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Abstract

The continuing decline in the water level of the Dead Sea and the commensurate increase
in salinity and precipitation of evaporates results in an irreversible evolution of the structure of
the sea. The Dead Sea has been switching from its holomictic regime to short meromictic
phases of up to 4-year duration, following the particular rainy winters of 1980 and 1992. The
massive precipitation of halite in recent years, as well as the re-introduction of the end-brines of
the potash plant, is changing the ion composition of the Dead Sea waters. This necessitates the
adjustment of the equation-of-state of the brine and the solubility curve of halite. One
consequence is that the onset of halite precipitation during the summer occurs earlier and earlier
in the annual cycle. New isotopic measurement of 837C1 of the brine and evaporate deposits
and of 518O in dissolved oxygen in the water column have yielded new information on
geochemical processes in the Dead Sea system. A systematic monitoring of the oxygen and
hydrogen isotopes in the Dead Sea waters has, unfortunately not been continued in recent years
and should be encouraged for the future.

1. INTRODUCTION

The Dead Sea represents the ultimate, highly mineralized, terminal lake of the Jordan
River system whose water balance is under extreme anthropogenic stress. The resultant
everchanging situation of the lake and, in particular, the changing water level, increase in
salinity, precipitation of salts and the exposure of new coastal land areas have provided the
major motivation for research. (Fig. 1).

An intensive measurement campaign of hydrographic and other parameters, during the
years from 1975 to the beginning of the nineties have established the general pattern of
behavior. Many of the findings were published in the literature and summarized in the book
"The Dead Sea - the Lake and its Setting (T. Nieni, Z. Ben-Avraham. and J.R. Gat, editors) just
now published by Oxford Press [1].

Compared to the rather intensive research effort during these 15 years, lack of funding has
curtailed field operations in recent years. A minimal record of the ever-changing lake system
has, however, been provided by Anati and coworkers [2] through periodic hydrographic
monitoring of the water column at the deepest part in the center of the lake (bottom at -729,
MSL)offEin-Gedi.

2. HYDROGRAPHIC DEVELOPMENT OF THE LAKE

The hydrographic development is being triggered by the decline of the surface water
level, which resulted in the historic termination of the centuries-long meromictic state by an
overturn of the water column early in 1979 [3]. Fig. 2 shows the position of the surface level
during the recent years. The general trend is a secular drop of about 60 cm per year of the lake
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Fig. 1: Location plan and section
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Fig. 2: Hydrograph of the Dead Sea level since 1929

surface level. In 1980 and 1992, following relatively large amounts of freshwater inflows the
lake level rose. Apart of these two special years, the levels dropped even faster, 80 cm per year
with very little variability of <2%.

Following the overturn observed in February 1979 a very weak stratification was
established during summer 1979 by virtue of a temperature balance which scarcely
overbalanced the inverse salinity gradient [4]. An imminent overturn in the fall of 1979, which
would have established a monornixis, was prevented by the early onset of freshwater inflows of
the 1979/80 rainy season. A further overturn only took place in Dec. 1992.

From that time to the present, the Dead Sea entered a phase in which it switches from one
mixing regime to another. Hutchinson [5] defines a "meromictic1 lake as one in which part of
the deep water is stabilized, and a "holomictic" lake as one which can go freely through annual
circulation periods. A new and more precise definition of these regimes became necessary then
for the case of the Dead Sea, which was formulated by Anati as follows: a period is defined as
"meromictic" if it is longer than one seasonal cycle; it begins with the onset of a stable
stratification, and terminates with the first overturn. A "holomictic" period is a non-meromictic
period which comes between meromictic periods. According to this definition, it begins with
an overturn and terminates with the onset of a stable stratification.

The bars at the bottom of Fig. 3 indicate these changes of regime. According to this
definition, the 1979-1980 holomictic period is revealed as considerably shorter than a whole
holomictic year as it was previously considered to be. During the two decades represented in
Fig. 3, the Dead Sea has been switching from holomictic to meromictic at particularly rainy
winters, staying then meromictic for a typical period of four years.

