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ABSTRACT 
 

Phytoremediation is an emerging technology that uses plants or vegetation to remove or 

degrade toxic chemicals and contaminants in soils, sediments, groundwater, surface water and 

air. It can be used as a stand-alone remediation alternative or part of a broader site 

management alternative comprising a number of remediation technologies. Plants have grown 

naturally at contaminated waste sites and have been planted for their aesthetic value or land 

stabilization. But not until recently has the use of plants gained attention as a viable remedial 

technology for site contaminants. Currently, phytoremediation is used for treating many 

classes of contaminants, including petroleum hydrocarbons, pesticides, explosives, heavy 

metals and radionuclides, as well as chlorinated volatile organic compounds (CVOCs) 

(McCutcheon and Schnoor, 2003). 

In the literature review component of this proposal, the mechanisms and processes of 

phytoremediation; and the factors and processes influencing contaminant transport in the 

vadose zone were discussed. Of particular importance is the need for a conceptual insight into 

the vadose zone, a complex environment in which a variety of flow and transport occurs. This 

review also discusses the soil characteristics and plant processes that control the uptake of the 

targeted contaminant from the problematic area.   

Finally the use of modeling tools to simulate and predict the flow and transport processes of 

contaminants in the vadose zone are reviewed. Physical aspects of flow and transport 

modeling are briefly summarized in context of convectional hydrogeology. Mathematical 

model refers to a set of governing flow equations, usually partially differential equations 

(PDEs), represent the flow and transport processes of interest in subsurface contamination 

modeling in the vadose zone.  The modeling of processes taking place in the vadose zone 

needs different approaches to that of groundwater because of the marked changes in the 

environmental conditions affecting the vadose zone. A mathematical model to simulate water 

flow, and the fate of recalcitrant contaminants could be applied to phytoremediation in the 

vadose zone. Other elements to focus on are soil surface temperature, root growth and 

distribution, water content and root water uptake.  
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1. INTRODUCTION 
 

Phytoremediation which is “the use of plants to sequester, remove, or degrade inorganic and 

organic contaminants in soils, sediments, surface waters, and groundwater.” Phytoremediation 

has the potential to clean up land contaminated by various pollutants including sewage sludge 

and pit latrine waste. The interaction occurs between plant and microbes at the root-soil 

interface known as the rhizosphere in the vadose zone. The vadose zone is the intermediate 

medium between the atmosphere and groundwater. These mechanisms form the basis for 

phytoremediation and focus primarily within this zone.  

Deep row burial of sewage sludge and pit latrine waste for phytoremediation was pioneered in 

the US in the early 1980s (Kays et al, 2007). This method has considerable advantage over the 

more conventional techniques, which use surface incorporation or spraying. In many 

developing countries, sewage sludge and pit latrine waste are dumped in an unhygienic and 

uncontrolled manner without due diligence to prevent gas emission and leaching. This is a 

treat to the environment (surface and subsurface). Planted vegetation on deep trenched sewage 

sludge and pit latrine waste has the potential for phytoremediation. 

Although reviews on phytoremediation of sites or soils contaminated with variety of 

contaminants are readily available (Siciliano and Germida, 1998; Lasat, 2002), the application 

of phytoremediation to sewage sludge or pit latrine waste is limited. This present review will 

describe the methods, mechanisms, flow and transport processes of contaminants, and 

modeling approaches in phytoremediation. Subsurface flow and contaminant movement 

simulation involves a numerical description based on equations governing water flow and 

chemical transport into and through the unsaturated zone, using Darcy’s law for saturated 

flow, Richards0 equation for unsaturated flow (Richards, 1931), advection, and dispersion rate 

of change mass balance for chemical transport. Mathematical models can assist in the 

fundamental understanding of a contaminant’s fate at phytoremediation sites and provide 

valuable information before field implementation of a phytoremediation operation is 

undertaken (Corapcioglu et at., 1999; Corapcioglu et at., 2004). Modeling and simulation of 

the fate and transport of trenched sewage sludge and pit latrine waste can be used as predictive 
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tool to assess the potential effectiveness of various trees in a phytoremediation operation. The 

objective of this study is to assess effectiveness of phytoremediation in trenched sewage 

sludge and pit latrine waste by observation, monitoring, characterizing and modeling.  

The main aim of this review is to describe the mechanisms of phytoremediation which mainly 

include the direct plant uptake of organic pollutants; degradation by plant derived enzymes, 

and stimulated biodegradation in plant rhizosphere. Chapter 1 gives the problem statement and 

purpose of this review. In chapter 2 the general overview of phytoremediation, its methods of 

application and mechanism are discussed. The advantages and disadvantages are also 

reviewed. Chapter 3 and 4 gives an overview of the factors influencing contaminant fate and 

transport, and flow and transport processes in the vadose zone. Chapter 5 is dedicated to the 

role of mathematical models and simulations of contaminant flow and transport in the vadose 

zone of phytoremediation application. Chapter 6 of this proposal is the discussions and 

conclusions. Chapter 7 presents the project proposal, justification of study, objectives, and 

proposed methodology. 
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2. METHODS OF APPLICATION AND MECHANISMS 
 

Phytoremediation is applied as a final polishing step following the initial treatment of a high-

level contamination. In situations where the contaminants are in low concentration, 

phytoremediation alone may be the most economical and effective strategy (Jones, 1991). In 

this review, phytoremediation applications such as in-situ, in-vivo, and in-vitro 

phytoremediation are be briefly reviewed. 

 

2.1 Methods of Application 

 

Methods of application of phytoremediation such as in-situ, in-vivo, and in-vitro are described 

below. 

2.1.1     In-situ phytoremediation 

In situ phytoremediation involves placement of live plants in contaminated wetlands, soil or 

sediment, or in soil or sediment that is in contact with contaminated ground water for the 

purpose of remediation. In this approach the contaminated material is not removed prior to 

phytoremediation. If the phytoremediation mechanism consists of only the uptake and 

accumulation, as opposed to the transformation of the contaminant, the plant may be harvested 

and removed from the site after remediation for disposal, or for the recovery of the 

contaminant. A requirement of the in situ approach is that the contaminant must be physically 

accessible to the roots. This approach generally is the least expensive phytoremediation 

technology since no major earthworks is required (Susarla et al., 1999). 

2.1.2     In-vivo phytoremediation with relocated contaminants 

 For sites where the contaminant is not accessible to the plants, such as contaminants in deep 

aquifers, an alternate method of applying phytoremediation is possible. In this approach the 

contaminant is extracted using mechanical means, then it is transferred to a temporary 

treatment area where it can be exposed to plants selected for optimal phytoremediation. After 

treatment, the cleansed water or soil can be returned to its original location and the plants may 

be harvested for disposal if necessary. This approach generally would be more expensive than 
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the method above due to extracting and transfer involved. Treatment could occur either at the 

site of contamination or at another location. 

2.1.3     In- vitro phytoremediation 

This method of applying phytoremediation is via components of live plants, such as extracted 

enzymes. In theory, this approach could be applied in situ under some situations, e.g. applying 

plant extracts to a contaminated pond or wetland, or through the use of an enzyme-

impregnated porous barrier in a contaminated ground water plume. Theoretically, this 

approach would be the most expensive method of phytoremediation because of the cost of 

preparing/extracting the plant enzymes. 

