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[bookmark: _Toc497915692][bookmark: _Toc499023054]Introduction 
Soil is an immensely important part of the natural environment, along with fauna, flora and natural landforms such as lakes and rivers. Soil impacts the distribution of plant species and provides a habitat for a diverse variety of organisms. Soils present a record of anthropogenic activities and natural processes. It controls the flow of water and chemical substances between the atmosphere and the earth, and acts as both a source and store for gases in the atmosphere. Soils form and incredibly intricate natural system with the elements around it, Soil is always responding to changes in environmental factors, as well as land use changes. Some changes in the soil will be of short duration and reversible, others will be a permanent feature of soil development.

Soil composition is a significant feature of nutrient management. “While soil minerals and organic matter hold and store nutrients, soil water is what readily provides nutrients for plant uptake. Soil air, too, plays an integral role since many of the microorganisms that live in the soil need air to undergo the biological processes that release additional nutrients into the soil” (University of Hawai, n.d.). The basic components of soil are, water, air and minerals. Soils are complex, their composition can alter daily figure 1 shows a general soil mix.
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[bookmark: _Toc498076302][bookmark: _Toc501020321]Figure 2: Approximate composition of soil (University of Hawai, n.d.).
Soil remediation includes biological and chemical methods of treating contaminated soil to remove pollutants. These methods are used for many situations where the soil has been polluted by heavy metals, petroleum leaks or spills, or various hazardous chemicals. They are not necessary where soil pollution can be alleviated by simply removing accumulations of litter or by leaching excess salts form the soil and are not suitable for the removal of radioactive material (Troeh & Thompson, 2005).
Soils are vital for life on earth, the role of soil in the biosphere is vast supporting not only various ecosystems and controlling carbon in the atmosphere, but also human life in the form of agriculture and I essential resource. “Further loss of productive soils will amplify food-price volatility and send millions of people into poverty. This loss is avoidable. Careful soil management not only secures sustainable agriculture, it also provides a valuable lever for climate regulation and a pathway for safeguarding ecosystem services” (FAO 2015). Soil pollutants can vary from highly toxic radioactive waste to everyday products like fertilisers. Table 1 shows some example pollutants.

[bookmark: _Toc498960268]Table 1: example soil pollutants
	Hydrocarbons
	Agriculture
	Metals 

	Petro-hydrocarbons
	Pesticides and herbicides
	lead

	Carcinogens
	Trinitrotoluene
	Mercury 

	Arsenic 
	Organochlorines
	Bismuth

	Benzene
	Radioactive
	Cadmium
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[bookmark: _Toc499023055]Literature review
Firstly, soil remediation techniques vary due to a plethora of variables. In this section, some of the terminology used in the literature surrounding soil remediation will be examined. 
In/Ex-Situ; Ex-situ methods involve excavation of affected soils and subsequent treatment at the surface as well as extraction of contaminated groundwater and treatment at the surface. In-situ methods seek to treat the contamination without removing the soils or groundwater (Gomes, Ferreir, & Ribeiroa, 2013).
LCA (Life Cycle Assessment); for a quantitative examination, can be helpful for the selection of site remediation options with minimum impact on the ecosystem and human health (Cappuyns, 2011). Sustainable remediation techniques should be used wherever possible, the LCA helps determine the best course of action for a site.
On/Off-site; this is regarding where the contaminated material is treated. On site treatment is where the soil is decontaminated without removal form the site, whereas off site can incorporate soil that is removed for specialist treatment. 
Vadose/ saturated; The vadose zone, also termed the unsaturated zone, is the part of Earth between the land surface and the top of the phreatic zone (Freeze & Cherry, 1979).
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[bookmark: _Toc501020322]Figure 3: Showing vadose and saturated zonation. Venkat Lakshmi 2016
(https://dl.sciencesocieties.org/story/2016/sep/tue/small-scale-seismic-monitoring-of-varying-water-levels-in-granular-media-0)
Source/ Plume; This is in relation to the contamination area. The ‘plume’ is the contaminated area underground as a direct result of above ground, displayed in figure 4.
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[bookmark: _Toc501020323]Figure 4: contamination plume because of a above ground pollution source. Ami Adini, 2001
http://amiadini.com/newsletters/envEnl-185.html 
In-situ soil remediation techniques are usually more cost effective than ex-situ methods, this doesn’t necessarily mean they’re more prevalent in industry. A chart showing the percentage of techniques is presented in figure 5. 
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[bookmark: _Toc501020324]Figure 5: percentage of remediation techniques. Patricia Shapley 2010.
http://butane.chem.uiuc.edu/pshapley/environmental/l39/1.html.
This study will aim to provide insight into four soil remediation techniques, including case studies displaying effective use. These techniques are, phytoremediation, thermal desorption, soil stabilisation and in-situ chemical oxidation. 
[bookmark: _Toc497915694]

