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Abstract 

A small scale Infiltration Pond was constructed to characterize the transport of oil 

sands process affected (PA) water contained in Suncor’s South Tailings Pond 

(STP) to the Wood Creek Sand Channel (WCSC) through a 5-8 m thick glacial 

clay till.  

The extent of PA water infiltration was determined by extracting pore water 

samples from the clay till, analyzing their isotopic (δ
18

O), major ions, and metals 

composition over a two year time period. As conservative tracers, δ
18

O and 

chloride concentration trends indicated the water penetration line at approximately 

0.9 m, while major ion and metal mobility lagged this line. Uptake of Mo, Pb, 

sodium and sulphate and release of Ba, Sr, calcium and magnesium suggest that 

adsorption and ion exchange reactions are the foremost attenuation processes 

controlling inorganic solutes transport. In addition, a correlation coefficient of 

0.96 between diffusion analytical models and field measurements for tracers, 

provided evidence of a diffusion-dominated system. 
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1-1 Background 

In the last twenty years, the demand for crude oil in highly industrial countries 

like Canada has been increasing. Besides, a quick look at our daily life shows how 

we are continuing to rely on energy from oil and gas for our homes, cars and 

different applications. Although Middle East countries were the main source of 

crude oil, political issues in recent decades made governments of some countries 

find alternative sources of oil such as oil sands [1,2]. 

Canada is one of the eight countries with major accumulations of oil sands [3,4]. 

The Canadian Athabasca oil sands deposit with 178 billion barrels estimated 

recoverable oil places Canada as the second largest oil resource in the world after 

Saudi Arabia. Around 50,000 km
2
 of this area is covered by shallow deposits 

which give the opportunity for surface mining to extract oil sands [5]. Syncrude 

Canada Ltd. and Suncor Energy Inc. are the largest Alberta oil sands companies 

conducting oil sands mining and extraction in the north-eastern part of the 

province.  These companies use different surface mining techniques to excavate 

oil sands and then send them to upgrading facilities to extract bitumen form oil 

sand ores. Furthermore, steam assisted gravity drainage (SAGD) is a commonly 

used in situ technology in the case of deep oil sands sources which are not suitable 

for surface mining [6-8].   

 

1-2 Environmental Impact of Oil Sands Extraction 

Oil sand companies have some major environmental challenges. By using current 

technology, Clark caustic hot water extraction method, 2-4.5 m
3
 of water is used 
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to produce 1m
3
 of crude oil [9,10]. This amount of process-affected (PA) water is 

accompanied by other residual parts of oil sands ore and from oil sands operation 

waste water. In fact, large quantities of water, sand, silt, clay and left over 

bitumen (9-12%) as well as high concentrations of dissolved ions and chemicals 

are the result of oil sand operations to separate bitumen using hot water [11]. This 

slurry waste is called oil sands tailings which is toxic to many aquatic organisms. 

Under “zero discharge policies” oil sands operators cannot release PA water into 

the environment. As a result, manmade tailings ponds are constructed to contain 

and settle the tailings. In order to reduce the volume of fresh water needed, a 

portion of PA water is recycled to oil sands operation for ore processing, although 

large and growing volume of PA water is contained in tailings ponds. As of 2008, 

the volume of fine tailings (PA water, silt, clay) is reported at 720 million m
3
 [12]. 

Moreover, the National Energy Board estimated that by 2020 the volume of 

tailings only produced by Suncor and Syncrude will exceed one billion m
3 

[13]. 

The potential risk of tailings ponds recharge to groundwater is identified as one of 

the most important hazards associated with tailings ponds [14]. Without proper 

protection, oil sand tailings contaminants enter the soil underlying tailings ponds, 

surface water and subsequently to the groundwater resources and may find a 

pathway to downstream outlets such as rivers. The risk of leaks from oil sand 

tailings impoundments is a major threat due to its toxicity to both humans and 

animals [7]. 

Suncor Energy Inc.’s oil sands mining operation is located approximately 30 km 

north of Fort McMurray, Alberta. Due to expanding its oil sands production, 
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Suncor developed the 2300 ha South Tailings Pond (STP). It has a tailings and PA 

water storage capacity of 336 Mm
3
. Tailings placement in STP started from June 

2006. STP was built over a 5-8 m thick glacial till because of its low permeability. 

The glacial till overlies the Wood Creek Sand Channel (WCSC) which is a buried 

glaciofluvial channel with typically 1000 m to 1500 m width and a 30 m thick 

highly permeable sand [15]. Since a significant portion (around 50% of) STP 

overlies the WCSC, it poses a potential preferential flow pathway for PA water to 

migrate from the STP impoundment to Mclean Creek which discharges to the 

Athabasca River. This scenario poses a big environmental challenge for Suncor 

Energy Inc. [15]. On the other hand, the PA water plume investigation in STP 

provides a unique opportunity to track and examine PA water chemistry passing 

through the clay till and sandy aquifer and interacting with groundwater, 

microorganisms as well as field and laboratory evaluation of soil geochemistry on 

PA water impacted soils.   

 

1-3 Motivation 

In 2004, Golder Associates Ltd. investigated and modeled the STP, showing that 

PA water will infiltrate through the clay till layer and subsequently leach into the 

WCSC [16]. In response Suncor established hydraulic containment of the WCSC 

through the following mechanisms: (1) A line of pumping wells was installed at 

the northwest corner of STP to prevent migration of PA water and return it to the 

pond; and (2) Construction of a bentonite cut-off wall across a branch of the 

WCSC located under west dyke of STP. Although this modelling study showed 



5 

 

the likelihood of PA water infiltration into the WCSC, the extent of this pollution 

and interactions such as biological and chemical reactions between soil particles, 

groundwater aquifers and PA water in both clay till and WCSC is still poorly 

understood [16]. 

To date, most research on environmental issues in the Athabasca Oil Sands region 

has focused on PA water organic pollutants and particularly naphthenic acids. 

Research on biological degradation [17], adsorption behavior [18] and tracking 

NAs from impoundment to subsurface [19] are available in the literature. 

However, there are only a handful of studies looking at the major ions and trace 

metals in PA water. Mackinnon et al. [20] monitored PA water for trace metals, 

major ions and NAs concentration passing through fluvial sand and Oiffer et al. 

[21] completed a field scale investigation on the fate and transport of NAs and 

arsenic within a shallow sand aquifer. With growing awareness about the 

groundwater pollution and significant knowledge gap regarding the interaction of 

trace metals and major ions of PA water and native sediments in the Athabasca 

Oil Sands region, a collaborative research program was initiated between the 

University of Alberta, University of Waterloo, University of British Columbia and 

Suncor Energy Inc. The objective of the collaboration is to examine PA water fate 

and migration within the clay till as well as the WCSC and ultimately to provide 

remediation strategies for the contaminated WCSC. Undoubtedly, the knowledge 

of biological and geochemical interactions between different soil layers and PA 

water has a big role both in contaminant transport investigation and in exploring 

any remediation strategy in future.  
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1-4 Objectives 

Based on preliminary investigations and groundwater monitoring, PA water 

infiltration from STP into the WCSC aquifer is probable and may contain 

components that are environmentally hazardous, such as heavy metals and/or 

organic pollutants. It is also hypothesized that heavy metals and major anions and 

cations in process affected water can be used as an indicator to track the PA water 

seepage through the clay till and WCSC. 

Therefore, the main objective of this study is to better characterize the transport 

and impact of PA water into the clay till layer in order to develop a predictive 

flow model for PA water infiltration. In fact, by conducting a detailed field scale 

investigation, the cardinal purpose of this research is to use major ions, cations 

and trace elements as an indicator of PA water seepage through the clay till layer. 

To do this field study, on the South Eastern portion of WCSC, a 10m x 10m 

Infiltration pond was constructed. This pond served as a small scale model of the 

STP.   

Coupling the results of this research with isotopic analysis on PA water in STP 

and pore water at different depths allows use to better understand geochemical 

processes in the soil layers and groundwater.         

The detailed objectives of this study are as follows: 

1- To characterize the native soils underlying a constructed infiltration pond 

with boreholes, soil physical tests and permeability analysis (e.g double 

ring infiltrometer).  
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2- To determine the pore water chemistry underlying the infiltration pond at 

two time points: (i) prior to filling with process-affected water and (ii) two 

years after filling.  Pore water will be analyzed for metals, cations and 

anions, pH, alkalinity and isotopes (
2
H, 

18
O).  The pore water chemistry at 

different depths underlying the pond and over time will indicate PA water 

seepage.  

3- To create a predictive flow model of PA water seepage based on results 

attained from objectives 1 and 2. 
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1-5 Outline of thesis 

This thesis is divided into 6 chapters presenting different aspects of the study. 

Chapter 2 is a literature review discussing previous academic endeavors related to 

the similar areas. Chapter 3 is centred on the native soil physical and hydraulic 

properties, while Chapter 4 is focused on isotopic analysis and geochemistry 

properties of soil samples pore water and PA water samples from Infiltration Pond 

which addresses objective number 2. The third objective is explored in chapter 5 

which reports one-dimensional analytical models developed for the soil systems 

underlying the infiltration pond. Chapter 6 presents final conclusions, engineering 

significance of the work and future recommendations.   
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2-1 Introduction: 

Groundwater is a major source of drinking water. Increasing trends in sub soil and 

groundwater contamination have lead scientists and engineers from different 

disciplines to describe water flow and solute transport through soil. Investigations 

on the non-reactive and reactive solutes transport through different types of soils 

in saturated and unsaturated conditions result in a wide range of terminology and 

research findings. For the theories behind non-reactive and reactive transport the 

reader is referred to comprehensive review articles by Feyen et al. [1] and Phillips 

[2], respectively. Due to the wide breadth of research on solute transport, this 

chapter focuses on a review of literature on solute transport through clay till soil 

layers.     

 

2-2 Solute and water transport  

To understand and manage soil and groundwater pollution, in recent decades, lots 

of research has been conducted on solute transport focusing on both theoretical 

simulations (comprehensive reviews may be found in [3,4] ) and experimental 

investigations [5-8]. 

The water and solute flux physical description using mathematical models in 

literature can be seen in three categories: (1) mass transport models [9-11], (2) 

mixing cell models [12-15] and (3) preferential flow models in heterogeneous 

soils [16-18]. In the case of chemical reactive transport, different aspects of 

complicated chemical reactions are theoretically modeled. For example, cation 

exchange reactions [19-21], adsorption [22]  precipitation and dissolution 
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[21,23,24], redox reactions [24] and biodegradation [16,25,26] have been 

comprehensively evaluated. 

Beside the theoretical models, field scale studies showed that solute transport 

through soil is highly affected by soil-water system properties [27] including: 

surface and subsurface boundary conditions, hydraulic and transport properties 

[28,29] and spatial heterogeneity [30] . The laboratory experiments cannot 

measure these features [31] and field scale experiments are required (e.g. [32-34]). 

In fact, the theories developed based on the laboratory scale experiments are 

generally not applicable for field scale experiments. These complexities in field 

scale transport reveal the necessity for validating the theoretical models with field 

scale experiments [35]. Furthermore, complexities of solute transport in the field 

scale due to physicochemical and biological processes, like adsorption/ desorption 

and biodegradation were evaluated in different studies [5,28,29,34]. 

Parallel studies where verification of theoretical models with actual field data, to 

evaluate the physical and chemical heterogeneities in soil achieved major progress 

in this field of study [31, 36,37]. For example, Fredericia [38], and Nilsson et al. 

[39] showed that the measured hydraulic conductivity from large scale field tests 

and laboratory column tests could be up to two orders of magnitude different.    
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2-3 Tracers used for tracking the infiltration in field studies 

Over the past few decades, scientists have employed different methods including 

non-invasive optical imaging methods (e.g. [40,41]) and tracer testing to study 

porous media properties and the processes occurring within them both in reactive 

and non-reactive seepage of solutes. Due to the complexities involved in solute 

transport phenomena and lack of subsurface information, tracer tests have a 

crucial role in the design of reliable transport models [42]. Naturally occurring 

isotopic and chemical tracers are two commonly used tracers. The conservative 

(tracer) properties of Cl
-
  [12,43] and δ

18
O and δ

2
H of pore water are established 

and proven in numerous studies including solute transport mechanisms, hydraulic 

conductivity, groundwater flow and geologic studies [43-45] . 

 

2-4 Clay till properties 

Clay till layers have been used to contain industrial waste water (ponds) and to 

store waste due to their natural low hydraulic conductivity, about 10
-10

 m/s 

[41,49]. In this capacity, in the last twenty years, contaminant transport through 

clay till layers has been extensively investigated. Some studies (e.g. [42-44]) have 

established that due to extremely low flow velocity (<10
-3

 m/year), molecular 

diffusion is the dominant process governing the solute transport through clay till. 

The highly reactive properties and heterogeneous nature of clay tills makes it 

difficult to model and characterize solute transport. Field studies to verify the 

models seem to be essential.  
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Hendry et al. [50] identified that “cation exchange reactions” are the major 

attenuation process in the clay till layer. Timms et al. [51] studied the long-term 

migration of dissolved Ca
2+,

 Na
+
, Mg

2+
, Sr

2+
, and K

+
 impacted by cation exchange 

reactions over a 20 m depth of clay till aquitard and showed diffusion dominant 

transport of solutes. The cations (Sr
2+

 and K
+
) were delayed in downward 

migration because of cation exchange reactions.  

In situ and laboratory tests to measure effective diffusion on clay till conducted by 

Hendry et al. [27] using δ
2
H as a tracer resulted in an effective diffusion 

coefficient (D*) values of 2.5-3.5×10
-10 

m
2
/s and 4 × 10

-10
 m

2
/s, respectively. A 

second study on clay till by Hendry et al. [42], showed vertical profiles of δ
2
H and 

δ
18

O indicating diffusion dominant transport in the system. In this study, high 

heterogeneity of soil resulted in subtle deviations between field data and one 

dimensional diffusion trends. 

 

2-5 Previous relevant research in the Athabasca oil sands region 

Oil sands tailings management is beset with environmental and geotechnical 

challenges. Concerns about soil and groundwater pollution in the Athabasca 

region have resulted in different studies focused on tailings PA water toxicity, its 

seepage through dyke and groundwater remediation.  

  



16 

 

2-6 PA water chemistry and toxicity 

Based on numerous studies conducted on PA water (e.g. [52-55] ) it is alkaline, 

slightly brackish, with acute toxic properties to aquatic biota due to elevated 

levels of organic acids as a by-product of the bitumen extraction process and 

contains considerable amounts of reactive chemical components. Residual 

bitumen, naphthenic acids (NAs), humic and fulvic acids, asphaltenes, benzene, 

polycyclic aromatic hydrocarbons (PAHs), creosols, phenols, phthalates, and 

toluene are the detected organic compounds of typical PA water [52,53,56-58]. 

Among these organic compounds, naphthenic acids with the typical concentration 

of 50-70 mg/L in PA water are classified as the most toxic organic and the main 

reason for PA water toxicity [59-61]. 

Elevated levels of calcium, magnesium, bicarbonate, sodium, chloride, ammonia 

and sulphate, in comparison to local surface waters, are by products of the 

bitumen extraction processes resulting in high total dissolved solids (TDS) ( 

typical concentration of 1900-2221 mg/L) concentration in PA water [52-54]. Al, 

As, Cd, Cr, Cu, Fe, Pb, Mo, Ti, V, and Zn are the common trace metals in PA 

water reported in different studies [53,56,62,63]. From a toxicity prospective, As, 

Cd, Cr, Cu, Ni, Pb, and Zn are classified as priority pollutants by USEPA’s Clean 

Water Act [59] . 

 In a comprehensive review paper by Allen [59] it is concluded that, due to their 

high concentration in comparison to environmental guidelines, NAs, bitumen, 

ammonia, sulphate, chloride, aromatic hydrocarbons, and trace metals are 
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chemicals of environmental concern in oil sands processing.  Therefore, a better 

understanding of their fate and transport into the environment is necessary.  

