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„…judgement is selection of  a fact. There are, in a sense, 

no facts in nature; or if  you like, there are an infinite num-

ber of  potential facts in nature, out of  which the judgement 

selects a few which become truly facts by that act of  selec-

tion.” – Immanuel Kant, Critique of  Judgement  
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Summary 

On the western side of  the Dead Sea (DS) a mesoscale structural and 2D numerical flow and 

transport model has been created to quantify and investigate mechanisms of  groundwater dis-

charge for the Quaternary Dead Sea Group (DSG) sediment between the hard rocks of  the Jude-

an Mountains and the DS. The environment around the Wadi Darga outlet was chosen as focus 

area. 
 

The conceptual model was developed from geological drilling logs and field observations along 

the shoreline of  the DS. The software package FEFLOW 6.1 was successfully applied for realiz-

ing the steady-state finite element subsurface flow and density modeling in the DSG sediments. 

The used scale of  the model exhibited that the introduction of  discrete elements (DE) as conduit 

(solution tube) network is suitable for a regional multilayer aquifer with dissolution voids. 
 

Surface and subsurface spring locations on the shoreline of  the Wadi Darga outlet provided the 

most important constraint in the development and improvement of  the applied finite element 

model scenarios. 
 

The system is driven by gravitational forces, i.e. the high topographic gradient of  the Judean 

Mountains contract the groundwater heads in the Cretaceous hard rocks and the subhorizontal 

surface towards the DS flattens the hydraulic gradient within the DSG sediment towards the DS. 

Groundwater migrates from the Judean Mountains through the DSG sediment to the DS, where 

dense saltwater forces freshwater to rise. The resulting springs are dominantly controlled by the 

gravitation potential of  the groundwater. Fresh-salt water interaction influences the location of  

the discharge points. 
 

The lowest groundwater flow velocities were determined through the Judean Mountains (several 

years with 0.02 to 0.26 m/d). Residence times within the first 300 m of  the DSG sediment are 

rather large (0.3 to 30 m/d), reducing considerably within the conduit/conduits along 1 km of  

the DSG (350 to 3,500 m/d) and prolonging slightly to the outlet of  the DSG sediment (30 to 

350 m/d). 
 

Mass concentration patterns indicate a depth-dependent orientation of  the fresh-salt water inter-

face that obviously obeys a push-pull salinity mechanism and is governed by lithological permea-

bility heterogeneities. That means, in different depths there are different steps of  the fresh-salt 

water interface. Highly conductive conduits produce large groundwater head gradients in their 

vicinity. The fresh-salt water interface above is turned forwards in the direction of  the DS (push 

mechanism). The more impermeable layers preserve the subvertical interface or favor the intru-

sion of  saline water (pull mechanism). 
 

Hydraulic conductivity variations within the DSG sediment can easily be triggered by salt karst 

features that add permeability to the matrix. The application of  DE on the assumed high con-

ductivity layers reflects the structural observations in the field. The sum of  matrix and discrete 

conduit flow resulted in complex density-dependent flow patterns. These become obvious in 

diffuse fresh-salt water interfaces with an inhomogeneous distribution of  salinity gradient zones. 
 

The applied DE schemes revealed that within a realistic range of  hydraulic aperture values from 

tested minimum 1 mm to 1 m water flow is not sensitive to increasing hydraulic apertures with 
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increasing depth, i.e. water flow in the deeper subsurface layers cannot be induced from increas-

ing hydraulic aperture to the depth. The threshold value for the minimum DE cross-section area 

for which discharge to the DS can be realized was determined to 5*10-3 m² for a given hydraulic 

aperture of  0.001 m in the clay layers. 
 

With respect to the frequency of  applied DE, at least an area of  50 m from the limestone-DSG-

border in the direction of  the DS needs to be covered with DE to facilitate discharge to the DS. 

Such dissolution voids can be created by inflowing freshwater that dissolves lacustrine rock salt. 

To facilitate surface discharge as well, DE have to end not closer than 50 m away from the DS 

bottom/surface. 
 

As proven by scenarios with horizontal and vertical inclined DE, discharge to the DS is not sensi-

tive for these directions of  additional permeability. This behavior can be explained by the applied 

confined conditions of  the DSG sediment. A further scenario with an additional brine concentra-

tion on the conceptual two Judean faults was applied. It results in the repressing of  freshwater 

within the Lower Judea Group aquifer. The increasing saltwater pressure does not facilitate water 

from the Lower Judea Group aquifer to rise along the Judean fault and to enter the DSG sedi-

ment. Discharge to the DS in the upper part of  the DSG sediment is not considerably influenced 

by the additional salinity input due to the higher elevation level of  the streamlines. 
 

Observed large freshwater springs could be simulated in form of  outlets that are controlled by a 

larger flow area of  tubes. Springs only occur where saltwater pressure does not prevail over the 

freshwater pressure, according to the results not below -528 Meter above mean sea level (m msl). 

The discharge system is particularly susceptible if  conduits are permanently developing in the 

upper part of  the DSG sediment. DE Cross-section areas and hydraulic apertures within a range 

of  5 mm to 5 cm result in surface and subsurface springs. The observed different turbidities in 

the springs could not be explained conclusively. Larger simulated discharges with a larger amount 

of  suspended clayey material are fed by higher hydraulic conductivity zones with larger flow ve-

locities within a range of  0.001 to 0.01 m/s. But even the maximum simulated flow velocity does 

not exceed the critical velocity of  0.2 m/s for the erosion of  unconsolidated dry clay. Groundwa-

ter velocities of  smaller discharges are usually in the range of  10-4 to 10-6 m/s and are not effec-

tive for dry clay mineral erosion. However, the large pore water content within the DSG sediment 

may reduce intra-crystalline bonding forces of  clay minerals due to enhanced H2O-inclusion into 

the layer structure. This may effect easier erosion at lower velocities. 
 

Concerning the rate budget, the median fluid input/output of  the model domain was determined 

to 180 m³/d. The median mass input/output of  the model was determined to 650 g/s. About 

130 m³/d and 450 g/s enter the DSG sediment and escape without quantitative loss. 
 

The models have been evaluated according to a constraint index. The optimum solution with the 

highest constraint index was aimed for a model with DE. The flow and mass rate budget is bal-

anced. DE exhibit a constant aperture of  0.001 m and a constant cross-section area of  0.005 m² 

over the entire DSG sediment. Springs for this model occur at the surface, at shallow depth and 

at greater depth similar to the observed discharges.  
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1 Motivation 

According to the OpenGeoSys modeling results of  Gräbe et al. (2013) groundwater recharged in 

the Judean Mountains (Israel and West Bank) should enter the Dead Sea (DS) without quantita-

tive loss. In fact, there are only a few concentrated springs from the Quaternary aquifer in front 

of  the mountains where freshwater discharges to the DS. In order to figure out the mechanism 

of  outflow and the flow and mass budget, the sediment between the mountain outcrops and the 

seafloor was investigated during this research. Due to the lack of  reliable geological and hydroge-

ological data along the study area of  Wadi Darga numerous scenarios needed to be conducted 

during the sensitivity analysis to optimize the flow field of  the focused sediment. The considera-

tion of  discrete elements (DE) as stochastic network geometry in dissolution-prone layers of  the 

Dead Sea Group (DSG) was recommended by Saller et al. (2013) and was applied within a 

FEFLOW model domain. 
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2 Introduction 

The arid and semi-arid regions of  the world increasingly suffer from groundwater scarcity. The 

Middle East is one of  these areas which are subjected to major groundwater depletion. Drinking 

water availability for future generations demands for stabilized groundwater heads and sustaina-

ble management of  regional groundwater systems (Aeschbach-Hertig and Gleeson 2012). 
 

The scope of  the study was to create a transport model with FEFLOW® on a shoreline location 

at the western part of  the DS to figure out the discharge to the DS. The major aspects of  the 

investigation concern a 
 

1. structural model of  a fan-delta along a cross-section in the northern Wadi Darga outlet 

2. numerical flow model with an integrated stochastic approach for the highly complex 

DSG sediment elucidating the interdependence between heterogeneous hydraulic con-

ductivity distributions and spatially limited sublacustrine discharges to the DS 

3. density model of  the DSG sediment providing answers to the shape and the separation 

of  the fresh/salt water interface 
 

The numerical model should be capable of  revealing the changes of  hydraulic conductivity in the 

lake sediments (erosion) by changing geometry and chemical concentration properties. The mod-

el should reflect the pathways of  inflowing recently recharged fresh groundwater that moves 

along Cretaceous limestone aquifers (Upper and Lower Judea Group) towards the outcropping 

lake sediments into the DS. 
 

The western coast of  the DS is currently a major area of  hydrogeological research. Research in-

stitutes and companies deploy scientists from Israel, Jordan, Palestine and Germany that are in-

volved in programs which have been intensively funded in the last decade. Especially, water 

movement in the Judean Mountain Range (Gräbe et al. 2013) and sinkhole development along 

the shoreline (Abelson et al. 2006; Yechieli et al. 2006) have been the focus of  investigation. Hav-

ing determined the qualitative and quantitative hydrogeological properties of  the Judean Moun-

tain Range, there is now a need to close the gap of  discharge processes between the mountainous 

limestone aquifers and the DS. 
 

In the long run, the research beyond this topic includes to understand the process of  groundwa-

ter flow dynamics in the area of  the DS and to get access to the water balance of  the DS. The 

impact of  decreasing heads of  the DS and groundwater is immense for the drinking water supply 

in the region. This study should help to mitigate permanent damage that is caused by superficial 

balancing of  potential drinking water resources in the DS region. 
 

The aim of  the model accompanies a visualization of  the flow and transport in the DSG sedi-

ments as a statistical hydraulic 2D-flownet of  primary and secondary flow paths (chaotic flow 

network). Assumptions include unidirectional flow, constant water inflow or constant concentra-

tion input. The mixing processes of  fresh and salt water belong to the core interest of  the density 

model. The investigation also focuses on the kind and the intensity of  processes that are respon-

sible for large differences in the output mass concentration to the DS. The study outlines the 

quantitative and qualitative share between terrestrial and sublacustrine discharge to the DS and its 

responsible transport mechanisms. 
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3 Study area 

3.1 Geography 

Wadi Darga is located on the western shoreline of  the DS in the West Bank (Figure 1). It drains 

the eastern Judean Mountains to the DS. From the rift escarpment to the DS, the 4 x 2 km² large 

surface outlet of  Wadi Darga includes the sediment fan and the study area, which is represented 

by the adjoining drainage area in the north. Wadi Darga belongs to the surface catchment of  Da-

raja that comprises an area of  235 km² (Figure 2). Regarding the groundwater drainage, Wadi 

Darga is part of  the subsurface catchment of  the Kane-Samar basin with an area of  390 km² 

(Ben-Itzhak and Gvirtzman 2005). The elevation of  the Judean Mountains ranges from 500 to 

1,200 m msl whereas the deepest point of  the western DS shoreline is marked by the current sea 

level of  the DS with -425 Meter above mean sea level (m msl) (Dweik and Shuval 2007). The 

deepest point of  the DS bathymetry is located at -730 m msl (Hall and Krasheninnikov 2005). 

 

Figure 1: Location map of Wadi Darga and spot image of the study area   
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Figure 2: Surface drainage basin (A) and subsurface drainage basin (B) of the study area (after Ben-Itzhak and Gvirtzman 2005)  
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The extreme hydrological conditions of  the study area strongly affect the water balance. Precipi-

tation rates range from 600 to 800 mm/a on top of  the Judean Mountains to less than 50 mm/a 

close to the DS (Figure 3). According to Blake and Goldschmidt 1947 and Yechieli and Ro-

nen 1997 average precipitation amounts of  70 mm/a are attained in Wadi Darga. Due to the hy-

drological gradient the replenishments of  the aquifer and surface runoff  of  the study area de-

pend on the water supply from the Judean Mountains. The morphological appearance, geological 

structure and climate closely correlate along the descending slope of  the Judean Mountains to the 

DS shore. 
 

Hydrological parameters of  rainfall intensity and duration are controlling flash flood runoff  

events in the rainy season from October to April, with January and February being the wettest 

months. Further important influence factors for water availability concern the size of  the catch-

ment area, as mentioned above, and rock types. The average annual temperature in the DS basin 

is 23 to 28°C with average daily means of  15°C in winter and 31°C in summer. The average rela-

tive humidity in the rift valley ranges from 20 to 30% with a minimum in June and maximum in 

January (Dweik and Shuval 2007; Flexer et al. 2009). 

 

Figure 3: Average annual rainfall in the study area (Dweik and Shuval 2007)  
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3.2 Geology 

In order to develop a schematic 2D cross-section along the specified study area available topo-

graphical, geological and hydrostratigraphic maps have been collected. Figure 4 and Figure 5 

show the topological and geological setting of  the study area. 
 

 Geological maps: 

 Mizpe Shalem (Mor and Burg 2000) 

 En Gedi (Raz 1986) 

 Newe Zohar (Agnon and Sagy 2011) 

 Sedom (Agnon et al. 2006) 

 DEM 5 m: UFZ (2011) 

 GDEM 30 m: NASA and METI (2011) 

 Dead Sea 2010: NASA (2010) 

 Surface Catchment Areas: PWA (2005) 

 

Figure 4: DEM of the study area. Borehole locations in the Darga region are displayed  
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Figure 5: Geological map of the study area. The geological symbols are explained in Figure 7  

The geological history of  Wadi Darga as part of  the DS region is comparably young. Together 

with the Jordan Graben the DS as water-filled part of  a pull-apart basin encloses the strike-slip 

fault which is part of  the East African Rift System. The DS basin has developed since 18 Ma 

when the 1,000 km large, still active DS transform fault was formed (Garfunkel and Ben-

Avraham 1996). The tectonical setting of  the fan-delta plays a major role in governing rock dis-

placement and therefore water pathways and water type composition. The local fault pattern is 

determined by the normal faults of  the Jordan – DS strike-slip system exposing 300 to 500 m 

high escarpments (Gardosh et al. 1990). Due to the lateral displacement of  105 km between the 

Arabian and African plate boundary the latitudinal continuation of  outcropping aquifers on the 

western and eastern rift escarpment is different. The strike-slip segments of  the pull-apart basin 

are arranged as step (en-echelon) faults which result in the graben structure as motion in the 

same sense (Ben-Avraham and Brink 1989). The structural geometry of  the western escarpments 

is characterized by fault zones and folds with chiefly E-W and SW-NE orientations (Mallast et al. 

2011). Sinkholes along the western DS shore occur along a lineament axis of  350° (Raz 2000; 

Abelson et al. 2002) and gain importance in the on-going text for the structural setup of  the 

DSG sediment and physicochemical conclusions. 
 

The western edges of  the DS Basin are composed of  Cretaceous and Eocene rocks, dominantly 

carbonates, and minor sandstones. The basin subsurface is made up of  igneous rocks and post-

Paleogene sediments. The western rift escarpment comprises four major aquifers (Figure 6): 

Kurnub Group (Lower Cretaceous), Judea Group (Upper Cretaceous), certain layers of  the Mt. 

Scopus Group (Upper Cretaceous – Paleogene) and the DSG (Quaternary). 
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Figure 6: DS basin and regional aquifers (a) Outcropping geology in the Jordan valley area with emphasized study area (b) Im-
portant aquifers of the Jordan basin lithology and emphasized important groups for the western escarpment (after Möller et al. 
2007)  

Throughout the ages, the DS basin represents an epicontinental sea. During the Triassic, the epi-

continental milieu issued from a post-rift subsidence resulting in carbonate and evaporite depos-

its of  about 2,000 m thickness (Druckman and Kashai 1981). The reactivated Tethys rift was 

accompanied by basaltic volcanism in the carmel mountains during the Jurassic (Ben-Gai and 

Ben-Avraham 1995). Cretaceous age featured intensive erosion and karstification of  Jurassic 

rocks. The uplift of  the Arabo-Nubian Shield resulted in the sedimentation of  terrigenic clastics 

and shallow-marine deposits of  the Kurnub Group. Shallow-marine lagoon milieu favored the 

sedimentation of  carbonates and anhydrite of  the Judea Group (Buchbinder et al. 2000; Rosen-

thal et al. 2006). The limestones are intercalated with beds of  chert, chalk, bituminous marls and 

chalks, phosphorite layers and clay. Their largest thickness can be observed in the central Judean 

Mountains (~ 900 m) reducing to a minimum of  about 600 m along the DS coast. Further, cor-

responding to the synclines and anticlines of  the Syrian Arc, the marly limestones of  the Mt. 

Scopus group were formed (Flexer 2001). 
 

At the beginning of  the Palaeogene, transgression caused the deposition of  marly-flinty car-

bonates of  the Avedat Group (Michelson 1978; Hurwitz et al. 2000). Since the Early Miocene, 

alkali olivine basalts erupted in the northern and central Jordan basin (Garfunkel 1989). For in-

stance, strongly fractured basalt outcrops near to Lake Kinneret in the northern part of  the study 
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area. Due to the uplift of  the graben shoulders, two accesses from the Mediterranean Sea to the 

DS dried out. The stratification of  the Paleogene on the western DS shoreline represents an 

overlap of  local and regional sedimentation patterns which results from interbedding of  lacus-

trine and terrestrial sediments during the Paleogene. During the Eocene, shallow marine car-

bonates precipitated from the Mediterranean Sea, which at that time comprised the today’s area 

of  the DS. During the Early Miocene the initial graben system developed as result of  decompres-

sion forces and the first sediment blocks have been detached. Clastic sediments dominated the 

depositional milieu during the Miocene. The marine influence from the open sea of  the Mediter-

ranean Sea stopped. Marine sediments from the Mediterranean transgression event deposited 

during the Lower Pliocene. Since the beginning of  the Upper Pliocene the Mediterranean Sea 

finally receded and the Sedom lagoon covered the DS graben. The geochemistry of  the DS basin 

is now controlled by the interaction of  the brine and the inflowing freshwater (Katz et al. 1977; 

Stein 2001; Gavrieli and Stein 2006). During the Upper Pliocene the lake run dry partly and left 

behind thick layers of  evaporites. Afterwards, again freshwater deposits from the wadi contribut-

ed most of  the sediment. Additionally, Arava conglomerates were deposited along the study area 

as well. Concluded from the sedimentation patterns, the terrestrial sediments of  the Tertiary pre-

vail the marine deposits. Terrestrial sediments are assumed to be coarse gravel with a typical in-

terbedding of  clay. 
 

In the Quaternary, the proceeding subsidence of  the Jordan Graben resulted in seasonally water-

filled sedimentary basins (Horowitz 2001). The ablation of  evaporites and flushing of  brines 

constitutes the Lake Lisan whose progressive evaporation was the origin of  the DS (Katz et al. 

