O  

values from about -5.2 to -3.3‰ (Litaor et al., 2008). 

In the upper Jordan River, water δ18O values fluctuate seasonally, with values similar to its 

tributaries during winter, and enriched values during summer (Gat and Dansgaard, 1972).  

Variability in upper Jordan River water δ18O occurs during periods of winter and spring 

flooding (Gat and Dansgaard, 1972).  Gat and Dansgaard (1972) measure δ18O values of -

7.6 to -5.5‰ in the upper Jordan River, much lower than the Zaarur et al. (2016) summer 

value of -3.5‰.   

 

Figure 2.6 Ranges of δ18O values in precipitation and surface waters measured by Dafny et 

al. (2006); Gat and Dansgaard (1972); Gil'ad and Bonne (1990); Litaor et al. (2008). 
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In present-day groundwater in the basaltic Golan Heights aquifer, δ18O values range from -

7.5‰ to -4.9‰ and are correlated with altitude (Dafny et al., 2006).  Recharge by meteoric 

waters causes the observed altitude gradient (Dafny et al., 2006).  Analysis of tritium in 

spring waters indicates that water emerging from large springs has long travel times and is 

recharged further away (Dafny et al., 2006).  These waters have δ18O values lower than 

locally-recharged groundwater, and thus are recharged at high altitudes further from the 

Jordan River valley (Dafny et al., 2006).  Notably, Zaarur et al. (2016) measured a δ18O 

value of -4.2‰ for waters from Gonen spring, while Dafny et al. (2006) measured values 

of -6.8 and -7.0‰.  A groundwater δ18O value of -6.3‰ was measured near JRD, and 

upgradient δ18O values were more negative (Dafny et al., 2006). 

Much of the Jordan River’s water comes from the Mt. Hermon Jurassic karstic aquifer.  

Gil'ad and Bonne (1990) estimate that 30% of karstic spring water discharge originates as 

snowmelt.  Karstic spring water δ18O values of -7.2 to -8.1‰ were measured by Gil'ad and 

Bonne (1990), and Gat and Dansgaard (1972) measured an average of -7.5‰.  However, 

Zaarur et al. (2016) measured δ18O of Dan spring water to be -5.0‰. 

Within the Hula Valley, shallow and deep aquifers can be distinguished (Litaor et al., 

2008).  Deeper waters have lower values of δ18O compared to shallower groundwater, 

reflecting recharge from the surrounding mountains where meteoric water has relatively 

low δ18O values and evaporation is less significant (Litaor et al., 2008).   

Overall, Zaarur et al. (2016) measured δ18O values in surface waters ~2 to 3‰ more 

positive than those measured by other researchers.  Since sample collection occurred 

during summer, a ~2.5‰ difference between summer and winter is inferred.  However, this 

consistent difference is surprising to see in spring waters, which are generally considered 

to have little or no seasonal change in δ18O (Gat and Dansgaard, 1972; Gil'ad and Bonne, 

1990). 



34 

3 Materials and Methods 

3.1 Excavation Methods  

During archaeological excavation of the JRD site in 2016 and 2017, students from the 

University of Iceland logged and sampled a section on the excavation’s east wall for 

paleoenvironmental studies.  Sediments, including subfossil shells used in this study, were 

collected continuously with 1cm resolution. 

3.2 Dating Methods and Age Model Creation 

Because of the potentially large and variable reservoir age of water in the Hula valley, the 

shells used in this study were not dated.  Instead, charcoal pieces collected from the east 

wall section were carbon dated.  Radiocarbon measurements were performed by Beta 

Analytics and the Poznan Radiocarbon Laboratory.  Bunin (2018, Personal 

communication) calculated calibrated ages using the IntCal13 Database (Reimer et al., 

2013).   

For the age model, a sample of suspected C4 plant material and samples with modern ages 

were excluded.  All samples except one came from the East wall of the excavation.  One 

sample was used from the South wall where the stratigraphy allowed for an estimate of 

placement within the East wall stratigraphy.  Linear interpolation was performed using 

Python’s Seaborn library, which produced a 95% confidence interval for the interpolated 

ages.  

3.3 Melanopsis Specimens 

3.3.1 Modern Melanopsis 

Several living Melanopsis specimens were collected in May 2017 from Agamon Hula 

(33.10851°N, 35.59816°E) and placed in ethanol.  They were collected from rocks in an 

area of gently running water between more stagnant water bodies (Figure 3.1).  Of these, 

the largest was chosen for sampling (Figure 3.2). 

The shell was sandblasted to remove the organic periostracum, then cleaned with deionized 

water and a brush and needle to remove remaining stains.  The shell was then dried in an 

oven at 40°C. 

3.3.2 Subfossil Melanopsis 

Melanopsis specimens (Figure 3.3, Appendix A) from four shell-rich layers were chosen 

for sampling based on size and preservation.  For each layer, Melanopsis specimens from 

1cm resolution sediment layers were examined under a microscope to assess preservation.  

Specifically, the two shells from each layer with the best apex preservation were ultimately 

chosen because the apex is most difficult to properly sample.   
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Prior to milling, each subfossil shell was placed in ethanol in an ultrasonic bath for 30 

minutes.  Shells dried at room temperature overnight, then were carefully cleaned using a 

brush and needle with deionized water.  Each shell was then dried in an oven at 40°C. 

 

Figure 3.1 Specimen collection from running water in the Hula Nature Reserve.   Photo: 

Gonen Sharon 

 

Figure 3.2 Photographs of the modern specimen from Agamon Hula.  Arrows indicate 

examples of growth marks.  Photos: Jan Evers 
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Figure 3.3 Photographs of JRD16-099 Shell 1.  Arrows indicate examples of growth 

marks.  Photos: Jan Evers 

3.4 Documentation of Shells Before and After 

Milling 

Shells were photographed before milling (Figure 3.2, Figure 3.3, Appendix A) to document 

physical preservation, staining, location of growth marks, presence or absence of ribs, and 

size.  The shells were also photographed after milling (Appendix B) to document sample 

locations. 

Photographs supplemented laboratory notes when assessing potential error due to staining 

and preservation and confirmed the location of growth sutures between sample locations. 

3.5 Shell Size and Species Identification 

Melanopsis specimens are assigned a species after Heller et al. (2005).  Species assignment 

is based on the presence or absence of ribs, and the shape of ribs when present.  Specimens 

with no ribs are M. buccinoidea.  Specimens with strong ribs are M. costata.  Those with 

weak ribs are designated as hybrids of M. buccinoidea and M. costata.  No M. saulcyi 

specimens were used, based on the absence of specimens with waisted ribs. 

For each specimen, shell height and shell diameter were measured based on images taken 

prior to milling. Shell measurements were determined using a scale from the photographs 

and subsequent measurement using Fiji software (Schindelin et al., 2012). Whorls were 

counted under an optical microscope. 

3.6 Sample Milling 

Samples were collected along the ontogenetic spiral using a modified dental drill (Figure 

3.4).  The drill is placed in a custom holder such that the drill bit comes through a small 
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slit.  The bit is positioned in line with the slit and brought forward 50µm, which is the 

maximum sample depth.  This length is determined by a gauge on the holder.   

Before each sample was milled, the device was swabbed first with HCl to remove 

carbonate and subsequently with deionized water so that the milling surface is nonreactive.  

A dry swab was used to remove excess moisture, and a pressurized air hose was then used 

to dry the apparatus.  The pressurized air hose was also used to gently remove excess 

powder from the previous milling location to avoid contaminating subsequent samples. 

Samples were milled from each subfossil specimen beginning on the smallest parts of the 

shell.  The modern shell was milled beginning at the aperture.  Each subfossil shell had 

some eroded or degraded areas which were carefully avoided.  For some shells, several 

whorls were not sampled due to poor preservation.  Any sample collected from a stained or 

pitted area of the shell was noted in the protocol. 

Samples were milled using a 0.5mm round diamond bit, except for samples taken from the 

smallest whorls of JRD16-099 Shell 1 and JRD16-128 Shell 2.  The heights of these 

whorls were smaller than 0.5mm, and were milled using a tapered diamond drill bit. 

Each shell was individually assessed for sample spacing, with an aim to collect 50 samples 

per shell.  Sample spacing is larger on the larger specimens where there was enough room 

to collect more than 50 samples.  JRD17-432 Shell 2 was smaller than the other specimens, 

and only 45 samples were collected.  While milling JRD16-099 Shell 2, a large portion of 

the shell flaked off, and only 48 samples could be collected. 

Samples of 30-80µg were collected in the upper whorls of the shell due to the small size of 

these whorls.  The mass of these samples was measured using the scale at the Freie 

Universität and placed directly into Kiel vials for analysis.  Unfortunately, due to high 

uncertainty with this scale in this low mass range, 39 of these 59 samples did not contain 

enough material for an accurate measurement of both carbon and oxygen isotope 

composition. 

On larger areas, a sample size of 100-250µg was used.  These samples were placed into 

Labco vials and transported to the GFZ in Potsdam, where 20-80µg was weighed out and 

placed into vials for analysis. 

Due to the unsuccessful attempt at measuring carbon and oxygen isotopes in many 

samples, additional samples were milled in JRD16-099 Shell 1, JRD17-432 Shell 2, and 

JRD17-517 Shell 2.  For JRD16-099 Shell 1, four samples were collected near growth 

sutures.  In JRD17-432 Shell 2, the smallest shell, a sample was collected in and around the 

original first four samples in the smallest part of the shell.  In JRD17-517 Shell 2, samples 

in the last whorl were spaced more closely to fit extra samples.  With these extra samples, 

at least 45 data points were collected for each shell, except for JRD17-432 Shell 2, which 

is smaller and has a total of 40 data points. 



38 

 

Figure 3.4 Milling device (left) with view of drill bit through slit (right). Photos: Jan Evers 

One shell initially chosen for sampling from sediment layer JRD16-099 was flaking during 

the milling process and eventually cracked.  Due to the potential for sample contamination 

from other parts of the shell, these data were not included in the assessment.  JRD16-099 

Shell 2 was used as a replacement.  While flaking also occurred in this shell, sample 

contamination was avoided.  The damaged area was carefully picked at with a needle to 

remove loose material so that the material would not be collected as part of a sample.  Due 

to the shell depth, the material from this area was not used for isotope ratio measurements.  