 

2-7 Fate and transport of PA water compounds 

To date, most of the available environmental investigations associated with oil 

sand tailings PA water in the Athabasca river region are focused on the organic 

compounds of PA water, particularly NAs [64-68]. Details of the fate and 

transport of NAs including adsorption and biodegradation mechanisms have been 

evaluated in some laboratory and field studies. For example, the adsorption 

capacity of organic-rich Fort McMurray soil for NAs were measured by Peng et 

al. [64] and Janfada et al. [65] using a laboratory batch sorption method. To 

characterize the naphthenic acids attenuation processes (adsorption and 

biodegradation) during PA water seepage through clay till, in 2004, Gervais and 

Barker conducted a field study [66] . These field studies completed by, Oiffer et 

al. [67] and Tompkins [68] focused on NAs transport and natural attenuation 

through the glaciofluvial sand channel underlying the clay till layer. In both 

studies, the trace metals mobilization were evaluated but only through the sand 

channel aquifer.   

More recently, Holden et al. [69] conducted a detailed laboratory batch sorption 

experiment on clay till samples in the vicinity of the South Tailing Pond to 

evaluate the release and attenuation of ions as PA water infiltrates the clay till. 

The results from this study indicate (1) a high level of sodium adsorption on the 

clay till particles, corresponding with a Ca
2+

 and Mg
2+

 release into pore water (as 
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a result of exchange with Na), (2) conservative behaviour of Cl
-
 and (3) a notable 

increase in the sulphate concentration due to the dissolution of pre-existing 

sulphate salts from the clay till particles. Likewise, in another study, Holden et al. 

[70] examined the mitigation or release of trace elements from clay till particles 

using radial diffusion cells. The findings of this research revealed the mitigation 

or uptake of Mo and Zn from the PA water by clay till particles and in contrast the 

release of Si, Pb, Sr and Ba from clay particles to pore water. As reported by 

Holden in both studies, at the time of publication, those were the first detailed 

laboratory experiments characterizing the Athabasca clay till soil for attenuation 

and release of inorganic species.  

The most recent relevant study, was conducted by Gibson et al. [71], where a suite 

of isotopic and geochemical tracers were used for labelling PA water from oil 

sands operations and tracking it through the surface and subsurface bodies of 

water. The authors found that, due to evaporation during oil sands extraction 

processes, δ
18

O and δ
2
H are enriched in PA water which can make it 

distinguishable from other natural bodies of water. Moreover, it is stated that 

major-, minor- and trace element geochemistry, and organic composition can be 

used indicators to distinguish PA water from natural surface water in that area. 

Gibson et al. [71] concluded that evidence did not support PA water seepage into 

the Athabasca River.  
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2-8 Conclusion of studies conducted on PA water infiltration into clay till 

To date there have been few laboratory studies describing the fate and transport of 

inorganic compounds found in PA water through the clay till layer, but none of 

them has explored a field scale study.  Previous findings by researchers have 

emphasized the need to conduct field studies to verify laboratory results as well as 

solute transport models. As a result, in this research a field based evaluation is 

conducted on the stable isotopes and inorganic compounds of PA water migration 

through the clay till. To complement the field efforts, experimental evaluations on 

the effect of PA water seepage on pore water chemistry, could improve our 

understanding of the physicochemical reactions between PA water and clay till 

particles as well as indicating the dominant solute transport mechanism.  
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Chapter 3: Native Soil 

Physical Properties 
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3-1 Introduction 

The focus of this thesis is to describe transport of oil sands process affected water 

into the subsurface and its fate. This chapter will provide an overview of the 

geology underlying Suncor’s South Tailings Pond.  The focus will then shift to U 

of A’s specific research field site – the Infiltration Pond, providing construction 

details, the specific underlying geology, sampling program, as well as field and 

laboratory tests used to characterize native soil particle size distribution, Atterberg 

limits, unified classification, water content, specific gravity, and hydraulic 

conductivity using both falling head and double ring infiltrometer tests.  

 

3-1-1 Overview of Geology Underlying Suncor’s South Tailings Pond  

As mentioned in the first chapter, the South Tailings Pond (STP) with a 23 km
2
 

area: 4 km North to South, and 4.5 km East to West and a 336 Mm
3
 capacity for 

tailings and PA water storage was developed by Suncor on the east side of the 

Athabasca River.  

Previous field studies, using boreholes, monitoring wells, surface geophysics and 

supporting field mapping and air photo interpretation conducted by Suncor’s 

consultants, among them Klohn Crippen Bergere Ltd., Mollard & Associates, and 

WorleyParsons, provide an overview of the geology underlying the STP and 

within its vicinity. Thus it provides a wider perspective of the geological units 

located in this area of the Athabascan oil sands region near the STP.   
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Three overburden soil layers cover two major bedrock formations in the area. 

These two bedrock formations consist of the Clear water formation and the 

McMurray formation [1,2]. As a marine deposit, the Clearwater formation is 

composed of clay shales on thin carbonate cemented, siltstone beds. The 

McMurray formation is comprised of clay and fine to medium grained, 

unconsolidated sand which is predominantly oil-saturated [2,3]. In comparison to 

“bedrock formations”, the “surficial geology” of this area plays the most crucial 

role in controlling the extent of PA water infiltration from tailings ponds.  

According to the 2004 consulting report by Klohn Crippen Consultants Ltd [1]. on 

data from 336 boreholes, there are three major formations which comprise the 

surficial geology. In order descending from the surface they are: 

1- Muskeg: Dark brown to black colored, thin (~1.5 m), surface soil composed 

of wood, peat, silt and clay. For the STP construction this thin layer was 

totally excavated since this layer was not important in this project due to its 

efficacy in terms of the geotechnical and geo-environmental impacts of the 

STP.  

2- Glacial till: The muskeg lies on an 8 to 35 m-thick- Pleistocene glacial till. 

Typically, the glacial till is composed of a predominantly clayey till and silty 

till contribution as well as some gravel and sand content. The STP was built 

over this layer, due to its low permeability (median value of 2.4*10
-7

 m/s from 

41 field tests). This thesis focuses mainly on the chemical and physical 

properties of this glacial till layer, due to its vital role in preventing PA water 
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migration. In addition, the interesting effect of varying soil types (from clay to 

silt to sand lenses) in this zone will provide much needed information on PA 

water migration.  

3- Wood Creek Sand Channel: WCSC is a highly permeable Pleistocene 

glaciofluvial channel with an approximately 20-30 m thickness. Fine to 

medium sandy soils are the main composite of this channel. In the upper sub-

layer, more clay and silt is available. The reason behind high fine content of 

the upper sub-layer lies in the gradual transition from the upper layer of 

glacial till to the sandy lower level. However, coarse sand and fine gravel are 

progressively more predominant at the bottom of WCSC [1,2]. As described 

in Chapter 1, approximately 50% of the STP overlies the WCSC, providing 

the Western and Southern dyke walls with more geotechnical stability to avoid 

flat slopes. On the other hand, this placement could result in adverse 

environmental impacts. In fact, after seepage through the clay till layer, STP 

PA water migrates to the McLean Creek and subsequently to the Athabasca 

River by using the WCSC as a preferential flow pathway. Figure 3-1 shows 

the WCSC boundary beneath the STP and presents the seepage patterns at the 

Western dyke.  
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Figure 3-1: Wood Creek Sand Channel boundary beneath clay till layer 

underlying the STP. Source: [1]. 

 

3-1-2 Field Research Infiltration Pond Details 

To better characterize the infiltration of PA water into the glacial till, U of A 

constructed an Infiltration Pond on the South Eastern portion of the WCSC 

(location shown in Figure 3-1) in August 2008.  As a general rule, the 10 m x 10 

m infiltration pond was excavated to a 1.3 m depth into the clay till layer to ensure 

penetration into the clay till.  Prior to filling it, a series of double-ring 

infiltrometer tests were completed on the floor of the pond to provide preliminary 

hydraulic conductivity data (described in Section 3-2-3-6). In a 5 x 6 grid pattern, 
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a series of slotted, 15.2 cm (6 in) diameter PVC pipes covered in a geotextile liner 

were placed into the floor of the pond and 1m of tailings sand was then placed on 

top of them to hold the slotted pipes in position. These slotted pipes were 

designed to make future clay till coring easier to avoid coring through the tailings 

sand. Finally, STP PA water was used to fill the pond during the August 2008 

construction visit.  A schematic as well as a photo of the Infiltration Pond are 

shown in Figure 3-2 and Figure 3-3 respectively.  
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Figure 3-2: Schematic of the infiltration pond (not to scale); magl: metres above ground level; mbgl: metres below ground 

level; Ground level: Infiltration pond bottom. 
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Figure 3-3: The North West view of the Infiltration Pond; a: August 2008; b: 

July 2010. 
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This Infiltration Pond served as a small scale model of the STP to investigate the 

PA water migration into the subsurface. A soil core sampling program was used 

over time to determine the following: 

1. Soil properties (discussed in the chapter below): 

Physical properties such as particle size distribution, Atterberg limits, 

unified classification, water content, specific gravity, and hydraulic conductivity 

using both the falling head and double ring infiltrometer tests were measured. 

2. Pore water properties (discussed in Chapter 4): 

a) pH, alkalinity, electric conductivity, heavy metals, cations and anions. 

b) The isotopic composition of 
18

O to track the progress of the water 

molecule from the PA water in the Infiltration pond. 

This overall analysis would help to enhance our understanding of the transport of 

PA water through the clay till, as well as where it ends up. 

 

3-2 Materials and Methods  

 

3-2-1 Soil Coring and Sampling 

Soil samples were collected by drilling boreholes inside and outside of the 

infiltration pond at two time periods – August 2008 (time zero samples) and July 

2010 (two year infiltration timeline). 

The first series of soil cores were collected in August 2008 at the four corners of 

the Infiltration Pond after the excavation and before the placement of the tailings 

(locations shown in Figure 3-4). These soil samples served as a baseline for the 

soil and pore water chemistry. The drilling started at the surface where muskeg 
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was encountered, followed by the clay till around 8 m down and stopped as soon 

as the top of the WCSC was encountered. The total depth of each borehole was 

around 12 m. 12.7 cm (5 in) diameter, transparent PVC pipes were used to contain 

the soil cores and were labelled, sealed and transported to the Department of Civil 

and Environmental Engineering at the University of Alberta. The columns were 

stored in a -16˚C freezer.  Freezing the soil columns helped to preserve the 

chemical properties of the soil and pore water and kept the soil column 

undisturbed for the subsequent hydraulic conductivity tests. 

The very bottom of each 1 m length of sample was assumed to be a good 

representative section of the associated 1 m soil cores. Therefore, the last 15 cm 

section was tested physically and geo-chemically (i.e. 0.85-1 m, 1.85-2 m ...). In 

some cases, due to partial recovery of soil cores, the aforementioned designated 

section was not available. Therefore, the closest available 15 cm section has been 

examined instead. It should be noted that since all soil physical and geo-chemistry 

analysis were conducted on the soil samples underlying the Infiltration Pond, the 

bottom of the pond is designated as the “0 mbgl” point. This simplified the 

comparison of data from samples collected in 2008 and 2010. Each 15 cm soil 

section was split lengthwise and one half of the sample was used to extract pore 

water for geochemical analysis at U of A. The other half was sent to Alberta 

Innovates Technology Futures in Calgary for isotopic analysis.  

The remaining soil cores were stored frozen and were used for the soil physical 

analysis, hydraulic conductivity tests, and also served as a backup for lost or 

poorly maintained samples.    
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Figure 3-4: Schematic of BHs collected and their location inside and outside 

the infiltration pond. : Slotted sampling pipes;  : BHs drilled with full 

recovery August 2010;  : BH drilled with no recovery August 2010; : 

BHs 1, 2, 3, and 4 drilled August 2008 (used to establish baseline). 

 

 

Table 3-1: Details of soil samples collected for BH4 in 2008 

 

 

 

 

 

 

 

 

The second soil sampling program was conducted in July 2010 (two years after 

filling the Infiltration Pond with tailings). The cores were collected by driving a 

5.1 cm (2 in) diameter thin-walled aluminium irrigation tubing into the till using a 

gasoline powered Pionjar 120 portable drill (Figure 3-5). The aluminium core 

BH # 
Sample 

ID 
Depth Range  

(m) 
Average 

Depth (m) 
Date Taken 

BH4 4-1 1.44-1.29 agl 1.365 agl Aug 23 2008 

BH4 4-2 0.95-0.8 agl 0.875 agl Aug 23 2008 

BH4 4-3 0.05-0.20 bgl 0.125 bgl Aug 23 2008 

BH4 4-4 0.86-1.01 bgl 0.935 bgl Aug 23 2008 

BH4 4-7 3.05-3.20 bgl 3.125 bgl Aug 23 2008 

BH4 4-9 4.05-4.20 bgl 4.125 bgl Aug 23 2008 

BH4 4-10 5.43-5.58 bgl 5.505 bgl Aug 23 2008 

BH4 4-14 9.20-9.35 bgl 9.275 bgl Aug 23 2008 

Note: agl, above ground level; bgl, below ground level; Ground 

level, Infiltration pond bottom 
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tubing was driven from the surface to the refusal to a depth of 1 m, following the 

method of Starr and Ingleton [4].  
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Figure 3-5: a: Gasoline powered Pionjar 120 portable drill used for coring; 

b: Driving aluminium tube into the clay till at the bottom of the Infiltration 

Pond using gas powered drill. 
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The soil cores were retrieved using a tripod pulling mechanism. In an attempt to 

get representative samples, five different locations were selected. Figure 3-4 

shows the location of these five samples amongst the 5 x 6 grid pattern within the 

infiltration pond. Four full recovery clay cores were collected (indicated in green 

in Figure 3-4). The cores’ lengths ranged from 0.5 to 1 m. PVC caps and tape 

were used to seal the soil samples in aluminium pipes to prevent the cores from 

interacting with the atmosphere. To preserve the soil and pore water chemistry, 

the samples were placed in a small cooler with ice packs on site immediately after 

their collection. The core samples were transferred to the same freezer previously 

mentioned for the 2008 samples at U of A. 

The frozen cores were sectioned into 17 to 20 cm lengths. Then, all the sections 

were split lengthwise to run geochemistry tests on the pore water of one half at U 

of A and isotopic analysis on the remaining half by Alberta Innovates Technology 

Futures in Calgary. Table 3-2 summarizes the details of all the soil samples taken 

in 2010.  
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Table 3-2: Details of soil samples collected for BHs 12, 33, 51, and 16  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

3-2-2 Visual Inspection of Soil Profiles 

To identify the different soil types underlying the infiltration pond, both the 2008 

and 2010 soil samples were visually classified. Distinguishing different soil types 

versus their depth helps to focus on the details of their physical properties. All 

descriptions were conducted in accordance with ASTM D2488 standards [5]. 

Beneath the infiltration pond, two distinct soil types including a clay till and a 

sand layer were found. All physical properties tests were conducted on these two 

layers. 

 

 

BH # 
Sample 

ID 

Depth Range 

(m bgl) 

Average 

Depth (m bgl) 

Date 

Taken 

BH12 12-1 0-0.2 0.1 July 7 2010 

BH12 12-2 0.2-0.4 0.3 July 7 2010 

BH12 12-3 0.4-0.59 0.5 July 7 2010 

BH33 33-1 0-0.17 0.08 July 7 2010 

BH33 33-2 0.17-0.34 0.25 July 7 2010 

BH33 33-3 0.34-0.52 0.42 July 7 2010 

BH33 33-4 0.52-0.69 0.59 July 7 2010 

BH33 33-5 0.69-0.86 0.76 July 7 2010 

BH33 33-6 0.86-1.04 0.93 July 7 2010 

BH51 51-1 0-0.18 0.09 July 8 2010 

BH51 51-2 0.18-0.36 0.27 July 8 2010 

BH51 51-3 0.36-0.55 0.45 July 8 2010 

BH16 16-1 0-0.2 0.1 July 8 2010 

BH16 16-2 0.2-0.4 0.3 July 8 2010 

BH16 16-3 0.4-0.62 0.5 July 8 2010 
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3-2-3 Soil Physical Properties Tests 

To improve our understanding of PA water transport, it was essential to establish 

the physical properties of the soil layers underlying the infiltration pond. To do so 

particle size distribution, water content, specific gravity and hydraulic properties 

of the soil layers were measured. All of these tests have been duplicated to check 

for consistency.      