1977). Those processes made the geochemistry of  the DS totally different to that of  the Mediter-

ranean Sea and even facilitate the density driven rise of  saline waters along faults. Regarding the 

Quaternary stratigraphy, the postulated Qli section (cf. Mor and Burg 2000) is supposed to be 

divided into the Lisan Fm and the Samra Fm. Their deposits originate from the Lake Samra 

(~135 to 75 ka, Waldmann 2002) and the Lake Lisan (~75 to 15 ka, Torfstein et al. 2008) in the 

DS basin. The Lisan Fm consists of  thin-bedded layers of  aragonite, chalk, gypsum, clays, sepa-

rating the Samra permeable layers and the alluvial clastic sediments. The Samra Fm consists of  

two sub-units built up of  conglomerates, sandstone and siltstone with a lower unit of  conglomer-

ates and an upper unit of  bigger portions of  silt layers and Lisan Fm interfingering. The upper-

most Quaternary section Al is supposed to represent clastic sediments that are imbedded on the 

Lisan sediments and in the Lisan layers as lobes of  conglomerates (Begin 1974; Guttman 2009). 
 

The focus of  investigation is the coastal alluvial DSG sediment of  Quaternary age. This lake sed-

iment exhibits a total thickness 160 m (Chen et al. 2009) and is discordantly overlaying the lime-

stone outcrops of  the Judea Group. A geological columnar section of  the Mizpe Shalem area 

with the DSG as uppermost unit is displayed in Figure 7. 
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Figure 7: Stratigraphy of the Mizpe Shalem area (Mor and Burg 2000). The subdivision of the DSG is discussed in the on-going 
text  

Used publications that helped to resolve the structure of  the DSG sediment, particularly Wadi 

Darga, are Gardosh et al. (1990), Yechieli et al. (1990), Yechieli et al. (1993), Enzel et al. (2000), 

Mor and Burg (2000), Horowitz (2001), Yechieli et al. (2001), Eyal et al. (2002), Salameh (2002), 

Yechieli (2005), Abelson et al. (2006), Bartov et al. (2006), Gavrieli and Stein (2006), Migowski et 

al. (2006), Yechieli et al. (2006), Yechieli (2006), Waldmann et al. (2007), Torfstein et al. (2008), 

Wernicke (2010) and Haliva-Cohen et al. (2012). 
 

Only a handful of  information about the geological subsurface of  the focus area is available. 

There are no boreholes which intersect the entire DSG sediment. Available drilling locations in 

the DSG sediment of  the Wadi Darga outlet are for instance Mineral-1, Mineral-2 and Mineral-3 

that are published in Yechieli et al. (2006) (Figure 8). Due to the scarcity of  basic geological 

cross-sections only some rough sketches of  the geological situation have been drawn, like in that 

Figure 8. Some drilling records of  the DSG sediment are compiled in Figure 9. 
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Figure 8: Location and depth of boreholes in the Mizpe Shalem site (Yechieli et al. 2006, for location of the Mineral beach drill-
ings confer Figure 4)  
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Figure 9: Drilling records of ML-2 (after Stein et al. 2010), ML-4 (after Yechieli 2005), DR-4 (after Yechieli 2005), M1 (after 
Torfstein et al. 2008 and Torfstein et al. 2013) and PZ-2 (after Waldmann et al. 2007 right and Haliva-Cohen et al. 2012 left)  

During research additional borehole logs were found in old reports of  the GSI library in Jerusa-

lem which originate from Yechieli (2005). Borehole locations along the western DS, which inter-

sect the DSG sediment are illustrated in Figure 10 and explained in Table 1. Available boreholes 

are exclusively situated in the Darga region or south of  it, in particular in the En Gedi region and 

in the southern DS region. 
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Figure 10: Location of boreholes along the western DS shoreline which intersect the Quaternary unit  

Table 1: List of boreholes. Additionally, groundwater heads are designated: 1 Yechieli (2005), 2 Yechieli et al. (2006), 3 Yechieli et 
al. (2010)  

 
 

With respect to the deposition geometry of  the Wadi Darga fan-delta, similarities are largest to 

lacustrine fan-deltas postulated from Gilbert (1914). Gilbert deltas (Figure 11) are developed in 

tectonically active regions, as it is valid for the DS area. Recent examples are river outlets to Lake 

Malawi (Scholz et al. 1993) or receiving waters of  Lake Wakatipu, New Zealand (Pickrill and Ir-

win 1982). The typical lake for a Gilbert-delta is a freshwater lake. However, saltwater can be 
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considered in a similar way: The density and therefore sedimentation velocity is the only distin-

guishing feature resulting in a larger horizontal transport within saltwater. The DS peculiarity is 

that the lateral extension of  the delta is restricted to the interaction with the dynamic DS water 

level and the resulting thick deposition of  fine sediments compared to the widespread tilted 

coarse-grained fore-set of  a typical Gilbert delta. 

 

Figure 11: Schematic Gilbert fan-delta. Its geometry and lacustrine depositional milieu is comparable to the arid Wadi Darga fan-
delta (Massari and Colella 1988; Schäfer 2005)  

Sediments of  Wadi Darga consist of  poorly-consolidated material (Eyal et al. 2002). Fine sedi-

ments of  clay and salt layers prevail coarse gravel layers with respect to the thickness of  the sed-

iments. Due to the decrease of  transport energy in lateral direction sediments reveal finer grain 

size away from the mountains to the DS (Yechieli et al. 2006), in particular <500 m from the 

shore (Yechieli and Gat 1997). 
 

According to the depositional environment, DSG sediments can be subdivided into fluviatile, 

lacustrine and aeolian sediments. Fluviatile sediments are clastic sediments that derive from the 

Jordan river and as well from wadi deposits which have been transported during flash floods in 

the rainy season. As suspensive material those fluviatile sediments are deposited on the lake bot-

tom. Lacustrine sediments are considered as salt sediments precipitated from the DS. The differ-

entiation between lacustrine and fluvial sediments is supported by Gardosh et al. (1990). Material 

deposited by air additionally contributes to the amount of  fine-salty sediments. 
 

The DSG sediments are built up of  Holocene Post-Lisan Fm, the Pleistocene Lisan Fm and the 

Pleistocene Samra Fm. After Stein et al. (2010) a salt sequence and marly sediments unconforma-

bly overlie the laminated glacial Lisan aragonites. The uniform Pleistocene section below the 

Post-Lisan deposits is divided into the Lisan and Samra Formation of  dominantly evaporites. The 

50 m thick Lisan Formation consists of  aad sediments embedded between gypsum units. Accord-

ing to Waldmann et al. (2007) aad sediments are characterized as layered calcitic marls (0.5 to 

1 cm thick) that intercalate with aragonite and silty detritus. The upper part of  the Lisan For-

mation exhibits aragonite dominated aad sediments, the lower is detritus dominated. Clay layers 

of  10 m maximum thickness intersect aragonite and gypsum deposits. The total interrupted 

thickness of  the primary gypsum unit at the Massada M1 site was deposited with a calculated 

sedimentation rate of  about 3 cm per 1 ka (after Torfstein et al. 2008). The Samra Formation 

below extends to a thickness of  40 m and is composed of  clayey or sandy gypsum layers of  sev-

eral centimetres including thin acd sediments. Waldmann et al. (2007) described the acd sediments 

as layered calcitic marls (0.5 to 1 cm thick) that intercalate with laminated calcite and silty detritus. 
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The boreholes Mineral-2, Mineral-4 and Dragot-4 have been utilized for the setup of  the DSG 

sediment. Their geology can be described as follows. The borehole Mineral-2 exposes clastic and 

salt deposits of  the Holocene Post-Lisan Formation with a depth of  50 m. Cohesive material 

dominates the upper and the lower 15 m of  the log with a larger share of  gravel in the lower part. 

In between, pure halite precipitates occur, in the upper meters intersected by some clay layers. 
 

The borehole Mineral-4 exposes clastic and salt deposits of  the Holocene Post-Lisan Formation 

with a depth of  55 m. The first 25 m are composed of  non-cohesive gravel and sand with some 

clay laminae or clay-dominating sections. A 10 m deep unit of  thick clay and alternating gravel 

and clay layers underlies the upper coarse unit. Along the log meters 35 to 50 pure halite precipi-

tates are deposited with the upper meters containing major sandy and clayey impurities. Several 

meters of  the lower section are recorded as cavity. The salt unit is followed by homogeneous 

gravel. 
 

The borehole Dragot-4 exposes clastic and salt deposits of  the Holocene Post-Lisan Formation 

with a depth of  75 m. The first 30 m are dominated by cohesive clayey material with embedded 

gravel layers or inhomogeneous distributed gravels. From 30 m to 60 m thick gravel strata prevail 

layers of  alternating gravel and sand. The intercalation of  salt begins below 60 m. Pure halite 

precipitates and salt containing fine and coarse sediments (to meter 75) are underlain by the uni-

form layering which is described above. 
 

The Massada M1 drilling was chosen to represent the Pleistocene Lisan Fm. The section is made 

up of  layered calcitic marls of  typically 0.5 to 1 cm thickness. The marls are intercalating with 

aragonite and silty detritus (aad facies). Top and bottom of  the sequence exhibit homogenous 

gypsum deposits with a thickness up to 15 cm (Torfstein et al. 2008; Haliva-Cohen et al. 2012). 
 

The Perazim PZ-2 geological section was chosen to represent the Pleistocene Samra Fm. This 

sequence consists of  layered calcitic marls of  typically 0.5 to 1 cm thickness. The marls are inter-

bedded with sequences of  laminated calcite and silty detritus (acd facies). The top and bottom of  

the section exposes gypsum and sand layers of  several cm thickness (Waldmann et al. 2007; Hali-

va-Cohen et al. 2012). 
 

Regarding the lateral continuation of  the Cretaceous limestone towards the lake centre, there is 

only sparse information. The depth of  the normal faulted blocks has been generally inferred 

from seismic cross-sections recorded at the location of  En Gedi (Figure 12). According to the 

seismic cross-section the Cretaceous bedrock and the Pleistocene sediment fill can be verified. 

Block structures of  the Cretaceous limestone exhibit displacement along faults. Within the out-

cropping Cretaceous rocks a conjugate fault system with inverse dipping compared to the normal 

faulted single block cannot be excluded at all. However, due to the lack of  velocity information 

neither the depth of  the normal faulted single block nor the location of  the blocks relative to 

each other can be concluded. All the interpreted lineament angles are objected to the underlain 

velocity cross-section, i.e. true angles differ from the recorded time migration seismic cross-

section. The geological cross-section of  En Gedi is essentially deduced from that seismic infor-

mation (Figure 13). 
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Figure 12: Seismic cross-section DS 3677 (time migration section), for the location cf. Figure 10 (I.O.C 1982)  

 

Figure 13: Derived geological cross-section from several seismic cross-sections which have been recorded in En Gedi. Note the 
depth and lateral extent of the single normal faulted block (Raz 1986)  
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3.3 Salt karst 

The phenomenon of  karstification in arid regions is not only common on carbonate rocks but 

also in rock salt, i.e. evaporites including gypsum and halite. According to Salameh (2001) within 

the Lisan Fm 3 to 6% of  the total rock are salts. In terms of  determining hydraulic flow patterns 

in the DSG sediment especially the resulting secondary porosity from karstification could poten-

tially govern water movement along impermeable strata. The hydrochemical composition of  the 

DSG sediment water represents the equilibrium to the outcropping host rock and represents a 

fingerprint of  the study area with respect to inflowing, reacting and outflowing water constitu-

ents. The dissolution and precipitation of  salt minerals and their concentration and dilution in a 

defined period of  time play a major role in inducing conduit flow in the DSG sediment. Devel-

oped conduits (solution tubes) favor higher flow velocities and shorter residence times within the 

sediment. This behavior forces hydrogeological investigations in Quaternary aquifers to focus on 

discontinuous flow as well. The most recent imagination of  conduits within the DSG sediment is 

displayed in Figure 14. 

 

Figure 14: Preferential water pathways in the DSG sediment resulting in subaerial and sublacustrine discharges (Siebert 2013) 

According to the geological drillings the lake sediments consist of  salt clastics precipitated from 

the DS. Salt minerals with a solubility product lower than halite are precipitated. Due to perma-

nent freshwater inflow undersaturated with respect to rock salt and subsequent subrosion halite is 

typically not able to attain the saturation concentration and therefore does not precipitate. Only, 
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at places where water flow is very low and crystal growth is not inhibited by varying water fluxes 

halite exceeds its solubility product and precipitates (Wernicke 2010). Distinctive halite layers con-

taining salt crystals in a muddy matrix have been observed by Yechieli et al. (1993) in about 30 m 

depth in a drilling core near Zeelim. Upsalting towards the DS and other mechanisms that in-

crease the concentration of  the respective mineral phase promote precipitation. 
 

Depending on the saturation index, halite is either still dissolved or was dissolved by changing 

inflow conditions and becomes karstified. The latter behavior can be intensively studied as phe-

nomenon along the western DS coast where a huge number of  sinkholes imply dissolution pro-

cesses in the subsurface (Yechieli et al. 2006). The concerned salt layer is regarded as halite layer 

(opposed to the calcite, gypsum and aragonite laminae of  the Lisan and Samra Fm, respectively) 

and occurs along the western DS shoreline. Its thickness varies from 2 to 26 m with its top rang-

ing from -420 to -440 m msl to a depth of  20 to 50 m. The halite layer is characterized by low 

porosities and local horizons of  high porosity and permeability (including cavities as well) (Yechi-

eli et al. 2006). Frumkin et al. (2011) specified porosities in cavernous parts with 40%. Salt disso-

lution itself  result in porosities up to tens of  percent. Besides, this author proposed further po-

rosity trends: Low porosity above the groundwater table, decreasing porosity in the gravel layers 

with greater depth and high porosity below the halite layer. According to Abelson et al. (2006) 

sinkhole occurrence is less where competent gravel and less weak or muddy sediments (silt, clay) 

exist. In fact, an increasing thickness of  gravel layers above the salt layer can be recognized to-

wards the alluvial fan centre. Beside the dissolution of  halite layers, there is evidence for car-

bonate karst that is induced by sulfuric acid. Yechieli (2005) recognized H2S smell in boreholes 

along the western DS coast. In fact, the Lisan and Samra Fm. contains meter thick gypsum de-

posits that indicate the origin for hydrogen sulfide. The conversion is intensively driven by mi-

crobial assimilation, inducing reducing redox conditions and subsequent sulfate reduction. 
 

Observations of  springs which dissolve Pliocene rock salt formations along Lake Kinneret are 

reported from Gvirtzman et al. (1997), Nativ (1997) and Flexer et al. (2000). Those saline springs 

are recharged by meteoric waters and discharge on active faults in and around the lake (Horowitz 

2001). The dissolution of  fossil rocksalt bodies from the Pliocene Mount Sedom Fm along the 

eastern DS shore has been observed by Belitzky and Mimran (1996). 
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3.4 Hydrogeology 

Available data of  the study area contain water table measurements of  the DS and inflow areas, 

determination of  spring horizons (although they are changing in very short time intervals), in-

formation about the boundary conditions (density measurements of  the lake sediments, macro-

chemical analytics of  pore water, groundwater level in Judean Mountains as constant head). A 

map with surface springs and sublacustrine discharges in the study area are displayed in Figure 15. 

Available hydrochemistry data is limited to samples from springs, sublacustrine discharges and 

sinkholes but not discussed in this study. 

 

Figure 15: Surface and sublacustrine discharges which have been collected during field campaigns, conducted by C. Siebert, UFZ 
Halle. Encircled is the area with concentrated sublacustrine discharges inferred from thermal records  

Surface and sublacustrine discharges have been recognized during diving campaigns from 2009 to 

2012, conducted by C. Siebert, UFZ Halle. At a maximum depth of  30 m (-455 m msl) discharg-

es have been proven. More frequently they have been found from -435 to -445 m msl. Density 

and oxygen measurements indicate discharges up to a depth of  50 m (-475 m msl). Regarding the 

spring discharge two kinds of  sublacustrine discharges need to be considered. Springs of  large 

extent are already discharging in the depth of  some 5 to 20 m below sea level. The more passive 

springs can be observed along the shoreline to the shallow DS (e.g. -407 m msl, -412 m msl, -

422 m msl, -425 m msl, according to Figure 15). With respect to the turbidity of  the springs, the 

more passive and small outflows reveal clear water, the larger discharges contribute major 

amounts of  suspended clayey material. According to thermal data (accessed by U. Mallast in 
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2011, UFZ Halle) especially the northern part of  the Wadi Darga fan exposes sublacustrine out-

flows (Figure 15). Proven surface and subsurface discharges for the study area have been visual-

ized in x-z view (Figure 16). 

 

Figure 16: Depth-depending surface and sublacustrine discharges in the study area along the selected cross-section  

Cretaceous limestones along the western shoulder of  the DS reveal the high altitude gradient 

from the DS (-425 m msl) to the gentle plateau of  the Judean Mountains. There, the watershed in 

N-S direction divides groundwater flow towards the Mediterranean Sea and the DS region. The 

groundwater network of  the DS composes of  two major aquifers systems: The Cretaceous car-

bonate rocks of  the Judea Group and the coastal Quaternary alluvial aquifer (Arad and Michaeli 

1967; Yechieli et al. 1995). The latter one is the focus of  this investigation. The 2D-slice of  the 

study area is located along the northern part of  Wadi Darga. The graben shoulder contains the 

two aquifers Upper and Lower Judea group hydraulically divided by the En Yorqeam Fm (Figure 

7). The Lower Judea Group exhibits phreatic conditions close to the watershed and becomes 

confined towards the DS. Regarding this property, the Judea Group is important for the hydraulic 

conductivity distribution along the DS shoreline and particularly determines the hydraulic poten-

tial for the adjacent DSG sediment. In order to gain some knowledge about adjoining water 

pathways, REY groundwater patterns give some indication as they coincide with respective 

groundwater recharge areas (Möller et al. 2009a). The several sublacustrine freshwater discharges 

do exhibit a significant aquifer signature from the Cretaceous Judea limestone. Due to overprint-

ing within the DSG sediment the differentiation between the Upper and Lower Judea Group is 

not significant at all. Salt deposits such as gypsum and the duration of  interaction with DSG 

minerals and interstitial brines change the REY signal (Ionescu et al. 2012). The hydraulic contact 

to the underlying aquiferous Lower Cretaceous Kurnub Group sandstones (Rosenthal et al. 2009) 

cannot be excluded. Eroded deposits and evaporative bodies below the DSG sediments (accord-

ing to Gvirtzman et al. (1997) at least 5 km thick) are assumed to be not relevant for groundwater 

inflow into the DS due to the high compaction by overlying sediments. Furthermore, uprising 
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waters which are relevant for sublacustrine discharge (Gvirtzman et al. 1997) have to be taken 

into account. 
 

Predominant direction of  groundwater flow is from W to E towards the DS Basin (Figure 17). 

