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Abstract 

The remediation of soils returns contaminated land to productive use and protects the 

environment and human health. As many as 60% of contaminated sites in Canada are impacted 

by Petroleum Hydrocarbons (PHCs) and many affected sites are in locations with cold climates. 

The effectiveness of mechanical rotation and aeration equipment for the treatment of sandy clay 

soils in winter conditions was studied at a former compressor station site (Lac St. Anne County, 

AB) impacted by benzene, toluene, ethylbenzene, and xylene and PHC Fraction F1. The 

treatment was achieved with a trommel which reduced contaminant levels to meet the Alberta 

Tier I soil remediation guidelines, with the strongest effect on benzene and ethylbenzene. Most of 

the treatments were successful when the soil was treated with the trommel twice in rapid 

succession in a time span of three days.   
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Introduction 

Background 

Technological development has been crucial for population growth in the 20th century; 

however, the intensified use of fossil fuels has led to a disproportionate amount of contaminant 

emissions into the environment (Swartjes, 2011). Contaminants are defined as polluting 

substances that are potentially harmful to human health and environment. The environment 

refers to the natural and physical earth systems, (i.e., air, water, and soil), which support life, 

such as the fisheries, forests, wildlife, and agriculture. According to De Sousa (2001), a 

contaminated land has soil, groundwater or surface water contaminants at levels that exceed 

those considered safe by regulators. After a pollutant release has taken place, the land becomes 

unsafe or unproductive for the given land use (Alberta Environment and Parks, 2019b). 

The Canadian Council of Ministers of the Environment (CCME) has indicated that 

Petroleum Hydrocarbons (PHCs), which come from fossil fuels, are present in 60% of 

contaminated sites in Canada (CCME, 2008). The province of Alberta contains some of 

Canada’s important oil-producing basins (Draper & Reed, 2005), and many contaminated oil and 

gas sites. The government of Canada and the province of Alberta have regulations that require 

remediation of contaminated lands (Alberta Environment and Parks, 2019b; CCME, 2008). 

Remediation involves intervention to restore or clean up a contaminated site, to remove source 

and resultant soil contamination as a means of risk reduction (Swartjes, 2011). However, 

environmental managers who develop soil remediation programs often face issues related to 

resource limitations (including cost), feasibility and sustainability. 
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Problem Formulation 

Environmental managers can be innovative in designing soil remediation programs to 

reduce the environmental risk of soil contaminants, while also addressing resource limitations 

and sustainability objectives. Sustainability objectives are intended to generate stakeholder value 

while contributing to the wellbeing of current and future generations in the social, cultural, 

financial, and natural domains (Laszlo, 2010).  

Resource limitations include the following:  

- often costly (Government of Alberta, 2019);  

- suboptimal environmental conditions (e.g., climate),  

- remoteness, and  

- lack of local infrastructure (Sanscartier et al., 2010); 

Sustainability objectives include the following: 

- restoring the pre-disturbance quality of contaminated land or water (Government 

of Alberta, 2019); and,  

-take advantage of an underutilized field season for remediation work. 

Funding for remediation programs comes from the legal liability of the pollutant 

producer. Canadian laws support the principle of “polluter pays” – however, when the polluter 

cannot be identified or goes bankrupt before the pollution is cleaned up, the public sector picks 

up the tab for remediation of “orphan” sites (De Sousa, 2001). In Alberta, the Alberta Energy 

Regulator works with the non-profit, Orphan Well Association, to manage the remediation of 

orphaned upstream oil and gas wells, pipelines and facilities (Alberta Energy Regulator, n.d.). 
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Polluters who are still in business do not profit on remediation; the costs must be funded from 

somewhere in their business line – a task difficult when the financial markets negatively affect 

the oil and gas sector. In almost all cases, there is an argument for innovative soil treatment 

methods that are more cost-efficient, and more likely to achieve regulatory requirements of site 

cleanup. 

In Canada, much of the country falls under seasonal climatic fluctuations. For example, 

in Alberta, the climate is known for long, cold and dry winters and summers that are short, hot 

and dry. The climate in Edmonton, AB is classified as a severe mid-latitude - in which winters 

have at least occasional snow cover, with the coldest month having a mean temperature 

below -3 ◦C (Aguado & Burt, 2007). A remediation option that is viable in winter conditions 

would lengthen the soil remediation season because winter is a season of lower demand for 

labour and equipment. Generally, there is the potential for greater availability and flexibility for 

completing work in the winter, making it possible for more sites to achieve cleanup and 

restoration targets set out by the CCME Canada Wide Standards (CWS) (CCME, 2008). 

Research Question and Objectives 

The research question posed for this thesis is: Is the mechanical treatment of 

hydrocarbon-impacted sandy clay soils for contaminant evaporation a viable remediation option 

during winter conditions? The objective of the thesis research is to determine whether treatment, 

using mechanical aeration equipment called the trommel in sandy clay soils, is viable. The 

viability of the trommel as a remediation option in the winter will be assessed by comparing the 

concentrations of hydrocarbons in soil before and after the treatment process. A statistically 
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significant reduction of hydrocarbon concentrations in the soil after treatment, and the 

hydrocarbon concentrations below the applicable environmental quality guidelines, will indicate 

that the mechanical treatment is a viable remediation option. Qualitative considerations, such as 

site safety, set up and timelines during treatment, will also inform the feasibility at the 

conclusion of this thesis. 

This thesis is a mixed-method approach incorporating the quantitative and qualitative 

data from an ongoing private-sector remediation project on a case study site. As such, the study 

design was largely determined to meet desired client outcomes; however, to complement the 

project, specific methodology was employed to attempt to address the research question and 

objectives. The academic research design is exploratory, using a literature review to gain 

background information, define terms, and identify problems and scientific laws governing the 

processes of reducing hydrocarbon concentrations in soil.  

The thesis uses data from a case study site, owned and operated by TAQA North Ltd 

(TAQA), out of Calgary, AB, in which a remediation program used the trommel apparatus to 

treat a contaminated soil stockpile. The equipment used in the remediation pilot study was 

owned and operated by TR3 Energy Inc. (TR3), out of Airdrie, AB. TR3 is an Alberta owned, 

full-service remediation and reclamation contractor focused on environmental restoration (TR3 

Energy, n.d.). The trommel is an apparatus that physically breaks down large clumps of soil into 

smaller, uniform-sized soil particles, while introducing air into the soil system. The goal of the 

treatment method is to increase the volatilization of hydrocarbons. The use of TR3’s patented 



11 
MECHANICAL TREATMENT FOR REDUCTION OF HYDROCARBONS 

 
 

(US7975851B2) equipment known as the trommel, as well as the data provided by TAQA, made 

this study possible. 
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Literature Review 

Case Study Site  

This thesis is based on a case study site about 60 km west-northwest of Edmonton, in Lac 

St. Anne County, AB (03-24-054-02 W5M; 53.673012◦N, -114.162146◦W). The site was a 

former compressor station with soil and groundwater impacted by PHCs. The site is currently 

owned and operated by TAQA. 

The former compressor station was used to compress natural gas along a pipeline so that 

it remained pressurized during transportation to a refinery. The site was first developed on 

agricultural land in the early 1980s as an oil and gas site and operated until the mid-1990s. The 

site infrastructure included a glycol dehydration unit, a compressor, a flare pit and three 

underground storage tanks. Most of the site infrastructure was decommissioned in 2003 

(Conestoga-Rovers & Associates, 2003, 2004).  

Previous Environmental Assessment Work on the Case Study Site 

Contamination was first reported in an Environmental Site Assessment in 1995 (Wayne 

Wiebe & Associates, n.d.; 1995). An unknown volume of hydrocarbons was released from an 

underground storage tank over a period of several years, according to a Release Form submitted 

to Alberta Environment and Parks (AEP), and publicly available on the Environmental Site 

Assessment Repository (Alberta Environment and Parks, 2019a). An extensive Phase II 

Environmental Site Assessment was conducted in 2015. Concentrations of PHC in soil on the 

site were analyzed and were in excess of Alberta guidelines (WSP, 2016). Benzene, toluene, 
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ethylbenzene, and xylene (BTEX) and PHC are the main contaminants of concern for the site 

(WSP, 2016). 

Properties of the Contaminants of Concern 

In general, PHCs are a class of organic chemicals composed of hydrogen and carbon and 

mostly originate from crude oil. According to Schwarzenbach, Gschwend, and Imboden (2003), 

PHCs have motivated a great deal of the research in environmental organic chemistry because 

they have unique properties and environmental and health concerns.  

The CWS for PHCs in Soil provide a consistent approach to managing PHC-

contaminated sites across the Canada (CCME, 2008). According to the CWS, PHC are divided 

into fractions (F) based on the range of number of carbon (C) atoms in the molecule.  

These fractions are: 

 Fraction 1 (F1): C6 to C10;  

 Fraction 2 (F2): >C10 to C16;  

 Fraction 3 (F3): >C16 to C34; and,  

 Fraction 4 (F4): C35+. 

As a natural gas compressor site, the substance known as Natural Gas Condensate (NGC) 

was released on the site from underground storage tanks and spills (WSP, 2015). NGCs are 

defined as the hydrocarbons that condense or are separated from the gaseous phase into the 

liquid phase. They are complex mixtures, potentially containing thousands of compounds, in 

varying proportions. NGCs consist of hydrocarbons mostly between C5 and C15 (Environment 

Canada, 2016). In general, this range of hydrocarbons would indicate that PHC F1 and F2 
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fractions are possible on the site, but historical soil analytical results on the site indicated that the 

F1 fraction is the most prevalent contaminant of concern at the site (WSP, 2016). 

PHC Fraction 1 

PHC Fraction F1 is a class of compounds that have molecules containing between 6 and 

10 carbon atoms (CCME, 2008). The F1 classification is based on the CWS. BTEX is also a 

subset of PHC F1, and this thesis considers F1 minus BTEX (F1-BTEX) as an analyte in order to 

make the comparison with the Alberta Tier I guidelines (Government of Alberta, 2019) 

PHC F1 constituents, including BTEX, were historically analyzed at concentrations in 

excess of Alberta Tier I Soil and Groundwater Remediation Guidelines in soil at the site (WSP, 

2016). BTEX are volatile monocyclic aromatic hydrocarbons (Meuser, 2013); they have between 

C6 to C8 and occur in F1. BTEX is commonly found in contaminated sites with oil and gas and 

industrial uses, due to their wide use as gasoline constituents and industrial solvents 

(Schwarzenbach et al., 2003). The chemical structure and properties of BTEX play a role in their 

fate in the soil remediation (Schwarzenbach et al., 2003). For example, BTEX and F1 are low in 

molecular weight and dissolve into groundwater (Schwarzenbach et al, 2003). The chemical 

structures and select properties of the BTEX compounds are illustrated in Table 1 (Royal Society 

of Chemistry, 2019; Rumble et al., 2019). The basic chemistry may help inform whether the 

treatment technology will work effectively. 
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Table 1. The chemical structure and select chemical properties of the aromatic compounds of potential concern 

(National Center for Biotechnology Information, n.d.; Royal Society of Chemistry, 2019). 

Compounds Structure 
Chemical 
formula 

Molecular 
Weight (g/mol) 

Vapor 
Pressure 

(mm Hg at 
25◦C) 

Solubility in 
water 

(mg/L at 
25◦C)

Benzene 
 

C6H6 78.112 94.8  1,790 

Toluene 

 

C7H8 92.139 28.4 526 

Ethylbenzene 

 

C8H10 106.165 9.6 169 

Xylene (o) 

 

C8H10 106.165 6.7 180 

Xylene (m) 

 

C8H10 106.165 8.29 160 

Xylene (p) 

 

C8H10 106.165 8.84 165 

 

 

Benzene 
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Benzene is the primary contaminant of concern for the site as it is most often found to 

exceed the applicable Alberta Tier 1 guidelines at the case study site (WSP, 2016). According to 

the Agency for Toxic Substances and Diseases Registry (ATSDR) 2017 Substance Priority List 

(ATSDR, 2017), benzene is considered a priority substance. Benzene is introduced into the 

environment generally from industrial uses but can also be from natural sources (e.g., volcanos, 

forest fires and crude oil) and cigarette smoke (ATSDR, 2007b). Benzene is usually present in 

gaseous or liquid phases. Flammability and volatility are distinguishing features of benzene. 

Benzene evaporates into air very quickly and dissolves slightly in water. Once in the air, 

evaporated benzene reacts with other chemicals and breaks down within a few days (ATSDR, 

2007b). 

Benzene also has known health effects; it enters the bloodstream through the lungs, 

gastrointestinal tract, or dermal contact. Once in the bloodstream, benzene can be stored in the 

liver and bone marrow, where it begins to break down into metabolites. The metabolites (such as 

phenol, muconic acid, and S-phenyl mercapturic acid) cause the harmful effects of benzene, and 

leave the system within 48 hours (ATSDR, 2007b). Exposure to benzene can result in death at 

high amounts, and lower levels can induce drowsiness, convulsions, rapid heart rate, headaches, 

confusion, unconsciousness, coma and death. Longer-term exposure can lead to blood problems, 

such as anemia or excessive bleeding, as well as cancer of the blood-forming organs (acute 

myeloid leukemia). Benzene also causes an irreversible condition called aplastic anemia which 

reduces the bloods cell production and is carcinogenic to humans (ATSDR, 2007b). 