 

3-2-3-1 Particle Size Distribution 

A particle size distribution (PSD) curve, by showing the particle size and 

uniformity, plays a big role in understanding soil behavior not only in soil 

strength and compressibility, from a structural point of view, but also in its 

interaction with fluids and thermal regimes in hydrogeology and geo-

environmental applications [6]. 

Based on the soil particle size range, two types of tests are performed to establish 

the particle size distribution: sieve analysis is used on soils larger than 0.075 mm, 

called coarse-grained, and the hydrometer test is used for particles smaller than 

0.075 mm, passed sieve number 200.   
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3-2-3-1-1 Sieve Analysis 

This method uses a known volume of dry soil, which is shaken to pass through a 

set of sieves sorted from the largest opening size at the top to the smallest at the 

bottom. A particle size distribution curve is the output of this method and displays 

the accumulative percentage of soil passing through the different opening size of 

each sieve. This curve is used to determine particle size ranges and uniformity. Cu 

and Cc are two coefficients, computed based on Equations 3-1 and 3-2 

respectively from the PSD curve for coarse soil classification. 

   
   

   
                                    Equation 3-1 

           
                                                                                         Equation 3-2  

Where: Dx is the grain size diameter corresponding to x% passing (finer) on a 

PSD curve.    

The sieve analysis tests were conducted under the ASTM D421 standard method 

by Dr. Saied Gitipour, a visiting researcher, at U of A [7]. A 500 g sample of the 

upper portion of the clay till , a 500 g sample of the lower portion of the clay till 

and a 500 g sample of sand (type C), were used for the tests and run in duplicate. 

The sieve numbers were arranged from 4, 10, 20, 40, 60, 100 to 200 respectively 

from top to bottom. The shaking time was around 10-15 minutes. A bottom pan 

was placed at the bottom of sieves tray to collect soil particles that passed sieve 

number 200 for subsequent hydrometer tests.  
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3-2-3-1-2 Hydrometer Analysis 

For fine-grained soils, those with particles smaller than 0.075 mm or that passed 

through sieve U.S. No 200, hydrometer analysis was completed.  The hydrometer 

analysis was developed based on Stokes’ equation for the terminal velocity of a 

falling sphere [8]. This test was based on the ASTM D421 and D422 standard 

method procedure and was conducted on clay till soil samples by Dr. Saied 

Gitipour, a visiting researcher, at U of A [7].  

 

3-2-3-2 Atterberg Limits 

The Atterberg Limits include the Liquid Limit (LL), the Plastic Limit (PL), and 

the Plasticity Index (PI) of soils and are one of the methods used to classify soil. 

The liquid limit and plastic limit were performed according to ASTM D4318 by 

Dr. Saied Gitipour, at U of A [7,9]. The plastic index was calculated by 

subtracting the plastic limit from the liquid limit.  

 

3-2-3-3 Soil Classification 

The grain size distribution and the Atterberg Limits were used to classify soil in 

accordance to the Unified Soil Classification System (USCS) based on ASTM 

D2487 procedure [7]. The percentage of gravel, sand and fines were obtained 

based on the USCS in which gravel particles are retained on sieve No.4 (diameter 

greater than 4.75mm), sand particles pass sieve No. 4 and are retained on sieve 
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No. 200 (range from 4.75 mm to 0.075 mm in diameter) and finally fine particles 

pass sieve No. 200 (diameter smaller than 0.075 mm) [7].  

 

3-2-3-4 Water Content 

Water content is defined as the ratio between the mass of water and that of oven 

dry solids in the soil. The procedure for the determination of the water content of 

soil in the laboratory is given by ASTM D 2216 [7]. The water content of the 

2008 soil samples was measured by Alberta Innovates Technology Futures in 

Calgary. For the 2010 samples, the water content test was performed at U of A. 

An oven with a temperature of 110º C was used to dry the soil samples over a 

period of 12 hours.  

 

3-2-3-5 Specific Gravity 

Specific gravity is defined as the density of soil divided by the density of 20º C 

distilled water [10]. The specific gravity tests were conducted using the ASTM 

D854 procedure by Dr. Saied Gitipour, a visiting researcher, at U of A [7].  

 

 3-2-3-6 Hydraulic Conductivity Measurements 

Hydraulic conductivity is a fundamental characteristic of soil representing the 

ease with which water can flow through soil materials. The permeability 

coefficient of soils (K) is measured using hydraulic conductivity tests. Constant 
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head and falling head are the two most common permeameters used for coarse 

sands and fine soils, respectively. As of 2010, the falling head test has not been 

regulated by ASTM. However, a procedure proposed by Das (1982) is commonly 

used for the falling head test that is similar to the ASTM D2434-68 standard 

procedure for constant head permeability coefficient measurements [11,12]. Soil 

hydraulic conductivity as determined by the falling head test is calculated as 

shown in Equation 3-3 [12].   

       
   

   
     

  

  
      (cm/s)                                                       Equation 3-3  

Where h1 and h2 are starting head and ending head respectively; L (cm) is the soil 

sample length, A (cm
2
) and “a” (cm

2
) are the area of the sample and the area of 

the burette tube, respectively [13]. 

Since soil texture has a large effect on the soil permeability coefficient measured 

in the laboratory [14] the hydraulic conductivity tests for all soil samples were 

conducted on undisturbed soil cores. Undisturbed soil columns were trimmed to 

fit snugly and placed in the permeameter cylinder, which was stainless steel with 

a 6.3 cm inner diameter and 8 cm length (Figure 3-6). Furthermore, keeping the 

samples under 4˚C helped to prevent chemical and biological activities in the soil 

columns.     

Utilizing distilled or deionized water in the hydraulic conductivity tests increases 

the dispersion of clay particles and is not recommended [14,15]. Consequently, 

the STP PA water was used to simulate the actual reaction of the clay till particles 

with organic and inorganic substances existing in the PA water. 
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Figure 3-6: Falling head permeameter testing equipment 

Using the grain size distribution results, Hezan’s empirical formula was applied to 

compare laboratory and empirical results. Based on Hezan’s suggestion, for sands 

with Cu<5 and D10 of 0.1-3 mm, K can be calculated using Equation 3-4. 

      
                                                                                              Equation 3-4 

Where K (cm/s) is the permeability coefficient and D10 (mm) is the grain size 

diameter corresponding to 10% passing on a PSD curve and c is a constant with 

the value ranging from 1 to 1.5.   
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3-2-3-7 Double Ring Infiltrometer  

The Double Ring Infiltrometer (DRI) test is a widely used in-situ method to 

estimate soil characteristics in geotechnical investigations, especially to measure 

the field-saturated hydraulic conductivity of surface soil layers [2,14-16]. In 

particular, this method is used for the unsaturated soils above the water table.   

As it is clear from the test’s name, two open ended, metal cylinders are used to 

perform the double ring infiltrometer test. One of which is smaller with a diameter 

of 16.5 cm and one larger with a diameter of 32 cm. These cylinders are driven 

into the soil layer from 3 to 10 cm using a hydraulic ramp or drop-hammer. The 

smaller ring is located in the center of the large one. The cylinders’ ends will have 

been sharpened to reduce disturbances in the soil and to move directly through the 

soil layer.  

There are two separate water tanks to supply water for this test. One tank is 

connected to the inner ring and the other tank is connected to the annular ring. 

The majority of infiltrometer tests use float valves or siphons to keep a constant 

water head in the cylinders. Apparently, in constant head infiltrometers, mass 

balance dictates that “the volume of water conducted from the associated tank to 

the inner ring” should be equal to “the volume of water infiltrated from the inner 

ring to the soil”.  

Due to soil’s anisotropic nature, water can infiltrate both horizontally and 

vertically with a more or less different permeability in these two directions. One 

of the most important advantages of using double ring infiltrometers is to keep 
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water from its lateral movement. In fact, as Figure 3-7 presents, the same level of 

water in both rings forces the inner ring to drain water mainly in the vertical 

direction. Equation 3-5 was used to calculate the infiltration rate using the volume 

of water infiltrated through the inner ring over the elapsed time [17].On the other 

hand, water in the annular ring can move both vertically and horizontally. As a 

result, the water level fluctuation or volume of water added to the annular ring has 

no bearing on infiltration rate calculations and can be ignored.    

    
    

      
                                                                                           Equation 3-5 

Where IIR (cm/s) is the infiltration rate of the inner ring, ∆t (s) is the time 

duration, ∆VIR (cm
3
) is the volume of water infiltrated during ∆t (s) and AIR (cm

2
) 

is the area of the inner ring.   

The double ring infiltrometer test was conducted in accordance with ASTM 

D3385 procedure by Mr. Ojekanmi, a geo-environmental researcher from U of A 

[17]. In this research, the clay till infiltration rate was measured at two locations 

on the infiltration pond floor, directly after the excavation of the pond. 
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Figure 3-7: Schematic of the Double Ring Infiltrometer [18] 
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3-3 Results and Discussion 

3-3-1 Visual Inspection of Soil Profiles 

Based only upon visual inspection, there are three distinguishable soil types in the 

2008 soil cores. The first layer at the top of boreholes 1 to 4 was muskeg with a 

composition of silt, clay, peat, organic soil and wood. This roughly 1.5-metre 

thick, black layer overlies a clay till layer with medium plasticity which contains 

large clasts and red staining. The clay layer was seen at a 1.5 to around a 10.5 

metre depth. Upper portions are brown clay with a progressively higher dark grey-

silt content found with depth.. Finally, light brown glaciofluvial sand and gravel 

was detected in all samples deeper than 10.5 metre. Interlaminated soil layers 

between different soil types were observed.   

Since the STP and the infiltration pond were excavated on the clay till layer and 

the focal point of this study is to characterize the PA water seepage through clay 

till, the physical and chemical properties of the muskeg layer have been ignored.. 

The visual inspection results are illustrated graphically in Figure 3-8.  

Likewise, 2010 soil samples were visually inspected after they were split. 

Predominantly, the soil of these samples was brown clay with stones, large clasts 

and red and dark gray staining with medium to high plasticity (clay till). BH16-1 

was the only sample with a sand lens which covered around 60% of that sample 

(Figure 3-9).    
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Figure 3-8: Borehole log of BH2 based on visual classification; agl: above 

ground level; bgl: below ground level; Ground level: Infiltration pond 

bottom. 
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Figure 3-9: Photo of BH16-1(0-0.2 mbgl), brown clay with stones and sandy 

lens. 

 

3-3-2 Grain Size Distribution Test 

Figures 3-10 to 3-12 show the grain size distribution of the two soil types. To 

show the total grain size distribution of the clay till soil, the hydrometer results 

were combined with the sieve results and plotted on a semi-log graph paper 

(Figures 3-10 and 3-11). The results of the sieve analysis for sandy soil are 

available in Figure 3-12. Detail results of the sieve and hydrometer test can be 

found in appendix A.  
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Figure 3-10: Grain Size Distribution Curve for BH1 clay till; 1: 0-0.1 mbgl; 

2: 0.1-0.2 mbgl. 

 

Figure 3-11: Grain Size Distribution Curve for BH1 clay till; 1: 4.1-4.2 mbgl; 

2: 4.3-4.4 mbgl. 
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Figure 3-12: Grain Size Distribution Curve for BH1 sand; 1: 8.7 -8.8 mbgl; 2: 

9.2-9.3 mbgl.  

 

3-3-3 Atterberg Limits 

The Atterberg Limit test results including the Liquid Limit, Plastic Limit, and 

Plasticity Index of clay and silt soils are summarized in Table 3-3. The results of 

these tests were used for fine grained soils classifications based on USCS.   

Table 3-3: Average Atterberg Limits for clay till soil samples 

Soil Type 
Sample ID (BH: 

Depth (mbgl)) 

Liquid 

Limit 

Plastic 

Limit 

plasticity 

index 

Clay till BH1: 0-0.2  23.5 16.7 6.8 

Clay till BH1: 4.1-4.3  20.3 19.4 0.8 
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3-3-4 Soil Classification  

The particle size distribution of BH1: 0 to 0.1 mbgl is continuous and shows that 

the upper portion of the clay till soil is relatively uniformly graded and smoothly 

distributed. The PSD curve, Figure 3-10, also indicates a 4.5% gravel, 48.9% sand 

and 46.5% fines (including silt and clay) content. Based on the Atterberg Limit 

test results (LL<50 and 4<PI>7), this soil is classified as SM-SC which indicates 

sand that contains a high percentage of low plasticity clay and silt.  

The PSD curve of BH1: 4.1-4.3 mbgl shows a gap graded distribution especially 

in the fine sands size range. However, this soil contains a higher percentage of 

gravel in comparison to the upper portion of the clay till sample. The PSD 

indicates a 16.6 % gravel, 31.1% sand and 52.2% fine content for the first run. 

Combining the first sample PSD result with the Atterberg Limit test results 

(LL<50 and PI<4), this soil is classified as ML, predominantly silt plus sand and 

gravel. Surprisingly, the PSD of the second soil sample of lower clay till soil 

sample indicates a 44.3 % gravel, 24.1% sand and 31.6% fine content which 

classifies this soil as GM, which is poorly graded silty gravel with sand. This 

difference, between two samples, reveals a high heterogeneity in this layer of soil.              

Based on the PSD curve for the of the sand soil (Figure 3-12), the composition of 

soil is less than 0.1% gravel, 99.5% sand and 0.4% fines. Therefore, it has a 

textural class of sand. Where D10=0.23 mm, D30=0.31 mm and D60=0.47 mm, the 

Cu and Cc were calculated 2 and 0.89 respectively. With Cu<6 and a Cc that is not 

in the range of 1 to 3, this soil is classified as SP, a poorly graded sand.     
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3-3-5 Water Content 

A water content test was conducted on BH1,2 as well as the 2010 samples at 

different depths. For the 2008 samples, the average water content for upper clay 

till soil samples is 13.4%, for deeper clay till soil samples is 18.2% and for the 

sand layer samples is 7.5%. The graph in Figure 3-13 illustrates the average water 

content of the 2008 samples for the depth range of 0 m to 1 m bgl and 2010 

samples water content versus depth. As it is clear from the figure of water content 

versus depth, Figure 3-13, all three 2010 soil samples show similar patterns. The 

water content is highest near the top, close to the Infiltration Pond bottom, and 

decrease with depth to the average water content of the 2008 samples (indicated in 

black dotted line in Figure 3-13) which serves as a background water content.     

 

Figure 3-13: Water content of 2010 soil samples (BHs 12, 16, and 33) versus 

depth as they compare to 2008 soil samples (background) water content. 

Average value of Background, is shown in vertical dotted lines to make the 

comparison easier. 
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3-3-6 Specific Gravity 

A specific gravity test was conducted on clay till and sand soil samples of BH1. 

The results of these specific gravity tests are available in Table 3-4. 

Table 3-4: Specific gravity for the native soils 

Soil Type Depth (mbgl) 
specific gravity 

(Average) 

Clay till 0.1 2.59 

Clay till 4.2 2.61 

Sand 9.0 2.65 

 

3-3-7 Hydraulic Conductivity 

The coefficients of Permeability (K) for soil samples were measured by a falling 

head hydraulic conductivity test performed on undisturbed soil samples. The 

permeability coefficient increases from the upper clay till soil samples to the sand 

soil samples. Table 3-5 lists the average results of permeability. 

