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Abstract 
 

Vertisols cover a hydrologically very significant area of semi-arid regions, and thus 

understanding of water flow and solute accumulation is very relevant to agricultural activity 

and water resources management. Previous works suggest a conceptual model of 

desiccation-crack-induced salinization where salinization of sediment in deep section of the 

vadose zone (up to 4 m) is induced by subsurface evaporation due to convective air flow in 

desiccation cracks. This thesis presents a conceptual model of water flow and solute 

transport in vertisols, and its numerical implementation. The model uses a single-porosity 

material but unconventionally prescribes a boundary condition representing a deep crack in 

soil and uses the unsaturated hydraulic conductivity as one of the fitting parameters. The 

numerical model is bound to one location close to a dairy farm waste pond, but the 

application of the suggested conceptual model could be possibly extended to all semi-arid 

regions with vertisols. 

Simulations were conducted using several modelling approaches with an ultimate goal of 

fitting the simulation results to the controlling variables measured in the field: water 

content, and chloride salinity of pore water. The development of the model was engineered 

in numerous steps; all computed as forward solutions by trial-and-error approach. 

The crack boundary condition allows chloride to accumulate due to subsurface evaporation 

on the crack wall, and subsequently rainwater pushes the solute further down the 

sediment. In order to prescribe the suggested function, HYDRUS 2D/3D code had to be 

modified by its developers. The main fitting parameters were: the saturated hydraulic 

conductivity and infiltration distribution of rainwater. The model supports previous findings 

that significant amount (more than 80%) of water from rain events must infiltrate through 

the crack rather than through land surface, and that the desiccation cracks are responsible 

for more than 70% of overall actual evaporation. It was also noted that infiltration from the 

crack has to be increasing with depth and that the highest infiltration rate should be 

between 1-3 m below land surface. 

In conclusion, this thesis supports previous findings about vertisols: especially, the utmost 

importance of soil cracks as preferential pathways for both water and contaminants, and 

soil cracks as deep evaporators. 

 

Keywords 
desiccation crack, salinization, subsurface evaporation, semi-arid climate, preferential flow, 

numerical model, vadose zone, vertisols, retention curve, HYDRUS, modelling 
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Abstract (in Czech) 
 

Vertisoly pokrývají hydrologicky velmi významnou část semiaridních oblastí, a tak pochopení 

proudění vody a látek je velmi důležité z hlediska zemědělské činnosti a využívání vodních 

zdrojů. V předchozích pracích byl prezentován koncepční model salinizace způsobené 

desikačními trhlinami. Podle tohoto modelu se salinizace sedimentu nesaturované zóny 

objevuje do hloubky až 4 m pod povrchem a je způsobena podpovrchovým odpařováním  

v důsledku konvekčního proudění vzduchu v desikačních trhlinách. Tato diplomová práce 

představuje koncepční model proudění vody a transportu rozpuštěných látek ve vertisolech 

a její numerickou aplikaci. Model počítá s homogenně pórovitým materiálem, ale netradičně 

předepisuje jednak okrajové podmínky představující desikační trhliny v půdě a jednak 

nenasycenou hydraulickou vodivost. Numerický model sice simuluje konkrétní místo v 

blízkosti odkaliště odpadu z kravína, ale jeho koncepční řešení by se dalo aplikovat na 

všechny semiaridní oblasti s vertisoly. 

Simulace byly provedeny za použití několika modelovacích přístupů s konečným cílem 

kalibrovat výsledky simulací na měřené hodnoty in situ: půdní vlhkost a koncentrace 

chloridů v pórové vodě. Model byl vyvinut na základě mnoha simulací, veškeré metodou 

pokus-omyl. 

Okrajová podmínka popisující trhlinu umožňuje hromadění chloridů v důsledku 

podpovrchového odpařováním na stěně trhliny a infiltrující dešťová voda tlačí tyto 

rozpuštěné látky směrem dolů do sedimentu. Aby bylo možné předepsat navrženou 

okrajovou podmínku, HYDRUS 2D/3D musel být upraven jeho vývojáři. Mezi hlavní 

kalibrační parametry patří: nasycená hydraulická vodivost a rozložení infiltrace dešťové 

vody. Model podporuje dřívější zjištění, že významné množství (více než 80%) dešťové vody 

se musí infiltrovat trhlinou (zbytek vody povrchem), a že desikační trhliny jsou odpovědné za 

více než 70% celkového skutečného výparu. Bylo rovněž zjištěno, že infiltrace z trhliny se 

musí zvyšovat s hloubkou a že nejvyšší infiltrace by měla být mezi 1-3 m pod povrchem 

půdy. 

Tato práce podporuje předchozí poznatky o vertisolech: především že půdní trhliny jsou 

naprosto zásadní pro hydraulický popis daného prostředí. Fungují totiž jako preferenční 

cesty pro vodu a kontaminanty a také umožňují evaporaci hluboko pod povrchem. 

 

 

Keywords (in Czech) 
desikační trhliny, salinizace, preferenčni tok, koncepční model, nesaturovaná zóna, vertisol, 

retenční křivka, HYDRUS, podpovrchový výpar, semiaridní klima, modelování 
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 Introduction 
 

Groundwater is a very important source of fresh water for domestic, industrial and 

agricultural use worldwide. In Israel, where this thesis was conducted, groundwater 

accounts for up to 65 percent of the total consumption of fresh water, out of which 

almost one quarter comes from the Coastal aquifer underlying the site of inquiry 

(Kurtzman & Scanlon, 2011; Weinberger, 2007). Therefore, understanding of processes 

influencing the groundwater's quality is a crucial knowledge for a sustainable future in 

the region. 

The Coastal aquifer used to be recharged almost exclusively from seasonal rainwater in 

the area directly above it, however in the past half a century the land-use underwent a 

significant change as it underlies the most populated, and until recently, the most 

cultivated and industrialized area in Israel (Baram, 2013). The intense agricultural activity 

and concentrated feeding animal operations (dairy farms, etc.) have influenced the 

groundwater quality by mobilization of salts from the vadose zone, waterlogging, and 

leaching of fertilizers (Baram, 2013; Weinberger, 2007). 

Dairy farms produce large amounts of liquid waste, and as it would be costly to treat it in 

treatment plants, it is usually stored in unlined waste ponds, which deteriorate 

groundwater quality. According to Baram et al. (2014), up to 13% of the total chloride 

mass in the Coastal aquifer can be attributed to the contribution of dairy waste lagoons, 

even though they cover only about 0.8% of the area. In the particular case this thesis 

presents, such a striking significance can be explained by the presence of deep 

desiccation cracks close to the waste pond at the site. The cracks not only cause rapid 

infiltration of waste water to both the sediment and groundwater, but also cause 

significant salinization as a consequence of subsurface evaporation. 

The task of this thesis was to develop a numerical hydraulic model that would simulate 

the hydrological processes and conditions at a dairy farm, close to its liquid waste 

storage pond. The simulation results were to be fit to the controlling variables measured 

in situ: (a) pore water chloride concentration, and (b) water content distribution across 

the profile. On top of that, the model simulates the following observations or 

assumptions: (c) temporal variation in water content across thick layer of unsaturated 

clay sediment (more than 10 m), (d) chloride concentration in the groundwater aquifer 

underlying the study area, (e) water particles' flow from the waste source to the crack, 

(f) extensive aeration from the crack up to 4 m b.l.s. This model uses predefined initial 

conditions of pore water chloride concentration. 

The thesis is structured in a logical order of literature overview, and model presentation 

with discussion. The literature overview presents the reader with an introduction to the 

study area, its climate, geology, hydrogeology, and features that have been previously 

1. 
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described about the hydraulic behaviour of vertisols. These important features include 

explanations and descriptions of rapid water infiltration, extensive aeration of the 

vadose zone, pore water salinity distribution, subsurface evaporation, and the daily 

fluctuations of air temperature in desiccation cracks.  The section of model presentation 

covers in-depth description of the suggested numerical model including its limitations, 

and discussion covering the comparison of the model with measured values, input 

parameters limitations, and ends with the description of model calibration. 

This thesis was conducted as a part of a long-term project at the Zuckeberg Institute for 

Water Research, Sde Boker, Israel. This work helps to understand processes that occur in 

vertisols under semi-arid climate such as subsurface evaporation and preferential flow 

infiltration. 
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 Study area 
 
The study area is located in the Beer-Tuvia region (fig. 1) in central Israel. The exact 

position lies within the area of a typical dairy farm in the region with 60 dairy cows and 

30 calves producing daily about 7 m3 of wastewater (mainly manure – derived from the 

animal faeces; corral washing water and water used for cooling). All this wastewater is 

stored in a 200 m3 (20 m long, 10 m wide and 1 m deep) earthen unlined storage waste 

pond on the site (hereafter called lagoon or pond). If the wastewater exceeds the lagoon 

capacity, it flows into a waste channel (2 m wide, 1 m deep and 200 m long) or over its 

margins and infiltrates to the vadose zone (this process is described further). The dairy 

farm management uses no specific 

maintenance procedures such as 

drainage or solid removal and it was 

operating in the same way for 

40 years from 1972 to 2012 (Baram et 

al., 2012a). Even though the manure in 

the lagoon is used as a fertilizer for the 

near-by fields, both the channel and 

the lagoon are flooded with liquid 

waste year-round. Natural annual 

shallow-rooted plants (mostly: Malva 

sylvestris and Malva nicaeensis) grow 

in the vicinity of the waste source 

from November to April (Baram, 2013; 

and Baram et al., 2013). 

 
  

 
Figure 1. Schematic map of the study site 
location (Beer Tuvia) with the Coastal 
Aquifer in mainland Israel highlighted in 
blue (modified from Wikipedia, 2011). 

2. 
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2.1 Climate 
 
The meteorological and climate data are taken, unless stated otherwise, from the Negba 

ה)  meteorological station, which lies less than 10 km from the study site and it is (ֶנְגבָּ

operated by the Israel Meteorological Service. The climate is Mediterranean with 

relatively hot and dry summer and a cooler and rainy winter. As can be seen in fig. 2, the 

monthly mean rainfall ranges from 0 mm in the summer months (June to August) to 

approximately 120 mm in December and January. The average annual precipitation in 

1981-2010 is around 490 mm1 (IMS, 2012b), occurring during the winter season 

(November to March) with 18 (1977-2003 average) rain events in a year (IMS, 2012a) 

falling during 40 days2 (IMS, 2007b). However, only about three to eight rain events are 

of a bigger significance - i.e. when there are several consecutive days of rainfall or 

a single day with very high rainfall (Baram et al., 2012a). The monthly mean pan 

evaporation is conversely smaller in winter (60-100 mm) and higher in summer months 

and the peak value of about 230 mm in July with the average annual potential 

evaporation of 1723 mm (IMS, 2007a). The average summer and winter temperatures 

are 24.3°C and 14.2°C, respectively (Baram et al., 2012a).  

 

 
Figure 2. Monthly mean precipitation in mm as an average from 1970 to 1999 
(IMS, 2007b) and monthly mean evaporation from the period  
1988–2000 (IMS, 2007a). 

 

                                                        
1 The average annual precipitation is based on daily measurements of accumulated rainfall from 8am 
one day to 8am the following day in the 30 year long period from 1981 to 2010. The yearly rainfall is a 
sum of all monthly averages within a year and these are calculated analogically from daily averages. It 
is important to note that some of the monthly rainfall totals were obtained by interpolating for a few 
missing daily rain amounts, since rainfall is highly variable from day to day (IMS, 2012b).  
2 The number stands for the mean number of days with rainfall less than 1 mm per day in the period 
of hydrological years 1970/1971-1999/2000. 
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2.2 Geology and hydrogeology 
 

The site lies on the southern part of the phreatic Coastal Plain aquifer (sometimes called 

just the coastal aquifer or the Kurkar Group aquifer). The aquifer (fig. 3) overlies the 

impervious marine clays of the Saqiye Group of Pleistocene age and is mainly composed 

of Pleistocene marine calcareous sandstones deposited in close-to-shore environments 

with seldom positions of sandy loam, fossil soils, swamp mud, and alluvial and colluvial 

deposits (Gvirtzman & Buchbinder, 1977; Issar, 1968; Weinberger, 2007; Avisar, et al., 

2004). 