The structural geometry of  the step faults is regarded as major controlling factor of  groundwater 

flow in the study area, i.e. E-W and SW-NE (Mallast et al. 2011). The Holocene in fact exhibits 

structural elements that display ESE-WNW orientations with extensional directions of  NNE-

SSW (Gardosh et al. 1990; Enzel et al. 2000). Spring areas that are regarded to be structural con-

trolled occur in En Feshka, Kane-Samar (including the study area), Qedem and En Gedi 

(Guttman 2000; Ben-Itzhak and Gvirtzman 2005; Mallast et al. 2011). Yechieli (2006) modeled 

the hydraulic conductivity with increased vertical hydraulic conductivity Kz and diminished hori-

zontal hydraulic conductivity Kx values along faults. 
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Figure 17: Groundwater flow direction from the Judean Mountains to the DS. (a) Concluded from lineament analysis in Mallast 
et al. (2011). (b) Water table elevations from Ben-Itzhak and Gvirtzman (2005) and from (c) Guttman et al. (2000)  

Along the DS the perched Zafit Fm subaquifer is hosted within the Upper Judea Group aquifer 

and discharges on top of  the En Yorqeam aquiclude in form of  local springs within the cliffs 

(Wadi Arugot, Wadi David) (Figure 7). Secondly, the water discharges from the DSG sediments 

and results in hundreds of  springs along the DS shoreline (En Feshka, Kane-Samar region, 

Mizpe Shalem, En Gedi). According to Ben-Itzhak and Gvirtzman (2005) springs from the west-
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ern DS coast originate from both the Upper and Lower Judea Group. Water table elevations of  

both groups are displayed in Figure 18. 
 

In a limited way the local groundwater flow reveals an inverse flow direction due to saltwater 

penetration. That behavior results from the tight lake sediments which cannot be compared to a 

porous medium of  high hydraulic conductivity. The investigated DSG sediment itself  exhibits 

GW potentials <5 m below surface in a distance <100 m from the shore and several 10s of  m 

from 500-1,500 m away from the shore line (Yechieli and Gat 1997; Yechieli 2005) (Figure 10). 

However, field investigations near the DS shoreline spotted confined conditions with artesian 

groundwater as well (Christian Siebert, UFZ Halle, pers. communication). The DSG sediment is a 

double continuum characterized by less permeable layers and tubes of  free water movement. The 

primary permeability of  the sediments may be low but the secondary permeability in the dissolu-

tion conduits is high (cf. also the Quaternary sediments on the eastern DS shoreline in Jordan, in 

Salameh 2002). Inferred from the geological composition, the larger the distance from the shore-

line the more permeable the deposited material. Field observation performed by C. Siebert from 

UFZ Halle confirmed, the coarse-grained upper part of  the DSG sediment does not comprise 

water-bearing strata and therefore suggests a deeper hydraulic head. 

 

Figure 18: Water table elevations for (a) Upper Judea Group and (b) Lower Judea Group (Ben-Itzhak and Gvirtzman 2005). The 
study area is denoted  

The DS saltwater drain to the Judea aquifer might play only a minor role for the DSG sediment. 

The field observation of  freshwater sublacustrine springs corroborates this thesis. However, the 

interaction between the coastal aquifer and the DS generates major discussions. The lateral con-

tinuation of  a possible saltwater wedge within the DSG is not well researched. The interface in 

the easiest way can be calculated by the formula according to Ghyben-Herzberg. According to 
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that the depth of  the interface in the DS with 𝜌�(saltwater) = 1.23 g/cm³ is 4.35 times that of  the 

groundwater head above sea level compared to 40 times in the ocean with 

𝜌�(saltwater) = 1.025 g/cm³ (Yechieli 2000). Yechieli (2000) reported the existence of  this very 

shallow fresh-salt water interface along coarse-grained beds within the DSG sediment. Ki-

ro (2007) promoted the understanding of  the dynamic interface as response to the DS level drop 

in a temporal and spatial resolution with the help of  the USGS SUTRA code (Voss 1984). The 

latest study of  Yechieli et al. (2010) focused on the temporal development of  the interface as 

response to simulated DS level drops. In that context, the potential of  dewatering sediments of  

the DSG has to be taken into account, e.g. Yechieli and Gat (1997) discerned wet spots of  low 

hydraulic conductivity and high saline pore water. The behavior of  groundwater levels at different 

stations during long-term monitoring was therefore used to deduce possible sediment composi-

tions of  the respective study area. In detail, high-permeable alluvial fans such as the Darga site 

exhibit larger groundwater level drops and are more prone to groundwater level variations than 

low-permeable sites. With respect to grain size trends from the mountain outcrop to the DS, 

groundwater head variations are not only regarded as a function of  the permeability of  the aqui-

fer but because of  that should also be a function of  the site distance from the DS. 
 

The hydraulic connection between the DSG sediment and the DS results in within-days ground-

water level changes as response to DS level variations (Yechieli et al. 1995). With increasing dis-

tance to the DS the water level drop decreases (Yechieli et al. 2009). Some locations exhibit a 

dynamic steady-state (Kiro et al. 2008), others show a smaller groundwater level drop compared 

to the DS (Yechieli et al. 1995). The nowadays decrease of  the DS level maintains circulation of  

saline-waters to the coastal aquifer and results in continuous sediment flushing (Kiro et al. 2008). 
 

Due to the occurrence of  salt layers in the DSG sediment and low groundwater flow velocities 

towards the Quaternary layers the receiving freshwaters are subjected to salt enrichment resulting 

in increasing water densities. The impact of  ascending thermohaline waters during that process 

have to be considered. Along the fresh-salt water interface both the density difference to the DS 

and the inherent brackish sediment pore water properties need to be focused when discussing 

flow and transport mechanisms. 
 

Low precipitation and high evaporation rates in the direct environment around the DS result in 

less to not existent groundwater infiltration. The available groundwater originates from the Jude-

an Mountains which are the recharge area. Therefore, the relative contribution of  groundwater 

recharge on the DSG sediment from meteoric waters can be neglected. 
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4 Model design 

4.1 Conceptual model 

The important geological structures of  the numerical model were designed in ArcGIS 10. As-

sumptions about the lateral extent and thicknesses of  geological formations are based on litera-

ture references. 
 

Different hydrogeological systems are available in the study area. To conceptualize the hydrogeo-

logical compartment interconnectivity of  the DSG, per se two systems need to be distinguished. 

Both systems in common have the saline pore waters that are comparable to the DS salinity. The 

first is characterized as a passive hydrogeological system that dominantly preserves the surface-

near salt layers of  the DSG sediment and predominantly consists of  clastic sediments and halite 

(Figure 19, A). The pore space of  the salt environment is dominated by a fluid, which is super-

saturated with respect to halite. Precipitating salt may clog possible pathways of  groundwater 

towards the DS. Though, inflowing groundwater induces erosion that results in salt karst features 

of  different extent and density and allows preferential flow and transport to the DS. The matrix 

of  the surrounding sediments still represents the salty and clayey DSG sediment with a low inter-

connected porosity, exhibiting hydraulic conductivities lower than 10-9 m/s. Therefore, the con-

cept is to manage the karst features in the way of  a karst tube network within the low permeable 

DSG sediment. 
 

The second system is formed by the deposition of  terrestrial clastic material flushed into the lake 

by runoff  events of  Wadi Darga. That environment represents the area around the outlet of  Wa-

di Darga and is deposited in form of  a typical delta structure. The clastic environment favors 

hydrogeological active conditions with the salt layer being already dissolved by inflowing freshwa-

ter (Figure 19, B). The transport and accumulation of  terrestrial clastic material by runoff  from 

Wadi Darga are responsible for its delta-like structure. The observable absence of  surface and 

sublacustrine discharges directly in front of  the delta implies water-retaining strata in the fan that 

might prevent outflow. The resulting low bulk hydraulic conductivity of  this structure may divert 

water to more permeable or karstified layers in the north of  the fan-structure where the highest 

density of  surface and sublacustrine discharges has been observed. Depending on the subsurface 

flow velocity and the extent of  the permeable layers, or conduits, the input of  suspended clayey 

material varies and contributes to the characteristic composition of  discharging waters to the DS. 
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Figure 19: Hydrogeological settings of the Wadi Darga considering a flow behavior induced by (A) salt features and low sediment 
transport and (B) clastic mixing and high sediment transport. Vector length is as measure for the transferred water volume  

The aim of  this thesis was to understand the flow and transport processes in the first, the salty 

layer environment north of  Wadi Darga. Therefore, a geological cross-section in the northern 

part of  Wadi Darga was chosen. That area is also characterized by observable sublacustrine dis-

charges (for location see Figure 4). The cross-section length is about 3,000 m with a direction of  

81.5° which is perpendicular to the sinkhole occurrence direction of  350° (cf. chapter Geology). 

The DSG topography of  the slice was rastered with a small interval of  about 5 m along the 

subaerial curvature and with a larger interval of  50 m along the DS bathymetry (Hall 2000). 
 

The slice geometry is visualized in Figure 20, Figure 21 and Figure 22. The maximum depth for 

the conceptual cross-section was determined to -1,400 m msl. The maximum displayed depth of  

the DS water is 125 m (-550 m msl) with a maximum lateral extent of  1,200 m. The DSG sedi-

ment referred from the drillings exposes a thickness of  maximum 160 m with a final depth of  -

550 m msl and a maximum lateral extent of  1,900 m. The overlying terrestrial sediment cover is 

deposited eastwards from -210 m msl with an average thickness of  120 m. The Cretaceous lateral 

outcrop of  about 450 m exposes an elevation difference of  nearly 200 m starting at -10 m msl. 

The steep gradients of  the Cretaceous (~20°) and coarse-grained sedimentary cover (from ~10° 
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to ~30° on the fore-slop to the DS) are opposed to the shallow gradients of  the DSG sediment 

(~7°). The bottom morphology of  the DS is flat with 7°. Horizontal depositions of  the DSG 

sediments were assumed due to lacustrine sedimentation processes. 
 

The vertical geological resolution is based on the surface curve and the projected thickness of  

geological formations according to Mor and Burg (2000). The intersection between geological 

layers and the morphology was deduced from the overlapping DEM 5 m map and the geological 

map. The projected DEM 5 m map revealed a small displacement error versus the correctly pro-

jected geological map. The displacement was corrected by a DEM-shift of  -115 m in x and -65 m 

in y direction. 
 

The setup of  the Cretaceous aquifers was arranged in blocks with an assumed slope angle of  

about 70° in 1:1 x-z-projection and estimated outcropping width of  approximately 500 m. The 

detached Cretaceous block was constructed at a depth of  -1,100 m msl with a thickness of  

150 m. Basically, these assumptions were deduced from Raz (1986) visualizing the spatial depend-

encies of  the geological fault system units. The graben fill of  the DS is summarized as undiffer-

entiated DSG sediment (cf. Bender 1968). The compositions of  these sediments are similar to 

that of  the differentiated DSG sediments. 
 

The top of  the group of  intercalated terrestrial and lake sediments within the differentiated DSG 

sediment was assumed to be not higher than -400±30 m msl as typical Holocene DS lake levels 

(Bookman et al. 2004; Migowski et al. 2006; Torfstein et al. 2008). The unit with subhorizontal 

terrestrial clastic sediment above the Lisan Formation is designated as Post-Lisan Formation 

(maximum thickness of  200 m). 
 

To resolve the DSG sediment below the Post-Lisan Formation, the Lisan and Samra Fm layers 

with a structural resolution of  about 10 m were inferred from the Massada M1 and the Perazim 

PZ-2 drilling (Table 2, Table 3, Table 4). The DSG sediment of  the final conceptual models 

(Figure 20, Figure 21, Figure 22) reveals a total thickness of  160 m and was aligned with constant 

thicknesses and constant material distribution over the entire DSG sediment body. 
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Figure 20: Conceptual model for slice ML-2  

 

Figure 21: Conceptual model for slice ML-4   
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Figure 22: Conceptual model for slice DR-4   
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Table 2: Structural resolution of the conceptual model for the slice ML-2. According to Waldmann et al. (2007) the aad unit is 
regarded as layered calcitic marls (0.5-1 cm thick), intercalating with aragonite and silty detritus. The acd unit is regarded as layered 
calcitic marls (0.5-1 cm thick), intercalating with laminated calcite and silty detritus. References: No.1 - Bender (1968), ML-2 
drilling: Yechieli (2005), HS-2 drilling: Ezersky et al. (2011), Massada drilling: Torfstein et al. (2008) and Haliva-Cohen et 
al. (2012), Perazim drilling: Haliva-Cohen et al. (2012) and Waldmann et al. (2007)  

 

Table 3: Structural resolution of the conceptual model for the slice ML-4. References: No.1 - Bender (1968), ML-4 drilling: Ye-
chieli (2005), HS-2 drilling: Ezersky et al. (2011), Massada drilling: Torfstein et al. (2008) and Haliva-Cohen et al. (2012), Perazim 
drilling: Haliva-Cohen et al. (2012) and Waldmann et al. (2007)  
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Table 4: Structural resolution of the conceptual model for the slice DR-4. References: No.1 - Bender (1968), DR-4 drilling: Ye-
chieli (2005), Massada drilling: Torfstein et al. (2008) and Haliva-Cohen et al. (2012), Perazim drilling: Haliva-Cohen et al. (2012) 
and Waldmann et al. (2007)  

 
 

As consequence of  the solution processes, the aquifer of  the DSG sediment represents a double 

continuum. For the model approach the aquifer was splitted into two components: A predomi-

nant matrix system and conduit network.  
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4.2 Hydrogeological concepts 

Due to numerical stability the produced 2D vertical models have been subjected to water-

saturated, confined conditions and steady flow and steady transport. 

4.2.1 Hydraulic conductivities 

In the closer environment of  the study area no information from hydraulic tests is available for a 

direct parameterization of  present aquifers. Therefore, hydraulic conductivities (kf-values) have 

been assumed from literature (Domenico and Schwartz 1998). The used hydraulic conductivities 

of  clay, sand, gravel and salt layers of  the ML-4 drilling are shown in Table 5. Layers of  hetero-

geneous composition are summarized and characterized by the lowest hydraulic conductivity in 

the composition. Table 5 also displays the assumed hydraulic conductivities for the 4-layer model 

and percentages of  the respective hydraulic conductivities that have been used for specific scenar-

ios.  
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Table 5: Hydraulic conductivity parameterization of ML-4 layers. Details of the lithology are depicted in Table 3. Model numbers 
refer to Table 16  

 

4.2.2 Interaction of  saltwater and freshwater 

Inflowing freshwater from the Judean Mountains and saltwater from the DS are interacting. This 

results in saltwater intrusion in a confined aquifer and the development of  a fresh-salt water in-

terface. Investigations to the advance of  the saltwater front are generally subsumed as Henry’s 

problem. Henry (1964) presented analytical expressions for the steady-state solute distribution. His 

solutions are regarded as standard tests for models, which are capable of  modeling variable densi-

ty groundwater. In this context, the findings of  Voss and Souza (1987) and Galeati et al. (1992) 

need to be mentioned as well. In fact, various different-dense fluids occur in the DSG and pro-

duce various saltwater intrusion patterns, which have been investigated during this study. The 

study does not answer questions related to the FEFLOW inherent definition of  the dependency 

between solution density and salt content (Equation 1) but it is a prerequisite. The basic formula-

tion for saltwater intrusion for steady-state flow shows Equation 2. The DS salinity, which is a 

density value, was assumed to be 340 g/L (Lensky et al. 2005). Density differences of  groundwa-

ter are in the range of  0.18 g/cm³ with fresh to brackish water from 1.06 to 1.19 g/cm³ and lake 

water with 1.24 g/cm³ (Mallast et al. 2013). 
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𝜌 = 𝜌0 (1 + �̅�
𝐶

𝐶𝑠
) 

 
Equation 1 

   
where   

𝜌0  fluid density where C = C0 [kg/m³] 

�̅�  fluid density difference ratio [] 

𝐶  contaminant concentration [kg/m³] 

𝐶𝑠  maximum concentration [kg/m³] 

 

  
with 

�̅� =
(𝜌𝑚𝑎𝑥−𝜌0)

𝜌0
  

 

 

 

∇�⃑� = 𝑄𝑝 −
�̅�

𝐶𝑠
(𝜀
𝜕𝐶

𝜕𝑡
+ �⃑�∇𝐶) 

 
Equation 2 

   
where   

�⃑�  Darcy flux [m/d] 

𝑄𝑝  specific sink/source rate of  fluid [1/s] 

�̅�  fluid density difference ratio [] 

𝐶𝑠  maximum concentration [kg/m³] 

𝜀  kinematic porosity [] 

𝐶  contaminant concentration [kg/m³] 

 

 

4.2.3 Potential effects 

One key observation need to be considered in a sensitive way: The various pressure potentials of  

the system freshwater/DSG-sediment-brine/DS-brine. They are driven by gravitational and dif-

fusion forces remembering the steep topographic gradient and the density differences of  the 

study area. Obviously, the pressure potentials of  the 
 

1. Upper Judea Group aquifer water 

2. Lower Judea Group aquifer water 

3. DS 
 

are not the only governing forces of  the groundwater movement in the DSG sediment. Men-

tioned earlier, 
 

4. ascending deep waters 
 

have been proven. Those are likely to exhibit a higher pressure potential than the aquifer water 

they penetrate. The complexity is enlarged by the heterogeneous DSG sediments and its 
 

5. dense pore waters, 
 

including occurring potential(s). A solitary topography-driven potential in a system of  freshwater 

density would result in decreasing heads towards the DS. Considering the increasing salinity to-

wards the DS, potential lines favor inverse flow in the direction of  the DSG sediment. In fact, 

the salinity of  the DSG sediment pore water is similar to that of  the DS brine. Thus, the for-
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mation of  a distinctive fresh-salt water interface is questionable. The potential of  the brine satu-

rated DSG sediment is driven by vertical and horizontal pressure differences that occur from 

aquitard intercalation and developed preferential freshwater flow paths, respectively. Confined 

aquifers produce artesian groundwater that has been observed near to the DS shoreline. Con-

fined salt layers below freshwater dominated layers enhance this behavior. Water will diffuse 

through the aquitard until concentrations are equalized (osmosis). However, inflowing freshwater 

from the Judean Mountains may result in reverse osmosis. Freshwater passes existing conduits in 

the DSG sediment and increases the pressure in confined salt layers. Only water molecules are 

able to escape upwards. The salinity (and the mean residence time) of  the remaining brine will 

increase and is likely to be even higher than the DS salinity. Due to increasing pressure differ-

ences this phenomenon should be more effective in the deep (restricted by existing voids) than in 

the shallow terrestrial. Similar mechanisms have been observed by Kushnir (2008). Subsequent 

processes that occur in the DSG sediment may be healing up of  karstified tubes and reverse local 

penetration towards the DS. To summarize, especially in highly variable sediment compositions 

with salty-clastic interbedding groundwater movement may show inverse effects compared to 

those that have only been expected from the simple DS saltwater intrusion. 