Toluene, Ethylbenzene and Xylenes 
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After benzene, the contaminants of concern for the site include toluene, ethylbenzene, 

xylenes, and the remaining compounds in Fraction F1. These compounds also have many 

adverse health effects. Like benzene, toluene, ethylbenzene and xylene may enter the blood 

streams of humans and animals and are absorbed through the lungs, the gastrointestinal tract or 

skin. Toluene distributes widely to tissues and preferentially to fat, brain, bone marrow, liver, 

kidneys and placenta, and gets passed on to the fetus of pregnant women exposed to the 

chemical. Metabolism of toluene involves both microsomal enzymes and conjugation reactions. 

Most toluene is transformed within the body and excreted rapidly in the urine. Some toluene is 

excreted unchanged in expired air (ATSDR, 2015). This class of contaminants is lipophilic, and 

some can be stored inside the subcutaneous fat of exposed persons (ATSDR, 2007a, 2010, 2015). 

Guidelines for PHC in Soil 

Guidelines in Canada and Alberta are driven by land use, soil type, contaminants of 

concern and applicable exposure pathways (Alberta Environment and Parks, 2019b; CCME, 

2008). The Alberta Tier 1 Soil and Groundwater Remediation Guidelines apply at the case study 

site, with soil type and land use previously determined. The 2015 Phase II ESA indicated that the 

case study site is in an agricultural area and is considered agricultural land-use; and coarse-

grained soil predominates because hydrocarbon impacts were identified in sand and gravel layers 

(WSP, 2016). The Alberta Tier 1 Remediation Guidelines applicable to the site, are summarized 

for the BTEX and PHC compounds in Table 2 (Government of Alberta, 2019). 
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Table 2. Alberta Tier 1 Soil and Groundwater Remediation Guidelines Agricultural Land Use and 
Coarse-Grained Soil (Government of Alberta, 2019). 

Compound 
(units) 

F1-
BTEX 

F2 F3 F4 Benzene Toluene Ethylbenzene Xylenes  Styrene 

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Surface Soil 
(0-3 m) 

24 130 300 2800 0.073 0.12 0.14 1.9 0.80 

Subsoil 
(below 3 m) 

30 160 600 5600 0.078 0.12 0.14 1.9 0.80 

 

Previous Environmental Excavation Work on the Case Study Site 

Soil removed from site excavations were stored on site in a large pile, which will be 

referred to as a stockpile. The soil stockpile was originally created in 2011, with a volume of 

approximately 10,412 m3 of hydrocarbon impacted soil (WSP, 2016). Additional material was 

added to the stockpile in 2016 and 2019 (WSP, 2017a; WSP,2019). In 2017, approximately 

3,600 m3 was treated and backfilled (WSP, 2017b); and in 2018, about 6,500 m3 was treated and 

backfilled (WSP, 2018). Observations indicated that the soil stockpile was estimated to be about 

15,000 m3 at the beginning of the 2019 treatment program, calculated based on ex situ 

measurements. 

Previous Environmental Remediation Work on the Case Study Site 

The case study site has a history of previous remediation work. On-site bioremediation 

was conducted through disking in 2011, 2012, 2013 and 2018, and through mulching in 2016 and 

2017 (WSP, 2016; WSP, 2017; WSP, 2018; WSP, 2019). A tractor with a rotary attachment 

(disc, mulcher) passed over the flattened soil stockpile surface. These attachments can aerate a 

small layer of soil (e.g., 30 cm) at a time. No soil amendments, chemical, biological, or 
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otherwise, were mixed in with the soil. Evidence suggested that these methods were not effective 

enough to meet client objectives. 

A trial study was conducted in 2012 using an Active Release Vapour Extraction (ARVE) 

equipment. This instrument was operated by Morgan Construction & Environmental Ltd. The 

instrument worked by feeding soil into a top-loaded hopper. This would aerate soils by allowing 

them to fall to a conveyor belt, which transported soil up to a certain height where it would fall 

again (L. Hayman, personal communication, January 25, 2020). Less than 100 m3 was treated 

and the ARVE was determined to be inefficient (RCGI, 2013a). The ARVE is like the trommel; 

however, the trommel has a blower system which introduces air. 

All the previous methods (disc, mulcher, ARVE) were dependent on atmospheric 

temperature and humidity for the evaporation of volatile hydrocarbons. A common 

misconception supported the previous environmental remediation methods on the site: the warm 

summer temperatures are required to volatilize the hydrocarbons. However, thermal treatment 

techniques rely on the property of boiling point of contaminants, which is 80-144 oC, for BTEX 

(Meuser, 2013) – not typically the atmospheric temperatures found in Canada. In practice, the 

precipitation from weather delayed work for this treatment several times because soils with high 

moisture content would clog the tractor attachments preventing the aeration of impacted soil. The 

rate of treatment using these pieces of equipment was slow for the site cleanup goal. After 

several years of inefficient treatment, the site operator desired to increase the rate of treatment.  
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Remediation Program in Winter Conditions 

The site operator designed a project that could potentially increase the rate of soil 

treatment, and contracted work to WSP (Edmonton, AB) as the environmental consultant with 

TR3 as the equipment operator. The soil type on the site has high moisture and clay content. The 

nature of this soil makes it difficult to treat in the trommel during warmer months. TR3 

suggested operating the trommel equipment in the winter in order to mitigate the delays due to 

soils with high moisture content. TR3 indicated that frozen soils can be freeze-dried (L. Hayman, 

personal communication, January 13, 2019) and colder temperatures are ideal to allow the soil to 

be processed because the frozen soils dry out more than in summer conditions. Essentially, the 

trommel apparatus lowers the air pressure within the soil system, which allows the physical 

release hydrocarbon contaminants through Henry’s Law, Equilibrium Partitioning and 

Volatilization. These scientific concepts support the method of soil remediation using the 

trommel remediation apparatus and will be discussed in the literature review.  

Trommel Remediation Apparatus 

The trommel, operated by TR3, is a patented design (US7975851B2). The chassis is 

based on a 621 McCloskey Trommel manufactured by McCloskey International (Kossowan & 

Hayman, 2011). The original McCloskey trommel apparatus commonly has applications in 

screening materials, composting and mineral fertilization fields (Selivanov, Rodionov, & 

Strel’nikov, 2019; McCloskey International, 2019), however it is retrofitted to specifically 

address remediation in this patent. Figure 1 shows a drawing of the main parts of the modified 

trommel. The function of the main parts is described below.  
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Figure 1 Schematic drawing of the trommel from the US Patent (Kossowan & Hayman, 2011). 

 

The trommel consists of a trommel screen on a cylindrical drum. Soil is fed into a 

vibrating grizzly hopper above the machine and passed through the rotating, perforated drum. 

The drum is at an angle, elevated at the feed end. It is a screened cylindrical drum used to 

separate materials by size.  

The trommel segregates the soil into three size classes. The first size class (e.g., greater 

than 15 cm) is segregated even before the material enters the drum, as a preliminary screening 

section with a vibrating hopper that removes large cobbles and boulders. These come off the 

grizzly hopper by gravity onto the ground area near the equipment.  

The second and third size classes are segregated from within the cylindrical drum. 

Selivanov and Pershin (2001) describe the physical dynamics within the cylindrical size 
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classifier drum, indicating that mixed soil components with different size or density steadily 

move to different zones in the apparatus (Selivanov & Pershin, 2001). Also, it is presumed that 

within the rotating cylindrical drum, some frozen soil lumps are broken down into smaller 

pieces, by the action of hitting against other pieces within the drum (TR3 Energy, n.d.). The 

larger size class (e.g., between 2 and 7 cm) leave the drum on a coarse material conveyor, and 

the finer class material (e.g., less than 2 cm) exit on the fine material conveyor. 

Processing the soil in the trommel serves to break down the soil into smaller pieces and 

encourage air contact with a greater surface area. The goal is to enhance evaporation and or 

natural degradation of the hydrocarbon contaminants. The trommel has multiple areas where soil 

is exposed to air, as it falls from the excavator bucket into the drum, with each drum rotation, as 

it is lifted and dropped, and as it falls onto and off conveyor belts. The air contact facilitates 

volatilization of hydrocarbons. 

An industrial air blower system enhances the volatilization function of the remediation 

apparatus. An external generator set is in a seacan adjacent to the trommel. Two air hoses with a 

blower fan run from the seacan and introduce positive air pressure; one hose blows on the 

cylindrical drum and one hose blows on the coarse material conveyor belt. One other hose under 

negative air pressure exits the machine from the vapor discharge aperture (Figure 1). The air feed 

is not heated and there is no thermal treatment of the soil; however, the air system creates a slight 

vacuum within the drum whilst the material rotates within it, which enhances the air exchange 

and drying of the soils (Kossowan & Hayman, 2011). 
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Soil System Components 

Soil is a three-dimensional system, made of solid, liquid and gaseous phases. The 

components of a generic soil system are shown in Figure 2. Although the relative volumes vary 

in each soil, the abundance of each component impacts the kinetic roles in the complex series of 

reactions that occur in soil (Mirsal, 2008). A healthy soil ecosystem contributes to local, regional 

and global environmental quality (Doran & Zeiss, 2000). 

 

Figure 2 Composition by volume of an average soil (Mirsal, 2008). Reused with permission from 
Springer Science. 

Solid Phase in Soil 

Soil is directly connected to the biotic world through the organic matter in the soil. 

Organic matter consists of 85% dead matter, 8.5% living roots and rootlets and about 6.5% soil 

organisms (Mirsal, 2008). Dead organic matter originates from the decomposition of surficial 

organic debris (litter), and the decomposition of roots within the uppermost soil horizons. The 

living soil organisms include bacteria, fungi and invertebrates such as earthworms and 

springtails. Contaminants in soil can impact microbial life, which as the basis of the food chain, 

may affect other plants and animals. 
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Liquid Phase in Soil 

Water makes up about 25% of the mass of a soil sample, and the soil water plays an 

important role in the chemistry of soils and the transportation of dissolved contaminants. An 

unsaturated soil profile has some air space between soil and water molecules, whereas saturated 

soil profiles have no air space, typically found in an aquifer. Water and dissolved components 

can move against the forces of gravity in an unsaturated soil profile through processes of 

evaporation and capillary action (Conklin, 2014; Conklin & Vitha, 2014). In unsaturated soil, a 

layer of water molecules surrounds a soil particle by hydrogen bonds. As water is removed from 

outside layers, the remaining molecules are held more strongly. This hygroscopic water is 

inaccessible to plants. Capillary water is held in the water by cohesive forces and surface tension, 

and moves from high pressure to low pressure (Mirsal, 2008). The water in saturated soil is 

called groundwater. Groundwater normally drains or percolates through the soil through 

gravitational forces into streams, rivers and oceans; which has the potential to affect the 

downstream system of living organisms.  

Gaseous Phase in Soil 

The air in soil is present within unsaturated pore space, between soil particles and the 

liquid soil solution. Constituents of soil air are common to earth’s atmosphere (e.g., oxygen, 

nitrogen, and carbon dioxide); however gases in pore space may be present at different 

proportions than in the atmosphere (Mirsal, 2008). Porosity is defined as the percentage of 

volume of pore space with respect to the total volume. Clay is a soil type that tends to have 

tighter pores, or lower porosity, than sand. Clay tends to hold more water, and sand can hold 
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more air space in between soil particles. When clay and sand are mixed, the distribution of air in 

soil is often heterogeneous due to cracks, fissures, and macro-pore air spaces (Gerke, Hornung, 

Kelanemer, Slodicka, & Shumacher, 1999). The porosity and grain size are the most important 

soil properties controlling the percolation of water and air flow (ventilation) within the soil 

(Mirsal, 2008). Non-homogenous soil may have non-uniform distribution of contaminants across 

soil particle sizes (Bright, Richardson, & Dodd, 2006). Air flow in soil is an important factor to 

predict the fate of environmental contaminants, because gaseous phase contaminants can travel 

through soil air pathways if the compounds are present in the air space.  

Henry’s Law 

The relationship between the water-soluble component and the gaseous component of a 

compound is defined by Henry’s Law. The mathematical formula is shown below: 

k = Pgas / Cgas 

Henry’s Law constant is k; which is specific to each of the known contaminants of 

concern discussed in this thesis (Meuser, 2013). The partial pressure of the gas above the 

solution is P. Assuming a closed container (i.e., pore space between soil particles) the partial 

pressure of the gas is the pressure exerted by an individual compound’s gaseous-phase 

molecules, independent of other gasses that may be present (Petrucci, Harwood, & Herring, 

2002). The solubility of a gas is C; the number of molecules that are dissolved in solution. This 

law shows that pressure of gases within the pore space of soil is proportional to the amount of the 

liquid form that is dissolved into the soil solution in equilibrium.  

