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Abstract 

The use of geosynthetics to contain volatile organic compounds (VOCs) and polychlorinated 

biphenyls (PCBs) in composite liner systems is evaluated through laboratory and field 

experiments. Diffusive parameters for benzene, toluene, ethylbenzene, and xylenes (BTEX) and 

PCBs through geomembranes are evaluated. Diffusion of BTEX is also evaluated through vapour 

barriers, as well as diffusion of PCBs through a compacted clay liner (CCL) and a GCL.  

The permeation coefficient (Pg) for BTEX diffusion was lowest for high density polyethylene 

(HDPE) geomembrane, followed by chlorosulphonated polyethylene (CSPE), linear low density 

polyethylene (LLDPE), two ethylene interpolymer alloy (EIA) coated polyester products, four 

different PE based vapour barriers, and then polyvinyl chloride (PVC). In applications such as 

landfill covers or under-slab vapour barriers to mitigate VOC migration into buildings, these 

differences in Pg between products may have a significant effect on performance.  

PCBs were found to have very high partitioning coefficients to HDPE geomembranes (Sgf = 

150,000) and low Dg (1.0 × 10-14 m2/s), suggesting geomembranes can act as a sink to capture and 

store contaminants and not just as a diffusive barrier. In a typical municipal solid waste landfill 

(MSW) with good construction quality assurance (CQA), PCBs are unlikely to give rise to 

environmental concern. However, if CQA allows significant leakage, the environmental impacts 

from PCBs would need to be carefully evaluated on a case by case basis by modelling.  

Containment using geosynthetics in remote Arctic environments for PCB contaminants is also 

evaluated. Geosynthetics are found to not have performance issues specific to climate, but instead 

with respect to subsurface angularity of soil, suggesting that normal design precautions should be 

maintained in polar environments. Evaluation of core samples exhumed from pond liners after 
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nine years showed that with respect to PCBs, EIA geomembranes were similar to HDPE, with low 

Dg, and high Sgf.  

Laboratory and field experiments were conducted to examine the hydration of GCL liners used 

to contain hydrocarbon-contaminated soil in Antarctica. Results indicate that hydration is 

achievable in Antarctica, but is heavily dependent on subsoil grain size and hydrology. 

 

Keywords: geomembrane, geosynthetic clay liner, polychlorinated biphenyl, BTEX, vapour 

barrier, diffusion, laboratory, Arctic, Antarctica, compacted clay liner. 
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Kdeq = equivalent partition coefficient between water and two materials  (mL/g) 

L = length of landfill         (m) 

La = adjusted length of landfill       (m) 

Lw = length of a wrinkle        (m) 

m- = meta (meta-xylene) 

MA = total mass of a GCL per unit area      (g/m2) 
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mf = final mass of contaminant in system      (g) 

mi = initial mass of contaminant in system      (g) 

mTC = mass loading in waste per unit area      (g/m2) 

mTCa = adjusted mass loading in waste per unit area     (g/m2) 

n = porosity          (-) 

o- = ortho (ortho-xylene) 

p- = para (para-xylene) 

PA = peak concentration in aquifer from advection      (µg/L) 

PD = peak concentration in aquifer from diffusion      (µg/L) 

Pg = permeation coefficient through a geomembrane    (m2/s) 

Pgo = pre-exponential coefficient of permeation     (m2/s) 

qc = leachate collected         (m3/a/m2) 

qca = adjusted leachate collected       (m3/a/m2) 

q(in) = infiltration into the landfill        (m3/a/m2) 

q(in)a = adjusted infiltration into the landfill      (m3/a/m2) 

qLCS = rate of removal of leachate through LCS     (m3/a/m2) 

qSLCS = = rate of removal of leachate through SLCS     (m3/a/m2) 

QCCL = total volume of water passing through CCL     (m3) 

Qhole = total flow through a hole in the geomembrane    (m3/hole) 

QLCS = total volume of leachate removed by LCS     (m3) 

QSCCL = total volume of water passing through SCCL    (m3) 

QSLCS = total volume of leachate removed by SLCS     (m3) 

Qtotal = total flow from all wrinkles in a geomembrane and holes for the entire landfill (m3) 

Qwrinkle = total flow through a wrinkle network in the geomembrane   (m3/wrinkle) 
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ro = radius of a hole in a geomembrane      (m) 

R = Gas constant          (Jmol-1K-1) 

R = wetted radius of a hole in a geomembrane     (m) 

Ra = adjusted wetted radius of a hole in a geomembrane    (m) 

Sgf = partition coefficient to a geomembrane      (-) 

Sgf’ = partition coefficient from a geomembrane     (-) 

Sga = partition coefficient between water and air     (-) 

Sgfo = pre-exponential coefficient of partitioning     (-) 

SgfX = partition coefficient between a geomembrane and water for contaminant “x” (-) 

v = average groundwater velocity        (m3/a/m2) 

va = Darcy velocity downward through a liner     (m3/a/m2) 

vaa = adjusted Darcy velocity downward through a liner    (m3/a/m2) 

vaf = Darcy velocity during the final two years of landfill operation   (m3/a/m2) 

vb(in) = groundwater velocity flowing into the aquifer below a landfill  (m3/a/m2) 

vb(in)a = adjusted groundwater velocity flowing into the aquifer below a landfill (m3/a/m2) 

vb(out) = groundwater velocity flowing out of the aquifer below a landfill  (m3/a/m2) 

vb(out)a = adjusted groundwater velocity flowing out of the aquifer below a landfill (m3/a/m2) 

vg = volume of geomembrane        (m3) 

vr = volume of receptor fluid         (m3) 

vs = volume of source fluid        (m3) 

w = moisture content of a soil or GCL      (%) 

wref = saturated moisture content of a GCL at a given pressure   (%) 

w = width of landfill         (m) 
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wa = adjusted width of landfill       (m) 

x = wetted distance away from the centre of the wrinkle    (m) 

α = dispersivity          (m) 

α = parameter, as described in Equation A.3       (m-1) 

ΔHs = heat of solution of a compound      (Jmol-1) 

ρ = volumetric density of a layer       (kg/m3) 

ρd = bulk density, = ρ/(1-n)        (kg/m3) 

ρg = geomembrane density        (kg/m3) 

θ = volumetric water content         (-) 
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Glossary 

Absorption The uptake of a liquid by a solid. Absorption differs from adsorption 
in that the absorbed substance permeates the bulk of the substance. 
(MEND 2009)  

 
Advection The process of contaminant transport by means of a flowing liquid. 

This is governed by a hydraulic gradient. (Rowe et al. 2004) 
 
Alloy  In reference to a geomembrane, this is where two or more resins are 

mixed together before the extrusion process such that one blended 
polymer is removed. This is a different mechanism from a laminated 
or co-extruded geomembrane. 

 
Bedrock A general term for a solid mass of rock (either exposed, of soil 

covered). (MEND 2009)  
 
Bentonite Weathered volcanic ash with exchangeable cations typically 

occupied by sodium or calcium ions. (Rowe et al. 2004) 
 
Brownfield Typically urban locations which are vacant or underutilized as a 

result of contamination from commercial activities (i.e., factories, 
gas stations). (MOECC 2015) 

 
Carrier Geotextile Geotextile on the bottom of a Geosynthetic Clay Liner. Bentonite is 

placed on top of this during manufacturing, and a cover geotextile 
affixed on top of the bentonite. (Rowe et al. 2004) 

 
Cation    Positively charged atom or atomic group. 
 
Chemical Equilibrium  When the concentrations of product (source, in this thesis) is equal 

to the concentration of reactants (receptor, in this thesis). In text, 
sometimes referred to simply as “equilibrium”. (MEND 2009) 

 
Clay Soil particles less than 0.002 mm (2 µm) in diameter.  
 
Co-extruded Geomembrane The process where two or more polymers are melted from separate 

resins, however are extruded at the same time as part of 
geomembrane manufacturing. This provides a composite material 
where each layer is distinctly represented. This is different to both 
an alloy and a laminated geomembrane. 

 
Coarse grained soils Soils containing 50 % or more coarse grained (0.075 mm) diameter 

particles, by mass. (Rowe et al. 2004). 
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Core sample A long cylindrical piece of soil removed in a tube.  
 
Cover Geotextile Geotextile placed on top of the bentonite layer of a geosynthetic clay 

liner. Typically a nonwoven geotextile. (Rowe et al. 2004) 
 
Composite Liner A liner system containing two or more materials (i.e., a liner system 

utilizing both a geomembrane and a geosynthetic clay liner is 
considered a composite liner). (Rowe et al. 2004) 

 
Concentration The relative abundance of a constituent in another. Can be expressed 

multiple ways, either in mass percent, volumetric percent, or (as is 
commonly used in this thesis) as mass per volume. (Aylward and 
Findlay 2008) 

 
Containment   Separation of a material from the environment. 
 
Contaminant  A material which was not previously present, or present in lower 

amounts. The introduction of contaminants may cause something to 
become unfit for use (including but not limited to, for human health 
effects). (MEND 2009) 

 
Deionized water  Water which has had minerals and cations removed. 
 
Dessication Cracking of fine grained soils due to water loss. (Rowe et al. 2004) 
 
Diffusion Migration of contaminant by means of moving from areas of high 

concentration to lower concentration until equilibrium is reached. 
Diffusion rates are proportional to in the inverse square of distance. 
(Rowe et al. 2004) 

 
Exhumation To remove from a place where it is buried. (Merriam-Webster 2016) 
 
Extrusion A part of the geomembrane manufacturing process where melted 

polymer resin is forced out of a die for cooling. (Ewais and Rowe 
2014)  

 
Fine grained soils Soils containing particles with greater than 50 % fine grained 

particles (<0.075 mm). (Rowe et al. 2004) 
 
Geocomposite A geosynthetic comprised of two or more geosynthetic materials 

(i.e., a GCL contains two type of geotextiles and can be considered 
a geocomposite). 

 
Geomembrane Flexible sheets of single or multiple polymers. Low permeability 

liners used as an advective barrier to contain fluids. (IGS 2015)  
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Geosynthetic Clay Liner Geocomposite liners with one layer of bentonite sandwiched 
between two layers of geotextile (a carrier and a cover). Often 
needle punched. Can be an effective barrier to fluids when properly 
hydrated. Are often used in conjunction with other geosynthetics, 
such as geomembranes. (IGS 2015) 

 
Geotextile Planar sheets typically of woven or nonwoven fibres. Within the 

context of this thesis, they are typically utilized for separation of soil 
sizes, or filtration of aqueous materials however they can also be 
used for reinforcement and erosion control. (IGS 2015). 

 
Gravel Soils particles with diameter greater than 2 mm.  
 
Groundwater Water in a zone of rock or soil which flows in response to 

gravitational forces. (Rowe et al. 2004) 
 
Heterogeneous A medium with discontinuities in composition with space.  
 
Hydration   The process where a material absorbs liquid. (IGS 2009) 
 
Hydraulic conductivity Proportionality factor used in Darcy’s law, representing the ability 

of a medium (typically soil with respect to this thesis) to conduct 
water. (Rowe et al. 2004) 

 
Hydraulic containment A landfill design where groundwater flows into the landfill, resisting 

outward migration of contaminants. (Rowe et al. 2004). 
 
Hydraulic gradient Ratio of the head difference across a specimen to the thickness of 

the specimen. (IGS 2009) 
 
Hydrocarbon Compound containing hydrogen and carbon atoms in various 

combinations. (Rowe et al. 2004) 
 
Infiltration The entry of water into a porous substance. (MEND 2009) 
 
Interface transmissivity Measure of the resistance to lateral flow in the zone connecting two 

surfaces (with respect to this thesis, typically this zone in below a 
geomembrane and above either a geosynthetic clay liner, or 
compacted clay liner). (Rowe et al. 2004) 

 
Internal Erosion Process of hydraulic gradients acting on a geosynthetic clay liner 

can remove masses of bentonite causing thinning or piping. (Rowe 
et al. 2004) 

 
Landfill Engineered facility for the disposal of waste, to isolate waste from 

the environment. (Rowe et al. 2004) 
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Laminated Geomembrane A geomembrane comprised of two or more polymer sheets which 

were each extruded separately, and in a post-process are bonded 
together (typically either chemically, or with heat) to form a 
composite product. This is a different process than either a 
geomembrane alloy or co-extruded geomembrane.  

 
Mass per unit area Ratio of a geosynthetics mass in a given area, divided by the area. 

Typically in units of g/m2. (IGS 2009) 
 
Mechanical dispersion Spreading of contaminants due to small variations in groundwater 

velocity. (Rowe et al. 2004) 
 
Monofill Similar to a landfill, however rather than containing mixed wastes, 

contains a very specific type of waste (e.g., an engineered storage 
facility to only contain PCB-contaminated soils is a monofill). 

 
Needle-punched Two geotextiles affixed by means of mechanical bonding by 

puncturing with barbed needles. (Rowe et al. 2004) 
 
Nonwoven geotextile A geotextile with a batt of randomly oriented fibres bonded 

mechanically, chemically or thermally. (IGS 2009). 
 
Optimum water content The water content at the peak dry density for a given compaction. 

(Rowe et al. 2004) 
 
Reference height of leachate The ratio of mass of a contaminant per unit area to the peak 

concentration in leachate. In typically landfill applications the value 
does not correspond to any actual level of leachate in a landfill. 
However, in aqueous diffusion testing, the reference height of 
leachate is typically the height of the source compartment. (Rowe et 
al. 2004) 

 
Sand Particles ranging in size from 0.075 mm (75 µm) to 2 mm. 
 
Scrim reinforced Lightweight woven geotextile reinforcement inside of a nonwoven 

geotextile. (IGS 2009) 
 
Silt Particles ranging in diameter from 2 µm up to 0.075 mm (75 µm). 
 
Standard Proctor Compaction Laboratory procedure to evaluate the compaction curve of a soil (the 

relationship between water content and dry unit weight). Soil is 
compacted with repeated hits of a rammer from a height of 305 mm 
in a set mold. (ASTM D698) 

 
Stress crack   The initialization of cracking in crystalline materials. (IGS 2009). 
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Swell Index Index tests to evaluate the swelling characteristics of bentonite 

exhumed from a geosynthetic clay liner. Represents the swelled 
volume of 2g of bentonite hydrated with DI water in 100 mL 
graduated cylinder. (ASTM D5890-11) 

 
Woven Geotextile A geotextile with fibres which are weaved together (typically at 

right angles). (IGS 2009) 
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Chapter 1 

Introduction 

1.1 Problem Definition 

Engineered barrier systems are designed to minimize contaminant migration from storage 

facilities (such as landfills) to surrounding environments (such as groundwater). They are 

often designed with a composite barrier system using combinations of geosynthetics 

(geomembranes or vapour barriers, and geosynthetic clay liners (GCLs)). The composite 

barrier system maximizes the different strengths of each product to provide an overall 

better barrier than either alone. Their performance is typically evaluated with respect to 

peak contamination permitted below the liner, as well as the longevity of the system (the 

length of time a liner will continue to be effective) (MOECC 1998). 

Contaminant transport through barrier systems can be simplified to two mechanisms: 

advection (the transport of contaminants based on a hydraulic or pressure gradient), and 

chemical diffusion (the transport of contaminants based on a concentration gradient) 

(Crank and Park 1968; Rowe et al. 2004; Koerner 2012). The total contaminant impact on 

the environment is the product of both advection and diffusion, although in many cases 

only one mechanism will dominate the impact. For this reason, many landfills are designed 

with a maximum amount of leakage (advection) allowed rather than specifying no leakage 

(zero advection, which while technically possible is financially impractical), as they are 

designed to minimize advection to the point that diffusion will govern the impacts (Rowe 

1998, 2005; Rowe et al. 1995, 2004). Assuming good construction quality assurance 

(CQA) can be achieved in the field, knowledge of the diffusive characteristics of 
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contaminants becomes very important. Thus, this thesis focuses on the migration of 

contaminants in diffusion governed systems.  

Diffusion through geomembranes and vapour barriers has been described extensively in 

the literature, particularly regarding volatile organic compounds (VOCs) and organic 

contaminants (Amniabhavi and Naik 1998a,b,c, 1999a,b,c,d,e,f; Sangam and Rowe 2001, 

2005; Joo et al. 2004, 2005; McWatters 2010; McWatters and Rowe 2010, 2014, 2015; 

Park et al. 2012; Touze-Foltz et al. 2013; Eun et al. 2014; McWatters et al. 2015a,b). The 

migration of specific VOCs (benzene, toluene, ethylbenzene, and xylenes; BTEX) is 

established to the point that it can be used as an index test, by testing it as a reference 

contaminant to allow for comment more generally on the diffusive properties of a 

geomembrane (McWatters 2010). 

Diffusion of VOCs has also been studied through GCLs (Rowe et al. 2005; Lake and 

Rowe 2005). However, research regarding the diffusion of polychlorinated biphenyls 

(PCBs) through geomembrane materials (with previous study focusing on food packaging 

products; Pascall et al. 2005) remains very limited, with no research available for PCB 

diffusion through GCLs. 

In order for a contaminant to diffuse through a geomembrane, it must follow a well-

established process based on Fick’s law of diffusion (Crank and Park 1968; Park and 

Nibras 1993; Sangam and Rowe 2001). First, a contaminant must partition onto the 

geomembrane from the solution (e.g., landfill leachate). The second stage is the movement 

of the contaminant through the geomembrane via chemical potential (molecular diffusion). 

Lastly, contaminants must partition out of the geomembrane and into a receptor fluid 
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(typically, into another layer of the composite barrier system such as a compacted clay liner 

or GCL, or into an aquifer if solely relying on a geomembrane).  

Geomembranes and GCLs are widely used in landfills, however due to their ease of 

shipping there exists an increasing trend of geosynthetic use at remote sites, such as 

Canada’s Arctic (Li et al. 2002a,b; Bathurst et al. 2006; Kalinovich et al. 2008a,b, 2012; 

McWatters et al. 2015b) and preliminary study in Antarctica (Jones et al. 2013, 2015; 

McWatters et al. 2014a,b, 2015a). While much has been learned about their use in polar 

environments, there still remain unanswered questions regarding GCLs in general, as well 

as performance at specific sites.  

Given the increasing use of geosynthetics in more polar environments, diffusion is 

increasingly studied at various temperatures, where the properties are evaluated over a 

temperature range which can be extrapolated to different temperatures (an Arrhenius 

relationship; Park and Nibras 1993). Sorption and diffusion tend to increase in polymers 

with increasing temperature. Similarly, the earth’s poles tend to have climatic conditions 

(humidity and drastic seasonal changes) and geology which is not typically experienced in 

more temperate climates, extremes which can cause issues for GCL hydration. 

Vapour barriers and geomembranes are commonly made of similar polymer, however 

vapour barriers are typically much thinner and used in different applications. Vapour 

barriers are commonly utilized to minimize the water vapour intrusion (and sometimes 

Radon gas) into houses and buildings. While not impermeable, vapour barriers can function 

very well as designed provided that no holes exist. There is, however, an increased desire 

to install vapour barriers underneath buildings constructed on brownfield sites (typically 

urban locations which contain low levels of contamination) with the goal of preventing 
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VOC migration indoors, despite the fact that most are not designed or marketed with this 

in mind. 

1.2 Scope of the thesis 

This thesis focuses on the diffusion of organic contaminants through engineered barrier 

systems:  

1. To investigate the diffusive resistance to BTEX of different geomembrane and 

vapour barrier products with respect to both diffusive rate, and overall effectiveness 

as a barrier in simulated field environments (as part of a landfill cap, or as a vapour 

barrier installed underneath a warehouse on a brownfield). 

2. To investigate the diffusive properties of PCBs with respect to HDPE 

geomembrane, and consider the environmental implications of PCBs which may 

already be present MSW landfills.  

3. To investigate the migration of PCBs through four monofills which contained PCBs 

for between 22 to 25 years, and calculate the diffusive properties of the 

geomembrane and CCL that was in use in the field.  

4. To investigate the migration of PCBs through geomembrane and GCL lined settling 

ponds on exposed bedrock in Canada’s Arctic, and back-calculate the diffusive 

parameters through the exposed geomembrane and GCL.  

5. To investigate the hydration of different GCL products in Antarctica, for use as part 

of a composite liner system to contain special Antarctic blend diesel hydrocarbons.  

1.3 Thesis Outline 

This thesis is comprised of seven chapters, which includes this introduction (Chapter 1) as 

well as conclusions and recommendations (Chapter 7). Chapters 2 through 6 are in 
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manuscript format for publication in peer reviewed journals. While each chapter focuses 

on a separate topic or project, together they present a larger story regarding the containment 

of organic contaminants in both the laboratory and field. Applicable background 

information is presented within each chapter, with its references, tables, and figures. 

Appendices are provided with supplemental data and detailed analytical modelling 

descriptions and calculations.  

Chapter 2 (submitted to ASCE Journal of Geotechnical and Geoenvironmental 

Engineering) compares six different geomembrane products of different materials (HDPE, 

LLDPE, CSPE, PVC and two compromised of KEE/EIA coated polyester) and four vapour 

barrier products for BTEX diffusive properties. Geomembranes are evaluated over a 

temperature range and pre-exponential data is presented. This chapter provides diffusion 

and sorptive parameters for a wide range of geomembranes and vapour barriers which are 

typically not studied directly. This provides a direct comparison for engineers to use in the 

modelling of BTEX transport. This study evaluates the efficacy of geomembranes and 

vapour barriers for mitigation of BTEX through building foundations. This study also 

compares geomembranes for gas containment in landfill cover systems. 

Chapter 3 (submitted to Geosynthetics International) evaluates the diffusive properties 

of PCBs through a 1.5 mm HDPE geomembrane through a series of laboratory 

experiments. Batch sorption, and desorption tests were performed on small masses of 

geomembrane, as well as diffusion testing which evaluated the PCB concentration inside 

of the geomembrane with depth at various times. The impact of PCB concentrations which 

may already exist inside of landfills is evaluated and compared with a reference 
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contaminant (chloride) to evaluate if the diffusive properties found in this study would be 

cause for concern.  

Chapter 4 evaluates the performance of four engineered monofill cells designed for PCB 

containment which were decommissioned 22 to 25 years after construction. PCB 

concentrations are evaluated within each barrier layer (waste, leachate collection system; 

1.5 mm HDPE geomembrane, and CCL). Evaluating an analytical model to compare with 

measured PCB allows for diffusive and sorptive properties to be inferred for each layer. 

This chapter builds on findings from Chapter 3, as the diffusive properties of PCBs in 

geomembrane obtained in the laboratory (Chapter 3) are compared with field data (this 

study).   

Chapter 5 investigates the performance of geomembrane and GCL as liners in settling 

ponds in Canada’s Arctic to contain PCB contaminated silty-sediments and water. After 

nine years of exposure to harsh environments, destructive analysis evaluated the physical 

integrity of the geosynthetics, the diffusive properties of the geomembrane, and the 

hydraulic properties of the GCL. The diffusive migration of PCBs through the 

geomembrane and GCL were evaluated using an analytical model (using methodology 

similar to Chapter 4). Diffusive and sorptive parameters were estimated for both 

geomembrane and GCL from site.  

Chapter 6 investigates the hydration of four different GCL products for use in 

Antarctica, as part of biopiles to contain hydrocarbon contaminated soil during 

remediation. The hydration of different GCL products is evaluated in laboratory hydration 

cells.  Laboratory tests are compared with similar field test plots which are located onsite 

in Antarctica, as well as sacrificial coupons on GCL which were installed within the 
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biopiles and analyzed yearly. Evaluation of variables (GCL bentonite type, subsoil 

moisture content, and bentonite mass per unit area) is considered with respect to the amount 

of hydration a GCL can be expected to achieve in a given amount of time in the conditions 

expected in Antarctica.  

1.4 Original Contributions 

The original contributions from this thesis are summarized below: 

Diffusion of BTEX through geomembrane and vapour barrier has been evaluated by 

many before, however very few studies are as broad as this study (evaluating ten different 

products). This study also considers the implications of each product as part of a barrier to 

contain hydrocarbons to demonstrate the impact on performance with respect to regulatory 

limits.  

The diffusion of PCBs through HDPE geomembranes has not been previously 

evaluated. Consideration for the impacts of PCBs inside of MSW landfill leachate has been 

directly compared with chloride. This study not only evaluates the diffusive properties of 

PCBs, but considers the impacts with respect to regulatory limits in typical MSW landfills. 

Also, the impacts of PCBs on groundwater concentrations is compared with chloride to 

give perspective to the diffusive properties. A novel method of establishing the PCB 

concentration profile through the geomembrane was developed. Given the unprecedented 

diffusive characteristics of PCBs through geomembranes obtained in the laboratory, many 

assumptions which are commonly made during modelling were no longer valid for PCBs, 

and the impact modelling was applied using a new method developed specifically for PCBs 

It is rare to have an opportunity to investigate the barrier properties of a landfill, 

especially one which has no performance issues. The opportunity to investigate the 
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properties of 22 to 25 year exposed liners and PCB migration is unique. It is similarly rare 

that field scale measurements are able to be used to evaluate the diffusive properties of a 

contaminant, whereas these are typically found in the laboratory and then assumed for the 

field, which is difficult (except with destructive analysis of the barrier, as in this study) to 

verify.  

Diffusion of PCBs through GCLs is a new research topic. This is conducted using the 

rare opportunity of measuring PCB migration from a field site, rather than laboratory 

experimentation. Samples from the field with over nine years of exposure are very rare, 

especially from in-use products (as opposed to test plots), and with growing needs in 

Canada’s Arctic for geosynthetics, Arctic aged samples offer a unique perspective on GCL 

performance.  

The use of geosynthetics in Antarctica remains unstudied outside of the studies 

conducted at Casey Station, Antarctica. The Antarctic environment offers a rare 

combination of variables which are not typically considered together for GCL use (such 

as; extreme cold, low moisture, large seasonal temperature fluctuations, and high 

permeability subsoil). This study investigates GCL hydration in simulated Antarctic 

conditions as well as the rare opportunity to compare with field hydration testing evaluated 

in parallel. 
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Chapter 2 

BTEX migration through various geomembranes and vapour barriers 

2.1 Introduction  

Engineered polymeric materials, such as vapour barriers used in the construction of 

buildings and geomembranes used in landfill and other contaminant containment 

applications, are important components of a barrier system designed to minimize the 

migration of contaminants in vapour from a contaminated site (brownfield site, landfill) to 

the air (in the atmosphere or in a building).  

Vapour barriers are thin polymeric membranes commonly installed below concrete 

building foundations to minimize moisture and radon intrusion into buildings (USEPA 

2001). Recently, vapour barriers also have been used to mitigate intrusion of volatile 

organic compounds (VOC), particularly on brownfield/remediated sites. Vapour barriers 

have a specified minimum thickness of 0.15 mm (NYSDOH 2006) although the USEPA 

recommends a higher 0.75 mm minimum thickness to minimize puncture risk (USEPA 

2008). Brownfield sites typically have a history of contamination and persistent low levels 

of residual contamination. Brownfield site remediation and subsequent re-development can 

play an important role in redeveloping cities, since many sites are in prime locations but 

sit unused due to historical contamination and high cleanup costs. Technological solutions 

for reclaiming these sites and making them safer will contribute to healthier cities and 

better use of land in critical areas. Vapour barriers are used extensively as contaminant 

barriers despite there being a paucity of information regarding migration rates of VOCs 

through vapour barriers.   
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The regulated maximum VOC concentrations for Brownfield sites (Canadian Council 

of Ministers of the Environment 2004a,b,c,d) for the following VOCs are: benzene 0.030 

ppm (coarse), 0.0068 ppm (fine); toluene 0.37 ppm (coarse), 0.08 ppm (fine); ethylbenzene 

0.082 ppm (coarse), 0.018 ppm (fine); total xylenes 11 ppm (coarse), 2.4 ppm (fine). These 

aromatic hydrocarbons are often used as indicator chemicals because they are some of the 

most common and volatile. 

Vapour intrusion into buildings is of concern as VOCs can concentrate in the indoor air 

space of home basements and buildings and, over time, present a human health hazard 

(Johnson et al. 2002). The National Institute Occupational Safety and Health (NIOSH) 

recommended exposure limits (REL) are: benzene 3.2 mg/m3; toluene 375 mg/m3; 

ethylbenzene 435 mg/m3; xylenes 435 mg/m3 (Centers for Disease Control and Prevention 

2015a,b,c,d,e,f,). An effective barrier for preventing VOC intrusion must be able to keep 

the peak indoor air quality of a building below guidelines and keep intrusion to a minimum.   

Geomembranes are also polymeric materials but thicker than vapour barriers. Typically, 

HDPE geomembranes have thicknesses from 0.75 to 3.0 mm and LLDPE geomembranes 

have thicknesses from 0.5 to 3.0 mm (Geosynthetic Institute 2014, 2015). They are 

commonly used in engineered landfill applications, both as part of a base liner (to minimize 

contaminant migration into an aquifer, where the minimum thickness requirement is 

usually 1.5 mm (e.g., MOECC 1998), and in the cover system (to minimize both infiltration 

into the waste as well as minimize the escape of landfill gases) where policies generally 

are more flexible with respect to geomembrane selection. There are many different 

materials an engineer can select for a geomembrane in a cover.  
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Landfill gases include those either generated by the biological breakdown of waste (such 

as methane) as well as VOCs which typically originate from liquids (e.g., household 

hazardous waste) or solid (e.g., contaminated soil) sources (Rowe et al. 2004). Landfills 

can have VOC concentrations in the leachate of over: 590 µg/L benzene, 5900 µg/L 

toluene, 1300 µg/L ethylbenzene, 1400 µg/L m&p-xylenes and 670 µg/L o-xylene (Rowe 

1995). Using Henry’s law, concentrations of this magnitude in leachate are calculated 

(Tucker and Nelken 1982) to correspond to landfill gas concentrations of: benzene 

145 mg/m3, toluene 1750 mg/m3, ethylbenzene 450 mg/m3, m-xylene 230 mg/m3, p-xylene 

240 mg/m3 and o-xylene 155 mg/m3. Recently, geomembranes have been used in 

applications which require them to specifically contain significant concentrations of 

hydrocarbons in both aqueous and vapour phases, and extensive research is being 

conducted to investigate the best materials for such a task (Bathurst et al. 2006; Jones et al. 

2013; McWatters et al. 2014a,b; McWatters and Rowe 2014b). This paper focuses, with 

respect to MSW landfills, on mitigating benzene, toluene, ethylbenzene, and xylenes 

(BTEX) emissions through the cover system. 

Some geomembranes have been previously studied for their diffusive resistance with 

respect to BTEX as well as other hydrocarbons. Particular attention to VOC diffusion has 

focused on migration through base liners, which are commonly polyethylene (PE) based 

materials (Aminabhavi and Naik 1998a,b,c, 1999a,b,c,d,e,f; Sangam and Rowe 2001, 

2005; Edil 2003; Joo et al. 2004, 2005; McWatters and Rowe 2007, 2009, 2014a,b; Park et 

al. 2012; Touze-Foltz et al. 2013; Eun et al. 2014, McWatters et al. 2015a,b). Recent 

findings by Ewais and Rowe (2014) have suggested that the properties of geomembranes 

(particularly crystallinity, which directly affects the diffusion characteristics) may vary 
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with geomembrane thickness, even if exactly the same resin is used, suggesting that 

previously reported values of diffusion properties may not be as easily scaled to different 

thicknesses as one might otherwise assume.  

This paper has four objectives: (1) to evaluate the BTEX diffusive properties of four 

vapour barriers; (2) to evaluate the BTEX diffusive properties of six geomembranes, and 

compare with the literature; (3) to use the measured diffusive properties to assess the 

relative performance of the tested geomembranes when used in a landfill cover system and 

evaluate which geomembranes are most likely minimize BTEX migration to the 

atmosphere; and (4) to use the measured diffusive properties of four vapour barriers in a 

model to assess their relative performance for the control VOC migration under building 

foundations, and to compare the results with those for some geomembranes.  

2.2 Background  

2.2.1 Diffusion though polymeric materials 

The process of diffusion through polymeric materials has been described by others and 

only a brief outline will be given here (based on Sangam and Rowe 2001 and McWatters 

and Rowe 2009). The key parameters which define the diffusive characteristics of a vapour 

barrier and geomembrane are the diffusion coefficient, Dg, and partitioning coefficient, Sgf, 

and their product, the permeation coefficient, Pg = Sgf ∙ Dg. The following description of 

the basic theory is based on McWatters and Rowe (2009) and is presented here to aid the 

reader to understand the context of the results derived from the present study using 

equations used by a number of previous researchers (e.g., Park and Nibras 1993;  Müller 

et al. 1998). 
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Diffusion of a compound from either an aqueous solution or in a vapour phase in air 

through geomembranes occurs in three steps: adsorption, diffusion and desorption. 

Contaminants must first partition between the source medium and surface of the 

geomembrane. Once partitioned to the geomembrane, the compound diffuses through the 

geomembrane driven by chemical potential. Finally, the compound partitions between the 

outer geomembrane surface and the receiving medium. After a period of time, equilibrium 

is reached between the concentration in the geomembrane and the concentration in either 

the source or receptor media (Rowe 1998).  

If, as is often the case, there is a film of condensed water on the geomembrane between 

the gas phase and geomembrane then at equilibrium the concentration in the gas and 

aqueous phase can be related by Henry’s Law, viz: 

caq = kH,cc ∙ cgas                [1] 

where caq is the concentration in the aqueous phase (M/L3), cgas is the concentration in the 

vapour phase (M/L3), and kH,cc, is the dimensionless Henry’s coefficient (–) for that 

compound at the appropriate temperature and pressure. Likewise, the equilibrium 

concentration in the geomembrane and an aqueous solution can be related by a relationship 

analogous to Henry’s law: 

cg = Sgf  ∙ cf                                    [2] 

where cg is the concentration in the geomembrane (M/L3), cf is the concentration in the 

aqueous source fluid (M/L3), and Sgf is the partitioning coefficient (–).  