4.2.4 Discrete element network 

The existing double continuum in the DSG sediment requires different parameterization of  the 

matrix system and the conduit network. In the modeling approach discrete elements help to 

simulate such conduit networks. The aquifer is assumed to have only a limited number of  2D 

fracture sets serving as effective flow paths, whereas the surrounding rock matrix will be consid-

ered as nearly impermeable. For an acceptable model it is necessary to obtain information about 

the structure and geometry of  the fractures, such as their roughness or heterogeneity, to translate 

them into sensible parameters for the model. Otherwise, the assessment of  storage capacities and 

velocities will become erroneous, because natural fractures are of  quite irregular shape. There-

fore, rather extensive field explorations are compulsory, which is also the most severe disad-

vantage. Moreover, probably a lack of  information referring to the fracture widths will become a 

problem because of  their difficult determination in the depth. Additionally, computational capac-

ity mostly does not allow considering small-sized fractures. Although, the information about the 

shape of  the conduits is sparse, the usefulness and applicability of  a discrete element network 

within FEFLOW was examined in the study.  
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4.3 Model code and problem settings 

The applied numerical model was developed by using the FEFLOW code (DHI-WASY Software 

2012). The FEFLOW 6.1 software package (Finite Element Subsurface Flow & Transport Simu-

lation System) facilitates the modeling of  fluid flow and transport of  dissolved constituents 

and/or heat processes in the subsurface. In detail, the model provides “three-dimensional and 

two-dimensional, areal and cross-sectional (horizontal, vertical or axisymmetric), fluid density-

coupled, also thermohaline, or uncoupled, variably saturated, transient or steady state, flow, mass 

and heat transport and reactive multi-species transport in subsurface water resources with or 

without one or multiple free surfaces” (DHI-WASY Software 2012). Groundwater movement in 

porous and fractured media can be modeled, which is essential when the contribution of  salt 

cavities in the DSG sediment to groundwater will be modeled. 
 

The numerical method of  finite elements is used by FEFLOW to solve the non-linear partial 

differential equation of  groundwater flow. By default, the Galerkin FEM is applied; optional the 

streamline upwind method with automatic time step control is used. The mathematical modeling 

principles of  FEFLOW refer to the balance laws of  mass conservation, momentum conservation 

and energy conservation. In problem settings with parameter zones of  variable hydraulic conduc-

tivities Diersch (2010d) advised to use the algebraic multigrid equation solver (SAMG, by K. 

Stueben, FhG-SCAI) for flow and mass transport. Table 6 and Table 7 outline possible problem 

settings in FEFLOW. In the case of  density-dependent flow, flow and transport simulation are 

always done simultaneously until attaining convergence with iteratively (for steady-state done 

once) calculating 1. Darcy-flow/transport, 2. state dependencies (steady-state, transient), 3. Dar-

cy-flow/transport etc. 
 

Table 6: Problem class definition within FEFLOW 

1. State of  saturation 

Saturated Unsaturated 

 Darcy equation 

 model not necessarily fully saturat-
ed/confined 

 Richards equation 

 also variably saturated media 

2. Time setting of  flow/transport 

Flow Flow and mass transport 

 steady 

 transient 

 steady flow and steady transport 

 steady flow and transient transport 

 transient flow and transient transport 
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Table 7: Projection within FEFLOW 

2D 3D 

 horizontal confined 

 horizontal unconfined (phreatic, also 
partially confined) 

 vertical (confined in saturated mode) 

 axisymmetric (radial symmetry) 

 confined (default) 

 unconfined (also partially confined) 

4.3.1 Parameter references 

Spatially distributed parameters are used for the setup of  the model and include boundary condi-

tions (BC) and material properties. 
 

BCs are applied on a nodal basis. Only one BC can be applied at a node. The applied BCs are 

subdivided into flow BCs and mass transport BCs (Table 8). 
 

The relevant properties of  the medium are defined as material properties and are applied on an 

elemental basis within FEFLOW. They are subdivided into flow and mass properties (Table 9). 
 

Table 8: Flow and mass boundary conditions within FEFLOW 

Flow Boundary Conditions Mass Transport Boundary Conditions 

time-constant or according to a time series 

Dirichlet 

Hydraulic-head BC 
advanced: 

 Hydraulic-head BC (Pressure) 

 Hydraulic-head BC (Saltwater Head) 

 Hydraulic-head BC (Saturation) 

 Hydraulic-head BC (Moisture Content) 

Mass-concentration BC 

Neumann 

Fluid-flux BC 
advanced: 

 Fluid-flux BC (Gradient) – unsaturated 
models 

 Fluid-flux BC (Integral) – unconfined models 
with free and movable surface 

Mass-flux BC 

Cauchy 

Fluid-transfer BC 
advanced: 

 Fluid-transfer BC (Integral) – unconfined 
models with free and movable surface 

Mass-transfer BC 

Source/sink 

Well BC (abstraction/infiltration, nodal or 
along screen) 
 
 

Mass nodal sink/source BC 
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Constraints on Flow Boundary Conditions Mass Transport Constraint Conditions 

technically implemented in FEFLOW by converting the type of  BC when the constraint is acti-
vated 

physical limits 

 hydraulic head/fluid transfer type lim-
ited by min/max flow rate 

 fluid flux/well type limited by min/max 
hydraulic head 

 fluid-transfer type limited by hydraulic-
head 

 mass-concentration/mass-transfer type 
limited by min/max mass flux 

 mass-flux/mass-nodal type limited by 
min/max concentration 

 

Table 9: Flow and mass transport properties within FEFLOW 

Flow properties Mass transport properties 

simulated on an elemental basis 

 Transmissivity (for 2D horizontal con-
fined models, else hydraulic conductivi-
ty used for input) 

 Conductivity 

 Aquifer top/bottom elevation (2D) 

 In/Outflow on top/bottom GW re-
charge 2D and 3D!, inflow from under-
lying aquifer) 

 Density ratio (density-dependent mod-
els) 

 Drain-/Fillable Porosity [] = specific 
yield, for unconfined models 

 Specific storage (Compressibility) ([] for 
2D confined, [1/L] for other 2D, 3D) 

 Source/sink (flow) [m/d] [1/d] (2D: 
GW recharge, 3D: not for GW re-
charge) 

 Transfer Rate (Flow) (only together 
with Transfer BC) 

 Aquifer thickness (Mass) 

 Porosity (Mass) (effective porosity) 

 Molecular diffusion [m²/s] 

 Sorption coefficient (Henry) 

 Dispersivity [m] (low ones need fine 
spatial discretization) 

 Decay-rate constant [1/s] (1st order de-
cay for the simulated species) 

 Source/sink (Mass) [g/m²/d] [g/m³/d] 
(biological decay) 

 Transfer rate (Mass) (only together with 
Transfer BC) 

 Sorption coefficient 2 (Freundlich, 
Langmuir) 

4.3.2 Discrete elements 

Salt karst features in the DSG sediment of  the study area can be realized in FEFLOW by discrete 

elements. Water pathways, which result from salt karstification, are assumed to occur mostly as 

small fissures, dissolution conduits or large tubes in the subsurface. Therefore, flow cannot be 

described by the conventional Darcy equation in continuous media. 
 

The standard numerical approach in porous media can be combined with interconnected 1D (bar 

elements) and 2D (areal elements) features to simulate free-fluid movement. Non-linear fluid 

motion equations are applied for the 1D or 2D discrete elements, i.e. Hagen-Poiseuille and Man-

ning-Strickler (Table 10). Hagen-Poiseuille and Manning-Strickler both can only describe laminar 

flow behavior and are eventually converted to Darcy flux velocities within FEFLOW. For 1D and 
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2D plane and axisymmetrical (cylindrical) parallel flow Hagen-Poiseuille is applied, describing a 

linear relationship with respect to the pressure gradient and gravity. The fluid motion for channel 

flow is described by the vertical integrated Navier-Stokes equation resulting in a reduced momen-

tum equation. A friction law like Manning-Strickler can express the shear effect at the bottom. 

For the 3D porous matrix the Darcy approach still holds (Diersch 2010c). 
 

Table 10: 1D and 2D discrete feature elements that can be applied within FEFLOW (Diersch 2010c) 

Type Fluid motion law Application 

1D, plane 
(phreatic, non-phreatic) 

Darcy or 
Hagen-Poiseuille or 
Manning-Strickler 

Channels, mine stopes 

1D, axisymmetric 
(phreatic, non-phreatic) 

Pumping wells, abandoned 
wells, boreholes 

2D, plane 
(non-phreatic) 

Fractures, faults 

2D, plane 
(phreatic) 

Runoff, overland flow 

 

There are three geometries available in 2D models: 1D discrete feature selected along an arbitrary 

node path and 1D discrete feature selected along a slice edge. In 2D models, faces cannot be uti-

lized for discrete elements. For adaptation of  the discrete elements, the following characteristic 

flow parameters need to be considered: Cross-section area A [L²] (1D feature type) and hydraulic 

aperture b [L] (governing the flow velocity according to the law of  Hagen-Poiseuille). The cross-

section area is defined perpendicular to the flow direction and is calculated from the product of  

hydraulic aperture b and width B (Figure 23). The hydraulic aperture b denotes the perpendicular 

distance between the adjacent walls of  a conduit and is similar to the hydraulic diameter. Regard-

ing the hydraulic radius for that application (submerged slit plane) it is defined as quotient of  

cross-section area and wetted perimeter (Equation 3). The average flow velocity 𝑢�̅depends on 

the hydraulic aperture. The water flux Q is the product of  flow velocity, depending on the hy-

draulic aperture of  Hagen-Poiseuille, and hydraulic aperture (b) (Equation 4 and Equation 5). 

 

Figure 23: 1D geometry type which is applied for discrete element modeling  
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𝑟ℎ𝑦𝑑𝑟 =
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Equation 3 

   
where   

b  hydraulic aperture [m] 
B  width [m] 

 

 

 

�̅� = −
𝑏2

12µ
(
𝑑𝑝

𝑑𝑥
− 𝜌𝑔𝑥) 

 
Equation 4 

   
where   

b  hydraulic aperture [m] 
µ  kinematic viscosity [m²/s] 
dp/dx  pressure gradient [Pa] 

𝜌�  fluid density [kg/m³] 

 

g  gravity [9.81 m/s²]  

 

 

𝑄 = �̅�𝑏 = −
𝑏3

12µ
(
𝑑𝑝

𝑑𝑥
− 𝜌𝑔𝑥) = −

𝑟ℎ𝑦𝑑𝑟
2

3µ
(
𝑑𝑝

𝑑𝑥
− 𝜌𝑔𝑥) 

 
Equation 5 

   
where   

�̅�  average flow velocity [m/s] 
b  hydraulic aperture [m] 
µ  kinematic viscosity [m²/s] 
dp/dx  pressure gradient [Pa] 

𝜌�  fluid density [kg/m³] 

 

g  gravity [9.81 m/s²] 

𝑟ℎ𝑦𝑑𝑟  hydraulic radius [m] 

 

 

In terms of  geometric variations, discrete features are added to the matrix permeability to realize 

higher flow velocities, i.e. the previously defined hydraulic conductivity of  the area is maintained 

and additional pathways have been created. A typical workflow of  applying discrete features from 

a slice-edge selection in 2D sections is displayed in Table 11. 
 

Table 11: Workflow for the application of discrete elements in 2D sections 

Discrete Element Workflow 

Interface component Step 
Selection Toolbar Select slice edges or nodes 

Maps Panel Choose respective supermesh as selection map 

Selection Toolbar Select respective map polygon 

Spatial Units Panel Slice-Edge Selections: Store current selection 

Data Panel Discrete Features: Add slice-edge feature ele-
ment and choose flow law 
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4.4 Model discretization 

The conceptual model was converted to a numerical model within FEFLOW. In this procedure, a 

supermesh was created and a triangle mesh was assigned to the vertical slice – as preparation for 

the following simulation. The stereographic x-z coordinate system, defined in ArcGIS, was used 

as local coordinate system in FEFLOW. 
 

The existing transect from the conceptual model was cut at the base of  -620 m msl. The decision 

was based on the minor knowledge of  the Tertiary sediments where no specific geological layers 

according to drillings can be resolved. By this geometrical assumption, the Kurnub sandstone is 

excluded in the model. 
 

The 2D finite element mesh was created by the triangle mesh generator (Figure 24) with a certain 

number of  total elements (e.g. 1,000 elements). The hydraulic conditions of  the model were de-

fined within the FEFLOW Problem Settings (Figure 24). The 2D-slice is regarded as vertical, planar 

projection. To improve the quality of  the mesh, angles of  finite elements can be reduced during 

post-processing (max. interior angle of  triangles). The applied initial meshing density is displayed 

in Figure 25. A relative density of  2 was applied to the Cretaceous units Cu, Kuey and Klhh next to 

the DSG, to the debris (Qli/Nqef/Q0) and to the undifferentiated DSG sediment, a relative densi-

ty 30 times the default density was applied to the differentiated DSG sediment. The increase of  

the meshing density should avoid numerical instabilities due to inadequate triangle size. The initial 

model in total consists of  15,956 mesh elements and 8,176 mesh nodes.  
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Figure 24: Triangle mesh generator and scenario description of a steady-state model  

 

 

Figure 25: Applied initial meshing density   
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4.5 Boundaries 

Pressure heads on the western boundary of  the model have been applied according to the known 

confined and unconfined aquifers of  the Judean Mountains. The Lower Judea Group is assumed 

to exhibit a higher potential than the upper Judea Group and is therefore regarded as confined 

(based on Figure 18). The Lower Judea Group was assigned a hydraulic head of  -300 m msl and 

the Upper Judea Group (aquitard and aquifer, unconfined) was assigned a hydraulic head of   

-320 m msl (both Dirichlet BCs). A hydraulic head BC (saltwater head) with a constant value of   

-425 m msl (equal to the pressure head as combination of  elevation and water column pressure) 

was set for the DS bottom and for the eastern BC. No flow on the remaining top, no flow for the 

bottom. Groundwater recharge is not considered for the DSG sediment. Mass concentration BCs 

(equals TDS) were applied for the DS bottom and the eastern domain boundary (350 g/L) and 

for the western boundary (800 mg/L). Subsequently, the density ratio has been calculated to 0.24. 
Variations in boundary conditions are listed in Table 16.  
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4.6 Model execution and calibration 

The input models for the numerical modeling are the conceptual models which are displayed in 

Figure 20, Figure 21 and Figure 22. The numerical modeling faces the hydraulic heads within the 

system Cretaceous aquifer – DSG – DS and the lateral density variability including saltwater in-

trusion. The scenarios eventually aim for a possible discharge of  inflowing water from the Judean 

Mountains to the DS, i.e. surface and subsurface discharge locations along the Wadi Darga outlet 

provide the constraint to calibrate the model. The time frame of  streamlines was generally set to 

a maximum of  5,000 d according to realistic residence times indicated by hydrochemical findings. 

The algebraic multigrid SAMG solver was used for the flow and mass transport modeling. 
 

 A summary of  the model properties is provided at the end of  the sensitivity analysis in 

Table 16. A synopsis of  every applied model property is compiled in appendix B and co-

vers supermesh characteristics, problem class, FEM mesh geometry, boundary conditions, 

parameter assignment, flow and mass budgets. The link to the tables is provided by the 

form [No. x] within the continuous text. 
 

The development of  the models and scenarios obeyed the sequence in Table 12. Due to the lack 

of  observation heads and temporal continuity of  literature data, groundwater heads were sensi-

tively calibrated according to a realistic variance of  hydraulic material settings, residence times 

indicated by hydrochemical findings and the spatial distribution of  spring outlets. By the methods 

of  sediment refinement, sediment resolution and discrete elements, the model calibration should 

also reveal spring contributing layers of  the DSG with lateral and depth dependency. 
 

The conducted sensitivity analysis is based on the calibrated model and serves for the layer spe-

cific variation of  hydraulic conductivities and the variation of  DE inside the DSG. 
 

The uncertainty analysis faces the variation of  parameters and settings with expected none-

dominant impact on the established models or serves for the numerical improvement of  the 

models. These variations have been assigned to the entire model domain. 
 

The models/scenarios were evaluated according to a constraint index (cf. chapter Constraint Index 

CI). 
 

Table 12: Flowchart for the development of the models and scenarios 

Model calibration 
↓ 

Sensitivity analysis 
↓ 

Uncertainty analysis 
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4.6.1 From initial to standard model 

The first concept of  the numerical model setup and the corresponding parameterization of  the 

hydrological settings of  the study area are shown in Figure 26 and Table 13. Applied flow proper-

ties are hydraulic conductivity and density ratio. Applied mass transport properties are molecular 

diffusion and dispersivity. Due to applied confined conditions the influence of  the porosity (mass 

transport property) is negligible. Due to applied steady-state conditions the influence of  the spe-

cific storage (fluid flow material parameter) is negligible. The influence of  the anisotropy of  con-

ductivity, molecular diffusion and dispersivity was tested during the uncertainty analysis. 

 

Figure 26: Hydrogeological properties for the numerical modeling. Assumed hydraulic conductivities and mass concentrations 
are based on literature values or the conceptual approach. Flow potentials and expected flow lines are denoted. 1 Gvirtzman et 
al. (1997), 2 Gräbe et al. (2013), 3 Wollman et al. (2003), 4 Möller et al. (2009b), 5 Ben-Itzhak and Gvirtzman (2005). JG Judea 
Group  

Table 13: Other used material properties of fluid flow and mass transport for the simulations 

Parameter Symbol Value Unit Reference 

anisotropy of  conductivity Φ 1 1 - 

anisotropy angle Ξaniso 0 deg - 

specific storage SS 1*10-4 1/m Kiro (2007) 

porosity ε 0.3 1 Freeze and Cherry (1979) 

molecular diffusion Dd 1*10-9 m²/s Freeze and Cherry (1979) 

longitudinal dispersivity βL 5 m Yechieli et al. (2001) 

transverse dispersivity βT 0.5 m Yechieli et al. (2001) 

 

Figure 26 contains ranges of  hydraulic conductivities and boundary conditions for the calibration 

models. For details refer to Table 16 and appendix B, respectively. The modeling process started 

with the simplest available model solution [No. 006]. The mass concentration influence was ex-

amined [No. 012]. Different head BCs on the western boundary were tested [No. 013, 021]. 

Streamline upwinding was applied [No. 014]. After successful calibration the model was compli-
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cated by the implementation of  an additionally permeable layer within the DSG [No. 017, 018]. 

Hydraulic conductivity values for the DSG have been varied from 1*10-2 to 1*10-7 m/s [No. 020]. 