 



MECHANICAL TREATMENT FOR REDUCTION OF HYDROCARBONS 26 

 
 

Equilibrium Partitioning  

Henry’s Law is used to predict equilibrium partitioning of gases into water – what 

volume will dissolve or volatilize (Conklin, 2005). Equilibrium is defined as a state of no net 

change in concentration on either side of a reversible chemical process. Equilibrium partitioning 

is understood to mean that concentrations of molecules in a soil solution will be steady, given 

constant physical, chemical, and biochemical conditions (Conklin, 2015). The use of the trommel 

in winter shifts the physical conditions of the soil system, namely reducing the pressure exerted 

within pore space on gases found in solution. The shift in pressure alters the equilibrium 

partitioning found in the soil stockpile allowing contaminant compounds to volatilize under the 

new conditions. 

System Map of Soil Chemistry 

General chemical reactions in soil can be summarized in a systems map, shown in 

Figure 3 (Conklin, 2005). This biogeochemical system involves components that are related and 

processes that elicit a change. Conklin (2005) mentions that six processes are in equilibrium at 

any given time, and concentrations will be steady given constant physical, chemical, and 

biochemical conditions. In order to lower contaminant concentrations in soil, the conditions must 

be changed so that the equilibrium will favor a particular process. In the case of soil remediation 

using the trommel, volatilization and dissolution are the reversible process that are on either side 

of the equilibrium partitioning equation. 
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Figure 3 Processes that occur in soil as a result of Biogeochemical cycling. Reactions occur between 
soil solution and either organisms, soil air, or solid phases (Conklin, 2005). Reused with 
permission from John Wiley & Sons. 

Volatilization and Dissolution 

The processes of dissolution and volatilization are as follows: dissolution is the transfer 

of a gas in air to solution, and volatilization is the transfer of a gas in solution to the surrounding 

atmosphere. Volatility is defined as the tendency for liquids to evaporate at room temperature. A 

liquid is more volatile when it has weaker intermolecular forces (Petrucci, Harwood, & Herring, 

2002). Volatilization depends on temperature, humidity, sorption, and biodegradation processes 

in soils (CCME, 2004). Solubility is the maximum amount of a substance that may be dissolved 

within a solution. In soil, gases and liquids may be dissolved in the solution surrounding organic 

and inorganic particles. Vapour pressure is the pressure of the vapour resulting from a liquid 

substance’s evaporation. Compounds that have relatively high vapour pressures (e.g., greater 

than 10-2 mm Hg) tend to volatilize and enter the vapour phase (ATSDR, 1999). It is important to 
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consider the chemistry of volatilization in order to ensure the optimization of the process in the 

treatment of soil contaminated with BTEX and PHC Fraction 1. 

Environmental Fate of Contaminants of Concern in Soil 

The PHC contamination at the case study site was originally released as liquid-phase 

NGCs, from either underground storage tanks or spills (WSP, 2017b). Liquid-phase PHCs 

released in the underground soil environment may move through the unsaturated zone of the soil 

to the groundwater through a capillary force. Some portion will evaporate up to the surface and 

another portion will dissolve into the groundwater and move away from the release area; the 

individual compounds have a different percentage that ends up in either phase. Individual 

compounds may separate from the original mixture, depending on the chemical properties of the 

compound. Other compounds will attach to particles in the soil and may stay in the soil for a 

long period of time, while others will be broken down by organisms found in the soil (ATSDR, 

1999). As indicated by the CCME (2004), volatilization is especially dominant process 

determining the fate of PHCs in the environment. 

Remediation of BTEX and PHC 

Many different approaches to soil remediation address volatilization of hydrocarbons, 

because it is the most easily utilized process. Remediation methods found in the literature review 

that addressed hydrocarbon contamination were either bioremediation or thermal treatment (De 

Sousa, 2014; F. I. Khan, Husain, & Hejazi, 2004; Khan, Jameel, & Khan, 2018; Lim, Lau, & 

Poh, 2016; Meuser, 2013).  
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With the trommel, the remediation of the contaminants of concern is governed by a mass 

transfer of molecules from the gaseous or liquid phase (in a soil solution) to the gaseous phase 

(in the atmosphere or pore space); in other words, evaporation (Fingas, 2013). The relatively 

high vapour pressures and Henry's Law constants of BTEX (0.01 atmꞏm3/mol) make them 

subject to rapid volatilization. The trommel air blowers introduce a slight vacuum which assists 

in the transportation of gaseous phase contaminants away from soil particles. Once soil is 

processed through the trommel, the soil air is exposed to the atmosphere and this allows 

hydrocarbon compounds to volatilize. 

Aerobic Bioremediation Methods 

According to Meuser (2013), bioremediation is the most frequently used remediation 

approach worldwide (e.g., Europe, the United States, and Australia) to decontaminate gas 

stations, refineries, and spill sites. Bioremediation capitalizes on the soil microbes to break down 

contaminants in soil. It may imply stimulation with various amendments or fertilizers (Lovley, 

2000; Sanscartier et al., 2010; Sims & Sims, 2012), either aerobically or anaerobically. A study 

conducted by Sanscartier et al. (2010) focused on the treatment of a microcosm of soil, with the 

addition of a chemical reagent (fertilizer), rather than the addition of microbes. Hydrocarbons 

can be degraded in an anaerobic condition through iron reduction, sulphate reduction, 

methanogenic degradation and denitrification (Lovley, 2000; Meuser, 2013). In the following 

formula the benzene (C6H6) degradation is exemplified through aerobic respiration (Meuser, 

2013):  

7.5O2 + C6H6  6CO2 + 3H2O 
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Aerobic respiration of hydrocarbons is a process that transforms the chemical, first into an 

alcohol, then to an aldehyde and finally a fatty acid, which is incorporated into lipids used in the 

microorganisms body (Meuser, 2013). The process is quicker when the carbon is a single bond -

compared to a double bond, and it is quicker when the chain length is shorter (Meuser, 2013). 

While no chemical reagents were added to activate bacterial growth in this case study 

remediation program, it is possible that naturally occurring microbes in the soil could potentially 

take part in the biodegradation of the compounds of concern. The aerobic degradation of benzene 

is mediated by microbes– and access to oxygen is enhanced using the treatment method selected.  

Sustainability of Soil Remediation for Re-use 

A common method of handling contaminated sites in Alberta involves excavation of 

contaminated soil and transportation to off-site facilities, such as landfills. Due to lack of 

facilities, remediation of contaminated soil at remote sites often consists of shipping off-site, 

rather than being treated on-site (Sanscartier et al., 2010). The “dig and dump” method is highly 

resource-intensive, running multiple pieces of equipment and trucks with diesel engines. 

Unfortunately, using this method for soil remediation is still considered more cost-effective in 

many cases. The use of the trommel is an alternative, innovative solution to the unsustainable 

practice of transportation and placing soil in a landfill where it will never be treated for return to 

productive use. Although multiple pieces of equipment with diesel engines is still required, the 

trommel remediation programs allow for in situ treatment and immediate soil re-use on site. 

Depending on the effectiveness and viability, this remediation method could replace the 

traditional, “dig and dump” scenario on many contaminated sites.  
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Remediating PHC-impacted soil material in winter conditions also supports sustainability 

because environmental managers can take advantage of an underutilized field season to complete 

remediation work. Treatment during winter potentially reduces the time that sites remain 

contaminated. Environmental pollutants tend to persist for a long time in soils (Swartjes, 2011) 

and spread to deeper and wider “plumes,” which can impact more soil the longer that sites 

remain untreated. Interventions using the trommel apparatus can stop the spread of contaminants 

and address the source of contaminant plumes, limiting the amount of soil that ultimately 

becomes contaminated. 

Censored Data (Non-detect results) 

Studies involving environmental chemistry often deal with the problem of what to do 

with censored data or non-detect results, which are defined as analytical concentrations known 

only to be somewhere between zero and the laboratory’s detection/reporting limits (Helsel, 

2012). The analytical instruments in the laboratory are incapable of reliably determining true 

concentrations when they are at such a low level. With non-detect results, it is difficult to 

perform statistical analysis with a degree of certainty.  

Shoari (2018) summarized a literature review of methods of analyzing datasets with left-

censored data (‘less-than’). One method of dealing with the censored data problem, made 

common by the United States Environmental Protection Agency (USEPA), is substituting the 

result with half the detection limit (USEPA, 2006a). For example, if the laboratory report 

indicated that a concentration of a sample for a particular compound is below the method 

detection limit of 0.005 mg/kg, the researcher would substitute 0.0025 mg/kg and then proceed 
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to statistical analysis. The USEPA recommends substitution of left-censored observations with 0, 

the detection limit, or half of the detection limit when <15% of data are censored. However, 

Shoari (2018) rejects the recommendation because their 15% cut-off value is not based on peer- 

reviewed publication (Shoari, 2018). When a dataset undergoes substitution, the mean will be 

skewed and normality tests will also likely confuse the distribution of the results (Helsel, 2005, 

2012; Shoari, 2018). The USEPA method of substitution was used despite limitations, with 

appropriate discussions as to the effect on the results.  
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Methodology 

Study Design 

The research study was based on an ongoing private-sector remediation project. As such, 

the remediation design was largely determined to meet desired client outcomes on a private-

sector remediation program. The remediation program occurred between January and February 

2019. Soil samples were collected from individual soil piles after treatment and submitted to an 

accredited laboratory for analysis. Over the course of the study, no samples were collected pre-

treatment, because it was assumed that the concentrations in the soil pile were of a high enough 

concentration to necessitate treatment (i.e., above applicable guidelines). After sample analytical 

results were received, they were compared with the Alberta Tier 1 guidelines (Table 2). For any 

soil sample that exceeded the guidelines, the corresponding soil pile was subjected to another 

treatment. As a result of an adaptive management process, the treatment method was modified. 

The first modification involved adding a soil flip after one treatment through the trommel, and 

before sampling. A flip involves moving the soil pile, and in the process, dropping the soil 

slowly from the excavator bucket to mix the soil and expose more air to the pile. The soil piles 

that failed the second treatment method had to be treated again. Eventually, the management was 

adapted to increase the treatment technique to trommel the soil twice, before sampling. In total, 

77 soil samples were collected from 45 treated soil piles. 

Additional methodology was employed as part of the study design to address the research 

question and objectives as part of this thesis research project. One of the limitations with the data 
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from the original client-led project, from a scientific perspective, was a lack of samples collected 

prior to treatment. To try to counteract this lack of information, data were compiled from 

previous environmental reports to characterize the stockpile and provide a general description of 

conditions prior to treatment. However, a total of 17 soil piles were subjected to more than one 

treatment intervention, which allowed for a quantitative comparison of initial and final results. 

The soil samples taken after the first treatment intervention were used as the initial result in lieu 

of a classical scientific initial result. The final result was after all PHC compounds were analyzed 

below the applied guidelines. Using the analytical results collected after the first treatment 

intervention can be justified as the initial result, for comparison purposes, for the following 

reasons: firstly, all treated piles underwent a treatment intervention to begin with; thus, 

significant outliers would be reduced; secondly, those are the best available data. The lack of the 

original concentrations may limit the effect seen on the potential difference between the before 

and after the treatment. 

Stockpile Characterization 

Stockpile characterization was completed by reviewing previous site reports written by 

consultants over multiple years (RCGI, 2010, 2012, 2013a, 2013b; WSP, 2015, 2016, 2017a, 

2018a, 2018b). Site characterization was also compiled with field notes and observations from 

being on site between 2018 and 2019.  

The most recent stockpile characterization work was completed in 2014 (WSP, 2015). In 

2014, WSP drilled the soil stockpile by hand auger and sampled every 0.5 m. It is possible that 

the soil characterized in 2014 is still all contained in the soil stockpile; however, environmental 
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remediation work on the case study site had taken place between 2014 and 2019 that may have 

changed the overall characterization of the stockpile.  

WSP conducted a Supplemental Phase II ESA in 2015 (WSP, 2016), and drilled 

boreholes on site where soil was found to be contaminated. WSP excavated soils with 

concentrations exceeding applicable guidelines, and all excavated material was added to the soil 

stockpile in 2016 (WSP, 2017a). The process of excavating material from the in-situ excavation 

and transporting it to the soil pile in the southwest corner of the Site exposed the contaminants to 

the air, increasing the likelihood of passive volatilization of hydrocarbons. Soil analytical data 

from boreholes within the footprint of the excavations were compiled, in addition to the 2014 

stockpile characterization data, to represent soil contained in the soil stockpile. 

Following the excavation work in 2016, the surface of the soil stockpile was treated by 

aeration equipment (e.g., tilling) in 2016, 2017 and 2018. Treated soil was removed and 

backfilled into open excavations on site (WSP, 2017a, 2018a, 2018b). An unknown volume was 

added in 2016 and 2019 and an unknown volume was taken away (after treatment) every year 

from 2016 to 2019. The data were compiled as if they were still present on the soil pile and 

shown in the Results section. 

Site Setup 

The client-led remediation program was initiated in January 2019. The stockpile 

dimensions were about 60 m by 50 m by 5 m high, with a volume of about 15,000 m3 remaining 

to be treated (WSP, 2019).  
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The set up the site in preparation for work took a few days. The trommel apparatus was 

set up on the site, immediately north of the stockpile. The machine itself is hitched to a truck cab 

and is transported around as a trailer. To set up on the site, we had to consider space; not only an 

area to park the trommel, but also how we were going to move the trommel into place. There 

were fences, ditches, a culvert, a post, and monitoring wells to contend with. A large portion of 

the stockpile had to be removed and piled on top of the pile. A soil “pedestal” had to be built up 

in the place where the excavator would feed into the trommel. The success of the project was 

dependent upon setting up the site in a way that was conducive to the mobilization and continual 

feeding of the trommel.  