An attempt made to mill material from this area prior to removing it with a needle was 

unsuccessful; the shell simply flaked further. 

Using the gauge and slit to control depth was ineffective in the smallest parts of the shells, 

where there was no way to have contact with the drill holder to limit the sample depth.  On 

ribbed specimens, the milled material may be deeper than 50µm.  Any samples that appear 

to be deeper than 50µm were noted in the protocol, including samples collected on large 

ribs or where the gauge slipped and indicated a greater depth after milling. 

3.7 Measurement of δ18O and δ13C 

All milled samples were analyzed for carbon and oxygen isotope ratios using a Thermo 

Scientific KIEL IV Carbonate Device coupled to a MAT 253 isotope ratio mass 

spectrometer. 

Each sample was reacted with 103% phosphoric acid at 72°C to produce CO2 gas.  The gas 

was then purified using two cold traps at -190°C, and the sample entered the isotope ratio 

mass spectrometer.   

Ratios of 13C/12C and 18O/16O were calibrated relative to international standard IAEA-

NBS19 limestone and to internal standard C1, a marble.  Measurements are reported 

relative to the Vienna Peedee Belemnite (VPDB) according to Equations 1 and 2: 
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𝛿 𝑂18
𝑆𝑎𝑚𝑝𝑙𝑒 =  (

( 𝑂18 𝑂16⁄ )
𝑆𝑎𝑚𝑝𝑙𝑒

( 𝑂18 𝑂16⁄ )
𝑉𝑃𝐷𝐵

− 1)  × 1000‰ 

Equation 1 

𝛿 𝐶13
𝑆𝑎𝑚𝑝𝑙𝑒 =  (

( 𝐶13 𝐶12⁄ )
𝑆𝑎𝑚𝑝𝑙𝑒

( 𝐶13 𝐶12⁄ )
𝑉𝑃𝐷𝐵

− 1)  × 1000‰ 

Equation 2 

Repeatability of standards indicated machine error of less than ±0.08‰ for both δ13C and 

δ18O. 

3.8 Assessment of Error in Sclerochronological 

Data 

Samples collected from stained areas, areas with noticeably poor physical preservation, and 

samples with maximum depths greater than 50µm were flagged as potential sources of 

error.  For each of these categories, plots of each shell’s results were plotted with suspect 

samples in red and the remaining results in black (Appendix C).  These plots were visually 

inspected, and no obvious pattern was observed. 

Because samples were transported and only a portion of the milled aragonite measured for 

isotopic composition, split samples of two samples were measured to assess bias in 

measuring only a portion of the milled material (Table 3.1).  Small differences between 

these samples may arise from slight spatial differences.  Milled material tends to clump 

somewhat, and appeared to be clumped after transport.  Each clump may come from a 

slightly ontogenically earlier or later part of the shell, or a deeper or more surficial area.  

Thus, the difference between split sample measurements may represent slight differences 

in sample location.   

Table 3.1 Split sample results. 

Sample ID Value Original Replicate Difference 

JRD16-128 Shell 2 [16] δ18O -6.42‰ -6.23‰ 0.19‰ 

 δ13C -5.59‰ -5.39‰ 0.20‰ 

Agamon Hula [49] δ18O -6.71‰ -6.55‰ 0.16‰ 

 δ13C -7.38‰ -7.48‰ 0.10‰ 

 

Based on the split sample results, an overall error of 0.2‰ is assumed for this study. δ18O 

and δ13C values are reported to 0.1‰ precision. 

   



40 

4 Results 

4.1  Age Model 

Table 4.1 gives the sample IDs, elevations, uncalibrated ages, and calibrated ages. 

Table 4.1 Calibrated charcoal radiocarbon ages used in the age model for JRD. 

Sample ID Lab ID 
Measured 

Radiocarbon Age (ka) 

Sample Elevation 

(MASL) 

Calibrated 

Age (ka) 

JRD16-032 Poz-94159 10.0 57.73 11.5 

JRD16-048 Beta-457486 9.6 57.50 10.9 

JRD16-087 Beta-457488 11.5 57.15 13.3 

JRD16-097 Poz-94158 12.4 57.03 14.4 

JRD16-103 Poz-94107 12.5 56.97 14.6 

JRD16-123 Beta-457489 13.3 56.73 16.0 

JRD16-345 Poz-94109 13.9 56.55 16.9 

JRD16-359 Beta-457490 14.4 56.491 17.5 
1 Sample elevation is estimated based on stratigraphy. 

Figure 4.1 shows the linear interpolation used to determine ages of the subfossil shells in 

this study and the site stratigraphy by Bunin (2018, Personal communication).  The light 

blue area around the line represents the 95% confidence interval and grows large for 

deeper samples.  Table 4.2 gives ages of subfossil shells.  

Table 4.2 Interpolated ages of subfossil shells. 

Layer Name Elevation (MASL) Interpolated Age (cal ka BP) 

JRD16-099 57.01 14.5 (14.8-14.2) 

JRD16-128 56.69 16.3 (16.4-16.0) 

JRD17-432 56.28 18.6 (19.2-18.0) 

JRD17-517 55.34 23.8 (25.4-22.4) 

 

4.2 Shell Size and Species Identification 

Table 4.3 shows species identification and shell measurements for each specimen. 
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Figure 4.1 Interpolated age model and site stratigraphy for the JRD site.  Vertical shaded areas indicate climate events.  Stratigraphic column 

from Bunin (2018, Personal communication).
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Table 4.3 Shell size and species identification. 

Shell ID Height 

(cm) 

Diameter 

(cm) 

Whorls Ribs Species 

Agamon Hula 1.78 0.79 7.75 Strong M. costata 

JRD16-099 Shell 1 1.70 0.66 7.50 Absent M. buccinoidea 

JRD16-099 Shell 2 1.62 0.68 7.50 Strong M. costata 

JRD16-128 Shell 1 2.56 1.04 7.75 Absent M. buccinoidea 

JRD16-128 Shell 2 2.42 1.00 7.00 Absent M. buccinoidea 

JRD17-432 Shell 1 1.86 0.78 7.00 Strong M. costata 

JRD17-432 Shell 2 1.43 0.66 6.00 Strong M. costata 

JRD17-517 Shell 1 1.81 0.73 7.50 Slight M. costata-buccinoidea 

JRD17-517 Shell 2 1.90 0.80 6.50 Slight M. costata-buccinoidea 

 

4.3 δ18O and δ13C in Melanopsis Shells 

Table 4.4 contains summary statistics for δ18O and δ13C values in each shell, including the 

count of measured values.  Data from the two subfossil shells within a layer are compared 

to assess whether these shells grew under similar conditions (Figure 4.2).  

Sclerochronological δ18O and δ13C values are given in Appendix D.  Isotope curves of each 

shell are displayed in Figures 4.3-4.7 and described in this section.  Each curve is described 

from the ontogenically early part of the shell (apex) towards the last part of the shell to 

form (aperture).  Sample position [1] indicates the earliest measured isotopes in the shell 

and is displayed on the left of these curves.  Due to an overall error of 0.2‰, 

sclerochronological changes within this range are not discussed. 

Table 4.4 Summary statistics for δ18O and δ13C results. 

δ18O (‰-VPDB) Age Count Minimum Maximum Mean Variance 

Agamon Hula Modern 49 -9.0 -3.0 -6.4 2.6 

JRD16-099 Shell 1 14.5cal ka 48 -7.1 -4.2 -6.0 0.4 

JRD16-099 Shell 2 14.5cal ka 48 -7.3 -4.3 -6.4 0.5 

JRD16-128 Shell 1 16.3cal ka 45 -8.4 -4.9 -7.2 0.5 

JRD16-128 Shell 2 16.3cal ka 45 -9.0 -5.3 -7.5 0.7 

JRD17-432 Shell 1 18.6cal ka 47 -7.5 -5.2 -6.7 0.3 

JRD17-432 Shell 2 18.6cal ka 40 -7.8 -5.3 -6.9 0.4 

JRD17-517 Shell 1 23.8cal ka 46 -7.5 -4.5 -6.7 0.3 

JRD17-517 Shell 2 23.8cal ka 48 -8.7 -4.8 -7.0 0.5 

δ13C (‰-VPDB) Age Count Minimum Maximum Mean Variance 

Agamon Hula Modern 49 -8.6 0.5 -4.5 8.8 

JRD16-099 Shell 1 14.5cal ka 46 -7.1 -2.2 -4.3 1.6 

JRD16-099 Shell 2 14.5cal ka 48 -7.4 -2.6 -4.2 1.4 

JRD16-128 Shell 1 16.3cal ka 45 -8.3 -4.1 -6.4 1.3 

JRD16-128 Shell 2 16.3cal ka 45 -8.0 -4.8 -6.4 0.5 

JRD17-432 Shell 1 18.6cal ka 48 -9.4 -6.3 -7.7 0.6 

JRD17-432 Shell 2 18.6cal ka 40 -8.6 -6.4 -7.4 0.2 

JRD17-517 Shell 1 23.8cal ka 46 -9.0 -4.8 -6.6 0.9 

JRD17-517 Shell 2 23.8cal ka 48 -8.5 -5.7 -6.6 0.4 
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Figure 4.2 δ18O vs δ13C plots for subfossil results.  For each layer, Shell 1 is blue and Shell 

2 is red.  Ellipses are calculated based on covariane matrices and centered on the mean. 

4.3.1 Modern Shell 

In the shell collected from Agamon Hula, δ18O and δ13C exhibit a large range of values (-

9.0 to -3.0‰ and -8.6 to +0.5‰, respectively) and mean values of -6.4‰ and -4.5‰, 

respectively (Table 4.4).  Nine growth marks (A-I) were observed (Figure 4.3).  Mark E 

was followed by a large bump on the shell, where the material was observed to be softer 

during milling.   

For the first six samples δ18O values (Figure 4.3) are steady (~-8.1‰) before increasing to 

-6.3‰ [11].  The δ18O values then decrease and vary between -7.0‰ and -6.6‰ [12-15]. 