The standard model [No. 029] was finally established after the application of  the following fea-

tures: 
 

 increasing the hydraulic conductivity of  the Upper Judea Group aquitard (Kuey) and the 

Lower Judea Group by two orders of  magnitude (1*10-6 m/s and 1*10-5 m/s, respective-

ly) and increasing the hydraulic conductivity of  the Upper Judea Group aquifer by one 

order of  magnitude to 1*10-5 m/s (according to pers. communication to A. Gräbe, UFZ 

Leipzig, the upper range of  permeabilities within the Cretaceous hard rock, cf. Gräbe et 

al. 2013) 

 decreasing the hydraulic conductivity of  the debris (Qli/Nqef/Q0) by one order of  magni-

tude (1*10-5 m/s) 

 assuming the lumped hydraulic conductivity of  the DSG sediment to 5*10-5 m/s 

 imitating the Judean fault system as two water pathways to divert water amounts to the 

DS by the application of  two discrete features (Hagen-Poiseuille, 1D, Arbitrary, source: 

0/d) (Figure 26) 
 

To check the sensitivity of  the adapted model with respect to the DSG hydraulic conductivity, 

this parameter was again varied in a broad range. The kf-value for the entire sediment in front of  

the mountain range (Qli/Nqef/Q0, DSG sediment differentiated and undifferentiated) was 

adapted and varied in the range of  1*10-7 m/s to 1*10-2 m/s. The intention was to recognize any 

kind of  spring in the transition zone from the Judean Mountains to the DSG sediment, in partic-

ular if  the expected low hydraulic conductivity of  the sediment is applied [No. 039 to 043]. 
 

4.6.2 DSG layering 

 

After the estimation of  the impact of  certain layers of  the DSG on the transport model [No. 

030] (Figure 27), all geological layers of  the drilling ML-4 with their respective kf-values (Table 5) 

have been implemented in the DSG sediment of  the model domain. The result should provide 

indications of  preferred flow paths and areas of  preferred discharge to the DS [No. 035]. 



Model design 

60 

 

Figure 27: Assigned hydraulic conductivities for the 4-layer DSG sediment  

4.6.3 Deduction of  a DE network 

In order to deduce a DE network, DE were selectively applied on the DSG layers. Initially, the 

existing cavity in the stratigraphic log of  ML-4 was utilized (meter 47 to 49, Table 3) and subject-

ed to discrete elements. Finite elements of  layer 18 to 23 with their small total thickness have 

been refined once. As far as the beginning of  the fresh-salt water interface, discrete elements 

have been applied to the cavity (Hagen-Poiseuille, Slice-Edge, cross-section area: 1 m², aperture 

width: 0.001 m). The mentioned limitation to the fresh-salt water interface rises from the concep-

tion that the dissolution of  rock salt by inflowing fresh water is prevented in front of  the inter-

face [No. 031]. 
 

Not only the cavity is supposed to be object of  dissolution but also the crystalline evaporates 

within the DSG. Therefore, a network of  discrete features (Hagen-Poiseuille, Slice-Edge, cross-

section area: 1 m²) was created on clay and salt layers. According to Figure 21 the layers of  inter-

est are 
 

 gypsum/clay: layer 11, 13, 16, 17, 25, 26, 28, 29, 30, 31, 32, 33, 34 

 halite: layer 18, 19, 20, 21, 23 

 cavity: layer 22 
 

Different hydraulic apertures have been applied: 
 

 gypsum/clay: 0.001 m 

 halite: 0.01 m 

 cavity: 0.5 m 
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The discrete features have been applied on these layers and assigned with the aforementioned 

hydraulic aperture. The spatial distribution is illustrated in Figure 28 [No. 038]. 

 

Figure 28: Discrete element network  

Two other cases have been investigated to prove the hydraulic aperture influence: 
 

 The hydraulic aperture of  gypsum/clay and halite was increased to 0.01 m [No. 045]. 

 The hydraulic aperture of  gypsum/clay and halite was increased to 0.1 m [No. 046]. 
 

How does the time-dependent behavior of  streamlines within the DSG sediment look like? What 

are typical flow velocities (1) in the Judea aquifer, (2) in the transition zone from the Judean 

Mountains to the DSG sediment, (3) within the DSG sediment and (4) near to the outlet to the 

DS? To investigate these differences, the Darcy flux distribution in the domain of  the network 

model with increased DE hydraulic aperture (045) was analyzed. 

4.7 Sensitivity analysis 

4.7.1 Scenario: Matrix flow threshold 

To investigate the sensitivity of  the multilayer model (035) a scenario has been conducted that 

aim uniform changes in hydraulic conductivities of  the DSG, adjusting to the DS discharge con-

straint. 
 

The objective of  the matrix flow threshold scenario was to determine the hydraulic conductivity 

threshold value for realizing the matrix flow through the DSG sediment to the DS by overcom-

ing the fresh-salt water interface (with t = 5,000 d). Only the primary porosity of  the sediment 

should influence the water flow, DE were not considered in that setup. The hydraulic conductivi-
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ty of  each DSG sediment layer (differentiated and undifferentiated DSG) was continuously di-

minished by 10% of  the original kf-value (Table 5). If  the streamline to the DS broke off, the 

scenario would be closed (abort criterion).  
 

 No. 047: 1.0*kf 

 No. 048: 0.9*kf 

 No. 049: 0.8*kf 

 No. 050: 0.7*kf 

 No. 051: 0.6*kf 

 No. 052: 0.5*kf 

4.7.2 Scenario: Hydraulic aperture vs. depth 

To investigate the sensitivity of  the discrete element network, several scenarios have been con-

ducted that aim spatial variations and variations of  discrete element input parameters. 
 

The described changes during this scenario were conducted on the matrix flow threshold model 

that was realized with 50% of  the original hydraulic conductivity (052). For the applied DE a 

constant cross-section area of  1 m² was used. To investigate the correlation between hydraulic 

aperture and depth, the hydraulic aperture was increased with depth to investigate if  an conduit 

opening would result in the overcoming of  the impacting DS pressure potential. As reference, a 

model with homogeneous hydraulic aperture of  the clay layers was created at first [No. 054]: 
 

 clay: layer 11, 13, 16, 17, 20, 25, 27, 28, 30, 31, 33 (according to Figure 21) 

 homogeneous hydraulic aperture: 0.001 m 
 

The increase of  the value of  the hydraulic aperture with depth was realized for two cases: 
 

1. linear increase of  two magnitudes within 100 m from 0.001 m to 0.1 m (starting with lay-

er 11 of  depth 0 m) [No. 055] 

2. linear increase of  three magnitudes within 100 m from 0.001 m to 1 m (starting with layer 

11 of  depth 0 m) [No. 056] 
 

The specific values for each layer have been assigned according to this law and are displayed in 

Table 14 and Figure 29.  
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Table 14: Hydraulic aperture increase with depth 

layer depth [m] hydraulic aperture [m] 

  
case 1 case 2 

11 0 0.001 0.001 

13 7 0.007 0.070 

16 18 0.018 0.180 

17 25 0.025 0.250 

20 33 0.033 0.330 

25 52 0.051 0.519 

27 85 0.084 0.849 

28 100 0.100 1.000 

30 110 0.109 1.099 

31 115 0.114 1.149 

33 130 0.129 1.299 

 

 

Figure 29: Hydraulic aperture distribution for case 1 and case 2  
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4.7.3 Scenario: Cross-section area threshold 

The hydraulic aperture was tested for its impact on hydraulic conductivity distribution in the 

DSG sediment. The second important parameter of  the DE is the cross-section area which was 

varied during the following two scenarios. 
 

The aim was to determine the minimum value for the cross-section area (similar to the matrix 

flow threshold scenario) for realizing the discharge through the DSG sediment to the DS by 

overcoming the fresh-salt water interface (with t = 3,000 d). The scenario was applied to the net-

work model (038) with constant hydraulic aperture in the clay layers of  0.001 m (discrete features: 

Hagen-Poiseuille, Slice-Edge). During the process of  trial and error the value for the cross-

section area was continuously enlarged starting with 1*10-4 m² till reaching the threshold value 

[No. 057]. 

4.7.4 Scenario: Cross-section area vs. depth 

The dependency between increasing DE cross-section area with depth and hydraulic conductivity 

was examined (analogously to the hydraulic aperture vs. depth scenario). The depth-depending 

cross-section area was applied on the previous model (057). 
 

The increasing cross-section area with depth was realized for two cases: 
 

1. linear increase of  two magnitudes within 100 m from 0.005 m² to 0.5 m² (starting with 

layer 11 of  depth 0 m) [No. 058] 

2. linear increase of  three magnitudes within 100 m from 0.005 m² to 5 m² (starting with 

layer 11 of  depth 0 m) [No. 059] 
 

The specific values of  each layer have been assigned according to this law and are displayed in 

Table 15 and Figure 30. 
 

Table 15: Cross-section area increase with depth 

layer depth [m] cross-section area [m²] 

  
case 1 case 2 

11 0 0.005 0.005 

13 7 0.035 0.350 

16 18 0.089 0.899 

17 25 0.124 1.249 

20 33 0.163 1.648 

25 52 0.257 2.597 

27 85 0.421 4.246 

28 100 0.500 5.000 

30 110 0.545 5.495 

31 115 0.569 5.744 

33 130 0.644 6.494 
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Figure 30: Cross-section area distribution for case 1 and case 2  

4.7.5 Scenario: Discrete element frequency 

A reduction of  the tube occurrence towards the DS is expected. Therefore, the number of  DE 

was continuously reduced according to a shrinking maze structure to examine the effects on the 

resulting discharge patterns. 
 

Firstly, the model with constant cross-section area (057) was tested without DE [No. 061]. Sec-

ondly, different DE schemes were applied (Figure 31). The scenarios were applied on the con-

stant cross-section model (057) with a DE cross-section area of  5*10-3 m² and a DE hydraulic 

aperture of  1*10-3 m [No. 062, 063, 064, 068, 070, 071]. For the scenario where 50% of  the clay 

layers were assigned with DE, elements on the left side of  the median were selected (DS averted 

side). The median is the axis that divides the DSG sediment in two equal areas. To realize this 

scenario, a polygonal region was selected which comprises all clay layers and is limited by the me-

dian. To remove all the layers which are not clay layers, the existing clay layers were intersected 

with the polygonal selection. 
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Figure 31: Applied DE frequency schemes The distribution of DE (blue) was varied within the clay layers of the DSG (ROI). 
DE exhibit a cross-section area of 5*10-3 m² and a hydraulic aperture of 1*10-3 m  
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4.7.6 Scenario: Discrete element inclination 

To investigate impacts on the flow behavior that are induced by the inclination of  discrete fea-

tures, some of  the DE from the constant cross-section model (057) have been oriented vertical 

with horizontally connecting tubes. In the frame of  DS level fluctuations, vertical connecting 

tubes would be plausible if  the lake level was deeper than the current one (cf. Waldmann et 

al. 2007). Vertical discrete elements (2 m selection width) have been arbitrarily assigned along the 

cross-section with an equidistance of  50 m within the clay layers. Horizontal tubes are likely along 

layer boundaries. Thus, they have been applied on the top and bottom of  each clay layer bundle 

with a polygonal selection (2 m selection height). For the horizontal applied DE, the DSG selec-

tion was intersected with the horizontal polygonal selection. For the vertical applied DE, the clay 

layer selection was intersected with the vertical polygonal selection. Layers 11, 13, 16 and 17 have 

been refined due their small thickness. After refinement the model in total consists of  25,167 

elements and 12,826 nodes. The applied schemes are depicted in Figure 32 [No. 075 – only refine-

ment, No. 076 – only horizontal tubes, No. 077 – only vertical tubes, No. 078 – DE mesh]. 

 

Figure 32: Applied DE inclination schemes DE exhibit a cross-section area of 5*10-3 m² and a hydraulic aperture of 1*10-3 m  

4.7.7 Scenario: Salinity pool for ascending deep waters 

For the investigation of  uprising brines along faults, an additional mass-concentration BC with 

the concentration of  a brine water was assigned to the two 1D node paths of  the conceptual 

Judean fault system (cf. Figure 26, start with 100 g/L, increment 50 g/L) [No. 079 to 084]. The 

scenario was applied on the constant cross-section model (057). 
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4.7.8 Scenario: Debris removal 

Although the geological map (Mor and Burg 2000) clearly indicates coarse-grained debris (desig-

nated as Qli, Nqef) above the differentiated DSG by its morphology, the geological continuation 

in depth is not as clear. Both outcropping Cretaceous rocks and DSG sediment are interacting in 

that area. Subsequently, the hydraulic conditions are blurred as well. To examine the impact of  

the debris on the streamlines, it has been excluded from numerical modeling. As consequence, 

either additional surface springs or a compression of  the streamlines towards the DSG are ex-

pected. The scenario was applied on model 070 [No. 090].  
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Table 16: Synopsis of the developed models. The multilayer DSG reflects the fact that all layers of the drilling have been incorpo-
rated. DE on faults are consistently applied with CS = 1 m² and HA = 0.001 m. FBW flow boundary condition on the western boundary, 
Dirichlet type, FBE flow boundary condition on the eastern boundary, Dirichlet type, MBW mass boundary condition on the western boundary, Di-
richlet type, MBE mass boundary condition on the eastern boundary, Dirichlet type, DE discrete elements, CS cross-section area, HA hydraulic aper-
ture, JG Judea Group. 
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4.8 Uncertainty analysis 

The uncertainty analysis was imposed on the model with the optimal solution after the sensitivity 

analysis in order to evaluate the influence of  model settings. For the evaluation, the obtained 

streamline and salinity pattern were compared to the reference streamline and salinity pattern. 

4.8.1 Mesh quality 

The mesh quality of  the model domain was tested by smoothing the entire mesh once. 

4.8.2 Reference concentration 

The salt water concentration CS of  the DS was changed from 350 kg/m³ to 400 kg/m³ to exam-

ine the impact of  the maximum concentration in the model domain on the streamline pattern 

and the advance of  the fresh-salt water front. 

4.8.3 Anisotropy of  conductivity 

The fraction Kmin/Kmax was chosen to 0.1 instead of  1 in order to reduce the conductivity in z-

direction by one magnitude. 

4.8.4 Dispersivity and molecular diffusion 

Dispersivity and molecular diffusion are utilized as mass transport material parameter. Both are 

regarded as scale-dependent parameters. The default values for the longitudinal dispersivity 

βL = 5 m and the transversal dispersivity βT = 0.5 m (βT/βL = 0.1) were changed for the entire 

model domain according to certain ratios (cf. Yechieli et al. 2001, Kiro 2007), as follows: 
 

1. βT/βL = 1 with βT = 5 

2. βT/βL = 0.5 with βT = 0.5 

3. βT/βL = 0.01 with βT = 0.01 

4. βT/βL = 0.001 with βT = 0.005 
 

Molecular diffusion was changed in the range of  10-7 to 10-11 m²/s for the entire model domain.  



Model design 

71 

4.9 Constraint Index CI 

The constraint index (Equation 6) is used for the evaluation of  the model results and the accom-

panied uncertainties. The constraint is reflected by the surface and sublacustrine discharges to the 

DS (Figure 16). Impacting factors are 
 

Z – Elevation difference between observed and simulated discharge points 

B – Total flow and mass balance 

F – Frequency of  discharge points along the entire eastern boundary 

D – Density of  discharge points 

 

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡�𝐼𝑛𝑑𝑒𝑥�𝐶𝐼 = 𝑍 + 𝐵 + 𝐹 + 𝐷  Equation 6 

   
where   

 

Z 1 = high: Σ(Z1+Z2) ≥ 59 m 
2 = medium: 49 m ≤ Σ(Z1+Z2) < 59 m 
3 = low: Σ(Z1+Z2) < 49 m 

B 1 = high: fluid balance > 100 m³/d, mass balance > 100 g/s or not calculated 
2 = medium: fluid balance < 100 m³/d 
3 = low: fluid balance < 10 m³/d, mass balance < 100 g/s 

F 3 = high: cluster frequency ≥ 4 
2 = medium: 2 ≤ cluster frequency < 4 
1 = low: cluster frequency < 2 

D 0.5 = low surface discharge (higher than -424 m msl) 
1.0 = medium surface discharge (higher than -424 m msl) 
0.5 = high surface discharge (higher than -424 m msl) 
0.5 = discharge at -425±1 m msl (transition zone) 
0.5 = low shallow sublacustrine discharge (higher than -465 m msl) 
1.0 = medium to high shallow sublacustrine discharge (higher than -465 m msl) 
1.0 = sublacustrine discharge at greater depth (lower than -465 m msl) 

 

The classification of  Z values is expressed by the sum of  Z1 and Z2. Z1 is the distance to the 

highest spring of  -407 m msl. Z2 is the distance to the lowest spring of  -475 m msl (Figure 16). 
 

The total flow and mass balance B is calculated from the applied Dirichlet BC on the western and 

eastern side of  the model (chapter Rate budget). 
 

The frequency of  discharge points F along the entire eastern boundary is regarded as the number 

of  discharge clusters. A cluster comprises one or several discharge points that can be captured by 

a circle with a radius of  1 m.  
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The density of  discharge points D assigns additional index points to the models and is related to 

the intensity of  discharge points (cf. Figure 16). 
 

 1 point for models which exhibit similar discharge amounts compared to the observed 

discharge amounts (medium surface discharge and medium to high shallow sublacustrine 

discharge) 

 1 point for models with existing sublacustrine discharge in greater depth 

 0.5 points for models with low and high surface discharge, low shallow sublacustrine dis-

charge and discharge at -425±1 m msl 
 

The discharge amount (low, medium or high) has been evaluated according to the number of  

streamlines. Applicable to all models, one streamline contains 24 seeds per node with an initial 

radius at the western boundary of  5 m. In this context, a feature either denotes surface discharge 

(higher than -424 m msl), discharge at -425±1 m msl, sublacustrine discharge (higher than -465 m msl) or 

sublacustrine discharge at greater depth. The attributes for the discharge amount, which are low (1 

streamline), medium (2 to 3 streamlines) and high (≥4 streamlines), are defined for the case if 
 

1. one cluster belongs to the feature: Number of  streamlines within that cluster 

2. several clusters belong to the feature: Number of  streamlines for the cluster with the high-

est number of  streamlines 
 

For instance, there might be two clusters belonging to the feature surface discharge (higher than -

424 m msl) with a low number of  streamlines for cluster 1 and with a medium number of  stream-

lines for the other cluster 2. The highest streamline number, i.e. the number of  streamlines for 

cluster 2, determines the assigned index points, which is 1 point for medium surface discharge (higher 

than -424 m msl). 
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5 Results 

Depending on the data scarcity the simulation of  the flow processes in the study area are domi-

nated by an array of  uncertainties. Therefore, the simulation starts with the simplest hydrogeo-

logical conditions (Figure 26), which step by step are specified and adapted on the field observa-

tions. The model calibration ends with the creation of  a standard model (029), which includes all 

major hydrogeological structures and their important material parameterization. The standard 

model represents the basis for further calibration models and scenarios with respect to the adap-

tion of  flow paths in the DSG sediments.  
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5.1 Model calibration 

5.1.1 From initial to standard model 

Table 17, Table 18 and Table 19 contain the development from the initial model (006) to the 

standard model (029). With respect to the setup of  flow paths inside the DSG sediments a base 

assumption was set at the beginning of  the model calibration. In general, the bulk sediment can 

be characterized by a kf-value of  10-7 m/s, which is a typical hydraulic conductivity for a mixed 

salt-clay layer with some embedded gravel layers (Domenico and Schwartz 1998). Also numerical 

simulations of  Gräbe et al. (2013) reveal that the sediment controls the discharge from the Jude-

an aquifer to the DS. However, applying a kf-value of  10-7 m/s water is not able to enter the 

DSG during the conducted steady-state simulations. Therefore, the hydraulic conductivity of  the 

DSG was adapted to values between 10-4 to 10-5 m/s to produce realistic travel times and optimal 

results for the model without division of  the DSG sediment, which are comparable to the field 

observation along the shoreline of  the DS.  
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Table 17: Results for the initial to the standard model (hydraulic heads)  
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Table 18: Results for the initial to the standard model (streamlines)  
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Table 19: Results for the initial to the standard model (mass concentration patterns)  
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The modeling results exhibit the expected topography-driven groundwater flow from the Judean 

Mountains via the DSG sediment towards the DS. The potential heads of  the Judea Group are 

nearly equidistant (Table 17). Closer to the DS, potential lines are sensitive to the layering of  the 

DSG sediment reverting flow lines to the vertical. Subhorizontal heads below the DS increase 

with larger depth and yield uprising water flow towards the DS bottom. Based on the used BC of  

the mass concentration the formation of  a fresh-salt water interface close to the DS is observable 

in all models. 
 

