Red Sea – Dead Sea Water Conveyance Study Program

Dead Sea Study

Final Report
August 2011
GSI Report Number: GSI/10/2011
TAHAL Report Number: IL-201280-R11-218

in
association
with

and associates

Red Sea – Dead Sea Water Conveyance Study Program

Dead Sea Study

Red Sea to Dead Sea Water Conveyance (RSDSC) Study: Dead Sea Research Team

and the Geological Survey of Israel (GSI)
and the following participating institutions:

Portland State University - Oregon, USA

Institute of Life Sciences - The Hebrew University of Jerusalem

Department of Geological and Environmental Sciences
Ben-Gurion University of the Negev

Department of Geography and Environment - Bar Ilan University
Israel Oceanographic and Limnological Research

Final Report
August 2011
GSI Report Number: GSI/10/2011
TAHAL Report Number: IL-201280-R11-218

Team Leader: Elias E1
Scientific Coordination and Deputy Team Leader: Gavrieli I2
General Coordination: Buzaglo M1, Farber E1
Editor: Esakov S1
Scientific Contributions:
Gavrieli I2, Lensky N2, Abelson M2, Ganor J3, Oren A4, Brenner S5,
Lensky I5, Shalev E2, Yechieli Y2, Dvorkin Y2, Gertman I6, Wells S7, Simon
E1, Rosentraub Z6, Reznik I3,2
Scientific Assistants: Bodzin R2, Ozer T6, Katsenelson B6, Hochman L5,2
Nehorai R5,2, Shahar H1
[1] TAHAL Consulting Engineers Ltd
[2] Geological Survey of Israel
[3] Ben-Gurion University of the Negev
[4] The Hebrew University of Jerusalem
[5] Bar Ilan University
[6] Israel Oceanographic and Limnological Research
[7] Portland State University

August 12, 2011
Mr. Alexander McPhail
MSN J11-1102
The World Bank
1818 H Street, NW
Washington, DC 20433
USA
Dear Mr. McPhail,
Re: Final Report
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while monitoring the response of the system to the dilution. It is expected that a pilot will
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due to inflow of seawater, provided that monitoring close to the discharge point as well as
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unexpected impacts and phenomena which may arise once seawater first mixes in the
Dead Sea, before a full scale RSDSC is implemented.
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Final Report
Red Sea - Dead Sea Water Conveyance Study Program
Dead Sea Study
1.

Executive Summary
This Final Report is the last of five reports being prepared by the Dead Sea Study
team under the auspices of the World Bank's exploration of the feasibility of
discharging seawater and/or reject brine from desalinated Red Sea water into the
Dead Sea in an effort to chart the physical, chemical and biological impact on the
Dead Sea and its environs. This study began in February 2010 and culminated in
August 2011.
The report summarizes the project's background, reviews the scientific work and
insights gained over the past decades into the evolution from the past to the
current state of the Dead Sea, describes the methodologies used for the study, and
presents the up-to-date findings of the research teams in relation to the questions
posed by the World Bank.
In Section 3, the Project's Definitions and Targets are presented. The questions of
the three tasks, as stated by the World Bank in the Terms of Reference (contract),
are given in detail (Sections 3.1- 3.3, respectively). In Section 3.4, the scenarios
for the model runs that have been approved by the World Bank can be found.
In Section 4, the project implementation is presented, including the project
progression (4.1) and a general description of the work performed (4.2).
The next two sections deal with the Dead Sea itself (Section 5) and the
Hydrogeology Study surroundings the lake (Section 6) as described further:
Section 5.1 summarizes the database of the available information and knowledge
about the Dead Sea collected up to the beginning of the project that is relevant to
the RSDSC Study Program. In addition, the current report includes all the
information collected to date within the framework of this study. This section
outlines the following topics: Dead Sea Chemistry (5.1.3), Dead Sea Hydrography
and Meteorology (5.1.4), Remote Sensing of the Dead Sea Surface (5.1.5),
Energy and Mass Balances (5.1.6), Life in the Dead Sea (5.1.7) and Gypsum
Precipitation (5.1.8).
In Section 5.2, Modeling the Dead Sea – Expected Impact due to RS-DSC is
presented. Three different models are used here to simulate the hydrodynamic and
chemical evolution of the Dead Sea. The models differ by their grid geometry: the
1D with a layered grid, 2D with E-W averaging grid, and a 3D grid. Each model
provides different insights into the present conditions and future evolution of the
Dead Sea, under the agreed upon scenarios.
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The 1D model (Section 5.2.2) parcels the Dead Sea into layers that are
horizontally uniform. This model allows for rapid insight into the thermohaline
structure of the Dead Sea and its chemical evolution. The model has been run for
several decades under the various scenarios approved by the World Bank, as well
as for hundreds of years in the base case scenario. This model is the major tool
used to explore the effect of inflow of seawater or reject brine on the future
evolution of the Dead Sea, including change in water level, development of
stratification and dilution of the surface water, mineral precipitation and
composition of the surface water.
The 2D model (Section 5.2.3) is a laterally averaged (E-W) hydrodynamic and
water quality model. This model allows simulation of the horizontal spatial
distribution in addition to the vertical variations found in the 1D, and allows
comparison between the impacts on the Dead Sea following inflows from
different locations along an N-S axis.
The 3D model (Section 5.2.4) was adapted to the unique conditions of the Dead
Sea, and provides initial simulations of present condition (monomicic) including
currents and the 3D thermohaline structure. The model was semi-calibrated using
recent current measurements from the SW part of the Dead Sea and remote
sensing data. A few short-term runs (10 days) of future scenarios with reject brine
inflows are presented describing the spreading dynamics of the diluted plume
from the discharge location.
Section 5.3 discusses the expected impacts of a small scale pilot (inflow volume
measuring less than the volumes included in the TOR) and the new scientific
knowledge that can be gained from it. An independent study, carried out beyond
the requested work plan, was conducted by our scientific team around the En
Fescha springs. These springs introduce some 70 MCM/yr of fresh to brackish
water into the Dead Sea, which is about 50% of the initial volume proposed by the
World Bank Pilot/modular construction scenario (140 MCM/yr between 2015 and
2020, Section 3.4.3). As discussed at the end of the section, the En Fescha
discharge area can be regarded as a natural case study for the pilot.
In Section 6.1 surface flows are presented. These data are estimated based upon
nearby meteorological stations and by determinations based on the Thiessen
method using data from four stations. Data of annual surface inflows to the Dead
Sea are also presented.
In Section 6.2 groundwater inflows to the Dead Sea are presented. The study of
groundwater in the Dead Sea area involves several aspects, including monitoring
of water levels and location of the fresh-saline water interface, modeling the
groundwater system on both local and regional scales, and utilizing several
research tools in order to estimate the rate of groundwater flow into the Dead Sea
(both fresh and saline water).
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In Section 6.3 the sinkhole issue is presented. Two numerical simulations were
run during this project. These models included a) a local scale groundwater solute
transport model that assessed the impact of seawater inflow on the groundwater
system (e.g., the location of the fresh-saline water interface) and thus on the future
evolution of sinkholes at a higher Dead Sea level, and b) hydrological simulations
that estimated the location of the fresh-saline water interface as a response to the
decrease in the Dead Sea level, and thus estimated the future conditions for salt
dissolution.
Section 7 provides detailed replies to the three tasks set by the World Bank.
Regarding Task 1- the Current Status is presented in Section 7.1. The limnology
of the Dead Sea has been investigated in previous studies, as well as in this
project. Since the 1980s, the Dead Sea has been a monomictic lake which
overturns every year in the early winter, and remains vertically homogenous
throughout the winter until early summer when thermohaline stratification
develops. From the biological aspect, in its current status the Dead Sea is nearly
devoid of microorganisms.
A mass and energy balance was calculated in this project for the years 1993-2009.
This mass balance indicates a negative water balance of the Dead Sea with an
average rate of evaporation of 1.15 m/yr and average salt precipitation rate of
0.1 m/yr. The average total inflow volume to the Dead Sea during these years has
been 350 MCM/yr, excluding the rainy years of 1992/1993 and 2003/2004. The
majority of inflow volumes are surface inflows from the main springs and wadis
draining into the Dead Sea, with a contribution of less than 100 MCM/yr of
unobserved groundwater discharging directly to the Dead Sea.
The annual water deficit of the Dead Sea is ~700 MCM in terms of freshwater.
About 725 MCM of freshwater evaporates from the Dead Sea surface. Additional
water evaporates in the evaporation ponds of the chemical industries in the
southern basin. Unfortunately, the Consultant did not have access to the volumes
of pumping and discharge of the industrial end-brine back to the Dead Sea by
these industries (these were supposed to be provided by the World Bank).
Therefore, these were estimated based upon various sources to be 600 MCM/yr of
Dead Sea brine and 270 MCM/yr of end-brines discharge, respectively.
The results of both the field measurements and numerical modeling show that
groundwater levels follow the declining Dead Sea level as a function of distance
from the shore and sediment permeability. The groundwater level responds
rapidly to changes in the Dead Sea level indicating very good hydraulic
connection between the Dead Sea and groundwater. The location of the freshsaline water interface also recedes fast (although at a somewhat slower rate than
the water level decline), indicating rapid flushing of the original Dead Sea
solution.
Regarding Task 2 - No Action Scenario is presented in Section 7.2. This task
deals with the question of how the water level, water balance and chemistry of the
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Dead Sea will evolve in the future in case there is no implementation of the
RSDSC project (i.e., the base case scenario). Under the current negative water
balance, assuming no changes in inflows, climate, and activity of the chemical
industries, the Dead Sea level in the coming decades is expected to continue to
decline at a rate of 1.0 m/yr - 1.2 m/yr, and the monomictic behavior of the Dead
Sea will be maintained. On a longer time scale, the rate of water level decline will
gradually decrease. The salinity, density and temperature of the Dead Sea will
however continue to rise, while halite will continue to precipitate and accumulate
on the Dead Sea's floor. Minor precipitation of gypsum will also continue, similar
to the present condition (two orders of magnitude less than the halite precipitation
rate), but no "whitening" is expected. The ever increasing concentrations of
divalent cations and decreasing sodium concentrations will make the Dead Sea
waters ever more hostile for life. Conditions for life in the lake will become
increasingly difficult.
Assuming that the chemical industries will continue to operate as they do today,
the Dead Sea will reach a level of about -550 m by year 2150. If the industries
cease to operate within a time scale of several decades, the Dead Sea is expected
to stabilize at a water level of about -515 m, about 90 m below its present level,
reflecting an equilibrium between inflows and surface evaporation. The future
equilibrium in this scenario will be established after about 300 years.
Since groundwater discharge is limited mostly to the permeable sediments, it is
forecasted that the discharge will not change significantly with the continuing
level decline. Sinkhole formation will continue with more sinkholes appearing in
the existing sites and possibly further east until the groundwater level will decline
below the salt layer.
Regarding Task 3 - the Base Case plus Scenario is presented in Section 7.3. These
scenarios refer to the implementation of the RSDSC project. The World Bank
questions focus on the impact of adding reject brine and/or seawater to the Dead
Sea on the water balance, limnology, chemistry, and microbiology of the Dead
Sea. The boundary conditions under which these simulations were run are
outlined in the report. Given the uncertainties in some of these boundary
conditions, it is clear that additional work will be required if the project is
implemented at the higher volume range, such that will lead to dilution of the
surface water. However, the report suggests that at volumes of <400 MCM/yr, the
limnology of the Dead Sea will not be greatly influenced by the additional inflow.
Larger inflows will need to be added very carefully, while monitoring the
response of the system to the dilution.
The effects of inflow with volumes of 0.4, 1.0 and 1.5 billion m3/yr from the Gulf
of Aqaba/Eilat on the physical, chemical and biological baseline parameters of the
Dead Sea are presented. In addition, two scenarios of changing inflow volumes
with time, provided by the World Bank are presented. Fig. 5-89 to Fig. 5-91
present, respectively, the change with time in water levels, surface water densities
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and salinities (in kg/m3). Fig. 5-92 to Fig. 5-94 present the change with time in the
composition of the surface water.
A schematic diagram summarizing the expected changes in the Dead Sea
limnology due to different inflow volumes is presented in Fig. 1-1. The figure
includes some of the major aspects discussed in the report and in the answers to
the tasks. These are elaborated further below and are discussed in detail in the
report. Major findings presented in the figure include:
In order to stabilize the Dead Sea level, more than 700 MCM/yr of additional
water is needed.
The present meromictic conditions of the Dead Sea will be maintained at least
up to inflow volume of <400 MCM/yr.
Meromictic conditions will develop in the scenarios of high inflow volumes.
Some uncertainty exists regarding the volumes needed to trigger the onset of
meromictic (stratified) conditions. This depends upon the boundary
conditions, as explained in the report.
Potential for biological blooming exists only when stratification develops and
the upper mixed layer is diluted by at least 10%. Besides density limiting
growth, the availability of PO4 is also a significant factor.
Once stratification develops and mixing occurs in the upper water column,
there is a potential for "whitening" in all World Bank scenarios. However,
actual whitening depends upon gypsum growth rate and size.
The development of stratification may increase the rate of sinkhole formation
due to dissolution by groundwater derived from the undersaturated upper
mixed layer.
Minor groundwater depletion is expected with the ongoing level drop. This
will be reduced as the level approaches stabilization.
Following dilution of the upper mixed layer, it is assumed that the industries
will pump from the lower water body. The base of the halocline will deepen
with time and increasing inflow rates, thereby requiring pumping from
increasing depths.
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Fig. 1-1:

Expected impacts on the Dead Sea due to RSDSC (schematic)

Inflow of only 400 MCM/yr is not enough to raise or even stabilize the water
level of the Dead Sea under the current water balance of the Dead Sea, and the
water level will continue to drop, although at a slower rate than today. Under this
scenario, the biological parameters will not change relative to the present, and the
surface water will still be too concentrated to allow biological blooming.
In case of epilimnion density below 1210 kg/m3 blooming of both Dunaliella and
halophilic Archaea may occur, while in case of density below 1145 kg/m3
blooming of Cyanobacteria may occur.
The 1500 MCM/yr of seawater and WB1 scenarios should be rejected as the lake
raises the level above -406 m.
Whether or not the Dead Sea will remain monomictic under this scenario depends
upon how the industrial end-brines mix in the water column. The inflow of the
industrial end-brines is a major factor controlling the dynamics of the Dead Sea
and the evolution of the Dead Sea composition under present condition and in any
future scenario. The end-brines are much denser than the Dead Sea brine
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(approximately 1.34 kg/l and 1.24 kg/l, respectively) and thus initially flow along
the bottom while mixing with the Dead Sea brine. The actual mode of mixing of
the end-brine in the Dead Sea is one of the major enigmas of the dynamics of the
lake, and its modeling can only be based upon detailed observations. The
Consultant presents sensitivity tests that emphasize this point.
Short period runs of the 3D model (10 days) with reject brine volumes of
100 MCM/yr, 400 MCM/yr and 1000 MCM/yr discharged into the Lisan Bay are
presented in Section 5.2.4 In the 100 MCM/yr, the plume is limited to the bay,
with a very thin diluted layer developing close to the discharge site. In contrast,
the 1000 MCM/yr run shows the spreading of a thin diluted plume north and west
of the bay. Similar flow patterns were indicated by images of suspended matter as
observed by remote sensing. The run indicates that even after the establishment of
meromictic conditions, as expected with 1000 MCM/yr inflow volume, these
areas will remain more diluted. The 3D model is not yet fully calibrated, and
requires additional development. Therefore, longer runs were not carried out.
A significant progress in understanding and predicting gypsum precipitation in the
Dead Sea system was achieved in the present study. This includes the ability to
predict the thermodynamic properties of the evolving Dead Sea brine and a
formulation of a general rate law of gypsum nucleation and description of gypsum
crystal growth kinetics. These confirm that inflow of seawater or reject brine will
result in dramatic increase in gypsum precipitation from the Dead Sea relative to
the present rate. It is expected that the average rate of gypsum nucleation and
crystal growth in the lake would increase as well. As a result of an increase in the
nucleation rate, gypsum that presently precipitates mainly in the evaporation
ponds will start precipitating at the northern basin of the Dead Sea. If precipitation
does not take place in the vicinity of the discharge site, it is estimated that rapid
gypsum precipitation will occur after two years, when 400 MCM/yr of seawater
will be introduced. When introducing 1000 MCM/yr of seawater, 1000 MCM/yr
of reject brine or 1500 MCM/yr of seawater and the scenario listed in Table 3-1,
rapid gypsum precipitation will occur after ~ half a year. When introducing
seawater according to the scenario listed in Table 3-2, rapid gypsum precipitation
will occur after 5.5 years.
Recent experiments simulating gypsum precipitation from mixtures of Dead Sea
and Red Sea in different ratios, yielded crystals that are mostly smaller than
0.1 mm. Turbidity measurements of Dead Sea brine with suspended gypsum
crystals smaller than 0.1 mm were conducted. The maximum relevant
concentration was taken as 600 mg/l, which represents the annual gypsum
precipitation in a scenario of 1000 MCM/yr which evenly mixes in the upper
mixed layer (depths of 0 m – 30 m). The suspension was much more turbid than
the upper limit of turbidity of lakes in the USA (aesthetic criterion). Only
suspensions that are less than 200 mg/l are below the acceptable turbidity
threshold. This implies that whitening cannot be ruled out in the scenarios
proposed by the World Bank.
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Both the kinetic experiments and the size distribution measurements indicate that
gypsum crystals grow rapidly when enough surface area of existing crystals is
available. Therefore, one may consider the possibility of introducing gypsum
seeds at the discharge site, in order to reduce the formation of small gypsum
crystals. Other materials, such as clay, do not affect the growth rate of gypsum.
Whether indeed the dilution of the upper water layers will trigger the formation of
massive long-term blooms of algae and Archaea, with the development of a green
and/or pink-red colored water surface, may depend also to a large extent upon the
effects related to the precipitation of gypsum from the water column. On the basis
of laboratory experiments, the Consultant's current theory is that during the
precipitation of gypsum, essential nutrients (phosphate, iron) may co-precipitate
with the gypsum, and are then removed from the water body to the lake bottom
where they are no longer available for biological processes in the diluted photic
zone. Gypsum precipitation may thus directly influence the extent of biological
phenomena. Since formation of massive amounts of gypsum as a result of the
inflow of Red Sea water is inevitable, it is very possible that the extent of algal
and archaeal blooms in the Dead Sea may be limited, and will develop in a period
in which no significant gypsum precipitation from the water column occurs. The
extent of algal and archaeal blooming will also depend upon the depth of mixing.
Algal bloom formation in a well-mixed layer of 25 m – 30 m will probably be
restricted by the availability of light because of the rapid light attenuation with
depth.
The effect of increasing the Dead Sea level on the sinkholes' formation is
complicated. Water from the diluted upper layer might flow into the aquifer,
dissolve the salt and therefore the potential for sinkhole formation might actually
increase. Such a complex flow will not occur in all cases, and will depend upon
the thickness and the salinity of the upper layer.
The impacts of the groundwater and sinkholes evaluation are presented. As a
result of the increasing Dead Sea level, the springs in some areas along the
shoreline are expected to migrate with the Dead Sea shore. Some time lag is
expected between the level change and the response of the fresh-saline water
interface. During this time lag, the groundwater discharge will temporarily
decrease before recovering to steady state values as the system will approach a
new steady state.
Insights to be gained from a pilot: The study of the mixing of freshwater from En
Fescha provides insight as to what could be expected from a ~100 MCM/yr pilot.
The study showed that the En Fescha water mixes very intensively in the Dead
Sea water body, and that the signal is lost within a few ten meters off shore from
the spring. The highest dilution recognized was ~1:400 freshwater: Dead Sea.
Initial insights from this observation on the expected mixing process of seawater
from the pilot are as follows:
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Mixing will be very efficient, therefore local layering and dilutions will be
very limited. Local layering will develop only at much higher inflow volumes.
Modeling the local plume around the inlet will not provide additional insight
as to the onset of stratification and meromictic conditions. This is also
suggested by the 3D simulation of the 100 MCM/yr inflows.
Biological blooming is not expected to develop due to such a pilot, since no
significant dilution is expected to occur. As shown by the biological
experiments and the models (Section 5.2), biological blooming has the
potential to develop only due to significant dilution, such as that following an
inflow volume that approaches 1000 MCM/yr.
In addition it is expected that a pilot will close some gaps in the understanding of
gypsum crystallization kinetics and crystal sizes due to inflow of seawater.
Specifically, monitoring the pilot will provide insight into the potential for
outsalting and precipitation of gypsum close to the inlet. In the long run, the pilot
will also allow verification of the kinetic laws established so far for gypsum
precipitation from the Dead Sea (Section 5.1.8.7). In addition, it is preferable to
study and mitigate unexpected impacts and phenomena which may arise once
seawater first mixes in the Dead Sea, before a full scale RSDSC is implemented.
To conclude, the report suggests that at volumes of <400 MCM/yr, the limnology
of the Dead Sea will not be greatly influenced by the additional inflow. If larger
volumes are envisioned, they will need to be added very carefully while
monitoring the response of the system to the dilution.

2.

Introduction
The Red Sea − Dead Sea (RS-DS) Water Conveyance Study Program is
investigating the physical, chemical and biological aspects of the effects of
mixing Red Sea and Dead Sea waters in the Dead Sea. Within the framework of
this program, this is the fourth of five reports being presented to the World Bank.
This report (Final Report) summarizes the project's background, reviews the
scientific work and insights gained over the past decades into the evolution from
the past to the current state of the Dead Sea, describes the methodologies used for
the study, and presents the results of the work performed.
The Final Report (FR) report is divided into three sections; 1) the teams' insights
as they relate to past knowledge and recently acquired data, 2) World Bank tasks'
definitions and derived conclusions, and 3) bibliography.
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3.

Project's Definitions and Targets
This report presents the findings of the research teams in relation to the questions
posed by the World Bank. In the previous reports, the initial assessments for the
tasks were prepared based upon current knowledge and understanding.
These assessments have now been modified to accommodate more recent
information, there was an attempt to reduce the gap between the presently known
and unknown knowledge, and whenever possible sharpen the focus on a
quantifiable answer for the required tasks based upon the ongoing studies and
various models' simulations.
At the request of the World Bank, and not as stated in the Terms of Reference, the
target level has been revised to between -433 and not over -406, and the time
frame has been expanded from 2035 to 2050 or even 2075 for a 2020 inflow
commencement. The suggested changes to the target levels and the timeframe will
not affect the information in the qualitative assessment, but have been
incorporated into the present research. These revised values have subsequently
influenced the validation and running of the models.
In Section 3.4 the scenarios for the model runs that have been approved by the
World Bank can be found. These are at variance with some of the target values
expressed in Section 3.3, since several of the values were not tested and thus
became irrelevant in this study.
The replies to these tasks set by the World Bank can be found in Section 7 of this
report.

3.1

Task 1: Current Status
Review the past and current baseline studies/research related to the limnology of
the Dead Sea with particular attention to the recent efforts by the relevant
scientists in modeling the dynamic limnology of the Dead Sea. This section will
refer to the following:
3.1.1 The current physical and chemical conditions of the water in the Dead Sea.
3.1.2 The current biological conditions (including endemic bacteria) of the water
in the Dead Sea.
3.1.3 The values of the components for the present water balance of the Dead Sea,
including values for evaporation and groundwater depletion.

3.2

Task 2: No Action
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This will evaluate how the level, water balance, and chemistry and microbiology
of the Dead Sea and the state of groundwater and sinkhole status in the environs
will evolve in the future in the event that no action is taken. This section will refer
to the following:
3.2.1 Estimate how will the current physical and chemical parameters of the Dead
Sea water change as the water level continues to decline.
3.2.2 Estimate how will the current biological parameters of the Dead Sea water
change as the water level continues to decline.
3.2.3 Assess how the parameters for the current water balance, in particular
evaporation and groundwater depletion, will change with time as the sea
level declines.
3.2.4 If there is no action, assess the projected decline in water level of the Dead
Sea with time through to 2075.
3.2.5 Assess the impacts of the continuing decline of the Dead Sea on the adjacent
groundwater regime on both sides of the Dead Sea.
3.2.6 Assess what will be the projected impact of these changes on the
development of sinkholes.

3.3

Task 3: Base Case Plus
This will consider the addition of Red Sea water and reject brine from the
desalination process. Identify and assess impacts of adding seawater plus reject
brine (in varying proportions and taking into account any proposed “pilot
schemes”, such as, but not limited to, that envisaged under the Jordan Red Sea
Water Project) to the Dead Sea on the water balance, limnology, chemistry and
microbiology of the Dead Sea, and the state of groundwater and sinkhole status in
the environs. This section will refer to the following:
3.3.1 Assess what would be the necessary annual inflow of Red Sea water and/or
reject brine from the water conveyance system to raise the seawater level to
a range of Target Levels between -433 m and -406 m; and to a range of
Target Years from 2025 to 2050/2075 assuming inflow commences in year
2020.
3.3.2 Assess what would be the necessary annual inflow of Red Sea water and/or
reject brine from the water conveyance to maintain the Target Level once
this has been reached for a range of Target Levels from -433 m to -406 m.
3.3.3 Estimate what would be the short and long term impact on the ground water
regime on both sides of the Dead Sea, and in particular the saline
water/fresh water boundary, for the range of Target Levels discussed above.
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3.3.4 Assess what would be the impact on the evolution of sinkholes if the Dead
Sea is stabilized at different Target Levels through the range of -433 m to 406 m.
3.3.5 Assess how a volume of inflow of 0.4 billion cubic meters/year from the
Gulf of Aqaba/Eilat will affect the physical and chemical baseline
parameters of the Dead Sea, and estimation how these changes will affect
stratification of the water, salt precipitation and evaporation.
3.3.6 Assess how a volume of inflow of 0.4 billion cubic meters/year from the
Gulf of Aqaba/Eilat will affect the biological baseline parameters of the
Dead Sea, and estimation how these changes will affect stratification of the
water, salt precipitation and evaporation.
3.3.7 Assess how a volume of inflow of 1.0 billion cubic meters/year from the
Gulf of Aqaba/Eilat will affect the physical and chemical baseline
parameters of the Dead Sea, and estimation how these changes will affect
stratification of the water, salt precipitation and evaporation.
3.3.8 Assess how a volume of inflow of 1.0 billion cubic meters/year from the
Gulf of Aqaba/Eilat will affect the biological baseline parameters of the
Dead Sea, and estimation how these changes will affect stratification of the
water, salt precipitation and evaporation.
3.3.9 Assess how a volume of inflow of 1.5 billion cubic meters/year from the
Gulf of Aqaba/Eilat will affect the physical and chemical baseline
parameters of the Dead Sea, and estimation how these changes will affect
stratification of the water, salt precipitation and evaporation.
3.3.10
Assess how a volume of inflow of 1.5 billion cubic meters/year from
the Gulf of Aqaba/Eilat will affect the biological baseline parameters of the
Dead Sea, and estimation how these changes will affect stratification of the
water, salt precipitation and evaporation.
3.3.11
Assess how a volume of inflow of 2.0 billion cubic meters/year from
the Gulf of Aqaba/Eilat will affect the physical and chemical baseline
parameters of the Dead Sea, and estimation how these changes will affect
stratification of the water, salt precipitation and evaporation. Note – this is
not currently relevant.
3.3.12
Assess how a volume of inflow of 2.0 billion cubic meters/year from
the Gulf of Aqaba/Eilat will affect the biological baseline parameters of the
Dead Sea, and estimation how these changes will affect stratification of the
water, salt precipitation and evaporation. Note – this is not currently
relevant.
3.3.13
Estimate what would be the changes in circulation, stratification and
layering of the Dead Sea water body due to different rates of Red Sea water
and/or reject brine discharge.
3.3.14
Estimate what would be the changes in circulation, stratification and
layering of the Dead Sea water body due to a variety of different discharge
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locations and configurations, according to the parameters set out by Coyne
et Bellier.
3.3.15
Assess what would be the chemical changes induced by the mixing of
the two water types.
3.3.16
Assess would be the probability and impacts of gypsum precipitation
and its geochemical appearance (suspension or sedimentation), including
time in suspension and areal extent for different discharge locations and
configurations, according to the parameters set out by Coyne et Bellier.
3.3.17
Assess the biological changes that will occur during the mixing of the
two water types for different discharge locations and configurations
(biological changes- impacts and the intensity, duration and consequences
of potential microbiological blooming).

3.4

Agreed Upon Scenarios for the Model Runs
The World Bank and its Study Management Unit (SMU) experts have agreed
upon the following scenarios as the most pertinent for determining the suitability
of the various scenarios proposed in the Terms of Reference. These scenarios
were settled on February 25, 2011.
The Consultant has used these parameters to analyze the potential physical,
chemical and biological impact of adding Red Sea water / reject brine to the Dead
Sea. To the best of its ability, the Consultant has striven to deploy its resources to
carefully consider and to assess the potential impact of action versus no-action
upon the future of the Dead Sea.
The scenarios have been run through the year 2075, except for the base case
scenarios, which were run for several hundreds of years.

3.4.1

For Task 2- No Action
With the chemical industries

3.4.2

For Task 3- Base Case Plus
Volumes of Inflow
0.4 billion cubic meters/year
1.0 billion cubic meters/year
1.5 billion cubic meters/year
Change in volumes of inflow following Coyne et Bellier's (COB)
recommendation (see Table 3-1 below)
Time Frame:
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Inflows begin in 2020.
Pilot begins in 2015.
Water type:
Red Sea
Reject Brine
Change in water composition (mixed inflow of seawater and reject brine)
following COB's recommendation (see Table 3-1 below) with a new
column added for increased runoff that equals 20% of the produced
desalinated water.
Additional parameters:
With the industries
Assess the necessary annual inflow to maintain the Target Level once this
has been reached for a range of Target Levels from -433 m and not over 406 m
Table 3-1: Discharge to the Dead Sea according to the Base Case Plus Scenario.
20% of the desalinated water produced should be calculated as return used water
drainage to the Dead Sea.
Flows - million m3/year
Year

Total Red
Sea Water
Transfer

Desal.
Water
Produced

2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030

0
0
0
0
0
0
0
0
0
0
0
0
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000

0
0
0
0
0
0
0
0
0
0
0
0
350
357
365
373
380
388
396
405
413
422
430
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Returned
used water
drainage to
the Dead Sea
0
0
0
0
0
0
0
0
0
0
0
0
70
71.4
73
74.6
76
77.6
79.2
81
82.6
84.4
86

Reject Brine
to Dead Sea

Red Sea
Water to
Dead Sea

Total
Discharge to
the Dead Sea

0
0
0
0
0
0
0
0
0
0
0
0
428
437
446
455
465
475
485
495
505
516
526

0
0
0
0
0
0
0
0
0
0
0
0
1,222
1,206
1,189
1,172
1,155
1,137
1,119
1,100
1,082
1,062
1,044

0
0
0
0
0
0
0
0
0
0
0
0
1,720
1,714
1,708
1,702
1,696
1,690
1,683
1,676
1,670
1,662
1,656
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Flows - million m3/year
Year

Total Red
Sea Water
Transfer

Desal.
Water
Produced

2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070

2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000

440
450
460
471
482
493
504
516
528
540
552
564
576
589
602
615
629
642
657
670
685
701
717
734
751
768
786
804
822
850
850
850
850
850
850
850
850
850
850
850
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Returned
used water
drainage to
the Dead Sea
88
90
92
94.2
96.4
98.6
100.8
103.2
105.6
108
110.4
112.8
115.2
117.8
120.4
123
125.8
128.4
131.4
134
137
140.2
143.4
146.8
150.2
153.6
157.2
160.8
164.4
170
170
170
170
170
170
170
170
170
170
170

Reject Brine
to Dead Sea

Red Sea
Water to
Dead Sea

Total
Discharge to
the Dead Sea

538
550
563
576
589
602
616
630
645
660
674
689
704
720
736
752
768
785
802
819
838
857
877
897
917
939
960
982
1,005
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039

1,022
1,000
977
953
929
905
880
854
827
800
774
747
720
691
663
633
603
572
541
511
477
442
406
369
332
293
254
214
173
111
111
111
111
111
111
111
111
111
111
111

1,648
1,640
1,632
1,623
1,614
1,606
1,597
1,587
1,578
1,568
1,558
1,549
1,539
1,529
1,519
1,508
1,497
1,485
1,474
1,464
1,452
1,439
1,426
1,413
1,399
1,386
1,371
1,357
1,342
1,320
1,320
1,320
1,320
1,320
1,320
1,320
1,320
1,320
1,320
1,320

August 11, 2011

15

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
3.4.3

For the Pilot / Modular Construction
120 MCM/yr of desalination brine from 2015 to 2020 and then a modular growth
as detailed in Table 3-2 on the following page.
Table 3-2: Discharge to the Dead Sea according to the Pilot / Modular Construction
Scenario. 20% of the desalinated water produced should be calculated as return
used water drainage to the Dead Sea.
Flows - million m3/year
Year

Total Red
Sea Water
Transfer

Desal. Water
Produced

2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041

0
0
0
0
0
0
0
220
220
220
220
220
778
778
778
778
778
778
778
778
778
778
956
956
956
956
956
956
956
956
956
956
1,200
1,200

0
0
0
0
0
0
0
100
100
100
100
100
350
350
350
350
350
350
350
350
350
350
430
430
430
430
430
430
430
430
430
430
540
540
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Returned used
water
drainage to
the Dead Sea
0
0
0
0
0
0
0
20
20
20
20
20
70
70
70
70
70
70
70
70
70
70
86
86
86
86
86
86
86
86
86
86
108
108

Reject Brine
to Dead Sea

Red Sea
Water to
Dead Sea

Total
Discharge to
the Dead Sea

0
0
0
0
0
0
0
120
120
120
120
120
428
428
428
428
428
428
428
428
428
428
526
526
526
526
526
526
526
526
526
526
660
660

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
140
140
140
140
140
498
498
498
498
498
498
498
498
498
498
612
612
612
612
612
612
612
612
612
612
768
768

August 11, 2011

16

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
Flows - million m3/year
Year

Total Red
Sea Water
Transfer

Desal. Water
Produced

2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070

1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,200
1,489
1,489
1,489
1,489
1,489
1,489
1,489
1,489
1,489
1,489
1,889
1,889
1,889
1,889
1,889
1,889
1,889
1,889
1,889
1,889
1,889

540
540
540
540
540
540
540
540
670
670
670
670
670
670
670
670
670
670
850
850
850
850
850
850
850
850
850
850
850
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Returned used
water
drainage to
the Dead Sea
108
108
108
108
108
108
108
108
134
134
134
134
134
134
134
134
134
134
170
170
170
170
170
170
170
170
170
170
170

Reject Brine
to Dead Sea

Red Sea
Water to
Dead Sea

Total
Discharge to
the Dead Sea

660
660
660
660
660
660
660
660
819
819
819
819
819
819
819
819
819
819
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039
1,039

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

768
768
768
768
768
768
768
768
953
953
953
953
953
953
953
953
953
953
1,209
1,209
1,209
1,209
1,209
1,209
1,209
1,209
1,209
1,209
1,209
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4.

Project Implementation
This project has utilized several models to forecast future scenarios and is in the
process of adapting a set of scientific tools that could permit a better
understanding of a potential mixing of Red Sea - Dead Sea waters. This has
included the adaptation of a scientific platform for an examination of other
scenarios with higher resolutions.

4.1

Project Progression
The Project commenced in February 2010 with award of contract signed between
all of the parties. Tahal Consulting Engineers Ltd. (TAHAL) hosted a
mobilization meeting at its offices in February 2010 for the local academic
partners, including discussions of task divisions, areas of responsibilities and how
best to organize the research with regard to the project timetable. This was
followed by a kick-off meeting held on March 11, 2010 at the Crowne Plaza
Hotel, Dead Sea, organized by the World Bank between the representatives of the
various groups participating in the Dead and the Red Sea Studies – Coyne et
Bellier (COB), Thetis, ERM, TAHAL, Geological Survey of Israel (GSI), and
others.
There was a general progress meeting in Eilat in May 27, 2010 between the
various research teams of the Red Sea Dead Sea Conveyance Study.
Following the submission of the group's Best Available Data Report, a meeting of
the Technical Steering Committee was held at the Ambassador Hotel in Jerusalem
on July 27, 2010. There were also three subsequent working meetings within the
TAHAL-GSI research group and between ERM and COB. In addition, the
TAHAL-GSI research teams meet for periodic planning sessions.
There was a Technical Steering Committee meeting in Eilat on January 20, 2011.

4.2

General Description of the Work Performed

4.2.1

Inception Report
This report was the first of five reports being prepared by the Dead Sea Study
team under the auspices of the World Bank.
The report was initially submitted in a timely fashion on March 14, 2010. After
examination by the SMU, the Consultant received their comments dated April 23,
2010. After the review of the Inception Report (April 2010) and at the request of
the World Bank, and not as stated in the Terms of Reference, the target level was
revised to be between -433 and not over -406, and the time frame will be
expanded to 2035 to 2050 or even 2075 for a 2020 inflow commencement.
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Each comment received a response and a revised version, with an appendix of the
questions and answers designated as the Rejoinder to the Client, was resubmitted
on May 16, 2010, and approved on 15 June 2010.
The Inception Report introduced the Dead Sea, and the impact of the
anthropogenic intervention in its water balance on the lake and its surroundings.
During the 20th century, the Dead Sea level has dropped by over 25 meters, and
currently (2011), it is about 425 meters below mean sea level (msl), making its
shoreline the lowest exposed spot on Earth (Photo 4-1).

Photo 4-1: Left panel: Line inscribed on the cliff face by the Palestinian Exploration Fund (PEF)
indicating the level of the Dead Sea in 1901. Right panel: Close-up of the PEF sign.

The composition of the various research teams has been divided into the separate
areas of research/expertise and according to the academic institutions. There is the
Management Team represented by TAHAL as the overall coordinator and the
Geological Survey of Israel (GSI) as the scientific coordinator. The Dead Sea
groups are represented by the 1D model team from the GSI, the 2D model team
from Portland State University (PSU), the 3D model team from the Department of
Geography and Environment, Bar Ilan University (BIU), the Energy and Mass
Balance team from the GSI, the biological experiment team is from the Institute
of Life Sciences, Hebrew University of Jerusalem (HUJI), the gypsum nucleation,
kinetics, and growth experiment team is from the Department of Geological and
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Environmental Sciences, Ben Gurion University of the Negev (BGU), the hydrometeorological team hails from the Israel Oceanographic and Limnological
Research (IOLR), the remote sensing team is from BIU and GSI. The
Hydrogeology and Sinkhole groups are represented by researchers from the GSI
and TAHAL.
Data collection methods were outlined, the scientific tools and methodology were
detailed, a work plan including dates for the presentation of the five reports was
submitted.
A substantive bibliography was provided.
4.2.2

Best Available Data Report
This report was the second in the series of five reports to be submitted to the
Client, and was submitted in a timely fashion on July 20, 2010. The Consultant
received comments from the Panel of Experts (PoE) on September 8, 2010, and
from the SMU on September 28, 2010. Each comment received a response and a
revised version, with an appendix of the questions and answers, was submitted on
November 24, 2010 after the submission of the Mid Term Report.
The report is a collection of the most up-to-date information and knowledge on
the Dead Sea and its surroundings that is relevant to the RSDSC Study Program
and is presented in one report. This report comprised 1) existing information on
the Dead Sea, 2) existing hydrogeology and sinkhole information, and 3) a
qualitative provisional assessment according to the tasks as stated and revised by
the World Bank.
After providing a background and discussion about the historical water levels, the
report reviewed the past and present scientific status of the Dead Sea (Photo 4-2
and Photo 4-3). The report included an evaluation of present knowledge gained
through long term studies and monitoring. The report included a qualitative
provisional assessment of the three tasks (Tasks 1, 2 and 3) based upon the
present knowledge and understanding of the Dead Sea limnology (chemistry,
water balance, mineral precipitation, etc.) and the adjacent hydrology. The team
specified which critical questions needed to be explored relevant to the World
Bank’s requirements. An extensive bibliography was provided arranged according
to the subject presented in each section.
This report answered Task 1 by presenting the current situation of the Dead Sea.
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Photo 4-2:

Jetty built in 1992 at En Gedi, now 10 m above water level.
Scientific cruises depart from here.

Photo 4-3: Shoreline at En Gedi depicting the salt flats, formerly the seabed.

4.2.3

Mid Term Report

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

21

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
This report was the third of five reports, and was submitted in a timely fashion on
November 4, 2010. There was a request for the inclusion of an Executive
Summary on November 8th, thus it was resubmitted with the requested summary
on November 21, 2010. The Consultant received comments from the Panel of
Experts (PoE) on February 2, 2011 and from the SMU on February 25, 2011. The
revised version was submitted in April 2011 after the completion of the Draft
Final Report.
The Mid Term Report included an appraisal of the status of the various scientific
teams, and in several instances delivered preliminary data valid for the autumn of
2010. The group adhered to the submitted work schedule, and was at the midpoint
of the project.
Presentation of the 1D Model Status. The 1D version of POM was modified into a
multi-component chemistry-based model appropriate for the unique Dead Sea
conditions. The major modification of the standard oceanographic model to the
Dead Sea model was to include a thermodynamic model that can follow all major
chemical components and the degree of saturation of the major precipitating
minerals (evaporates). This module also can calculate the density of the brine
including the effects of mixing with seawater and precipitation of salts.
Modifications to the previous version were introduced into the model geometry
and the grid parameters, the turbulent transport equation and the remeshing
scheme. The new version of 1D-DS-POM model is based upon the volume
element scheme rather than a final difference approach, which requires some
adaptations concerning the turbulence transport equation. The significant
advantage of the new version is a new remeshing procedure which is fully mass
conservative. Therefore, the total mass of the Dead Sea is always considered
during the simulation. The calibration of the 1D-DS-POM has been carried out
with Parameter ESTimation (PEST) using the meteorological data set collected
from the buoy in the Dead Sea (recorded every 20 minutes) and hydrological data
from the years 1997-2000. The good fit of the simulated Dead Sea level to the
measured level indicates that the model correctly calculates the mass balance of
the Dead Sea. The model calculates the thermal structure with the buildup of
summer layering and the winter-overturn with a good agreement with the
measured thermal profiles. The model was then ready for long term simulations,
including an inflow of Red Sea waters.
The 2D Model Status showed that the CE-QUAL-W2 model, modified for the
Dead Sea, was calibrated for the years 1993-2001 and 2005-2009. This was based
upon constructing a model grid and determining the forcing and boundary
conditions. The Dead Sea model uses a longitudinal grid spacing of 1 km (largely
along the North-South axis of the Dead Sea) and a vertical spacing of 1 m from
the water surface to -500 m (below sea level) and 2.3 m from -500 m to the grid
bottom at about -730 m. The calibration of the model was carried out using the
meteorological data set collected from the buoy in the Dead Sea. Data gaps were
filled by the GSI using interpolation techniques and average data from other
Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

22

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
years. Water balance flows for all years of the calibration were based upon an
analysis of the water balance by GSI.
The 3D Princeton Ocean Model (POM) was adapted to conduct preliminary
simulations of the three dimensional circulation of the Dead Sea. The first step in
running the model was to define the model domain, grid, and bathymetry. The
present model uses a grid with a horizontal resolution of 1 km and 25 unevenly
spaced sigma layers in the vertical. The bathymetry was digitized from an existing
map and smoothed so that the bottom slope between adjacent grid points did not
exceed a predetermined critical value. The focus of the preliminary tests was to
reduce the "sigma" problem in the computation of the horizontal pressure gradient
force. This was accomplished by subtracting a basin mean profile from the
density field so that the pressure gradient is computed based upon the much
smaller deviations from this mean profile. A sensitivity test was conducted to
adjust several tuning parameters in the model. In all cases, the errors were
considered to be acceptably small.
Hydrological and meteorological data are an essential basis for the estimation of
evolution of the Dead Sea thermohaline structure, as well as for the calibration
and validation of the hydrological models. Data from the meteorological buoy
(1992-2002 and 2004-2010) included air pressure and temperature, relative
humidity, wind speed and direction, solar radiation and water temperature
(profiles from 1 m - 40 m depth) measured every 20 minutes. These data were
then analyzed for uniformity of the time series. These data, as well as data from
measured profiles from hydrographical cruises, were used in the calibration of the
1D and 2D models and for the mass and energy balances.
The annual mass and energy balances of the Dead Sea were presented for the
years of 1992-2009. This report included the annual averages and totals of
relevant input data including calculation of the evaporation rate and total inflow.
The average evaporation rate, based upon energy balance, was 1.15 m/yr. The
average total inflow for all years was 346 MCM/yr, excluding the rainy years of
1992/1993 and 2003/2004.
Gypsum precipitation kinetics were examined by performing 124 batch
experiments. These experiments were divided into two main sets: (1) Nucleation
experiments (without crystallization seeds) and (2) Crystal growth experiments
(seeded). In each category, various experimental setups were designed in order to
examine the effects of (a) the degree of saturation of gypsum (b) the seawater
end-member. Preliminary results in the nucleation experiments indicated that the
induction time varied dramatically from merely a few days to more than a year.
The team is currently in the process of deriving a new rate law describing the
effect of degree of saturation and solubility on the induction time of gypsum at
25°C.
Results of crystal growth experiments observed two distinct mechanisms. This
observation indicates that two parallel mechanisms control the heterogeneous
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precipitation rate. Under closer-to-equilibrium conditions, the reaction was
dominated by a low order mechanism. Under further-away-from-equilibrium
conditions, the reaction was dominated by a higher order which might suggest a
surface nucleation mechanism. In the current report there was a provision for rate
laws both for nucleation and crystal growth as a function of the parameters
discussed in this report.
The biological aspects of the Dead Sea brine were presented. Within the
framework of the present study, it was attempted to determine parameters to
describe biological growth rate as a function of nutrient availability, salinity and
light penetration. Over the last few months available data was evaluated on light
penetration in the Dead Sea. Measurements of light penetration in the Dead Sea
and in Dead Sea water in the absence and the presence of microbial blooms were
made at different times. In view of the importance of light intensity on algal
growth, growth experiments were set up in which Dunaliella was grown in 70%
Dead Sea water enriched with phosphate (0.1 mM), in different light intensities. It
was shown that in the lower Dead Sea water concentration range the growth rates
in a light-dark regime were about 20%-30% lower than in constant light; in 80%85% Dead Sea water the differences were much more significant.
The importance of phosphate as a limiting nutrient determining the extent of
biological blooms in diluted Dead Sea water has been well documented in the
past. There are recently obtained indications that a lack of iron may also become
an important factor influencing biological phenomena in Dead Sea water,
especially under conditions when gypsum will be formed following mixing of
Dead Sea water and Red Sea water. Several experiments of nutrient limitation of
microbial development and their results were described here.
Remote sensing of the Dead Sea surface was presented. A major question that was
addressed was a) whether there are locations in the Dead Sea where Total
Suspended Matter (TSM) is typically concentrated? and b) what is the relation
between surface water currents and TSM distribution? This has implications for
the DSRSC project since gypsum precipitation due to mixing of Dead Sea and
Red Sea waters might result in fine grained suspended crystals and might increase
the Dead Sea TSM significantly. Characterizing the current state of TSM in the
Dead Sea might suggest locations for potentially high concentrations of TSM in
such scenarios. Typical TSM maps from MODIS were presented (uncalibrated).
Post flood patterns were used to learn how floods introduce fresh water loaded
with suspended matter change the pattern of TSM in the Dead Sea.
The sinkholes study was presented. Laboratory experiments were conducted in
order to improve our understanding with regard to the rates of flow and
dissolution patterns in the salt layers. This study included laboratory experiments
that examine the patterns of dissolution under water flow at different rates and
salinities. A description of these experiments and their results are detailed in this
report (see section 6.3). The rate of dissolution is expected to be proportional to
the salinity of the groundwater and thus to the specific location of the interface.
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It is important to continue monitoring the fresh saline interface in order to
estimate the salinity of groundwater at different depths of the aquifer, especially
in the vicinity of the salt layer. It should be noted that such monitoring is done
both at the shallow phreatic sub-aquifer and at the deeper confined sub-aquifer
since the salt layer is usually in between these two sub-aquifers. An offshore
geophysical survey was launched to locate submarine faults. Preliminary analysis
showed that the detection of fault lines under salt layers is difficult and thus no
interpretation was given at this time. Preliminary results of numerical simulation
showed that relatively fresh water (fresher than Dead Sea brine) that can dissolve
salt was expected to be found at greater depths than in the case of non-stratified
Dead Sea. Further simulation will be conducted including more realistic scenarios
and sensitivity analysis (Refer to Section 5.1 – Dead Sea Database and Data
Acquisition).
Surface water and groundwater inflows to the Dead Sea were presented. Surface
water data of direct rainfall contributions were presented. These data were
estimated based upon nearby meteorological stations and by determinations based
upon the Thiessen method using data from four stations. Data of annual surface
inflows to the Dead Sea were also presented. A comparison was made between
values obtained in two different methods (water balance and Thiessen method).
The study of groundwater in the Dead Sea area involves several aspects, including
monitoring of water level and location of the fresh-saline water interface,
modeling the groundwater system on both local and regional scales, and
utilization of several research tools in order to estimate the rate of groundwater
flow in and out of the Dead Sea (both fresh and saline water). The data and
models confirmed that groundwater level follows the declining Dead Sea level,
partly as a function of distance from the shore. According to the results,
freshwater flows through deeper layers and that flushing occurs in the area that is
close to the Dead Sea shore. Different numerical simulations of groundwater flow
rates to the Dead Sea were shown in this report (see section 6.2). The groundwater
level responds rapidly to changes in the Dead Sea level indicating very good
hydraulic connection between the Dead Sea and groundwater. At the same time,
the location of the fresh-saline water interface recedes at a lower rate, but still at a
very fast rate, indicating rapid flushing of the original Dead Sea solution.
Assuming no RSDSC project, in which the Dead Sea is expected to drop another
100 m -150 m in ~400 years, the preliminary simulations suggest that the
groundwater level will also drop, mainly in the area near the Dead Sea. The
discharge will increase somewhat due to the change in the hydraulic gradient and
thus in the aquifer's storage. The interface will also move eastward and downward
and thus large zones will be flushed. The effect of decrease in "effective recharge"
due to pumping in the recharge zone was also considered.
In the case of an active RSDSC project, where a layering of two water bodies with
different densities is expected, a much more complicated picture will develop. In
such a case, a three cell system is expected whose specific interrelation will
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depend upon the density differences and the thickness of the upper layer of the
Dead Sea (see Section 6.2.2).
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5.

Dead Sea

5.1

Database and Data Acquisition

5.1.1

Background
The Dead Sea is a hypersaline terminal desert lake located in the Dead Sea rift
valley (Fig. 5-1 on the following page). Geologically, the Sea is situated within
the large Dead Sea basin which is one of the pull-aparts that formed along the
Dead Sea rift (Quennell, 1959; Garfunkel and Ben Avraham 1996). The lake’s
deepest point (-730 m) is the deepest terrestrial spot on Earth. Presently, the lake’s
shoreline is located at about 425 m below mean sea level. The lake shore is thus
the lowest exposed surface on Earth.
The modern Dead Sea evolved in the early Holocene after a major decline in the
water level of Lake Lisan (Fig. 5-2), the late Pleistocene precursor of the Dead
Sea, which occurred some 10,000 to 14,000 years ago (Stein et al., 2010).
Whereas in the Late Pleistocene, Lake Lisan’s level was around -280 m, the
Holocene Dead Sea's water level fluctuated around -400 m (Ken-Tor et al., 2004).
This latter level is the elevation of the sill dividing the shallow southern basin of
the lake from the much deeper northern basin. Higher water levels were attained
during rainy periods when the lake extended into the southern basin and the
surface water was diluted. Lower levels reflect dry periods, with negative water
balance and large area shrinkage, including the drying out of the southern basin.
The smaller surface area and higher salinity resulted in a drastic decrease in
evaporation which served to buffer further lake level drops. The high stand of the
Dead Sea and the flooding of the southern basin began in the second half of the
19th century reflecting a rainy period. Given the present climate conditions in the
region, it is most possible that the Dead Sea would have shrunk to the northern
basin even without the present anthropogenic intervention (Ryb et al., 2011).
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Fig. 5-1: The Red Sea - Dead Sea Location Map

During the 20th century, human intervention in the water balance of the lake has
resulted in a rapid decline in the water level. In 1977, the southern basin dried up,
but the water level continues to decline at a high rate of about 1 m/yr. This decline
is accompanied by other undesired changes in the Dead Sea, such as the
development of hundreds of sinkholes around the shore of the lake (Abelson et
al., 2003a,b), exposure of large mudflats, dewatering and sediment shrinkage
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which lead to local ground sinking (Baer et al., 2002) and rapid geomorphological
changes, which have resulted in damage to the surrounding infrastructure, mainly
to roads and bridges.

Fig. 5-2:

5.1.2

Reconstructed Lake Lisan and Dead Sea water levels over the past 15,000
years (Kushnir and Stein, 2010).