 

 

 

 
Figure 3. Schematic cross section of the Coastal Aquifer in the study area (Baram, 
2013) 
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The average aquifer thickness is 200 m in the west and it thins towards the east. It is 
generally considered a single water system, even though some authors divide it into 
several sub-units (Avisar et al., 2004; Baram, 2013). The area overlying the aquifer, 
according to the Israeli Hydrological Service (IHS, 2007) covers 1,872 km2 out of which 
879 km2, mostly in the eastern part, is used for agriculture. The aquifer is recharged 
typically from seasonal rainwater in the area directly above it (with 500 mm y-1 of 
precipitation in the central part of the plain and with less than 300 mm y-1) but also from 
agricultural irrigation. The water table is relatively deep, it lies around 46 m below the 
surface at the site (Baram et al., 2012a). The general direction of flow in the aquifer is 
from east to west (towards the Mediterranean Sea), but it was altered by introducing 
production wells (Coastal Drainage wells) in 1970s and since then the aquifer has acted 
as a closed basin (Baram et al., 2014; Kass, et al., 2005; Baram, 2013). 
 
 

2.3 Aquifer cover stratigraphy 
The stratigraphy of the aquifer cover differs for the section underlying the waste 
channel, and under the waste lagoon. The sediments underlying the waste channel are, 
from the surface downwards, clay (0-12 m) and calcareous sandstone (12-25 m). The 
stratigraphy under the waste lagoon is a bit more complex, from the top, clay (0-6.5 m), 
sandy loam (6.5-8 m), and calcareous sandstone (8-52 m). The particle size distribution 
of the top clay layer is 26% ±14% sand, 22% ±8% silt, and 52% ±8% clay, of which  
90% ±7% are illite-smectite minerals (Baram, et al., 2012a), which are the averages of six 
samples from under the lagoon and channel (three each). 
 

2.4 Desiccation cracks 
Desiccation cracks (sometimes referred to as mud cracks) present at the site are of great 
significance to hydrochemical processes. The cracks occur in the whole study area and 
penetrate the entire clay layer (up to 12 m) and even though they reach their maximum 
aperture at the end of the dry season (October), they remain hydraulically open year-
round, even during the wet season when water content exceeds 0.5 (Baram et al., 
2012a, 2013). The desiccation cracks form a network that, at the surface, delimits 
polygons of 1.0 m x 0.7 m (major cracks with aperture of more than 1 mm during wet 
season), and these are divided by minor cracks with spacing of 0.055±0.017 m.  
A detailed description of the desiccation cracks characteristics and their measurements 
can be found in Baram et al. (2012a). 
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2.5 Hydraulic parameters of soil 
Soil hydraulic parameters are essential for describing the hydraulic behaviour in soils and 

they are defined by the soil water retention curve and the unsaturated hydraulic 

conductivity. Since the retention curve was not measured for the material at the site, the 

Rosetta computer program for estimating soil hydraulic parameters was used (Schaap, et 

al., 2001). Figures 4 and 5 show hydraulic parameters calculated by the Rosetta software 

for the material at the site, and typical values for clay and sand, suggested by Rosetta. 

The input data for the Rosetta software for the material at the site were the particle-size 

distribution (Baram et al., 2012a), the bulk-density (r = 1.5 g ml-3; Kurtzman & Scanlon, 

2011), and the measured saturated water content (Baram et al., 2012a). The value for 

bulk density stands for the average value of bulk density from a different location with 

similar material. 
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Figure 4. Soil water retention curve of the material at the site calculated with the 
Rosetta software (Schaap, et al., 2001). The term most sandy and most clayey stands for 
the samples with the highest percentage of sand, and of clay, respectively. 
 
 

 

Figure 5. Unsaturated hydraulic conductivity. 
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2.6 Important features of vertisols at the site 
In the course of five years (2007-2012), a complex set of measurements had been carried 
out at the study site by the Zuckeberg Institute for Water Research (Baram et al., 2012a, 
2012b, 2013, 2014; Baran, 2013). These include, for example, monitoring of temporal 
variations of water content in the sediment, measurements of chloride concentration 
and its spatial distribution, or measurements of hydrogen and oxygen stable isotopes in 
pore water. This chapter describes important features – five previously described 
hydrogeological and pedochemical processes that are important for the modelling. 
Materials and methods used in the studies presented here are summarized in 
appendix A. 
 
 

2.6.1 Rapid water infiltration 
 
A study by Baram et al. (2012a) based on a four-year-long experiment showed several 
important aspects of water percolation through the clay sediment layer, which is very 
relevant to any modelling. Baram et al. (2012a) observed that sediment water content 
rises quickly after bigger rain events and wastewater overflows from the waste pond, 
which indicates domination of a preferential flow mechanism rather than gradual 
wetting front propagation in porous matrix. This pattern also cannot be explained by 
matrix (darcian) flow, because that would be significantly slower (measured to be more 
than 1 m y-1 for the material at the site; Baram et al., 2012a).  
 
It has been suggested that the desiccation crack network is responsible for the 
preferential flow and, based on the very fast water propagation velocities, Baram et al. 
(2012a) suggests that the network crosses the entire clay sediment layer – up to 12 m 
below land surface (b.l.s.). These high water propagation velocities (0.4-23.6 m h-1) 
occurred even during the winter, which indicates that the desiccation crack network 
remains open year-round (even at high sediment water content of ca 0.50). This finding 
is compatible with the work of Chertkov & Ravina (1998) who showed that desiccation 
cracks start to form from the minute soil becomes unsaturated. Shortly after the soil 
wetting, the soil water content relatively rapidly decreases. This can be explained by 
water imbibition by the surrounding dry clay matrix and by deep drainage via 
preferential pathways. The presence of the deep desiccation cracks at the waste channel 
margins causes a rapid infiltration of waste water, bypassing the sediment’s most bio-
geochemically active parts, and thus jeopardizing groundwater quality. 
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2.6.2 Extensive aeration of the vadose zone 
 
Baram et al. (2012b) suggested a conceptual model dividing the study area into three 
zones based on the type of wastewater infiltration: (a) the section under the 
permanently flooded waste pond bed, (b) the area along the pond banks exposed to 
fluctuations in wastewater level and under the permanently flooded waste channel, and 
(c) the section beneath the waste channel margins, that are affected by occasional 
wastewater flooding overflows and atmospheric precipitation (fig. 6). This is based on 4 
yearlong observation on the fate of ammonium (NH4

+) and nitrate (NO3
-), in the 

subsurface and on the study by Baram et al. (2012a) already presented above. 
 

Fundamentally, infiltration of wastewater from the pond and rainwater is controlled by 

two mechanisms, by slow but constant infiltration from the pond bottom of the 

wastewater (2.4 mm d-1), and by faster (m h-1) infiltration of both wastewater and 

rainwater through desiccation cracks that are mostly abundant in the clay sediment 

underlying the banks and margins surrounding the waste pond (fig. 6). Also, there are no 

significant differences in infiltration speed (estimated by pipe infiltrometers) from the 

waste pond and the waste channel (p=0.22), which indicates that the hydraulic seal 

forming the bed of the pond and channel, rather than the underlying sediment, controls 

the infiltration (Baram et al., 2012b). The flow via desiccation cracks is active mostly 

during wastewater level rises and intensive rain events.  
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Figure 6. Conceptual model (not to scale) of the three zones in the 
vicinity of the waste lagoon. Zone I represents the vadose zone under 
the center of the waste lagoon (not under the banks or margins); Zone 
II represents the waste lagoon and channel banks; and Zone III 
represents the vadose zone underlying both the pond and channel 
margins (Baram et al., 2012b). 

 
The clay sediment section underlying the waste sources, the pond and the channel, 
remained unsaturated all through the monitoring period, and all infiltrating NH4

+ 
oxidized within the depth of 0.5 m. Water content below the central part of the pond 
stays significantly lower (about 0.4) than under the channel (around 0.6) and NO3—N 
concentration under the pond is significantly higher (183 – 524 mg L-1), than under the 
channel (0 – 29 mg L-1). This together with the isotopic signature of denitrification all 
suggest that higher aerobic conditions appear under the pond than the channel, because 
of the preferential infiltration of wastewater. Also, the presence of the desiccation 
cracks at the banks enhance aeration. Rapid attenuation of NH4

+-N with depth, mass 
balance of nitrogen, and isotopic composition of NO3 all suggest that coupled 
nitrification-denitrification (CND; at least 85 % of total nitrogen mass), rather than cation 
exchange capacity (CEC), is responsible for the nitrogen abundance and its form beneath 
the unlined waste pond and the waste channel. These findings are supported by another 
study from the site by Sher et al. (2012) showing that the nitrate accumulation in the 
section underlying the pond is mainly caused by complete aerobic nitrification as a by-
product of anammox activity. 
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2.6.3 Pore water salinity distribution 
 

The chloride concentration in the clay sediment increases with depth (measured with 

the VMS, for details see appendix A) in all the monitoring boreholes, i.e. beneath the 

waste sources, the channel and pond, and under their margins (fig. 7). The section under 

the waste pond shows that the Cl- concentration increases to the depth of 2 m (5,000 mg 

L-1) and stays more or less constant (3,000-4,500 mg L-1) down to the groundwater table 

at 47 m below land surface (b.l.s.). The sections representing the areas under the 

channel and pond banks and channel margins show dramatic increase in chloride 

concentration with depth of up to 6-9m, reaching 8,000 mg L-1 and 9,000 mg L-1, 

respectively. Below this depth the concentration gradually decreases down to around 

7,000 mg L-1 under the waste channel and the pond bank. All the observed 

concentrations in the unsaturated zone in the vicinity of the waste source ranged from 

about 1,600 mg L−1 under the waste source to a very high concentration of 11,500 mg L−1 

at the depth of 6.4 m under the channel margins (Weiss & Dahan, 2014; Baram et al., 

2013). 

 

 

 
Figure 7. Graph of chloride concentration in sediment from 
the unsaturated zone surrounding the waste source (Baram, 
et al., 2013). 
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Similar increase of salinization with depth has been observed by various authors (e.g. 

Radford et al., 2009; Allison et al., 1985; or Silburn et al., 2011) under natural conditions 

similar to those at the study site. The chloride profiles show an increase in concentration 

down to 1-3 m and stay rather constant throughout the rest of the vadose zone. This Cl- 

build-up was mainly attributed to the enrichment of atmospherically deposited water by 

surface evaporation and transpiration by natural flora. Kurtzman & Scanlon (2011) 

observed chloride concentration increase to depths exceeding 4 m, which could not be 

attributed to surface transpiration and suggested to explain this phenomenon by 

subsurface evaporation. 

 

 
Figure 8. Chloride concentration related to pore water, 
the red and blue curves represent natural land and 
irrigated cropping, respectively (Kurtzman & Scanlon, 
2011).  

 
The chloride concentration in the natural soil at a site 8 km from the study site with a 
very similar soil is presented in the fig. 8. The natural state is characterized by a steep 
increase of the Cl- concentration from the surface to 3 m depth (300-5,000 mg L-1). This 
value maintains relatively even (3,500-6,000 mg L-1, with mean = 4,700 mg L-1) 
throughout the remaining profile (3-10 m b.l.s.). 
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2.6.4  Subsurface evaporation 
 
Mechanism of the subsurface evaporation from soils has been described by number of 
authors from different locations, e.g. Nachshon et al. (2008), Weisbrod & Dragila (2006), 
or Kamai et al. (2009), yet it is quite difficult to quantify. Baram et al. (2013) describes 
the subsurface evaporation at the study site and presents profiles of stable isotopes δ2H 
and δ18O in wastewater, rainwater, pore-water and sediments at three locations: the 
agriculturally undisturbed background site (representing natural conditions), the area 
underlying the waste pond and channel, and the section representing the waste sources 
margins. From the presented observations (fig. 9), several conclusions can be drawn for 
the background, and waste pond area.  
 