The steady state diffusive flux of a contaminant through a geomembrane is described 

by Fick’s first law: 

f = -Dg ∙ (dcg/dz)               [3] 
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where f is the mass flux (M/L2T-1). The diffusion coefficient, Dg (L2/T) is specific to the 

geomembrane and contaminant of interest, cg is the concentration of the compound in the 

geomembrane (M/L3) and z represents the distance parallel to the direction of transport.  

When the diffusion coefficient is constant, the change in contaminant concentration in 

the geomembrane with time t at some position z, is given by what is known as Fick’s second 

law: 

∂cg/∂t = Dg ∙ (∂2cg/∂z2)                [4] 

Once the contaminant reaches the receptor side of the geomembrane it can partition to 

the adjacent water layer (as assumed here, or gas if there is no water film) as described by: 

c’g = Sgf’ ∙ cf                 [5] 

When the source and receptor fluid are the same, the partitioning coefficient into the 

geomembrane can be assumed to be equal to the partitioning coefficient out of the 

geomembrane (Sgf = Sgf’). In a closed system as examined herein, the partitioning 

coefficient, Sgf, can be inferred in two ways. During the transient stage of the experiment 

Sgf may be estimated along with Dg by fitting a theoretical solution to the observed decrease 

in concentration in the source and the increase concentration in the receptor with time as 

discussed later. If the test is run to equilibrium then Sgf may be deduced from mass balance 

(e.g., see Eq. 12 of Sangam and Rowe 2001). 

The concentration of contaminant inside the geomembrane is very difficult to measure.  

Commonly, the change in concentration in the fluid on either side of geomembrane is 

measured and parameters are deduced based on measured mass transport from the source 

to the receptor. The steady state mass flux from the fluid on one side to that on the other 
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side of a geomembrane when the source and receptor fluids are alike is given by 

rearranging Equations 2 and 3: 

f = -Dg ∙ (dcg/dz) = -Sgf ∙ Dg ∙ (dcf/dz) = -Pg ∙ (dcf/dz)                      [6] 

where the permeation coefficient, Pg (L2/T) represents the mass transfer across the 

geomembrane (Park and Nibras 1993; Müller et al. 1998; Sangam and Rowe 2001) and is 

given by: 

Pg = Sgf ∙ Dg                 [7] 

When there is a finite mass boundary condition (as in these experiments) in both source 

and receptor, both Dg and Sgf can be inferred by modelling the transient diffusion from the 

source to the receptor compartments using the computer program POLLUTEv7 (Rowe and 

Booker 2004). The value of Sgf inferred in this way can be checked against the value of Sgf 

inferred from mass balance at equilibrium. Any mass loss in the system will result in this 

value of Sgf being an overestimate of the real value. 

2.2.2 Temperature Relationship 

The temperature dependence on the partitioning, diffusion and permeation coefficients can 

be related by the Arrhenius equation (Crank and Park 1968) as given in Equations 8, 9 and 

10: 

Dg = Dgo ∙ exp(-Ed/RT)                [8] 

Sgf = Sgfo ∙ exp(ΔHs/RT)                   [9] 

Pg = Pgo ∙exp(-Ep/RT)                            [10] 

where Ed is the activation energy for diffusion [Jmol-1], ΔHs the heat of solution of the 

compound [Jmol-1], and Ep the activation energy for permeation [Jmol-1] (Naylor 1989; 

Chainey 1990). Dgo, Sgfo, and Pgo are the pre-exponential coefficients for diffusion [L2T-1], 
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partitioning [-] and permeation [L2T-1], respectively. R is the universal gas constant 

[VPK-1n-1] and T is the temperature [K]. These equations can be used to estimate the 

diffusion, sorption and permeation coefficients for geomembranes at specific temperatures 

other than the test temperature although care in needed when extrapolating beyond the test 

temperature range. 

As the geomembranes were evaluated at three separate temperatures, with one sample 

per temperature, reliance is placed on the Arrhenius modelling to confirm the modelling of 

each cell. While this is not a true triplicate sampling, given the well-established Arrhenius 

modelling relationships, and high r-squared value of the relationships in permeation 

coefficients observed at three temperatures (minimum = 0.993), this is considered to be 

analogous to triplicate testing. For this reason, only a best fit analysis per contaminant and 

temperature is given, and upper and lower bounds are not considered. 

2.3 Materials and Test Methods 

Manufacturers of the vapour barriers tested make no claims in their literature regarding 

their ability to mitigate VOC migration, and only explicitly state retardation data regarding 

water vapour and radon; however engineers are seeking to use them to mitigate VOC 

intrusion into buildings through concrete foundations. Four vapour barriers are evaluated 

for their BTEX permeation characteristics and their initial properties are listed in Table 

2-1. A fifth vapour barrier (0.53 mm thick co-extruded LLDPE/EVOH/LLDPE) is also 

compared for ethylbenzene and benzene migration, using parameters reported by 

McWatters and Rowe (2014b).  

Six geomembranes are evaluated for BTEX permeation characteristics and their initial 

properties are listed in Table 2-2. The geomembranes include: high density polyethylene 
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(HDPE), linear low density polyethylene (LLDPE); polyvinyl chloride (PVC); 

chlorosulphonated polyethylene (CSPE) as well as two coated polyesters (PET1 and PET2) 

using a blended coating (ketone ethylene-ester / ethylene interpolymer alloy (KEE/EIA)). 

Stainless steel diffusion cells with source (contaminated water in solution) and receptor 

(DI water) compartments were used for aqueous diffusion tests. The barrier (vapour barrier 

or geomembrane) was secured between the source and receptor compartments (Figure 2-1) 

which is a modified version to that used by McWatters and Rowe (2007). The source and 

receptor were sampled using a syringe and BTEX concentration quantified until 

equilibrium was reached. Samples were taken frequently at early stages of testing, and a 

decreased frequency at later stages, when changes in concentration were smaller. Sampling 

was minimized as much as possible because the process of sampling represents the largest 

risk for contamination and/or mass loss. Cells were agitated by magnetic stirrers and 

maintained at 22°C, 32°C and 40°C. Tests at 22°C were at room temperature (with 

temperature recorded daily by a thermometer) while the cells at 32°C and 40°C were in 

temperature-controlled ovens (with temperature also checked using a thermometer). Once 

equilibrium was reached, a mass balance was performed (Appendix A) to check that there 

was no significant leakage from the cells during the tests. 

In practical applications, one can expect thin layers of liquid water adjacent to the 

geomembrane when water vapour is present (due to condensation; McWatters and Rowe, 

2009). For this reason, samples are tested using a dilute aqueous BTEX source solution 

with initial concentrations of approximately 20 - 40 µg/g. Deionized water was placed into 

the cell receptor compartment. The nature of the source (aqueous or air) should have no 

effect on the diffusion coefficient through the geomembrane provided neither solvent 
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affects the geomembrane structure in any significant way (as is the case for water and air 

and the geomembranes considered herein). The partitioning coefficient between the 

geomembrane and BTEX in air, Sga, can be related to that between the geomembrane and 

BTEX in water, Sgf, by the Henry coefficient kH,cc, viz: Sga = Sgf ∙ kH,cc. (McWatters and 

Rowe 2010). Thus the results obtained from the experiments can be used (with the 

adjustment above) for BTEX in either a gaseous or aqueous source fluid when considering 

concentration in terms of mass per unit volume. 

Source and receptor diffusion samples were analyzed by Purge & Trap Gas 

Chromatography/Mass Spectrometry (P&T)-GC/MS using selective ion monitoring 

(SIM). The procedure used a Hewlett Packard 5890 GC with a P&T unit and 5972 mass 

selective detector. The VOC P&T method is based on Environmental Protection Agency 

(USEPA) method 8260 (USEPA 1996). Control and blank samples were run once for every 

ten samples, with acceptable control samples within 80 % – 120 % of the target and blank 

samples below the detection limit.  

A mass balance of each contaminant is evaluated for each cell, comparing the mass of 

contaminant added to the system (mi) with the final mass measured in the system (mf) as a 

percentage (mf / mi × 100 %). The concentration (co) added to the source volume (vs) to 

achieve an initial mass of contaminant in the system (mi = co × vs). The final measured 

concentrations (ce) in the source and receptor (vr), and calculated concentrations (cg) in the 

geomembrane volume (vg) or vapour barrier was performed to confirm evaluate the final 

mass of contaminant in the system (mf = ce × vs + ce × vr + cg × vg). All cells demonstrated 

a mass balance between: 87 % - 120 % for benzene, 85 % - 117 % for toluene, 82 % - 
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117 % for ethylbenzene, 82 % - 119 % for m&p-xylenes, and 87 % - 119 % for o-xylene 

which is typical of this analysis (Appendix A).  

2.4 Results and Discussion 

2.4.1 Diffusion Testing 

The diffusion from the source to the receptor was plotted normalized with respect to the 

initial source concentration (co) for the specific compound and geomembrane with time. 

The diffusion tests were characterized by a decrease in source concentration coupled with 

an increase in receptor concentration until both values eventually reach equilibrium (e.g., 

Figure 2-2). At room temperature, the vapour barriers reached equilibrium within 

approximately 10 - 14 days, while for the geomembranes, depending on the material, it 

took approximately 40 – 60 days to reach equilibrium. The diffusion coefficients were 

inferred by fitting the results of the theoretical model (POLLUTEv7) to the observed 

change in concentrations with time. Where triplicate testing was not conducted (vapour 

barriers), upper bounds (UB) and lower bounds (LB) were obtained by selecting values of 

Sgf and Dg to bracket the majority of data points for the source and receptor as discussed 

earlier (e.g., Figure 2-2) as well at the best estimates (BE) are given in Table 2-3. The best 

estimate partitioning coefficients were inferred from the transient curves and were checked 

based on the final equilibrium concentrations.  

2.4.2 Vapour Barrier Results 

The permeation parameters (Sgf, Dg and Pg) inferred for each BTEX compound for the four 

vapour barriers are given in Table 2-3. All values are within half an order of magnitude of 

that for the other vapour barriers (which suggests that the base resin PE is dominating the 
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diffusive characteristics). All four vapour barriers are PE based materials and have similar 

values of Pg in terms of diffusive resistance of the material (for a comparable thickness) at 

22oC. The ranking of best estimate Pg values (i.e., lowest to highest) inversely correlates 

with the ranking of sample crystallinity (i.e., highest to lowest); VB4 with the highest 

crystallinity (52 ± 3 %) having the lowest Pg (best estimate benzene = 5.0 × 10-11 m2/s), 

and VB2 with the lowest crystallinity (32 ± 9 %) having the highest Pg (best estimate 

benzene = 8.3 × 10-11 m2/s). A similar trend was observed for all BTEX contaminants. 

However, the values were spread over a narrow range such that the thickness of the vapour 

barrier was also likely to be a significant contributing factor affecting VOC containment. 

2.4.3 Geomembranes 

The diffusion parameters were deduced for the six geomembranes at temperatures of 22, 

32, and 40oC. The inferred values of Sgf, Dg and Pg are reported for each type of 

geomembrane and temperature in Table 2-4, Table 2-5, Table 2-6, Table 2-7, Table 2-8, 

and Table 2-9. Plotting the natural logarithm of the permeation coefficient, ln (Pg), for a 

given compound and geomembrane against the inverse of temperature (K), 1/T gives an 

Arrhenius relationship for the cases examined (e.g., Figure 2-3). Figure 2-3 indicates that, 

irrespective of the temperature examined, HDPE had the lowest permeation of 

ethylbenzene followed by, CSPE, then PET2. PET1 and LLDPE were too tightly grouped 

to distinguish a difference graphically. PVC was the most distinctly different of the six 

geomembranes with a much higher permeation coefficient than the others. Trends observed 

for ethylbenzene in Figure 2-3 are typical of that observed for all BTEX contaminants.  

The best fit to the data in these Arrhenius plots can be used to infer the parameters 

(Eq. 10) for each geomembrane (Table 2-10) and these equations can be used to assess the 
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permeation coefficient, Pg, for temperatures other than those used for these five compounds 

and six geomembranes examined. Inspection of the equations in Table 2-10 shows a similar 

general trend in terms of the effectiveness as a diffusion barrier of the six geomembranes 

for all the compounds as that discussed above for ethylbenzene, with HDPE consistently 

having the lowest Pg values and PVC consistently having the highest. 

Data from the current study at room temperature and elevated temperatures applicable 

to landfill covers and brownfield sites in many parts of the world fit well with results 

obtained at temperatures more applicable to colder climates obtained by McWatters et al. 

(2015b) for HDPE, LLDPE and PVC (Figure 2-4). Minor differences in the results for a 

given polymer may be largely attributed to the fact that the geomembranes tested, while of 

similar general polymer type, were from different manufactures and were not exactly the 

same resin. For example it is known that a change in crystallinity changes the diffusion 

characteristic of HDPE (Islam and Rowe 2009). From the similarity of the slope of the 

Arrhenius plot for temperatures above and below room temperature evident from Figure 

2-4 for HDPE, LLDPE and PVC it appears that the equations for the other geomembranes 

from McWatters et al. (2015b) (denoted as HDPE*, PVC*, LLDPE* and LLDPE**) likely 

can also be extrapolated to temperatures higher than those at which the tests were 

performed and likewise suggest that the present study results may be extrapolated to lower 

temperatures (i.e., similar to that used McWatters et al. 2015b). 

Diffusion coefficients tend to decrease with increasing molecule size. viz: Dg (benzene) 

> Dg (toluene) > Dg (ethylbenzene) > Dg (xylenes) (Park and Nibras 1993; Sangam and 

Rowe 2001, 2005; Njobuenwu et al. 2005; Islam and Rowe 2009). This was observed in 

most of the samples; however a decreasing coefficient was not always the case. Rates of 
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diffusion are higher at increased temperature, consequently there is a larger percentage of 

error associated with these values. When evaluated over a temperature range, the trend 

lines observed show that the Pg values correspond well to molecular size, and any sample 

deviating from this trend is likely an outlier. 

2.5 Practical Applications 

2.5.1 Landfill Cover system 

The six geomembranes tested are too thin to act as base liners in MSW landfills in many 

jurisdictions (e.g., MOECC 1998) and any use in landfills would as part of a final cover 

system. An evaluation of steady state BTEX flux through all six geomembranes (based on 

Fick’s First law) at room temperature is presented in Table 2-11. HDPE gave the lowest 

steady state diffusive flux through the geomembranes tested, then CSPE (3.0 times HDPE), 

LLDPE (3.9 times HDPE), PET1 (4.4 times HDPE), PET2 (5.1 times HDPE) followed by 

PVC (10 times HDPE). The flux calculations are based on the measured thickness of each 

product, and the impacts are not normalized with respect to thickness. 

The results for BTEX migration can also be loosely interpreted as a reference 

contaminant for other VOCs (e.g., chlorinated hydrocarbons such as TCE, PCE and DCM). 

HDPE is likely to have the lowest Pg to TCE, PCE or DCM diffusion than the other 

geomembranes tested, and the same trend of Pg HDPE < Pg CSPE < Pg PVC is expected 

for other VOCs. Consideration of the actual permeation of other contaminants cannot be 

determined without direct study.  
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2.5.2 Vapour Barriers 

Vapour barriers are compared for an application where they are installed below a concrete 

slab to minimize the concentrations of VOCs inside of a warehouse. All four PE based 

vapour barriers were evaluated using the measured product thickness and permeation 

parameters. A good vapour barrier may be considered to be one which keeps indoor air 

concentrations well below the NIOSH REL for each contaminant considered. To assess the 

relative performance, modelling of the same hypothetical case was conducted using 

POLLUTEv7 (Rowe and Booker 2004) only changing the vapour barrier. 

The modelling considered diffusion of BTEX from a source at the solubility limit in the 

aqueous phase (1780 mg/L benzene, 535 mg/L toluene, 175 mg/L ethylbenzene, 135 mg/L 

m-xylene, 198 mg/L p-xylene, and 152 mg/L o-xylene; EUGRIS 2015) in the contaminated 

soil up through a 0.3 m (dry) foundation gravel, the vapour barrier being considered, and 

0.3 m of cracked concrete (assumed crack porosity of 0.005) and into a 5 m high, 100 m × 

100 m warehouse, assuming an air exchange rate of 0.25 hr-1 (i.e., 25 % of the total air 

inside is exchanged every hour) in the warehouse (Johnson 2002). To provide additional 

insight, two of the geomembranes tested in this study (PVC and HDPE) are also evaluated 

for their use as a vapour barrier to investigate whether a thicker geomembrane, commonly 

used for containment of VOCs may be more appropriate. PVC and HDPE were selected 

for this comparison because they bracket geomembrane resistance to BTEX migration for 

the geomembranes examined in this study (HDPE showed the greatest resistance to BTEX 

migration and PVC the least).  

For the case considered, VB2 and VB4 are effective at containing ethylbenzene, 

reaching an average indoor equilibrium concentration (2 – 6 mg/m3, depending on the 
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values used) well below the NOISH REL (435 mg/m3) within approximately 20 days 

(Figure 2-5). The uncertainty of the Sgf and Dg parameters is demonstrated by Figure 2-5, 

where the upper bound of VB4 (the vapour barrier with the best diffusive resistance) was 

able to maintain indoor air concentration approximately equal to the best estimate of VB2 

(the vapour barrier with least diffusive resistance). Of the four vapour barriers, VB2 was 

the least effective (i.e., allowed the highest indoor concentration) while VB4 was the most 

effective (lowest concentration). A similar observation was made for toluene and xylenes 

with respect to the NOISH REL (Table 2-12). Comparing ethylbenzene migration through 

the vapour barriers with migration through geomembranes (Figure 2-6) shows HDPE is 

able to maintain approximately one order of magnitude lower concentrations than PVC and 

the four vapour barrier allowed an approximately four-fold higher indoor concentrations 

than HDPE but a little less than half that allowed by PVC (Figure 2-6 and Table 2-12 ). 

For comparison, data from McWatters and Rowe (2014b) for a 0.53 mm thick co-extruded 

LLDPE/EVOH/LLDPE was used to evaluate its relative performance and it was found to 

keep indoor air concentrations of ethylbenzene approximately one order of magnitude 

lower than HDPE (Figure 2-6 and Table 2-12). All the vapour barriers and geomembranes 

allowed an adequately low concentration of toluene, ethylbenzene and xylenes for the case 

examined. This was not the case for benzene. 

Benzene has a much lower NIOSH REL (3.2 mg/m3) than toluene, ethylbenzene and 

xylenes (Table 2-12). Of the geomembranes and vapour barriers examined in this study, 

only HDPE was able to maintain indoor air concentrations of benzene below the 

NIOSH REL (Figure 2-7 and Table 2-12). The co-extruded LLDPE/EVOH/LLDPE was 

able to maintain a one order of magnitude lower indoor benzene concentration than HDPE, 
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despite being much thinner. The contaminant impact on air quality discussed above 

corresponds to the calculated average air concentration in the building. The highest 

concentration in the building was at floor level (i.e., just above the concrete; Table 2-13). 

A comparison of the results in Table 2-12 and Table 2-13 shows the effect of dilution in 

the building (with an air exchange of 0.25 hr-1). At this location toluene, ethylbenzene and 

xylenes are all still below the specified NIOSH REL but this is not the case for benzene 

even for HDPE (Table 2-13) and hence reliance is placed on dilution (air exchange) to 

protect workers. The co-extruded LLDPE/EVOH/LLDPE, using data from McWatters and 

Rowe (2014b) was the only geomembrane able to maintain benzene concentrations at the 

interface below the NIOSH REL. 

HDPE geomembrane and the PE based vapour barriers had similar diffusive 

characteristics, however the HDPE geomembrane tested was over twice as thick as any of 

the vapour barriers (0.79 mm compared to 0.26 – 0.37 mm, respectively), which was a 

significant factor aiding the minimization of calculated contaminant migration in this case. 

This difference may be increased by considering a thicker geomembrane (1.5 mm and 

2.4 mm) with the same diffusive properties (Table 2-12). Even a 2.4 mm thick HDPE 

geomembrane was not able to maintain benzene concentrations at the interface of the 

concrete and the floor below the NIOSH REL (Table 2-13). 

Although the VBs were much thinner (VB1 = 0.28 mm, VB2 = 0.37 mm, VB3 = 

0.36 mm, and VB4 = 0.35 mm) than PVC (1.02 mm), they performed better than PVC as 

a diffusion barrier, keeping the indoor air concentrations lower than PVC for all 

contaminants examined (Table 2-12 and Table 2-13). This is due to the much lower Pg 
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values (e.g., VB1 – VB4 ethylbenzene = 7.8 - 14 × 10-11 m2/s, vs PVC ethylbenzene = 57 

× 10-11 m2/s). 

2.6 Conclusions 

The diffusive properties of six different types of geomembranes and four vapour barriers 

have been evaluated.  The implications of the different diffusive characteristics were 

discussed in the context of two example cases. 

For the materials and conditions examined, it is concluded that:  

1. The HDPE geomembrane had the lowest permeation coefficient (Pg), followed by, 

CSPE, with similar values for PET1, PET2 and LLDPE. PVC had the highest Pg.  

2. The lowest steady state flux across a landfill cap was for HDPE, followed by CSPE, 

LLDPE, PET1, PET2 and then PVC with the highest value. 

3. The lowest Pg for the four vapour barriers was for VB4, followed by VB1, VB3 

and then VB2, which inversely correlated to the crystallinities of each VB.  

4. Using the actual measured thickness and diffusion and partitioning coefficients to 

model a barrier below a hypothetical building foundation on brownfield site, the 

peak indoor air quality was least impacted by 0.53 mm co-extruded 

LLDPE/EVOH/LLDPE, followed by HDPE. Of the vapour barriers, VB4 

consistently performed the best, with VB2 performing the poorest (although, the 

range was not large). PVC was outperformed by VB1 – VB4 for all contaminants, 

despite being almost three times thicker.  

5. When considering the effect on peak indoor air quality, the performance of a 

geomembrane and its Dg and Sgf need to be considered, as even a relatively thin, PE 
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based vapour barrier was able to outperform a much thicker, but poorer diffusive 

(PVC) barrier geomembrane. 

6. Benzene, with its much lower indoor air quality guidelines, and larger Dg values 

than other chemicals is likely to govern design, and was only able to be contained 

by 0.79 mm (or greater) HDPE or a 0.53 mm co-extruded LLDPE/EVOH/LLDPE 

in the scenario examined.  

7. Other things being equal, a thicker geomembrane may be expected to represent a 

better diffusive barrier to BTEX.  

8. This paper has only considered the performance of each liner with respect to 

diffusive migration. No attention was paid to other potentially critical factors 

affecting geomembrane selection including: interface shear, resistance to puncture, 

tear or differential settlement, or the liner service life (Rowe 2012) and these factors 

would also need to be considered in the design of a barrier system. 
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Table 2-1 Vapour barrier materials examined. 

Vapour 

Barrier 

Material Crystallinity Nominal 

Thickness 

Measured 

Thickness 

Measured 

Thickness 

Notes 

    (%) (mil) (mil) (mm) - 
VB1 PE  36 ± 3  15 11.1 0.28 Coated Woven Material 
VB2 PE  32 ± 9 15 14.6 0.37 Solid Material 
VB3 PE   37 ± 12  15 14.1 0.36 Solid Material 
VB4 PE  52 ± 3 15 13.8 0.35 Solid Material 

Where: VB1 = Viper Vapour Barrier, VB2 = Perminator Vapour Barrier, VB3 = Husky Yellow Guard 
Vapour Barrier and VB4 = Stegowrap Vapour Barrier.  

Table 2-2 Geomembranes Examined. 

Geomembrane Units HDPE LLDPE PVC PET1 PET2 CSPE 

Nominal Thickness (mil) 30 40 40 30 36 45 

Measured Thickness (mm) 0.79 1.14 1.02 0.84 0.81 1.14 

Density (g/cm3) 0.94 0.94 1.2 1.02 1.02  1.65 

Crystallinity (%) 
39 

(SD=1.5, 
n=5) 

32 
(SD=0.3, 

n=5) 
- - - - 

Where: HDPE = high density polyethylene, LLDPE = linear low density polyethylene, PVC = polyvinyl 
chloride, PET1 = XR5 8130 (ketone ethylene-ester coated polyester), PET2 = Petrogard VI (ketone 
ethylene-ester coated polyester), CSPE = chlorosulphonated polyethylene (Hypalon), SD = standard 
deviation, and n = number of replicates 
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Table 2-3 Comparison of partitioning coefficient, Sgf, diffusion coefficient, Dg, and 

permeation coefficient, Pg, for each vapour barrier and compound examined at 22oC. 

  
  
  

Sgf 

Benzene Toluene Ethylbenzene m&p-Xylenes o-Xylenes 

LB BE UB LB BE UB LB BE UB LB BE UB LB BE UB 

VB1 500 575 675 600 675 750 600 675 750 1050 1125 1200 900 950 1025 

VB2 500 590 700 600 675 775 600 750 850 1100 1175 1300 900 1050 1150 

VB3 490 530 600 600 650 685 620 660 700 850 900 960 720  785 830 

VB4 450 500 540 550 590 625 600 650 710 800 860 920 650 710 760 

  
  
  

Dg × 1013 m2s-1 

Benzene Toluene Ethylbenzene m&p-Xylenes o-Xylenes 

LB BE UB LB BE UB LB BE UB LB BE UB LB BE UB 

VB1 0.7 1.0 1.4 0.9 1.2 2.5 1.0 1.3 3.0 0.8 1.4 2.8 1.0 1.3 2.8 

VB2 1.0 1.4 2.2 1.1 1.6 1.9 0.7 1.8 3.4 0.7 1.8 2.6 0.9 1.8 2.4 

VB3 0.9 1.2 1.8 0.9 1.3 4.0 1.1 1.4 4.5 1.0 1.4 3.3 1.0 1.5 3.4 

VB4 0.7 1.0 3.0 0.8 1.1 2.0 0.7 1.2 1.8 0.8 1.3 2.1 0.6 1.2 1.8 

  
  
  

Pg × 1010 m2s-1 

Benzene Toluene Ethylbenzene m&p-Xylenes o-Xylenes 

LB BE UB LB BE UB LB BE UB LB BE UB LB BE UB 

VB1 0.35 0.58 0.95 0.54 0.81 1.9 0.60 0.88 2.3 0.84 1.6 3.4 0.90 1.2 2.9 

VB2 0.50 0.83 1.5 0.66 1.1 1.5 0.42 1.4 2.9 0.77 2.1 3.4 0.81 1.9 2.8 

VB3 0.44 0.64 1.1 0.54 0.85 2.7 0.68 0.92 3.2 0.85 1.3 3.2 0.72 1.2 2.8 

VB4 0.32 0.50 1.6 0.44 0.65 1.3 0.42 0.78 1.3 0.64 1.1 1.9 0.39 0.85 1.4 
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Table 2-4 Sgf, Dg and Pg values for BTEX through HDPE. 

Temperature 22oC 32oC 40oC 

  Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 

Benzene 110 1.1 × 10-13 1.2 × 10-11 130 3.2 × 10-13 4.2 × 10-11 140 5.2 × 10-13 7.3 × 10-11 

Toluene 200 1.0 × 10-13 2.0 × 10-11 230 2.8 × 10-13 6.4 × 10-11 245 5.0 × 10-13 1.2 × 10-10 

Ethylbenzene 420 9.0 × 10-14 3.8 × 10-11 475 2.5 × 10-13 1.2 × 10-10 505 4.9 × 10-13 2.5 × 10-10 

m&p-Xylenes 650 9.0 × 10-14 5.9 × 10-11 680 2.6 × 10-13 1.8 × 10-10 715 4.9 × 10-13 3.5 × 10-10 

o-Xylene 480 9.0 × 10-14 4.3 × 10-11 485 2.5 × 10-13 1.2 × 10-10 520 4.8 × 10-13 2.5 × 10-10 

 

Table 2-5 Sgf, Dg and Pg values for BTEX through LLDPE. 

Temperature 22oC 32oC 40oC 

  Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 

Benzene 155 3.5 × 10-13 5.4 × 10-11 160 7.1 × 10-13 1.1 × 10-10 165 1.3 × 10-14 2.2 × 10-10 

Toluene 350 3.3 × 10-13 1.2 × 10-10 455 6.9 × 10-13 3.1 × 10-10 505 1.2 × 10-14 6.1 × 10-10 

Ethylbenzene 765 3.1 × 10-13 2.4 × 10-10 950 6.8 × 10-13 6.5 × 10-10 1250 1.2 × 10-14 1.5 × 10-9 

m&p-Xylenes 915 3.1 × 10-13 2.8 × 10-10 1085 6.7× 10-13 7.3 × 10-10 1400 1.1 × 10-14 1.5 × 10-9 

o-Xylene 870 3.1 × 10-13 2.7 × 10-10 1010 6.7× 10-13 6.8 × 10-10 1370 1.1 × 10-14 1.5 × 10-9 

 

Table 2-6 Sgf, Dg and Pg values for BTEX through PVC. 

Temperature 22oC 32oC 40oC 

  Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 

Benzene 120 1.0 × 10-12 1.2 × 10-10 165 1.8 × 10-12  3.0 × 10-10 175 3.5 × 10-12 6.1 × 10-10 

Toluene 290 9.5 × 10-13 2.8 × 10-10 375 1.7 × 10-12  6.4 × 10-10 450 3.1 × 10-12 1.4 × 10-9 

Ethylbenzene 830 6.9 × 10-13 5.7 × 10-10 985 1.5 × 10-12 1.5 × 10-9 1090 2.9 × 10-12 3.2 × 10-9 

m&p-Xylenes 1020 6.9 × 10-13 7.0 × 10-10 1110 1.5 × 10-12 1.7 × 10-9 1220 2.9 × 10-12 3.5 × 10-9 

o-Xylene 915 7.0 × 10-13 6.4 × 10-10 1030 1.5 × 10-12 1.6 × 10-9 1115 2.8 × 10-12 3.1 × 10-9 
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Table 2-7 Sgf, Dg and Pg values for BTEX through CSPE. 

Temperature 22oC 32oC 40oC 

  Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 

Benzene 140 2.7 × 10-13 3.8 × 10-11 160 5.6 × 10-13 9.0 × 10-11 190 9.5 × 10-13 1.8 × 10-10 

Toluene 385 2.6 × 10-13 1.0 × 10-10 470 5.3 × 10-13 2.5 × 10-10 580 8.3 × 10-13 4.8× 10-10 

Ethylbenzene 720 2.4 × 10-13 1.7 × 10-10 850 5.0 × 10-13 4.3 × 10-10 1080 8.2 × 10-13 8.0 × 10-10 

m&p-Xylenes 850 2.5 × 10-13 2.1 × 10-10 1075 4.8 × 10-13 5.2 × 10-10 1250 8.3 × 10-13 1.0 × 10-9 

o-Xylene 755 2.4 × 10-13 1.8 × 10-10 1025 5.0 × 10-13 5.1 × 10-10 1125 8.3 × 10-13 9.3 × 10-10 

 

Table 2-8 Sgf, Dg and Pg values for BTEX through PET1. 

Temperature 22oC 32oC 40oC 

  Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 

Benzene 220 2.1 × 10-13 4.6 × 10-11 230 4.6 × 10-13 1.1 × 10-10 245 8.6 × 10-13 2.1 × 10-10 

Toluene 640 1.7 × 10-13 1.1 × 10-10 700 4.4 × 10-13 3.1 × 10-10 710 8.4 × 10-13 6.0 × 10-10 

Ethylbenzene 1200 1.5 × 10-13 1.8 × 10-10 1310 4.1 × 10-13 5.4 × 10-10 1370 8.1 × 10-13 1.1 × 10-9 

m&p-Xylenes 1450 1.5 × 10-13 2.2 × 10-10 1530 4.1 × 10-13 6.3 × 10-10 1600 8.1 × 10-13 1.3 × 10-9 

o-Xylene 1275 1.5 × 10-13 1.9 × 10-10 1310 4.2 × 10-13 5.5 × 10-10 1420 8.1 × 10-13 1.2 × 10-9 

 

Table 2-9 Sgf, Dg and Pg values for BTEX through PET2. 

Temperature 22oC 32oC 40oC 

  Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 (-) m2s-1 m2s-1 

Benzene 245 1.8 × 10-13 4.4 × 10-11 260 4.0 × 10-13 1.0 × 10-10 265 7.7 × 10-13 2.0 × 10-10 

Toluene 630 1.7 × 10-13 1.1 × 10-10 650 3.8 × 10-13 2.5 × 10-10 665 7.6 × 10-13 5.1 × 10-10 

Ethylbenzene 1800 1.3 × 10-13 2.3 × 10-10 1875 3.5 × 10-13 6.6 × 10-10  1950 7.5 × 10-13 1.5 × 10-9 

m&p-Xylenes 1890 1.4 × 10-13 2.7 × 10-10 2000 3.5 × 10-13 7.0 × 10-10 2075 7.5 × 10-13 1.6 × 10-9 

o-Xylene 1820 1.4 × 10-13 2.6 × 10-10 1950 3.4 × 10-13 6.6 × 10-10  2025 7.5 × 10-13 1.5 × 10-9 
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Table 2-10 Pre-exponential coefficients for all six geomembranes tested. Temperature, T, is 

in Kelvin (K).  