 There is a sharp increase to -5.5‰ [16], followed by a steep decrease to -9.0‰ [17].  The 

values increase to ~-6.9‰ [18-20].  There is a sharp increase to -3.5‰ [22], followed by 

similar δ18O values of ~-3.1‰ [23-24].  After a decrease to -4.0‰ [25], δ18O values reach 

a maximum at -3.0‰ [26] and steeply decrease to -8.0‰ [28].  The δ18O values remain 

between -8.0 and -8.2‰ [28-32], then increase to a local maximum of -4.6‰ [39].  The 

δ18O values decrease sharply to -6.7‰ [40], followed by a slight increase to ~-6.4‰ [41-

42].  The curve increases to -4.3‰ [46], then decreases to -7.3‰ [48].  At the aperture, 

δ18O values increase to -6.7‰ [49]. 
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Figure 4.3 δ18O and δ13C sclerochronology for the modern shell from Agamon Hula. 

The δ13C curve (Figure 4.3) largely follows the same pattern.  Values remain relatively 

steady for the first nine samples (-8.6 to -7.9‰) before increasing to -4.6‰ [16].  The δ13C 

values decrease to -6.6‰ [17], then increase to -5.1‰ [19].  The curve dips slightly to -

5.5‰ [20], then continues to increase to -0.8‰ [23]. A decrease to -1.8‰ [25] occurs 

before high values of -0.5‰ and -0.8‰ [26-27], followed by a steep decrease to -6.4‰ 

[28].  The δ13C values then remain steady between -6.9 and -6.6‰ [29-32].  Values then 

increase to a maximum of +0.5‰ [39], followed by a steep decrease to -4.0‰ [40].  δ13C 

values then peak at -2.4‰ [41], dip to -3.5‰ [42], and increase again to a local maximum 

at -0.6‰ [46].  The curve decreases slightly, then more sharply to the aperture value of -

7.4‰ [49]. 

4.3.2 JRD17-517 (~23.8cal ka) 

δ18O and δ13C ranges of the shells sampled from layer JRD17-517 are similar and the 

means are within variance of one another (Table 4.4).  Although there is much overlap, 

Shell 2 occupies a lower range of δ18O values (Figure 4.2).   

JRD17-517 Shell 1 

The overall range of δ18O is -7.5 to -4.5‰ in this shell, with a mean of -6.7‰.  The δ18O 

curve (Figure 4.4, top) begins with a sharp decrease from -4.5‰ [1] to -6.8‰ [2].  It then 

ranges within 0.5‰ of this value [2-15]: first, it increases to -6.4‰ [3], then decreases 

slightly to -6.7‰ [5], increases again to -6.4‰ [7], oscillates between -7.1‰ and -6.9‰ 

[9-12], then increases to -6.5‰ [13-14].   δ18O values then gently increase to a maximum 

of -5.8‰ [19], then gently decreases to a steady value of ~-7.1‰ [26-34].  An increase to -

6.1‰ [35] is followed by a sharp decrease to -7.2‰ [36] and further decrease to -7.5‰ 

[39].  The δ18O values then increase to -5.9‰ [43], and decrease again to -7.3‰ [45] 

before a final increase to -6.3‰ [46]. 
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Figure 4.4 δ18O and δ13C sclerochronology for JRD17-517 shells.  

The range of δ13C in this shell is -9.0 to -4.8‰, with a mean of -6.6‰. This curve (Figure 

4.4, top) also begins with a sharp decrease, from -6.0‰ [1] to -7.0‰ [2].  This is followed 

by a steady increase to -5.5‰ [7].  δ13C values are steady between ~-5.9‰ [9-13] before 

increasing to reach another plateau between -5.1 and -4.8‰ [14-18].  A sharp decrease to -

6.9‰ [19] is followed by relatively steady δ13C values between -6.8 and -6.3‰ [21-34]. 

 The curve again sharply decreases, reaching -8.2‰ [35].  δ13C values then slowly increase 

to -7.0‰ [40], then decrease to -9.0‰ [46] at the aperture. 

JRD17-517 Shell 2  

The overall range of δ18O is -8.7 to -4.8‰ in this shell, with a mean of -7.0‰.  The δ18O 

curve (Figure 4.4, bottom) begins with a slight decrease from -7.1‰ [1] to -7.5‰ [3], and 

then has relatively steady values between -7.7‰ and -7.4‰ [3-14].  δ18O values then 
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decrease to a minimum of -8.7‰ [15] and abruptly increase to -6.4‰ [17].  The curve then 

decreases to ~-7.6‰ [20-22].  A very sharp increase to a maximum of -4.8‰ [24] is 

followed by a sharp, then steadier decrease to -7.2‰ [32].  δ18O values then increase to a 

local maximum of -5.8‰ [35] and a decrease to -7.3‰ [39].  The δ18O values remain low 

at -7.2‰ [40-41] before entering a sawtooth pattern.  The curve increases to -6.2‰ [42], 

decreases to -7.1‰ [43], increases again to -5.8‰ [44] and decreases to -7.4‰ [47] before 

a slight increase at the aperture to -7.1‰ [48]. 

The range of δ13C in this shell is -8.5 to -5.7‰, with a mean of -6.6‰. The δ13C curve 

(Figure 4.4, bottom) begins with an increase from -6.6‰ [1] to -5.9‰ [3], then decreases 

to -6.2‰ [4] and slowly increases to a steady value of -5.7‰ [9-12].  δ13C values then 

decrease to a local minimum of -6.9‰ [15], steeply increase to -6.1‰ [16], then decrease 

again to -7.4‰ [18].  The curve slowly increases to a local maximum of -6.1‰ [24], then 

decrease to -6.8‰ [25].  δ13C values increase slowly, to -5.7‰ [34-35], then decrease 

sharply to -7.4‰ [36] before increasing again to -6.4‰ [41].  The curve again decreases, 

reaching -7.7‰ [43], increases to values between -7.1 and -6.8‰ [44-46], and decreases to 

-8.5‰ [48] at the aperture. 

4.3.3 JRD17-432 (~18.6cal ka) 

δ18O ranges of the shells sampled from layer JRD17-432 are similar and the means are 

within variance (Table 4.4). δ13C values differ somewhat, with Shell 1 exhibiting a greater 

range.  The δ13C values of the means are not within variance of one another.  Specifically, 

due to Shell 2’s very tight distribution, its variance is small (0.2‰), and Shell 2’s mean 

δ13C is 0.3‰ less than the mean δ13C of Shell 1.  Viewing the plot of δ18O vs. δ13C (Figure 

4.2), the shells occupy similar ranges.  While Shell 1 shows no correlation between δ18O 

and δ13C, Shell 2 exhibits a slight negative correlation. 

JRD17-432 Shell 1 

The overall range of δ18O in this shell is -7.5 to -5.2‰, with a mean of -6.7‰. The δ18O 

values (Figure 4.5, top) begin at -6.6‰ [1].  No δ18O value was successfully measured for 

[2].  δ18O values then increase from -6.5‰ [3] to a maximum at -5.2‰ [6].  The curve then 

decreases to -7.0‰ [7], increases to -6.5‰ [8], and decreases to -7.1‰ [10].  δ18O values 

increase to -5.9‰ [14], decrease to -7.5‰ [16], and reach a small peak at -6.8‰ [17] 

before reaching steady, low values of -7.3 to -7.0‰ [18-23].  The δ18O values then quickly 

increase to a maximum of -5.5‰ [25-26], decrease to a minimum of -7.2‰ [29], and 

steadily increase to -5.8‰ [33].  The curve then decreases to reach steady values of ~-

7.1‰ [37-43], and dips slightly to -7.4‰ [44] before increasing to -6.4‰ [48] at the 

aperture. 

The range of δ13C in this shell is -9.4 to -6.3‰, with a mean of -7.7‰.  The δ13C curve 

(Figure 4.5, top) begins with a decrease from -6.9‰ [1] to -7.4‰ [3].  δ13C values then 

increase to -6.9‰ [4-5], decrease to -8.0‰ [6-7], increase again to -7.3‰ [9], and decrease 

slightly to -7.6‰ [10].  The curve then increases to -6.8‰ [12], and decreases to -8.4‰ 

[15].  There is then a steady increase to -6.3‰ [23].  Values sharply decrease to -8.5‰ 

[25] then increase to a plateau with values ~-7.6‰ [27-30].  δ13C values increase further to 

-6.6‰ [32] and decrease to -8.9‰ [33].  The curve then increases to -8.1‰ [35] before a 

decrease to a minimum of -9.4‰ [40].  δ13C values then increase to a plateau with values 

from -7.4 to -7.0‰ [45-48] at the aperture. 
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Figure 4.5 δ18O and δ13C sclerochronology for JRD17-432 shells. 

JRD17-432 Shell 2 

The overall range of δ18O in this shell is -7.8 to -5.3‰, with a mean of -6.9‰.  The δ18O 

values (Figure 4.5, bottom) begin with a strong increase from -6.8‰ [1] to -5.3‰ [4].  The 

curve then decreases strongly, then more gradually, to a minimum of -7.8‰ [10].  Another 

strong increase to a maximum of -5.7‰ [13] is followed by a long trend toward lower 

values [15-36].  δ18O values then abruptly increase from -7.5‰ [36] to -5.8‰ [38], and 

decrease sharply to -7.5‰ [40] at the aperture. 

The range of δ13C in this shell is -8.6 to -6.4‰, with a mean of -7.4‰.  δ13C values (Figure 

4.5, bottom) decrease from -6.4‰ [1] to -7.5‰ [4] and reach a plateau with values of ~-

7.1‰ [5-10].  The curve then increases to -6.6‰ [12] and steeply decreases to -8.6‰ [13].  

δ13C values increase to -7.5‰ [17], decrease to -8.0‰ [18], and slowly increase to -7.2‰ 
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[22].  After a slight decrease to -7.5‰ [23], values again slowly increase to -7.0‰ [28], 

and slowly decrease to -7.7‰ [34].  The curve then increases again to -7.1‰ [36] and 

decreases to values of -8.4 to -8.2‰ [38-40] at the aperture. 