Judging from these two decades of Dead Sea hydrography since 1977, the combined
contribution of rain, floods, springs, and minor rivers runoff, has been almost negligible in
comparison with the Jordan river surges which followed the openings of the Degania dams.
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Fig. 3: Surface levels of the Dead Sea. Bars at bottom signify the mixing regime which
operates: HO - holomictic; ME - meromictic; vertical dashes on top show timing
and magnitude of floods due to opening of the Degania Dam at Lake Kirmeret.

The five vertical dashes shown in Fig. 3 represent the five strongest surges during the period,
their lengths being proportional to the amounts of water released. It can be seen that the
changes into a new meromictic period depend mostly on the amount of fresh water released
through the Degania dams, that is on the amounts of winter rains in the northern catchment
area, rather than in the local vicinity.

Until 1995, all recorded overturns were documented, or estimated to have occurred, in
early to mid December. Similarly, the lowest stability of the water column in meromictic years
has always been registered in early to mid-December. The first recorded exception to the rule
occurred in 1995; the Dead Sea water column overturned in mid-November. (In 1996, the
paucity of data did not permit an accurate estimate of the date of overturn). It is not to be
excluded that the high salt concentration attainable with the present ionic composition, brings
about a preconditioning favorable to double diffusive mixing (DDM) at an earlier stage (say
May, rather than July-August). This, in turn, would accelerate the deepening and weakening of
the pycnocline, causing an early (and therefore warm) overturn. If future evidence will
eventually point at this kind of strong warming-up trend in the deep water mass of the Dead
Sea, in addition to the documented (weaker) warming up due to increasing salinities, this might
corroborate this hypothesis.

The Dead Sea thermohaline structure in the summer of 1996 is described by Ran
Weinstein and David A. Ariati as follows: Since the overturn of November 1995, four cruises
have been conducted in the Dead Sea, three of them at the deep station of Ein-Gedi 320 and one
at the
shallower station of Ein-Gedi 120. The conclusion from analyzing the data collected in those
cruises is that the vertical stability of the Dead Sea water column is very fragile, because of
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destabilizing salinity gradient, and apparently, we can expect an overturn of the Dead Sea
before winter.

The thermocline is very sharp just below 21 in. The temperature difference between the
epilimnion and the hypolimnion is 11.5°C; that gives the column stability of 5 su. This
difference is seasonal and it builds during spring and summer. This year (1996) the temperature
structure is maintaining the stability of the water column.

The detailed salinity structure of the uppermost 40 m shows that there is an unstable
structure resulting from poor inflow of fresh water during the winter, and evaporation of surface
water that increase the concentration of salinity below the surface.

2. SALINITY

The chemistry of the Dead Sea waters, and in particular its mineral load, is its most
notable attribute. Aptly, the Hebrew name for the Dead Sea is the "Salt Sea". Many studies
were concerned with explanation of the particular ion composition of the brine.

Zak summarizes the situation as follows: the waters of the present-day Dead Sea are a Ca-
chloridic brine, with over 330 g/1 dissolved ions, and with unique high Br content of about 5
g/1. The same brines occur as interstitial water in formations adjacent to the lake, as do a
number of other brines known from springs and boreholes around the lake. All these brines are
derived from three basic types: 1) Diagenetic type brine, originally evaporated seawater of the
Gulf of Sedom and later modified by Mg'Ca exchange into Ca-Mg-Na-K-Cl-Br water (with
Ca2+ > НСОз + SO42*, which has obtained its Ca by exchange of its original (marine) Mg with
the Ca of carbonate sediment of the Dead Sea Group and of the surrounding pre-rift Cretaceous
and older carbonate rocks, and which has lost most of its original sulfate by precipitation with
this sequestered Ca; 2) Meteoric waters, dilute to mesohaline, whose composition has seawater
affinity (airborne seasalts); 3) Metamorphic brine, the result of incongruent alteration and
dissolution of hydrous evaporate minerals of the Dead Sea Group, which represent phases of
desiccation of the successive marine and lacustrine water bodies.