Historical Water Level
During the 20th century, the Dead Sea level has dropped by more than 20 m (Fig.
5-3). As previously mentioned, the shallow southern basin dried up and the lake is
now confined to the much deeper northern basin. The situation, whereby the lake
is limited only to the northern basin is not uncommon in the lake's history, and
occurred whenever drier conditions prevailed in the eastern Mediterranean
(Bartov et al., 2003).
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Fig. 5-3:

The water levels of the Dead Sea: 1976-2010 (data from Israel Hydrologic
Service)

The decline in the Dead Sea level is a manifestation of the negative water balance
of the lake, whereby evaporation greatly exceeds inflows. This present negative
water balance is attributed primarily to the diversion of freshwater for agricultural
and domestic use from the two main sources of the Jordan River. Since the 1960s,
water from Lake Kinneret (Sea of Galilee) has been pumped to the Israeli
National Water Carrier. ‘The waters of the Yarmuk River which rises in
Southwest Syria, fed by local tributaries, have experienced increased offtake in
Syria proper with growth in population. The Yarmuk River continues to flow
between the boundaries of Jordan and Syria, with diversion dams enroute, and
further downstream is diverted by Jordan into the King Abdullah Canal, with the
remainder taken by Israel. Thus, the flow through the Jordan River, which was the
single most important water source to the Dead Sea, has been reduced from about
1500 million cubic meters (MCM)/yr to less than 150 MCM/yr (Salameh and ElNaser, 1999; Al Weshah, 2000), with some estimates running as low as 30
MCM/yr (Friends of the Earth Middle East, 2010). Furthermore, the quality of the
water presently flowing in the Jordan has greatly deteriorated, and presently it
consists mostly of irrigation return flow, saline groundwater which discharges to
the river, and treated and untreated sewage (Farber et al., 2004). Nevertheless,
during particularly rainy winters, when the dams on Lake Kinneret and the
Yarmuk Rivers have to be opened, large volumes of water flow through the
Jordan River. Such flows occurred in winter 1979/1980 and 1991/1992 when the
lake level rose by 1.5 m and 2 m, respectively (Beyth et al., 1993). A more
moderate rise of 60 cm occurred following the rainy winter of 2002/2003. During
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such winters the frequency and magnitude of the flash-floods in the rivers
draining into the Dead Sea are larger, adding their share to the rise in the water
level of the Dead Sea. The effect of these dramatic lake level rises are minimal;
they are worn-out within two to three years, and do not change the more general
trend of the declining Lake level.
The activities of the Israeli and the Jordanian chemical industries near the Dead
Sea contribute to the decline of the level by artificially increasing the evaporating
surface of the remaining lake. These industries together pump 520 MCM of brine
from the Dead Sea into the evaporation ponds, located on the otherwise dried
southern basin, and return about 240 MCM of concentrated "end-brine" back to
the lake. Thus, about 30 cm/yr – 40 cm/yr of the water level decline of the Dead
Sea is due to evaporation in these ponds.
If the current situation continues, the Dead Sea level is expected to continue to
decline. In fact, future inflow to the Dead Sea is only expected to decrease further,
as more of the water currently flowing into the lake will be captured and diverted
to meet growing needs for fresh water. More of the wadis on the eastern
escarpment of the Dead Sea Rift are planned to be dammed or have already been
dammed (at the time of this report), while the discharge of the major spring
system around the lake will probably decrease as water continues to be pumped
from the aquifer system. These reduced flows are only partially offset, if at all, by
some increase in the rate of groundwater discharge to the lake. This increase is
due to the receding base level and the consequent increase in the hydraulic
gradient and seaward migration of the brine/freshwater interface (Salameh and ElNaser, 1999, 2000a,b).
5.1.3

Dead Sea Chemistry

5.1.3.1

Brine Evolution
The Dead Sea brine evolved from seawater that intruded into the Rift Valley,
probably during the Pliocene, and formed the Sedom lagoon (Zak, 1967,
Starinsky, 1974, Stein, 2001, Katz and Starinsky, 2009). The shape of the lagoon,
which was some 200 km long and only a few km wide, the rapid subsidence of
the Rift Valley and the prevailing arid climate gave rise to the deposition of thick
layers of evaporitic minerals. These include mainly gypsum and halite with some
carnallite and possibly more advanced evaporitic minerals (Zak, 1967). The
concentrated brine later percolated into the surrounding limestones and
dolomitized a major part of the country rock. This process led to further gypsum
precipitation and to the removal of most of the sulfate from the subsurface brine.
Since then, the brines are recycled back and forth between the surface and the
subsurface, and play a major role in the geochemistry of the lakes that developed
in the Rift during the Pleistocene and Holocene, namely Lake Amora, Lake Lisan
(70,000-14,000 yr) and the Dead Sea.
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Undiluted Dead Sea water contains about 342 g/l total dissolved salts and has a
density of 1.24 kg/l (Table 5-1). Among the hypersaline terminal lakes, the Dead
Sea is unique because of its peculiar Ca-chloride composition [i.e.,
Ca/(SO4+HCO3)>1]. Divalent cations (Mg + Ca) dominate over univalent cations
(Na + K). Cl- and Br- are the dominant anions (99% and 1% of the anion sum,
respectively), and concentrations of SO42- and HCO3- are very low. The pH of the
Dead Sea is about 5.9 (Ben-Yaakov and Sass, 1977).
Table 5-1: The composition of Dead Sea water (g/l) (summer 2002) and
a typical end-brine composition (g/l).
Na

K

Ca

Mg

Cl

Br

Alkalinity
(as HCO3)

SO4

TDS

Dead Sea

36.3

7.8

18.0

46.4

227.6

5.5

0.3

0.2

342.1

End-brine

3.4

3.6

36.3

86.6

324.7

10.3

0.5

0.1

465.5

Levels of biologically available nitrogen in the Dead Sea are high. The average
concentration of ammonium ions in the water column was reported to be 5.9 mg/l
in 1960 and 8.9 mg/l in 1991 (Nissenbaum et al., 1990; Stiller and Nissenbaum,
1999). Nitrate is present in low concentrations only; 20 g NO3--N/l in the 1960s,
a value that had increased to 200-500 g/l in 1981 as a result of the anthropogenic
pollution of the Jordan River (Stiller and Nissenbaum, 1999). Phosphorus is not
abundantly found in the Dead Sea, as its solubility in the lake’s brines is limited.
Stiller and Nissenbaum (1999) reported dissolved phosphorus levels of about 35
g PO43--P/l (~2 M P). Recent analyses, carried out in the framework of recent
studies of the RSDSC by a new analytical method (Lazar, personal
communication) found concentrations of about 1 M P. Stiller and Nissenbaum
(1999) found that particulate phosphorus was more variable, at 30-50 g/l. The
sediments were suggested to contribute between 30% and 58% to the phosphate
input in the Dead Sea water column, the remainder being derived from the Jordan
River and flood waters (Nissenbaum et al., 1990; Stiller and Nissenbaum, 1999).
Another source of phosphorus to the Dead Sea is dust from the atmosphere. Dust
deposition over a three-year period (1997-1999) varied between 25.5-60.5
g/m2/yr. The average phosphorus content of this dust was 1.2% (calculated as
P2O5), present mainly as apatite. The value was especially high during the winter
months (an average of 2.6% for December-February). Thus, between 4 mmol/m2
and 10 mmol/m2 of phosphorus may be estimated to enter the Dead Sea annually
from atmospheric dust (Singer et al., 2003). However, the bioavailability of this
source is not known and was never studied in this region.
Dissolved oxygen levels in Dead Sea water are low. Concentrations measured in
the water column in 1987-1989 averaged around 0.8 ml/kg (equivalent to 1 ml/l or
1.4 mg/l) at all depths (Shatkay, 1991; Shatkay et al., 1993).
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5.1.3.2

Impact of the Chemical Industries
The large chemical plants on the shores of the now dried basin of the southern
Dead Sea [Dead Sea Works (DSW) and Arab Potash Company (APC)] impact not
only on the water level of the Dead Sea, but also on its chemical composition.
Potash (KCl) is the primary product of these industries, although magnesium and
bromide products are also produced. The industries pump Dead Sea brine from
the northern basin into shallow evaporation ponds constructed in the otherwise
dry southern basin of the Dead Sea. As the brine evaporates, halite precipitates
and at a density of about 1.3 kg/l carnallite (KMgCl3 6H2O) also begins to
precipitate. In the factories, the latter is dissolved and potash is produced. About
50% of the volume initially pumped from the Dead Sea is conveyed back to the
lake as concentrated "end-brine" [total dissolved solids (TDS): 470-500 g/l;
Density: 1.33-1.35 kg/l; Table 5-1]. These brines consist mainly of Mg-Ca-Cl
with low Na/Cl and K/Cl ratios of 0.02 and 0.01, respectively.
The mixing of these brines, characterized by high Mg/K ratio, has resulted in a
slight increase in this ratio in the Dead Sea (Fig. 5-4). Concurrent with this change
is a decrease in the Na/Cl ratio, due primarily to halite precipitation from the
Dead Sea, and to a lesser extent to precipitation in the evaporation ponds.
The Consultant has been monitoring the mixing of the end-brines for over more
than a decade. The end-brine enters the Dead Sea from the south through the open
channel of Wadi Arava, where it runs between the evaporation ponds of the two
industries. As the end-brine enters the Dead Sea they mix with Dead Sea brine
leading to outsalting and massive precipitation of halite which forms a salt delta.
The mixture sinks to the shallow bottom and flows on top of the submerged delta
while intensively mixing with the Dead Sea water above. Only traces of end brine
reach the deeper parts of the Dead Sea. However, the exact mode of mixing of the
end brine is not yet fully established. This question becomes even more
challenging once dilution and stratification develops in the surface water. It is not
clear to what extent the mixture of end-brines with the diluted upper mixed layer
will reach the denser lower water body. In 1991/1992, when the lake was
stratified, traces of end brines were found above the halocline and not below.
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Fig. 5-4:

5.1.3.3

Changes in the molar ratios of Na/Cl and Mg/K in the Dead Sea. The
increase in the Mg/K ratio is due to the harvesting of potassium by the
potash industries. The decrease in Na/Cl ratio is due to halite precipitation
from the Dead Sea which began in the 1980s. Halite precipitates also in the
evaporation ponds of the potash industries, a process that took place long
before it began precipitating in the lake (Gavrieli and Oren, 2004).

Mineral Precipitation in the Dead Sea
Since the Dead Sea is a terminal lake, the major natural process that removes
dissolved ions from the brine is mineral precipitation. The Dead Sea is currently
) with respect to several minerals including
supersaturated (saturation state
.
gypsum (CaSO4 2H2O, DSG= =1.42), anhydrite (CaSO4,
=1.94), barite
(BaSO4, =11.75), celestite (SrSO4, =2.48) and halite (NaCl, 1
1.1). Of
these minerals, only halite currently precipitates in the Dead Sea in significant
quantities, while indirect evidence suggests that gypsum continuously precipitates
at a very slow rate (Reznik et al., 2009a).
A comprehensive limnological study of the Dead Sea carried out by Neev and
Emery (1967) in the late 1950s up to the early 1960s described massive gypsum
precipitation that was occurring from Dead Sea waters. These observations
include: a) ropes left hanging in the water column were coated with gypsum
crystals within a period of merely few weeks; b) gypsum was found in sediment
traps; c) considerable parts of the Dead Sea floor in the littoral zone were covered
with gypsum; and d) suspended gypsum crystals were observed with the unaided
eye in water samples. The precipitation of gypsum in the late 1950s is in accord
with Stein et al. (1997) who suggested that during periods of negative water
balance massive gypsum precipitation occurred in the Dead Sea and its Late
Pleistocene precursor, Lake Lisan. However, by the early 1980s, gypsum
accumulation rates were lower by three orders of magnitude compared with the
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rates recorded by Neev and Emery (1967) even though the negative water balance
continued and even worsened (Levy, 1987).
Precipitation of gypsum from the water column in earlier times was identified in
sediment sampled from the center of the lake in the middle of the 19th century as
well as in the 1970s (Beyth, 1980). The occasional precipitation of minerals from
the water caused the formation of white layers seen in sediment cores (ElazariVolcani, 1943; Volcani, 1944), and depletion of gypsum with depth in the
sediments was used to estimate biological reduction of sulfate (Lerman, 1967).
The reduction in gypsum accumulation rates were attributed to the reduction in
the natural supply of SO42- due to the diversion of freshwater from the lake, the
declining SO42-/Ca2+ ratio, and the decreasing solubility of gypsum in the brine
(Reznik et al., 2009b).
By the early 1980s, the Dead Sea has evaporated to the point that halite (NaCl)
started to precipitate (Steinhorn, 1983). Since then, it is the major precipitate from
the Dead Sea, precipitating over 10 million tons annually (Gavrieli et al., 1989).
The phenomena described by Neev and Emery (1967) for gypsum are presently
observed with halite (Gavrieli, 1997), including the coating by halite of all objects
exposed to the Dead Sea brine. Gypsum apparently continues to precipitate in the
Dead Sea at small quantities, but it is masked by the higher quantities of
precipitated halite (Herut et al., 1998).
Halite was precipitating from the Dead Sea even prior to the 1980s, but its extent
was limited to the southern basin and the Lynch strait, where mixing between the
Dead Sea brine and the industrial end-brines that were discharged by the chemical
industries took place. Currently this mixing occurs at the southern shores of the
Dead Sea (northern basin) where a halite "delta" has built up at the outlet of
Wadi Arava into the Dead Sea. This local salt precipitation is due to outsalting
(rapid increase in oversaturation) upon mixing between the Na-depleted Mg-rich
halite-saturated end-brines, and the Dead Sea brine (Gavrieli et al., 1989).
In addition to the precipitation in the Dead Sea itself, halite and gypsum also
precipitate in the artificial evaporation ponds constructed at the southern basin of
the Dead Sea by the chemical industries. Further evaporation of the brine leads to
precipitation of carnallite (KMgCl3.6H2O) which is harvested for the production
of potash. The residual concentrated brine is then returned to the Dead Sea.
Under the current negative water balance of the lake and increasing salinity, halite
will continue to precipitate from the brine. It should be noted that since 1982, any
object suspended within the deeper Dead Sea brines was immediately covered by
massive halite crystals.
A comparison between 2008 and 1960 mass of dissolved ions (Reznik et al.,
2009b), shows that a significant decrease in Na+ and SO42- quantities occurred due
to the precipitation of halite and gypsum, respectively. A proportionally smaller
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decrease was observed for Cl-, which is due to its relatively high concentrations in
comparison to Na+ (Gavrieli, 1997). Similarly, Ca2+ concentration is not affected
by the precipitation of gypsum because of the high Ca2+/ SO42- ratio and low
precipitation potential. Thus, no measurable change is detected in the weight of
dissolved Ca2+ since 1960.
Reznik et al. (2009b) estimated that ~36x108 ton of halite precipitated from the
Dead Sea brine between 1960 and 2008. Assuming that this mass has spread
homogeneously on the seafloor, by 2008 it had accumulated to a thickness of
~2.5 m. Following the same line of reasoning, it was estimated that 20x106 tons
of SO42- has precipitated since 1960 until 2008, resulting in a reduction of ~27%
in the mass of dissolved SO42- in the lake. If all this mass precipitated as gypsum,
~ 35x106 tons of gypsum precipitated on the seafloor, accumulating to a total
thickness of only ~2.5 cm, i.e., two orders of magnitude less than the halite
accumulation. It should however be noted that the above values represent a
maximal thicknesses, since some of the Na+ and SO42- were removed from the
brine as halite and gypsum that precipitated in the evaporation ponds of the
chemical industries (in fact, most of the gypsum precipitates in the evaporation
ponds – see Section 5.1.8.7a).
5.1.3.4

Whitening Events
An event of “whitening” of the Dead Sea – sudden crystallization of calcium
carbonate – was recorded in August 1943, when the entire lake had become
milky-white within one night. Of the 18 mg/l solid material, 80% consisted of
calcium carbonate. The white material gradually disappeared until by December
the lake was almost clear (Bloch et al., 1944). In August 1959, another
"whitening" event was recorded. Neev and Emery (1967) observed a decrease in
transparency from the common value of 3 m to values lower than 1 m. The low
transparency values lasted for four months. Thereafter the lake started clearing,
and regained its clarity only after more than a year.
Mixing between the Ca-enriched Dead Sea brine and the SO42- rich seawater (or
reject brine from a desalination plant) is bound to result in gypsum precipitation.
If the gypsum does not settle quickly to the seafloor, it may influence the general
appearance of the Dead Sea by "whitening" the surface water. Such a
phenomenon is likely to occur if massive nucleation and growth of minute
gypsum crystals will occur.
If a "whitening" phenomenon will accompany the discharge of seawater or
desalination plant reject brine to the Dead Sea, and the lake will remain turbid for
a prolonged period of time, it will change the appearance of the lake, and may
lead to changes in the lake's physical parameters, such as heat balance, albedo and
evaporation rate. The duration of the "whitening" events is likely to depend upon
the nucleation and crystal growth kinetics, optical characteristics of the gypsum
formed, and their settling rate from the surface water.
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5.1.4

Dead Sea Hydrography and Meteorology

5.1.4.1

Observations and Data Processing
In this report, historical hydrological and meteorological data merged with data
acquired within the framework of the project are presented. The data are an
essential basis for estimation of evolution of the Dead Sea thermohaline structure
as well as for calibration and validation of hydrological models.
In the Dead Sea, episodic hydrological observations with satisfying accuracy
started in 1958 (Neev and Emery, 1967). Regular hydrographic observations in
the deepest part of the Dead Sea EG-320 (Fig. 5-5) started in 1975 (Steinhorn,
1981; Anati, 1997). Since 1988, the observation has been carried out by the Israel
Oceanographic and Limnological Research (IOLR) (Gertman and Hecht, 2001).
The water temperature data observed in the deep part of the Dead Sea were
extracted from published sources and merged with the recent data without any
correction. The extremely high salinity of the Dead Sea water, as well as its
unique ionic composition, prevents the implementation of inexpensive methods of
ocean water salinity measurement. A water density anomaly from 1000 kg/m3 at a
specific reference temperature was used to characterize the Dead Sea haline
structure and variability (Anati, 1997). This was defined as quasi-salinity. In
earlier publications, different reference temperatures were used, therefore the
quasi-salinity data extracted from published sources were recalculated to the
density anomaly from 1000 kg/m3 at 25 C using the thermal expansion coefficient
(Steinhorn, 1981): / T = -0.4309 0.0005 kg/m3 / C .
Since 2000, the hydrological observations in EG-320 have been taken during one
day cruises. Each cruise provides vertical profiles of quasi-salinity and water
temperature. One quasi-salinity profile is obtained by several casts of Niskin
bottles, and includes about 16-20 levels of data. Water samples are stored in a
constant temperature of about 32°C to avoid salt crystal precipitation. Water
density is measured at the IOLR with an “Anton Paar” densimeter DMA 5000
(http://www.anton-paar.com). Water temperature is measured in-situ by CTD
SBE-19 and is quality controlled by comparison with reversing digital
thermometers. During the report period, six cruises were carried out. There is an
analysis of hydrological observation starting from 1958 with an emphasis on the
last year's observations described further.
On June 1992, IOLR began its meteorological observations of the Dead Sea from
a meteorological buoy located about 4 km south eastward of En Gedi (Figs. Fig.
5-5-Fig. 5-6). In addition to the meteorological parameters, a thermistor string tied
to the buoy measured the temperature profile of the upper 40 m of the water
column.
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The first ten years of quasi-continuous
quasi continuous data acquired from the first version of
meteorological buoy (Fig.
(
5-6,, left panel) were processed and analyzed in Hecht
and Gertman (2003). On the 19th of February 2002, the meteorological buoy
capsized and the equipment on it was lost, apparently due to extremely heavy salt
accumulations. On the 19th of October 2004, the second version of meteorological
buoy was deployed and anchored on station at the same location (EG-100).
(EG
The
second buoy was equipped with the same meteorological equipment from the
AANDERAA company (http://www.aanderaa.com
(
) as the first buoy.

Fig. 5-5:
5
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Fig. 5-6:

Meteorological buoy anchored in EG-100 (Left panel: first version operated
from June 1992 to February 2002. Right panel: Second version operating
from October 2004 to the present)

During the preparation of the report, data from the first and second version of the
buoy was merged in a single database and analyzed for uniformity of time series.
Two serious problems were found in the united series:
Relative humidity measurements before summer 2001 were about 40% higher
than after that.
Solar radiation measured since October 2004 in range from 600 W/m2 to 1000
W/m2 is larger than the data observed before that by about 20 W/m2-100
W/m2.
Careful comparison of observations after 2004 with parallel observations of
relative humidity by LAMBRECHT-Psychrometer (http://www.lambrecht.net)
have shown that the data measured after October 2004 are correct. The incorrect
humidity data before summer 2001 resulted from problematic construction of the
AANDERAA relative humidity sensor based upon a sensing element of hair.
Since summer 2001, AANDERAA has replaced the hair sensing element by a
capacitive humidity probe which is more stable over time (personal
communication with AANDERAA personnel). An attempt to repair the relative
humidity data measured before summer 2001 was undertaken. Between January
2006 and August 2006, the old type of sensor was installed on the buoy in
addition to the new type of humidity sensor. The correlation between the two
sensors' data was quite high (R = 0.75). The necessary correction for relative
humidity measured by the old type sensor in ranges below 75% is quite
significant (-6% ÷ -26%). However, for high relative humidity the correction is
lower when the old type sensor is used. A reasonable correction of historical data
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obtained before summer 2001 (RHuncor), can be estimated by following
polynomial expression:
RHcor =0.0324*RHuncor2 - 2.21*RHuncor + 52.5
The relative humidity time series combined from corrected and observed data
after summer 2004 can be used for an estimation of the Dead Sea evaporation.
However, estimation of interannual fluctuations as well as climatic descriptions of
the relative humidity over the Dead Sea must be based upon observations only
after October 2004.
To solve the problem with solar radiation, parallel observations by Kipp & Zonen
Sensor CMP11 (http://www.kippzonen.com) and by AANDERAA solar radiation
sensor 2770 (http://www.aadi.no) were carried out between 18 June 2009 and 6
August 2009. Readings from the two sensors had a very good correlation
(R=0.99), which was approximated by the polynomial regression:
RADcor = -0.000158*RADuncor2 + 1.1112*RADuncor - 24.126 .
All time series observed from the buoy were checked for the presence of spikes in
the observations. To find a spike all observations were smoothed by a median
filter and the difference between a smoothed value and an observed value was
calculated. The windows of smoothing, as well as an allowed maximal value of
difference, were estimated for each meteorological parameter. The software
marked all suspicious points. However, the final assignment of “bad flags” was
carried out by an expert after an analysis of the plotted data. Observations of the
thermistor string were controlled also by the presence of vertical inversions.
5.1.4.2

Thermohaline Structure of the Dead Sea - Recent Dynamics
For hundreds of years the Dead Sea was a meromictic lake with a stable haline
stratification, supported by runoff. Winter convection was limited and water
below the halocline was not affected by the atmosphere. As a result of the runoff
reduction, the salinity of the upper mixed layer (UML) increased and the
gravitational stability diminished (Anati, 1997). Eventually, during the winter of
1978/1979, the lake water overturned, ending the long-term stable hydrological
regime (Steinhorn et al., 1979; Beyth, 1980; Steinhorn and Gat, 1983).
Since then, the deep water, which was sealed from atmospheric influence, has
been involved in convective mixing every holomictic winter and experienced
permanent changes (Fig. 5-7). The deep water temperature and quasi-salinity
stabilized for a while during two short meromictic states (1980-1982 and 19921995), temporarily restored after rainy winters. However in the course of
holomictic periods, there has been a permanent increase of quasi-salinity and
significant fluctuation of temperature (Anati, 1997; Gertman and Hecht 2002).

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

40

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study

Fig. 5-7:

T-S diagram showing the evolution of the deep water of the Dead Sea at
depths below 100 m during meromictic (A: 1979-1982; B: 1992-1995) and
holomictic periods (1983-1988 and 1995-present). Blue dots denote
stratified states, and red dots denote mixed states. Red lines show seasonal
evolution during typical years.

Development and decay of the Dead Sea stratification during meromictic and
holomictic states can be seen in details from regular observations of water
temperature at the meteorological buoy (Fig. 5-8).
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Fig. 5-8:

Long term changes in water temperature (upper panel) quasi-salinity (lower
panel) of Dead Sea water at the UML and at 100 m depth.
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Fig. 5-9:

Interannual evolution of seawater temperature measured by the thermistor
string from the EG-100 meteorological platform.

From summer 1992 up to winter 1995-1996, the two layer lake structure was not
destroyed by winter convection due to relatively low salinity (see Fig. 5-8) in the
UML and accordingly high levels of gravitational stability (Fig. 5-10). The
maximum gravitational stability corresponds to low thermocline depths, which
increased gradually from about 12 m in 1992 to about 25 m in 1995. During
meromictic winters, the UML had extremely low temperatures (14°C – 16°C)
because only the UML water was affected by winter cooling. The end of the
1992-1995 meromictic period occurred in January 1996 when the winter
convection mixed the entire Dead Sea water body, diminishing the water column
gravitational stability to an insignificant value (Fig. 5-9).

Fig. 5-10:

Interannual changes of the gravitational stability of water column and sea
surface level in the Dead Sea.
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During holomictic winters, the Dead Sea water body is well mixed to the bottom
excluding short periods of warm, quiet weather during which an upper
thermocline develops at a depth of 1 m - 5 m. In spring and summer, a
thermocline develops at a depth of about 25 m - 30 m. First overturn of the water
body occurs usually during the last week of November or the first week of
December.
Irregular observations in the deep part of the Dead Sea (EG-320) started in 1958
(Fig. 5-8). Based upon these observations, one can see that water temperature in
the UML exhibits seasonal changes without significant long term trends.
Extremely low quasi-salinities in the UML, along with low temperatures are
observed during meromictic winters when winter cooling is limited by the UML
due to the stable haline stratification.
Water temperature and quasi-salinity below the pycnocline during the meromictic
periods are quite stable. During holomictic periods, the quasi-salinity of the deep
water exhibits a positive increase of about 0.3 kg/m3/yr - 0.4 kg/m3/yr. The quasisalinity of the UML has the same tendency; however the seasonal fluctuations are
about five times stronger. Deep water temperature during meromictic periods
retains the values it had before the formation of the new low salinity UML.
During holomictic periods, the temperature of the deep water fluctuates between
22°C - 24.5°C.
An increase in water temperature near the bottom was identified in 2000 when
regular measurements with a temperature profiler began. It was suggested that the
increase is a result of the propagation of end-brine from evaporation ponds
(Gertman and Hecht 2002). A parallel increase was found also in the quasisalinity. Unfortunately, unlike temperature, quasi-salinity cannot be observed
continuously. Therefore, some uncertainty in the definition of warm and saline
water source remained until 2010. This uncertainty was resolved when
transmission profile measurements were introduced (Fig. 5-11). After numerous
observations on the south-north section from the end-brine outlet to the EG-320
station the adjective formation of the near bottom maxima from the end-brine was
proved.
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Fig. 5-11:

Vertical profiles of temperature and beam transmission at the deepest point
of the Dead Sea (11 October 2010).

During the course of 2010, the surface water temperature was about 0.5°C - 1.5°C
warmer than the climatic values estimated by EG-100
EG 100 data (Fig.
(
5-12). The
summer thermocline started to form in the middle of March. During July-August
July
2010, the thermocline depth was about 25 m. Maximal values of temperature
(35.5°C) and quasi-salinity
quasi
(243 kg/m3, Fig. 5-13)) in the UML were reached in
the middle of August. The first time the entire water body was mixed was about
10 November 2010.
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Fig. 5-12:

Water temperature in the upper layer during 2010.
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Fig. 5-13:

5.1.4.3

Vertical profiles of potential temperature, quasi-salinity
quasi salinity and potential density
on the EG-320
EG
station during the 2010 cruises.

Dead Sea Meteorology
The climate in the Dead Sea area is highly arid, with a mean annual rainfall less
than 100 mm (Goldreich, 1998).
Fig. 5-14 to Fig. 5-25
5
depict the various parameters described in this section.
Air temperature over lake has been observed between 7.5°C and 43.4°C, while
typical relative humidity over the Dead Sea is between 33% and 52%. On
average, August is the hottest month with air temperature of 33°C and July is the
driest (39% humidity). The coldest and most humid month
month is January with an
average temperature of 18°C and 47% humidity. Air temperature changes are
closely associated with the arrival of the Mediterranean breeze, as well as with the
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onset of the local breeze. The daily maximal temperature occurs four hours later
than along the Mediterranean coast.
The atmosphere above the lake surface differs from that on land. Air temperature
above the lake is colder by about 0.5°C - 1°C during summer and warmer by
about 1°C - 2°C during winter. Relative humidity above lake is higher by about
4% - 5%. Air pressure at the Dead Sea surface is higher than at the mean sea level
by about 50 mb.
The typical speed of winds is 4 m/s - 6 m/s. In general, during summer, winds are
mostly northerly. During the winter, there is an increase in the southerly winds.
During winter strong winds (10 m/s - 20 m/s), although rare, occur more
frequently than during summer. Westerly winds, associated with the
Mediterranean breeze, occur at the same rate throughout the year. They appear in
the late afternoon and can reach 20 m/s at midnight. Wind strength diminishes in
the morning with the weakest winds occurring around 13:00 (Hecht and Gertman,
2003).
The maximal wind wave heights observed were at 3 m with 8 s period (Hecht et
al., 1997).

Fig. 5-14:

Interannual fluctuation in the daily integrated insolation observed on the EG100 meteorological buoy (data after Summer 2004 is corrected as described
in the text above).
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Fig. 5-15:

Seasonal oscillation in the daily integrated insolation observed on the EG100 meteorological buoy. The black points are monthly averaged values.

Fig. 5-16:

Interannual fluctuation in the daily averaged air pressure observed on the
EG-100 meteorological buoy.
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Fig. 5-17:

Seasonal oscillation in the daily averaged air pressure observed on the EG100 meteorological buoy. The black points are monthly averaged values.
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Fig. 5-18:

Wind speed diurnal oscillations over the Dead Sea
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Fig. 5-19
19:

Monthly Wind Roses over the Dead Sea
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Fig. 5-20:

Interannual fluctuation in the daily averaged air temperature observed on
the EG-100 meteorological buoy.

Fig. 5-21:

Seasonal oscillation in the daily averaged air temperature observed on the
EG-100 meteorological buoy. The black points are monthly averaged
values.
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Fig. 5-22:

Interannual fluctuations in daily averaged relative humidity observed on the
EG-100 meteorological buoy (data before June 2001 is corrected as
described in the text above) .

Fig. 5-23:

Seasonal oscillation in the daily averaged relative humidity observed on the
EG-100 meteorological buoy. The black points are monthly averaged
values.
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5.1.4.4

Fig. 5-24:

Interannual fluctuation in the daily averaged water temperature observed
from the EG-100 meteorological buoy at the depth of 1 m.

Fig. 5-25:

Seasonal oscillation in the daily averaged water temperature observed from
the EG-100 meteorological buoy at the depth of 1 m (The black points are
monthly averaged values for the last holomictic period).

Currents
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Current profile measurements collected over the past two years (Fig. 5-26 to Fig.
5-30), in the framework of the current study as well as other studies provide for
the first time insight into the current field of the Dead Sea, at the meteorological
buoy with a few traverse measurements in the southwestern part of the lake.
Measurements were taken from a downward-looking 300 kHrz RDI Workhorse
Acoustic Doppler Current Profiler (ADCP). Individual measurements campaigns
lasted for up to two weeks (limited by halite that accumulates on the instrument).
Data was taken in 10 minutes averaged ensembles with a cell size of four meters.
Velocity readings and the cell size were based upon local sound velocity
measured previously. Instrument movements were removed by using its bottom
tracking mode. The data were averaged farther to obtain one-hour current profile
time series.
The maximal recorded current velocity was 10 cm/s - 15 cm/s. During the
holomictic winter period the currents were found to be uniform within the water
column and were mostly directed southward (Fig. 5-26). The current
measurements for the summer season showed a two layer structure composed of a
relative strong and uniform current in the upper mixed layer and a uniform
weaker current, sometimes in the opposite direction, below the pycnocline. The
currents for the autumn (October 2010), show the same two uniform layered
structures with a generally northward current and a relatively stronger and a
southward current at the lower layer (Fig. 5-30). Generally, there is a very weak
or no significant correlation between the currents and the local winds taken during
those periods at the meteorological buoy.
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Fig. 5-26:

Current measurements and winds in EG-100 during February 2010 (A).
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Fig. 5-27:

Current measurements and winds in EG-100 during June-July 2010 (B).
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Fig. 5-28:

Current measurements and winds in EG-100 during August 2010 (C1).
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Fig. 5-29:

Current measurements and winds in EG-100 during August-September
2010 (C2).
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Fig. 5-30:

Current measurements and winds in EG-100 during October 2010 (D).
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5.1.5

Remote Sensing of the Dead Sea Surface

5.1.5.1

Background
Satellite remote sensing is used to characterize the spatial and temporal variations
of the Total Suspended Matter (TSM) and the Sea Surface Temperature (SST) of
the Dead Sea surface. Major questions that are being addressed here are whether
there are locations in the Dead Sea where TSM is typically concentrated? Also,
what are the dynamics of TSM and SST in the Dead Sea? The TSM spatial
distribution has implications to the Dead Sea Red Sea Conveyance (DSRSC)
project since gypsum precipitation due to mixing of Dead Sea and Red Sea waters
may result in fine grained suspended crystals that may increase the Dead Sea
TSM significantly, and accumulate in the same locations as it does presently
(Section 5.1.8.1 in this report). To answer these questions, the first step needed is
to characterize the TSM and SST fields in the Dead Sea surface in the current
conditions, and explore the causes for the spatial TSM and SST patterns and their
variations with time.

5.1.5.2

Total Suspended Matter (TSM)
Satellite TSM maps of a waterbody represent the content of suspended fine
particles in the upper few meters, where high values represent turbid water (in the
visible spectrum). TSM is calculated from radiation reflected by surfaces of the
suspended matter, using band 1 (0.645 m) of MODerate Resolution Imaging
Spectroradiometer (MODIS) on NASA's TERRA and AQUA satellites (Miller
and Mckee, 2004). The spatial resolution of these maps is of 250 m, and the
sampling interval is approximately one per day where sometimes maps are not
produced when clouds and dust mask the Dead Sea from the radiometers. Maps
are produced only during the daytime when visible light is reflected from the
suspended particle surfaces.. Fig. 5-33 presents TSM maps, showing typical
pattern of high TSM areas located along the western shores and southeastern and
southwestern bays (red color in the maps), as was shown recently by Lensky et al.
(2010). The presence of higher TSM in the southwestern bay occasionally can be
identified by the naked eye, as demonstrated in Photo 5-1 taken from a helicopter.
In order to analyze the dynamics of TSM in the Dead Sea, more frequent
observations are required to resolve the diurnal cycle. This was done by using
High Resolution Visible (HRV) channel on the European geostationary
meteorological satellite Meteosat Second Generation (MSG) and producing TSM
maps with 1 km resolution and repetition frequency of 15 minutes. The advantage
of the two sources was used, where MSG provides high temporal resolution
within the diurnal cycle, and MODIS provides high spatial resolution. Fig. 5-33
(in Section 5.1.5.4) presents TSM maps of the Dead Sea with an hour timeinterval, using the HRV channel on MSG with the available image from MODIS.
The HRV data was calibrated by averaging MODIS TSM data from pixels that
were within the Theissen polygons [see Fig. 5-34 (in Section 5.1.5.4) of the HRV
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pixels (Thiessen, 1911)]. The diurnal cycle of a representative day in summertime
(17 August 2010), shows a wide TSM band along the western shore in the
morning, narrowing the band and migration of TSM to the southern bays. Two
high resolution TSM maps from MODIS are also presented. Also indicated in
each map are measured vectors of wind on the shore and in the buoy, and surface
currents measured in the buoy (black, purple and green arrows, respectively; see
Sections 5.1.4.3 and 5.1.4.4). High wind intensity (8-9 m/s) is typical in the
summer during the night until the morning hours. High winds in the morning are
associated with high TSM values along the western shores and in the
southwestern bay, whereas in the afternoon, after a few hours of calm winds
(~2 m/s) the high TSM levels are more concentrated in the southwest, and the
high TSM band off the western shores becomes narrower.
Based upon these observations, it is suggested that TSM is produced along the
silty shores of the Dead Sea (mainly the western, northern and southern shores) at
times of wave action and shore abrasion, which is related to high speed winds. A
wide "rim" of high TSM is then produced (see Fig. 5-33, Fig. 5-35). Shoreline
currents (see Section 5.1.4.4) transport the suspended matter, and high TSM and
high concentrations appear in the southern bays, and sometimes in the northern tip
(which has silty shores).
An additional major source for TSM in the Dead Sea in its current state is from
winter floods. Post flood patterns were used to learn how floods introduce fresh
water loaded with suspended matter spreads and change the pattern of TSM in the
Dead Sea. Figure 5-34 presents four TSM and SST maps captured a few days
after flood events (18 January 2010 and 28 February 2010). On 22 January 2010,
two large plumes of suspended matter can be seen a) from the Jordan River
(north) a 10 km plume stretches to the south-southwest and b) from the south at
the outlet of Nahal Zeelim and Nahal Arava (southwest) a plume of about 15 km
stretches to the north along the eastern shore of the bay showing a cyclonic
pattern. On 1-3 March 2010, high concentrations of TSM can be seen entering
from Nahal Arnon / Wadi Mujib (eastern shore) and in the two southern bays. The
Nahal Arnon plume shows along-shore transport northward, again –
counterclockwise. Note that the plume of diluted Dead Sea brine loaded with
suspended matter is also distinct in the SST maps by their thermal signature as
cold (blue) patches, or in some cases (not shown here) as warm patches arising
from warm fresh water from hot springs.
A possible explanation for the large plumes and their penetration into the middle
of the Dead Sea, rather than the "rim" structure described above, is the fact that
the bulk density of the floodwater is lower than the Dead Sea brine (although it is
loaded with suspended matter). The horizontal density difference induces currents
that spread the TSM across the lake. Three possible processes act to disperse the
intruding water so that after a few days there are no remnants of the floods: a)
spreading due to horizontal density difference, b) Dead Sea currents, and c)
vertical mixing due to wind action.
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To summarize, suspended matter is typically concentrated along the Dead Sea
shores, mainly along the western shores and the southern bays of the Dead Sea. It
is suggested that TSM is produced along the shores by wave abrasion, and then
transported counterclockwise along the shore. This transport pattern reinforces the
suggestion, based upon current measurements, that the general circulation in the
Dead Sea is counterclockwise with suspended matter “traps” in the southern bays
(Lensky et al., 2010a).
Floods that introduce freshwater loaded by suspended matter are clearly seen as
plumes with high TSM values in TSM maps. The plumes tend to spread from the
source towards the center of the lake. This may be explained by the fact that the
lower density plumes spread laterally. These plumes are also influenced by the
Dead Sea currents (Fig. 5-36).
In the scenarios of seawater or reject brine mixing with the Dead Sea, and a fine
grained gypsum precipitation, the added TSM is likely to be trapped along the
southern bays, as happens today under present conditions with TSM. The possible
implications of a turbid Dead Sea on tourism (with emphasis on the views from
Masada), and on the pumping stations of the industries, should be taken into
account (Photo 5-1).
5.1.5.3

The Turbidity of Dead Sea Brine with Added Gypsum
The effect of suspended gypsum on the turbidity of the Dead Sea is hard to
predict since it depends among other things upon the concentration of gypsum
present in the brine and its crystal size distribution, whereby higher concentrations
and lower crystal size will lead to higher turbidity. The potential impact of added
gypsum crystals on the turbidity of the Dead Sea surface water was therefore
studied.
Turbidity of Dead Sea water with suspended gypsum was examined under
conditions that are designed to represent the World Bank scenarios. The
concentration of gypsum was estimated based on the calculated annual weight of
gypsum precipitation and on the depth of stratification. These two factors are
calculated by the 1D model. The depth of stratification (i.e., thickness of the
mixed layer) determines the volume in which the precipitated gypsum mixes
before it settles to the bottom of the lake. Highest precipitation rate ~7 mm/yr was
calculated in the scenario of 1000 MCM/yr reject brine, with a stratification depth
of >30 m. Under such conditions, the expected suspended gypsum concentration
will be ~600 mg/l (see Section 5.2.2.10, ~7 mm gypsum, 2.3 gr/cc specific
gravity, 30 m depth Section 5.2.2). This value encompasses the assumption that
gypsum crystallization occurs only once a year in a "whitening" event, implying
that the brine accommodated the increasing degree of saturation with respect to
gypsum for an entire year. Lower concentrations are expected if whitening events
are more frequent, and as the upper mixed layer deepens with time. The
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concentration of 600 mg/l should therefore be regarded as representing the more
concentrated suspension from the scenarios requested by the World Bank.
The expected particle size-distribution of gypsum in Dead Sea – Red Sea mixtures
was studied and is presented in Section 5.1.8.4. It is shown that 90% of the
gypsum crystals are smaller than 100 m. Therefore the Consultant measured the
turbidity of mixtures with up to 600 mg/l and grain size of 62 m - 125 m
(smaller crystals will result in higher turbidity values).
Turbidity values of the mixtures were measured using a portable Hach 2100Q
turbidity meter. Gypsum crystals were grounded, sieved, and sorted into two
crystal size intervals (62 m - 74 m and 74 m - 125 m). The sorted gypsum
was added to Dead Sea brine samples. After mixing, the solution was transferred
to ~15 cc sample cells and the turbidity values were read in Nephelometric
Turbidity Units (NTU), with an accuracy of ±2%. The intensity of scattered light,
turbidity and suspended material in the solution are all positively correlated. For
each mixture, readings were taken over time to construct a decay curve, which
reflects the rate at which the suspended particles settled. Decay readings lasted for
up to six hours, when the turbidity values reached an asymptotic value of ~20
NTU.
The turbidity (in NTU) as a function of the concentration (mg/l) of suspended
gypsum for both size fractions is presented in Fig. 5-31, a) immediately after
mixing and b) half an hour later, when some of the particles have already settled.
Results from readings of the two ranges of crystal size are presented. As expected,
higher gypsum concentrations are positively correlated with higher turbidity
values, with maximum values of >300 NTU at a concentration of 600 mg/l. Half
an hour after mixing the sample, the turbidity decreased by ~25% due to particle
settling. Both effects, of increasing turbidity with increasing concentration, and
decay of turbidity with time, are also presented in Fig. 5-32 for a range of
concentrations. All mixtures reached half of their initial turbidity value after about
three hours. It should be noted that the decay of turbidity is measured in a ~1 cm
deep sample (15 cc), whereas the decay in the Dead Sea is likely to require much
longer times. The longer expected decay time is due to the effective depth of light
penetration (~9 m in the Dead Sea, see Section 5.1.7), which is three orders of
magnitude higher than the sample size. In addition, other effects, such as
turbulence and currents may slow the settling of the suspended particles and the
rate of turbidity decay. The scale-dependence of turbidity decay will be further
studied; nevertheless these results provide initial insights on the potential gypsum
induced turbidity in the Dead Sea.
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Fig. 5-31: The turbidity (NTU) in experiments of suspended gypsum in Dead Sea brine
as a function of gypsum concentration (mg/l). Two crystal size intervals are
presented, 74 µm - 125 µm and 62 µm - 74 µm.
m. For each size interval, the
turbidities presented include the readings immediately after mixing (solid
curve) and the reading taken half an hour later (dashed). The dashed-dotted
dashed
horizontal lines refer to common upper acceptable criteria in the US
U for
turbidity in open water bodies in terms of NTU and the dashed vertical lines
refer to suspension concentrations criteria (see text).
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Fig. 5-32: Turbidity decay curves of Dead Sea brine mixed with different concentrations
of suspended gypsum grains (62 µm - 74 µm).
m). The dashed-dotted,
dashed
horizontal lines refer to upper acceptable criteria for turbidity in water bodies
in terms of NTU (the upper and lower values commonly used, see text).

For a qualitative evaluation of the results, the water quality turbidity criteria used
in different states in the USA for surface water were followed. Since
S
the aim is
not to preserve the biota
biota that may develop in the Dead Sea, the criteria followed
are related only to aesthetic aspects. Most states use a numeric turbidity criterion
(rather than weight/volume).
weight/volume) Acceptable threshold ranges are different between
states, but are mostly between 10 NTU and 50 NTU.. These values are plotted as
horizontal lines in Fig. 5-31 and Fig. 5-32. Other
ther states use suspended solid
criteria, values which mostly vary from 30 mg/l to 158 mg/l,, which are plotted as
vertical lines in Fig. 5-31.. The graph clearly demonstrates that turbidities caused
by >200 mg/l of gypsum at the given crystal sizes are higher than the upper
recommended value (50 NTU) in the US. These preliminary experiments
exp
call for
the establishment of acceptable upper limits for turbidity of the Dead Sea.
To summarize, this preliminary set of experiments show that the presence of
suspended gypsum in the surface water at weights and crystal sizes that may
develop under the scenarios proposed by the World Bank, can lead to whitening
of the surface water. The duration and frequency of such events will depend upon
numerous factors including rate of nucleation, crystal size distribution, the
hydrodynamics and location of mixing. It should be emphasized that this is an
initial investigation which assumes various conditions. The turbidity issue will be
updated in the future, as more constraints upon the system's behavior are collected
through additional research or initial
initia stages of operation.
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5.1.5.4

Sea Surface Temperature (SST)
SST maps from satellites provide information on the dynamics of spatial patterns
of the surface temperature. Knowledge of the Dead Sea thermal and saline
structures is based upon meteorological and hydrological measurements from a
buoy near En Gedi and from a reference station in the deep part of the Dead Sea
(Gertman and Hecht 2002, Hecht and Gertman 2003, see Section 5.1.4.1 in this
report). Thermal infrared satellite remote sensing was used to characterize the
temperature variations at the surface of the Dead Sea and explore the causes of
these variations. The work presented here follows the methodology of Nehorai et
al. (2009). Sequences of almost continuous individual satellite images were
transformed into a time series of parameters representing the spatial distribution
of SST. Also used were in-situ measured bulk SST, wind speed, solar radiation,
and water temperature profiles with depth. For this purpose, the upper portion of
the Dead Sea was investigated using in-situ thermal infrared measurements of the
skin layer (~10 m) and the bulk temperature of the Dead Sea in the top 1 m.
These were monitored along the diurnal and seasonal cycles. To apportion pixel
coverage of the Dead Sea surface into polygons (Fig. 5-34), the Theissen polygon
method is used (Thiessen, 1911).
Analysis of this data set shows strong diurnal variations (Fig. 5-37) and seasonal
(Fig. 5-38) variations of the surface and vertical temperature field and the
meteorological forcing. The temperature field is heterogeneous after noon, when
radiation is high, wind speed is low, and thermal layering develops. The
temperature field is homogeneous during the nighttime, when solar radiation is
absent and the high wind speed vertically mixes the upper layer.
The skin temperature observed from satellites represents a skin layer (a few
microns thick), through which evaporative and other energy fluxes occur between
the lake and atmosphere. In order to describe the physics of this molecular
boundary layer, the governing factors controlling the skin layer of the Dead Sea
were explored by means of in-situ measurements of bulk water temperature
(measured with a thermistor a few centimeters below lake surface), short wave
and long wave radiation, wind speed and air temperature (measured 3 m above the
lake level). Continuous measurements were conducted in different seasons
reflecting different states of the Dead Sea, as presented in
Fig. 5-39. The skin temperature was found to be mostly correlated to the air
temperature (correlation of 0.93-0.98) with a time shift that is negligible (below
the measuring interval, i.e., 20 minutes). The skin temperature is much less
correlated to the bulk water temperature of the surface layer with a significant
time lag of 0.3-2 hours. An even lower correlation was found between the skin
temperature and the solar radiation and wind speed with time shifts of 2-5 hours.
To conclude, the analysis shows that the SST represents the air temperature rather
than the bulk water temperature.
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Fig. 5-33:

TSM images from MODIS, spatial resolution of 250 m. Note the high values
of TSM (red) in the southwestern part of the Dead Sea at all captures. Note
that each frame has its own range of values - i.e., colors are not
comparable.
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APC pump station

Wadi Ze'elim
DSW pump station and canal

Photo 5-1:

Aerial photos of the SW coasts of the DS, taken from a helicopter showing
the view from Masada, photo taken from SW (10 October 2010). Insert: a
close-up taken over the pumping station of the DSW from NE (16 July
2007). Note the brighter turbid appearance of the southern part of the bay
due to suspended matter and the sharp interface with the main water body.
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Fig. 5-34:

The polygons representing the HRV MSG pixels were used to calibrate HRV
data in terms of TSM.
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Fig. 5-35:

TSM maps of the Dead Sea using HRV-MSG data with sampling frequency
of 15 minutes and spatial resolution- 1 km. Higher resolution MODIS TSM
maps are presented (11:50, 13:25) with a spatial resolution of 250 m. Note
the agreement between the MSG and the higher resolution MODIS maps.
All data from 17 August 2010, time of capture is indicated (local time). Wind
and current intensity is indicated for each map, with color and unit index as
indicated in the legend of the figure.
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Fig. 5-36:

Remote sensing of post-flood
post
events. Note that high TSM values appear in
the outlet of the major flood sources.
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Fig. 5-37:

Diurnal cycle of (a) SST; (b) the deviation of the northern, central, and
southern pixels from the average (see locations in Fig. 5-34; (c) the
standard deviation of SST; and (d) the wind speed and solar radiation
(Nehorai et al., 2009).
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Fig. 5-38:

Seasonal variations of the diurnal cycle The spatial variations of SST (a &
b), and wind speed and solar radiation (c): (a) standard deviation of SST
and (b) deviation of the northern, central, and southern pixels (see locations
in Fig. 5-34) from the average. (c) Wind speed and solar radiation (Nehorai
et al., 2009).
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Fig. 5-39:

Correlations between surface, bulk water temperature, air temperature, wind
speed and solar radiation in: (a, b, c, d) – winter (22/12/2008 – 14/1/2009);
(e, f, g, h) – summer (25-29/6/2009); and (i, j, k, l) – autumn (27/1010/11/2009). Note the high correlation of skin and air temperatures and the
much lower correlation between skin and bulk temperatures.

5.1.6

Energy and Mass Balances

5.1.6.1

Background
The existing estimates for the water balance of the Dead Sea are widely variable,
reflecting the unknown subsurface water inflow, the rates of evaporation and of
salt accumulation on the lake bottom. Natural water inflows to the Dead Sea
during the first half of the 20th century were estimated to be within the range of
1600 MCM/yr - 2000 MCM/yr (Neumann, 1958; Klein, 1998; Salameh and ElNaser, 1999). The volume of water reaching the Dead Sea today is substantially
lower, with estimates varying between <325 MCM/yr (Lensky et al., 2005) to
>1000 MCM/yr (Salameh and El-Naser, 1999). The difference (>500 MCM/yr) is
due to different estimates of the unobserved subsurface inflow. The suggested
higher inflow is based upon an assumed evaporation rate of ~2 m/yr (Salameh and
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El-Naser, 1999), much higher than the range suggested by most other studies,
including the most recent energy and mass balance calculations.
Reliable determination of the water balance of hypersaline lakes in general and
that of the Dead Sea in particular are more complicated than similar freshwater
bodies due to two major factors:
1)

Difficulty in determining the amount of evaporated water due to reduced
water activity and rate of evaporation: Evaporation from brine surface is
less than that from a freshwater surface because the dissolved salts lower the
free energy of the water molecules and hence the saturation vapor pressure
above the brine. The activity coefficient of water (H2O), , represents the
ratio between vapor pressure above a brine surface and vapor pressure
above a freshwater surface at the same temperature (Stumm and Morgan,
1981). The activity of freshwater is =1 by definition, while in hypersaline
brines <1 (for the present Dead Sea composition, ~0.67). Accordingly,
the rate of evaporation from such water bodies is not equivalent to that from
freshwater under similar conditions (Salhotra et al., 1985; Salhotra et al.,
1987; Steinhorn, 1991).

2)

Difficulty in determining the net water deficit: The decline in the water level
of a hypersaline chemically-saturated lake which precipitates salts does not
represent the true change in the volume of the lake because the
accumulation of the salts effectively raises the level of its floor. The water
deficit is therefore larger than it appears from simple level changes.

To resolve the long term evaporation rate and water balance of the Dead Sea,
Lensky et al. (2005) adopted the energy budget method, which is considered the
preferential technique for long term monitoring (Winter et al., 2003). A somewhat
similar but simplified approach was applied to the Dead Sea by Stanhill (1994)
and Neumann (1958) utilizing a limited data set. Lensky et al. (2005) formulated
a simultaneous determination of the energy, water and salt balances for
hypersaline lakes. This approach required reliable meteorological and
limnological data, which has been available from a hydro-meteorological buoy in
the center of the Dead Sea since 1992. The analysis was performed during 19962001 which reflected dry years without exceptional floods. Salt precipitation
during this period was calculated to be about 0.1 m/yr (per m2) and an additional
~65 MCM (~10%) should be added to the annual decrease of the Dead Sea
volume. The energy balances yielded evaporation rate of 1.1 m/yr -1.2 m/yr. The
major unknown in the energy balance of the lake was the long wave radiation (IR)
exchange between the Dead Sea surface and the atmosphere. The average annual
inflow was estimated, using the mass balance, to be in the range of 265 MCM/yr 325 MCM/yr. Higher inflows, suggested in previous studies, call for an increased
evaporation rate and are therefore not in line with the energy balance.
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5.1.6.2

Methodology
The annual mass and energy balances of the Dead Sea are presented here for the
years of 1992-2009. The approach follows that presented by Lensky et al. (2005),
including the following steps:
Evaporation is estimated from an energy balance.
Salt balance is calculated explicitly accounting for salinity variations, fluxes
of salt in and out of the Dead Sea and water level (volume) changes.
Water balance accounts for evaporation rate, lake level changes, bottom level
rise due to precipitated salt, pumping of Dead Sea brine by the chemical
industries (DSW and APC) and the reject end-brine that the industries
discharge back into the Dead Sea. The total inflow into the Dead Sea
(including direct rain) is the remaining unknown which is solved using the
mass balance.
The total inflow, calculated from the mass balance, is composed of the following
components: a) inflows from the Jordan River, b) inflows from springs, rivers and
floods along the western and eastern shores, c) inflows from large drainage
systems in the south (occurs only during winter floods), d) direct rain on the Dead
Sea surface, and e) unobserved sub-lake inflows.
Estimations of the above components are poorly constrained since most of the
inflows are not monitored, and since there is no direct way to measure sub-sea
inflows (unobserved). Subtracting the minimum observed inflows (the above list)
from the calculated inflows (water balance), yields the maximum acceptable
values of sub-lake and unobserved inflows.