The simulated models differ strongly in the development of  streamlines (Table 18) and the fresh-

salt water interface (Table 19). In the frame of  the presented work it was reproducible that the 

shape of  streamlines and the fresh-salt water interface was strongly related to the option of  the 

western BC, to the parameterization of  the DSG sediment and streamline upwinding. The latter 

presents a numerical option that smoothed the concentration gradient from the Judea Group 

towards the DS and results in an improved visualization of  the fresh-salt water interface (014). 

The resulting fresh-salt water interface exhibits a wedge-like appearance with a larger advance in 

the deeper DSG and delineates a realistic distribution of  mass concentrations in the non-

differentiated Quaternary sediments according to Ghyben-Herzberg. The adjustment of  stream-

line upwinding was used as standard method for the further models. 
 

The modification of  the western BC reveals the distribution of  the streamlines inside the Judea 

Group. A water level lowering (013) results in the decrease of  flow velocities within the hard rock 

aquifer and unrealistic long travel times. The separation of  the BC in confined Lower Judea 

Group (BC from -480 m msl to model bottom) and unconfined Upper Judea Group (BC from  

-10 m msl to -480 m msl) in model 021 results in a plausible distribution of  both, hydraulic heads 

and streamlines inside the Cretaceous aquifers. In model 021, the fresh-salt water front exhibits 

the wedge-like advance within the DSG. The adjustment of  the western BC was used as standard 

method for the further models. A single permeable layer within the DSG group (017) does not 

channel the flow that is entering the DSG sediment from the Judean Mountains. The additional 

discrete feature on that layer (018) causes an extended but sharp wedge-like fresh-salt water inter-

face. Eventually, the standard model (029) comprises all necessary features and fulfills the dis-

charge to the DS. 
 

The final variation of  hydraulic conductivities of  the DSG sediment was done prior to the sepa-

ration of  DSG layers (043), with the resulting streamline patterns displayed in Figure 33. Travel 

times of  simulations with kf-values lower 1*10-6 m/s prevent inflow to the DSG sediment within 

the upper limit of  5,000 d. Hydraulic conductivity values larger than 1*10-4 m/s reveal a high flow 

and mass imbalance of  the system, with outflow prevailing over inflow. The simulations with low 

kf-values of  the DSG sediment could prove uprising water in the rear of  the DSG sediment but 

could not prove any surface water spring. Though, no terrestrial discharge could be proven by 

that simulation, there is the possibility of  that: High conductivity areas within the Judea Group 

would facilitate flow entrance to the sediment. These waters may rise from deep-seated aquifers 

as well. The increase of  hydraulic conductivity of  the sediment by one magnitude from 1*10-5 to 

1*10-4 m/s completely changed the flow behavior. With 1*10-5 m/s, the pressure within the lower 

Judea Group aquifer is dominantly released to the upper Judea Group aquifer. But making the 

sediment slightly more conductive will release this pressure in the direction of  the DS. It means 
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the opposite pressure from the DSG sediment is not large enough to counter the inflowing water 

volume. Therefore, sublacustrine and terrestrial (surface) discharge might occur in dependence of  

slight conductivity changes in the range of  1*10-4 to 1*10-5 m/s in the DSG sediment (only ma-

trix flow, no DE in the DSG). 

 

Figure 33: Streamlines (models with kf contrast from standard, x:z = 1:2)  

The presented results reveal that the hydraulic properties of  the DSG sediments have a very sen-

sitive effect on the groundwater flow paths. Inside the DSG sediments unknown mineral distri-

bution, unknown solution processes and resulting undefined dimensions of  the conduit network 

demand for the separation of  the sediments in a multilayer and discrete element model. 

5.1.2 DSG layering 

The well ML-4 (Figure 21) represents the standard profile for the DSG sediments in the study 

area. Therefore, the information about the hydraulic conductivity of  ML-4 is implemented in 

model 030 according to Figure 27 and the standard model. The model exhibits that heterogenei-

ties within the DSG sediment are easily triggered by strata of  higher conductivity. 
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The simulation of  the multilayered model (035) exhibits diffuse increments of  hydraulic heads 

within the DSG sediment reflecting the heterogeneous media (Figure 34). Subhorizontal flow 

lines characterize layers of  lower hydraulic conductivity where water tends to stagnate. Subvertical 

heads imply horizontal flow paths inside layers of  higher hydraulic conductivity, facilitating dis-

charge to the DS as well. However, not every high conductivity zone realizes flow to the DS. Sin-

gle sublacustrine discharge to the DS is indicated for a depth of  -451 m msl (Figure 35). In Fig-

ure 36 it is visible that the fresh-salt water interface is turned forwards (push mechanism) in areas 

with high conductive layers. The more impermeable layers preserve the subvertical interface and 

the intrusion of  saline waters (pull mechanism). The mass concentration pattern reflects a push-

pull salinity mechanism with subvertical interface sections along highly conductive layers and 

subhorizontal interface sections along almost impermeable layers (Figure 37). Obviously, the 

transition to subhorizontal shapes occurs within the more impermeable layer. 

 

Figure 34: Hydraulic heads (multilayer model, x:z = 1:2)  
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Figure 35: Streamlines (multilayer model, x:z = 1:2)  

 

 

Figure 36: Mass concentration pattern (multilayer model, x:z = 1:1)  
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Figure 37: Push-pull-mechanism. Correlation of subvertical interface sections along highly conductive layers (push mechanism) 
and subhorizontal interface sections along almost impermeable layers (pull-mechanism)  

5.1.3 Deduction of  a DE network 

Analog to Figure 28 a discrete element network was implemented in the multilayer model (035) 

for further specification of  the models. The matrix of  the DSG is defined by the hydraulic con-

ductivities of  the ML-4 layers. The adjustments of  discrete elements in FEFLOW are used to 

reproduce heterogeneities of  hydraulic conductivity inside the DSG sediment with respect con-

duits triggered by chemical solution processes. 
 

The application of  discrete elements (cross-section area: 1 m², hydraulic aperture: 0.001 m) on 

the existing cavity (031) resulted in a similar hydraulic head pattern compared to the multilayer 

model. The discrete element network (038) produced a very shallow hydraulic gradient pattern in 

the DSG sediment (Figure 38). Inside the DSG sediment the water flow to the DS is stopped. 

With larger travel times single discharge to the surface is indicated for a depth of  -384 m msl 

(Figure 39). The highly conductive layers attract inflowing saltwater and distribute high salinity 

zones in the entire DSG sediment, even in the transition zone between Judean Mountains and 

DSG sediment (Figure 40). 



Results 

83 

 

Figure 38: Hydraulic heads (network model, x:z = 1:2)  

 

 

Figure 39: Streamlines (network model, x:z = 1:5)  
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Figure 40: Mass concentration pattern (network model, x:z = 1:1)  

In model 045 a tenfold increasing of  the DE hydraulic aperture of  the gypsum/clay layers from 

0.001 m to 0.01 m produced discharge to the DS in a depth of  -461 m msl after 2,500 d (Figure 

41). The mass concentration pattern exhibits less splitting in large gradient concentration zones 

compared to the previous model and reveals a sharp interface at least for the upper part of  the 

DSG sediment. The interface has no contact to the DS anymore and propagates more than 

200 m away from the DS (Figure 42). The increase of  the hydraulic aperture to a value of  0.1 m 

for gypsum/clay and halite resulted in numerical instability with unreasonable hydraulic heads. 

 

Figure 41: Streamlines (network model with increased aperture, x:z = 1:2)  
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Figure 42: Mass concentration pattern (network model with increased aperture, x:z = 1:1)  

Regarding the travel time distribution within the model domain, water needs the largest travel 

time through the Judean Mountains. Especially, due to the large residence times inside the Upper 

Judea Group aquitard Kuey groundwater movement is prone to dispersion and diffusion instead 

of  convection. Residence times within the first 300 m of  the DSG sediment are rather large, re-

ducing considerably within the conduit/conduits and prolonging slightly to the outlet of  the 

DSG sediment (Figure 43 – 045). These are typical simulated groundwater velocity ranges in the 
 

1. Judea aquifer: 3*10-6 to 2*10-7 m/s (0.02 to 0.3 m/d) 

2. transition zone: 3*10-4 to 3*10-6 m/s (0.3 to 30 m/d) 

3. DSG sediment conduit: 4*10-2 to 4*10-3 m/s (350 to 3,500 m/d) 

4. DSG sediment outlet: 4*10-3 to 3*10-4 m/s (30 to 350 m/d) 
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Figure 43: Darcy flux in the DSG (network model with increased aperture, x:z = 1:5)   
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5.2 Sensitivity analysis 

The model calibration revealed that similar model results were simulated by the implementation 

of  different subsurface structures in the DSG sediments. The presented scenarios of  the sensitiv-

ity analysis are based on the multilayer model (035) where variations of  hydraulic conductivities 

(based on the ML-4 borehole information) and different applied DE parameters (cross-section 

area, hydraulic conductivity) and DE network patterns in the DSG (based on the network model 

038) were sensitively analyzed. Table 16 gives an overview of  the developed scenarios. 

5.2.1 Scenario: Matrix flow threshold 

The hydraulic conductivity of  the DSG sediment was tested with respect to spreading of  flow 

paths. During the scenario analysis the hydraulic conductivity of  the DSG sediments was step-

wise reduced by 10%. A reduction to 50% of  the initial hydraulic conductivity (model 052) results 

in the loss of  contact between the streamlines and the DS. The streamline plots of  the sequential 

hydraulic conductivity reduction are shown in Figure 44. The scientific findings confirm the re-

sults of  the model calibration: At least certain layers (layer 16 and 17 in that case) need to exhibit 

hydraulic conductivities of  10-4 to 10-5 m/s (cf. Table 5) to enable a groundwater flow through 

the DSG sediments without the application of  DE. 
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Figure 44: Streamlines (matrix flow threshold model, x:z = 1:5)  

5.2.2 Scenario: Hydraulic aperture vs. depth 

Applied on the model 052 the relation between hydraulic apertures of  DE on the clay layers and 

depth was investigated. In the chapter Model design was described that a realistic range of  hydraulic 

aperture values from minimum 1 mm to maximum 1.3 m were tested in case 1 (model 055) and 

case 2 (model 056). In both models the hydraulic aperture increases with the depth to investigate 

a possible compensation of  the impacting DS pressure potential. The results of  both models 

show that water flow is not sensitive to increasing apertures with increasing depth (Figure 45). 

Water flow in the deeper subsurface can therefore not be induced from increasing hydraulic aper-

ture to the depth. 
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Figure 45: Streamlines (hydraulic aperture vs. depth, x:z = 1:5). Contrasted are case 1 (aperture value increased by 2 magnitudes) 
and case 2 (aperture value increased by 3 magnitudes) with the reference model of constant aperture  

The model 054 with homogeneous distribution of  the hydraulic aperture reveals preferred flow 

paths in the upper DSG sediment with several discharge points to the DS in a depth of   

-408 m msl, -411 m msl, -414 m msl and -425 to -426 m msl, respectively. The mass concentra-

tion pattern of  the model with constant hydraulic aperture (054) exhibits saltwater intrusion in 

the lower DSG sediment with a sharp interface compared to the density distribution of  the net-

work model (Figure 46). In terms of  the push-pull-mechanism this scenario offers a worst case 

with a complete freshwater breakthrough in the upper DSG sediment and saltwater flushing of  

the entire lower DSG sediment. The two case scenarios do not show a sharp fresh-salt water in-

terface but an inhomogeneous distribution of  large salinity gradients. 
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Figure 46: Mass concentration pattern (hydraulic aperture vs. depth, x:z = 1:1)  

5.2.3 Scenario: Cross-section area threshold 

Applied on the network model (038), in model 057 the relation between DE cross-section area 

and spreading of  streamlines inside the DSG was tested. The minimum cross-section area for 

which discharge to the DS can be realized (threshold value) was determined to 5*10-3 m² for a 

given hydraulic aperture of  0.001 m in the clay layers and a time frame of  3,000 d (Figure 47). 

Smaller values of  the cross-section area result in the loss of  contact between the streamlines and 

the DS. 
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Figure 47: Streamlines (cross-section area threshold, 3,000 d). The minimum cross-section area of 5*10-3 m² for realizing dis-
charge to the DS was determined by continuous increase of the cross-section area  

In a second step, the travel time distribution for the streamlines was additionally modified to 

5,000 d (Figure 48). For that case it was possible to simulate discharge to the DS in the lower 

DSG sediment as well. The smaller cross-section area in the lower DSG sediment compared to 

the previous model with 1 m² cross-section area allows freshwater pathways even in the deeper 

DSG and prevents the large-scale saltwater intrusion. Simulated discharge points can be located 

in a depth of  -408 m msl, -411 m msl, -414 m msl, -425 m msl and -489 m msl, respectively. The 

mass concentration output for the threshold cross-section area shows irregular zones of  high 

concentration gradients. 
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Figure 48: Streamlines (cross-section area threshold, 5,000 d)  

5.2.4 Scenario: Cross-section area vs. depth 

Applied on the constant cross-section model (057) the relation between DE cross-section area 

and depth was investigated. In the chapter Model design the dimension of  the cross-section area 

was described for two gradients according to case 1 (058) and case 2 (059). Cross-section areas 

from 0.005 m² to 6.5 m² were used in the different models. The results of  both models reveal 

that discharge to the DS occurs in the upper part of  the DSG similar to the reference model with 

constant cross-section area (Figure 49). The simulations produced small fluid and mass imbalanc-

es and thus provided a reasonable result for water pathways according to expected openings in 

the DSG clay layers. Analog to the scenario hydraulic aperture vs. depth (055, 056), larger cross-

section areas do not result in discharge in deeper layers of  the DSG. On the contrary, streamlines 

are repressed and determined by the advance of  the fresh-salt water front in the deeper DSG 

(Figure 50). 
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Figure 49: Streamlines (cross-section area vs. depth, x:z = 1:5). Contrasted are case 1 (cross-section area increased by 2 magni-
tudes, linear) and case 2 (cross-section area increased by 3 magnitudes, linear) with the reference model of constant cross-section 
area  

 

Figure 50: Mass concentration pattern (cross-section area vs. depth, case 2, x:z = 1:1) 
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5.2.5 Scenario: Discrete element frequency 

Analog to Figure 31 in the chapter Model design the permeability of  the DSG sediment was simu-

lated according to different DE frequency schemes. The simulations reveal that DE have to be 

implemented in an area 50 m away from the outlet of  the hard rock aquifer inside the DSG 

(model 064) to facilitate discharge to the DS at a depth of  -451 m msl (Figure 51). 
 

To simultaneously facilitate surface discharge, these discrete elements have to end not closer than 

50 m away from the DS bottom (model 070, Figure 51). That means, a discrete element scheme 

that stops only 100 m behind the DS bottom (model 071) will not produce surface discharge. 

Springs for the model 070 occur in a depth of  -419 m msl, -421 m msl, -428 m msl, -433 m msl, -

451 m msl and -528 m msl, respectively. The most balanced flow and mass error is achieved for 

the 50 m W DE scheme (model 070). 
 

The mass concentration pattern of  the discharge producing scenario exhibits a sharp interface 

subparallel to the bottom of  the DS. Freshwater output dominates saltwater intrusion (Figure 

52). 
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Figure 51: Streamlines (discrete element frequency, x:z = 1:5). Contrasted are the cases 50 m W, 100 m W, 50%, 25%, 50 m E, 
40 m E. The models of the first row serve as worst-case models (constant cross-section model, without DE)  
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Figure 52: Mass concentration pattern (discrete element frequency, x:z = 1:1)  

5.2.6 Scenario: Discrete element inclination 

The refinement of  the upper clay layers (075) does not significantly change the discharge pattern. 

The inclination scenarios could only prove single sublacustrine discharge, no surface springs 

(Figure 53). With respect to exclusively horizontal tubes (076) discharge to the DS was simulated 

in a depth of  -433 m msl. With respect to exclusively vertical tubes (077) discharge to the DS was 

simulated in a depth of  -451 m msl. With respect to the fully applied DE mesh (078) discharge to 

the DS was simulated in a depth of  -432 m msl. 
 

After the refinement the mass concentration pattern displays major saltwater intrusion in the 

lower part of  the DSG sediment. The other models show a sharp interface subparallel to the 

bottom of  the DS, similar to the previous DE frequency scenario. 
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Figure 53: Streamlines (discrete element inclination, x:z = 1:5). Contrasted are the cases for realizing discharge to the DS by an 
DE inclination scheme (only horizontal tubes, only vertical tubes, horizontal and vertical tubes) and the constant cross-section 
reference model  

5.2.7 Scenario: Salinity pool for ascending deep waters 

The additional brine pool is located in a freshwater dominated area and results in the repressing 

of  freshwater within the Lower Judea Group aquifer. The increasing saltwater pressure does not 

facilitate water from the Lower Judea Group aquifer to rise along the Judean fault (cf. Figure 26) 

and to enter the DSG sediment (Figure 54). On the contrary, lower streamlines remain in the 

Lower Judea Group. This distribution becomes even more distinctive with higher concentrations 

along the Judean faults (e.g. model 083). Discharge to the DS in the upper part of  the DSG sed-

iment is not considerably influenced by the additional salinity input due to the higher elevation 

level of  the streamlines generating these discharges. 
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Figure 54: Streamlines (salinity pool, x:z = 1:5). Contrasted are the cases for varying concentrations of the salinity pool (100 to 
350 g/L in 50 g/L steps) and the constant cross-section reference model  

The mass concentration pattern was voided for the scenario with 100 and 150 g/L. With increas-

ing concentration of  the salinity pool the fresh-salt water interface sharpens along and above the 

Judean fault within the Cretaceous limestone (Figure 55). 
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Figure 55: Mass concentration patterns (salinity pool, x:z = 1:1) Contrasted are the patterns for concentrations of 200 g/L, 
250 g/L, 300 g/L and 350 g/L  

5.2.8 Scenario: Debris removal 

The removal of  the debris above the differentiated DSG has no impact on the propagation of  

the fresh-salt water interface within the DSG. Compared to the discrete element frequency 50 m W 

model, the hydraulic heads exhibit no shift within the Cretaceous rocks or the DSG. Streamlines 

in the Upper Judea Group converge in the direction of  the DSG and attain the differentiated 

DSG almost completely (Figure 56). The streamline pattern reveals an increase of  the streamline 

density within the lower part of  the differentiated DSG. However, it does not result in increasing 

discharge points to the DS. Contrary, the number of  discharge points decreased due to lacking 

surface discharge: The contribution of  inflowing water from the debris ceased. Simulated subsur-

face springs occur in a depth of  -437 m, -451 m and -528 m msl, respectively. The rate budget is 

as balanced as the discrete element frequency 50 m W model. 
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Figure 56: Streamline and mass concentration pattern (debris removal) for the entire model domain (x:z = 1:2) and the DSG 
close-up (x:z = 1:5) 
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5.3 Uncertainty analysis 

The uncertainty analysis was imposed on the discrete element frequency 50 m W model (070). It was 

selected as reference model because it presents the optimal solution after the sensitivity analysis 

(cf. chapter Constraint Index). 