 

 
Figure 9.  δ2H and δ18O in wastewater, rainwater, pore water 
and in sediment samples from the unsaturated zone below the 
undisturbed site (a, b), waste pond and channel (c, d) and 
waste source margins (e, f). The upper sample illustrates an 
average value for the depth of 0-1.2 m (Baram, et al., 2013). 

 
  



15 
 

Background area 
The enrichment of both isotopic values (compared to rainwater) indicates that the 

atmospherically deposited water is subjected to evaporation from the soil profile, and 

that a significant amount of rainwater enters the upper sediment layers (less than 1 m 

b.l.s.) during the winter. The fluctuations of δ values in deeper (more than 3.5 m) parts 

of the soil profile suggest mixing of depleted rainwater entering the sections via 

preferential flow (desiccation crack network) and the ambient, previously enriched 

water. The winter fluctuations of both δ values that evened out during the summer can 

be explained both by slow preferentially propagating rainwater redistribution in the 

sediment and deep (more than 3 m) subsurface evaporation. Based on the slope of the 

vadose zone water line, according to Baram et al. (2013), evaporation occurs at relatively 

high humidity (70 %), which corresponds to the relative humidity during the night-time 

at the study site (IMS, 2007b).  

 

Waste pond area 
Isotopic depletion is usually explained with mixture of a more depleted water source, 
which, in this case, is the wastewater. The observed δ values (fig. 9) show a mixing 
process of two water sources, the enriched wastewater slowly percolating through the 
pond bed, and the rainwater with depleted δ values that infiltrates through the 
preferential paths. Comparing the results from the margins and the background imply 
that the guiding processes of infiltration are similar, however the higher fluctuations of 
both the depleted and enriched values under the margins suggest that there is some 
influence of occasional preferential wastewater infiltration during pond overflows 
(Baram et al., 2012b). The isotopic results suggest that the mixing process is significant 
down to 3 m b.l.s. 
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2.6.5 Daily fluctuation of the air temperature in desiccation cracks 
 
Baram et al. (2013) in his study observed significant daily fluctuations in the temperature 
profile inside desiccation cracks. Unstable conditions (cold air above warm air) develop 
in the cracks every night and thus support conceptual model for fracture venting by 
Weisbrod & Dragila (2006), which is backed by other studies, e.g. Weisbrod et al. (2000), 
including laboratory studies (Nachshon et al., 2008). The conceptual model suggests that 
during the day, vapour loss from a fracture is directed by slow diffusion. However, during 
cold nights temperature increases from the surface towards the lower parts of the 
cracks, and this thermal inversion causes convective flow to vent air from fractures 
towards the surface. The study suggests that most of the direct water vapour loss from 
fractures is likely to occur during nights rather than days. 
 

 

 
Figure 10. Representative daily fluctuations in the 
temperature profile inside desiccation cracks at 
the study site during four days of winter 2011. 
Each coloured line represents a different 
temperature sensor and its depth, relative to the 
land surface (Baram, et al., 2013). 
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2.7 Conceptual model of Baram et al. (2013) 
 
Taking into account the observations described in previous chapters, Baram et al. (2013) 
developed a conceptual model explaining the fate of water and solutes in vertisols. The 
desiccation-crack-induced salinization (DCIS) conceptual model suggests that salinization 
of sediment in the deep section of the vadose zone is induced by subsurface evaporation 
due to convective air flow in the desiccation cracks. The model is based on the following 
findings: 
 

1. rapid water infiltration to deep sections of the clayey vadose zone (Baram et al., 
2012a, 2012b) 

2. increased sediment salinization with depth under the waste sources and their 
margins (Baram et al., 2012b; Kurtzman & Scanlon, 2011) 

3. isotopic signature of δ2H and δ18O in water samples from the vadose zone pore 
indicates evaporation in the subsurface (Baram et al., 2013) 

4. transport of sorptive contaminants to deep sections of the vadose zone (Arnon 
et al., 2008) 

5. extensive aeration of the vadose zone, which supports nitrification under 
anaerobic water sources with very high organic load (Sher et al., 2012; Baram et 
al., 2012b) 

6. daily fluctuation of the air temperature in desiccation cracks (Baram et al., 2013) 
 
The DCIS model suggests that salinization of sediment in the deep section of the vadose 
zone is induced by a hydraulic gradient that is maintained throughout the year between 
the wet sediment underlying the wastewater source and its dryer margins, with 
extensive aeration being generated by convective air flow in the desiccation cracks (fig. 
11). Under the above conditions, lateral water flow between the wet sediment under the 
waste sources (0.40-0.60; high potential), and the dry sediment under the source 
margins (0.25-0.40; low potential) is likely to be maintained. Consequently, evaporation 
of water from sediment surrounding the crack in deep sections of the unsaturated clay 
(up to 4 m) would increase the solutes concentration. 
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Figure 11. Desiccation-crack-induced-salinization 
(DCIS) conceptual model (Baram, et al., 2013). 

 
During intensive rain events runoff occurs due to low permeability of the wet clay soils 
and as a result, fresh rainwater is drained to desiccation cracks and penetrates into deep 
parts of the unsaturated sediment. In such cases, water penetrates laterally from the 
crack walls into the sediment; and solute from saline sediments surrounding the cracked 
zone may be transported both vertically and latterly. The two opposing mechanisms – (a) 
water advection (matrix flow) from the area underlying the waste source toward the 
margins, and (b) back-diffusion of concentrated solutes from the margins back to the 
wet zone underlying the waste source, combined with the erratic deep infiltration events 
in the desiccation cracks, which redistribute concentrated solutions from the margins 
toward the wet and deeper zones – create a significant both lateral and vertical variation 
in solute concentrations across the vadose zone underlying the waste source area 
(Baram et al., 2013; Weiss & Dahan, 2014). 
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 Conceptual model 
 

Building up on the conceptual model suggested by Baram et al. (2013), this chapter 

introduces the approach for numerical modelling. The model simulates a direct solution 

of transient water flow with solute transport of chloride. The model is transient because 

of several rain events that occur throughout a year. The hydraulic processes beneath the 

dairy farm are simulated for 41 years which corresponds to the existence of the current 

setting of the farm (Baram et al., 2012a). The domain is composed of a homogenous, 

isotropic medium, which is a very noteworthy simplification of reality (fig. 12). 

There are several processes that the model simulates: infiltration of waste water 

through both the surface and crack; the distribution of infiltrating rainwater; surface and 

subsurface evaporation; and redistribution of water and solute during infiltration events 

within the domain. Therefore, the model domain is limited by five of boundaries (fig. 12), 

from the top left corner clockwise: the boundary representing the atmosphere at the 

surface (Γ1), the boundary describing anaerobic waste source and infiltration of waste 

water from this source (Γ2), the boundary defining the conditions beneath the waste 

lagoon (clay sediment with minor cracking; Γ3), the boundary representing the free water 

flow through the bottom boundary not influenced by the groundwater (Γ4), and the 

complex boundary representing the crack (Γ5,Γ6,Γ7). 

Potential and actual evaporation is one of the most significant variables in the model. 

Yet, the knowledge about how much evaporation occurs from the desiccation cracks and 

from surface is not truly sufficient. The model simplifies the natural system to a great 

extend: it assumes that evaporation occurs only from the desiccation cracks' walls and 

the surface and neglects aeration of minor cracks that are not directly included in the 

model by boundary conditions as in the case of the major cracks. The model does not 

directly account for reduction in velocity due to thermal diffusion in cracks, nor for the 

effect of fracture aperture variability throughout a year (or a day). It also does not take 

into consideration the fracture surface texture.  

The simulations were run within the HYDRUS (2D/3D) environment (for details see 

chapter HYDRUS 2D/3D software) and all the information about how this software 

operates are taken from its Technical manual (Šimůnek et al., 2012), unless stated 

otherwise. 

  

3. 
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3.1 Model domain 
The area of the model is two dimensional, vertical, and the domain is of a simple 

rectangular shape: 2 m wide and 10 m deep, characteristics that match the unsaturated 

zone at the site in vicinity of the waste sources. The 10 m depth roughly correspond to 

the depth of the uppermost sediment layer of clay and the depth with substantial 

amount of measured data. The width represents the distance between the first major 

crack from the waste source and the point in waste pond where it can be assumed that 

water flux is vertical year-round. The coordinate system is two dimensional with x1 

representing the horizontal, and x2 the vertical coordinate (fig. 12). 
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Figure 12. Conceptual model, modified from Weiss et al. (2015). 
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3.2 Unsaturated zone 
The knowledge of water movement in soils and in the unsaturated zone is crucial for 

understanding the fate of water in the environment described previously. The 

unsaturated zone, sometimes also called the vadose zone, controls to a great extent 

water movement from the land surface to the underlying aquifers. And so, even though 

the unsaturated zone is not a direct source of water for human consumption, it 

determines both the quality and quantity of groundwater that is available for human 

use.  

It is commonly accepted that the unsaturated zone is the region that lies between the 

water table and the land surface. In this zone, the pressure heads are negative, the soil 

water content is below saturation, and pores are often filled with air. However, in some 

cases soil may be saturated (i.e. all pores filled with water) even above the groundwater 

table. This region is commonly termed the capillary fringe, which is under tension, but it 

is either saturated or is very near saturation (Radcliffe & Simunek, 2010). 

3.3 Darcy-Buckingham equation 
The water flow in the unsaturated zone is governed by a law similar to the saturated 

conditions. However, when pores of flow medium become unsaturated, their hydraulic 

conductivity decreases. The unsaturated hydraulic conductivity is thus represented as a 

function of pressure head. Buckingham (1907) modified the well-known Darcy's equation 

as follows: 

 𝐽𝑖 = −𝐾𝑖𝑗(ℎ) (
𝜕ℎ

𝜕𝑥𝑗

+ 1)               𝑖, 𝑗 = 1, 2 
 

(1) 
 

where J i is the i-th component of volumetric flux density [LT-1], Kij(h) is the unsaturated 

hydraulic conductivity [LT-1] as a function of negative pressure head (alternatively can be 

substituted by Kij(𝜃), as a function of water content), h stands for the pressure head, and 

x2 for the elevation above a vertical datum. Einstein's summation convention is used in 

(2) and throughout this study, i.e. the summation sign is suppressed every time the 

summation must be made over an index which occurs twice. 

In order to form a governing equation of uniform flow in unsaturated soil, Richards 

(1931) coupled the continuity equation (sometimes also called the mass conservation 

equation) and the Darcy-Buckingham equation (1), as follows:  

 
𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
[𝐾𝑖𝑗(ℎ) (

𝜕ℎ

𝜕𝑥𝑗

+ 1)]             𝑖, 𝑗 = 1, 2 
 

(2) 
 

where 𝜃 is the volumetric water content [-], xi are the spatial coordinates [L], and t 

stands for time [T]. 
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The presented model in this thesis describes isotropic medium, so the diagonal entries of 

Kij(h) are equal to one and the non-diagonal entries equal zero. The sink/source term 

often used in the modified Richard’s equation (2) which usually represents root water 

uptake (or subsurface evaporation) is not mentioned in the equation (2) as it is equal to 

zero in all the calculations. The subsurface evaporation is modelled via boundary 

conditions only. It is important to note, that the Richards equation (2) is of a strongly 

nonlinear nature because of the Kij(h) coefficient dependence on the h variable. 