[bookmark: _Toc499023056]Phytoremediation
[bookmark: _GoBack]Firstly, phytoremediation is a plant based remediation technique, its economic, environmentally friendly and effective. This technology has the capability to remove various hazardous elements from soils, including hydrocarbons, metals and pesticides. “Around the world, there is an increasing trend in areas of land, surface waters and groundwater affected by contamination from industrial, military and agricultural activities either due to ignorance, lack of vision, or carelessness. The build-up of toxic pollutants (metals, radionuclides and organic contaminants in soil, surface water and ground water) not only affects natural resources but also causes a major strain on ecosystems” (UNEP, 2013). Phytoremediation is a broad term used to cover a vast range of technologies that uses plants for remediating soils, sludge’s and water contaminated with organic or non-organic substances. Phytoremediation can be defined as “the efficient use of plants to remove, detoxify or immobilize environmental contaminants in a growth matrix (soil, water or sediments) through the natural biological, chemical or physical activities and processes of the plants” (UNEP, 2013). Chemicals are uptaken into a plants biomass then harvested and disposed of, the most common plant family in Europe for is Brassica (Cabbage) (Baker, et al., 1994) (Barr, et al., 2002).
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[bookmark: _Toc501020325]Figure 6: Various process within phytoremediation. Arulnangai & Xavier Dengra, 2015.
[bookmark: _Toc499023057]Thermal desorption
An in situ thermal desorption soil remediation system may be used to remove contamination from soil. “A carrier gas or vacuum system transports volatilised water and organics to the gas treatment system. There are generally three methods of thermal desorption:
Indirect heated: An externally fired rotary dryer volatilises the water and organics from the contaminated media into an inert carrier gas stream, steam can also be used as an indirect heating method.
Indirect fired: A direct-fired rotary dryer heats an air stream which is in contact with the contaminated soil.
Direct fired: Fire is applied directly upon the surface of contaminated media” (VertaseFLI, 2017). 
Thermal desorption systems can be complicated closed loop operations, figure 7 shows an example system used to treat soil in McKin, USA 1995. Low-temperature thermal desorption, where thermal energy is used to dispel and accurately separate volatile and semi volatile organic contaminants from soil, it is a promising and economical ex-situ soil remediation technique (Smith, Berruti, & Mehrotra, 2001).
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[bookmark: _Toc501020326]Figure 7: thermal desorption at McKin. (US EPA, 1995)

[bookmark: _Toc499023058]Soil stabilisation/ encapsulation
[image: ]The process of soil stabilisation is less about filtering contaminants from soil but separates them. The most commonly used methods for this include, mixing contaminated soil with cement, concrete or lime. This is a method for preventing the contaminants from entering clean soil (Kate, 2014). Stabilisation can be performed in-situ or ex-situ, this depending on the aim of the stabilisation process and the regulations surrounding the work. The selection of immobilizing agent depends on several factors such as, the type of contaminant, the initial contamination levels, the chemical-physical characteristics of the soil as well as the required target reduction. Thus, a treatability study should be undertaken in order to demonstrate the efficiency of the potential suitable binders before finalising the design for full-scale implementations (Soilutions, 2017). Cement or lime can be spread onto land and combined with soil, to help prevent the movement of contamination.

[bookmark: _Toc501020327]Figure 8: stabilisation, hydraulically bound material layer (TR stabilisation, 2017).

[bookmark: _Toc499023059]In-situ chemical oxidisation 
Chemical oxidation uses chemicals called ‘oxidants’ to help change harmful contaminants into less toxic ones. In-situ chemical oxidation, or ‘ISCO’ can be used to treat may differing contaminants including, hydrocarbons, solvents and pesticides. ISCO is used to treat soil and groundwater contamination at the source, hence being “in-situ”. ISCO works relatively quickly to clean up contamination, clean up may take between a few weeks and months to a year, rather the decades (US EPA, 2012).  
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[bookmark: _Toc501020328]Figure 9: Chemical oxidisation example (US EPA, 2012).
To treat soil the oxidants are typically injected into the ground by pumping them into wells. The wells are injected at different lengths in the source area to reach as many undissolved contaminants as possible. Once the oxidant is pumped down the wells it spreads to the surrounding soil where it mixes and reacts with contaminants. 