Table 3-5: Average hydraulic conductivity of the native soils 

Soil type Depth (mbgl) K (cm/s) 

Clay till 0.1 3.1*10 
-6

 

Clay till 4.5 7.2*10
-5

 

Sand 1.4 1.9*10
-4

 

 

The lowest hydraulic conductivity belongs to the upper clay till soil and it is 

comparable to the K of lower clay till soil. Although both of these two soil 

samples have approximately the same percentage of fine amendments, lower soil 
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sample has a higher K due to a higher percentage of gravel in comparison to upper 

clay till. Moreover, based on the Atterberg Limits findings, the fine particles of 

the upper clay till soil, passed sieve 200, are more clay, which absorbs water, 

expands and results in a lower permeability. On the other hand, for the lower clay 

till soil the majority of its fine particles are silt. The higher permeability of the 

sand soil sample is due to its sandy texture and the higher percentage of particles 

retained on sieves number 40 and 60, 46.1% and 44.3% respectively. Using 

D10=0.23 mm, measured in the grain size distribution test, and by the knowledge 

of Cu=2, which satisfies Hazen’s empirical equation limits, the sand soil K is 

calculated at 5.3*10
-4

 cm/s which is in agreement with the laboratory falling head 

results. More details from the hydraulic conductivity tests may be found in 

Appendix A.      

The low percentage of gravel particles, the high percentage of fine sand and the 

location at the silt/sand interface zone of glacial till and wood creek sand channel, 

are the reasons behind the low permeability of the sand soil sample compared 

with the typical K of WCSC measured by Klohn Crippen Berger Ltd., 6.5*10
-2

 

cm/s [1].            

 

3-3-8 Double Ring Infiltrometer 

Two infiltrometer tests were performed on the infiltration pond floor immediately 

after the excavation and before the tailings placement in the pond. Because of the 

low permeability of clay till, the gauge readings were taken every 24 hours. The 
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infiltration rate was measured at 4.3*10
-7

 cm/s for the first location and 2.6*10
-7

 

cm/s for the duplicate run.  

 

Figure 3-14: Graphical representation of clay till layer double ring 

infiltrometer test result 

Figure 3-14 demonstrates the graphic results of the infiltrometer test. It is clear 

that the infiltration rate stabled out at 4.3*10
-7

 cm/s after around 5 days. The 

infiltration rate is reported as field-saturated vertical hydraulic conductivity as 

well.   

The comparison of the falling head hydraulic conductivity test results, presented 

in the previous section, with the saturated permeability indicated by the 

infiltrometer test shows that, the laboratory value is around 80% larger than the 

field measurement. Also, Klohn Crippen Berger (KCB) Ltd’s site investigation in 

“Millennium Mine Design of the South Tailings Pond” project indicates that the 

hydraulic conductivity of the clay till layer ranges from 1.5*10
-6

 cm/s to 9*10
-4
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cm/s with the median value of 2.4*10
-5

 cm/s [1]. These permeability values 

suggest that the falling head result (3.1*10 
-6 

cm/s) is in the range of the KBC 

value, whereas the infiltrometer results are not.  

In essence, the permeability values obtained from the infiltrometer test are likely 

lower than the laboratory findings. It should be noted that there are several 

reasons for the introduction of error during the infiltrometer test besides the 

difficulties of field tests that would adversely affect the results.  

Major potential sources of error include: 

 Short circuiting of water as a consequence of side wall leakage. 

 Water evaporation which could influence the water table in the gauges.  

 Soil disturbance during cylinder installation. 

There is also an uncertainty as to the proper evaporation and rain isolation of the 

cylinders and gauges for the experiment’s duration (more than five days). This 

could have been the major contributor to the relatively erroneous test results. 
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3-4 Conclusions 

As it is described in the introduction chapter, the objectives of this thesis have 

been accomplished in a number of steps. In this step the Infiltration Pond 

construction details, the specific underlying geology, the sampling program, as 

well as the field and laboratory tests were described.   

The surficial geology of the study area is comprised of three major formations 

including muskeg, glacial till, and WCSC. Due to its low permeability, the STP 

was built over the glacial till. To be in harmony with it, the Infiltration Pond 

which serves as a small scale model of the STP was excavated approximately 2.8 

m below the original ground level, 1.3 m below the glacial till layer’s surface.  

Prior to filling the Infiltration Pond with PA water, the first series of soil cores 

were collected in August 2008 at the four corners of the Infiltration Pond with the 

median depth of 12m. The second soil sampling program was conducted in 2010 

from the Infiltration Pond bottom with an average depth of 0.7m.  

The native soil characterizations underlying the constructed Infiltration Pond were 

determined by soil physical analysis. The following conclusions can be made 

from the physical tests results:  

 Based upon the results of visual soil inspection and soil classification for the 

2008 soil samples, two layers of very distinguishable soils were found under the 

Infiltration Pond bottom; Including: clay till (from 0 to 7.7 mbgl)  and sand (from 

9.2 mbgl). 
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 The Atterburg Limit results on the first soil layer, SM-SC, with 46.5% fines 

content revealed a higher percentage of clay content compared to the other layers. 

Therefore, there should be a strong possibility for PA water interaction with this 

layer during seepage. 

 The water content of the soil cores recovered in 2010 decreases with depth and 

reaches the average water content of 2008 sample at approximately 0.7 mbgl.  

 The 2010 samples’ water content trend looks like a diffusion-dominated 

seepage from the Infiltration Pond bottom to approximately 0.7m below.   

 The saturated permeability coefficient for the first layer of soil obtained from 

the falling head test is 3.1*10
-6

 cm/s. Based on previous laboratory and in-situ 

tests conducted within the vicinity of the Infiltration Pond, the falling head result 

is likely more reliable than the DRI.   
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Chapter 4: Pore Water 

Geo-chemistry 
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4-1 Introduction 

This research takes a multidisciplinary approach to comprehensively characterize 

the fate and transport of oil sands process affected water into the subsurface of 

Suncor’s South Tailings Pond (STP). U of A’s specific research field site, the 

Infiltration Pond, served as a small scale of STP to investigate the process-

affected (PA) water migration into the subsurface. The first goal (discussed in 

Chapter 3) focused on characterizing the physical properties of soil layers 

underlying the Infiltration pond.  

The second goal, and the focus of this chapter, is to geo-chemically evaluate the 

PA water seepage.  

The impact of PA water migration on the underlying pore water was investigated 

through isotopic and inorganic geo-chemistry analysis on the pore water of soil 

samples underlying the Infiltration Pond at two time points: (i) prior to filling with 

PA water (Aug. 2008) and (ii) two years after filling (Jul. 2010).  Pore water was 

analyzed for the composition of isotopes (δ
2
H and δ

18
O), pH, alkalinity, electric 

conductivity, heavy metals, cations and anions. Initial soil pore water chemistry 

was defined by the 2008 analysis. Any changes in the pore water isotopic 

composition and chemistry at different depths underlying the pond and over time 

would indicate PA water seepage.  

The results of soil physical properties measured in Chapter 3 enhance our 

understanding of PA water transport and allow us to interpret the behavior of 

dissolved heavy metals and major ions. Soil is a “chemically active” component 

that should be considered in contaminant fate investigations [1-3]. Soils, 



67 

 

particularly clay particles, do not react the same as purified porous media [1-3]. 

There are several complicated processes, physical, chemical and biological, which 

may govern the fate and transport of PA water in a clay till.  

 Movement of dissolved inorganic compounds (heavy metals and major ions) in 

soil is mainly regulated by adsorption, precipitation and ion exchange reactions.  

In the case of ion exchange reactions, the ions adsorbed on the surface of clay can 

be replaced by other dissolved ions in the solution. Therefore, due to the high ion 

exchange capacity of clay soils, it is hypothesised that adsorption and desorption 

of ions from the clay particles will be foremost factors controlling and leading 

changes in pore water chemistry [4]. Furthermore, by the adsorption reactions, the 

adsorbed solute on the soil is retained from moving and as a result, its 

transportation is slower than the velocity of seepage flow. Pore water chemistry 

properties including pH, redox potential and ionic strength have a critical role in 

the partitioning of ions and heavy metals between pore water and soil surface and 

accordingly the metals and ions availability and toxicity [4]. 

For simplicity the investigation of PA water mobility through the clay till was 

conducted by creating profiles of pore water major ions and heavy metals as a 

function of depth for 2008 (time zero/ background) and 2010 soil cores 

underlying the Infiltration Pond. This comparison provided a better understanding 

of changes in pore water chemistry and the processes governing the fate and 

progress of inorganic compounds of PA water into the clay till. 
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4-2 Materials and Methods  

4-2-1 Pore water extraction  

Pore water was extracted from the soil cores at the U of A geo-chemistry lab 

using a centrifuge technique. This technique proved to be the most suitable, as 

compared to other methods such as mechanical squeezing with a hydraulic press 

[5-7] or vacuum filtration [8], due to the simplicity and capacity to seal the 

samples from an aerobic atmosphere. The centrifuge technique is a commonly 

used method in environmental geotechnics research (e.g., [9-11]) 

All phases of sample preparation such as defrosting soil cores, filling and 

balancing the centrifuge tubes were conducted in an anaerobic chamber (Figure 4-

1) to prevent oxidation of ions and heavy metals. The chamber was filled by gas 

mix with the composition of N2: CO2: H2 (80: 10: 10). Maintenance of the 

anaerobic environment is crucial to simulating the field conditions.  
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Figure 4-1: Anaerobic chamber to isolate the soil samples from an aerobic 

atmosphere. 

 

All centrifugations were performed in a Sorvall PC-5B refrigerated superspeed 

centrifuge. Due to the limited core samples acquired from the clay till and the 

need to extract enough pore water for subsequent geo-chemistry analysis, the 

centrifuge speed and duration for each sample were designed based on a trial and 

error approach. Indeed, speed and duration of centrifuge were dictated by the 

water contents of soil samples. As discussed in section 3-3-5 higher water 

contents were observed in the soil samples from the top of the cores and lower 

water content belonged to deeper soil samples. An extraction time of 10 minutes 

with 10,000 rotations per minute (rpm) was used for the wetter top samples (with 
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the maximum water content of 22.4%) and in the case of dryer samples (with the 

minimum water content of 13.6%) 20 minutes duration with 15,000 rpm.  

As a note, all frozen cores were sectioned into 15 to 20 cm lengths (described in 

Section 3-2-1). To make data plots easier to read, the extracted pore water results 

were reported for the average depth of each section.  

 

4-2-2 Isotopic Analysis 

18
O and 

2
H composition in different water bodies are reported relative to a global 

standard, the Vienna Standard Mean Ocean Water (VSMOW). Equation 4-1 is 

used to compute a particular water body relative 
18

O isotope ratio to VSMOW 

[12]. 

      
 

  
  

  
         

 
  

  

  
        

                    (‰)                                       Equation 4-1 

   

It has been discovered that, on a global scale there is a linear correlation between 

δ
2
H and δ

18
O in fresh waters which is termed the “Global Meteoric Water Line” 

(GMWL) [13-15]. On the other hand, Local Meteoric Water Line (LMWL) is 

developed for a more local description of the GMWL in different areas.  

The water bodies analysed for this project include: 1) PA water sampled in 2008 

and 2010, 2) soil pore water samples taken in 2008 and 2010, 3) regional ground 

water of WCSC, under the infiltration pond, and 4) Athabasca River water and 

were differentiated based on their unique isotopic signatures.  
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To characterize the PA water migration through the clay till layer underlying the 

Infiltration pond, a comparison of the unique isotopic signatures can identify the 

infiltration depth. In this study, isotopic composition of 
18

O was used as an 

indicator to track the progress of the water molecule from the PA water in the 

Infiltration pond to the underlying soil layers.         

Falcone [14] isotopic values for Athabasca River water were used as the 

Athabasca River water isotopic signature. Local meteoric water line (LMWL) was 

obtained from Wolfe et al. [16]. Isotope compositions of the PA water and pore 

water samples collected from the Infiltration Pond and groundwater samples taken 

from monitoring wells in the WCSC within the vicinity of the Infiltration Pond, 

were measured by “Alberta Innovates Technology Futures” in Calgary, AB.  CO2 

equilibration and chromium reduction techniques were used to analyze oxygen 

and hydrogen isotopes, respectively. Vienna Standard Mean Ocean Water 

(VSMOW) was used as the reference standard for δ
18

O and δ
2
H in the water. 

Furthermore, to ensure the consistency of both samples and standard ratios, a dual 

inlet mass spectrometer was used.      

 

4-2-3 pH 

To better track the ions fate, an accumet
®

 AB15 Fisher Scientific pH meter which 

calibrated with pH 4, 7, and 10 standard solutions was used to measure PA water 

and soil samples pore water.  
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4-2-4 Electrical conductivity 

Electric current can be carried by dissolved ions in a solution. Indeed, the total 

amount of dissolved ions/salts (TDS) dictates the ability of a solution to conduct 

electricity and is termed the Electrical Conductivity (EC). A higher TDS 

correlates to a higher EC. In other words, EC could be used as an indicator to 

estimate the amount of TDS in different samples. The EC values of all samples 

were measured using a Thermo Orion model 130A calibrated with standard 

solution at 5000 and 1000 µS/cm at 25ºC.   

 

4-2-5 Alkalinity 

The waste water of some industrial activities, salts, soils, rocks are the sources of 

the alkalinity in water bodies, which is the neutralizing acids in the solutions. 

Bromcresol green/ methyl red indicator with a 0.16 N sulphuric acid Hatch digital 

titrator was used to measure the alkalinity of the PA water and pore water samples 

extracted from soil cores.   

 

4-2-6 Heavy Metals 

Heavy metals concentrations in the pore water samples were measured using a 

highly sensitive Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

instrument named PerkinElmer SCIEX, ELAN 9000. Calibration solutions were 

prepared using two standard solutions including: 1) PerkinElmer Pure Plu, USA 

(multi-element standard) and 2) SPEXcertiPrep, USA (Mo solution). PA water 

and pore water extracted from soil samples were filtered using Fisherbrand PTFE 
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0.22µm syringe filters and the internal standard (45Sc, 89Y, 159Tb at 100 µg l-1, 

VHG LABS, Manchester) was added to all samples. A rinse, a standard solution, 

a multi-element spiked sample as well as a duplicated sample were designed to 

run after each 20 sample run for quality assurance and control.   

 

4-2-7 Major Ions and Cations 

Fisherbrand PTFE 0.45µm filters were used to syringe filter extracted pore water 

from the soil samples. The filtered pore water samples were analyzed for cations 

and anions using Ion Chromatography (IC). In the case of anions, Dionex 2500 

equipped with IonPac® AS14A (4X250mm) column with highly pure (>99%) 

methanosulfonic acid effluent was adopted. Major cations were measured using a 

Dionex ICS-2000 with an IonPac® CS12A (4X250mm) column and 8 mM 

sodium carbonate and 1 mM sodium bicarbonate as the eluent. For both anions 

and cations analysis the designed flow rate was 1 mL/min.  

Profiles of the six most abundant major ions in PA water and pore water for 2008 

and 2010 soil samples is evaluated in the results section.  

 

4-3 Results and Discussion 

Soil samples averaging 10 cm in length roughly yielded 10 mL of pore water 

through the centrifugation technique. These samples were then analyzed for 

isotopic composition and inorganic geochemistry.  
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4-3-1 Isotopic Analysis 

2
H, and 

18
O and 

17
O are stable isotopes of hydrogen and oxygen that naturally 

occur in water molecules in addition to 
1
H and 

16
O. Over the past 50 years, mass-

dependent partitioning of stable isotopes (unique isotopic signatures) of water was 

used by several researchers in hydrogeology studies as tracers [14,17-22].  

Conservative properties of these isotopes when they interact with soils below 

50
o
C help to track the depletion or enrichment of a specific body of water during 

its seepage [23,24]. 