Therefore, all of the practical applications of the equation necessitate a numerical 

solution. 

 

3.4 Solute transport 
 

The model assumes that the chloride solute can exist only in the liquid phase, and that it 

is transported by advection and dispersion. The chloride solute does not undergo any 

decay or chemical change in time. 

 

 𝜕(𝜃𝑐)

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝜃𝐷𝑖𝑗

𝜕𝑐

𝜕𝑥𝑗

− 𝐽𝑖𝑐)   𝑖, 𝑗 = 1, 2     (3) 

 

 

  

where c is solute concentrations in liquid [ML-3] phase; Ji is the i th component of the 

volumetric flux density [LT-1], and D is the dispersion coefficient tensor [L2T-1] for liquid 

phase. 
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3.4.1 Soil and solute specific parameters 
The ionic or molecular diffusion coefficient in free water is given by Bear (1972): 

 

  𝐷𝑖𝑗 = 𝑖𝐽𝑗 +  𝐷𝑑𝛿𝑖𝑗 (4) 

 

where Dd represents the diffusion coefficient in free water [L2T-1],  stands for tortuosity 

factor [-],  for dispersivity [L]. The tortuosity factor  used in the model uses equation 

by Millington & Quirk (1961): 

 

 
 =

𝜃7 3⁄

𝜃𝑠
2

 (5) 

 

in which 𝜃 is water content [-], J is the Darcy’s flux [LT-1] and s stands for saturated 

water content [-]. 

 

There are several parameters needed for the governing equation for solute transport 

(eq. 3): the longitudinal dispersivity (DL), transverse dispersivity (DT) and molecular 

diffusion coefficient in free water (DW). 

Table 1 Soil and solute specific parameters 

 abbr. value units 

Longitudinal dispersivity DL 0.8 m 

Transverse dispersivity DT 0.5 m 

Molecular diffusion coefficient in free 
water 

Dw 2.03×10-9 m2 y-1 

 

The molecular diffusion coefficient in free water is an empirical value, measured by e.g. 

Flury & Gimmi (2002), and the longitudinal and transverse dispersivity were used as 

fitting parameters in the range suggested by Gelhar et al. (1992) as an average value for 

natural systems (0.5 – 1.1 for DL and 0.3 – 0.6 for DT).  
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3.5 Hydraulic properties of unsaturated soil 
 

The two most important parameters defining water flow in the unsaturated zone are the 

unsaturated hydraulic conductivity, K(h) or K(𝜃), and the retention curve 𝜃(h). Several 

equations have been developed in the past half a century to describe the soil water 

retention, and how hydraulic conductivity changes with saturation (Gardner, 1958; 

Russo, 1988; Brooks & Corey, 1964; van Genuchten, 1980). As the aim of this study is not 

focused on comparing different equations, only those used in the thesis model are 

presented here. Readers can consult numerous literature written about this subject, i.e. 

overview by Zhu (2003). 

Probably the most commonly used functions describing unsaturated properties of soil 

are those suggested by van Genuchten (1980) and Mualem (1976). The following 

expressions of van Genuchten (1980) describe unsaturated hydraulic conductivity in 

terms of soil water retention parameters: 

 

 

𝜃(ℎ) = {
𝜃𝑟 +

𝜃𝑠 − 𝜃𝑟

[1 + |𝛼ℎ|𝑛]𝑚
 ℎ < 0

𝜃𝑠                                ℎ ≥ 0

 

 
 
 
 

 
𝐾(ℎ) = 𝐾𝑠𝑆𝑒

𝑙 [1 − (1 − 𝑆𝑒
𝑚−1

)
𝑚

]
2
 

(6) 
 

 𝑚 = 1 − 𝑛−1,      𝑛 > 1  
 

where 

𝑆𝑒 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟

 

 

where 𝜃𝑟  stands for residual water content, 𝜃𝑠  is saturated water content, 𝐾𝑠 represents 

saturated hydraulic conductivity and 𝛼, 𝑛, and l are three independent variables. 

Mualem (1976) estimated the pore connectivity parameter l in the hydraulic conductivity 

function to be about 0.5 as an average for a wide range of soils, and that is also the value 

used in the presented model.  
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3.6 Initial conditions 
The solution of the Richards equation (2) requires knowledge of the initial conditions of 

pressure head distribution for the whole area of the model. 

3.6.1 Pressure head 
 

 ℎ(𝑥1, 𝑥2, 𝑡) = ℎ0(𝑥1, 𝑥2)  for 𝑡 = 0 (7) 
 

in which h0 is the prescribed pressure head function of x1 and x2.  

 

In the presented model, pressure head is set to be of the same -10 m value in the entire 

region. This value was obtained by running the described model in this thesis, with the 

only different condition being the initial condition of pressure head of -40 m 

(corresponding to the depth of water table), and it represents the average value of 

pressure head results. 

3.6.2 Chloride concentration 
Analogically to the initial conditions of pressure head, the model also requires 

knowledge of chloride concentration:  

 𝑐(𝑥1, 𝑥2, 𝑡) = 𝑐0(𝑥1, 𝑥2)  for 𝑡 = 0 (8) 
 

where c0 is the prescribed chloride concentration function of x1 and x2. 

 

Kurtzman & Scanlon's (2011) article was used as the main source for the determination 

of initial conditions as they are the most similar to those at the study site. The chloride 

concentration profile used as initial conditions linearly increases from 500 mg L-1 at the 

surface to 5,000 mg L-1 at 2.2 m b.l.s. and remains constant at 5,000 mg L-1 throughout 

the rest of the profile, which roughly follows the experimental data (fig. 13). 
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Figure 13. The chloride concentration profile 
used as initial condition. 

 

 

3.7 Boundary conditions 
 

This chapter describes how the boundaries mentioned in the conceptual model (fig. 12) 

transformed into boundary conditions used by the HYDRUS (2D/3D) software. Using the 

software's terms boundary Γ1 corresponds to the Atmospheric boundary, the Γ2 to 

Constant flux, and Γ3 to No flux, and Γ4 to Free drainage. The boundary representing the 

crack (Γ5, Γ6, Γ7) is more complex – it corresponds to three different boundary conditions 

(from the top): Special time variable boundary (Γ7), Variable flux 2 (Γ6), and No flux (Γ5, 

see fig. 12 and 14 for comparison). 
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Figure 14. Boundary condition types as seen in HYDRUS 2D/3D for (a) water 
flow and (b) solute transport, with the domain mesh. STVB abbreviation stands 
for special time variable boundary, all the boundary conditions are explained in 
the main body text. 
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3.7.1 Specified flux 
Boundary conditions can be divided into two categories: system-dependent and system 

independent. The system-dependent conditions are those, which cannot be defined a 

priori and depend on other conditions at the time. From the system-independent 

category there is a specified flux (Neumann type) boundary condition described by: 

 

 
− [𝐾𝑖𝑗 (

𝜕ℎ

𝜕𝑥𝑗

+ 1)] 𝑛𝑖 = 𝜎(𝑥1, 𝑥2, 𝑡)  for (𝑥1, 𝑥2) (9) 

 

where 𝜎 [LT-1] is prescribed function of x1, x2 and t, and ni are the components of the 

outward unit vector normal to the boundary. 

 

This specified flux boundary condition is prescribed for boundaries Γ2, Γ3, Γ5, and Γ6. The 

boundary representing the infiltration of the high saline waste water from the storage 

pond (Γ2) is prescribed a boundary condition of constant flux with the value of 0.88 m y-1, 

a value representing the average infiltration through the pond sealed bed measured in 

situ by Baram et al. (2013). The boundary nodes that have boundary condition of No flux 

(fig. 14) prescribed, are set to constant flux condition with the value of 0 (i.e. Γ3 and Γ5). 

The variable flux 2 boundary (Γ6) is also a specified flux, only that the value of σ in eq. (9) 

changes with time, but as this boundary is part of the boundary representing the crack, it 

is described in the following chapter in detail. 

 

3.7.2 Atmospheric boundary and STVB 
The atmospheric condition prescribes either a specified flux (Neumann type) or a 

specified pressure head (Dirichlet type) to the boundary depending on pressure head 

conditions at the surface. When the pressure head at the boundary is within a prescribed 

range (eq. 10), a specified flux type of boundary condition is applied. When either the 

minimum or maximum pressure head is reached, the specified minimum or maximum 

pressure head boundary condition is used. The atmospheric boundary condition can be 

written as follows: 

 

 
|𝐾𝑖𝑗 (

𝜕ℎ

𝜕𝑥𝑗

+ 1) 𝑛𝑖| = 𝐸    𝑤ℎ𝑒𝑛 ℎ𝐴 < ℎ < ℎ𝑆 

 

 

 
ℎ(𝑥1, 𝑥2, 𝑡) = ℎ𝐴(𝑥1, 𝑥2)   𝑤ℎ𝑒𝑛 ℎ = ℎ𝐴 

 
ℎ(𝑥1, 𝑥2, 𝑡) = ℎ𝑆(𝑥1, 𝑥2)   𝑤ℎ𝑒𝑛 ℎ = ℎ𝑆 

(10) 
 
 

 

Where 𝐸 is the rate of infiltration or evaporation under the atmospheric conditions at a 

time, h is the pressure head at the soil surface, and hA and hS are minimum and 
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maximum, respectively3, pressure heads allowed under the soil conditions. The value of 

hS usually equals zero but the hA is determined from the equilibrium between soil water 

and atmospheric water vapour conditions. The HYDRUS code assumes that any excess 

water on the soil surface is immediately removed and thus does not limit evaporation. 

When either hA or hS is reached, a prescribed head boundary condition is used for 

calculating the actual flux through the boundary. 

 

HYDRUS (2D/3D) treats the special time-variable boundary condition (STVB) used in the 

model in the same way as the atmospheric condition. The only difference is that this 

type of condition can be prescribed for vertical boundary. This boundary condition is also 

dubbed variable flux 1 (in HYDRUS). 

There are three types of boundary conditions that together represent the average 

precipitation and potential evaporation rates: the special time variable boundary (STVB) 

condition (Γ7), variable flux 2 (Γ6) and atmospheric boundary condition (Γ1). The 

atmospheric boundary is used for the 0.7 m distance between the waste lagoon and the 

desiccation crack (fig. 14), the STVB and variable flux 2 boundary together represent the 

crack. The STVB does, unlike the variable flux 2 boundary, simulate potential 

evaporation, and therefore only influx occurs through the variable flux 2 boundary. In 

the presented model, all subsurface evaporation is described by potential evaporation 

and the minimum allowed pressure head at the boundary crack (hCritA in HYDRUS 

2D/3D terms, hCritA = 50 m). The sink/source term often used in the modified Richard’s 

equation (2) which is sometimes used for modelling the subsurface evaporation (i.e. 

Kurtzman & Scanlon, 2011) is not used in the presented model as all subsurface 

evaporation is defined by the crack wall (Γ7). 

 

As the distribution of infiltration and evaporation was used to calibrate the model, only 

part of the data are presented in this chapter and detailed description of the boundary 

conditions for boundaries Γ1, Γ5, Γ6 and Γ7 are further presented in the results chapter. 

The model simulates three rain events (dubbed RE1, RE2 and RE3 in this manuscript), 

annually as constant influx for 48 h starting the 20th (RE1), 42nd (RE2) and 64th (RE3) day 

of every year. For the rest of the time a defined function of potential outflux is set, 

described further. During rain events, the model assumes that there is no runoff – an 

assumption supported by field observations (Baram, et al., 2012a). The overall annual 

influx and annual potential outflux for the atmospheric boundary, the STVB and the 

variable flux 2 boundary correspond to the annual averages on the site; 490 mm of 

precipitation and 1723 mm of potential evaporation. 