4.3.4 JRD16-128 (~16.3cal ka) 

δ18O and δ13C ranges of the shells sampled from layer JRD16-128 are similar and the 

means are within variance (Table 4.4).  Viewing the plot of δ18O vs. δ13C (Figure 4.2), the 

shells occupy very similar ranges, and both exhibit a positive correlation between δ18O and 

δ13C. 

JRD16-128 Shell 1 

The overall range of δ18O is -8.4 to -4.9‰ in this shell, with a mean of -7.2‰.  After an 

initial value of -7.1‰ [1], δ18O values (Figure 4.6, top) rapidly increase to -6.1‰ [2], then 

decrease, at first rapidly, then more gradually, to -7.8‰ [7].  The curve again quickly 

increases to -6.0‰ [9], and decreases rapidly then gradually to -7.6‰ [15].  The δ18O 

values increase to -6.9‰ [16], decrease slightly to -7.2‰ [17], and steeply increase to a 

maximum of -4.9‰ [20].  After a decrease to -7.1‰ [22], δ18O values increase to -6.6‰ 

[23] then remain steady at ~ -7.0‰ [24-26] before a peak of -6.1‰ [27].  The curve 

decreases to -7.9‰ [31-32], increases to -7.4‰ [35-36], and decreases to -8.4‰ [39].  

Another peak is reached at -7.1‰ [41] prior to a decrease to -8.1‰ [44] and an increase to 

-7.5‰ [45] at the aperture. 

The range of δ13C in this shell is -8.3 to -4.1‰, with a mean of -6.4‰.  δ13C values (Figure 

4.6, top) are also tumultuous.  Starting at -6.0‰ [1-2], the curve decreases sharply to -

7.9‰ [4] and gradually increases to -5.1‰ [8].  Δ13C values then decrease to a plateau of 

~-6.0‰ [9-13], then dip to -6.4‰ [14] before reaching a maximum at -4.1‰ [16].  The 

δ13C curve then decreases to -5.1‰ [19], increases briefly to -4.5‰ [20], and decreases 

further to -5.9‰ [22].  A gradual increase to -5.0‰ [26] is followed by a steep decrease to 

-6.9‰ [27], and values continue to decrease to -7.7‰ [30].  The curve gradually increases 

to -6.6‰ [34] and decreases to a minimum at -8.1‰ [36].  Δ13C values again increase to -

7.2‰ [37-38], and gradually decrease to -8.3‰ [41-42].  The δ13C curve increases to -

7.5‰ [43], decreases to -8.2‰ [44], and increases to a final value of -7.3‰ [45] at the 

aperture. 

JRD16-128 Shell 2 

The overall range of δ18O in this shell is -9.0 to -5.3‰, with a mean of -7.5‰.  Due to a 

somewhat large gap in sample locations in this shell, note that there is no value for sample 

position 3.  Δ18O values (Figure 4.6, bottom) dip slightly from -6.4‰ [1] to -6.8‰ [4], 

then abruptly increase to -5.3‰ [5].  The curve then trends downward to -8.0‰ [13].  The 

δ18O values then increase to a peak of -6.4‰ [16] and sharply, then gradually decrease to -

8.5‰ [26].  The curve abruptly increases to reach a small plateau with values ~-7.0‰ [27-

29], and decreases slightly to another plateau with values ~-7.3‰ [30-33].  A steep 

increase to -5.5‰ [34] is followed by a steep, then gradual decrease to -7.3‰ [38].  

Another abrupt peak is reached at -6.6‰ [39] before a decrease to -7.4‰ [40], followed by 

a slight increase to -7.2‰ [41] and a decrease to -9.0‰ [43-44].  The δ18O values increase 

to -8.7‰ [46] at the aperture. 
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Figure 4.6 δ18O and δ13C sclerochronology for JRD16-128 shells. 

The range of δ13C in this shell is -8.0 to -4.8‰, with a mean of -6.4‰.  δ13C values (Figure 

4.6, bottom) begin at -7.2‰ [1] and increase steeply to -4.8‰ [4], then quickly decrease to 

-7.1‰ [7].  This is followed by a steady increase to -5.6‰ [16] and a sharp decrease to -

6.9‰ [17].  The curve then increases to a plateau at ~-6.0‰ [20-26], and another small 

plateau at ~-5.8‰ [27-29].  Δ13C values then decrease to -6.6‰ [31], increase to -5.5‰ 

[33], decrease to -6.1‰ [34], and increase to -5.8‰ [35] before a gradual decrease to -

6.4‰ [38].  A peak of -5.6‰ [39] precedes a decrease to -7.5‰ [40].  There is then a small 

increase to -7.1‰ [41] before a decrease to -8.0‰ [43-44].  Values then slightly increase 

to -7.8‰ [46] at the aperture. 

             

             



50 

4.3.5 JRD16-099 (~14.5cal ka) 

δ18O and δ13C ranges of the shells sampled from layer JRD16-099 are similar and the 

means are within variance (Table 4.4).  Viewing the plot of δ18O vs. δ13C (Figure 4.2), the 

shells occupy similar ranges, but a positive correlation between δ18O and δ13C is observed 

in Shell 1 but not in Shell 2. 

JRD16-099 Shell 1 

The overall range of δ18O in this shell is -7.1 to -4.2‰, with a mean of -6.0‰.  The δ18O 

curve (Figure 4.7, top) begins with an increase from -6.7‰ [1] to -5.2‰ [7].  Δ18O values 

then decrease to -6.0‰ [10], increase slightly to -5.7‰ [11], and continue to decrease to -

6.6‰ [15].  The curve then reaches a relatively steady value of ~-6.2‰ [16-21].  Δ18O 

values then increase to -4.2‰ [27], decrease steeply, then more gradually, to -6.8‰ [31]. 

 The curve increases abruptly to -6.4‰ [32] and decreases to -7.1‰ [33] prior to an 

upward trend reaching a peak of -5.0‰ [39].  Δ18O values then steeply decrease to -7.0‰ 

[40] and gradually increase to -5.8‰ [44].  The curve has another sharp decrease to -6.6‰ 

[45], an increase to -5.8‰ [47], and a decrease to -6.6‰ [48] at the aperture. 

The range of δ13C in this shell is -7.1 to -2.2‰, with a mean of -4.3‰.  δ13C values for 

samples 1 and 2 are not available.  The δ13C curve (Figure 4.7, top) begins at ~-3.5‰ [3-6] 

prior to decreasing to -4.9‰ [8].  The δ13C values then increase to -3.7‰ [12-13], decrease 

to -4.6‰ [14], and again gradually increase, reaching a maximum of -2.2‰ [24].  Values 

remain high (above -3.0‰ [23-27]) prior to a steep decrease to ~-6.9‰ [28-31].  Δ13C 

values then increase to -5.6‰ [32].  After a dip to -6.1‰ [33], the curve increases further 

to -4.1‰ [37], then decreases to -6.3‰ [40].  Next, the δ13C values increase to -3.7‰ [43], 

decrease again to -6.5‰ [44], reach a peak at -2.8‰ [47], and finally decrease to -5.8‰ 

[48] at the aperture. 

JRD16-099 Shell 2 

The overall range of δ18O in this shell is -7.3 to -4.3‰, with a mean of -6.4‰.  The δ18O 

curve (Figure 4.7, bottom) follows a general upward trend from ~7.1‰ [1-4] to -6.1‰ 

[19].  A slight decrease to -6.4‰ [20] is followed by an increase to -4.3‰ [25].  Δ18O 

values decrease to -5.5‰ [27] prior to an area where the shell was damaged, and no 

samples could be collected [28-31].  After this part of the shell, δ18O values decrease from 

-6.9‰ [32-33] to -7.3‰ [35], then increase to -5.7‰ [39].  The curve then decreases to a 

plateau with values from ~-6.6‰ [41-47], increases to -5.8‰ [49-50], decreases again to -

6.8‰ [51], and increases slightly to -6.5‰ [52] at the aperture. 

The range of δ13C in this shell is -7.4 to -2.6‰, with a mean of -4.2‰.  The δ13C curve 

(Figure 4.7, bottom) begins with a steady increase from -6.5‰ [1] to a plateau of ~-3.0‰ 

[9-12].  Δ13C values then dip to -3.7‰ [13], increase to a plateau of ~-2.8‰ [17-20].  The 

curve then decreases to -5.9‰ [26] and increases to -5.5‰ [27] prior to the damaged area 

of the shell [28-31].  After this area, δ13C values are steady at ~-5.5‰ [32-34] before a 

sharp increase to -2.6‰ [36] and rapid decrease to -6.1‰ [40].  The curve again increases 

to -3.2‰ [43], decreases gradually, then rapidly to -7.4‰ [51].  At the aperture, the δ13C 

value increases to -6.6‰ [52]. 
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Figure 4.7 δ18O and δ13C sclerochronology for JRD16-099 shells. 
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5 Discussion 

5.1 Modern Shell Isotope Curves 

The large range of δ18O values measured in the Agamon Hula shell is consistent with a 

shallow, semi-closed lake system which undergoes intense evaporation (Schmitz and 

Andreasson, 2001; Taft et al., 2012).  The shell was collected in May 2017, at the 

beginning of the dry season.  A slight uptick in δ18O at the very end of the isotope patterns 

(Figure 5.1) likely records the beginning of evaporative enrichment of lake water.  Growth 

Marks H and I, which coincide with steep drops in both δ18O and δ13C, may indicate 

periods when the shell stopped growth due to thermal stress, and may represent the winter 

of 2016-2017.  Geary et al. (2012) interpreted similar marks in Melanopsis specimens as 

winter growth hiatuses.  High values prior to these marks [44-47] represent the end of the 

dry season in 2016, when waters had been enriched by evaporation and plants had not yet 

begun to decay.  Similarly, Growth Mark G likely represents a portion of the winter of 

2015-2016.  Had the shell been growing during the beginning of the wet season, a gradual 

decline in δ18O values would be expected, which would reflect the lake filling with 

precipitation.  With no gradual decrease in δ18O and δ13C values, a growth hiatus is a more 

likely explanation for these features. 