The results of isotopic analysis on δ
18

O and δ
2
H indicate that Athabasca River 

water, 2008 and 2010 PA water, pore water of 2008 and 2010 soil samples, as 

well as groundwater in the study area are isotopically distinct. δ
18

O versus δ
2
H 

plots for different water samples, lakes in that area and LMWL are provided in 

Figure 4-2.  
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Figure 4-2: Stable water isotope compositions of various water bodies relative to the local meteoric water line (LMWL) [16]; n 

indicates the number of samples. 
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As Figure 4-2 shows, groundwater and background (2008 soil samples pore 

water) data lie along the LMWL of the study area. As it is expected, data from 

Athabasca River water samples, lakes, and PA from 2008 and 2010 do not plot on 

the LMWL. Due to evaporation in the Athabasca River water samples, data show 

enriched values of δ
18

O and δ
2
H. It is to be noted that, Suncor uses Athabasca 

River water and recycled PA water for oil sands extraction processes.  

For the PA 2008 and PA 2010 water samples, the deviations from the LMWL 

indicate isotopic enrichment due to evaporation.  PA water originally starts as 

Athabasca River water, which undergoes evaporative enrichment during steam 

generation for oil sands extraction processes and atmospheric exposure after its 

placement in tailings ponds. Furthermore, PA water evaporation from the 

Infiltration Pond over a two year time period (August 2008 to July 2010) 

underwent more enrichment through evaporation. Isotope analysis of PA water 

samples indicates that they are distinct from other bodies of water in the area. This 

property of PA water could be used to identify and trace its migration. 
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Figure 4-3: Stable water isotope compositions of various water bodies relative to the local meteoric water line (LMWL) [16]; n 

indicates the number of samples. 
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As provided in Figure 4-3, δ
18

O vs. δ
2
H isotopic analysis results for 2010 soil 

samples fall within the range of PA 2008 and the background data. The enriched 

values of δ
18

O and δ
2
H in pore water of 2010 soil samples in comparison to the 

background samples could be interpreted as the mixture of the background pore 

water with PA 2008 during its infiltration through the clay till. In other words, PA 

water infiltration through clay till would cause enrichment of heavier isotopes in 

pore water, which subsequently can be used as a conservative tracer for PA water 

migration. Profiles of δ
18

O versus depth for 2010 soil samples were plotted in 

Figure 4-4. Recall from Chapter 3, to simplify the process of comparing the 

physical and geo-chemical analysis results, the bottom of the Infiltration Pond is 

acting as the ground level (0 mbgl).      

 

Figure 4-4: δ
18

O profiles versus depth for 2010 pore water soil samples (BHs 

12, 16, 33, and 51). Average values of Background, PA 2010 and PA 2008 

samples are shown in vertical dotted lines to make the comparison easier.  

  



79 

 

The average values of δ
18

O for the background pore water soil samples (0-1 

mbgl), PA 2008 and PA 2010 are plotted on Figure 4-4. As it is clear from the 

figure above, the levels of δ
18

O in PA 2008 and to a higher extent in PA 2010 are 

greater than background levels. δ
18

O values of all 2010 soil samples are greater 

than background levels. Higher δ
18

O values than background, indicate that soil 

pore water has mixed with another water source enriched in heavier isotopes (PA 

water) during the two years. The isotopes show a similar pattern versus depth, 

which resembles a typical diffusion profile. The δ
18

O values are higher near the 

top, close to the Infiltration Pond bottom, and gradually show more negative 

isotope values with depth approaching the average background value of δ
18

O (-

18.2 ‰). Gradual decrease of δ
18

O values versus depth, with no evidence of an 

advective front, implies that diffusion was the dominant PA water migration 

process between August 2008 and July 2010. Furthermore, 2010 soil trends in 

Figure 4-4 reveal that PA water diffused to approximately 1m below the 

Infiltration Pond bottom. It is to be noted that both infiltration depth and δ
18

O 

trends of 2010 soil samples are in agreement with the findings of water content 

versus depth discussed in section 3-3-5.    
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4-3-2 pH 

PA 2008 water samples had a pH of 8.48, which is in the range of typical pH of 

PA water [25]. On the other hand, PA 2010 water samples had a pH of 7.32. The 

lower pH of the PA water from 2010 is due to the dilution of Infiltration Pond 

water by rain fall and melt-water discharged into the Infiltration pond from 

September 2008 to July 2010.    

 

Figure 4-5: pH values of 2010 pore water soil samples (BHs 12, 16, 33, and 

51) versus depth as they compare to PA 2008 and 2010 values and 

background. Average values of Background, PA 2010 and PA 2008 samples 

are shown in vertical dotted lines to make the comparison easier. 

 

Figure 4-5 illustrates the pH of 2010 pore water soil samples versus depth and the 

average pH values of background, PA 2008 and 2010 samples. The average pH of 

2008 and 2010 pore water soil samples was measured at 8.52 (depth of 0-1 mbgl) 

and 8.30 (depth of 0-1 mbgl), respectively. From Figure 4-5, pH of 2010 pore 

water soil samples remains relatively unchanged with depth, with the exception of 

BH12 at the depth range of 0-0.2 mbgl. A visual inspection of this sample shows 
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that it was the only soil core with a sand lens which covered around 60% of the 

core length providing a preferential flow path for PA water.      

 All 2010 soil samples show lower pH in comparison to background and PA 2008 

samples with no discernable trend. More details on pH of PA water and soil 

samples at different depths may be found in Appendix B. 

Typically, the pH of soil pore water ranges from 4 to 7 and 7 to 9 in humid and 

arid regions, respectively [26,27]. Based upon this, the clay till soil samples both 

in 2008 and 2010 are in the category of arid soils (pH range of 7-9). The pore 

water pH is also subject to change due to infiltration of anthropogenic sources 

such as industrial waste water. Numerous studies were conducted on the effect of 

the soil solution pH and heavy metals and ions sorption on soils such as McBride 

et al., Gray et al., and Sauve et al. [26,28-30]. These studies state that pH is the 

most important factor affecting ions sorption. Higher pH of the soil solution 

results in an increase in the amount of hydroxyl complexes of cations and higher 

adsorption of metals on soil surfaces accordingly [31,32]. In case of the ion 

exchange property of clay soils, higher electrostatic surface charges of minerals 

due to higher pH of the soil solution can lead to higher adsorption of ions. Based 

on this knowledge and the pore water samples pH (> 8), high ion exchange and 

adsorption interactions between PA water and clay till layer are expected.  
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4-3-3 Electrical Conductivity 

The values of electric conductivity of PA water and pore water of soil samples 

versus depth are graphically shown in Figure 4-6. PA water sampled in 2008 with 

an EC of 2.67 mS/cm at 25ºC has the highest value, which shows the high value 

of TDS in the process affected water. The average background EC for the 2008 

pore water soil samples in the range of 0 to 1 mbgl, obtained 0.50 mS/cm. As it is 

interpreted from Figure 4-6, all four 2010 soil samples show a similar pattern, 

which resembles the δ
18

O pattern shown in Figure 4-4. The EC is highest near the 

top, close to the Infiltration Pond bottom, and decreases with depth to the average 

EC of 2008 samples (indicated in gray dotted line in Figure 4-6). BH33, the 

longest core, shows EC values for 2010 samples reached the background average 

EC at approximately 0.8 mbgl (Figure 4-6). Dilution of PA water with rain and 

melt-water during the two year study corresponds to the lowest EC reading for the 

2010 Infiltration pond water sample (PA 2010).    

 

Figure 4-6: EC values of 2010 pore water soil samples (BHs 12, 16, 33, and 

51) versus depth as they compare to PA water samples collected in 2008 and 

2010 and 2008 background pore water soil samples. Average values of 

Background, PA 2010 and PA 2008 samples are shown in vertical dotted 

lines to make the comparison easier. 
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4-3-4 Alkalinity 

The alkalinity of PA 2008 was measured around 530 mg/L CaCO3. While the 

average alkalinity of 2010 soil samples was 172 mg/l CaCO3. Alkalinity trends for 

the 2010 soil samples versus depth show the highest alkalinity at the top and 

gradually decrease with depth and reach the background soil alkalinity at 

approximately 0.4 mbgl (Figure 4-7). A comparison between the alkalinity and 

δ
18

O trends of 2010 soil samples reveals that the alkalinity of pore water is highly 

affected by chemical reactions, especially ion exchange reactions, during PA 

water infiltration through clay till layer. As a result the alkalinity of pore water 

cannot be used as an indicator for PA water seepage.
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Figure 4-7: Alkalinity values of 2010 pore water soil samples (BHs 12, 16, 33, and 51) versus depth as they compare to PA 2008 

and 2010 values and background. Average values of Background, PA 2010 and PA 2008 samples are shown in vertical dotted 

lines to make the comparison easier. 
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4-3-5 Heavy Metals 

Based on ICP-MS results for 2008 and 2010 PA and pore water soil samples, 

concentration levels are low and results of analyses are provided in units of µg/L. 

Mo, Sr, Ba, Pb, Mn and Ni, ordered from most to least abundant dissolved heavy 

metals, were detected in PA 2008.  U and Zn are two trace elements that were not 

detected in PA 2008, but were observed in pore water of background and 2010 

soil samples.  

A previous study by Smedley et al. [33] states that, due to high adsorption 

properties of clay till, small quantities of heavy metals (µg/L) observed in typical 

PA waters could not pose a risk to the environment.   

The measured concentration of Mo in PA 2008 was around 17 times higher than 

the background level of Mo. While ICP-MS results show the concentration of Mo 

in the pore water of 2010 soil samples is close to background levels (Figure 4-8 a) 

and soil cores produce significant scatter with no discernable pattern. Due to the 

large difference in Mo levels observed in PA 2008 and 2010 soil samples, Mo 

may have been dramatically influenced by attenuation processes such as 

adsorption and precipitation activities during PA water diffusion. Holden et al.’s 

[34] studies on the clay till in the South Tailings Pond area, using radial diffusion 

cells, confirm Mo mitigation (uptake) by clay till particles during PA water 

diffusion.       

Likewise, the measured Pb concentration in PA 2008 is much higher than the 

background level. Three of four 2010 soil cores show higher concentrations at the 

top, while two of these cores (BHs 12 and 51) rapidly decrease with depth to the 
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background level at approximately 0.5 mbgl (Figure 4-8 b). Attenuation processes 

such as precipitation, reduction and to a greater extent adsorption could play a big 

role in the fate of dissolved Pb during PA water diffusion. In contrast, radial 

diffusion cell tests conducted by Holden et al. [34] on the same clay till reveals Pb 

release from clay till particles during PA water diffusion.   
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Figure 4-8: Dissolved heavy metals concentrations of 2010 pore water soil 

samples (BHs 12, 16, 33, and 51) versus depth as they compare to PA 2008 

and 2010 values and background. Average values of Background, PA 2010 

and PA 2008 samples are shown in vertical dotted lines to make the 

comparison easier. a) Mo; b) Pb. 
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PA 2008 and background soil pore water show relatively the same levels of 

dissolved Mn (39 and 25 µg/L respectively). With the exemption of BH12 and 

samples BH51-1 (0-0.18 mbgl) and BH33-6 (0.86-1.04 mbgl), all other 2010 soil 

samples show the same Mn level as background and PA 2008. Furthermore, 2010 

soil samples produce significant scatter with no specific trend (Figure 4-9 a). 
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Figure 4-9: Dissolved heavy metals concentrations of 2010 pore water soil 

samples (BHs 12, 16, 33, and 51) versus depth as they compare to PA 2008 

and 2010 values and background. Average values of Background, PA 2010 

and PA 2008 samples are shown in vertical dotted lines to make the 

comparison easier. a) Mn; b) Sr; c) Ba.   
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Measured concentrations of Ba and Sr in PA 2008 are lower than their 

background levels. The background concentrations of Ba and Sr are respectively 

around 1.5 and 2 times higher than PA 2008. However, higher concentrations of 

Ba and Sr are observed in the majority of 2010 soil samples as shown in Figures 

4-9 b and 4-9 c. Using radial diffusion cell tests, Holden et al. 2010 stated Ba and 

Sr release from clay till particles during PA water diffusion [34]. Accordingly, 

increase in the concentration of these two trace metals in the pore water of 2010 

soil samples can be attributed to the release of them from the clay content after 

PA 2008 seepage through clay till.  

Although Zn is not detected in PA 2008, notable concentrations (227 µg/l) of Zn 

were measured in the pore water of background soil samples. Zn concentration in 

2010 soil samples ranged from around 0 to 170 µg/l. The average concentration of 

Zn in 2010 soil samples is lower than background level. Dilution of pore water by 

PA 2008 seepage through the soil layer could be the reason behind the lower Zn 

detected in 2010 soil samples. Zn trends in BHs 16 and 51 indicate a gradual 

increase with depth and in the case of BH 33 up to BH33-3 (0.34-0.52 mbgl) it 

also follows the same pattern. These patterns indicate dilution of pore water by 

PA 2008. It is to be noted that the highest level of Zn in 2010 soil samples is 

detected at approximately 0.6 mbgl (Figure 4-10).      
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    Figure 4-10: Dissolved Zn concentrations of 2010 pore water soil samples 

(BHs 12, 16, 33, and 51) versus depth as they compare to PA 2008 and 2010 

values and background. Average values of Background, PA 2010 and PA 

2008 samples are shown in vertical dotted lines to make the comparison 

easier.   
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4-3-6 Major Ions and Cations 

Based on IC test results for PA 2008, the six most abundant species of ions 

detected are sodium, chloride, sulphate, potassium, magnesium and calcium 

(ordered from most to least abundant as well). On the other hand, the 

concentrations of ammonium, nitrate, nitrite and fluoride are low (<1 mg/L) both 

in PA water and soil samples. The profiles of these ions were created for 2008 and 

2010 soil and PA water samples and are presented in groups as cations and 

anions: 

 

4-3-6-1 Cations  

The measured concentration of calcium in PA 2008 and background soil pore 

water are 7.639 mg/L and 54.013 mg/L respectively, while in 2010 the pore water 

for the very top soil cores is roughly 95 mg/L. As shown in Figure 4-11 a, the 

concentration of calcium slightly decreases with depth. Comparably, magnesium 

profiles (Figure 4-11 b) show roughly the same trend as calcium. Likewise 

calcium, dissolved magnesium quantities in 2010 soil samples pore water is much 

higher than PA 2008.  

Higher concentrations of dissolved calcium and magnesium in 2010 soil samples 

in comparison to PA 2008 and background levels reveal that these components 

may be released from clay particles to the pore water during the PA water 

infiltration. It does not give a clear indication of the change in the status of each 

ion on the exchange complex. However, it matches laboratory batch adsorption 

test findings by Holden, et al. [35]. 
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In contrast, the concentration of dissolved sodium in PA 2008 is around 16 times 

higher than its concentration in background samples. Moreover, sodium 

concentration for the top cores of 2010 soil samples is around one fourth of PA 

2008. This high difference reveals sodium uptake by the clay particles in this soil 

layer during PA water infiltration. As Figure 4-11 c presents, the sodium 

concentration decreased rapidly with depth and reached the assumed background 

concentration at approximately 0.4 mbgl.            

These observations indicate that sodium in the PA water replaces exchangeable 

magnesium and calcium on clay particle surfaces. Therefore, exchangeable 

calcium and magnesium greatly increased in the pore water up to 80% and 40% of 

initial concentration, respectively. Consequently, sodium diffusion was impacted 

by cation competition. Apparently, high amounts of sodium adsorbed reflects the 

high cation exchange capacity of the clay fraction of soil. These results are in 

agreement with previous batch sorption study conducted by Holden et al. [35] on 

the clay till samples within the vicinity of Infiltration Pond. 
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Figure 4-11: Dissolved cations concentrations of 2010 pore water soil samples (BHs 12, 16, 33, and 51) versus depth as they 

compare to PA 2008 and 2010 values and background. Average values of Background, PA 2010 and PA 2008 samples are 

shown in vertical dotted lines to make the comparison easier. a) Calcium; b) Magnesium; c) Sodium.   

a b 

c 
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Measured potassium concentrations for all 2010 pore water soil samples were 

lower than background soil pore water and PA 2008. Figure 4-12 shows that 

potassium concentrations of 2010 soil samples remain relatively unchanged with 

depth indicating that it is likely not involved in any exchange reactions.  

