








Figure 5b: Melanopsis north of Lake Kinneret to Beit Zaida Valley: White circles represents areas of
Melanopsis Buccinoidea, black circles - areas Melanopsis costata (Jordanica in Lake Kinneret and
Lampra all other), and grey circles — hybridization areas. After: Heller et al. (1999).
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Figure 5¢: White circles are areas of Melanopsis Buccinoidea, black - Melanopsis saulcyi areas, grey —
hybridization areas, checkered — Melanopsis costata noetlingi. After Heller et al. (1999).



2.3 Radiocarbon dating

Radiocarbon is the most important chronometer of the late Pleistocene and Holocene periods,
with applications to a range of disciplines including earth science, archaeology and
anthropology.

“C s the only long-lived radioactive isotope of carbon among its three isotopes: '*C, °C
(98.9% and 1.10 % in nature, respectively), and '*C. The '*C/"*C ratio in nature is ~1.2X10",
Radiocarbon is a cosmogenic isotope formed by interaction of neutrons, produced by cosmic
rays in the upper atmosphere at rate of ~2.2 atoms/sec cm” with atoms of nitrogen:

14 1 14 1
IN+,n—="C+lp 1)
Radiocarbon decays into nitrogen by the emission of a £~ particle:

BCSUN+ B +v+0 (2)

v - An antineutrino, which has all the excess energy between the maximum energy of the I’n

particle and its energy at the emission.
Radiocarbon decay follows the law of radioactivity:

A= Ae ™ 3)

Where
A - The activity at the measuring time, defined as AN ;
A, - The initial activity of radiocarbon in the atmosphere or in a geological reservoir from

which a mineral sample is formed;
and
A - The decay constant, which is measured experimentally. For radiocarbon, A has a value of

1.209x10™ y™" corresponding to 5730 years half-life' (¢ Y ).
2

Soon after its formation, '*C reacts with oxygen to form carbon dioxide, which dissolves in
the oceans and enters the biosphere by photosynthesis and by the food chain. While the above
process continues, an equilibrium steady state between '*C formation in the atmosphere and
its decay in the living organic material is achieved. The radioactive clock commences after
this steady state is disturbed by the death of the organic tissue (Libby, 1952, , 1955).

There are several basic assumptions underlying radiocarbon dating. One is for example, that
the concentration of *C in all three reservoirs (atmosphere, oceans and biosphere) has not
changed during the time span of several half-lives of radiocarbon and it is recorded in the pre-
1950 (before atomic bomb explosions) atmosphere. Other assumptions are a constant
production rate of radiocarbon in the atmosphere, rapid mixing and constant exchange
between the atmosphere and the biosphere and oceans (which have also stayed at a constant
size).

Once the plant or animal dies, it ceases its exchange of radiocarbon with the surrounding
(atmosphere or water) and the amount of '*C in the sample decreases by radioactive decay.
Radiocarbon dating assumes that this radioactive decay is the only process that determines the
amount of radiocarbon in a sample (“close system” assumption).
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Figure 6 Exponential decay of radiocarbon

Half-life is 5370 yr, meaning that if the initial activity is A, after a
period of time equal to the half-life, the activity is A/2 (Bowman,
1990).

These assumed conditions are usually not fully satisfied, and radiocarbon dating suffers from
inaccuracy due to processes that change the concentration of the '*C in a sample. The sources
of inaccuracy can be divided into three categories: (1) Variations in atmospheric 'C
abundances; (2) Diagenesis and alteration of the sample (e.g. contamination of samples in the
field by recent or old radiocarbon and fractionation); (3) Differences between the amount of
radiocarbon in the habitat water and the contemporaneous atmosphere (‘source/reservoir'
effects).

“Variations in atmospheric '*C abundances” refer to processes that change the concentration
of *C in the atmosphere, e.g., cosmic rays flux, solar activity, changes in the geomagnetic
field, fossil fuel burning and nuclear tests. Because of these processes, calibration curves have
been produced, which transforms the radiocarbon age measured in the sample to the calendar
age (Reimer et al., 2004). Up to ~12,000 years the calibration curve is base on tree rings
counting (dendrochronology) and beyond it on corals, marine and varved lake sediments
(Bowman, 1990; Fairbanks et al., 2005; Hughen et al., 2004; Schramm et al., 2000). The
present study deals with sediments that were deposited during the last glacial period where
calibration is not well established.

“Diagenesis and alteration of the sample” refers to processes that change the concentration in
the sample like fractionation, recrystallization (e.g. aragonite to calcite) and any addition of
carbon from the environment where the sample was preserved.

“Source/reservoir” effects are local environmental effects, such as the origin of the water
('hard water effect'), the size of the reservoir and the exchange with the atmosphere (reservoir
age) and volcanic effects.

This work deals mainly with the source/reservoir effects — that control the radiocarbon
content in the Melanopsis shell.

Reservoir age and the hard water effect

Sources for carbon in the water are the soil and atmospheric carbon dioxide (Bowman, 1990).
The problem of the ‘source/reservoir’ effect is that samples may appear older then their real
calendar age. The '*C variations in waters of carbonatic aquifers reflect water-rock interaction

11



and aging within the aquifer. The carbon isotopes reflect the proportions of these interactions.
The age of the water will be an apparent age as a result of the dilution of the initial *C signal
derived from the top soil with old carbon without '*C (“dead carbon™) derived from the rock.
Such effect can be as big as a few hundred to a few thousand years. When water’s residence
time in a lake is short, equilibrium is not achieved between the dissolved inorganic carbon
(DIC) in the water and the CO, in the atmosphere. This is probably the case in the Holocene
and modern Lake Kinneret (Stiller et al., 2001). Yet, water-atmosphere exchange reactions (in
streams and rivers) may increase the '“C contents in the water towards atmospheric value
(Belmaker et al., Submitted; Carmi et al., 1985).

Carmi et al. (1985) examined the Jordan River—atmosphere exchange reaction and calculated
the effect on the radiocarbon concentration in the Jordan River. The origins of the Jordan
River waters are the Mt. Hermon aquifers, where the residence time of the water is less than 4
years (Simpson and 1., 1983). Checking the Jordan River—atmosphere relation in the years
1972 and 1983, Carmi et al. (1985) came into the conclusion that the ratio river/atmosphere of
radiocarbon remained constant at ~0.66. This indicates that equilibrium between the two
systems is reached relatively fast.

Stiller et al. (2001) measured the '*C concentration in planktonic shells (that represent the
concentration in the upper water of Lake Kinneret). The pMC value in Lake Kinneret (defined
as the percent modern carbon compared to the atmospheric value before 1950) at 1998 was 92
(Xpic 1ake, Figure 7, Table 1). They also compared the pMC values to the atmospheric values
at the time of measure (Xpjclake / X am) and proposed to use a constant ratio between Lake
Kinneret and the atmospheric '*C 0.814+0.013, implying a constant reservoir age. However,
we note that according to our analyses, this ratio is increasing and was equal to 0.877 in 2003.
Yet, based on a previous study, the reservoir age in the last 20 ky have remained constant
(Hazan et al., 2005). The current change could imply a temporal change reflecting a change in
the freshwater inflow rate, the rain mass or the surface size of the lake, resulting in a change
in the amount of radiocarbon in the lake and its rate of exchange with the atmosphere.

Radiocarbon in snail shells

The understanding of the source of radiocarbon in the snail is important for the evaluation of
the reservoir age. The radiocarbon content in the inorganic and organic matrix of the CaCO;
shells of snails should reflect the source of the carbon. Several studies tried to clarify this
issue.

McConnaughey et al. (McConnaughey A. Ted, 1997) studied the contribution of respired
carbon on biological carbonates — in mollusks and mammals as well. For the aquatic snail
shells they have examined, they came with the result that the respired carbon contributes only
about 10% to the shell carbon’s skeleton. Fritz and Poplawski (Fritz and Poplawski, 1974)
performed growth experiments where they demonstrated that fresh water mollusk derive their
carbonate from the dissolved inorganic carbon (DIC) in the habitat water. They suggested that
there might be also a contribution from the food source.

Stott (2002) found no clear influence of land snails’ diet (Pulmonata) on the 8" °C of their
insoluble organic matrix within the shell. However, the 8"°C of the aragonite material was
found to be a good recorder of their diet.

Goodfriend and Hood (1983) and Goodfriend and Stipp (1983) studied the behavior of carbon
isotopes in land snails, and came to the conclusion that the shell's organic carbon is also
influenced from the diet. The carbonate shell might be a product of ingesting limestone (0-
33%), the food (25-40%), or atmospheric CO, (30-62%), each differing in its isotope
composition and the way they enter the carbonate shell.

In the present study we analyzed the radiocarbon content in the aragonite skeleton as well as
in the habitat water and water plant. We also tried to separate and analyze organic material
within the skeleton.
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Table 1 Ratios of 'C levels: Lake Kinneret/atmosphere and Jordan River/atmosphere

Date X bic lake X atm@ X pic take! X atm X X atmb Xj/ X atm
Mar 1972 1.051 1.527 0.688 0.977 1.472 0.664

Feb 1982 1.028 1.283 0.801

Oct 1983 1.022 1.262 0.810 0.834 1.234 0.676

Apr 1985 1.001 1.230 0.814

Jun 1998 0.920 1.105 0.832 0.781 1.093 0.715

Nov 2003 0.921* 1.050** 0.877 0.730* 1.050** 0.695
1982-98*** 0.814+0.013

1972-98*** 0.685+0.027

* Average of preceding 5 yr, calculated from the data of Levin and Kromer (Levin and Kromer, 1997).
For 1997 and 1998, X, was estimated from the relationship (Levin and Kromer, 1997) AMC=417x
exp (-t/16), (%o), where t is years after 1974. To convert from A'C to X values, the relation X =
(A"C/1000+1) was used. After (Stiller et al., 2001).