The Dead Sea, which reaches a depth of about 325 m, may be regarded as an outcrop of
brine, partly fossil, partly of recent derivation, which pervades both the Dead Sea Group and the
downfaulted Mesozoic formations flanking and underlying it.

The waters of the open lake, the Dead Sea brine sensu stricto, maintain their composition
by mixing processes with the above solutions combined with multiple progressive and
regressive evaporation cycles, with periodic precipitation of halite, and occasionally of
camallite. The processes also take place along hydraulic pathways created by the Rift's
marginal faults, which provide porosity and moreover enable brines to sink to depths of
geothermal heating. The evolution of the Dead Sea brines can be considered a characteristic
model for the hydrochemistry of continental rift-basins, temporarily connected with the ocean.

The relative ionic composition of the Dead Sea brine changes through the years, and
therefore the equation of state of its waters [r = f (T, S, P)] also changes through the years, and
must be revised periodically. It was assessed in 1980 [6], and then again in 1990 [7]. Although
the rate of salt deposition has not been measured since 1992, indirect evidence points to a
substantial increase during the present holomictic period of 1995-97. This massive salt
deposition, combined with the reinjection of extremely dense "end brines" to the main water
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body, is expected to have changed the relative ionic composition of Dead Sea brines at an
enhanced rate, and the latest assessments of the equation of state may well deserve being
updated already. The same can be said of other properties: saturation, heat capacity, viscosity,
etc.

The change of salt composition affects not only its equation of state, but also that of the
solubility of the evaporitic salt and foremost that of halite. In a multicomponent solution such
as the Dead Sea brine, solubility is not only a function of total salinity and of temperature, but
also of the ion composition. The effect of components other than NaCl, especially of the
alkaline earth cations Mg and Ca, is to decrease the thermodynamic activity of the Na and Cl
ions, and thus one witnesses a salting out effect. Indeed in the Dead Sea brine the halite
solubility is only about one third of that of pure NaCl solution. Thus every time that massive
halite deposition occurs, the NaCl solubility line is shifted in temperature-salinity space, and the
onset of halite precipitation occurs earlier in each annual cycle.

The detailed and accurate prediction of this effect on the pattern of evaporate deposition
is of concern but has not been fully resolved.

In addition to the geochemistry of major ions, some minor components have come to
attention. Recently the mass balances of nitrogen and phosphorus have been addressed by
Nissenbaum and Stiller. In the Dead Sea the very limited biota provides the opportunity of
studying long-term mass balance of nutrients while decoupling geochemical factors from
biological effects. Average ammonia in the water column rose from about 5.9 - 6.7 mg N L"1 in
the pre-1979 overturn period to 7.5 mg N L'1 in 1981 and 8.9 mg N L"1 in 1991. This increase
could not be accounted for by the decrease of lake volume due to the decline in lake level. In
1977, during the destratification process, the water below 150 m depth still retained the same
ammonia values as in the lower water mass during the stratified stage, indicating that the
isolation of the deep waters still persisted. Following the 1979 overturn, the dissolved
ammonia concentration became fairly homogeneous. Calculation of the quantity of inputs of
ammonia from surface sources, such as runoff, perennial saline and fresh water springs and the
Jordan River are shown to be of secondary importance as compared with diffusion from the
sediments. Pore waters from the sediments in the deepest part of the lake showed increasing
concentration of ammonia with depth, of up to 58.5 mg N-NH3 L"' at 45 cm depth. However,
calculation of the 1981 and 1991 nitrogen inventories showed that there must be an additional
source of ammonia. It is tentatively assumed that the oxygenation of the entire water column
after the 1979 overturn, and especially during the 1982-1991 monomictic stage resulted in
mineralization of much of the dissolved organic nitrogen reservoir. Nitrate and nitrite are very
low in the Dead Sea (about three orders of magnitude less than ammonia) and it can be shown
that the nitrate load is compatible with recent, pollution-derived, sources. Dissolved and
particulate phosphorous concentrations in the lake are quite low, at about 35 mg P L'1 dissolved
phosphate, and 30 to 50 mg P L'1 for particulate phosphate. The dissolved phosphate
distribution in the water column is fairly homogeneous, except for somewhat higher values near
the sediment-water interface. Particulate phosphate, on the other hand, shows greater vertical,
spatial and temporal variability. Mass balance calculations showed that the two major sources
of phosphate are diffusion from the sediments (mostly) and phosphate introduced by the Jordan
River. The mean residence time of dissolved phosphate is about 60 years. The exact mode of
its removal is unknown, but co-precipitation with authigenic aragonite seems a plausible
mechanism.
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3. GAS EXCHANGE