Throughout the process of using the trommel at the case study site, finer size class 

material (e.g., less than 2 cm) exited on a conveyor and piled on the right (west) side of the 

equipment, as shown in Photograph 1. The processed soil piles were approximately 250 m3 each 

and staged in a temporary holding area to the west of the trommel location. Soil piles that met 

the applicable guidelines were backfilled into a low, excavated area north of the trommel and 

staging areas. The larger size class (e.g., between 2 and 7 cm) exited the trommel on a conveyor 

on the east side of the equipment; this soil was returned to the stockpile as it was considered 

untreated. 
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Photograph 1. View looking towards the modified trommel owned and operated by TR3 
Energy, Inc. Processed soil was piled on the right, from the fine material conveyor.

Sample Collection  

Size-classified soil, exposed to aeration, was sampled by composite methodology and 

submitted to an accredited laboratory for analysis of BTEX, Styrene and PHC F1-F4. Styrene 

and PHC F2-F4 were analyzed, but were not included in the data analyses of this thesis, as they 

did not previously exceed the applicable guidelines; thus, they were not contaminants of concern 

for this site (RCGI, 2010, 2012, 2013b, 2013a; WSP, 2015, 2016, 2017a, 2018a, 2019).  
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Forty-five soil piles were treated, with an average volume of about 250 m3. Following 

soil treatment, the samples were collected within one day; except for three soil piles that were 

sampled after three days, one soil pile that was sampled after four days and another that was 

sampled after nine days. Photograph 2 shows a series of segregated soil piles that have been 

treated with the trommel and moved to the temporary staging area until analytical results 

confirmed a successful treatment. 

Photograph 2. Looking northwest towards the trommel and staging area of treated soil piles of 
approximately 250 m3. 
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Composite Sampling 

In this methodology, a composite sampling strategy was used to assess each soil pile after 

treatment. Composite sampling is a strategy of forming a physical average (rather than a 

mathematical average). Multiple individual or “grab” samples from different locations are 

physically combined and mixed into a single sample (USEPA, 2002). The strategy operates 

under the assumption that the soil pile is sufficiently homogeneous such that one composite 

sample can represent the average characteristics of the soil pile (CCME, 2016).  

To obtain a composite sample, first the uppermost layer of soil was removed from four 

locations on each soil pile to avoid unrepresentative volatilization from the surface of the soil 

pile; then, a small amount of soil was collected from each of the four uncovered locations and 

combined in a small plastic bag. Some soil from the bag was placed into a 125-ml glass jar and 

two 40-ml methanol-charged vials and submitted to the laboratory for analysis. 

Laboratory Methods 

ALS Environmental Laboratory (Edmonton, AB) performed the analysis of the soil 

samples during the case study. The following reference methods were performed in the analysis 

of the soil samples:  

 USEPA 8260C/5021 (USEPA, 2006b, 2014) for BTEX and F1 analysis. 

 CWS for PHC in Soil – Tier 1 method (CCME, 2001) for BTEX and F1 analysis.  

 CWS for PHC in Soil – Tier 1 method (CCME, 2001) for F2, F3 and F4 analysis. 

The analysis of BTEX and F1 involves the extraction of a 5 g subsample of the soil with 

methanol. The extraction occurs in the field as the subsample is added to a septum-capped vial, 
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pre-charged with methanol. In the laboratory, the soil methanol extract is added to water and 

reagents, then heated in a sealed vial to equilibrium. The headspace from the vial is transferred 

into a gas chromatograph. BTEX and F1 compound concentrations are measured using mass 

spectrometry detection (CCME, 2001; USEPA, 2006b, 2014).  

The sample for the analysis of Fractions F2, F3, and F4 is extracted in the laboratory with 

a 50:50 hexane-acetone solvent. The extract is dried and treated with a silica gel to remove polar 

material. The sample is then analyzed by gas chromatography and a flame ionization detector 

(CCME, 2001). 

Moisture is determined by determining the moisture loss after a 5 g sample is heated in an 

oven at 110 ◦C (CCME, 2001). 

Quality Assurance/Quality Control 

Laboratory analysis of soil environmental samples necessitates incorporation of quality 

assurance and quality control to ensure data is valid. The laboratory selected is certified to 

perform environmental analysis and the laboratory performed a matrix spike and lab duplicate 

samples. According to the laboratory certificates of analysis, quality control criteria have been 

met such as hold times, and method validation. 

Censored Data (Non-detect results) 

A brief analysis of non-detect results was performed to confirm that the data had 

adequate results to analyze. The data set had 17 samples, and the percentage of non-detects 

ranged from 0 to 100% depending on the compound. Table 3 shows the initial and final 

percentage of non-detect results with the difference for each compound analyzed. As previously 
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mentioned, styrene and PHC F2-F4 were analyzed, but were not included in the data analyses of 

this thesis, as they were not contaminants of concern for this site. The high percentage of non-

detect data made statistical analysis difficult. F1-BTEX and Xylene compounds provided non-

detect results greater than the 15% recommended by the USEPA (USEPA, 2006a). Toluene also 

exceeded the 15% recommendation; however, this compound was included in data analysis 

because it was below an average 50% non-detect (Shoari, 2018). The large number of non-

detects and the small sample size may have an impact on the applicability of the estimation 

methods. 

Table 3. Percentage of non-detect results (n=17).
  Initial Final Average 

F1-BTEX 82% 94% 88% 
F2 100% 100% 100% 
F3 41% 59% 50% 
F4 82% 100% 91% 

Benzene 0% 6% 3% 
Toluene 41% 35% 38% 

Ethylbenzene 0% 18% 9% 
Xylenes (o, m & p) 65% 76% 71% 

Styrene 88% 100% 94% 
 

The focus of the data analysis is on benzene, toluene and ethylbenzene to show the 

majority of compounds that were above the guidelines included in the study. Benzene had the 

most complete data set (average of 3% non-detect); however, this single compound would not 

represent everything on the site. Three compounds therefore were selected for the data analysis. 

There was nearly a complete data set for ethylbenzene (average 9% non-detect), and a partial set 

for toluene (average 38% non-detect). These compounds can be considered dominant 



MECHANICAL TREATMENT FOR REDUCTION OF HYDROCARBONS 42 

 
 

contaminants at other similar sites; therefore, the focus on them has practical side to compare to 

other industrial or oil and gas sites (M. Ross, personal communication, October 7, 2019). 

A substitution was used for the values that were below the laboratory limit of detection. 

The substituted value was one-half of the detection limit, which is justified with the USEPA 

methodology, with one caveat: this might be introducing bias to the toluene results specifically, 

because it is over the recommended guidelines for percentage of censored data. In order to 

maintain consistency across the data analysis for the three compounds selected, substitution was 

used for results that were below the laboratory detection limit. An attempt was made to offset the 

bias by including the median in data analysis. 

Data Analysis  

Data analysis software programs, GraphPad Prism (GraphPad Software, 2018) and 

Microsoft Excel (Microsoft, 2016) were used to organize, process and analyze the soil analytical 

results. GraphPad Prism is a specialized data analysis software that is designed to organize data 

by making it easier to perform analyses.  

The following analyses were performed in GraphPad Prism 8:  

 All soil data (n=77) were entered into GraphPad as Columns, with each column 

being a different compound (Benzene, Toluene, Ethylbenzene, Xylene, F1).  

 Alternate data sheets were created to account for the substitutions that were made, 

replacing non-detect values with discrete numbers equal to half of the detection 

limit.   
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 To quantitatively analyze the effect of the treatment, data that could be grouped as 

initial and final results (n=17) were entered into GraphPad as Grouped, with two 

subcolumns for each group, or compound analyzed. 

 Descriptive statistics were run for all data, grouped data, and historical soil pile 

characterization data. 

 Normality and lognormality tests were run on all the data, and the data with 

substitutions, in order to determine whether a Gaussian distribution could be 

assumed for the subsequent tests that could be run. Tests for normal distribution 

included Anderson-Darling test, D’Agostino & Pearson test, Shapiro-Wilk test, 

Kolmogorov-Smirnov test. An understanding of the data distribution is necessary 

for all the statistics presented. 

 The two-tailed Wilcoxon matched-pairs signed rank test (for non-parametric data) 

was performed on grouped data for benzene, ethylbenzene and toluene, with 

substitutions for the non-detect results. The cut-off for significance was a P-value 

<0.05.  

 Non-detect percentages were tested for normality and then a two-tailed paired t-

test for parametric distribution was used. The cut-off for significance was a P-

value <0.05. 

Microsoft Excel was used to accumulate data and prepare graphs. Alternate data sheets 

were created to account for the substitutions that were made, replacing non-detect values with a 

discrete number equal to half of the detection limit. Boxplot graphs were created in Excel. Once 
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the GraphPad analyses were completed, the data was transferred into Excel and prepared for 

presentation.  

Intervention Analysis 

The qualitative intervention analysis was completed by performing frequency distribution 

analysis on the soil piles. A total of 45 soil piles were analyzed during the soil remediation 

treatment pilot study in January-February 2019. Without consideration to the compounds and 

concentrations, the binary system of classification was used. For example, if all the compounds 

concentrations were below the Alberta Tier I guidelines, the soil pile was successfully treated, 

and if it was not, the soil pile was treated and sampled again. 

Another intervention analysis was completed by performing frequency distribution 

analysis on the number of days that soil piles took to have all concentrations below the 

applicable guidelines. For each pile, a count of the total number of days it took for the soil pile to 

achieve soil concentrations below the Alberta Tier I guidelines was recorded; the first soil result 

was determined to be one day, if the first treatment intervention was successful. Regardless of 

whether the soil piles had many multiple interventions, or the soil pile rested for many days, just 

the total number of days was counted. This analysis was used to determine if a segment of time 

was beneficial for the treatment process.  

A second question was attempted to be answered using the intervention analysis. The soil 

piles were also subjected to varying types of interventions, described in the Study Design 

section. Field notes were used to record the intervention performed on each soil pile. For each 
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pile, a count was made of the number of treatment interventions, regardless of what type of 

intervention was utilized. The “Trommel once” was regarded as one single intervention; as was 

“Trommel twice” if the second trommel occurred consecutively, before the sampling event.  

Success rates were calculated by determining the percentage of treatments which were 

successful after just one event, for each type of intervention (Trommel once, Trommel Flip, and 

Trommel twice). The total number of soil piles which had the type of intervention completed 

first was used as the denominator.  



MECHANICAL TREATMENT FOR REDUCTION OF HYDROCARBONS 46 

 
 

Results 

Characteristics of Stockpile before Treatment 

The Site generally consisted of fine-grained surface and coarse-grained sub-surface soils. 

Surface soil was most frequently classified as glacial till, with silt, sand and clay. Pockets and 

lenses of coarse-grained soils were observed throughout. Well-graded sand and gravel layers 

were observed in boreholes beginning at about 5 m below ground surface. Coarse-grained soils 

have the potential to control contaminant transport and contamination was observed within 

lenses; therefore, the guidelines for coarse-grained surface and subsurface soils were used 

(RCGI, 2010).  

The stockpile was mainly fine-grained soil with pockets of coarse-grained soils, 

consisting of a cohesive sandy clay, with pockets of sandy silt. Large boulders (e.g., 10 to 60 cm) 

made up less than 5% of the soil pile. Table 4 compiles qualitative descriptions of select 

monitoring wells screened intervals within the footprint of the excavated soil that was added to 

the stockpile (WSP, 2016). 

Table 4. The soil type of select monitoring wells within the excavated footprints (WSP, 2016).
Location ID Soil Type within Screened Interval 

MW02 Clay with sand lenses 
MW03 Clay with sand lenses 
MW06 Clay with sand lenses 
MW15 Clay and sand 
MW33 Clay and sand 

 

It should be noted that the stockpile was mixed to some degree prior to treatment. For 

example, in 2016, soil added to the stockpile was deposited by the truck load. The order and 
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pattern of deposition was not necessarily from a discrete source; thus, each location in the soil 

pile was mixed – also, in the process of moving the soils during deposition and during treatment, 

it was likely that the soil had been handled several times, increasing exposure and possibly  

aiding in some natural volatilization.  

Table 5 is a summary of descriptive statistics of the results from historical reports (WSP, 

2015, 2016). The stockpile characterization data includes the maximum concentration, the 

average and the range. There were no field notes to determine where on the soil pile each 

excavation ended up. Field notes from the 2017 and 2018 summer treatment programs had 

recordings from photo-ionization detector tests taken on a grid-pattern on the surface; through 

these observations, it was apparent that the stockpile had “hot spots,” or limited areas where 

hydrocarbons were present in high concentrations. The results indicated that concentrations 

Table 5. Stockpile Characterization, based on summary of descriptive statistics of the results of soil samples of 
all petroleum hydrocarbon (PHC) compounds analytical results from select boreholes that were within the 
footprint of each excavation that were piled on the soil pile.