® Corresponding to the year of measurement.

* Data from this study.

** Carmi Israel, personal communication.

*#* Averages do not include data from this study.
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Figure 7 Estimated '*C concentration in the atmosphere, Jordan River and Lake Kinneret

X is the normalized '*C specific activity relative to the '*C standard specific activity. A"C (expressed
in %o) is the deviation for the relative activity from unity, multiplied by 1000. Yearly mean '‘C levels
of the atmosphere in the Northern Hemisphere (Levin and Kromer, 1997; Levin et al., 1985; Stiller et
al., 2001) (full line, upper curve), '*C levels measured in Lake Kinneret (denoted by squares) and '*C
levels measured in the Jordan River (denoted by circles). The atmospheric '*C levels for the years
1997-2000 was estimated according to A'*C=417 * exp (-t/16), (%o), where t denotes years after 1974
(Levin and Kromer, 1997). The curve showing the time variation of '*C levels of DIC in Lake Kinneret
(mid full line curve), was estimated according to Xpic 1ae=0.814 * Xy, Where X ., is the average of
the atmospheric '*C levels during the 5 preceding years. The curve showing the time variation of '*C
levels of DIC in the Jordan River (full line, bottom curve) was estimated according to X j,, =0.685 * X
ams Where X o is the atmospheric *C level of the relevant year. After: Stiller et al. (2001).
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2.4 Uranium-thorium dating of carbonates

U-Th dating can be an effective means to obtain accurate and precise ages on Quaternary
carbonates (e.g., calcite (Winograd et al., 1988), cave deposits (Kaufman et al., 1998) and
aragonite lake deposits (Haase-Schramm et al., 2004). Several dating methods are based upon
uranium decay series. The method discussed in this work is based on the decay of >**U to ***U
and to **°Th, which is applicable to ca 500 ka BP.

Uranium has three naturally occurring isotopes, all are radioactive: 2**U, **U and **U, where
80U is the most abundant (more than 99% of the uranium). Two of them - **U and U, start
decay chains, each evolving both o and B decays and ending at different stable isotopes of
lead (Pb). 2*U is a daughter in the >**U decay chain, discussed in this work:

SU—SPb+8 He+ 6 +Q (4)

The decay of each of the unstable isotopes in the chain is according to the law of
radioactivity. Unlike the radioactive parent which only undergoes a decay and its amount only
reduces, and the stable isotope at the end of the chain, which only accumulates, all unstable
daughters have changing amounts and activities, based on the relation between their
decay constants and time elapsed.

Table 2 Decay constants and the half-lives of **U, **U, *"Th:

Isotope decay constant ( yr_1 )“) half-life (yr)
B8y 1.55125X10™"° 447X 10°
By 2.8263X10°® 245X 10°
2B0ThH 9.158X10°® 7.57 X 10*
22Th 4.9475X10™" 140.10 X 10°

() (Cheng et al., 2000; Jeffrey et al., 1971; Le Roux and Glendenin, 1963)

The basic equation describing the amount of the unstable daughter is:

N, =~ A 7 Nl (e —e ™)+ Nje™ (5)
2 M

If the parent has a longer half-life than the radioactive daughter (A,—A;~A,) and assuming
N,’=0, the activities of the parent and the daughter, after a long enough time t, are equal
(secular equilibrium):

AN, =4,N, (6)
If the secular equilibrium between parent and daughter is disturbed by the removal of the
daughter, the daughter’s accumulation will then be at a rate determined by both of their half-

life times. If the disturbance is due to removal of the parent, the daughter will be unsupported
and it will decay to the zero equilibrium.
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Figure 8 Growth of **°Th by the decay of >**U toward equilibrium with **U.

The curves describes U-bearing minerals containing no initial 2*°Th. Curve A - ***U and **U are in
secular equilibrium. Curve B - the initial activity ratio [**U/***UJ=1.15 (Faure and Mensing, 2005)

Uranium and thorium have similar chemical properties, except under oxidizing conditions.
Then, U™ is being oxidized into uranyl (UO,"*), which is soluble. The thorium remains in the
tetravalent state (Th™*), at which it is not soluble and is being absorbed onto small particles
and precipitates. Therefore, the thorium can be separated from uranium. On the other hand,
the uranium, which remains in the water as uranyl ion, can enter mollusks’ shells (perhaps in
a similar way it enters corals, see Lazar et al. (2004). The uranium concentration in marine
mollusks typically ranges between 1 and 5 ppm (Kaufman and Broecker, 1965). Provided that
the isotope system remains close, **°Th will grow by decay of ***U and ***U and the system
will achieve a new secular equilibrium after ~500 ka (Figure 8). Thus, measuring the activity
ratio between the parent and the daughter, one can derive the shell’s age.

The assumption that the initial activity ratio [Z*U/**U] = 1 (secular equilibrium, Equation 5
above) is not valid in most natural water systems. For example, the activity ratio in seawater
was found to be ~1.15 (Thurber, 1962); The activity ratio at the Dead Sea and previous Lake
Lisan was found to be ~1.5 (Haase-Schramm et al., 2004). Therefore, a correction is needed,
and the equation that is being used for the calculation of the age is:

230 234
[ Th] — (1 _ 6_/123[)’) + /1230 ([ U]

Lr ~1_ -1 Ayt __ =zt (7)
[238U] 2230 o /1234 [BSU] )(e ‘ )

For many years, U-Th dating of corals, speleothems, and aragonitic laminae like those of
Lake Lisan provided ages believed to be reliable (recent works by: (Fairbanks et al., 2005)
(corals); (Kaufman et al., 1998) (speleothem); (Haase-Schramm et al., 2004) (aragonitic
laminae ) and many others).

In recent years, based on [***U/**U] activity ratios of fossil corals that were higher than the
seawater ratio, it became evident that also corals are not always a closed system, applying
various open system models (Thompson et al., 2003; Villemant and Feuillet, 2003).

The open—system issue is more sever in marine and lacustrine mollusks (Blanchard, 1963;
Broecker, 1963; Kaufman and Broecker, 1965; Ku, 1968; Rosholt, 1967; Sakanoue et al.,
1967; Turekian and Armstrong, 1961) and others; and dating mollusks by this method
appeared to be problematic.

Solutions to the open system problem were mathematical models (Thompson et al., 2003;
Villemant and Feuillet, 2003); models involving other isotopes (e.g. >*'Pa (Rosholt, 1967) and
U-Th isochrones, designed to determine the detritus-free [**U/**U] and [**°Th/***U] ages of a
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set of coeval samples in samples composed of carbonates as well as detritus (e.g. corrections
for the Lisan aragonite (Haase-Schramm et al., 2004), and others (Bischoff and Fitzpatrich,
1991; Kaufman, 1993; Ku and Liang, 1984; Luo and Ku, 1991).

In this work we examined the feasibility of applying the U-Th disequilibrium method for
dating of Melanospsis aragonite shells and the [*U/**U] ratio as a geochemical tracer of the
water bodies.

2.5  ¥Sr/**Sr and Sr/Ca ratios in Melanospsis and habitat water

The shells mineralogy and the habitat water composition are the two parameters affecting the
distribution of trace elements in the biogenic carbonate shells. The partition coefficient
between the water and the precipitating calcium carbonate as well as the concentration of the
strontium in the habitat water controls the strontium concentration in the shell. The Sr/Ca
ratio in the aragonite shell appears to be in good correlation with the ratio in the water thus is
a good representative of the water body (Rosenthal and Katz, 1989), using the distribution
coefficient:

(Sr/Ca)cacos=D*(Sr/Ca)water  (8)

These correlations are not significantly affected by biological fractionations, or by different
temperatures.

The (Sr/Ca)., ratio today at Lake Kinneret lies in the range of 0.0063-0.0082 and the
distribution coefficient between the Sr/Ca in a Melanopsis shell and the water body is
0.31+0.02 (Rosenthal and Katz, 1989). The average (Sr/Ca)q in living Melanopsis in Lake
Kinneret is 0.00183 (Rosenthal et al., 1989).

Rosenthal and Katz (1989) concluded that Na, Mg and K cannot be used as environmental
monitors, since there is a strong biological control on their partitioning during shells
formation.

Rosental et al. (1989) also found that the *’Sr/**Sr isotope ratio in Melanopsis and in their
associated waters is the same, indicating the composition and the origin of the water body of
the Melanopsis habitat. The *’Sr/**Sr ratios can be used to calculate the influence of the end
members (the water sources) on a water body (Hazan, 2003).

In this work we analyzed Sr/Ca and ¥Sr/**Sr in Melanospsis shells and associated waters

from Lake Kinneret and other water bodies to identify the sources of the habitat waters and to
reconstruct the limnological history of the Jordan Valley.
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3. Methods

The analytical work was divided into three parts:

1. Radiocarbon analyses —
a) Determination of '*C in living Melanopsis shells (inorganic), water from their
habitat, fossil shells, one water plant and one fossil bone;
b) Attempt to separate the organic matter from the shell for amino acid analysis
and for later radiocarbon dating.
2. Uranium and thorium analyses of modern and fossil shells and associated waters.
3.  Determination of strontium isotopes and Sr/Ca ratios of the Melanopsis and associated

habitat water.

3.1 Collection of Melanopsis

Between 10 and 20 adult living Melanopsis and associated waters were collected at
the beginning of the winter (November 2003) from Lake Kinneret and four other
related water sources (Figure 2). These water environments (a lake, a stream, a river
and a spring) are characterized by different values of radiocarbon, given in percent
modern carbon (pMC), Sr/Ca ratios, *’St/**Sr and [**U/**U] isotope ratios. Water
samples were collected in a 250 ml dark glass bottles. Few drops of saturated HgCl,
were added to each bottle. Radiocarbon content and 8'°C were also determined for a
water plant from Kibbutzim Stream to determine the '*C content of algae, growing on
plant material, which represent part of the diet of the Melanopsis.