Geomembrane Contaminant 
Sgfo Hs Dgo Ed Pgo Ep 
(-) kJ/mol m2/s kJ/mol m2/s kJ/mol 

H
D

P
E

 
Benzene 7700 10 8.4 × 10-2 67.0 640 77.4 

Toluene 7100 8.8 1.8 × 10-1 69.1 1300 77.8 

Ethylbenzene 20000 7.9 6.3 × 10-1 72.5 6700 80.4 
m&p-Xylenes 3600 4.0 6.8 × 10-1 72.6 2300 76.7 
o-Xylene 1800 3.3 4.5 × 10-1 71.7 810 74.9 

L
L

D
P

E
 

Benzene 460 2.7 4.3 × 10-3 57.1 2 58.5 
Toluene 230000 16 1.9 × 10-3 55.1 420 70.9 
Ethylbenzene 350000 21 5.3 × 10-3 57.8 18000 78.5 
m&p-Xylenes 130000 18 1.2 × 10-3 54.2 1600 72.1 
o-Xylene 190000 19 1.2 × 10-3 71.3 2400 73.1 

C
S

P
E

 

Benzene 26000 13 8.8 × 10-4 53.7 24 66.6 
Toluene 450000 17 1.7 × 10-4 49.7 75 67.0 
Ethylbenzene 730000 17 2.4 × 10-4 50.7 360 69.6 
m&p-Xylenes 710000 17 1.4 × 10-1 76.3 190 67.6 
o-Xylene 900000 17 5.9 × 10-4 53.0 530 70.3 

P
E

T
1

 

Benzene 990 3.4 9.0 × 10-3 60.0 12 64.6 
Toluene 4100 4.5 2.2 × 10-1 68.3 880 72.8 
Ethylbenzene 12000 5.7 8.9 × 10-1 72.1 11000 77.8 
m&p-Xylenes 8000 4.2 8.9 × 10-1 72.1 7100 76.3 
o-Xylene 7800 4.5 9.3 × 10-1 72.2 7200 76.6 

P
E

T
2

 

Benzene 1400 4.5 1.6 × 10-2 61.9 16 65.3 
Toluene 1600 2.3 3.2 × 10-2 63.7 51 66.0 
Ethylbenzene 7200 3.4 4.6 × 10-1 74.7 16000 78.1 
m&p-Xylenes 9700 4.0 6.1 × 10-1 71.4 5900 75.4 
o-Xylene 12000 4.6 5.8 × 10-1 71.3 6800 75.9 

P
V

C
 

Benzene 100000 17 2.3 × 10-3 52.9 240 69.4 
Toluene 610000 19 6.8 × 10-4 50.1 420 68.8 
Ethylbenzene 98000 12 4.4 × 10-2 61.1 4300 72.8 
m&p-Xylenes 22000 7.6 4.4 × 10-2 61.1 990 68.6 
o-Xylene 29000 8.5 2.0 × 10-2 59.0 560 67.5 
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Table 2-11 Calculated mass flux of contaminants through landfill liner cap in typical MSW 

landfill at 22oC. 

  Benzene Toluene Ethylbenzene 
m&p-  

xylenes 
o-xylene 

Average Flux (all 
contaminants) 

divided by  
HDPE flux 

  (mg ∙ m-2 ∙ s-1) (-) 

HDPE 2.2 × 10-5 4.4 × 10-4 2.2 × 10-4 3.5 × 10-3 8.4 × 10-5 1.0 

LLDPE 6.9 × 10-5 1.8 × 10-3 9.4 × 10-4 1.2 × 10-3 3.7 × 10-4 3.9 

PET1 7.9 × 10-5 2.3 × 10-3 9.7 × 10-4 1.2 × 10-3 3.5 × 10-4 4.4 

PET2 7.9 × 10-5 2.3 × 10-3 1.3 × 10-3 1.5 × 10-3 4.9 × 10-4 5.1 

CSPE 4.8 × 10-5 1.5 × 10-3 6.8 × 10-4 8.7 × 10-4 2.5 × 10-4 3.0 

PVC 1.7 × 10-4 4.7 × 10-3 2.5 × 10-3 3.2 × 10-3 9.7 × 10-4 10 
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Table 2-12 Peak indoor air concentration (averaged over the 5 m indoor building height) in the building for the case considered  

 Benzene Toluene Ethylbenzene m-Xylene p-Xylene o-Xylene 

units (mg/m3) (mg/m3) (mg/m3) (mg/m3) (mg/m3) (mg/m3) 

NIOSH REL 3.2 375 435 435 435 435 

0.28 mm VB1 24 11 4.1 4.1 6.1 3.4 

0.37 mm VB2 26 11 4.2 4.2 6.1 3.7 

0.36 mm VB3 21 9.2 3.7 3.3 4.8 2.8 

0.35 mm VB4 18 7.8 3.3 3.1 4.6 2.3 

1.02 mm PVC 37 23 10 8.7 13 6.7 

0.79 mm HDPE 2.5 1.4 1.0 1.1 1.6 0.67 

1.5 mm HDPE 1.1 - - - - - 

2.4 mm HDPE 0.60 - - - - - 

0.53 mm Co-extruded 
LLDPE/EVOH/LLDPE+ 

8 × 10-4 - 3 × 10-6 - - - 

All modelled values rounded to two significant figures 
+Modelled using diffusion data from McWatters and Rowe (2015) 
-Not calculated 
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Table 2-13 Peak indoor air concentration at the interface between the concrete floor and the building air for the case considered 

 Benzene Toluene Ethylbenzene m-Xylene p-Xylene o-Xylene 

units (mg/m3) (mg/m3) (mg/m3) (mg/m3) (mg/m3) (mg/m3) 

NIOSH REL 3.2 375 435 435 435 435 

0.28 mm VB1 240 110 41 42 61 34 

0.37 mm VB2 260 110 42 42 61 37 

0.36 mm VB3 210 92 39 37 48 28 

0.35 mm VB4 180 80 33 31 46 23 

1.02 mm PVC 370 230 100 87 130 67 

0.79 mm HDPE 22 14 9.9 11 16 6.7 

1.5 mm HDPE 11.1 - - - - - 

2.4 mm HDPE 6.9 - - - - - 

0.53 mm Co-extruded 
LLDPE/EVOH/LLDPE+ 

8 × 10-3 - 3 × 10-5 - - - 

All modelled values rounded to two significant figures 
+Modelled using diffusion data from McWatters and Rowe (2015) 
-Not calculated 
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Figure 2-1 Photograph of the stainless steel diffusion cell testing device. 
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Figure 2-2 Graph showing source depletion and receptor gain of ethylbenzene through VB2, 

including upper and lower bounds. 
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Figure 2-3 Arrhenius comparison of all six geomembranes tested for ethylbenzene diffusion. 

Note that plots and trend lines for PET2 and LLDPE are overlapping. Trend lines are 

plotted, as calculated in Table 2-10. 
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Figure 2-4 Comparison of Arrhenius results for benzene diffusion through HDPE, LLDPE 

and PVC from this study with that previously published at room temperature and lower 

temperatures.  

Note:  (HDPE*, PVC*, LLDPE* and LLDPE** from McWatters et al. 2015b). 
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Figure 2-5 Ethylbenzene migration indoors through a VB2 and VB4 into a simulated 

warehouse. 

Note: NOISH REL is 435 mg/m3.  
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Figure 2-6 Ethylbenzene migration indoors in simulated warehouse, comparing different 

geomembrane products. NIOSH REL (435 mg/m3) is not shown 

Note: “LLDPE/EVOH/LLDPE” is using data from McWatters and Rowe (2015) and has an equilibrium of 
3 × 10-5 mg/m3, and is not distinguishable from the bottom axis at this scale.  
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Figure 2-7 Benzene migration indoors in simulated warehouse, comparing the use of VB2 

and VB4 to PVC and HDPE geomembrane, and NIOSH REL. 

Note, “LLDPE/EVOH/LLDPE” is using data from McWatters and Rowe (2015) has an equilibrium of 8 × 
10-3 mg/m3 and is hardly distinguishable from the bottom axis at this scale.  
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Chapter 3  

Polychlorinated biphenyl diffusion through HDPE geomembrane 

3.1 Introduction 

For many years, polychlorinated biphenyls (PCBs) were widely used as electrical 

insulators, especially in transformers. Non-volatile and with low water solubility, PCBs do 

not readily degrade and are persistent organic pollutants (POPs). PCBs have been reported 

to cause a number of adverse health effects and have been classed as a probable human 

carcinogen (USEPA 2013b). Because they are harmful to human health, many countries 

restrict their incidence in drinking water to very low levels. The United States EPA set at 

a maximum contaminant level of 0.5 µg/L in drinking water (USEPA 2014). Drinking 

water limits in Ontario, Canada are 3.0 µg/L (MOECC 2003). 

Due to concern for human health and the environment, PCBs were banned from 

production in Canada in 1977 (Environment Canada 2014) and in the United States in 1979 

(USEPA 2013a). However, PCBs have a very long legacy.  More than 30 years after they 

were banned they can be found leaking from old equipment dumps and spills that occurred 

before production was banned. In the 21st Century they are still found in electronic waste 

in concentrations averaging 14 mg/kg (Robinson 2009) and these wastes are not always 

diverted from municipal waste streams. Thus, PCBs continue to enter municipal solid 

waste (MSW) landfills at low concentrations. Limited published data exists on PCB 

concentrations in MSW landfill leachate; however, studies have reported concentrations 

(3.1 - 5.3 µg/L; Haarstad and Borch 2008 and Yuan et al. 2012) which significantly exceed 

both the United States’ and Ontario’s impacts permitted for a landfill.  
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Large amounts of low level PCB-contaminated materials (< 50 µg/g) have, at times, 

been stored in engineered monofill facilities (McWatters 2010; Jones et al., 2010, 2011) 

when destructive disposal was not a cost effective option (Kalinovich et al. 2008, 2012). 

These monofills are required to prevent migration of PCBs to the surrounding environment 

and therefore have an engineered barrier system much like the barrier system of a MSW 

landfill.   

To contain contaminants, modern landfills often have a composite liner system 

comprised of a high density polyethylene (HDPE) geomembrane over a clay liner. HDPE 

geomembranes are manufactured plastic sheets (1.5 – 3.0 mm thick) welded together after 

deployment in a landfill.  They are used primarily to limit advective contaminant transport 

(i.e., leakage; Rowe et al. 2004; Rowe 2012; Koerner 2012). The only transport mechanism 

through an intact geomembrane is molecular diffusion. However, the likelihood of 

achieving a perfectly intact geomembrane in the field is very low. It is partly for this reason 

that in landfills, the geomembrane is used in conjunction with either a compacted clay liner 

(CCL) and/or a geosynthetic clay liner (GCL) as part of a composite liner (e.g., MOECC 

1998; Rowe et al. 2004; Rowe and Brachman 2004) to limit the flow (leakage) through any 

holes in the geomembrane.  

Landfill designs often assume that there will be some flow through holes/defects in the 

geomembrane. The flow through geomembrane defects is governed by a number of factors 

(Rowe et al. 2004, Rowe and Brachman 2004) and can be calculated in accordance with 

Rowe (1998, 2012) or Touze-Foltz et al. (1999). Knowing that PCBs are harmful to humans 

but are present in MSW streams, it is important to design MSW landfill barrier systems to 

contain PCBs. However, there is a paucity of information regarding how PCBs migrate 
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through waste containment systems, and especially how they diffuse through the high 

density polyethylene (HDPE) geomembranes commonly used in engineered barrier 

systems. The only previous study of PCB migration through polymers in the archival 

literature (Pascall et al. 2005) focused on very thin films (0.018 – 0.031 mm) and is not 

directly relevant to HDPE geomembranes used in landfills. There is no relevant 

information regarding the partitioning of PCBs to an HDPE geomembrane or their 

diffusion through a geomembrane. Thus, it is necessary to evaluate how PCBs migrate 

through geomembrane liners and investigate realistic design conditions involving a 

geomembrane liner in a MSW landfill.   

The objectives of this paper are to: (a) Evaluate the diffusive properties of PCBs through 

an HDPE geomembrane, and hence to provide diffusive parameters that can used to 

evaluate if PCBs are likely to be of concern for a particular application; (b) Evaluate if 

PCB partitioning to the geomembrane from water is equal to that from the geomembrane 

into water; (c) Examine the potential contaminant escape by diffusion alone and compare 

it with that which would occur for different reasonable scenarios involving holes in the 

geomembrane; and; (d) Compare the migration of the conservative contaminant chloride 

with that of PCBs for a series of hypothetical landfill scenarios to evaluate which 

contaminant is more likely to govern the design of a landfill based on Ontario’s landfill 

regulations (MOECC 1998). 

3.2 Background 

3.2.1 Polychlorinated Biphenyls 

Biphenyl has 10 separate locations where a chlorine atom can attach, and hence there are 

209 different possible unique combinations of between 1 to 10 chlorine atoms attached to 
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a biphenyl molecule (i.e., congeners) to form PCBs. The solubility of different PCB 

congeners in water varies depending on the number of chlorine atoms per molecule, with 

the lower chlorinated compounds generally being more soluble. PCBs studied in this paper 

are those present in Aroclor 1242, a once widely used commercial congener mixture with 

an average chlorination of 3 chlorine atoms per molecule (tri-chlorinated PCBs). Aroclor 

1242 has a reported breakdown of congeners of: mono- 1 %, di- 17 %, tri- 52 %, tetra- 

25 %, penta- 5 %, and hexa- <1 % (Albro and Parker (1979) while Mayes et al. (1998) 

reported a slightly different breakdown of: mono- <1 %, di- 15 %, tri- 43 %, tetra- 33 %, 

penta- 7 %, hexa- <1 % chlorination. Reported values of the solubility range for PCBs are 

very low and they are almost insoluble in water (USEPA 2015). Aroclor 1242 mixture has 

a reported solubility of 240 µg/L (USEPA 1980) but an average of 82 µg/L when evaluating 

individual tri-chlorinated PCBs (Hutzinger et al. 1974).  

3.2.2 Molecular Diffusion  

The two critical geomembrane parameters with respect to diffusive migration of a 

compound from an aqueous source through a geomembrane are the diffusion and 

partitioning coefficients which can be combined to give the permeation coefficient 

(Sangam and Rowe 2001). The compound first partitions from the aqueous source (e.g., 

leachate) to the geomembrane surface. It then diffuses through the geomembrane driven 

by a difference in chemical potential between the two sides of the geomembrane. Finally, 

the compound partitions between the outer geomembrane surface and the receiving 

medium (Sangam and Rowe 2001). In a closed system, equilibrium is eventually reached 

between the concentration in the geomembrane and the concentration in the source and 
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receptor media (Rowe 1998). The final equilibrium between geomembrane and the 

aqueous solution can be related by an expression analogous to Henry’s law: 

cg = Sgf · cf                   [1] 

where cg is the concentration in the geomembrane (M/L3), cf is the concentration in the 

source fluid (either gas or liquid) (M/L3), and Sgf is the partitioning coefficient (–). The 

diffusive flux between two points within the geomembrane is described by Fick’s first law: 

f = -Dg (dcg/dz)                   [2] 

where f is the mass flux (M/L2/T). The diffusion coefficient, Dg (L2/T) is specific to the 

geomembrane and contaminant of interest. Parameter cg is the concentration of the 

compound in the geomembrane (M/L3) at a point and z represents the distance parallel to 

the direction of transport. When the diffusion coefficient is constant, the change in 

contaminant concentration in the geomembrane with time t, is described by Fick’s second 

law: 

∂cg/∂t = Dg (∂2cg/∂z2)                [3] 

The final step is also described by: 

c’g = Sgf’ · cf                 [4] 

When the source and receptor fluid are the same, the partitioning coefficient into the 

geomembrane can be assumed to be equal to the partitioning coefficient out of the 

geomembrane (i.e., Sgf = Sgf’) (Sangam and Rowe 2001). The partitioning coefficient, Sgf, 

can be deduced in several ways but most simply from a mass balance once the 

concentration in the source and receptor come into equilibrium. 

Because the concentration of contaminant inside the geomembrane is very difficult to 

measure, in conventional diffusion tests the change in concentration in the fluid on either 
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side of geomembrane is usually measured and parameters are deduced based on measured 

mass transport from the source to the receptor (e.g. Sangam and Rowe 2001). Under steady 

state conditions, the mass flux from the fluid on one side of the geomembrane to that on 

the other side when the source and receptor fluids are alike is given by rearranging 

Equations 1 and 2: 

f  = -Dg (dcg/dz) = -Sgf  · Dg(dcf/dz) = -Pg (dcf/dz)                       [5] 

where the permeation coefficient, Pg (L2/T) represents the mass transfer across the 

geomembrane (Sangam and Rowe 2001) and is given by: 

Pg = Sgf · Dg                 [6] 

When there is a finite mass boundary condition (as in these experiments) in the source 

fluid, both Dg and Sgf can be inferred by modelling the transient diffusion through the intact 

geomembrane using the computer program POLLUTEv7. The value of Sgf inferred in this 

way can be checked against the value of Sgf inferred from mass balance at equilibrium 

A previous study of diffusion of and sorption to tri-chlorinated PCBs through 

polyethylene (PE) and polyvinyl chloride (PVC) thin films indicated diffusion coefficients 

of 1.2 × 10-13 m2/s (PE @ 54 % crystallinity) and 4 × 10-14 m2/s (PVC) (Pascall et al. 2005) 

at 25oC. These results are surprising when compared with studies of benzene diffusion 

through PE and PVC, where Dg of benzene through PE (1.0 × 10-13 m2/s for HDPE @ 39 % 

crystallinity) is less than that for PVC  (1.0 × 10-12 m2/s; Chapter 2). Partition coefficients, 

from the same paper, report tri-chlorinated PCBs Sgf values of 120,000 for PE and 3200 for 

PVC.  
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3.3 Methods 

3.3.1 Materials Tested 

Previous studies have investigated the diffusive resistance of geomembranes to inorganics 

(Müller et al. 1998; Rowe et al. 2004) and, more recently, organics (Sangam and Rowe 

2001; McWatters and Rowe 2009, 2014; Touze-Foltz et al. 2015). This study examined 

PCB diffusion with respect to a 1.5 mm thick HDPE geomembrane (Solmax International) 

commonly used in landfill liners. The geomembrane examined was taken from the same 

product roll as that studied by Ewais and Rowe who have reported all the key physical and 

mechanical properties of the geomembrane (see Table 1 of Ewais and Rowe 2014).  

3.3.2 Analytical 

The PCB mixture used in this study, Aroclor 1242, was purchased from Supelco in a 1000 

µg of PCB/g methanol stock solution. All source solutions were obtained by mixing this 

PCB stock solution with de-ionised water (DI) to achieve the desired concentration. The 

PCBs in the geomembranes were extracted by soxhlet extraction with hexane (USEPA 

1996).  

Water samples were extracted by liquid-liquid extraction in separatory funnels. Extracts 

were solvent exchanged and were concentrated prior to analysis on the gas chromatograph 

using an electron capture detector (GC-ECD) using a helium carrier gas on an Agilent 6890 

GC equipped with a 63Ni electron capture detector and an SPBTM-1 fused silica capillary 

column (30 m × 0.25 mm × 0.25 µm). All GC-ECD analyses of test specimens were 

conducted together with blank and control samples run at a minimum of 1 in every 10 test 

specimens to ensure good quality control. All blanks were below the method detection 

limit, and quality control samples were within 80 % – 115 % of the target concentration. 
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Decachlorobiphenyl (DCBP) was added to all samples at a known concentration before 

extraction to assess extraction efficiency. Test specimen concentrations were calculated 

against standard solutions of known concentration using the GC-ECD. The results are 

reported as an average of six peaks and are corrected for extraction efficiency. 

3.3.3 Sorption Testing 

Sorption tests to assess the partitioning PCBs from water to the geomembrane were 

conducted using very small masses (0.005 g and 0.05 g) of shaved 1.5 mm geomembrane 

(125 µm) to achieve a thinner cross-section and obtain diffusion parameters much faster 

than using the full geomembrane thickness. Tests on the 0.005 g mass samples were 

completed in triplicate, and those on the 0.05 g samples were completed in duplicate. 

Samples of 30 µL of the 1000 µg/g PCB stock solution were added to 500 mL of DI 

water in a clean 1 L glass bottle with a polytetrafluoroethylene (PTFE)-lined lid. The PCB 

in water solution was agitated for 10 minutes to ensure a well-mixed solution. Samples of 

weighted geomembrane shavings were added to the solution for a period of time, varying 

from 1 hour to 60 days. Glass bottles with the solution and geomembrane were placed in a 

box rotating at 30 rotations per minute until a test was terminated. Upon test termination, 

the geomembrane shavings were removed from the bottles using clean tweezers and 

separated for PCB analysis. Water samples were analyzed for the PCB concentration. A 

mass balance was performed after testing. There was no noticeable sorption or adhesion of 

PCBs to the glass bottles or their lids detected in any of the control tests with no 

geomembrane in the bottle.  
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Specimens were monitored until the PCB concentrations in the water and geomembrane 

had reached an equilibrium (defined here as no change in concentration in the water over 

a period of 10 days).  

3.3.4 Desorption Testing 

Jones et al. (2011) reported initial values of Sgf for PCBs to HDPE geomembrane, and 

found that values of Sgf obtained were extremely high (> 3000). Since this was substantially 

more than anything previously reported for an HDPE geomembrane, two questions arose. 

First, was there a practical limit to how much would partition to the geomembrane and, 

second, would there be a difference between the partitioning from the source to the HDPE 

geomembrane (Sgf) and the partitioning from the HDPE to the receptor fluid (Sgf’)? 

To address these questions, 1.0 g of the HDPE geomembrane was added to 2.0 L of 

60 µg/L PCB solution (selected to be close to but not exceed the solubility of the PCBs in 

water) and left to reach equilibrium. Once equilibrium was reached, the water was 

removed, analyzed for PCB concentrations, and then the same geomembrane specimen was 

placed in fresh spiked 60 µg/L PCB solutions so that sorption could continue. This process 

was repeated 17 times over a period of over 150 days without any apparent change in Sgf 

until the concentration in the geomembrane reached 1550 µg/g. This geomembrane sample 

(with 1550 µg/g PCB) was cut into three identical specimens which were each then added 

to three 500 mL glass bottles of DI water. Desorption of PCBs out of the geomembrane 

was evaluated by monitoring the concentration in the water over time, and hence a Sgf’ 

value was inferred. 
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3.3.5 Diffusion testing using microtome 

Typically diffusion tests through a geomembrane are conducted using double compartment 

diffusion cells (Sangam and Rowe 2001; McWatters and Rowe 2010), however 

preliminary tests with PCBs indicated that there was an unacceptable mass loss to the O-

rings as well as to the stainless steel cell itself. This has not been observed with typical 

contaminants (e.g. benzene, toluene, ethylbenzene, xylenes, (BTEX); McWatters and 

Rowe 2010.) relative to the amount that would remain in solution at equilibrium for the 

very high Sgf of PCBs to the HDPE geomembrane. Thus, as described below, an alternative 

method was developed such that the PCBs were only in contact with geomembrane and 

glass (which was shown to have negligible mass loss in control tests) and negligible contact 

with the PTFE lid liner.  

Diffusion tests were conducted by placing triplicate 2.0 g samples of 1.5 mm HDPE 

geomembrane in separate 500 mL bottles of DI water spiked to 60 µg/L with PCBs. These 

solutions with the specimens were agitated for 72 hours in a rotating box (as was done in 

the sorption testing) since only three days were required for over 95 % of all PCB mass to 

have passed from the aqueous solution onto the geomembrane. The samples were removed 

from the solution, air dried, and allowed to sit in sealed amber glass bottles, surrounded 

only by air, for various lengths of time to allow diffusion into toward the core of the 

geomembrane samples. Since PCBs’ have an extremely low vapour pressure at standard 

atmospheric pressure and room temperature, it was assumed that there was negligible loss 

of PCBs to the air (Huntzinger et al. 1974).  

At different times, samples were removed from their bottles and the edges of the samples 

were removed to avoid 3D effects and focus on one dimensional diffusion through the 
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geomembrane. Using a microtome, the remaining sample was shaved into thin (~125 µm-

thick) layers so that layers at different distances form the surface (i.e., different depths) 

could be analyzed for PCB concentrations. Each layer was destructively analyzed for PCB 

concentration using Soxhlet extraction-GC/ECD.  

3.3.6 Modelling Conditions 

Sorption and diffusion were modeled in two ways using POLLUTEv7 (Rowe and Booker 

2004). Sorption tests were modeled assuming that the centre of the 125 µm-thick 

geomembrane shaving was a zero-flux boundary, since the entire outside surface was in 

contact with the aqueous PCB solution. The solution was modeled as a finite mass 

boundary with an initial concentration of 60 µg/L. Knowing the final Sgf value from the 

equilibrium state and using this as input to a diffusion analysis, the value for Dg was 

assumed and the calculated variation in the solution concentration with time was compared 

with the laboratory measured data. The value of Dg was then adjusted until there was the 

best possible agreement between the observed and calculated variation in concentration 

with time in the solution and this provided an estimate of the values of Dg. Based on the 

variability of results from different tests, upper and lower bounds were established for both 

the partitioning and diffusion coefficients.  

Geomembrane diffusion tests on the 1.5 mm-thick samples were modelled in a manner 

somewhat similar to that for the ~125 µm thick sorption samples. For the first 72 hours, 

the samples were modeled exactly the same as described above for the sorption tests, with 

the centre of the 1.5 mm thick sheet being a zero-flux boundary, and the aqueous solution 

a finite mass boundary. Using the estimated values of Sgf and Dg a concentration profile 

through the geomembrane was calculated at 72 hours (i.e., when the geomembrane was 
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removed from the aqueous solution). Once placed in the air-filled glass bottles, there was 

no more PCB added to the sample but the concentrations at different depths in the sample 

continued to change as the PCBs diffused from the locations of high concentration at the 

surface of the geomembrane (when removed from the solution) toward the centre of the 

sample, until eventually an equilibrium would be reached. This phase of the test was 

modeled using the concentration profile established at 72 hours as an initial condition and 

zero-flux boundaries at both the surface and centre of the sample. The calculated 

concentration at a time when a sample was microtomed was compared with the observed 

profile at that time. If needed, the value of Dg was adjusted and the calculations repeated 

to obtain a better fit to the data. The combination of Sgf and Dg giving the best fit to the 

experimental data were taken as the diffusion parameters. The method is based on concepts 

and theory first developed for clay soils by Rowe et al. (1988) and extended for 

geomembranes by Sangam and Rowe (2001).  

3.4 Results and Discussion 

3.4.1 Sorption Testing 

Based on an analysis of both water and geomembrane samples at the end of a sorption test 

and Eq. 1, the bulk Sgf  of PCB mixture for the HDPE geomembrane was approximately 

110,000, based on the 0.05 g samples, and 90,000, using 0.005 g samples (with an average 

values of 100,000). The tests using 0.05 g geomembrane (Figure 3-1) had a mass recovery 

of 97 % – 105 %, whereas it was 78 % – 100 % for the 0.005 g samples. Given the better 

recovery values for the 0.05 g samples, it is likely that Sgf lies closer to the 110,000 than 

90,000, however, in either case the values are extremely large and indicate that the 

geomembrane will act as a sink for PCB in an adjacent aqueous solution. 
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Modelling the sorption into the geomembrane also yielded a preliminary evaluation of 

Dg, where 1.0 – 5.0 × 10-15 m2/s best fits the data set. Less confidence is placed on Dg since 

the thickness of geomembrane shavings was not entirely consistent – which would affect 

an interpreted Dg value (but not a Sgf value).  

3.4.2 Desorption Evaluation 

Triplicate samples of 0.33 g of the geomembrane spiked to 1550 µg/g were desorbed into 

500 mL of water and reached an equilibrium water concentration of about 15 µg/L after 

approximately 200 days (Figure 3-2). This corresponds to a Sgf’  value of approximately 

100,000, and agrees well with the average Sgf based on the sorption testing, suggesting that 

even with the very high partitioning, Sgf = Sgf’ for PCBs.  

3.4.3 Diffusion Testing 

Modelling of the concentration profiles obtained from the diffusion tests (Figure 3-3) gave 

a “best estimate” diffusion coefficient, Dg, through the HDPE geomembrane of 1 × 10-14 

m2/s  with a lower bound estimate of 0.5 × 10-14 m2/s (interpreted from batch sorption tests) 

and an upper bound estimate of 5 × 10-14 m2/s (from diffusion tests). Based on the diffusion 

tests, the data was generally bracketed by 160,000 ≤ Sgf ≤ 325,000 (Figure 3-3), where the 

lower bound of 160,000 is closest to the 90,000 – 110,000 (average 100,000) obtained from 

the sorption tests. The upper bound of 325,000 is likely far too high but is suggested by a 

few data points. The uncertainty probably arises from measurement errors when dealing 

with very small masses of geomembrane and concentrations in the aqueous solution 

(especially at equilibrium) that were close to the detection limit for the PCBs. When 

compared to the diffusion coefficient, Dg, of about 1 × 10-13 m2/s and a partitioning 

coefficient, Sgf, of 100 - 700 for BTEX and the same geomembrane (Chapter 2) it is 
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apparent that the uncertainty is relatively minor compared to the order of magnitude lower 

diffusion coefficient and three orders of magnitude higher partitioning coefficient for 

PCBs. The implications of the values for PCBs will be explored in the next section.  

3.5 Application 

Considering the very high Sgf value for PCBs, it is tempting to assume steady state 

conditions which would allow the mass fluxes through a geomembrane to be calculated 

using Eq. 5 and a value of Pg = Sgf × Dg =  100,000 × 1 × 10-14 = 1 × 10-9 m2/s (Eq. 6). 

When this is compared to a similar number for benzene (Pg = Sgf × Dg =  100 × 1 × 10-13 = 

1 × 10-11 m2/s) one might be tempted to conclude that the mass flux of PCB would be 100 

times higher than that for benzene and may be a problem compared to benzene. However, 

the amount of PCB that can be released into landfill leachate is likely to be rate dependent 

given the finite (and, in MSW waste, small) mass of PCB and the fact that it needs to be 

leached in water (i.e., it is not available in a gaseous phase) and hence is likely to be far 

less available than benzene. Thus, it is likely that simplistic use of Fick’s first law will give 

very misleading findings. This raises two questions: (i) how significant is PCB migration 

likely to be, and (ii) how effective would an HDPE geomembrane be for controlling the 

PCBs? To provide insight regarding these questions it is necessary to do a contaminant 

transport analysis considering reasonable properties as discussed in this section. 

3.5.1 Case Considered  

Consider a 1000 m long (in the direction of groundwater flow in an underlying aquifer) 

and 500 m wide (orthogonal to groundwater flow) landfill which contains an average of 

28 tonne/m2 MSW waste (14 Mt total capacity). As per regulations in Ontario, Canada 

(MOECC 1998), the barrier system considered is comprised of a leachate collection system 
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with a design leachate head of 0.3 m, a suitable geomembrane protection layer, a composite 

liner (1.5 mm HDPE geomembrane over a suitable clay liner) and an infiltration through 

the cover equal to the minimum permitted by MOECC (1998) of 0.15 m/a. The aquifer is 

assumed to be 3 m thick with a Darcy flux of 1 m/a, longitudinal dispersity of 0.4 m and a 

potentiometric surface 3 m above the top of the aquifer (i.e., 0.75 m below the 

geomembrane). Two common clay liner scenarios are examined. Scenario 1 (Cases C1 – 

C6 as discussed later) has a 0.75 m compacted clay liner (CCL) with a hydraulic 

conductivity (k = 1 × 10-9 m/s) and 3.0 m attenuation layer (k = 1 × 10-7 m/s). Scenario 2 

(Cases G1 – G6) has a 0.007 m geosynthetic clay liner (GCL) with a relatively high k of 

2 × 10-10 m/s) and a 3.743 m attenuation layer (k = 1 × 10-7 m/s). In both cases the minimum 

distance from the geomembrane to the aquifer is maintained at 3.75 m as required by 

MOECC (1998) (Table 3-1). 

3.5.2 Leakage Calculations 

The analysis of PCB migration from a MSW landfills must consider both partitioning and 

diffusion of PCBs through the intact geomembrane using the Sgf and Dg coefficients 

established as described above, and any leakage of PCBs in leachate through holes in the 

geomembrane (Rowe 2005, 2012). The contaminant transport calculations were performed 

for six different cases in each scenario. Cases G1 and C1 assume an intact geomembrane 

with no holes. Cases G2 - G5 and C2 - C5 all assume five holes/ha each with a 5.7 mm-

radius but differ in terms of whether the holes in geomembrane are in direct contact with 

the clay liner or are in a wrinkle (Rowe 2012). For cases C2 and G2, all holes in the 

geomembrane are in direct contact with the clay liner. Cases G3 - G5 and C3 – C5 assume 

that four of the five holes are in direct contact with the clay liner but that one hole is 
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coincident with a 0.1 m-wide wrinkle (when compressed under the waste; Rowe 2012). 

The wrinkle length is assumed to be 10 m for Cases G3 & C3, 100 m for cases C4 & G4, 

and 1000 m-long for cases C5 & G5. Cases G6 and C6 consider the hypothetical cases 

where there is no geomembrane liner but the potentiometric surface is such that there is 

only pure diffusion (i.e., no advection/leakage). Thus, a comparison of Case C1 with C6, 

and Case G1 with G6 will demonstrate the effectiveness of the geomembrane as a pure 

diffusion barrier for PCBs.  

Leakages for geomembrane holes in contact with the clay liner Cases G2 – G5, and 

Cases C2 – C5 were evaluated using equations presented by Rowe (1998) as implemented 

in the Leak8 Code (Rowe and Lake 1997). It was assumed that for Cases G3 – G5 and C3 

– C5 that only one hole was coincident with a wrinkle network (a conservative assumption) 

and therefore the flow calculated through holes in direct contact with the clay liner was 4/5 

of that from Case G2 (or C2, respectively) plus the leakage through the wrinkle which was 

calculated according to the Rowe equation (Rowe 1998). The transmissivity for the 

geomembrane/GCL interface was taken to be 1.6 × 10-8 m2/s and that for the 

geomembrane/GCL interface was taken to be 2 × 10-11 m2/s both based on Rowe (2012). 

A more detailed explanation of all modelling assumptions is found in Appendix C.  

