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Executive summary
The Dead Sea is a severely disturbed ecosystem, greatly damaged by anthropogenic
intervention in its water balance. During the 20th century, the Dead Sea level dropped
by more than 25 meters, and presently (2006) it is at about 420 meters below mean
sea level. Over the last decade the average rate of water level decline is ~1 m/yr, while
salt accumulates at the bottom of the lake at a rate of ~0.1 m/yr. Accordingly, lake
volume decreases by some 700 million cubic meters annually. Due to the high density
of the Dead Sea brine, this volume translates to an annual freshwater deficit of about
850 million cubic meters. The negative water balance of the lake is mainly due to the
diversion of water from its catchment area by Israel, Jordan, Syria and Lebanon, as
well as the result of the industrial activity in the southern basin of the Dead Sea,
which at its current level would otherwise be dry. In 2002 Israel and Jordan jointly
announced their interest in stopping the water level decline and the deterioration of
the surrounding infrastructure by constructing a Red Sea - Dead Sea conduit (RSDSC)
that will pipe water from the Red Sea to the Dead Sea. The proposed project includes
also a desalinization plant that will utilize the 400 meter elevation difference between
the Seas. In 2005 Israel, Jordan and the Palestinian Authority submitted to the World
Bank terms of reference (TOR) for a "Feasibility Study - Environmental, Technical
and Economic, and Environmental and Social Assessment". This TOR puts forward,
among others, the environmental concerns associated with the proposed RSDSC
project. On January 10 2006 the World Bank announced that steps towards the
realization of the feasibility study would take place in 2007.

The qualitative impact of seawater mixing in the Dead Sea has been described in
several publications of the Geological Survey of Israel (GSI), suggesting that the
inflow of seawater (or reject brine after desalinization) into the Dead Sea will have a
major impact on its limnology, geochemistry and biology. During the filling stage, to
a level to be decided upon by the concerning parties, the water column will become
stratified with a relatively diluted upper water layer. The salinity and density of this
water are difficult to predict as they will be a function of numerous parameters such as
depth of stratification, rate and timing of seawater discharge, rate of evaporation,
water turbidity and more. When the desired level is reached, seawater will continue to
be discharged to the lake so as to keep pace with evaporation and maintain a stable
water level. Once stratification develops, the salts derived from the seawater will
accumulate in the upper water layer. Consequently, the composition, salinity and
density of the upper layer will change with time. Halite (NaCl-table salt), which
currently precipitates from the Dead Sea, will cease precipitating, while the mixing
between the calcium-rich Dead Sea brine and the sulfate-rich seawater will result in
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gypsum (CaSO4·2H2O) precipitation. It is not known at what rate these gypsum
crystals would sink to the bottom of the lake and whether it will lead to whitening of
the surface water. Dilution of the surface water will probably result also in microbial
blooming whose duration is not known. The lower water layer is likely to develop
reducing conditions, including bacterial sulfate reduction and presence of hydrogen
sulfide (H2S), similar to the conditions that prevailed in the Dead Sea prior to its
overturn in 1979. The entire water column is expected to re-mix when the density of
the upper water layer will equal that of the lower waters. In spite of the large volume
and high salinity of the Dead Sea relative to that of the inflowing water, over the long
run the composition of this unique lake will change.

In order to correctly evaluate and quantify the long-term processes expected to take
place in the Dead Sea following seawater inflow, it is necessary to develop a
limnological model for the Dead Sea that comprises all parameters that determine the
behavior of the lake. The model will thus help determine the extent to which the
project is feasible, and the optimal conditions for its implementation. If the RSDSC
will materialize, the model may become a valuable tool in the operation of the
conduit, enabling the operator to predict the behavior of the lake for the long and
short-term and thus assist in the determination of appropriate operational policy.

The significance of the model lies in its ability to correctly simulate the evolution of
the water stratification as a function of time, under different inflow rates and volumes
at different water compositions and temperatures. However, in addition to the general
challenge of modeling a lake, modeling of the Dead Sea dynamics and seawater
mixing is a highly challenging task as the lake has several unique features which have
not been modeled before. Among these are the large range of salinities and densities,
the lake's unique composition, and the precipitation of salts from the water body.
Modeling is further complicated by the need to simulate mixing of freshwater and
seawater in the Dead Sea, because such mixing imposes a large range of salinities,
densities and compositions, which rarely exist in nature, and for which the existing
limnological/oceanographic models are not tuned to run. Thus, new and unique
modules must be formulated, coded and incorporated into existing codes which serve
as the basis for the Dead Sea model.

The present report summarizes the recent advances in the development of a onedimensional (1D) limnological model for the Dead Sea (1D-DS-POM) which is being
formulated by the GSI, based on the 1D Princeton Oceanographic Model (1D-POM).
A major driving force for any limnological/oceanographic dynamic model is the
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density differences due to differences in the salinities and temperatures of the water
bodies involved. In the Dead Sea however, because of salt precipitation from the brine
and mixing with water having different compositions, the density of the resulting
brine cannot be determined only from its salinity and temperature. Rather, the new
density must be calculated from the chemical composition. Accordingly, as a first
step, 1D-POM was modified from a salinity-based to a multi-component chemistrybased model. The new 1D-DS-POM transports and mixes individual ions rather then
the bulk salts. The density of the brine is then determined from its chemical
composition using the Pitzer approach, modified by Krumgalz for the Dead Sea. This
module has been coded and incorporated into the model as a unique equation of state.
The calculation of the degree of saturation of the brine with respect to halite or
gypsum was written as a separate module, based on the thermodynamic approach of
Pitzer and Krumgalz for hypersaline waters. Calculation of the amount of precipitated
salts from an oversaturated solution to attain saturation commonly involves a timeconsuming numerical procedure. During the course of the work a fast algorithm for
the quantitative "removal" of salts from oversaturated brine was developed and
implemented into the model. All the thermodynamically-based procedures described
above rely on the concentration of the chemical constituents given in molal units
(mole/kg H2O). However, mass transport equations (turbulent diffusion) are based on
salinity units (gr/kg solution). Thus, we added to the 1D-DS-POM an efficient units
transformation module. The forcing of the Dead Sea system (and thus the boundary
conditions of the model) are the meteorological conditions above the water. These
data have been collected by Israel Oceanographic and Limnological Research from a
buoy in the Dead Sea every 20 minutes for over a decade. Calibration of the 1D-DSPOM will be based on the limnological data collected from this meteorological buoy
as well as on data collected during bi-monthly cruises to the Dead Sea conducted
between 1992 and 2001.

In order to run and calibrate the model, the mass (water and salt) and energy balances
of the Dead Sea must first be established independently. These balances were
determined based on the existing meteorological and limnological data. Calculations
indicate that the annual water inflow to the Dead Sea is about 350 million cubic
meters, implying that most water inflow to the lake are the observed surface inflows,
with only limited volume that discharges to the Dead Sea below the water surface.
The rate of evaporation from the surface of the Dead Sea was found to be ~1.15 m/yr
while salt accumulates at the bottom of the lake at a rate of about 10 cm/yr.

Preliminary (pre-calibrated) long-term (50 year) 1D-DS-POM runs indicate that
stratification and dilution of the surface water will take place under most scenarios in
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which the inflows to the lake are increased. In fact, even if the additional water
diverted to the Dead Sea would only compensate for the current water deficit and
maintain the level at its current (or future) level, stratification would still develop.
Under these scenarios the surface density would continuously decrease over the
coming decades. The model further indicates that long-term stratification and decrease
in surface salinity and density can occur even while lake level declines, provided that
the volume of inflow water is greater than that which evaporates from the surface of
the lake. This paradox is explained by the net withdrawal of Dead Sea brine by the
chemical industries. Stratification develops under such conditions because the water
added to compensate for the brine withdrawal dilute the surface water as it lacks the
salts that were withdrawn from the lake.