Fossil Melanopsis were collected from several sites in the studied area (Figure 2). The
ages of the sedimentary strata in these sites were obtained from radiocarbon on
organic material, bones (Bos Taurus from the archaeological site of Galei Kinneret),
or were derived from archeological/historical data.

3.2 Samples preparation

All living Melanopsis shells were identified by their morphological features (with the help of
Prof. Y. Heller from the Hebrew University). Eroded and broken fossil shells were not always
possible to be identified.

While Melanopsis construct its shell of primary aragonite, freshwater diagenesis could result
in dissolution and reprecipitation of calcite. Thus, Melanopsis shells found as calcite indicate
that the original carbon has been replaced, and radiocarbon content and other geochemical
features cannot be considered as representing a pristine shell. When the original aragonite
crystal structure is preserved, it is likely that no exchange of carbon with the environment
occurred (and the system remained a ‘closed isotope system’). This may not be the case for
the uranium system, a topic elaborated below.

The pristine aragonite composition was detected for all samples radiocarbon dated in this
study by a 4cm-1 resolution Fourier Transform Infrared analysis (IR) using MIDAC
Corporation, Costa Mesa, CA, USA spectrometer at the Weizmann Institute.
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3.3 Radiocarbon and 8C

All samples were prepared for radiocarbon dating at the Weizmann Institute and dated by
Accelerator Mass Spectrometry (AMS) at the NSF facility in Arizona. Stable carbon isotope
ratio (8"°C) measurements were performed using a Finnigan MAT 250 mass spectrometer for
stable isotopes at the Weizmann Institute. About 20 mg of pretreated CaCOs (see below) from
each Melanopsis (single Melanopsis weights ~300 mg) were converted into CO,. Part of the
CO, was used for 5"°C measurements and the rest was converted into graphite for the AMS
analysis. Radiocarbon dates on modern inorganic shells were performed on single specimen.
For modern organic and inorganic fossil samples, more then one specimen was used,
homogenized into one sample. We assume that all fossil Melanopsis comprising an analyzed
sample represent the same age. Modern samples indeed show that there is good
reproducibility in radiocarbon contents among species collected from the same stratigraphic
horizon (Table 3). Water samples (RTT 4839-4843) were not corrected for carbon isotope
fractionation because 8'"°C in the water reflects also water-rock interaction, thus is not an
indicator for fractionation only. All other radiocarbon dates were corrected.

An attempt to separate the periostracum of modern shells was done by leaving the shells
overnight in 30 ml of 5% chlorex or by mechanically scraping it, but this experiment was
unsuccessful. Finally, samples were etched in 1N HCI for about 30 seconds and rinsed with
nano-pure water. What was left from the periostracum was removed physically with a knife.
All shells (modern and fossil) were cleaned with a knife, broken into pieces and etched in 1N
HCI several times until all extragenous material was removed. Final step was few minutes
ultrasonic bath until rinsing water was clear.

3.3.1 Inorganic carbon from shells

About 50 mg of shell were washed with 0.2N HCI for 30 seconds and dried on a hot plate.
The crashed shell material was placed in a U shaped tube, H;PO,4 (100%) was added, and was
put in oven at 40°C for overnight under vacuum. The reaction is:

2H,PO, +3CaCO, — Ca,(PO,), +3CO, +3H,0 (9

3.3.2 Organic matter

Cleaned shells were dried at 40°C, dissolved in 1N HCI and put on a hot plate to dry. The
matter remaining after drying, with a texture of gel, was washed with water; than NaOH was
added to reach pH 7 and dried on a hot plate at 200°C (an attempt to dry the samples in the
freeze drier had failed as they melted after about an hour). Next step before graphitization is
to burn the organic matter with CuO at 900°C, in vacuum, for 200 minutes:

900°C

2Cu0+C,, — CO,+2Cu (10)

"8 200 min

3.3.3 Water

About 100 ml of water was added into a previously evacuated round flask. Two ml of 85%
phosphoric acid were added twice, 5 minutes between each one. The produced CO, was
extracted by pumping. During this process water also was extracted but was collected in a
cold trap (~ -80°C). The CO, was collected in three traps system cooled by liquid nitrogen (-
196°C). The amount of CO, extracted from the water was calculated by measuring the
pressure at a known volume: in the system used, the value is 22.4 mmHg for 1 mg of carbon.
To check the efficiency of CO, extraction and collection, 100 ml of nano-pure water mixed
with 44.12 mg NaCO; (5 mg of carbon) were used.
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For background, ~110 mg of geological calcite (marble, Na,CO3) which is without '“C was
dissolved in 250 ml of nano-pure water (~5 mg carbon). The extracted CO, was measured for
"C content which indicates the level of contamination during sample preparation.

3.3.4 Leaf (water plant)

About 150 mg of green water plant from Kibbutzim stream was taken for radiocarbon dating
as a representative of algae. Small pieces were put in 1N HCI for 40 minutes, washed with
nano-pure water. The leaf with some water and a small amount of 1N HCI was put with stirrer
on a hot plate (80°C) and small amounts of sodium chlorite (CINaO,) were added to oxidize
all organic matter but the cellulose. Samples were then centrifuged, separated, washed few
times from HCI and dried in oven at 120°C. Burning the leaf and graphitization is the same as
for the organic matter form shell.

3.3.5 Bone

Dry modern bone is composed approximately of 50% calcium phosphate, 10% calcium
carbonate, 25% collagen and 5-10% bone fat (Arslanov, 1993).

The inorganic fraction of the bone is not suitable for radiocarbon dating because of isotopic
exchange with the groundwater as well as the precipitation of secondary carbonates (Hassan
et al., 1977; Mook et al., 1985). On the other hand, bone organics do not suffer the problems
of chemical exchange that have plagued radiocarbon dates on bone inorganic carbon. This is
although collagen content, characterized chemically as protein and found as fibrils 0.3 to 0.5
microns thick throughout the bone collagen (Arslanov, 1993), decreases with age to low
concentrations (Berger et al., 1964).

The outer part of the bone was cleaned with scrapple. About 5 ml of 1N HCI was added to the
crashed bone to total dissolution. The solution was separated (3 minutes and 3000 rpm at the
centrifuge) and washed with water to pH 6, added 0.1% NaOH and waited for 30 minutes.
Separated and washed again with water and then added to the background another portion on
0.1% NaOH for 30 minutes. Washed to pH 7, added 1N HCI and waited 15 minutes. Washed
with HCI pH 3 until reaching pH 3 and then put in vacuum oven at 80°C for 20 hours for
gelatization. Filters were prepared: Eezi filter (100 micrometer) was washed with 1N HCI,
washed with nano-pure water, put in ultrasonic for 20 minutes and washed again with water.
Filter for ultrafiltration (30 KD) was washed with water and put in ultrasonic for 20 minutes
and washed again with water. Then added water and put twice in centrifuge for 15 minutes at
3000 rpm.

Samples were run through the Eezi filter and then the ultrafiltration (centrifuged for 20
minutes at 3000 rpm). Remove the collagen to Pyrex tubes and dry in freeze drier. When it
dried, collagen was put in quartz ampoules with CuO (900°C, 200 minutes), which was
previously put in oven at 900°C for 1 hour to combust all carbon in ampoule:

CuO+C H, N 5 Cu+CO, +H,0 (1)

collagen + CuQ —22C2%0mn- 0y 4 CO, + H,O+ N,  (12)

3.3.6 Graphitization

In order to prepare the catalyst, quartz ampoules were used, in which about 1 mg of cobalt
was put. The ampoules were vacuumed and H, was added. It was then left for a night at a
temperature of 400°C. The next day, the hydrogen was vacuumed and all CO, from the
samples was caught in these ampoules. Hydrogen was again added and it was left over night
at a temperature of 700°C. The water produced during the graphitization was cooled into a
cold finger at —20°C:
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Co
Co, +H, 7<E>CC+H20 13)

The amount of carbon used for graphitization was variable but was usually around 1 mg. The
rest of the CO, was closed at other ampoules for & B C measurements.

3.4 Amino acid analysis

Organic fraction was extracted using a procedure similar to Goodfriend and Ellis (2002) and
Wyckoff (1972). Amino acids can be used as quality control for the purity of these fractions.
Because CaCl, interferes with amino acid measurements, a step for calcium separation was
adopted.

For examining the results of the separation, commercial CaCO; (Merck) was used with a
known amount of amino acid (Poly Aspartic acid).

An amount equal to ~300 mg of calcium carbonate was dissolved in 1N HCI. CaF, has been
precipitated with 1.25 ul of HF (40%) for every 1 mg of calcium. The precipitated CaF, was
separated from the supernatant by centrifugation (5 min., 3000 rpm). The supernatant was
dried under vacuum (first frozen with liquid nitrogen and then connected to the vacuum line
and evaporated water and HCl). Other methods like using freeze-drier did not work because
the solution with HCl does not stay frozen at freeze-drier temperatures (~-500C). Not all
CaCl, was eliminated and its presence was detected by IR analysis. Because of that, samples
could not be preceded for amino acid analysis.

3.5 Uranium — thorium analyses

U-Th measurements were performed at the Geological Survey of Israel, Jerusalem with
Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS).