 

                                                        
3 HYDRUS (2D/3D) code uses hCritA notation for hA, and hCritS for hS. 
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3.7.3 Free drainage 
The last boundary condition concerning water flow is the so-called free drainage (Γ4 in 

fig. 12), which is in fact a specified gradient boundary condition. HYDRUS code 

implements this type of condition only in terms of a unit vertical hydraulic gradient 

which simulates free drainage from a relatively deep soil profile and is especially 

appropriate for situations where the water table is situated far below the domain of 

interest (McCord, 1991), thus ideal for the purposes in this thesis. This boundary 

condition is described by: 

 

 
(

𝜕ℎ

𝜕𝑥𝑖

+ 1) 𝑛𝑖 = 1 (11) 

 

 

The free drainage boundary condition is prescribed at the bottom boundary of the 

domain (Γ4). 

 

3.8 Boundary conditions of solute transport 
 

There are two types of boundary condition concerning the solute transport used in the 

model – the no flux and Robin boundary condition. The no flux boundary condition is 

specified for impermeable boundaries where the water flow across the boundary is zero 

(Γ3 and Γ5). In other words, the boundary condition is of the second-type (Neumann type) 

with the following form: 

 

 
𝜃𝐷𝑖𝑗

𝜕𝑐

𝜕𝑥𝑗

𝑛𝑖 = 0  for (𝑥1, 𝑥2) (12) 

 

 

 

The Robin (third-type in HYDRUS) boundary condition prescribes the mass flux across the 

boundaries of model domain depending on concentration. The third-type boundary 

condition is described as: 

 

 
−𝜃𝐷𝑖𝑗

𝜕𝑐

𝜕𝑥𝑗

𝑛𝑖 + 𝐽𝑖𝑛𝑖𝑐 = 𝐽𝑖𝑛𝑖𝑐0  for (𝑥1, 𝑥2) (13) 

 

where Ji stands for the fluid out-flux, ni represents the normal vector outward from the 

region and c0 is the concentration of the incoming fluid [ML-3]. 
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When the water does not flow across the boundary or the flux is outwards, this type of 

boundary condition automatically switches to second-type (eq. 12) boundary condition 

(Γ1, Γ3, Γ6 and Γ7), unless it is the free drainage boundary condition (Γ4) is an exception – 

the solute can leave the flux domain, therefore eq. (12) applies under all circumstances. 

For the nodes where there is boundary condition of no flux of water flow prescribed (Γ3 

and Γ5) there is no flux boundary condition for solute transport set, too (fig. 14). For the 

rest of the boundary nodes, a chloride flux boundary condition is predefined. For the 

nodes with atmospheric and special time variable boundary conditions, the solute 

entering the flux region has concentration of 20 mg L-1 (the average concentration of 

chloride in rainwater after Asaf et al., 2004) and the solute stays within the region, i.e. 

when water is leaving the domain, eq. (13) applies. During the RE2, the influx is of 500 

mg L-1 concentration so as to simulate the seldom overflows over the pond banks. The 

nodes representing the waste storage pond are prescribed a chloride flux boundary 

condition with influx concentration value of 1,800 mg L-1 (measured by Baram et al., 

2013). For those nodes where there is boundary condition of free drainage, there is also 

the free drainage boundary condition for solute transport enabling chloride to leave the 

domain. 
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 HYDRUS (2D/3D) software 
HYDRUS (Šimůnek & van Genuchten, 2008) is one of several software tools used for the 

vadose zone modelling, the others including e.g. TOUGH2 (Finsterle, et al., 2008) or 

MODFLOW-SURFACT (Panday & Huyakorn, 2008). The Hydrus software is designed for 

the analysis of water flow and solute transport in variably saturated porous media by 

numerically solving the Richards equation (2) and advection-dispersion type equations 

for solute transport (3). The code is accompanied by an interactive graphical user 

interface (GUI) for data pre-processing, generation of finite element mesh, and data 

post-processing.  

The modelling program used for this study was HYDRUS 2D/3D, version 2.03.0560, 

released on 9.1.2014 with implementation for special time variable flux boundary 

condition (STVB). For more detailed information about this implementation see the 

appendix B. 

The HYDRUS code uses the Galerkin finite element method with linear basis to obtain 

solutions of both the flow equation (2) and the solute transport equation (3) subject to 

the prescribed initial and boundary conditions. The Galerkin finite element method is 

used often and is well described in published literature (e.g. Cueto et al., 2003; Neuman, 

1973; Zienkiewicz, 1977). 

 

The HYDRUS code uses iterative process to obtain solutions of the 1st and 2nd 

dimensional form of the Richards equation. For each iteration, a system of linearized 

algebraic equations is first derived and then solved using either Gaussian elimination or 

the conjugate gradient method. After solving the matrix equation, the coefficients are 

re-evaluated using this solution, and the new equations are derived again. The iterative 

process continues until a satisfactory degree of convergence is obtained, i.e., until for all 

nodes in the saturated (unsaturated) region the absolute change in pressure head (water 

content) between two successive iterations becomes less than a value determined by 

the imposed absolute pressure head (or water content) tolerance. In the present model 

the input iteration tolerance is 0.001 for water content and 0.01 m for pressure head. 

The first estimate (at zero iteration) of the unknown pressure head at each time step is 

obtained by extrapolation from the pressure head values at the previous two time levels. 

For more details consult the program’s technical manual (Šimůnek et al., 2012).  

4. 
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 Results 
In this chapter the results of calibration process are presented: the calibrated domain 

water flow parameters, and the calibrated boundary conditions representing the 

desiccation crack (Γ5, Γ6 and Γ7) and land surface (Γ1). This chapter also includes the 

results of the numerical model using the calibrated values as input parameters. The 

description of the calibration process and the comparison of model results with 

measured data are presented in discussion. 

 

5.1 Calibration 
 

5.1.1 Water flow parameters 
 

Table 1 shows hydraulic parameters used in the model compared to those calculated by 

the Rosetta software (Schaap, et al., 2001) for the material at the site, and typical values 

for clay and sand, suggested by Rosetta. The input data for the Rosetta software for the 

material at the site are after Baram et al. (2012a): sand (%) 26±14, silt (%) 22±8, and clay 

(%) 52±8, the averages of six samples from under the lagoon and channel (three each). 

The terms most sandy and most clayey stands for the samples with the highest 

percentage of sand, and of clay, respectively. 

Table 2. Hydraulic parameters for different materials. 
Symbols explanation: 𝜃𝑟 - residual soil water content; 𝜃𝑠 - saturated soil water content; α - 
parameter α in the soil water retention function (eq. 6); n - parameter n in the soil water 
retention function (eq. 6); Ks - saturated hydraulic conductivity. 

 𝜃𝑟  
[-] 

𝜃𝑠 
[-] 

α 
[m-1] 

n 
[-] 

Ks 
[m s-1] 

Material at the site – average values 0.094 0.467 2.07 1.23 1.8×10-6 

Material at the site – most sandy 0.088 0.432 2.68 1.21 1.4×10-6 

Material at the site – most clayey 0.101 0.501 1.77 1.24 2.8×10-6 

Typical sand 0.045 0.430 14.5 2.68 8.2×10-5 

Typical clay 0.068 0.380 0.80 1.09 2.4×10-7 

Model values (after calibration) 0.015 0.630 1.50 1.15 1.3×10-5 

 

  

5. 
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The saturated water content was laboratory-measured by (Baram, et al., 2012b) and the 

average of these measurements (0.63 ± 0.04) was used for the model. The parameters 

from the table 2 are presented in graphical formats below: the soil water retention curve 

(fig. 15) for different materials, and the hydraulic conductivity (fig. 16) as a function of 

metric potential (using the eq. 6). In the case of the Material at the site, the measured 

saturated water content (𝜃𝑠 = 0.63) was used instead of the values presented in table 2. 

 

 

Figure 15. Soil water retention curves as calculated with Rosetta (Schaap et al., 2001), 

details in the text. 
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Figure 16. Unsaturated hydraulic conductivity as a function of hydraulic head. 

 

5.1.2 Rainwater infiltration calibration 
 

Precipitation 
As has been already mentioned, the model simulates the impact of three rain events 

(RE1, RE2 and RE3, fig. 16) annually as constant influx for 48 h starting the 20th (RE1), 

42nd (RE2) and 64th (RE3) day of every year. For the rest of the time a defined function of 

potential outflux is set, described further. Generally, only about 15% of rainfall infiltrates 

within the atmospheric boundary (Γ1) at the top of the domain and the remaining 85% 

enter the domain through the crack (Γ6, Γ7). The distribution of influx in Γ6 and Γ7 is 

described further.  

If 100% is the total annual influx (corresponding to the annual precipitation average of 

490 mm), then during the first (RE1) and the third (RE3) rain events of every year, 5% 

infiltrates through the atmospheric boundary and 17% through the special time variable 

boundary (STVB, fig. 16). During the second rain event (RE2) of every year, the 

infiltration is analogically 5% for the atmospheric boundary, 34% for the special time 

variable boundary and 17% infiltrates within the variable flux 2 boundary. The exact 

functions of influx and potential outflux are seen in the figures 17 and 18, and in the 

appendix C. 
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Figure 17. Distribution of influx into the domain during rain events and 
distribution of potential outflux. The graph describes the influx and outflux 
through the crack wall only (Γ5, Γ6, and Γ7). The x-axis and y-axis stand for 
x1-axis and x2-axis in this manuscript, respectively. 
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The RE1 and RE3 are thus of the same influx value corresponding to 22% of annual 

precipitation each. The RE2 represents a significantly greater rain event corresponding to 

larger portion of annual precipitation (56%) than the RE1 and RE3 combined. 

These three rain events within the Γ1 atmospheric boundary represent 15% of the overall 

precipitation, each of the events accounting for 5% of the overall precipitation. This can 

be well seen in fig. 18 where there are three rain events (RE1, RE2 and RE3) of the same 

precipitation value of 1370 mm y-1 constant over 48 h.  

 

Evaporation 
The potential evaporation varies throughout a year with the minimum value of  

10 mm y-1, and the maximum value of 500 mm y-1 as can be seen in fig. 18. The integral 

of this function is approximately 250 mm y-1. As has been already described, the STVB 

(Γ7) represents one crack in the clay soil down to 4 m b.l.s., where convective 

evaporation occurs. At this boundary, for six days every year (fig. 8) defined influx is 

prescribed and for the rest of the time, potential outflux limited by hA is defined (fig. 7). 

This potential outflux is, however, not constant in time. It follows the same year trend as 

presented in fig. 18 for atmospheric boundary, only every value is multiplied by 4.5. 

 

 
Figure 18. Graph with prescribed atmospheric boundary conditions. 
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5.2 Model results 
 

In this section, the results of the described model are presented: the chloride 

concentration in pore water, water content in clay sediment, velocity flow vectors, 

boundary fluxes, and mass balance. As the model is of a transient nature and the results 

vary throughout a year, they are always presented for the wet and the dry season of the 

last (41st) modelled year, i.e. t = 40.18 y and, t = 40.75 y, respectively. The vertical cross-

sections representing the area underlying the waste channel and pond margins (zone II), 

and the waste pond (zone I) were set to be at 0.5 m, and 1.5 m from the vertical z axis, 

respectively (see fig. 19). 
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Figure 19. A schematic illustration of 
the model area with its dimensions (2 
m wide, 10 m deep) and two 
highlighted cross-sections representing 
the profiles beneath the waste channel 
and pond margins, and the waste pond. 
The red dots denote the location of the 
so-called observation points used for a 
more detailed presentation of the 
model results.  The x-axis and y-axis 
stand for x1-axis and x2-axis in this 
manuscript, respectively. 
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5.2.1 Chloride concentration 
In general, the concentration decreases from the left boundary simulating the crack 

towards the top right corner representing the waste storage pond, with the maximum 

value cCl- = 20,000 mg L-1 (t = 40.72 y) at the deepest node on the left boundary where 

evaporation occurs, and the minimum value cCl- = 2,000 mg L-1 directly below the 

modelled waste pond (fig. 20). 