[bookmark: _Toc499023060]Case studies
[bookmark: _Toc499023061]1.0 Bowers Field, Ellensburg, WA. 
[image: ]According to the 1997 Treatment Technologies for Site Cleanup annual status report by the U.S. EPA, 11% of all treatment projects completed (excluding groundwater projects) involved some form of bioremediation (Showers, Norris, & Clarke, 1996). The Bowers Field site is a county-owned airport in Ellensburg, WA. The pesticide of concern at Bowers Field is 2-sec-butyl-4,6-dinitrophenol, commonly known as dinoseb, which is an herbicide. Dinoseb accumulated at the airfield as a result of aerial application activities and has persisted and remained at the site since the chemical was banned in 1986 (US EPA, 1995). Due to dinoseb’s persistent nature, sites contaminated with it and other chemically similar compounds have generally been treated by incineration. The SABRE (Simplot Anaerobic Biological Remediation) method was applied at Bowers Field as this technology is capable of biodegrading nitroaromatic compounds, such as TNT and dinoseb. Following treatment, it was found that concentrations of dinoseb among other pesticides were reduced below detection limits (Frazer, 2000). 

 


[bookmark: _Toc501020329]Figure 10: Flow diagram for the SABRE treatment of contaminated soil (Frazer,2000).
[bookmark: _Toc499023062]2.0 Cape Fear, Fayetteville, Cumberland.
[bookmark: top]The Cape Fear superfund site is 41 acres in size and located in Fayetteville, North Carrolina. The site operated as a wood preserving facility from 1953 to 1983, using a copper-chromated-arsenate (CCA) process. Wastes and waste liquids were pumped into a drainage ditch and unlined lagoon. Investigations at the site by EPA and the State of North Carolina showed that soil at the site was contaminated with polycyclic aromatic hydrocarbons (PAHs), benzene, and metals including arsenic and chromium (Mark & Fleri, 2017). Thermal desorption was the chosen remediation method at the site, this was provided by Williams Environmental Services INC. 170,300 tons of soil was treated mostly silty clays and sand, the regulatory requirements and clean up goals are as follows (Mark & Fleri, 2017);
· Total carcinogenic PAHs (sum of benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, chrysene, dibenzo(a,h)anthracene, and indeno(1,2,3-cd)pyrene.) - 2.5 mg/kg

· Total PAHs (total carcinogenic PAHs plus the sum of acenaphthene, acenaphthalene, anthracene, benzo(g,h,i)perylene, fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene) - 100 mg/kg

· Benzene - 0.005 mg/kg, arsenic - 94 mg/kg, chromium - 88 mg/kg
With only two exceptions all soil met the clean-up goals, approximately 1,106 tons of soil failed the goal for Benzene, and were retreated to meet the clean-up goal. Secondly of 378 piles of soil, one failed the test for chromium with 89.3 mg/kg. The US EPA allowed the contractor to backfill this material without further treatment. The total cost for treating the soil at Cape Fear was $58 per ton based on treating 170,300 tons (Mark & Fleri, 2017).

[bookmark: _Toc499023063]3.0 Reuse of New York harbour sediment.
Strict regulations are in place on the dredged sediment from New York harbour. Millions of cubic meters of sediment have undergone Portland –cement S/S (Soils Stabilisation) treatment. This treatment immobilizes heavy metals, dioxins, PCBs, and other organic contaminants in the sediment. The treatment changes the sediment from an environmental liability into a valuable structural fill (Loest & Wilk, 1998). Dredged sediment was transported by barge to a pier. At the pier, cement was mixed into the sediment while it remained in the barge. The mixing method used an excavator-mounted mixing head. The treated material was removed from the barge and used as structural fill. One location to use this fill is ‘seaboard’ the location was a coal gasification works and later a wood preservation works. This 160-acre property is being designated for brownfield development, more than 1.1million m3 of treated sediments cover the site (Wilk, 2004).
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[bookmark: _Toc501020330]Figure 11: Brownfield Reuse of Dredged New York Harbor Sediment (Wilk, 2004).
[bookmark: _Toc499023064]4.0 Ex-pharmaceutical plant, north Italy. 
The soil and ground water of this plant had become polluted from years of unregulated production and historic spillage. Previously contaminated soil had been removed to a depth of 5m, but to no affect as the pollution was detected between 6-7m. the site spanned 20,000 m2 the pollution had infiltrated the vadose zone creating a 100m plume. The main contaminant of concern (COC) was, N,N-diethylaniline, which was present at concentrations of approx. 100 mg/kg in saturated soil in the source area, and up to 1,000 μg/L in groundwater across the whole of the site. A previous lab study had shown that the aniline was biodegradable under anaerobic conditions there ISCO was the chosen remediation method, with PersulfOX being the chosen oxident.” N,N-diethylaniline, which was present at concentrations of approx. 100 mg/kg in saturated soil in the source area, and up to 1,000 μg/L in groundwater across the whole of the site” (Regenesis, 2015). 
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[bookmark: _Toc501020331]Figure 12: Total COC concentrations dipping below targets (Regenesis, 2015).
[bookmark: _Toc499023065]Discussion 
The four soil remediation methods displayed above all have multiple advantages and disadvantages this is shown in table 2 (UNEP, 2003) (Soilutions, 2017) (VertaseFLI, 2017) (Darby, 2009) (Spruit, 2013)(Kahn, et al 2004).