5.1.6.3

Input Data
The input data used includes:
Meteorological data from the buoy in the Dead Sea including: solar radiation,
air temperature, relative humidity, water temperature at different depths, air
pressure (see Section 5.1.4.3 in this report). The data has been subjected to
quality control to check and remove faulty measurements. Data is recorded
every 20 minutes after averaging the readings within this interval.
Gaps in meteorological measurements were filled using a procedure described
here (see gap filling below).
Salinity measurements (quasi-salinity; refer to Section 5.1.4.2 in this report)
are used to obtain the annual salinity variations. Salinity of the end-brine
discharged into the Dead Sea is also measured. The contribution of dissolved
salts from springs and rivers are negligible in the context of the salt mass
balance of the Dead Sea when dealing in a few decades.
Level of the Dead Sea surface (data from the Israel Hydrographic Service),
recorded every month (approximately).
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Volume of pumped brine from the Dead Sea into the industrial ponds (DSW
and APC) and the volume of end-brine discharged back into the Dead Sea are
estimated from pumping data as well as independent data from the COB
report (2010) which uses reported potash production to estimate the volumes.
Long wave radiation measurements were conducted from the meteorological
buoy using K&Z CGR4, both atmospheric radiation (down welling) and
emitted radiation from the lake surface (upwelling). A bulk formula is
calculated based upon our measurements that were made from March 2007
until the end of 2009. The bulk formula is used for representing the
atmospheric long wave radiation for the whole dataset (1992-2009), where
measurements are not available. This replaces the previous bulk formulas
which were established in open seas, and thus significantly reduces the
uncertainty of the balances calculated by Lensky et al. (2005).
Other components are considered here as minor within the context of the Dead
Sea balances.
5.1.6.4

Gap Filling in the Hydro-Meteorological Data
The data has gaps that extend from a single data point to hours and even days.
The gaps were filled in the following way (Fig. 5-40 and Fig. 5-41):
A multiple years average was calculated for each data point (i.e., 26,280
points for each type of data) – a so called climatic average.
Each gap contains N points, 1 N (Fig. 5-40). For the two points immediately
before and after the gap we determine the discrepancies between the real data
and the climatic average, dd0 and dd1 respectively (Fig. 5-40).
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Fig. 5-40:

Schematic diagram explaining the procedure for filling gaps in data (see
text). Data plot before filling the gap:

For each point in the gap, its discrepancy was calculated with the climatic
average by interpolating between the dd0 and dd1 values.
The gaps were filled by subtracting the corresponding discrepancy from the
climatic average.
Finally, the obtained results were processed based upon their physical
meaning:
For wind intensity (the case represented in the figures) - the absolute
value of the result was taken since negative wind intensity is physically
impossible. The result is represented in the Fig. 5-41.
For short wave radiation - all negative values are substituted by zero
(denoting no radiation, i.e., nighttime).
In cases that the filled-in gaps have negative values of relative humidity,
the program is stopped and a search is made for bugs.
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Fig. 5-41:

5.1.6.5

Schematic diagram explaining data gaps filling procedure (see text). Data
after the gap was filled.

Updated Mass and Energy Balances
Table 5-2 includes the annual averages and totals of relevant input data including
calculation of the evaporation rate and total inflow. Fig. 5-43 presents the annual
values of a) level change, b) average of solar radiation, and c) evaporation rate.
The average evaporation rate for all years is 1.15 m/yr, equivalent to a volume of
725 MCM/yr 60 MCM/yr (excluding 2002-2004 where no meteorological data
is available). To calculate the total inflow during all the years (Fig. 5-43d),
including the years when meteorological data was absent or partial (1992, 20022004), the average evaporation rate was used for these years. The average total
inflow for all years is 346 MCM/yr, excluding the rainy years of 1992/1993 and
2003/2004. The observed inflows are estimated to be 277 MCM/yr on average
(See Section 6.1.7). Thus the unobserved inflows may approach 100 MCM/yr or
less.
It should be mentioned that very low total inflow values of 130 MCM/yr and 140
MCM/yr were calculated for the years 1999 and 2008, respectively. This amount
includes about 70 MCM/yr of freshwater of En Fescha springs, one of the largest
sources and the most monitored site around the Dead Sea (with minor seasonal
and annual variations). This leaves about 70 MCM/yr for the other sources.
Indeed, the direct rain contribution in these two years was only 25 MCM/yr, less
than half of the average value (see Table 6-1 in Section 6.1.6). Some 35 MCM/yr
are left for the other sources of water, excluding En Fescha and direct rain, which
seems to be too low. It should be noted that the estimates of total inflows into the
Dead Sea by TAHAL and COB (see Table 6-6) during these years was even lower
(60-90 MCM/yr). The low values for these two years can be explained by the very
dry year, but also by the uncertainty in the water deficit by the chemical industries
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(pump minus reject), and by the uncertainties in evaporation rate estimations. The
estimates for the deficit due to industries is of 330 MCM/yr 50 MCM/yr. Taking
380 MCM/yr as the abstractions of the industries, the inflows in 1999 and 2008
increase to 180 MCM/yr and 190 MCM/yr, respectively, which fit the minimum
observed inflows.
To summarize, the annual average evaporation rate estimation is 1.15 m/yr.
Average salt precipitation rate is 0.1 m/yr and total inflows total 346 MCM/yr.
Unobserved inflows are less than 100 MCM/yr. The major unknowns affecting
the evaporation rate are: a) the incoming solar radiation, which has an interannual
variation of ±5%, or ±10 W/m2, which is translated to an uncertainty in an
evaporation rate of ±0.1 m/yr; and b) the net long wave radiation, which
introduces an estimated uncertainty of less than ±10 W/m2. The total inflow is
influenced by the uncertainty of the following components:
Evaporation rate introduces an uncertainty of approximately ±126 MCM/yr
((0.1+0.1) m/yr * 630 km2)
Estimations of the net deficit by the chemical industries (DSW and APC) vary
by approximately 50 MCM/yr, ranging between 385 (642-257) MCM/yr
(according to COB) and 280 (520-240) MCM/yr (according to Gavrieli et al.,
2006). Abstraction of 330 MCM/yr is considered as the representative value.
More accurate data data was requested by the Consultant from the World
Bank. Such data would have reduced this uncertainty in the water balance.
Level change is measured accurately and introduces a minor inaccuracy of a
few MCM/yr, as well as the inaccuracy in the bathymetry and the rate of salt
precipitation.
Fig. 5-42 (following) depicts a schematic diagram of the mass balance to the Dead
Sea.
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Fig. 5-42: Mass Balance of the Dead Sea
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Annual (a) level change (b) average solar radiation, (c) average evaporation
rate, and (d) total inflows including rain. Evaporation rate for the years 1992
and 2002-2004 for which no meteorological data is available was assumed
to be the average rate of the other years.
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Table 5-2: Annual Averages of Meteorological Parameters, Evaporation
Rate and Total Inflows.
1992
-408.31
Level (m bsl)
-0.93
Level drop m
667
Area (km2)
Water temp 1 m
(˚C)
Air temp (˚C)
Relative humidity
(%)
Solar radiation
(W/m2)
LWR net (emit-atm)(W/m2)
Bowen ratio
Evaporation
(W/m2)
Evaporation
1.15
(m/yr)
Total inflows
1651
(MCM/yr)

Level (m bsl)
Level drop m
Area (km2)
Water temp 1
m (˚C)
Air temp (˚C)
Relative
humidity (%)
Solar radiation
(W/m2)
LWR net (emitatm)(W/m2)
Bowen ratio
Evaporation
(W/m2)
Evaporation
(m/yr)
Total inflows
(MCM/yr)

2001
-414.33
1.06
648

1993
-407.38
0.16
672

1994
-407.54
0.79
667

1995
-408.33
0.84
667

1996
-409.17
0.9
662

1997
-410.07
0.77
658

1998
-410.84
1.06
655

1999
-411.9
1.28
652

2000
-413.18
1.15
650

26.1

27.4

26.9

27

27

27.7

27.7

27.5

25.1

26.1

25.6

25.9

25.6

26.4

26.4

26

41.6

41.1

41.3

42.7

44.2

43.3

42.1

41.7

228.7

222.7

225.9

217.7

226.7

212.3

216

213.1

81.8
0.09

84.9
0.11

84.5
0.12

84
0.11

85.4
0.14

85.4
0.12

85
0.11

86.1
0.13

122.1

112

114.5

108.8

112.1

102.1

106.5

101

1.25

1.14

1.17

1.11

1.14

1.04

1.09

1.03

993

500

483

404

511

253

140

188

2002
-415.39
0.85
646

2003
-416.24
0.53
644

2004
-416.77
0.78
642

2005
-417.55
0.98
640

2006
-418.53
1.17
637

2007
-419.7
1.04
635

2008
-420.74
1.35
633

2009
-422.09
0.89
631

Average

28.1

27.3

26.8

27.6

27.7

28.1

27.3

26.6

26.3

26.4

26.2

26.3

26.4

26.1

46.5

43.5

43.2

44.3

42.5

42.6

42.9

208.7

235.4

230.8

222.3

224.1

223.9

222

86.9

83.2

79.6

85.6

85.9

87.9

84.7

0.15

0.09

0.03

0.13

0.12

0.14

0.11

95.3

126.4

132.7

109.4

111

107.2

91.8

0.82
650

0.97

1.15

1.15

1.15

1.29

1.36

1.12

1.13

1.1

1.15

209

459

665

503

465

385

316

130

396

481

*Evaporation rate for the years 1992 and 2002-2004 for which no meteorological data is available was assumed to be the
average rate of the other years.
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5.1.7

Life in the Dead Sea

5.1.7.1

Background
Although the presence of indigenous life in the Dead Sea was discovered in 1936,
there is very little insight into the types of organisms present in the lake and their
dynamics prior to the 1979 overturn of the water column.
Dense microbial blooms were observed in the Dead Sea in 1980 and in 1992, in
both cases triggered by a massive inflow of fresh water from winter floods and
from the Jordan River. The unicellular green alga Dunaliella was the sole primary
producer in these blooms, and respectively up to 8.8x103 cells/ml and 1.5x104
cells/ml surface water were counted (Oren and Shilo, 1982; Oren et al., 1995a).
Development of algae was followed by dense blooms of red halophilic Archaea
(family Halobacteriaceae). Their massive growth (cell numbers up to 1.9x107/ml
in 1980 and up to 3.5x107/ml in 1992) led to a reddish coloration of the entire
lake, caused by the carotenoid pigments of these organisms (50-carbon
bacterioruberin derivatives), and possibly by retinal pigments as well
(bacteriorhodopsin) (Oren, 1983a, 1983b, 1985; Oren and Gurevich, 1995).
Simulation experiments in the laboratory and in outdoor ponds showed that two
conditions must be fulfilled for such microbial blooms to develop in the Dead
Sea; the upper water layers must become diluted by at least 10% (by volume) of
fresh water, and phosphate must be available (Oren and Shilo, 1985).
Phosphorus is the limiting factor for microbial development in the Dead Sea water
column, as nitrogen is abundantly available in the form of ammonium. The
Dunaliella bloom probably starts in the surface sediments with the germination of
thick-walled cells (zygotes?) present there as resting stages (Oren et al., 1995a) as
was ascertained in a remote sensing study (Oren and Ben-Yosef, 1997).
The increase in salinity of the upper water layers, followed by renewed overturns
of the water column in 1982 and in 1996 started new holomictic periods, and led
to the disappearance of the microbial bloom communities. In the period between
the two blooms, no Dunaliella cells were observed in the water, and prokaryote
numbers and activities were very low (Oren, 1992).
Viruses are a rather neglected component of the microbial food chain in the Dead
Sea. Halophilic Archaea are host to viruses, and in most aquatic ecosystems the
numbers of viruses or virus-like particles exceed the number of prokaryotic cells
by at least an order of magnitude. The Dead Sea is no exception. Microscopic
enumeration during the time of the decline of the bloom that started in 1992
showed numbers of 107-108 virus-like particles per ml (Oren et al., 1997). What
the impact of viruses may be on the dynamics of the microbial communities in the
Dead Sea was never ascertained.
An interesting feature of the pre-1979 water column, related to biological
phenomena, was the anaerobic nature of the lower water mass below the
pycnocline. The anaerobic hypolimnion contained sulfide, and the isotopic
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composition of this sulfide (enriched in light sulfur isotopes as compared with the
sulfate present) indicates the probable origin of this sulfide from bacterial
dissimilatory sulfate reduction (Nissenbaum and Kaplan, 1976). In spite of many
attempts, the isolation and characterization of sulfate-reducing prokaryotes from
the bottom sediments of the Dead Sea never succeeded. However, investigations
of anaerobic processes in the bottom sediments of the Dead Sea led to the
isolation of several novel types of fermentative bacteria, including
Halobacteroides halobius (Oren et al., 1984), Sporohalobacter lortetii (Oren,
1983c), Orenia marismortui (Oren et al., 1987), and the selenate respiring
Selenihalanaerobacter shriftii (Switzer Blum et al., 2001).
Since the lake became holomictic in 1979 and oxygen penetrated down to the lake
bottom, no anaerobic layer has been observed in the Dead Sea water column. The
short meromictic episodes (1980-1982, 1992-1996) did not lead to the formation
of an anaerobic hypoliminion, although indications were obtained for a slow
consumption of oxygen below the pycnocline (Oren et al., 1995a). Much of the
lake bottom is now covered by a solid layer of halite, and therefore any microbial
activities in the sediments that may occur below will have very little impact on the
properties of the Dead Sea water column. Little or no halite is present in the
shallow sediments, but hardly anything is known about any microbiological
activities in this environment.
5.1.7.2

Blooming Potential in the Dead Sea - past and future
There is much accumulated information on the factors that may determine the
extent of microbial blooms in the Dead Sea after dilution of the upper meters of
the water column occurs with water from the Red Sea. Some of this information
was obtained in simple laboratory simulations (Oren and Shilo, 1985), but most
work was performed in simulations in outdoor mesocosms (900 liters) set up on
the grounds of the Dead Sea Works at Sedom. Different scenarios of dilution of
Dead Sea water with Red Sea water were simulated and the effect of different
manipulations, such as the addition of phosphate and different antiscalant agents
commonly used in seawater desalination plants, were investigated. In these
experiments, algal and bacterial numbers were monitored, and occasionally other
assays were performed, such as pigment analyses, characterization of the
microbial communities by means of lipid analyses, and even environmental
genomic analysis of the phylotypes present (results expected during the coming
months). Much of the results of these analyses have been published in the
scientific literature (Gavrieli et al., 2005; Oren et al., 2003, 2004, 2005a, 2009)
and in reports of the Geological Survey of Israel (Gavrieli et al., 2002; Oren et al.,
2005b, 2006). The results of these experiments can be summarized as follows:
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Microbial blooms, such as those that occurred in the Dead Sea in 1980 and in
1992, can be simulated in outdoor mesocosms.
Dilution of Dead Sea water with at least 10%-15% (by volume) seawater led
to the development of microbial communities resembling those observed in
the Dead Sea.
The extent of the microbial development depended upon the availability of
phosphate.
The higher the extent of dilution, the faster the development of colored
microbial communities in the ponds.
In ponds with which Dead Sea water was diluted with 35%–40% Red Sea
water (i.e., at densities in the range of 1140 kg/m3 – 1155 kg/m3) or more and
amended with phosphate, Dunaliella developed to densities greatly exceeding
those ever reported from the Dead Sea, and the ponds became brightly green
within two to three months, before red Archaea and other types of prokaryotes
took over.
In the ponds described above (Dead Sea water diluted with 35%–40% Red
Sea water) the dense bloom was followed by another type of phototrophic
microorganism: unicellular cyanobacteria (Aphanothece – Halothece type),
which formed masses of brownish-green material floating on the surface of
the pond. Such cyanobacteria have been earlier reported from Dead Sea
water-derived brines (Dor and Hornoff, 1985). The large amounts of
polysaccharide slime produced by these cyanobacteria greatly increased the
viscosity of the brine. This polysaccharide material is not easily degraded and
accumulates in the water.
In experiments in which blooming ponds were maintained for up to seven to eight
years, Dunaliella numbers fluctuated greatly, often with seasonal blooms;
densities of red halophilic Archaea generally kept increasing over the years,
showing that a microbial bloom, once formed, can remain present in the Dead Sea
for many years as long as the physical and chemical conditions (stratification with
a relatively shallow diluted layer) will be maintained.
Recent field observations, supported by experiments in the HUJI laboratory, have
shown that when Dead Sea water was treated with gypsum, the ability of that
water to support growth of Dunaliella was reduced. This was at least in part due
to the removal of phosphate and iron from the water by adsorption to the crystals.
In view of all this, the experiments that were performed under controlled
conditions in the laboratory (temperature-controlled illuminated incubatorshakers, in volumes from 200 ml – 1000 ml) included: 1) measurement of the
growth kinetics of the alga Dunaliella in Dead Sea – Red Sea water mixtures at
different salinities, light intensities, temperatures, and phosphate concentrations;
2) investigations of the effects of different levels of trace elements (iron and
others) on the growth of Dunaliella at different salinities, and 3) growth
experiments of Dunaliella in Dead Sea water treated with gypsum to test the
effect of possible depletion of phosphate and/or trace elements.
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To measure the phosphate concentration present in the Dead Sea water used in the
experiments, the Consultant used a sensitive assay for phosphate that was
developed by Prof. Boaz Lazar (The Hebrew University of Jerusalem) for the
determination of phosphate in Dead Sea water. The method was based on the
magnesium-induced co-precipitation (MAGIC) procedure of Karl and Tien
(1992). To 40 g of sample, 160 g distilled water was added, followed by 5 ml 1 N
NaOH. The precipitate was collected by centrifugation and dissolved in 7 ml
0.1 N HCl. Phosphate concentration was assayed colorimetrically as
phosphomolybdate, using a Lachat's QuikChem 8500 Flow Injection Analysis
System. The analyses were performed at the Interuniversity Institute for Marine
Sciences of Eilat. Phosphate concentrations of 1.7 µM - 2 µM were measured in
the batches of Dead Sea surface water used in the experiments.
The growth of the cultures was determined using different analytical techniques:
spectrophotometric measurement of culture turbidity, microscopic assessment of
algal numbers after filtration on membrane filters, and colorimetric assay of the
chlorophyll content of the cultures.
It may be noted that growth of the alga Dunaliella rather than that of the red
Archaea was the main topic of emphasis of the experiments proposed, in spite of
the fact that the Archaea have a much larger impact on the properties of the Dead
Sea waters during periods of bloom. The reason is simple, since without
Dunaliella there is no primary production and no organic material available for
growth of the Archaea. However, when Dunaliella is present, the Archaea will
inevitably follow.
Another set of biological data relevant to the modeling of the behavior of the
Dead Sea was the optical effects of the presence of dense communities of algae
and Archaea in the water column, due both to light absorption and to light
scattering. The influence of the biota on light attenuation in the Dead Sea water
column had never been properly evaluated.
5.1.7.3

The (lack of) correlation between surface salinity and the presence of microbial
blooms in the Dead Sea
Systematic monitoring of the community sizes of algae (Dunaliella) and
prokaryotes (mainly red halophilic Archaea) started only in 1980, a year after the
complete mixing of the water column in February 1979, the first complete mixing
for a century at least. Two massive microbial blooms were documented, one that
developed in 1980 and one that started in 1992, in both cases triggered by the
massive inflow of fresh flood waters that caused a dilution of the upper water
layers to densities around 1210 kg/m3 (1980) and 1170 kg/m3 (1992) (Oren,
1983a; Oren and Gurevich, 1995; Oren and Shilo, 1982; Oren et al., 1995).
Analysis of the in-situ observations and laboratory and mesocosm simulation
experiments then showed that dilution of Dead Sea water is needed to support
microbial development.
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If this is indeed the case, one should expect that in earlier times (second half of
the 19th century, first half of the 20th century), when the Dead Sea was
meromictic and the density of the upper water layers was much lower than today,
dense communities of algae and of prokarotes should have been present in the
Sea. For example, reported surface water densities were 1155 kg/m3 in 1907,
1164 kg/m3 - 1175 kg/m3 in 1919, and 1205 kg/m3 in 1960 (Neev and Emery,
1967 and other sources). However, no prominent biological phenomena were
observed. Except for a passage in the second book of Kings (2 Kings 3: 22-23)
that could be interpreted as describing a red microbial bloom, there are no reports
of green or red mass developments of microorganisms. The fact that nobody ever
reported having seen the Dead Sea colored red-pink due to growth of members of
the Halobacteriaceae is of course an indirect demonstration only. However, it is
difficult to imagine that red coloration of the entire Dead Sea such as seen in 1980
and in 1992, if it indeed had occurred in the 1930s-1960s, would not have been
reported. In the second half of the 19th century, Dead Sea water samples were
sent to some of the leading aquatic biologists (admittedly, zoologists rather than
microbiologists), and they all failed to detect microscopic life in the lake
(Nissenbaum, 1979). It may be assumed that Dunaliella, had it been present in the
water, would have been recognized by the experts. All the microbiological studies
by Volcani in the 1930s and early 1940s were qualitative and not quantitative
(Elazari-Volcani, 1943; Volcani, 1944), so that his reports do not prove in any
way the presence of microbial communities in the lake.
In view of the scarcity of data on the microbial community densities prior to
1980, the publication of quantitative data on bacteria and algae at different depths
of the lake from the end of 1963 until the end of 1964 is of special interest. Using
methods similar to those employed in the more recent studies (centrifugation,
microscopic counting of bacterial and algal cells), Kaplan and Friedmann (1970)
reported Dunaliella numbers as high as 4x104 cells/ml “under optimal conditions”
(sampling station and date not reported; the meaning of “optimal conditions” was
not clarified). At 50 m depth, the numbers were smaller by two orders of
magnitude. The reported density of 4x104 cells/ml is extremely high, and even
exceeds the 1.5x104 observed in April 1992. There should, however, be severe
doubts about the correctness of the numbers quoted by Kaplan and Friedmann. A
Dunaliella density of 4x104 cells/ml would have caused an intense green color of
the water, and no records of that were preserved.
Kaplan and Friedman (1970) also presented data on the community density of
prokaryotes (probably dominated by red halophilic Archaea as in later periods);
Fig. 5-44.
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Fig. 5-44:

Bacterial (archaeal) numbers counted in Dead Sea surface water samples,
December 1963 – November 1964. Drawn from data listed by Kaplan and
Friedmann (1970).

The numbers observed, up to 9x106 cells/ml, are definitely lower than those
observed in 1980 and in 1992, and are probably insufficient to cause a significant
red coloration of the waters. Presence of Halobacteriaceae as a (dominant?)
component of the biota was confirmed: centrifugation of 50 liter water (no
documentation supplied about sampling station and date) gave a pink pellet of
0.5 ml- 0.6 ml consisting largely of wet bacteria. The absorption spectra of
different fractions purified from that pellet shows bacterioruberin pigments to be
present. Unfortunately no absorption spectrum was shown of an extract total
biomass collected by centrifugation; such a spectrum would have enabled the
quantification of chlorophyll relative to the archaeal carotenoids.
Conclusion: in spite of the low salinity of the Dead Sea surface waters from the
second half of the 19th century until the 1960s, there is no evidence that dense
microbial blooms developed in the lake in this period.
5.1.7.4

The possible impact of precipitation of gypsum and other minerals in the Dead
Sea on the microbial blooming potential in the Lake
Comparison of the current state of the Dead Sea and situation until the 1970s
(presence of a diluted epilimnion but no evidence of intensive microbial blooms)
shows a major difference that may have an impact on the biology: in the past,
calcium sulfate and calcium carbonate precipitated out of the water column to the
lake bottom (see Section 5.1.8-salt precipitation). As shown in the experiments
(see below), there are strong indications that with the precipitation of gypsum,
essential nutrients, such as phosphate and possibly iron as well, are coprecipitated, and may thus be removed from the upper photic zone to the bottom
sediments. As massive precipitation of gypsum will resume following the
implementation of the Red Sea – Dead Sea water carrier (see Section 5.1.8), this
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co-precipitation phenomenon is highly relevant for the prediction of the biological
properties of the Dead Sea in the future.
When considering the possibility that co-precipitation events may reduce the
availability of nutrients in the Dead Sea, it is interesting to note that the Dead Sea
is probably the only truly deep hypersaline lake in the world where mineral
precipitation may remove nutrients to depths below the photic zone. Simulation
experiments in shallow (90 cm deep) pools (Oren et al., 2004) cannot be used to
assess the effect of co-precipitation, as the nutrients will still be present on the
bottom and can be released to become once more available.
5.1.7.5

Nutrient limitation as a factor important in the biology of the Dead Sea
In most marine and inland lake systems, inorganic nitrogen and/or inorganic
phosphorus are the nutrients that are in short supply, and their availability
determines the extent of growth. In the Dead Sea, biologically available inorganic
nitrogen is abundantly found in the form of ammonium ions. Assays of the 19631964 samples gave values of 1.9 mg/l NH3-N at the surface, increasing to
5.01 mg/l at 45 m and to 7.51 mg/l at 330 m (0.14, 0.36 and 0.54 mM,
respectively (Neev and Emery, 1967). A quarter of a century later, similar values
were reported for the water column (6.1-7.7 mg/l NH3-N; 0.44-0.55 mM)
(Nissenbaum et al., 1990).
From the earlier laboratory and mesocosm studies (Oren and Shilo, 1985; Oren et
al., 2004, 2005b, 2006, 2009) it became clear that phosphate is a key nutrient for
Dunaliella in the Dead Sea, and also for the halophilic Archaea, not only
indirectly as these heterotrophs derive their carbon and energy sources from the
algae, but possibly also directly (Oren, 1983a). An understanding of the
availability of phosphate in the Dead Sea (now and after the implementation of
the Red Sea – Dead Sea water carrier) is therefore important, as well as
information about the affinity of Dunaliella for phosphate.
Earlier studies have estimated the dissolved phosphate concentration in the Dead
Sea water column at around 1 M (30 g/l, with in addition 10-50 g/l particulate
phosphate; Nissenbaum et al., 1990). The presence of around 1 M dissolved
phosphate in Dead Sea water collected in different seasons from different depths
was confirmed in recent years by Prof. Boaz Lazar (The Institute of Earth
Sciences, The Hebrew University of Jerusalem) and technician Tanya Rivlin (The
Interuniversity Institute for Marine Sciences of Eilat). Compared with other water
bodies this is quite a high concentration, and the fact that phosphate is still a
limiting nutrient in the Dead Sea suggests that the availability of the ion may be
limited due to the unusual ionic composition of the brine.
Red Sea waters are low in phosphorus, and most of the year the values in surface
waters are in the nanomolar range (see the public database at:
http://www.iui-eilat.ac.il/NMP/database/database.aspx and publications, such as
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Mackey et al., 2007). Therefore it is to be predicted that the Red Sea water will
not greatly enrich the Dead Sea with phosphorus.
In some of these experiments, indications were obtained that a lack of iron may
also become an important factor influencing biological phenomena in Dead Sea
water, especially under conditions when gypsum will be formed following mixing
Dead Sea and Red Sea water. When Dead Sea water (diluted to 70% of its
original salinity) was shaken for 24 h with powdered gypsum (10 g/l) and then
centrifuged, addition of phosphate was not always sufficient to restore optimal
growth of Dunaliella. However, a combination of phosphate and iron (added as
FeSO4 at a concentration of 0.6 M) did restore the ability of the water to support
Dunaliella development in most experiments (Fig. 5-45). For reasons that are not
yet clear, reproducibility was not always optimal, but the finding that the addition
of iron was needed to restore optimal growth was quite consistent. Thus, the
gypsum co-precipitation experiments, as documented below, showed that in
addition to phosphate, iron may be a key nutrient for the understanding of the
dynamics of Dunaliella development in the Dead Sea in the future. Other ions of
possible biological importance, such as manganese, nickel, and cobalt, did not
further stimulate algal growth.
Depth profiles carried out in the late 1970's prior to the 1979 overturn found
elevated concentrations of dissolved iron in the lower anoxic water body, ranging
between 2 mol kg-1 and 9.5 mol kg-1 with an average concentration of 4.7 mol
kg-1 (Nishri and Stiller, 1984). In contrast no detectable iron was found in the
upper mixed layer. More recent measurements in the early 1990s by Halicz et al.
(1994), yielded values < 0.15 mol kg-1 (< 10 g/l) throughout the water column,
in line with the aerated nature of the brines under the monomictic conditions.
Thus, iron concentrations are expected to rise in the lower water column of the
stratified Dead Sea, but its availability to the microorgansms in the upper mixed
layer would be rather limited.
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Fig. 5-45:

The effect of iron and other nutrients on growth of Dunaliella in Dead Sea
water treated with gypsum. Growth of Dunaliella (expressed as chlorophyll
content of the cultures) in 70% Dead Sea water shaken for 24 h with 10 g/l
gypsum powder. After removal of the gypsum, inoculum of Dunaliella was
o
added and the cultures (100 ml) were incubated in the light at 30 C without
further additions (open triangles), with 0.1 mM phosphate (open diamonds),
0.1 mM phosphate + 0.6 M Fe (open squares), 0.1 mM phosphate + traces
of Mn ions (closed circles) or 0.1 mM phosphate + 0.6 M Fe and in addition
traces of Co, Mn and Ni ions (open circles). For comparison, results are
presented for control systems not treated with gypsum, without further
additions (closed triangles) or with 0.1 mM phosphate (closed squares).
Dunaliella growth was assessed after different times of incubation by
chlorophyll assays.

A similar phenomenon of apparent phosphate scavenging was observed when
instead of adding gypsum powder to 70% Dead Sea water as shown above,
increasing amounts of Na2SO4 were added to undiluted Dead Sea water amended
with phosphate to precipitate gypsum. After removal of the gypsum precipitate,
dilution of the brine with 30% distilled water and inoculation with a Dunaliella
culture, addition of phosphate was needed to enable growth. Fig. 5-46 shows the
results of a representative experiment. Supplementation with iron in similar
experiments did not significantly change the outcome of the experiment. The
question to what extent an iron limitation, in addition to a phosphate limitation,
may indeed control algal growth in the Dead Sea therefore remains open.
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Fig. 5-46:

Effect of gypsum precipitation on the ability of phosphate-amended Dead
Sea water to support growth of Dunaliella after suitable dilution. To Dead
Sea water, supplemented with Mof KH2PO4, 0.66 and 3.3 ml of 1.5 M
Na2SO4 was added to precipitate 5 or 25% of the calcium present as
gypsum (Panel B and C, respectively). Panel A shows a control experiment
o
without added Na2SO4. After shaking at 30 C for 1 hour and further
stationary incubation overnight, samples were cleared by centrifugation, the
supernatant was diluted with distilled water to 70% of Dead Sea water
salinity, if indicated an additional portion of 5 M of KH2PO4 was added, and
all cultures were inoculated with a culture of Dunaliella. The 100-ml cultures
o
in 250 ml Erlenmeyer flasks were incubated at 30 C in the light (190 mol
-2
-1
quanta m s ) and algal growth was monitored by chlorophyll assays.
Symbols: open circles, no phosphate added; closed circles, phosphate
added after removal of the gypsum precipitate; open squares, phosphate
added before the addition of sodium sulfate and removal of gypsum; closed
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squares, phosphate added both before and after gypsum precipitation and
removal. The closed triangles in panel A show the effect of addition of 10 M
of KH2PO4 on algal growth.

These results show that the possibility of the development of dense microbial
blooms in the Dead Sea following the implementation of Red Sea - Dead Sea
conduit will depend not only on the degree of dilution of the upper water layers
and on the amounts of phosphorus entering the system, but also on the formation
of gypsum due to the addition of sulfate-rich Red Sea water and/or desalination
reject brines to the calcium-rich Dead Sea. Scavenging of phosphate is then
expected to deplete the lake of the limiting nutrient(s), reducing the chance for
dense algal and archaeal blooms to develop.
5.1.7.6

Biological blooms in the Dead Sea as dependent on the depth of mixing of the
surface layers and light penetration
An important factor to be taken into account when predicting the feasibility of
algal blooms in the Dead Sea, to be followed by red archaeal blooms, is the depth
of mixing of the upper water layers. Both in 1980 and in 1992, the blooms
developed in a relatively shallow (5 m - 10 m) layer of diluted surface water. If
following the implementation of the Red Sea – Dead Sea water carrier such a
shallow diluted surface layer will be formed, algae can easily multiply in the
water. However, with a greater depth of mixing the probably of massive algal
growth is much smaller, even if the salinity of the upper mixed layer will be
relatively low. This can be best explained based upon the diagram reproduced
below (Fig. 5-47), based upon a figure from an oceanography textbook (Parsons
et al., 1979). Photosynthesis depends upon light, and the “photic zone” enabling
net photosynthesis (more carbon being fixed by photosynthesis than is respired
during a 24 hour period) is limited to the zone that receives sufficient light. The
“compensation depth” at which gross photosynthesis equals respiration is
generally located at the depth at which about 1% of the surface light intensity
penetrates. Algal cells below that “compensation depth” lose more carbon by
respiration than they gain by photosynthesis, and therefore cannot grow. If the
depth of mixing is great, so that the algae will be in darkness for prolonged
periods, no net growth is possible. It is thus possible to define a critical depth of
mixing that determines whether or not algal blooms can be expected to occur.
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Fig. 5-47:

The concepts of compensation depth, critical depth, and depth of mixing
(adapted from Parsons et al., 1979).

Measurements of light penetration in the Dead Sea and in Dead Sea water in the
absence and the presence of microbial blooms have been made at different times.
For the period 1980-1982, there is data prior to the development of the microbial
bloom, during the bloom and during the decline period. The following data (Table
5-3) are based upon measurements by D.A. Anati (unpublished results); the
compensation depth (99% light attenuation) can be estimated at twice the 90%
light attenuation depth. Full sunlight in these measurements was around 800
W/m2.
Table 5-3: Measurements of light penetration at specific periods
Date
April 7, 1980
August 7, 1980
October 9, 1980
July 9, 1981
May 5, 1982

Dunaliella cells/ml

Prokaryotes cells/ml

0
6,400
2,500
0
0

0.5 x 106
7.8 x 106
19 x 106
5 x 106
2 x 106

Estimated depth of
90% light attenuation
3.3 m
2.2 m
2.1 m
3.1 m
3.8 m

In 2010, light attenuation was measured in the experimental ponds in Sedom
(maximum water depth 90 cm) containing brines with different levels of
microbial blooms. For clear brine without significant amounts of algae and
prokaryotes, a 90% light reduction was estimated (by extrapolation) for a depth of
8.7 m, in the ponds populated by Dunaliella, cyanobacteria (see below) and
Archaea, the depth of 90% light attenuation varied between 170 cm and 35 cm,
depending upon the density of the biota.
In view of the importance of light intensity on algal growth, growth experiments
were set up in which Dunaliella was grown in 70% Dead Sea water enriched with
phosphate, under different light intensities. Under continuous light at 30oC, the
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following dependence of the growth rate on light intensity was obtained
(Fig. 5-48).
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Fig. 5-48:

5.1.7.7

Dependence of the growth rate (expressed as doubling time) of Dunaliella in
phosphate-enriched 70% Dead Sea water on the light intensity (continuous
o
illumination at 30 C dark, experiments that are planned for the coming
months.

Under what conditions can we expect cyanobacteria to develop in the upper
water layers of the Dead Sea?
When Dead Sea waters become diluted and suitable nutrients are available, the
first organism to develop is the unicellular green alga Dunaliella. Presence of
Dunaliella and its occasional blooms in the Dead Sea have been documented
since microbiological studies in the Dead Sea started in the 1930s (Kaplan and
Friedmann, 1970; Oren et al., 1995; Oren and Shilo, 1982). If the salinity of the
upper water layers will be lowered more drastically to salinities below
1140 kg/m3–1155 kg/m3 (dilution with 35%-40% seawater) following
implementation of the Red Sea – Dead Sea water carrier (with further dilution
being possible following seasonal rain floods), other forms of life may appear for
which the salinity in the lake is currently too high.
One of these is the unicellular cyanobacterium Aphanothece halophytica (also
known under other names such as Coccochloris elabens and Euhalothece sp.; the
taxonomy and nomenclature of the group is highly confusing) (Oren, 2000b) (Fig.
5-49). Aphanothece produces bad-smelling masses of cells floating on the surface
of the water. The cells contain gas vesicles that enable the cells to accumulate on
the surface of the brine, and produce massive amounts of slimy polysaccharides
that partly adhere to the cells, but also may be discharged into the water.
Breakdown of these polysaccharide slimes is very slow, and therefore massive
development of Aphanothece in the Dead Sea is highly undesirable. Some strains
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of Aphanothece may also fix gaseous nitrogen, and thereby increase the nutrient
levels in the ecosystem.
Observations have been made of massive development of cyanobacteria in the
experimental ponds set up at Sedom (Oren et al., 2004) in ponds that contained
less than 60% Dead Sea water (densities less than 1160 kg/m3). Such
cyanobacterial blooms were slow to develop, but at sufficiently low salinities the
cyanobacteria replaced Dunaliella as the main primary producer in the lake, and
the brines in the ponds became highly viscous. Situations were encountered where
only after a year or more, cyanobacteria started to appear. However, when once
formed, the slimy masses of cyanobacteria floating on the water surface and the
increased brine viscosity caused by the polysaccharides excreted by the cells may
remain present for long periods.

Fig. 5-49:

5.1.7.8

Cyanobacterial cells (about 10 m long) surrounded by a polysaccharide
capsule and Dunaliella cells embedded in the slimy cyanobacterial mass,
from an experimental pond at Sedom.

How much sulfide will accumulate in the Dead Sea hypolimnion after
implementation of the Red Sea – Dead Sea water carrier?
The hypoliminion of the Dead Sea prior to 1979 was anaerobic and contained
sulfide. Moreover, isotopic analysis of the sulfate and the sulfide present at the
time suggested bacterial dissimilatory sulfate reduction as the source of the
sulfide (Nissenbaum and Kaplan, 1976).
If indeed anaerobic conditions will be re-established after formation of a new
pycnocline and long-term meromictic conditions, theoretically the possibility
exists that sulfide will once more be formed. This will not have a direct impact on
the environmental conditions in the Dead Sea area. Most freshwater lakes,
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including Lake Kinneret in Israel, are seasonally stratified and contain sulfide in
the lower water layers, produced in the bottom sediments by microbial activity.
Presence of this sulfide will not be evident, e.g., by bad smells in the Dead Sea
area (not taking into account the sulfide smell already present locally because of
the presence of exposed or near-shore sulfur springs in the area). Sulfide diffusing
upwards from the reduced hypolimnion, if indeed oxygen will become depleted in
the lower water layers, will be oxidized in the surface waters (abiotically in the
case of the Dead Sea, mainly biotically in non-hypersaline lakes), and is not
expected to reach the atmosphere. This is similar to the situation that existed prior
to the 1979 overturn of the water column.
The only possible environmental and economical impact of sulfide that may
accumulate in the deep waters of the Dead Sea will be when deep waters will be
pumped up by the chemical industries to fill the evaporation ponds at the southern
end of the Dead Sea. Sulfide may increase the corrosivity of the (already highly
corrosive) brines, whereas the anoxic conditions at depth are likely to lead to
increased concentrations of trace elements To what extent sulfide smells will be
noticeable in the area due to this pumping activity cannot easily be predicted. The
relatively low pH of Dead Sea water, below the pK of the H2S/HS- couple, will
probably lead to rapid atmospheric evaporation of most sulfide that may be
present in the water.
The chance that indeed large concentrations of sulfide will accumulate in the deep
waters of the Dead Sea is debatable. Whereas, the current salinity of the Dead Sea
(and the biologically unfavorable excess of divalent cations) is too high for even
the best salt-adapted sulfate reducing bacteria known, the lower water mass prior
to the 1979 overturn, which was not much less saline than the present-day Dead
Sea, did contain a significant concentration of sulfide (15 ppm). . However, even
if some dilution of the lower water layers will take place, a rapid accumulation of
sulfide is not expected; only slow sulfide formation, if at all, could be
demonstrated in the laboratory in brines diluted with 20%-30% fresh water and
inoculated with sediments sampled from the Dead Sea. Furtheremore, this only
occurred under highly enriched conditions with suitable electron donors, such as
lactate and acetate. Such electron donors are generated in non-hypersaline
anaerobic environments by action of fermentative bacteria, but also no great
activity of such bacteria can be expected to occur in the deep layers of the Dead
Sea, which are too salty also for the best salt-adapted fermentative bacteria, and
are now covered by a solid salt crust. Fermentative bacteria (Halobacteroides
halobius, Sporohalobacter lortetii, Orenia marismortui), isolated in the past from
the Dead Sea sediments, do not function at significant rates in undiluted Dead Sea
water media, not even in the presence of excess fermentable substrate (Oren,
2006).
Onset of activity of fermentative bacteria and sulfate reducers require anaerobic
conditions. Such conditions will develop in the lower water mass as organic
matter is degraded. There are currently no means to estimate how much easily
biodegradable material will reach the bottom sediments each year under the
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different scenarios described. Furthermore it cannot be estimated how fast, if at
all, this material will be degraded in the highly concentrated brines at the bottom
of the lake, and to what extent particulate organic matter may get buried below
the accumulating halite and/or gypsum on the bottom so that its impact on the
water column will be lowered.
5.1.8

Gypsum Precipitation

5.1.8.1

Thermodynamics of Gypsum Precipitation
Since the precipitation kinetics strongly depends upon the degree of saturation,
validating a reliable thermodynamic model was an imperative step for describing
the precipitation kinetics.
During the 1980s, in the framework of a proposed Mediterranean - Dead Sea
canal, numerous studies were carried out on the mixing of seawater (SW) with
Dead Sea brine (DS) and its impact on the Sea's physico-chemical properties (e.g.,
Ben-Yaakov and Katz, 1982; Katz et al., 1981; Krumgalz and Millero, 1982,
Krumgalz and Millero, 1983; Levy and Kushnir, 1981; Levy, 1982; Levy, 1984;
Mediterranean-Dead Sea Company, 1984). Katz et al. (1981) calculated the
degree of saturation with respect to gypsum in mixtures of seawater and Dead Sea
brine based upon an empirical equation that they developed which yielded an
apparent solubility. This approach led to the understanding that the Dead Sea
remains supersaturated with respect to gypsum, and does not reach close to
equilibrium conditions as halite does. The empirical approach of Katz et al.
(1981) did not account for activity coefficients or ion pair formation and
association.
The saturation degrees of minerals in extremely saline waters, such as the Dead
Sea, is commonly calculated using Pitzer's approach (Pitzer, 1979), which takes
into account ion pair formation and association (Christoffersen et al., 1979).
Pitzer's approach makes use of semi-empirical thermodynamic parameters which
were derived from solutions containing a limited number of ion pairs and
extrapolated to more complex solutions. Due to the empirical basis of the Pitzer
approach, it is important to validate its predictions when it is used for complex
solutions, such as Dead Sea brines and mixtures between seawater and Dead Sea
brines.
Krumgalz and Millero (1982, 1983) modified Pitzer's empirically derived
parameters to suit the unique composition of the Dead Sea. However, due to its
negative water balance, the salinity of the Dead Sea has been rising continuously
since then, whereas its composition has been changing due to salt precipitation
and potash extraction (Gavrieli, 1997). Since thermodynamic parameters, such as
activity coefficients and degrees of saturation depend both upon the ionic strength
and the solution's ionic composition, the system's thermodynamics was recently
reevaluated by Reznik et al. (2009a) using the USGS public PhreeqC code. The
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calculations are based on the Pitzer's approach for high ionic strength solutions,
which was implemented as a computer code by Plummer et al. (1988). The
database for the calculation (Pitzer.dat) is based mainly on the compilation of
Harvie et al. (1984). Reznik et al. (2009a) showed that experimental observations
at 25°±0.1°C and PhreeqC calculations of degrees of saturation with respect to
gypsum (DSG) and gypsum precipitation potentials (PPT) agree well over the
large range, but there is overall high ionic strength of DS - SW mixtures. The
recent results show that this agreement holds for the entire temperature range of
Dead Sea surface water, which varies between 18ºC in winter to 35ºC in summer
(Gertman and Hecht, 2002).
Fig. 5-50 shows the expected DSG and PPT of Dead Sea-seawater mixtures at
25°C. For DS-SW mixtures in the temperature range of 15°C-35°C, maximal
DSG and PPT values are attained at Dead Sea fraction (DSF) of 86%-88% and
69%-73%, respectively, with values increasing with decreasing temperatures.
Further decreases in DSF results in lower DSG's and PPT's, until equilibrium
(DSG=1) is attained at DSF of 35%-39%. For the DS-reject brine mixtures in the
temperature range of 15°C-35°C, maximal DSG and PPT values are attained at
DS fraction of 77%-79% and 48%-50%, respectively, with values increasing with
decreasing temperatures. A further decrease in DSF results in lower DSG's and
PPT's, until equilibrium (DSG=1) is attained at DSF of 8%-10%.
(a)

(b)
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Degrees of saturation with respect to gypsum (a) and gypsum precipitation
potentials (b) calculated by PhreeqC code as a function of % Dead Sea
(DS) in mixtures with seawater (Red) and Reject Brine (Blue) at 25ºC.

Gypsum Precipitation Kinetics
The two basic processes of precipitation of minerals are: 1) nucleation, by which a
new phase is formed, and 2) crystal growth during which the formed nuclei and
crystals continue growing. The kinetics of both nucleation and crystal growth
depend upon numerous physical and chemical parameters, some of which are
common to both. In order to better estimate the likelihood of "whitening" by
gypsum due to an inflow of seawater and/or reject brine from the proposed
desalination plant, it is imperative to determine these parameters. The
determination of these physical and chemical parameters will be provided by
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formulating quantitative semi-empiric rate laws which will describe the
nucleation and crystal growth kinetics under the wide range of operative
conditions of the proposed project.
Most previous studies on the kinetics of gypsum precipitation focused on
solutions with relatively low ionic strength, similar to the conditions in the
industry (Edinger, 1973; Van Rosmalen et al., 1981; Christoffersen et al., 1982;
Cody and Cody, 1989). Furthermore, most of these studies were conducted in
solutions that contain equivalent concentrations of Ca2+ and SO42- (Smith and
Sweett, 1971; Gill and Nancollas, 1979; Kagawa et al., 1981; Van Rosmalen et
al., 1981; Christoffersen et al., 1982; Witkamp et al., 1990; He et al., 1994b).
The effects of ionic strength on gypsum nucleation and crystal growth were
examined on synthetic solutions only up to 6 m (mol kg H2O-1) (He et al., 1994a;
He et al., 1994b), which is still significantly lower than the ionic strength of the
Dead Sea brine (~10 m) and most of its mixtures with seawater. The effect of the
Ca2+ to SO42- ratio was examined as well on nucleation kinetics and crystal
growth kinetics (Zhang and Nancollas, 1992; Alimi and Gadri, 2004). In both
studies, the Ca2+ to SO42- ratio was significantly lower than that of the Dead Sea
brine. Gypsum precipitation kinetics from Dead Sea and DS-SW mixtures were
studied by Levy and Kushnir (1981) and Reznik et al. (2009a). Levy and Kushnir
(1981) concluded their preliminary study by generally stating that the kinetics of
gypsum precipitation from Dead Sea-seawater mixtures are slow. The results of
Levy and Kushnir (1981) were not sufficient to determine a general rate law
describing crystal growth kinetics nor to explain the slow kinetics, which are the
focus of the present work.
5.1.8.3

Material and Methods

a)

Dead Sea Brine
Dead Sea brine was collected from a depth of approximately 4 m and held in
closed containers at room temperature (20˚C - 30˚C). Table 5-4 presents the
average chemical composition, saturation state and the density of the Dead Sea
brine used in the experiments.

b)

Seawater, Desalinated Reject Brine and Evaporated Seawater
Seawater was pumped from the head of the Gulf of Eilat (approximately 300 m
offshore) and immediately filtrated through sand (25 µm). No further filtration
was conducted. Desalinated reject brine / concentrated Mediterranean water
(CMW) was collected from the desalination plant in Ashkelon. The desalinated
reject brine contained antiscalants designed to inhibit precipitation of various
minerals, including gypsum. In some of the experiments, evaporated Red Sea
water (ERS; by a factor of 1.8) was used. Table 5-4 presents the chemical
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composition, saturation state and density of the various forms of seawater used
(RS, CMW and ERS).
Table 5-4: Chemical composition of the Dead Sea brine, Red Sea water and
Concentrated Mediterranean Water (CMW) or Evaporated Red Sea (ERS)
used in the experiments. 1 : Saturation state with respect to gypsum,
2 : density (g cm-3 at 25°C).

c)

Description

Na

Dead Sea

+

+

2+

2+

K

Ca

Mg

Sr

1.1045

0.1647

0.3801

1.5704

Red Sea

0.5285

0.0117

0.0116

CMW/ERS

1.0255

0.0226

0.0226

2+

-

-

Ω

2

0.0033

1.42

1.240

0.0009

0.0315

0.26

1.028

0.0017

0.0611

0.54

1.055

Cl

Br

0.0033

5.2523

0.0519

0.0589

0.0001

0.6366

0.1143

0.0002

1.2352

SO4

2-

1

ρ

Water Saturated with Respect to Gypsum
A surplus amount of gypsum crystal (larger than the dissolution potential) was
placed in doubly distilled water. The slurry was then stirred for a few days.
Thereafter, SO42- concentration was measured, in order to ensure attainment of
equilibrium. Once it was certain that equilibrium was attained, the remaining
gypsum crystals were filtered and separated from the saturated water.

d)

Seed Material (Crystal Growth Experiments)
Gypsum crystal seeds were prepared from natural occurring selenite (gypsum)
collected from "Machtesh Ramon" (Ramon Crater) in the Negev desert, Israel.
The samples were cleaned, ground and sieved to retain a particle size fraction
between of 53 µM - 149 µM. X-ray diffraction (XRD) of the clean sample
showed no other mineral phases. Chemical analysis of the dissolved gypsum
indicated that it contained only minor concentrations (<0.2%) of elements other
than Ca2+ and SO42-.

e)

Analyses
The densities of the two end-members, Dead Sea brine and Red-Sea water, and
the densities of the mixtures were measured with a Paar digital DMA-35 density
meter. The uncertainty in the density measurement was ±0.0005 g/cm3.
SO42- was analyzed with a Dionex DX500 high pressure liquid chromatography.
Eluent solution containing 1.8 mM Na2CO3 and 1.7 mM NaHCO3 was pumped
through a guard column (AG4A-SC) and an anion column (AS4A-SC) at a flow
rate of 2 ml/min. Approximately 5 ml of diluted sample (1:100) was injected
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using an auto-sampler into a 25 µl feeding loop. Based upon repeated analyses of
SO42- standards, the precision was estimated to be ± 3% (one standard deviation).
Na+, K+, Ca2+, Mg2+, Ba2+ and Sr2+ were analyzed using Inductively Coupled
Plasma Atomic Emission Spectrometer (ICP-AES). Cl- and Br- combined were
measured by a potentiometric titration method, using silver and calomel
electrodes with AgNO3 as the titrant. Br- was then measured by Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) which enabled the derivation of
Cl- alone. The precision of the analyses of all the major elements except SO42- was
± %.
In the seeded batch experiments, the initial specific surface area of the gypsum
was measured by the Brunauer-Emmett-Teller (BET) method (Brunauer et al.,
1938), using 5-points of N2 adsorption isotherms, with a Micromeritics Gemini II2375 surface area analyzer. BET surface area was determined after an outgassing
period of ten days at a temperature of 40ºC. The relatively low temperature for the
outgassing procedure was selected in order to avoid dehydration of gypsum and
transformation into bassanite or anhydrite (Billo, 1986; Deutsch, 1994). The BETdetermined initial specific surface area of the gypsum seeds used for the
experiments was 0.41±0.06 m2 g-1.
The compositions of the solid before and after the experiments were characterized
by X-ray diffraction (XRD) using a Philips PW1700 diffractometer and a high
resolution scanning electron microscope (HR-SEM) equipped with energydispersive X-ray spectroscopy detector.
Particle size distribution was measured using Mastersizer 2000 (Malvern LTD)
capable of measuring a particle size range of 0.02 µm - 2000 µm. The gypsum
crystals were added to water saturated with respect to gypsum. The slurry was
introduced into a wet module [Hydro 2000MU (A)] where both an ultrasonic and
a pump were activated in order to ensure that all particles were in constant
suspension. The crystals were then pumped into an optical unit where grain size
measurement was carried out by laser diffraction method.
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5.1.8.4

Experimental Setting

a)

Nucleation Experiments
Seventy-two batch experiments were conducted to examine the induction times of
gypsum (Table 5-5 – Set 1a and Set 1b). Two sets of experiments were
conducted:
(I) Regular mixtures (40 experiments): this set of experiments was subdivided
into five series (A-E): various DS-RS mixtures at 25ºC (series A), various DSERS mixtures at 25ºC (series B), various DS-CMW mixtures at 25ºC (series C),
various DS-RS mixtures at 15ºC and 40ºC (series D) and various DS-ERS
mixtures at 15ºC and 40ºC (series E). In this set, weighted amounts of the various
end-members were introduced into 250 ml Polyethylene bottles to create these
mixtures.
(II) Enriched DS-RS mixtures (32 experiments): this set was subdivided into three
series representing various DSFs. Each series was composed of several
experiments which were conducted with mixtures having similar Ca2+/SO42ratios, but various saturation states: DSF=55% (Ca2+/SO42- =13), DSF= 70%
(Ca2+/SO42- =23), DSF=85% (Ca2+/SO42- =45) (series F-H).
Increasing saturation state of a specific mixture was attained by artificially adding
Ca2+ and SO42- bearing salts. In order to add large quantities of dissolved Ca2+ and
SO42- and to maintain the Ca2+/SO42- ratio, the Red Sea water was evaporated by a
factor of 1.5, and analytical grade Na2SO4 (Merck) was added to it. CaCl2·2H2O
(Merck) was added to doubly distilled water at an equivalent amount to the water
which was evaporated from the RS water (minus the contribution of water which
was added using a hydrated CaCl2·2H2O phase). DS brine remained intact without
the addition of salts. These solutions were held at 25ºC for a few days to allow
complete dissolution. Each experiment began by mixing the three end-members.
Using this method, it was possible to accurately control the relative portions of
DS brine, RS water, and the quantities of added salts. It was also possible to alter
the saturation state up to a value of 8.
The experiments were conducted using 250 ml polyethylene bottles in a rocking
thermostatic water bath held at a constant temperature (15, 25, or 40 ±0.1ºC).
Periodically, a sample of approximately 1 g solution was drawn out using a
syringe, filtered with a 0.22 M filter disk and diluted by a factor of ~1:100 (by
weight).
The induction time was determined by monitoring the variation in SO42concentrations with time. The uncertainty in SO42- measurement was estimated to
be ±3% (one standard deviation). Therefore, the induction time was determined as
the first significant change in SO42- concentrations from the initial concentration
(beyond 6% from the initial concentration) (Fig. 5-51).
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The duration of the experiments was dictated by the induction times. The longest
experiment, which eventually did not yield the derivation of an induction time,
was terminated after more than 200 days.
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Fig. 5-51:

2-

Variations in SO4 concentrations with time, illustrating the determination of
the induction time in a representative batch experiment (55% DSF at a of
25.15 – series C).The error bars associated with the SO4 concentration
represent 3% error.