Biological field experiments are being conducted in experimental ponds in the vicinity
of the Dead Sea for over four years. These experiments indicate that microbial
blooming, which colors the brine in greenish to brownish hue, can occur in the Dead
Sea when the brine is diluted by 10% or more of seawater. Increased dilution leads to
enhanced blooming while the supply of phosphate, which is the limiting nutrient in
the Dead Sea brine, results in particularly strong blooming. Long- term (up to 3 years)
experiments showed that blooming, once initiated, may last for a long duration
without further addition of phosphate. It is however not clear why such prolonged
bloomings were not recorded in the history of the lake. The biological experiments
suggest that microbial bloomings in the Dead Sea are likely to accompany the
RSDSC. Their extent would be greatly determined by the salinity of the surface water
which, assuming the blooming is not desired, should be kept as high as possible.
The expected impact of seawater mixing in the Dead Sea on the limnology of the
lake, corroborated by the initial 1D-DS-POM runs as well as the biological field
experiments, and their ramifications, underline the need for a further in-depth study
of the RSDSC. Among others, this study should include the calibration and detailed
scenario-building by the 1D-DS-POM as well as the formulation of 2D and 3D
models which should provide insights into the long-term spatial evolution of the
Dead Sea.
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1. Introduction
The Dead Sea is the lowest surface on Earth and as such is also a terminal lake. It is
the saltiest natural water body on the planet. Over the last forty years the Dead Sea
water level has dropped by over 25 meters and currently (year 2006) water level is at
420 meters below mean sea level (-420m). The average rate of water level decline
over the past decade is over one meter a year. This decline is due to water diversion
from the lake's drainage basin by Israel, Jordan, Syria and Lebanon as well as due to
the industrial activities in the lake's now-dried up Southern basin.
The construction of the Red Sea – Dead Sea Conduit (RSDSC) to convey seawater
from the Red Sea to fill the Dead Sea has been proposed by the governments of
Jordan and Israel as a possible solution to the declining Dead Sea water level. The
plan also includes a desalinization plant to be built in the vicinity of the Dead Sea,
whereby the 400 meter elevation difference between the Seas will be utilized; the
reject brine will be diverted to the Dead Sea and the potable water distributed between
Jordan, Israel and the Palestinian Authority (P.A.). Yet, before implementing such a
project it is important to provide forecast for the evolution of the lake if the plant is
implemented. It must be understood that diverting seawater or concentrated seawater
after desalinization (i.e. reject brine) to the Dead Sea is not similar to freshwater
inflow (Gavrieli et al., 2005) and the impact of introducing huge volumes of seawater
to the lake must be established in advance. Among others, the mixing of these two
distinct waters is bound to lead to chemical reaction (i.e. gypsum precipitation) and on
the long run will change the composition of the lake. In addition, restoring the DS
level to past elevation, even by freshwater, will lead to the stratification of the water
body and environmental changes that cannot be fully quantified. Stratification that
develops due to seawater inflow poses additional questions: What would be the rate of
accumulation of sea-salts in the epilimnion (upper water column)? what will be the
composition, temperature, and appearance of the epilimnion and surface water? will
there be biological blooming unknown in the DS? what would be the rate of
evaporation from the surface water? and many other questions. Overall, it must be
established that the changes that will occur due to the RSDSC will not lead to
environmental changes and damages that surpass those that currently take place in the
Dead Sea and its surrounding.
Over the last few years the Geological Survey of Israel (GSI) has been engaged in
research and studies towards the formulation of a dynamic limnological model for the
DS which would provide a long term forecast for the evolution of the lake with and
without seawater or freshwater inflows. In additional, research is underway to
understand the potential biological blooming in the diluted surface water as well as
the kinetics of gypsum precipitation. On the long run it is our desire to incorporate all
these parameters into the limnological model in order to attain the best possible
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modeling forecast for the lake. The time frame for the evolution of the Dead Sea that
we wish to examine is on the order of decades. Clearly, with such time frame in mind,
the model is not aimed at providing detailed daily or monthly changes in the lake, but
is to provide future trends and quantitative description of the long term changes in the
water column structure and composition.
This report summarizes much of the GSI activities over the past two years in
conjunction with the RSDSC. As outlined in this report, the uniqueness of the DS
poses some challenging and practical as well as scientific problems. The strategy
taken by the GSI in developing our understanding of the mixing between DS and SW
is to thoroughly establish the scientific baselines, identify and determine the existing
unknowns and finally calibrate a model with all available data and insights into the
dynamics of the Dead Sea. This strategy has often resulted in somewhat slow progress
in our modeling effort. However, it must be understood that once the model is run
under different seawater inflow scenarios the validity of the output cannot be verified
as no such large scale experiment has ever been done. Thus, thorough understanding
of the Dead Sea system and minimization of the unknowns are a must, allowing us to
confidently proceed with the formulation of the model.

2. Energy and mass balances for the Dead Sea
Despite the numerous studies of the Dead Sea and its surroundings, major unknowns
about the DS hydrology/limnology still exist. Among these are the energy and mass
balances of the lake. In order to calibrate the limnological model and later develop
scenarios for the future of the lake, these balances must be established independently of
the model. Furthermore, the RSDSC project is greatly dependent on the evaporation
from the lake which should enable continuous seawater or reject brine discharge. If the
volumes that can be conveyed to the lake are not clearly defined, planning of the
project is impaired. Furthermore, it has been suggested that large volumes of
groundwater discharge into the DS from the surrounding aquifers due to the decline in
its water level (Salameh and El-Naser, 1999). According to this, raising or even
stabilizing the lake level would result in decreased groundwater inflow, thereby
requiring additional inflow of seawater to achieve the desired rise in the water level.
Existing estimations of the water balance of the Dead Sea are widely variable,
reflecting the unknown subsurface groundwater inflows and rate of evaporation.
During the course of the present study, these unknowns were determined through the
establishment of mass (water and salt) and energy balances for the Dead Sea. This
approach combines the extensive meteorological and limnological data base collected
at the Dead Sea during the years 1992-2001 by the Hebrew University, Israel
Oceanographic and Limnological Research Ltd. and the Geological Survey of Israel. It
is independent of any assumption regarding the rate of evaporation or water inflow
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volume. Yearly balances were calculated for the years 1996-2001, during which our
region experienced drought and the Dead Sea was characterized as monomictic, i.e.
experienced yearly stratification and overturn.
The heat of evaporation was calculated using the Bowen’s approach, as part of the total
heat balance. Together with the measured hydrographical quantities, these provide
constraints on the total inflows to the Dead Sea. Given the estimates of surface
inflows, it is now possible to estimate also the subsurface inflows (i.e. subsurface
inflows = total inflows minus surface inflows). The total annual inflows (surface and
subsurface) were found to be in the range of 265-365 million cubic meters (MCM),
while the evaporation rate is ~1.15 m/yr. Accordingly, the subsurface inflows, deduced
from the minimum estimate of surface inflows are thus less than 60 MCM/yr. A higher
subsurface inflow is not possible as it requires a higher evaporation rate, for which
there is no source of energy flux (Appendix I). Finally, the salt mass balance indicates
that salt precipitates and accumulates at the Dead Sea floor at a rate of ~0.1 m/yr.
The results of this study, which constitutes a major advance in our ability to model the
Dead Sea, were published as a scientific paper in Water Resources Research. The
manuscript, as published there, is presented in appendix I.

3. Formulating a 1D model for the Dead Sea
Formulating a dynamic limnological model for the Dead Sea is a highly challenging
task. The dynamics of any water body is primarily dictated by density differences
(aside from winds) and these are therefore the basis for the modeling of such systems.
Density differences in natural systems commonly do not exceed few per cent, and are
often much smaller, yet are sufficient to drive ocean circulations and lead to currents,
stratifications etc. In contrast, the difference between the density of freshwater that
discharges to the Dead Sea (or the future seawater inflow) and the Dead Sea brine is
greater than 20%. Such a huge density difference is seldom found in other natural
systems (and does not exist in marine systems) and the dynamic mixing of such a
water body has never been modeled.
Additional unique features of the Lake include its Ca-Chloride composition.
Currently, halite precipitates from the brine, resulting in a continuous change in the
brine’s composition. Thus a simple equation of state that correlates the salinity of the
brine with its density must also take into account the changing composition of the
lake. The change will be much more pronounced once seawater mixes in the DS.
Dilution of the surface water will result in discontinuation of halite precipitation, but
the supply of sulfate from the seawater will lead to gypsum precipitation. The density
of the epilimnion will thus be a function of its composition and temperature, which

A Multi-Component Chemistry-Based Model for the Dead Sea

4

will depend on the mixing ratio, rate of evaporation and the amount of gypsum
precipitation from the mixture.
Our strategy in formulating the dynamic limnological model for the DS is to adopt
open codes that are within the public domain and are in wide use by the international
community, and to modify them to fit the DS. However, the features outlined above
necessitate that the code will include parameters, such as chemistry, which are
commonly not included in transport modeling, and that some of the fundamental
assumptions in the models will be re-evaluated, tested and sometime replaced by new
in-house modules. It must be emphasized that no data exists for calibrating the model
with seawater inflow. Calibration of the model must therefore be based on a different
setting, namely the dataset available from the present conditions of the DS in
combination with our new insight into the mass and energy balances of the lake. Our
data set spans the years 1992-2001 and includes data on the stratification of the water
column between 1992 and 1995, which developed following the exceptional rainy
winter of 1991-92. During this winter huge volumes of freshwater inflowed to the
lake and diluted the surface water of the Dead Sea. These data are of utmost
importance since no other continuous data for the development and destruction of
long term stratification of the Dead Sea exists.
For the model to be applicable also for seawater inflow, it must be based on sound
thermodynamic and hydrodynamic foundations and it must be calibrated with
minimum empirical unknowns and assumptions, while every parameter has to be
examined for its validity and sensitivity. Much of our efforts over the past two years
were towards establishing these. Only when the model is well calibrated and verified
will we be able to examine various operational scenarios for the RSDSC, involving
mixing of seawater in the Dead Sea.
The open code which the 1D Dead Sea model is based on is the 1D Princeton
Oceanographic Model (1D-POM). This open code can be downloaded from:
http://www.aos.princeton.edu/WWWPUBLIC/htdocs.pom/indexOLD.html
The turbulent closure scheme of the code was simplified as outlined below. All the
external, mostly unique modules written for the modeling of the Dead Sea were
incorporated into the code (Fig. 1). Below we summarize our progress in formulating
and encoding these unique modules, and the rational behind each. In the future these
modules will be modified to allow their integration into 2D and possibly 3D models.
This will be done once we have completed the calibration and the scenario-building of
the new 1D-DS-POM (1D-Dead Sea-Princeton Oceanographic Model).
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Fig. 1: Schematic representation of the new multi-component chemistry-based 1D-DS-POM
and the interaction of the various modules developed for the model with the central code and
with each other. The algorithm and coding of all modules were done in the GSI. The turbulent
closure in the basic 1D-POM was also modified.