3.5.3 MSW Landfill Impact Modelling  

The modelling assumed in peak leachate concentration of 5 µg/L PCB (Yuan et al. 2012) 

and a ratio mass in the waste to peak concentration similar to chloride (MOECC 1998; 

Rowe et al. 2004). The diffusive properties of PCBs for the 1.5 mm HDPE were the best 

estimate values evaluated earlier in this paper (Dg = 1 × 10-14 m2/s and Sgf  = 150,000). 

Diffusive and adsorptive characteristics for PCBs to the CCL, GCL and attenuation layer 
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have not been published. The diffusive and sorptive properties of PCB through soil layers 

have been assumed to be similar to that of chloride as published by Rowe et al. (2004). The 

mass loading of PCB concentration in leachate to total mass of waste has been assumed to 

be the same as chloride (Rowe et al. 2004). This is considered a conservative approach as 

chloride has negligible sorption to clays and diffuses faster than organic contaminants for 

which data is available. Also, it is known that PCBs have both a much lower solubility than 

chloride and a much high affinity for clayey soils (Jones et al. 2010, 2011). As a reference 

point, the contaminant impact of chloride on the aquifer was also evaluated using 

parameters based on Rowe et al. (2004).  

Contaminant impact on the groundwater was assessed in terms of the concentration in 

the aquifer based on the maximum contaminant impact level as specified by MOECC 

(1998). Assuming no background concentration in the aquifer, the maximum permitted 

chloride concentration in the aquifer is 125 mg/L, while for PCBs, the Ontario limit would 

be 0.75 µg/L. Applying the Ontario impact guidelines to the US drinking water limit of 

0.5 µg/L (USEPA 2014) for drinking water, the maximum allowable aquifer concentration 

would be 0.125 µg/L (which was the value considered herein). Modeling scenarios which 

yield aquifer impact above this concentration are considered failures.  

Considerable caution is needed in modelling of PCB migration through a geomembrane 

liner in a landfill. The extremely high Sgf causes a breakdown in the validity of some 

assumptions conventionally used in contaminant transport analyses (e.g., for chloride and 

benzene), as explained in detail by Appendix C.  

The geomembrane and leachate collection system were both assumed to have an 

indefinite service life such that they were both operational throughout the time period 
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modelled. In reality, both will have finite service life (Rowe et al. 2004; Rowe 2012), but 

consideration of this is beyond the scope of the present paper.  

Modelling of PCB migration for Case G1 – Case G3 for a composite liner with a GCL 

(Figure 3-4) and Case C1 – Case C3 for a composite liner with a CCL (Figure 3-5) shows 

that for cases with good construction quality assurance (CQA) and so few wrinkles that the 

probability of a hole in a wrinkle is extremely low, the peak impact on groundwater levels 

is well below maximum allowable levels. The results for Cases G1 (pure diffusion) and 

Case G2 (5 holes in contact with the clay liner) appear to overlap, as the impact from 

advection is masked by the impact from diffusion. However, a comparison of Cases C1 

and C2 shows distinguishable results, as the advection through the CCL case is more than 

through the GCL case (Table 3-2).  

The effect of a single hole in a wrinkle is highly dependent on the length of the wrinkles 

(Figure 3-6 and Table 3-2), as is evident from a comparison of Cases G3 (10 m long 

wrinkle), G4 (100 m wrinkle), and G5 (1000 m wrinkle). The impact of PCBs and chloride 

are both acceptable with a 10 m wrinkle. With a 100 m wrinkle, impact is still acceptable 

for chloride (Case G4) but not for PCBs. With a 1000 m wrinkle, the impact is not 

acceptable for either.   

Similar results are observed for CCLs, where Case C4 and Case C5 well exceed 

allowable concentrations in the aquifer (Figure 3-7). Results indicate that for Cases G1 – 

G2, for the GCL (Figure 3-4) or Cases C1 – C2 for the CCL (Figure 3-5) scenario, it is 

unlikely that PCBs will be of concern for the hypothetical landfill considered– as advection 

is low enough that contaminant impact is diffusion governed. Cases G3 and C3 both 

demonstrate impacts on the aquifer which are below the allowable impact on the aquifer, 
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however the impact is significant enough that extra scrutiny should be applied to these 

cases. Note, Case G3 indicated less impact (peak c/creg = 0.18 at 200 years) than Case C1 

(peak c/creg = 0.21 at 1250 years), however, since this advective peak from G3 arrived after 

200 years, it was assumed that the majority of the mass would have left via advection, and 

the peak from diffusion would not actually exist which has therefore been neglected. Cases 

G4, G5, C4 and C5, however, for both GCL (Figure 3-6) and CCL (Figure 3-7), indicate 

that with five – 5.7 mm holes / ha and large interconnected wrinkle networks (> 100 m) the 

impact on the aquifer is not negligible (Table 3-2). Cases G4 - 5 and C4 - 5 would likely 

impact the aquifer to an extent that the barrier system is a failure. 

Case G2 or C2 is likely to be the most reasonable case with good CQA involved (Rowe 

2012) however Cases G3 – G5, and C3 – C5 should be considered if good CQA cannot be 

guaranteed. Case 2, for either a GCL or CCL, shows that the impact on the aquifer peaks 

below that of the maximum regulations.  

Given that MSW landfills have many more contaminants within than PCBs (Rowe et 

al. 2004), it is a fair evaluation to compare with chloride, which is commonly a contaminant 

which governs design. All cases have also been evaluated for chloride migration (GCL in 

Figure 3-8 and CCL in Figure 3-9) and highlight that PCBs can have a larger impact on 

aquifer concentration than chloride (when they are assumed to have the same ratio of mass 

to leachate concentration as chloride). In cases G5, and C4 – 5 when PCB impact on the 

aquifer was above the drinking water criterion, chloride was also above the minimum 

allowable levels, with case G4 chloride impact being very close (80 % of the regulatory 

limit). This should come as reassuring, as chloride is typically a contaminant which governs 

the design of many landfills (Rowe et al. 2004) and this research presents that in cases 
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where good CQA is used (Cases G1 - G3, Cases C1 – C3) show that consideration for 

PCBs escaping is likely minimal.  

The impact of a geomembrane on aquifer peak concentration was also evaluated 

comparing Cases G1, G6, C1, and C6 (Figure 3-10). The benefit of a geomembrane as a 

diffusive barrier to PCBs is shown by the significant reduction in aquifer concentration – 

demonstrating the important role that HDPE geomembranes play in containing PCBs.  

This modelling suggests that for all reasonable applications of PCB migration from a 

MSW landfill, PCBs will likely not govern the design, and that if there are construction 

quality issues that arise in PCB contamination of the aquifer, chloride is likely to be of 

similar concern to PCBs.  

Sensitivity to Sgf and Dg of the geomembrane was evaluated for geomembrane in use in 

the same landfilling scenario described; however, only for Case G1. Changes in Dg from 1 

to 5 × 10-14 m2/s had very negligible effect on the aquifer impact (Figure 3-11; the impact 

is numerically distinct, however not visibly discernable in the figure) whereas a factor of 

over two change in Sgf (from 150,000 to 325,000) had a very noticeable effect on the aquifer 

impact. The higher aquifer impact was from the use of a lower Sgf (150,000), which is a 

demonstration of the fact that the higher Sgf values can act as a retardation mechanism. This 

is counter-intuitive, to a degree, as a larger Sgf value would correspond to a larger Pg value, 

and thus a larger steady state flux – however in the cases modelled, steady state flux was 

never achieved (even after 1000 years) and this suggests that especially for contaminants 

with extremely high Sgf, that Sgf and Dg need to be considered independently and not 

modelled solely as a Pg.  
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3.6 Conclusions 

This paper has evaluated PCB diffusion and sorption through HDPE geomembrane using 

multiple different experiments; batch sorption tests of various masses, desorption tests on 

intact geomembranes, and multiple diffusion tests conducted in triplicate. Differences in 

the results from each testing method were within an order of magnitude, and ranges 

presented. The implications of the diffusive parameters obtained were compared with 

chloride in a typical landfill scenario to evaluate if PCBs are likely to be of concern in 

MSW landfills.  

1. PCBs were found to have a partitioning coefficient (Sgf) of approximately 

150,000, with a lower bound of 90,000 and an upper bound of 325,000.  

2. Sorption and desorption tests confirmed that the portioning and de-

partitioning coefficients were the essentially same (Sgf = Sgf’). 

3. A best estimate of diffusion coefficient (Dg) was 1 × 10-14 m2/s for PCBs 

through an HDPE geomembrane, with a lower and upper bounds of 0.5 and 

5 × 10-14 m2/s, respectively.  

4. Evaluation of PCB migration from a landfill though a geomembrane should 

not be based on Fick’s first law and the permeation coefficient (Pg).  When 

there is a very high Sgf, consideration must be given to modelling both Sgf 

and Dg as independent entities together with the final mass of contaminant 

in the landfill.   

5. For typical MSW landfills, if the migration of contaminants is governed by 

diffusion, PCBs are not likely to pose a risk to groundwater provided good 

construction measures are followed and wrinkles are minimized.  
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Table 3-1 Barrier system properties. 

Parameter Notation Unit GCL CCL Reference 

Landfill length L m 1000 1000 Rowe (1998) 

Landfill width W m 500 500   

Infiltration q(in) m/a 0.15 0.15 Rowe (1998) 

Infiltration q(in) m/s 4.76 × 10-9 4.76 × 10-9   

Low permeability layer 
(GCL/CCL) 

HL m 0.007 0.75 Rowe (1998, 2012) 

kL m/s 2.0 × 10-10 1.0 × 10-9 Rowe and Brachman (2004) 

n - 0.7 0.4 Rowe (1998) 

De m2/a 0.005 0.02 Rowe and Brachman (2004) 

Foundation layer (AL) 

Hf m 3.743 3 Rowe (2012) 

kf m/s 1.0 × 10-7 1.0 × 10-7 Rowe and Brachman (2004) 

n - 0.3 0.3 Rowe (2012) 

De m2/a 0.02 0.02 Rowe and Brachman (2004) 

Total Thickness Hf+HL m 3.75 3.75 Rowe (2012) 

Harmonic mean hydraulic 
conductivity  

ks m/s 5.2 × 10-8 4.8 × 10-9 
�� + ��
���� + ����

 

Transmissivity θ m2/s 2.0 × 10-11 1.6 × 10-8 Rowe (2012) 

Dispersivity (all layers) α m 0.4 0.4   

Leachate head on GMB hw m 0.3 0.3 Rowe (2012) 

Aquifer velocity vb(in) m/a 1 1 Rowe (1998) 

Potentiometric head in 
aquifer  

ha m 3 3 Rowe (1998) 

Aquifer thickness hb m 3.0 3.0 Rowe (1998) 
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Table 3-2 Calculated impacts for all Scenarios considered (a) 0.007 m-thick GCL, or (b) 

0.75 m-thick CCL. 

Case Pure diffusion Advection and diffusion 

Holes in GMB (ha-1) na 0 5 5 5 5 

Holes coincident with 
wrinkles (ha-1) 

na 0 0 1 1 1 

GMB Wrinkle Length 
(m/ha) 

na na 0 10 100 1000 

(a) GCL Case G6 Case G1 Case G2 Case G3 Case G4 Case G5 

Peak Chloride 
Concentration (mg/L) 

210 8.9 8.9 11 100 670 

Peak Chloride 
contamination (c/creg) 

1.7 0.07 0.07 0.09 0.8 5.4 

Time to peak (Chloride, 
years) 

250 1250 1250 200 200 120 

Peak PCB Concentration 
(µg/L) 

0.57 0.026 0.026 0.022 0.20 1.3 

Peak PCB contamination 
(c/creg) 

4.6 0.21 0.21 0.18 1.6 10.4 

Time to peak (PCBs, 
years) 

300 1250 1250 200 200 120 

(b)  CCL Case C6 Case C1 Case C2 Case C3 Case C4 Case C5 
Peak Chloride 

Concentration (mg/L) 
220 9.2 18 31 170 890 

Peak Chloride 
contamination (c/creg) 

1.8 0.07 0.14 0.25 1.4 7.9 

Time to peak (chloride, 
years) 

250 1250 200 200 200 110 

Peak PCB Concentration 
(µg/L) 

0.57 0.026 0.036 0.063 0.35 1.8 

Peak PCB contamination 
(c/creg) 

4.6 0.21 0.29 0.50 2.8 14.4 

Time to peak (PCBs, 
years) 

300 1250 200 200 200 110 
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Figure 3-1 Partitioning curves using 0.05 g samples (a) Partitioning profile from water 

source decreasing with time; (b) Partitioning profile of increasing concentration in the 

geomembrane with time. Both are compared against theoretical models.  
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Figure 3-2 Variation in PCB concentration in water with time in PCB desorption tests (0.33 

g geomembrane samples initially at 1550 µg/g in 500 mL of water).  
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Figure 3-3 PCB diffusion profile with time inside the geomembrane (GMB). Minimum and maximum Dg and Sgf theoretical models 

accompany each figure. 
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Figure 3-4 Comparison of calculated PCB impact of a MSW landfill on an underlying 

aquifer for a composite liner with a GCL for cases G1, G2, G3). Note, the impact of Cases 

G1 and G2 are indistinguishable. 
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Figure 3-5 Comparison of calculated PCB impact of a MSW landfill on an underlying 

aquifer for a composite liner with a CCL for cases C1, C2, C3. 
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Figure 3-6 Comparison of calculated PCB impact of a MSW landfill on an underlying 

aquifer for a composite liner with a GCL for cases G3, G4, G5. 
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Figure 3-7 Comparison of calculated PCB impact of a MSW landfill on an underlying 

aquifer for a composite liner with a CCL for cases C3, C4, C5. 
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Figure 3-8 Comparison of calculated chloride and PCB impact of a MSW landfill on an 

underlying aquifer for a composite liner with a GCL for cases G4 and G5. 
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Figure 3-9 Comparison of calculated chloride and PCB impact of a MSW landfill on an 

underlying aquifer for a composite liner with a CCL for cases C4 and C5. 
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Figure 3-10 An examination of the effect of the geomembrane as a PCB diffusive barrier by 

comparing the calculated diffusive impact on the aquifer for Case 1 (G1,C1) where the 

intact geomembrane is modelled using diffusive parameters obtained from experiments 

with that for Case 6. 
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Figure 3-11 An examination of uncertainty regarding the geomembrane (GMB)-PCB 

diffusion parameters for pure diffusion case G1. Results are shown for the upper and lower 

bounds of Sgf and Dg based on the experimental data. For each value of Sgf the results for Dg 

= 5 × 10-14 m2/s are shown as data points because the difference in results is not evident at 

this scale.  
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Chapter 4  

Migration of PCBs through an Exhumed 25 Year Old Landfill 

4.1  Introduction 

An engineered landfill facility, containing polychlorinated biphenyl (PCB) contaminated 

soil, was decommissioned after 25 years in service, providing a unique opportunity to 

examine PCB migration through the discrete barrier layers and assess the performance of 

the overall barrier system. The Pottersburg PCB Storage Facility, in London, Ontario, was 

located on the original Westinghouse Canada industrial site where PCBs were used in the 

manufacture of electrical equipment. In 1977, PCBs were recognized as toxic pollutants 

and their manufacturing, distribution and industrial use was banned in Canada. 

Subsequently, interim storage and elimination was regulated (CEPA 1999). In 1980, 

elevated PCB levels were found in fish, sediments, and soil in the Walkers Drain and 

Pottersburg Creek downstream from the industrial site (MOECC, 2008). Contaminated 

soils were removed from the environment over a four-year period (1984 to 1987) and 

placed in four landfill cells. One cell was constructed for each year of the excavation 

process: Cell 1 (1984) contained 3,630 m3 of contaminated soil; Cell 2 (1985) contained 

8,370 m3; Cell 3 (1986) contained 11,300 m3; and, Cell 4 (1987) contained 12,300 m3. The 

base barrier systems of the cells were different. Cells 1 and 2 included a leachate collection 

system (LCS), compacted clay liner (CCL), secondary leachate collection system (SLCS), 

and secondary compacted clay liner (SCCL). Cells 3 and 4 contained a LCS, high density 

polyethylene (HDPE) geomembrane, sand protection layer, CCL, SLCS, and SCCL. All 

four cells had an HDPE geomembrane as part of the cover system. The Pottersburg PCB 
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Storage Facility was the largest PCB storage facility in Canada (Hamilton, 2010). The 

Ontario Ministry of the Environment (MOE) assumed management of the property in 1985. 

PCBs were to be stored at the Pottersburg site until a method of destruction became 

feasible, economically viable, and approved by the federal government (Environment 

Canada, 2013). Over the 22 to 25 year operating period (depending on the cell), the landfill 

was shown to be performing well as a barrier based on the monitoring of off-site 

groundwater samples that had non-detectable (< 0.02 µg/L) PCB in water concentrations 

(compared to Ontario drinking water standards limit of 3 µg/L (MOECC 2003) and the 

Ontario brownfield site regulated discharge limit of 0.2 µg/L (MOECC 2011)).  

There is a paucity of long-term performance studies of CCLs or geomembranes 

exhumed from the field after containing contaminants for decades. Previous investigations 

of exhumed liners after extended field use include an HDPE geomembrane and CCL 

exhumed from a 14-year-old landfill leachate lagoon liner (Rowe et al. 2003), a 20-year-

old HDPE geomembrane from a waste containment for power plant ash (Yako et al. 2010), 

and a 25-year-old chlorosulphonated polyethylene (CSPE) floating cover (Koerner and 

Rafter 2015). Until the present study, the potential for diffusive migration of PCBs through 

a barrier was largely unknown. Thus, the decommissioning of the engineered cells offered 

a rare opportunity to investigate PCB concentrations within the various layers of the base 

liner systems and investigate the overall diffusion of PCBs through the barrier.   

Preliminary assessments of the performance of the barrier began in 2009 (McWatters 

2010; Jones et al. 2010, 2011). This chapter seeks to provide a more detailed investigation 

of the diffusion of PCBs through the barrier materials (i.e., the HDPE geomembrane and 

CCL) and examine the diffusive characteristics of PCBs based on both a laboratory 
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investigation and field data. McWatters (2010) demonstrated that more than two decades 

of exposure to PCBs did not affect the diffusive characteristics of the exhumed 

geomembrane with respect to volatile organic compounds (VOCs). Other studies related 

to this site have investigated the physical properties of the exhumed HDPE geomembrane, 

and showed that PCB contact with the geomembrane did not significantly accelerate 

degradation of the geomembrane (Safari et al. 2011; Awad et al. 2013).  

Despite the regulations outlawing future production of PCBs, there is still low level PCB 

waste entering landfills and a more thorough understanding of PCB migration is needed. 

Thus, the objectives of this chapter are to: (a) evaluate PCB migration through the barrier 

system and evaluate barrier performance after 25 years in service based on field profiles of 

PCB migration; (b) model migration through the barrier system in order to evaluate 

reasonable estimates of diffusion and distribution coefficients for PCBs in clay; (c) assess 

whether the sorptive and diffusive parameters obtained for PCBs and HDPE geomembrane 

from laboratory tests in Chapter 3 appear reasonable for this particular field site; and (d) 

examine the potential long-term effectiveness of the barrier system design with respect to 

protecting the aquifer from groundwater contamination, using modeling based on the 

inferred diffusive parameters.  

4.2 Background 

4.2.1 Contaminant 

The PCB contaminants of interest at the Pottersburg Storage Facility were hazardous and 

persistent pollutants in the environment, regulated by the Canadian Environmental 

Protection Act (CEPA 1999). PCBs consist of 209 different congeners (individual 

chlorinated hydrocarbons) that differ based on the number and placement of chlorine atoms 
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on the biphenyl rings, ranging from C1 to C10 (Hutzinger et al. 1974). Preliminary analysis 

of the exhumed waste revealed a mixture of Aroclors 1242, 1254 and 1260, with over 90 % 

of the mass of PCBs being Aroclor 1242 (McWatters 2010). Aroclor 1242 has less 

chlorinated congeners than Aroclor 1254, and both have less chlorinated congeners than 

Aroclor 1260 (Hutzinger et al. 1974). The solubility of PCBs in water and overall mobility 

of PCBs through soil decreases with increased degree of chlorination (Hutzinger et al. 

1974). The predominant Aroclor 1242 package in the PCB-contaminated soil of the 

Pottersburg storage facility likely had the most influence on transport of PCBs through the 

landfill due to both the much greater contaminant mass and mobility relative to Aroclor 

1254 and Aroclor 1260. Thus, all contaminant transport modelling in this chapter will focus 

on Aroclor 1242, which has an average of 3.1 chlorine atoms per molecule, and was studied 

in Chapter 3.  

4.2.2 Cell Description and Operation 

During the large-scale clean-up of PCBs (1984 to 1987), the waste was placed into four 

cells. No construction reports are available for Cell 1 and Cell 2. Cell 3 and Cell 4 were 

constructed by the same contractor as Cell 2 and therefore, where information is missing 

with respect to Cell 2 construction, it has been assumed that procedures followed 

construction practice as per Cell 3 and Cell 4 (MOECC 1991). Cell 1, however, was 

constructed while the site was under different ownership and no records are available.  

There are discrepancies between the reported thicknesses of clay layers in the 

construction reports for Cell 3 and Cell 4 and what was actually measured on exhumation. 

The thicknesses of the base liners presented in Table 4-1 are those measured in the field 

during the exhumation (not the values from original construction reports).  
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4.2.3 Cover Systems 

The cover systems for Cell 3 and Cell 4 comprised (from the waste upwards; Figure 4-1) a 

60 cm clay cap, a 15 cm sand fill, a 1.5 mm HDPE geomembrane, a 30 cm sand drainage 

layer, a 400 g/m2 woven geotextile, 45 cm of (non-descript) fill material, and finally 15 cm 

of topsoil with seed and mulch (MOECC 1991). This description is similar to that for Cells 

1 and 2, which had the same layers, however thicknesses varied slightly (typically by less 

than 5 cm) from cell to cell (Table 4-1). 

A reasonable interpretation of final site conditions in 1988 (MOECC 1991) suggests 

that, with a final grading of approximately 6 % to 7 % for all cover slopes, including the 

sand drainage layer resting on the composite liner (geomembrane and compacted clay), the 

infiltration through the cover was likely very small. This is consistent with leachate 

monitoring data which suggests there was small but measurable infiltration in Cells 1 and 2 

which was also likely in Cells 3 and 4. 

4.2.4 Base Barrier System 

4.2.4.1 Compacted Clay Liners 

The CCL and SCCL for Cell 3 and Cell 4 were constructed using clay from nearby 

Westminster Township (South London, Ontario) to a hydraulic conductivity, k, specified 

to be less than 1 × 10-9 m/s (MOECC 1991). Given experience constructing clay liners in 

other parts of southern Ontario (e.g., see Rowe et al. 2004), unless otherwise indicated it 

was assumed that the clay on site had k = 1 × 10-10 m/s. The clay was compacted in 150 mm 

lifts to a dry density and moisture content (verified using nuclear density apparatus) 

required to achieve a low permeability. It is assumed that Cells 1 and 2 were constructed 

with the same or similar source clay, although this could not be verified.   
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4.2.4.2 Leachate Collection Systems 

The LCS and SLCS were constructed with sand (k > 10-5 m/s) with a 100 mm diameter 

Schedule 80 polyvinyl chloride (PVC) collection pipe at a 1 % grade (MOECC 1991). Each 

cell had two manholes, one for the LCS to pump leachate, and one for the SLCS to pump 

groundwater. The LCS had a 400 g/m2 woven geotextile separating it from the waste. 

Monitoring well observation indicated that Cell 1 had a net downwards advective flux, Cell 

2 had an approximately zero net advective flux, and both Cells 3 and 4 had a net inward 

advective flux (i.e., hydraulic containment maintained by pumping the LCS and SLCS; 

Appendix E).  

4.2.4.3 Base Geomembranes 

The 1.5 mm-thick HDPE geomembrane used in the base of Cells 3 and 4 was 

Plastaliner-100, manufactured by Plastalene Corporation of Granby, Quebec (MOECC 

1991). The same material was used in the cover system for all cells. Geomembranes were 

visually inspected upon placement and holes were repaired and vacuum box tested. While 

this was reasonable construction quality assurance (CQA) at the time (1986 and 1987) it is 

likely that there were some unseen holes. The base geomembranes were not used as part of 

a composite liner with the CCLs. Rather, there was a 10 cm thick sand protection layer 

between the CCL and the geomembrane (MOECC 1991). Modern construction practice 

encourages intimate contact between the geomembrane and CCL to reduce the 

transmissivity between the geomembrane and clay liner, and hence substantially reduces 

leakage through the geomembrane (Rowe 2012). The fact that Cells 3 and 4 were operated 

with hydraulic containment suggests that holes were present in the geomembrane, 

otherwise the geomembrane would have prevented this upward flow. With a permeable 
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sand layer above and below the geomembrane, a hole in the geomembrane would allow 

relatively rapid flow of leachate downwards through the hole to fill the entire 10 cm 

protection layer between the geomembrane and the underlying low permeability CCL. 

Once this layer was filled, pumping from the LCS would induce a small upward flow 

through the hole(s) in the geomembrane, but for most of the geomembrane area any 

contaminant transport through the geomembrane would be due to diffusion. For the CCL, 

there would be downward diffusion against a small upward advective flow. 

4.2.5 Molecular Diffusion 

4.2.5.1 Molecular Diffusion through Clay 

Key parameters governing diffusive migration through clays are the apparent diffusion 

coefficient (De) and the distribution coefficient (Kd) (Rowe et al. 2004). Diffusive flux is 

also governed by Fick’s first law 

f = - De (dc/dz)         [1] 

Sorption is best described as a relationship between the concentration sorbed to the clay 

(Ae) and the concentration in the solution/pore fluid (ce) at equilibrium.  

Kd = Ae / ce          [2] 

4.2.5.2 Molecular Diffusion through Geomembrane 

The following section is provided for reference, and is paraphrased from McWatters and 

Rowe (2010). Diffusive migration of each element or compound through a geomembrane 

is governed by the diffusion and partitioning coefficients (Sangam and Rowe 2001).  

Diffusion through geomembranes occurs in three steps: adsorption, diffusion and 

desorption. First, the solute must partition from the source to the geomembrane surface. 

Second the solute must diffuse across the geomembrane driven by chemical potential. 
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Third, the solute must partition out of the geomembrane, into the receiving medium. 

Equilibrium is eventually reached between the geomembrane and both the source or 

receptor fluid (Rowe 1998). The equilibrium between geomembrane and the source 

medium is analogous to Henry’s law, viz: 

cg = Sgf · cf                           [3] 

where cg is the concentration in the geomembrane (M/L3), cf is the concentration in the 

source fluid (either gas or liquid) (M/L3), and Sgf is the partitioning coefficient (–). 

Contaminant diffusion through the geomembrane is described by Fick’s first law: 

f = -Dg (dcg/dz)                 [4] 

where f is the mass flux (M/L2 per T). The diffusion coefficient, Dg (L2/T) is specific to the 

geomembrane and contaminant of interest. The change in concentration, dcg, across a 

distance dz the distance is the concentration gradient. Assuming the diffusion coefficient 

is constant, the change in contaminant concentration at a point in the geomembrane with 

time t, is expressed by: 

∂cg/∂t = Dg (∂2cg/∂z2)                [5] 

The final step is described by: 

c’g = Sgf’· cf                 [6] 

When the source and receptor are the same medium, the partitioning coefficient into the 

geomembrane is assumed to be equal to the partitioning coefficient out of the 

geomembrane (Sgf = Sgf’) (Sangam and Rowe 2001).  

The concentration inside the geomembrane is very difficult to measure; therefore, the 

change in concentration in the fluid on either side of geomembrane is measured and 

parameters are deduced based on measured mass transport from the source to the receptor. 
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The mass flux from the medium on the source to the receptor medium is given by 

rearranging Equations 1 and 2: 

f = -Dg (dcg/dz) = -Sgf · Dg (dcf/dz) = -Pg (dcf/dz)                   [7] 

where the permeation coefficient, Pg (L2/T) represents the mass transfer across the 

geomembrane (Sangam and Rowe 2001) and is given by: 

Pg = Sgf · Dg            [8] 

4.3 Experimental Procedures 

4.3.1 Field Sampling 

4.3.1.1 Bulk Samples 

Samples of soil were collected during the decommissioning in 2009. Locations were 

selected close to sumps, such that the transport of PCBs could be expected and therefore 

were considered a worst case. Samples were taken from all layers of the base liner in 5 cm 

lifts and stored in plastic bags. Vertical profile sampling was completed through the LCS 

(Figure 4-2a) and CCL (Figure 4-2b). Bulk samples through the CCL were taken at the 

same location as the bulk samples through the LCS, SCCL and SLCS to minimize 

disturbance from decommissioning activities and ideally minimize effects from waste 

heterogeneity (McWatters 2010).  

4.3.1.2 Core Samples 

Two core samples (denoted as A and B) through the intact CCL were analyzed from each 

of Cells 1, 2 and 3, and stored at 5oC. All cores were taken near sumps. Duplicate cores 

were intended to assess the variability and heterogeneity of the waste and barrier materials. 

Cores through the CCL of Cells 1, 2 and 3 were modelled to compare the PCB migration 

profile through core to theoretical models and obtain estimates of De and Kd that match the 
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data obtained from the landfill cells. Ranges of best estimate De and Kd for PCBs in the 

clay are provided.  

4.3.1.3 Geosynthetic Samples 

Square (1.5 m × 1.5 m) geomembrane and geotextile samples were extracted by cutting the 

exposed liner material with a utility knife in the field. All geomembranes were rinsed with 

DI water and any surface soil was removed. Samples of geotextile were lightly rinsed three 

times with DI water, however it is likely that not all fine soil particles were removed before 

analysis for PCB concentrations. Thus the PCB concentrations attributed to geotextiles 

may be due to sorption to the polymer plus some PCB on fine particles trapped in the 

geotextile voids. All geosynthetics were stored in a cold room at 5oC until they could be 

sub-sampled and analyzed for PCB concentrations. 

4.3.2 Analytical Methods 

Prior to sub-sampling the bulk material collected in the field was thoroughly mixed. From 

the samples of waste, drainage sand, and clay barrier collected in the field, 10 g specimens 

were selected for analysis. Geomembrane and geotextile specimens of 1.0 g and 5.0 g, 

respectively, were analyzed. Each soil and geosynthetic specimen was analyzed as per 

USEPA Method 3540C using Soxhlet extraction (USEPA 1996). A surrogate standard of 

decachlorobiphenyl (DCBP) was added to specimens prior to extraction. PCBs were then 

extracted from specimens by repeated flushing with 250 mL dichloromethane (DCM) for 

six hours to extract the PCBs in a DCM mixture for subsequent solvent exchange for 

hexane. Concentrated specimens of PCB extract in hexane (10 mL) were filtered through 

a Florisil column. PCBs were analyzed by Gas Chromatography-Electron Capture 

Detection (GC/ECD) using a helium carrier gas on an Agilent 6890 GC equipped with a 
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63Ni electron capture detector and an SPBTM-1 fused silica capillary column (30 m × 

0.25 mm × 0.25 µm). All values were reported on a dry-weight basis. A blank, spike, and 

duplicate sample were run with every sample set of nine specimens. The method detection 

limit for soil samples was 0.1 µg/g, with a low level detection limit of 3 ng/g. Blanks were 

below the method detections limits for all sampling runs and DCBP recovery was within 

80 % to 115 %. All samples concentrations were corrected for surrogate recovery.  

4.3.3 Modelling 

Contaminant transport of PCB through the barrier system was modelled using 

POLLUTEv7 (Rowe and Booker 2004). Each cell was modelled separately for the specific 

conditions relevant to that cell. Since the core samples were analyzed in 1 cm intervals and 

showed a clear migration profile, they provided a very good data set for comparison with 

the model results. A total of six core samples were modelled individually and the diffusive 

parameters we selected to give the best fit to each data set. Thus, the six models provide a 

range of diffusive parameters which are considered likely to bound the values of De and 

Kd, for PCBs through the compacted clay and reflect the effects of variability/uncertainty 

regarding the waste or soil barrier layers. 

The source boundary condition used in the model considered a finite mass of 

contaminant in the waste as represented by an initial concentration of PCB in both the 

leachate and soil, with the two being related by a distribution coefficient, Kd, for the PCB 

contaminated soil (waste) calculated assuming the PCBs in soil and leachate were at 

equilibrium as discussed in more detail in Appendix E. 

All cells were modelled to evaluate the peak impact on the aquifer with respect to 

acceptable PCB concentrations based on Ontario Brownfield regulatory discharge limit of 
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0.2 µg/L (MOECC 2011). The modeling was used to estimate how long it may have been 

expected to take (for the different cell designs) for the concentration at the aquifer interface 

to exceed that allowed by Ontario brownfields regulations (i.e., the time to when remedial 

action would be required). This modelling assumed that the PCB contaminated soil (waste) 

had been left in place and each landfill cell continued to be operated as it had been in the 

previous 22 to 25 years (i.e., as an essentially passive system except for leachate 

collection).  

4.4 Results and Discussion 

4.4.1 Visual Observations 

The geotextiles performed very well as soil separators over a period of 22 to 25 years.  

There was no evidence of (i) degradation that impacted on their performance, or (ii) 

migration of soil particles through the geotextiles. The geotextiles used adjacent to the LCS 

showed no evidence of biological or chemical clogging; likely because of the inert nature 

of the waste. The waste appeared heterogeneous with respect to soil type. Some areas had 

large amounts of clay, and other areas had large amounts of sand and gravel. 