It is to be noted that odd cation patterns obtained from BH16 which is not 

consistent with the other three boreholes could be due to the sand lens observed in 

BH16-1 (0-0.2 mbgl) which occupied around 60% of its volume (see Section 3-3-

1).       

 

Figure 4-12: Dissolved Potassium concentrations of 2010 pore water soil 

samples (BHs 12, 16, 33, and 51) versus depth as they compare to PA 2008 

and 2010 values and background. Average values of Background, PA 2010 

and PA 2008 samples are shown in vertical dotted lines to make the 

comparison easier. 
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4-3-6-2 Anions 

Of the anions analysed, chloride is the dominant species in PA water. The 

dissolved chloride concentration in PA 2008 measured around 386 mg/L, which 

makes it the second most abundant ion after sodium in PA water. The chloride 

concentration of 2010 pore water soil samples ranged from 20 to 190 mg/L. As 

illustrated in Figure 4-13, 2010 soil samples show higher concentrations at the top 

of the cores (an order of magnitude higher than background concentration) and 

gradually decrease with depth. The chloride concentration of BH33, the longest 

retrieved soil core, shows that at approximately 0.9 mbgl it reaches the assumed 

background level of chloride. Chloride follows the same pattern as the stable 

isotopes shown in Figure 4-4, which resembles a typical diffusion profile. This 

consistency was expected and also proves the conservative behaviour of chloride 

diffusing through the clay till.  
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Figure 4-13: Dissolved Chloride concentrations of 2010 pore water soil samples (BHs 12, 16, 33, and 51) versus depth as they 

compare to PA 2008 and 2010 values and background. Average values of Background, PA 2010 and PA 2008 samples are 

shown in vertical dotted lines to make the comparison easier.  
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Sulphate concentration in the PA 2008 sample was measured around 150 mg/L 

and the sulphate concentration of 2010 pore water soil samples ranged from 

around 22 (very bottom of soil core) to 140 mg/L (very top of soil core). In 

comparison to the background level of sulphate, 2010 soil cores had triple the 

sulphate content at the top and rapidly decreased with depth and subsequently 

reached background levels at approximately 0.5 mbgl.  

These observations show an indiscernible pattern for sulphate diffusion, which 

suggests that sulphate is not behaving conservatively. A large difference between 

the level of dissolved sulphate in PA 2008 and background pore water samples 

and the rapid decrease of 2010 soil sample sulphate concentrations with depth 

(Figure 4-14 ) reveal that PA water sulphate may have been influenced by 

attenuation processes such as precipitation, reduction or microbial activities 

during PA water seepage [35,36].  
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Figure 4-14: Dissolved Sulphate concentrations of 2010 pore water soil 

samples (BHs 12, 16, 33, and 51) versus depth as they compare to PA 2008 

and 2010 values and background. Average values of Background, PA 2010 

and PA 2008 samples are shown in vertical dotted lines to make the 

comparison easier.  
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4-4 Conclusion 

As the focal point of this study, the pore water chemistry of 2010 soil samples 

was compared to the background results (2008 soil samples). Observed changes in 

pore water chemistry were explained through ion exchange, precipitation, and 

microbial processes involved in the fate and transport of inorganic compounds of 

PA water in the clay till. The research described herein identified the following:  

 

 Isotope analysis of PA water indicates it is distinct from other natural bodies 

of water in the area such as river water, and groundwater. PA water is enriched 

compared to all other sources in δ
18

O and δ
2
H, providing an opportunity to use 

isotopes as a signature to trace PA water infiltration. δ
18

O profiles versus depth 

for 2010 soil samples showed that the PA water infiltrated to a depth of 

approximately 0.9 mbgl over a two year time period. 

 Metal mobility lagged as compared to chloride and isotopic trends. It could be the 

result of attenuation processes, which affected the heavy metals such as Mo and Pb 

infiltration. Trends in metal mobility showed uptake of Mo and Pb from PA water and 

release of Ba and Sr from clay particles. Generally, no specific infiltration indicator 

was observed with respect to heavy metals behaviour. Small quantities of trace metals 

observed in pore water samples (in the order of ug/L) do not exceed the water quality 

guidelines.  

 Ions (except for chloride) lag the water penetration line from 0.3 to 0.6 m. 

Trends in major ions for the 2010 soil samples indicated release of calcium and 

magnesium into the pore water and sodium and sulphate uptake by clay particles 
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after PA water infiltrated the clay till layer. The major ions concentrations 

observed in soil samples pore water do not exceed the water quality guidelines. 

 The concentration of exchangeable calcium and magnesium greatly increased 

in the pore water up to 80% and 40% of background levels respectively; 

indicating that high levels of calcium and magnesium were held off exchange 

sites by competing cations, mainly sodium. In contrast, potassium data shows that 

it is not involved in any exchange reactions. 

 Analyzing the changes in cation concentration revealed that ion exchange is 

the dominant factor affecting transport of cations.  

 Large chloride concentrations in PA water and its similar behaviour as the 

stable isotopes indicates that chloride can be used as a conservative ion and a 

reliable tracer to track PA water infiltration through these clay soils.  

 δ
18

O and chloride profiles versus depth for 2010 soil samples resemble 

typical diffusion profiles, which are in agreement with the findings of EC and 

water content trends versus depth as shown in Chapter 3.  

 Advective transport of PA water is likely minimal and there is good 

agreement between the depth of diffusion indicated by these profiles 

(approximately 0.9 mbgl). Field studies of ion and isotope profiles could be used 

to examine the diffusion process (will be discussed in Chapter 5). 

  



102 

 

4-5 References 

(1) Gustafsson JP, Pechova P, Berggren D. Modeling metal binding to soils: The 

role of natural organic matter. Environ Sci Technol; 2003; 37(12): 2767-2774.  

(2) Lofts S, Woof C, Tipping E, Clarke N, Mulder J. Modelling pH buffering and 

aluminium solubility in European forest soils. Eur J Soil Sci; 2001; 52(2): 189-

204.  

(3) McDonald JD. The partitioning of CD, Cu, Pb and Zn between the solid and 

solution phase of forest floor horizons in polzolic soils near metal smelters. 

Quebec, Canada: McGill University, Canada; 2005.  

(4) Essington ME. Soil and water chemistry: an integrative approach. Boca Raton: 

CRC Press; 2004.  

(5) Smyth DJA. Hydrology and geochemical studies above the water table in an 

active uranium impoundment near Elliot Lake, Ontario. Ontario, Canada: 

Waterloo university; 1981.  

(6) Blowes DW, Reardon EJ, Jambor JL, Cherry JA. The formation and potential 

importance of cemented layers in inactive sulfide mine tailings. Geochim 

Cosmochim Acta; 1991; 55(4): 965-978.  

(7) Moncur MC, Ptacek CJ, Blowes DW, Jambor JL. Release, transport and 

attenuation of metals from an old tailings impoundment. Appl Geochem; 2005; 

20(3): 639-659.  

(8) Bufflap SE, Allen HE. Sediment pore water collection methods for trace metal 

analysis: A review. Water Res; 1995; 29(1): 165-177.  

(9) Toifl M, Nash D, Roddick F, Porter N. Effect of centrifuge conditions on 

water and total dissolved phosphorus extraction from soil. Aust J Soil Res; 2003; 

41(8): 1533-1542.  

(10) Giesler R, Lundström US, Grip H. Comparison of soil solution chemistry 

assessment using zero-tension lysimeters or centrifugation. Eur J Soil Sci; 1996; 

47(3): 395-405.  

(11) Geibe CE, Danielsson R, van Hees PAW, Lundström US. Comparison of soil 

solution chemistry sampled by centrifugation, two types of suction lysimeters and 

zero-tension lysimeters. Appl Geochem; 2006; 21(12): 2096-2111.  



103 

 

(12) Clark ID, Fritz P. Environmental isotopes in hydrogeology. Boca Raton, FL: 

CRC Press/Lewis Publishers; 1997.  

(13) Craig H. Isotopic variations in meteoric waters. Science; 1961; 133(3465): 

1702-1703.  

(14) Falcone MD. Assessing hydrological processes controlling the water balance 

of lakes in the Peace- Athabasca Delta, Alberta, Canada using water isotope 

tracers. Ontario, Canada: University of Waterloo; 2007.  

(15) Swart PK. Climate change in continental isotopic records. Washington, DC: 

American Geophysical Union; 1993.  

(16) Wolfe BB, Karst-Riddoch TL, Hall RI, Edwards TWD, English MC, Palmini 

R, et al. Classification of hydrological regimes of northern floodplain basins 

(Peace-Athabasca Delta, Canada) from analysis of stable isotopes (δ
18

O, δ
2
H) and 

water chemistry. Hydrol Processes 2007;21(2):151-168.  

(17) Gibson JJ. Short-term evaporation and water budget comparisons in shallow 

Arctic lakes using non-steady isotope mass balance. J Hydrol; 2002; 264(1-4): 

242-261.  

(18) Gibson JJ, Edwards TWD, Prowse TD. Development and validation of an 

isotopic method for estimating lake evaporation. Hydrol Processes; 1996; 10(10): 

1369-1382.  

(19) Gibson JJ, Edwards TWD, Prowse TD. Runoff generation in a high boreal 

wetland in northern Canada. Nordic Hydrol; 1993; 24(2-3): 213-224.  

(20) Gibson JJ, Reid R, Spence C. A six-year isotopic record of lake evaporation 

at a mine site in the Canadian subarctic: results and validation. Hydrol Processes; 

1998; 12(10-11): 1779-1792.  

(21) Kendall C, McDonnell JJ. Isotope tracers in catchment hydrology. 

Amsterdam; New York: Elsevier; 1998.  

(22) Gat JR. Lakes: Stable Isotope Hydrology- Deuterium and Oxygen-18 in the 

Water Cycle; 1981; 210: 203-221.  

(23) Lawrence JR, Taylor Jr. HP. Hydrogen and oxygen isotope systematics in 

weathering profiles. Geochim Cosmochim Acta, 1972; 36(12): 1377-1393.  

(24) Zeng H. Web-Based High Performance Simulation System for Transport and 

Retention of Dissolved Contaminants in Soils. Mississippi, USA: Mississippi 

State University; 2002.  



104 

 

(25) Tompkins TG. Natural Gradient Tracer Tests to Investigate the Fate and 

Migration of Oil Sands Process-Affected Water in the Wood Creek Sand Channel. 

Ontario Canada: University of Waterloo; 2009.  

(26) Chinu Wa T. Nonequivalent transport of heavy metals in soils and its 

influence of soil remediation. Hong Kong: Hong Kong university of Scence and 

Technology; 2006.  

(27) Alloway BJ. Heavy metals in soils. 2nd ed. London: Blackie; 1995.  

(28) Gray CW, McLaren RG, Roberts AHC, Condron LM. Solubility, sorption 

and desorption of native and added cadmium in relation to properties of soils in 

New Zealand. Eur J Soil Sci; 1999; 50(1): 127-137.  

(29) McBride M, Martínez CE, Sauvé S. Copper(II) activity in aged suspensions 

of goethite and organic matter. Soil Sci Soc Am J; 1998; 62(6): 1542-1548.  

(30) Sauvé S, Norvell WA, McBride M, Hendershot W. Speciation and 

complexation of cadmium in extracted soil solutions. Environ Sci Technol; 2000; 

34(2): 291-296.  

(31) Tiller KG, Nayyar VK, Clayton PM. Specific and non-specific sorption of 

cadmium by soil clays as influenced by zinc and calcium. Aust J Soil Res; 1979; 

17(1): 17-28.  

(32) Bruemmer GW, Gerth J, Tiller KG. Reaction kinetics of the adsorption and 

desorption of nickel, zinc and cadmium by goethite. I. Adsorption and diffusion of 

metals. J Soil Sci; 1988; 39(1): 37-52.  

(33) Smedley PL, Kinniburgh DG. A review of the source, behaviour and 

distribution of arsenic in natural waters. Appl Geochem; 2002; 17(5): 517-568.  

(34) Holden AA, Haque SE, Donahue RB, Ulrich AC. Geochemical Impact of 

Seepage from an Oil Sands Tailings Facility on Groundwater Resources GQ10: 

Groundwater Quality Management in a Rapidly Changing World. Proc 2010; 13–

18 June 2010.  

(35) Holden AA, Donahue RB, Ulrich AC. Geochemical interactions between 

process-affected water from oil sands tailings ponds and North Alberta surficial 

sediments. J Contam Hydrol; 2011; 119(1-4): 55-68.  

(36) Reifferscheid L. In situ measurement of the coefficient of molecular 

diffusion in fine grained till. Saskatchewan, Canada: University of Saskatchewan; 

2007.  



105 

 

  

Chapter 5: One-Dimensional 

Analytical Models 
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5-1 Introduction 

As the final step of this research, the main focus of this chapter is to determine the 

dominant process governing the PA water seepage from the Infiltration Pond into 

the underlying clay till layer. To do so, simple analytical models were used to 

define the fundamental mechanisms of PA water seepage from the Infiltration.     

Advection, dispersion and molecular diffusion are three physical processes that 

may govern the transport of solutes. During advection, the solute moves through 

the porous media with the same velocity as the flow in the system. Convection 

processes through porous media, such as mechanical dispersion, cause hydraulic 

mixing due to pore-to-pore variation in the velocity of the flow, which changes 

the distribution of the flow. In extremely low flow velocity systems, a 

concentration gradient causes solutes to spread through diffusion, which is the 

slowest form of contaminant transport. In other words, solute movement from a 

higher concentration to a lower concentration is the driving force behind the 

diffusion process. During contaminant migration through soil, each of these three 

processes may dominate separately, or can govern the migration simultaneously 

[1]. One of the foremost factors controlling the type and extent of these processes 

is flow velocity. Figure 5-1 suggests dominant migration processes based on 

Darcy’s velocity of solute in the soil system [2]. 
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Figure 5-1: Dominant contaminant migration processes through soil based 

on Darcy velocity [2].  

To describe and predict the dissolved chemical contaminant transport through 

porous media, numerical and analytical methods are extensively studied by 

researchers particularly in the geo-environmental engineering field. In this 

capacity, analytical methods were developed based on mathematical principals to 

estimate the contaminant plume and evaluate the governing processes in ideal 

systems of contaminant transport. In spite of the simplicity of usage and analytical 

models’ estimation accuracy, due to some restrictions associated to analytically 

developed equations, they cannot be used to simulate complexities in 

heterogeneous systems with complicated boundary conditions and geometries [3]. 

 

To simplify the complexity of the experimental results obtained in geochemistry 

analysis (discussed in Chapter 4), one-dimensional analytical models were 

developed for the soil system underlying the infiltration pond.  The output from 

the analytical models was compared to the field results obtained for conservative 

chemicals in Chapter 4. These comparisons: 1) identify the dominant process 

governing PA water seepage through the clay till layer and 2) provide a simple 
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model to estimate the progress and extent of PA water seepage into the underlying 

soil.  

 

5-2 Materials and Methods 

By assuming that the vertical seepage under the infiltration pond occurs under 

unit hydraulic conductivity (free drainage) [4] and using the permeability 

coefficient measured in Chapter 3, 3.1*10
-6

 and 4.3*10
-7

 cm/s by falling head and 

double ring infiltrometer test respectively, the average Darcy velocity of seepage 

calculated in the range of 1.4*10
-1

 to 1.1 m/y based on Equation 5-1. 

      
  

  
                                                                                       Equation 5-1 

Where:  

  : Darcy velocity or fluid flux (L/T) 

K: Hydraulic conductivity of soil (L/T) 

 
  

  
 : Hydraulic gradient (i) (L/L) 

Based on Figure 5-1, this seepage velocity falls close in the range of Darcy 

velocities over which advection and diffusion are suggested to be dominant and 

dispersion could be neglected. Thus, two scenarios were one-dimensionally 

modeled: (1) pure advection; and (2) pure diffusion of a solute through the clay 

till layer. Due to the conservative transport characteristics of chloride and δ
18

O [5-

8], both models were developed for these two tracers.  
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5-2-1 Advection 

The direction of seepage flow under the Infiltration Pond is downward through 

the clay till. Therefore, the infiltrated PA water “advective front” position under 

the pond can be calculated using Equation 5-2 [12].  