Cleaned samples were weighted and dissolved in 7N HNO;. Small amount of insoluble
material (probably clay sediments) were separated by centrifugation. Mixed spike of **°U and
*Th was added to the clean solution. The dissolved samples with the spike were dried on a
hot plate and re-dissolved in 2 ml of 7N HNO;. The uranium and the thorium were separated
by anion exchange columns filled with 1.7 ml of resin (Bio-RAD AG 1:8, 200-400 mesh).
Cleaning and conditioning protocol of the columns follow the procedure of the Open
University in London, modified by N. Tepelyakov in the Geological Survey. Precondition
was done by adding 8 ml of 7N HNO;. Samples were loaded and washed by 7N HNO;.
Thorium was first collected by eluting with 6N HCI, then uranium was collected by eluting
with 1N HBr.

All samples were dried on a hot plate and re-dissolved with 0.IN HNO;. From the uranium
solution, an aliquot of about 50 pl was diluted to 2 ml for uranium concentration
measurements before isotopic measurements at the MC-ICP-MS.

MC-ICP-MS analyses

MC-ICP-MS permits the precise measurement of isotope compositions for a wide range of
elements combined with excellent detection limits due to high ionization efficiencies. MC-
ICP-MS is used for chemical analysis of aqueous solutions as well as for solid samples, which
are being dissolved. Aqueous samples are introduced by way of a Nebulizer, which aspirates
the sample with high velocity argon. The aerosol then passes through the spray chamber, and
being mixed with more argon gas at high temperatures (6,000°-8,000° K), causing ionization.
The ions are being accelerated into a vacuumed mass spectrometer. The isotopes are being
separated based on their mass to charge ratio. At the end there are several collectors (Faraday
caps and multipliers), which detects the voltage produced by the electrons emitted from the
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ions by striking the surface of the detector. In uranium runs fractionation is monitored by
using the **U/*°U ratio (which is currently constant at natural samples at the value of
137.88). International standard of uranium (NBL 112 A) is used for checking performance
and accuracy.

For each uranium isotope run 45 ratios of **U/*°U; *°U/**U and **U/*°U were analyzed
and for each thorium run 21 ratios of >*°Th/***Th and ***Th/**’Th were analyzed. The >**U/**U
ratios achieved on the uranium NBL-112A standard during the course of this project are listed
in Appendix 3. The average value of the standard isotope ratios is 5.2997X107°+0.0595X107
(26), compared to the value of 5.286X107°+0.0025X107 (20) (Cheng et. al, 2000).

3.6  *’Sr/*°Sr and Sr/Ca analyses

Most of the samples were measured for strontium and uranium isotopes to infer the
geochemical characteristic of the ancient water body (Stein et al., 1997). Strontium isotope
ratios of the inorganic fraction and of the water were measured with Multi-Collector
Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) at the Geological Survey,
Jerusalem. The preparatory work for the strontium isotopic analysis included dissolution of
the cleaned shells in 1.5 ml of 3.5N HNO; and extraction of strontium by column filled with
Sr-Spec 50-100 mesh resin (e.g. (Stein et al., 1997).

For each strontium isotope run, 20 ratios of *’Sr/*°Sr were analyzed. The standard ratios
achieved are listed in Appendix 4. The average value of the isotope ratios is 0.7103015 (20)
(compared to the value of 0.71026, Bar-Matthews Mira, personal communication).

Strontium and calcium concentrations were analyzed by ICP-AES method using Optima 3300
machine in the Geological Survey. Errors are ~2% for strontium (depending on the
concentration) and ~0.5% for calcium. All results from Melanopsis samples were converted to
water values using a distribution coefficient between the Sr/Ca in the Melanopsis shell and
the water body of 0.31.

21



4. Results and Discussion

4.1 Radiocarbon dating and reservoir ages

This chapter presents the results of the radiocarbon dating of living Melanopsis and their
habitat waters, discusses the topic of the reservoir ages that characterize the various water
bodies that accommodate the Melanopsis, presents and discusses the data of fossil
Melanopsis.

Radiocarbon in living Melanopsis shells and their associated waters

Radiocarbon contents of aragonite shells of living Melanopsis were found to be similar to
their associated waters (the same within analytical error, Table 3 and Figure 9), indicating that
the shell is in equilibrium with the radiocarbon in the water. The 8"°C values in the waters are
1-2%o lighter than the shells (Table 3, Figure 10). The water '*C results were not corrected for
isotope fractionation using the measured 3'°C values whereas Melanopsis data were
corrected. However, the difference between the measured age of the water and the Melanopsis
could not exceed 400 years and was found to be lower (200-300 years). Thus, the reservoir
age calculated based on the Melanopsis can be assumed to represent the reservoir age of the
water body with an uncertainty of 200-400 years.

The various Melanopsis types from the different water environments show large variations in
their reservoir ages (Table 3). The Melanopsis costata lampra (species cl in all tables) and
waters from the northern Jordan River yielded reservoir age of 2,300+200 years, while the
Melanopsis costata jordanica from Lake Kinneret (species cj) yielded 750+£20 years and the
Melanopsis saulcyi of Kibbutzim stream (species sa) yielded 7,200+£200 years (the
uncertainties quoted here do not include the above mentioned uncertainty due to the §"C
correction). Kibbutzim stream is fed by freshwater emerging from the aquifers of the Mt.
Gilboa. Similar low pMC values (high reservoir ages) are recorded by freshwater springs that
emerge from carbonate aquifers such as the Dan spring emerging from Mt. Hermon or the En
Peschka springs (Belmaker et al., Submitted; Carmi et al., 1985; Talma et al., 1997). The very
high reservoir age of Kibbutzim Stream might reflect water-rock interaction and aging within
the aquifer.

The significantly lower reservoir ages of the Melanopsis shell and waters of the northern
Jordan River and Lake Kinneret probably is the result of exchange of the Jordan and Kinneret
waters with the atmosphere, and of the Kinneret mixing with water coming from basaltic
aquifers in the Golan Heights, characterized by high pMC values (Belmaker et al., Submitted;
Stiller et al., 2001).

Comparison between water plant and water

Radiocarbon content and 8"°C were also determined for a water plant from Kibbutzim Stream
to determine if algae, growing on plant material, which represent part of the diet of the
Melanopsis, present similar radiocarbon content. The water plant yielded similar radiocarbon
content as the aragonite shell and the water (pMC 39.2+0.3, Table 3). We assume that also the
algae have the same apparent age as the water. Thus it indicates that some of the radiocarbon
in the Melanopsis is derived from the water plant and/or from the algae that grow on the
plant. 8"°C value of the water plant deviates significantly from that of the water and the
carbonate (-32.5%o, -12.0%0 and -9.5%o, respectively, Table 3). This variation reflects the
large fractionation in 8"°C during photosynthesis (Cornett, 2004).
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Table 3 Radiocarbon ages, 5"°C and strontium isotope ratios of living Melanopsis and
associated waters.

Location'” Sample name| RTT? Az;:::j(j)m pMC (;(;f;@ 6:5:) © ] VS
Beit BM a 4828 cl 75.240.3 2,300:40 9.0 | 0.70704%2
Hameches BM b 4829 cl 75.0+0.3 2,310+40 8.2
BM ¢ 4830 cl 72.6+0.3 2,570+40 9.0
BM d 4831 cl 78.0+0.4 2,000+40 9.4
average'” 2,300+230 -8.9
4842 water® 72.9+0.4 2,540+40 -9.9 0.70458+ 5
Pkak PK a 4875 cl 73.8+0.3 2,440+40 9.1 0.70716 £ 2
PK b 4876 cl 74.6+0.4 2,350+40 8.7
PK ¢ 4877 cl 76.8+0.3 2,120+30 9.1
PK d 4878 cl 75.4+0.3 2,270+30 8.9
average'” 2,290+140 9.0
4843 water® 73.1+0.3 2,520+40 -10.0 not
measured
Tabha TBa 4883 bucc 56.4+0.3 4,600+40 9.1 0.70779 % 1
TBb 4884 bucc 56.6+0.3 4,570+40 9.2
average'” 4,580+20 9.2
4841 water® 52.7+0.3 5,140+50 -11.0 | 0.70781 %2
Genosar GR ¢ 4885 Cj 90.9+0.5 760+40 -3.7 0.70747+2
GR d 4886 cj 91.2+0.3 740+30 4.2
average'” 750+20 -4.0
4840 water® 92.1+0.4 67040 5.1 0.70748+ 3
Kibbutzim KB a 4861 sa 39.6+0.2 7,440+50 94 070789+ 2
KB b 4862 sa 42.6+0.4 6,850+80 9.5
KB c 4863 sa 40.1£0.2 7,340+50 9.7
KBd 4864 sa 41.0£0.3 7,170+£50 9.6
average'” 7,200+260 -10.0
4839 water® 40.0+0.3 7,360+70 -12.0 | 0.70810+ 1
KB plt 4977 water plant 39.2+0.3 7,530+60 -32.5

() See Figure 2 for locations ® Serial Lab number ®cl — costata lampra, cj — costata jordanica, sa —
saulcyi, bucc — buccinoidea. For details see Figure 4. ¥ Apparent age +1c ® Strontium isotopes
measurements were not performed on same Melanopsis as carbon isotopes measurements. © Water
was collected at same time and from same location as Melanopsis. Water results are not corrected for
5"%C%, " Averages are of Melanopsis only +1o.
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Table 4 Radiocarbon ages and 0" C values of organic matter from recent Melanopsis.

Sample s No. of Total | Carbon
. . @ 3 6 "C%o . .
Location'” | name | Species® | RTT® pMC (PDB) Melanopsis | weight | weight
per sample (mg) (mg)
Beit BM org cl 5028 326+1 not 4 1162 0.35
Hameches measured
Tabha TB org bucc 5027 237+1 -30 4 1130 | 0.57
Kibbutzim | KB org sa 5030 | 103.8+0.5 -32.4 10 938 0.89

" For locations see Figure 2. Samples were collected at same time and from same locations as in

Table 3.
cl — costata lampra, bucc — buccinoidea, sa — saulcyi. For details see Figure 4.
Serial Lab number.