5.3.1 Mesh quality 

The mesh quality could be considerably improved by reducing the maximum interior angle of  

triangles (Figure 57). Regarding obtuse-angled triangles, 0.0% are larger than 120° and 4.1% larg-

er than 90° (cf. reference model: 0.8% > 120°, 18.5% > 90°). Models based on that mesh deliver 

more stable results in areas with previously red triangles. The total flow balance could be slightly 

reduced to a value of  -7 m³/d. 

 

Figure 57: Reference and improved mesh quality  

5.3.2 Reference concentration 

The applied change in the reference concentration CS (50 g/L increase) has no impact on the 

streamline pattern or the propagation of  the fresh-salt water interface within the DSG (Figure 

58). The rate budget equals the reference’s one. 
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Figure 58: Streamline and mass concentration pattern for a minor change in CS (x:z = 1:5) 

5.3.3 Anisotropy of  conductivity 

The reduction of  conductivity in vertical direction results in the decrease of  the streamline densi-

ty within the DSG (Figure 59). Streamlines in the upper part of  the DSG does not attain the sur-

face within 5,000 d. Subsurface discharge is discernible in shallow and large depth. The mass 

concentration pattern is distinguished from the reference pattern by a sharp interface in the lower 

part of  the DSG (-538 m msl down to the model domain bottom). Flow and mass are slightly 

more balanced compared to the reference model. 
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Figure 59: Streamline and mass concentration pattern for anisotropic conductivity (x:z = 1:5)  

5.3.4 Dispersivity and molecular diffusion 

The change in dispersivity and molecular diffusion has no impact on the streamline pattern but 

result in different salinity distributions in the lower part of  the DSG, dominantly in the undiffer-

entiated DSG (Figure 60). The fresh-salt water interface above the deepest discharge to the DS (-

528 m msl) is not affected by changing transverse to longitudinal ratios. As trend, Figure 61 re-

veals that a decreasing βT/βL ratio results in an increasing fluid flow and mass flow imbalance. 

Larger values for molecular diffusion improve the inland propagation of  the fresh-salt water in-

terface to a minor extent (Figure 62). The solver did not converge for molecular diffusion values 

larger than 10-7 m²/s. 
 

With respect to the DE, the solver did not converge for DE molecular diffusion values smaller 

than Dd = 1*10-10 m²/s and larger than Dd = 1*10-7 m²/s. Within this range the mass concentra-

tion pattern of  the adapted model does not distinguish from that of  the reference model. The 

solver does not converge for DE longitudinal dispersivities smaller than 1 m. Values between 5 m 

and 1 m do not result in obvious changes of  the salinity pattern. 
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Figure 60: Streamline and mass concentration patterns for different dispersivity ratios (x:z = 1:5)  
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Figure 61: Rate budget of applied dispersivity ratio cases  

 

 

Figure 62: Streamline and mass concentration patterns for molecular diffusion ranges (x:z = 1:5)  
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5.4 Constraint Index CI 

The constraint index is used for the evaluation of  the model results and their uncertainties. The 

calculated constraint index for the different models is displayed in Figure 63. The composition of  

the constraint index for models with CI > 5 is compiled in Table 20. 

 

Figure 63: Bar diagram for the CI calculation including the distribution of the impacting factors for the different models  
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Table 20: Constraint Index CI. Z: Elevation difference between observed and simulated discharge points. B: Total flow and mass 
balance. F: Frequency of discharge points along the entire eastern boundary. D: Density of discharge points. Shown are the eleva-
tion of discharge for each model, the sum of the distances to the highest spring Z1 and the lowest spring Z2, the cluster frequen-
cy and the index points for the density specific features: a low surface discharge, b medium surface discharge, c high surface discharge, d 
discharge at -425±1 m msl, e low shallow sublacustrine discharge, f medium to high shallow sublacustrine discharge and g sublacustrine discharge in 
greater depth  

 

 

The optimum solution with the highest CI of  11 was developed during the sensitivity analysis 

and is represented by the models constant cross-section and discrete element frequency 50 m W. Both 

models contain the sophisticated discrete element approach. Applied DE within the DSG sedi-

ment exhibit a constant hydraulic aperture of  0.001 m and a constant cross-section area of  

0.005 m². Springs for the constant cross-section model occur in a depth of  -408, -411, -414, -425 and 

-489 m msl and for the discrete element frequency 50 m W model in a depth of  -419, -421, -428, -433, -

451 and -528 m msl, respectively. In the ranking the highest valued models are followed by the 

models salinity pool (300 g/L) and discrete element inclination (refinement) with 9.5 and 9.0 index points, 

respectively. 
 

For the following models both surface and sublacustrine discharge were simulated: 
 

 constant cross-section (057) 

 DE frequency 50 m W (070) 

 DE inclination (refinement) (075) 
 

Exclusively sublacustrine discharge was simulated in the models: 
 

 4-layer model (030) 

 multilayer model (035) 

 network model with increased aperture (045) 

 DE frequency 50% (062) 

 DE frequency 100 m W (071) 

 DE inclination (horizontal) (076) 

 DE inclination (vertical) (077) 

 DE inclination (mesh) (078) 
 

The constraint index as simple evaluation algorithm helped to determine a numerical model with 

the lowest uncertainty that coincide best with the known boundary conditions and hydrogeologi-

cal parameter settings of  the DSG system.  
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5.5 Rate budget 

The rate budget of  fluid flow and mass flow is an analysis tool that reveals the quality of  the 

simulated models. For the analysis every model with simulated discharge to the DS has been con-

sidered. Models with a balanced fluid and mass budget indicate a reliable model setup. Rate 

budgets with a CI > 5 are displayed in Figure 64. Fluid and mass inflow and outflow of  these 

models are balanced. Except from the models constant hydraulic aperture (054) and hydraulic aperture 

vs. depth (055) with large cross-section areas of  1 m², the models exhibit a similar water budget. 

Statistical parameters of  the model rate budgets are displayed in Table 21. Concerning the differ-

entiated DSG, about 70% of the model domain inflow enters the differentiated DSG and about 

70% of the model domain outflow escapes from the differentiated DSG (Table 21). 
 

Large DE cross-section areas of 1 m² compared to 0.005 m² considerably increase the fluid and 

mass inflow and outflow. However, those models exhibit a medium constraint index and coin-

cide less to the observed discharge patterns than models with lower values of the DE cross-

section area (e.g. model 057: constant cross-section or model 070: DE frequency 50 m W). Therefore, 

the median instead of  the average discharge value of  the DSG (130 m³/d) is likely to reflect the 

natural system, as a rough estimation indicates: Comparing the simulated discharge volume of 

130 m³/d to the simulated discharge volume of the Kane-Samar springs which is 11*106 m³/a 

(Gräbe et al. 2013), the latter discharge corresponds to the discharge of the studied Wadi Darga 

cross-section (1 m width), if the amount of 11*10 m³/a is equally distributed along a distance of 

about 230 m.  
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Figure 64: Rate budgets of fluid flow and mass flow. For the calculation of the average values the models displayed in Figure 63 
were considered 

 

Table 21: Statistical parameters of the model rate budgets. Balance (1) is related to the mean values. Balance (2) is related to the 
median values. Positive balance values indicate flow/mass excess, negative values indicate flow/mass deficit of the system 

parameter fluid inflow 
[m³/d] 

fluid outflow 
[m³/d] 

mass inflow 
[g/s] 

mass outflow 
[g/s] 

Model domain 
mean (1) 290 260 1,230 1,010 
median (2) 180 180 630 680 
minimum 70 40 240 180 
maximum 1,260 1,270 4,870 4,960 
balance (1) 30 (-10%) 220 (-18%) 
balance (2) 0 -50 (+8%) 

DSG (differentiated) 
median 130 130 440 480 
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6 Conclusions 

The study covered the groundwater flow processes from the Judean Mountains via the DSG sed-

iments into the DS, on- and offshore. A small coastal strip north of  Wadi Darga was selected, 

where such groundwater discharge is observable in form of  surface and sublacustrine springs. 

The displayed plots indicate the blocking function of  the DSG sediment. Further, it could be 

shown that groundwater passes the sediments only via preferential flows (multilayered model and 

discrete elements). The groundwater flow in the overall impermeable sediment with a highly het-

erogeneous hydraulic conductivities distribution is governed by gravitational forces. The investi-

gation results confirm the sensitivity for spatially and temporally dependent flow and transport 

parameter and imply the dynamics within the depositional system. The used software package 

FEFLOW 6.1 was successfully applied for finite element subsurface flow and density modeling in 

the DSG sediments of  Wadi Darga. The applied scale of  the model exhibits that the introduction 

of  discrete features as conduit network is suitable for a regional multilayer aquifer with dissolu-

tion voids. 
 

The sensitivity analysis of  the conduit network revealed that small DE cross-section areas and 

low values of  hydraulic aperture facilitate the supply of  freshwater to the DS. Comparable to an 

aquitard, a considerable amount of  freshwater flow from the Judean Mountains (Upper and 

Lower Judea Group) to the DS can only occur if  saltwater intrusion is minimized by nearly im-

permeable DSG strata. Consequently, large conduits in the lower part of  the DSG sediment will 

favor salinity intrusion (pull mechanism) due to the low opposing pressure on the freshwater 

supply side and cause high saline pore waters in the DSG sediment. A depth of  -528 m msl is the 

deepest point for a subsurface spring (revealed by the DE frequency 50 m W model 070). Below, 

the dominance of  seawater intrusion exacerbates freshwater outlets. The larger freshwater springs 

have been observed on the shoreline only a few meters below the DS surface till -433 m msl (cf. 

DE frequency 50 m W model 070). These outlets are governed by larger tubes, either in hydraulic 

aperture or cross-section area. However, they can only occur in shallow areas where saltwater 

pressure does not prevail over the inflowing freshwater pressure (push mechanism). Consequent-

ly, the discharge system is particularly susceptible if  conduits are permanently developing in the 

upper part of  the DSG sediment. There, dissolution processes may result in small increases of  

cross-section areas or breakthrough of  strongly tortuous pathways and effectively change the 

amount and frequency of  springs on the shoreline of  the DS to higher values. Especially, cross-

section areas and hydraulic apertures in the range of  5 mm to 5 cm result in surface and subsur-

face springs. Opposite, precipitation may effectively decrease the discharge to the DS. To summa-

rize, the variability of  discharge to the DS is larger in the upper DSG sediment. 
 

In the proper meaning of  the hydraulic aperture/cross-section area vs. depth scenario such dis-

tribution is not expected in the clay layers of  the DSG sediment and deserves chiefly as mathe-

matical manipulation of  the model. In the case of  different openings in the subsurface with 

depth (not strictly continuous), conclusions for fresh-salt water migration paths might still be 

drawn from that investigation. 
 

Due to the (1) high freshwater potential resulting from the high-sloping Judean Mountains and 

(2) low permeable layers within the DSG, the fresh-salt water interface does not exhibit the typi-

cal inland wedge shape with depth as expected according to the Ghyben-Herzberg relation, with 
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DE (e.g. model 071) or without DE (e.g. model 035). In fact, the interface reveals a more subpar-

allel arrangement immediate along the transition from the DSG to the DS. Only along layers of  

higher permeability in a depth of  about 10 m and 40 to 70 m the potential of  the high-dense DS 

water results in an initial wedging and lifting of  freshwater, for models with DE (e.g. model 071) 

and without DE (e.g. model 035): Saltwater intrudes about 60 m inland in a depth of  about 10 m 

and about 350 m inland (equals 1/3 of  the horizontal DSG extension) in a depth of  about 40 to 

70 m. A decrease of  the freshwater potential due to droughts or a possible additional abstraction 

in the catchment area of  Wadi Darga may enhance the intrusion of  saltwater. 
 

As proven by the discrete element frequency approach, only a small area of  the DSG sediment in 

the transition zone of  Cretaceous limestone and DSG sediment need to exhibit pathways of  ad-

ditional permeability to allow discharge to the DS. Such dissolution voids can easily be created by 

inflowing freshwater which dissolves precipitated salt crystals or layers. By passing layers of  high-

er matrix permeability, groundwater finally attains the DS (cf. DE frequency 50 m W model 070). 
 

Simulated models without division of  the DSG and without applied DE do not exhibit sublacus-

trine discharge and a dominantly escape in a depth of  -424 m msl to -426 m msl. At least the 

division of  the DSG is required to enable groundwater flow along better permeable layers. Simul-

taneous surface and sublacustrine discharge demands for the application of  DE: DE are either 

applied on the clay layers (constant-cross-section model 057) or they are implemented in an rela-

tively small area 50 m away from the outlet of  the hard rock aquifer inside the DSG (DE fre-

quency 50 m W model 070). Both cases require a constant DE cross-section area (0.005 m²) and 

constant DE hydraulic aperture (0.001 m). Preferred pathways and subsequent discharge to the 

DS are not sensitive for selected horizontal or vertical implemented DE (scenarios 076 to 078). 

These directions of  additional permeability do not increase the discharge. On the contrary, the 

amount and arrangement of  selected DE in those scenarios diminish discharge to the DS and do 

not approximate the natural system. This behavior results from the assumed confined aquifer that 

is not influenced by the spatial direction of  tubes if  the number and opening parameters of  tubes 

in different direction scenarios are the same. 
 

Additionally to the advance of  the DS saltwater front, the lack of  sublacustrine freshwater dis-

charge may coincide with a salinity input to the DSG system along the Judean faults. The scenario 

of  the salinity pool provides an equal discharge pattern compared to the constant cross-section 

model (057) except the discharge in greater depth (-489 m msl for the constant cross-section 

model). Thus, deep ascending brines might play a major role in the contribution to the local 

drainage network, as proposed by Gvirtzman (2006), and cannot be excluded according to the 

conducted salinity pool scenarios. 
 

Model layers with applied discrete features are comparable to the hydrogeological compartment 1 

in Figure 19. Conduits allow accelerated water migration through the DSG sediment. Areas adja-

cent to the Cretaceous rock/DSG sediment transition zone exhibit conditions (environment 2 in 

Figure 19) where large dissolution voids favor higher flow velocities. 
 

In fact, freshwater passes the DSG sediments, which have a minimum thickness of  150 m and a 

low bulk hydraulic conductivity. Observed terrestrial and sublacustrine discharges to the DS seem 

not to reflect the amount of  water that is recharged in the Judean Mountains and discharged to 
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the Quaternary DSG. However, model results prove that flow and mass balance is attained in a 

time frame of  5,000 d, i.e. the inflowing equals the outflowing water and mass (cf. chapter Rate 

budget). To fulfill the rate budget balance water does not necessarily need to escape from the sed-

iment and occur as spring in the given time frame. 
 

The advection-dominated groundwater movement within the model domain is influenced by the 

choice of  the longitudinal and transverse dispersivity, as shown in the uncertainty analysis. In the 

range of  applied literature values, these changes did not considerably influence the resulting flow 

and mass pattern. With respect to the anisotropy of  conductivity, it will decelerate discharge to 

the DS and has to be appreciated for hydraulic sediment studies in order to improve the model, 

eventually. In general, the model delivered more stable results for a onetime smoothing of  mesh 

elements and is highly recommended to utilize. 
 

The implementation of  complex discrete feature configurations mostly prevents the output of  

the demanded mass concentration pattern within FEFLOW (voided output, e.g. models 079, 

080). The reason is the impossibility of  solving the mathematical equations during the steady-

state transport modeling (convergence failed). In the frame of  density-dependent modeling this 

behavior implies the tendency for a self-perturbing system and does not reveal any steady-state 

solution. With respect to the prediction of  the fresh-salt water interface position, a quasi-steady-

state model (transient model with large simulation time) is recommended to examine the behav-

ior of  the fresh-salt water interface position. The required back coupling of  flow and transport 

solution in an iterative way is fulfilled in the transient case and would provide reasonable results 

and mass concentration outputs of  certain time steps (e.g. for 5,000 d). Even very large time 

frames will provide a dynamic system with significant changes in the position of  the interface. 

This behavior needs to be considered when discrete feature and transport processes (e.g. 

transport of  contaminants) are combined. Regarding the calculated flow and mass balance, the 

simulated models demand for a balanced distributed sources/sinks term. However, due to the 

applied intrinsic fluid density a buoyancy term appears in the flow rate budget calculation as well, 

which is listed as distributed sources and sinks. Although, no sources or sinks have been manually 

applied, processes triggered by the density are considered as a kind of  internal BC within the 

FEFLOW rate budget calculation. 
 

With respect to the kinetics of  mass transport, a major challenge is the estimation of  the ex-

change coefficient between matrix and conduit and the corresponding kinetics of  sediment ero-

sion. In FEFLOW, mass transfer rates can only be indirectly applied by mass concentration dif-

ferences in matrix and conduits (time-dependent mass exchange possible via source-code em-

bedding module). Complex geometry and turbulent flow exacerbate the evaluation of  the lumped 

exchange coefficient. The determination of  an optimum exchange coefficient was presented by 

Chen et al. (2012) within a pipe-flow Stokes-Darcy simulation model. 
 

The constraint index helped to explain the determination of  the system inherent singularity by 

exposing an optimal scenario with the governing conditions for its possibility. Varying parameters 

and increased data density for sure will change the system but can then easily be weaved into the 

result interpretation. Only then, water decision makers have the required scientific insurance for 

the practical utilization of  the resource. 
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7 Discussion 

The study emphasizes the necessity of  high-quality calibration data. Only the accessibility of  geo-

logical logs and spring location constraints provided the substratum for the systematic approach 

of  discrete element zones and facilitated the qualitative evaluation of  possible model scenarios. 
 