2.2 Mechanisms of Phytoremediation 

There are numerous mechanisms by which plants may remediate contaminated sites. Some of 

the factors affecting chemical uptake and distribution within plants include: (1) physical and 

chemical properties of the compound (e.g. water solubility, vapor pressure, molecular weight, 

and octanol-water partition coefficient, KOW); (2) environmental characteristics (e.g. 

temperature, ph, organic matter and soil moisture content); and (3) plant characteristics (e.g. 

type of root system and type of enzymes) (Susarla et al., 1999). The mechanisms used by 

plants to facilitate phytoremediation include: phytoextraction, phytopumping, 

phytostabilization, phytotransformation/degradation, phytovolatilization and rhizodegradation, 

as shown in figure 2.1. These are briefly described in this section.  

 

 
Figure 2.1 Processes involved in phytoremediation. 

Source: http://oldweb.northampton.ac.uk/aps/env/landfillleachate/image/phytorem.jpg 
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2.2.1 Phytoextraction/phytoaccumulation 

Phytoextraction is the uptake and translocation of contaminants from soil or ground water into 

plant tissue as the plant takes in water and micronutrients from the soil through its root system. 

Plant uptake of contaminant is influenced by many factors including soil PH and Eh, soil 

structure, water content, and organic matter content, as well as the properties of the 

contaminant.  Phytoaccumulation occurs when the contaminant taken up by the plant is not 

degraded rapidly or completely, resulting in an accumulation in the plant. Certain plants 

hyperaccumulate metals (e.g. nickel, zinc, copper, chromium) and radionuclides. 

Hyperaccumulation is defined as the accumulation of more than 0.1% of contaminant by dry 

weight in plant tissues. In the process of hyperaccumulating contaminants some plants can 

remediate the contaminated soils to acceptable levels (Dushenkov et al., 1995), example is the 

"Metal accumulation by aquacultured seedlings of Indian mustard." Some plants can grow in 

contaminated areas and tolerate hyperaccumulation of metals and other contaminants such as 

perchlorate (Susarla et al., 1999). Other plants may die or experience severe stress under 

conditions of hyperaccumulation. Less tolerant plants can still be used in areas of 

contamination then harvested and disposed after these plants have hyperaccumulated the 

contaminant to their maximum. Another option is to recover the contaminant after harvesting 

the plants (Dushenkov et al., 1995; Nanda et al., 1995; Wang et al., 1995) 

2.2.2     Phytopumping and hydraulic control 

Phytopumping is another mechanism that can be used to remove or minimize the migration of 

contaminants. In this case, plants are used as organic ‘pumps’ to pull-in large volumes of the 

contaminated water as part of the transpiration process. The result is the reduced migration of 

the contaminant in the ground water, in addition to the potential uptake. Plants that are capable 

of removing large amounts of water from the soil are best for this purpose. A great deal of 

research has focused on the use of trees (poplar trees in particular) to intercept ground water 

plumes (Wang et al., 1998; Newman et al., 1999). Most of these studies have shown that trees 

can extract large enough quantities of ground water to depress the water table, locally inducing 

flow toward the trees. This depression can be sufficient to create a hydraulic barrier or 
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hydraulic control. Hydraulic control mitigates potential risks by controlling offsite transport of 

contaminants. 

2.2.3     Phytostabilization 

Phytostabilization is a mechanism that is be used to minimise the migration of contaminants in 

soils. The process takes advantage of the plant root’s ability to alter soil environmental 

conditions, such as pH and soil moisture content. Many root exudates cause metals to 

precipitate, thus reducing bioavailability and movement. The advantage of this mechanism 

over phytoaccumulation is that the disposal of the contaminant-laden plant is not required. By 

choosing and maintaining an appropriate soil amendment, it may be possible to stabilize 

certain contaminants (particularly metals) in soil, and reduce the interaction of the 

contaminants with associated biota. (Cunningham et al., 1995). 

2.2.4     Phytotransformation/phytodegradation 

A contaminant can be eliminated via phytodegradation or phytotransformation by plant 

enzymes or co-factors (Strand et al., 1995). Poplar trees (Populus spp.) are capable of 

transforming trichloro-ethylene in soil and ground water (Strand et al., 1995; Newman et al., 

1997). Phytodegradation is the breakdown of organic contaminants within the tissue. Although 

data are limited, it appears that both plants and the associated microbial communities play a 

significant role in attenuating organic compounds. 

2.2.5     Phytovolatilization 

Phytovolatilization is the transfer of a contaminant to air via plant transpiration. Plants 

normally transpire water as vapour, but volatile compounds can transpire as well. 

Phytovolatilization occurs via diffusion from the tree’s xylem a tissue that begins at the root of 

the tree and continues through the tree to the upper side of the leaf through its bark or leaves. 

2.2.6     Rhizodegradation 

Rhizodegradation is the biological treatment of a contaminant by enhanced bacterial and 

fungal activity in the rhizosphere of certain vascular plants. The rhizosphere is a zone of 
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increased microbial density and activity at the root/surface and was originally described for 

legumes by Lorenz Hiltner in 1904 (Curl and Truelove, 1986). Plants and microorganisms 

often have symbiotic relationships, making the root zone or rhizosphere an area of very active 

microbial activity (Anderson et al., 1993, 1994; Schwab et al., 1995; Jordahl et al., 1997; 

Siciliano and Germida, 1998). Plants can moderate the geochemical environment in the 

rhizosphere, providing ideal conditions for bacterial and fungi to grow and degrade organic 

contaminants. The interaction between plants and microbes may be an important factor 

influencing biological remediation of contaminated soils. 

2.3.7 Combined mechanisms 

Phytoremediation involves a combination of the mechanisms described above and summarized 

in Figure 2.1. For example, phytoextraction and phytovolatilization have been credited with 

the removal of excess selenium in soil (Cornish et al., 1995). Another example is the 

phytodegradation of PCB’s by plant cells (Fletcher et al., 1987). In many remediation projects, 

phytoremediation is seen as the final polishing step following the initial treatment of high-

level contamination. However, when contaminants are in low concentration, phytoremediation 

alone may be the most economical and effective remediation strategy (Jones, 1991). Some 

advantages and constraints to phytoremediation are summarized in Table 2.1.          

Table 2.1 Advantages and constraints of phytoremediation (Susarla, et al., 2002) 

         Advantages        Constraints 

In-situ Limited to shallow ground water, soils and sediments 

Passive High concentration of hazardous materials can be toxic 
to plants and animals that consume the plants 

Solar driven Mass transfer limitations associated as with other 
biotreatments 

Cost 10-20% of mechanical treatments Slower than mechanical treatments 

Faster than natural attenuation Only effective for moderately hydrophobic compounds 

Fewer air and water emissions Contaminants may be mobilized into the water 

High public acceptance Toxicity and bioavailability of biodegradation products 
is not known 

Conserves natural resources Influenced by soil and climate conditions of the site. 
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3. FACTORS INFLUENCING CONTAMINANT TRANSPORT AND 
FATE IN THE VADOSE ZONE 

 

The remediation of contaminated soils in the presence of vegetation cannot be achieved 

without the role of the root zone or the vadose zone. Successful phytoremediation of 

contaminated soil depends on the interaction of several interrelated factors including soil 

conditions, transport processes, microbial characteristics, and type of vegetation. This chapter 

discusses some of these factors influencing the behavior of contaminants in the vadose zone. 

3.1 Characteristics of Subsurface Environment 
 

Soil is a complex system made up of a heterogeneous mixture of solids, liquids and gaseous 

components. The solid phase is composed of a mineral portion and an organic fraction, 

containing particles of varying physical and chemical compositions and properties. The 

organic fraction is complex, containing a diverse population of living, active organisms as 

well as plant and animal residues in various stages of decomposition. The liquid phase of soils 

consists essentially of soil water, which fills part of, or all, the void spaces between the solid 

particles. Soil water contains solutes that may have been dissolved from the soil mineral phase 

or may have entered through the soil surface by natural means. The gaseous phase of soil 

occupies the empty void spaces that are not filled with water and other liquids. Plants affect 

the soil bulk density, organic matter, aggregation, water content and oxygen availability 

(Karthikeyan and Kulakow, 2003). All these properties ultimately affect the fate and transport 

of organic contaminants such as pit latrine and municipal waste sludge in the soil. 