(@)
3)

Amino acid analysis and radiocarbon dating of organic matrix

The difficulties encountered the extraction of organic material and the very small amounts in
the shell are the reasons for the anomalous '*C results obtained (over 200 pMC, Table 4).
Further analysis of possible fractionation during oxidation and graphitization should be made
to understand such effect.

To summarize, radiocarbon dating of aragonite from living Melanopsis shells and their
associated waters yielded good results, suggesting that Melanopsis are in equilibrium with the
waters of their habitat. It seems that the inorganic carbon is originated from either the water or
the diet (represented here as algae), and shows the same hard-water effect as the water. The
water bodies discussed in this chapter (Lake Kinneret, Jordan River (north), Tabha and
Kibbutzim) are being characterized by specific reservoir ages, which are now defined. The
known reservoir age can be used to conclude a reliable radiocarbon age of a Melanopsis.

Fossil Melanopsis

The following step in our assessment of the potential use of Melanopsis shells as radiocarbon
chronometers was to analyze the radiocarbon content of fossil shells from independently
dated stratigraphic horizons. This allows us to test whether subtracting the reservoir ages we
assign for the various Melanopsis types yields the calendar ages of the stratigraphic horizons.
In turn we may use independent known calendar age (e.g. U-Th or archeological information)
on the specific stratigraphic strata to deduce a reservoir age and specify the type of habitat
water. In the following section we describe three sites with fossil Melanopsis shells according
to chronological order.

The Bet Zayda Valley (also called Beteiha Valley) on the delta of the Jordan River, where it
discharges into Lake Kinneret (location in Figure 2 and trench-10 log in Figure 12) was at the
focus of a paleoseismic study because of its location on an active strand of the Dead Sea
Transform. The Bet Zayda Valley is flooded only during extreme high stands due to its height
(207 m bsl). Offset late Holocene alluvial channels were dated using detrital charcoal (Marco
et al., 2005) recovered from paleoseismic trenches. We collected Melanopsis shells in the
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trenches (trench T-2 and Trench T-10) from the same layers where the charcoal samples were
collected and measured (see Figure 11 for trench 10).

The Melanopsis types are costata lampra (cl) (Jordan River) and costata jordanica (cj) (Lake
Kinneret). The shells from the Beteiha yielded un-calibrated ages ranging between 1370-1580
years BP, compared to charcoal radiocarbon ages of 560-1045 years BP (Marco et al., 2003).
The reservoir age, determined as the difference between the charcoal radiocarbon age and the
Melanopsis age from the same layer is somewhat higher for the costata jordanica (cj) species
than for costata lampra (average of 915 and 550 years, respectively, Table 5). The former
reservoir age is similar to current value of Kinneret water (Table 3), which is the typical
habitat of the costata jordanica (cj) species. This implies that the Beteiha valley was invaded
at that time by the Kinneret water, and the Melanopsis shells type appear to provide a reliable
radiocarbon age.

Figure 11 Trench log of Trench 10 at the Beteiha site.
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A schematic E-W section of Trench 10 at the Beteiha site. After Marco et al. (2005).

The Galei Kinneret site (location in Figure 2 and description of site in Figure 12): The
archaeological excavations at the site, situated on the western shore of Lake Kinneret at
Tiberias, between the elevations of 208 and 212 m bsl, revealed Roman, Byzantine and Early
Arabic buildings, all buried by alluvium and lake sediments (Hazan et al., 2004). Melanopsis
shells found at this site were identified as costata jordanica (Lake Kinneret type). The shells
were found in a post Byzantine pre-Abbassid strata, i.e., between 638 and 750 AD (~1300
years BP) (Hazan et al.,, 2004; Marco et al., 2003). The shells yielded un-calibrated
radiocarbon age of 2800+£390 years BP, which is ~1500 years older than the archaeological
dating. Nevertheless, a bone (RTT-4961) found in the same layer as the Melanopsis shells
yielded un-calibrated radiocarbon age of 1980+40 years BP, ~800 years younger than the
Melanopsis age from the same layer. Since the bone is considered as terrestrial organic
material regarding radiocarbon, the difference between the Melanopsis shell and the bone
(~800 years) is similar to current reservoir age of Lake Kinneret (Table 3). The bone-
Melanopsis shell relation confirms the constancy of the Kinneret type reservoir age during the
past 2000 years. We can reconcile the radiocarbon data of the bone-Melanopsis shell with the
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archeological age constraints by assuming recycling of the bone and the Melanopsis shell in
the shore environment.

s W
1
5.1 Gialei Finnmmi sim

Tiories ._'1"
208 m_

\"?h-r--u:l LF:I- -~
A w217 m

T \
| Laka B ot
—-,"‘. m-ﬁ' "-‘.\-‘!& _-I'_\_:‘ A H

s E |

Figure 12 Galei Kinneret site

A - Schematic E-W section of the Galei Kinnerte site. B - Columns of the Ummayad period buried by
Kinneret sediments. A later wall of the Abassid period (arrow) overlies the sediments. C - Lacustrine
beach ridge and Melanopsis (arrow) at the top of a sedimentary section, which buried an Ummayad

column at the right, the same column that is on the left side of figure B (Hazan et al., 2004).
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Ohalo-1I (location in Figure 2): The archeological excavations at the Ohalo-II site and the
geological trenching and coring that were performed at this site recovered organic debris and
Melanopsis shells that were radiocarbon dated (Hazan et al., 2005; Nadel et al., 2001). Woods
collected on the Ohalo shore at 213.0 m bsl yielded un-calibrated radiocarbon ages of
19440+770 years BP (average on all woods (Nadel et al., 2001), which were calibrated to
~22500 years BP. These woods were deposited on the shore after the retreat of the lake from
its highest stand (Hazan et al., 2005). The sedimentary section that was deposited during the
high stand period of the lake (~26000-24000 years BP) was recovered by trenching. Two
samples of organic debris and Melanopsis shell found in between (at depth of 213.7, 215.5
and 214.6 m bsl, respectively) yielded un-calibrated radiocarbon ages of 20640+200;
21120+190 and 211304180 years, respectively. The calibrated ages of the organic debris are
~24000 and ~26000 years BP. Considering the current deposition rate in Lake Kinneret of
1+0.2 mm/y (Koren and Klein, 2000) and the calibration uncertainties in this time range, the
Melanopsis shell would yield a calendar age of ~ 25000 years, implying a reservoir age of
less than several hundred years. Thus, we can conclude that the late Pleistocene Lake
Kinneret was characterized by reservoir age that is not very different from the current value
(of ~750 years). This result indicates that Lake Kinneret maintained a relatively uniform
reservoir age (within uncertainly of a few hundred years) during various stages of its
limnological history. This may indicate an efficient exchange of the lake water with the
atmosphere.

To summarize: Fossil Melanopsis data contribute to conclusion that Melanopsis shells that

preserve the aragonite structures are reliable radiocarbon chronometers provided that the
reservoir ages can be defined.
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Table 5 Radiocarbon and calendar ages of fossil Melanopsis.

Location'” Sample | species” | RTT/RTA® C age Age (x16)® | RTAY
1D
(yr B.P)
Beit Hameches BM-1 not 6043 1,930+40 unknown
identified
Gesher Bnot Yaakov | GBY-1 not 6044 3,9290+1,070 unknown
identified
Mishmar Hayarden MY-1 not 5106 2,170+180 unknown
identified
Beteiha T2-30 cc 4959 1,370+40 810+45% 3294
T10-1 ¢j 4953 1,550+40 680+85% 3299
T10-C2 cc 4958 1,580+40 1,045+50% 3293
T10-C5 ¢j 4952 1,520+40 560+35Y 3298
Haon Haon -1 not 3571* 4,810+60% unknown
identified
Galei Kinneret GK 1-5 cj 4954 3,010+40 1,330+50
GK 1-3 not 5105 3,080+45
identified
Shaldag JR 1-1 Shell not measured | 20,830+200° | 3706
JR 8-1 not 3707* 9,520+-90% unknown
identified
Beit Yerach BY 1-5 not 3708* 5,560+60" unknown
identified
BY 1-5 not 3573%* 20,360+190“ |  unknown
1I identified
BY 4-1 Bucc 3574% 6,265+60" unknown
Sheik Hossain sh-1 C 4957 33,650+590% unknown
Hamadia mh-a not 4955 28,750+£320 unknown
identified
Hill
mh-4 not 6041 28,490+280 unknown
identified

) For locations see Figure 2.

@

® Serial lab number.

“Independent ages on measured on contemporaneous organic matter.

©) Ages from Marco et al. (2005).
© Ages from Hazan et al. (2005).

* RTA
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4.2 Uranium-Thorium dating of Melanopsis

Previous studies showed that marine mollusks behave as an open system regarding U-Th. We
examined the possibility that under certain conditions, Melanopsis shells that live in the
freshwater environments of Lake Kinneret and its vicinity can yield reliable U-Th ages. The
basic assumption for U-Th dating of shells is that after or very close to the snail's death the
system is closed to exchange of uranium and/or thorium from the environment.

Blanchard (1963); Blanchard et al. (1967); Broecker (1963); Kaufman and Broecker (1965);
Kaufman et al. (1971) showed that most live marine mollusks contain small amounts of
uranium (often less than 0.1 ppm), but apparently incorporate significant amounts of
secondary uranium after death. If the addition of uranium is due to oxidation-reduction
reactions during the decomposition of organic material of the mollusk body and ceases after a
relatively short time, dating with U-Th disequilibrium would be reliable (Szabo and Rosholt,
1969).