[bookmark: _Toc498960269]Table 2: advantages and limitations of disscussed remediation techniques.
	Remediation Method
	Advantages 
	Limitations

	Phytoremediation
	· Low capita and operating costs.
· Ecologically friendly. 
· Site will be restored to its original form.
· “solar powered” no power is required to remediate soil.
	· Slower than a lot of chemical methods. 
· Dependant on seasons. 
· Contamination must be shallow to be treated. 

	Thermal Desorption 
	· Able to remediate recalcitrant contaminates. 
· Can remediate a wide range of contaminates. 
	· High fuel costs.
· Not able to remediate waterlogged soils.
· Large particle size can mean incomplete desorption.
· Most soils left nutrient poor.
· Gas treatment system required. 
· Regulatory and perception challenges.

	Soil Stabilisation
	· Short period of time to remediate.
· Can be In-situ and Ex-situ.
· Structural property of soils may be improved through the process. 
· Greater cost certainty than most remediation techniques. 
	· Does not destroy or remove material. 
· Can be difficult to predict behaviour.
· May require long term maintenance.
· Potentially huge vole increase. 

	ISCO
	· Can be applied to a wide range of contaminants.
· Can be at lower cost than other techniques as occurs in-situ and there is no removal of soil.
· No large amounts of waste generated, therefore no disposal costs.
	· Transportation of the oxidant to the contaminant. 
· Large initial investment.
· Can reduce permeability of soil.


 
The best method of remediation can’t singly be agreed by advantages and limitations, different contaminates require different levels and methods of remediation. The preferred method of remediation should always be the most beneficial to the environment with economics taking a back seat. Phytoremediation is a good starting point, this method presents minimum ecological disturbance (Khan, et al 2004) although genetically modified hyper-accumulator species may have unforeseen environmental impacts. These species could be seen as invasive and if not managed sufficiently could cause a loss of biodiversity in an area. Harvested flora has to be disposed of appropriately, as large volumes of contaminants may be stored within it. 
Thermal desorption has many benefits including, being able to remediate recalcitrant contaminates but also flaws, high fuel costs of starting up the desorption method make this method less cost effective than others. Thermal desorption can dispose of a wide range of chemicals therefore being a great technique to remediate the pollution source and plume. Soils are left nutrient poor by this method of remediating soil, thus being not acceptable for agricultural land.
Soil stabilisation is a cheap and rapid way of remediating soil, and is one of the most common methods of treating polluted soils. On the other hand, there are huge limitations with this method, this is due to the soil being removed from the site for use. This in turn could harm the biodiversity of an area as the medium for flora to grow has been removed. Recommendations need to be in place, to help rejuvenate the soil structure and introduce native species to grow. ISCO can be applied to a wide range of contaminates, be cost effective as no soil needs to be removed from the site and there are no costs to dispose of waste. Secondly, there are many unknown variables, which could make this a risky technique of remediating soil, soils could be left polluted by the oxidant therefore resulting in the soil still needing to be remediated via a second costly method. ISCO can also reduce a soils permeability leading to increased run off in an area, this could cause problems in built up areas including flooding.

[bookmark: _Toc499023066]Conclusion 
Soil is the vital for life on earth. Soils are constantly being eroded and contaminated directly and indirectly as a result of anthropogenic activities. Certain types of soils are difficult to remediate due to water content or type of contaminate, to clean up these areas remediation methods should be used in union with each other. Research into new remediation techniques needs to be undertaken, this would develop more effective methods of soil remediation.
This report has found that to effectively remediate soils, the best method is to use a plethora of techniques. The choice of remediation method does depend on a variety of site conditions, In-situ and ex-situ techniques can be used in conjunction with each other to provide the best results. It cannot be said that one form of remediation is more successful or economically viable than another, companies tend to specialise in one area or method of soil remediation due to the huge cost associated with soil remediation. 
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