4.4.2 PCB Migration 

The average PCB concentrations observed in leachate were Cell 1: 0.14 µg/L; Cell 2: 

0.56 µg/L; Cell 3: 0.025 µg/L; and, Cell 4: 0.036 µg/L, measured approximately twice per 

year. All of these concentrations were below the Ontario drinking water standards, and 

only the leachate concentration in Cell 2 was above the Ontario brownfields discharge 

regulations. The measured values observed in the extracted leachate are viewed with 

skepticism by the authors, as PCB contaminated soil would be expected to give rise to 

leachate concentrations above the discharge regulations (otherwise there would seem little 
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need for a double lined barrier to contain the leachate), the reported leachate concentration 

in Cell 1 was lower than in Cell 2 although Cell 1 had the most contaminated soil and, as 

discussed later, the reported concentrations cannot explain the observed PCB 

concentrations in the barrier system below the waste. In contrast, the non-detectable PCB 

concentration (below 0.02 µg/L) in the SLCS of Cells 2, 3, and 4 were consistent with the 

PCB migration profiles observed the CCL, which showed PCB migration limited to the 

upper part of the CCL and undetectable levels in the lower part of the liner. The SLCS 

water (between the primary and secondary CCLs) in Cell 1 had an average PCB 

concentration of 0.5 µg/L with no trend of increasing or decreasing with time. This is not 

consistent with a transport profile or the non-detectable levels found in lower parts of the 

CCL. A possible explanation for this value was the presence of a small amount of 

contaminated soil having been mixed with the drainage sand during construction of Cell 1 

and would be consistent with non-detectable PCB concentration in the SLCS of all other 

Cells.  

PCB concentration in the waste and the various layers below the waste are presented in 

Table 4-2. Bulk samples were analyzed for PCB concentrations every 5 cm (except for the 

top of the CCL where a 2 cm samples was taken).The highest PCB concentrations observed 

in the barrier system were in the geotextile and geomembrane (Table 4-2). Geotextiles in 

contact with the waste had (in three instances) concentrations higher than those found in 

the waste directly above. It is possible that this elevated concentration was a combination 

of two phenomena: (i) preferential sorption of PCBs to the polymeric structure of the 

geotextile (as observed in Chapter 3, with a different polymer); and/or (ii) that the highest 

concentrations of PCB were associated with the smallest soil particles which were trapped 
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in the geotextile (which agrees with previous observation, that small soil particles tend to 

sorb PCBs in the highest concentrations; Krausse and Wilke, 2002) and the geotextile 

captured and retained small particles with elevated concentrations that had been transported 

to the filter. The observed phenomenon was likely a combination of both, however since 

attempts were made to remove the soil particle before testing, as noted earlier, the 

preferential sorption to the geotextile fibres is considered to be particularly significant. 

Both mechanisms suggest that geotextiles can be effective in retarding PCB migration as 

observed by Kalinovich et al. (2008, 2012) who successfully used geotextiles to reduce the 

concentrations of PCBs in sediment laden surface water.  

The geomembranes in Cells 3 and 4 also had high concentrations of PCBs (0.85 and 

0.5 µg/g, respectively), and (unlike the geotextiles) this can only be explained by 

partitioning to the polymer. HDPE geomembranes have been found to have a very high 

partitioning coefficient, Sgf, of 150,000 (Chapter 3).  

4.4.3 Core Samples 

Cell 1 cores were analyzed in 1 cm intervals for the upper 9 cm. PCBs were not detectable 

below 6 cm depth. The PCB migration profile in both Cores A and B appeared consistent, 

however Core B showed higher concentrations than Core A (likely due to overlying waste 

heterogeneity). However, based on the authors’ experience, the migration profile through 

the CCL does not resemble a traditional advective-diffusive profile from a relatively 

constant source at a constant advective velocity since there is a fairly consistent shift 

between the data between about 3 to 4 cm depth (Figure 4-3). This is hypothesized to result 

from either: (i) a sudden increase in leachate concentration; or (ii) a sudden change in the 
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hydraulic conditions (e.g., increased va, potentially as a result of leachate mounding) and 

will be discussed in more detail later.  

Cell 2 Core A was analyzed through the full thickness of the CCL. Core B was analyzed 

until there were 3 consecutive samples with non-detectable levels of PCBs. Both cores 

were analyzed with 1 cm intervals. Samples that were below the detection limit are not 

shown. Both Cores A and B exhibited some analytical noise in the upper 10 cm, however 

they both appear to follow the same pattern, and are within the same range (Figure 4-4). 

Due to lower PCB concentrations and relatively large scatter of small concentrations, it is 

difficult to draw conclusions from much of the Cell 2 data as there does not appear to be 

as clear an advective-diffusive pattern as in Cell 1.  

Cell 3 Core A was analyzed in 0.5 cm intervals in the upper 4.5 cm to evaluate whether 

thinner sample slices yielded better results in the upper edges where higher concentrations 

were expected. The depth from 4.5 cm to 13.5 cm was analyzed in 1 cm intervals. Core B 

was analyzed in 1 cm intervals, down to a depth of 27 cm below the sand protection layer 

(Figure 4-5). The thinner slices (0.5 cm) of Core A samples at the top did not appear to 

provide any better resolution than the 1 cm slices typical of the other core samples. Similar 

to Cells 1 and 2, Cell 3 showed very little PCB detectable below 10 cm depth in the clay 

layer. There did appear to be some PCBs present in Core A at a depth of 12 to 14 cm, and 

Core B at a depth of 23 to 25 cm however these concentrations are very close to the 

detection limit. For the purposes of interpreting the data, it is presumed that those in Core B 

were a result of sample contamination. It is very unlikely that these were a result of 

fractures, as the site locations were carefully inspected during exhumation. The low 

concentrations observed in Core A are more plausible and are presumed to be valid.  



 

 

 

112

4.5 Modelling the profiles  

For the contaminant transport modelling for Cells 1, 2, and 3, advection through the cells 

was evaluated based on the hydraulic conditions described in MOECC (1991) and the 

observed LCS, SLCS and groundwater levels over the 22 to 25 years in service 

(Appendix E). Diffusion was modelled beginning with estimates of De and Kd of the 

compacted clay (Appendix E) and Dg and Sgf based on laboratory tests on an HDPE 

geomembrane (Chapter 3) to obtain a concentration profile in the CCL after 22 to 25 years. 

Given that there were some uncertainty regarding the site conditions, three scenarios were 

examined. Each scenario tested a different assumption, and the findings from each scenario 

were then adopted in the subsequent scenarios.  

Migration through each cell is considered separately with consideration being given to 

the infiltration, LCS leachate removal, SLCS leachate removal, and the Darcy flux, va, 

across both the CCL and SCCL. However since it was found that the primary factors 

influencing the modelling of the core data were the source concentration, diffusion, 

sorption/partitioning and the va through the CCL, these are the only parameters reported 

herein (full details of the modelling including sample calculations of flows are provided in 

Appendix E). 

4.5.1 Scenario 1: Consideration for Leachate Concentration 

The average concentrations observed in leachate were very low (Cell 1: 0.14 µg/L, Cell 2: 

0.56 µg/L, Cell 3: 0.025 µg/L, and Cell 4: 0.031 µg/L). The leachate from these cells was 

sampled from a concrete manhole, and in order for the leachate to reach that manhole, it 

must first have passed through a PVC collection pipe. Pascall et al. (2005) showed that thin 

film PVC has a tri-chlorinated PCB partitioning coefficient (Sgf) of 6900 thus, given the 
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low flows and suspected high residency time in the pipe, it is likely that there was sorption 

of PCBs onto the pipe thereby decreasing the concentration of the leachate that reached the 

manhole for sampling while leaving higher concentrations in the drainage layer available 

for transport (Appendix E). Additionally, it is also known that the waste was 

heterogeneous, and it is likely that this heterogeneity was reflected in the leachate entering 

the drainage system at different locations, and that the leachate collected through the LCS 

pipes would represent an averaging of that drawn from all locations and hence the average 

value of the collected leachate would not be representative of locations where there was 

more highly contaminated waste. In any event, consideration of location specific leachate 

concentration directly above each core is needed to explain the observed concentrations at 

exhumation. 

Scenario 1 examined the hypothesis that leachate concentrations, at least at some 

locations, may be much higher than those measured at the leachate collection point. For 

the purposes of assessing one variable at a time, the first scenario assumed pure diffusion 

with De = 2 × 10-10 m2/s, Kd = 10 mL/g, Dg = 1.0 × 10-14 m2/s and Sgf = 150,000 based on 

previous testing of somewhat similar, but not the same, materials (Appendix E and 

Chapter 3). Various leachate concentrations were examined, starting with the measured 

average leachate concentrations for the cell, and increasing until a value was obtained that 

was somewhat consistent with the data (with an upper limit imposed by the solubility limit 

of Archlor 1242 = 240 µg/L; Hutzinger et al. 1974). The concentration profiles observed 

in the CCL after 23 to 25 years were compared with the core data. No quantitative 

conclusions are drawn from Scenario 1, with the only goal being to confirm that 

concentrations were likely higher than those measured in the leachate from the manhole.  
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In Cell 1, when leachate concentration was assumed to be equal to the average leachate 

value (0.14 µg/L), the calculated concentrations were so low that they were all below the 

detection limit and essential indistinguishable from the y-axis at the scale of Figure 4-3. 

This measured concentration cannot explain the observed PCB concentrations in the CCL 

in Cell 1. An assumed leachate concentration of > 12 µg/L gave a better fit to at least some 

of the data (Figure 4-3) with a concentration as high as about 85 µg/L being required to 

approximate the upper three data points in Core B. Cell 2 required a concentration > 3 µg/L 

well in excess of the average leachate value of 0.56 µg/L (Figure 4-4). The impacts in 

Cell 3, similarly, required a concentration > 40 µg/L as compared to the average leachate 

value of 0.025 µg/L (Figure 4-5). Scenario 1 indicated that much higher concentrations 

than the average leachate values was required above the clay liner to explain the observed 

concentrations. However Figure 4-3, Figure 4-4, and Figure 4-5 also demonstrated that, in 

general, a constant source concertation and pure diffusion cannot explain the shape of the 

observed profiles and additional factors need to be explored as discussed below for 

Scenarios 2 and 3.   

4.5.2 Scenario 2: Consideration for variable Darcy velocity and leachate collected 

All cells were recorded as having varying heads in the LCS, SLCS, and groundwater over 

the 23 to 25 years in service. Scenario 2 considers the advective-diffusive transport in the 

CCL when evaluated for the average Darcy velocity, as well as considering variation in De 

and Kd of the CCL. Leachate concentrations are assumed to be much higher than was 

measured in the collected leachate, as concluded from Scenario 1.  

In Cell 1 Cores A and B are evaluated separately using initial concentrations in the 

leachate from Scenario 1. Depending on the recorded heads at a given point in time, the 
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calculated Cell Darcy velocity, va, ranged from - 0.005 m/a (i.e., slightly inward) to 

0.02 m/a (outward) through the CCL (assuming k = 1 × 10-10 m/s). Within this range va = 

0.001 m/a appeared most reasonable on average. The effects of De and Kd were also 

evaluated for De of 1 × 10-10 and 2 × 10-10 m2/s and Kd of 10 and 15 mL/g. This small 

outward advective flux combined with De = 1 × 10-10 m2/s, Kd = 15 mL/g, together with 

co = 8 µg/L for Core A and 50 µg/L for Core B, gave the most reasonable comparison 

between the model and observed CCL core concentrations after 25 years (Figure 4-6, 

Figure 4-7, respectively) for the range of conditions considered; however the fit still failed 

to fully capture the observed concentration profile.  

The monitoring wells for Cell 2 did not indicate a clear pattern for hydraulic gradients: 

sometimes the gradient was into the landfill, and sometimes it was toward the aquifer with 

no temporal trend visible in the data. Assuming the hydraulic conductivity of the CCL and 

SCCL was 1 × 10-10 m/s, va across the CCL was calculated to a very narrow range between 

- 0.005 to 0.004 m/a. Examples using initial concentrations in the leachate as found in 

Scenario 1 (> 3 µg/L), and an expanded range of va (- 0.01 m/a, 0.0 m/a, and 0.01 m/a) 

were evaluated for the impact on PCB concentrations in the CCL after 24 years, while 

accounting for possible variability in k (given the very narrow calculated range). Given the 

scatter of the data there was no clear best fit to the data for either Cores A and B after 24 

years, however the analysis for va = 0 m/a across the CCL in Cell 2, fit the data best. Figure 

4-8 demonstrates that it is likely that an initial concentration of 3 µg/L was present, and 

that the De = 2 × 10-10 m2/s and Kd = 10 mL/g appear to be reasonable for the core data.   

Monitoring wells for Cell 3 indicate a typical upward advection (hydraulic containment) 

through the CCL with a Darcy velocity, va, ranging from - 0.025 m/a to 0.004 m/a assuming 



 

 

 

116

k = 1 × 10-10 m/s. From Scenario 1, it appeared that Core A could likely be explained by 

co = 60 µg/L, and Core B by co ≤ 160 µg/L (which is further explored here). Cores A and 

B were evaluated separately with va of - 0.0125 m/a, - 0.075 m/a, - 0.0025 m/a and 0 m/a 

across the CCL. The diffusive properties of the geomembrane were Dg = 2.0 × 10-14 m2/s, 

Sgf = 150,000 (Chapter 3), however it has been assumed that the geomembrane has a hole 

or holes and did not inhibit advective flow. For Core A, a reasonable fit was obtained 

assuming hydraulic containment with - 0.0125 m/a ≤ va ≤ - 0.0075 m/a (Figure 4-9). Core 

B data was more difficult to match, likely due to the low number of data points in the core 

which were above detection limit (Figure 4-10), although it was best represented by a CCL 

va = - 0.0125 m/a and an even higher initial concentration of 160 µg/L. It is difficult to 

draw conclusions from these results, although De = 2 × 10-10 m2/s and Kd = 10 mL/g did 

give the best fit to the data (albeit, not well). Data from both Core A and B is supportive 

that there was hydraulic containment over much of the 23 years of operation.  

4.5.3 Scenario 3: Consideration for increased leachate heads.  

Modeling in Scenario 2 assumed that the Darcy flux remained constant with time. Despite 

considering a range of parameters the calculated concentrations for Cells 1, 2, and 3 did 

not match the observed profile and it was especially difficult to fit both the upper 3 cm and 

the deeper concentrations for any combination of time independent parameters. Based on 

the authors’ experience, this unusual behaviour could be explained either by an increase in 

the concentration in the landfill towards the end of the period of operation (unlikely to have 

occurred in all cells at the same time) or an increase in the outward advective flow. The 

latter hypothesis could occur in all cells at around the same time if leachate pumping ceased 

and is consistent with pumping logs which do not show any recorded leachate pumping 
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after 2005. While it is likely that the buildup in leachate head and hence outward advective 

velocity would build up gradually with time over the four years that there does not appear 

to have been leachate pumping, the details of that rate of increase are unknown and hence 

the overall effect is simplified by modeling a step increase in va to vaf about half way 

through this period (i.e., for the final two years).  

4.5.3.1 Cell 1 

Based on insights from modelling Scenario’s 1 and 2, in Scenario 3 it was assumed that 

co = 8 µg/L for Core A and 50 µg/L for Core B, De = 1 × 10-10 m2/s, Kd = 15 mL/g and  va = 

0.001 m/a for 0 < t < 23 years while considering a vaf of 0.01, 0.05 and 0.10 m/a. While 

not perfect, adoption of  vaf = 0.05 m/a allowed much better modelling of both Core A 

(Figure 4-11) and Core B (Figure 4-12) and it would appear that some refinement of this 

general approach would explain reasonably well the observed concentrations profiles in 

Cell 1.  

4.5.3.2 Cell 2 

From Scenarios 1 and 2, it was assumed that co = 3  µg/L, De = 2 × 10-10 m2/s, Kd = 10 mL/g 

and va = 0 m/a for 0 < t < 22 years while considering vaf of 0.01, 0.05 and 0.10 m/a. 

Modelling for Scenario 3 best approximated the PCB migration profiles observed in Core 

A and B, vaf = 0.05 m/a across the CCL during the final 2 years of operation (Figure 4-13; 

similar to that observed for Cell 1).  

4.5.3.3 Cell 3 

From Scenarios 1 and 2, it is assumed co = 60 µg/L for Core A, and co = 160 µg/L for 

Core B, both with De = 2 × 10-10 m2/s, Kd = 10 mL/g, Dg = 1.0 × 10-14 m2/s, Sgf = 150,000  
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and va = - 0.075 m/a for 0 < t < 21 years while considering Core A vaf = 0.001, 0.005, 

0.01 m/a, and Core B vaf = 0.01, 0.015, 0.02 m/a, from 21 < t < 23 years.  

Cell 3 Core A was best represented best when assuming and vaf = 0.005 m/a during the 

final two years. (Figure 4-14).  

For the range of observed leachate gradients at the site, the expected range in va across 

the CCL is expected to be between - 0.025 and 0.004 m/a, assuming k = 1 × 10-10 m/s, or 

between -0.05 and 0.008 m/a, assuming k = 2 × 10-10 m/s. The Core B model did not agree 

very well assuming that va = - 0.0075 m/a (Figure 4-15) which would be well represented 

in the range of va expected assuming k = 1 × 10-10 m/s,  since this yielded concentrations 

from 3 cm down to 14 cm that were not consistent with the data. However, when va = 

- 0.0225 m/a and vaf = 0.01 m/a were assumed, a much better fit to the data was obtained 

(Figure 4-16). This value of va = - 0.0225 m/a for Core B is at the low end of the range of 

velocities expected if k = 1 × 10-10 m/s (va = - 0.025 to 0.004 m/a), however is well within 

the range of va if k = 2 × 10-10 m/s (va = - 0.05 to 0.008 m/a) for the gradient range.  Although 

this implies a difference between the anticipated va for Cores A and B, it is not unreasonable 

for heterogeneity in a CCL’s hydraulic to give a two-fold difference in hydraulic 

conductivity (1 × 10-10 m/s in Core A and 2 × 10-10 m/s in Core B) from place to place and 

hence between core locations. Both values easily meet the specified requirement of k < 

1 × 10-9 m/s.  

4.5.4 Modelling conclusions  

Table 4-3 compares the diffusive properties (De and Kd) for the CCL and SCCL in each 

core sample. Only Cell 1 had a different De value (1 × 10-10 m2/s, compared to 2 × 10-10 

m2/s for all other Cells). Cells 2 and 3 were best represented by a Kd of 10 mL/g, which 
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agrees well with the predictions made in Chapter 3. Cell 1 differed from the trend (again) 

with a most reasonable Kd = 15 mL/g. Overall, this suggests that De for compacted clay is 

likely bounded by the range of 1 to 2 × 10-10 m2/s, and Kd is likely bounded by the range 

of 10 to 15 mL/g. All cells were well represented by hydraulic conditions which could be 

reasonably interpreted from monitoring well data (k = 1 to 5 × 10-10 m/s). Similarly, all 

cores of all cells were better represented assuming that something caused increases in 

outward advection during the final two years of operation. Figure 4-17, Figure 4-18, and 

Figure 4-19 show the calculated concentration profiles compared with the values obtained 

from the core samples for the CCL in  Cells 1, 2, and 3, respectively. 

4.5.5 Time to contamination prediction  

Contaminant transport was modelled for all cells for a period of centuries, assuming 

continued leachate pumping. Cell 4 was designed similar to Cell 3, with the exception of a 

5 cm thinner CCL and recorded leachate concentrations 20 % higher (0.031 µg/L, 

compared to 0.025 µg/L) than in Cell 3. Cell 4 was modelled assuming characteristics were 

similar to Cell 3 but using a leachate concentrations 20 % higher than for Cell 3 Core B, 

and hydraulic conditions from Cell 3 Core A (to model a worst case scenario based on 

Cell 3’s data). No consideration was given to the service life of the geomembrane since it 

was already assumed to have holes and not to be providing significant hydraulic resistance 

with sand above and below it (although it was still a significant diffusive barrier). All 

models assumed that the LCS and SLCS work indefinitely, and that the hydraulic and 

diffusive characteristics found from the core modelling for each cell were consistent for 

the entire operating life (and did not change). Models were evaluated for the conditions 
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inferred at the location of each core sample and details including infiltration can be found 

in Appendix E.  

For all cells, the calculated PCB concentration at the aquifer interface was always below 

the Ontario brownfields limit of 0.2 µg/L indefinitely (Table 4-4 and Figure 4-20). Cell 1, 

with the largest mass of stored PCBs (1400 µg/g), behaved similar to a constant 

concentration source, reaching a steady state concentration after approximately 6000 years, 

whereas Cells 2, 3, and 4 had less total mass of PCB in their waste (5.4, 17, and 5.4 µg/g, 

respectively), and reached a peak concentration in the aquifer shortly before decreasing 

concentrations (due to source depletion from both downward migration and leachate 

removal). Cell 1 Core A reached a peak concentration of 0.008 µg/L at the aquifer interface 

after approximately 6000 years, whereas Core B, with a much higher assumed initial 

leachate concentration, reached a peak of 0.05 µg/L at around the same time. Cell 2 Cores 

A and B had a peak impact of 0.02 µg/L after 1200 years. Cell 3, with a geomembrane and 

hydraulic containment (CCL va = - 0.0075 m/a, SCCL va = - 0.03 m/a, in Core A), peaked 

at 0.001 µg/L (Core A), whereas increased inward flows and concentrations at the location 

of Core B (va (CCL) = - 0.0225 m/a, va (SCCL) = - 0.09 m/a) yielded a very small peak of 

2 × 10-7 µg/L after only 270 years. The Cell 4 model reached a peak of 0.004 µg/L after 

800 years.  

For the observed leachate gradients, the expected range in va across the SCCL would be 

va = - 0.01 to - 0.025 m/a, assuming k = 1 × 10-10 m/s, or va = - 0.05 to - 0.125 m/a, assuming 

k = 5 × 10-10 m/s. Cell 3 Core A required the use of va = - 0.03 m/a across the SCCL (and 

Core B required va = - 0.09 m/a across the SCCL), which are both larger than the range 

calculated from the leachate gradients (assuming k = 1 × 10-10 m/s; va = - 0.01 to - 0.025 
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m/a). These values could, however, both be explained if the SCCL of Cell 3 had a k = 5 × 

10-10 m/s (providing a range of va = - 0.05 to - 0.125 m/a), and this value is also plausible 

given that the specification only required k < 1 × 10-9 m/s.  

Results from Cells 3 and 4 demonstrate the added value of a geomembrane, as well as 

the advantages of operating a landfill using hydraulic containment. 

As Cell 2 had lower leachate concentrations than Cell 1, and inward advection across 

the SCCL, it might be anticipated that the calculated aquifer impacts from Cell 1 would be 

higher than of Cell 2, however this was not the case. This is due to difference in diffusive 

parameters used in the two cases. The compacted clay for Cell 1 was inferred to have De 

about half that for Cell 2 as well as a higher Kd (15 mL/g for Cell 1 compared to 10 mL/g 

for Cell 2). This implies that in this diffusion governed system, small changes to the 

diffusive properties can have large impacts on performance.  

Comparing Cell 3 Core A with Cell 4, shows the effect of a larger initial concentration 

(192 µg/L in Cell 4, compared to 60 µg/L in Cell 3 Core A) and very similar hydraulic 

conditions. Despite a higher waste loading (waste concentrations of 17 µg/g in Cell 3 

compared to 5.4 µg/g in Cell 4) the initial concentration and amount of PCBs available for 

transport governed the aquifer impact (final impact in Cell 3 Core A = 0.001 µg/L, Cell 4 

= 0.004 µg/L).  

4.6 Conclusions 

Core samples removed from PCB contaminated soil monofills after 23, 24, and 25 years 

of service provided an indication of PCB migration through a liner system over more than 

two decades. PCB migration through the cores was modeled, and De, Kd, Dg, and Sgf were 

varied to best fit the observed PCB concentration pattern. The Dg and Sgf of the 
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geomembrane were similarly used in the field models, based on laboratory testing 

completed in Chapter 3. The conclusions of this chapter are: 

1. PCB migration of the upper portion of the CCL to theoretical values was 

best described by PCB diffusive properties in clay of De = 1 to 2 × 10-10 

m2/s and Kd = 10 to 15 mL/g.  

2. Modelling using the Sgf and Dg values obtained for an HDPE geomembrane 

in Chapter 3 (Dg = 1.0 × 10-14 m2/s and Sgf = 160 000) provided encouraging 

agreement with the Cell 3 data.  

3. The data suggested that the geotextiles provided capture and resistance to 

the movement of large amounts of PCBs, either through sorption or 

containment of small particles which contain high concentrations of PCBs. 

This finding is consistent with the observations by Kalinovich et al. (2008, 

2012) when geotextiles were used as a filter for PCB contaminated soils.  

4. Concentrations of PCBs recorded from monitoring wells were likely much 

lower (1 to 2 orders of magnitude) than the actual concentrations in leachate 

(at last at the locations where cores were taken). The leachate passing across 

geomembrane, and through PVC leachate collection pipes (all of which are 

demonstrated to have high sorption of PCBs) may lower the observed 

concentration of PCBs sampled in monitoring wells, and therefore not 

provide a true value. There was also evidence of substantial heterogeneity 

of the waste and the leachate also probably gives a lower values compared 

to the sampling locations due to averaging of leachate concentrations form 

many locations. This suggests that the concentrations observed by 
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monitoring landfill leachate may bear little resemblance to the actual 

leachate imposing a risk on groundwater. Extra care should be given when 

HDPE collection pipes are used since they likely have a higher Sgf than the 

PVC collection pipes used at Pottersburg. 

5. Long-term monitoring of the site showed that after 22 to 25 years in service 

all four cells showed no signs of PCB impact on groundwater. This was 

subsequently confirmed by evaluating PCB concentrations in barrier layers, 

which showed no sign of contamination below the CCL.  

6. Contaminant transport modelling of the entire composite barrier system 

showed that PCBs would be contained indefinitely to within current 

guidelines (0.2 µg/L) for all cells, assuming continued leachate pumping.  
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Table 4-1 Description of each cell and bottom barrier systems. 

 Cell 1 Cell 2 Cell 3 Cell 4 
Year Constructed 1984 1985 1986 1987 
Waste Volume# 3630 m3 8370 m3 11300 m3 12300 m3 
Waste Average 
Concentration+ 

1400 µg/g 5.4 µg/g 17 µg/g 5.4 µg/g 

Length# 56 m 93 m 93 m 93 m 
Width# 37 m 46 m 46 m 46 m 
Area^ 2070 m2 4280 m2 4280 m2 4280 m2 
Average Thickness^ 1.8 m 2.0 m 2.6 m 2.9 m 
Layers Below Waste     
Geotextile 5 mm 5 mm 5 mm 5 mm 
Upper Sand LCS* 35 cm 20 cm 20 cm 20 cm 
Geomembrane - - 1.5 mm 1.5 mm 
Lower Sand LCS* - - 10 cm 10 cm 
CCL* 35 cm 35 cm 25 cm 20 cm 
SLCS* 30 cm 35 cm 30 cm 30 cm 
SCCL* 30 cm 30 cm 30 cm 30 cm 
Average Leachate 
Concentration^ 

0.14 µg/L 0.56 µg/L 0.025 µg/L 0.031 µg/L 

LCS total Head^ 28.86 m 29.68 m 29.41 m 29.46 m 
SLCS total Head^ 28.73 m 29.63 m 29.78 m 29.98 m 

 
Modified from McWatters (2010) 
*Thicknesses are as measured during the excavation, and are rounded to nearest 5 cm (except for geotextile 
and geomembrane).  
+ Measured during excavation, in layer of soil directly above bottom barrier system. Rounded to nearest 
two significant figures 
# Recorded from as built drawings and construction reports 
^ Calculated averages based on provided values 
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Table 4-2 Bulk PCB concentrations in the base layers of all cells. 

Layer 
Depth 

From top 
of Layer 

Cell 
1 

Cell 
2 

Cell 
3 

Cell 
4 

 (cm) µg/g µg/g µg/g µg/g 
Waste - 1433 5.4 17 5.4 

Geotextile - 1820 1.6 21.9 7.8 

Sand LCS 

0 – 5 10.5 0.01 0.13 0.20 
5 – 10 0.7 <0.01 <0.01 <0.1 
10 – 15 0.15 <0.01 <0.01 <0.1 
15 – 20 0.03 <0.01 <0.01 <0.1 

Geomembrane 0 – 0.15 na na 0.85 0.50 
Sand LCS 20 – 25 0.21 n/a <0.01 <0.1 
Sand LCS 25 – 30 0.12 n/a <0.01 <0.1 

CCL 

0 –2  0.01 <0.01 <0.01 <0.1 
2 –7  0.04 <0.01 <0.01 <0.1 

7 – 12  0.02 <0.01 <0.01 <0.1 
12 – 17  0.08 <0.01 <0.01 <0.1 

na = not applicable (not present) 

 

Table 4-3 Best fit data for Kd and De for core samples 

Core Title  Kd 
(mL/g) 

De 
(× 10-10 m2/s) 

Cell 1 – Core A 15 1 
Cell 1 – Core B 15 1 
Cell 2 – Core A 10 2 
Cell 2 – Core B 10 2 
Cell 3 – Core A 10 2 
Cell 3 – Core B 10 2 
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Table 4-4 Summary of each modelling condition, including assumed initial leachate 

concentrations (co), as well as the va across both CCL and SCCL as inferred from leachate 

head monitoring and confirmed by contaminant transport modelling. Peak contamination 

from each modelling conditions for all cores from all cells are also presented. 

Core Title 
co 

(µg/L) 

Average 
va across 

CCL 
(m/a) 

Average 
va across 
SCCL 
(m/a) 

Peak 
Concentration in 
Ground Water 

(µg/L) 

Time to Peak 
Contamination 

(years) 

Cell 1 – Core A 8 0.001 0 0.008 6000 
Cell 1 – Core B 50 0.001 0 0.05 6000 
Cell 2 – Cores A&B 3 0 - 0.01 0.02 1200 
Cell 3 – Core A 60 - 0.0075 - 0.03 0.001 1000 
Cell 3 – Core B 160 - 0.0225 - 0.09 2 × 10-7 270 
Cell 4 – Assumed 192 - 0.0075 - 0.03 0.004 800 
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Figure 4-1 Photograph of Cell 1 cover during exhumation. 
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Figure 4-2 Photographs of bulk sampling of the bottom liner materials, sand LCS (Figure 4-

2a, left) and CCL (Figure 4-2b, right). 
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Figure 4-3 Cell 1 Scenario 1 modeling comparison with core data. Note that co = 0.14 µg/L 

(the recorded leachate concentration) is not distinguishable from the y-axis. Core A is better 

represented assuming co = 12 – 20 µg/L, and Core B by co = 80 – 85 µg/L.  Scenario 1 

assumes that va = 0 through the CCL, Kd = 10 mL/g, and De = 2 × 10-10 m2/s. 
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Figure 4-4 Cell 2 Scenario 1 modeling comparison with core data. Cores A and B are better 

represented assuming co = 3 to 10 µg/L. Scenario 1 assumes va = 0 through CCL, Kd = 10 

mL/g, and De = 2 × 10-10 m2/s. 
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Figure 4-5 Cell 3 Scenario 1 modeling comparison with core data. Note that co = 0.025 µg/L 

(the recorded leachate concentration) is hardly distinguishable from the y-axis. Neither 

Core A nor B is well represented, however concentrations of 40 – 160 µg/L represent the 

data much better than 0.025 µg/L. Scenario 1 assumes va = 0 through the CCL, Kd = 10 

mL/g, and De = 2 × 10-10 m2/s. 
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Figure 4-6 Cell 1, Core A Scenario 2 modelling comparison with core  for va = 0.001 m/a. 

Scenario 2 does not provide an ideal fit to the data, however a co = 8 µg/L, De = 1 × 10-10 

m2/s, and Kd = 15 mL/g appear to fit the data the best. 
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Figure 4-7 Cell 1, Core B Scenario 2 modelling comparison with core data for  va = 0.001 

m/a. Scenario 2 does not provide an ideal fit to the data, however De = 1 × 10-10 m2/s, co = 50 

µg/L, and Kd = 15 mL/g appear to best fit the data. 
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Figure 4-8 Cell 2, Scenario 2 co = 3 µg/L, De =1 and 2 × 10-10 m2/s, Kd = 10 and 15 mL/g and 

various va across the CCL (-0.01, 0, 0.01 m/a). Scenario 2 does not provide an ideal fit, 

however the best fit is represented by co = 3 µg/L, va = 0 m/a, De = 2 × 10-10, Kd = 10 mL/g is 

the best fit. 
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Figure 4-9 Cell 3, Core A, Scenario 2 assuming co = 60 µg/L, De = 1 and 2 × 10-10 m2/s, and 

K d = 10 and 15 mL/g. When not stated in the figure, De = 2 × 10-10 m2/s, and Kd = 10 mL/g. 