#2Th, being insoluble in water and not being a product of any radioactive decay, is not
expected to be found in mollusks. Kaufman and Broecker (1965) reported negligible amounts
of **Th in modern/live ones, whereas there is a large amount of ***Th in fossil mollusks. Its
presence implies an open system and addition of thorium from the surrounding sediments to
the shell. Therefore, uranium and thorium concentrations are presumed to indicate an
open/closed system.

Measurements of the amounts of uranium and thorium in live Melanopsis from our working
sites (Figure 2) showed very low concentrations (less then 100 ppb, Table A, appendix 1).
Uranium values rise drastically as the Melanopsis dies, and stabilize around 0.5 ppm in recent
fossil Melanopsis (Figure 13, Table B, Table C, appendix 1). Empirical examination of the
data from fossil Melanopsis reveals that shells with more than 0.7 ppm of uranium yielded
discordant ages (compared to radiocarbon dates). Nevertheless, shells with uranium
concentration in the range of 0.1 and 0.7 ppm yielded U-Th ages that are close (within
analytical errors) to the radiocarbon ages of the same samples. Thorium concentrations
between 0.002 and 0.02 ppm were also found to be a criterion for a closed system (Figure 14).

Thus, it appears that though the uranium and thorium behave as an open system, those
samples whose uranium and thorium concentrations lie within the abovementioned
(“allowed”) ranges yield reasonable ages.

Another criterion that was examined for an open system is the [**°Th/**Th] activity ratio. The
[2°Th/**Th] activity ratio was found to largely fluctuate (from 0.67 in glacial sediments to
5.0 in shells from Florida) (Kaufman, 1993). Kaufman et al. (1971) came into the conclusion
that, using different and arbitrary values of the [**°Th/***Th] ratio can result in concordant U-
Th and "*C ages.

We calculated the initial ratio R, =**Th/***Th; for each sample (Table 6)

Ro= 230\ 232 28\ B2 T (] 2300 (14)
(1230

where t is uranium-thorium age.

Calculated Ry (uncorrected) for live Melanopsis (Genosar, Beteiha and Pekak) are 2.7, 3.5
and 2.3, respectively. Correcting Ry values for t = 0 resulted in 6.7, 7.3 and 5, respectively.

Table 6 summarizes uranium and thorium concentrations, calculated R, values and U-Th ages
compared to radiocarbon ages in fossil Melanopsis. Those samples are discussed in the

following section according to location:
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Figure 13 Ages vs. uranium concentrations
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Diamonds are living Melanopsis, open squares are radiocarbon ages on organic matter (considered as
calendar ages), filled circles are radiocarbon ages on fossil Melanopsis shells and open circles are
apparent U-Th ages.

Figure 14 Radiocarbon ages vs. U-Th ages
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Beit Hameches — Fossil Melanopsis were collected from Beit Hameches, a site situated above
the banks of North Jordan River. Reasonable values of R, were measured for all Beit
Hameches samples. Assuming true age of ~0 years (base on radiocarbon age and reservoir
age of north Jordan River of ~2,300 years, Lev et al. (submitted), we could have concluded
concordant uranium-thorium ages. However, as high concentrations of uranium (compared to
the above stated "within range" concentrations) were measured, we cannot be sure that after
the snail death the system became a closed isotopic system regarding uranium and thorium, as
requested by the basic assumptions of dating.

The two samples from Gesher Bnot Yaakov show different uranium and thorium
concentrations and Rq values. In GBY-1 uranium concentration is above the “allowed range”
and the Ry value is also high, thus the sample is assumed to represent an open system. GBY-2
values are well within the "allowed range", and may exhibit closed system and reasonable age
(11,800 years).

The Beteiha valley — The site, situated on the delta of the Jordan River, where it discharges
into Lake Kinneret, was at the focus of a paleoseismic study because of its location on an
active strand of the Dead Sea Transform. The Beteiha Valley is flooded only during extreme
high stands due to its height (207 m bsl). Offset late Holocene alluvial channels were dated
using detrital charcoal Marco et al. (2005) recovered from paleoseismic trenches. Uranium
and thorium concentrations and R, values measured and calculated for three of the Beteiha
samples (T10-1-1, T10-1-2, T10-1-3) indicate that these samples remained closed systems.
Radiocarbon ages performed on organic matter verify that the results can be considered
reliable. Sample T10-C2 shows concordant uranium-thorium and radiocarbon ages, however,
uranium and thorium concentrations are high. All other Beteiha samples are assumed to be an
open system regarding uranium and thorium based on the criteria presented above.

Galei-Kinneret - The archaeological excavations at the site, situated on the western shore of
Lake Kinneret at Tiberias, between the elevations of 208 and 212 m bsl, revealed Roman,
Byzantine and Early Arabic buildings, all buried by alluvium and lake sediments (Hazan et
al., 2004). The shells yielded un-calibrated radiocarbon age of ~2800 years BP, and a bone
(RTT-4961) found in the same layer as the Melanopsis shells yielded un-calibrated
radiocarbon age of ~2000 years BP. The difference the shell and the bone is in agreement
with the reservoir age of Lake Kinneret (~800 years) (Lev et al., submitted). Uranium-thorium
ages calculated for samples GK 1-3 and GK 1-5 from the Galei-Kinneret archaeological site
are similar to the calendar ages. The measured and calculated uranium-thorium parameters
support the conclusion that the system remained closed.

Shaldag beach — Shaldag beach is located along the south-east shores of Lake Kinneret. It
was identified as the old outlet of the Jordan River from Lake Kinneret (Belitzky and Nadel,
2002), implying a possible different reservoir age than Lake Kinneret (e.g. ~800 years, Lev et
al., submitted). A Melanopsis shell was recovered from a trench below an organic-rich layer
(212-213 m bsl) and yielded a radiocarbon age of 20800 cal years BP (JR 1-1). Another shell
was recovered from above the organic-rich layer, and yielded ~9000 cal years BP (JR 8-1)
(Hazan et al., 2005). The Melanopsis shells were eroded and could not be identified, thus a
reservoir age could not be specified. Nevertheless, reservoir age of ~800 years (same as Lake
Kinneret) can be assessed for the period of the high stand of the lake (~24000-26000 years
BP) and a reservoir age of ~2300 years (Jordan River) for periods of lower stands. The two
samples from Shaldag beach were U-Th dated to ~24700 and ~7500 years BP (respectively)
and have well within range values of uranium and thorium concentrations and calculated R,
values of 5.6 and 2.7 thus can be assumed to exhibit closed system.

Beit Yerach site — Beit Yerach, was inhabited from the Early Bronze Age (5300 years ago) to
the Arabic Period (900 years ago) in accordance with water level of Lake Kinneret (Hazan et
al., 2005). The archaeology site is situated in between the sedimentary sequence of the Late
Pleistocene Kinneret and the sediments of mid-Holocene lake transgression. Two Melanopsis
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(samples BY 1-1 and BY 1-2), recovered from the late Pleistocene sedimentary section
(203.3-204.9 m bsl) and radiocarbon dated to ~20000 years BP show high concentrations of
uranium, and yielded discordant radiocarbon and U-Th. Two samples found at the elevation
of 200.3 m bsl were also analyzed. BY 1-5 resulted low concentrations of thorium and is
considered as an open system. However, applying reservoir age of ~2300 years (same as
Jordan River and sample JR 8-1 from Shaldag beach) to sample BY 1-5 II (radiocarbon dated
to ~5600 years BP) verifies that it exhibit a closed system, having all above mentioned
parameters within range.

The Hamadia Hill and Sheik Hossain samples exhibit U-Th concentrations beyond the
“allowed range” and high initial R, values that probably represent an open system behavior.

Although it is likely to assume that old samples are less reliable and will exhibit an open
system, the results are not age dependent, and were found to be valid for young sample (e.g.
Bteiha, Galei Kinneret and Beit Yerach, dated to hundred to few thousand years) as well as
old samples (e.g. JR 1-1 from Shaldag beach). Other samples show uranium and thorium
concentration out of “allowed range” and might exhibit long term open system behavior that
disturbed the U-Th system. Few samples show amounts within the desirable range of uranium
and thorium, but discordant ages compared to the radiocarbon data (e.g. GBY-2 from Gesher
B’not Yaakov and GK 1-6 from Galei Kineret). One explanation is that radiocarbon and
uranium-thorium ages were not performed on the same species. Some samples resulted in
unreasonable Ry (tens to hundreds) and can indicate an open system behavior. Most of these
samples also show uranium and/or thorium concentration not within the allowed range and U-
Th ages not concordant with suspected true age.