Compound Benzene Toluene Ethylbenzene 
Xylenes-

Total 

PHC F1 
minus 
BTEX 

PHC F2  PHC F3 PHC F4 

 (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Number of values 97 23 55 33 46 21 196 163

      
Minimum 0.0053 0.12 0.01 0.01 6 3 17 10

25% Percentile 0.02225 0.29 0.057 0.41 23.75 22.5 30 29

Median 0.134 8.47 0.388 2.26 57 27 65 53

75% Percentile 1.075 22.4 2.11 10 225.3 39 122 81

Maximum 161 380 42 88.7 6230 160 600 5600

Range 161 379.9 41.99 88.69 6224 157 583 5590

      
Mean 5.754 49.46 2.597 10.52 347.7 40.4 91.76 111

Std. Deviation 24.44 109.7 7.072 21.21 995.6 37.92 83.36 484.3

Std. Error of Mean 2.482 22.87 0.9536 3.692 146.8 8.275 5.955 37.94
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ranged from non-detect to exceeding the Alberta Soil and Remediation Tier 1 guidelines, for 

agricultural land use and coarse-grained soils (Alberta Environment and Parks, 2016).  

Due to unknown volumes of soil added and removed from the stockpile, Table 5 may not 

accurately portray current conditions on the stockpile, but it suggests that at least in some areas, 

BTEX and F1 were above the guidelines by a significant margin. There were many non-detects 

observed in the analytical results in the borehole data. The number of non-detects is represented 

by low n, which captures real numbers only; there were n=295, indicating that for some 

compounds (e.g., Toluene) more than 92% of data are below detection limits. The means 

presented in the table might also be skewed from the true character of the soil in the soil pile 

given than non-detects were not substituted in the stockpile characterization. 

Intervention Analysis 

The summary of treatment types, including the total number of interventions and days for 

each soil pile are shown in the Appendix Table A.1. Table 6 shows the three groups of treatment 

types and the number of events that were determined to be a success (i.e., all compounds met 

guidelines) during the first time it was treated (i.e., first intervention). 

Table 6. Rate of success given the first intervention, by type of treatment intervention, for each soil pile (N=45)

Treatment Type N Number of Times the First Intervention was Successful Success Rate 

Trommel Once 16 10 63% 

Trommel/Flip 6 1 17% 

Trommel Twice 23 17 74% 
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Figure 4 shows the distribution of the counted number of days, beginning with the first 

treatment, and ending with the treatment that was ultimately successful. This figure shows that 

76% of soil treatment was successful within one to three days.  

 
Figure 4 The frequency distribution percentages of the number of days from the first intervention, until 
a soil pile was below the applicable guidelines for all hydrocarbon compounds, BTEX and F1-BTEX. 

Figure 5 shows the distribution of the counted number of treatment interventions 

regardless of type of intervention. The soil piles that were determined to be successful (i.e. below 

applied guidelines) on the first treatment intervention, were given a count of one and the counted 

number ended with the treatment that was ultimately successful. Table 6 described the success 

rate of the first intervention relative to treatment type, whereas this figure shows the number of 

interventions. This figure shows that 82% of soil treatments were successful within 1 to 2 

treatment interventions.  
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Figure 5 The frequency distribution percentages of the number of interventions, before a soil pile was 
below the applicable guidelines for all hydrocarbon compounds, BTEX and F1-BTEX. 

Analytical Results 

The soil analytical results for all soil piles and compounds are shown in Appendix 

Table A.2. The table of soil results is limited to soil piles that had an initial and final concentrations 

(mg/kg) of BTEX and F1-BTEX compounds, as presented in Appendix Table A.3. The table with 

substituted data is presented in Appendix Table A.4. The descriptive statistic results (n, mean, 

standard deviation) are shown in the Appendix Table A.5. A reduction of mean concentration was 

noted for all compounds analyzed in this study, but median concentrations only changed for 

benzene, toluene and ethylbenzene. 
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Percentage of Censored Data 

All compounds analytical results exhibit more censored data after treatment, except for 

toluene, suggesting that the overall PHC concentrations are decreasing. Table 7 shows the initial 

and final percentage of non-detect results with the difference for each compound analyzed.  

 

Table 7. Percentage of non-detect results 
  Initial Final Difference

Benzene 0% 6% 6% 
Toluene 41% 35% -6% 

Ethylbenzene 0% 18% 18% 
Xylenes-Total 65% 76% 12% 

Styrene 88% 100% 12% 
F1-BTEX 82% 94% 12% 

F2 100% 100% 0% 
F3 41% 59% 18% 
F4 82% 100% 18% 

According to Table 8, the paired T-test run on GraphPad Prism (GraphPad Software, 

2018) results indicate that the difference is significantly different (P <0.05). 
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Table 8. Paired T-test results analyzed from non-detect percent 
P value 0.008
P value summary **
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed 
t, df t=3.506, df=8 
Number of pairs 9
How big is the difference?
Mean of differences (B - A) 9.889
SD of differences 8.462
SEM of differences 2.821
95% confidence interval 3.384 to 16.39 
R squared (partial eta squared) 0.6057
How effective was the pairing?
Correlation coefficient (r) 0.9744
P value (one tailed) <0.0001
P value summary ****
Was the pairing significantly effective? Yes

 

Normality Tests 

Most of the data are distributed lognormally, as summarized in Table 9. There were 

normally distributed data in the ethylbenzene (final) and benzene (final) results; the remaining 

data sets were lognormally distributed. 

Table 9. Normality test results for each compound analyzed, organized in two different ways, 
grouped (n=17) and column (n=77). 

  Column Grouped 
 Initial Final

Moisture Lognormal Lognormal Lognormal 
F1-BTEX Lognormal Lognormal Lognormal
Benzene Lognormal Lognormal Normal
Toluene Lognormal Lognormal Lognormal

Ethylbenzene Lognormal Lognormal Normal
Xylenes (o, m & p) Lognormal Lognormal Lognormal
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The complete results including the results for the Anderson-Darling test, D’Agostino & 

Pearson test, Shapiro-Wilk test, Kolmogorov-Smirnov test are shown in the Appendix Table A.6.  

Box Plots 

The box plots (Figure 6, Figure 7, and Figure 8) illustrate the substituted data, after the 

initial treatment and after the final treatment. All compounds exhibited a decrease in 

concentration after treatment. 

Figure 6 Box plot of benzene concentrations (mg/kg). Non-detect values were substituted with 
half the method detection limit. Error bars represent the range of concentrations.
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Figure 7 Box plot of toluene concentrations (mg/kg). Non-detect values were substituted with 
half the method detection limit. Error bars represent the range of concentrations.

 

 

Figure 8 Box plot of ethylbenzene concentrations (mg/kg). Non-detect values were substituted 
with half the method detection limit. Error bars represent the range of concentrations.
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The median benzene concentration dropped from 0.129 to 0.0495 mg/kg. The median 

toluene dropped from 0.076 to 0.058 mg/kg. The median ethylbenzene dropped from 0.041 to 

0.036 mg/kg. The toluene box plot has no negative error bars (Figure 8) because the minimum 

and 25% quartile were equal to the substitution value of 0.025 mg/kg. The range of benzene, 

toluene and ethylbenzene was high in the initial testing, and the range of each compound 

decreased during the final testing.  

Wilcoxon Matched Pairs Signed Rank Test 

The statistical test that was used to determine differences between the soil concentration 

data, after the initial and the final treatment, was the Wilcoxon matched pairs signed rank test.  

The complete results of the Wilcoxon matched pairs signed rank tests for benzene, ethylbenzene 

and toluene are shown in the Attachment Table A.7. As was identified in the box plots, all 

compounds exhibited a decrease in concentration after treatment. 

The comparison of benzene and ethylbenzene final treatment result with the initial result 

was determined to be significantly different. The comparison of toluene final treatment result 

with the initial treatment result was determined to be not significantly different (P >0.05). The 

non-significant difference between toluene results could be related to the fact that a larger 

percentage of non-detect results were substituted (41% initial and 35% final). The substituted 

amount was constant for each substitution, leaving a biased result.  
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Discussion 

Adaptive Management 

The treatment method during the pilot study evolved as per the principle of adaptive 

management (Argent, 2009; Bernard, 2017; Schreiber, Bearlin, Nicol, & Todd, 2004; Sit & 

Taylor, 1998b). Adaptive management is a process for learning from experience and continually 

improving management during an ongoing project or program. Managers may compare actual 

outcomes to their predictions, and adjust future actions and models used to make predictions (Sit 

& Taylor, 1998a). This process is more organized and powerful than a trial-and-error approach. 

Adaptive management was employed in order to address the project objectives and 

attempt to improve the method to lower the contaminant levels. After a few days of treating soil 

on the project site, it was noted that a significant number of soil piles had concentrations that 

exceeded the guidelines based on the laboratory analytical results. The results were therefore 

unsatisfactory to the objective of the project. Experienced soil professionals predicted that the 

soil would meet the project objectives if another step was added to the treatment. 

The initial treatment method was supplemented with either a bucket flip or another pass 

through the trommel, depending on the magnitude of soil exceedances. Results that were slightly 

over the guidelines were flipped using the excavator bucket; if the discrepancy was large, the soil 

pile was processed through the trommel a second time. Experienced soil professionals made the 

decision to either reprocess the soil in the trommel, or simply flip the pile. Eventually, the flip 

was added to the process of treatment because there were several soil piles that required this 
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supplementary treatment. This adaptation attempted to reduce the laboratory costs, by attempting 

to increase the success of each treatment.  

After a series of sample analytical results were above the applicable guidelines, the 

adapted treatment process was modified to incorporate a second pass through the trommel. This 

adaptation, in addition to decreasing laboratory costs, also acknowledged that the space was 

limited. Instead of finding room to store and flip each 250 m3 pile (which would need an 

organized place to put each pile), the re-trommel could take place without segregating each soil 

pile. This could save time, space, laboratory costs, and it also increased the chances of having 

soil analytical results below the applicable guidelines. 

Effectiveness of Treatment Type 

The double trommel method was more successful, with the highest percentage of soil 

piles that were below the Alberta Tier 1 guidelines for all compounds, after just one intervention. 

The treatment analysis indicated that there was a slightly better (74% success rate) with the 

double-trommel treatment, versus the single-trommel treatment (63% success rate). The results 

also indicated that the trommel-flip treatment method (17% success rate) was the worst of the 

three, which should have performed at least as well as the single-trommel treatment. The success 

at first intervention may be influenced by the concentration at the beginning, before treatment, 

which could not be assessed as part of this thesis.  

Effectiveness of Treatment for Reduction of hydrocarbons 

The treatment was effective for the reduction of hydrocarbons, based on the reduced 

median concentrations for benzene, toluene and ethylbenzene compounds analyzed in this study 
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– before and after treatment. Benzene and ethylbenzene were the only compounds that had 

enough data to support a statistically significant difference between the final treatment result and 

the initial result (Wilcoxon Matched Pairs Signed Rank Test for non-parametric data). Toluene 

was also tested statistically, and the non-significant difference may be related to the fact that an 

average of 38% of the data was below the laboratory method detection limit. In comparison, 

benzene data had an average of 3% and ethylbenzene had an average of 9% non-detect results. 

The substituted amount was constant for each substitution, leaving a biased result in over a third 

of the data points for toluene.  

Some of the results could not be statistically analyzed due to the amount of non-detect 

results. However, there was a significant difference between the percentage of non-detect results 

in the initial soil pile results and final soil pile results after treatment (paired t-test). The 

percentage of non-detect results increased in the final concentrations for all the compounds 

analyzed in the study, including xylene, styrene and F1-F4. These results indicated that the first 

data set contains higher concentrations of hydrocarbons than the final, and a reduction in 

contaminant concentrations occurred after treatment.  

Additional data could support the effectiveness of treatment for the reduction of 

hydrocarbons. For example, a study could be designed where a soil sample is collected for each 

soil pile prior to being treated, then the grouped comparison could take place with all 45 soil 

piles, instead of the limited 17 soil piles that were retreated due to failure. There would still be 

non-detects results present, confounding the statistical analysis; which is one of the main data 

limitations in this study. In order to potentially alleviate the number of non-detect results, it is 
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possible that an alternative laboratory method with lower detection limits could be used. If the 

method detection limit was lower for a greater number of the compounds analyzed, then there 

would have been more data to compare between initial and final concentrations. If the number of 

results that would have to be substituted would potentially be less. It is then plausible that, and 

additional compounds could have been confirmed as treated successfully. 

Natural Factors that Aid in Volatilization 

The scientific principles discussed in the literature review (i.e., vapor pressure and 

Henry’s law constants) are strongly dependent on temperature. However, lower temperatures do 

not favour volatilization in equilibrium partitioning processes. Other factors outweigh the effects 

of lower temperature on volatilization, but it is unknown to what effect natural factors played on 

the treatment results.  