The shape of the concentration profile curves in zone II in fig. 21 is very similar to the 

profiles representing the section underlying the waste pond (zone I): the concentration 

generally increases with depth, reaching its peak value of around 7,000 mg L-1 and 

10,000 mg L-1, respectively, at approximately 4 m b.l.s. Below this level, the value of 

concentration gradually decreases (zone II) or stays constant (zone I) until reaching the 

same value both for the zone I and II (7,000 mg L-1) at around 9 m b.l.s. and keeps 

constant until the bottom of the flow domain. 

It can be seen that the simulated concentrations are not constant throughout a year of 

the simulation (fig. 21 and 22). The yearly fluctuations can be well seen in fig. 22, where 

the higher concentration values are always present during the dry period of the year 

(summer) and the lows correspond to winters. This can be seen more towards the land 

surface, with the highest difference being directly at the surface level under the margins, 

where the concentration ranges from 3,200 mg L-1 to 5,500 mg L-1 (fig. 21). This 

fluctuation, however, cannot be noticed at 5 m b.l.s. and lower. 

The overall increase of salinization with depth until 4 m b.l.s. or lower is characteristic for 

all the vertical cross-sections of the domain but it is important to note, that the 

concentration, generally, increases from the left hand boundary representing the crack 

towards the right boundary representing the section below the waste lagoon. The 

difference for the two selected cross-sections (fig. 21) is approximately 2,000 mg L-1 to 

1-4 m b.l.s. and below this depth the difference significantly smoothens. 

The model does not reach steady-state even when not neglecting the annual variations. 

As can be seen in fig. 22, the concentration keeps rising in observation points no. 6-10 

(i.e. below 5 m depth) for around 80 mg L-1 y-1. This result suggests an increase in the 

amount of solute in the entire domain: the total amount of solute at t = 40 y is 56.9 g, 

and at the end of the simulation (t = 41 y) this number rises to 57.1 g. Therefore, it can 

be concluded that there is an increase of solute in the domain of about 200 mg y-1 in the 

last years of the simulation.  

 



42 
 

 

 

 

Figure 20. Graphical representation of the 
chloride concentration results generated by 
HYDRUS (2D/3D) with coloured scale on the 
right side of the figure. The black curves 
border the colour transitions within the scale. 
The x-axis and y-axis stand for x1-axis and x2-
axis in this manuscript, respectively. 
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Figure 21. Graph showing the chloride concentration profiles under the simulated 
margins (x = 0.5 m) and the pond (x = 1.5 m) during the wet (t = 40.18 y) and the dry 
(t = 40.75 y) season. 
 

 
Figure 22. Graph showing how chloride concentrations change throughout the time 
in various observation points. For the location of the observation points consult fig. 
19. 
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5.2.2 Water content 
In general, water content changes significantly from the left boundary representing the 

crack towards the boundary on the right side of the domain simulating the waste storage 

pond. However, unlike in the case of concentration, there is a significant difference 

between water content values between the wet and the dry season of a year. During the 

wet season, water content increases towards the left boundary (with the highest values 

at the end of a rain event; θ = 0.55) and decreases in direction of the down right corner 

(θ = 0.44). On contrary, during the summer (t = 40.75 y) water content is the highest 

below the simulated waste lagoon (θ = 0.50, zone I) and rapidly decreases towards the 

left boundary (θ = 0.28). 

It can be seen that the simulated water content varies throughout a year of the 

simulation (figures 24 and 25). The yearly fluctuations can be well seen in fig. 25, where 

the higher water content values reflect the occurrence of rain events. The deeper the 

observation point, the slower the response to a rain event: immediate response can be 

observed at the top and the top left boundary (representing the surface and the crack, 

respectively) where infiltration occurs. Yet, already at the observation point no. 4, it is 

not possible to distinguish between the three different rain events and the water 

content response is only seasonal (fig. 25). The response of water content increase to 

the three rain events at the observation point no. 10 at the bottom boundary is fairly 

slow (around 0.8 y). 

During the dry season, the shape of the water content profile curves under the margins 

(zone II) in fig. 24 is somewhat similar to the profiles representing the section underlying 

the waste pond (zone I): the water content generally decreases with depth starting at θ = 

0.49-0.50 in the top 4 m. Below this depth, water content stays quasi-constant year-

round for the entire flow domain (θ = 0.43-0.45). The above situation is, however, not 

valid for the left section of the domain during the dry season. In this case, water content 

increases from θ = 0.37 at the top boundary to θ = 0.44 at the bottom boundary (the 

situation is more complicated – see fig. 24). Below 7 m depth, there are no significant 

lateral variations in water content.  

The model reaches a quasi-steady-state of water content values when neglecting the 

year variations after approximately 7 years. Between the years 7 and 41, only the year 

fluctuations depicted in fig. 25 occur. When interpreting the results, it is important to 

remember that the dry season of a year is significantly longer than the winter wet 

season (for details see fig. 18). 
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 A 

 
 

 B  
Figure 23. Water content during (A) the wet, and (B) dry year seasons 
generated by HYDRUS (2D/3D) with coloured scale in the middle of the figure. 
The black isolines border the colour transitions within the scale. The x-axis and 
y-axis stand for x1-axis and x2-axis in this manuscript, respectively. 
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Figure 24. Graph showing water content profiles under the simulated margins (zone 
II, x1 = 0.5 m) and the pond (zone I, x1 = 1.5 m) during the wet (t = 40.18 y) and the 
dry (t = 40.75 y) season. 
 

 

Figure 25. Graph showing how water content changes throughout the last year of 
the model simulation in various observation points. For the location of the 
observation points consult fig. 19. 
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5.2.3 Flow velocity 
 

The volumetric flux changes in time depending on pressure head gradient which, in turn, 

changes according to infiltration. The fastest flow is in the area between the simulated 

water storage pond and the beginning of the atmospheric boundary, the lowest average 

velocity is all year round at the bottom boundary and the values are constant (around 

0.13 m y-1). 

From fig. 26, it can be understood, that flow direction changes during a year, when 

during the wet season, the direction of flow is generally downward and from the 

boundaries where infiltration to the domain occurs. And, during the rest of the year (dry 

season) the flow direction in significant part of the domain changes dramatically, i.e. 

towards the top and the top left boundaries; however, close to the right domain border 

the flow direction stays downward year-round. Only a small portion of water particles 

beginning at the top and left boundaries (t = 0) does not migrate towards the nodes 

where out-flux (evaporation) occurs, and only the particles flowing from the right side of 

the domain where constant flux (simulating the lagoon) boundary condition is prescribed 

migrate towards the deeper sections of the domain. The rest of the particles moves 

towards the boundaries simulating evaporation both from the crack and surface. The 

zigzag nature of the particle trajectories clearly shows velocity changes during a year 

described above. 
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 A  B  
Figure 26. Graphical representation of water flow velocity 
vectors generated by HYDRUS (2D/3D) and modified. The two 
images represent the situations during a rain event (A), and 
during the dry summer season (B). The white arrows describe 
the direction of the flow regardless their velocity, the dashed 
white curve marks the maximum extent of evaporation effect 
through the crack wall, and the pink curves depict the 
trajectory of average water particles during the 41 y of 
simulation. The x-axis and y-axis stand for x1-axis and x2-axis in 
this manuscript, respectively. 
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5.2.4 Boundary fluxes 
 

Water flux reaches a quasi-steady-state after approximately 7 years (fig. 27), when only 

seasonal variations occur. The flux through the bottom free drainage boundary stays 

constant (when neglecting the annual variations) at around 0.26 m2 y-1. This accounts for 

only about 20% of the total out-flux from the flow domain when the rest (80%) of the 

flux leaves the domain through the atmospheric and special time variable flux boundary 

conditions that simulate evaporation from the site. The influx to the domain comes 

through the constant flux (representing the waste source), atmospheric and STVF 

(together representing precipitation) boundary conditions. The precipitation accounts 

for only around 25% (0.34 m2 y-1) of influx to the domain, and the majority of infiltrating 

water (75%; 0.88 m2 y-1) comes from the waste pond. 

 

 

Figure 27. Flux through the bottom free drainage boundary. 
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  Discussion 
6.1 Comparison with measurements 
In this chapter of discussion, results from the presented model are compared with the 

measured data at the site by Baram, et al. (2012a, 2012b, 2013, and 2014). 

6.1.1 Concentration 
Baram, et al. (2013) measured the chloride concentration in the unsaturated zone under 

the waste pond and its margins in three major zones with different concentration values: 

1) the waste channel margins, 2) waste channel and pond bank, and 3) waste storage 

pond (fig. 7). Generally, the model results correspond to the measured values to a great 

extent. Because of the nature of the model, only two profiles were presented (zone I 

and II). All the values representing the margins fit well within the standard deviations of 

measured data (fig. 7). In the case of the concentration values beneath the waste 

storage pond, the correlation is not as ideal because of the lack of measured data 

between 6 m and 2 m b.l.s. The modelled concentration in zone I reaches its peak at 

around 4 m but from the study by Baram, et al. (2013), it is difficult to say where the 

peak value lies. Theoretically, it could be positioned to 4 m b.l.s. reaching 6,000 mg L-1, in 

which case the model would correspond well to the measured data. However, the 

highest measured concentration in this section is approximately 5,000 mg L-1 at 2.5 m 

b.l.s. Overall, it can be concluded that the modelled concentration corresponds to data 

measured in the field sufficiently enough. 

6.1.2 Water content 
Typical water content values that prevailed in the unsaturated zone underlying the 

waste sources were also previously presented by Baram, et al. (2013; fig. 28). The water 

content values for the area beneath the waste channel margins range from 0.3 in 3 m 

depth to 0.5 in 8 m depth. There are only three sampling points for the section below 

the waste storage pond bank in 1m, 2m, and 3m depths ranging from 0.5 to 0.65. For the 

area beneath the waste storage pond there are also only three sampling points in the 

clayey layer at the site. As the model simulates only one material, it is not possible to 

compare water content data deeper than 7 m b.l.s. as the stratigraphy below the waste 

lagoon is more complex (fig. 28). The sampling points are in 0.5 m, 1 m and 6 m depth 

with water content values all between 0.41-0.46.  

6. 
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Figure 28. Water content distribution in the 
unsaturated underlying waste sources Results are 
presented as averages, and the horizontal bars are the 
standard deviation between all the measurements 
(2007-2011) by each FTDR probe (Baram et al., 2013). 

 

The measured data correspond to a certain extent to water content values from the 

model. The general trend of water content from the section underlying the waste pond 

(zone I) towards the desiccation crack (zone II) is common for both the measured and 

modelled values. However, water content variations with depth are more significant in 

case of the measured values than the model, and on contrary, the variations throughout 

a year are more significant in the modelled values. It is likely that, if the model domain 

was wider, the water content differences between the two zones (I and II) would be 

more significant. 

  



52 
 

6.1.3 Pace of the propagation front 
Because of the inconstant rain events, it is possible to compare the observed results of 

the temporal changes in water content of sediments with the model. Baram et al. 

(2012a) published data that show temporal variations in measured water contents which 

were mostly associated with significant rain events. Quick rises in the sediment water 

content occurred within 2-15 h of most of the significant rain events in the whole cross 

section underlying the waste channel margins. The published data also indicate that 

there is a significant water penetration into the sandy formation beneath the 12 m clay 

layer within 36-48 h after a rain event. 