We conclude that uranium-thorium dating of Fossil Melanopsis, being considered until now
to behave as an open system, can be considered reliable under certain conditions.
Experimental examination of the results of a series of measurements that yielded ages close to
the radiocarbon ages suggests that a closed isotopic system can be indicated by the calculated
Ry value and the measured uranium and thorium concentrations. These values are 0.2-5.6 (for
Ry), between 0.1 and 0.7 ppm for uranium, and between 0.002 and 0.02 ppm for thorium.
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Table 6 Uranium-thorium ages and R,

Location" Sample =y “*ThX10™ R® R, Uncorrected Radiocarbon
D? (ppm)® | (ppm) U/Thage (yr) | Age(yn"
Beit BM-1 2.06 6.1 6.53 1.1 570 1,930+40%*
Hameches BM-2 1.12 3.6 7.07 1.3 670
BM-3 1.56 6.0 6.87 1.2 770
Mishmar MY-1 0.10 1.5 49.9 5.7 23,300 2,170£175*
Hayarden
Gesher GBY-1 0.90 33.0 63.03 17.4 126,500 39,290+1070%*
Bnot GBY-2 0.18 5.2 11.08 1.2 11,800
Yaakov
Beteiha T2-30 0.78 56.4 16.86 6.6 36,600 810+45
T10-1 0.45 32.6 11.70 4.4 23,500 680+85
T10-1-1 0.37 11.1 242 0.7 1,840 680+85
T10-1-2 0.54 9.1 2.76 0.8 1,200 680+85
T10-1-3 0.64 13.9 343 1.0 1,900 680485
T10-C2 1.43 26.1 5.89 1.9 2,640 1,045+50
T10-C5 0.69 55.5 11.56 4.4 25,900 560+35
Galei GK 1-5 0.60 5.3 7.24 0.5 2,125 3,008+43
Kinneret GK 1-6 0.35 13.7 7.24 0.5 9,945 2,530+45
GK 1-3 0.28 17.6 1.36 0.2 2,570 3,080+45
Shaldag JR 1-1 0.20 13.1 14.03 5.6 24,730 20,830+200%*
JR 8-1 0.10 23 11.48 2.7 7,540 9,520+-90*
Beit BYT - BY 1.27 34.7 61.10 23.0 60,380
Yerach 1-2
BYTII 0.07 54 9.56 2.2 25,610
BYI1-1 0.96 3.7 142.39 47.0 14,950 22,500%
Sheik sh3 1.71 66.1 37.22 19.3 38,560
Hossain sh-1 1.83 8.5 410.56 33,651+589*
sh011104 2.35 1.3 3965.90 2833.6 62,960
sh-6 1.61 0.9 3854.26
sh-7 2.05 1.4 3658.56 2804.0 70,210
Hamadia mh-a 1.76 23.2 136.62 86.7 45,570 28,753+320*
Hill mh-1 1.04 12.9 293.50
mh-2 1.07 15.6 210.58 211.5 91,660
mh-3 1.05 453 586.97 1051.3 69,790
mh-4 1.25 16.5 193.53 158.7 71,390
mh-5 1.20 9.2 186.81 103.5 35,700
mh-6 2.04 35.1 57.43 28.2 23,490
mh-7 2.15 16.5 134.19 54.0 28,730
mh-8 2.46 38.6 50.85 23.0 19,150

M For locations see Figure 2. Samples were collected at same time and from same locations as in Table

@ Measurements were performed on different species than for radiocarbon.
©) Atomic ratio.

@ Measured [*°Th/**Th] activity ratios.

©) Calculated initial [*°Th/**Th] activity ratios, based on U-Th ages.
© See table 5.

* Ages were measured on Melanopsis.
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4.3 [P*U/P*U), YSr/*®Sr and Sr/Ca ratios in the Melanopsis

Radiocarbon and U-Th ages, reservoir ages, 202U}, ¥Sr/*Sr and Sr/Ca ratios in
Melanopsis shells can be used as indicators of the sources of the water bodies for concluding
about the limnological - sedimentological and geochemical history of Dead Sea — Kinneret
basins during late Pleistocene and Holocene. The data of Melanopsis shells and waters are
shown in tables D, (appendix 1) and E, (appendix 2) (summery table).

Figure 15 shows the [**U/?*U] activity ratios and the *’Sr/**Sr ratios measured in Melanopsis
and waters. Two end members are the Jordan River with low *’Sr/*Sr ratios (i.e. Beit
Hameches) and Kibbutzim (low [**U/**U] activity ratio). Tabha might be considered to
exhibit a third end-member with high [**U/**U] activity ratio.

Figure 16 shows the Sr/Ca *’Sr/*Sr ratios in Melanopsis and in water samples, also allowing
the identification of two types of waters as end members: Brines with high values of Sr/Ca
and *’Sr/*°Sr ratios (e.g., Dead Sea/Lisan and Tiberias spa) and the Jordan River. Again,
Tabha is a third potential end-member, which is discussed below.

The Jordan River, presented by Yosef Bridge and Arik Bridge, has low values of Sr/Ca and
¥7Sr/*Sr ratios. North Jordan water is characterized by a reservoir age of ca 2,500 years,
[P*U/?*U] = ~1.7 and *’Sr/*Sr ratios in the range of 0.7067-0.7072. The higher reservoir age
(i.e., higher than Lake Kinneret) reflect Mt. Hermon carbonatic aquifers while the *'Sr/*Sr
ratios measured at Arik Bridge (lower than those measured in Yosef Bridge) might reflect
contributions from the Golan Heights basalts.

Tiberias spa, representing the second end-member, is located along the Kinneret and show
high ¥’St/**Sr isotopes ratio (0.7078), and a [>*U/?*U] activity ratio of 1.8 — 1.9 (compared to
~1.6 in Lake Kinneret, see below).

The Tabha site is located along Lake Kinneret shore and, like Tiberias spa, show high
¥7Sr/*Sr isotopes ratio (0.7078), and a [**U/**U] activity ratio of 1.8 — 1.9 (compared to ~1.6
in Lake Kinneret) but much higher Sr/Ca values, thus indicating different source of waters,
and might also be considered as an end-member to the waters in the vicinity of Lake Kinneret.
Other chemical properties of the Tabha were not measured to infer and identify the sources of
these waters.

The following section discusses the potential water sources for the present Lake Kinneret and
the Galei Kinneret, the Bteiha and the Hamadia sites. The Melanopsis type in Lake Kinneret
is Costata Jordanica, the reservoir age of Lake Kinneret is 750+£20 years, and its isotopes
ratios of the water and living Melanopsis are: *'Sr/**Sr = 0.7075% 1 and [**U/**U] activity
ratios ~1.6. Both Lake Kinneret waters and Melanopsis recent samples from the lake's shores
(Haon and Maagan) are influenced by all mentioned-above end-members (Figure 16). Thus
the waters of Lake Kinneret are assumed to be composed from brines, expressed in high
¥7Sr/*Sr ratios as well as from Jordan River and Tabha.

Galei Kinneret site: Melanopsis found in the Galei Kinneret site are costata jordanica (Lake
Kinneret type), they show similar *’Sr/**Sr ratio as Lake Kinneret water but very low
[2*U/**U] activity ratio (1.13). This may indicate that uranium addition to the dead shell was
from a source different to lake’s water.

The Bteiha valley, very close to Tabha, is the main draining basin for the Golan Heights
streams. The Melanopsis types are costata lampra (cl) (Jordan River) and costata jordanica
(¢j) (Lake Kinneret). They yield a low ¥'Sr/*Sr ratio (0.7051) reflecting the contribution of
basaltic Golan aquifers (with *’Sr/**Sr ~ 0.7040) and Jordan River waters (with *’Sr/*Sr =
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0.7078). Its [**U/**U] activity ratio is ~1.46, close to the values measured in Shaldag, Beit
Yerach and Haon (along Lake Kinneret shores), but very different from that of the Galei
Kinneret site (also along Lake Kinneret shore).

Hamadia Hill: The live and fossil Melanopsis data suggest that defining the fossil Melanopsis
species (thus, its habitat) and the ®’Sr/**Sr isotope ratio (thus the type of water), enables the
assessment of a radiocarbon reservoir age and therefore to use Melanopsis as a radiocarbon
chronometer. The Hamadia Hill is located above the bank of the Jordan River in Beit Shean
Valley at ~170 m bsl (Figure 2). Large number of Melanopsis shells was recovered from the
top of the Lisan Formation sediments comprising the hill, probably marking a high-stand of
the paleo-lake. Most Melanopsis shells were identified as saulcyi (same as Kibbutzim stream
species), and few were identified as costata lampra (Jordan River species). The Melanopsis
shells from this site yielded un-calibrated radiocarbon age of 28600+200 years BP. Assuming
that the Melanopsis shells were recovered from the high stand shores of Lake Lisan, the
calendar age would lie in the range of ~26000-24000 years cal BP (e.g. Bartov et al., 2003).
This would indicate un-calibrated radiocarbon age of 20000-21000 years BP - significantly
lower than the measured age. This could imply a high reservoir age of several thousand years
that is consistent with the reservoir age of the Kibbutzim (~7000 years) that drain into the Beit
Shean Valley. This possibility is verified by the finding of Melanopsis saulcyi, but should be
confirmed by applying other geochemical tracers such as *’Sr/*’Sr isotope ratios. Their
¥7S1/*Sr isotope ratio (0.7077) is higher than Lake Kinneret (0.7075) and lower than Lake
Lisan ratios (~0.7080). Similar *’Sr/**Sr isotope ratios, were recorded by Melanopsis shells
from Sheik Hussein, Beit Yerach (0.7076) and Shaldag beach (sample JR 1-1, ¥'Sr/*Sr =
0.7077), which were recovered from the high Lake Kinneret - Lake Lisan stands of the same
time interval period (Hazan et al., 2005), supporting the assumption that Hamadia section is a
remnant of the high stand Lake Lisan. The [2*U/**U] activity ratio (~1.75) is higher than
Lake Kinneret values or Lisan values and maybe related to an open system.

Brines — fresh water interactions

It is also possible to calculate the fraction (f) of the contribution from each end-member
(brines and fresh water). If we assume contribution from two end-members to a water body
(i.e. Tiberias spa or Dead Sea and Jordan River south or Jordan River north), we can write:

Stm=Sr,* f.+Srp * (1-f)  (15)

Because the two end-members are characterized not only in different strontium concentrations
but also different isotope compositions, both concentrations and isotope compositions have to
be accounted for:

¥ Sr Sr w o w ST ¥ Sr Sr,
= _a + % 1_ * b
86S}”)m (86S]/')a fa (S}’m) (86S]")b ( fa) (S}"m

( (16)

Sr denotes the strontium concentration (in a Melanopsis or water sample); *’Sr/*°Sr denotes
the isotope ratio. Small letter m stands for the Melanopsis, a stands for brines and b for fresh
water. fis the calculated fraction of the end-member.
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We calculated the volume fraction for thee samples: JR 1-1 (Shaldag, dated to the high stand
of Lake Lisan), GK 3-1 (Galei Kinneret archaeology site) and GR-3 (Genosar, living
Melanopsis). Results are shown in table 7. The results shown in the table demonstrate the low
contribution of brine waters (Tiberias spa) to the samples (usually less than 1%), and the
contribution of the Jordan River (~99%). The low contribution from the brines compared to
the high contribution of fresh waters was also concluded by Hazan (2003). Between these
three samples, JR1-1 is the closest to the brines (figure 16) and shows greater influence from
the brines compared to samples GK 3-1 and GR-3 (table 7). This might be the result of water
level: during the high stand of Lake Lisan the water bodies are of more influence from the
brines.