Initial un-calibrated 1D-DS-POM runs were carried out in order to verify that each
module is well integrated and that the modules work in harmony. The results of these
runs and their implication are discussed in the last section describing the formulation
of the model.

3.1. Vertical turbulence closure
Ocean and limnological models use various turbulent closure schemes for
parameterization of subscale mixing and macroscopic heat and mass turbulent
transport. POM model utilizes the Mellor-Yamada closure (1982) that expresses
vertical turbulence transport coefficients for heat (KH) and mass (KM) in terms of
turbulent kinetic energy (q2), turbulent length scale (L) and stability factors (SH, SM)
respectively:

KM = q ⋅ L ⋅ SM
KH = q ⋅ L ⋅ SH
Following the Mellor-Yamada closure (1982), the stability factors are calculated as a
function of the Richardson number (Fig. 2). The Richardson number (Ri) is the ratio
of the potential to kinetic energy, and is a measure of the stability of stratification:
Ri =

L2 g  ∂ρ 
q 2 ρ  ∂z 

where ρ - the density of the brine, ∂ρ/∂z - its vertical gradient and g - gravity
acceleration.
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Fig. 2: Stability factor as function of the Richardson number (Ri) calculated following the
Mellor-Yamada (1982) closure. SM: stability factor for mass transport, SH: Stability factor for
heat transport.

In our modified 1D-DS-POM, we utilized the exponential decay of turbulent kinetic
energy with depth, described by the Ekman layer (Rubin and Atkinson, 2001), to
describe the depth dependent turbulent kinetic energy (q2):
 z 
q 2 = A ⋅ exp − 
 H
This modification of the turbulence energy distribution includes two model tuning
parameters: 1) the characteristic depth, H, which controls the depth of stratification
and 2) turbulent kinetic energy, A, of the uppermost layer. Model calibration for these
parameters would be carried out against the depth of the thermocline, developed
annually between 1995 and 2001, and for which temperature profiles are available.

3.2. Incorporation of mass and energy balances into 1D-POM
The various energy balance terms were incorporated in the model in line with the
energy balance described in Lensky et al., 2005 (Appendix I). Year-long runs covered
a full annual cycle of the monomictic Dead Sea water column. Only crude calibration
was made at this stage in order to verify that the model can correctly depict the
behavior of the monomictic Dead Sea. The runs, which begin in winter with
homogeneous water column, depict the development of stratification during spring,
the heating of the upper water column and its increasing salinity during summer, and
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the water column overturn and destruction of stratification during autumn. The runs
included input of water inflows (determined from the water balance calculations) and
the detailed meteorological data (wind, radiation, relative humidity) available from
the meteorological buoy which is maintained on the Dead Sea by Israel
Oceanographic and Limnological Research Ltd. Initial runs were made for year 1998,
for which there are minimum data gaps. Some multi-year, long term un-calibrated
runs are discussed at the end of this report. Future runs will include multi-year runs,
using the data set from 1991-2001 and 2004-present. These runs will be used to
calibrate the model, once all the required modules have been developed, coded and
incorporated into the model.

3.3. Salt precipitation and its effect on the timing of overturn
The 1D-POM was used to determine the significance of modeling salt precipitation
from the water column. The equation of state for the Dead Sea used in these runs was
determined by Anati (1997). Runs begin in winter with a homogeneous water column
having salinity of 277 g/Kg. All runs include annual inflow of 350 MCM of
freshwater, and account for pumping and end brine discharge of 525 MCM/yr and 240
MCM/yr, respectively, by the chemical industries.
Two test-cases are compared: a) No salt precipitation, which results in rise in salinity
due to evaporation from the upper water layer. b) salinity-threshold, identical
conditions to the former run but salinity is not allowed to exceed 278.5 g/kg; when
model output results in higher salinity, the excess salt is "precipitated" from the brine,
leaving it with salinity of 278.5 g/kg. Fig. 3 compares the surface salinity derived
from the two runs. As expected, in runs in which salt precipitation is not included, the
salinity of the surface water (Fig. 3a), from which evaporation takes place, reaches
higher values than in runs that include the salinity threshold. The salinity of the
former reaches values that have never been encountered in the DS and are considered
unrealistic. This high salinity results in earlier overturn of the water column, identified
by the sudden decrease and increase in surface and deep water salinities (Figs. 3a and
3b, respectively). Additionally, water levels and temperatures differ significantly from
those obtained from the no salt precipitation run (Fig. 4). As expected, at the end of
the one-year runs, when the water column is fairly homogeneous, the overall salinity
in the no salt precipitation runs is higher than in the salinity-threshold run. In addition
the temperature and water level at the end of the two runs differ, indicating the
interdependence between salinity and the dynamics of the system.
While we acknowledge that the model is not fully calibrated, these sets of runs
demonstrate the importance of salt precipitation in the modeling of the DS. Timing of
overturn, water temperature, salinity and water level are all inter-related with salt
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Fig. 3: Salinity of (a) surface water and (b) at 100 m depth, derived from the salinity-based
1D-POM runs over one year with and without salt precipitation. The latter is based on a
threshold salinity of 278.5 g/kg. Runs begin on 1.1.98 with a homogeneous water column and
are based on the 1998 meteorological data. Note the higher salinity at the end of the run with
no salt precipitation.
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Fig. 4: Modeled a) surface temperature and b) water levels derived from one year runs of the
salinity-based 1D-POM. Runs begin on 1.1.98 with a homogeneous water column and are
based on the 1998 meteorological data. Note the higher surface temperature and lower water
level at the end of the run with no salt precipitation.
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precipitation. Our results emphasize the importance of correctly modeling the timing
and the amount of salt that precipitates from the DS. This can only be done by
incorporating a thermodynamic module into the code. This enables to calculate the
degree of over-saturation with respect to the salts involved, and then determining the
amount that needs to be "precipitated out" from solution to re-attain saturation. Such
calculations further require that the chemical composition of the brine (i.e. individual
ion concentrations), and not its salinity (i.e. mass of total salts/mass of brine) is
tracked and recalculated throughout the runs, as described in the following section.

3.4. Salinity-Based vs. Multi-Component models
Incorporating thermodynamics into the code required major modification. As a first
step, the model must be changed from the standard oceanographic modeling approach
of a "salinity-based model", which follows a single parameter as a representative of
the composition of the water, to a "multi-component model" which traces the change
in the individual ions in solutions. This modification will also enable to follow the
significant change in the composition of the DS brine, once seawater is introduced to
the lake.
The salinity-based 1D-POM model was modified so that the mass transport module,
which commonly calculates the transport (mixing) of salinity and temperature, is now
activated for each of the major individual ions under consideration. The new code is
hereafter named 1D-DS-POM. We included only the major ions which impact the
salinity and density of the brine and/or are constituents of the salts presently
precipitating or are expected to precipitate from the DS upon mixing with seawater.
The ions included are thus: Na, K, Ca, Mg, Cl, Br, HCO3, SO4. We note that at this
stage we assume HCO3 to represent the total alkalinity although in fact in the Dead
Sea some 2/3 of it is borate.
To the best of our knowledge, no similar multi-component model was ever formulated
for oceanographic/limnological systems. The new 1D-DS-POM now traces and
records the composition of the 8 major ions in the DS and seawater systems. The units
used are those of salinity, i.e. the concentration of the individual ions in solution
recorded as (gr ion)/(kg solution). Such concentration units allow activating the
existing transport module of the 1D-POM for every chemical component separately.

3.5. Switching between Molality and Salinity units
Thermodynamic calculations which allow the determination of the degree of
saturation with respect to a certain salt (e.g. halite NaCl or gypsum CaSO4·2H2O) and
the amount that needs to be precipitated to attain saturation, are based on molality
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units, i.e mole/(kg H2O). As outlined above, in the multi-component model we no
longer follow the salinity of the brine but the individual concentration of the ions in
salinity units. The 1D-DS-POM must therefore include modules that enable
conversion back and forth between these units. The algorithm developed for this
purpose (Appendix II) was encoded and incorporated into the multi-component 1DDS-POM. The code was then checked by running it "blankly", whereby no use is
made of the calculated molalities. The resulting output of salinity, water level and
temperature were similar to those obtained with a run that did not include these
calculations of concentrations-molalities-salinities (Figs. 3-4).