3.1.1 Bulk density 

The bulk density of soil is defined as the dry weight of the soil per unit volume. This soil 

characteristic can be changed through several natural and man-made processes. In general, soil 

compaction results in decreased volume and hence increased bulk density. Therefore, water 

content and mass transport pathways in soils are also significantly affected with changes in 

bulk density (Karthikeyan and Kulakow, 2003). 
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3.1.2 Soil aggregation 

Soil aggregation is a controlling factor for microbial activity and soil organic matter turnover. 

Soil aggregation facilitates water and nutrient transport by inducing macro-pore flow and this 

influences the degradation of contaminants. Aggregate formation is initiated when soil 

microflora   and plant roots produce fibrils, filaments, and polysaccharides that combine with 

the soil clay fraction to form organomineral complexes. For example, the effect of soil 

aggregation on biodegradation of phenanthrene aged in soil was conducted to determine the 

possible role of aggregate (Karthikeyan and Kulakow, 2003). 

3.1.3 Organic matter 

Organic matter is an extremely important component of soil. This is because most living 

things in soils, including plants, insects, bacteria and fungi, are dependent on organic matter 

for nutrients and energy. Small changes in organic matter content make large differences in 

the physical characteristics of soil, including sorption capacity, water retention and structure 

formation (Epstein, 2003). It also influences chemical properties such as the cation exchange 

capacity and the chelation of metals and other ions. Soil organic matter plays a crucial role in 

the fate and transport of many organic contaminants (Karthikeyan and Kulakow, 2003). 

3.1.4 Water content 

The amount of water in the soil influences many processes, including gas exchange with the 

atmosphere, diffusion of contaminants and nutrients to plant roots, diffusion of contaminants 

within the soil matrix, soil temperature and the speed with which contaminants move through 

the root zone during rainfall or irrigation. Carbon, nitrogen and other nutrient cycling 

involving soil microorganisms, depends on soil water content as well. 

3.1.5 Oxygen availability 

The presence or absence of oxygen depends on several factors such as soil water content and 

bulk density. The oxygen present in the soil depends on the total amount of air-filled pore 

spaces, the size of the pores, the rate of oxygen consumption and the geometric distribution of 

the aerobic microorganisms in the soil layer. Living organisms, particularly soil organisms, 
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can obtain energy from the oxidation of reduced materials. Regardless of the availability of 

carbon, microorganisms must utilize electron acceptors in order for degradation to occur. In 

the absence of oxygen, oxidized forms of nitrogen, manganese and iron can serve as electron 

acceptors. 

3.1.6     Soil microorganisms 

Soil provides the habitat for a wide range of organisms ranging from microbes to higher 

species, such as plants. Soil biological properties include the activity and diversity of soil 

microorganisms. Bacteria are the smallest and most numerous of the organisms in the soil, 

with more than 400 named genera and an estimated 10000 species. On a gram dry-weight 

basis, microbial numbers in the soil often exceed 108 for bacteria, 106 for actinomycetes and 

105 for fungi (Karthikeyan and Kulakow, 2003). Basically, after contaminant release, the 

organisms most suited to metabolize the parent compound predominate but eventually give 

way to other strains as by-products are generated, creating food-source for other microbes 

(Azdpour-Keeley et al., 1999). Microorganisms are considered as biochemical reactors that 

drive the biodegradation process. 

 

3.2 Characteristics of Pit Latrine/Sewage Sludge 

 

This section of the review is focused on processes likely in sewage and pit latrine waste 

disposal. The characteristics of pit latrine or sewage sludge play an important part in their use 

for phytoremediation application. The characteristics can be broken down into three 

categories: physical, chemical and biological. 

3.2.1 Physical properties 

Physical properties affect the method of application, as well as the soil’s physical and 

chemical properties. Several of these physical properties have an important effect on plant 

growth. They can affect the availability and accumulation of trace elements. The important 

physical characteristics are the solid content and the organic matter content Organic matter 
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improves the soil physical properties such as; soil structure, water retention, infiltration and 

permeability, erosion and runoff, and temperature (Epstein, 2003).  

3.2.2 Biological properties/ microbiological 

Biological properties affect the soil’s microbial population and organic matter decomposition 

in the soil. Biological characteristics also affect human health and the environment. Pit latrine 

or sewage sludge contains a wide range variety of microbes. Many of these are beneficial, 

while others can be harmful to humans, animals or plants. The microbial population in sludge 

is very important to the decomposition of organic matter. Miller (1973) reported that the 

application of biosolids increases the soil microbial population. Microbial populations in 

sewage sludge or pit latrine waste may be classified as: 

 
A.   Pathogens 
 

The existence of pathogens in the soils and on plants depends on their survival during the 

wastewater treatment processes and biosolids treatment, on the method of land application, on 

soil conditions and on environmental conditions. Workers, in particular, may be subjected to 

these pathogens and become infected. The contamination of water resources, especially 

drinking water, can result from the movement of pathogens through the soil or in runoff in 

surface waters. The survival and potential movement of pathogens through soils to ground 

water depends on several edaphic and climatic factors. Rudolf et al (1950) summarized the 

literature prior to 1950 on the occurrence and survival of enteric, pathogenic, and relative 

organisms in soil, water, sewages, and vegetation. The most important are soil moisture, pH, 

temperature, organic matter, soil texture, soil permeability, sunlight and antagonistic 

microflora. They concluded that the following soil factors affect the survival of pathogenic 

microorganisms: 

Type of organism – E. Coli, E. Typhosa, and M. Tuberculosis appear to be most resistant; 

• Soil moisture content – longevity is greater in moist soils; 

• High soil moisture-holding capacity increases longevity; 

• Soil pH – neutral soils favour longevity; 
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• Organic matter – the type and amount of organic matter may serve as food and energy 

source to sustain or allow bacteria to increase; 

• The presence of other microorganisms reduce the presence or concentration of 

pathogenic organisms; and  

• Temperature – pathogenic organisms survive longer in low temperatures. 

B.   Bacteria 

Eberthella Typhosa, the causative organism for typhoid, survives in soils depending on the 

soil water-holding capacity, the temperature, precipitation, sunlight, soil pH and soil organic 

matter.  This also applies to typhoid bacillus found a greater die-off rate for Escherichia coli 

and Streptococcus faecalis in soil plots exposed to the sun, than those in the shade. Land 

application of biosolids can result in runoff and the potential contamination of surface waters. 

This would be especially true if the biosolids were not incorporated into the soil prior to 

rainfall. The application of biosolids to highly porous soils, followed by significant amounts of 

precipitation, could result in some movement of pathogenic organisms for several meters 

(Rudolfs et al., 1950). However, unless the ground water levels are very shallow, there is little 

potential for contamination of ground water. Other bacteria that can be found in soils include: 

Salmonella sp., Tubercle typhi, and Leptospira, Coliform. 