Scenario 2 does not provide an ideal fit to the data, however the best fit is provided by va 

across the CCL between - 0.0025 to - 0.0075 m/a, De = 2 × 10-10 m2/s, and Kd = 10 mL/g. 
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Figure 4-10 Cell 3, Core B, Scenario 2 assuming with co = 160 µg/L, De = 1 and 2 × 10-10 

m2/s, and Kd = 10 and 15 mL/g. Scenario 2 does not represent an ideal fit to the data, 

however the best fit is provided by co = 160 µg/L, Kd < 15 mL/g, De > 1 × 10-10 m2/s, with - 

0.075 m/a < va < - 0.025 m/a. 
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Figure 4-11 Cell 1, Core A, Scenario 3, evaluated assuming CCL va = 0.001 m/a, 0 < t < 23 

years, De = 1 × 10-10 m2/s, Kd = 15 mL/g, and co = 8 µg/L. Best fit appears to be assuming the 

final two years of operation vaf = 0.05 m/a. 
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Figure 4-12 Cell 1, Core B, Scenario 3, assuming va = 0.001 m/a from 0 < t < 23 years, De = 1 

× 10-10 m2/s, Kd = 15 mL/g, and co = 50 µg/L. Best fit appears to be assuming a vaf = 0.05 m/a 

through the CCL during the final two year of operation. 
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Figure 4-13 Cell 2, Cores A and B Scenario 3 modelling, assuming va = 0 m/a from 0 < t < 22 

years, co = 3 µg/L, Kd = 10 mL/g, De = 2 × 10-10 m2/s. It appears that the data is better fit 

assuming a vaf = 0.05 m/a. 
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Figure 4-14 Cell 3, Core A, Scenario 3, assuming co = 60 µg/L, va = - 0.0075 m/a from 0 < t < 

21 years, De = 2 × 10-10 m2/s, Kd = 10 mL/g, Dg = 1 × 10-14 m2/s, and Sgf = 150,000. There 

appears to be a very prominent change from Scenario 2, with a flow reversal in the final 

two years, with the data best represented by vaf = 0.005 m/a. 
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Figure 4-15 Cell 3, Core B, Scenario 3, assuming co = 160 µg/L, va = - 0.0075 m/a from 0 < t 

< 21 years, De = 2 × 10-10 m2/s, Kd = 10 mL/g, Dg = 1 × 10-14 m2/s, and Sgf = 150,000. The 

reversal of the hydraulic containment in the final two years (vaf = 0.005 – 0.01 m/a in the 

CCL) agrees much better with the core data than Scenario 2. 
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Figure 4-16 Cell 3, Core B, Scenario 3, assuming co = 160 µg/L, va = - 0.0225 m/a from 0 < t 

< 21 years, De = 2 × 10-10 m2/s, Kd = 10 mL/g, Dg = 1 × 10-14 m2/s, and Sgf = 150,000. The 

reversal of hydraulic containment in the final two years (vaf = 0.01 to 0.015 m/a in the CCL) 

agrees much better with the core data than Scenario 2. 
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Figure 4-17 Pollute comparison with Cell 1 core data. 
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Figure 4-18 Pollute comparison with Cell 2 core data. 
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Figure 4-19 Pollute comparison with Cell 3 core data. 
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Figure 4-20 Concentration at interface between SCCL and aquifer for the worst case in 

each cell. 
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Chapter 5  

Evaluation of Geosynthetics to Contain PCB Contaminates Soils and 

Water in Canada’s Arctic 

5.1 Introduction 

Polychlorinated biphenyls (PCBs) were used widely throughout the 1940s and 1950s for 

their electrical insulating abilities, as well as low cost of production. In the 1950s, with the 

creation of the Distant Early Warning (DEW) Line in Northern Canada and Alaska, there 

was extensive use and subsequent on-site dumping of equipment containing PCBs 

consistent with the poor environmental practices of the era. There was also significant 

leakage of PCBs at these sites in Northern Canada arising from unsafe and unsecured 

storage. This chapter describes aspects of an extensive clean-up initiative that began in 

1999 at a site known as BAF-5 on Resolution Island, Nunavut (61o35N 60o40W) (Figure 

5-1) after a decade of investigations which included initial site assessments, contaminant 

delineation, extensive soil excavation and Canadian Arctic-wide environmental risk and 

human health assessments (AANDC 2010). During this clean-up, a number of surface 

permeable reactive barriers (PRBs) with a series of settling ponds (funnels) to collect PCB 

contaminated soil transported by (predominantly spring) runoff and treat PCB 

contaminated water were constructed and lined with composite geosynthetic barriers 

involving geosynthetic clay liners (GCLs) below a geomembrane (Kalinovich et al. 2008b; 

2012). In 2005, remediation of the site was complete, and the 25-year monitoring phase of 

the project began. For a remote site with challenging logistics for annual and subsequently 

periodic inspections, PRBs continue to be an important aspect of the environmental 
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management of the site. With exposure to PCBs, the Arctic environmental conditions, and 

solar radiation, the integrity of the geosynthetic materials used is crucial to the 

effectiveness of the PRB at continuing to contain PCBs over time.  

PRBs have been used in many applications in polar regions, including to control 

contaminated surface water in the Arctic (Poland et al. 2001; Kalinovich et al. 2008a,b, 

2012) and contaminated groundwater in the Antarctic (Snape et al. 2001; Gore 2009; 

Mumford et al. 2013, 2014; Statham et al. 2015). These studies have focused on the 

hydraulic and remediation performance of the gate materials of the PRBs. The gate 

materials in both the Furniture Dump and S1/S4 Valley barriers have been performing well 

as designed for over 10 years (Kalinovich et al. 2012).  

The funnel of the PRB is also a fundamental component of the system. It must minimize 

advective and diffusive transport of contaminants to the surrounding environments while 

directing contaminants to the gate. There are no studies investigating the performance of 

the funnel as a component of the PRB system. The geosynthetic materials used to line the 

settling pond area (funnel) were not studied until this investigation began in 2010.  

Little is known about the migration of PCBs through GCLs or the chemical 

compatibility of PCBs on the field performance of geomembranes or GCLs. Rowe et al. 

(2005) and Lake and Rowe (2005) have examined the diffusion of benzene, toluene, 

ethylbenzene, and xylenes (BTEX) and other volatile organic compounds (VOCs) through 

GCLs, but there is no published work with respect to PCBs. Chapters 2 and 3 evaluated 

diffusion testing of PCBs for a high density polyethylene (HDPE) geomembrane and 

compacted clay, yet the diffusive properties of the geomembrane used on site with respect 
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to PCBs remains unstudied. Studies by Safari et al. (2011) and Awad et al. (2013) suggest 

that exposure of HDPE geomembranes to PCBs has little effect on aging.  

This chapter has four objectives: (1) evaluate the performance of two geosynthetic 

composite barriers installed on Resolution Island in PRB settling ponds as both diffusive 

and advective barriers to PCB contaminated water and sediment; (2) evaluate the diffusive 

properties of the geosynthetic composite barrier system through contaminant transport 

modelling; (3) estimate the length of time it would take for PCBs to diffuse through the 

geosynthetics to unacceptable levels; (4) discuss the design challenges and logistics 

specific to these two PRB locations; and (5) provide recommendations for future 

geosynthetic barrier systems and PRBs designed for exposure to the conditions of the 

Arctic and other polar environments. 

5.2 Background 

5.2.1 Site History 

The DEW Line in Northern Canada comprised over 70 long range radar stations 

constructed across the Arctic with the objective of detecting any aircraft attacking Canada 

or the USA. In order to relay these warnings south, the Pole Vault Line was created, 

extending from east Baffin Island in the Arctic to the east coast of Labrador, Canada. Pole 

Vault Line stations were built on high terrain and required high-powered electrical 

equipment (which contained large quantities of PCBs) to amplify signals and relay them 

further distances than the DEW Line sites.  

Since the late 1970s, the manufacture of PCBs has been banned. The storage and 

disposal of residual contaminated materials (soil, building materials) are regulated and 
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approved disposal includes incineration under a strict regime or containment at low-levels 

in engineered containment facilities such as landfills (Environment Canada 2013).  

PCBs have 209 different congeners that vary in number of chlorine molecules and 

configuration. These are grouped into technical mixtures when manufactured. The majority 

of the PCBs found at BAF-5 are characterized as Archlor 1260, which has an average 

chlorination of 6.1 chlorine atoms per molecule (out of a maximum of ten) and is comprised 

of: 0 % mono-, 0.15 % di-, 0.48 % tri-, 2.41 % tetra-, 11.96 % penta-, 39.28 % hexa-, 

36.38 % hepta-, 7.67 % octa-, 1.59 % nona, and 0.07 % deca-chlorinated biphenyl (Mayes 

et al. 1998). 

From 2000 to 2005, a large scale remediation approach was undertaken during the 

summer months supported by up to 85 workers and heavy equipment and resources brought 

to the remote site. As part of the site clean-up, 5,000 m3 of the most highly contaminated 

PCB soil was shipped off-site for incineration and 18,000 m3 was placed in the engineered 

landfill storage facility (McWatters et al. 2015). Residual contamination trapped in exposed 

and fractured bedrock on site required management to prevent further contamination of the 

surrounding environment (Kalinovich et al. 2008b). The residual contaminated soil would 

seasonally flush out of the fractured bedrock by snow melt each spring and be carried off-

site as surface water. PRBs were installed in 2003 to manage this off-site migration in two 

key areas of contamination.  

One of the two main sources of contamination was an area known as the Furniture 

Dump, where in addition to furniture, used transformers and capacitors were disposed in 

the dump. By 2003 all of the materials were excavated from this site, including 

transformers with pure PCBs still inside. This dump had rested on fractured bedrock at the 
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top of a 306 m cliff with no sustained groundwater movement through the subsurface 

(Figure 5-1). The spring snowmelt pulse transports water and sediment (and with it PCB 

contaminants) from the catchment area to where it ultimately enters the Arctic Ocean at 

the bottom of the cliff (Kalinovich et al. 2006, 2008b, 2012).   

The second area of interest (called the S1/S4 Valley) was located directly downstream 

of the main electrical buildings where PCBs were used and stored (Figure 5-1). PCBs 

drained down the valley towards a 310 m cliff that enters Brewer Bay and ultimately into 

the Arctic Ocean. Investigations conducted in 1993 into the marine sediment of Brewer 

Bay showed that contamination had not impacted the marine environment, however, it was 

confirmed that PCBs were entering the ocean along this drainage pathway (Kalinovich et 

al. 2006). The S1/S4 Valley is also fractured rock and has no significant groundwater but 

the catchment area is larger than the Furniture Dump and it experiences significant seasonal 

surface water flow, especially during snow melts. 

In 2006, remediation activities were completed at BAF-5, heavy equipment was 

removed from the site and the monitoring phase began. Both PRBs were inspected and 

filter materials replenished each year from 2006 to 2011 and then only every few years 

during the remainder of this monitoring period. 

5.2.2 Permeable Reactive Barriers 

Funnel-and-gate PRBs were installed downstream of the contaminant source in both the 

Furniture Dump (Figure 5-2) and S1/S4 Valley (Figure 5-3). These natural drainage 

pathways were targeted as catchment areas to intercept and treat contaminated surface 

water, and residual silt and sediment being flushed out of the fractured bedrock. The 
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settling pond (funnel) portion of the barriers were constructed in the Furniture Dump and 

S1/S4 Valley catchment areas in 2003. 

5.2.3 Design and Construction 

5.2.3.1 Funnel and gate PRB 

In preliminary studies, Poland et al. (2001) showed that sedimentation and sorption of 

PCBs to gate materials would be key design factors for the PRBs in capturing PCBs. 

Excavation and vacuuming processes in both locations successfully removed the bulk of 

contaminated soil, however this destabilized residual soils. The PRB funnel was designed 

to be a settling pond allowing sedimentation from erosion and spring runoff. The PRB gate 

was able to trap fines with different filter media, allowing treated water to exit (Kalinovich 

et al. 2008a).  

The PRB funnels consisted of a settling pond lined with a geosynthetic barrier (two 

layers of GCL and one layer of coated polyester geomembrane). Individually, these 

different geosynthetics provide advective and diffusive resistance to contaminant transport 

through the underlying permeable subsoil when the settling pond contained liquid water 

(Figure 5-3c). Silts and sediment are also deposited in both retention ponds during the 

spring snow melt and have to be excavated manually (Figure 5-3d). Given the harsh 

environment and limited capacity for maintenance, the combination of geosynthetics 

offered a superior barrier to a single liner and provided for some redundancy even if a 

component of the system was locally damaged in this harsh environment.  

These composite barriers are normally used horizontally or on low angle slopes (e.g., in 

landfill designs), but the funnel required side slopes and therefore the geosynthetics were 

also placed vertically and at steep angles to create the catchment area. Geosynthetics were 
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chosen because they could be shipped in rolls and positioned on-site by available heavy 

machinery. It was unknown at the time of construction how well the geosynthetic materials 

would withstand the elements and challenges of this remote site, which include high winds, 

UV exposure, cyclic freezing and thawing, PCB contaminants, and even damage from 

curious polar bears who had previously compromised preliminary contaminant barriers 

installed at this site (Poland et al. 2001). 

5.2.3.2 Subsoil 

The base contours of the Furniture Dump barrier and the S1/S4 Valley barrier are quite 

different. The Furniture Dump barrier and retention pond was constructed in a natural 

drainage pathway and constriction in the exposed bedrock, which was the best location in 

the catchment area to accommodate the size of a pond required (Figure 5-2). The contours 

of the Furniture Dump are natural 40 – 50o exposed bedrock slopes (with some small 

patches of gravelly soil). Prior to barrier construction, this area was not naturally dammed.  

In contrast, the S1/S4 Valley barrier was constructed in a relatively flat area with a very 

slight depression that serves as a seasonal natural water course. Rock gabions (300 mm 

high; Figure 5-3a) were used to constrict the flow, and provide structure to lay 

geosynthetics which form the settling pond (Figure 5-3b). The liner was constructed in part 

on permeable well-graded gravelly sand (with minimal silts), where present, and on 

exposed fractured bedrock. 

5.2.3.3 Geomembranes 

The primary geomembrane is known commercially as XR-5 8130 (manufactured by 

Seaman Corporation, USA). It has a blended polymer resin (known as either ethylene 

interpolymer alloy (EIA) or ketone ethylene-ester (KEE)) coating a polyester (PET) scrim 
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and is generically referred to herein as PET-GMB. It was selected because a flexible 

geomembrane was needed to conform to the natural contours of the bedrock in the settling 

ponds, the steep angles of the engineered rock gabion berms, and it did not require welding 

on site. The PET-GMB was required to function as a settling pond liner for one to two 

decades, containing the water run-off and sediment carried with the water until it could be 

treated by flow through the PRB gate material.  

A textured 2 mm-thick HDPE also was used in the S1/S4 Valley barrier above the 

PET-GMB to protect it from direct UV exposure and from puncture when hand shovels 

were used for annual sediment removal. The HDPE geomembrane was added in 2005 (two 

years after construction) and not hydraulically sealed, and water could move in a 

transmissive zone between it and the underlying PET-GMB. The HDPE was not used in 

the Furniture Dump barrier because the steeper profile of the bedrock did not readily permit 

the use of such a stiff geomembrane. The aging of the HDPE geomembrane was not 

examined in this study. 

5.2.3.4 GCL 

GCLs were selected for this site because similar products previously had been successfully 

used in barrier systems for hydrocarbon contaminated soil in the Arctic (Li et al. 2002a,b; 

Bathurst et al. 2006). The GCL used was a needle punched, thermal-locked and scrim 

reinforced material (Bentofix® NSL). In order to minimize any thinning from pressure 

points due to an uneven subsurface, two layers of GCL were installed in all barrier systems. 

Current research on GCLs suggests that these concerns about GCL performance were 

warranted given the Arctic environment and subsoil conditions (Beddoe et al. 2010, 2011; 

Rayhani et al. 2011; Jones et al. 2013, 2015; Brachman et al. 2015).  
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GCLs were placed on the subsoil (S1/S4 Valley) and bedrock (Furniture Dump) and 

hydrated artificially with the use of a fire hose and water truck. It was unknown if the GCL 

would hydrate as placed and this ensured the bentonite was well hydrated. The water 

content of the upper and lower GCLs were not measured after installation or throughout 

the service life. It is expected that the GCL may have lost moisture over time as a result of 

being placed on bedrock and exposed to high winds and solar radiation.  

Recent literature has reported a newly discovered potential failure mechanism for some 

GCLs in exposed composite liners (such as those at this site). This mechanism, known as 

bentonite downslope erosion (Rowe et al. 2014; Take et al. 2015) can arise due to thermal 

cycles. As it was not possible to cover the barrier materials at this site as per the 

recommendations by Rowe et al. (2014) and therefore, it is possible that this mechanism 

was active for exposed liners at this site. 

5.2.3.5 Sealing Geosynthetic Materials 

Connecting the geosynthetics to the bedrock (up-gradient end) was very different from the 

connection to the gate (downgradient end) in both the Furniture Dump and S1/S4 Valley. 

Both gate materials were secured in a similar manor to each other. The gate (120 cm × 

60 cm × 60 cm) was installed on top of a stainless steel plate affixed to a poured concrete 

foundation with rock bolts (Kalinovich et al. 2008b). The geosynthetics liners were secured 

between the gate and the plate, as well as folded and secured between to the sides of the 

gate with a polyethylene strip bolted to the gate. 

The sides of the funnel and entrance (up gradient ends) of the Furniture Dump to the 

funnel required securing the geosynthetics directly to the bedrock. Geosynthetics were 
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anchored using rock bolts (at 1 to 2 m intervals) and strips of wood holding the 

geosynthetics in place (Figure 5-2). 

The S1/S4 Valley sides of the funnel were laid over the rock gabions and secured with 

rocks and later sandbags. The entrance to the funnel was toed into the ground by a 30 cm 

anchor trench in the ground and placing two rock gabions on top. This was not a perfect 

seal, but the objective was to capture as much run-off as possible. 

5.2.3.6 Design Modifications 

Modifications and additions were made to the barriers to improve the performance of both 

the funnel and gate. At the Furniture Dump, the original wooden PRB gate was replaced 

with a longer-term stainless steel gate in 2005. At the S1/S4 Valley, modifications included 

installing a secondary funnel to increase capacity of sedimentation (Figure 5-4) and 

building additional sedimentation berms. HDPE geomembrane was added to the primary 

funnel for protection and more permeable gate materials were used in the gate (Kalinovich 

et al. 2012). The performance of this secondary funnel is not considered in this chapter. 

5.3 Methods 

5.3.1 Field Investigations 

Annual monitoring of the gate materials includes sampling water and soil materials 

upstream and downstream of the barrier for PCB concentrations. Soil and water is also 

sampled from inside the ponding area. Three field visits to site were conducted to 

investigate the geosynthetics (in 2010, 2011, and 2012); each visit had a different purpose 

as discussed below. 
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5.3.1.1 Geomembrane Sampling (2010) 

The PET-GMB was sampled from the Furniture Dump (PET-FD) and S1/S4 Valley 

(PET-V) barriers in 2010. To avoid compromising the intact barrier, samples were taken 

from excess flaps which were folded back into the ponding area, but did not provide 

hydraulic containment. At this location the PET-GMB was directly exposed to sun and to 

high water levels which contained PCBs. These samples were evaluated for their physical 

and diffusive properties.  

Four different exposure conditions of the same geomembrane are evaluated (Table 5-1): 

PET-1 – a virgin PET-GMB obtained from the manufacturer in 2013 (same product as 

PET-1 studied in Chapter 2); PET-SC – a PET-GMB stored inside a shipping container at 

Resolution Island since 2003; PET-V– a PET-GMB sampled from the S1/S4 Valley barrier 

in 2010; PET-FD – a PET-GMB sampled from Furniture Dump barrier in 2010. PET-SC, 

PET-V, and PET-FD were all from the same roll of PET-GMB, shipped to site in 2003 and 

had the same resin and initial properties. Any variation in their results after use in the field 

was likely a result of their specific exposure conditions. 

5.3.1.2 GCL Panel Sampling (2010) 

GCL from both barriers was sampled in 2011 to assess the mass of bentonite in the GCL, 

and the hydraulic conductivity after exposure. Sampling did not compromise the intact 

geomembrane barrier; this was achieved by removing the anchors holding the PET-GMB 

and rolling the geomembrane back (so as not to cut a hole in the PET-GMB). Samples of 

the top and bottom GCL (300 mm × 300 mm) were then cut using a utility knife, removed, 

and packaged for transportation. The hole created was repaired using two patches of GCL 

(600 mm × 600 mm) placed over the sampled areas with supplemental bentonite in the 
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overlap area as per manufacturers recommendations. The geomembrane was then re-

secured.  

The sample locations for GCL panels at the Furniture Dump were located on the side 

slopes (Figure 5-5a) outside of the direct drainage pathway. Samples from the S1/S4 Valley 

were taken from the vertical face of the rock gabions at the edge of the containment area 

(parallel to the flow direction). The samples from both the Furniture Dump and S1/S4 

Valley were expected to represent worst-case conditions given that these locations were in 

areas of steep slopes, direct solar exposure in summer, and virtually no confining stress 

(unlike the horizontal locations of the funnel where there was some water and sediment on 

the overlying geomembrane. 

5.3.1.3 Geomembrane and GCL Core Sampling through Intact Barrier (2012) 

Core samples through the barrier were taken using a cordless drill, with a 75 mm diameter 

hole saw attachment with the pilot bit removed (so as not to damage the centre of the 

sample). Composite samples were taken through the intact barrier from the surface to the 

bottom of the buried layers: protective HDPE GMB (in the S1/S4 Valley), PET-GMB, 

GCL Top, and GCL Bottom (Table 5-2). Samples were removed from the hole saw, 

wrapped in tinfoil, then placed in labelled whirlpack bags and kept frozen for transport to 

the laboratory for PCB analysis. Samples were analyzed for PCB concentration within 

barrier layers, and mass of bentonite per unit area in the GCLs. 

The sample locations in the Furniture Dump (Figure 5-2) and S1/S4 Valley (Figure 5-4) 

barriers were selected based on: (i) evidence of water movement (staining) on the 

PET-GMB layer, and (ii) lack of standing water present during sampling (so as not to 
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compromise a GCL sample). All holes (Figure 5-5b) were patched by filling the void with 

granular bentonite and covering with PVC pond liner adhesive patches. 

5.3.2 Laboratory Investigations 

5.3.2.1 Molecular Diffusion Index Testing 

Molecular diffusion through geomembranes has been examined by a number of 

investigators; the background contained in this section is based on Sangam and Rowe 

(2001) and McWatters and Rowe (2010). The parameters controlling diffusive migration 

of organic compounds through a geomembrane are the diffusion, partitioning, and 

permeation coefficients.  

Aqueous phase diffusion through geomembranes occurs in three steps: adsorption, 

diffusion and desorption. Initially, the contaminant partitions between the source medium 

and adjacent surface of the geomembrane. Then the compound diffuses through the 

geomembrane driven by chemical potential. Finally, the compound partitions between the 

outer geomembrane surface and the receiving fluid (Sangam and Rowe 2001). The 

partitioning between the source fluid and the geomembrane (and between the 

geomembrane and receptor fluid) can be described by a relationship analogous to Henry’s 

law: 

cg = Sgf · cf                    [1] 

where cg is the concentration in the geomembrane (M/L3), cf is the concentration in the 

source fluid (either gas or liquid) (M/L3), and Sgf is the partitioning coefficient (–).The 

partitioning coefficient, Sgf, is often inferred from mass balance once the concentration in 

the source and receptor come into equilibrium. 
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The steady state diffusive flux of a contaminant through the geomembrane is given by 

Fick’s first law: 

f = -Dg (dcg/dz)                 [2] 

where f is the mass flux (M/L2/T). The diffusion coefficient, Dg (L2/T) is specific to the 

geomembrane and contaminant of interest. The quantity cg is the concentration of the 

compound in the geomembrane (M/L3) and z represents the distance parallel to the 

direction of transport. When the diffusion coefficient is constant, the change in contaminant 

concentration in the geomembrane with time t, is given by what is often called Fick’s 

second law: 

∂cg/∂t = Dg (∂2cg/∂z2)                [3] 

Because the concentration of contaminant inside the geomembrane is very difficult to 

measure, commonly, the change in concentration in the fluid on either side of 

geomembrane is measured and parameters are deduced based on measured mass transport 

from the source to the receptor. The mass flux from the fluid on one side to that on the 

other side of the geomembrane when the source and receptor fluids are alike is given by 

rearranging Equations 1 and 2: 

f = -Dg (dcg/dz) = -Sgf Dg (dcf/dz) = -Pg (dcf/dz)                       [4] 

where the permeation coefficient, Pg (L2/T) is given by: 

Pg = Sgf · Dg                 [5] 

Both the Dg and Sgf can be inferred by modelling the transient diffusion from the source 

to the receptor compartments in laboratory BTEX diffusion experiments using the 

computer program POLLUTEv7 (Rowe and Booker 2004). The value of Sgf inferred in this 

way can be checked against the value of Sgf inferred from mass balance at equilibrium.  
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5.3.2.2 Properties of Exhumed Geomembrane Specimens 

The samples of PET-GMB, exhumed in 2010, were evaluated for tensile strength (ASTM 

D751), burst strength and puncture strength (D4833). The samples also were evaluated to 

establish their diffusive properties with respect to BTEX, which was used as a reference 

contaminant to evaluate the diffusive properties with respect to different exposure 

conditions (McWatters 2010) following procedures developed by McWatters and Rowe 

(2010). These tests were performed using stainless steel double compartment cells (source 

and receptor, 250 mL and 110 mL, respectively) with the geomembrane specimen clamped 

between the source and receptor compartments. The receptor cell was filled with deionised 

water. The source contained BTEX at an approximate initial concentration of 25 µg/mL. 

The diffusion cells were agitated on a magnetic stirrer at a constant temperature of 22 ± 

1oC. Samples were taken from the source and receptor at regular time intervals. Sampling 

continued for ten days beyond equilibrium.  

Samples were analyzed using a Hewlett Packard 5890 GC with a P&T unit and 5972 

mass selective detector (P&T-GC/MS). BTEX was purged from the samples for 11 minutes 

with helium. The temperature was then raised to 225oC for the baking step. VOCs were 

desorbed off the VOCARB trap inside the P&T apparatus for 4 minutes. Desorbed 

compounds travel through a VOCOL column (60 m × 0.32 mm × 2.0 μm thickness) in the 

GC. Chromatographs were quantified using selective ion monitoring (SIM). This method 

is based on EPA method 8240 (USEPA 1994). 

In the diffusion tests, normalized concentrations in the source and receptor were plotted 

relative to the initial concentration in the source. Theoretical curves were obtained from 

POLLUTEv7 and fitted to the experimental data to obtain Sgf and Dg values. 
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5.3.2.3 Properties of Exhumed GCL Specimens 

The bentonite mass per unit area (Mb) and hydraulic conductivity of the exhumed GCL 

samples from 2011 were obtained according to the relevant ASTM methods (D5993 and 

D5084, respectively).  

Bentonite was extracted from the GCL after 72 hours of air drying. After weighing the 

bentonite, the dried sample was analyzed for PCB concentrations. Since the bentonite 

contained some needle-punched fibres, the sorption characteristics deduced represent a 

composite of that of bentonite and fibres but approximates that of the overall core of the 

GCL.   

5.3.2.4 Analysis of PCBs in Exhumed Geosynthetic Specimens 

The concentrations of PCBs in the geomembranes, and GCLs (layers evaluated separately 

for carrier geotextile, cover geotextile and bentonite), and sediment (from above and below 

the barrier) were obtained by solvent extraction, and analyzed by gas chromatography with 

electron capture detection (GC/ECD). Wet/dry weight ratios were obtained for individual 

samples of soil and sediment by oven drying, whereas geotextile and geomembranes were 

air dried before analysis (a variation from ASTM standards, so as not to volatilize the PCBs 

and ruin the sample). Approximately 10 g (dry weight equivalent) was weighed, spiked 

with decachlorobiphenyl (DCBP, an internal standard solution) and extracted by Soxhlet 

for four hours using 250 mL dichloromethane (DCM). Bentonite (separated from the GCL) 

was air dried and a 1 g sample was extracted using an accelerated solvent extractor (ASE) 

with a 1:1 mixture of acetone and hexane and analyzed similarly.  

Extracts were concentrated to approximately 1 mL and the solvent exchanged for 

hexane, then filtered through a LC-Florisil solid phase extraction tube (SupelcoTM) and 
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made up 10 mL final volume. Extracts were analyzed using an Agilent 6890 or 7890 gas 

chromatograph equipped with a 63Ni electron capture detector (GC/ECD), a SPBTM-1 fused 

silica capillary column (30 m, 0.25 mm ID × 0.25 µm film thickness). Spike, blank and a 

control spike were also analyzed for quality assurance with every nine samples. All values 

were corrected for surrogate recovery.  

5.4 Results and Discussion 

5.4.1 Site Investigations (2003-2012) 

5.4.1.1 Furniture Dump Barrier 

Since installation in 2003 and improvements to the gate made in 2005, observations were 

recorded each year. From 2003 to 2009 there was approximately 1 m3 of sediment 

deposited yearly in the Furniture Dump barrier, and only 0.2 – 0.4 m3 deposited in 

subsequent years. It was difficult to acquire water samples, as there was minimal surface 

water flow in the area at the time of the site visits.  

Rips and tears in the PET-GMB were observed during visual inspections (Figure 5-6a) 

of the Furniture Dump. Tears were typically coincident with sharp protrusions from the 

exposed bedrock below. Since there was no sustained load on the geomembrane, it is likely 

that wind caused uplift and repeated rubbing on these sharp edges creating tears. There was 

visual evidence of water entering below the barrier system at the up gradient edge (Figure 

5-6b) as the seal appeared to have loosened.  

Wrinkling of the PET-GMB was observed at the Furniture Dump (Figure 5-6b), 

providing evidence that there was not intimate contact between the PET-GMB and GCL, 

which means that lateral flow between the layers was unrestricted, especially given that 

there was no confining stress on this layer. 
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The Furniture Dump barrier sediments contained between 50 – 100 µg/g PCB each year 

over the past five years with no apparent temporal trend, suggesting that the source of PCBs 

is still present and the PRB is still necessary to manage the environmental risks.  

5.4.1.2 S1/S4 Valley Barrier 

Visual inspection of the S1/S4 Valley during the summers of 2003 to 2012 noted sediment 

filling the pond (>5 m3) every year, as seen in 2012 (Figure 5-4). There was no visual 

evidence of any holes or points of tensile stress in the PET-GMB layer during any of the 

inspections. Typically, water was observed flowing through the barrier, and maintained a 

consistent head of approximately 0.3 m.   

Annual site monitoring indicated an average PCB water concentrations of 0.04 µg/L in 

the S1/S4 Valley pond. Water samples were always taken in August, months after the peak 

volume of snowmelt and hence the water samples had had considerable time to partition to 

both the HDPE and PET-GMB. Thus, it is likely that the measured water concentration of 

0.04 µg/L was lower than the actual concentration of PCBs in water entering the barrier.  

The average sediment PCB concentrations in the S1/S4 Valley pond decreased with 

time from approximately 10 µg/g in 2005 down to an average of 3 – 5 µg/g from 2006 to 

2012. It is now averaging at or below the design criteria of 5 µg/g (CEPA 1999) suggesting 

that the PRB will not be needed indefinitely.  

5.4.2 PET-GMB Investigations (2010) 

5.4.2.1 Physical Sampling 

Seven year old samples of PET-GMB exhumed from the S1/S4 Valley (PET-V) and 

Furniture Dump (PET-FD) were compared with virgin material (PET-SC) which had been 

stored in a shipping container on site. Virgin (PET-SC) generally had higher mechanical 
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properties than those exposed to the field conditions, except in one case – for the S1/S4 

Valley (PET-V) burst strength (Table 5-3). However the difference were modest 

(maximum of a 13 % degradation) and, in terms of the physical properties examined, the 

material had not aged substantially during the period of exposure.    

5.4.2.2 Diffusion Testing 

The BTEX diffusive properties of all exhumed PET-GMB samples were compared with 

that of virgin PET-GMB (PET-SC) as well as additional virgin samples obtained from the 

manufacturer in 2013 (PET-1; Chapter 2). There was no significant difference in the 

diffusive properties of BTEX (Table 5-4, Figure 5-7) for the four geomembrane samples 

(PET-1, PET-V, PET-FD, and PET-SC) after 7 years in service. PET-FD showed a slight 

decrease in diffusive resistance (Table 5-4, Figure 5-7) relative to PET-SC from site (Dg = 

0.1 - 0.2 × 10-13 m2/s less, depending on the contaminant). This might suggest that the 

diffusive properties of PET-FD had changed slightly due to extreme exposure, although 

the difference is small. Recent studies on polyethylene aging (Ewais and Rowe 2014) imply 

that UV exposure and solar heating is likely the largest contributor to any aging. A 

preliminary study suggests that PCB exposure at the levels relevant here is unlikely to 

affect geomembrane ageing (Safari et al. 2011; Awad et al. 2013). Thus, the diffusive 

properties of the PET-GMB likely have remained comparatively constant after 7 years in 

service. 

5.4.2.3 GCL panel sampling (2011) 

The field investigations in 2011 acquired GCL material from side slopes (40 – 50o bedrock 

in the Furniture Dump (GCL-FD), and the vertical face of rock gabions in the S1/S4 Valley 

(GCL-V)) for evaluation of hydraulic conductivity and mass of bentonite per unit area 
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(Table 5-5). Bentonite loss from the GCL in the Furniture Dump was so significant (Mb < 

1200 g/m2 compared to Mb > 4000 g/m2 for a typical virgin product) that hydraulic 

conductivity and swell index tests could not be performed. The GCLs from the S1/S4 

Valley showed no loss of bentonite (Mb = 5200 g/m2), minimal decrease in swell index 

(19 mL/2g, compared to a typical virgin bentonite of >24 mL/2g), and no change in 

hydraulic conductivity (k = 4.9 × 10-11 m/s) after 8 years in service. The erosion seen in the 

Furniture Dump may have been down-slope erosion, as reported by Rowe et al. (2014) and 

Take et al. (2015). 

5.4.3 Core Sampling (2012) 

5.4.3.1 Furniture Dump Barrier 

GCL-FD extracted from the Furniture Dump barrier were found to have significant losses 

of bentonite (Table 5-6) in both the upper and lower layers after 9 years in service. Given 

the large rips in the PET-GMB, it is suspected that water (be it snowmelt or PCB 

contaminated water) entered these holes and may have allowed for erosion of bentonite 

from below the PET-GMB. Other possible sources of this water could be at the edge of the 

pond, where loosened seals in the anchoring system may have permitted free movement of 

water. Unlike the S1/S4 Valley, there was very little confining stress (approximately 3 to 

5 cm of soil, in patches) on the Furniture Dump barrier (and steep side slopes), meaning 

that conditions described by Rowe et al. (2014) and the development of daily thermal 

cycling also could have contributed to, or been responsible for, this erosion.  