Table 5-5 is located on the following page, and shows the list of nucleation (Set
1a (regular mixtures) and Set 1b (enriched mixtures)) and crystal growth (Set 2)
experiments preformed. The list includes the various series serial number, Dead
Sea fraction (DSF), initial saturation state ( ), temperature, measured log
induction time (s), predicted log induction time (s) according to Eq. (3), and the
delta between the predicted and measured induction time in logarithmic values. *
denotes experiments at which the induction time was not recorded since the
induction time was longer than the experiment duration. For these experiments,
the predicted induction time was added. ** denotes experiments which were
preformed with the presence of antiscalants (series C). The effect of the
antiscalants was weighted into a combined rate law in Eq. (5). The logarithmic
values of the further and closer to equilibrium kinetic constants in Eq. (7) are
provided for each experiment in Set 2. *** denotes experiments which no
coherent kinetic data could be derived from due to the proximity to equilibrium.
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Table 5-5: List of nucleation [Set 1a (regular mixtures) and Set 1b (enriched mixtures)]
and crystal growth (Set 2) experiments performed.
Set (1a) - Nucleation experiments - regular mixtures
Series

A

B

C

D

E

Set (1b) - Nucleation experiments - enriched mixtures

Solution description

DSF

Ω

Log Cs (m)

Temperature ºC

Measured Log Tind
(s)

Predicted Log Tind (s)

∆ PredictedMeasured

DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-CSW**
DS-CSW**
DS-CSW**
DS-CSW**
DS-CSW**
DS-CSW**
DS-CSW**
DS-CSW**
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS

45%
50%
60%
70%
75%
80%
85%
88%
91%
94%
97%
100%
14%
25%
37%
49%
60%
78%
90%
94%
14%
25%
37%
49%
60%
78%
90%
94%
60%
85%
97%
70%
85%
97%
25%
78%
94%
25%
78%
94%

1.07
1.16
1.34
1.54
1.63
1.70
1.74
1.74
1.72
1.66
1.48
1.42
1.18
1.56
1.86
2.21
2.44
2.85
2.53
2.22
1.18
1.56
1.86
2.21
2.44
2.85
2.53
2.22
1.43
1.89
1.71
1.38
1.53
1.35
1.54
3.06
2.42
1.43
2.52
1.92

-1.68
-1.74
-1.87
-2.00
-2.08
-2.15
-2.23
-2.28
-2.33
-2.38
-2.44
-2.49
-1.31
-1.45
-1.59
-1.75
-1.90
-2.15
-2.33
-2.40
-1.31
-1.45
-1.59
-1.75
-1.90
-2.15
-2.33
-2.40
-1.98
-2.13
-2.62
-2.07
-2.31
-2.51
-1.48
-2.21
-2.47
-1.51
-2.30
-2.57

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
15
15
15
40
40
40
15
15
15
40
40
40

-*
-*
-*
6.24
6.08
6.08
5.98
5.98
6.24
6.64
-*
-*
-*
5.34
4.15
3.97
3.89
4.02
4.59
5.05
-*
-*
5.81
5.06
4.50
3.97
4.85
5.23
-*
5.57
-*
-*
5.38
-*
5.86
3.80
4.99
5.04
3.46
4.88

127.44
31.76
10.17
6.66
6.08
5.81
5.79
5.88
6.08
6.46
8.20*
9.37*
38.45
5.28
4.10
3.77
3.78
4.00
4.61
5.06
41.39
7.48
5.81
4.96
4.62
4.21
4.77
5.31
9.53
5.87
7.04
7.38
5.91
9.01
6.44
4.00
5.15
5.39
3.86
4.85

0.42
-0.01
-0.27
-0.20
-0.11
-0.16
-0.18
-0.06
-0.05
-0.19
-0.11
-0.02
0.02
0.01
0.00
-0.10
0.12
0.24
-0.09
0.08
0.30
0.53
0.59
0.20
0.16
0.35
0.40
-0.03
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Series

F

G

H

Solution description

DSF

Ω

Log Cs (m)

Temperature ºC

DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS

55%
55%
55%
55%
55%
55%
55%
55%
55%
55%
70%
70%
70%
70%
70%
70%
70%
70%
70%
70%
70%
70%
70%
85%
85%
85%
85%
85%
85%
85%
85%
85%

1.67
1.77
1.92
2.19
2.81
3.09
3.43
4.03
5.15
8.03
1.59
1.66
1.75
1.89
2.15
2.77
2.96
3.22
3.48
3.91
4.59
5.80
8.40
1.76
1.91
2.17
2.80
3.06
3.45
4.06
5.23
8.00

-1.86
-1.87
-1.89
-1.91
-1.97
-1.99
-2.01
-2.04
-2.10
-2.20
-2.02
-2.03
-2.04
-2.06
-2.08
-2.14
-2.15
-2.17
-2.19
-2.22
-2.25
-2.31
-2.40
-2.25
-2.27
-2.30
-2.36
-2.38
-2.40
-2.45
-2.51
-2.61

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

∆
Measured
Predicted
PredictedLog Tind (s) Log Tind (s)
Measured
5.03
5.37
0.34
4.69
4.93
0.24
4.53
4.53
0.00
4.17
4.13
-0.04
3.89
3.71
-0.18
3.73
3.55
-0.19
3.59
3.35
-0.24
3.48
3.07
-0.41
3.08
2.75
-0.33
2.58
2.45
-0.14
5.86
6.23
0.37
5.55
5.79
0.24
5.28
5.35
0.07
5.10
4.93
-0.17
4.57
4.52
-0.05
4.11
4.05
-0.06
3.93
3.91
-0.02
3.60
3.73
0.13
3.52
3.57
0.05
3.46
3.34
-0.12
3.16
3.09
-0.07
2.98
2.84
-0.14
2.62
2.62
0.00
5.90
5.74
-0.17
5.24
5.32
0.08
4.73
4.92
0.19
4.11
4.39
0.28
3.92
4.17
0.24
3.56
3.86
0.30
3.38
3.52
0.14
3.08
3.17
0.09
2.55
2.87
0.32

Set (2) - Crystal Growth Experiments
Series

I

J

K

L

M

August 11, 2011

Solution description

DSF

Ω

Temperature ºC

Ln K1

Ln K2

DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-CMW
DS-CMW
DS-CMW
DS-CMW
DS-CMW
DS-CMW
DS-CMW
DS-CMW
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-RS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS
DS-ERS

45%
50%
60%
70%
75%
80%
85%
88%
91%
94%
97%
100%
14%
25%
37%
49%
60%
78%
90%
94%
14%
25%
37%
49%
60%
78%
90%
94%
70%
85%
97%
70%
85%
97%
25%
78%
94%
25%
78%
94%

1.07
1.16
1.34
1.54
1.63
1.70
1.74
1.74
1.72
1.66
1.48
1.42
1.18
1.56
1.86
2.21
2.44
2.85
2.53
2.22
1.18
1.56
1.86
2.21
2.44
2.85
2.53
2.22
1.55
1.89
1.71
1.38
1.53
1.35
1.54
3.06
2.42
1.43
2.52
1.92

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
15
15
15
40
40
40
15
15
15
40
40
40

-***
8.20
1.90
-0.83
-1.98
-2.63
-3.75
-3.45
-2.99
-2.57
0.25
3.73
15.71
2.08
-1.34
-3.32
-4.55
-5.65
-5.51
-4.75
15.99
3.14
-0.94
-3.34
-4.79
-5.66
-6.37
-4.20
-3.05
-5.22
0.39
0.60
-1.13
0.45
-0.21
-7.27
-5.61
-***
-4.84
-2.56

-***
-15.12
-15.56
-16.15
-16.56
-17.08
-18.12
-16.30
-16.72
-16.73
-16.48
-16.50
-13.07
-12.79
-13.54
-13.94
-14.54
-14.61
-17.26
-16.55
-11.96
-12.75
-13.49
-14.09
-14.53
-13.25
-17.17
-15.90
-15.69
-16.43
-***
-16.94
-17.21
-***
-14.16
-15.33
-15.97
-***
-13.17
-17.22
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a)

Crystal Growth Experiments
Forty seeded batch experiments were conducted to examine the crystal growth
kinetics of gypsum (Table 5-5- Set 2). This set of experiments was subdivided
into five series (I-M): various DS-RS mixtures at 25ºC (series I), various DSCMW mixtures at 25ºC (series J), various DS-ERS mixtures at 25ºC (series K),
various DS-RS mixtures at 15ºC and 40ºC (series L) and various DS-ERS
mixtures at 15ºC and 40ºC (series M).
Gypsum crystals (0.5 g) were added to each experiment. The batch experiments
were carried out in a rocking thermostatic water bath held at a constant
temperature (15, 25, or 40 ±0.1ºC). Periodically, a sample of approximately 1 g
solution was drawn out using a syringe, filtered with a 0.22 µM filter disk and
diluted by a factor of ~1:100 (by weight). The duration of the experiments was up
to one month and they were terminated when equilibrium was approached.

b)

Crystal Size Distribution Experiments
In order to characterize the particle size distribution, six single point batch
experiments (SPBE) were performed. A SPBE is defined as an experiment which
it not perturbed until it is quenched. By performing a series of SPBEs similar in
initial chemical composition, but different in the quenching time, it is possible to
attain crystal samples which represent different stages in the reaction’s progress.
Before the experiments, the end-member solutions (reject brine and Dead Sea
brine) were brought to the experimental temperature (25±0.1ºC). Each experiment
was initiated by mixing two end-member solutions which were placed in a
rocking thermostatic water bath held at the experimental temperature throughout
the duration of the experiment. Each experiment was quenched by filtration
through a 0.22 µm filter disk so the crystals that formed during the experiment
were separated from the supersaturated solution. The crystals were then washed
and preserved in water saturated with respect to gypsum.
Two series of single point batch experiments were performed by mixing Dead Sea
water and desalination reject brine at a Dead Sea fraction (DSF) of 50% and 75%.
Each series of single point batch experiments was composed of three experiments.

5.1.8.5

Nucleation – Results and Discussion
The two basic processes of precipitation of minerals are: 1) nucleation, by which a
new phase is formed, and 2) crystal growth during which the formed nuclei and
crystals continue growing. While the rate of crystal growth may be monitored
throughout its occurrence by following the decrease in the concentrations of the
dissolved lattice ions, this cannot be done for nucleation, due to the slow rate of
consumption of lattice ions. In the absence of crystallization seeds, some time
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elapses between the establishment of a supersaturated solution and new phase
detection in a system. This time is known as the "induction period" or "induction
time" (Sohnel and Mullin, 1988). The induction period is not a fundamental
property of a system since the term "new phase detection" may be related to
different phenomena such as the first "appearance" of crystals and the onset of a
change of solution property (Sohnel and Mullin, 1988). The determination of the
induction time is therefore dependant upon the experimental method used to make
the measurement. Regardless of the experimental method used, the induction
period is not solely a period of nucleation as some crystal growth must occur in
order that the new phase would be detected. Nevertheless, it is widely accepted
that the induction time (Tind) is inversely proportional to the nucleation rate (Js)
(Mullin, 2001):

Tind

K
Js

(1)

where K is a proportion coefficient.
The major parameters that affect the rate of nucleation (and therefore the
induction time) of a mineral from specific solutions are: 1) the degree of
saturation of the solution with respect to the mineral, 2) the interfacial energy
between the mineral and the solution, 3) the presence of catalysts and inhibitors
(such as antiscalants), 4) the temperature, and 5) the solubility of the mineral in
the solution. The solubility may be defined as the molal concentration of a
mineral that is dissolved in a solution at saturation. For stoichiometric solutions,
the solubility is equal to the molal concentration of any of the lattice ions, divided
by its coefficient in the mineral formula. For non-stoichiometric solutions the
solubility is equal to the lowest amongst these quotients.
a)

Rate law formulation for various solutions at varying temperatures
According to the classic nucleation theory (Furedi-Milhofer, 1981; Nielsen, 1964;
Walton, 1965), the nucleation rate (Js, # nuclei m-3 s-1) depends upon the solutionmineral interfacial energy ( , J m-2), the molecular volume of the mineral (Vm, m3
mol-1), saturation state ( and temperature (T, K):

Js

A exp

Vm2 3 N A f ( )
( RT )3 ln 2

(2)

where A is a pre exponential rate coefficient, is a geometric shape factor, NA is
Avogadro'
s number, f( ) is a correction factor for heterogeneous nucleation, and R
is the gas constant (J K-1 mol-1).
In order to relate between theoretical nucleation rates and the empirically derived
induction time, Eq. (3) was formulated. Eq. (3) takes into account two
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simultaneous nucleation mechanisms (based upon the classic nucleation theory)
and at various temperatures (based upon the Arrhenius equation).

LogTind

Log

$
!
"
1
Eahom
exp(
) b'
"
Hom Cs exp
Ea hom
(
)
RT
" exp R 298.15
#

2
m

3

V ( aT b) N A
( RT ) 3 ln 2

1
$
!
"
1
Eahet
exp(
) b'
"
Het C s exp
Ea het
(
)
RT
" exp R 298.15
#

Vm2 ( aT b) 3 N A (c exp
( RT ) 3 ln 2

dT

)

(3)

Using the experimental results listed in Table 5-5, the values of the parameters in
Eq. (3) were determined by least squares regression analyses. These values are
listed in Table 5-6.
The rate law in Eq. (3) with the values in Table 5-6 successfully predicts the
induction times of gypsum from variable solutions. The prediction of the
proposed rate law is compared to the measured induction times of mixtures
between Dead Sea brine and either seawater or desalination reject brine with an
ionic strength of up to 10 m and Ca2+/SO42- ratios up to 115 at temperatures
ranging from 15ºC - 40ºC.
Fig. 5-52 compares the induction time predicted by the rate law of Eq. (3) to the
observed induction time for the seven experimental series that were used to
construct this rate law. The solid line in Fig. 5-52 is the 1/1 diagonal, while the
dotted lines and the dashed lines bracket the ranges in which the predicted time is
in agreement with the observation within a factor of 2 and 5, respectively. The
prediction of 91% of the induction times (51/56 experiments) are within a factor
of 2 of the observed value, while all of the points 56/56 experiments are within a
factor of 5. Since the results span over more than four orders of magnitude, the
predictive power of the proposed rate law is significant. In several experiments
(marked with * in Table 5-5) the induction time was not measured due to the slow
nucleation kinetics. In all the cases (seven experiments), the predicted induction
time exceeds the duration of the experiments.
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Predicted Log induction time (s)
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1 month

B

6

D
1 day

E
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H
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2

Fig. 5-52:

A

2

3
4
5
6
Measured Log induction time (s)

7 1 sec

The predicted vs. measured logarithmic values of induction time. The
centerline is the best fitted linear regression (forced to zero). The dotted and
dashed lines above and below deviate from the centerline by a factor of 2
and 5. The data is comprised from the values presented in Table 5-6 from
all the series except series C (due to the presence of antiscalants).
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Table 5-6: List of parameters in Eq. (3) detailing the symbol, description,
value and unit.
Symbol Description
Ea hom Activation energy - homogeneous mechanism
Ea het
Activation energy - heterogeneous mechanism

Unit
-1
J mol

1.486E+04

J mol

-1
-1

-1

-1

-1

b' hom

Pre-exponent - homogeneous mechanism

2.774

kg H2O mol s

b' het

Pre-exponent - heterogeneous mechanism

1.823

kg H2O mol s

Gas constant
Temperature
Geometric factor
Solubility

8.314
Variable
16.755
Variable

Vm

Molar volume

0.00007469

J K mol
K
Unitless
-1
mol kg H2O
3
-1
m mol

Na
Ω
a
b
c
d

Avogadro's number
Saturation state
Empiric constant
Empiric constant
Empiric constant
Empiric constant

6.022E+23
Variable
8.391E-05
-1.260E-02
5.054E+03
-3.398E-02

atoms mol
Unitless
-1
-2
JK m
-2
Jm
Unitless
-1
K

R
T

β

Cs

b)

Value
4.734E+04

-1

-1

-1

Extending the rate law to account for an antiscalant effect
The effect of the antiscalants was studied by conducting experiments with (DSCMW mixtures) and without antiscalants (DS-ERS mixtures). The results are
presented in Fig. 5-53 and Table 5-5. The effect of the antiscalant on nucleation
depends upon its concentration and on the degree of saturation. As will be
discussed below, both the concentration of the antiscalant and the degree of
saturation vary as a function of the DSF.
The source of the antiscalant is from the desalination process of the CMW.
Therefore, when mixing the CMW water with the DS water, the antiscalant is
diluted as the DSF increases. Since the inhibiting effect of the antiscalant depends
upon its concentration, the inhibiting efficiency decreases as the DSF increases.
This phenomenon can be observed when two similar experiments are conducted
at a similar degree of supersaturation, but a different mixing ratio (49% DSF and
94% DSF both have a =2.2) with and without an antiscalant. The induction time
of a 49% DSF experiment without antiscalant was 0.11 days, whereas with the
antiscalant it increased to 1.34 days (a factor of 12). In the 94% DSF experiment
without antiscalant induction time was 1.29 compared with 1.97 days with
antiscalant (a factor of 1.5).
The inhibiting effect of the antiscalant is inversely proportional to the degree of
saturation. At the maximum degree of saturation ( =2.85) at a DSF of 78% (Fig.
5-50 and Table 5-5), the difference between the two sets is negligible. From this
point, either when increasing or decreasing the DSF, the induction time increases
due to the combined effects of the parameters discussed in the previous section
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but mainly due to the decrease of the degree of saturation. The difference between
the induction times of both series increases as well. This suggests that the
effectiveness of the antiscalant increases as the degrees of saturation decreases.
These two considerations were modeled into the following equation:
R .F

k AS
n

(4)

Tind ( AS )
T
where R.F is the retardation factor = ind ( Eq.(3)) , k is an empiric coefficient (found
to be 2605), AS is the concentration of the antiscalant in the solution relative to
is the degree of saturation,
the concentration of the antiscalant in the CMW,
and n is an empiric power constant (found to be 5.6). All the parameters are
unitless and were derived using least squares regression analyses.
The induction time computed by Eq (3) can now be linked to Eq. (4) in order to
predict the induction in the DS-CMW mixtures according to the following
equation:
Tind ( AS )

R .F Tind ( Eq .( 3))

(5)

The deviation between the modeled and measured logarithmic values of series C
according to Eq. (5) is less than a factor of 2.
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Fig. 5-53:

5.1.8.6
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The change in the induction time vs. the Dead Sea fraction (%) for the DSERS and the DS-CMW mixtures (containing antiscalants).

Crystal Growth – Results and Discussion
Crystal growth from a solution is a process involving both a solid and a liquid
phase, which depends upon the properties of both phases (Reznik et al., 2011).
Since crystal growth is a surface reaction, heterogeneous precipitation rate
depends upon the mineral'
s surface area. The saturation state of the solution with
respect to the growing crystal is another key parameter in determining the growth
rate. A typical rate law describing the dependence of crystal growth rate on the
deviation from equilibrium was proposed by Nielsen (1981):
Rate het
SA

k het (

1%

1) n
(6)

where Ratehet is the observed heterogeneous crystal growth rate (mol s-1), SA is the
reactive surface area of the mineral (m2), is the saturation state of the solution,
khet is a heterogeneous rate coefficient (mol s-1 m-2); % is the number of ions in
the crystal formula unit other than the solvent (two in the case of gypsum) and n is
the apparent reaction order with respect to the deviation from equilibrium ( 1/%1)".
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For gypsum precipitating from the various DS-seawater mixtures, it was found
that one rate law structure can describe the rates in all of the experiments which
were conducted:

Ratehet

k1 (

0.5

1)8.3 k 2 (

0.5

1)1.5 mol m

2

s

1

.

(7)

The kinetic coefficients, k1 and k2, in the non linear regression of Eq. (7) were
calculated assuming the above described reaction orders of 8.3 and 1.5. The
obtained natural logarithmic values of the two kinetic coefficients for each mixing
ratio are summarized in Table 5-5.
To further examine the rate law of Eq. (7), a forward model was constructed. The
actual experimental data is the change in SO42- concentrations with time (Fig.
5-54 – solid grey line). To accurately relate the change in SO42- concentrations
with time to gypsum precipitation rates, including its dependency on changing
(increasing) surface area and deviation from equilibrium, the results of a forward
model that predicts the observations using a prescribed rate law was compared
with the experimental observations.
Fig. 5-55 compares the modeled concentrations of SO42- with the measured
concentrations at the same time in all the experiments. The solid line in Fig. 5-55
is the 1:1 diagonal. In measuring SO42- concentrations, 668 of 873 (77%) data
points overlap with the diagonal within the analytical uncertainty (±3%, one
standard deviation); 807 of 873 (92%) data points overlap with the diagonal
within 6% (two standard deviations). At three standard deviations (±9%), 99% of
the data points overlap with the diagonal within the analytical uncertainty.
Comparison between the predictions and observations (Fig. 5-55) show that
Eq.(7) describes all the experimental data in an accurate manner. It therefore
follows that two parallel mechanisms control the heterogeneous precipitation rate.
Under further-from-equilibrium conditions, the rate is dominated by the first term
of Eq. (7) (apparent 8.3 order reaction), whereas under closer-to-equilibrium
conditions, it is dominated by the second term of the equation (apparent 1.25
order reaction).
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-1

concentrations (mol kg solution )

70% DSF
0.012
0.011
0.01

SO
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2-

0.009
0.008

0

1

2

3

4

5

6

Time (days)

2

y = 0.996x R =0.999

0.0375

0.025

4

2-

2-

Decrease in SO4 concentrations with time in a representative (70% DSF)
batch experiment (•). The solid line presents the results of the forward
model.

0.05

-1

Modeled [SO ] (mol kg solution )

Fig. 5-54:

0.0125

0

0

0.0125

0.025
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2-

0.05
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Measured [SO ] (mol kg solution )
4

Fig. 5-55:

2-

Comparison between modeled and measured SO4 concentrations in all the
seeded experiments.
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5.1.8.7

Kinetic Coefficients
Fig. 5-56a and Fig. 5-56b plots the natural logarithms of the two kinetic
coefficients, k1 and k2, as a function of DSF of the various experimental series
(Table 5-5 - series I-M). The general trend of the first kinetic coefficient, k1, is Ushaped (Fig. 53a), while the second kinetic coefficient either decreases
monotonically with the Dead Sea fraction or shows a U-shaped dependence (Fig.
53b). From a theoretical standpoint, the solubility is a main parameter in
determining the kinetic constants of the reaction. As the solubility increases, the
kinetics of a reaction is usually faster due to a decrease in the distance between
dissolved ions. Since the solubility decreases monotonically with the DSF, it can
explain the range of DS fractions at which the kinetic constants decrease with
DSF. However, the solubility cannot solely explain the entire change in the
kinetic constants with the DSF. At higher ionic strength (and lower water activity)
a new variable enhances the precipitation rate of gypsum, possibly the formation
of CaSO4º ion pairs and/or a decrease in hydration frequencies. Further research is
needed to clarify this issue.
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Fig. 5-56:
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Change in the Log k1 (a) and Log k2 (b) from Eq. (3) as a function of Dead
Sea fraction (DSF). The solid lines connecting the data points are drawn to
highlight the U-shape trends.

Kinetic coefficients change with temperature
The kinetic coefficients (k) are expected to vary with temperature according to the
Arrhenius equation:

k
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where A is the pre-exponential factor, Ea is the activation energy, R is the gas
constant and T is the temperature (K).
Temperature variations are both important in affecting the rates and in providing
unique insights into the reaction mechanisms (Lasaga and Gibbs, 1990).
Activation energies are commonly calculated using equation (8) and an Arrhenius
Plot (a plot of the natural logarithm of the kinetic constants as a function of the
temperature reciprocal) by a least squares estimate of the slope of ln (kinetic
constant) vs. 1/T. Such empirically derived activation energy is commonly
referred to as "apparent activation energy".
Using this method, it was possible to derive the calculated apparent activation
energies for the further-from-equilibrium kinetic constants (k1) (Fig. 5-57). The
obtained values are: DS-RS – 85% - 124 kJ mol-1, DS-RS –70% - 107 kJ mol-1,
DS-CMW – 94% - 92 kJ mol-1 and DS-CMW – 78% - 71 kJ mol-1. The results of
the closer-to-equilibrium kinetic constants were not coherent enough to derive the
apparent activation energies for this region.

Arrhenius Plot

2

y = 46.291 - 14871x R2= 0.99552
y = 42.009 - 12908x R2= 0.95357
y = 32.848 - 11099x R2= 0.99708

0

y = 22.52 - 8517.6x R2= 0.92307

ln k

1

-2

-4

-6

-8

DS-RS - 85%
DS-RS - 70%
DS-CMW - 94%
DS-CMW - 78%

0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035
-1

1/T (kelvin )
Fig. 5-57:

Change in the natural logarithm of k1 as a function of 1/T for the following
solution mixtures at different mixing ratios: DS-RS - 85 % & 70% and DSCMW – 94% & 78%.
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5.1.8.8

Implementation of the Rate Laws

a)

Dead Sea and Evaporation Ponds
The nucleation of gypsum from Dead Sea brine is extremely slow (Table 5-6 –
according to the prediction of Eq. (3). However, due to evaporation, gypsum does
nucleate in the Dead Sea, but the crystals grow fast and sink relatively fast
through the water column, and do not serve as readily available crystallization
seeds. Due to the slow nucleation rate, the availability of crystallization seeds is
very limited. Therefore, gypsum precipitation in the Dead Sea system is very
slow, and is limited by the nucleation rate. As will be shown further, the results of
the present study allow a calculation of to what extent the annual evaporation
from the Dead Sea affects the nucleation kinetics, and shows that at present,
gypsum mainly precipitates in the industrial evaporation ponds.
In order to illustrate the effect of evaporation on the induction time of gypsum in
the Dead Sea and the evaporation ponds, the expected saturation state with respect
to gypsum and its solubility was calculated as a function of the evaporation
factorusing the PhreeqC code (Parkhurst and Appelo, 2007), which is based upon
the Pitzer approach for high ionic strength solutions. As Dead Sea brine cannot
retain high supersaturations with respect to halite and carnallite
[KMgCl3·6(H2O)], these minerals were assumed to precipitate during evaporation
so they remain in equilibrium with respect to the solution (for carnallite, only
from the point at which the evaporated brine is saturated).
Fig. 5-58 shows the change of the predicted induction time (s) (in logarithmic
values) versus the evaporation factor of the Dead Sea brine. Evaporating the Dead
Sea brine by the annual factor of 1.003 - 1.005 reduces the induction time to about
6 to 14 years. As a result, nucleation is very slow and gypsum precipitation at the
northern basin is expected to be very scarce. At the industrial evaporation ponds,
the Dead Sea brine further evaporates. Once the evaporation factor is increased
beyond an evaporation factor of 1.05, the induction time decreases below one
month until it reaches a relatively constant value in the scale of hours, from an
evaporation factor of ~1.3. As the residence time in the evaporation ponds is
relatively long (several months), gypsum nucleation is expected to occur,
followed by the growth of the gypsum crystals.
As a result of gypsum precipitation, the saturation state with respect to gypsum
and its solubility will decrease, and consequently the induction time will increase.
Fig. 5-59 shows the predicted change of the induction time (s) (in logarithmic
values) versus the percent of precipitate from the precipitation potential (the
maximal amount of precipitate until the attainment of equilibrium) of Dead Sea
brine which was evaporated by a factor of 1.6. According to the induction time
prediction, ~95% of the precipitation potential of gypsum can precipitate at
relatively short induction times (less than two weeks).Therefore, it is concluded
that at present, most of the precipitation of gypsum from the Dead Sea occurs in
the industrial evaporation ponds, and not in the northern basin of the Dead Sea.
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b)

Dead Sea brine and various seawater mixtures
The range of mixing ratios at which supersaturation is attained is well defined by
thermodynamic predictions according to Pitzer’ s equations (Reznik et al., 2009b).
By using the proposed rate law, it is possible to define a sub-range of mixing
ratios in which nucleation is likely to occur. For DS-RS mixtures, supersaturation
occurs between 40%-100% DSF. The range at which it is likely that gypsum will
nucleate at reasonable times (induction time shorter than six months) is from
~67%-97% DSF (Fig. 5-60). For DS-CMW mixtures, supersaturation occurs
between 10%-100% DSF. The range at which it is likely that gypsum will
nucleate at reasonable times (less than six months) is from ~23%-99% DSF (Fig.
5-60). The U-shaped dependencies behavior is mostly attributed to the change of
the saturation state with DSF (Reznik et al., 2009b).
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The predicted logarithmic values of induction time of evaporated Dead Sea
brine. The dotted and dashed lines above and below deviate from the
centerline by a factor of 5.
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Fig. 5-59:
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% precipitate from precipitation potential
The predicted logarithmic values of induction time of gypsum nucleation
from evaporated Dead Sea brine by a factor of 1.6 vs. the percent of
precipitate from the precipitation potential. The dashed lines deviate from
the solid line by a factor of 5.
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Fig. 5-60:

5.1.8.9

The predicted logarithmic values of induction time of DS-RS mixtures (solid)
and DS-CMW mixtures (dashed) ) depicted at varying temperatures (Blue
15°C, Black 25°C, and Red 40°C). The vertical lines represent the mixing
ratio at which equilibrium is attained [DS-RS mixtures (solid) and DS-CMW
mixtures (dashed)].

Crystal Size Distribution – Results and Discussion
Fig. 5-61 shows a cumulative crystal size distribution in a typical experiment. The
plot shows the cumulative percentage of the total mass of the crystals that are
larger than a certain size. Enlargement of the small size fraction is showed in the
insert of the figure. The smallest crystals recorded were at a size range of 0.42 µm
- 0.48 µm.
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Fig. 5-61: Crystal size distribution after 8.4 h of experiment at a mixing ratio of 75% DSF
and 25 C


The change in the mass of gypsum that precipitated during an experiment with
75% DSF is shown in Fig. 5-62. The amount of gypsum increased linearly with
time during the first 30 hours, indicating a constant precipitation rate. Thereafter,
the rate decreased as the solution approached saturation. The size distribution was
measured at time points which are marked by open circles in Fig. 5-62. The first
two were during the constant rate period, while the last one was close to
saturation, as 99% of the precipitation potential was fulfilled. With time, the
percentage of large crystals increased (Fig. 5-63). Similar coarsening was also
observed in experiments with DSF of 50% (Fig. 5-64).
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Fig. 5-62: The change with time in mass of gypsum during experiments at a mixing ratio
of 75% DSF and 25 C. Circles denote samples whose size distribution is
shown in Fig. 5-63.
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Fig. 5-63: The change with time in crystal size distribution of experiments at a mixing ratio
of 75% DSF and 25 C.
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Fig. 5-64: The change with time in crystal size distribution of experiments at a mixing ratio
of 50% DSF and 25 C .Note that the total weight (100%) in each experiment
is different and increases with time.


It is not possible to directly relate the observed size distribution in the SPBE to
that under the conditions of the Dead Sea. In particular, large crystals do not settle
out of the system in batch experiments. Nevertheless, the results show that, as
expected from crystal growth kinetics, significant coarsening occurs with time as
crystallization continues. Yet, even at the end of the experiments, a large
percentage of the crystals are relatively small. Based on the results presented in
Section 5.1.5.3, the Consultant has defined particles smaller than 100 µm as
particles that are small enough to impact the turbidity of the brine. Fig. 5-65
shows that early in the experiments, almost 90% of the mass of the gypsum is
present as crystals smaller than 100 µm. With time, the mass percentage of the
small particles decreases in both experimental series (Fig. 5-65). It is noteworthy
that as the total mass of the gypsum increases with time, the total mass of small
particles also increases significantly (Fig. 5-66). Thus, turbidity under these
conditions is not expected to decline. It should be emphasized that the
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methodology presented here does not allow using the end products of the
experiments to determine both crystal size and turbidity (see Section 5.1.5.3).

Fig. 5-65: The change with time in the mass percentage of particles that are smaller than 100 m
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Fig. 5-66: The change with time in the total mass of particles that are smaller than 100 m.

5.1.8.10

Summary and Knowledge Gaps
Understanding and predicting gypsum precipitation in general and the probability
of whitening event as a result of the introduction of seawater or reject brine to the
Dead Sea in particular, are highly complicated. These require the ability to
determine the following properties as a function of time and inflow scenarios: a)
thermodynamic properties of the evolving Dead Sea brine and in particular the
degree of saturation with respect to gypsum and the precipitation potential, b) the
kinetics of gypsum nucleation from the evolving brines, c) the kinetics of gypsum
crystal growth from the evolving brine, d) the size distribution and the
morphologies of the gypsum and their change with time, e) the rate of settling of
the crystal within the brine, and f) the optical properties of slurries of gypsum

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

129

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
particles in the evolving brine. It is important to note that due to the unique
composition and the complex nature of the chemistry of the Dead Sea brine and
the highly non-linear effects of the mixing between the Dead Sea brine and
seawater, none of the above mentioned requirements are trivial. The state of the
art at the time of writing of the present report is as follows:
a)

Thermodynamics for the system are fully solved. We can calculate both the
degree of saturation and the precipitation potential for any solution that may
be developed in the Dead Sea as a result of any complex scenario that
include inflow of seawater and/or reject brine, evaporation and mineral
precipitation.

b)

A generalized rate law of gypsum nucleation was formulated using the
predictions of classical nucleation theory and experimental observations.
The rate law foresees the induction time of gypsum from a wide range of
solution compositions under a range of temperatures, including the effect of
antiscalants. The induction times which were used for the formulation of the
rate law span over four orders of magnitude. It is estimated that the rate law
is able to predict induction time of gypsum within a 95% confidence
interval by a factor of 5. The rate law of gypsum nucleation was used to
study the induction time from various systems including the Dead Sea,
evaporated Dead Sea, Dead Sea-seawater or reject brine mixtures. While the
induction time may be adequately predicted for any solution that may
develop in the Dead Sea, the induction time rate law is yet needed to be
converted into nucleation rate (i.e., number of nuclei per second).

c)

Gypsum crystal growth kinetics were derived through the evaluation of
seeded batch experiments with DS-RS and DS-CMW mixtures. Despite the
large range of chemical compositions, Ca2+/SO42- ratios (11< Ca2+/SO42<115), ionic strengths (4.75 m - 10 m), initial gypsum saturation state
(1.07< <3.06), a single general rate law describing the heterogeneous
precipitation rate of gypsum as a function of supersaturation and available
surface area was formulated. The rate of crystal growth from any mixture of
Dead Sea brine with seawater, Dead Sea brine with evaporated seawater and
Dead Sea brine with reject brine is currently known, including the effect of
temperature. However, the entire change in the kinetic coefficients with
Dead Sea fraction is as yet not understood. In particular, the increase in
crystal growth rate with Dead Sea fraction is not understood as the Dead Sea
fraction increases above 90%. Also not understand are the reasons for the
differences in the rate coefficient between mixtures with seawater and
mixtures with reject brine. As a result, there was no success in developing a
single rate law that may be used to describe the changes of rate of gypsum
crystal growth as the Dead Sea brine develops with time. At the time of
writing, there is an attempt to develop an empirical rate law that will
describe the rate of crystal growth from mixtures of any two end members.
More experiments will be required to verify the predictability of the rate law
for the expected complex development of the Dead Sea brine following the
"Base Case Plus" scenarios. Another important parameter that controls the
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rate of crystal growth is the reactive surface area. While the change in
reactive surface during the seeded experiments is adequately predicted using
the change in gypsum mass, the change in the reactive surface area of
crystals that grew over the nuclides is as yet unpredicted. Moreover, more
work is needed on the coupling between nucleation, agglomeration and
crystal growth of gypsum.
d)

Single point batch experiments (SPBE) indicate that most of the crystals that
are formed following the mixing of Dead Sea brine with reject brine are
relatively small with almost 90% of the mass of the gypsum is initially
present as crystals smaller than 100 µm. Such particles are sufficiently small
to impact the turbidity of the brine. With time, the mass percentage of the
small particles in the batch experiments decrease due to coarsening, but the
total mass of small particles increases significantly due to the formation of
new crystals. Thus, to the extent that the batch experiments represent the
local and continuous mixing process upon mixing reject brine with Dead
Sea brine, local turbidity under these conditions is not expected to decline.

e)

The rate of settling of the crystals within the brine can be calculated using
Stokes'law. At present, it seems that the uncertainties associated with the
viscosity and density of the evolving brines are small in comparison to the
other uncertainties.

f)

Determination of the optical properties of slurries of gypsum particles in the
evolving brine was not included in the work plan of the present research. At
present, it is clear that such determination will be needed in order to assess
the effect of gypsum precipitation on the general appearance of the Dead
Sea. Therefore, it is planned to conduct the required measurements outside
the scope of the present study.

5.2

Modeling the Dead Sea – Expected Impact due to RS-DSC

5.2.1

Modeling the Dead Sea – Adaptations to Unique Conditions

5.2.1.1

Rules of the Game
Formulating a limnological model for the Dead Sea is a highly challenging task.
The dynamics of any water body are primarily dictated by density differences and
by winds, and these are therefore the basis for the modeling of such systems.
Density differences in natural systems commonly do not exceed a few percents,
and are often much smaller, yet are sufficient to drive ocean circulation,
stratification, etc. The density difference in the Dead Sea is much larger, and
exceeds 20% between the Dead Sea brine and freshwater that discharges into the
Sea. The industrial end-brines which discharge into the Dead Sea have densities
that are nearly 10% higher than the Dead Sea brine. Such huge density differences
do not exist in marine systems, and the dynamics of mixing such a water body is
not available in limnological and oceanographic models.
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Salt precipitation is another major feature to be considered. This precipitation has
a major role on the limnological behavior of the Dead Sea, including change in
the salinity, and thus density of the water due to the precipitation.
Gavrieli et al. (2006) have already shown that the timing of the annual winter
overturn is largely dependent upon the amount of salt that has precipitated from
the upper mixed layer since the onset of stratification. Furthermore, they have
shown that a "cut-off" value of salinity, beyond which salinity cannot rise, cannot
serve as a basis for the removal of salt from the evaporating water. Rather, a
thermodynamic module is required to correctly "precipitate" halite (and other
salts) from the brine. In order to use such a module, the chemical composition of
the brine (i.e., major elements), needs to be tracked. The accumulation of salts at
the bottom of the Sea must also be tracked, since it affects the observed water
level, the latter being a key parameter in the calibration of the models. Finally,
tracking the evolving chemistry of the Dead Sea enables an evaluation of the
change in the composition of the brine, once seawater is introduced and mixed in
the Dead Sea.
Inflow of the industrial end-brines is a major factor controlling the dynamics of
the Dead Sea and the evolution of the Dead Sea composition under present
conditions and in any future scenario. The end-brines are much denser than the
Dead Sea brine (approximately 1.34 g/cc and 1.24 g/cc, respectively), and thus
flow along the bottom while mixing with the Dead Sea brine. The actual mode of
mixing the end-brines as they flow along the bottom of the Dead Sea is one of the
major enigmas of the dynamics of the Sea and its modeling can only be based
upon detailed observations. This aspect of the Dead Sea dynamics is not in the
scope of the present work. To fully appreciate the importance of the impact of the
end-brines, sensitivity tests are presented in the 1D model showing the difference
between runs in which they mix in the entire water column as compared with
mixing only in upper 30 m. The composition of the industrial end-brines is
presented in Table 5-1.
The strategy in modeling the Dead Sea was to modify standard limnological or
oceanographic models, and incorporate new unique modules. Three different
models were used to simulate the hydrodynamic and chemical evolution of the
Dead Sea. The models are 1D, 2D and 3D, each providing different insights into
the future evolution of the Dead Sea.
The 1D model, which parcels out the Dead Sea into layers, allows for rapid
insight into the evolution of the thermohaline layering and the chemical evolution
of the Dead Sea. This model is the major tool used here to explore the effect of
the inflow of seawater or reject water into the Dead Sea. The model was run under
the different scenarios for several decades, as well as for hundreds of years in the
the base case scenario.
The 2D model is a laterally averaged hydrodynamic and water quality model.
This model allows simulating the evolution of thermohaline layering and the
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horizontal variations along the N-S of the Dead Sea, which in turn allows an
assessment of the impacts of inflows from different locations along the Dead Sea.
The model also includes modules that simulate the biological evolution of the
Sea. The model was used to simulate decade-long scenarios with an emphasis on
N-S spatial distribution of the inflowing water and potential biological blooming.
The 3D model is based upon a 3D grid parcelling the Dead Sea into cells whose
lateral dimension is 1 x 1 km, whereas the vertical dimension changes according
to a sigma grid. The adaptation of the model to the unique conditions of the Dead
Sea is only in its initial stages, and not enough data is available for the calibration
of the model. Given this, at this stage the model was run to provide initial insight
into the 3D circulation in the Dead Sea under present conditions.
The modifications introduced into the 1D and 2D models are particularly
significant as they include:
Modification of the basic code from salinity to a full chemistry-based (multicomponent) code that follows the changing composition of the brine. The
concentrations of the following major ions that are being traced include: Na,
K, Mg, Ca, Cl, Br, SO4 and HCO3.
A new equation of state that is based upon the large range of compositions
(rather than salinity) between seawater and the highly concentrated industrial
end-brines (density 1345 kg/m3).
A thermodynamic module that calculates the degree of saturation with respect
to gypsum and halite in the hypersaline waters.
A module that "precipitates" oversaturated salts, and thus changes the
composition of the brine, while accounting for the accumulation of the salt on
the seabed.
Proper accounting for the non-volume conservative mixing between fresh or
seawater and Dead Sea brine.
A heat balance module that includes changes in rate of evaporation due to
changing water activity.
Modification of the basic model to account for the effects of compressibility,
(such as non-conservative volume of mixing and thermal expansion of the
brine) to ensure mass conservation.
Fig. 5-67 is a schematic representation of the multicomponent chemistry-based
models and the interaction of the various modules developed, with the central
code and with each other. The 2D model also includes a biological growth
module. The models'input includes the meteorological data, inflow volume,
industrial pumping volumes and discharge of end-brines, and initial water
temperature profiles.
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Fig. 5-67:

Schematic representation of the multicomponent chemistry-based 1D and
2D models and the interaction of the various modules developed with the
central code and with each other.

Calibration of the 1D and 2D models is based upon the data set available from the
present conditions of the Dead Sea, including sea level, meteorological data and
hydrographic profiles, in combination with new insights into the mass and energy
balances of the lake. The data set spans the years 1993-2009 (with some gaps),
and includes data on the thermohaline stratification of the water column between
1992 and 1995, after the rare floods and the dilution of the upper mixed layer. It
must be emphasized that no data exist for calibrating the model with seawater
inflow with respect to the development of stratification and other physical
characteristics.
5.2.2

1D Model

5.2.2.1

Revision and Adaptation of the Model
The 1D Dead Sea model is based upon the 1D Princeton Oceanographic Model
(1D-POM). Following its modification, the new code was termed 1D-DS-POM;
the detailed description was presented by Dvorkin et al. (2007). Modifications
were introduced into the model geometry and the grid parameters, the turbulent
transport equation and the remeshing scheme. Some of this work was carried out
prior to the beginning of the present study, while other portions were performed
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over the last few months in the framework of the '
additional studies'funded by the
World Bank. The new version of 1D-DS-POM model is based upon the volume
element scheme rather than a final difference approach. This modification
requires some adaptations concerning the turbulence transport equation. The
significant advantage of the new version is a new remeshing procedure which is
fully mass conservative. Therefore, the total mass of the sea is always accounted
for during the simulation, a feature that is critical for the Dead Sea as a terminal
lake with significant variations in its volume. The following tasks were
performed:
Calibration of the model to the years 1993-2001.
Verification of the calibrated model on the data set from 2005-2009.
Using the calibrated and verified model to simulate the future of the Dead Sea
(as was requested in the TOR).
Sensitivity tests were provided to estimate the model response to acceptable
variations in model parameters and in the meteorological data.
5.2.2.2

Model Geometry and Grid Structure

a)

Grid Structure
In the new version, the Dead Sea is approximated by a set of 169 (volumetric)
cells using 170 grid points, which are distributed as follows in Table 5-7:
Table 5-7: Depth Distribution of the 1D-DS-POM Grid (170 points).
Depth Range (m)
0-50
50-90
90-190
190-270
270-315

Cell thickness (m)
0.5
1
5
10
45

Number of cells
100
40
20
8
1

This distribution ensures the smallest grid resolution (and thus the highest
accuracy) both at the epilimnion and at the metalimnion.
b)

Bathymetry Approximation
The existing data provide the area of the Dead Sea at a set of elevations above
mean sea level (MSL) from -400 m to -725 m. The vertical resolution of the data
points in the set varies with depth. It is 1 m from -400 m to -450 m, 5 m from
-450 m to -600 m, and finally 25 m from -600 m to -725 m (Hall, 1996). The
remeshing process requires that the interpolation between the elevation points be
a smooth and continuous function (i.e., in contrast to simple linear interpolation).
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Curve fitting for the existing data with a single polynomial was not successful, so
two different polynomials were used. The first one f1(z) for the elevations
between -450 m and -400 m, and the second one f2(z) from -725 m to -450 m. The
two are combined together at -450 m with the help of hyperbolic tangent so that
the area as function of elevation now has the form:
Area(z) = tz·f1(z) + (1-tz)·f2(z),

(1)

where
tz = 0.5 + 0.5· tanh(z+450).

Fig. 5-68 presents the elevation-area points and the approximation using the new
polynomials. Note the high precise fitting, especially in the upper part of the
interval, at the elevations higher than -600 m above MSL.
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Fig. 5-68:

Polynomial approximation of the Dead Sea area as function of elevation
above MSL. Red curve – eq. (1); crosses – available bathymetric data.

The volume of any depth interval of the Dead Sea between levels ZK and ZM, is
approximated using the trapezoid method, namely
VKM=0.5·[AreaK+AreaM]·|Zk-ZM|, (2)

where AreaK and AreaM are areas corresponding to levels ZK and ZM,
respectively.
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The new remeshing procedure (see below) requires solution of an inverse problem
of finding a level ZK, such that the volume between this and a given level ZM is
equal to a known volume VKM:
0.5·[AreaK+AreaM]·|ZK-ZM| = VKM,

(3)

This equation is solved numerically by the Newton-Raphson iteration procedure.
5.2.2.3

The Model Variables
During simulation, the model tracks the changes of several physical and
geometrical variables. The physical variables are masses and concentrations of the
major constituents (both in g/kg solution and in mol/kg H2O), temperature and
density. The geometrical variables include the area of the Dead Sea, node
coordinate (depth), cell volume, and their changes since last remeshing. All
physical variables are attributes of cells (including cell volume), while node
coordinate and area are attributes of nodes. The connection between cell numbers
and node numbers is defined by the model geometry. Cell #N is located between
grid points #K and #K+1 (where K=N) with the areas of the upper and lower cell
bases AK and AK+1. This connection between cell and node numbering remains
constant through the entire simulation.
The temporal evolution of the physical variables is simulated based upon the
turbulent transport, salt precipitation, external mass exchange (in- and out-flow),
surface heat exchange and evaporation (limited to the upper cell). The modified
turbulent transport scheme is discussed in the next section, while the solution for
all other processes remained unchanged from the previous version (Dvorkin et al.,
2007). Interpolation of the physical variables from distorted to a regular grid
during the remeshing procedure is discussed below.

5.2.2.4

Turbulent Transport Coefficients
The original POM utilizes the Mellor-Yamada closure (Mellor and Yamada,1982)
which expresses vertical turbulence transport coefficients for heat, KH, and mass,
KM in terms of turbulent kinetic energy (TKE), q2, turbulent length scale L, and
stability factors, SH and SM respectively:

KM
KH

q L SM
q L SH
(4)

The stability factors (SH, SM) are functions of the Richardson number (Ri):
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Ri

L2 g
q2

z

which is expressed through the density, , its vertical gradient, the turbulent
kinetic energy and the turbulent length scale. Fig. 5-69 shows the stability factors
as function of the Richardson number.
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Fig. 5-69: Stability factors, SH, SM, as functions of the Richardson number

Sharp density gradients significantly reduce the transport of kinetic energy across
the interface. This was shown to be particularly true in a laboratory experiment
with freshwater over Dead Sea brine, In order to account for this feature in the
updated version of 1D-DS-POM, the distribution with depth of TKE is obtained
from the solution of the ordinary differential equation:
(5)

where

0

and

1

are free model parameters determined by calibration. Since

is constant within each cell, TKE for any cell K between the second and
the last but one cells is given by:
,
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with
, where z – is the distance between cells number K–
1 and K, 0 and 1 – are the free model parameters determined by calibration that
describe the TKE dependence on the wind, W.
5.2.2.5

New Turbulent Transport Equation
The original POM scheme of turbulent transport conserves masses for a vertical
grid structure, i.e., a box-like shape in the 1D case, and negligible density
differences between adjacent cells. In the current version, the scheme has been
modified to account for both the change in cell area with depth and large density
differences between the cells.
To obtain the new diffusion equation there are two fundamental laws:
1.

Conservation of the mass M of a certain volume with surface
surface mass flux and d a unit area):
M
t

2.

& Jd( ,

(J is a

(7)

'

Fick’ s law, stating that the mass flux is proportional to a concentration
gradient:

J

D)C ,

(8)

where is the density, D – (turbulent) diffusion coefficient and C – concentration.
i

Let M N be the mass of the i-th component in the N-th cell; Ji – mass flux of this
i-th component through the unit area d of the cell borders. Note that the flux
through the lateral surfaces is zero. The mass change in a cell is the difference
between the incoming and outgoing fluxes through the upper (K) and lower (K+1)
bases:
M Ni
t

J Ki AK

J Ki 1 AK

1

, (9)

where the sign accounts for the downward direction of the coordinate axis. This
equation is now combined with Fick’ s law. The concentration of the i-th
M Ni
C Ni
M N , where MN is the total mass of the cell. Since the turbulent
constituent,

diffusion is dealt with, the transport coefficients (coefficient of turbulent
diffusion) for all constituents are identical. Consider the sum of all the fluxes
through the cell borders:
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Since by definition the sum of all concentrations, including water,

* & J dA
i

*C

i

1

i

, it

0

follows that A
. This means that the sum of all the fluxes in and out of
the cell [including water (H2O)] equals zero. Thus, the total cell mass stays
unchanged.
i

Using Equation (9), Equation (8) may be rewritten in the following form (10):
M Ni
t

+M

C Ni

N

t

,

MN

C Ni
t

K

DK ) C Ki AK

K 1

D K 1) C Ki 1 AK

1

(10)

The density is defined at the grid point K as half the sum of densities of the
adjacent cells: K=0.5·( N-1+ N). The concentration gradient is by definition the
difference between the concentrations at the middle of two adjacent cells divided
C i CNi 1
)CKi 2 N
Z K 1 Z K 1 . Thus the finite difference
by the corresponding distance,
form of the diffusion equation is:
CNi
t

1
MN

$
"" +
#

K

K 1 ,DK

CNi CNi 1
AK
ZK 1 ZK 1

+

i

K 1

CN 1
K ,DK 1
ZK

2

!
CNi
AK 1
ZK

(11)

.