Strong evaporation is evident in upward trends in δ18O values, and bifurcated peaks in 

these values [22-27, 39-47] may result from artificial water level adjustment.  Near the end 

of the dry season, evaporative processes which enrich lake water in 18O are strong [20-24, 

38-39] (Israel Meteorological Service 2018).  Water from the Jordan River is then allowed 

to enter the lake (Litaor et al., 2008), mixing with 18O-enriched waters to decrease δ18O 

values [25, 40-42].  However, the wet season has not yet begun at this point and 

evaporation enriches these waters in 18O, resulting in a second local maximum [26-27, 43-

47]. 

February and March of 2016 were warmer and had fewer precipitation events than the 

previous year (see Figure 2.5).  In the δ18O curve, a relatively flat area with low values 

would be expected, and is, in fact, observed [28-32].  Based on the oxygen isotopes alone, 

this part of the shell may have grown later in the year, but because an increase in δ13C, 

corresponding with the start of aquatic growth, is not present until after this period, this 

part of the shell was likely precipitated near the end of the wet season, prior to plant 

growth. 

The δ18O curve exhibits a drop to -9.0‰ [17].  This data point is difficult to explain.  It 

appears to occur during the beginning of the growing season in 2015, and perhaps 

corresponds to April 10-12, where unusually cold temperatures and over 40mm 

precipitation occurred within a three-day period.  While low temperatures increase δ18O 

values in aragonite, low temperatures decrease δ18O in precipitation by a larger amount 

(Roberts et al., 2008), and a cold rain event could result in a negative excursion in the 

isotope pattern. 
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Figure 5.1 Annotated δ18O and δ13C results for the modern Agamon Hula shell.   

Based on the isotope curves, this snail may have hatched in late winter, 2015.  The first 27 

samples seem to represent its first year of life, and the next 21 samples represent another 

year.  Assuming growth stops for about four months (October through January), each 

sample represents approximately 9-12 days.  Earlier in its life, the specimen was likely 

growing more quickly.  Sampling resolution during this period may be much higher. 

 Indeed, if aquatic plant growth begins at sample 10, as the δ13C values indicate, the 

sampling resolution may be 3 to 5 days in this early part of the shell.   

An approximate lifespan of two years agrees with the Zaarur et al. (2016) findings and 

with Idaghdour (1991), who notes that approximately half of the shell’s growth occurs in 

the first year of life.  Results from Elkarmi and Ismail (2006) would indicate that this shell 

is 5 years old or older, but this study is based on size ranges from one sampling season and 

assumed a single breeding season within the year, which is inaccurate (Shohat, 1995). 

5.2 JRD Paleoenvironment and Hydrology 

Without a full study of paleoenvironmental indicators at the site, it is difficult to determine 

whether the JRD site was a small lake or simply the bank of the ancient Jordan River. 

 Indeed, this site may represent either or both environments at different points in the 

stratigraphic record.  Basin topography indicates that the site sat at or near the outflow of a 

lake, and the environment may have changed as lake levels changed.  Grain sizes 

predominantly in the silt fraction imply a low-energy environment throughout the 

stratigraphic column (Bunin, 2018, Personal communication). 

While M. buccinoidea is more common in streams and springs, M. costata generally 

inhabits lakes (Bandel et al., 2007; Heller et al., 1999; 2005).  Both species and hybrids 

with intermediate morphology, occur in the stratigraphic record at JRD.  It is unlikely that 

these snails migrated over their lifetime (Shohat, 1995), and the lack of physical damage 

indicates that the shells are autochthonous (Björgvinsson, 2017).  This evidence supports 
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the interpretation of the site as an environment which changed over time, or perhaps the 

intersection of a stream with a non-flowing water body. 

Because of uncertainty in the snail’s environment, there is greater uncertainty in assessing 

seasonality based on sclerochronologic δ18O and δ13C values.  A small, shallow lake  or a 

lake with a larger residence time would be more significantly affected by seasonal 

evaporation, while flowing water would show less of this effect (Schmitz and Andreasson, 

2001).   

Groundwater may play a different role in these environments as well.  Agamon Hula is fed 

by shallow, locally recharged groundwater during the summer months (Litaor et al., 2008).  

With the extent of anthropogenic alteration to the Hula Valley’s hydrology, modern studies 

may be a poor analogue to the past conditions.  The paleolake at JRD may have been fed 

by groundwater during low water conditions or been fed by Jordan River water even 

during the dry months. 

Viewing the range and covariance of δ18O and δ13C is useful in understanding the 

paleoenvironment.  Figure 5.2 shows δ18O vs δ13C for the modern shell and shells from 

each sedimentary layer.  The modern shell shows a much larger range and stronger 

covariance than any of the subfossil shells.  Agamon Hula is effectively a closed basin, and 

the lack of water exiting the basin allows for a strong evaporative effect (Litaor et al., 

2008; Roberts et al., 2008).   

Smaller ranges in the subfossil shells indicate that they lived in a relatively stable water 

body (Schmitz and Andreasson, 2001).  Subfossil shells show, at best, a weak correlation 

between δ18O and δ13C, evidence for a hydrologically open system (Roberts et al., 2008).   

 

Figure 5.2 δ18O vs δ13C for modern and subfossil shells.  Ellipses are calculated based on 

covariance matrices of all results from a layer and centered on the mean.  Shell 1 and 

Shell 2 of each layer are represented by circles and diamonds, respectively. 
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The lack of covariance between δ18O and δ13C may additionally result from a more 

significant difference between spring water δ18O values and δ18O values of local 

precipitation.  Modern spring waters and modern precipitation in the Hula Valley have 

similar, overlapping ranges of δ18O values.  However, this may have been different in the 

past.  Soreq Cave speleothem δ18O values were approximately 2‰ higher during the LGM, 

reflecting δ18O values in the eastern Mediterranean (Bar-Matthews et al., 1999; Bar-

Matthews et al., 2003).  Assuming a similar difference to modern day values for the upper 

Jordan River Valley, local precipitation would be approximately -6.1 to -3.5‰ (Gat and 

Dansgaard, 1972; Gil'ad and Bonne, 1990).  With cold conditions, a larger proportion of 

snow is expected at high altitudes where the largest springs recharge (Ayalon et al., 2013; 

Develle et al., 2011; Zaarur et al., 2016), which would produce more negative spring water 

δ18O values.  Assuming the same 2‰ enrichment relative to today, snow on Mt. Hermon 

would average -6.9‰ (Gil'ad and Bonne, 1990).  Colder conditions would likely lower this 

value because low ground surface temperatures result in lower precipitation δ18O values.  

Regardless, local precipitation in the Hula Valley during the LGM would likely be more 

enriched in 18O than the springs which feed the Jordan River.  Figure 5.3 exhibits this 

concept, showing Mt. Hermon snow and Hula Valley precipitation 2‰ enriched compared 

to today.  Without a reliable estimate of the proportion of snow recharge, the Dan Spring 

estimate is shown as 1‰ more depleted to 1‰ more enriched relative to modern values. 

With both local precipitation and evaporation causing positive excursions in δ18O values, 

less covariance between δ18O and δ13C is expected.   

 

Figure 5.3 Conceptual estimate of δ18O values during the LGM.   
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5.3 Paleoseasonality in the Hula Valley 

5.3.1 JRD17-517 (~23.8cal ka) 

Both specimens used for analysis from layer JRD17-517 had weakly ribbed shells, and 

thus were identified as hybrids of M. buccinoidea and M. costata.  Based on the modern 

occurrence of these hybrids, the site was likely at the intersection of a stream and a lake.  

Although it is unlikely that the snails migrated far, it is possible that these specimens 

moved between the two habitats, or that changes in lake levels altered their habitat. 

The isotope patterns are especially varied for the shells from this layer, possibly reflecting 

greater inter-annual variability (Figure 5.4).  Although the δ13C records can be 

straightforwardly assessed for seasonality, with most samples trending upward, interrupted 

by large decreases, the δ18O values do not appear to follow a set pattern.  Increases and 

decreases in δ18O may be gradual or sharp, and local maxima of δ18O sometimes coincide 

with maxima of δ13C, but often do not. 

In Shell 1, two decreases in δ13C values which coincide with δ18O maxima are assumed to 

represent plant decay at the end of summer [18, 34].  A third enrichment-depletion cycle 

[36-46] may represent another full spring and summer or a portion of this time.  The 

number of years represented in Shell 2 is more difficult to discern, with several possible 

sample points to mark the end of summer [17, 24, 35, 41], and the last samples may 

represent anywhere from a portion of a year to several years due to slowed growth in older 

individuals.  Discoloration and a rib between samples 35 and 36 may mask the presence of 

a growth mark in this location. 

In Shell 1, the first large decrease in δ13C values coincides with Growth Mark B.  Rather 

than a similar drop in δ18O, as is seen in the modern shell, there is a slight increase in δ18O 

after Growth Mark B, followed by a slow decline [19-27].  This gradual decline in values 

is seen in gastropod shells from rivers (Schmitz and Andreasson, 2001; Zaarur et al., 

2016), but could also indicate lake water being gradually replaced with lower-δ18O water 

or slowly warming.  δ13C values are remarkably constant between the drops at Growth 

Marks B and C, possibly reflecting little change in plant productivity or the result of 

multiple processes canceling the signal.  Increased carbon content from groundwater 

during the summer months could lower δ13C values while plant growth raises them, 

resulting in little change.  There is also no net enrichment of 18O during this period, which 

could result from several processes canceling out (enrichment due to evaporation, 

depletion due to increased temperatures during aragonite formation, and/or an increased 

influence of low-δ18O spring water near the end of summer). 

In contrast, the first [2-18] and third [36-46] years in Shell 1 exhibit more dynamic 

changes.  In the first year, δ18O is somewhat variable before steadily enriching, possibly 

indicating variable δ18O values of spring floods before a greater influence of evaporative 

processes at the end of the dry season.  The single point [35] between Growth Marks C and 

D may represent relatively high δ18O precipitation of a spring storm, consistent with higher 

speleothem δ18O ~23.8cal ka.  Relatively low-δ18O spring waters would allow local rain to 

be represented by abrupt maxima in δ18O while evaporation may be represented by steadier 

increases in δ18O values.  Lower temperatures during winter would contribute to high δ18O 

values as well. 
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Figure 5.4 Annotated δ18O and δ13C results for JRD17-517 shells.  