C.   Viruses 

Viruses in effluents have a much greater potential to move through soils and therefore 

represent much worse scenarios. The survival of viruses and their movement through soil are 

greatly affected by the soil properties. Bitton et al. (1984) evaluated virus transport and 

survival after land application. However they generally do not survive very long outside their 

hosts. Generally, viruses are adsorbed on clays and the adsorption capacity is increased with 

clay content, cation exchange capacity, specific surface and organic matter. It has been shown 

that virus adsorption in natural soils follow a Freundlich isotherm: 

      

             1/q=K n
FC                                                                                                              (3.1) 

 

Where: q = the amount of virus in PFU/g of soil 

            C = concentration of the virus at equilibrium in PFU/ml solution 

            KF = the Freundlich constant determined by the y axis intercept from a plot  
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                    of q vs. logC  and 

           1/n = the slope of the line as determined by the above plot 

A combination of moisture reduction and high temperature is effective in virus inactivation. 

Some common virus organisms found in soils include the poliovirus, the poliovirus type 1 and 

the coxsackie-virus. 

D.   Parasites 

Sober and Moore (1986) reported that parasites persist the longest of most organisms in soils. 

Helminth eggs and larvae can survive in soil for long periods of time. Under favourable 

conditions of moisture, temperature and sunlight, Ascaris, Trichuris, and Toxocara can remain 

viable and infective for several years. 

3.2.3 Chemical properties 

The chemical properties of sewage or pit latrine sludge are affected by several factors: 

• The quality of wastewater – the extent of industrial pretreatment; 

• The extent of treatment – primary, secondary and tertiary; 

• The process modes – the use of chemicals (e.g., ferric chloride, polymers, etc.); and 

• The methods of stabilization (e.g. lime treatment) (Epstein, 2003) 

3.2.4 Trace elements, Heavy Metals and Micronutrients 

Biosolids contain trace elements, including heavy metals, primarily from industrial, 

commercial and residential discharges into the wastewater system (Epstein, 2003). Appendix 

A shows a list of trace elements and heavy metals found in treated sewage sludge and pit 

latrine waste. 

3.2.5 Organic compounds 

Organic compounds are found in biosolids as a result of industrial and commercial discharges, 

household discharges, and pesticides from runoff and soil. Another group of organic chemicals 

are surfactants, which are derived from detergent products, paints pesticides, textiles and 

personal care products (Epstein, 2003). Appendix B shows a list of organic compounds found 

in biosolids. 



14 
 

3.2.6    Acidity (pH) 

The pH of most sewage sludge or biosolids - whether liquid, semi-solid, or solid- is generally 

in the range of 7 to 8, unless lime is added during the wastewater treatment process. Lime, kiln 

dust and other alkaline products may be added to increase the pH to achieve the standard 

pathogen requirements. 

3.2.7 Plant nutrients 

It has been recognized for centuries that sewage sludge and biosolids contain plant nutrients 

(Noer, 1926). Plant nutrients are among the most important chemical characteristics of 

biosolids for phytoremediation. Farmers value biosolids for the nitrogen and phosphorus 

content. The major plant nutrients in biosolids are nitrogen (N), phosphorus (P), potassium 

(K). Other micronutrients include calcium (Ca), magnesium (Mg), sulphur (S), iron (Fe), 

boron (B), copper (Cu), manganese (Mn), molybdenum (Mo), nickel (Ni) and zinc (Zn).  

 

3.3 Colloid-Facilitated Contaminant Transport in the Vadose Zone 

 

The presence of subsurface colloids can enhance the movement of contaminants in the vadose 

zone, through a phenomenon called colloid-facilitated contaminant transport (Simunek et al., 

2008). Colloids need to be present and mobile in the subsurface and the contaminant needs to 

sorb or attach strongly to the colloids (Honeyman, 1999; Krettzschmar et al, 1999). Certain 

contaminants can also form colloids on their own by precipitation or polymerization from the 

solution phase to the colloidal solid phase. These types of colloids are called intrinsic colloids, 

real colloids or “Eigencolloids” (Kim, 1986, Laiser et al., 1986; Choppin and Morgenstern, 

2001). The relevance of colloid-facilitated contaminant transport is that strongly sorbing 

contaminants can move further than in the absence of a colloid carrier. Such enhanced 

movement can have positive or negative consequences. On the positive side, if strongly-

sorbing contaminants need to be removed by leaching or washing, colloid-facilitated transport 

may offer a viable remediation strategy. More often, however, the consequences of colloid-

facilitated transport are negative. The enhanced mobility of contaminants may cause the 

contamination of groundwater. 
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From laboratory transport experiments, we know that colloids can facilitate contaminant 

movement under unsaturated flow, but the amounts of contaminants transported are usually 

less than under saturated flow. As the amount of colloids transported usually decreases with 

decreasing water saturation, so do the amounts of colloid-associated contaminants (Chen et 

al., 2005). On the other hand, transient flow, which is common at least in the near-surface 

vadose zone, has been found to enhance colloid mobilization (Saiers and Lenhart, 2003; Levin 

et al., 2006; Zhuang et al.,2007) and thus could potentially be an important contributor to 

colloid-facilitated contaminant transport. Modeling is particularly important for the study of 

colloid-facilitated contaminant transport, because time scales of interest are often large. This 

modeling in the vadose zone builds on the modeling of water flow and solute transport, in 

which colloid transport and colloid-contaminant interactions are incorporated. 

 

 3.4 Root Exudation 

 
The amount of carbonaceous material exuded by plants can be as high as 50% of the total 

photosynthetic production (Elliot et al., 1990). One of the major forms of root exudation 

material is mucigel. This is a secretion from the growing root region around the roots. It 

enhances penetration, protects the root apex from desiccation, and promoted nutrient uptake 

(Taiz and Zeiger, 1991). Plants also secrete other metabolites as a mode of defence from 

harmful soil pathogens such as bacteria, viruses, fungi, insects, nematodes, etc. In terms of 

phytoremediation, the production and exudation of organic compounds is the major source of 

carbon for soil organisms. This sustains the soil microorganisms in the rhizosphere. This area 

(rhizodegradation) is one of the primary methods for cleaning up organically impacted sites. 

Example is the clean up of recalcitrant contaminants such as polycyclic aromatic hydrocarbon 

(PAH) and polychlorinated biphenyls (PCB) (Olsen and Fletcher, 1999). 
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4. CONTAMINANT FATE AND TRANSPORT PROCESSES IN THE                      
VADOSE ZONE OF PHYTOREMEDIATION APPLICATION 

 

The fate and transport of a contaminant in the soil matrix depends on the soil’s physical, 

chemical and biological properties. The ability of the contaminant to interact in this 

environment determines its persistence, while biotic fate processes, such as biodegradation, 

determine the bioremediation potential. The subsurface fate of a contaminant is largely 

determined by mass transport processes (advection, diffusion and dispersion) and mass 

transfer processes (dissolution, hydrolysis, sorption, volatilization and biological processes). 

 

4.1 Unsaturated Flow and Transport Processes 
 

The transport and fate of contaminants in the unsaturated or vadose zone depends on physical, 

chemical, and biological properties discussed earlier. In addition to that, it is also largely 

dependent on mass transport and transfer processes which will be briefly discussed in this 

section. 

4.1.1 Flow processes 

Flow generally refers to the movement of mobile liquid and gas phases such as water, free 

phase contaminant and soil gas. Table 4.1 shows a summary of the main vadoze zone flow 

processes 

4.1.2 Transport processes 

 Transport refers to the movement of chemical components. Whether in the vadoze zone or the 

saturated zone, transport processes should not be considered independent of flow, nor should 

they be considered independent of one another. Table 4.2 below shows a summary of the main 

vadoze-zone transport processes. In summary, the vadoze zone is a complex environment in 

which a variety of flow and transport occurs over all length scales relevant to subsurface 

contamination problems. The settings for real-life vadoze zone flow and transport problems, of 

vital interest to government and industry, are complex but can be analysed through modeling 
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and simulation. With the understanding of vadoze zone flow and transport processes and 

setting, summarized in tables we are in the position to apply a practical modeling approach. 