Gases are another chemical component whose geochemistry is strongly affected by the
high salinity so that freshwater studies have little relevance to the Dead Sea story. Dissolved
oxygen was scrutinized by Shatkay et al. [8]. They concluded that the oxygen profiles in the
Dead Sea follow the hydrographic structure of the water column, as determined by the physical
variables (namely salinity, temperature and density), but also suggest the presence of chemical
processes, such as oxygen reduction in the deeper part of the water column. It seems that the
dominant source of reducing material is allogenic organic matter, brought in mainly by floods
during the winter months.

From the data so far accumulated, it is evident that gas exchange rates are high only
during winter months when strong winds and higher energy wave regime conditions prevail. At
other times (especially during summer months), the deduced piston velocities are extremely
low, lower even than the values found in the laboratory for conditions of diffusive transport
across a fully developed boundary layer. Possibly this might indicate the presence of organic
films at the water surface, which inhibit gas transfer across that interface. As a result the Dead
Sea is mostly undersaturated with respect to DO, and thus seems to be a 'permanent sink' for
incoming atmospheric oxygen.

A more recent study on the isotopic composition of dissolved oxygen by Luz and
Barkan, who found a 7%o enrichment in 818O (O2) in the deep waters relative to the surface
waters, suggests that there occurs bacterial oxidation in the deep waters of the Dead Sea. Their
reasoning is based on a decline in the Ог/Аг ratio, from which an isotopic discrimination of
-18%o is calculated which is typical for bacterial oxygen consumption.

4. ISOTOPIC MEASUREMENTS

The measurements of the stable isotope composition of the Dead Sea waters, which were
reported in detail in two papers in the past [9,10], were unfortunately not continued
systematically.

However, some new measurements of other isotopic tracers were conducted, foremost on
chlorine isotopes. An abstract of this work by Stiller and coworkers [11] which was accepted in
Applied Geochemistry for publication in 1998 reads as follows:

This study presents the first set of 837C1 measurements in the Dead Sea environment.
837C1 values for the meromictic (long-term stratified) Dead Sea water column prior to its
complete overturn in 1979 were -0.47%o SMOC for the UWM (Upper Water Mass) and
+0.55%o SMOC for the LWM (Lower Water Mass). The 537C1 values for the pre-overtum
Dead Sea cannot be explained by the prevailing model on the evolution of the Dead Sea during
the last few centuries and require corroboration by more measurements. The 1979 overturn
wiped out almost completely the isotopic differences between the UWM and LWM. Even so,
chlorine isotope data could be used to decipher physical processes related to the overturn such
as incomplete homogenization of the deep water mass. Inputs into the lake, comprising fresh
waters (springs and the Jordan River) and saline springs gave a range of -0.37%o to + 1.0%o with
the fresh water sources being more enriched in 537C1. Based on the 837C1 measurements of the
End-Brine (the effluent from Dead Sea evaporation ponds) and of recent Dead Sea halite, the
chlorine isotopic composition of the originating brines have been estimated. They gave a
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narrow isotopic spread, + 0.01%o and +0.07%o and fall within the same range with Dead Sea
pore water (+0. 1 3%o) and with the post overturn Dead Sea (-0.03%o and +0.16%o). Rock salt
from Mt. Sdom gave a value of -0.59%o indicating its formation at the last stages of halite
deposition from evaporating sea water. The hypersaline En Ashlag spring gave a depleted 537C1
value of -0.32%o, corresponding to a residual brine formed in the very latest stages (including
bishofite deposition) of sea water evaporation.