The relative lack of rapid changes in δ18O and δ13C indicate that the lake was large enough 

to buffer changes in these values.  Temperate and tropical humid shells studied by Schmitz 

and Andreasson (2001), exhibit similarly small ranges.  However, seasons could not be 

discerned in the tropical humid shells and isotope patterns from temperate shells exhibit 

sharp peaks in δ18O, which may imply that a modern analogue was not studied. 

In JRD17-517 Shell 2, a dip in δ18O [15] occurs after a relatively constant δ18O value early 

in this individual’s life which may be attributable to snowmelt.  However, a similar low 

point was measured in the modern shell, and this feature is not repeated in this shell or in 

JRD17-517 Shell 1.  It is possible that the high resolution earlier in the shell shows this 

process, while this is masked in later years.  This minimum is followed by a sharp increase 

in δ18O [16-17], and a quick return to lower δ18O values [18], possibly reflecting a 
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shortened summer season, or variability in δ18O during spring floods (Gat and Dansgaard, 

1972).   

An abrupt rise in δ18O [24] could reflect intense evaporation.  The δ13C response during 

this time is small, again possibly indicating little change in productivity or several 

parameters, such as increasing productivity combined with groundwater inflow, resulting 

in a small change in δ13C.  The next peak in δ18O [35] is more gradual and corresponds 

with a steeper decline in δ13C. 

Overall, the sclerochronological patterns are highly varied, and may indicate high inter-

annual variability or the presence of both river and lake habitats in a small (~1m) area 

(Shohat, 1995).  Ranges given in Table 4.4 are somewhat deceptive for these shells due to 

the single high point in δ18O in Shell 1 [1] and the δ18O minimum in Shell 2 [15].  The 

amplitudes of the oscillations in δ18O and δ13C are generally small, consistent with a large, 

buffered water body.  At ~23.8cal ka, June insolation was low and December insolation 

was high, which could result in relatively low seasonal fluctuations (Berger and Loutre, 

1991).   

A large water body during H2, when pollen stratigraphy indicates arid conditions and Lake 

Lisan levels lowered, seems unlikely (Bartov et al., 2003; Miebach et al., 2017).  With 

large uncertainty in the age model (25.4-22.4cal ka), these shells possibly formed either 

before or after this event when downstream Lake Lisan experienced high water levels.  The 

relatively high δ18O values interpreted as the rainy season (Shell 1 [19, 35]; Shell 2 [25, 

36]) imply that the shells formed during a period when precipitation δ18O was higher, and 

the lower δ18O values, sometimes with long, steady periods (Shell 1 [26-34]; Shell 2 [1-

15]) may indicate that snow was a larger component of recharge for the large springs 

compared to modern proportions.  Soreq Cave speleothems record high δ18O during 25.4-

22.4cal ka, consistent with higher overall δ18O values in precipitation (Bar-Matthews et al., 

2003). 

5.3.2 JRD17-432 (~18.6cal ka) 

Both shells from layer JRD17-432 were identified as M. costata and most likely represent 

a lake shore habitat (Heller et al., 2005).  These shells may have formed during the end of 

the LGM or directly afterward (~19.2-18.0cal ka).  The δ18O and δ13C values in these 

shells exhibit small ranges, again consistent with a large, buffered water body (Figure 5.5).  

In JRD17-432 Shell 2, the small range in values may arise in part due to its small size; this 

shell may not have grown a full two years. 

Shell 1 exhibits several enrichment-depletion cycles, each with a maximum in δ18O [6, 14, 

25, 33] occurring after the maximum in δ13C [4, 12, 23, 32].  Similar features occur in 

Shell 2 [4, 13, 38].  Whether these reflect annual cycles, with relatively high-δ18O 

precipitation in the Hula Valley during the rainy season, or high-δ18O spring storms which 

wash in allochthonous carbon cannot be definitively determined.  These features could also 

result from high evaporation drying the lake and allowing for groundwater to enter the 

water body.  Shallow groundwater would bring low-δ13C DIC due to soil respiration and 

would have δ18O values similar to local precipitation (Litaor et al., 2008).  Indeed, a drying 

lake could also cause gastropods to halt growth, resulting in growth marks.  However, the 

modern shell from Agamon Hula, where shallow groundwater enters the water body in the  
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Figure 5.5 Annotated δ18O and δ13C results for JRD17-432 shells. 

summer months, does not exhibit increasing δ18O values coinciding with decreasing δ13C 

values; this effect may be overprinted by strong evaporation. 

In Shell 1, δ13C shows a pronounced increase prior to each of these events and returns to 

lower values in subsequent samples [-8.0, -8.4, -8.5, and -8.9‰].  The strongest drops in 

δ13C (Growth Marks E and F) are interpreted as winters.  Gradual decreases in δ18O after 

local maxima indicate that lake water was returning to low-δ18O spring water values or 

warming.  Earlier positive excursions in δ18O [6, 14] may indicate early spring 

precipitation or flooding events.   

In Shell 2, the first maximum in the δ18O isotope pattern [4] more likely indicates a spring 

storm than the end of the summer.  δ13C is relatively flat [1-3] and decreases only slightly.  

However, two δ18O increases [14, 38] have similar attributes to those seen in Shell 1, and 
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likely represent the end of the summer.  Notably, δ13C shows only slight increases (<1.5‰, 

as opposed to Shell 1’s ~2‰) each time, possibly indicating a year with less aquatic 

productivity or greater influence of shallow groundwater. 

5.3.3 JRD16-128 (~16.3cal ka) 

The shells sampled from layer JRD16-128 are both smooth-shelled M. buccinoidea which 

typically inhabit streams (Heller et al., 2005).  They are also the largest shells, indicating 

that conditions were favorable for growth to their theoretical maximum size of ~2.5 cm 

(Alhejoj and Bandel, 2013; Heller et al., 2005). 

Indeed, the schlerochronological patterns of δ18O and δ13C reflect a highly variable and 

rapidly changing environment.  Determining an annual cycle from these patterns would 

involve making more assumptions than for the other sampled shells.  In Figure 5.6, Growth 

Mark F in Shell 1 and Growth Mark B in Shell 2 are shown as potential candidates for 

winter marks based on the subsequent relatively steady trend toward low-δ18O and 

decreases in δ13C values concurrent with these marks.  However, these are highly 

speculative.  The lack of a regular and easily defined annual cycle may indicate several 

storms which washed in terrestrial carbon and altered river or lake water δ18O. Jordan 

River water δ18O values are highly variable during spring floods (Gat and Dansgaard, 

1972).  Similarly, the δ18O pattern of M. costata from the Jordan River (Figure 1.4) 

measured by Zaarur et al. (2016) exhibits several fluctuations of ~1‰ within the larger 

(~2.5‰) seasonal changes.  A complicated relationship with the highly perforated aquifer, 

which allows rapid lateral flow of water between water bodies, could result in rapidly 

changing and unpredictable δ18O values  (Litaor et al., 2008).  Alternatively, increased 

atmospheric mixing in a shallow water body could allow for greater evaporation and 

exchange with atmospheric carbon. 

Low water levels or perhaps the reduction of this flow-through paleolake to a slow-moving 

stream agree well with a lowering of Lake Lisan levels during H1 (Bartov et al., 2003).   

5.3.4 JRD16-099 (~14.5cal ka) 

Shells from layer JRD16-099, dated to the B-A, exhibit a greater range in δ18O and δ13C 

values, indicating pronounced seasonality.  Shell 1 from this layer is a smooth-shelled 

stream-dwelling M. buccinoidea, while Shell 2 is a ribbed lake-dwelling M. costata 

specimen (Heller et al., 2005).  At this point, the sampling site was possibly at the 

intersection of a stream and a lake, supporting both species, or changes in water level 

altered the habitat over a short time. 

The isotope patterns in Shell 1 (Figure 5.7) exhibit large, concurrent decreases in both δ18O 

and δ13C [27, 39, 47] which resemble features in the modern shell [27, 47] and likely 

represent winter growth hiatuses.  Similar but less dramatic features may occur in Shell 2 

[25, 50].  However, points where the peak in δ18O values coincides with a low δ13C value 

also occur [Shell 1 44; Shell 2 40].   

In Shell 1, increases and decreases in δ18O and δ13C appear to be largely unrelated within 

the first 20 samples, similar to features in the isotope curves of JRD16-128 shells. These 

features may be attributable to a river environment or a small, shallow lake.  The 

subsequent increase and abrupt decrease in values of both δ18O and δ13C curves [22-28], 
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however, is indicative of seasonal change.  The covariance observed here may indicate a 

more hydrologically closed basin with a greater residence time.  Due to the relatively small 

amplitude of δ18O in the ontogenetically early part of the shell [1-10], this likely reflects 

late winter or early spring storms and floods when δ18O of Jordan River water is highly 

variable rather than the end of summer and a winter growth mark (Gat and Dansgaard, 

1972).  Decreased resolution in later parts of the shell occlude the effect of storms in 

subsequent years. 

 

 

 

 
Figure 5.6 Annotated δ18O and δ13C results for JRD16-128 shells.   

             

             

Winter? 

Winter? 



63 

Due to the damaged area in Shell 2, the δ18O and δ13C patterns are more difficult to 

interpret.  Prior to the damaged area, the δ18O pattern climbs steadily, then rapidly, and 

decreases, while the δ13C pattern climbs early to a stable plateau, and begins to fall.  This 

may indicate an early start to aquatic productivity, where the steady increase in δ18O 

reflects mild evaporation during spring, intensifying at the end of summer.  The fall in δ13C 

during intense evaporation could indicate decay or an increased contribution of 

groundwater to the lake.   

 

 

 

 
Figure 5.7 Annotated δ18O and δ13C results for JRD16-099 shells.  
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Without a clear understanding of the damaged area of the shell, interpretation of the 

remainder of the isotope pattern has greater uncertainty.  Nevertheless, a similar 

interpretation can be applied.  The distinct rise in δ13C [34-36] may reflect an early spring 

growth and could have been interrupted by a storm with relatively high δ18O (~-5.5‰) [38-

40], which washed in terrestrial carbon.  δ13C increased again [40-44], and the end of 

summer is marked by an increase in δ18O and decrease in δ13C [48-50].  Alternatively, 

Growth Mark C could represent a winter growth hiatus, with relatively high-δ18O 

precipitation.  However, the other winter growth marks from this layer coincide with 

decreases in δ18O rather than similar values, as seen here. 