                                                                                                Equation 5-2 

Where:  

Z(t): Depth of advective front (the same concentration as the source) at time t (L) 

t: time (T) 

   : Average solute velocity (L/T) 

The average solute velocity is computed based on Equation 5-3. 

    
 

 
                                                                                                   Equation 5-3     

Where:  

η: Effective porosity of the soil  

Effective porosity is defined as the portion of the soil total porosity that is 

available for flow. The value of effective porosity is commonly estimated based 

on available literature or engineering experience [9,10]. In this project η=0.22 was 

used in the advection calculations. This value of effective porosity for Cl
-
 is 

reported by Hendry et al. [11] based on diffusion cell testing on clay till samples. 
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5-2-2 Diffusion 

Adolf Fick explained diffusion behaviour by Equation 5-4 which is known as 

Fick’s first law [12]. 

      
  

  
                                                                                         Equation 5-4      

Where:  

J: Diffusion mass flux (M/L
2
/T) 

D*: Effective diffusion coefficient (L
2
/T)  

C: Solute concentration (M/L
3
) 

 

D* which is known as the effective diffusion coefficient is dependent both on 

porous media and solute characteristics which can be defined based on Equation 

5-5. 

                                                                                                Equation 5-5 

 

Where: D0 (L
2
/T) is free-solution diffusion coefficient which depends on the 

viscosity, size and charge of ion and temperature of the solute of interest [10,13]. 

τ (tortuosity coefficient) is a dimensionless empirical coefficient to account for 

the longer distance that a solute must diffuse in a porous media in comparison to 

free solution diffusion. Based on soil physical characteristics, τ ordinarily ranges 

from 0.1 to 0.85 [3].  In the absence of advective flow, one-dimensional diffusion 

of a continuous solute input in a homogeneous, saturated and infinite column of 

porous media with zero initial concentration of the solute is represented by Fick’s 

second law (Equation 5-6). Fick’s second law is developed from Fick’s first law.  
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                                                                                         Equation 5-6 

Where:  

∂C/∂t: change in the solute concentration with time. 

The analytical solution for Equation 5-5 (for Z  0) is given in Equation 5-7 [12]. 

                
 

       
                                                                  Equation 5-7 

Where:  

C(z, t): Solute concentration at depth z and time t.  

C0: Source concentration of the solute. 

ERFC: Statistical complementary error function 

 

To simplify the complexity of the experimental results, one-dimensional 

simulation for chloride and δ
18

O were conducted.  

Free solution coefficient (D0) of chloride is about 2.03*10
-9

 m
2
/s at 25ºC [10,14] 

and with τ= 0.3, D* is calculated as 6*10
-10 

m
2
/s. A D* value of 3.5*10

-10
 m

2
/s 

was obtained for 
18

O in a previous field study by Reifferscheid [10] in clay till 

consisting of 39% sand and 51% fine particle. This effective diffusion coefficient 

value was used for our study for 
18

O, due to the similarity in clay till composition 

to our study. 

Commonly, as an empirical coefficient, the effective diffusion coefficient is either 

measured in the actual field or in the laboratory (using radial diffusion cell tests). 

In this study,  however, both for Cl
-
 and δ

18
O, one dimensional diffusion models 

for the base case,  D* which is the literature suggested value have been created. In 
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addition, the similar outputs for 2D* and 3D* have been generated.  In this 

capacity, each model outputs were compared to the field geo-chemistry findings 

in order to find the best fit diffusion coefficient. To do so, the correlation 

coefficients and minimum relative error (MRE) for the aforementioned models 

and field results were calculated base on Equations 5-8 and 5-9.  

 







22 )()(

)()(
),(

CpCpCmCm

CpCpCmCm
CpCmCorr                                    Equation 5-8 

 

                                                 Equation 5-9 

 

Where:  

Cm and Cp: The measured concentration and predicted concentration value by 

model 

          and        : The average values of measured and model predicted concentration 

respectively 

 N: The number of samples, respectively.  

All calculations were conducted using Microsoft Excel 2007. 
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5-3 Results and discussion 

To properly compare model outputs to the field geo-chemistry results the 

following modifications were conducted on the 2010 soil pore water geo-

chemistry results:  

1- To provide a “good guess” for the source concentration of the tracers for 

each borehole, a trend for concentration versus depth was plotted and then 

extrapolated to the horizontal axis (concentration). It is to be noted that 

different contamination sources associated to different boreholes could be 

caused by their locations in Infiltration Pond (near or far from the edge), 

clay till layer heterogeneity or uneven excavated bottom of the pond.   

2- To better track pore water chemistry changes after PA water seepage, the 

average background levels of tracers were deducted from the 2010 soil 

pore water concentrations.  

It is to be noted that, as mentioned in Chapter 4, all pore water samples were 

extracted from core sections, around 20 cm in length. These samples then 

underwent chemistry analysis and are reported by the average depth of each 

section, which reflects the average chemistry of the whole section. As a result, the 

maximum and minimum depths of each soil section are shown in dotted curves as 

shown in Figure 5-2.        
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Figure 5-2:  Modified chloride levels versus depth for 2010 soil samples (BHs 

12, 16, 33, and 51); curves were brought to the concentration axis (x-axis) 

and the maximum and minimum depths of each soil section are indicated as 

dotted curves.  

Figure 5-2 shows the odd behaviour of BH51 trend for chloride concentration 

versus depth in comparison to the other field results for boreholes 12, 16, and 33. 

To explain the different behaviour of BH51, one could claim the routine errors, 

introduced in field experiments, as a possible reason. Consequently, BH51 results 

have been eliminated and comparison to the outputs of chloride advection and 

diffusion models have been conducted on boreholes 12, 16, and 33.  

 

5-3-1 Advection 

The advection analytical calculation yielded the advective front progress for PA 

water to approximately 1 mbgl after 2 years. This claims that the levels of 

dissolved tracers, chloride and δ
18

O, in the pore water of the 2010 clay till 

samples should be the same as the source concentration at any depth less than 1 



115 

 

mbgl. However, the trends for measured chloride (Figure 5-2) and δ
18

O (Figure 4-

3 in Chapter 4) versus depth for the 2010 soil samples show that no advective 

front is observable. For example, the concentration of dissolved chloride (after 

deducting the background average level) in the soil pore water of BH33 at 0.95 

mbgl is about 6.5 mg/L while the source concentration of chloride is 220 mg/L. 

To further support this observation, the advection model results are in contrast 

with the water content trends of 2010 soil samples which showed a gradual 

decrease with depth (see Section 3-3-5).  

These observations strongly indicate that advection has not happened to this 

depth. The effect of advective transport is felt to be minimal and based on 

experimental observation it is hypothesized that it could happen to 0.1-0.2 mbgl.  

It is to be noted that the permeability coefficient used in the advection calculations 

was measured on saturated soil samples, while unsaturated permeability of soil 

can be up to an order of magnitude lower than the saturated ones. The significant 

difference in saturated and unsaturated permeability coefficients could be the 

reason behind the poor estimation of the advection model. 

    

5-3-2 Diffusion 

The simulation model and experimental results for chloride are compared in 

Figure 5-3.   
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Figure 5-3: Dissolved Chloride concentrations of 2010 pore water soil 

samples (BHs 12, 16, and 33) versus depth as they compare to one 

dimensional diffusion model output (t=2 Years and D* = 6.09*10
-10

 m
2
/s); the 

maximum and minimum depths of each soil section are indicated as dotted 

curves.  
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As shown in Figure 5-3, the one-dimensional diffusion model for chloride over a 

two year time period, from August 2008 to July 2010, fits the field results. The 

correlation coefficients between the model prediction and field measurements 

were: 0.99, 0.96, and 0.96 for boreholes 12, 16, and 33 respectively. These results 

indicate that PA water seepage under the Infiltration Pond is a diffusion dominant 

process. However, the mean relative errors (MRE) between the model and target 

points (experiments findings) are: 46.3%, 370.7%, and 63.6% for boreholes 12, 

16, and 33, respectively. The MRE values reveal that the model and field results 

are not a perfect match. The diffusion depth suggested by the model is around 0.7 

to 0.8 mbgl, while field data shows the leading edge of the Cl
-
 plume between 0.9 

and 1 mbgl. This deviation from the field results could have been associated with 

several factors including inappropriate D* used in modelling.   

Trial and error attempts to find a D* better representing the clay till system 

resulted in a new value of D*= 1.83*10
-9

 m
2
/s, equivalent to three-folds of the 

first attempt. Using the new D* value, correlation coefficients between the 

diffusion curve and experimental findings have improved to 0.99, 0.92, 0.99 for 

boreholes 12, 16, and 33, respectively. Furthermore, the model yielded 

significantly lower MRE values in comparison to the first try (1.32% and 16.69% 

for boreholes 12 and 33).   

Figure 5-4 illustrates the adjusted model and its fit to the field results. As shown 

in Figure 5-4, the model output yielded a good visual fit to the measured data and 

there is a very good approximation of experimental data with some minor 
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deviations. Moreover, the diffusion depth is estimated around 1 mbgl, which is in 

agreement with the field results.  

In this case, BH16 trend showed very poor fitting with diffusion curve. Clay till 

layer heterogeneity, an uneven excavated bottom of the pond and the location of 

BH16 in the infiltration pond, which is near a corner and could receive more 

discharge from rain snow melt water, or routine errors introduced in field 

experiments, may be reasons behind the odd behaviour of BH16 compared to 

other boreholes.       
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Figure 5-4: Dissolved Chloride concentrations of 2010 pore water soil 

samples (BHs 12, 16, and 33) versus depth as they compare to one 

dimensional diffusion model output (t=2 Years and D* = 1.83*10
-9

 m
2
/s); the 

maximum and minimum depths of each soil section are indicated as dotted 

curves.  
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Similarly, the diffusion models developed for δ18
O fit well with the field results as 

shown in Figure 5-5. As a starting point a diffusion model was developed with 

D*= 3.5*10
-10

 m
2
/s. The model produced a similar pattern as the δ18

O 2010 soil 

samples versus depth, but deviated significantly from the field results (shown in 

Figure 5-5). It is to be noted that due to the shortage of pore water extracted from 

BH16, the isotopic analysis was not conducted on the first section of soil, BH16-1 

(0-0.2 mbgl). Consequently, this borehole was ignored in models outputs 

comparison figures.    

 

Figure 5-5: Relative δ18
O values of 2010 pore water soil samples (BHs 12, 16, 

and 33) versus depth as they compare to one dimensional diffusion model 

output (t=2 Years and D* = 3.5 *10
-10

 m
2
/s); the maximum and minimum 

depths of soil section are indicated as vertical bars.  

 

 



121 

 

 

Figure 5-6: Relative δ18
O values of 2010 pore water soil samples (BHs 12, 16, 

and 33) versus depth as they compare to one dimensional diffusion model 

output (t=2 Years and D* = 1 *10
-9

 m
2
/s); the maximum and minimum 

depths of soil section are indicated as vertical bars.  

 

By using D*=1*10
-9

 m
2
/s which is three fold of the first diffusion coefficient 

used, the resultant model shows quantitatively closer results to the experimental 

findings (Figure 5-6). In this case, the correlation coefficients between the 

diffusion curve and field results were: 0.90, 0.97, and 0.98 of boreholes 12, 33 

and 51 respectively. Plus, the associated MRE values have been explored as 

50.5%, 51.01%, and 27.91%. Additionally, the predicted diffusion depth is in a 

reasonable range of 1 to 1.1 mbgl. 

δ
18

O trend of BH12 is inconsistent with  the results of BHs 33 and 51. Since 

BH12 fits perfectly with the Cl
-
 diffusion curve (Figure 5-4), it can interpreted 

that routine errors introduced in isotopic analysis in field experiments or poor 

maintenance of pore water samples could be the reason behind this error.         
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The detailed outputs of the one-dimensional simulations for Cl
-
 and δ

18
O are 

provided in Appendix C (Tables C-1 to C-6).  

 

5-4 Conclusions 

Generally, modelling of contaminant transport through soil systems needs great 

attention to the details of solute and soil characteristics. But, at the final step of 

this research, a simple analytical one-dimensional model was adopted to discover 

the dominant processes governing PA water seepage into the clay till. The 

following conclusions can be made from the analytical models evaluation: 

   

 There was no agreement between the advection analytical model and field test 

results, which concludes that the effect of advective transport is minimal. 

 The diffusion models for chloride and δ18
O fit well with the field results 

providing evidence of a diffusion-dominated system. For instance, the correlation 

coefficient of the diffusion curves and BH33 field measurements for both of Cl
-
 

and δ18
O, were higher than 0.96.      

 For chloride one-dimensional diffusion modelling, a better fit between the 

model and field results was obtained by applying D*= 1.83*10
-9

 m
2
/s (e.g. 

correlation factor of 0.99 and MRE value of 16.7% between BH33 field results 

and diffusion model outputs) indicating that it is a good estimation for the 

effective diffusion coefficient of chloride in the clay till layer.  
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 D*=1*10
-9

 m
2
/s for δ18

O one dimensional diffusion modelling yielded an 

excellent fit to the field results with the correlation coefficient of 0.98 and MRE 

value of 27.9% for BH33.  

 For both chloride and δ18
O, using modified D* values resulted to models 

which estimated the diffusion edge at approximately 1 mbgl, which is in 

agreement with the geo-chemistry and water content findings.          
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Chapter 6: Conclusions and  

Future Recommendations 
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6-1 Conclusions 

The experimental project summarized in this thesis, has extensively characterized 

the PA water migration into the clay till layer by tracking oxygen stable isotopes, 

heavy metals and major ions under a small scale Infiltration Pond over a 2 year 

time period. Separate conclusions are available at the final section of every 

chapter. In this chapter, overall findings and integrated conclusions are presented. 

Recommendations to improve the thesis through additional studies follow the 

summarized conclusions.  

With respect to the thesis objectives and based on the results of the study, the 

following conclusions were developed: 

 Two distinguishable soil layers were found in the surficial geology of the 

study area, underlying the Infiltration Pond, including: clay till layer (from 0 to 

7.7 mbgl) and sand layer (from 9.2 mbgl). The saturated permeability coefficient 

based on a falling head test was 3.1*10
-6

 cm/s for the upper portion of clay till 

layer. This top soil layer has the lowest permeability as compared to the other soil 

type (sand layer). The low permeability of the clay till layer was one of the design 

criteria for STP construction, which was confirmed in the physical properties tests 

completed in this thesis.  

 The unsaturated condition of the soil underlying the Infiltration Pond can be 

interpreted by soil water content trends versus depth. In which, water content of 

the soil cores recovered in 2010 decreases (from ~22% water content at top 

sections)  with depth and reaches the average water content of 2008 sample 

(~14%) at approximately 0.7 mbgl.  
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 Enriched in δ
18

O and δ
2
H, PA water has a distinct signature from other 

natural water bodies in the study area, therefore providing an opportunity to use 

isotopic signatures to track PA water infiltration. Chloride can also be used as a 

tracer of PA water seepage due to the large available Cl concentrations in PA 

water (~ 390 mg/L), conservative behaviour and similar behaviour as compared to 

isotopic trends in concentration versus depth graphs for 2010 soil samples. 

 δ
18

O and chloride profiles versus depth for 2010 soil samples showed that PA 

water infiltrated to a depth of approximately 0.9 mbgl over a two year time 

period.  

 Metal mobility lagged as compared to chloride and isotopic trends. It could 

be the result of attenuation processes such as precipitation, reduction and to a 

greater extent adsorption which could highly affect the heavy metals infiltration. 