PCBs sorbed in high concentrations to the polymeric materials of the barrier layers 

(Table 5-7). PCB concentrations in the geotextiles (all four) did not have a typical 

progression of highest concentration at the top down to the lowest concentrations at the 
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bottom – as would be expected in a diffusion governed system. Instead, some of the highest 

PCB concentrations were found in the very bottom geotextile. This discontinuity in the 

pattern of PCB concentrations supports earlier concerns that some PCB contaminated water 

(and possibly suspended sediment) migrated below the barrier. This high affinity of PCBs 

for polymeric materials suggests that the barrier layers, despite severe damage, have 

trapped a significant mass of PCBs and sequestered them from the environment (although, 

likely small compared to that sorbed to the sorbent material in the gate). 

5.4.3.2 S1/S4 Valley Barrier 

Significant bentonite loss was observed in the upper GCL-V (Mb = 1800 g/m2, compared 

to 3600 g/m2 in the lower GCL; Table 5-6) in the 2012 core sampling. Given the mass of 

sediment which was normally present on top of the liner (approximately 0.2 – 0.3 m), it is 

unlikely that this loss was due to daily thermal cycles. One possible explanation could be 

a consistent flow of water in between the PET-GMB and the upper GCL.  

Exhumed geosynthetics (geotextiles layers within the GCLs, and geomembranes; 

Figure 5-5b) were shown to have sorbed PCBs in high concentrations. Despite low 

concentrations of PCBs measured in water (0.04 µg/L) the PET-GMB had significantly 

elevated levels of PCBs (13 µg/g; Table 5-7). Concentrations were also high in geotextile 

portions of the GCL, which was likely due to the fact that geotextiles are hydrocarbon-

based polymeric materials. Interestingly, the lower most layer of geotextile had higher PCB 

concentrations than geotextile layers which were closer to the contaminated water. A likely 

explanation for this is that there was a source of PCBs entering below the lower GCL. This 

preferential sorption of geomembranes for PCBs was similar to that observed in Chapters 3 

and 4.  
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The GCL specimens recovered from the field were air dried and then the bentonite was 

removed. Since there was only a small amount of remaining bentonite in the upper GCL, 

the geotextiles were vigorously scraped to extract as much bentonite as possible. However, 

this process resulted in inclusion of more geotextile fibres in the bentonite sample than 

would have occurred if the original amount of bentonite had been present. The excess of 

fibres relative to the mass of bentonite artificially inflated the PCB concentration levels in 

the bentonite since geotextile fibres sorb far more PCBs per unit mass than clays 

(Chapter 4). This explains why the PCB concentration in this bentonite layer is very close 

to that in both adjacent geotextile layers with the PCB concentrations in the upper GCL’s 

cover geotextile, bentonite, and carrier geotextile being 0.8 µg/g, 0.8 µg/g, and 0.6 µg/g, 

respectively (Table 5-7).   

5.4.3.3 Downgradient Monitoring (2003 – 2013) 

Monitoring of PCB concentrations in water and soil downgradient of the gate in both the 

Furniture Dump and S1/S4 Valley have shown no increase in contamination over the past 

ten years. This suggests that even if some water is passing below some of the geosynthetics 

through holes (as evidenced by holes in the Furniture Dump PET-GMB), there has been 

minimal impact. This result is used as confirmation that the method of sealing the 

geosynthetics to the gate material worked well. 

5.4.4 Summary of Field Results 

The geosynthetics exhumed from both the Furniture Dump and S1/S4 Valley barriers have 

been evaluated for index properties, and the results summarized below. 

 



 

 

 

173

5.4.4.1 Furniture Dump 

a. After 7 years in service, there was no observed change in the physical or diffusive 

properties of the PET-GMB;  

b. After 8 years in service, GCL samples exhumed from the 40 – 50o side slopes 

showed extreme loss of bentonite and the hydraulic performance was severely 

compromised;  

c. After 9 years in service, GCL samples showed extreme loss of bentonite in both 

layers of GCL directly in front of the gate, suggesting that there was water 

migrating horizontally between layers; and  

d. There was evidence of some PCBs passing below the lower GCL (diverting 

underneath the funnel).  

5.4.4.2 S1/S4 Valley 

a. After 7 years in service, there was no observed change in physical or diffusive 

properties of the PET-GMB;  

b. After 8 years in service, GCL samples (taken from vertical slopes on rock gabions, 

likely outside the path of horizontal flows) showed no signs of bentonite loss on the 

side slopes of the rock gabions, and no impact on hydraulic performance;  

c. After 9 years in service, there was evidence that bentonite erosion had taken place 

in the upper GCL layer (on the base of the barrier, likely in the path of horizontal 

flows), suggesting water migration between the GCL and PET-GMB; and 

d. There was evidence of some PCBs passing below the lower GCL.  
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5.4.5 Design Recommendations 

5.4.5.1 Furniture Dump 

The Furniture Dump has challenging terrain that required using rock bolts and wooden 

slats to secure the geosynthetics to the ground. To improve this design, it would be best to 

increase the number of rock bolts (15 cm intervals) to get a tighter seal of geosynthetics 

against the rock. The design would also be improved if metallic strips were used rather 

than wooden slats, as the wood appears to have loosened over time, with a minimum of 

three bolts per metal strip such that there is less chance of loosening.  

The liner system would benefit from more confining stress (soil on top), which would 

provide better contact between the geomembrane the GCL, as well as insulation to 

minimize thermal effects. No specific recommendations are made with respect to the 

geomembrane, although it has been demonstrated that HDPE does have lower diffusion 

rates of PCBs than PET-GMB (Chapter 3), the use of PE should be considered with caution 

in tight remote environments, due to the stiff nature of the product. For future sites similar 

to the Furniture Dump, it would be best to continue to use two GCL layers having the first 

layer offer more protection from the rocky underlying surface.  

5.4.5.2 S1/S4 Valley 

Modifications to this barrier have been made to account for increased sedimentation 

loading. The primary funnel of the PRB was anchored at the entrance to the funnel by a 30 

cm anchor trench in the ground and placing two rock gabions on top. When the secondary 

funnel was installed the geomembrane was shingled towards the gate and the rock gabions 

were replaced on top. Water ingress has been an issue in this PRB design and therefore it 

is recommended that any seams in geomembranes be welded instead of overlapped. The 
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current design of the connection between the gate and funnel works well as shown by no 

PCBs migration downstream of the gate, suggesting no leakage through these joints.  

5.5 PCB Contaminant Transport Modelling  

PCB concentrations observed in the 2012 core sampling through the S1/S4 Valley barrier 

are compared with a semi-analytical contaminant transport model (POLLUTEv7; Rowe 

and Booker 2004) to evaluate best fit diffusive estimates for all barrier layers (HDPE and 

PET geomembrane, cover and carrier geotextiles of the GCLs, as well as the bentonite and 

bentonite plus fibres layers within the GCL). This approach allows an evaluation of the 

diffusive properties at the field-scale, without conducting laboratory experiments. The 

Furniture Dump is not considered, as it demonstrated such a significant loss of bentonite, 

as well as more variability that it likely could not be simplified sufficiently to model.  

5.5.1 Diffusive Property Assumptions 

Archlor 1260 PCB diffusion parameters have not been evaluated in the laboratory for 

HDPE geomembranes, PET-GMBs, or GCLs. However, there is knowledge of the 

diffusive properties other contaminants (benzene, ethylbenzene, and chloride) through 

HDPE, PET-GMB, compacted clay, and GCL) (Robinson and Lenn 1994; Rowe et al. 

2004, 2005; Lake and Rowe 2005; Chapter 2) as well as Archlor 1242 PCB diffusion 

through HDPE and compacted clay (Chapters 3 and 4). The available information was used 

for estimating the diffusive properties of PCBs by assuming that the ratio of a known 

diffusive property can be scaled to be applicable to PCBs.  For example, the diffusion of 

Archlor 1260 PCBs through HDPE is known and the diffusion coefficient of ethylbenzene 

(ETB) through both HDPE and PET-GMB is known so the diffusion coefficient for PCB 

in PET can be inferred assuming that the ratio of the diffusion coefficients for ETB in PET 
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and HDPE holds constant for PCBs (i.e., (PET DgPCB / HDPE DgPCB) = (PET DgETB / HDPE 

DgETB)). The validity of these assumptions will then be tested by evaluating how well they 

predict the diffusive transport that was observed in the core sampling.  

PCB (Archlor 1242) migration has been evaluated with respect to HDPE (Dg = 1.0 × 

10-14 m2/s, and Sgf = 150,000; Chapter 3). The diffusive properties of Archlor 1260 PCB 

through the HDPE and PET-GMB were approximated based on the known properties of 

PCB (Archlor 1242) and HDPE, viz: Dg (Archlor 1260) = Dg (Archlor 1242) and Sgf 

(Archlor 1260) = 0.57 Sgf (Archlor 1242) based on data from Pascall et al. (2005). This 

gives Dg and Sgf for Archlor 1260 through HDPE of 1.0 × 10-14 m2/s, and 86,000, 

respectively. Scaling of known properties of PET-GMB for ethylbenzene (Dg = 1.5 × 10-13 

m2/s, Sgf = 1200; Chapter 2), HDPE geomembrane for ethylbenzene (Dg = 9.0 × 10-14 m2/s, 

Sgf = 650; Chapter 2), and the diffusive properties inferred for Archlor 1260 in HDPE 

geomembrane, can be used to infer Dg = 1.7 × 10-14 m2/s and Sgf =160,000 for Archlor 1260 

diffusion through PET-GMB.  

For the GCL, an effective diffusion coefficient (De) is considered at a given voids ratio 

(n).  These two parameters can be combined to give the porous media diffusion coefficient 

(Dp), where Dp = n × De in a saturated soil (Rowe et al. 2004). A lower and upper bound 

effective diffusion coefficient for Archlor 1260 PCBs through GCLs were estimated. The 

lower bound was taken to be the diffusion coefficient for PCBs through compacted clay 

(De = 2 × 10-10 m2/s) inferred in Chapter 4. Considering the reported diffusion coefficients 

for sodium and chloride at relatively high void ratio (n = 0.76; Lake and Rowe 2000) an 

upper bound to the effective diffusion coefficient was estimated to be De = 6 × 10-10 m2/s 

(0.02 m2/a). These bounding of values were used because, although not measured, in this 
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low stress application the voids ratio of the GCL was expected to be high. An effective 

diffusion coefficient which fits within this range is considered reasonable. Sorption to the 

GCL layers was evaluated using a porous media distribution coefficient (Kd) and not the 

partitioning coefficient used for a solid geomembrane (i.e., Sgf). For a geotextile, a direct 

relationship can be developed between Kd and Sgf and since both could be deduced from 

the same sorption test they can be related by the geotextile fibre density (ρ), (viz: Kd = 

Sgf/ρ). Thus, the Kd for PCB sorption to the geotextiles in the GCL was estimated based on 

published ETB Sgf values for the cover and carrier geotextiles (Kd = 81 & 112 mL/g 

respectively; calculated from Sgf values provided by Rowe et al. 2005) by assuming that 

the ratio of ETB to PCB sorption to the geotextile was similar to that for ETB to PCBs for 

an HDPE geomembrane (i.e., (KdPCB/KdETB)geotextile = (SgfPCB/SgfETB)HDPE). In a similar 

manner, the bentonite plus fibres layer was scaled based on benzene sorption (Kd = 

0.6 mL/g; Rowe et al. 2005) with benzene sorption to compacted clay (Kd = 0.4 mL/g; 

Lake and Rowe 2004). This provided initial estimates of Kd = 12,000, 15, and 16,000 mL/g 

for the cover, bentonite plus fibres, and carrier geotextiles, respectively (Appendix F).  

5.5.1.1 Modelling conditions 

Aqueous PCB concentrations of (likely much greater than) 0.04 µg/L entered the ponding 

area in the S1/S4 Valley during the 9 years of monitoring. The calculated water equilibrium 

concentrations (using Equation 1 and estimated Sgf) in the pond that would explain the 

concentrations observed in the HDPE and PET-GMB (7.8 and 13 µg/g, respectively) are 

0.09 and 0.08 µg/L, respectively. This suggests that both geomembranes were likely in 

contact with the same source solution, which was higher than the measured 0.04 µg/L in 
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August. A higher source concentration in the range of 0.04 to 0.09 µg/L is therefore 

assumed in modelling.  

Consider three separate modelling scenarios all with the same source concentrations, 

however in different locations. The purpose of separating the models into three different 

scenarios is to identify in which layers PCB contaminated water was likely present. A 

comparison of each scenario’s predicted PCB concentrations in a layer with the measured 

PCB concentrations will provide support for either acceptance or rejection of the 

hypotheses upon which the scenario is based. Each scenario is considered separately to 

examine the observed concentration in the various layers at the location where the core 

samples were taken. 

Scenario 1: it is known that PCB contaminated water (referred to as a source) was 

present above the HDPE geomembrane. Scenario 1 hypothesizes that this is the only 

location where PCB contaminated water is flowing and hence migration through the 

underlying liner layers would be controlled by the diffusive/sorptive properties of the 

HDPE geomembrane and the underlying PET-GMB and two layers of GCL.  

Scenario 2: hypothesizes that PCB contaminated water is both present directly above 

the HDPE (as in Scenario 1) and between the HDPE and PET-GMB layers (due to the 

HDPE not being hydraulically sealed) and hence migration through the PET-GMB and 

GCL layers would be controlled by the diffusive/sorptive properties of the PET-GMB and 

two layers of GCL.  

Scenario 3: hypothesizes that PCB contaminated water is present directly above the 

HDPE and between the HDPE and PET-GMB layers (as in Scenario 2) but also that it is 

present directly above the upper GCL and below the lower most GCL at the same 
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concentrations (as suggested by high concentrations observed in the uppermost and 

lowermost geotextiles).  

5.5.2 Core sampling modelling results 

PCB concentrations in barrier layers were calculated after 9 years using a source 

concentration of 0.085 µg/L for each of the three scenarios described above and were 

compared with PCB mass in each layer obtained from core sampling 

Scenario 1 showed that if it was assumed that the PCB contaminated water was only 

present above the HDPE geomembrane (i.e., there was no flow below it), the concentration 

in the HDPE geomembrane would be well predicted (101 % of the measured data; Table 

5-8) since this concentration (7.3 µg/g) was in equilibrium with a 0.085 µg/L source 

concentration (assuming Sgf = 86,000). While the HDPE is well predicted, the predicted 

concentration in the PET-GMB and GCLs were greatly below the observed values for any 

reasonable combination of diffusive and sorptive parameters in these layers. These results 

indicate rejection of the hypothesis in Scenario 1 that contaminated water flow only occurs 

above the HDPE geomembrane. This then leads to exploration of Scenario 2. 

Scenario 2 showed if it was assumed that the PCB contaminated water was flowing 

between the HDPE and PET-GMB, then the PCB concentrations measured in the 

PET-GMB were reasonably well predicted by the model (105 % of the measured 

concentration) and the presence of the source above and below the HDPE yields the same 

result for HDPE as for Scenario 1. The concentrating observed in the PET-GMB from 

Scenario 2 (13.6 µg/g) was in equilibrium with a 0.085 µg/L source concentration 

(assuming Sgf = 160,000) indicating that the discrepancy between the observed and 

calculated values likely reflects that either Sgf or source concentrations (or both) were a 
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little low. However like Scenario 1, Scenario 2 predicated GCL concentrations that were 

significantly below that observed (Table 5-8) for any reasonable combination of 

parameters. This leads to rejection of the hypothesis in Scenario 2 that there was no flow 

between the PET-GMB and the GCL or below the GCL and leads to Scenario 3. 

Model predictions for Scenario 3, with a source flow above the upper GCL and below 

the lower GCL were in much better agreement with the observed concentrations in GCL 

(Table 5-8) with the exception of the upper GCL bentonite plus fibres layer. This scenario 

is supportive of a PCB contaminated water source above and below both the HDPE and 

PET-GMB, and above the upper GCL and below the lower GCL.  

While the results for the HDPE and PET-GMB are supportive of the Sgf values for both 

geomembranes, the fact that equilibrium was reached in both cases means that no definitive 

conclusion can be reached regarding the validity of the Dg values for either geomembrane 

other than that they are not excessively low (in which case equilibrium would not have 

been reached).  However, the Dg and Sgf values for the HDPE geomembrane and Archlor 

1260 PCBs of 1.0 × 10-14 m2/s and 86,000 respectively (Table 5-9) were generally 

consistent with the observed data. The PET-GMB showed higher sorption (Sgf = 160,000) 

and predicted faster rates of diffusion (Dg = 1.7 × 10-14 m2/s) than for HDPE and were 

generally consistent with the observed data.  

From the modeling of Scenario 3, it became evident that the upper GCL bentonite plus 

fibres layer could not be explained by the parameters within the expected ranges. Seeking 

an explanation, suspicion fell on the extra geotextile fibres in the upper GCL bentonite 

sample tested from the core, which cast doubt on the experimental value of this data point.  

However, all other components of the upper and lower GCLs were well described by De = 
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3.1 × 10-10 m2/s (within the range predicted) and a bentonite plus fibres Kd = 15 mL/g. 

Cover and carrier geotextiles were well represented by Kd values of 12,000 mL/g and 

16,000 mL/g respectively (Table 5-8).  

All model layers PCB concentrations agreed reasonably well with the core data (Table 

5-8) except for the upper bentonite plus fibres layer, which considered an unreliable data 

due to the presence of extra fibres inside of the bentonite sample.  

5.5.3 Evaluation of the effectiveness of the barrier system for several scenarios  

Assuming the barrier was constructed and performed as per the design, the resistance of 

the barrier to PCB migration was modelled to qualitatively evaluate the time at which PCB 

concentrations in the water below the barrier would be above an acceptable regulatory 

value (0.2 µg/L; MOE 2011). Since the source concentration (0.085 µg/L, estimated based 

on an evaluation of the core sample as discussed above) was already lower than this 

regulation, hypothetical source concentrations of 0.5, 1.0 and 2.7 µg/L, (2.7 µg/L being 

Archlor 1260 solubility in water; Hutzinger et al. 1974) were evaluated using the diffusive 

parameters found from the core sample modelling. Two scenarios were considered:  

Scenario A assumed that the PET-GMB was compromised (holes, as found in the core 

modeling) and did not perform as a hydraulic barrier. In this scenario, the HDPE and 

PET-GMB were not considered in the model, and the source was assumed to be directly 

above the upper most GCL to reflect a worst case scenario. The upper GCL was also 

assumed to be thinned (now 2 mm of bentonite) due to erosion. 

Scenario B assumed the design case that the PET-GMB was perfectly intact with no 

holes, and that the geosynthetics had a better seal at the entrance to the funnel (and therefore 

no PCB contaminated flow below the PET-GMB). In this case, the HDPE geomembrane 
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was not considered, and the source was assumed to be directly above the PET-GMB, and 

the upper GCL had not lost any bentonite.  

Assuming that the PET-GMB is punctured (Scenario A) the barrier could likely 

maintain concentrations below the liner to under 0.2 µg/L for 20, 30, or 60 years, depending 

on the source concentration (2.7, 1.0, or 0.5 µg/L, respectively; Figure 5-8). If the 

PET-GMB can be assumed to be puncture-free and prevent any water ingress (Scenario B), 

then the PCB resistance with respect to groundwater contamination was significantly 

increased with predicted times to reach 0.2 µg/L below the liner system increasing to 100, 

60, and 30 years for source concentrations of 0.5, 1.0, and 2.7 µg/L respectively 

(Scenario B; Figure 5-9). This demonstrates the superior performance of a composite 

barrier system at containing PCBs as well as the advantages of maintain the mass of 

bentonite in the manufactured GCL. As these barriers were only meant to contain residual 

contamination that could not be cleaned up (for practical purposes), and were estimated to 

only be needed for less than 10 years, this suggests that the S1/S4 Valley barrier would 

have likely met the design criteria even if higher concentrations were experienced. 

5.6  Conclusions and Recommendations 

Experiments conducted on geosynthetics used to contain PCBs for more than nine years 

have been presented. Based on the materials and conditions examined, the following 

conclusions were reached: 

1. The GCLs used in the Furniture Dump barrier were showing signs of aging, 

particularly extreme bentonite loss. This likely occurred due to lateral flow of 

water, entering through a rip in the PET-GMB or as a result of loosening of sealing, 

eroding and transporting bentonite away.  
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2. The PET-GMB in both the Furniture Dump and the S1/S4 Valley were not showing 

any mechanical signs of aging, and did not differ significantly in terms of tensile 

strength, burst strength, puncture strength or BTEX diffusion properties from virgin 

material. Thus the punctures and tears in the membrane were likely caused by 

localized high tensile loads (due to the poor subgrade) and environment (flapping 

in high winds) and not from exposure to PCBs or UV degradation.  

3. The geomembrane and geotextile layers were shown to concentrate PCBs, much 

more than soil, water, or bentonite. When the profiles were modelled through the 

barrier system, the PET-GMB had Sgf = 160,000 and Dg = 1.7 × 10-14 m2/s for 

Archlor 1260 PCBs. The HDPE geomembrane was similarly found to have Sgf = 

86,000, and Dg = 1.0 × 10-14 m2/s. Undamaged GCLs had a  De of about 3 × 10-10 

m2/s, cover Kd about 12,000 mL/g, and carrier Kd about 16,000 mL/g. For the 

bentonite plus fibres a Kd of 15 mL/g seems to give the best agreement with the 

field data.  

4. The Furniture Dump barrier showed signs of deterioration, as well as signs of PCB 

migration below the barrier system at the location examined. Recently, a source of 

PCB contamination that was not removed during the excavation was identified up-

gradient of the barrier and is now showing up through long-term monitoring 

samples. Heavy equipment will be needed to remove the source. The barrier is 

scheduled for decommissioning and replacement in order to better meet the 

requirements for managing the elevated environmental risks. This showcases that 

the PRB was able to provided containment for the unknown contamination source 
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that emerged post-2006 and highlights the important role PRBs play in managing 

unknowns at a contaminated site even post-excavation, and site close-out.  

5. The S1/S4 Valley barrier materials showed signs of PCB contaminated water likely 

flowing below the PET-GMB and also underneath the lower GCL (bypassing the 

barrier). The geosynthetics likely were not fully performing their design function 

in terms of containment, as at least some water was able to bypass the barrier. 

However, functioning as a settling pond (even with some water bypassing below) 

likely allowed the water to drop sediments carrying high PCB loads, and reduce the 

contaminant loading on the PRB gate materials, aiding in the remediation of PCBs. 

6. Although the barrier systems in the Furniture Dump and S1/S4 Valley both showed 

signs of water ingress below the PET-GMB, and PCB contaminated water passing 

below the system at least at the location monitored. No PCBs were detected down 

gradient of the PRB gate, suggesting that the PCB contaminated water was passing 

below and through the geosynthetics may have been localized and the areas 

examined were probably worse than other locations.  

7. The concentration of PCBs measured in stagnant water the field (0.04 µg/L) was 

likely lower than the more initial values (approximately 0.085 µg/L) when PCBs 

contaminated water entered the ponded area due to the presence of possible sinks 

such as HDPE geomembrane. 

8. The current design of the S1/S4 Valley barrier likely could have contained PCB 

contaminated water at concentrations of 0.5, 1.0, and 2.7 µg/L for 60, 30, and 20 

years, respectively, to below the 0.2 µg/L Ontario brownfield limit, even assuming 

that the PET-GMB was punctured. If the PET-GMB was not punctured, it likely 
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could have contained 0.5, 1.0, and 2.7 µg/L sources for 100, 60, and 30 years, 

respectively.  

9. When using geosynthetics in future surface PRBs it is recommended that the grade 

of side slopes be minimized where possible. Sealing the up-gradient end of surface 

PRBs is important not only to ensure capture and treatment of contaminants by the 

gate materials, but also to prevent flows along the GCL which can potentially erode 

bentonite and compromise the integrity of the liner.  
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Table 5-1 Description of geomembrane samples evaluated 

Geomembranes Location 
Year 

Obtained from 
Manufacturer 

Year 
Installed 

Year 
Exhumed 

PET-1 Virgin obtained from manufacturer 2013 - - 

PET-SC 
Virgin, leftover from 2003 

installation. Stored on site in 
shipping container 

2003 - 2010 

PET-V S1/S4 Valley Barrier 2003 2003 2010 
PET-FD Furniture Dump Barrier 2003 2003 2010 

Note: PET-SC, PET-V and PET-FD are all from the exact same roll. PET-1 is the same product 
manufactured 10 years later. PET-SC is a “true” virgin, whereas PET-1 is a comparative material.  
 

Table 5-2 GCL samples from the core sampling 

GCL Products Location 
Year 

Installed 
Year 

Exhumed 

Valley Top 
Installed directly ontop of another 

GCL layer in the S1/S4 Valley 
Barrier 

2003 2012 

Valley Bottom 
Installed directly on ground 

surface, below another GCL layer 
in the S1/S4 Valley Barrier 

2003 2012 

Furniture Dump 
Top 

Installed directly ontop of another 
GCL layer in the Furniture Dump 

Barrier 
2003 2012 

Furniture Dump 
Bottom 

Installed directly on groud 
surface, below another GCL layer 

in the Furniture Dump Barrier 
2003 2012 
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Table 5-3 Tensile, burst and puncture resistance of PET-GMBs as sampled in 2010 

  MARV+ PET-SC PET-V PET-FD 
Ratio, percent of Virgin 

Sample (PET-SC) 

Years in Service  0 7 5 7 
S1/S4 
Valley 

Furniture 
Dump 

Procedure# Units       
Tensile Strength – MD N 2448 2670 +/- 40* 2500 +/- 40* 2400* 0.93 0.90 
Tensile Strength – XD N 2448 2500 +/- 80* 2350 +/- 160* 2460* 0.94 0.98 

Burst Strength N 3330 3270 +/- 170* 3460 +/- 270 2830 +/- 410* 1.05 0.87 
Puncture Strength N 1200 1160 +/- 40 1120 +/- 40 1070 +/- 140 0.97 0.92 

NOTES:  
* indicates that the appropriate number of replicates indicated by the ASTM standard could not be tested due to small size of the sample. If no standard deviation 
is provided, it is because there was only enough material to test one specimen. 
+ MARV = minimum average roll value (Seaman Corporation 2015).  
# ASTM D751 Standard Test Methods for Coated Fabrics 
MD = machine direction, XD = cross machine direction 
 

Table 5-4 Comparison of diffusive properties of PET-GMBs for BTEX contaminants 

Geomembrane PET-1 PET-SC PET-V PET-FD 

Contaminant 
Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg Sgf Dg Pg 

- 
×1013 

m2/s 
×1010 
m2/s 

- 
×1013 

m2/s 
×1010 
m2/s 

- 
×1013 

m2/s 
×1010 
m2/s 

- 
×1013 

m2/s 
×1010 
m2/s 

Benzene 220 2.1 0.46 220 1.9 0.42 220 1.9 0.42 230 1.7 0.39 
Toluene 640 1.7 1.09 650 1.5 0.98 650 1.5 0.98 675 1.4 0.95 

Ethylbenzene 1200 1.5 1.80 1225 1.3 1.60 1235 1.3 1.61 1280 1.2 1.54 
m&p-xylenes 1450 1.5 2.18 1475 1.3 1.92 1475 1.3 1.92 1500 1.2 1.80 

o-xylene 1275 1.5 1.91 1285 1.3 1.67 1280 1.3 1.66 1300 1.2 1.56 
NOTE: PET-1 data is previously reported in Chapter 2 
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Table 5-5 Properties of exhumed GCL during 2011 sampling 

GCL 
Effective 

Stress (kPa) 
Mbentonite 
(g/m2) 

wci 
(%) 

wcf 
(%) 

k 
(m/s) 

Average Swell Index 
(mL/2g) 

GCL-V 4 5200 157 157 4.9 × 10-11 19 (SD; 1.0, n=3) 
GCL-FD (-) <1200 (-) (-) (-) (-) 

 

Table 5-6 Mass of bentonite per unit area in the GCL layers of the S1/S4 Valley Barrier 

Sample Name Sample 
Year 

Slope Angle  
(degrees) 

Upper GCL 
(g/m2) 

Lower GCL 
(g/m2) 

GCL-V 2012 0 1840 3500 

GCL-FD 2012 0 1480 1360 

 

Table 5-7 PCB concentrations in barrier layers for the S1/S4 Valley and Furniture Dump 

barriers, as extracted in 2012 

 
S1/S4 Valley Furniture Dump 

µg/g µg/g 
HDPE 7.2 - 
PET 13 301 
Top GCL Cover GTX 0.8 105 
Top GCL Bentonite 0.8 5.7 
Top GCL Carrier GTX 0.6 109 
Bottom GCL Cover GTX 0.4 93 
Bottom GCL Bentonite <0.1 9.8 
Bottom GCL Carrier GTX 1.2 904 
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Table 5-8 Pollute model of profile through composite barrier system in the S1/S4 Valley 

 

Core 
Results 

Scenario 1 Scenario 2 Scenario 3 
Percent 
of Core 

µg/g µg/g µg/g µg/g 
Model / 

core 
value 

HDPE 7.2 7.3 7.3 7.3 101 % 
PET 13 3.7 13.6 13.6 105 % 

Top GCL Cover GTX 0.8 0.16 0.72 0.77 97 % 
Top GCL Bentonite 0.8 0.00 0.00 0.002 0.3 % 

Top GCL Carrier GTX 0.6 0.04 0.33 0.39 65 % 
Bottom GCL Cover GTX 0.4 0.01 0.10 0.28 70 % 
Bottom GCL Bentonite* <0.1 0.00 0.00 0.01 - 

Bottom GCL Carrier GTX 1.2 0.00 0.01 1.19 100 % 
 

Table 5-9 Description diffusive properties used in Pollute Modelling of S1/S4 Valley barrier 

 
Thickness De Sgf K d 

(mm) (m2/s) (-) mL/g 

HDPE 2.0 1.0 × 10-14 86000 - 

PET 1.0 1.7 × 10-14 160000 - 
Upper GCL Cover 1.0 3 × 10-10 - 12000 
Upper GCL Bentonite + Fibres 2.0 3 × 10-10 - 15* 
Upper GCL Carrier 1.0 3 × 10-10 - 16000 
Lower GCL Cover 1.0 3 × 10-10 - 12000 
Lower GCL Bentonite + Fibres 8.0 3 × 10-10 - 15* 
Lower GCL Carrier 1.0 3 × 10-10 - 16000 

*K d value used is an equivalent for the entire bentonite plus fibres layer. 
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Figure 5-1 Photograph showing the layout of the site at BAF-5. 
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Figure 5-2 Image of Furniture Dump barrier, with the PRB gate in the foreground. Note the 

steep side slopes and minimal amount of sediment captured. 
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Figure 5-3 Construction of the S1/S4 Valley barrier: (a) installation of rock gabions to form 

catchment area and PRB gate in 2003; (b) installation of GCL (bottom) and GMB (top) in 

funnel in 2003; (c) water ponding after the snow melt and before replacement of PRB gate 

material in 2004; (d) clean funnel area post-sediment removal and replacement of PRB gate 

material in 2010. 
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Figure 5-4 The S1/S4 Valley barrier, viewed looking downgradient, showing proximity to 

the cliff face   with the ocean below. Note that the PET-V geomembrane covers the rock 

gabions on the sides. Primary and secondary funnel area filled with sediment after spring 

pulse and before sediment removal in 2012. 
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Figure 5-5 At Furniture Dump barrier (a) PET-GMB ro lled back and upper and lower 

GCL panel samples taken in 2011; (b) Cross section of sample hole (created with a hole 

saw) through PET-GMB and two layers of GCL for core sampling in 2012. Note the thin 

sections of GCL (showing bentonite loss), and gravelly subgrade. 
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Figure 5-6 At Furniture Dump barrier (a) Tears/cracks in PET-FD geomembrane in area of 

high tensile strain. A gloved hand is pointing to one crack in upper left, for scale; (b) 

upgradient edge of Furniture Dump Barrier, with possibility for water to bypass the pond 

underneath the liner materials. 
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Figure 5-7 Comparison of ethylbenzene diffusion through PET-GMBs showing source 

diffusion profiles for virgin (PET-1) and samples aged 7 years on site in use in the following 

locations: S1/S4 Valley barrier (PET-V), Furniture Dump barrier (PET-FD) and a shipping 

container (PET-SC). The differences between the four model outputs are indiscernible at 

this scale. 
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Figure 5-8 PCB concentrations at GCL – soil interface below the barrier in the S1/S4 Valley 

with varying source concentrations, assuming that the PET-GMB is compromised. 
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Figure 5-9 PCB Concentration below the GCL layers, assuming the PET-GMB is not 

compromised, the upper GCL has not lost bentonite, and various source concentrations. 
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Chapter 6  

Hydration of Geosynthetic Clay Liners in Antarctica 

6.1 Introduction 

In 1999 the main storage tank at Casey Station (66°17' S 110°31' E) in Antarctica leaked 

diesel fuel, leading to elevated hydrocarbon levels in the soil over an area of approximately 

850 m2. To meet obligations under the Protocol on Environmental Protection to the 

Antarctic Treaty (Sànchez and McIvor 2007), Australia began remediation activities in 

2005. A second fuel spill from another storage tank was identified in 2011. Remediation 

activities to manage this second hydrocarbon contaminated soil began in 2012.  

A combination of technologies, permeable reactive barriers (PRBs) and biopiles (where 

contaminated soil is treated using native microorganisms to degrade the hydrocarbons), 

were used to remediate the contaminated groundwater and soil. An engineered barrier 

system built with geosynthetics is used to contain the contaminated soil and leachate in the 

biopiles. The liner is similar to that used in modern engineered landfills where a composite 

base liner is used to control leachate transport to groundwater (Edil 2003; Rowe et al. 

2004). Biopiles at Casey Station utilized a composite liner comprised of a coarse granular 

foundation soil, a geosynthetic clay liner (GCL), high density polyethylene (HDPE) 

geomembrane, and a geotextile protection layer. 

Geosynthetics are commonly used in less extreme environments, however little is 

known about their short- and long-term performance in an Antarctic environment. 