The most telling use of environmental isotopes in recent years, related to the Dead Sea
system, has been in the study of the Coastal hydrological regime. As the lake level drops and
the lake-shore line recedes, it is accompanied by a restructuring of the freshwater-saltwater
interface zone. Furthermore, the new coastal lands (the terra nova) which were saline bottom
sediments of the Dead Sea are now exposed to flushing by fresher waters, whether by rain,
surface floods or upwelling of water from shallow water table. Yehieli and coworkers have
pursued these processes in which are summarized in the cited publications [12] and which are
schematically represented in Fig. 4.

Stable isotopes in plant waters of new plants which are invading the terra-nova have been
used to advantage by Yakir and Yehieli [13] to study the pattern of water usage. It was found

New shore area
New unsaturated. zone

Fig. 4: Conceptual model describing the different water transport mechanisms in the study
area (broken line denotes the former ground-water and Dead Sea levels): 1)
drainage of residual Dead Sea solutions as a result of the receding of the Dead Sea
in the last few decades; 2) transport of groundwater originating in the west; 3)
upflow of water through fault plane; 4) percolation of rainwater and floodwater; 5)
lateral flow in the unsaturated zone; 6) adsorption of air moisture by the saline
surface sediments; 7) evaporation; and 8) capillary rise.
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that the plants appear to ignore the more saline water pockets in the soil zone (which are
marked by enrichment of heavy water isotopes and preferentially use up fresh water lenses
which can be related to recent floodings of the area.

REFERENCES

[I] NIEMI, Т., BEN-AVRAHAM, Z., GAT, J.R. (Eds.). The Dead Sea: - The Lake and its
Setting. OXFORD MONOGRAPHS ON GEOLOGY AND GEOPHYSICS, no. 36,
Oxford University Press, 281 pages, (1997).

[2] ANATI, D., Private communication (1997) on results of hydrographic survey of the
Dead Sea water masses.

[3] STEINHORN, L, ASSAF, G., GAT, J.R., NISHRY, A., NISSENBAUM, A., STILLER,
M, BEYTH, M , NEEV, D., GERBER, R., FRIEDMAN, G.M., WEISS, W., The Dead
Sea: deepening of the mixolimnion signifies the overture to overture of the water
column, Science 206 (1979) 55-57.

[4] ANATI, D.A., STILLER, M., SHASHA, S., GAT, J.R., Changes in the thermo-haline
structure of the Dead Sea, 1979-1984, Earth and Planetary Science Letters 84 (1987)
109-121.

[5] HUTCHINSON, G.E., A treatise on limnology, Wiley Press, NY (1957).
[6] STEINHORN, I., The density of Dead Sea waters as a function of temperature and salt

concentration, Israel J. Earth Science 29 (1980) 191-196.
[7] ANATI, D.A., How much salt precipitates from the brines of a hyper-saline lake? The

Dead Sea as a case study, Geochern. Cosmoch. Acta 57 (1993) 2191-2196.
[8] SHATKAY, M., ANATI, D.A., GAT, J.R., Dissolved oxygen in the Dead Sea seasonal

changes during the holomictic stage, Intemat. J.Salt Lake Research 2 (1993) 93-110.
[9] GAT, J.R., The stable isotope composition of Dead Sea waters, Earth and Planetary

Science Letters 71 (1984) 361-376.
[10] HORITA, J., GAT, J.R., Deuterium in the Dead Sea: remeasurement and implications

for the isotopic correction in brines, Geochem. Cosmochem. Acta 53 (1989) 131-133.
[II] STILLER, M., KAUFMAN, R.S., LONG, A., NISSEMBAUM, A., CI-37 in the Dead

Sea system - Preliminary results, Applied Geochemistry (in press).
[12] YEHIELI, Y., GAT, J.R., "Geochemical and hydrological processes in the coastal

environment of the Dead Sea", In: The Dead Sea, the Lake and its Setting (NIEMI, Т.,
BEN-AVRAHAM, Z., GAT, J.R., Eds.), Oxford University Press, (1997) 252-265.

[13] YAKIR, D., YECHIELI, Y., Plant invasion of newly exposed hypersaline Dead Sea
shores, Nature 374 (1995) 803-805.

41