Shells from JRD16-099 show a high degree of seasonality, though seasonal changes in 

these shells are small compared to the modern Agamon Hula results.  Clear patterns of 

evaporation and aquatic growth and decay are present.  Furthermore, the 

sclerochronological patterns indicate aquatic productivity starting much earlier than strong 

evaporation, while the modern results exhibit δ18O enrichment prior to δ13C enrichment in 

the earliest part of the shell.  This may indicate an early start to spring productivity in the 

B-A. 

5.4 Mean δ18O Values and Paleoclimate 

Measured mean values of δ18O show little change over time, with a 1.5‰ difference 

between the largest and smallest δ18O means.  However, these values may be somewhat 

misleading.  When using aragonite δ18O to calculate the δ18O value of water, Zaarur et al. 

(2016) calculated an average offset of +1.2 ± 0.6‰ from measured water δ18O values for 

M. buccinoidea specimens.  Mean δ18O values from M. buccinoidea shells in this study 

(JRD16-099 Shell 1 and JRD16-128 Shells 1 and 2) may be similarly high.  Whether the 

hybrid specimens from JRD17-517 would exhibit a similar fractionation is unknown. 

This large offset would imply that JRD16-099 shells were living in different water bodies, 

which is possible at the intersection of a lake and a stream.  Alternatively, the Shell 2 mean 

may be skewed due to the lack of samples in the damaged area. 

The offset would increase the difference between the mean δ18O values found for JRD16-

128 and the mean δ18O for remaining shells.  At about 2‰ lower than present values, these 

shells likely formed during a period with a greater proportion of snow or less evaporation.  

Zaarur et al. (2016) found that the δ18O of M. costata shells follow a trend opposite to 

Soreq cave speleothems between the LGM and the Holocene.  Results from this study 

support decreased Melanopsis δ18O in the Hula Valley during periods of higher-δ18O 

speleothem deposition (Figure 5.8).  This effect could arise from a larger amount of 

precipitation in the Hula catchment falling as snow during the LGM, or locally higher 

evaporation in warmer periods.  Furthermore, evaporation affects open water such as lakes 

and rivers but generally not groundwaters from which speleothems precipitate. 

Based on the δ18O and δ13C patterns, these shells grow primarily in spring and summer and 

slow or halt growth during winter.  Thus, an assumption that these shells represent an 

annual average of water δ18O may be inaccurate and can explain higher mean δ18O values 

during periods when evaporative enrichment is high.   
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Figure 5.8 Soreq (black) and Peqiin (blue) speleothem δ18O (Bar-Matthews et al., 2003), 

and Melanopsis δ18O from GBY (green) (Zaarur et al., 2016), and JRD (red; this study).  

Squares indicate M. buccinoidea specimens. 
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6 Conclusions 

Melanopsis shells can be sampled to produce δ18O and δ13C data with sub-monthly 

resolution.  Based on correlation of the modern shell isotope curves with local weather, 

each sample point may reflect 3 to 12 days.  However, growth marks present in the shell 

indicate shell growth slows or stops during winter, inhibiting a full assessment of 

seasonality.  These marks occur more frequently than once in a year, and thus do not 

necessarily indicate a winter hiatus. 

Applying the results of the modern shell to subfossil isotope curves yields valuable 

information about seasonality and environment at the JRD site.  Shells from layers dated to 

~23.8cal ka and ~18.6cal ka exhibit small fluctuations in δ18O and δ13C, reflecting a large, 

buffered water body.  The lack of correlation between δ18O and δ13C indicate that the 

paleolake was hydrologically open with a relatively short residence time.  These shells also 

indicate greater inter-annual variability.  Although an improved age model is needed to 

better constrain dates in these stratigraphic layers, these shells were likely growing during 

the LGM, which supports an increased water contribution from the Jordan River during the 

Lake Lisan high stand.  Furthermore, relatively high δ18O values immediately after growth 

marks and subsequent trend towards lower values may indicate that local precipitation had 

higher values of δ18O than spring waters.  This observation supports a greater proportion of 

snow in regional groundwater recharge during this period. 

Shells dated to ~16.3cal ka exhibit rapid fluctuations, and seasonality could not be 

determined.  At this point, the water body was likely smaller, and possibly a slow-moving 

river rather than a lake.  Within age model uncertainty, these shells may have formed 

during the extremely arid conditions of H1. 

In contrast, shells dated to ~14.5cal ka exhibit large seasonal fluctuations in δ18O and δ13C, 

interpreted as enhanced evaporation and plant growth and a longer residence time.  δ18O 

and δ13C patterns from the B-A show an increase in δ13C earlier than strong increases in 

δ18O, which may indicate an early start to springtime productivity.   

Mean values of Melanopsis δ18O did not exhibit large changes over this period.  Although 

Bar-Matthews et al. (2003) measured speleothem δ18O values about 2‰ enriched during 

the LGM compared to the late glacial, a greater proportion of snowfall during the LGM, 

possibly combined with enhanced evaporation during warm periods, diminished or even 

reversed this trend in δ18O of Melanopsis in the upper Jordan River.   

These results contribute to the discussion of Lake Lisan levels and hydrologic changes in 

climate in the Levant during the Late Pleistocene.  In addition, because these results may 

be easily correlated with artefacts found at JRD, they may contribute to the discussion of 

human cultural changes during the Epipaleolithic.  
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Appendix A 

Photographs of shells prior to sampling 

 

Modern shell from Agamon Hula. Photos: Jan Evers. 

 

JRD16-099 Shell 1.  Photos: Jan Evers. 
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JRD16-099 Shell 2.  Photos: Jan Evers. 

 

JRD16-128 Shell 1.  Photos: Jan Evers. 
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JRD16-128 Shell 2.  Photos: Jan Evers. 

 

JRD17-432 Shell 1.  Photos: Jan Evers. 
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JRD17-432 Shell 2.  Photos: Jan Evers. 

 

JRD17-517 Shell 1.  Photos: Jan Evers. 
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JRD17-517 Shell 2.  Photos: Jan Evers. 
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Appendix B 

Photographs of shells after sampling 

 

Modern shell from Agamon Hula.  Photos: Jan Evers. 
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JRD16-099 Shell 1.  Photos: Jan Evers. 

 

JRD16-099 Shell 2.  Photos: Jan Evers. 
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JRD16-128 Shell 1.  Photos: Jan Evers. 

 

JRD16-128 Shell 2.  Photos: Jan Evers. 
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JRD17-432 Shell 1.  Photos: Jan Evers. 

 

JRD17-432 Shell 2.  Photos: Jan Evers. 
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JRD17-517 Shell 1.  Photos: Jan Evers. 

 

JRD17-517 Shell 2.  Photos: Jan Evers. 
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Appendix C 

Assessment of Error – Staining 

The following figures show sclerochronological results for δ18O (top) and δ13C (bottom) 

for each shell that contained stained samples.  Any result which was collected from a 

stained area of the shell is shown in red.  Sample numbers along x-axis. 
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Assessment of Error – Preservation 

The following figures show sclerochronological results for δ18O (top) and δ13C (bottom) 

for each shell that contained poorly preserved samples.  Any result which was collected 

from an area of the shell with poor preservation is shown in red.  Sample numbers along x-

axis. 
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Assessment of Error – Poor Depth Control 

The following figures show sclerochronological results for δ18O (top) and δ13C (bottom) 

for each shell that contained samples with poor depth control (>50µm).  Any result which 

was collected a depth >50µm is shown in red.  Sample numbers along x-axis. 
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Appendix D 

Sclerochronological δ18O and δ13C results.  All values in ‰ VPDB. 