3.6. A new equation of state
The most recent equation of state (EoS) for the Dead Sea, which was established by
Anati (1997), correlates the density of the brine with its temperature and salinity. This
approach is identical to that taken for seawater, which is valid over a small range of
salinities and compositions. In fact, Anati notes that his equation will have to be reevaluated every few years as the composition of the brine changes due to halite
precipitation.
The densities that our DS model needs to determine span beyond the linear mixing
between DS (ρ~1.24 gr/cc) and seawater (ρ<1.04 gr/cc). It should account for
densities as low as those of freshwater to the highly concentrated (up to 500 gr/L) and
hot (42°C) end brines discharged to the lake by the chemical industries in the southern
basin of the Dead Sea . In addition, evaporation from the mixtures and the increased
concentrations, as well as changes in compositions due to gypsum precipitation must
also be accounted for. Finally, we intend to model the evolution of the lake over the
coming decades with no seawater inflow. Under this scenario the DS density is
expected to rise beyond its current value, while the composition of the lake will
continue to change as halite precipitates from the brine.
To calculate the densities included in the range of composition described above we
adopted the approach described by Krumgalz et al., (1982a). This approach makes use
of the Pitzer equations for the calculations of the thermodynamic properties of
hypersaline brines and is based on the composition of the brine as given in molality
units. Appendix III provides more details as to the calculation method. The equations
and empirical data on which these equations are based were encoded and incorporated
into 1D-POM. Calculated densities derived from chemical compositions were then
compared with densities calculated separately using the original code developed by
Prof. Krumgalz (personal communication, 2005). These densities were found to be
identical.
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3.7. Thermodynamics
Incorporation of chemistry in oceanographic or limnological modeling is usually
aimed at following nutrient availability for biological and environmental purposes
(Cole and Wells 2002; Eckert et al. 2002; Romero et al. 2002). These components
however are not fully coupled with hydrodynamic modeling of the system, as they do
not influence the water density. This is not the case in the hypersaline Dead Sea
system, which is saturated with respect to evaporitic minerals. These, mainly halite,
currently precipitate from the brine and thereby change the composition of the Dead
Sea and its density. Halite will cease to precipitate from the Dead Sea upon mixing of
seawater and the dilution of the surface water. However, a new salt, gypsum, will
precipitate instead. Further evaporation of the mixture will lead at some late stage of
operation of the RSDSC to the precipitation of halite as well (Gavrieli et al., 2005).
Thus there is a need to include a thermodynamic module that determines the
saturation state of the mixture with respect to the relevant salts. If any of these salts is
found to be oversaturated in the brine, the correct amount of salt needs to be
"precipitated" from the water to re-attain saturation. The amount of salts that
precipitates over time must also be recorded as it accumulates at the bottom of the
lake, leading with time to rise in the elevation of the seafloor. As noted above, the
density of the solution after it precipitated its salts must then be re-determined through
the equation of state. To the best of our knowledge no model exists that incorporates
thermodynamic calculations and salt removal.
The saturation degree (saturation index) of a salt with composition XnYm·kH2O (Xcation and Y-anion) is defined as:

SI =
Where:

a Xn ⋅ aYm ⋅ a Hk 2O
K SP

ax, y: Activity of the ions in the solution, aH2O – water activity;
Ksp: Thermodynamic solubility product of the salt

The activity of an ion in a solution is defined as:

aX = δ X ⋅ mX
Where :

δx is the ion activity coefficient
mx is the concentration of the solution in molality (defined as moles/Kg
H2O).
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It should be recalled that the chemical thermodynamics of hypersaline systems of high
ionic strength is more complicated than that of diluted systems and must account for
all possible pair- and triple- ionic interaction in the brine. Thus, determining the
activity coefficients of the ions that precipitate as halite or gypsum (Na, Ca, Cl, SO4)
requires numerous computations. The up-to-date approach for dealing with such high
ionic strength solutions is the 30 year old Pitzer approach (Pitzer 1973; Pitzer 1975).
The modification of this approach for the Dead Sea system and its derivatives was
developed by Krumgalz et al (1982b, 1995, 2000, 2001). The principals of these
calculations are somewhat similar to those used for the determination of the EoS.
The calculation method described by Krumgalz et al. (1982b) and Krumgalz (2001)
was coded as an independent module which was then incorporated into the 1D-DSPOM. The method involves numerous calculations which when first coded were found
to be highly expensive in terms of computer-time. It should be noted that the
thermodynamic calculations need to be done every few time-steps. Since the new
module needs also to work with 2D and 3D models, which have many more nodes and
require shorter time steps, it was of utmost important to optimize the computation
time. This was done by minimizing duplicate computations which are often required
when calculating the activity coefficients of the individual ions, as well as for the
calculation of the EoS.
Fig. 5 presents the calculated year long (year 1998 as in previous runs) change in the
density of the surface brine and its degree of saturation with respect to halite (DSH).
The run was made with the 1D-DS-POM including the new EoS calculated from the
chemical composition of the brine. Note the decrease in DSH and density during the
summer as a result of summer heating and their increase during the autumn cooling.
On day 282 overturn takes place and DSH and density drop due to mixing with the
lower waters. The run does not include salt precipitation (once the brine attains
saturation; DSH=1).
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Fig. 5: DSH and density of surface water calculated by the 1D-DS-POM for year 1998. The
model is based on multi-component mixing and the new equation of state. Input data are the
relevant meteorological data and updated inflows and energy balances. Note the decrease
in DSH and density during the summer as a result of summer heating and their increase
during the autumn cooling. On day 282 overturn takes place and DSH and density drop due
to mixing with the lower waters. The run does not include salt precipitation (once the brine
attains saturation; DSH=1). Precipitation of halite impacts on the density of the surface
water and therefore on the timing of overturn (Figs 3-4).

3.8. Quantitative Salt Precipitation
During model runs, once over-saturation has been established, the model will have to
"precipitate" the appropriate amount of salts to re-attain saturation with respect to this
salt. Effectively, this implies that the correct quantities of the appropriate ions making
up the salt should be subtracted from the relevant ion molal concentrations in the
brine. In addition, the amount of salt that precipitates from the brine and accumulates
at the bottom of the lake must be recorded. The latter is then translated into volume of
salts that raises the seafloor and therefore impacts on the water level of the lake.
The computation time of the thermodynamic module, which requires numerous
calculations, is relatively long. Thus, we decided to avoid its repeated use for the
calculation of the amount of salt that needs to be precipitated out from the solution
once oversaturation was attained. In order to achieve this, we developed a linear
approximation for the change in the degree of saturation due to small change in
composition (Appendix IV). The underlying assumption in our algorithm is that
because the model runs with short time steps, high over-saturation does not develop

Geological Survey of Israel

Report GSI/24/2006

15

between them. According to our approach, once over saturation is identified, the code
determines the derivative of the oversaturation as a function of changing ion
concentration. Based on this derivative, the code then calculates the amount of salt that
needs to be removed from the solution to re-establish saturation. The approach thus
assumes a linear derivative over the small change in the degree of saturation as a
function of the small change in the ionic concentrations. This approach saves the
iterations usually required by the thermodynamic calculations.
Fig. 6 presents calculated (but still not fully calibrated) surface salinity and water level
for a one year (1998) run of the 1D-DS-POM, including the new equation of state and
salt precipitation. Also included is an identical run with no salt precipitation. Fig. 6
should be compared with Figs 3-4 which describe runs with the salinity-based 1DPOM code. As outlined above (section 3.3.), in runs with no salt precipitation the
water column overturns at higher salinity. The final salinity is also higher as compared
with the salt precipitation runs. However, unlike in Figs. 3-4 which describe a salinity
threshold for the onset of precipitation, the salinity of the surface water in the multicomponent run with salt precipitation is no longer constant. Rather it reflects salt
precipitation which is determined thermodynamically and is a function of the
composition and temperature of the brine at any given moment.

3.9. 1D-DS-POM scenario runs (non-calibrated)
To verify that all the above-described modules were properly integrated in the model
and correctly interact with each other as well as with the basic 1D-POM code, several
long term (50 years) hypothetical scenarios with different freshwater inflow volumes
were run and compared. As the code is not yet fully calibrated, and in order to avoid
confusion and misinterpretation of the model output, we did not run it with seawater
inflow. Thus, the importance of the current long-term model outputs lies in the
general trend observed for the response of the lake to the different inflow volumes
while the exact results (e.g. water level, salinity, composition, temperature) are of
lesser importance.
Input data in all long-term runs were the 1998 meteorological data, repeated every
year. All runs assume the continuation of operation of the potash industries on the
shores of the lake, which includes pumping of some 525 MCM/yr of Dead Sea brine
and the discharge of 240 MCM concentrated end brines to the lake. Runs begin in
1998 with freshwater inflow volume of 350 MCM/yr, which is maintained until year
2020, when the inflow volume is changed. The runs then continue for additional 30
years with different but constant freshwater input volumes, ranging between no
inflows (0 MCM/yr) and 1500 MCM/year.
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Fig. 6: a) Calculated surface salinity and b) water level from one year runs based on the multi
component 1D-POM with and without thermodynamic salt precipitation.
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Fig. 7 presents the results of water level change over the 50 years runs. During the
first 20 years water level continues to decline at approximately present day rate.
Following the hypothetical blockage of all inflow volumes in year 2020, the rate of
water level drop is enhanced, in line with the expected response of the lake. In
contrast, introduction of some additional 800 MCM/yr to the lake (i.e. total freshwater
inflow of 1150 MCM/yr) stabilizes water level, while higher inflow volumes lead to
rising water levels.
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Fig. 7: Calculated long-term water levels from 1D-DS-POM runs with various freshwater
inflows. All runs begin with inflow volume of 350 MCM/yr which continues until year 2020,
when a new inflow volume is introduced. In all runs the potash industries pump 525 MCM/yr
of Dead Sea brine and discharge 240 MCM/y of concentrated end-brines.