The model in this study also shows quite rapid change in water content after a rain event 

(fig. 25) but not throughout the entire vertical cross-section but only at the top 6 or 7m 

where the boundary condition representing the soil crack is prescribed. The velocity of 

penetration is, however, still slower when compared to the observed values keeping in 

mind that it is impossible to differentiate between the three rain events deeper than 4 m 

b.l.s. as the propagation front of all the three rain events smoothens and blends into one 

only. The response time significantly decreases towards the simulated atmosphere and 

crack and ranges from immediate response at the boundary to seasonal effect 

observable only after almost a whole year (0.8 y) at 10 m depth (fig. 25). 
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6.2 Model input parameters 
Even though the model fits sufficiently well to values measured in situ, some of the 

parameters used in the model deserve further research in order to make the model 

sounder. In this chapter of discussion I also point out the parameters that could be used 

in the model differently and what would that mean to the results. 

6.2.1 Potential and actual evaporation 
Potential and actual evaporation is one of the most significant variables in the model. 

The model assumes that evaporation occurs only from the desiccation crack's wall and 

the surface and neglects the minor cracks. As has been mentioned before, the model 

does not account for reduction in velocity due to thermal diffusion in cracks, which are 

simulated by the hydraulic parameters of the domain only.  

In the presented model, the entire subsurface evaporation is described by potential 

evaporation and the minimum allowed pressure head at the boundary (hCritA in 

HYDRUS terms). These two variables are, theoretically, sufficient for accounting for both 

the surface and subsurface evaporation, but the exact determination of the values 

warrants further research: ideally, modelling of subsurface evaporation of a single crack 

including all the aspects described above, and direct observations of this phenomenon in 

situ. Even though sensitivity analysis is not part of this thesis, it is important to stress 

that, based on the numerous calculations, at least 80% of rainwater has to infiltrate 

through the crack, and that more than 70% of evaporation occurs through the crack wall. 

Otherwise, it would not be possible to fit the results to the observations. 

An important aspect of subsurface evaporation is the change of what limits it: as the 

thermal gradient between the crack and surface increases and, subsequently, so does 

convection, the limiting factor becomes the ability of the matrix to provide water to the 

fracture air. 

The model could be definitely improved by simulating precipitation that would 

correspond more to the observed situation, such as higher number of rain events, 

smaller intensity of a single rain event, etc. I believe, that this simplification of reality 

does not significantly influence the overall results. 

 

6.2.2 Initial conditions 
Initial conditions of the model are of two types: the hydraulic head and Cl- concentration 

in pore water. As already mentioned earlier, change of the hydraulic head initial 

conditions does not significantly influence the results of the 41 yearlong model. That is, 

however, not the case with the Cl- concentration; higher concentration at t = 0 y will 

cause the concentration values at t = 41 y to be higher than observed, which is especially 

valid for the deeper parts of the flow domain. 
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6.2.3 Flux from the waste pond 
As has been suggested in several studies, i.e. Cihan et al. (2006) or Baram et al. (2012b), 

that it is the hydraulic conductivity of the organic seal at the bottom of waste storage 

lagoons, not the hydraulic conductivity of the underlying sediment, that controls the 

infiltration rate from the bottom of waste water lagoons. Therefore, the assumption that 

the flux of contaminated water is constant throughout the whole year is accurate for 

purposes of the model. The reasons why it was decided to prescribe constant flux rather 

than constant head were the following: the constant flux boundary condition makes the 

model more stable and using the constant head did not correspond to the flux as 

observed in situ. 

The uncertainty, however, remains in case of the chloride concentration in the seldom 

overflows from the waste pond. Should the overflows and the overall chloride 

infiltration through the crack wall be higher than in the presented model, the actual 

evaporation would be lower and the matrix recharge flux through the bottom boundary 

would be higher than the presented values; and vice versa. To the best of my knowledge, 

the input values are as close to the observed situation as possible. 

6.2.4 Flux through the bottom boundary 
The modelled flux through the bottom boundary is very likely to correspond to reality. If 

the presented model was to simulate situation under natural conditions (without the 

waste lagoon), the downward flux would be less than 10 mm y-1, which is in 

correspondence with hydraulic calculations by Kurtzman & Scanlon (2011) who 

calculated the matrix recharge flux to be around 1.5 mm y-1. However, this almost 

negligible flux is not in agreement with any previous Coastal aquifer recharge estimates. 

For example a study conducted by Gvirtzman et al. (1986), using tritium data, estimated 

average recharge flux to the central part of the aquifer to 150-160 mm y-1, which is also 

supported by data from IHS (2007); keeping in mind that this estimation is valid for 

cultivated and occasionally irrigated soils. Several authors (e.g. Baram et al., 2012a) 

suggest to explain this phenomenon by desiccation cracks through which water bypasses 

the entire clay layer. Therefore, when interpreting the results, the presented flux 

through the bottom boundary of the model can be underestimated, and perhaps should 

be understood as a minimum value of what actually penetrates downwards towards the 

groundwater table. 
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6.3 Model calibration 
The development of the model was engineered in numerous steps; all computed as 

forward solutions by trial-and-error approach. This chapter describes the fitting 

parameters with their limits, and the different stages of development with the overall 

number of models run exceeding 1,000. 

As has been already described in previous chapters, the material is not easy to describe 

by conventional means as a homogenous material. It was believed that the development 

of the model should go from the simpler ones to more complex ones, and thus it was 

decided that the model would use single-porosity flow equations, and that the domain 

would be represented by a homogenous material on the vertical cross-section. 

The most significant fitting parameters were the distribution of evaporation and 

infiltrating rainwater (sometimes mixed with the waste water). The three rain events 

were decided to be kept constant, but the distribution through which nodes and how 

much of the water would infiltrate was part of the calibration. The calibration was 

limited by the following criteria: (a) at least 5% of every rain event has to infiltrate 

through the atmospheric boundary, (b) the potential evaporation has to be the same at 

the top node of the simulated crack and at the atmospheric boundary, (c) the potential 

evaporation has to decrease with depth, (d) evaporation cannot occur deeper than 4 m 

below the top boundary, (e) the infiltration can occur down to 9 m, and (f) there has to 

be a physical explanation for the prescribed boundaries. The calibration of these 

boundary conditions is covered in-depth in the following sub-sections (6.3.1. to 6.3.6). 

The 𝜃𝑟, α, n, and Ks, were all used as fitting parameters with different limiting factors. For 

the parameters α and n, no limit on either side was applied for the fitting process, the 

residual soil water content was limited by the saturated soil water content on one side 

and by 0 on the other side. The fitting of saturated hydraulic conductivity (Ks) was limited 

by typical values for clay (table 2) and by typical values for gravel (about 10-2 m s-1; Bear, 

1972). The fitting parameters presented in this paragraph were not only limited by the 

described criteria but also by stability of the model. That is one of the reasons why the 

calibrated values do not differ much from the values for the material at the site. 
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6.3.1 Distribution of rainwater infiltration 
The first batch of models used both the observed values and Rosetta computed for the 

material at the site without any alterations and the flow domain was composed of  

a homogenous material. The parameters are presented in chapter 2.5: the soil water 

retention curve and unsaturated hydraulic conductivity of the material at the site. For 

the atmospheric boundary condition, simple three rain events of the same quantity were 

applied and potential evaporation was kept constant throughout the year. The function 

at the left boundary simulating the crack was also very simple with constant values (with 

depth) for three identical rain events and with constant evaporation throughout the 

year. The only parameter to vary was the ratio of infiltrating and evaporating water 

through the crack to the surface. 

 

The results of these models suggested that two important issues need to be coped with: 

the too high Cl- concentration, and the trend of the Cl- concentration. No reasonable 

values of boundary conditions managed to produce the right results – especially, the 

concentration increase with depth. These single porosity models indicated that  

a significant amount of water (more than 90 %) from precipitation need to infiltrate 

through the crack as otherwise it would be impossible to explain the development of 

intensive salt accumulation with depth. This finding corresponds with the observations 

of Baram et al. (2012a, 2012b and 2013). For the same reason it was noted that 

infiltration from the crack has to be increasing with depth and that the highest 

infiltration rate should be somewhere between 1-3 m, which is also supported by 

previously published data (Baram et al., 2012a). 

 

6.3.2 Heterogeneous domain 
The next group of single porosity models were composed of more than one homogenous 

material based on the assumption that a model of different materials can simulate the 

gradual decrease of fractured soil from the crack towards the region under the waste 

pond. The idea was to simulate the decreasing cracking and conductivity from the crack 

by defining several materials with different hydraulic parameters on the vertical. The 

models used up to 10 different materials with soil hydraulic parameters gradually 

changing from coarse-sand-like in vicinity of the crack to clay-like below the pond. 

However, it was found that the material change makes the model unstable and that it is 

not possible to sufficiently meet the expected Cl- concentration values under the pond. 

The gradient of Cl- concentrations from the left boundary to the right boundary was too 

high, in the best models 100 fold. It was thus decided that the next models should use 

one material for the whole domain. 
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6.3.3 Infiltration and evaporation in the crack wall 
Modelling of both the heterogeneous and homogenous domain involved assessing 

several infiltration functions, and it was found that the model simulating the wanted 

increase of salinization up to 3.5 m was best simulated so that influx into the domain 

was increasing in a step-wise manner (HYDRUS 2D/3D did not allow to prescribe a 

continuous function at the time) to about 2 m, and to around 4 m decreasing again. 

With these findings I came back to models with homogenous domain and requested the 

possibility, from the HYDRUS (2D/3D) software authors, to prescribe a function to the 

special time variable flux boundary condition as: 

 𝑖𝑛𝑓𝑙𝑢𝑥 = (𝑎𝜁4 + 𝑏𝜁3 + 𝑐𝜁2 + 𝑑𝜁 + 𝑒) × 𝑓 (14) 
 

where ζ stands for depth below the surface and a, b, c, d, e and f are variables that can 

be freely changed. 

Several functions (about 10) were applied to the boundary and the one best fitting the 

measured Cl- values is presented in this thesis (fig. 17). Evaporation function was always 

assumed to be linear (fig. 17), increasing towards the surface. Based on previously 

published literature (i.e. Baram et al., 2013 or Adinarayana & Ravikrishna, 2013) the 

evaporation is likely to be increasing towards the surface but perhaps more rapidly than 

by a linear trend. I believe, however, that the simplification of linear trend use is 

justifiable as the sharper increase would not alter the model significantly. The sediment 

close to the surface is so dry, that the actual evaporation increase would be almost 

negligible. Nevertheless, evaporation from desiccation cracks warrants a further 

research. 

 

6.3.4 Dual-porosity domain 
It is without doubt, based on published literature, field observations, and finding 

presented in this thesis, that preferential flow within the flux region plays a crucial role 

in water flux and solute transport at the study site. The preferential flow through the 

larger cracks was simulated by boundary conditions of the model domain. However, the 

clayey vertisol at the site is heterogeneous even in the zones II and I within the domain, 

and as such it is difficult to model using conventional retention curves and unsaturated 

hydraulic conductivity function. I decided to use Durner's (1994) model, sometimes 

classified as a member of the dual-porosity family, and it is intended for unsaturated 

hydraulic conductivity estimation for soils with heterogeneous pore structure. It treats 

the medium as two overlapping continua using two van Genuchten (1980) – Mualem 

(1976) functions for the soil properties. Linear interpolation of the two functions (eq. 6) 

gives then a function for the combined multimodal flux system; it is thus not a dual-

porosity model sensu stricto as it only uses different equations for hydraulic parameters. 

Several models developed using Durner’s (1994) approach could fit the observed data, 

however, the models were not making substantial use of the hydraulic parameters 
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functions, and there was no much of a physical reason for using this approach over the 

simple uniform flow model. The Durner’s model was thus redundant and I returned to 

the use of the simpler single porosity uniform flow model. 