 

Table 4.1 Summary of the main vadoze-zone processes (Falta and Looney, 2000.) 

 
 

Flow Processes Description   Key properties References Notes 

Darcy-Buckinham 
flow 

Movement of 
liquid and gas 
phase by   
pressure gradient, 
capillary, and 
gravitational 
forces. 

   Permeability, capillary     pressure, 
viscosity, relative permeability, and 
density 

Buckingham, 
1907. 

Bear 1972, de  

Marsily ,1986 

Occurs on length 
scales much larger 
than pore scale 

Preferential flow Percolation that is 
concentrated in 
particular zones, 
such as regions of 
strong capillarity 
and large effective 
permeability 

Permeability and grain-size 
distribution of the vadoze zone. 

Starr et al., 1978.  

Ghodrati and Jury, 
1990 

Occur for both 
liquid and gas 
phases 

Fingering Unstable flow of 
phase fronts 
downward in 
finger-shape lobes 

Rate of wetting, capillary pressure, 
relative permeability,density,viscosity, 
and permeability 

Hillel and Baker, 
1988,  

Glass et al,1988 

Occur for both 
liquid and gas 
phases. 

Fracture flow Movement of 
liquid primarily 
by gravitational 
forces down 
fractures and 
micropores. 

Wettability,roughness, 
connectivity,viscosity 

Tokunaga and 
Wan, 1996. 

Pruess, 1999 

 

Film flow occur 
only for liquid 
phases 

Density-driven 
gas flow 

Flow driven by 
buoyancy effects 
in the gas phase 

Partial pressures & molecular, weights 
of gas components, permeability. 

Falta et al.,1989 Especially 
Important for 
VOC-
Contaminated 
sites 
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Table 4.2 Summary of main vadoze-zone transport processes. (Falta and Looney, 2000). 

 
Process Description Key properties References Notes 
Advection Movement of  

chemical 
components with 
a flowing phase 

Phase velocity, 
Concentration 

Bear, 1972. Important 
transport 
mechanism in 
both liquid and 
gas phase 

Molecular diffusion Movement of 
chemical 
components 
down  
concentration 
gradient. 

Molecular diffusion, 
tortuosity 
porosity, phase 
saturation,pressure,and 
Strength of interaction 
Between multiple  
Regions or continua. 

Cussler ,1997 
 
Thorstenson and 
Pollock, 1998 

More rapid in  
gas than liquid 
phase. Gas  
phase diffusion 
includes non- 
Fickian effects  
Such as  
Knudsen  
Diffusion.  

Adsorption Chemical or 
physical  
attraction and 
holding of  
molecules on a 
solid surface. 

Surface area of the 
solid and partition 
coefficient. 

Rao, 1979 Transient effect 
only. Flow can 
bypass sorption 
sites 

Enhanced vapour 
Diffusion 
 
 
 
 
 
Chemical and 
Biological 
transformation 

Enhanced effective  
Gas Diffusion due to 
local 
condensation and 
evaporation 
within pore 
space 
Contaminants in 
liquid and  
gas-phases are 
affected by a 
wide range of 
chemical and 
biological 
processes 

Vapour pressure, 
temperature gradient, 
and aqueous-phase 
saturation 
 
 
 
 
Reaction equilibrium 
constants, energetic, 
availability of 
reactants,pH, etc. 

Phillip and de 
Vries 1957, 
 
Ho and Webb, 
1998a. 
 
 
 
 
Philips, 1997 

Contributes to  
formation of  
drying fronts 
 
 
 
 
 
Chemical reactions 
such as 
oxidation and 
reduction may 
be biologically 
mediated. 

Colloid-facilitated 
transport 
 

Transport of 
colloids and 
adsorbed 
contaminants  
by suspended 
colloid particles. 

Colloid concentration 
and surface 
characteristics, pore  
geometry, phase 
saturations. 

Wan and 
Tokunaga, 1997 

Entrapment of 
colloids at air- 
water interface 
causes 
retardation for 
transient flow 
and transport. 
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4.2 Plant Uptake 

 

In general, phytoremediation technology involves the application of the following five 

mechanisms (Nyer and Gatliff, 1996). (1) Uptake of nutrients. Many surface and ground water 

resources in the world have developed problems due to high nitrate and phosphorus 

concentrations. If the root system of a plant is in contact with water containing  nutrients, the 

plant will remove the nutrients from the water, resulting in faster-growing plants and cleaner 

water; (2) Uptake of non-essential metals and organics. It has long been recognized that plants 

can take up non-essential metals and organics into their tissues and can be used to remove 

metals and organics from ground water and soil; (3) Creating an environment of diverse 

microbial population. The next area that has been found to be useful is the actual root system 

that the plants set up in the soil. It has been reported that the root system is an excellent 

location to grow adverse groups of microorganisms for microbial degradation of 

contaminants; (4) Water pumping action. The uptake of water by trees can substantially 

influence the local hydraulics of a shallow aquifer, thus controlling the migration of a 

contaminant plume; and (5) Volatilization and stabilization. The uptake of organics can be 

volatilized by transpiration from the leaf surface into the atmosphere and the uptake of metals 

can be stabilized into persistently non-bioavailable forms. 
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5. MATHEMATICAL MODELS AND SIMULATIONS 
 

A model may be defined as a selected simplified version of a real system, which 

approximately simulates the latter’s excitation-response relations that are of interest. A system 

includes a domain and phenomena that take place within the domain (Bear, 2001). In 

modeling the reality is simplified but not reproduced. In recent times models are increasingly 

applied in water management and research to predict the responses to systems. 

 

Model approaches differ depending on the nature of problem being addressed, data needs and 

other complexities involve. According to Addiscott and Wagenet models may be classified as 

deterministic or stochastic, mechanical or functional, and numerical or analytical. Also other 

approaches could be based on spatial scale (pore scale or global scale), temporal scale 

considerations (instantaneous or decades), level of complexity (scientific or decision making) 

and level of integrity (holistic or reductionistic) 

 

Mathematical modeling can be used to simplify and clarify the interaction of plants, microbes, 

contaminants in soils, and soil and water processes. Each equation in the model utilizes the 

concepts discussed earlier in order to predict how plants will affect organic contaminants in 

soils. These effects can either be a result of interaction, with the various physical or chemical 

fate and transport processes or from biological processes. In order to model the flow and 

transport processes occurring in the vadoze zone, one needs mathematical models or 

governing equations to describe the physical processes quantitatively. This requires 

mechanisms that govern flow and transport phenomena in porous and fractured media, general 

formulation for multiphase fluid flow, multicomponent transport and heat transfer in porous 

and fractured media. Various governing equations in vadoze zone studies can be derived by 

simplifying the general formulation such as Richards equation (Richards, 1931).   

 

5.1 Modeling of Solute Transport in Porous Media 

 

Most of the models differ in the underlying model concept and partial differential equations 

describing the system. Flow and solute transport in the vadose zone have been simulated with 
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models such as FEFLOW (Diersch, 2002) and HYDRUS (Simunek et al., 1998). Water flow 

in the vadose zone is usually described by the Richards equation (Richards, 1931). Neglecting 

the flow of air for simplification purposes the Richards equation is given in 1-D form as: 

 

( )fK
t x x
θ φψ∂ ∂ ⎡ ∂ ⎤⎛ ⎞= ⎜ ⎟⎢ ⎥∂ ∂ ∂⎝ ⎠⎣ ⎦

                                                                                                          (5.1) 

 

Where θ  is the water content [-], t is the time [T], ψ  is the matrix potential [L], ( )fK ψ is the 

unsaturated hydraulic conductivity [ 1LT − ] at a givenψ , φ  is the total soil-moisture potential 

[L] and x [L] is the spatial coordinate corresponding to the vertical direction and oriented 

positively downward. The unsaturated hydraulic conductivity ( )fK ψ could be estimated by 

Van Genuchten (1980) parameters based on the soil properties. 