To summarize, fossil Melanopsis are characterized by specific species, Sr/Ca ratio, *’Sr/*Sr
and 2*U/?"U isotope ratios, differentiated according to the type of the water of its habitat.
These parameters enable the definition of each water body and the assessment of a
radiocarbon reservoir age, thus enabling to determine the age of the geological site and to
establish the late Pleistocene and Holocene environmental (paleoseismic and paleoclimate)
history of the Dead Sea — Kinnarot basins.

Table 7 Sr/Ca composition of Shaldag and Galei Kinneret samples

Data @ Sr (g/L) 8Sr/Sr

Tiberias spa 0.060 0.707845

Dead Sea 0.314 0.708030

Jordan River (Yosef Bridge) 0.050 0.707230

Jordan River (Arik Bridge) 0.100 0.706693

Sample JR1-1 GR-3 GK 3-1
Jordan River (Yosef Bridge) 99.7% 99.94% 99.9%
Tiberias spa 0.3% 0.06% 0.1%
Jordan River (Arik Bridge) 98.9% 99.6% 99.3%
Tiberias spa 1.1% 0.4% 0.7%
Jordan River (Yosef Bridge) 99.98% 99.99% 99.99%
Dead Sea 0.02% 0.01% 0.01%
Jordan River (Arik Bridge) 99.6% 99.95% 99.93%
Dead Sea 0.4% 0.05% 0.07%

)(Stein et al., 1997)
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5. Conclusions

This study focuses on the evaluation of the potential use of Melanopsis shells as radiocarbon
and U-Th chronometers as well as paleoenvironmental tracers of fresh water bodies that
occupied the northern Jordan Valley during the late Pleistocnene and Holocene times (Lake
Kinneret and its vicinity). The questions that were evaluated in the course of this work were:
Do Melanopsis shells behave as a close isotopic system regarding radiocarbon and uranium-
thorium systems; Can we define a radiocarbon reservoir age to correct the measured
radiocarbon contents for Melanopsis living in different environments (e.g. Jordan River, Lake
Kinneret, springs waters); Can the living environment of the various Melanopsis be
characterized the by Sr/Ca ratio and *’Sr/*Sr isotope ratios.

The conclusions are:

1.

Radiocarbon dating of living Melanopsis and their associated waters, as well as fossil
Melanopsis from geological and archaeological sites of known ages yielded good
results, suggesting that Melanopsis are in equilibrium with the waters of their habitat.
The water bodies discussed in this work are being characterized by a specific
reservoir age, which are now defined (northern Jordan River: 2,300+200 years, Lake
Kinneret: 750+£20 years, Kibbutzim stream: 7,200+200 years and Tabha: 4,600+20
years). Thus by measuring the radiocarbon age of a species and subtracting the
known reservoir age, Melanopsis can be assumed to be reliable as radiocarbon
chronometers.

Uranium-thorium dating of Fossil Melanopsis has been considered to behave as an
open system and thus was not reliable. However, a series of measurements yielded
ages close to the radiocarbon ages. Experimental examination of the results suggests
that a closed isotopic system can be indicated by the calculated Ry value and the
measured uranium and thorium concentrations. These values are 0.2-5.6 (for Ry),
between 0.1 and 0.7 ppm (uranium), and between 0.002 and 0.02 ppm (thorium).

Melanopsis shells can be used to differentiate between the water bodies of their habitat,
characterized by the Melanopsis species, Sr/Ca ratio, *’Sr/**Sr and [**U/**U] isotope
ratios. The definition of each water body enables the assessment of a radiocarbon
reservoir age and the determination of the age of the geological site to establish the late
Pleistocene and Holocene environmental (paleoseismic and paleoclimate) history of the
Dead Sea — Kinnarot basins. Examining the Sr/Ca and *'Sr/*Sr ratios in water samples,
it is possible to identify two types of waters as end-members: Brines with high values of
Sr/Ca and *’Sr/**Sr ratios (e.g., Dead Sea/Lisan and Tiberias spa, contributing less than
1% to the water bodies) and fresh water (Jordan River), contributing over 99% to the
water bodies. Comparison between recent samples and a sample from the time of the
high stand of Lake Lisan indicate that the brines were of more influence during the high
stand of Lake Lisan.
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Appendix A — Data

Table A Uranium concentrations in living Melanopsis and associated waters.

Location'” Sample Species" Melanopsis Water
name®® U concentration U concentration

(ppb) (ppb)

Jordan River - BM, PK Cl 12.5 0.3
north

Tabha TB bucc 20.1 0.8
Genosar GR cj 23.1 0.6
Kibbutzim KB Sa 13.5 2.0

" For locations see Figure 2. Samples were collected at same time and from same locations as in

Table 3.
Measurements were performed on different species than for radiocarbon.
cl — costata lampra, bucc — buccinoidea, sa — saulcyi. For details see Figure 4.

@
(©)

Table B Uranium and thorium concentrations in living Melanopsis.

Location'” Sample | Species” | U (ppm) | **ThX10° | *°ThX10® | Z*Th/**U® | [P*U/” U1
ID? (ppm) (ppm)
Pekak PK cl 0.013 1.78 54 0.137 1.833
Tabha TB bucc 0.021 1.70 6.9 0.081 1.782
Genosar GR ¢ 0.023 1.95 7.2 0.085 1.619
Kibbutzim KB sa 0.014 2.02 7.9 0.144 1.367

(" For locations see Figure 2. Samples were collected at same time and from same locations as in

Tables 3.

Measurements were performed on different species than for radiocarbon.

cl — costata lampra, bucc — buccinoidea, sa — saulcyi. For details see Figure 4.
Atomic ratio.

Activity ratio.

@
3)
Q)
(©)
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Appendix B — Summery Tables

Table E Summery table: water bodies characteristics according to Melanopsis

species, reservoir ages, Sr/Ca ratios and *'Sr/**Sr and [2*U/***U] isotope ratios.

Location Data Melanopsis reservoir Sr/*osr) Sr/Ca® Zyssut
species age (yr)"”
Jordan River — north A cl 2,300 1.68
Tabha springs north A bucc 4,600 0.70781 0.01107 1.87
of Lake Kinneret
Lake Kinneret A cj 750 0.70748 0.00411 1.61
Kibbutzim A sa 7,200 0.70810 0.00235 1.37
(stream south of Lake
Kinneret)
Water samples
Jordan River — Arik B 0.70669 0.00031 1.73
Bridge
Jordan River — Yosef B 0.70723 0.00038
Bridge
Lake Kinneret B 0.70743 0.00236 1.57
Tiberia Spa B 0.70785 0.00245
Dead Sea B 0.70800 0.00267 1.44
Lake Lisan B 0.70804 0.00202 ~1.5
Lake Lisan B 0.70806 0.00307 ~1.5
A This study

B Strontium and calcium data: Stein et al. (1997); Uranium data: Haase-Schramm et al. (2004)

() Measurements were performed on water.
@ Sr/Ca was measured in Melanopsis. Data brought here is calculated according to distribution

coefficient
of 0.31.
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Table F Melanopsis samples — summery table

Location Description Total number | Number of Species Notes
of samples specimens
per sample*
Living species
Beit Hameches Jordan River — 4 1 cl 1,2
north
Pkak Jordan River - 4 1 cl 1,2
north
Tabha stream, north of 2 1 bucc 1,2
Lake Kinneret
Genosar Lake Kinneret 2 1 cj 1,2
Kibbutzim stream, south of 4 1 sa 1,2
Lake Kinneret
Fossil species
Beit Hameches Jordan River — 3 1 unknown 2
north
Gesher Bnot Jordan River — 2 1 unknown 2
Yaakov north
Mishmar Jordan River — 1 1 unknown 2
Hayarden north
Beteiha North of Lake 7 3 cc, ¢j 2
Kinneret
Maagan Lake Kinneret 1 10 unknown 2
Haon Lake Kinneret 4 10 cc, Cj 2,3
Shaldag Lake Kinneret 2 unknown 2,3
Beit Yerach Lake Kinneret 5 3-5 bucc 2,3
Shek Hossain Lake Kinneret 5 1 c 2,3
Galei Kinneret Lake Kinneret 3 3-5 cj 2
Hamadia Hill Jordan River - 9 1 unknown 2

south

W N = %

For measurements in this study.
One water sample was also analyzed.
Data from this study.
Data from from Hazan et al. (2005).
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Appendix C

The ratios achieved on the uranium NBL-112A standard during the course of this project. The
average value of the standard isotope ratios is 5.2997X10°+0.0595X107 (20).

B4y 238001 0°
5.2969
5.3046
5.3041
5.3098
5.2999
5.2948
5.2932
5.2866
5.2778
5.1818
5.2879
5.2912
5.3038
5.2892
5.5104
5.2771
5.2919
5.2942

average 5.2997
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Appendix D

The standard ratios achieved for strontium isotope measurements. The average value
is: 0.71030£5 (20).

YSr/*Sr
0.71024
0.71027
0.71027
0.71022
0.71031
0.71027
0.71034
0.71030
0.71033
0.71031
0.71029
0.71036
0.71038
0.71026
average 0.71030
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