Fig. 8 presents the change in surface and bottom layer densities for these runs. As
long as the present conditions are kept constant, surface density continues to rise, and
the annual monomictic behavior of the lake is maintained. However, when additional
water inflow is allowed into the lake to stabilize lake level, long term stratification
develops. Once stratification is established, the upper water column becomes
progressively less saline. In turn, as more brine is pumped by the potash industry from
the concentrated lower water column, its thickness slowly decreases.
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Fig. 8: Calculated long-term a) surface and b) near-bottom densities from 1D-DS-POM runs
with various freshwater inflows. Note that stratification and dilution of the surface water
develop also with inflow volumes that result in a relatively constant water level (1300
MCM/yr) and even in slow water level decline (1100 MCM/yr). During stratification, the
density of the deep brine rises due to the industrial end brines that sink to the lower water
layer (thus, runs with 1100-15000 MCM/yr appear as a single line in Fig. 8b)
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Long term stratification and decrease in surface salinity occurs also when the inflow
volumes are increased beyond present day volumes, but are still insufficient to
stabilize lake level. This paradox is explained by the net withdrawal of Dead Sea brine
and salts by the chemical industries. In the model, this pumping is done from the
concentrated lower water column. Through their activities, these industries withdraw
both salt and water from the lake. The water added to compensate for the brine
withdrawal dilutes the surface water because it lacks the salts that were withdrawn
from the lake. It is important to note that by the end of the run, after 30 years of
stabilized level, the density of the upper water layer is less than that which existed in
the Dead Sea when it was stratified in the 1960, and density continues to decline.
Even lower densities may be expected if the Dead Sea level is to be raised. Note once
again that the code is still not calibrated and therefore deviations from the results
presented in Figs. 7-8 are to be expected.

4. Biological experiments
Blooming of micro-organism in the Dead Sea could have ecological and esthetic
impacts, including changes in the energy balance of the Dead Sea (increased heat
absorbance). At this stage, biology is not included in the 1D-DS-POM, but as better
understanding of the biological aspects of the RSDSC is gained, we will attempt to
incorporate them into the 1D-DS-POM code. To this end, the GSI initiated and
coordinates a study on the expected impact of the RSDSC on the microbiology of the
Dead Sea. The study is done in collaboration with Prof. Aharon Oren from the
Hebrew University, Jerusalem, who is a world leading microbiologist specializing in
saline environment in general and the Dead Sea biota in particular, and the Research
Department of the Dead Sea Works Ltd (Dr. J. Lati, Mr. M. Kohen and Mr. M.
Aharoni) which also provides the site for our experimental pools. Dr. J. Gavrieli, a
microbiologist from Tami Research Institute, is involved in the research as a
representative of the industry.
The initial findings of our study, which began in 2002, were summarized and
published in a paper in Journal of Marine Systems (Oren et al., 2004). The main goals
of the study that has been ongoing since then are:
1. To define the boundary conditions in terms of salinity and extent of dilution that
determines whether or not microbial blooms may be expected to occur. This is
important because it has been previously established that the main factors that
determine the development of microbial blooms in the Dead Sea (the green alga
Dunaliella and red halophilic Archaea of the family Halobacteriaceae) are the
dilution of Dead Sea water with less saline water, as the Dead Sea in its present state
is too saline to support microbial blooms. This conclusion was based on the
monitoring of the biology of the Dead Sea in the last 25 years (massive blooms in
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1980 and in 1992, which followed the formation of relatively diluted upper water
layers in those particularly rainy winters), on laboratory simulations, and on
simulations in mesocosms in Beth HaArava (1984-1985) and Sedom (from the
summer of 2002 onwards, Oren et al., 2003 and references therein). On the basis of
the data collected thus far, it is predicted that the rate of microbial development and
the extent of the microbial blooms to be expected in the future will depend on the
final salinity of the upper water layers, as determined by the amounts of Red Sea
water to enter the lake, the mode of mixing, and also any additional fresh water that
may enter the lake in the future during winter rain floods.
2. To simulate sustained blooms and to examine their properties. Analysis of the data
collected during the natural microbial blooms (1980-1982 and 1992-1995) have
shown that blooms of the unicellular green alga Dunaliella appear rapidly, but are
also subject to rapid decline. However, the community of red halophilic Archaea that
subsequently develops at the expense of organic material produced by the algae from
inorganic carbon, using energy supplied by the sun, may remain present for long time
periods. To examine the longevity of such blooms under controlled conditions we
have set up long-term experiments at the experimental mesocosm pond facility in
Sedom
The results of this study have been submitted for publication in Hydrobiologia, and
are included in a GSI report (Oren et al., 2005). Appendix V is a slightly modified
version of the text submitted for publication.
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5. Summary
Over the past 3 years the GSI has formulated the multi-component chemistry-based
1D-DS-POM, which is based on the salinity-based 1D-POM. The new code includes
mass transfer of the individual chemical constituents, a new equation of state that is
based on the chemical composition of the water or brine, a thermodynamic module
and a salt precipitation module. The new code will simulate the long-term evolution
of the Dead Sea water column, including changing water level, development of
stratification, changing densities and chemical composition, and halite and gypsum
precipitation under present conditions or during seawater inflow. However, prior to
such simulation, we need to carefully calibrate the model. This will be done using the
existing meteorological and limnological data that span over the years of 1992-2001
as well as more recent data (2004-2006). The data from 1992-1995, a period during
which the Dead Sea was stratified due to the exceptional rainy winter of 1991-92,
would be a critical calibrating tool that would allow us to test whether the code
correctly depicts the development and destruction of stratification. Once the 1D-DSPOM is well calibrated we will begin "introducing" seawater and examining various
operational scenarios for the RSDSC.
This report outlines the development of the new multi-component salinity-based 1DDS-POM for the Dead Sea. The difficulties encountered in modeling the Dead Sea
and the extra care taken in encoding the unique modules for the Dead Sea are
discussed, along with the changes introduced to the salinity-based 1D-POM. These
careful procedures will be continued as we will proceed to develop a 2D code (and
possibly a 3D code), which will be based on the same new modules.
At this stage the code does not include the biological aspect. This aspect could be of a
major importance due to its ecological and esthetic aspects as well at its impact on the
energy balance of the lake (the turbid water from the growing micro-organism results
in increased heat absorbance). As we develop better understanding of the biological
aspects of the Dead Sea, we will examine the means by which biology can be
incorporated into the code.
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Appendix II: Molality (m) – salinity(S) unit conversion
1. From molality (mol/Kg H2O) to salinity (g/Kg Solution).
Let

m – ion or a dissolved salt molality, in mol/Kg H2O;
µ – the corresponding atomic or molecular weight.

If in 1Kg of H2O there are m·µ grams of dissolved salt and no other salt is dissolved,
then the weight of the solution is (1000 + m·µ) grams. Accordingly, if in (1000 + m·µ)
grams of solution there are m·µ grams of this salt, than the concentration of the salt, in
salinity units (S; g/Kg Solution) is:
S=

mµ
⋅1000
1000 + mµ

Similarly, if the solution contains N ions, then the concentration, in salinity units, of
the individual ions, i, is:
Si =

mi µ i
N

1000 + ∑ (mi µ i )

⋅ 1000

i =1

N

S = ∑ Si

and the salinity of the solution is:

i =1

2. From g/Kg Solution to mol/Kg H2O:

Let S be the salinity in g/Kg Solution. Thus, there are S grams of salts for 1000-S
grams of water. Accordingly, for 1000 grams of water there are x grams of salts:
x=

1000 S
1000 − S

Assuming the salinity is derived from a single salt, then the molal concentration (m)
of this salt is:
m=

x

µ

=

S

1000
µ 1000 − S
⋅

Similarly, translating the concentration of the individual ions from salinity units (Si) to
N

molal units (mi) is carried out as follows (S being total salinity, S = ∑ S i ):
i =1

mi =

1000 S i / µ i
1000 − S
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This may be written in a more generalized form:

mi =

Si

µi

⋅

1000
N

1000 − ∑ Si
i =1

where N is the number if ions in solution.