 

There is increasing evidence that biological processes can have major effects on water flow 

and fate and on the transport of contaminants in the subsurface at various temporal and spatial 

scales (Seuntjens et al. 2005). The HYDRUS software package (Simunek et al. 2008) was 

originally developed to simulate only water flow and heat and solute transport in soils, and as 

such, they ignored many important biological processes. During recent years a large number 

of modifications or special modules have been included in the HYDRUS models to allow the 

evaluation of possible effects of biological processes on fluid flow and contaminant transport 

in the subsurface (Simunek et al. 2008).  The models range from classical models simulating 

of uniform flow and transport, to traditional dual-porosity physical and two-site chemical 

nonequilibrium models, to complex dual-permeability models that consider both physical and 

chemical nonequilibrium. The models are divided into three groups: (i) physical 

nonequilibrium transport models, (ii) chemical nonequilibrium transport models, and (iii) 

physical and chemical nonequilibrium transport models. Physical nonequilibrium models 

include the Mobile-Immobile Water Model, Dual-Porosity Model, Dual-Permeability Model, 

and Dual-Permeability Model with Immobile Water. Chemical nonequilibrium models include 

the One Kinetic Site Model, the Two-Site Model, and the Two Kinetic Sites Model. 
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5.2 Mass Balance Equation 
 

Water flow in variably saturated rigid porous media (soils) is usually formulated in terms of a 

mass balance equation of the form: 

 

i

i

q s
t x
θ ∂∂
= − −

∂ ∂
                                                                                                                        (5.2) 

 

Where θ is the volumetric water content [ 3 3L L− ], t is time [T], ix  is the spatial coordinate [L], 

iq  is the volumetric flux density [ 1LT − ], and S is a general sink/source term [ 3 3 1L L T− − ], for 

example, to account for root water uptake (transpiration). Equation 5.2 is often referred to as 

the mass conservation equation or the continuity equation. The mass balance equation in 

general states that the change in the water content (storage) in a given volume is due to spatial 

changes in the water flux (i.e., fluxes in and out of some unit volume of soil) and possible 

sinks or sources within that volume. The mass balance equation must be combined with one or 

several equations describing the volumetric flux density (q) to produce the governing equation 

for variably saturated flow. The formulations of the governing equations for different types of 

flow (uniform and preferential flow) are all based on this continuity equation 
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6 DISCUSSIONS AND CONCLUSSIONS 
 

In this review, the applications and mechanisms of plant or tree aided bioremediation and its 

potential to enhance clean-up of land contaminated with pit latrine or sewage sludge has been 

discussed. The biological factors and processes such as microorganisms, organic matter, and 

plant uptake in phytoremediation were reviewed. Pit latrine or sewage sludge and subsurface 

characteristics play a very important role in remediation purposes. In this discussion, it has 

been indicated that all these processes are not independent of each other, and their interaction 

is important for any phytoremediation application to be successful. 

Mathematical models can assist in the fundamental understanding of pit latrine or sewage 

sludge contaminants fate at phytoremediation sites and provide valuable information before 

large scale applications are implemented. Among many issues regarding the use of data for 

modeling purposes, I believe that the ones discussed in this review are important for vadose 

zone flow and transport modeling. Insufficient data can cause failure in phytoremediation 

projects. The collection and analysis of data is perhaps the most important task in the 

development of a site assessment and a phytoremediation plan. The data must include accurate 

and sufficient data about the geology and hydrology of the site. The type, nature and 

concentration of the contaminant, as well as the area of the contamination are also needed. 

 

In vadose zone flow and transport problem, data are always limited for many practical reasons. 

Based on the availability of data, modeling will be effective for vadose zone studies. Data 

determined on both laboratory and field scales are available for this modeling study of the 

vadose zone. Data available are the hydraulic properties, geological information, loading 

history of source, porosity, heat conductivity, absolute permeability, contaminant data, 

diffusion coefficient, permeability, etc. 

 

The application of sludge to land should be carried out at rates which will not result in 

groundwater contamination. This review discusses the fate and transport of sludge 

contaminant in the vadose zone with its dependence on soil physical, chemical, and biological 

properties. The ability of the pit latrine waste or sewage sludge to interact in this environment 
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determines its persistence while biotic fate processes, such as biodegradation determine 

bioremediation potential. 

 

Despite the diversity of potential options, phytoremediation is still in its infancy. A limiting 

factor of phytoremediation treatment includes the fact that a specific phytoremediation 

‘prescription’ cannot be applied to every site with a certain chemical contaminant because 

different site-specific conditions (e.g. soil and climate) may not be suitable for the target plant. 

Phytoremediation generally is restricted to sites where the concentration levels of 

contaminants are not toxic to the plants proposed for remediation. The contaminant must be 

accessible to the tissue responsible for uptake (e.g. root system) in plants. As a result, in situ 

phytoremediation using live plants is restricted to sites conducive to growth of the selected 

plant with the contaminant located within the potential root zone of the selected plant. 

 

Despite these constraints, plants have many features that result in a high potential for 

environmental cleanup. Energy costs and expenses are reduced and natural resources are 

conserved because plants use solar energy. Infiltration is a primary pathway in contaminant 

migration to ground water, and plants play an important role regulating water content in soil. 

Plant roots aerate the soil, which may stimulate microbial activity in the soil. Root exudates 

may be a nutrient source for microorganisms, since the rhizosphere generally contains 

significantly higher numbers and more active microorganisms than similar soils without 

plants. Thus, plants can contribute in many ways to enhance bioremediation in the soil. 

Phytoremediation provides an aesthetically pleasing alternative to structural remediation and 

decontamination technologies. As a result of these advantages, phytoremediation has 

considerable potential for environmental restoration of contaminated sites. 
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7. PROJECT PROPOSAL 
 

7.1 Aim and Summary 

This study aims at monitoring and modeling the water balance and nutrient uptake and 

movement in the vadoze zone, to test the feasibility of the burial of biosolids in plantations. Pit 

latrine sludge is now viewed as a resource rather than simply a waste product, and the term 

“biosolids” is used to indicate the value of this product for plant growth and soil rehabilitation. 

Innovative methods are needed to deal with stockpiles of secondary sludge accumulating at 

wastewater treatment works (WWTW) and the primary sludge removed from on-site 

sanitation systems, such as pit latrines. The South African government and other African 

countries like Ghana, where I come from, has chosen the ventilated improved pit latrine (VIP) 

as the basic form of sanitation to be provided in its attempt to meet the Millennium 

Development Goal (MDG) for water supply and sanitation. These projects are now under 

threat as the filling up of VIPs and the disposal of the accumulated contents becomes a major 

problem. 

The deep row burial of biosolids for tree plantations was pioneered in the US in the early 

1980’s (Kays et al., 2007). Deep row entrenchment of pit latrine sludge and secondary sludge 

from WWTW on reclamation sites is a unique alternative method of land application that 

solves many of the problems associated with surface application techniques. When combined 

with the growth of trees (Eucalyptus grandis), it provides a natural recycling system 

(phytoremediation) that utilizes nutrients on-site, produces forest products and reduces 

erosion, while often  reclaiming abandoned, biologically dead lands created by mining and 

other human activities. Pit latrine sludge can provide essential plant nutrients and water. 