6.3.5 Homogenous domain 
The best-fitting model from the previous step was used for developing a single porosity 

uniform flow model. The hydraulic parameters, the retention curve specifically, were 

changed so that they corresponded more to the Rosetta-calculated parameters of the 

clayey material at the site (for details see chapter 5.1.1). By doing that, the atmospheric 

and special time variable boundaries needed to be adjusted so that the evaporation is 

not as significant. This task was done by lowering the potential evaporation both at the 

surface and crack boundary during the wet winter season and raising it during the dry 

summer season. By the transfer of potential evaporation from the winter to summer, it 

effectively lowered the overall actual evaporation. 

6.3.6 Depth of the crack  
After getting satisfactory results with the 4 m deep crack, the model was used for 

simulation under natural conditions – without the waste storage pond and with two 

cracks 1 m apart from one another. After reaching quasi steady state after 2,000 years, it 

was noted that the water concentration passing the bottom free drainage boundary is 

too high. To deal with this subject the boundary representing the crack (variable flux 2 in 

boundary conditions terms) was expanded to 9 m b.l.s. and the three rain events were 

altered so that during the second rain event (RE2) higher precipitation occurred. This 

would have also dealt with the observations of wetting front propagation velocity, which 

can be very rapid (more than 48 h) throughout the entire clay profile (around 12 m). 

However, the new setting only partly solved these issues. 

With the 9 m deep modelled crack another issue aroused – the Cl- concentration below  

6 m was slowly decreasing over time. As the initial conditions of the model were 

representing the natural conditions before construction of the dairy farm, the chloride 

concentration decrease cannot be explained by any reasonable theory. It was, 

subsequently, decided to keep the rain events as they were and shorten the variable flux 

2 boundary condition to the situation in the presented model (i.e. 3.9-5.6 m b.l.s.).  
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 Conclusion 
This thesis presented a numerical model based on previous observations and conceptual 

model of desiccation-crack-induced salinization at a dairy farm, close to its liquid waste 

pond, Beer-Tuvia region, central Israel. The results of presented numerical model fit 

within a reasonable range to two variables measured at the site: the pore water chloride 

concentration distribution across the profile, and water content distribution beneath the 

waste pond and its margins. The model also takes into account several observations such 

as the temporal variation in water content across thick layer of unsaturated clay 

sediment, chloride concentration in the groundwater aquifer underlying the study area, 

waterflow from the waste lagoon to the desiccation crack, and extensive subsurface 

evaporation from the crack up to 4 m below land surface.  

The model simulates a transient water flow with a chloride transport using a single-

porosity material, with a boundary condition representing a deep desiccation crack in 

vertisol. This thesis clearly shows that using a boundary condition for simulating 

evaporation and infiltration through desiccation cracks is a relevant approach to 

modelling vertisols in semi-arid regions. 

Evaporation and distribution of rainwater infiltration are likely the most significant 

variables in the model, but it is important to keep in mind that the model simplifies the 

natural system to a great extent: it assumes that evaporation and rainwater infiltration 

occurs only through the desiccation crack boundary and the surface, and simulates 

smaller cracks only via the characteristics of the domain. Nevertheless, the findings of 

this model suggest that a substantial amount of rainwater (more than 80%) must 

infiltrate through desiccation cracks rather than through the land surface. The 

desiccation cracks are not only infiltration conduits but work as evaporation paths, too, 

as they are responsible for at least 70% of overall actual evaporation. The thesis shows 

that infiltration through the crack boundary has to be increasing with depth to 1-3 m 

below land surface. 

The model shows that only about 20% of the total outflux leaves the domain through the 

bottom free drainage boundary, while the majority of infiltrated rainwater and 

wastewater evaporates through the simulated crack and atmospheric boundary. Even 

though the 20% may not seem to be of a concern, the amount of percolating water 

through the vertisol at the site is alarming as this mostly contaminated water jeopardizes 

groundwater quality by flux of at least 250 mm y-1. 

  

7. 
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Should the model be relied upon for, e.g. long-term future predictions, initial conditions 

for the presented 41 yearlong model should be taken from a long-term simulation of the 

same site with the same parameters. Obviously, the flow domain dimensions would have 

to be chosen differently in order to simulate the situation under natural conditions, and 

there would be no anthropogenic influence, such as the dairy farm waste lagoon. This 

task would be computationally demanding and would have to account for other factors 

influencing the natural system, such as climate change in the past. 

In summary, this thesis supports previous findings about the crucial importance of 

desiccation cracks in vertisols both as deep evaporators, and as preferential pathways 

for water and contaminants. Readers should be careful when interpreting the presented 

results as vertisols are likely to behave differently under natural conditions.  
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   Appendix A – materials and methods 
10.1 Vadose zone monitoring system (VMS) 
 
The VMS is a system composed of a flexible sleeve made of thin (0.5 mm) polyvinyl 
chloride (PVC) liner with several flexible time domain reflectometry (FTDR) probes for 
measuring volumetric water content (fig. 4), vadose zone water sampling ports for 
collecting pore-water samples (VSP), and a copper-constant thermocouple (for 
temperature measurements, fig. 28 and 30). After installing the sleeve with all the 
measuring devices into uncased slanted boreholes (140 mm in diameter), the sleeve was 
filled with two-component high density (approximately 1.6 g cm-3) liquid urethane. The 
urethane almost instantly solidifies and seals the sleeve and, as a consequence of the 
hydrostatic pressure generated, the sleeve fills the entire volume of the borehole and 
presses the FTDR waveguide to the upper wall of the borehole (fig. 29). This kind of 
setting ensures that each probe monitors a point in depth that represents relatively 
undisturbed vertical cross section of vadose zone and that there is no abundance of 
preferential pathways along the borehole (Dahan et al., 2003, 2007; Baram et al., 2012a, 
2013). 
 

 

Figure 29. Schematic illustration of the Vadose zone 
monitoring system from a different location (Dahan 
et al., 2003). 

 
 
  

10. 
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Within the dairy farm, three specific locations were chosen for the placement of three 
vadose-zone monitoring systems (VMSs): under the waste lagoon, under the waste 
channel (150 m long) and under the waste channel margins (all in fig. 30). The VMS I 
under the waste lagoon was designed to be 35m long and placed into slanted boreholes 
(35° from the vertical). The VMS I positioned beneath the shallow clay horizons 
underlying the margins of the lagoon (1-3 m) and deep sections located under the 
lagoon (6-10 m). The VMS II and VMS III were placed in two 24 m long independent 
slanted boreholes (30° from the vertical) parallel to each other. The VMS II was placed in 
the centre of the channel, aligned with it so that all the probes were positioned directly 
under the channel. The VMS III was in a borehole 2 m away from the channel edge, 
parallel to the channel so that all the probes were underlying the channel margins 
(Baram, et al., 2012a). 
 
 
 

 
 
Figure 30. Schematic (a) side view illustration of an observation well and 
the vadose-zone monitoring systems (VMSs) under the waste lagoon 
(VMS I), waste channel (VMS II) and the waste channel margins (VMS III), 
(b) front view of the VMSs installed under the channel (VMS II) and under 
its margins (VMS III). The VMSs include (1) a flexible time domain 
reflectometry probes, (2) vadose zone water sampling ports, and (3) a 
copper-constant thermocouple. Modified from Baram et al. (2012b). 
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10.2 VMS measurements 
10.2.1 Water content 
The VMS was used for measuring volumetric water content with a time-domain 
reflectometry instrument (TDR100 Campbell Scientific) with overall accuracy of VMS 
being ±5% of absolute value (Rimon, et al., 2007). The volumetric water content had 
been measured continuously (every 60 min) during the dry season (April-October) and 
every 15 min during the winter wet period (Baram et al., 2012a). 
 

10.2.2 Pore water 
The VMS was also equipped with the vadose zone sampling ports (VSP) for frequent 
sampling of the vadose zone pore water. The VSP is basically a conventional suction 
lysimeter modified for working in the VMS and deep in the zone by (Dahan et al., 2009; 
Patents # US 6956381; US 12/222069; EP 07706061.4; IL 193126). The pore water 
intended for major ions measurement were stored in polypropylene bottles, kept on ice 
until reaching the laboratory within less than 12 hours where they were filtered and kept 
at 4°C until analysis. 
 

10.3 Other measurements 
10.3.1 Water samples for major ions 
Water samples for major ions analysis from the waste pond and the waste channel were 
collected every 6 to 12 weeks. Infiltrating water from the waste pond was sampled just 
below the bottom of the pond (fig. 5) by conventional suction lysimeters (Baram et al., 
2013). 
 

10.3.2 Water content under the pond 
Volumetric water content in the upper clay sediment under the waste pond was 
measured once a year; details can be found in Baram et al. (2012b).  
 

10.3.3 Isotopes 
Water samples for isotopic analysis were collected between January 2011 and May 
2011. Bulk water was sampled with a direct push coring machine equipped with a 0.06 m 
long twin tube piston sampler and a single-use 0.035 m PVC liner. Isotopes measured in 
the sediment core samples. The sediment core samples were collected in three 
locations, the first one representing the background – from under an undisturbed plot 
which is unaffected by the waste sources, the second one representing the area seldom 
subjected to flooding and infiltrating by wastewater overflows from the pond – 3 m 
away from the waste pond, and the third one under the centre of the waste channel. 
The overall analytical error, including uncertainties from the sampling, sample 
preparation during equilibrium and from the transport is 0.5‰ for δ18O and 2.5‰ for 
δ2H (Baram et al., 2013). Rainwater was collected in a PVC container (4 x 30 cm) filled 
with 2 cm of liquid paraffin, sampled monthly to represent characteristic isotopic (δ18O 
and δ2H) values (Baram et al., 2013). 
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    Appendix B – STVB 
The STVFB is used for simulation of vertical atmospheric boundary condition (ABC) as the 

HYDRUS code does not allow to prescribe ABC on vertical boundaries. The 

implementation extends the usage of the STVFB by allowing prescription of different 

inflow/potential outflow values for each mesh node according to a predefined function 

of depth.  

For the STVFBC, one can specify only one flux – negative for inflow and positive for 

outflow. Thus depending on the sign of the flux, the implementation within HYDRUS 

2D/3D uses one of two functions, which are multiplied by the specified flux:  

      if(lWeiss) then 
        WPrec=0. 
        WEvap=0. 
        if(rGWL(1).lt.0.) WPrec=-rGWL(1) (if negative flux -> precipitation/inflow) 
        if(rGWL(1).gt.0.) WEvap=rGWL(1)  (if positive flux -> evaporation/outflow) 
      end if 
  
*********     subroutine adjusting atmosperic flux based on the depth in the fracture 
  
      function rWeiss(z) 
  
      logical lWeiss 
      common /Weiss/ lWeiss,WPrec,WEvap,zSurf,aW,bW,cW,dW,eW,aaW,bbW 
  
      Depth=(ZSurf-z) 
      Prec=WPrec*(aW*Depth**4+bW*Depth**3+cW*Depth**2+dW*Depth+eW) 
  
      Evap=WEvap*(aaW*Depth+bbW) 
      rWeiss=abs(Evap)-abs(Prec) 
  
      return 
      end 

 

Therefore the two functions for evaporation and precipitations are: 

Evaporation: po = aζ + b, 

where po stands for potential outflow, D for depth and a and b are variables. 

Precipitation: in = cζ 4 + dζ 3 + eζ 2 + fζ + g, 

where in represents inflow, ζ is depth and c, d, e, f and g are variables.  

11. 
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    Appendix C – crack function 
The exact functions used in the crack boundary are presented in this appendix. Potential 
outflux function: 

po = -0.0718 ζ + 0.2871 
 
Influx during RE1 and RE3: 

in = -0.0337ζ 4 + 0.141ζ 3 - 0.2728ζ2 + 0.944ζ + 0.2046 
 
Influx during RE2: 

in = -0.0675ζ 4 + 0.2819ζ 3 - 0.5454ζ 2 + 1.8872ζ + 0.409 
 

where ζ stands for depth below the surface. 

12. 