Independent variables such as atmospheric pressure, relative humidity, and wind speed, 

etc., may influence the rate of volatilization of the contaminants of concern. No work was 

conducted to track atmospheric weather conditions during the treatment program or during 

intervening months before the treatment. The nearest weather station is located about 15 km 

from the site, which would not be adequate for providing site specific data. Setting up a weather 

station on the site to record conditions during the treatment process may provide site-specific 

data, however this may not be possible due to cost limitation. It is possible that low atmospheric 

pressure, low relative humidity and wind exposure influenced volatilization over the months 

preceding the soil treatment program on the case study site that passively influenced the 
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reduction of contaminants of concern from the uppermost layer of soil on the stockpile. Further 

work could be done to assess the effect of weather on the treatment. 

Non-homogenous distribution of soil properties in the stockpile (e.g., grain size, porosity, 

and initial hydrocarbon concentrations) may influence the treatment results. The stockpile 

characterization completed as part of this study provided an estimate of general conditions prior 

to treatment. However, the results (Table 6, Figure 4 and 5) could have been influenced by 

whether the soil input into the trommel represented a pocket of soil with high levels of 

hydrocarbons exceeding guidelines, or a lens of sand that broke down more quickly. There was 

no specific indication of initial concentrations, porosity or grain size on a per-soil-pile basis; 

which, may have altered the interpretation of the results.  

The natural presence of microorganisms is another factor that may aid in the reduction of 

hydrocarbons in the case study site. Bioremediation is a known method to remediate 

hydrocarbon-impacted soil, typically involving stimulation with microbes or fertilizers. Although 

this treatment program did not involve any additions to aid in the bacterial degradation of 

hydrocarbons, bacteria may occur in the soil naturally. Aerobic respiration of hydrocarbons, 

mediated by microorganisms, could aid in the remediation, especially as more oxygen is 

introduced to the soil system through the mechanism of the trommel apparatus as the soil surface 

area is increased, and blowers introduce more air into the soil system. 
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Limitations of the Trommel 

Based on observations on the remediation treatment of the soil piles at the case study site, 

the trommel requires considerations when setting up. Not many sites are wide open fields, and 

neither was this site. However, the company operating the trommel had lots of experience with 

bringing the machine into site. It is conceivable that site size and configuration is a limiting 

factor for use of the trommel for remediation at some sites. 

Daily maintenance of the trommel had to take a labourer or two time to clean out the 

trammel, to prevent clogging. If the soil was moist, there was buildup on the insides of the round 

drum. A buildup of soil would increase the power required to rotate the drum. The weather 

conditions had an impact on the amount of time required to perform this daily maintenance. 

When the weather was about -1oC, we were cautious to monitor the temperature inside the drum 

– the motion and movement could build up heat that would defrost the soil.  

Temperature ranges in the colder direction was also a concern for breakdowns of the 

trommel. Temperatures below -25 oC also seemed to cause problems with the diesel motor, 

battery and functioning of the engine on the trommel. 

Safety procedures and policies are formally required for most oil and gas sites that 

require remediation. The risks and mitigations particular to the trommel include the ones in 

Table 10. 
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Table 10. The risks and mitigations when using the trommel on site
Hazard Mitigation
Working at heights Fall protection harnesses 

Training
Working in restricted space (cleaning out the 
drum) 

Training 
Buddy-system 
Use of a personal monitor to monitor gases 
Use of flashlight 
Caution using access and egress 

Air quality from exhaust Use of personal monitor 
Positioning away from exhaust (upwind)

Line of Fire Use of proper ergonomics 
Cold exhaustion Wear winter clothing 

Monitor for frostbite

In order to have the trommel be viable as a remediation apparatus, one must consider 

unique equipment requirements. In order to utilize the trommel, at minimum, one other piece of 

heavy equipment is required to feed soil into the trommel. On our case study site, the equipment 

was also supplemented with another two pieces of heavy machinery; an excavator and a dozer. In 

total, five pieces of equipment were on site, including the trommel. This factors in a large cost for 

mobilization and demobilization as the equipment was individually trucked to the site.  

With five pieces of equipment on-site, the maintenance schedule, as well as any unforeseen 

repairs, amounts to many times that the equipment is down for service. This potentially impacts 

the project schedule. In winter conditions, risks of unforeseen repairs increase as low temperatures 

cause problems such as hydraulic line leaks. During the treatment process of January-February 

2019, many hours were lost due to equipment repairs. The trommel itself had issues with starting 

up in the morning. The conveyor belts that run on the ends of the machine are made of a rubber 

that functions suboptimal in temperatures below -30 ◦C. A small tear was observed and monitored; 

but eventually the break was so large that it impacted the use of the equipment. This is unlikely to 
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occur on every project site because this is a part of the machine that requires regular repair; 

however, the delays due to equipment failure is a factor into the decision to use the trommel in 

winter conditions; especially, considering the impact is multiplied by the number of pieces of 

equipment onsite. 

The delays and breakdowns experienced with the trommel during the January-February 

2019 treatment at the case study site had some bearing on the results of this research project. For 

instance, it is likely that more soil could have been treated during the scheduled project, 

providing more data to assess the results of the trommel. However, the breakdowns did not 

impact the quantitative reduction in hydrocarbons, and, qualitatively impacted the timelines of 

the project. For example, a soil pile that failed may have been retreated sooner, had the trommel 

been functional at the time. This may have lowered the average time it took to achieve successful 

intervention – because the metric did not factor in the delays that may have been caused by the 

trommel breakdowns. This aspect of the trommel may have a qualitative bearing on the timelines 

of treating hydrocarbon-impacted soils in this method but can still be considered viable as an 

effective way to lower concentrations of hydrocarbons.   
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Conclusion 

The purpose of this thesis was to determine whether the mechanical treatment of 

hydrocarbon-impacted sandy clay soils for contaminant evaporation is a viable treatment option 

during winter conditions. Viability was judged by a statistically significant reduction in PHC 

concentrations after the treatment process on a case-study site, with the soil concentrations below 

Alberta Tier 1 guidelines for agricultural land use and coarse-grained soil. If this method was 

successful it could likely be replicated onsite, and on other sites impacted with similar 

contaminants in similar climates. The contaminants of concern include PHC Fraction 1, and 

monocyclic aromatic hydrocarbons (benzene, ethylbenzene, toluene, and xylene).  

Although winter conditions are thought to be unfavourable to remediate soil 

contaminated with hydrocarbons, the data in this thesis support the hypothesis that 

concentrations decrease after using the trommel, a patented remediation apparatus. The two-

tailed Wilcoxon matched-pairs signed rank test (for non-parametric data) was performed on 

benzene, ethylbenzene and toluene. Based on the results, benzene and ethylbenzene both had 

significant reductions in concentrations after treatment, with final concentrations below the 

applicable guidelines in all soil samples, implying that the treatment method is viable during 

winter conditions. Toluene exhibited a decrease in mean and median concentrations without 

statistical significance (likely due to an overabundance of censored data substitution).  

The percentage of censored (non-detect) results limited the use of statistical interpretation 

on all of the contaminants of concern; however, it was noted that ethylbenzene, xylenes, styrene,  

F1-BTEX, F3 and F4 exhibited a 12-18% increase in the overall percentage of censored data 
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after treatment, and a two-tailed paired T-test indicated that the difference between initial and 

final numbers of non-detect percentage was significant. The evidence implied that overall 

contaminant concentrations were decreasing.  

Other measures of effectiveness were explored using the data collected on-site. Over a 

period of two months, 45 soil piles were treated with the trommel, with 17 soil piles re-treated 

due to concentrations above the Alberta Tier 1 guidelines. The treatment methods varied: first, 

passing material through trommel once; second, trommel once followed by a bucket-flip; and 

third, passing material through the trommel twice. Most (74%) of treatments were successful 

when the soil was treated by the trommel twice in rapid succession. As well, most (76%) 

treatments were successfully treated to below the applicable guideline within a time span of one 

to three days. Most (82%) of the treatments were successful with either one or two treatments. 

These results showed that the use of the trommel is effective within a short timeframe and with 

minimal repeated effort, suggesting that it may be feasible for other sites. 

The scientific laws that underpin the function of the trommel apparatus include Henry’s 

Law and equilibrium partitioning. The low temperatures observed in winter conditions, though 

not favourable for volatilization in equilibrium partitioning processes, are likely outweighed by 

the change in pressure within the soil system caused by the trommel, and aided by natural 

factors, such as soil properties, weather conditions and natural bioremediation.  

Limitations of the study included the lack of initial results prior to the treatment. In order 

to group the data and obtain initial and final results for comparison, it was necessary to use 
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results after the initial treatment and compared to final results after additional treatment. The 

number of samples was limited (n=17), and further to that, many of the data were below 

laboratory detection limits.   
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Recommendations 

Overall, the treatment of hydrocarbon-contaminated soil in winter conditions using the 

trommel is an effective method. Further study could improve the strength of the data, with two 

key improvements to the study design, if possible: assess each soil pile before treatment for 

initial comparison; and, use laboratory methods with lower detection limits to have fewer non-

detect results. 
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Table A.1            

Summary of treatment types, including the total number of 
interventions and days for each soil pile

Soil Pile 
Sample 

Treatment 
Date 

Treatment Type 
Number of 

interventions 

Number of 
days until 
successful 

19SP01 Jan-24-2019 Trommel Once 1 1 

19SP02 Jan-24-2019 Trommel Once 
2 6 

19SP02-R1 Jan-28-2019 Flip 

19SP03 Jan-28-2019 Trommel Once 1 1 

19SP04 Jan-29-2019 Trommel Once 
2 3 

19SP04-R1 Jan-31-2019 Flip 

19SP05 Jan-29-2019 Trommel Once 1 1 

19SP06 Jan-29-2019 Trommel Once 
2 3 

19SP06-R1 Jan-31-2019 Trommel Once 

19SP07 Jan-29-2019 Trommel Once 1 1 

19SP08 Jan-30-2019 Trommel Once 1 1 

19SP09 Jan-30-2019 Trommel Once 
2 3 

19SP09-R1 Feb-01-2019 Flip 

19SP10 Jan-30-2019 Trommel Once 

3 13 19SP10-R1 Feb-01-2019 Flip 

19SP10-R2 Feb-11-2019 Flip 

19SP11 Jan-31-2019 Trommel Once 
2 12 

19SP11-R1 Feb-11-2019 Trommel Once 

19SP12 Jan-31-2019 Trommel Once 1 1 

19SP13 Jan-31-2019 Trommel Once 1 1 

19SP14 Feb-11-2019 Trommel Once 1 1 

19SP15 Feb-11-2019 Trommel Once 1 1 

19SP16 Feb-11-2019 Trommel Once 1 1 

19SP17 Feb-12-2019 Trommel/Flip 1 1 

19SP18 Feb-13-2019 Trommel/Flip 

3 4 19SP18-R1 Feb-14-2019 Flip 

19SP18-R2 Feb-16-2019 Flip 

19SP19 Feb-13-2019 Trommel/Flip 

3 4 19SP19-R1 Feb-14-2019 Flip 

19SP19-R2 Feb-16-2019 Flip 

19SP20 Feb-13-2019 Trommel/Flip 

4 7 
19SP20-R1 Feb-15-2019 Trommel Once 

19SP20-R2 Feb-17-2019 Flip 

19SP20-R3 Feb-19-2019 Trommel Once 

19SP21 Feb-14-2019 Trommel/Flip 
2 3 

19SP21-R1 Feb-16-2019 Trommel Once 

19SP22 Feb-15-2019 Trommel/Flip 

5 10 

19SP22-R1 Feb-17-2019 Trommel Once 

19SP22-R2 Feb-19-2019 Trommel Once 

19SP22-R3 Feb-21-2019 Flip 

19SP22-R4 Feb-25-2019 Trommel Once 

19SP23 Feb-16-2019 Trommel Twice 1 1 

19SP24 Feb-16-2019 Trommel Twice 1 1 

19SP25 Feb-16-2019 Trommel Twice 1 1 

19SP26 Feb-17-2019 Trommel Twice 

4 9 
19SP26-R1 Feb-19-2019 Trommel Once 

19SP26-R2 Feb-21-2019 Trommel Once 

19SP26-R3 Feb-25-2019 Flip 

19SP27 Feb-17-2019 Trommel Twice 

6 12 

19SP27-R1 Feb-19-2019 Flip 

19SP27-R2 Feb-21-2019 Flip 

19SP27-R3 Feb-25-2019 Trommel Once 

19SP27-R4 Feb-27-2019 Trommel/Flip 

19SP27-R5 Feb-28-2019 Flip 

19SP28 Feb-18-2019 Trommel Twice 

3 4 19SP28-R1 Feb-19-2019 Flip 

19SP28-R2 Feb-21-2019 Flip 

19SP29 Feb-19-2019 Trommel Twice 1 1 

19SP30 Feb-19-2019 Trommel Twice 1 1 
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Soil Pile 
Sample 

Treatment 
Date 

Treatment Type 
Number of 

interventions 

Number of 
days until 
successful

19SP31 Feb-22-2019 Trommel Twice 
2 4 

19SP31-R1 Feb-25-2019 Trommel Once 

19SP32 Feb-22-2019 Trommel Twice 1 1 

19SP33 Feb-22-2019 Trommel Twice 1 1 

19SP34 Feb-25-2019 Trommel Twice 1 1 

19SP35 Feb-25-2019 Trommel Twice 1 1 

19SP36 Feb-25-2019 Trommel Twice 1 1 

19SP37 Feb-25-2019 Trommel Twice 1 1 

19SP38 Feb-26-2019 Trommel Twice 
2 2 

19SP38-R1 Feb-27-2019 Trommel/Flip 

19SP39 Feb-27-2019 Trommel Twice 1 1 

19SP40 Feb-27-2019 Trommel Twice 1 1 

19SP41 Feb-27-2019 Trommel Twice 1 1 

19SP42 Feb-27-2019 Trommel Twice 1 1 

19SP43 Feb-27-2019 Trommel Twice 1 1 

19SP44 Feb-27-2019 Trommel Twice 1 1 

19SP45 Feb-27-2019 Trommel Twice 
2 2 

19SP45-R1 Feb-28-2019 Flip 
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Table A.2   
Summary of all soil analytical results organized by columns. The Comparison was made between applicable soil 
analytical guidelines. Any soil pile that exceeded guidelines was retreated until all analytes were below guidelines. 
Highlighted cells exceeded Alberta Tier I soil remediation guidelines for agricultural land use and coarse-grained 
soil (Government of Alberta, 2019). 