Sludge is also rich in organic matter, which, if added in sufficient quantities, will improve the 

physical condition of the soil and render it a more favorable environment to manage the 

nutrients and water. However unlike manufactured fertilizers, the nutrient properties of which 

can be formulated to suit the crop’s requirements, plant nutrients in sludge are uncontrolled. 

For this reason, applying treated sludge and pit latrine biosolids at agronomic rates to satisfy 

the requirement for one nutrient, may cause the level of others to be excessive or remain 

deficient. In addition sewage sludge may also contain undesirable contaminants which need to 
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be prevented from entering the water environment if the constituents from sludge application 

are not immobilized in the surface soil, they may escape the root zone and leach to the ground 

water. This project evaluates the possible effects of the agricultural use of pit latrine sludge on 

soils and ground water resources. 

7.2 Justification of the Study  
 

The technical foundation for making decisions concerning the vadoze zone requires 

knowledge of subsurface processes and properties, the developing and integrating numerical 

and experimental capabilities and performing simulations, in order to assess the effectiveness 

of remediation strategies. Engineers and scientists must be able to represent and visualize the 

subsurface structure and properties as part of a whole-earth system in order to integrate 

computational predictions of relevant processes with subsurface data. The combination of a 

multidisciplinary laboratory, as well as computational and field-scale studies is necessary to 

test specific hypotheses and provide a comprehensive understanding of the vadoze zone 

behaviour. The characterization of the subsurface is a necessary precursor, since the 

subsurface properties, coupled with physiochemical and biological processes, affect 

contamination fate and transport. The purpose of such analysis is to predict the potential for 

infiltration to cause movement of contaminants in the vadoze zone, before they migrate to the 

groundwater, where they are difficult and costly to remediate. Knowledge of contaminant 

levels and distribution throughout the subsurface is necessary to develop phytoremediation 

and long-term stewardship monitoring strategies. 

7.3     Main Research Objective 
 

• To test the feasibility of biosolid burial in plantations  

• To monitor contaminant movement in the vadose zone and  

• To assess the effect of sludge burial on tree growth and groundwater quality through 

modeling. 
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7.4 Project Objectives 

• To observe and monitor the movement of nutrients within the vadose zone, 

characterization of the subsurface at the SAPPI trial disposal site at Howick and 

Umlazi e-pond site  in eThekwini Municipality, the groundwater flow direction, the 

hydraulic conductivity and the soil water retention. 

• To measure the contaminant concentration, composition and the movement of soluble 

compounds in the soil and water uptake by trees and to evaluate the ability of the trees 

to affect the contaminant mass to be remediated;  

• To model and simulate the fate and transport of chemical contaminants, and their 

uptake by Eucalyptus grandis in the subsurface using the HYDRUS model; and 

• To deduce the potential for risk from contaminant and to determine the contamination 

levels for remediation designs. 

 

7.5 Proposed Methodology 
 

This section describes the selected site for the project and intended methodology as below 

7.5.1 Site description 

The SAPPI burial trial site is located at the Shafton Karkloof Falls, about 10 km from the 

Howick Township. It is owned by SAPPI, a forestry company, and was formally used as forest 

plantations which have since been abandoned as a waste burnt site. Pit latrine waste and a 

stockpile of secondary sludge accumulating from the Umgeni Wastewater Treatment Works 

(WWTW) in Howick were transported to the site. Sludge burial commenced in December 

2009. The site lies on gently slopping ground. The second site is the Umlazi e-pond site is 

located within the eThekwini Municipality. It is a disused oxidation pond at the old Umlazi 

Wastewater Treatment works, which was decommissioned in 1999. 
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7.5.2 Design and planting 

The trial tree species for this phytoremediation project will be Eucalyptus grandis. It is a tall 

tree with smooth bark; it is rough at the base, fibrous or flaky and grey to grey-brown. At 

maturity, it is often 40 meters tall and in great demand for its timber and fibre. A study on the 

water balance and growth of Eucalyptus grandis hybrid plantations in Brazil presented based 

on 6 years of intensive catchment hydrology, physiological and forest growth surveying, and 

modeling shows a balance between water supply by precipitation and output through 

evapotranspiration (considered as canopy interception, soil evaporation and trees transpiration) 

and runoff (Almeida et al., 2007). Figure 7.1 shows the proposed trial layout. 

 
• The trial will consist of 4 treatments of pit latrine or municipal sludge, assuming 1% N 

in wet sludge: Treatment 1 (T1): 250mm (Sludge thickness) in trench, 5400kg N/ha; 

• Treatment 2 (T2): 500mm (Sludge thickness) in trench, 10800kg N/ha; 

• Treatment 3 (T3): 750mm (Sludge thickness) in trench, 16200kg N/ha; and 

• Treatment 4 (T4): control, no sludge application 

• T5-Undisturbed locations 
 

Each of these will be replicated to cover an area 20m x 20m which will allow for 6 rows of 

20m within each replicate, with a tree spacing of 3m between and 2m within the rows. A block 

of 1 replicate for each of the 4 treatments would require 130 tons of sludge. As many blocks 

will be prepared as the sludge supply will permit. The trenches will be dug using a backhoe to 

a depth of 1.5m and a width of 1.0m. The trenches will be backfilled to allow for the required 

amount of sludge to be filled to 30cm below the surface. It will be covered and all the soil 

replaced, creating a heaped overburden which is anticipated to sink as dewatering of the 

sludge occurs. The trees will then be planted into the overburden.  
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Figure       7.1   Trial Trench Layout                     
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Figure 7.2   Cross-section of a trench in a treatment (Adadzi et al., 2010) 

In order to characterize the subsurface materials at the trial site, the following tasks will be 

performed: 

• Geophysical Electrical Resistivity Tomography (ERT) characterization of the burial 

site across its long axis and the ground within the trenches. This will be done using the 

Abem Tarrameter SAS1000; 
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• Physical characterization of the surface and profile materials in the burial site at 

trenched and undisturbed locations; and  

• Hydraulic characterization of the surface and profile material in the burial site at 

trenched and undisturbed locations. 

The characterization of the materials in the disposal zone will be required to quantify the 

fluxes associated with ingress, uptake and distribution as well as contaminant movement. This 

data or information will be used as input for the HYDRUS 3D model to analyse the movement 

of water and dissolved compounds in the soil. The results will be presented in the following 

order: 

• particle size distribution; 

• hydraulic conductivity; and 

• water retention 

• bulk density 

• percentage organic matter (OM) 

7.5.3 Proposed methods and instrumentation  

Unsaturated zone and groundwater observation and sampling equipment will be installed at 

various proposed locations at the SAPPI pit latrine waste disposal site. The field equipments to 

be installed are: 

• Piezometers (near surface water level sampling); 

• Watermark sensors (soil water tension automatic recording at various depths); and 

• Wetting front detectors (wetting front detection and sampling). 

In addition one monitoring and sampling deep borehole will be established to enable water 

quality analyses of samples from the deep groundwater. The monitoring and modeling of 

water balance and of the possible effluent plume extent will be carried out as follows: 

• Field characterisation: access trenches will either be excavated along side the disposal 

trenches or use made of the disposal trenches, prior to disposal, to characterise the 

materials by use of the following proposed methods: 

    - In-situ hydraulic conductivity: saturated, Ksat, (double ring infiltrometer) and  

unsaturated, K(h), (tension infiltrometer) hydraulic conductivity will be conducted  

in the trenches excavated from the sides of the access or disposal trenches. Where  
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the soils profiles appear uniform and homogenous and where the depth of the soil  

            profile exceeds 2m, core sampling and laboratory determinations of Ksat and K(h)  

            will replace in-situ measurements. 