This equation takes into account both the area and density changes with depth.
5.2.2.6

New Remeshing Scheme
Between remeshings, the model tracks the change in volume of each cell but does
not change the grid points’ positions.
The algorithm of the remeshing in the new version is as follows:
At each time step, the model checks the criterion for remeshing – a change of
any cell’ s volume by 10%. If satisfied, the model enters the remeshing
subsection.
Then, the correct positions of the first and the last grid points are calculated,
taking into account the total change in Dead Sea volume, including
accumulation of the precipitated salts on the bottom.
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Knowing the correct position of the first grid point and the exact volume of
the first cell (after taking into account all the in- and outflows, including salt
precipitation) the position of the lower grid point of the first cell (i.e., of the
second grid point) is calculated. These calculations are repeated for all cells
until the position of the last grid point is determined. This position is
compared with the position of the last grid point. If the discrepancy is more
than 1 cm, the model run stops with a corresponding statement. Now the real
positions of all the points of the old grid are known. Areas corresponding to
each point are calculated according to Equation (1). Note that the volumes of
all cells are known.
A new grid is built starting from the new position of the surface grid point
exactly as at the start of the model run, the change in the Dead Sea depth
changes the size of the last cell. For each new grid point, the corresponding
area is calculated together with new cell volume.
To determine the mass (i.e., masses of all constituents) and temperature of the
new cells, the code determines the mutual location of the old and new cells.
There are three possibilities: 1) the new cell is inside an old one, 2) the new
cell consists of parts of two consecutive old cells, and 3) the new cell consists
of parts of two old cells and additionally of a number (one or more) of entire
old cells. Since the mass of each constituent in old cells is known at every
time step, the redistribution of mass is done according to volume ratios:
i
In the first case, the mass of i-th constituent in the new K-th cell, M K , is
found from a simple proportion:

M Ki

M Ji

VK
VJ ,

(12)

where M Ji is the mass of this constituent in the cell J of the old grid, and
VK and VJ are volumes of the new and the old cells correspondingly. The
temperature of the new cell equals that of the old one, TK = TJ.
i
i
i
In the second case M K is found as a sum of M J and M J 1 with weights
proportional to their corresponding volumes:

M Ki

M Ji

VK , J

1

VJ

M Ji

VJ
1

1, K 1

VJ

1

,

(13)

where VK,J denotes the volume between points K and J. The temperature
of the new cell is determined from the energy conservation law neglecting
possible differences in heat capacity:

TJ M J
TK
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where MJ and MK are total masses of the old cell number J and the new
cell number K, correspondingly.
Similarly, the third case yields:

M
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(15)

For temperature:
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(16)

Finally, possible volume changes due to mixing the contents of the old cells
into the new cells must be taken into account. Now, the new volume and
composition of each cell are known. First, new concentrations and molalities
of all constituents in each cell are calculated. Knowing molalities, the new
density is calculated using the thermodynamic approach. Knowing mass and
density of each cell, its volume is calculated as V=M/ and compared with the
geometrically determined volumes. Any discrepancies are stored in the array
of cell volume change that determines the necessity for remeshing.
This completes the new remeshing procedure.
5.2.2.7

Boundary Conditions
Boundary conditions of the model were set based on the measured meteorological
data set collected from the buoy in the Dead Sea (Sections 5.1.4.1, 5.1.4.2, and
5.1.6.3), and the data on inflows and withdrawal Sections 6.1 and 5.1.6).
The calibration and validation runs were carried out on the measured data sets
(1993-2001 and 2005-2009, respectively). For the long term simulations the
meteorological data from 1997 were used. This year was found to be the most
representative year (calculated evaporation of this year is closest to the average,
as is shown in Section 5.1.6).
Natural freshwater inflows were deduced from the water balances, as described in
Section 5.1.6. In calibration and validation runs the calculated inflows presented
above (Section 5.1.6 was used). For the long term simulations, the Consultant
used an average value of 350 MCM/yr (as presented in Section 5.1.6). Inflow
temperature was changed along the year: 24oC during January to March and
November-December and 30oC during April to October.
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Industrial withdrawal of Dead Sea brine was taken to be 600 MCM/yr, mostly
during summer months when the industrial activity is most intense (January –
0.6%, February – 0.7%, March – 2.4%, April – 7.4%, May – 9.7%, June – 13.3%,
July – 15.3%, August – 13.1%, September – 12.6%, October – 12.6%, November
– 8.1%, December – 4.2%). These values are estimates based on various sources,
although the best data is of course available with the industries. However, the
World Bank did not approach these industries to attain the values, despite our
repeated requests. Pumping is from the surface water in the base case scenario and
until increased inflows begin. However, once increased inflows begin in year
2020, intake is changed to below the halocline. The volume of end-brines that are
introduced back into the Dead Sea is estimated to be 270 MCM/yr with the same
monthly proportions as pumping. Temperature of the end-brine varies throughout
the year (24oC during January to March and November-December, and 42oC
during April to October). In the 1D model runs, they are assumed to evenly mix
along the entire water column.
Light penetration into the Dead Sea is described by
I(z) = Is·Tr·(1-exp(z·H-1)),

(17)

where I(z) is light intensity at the depth z, Is – is the light intensity at the surface,
Tr – is the light penetration coefficient which determines how much light is
absorbed at the surface and how much passes through (Tr = 1 means all the light
penetrates into the Dead Sea) and H is light extinction coefficient that determines
the depth over which light intensity diminishes by e (i.e., by 2.7). Field
measurements by the GSI and those described in 5.1.7 found Tr=0.45 and H1
=0.29, respectively.
5.2.2.8

Model Calibration and Validation
The calibration of the 1D-DS-POM was carried out for the period of 1993-2001
using the PEST (Parameter ESTimation) package. PEST is a general-purpose,
model-independent, parameter estimation and model predictive error analysis
package (see http://www.pesthomepage.org/). Given a set of calibration
parameters, including initial, maximal and minimal values and a set of
observations (with corresponding weights) compare with the model output, PEST
finds the optimal parameter values to be used in the model. Validation of the
model was made with data from the years 2005 to 2009.
For calibration and validation of the model, the following data were used:
Monthly Dead Sea level was used as a target for calibration (1993-2001) and
as a validation tool (2005-2009). Data from the Israel Hydrographic Service.
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Water temperature of the Dead Sea at depths of 1 m, 8 m - 10 m, 15 m - 20m
and 30 m - 40 m measured every 20 minutes (Sections 5.1.4.1 and 5.1.6.3 was
used as a target for calibration and as a validation).
Yearly volume water inflow as calculated in Section 5.1.6 for years 19932001 and 2005 to 2009.
Industrial water withdrawal of 600 MCM/yr and end-brines discharge of 270
MCM/yr.
End-brines inflow volume was distributed over the entire water column.
Given no better estimates at present, the end-brines were assumed to mix
homogeneously in the entire water column. This was done by distributing the
end-brines in proportion to the volume of each cell.
No kinetic effects are considered in the calculations of salts (halite and
gypsum) precipitation. Thus, once the brine attains slight supersaturation, the
program computes the amount of salts that precipitate from the brine to keep
it saturated. The salt is then immediately removed from the brine and
accumulated on the seafloor.
The 1D-DS-POM was calibrated over the following set of parameters
(Table 5-8 below):
Table 5-8: Set of Parameters for Calibration with PEST.
Name
Wind function coefficient
Turbulent Kinetic Energy
free coefficient of wind dependence
( 0)
Turbulent Kinetic Energy
coefficient of wind dependence ( 1)
Turbulent Kinetic Energy free
coefficient of pressure gradient
dependence ( 0)
Turbulent Kinetic Energy coefficient
of pressure gradient dependence
( 1)
Long wave radiation coefficient

Init. value
0.6

Optimal Value
0.48

0.01

0.005

1.0 10-5

1.6 10-5

10.0

3.1

10.0

116.9

1.0

1.08

For calibration (PEST) targets, water level was given a weight of 1, which is the
highest weight. The four sets of temperatures at depths 1 m, 10 m, 15 m and 20 m
were given a weight of 0.7, while the temperatures at 30 m and 40 m were given a
weight of 0.1, the latter being the least reliable data.
The results of optimization are presented in Fig. 5-70.
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Fig. 5-70:

Comparison of model predictions and measured a) water level and water
temperature at b) 1 m, c) 10 m and d) 30 m between 1996-2001.
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The good fit to temperatures at the various depths indicates that the model
correctly reproduces the annual heat balance. The reasonable fit to the Dead Sea
level indicates that the model correctly calculates the mass balance of the Dead
Sea (Fig. 5-70). These results allow a conclusion that the newly-developed 1DDS-POM can be used as a tool for simulating various long-term scenarios of the
Dead Sea evolution. Table 5-9 shows the model-data error statistics for
temperature between 1993-2001.
Table 5-9: Model-Data Error Statistics for Temperature between 1993-2001.
Statistics
Mean error
Absolute mean error
# observations

1m
0.88 oC
1.15 oC
615

8-10 m
-0.19 oC
1.38 oC
581

15-20 m
-0.65 oC
2.53 oC
562

20-30m
-0.27
0.86
579

30-40m
-0.58
0.80
593

Level
0.14 m
0.20 m
110

Fig. 5-71 compares available water level and temperature data for years 20052009 with model results. The model was run using the same model parameters as
the 1993-2001 period.
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Fig. 5-71:

Comparison of model predictions and measured a) water level and water
temperature at b) 1 m, c) 10 m and d) 30 m between 2005 and 2009.
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5.2.2.9

Simulations of Future Scenarios
Once calibrated and verified, the model was used to simulate the scenarios
outlined in Section 3-4. It should be emphasized that whereas the calibration and
verification runs were under present conditions and for a few years of available
data, future simulations include inflow of seawater (or reject brine), conditions
which never have been observed in the Dead Sea.
The key to the following figures'abbreviations is as follows: BC- base case, BC2050 no industries - base case with the cessation of the industries in the year
2050, FW- freshwater, SW- seawater and RB- reject brine. Table 3-1 refers to the
scenarios as expressed in Section 3.4.2, Table 3-2 refers to the scenarios as
expressed in Section 3.4.3.
Boundary conditions in all scenario runs are similar as detailed below:
1)

The 1997 meteorological data is used as a representative year. During this
year, evaporation rate, which is calculated using meteorological data
(Section 5.1.4.3), is closest to the average value calculated for the data set of
1996-2001 and 2005-2009).

2)

Inflows volume, after running PEST for optimization are assumed to be 350
MCM/yr).

3)

Volume of industrial pumping and end-brines inflows are 600 MCM/yr and
270 MCM/yr, respectively.

4)

The end-brines are assumed to evenly mix throughout the water column.
Sensitivity tests were carried out also to evaluate the impact of mixing only
in the upper mixed layer.

5)

Pumping the Dead Sea brine is from the surface, until until stratification
(meromixis) develops after which it is withdrawn from below the halocline.

6)

No kinetic effects are considered in the calculations of salts (halite and
gypsum) precipitation. Thus, once the brine attains slight supersaturation,
the program computes the amount of salts that precipitate from the brine to
keep it saturated. The salt is then immediately removed from the brine and
accumulates on the lake floor.

Note that the text describing the various run outputs relates to the upper water
column, and the data presented is from a depth of 1 m. The entire epilimnion is
well represented by these data, down to the halocline. The graphs discussed in the
text include the change of the following parameters with time: water level,
density, evaporation rate, weight of gypsum and halite precipitation, surface
temperature, TDS, Na/Cl and Mg/K ratios, and sodium (Na) and potassium (K)
concentrations. The latter ratios and concentrations are important to understand
the expected geochemical evolution of the Dead Sea brine with and without
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additional inflows (including water type and volume), as well as to provide
insights on the effect of these on the industries.
a)

Base Case
The future evolution of the Dead Sea, in case no new sources of inflow are
introduced, was examined under two scenarios: 1) base case with the chemical
industries operating under the current regime (BC), and 2) base case with no
industries operating sometime in the future (BC-2050 no industries). In the
current simulation, this was assumed to happen in 2050.
Under the current conditions, the Dead Sea remains monomictic, i.e., with an
annual winter overturn. Fig. 5-72 presents evolving depth profiles both on a
decade and on a monthly time scale. The decade trends are drawn on January 1st,
when the water column is vertically homogeneous. With time, level drops (the
profiles are shorter); temperature, salinity and density increase while Na/Cl ratio
decreases due to salt precipitation. The monthly profiles, shown for year 2050,
demonstrate the seasonal behavior of the lake, with stratification buildup from
April to November and homogenous water column from December to March.
From April the salinity and temperature of the upper mixed layer increase and
density decreases. In late summer the layer thickens and cools and density
increase due to cooling, until it destabilizes and overturns. This is similar to the
current dynamics of the Dead Sea, as described above. Once stratification
develops, halite precipitation in the epilimnion is less pronounced because of the
heating of the water (Na/Cl ratio decreases slower). However, as the epilimnion
cools halite precipitation is enhanced and therefore reaches lowest values just
before overturn.
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Fig. 5-72: Temperature, salinity, density and Na/Cl ratio depths profiles of the Dead Sea
under the base case scenario, presented on decade (upper row) and
monthly (in year 2050; lower row) basis.

Fig. 5-73 and Fig. 5-74 present the results of the base case and base case – 2050
no industries model runs. As is well observed, the current trend of decreasing
water levels, and increasing salinity and TDS with time will continue. Na/Cl ratio
and Na concentration will decrease due to halite precipitation in the Dead Sea and
in the evaporation ponds. In contrast, the Mg/K ratio will continue to rise due to
the inflow of the end-brine. This increase reflects the effect of harvesting of K
from the Dead Sea.
However, this harvesting is not enough to counter the effect of overall
concentration increase (TDS) due to the negative water balance, and therefore K
rises with time. Note that once the industries will cease operating, the rate of
water level drop will decline, and the rate of decrease in Na/Cl ratio and Na
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concentration will slow down. Mg/K ratio will stabilize (since there will be no
more harvesting of K), while the rate of increasing K concentration will increase
(no K harvesting).
As salinity and density increase, the rate of evaporation decreases. By year 2075,
water level will decline to -489 m and the rate of evaporation will decrease by
15%.
Assuming that the chemical industries continue operating as they do today, Dead
Sea level will reach -550 m by year 2150. If the industries cease operating within
a time scale of several decades, the system will converge to a steady state level, at
which time evaporation from the surface will equal the total inflow volume. This
will happen about 300 years from now, once the water level will have decreased
to -515 m and surface area will have shrunk to 500 km2. See Fig. 5-75.
Quantitatively, halite precipitation rate (in m/yr) is three orders of magnitude
higher than that of gypsum. However, the rates of both decline as the rate of
evaporation declines and the concentration of Na and SO4 decrease due to the
precipitation of halite and gypsum, respectively.
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Fig. 5-73:

Simulation results for the scenario of base case. First of two options
considered. The industries maintain their operation and pumping stops in
year 2050.
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Fig. 5-74:

Simulation results for the scenario of base case . Second of two options
considered. The industries maintain their operation and pumping stops in
year 2050.
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Fig. 5-75:

b)

Simulation results of 800 years model run for base case and base case –
2050 no industries scenarios. The base case scenario was stopped in 2150
due to grid limitations.

Impact of inflow of different water types (1000 MCM/yr).
The impact of different kinds of inflow water on the evolution of the Dead Sea
was examined by running the model with additional inflow volume of 1000
MCM/yr of freshwater, seawater and reject brines (Fig. 5-76 and Fig. 5-76). The
additional inflow was introduced in year 2020.
In all runs, the additional inflow volumes result in a water level rise, dilution of
the surface water and the development of stratification (meromixis). Once
stratification develops, the surface density and TDS drop continuously, while
evaporation rate rises. In all cases the precipitation of halite from the epilimnion
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ceases due to the effect of dilution (as explained above minor halite precipitation
occurs in the hypolimnion). However, the runs differ in several parameters due to
the different salt content in the inflowing waters.
Freshwater inflow contributes no salts to the upper waters and therefore results in
the strongest dilution. This translates to the highest evaporation rate and therefore
slowest level rise. In this scenario, gypsum does not precipitate since both SO4
and Ca concentrations are diluted. Whatever part of the industrial end-brine that
mixes in the upper water layer, has pronounced impact on the evolving
composition. Mg/K ratio rises rapidly while Na/Cl declines, despite the fact that
halite does not precipitate there. The decreasing concentrations of K and Na are
due to the combined effect of dilution with freshwater and inflow of the endbrines.
When seawater and reject brine flow to the Dead Sea, the additional salts
introduced with them accumulate in the upper water and somewhat restrain the
dilution. Since the salt load in the reject brine is twice that in seawater, its impact
is more pronounced there. Accordingly, the run with the reject brine has the
highest TDS and lowest evaporation rate. This leads to the fastest level rise.
Despite the fact that seawater and reject brine have a similar Na/Cl ratio (0.86),
which is significantly higher than that of the Dead Sea, this ratio rises faster in the
scenario of reject brine inflows due to the higher salt load. Similarly, the high salt
load in the reject brine are enough to drive the surface water'
s Mg/K ratio to lower
values (towards those of seawater), whereas in the run with seawater the impact of
the end-brine, with its high Mg/K ratio overcomes that of seawater and the ratio
rises, although at a slower rate than with the scenario of base case.
As expected, the highest rate of gypsum precipitation occurs in the run with the
reject brine. This is due to the higher rate of SO4 input. It should be noted that the
amount of gypsum that precipitates even under this extreme scenario is still one
order of magnitude less than the amount of halite that currently precipitates from
the Dead Sea. It is however two orders of magnitude larger than the amount of
gypsum that currently precipitates from the Dead Sea.

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

155

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study

Fig. 5-76:

Simulation results for scenarios of 1000 MCM/yr of inflow of freshwater,
seawater and reject brine.
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Fig. 5-77:

Simulation results for scenarios of 1000 MCM/yr of inflow of freshwater,
seawater and reject brine.
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Despite the development of stratification, some geochemical changes occur also
in the otherwise isolated hypolimnion (lower water mass). This change is due to
the mixing of some of the industrial end-brines into these waters. The addition of
end-brines to the hypolimnion results in increasing density and TDS, some halite
precipitation, decrease in Na/Cl ratio, increase in the Mg/K ratio and decrease in
K concentration (Fig. 5-78).
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Fig. 5-78:

Simulation results of the concentration of K (g/l) and the Mg/K ratio
(mole/mole) in the surface water (1 m) and at a depth of 100 m
(representing the hypolimnion) in the base case and 1000 MCM/yr reject
brine scenarios.
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c)

Impact of inflow of different water volumes (400, 1000, 1500 MCM/yr of
seawater)
The effect of different inflow volumes on the evolution of the lake was examined
by introducing 400, 1000, 1500 MCM/yr seawater to the Dead Sea, starting in
year 2020, as depicted in Fig. 5-79 and Fig. 5-80.
As expected from a simple mass balance of the Dead Sea, an additional 400
MCM/yr are not enough to raise or even stabilize the water level, and the level
continuous to decline, although at a much slower rate than under base case
scenario. Despite this, the upper waters are diluted, long-term stratification
develops and surface density decreases. However, relative to the other scenarios
(1000 MCM/yr and 1500 MCM/yr) this decrease is very moderate. The 350
MCM/yr of natural discharge to the Dead Sea plus the 400 MCM/yr introduced in
2020 are more than the total volume of water evaporating from the surface of the
Dead Sea. Thus, an inflow of a total of 400+350=750 MCM/yr leads to dilution
under the assumed run boundary condition. While the surface waters are diluted,
the industries withdraw brine from the lower water mass at a volume that is in
excess of the total inflow minus evaporation. Thus, the overall water balance of
the lake remains negative, and water level declines. This combination accounts
for the seemingly contradictory behavior of dilution of the surface water with a
declining water level.
In contrast to an inflow of 400 MCM/yr, 1500 MCM/yr leads to a very rapid rise
in water level, which by the year 2056 reaches a level of -400m (at which point
the run ends). The rapid level rise is accompanied by a pronounced dilution and
increased rate of evaporation.
Due to the dilution, halite ceases precipitating from the epilimnion in all runs, but
continues precipitating in minor amounts from the hypolimnion because of
mixing of the end-brines. The input of SO4 in the seawater leads to gypsum
precipitation from the epilimnion, which quantitatively is initially the most
pronounced in the 1500 MCM/yr scenario. As the surface waters are diluted,
gypsum precipitation rate declines and then rises again as dilution become very
high.
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Fig. 5-79:

Simulation results for scenarios of inflows of 400, 1000 and 1500 MCM/yr of
seawater (SW).
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Fig. 5-80:

Simulation results for scenarios of inflows of 400, 1000 and 1500 MCM/yr of seawater
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d)

Changing inflow volume and composition with time
Two scenarios proposed by the World Bank for changing inflow volumes and
compositions were considered (Fig. 5-81 and Fig. 5-82).
"Discharge to the Dead Sea according to the Base Case Plus Scenario.
20% of the desalinated water produced should be calculated as return
used water drainage to the Dead Sea" hereafter termed WB scenario 1.
"Discharge to the Dead Sea according to the Pilot / Modular Construction
Scenario. 20% of the desalinated water produced should be calculated as
return used water drainage to the Dead Sea" hereafter termed WB
scenario -2.
Tables 3-1 and 3-2, respectively, present the exact values of freshwater, seawater
and reject brine for each scenario as a function of time (Sections 3.4.2 and 3.4.3).
Fig. 5-81 and Fig. 5-82 present the run results of the two WB scenarios.
Under WB scenario-1, inflow begins in 2020, declining from 1720 MCM/yr in
2020 to 1320 MCM/yr in 2075. Volume of reject brine rises from 428 MCM/yr to
1039 MCM/yr whereas the volume of seawater declines from 1222 MCM/yr to
111 MCM/yr. Additional freshwater inflow increases from 70 MCM/yr to 170
MCM/yr in 2075. Twenty percent of the desalinated water produced is included in
the scenario as return used water drainage to the Dead Sea.
Following the introduction of massive inflows in 2020, the water level rises
rapidly, reaching -400 m by year 2055. At this point the run terminates.
Stratification develops, water density and TDS decline very rapidly, leading to an
increasing rate of evaporation. Halite precipitates only from the hypolimnion due
to the mixing of end-brines, while gypsum precipitates from the epilimnion due to
the supply of SO4. As massive volumes of seawater and/or reject brine are added
to the epilimnion, Na/Cl rises and Mg/K first stabilizes and then slightly rises due
to the effect of the end-brines on the composition of the highly diluted epilimnion.
Under WB scenario-2, inflow begins in 2015 with 120 MCM/yr of reject brine
plus 20 MCM/yr of freshwater (i.e., return used water). From 2020, an increasing
amount of reject brine and freshwater is added to the Dead Sea with final inflows
of 1039 MCM/yr and 170 MCM/yr of reject brine and freshwater in 2075,
respectively. Twenty percent of the desalinated water produced is included in the
scenario as return used water drainage to the Dead Sea.
The initial inflow volumes of 120 MCM/yr + 20 MCM/yr are not enough to stop
the water level decline, and thus the water level continues to drop, although at a
reduced rate. This inflow volume does not result in stratification, and the Dead
Sea remains monomictic. However, in 2020, when the inflow volume is increased
to 498 MCM/yr (reject brine plus freshwater) stratification develops. At this
stage, this scenario is rather similar to that described for 400 MCM/yr seawater:
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Water level continues to decline, while stratification develops. Water level begins
rising only in year 2050, when inflow exceeds total evaporation (including that of
the industries), which by then has increased by 40% in the Dead Sea due to the
dilution of the surface water.
Massive halite precipitation continues between 2015 and 2020 until the
introduction of 498 MCM/yr which dilutes the surface water, and leads to the
development of stratification. From this stage (year 2020), halite precipitates only
from the lower water mass, due to the mixing of the end-brines. The increasing
volume of reject brine leads to an increased precipitation rate of gypsum from the
epilimnion.
Na/Cl ratio begins to slowly rise in 2020, the rate increasing with time as more
reject brine is discharged into the Dead Sea. Mg/K ratio also rises, indicating that
the impact of the end-brine upon the composition of the epilimnion is still
substantial. The ratio begins declining only in 2060, when the volume of the reject
brine is increased by about 20% to 1039 MCM/yr.
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Fig. 5-81:

Simulation results for the two scenarios proposed by the World Bank (in
Sections 3.4.2 and 3.4.3) for changing inflow volumes and compositions.
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Fig. 5-82:
.

Simulation results for the two scenarios proposed by the World Bank for
changing inflow volumes and compositions
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5.2.2.10

Detailed Dynamices of Stratification
Fig. 5-83presents depth profiles of salinity and Na/Cl ratio for the base case, 400
MCM/yr reject brine, 1000 MCM/yr reject brine, and the two World Bank
scenarios. For each scenario, depth profiles are presented decade on January 1st,
including the last profile from year 2075.

Fig. 5-83: Salinity, and Na/Cl ratio depth profiles for scenarios BC, 400RB, 1000RB, WB1 and WB-2. For each scenario, depth profiles are presented every decade
on January 1st, including the last profile from year 2075.

As discussed above, in all scenarios except the base case, stratification develops
and dilution of the upper mixed layer increases with time. This is evident from the
salinity profiles. The depth of the mixed layer remains rather constant and is
determined by the dynamics of the upper mixed layer. With time, the thickness of
the hypolimnion (lower water mass) decreases while the base of the halocline
deepens, resulting in increasing thickness of the halocline. These changes are due
to the withdrawal of brines from the deep waters by the chemical industries.
The increasing impact of the chemistry of the inflowing reject brine on the
composition of the epilimnion can be appreciated by the increasing Na/Cl ratio
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with time. In contrast, the Na/Cl ratio in the hypolimnion decreases due to the
mixing of end-brine (low Na/Cl ratio) which also leads to halite precipitation.
Fig. 5-84 presents the monthly temperature, salinity and density profiles for year
2050, in the 1000 MCM/yr SW scenario. As can be observed, the long term
decrease in the epilimnion'
s salinity and density is accompanied by seasonal
variation in the temperature. One can follow the cooling of the epilimnion during
the winter months to temperatures below that of the hypolimnion. Overturn does
not take place because of the intensive dilution. In the spring and summer months,
the epilimnion heats up again, and then cools towards the winter.

Fig. 5-84:

5.2.2.11

Monthly temperature, salinity and density profiles from 1000 SW run in year
2050, showing the seasonal cooling and heating of the epilimnion. The
decrease in the epilimnion's salinity and density during one year is relatively
small. The continuous decline is enlarged in the corresponding frames.

Sensitivity Tests
Sensitivity tests were performed by comparing results from the reference scenario
of 1000 MCM/yr inflows of seawater (discussed above), and changing one
parameter each run. The impact of this change was evaluated by comparing the
level, TDS and surface temperature in year 2075, at the end of the scenario.
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Atmospheric variations
Atmospheric variations are evaluated here to cover the measurements
uncertainties and / or expected climate changes (Fig. 5-85). Changing the
incoming short wave (solar) radiation (SWR) by 5% yields a level change at
2075 of 2 m, where higher radiation drives higher evaporation and lower levels.
In accordance, higher radiation yields a denser and hotter surface water (~10
kg/m3 and ~0.4°C, respectively), and less radiation yields a less dense and cooler
brine in the same amounts.
Change in long wave atmospheric radiation (LWR) of 5% yields variations in
level, density and temperature, similar to those described above, but with an even
higher impact (~2 m, 5 kg/m3 and ~0.2°C, respectively).
Variation in relative humidity (RH) by 5% yields the following variations:
higher relative humidity results in lower evaporation and thus higher level, lower
density and lower higher temperature (2 m, 4 kg/m3 and ~0.1°C, respectively).
Lower relative humidity results in higher evaporation and the results are similar
but in the opposite direction, as expected.
Wind speed (Wsp) influences evaporation in the bulk formulas which the model
uses. As expected, increasing the wind speed results in increased evaporation.
Variation of 5% in wind speed results in values similar to those found for the
variations in the relative humidity described above, but in the opposite direction
(lower relative humidity and higher wind speed result in higher evaporation).
Increase in air temperature (Ta) by 2°C will lead to higher evaporation, which
results in a reduced level (~2 m), higher salinity (~5 kg/m3) and higher water
temperature (~1.5 °C). Decrease in air temperature results in the same values but
in the opposite direction.
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Fig. 5-85:

Sensitivity test for atmospheric conditions, all runs are based on 1000
MCM/yr inflows (thick black curve) with a single change indicated in the
legend.
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Inflow variations
Variations in inflows parameters are evaluated in Fig. 5-86.
A variation of 10% in the estimated natural freshwater inflows ( 35 MCM/yr)
results in a level change of ~1.5 m. Lower inflow results in less dilution or higher
salinity (~5 kg/m3). Changing the inflows by 2°C has a minor effect on the results.
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Fig. 5-86:

Sensitivity test for different inflow conditions and light penetration, all runs
are based on 1000 MCM/yr inflows (thick black curve) with a single change
indicated in the legend.
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Light Penetration
Solar radiation penetration into the Dead Sea controls the formation of
temperature layering in the upper layer. The measured light penetration
coefficient and extinction coefficient in the Dead Sea are 0.45 and 0.29,
respectively. The test examined the extreme range between light penetration
coefficient of 0 (all radiation is absorbed in the upper most cell) and 1
(penetration depends on the extinction coefficient only). Extinction coefficient
values that were considered are 0.15 and 0.6 m-1. The variations in the calculated
level for these sensitivity tests were ~ 0.8 m, while salinity and temperature
variations were negligible (< 1 kg/m3 and <0.1°C, respectively).
5.2.2.12

The Role of End-Brine Mixing
Once stratification develops, end-brine distribution in the Dead Sea is not clear.
Mixing between the very dense end-brine and the relatively diluted upper mixed
layer, may result in a mixture that is less dense than the lower water body. Under
such a mixing regime, the end-brine will remain in the upper mixed layer and will
not reach the hypolimnion. It should be recalled that under the present conditions,
the end-brine mixes very intensively upon entrance to the Dead Sea and
identification of "end-brine gravity current" is limited. The traces of end-brine at
the bottom of the Dead Sea, are deduced from temperature, salinity and light
transmissivity differences (Section 5.1.4.3), but the end-brine'
s unique
composition is not recognized, which means that the end-brine component in the
mixture is <1%. Thus, if such mixing occurs with the diluted epilimnion, the endbrines may not reach the hypolimnion.
Because of their high density and salt content, mixing of the end-brines along the
water column is a governing process in the Dead Sea which strongly impacts the
density of the upper mixed layer. In the 1D simulation presented above, the endbrines are assumed to mix evenly throughout the water column (see boundary
conditions above, Sections 5.1.4.1, 5.1.4.2, and 5.1.6.3).
The sensitivity of the model runs to the mode of end-brine mixing was examined
by comparing model runs in which the end-brines are either distributed evenly or
only in the top 20 m. Once stratification develops, runs in which the end-brine is
introduced only in the upper 20 m result in epilimnion that is significantly more
saline than when the end-brine is evenly distributed (e.g., 1000 MCM/yr SW, Fig.
5-87). By contrast, the hypolimnion which receives no dense end-brine, remains
less saline, and maintains its salinity when stratification first develops. The impact
of the end-brine on the evolving chemical composition of the Dead Sea is also
demonstrated in Fig. 5-87. When the end-brine mixes only in the epilimnion, it
strongly buffers the rise in Na/Cl ratio due to the inflowing seawater, while the
hypolimnion maintains its original composition.
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Fig. 5-87: Depth profiles from 1000 MCM/yr RB model run results at year 2075 with endbrine evenly distributed throughout the water column or only at depths up to
20 m.

The distribution of the end-brine in the water column may also determine whether
the lake will remain monomictic or become a meromictic lake. Fig. 5-88 presents
two simulations with 400 MCM/yr reject brine. Slight dilution of the surface
water and initiation of long-term stratification occurs when the mixing is with the
entire water column layer. In contrast, when mixing is limited to the epilimnion,
the increased load of dissolved salts leads to an annual overturn in the autumn due
to cooling. Thus, under such conditions, the present monomictic behavior of the
Dead Sea continues and the salinity of the entire water column rises.
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Fig. 5-88:

5.2.2.13

Simulation results for scenarios of inflows of 400 MCM/yr of reject brine and
same run when the end-brine is mixed only in the upper mixed layer.

Summary
Fig. 5-89 to Fig. 5-95 combine the results of all the World Bank scenarios into
individual enlarged graphs. Several important observations can be deduced:
1)

The largest inflows included in the scenarios (1,500 MCM of seawater and
World Bank Table 3-1) will raise the water level above the acceptable level
(-406 m according to the World Bank).

2)

Largest inflows lead to rapid dilution of the epilimnion to densities <1120
kg/m3, which are well below those measured in the Dead Sea in the past
(<1200 kg/m3).

3)

The response of the Dead Sea to inflow depends upon not only the volumes,
but also upon the dissolved salt content. The salt load introduced into the
Dead Sea with reject brine somewhat buffers the effect of dilution, thereby
resulting in increased salinity relative to the inflow of fresh- and seawater.
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The increased salinity translates into reduced evaporation rates and thus,
higher water levels.
4)

A major unknown in the dynamics of the Dead Sea is the mechanism of
mixing of end-brines in the Dead Sea water column. This needs to be further
explored in the coming years. Under stratified conditions, if the mixing
occurs in the epilimnion, its salinity increases dramatically which results in
decreased evaporation rate and thus increased water levels.

5)

The amount of gypsum that precipitates when the largest inflow volumes are
considered under the extreme scenario (1000 MCM/yr of reject brine), is
two orders of magnitude larger than the current rate of precipitation.
However, this is still lower by more than one order of magnitude compared
with the amount of halite that currently precipitates from the Dead Sea (~0.1
m/yr). The model did not deal with the expected impact of gypsum
precipitation on the Dead Sea surface water and the feasibility for
whitening. This depends upon the kinetics of crystallization and is discussed
separately in Sections 5.1.3 3 and 5.1.8.6, but is not part of the modeling in
this project.

6)

Halite precipitation occurs in the Dead Sea primarily due to the water loss
by evaporation, with a significant contribution from the mixing of the endbrines with the Dead Sea brine. Under current conditions, the precipitation
rate is ~0.1 m/yr, of which ~10% is due to the chemical outsalting which
occurs during mixing of the end-brines in the Dead Sea. Thus, in scenarios
of large inflows (>1000 MCM/yr), when the upper water layer becomes
diluted, halite precipitation reduces by an order of magnitude and is
precipitated only due to mixing with end-brines in the lower water body.

7)

All scenarios with inflow volumes of 1000 MCM, result in densities of the
epilimnion that enable blooming of both Dunaliella and halophilic Archaea
(below 1210 kg/m3) and cyanobacteria (<1145 kg/m3) (excluding the 1000
MCM/yr reject brine scenario, which does not reach the cyanobacteria
bloom threshold).

8)

Stratification of the Dead Sea water column will not leave the hypolimnion
composition unchanged. If some of the very dense industrial end-brines sink
to the hypolimnion, it will lead to halite precipitation, decreasing K
concentration and increasing Mg/K ratio. As a first approximation, the runs
assumed that the volume of end-brine that will mix in the hypolimnion will
be proportional to the volume of the hypolimnion. Sensitivity tests show
that when mixing all the end-brines in the upper mixed layer (i.e., not
allowing them to sink below the halocline), the lower water body remains
unchanged, since it is isolated from the atmosphere by the upper layer. The
epilimnion becomes much saltier, evaporation is lowered, and water levels
rise higher. In the intermediate cases (e.g., 400 MCM/yr) the distribution of
end-brine in the water column dictates stratification. Mixing in the upper 20
m results in annual overturns, whereas uniform mixing along the water
column results in stratification.
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9)

The change in the overall Dead Sea composition between year 2020 and
year 2075, due to the inflow regime represented by the different scenarios
can be appreciated from Fig. 5-95. The figure presents the addition by year
2075, of the masses of dissolved ions introduced to the lake under the
different scenarios. The data is presented as percent weight added to the
existing mass in year 2020, before the onset of inflow. In terms of percent,
the largest addition of several thousand percents, is of SO4 (most of which
precipitates as gypsum). The addition of Na is on the order of several tens of
percent of the mass already present in the Dead Sea in 2020. The addition of
all other ions is on the order of few percents, depending on the ion and the
scenario.

10) The sensitivity tests carried out emphasize the relatively large uncertainty in
the model results due to the uncertainty in the measured data and calculated
or estimated inflows, atmospheric conditions (including possible climate
change) and the mode of mixing of the end-brines.
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Fig. 5-89:

Change with time in Dead Sea water level as calculated for all scenarios.
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Fig. 5-90:

Change with time in Dead Sea surface density as calculated for all
scenarios. Also plotted are the threshold values for potential bloom (algae
and cyanobacteria).
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Fig. 5-91:

Change with time in Dead Sea surface TDS as calculated for all scenarios.
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Fig. 5-92:

Change with time in the Na/Cl ratio of the surface water of the Dead Sea as
calculated for all scenarios.
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Fig. 5-93:

Change with time in the Mg/K ratio of the surface water of the Dead Sea as
calculated for all scenarios.
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Fig. 5-94:

Change with time in the K concentration in the surface water of the Dead
Sea as calculated for all scenarios.

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

183

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study

Fig. 5-95:

Percent of masses of ions added between 2020 and 2075 to the Dead
Seaunder the different scenarios.

5.2.3

2D Model

5.2.3.1

CE-QUAL-W2 for the Dead Sea
The platform for this model is the CE-QUAL-W2 (Cole
Cole and Wells, 2008;
http://www.ce.pdx.edu/w2/ CE-QUAL-W2 is a two-dimensional,
http://www.ce.pdx.edu/w2/).
dimensional, laterally
averaged, finite difference hydrodynamic and water quality model which is of the
most widely used lake and reservoir models in the world and has been applied to
large lake systems,
systems like Lake Erie (Zhang et al., 2008).
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A description of the model set-up is shown below.
The Dead Sea model uses a longitudinal grid spacing of 1 km (largely along
the North-South axis of the Dead Sea) and a vertical spacing of 1 m from the
water surface to -500 m and 2.3 m from -500 m to the grid bottom at about 730 m. The plan view of the grid is shown in Fig. 5-96.
The side view of the grid is shown in Fig. 5-97.
The side view of segment 35, roughly in the middle of the Dead Sea is shown
in Fig. 5-98.

Fig. 5-96:

Grid layout for CE-QUAL-W2 model of the Dead Sea
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Fig. 5-97:

Side view of CE-QUAL-W2 model of the Dead Sea showing vertical layers
for each model segment.

Fig. 5-98:

Segment 35 end view showing layer width as a function of depth
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Unique features of the CE-QUAL-W2 model for the Dead Sea include the
following:
Revised governing equations as a result of compressibility. An uncalibrated
model run compared the assumption of compressibility compared with
incompressibility is shown in Fig. 5-99 and Fig. 5-100 for water level and for
temperature at various depths (Wells, 2009).
Algae and bacterial dynamics as a function of salinity (or density). The model
assumes a Monod type approach for limiting growth as a function of
salinity/density.
Revised thermodynamic constants for the Dead Sea, such as latent heat of
vaporization and specific heat at constant pressure.
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Computed water levels from an uncalibrated CE-QUAL-W2 model using the
incompressible model compared with the compressible model illustrating
differences arising from the assumption of compressibility.
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Fig. 5-100: Temperature predictions at 1 m, 10 m, 20 m, and 30 m for incompressible
and
compressible
model
uncalibrated
CE-QUAL-W2 model.
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5.2.3.2

Boundary Conditions
For the 1993-2001 and 2005-2009 calibration simulations, the flow rates in Table
5-2 were used. They were allocated as follows:
Average value for rainfall was used for each year: 60 MCM/yr. This was
distributed mainly in the months of January, February and March with some
in November, December and April.
Average value for the springs, Arnon and En Fescha were 50 MCM/yr, 60
MCM/yr, and 64 MCM/yr, respectively. These were distributed evenly over
each year.
Then the Jordan River inflow was computed as the total inflow from Table 52 less the rainfall, springs, En Fescha and the Arnon. If the total flow was less
than the average flow rate, then all inflows were reduced by the ratio of the
average yearly flow to the actual yearly flow. This eliminated problems with
negative Jordan River inflows.
The amount of pumping and end-brine discharge from the Israeli and
Jordanian chemical industries was constant at 600 MCM/yr. and 270
MCM/yr, respectively. These volumes though varied monthly based upon the
pattern of pumping in 1998.
The flow rates for the Jordan River, En Fescha, Arnon, and springs are shown in
Fig. 5-101 for 1993-2001. Fig. 5-102 shows the industries'pumping and return
brine flows between 1993 and 2001. The flow rates for the Jordan River, En
Fescha, Arnon, and springs are shown in Fig. 5-103 for 2005-2009. Fig. 5-104
shows the mineral pumping and return brine flows between 2005 and 2009.
The initial chemical composition of the Dead Sea for 2005 on January 1 and for
1993 below 13 m is shown in Table 5-10. Since 1993 was known to have a twolayer system that had not turned over or fully mixed vertically, the initial
condition for January 1, 1993 assumed a less dense layer for the first 13 m of
depth.
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Fig. 5-101:

Assumed inflow rates for the Dead Sea between 1993-2001.

Fig. 5-102: Assumed pumping and discharge from the Israel and Jordan mineral
processing between 1993-2001.
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Fig. 5-103: Assumed inflow rates for the Dead Sea between 2005-2009.

Fig. 5-104: Assumed pumping and discharge from the Israel and Jordan mineral
processing between 2005-2009.
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Table 5-10: Initial Chemical Composition of the Dead Sea for January 1 2005 and for
a depth below 13 m on January 1, 1993.

5.2.3.3

Ion

C molal

Na

1.760635

K

0.223871

Ca

0.500745

Mg

2.132695

Cl

7.166274

Br

0.076754

HCO3

0.005009

SO4

0.002727

Modeling Algae Growth
The algae model and organic matter decay was updated based upon information
on algae and bacterial growth dynamics in the Dead Sea.
In comparison with fresh-water and marine modeling of algal growth dynamics,
algal growth in the Dead Sea was limited not only by dissolved PO4-P, but by
salinity (or density). Bacterial secondary production was also limited by salinity
(or density). According to Oren (current report), the first algae to develop would
be green alga Dunaliella. In the experimental pond research in the Dead Sea,
Oren et. al. (2004) showed that when densities were only 60% of that of the Dead
Sea water, cyanobacteria became dominant. These floated on the surface and were
considered N fixers. Hence, the CE-QUAL-W2 model was adapted to account for
these two algae species.
Bacteria were not explicitly modeled in CE-QUAL-W2, but the decay of the
organic matter was modeled where the decay rates were adjusted by a
salinity/density limitation factor. In the model, the following organic matter
fractions were available for bacterial degradation following the excretion and
decay of organic matter resulting from algae growth: labile dissolved organic
matter (LDOM), refractory dissolved organic matter (RDOM), labile particulate
organic matter (LPOM), and refractory particulate organic matter (RPOM).
The organic matter from the decomposition of algae was assumed to be neutrally
buoyant in the high density Dead Sea environment. If particulate organic matter
was considered neutrally buoyant, then there was no distinction between
particulate organic matter (POM) and dissolved organic matter (DOM).
To account for the impact of density (salinity) on algal growth, a growth rate
limitation model was needed based upon density of the Dead Sea water. Using a
Monod kinetic approach for the salinity/density limitation for the growth rate of
algae and organic matter decay did not provide a clear enough delineation
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between growth and no growth as a function of density. A more precise limiting
function was necessary. A simple linear relationship was used where a halfsaturation constant, KH-rho, and the range of the change in density were specified.
For the case below, KH-rho = 1175 kg/m3 and the delta range, -rho, was given as 50
kg/m3 (this is the range for the growth rate to change by 50%, i.e., to go from 0.5
to 1.0 or from 0.5 to 0.0). Fig. 5-105 shows a comparison of the growth rate
limitation function as a function of density compared with a Monod expression.

Fig. 5-105: Algal growth rate as a function of density showing the Monod formulation
and a simpler linear relationship based upon two parameters – the half
saturation constant and a range of density over which this change occurs.

Data were available from Oren and Shilo (1985) to estimate the variation in
growth rate with Dead Sea density for the green alga Dunaliella. Fig. 5-106
shows the Dunaliella doubling time at a temperature of 25oC with an excess of
PO4-P as a function of density.
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Fig. 5-106: Dunaliella doubling time as a function of density. Data re-plotted from Oren
o
and Shilo (1985) at 25 C with an excess of P.

Converting the doubling time to a growth rate in units of 1/day using
k=ln(2)/(doubling time), the maximum growth rate was about 0.35 day-1. The
maximum growth rate measured during the series of experiments by Oren and
Shilo (1985) though was about 0.43 day-1 (a doubling rate of 1.6 days). For the
CE-QUAL-W2 model, the maximum growth rate of Dunaliella [AG] was set to
0.43 day-1; KH-rho[AHS-RHO]=1210 kg/m3, and -rho [DELTA-RHO]=20 kg/m3.
The comparison of this function and data from Oren and Shilo (1985) is shown in
Fig. 5-107 for Dunaliella, based on the Table 3-1 scenarios.

!

"#$% & ' ($)

Fig. 5-107: Comparison of growth rate limitation function used in Table 3-1 and data
from Oren and Shilo (1985) for Dunaliella.
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As a first approximation Dunaliella were considered to be neutrally buoyant with
no settling velocity. They can still be carried below the surface by turbulent
eddies, but there is no net settling. Hence, the settling rate of Dunaliella [AS], was
set to 0 m/day.
Oren (current report) shows though that cyanobacteria may replace Dunaliella as
the density continues to decrease. For the CE-QUAL-W2 model, the maximum
growth rate of cyanobacteria [AG] was initially set to a growth rate somewhat
greater than Dunaliella at 0.5 day-1 (according to Cole and Wells, 2008, growth
rates of cyanobacteria can vary from 0.07 to over 10 day-1); KH-rho[AHSRHO]=1140 kg/m3, and -rho [DELTA-RHO]=20 kg/m3. The density growth
limitation function is shown in Fig. 5-108 for cyanobacteria. Since cyanobacteria
can regulate their buoyancy, they were given a slightly negative settling velocity
of -0.1 m/d.

Fig. 5-108: Growth rate function for cyanobacteria as a function of Dead Sea density.

In the current model, both algae groups were given an initial concentration of
0.0001 mg/l dry weight biomass and the Jordan River inflow and Dead Sea inflow
algae concentrations were set at a very low number, 0.002 mg/l dry weight
biomass. This allowed for a seed to exist in the system that when conditions were
favorable, algae could grow. Oren (2008) reported that the algae can exist in a
cyst form in the shallows of the Dead Sea. When conditions are suitable, they can
emerge to colonize a new bloom. To avoid this complexity and to provide a seed
when conditions are favorable, the algae seed was added to the inflows.
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5.2.3.4

Model Calibration
In order to ensure that the model reproduces the evaporation processes and
temperature/density processes in the Dead Sea, the model was compared to field
data between 1993 and 2001 and between 2005 and 2009.
The model set-up for 1993 was complicated by the large freshwater inflows that
occurred in 1992/1993. An assumed temperature and density profile was assumed
for January 1, 1993 as shown in Fig. 5-109. Also, the light extinction coefficient
was adjusted for the first two years to account for algae/bacterial growth in the
upper layers. The light extinction coefficient of 0.18 m-1 was used for all years
except the years 1993-1995 when it was adjusted from a high of 0.3 m-1 starting in
1993 and adjusted to the 0.18 m-1 value by 1995. The 0.18 m-1 value was based
upon light attenuation experiments in the Dead Sea performed by the GSI in 2002.

Fig. 5-109: Initial temperature and density structure assumed on January 1, 1993.

Fig. 5-110 shows a comparison of model predictions of water levels for 1993
through 2001. The mean error and absolute mean error in water level predictions
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for 1993-2001 is -0.1 m and 0.12 m, respectively, for a comparison of 109 water
level records. This error is very low especially since the Consultant is using
inflows that are estimates over the nine year period. Only by allowing a less saline
surface water, such as existed in 1993, did the model prediction of water level
agree well with the field data. This initial period of low salinity in the surface
layer allowed for a higher water activity and evaporation.
A comparison of field data and predicted temperatures at 1 m, 10 m, 20 m, and 30
m depths is shown in Fig. 5-111. Table 5-11 shows the model-data error statistics
for temperature between 1993 and 2001. Fig. 5-112 shows a comparison of
temperature profiles taken in 1998 and 1999 to model predictions. The Consultant
is still working on assumed vertical profiles in 1993 and how this affects the
temperatures in the first two years where there are still large differences in model
predictions versus data. Considering the difficulty in reconstructing the boundary
conditions for the Dead Sea between 1993 and 2001, the model does a reasonable
job of matching surface temperatures and many of the dynamics of stratification
after the memory of the 1992/1993 period are lost.
Fig. 5-113 shows a comparison of model predictions to water level for 2005
through 2009. A comparison of field data and predicted temperatures at 1 m, 10
m, 20 m, and 30 m depths for the same years is shown in Fig. 5-114. Table 5-13
shows the model-data error statistics for temperature between 2005 and 2009. In
general, the 2005-2009 year using the same model parameters as the 1993-2001
period, performed well in predicting water level and temperature over this four
year period with surface temperature errors below 1oC.
Considering that the boundary condition data for the major inflows were
estimated rather than measured, the model does well reproducing water levels and
the rate of evaporation and temperatures in the Dead Sea during the two periods
of 1993-2001 and 2005-2009. Often a goal in temperature modeling is to achieve
a mean error of close to 0oC and an absolute mean error close to 1oC or less. In
general, these goals were achieved for temperatures at the surface, 10 m and 30 m
depths. At 20 m depth, in the thermocline, the absolute mean error for temperature
exceeded the goal. This is not unusual since this is in the unstable transition zone
between the surface layer and the deep layer and because the dynamics of this
layer are strongly influenced by the return brine flow, temperature and
concentration, which were also estimated and assumed constant for all the period
of the model simulation. Even at 20 m though, the model predictions for
temperature often show similar trends as the field data. More precise boundary
condition information on the return brines would improve this aspect of the model
calibration.

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

197

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study

Fig. 5-110: Water level comparison between field data and model predictions for 1993-2001.
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Fig. 5-111: Comparison of model predictions and field data of temperature at 1 m, 10 m,
20 m, and 30 m between 1993-2001.
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Table 5-11: Temperature Error Statistics for 1993-2001.
Statistic
Mean error

1m
0.11oC

20 m
0.79oC

30 m
-0.52 oC

0.97 oC

10 m
-0.20
oC
1.07 oC

Absolute
mean error
#
observations

1.77 oC

0.98 oC

217082

194555

205296

209262

Table 5-12: Temperature error statistics for 1998 after starting the model in 1993.
Error

# of
observations

1m

6m

10 m

20 m

30 m

Mean error

25657

0.25 oC

0.11oC

0.09 oC

1.69 oC

-0.778 oC

Absolute
mean error

25657

1.02 oC

1.06oC

0.95 oC

2.22 oC

1.09 oC

Fig. 5-112: Comparison of temperature profiles with model predictions for 1998 and
1999 after starting model in January 1, 1993..
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Fig. 5-113: Water level comparison between field data and model predictions for 20052009.
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Fig. 5-114: Comparison of model predictions and field data of temperature at 1 m, 10 m,
20 m, and 30 m between 2005-2009.

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

202

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
Table 5-13: Temperature Error Statistics for 2005-2009.
Statistic

1m

10 m

20 m

Mean error

-0.03oC

-0.12 oC

1.74oC

0.87oC

0.75 oC

2.36 oC

0.87oC

88755

99396

115873

72874

Absolute
mean error
#
observations

5.2.3.5

30 m
0.29oC

Testing of Algae Growth Model
In order to illustrate the functioning of the algae model with a density dependent
growth rate, a simulation was made evaluating the input of a large inflow or flood
of fresh water from the Jordan River on between Julian day 120 and 150. Using
just the Dunaliella group, Fig. 5-115 shows the spike in algae biomass once the
density is lowered by the flood inflow. The increases in density are a result of
evaporation of the fresh water inflow.
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Fig. 5-115: Algal growth of Dunaliela in the Dead Sea after input of Jordan River flood
waters over the period Julian day 120-150 at the near surface, 10 m, 20 m
and 30 m below the surface.

Fig. 5-116 shows the available PO4-P at 1 m, 10 m, 20 m, and 30 m following the
flood of Jordan River water. Since P is the limiting nutrient for algal growth, P
levels dropped as algal growth occurred.
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Fig. 5-116: Available P for algae growth in the Dead Sea after input of Jordan River
flood waters over the period Julian day 120-150 at the near surface at the
surface, 10 m, 20 m, and 30 m below the surface. The Jordan River had an
inflow PO4-P concentration of 0.03 mg/l compared to the initial condition of
0.015 mg/l in the Dead Sea.
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5.2.3.6

Model Scenario Simulations
The model was initially set-up for the simulations that included scenarios with noaction, with Red Sea inflow, and with desalination brine rejected into the Dead
Sea (as described in Section 3.4).
A coarse grid model of the Dead Sea using CE-QUAL-W2 was developed to test
the model scenarios. The coarse grid model also gave good calibration results and
was used to evaluate the scenarios. An advantage of the coarse grid model is the
simulation time. The coarse grid model takes about two to three hours to run from
2010 to 2075; whereas the fine grid model takes about eight days. The coarse grid
model has six active longitudinal segments with the same vertical resolution as
the fine grid model. The longitudinal segments varied in length from 27 km to 4
km and are shown in Fig. 5-117.

Fig. 5-117

Layout of the coarse grid model.