,
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Appendix III: Pitzer/Krumgalz approach for density calculations of
a multi-component hypersaline solution (Equation of State - EoS)
The density of a solution at a given temperature and composition is calculated from
Krumgalz et al, 2000, (Eq. (24):
N

ρ mix =

1000 + ∑ mi µ i
i =1

1000

ρ0
Where:

N

+ ∑ miVi + V
0

(1)

ex
mix

i =1

mi: concentration of ion i in molality (mol/kg H2O);
µi: atomic weight of ion i;
ρ0 : density of pure water at the given temperature (Eq. 15, Krumgalz,
2000);
Vi 0 : single-ion limiting partial molal volume (i.e. ionic partial volume
at infinite dilution)
ex
Vmix
: excess molal volume of a multiple-solute electrolyte solution.

ex
There are two unknown functions in Eq. (1), Vi 0 and Vmix
. The former is calculated

from the data provided in Table 2 and Eq. (18) of Krumgalz, (2000). The calculations
are based on the equation for thermal dependency of the limiting partial molal volume
of Cl- (Krumgalz, personal communication).
ex
) is described by Eq. (8) in Krumgalz, 1995:
The latter ( Vmix



 


I
ex
Vmix
= AV   ln 1 + b I + RT 2∑∑ mc ma  BcV,a +  ∑ mc zc  CcV,a  
b
 c

 c a

 

(

)






+ RT  ∑∑ mc mc′  2ΘVc ,c′ + ∑ ma ΨVc ,c′,a  + ∑∑ ma ma′  2ΘVa ,a′ + ∑ mc ΨVa ,a′,c  
a
c

 a a′


 c c′

(2)

Where: AV (the Debye-Hückel slope) is given by Eq. (16), Krumgalz, 2000;
I is the ionic strength of the solution,
1 N
I = ∑ mi z i2
2 i =1
zi – ionic charge of ion i (a dimensionless integer);
b – a numeric coefficient, b=1.2 kg1/2 mol-1/2 ;
BcV,a is calculated in Eq. (7) of Krumgalz, (2000):

(3)
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(

)

(

V
(1)V
(2)V
BcV,a = β c(0)
, a + β c , a g α1 I + β c , a g α 2 I

Where:

)

(4)

β c(,aj )V , j = 0 − 2 are coefficients whose dependencies on temperature for
different salts are presented in Krumgalz, 2000, Tables 4-6, and

(

)

gαj I =

(α

2
j

I

)

2

[1 − (1 + α I )exp(− α I )]
j

j

(5)

(Krumgalz, 1995, Eq. 13). The coefficient α1 = 2.0 for 1:1, 1:2 and 2:1
V
electrolytes and α2 = 1.4 for 2:2 electrolytes; the parameter β c(2)
, a is
introduced only in the equations for 2:2 electrolytes. The temperature
dependence of CcV,a for different salts is given in Table 7 of Krumgalz,
2000.
The third term of Eq. 2 above consists of two terms that describe binary mixtures with
a common ion. Of all the parameters that describe such interactions, only two are
known (Krumgalz, 1995, Table IV) so the second part of Eq. 2 above reduces to:

RT· mNamK(2·1.52E-05 -6.72E-06 mCl).

ex
This completes the description of the term Vmix
.
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Appendix IV: Optimization of computation time for salt precipitation
Three major salts should be considered when modeling the Dead Sea with and without
seawater inflow:
1) Halite (NaCl), which currently precipitates from the DS.
2) Gypsum (CaSO4·2H2O), which is currently oversaturated in the Dead Sea and is
expected to precipitate in massive volumes upon seawater mixing in the Dead
Sea.
3) Carnallite (KMgCl3·6H2O), which is under-saturated in the Dead Sea but
precipitates in the evaporation ponds of the chemical industries in the southern
Dead Sea. If the RSDSC is not constructed and Dead Sea salinity continues to
rise, carnallite may also begin to precipitate from the more concentrated DS
brine.
Determination of the saturation degree of each of the above minerals is carried out
using the thermodynamic module of the model, which is based on the Pitzer approach.
Once the program identifies that the brine is oversaturated with respect to a given
mineral, this mineral is "precipitated" from the brine. Below we outline our approach
to the "precipitation" of the salts from the brine which is designed to minimize
calculation time.
Upon identification of an oversaturated composition, the program re-calculates the
degree of saturation of the salt only once more. The calculation is carried out on the
brine from which a predetermined amount of the oversaturated salt was removed (q).
The program then calculates the change in oversaturation vs. the change in the
concentration of the salt. This slope is then used to determine the amount of salt that
needs to be removed from the oversaturated brine to re-establish saturation. Thus,
instead of a cycle of iterations that involves repeated subtraction of the constituents
(ions) making up the salts and repeated calculations of saturation degree, which is a
time consuming process, we calculate the degree of saturation of the salt only once
more.
Below we outline the calculation method:
The degree of saturation of salt AαBß·nH2O is defined as:

Ω Aα Bβ •nH 2O =

(m Aγ A )α (m B γ B )β a Hn O
2

K SP

(1)

44

where A and B are the cation(s) and anion(s) making up the salt, respectively,
m: the molality of the corresponding ion,
γ: ion activity coefficient,
α H 2O : water activity in the brine
KSP: thermodynamic solubility product of the salt (a function of temperature).

Theoretically, salt precipitation should begin when Ω > 1. However, in the salt
precipitation module, we introduce a small threshold value, ξ>0, such that
precipitation starts only when Ω≥1+ξ. By the end of the process, having precipitated
∆m molal of salt, saturation should be re-established, i.e. Ω’~1.
Let us consider gypsum precipitation. First we calculate the change in the degree of
saturation following precipitation of an infinitesimal (known) amount, say, q, of
gypsum. That is after the precipitation of q moles of the gypsum, the molalities of Ca
and SO4 will change by q (=qSO4=qCa=1/2qH2O) because of the precipitation. At the
same time, the molalities of all components (including Ca and SO4) will change due to
the change in the H2O content of the brine. Since each molecule of gypsum
precipitates with two molecules of H2O, the change in H2O weight for every 1 kg of
water is 2∆m·0.018, where 0.018 is the atomic weight of H2O (in kilograms).
Accordingly, the new molal concentrations of Ca and SO4 will be:
'
mCa
, SO4 =

mCa , SO4 − q
1 − 2qm H 2O

(2)

While the new concentrations of all other ions in the solution after removal of q molal
of gypsum will be:
mi
(3)
mi' =
1 − 2qm H 2O

Using these new molalities the new saturation degree, Ω’, is calculated. Using this
new value, we define a derivative, M, which describes the change in saturation degree
vs. the change in the concentration of the salt:
q=MdΩ => M = (Ω–Ω’)/q;

(4)

This value is then used to determine the amount of salt (in molality) that needs to be
removed from the oversaturated brine to attain saturation:
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∆m = (Ω–1)/M

(5)

Having determined the amount of hydrated salt that needs to be removed from the
brine to attain saturation, the program then calculates the new molalities of all ions,
following eqs. (2) and (3) with ∆m replacing q.
The calculation for carnallite is carried out in a similar fashion although in this case
∆m = ∆mK= ∆mMg =1/3 ∆mCl = 1/6 ∆mH2O
While for halite
∆m = ∆mNa= ∆mCl,
and the molalities of the rest of constituents do not change.
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Abstract

To obtain a deeper understanding of the factors that determine the extent of blooms of algae
(the unicellular green alga Dunaliella) and halophilic Archaea in the Dead Sea, and to predict
the possible effects of the planned Red Sea – Dead Sea water carrier on the biology of the
Dead Sea, we performed simulation experiments in 0.9 m3 experimental ponds on the grounds
of the Dead Sea Works Ltd. at Sedom, as well as in the laboratory. Laboratory simulations
showed that development of Dunaliella was possible only when Dead Sea water was diluted
with minimally 10 percent (by volume) of Red Sea water.

Addition of phosphate was

essential for the algae to grow, and growth rates and yields increased with increasing
phosphate concentration and decreasing salinity. Field simulations in outdoor ponds showed
that development of algae was rapidly followed by development of dense blooms of red
halophilic Archaea, which imparted an intensely red color to the ponds. While algal numbers
declined after the peak of the bloom had been reached, number of halophilic Archaea and
levels of archaeal pigments remained high for periods of up to 2-3 years at least. The results
show that a microbial bloom, once formed, can remain present in the Dead Sea for very long
times.

These observations are important when attempting to predict how the biological

properties of the lake may change in the future, and they have important implications for the
planning of the Red Sea – Dead Sea water carrier.

Introduction
The Dead Sea presents fascinating challenges to the biologist who attempts to understand the
biological processes and the limits of life in one of the most extreme environments on Earth.
Its waters contain around 340 g l-1 of salts, and have a highly unusual ionic composition:
divalent cations (1.887 M Mg2+, 0.436 M Ca2+) dominate over monovalent cations (1.594 M
Na+, 0.199 M K+). The anions are 99% Cl- (6.335 M) and 1% Br- (0.068 M) (values for
1996). Sulfate concentrations are low (0.005 M), and the brine has a pH of about 6.
Only few microorganisms can live in such an environment. Quantitatively the most
important inhabitants of the water column are the unicellular green alga Dunaliella – the sole
primary producer in the lake, and red extremely halophilic Archaea of the family
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Halobacteriaceae.