           -In-situ soil sampling: undisturbed samples of soil material will be taken from the  

 access or disposal trenches for analysis in the laboratory for water retention 

            characteristics, texture and bulk density. Column samples of 300mm x 100mm  

diameter would be extracted for equilibrium soluble mass column leach tests and  

            disturbed samples would be removed for adsorption and cation exchange capacity  

determination. 

 -A minimum of 4 locations will be selected for profile measurement of these  

  properties. A minimum depth of 1m and maximum of 1.5m will be used for in-situ  

measurements and a maximum depth of 2m will be set for augured samples. A soil       

survey will be conducted to determine the distribution of soils on the site and to 

position measurement locations. Augured samples will be used to determine the 

texture and bulk density variability across the site and pedotransfer functions will be 

developed using measured physical and hydraulic properties to extend the estimation 

of hydraulic properties across the site. 

• Laboratory characterisation: undisturbed samples extracted from immediately below 

the in-situ test positions or from augured samples, will be taken to the laboratory for 

physical, hydraulic and solute transport characterisation. 

    -Water retention, bulk density and texture: accurate water retention characteristics  

will be performed in the laboratory using a controlled outflow cell technique and  

standard pressure pot extraction; 

           -Laboratory hydraulic characteristics: unsaturated and saturated hydraulic      

conductivities will be carried out in the laboratory, using standard constant head 

permeameters for saturated conductivity and short column technique for unsaturated 

conductivity; 

-Equilibrated soluble mass column leach tests: The soil leach columns will be packed       

with equilibrated sludge effluent liquid as well as conservative tracer (KCL or KBr). 

The equilibrated pore liquid will be displaced with distilled water and breakthrough 

characteristics analysis to determine solute transport advection, dispersion and 
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retardation characteristics. The water retention, hydraulic conductivity and column 

leach tests will be conducted for materials at each of the 4 selected locations; 

          - Laboratory permeability or leach column tests to quantify build up of microbial in pore    

space; and 

          - Sludge physical and chemical characteristics: the sludge would be characterised for         

water-holding capacity, hydraulic conductivity and relevant chemical (e.g. N, P, K) 

analyses conducted. 

• In-situ instrumentation and observation: instrumentation to be placed in-situ below and 

adjacent to the experimental trenches which will provide information to assess the 

water balance of soil water and effluent drainage, tree uptake and evaporation from the 

surface. In addition, samples of the drainage liquid will be collected for analysis of the 

migration dynamics of sludge effluent species and a conservation tracer co-disposed 

with the sludge. One meteorological station will be established in the vicinity of the 

experimental trenches, and each location installed with a local rain gauge. A total of 4 

locations will be selected for comprehensive instrumentation. At each location, the 

following instrument will be installed: 

    -Two pan lysimeters will be installed at all locations to intercept drainage liquid.  

The pans will feed in to a vertical sitting column, which will be placed in the  

access trench. At least 2 of the 4 locations will include a tipping bucket  

mechanism placed in the column to record the timing and rate of effluent drainage.  

            Similar systems have been used successfully in waste impoundment observations  

(Lorentz et al 2007). The lysimeters will be sampled periodically after rain events,  

but a minimum of once per month during the wet season and once every 2 months  

            in the dry season; 

          - Two Wetting Front Detectors will be installed at the depths 4000mm and 1000mm in  

 each treatment to sample water within and beneath the buried sludge. 

          - Two suction lysimeters: large diameter ceramic cup suction lysimeters will be placed 

at each location, in the unsaturated zone, one below and one adjacent to the selected 

experimental trenches. These will be sampled once every month during the wet season 

and once every two months during the dry season; 
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          - Tensiometers or WaterMarks: These will be installed at the 4 locations and will 

include   observations below and adjacent to the experimental trenches. Alternatively, 

if the expected soil water suction is sufficiently low, automatic tensiometers will be 

installed; 

          - TDR probes: During the loading of the trenches with the 4 different treatment    

applications, TDR probes will be installed at each of the four selected trenches. This 

will enable the use of the Campbell Scientific TDR100 system to measure the water 

contents in the materials which may become saline, as the system measures volumetric 

water contents and electrical conductivity of the material simultaneously (Lorentz et al 

2007).The TDR probes (P) will be installed in one trench in a block of the four 

treatments as follows (Figure 6): 

o P1 – the topsoil covering the sludge 

o P2 – within the sludge material itself 

o P3 – in the soil below the sludge in  

           This implies that one trench in each treatment block will have 3 TDR probes  

            installed, totalling 12 TDR probes as the trial site. 

          - DFM continuous logging soil moisture probes: at least 2 locations will be fitted with   

      continuous measurement soilwater content loggers which will record the soil water    

   contents at an hourly interval; and                       

   - Where near-surface groundwater is located or anticipated, piezometer tubes will be    

inserted at the 4 locations to a maximum depth of 6m. These will be equipped with 

water level sensors. 

• Analysis and simulation: 

          - Preliminary simulation of plume for instrument placing: three-dimensional finite 

element simulation of the soil water and solute dynamics below and adjacent to the 

trenches will be performed using the HYDRUS-2D/3D model (Simunek et al 2008). 

This would allow for effective placement of lysimeters, soil water sensors and solute 

samplers. These simulations will be performed after characterisation of the soils; 

          - Analyses of material characterisation and observation: the material characteristics and  

soil water and solute dynamics time series will be analysed to develop parameters for 

simulation and calibration of the soil water and solute simulations; 
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          - Simulation of plumes for conservative and non-conservative species: the HYDRUS- 

2D/3D model will be used to match the observed soil water and solute dynamics. From 

these simulations the soil water fluxes of evaporation, transpiration, drainage and the 

solute migration fluxes will be quantified for each site. A historic time series of met 

data will be used to extend the simulations beyond the monitoring period in order to 

assess the impact of wet and dry periods as well as that of extreme events. 

 

7.6 Proposed Time Frame 
 

Date Activity description 

January 2010 to March 2010 Installation and commission 

May 2010 to August 2010 Additional installations (met station, piezos) 

January 2010 to April 2011 Data collection 

May 2011 to August 2011 Results Analysis and Modelling 

August 2011 to November 2011 Write Up 

November 2011 First Draft 

December 2011 Final Submission 
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APPENDIX A 
 
 
Trace elements and heavy metals in sewage sludge.  (Epstein, 2003) 
 
 
 

            HEAVY METALS/TRACE ELEMENTS 

            Arsenic  - As 

            Cadmium - Cd 

            Chromium - Cr 

            Copper - Cu 

             Lead - Pb 

             Mercury - Hg 

             Molybdenum - Mo 

             Nickel - Ni 

             Selenium – Se 

             Zinc - Zn 
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APPENDIX B 
 
Organic compounds found in biosolids. (Epstein, 2003) 
 
 

Organic Compound Mean (mg/kg) 

Aldrine 0.029 

Benzene 0.098 

Benzo(a)pyrene 10.785 

Bis(2-ethylhexl)phthalate 107.233 

Chlordane 0.489 

4,4’ – DDD 0.391 

4,4’ – DDE 0.100 

4,4’ – DDT 0.051 

Dieldrin 0.024 

Dimethyl nitrosamine BDL 

Heptachlor 0.023 

Hexachlorobenzene BDL 

Hexachlorobutadiene BDL 

Lindane (Gamma-BHC) 0.074 

PCB-1016 BDL 

PCB-1221 BDL 

PCB-1232 BDL 

PCB-1242 BDL 

PCB-1248 0.740 

PCB-1254 1.765 

PCB-1060 0.671 

Toxaphene BDL 

Trichloroethylene BDL 

 

BDL = below detection limit 

 

 