Using the coarse grid model, eight runs were made:
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Base case – no action.
400 MCM inflow from the Red Sea (southern inflow).
1000 MCM inflow from the Red Sea (southern inflow).
1500 MCM inflow from the Red Sea (southern inflow).
400 MCM inflow from the Red Sea (northern inflow).
1000 MCM inflow from the Red Sea (northern inflow).
WB-scenario 1 (based on a scenario proposed by the World Bank as shown in
Table 3-1).
WB – scenario 2 (based on a scenario proposed by the World Bank as shown
in Table 3-2).
The water level and density of the surface layer between 2010 to 2075 are shown
in Fig. 5-118 and Fig. 5-119, respectively, for the base case compared with the
Red Sea and desalination inflow to the southern basin, segment 3 in Fig. 5-120.
The inflow location is the southernmost lobe on the Jordanian side of the Dead
Sea. Temperature of the surface layer between the base case and 400 MCM/yr
Red Sea inflow is shown in Fig. 5-120. Temperature of the surface layer between
the base case and 1000 MCM/yr Red Sea inflow is shown in Fig. 5-121.
Comparing a southern inflow to a northerly inflow (located at the Jordan River
segment 3) of Red Sea water, Fig. 5-122 and Fig. 5-123 show the surface
densities for 400 MCM/yr and 1000 MCM/yr, respectively. Comparing the effects
of a northerly and a southerly inflow of 1000 MCM/yr from Red Sea, densities at
30 m and 70 m are shown in Fig. 5-124 and Fig. 5-125, respectively. The
differences in density are related to different water levels predicted for the
northern and southern inflow locations as shown in Fig. 5-126.
These results show that:
Water levels will stabilize when Red Sea inflows are close to 1000 MCM/yr
Surface density will continue to increase with the no-action alternative and
even with 400 MCM/yr of Red Sea inflow. At 1500 MCM/yr inflow, surface
densities decrease. How these inflows affect surface densities are very much
dependent upon the initial mixing of the Red Sea water and the Dead Sea.
This will be explored in more detail with the fine grid model in the future.
Surface temperatures will decrease as more Red Sea water is introduced. For
the 1000 MCM/yr Red Sea inflow, temperatures were up to 5oC cooler in the
winter and 2oC cooler in the summer compared with the base case.
The model predicts that the location of the inflow, either at the southern lobe
of the Dead Sea in Jordan or at the northern side of the Dead Sea near the
Jordan River inflow, will affect the density regime of the Dead Sea. These
results are preliminary generally, densities at the center of the Dead Sea will
be higher if the inflow comes into the southern part of the Dead Sea. This
occurs because the model predicts that the northerly inflow mixes more with
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the Dead Sea than the southerly inflow. With more initial mixing of the
inflow, there is less evaporation than from the northerly inflow and hence a
higher water level.

Fig. 5-118: Water level predictions between 2010-2075 for base case compared with
Red Sea inflows of 400, 1000, and 1500 MCM/yr.
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Fig. 5-119: Surface density predictions at segment 3 between 2010-2075 for the base
case compared with Red Sea inflows of 400, 1000, and 1500 MCM/yr added
to the Dead Sea in the south.
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Fig. 5-120: Surface temperature predictions at segment 3 between 2010-2075 for the
base case compared with the Red Sea inflow of 400 MCM/yr added to the
southern Dead Sea.
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Fig. 5-121: Surface temperature predictions at segment 3 between 2010-2075 for the
base case compared with the Red Sea inflow of 1000 MCM/yr added to the
southern Dead Sea.
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Fig. 5-122: Comparison of surface densities at segment 3 of the Dead Sea for 400
MCM/yr of Red Sea inflow added at the north and at the south.
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Fig. 5-123: Comparison of surface densities at segment 3 of the Dead Sea for 1000
MCM/yr of Red Sea inflow added at the north and at the south.
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Fig. 5-124: Comparison of densities at 30 m depth at segment 3 of the Dead Sea for
1000 MCM/yr of Red Sea inflow added at the north and at the south.
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Fig. 5-125: Comparison of densities at 70 m depth at segment 3 of the Dead Sea for
1000 MCM/yr of Red Sea inflow added at the north and at the south.
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Fig. 5-126: Comparison of water levels in the Dead Sea assuming 1000 MCM/yr inflow
of Red Sea water at the south and north locations.
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5.2.4

3D Model

5.2.4.1

Background
The latest 3D version of the Princeton Ocean Model (POM2K) (Blumberg and
Mellor, 1987) was adapted to conduct preliminary simulations of the Dead Sea
circulation under present conditions. Due to the unique properties of the Dead Sea
water (nearly ten times more saline than that of seawater), adaptation of the model
required replacement of the standard equation of state, which is valid only for
fresh and seawater with salinities of ~40 or less, to an appropriate equation fitted
for the extreme salinity of the Dead Sea. Presently, the code does not consider the
chemical composition of the Dead Sea (Section 5.2.1), thus the Consultant
initially adopted the linearized equation of state (EoS) derived by Anati (1997) for
the Dead Sea, which depends only upon small deviations of salinity and
temperature around the mean values of 20°C and 277 g/kg. In the final
simulations, which include various amounts of reject brine discharge, the
Consultant adopted the polynomial EoS derived by Gertman et al. (2010), which
is applicable for a wider range of salinities. The implementation of the chemically
based equation of state by Krumgalz (2001) (Section 5.2.1), is beyond the scope
of this project.
The model utilized hydrographical and meteorological data, as presented in
Sections 5.1.4.2 and 5.1.4.4, to create initial conditions and surface forcing fields.
To establish the baseline performance of the three dimensional model, the results
were qualitatively compared to the observed profiles of temperature and salinity
in order to assess the model'
s ability to simulate the seasonally varying vertical
structure and stratification of the Dead Sea. The primary focus was to assess the
model'
s ability to maintain the sharp, step-like structure of the pycnocline in
summer.

5.2.4.2

Revision and Adaptation of the Model
The first step in running the model is to define the model domain, grid, and
bathymetry. Following the preliminary work conducted by Gavrieli et al. (2003),
the model uses a grid with a resolution of 1 km and bathymetry digitized from
Hall (1996) as shown in Fig. 5-127.
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Fig. 5-127: Model Domain, Grid, and Bathymetry

In their first assessment of the three dimensional version of POM, Gavrieli et al.
(2003) found what appeared to be significant errors in the model results, which
they attributed to the "pressure gradient problem" that is known to occur over
steep topography in sigma coordinate models (e.g., Ezer et al., 2002). They
subsequently abandoned the standard version of POM, and continued to test the
alternative z-coordinate version. Since then, various upgrades and improvements
have been introduced into POM, and additional procedures have been
recommended for reducing the pressure gradient error. Therefore, it was decided
to reassess the use of the sigma coordinate version of POM.
The pressure gradient force must be computed on level surfaces, but in sigma
coordinate models it is computed as the difference between two terms: a) the
gradient computed on sigma surfaces, and b) a correction term to account for the
slope of the sigma surfaces. Over steep topography, these two terms are large and
of opposite signs. This potentially can introduce significant errors which may
create artificial velocities. One of the most effective remedies for removing the
majority of the associated truncation errors is to subtract a domain mean profile
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from the density field. In this case, the pressure gradient is computed based upon
the much smaller deviations from this mean profile (e.g., Mellor et al., 1998). An
additional procedure is to smooth the topography so that the bottom slope
between adjacent grid points does not exceed a predetermined critical value. Both
of these methods have been implemented for the subsequent assessment of the
model.
For all development and simulations presented in this report, the model was
configured with 50 unequally spaced sigma layers with closer spacing in the
surface layer. Nine layers are located within the upper 10% of the water column.
In the deepest part of the lake, these levels correspond to 0.04, 0.21, 0.72, 2.3, 6.8,
13.8, 20.8, 27.8, and 34.6 m, respectively. An example of the vertical grid along a
north-south section of the Dead Sea is shown in Fig. 5-128.

Fig. 5-128: Vertical grid (sigma levels) along a north-south cross section (for clarity
approximately one half of the levels are not shown)
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5.2.4.3

Model Calibration
The first step in calibrating the model was to repeat and refine the no forcing
simulations of Gavrieli et al. (2003) in order to assess the potential impact of the
sigma problem. In these experiments, the wind and surface heat fluxes were set to
zero, and the entire domain was initialized with the same temperature, salinity,
and density profiles at all grid points. In principle, this should ensure that there are
no horizontal gradients in the initial conditions. However, an artificial pressure
gradient may develop due to the method of computing it in sigma coordinates.
Both summer and winter temperature profiles, typical of the Dead Sea, were used.
To avoid any additional complications that might arise from switching the
equation of state to the Dead Sea version, these initial tests were run with a
constant salinity of 40 g/kg, which is at the upper end of the oceanic range of
values and with standard equation of state for seawater. The winter case was
trivial, since the water column was well mixed and both temperature and salinity
were constant. The temperature at all points was therefore set to 24°C. The exact
solution in this case was for the system to remain at rest with no changes in
temperature and salinity. After 40 days, the maximum error (i.e., artificial current
induced by the sigma grid) was 0.14 cm/s and the average error was 0.03 cm/s.
According to the measurements presented in Section 5.1.4.4, the average current
speed in the Dead Sea is ~5 cm/s which is more than two orders of magnitude
larger than the average model error. The volume integrated potential temperature
and salinity remained constant throughout.
The next test was to use an initial temperature profile typical of summer. A simple
exponential profile varying between 33°C and 24°C in the deep water, as shown
in Fig. 5-129 was used. The sigma induced errors were acceptably small. The
maximum error after 30 days was 3.5 cm/s whereas the average error was only
0.29 cm/s. It should be noted that the maximum error was an instantaneous value
at a single point. As a final test, an exponential salinity profile, varying between
42 g/kg at the surface and 40 g/kg in the deep layers, was introduced. A difference
of 2 g/kg between the surface and the deep water is typical for the Dead Sea in
summer. The resulting sigma errors were somewhat smaller than for the isohaline
case. Here the maximum error was only 0.025 m/s and the average error was
0.002 m/s. Thus the salinity profile partially offset the errors in the pressure
gradient force introduced by the temperature profile. In all of the summer
simulations, the model was able to properly maintain the stratification. These
results were deemed to be acceptably small to allow the Consultant to proceed
with further model assessment.
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Fig. 5-129: Summer profile used for preliminary tests of the model

The next step was to replace the standard equation of state with an equation
relevant to the hypersaline conditions of the Dead Sea. For this purpose, the
simple linear equation proposed by Anati (1997) was adopted:
= 1235 +0.4309 (T-20) – 0.936 (S-277).

In addition, the expression for potential temperature in the model was replaced
with one appropriate for the Dead Sea. For this, the constant adiabatic lapse rate
determined by Steinhorn (1985) was used. The experiments without surface
forcing were then conducted using the same temperature profiles as described
above, but now with Dead Sea salinity profiles – a constant of 278 g/kg in winter,
while in summer the salinity varied exponentially from 280 g/kg at the surface to
278 g/kg in the deep water. The sigma-induced velocity errors in this case were
similar in magnitude to those described above. However, when the evolution of
the temperature and salinity profiles were checked, it was found that within a few
days the water column was completely mixed vertically, even during the stratified
period in summer. Further investigation revealed the source of this problem to be
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in the turbulence closure scheme of the model. A slight modification was made in
which the pressure effect was eliminated from the computation of the vertical
eddy viscosity. After resolving this issue, a final test was conducted in which
stratified initial conditions were specified as a step-like temperature profile,
resembling the measurements of Gertman and Hecht (2002). This profile, shown
in Fig. 5-130, consists of a surface mixed layer extending to a depth of 25 m with
a temperature of 34°C followed by a sharp, linear thermocline from 25 m – 30 m
with a temperature drop of 10°C, and an isothermal layer below 30 m with a
temperature of 24°C. The corresponding salinity profile consists of an isohaline
surface layer with a salinity of 280 g/kg, a linear halocline between 25 m – 30 m,
and an isohaline layer below 30 m with a salinity profile of 278.

Fig. 5-130: Summer profile of temperature initial conditions

At the end of a 40 day simulation with no surface forcing, the model was able to
maintain the step-like vertical structure. The maximum velocity error at any single
point was 0.04 m/s near the surface while the basin mean error was less than
0.004 m/s.
5.2.4.4

Model Runs and Results – Present Conditions
The results presented here are from a series of short term simulations of 10 days
duration. The main goal was to provide some preliminary insight into the three
dimensional structure of the circulation. Thus, the focus was mainly on idealized
process studies, since no detailed three dimensional data are presently available.
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The primary process studied was the role of wind forcing. By limiting the
duration of the simulations, it was possible, as a first approximation, to neglect the
surface heat fluxes. Idealized wind fields were constructed based upon the
climatological data presented in Section 5.1.4.3 of this report. From Fig. 5-132, it
is clear that the winds over the Dead Sea blow mainly from the north with a
nearly sinusoidal diurnal cycle with the strongest wind just after midnight and the
weakest winds in the early afternoon. Assuming a mean wind speed of ~ 4.5 m/s,
the simple expression:
W = 4.5 + 2.5 cos (2* *n/ 24) m/s

where W is the wind speed and n is the hour of the day, was used to generate the
time series. It was assumed that the direction was always northerly. Initial
conditions were specified based on constant temperature and salinity profiles
(winter) or the stratified, step-like profiles (summer) described above. Every grid
point was initialized with the same profile.
Fig. 5-131 shows the daily mean currents at 5 m on the tenth day of the winter
simulation. The flow is mainly southward in direct response to the wind forcing.
The typical mean current speed is 5 cm/s. During the periods of maximum wind
speed a similar southward flow appears in the near-surface currents (figure not
shown) with a rise in the sea level towards the south. Both the southward flow and
sea level rise are direct responses to the wind. During periods of minimum wind
speed, the surface slope relaxes and a weak northward return flow develops.
Typical current speeds are 12 cm/s during periods of southward flow and 2 cm/s –
3 cm/s during periods of northward flow, which is consistent with the
measurements presented in Section 5.1.4.4. This pattern repeats itself every day
with a clockwise rotation of the current vector during the diurnal cycle as depicted
in Fig. 5-132. Since both the temperature and salinity are constant in this
simulation, no contours are presented. The simulated speeds are in accordance
with the measured value (Section 5.1.4.4).
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Fig. 5-131: Daily mean currents at 5 m on the tenth day of the winter simulation
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Fig. 5-132: Diurnal cycle of the currents at 5 m near the center of the Sea for Days 6
and 7 of the winter simulation

The stratified summer season is much more interesting dynamically since
temperature and salinity variations allow for the development of additional
circulation features not seen in winter. In order to fully appreciate the circulation
that develops, it is important to recall that the initial conditions are horizontally
uniform. Fig. 5-133 shows the daily mean velocity vectors and temperature at 5 m
on the fifth day of the simulation. The southward flow over most of the lake
resembles the winter surface pattern. The constant wind direction leads to a
southward transport of near surface water, and a rise of the surface level along the
southern end of the lake. Mass balance requires weak downwelling in the south
and weak upwelling in the north, which is reflected by the slightly higher
temperatures in the south. The temperature contrast is only a few tenths of a
degree. This pattern, which is indicative of southward advection, is remarkably
similar to the flow direction and timing inferred from the remotely sensed
measurements of TSM (Section 5.1.5.2).
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Fig. 5-133: Daily mean currents and temperature at 5 m for the summer simulation after
five days.

After an additional five days of wind forcing, the southward flow continues. The
southwest to northeast temperature gradient strengthens slightly as seen in
Fig. 5-134, which shows the circulation at Day 10. The warmer water continues to
pile up at the southern end of the lake, but even here the south to north
temperature contrast is less than one degree. This indicates that the model is able
to maintain the vertical structure and the clear separation between the upper and
deeper layers.
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Fig. 5-134: As in Fig. 5-133, except at Day 10.

Below the pycnocline, the flow is much weaker and no longer reflects a direct
response to the wind forcing as shown by the current measurements presented in
Section 5.1.4.4. Fig. 5-135 shows the daily mean velocity field at 50 m on Day
10. In contrast to the upper layer circulation, here the pattern consists of a weak
cyclonic gyre that extends from the north to the south with a hint of some smaller
scale eddies at the northern and southern ends of the lake.
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Fig. 5-135: Daily mean currents for the summer simulation at 50 m after 10 days.

Considering the diurnal cycle in summertime, during periods of maximum wind
speed, the instantaneous flow is mainly southward (Fig. 5-136) whereas during
periods of minimum wind speed, a weak northward return flow develops
primarily along the eastern boundary (Fig. 5-137). There is also a hint of several
smaller scale eddies, most noticeably in the northeast. This is in contrast to the
winter where a weak northward flow appears across the entire width of the lake.
At 50 m, the diurnal cycle is not discernable, and the flow throughout the day
consists of a general cyclonic gyre similar to the daily mean currents, as shown in
Fig. 5-137.
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Fig. 5-136: Instantaneous currents at 5 m after 168 hr in the summer (period of
maximum wind speed)

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

229

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study

Fig. 5-137: As in Fig. 5-136 except after 180 hr (period of minimum wind speed)

In order to demonstrate the ability of the model to maintain the sharp, steplike
thermocline, halocline, and pycnocline in the summer, in Fig. 5-138 the
Consultant shows the vertical profiles of potential temperature, salinity, and
density from a grid point near the deepest part of the lake at the end of the 10 day
wind-driven simulation. The model does a remarkable job of maintaining the
steplike structure of the vertical profiles even after 10 days of simulation. As
might be expected in a pure wind forcing case, the base of the mixed layer shows
some signs of eroding due to the turbulent mixing generated by the wind and the
shear instability at the transition from the mixed layer to the pycnocline.
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5
Fig. 5-138: Vertical profiles of potential temperature, salinity, and density anomaly after
10 days for the wind-driven summer simulation.

5.2.4.5

Scenarios – Short Term Simulation
The Consultant concludes this section with some preliminary simulations of the
summer and winter circulations with various amounts of reject brine discharged
into the southeastern bay of the Dead Sea. It should be recalled that the 3D model
is not meant, at this early stage of development, to provide long term simulations
of the evolution of the Dead Sea. Rather it may provide insights on the circulation
pattern and the spreading of the diluted plume under the different scenarios. As
such, the 3D model runs do not simulate the long term development of
stratification, which must be based on the 1D and 2D models. However, if a
particular run stabilizes within the 10 days, one may conclude that wide spread
stratification will not develop. As will be shown below, this will happen only
when inflow volumes are small. Runs with high inflow volumes yield snapshots
of propagating fronts of the plumes, which may eventually build up to
stratification of the entire lake.
The experimental setup is similar to that of the wind-driven simulations presented
above. The initial conditions are the same as those described previously. The wind
has the same sinusoidal diurnal cycle except the mean speed has been increased to
6 m/s and the amplitude of the variations has been increased to 4 m/s. Thus, the
nighttime wind is stronger, but the minimum daytime wind is the same as in the
previous simulations. Also, since the model does not yet include surface energy
fluxes, a nighttime surface cooling flux was approximated by nudging the surface
temperature to values that were up to 2°C cooler than the daytime maximum.
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These modifications (higher wind speed and surface cooling) enhance vertical
mixing of diluted surface layers, such as the mixed reject brine. An additional
effect that would enhance the mixing of the brine is evaporation which increases
the surface salinity and density and decreases surface temperature. This process
was not included here, since this is a longer term effect that is felt on time scales
longer than the simulation period of 10 days.
The salinity of the reject brine is assumed to be roughly twice that of Red Sea
water, and is therefore set at to a constant value of 82 g/kg. It is discharged into
the surface (upper 0.5 m of the water column) and assumed to instantaneously
mix with the Dead Sea water in the relevant grid boxes (1 km X 1 km X 0.5 m).
This dilution can lead to a lowering of the surface salinity (and density) of the
Dead Sea brine by as much as 10 g/kg – 12 g/kg. The equation of state used above
is valid for a very narrow range of salinity fluctuations around the means value of
277 g/kg, and therefore is not strictly valid for the larger dilutions introduced in
these experiments. Therefore, the equation of state for these simulations was
replaced by the equation suggested by Gertman et al. (2010) which is valid for
much larger ranges of salinities than the equation of Anati (1997). The equation is
a six term polynomial containing linear and quadratic terms.
Four scenarios were run for 10 days. Present conditions, 100 MCM/yr, 400
MCM/yr and 1000 MCM/yr of reject brine.
In Fig. 5-139, the Consultant shows a comparison of the results from the last day
(Day 10) of the summer simulations for two cases: a) the control run with no
reject brine (upper row), and b) a discharge of 100 MCM/yr (bottom row). The
results are shown for salinity (colored contours) and the velocity vectors at a
depth of 1 m below the surface.
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Fig. 5-139: Salinity and current vectors at 1 m below the surface on Day 10 for the
summer simulations with the reject brine discharge. Rows are the different
discharge amounts (control and 100 MCM/yr) and columns are at different
hours during the day. Color bar is the scale for salinity contours (g/kg),
current intensity vectors are proportional to the length of the arrow at the
right side of the figure. Coordinates are Israel Grid (old).

The control run results (upper row) are similar to the results shown previously.
The upper layers of the water column are strongly influenced by the wind forcing.
During the period of maximum wind at night, the flow is quite uniform across the
lake and consists of relatively strong flow to the southwest. During the afternoon,
when the wind is weakest, the surface slope relaxes, and a weak northward return
flow develops in the southern part of the lake. In the 100 MCM/yr case (lower
row), the diluted water remains mainly within the southeastern bay where it is
discharged. Lowest salinities are found near the discharge site in the late
afternoon and early evening. During this time the winds, which induce the vertical
turbulent mixing, are weak, and a northward flow develops. The lowest values of
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salinity are around 276 g/kg as compared with the background surface value of
280 g/kg specified in the initial conditions.
Fig. 5-140 shows a comparison for the higher discharge volumes of 400 MCM/yr
(upper row) and 1000 MCM/yr (lower row). In the 400 MCM/yr case, the
influence of the reject brine is much more pronounced than in the 100 MCM/yr
case. Here the lower salinity water is noticeable throughout the day. From
midnight to early morning, the diluted water stays within the southeastern bay due
to the strong northerly winds. By early afternoon, when the winds are weakest, a
strong northward outflow from the bay develops leading to the subsequent
spreading of the lower salinity water. By early evening, the water has spread out
of the bay with a very clearly defined salinity front marking its northern
boundary. The lowest near-surface salinity near the discharge site is around 268
g/kg. Throughout most of the lake, the overall impact of the discharge is
negligible, except in the immediate vicinity of the discharge site, and around the
salinity front which defines the northern boundary of the diluted water. In the
1000 MCM/yr case, the diluted water is no longer confined to the southeastern
basin where it is discharged. It continues to spread northward, but also turns
southwestward, eventually spilling over into the southwestern basin. As in the
other cases, here too, the signal of the low salinity discharge is most prominent in
the late afternoon during the period of weak winds. The lowest salinity appears
slight south of the discharge, and drops to a value of 260 g/kg.
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Fig. 5-140: As in Fig. 5-125, except for reject brine discharges of 400 MCM/yr (upper row)
and 1000 MCM/yr (lower row).

Fig. 5-141 presents the surface salinities of the three reject brine scenarios at Days
4, 6, 8 and 10 at the same hour, 16:00 local time, each day. It can be seen that the
100 MCM/yr run reaches steady state conditions within a few days and there is no
propagation of the plume away from the immediate vicinity of the discharge. In
contrast, the figure exhibits the propagation of the plume formed by the 1000
MCM/yr reject brine, which in the long run will form the mixed layer. This
configuration suggests that the southeastern corner will maintain lower salinities
even when such stratification develops. The lower salinity in this area also implies
a higher potential for blooming. The 400 MCM/yr, which according to the 1D
model may develop stratification (depending upon the depth of end-brine mixing),
is a mid-case in term of propagation of the plume.
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Fig. 5-141: Salinity and current vectors at 1 m below the surface at days 4, 6, 8 and 10
for the summer simulations with the inflow volumes of 100, 400 and 1000
MCM/yr (upper, middle and bottom rows, respectively) of reject brine. Color
bar, current intensity vectors and coordinates are same as Fig. 5-140.

In order to assess the vertical distribution of the water properties, in Fig. 5-142 the
Consultant shows the vertical profiles of the potential temperature, the salinity,
and the density anomaly for the four simulations, taken from a point that is
located 2 km north of the discharge location (indicated in the lower right map of
Fig. 5-139).
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Fig. 5-142: Vertical profiles of potential temperature, salinity, and density anomaly on the
afternoon of Day 10 for summer simulations, taken from a point located 2
km north of the discharge. Legend numbers denote annual volumes of reject
brine inflows.

Upon comparing the control run (red profiles) with the results shown in Fig.
5-140, it is clear that the wind-generated turbulence is more effective in eroding
the base of the mixed layer and the thermocline, due to the stronger average wind
in this case. In the 100 MCM/yr case (green profiles), a weak signal can be seen
in the near surface salinity which is reduced by 1 g/kg. Due to its slightly lower
density, the diluted water remains near the surface. Its signal completely
disappears by 3 m. In the 400 MCM/yr case (blue profiles), the diluted water still
remains near the surface, but the signal is much more pronounced with the lowest
value reaching 269 g/kg, completely disappearing by ~12 m. In the 1000 MCM/yr
case (orange profile), the near surface salinity drops to 251 g/kg, but its signal
weakens rapidly with depth and disappears by ~12 m.
In Fig. 5-143 and Fig. 5-144, the Consultant shows a comparison of the results
from the last day of the winter simulations for the same four cases presented for
the summer: a) the control run with no reject brine (Fig. 5-143, upper row), b) a
discharge of 100 MCM/yr (Fig. 5-143, lower row), c) a discharge of 400 MCM/yr
(Fig. 5-144, upper row), and d) a discharge of 1000 MCM/yr (Fig. 5-144, lower
row).
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Fig. 5-143: As in Fig. 5-139, except for the control and 100 MCM/yr winter simulations.

The initial conditions for these simulations consist of uniform profiles of
temperature and salinity. Therefore, any external forcing is expected to affect the
entire water column. In the control run (Fig. 5-143, upper row), the near surface
currents rotate clockwise throughout the diurnal cycle. This is indicative of a
simple sloshing of the water back and forth in response to the wind set up at night
and relaxation during the day. These results are qualitatively similar to the winddriven simulations described previously. The main difference is that now the near
surface currents are stronger. In the 100 MCM/yr case (Fig. 5-143, lower row),
the diluted water near the surface in the southeastern bay has a weak signal
throughout the day that is only 3 g/kg less than the background value. In the
summer simulations, the diluted water is typically 4 g/kg fresher than the
background. The weaker signal in winter is due to the lack of stratification which
allows the reject brine to mix over a much deeper layer.
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Fig. 5-144: As in Fig. 5-129, except for the 400 MCM/yr and the 1000 MCM/yr winter simulations.

The horizontal spreading in winter is also more effective, and it is even possible
to see some weak effects on the circulation in the southern part of the main basin.
In the 400 MCM/yr case (Fig. 5-144, upper row), the influence of the spreading of
the diluted water on the circulation in the southern part of the basin is most
noticeable, especially in the afternoon and the evening. In contrast to the summer,
here there is some indication of spreading of the diluted water to the southwest. In
the summer, the persistent southward transport of high salinity surface water leads
to downwelling at the southern end of the lake. This leads to an increase of near
surface salinity which partially offsets the lower salinity signal of the spreading
plume. In the 1000 MCM/yr case, the signal of the diluted water is much stronger
than the 400 MCM/yr case, as in the summer simulation. The northward outflow
of the diluted water from the southeastern bay clearly affects the near surface
circulation across the entire southern third of the lake. Also as in summer, the
diluted water shows signs of spreading into the southwestern bay.
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The corresponding winter profiles at the location 2 km north of the discharge site
are shown in Fig. 5-145. The diluted water remains mainly within the upper 3 m
and by 10 m its signal has disappeared in all three of the reject brine discharge
scenarios (100 MCM/yr, 400 MCM/yr, and 1000 MCM/yr cases). The dilution of
the upper layer in winter is slightly weaker than in summer, since due to the
weaker stability of the water column, the reject brine can mix through a deeper
layer.

Fig. 5-145: As in Fig. 5-128, except for the four winter simulations

In conclusion, the Consultant must emphasize that the results shown for the
spreading of the plume of reject brine mixtures are very preliminary. The
simulations are of relatively short duration (10 days), and do not include other
external forcing, such as evaporation and full heat and mass balances.
Furthermore, the calibration of the model is qualitative only. Nevertheless, the
current speeds are comparable with the measured values (see Section 5.1.4.4).
The model also predicts a piling up of water in the southern bays, which in
summer is expressed in terms of higher SST, which is similar to the patterns
revealed by the remotely sensed data presented above (see Section 5.1.5.4). The
amount of reject brine in the 100 MCM/yr case is comparable with the amount of
fresh water introduced by the spring at En Fescha (see Section 5.2.4). Winter time
observations from that area indicate that the signal of the fresh water mixes very
intensively forming a faint plume (with dilutions of no more than 1:400) which
spreads up to a few hundred meters from the springs'outlets (see Section 5.3).
This indicates that winds, surface cooling, and currents are sufficient to mix the
fresh water. The results from the 100 MCM/yr reject brine simulations show that
the fresher water layer is undetectable at a distance of slightly more than 2 km
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from the outlet. Thus, here too the normal mixing processes at work in the lake
are sufficient to mix the reject brine with Dead Sea brine. Thus the 100 MCM/yr
are a good approximation of steady state conditions. On the other hand, in the 400
MCM/yr and 1000 MCM/yr simulations the more diluted layer of reject brine is
not fully mixed by wind, cooling and current induced turbulence. Consequently,
the lower salinity water retains its identity as it continues to spread to the north
and to the west. Thus, these simulations reflect only the initial spreading of the
reject brine immediately after the discharge is turned on. It is likely that longer
term simulations with the higher discharge rates will indicate that the reject brine
spreads northward through most of the lake. As additional data become available,
future work should focus on quantitative model calibration and verification,
inclusion of additional external forcing, and longer term simulations.

5.3

Insights to be Gained from a Pilot

5.3.1

Background
A smaller-scale project (pilot) was proposed by the World Bank and Coyne et
Bellier (COB). According to the World Bank and COB, such a pilot will serve
two purposes:
a)

It would facilitate a modular and controlled development of the full-scale
project, thereby allowing a better appreciation of its impact on the Dead
Sea.

b)

It could be used as a calibration reference for the Dead Sea models, to verify
their ability to simulate the full-scale project.

A case study of similar inflow volume to that of a pilot exists today at the outlet
of the En-Fescha springs to the Dead Sea. The Consultant undertook, on its own
initiative, to study the mixing regime there as a case study for the future pilot.
5.3.2

The En Fescha Case Study
The En Fescha spring system is currently the single largest source of natural
inflow into the Dead Sea, discharging some 70 MCM/yr of fresh (or brackish)
water through a series of springs along ~1 km of shoreline. This volume is over
one-half the volume of the proposed Phase 1 in World Bank Scenario 2 –
140 MCM/yr between the years 2015 and 2020, and close to the proposed pilot of
~100 MCM/yr. Remote sensing of the sea surface temperature (SST) in the bay to
which the En Fescha springs discharge reveals an occasional (i.e., not permanent)
thermal anomaly relative to the rest of the Dead Sea, suggesting that some
stratification develops nearby. As such, the Consultant identified En Fescha as a
case study where the mixing mechanism of low-density water in the Dead Sea
brine can be explored. The Consultant wishes to emphasize that this study is
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beyond the scope of the TOR and the proposed work plan. It was conducted
independently of the work plan, and as such was self-funded.
Specifically, the aim of this study was to characterize the plume of diluted brine
that develops along the shorelines close to the outlets of the En Fescha springs,
including its dimensions (lateral and depths) and the mixing ratio (i.e.,
freshwater: Dead Sea brine) within the plume. The results of this research can
serve as a reference to the expected impact of a small scale (~100 MCM/yr) pilot
and allow focusing on what can, and what cannot, be learned from such a pilot.
5.3.3

Identification Tools
To identify the diluted plume in the Dead Sea surface water that forms in the
vicinity of En Fescha, as well as the degree of mixing within the plume, three
physical quantities were measured – temperature, density (quasi-salinity), and
light transmissivity (turbidity), as follows:
Quasi-salinity is the only measured parameter explicitly related to the degree
of dilution of Dead Sea brine, or the mixing ratio between the two waters. The
quasi-salinity of the Dead Sea brine in the winter of 2011, was ~241 kg/m3, in
25 units, whereas the weighted salinity of the springs was ~3 kg/m3 (~1,500
g Cl/l, Burg, et al., 2008). The accuracy in measurement of the salinity of the
Dead Sea brine is ±0.02 kg/m3, therefore, it is possible to identify even slight
changes in salinity due to dilution even with very low dilution factors. For the
purpose of this discussion, the salinity of a sample is regarded as the result of
mixing between the two end members (linear mixing, disregarding the effect
of compressibility). Thus, the mixing ratio of every sample can be calculated
explicitly. As will be shown below, the dilution factor of the Dead Sea found
in the survey did not exceed ~1:400. Such dilution was encountered only up
to a few hundred meters away from the spring outlets. At greater distances
from the shore, dilution was much lower, while beyond ~1 km, it was not
detectable at all.
The temperature of water in a lake is primarily influenced by interaction
with the atmosphere. Therefore, the temperature of a mixture of two water
bodies that have different temperatures cannot be directly related to their
mixing ratio (as is the case for salinity). Solar radiation heats the upper few
meters during the daytime, creating a daily thermocline a few meters deep,
whereas intensive wind mixes and destroys this thermocline, mainly during
the nighttime. Other fluxes acting on the interface and influencing the surface
water temperature include evaporation (which cools the surface water), net
radiation, and conductive heat flux. Due to these processes, the temperature of
the surface water at the interface between the water and the air, termed skin
temperature, can differ significantly from the bulk temperature of the water,
as has been recently shown for the Dead Sea (Nehorai, et al., 2009; Nehorai,
et al., in review). The skin temperature is commonly measured by infrared
(IR) sensors, whereas the temperature of the rest of the water column is
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measured by thermistors. Thus, thermal images of the water surface do not
necessarily correlate with bulk temperature measurements.
The turbidity of water is related to the content of suspended particles.
Suspended matter in the Dead Sea derives from abrasion of the shore, where
silt and clay are added to the water (see also Section 5.1.5, TSM Remote
Sensing). The En Fescha springs are extremely turbid at their outlets due to
the incision of streams through the silty shore flats. The plume around En
Fescha can therefore be identified with the naked eye by its turbid appearance.
Transmissivity values near the springs are <40% (high turbidity), whereas the
background of the Dead Sea is about 90% (low turbidity). As the sensitivity
of the transmissivity meter (profiler) is ±3%, the signal of the turbid En
Fescha water can be accurately identified. However, turbidity (transmissivity)
measurements may be used only as qualitative indicators for the contributions
from the shore and transportation paths. These parameters cannot be used
explicitly for resolving the mixing ratio, since the spring end member is
highly variable and there are additional contributions from the neighboring
shores.
To summarize, the Consultant combined measurements of temperature, quasisalinity, and turbidity from depth profiles measured in situ and remote sensing.
Quasi-salinity measurements are the best tool for resolving mixing ratios, and are
measured directly on samples. Temperature and turbidity are measured using an
in situ profiler, which allows much higher vertical resolution. Remote sensing
images allow spatial characterization of suspended matter content and
temperature of the skin layer, which may differ from the bulk temperature
measured by thermistors.

5.3.4

The Observation Setup
A survey of the En Fescha plume, conducted on January 25, 2011, is
schematically illustrated in Fig. 5-146: Schematic Diagram of En-Fescha
Observation Setup The observation included the following components:
Hydrographic profiles of temperature, salinity, and transmissivity (turbidity),
from the research vessel, Taglit.
Skin and bulk temperature measurements of the surface water from the
research vessel. The skin temperature at each station was measured using a
calibrated infrared device (Fluke- infrared thermometer 574).
Images taken in the infrared and visible spectrums from a cliff above the
springs, providing surface water skin temperature and turbidity, respectively.
The thermal images provide temperature readings for each pixel; however, the
temperature from the infrared camera is not calibrated. The thermal images
from the cliffs are used to identify the spreading of different water bodies at
the surface.
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Onshore measurements of wind (speed and direction) and inflow parameters
(temperature, salinity, and spring flux as measured by the Hydrological
Service of Israel)
Satellite images of the Dead Sea surface temperature and turbidity

Fig. 5-146: Schematic Diagram of En-Fescha Observation Setup

Hydrographic profiles were conducted along two transects perpendicular to the
shore, each ~3.5 km long in a NW-SE direction. The profile locations are
presented in Fig. 5-147, where "A" denotes the northern transect, "B" denotes the
southern transect, and the numbers (in meters) stand for the bottom depth of the
station. At each station, a temperature and transmissivity profile was taken, water
samples were collected from several depths for salinity measurements, bulk and
skin temperatures were measured from the vessel, images in the infrared, and
visible spectrum were taken from the cliff at the time of sampling.
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Fig. 5-147: Locations of sampling stations along transects A and B, springs, observation point of
infrared camera and wind gauge. The numbers denote the bottom depth.

5.3.5

Results
The En Fescha plume was identified by all methods described above.
The spring water temperature is 24°C – 25°C, very similar to the temperature of
the Dead Sea water at the time of the survey (~24°C). The infrared images from
the cliff clearly show the existence of a cooler plume of surface water in the bay
of En Fescha, extending offshore to a distance of a few hundred meters (see Fig.
5-148).
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Fig. 5-148: Images of the En Fescha “plume” in the infrared and visible spectrums.
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In the visible wavelength, one can also identify the higher turbidity of the plume.
Locally, and near the spring outlets, the turbidity and temperature are higher than
in the rest of the plume. Local skin temperature was measured in situ at each
station. The skin temperature of the plume is significantly cooler than the skin of
the lake offshore, 18 °C vs. 23 °C, respectively (see the green curve in Figs. 149a
and 149b).

Fig. 5-149a: Salinity, temperature and turbidity along transect “A”. X-axis denotes distance from
springs (seeFig. 5-147). Top two figures show salinity and temperature at different depths. Bottom
figures are vertical sections (2D) of temperature and turbidity (light transmission in %). Note the very
thin layer near the springs (5 m) as is indicated by high turbidity (low transmissivity), and the very low
dilution (maximum of ~0.1%) as is indicated by salinity ( 25)
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Fig. 5-149b: Salinity, temperature and turbidity along transect “B”. X-axis
denotes distance from springs (see Fig. 5-147). Top two figures show salinity and
temperature at different depths. Bottom figures are vertical sections (2D) of
temperature and turbidity (light transmission in %). Note the very thin layer near
the springs (5 m) as is indicated by high turbidity (low transmissivity), and the
very low dilution (maximum of ~0.2%) as is indicated by salinity ( 25)
The plume'
s skin temperature is also lower than the springs'temperature, and the
warmer water discharging into the Dead Sea can be traced within the plume (note
the curved greenish tailing extending from the springs'outlets - Fig. 5-148). This
water cools over a short distance from the springs, and form the cool skin of the
plume. It follows that the cool skin (18°C) is not due to mixing of the spring water
in the Dead Sea. Rather, the low temperature is due to enhanced evaporation from
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the diluted surface water, which is more efficient than evaporation from the
undiluted Dead Sea brine (Lensky et al., 2005). This evaporation still leaves the
skin less saline, and it thus remains stable. The cool skin layer is very sensitive to
wind, as shown in Fig. 5-150, where the skin layer is spread eastward by the
evening breeze.

Fig. 5-150: Images of the En Fescha “plume” in the infrared and visible spectrums. Note the
deformation of the skin of the plume due to winds (eastward evening Mediterranean breeze)

Fig. 5-149a and Fig. 5-149b present the measured salinity, temperature, and
turbidity along transects "A" and "B", respectively. At all stations, salinity at 20 m
depth is uniform (241.1 kg/m3), whereas in both transects, salinity at 1 m slightly
decreases towards the springs. The maximum dilution observed was 0.6 kg/m3,
identified at transect "B". This dilution, which was observed up to a few hundred
meters offshore, is equivalent to a mixing ratio of ~1:400 (freshwater:Dead Sea
brine). Further away, the diluted water at 1 m depths is nearly fully eroded, and at
a distance of 1 km from the shore, no trace of dilution is identified. Thus, the low
salinity water discharging from the En Fescha springs is rapidly mixed within a
few hundreds meters from the shore.
Vertical temperature transects show thermal layering with higher temperatures in
the upper 3 m near the springs. Near the shoreline, at 1 m below the lake surface,
temperature is higher by up to 0.7 °C, compared with the temperature a few
meters below. Even higher heating, by 1.8°C, was measured at 0.1 m below the
lake surface. At distances greater than 1 km from the shore, the signal is much
weaker, and the shallow water is warmer than the deeper water by only ~0.1 °C.
The warmer water near the shore can be attributed to the following:
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The effect of shallow water, and the heating from the bottom
Turbid water, which is more efficient in absorbing the solar radiation
Trapping of slightly diluted brines near the shore, which stabilize the local
thermal layer
The warm layer, identified in the transects, is not unique during winter daytime in
the Dead Sea. It is well known from hydrographic measurements throughout the
lake, and recorded by the thermistor chain at the meteorological buoy. This warm
layer develops during the daytime due to solar radiation heating. During the
nighttime, this thermal layer disappears due to cooling and the consequent
gravitational instability. Nightly cooling of a shallow surface layer without its
overturn is possible only if it is also significantly diluted, such that the cooling
does not destabilize it. In the case of En Fescha, dilution by 0.6 kg/m3
(quasi-salinity units) will be gravitationally unstable by cooling of <1.5 C. Since
the diluted layer is only a few meters thick, and of limited lateral extent (see Fig.
5-149), winter night cooling is more than enough to result in its overturn.
Turbidity vertical transects (see Fig. 5-149a and 5-149b) have a very similar
structure to the thermal structure, with a ~3 m deep turbid layer near the springs.
The enhanced turbidity from the spring water is observed up to ~1 km away from
the shoreline. The nightly overturn is expected to erode this layer.
Fig. 5-151 summarizes the extent of the thermal and salinity plumes, as identified
by direct measurements of surface water salinity and skin temperature. As noted
above, the temperature of the skin layer is controlled by the heat fluxes. When the
skin layer is diluted, its cooling by evaporation does not destabilize it. This allows
identifying the boundary of the diluted thermal skin layer by the infrared images.
The boundary is quite similar to a boundary derived from the coarse observation
of salinity and turbidity. Only a few centimeters below, the cool skin layer is
underlaid by the diurnal warm surface layer, which is more pronounced close to
the shore. Whereas the cool skin temperature is due to the discharge of the
springs, the warm surface layer represents the diurnal heating.
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Fig. 5-151: Map of the En Fescha region with the sampling stations and red region marking the
anomaly in skin temperature (left) and the extension of dilution (right). Note that the figures are
composed of two orthophotos, with different colors. Thus, the Dead Sea in the western orthophoto is
depicted in blue.

To summarize the observations:
The plume from En Fescha springs was observed by the three methods used.
The mixing of the spring water of 70 MCM/yr is very effective, and destroys
the plume of diluted water rapidly. The plume, consisting of Dead Sea brine
diluted by no more than ~1:400, is observed at a distance of no more than a
few hundred meters from the springs.
The diurnal thermal layer, ~3 m in depth, is more developed near the shore
(<1 km). At night, this layer disappears due to mixing, as it is gravitationally
unstable. This thermal structure might be slightly enhanced by local dilution
close to the shore.
A layer of turbid water was identified near the springs, at a depth of up to 3 m.
It has the same structure as the thermal layer. The source of suspended matter
is mostly from the spring water. This anomaly disappears offshore, ~1 km
from the springs.
The skin thermal layer is cooler near the springs due to enhanced evaporation
of the diluted layer. This layer is very sensitive to wind intensity and
direction.
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5.3.6

Implications of the Case Study En Fescha on the Proposed Pilot
Initial insights from the observations at En Fescha on the expected mixing process
of seawater, or reject brine inflows of a pilot of ~100 MCM/yr are as follows:
Stratification: Mixing of such a flux of water will be very efficient, resulting
only in local layering and dilution, if at all, whereas the Dead Sea will remain
monomictic. Local dilution at such flux is not expected to exceed 1%.
Discharge into the semi-enclosed Lisan Bay may result in somewhat higher
dilutions, as was shown in the 3D simulations (see Section 5.2.4).
Biological blooming: Biological blooming is not expected to develop as a
consequence of an ~100 MCM/yr pilot, since no significant dilution is
expected to occur. As shown by the biological experiments (see Section
5.2.3), biological blooming has the potential to develop only following
prolonged dilution of at least 10% (1:9), which is not expected, even if
discharge is into the Lisan Bay. Temporal dilutions will not result in
blooming, as whenever higher salinities are re-attained, the blooms die out.
Gypsum precipitation: It is expected that a pilot will close some gaps in the
understanding of gypsum crystallization kinetics and crystal sizes due to
inflow of seawater. Specifically, monitoring the pilot will provide insight into
the potential for outsalting (sudden increase in saturation state, resulting in
salt precipitation) and precipitation of gypsum close to the inlet. In the long
run, the pilot will also allow verification of the kinetic laws established so far
for gypsum precipitation from the Dead Sea (Section 5.1.8.7).
Since stratification will not develop, the reject brine will mix with the entire water
body of the Dead Sea. As shown above (Section 5.1.8.7), the kinetics of gypsum
nucleation depends, among other parameters, upon the ratio between the Dead
Sea brine and the reject brine. A mixing ratio of 1:99 reject brine:Dead Sea, was
shown to lower the nucleation time from several years to about six months.
However, even with a pilot of 350 MCM/yr it would take ~4.4 years of operation
to lower the induction time to this duration. Therefore, the expected nucleation
rate will remain very low, and gypsum precipitation is not expected to be directly
identified, except for possible local effect at the immediate vicinity of the inlet
where higher mixing ratios can develop.
To verify the kinetic laws, an indirect approach is required, whereby sulfate
concentration in the Dead Sea is measured and monitored. If no precipitation
occurs, sulfate concentration will increase with time at a rate that will depend
upon the pilot volume. Identification of such a concentration increase requires that
it will exceed the analytical detection limit of sulfate concentration in the Dead
Sea (±3%). Fig. 7 presents the time required for attaining such an increase as a
function of volume of reject brine inflow. The graph shows that an increase in the
annual inflow of reject brine from 50 MCM/yr to 350 MCM/yr reduces the
minimum time required to attain a detectable change in sulfate concentration from
5.3 years to 0.8 years. Accordingly, for a pilot of 100 MCM/yr, ~2.7 years are
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required before it will be possible to assess whether sulfate has accumulated or
precipitated unnoticed from the water column.

Time needed for a 3% increase in
sulfate concentration
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Fig. 5-152: The time required to attain an increase of 3% in the sulfate concentration of Dead Sea
brine as a function of various inflow scenarios (the effect of evaporation is not considered).

While a proposed ~100 MCM/yr pilot will have a very minor impact on the Dead
Sea, a proposed pilot that includes daming and isolating the south-eastern bay of
the Dead Sea and discharging there seawater or reject brine to this limited water
body will result in dilution and layering of the local bay. The water level will rise
rapidly unless the construction of the dam will allow an exchange of water with
the major water body to the north. Such a set up will only provide limited new
insights into the mode of mixing and the ensuing effects in a full size project. The
results will be size-dependent, since the system will not have the required depthvolume-area ratio It will not be able to develop the full scale stratification
regime, and it will not include the effects of the chemical industries'activities,
which as shown in this report, play a major role in the Dead Sea evolution.
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Finally, a small scale system will not have the characteristic fetch and current set
up of the Dead Sea, which are key factors in the dynamics of the Dead Sea
Another aspect that needs to be considered, and may be tested in a pilot, is the
introduction of gypsum crystals to the mixture which will serve as seeds for
crystal growth and sulfate removal. Such seeding will reduce spontaneous
nucleation and development of minute crystals. As has been outlined in the
current report, gypsum was found to be the only mineral (among those tested)
which, when mixed in Dead Sea brine, lowered it from supersaturation to
saturation with respect to gypsum. Accordingly, seeded mixtures of Dead Sea –
reject brine may reduce the potential for whitening events due to minute gypsum
crystal.
In addition to these three issues, unexpected impacts and phenomena may arise
once seawater first mixes in the Dead Sea. Initiating the RSDSC with relatively
small amounts of inflows (up to 300 MCM/yr) would allow identification of such
unknowns. In addition, it would allow the research teams to closely monitor the
mixing process close to the inlet and evaluate longer-term impact on the bulk
Dead Sea. Finally, the pilot would enable verification of model predictions for
scenarios in which stratification would not develop, with an emphasis on
calibration of the 3D model on local dilutions and spread of the plume. However,
since the pilot would not lead to meromictic conditions in the Dead Sea, it would
neither provide insight regarding the development and behavior of stratification in
the Dead Sea, nor on potential blooming and whitening events.
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6.

Hydrogeology Study and Sinkholes

6.1

Surface Flows

6.1.1

Overview
The surface water inflow to the Dead Sea may be divided into five categories as
follows:
Jordan River inflows from the North
Wadi Arava inflows from the South
Wadis and springs inflows from the West
Wadis and springs inflows from the East
Direct rainfall from above
Each category is separately dealt with in the following chapters based upon the
available published reports or authorized published measurements information
that refer to the various categories. Fig. 6-1 presents the various locations of
surface water inflow.
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Fig. 6-1: Sources of Surface Water Inflow
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6.1.2

The Jordan River Inflows
A series of reports were the basis to present an initial evaluation of the Jordan
River inflows to the Dead Sea. These are listed among the references. The major
findings based upon these references may be summarized as follows:
a)

The Jordan River’ s mean annual inflows to the Dead Sea without the
Yarmouk-Al Wehdeh reservoir and the total volume of the Syrian and
Jordanian reservoirs of 205 MCM has been estimated as 394 MCM based
upon a database related to the periods 1933/1934 – 1985/1986 (Simon and
Mero, 1987).

b)

The Jordan River’ s mean annual inflows to the Dead Sea at Naharayim
without the Yarmouk-Al Wehdeh reservoir and the total volume of the
Syrian reservoirs of 98 MCM, including the Al Wehdeh reservoir with a
volume of 200 MCM and a total volume of the Syrian reservoirs of 165
MCM have been estimated as 86 MCM and 16 MCM, respectively. These
findings are based upon a database related to the periods 1933/1934 –
1985/1986. In both scenarios, there is a diversion of about 480,000 m3/day
from the Yarmouk River to the Lake Kinneret (Goldstoff et al., 1988).

c)

The Jordan River’ s mean annual inflows to the Dead Sea without the
Yarmouk Al Wehdeh reservoir and the total volume of the Israeli, Syrian
and Jordanian reservoirs of 508 MCM is estimated as 247 MCM based upon
a database related to the periods 1933/1934 – 1985/1986 (Simon et al.,
1995). The abovementioned mean annual inflows include the saline water
carrier diversion to the Lower Jordan River and irrigation return flow
annually totaling a volume of 45 MCM.

d)

The actual volume of the Yarmouk-Al Wehdeh reservoir is 225 MCM with
an effective storage volume of 195 MCM annually (Murakami, 1995).
Based upon various reports, the Al Wehdeh reservoir started to function
from 2006.

e)

There would be an increase of 110 MCM for the use of the Lower Jordan
River flows between 1995 and 2010 (GTZ, 1996).

f)

The Jordan River’ s mean annual inflows to Dead Sea as based upon the
1994 Peace Treaty is estimated at 30 MCM (The HARZA JRV Group,
1997).

g)

Total reservoir volumes in Jordan were 268 MCM in 2004 (The Hashemite
Kingdom of Jordan, Jordan Valley Authority, 2004).

h)

The spill to the Dead Sea in most years was estimated as 150 MCM before
the Yarmouk-Al Wehdeh reservoir construction (Calvo and Ben Zvi, 2005).
This study has estimated the net contribution of both sides of the Lower
Jordan River.

i)

The Lower Jordan River’ s mean annual flows to the Dead Sea is estimated
as 200 MCM, annually. Syria diverts 200 MCM, Israel diverts 565 MCM,
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Jordan diverts 290 MCM, the Yarmouk-Al Wehdeh reservoir stores 110
MCM (Courcier et al., 2005).
j)

The baseflow spill to the Dead Sea was estimated as 35 MCM during the
years 2000/2001 and 2001/2002 (Holtzman et al., 2005).

k)

The Lower Jordan River’ s mean annual flows to the Dead Sea are between
20 MCM to 30 MCM annually; Syria diverts 315 MCM, Israel diverts 580
MCM, Jordan diverts 290 MCM, and West Bank diverts 63 MCM. Total
diversions were estimated at 1248 MCM (1953 estimates) and diversions to
the Lower Jordan River from the Jordanian side for the years 2005 – 2008
were between 0.18 MCM and 12.78 MCM (Friends of the Earth Middle
East, 2010).

l)

The data varies from period to period and to researcher depending upon the
water utilization from the Jordan River system of that period and the
available database.

Preliminary conclusions from the abovementioned findings may be drawn as
follows:
a)

The Lower Jordan River’ s mean annual flows to the Dead Sea up to 2000
were estimated to be within the range of 150 – 394 MCM with varying
storage volumes in Syria and Jordan within the range of 205 – 508 MCM.

b)

The prevailing conditions of larger storage values in the range of 600 MCM
and the higher Yarmuk flows diversion rate of about 50 MCM reduce the
Lower Jordan River’ s mean annual flows to the Dead Sea to be within the
range of 20 – 61 MCM. The upper range value is based upon the Goldstoff
et al. (1988) estimate of 16 MCM Jordan River mean annual flow in
Naharayim to which 45 MCM of the saline water carrier diversion to the
Lower Jordan River and irrigation return flow were added.