Sample 
Number 

Agamon Hula JRD16-099 Shell 1 JRD16-099 Shell 2 

δ18O δ13C δ18O δ13C δ18O δ13C 

1 -8.2 -8.6 -6.7 
 

-7.0 -6.5 

2 -8.2 -8.3 -6.4 
 

-7.3 -5.9 

3 -8.1 -8.5 -6.0 -3.4 -7.3 -5.7 

4 -8.0 -8.3 -6.2 -3.7 -7.3 -5.4 

5 -8.1 -7.9 -6.1 -3.4 -7.1 -5.0 

6 -8.1 -8.4 -5.8 -3.4 -7.2 -4.3 

7 -7.4 -8.1 -5.2 -3.9 -7.0 -3.8 

8 -7.1 -8.2 -5.6 -4.9 -7.0 -3.4 

9 -7.3 -8.2 -5.7 -4.5 -6.7 -3.0 

10 -6.7 -7.8 -6.0 -4.2 -6.8 -3.1 

11 -6.3 -7.5 -5.7 -3.8 -6.8 -3.1 

12 -6.8 -7.2 -5.9 -3.7 -6.9 -3.0 

13 -6.7 -5.8 -6.1 -3.7 -6.7 -3.7 

14 -7.0 -6.0 -6.2 -4.6 -6.6 -3.3 

15 -6.6 -4.7 -6.6 -4.4 -6.3 -3.5 

16 -5.5 -4.6 -6.1 -4.3 -6.3 -3.2 

17 -9.0 -6.6 -6.1 -3.9 -6.2 -2.9 

18 -6.9 -5.9 -6.4 -3.9 -6.2 -2.8 

19 -6.8 -5.1 -6.1 -3.7 -6.1 -2.9 

20 -6.8 -5.5 -6.3 -3.7 -6.4 -2.9 

21 -5.2 -2.8 -6.1 -3.5 -5.9 -3.1 

22 -3.5 -1.5 -5.6 -3.1 -6.0 -3.0 

23 -3.1 -0.8 -5.1 -2.5 -5.3 -3.3 

24 -3.2 -0.9 -5.0 -2.2 -4.5 -3.8 

25 -4.0 -1.8 -4.9 -2.3 -4.3 -4.4 

26 -3.0 -0.5 -4.5 -2.3 -5.2 -5.9 

27 -3.1 -0.8 -4.2 -2.9 -5.5 -5.5 

28 -8.0 -6.4 -6.2 -7.1 
  

29 -8.0 -6.7 -6.3 -6.7 
  

30 -8.2 -6.9 -6.7 -6.9 
  

31 -8.2 -6.7 -6.8 -7.0 
  

32 -8.2 -6.6 -6.4 -5.6 -6.9 -5.5 

33 -7.4 -4.7 -7.1 -6.1 -6.9 -5.6 

34 -7.0 -3.3 -7.0 -5.0 -7.1 -5.5 

35 -6.5 -2.4 -6.8 -4.4 -7.3 -4.0 

36 -5.8 -0.8 -6.8 -4.5 -6.8 -2.6 



94 

Sample 
Number 

Agamon Hula JRD16-099 Shell 1 JRD16-099 Shell 2 

δ18O δ13C δ18O δ13C δ18O δ13C 

37 -5.5 0.1 -6.1 -4.1 -6.6 -3.1 

38 -5.5 0.1 -5.4 -4.3 -6.0 -4.8 

39 -4.6 0.5 -5.0 -4.6 -5.7 -4.8 

40 -6.7 -4.0 -7.0 -6.3 -5.8 -6.1 

41 -6.3 -2.4 -6.7 -4.8 -6.6 -4.4 

42 -6.4 -3.5 -6.2 -4.0 -6.7 -3.5 

43 -5.7 -1.8 -6.0 -3.7 -6.5 -3.2 

44 -4.7 -1.2 -5.8 -6.5 -6.6 -3.4 

45 -4.5 -0.8 -6.6 -4.6 -6.5 -3.6 

46 -4.3 -0.6 -5.9 -4.4 -6.6 -3.8 

47 -4.6 -0.8 -5.8 -2.8 -6.5 -3.6 

48 -7.3 -5.7 -6.6 -5.8 -6.2 -3.7 

49 -6.7 -7.4 
  

-5.8 -4.2 

50 
    

-5.8 -4.4 

51 
    

-6.8 -7.4 

52     -6.5 -6.6 
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Sample 
Number 

JRD16-128 Shell 1 JRD16-128 Shell 2 JRD17-432 Shell 1 

δ18O δ13C δ18O δ13C δ18O δ13C 

1 -7.1 -6.0 -6.4 -7.2 -6.6 -6.9 

2 -6.1 -6.0 -6.7 -6.9 
 

-6.7 

3 -6.6 -7.5 
  

-6.5 -7.4 

4 -7.4 -7.9 -6.8 -4.8 -5.6 -6.9 

5 -7.6 -7.4 -5.3 -5.0 -5.3 -6.9 

6 -7.7 -6.8 -6.7 -7.0 -5.2 -8.0 

7 -7.8 -6.1 -6.8 -7.1 -7.0 -8.0 

8 -7.1 -5.1 -7.5 -6.8 -6.5 -7.4 

9 -6.0 -6.0 -7.4 -6.7 -6.8 -7.3 

10 -6.8 -6.1 -7.8 -6.6 -7.1 -7.6 

11 -7.3 -6.1 -7.8 -6.4 -7.0 -7.0 

12 -7.2 -6.0 -7.8 -6.3 -6.9 -6.8 

13 -7.4 -6.0 -8.0 -6.3 -6.5 -7.0 

14 -7.5 -6.4 -7.9 -6.0 -5.9 -8.0 

15 -7.6 -5.3 -7.8 -5.9 -6.9 -8.4 

16 -6.9 -4.1 -6.4 -5.6 -7.5 -8.3 

17 -7.2 -4.3 -7.4 -6.9 -6.8 -7.8 

18 -6.7 -4.5 -7.8 -6.7 -7.3 -7.7 

19 -5.8 -5.1 -8.1 -6.7 -7.2 -7.4 

20 -4.9 -4.5 -8.1 -6.1 -7.1 -7.0 

21 -5.9 -5.3 -8.3 -6.2 -7.0 -6.5 

22 -7.1 -5.9 -8.2 -6.1 -7.2 -6.6 

23 -6.6 -5.3 -8.4 -6.1 -7.1 -6.3 

24 -7.0 -5.3 -8.4 -5.9 -6.6 -6.7 

25 -7.0 -5.2 -8.2 -6.1 -5.5 -8.5 

26 -6.9 -5.0 -8.5 -6.1 -5.5 -8.4 

27 -6.1 -6.9 -7.0 -5.8 -6.4 -7.7 

28 -7.1 -7.1 -7.1 -5.7 -7.0 -7.6 

29 -7.5 -7.3 -6.9 -5.7 -7.2 -7.5 

30 -7.6 -7.7 -7.3 -6.1 -7.1 -7.6 

31 -7.9 -7.2 -7.4 -6.6 -6.8 -6.7 

32 -7.9 -7.0 -7.3 -6.1 -6.1 -6.6 

33 -7.7 -6.7 -7.2 -5.5 -5.8 -8.9 

34 -7.7 -6.6 -5.5 -6.1 -5.9 -8.6 

35 -7.4 -6.9 -6.4 -5.8 -6.5 -8.1 

36 -7.4 -8.1 -7.1 -6.0 -6.7 -8.2 

37 -8.0 -7.2 -7.2 -6.2 -7.0 -8.5 

38 -8.0 -7.2 -7.3 -6.4 -7.1 -8.5 

39 -8.4 -7.7 -6.6 -5.6 -7.1 -9.0 

40 -8.3 -7.7 -7.4 -7.5 -7.2 -9.4 

41 -7.1 -8.3 -7.2 -7.1 -7.1 -8.8 

42 -7.7 -8.3 -8.0 -7.4 -7.1 -8.6 

43 -7.7 -7.5 -9.0 -8.0 -7.0 -8.5 
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Sample 
Number 

JRD16-128 Shell 1 JRD16-128 Shell 2 JRD17-432 Shell 1 

δ18O δ13C δ18O δ13C δ18O δ13C 

44 -8.1 -8.2 -9.0 -8.0 -7.3 -8.1 

45 -7.5 -7.3 -8.6 -7.7 -7.0 -7.2 

46 
  

-8.7 -7.8 -6.9 -7.4 

47 
    

-6.5 -7.0 

48 
    

-6.4 -7.3 

49 
      

50 
      

51 
      

52       
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Sample 
Number 

JRD17-432 Shell 2 JRD17-517 Shell 1 JRD17-517 Shell 2 

δ18O δ13C δ18O δ13C δ18O δ13C 

1 -6.8 -6.4 -4.5 -6.0 -7.1 -6.6 

2 -6.5 -6.5 -6.8 -7.0 -7.3 -6.4 

3 -5.9 -6.7 -6.4 -6.4 -7.5 -5.9 

4 -5.3 -7.5 -6.6 -6.4 -7.4 -6.2 

5 -6.6 -7.2 -6.7 -5.9 -7.5 -6.1 

6 -7.2 -7.1 -6.5 -5.7 -7.5 -5.9 

7 -7.6 -7.0 -6.4 -5.5 -7.4 -5.9 

8 -7.6 -7.2 -6.8 -5.7 -7.7 -6.0 

9 -7.7 -7.2 -7.1 -6.0 -7.5 -5.7 

10 -7.8 -7.1 -6.9 -5.8 -7.5 -5.7 

11 -7.5 -6.8 -7.1 -6.0 -7.7 -5.7 

12 -7.0 -6.6 -6.9 -5.8 -7.7 -5.7 

13 -5.7 -8.6 -6.5 -5.8 -7.7 -5.9 

14 -5.8 -8.2 -6.5 -5.1 -7.6 -6.3 

15 -6.4 -7.9 -6.6 -4.9 -8.7 -6.9 

16 -6.5 -7.8 -6.2 -4.9 -6.6 -6.1 

17 -6.6 -7.5 -6.0 -4.8 -6.4 -6.2 

18 -6.9 -8.0 -5.9 -5.1 -7.3 -7.4 

19 -6.7 -7.6 -5.8 -7.3 -7.2 -7.3 

20 -6.6 -7.5 -6.0 -6.9 -7.5 -7.3 

21 -6.9 -7.4 -6.2 -6.8 -7.7 -7.1 

22 -6.7 -7.2 -6.2 -6.6 -7.6 -6.6 

23 -6.9 -7.5 -6.5 -6.7 -6.9 -6.6 

24 -7.1 -7.5 -6.8 -6.7 -4.8 -6.1 

25 -7.2 -7.3 -6.7 -6.5 -5.7 -6.8 

26 -7.3 -7.3 -7.1 -6.8 -6.2 -6.6 

27 -7.4 -7.2 -7.2 -6.5 -6.5 -6.7 

28 -7.4 -7.0 -7.0 -6.8 -6.7 -6.5 

29 -7.4 -7.2 -7.2 -6.4 -6.6 -6.4 

30 -7.3 -7.2 -7.0 -6.4 -6.9 -6.4 

31 -7.3 -7.4 -7.1 -6.3 -6.8 -6.3 

32 -7.2 -7.4 -7.2 -6.6 -7.2 -6.4 

33 -7.5 -7.4 -7.2 -6.5 -6.5 -5.9 

34 -7.6 -7.7 -7.0 -6.6 -6.4 -5.7 

35 -7.4 -7.2 -6.1 -8.2 -5.8 -5.7 

36 -7.5 -7.1 -7.2 -8.2 -6.2 -7.4 

37 -6.3 -7.3 -7.4 -7.8 -6.4 -7.2 

38 -5.8 -8.2 -7.4 -7.8 -6.9 -7.3 

39 -6.9 -8.4 -7.5 -7.6 -7.3 -7.1 

40 -7.5 -8.2 -7.1 -7.0 -7.2 -6.8 

41 
  

-6.3 -7.1 -7.2 -6.4 

42 
  

-5.9 -7.7 -6.2 -7.6 

43 
  

-5.9 -7.5 -7.1 -7.7 
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Sample 
Number 

JRD17-432 Shell 2 JRD17-517 Shell 1 JRD17-517 Shell 2 

δ18O δ13C δ18O δ13C δ18O δ13C 

44 
  

-7.0 -7.9 -5.8 -6.9 

45 
  

-7.3 -8.0 -6.3 -7.1 

46 
  

-6.3 -9.0 -7.0 -6.8 

47 
    

-7.4 -7.6 

48 
    

-7.1 -8.5 

49 
      

50 
      

51 
      

52       
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