With respect to water saturation, the recorded streamline situations would only be true if  the 

entire transect is water saturated. It appeared to be useful to apply the western hydraulic-head BC 

only for the saturated part. Unsaturated parts of  the model demand for an unsaturated flow 

mode. The subsequent default no-flow BC above would then only produce flow lines for the part 

of  the applied hydraulic-head BC. The reasons why the application of  this method failed are (1) 

models with underlying unsaturated mode crashed due to unknown reasons and (2) a complex 

combined flow and mass transport model in unsaturated mode with the coupling of  Richards 

and Darcy equation was regarded as non-viable procedure for this study and is therefore recom-

mended for further research. The important ROI for the study, the DSG sediment, is considered 

to be water saturated. Therefore, the confined saturated approach holds. 
 

Another modeling result for the Judea Group aquifer produces a hydraulic-head at the western 

boundary of  the study area with a value of  -380 m msl (A. Gräbe, pers. communication, refers to 

the modeling in Gräbe et al. 2013). However, due to OpenGeoSys modeling instabilities this val-

ue is not taken as hard fact and neglected as value for the western BC. 
 

As matter of  discussion, the sediment fill of  the transition zone between the Cretaceous aquifers 

and the alluvial fan at elevations higher than -400 m msl cannot be resolved in terms of  the lake 

sediment contribution and subsequent diminished hydraulic conductivity. Impermeable lenses 

could conceivably act as hydraulic barriers. Contrary, the erosion of  fine sediments could have 

totally blurred the former lake sediment deposition, which would favor the dewatering of  the 

debris. 
 

The geological logs represent a rough estimation of  the grain size along a certain layer. However, 

these layers have not been determined by a hydraulic point of  view. Thin permeable layers in a 

layer of  overall impermeable material may channel the water flow and produce the discharge that 

has to be modeled. For instance, clay layers are always interrupted by separation layers as salt or 

gravel and cannot be represented as single clay layer unit. 
 

The model setup was applied to one slice within the study area. Another slice would only be use-

ful to display topography. Due to the transfer of  the analogous sediment setup, the depth profile 

would have been created according to the chosen cross-section. At the most, there would be 

some geological variations of  the Cretaceous aquifer and therefore of  the hydraulic input behav-

ior. In fact, information from another drilling in the north of  the study area would have been 

useful, e.g. from the Kane-Samar drilling MH TURYAVAH T/2 AMOK with a depth of  56 m. 

As further composition of  the DSG sediment it would complete the picture of  the study area, in 

addition to the already known composition of  the central and southern part of  the Wadi Darga 

fan. 
 

In visualization of  groundwater flow, isohypses are helpful for the interpretation of  groundwater 

flow. In FEFLOW, the isohypses are related to freshwater, not to saltwater. This technique has 
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some serious effects on the interpretation of  the geometry of  the flow network. Answers to the 

potentials of  the groundwater demand for a recalculation of  potential lines for saltwater. The 

modeled isohypses give no indication of  the position of  the fresh-salt water interface. For the 

latter issue the mass concentration distribution pattern needs to be utilized. 
 

The modeled isohypses are freshwater isohypses per definition. Therefore, the position of  poten-

tial lines may be shifted according to the density dependency. As conclusion, a precise localisation 

of  the fresh-salt water interface is not possible to predict. According to a pressure distribution in 

the vertical z-direction under hydrostatic conditions and a linear increase of  density with depth 

(Equation 7) the hydraulic head obeys Equation 8 (Diersch 2010a). Consequently, the saltwater 

head is lower compared to the same situation with freshwater. 
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where   

p  hydrostatic pressure [kbar] 
g  gravity [9.81 m/s²] 

𝜌�  fluid density [kg/m³] 
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Equation 8 

   
where   

h0  head at location z = 0 [m] 

�̅�  fluid density difference ratio [] 

Δz  depth [m] 

 

 

The fluid flow mechanisms in the transition zone of  freshwater and saltwater are supposed to be 

driven by convection and density. However, mesoscale dispersion effects due to density equilibra-

tion need to be mentioned as well. Particularly, a passive hydrogeological system in the north of  

the delta with low amounts of  inflowing freshwater facilitates dispersion to becoming the domi-

nant process of  water movement. 
 

The applied density ratio α in FEFLOW is based on the calculation of  the fresh-salt water inter-

face according to the Ghyben-Herzberg equation. The advance of  the saltwater front depends on 

this relation and demands for the formulation of  some limitations. The sharp interface avoids 

mixing and evokes a static behavior. In terms of  dispersion, the real-world shape of  the interface 

is likely to be different, even not considered the transient behavior yet. For instance, Pool and 

Carrera (2011) applied a correction factor to account for mixing during seawater penetration. In 

fact, parameters of  dispersivity and diffusivity are adaptable in FEFLOW and serve as corrective 

for a sharp interface in order to facilitate mixing of  freshwater and saltwater. 
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Indeed, options as the statistical distribution of  initial fracture diameters or the time-dependent 

shape of  fractures with breakthrough curves are not designated within FEFLOW. However, re-

garding the time-dependent dissolution enlargements of  conduits in the DSG sediment, a prom-

ising option in FEFLOW is the implementation of  the IFMSetFrac module within the source 

code (IFM API). Specific fracture elements, fracture types, hydraulic apertures and cross-section 

areas can be iteratively defined during the simulation. Eventually, a time-dependent development 

of  the cross-section areas might be applicable, however require additional effort in sensitivity 

analysis and ensuring numerical stability. 
 

Discrete elements cannot be arbitrarily implemented in the finite element mesh but they are fixed 

to the position of  the mesh element edges. By mesh refining the position of  the discrete ele-

ments may be approximated sufficiently enough. It is worth to mention that not only the 

FEFLOW code is able to simulate discrete features in an existing matrix continuum, especially if  

turbulent flow is expected in conduits, which cannot be realized in FEFLOW so far. Shoemaker 

et al. (2008) developed a turbulent conduit flow process (CFP) in the USGS MODFLOW code. 

The conduits will be applied either by using a discrete pipe network, a high-conductivity flow 

layer with option for turbulent flow or a combination of  both. The discrete pipe network is 

based on the CAVE model and demands for the definition of  geometry and hydraulic character-

istics of  conduits. In practical this discrete conduit flow was for instance successfully applied on 

the Madison karst aquifer in South Dakota (USA) to amplify the existing EPM (equivalent porous 

media) model (Saller et al. 2013). The incorporation of  the Colebrook-White law for turbulent 

flow (used for the Moody diagram) within FEFLOW as addition to the laminar Hagen-Poiseuille 

would be a promising option to enhance pipe flow modeling and to approximate flow even in 

larger conduits where turbulent flow is expected. 
 

All conducted models have been operated in steady-state mode. However, the investigation of  

time-dependent groundwater heads and saltwater intrusion phenomena in the dynamic system of  

the DSG sediment demands for a transient representation in a future development. For instance, 

the seasonal change of  water supply and the corresponding water feeding mechanism in the Wadi 

Darga outlet should be reflected in a transient response to the heads and discharge within the 

DSG sediments. When conducting a transient FEFLOW model, the implementation of  Goode’s 

method should be considered. It allows determining residence times of  groundwater in the DSG 

sediment. Compared to conventional performed particle-tracking methods Goode’s method con-

siders physical processes of  advection, diffusion and dispersion. Those processes can as well be 

applied for conclusions regarding transport through hydrological windows of  leaky aquifers (Di-

ersch 2010c). For successful application within FEFLOW the required parameters need to be 

selected carefully. 
 

The only existence of  high conductive layers does not necessarily result transport connectivity. 

The network geometry is critical for transport dynamics as well: As numerically proven by 

Ronayne (2013) the more tortuous the network the greater is the degree of  conduit-matrix mix-

ing and reduced transport connectivity. Such complex conduit geometry could result in much 

higher residence times within the DSG sediment. FEFLOW facilitates to implement more com-

plex geometries of  discrete features (Diersch 2010b). 
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Do the simulated Darcy velocities correlate to the turbidity observations in the spring area of  the 

DSG sediments (chapter Hydrogeology)? Indeed, the larger simulated discharges with a larger 

amount of  suspended clayey material are fed by higher hydraulic conductivity zones with larger 

flow velocities within a range of  10-3 to 10-2 m/s. Even the maximum simulated flow velocity 

does not exceed the critical velocity of  0.2 m/s for the erosion of  unconsolidated dry clay (Hjul-

ström 1935). To explain the transport of  suspended material to the DS other factors have to be 

taken into consideration as high tortuosity within the conduits. This phenomenon would cause 

velocity peaks that facilitate small-scale but efficient clay mineral erosion. A further explanation is 

that the large pore water content within the DSG sediment may reduce intra-crystalline bonding 

forces of  clay minerals due to enhanced H2O-inclusion into the layer structure. This may effect 

easier erosion at lower velocities. Smaller discharges with lower groundwater velocities in the de-

livering DSG layers are usually in the range of  10-4 to 10-6 m/s. These velocities are not effective 

for clay mineral erosion and produce more clear water without clay suspension. 
 

In order to setup a model with a higher resolution in depth, at least drilling logs along a lateral 

section of  some 100 m depth are required. The assignment of  hydraulic conductivities is based 

on visual interpretation of  borehole logs. In fact, field and laboratory tests on the respective lay-

ers would increase practical reliability. The degree and shape of  salt karst in gypsum and arago-

nite units need to be updated from field evidence. The water transition from the Lower Judea 

Group aquifer towards the undifferentiated DSG is unresolved and demands for further investi-

gation. What are the governing factors for water flow in deeper parts of  the DSG section? Fu-

ture studies need as well focus on the observation of  hydraulic heads and on methods to track 

the existing water pathways in the DSG sediment, as geophysical surface penetration or tracer 

studies. 
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9 Appendix 

Attached are the 
 

 Explanation of  common FEFLOW 6.1 features which were faced during the develop-

ment of  the models, among these are helpful remarks to settings and model adaptations 

(appendix A) 

 Synopsis of  the model properties (appendix B): The hydraulic conductivity parameteriza-

tion (Flow Properties – DSG sediment – according to kf  parameterization) is displayed in 

Table 5. Concerning the total balance of  the rate budget, positive values indicate 

flow/mass excess (italic), negative values indicate flow/mass deficit of  the system. Total 

balance values < 10 are denoted in green, between 10 and 100 in orange and > 100 in red. 

Important changes during the model development are denoted in blue. 
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Appendix A: FEFLOW 6.1 features 

 

Budget with Slice and 3D view 

 budget quantities can also be visualized in the FE-Slice View and 3D View windows by 

adding the Budget component from the Data panel to the View Components panel 

 
Constraints on Flow Boundary Conditions 

 physical limits (hydraulic head/fluid transfer type limited by min/max flow rate, fluid 

flux/well type limited by min/max hydraulic head, fluid-transfer type limited by hydrau-

lic-head) 

 technically implemented in FEFLOW by converting the type of  BC when the constraint 

is activated 

 

Mass Transport Constraint Conditions 

 physical limits (mass-concentration/mass-transfer type limited by min/max mass flux, 

mass-flux/mass-nodal type limited by min/max concentration) 

 technically implemented in FEFLOW by converting the type of  BC when the constraint 

is activated 

 

Convergence failure 

 solver failed to converge with the log output: “Math: Argument domain error in function 

sqrt!” or output: “Unknown error” 

 

Save as DAC-file 

 click record next to start simulation 

 save before simulation, otherwise no streamlines can be created 

 

Density/concentration settings for water 

 material property density ratio 

 problem settings - problem class - transport settings - reference values – C0 as BC for 

fresh water, CS as BC for salt water (CS appears when the Hydraulic-head (Saltwater head 

is applied) 

 

Density plot 

 via mass concentration visualization 

 use "user data" in the data panel - add nodal expression - define density as function of  

concentration 

 

Density ratio 

 after applying the density ratio alpha, CS automatically appears in the transport settings of  

the problem settings (e.g. CS = 340,000 mg/L, C0 = 800 mg/L) 

 

Workflow for the application of  Discrete features in 2D sections 

 select slice edges or select nodes 
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 select by map polygon after choosing the supermesh as selection map 

 within the slice-edge selections in the spatial units: store current selection 

 within discrete features in the data panel: add slice-edge feature element - choose the flow 

law 

 rename the new feature 

 

Elevation as process variable in 2D 

 Elevation is the current elevation (z-coordinate) for each mesh node. In case of  a model 

with moving mesh technique for handling the phreatic surface, the elevation may change 

during the simulation. Elevation exists only for 3D models. 

 Reference elevation is the original elevation (z-coordinate) for each mesh node in case of  

a model with moving mesh technique for handling the phreatic surface. Reference eleva-

tion only exists for 3D models with a moving mesh property. 

 

Flow Boundary Conditions (time-constant or according to a time series): 

 Hydraulic-head BC = Dirichlet 

o advanced: 

 Hydraulic-head BC (Pressure) 

 Hydraulic-head BC (Saltwater Head) 

 Hydraulic-head BC (Saturation) 

 Hydraulic-head BC (Moisture Content) 

 Fluid-flux BC = Neumann 

o advanced: 

 Fluid-flux BC (Gradient) - unsaturated models 

 Fluid-flux BC (Integral) - unconfined models with free and movable sur-

face 

 Fluid-transfer BC = Cauchy 

o advanced: 

 Fluid-transfer BC (Integral) - unconfined models with free and movable 

surface 

 Well BC (abstraction/infiltration, nodal or along screen) 

 

Geometry adaptation 

 within the Maps panel an existing map (e.g. ESRI Shape File) can be replaced by a map 

with new geometry information that may be created by ArcGIS 

 set as selection map 

 select by map polygon, select all polygons except the ones which should be removed 

 invert selection 

 delete elements in the mesh geometry toolbar 

 

Apply Hydraulic conductivities manually within FEFLOW 

 within the fem-file 

 via map in the data panel: select the shp-file and "set as selection map" 

 select conductivity via the data panel 
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 select by map polygon 

 assign kf  value for the respective polygon 

 "clear as selection map" 

 

Assignment of  Hydraulic conductivities 

 export supermesh as shp (all elements) 

 ArcGIS- kf  zuweisen in neues shp file 

 import new shp file as map in FEFLOW 

 problem settings - snap distance 0 to select only the elements in the respective polygon 

 the imported shp file: set as selection map to assign polygons as conductivities - select by 

map polygon 

 

Transfer Hydraulic conductivities from ArcGIS to FEFLOW 

 within ArcGIS attribute the kf  to the corresponding layer 

 after importing the new supermesh-file, link the kf  attribute field to conductivity [max] 

 click on “links attributes” - kf 

 click on select all 

 click on assign 

 

Initial heads (default is 0 m) 

 define any hydraulic head as start parameter which lies above the saturated part of  the 

model 

 

Mass Transport Boundary Conditions (time-constant or according to a time series) 

 Mass-concentration BC = Dirichlet 

 Mass-flux BC = Neumann 

 Mass-transfer BC = Cauchy 

 Mass nodal sink/source BC 

 

Material Properties (simulated on an elemental basis) 

 flow 

o Transmissivity (2D horizontal confined, else kf) 

o Conductivity 

o Aquifer top/bottom elevation (2D) 

o In/Outflow on top/bottom GW recharge 2D and 3D!, e.g. inflow from underly-

ing aquifer 

o Density ratio (density-dependent models) 

o Drain-/Fillable Porosity [] = specific yield, for unconfined models 

o Specific storage (Compressibility) ([] with 2D confined, [1/L] with other 2D, 3D) 

o Source/sink (flow) [m/d] [1/d] (2D: GW recharge, 3D: not for GW recharge) 

o Transfer Rate (Flow) (only together with Transfer BC) 

 mass transport 

o Aquifer thickness (Mass) 

o Porosity (Mass) (effective porosity) 
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o Molecular diffusion [m²/s] 

o Sorption coefficient (Henry) 

o Dispersivity [m] (low ones need fine spatial discretization) 

o Decay [1/s] (1st order) 

o Source/sink (Mass) [g/m²/d] [g/m³/d] (biological decay) 

o Transfer rate (Mass) (only together with Transfer BC) 

o Sorption coefficient 2 (Freundlich, Langmuir) 

 

Mesh quality check 

 data panel - auxiliary data - stream function - best is to use "Max. interior angle of  trian-

gles" - select nodes to choose the erroneous triangles - smooth mesh 

 

Numerical parameters 

 stop simulation before changing 

 Error tolerance: default is 1*10e-3, use e.g. 100 instead of  1, Absolute L1 integral error 

norm results in most reliable results of  groundwater heads 

 Max. number of  iterations: e.g. 400 

 upwinding option: to smoothen deep concentration gradients 

 

To Pin the coordinates 

 pin coordinates toolbar with F2 

 

Import a Polygon geometry from ArcGIS to FEFLOW 

 within the maps panel: add the shp-files created in ArcGIS with the attributed kf  values 

or replace the existing map by the new one created with new polygons in ArcGIS as well 

together  

 avoid enclave polygons in ArcGIS 

 

Preparation of  folder 

 folder fem, input, results and smh to create before each new project 

 

Refinement of  discretization 

 node or element selection 

 refine elements 

 

Salting-up 

 via the transport model - assign as concentration property 

 

Saltwater-head boundary condition 

 problem settings - include transport of  mass 

 h = phi + z = p/(rho+g) + z 

 The conversion to an equivalent fresh water head hfw is based on: hfw = hsw + alpha 

(hsw - z) with hsw: saltwater head, alpha: density ratio, z: nodal elevation (z coordinate in 

3D, y coordinate in 2D cross-sectional/axisymmetric models) 
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 salt-water head automatically calculated when CS is added 

 

Export/Import Settings 

 slice views with (e.g. with custom color properties) can be saved as xml-file 

 

Triangle generator 

 triangle dll-file necessary for triangle mesh because a large number of  polygons could not 

be implemented otherwise 

 http://www.cs.cmu.edu/~quake/triangle.html (retrieved October 2013) 

 

Visualization 

 Hydraulic head as continuous or isolines 

 Pressure as continuous or isolines 

 Nodal fluid-flux vector field: bullets, vectors, arrows 

 Streamlines: after selection of  the boundary, create forward and backward streamlines, ac-

tivate traces in the view components panel (e.g. change the maximum travel time, change 

radius, e.g. 5 m) 

 use import/export settings (saved as xml-files) for easy transfer of  the personal visualiza-

tion settings from one model to next model 

http://www.cs.cmu.edu/~quake/triangle.html
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Table B1: Properties of model 006 to 021 

Appendix B: Synopsis of  the model properties 
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Table B2: Properties of model 029 to 041 
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Table B3: Properties of model 042 to 047 
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Table B4: Properties of model 048 to 056 
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Table B5: Properties of model 057 to 068 
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Table B6: Properties of model 070 to 080 
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Table B7: Properties of model 081 to 090 

 

 

 

 

 

 

 

 

 