Soil Pile Sample Sample Date 
Moisture 

F1-
BTEX 

Benzene Toluene Ethylbenzene Xylenes 

(%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Alberta Tier 1 Soil 
and Groundwater 

Remediation 
Guidelines 

Agricultural Land Use: 
Coarse Surface Soil 

- 24 0.073 0.12 0.14 1.9 

Agricultural Land Use: 
Coarse Subsoil 

- 30 0.078 0.12 0.14 1.9 

19SP01 Jan-24-2019 16.3 <10 0.0432 <0.050 0.037 <0.10 

19SP02 Jan-24-2019 17.3 <10 0.542 <0.050 0.029 <0.10 

19SP02-R1 Jan-28-2019 17.0 <10 <0.0050 <0.050 <0.010 <0.10 

19SP03 Jan-28-2019 16.2 <10 0.0321 0.051 0.021 <0.10 

19SP04 Jan-29-2019 16.1 <10 0.0943 <0.050 0.018 <0.10 

19SP04-R1 Jan-31-2019 18.9 <10 0.0323 <0.050 0.043 <0.10 

19SP05 Jan-29-2019 17.1 <10 0.0226 <0.050 0.013 <0.10 

19SP06 Jan-29-2019 17.3 <10 0.389 0.777 0.048 0.14 

19SP06-R1 Jan-31-2019 17.0 <10 0.0200 <0.050 <0.010 <0.10 

19SP07 Jan-29-2019 15.9 <10 0.0231 <0.050 0.021 <0.10 

19SP08 Jan-30-2019 16.4 <10 0.0570 <0.050 0.049 0.15 

19SP09 Jan-30-2019 18.2 <10 0.0956 <0.050 0.027 <0.10 

19SP09-R1 Feb-01-2019 19.0 <10 0.0680 0.084 <0.010 <0.10 

19SP10 Jan-30-2019 16.7 <10 0.0980 <0.050 0.018 <0.10 

19SP10-R1 Feb-01-2019 18.4 131 <0.0154 <0.050 0.022 0.13 

19SP10-R2 Feb-11-2019 20.7 <10 0.0452 <0.050 0.030 <0.10 

19SP11 Jan-31-2019 17.8 <10 0.658 <0.050 0.031 <0.10 

19SP11-R1 Feb-11-2019 18.1 <10 0.0216 <0.050 0.016 <0.10 

19SP12 Jan-31-2019 17.3 <10 0.0627 <0.050 0.029 <0.10 

19SP13 Jan-31-2019 18.3 <10 0.0498 <0.050 0.026 <0.10 

19SP14 Feb-11-2019 19.8 <10 0.0178 <0.050 0.010 <0.10 

19SP15 Feb-11-2019 19.1 <10 0.0293 <0.050 0.016 <0.10 

19SP16 Feb-11-2019 19.7 16 0.0454 <0.050 0.027 <0.10 

19SP17 Feb-12-2019 19.0 <10 0.0709 <0.050 0.030 <0.10 

19SP18 Feb-13-2019 23.9 <10 0.0861 <0.050 0.052 <0.10 

19SP18-R1 Feb-14-2019 21.2 <10 0.0734 <0.050 0.028 <0.10 

19SP18-R2 Feb-16-2019 20.2 <10 0.0462 <0.050 0.024 <0.10 

19SP19 Feb-13-2019 20.2 <10 0.142 <0.050 0.034 <0.10 

19SP19-R1 Feb-14-2019 20.1 <10 0.135 0.058 0.051 <0.10 

19SP19-R2 Feb-16-2019 20.4 <10 0.0609 0.052 0.030 <0.10 

19SP20 Feb-13-2019 21.7 43 0.195 0.940 0.258 1.42 

19SP20-R1 Feb-15-2019 20.4 <10 0.0833 <0.050 0.027 <0.10 

19SP20-R2 Feb-17-2019 21.2 <10 0.172 0.096 0.041 <0.10 

19SP20-R3 Feb-19-2019 22.0 <10 0.0628 0.071 0.039 0.092 

19SP21 Feb-14-2019 19.1 <10 0.0733 0.082 0.031 <0.10 

19SP21-R1 Feb-16-2019 22.2 <10 0.0646 0.071 0.039 <0.10 

19SP22 Feb-15-2019 18.3 <10 0.154 0.111 0.052 0.12 

19SP22-R1 Feb-17-2019 20.2 <10 0.186 0.168 0.051 0.12 

19SP22-R2 Feb-19-2019 20.2 14 0.0784 0.085 0.042 0.142 

19SP22-R3 Feb-21-2019 19.7 <10 0.101 0.083 0.042 <0.10 

19SP22-R4 Feb-25-2019 17.4 <10 0.0504 0.093 0.056 0.23 

19SP23 Feb-16-2019 19.1 <10 0.0437 0.061 0.028 <0.10 

19SP24 Feb-16-2019 19.5 <10 0.0636 0.095 0.041 0.12 

19SP25 Feb-16-2019 19.7 <10 0.0219 <0.050 0.020 <0.10 

19SP26 Feb-17-2019 20.6 <10 0.203 0.075 0.041 <0.10 

19SP26-R1 Feb-19-2019 18.2 <10 0.320 0.103 0.049 0.118 

19SP26-R2 Feb-21-2019 18.6 <10 0.0892 0.081 0.045 0.12 

19SP26-R3 Feb-25-2019 18.5 <10 0.0587 0.077 0.036 <0.10 

19SP27 Feb-17-2019 20.3 <10 0.0917 0.090 0.035 <0.10 

19SP27-R1 Feb-19-2019 16.7 <10 0.0759 0.061 0.032 0.078 

19SP27-R2 Feb-21-2019 17.2 18 0.136 0.564 0.166 0.71 

19SP27-R3 Feb-25-2019 18.5 11 0.1070 0.270 0.140 0.57 

19SP27-R4 Feb-27-2019 18.3 12 0.0479 0.172 0.066 0.32 

19SP27-R5 Feb-28-2019 17.5 <10 0.0495 0.055 0.035 <0.10 
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Soil Pile Sample Sample Date 
Moisture 

F1-
BTEX

Benzene Toluene Ethylbenzene Xylenes 

(%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Alberta Tier 1 Soil 
and Groundwater 

Remediation 
Guidelines 

Agricultural Land Use: 
Coarse Surface Soil

- 24 0.073 0.12 0.14 1.9 

Agricultural Land Use: 
Coarse Subsoil

- 30 0.078 0.12 0.14 1.9 

19SP28 Feb-18-2019 18.7 <10 0.129 0.126 0.060 0.160 

19SP28-R1 Feb-19-2019 20.1 13 0.0823 0.169 0.090 0.273 

19SP28-R2 Feb-21-2019 18.0 <10 0.0600 0.111 0.053 0.11 

19SP29 Feb-19-2019 20.0 <10 0.0456 0.077 0.028 0.078 

19SP30 Feb-19-2019 18.8 <10 0.0488 0.063 0.042 0.123 

19SP31 Feb-22-2019 22.9 <10 0.132 0.076 0.045 <0.10 

19SP31-R1 Feb-25-2019 21.4 <10 0.0449 0.084 0.046 0.13 

19SP32 Feb-22-2019 19.3 <10 0.0491 0.081 0.030 <0.10 

19SP33 Feb-22-2019 19.9 <10 0.0468 0.078 0.037 0.11 

19SP34 Feb-25-2019 21.7 <10 0.0273 0.061 0.035 <0.10 

19SP35 Feb-25-2019 20.5 <10 0.0303 0.082 0.051 0.14 

19SP36 Feb-25-2019 19.9 <10 0.0408 0.066 0.054 <0.10 

19SP37 Feb-25-2019 17.8 <10 0.0126 <0.050 0.028 <0.10 

19SP38 Feb-26-2019 17.7 44 0.0263 0.080 0.123 0.280 

19SP38-R1 Feb-27-2019 16.9 <10 0.0605 0.079 0.059 <0.10 

19SP39 Feb-27-2019 18.3 <10 0.0497 0.081 0.057 0.11 

19SP40 Feb-27-2019 16.9 20 0.0470 0.056 0.113 <0.10 

19SP41 Feb-27-2019 18.1 <10 0.0245 <0.050 0.032 <0.10 

19SP42 Feb-27-2019 16.5 <10 0.0273 0.056 0.058 <0.10 

19SP43 Feb-27-2019 19.5 18 0.0306 0.067 0.078 <0.10 

19SP44 Feb-27-2019 18.5 <10 0.0289 0.067 0.043 <0.10 

19SP45 Feb-27-2019 18.5 31 0.0454 0.099 0.121 0.13 

19SP45-R1 Feb-28-2019 17.8 16 0.0261 0.058 0.053 <0.10 
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Table A.3         
Summary of paired, or Grouped, soil analytical results. Each parameter had the comparison made between the first result (Initial) vs. the last 
result (Final) in cases where soil piles were retreated to achieve successful results below guidelines 

Soil Pile 

Moisture  F1-BTEX   Benzene  Toluene Ethylbenzene Xylenes 

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 

% % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

2 17.3 17.0 <10 <10 0.542 <0.0050 <0.050 <0.050 0.029 <0.010 <0.10 <0.10 

4 16.1 18.9 <10 <10 0.0943 0.0323 <0.050 <0.050 0.018 0.043 <0.10 <0.10 

6 17.3 17.0 <10 <10 0.389 0.0200 0.777 <0.050 0.048 <0.010 0.14 <0.10 

9 18.2 19.0 <10 <10 0.0956 0.0680 <0.050 0.084 0.027 <0.010 <0.10 <0.10 

10 16.7 20.7 <10 <10 0.0980 0.0452 <0.050 <0.050 0.018 0.030 <0.10 <0.10 

11 17.8 18.1 <10 <10 0.658 0.0216 <0.050 <0.050 0.031 0.016 <0.10 <0.10 

18 23.9 20.2 <10 <10 0.0861 0.0462 <0.050 <0.050 0.052 0.024 <0.10 <0.10 

19 20.2 20.4 <10 <10 0.142 0.0609 <0.050 0.052 0.034 0.030 <0.10 <0.10 

20 21.7 22.0 43 <10 0.195 0.0628 0.940 0.071 0.258 0.039 1.42 0.092 

21 19.1 22.2 <10 <10 0.0733 0.0646 0.082 0.071 0.031 0.039 <0.10 <0.10 

22 18.3 17.4 <10 <10 0.154 0.0504 0.111 0.093 0.052 0.056 0.12 0.23 

26 20.6 18.5 <10 <10 0.203 0.0587 0.075 0.077 0.041 0.036 <0.10 <0.10 

27 20.3 17.5 <10 <10 0.0917 0.0495 0.090 0.055 0.035 0.035 <0.10 <0.10 

28 18.7 18.0 <10 <10 0.129 0.0600 0.126 0.111 0.060 0.053 0.160 0.11 

31 22.9 21.4 <10 <10 0.132 0.0449 0.076 0.084 0.045 0.046 <0.10 0.13 

38 17.7 16.9 44 <10 0.0263 0.0605 0.080 0.079 0.123 0.059 0.280 <0.10 

45 18.5 17.8 31 16 0.0454 0.0261 0.099 0.058 0.121 0.053 0.13 <0.10 
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Table A.4        
Summary of Substituted soil analytical results. Each result that was non-detect in was substituted with half of the laboratory method detection limit. 
Bold cells indicate a substituted value. 