For the present study, it has been decided to use an average value of the
abovementioned range, i.e., 40 MCM.
6.1.3

The Wadi Arava Inflows

6.1.3.1

Wadi Arava Western Sub-Basins
There are various wadis contributing flash flood flows to Wadi Arava from its
western side. The major ones are Wadi Paran, Wadi Nekarot and Wadi Zin. Based
upon the Israel Hydrologic Service’ s measurements at various hydrometric
stations in the region up to 2009, the total mean annual western sub-basins
contribution may be estimated to be in the range of about 7 MCM as an annual
average. This value is in agreement with a former study (Simon and Shahar,
1995) in which the total mean annual western sub-basins’ contribution is
estimated to have a value within the range of 5.8 - 7.1 MCM.
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6.1.3.2

Wadi Arava Eastern Sub-Basins
There are various wadis contributing flash flood flows to Wadi Arava from its
eastern side the major ones being Wadi Padan and Wadi Hur.
Based upon a recent unpublished TAHAL study, the total mean annual eastern
sub-basins contribution may be estimated to be within the range of about 3.5
MCM as an annual average.
It should be mentioned that there are various Jordanian studies reports relating to
the eastern Wadi Arava sub-basins surface water mean annual flows. However,
there is no separation in these studies between those wadis that contribute to the
Dead Sea and those that feed into the Red Sea.

6.1.3.3

The Total Wadi Arava Dead Sea Inflows
The present mean annual Wadi Arava Dead Sea inflows may be estimated at
about 10 MCM. This value would be reduced in the future due to Jordanian plans
to construct dams in some of the wadis.

6.1.4

Wadi and Spring Inflows from the West

6.1.4.1

Wadis
Based upon the Israel Hydrologic Service’ s measurements at various hydrometric
stations in the region up to the years 2009, the total mean annual contribution of
the western wadis may be estimated to be within the range of about 6 MCM as an
annual average.

6.1.4.2

Springs
There are three major spring groups that enter the Dead Sea from the west:
Zukim, Kane and Samar. There are also some other minor springs that enter the
Dead Sea as well.
Based upon the Israel Hydrologic Service’ s measurements of the spring flows of
the abovementioned groups, the mean annual flow during the period of
2005 – 2010 was found to be 66 MCM, 10 MCM and 23 MCM, respectively. The
other minor springs’ total annual mean flow may be estimated based upon former
measurements carried out by TAHAL to be within the range of 15 MCM. That
means that the current mean annual total spring flows to the Dead Sea is in the
range of 114 MCM.
The western catchment area of the Dead Sea is located between the water divide
on the mountainous backbone and the Dead Sea. Although there is a certain match
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between the subsurface and the surface water divide, they are not identical (Arad,
1964). The total area of the Judea desert basin is more than 750 km2. The general
direction of the groundwater flow in the regional aquifers is to the northeast,
towards the Dead Sea. The region is characterized by a desert climate with a small
amount of rain, from 100 mm/yr in the vicinity of the Dead Sea to larger amounts
(500 mm/yr - 600 mm/yr) with the approach to the Hebron mountain backbone in
the west.
The western Dead Sea groundwater system consists of two main aquifers:
The Upper Cretaceous Judea Group Aquifer and the Quaternary alluvial coastal
aquifer (Arad and Michaeli, 1967; Yechieli et al., 1995). The coastal aquifer
consists mainly of clastic sediments, such as gravel, sand and clay deposited as
fan deltas and lacustrine sediments, such as clays, aragonite, gypsum and salts.
The alternations between gravel and clay subdivide the aquifer into several subaquifers that differ in their groundwater levels and chemical composition. In an
interference pumping test in Wadi Arugot, the transmissivity of the aquifer was
estimated to be 1500 m2/day (Wollman et al., 2003), yielding a hydraulic
conductivity value of 30 m/day – 100 m/day, depending upon the specific
thickness of the aquifer which is not known. This aquifer is bounded by normal
faults, which set Cretaceous carbonate rocks of the Judea Group against
Quaternary alluvial and lacustrine sediments. The recharge of the aquifer is
mainly through lateral flow from the Judea Group aquifer, which is replenished in
the highlands 10 km -30 km to the west and by flash floods. Direct recharge is
negligible because of the arid climate and high evaporation in the Dead Sea
region. Due to the scarcity of observation boreholes penetrated into the deeper
sub-aquifers, the monitoring of the water levels and the interface location was
conducted mainly in the upper sub-aquifer.
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6.1.5

Wadi and Spring Inflows from the East
A series of reports were the basis to present an initial evaluation of the wadis and
springs inflows from the east to the Dead Sea. The major findings based upon
these references may be summarized as follows:
a)

The major wadis contributing to the Dead Sea from the east are Wadi
Mujib, Wadi Wala and Wadi Zarqa Ma'
in. Wadi Hassa is another former
source of the Dead Sea, but now it contributes to the Jordanian chemical
industries and its springs are utilized.

b)

There are two dams constructed on Wadi Mujib and Wadi Wala with a
storage capacity of 31 MCM (Margane et al., 2008) and 9 and 26 MCM
(Jordan Valley Authority, 2002), which are the existing and future values,
respectively.

c)

The mean annual Wadi Mujib floods flows are estimated to be in the range
of 32 MCM (Al-Mubarak Al-Wesha, 1992) to 71 MCM (GTZ, 2004).
Alkhadder et al. (2005) and Al-Kharabsheh and Ta’ any (2005) found
intermediate values. An average value of about 44 MCM may be
recommended at the time of the present report preparation.

d)

The mean annual Wadi Mujib springs flows are estimated to be between
15 MCM (Abdulla. and Al-Assa'
d, 2005) and 35 MCM (Al-Mubarak and
Al-Wesha, 1992). Al- Kharabsheh and Ta’ any (2005) found an intermediate
value. An average value of about 28 MCM may be recommended at the
time of the present report preparation.

e)

The mean annual Wadi Wala floods flows are estimated to be between
5 MCM (Ayadi, 2006) and 23 MCM (Jazim, 2005). An average value of
about 14 MCM may be recommended at the time of the present report
preparation.

f)

The mean annual Wadi Zarqa Ma'
in springs flows are estimated to be
between 20 MCM (Chen et al., 2005) and 23 MCM (Sawarieh et al., 2009).
An average value of about 21 MCM may be recommended at the time of the
present report preparation.

Preliminary conclusions from the above mentioned findings may be drawn as
follows:
a)

Most of the flood flows of Wadi Mujib and Wadi Wala would be caught by
the existing dams. Only a negligible fraction of the flood flows would be
released to arrive at the Dead Sea shore.

b)

It is assumed that the Wadi Mujib, Wadi Wala and Wadi Zarqa Ma'
in
springs flow would reach the Dead Sea shore totaling a mean annual flow of
about 50 MCM.
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The eastern Dead Sea groundwater system consists of three main aquifer systems:
The upper aquifer system – Quaternary- Tertiary alluvial coastal aquifer, the
Middle aquifer system – Upper Cretaceous carbonate rocks known as AmmanWadi Sir aquifer, and the lower aquifer system – Lower Cretaceous and older
sandy aquifers (JICA, 2001).
The upper aquifer system is similar to the coastal aquifer at the western side of the
Dead Sea (see the previous section). The Middle aquifer system forms the most
important aquifer in Jordan. Groundwater flow in this aquifer is directed from the
recharge area at the high rainfall zones of the highland towards the
Dead Sea. The lower aquifer system is composed of two groups, the Ram Disi and
the Kurnub Groups that extend over almost all Jordan. The source of recharge of
unknown extent may be by downward seepage from overlying aquifers.
Groundwater in these aquifers is considered as of fossil origin, recharged at times
of higher rainfall.
Hobler et al. (1991) and Schmidt et al. (2002) suggested that under natural
conditions the deep aquifer system is being continuously drained to the Dead
Sea.The groundwater discharge to the Dead Sea was estimated to be
approximately 400 MCM/yr, most of it in the form of undetected discharge.
Contrary to this estimation, Salameh and El-Naser (1999, 2000a,b) argued that the
total natural discharge of groundwater on the eastern side from deep aquifers to
the Dead Sea is 90 MCM/yr. However, they claim that a high volume of
groundwater (~500 MCM/yr) is drained to the Dead Sea due to the rapid drop of
the Dead Sea.
6.1.6

Direct Rainfall
In order to obtain an estimate of the direct rainfall contribution to the Dead Sea
water balance, the following procedure has been performed:
1)

Annual rainfall has been gathered from nearby meteorological stations.
These stations were Arad, Kalia and Sedom on the Israeli side of the Dead
Sea and Ghor Safi (for a shorter period: 1976/1977-2005/2006) on the
Jordanian side of the lake.

2)

The average rainfall over the Dead Sea was determined by the Thiessen
method using the Kalia and Arad stations'data (Alternative 1) and the Kalia
and Sedom stations'data (Alternative 2) as the basic rainfall stations.
Application of the Ghor Safi data instead of the Sedom data did not have a
major effect on the Alternative 2 results and therefore was omitted from
further consideration.

3)

The mean annual rainfall value has been determined for each alternative.
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4)

A frequency distribution of the annual rainfall for each of the two
alternatives has been prepared and the frequencies of the mean values of
Step 3 were evaluated.

5)

Based upon an updated topographical map of the existing Dead Sea (based
upon Google Earth aerial photo digitizing), the surface area of the lake was
determined.

6)

The mean annual rainfall contribution to the Dead Sea water balance was
estimated based upon the average value of the abovementioned means and
the lake surface area.

Results
Fig. 6-1 presents the annual rainfall depth values that were measured at the Israeli
Meteorological Service stations of Arad, Kalia and Sedom in the period 1972/732009/101.
Alternative 1 is based, on 70% of Kalia rainfall and 30% of Arad rainfall.
Alternative 2 is based upon 83% of Kalia rainfall and 17% of Sedom rainfall
Fig. 6-2 presents the frequency curves of the annual rainfall depth values over the
Dead Sea based upon Table 6-1, Alternatives 1 and 2.
Table 6-1: Annual Rainfall Depth Values at the Selected Rainfall Stations and
Determination of the Mean Direct Rainfall over the Dead Sea
Annual Measured Rainfall (mm)

1

Hydrologic
Year

Kalia

Arad

Sedom

1972/1973
1973/1974
1974/1975
1975/1976
1976/1977
1977/1978
1978/1979
1979/1980
1980/1981
1981/1982
1982/1983
1983/1984
1984/1985

78.2
183.4
123.3
65.1
32.1
67.2
0.0
154.6
121.6
66.7
112.6
39.9
99.3

94.3
185.6
106.7
122.6
82.6
54.6
71.9
206.7
141.0
95.1
145.7
64.8
96.6

15.9
89.2
62.0
55.7
38.8
14.2
0.0
33.3
0.0
31.4
35.4
8.4
43.7

Mean Direct Rainfall (mm)
Alternative 1
Alternative 2
Kalia 70%
Kalia 83%
Arad 30%
Sedom 17%
83.0
67.6
184.1
167.4
118.3
112.9
82.3
63.5
47.3
33.2
63.4
58.2
21.6
0.0
170.2
134.0
127.4
100.9
75.2
60.7
122.5
99.5
47.4
34.5
98.5
89.8

The period selected was based upon the fact that rainfall measurements at the Kalia station started on October
1972.
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Annual Measured Rainfall (mm)
Hydrologic
Year

Kalia

Arad

Sedom

1985/1986
70.5
102.8
58.6
1986/1987
71.6
134.2
69.6
1987/1988
118.5
144.2
40.2
1988/1989
116.6
100.9
41.3
1989/1990
123.8
174.6
50.0
1990/1991
78.7
146.1
38.3
1991/1992
282.4
159.6
26.0
1992/1993
78.5
98.4
16.8
1993/1994
62.8
187.5
74.6
1994/1995
86.7
136.2
49.0
1995/1996
79.6
61.3
42.1
1996/1997
122.1
115.0
28.3
1997/1998
128.6
150.6
38.0
1998/1999
25.9
50.8
22.6
1999/2000
48.6
71.2
7.3
2000/2001
111.9
133.7
46.7
2001/2002
105.5
165.8
23.1
2002/2003
148.9
117.7
22.3
2003/2004
54.0
150.7
49.2
2004/2005
102.0
272.1
111.9
2005/2006
130.5
79.4
23.4
2006/2007
93.3
132.5
37.5
2007/2008
58.7
95.6
19.9
2008/2009
42.8
70.0
29.8
2009/2010
89.3
171.7
32.2
Mean
94.1
123.4
37.5
Frequency (%)*
Standard Dev.
49.6
47.4
23.3
Minimum
0.0
50.8
0.0
Maximum
282.4
272.1
111.9
* Based upon the frequency curves presented by Fig. 6-2

Mean Direct Rainfall (mm)
Alternative 1
Alternative 2
Kalia 70%
Kalia 83%
Arad 30%
Sedom 17%
80.2
68.5
90.4
71.3
126.2
105.2
111.9
103.8
139.0
111.3
98.9
71.8
245.6
238.8
84.5
68.0
100.2
64.8
101.6
80.3
74.1
73.2
120.0
106.2
135.2
113.2
33.4
25.3
55.4
41.6
118.4
100.8
123.6
91.5
139.5
127.4
83.0
53.2
153.0
103.7
115.2
112.3
105.1
83.8
69.8
52.1
51.0
40.6
114.0
79.6
102.9
84.5
43.5
21.6
245.6

42.1
0.0
238.8

Fig. 6-2
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Fig. 6-2:

Alternative 2

Frequency Curves of Annual Rainfall Depth Values over the Dead
Sea(1972/73-2009/10)

The frequency values of the Table 6-1 Dead Sea rainfall means were based upon
Fig. 6-2 curves. These values are a bit lower than the 50% values.
As given in Table 6-1, the average value of the two Dead Sea annual rainfall
means is 93.7 mm. Multiplying this value by the existing Dead Sea surface area of
674 km2 provides an average annual volume contributed by rainfall of
63 MCM.
Table 6-2 is an update of its parallel in the BAD Report (TAHAL et al., 2010).
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Table 6-2: The Various Dead Sea Inputs
Category
Jordan River inflows from the North
Wadi Arava inflows from the South
Wadis and springs inflows from the West
Wadis and springs inflows from the East
Direct rainfall from above
Total

6.1.7

Dead Sea Inflow (MCM)
40
10
114
50
63
277

Summary of the Various Dead Sea Inputs
There is a need to apply a water mass balance on an annual basis from the year
1991/1992. Therefore, the following section describes the effort that was
performed to present a database of annual Dead Sea inflows for that period
starting at the abovementioned year.
Annual Dead Sea inflows from the north were taken from Calvo and Ben Zvi
(2005) presentation up to 1999/2000 and extension of their annual series was
performed by a correlation between their Dead Sea annual Inflows and the
Yarmuk annual measured stream flows at Station 121 (1991/1992 – 1999/2000).
This series is defined as the GSI series.
The above mentioned series was compared with a similar series that was
determined based upon a correlation presented by Coyne et Bellier (2010). This
series is defined as the COB series.

6.1.7.1

Correlation between GSI and the Yarmuk at Station 121 Annual Flows
Table 6-3 presents parallel annual Dead Sea inflows from the north included in
the GSI series and annual Yarmuk flows measured at Station 121.
Fig. 6-3 presents the correlation between the two series.
Table 6-3: The GSI and the Yarmuk at Station 121 Annual Flows
Year
1991/1992
1992/1993
1993/1994
1994/1995
1995/1996
1996/1997
1997/1998
1998/1999
1999/2000

GSI (MCM)
1053
676
216
328
169
169
215
155
146

Yarmuk (MCM)*
284
182
61
86
48
56
78
29
29

* Rounded Values
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Fig. 6-3:

Correlation between GSI and Yarmuk at Station 121 Annual Flows
(1991/1992-1999/2000)

The correlation of Fig. 6-3 is excellent and can be applied to estimate the Dead
Sea inflows from the north after 1999/2000.
Table 6-4 presents the annual Dead Sea inflows from the north for the period
1991/1992 – 2008/2009. The computed GSI series annual rounded values are
given in red using the Fig. 6-3 correlation results.
Table 6-4: The Yarmuk at Station 121 and the Extended GSI Annual Flows
Year
1991/1992
1992/1993
1993/1994
1994/1995
1995/1996
1996/1997
1997/1998
1998/1999
1999/2000
2000/2001
2001/2002
2002/2003
2003/2004
2004/2005
2005/2006
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1771
696
196
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Year
2006/2007
2007/2008
2008/2009
Average

Yarmuk (MCM)*
35
34
47
101

GSI (MCM)
127
124
173
369

*rounded values

6.1.7.2

Correlation between COB and the Yarmuk at Station 121 Annual Flows
Based upon the correlation presented by Coyne et Bellier (2010), Table 6-5
presents the COB Dead Sea inflows series in the period 1991/1992 – 2008/2009
based upon the Yarmuk at Station 121 annual flows.
Table 6-5: The Yarmuk at Station 121 and the Extended COB Annual Flows
Year
1991/1992
1992/1993
1993/1994
1994/1995
1995/1996
1996/1997
1997/1998
1998/1999
1999/2000
2000/2001
2001/2002
2002/2003
2003/2004
2004/2005
2005/2006
2006/2007
2007/2008
2008/2009
Average

Yarmuk (MCM)*
284
182
61
86
48
56
78
29
29
35
44
483
190
54
36
35
34
47
101

COB (MCM)*
529
339
113
160
90
104
146
54
54
65
81
899
353
100
68
64
63
88
187

*rounded values

6.1.7.3

Discussion and a Recommended Annual Dead Sea Inflows Series
The Table 6-4 GSI annual values represent the Dead Sea inflows from the north
which is the major source that contributes to the Dead Sea inflows.
Therefore it can be used only as a general presentation of the Dead Sea inflows.
Table 6-5 and the Table 6-6 COB series are however, related to the Yarmuk
annual flows and the total Dead Sea inflows, respectively. Therefore it is
recommended to convert the Table 6-5 COB values to fit the Table 6-2 total Dead
Sea inflow (277 MCM) by multiplying the Table 6-5 COB series values by the
ratio between the abovementioned average and the COB series values average
(187 MCM).
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It should be added at this point that Venot et al. (2006) give an estimate of the
mean annual Dead Sea inflows of 315 MCM in the year 2000 which would be
reduced to 200 MCM in 2025. Shatanawi (2008) presented a value for the mean
annual Dead Sea inflows of 250 MCM. All these values are similar to the
recommended value of the present study and in accordance with the mean annual
Dead Sea inflows presented by Lensky et al. (2005) of 265 – 325 MCM.
Table 6-6: Dead Sea Annual Inflows 1991/1992 – 2008/2009
Year
1991/1992
1992/1993
1993/1994
1994/1995
1995/1996
1996/1997
1997/1998
1998/1999
1999/2000
2000/2001
2001/2002
2002/2003
2003/2004
2004/2005
2005/2006
2006/2007
2007/2008
2008/2009
Average

COB (MCM)*
529
339
113
160
90
104
146
54
54
65
81
899
353
100
68
64
63
88
187

Dead Sea Inflows (MCM)*
783
502
167
237
133
154
215
79
80
96
120
1331
523
147
100
95
93
130
277

*rounded values

It should be mentioned that the Table 6-6 annual Dead Sea inflows series should
be cautiously considered, keeping in mind that it was determined on the basis of
the correlation abovementioned whose results may be suspicious for certain years,
i.e. the low annual inflows of 1998/1999-2000/2001 and 2006/07-2008/2009,
which are lower than the mean annual flows of the western springs (Table 6-2).
6.1.7.4

Assessment of existing conditions in the project area
The team also carried out a quick review of available project-related documents
and earlier study reports prepared by other consultants.
It should be noted that another approach to estimate the annual Dead Sea inflows
is located in the energy and mass balance section (refer to Section 5.1.6 in this
report). The average total inflow for all years in the present section (1992/1993 to
2008/2009) was 277 MCM/yr as compared with an average of 346 MCM/yr
presented in Section 5.1.6. It should be pointed out that these annual inflows of
1998/1999-2000/2001 and 2006/2007-2008/2009 are lower than the mean annual
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flows of the western springs and makes this approach less reliable than the mass
balance section approach. Therefore, it is recommended that Table 5-2 (Section
5.1.6) values should be applied for further consideration.

6.2

Groundwater Inflows

6.2.1

Background

6.2.1.1

Hydrogeology of the Dead Sea coastal area
The Dead Sea is situated in the deepest part of the Dead Sea Rift System, and is a
terminal lake with no outflow of surface or subsurface water. The Dead Sea
groundwater system consists of two main aquifers: the Upper Cretaceous Judea
Group carbonate Aquifer and the Quaternary alluvial coastal aquifer (Arad and
Michaeli, 1967; Yechieli, et al., 1995). The present study is focused on the coastal
aquifer, which consists mainly of clastic sediments, such as gravel, sand and clay
deposited as fan deltas and lacustrine sediments, such as clays, aragonite, gypsum
and salts. The alternations between gravel and clay subdivide the aquifer into
several sub-aquifers that differ in their groundwater level and chemical
composition. In an interference pumping test in Arugot Wadi, the transmissivity
of the aquifer was estimated to be 1500 m2/day (Wollman et al., 2003), yielding a
hydraulic conductivity value of 30 m/day – 100 m/day, depending upon the
specific thickness of the aquifer, which is not known. This aquifer is bounded by
normal faults, which set Cretaceous carbonate rocks of the Judea Group against
Quaternary alluvial and lacustrine sediments. The recharge of the aquifer is
mainly through lateral flow from the Judea Group aquifer, which is replenished in
the highlands 10 km – 30 km to the west and by flash floods. Direct recharge is
negligible because of the arid climate and high evaporation in the Dead Sea
region. Due to the scarcity of observation boreholes penetrating into the deeper
sub-aquifers, the monitoring of the water levels and the interface location was
conducted mainly in the upper sub-aquifer.
The Dead Sea salinity and density are 340 g/L and 1.24 kg/L, respectively
(Lensky et al., 2005). The extremely high density of the Dead Sea induces a very
shallow interface between the fresh water and the brine. According to the
Ghyben-Herzberg approximation, the depth of the interface is 4.35 times that of
the groundwater head above sea level compared with 40 times in the ocean
(Yechieli, 2000).
The Dead Sea and the adjoining groundwater system are hydraulically
interconnected as expressed in a relatively fast (a few days) groundwater level
response to level changes of the Dead Sea (Yechieli, et al., 1995). The drop in
groundwater level decreases with increasing distance from the shoreline inland
(Yechieli et al., 2009). In some locations near the shoreline, the drop is quite
similar to that of the Dead Sea, while reaching a dynamic steady state (Kiro et al.,
2008), whereas in other locations the groundwater level drop is significantly less

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

270

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
than that of the Dead Sea (Yechieli et al., 1995). The fresh-saline water interface
also responds to the drop of the sea level and the eastward shift of the Dead Sea
shoreline, resulting in the fast flushing of the Dead Sea coastal aquifer.
Hydrological modeling of the Dead Sea system shows that circulation of saline
water continues even during the present fast decline of the Dead Sea level (Kiro et
al., 2008).
In many parts of the Dead Sea coastal area, thermal springs along the Dead Sea
were studied mainly for the geochemical and geothermal aspects (Mazor et al.,
1969; Starinsky, 1974; Eckstein, 1979). The Hydrologic Service of Israel
measured the discharge of the hot springs along the western coast for the first time
in October 2005, and estimated the total discharge for this area to be 107 m3/yr.
The salinity of the springs is 0.164 g/g (Dead Sea – 0.27 g/g), which is about half
that of the Dead Sea, and the density is 1.128 g/cm3 (Dead Sea – 1.24 g/cm3). The
groundwater level as well as the springs’ location is receding as a result of the
Dead Sea recession. Based upon the chemistry of the springs and the Dead Sea,
Starinsky (1974) suggested that seawater invaded the Dead Sea basin in the
Neogene and underwent evaporation, precipitation of salt, and interaction with the
country rocks. The springs’ water originated from older lakes whose water level
was higher than that of the present Dead Sea (Yechieli et al., 1996; Gavrieli et al.,
2001).
While the atmospheric average annual temperature at the Dead Sea is 26.5˚C
(Lensky et al., 2005), the temperature of these hot springs is 41˚C – 45˚C. The
high temperature of the hot springs, which is up to 18˚C above the ambient
temperature, indicates that the groundwater ascends rapidly from a depth of at
least 950 m, assuming a geothermal gradient of 19˚C /km (Eckstein, 1979; Shalev
et al., 2007). This is probably an underestimation because the brine may mix with
colder freshwater before discharging to the Dead Sea shore. The ascent of the
brine occurs through the faults that serve as conduits (Eckstein, 1979; Mazor et
al., 1980; Gavrieli et al., 2001).
Shalev and Yechieli (2008) showed that at steady-state-conditions, a fresh-saline
mixing zone flow reflects the brine circulation around the Dead Sea. Dead Sea
brine sinks through faults, migrates across tilted blocks, and ascends back to the
Dead Sea shore with fresh groundwater.
Because groundwater flows from high hydraulic head to lower ones, a change of
the hydraulic head at the Dead Sea has the ability to reverse the flow. The most
profound change in brine discharge is caused by the lake level changes. A
recession of the Dead Sea causes a significant increase in both freshwater and
brine spring discharge. A rise of the Dead Sea level causes the opposite effect.
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6.2.1.2

Drilling of new boreholes
Drilling was conducted in early 2011 in the newly exposed coastal area at the En
Gedi sinkholes site very near the shoreline to track the fresh-saline water interface
(at distances of 5 and 10 m from the shoreline at Wadi Arugot, borehole 24, 25
respectively; Fig. 6-4 next page). An additional borehole (EG-26) was drilled at a
distance of 40 m, between EG-22 and the shoreline. Indeed, in each of these
boreholes less saline water was found near the water table region, whereas Dead
Sea brine was found in the lower part of the boreholes. This indicates the
existence of a fresh-saline water interface, although the upper water is definitely
not fresh, having salinity of ~20% Dead Sea brine. The lithology encountered in
these boreholes was mainly of gravel. These boreholes will provide new sites for
the monitoring of the fresh-saline water interface in an area where not enough
information is available. Additional drilling was conducted over the last year by
another group from the Geological Survey of Israel in the Mineral Beach sinkhole
site. This drilling provides further information about the distribution of the salt
layer, which is the most crucial factor for sinkhole formation.
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Fig. 6-4:

6.2.1.3

Location
of
boreholes
EG-11,
EG-19,
EG-24-25, which were drilled in February, 2011.

EG-22

and

Monitoring of water level and location of the fresh-saline water interface
The Dead Sea level drop is shown to significantly affect the groundwater system.
The change in groundwater heads (Fig. 6-5) is a function of the permeability of
the aquifer and distance from the lake. Boreholes adjacent to the shoreline exhibit
water level drops close to that of the Dead Sea levels (Fig. 6-5a). Along the
Arugot and Darga / Al-Darajeeh. alluvial fans, for example, where the sediments
are mostly gravel of high permeability, the groundwater level drop has been
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similar to that of the Dead Sea level up to a distance of 700 m inland (Fig. 6-5a,c).
Similar trends have been detected in the measurements from the last year with a
small increase in the winter (Fig. 6-6). This was not detected previously due to the
lower resolution of monitoring. In the Zeelim boreholes, which are located in the
alluvial fan of Wadi Zeelim at much larger distance from the shoreline (~4 km),
the drop in water level is significantly lower than the drop of the Dead Sea levels
(Fig. 6-5d). In general, boreholes outside the main stream valleys have shown
smaller water level drops as compared with that of the Dead Sea (i.e., EG-3a and
the Tureibe boreholes; Fig. 6-5b,e). This is explained by their relatively lower
permeability by being located outside the main alluvial fans. It should be noted
that the distance from the monitoring boreholes to the shoreline increases with
time due to the retreat of the shoreline, and also affects the hydraulic gradient.
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Fig. 6-5:

a.
b.
c.
d.
e.

Groundwater levels in monitoring boreholes in the Dead Sea coastal aquifer
at different locations and distances from the shoreline (in ~2005; given in
parentheses)
along
with
the
Dead Sea level (data from the Hydrologic Service of Israel):

EG-16 (10 m), EG-11 (70 m), EG-7 (400 m), EG-6 (600 m), located in Wadi
Arugot.
EG-3a (~900 m), located 3 km south from Wadi Arugot.
Darga 2 (700 m), located in Wadi Darga / Wadi Al-Darajeeh.
Zeelim 1 and 2 (~4 km), located in Wadi Zeelim.
Turiebe – (~500 m), located 10 km north of Wadi Darga
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Water level in boreholes EG-11, EG-19, and EG-22.

The location of the fresh-saline water interface was measured with an in-situ
device of electrical conductivity (EC) which measured the EC in the depth
interval between the water table and the bottom of the boreholes (Fig. 6-7, Fig.
6-8, Fig. 6-9 and Fig. 6-10 on the following pages). Usually, the EC values
correlate well with the salinity values (Yechieli, 2000). However, the situation is
more complicated in the Dead Sea area. At salinities higher than half that of the
Dead Sea brines, there is no correlation between EC and salinity (Yechieli, 2000).
Therefore, the location of the fresh-saline water interface can only be inferred
from measurement of EC values below 160 mmho/cm, according to calibration
curves given by Yechieli (2000) which provide the relationship between EC and
salinity. The EC profiles were conducted for six years in order to examine the
response of the interface to change in Dead Sea levels. The conductance of EC
profiles was problematic in some of the monitoring boreholes since it requires the
insertion of a large device into the 2" pipe. Therefore, in many wells, only
monitoring of water levels is available.
The drop of the Dead Sea level, and the eastward movement of the Dead Sea
shoreline, also effects the location of the fresh-saline water interface
(Fig. 6-7, Fig. 6-8, Fig. 6-9 and Fig. 6-10). The decline of the Dead Sea is
expected to result in a drop in the location of the interface which is to be exhibited
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in monitoring boreholes by a lowering in EC profiles with time. The EC profiles
in boreholes near the Dead Sea, at a distance of ~70 m, indeed show a significant
change over the last three to five years (Fig. 6-7 and Fig. 6-8). The change in the
location of the fresh-saline water interface is not observed at the deeper confined
aquifer, penetrated by borehole EG-19 (Fig. 6-9). In this borehole, there is no
drop in the location of the interface. Although the water level is dropping, the
salinity of the water is constant. This behavior suggests that the confined aquifer
is not directly connected to the Dead Sea, in contrast to the situation in the other
boreholes in the phreatic aquifer nearer to the Dead Sea shore. The fresh water
that overlies on top of the saline water flows to the upper aquifer through the
connection of the aquifers of the west or through the faults which could be
responsible for the sinkhole formation. Also, no significant change in the interface
location was observed in the Darga borehole, which is located much farther
(about 700 m) from the shoreline in the alluvial fan of Wadi Darga (Fig. 6-10).
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Fig. 6-7:

Electrical conductivity profile in borehole EG-11.
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Fig. 6-8:

Electrical conductivity profile in borehole EG-22.
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Fig. 6-9:

Electrical conductivity profile in borehole EG-19. Note that the screens in
this borehole are located at an elevation range of 440 m- 450 m. Thus, the
variations in the uppermost part of the borehole, showing an opposite trend
of increasing salinity, do not actually represent processes in the aquifer.
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6.2.2

Electrical conductivity profile in borehole Darga 2.

Numerical Simulations
An additional method to estimate the response of the hydrogeologic system to the
scenarios is by numerical simulations. Preliminary simulations were conducted by
2D modeling, examining both the regional scale from the mountain water divide
(Yechieli et al., 2009) and local scale (Kiro et al., 2008). Such simulations are reexamined and compared with the field data. The simulations were conducted for
both Tasks 2 and 3, examining the scenario of no RSDS effect and with its effect.
The simulation for Task 3 examined the configuration of the interface for the case
of a stratified Dead Sea. The simulation also provided estimates for the amounts
of groundwater that discharge into the Dead Sea. These estimates are of relative
low accuracy due to the lack of data and the utilization of 2D simulations which
ignore the north-south variability.

6.2.2.1

Regional Scale Modeling
The Dead Sea base (lake) level has declined over the last fifty years at a rate of
about 0.5 m/y and recently at the rate of 1 m/y. It will assumingly reach a steady
state following a drop of approximately 150 m (Yechieli et al., 1998). A future
stepwise simulation of Dead Sea level decline assumes no significant future
change of the Mediterranean base level. In the first simulations, the salinity and
density of the Dead Sea brine are assumed to be constant. At a later stage, a
simulation will be conducted with a higher density (1.3 g/cc) and salinity
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(400 g/l), as expected for the future situation of the Dead Sea following
considerable evaporation (Fig. 6-11). Rainfall and recharge in the recharge zone
were assumed to be similar to the present amounts. The structural configuration,
as well as hydraulic conductivities (K), are expected to remain constant.
a.

b.

Fig. 6-11:

a). Present groundwater level and future simulated ones, after 1000 years
b). Close-up of simulated brine/freshwater interface configuration near the
Dead Sea, at present and after 1000 years in the future

A transient simulation was performed for the groundwater response for the future
declining Dead Sea level at a representative alluvial fan of the Wadi Arugot, using
the 1960 year Dead Sea level (-395 m) as the initial condition with the presentday recharge flux. This simulation represents only the alluvial fans along the
Dead Sea and not the entire shore. The estimated rate of the Dead Sea level
decline is shown in Fig. 6-12, as predicted by Yechieli et al. (1998). The rate of
the level decline is expected to decrease gradually to zero at an elevation of -545
m after 350 years in the future. The Dead Sea level is considered to remain
constant at this level following this period.
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Fig. 6-12:

Future estimated Dead Sea level decline is shown by dashed line (modified
after Yechieli et al., 1998). Simulated groundwater flow to the Dead Sea
(DS) due to the future declining lake level are shown for (a) present day
recharge, and (b) half of the present day recharge. The drop in groundwater
discharge to the DS follows the change in the rate of DS level drop.

The transient simulation was run for a period of 1000 years. The groundwater
level and position of the Dead Sea interface from the beginning and the end of the
simulation are shown in Fig. 6-11. It can be seen that the decline of the
groundwater levels is primarily in the eastern part of the aquifer close to the Dead
Sea, with insignificant water level changes near the groundwater divide. The
change in the position of the groundwater divide at the end of the 1000 year
simulation is rather small, namely a westward shift of about 600 m.
The change in the simulated groundwater flow rates to the Dead Sea is shown in
Fig. 6-11. The increase in flow, during the drop of ~1 m/yr of the Dead Sea levels
is from the initial steady-state value of 2.6 mcm/yr/km-width in 1960 to a
maximum of about 3.3 mcm/yr/km-width after 100 years. By 2011 the flow has
reached 97% of its maximum value. This maximum flow will remain above 97%
for the next 100 years.
This increase is considered to be due mostly to a steepening of the hydraulic
gradient and release of storage. At the maximum flow values, the increase in flow
is about 0.7 mcm/yr/km-width. The change in the drop rate of the Dead Sea
levels, after about 100 years (Fig. 6-12), causes a change in the trend of discharge
to the Dead Sea. The flow to the Dead Sea decreases until it reaches a new
equilibrium of about 2.7 mcm/yr/km-width after approximately 500 years, namely
an additional 0.1 to the original 2.6 mcm/yr/km-width. This relatively small
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difference corresponds to the 600 m westward shift of the groundwater divide and
capture of some additional flow to the east.
Other simulations were conducted in order to examine different scenarios of
future conditions. These included also the possibility of stabilization of the Dead
Sea level at -550 meters (base case – 2050 no industries), but with a reduction of
the effective recharge (rain minus pumping) as is expected due to increase in
pumping of freshwater. In this simulation, the Consultant did not consider a
reduction in rain, as predicted in several global climatologic models, because
there is no model for recharge reduction in the future. In any case, the effect of
decreased recharge is probably not going to be very significant since the
simulations were run for the extreme case of a 50% reduction in effective
recharge due to pumping. The results of these simulations show a similar pattern
as in the previous case (Fig. 6-11). In general, a reduction of 50% in effective
recharge is expected to yield reduction in discharge to both Seas (Dead Sea and
the Mediterranean Sea) as the model shows (2.4 MCM/km versus 4.9 MCM/km
with 100% recharge). However, the partial flow to the Dead Sea has increased,
and the groundwater table division between the two base levels is not the same as
in the case of no reduction in effective recharge (1.7 MCM/km to the Dead Sea
and 0.7 MCM/km to the Mediterranean Sea).
The above calculated increase of flow to the Dead Sea along a 1 km strip cannot
be simply extrapolated to the entire 50 km length of the western shore of the Dead
Sea. This is mainly because the flow might be partly oblique and not parallel to
the West-East trending longitudinal model section applied in this study, due to the
complexity of the North-East trending synclines and anticlines. Moreover, the
present study does not include the eastern (Jordanian) drainage basin of the Dead
Sea. A rough estimate yields an increase of less than 25% of the groundwater
flow to the Dead Sea, which is far below the values calculated for the Dead Sea
by Salameh and El-Naser (1999). The increase in flow is probably reduced by
additional groundwater exploitation in both sides of the Dead Sea drainage basins.
The predicted change in the position of the Dead Sea brine/fresh water interface,
due to the decline of the sea level is shown by a dotted line representing the TDS
of 170,000 mg/l, which is 50% of the Dead Sea brine salinity (Fig. 6-11). The
obtained eastward shift of the interface is approximately 2 km. As expected, the
described simulation of a higher brine density yields a fresh-saline water interface
of a milder slope.
6.2.2.2

Local Scale Modeling
Numerical simulations of the expected changes in the case of Dead Sea level drop
were also conducted on a local scale. The hydraulic parameters were taken to be
similar to those at Wadi Arugot. The value that represents the fresh-saline water
interface in the following graphs is 50% Dead Sea water, which is
~110 g/l Cl. At the first stage, basic simulation of the Dead Sea coastal aquifer
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was conducted in order to show the fresh and saline water bodies and the interface
in between (Fig. 6-13). The second simulation was performed for the case of a
drop in the Dead Sea level by 20 m. It can be seen that the interface follows the
drop in the Dead Sea level.

Fig. 6-13:

Numerical simulations of the expected changes in the case of Dead Sea
level drop. The hydraulic parameters were taken to be similar to those at the
Wadi Arugot. The value that represents the fresh-saline water interface in
the following graphs is 50% Dead Sea water, which is ~110 g/l Cl. a). Basic
simulation of the Dead Sea coastal aquifer showing the fresh and saline
water bodies and the interface in between. b). Simulation in the case of a
drop in the Dead Sea level by 20 m

Numerical simulations were also placed in order to provide a better description of
the special configuration and the variable-density flow patterns of groundwater in
a coastal aquifer adjacent to a long term meromictic lake (Fig. 6-14). The
numerical simulations are taken under different lake conditions in order to
understand the difference between the basic case of one interface adjacent to a
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holomictic lake and the case of meromictic lake and to determine the conditions at
which they exist. The sensitivity of the model was examined with regard to
changes in two of the lake'
s limnological parameters. These two parameters relate
to the upper mixed layer: 1) the layer'
s density and 2) the layer'
s thickness. The
results of the sensitivity tests to changes in lake water column are shown in
Fig. 6-14.
The model was found to be sensitive to changes in both parameters. These
parameters determine whether or not water from the upper layer intrudes into the
aquifer. This in turn determines groundwater configuration and the flow patterns
within the aquifer close to the lake. In Cases 2, 3 and 6, water with lower density
from the upper layer in the lake flows into the aquifer and floats on top of the
denser water below, and creates a wedge-like shape and three interfaces between
the water types within the aquifer. The intrusion distance is greater for higher
values of density and thickness. In Cases 1, 4 and 5, water from the upper layer
does not flow into the aquifer, and the intruded wedge does not form. However,
the one interface that is created, between the fresh groundwater and the dense
water from the lower layer, starts from the Sea'
s halocline, and does not extend
upwards as in the case of one interface adjacent to a non-stratified lake. Instead,
all of this area is filled by fresh groundwater which flows back into the lake
throughout the whole section on the lake floor which is occupied by water from
the upper layer.
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Fig. 6-14:

Distribution of concentrations and flow patterns for the six different cases.
White arrows demonstrate fresh, brine and saline groundwater flow
patterns. The different cases represent different thicknesses and densities
of the Dead Sea mixing layer.
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Thus, in the case of RSDS, where a layering of two water bodies with different
densities is expected, a much more complicated configuration develops. In such a
case, a three cells'system is expected as demonstrated in the above figure (Fig.
6-13) whose specific interrelation will depend upon the density differences and
the thickness of the upper layer of the Dead Sea.
6.2.3

Methods for estimation of groundwater flow in the Dead Sea coastal
aquifer
There are several methods that may give an estimation of groundwater flow in a
coastal aquifer:
Using of radioactive isotopes – the rate of groundwater flow (both fresh and
saline) can be estimated by the determination of the groundwater age using
isotopes such as 14C and tritium. Preliminary data of young ages (85 pmc
compared to ~80 pmc of the present Dead Sea) of saline water imply that
circulation of the Dead Sea water in the aquifer can occur within a relatively short
time (Avrahamov et al., 2010). Thus, although the Dead Sea drop enhances flow
of groundwater towards the Sea, there is still quite a fast flow of saline from the
lake to the aquifer. On the other hand, some of the groundwater in the lower subaquifer (depth of >50 m) yielded old ages, indicating slow velocity in this aquifer.
The relatively high 14C and existence of tritium in some fresh groundwater
indicate that groundwater flow from the recharge area can be quite fast (within
~50 years).
The other set of radioactive isotopes are radon and the four isotopes of radium
(Ra) which are usually used for the determination of groundwater flow near the
lake. The detection of sub-lacustrine groundwater discharge (SGD) to the lake is
performed in many parts of the world using these methods. The main idea is that
these isotopes are of low concentration in the sea and have a much higher
concentration (several orders of magnitude) in most aquifers. The situation is
much more complex in the Dead Sea system, where the analytical procedure is
more difficult and the concentration of radium 226 is higher in the Dead Sea
compared with the aquifer. Therefore, in this work, the Consultant utilized the
isotopes whose concentrations are larger in the aquifer, such as radon, radium 223
and 224. Fig. 6-15 shows the result from cruises in the Dead Sea (mostly near the
Wadi Arugot) where samples were taken along a section from the shoreline to the
center of the lake. Generally, the results show that the concentrations are higher
near the coast compared with those near the center. These results imply that there
is some groundwater discharge from the alluvial aquifer of Wadi Arugot to the
Dead Sea. Similar work can be done in other parts of the Dead Sea alluvial
aquifer to examine this question and map the main locations of SGD to the Dead
Sea. Due to the large scatter of the isotopic data, no quantitative estimation is
available at this stage.
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Fig. 6-15: Ra concentrations as a function of distance from the shore near the Wadi Arugot.

Using infrared (IR) imaging – The main principle of IR imaging is that
groundwater discharges to the sea at a different temperature than the sea itself. In
the Dead Sea system, groundwater is warmer in the winter and colder in the
summer. Thus, a regional survey may help in the determination of the location of
the main points where groundwater discharges directly in the lake. This method
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was examined at two locations along the Dead Sea shore. The first location was
near the En Qedem spring where thermal springs (temperature
(temperatu of ~450C) are
known to discharge into the Dead Sea. Representative photographs are shown
below, where a spring of warm water is seen flowing in the middle of a local bay.
These photos were taken in January 2010, when the springs'water was much
warmer than
han the Dead Sea water. A regular still photo is attached in order to
better understand the thermal picture (Fig. 6-16).

Fig. 6-16: Thermal images of the Dead Sea near the Qedem springs showing the effect
of discharge of hot springs to the Dead Sea.
Sea
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The second set of photos was taken by an Infrared camera of the Dead Sea coast
at the mouth of Wadi Arugot. The first two photos differ only by the scale of
temperature used for the display. This change was made in order to emphasize
whether any anomalies of temperature exist within the camera'
s resolution. In this
case, no anomaly of temperature was visible, either related to a warm or cold flow
into the Dead Sea (Fig. 6-17).
The third photo is a close-up of a section of the shore just where Wadi Arugot
meets the lake. Also, no anomaly is seen in this photo. Therefore, there is no
visible spring of warmer or colder flow in this area. If there is a spring with water
of a different temperature than that of the Dead Sea, it has only a low rate unless
the water happens to discharge at a temperature very close to that of the Dead Sea
surface water.
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Fig. 6-17: Thermal images near Wadi. The spot in the top part of the bay (seen best in
the middle image) is a boat rack and not a spring. IR imaging of absolute
temperature value is not accurate. However, the relative values are
considered to be very accurate and show no evidence of groundwater flow.
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6.2.4

Effect of Dead Sea level changes on the springs (fresh and saline)
flow
If the level of the Dead Sea will rise as a result of Red Sea water inflow, the
springs in some areas along the shores (e.g., Qedem thermal springs) are expected
to migrate with the Dead Sea shore. However, some time lag is expected between
the Dead Sea level change and the response of the groundwater system. During
this time lag, which could last for a couple of years, the groundwater discharge
will temporarily decrease before recovering to its present values as the system
approaches a new steady state. The response of the fresh-saline water interface is
more complicated, as was predicted by hydrological simulation (Kiro et al.,
2008).
Much of the groundwater flowing to the Dead Sea discharges as springs close to
the shore and flows as surface water to the Sea. The main reason for this flow
pattern is the lateral sediments variability in the coastal aquifer. Most of the Sea
bottom consists of impermeable sediments, such as clay, marl, and salt.
Permeable sediments (gravel) were deposited further away from the Sea, nearer to
the mountains. Thus, when the Dead Sea declined significantly, groundwater
reached the impermeable sediments and could not flow through them. In such
areas (e.g., En Fescha springs), the springs are located close to the contact
between the permeable and impermeable layers. Deep gullies are formed in the
impermeable layers and carry the water at the surface to the Dead Sea. In areas
near the main alluvial fans (e.g., Arugot, Darga, Mujib), there are still permeable
layers in contact with the Dead Sea itself, allowing groundwater to flow directly
to the Sea as submerged springs.
Since groundwater discharge is limited mostly to the permeable sediments that are
located along streams and do not appear in the deep lake, it is forecasted that the
discharge will not change much with a continuing level decline. The groundwater
will mainly discharge at springs and flow to the lake as surface water. However,
deep groundwater may have the potential to ascend along faults and discharge at
the deeper parts of the lake, once the water level declines.

6.3

Sinkholes

6.3.1

Background
Location of Sinkholes
Collapse-sinkholes started to appear along the Dead Sea coast in Israel and Jordan
in the early 1980s. Sinkhole development has significantly accelerated since 2000
with abrupt occurrence of hundreds of sinkholes. This regional-scale collapse is
attributed to the rapid decline of the Dead Sea level (~1 m/y) (Arkin, 1993; Arkin
and Gilat, 2000; Taqeiddin et al., 2000; Wachs et al., 2000). The decline of the
Dead Sea, which exceeds ~30 m since the early 1930s, reflects human activities,
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such as interception of fresh water supply from the Jordan River and the
maintenance of large evaporation ponds by the Dead Sea mineral industries in
Jordan and Israel.
According to recent examination of aerial photographs (Abelson and Gabay,
2009), a total of more than 2500 sinkholes appeared along the Dead Sea’ s west
coast. These sinkholes are clustered in ~50 sinkhole sites along a narrow coastal
strip, ~60 km long and 20 m – 1000 m wide, which stretches from the water line
westward (Fig. 6-18). Each sinkhole site comprises between one and >500
sinkholes. In recent years, the growth rate of the number of sinkholes has
increased significantly. Since 2003, this number approaches 200-380 sinkholes
per year (Fig. 6-19). Consequently, more than 80% of the 2500 Dead Sea
sinkholes have occurred since 2000.
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Fig. 6-18:

Distribution of sinkhole sites along the Dead Sea coast, updated from aerial
photographs from August 2006 (Abelson et al., 2007).
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Fig. 6-19:

Growth rate (red line) and cumulative number of the sinkholes (black line)
along the Dead Sea shorelines (updated to December 2008).

The
sinkholes
tend
to
develop
along
lineaments
(Raz, 2000; Abelson et al., 2003a; Fig. 6-20), which can be traced up to ~2 km.
The orientations of the sinkhole lineaments are strikingly similar to the orientation
of the faults forming the Dead Sea rift. These two observations imply that the
sinkhole formation is related to tectonic faults buried in the rift sediments
(Abelson et al., 2003a,b). This notion has been strongly supported by seismic
reflection and by the absence of spatial relationships between the sinkhole
lineaments and surface features, such as coast steps, shape of alluvial fans, and
more.
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Fig. 6-20:

Sinkhole lineaments and buried faults (after Abelson et al., 2003a). (a) A
rectified air photograph from 1999 showing the sinkhole site of Shalem (Fig.
6-18). The sinkholes are aligned sub-parallel to the local rift-margin faults.
(b) Area weighted, rose-diagrams of strikes of major faults on the western
margin of the Dead Sea rift [Sagy et al., 2003] (cumulative length 322 km),
sinkhole lines, and strikes of the western rift wall segments displayed on a
digital shaded relief map [Hall, 1996]. Note the similar bimodal distribution of
the various populations, implying a tectonic control on the sinkhole lines. (c)
and (d) Seismic reflection profiles across the Neve Zohar and Hever-south
sites, respectively (see Fig. 6-18 for location) showing prominent
discontinuities beneath the sinkhole lines. In Neve Zohar, a sequence of
disturbed layers is bounded by two discontinuities interpreted as faults. The
northwesterly discontinuity is beneath the sinkhole line. A seismic reflection
profile parallel to the sinkhole line at this site shows no discontinuity,
suggesting that the buried discontinuities/faults are parallel to the sinkhole
line. The lithology in an 80 m deep borehole at Hever-south site is presented
14
in (d); C dating from a 27 m-deep clay horizon within the salt layer
indicates an age of ~10,000 years, suggesting that the observed offsets
shallower than 20 m are younger than 7500 years.

The sinkholes are observed in two main sedimentary environments along the
Dead Sea western coast, mud-flats and alluvial fans. The alluvial fans are made of
coarse gravel alternating with fine-grained sediments (silt and clay), whereas the
mud flats are mainly fine-grained sediments. The sinkholes in the alluvial fans
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tend to be much deeper, where single sinkholes sometimes reach a depth of 20 m.
In the wet mud plains, the sinkholes are shallower and wider than the sinkholes in
the alluvial fans.
6.3.1.1

Formation of Sinkholes
Previous studies have shown that the primary cause for collapse sinkholes around
the globe is the formation of cavities by dissolution within layers of soluble rocks
(e.g., Martinez et al., 1998; Galloway et al., 1999; Neal and Johnson, 2002). At
some stage, overlying layers fail to bridge the growing cavities and collapse
structures may reach the surface, forming a sinkhole. In order to assess whether
the Dead Sea sinkholes are formed by a similar process, the GSI team searched
for layers of soluble rock in the upper section of the sedimentary fill of the Dead
Sea rift, and investigated groundwater chemistry for potential dissolution.The
subsurface setting was explored by seismic refraction, boreholes, and sampling of
groundwater from the boreholes. The following subsections review the key
observations obtained by this exploration.

6.3.1.2

Evidence collected from boreholes and seismic refraction
Seismic refraction profiles were conducted along most of the Dead Sea coast by
the Geophysical Institute of Israel. These data, and 20 boreholes in the vicinity of
seven sinkhole sites, indicate that a salt layer, several meters thick, is embedded
within the upper part of the sedimentary section along the Dead Sea coast. A
typical profile of seismic refraction in the Dead Sea region displays three layers
with P-wave velocities of 600 m/s - 800 m/s, 2000 m/s - 2300 m/s, and 2900 m/s 3600 m/s for the upper to lower layers, respectively. The upper two layers consist
of uncemented or unconsolidated alluvial and fluvial sediments. The lower layer,
where observed, is the salt layer. This stratigraphy was verified by boreholes in
several sites (e.g., Hever-south, Zeelim, En-Gedi, Shalem, En Bokek, Neve
Zohar; Fig. 6-21), where a solid salt layer was penetrated at depths predicted by
the seismic refraction.
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Fig. 6-21:

A salt core from the En Bokek-1 borehole.

For example, the borehole Hever-2 at the Hever-south site penetrated an 11 mthick salt layer at a depth of 24 m, as predicted by the refraction profile
(Yechieli et al., 2004). The age of the salt layer was found to be ~10,000 years
(Yechieli et al., 1993). The salt layer shows a broad range of P-wave velocities,
between 2900-3600 m/s, perhaps due to the occurrence of both solid and
"crumbly" salt. Accordingly, seismic refraction profiles were used cautiously to
identify the extension of the salt layer.
The association between sinkhole occurrence and the subsurface salt layer was
corroborated by boreholes in seven sinkhole sites. At all these sites, a salt layer
was penetrated at the vicinity of the sinkholes, supporting a dissolution-collapse
origin for the Dead Sea sinkholes. In addition, a salt layer has not been found in
boreholes north of the Enot Zukim reservation, an area where sinkholes are absent
(Fig. 6-18).
The depth of the top of the salt layer ranges between 20 m and 50 m, and in some
locations the thickness of the salt layer exceeds 20 m. It is not yet known whether
there is a single salt layer or multiple layers from several stratigraphic units. For
this purpose, additional dating of the salt layer in several sites is required (not
included in the scope of this project).
6.3.1.3

Salt Layer Cavities
In two of the seven sinkhole sites examined by boreholes, cavities were
encountered in the salt layer (Abelson et al., 2006). At the Hever-south site, one
borehole (Hever-1) penetrated an 11 m thick salt layer. A second borehole
(Hever 3) drilled 40 m south of Hever-1 encountered a cavity at 23 m - 29 m
depth, at the same stratigraphic level as the salt layer found in Hever-1. At the

Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

298

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study
Shalem site (Mineral Beach, Fig. 6-18) the salt layer was penetrated at a depth of
19 m and a cavity was found at its base, over a depth range between 28 m to 31
m. A waterproof camera inserted into the cavity through the borehole indicated
that the cavity wall is made of coarse-crystal salt (Fig. 6-22). The diameter of the
cavity is larger than the 1.5 m maximum spread of caliper arms.The cavities
found in the salt layers support the inference that salt dissolution causes the
formation of the Dead Sea sinkholes.