Trends in metal mobility showed uptake of Mo and Pb from PA water and release 

of Ba and Sr (increase up to 20% of background levels) from clay particles. Small 

quantities of trace metals observed in pore water samples (in the order of ug/L) do 

not exceed the water quality guidelines.  

 Analyzing the changes in cations and anions concentrations revealed that ion 

exchange is one of the foremost processes affecting the fate and transport of major 

ions. Ions (except for chloride) lag the water penetration line 0.3 to 0.6 m. Trends 

in major ions for the 2010 soil samples indicated release of calcium and 

magnesium into the pore water (concentrations increased up to 80% and 40% of 

background levels respectively) and sodium and sulphate uptake by clay particles 

after PA water infiltrated the clay till layer. For instance, high levels of calcium 
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and magnesium exchange sites were substituted by competing cations, mainly 

sodium. As a result, the concentration of exchangeable calcium and magnesium 

greatly increased in the pore water up to 80% and 40% of background levels 

respectively. The major ions concentrations observed in soil samples pore water 

do not exceed the water quality guidelines.     

 The one-dimensional analytical models developed for PA water infiltration 

confirmed that the effect of advective transport is minimal as shown through 

chloride, δ
18

O and water contents trends. Over estimation of the unsaturated 

permeability coefficient of the clay till layer could also explain the poor results of 

the advection model. 

 The diffusion models for chloride and δ
18

O fit well with the field results 

providing evidence of a diffusion-dominated system. The effective diffusion 

coefficients of 1.83*10
-9

 m
2
/s and 1*10

-9
 m

2
/s for chloride and δ

18
O respectively 

for an one-dimensional diffusion model yielded a very good fit to the field results. 

For example, correlation coefficient of 0.99 and MRE value of 16.7% obtained 

between the Cl
-
 diffusion curve and field results of borehole 33. Based on the 

diffusion models the estimated diffusion exists at approximately 1 mbgl. This is in 

agreement with the geo-chemistry and water content findings.  
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6-2 Recommendations for future research 

Recommendations to improve the thesis and expand the research are outlined 

below: 

 In this project the geo-chemistry analysis was conducted on the pore water of 

the samples taken at two time points: (i) prior to filling with process-affected 

water and (ii) two years after filling. By continuing once every two years soil 

coring under the Infiltration Pond, it would be possible to track and monitor the 

infiltration of PA water over a longer period of time which may result in more 

detailed characterization of PA water seepage.    

 Although conceptual understandings of the types of chemical reactions 

occurring in the soil system were used in this study, details of chemical and 

biological attenuation processes were not studied.  More multidisciplinary work 

on chemical and biological activities (such as redox reactions and potential 

bioaccumulation of metals by indigenous microorganisms in clay layer) using 

batch tests and column studies of native clay till soils underlying the Infiltration 

pond may provide more precise results with a better experimental control on the 

processes. 

 To apply the findings of this research to other soils and environments, it 

would be advisable to analyze the native soil clay mineralogy, adsorption 

coefficients and cation exchange capacity. 

 Geochemical transport numerical models are better suited to model transport 

involving attenuation processes. As a result, two or three dimensional numerical 

models developed for seepage through unsaturated soil and capable of considering 
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attenuation processes should be adopted to verify the findings of the field 

experiments.       
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Table A-1: Clay till sieve analysis BH1; 1: 0-0.1 mbgl 

 Borehole Number: 1  

 Sample Depth Range (mbgl):  0-0.1   

Mass of oven dry sample, W (g): 402.15  

Sieve 

Number  

Sieve Opening 

(mm)  

Mass retained on 

each sieve, Wn (g)  

Percent of mass 

retained of each sieve, 

Rn 

 Percent of mass finer 

of each sieve, Fn  

4 4.76 8.93 2.2% 97.8% 

10 2 7.11 1.8% 96.0% 

20 0.84 12.41 3.1% 92.9% 

40 0.42 32.58 8.1% 84.8% 

60 0.25 53.22 13.2% 71.6% 

100 0.149 60.04 14.9% 56.7% 

200 0.074 34.75 8.6% 48.0% 

passing 200 188.69 46.9%   
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Table A-2: Clay till sieve analysis BH1; 1: 0.1-0.2 mbgl 

 Borehole Number: 1  

 Sample Depth Range (mbgl):  0.1-0.2  

Mass of oven dry sample, W (g): 406.99  

Sieve 

Number  

Sieve Opening 

(mm)  

Mass retained on 

each sieve, Wn (g)  

Percent of mass 

retained of each sieve, 

Rn 

 Percent of mass finer 

of each sieve, Fn  

4 4.76 27.86 6.8% 93.2% 

10 2 6.71 1.6% 91.5% 

20 0.84 9.74 2.4% 89.1% 

40 0.42 23.4 5.7% 83.4% 

60 0.25 45.39 11.2% 72.2% 

100 0.149 50.04 12.3% 59.9% 

200 0.074 60.39 14.8% 45.1% 

passing 200 183.46 45.1%   
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Table A-3: Clay till hydrometer analysis BH1; 1: 0-0.1 mbgl 

 

 Borehole Number: 1 

 Sample Depth Range (mbgl):  0-0.1 

Mass of oven dry sample, W (g): 50 

 D (mm) % Finer Adjusted  % Finer 

 0.0756 77.2 46.2 

 0.0543 74.3 44.9 

 0.0390 71.4 43.5 

 0.0289 62.8 39.5 

 0.0210 57.1 36.8 

 0.0151 54.2 35.4 

 0.0113 48.5 32.7 

 0.0082 42.7 30.0 

 0.0059 38.4 28.0 

 0.0042 34.1 26.0 

 0.0030 32.7 25.3 

 0.0022 31.2 24.7 

 0.0013 25.5 22.0 
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Table A-4: Clay till hydrometer analysis BH1; 1: 0.1-0.2 mbgl 

 

 Borehole Number: 1 

 Sample Depth Range (mbgl):  0.1-0.2 

Mass of oven dry sample, W (g): 50 

 D (mm) % Finer Adjusted  % Finer 

 0.0756 82.9 45.4 

 0.0543 80.0 44.1 

 0.0390 74.3 41.5 

 0.0289 65.7 37.6 

 0.0210 58.5 34.4 

 0.0151 54.2 32.4 

 0.0113 48.5 29.8 

 0.0082 42.7 27.3 

 0.0059 39.8 26.0 

 0.0042 34.1 23.4 

 0.0030 31.2 22.1 

 0.0022 29.8 21.4 

 0.0013 22.6 18.2 
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Table A-5: Clay till sieve analysis BH1; 4.1-4.2 mbgl 

 

 Borehole Number: 1  

 Sample Depth Range (mbgl):  4.1-4.2  

Mass of oven dry sample, W (g): 402.15  

Sieve 

Number  

Sieve Opening 

(mm)  

Mass retained on 

each sieve, Wn (g)  

Percent of mass retained 

of each sieve, Rn 

 Percent of mass finer 

of each sieve, Fn  

4 4.76 70.85 16.6% 83.4% 

10 2 24.16 5.7% 77.7% 

20 0.84 11.81 2.8% 74.9% 

40 0.42 15.83 3.7% 71.2% 

60 0.25 24.96 5.9% 65.3% 

100 0.149 26.48 6.2% 59.1% 

200 0.074 29.25 6.9% 52.2% 

passing 200 217.74 51.1%   
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Table A-6: Clay till sieve analysis BH1; 4.3-4.4 mbgl 

 

 Borehole Number: 1  

 Sample Depth Range (mbgl):  4.3-4.4  

Mass of oven dry sample, W (g): 421.93  

Sieve 

Number  

Sieve Opening 

(mm)  

Mass retained on 

each sieve, Wn (g)  

Percent of mass retained 

of each sieve, Rn 

 Percent of mass finer 

of each sieve, Fn  

4 4.76 186.84 44.3% 55.7% 

10 2 21.41 5.1% 50.6% 

20 0.84 7.82 1.9% 48.8% 

40 0.42 11.35 2.7% 46.1% 

60 0.25 17.94 4.3% 41.8% 

100 0.149 20.11 4.8% 37.1% 

200 0.074 23.25 5.5% 31.6% 

passing 200 126.04     
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Table A-7: Clay till hydrometer analysis BH1; 4.1-4.2 mbgl 

 

 Borehole Number: 1 

 Sample Depth Range (mbgl):  4.1-4.2 

Mass of oven dry sample, W (g): 50 

 
D (mm) % Finer Adjusted  % Finer 

 0.0743 80.0 50.9 

 0.0534 77.2 49.5 

 0.0384 74.3 48.0 

 0.0285 65.7 43.6 

 0.0213 54.2 37.7 

 0.0158 42.7 31.8 

 0.0120 34.1 27.4 

 0.0088 22.6 21.6 

 0.0064 16.9 18.6 

 0.0046 14.0 17.2 

 0.0033 8.3 14.2 

 0.0023 5.4 12.8 

 0.0014 2.5 11.3 
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Table A-8: Clay till sieve analysis BH1; 4.3-4.4 mbgl 

 Borehole Number: 1 

 Sample Depth Range (mbgl):  4.3-4.4 

Mass of oven dry sample, W (g): 50 

 
D (mm) % Finer Adjusted  % Finer 

 0.0743 80.0 31.9 

 0.0534 77.2 31.1 

 0.0384 74.3 30.2 

 0.0285 65.7 27.6 

 0.0213 54.2 24.2 

 0.0158 45.6 21.6 

 0.0120 34.1 18.2 

 0.0088 22.6 14.8 

 0.0064 16.9 13.0 

 0.0046 11.1 11.3 

 0.0033 8.3 10.5 

 0.0023 5.4 9.6 

 0.0014 0.0 8.0 
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Table A- 9: Sand soil sieve analysis BH1; 8.7 -8.8 mbgl 

 

 Borehole Number: 1  

 Sample Depth Range (mbgl):  8.7 -8.8  

Mass of oven dry sample, W (g): 434.18  

Sieve 

Number 

Sieve Opening 

(mm) 

Mass retained on 

each sieve, Wn (g) 

Percent of mass retained 

of each sieve, Rn 

Percent of mass finer 

of each sieve, Fn 

4 4.76 0.51 0.1% 99.9% 

10 2 1.8 0.4% 99.5% 

20 0.84 10.82 2.5% 97.0% 

40 0.42 200.375 46.1% 50.8% 

60 0.25 192.5 44.3% 6.5% 

100 0.149 22.8 5.3% 1.2% 

200 0.074 3.72 0.9% 0.4% 

passing 200 1.66     
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Table A-10: Sand soil sieve analysis BH1; 1: 9.2-9.3 mbgl 

 

 Borehole Number: 1  

 Sample Depth Range (mbgl):  9.2-9.3  

Mass of oven dry sample, W (g): 516.9  

Sieve 

Number 

Sieve Opening 

(mm) 

Mass retained on 

each sieve, Wn (g) 

Percent of mass retained 

of each sieve, Rn 

Percent of mass finer 

of each sieve, Fn 

4 4.76 0 0.0% 100.0% 

10 2 2.405 0.5% 99.5% 

20 0.84 12.795 2.5% 97.1% 

40 0.42 217.15 42.0% 55.0% 

60 0.25 252.92 48.9% 6.1% 

100 0.149 22.75 4.4% 1.7% 

200 0.074 6.33 1.2% 0.5% 

passing 200 2.55     
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Table A-11: Clay till hydraulic conductivity test BH1; 2.5 mbgl 

 

Test 

number 

Beginning 

head 

difference, 

h1 (cm) 

Ending 

head 

difference, 

h2 (cm) 

Test 

duration, t 

(s) 

Length of 

specimen, 

L (cm) 

Area of 

specime

n, A 

(cm
2
) 

Volume of 

water flow 

through the 

specimen, 

Vw (cm3) 

Hydraulic 

conductivity, 

k(cm/s) 

1 104.7 88.1 10390 5.04 31.16 31.80 5.1E-06 

2 88.0 79.9 7626 5.04 31.16 15.40 3.8E-06 

3 79.9 66.5 18991 5.04 31.16 25.80 3.0E-06 

4 66.3 60.9 8112 5.04 31.16 10.40 3.2E-06 

5 60.9 55.3 9748 5.04 31.16 10.80 3.1E-06 

6 55.3 50.0 9967 5.04 31.16 10.00 3.1E-06 

        

   Average K (test numbers 3-6) = 3.1E-06 (cm/s) 
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Table A-12: Clay till hydraulic conductivity test BH1; 9 mbgl 

 

Test 

number 

Beginning 

head 

difference, 

h1 (cm) 

Ending 

head 

difference, 

h2 (cm) 

Test 

duration, 

t (s) 

Length of 

specimen, 

L (cm) 

Area of 

specime

n, A 

(cm
2
) 

Volume of 

water flow 

through the 

specimen, Vw 

(cm3) 

Hydraulic 

conductivity, 

k(cm/s) 

1 102.0 96.8 189.08 5.0 31.16 10.00 8.6E-05 

2 96.3 91.6 187.62 5.0 31.16 9.00 8.3E-05 

3 91.6 86.3 257.97 5.0 31.16 10.00 7.1E-05 

4 86.3 81.1 283.41 5.0 31.16 10.00 6.8E-05 

5 81.1 75.9 285.26 5.0 31.16 10.00 7.2E-05 

6 75.9 70.7 285.5 5.0 31.16 10.00 7.7E-05 

        

   Average K (test numbers 3-6) = 7.2E-05 (cm/s) 
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Table A-13: Sand soil hydraulic conductivity test BH1; 11 mbgl 

 

Test 

number 

Beginning 

head 

difference, 

h1 (cm) 

Ending 

head 

difference, 

h2 (cm) 

Test 

duration, 

t (s) 

Length of 

specimen, 

L (cm) 

Area of 

specime

n, A 

(cm
2
) 

Volume of 

water flow 

through the 

specimen, Vw 

(cm3) 

Hydraulic 

conductivity, 

k(cm/s) 

1 76.8 72.5 37.91 4.7 31.16 4.00 2.1E-04 

2 70.4 67.2 28.16 4.7 31.16 3.00 2.3E-04 

3 65.1 58.7 105.15 4.7 31.16 6.00 1.4E-04 

4 57.6 45.9 244.5 4.7 31.16 11.00 1.3E-04 

5 45.9 35.2 347.24 4.7 31.16 10.00 1.1E-04 

6 88.5 76.8 124.52 4.7 31.16 11.00 1.6E-04 

7 74.7 50.1 254.72 4.7 31.16 23.00 2.2E-04 

8 49.1 45.9 103.31 4.7 31.16 3.00 9.1E-05 

9 44.8 42.7 43.76 4.7 31.16 2.00 1.6E-04 

10 41.6 36.3 216.79 4.7 31.16 5.00 8.9E-05 

        

   Average K (test numbers 5-10) = 1.4E-04 (cm/s) 
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Table B-1: Values of pH, Alkalinity and EC of soil samples pore water and 

Infiltration Pond PA water   
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Table B-2: Dissolved metals concentrations of soil samples pore water and Infiltration Pond PA water   
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Table B-3: Dissolved ions concentrations of soil samples pore water and Infiltration Pond PA water   
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Table C-1: Outputs of Cl
-
 one-dimensional diffusion model D*= 6.09*10

-10
 

 

 

 

[1] 
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Table C-2: Outputs of Cl
-
 one-dimensional diffusion model D*= 1.22*10

-9
 

 

 

 

[1] 
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Table C-3: Outputs of Cl
-
 one-dimensional diffusion model D*= 1.83*10

-9
 

 

 

 

 

[1] 
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Table C-4: Outputs of δ
18

O one-dimensional diffusion model D*= 3.5*10
-10 

 

 

 

[1] 
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Table C-5: Outputs of δ
18

O one-dimensional diffusion model D*= 7*10
-10 

 

 

 

[1] 
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Table C-6: Outputs of δ
18

O one-dimensional diffusion model D*= 1.05*10
-9 

 

  

[1] 
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