Soil Pile 

Moisture  F1-BTEX   Benzene  Toluene Ethylbenzene Xylenes 

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 

% % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

2 17.3 17.0 5 5 0.542 0.0025 0.025 0.025 0.029 0.005 0.05 0.05 

4 16.1 18.9 5 5 0.0943 0.0323 0.025 0.025 0.018 0.043 0.05 0.05 

6 17.3 17.0 5 5 0.389 0.0200 0.777 0.025 0.048 0.005 0.14 0.05 

9 18.2 19.0 5 5 0.0956 0.0680 0.025 0.084 0.027 0.005 0.05 0.05 

10 16.7 20.7 5 5 0.0980 0.0452 0.025 0.025 0.018 0.030 0.05 0.05 

11 17.8 18.1 5 5 0.658 0.0216 0.025 0.025 0.031 0.016 0.05 0.05 

18 23.9 20.2 5 5 0.0861 0.0462 0.025 0.025 0.052 0.024 0.05 0.05 

19 20.2 20.4 5 5 0.142 0.0609 0.025 0.052 0.034 0.030 0.05 0.05 

20 21.7 22.0 43 5 0.195 0.0628 0.940 0.071 0.258 0.039 1.42 0.092 

21 19.1 22.2 5 5 0.0733 0.0646 0.082 0.071 0.031 0.039 0.05 0.05 

22 18.3 17.4 5 5 0.154 0.0504 0.111 0.093 0.052 0.056 0.12 0.23 

26 20.6 18.5 5 5 0.203 0.0587 0.075 0.077 0.041 0.036 0.05 0.05 

27 20.3 17.5 5 5 0.0917 0.0495 0.090 0.055 0.035 0.035 0.05 0.05 

28 18.7 18.0 5 5 0.129 0.0600 0.126 0.111 0.060 0.053 0.160 0.11 

31 22.9 21.4 5 5 0.132 0.0449 0.076 0.084 0.045 0.046 0.05 0.13 

38 17.7 16.9 44 5 0.0263 0.0605 0.080 0.079 0.123 0.059 0.280 0.05 

45 18.5 17.8 31 16 0.0454 0.0261 0.099 0.058 0.121 0.053 0.13 0.05 
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Table A.5      
Summary of Descriptive Statistics Calculated using GraphPad Prism 8 Software   
    

Table A.5.1         
Descriptive Statistics of Soil Data with Substitution of Non-detect Values      

  
Moisture 

F1-
BTEX 

Benzene Toluene Ethylbenzene Xylenes 
     

Number of values 77 77 77 77 77 77      
           
Minimum 15.9 5 0.0025 0.025 0.005 0.05      
25% Percentile 17.6 5 0.0322 0.025 0.028 0.05      
Median 18.7 5 0.057 0.061 0.037 0.05      
75% Percentile 20.15 5 0.093 0.0835 0.0515 0.12      
Maximum 23.9 131 0.658 0.94 0.258 1.42      
Range 8 126 0.6555 0.915 0.253 1.37      
           
Mean 18.91 9.182 0.08716 0.09049 0.04601 0.1133      
Std. Deviation 1.71 15.9 0.1062 0.1456 0.03781 0.1847      
Std. Error of Mean 0.1948 1.812 0.01211 0.01659 0.004309 0.02105      
         

Table A.5.2          

Descriptive Statistics of Grouped Data With Substitution of Non-detect Values         

  Moisture F1-BTEX Benzene Toluene Ethylbenzene Xylenes 

Number of values 17 17 17 17 17 17 17 17 17 17 17 17 

          

Minimum 16.1 16.9 5 5 0.0263 0.0025 0.025 0.025 0.018 0.005 0.05 0.05 

25% Percentile 17.5 17.45 5 5 0.0889 0.0292 0.025 0.025 0.03 0.02 0.05 0.05 

Median 18.5 18.5 5 5 0.129 0.0495 0.076 0.058 0.041 0.036 0.05 0.05 

75% Percentile 20.45 20.55 5 5 0.199 0.0607 0.105 0.0815 0.056 0.0495 0.135 0.071 

Maximum 23.9 22.2 44 16 0.658 0.068 0.94 0.111 0.258 0.059 1.42 0.23 

Range 7.8 5.3 39 11 0.6317 0.0655 0.915 0.086 0.24 0.054 1.37 0.18 

          

Mean 19.14 19 11.06 5.647 0.1856 0.04554 0.1548 0.05794 0.06018 0.03376 0.1647 0.07129 

Std. Deviation 2.179 1.803 13.73 2.668 0.177 0.01884 0.2687 0.02862 0.05933 0.01783 0.3295 0.04773 

Std. Error of Mean 0.5285 0.4373 3.33 0.6471 0.04293 0.004569 0.06517 0.006941 0.01439 0.004325 0.07993 0.01158 
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Table A.6 
Summary of Normality Tests Calculated using GraphPad Prism 8 Software 
 
Table A.6.1 
Normality test on Column Data with Substitution of Non-detect Values

  Moisture F1-BTEX Benzene Toluene Ethylbenzene Xylenes
Compare normal and lognormal             
Probability normal (Gaussian) 23.74% 0% 0% 0% 2.331e-012% 0% 
Probability lognormal 76.26% 100% 100% 100% 100% 100% 
Likelihood ratio (LR) 0.3112 1.114E-46 5.556E-24 1.182E-38 2.321E-14 5.74E-42 
1/LR 3.213 8.979E+45 1.8E+23 8.462E+37 4.3082E+13 1.742E+41 
Which distribution is more likely? Lognormal Lognormal Lognormal Lognormal Lognormal Lognormal 
Anderson-Darling test for normal distribution    
A2* 0.374 20.26 9.488 14.76 6.832 16.5 
P value 0.4083 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** **** **** **** **** 

D'Agostino & Pearson test for normal distribution           
K2 2.727 137.4 85.29 104.6 78.36 122.7 
P value 0.2557 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** **** **** **** **** 
Shapiro-Wilk test for normal distribution    
W 0.9781 0.2826 0.5854 0.416 0.6807 0.3663 
P value 0.2063 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** **** **** **** **** 
Kolmogorov-Smirnov test for normal distribution           
KS distance 0.07625 0.4349 0.2534 0.3401 0.2388 0.3659 
P value >0.1000 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** **** **** **** **** 
Anderson-Darling test for lognormal distribution           
A2* 0.2608 18.9 1.118 3.852 1.654 10.33 
P value 0.7 <0.0001 0.0059 <0.0001 0.0003 <0.0001 
Passed lognormality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** ** **** *** **** 
D'Agostino & Pearson test for lognormal distribution           
K2 1.207 64.06 11.33 19.13 8.971 42.05 
P value 0.5468 <0.0001 0.0035 <0.0001 0.0113 <0.0001 
Passed lognormality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** ** **** * **** 
Shapiro-Wilk test for lognormal distribution    
W 0.9861 0.4681 0.9403 0.8335 0.9359 0.6621 
P value 0.5696 <0.0001 0.0013 <0.0001 0.0008 <0.0001 
Passed lognormality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** ** **** *** **** 

Kolmogorov-Smirnov test for lognormal distribution           
KS distance 0.06109 0.4871 0.1071 0.221 0.1342 0.3753 
P value >0.1000 <0.0001 0.0289 <0.0001 0.0015 <0.0001 
Passed lognormality test (alpha=0.05)? Yes No No No No No 
P value summary ns **** * **** ** **** 
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Table A.6.2                         
Normality Tests on Grouped Data with Substitution of Non-detect Values                   

  Moisture F1-BTEX Benzene Toluene Ethylbenzene Xylenes 
Compare normal and lognormal         
Probability normal (Gaussian) 34.78% 40.64% 0.00004412% 0.006306% 0.02725% 99.97% 9.566e-008% 49.03% 0.002354% 98.4% 2.349e-009% 0.01799% 
Probability lognormal 65.22% 59.36% 100% 99.99% 99.97% 0.02721% 100% 50.97% 100% 1.599% 100% 99.98% 
Likelihood ratio (LR) 0.5333 0.6847 4.412E-07 6.306E-05 0.0002725 3674 9.566E-10 0.962 0.00002354 61.53 2.349E-11 0.00018 
1/LR 1.875 1.461 2266643 15857 3669 0.0002722 1045370254 1.039 42487 0.01625 42567836912 5556 
Which distribution is more likely? Lognormal Lognormal Lognormal Lognormal Lognormal Normal Lognormal Lognormal Lognormal Normal Lognormal Lognormal 
Anderson-Darling test for normal distribution                        
A2* 0.4643 0.5866 4.411 5.994 1.911 0.6461 3.787 0.7752 2.265 0.4001 4.302 3.479 
P value 0.2228 0.1084 <0.0001 <0.0001 <0.0001 0.0759 <0.0001 0.0351 <0.0001 0.3237 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes Yes No No No Yes No No No Yes No No 
P value summary ns ns **** **** **** ns **** * **** ns **** **** 
D'Agostino & Pearson test for normal distribution        
K2 2.47 2.691 13.74 45.19 13.25 2.699 23.04 2.559 26.68 1.389 42.51 26.65 
P value 0.2909 0.2604 0.001 <0.0001 0.0013 0.2594 <0.0001 0.2781 <0.0001 0.4993 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes Yes No No No Yes No Yes No Yes No No 
P value summary ns ns ** **** ** ns **** ns **** ns **** **** 
Shapiro-Wilk test for normal distribution                         
W 0.9331 0.9025 0.4891 0.2622 0.7342 0.9031 0.5086 0.8842 0.6446 0.926 0.3886 0.5314 
P value 0.2449 0.0749 <0.0001 <0.0001 0.0003 0.0766 <0.0001 0.0372 <0.0001 0.1862 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes Yes No No No Yes No No No Yes No No 
P value summary ns ns **** **** *** ns **** * **** ns **** **** 
Kolmogorov-Smirnov test for normal distribution        
KS distance 0.1674 0.1617 0.494 0.537 0.2843 0.1923 0.425 0.2281 0.3247 0.1231 0.388 0.4369 
P value >0.1000 >0.1000 <0.0001 <0.0001 0.0007 0.095 <0.0001 0.019 <0.0001 >0.1000 <0.0001 <0.0001 
Passed normality test (alpha=0.05)? Yes Yes No No No Yes No No No Yes No No 
P value summary ns ns **** **** *** ns **** * **** ns **** **** 

Anderson-Darling test for lognormal distribution      
A2* 0.3444 0.5253 4.52 5.994 0.4192 1.878 1.258 1.278 0.6262 1.578 2.342 3.452 
P value 0.4433 0.1544 <0.0001 <0.0001 0.2901 <0.0001 0.002 0.0018 0.0855 0.0003 <0.0001 <0.0001 
Passed lognormality test (alpha=0.05)? Yes Yes No No Yes No No No Yes No No No 
P value summary ns ns **** **** ns **** ** ** ns *** **** **** 
D'Agostino & Pearson test for lognormal distribution                     
K2 1.439 2.954 11.92 45.19 0.6676 28.06 5.659 7.916 5.292 5.815 18.3 14.52 
P value 0.4871 0.2283 0.0026 <0.0001 0.7162 <0.0001 0.059 0.0191 0.0709 0.0546 0.0001 0.0007 
Passed lognormality test (alpha=0.05)? Yes Yes No No Yes No Yes No Yes Yes No No 
P value summary ns ns ** **** ns **** ns * ns ns *** *** 
Shapiro-Wilk test for lognormal distribution        
W 0.953 0.9106 0.4828 0.2622 0.955 0.666 0.8 0.8225 0.9071 0.7703 0.6582 0.5785 
P value 0.5051 0.1025 <0.0001 <0.0001 0.5395 <0.0001 0.002 0.0042 0.0895 0.0008 <0.0001 <0.0001 
Passed lognormality test (alpha=0.05)? Yes Yes No No Yes No No No Yes No No No 
P value summary ns ns **** **** ns **** ** ** ns *** **** **** 
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  Moisture F1-BTEX Benzene Toluene Ethylbenzene Xylenes 
Kolmogorov-Smirnov test for lognormal distribution                       
KS distance 0.15 0.1537 0.4963 0.537 0.1345 0.2867 0.2272 0.2461 0.1899 0.2641 0.3676 0.4557 
P value >0.1000 >0.1000 <0.0001 <0.0001 >0.1000 0.0006 0.0198 0.0074 >0.1000 0.0026 <0.0001 <0.0001 
Passed lognormality test (alpha=0.05)? Yes Yes No No Yes No No No Yes No No No 
P value summary ns ns **** **** ns *** * ** ns ** **** **** 
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Table A.7 

Summary of Wilcoxon matched-pairs signed rank test on Grouped Data for Benzene, 
Ethylbenzene and Toluene Calculated on GraphPad Prism 8 Software.  

  Benzene Toluene Ethylbenzene

Column B B Final T Final E Final

vs. vs. vs. vs.

Column A B Initial T Initial E Initial

P value 0.0001 0.209 0.0382

Exact or approximate P value? Exact Exact Exact

P value summary *** ns *

Significantly different (P < 0.05)? Yes No Yes

One- or two-tailed P value? Two-tailed Two-tailed Two-tailed

Sum of positive, negative ranks 4.000, -149.0 42.00, -96.00 32.50, -119.5

Sum of signed ranks (W) -145 -54 -87

Number of pairs 17 17 17

Number of ties (Pratt's method) 0 5 1

Median of differences   

Median -0.069 0 -0.007

95.10% confidence interval
-0.1322 to -

0.03990
-0.01800 to 

0.000
-0.02800 to 
0.001000

How effective was the pairing?   

rs (Spearman) -0.3382 0.4614 0.5438

P value (one tailed) 0.0921 0.0324 0.0129

P value summary ns * *

Was the pairing significantly effective? No Yes Yes
 

 

 