Fig. 6-22:

A photograph from the cavity found in the borehole Mineral-2 at the Shalem
site (Fig. 6-18). Note the coarse salt crystals in the cavity wall.

Alternating fine-grained (clay and silt) and gravel layers occur in the upper
sedimentary section along the Dead Sea coast, forming several sub-aquifers. In
some locations (e.g. En Gedi area), the groundwater head in the lower sub-aquifer
is higher than in the upper sub-aquifer (Yechieli et al., 2004, 2006), indicating
upward flow potential. The groundwater in the lower sub-aquifer beneath the salt
layer is much less saline (Cl=15 g/l, 78 g/l in various boreholes in En Gedi area;
Fig.
6-23)
than
the
Dead
Sea
brine
(Cl=210
g/l)
(Yechieli et al., 2004, 2006).
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Fig. 6-23:

A schematic hydrogeological section across the elongated cluster of
sinkholes in En Gedi plantations (Yechieli et al., 2006). The water chemistry
in borehole EG-13 exhibits a clear signal for salt dissolution (Na/Cl=0.55).
Relatively low saline water was found within the lower sub-aquifer in EG-7,
(Cl=15-78 g/l, when compared with the Dead Sea brine, Cl=220 g/l). This
water is confined beneath the salt layer, showing a hydraulic head 5 m
higher than the phreatic water level. As in many other sinkhole sites, the
lineament over which the sinkholes develop here is found close to the
margins of the salt layer.

Calculations indicate that whereas the Dead Sea brine is saturated with respect to
halite, the dilute groundwater is far below saturation and therefore has the
potential to dissolve salt. Furthermore, geochemical evidence proves that
dissolution of salt does occur. This is best exhibited by the high Na/Cl ratio of
groundwater (0.6) from within the cavity in the salt layer in Mineral-2 borehole,
compared with the Dead Sea brine (0.25) (Yechieli et al., 2006). The increased
Na/Cl ratio reflects dissolution of the salt layer by groundwater consisting of
mixed Dead Sea type brine and more diluted groundwater. In Mineral Beach, the
source of the fresher groundwater is thermal brine seepage from deep strata. In En
Gedi and most other sites, the dilute groundwater is derived from the regional
freshwater
aquifer
recharged
in
the
mountains
to
the west
(Yechieli et al., 2001).The active groundwater flow, which drains to the declining
Dead Sea, maintains a continuous flux of undersaturated water through the salt
layer, thereby enhancing ongoing dissolution.
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6.3.1.4

Sinkhole lineaments along cryptic, likely active, young faults
Almost all sinkhole clusters display a clear linear shape. Comparison between the
trends of the sinkhole lineaments, the exposed faults, and the zigzagging rift wall
segments shows a striking similarity. No relationship is found between sinkhole
lineaments and other surface features, such as ancient or current Dead Sea
shorelines, or alluvial fans. These observations suggest that sinkhole formation is
controlled by faults concealed within the rift fill.
To confirm this linkage between buried faults and sinkhole lines, 10 profiles of
seismic reflection were conducted across and along sinkhole lines in six different
sites. In the examined sites the sinkhole lineaments were found to overlie
prominent discontinuities. For instance, profiles across the sinkhole lines in the
Neve Zohar and Hever-south sites (Fig. 6-20) display clear discontinuities
interrupting the reflectors beneath the sinkhole lines that offset young sediments
several thousands of years old.
The observed linkage between tectonic faults and sinkholes implies genetic
relationships, where beside the presence of salt layer, the formation of sinkholes is
strongly affected by the presence of a prominent tectonic fault. Several meters
thick aquiclude layers above and below the salt layer as indicated in several
boreholes (Yechieli et al., 1993; Wachs et al., 2000) may restrict access of the
sub-saturated water to the salt layer. The buried tectonic faults may then serve as
conduits for the sub-saturated water to percolate to the salt layer through the
aquiclude layers, to dissolve the salt layer and promote the development of
sinkholes along lineaments parallel to the faults (Abelson et al., 2003b). The
ascent of sub-saturated water is possible due to overpressure in the confined
aquifers below the salt and clayey layers, which was found to be higher than the
upper phreatic aquifer in the boreholes along the Dead Sea coast
(Yechieli et al., 2006).

6.3.2

Laboratory Experiments of Patterns and Rate of Salt Dissolution
The laboratory experiments were conducted in order to improve an understanding
with regard to the rates of flow and dissolution patterns in salt layers. The
estimation of these rates is essential for the prediction of sinkholes formation in
the future in various locations along the Dead Sea coast. This part of the work was
conducted by the Consultant'
s collaborators, Prof. Noam Weisbrod and his M.Sc.
2
student Chen Alon . This study included laboratory experiments that examine the
dissolution patterns of dissolution under water flow at different rates and
salinities. The experimental setup is shown in Fig. 6-24.

2

from the Ben Gurion University in Sde Boker, Israel
Z:\IL\201280\R11.218\Final_Report-RSDS-fn.docx

August 11, 2011

301

Final Report
Red Sea - Dead Sea Water Conveyance Study Program - Dead Sea Study

Fig. 6-24:
Experimental setup, showing the system both schematically and as a photo. The
solutions enter the cores from Marriot bottles and are collected and weighed at the exit. Images of the
inlet face are taken by camera.
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In general, there are two main types of natural salts in the subsurface of the
Dead Sea coastal area (Fig. 6-25). The Dead Sea salt cores types can be divided
into two groups according to their texture, color and morphology
(White Massive Salt and the Crystal Transparent Salt). The experiments were
conducted on both types.

Fig. 6-25:

DS salt cores types, divided to two groups by their texture, color and
morphology. The White Massive Salt (WMS ) type is shown on the right and
the Crystal Transparent Salt (CTS) type is on the left.

The natural permeability of the salt was first determined with Dead Sea brine
which is saturated with respect to halite salt and therefore does not dissolve salt.
The permeabilities are very low ranging between 10-10 cm2 – 10-13 cm2
(Fig. 6-26 on the following page). At a later stage, diluted brines were inserted
showing the effect of dissolution and at certain times a breakthrough occurred,
indicating the completion of a dissolution channel from one end of the core to the
other (Fig. 6-27 on the following pages). The dissolution pattern was also
examined by CT3 (Fig. 6-28 on the following pages). Again, dissolution channels
were observed in the salt cores.

3

in the Chaim Sheba Medical Center, Tel Hashomer, Israel
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Fig. 6-26:
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Fig. 6-27:

Permeability and NaCl dissolution over 67 PV (pore volumes) in core 4.
Note that the dissolution process (expressed as NaCl accumulated) starts
soon after the solution was changed from 100% to 95% DS brine, which is
enough to cause significant dissolution. The breakthrough in permeability
values was observed after a volume of about 60 PV was passed through the
column, probably the time of creation of continuous channel in the core.
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Fig. 6-28:

Dissolution morphologies in salt cores taken as CT images. Note the
dissolution patterns in the upper images showing two main channels. The
lower image shows an expansion upward of pre-existing cracks due to the
effect of density.

Another experimental setup was the case in which a drill was conducted at the
beginning to simulate the process when a channel or a fault already exists. In such
a case, an expansion of the original channel occurred, mostly toward
pre-existing natural cracks. It is interesting to note that most dissolution occurred
upward due to the effect of density, whereas the denser and more saturated
solutions are found at the lower part of the channel.
A very preliminary exercise was conducted to estimate the situation in the field.
Given Darcy'
s velocity q= / gk h, where is the viscosity (0.00268 Pa sec),
is the brine density (1240 kg/m3), and g=9.81 m/s2 is the gravity acceleration
under a head difference of 5 m upward and assuming Dead Sea salt permeabilities
(k) of ~10-17 to ~10-14m2 the Darcy'
s velocity will be ~7x10-1 to 7x10-4m/y,
respectively (Fig. 6-26). This rate is quite slow compared with the rapid rate of
sinkhole formation. On the other hand, the existence of fast conduit (such as fault
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planes) or dissolution channels will yield much faster flow than normally found in
a massive salt layer.
6.3.2.1

Monitoring
The results presented in the groundwater section (6.2) are relevant to the
sinkholes as well. The drop of the fresh-saline water interface may allow
freshwater to flow into salt layers and dissolve the salt. The rate of dissolution is
expected to be proportional to the salinity of groundwater and thus to the specific
location of the interface. Thus, it is important to continue monitoring to estimate
the salinity of groundwater at different depths of the aquifer, especially in the
vicinity of the salt layer. It should be noted that such monitoring is done both at
the shallow phreatic sub-aquifer and at the deeper confined sub-aquifer since the
salt layer is usually in between these two sub-aquifers. At present, only one deep
borehole is monitored, whereas the rest of the boreholes are in the phreatic
shallow aquifer.

6.3.2.2

Numerical Simulation
Simulations of the effect of the stratification of the Dead Sea that is presented in
the groundwater section (6.2) could be significant for potential salt dissolution
and sinkhole formation. The preliminary results show that relatively fresh water
(fresher than Dead Sea brine), that can dissolve salt, are expected to be found at
deeper depths than in the case of non-layered Dead Sea, thus increasing the
potential of exposure of the salt layer to non-saturated waters

6.3.2.3

Geophysical Study
An offshore geophysical survey has been launched to locate submarine faults
which may become conduits for upward flow and salt dissolution by nonsaturated groundwater. The data were acquired via 2D single channel seismic
reflection survey with a sparker as the energy source. The sparker produces a
broad band acoustic sound (1 Hz to 2.5 Hz) which penetrates the shallow
subsurface down to ~50 m depth below the seafloor. Due to acoustic impedance
differences of the subsurface rocks, some of the sound wave energy is reflected
back when the waves hit a contact horizon between rocks of different densities.
The returned signal, received by hydrophone array, lies in a cable towed by the
research vessel, output the received signals through a cable to an onboard
computer, and simultaneously records the reading with the location of the boat
(set by an onboard GPS). The resulting seismic profile (vertical time scale) of
each survey line, maps the subsurface reflectors showing the subsurface layers
based upon changes in the acoustic impedance. Selected reflectors are then
interpreted into geological units. See Fig. 6-29.
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In the study area, a clear and strong reflector easily maps the lake-bottom.
However, subsurface reflectors are not very clear. In general, two subsurface
reflectors were found to be somewhat stronger than others. The upper one usually
lies 10 – 40 milliseconds (ms) below the lake floor, while the other lies 5 ms – 30
ms below the upper one. Since the known salt layer in the area is expected to
create a strong reflector and expected to be found at an equivalent depth, the
Consultant marked these two reflectors as suspected Top Salt and Base Salt
horizons. The maps show the spatial structure of these horizons.
A significant disturbance in the continuity of the lake floor and underlying
reflectors observed in line 18 (crossline) between lines 9 and 10 (inlines). This
disturbance and some drop in the seafloor as well as in the uppermost reflectors,
might imply on a sinkhole. A slight vertical shift between the reflectors on both
sides of this discontinuity (90 ms to 125 ms) implies on the presence of a fault. In
the future, as water level declines further, the suspected fault may serve as a new
conduit for freshwater that will dissolve the salt and form sinkholes east of the
present sinkholes sites.

Fig. 6-29:

Two way time map of the lake floor at the southern survey and location of
suspected sinkholes and faults
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6.3.2.4

Damage development in soft sediments and sinkhole formation along the Dead
Sea shoreline
The behavior of the soft sediment above an underground cavity was examined by
viscous and damage models (Lyakhovsky et al. 1997). With the viscous model,
the formation of a sinkhole was examined for viscous soft sediment flow above an
underground cavity. With the damage model, the damage development was
examined for an unstable cavity once the stress around it acquired the soft
sediment-yield strength. The Consultant checked the stability and failure above
different cavity sizes, depths, different material properties and varying sediment
strength for both models. Results for the two models were compared with
sinkhole shape and time scales that are known by field observations.
Maimon et al. (2005) developed 3D elastic and elasto-plasto models to study
sinkhole formation along the Dead Sea shoreline. With the elastic model, a
stability threshold has been defined above an underlying cavity for different
conditions, such as size, depth, shape, material mechanical properties, and water
level. The shape of the failure was found once the soft sediments reach their yield
strength. However, because Maimon et al. (2005) used only elastic and elastoplasto models there was no time scale associated with deformation.
The purpose of this section is to model the deformation of sinkhole formation
with its appropriate time scale. Field observations imply that most sinkhole
formations may happen in a sudden collapse within a few seconds. In general,
there is very little information regarding the rate of sinkhole formation. There are
several clues to the sudden collapse of sinkholes, such as those on the main road
near Mount Sedom (discovered suddenly by local drivers, see Fig. 6-30) and the
one in Wadi Darga into which a hiker fell several years ago. The following
discussion will deal with the case where the collapse is sudden. Moreover, the
discussion deals with the case where collapse is of many meters of sediment (5 m
– 20 m). The other case of relatively slow formation will require additional
research, not included within the scope of the present study. For the case where
sinkholes collapse suddenly, the initial sinkhole shape has a bell shape or
cylinder shape. The sinkholes continue to grow along slope collapse of the
sinkhole walls (Fig. 6-30).
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Fig. 6-30: Sinkhole collapse next to the main road near Mount Sedom.

The soft sediment elastic parameters (E=2000 MPa. 0.3) and the strength
parameters (c=50000 MPa, / 250) were taken from Maimon et al. (2005).
The soft sediment viscosity was estimated by other laboratory experiments on
clay (Mitchell and Soga, 2005; Ling et al., 2007). There are no such experiments
on the soft sediment from the current research area. The graph in Fig. 6-31
summarizes the laboratory experiments on clay and provides a best fit calculate
power law graph. The following equation expresses the soft sediment viscosity:

ae b cfs 0 ,

(1)

where a and b are the power-law coefficients (Error! Reference source not found.)
, 0 is the shear stress, and cfs is the failure criteria that depends upon the normal
stress P, the material cohesion c, and the material friction angle/:

cfs 0 / P c
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Fig. 6-31: The soft sediment power-low viscosity calculated by laboratory experiments on
clay. Black lines are found by equation that best fits the experiments results
(colored lines).

With the viscous model the Consultant examined the formation of sinkhole
cavities larger than 10 m – 20 m in diameter at 20 m depth. The soft sediment
falls into the cavity at a velocity that depends upon its viscosity that is calculated
by the power law equation (Eq. 1). The results show that the deformation caused
by the cavity creates a wide surface substance with no localization that creates the
sinkhole walls. Although the soft sediment at the Dead Sea area is a viscous
material, the failure that creates the sinkholes does not happen in a viscous flow.
With the damage model, the damage propagation was examined above a 20 m
depth cavity, and 20 m in diameter. Fig. 6-32 present four steps of the damage
propagation above such a cavity. When the damage reaches the surface, the
material collapses. The time scale for this collapse has been found to be that the
damage reaches the surface after five days. Then, a sudden collapse happens
within three seconds creating a sinkhole. This kind of deformation is similar to the
sinkholes at the Dead Sea.
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Fig. 6-32: Damage development for a 20 m diameter cavity at depth of 20 m. Once the damage
reaches the surface, the soft sediment collapses.

By running a different set of the damage model, the Consultant checked the
stability of a 10 m diameter cavity located below a 20 m soft sediment layer. It
was found that an arch develops above the cavity, the stability increases and the
cavity does not collapse (Fig. 6-33).

Fig. 6-33: The distance from failure for a cavity at 20 m, with a 10 m diameter. Arching develops above
the cavity, the stability increases, and the cavity does not collapse.
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6.3.3

Estimation of Future Conditions
If there is no action and the Dead Sea level continuous to drop, sinkhole
formation will continue. It is expected that many more sinkholes will appear in
the existing sites. This will continue until the groundwater level will decline
below the salt layer. From this point, no additional dissolution is expected to
occur in these sites. However, new sites might appear in areas that are currently
submersed. Submersed fault lines have the potential to channel fresh water and
form new sinkhole sites. The extent of this process is unclear. It should be
mentioned that the decrease in permeability of the sediments toward the shrinking
Sea may inhibit sinkhole formation in some areas.
The assumption used above is that the sinkholes form by dissolution of salt from a
specific salt layer at depths of less than 100 m. Until now all of the sinkhole sites
were formed where this layer was found. Under extreme conditions of more than
100 m drop of the Dead Sea level, other salt layers could play a role in the
formation of sinkholes. For example, a salt layer exists in the Masada area at a
depth of ~300 m.
The effect of increasing Dead Sea level on sinkhole formation is complicated. The
increase in the Dead Sea level is expected to push the fresh-saline water interface
away from the Sea and thus a smaller part of the salt layer, which is found in the
area near the present shoreline (distance of >500 m) will be in contact with
relatively less saline groundwater. Such a process should in principal limit the
dissolution and thus is expected to limit the sinkhole formation. At the lower
aquifer, this process might reverse the flow and stop the fresh groundwater flow
into the salt layer. In any case, the hydraulic gradient between the lower and
shallow aquifers will decrease. As a result, the fresh-saline interface will migrate
westwards and will restrain dissolution.
However, the long term stratification of the Dead Sea water body is expected to
create complex groundwater interfaces. Water from the diluted upper layer might
flow into the aquifer and dissolve salt. Therefore, sinkhole formation potential
might actually increase. It should be noted that such complex flow will not occur
in all cases. The specific salinity of the brines that will percolate to the subsurface
from the Dead Sea will depend upon the thickness and on the salinity of the upper
layer.

6.3.4

Summary (Comparison between RSDSC Solution and No Action)

6.3.4.1

Hydrology
With no action, the flow to the Dead Sea will slightly increase or remain the same
for the next ~100 years due to the loss of storage. This creates relatively higher
discharge of springs near the shoreline and relatively more fresh water to the
Dead Sea water budget. A steady Dead Sea level will keep the groundwater flow
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steady, provided that there is no change in pumping or recharge of the aquifer.
During the years of rising Dead Sea levels, groundwater flow to the Dead Sea will
decrease until a new steady state will be reached.
Groundwater level will decrease with no action, depending upon the distance
from the shoreline and the hydraulic conductivity of the coastal sediment at the
specific sites. Such a decrease in the water level means deeper depths to the water
table and thus a higher cost for pumping groundwater. In some cases, the shallow
phreatic aquifer may become empty and the deeper confined aquifer may become
phreatic. In the case of RSDS, groundwater level is not expected to increase
significantly, probably only in the first years of Dead Sea rise until the new steady
level is reached.
The salinity of groundwater will depend upon the chosen solution. No action will
lead to decreasing salinity due to the movement of the fresh-saline water interface
downward and eastward and the flushing process that already was noticed in the
field observations. In general, with the rising levels of the Dead Sea, an opposite
reaction is expected for the interface zone until the new steady state levels are
reached in this location. The specific condition of a stratified lake will yield a
more complicated situation whereby a relatively low salinity water body will exist
very near the shoreline (see simulation of hydrogeological condition near the
stratified lake. Therefore, in the case of a stratified lake, less saline water is
expected near the shoreline than in the case of no action.
6.3.4.2

Sinkholes
Since the main factors regarding sinkhole formation are the salinity and flow rate
of groundwater in the coastal aquifer, the abovementioned hydrological
conditions will determine the risk of sinkhole formation for both scenarios. The
Consultant predicts that the sinkhole formation will continue with or without the
RSDS canal.
In general, the no action case is expected to increase groundwater flow rate and
decrease the salinity of groundwater in the coastal aquifer. On the other hand,
RSDSC solution will generally decrease water flow (at the rising stage) or keep it
steady and increase groundwater salinity in most parts of the aquifer. However, in
the case of a stratified lake, less saline groundwater that recharges from the upper
lake layer may induce dissolution of halite and sinkhole formation close to the
shoreline. The specific distance to which the upper Dead Sea water body will
reach in the aquifer has not yet been examined because simulations were run only
for the simple non-realistic homogenous case.
The above discussion deals with the upper phreatic aquifer, which is assumed to
produce fewer collapse sinkholes. It seems that most collapse sinkholes are
formed by the dissolution mechanism of groundwater from the lower confined
sub-aquifer. This sub-aquifer, which usually has higher hydraulic pressure and
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lower salinity, allows relatively fresh water to come into contact with the salt
layer above and gradually creates a dissolution cavity until the cavity is too large
to support the sediment and failure occurs, creating a sinkhole at the surface. This
process in the lower sub-aquifer will be slower in the scenario of RSDSC which
will push the fresh-saline water interface inland, and thus increase the salinity
near the salt layer. The RSDSC scenario has the advantage of restraining the
dissolution processes at the lower aquifer, while increasing the dissolution process
at the upper aquifer near the shoreline. Thus, it is still difficult to determine which
of the two scenarios is better with respect to sinkhole formation.

7.

Assessments of the Project Tasks and Results
This section presents the assessments for the agreed upon tasks as described in
Section 3.4, and were prepared based upon current knowledge and understanding.
Therefore, by default, they have a wide range of uncertainties. The agreed
scenarios were defined in Section 3.4 as being the most relevant for fulfilling the
questions relating to the potential introduction of Red Sea water / reject brine into
the Dead Sea

7.1

Task 1: Current Status
Task 1: Review the past and current baseline studies/research related to the
limnology of the Dead Sea with particular attention to the recent efforts by the
relevant scientists in modeling the dynamic limnology of the Dead Sea with
special attention to the following specific questions:
1.1

What are the current physical, chemical and biological conditions (including
endemic bacteria) of the water in the Dead Sea? What are the values of the
components for the present water balance of the Dead Sea and in particular the
values for evaporation and groundwater depletion?

Since the 1980s the Dead Sea has been a monomictic lake. The water body
overturns every year in early winter and remains vertically homogenous through
the winter until early summer when thermohaline stratification develops. The
rapid water level drop (1 m/yr over the last decade on average with an increased
rate during the past few years) is a manifestation of the negative water balance of
the lake. The drop in water level is accompanied by increasing salinity and
temperature of the brine at rates of about 0.3 kg/m3/yr and 0.3ºC/yr, respectively.
See Section 5.1.4.2 for further details.
The Dead Sea is characterized by its Ca-chloride composition and its salinity and
density which are 342 g/L and 1.24 kg/l, respectively (Table 5-1). The negative
water balance of the lake and its increasing salinity results in the brine attaining
saturation to oversaturation with respect to many evaporitic minerals. Halite
(NaCl) began precipitating from the lake in 1983. It has been precipitating nearly
uninterrupted since then, accumulating on the lake floor at a rate of about 10
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cm/yr. This precipitation keeps the Dead Sea saturated with respect to halite,
despite the increasing salinity. Gypsum (CaSO4·2H2O) on the other hand remains
supersaturated in the Dead Sea brine and precipitates from the brine at an
extremely slow rate. Thus, it is obscured by halite.
Key players in the current evolution of the Dead Sea are the chemical industries
located south of the lake. These pump Dead Sea brine to evaporation ponds where
halite and carnallite (KMgCl3·6H2O) precipitate, and discharge back the Na and K
depleted industrial end brines, which are also significantly denser than the Dead
Sea brine. Relative to Dead Sea brine, the end-brine is also depleted with respect
to sulfate. Unlike with halite, most of the removal of sulfate from the Dead Sea
brine occurs in the industrial evaporation ponds where most of the gypsum
precipitation occurs. Therefore, the industrial end-brines that are discharged back
to the Sea are nearly devoid of sulfate. See Section 5.1.8 for more details.
Currently, the Dead Sea is nearly devoid of microorganisms. Although it is still
possible to track the presence of a small community of Archaea long after the
disappearance of microbial blooms in the lake, community densities are extremely
low, and biological phenomena have no significant impact on the current
properties of the Dead Sea water column. Algae are altogether absent in the
waters of the Dead Sea as the salinity is too high for development and survival of
Dunaliella. Viable zygotes of Dunaliella can be expected to survive in the
sediments. Whether bacterial reduction of sulfate to sulfide occurs in the bottom
sediments is unclear. As most of the bottom is now covered by a solid crust of
halite, any sulfate reduction proceeding below the salt crust does not affect the
properties of the water column. See Section 5.1.7.4.
1.2

What are the values of the components for the present water balance of the Dead
Sea, including values for evaporation and groundwater depletion?

Mass and energy balances for the Dead Sea for the years 1993-2009 indicated that
the average rate of evaporation from the lake'
s surface during this period was 1.15
m/yr (equivalent to ~725 MCM/yr) and average salt precipitation rate was 0.1
m/yr. The average total inflow volume to the Dead Sea during these years was
350 MCM/yr, excluding the rainy years of 1992/1993 and 2003/2004. The
majority of inflow volumes are surface inflows from the main springs and wadis
draining into the Dead Sea, with a contribution of less than 100 MCM/yr of
unobserved groundwater discharging directly to the Dead Sea
(see Section 5.1.6).
The above values are calculated assuming that the net volume loss from the
activities of the chemical industries is 330 MCM/yr. This volume is equivalent to
~0.5 m/yr in water level decline. The uncertainty in this component of the water
balance is > 50 MCM/yr, and could be as high as 100 MCM/yr. The exact figure
varies between the years. If the contribution of the industries to the negative water
balance is less than 330 MCM/yr, then the total inflow volumes to the Sea will be
accordingly smaller, and vice versa.
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The total natural water inflows to the Dead Sea may be divided into six
categories. Five are related to surface inflow as follows: Jordan River inflows
from the North, Wadi Arava inflows from the South, wadis and springs inflows
from the west, wadis and springs inflows from the east, and direct rainfall from
above. The sixth category is sub-sea inflows. See Sections 5.1.6.3 and 6.1 for the
estimated inputs of these sources.
Much of the groundwater flowing to the Dead Sea discharges as springs close to
the shoreline and flows as surface water to the lake, and is thus considered as
observed inflows. The main reason for this flow pattern is the lateral sediment'
s
variability in the coastal aquifer. Most of the Dead Sea bottom in these areas
consists of impermeable sediments such as clay, marl, and salt. Permeable
sediments (gravel) were deposited further away from the lake, closer to the
mountains. Thus, when the Dead Sea declines significantly, groundwater flow is
blocked by the impermeable sediments and discharges at the surface. In such
areas (e.g., En Fescha springs), the springs are located close to the contact
between the permeable and impermeable layers. Deep gullies are formed in the
impermeable layers, and carry the water at the surface to the Dead Sea. In areas
near the main alluvial fans (e.g., Arugot, Darga, Mujib), there are still permeable
layers in contact with the Dead Sea itself, allowing groundwater to flow directly
to the Sea as submerged springs. See Section 6.2.

7.2

Task 2: No Action
Task 2: No Action: Evaluate how the level, water balance and chemistry of the
Dead Sea will evolve in the future in the event that no action is taken with special
attention to the following specific questions:
2.1

How will the current physical, chemical and biological parameters of the Dead Sea
water change as the water level continues to decline?

Under the current negative water balance, assuming no changes in inflows,
climate and activity of the chemical industries, the Dead Sea level in the coming
decades is expected to continue to decline at a rate of 1.0-1.2 m/yr. This figure is
a good basis for estimating the water level in the coming few decades. However,
over longer time scales (hundreds of years), the rate of water level decline will
gradually decrease (Fig. 5-89). This decrease will be due to the combination of
two factors: 1) decrease in surface area, and 2) decrease in the rate of evaporation
due to increasing salinity. Assuming that the chemical industries continue
operating as they do today, Dead Sea level will reach -550 m by year 2150,
whereas if the industries cease to operate within a time scale of several decades,
Dead Sea is expected to stabilize at a water level of about -515 m, about
90 meters below its present level, reflecting an equilibrium between inflows and
surface evaporation. The future equilibrium in this scenario will be established
after about 300 years. Under both scenarios, the monomictic behavior of the Dead
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Sea will continue, except following particularly rainy winters, with increased
inflows, that may lead to short meromictic (stratified) periods of up to few years.
As the Dead Sea level declines, the salinity, density and temperature of the Dead
Sea will continue to rise, while halite will continue to precipitate and accumulate
on the lake floor. The rate of halite precipitation will decrease to ~0.1 cm/yr by
year 2075, accumulating to a thickness of about 4 m between 2010 and 2075.
Minor precipitation of gypsum will also continue. Even though gypsum
precipitation will be slow, it will cause a further depletion in SO42- concentration
and consequently increase in Ca/SO4 ratio. Since the solubility decreases with
increasing Ca2+ /SO42- ratio, the precipitation kinetics will become even slower
with time. Assuming that the chemical industries continue operating as they do
today, most of the gypsum precipitating will continue at the evaporation ponds. In
all cases nucleation will be the rate limiting stage and no "whitening" is expected.
Despite the increasing salinity with time, carnallite (KMgCl3·6H2O) is not
expected to begin precipitating (with or without chemical industries'activity).
It can be expected that in the event that no action is taken and the Dead Sea level
will continue to drop, conditions for life in the lake will become increasingly
difficult. The ever increasing concentrations of divalent cations and decreasing
sodium concentrations will make the Dead Sea waters ever more hostile for life,
even to the extent that the brines eventually will become sterile. However, during
exceptionally rainy years, when massive volumes of flood waters will enter the
lake, and cause a natural dilution of the upper water layers, microbial blooms of
algae and bacteria can still be expected to occur, similar to the events observed in
1980 and in 1992. Dunaliella which will first bloom temporarily will color the
lake green. The algal bloom will soon be followed by a bloom of red halophilic
Archaea. Such red blooms may remain present in the lake as long as density
stratification will remain, and is expected to disappear after evaporation will have
abolished the diluted surface layer. See Section 5.1.7.6.
2.2

How will the parameters for the current water balance, and in particular
evaporation and groundwater depletion, change with time as the sea level declines
and what is the projected decline in water level of the Dead Sea with time through
to 2075 if there is no action?

Given the continuous negative water balance of the Dead Sea and the impact of
the industries, the salinity of the Dead Sea brine will continue to rise and
evaporation will decrease. The exact rate of evaporation will depend upon the
salinity of the surface water. Based on our model run with the "base case"
scenario, by year 2075 water level will decline to -490 m and the rate of
evaporation will decrease by 15%.
Since groundwater discharge is limited mostly to the permeable sediments that are
located along streams and do not appear in the deeper parts of the Dead Sea, it is
forecasted that the discharge will not change significantly with the continuing
level decline. Groundwater will mainly discharge at springs and flow to the Dead
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Sea as surface water. However, deep groundwater may have the potential to
ascend along faults and discharge in areas that are currently submersed under
deep water, once the water level declines. See Section 6.2.
2.3

What will be the impact of the continuing decline of the Dead Sea on the adjacent
groundwater regime on both sides of the Dead Sea, and what will be the projected
impact of these changes on the development of sinkholes?

If there is no action and the Dead Sea level continues to drop, sinkhole formation
will continue. It is expected that many more sinkholes will appear in the existing
sites. This will continue until the groundwater level will decline below the salt
layer. From this stage, no additional dissolution is expected to occur in these sites.
However, new sites might appear in areas that are currently submersed, and where
the salt layer is at lower elevations. Submersed fault lines have the potential to
channel fresh water and form new sinkhole sites. However, it should be
emphasized that the decrease in permeability of the sediments towards the
shrinking Dead Sea is likely to limit the formation of sinkhole in these areas.
The assumption above is that the sinkholes form by dissolution of salt from a
specific salt layer at depths of > 100 m. Until now, all of the sinkhole sites were
formed where this layer was found. Under extreme conditions of water level drop
by more than 100 m, other salt layers could play a role in the sinkhole formation.
For example, a salt layer exists in the Masada area at a depth
of ~300 m.

7.3

Task 3: Base Case Plus
Task 3: Base Case Plus (Addition of Red Sea water and reject brine from the
desalination process). Identify and assess impacts of adding seawater plus reject
brine (in varying proportions and taking into account any proposed “ pilot
schemes” , such as, but not limited to, that envisaged under the Jordan Red Sea
Water Project) to the Dead Sea on the water balance, limnology, chemistry and
microbiology of the Dead Sea. Based on these findings provide specific answers
to the following questions:
3.1

What will be the necessary annual inflow of Red Sea water and/or reject brine from
the water conveyance system to raise the seawater level to a range of Target
Levels between -433 m and not over -406 m and for a range of Target Years from
2035 to 2050 or even 2075 assuming inflow commences in year 2020?

3.2

What will be the necessary annual inflow of Red Sea water and/or reject brine from
the water conveyance to maintain the Target Level once this has been reached for
a range of Target Levels from -433 m and not over -406 m?

The abovementioned sub-tasks have been combined since they are related.
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Currently, some 700 MCM - 750 MCM of freshwater evaporates from the Dead
Sea surface while an estimated additional ~330 MCM are evaporated by the
chemical industries, which together pump out ~600 MCM/yr of Dead Sea brine
and discharge back some 270 MCM/yr of end-brines. In turn, some ~350 MCM
of water flow annually into the Dead Sea, suggesting an annual water deficit of
~700 MCM in terms of freshwater.
Raising the water level of the Dead Sea is expected to change the Dead Sea from
a monomictic to a meromictic lake. Stratification of the water column will
develop due to dilution of the surface water by the incoming seawater (or reject
brine), which in turn will lead to increased water activity and an increased rate of
evaporation. The salinity of the surface water will depend upon the salinity of the
incoming water. Seawater inflow will result in lower upper water salinity (and
thus a higher evaporation rate) when compared with an inflow of reject brine of a
similar volume.
It should be noted that as long as the Dead Sea chemical industries operate,
stabilizing the Dead Sea level at the target level implies long-term stratification of
the lake. In fact, stratification is expected to develop even if the target level is the
level at which seawater is first introduced (i.e., without a rise in water level). To
maintain the target level, the inflowing water has to compensate not only for
direct evaporation from the Dead Sea surface, but also for the net water loss due
to the operation of the chemical industries. This additional water, even if in the
form of reject brine, will not compensate for the loss of salt, and thus the Dead
Sea will become diluted in the upper water column. Because of the dilution and
change in composition of the surface waters, the chemical industries are expected
to withdraw their water from the lower water mass of the stratified Dead Sea. As a
result, the lower water body will shrink over the long run, while the thickness of
the upper mixed layer will increase (Fig. 5-72). Thus, the salinity and composition
of the surface water, as well as the rate of evaporation, will continue to change
with time, although probably at lower rates than during the first phase, during
which water level will rise.
The inflow of the industrial end-brines is a major factor controlling the dynamics
of the Dead Sea and the evolution of the Dead Sea composition under present
condition and in any future scenario. The end-brines are much denser than the
Dead Sea brine (approximately 1.34 kg/l and 1.24 kg/l, respectively) and thus
flow along the bottom while mixing with the Dead Sea brine. The actual mode of
mixing of the end-brine as they flow along the bottom of the Dead Sea is one of
the major enigmas of the dynamics of the lake, and its modeling can only be
based upon detailed observations. This aspect of the Dead Sea dynamics is not in
the scope of the present work, but as discussed under Task 3.4a, their mode of
mixing will determine whether an inflow of 400 MCM/yr seawater will leave the
Dead Sea monomictic or if meromixis will develop. The following discussion is
based on the 1D model results in which the end-brines mix evenly throughout the
entire water column.
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Figures in Section 5.2.2.9 present the expected rise in water level and decline in
surface density and TDS with time for inflow volumes of 1000 and 1500 MCM/yr
and the changing inflows volumes proposed by the World Bank, of seawater
and/or reject brine. An inflow of 400 MCM/yr seawater does not raise the water
level and only decreases the rate of water level decline. Table 7.1 below presents
the expected date at which two chosen target levels will be reached (- 430 m and 420 m), and the volumes required to maintain this level at that time. As explained
above, regardless of the nature of the water to be introduced to the Dead Sea
(seawater or reject brine), once the target level has been reached, the volume of
water that will be required to maintain this level will have to be increased with
time due to the increasing evaporation rate.
Table 7-1: Simulated time (year), density of surface water and volume required to
maintain two target levels once they are attained.

Level/
Inflow volume
1000
MCM/year SW
1000
MCM/year RB
1500
MCM/year RB
WB Table 3-1
WB Table 3-2

-430 m
Year
target
level is
attained

-430 m
Density at
target level
at that year

-430 m
Volume (initial)
required to
maintain target
level

-420 m

-420 m

Year target
level is
attained

Density at
target level
at that year

-420 m
Volume (initial)
required to
maintain target
level

2027

1202

794

-

-

-

2027

1211

770

2063

1159

921

2022

1212

752

2031

1165

902

2022
2064

1212
1169

782
875

2029
-

1152
-

940
-

*Volume of natural inflows assumed to be 350 MCM/yr

3.3

What would be the short and long term impact on the groundwater regime on both
sides of the Dead Sea, and in particular the saline water/fresh water boundary, for
the range of Target Levels discussed above? What would be the impact on the
evolution of sinkholes if the Dead Sea is stabilized at different Target Levels
through the range of -433 m and not over -406 m?

If the level of the Dead Sea will rise as a result of Red Sea water inflow, the
springs in some areas along the shorelines (e.g., Kedem thermal springs) are
expected to migrate with the Dead Sea shore. However, some time lag is expected
between the level change and the response of the fresh-saline water interface.
During this time lag, which could last for a couple of years, the groundwater
discharge will temporarily decrease before recovering to its present values as the
system will approach a new steady state.
The effect of increasing Dead Sea level on sinkholes'formation is complicated.
The increase in the Dead Sea level is expected to push the fresh-saline water
interface away from the lake, and thus a smaller part of the salt layer, which is
found in the area near the present shoreline (distance of >500 m), will be in
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contact with the relatively fresh groundwater. However, the new long term
stratification of the Dead Sea water body is expected to create complex
groundwater interfaces. Water from the diluted upper layer might flow into the
aquifer and dissolve salt. Therefore, sinkhole formation might actually increase.
Such a complex flow will not occur in all cases and will depend upon the
thickness and the salinity of the upper layer (see Section 6.3).
3.4a How will the volume of inflow of 0.4 billion cubic meters/year from the Gulf of
Aqaba/Eilat affect the physical, biological, and chemical baseline parameters of the
Dead Sea? How will these changes affect the stratification of the water, salt
precipitation and evaporation?

An inflow of only 400 MCM/yr is not enough to raise or even stabilize the water
level of the Dead Sea under the current water balance of the Dead Sea (i.e.,
including pumping by the chemical industries, Fig. 5-79, Fig. 5-80 and Fig. 5-88).
It is not clear if under this scenario Dead Sea will remain monomictic or become
meromictic (long-term stratification of the water column). The response of the
lake to the relatively small additional inflow of seawater depends upon how the
industrial end-brines mix in the water column (see Section 5.2.2.11, sensitivity
tests for the 1D model). If the end-brines mix entirely in the upper water column,
their salinity will rise and annual overturn will take place. This implies that the
dilution effect of 400 MCM/yr seawater is more than buffered by the increased
salinity due to the introduction of 270 MCM/yr of end-brines to the upper water
column. Over the long run, such mixing will lead to salinity increase of the entire
water column of the Dead Sea. However, if the end-brines will mix evenly in the
entire water column, additional inflow of 400 MCM/yr seawater will result in the
dilution of the surface water, the development of long term stratification, and the
slow dilution of the surface water (Fig. 5-86). Thus, the portion of end-brines that
mix in the upper water column is not enough to counter the effect of the dilution
due to the introduction of 400 MCM/yr of seawater.
Regardless of how the end-brines mix, under this scenario, the surface water will
be too concentrated to allow biological blooming.
3.4b How will the volumes of inflow of 1.0 and 1.5 billion cubic meters/year from the Gulf
of Aqaba/Eilat affect the physical, biological, and chemical baseline parameters of
the Dead Sea? How will these changes affect the stratification of the water, salt
precipitation and evaporation?

As outlined above, inflows of 1000 MCM/yr and 1500 MCM/yr of seawater or
reject brine to the Dead Sea will lead to water level rise (Fig. 5-79 and Fig. 5-80).
Raising and/or stabilizing the Dead Sea water level to a given target level will
lead to stratification of the water column and a change from a monomictic Sea to
a meromictic one. Salinity and density of the surface water is expected to decrease
with time, while water levels will continue to rise. Decrease in surface salinity
will continue also after the target level has been attained and is stabilized. The
time allocated to attain the target level will not only determine the required inflow
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volume, but also the density and salinity of the brine once this level has been
reached. Higher inflow rates will lead to lower salinity and density of the surface
water. As outlined below, the lower salinity is likely to promote biological
blooming in the surface water, the intensity of which will increase with
decreasing salinity of the surface water. The dissolved salts that will be
introduced with the inflow of seawater (or reject brine from desalination) to the
upper water column will accumulate there (except for the ions removed as
chemical precipitates). With time, this will have the effect of changing the
composition of the surface water towards that of evaporated seawater.
Fig. 5-90 to Fig. 5-94 present the change with time in the density, total dissolved
salts (TDS) and composition (Na/Cl, Mg/K ratios and Na and K concentrations)
of the upper water column under the various scenarios.
As shown in Fig. 5-90, inflow of 1.0 and 1.5 billion cubic meters/year (BCM/yr)
of seawater or reject brine from desalination will cause a decrease in the density
of the upper water layers, that will reach the “ critical” value of 1210 kg/m3, below
which biological phenomena may start to occur in the Dead Sea, within a couple
of years. About fifteen years later, both 1.0 BCM/yr seawater and 1.5 BCM/yr
reject brine inflows will lead to density of the surface waters that will be about
1145 kg/m3, at which cyanobacteria may bloom.
In case the planned water desalination plants will employ antiscalant additives
based on polyphosphates that are chemically and/or biologically converted to
orthophosphate, the concentration of phosphate, considered to be the limiting
nutrient in the Dead Sea, will rise, thereby potentially increasing the extent of
algal development.
Whether indeed this dilution of the upper water layers will trigger the formation
of massive long-term blooms of algae and Archaea, with the development of a
green and/or pink-red colored water surface, may depend also to a large extent
upon the effects related to the precipitation of gypsum from the water column.
Based upon the analysis of historical data on the biota of the Dead Sea prior to
1980 (or rather, the lack of reports of visible microbial blooms during periods in
which the salinity of the upper water layers was sufficiently low to support such
blooms), and on the basis of laboratory experiments, our current theory is that
during the precipitation of gypsum, essential nutrients (phosphate, iron) may coprecipitate with the gypsum, and are then removed from the water body to the
lake bottom where they are no longer available for biological processes in the
diluted photic zone. Gypsum precipitation may thus directly influence the extent
of biological phenomena. As formation of massive amounts of gypsum as a result
of the inflow of Red Sea water is inevitable, it is highly possible that the extent of
algal and archaeal blooms in the Dead Sea may be much more restricted than the
events observed during the blooms of 1980 and 1992. These blooms developed in
a period in which no significant gypsum precipitation from the water column
occurred.
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It should be taken into account that at the low salinities of waters with densities
below 1140 kg/m3 - 1150 kg/m3 (Fig. 5-90), other, less salt-requiring
microorganisms may develop as well. At such salinities there will be a possibility
of growth of unicellular cyanobacteria of the Aphanothece-Halothece group. Such
cyanobacteria 1) produce massive amounts of slimy polysaccharides, 2) possess
gas vesicles that enable the cell masses to float on the surface of the brine, and 3)
often have a great potential of accumulating phosphate and other nutrients.
Accumulation of brownish-green masses of such cyanobacteria on the lake
surface may be much more problematic from an environmental point of view than
the presence of Dunaliella and halophilic archaeal communities in the mixed
upper part of the water column.
Algal and archaeal blooms, if such will occur, cannot be expected to affect in any
way the stratification of the water column or the extent of salt precipitation. The
biological phenomena will take place in diluted waters, not saturated with respect
to NaCl. To what extent the presence of microbial cells may affect the rate and
modify the nature of gypsum crystallization cannot be predicted at present, but
this may be an interesting topic for further research.
Presence of dense communities of pigmented microorganisms (green algal cells,
red Archaea) will affect the optical properties of the upper water layers both due
to light scattering and to light absorption. From studies of similar blooms in
marine solar salterns worldwide, it is known that presence of such blooms can
significantly increase evaporation.
Once stratification develops, the lower water body which will no longer be
aerated, may develop anoxic conditions. Bacterial sulfate reduction may develop
in these water with an accumulation of H2S. However, it should be noted that
experiments at the salinity of the Dead Sea have so far not been able to initiate
such sulfate reduction (see Task 3.7 for more details).
An option to be considered for increasing the density of the upper mixed layer is
to allow the inflowing seawater or reject brine to dissolve the massive halite
byproducts of both chemical industries. The inflowing water will then have higher
salinity and therefore the dilution of the Dead Sea will be more restricted. Future
plans for salt harvesting in the DSW ponds, if carried out will be on the order of
30 miliion tons/yr. This has the potential to increase the salinity of 1000 MCM/yr
by about 30 g/l. This increase is on the same order of magnitude as the salinity
difference between seawater and reject brine.
3.5

What will be the changes in circulation, stratification and layering of the Dead Sea
water body due to different rates of Red Sea water and/or reject brine discharge at
a variety of different discharge locations and configurations?

Data on the circulation in the Dead Sea is restricted to the southwestern part of the
Dead Sea, where initial data was collected for the first time only last year. The
data show that the prevailing currents in the Dead Sea flow southward along the
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shores, carrying the suspended matter. There is a general diurnal cycle in the
current field which responds to the atmospheric forcing. Initial short term model
runs of the 3D model were able to depict this general pattern. Short term (10 days)
model runs of 100 MCM/yr, 400 MCM/yr and 1000 MCM/yr reject brine
discharges at the Lisan Bay show that at the lower volumes, the diluted plume is
very shallow and limited to the Bay. In contrast, the 1000 MCM/yr run shows that
the plume propagates north and westward, and fills the southwestern lobe, where
the chemical pumping stations are located. This is a transient figure, towards full
stratification of the lake. It is therefore expected that once stratification is
established, these areas will remain more diluted than the rest of the mixed layer.
Based on the 2D model runs of the coarse grid, slight differences in temperature
and salinity are expected in the center of the Dead Sea if the inflow will be from
the south or from the north (see Section 5.2.3.6, Fig. 5-122 and Fig. 5-126).
3.6

What chemical changes will the mixing of the two water types induce? In particular,
what will be the probability and impacts of gypsum precipitation and its
geochemical appearance (suspension or sedimentation), including time in
suspension and areal extent for different discharge locations and configurations?

Once stratification develops, the change in the overall composition of the Dead
Sea brine will mostly be restricted to the upper water column, with relatively
small changes occurring in the lower water column due to the flow of the endbrine from the chemical industries. The change with time in the density, TDS,
some ionic rations (Na/Cl and Mg/K) and concentration of representative
elements (Na and K) in the surface water under the different scenarios are
presented in Fig. 5-89 to Fig. 5-94 and discussed in Task 3.4. Fig. 5-95 presents
the accumulated addition, by year 2075, of the masses of dissolved ions
introduced to the lake under the different scenarios. The data is presented as
percent added to the existing mass in year 2020, before the onset of inflow.
Inflow volumes that will not lead to stratification of the water column will have a
more limited impact on the chemical composition of the Dead Sea, for the
following two reasons: 1) smaller net input of seawater-derived salts to the Dead
Sea, and 2) mixing with the entire water column implies more efficient mixing
and dilution of the input as compared with mixing only with the upper water
column. Gypsum precipitation from the Dead Sea will increase relative to present
day rate even if the inflow volumes of seawater will be limited to the extent that
stratification will not develop. Under such a scenario [which is the case for the
first five years (2015-2020) of the World Bank scenario-2; Section 3.4.3], halite
will continue to precipitate from the Dead Sea, although at a lower rate. Based
upon the present understanding of the kinetics, it is expected that the average rate
of gypsum nucleation and crystal growth in the Dead Sea would increase as well.
The range of mixing ratios at which supersaturation is attained is well defined by
thermodynamic predictions according to Pitzer’ s equations (see Section 5.1.8.1).
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By using the proposed rate law it is possible to define a sub-range of mixing ratios
in which nucleation is likely to occur. For DS-RS mixtures, supersaturation
occurs between 40%-100% Dead Sea Fraction (DSF). The range at which it is
likely that gypsum will nucleate at "reasonable times" (induction time shorter than
six months) is from ~67% – 97% DSF. For DS-reject brine mixtures,
supersaturation occurs between 10%-100% DSF. The range at which it is likely
that gypsum will nucleate at reasonable times (less than six months) is from
~27%-99% DSF (see Sections 5.1.8.1 and 5.1.8.8).
Presently and in the "no action" scenario, gypsum precipitation occurs mainly in
the southern basin. However, as a result of seawater or desalination'
s reject brine'
s
introduction to the Dead Sea, induction times will be shortened in most mixing
ratios. Therefore, gypsum will start to precipitate in the northern basin of the
Dead Sea. At the same time, halite precipitation will occur from the lower water
mass due to the mixing of end-brines.
A major concern is the fate of gypsum that will crystallize from the mixtures. If
the gypsum will not settle quickly to the bottom, it may influence the general
appearance of the Dead Sea by "whitening" the surface water. A prerequisite
condition for whitening is fast nucleation and development of minute crystals. If a
"whitening" phenomenon will accompany the discharge of seawater or reject
brine to the Dead Sea and the lake will remain turbid for a prolonged period of
time, it may lead to changes in the lake'
s physical parameters, such as heat
balance, albedo and evaporation rate.
Whitening should be of a concern mainly when high inflow volumes of seawater
or reject brine are considered for two reasons: 1) higher sulfate supply and
therefore higher precipitation potential, and 2) low inflow volumes
(<350 MCM/yr - 400 MCM/yr) will not change the monomictic nature of the
Dead Sea. Even if gypsum crystallization will be limited to seasonal epilimnion,
the annual overturn will mix the gypsum in the entire water column, thereby
greatly reducing its concentration.
Mixing experiments show that most of the gypsum crystals that precipitate from
the mixtures are < 100 m. In order to examine the potential effect of the gypsum
crystals at a <100 m size on the turbidity, ground gypsum crystals were used in
this size range. The amount of gypsum which was used was calculated to match
the expected weight of gypsum that may potentially precipitate from the upper
mixed layer during one year following an inflow of 1000 MCM seawater. The
measured turbidity (in NTU units) was found to exceed by far the upper
recommended values in the US regarding esthetic considerations (the biological
and potable water upper thresholds being even lower). Accordingly, if the annual
weight of gypsum that precipitates from the water column will remain in
suspension, the turbidiy of the water will increase beyond the recommended
values; Such a condition may be defined as '
whitening'of the surface water.
However, dynamic parameters, such as crystal growth and particle settling must
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be taken into account as well in order to provide a better understanding of the
system.
In order to estimate the time of onset of rapid gypsum precipitating in the northern
basin once seawater or reject brine is introduced, chemical data from the 1-D
model was attained. The chemical data was then used to calculate the relevant
chemical parameters (degrees of saturation and solubility of gypsum) and was fed
into Eq. (3) for predicting the induction times. The inflow scenarios which were
examined are: 400 MCM/yr of seawater, 1000 MCM/yr of seawater, 1500
MCM/yr of seawater, 1000 MCM/yr of reject brine and the two scenarios which
are modular and listed in Tables 3-1 and 3-2. The chemical snapshots were
provided in a one month time resolution. For each inflow scenario, the induction
times were calculated at three different temperatures (15°C, 25°C or 40°C) to
cover the entire temperature range. It was found that onset of rapid gypsum
precipitation does not significantly depend upon the temperature.
It is important to note that the hidden assumption of these calculations is that
gypsum does not precipitate at the inlet of the Dead Sea water upon the
introduction of seawater or reject brine to the Dead Sea. In all of the inflow
scenarios, the introduction of seawater or reject brine occurs at 2020 except for
the scenario in Table 3-2 (WB-2) in which reject brine is introduced at 2015.
The results suggest that when introducing 400 MCM/yr of seawater, rapid
gypsum precipitation occurs after two years, whereas after introducing either
1000 MCM/yr of seawater, 1000 MCM/yr of reject brine, 1500 MCM/yr of
seawater or the volumes listed in WB-1, rapid gypsum precipitation occurs after
~ half a year. Following scenario WB-2 (Table 3-2), rapid gypsum precipitation
occurs after five and a half years.
It was suggested, that the first few years of the scenario of Table 3-2 would serve
as a pilot that will examine the environmental effect of reject brine inflow on the
Dead Sea. The calculations indicate that unless rapid nucleation will occur at the
inlet, gypsum precipitation is expected to be insignificant during the first five
years of this scenario.
It is important to note that in order to determine the fate of the gypsum that starts
to precipitate rapidly, a complete modeling of the kinetics of nucleation,
agglomeration, crystal growth and settling is required. Since these are beyond our
present understanding of the system, it is still not possible to estimate the
probability of “ whitening” phenomenon as a result of seawater introduction,
Finally, remote sensing observations, current measurements and the 3D model
simulations all suggest that suspended matter makes its way to the southern lobes
of the Dead Sea. This being the case, it is expected that gypsum crystals, if they
remain in suspension, will concentrate towards the southern parts of the Dead Sea.
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3.7

What biological changes will the mixing of the two water types induce? This would
include the probability of any impacts and the intensity, duration, and
consequences of potential microbiological blooming for different discharge
locations and configurations.

All predictions for the occurrence of microbial blooms as given above were based
on scenarios in which density stratification will occur, with a relatively shallow
(up to 10 m – 20 m) mixed, diluted surface layer. As long as these conditions are
met, there is no prediction for any significant effect of the different discharge
locations and configurations on the extent and the duration of microbial blooming.
However, when the configuration will be such that a stable stratification will
originate with a pycnocline at depths below 20 m – 30 m, the development of
biological phenomena may be significantly less than during a shallow mixing
scenario. When the upper mixed layer is deep and the water is relatively turbid,
light availability in most of the mixed layer will limit algal growth, even in
situations in which salinity levels and nutrient availability will be suitable for the
multiplication of Dunaliella.
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