Species first reported from the Dead Sea include Haloferax volcanii

(Mullakhanbhai & Larsen, 1975), Haloarcula marismortui (Oren et al., 1990), Halorubrum
sodomense (Oren, 1983a), and Halobaculum gomorrense (Oren et al., 1995a).

Other

organisms have been isolated from the Dead Sea as well, including colorless members of the
domain Bacteria, protozoa, and fungi (Oren, 1988; Oren, 2003).

Their quantitative

importance in governing the biological properties of the lake has never been ascertained.
Systematic monitoring of the algal and prokaryotic communities in the water column of
the Dead Sea since 1980 has yielded the following general picture: undiluted Dead Sea water
is a too harsh environment even for the best salt-adapted microorganisms.

However,

exceptionally rainy winters can turn the holomictic regime into a meromictic one with the
formation of a pycnocline at depths varying between 5 and about 15 m (Gavrieli & Oren,
2004; Gavrieli et al., 1999). When the surface waters become sufficiently diluted, dense
blooms of algae and red Archaea develop in the upper meters of Dead Sea water column.
Such blooms were recorded in 1980 (lasting until a renewed mixing of the water column in
the end of 1982) and in 1992 (lasting until the end of 1995). During these blooms the density
of the biota reached very high values: up to 9x103 and 1.5x104 Dunaliella cells ml-1, and up to
2x107 and 3.5x107 archaeal cells ml-1 were counted in 1980 and 1992, respectively (Oren,
1983a; Oren, 1985; Oren, 1993a; Oren, 1997; Oren, 1999a; Oren, 2000; Oren & Gurevich,
1993; Oren & Gurevich, 1995; Oren & Shilo, 1982; Oren et al., 1995b). These archaeal
blooms imparted a red color to the entire lake. Field observations combined with laboratory
simulations have shown that two conditions must be fulfilled for a microbial bloom to occur
in the Dead Sea: the upper water layers must become diluted to a sufficient extent, and
phosphate, the limiting nutrient in the lake, must be available.
A thorough understanding of the biological phenomena in the Dead Sea and the factors
that determine the nature and extent of biological blooms in the lake is of great importance
when planning human interference in the properties of the lake. During the past decade the
level has dropped approximately one meter per year on the average (Gavrieli & Oren, 2004;
Oren & Gavrieli, 2002; Yechieli et al., 1998). This drop in water level is causing severe
problems in the area for local infrastructure, tourism, and industrial activities. Currently a
proposal is being investigated for the construction of the "Peace Conduit", connecting the
Dead Sea with the Gulf of Aqaba (Red Sea). This planned water carrier is intended to
counteract the drop in Dead Sea water level, mitigating damaging processes that currently
occur in the Dead Sea and its surrounding area. The difference in elevation between the Red
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Sea and the Dead Sea (current surface level: -418 m) may be exploited for energy generation
and seawater desalination (Gavrieli et al., 2005; Oren et al., 2004; Oren et al., 2005).
The present study, combining laboratory model experiments with simulations in outdoor
ponds, was intended to provide answers to two basic questions: (1), what are the boundary
conditions with respect to dilution and phosphate concentrations that enable the development
of algae in the Dead Sea, and (2), how long may algal and archaeal blooms, once formed,
remain present in the lake when limnological conditions will remain constant.

Methods
Field-scale simulation experiments in the experimental ponds at Sedom
Mixtures of Dead Sea water and Red Sea water were incubated in experimental ponds on the
grounds of the Dead Sea Works Ltd. at Sedom. The experimental setup consisted of white
plastic tanks (1 x 1 x 1 m; Dolav, Kibbutz Dvir, Israel), buried for 75% in the ground. These
tanks were filled with 900 l of mixtures of Dead Sea water (sampled from the channel that feeds
the evaporation ponds of the Dead Sea Works Ltd. with water from the northern basin of the
lake) and water from the Gulf of Aqaba, purified through a filter of 60-70 cm sand, eliminating
particles larger than 20-30 µm. The first set of experiments performed at the site, initiated in July
2002, as well as further details of the experimental setup, have been documented by Oren et al.
(2004). The experiments documented in the present paper started in 2002-2003, and are based on
two ponds. One pond (“no. 4”) was filled with a mixture of 80% Dead Sea water and 20% Red
Sea water, amended with 1 µM KH2PO4 and inoculated with 50 ml of brine from a pond that had
developed a bloom of Dunaliella and halophilic Archaea in the previous set of experiments. The
second pond (“no. 9”) contained a 1:1 mixture of water from ponds no. 9 and 10 from the earlier
experiment. These ponds both contained a 70% Dead Sea water – 30% Red Sea mixture and 1
and 10 µM KH2PO4, so that the new experiment was based on brine that had received an
equivalent concentration of 5.5 µM phosphate, and started at the high algal and archaeal densities
that had developed in the first round of experiments as documented (Oren et al., 2004). The
ponds were mixed daily, and their water level was kept constant by adding deionized water every
1-2 days, followed by thorough mixing. In November 2004, an additional portion of 1 µM
KH2PO4 was added to pond no. 4. The ponds were sampled once every two weeks for the
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determination of the density of the Dunaliella population, the halophilic archaeal community
density, and the content of algal chlorophyll and archaeal carotenoids.

Laboratory-scale simulation experiments of microbial development in Dead Sea – Red Sea
water mixtures
To examine in further depth the effect of salinity and phosphate concentration on the
development of Dunaliella in Dead Sea – Red Sea waters, we set up laboratory experiments in
which 100-ml Erlenmeyer flasks were filled with 75 ml portions of Dead Sea water (sampled in
July 2005 from a depth of 10 m at the deepest point of the lake 8 km east of Ein Gedi) and
filtered Red Sea water as described above. Different concentrations of KH2PO4 were added, and
all flasks were inoculated with a culture of Dunaliella from the Dead Sea in 80% Dead Sea water
– 20% Red Sea water to supply an inoculum of about 500 Dunaliella cells ml-1. The flasks were
incubated at 30 oC under constant illumination (100 µM quanta m-2 s-1) by white fluorescent
tubes. To prevent evaporation and to ensure constant salinity for the duration of the experiment,
the flasks were closed with Parafilm. After 25 days samples were withdrawn for microscopic
enumeration of Dunaliella cells and chlorophyll assay.

Enumeration of algae and halophilic Archaea
To count the density of the algal (Dunaliella) and halophilic archaeal communities, 50 ml of
samples from the experimental ponds were fixed with 1 ml of 37% formaldehyde, previously
cleared by filtration through a 0.2 µm pore size membrane filter. Samples were stored at room
temperature until analysis, performed within 3-4 weeks.
For the enumeration of Dunaliella cells, 2.5-ml portions of fixed samples were
supplemented with 0.1 ml of 0.1 N iodine to stain intracellular starch. The samples were then
filtered through Millipore filters (25 mm diameter, 5 µm mean pore size, cat. no. SMWP-25).
Filters were placed on microscope slides, and cells were counted under a 16x or a 40x objective.
A similar procedure was followed for the enumeration of algal cells in laboratory experiments.
No prior fixation was used in this case, and variable volumes of water filtered were filtered
according to the density of Dunaliella in the flasks. Cell numbers were calculated from the
average number of cells per field and the field diameter, calibrated with the aid of the grid of a
Petroff-Hauser counting chamber (Oren and Shilo, 1982; Oren et al., 1995b). Prokaryotic cells
(Archaea and Bacteria combined) were enumerated microscopically using a Petroff-Hauser
counting chamber after 5-10-fold concentration by centrifugation (20 min, 12,000 x g). The
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relative accuracy of the algal and prokaryotic cell counts was estimated at ± 10 and 20%,
respectively.

Pigment determinations
The content of chlorophyll and carotenoids in the experimental ponds was determined by
filtering 50-ml sample portions through glass fiber filters (Whatman GF/C, 47 mm diameter)
within 1 hour after sampling. Filters were kept at -20oC in the dark until further processing
within 3-4 weeks. Filters were then extracted overnight in 5 ml methanol/acetone (1:1, by
volume). For the determination of chlorophyll in laboratory cultures, 30 ml portions of liquid
were filtered through 25 mm diameter GF/C filters, and the filters were extracted in 2.5 ml of
methanol/acetone.

The extracts were cleared of particles by centrifugation, and their

absorption spectra (400-700 nm) were measured in a Cary Varian model E1 scanning
spectrophotometer, using the solvent as a blank. Chlorophyll concentrations were calculated,
assuming a specific absorption of 73.5 l mg-1 cm-1 at 665 nm.
Archaeal bacterioruberin pigments were quantified based on a specific absorption of
25.4 l mg-1 cm-1 at 496 nm for α-bacterioruberin. A correction was made for the contribution
of algal pigments to the total absorbance at this wavelength, as outlined in Oren et al. (2004).

Results
Our outdoor simulation experiments in 0.9 m3 ponds show that once a microbial bloom has
formed in a Dead Sea – Red Sea water mixture, it can persist for over two years (Figs. 1 and
2).
Figure 1 documents a bloom of Dunaliella and halophilic Archaea in a mixture of 80%
Dead Sea water and 20% Red Sea water, supplemented with 1 µM orthophosphate. Algal
numbers reached values of up to 12,000 cells ml-1 (16 µg chlorophyll liter-1) after 4 months,
and then declined to low values. Mass development of algae was followed by the growth of
halophilic Archaea, which are heterotrophic microorganisms that develop at the expense of
organic compounds produced by the autotrophic algae. We counted up to 65x106 prokaryotic
cells ml-1, and their bacterioruberin carotenoids (up to 18 µg liter-1) imparted an intensely red
color to the brine. This community remained present throughout the experiment, without any
major decline for more than two years. To prove that further algal development was limited
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by the availability of phosphate after the initially added phosphate had been taken up by the
microbial community and was incorporated in the biomass, we added an additional 1 µM
orthophosphate in November 2004. This addition quickly resulted in a renewed development
of Dunaliella.

A similar long-living microbial bloom was obtained in a pond that had

received a mixture of 70% Dead Sea water – 30% Red Sea and 5.5 µM phosphate (Fig. 2).
This experiment was a continuation of an experiment set up in July 2002, documented earlier
(Oren et al., 2004). It shows once more that such microbial blooms can be sustained for long
periods, in this case for over three years.
The examples shown in Figs. 1 and 2 are part of a more extensive set of experiments in
which we examined the effect of different parameters on the timing and extent of microbial
development in Dead Sea – Red Sea mixtures. Some of the early experiments have been
described in an earlier paper (Oren et al., 2004). Without added phosphate no significant algal
and archaeal blooms were observed. Insoluble finely powdered rock phosphate (apatite) did
not trigger blooms (not shown).
To further test the boundary conditions that enable the onset of an algal bloom in Dead
Sea – Red Sea water mixtures, we set up a laboratory simulation experiment in which
different mixtures were supplemented with different concentrations of orthophosphate and an
inoculum of Dunaliella. After incubation in the light for four weeks, algae developed only
when the concentration of Dead Sea water in the mixtures was below 90%, and the rate at
which the cells multiplied increased with decreasing salinity of the water mixture. The extent
of the algal growth obtained was a function of the concentration of phosphate added (Fig. 3).
These results confirm and extend laboratory simulation experiments performed in the early
1980s in which Dead Sea water was diluted with freshwater (Oren & Shilo, 1985).
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Discussion

Compared to all other aquatic environments of lower salinity, the Dead Sea is a very simple
ecosystem. Higher animals are absent, and protozoa, if they are present at all, do not appear to
play a significant role in regulating community densities of unicellular algae and heterotrophic
prokaryotes. The main players are one type of primary producer – the alga Dunaliella, and
several species of halophilic Archaea (Kaplan & Friedmann, 1970; Oren, 1988; Oren, 1997).
Figure 4 presents a general model of the biological processes that occur in the aerobic water
column of the Dead Sea, the organisms involved, and some of the interrelationships between
the biota.

This model is based on observations of the dynamics of algal and archaeal

communities in the lake, laboratory simulations, as well as field-scale simulations such as
documented in the present study.
Undiluted Dead Sea water is too harsh an environment even for Dunaliella, the best saltadapted alga known. Therefore algal blooms, and subsequent mass development of Archaea
that live at the expense of organic material produced by the algae, can only occur after dilution
with less saline water. Analysis of the biological events following the rainy winters of 19791980 and 1991-1992 have provided ample illustration of this (Oren, 1983b; Oren, 1993a;
Oren & Gurevich, 1995; Oren & Shilo, 1992; Oren et al., 1995b), as have simulation
experiments (Oren & Shilo, 1985; Fig. 3 in the present study). One of the organic compounds
produces in massive amounts by Dunaliella is glycerol, used by the algae to provide osmotic
stabilization. Evidence has accumulated that this glycerol is probably one of the major
nutrients used by the halophilic Archaea (Oren, 1993b; Oren, 1994).
Phosphate is clearly the limiting nutrient that governs the extent of microbial blooms in
the lake. Inorganic nitrogen is plentifully available in the form of ammonium ions, but
phosphate concentrations are low. Stiller & Nissenbaum (1999) and Nissenbaum et al. (1990)
reported dissolved phosphate levels of about 1 µM. Due to the difficulty in performing highprecision chemical analyses in the presence of molar concentrations of other interfering salt it
cannot be ascertained to what extent this value indeed represents the true concentration of
biologically available phosphate. Furthermore, little information has been obtained on the
spatial and temporal variation in the concentration of dissolved phosphate in the Dead Sea
water column. In any case, the dramatic response of the Dunaliella community to phosphate
addition in laboratory and field-scale simulation experiments unequivocally proves its

55

importance as a key nutrient that determines the properties of the Dead Sea as an ecosystem.
Following uptake by the algae, the phosphate becomes fixed in the algal and archaeal
biomass. Addition of more phosphate provides the opportunity for renewed algal growth (Fig.
1).
The simulation studies documented in Figs. 1 and 2, as well as in an earlier publication
(Oren et al., 2004), show that mass development of Dunaliella is generally followed by a
rapid decline. The causes of this decline are still poorly understood. Following the 1992
spring bloom of the alga, the cells were observed to form cyst-like structures, possibly
zygotes, which sank to the bottom (Oren et al., 1995b). Evidence has been obtained that such
thick-walled cysts serve as the inoculum that enables rapid development of Dunaliella in the
Dead Sea as soon as the upper water layers become diluted by freshwater floods (Oren, 1999b;
Oren & Ben-Yosef, 1997). We never observed formation of such cysts in the experimental
outdoor ponds.
While algal blooms, both in the Dead Sea itself and in the pond simulation experiments,
were always of limited duration, the Archaea remained present for very long times both in the
lake (Oren, 1983b; Oren & Gurevich, 1995,) and the experimental ponds were after 2-3 years
as brightly red colored as when the bloom first started (Figs. 1 and 2). It has been suggested
that the halophilic Archaea in the Dead Sea can to some extent use light energy absorbed by
the retinal pigment bacteriorhodopsin as an energy source for maintenance (Oren, 1983c; Oren
& Shilo, 1981). Little is known about the factors that remove archaeal cells from the Dead
Sea water column. Overturn of the water column with mixing of the Archaea-rich upper layer
with the lower water masses has been a major factor in the decrease in prokaryote densities
following the 1980-1982 and 1992-1995 blooms (Oren, 1985; Oren, 1988; Oren, 2000; Oren,
2003). Bacteriophages may also be involved in regulating archaeal community densities in
the lake, as direct electron microscopic examination revealed large numbers of phage-like
particles (Oren et al., 1997). However, their true impact on the community dynamics has
never been ascertained (Oren, 1999b).
Understanding the factors that trigger the development of microbial blooms and
determine their longevity is important in the planning of the Red Sea – Dead Sea water carrier
(Gavrieli et al., 2005; Oren et al., 2004; Oren et al., 2005). A permanent stratification is likely
to become established as the upper layers of the lake will become diluted with much less
dense Red Sea water, whether or not concentrated in a process of reverse osmosis
desalination. When the upper layers will become diluted by more that 10% by the waters
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from the Red Sea, combined with any flood waters that naturally enter the Dead Sea each
winter, conditions are established for the development of blooms. The extent of these blooms
will be a direct function of the availability of phosphate. The waters of the Gulf of Aqaba are
very low in phosphate, but other sources (phosphate entering with flood waters from the
catchment area, anthropogenic sources) can be quantitatively far more important. The results
of simulation experiments documented in this study show that the conditions that lead to the
formation of a microbial bloom in the Dead Sea are now quite well understood. They also
show that such blooms, once formed, can remain present for long periods and determine to a
large extent the properties of the lake for many years.
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Legends to the Figures
Figure 1. Numbers of Dunaliella cells, concentrations of chlorophyll, numbers of
archaeal cells, and concentration of bacterioruberin carotenoids in an outdoor pond filled
with a mixture of 80% Dead Sea water and 20% Red Sea water, and amended with 1 µM
KH2PO4 from the start of the experiment in March 2003 until August 2005.

An

additional portion of 1 µM KH2PO4 was added in November 2004 (arrow).

Figure 2. Numbers of Dunaliella cells, concentrations of chlorophyll, numbers of
archaeal cells, and concentration of bacterioruberin carotenoids in an outdoor pond filled
with a mixture of 70% Dead Sea water and 30% Red Sea water. In March 2003 the pond
was filled with a 1:1 mixture of water from ponds no. 9 and 10 from an earlier
experiment, which contained 70% Dead Sea water – 30% Red Sea and 1 and 10 µM
KH2PO4 (Oren et al., 2004), explaining the high initial values of biological parameters.

Figure 3. Development of Dunaliella cells and chlorophyll in a laboratory simulation
experiment in which Dead Sea – Red Sea water mixtures were incubated for 25 days at 30
o

C in the light in the presence of 1 (▲), 2.5 (■) and 5 µM KH2PO4 (●) and an inoculum

of 500 Dunaliella cells ml-1, whereafter the density of Dunaliella cells (left panel) and the
chlorophyll content of the water (right panel) were determined.

Figure 4. Schematic representation of the processes that govern the development of algal
and archaeal blooms in the Dead Sea water column.
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