Geosynthetics have been previously studied in Arctic environments (Bathurst et al. 2006, 

McWatters et al. 2015b; Chapter 5) however there are no previous studies specific to 

Antarctica, except for those previously published regarding Casey Station (Jones et al. 
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2013, 2015; McWatters et al. 2014a,b, 2015a, 2016). Investigating practical solutions with 

demonstrated results is particularly important when working in Antarctica, where the 

logistics of managing contaminated sites and maintaining remediation technologies are 

difficult, while the costs and environmental risks are high. The studying of geosynthetic 

barrier systems performance when used in hydrocarbon remediation will inform future 

management of both new and legacy sites requiring clean up in Antarctica and aid in 

reducing the risks associated with the management and remediation of contaminated soil.  

Seven biopiles were constructed (Figure 6-1) from 2011 to 2013, designed specifically 

to facilitate monitoring of the biopiles’ performance in containing hydrocarbons. 

Antarctica’s cold and dry environment yields many previously unstudied challenges to the 

use of geosynthetics. Recent research conducted at Casey Station has shown that 

geosynthetic materials can be utilized for hydrocarbon containment in the Antarctic, at 

least for up to the four years that the experiments have been conducted (McWatters et al. 

2016). However, questions have arisen regarding the hydration and hydraulic properties of 

the GCL for longer term use in this environment.  

A GCL's performance as an advective barrier can be directly related to its moisture 

uptake from the subsoil prior to contact with contaminated fluid (Petrov and Rowe 1997). 

For a GCL to uptake water from an underlying soil, the suction in the GCL must be lower 

than that of the subsoil. In Antarctica precipitation rates are low, temperatures are cold, and 

at Casey Station the subsoil is highly permeable; thus, there is little water available for 

hydration of GCLs from the subsoil. The ideal GCL(s) will be one(s) which can (through 

bentonite type, bentonite mass per unit area, and geotextile type) hydrate from the moisture 

in the subsoil (Rowe et al. 2011; Beddoe et al. 2011). Each biopile was constructed with a 
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different combination of geomembrane (not studied herein) and GCL product to evaluate 

the relative performance of the different combinations. Sacrificial coupons of GCL were 

installed above the intact GCL in each biopile and selected coupons were removed each 

year as a performance indicator. 

The very limited available soil at Casey Station has an abundance of cobbles and gravels 

which could puncture geosynthetics. Temperatures at Casey Station only rise above 

freezing for two to three months of the year (typically between December and February) 

and the GCL temperature remains at or below freezing for the remainder of the year (Figure 

6-2). The ambient air temperature at Casey station has a freeze index of about 3300 degree 

days, and a thaw index of about zero degree days (calculated from Australian BOM, 2016). 

Access to site is limited by the weather. Shipping of supplies is also a challenge and 

geosynthetics (and other major supplies) must arrive by ship and, even then, only once per 

year (after the sea ice has thawed). Casey Station is approximately 4000 km from the 

nearest ports (Hobart or Freemantle, Australia) making it very expensive to ship supplies. 

Geosynthetics are ideal for minimizing shipping costs and volumes. 

GCLs have been in use at Casey Station for over five years, and are still required to 

contain hydrocarbons. There are knowledge gaps between what is currently understood 

about GCL hydration, and how the GCLs are likely to perform and continue to perform in 

Antarctica. Three series of experiments were conducted using the same GCLs, viz: (a) 

sacrificial coupons were installed within the biopiles, (b) field test plots were constructed, 

and (c) laboratory hydration tests were performed. The objectives of this chapter are to: (1) 

Examine how quickly different GCLs hydrate and the degree of hydration that can be 

achieved in field test plots; (2) Explore the effects of GCL product, confining stress, and 
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subsoil water content in laboratory hydration tests; (3) Evaluate the effectiveness of the use 

of GCL sacrificial coupons as a means of predicting intact liner performance; and (4) 

Provide recommendations for use of GCLs in Antarctica and other polar environments.  

6.2 Background 

6.2.1 Materials Evaluated 

Four GCL products (GCL2, GCL4, GCL5, and GCL6) were investigated (Table 6-1). 

GCL2 was installed in Biopile 3 in 2010, and GCL4 was installed in Biopile 7 in 2012. 

GCL5 and GCL6 were included in the laboratory study to increase the scope of 

investigations. GCL1 and GCL3 used on site (Table 6-2) were the same nominal product 

as GCL4, however since they were manufactured in different years with different sources 

of bentonite they were considered separate, but similar, products are not explicitly studied 

in this chapter. 

GCL6 was previously studied by Beddoe et al. (2011) and the water retention curve (WRC) 

is known from that work.  

6.2.2 Reference Water Content  

The reference water content (wref) is the maximum water content that a particular GCL can 

reach at a given confining pressure when not limited by the availability of water (Bostwick 

et al. 2010; Beddoe et al. 2010, 2011; Rayhani et al. 2011; Rowe 2014). This was evaluated 

for each GCL and at 13 kPa wref was 156 % (GCL2), 183 % (GCL4), 175 % (GCL5), and 

136 % (GCL6), while at 45 kPa wref was 118 % (GCL2) and 158 % (GCL4). GCL hydration 

involves the uptake of water by the bentonite from the subsoil until equilibrium is reached 

between the suction in the GCL and subsoil directly below. This equilibrium will depend 

on the GCL and the subsoil (e.g., its particle size distribution and initial water content). 
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The degree of hydration for each GCL can be represented by normalizing the observed 

water content with respect to the reference water content, (w/wref).  

6.3 Investigations 

6.3.1 Sacrificial Coupons 

Sacrificial coupons of GCL were 50 cm × 50 cm sheets of GCL installed directly above 

the GCL liner in the biopiles. Coupons were subjected to an approximate 13 kPa stress in 

the field (from 1 to 1.4 m of soil). Biopile 3 contained coupons of GCL2 (the same as the 

liner system) and Biopile 7 contained coupons of GCL4 (the same as the liner system).  

Coupons could be removed at different times without compromising the intact liner 

(Figure 6-3a and Figure 6-3b) and tested (Jones et al. 2013, 2015). These coupons were 

intended to allow inferences to be made regarding the underlying liner performance. 

However, their performance was not expected to be the same as that of the intact liner 

because, being placed directly above an intact GCL, the coupon had a different exposure 

condition to an intact GCL placed directly on the subgrade. To relate the coupon 

performance to the underlying liner performance, a series of field test plots and laboratory 

hydration tests were conducted to examine the performance of coupons (an upper GCL 

placed directly on top of a second underlying GCL on subgrade) in parallel with an 

examination of the underlying GCL as described in the following two subsections.  

6.3.2 Field Test Plots  

Seven field test plots installed at Casey Station were monitored for two years (Table 6-2). 

The field test plots were placed at two separate locations: (i) six were placed at a location 

with an initial subgrade moisture content of 8 % which represented the most typical case 

below the biopiles, and (ii) one with a subgrade moisture content of 4 % which represented 
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the driest area expected below the biopiles. At each field test plot, samples of GCL were 

cut into 600 mm diameter circles, and placed onto the subgrade. A 100 mm diameter 

circular specimen (referred to herein as the field test plot specimen) was cut at the centre 

of the 600 mm diameter GCL sample but left in place to hydrate along with the rest of the 

sample (Figure 6-4). Samples of both GCL2 (the same product used in Biopile 3) and 

GCL4 (the same product used in Biopile 7) were examined, and one sample (Field1C) was 

evaluated with two layers of GCL4 (one directly on top of the other) to simulate the 

scenario of a sacrificial coupon inside Biopile 7 (Table 6-2). In each case, the GCL was 

covered with a geomembrane, a geotextile protection layer, and 8 mm thick plywood (all 

600 mm diameter). A 380 kg drum (filled with sand and rocks) was placed on the plywood 

to provide a 13 kPa confining stress on the GCL (Figure 6-5). Periodically, heavy 

equipment was used to remove the drums, and the field test specimens (the inner 100 mm 

circles) were inspected, weighed, and the gravimetric water content was calculated.  

6.3.3 Laboratory hydration tests 

Four GCLs were evaluated in the laboratory hydration tests (two of which were used in the 

biopiles at Casey Station, and in the field test plots: GCL2 and GCL4). GCLs varied in 

terms of bentonite mass per unit area, bentonite type (granular or powdered), bentonite 

source, and carrier geotextile type (woven, or scrim reinforced nonwoven). These GCLs 

were evaluated with respect to their hydration from two soils: Casey Soil, taken from the 

biopile site at Casey Station and Ellis Soil (Table 6-3). Although the soil at Casey contained 

gravel larger than 9.5 mm, only soil passing the 9.5 mm sieve was used in the laboratory 

hydration tests to reduce the chances of large particles causing localized discontinuities. 

Both soils were classified as well graded, although visual inspection of a gradation curve 
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(Figure 6-6) shows some gap-grading. The standard Proctor optimum water content and 

maximum dry density of Casey Soil were 10 % and 1850 kg/m3 while for the Ellis Soil 

they were 11 % and 2075 kg/m3, respectively (Figure 6-7). While these soils appear to 

quite different in Figure 6-7, when viewed at a more appropriate scale, with a saturation 

line (Figure 6-8), both soils appear more similar.  

Water retention curves were estimated for both soils (Figure 6-9) using the gradation 

curves and a volumetric water content analysis in GeoStudio SEEP/W (Geo-Slope 

International, 2012). When these soil are at high moisture content, in direct contact with a 

GCL, the moisture contents will adjust between the two mediums until the suctions in the 

soil and the GCL are equal. Comparing the WRC for GCL6 (from Beddoe et al. 2011) with 

those of the Casey soil, suggests that as long as the subsoil moisture content remains above 

4 %, that there will be a large driving force of moisture moving from the subsoil into the 

GCL until GCL is over 90 % of wref.  

For example, a simple mass balance calculation can be conducted, where the fixed mass 

of water in the subsoil (MC = 10 %, 2.4 kg of wet soil per cell, includes 240 g of water). If 

30 g of water moves into a 30 g sample of GCL6 at 10 % moisture content (3 g of water) 

the subsoil will have only decreased down to 9 % MC (and, from Figure 6-9 have negligible 

change in suction) however the GCL will now be over 100 % moisture content. From 

Beddoe et al. (2011), if GCL6 was to move from 10 % to 100 % MC, the change in suction 

would be a drop from 100 000 kPa down to approximately 10 kPa (a suction on the order 

of magnitude expected in the subsoil). This is the approximate range of suctions that can 

be expected in the laboratory hydration tests.   
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The laboratory hydration testing was conducted at room temperature (22oC) using 

methods similar to Anderson et al. (2012) and Hosney and Rowe (2013). Test cells were 

constructed by taking a 1.3 m high, 100 mm diameter vertical PVC pipe and compacting 

200 mm soil at the desired water content (Table 6-3) in the bottom of the pipe. A 100 mm 

diameter sample of virgin GCL (with a known initial water content) was placed on top of 

the soil and covered by a 3.2 mm rubber sheet, a plywood spacer, and concrete and steel 

weights to provide the required pressure to the GCL. Typically, only a single layer of GCL 

(as a GCL would normally be used in the field) was used. However, in some cases, two 

layers of GCL were placed; a lower GCL in direct contact with the subsoil and a similar 

upper GCL placed directly on top of the lower GCL (Table 6-3) to simulate a sacrificial 

coupon. The cells were then sealed to minimize moisture loss. The primary hydration tests 

were designed to expose the GCLs to the same stress expected in the field (approximately 

13 kPa) although two tests were conducted at 45 kPa using a modified apparatus to provide 

insight into larger scale projects (such as engineered landfills for decommissioned or 

abandoned stations). 

The cells were periodically opened and the samples were removed, inspected and 

weighed.  The inferred change in water content was plotted with time. Once a sample 

achieved an equilibrium water content, the final moisture content, mass of bentonite per 

unit area, exchangeable sodium percentage (ESP) (ASTM 7503), and swell index (ASTM 

D5890) were obtained for that sample. Some test are still running at the time of writing. 

6.3.4 X-ray Imaging 

All GCL laboratory test specimens and sacrificial coupons were inspected using a non-

destructive X-ray imaging apparatus - a Faxitron sealed X-ray cabinet. High resolution 
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radiographs were analyzed using a 60 second exposure time, a power setting of 70 mV, 

and phosphorous image sheet image scanning using a ScanX automated scanner. Images 

were evaluated using default shading, to ensure that all differences between samples were 

in fact real, not difference in shading. This method is the same as used by Hosney and 

Rowe (2013) and was used to examine GCLs for defects and/or discontinuities in 

hydration.  

Due to the remote location at Casey Station, it was not possible to X-Ray field samples 

which, at the time of writing, remain onsite for long-term data collection.  

6.4 Results and Discussion 

6.4.1 Laboratory Hydration Cell Testing Results 

GCL laboratory hydrations tests conducted at 13 kPa using a single layer of GCL were run 

to equilibrium, and destructively sampled. Samples using two layers of GCL (to simulate 

the effects of a field coupon) have yet to achieve equilibrium after 483 to 510 days of 

hydration (at the time of writing). A summary of the results is presented in Table 6-4. Some 

GCLs experienced drying which may to be due to losses from the test apparatus, therefore, 

unless otherwise specified, the maximum hydration level is presented. 

 Variability in the mass per unit area, MA, of different GCLs in laboratory tests had an 

effect on the hydration. Consider two tests on nominally identical subsoil with the same 

initial subsoil moisture content (and therefore the same finite mass of water in the system) 

where one GCL has a low MA and other a high MA. If the same amount of moisture leaves 

the subsoil in each test (and therefore both have the same suction) and enters the GCL, the 

GCL with lower MA will record a higher moisture content than that with higher MA and 

there will be a consequent difference in suction. Thus, in such a system where the water 
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available to hydrate the GCL is limited, one can anticipate that at equilibrium, the moisture 

content in the GCL, and subsoil just below the GCL, will be lower for the GCL with the 

higher MA than for the GCL with the lower MA. For example, GCL4, Lab5 (MA = 

5400 g/m2) and Lab10 (MA = 5900 g/m2) might be expected to be duplicates (Figure 6-8), 

however, due to the 500 g/m2 difference in MA between the specimens, Lab5 achieved a 

higher equilibrium water content (w/wref = 80 %) than Lab10 (w/wref = 72 %). The same 

pattern but a more extreme difference is observed in Lab6 (MA = 3300 g/m2) and Lab9 (MA 

= 4600 g/m2) where Lab6 achieved a much higher equilibrium water content (w/wref = 

96 %) than Lab9 (w/wref = 72 %), in large part due to the 1300 g/m2 difference in MA.  

In addition to MA, other factors contribute to variability in GCL hydration including 

subsoil conditions and GCL type. For example, two samples of GCL2 with an identical MA 

(4600 g/m2) on Casey soil at w = 10 % hydrated to w/wref = 72 % in test Lab9 and only 

59 % in test Lab14 (Table 6-4). The likely explanation is subtle differences in subsoil 

grainsize distribution resulting in a different water retention behaviour of the soil directly 

below the GCL. 

The effect of MA was similar for GCL4 as for GCL2 above, with particularly good 

hydration in Lab5 (w/wref = 80 %, MA = 5400 g/m2) but relatively poor hydration in tests 

with higher MA (Lab 15, w/wref = 55 % with MA = 5700 g/m2, and Lab10 w/wref = 45 % 

with MA = 5900 g/m2), suggesting a particular sensitivity to MA.  

Despite some variability, single layers of GCL2, GCL5 and GCL6, resting on Casey 

soil at 10 % initial moisture content, typically hydrated to > 65 % w/wref (Figure 6-8) with 

most of them being able to achieve this in less than 100 days (slightly longer than one field 

season). 
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GCL6 with powdered bentonite (Lab2 and Lab4; Table 6-4) achieved higher hydration 

than GCL5 with granular bentonite (Lab1 and Lab3) on similar subgrades (Figure 6-9) and 

although interpretation is complicated by differences in MA, it appears that the powered 

bentonite gave better hydration than the granular bentonite.  

There was minimal effect on equilibrium moisture content when comparing either Ellis 

(Lab1 and Lab2) or Casey (Lab3 and Lab4) soils (Figure 6-9). The only difference was that 

GCLs hydrated on Casey soil appeared to achieve equilibrium slightly faster (Figure 6-9). 

This is likely because they had quite similar grading curves (Figure 6-6) and optimum 

water content despite the differences in maximum dry density (Figure 6-7).  

Although the tests with two layers of GCL (to simulate the conditions of a sacrificial 

coupon) have not reached a similar moisture content and are still being monitored to see if 

there will be a slow equilibration between layers, there is sufficient data (Figure 6-102) for 

preliminary observations. The bottom layers of GCL approached an equilibrium water 

content approximately 20 % of wref higher than the top layers of GCL. Since there was very 

little difference in MA of all samples in Lab7 (GCL4: top MA = 5000 g/m2, bottom MA = 

5000 g/m2) and Lab8 (GCL2: top MA = 5100 g/m2, bottom MA = 5200 g/m2) this offers a 

very good comparison between products. The fact that Lab8 achieved a slightly lower 

moisture content than Lab7 was likely due to the slightly larger MA in Lab8. These 

experiments suggests that coupons would be expected to achieve approximately 20 % of 

wref less than the intact GCL below under similar conditions and that there is no significant 

difference between GCL2 and GCL4 with respect to hydrating two layers.   

X-Ray scans of Lab7 and Lab8 revealed a well hydrated bottom layer with a uniform 

structure (Figure 6-11) whereas top layers that had not fully hydrated. The effects of large 
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grain sizes were visible: the dark spots on bottom liners were locations of localized thinning 

due to squeezing of bentonite due to protrusions (gravel) in subgrade while the white specs 

were likely sand particles caught in the geotextile.  

A reduction in initial subsoil water content from 10 % (Figure 6-10) to 4 % (Figure 

6-12) resulted in much lower equilibrium moisture contents for a given GCL as discussed 

in more detail below. The GCLs resting on the subsoil with a 4 % moisture content reached 

a peak hydration and then experienced some drying in the last 50 days of monitoring. The 

likely explanation for drying would be some moisture loss from the system due to repeated 

sampling of the specimens. While this is likely an experimental artefact, it also 

demonstrates the sensitivity of the GCL moisture content loss with even brief air exposure 

and helps explain desiccation of once hydrated samples observed in the field.  

For GCL2 on Casey subsoil with w = 10 %, Lab14 (MA = 4600 g/m2) had the same 

w/wref = 59 % as Lab11 (MA = 4200 g/m2) on Casey subsoil with w = 4 %. This may be 

regarded as a coincidence due to conflicting effects of a lower water content (which should 

lead to lower hydration, other things being equal) and lower MA (which, as already shown, 

would lead to higher hydration) for Lab11 compared to Lab14. In contrast, for GCL4, Lab5 

(MA = 5400 g/m2) on Casey subsoil at 10 % hydrated to a maximum w/wref of 80 % which 

was substantially higher than Lab12 (MA = 5000 g/m2) on Casey soil at w = 4 % which 

hydrated to a maximum w/wref of 36 % (Table 6-4) despite having a lower MA; a difference 

of 44 % in degree of saturation which may be largely attributed to the difference in moisture 

content of the subgrade. In both cases, the possibility of some additional effect due to subtle 

variability in subsoil grainsize distribution cannot be excluded.    
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For the two layers of GCL on Casey subsoil with w = 4 % (Lab13; top MA = 4900 g/m2, 

lower MA = 5500 g/m2), the equilibrium moisture content of the top layer was 

approximately 10 % wref lower than for the bottom layer. With two layers of GCL, the top 

hydrated to w/wref = 21 % while the lower layer hydrated to w/wref = 31 % compared to 

36 % for a single layer with a little less bentonite (GCL12; MA = 5000 g/m2). Allowing for 

the difference in MA this suggests a very similar performance of the bottom layer in the two 

layer system to the single layer 

Two tests were performed to assess the effects of pressure at 45 kPa compared to 13 kPa 

(Figure 6-13). Interpretation of the results is complicated by the difference in MA since the 

specimens studied at 45 kPa had considerably higher MA than those at 13 kPa (i.e., for 

GCL2: Lab6 at 13 kPa and Lab19 at 45 kPa had MA of 3300 and 5600 g/m2, respectively; 

for GCL4: Lab5 at 13 kPa and Lab20 at 45 kPa had MA of 5400 and 6600 g/m2, 

respectively). Other things being equal, one would expect higher water contents for the 

specimens at 13 kPa (due to lower MA) than those at 45 kPa (higher MA). This is true with 

both tests at 13 kPa having a higher moisture content (147 % for Lab6 with MA = 3300 g/m2 

and 146 % for Lab5 with 5400 g/m2) than the two at 45 kPa (109 % for Lab19 with 

5600 g/m2 and 134 % for Lab20 with 6600 g/m2). However the complexity of the 

interactions affecting GCL equilibrium water content are evident from the similarity of the 

water contents at 13 kPa despite the large difference in MA (3300 g/m2 for Lab6 and 

5400 g/m2 for Lab5) while at 45 kPa the lower water content 109 % was for Lab19 with 

the lower mass (5600 g/m2) and 134 % for Lab20 with a substantially higher mass 

(6600 g/m2). Given that the initial subsoil water content was controlled, the factors that 
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could influence these inconsistent water contents based on MA are the different carrier 

geotextile for GCL2 and GCL4 and subtle variability in subsoil grainsize distribution. 

What an increase in stress can be expected to do is decrease wref and this was indeed the 

case for both GCL2 with wref = 156 % at the 13 kPa and 118 % at 45 kPa and GCL4 with 

wref = 183 % at 13 kPa and 158 % at 45 kPa. This means that for a given water content of 

the GCL due to hydration from the subsoil there will be a higher degree of saturation. This 

reduces, but does not eliminate, the effect of variability in MA, and subtle difference in the 

subsoil grainsize that affect GCL equilibrium moisture content. Thus, for GCL2, despite 

the very large difference in MA and indeed the equilibrium moisture content at 13 kPa 

(3300 g/m2 and w = 147 % for Lab6) and 45 kPa (5600 g/m2 and w = 109 % for Lab19), 

w/wref was very similar at 94 % and 92 % for 13 and 45 kPa respectively. Similarly for 

GCL4, despite the smaller by still large difference in MA and the equilibrium moisture 

content at 13 kPa (MA = 5400 g/m2, w = 146 %; Lab5) and 45 kPa (MA = 6600 g/m2, w = 

134 %; Lab20) w/wref were fairly similar at 80 % and 85 % for 13 and 45 kPa respectively, 

with the latter being higher despite the 1000 g/m2 difference in MA. It took approximately 

the same time to reach equilibrium water content regardless of pressure (Figure 6-13).  

Considering the practical aspects of construction in Antarctica or similar climates, a 

reasonable extrapolation of the temperature data from Biopile 3 (Figure 6-2) suggests that 

after one field season approximately 3 m of waste cover (45 kPa equivalent) could 

potentially insulate the GCL enough to prevent the GCL layer from ever thawing once it 

freezes at the end of a field season. This suggests that, with respect to the soil properties of 

the Casey biopiles, hydration data at 45 kPa is only useful during the first 60 to 100 days 

in the field, and then the GCL may perform as a freeze back landfill (where the bottom 
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barrier is reaggregated back to permafrost) common in Canada’s Arctic (McWatters et al. 

2015b). While this extrapolation to a thicker biopile (45 kPa of biopile soil) would likely 

see the liner permanently frozen, this extrapolation cannot be applied to other fill materials 

as the water content and grain size of the soil has a large role in permafrost reaggregation, 

not solely the thickness of material above the liner.  

The effects of sampling might be assessed by comparing results for GCL2 for a test 

sampled only once (Lab14; w/wref = 59 %) with a test sampled more frequently (Lab9; 

w/wref = 72 %) since they had the same MA (4600 g/m2). However, counter-intuitively, the 

once sampled Lab14 had lower hydration than the frequently sampled Lab9 (Figure 6-14; 

Table 6-4). Eventually some water was lost likely as a result of frequent sampling. The 

most likely explanation for the counter-intuitive finding is that it reflects subtle difference 

in the grain size distribution of the subsoil that affected water uptake. A difference in 

bentonite seems unlikely given the very similar swell index of the two specimens after the 

test (Table 6-5). 

For GCL4 (Lab15, MA of 5700 g/m2) with w/wref = 55 %, which was only sampled once, 

the most comparable test (similar MA) was Lab10 (MA = 5900 g/m2) with w/wref =  45 %. 

Here the higher value for the specimen only opened at termination may, at least in part, be 

due to some moisture loss during sampling but the comparisons is complicated by the 

difference in MA. However, while there may have been moisture loss from Lab10 (it was 

certainly lower than other data for GCL4 on 10 % Casey subsoil), there was no evidence 

of water loss in Lab10 until possibly toward the end of the test. It is also possible that subtle 

differences in the grain size distribution of the subsoil may have also been a primary factor 

affecting the difference here as it was for GCL2 above.  
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The swell index of GCL4 was the lowest after a hydration tests, dropping to an average 

of 18 to 19 mL/2g from a virgin sample value of 31 mL/2g. This decrease did not appear 

to be dependent on the subsoil moisture content. The difference in hydration of the GCL4 

samples (Lab5: w/wref = 78 %, ESP = 83 %; Lab12: w/wref = 28 %, ESP = 93 %; and Lab15: 

w/wref = 55 %, ESP = 92 %) did not appear to be related be related to the swell index, as 

all were similar and between 18 and 18.5 mL/2g. Likewise, for GCL2, (Lab6: w/wref = 

76 %, ESP = 55 %; Lab 9: w/wref = 72 %, ESP = 81 %; Lab11: w/wref = 59, ESP = 81 %, 

and Lab14: w/wref = 59 %, ESP = 58 %), there was no clear correlation between hydration 

and swell index, which decreased from a virgin sample value of 25 mL/2g to 19 (Lab6), 

21.3 (Lab9), 23 (Lab11) and 22.5 (Lab14) mL/2g.  

Lab11, with the lowest water content (on 4 % Casey subsoil), was the least affected in 

terms of ESP and swell index. This suggests that less exchange has taken place which is 

likely a result of less mass of water being uptaken. 

In summary:  

a. There was no clear reason as to why some samples have shown some 

dehydration after approximately 200 days of hydration but this does indicate 

the sensitivity of the GCL to loss of moisture (as has also been seen of GCL 

below the biopiles at Casey as discussed earlier). Possible explanations for 

dehydration other than moisture loss from the system could include a 

change in bentonite suction over time (Acikel 2016) and possibly cation 

exchange resulting in a change in suction (Rowe and Abdelatty 2012). As 

the dehydration appears to affect the laboratory hydration tests with the least 

amount of water (4 % soil moisture content) it appears most plausible that 
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these are simply more sensitive to losses due to the low total amount of 

moisture in the system, however the other mechanisms cannot be excluded 

until all tests are terminated and ESP and swell index are evaluated.  

b. GCL MA had a significant impact on equilibrium moisture content, where 

lower MA showed a higher degree of apparent hydration (with GCL4 being 

particular sensitivity to MA). This conclusion should not be interpreted as 

meaning it is better to have less bentonite; even at a lower degree of 

saturation one is likely better off with more than less bentonite (other things 

being equal). 

c. GCL specimens placed on lower moisture content subsoil generally 

achieved lower equilibrium moisture contents. 

d. None of the tests with two layers of GCL are yet at equilibrium after 483 - 

510 days under isothermal conditions at room temperature.  

e. GCL samples placed on top of other GCL samples (as a simulated coupon) 

were consistently 10 % of wref lower than the bottom layer of GCL on 4 % 

moisture content subsoil, and 20 % lower on 10 % moisture content subsoil. 

6.4.2 Field Test Plot Results 

Hydration of GCLs using field test plots at Casey Station are ongoing, and current results 

(Figure 6-15) show the hydration of each GCL evaluated over the course of two field 

seasons. Most tests were started at the beginning of the spring melt (November) although 

Field1E and Field1F were started after the Antarctic summer (in February) when soil 

conditions were much drier and these were not first monitored until after 310 days of 

hydration.  
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The GCLs installed at the start of the spring melt demonstrated a hydration pathway 

similar to most of the laboratory samples with a slow moisture uptake over time until an 

equilibrium was approached (Figure 6-15). This trend was not observed in Field1E and 

Field1F, and was not observed in any of the other samples after 300 days of monitoring 

(i.e., in the second field season; Figure 6-16). This difference in hydration pattern between 

field hydration tests installed at the beginning and end of the field season was attributed to 

variability in the subsoil moisture conditions with time onsite with high groundwater levels 

and associated (anticipated) high subgrade water content in areas with substantial 

groundwater flow during snow melt early in the season and low groundwater levels and 

associated subgrade water content as the end of the field season draws near. Table 6-5 

summarizes the results. The temperature of field test samples is expected to be similar to 

that observed in Biopile 3 (Figure 6-2).  

The top layer of Field1C was shown to hydrate to approximately 20 % of wref lower than 

Field1C–bottom (Figure 6-16). This behaviour is similar to that observed for the same GCL 

in the laboratory hydration cell (Lab8).  

Field2A, which was in a drier location (w = 4 %) near the biopile site, has not yet 

achieved good hydration with w/wref = 23 % (at last monitoring, after two field seasons) 

which is lower than the 36 % GCL4 (Lab12) laboratory tests on subsoil with w = 4 % 

described in the previous section. This latter observation likely reflects the effect of the 

coarser subgrade at Casey (and the presence of many soil particles > 9.5 mm). 

6.4.2.1 Summary 

While field hydration tests are inherently different (especially due the variable moisture 

content of the soils due to changing water levels, lower temperature, and a subsoil with 
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more gravel > 9.5 mm) they demonstrated similar conclusions to the laboratory hydration 

tests: 

a. Tests located on lower initial moisture content subsoil achieved lower degrees of 

saturation.  

b. Tests with two layers of GCL (to simulate a sacrificial coupon) demonstrated 

approximately 20 % less w/wref in the top GCL compared to the bottom GCL.  

c. There was evidence of some small areas of dehydration in some samples. While 

this is hypothesized to be reflective of differences in climatic conditions, it is not 

possible to rule out other mechanisms (e.g., Rowe and Abdelatty 2012; Acikel 

2016) until these tests are terminated in February 2016. 

6.4.3 Sacrificial Coupon Results 

Sacrificial GCL coupons have been removed yearly from Biopile 3 (GCL2) after four years 

in service, as well as once from Biopile 7 (GCL4) after two years in service, while further 

coupons remain inside of the biopiles. The sacrificial coupons have been exhumed and 

their water contents evaluated over time (Figure 6-17; Table 6-6). GCL2, in Biopile 3, 

experienced an increase in hydration with time and the pattern appeared to mimic the field 

hydration tests for the first two years in service, with a periodic increase in moisture content 

on a yearly basis. After three years in service, there was a noticeable spike in moisture 

content, when the coupon appears to have reached saturation – this was not observed in the 

laboratory or field test data.  

It is suspected that the change observed in Biopile 3 after three years was due to site 

operations changing the groundwater conditions at the biopile. In late November 2012, a 

drain was built on site to prevent ponding at a high traffic area. This drain moved water 
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from the south west corner of Biopile 4 along to the south east corner of Biopile 3 and 

ultimately through the PRB (Figure 6-1). While this improved site operations, the new 

drain significantly increased the volume of groundwater passing below Biopile 3.  

GCL4 (in Biopile 7) reached saturation in the first year. This is attributed to Biopile 7 

being located in a drainage pathway, at the bottom of a hill / outcrop, which appears to 

have resulted in high water levels in the subgrade during spring melt. Visual inspection of 

the GCL upon removal showed it was dripping excess water (Figure 6).  

In addition to assessing hydration, sacrificial coupons were used to obtain specimens to 

monitor changes in swell index and hydraulic conductivity (Table 6-6). Unlike the 

laboratory test cells, GCL2 from Biopile 3 had not experienced any apparent decrease in 

swell index (29 mL/2g after three years). It is possible that this is due to variability in the 

bentonite type (McWatters et al. 2016) with the initial value at this location having been 

even higher or it could be due to the coupon being protected from interaction with the 

subsoil by the underlying intact GCL; irrespective of the reason it was still very good. In 

contrast, there was an apparent significant decrease in swell index (from 31 mL/2g to 

19.5 mL/2g) of GCL4 coupons after two years in Biopile 7. Similar to the GCL2 coupon, 

this coupon was also isolated from the subsoil by an intact GCL, with the significant 

difference being that the GCL2 in Biopile 3 did not appear to reach full hydration until 

year 3 while GCL4 in Biopile 7 was fully hydrated within a year. It may be that the decrease 

in swell index occurred much faster when the GCL was fully hydrated.  

Examining X-Ray scans of the exhumed sacrificial coupons showed that a coupon from 

Biopile 7 (GCL4 @ 99.5 % w/wref after two years of exposure) indicated a well hydrated 

GCL, with no evidence of desiccation or thinning. Similar results were observed for GCL2 
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@ 98.7 % w/wref (from Biopile 3, after four years of exposure) although minor defects were 

apparent.   

The sacrificial coupons continued to increase in moisture content year after year and 

showed no evidence of desiccation cracking for these particular coupons at the time they 

were recovered (the possibility that they were desiccated at other times of the year and had 

re-wetted cannot be excluded). Figure 6-2 shows the GCL layers only unfreeze for a very 

short period of time (and their temperature remains near freezing, suggesting that there 

may be some locations which never experience temperatures above freezing). The yearly 

increase in GCL moisture content implies that all of the exhumed coupons have likely 

thawed at some point over the summer, which agrees well with the temperature data. The 

lack of observed desiccation cracking also implies that the GCLs likely were thermally 

insulated by the biopile soil sufficiently that they did not experience daily freeze thaw 

cycling. Given that there are relatively few freeze-thaw cycles per year experienced by the 

GCL in the Antarctic climate, the performance may actually be better than less severe 

climates (e.g., south-eastern Ontario) where there are more freeze-thaw cycles in each year 

which will likely extend the long-term GCL performance.  

6.5 Time to Hydration Prediction 

To evaluate the effectiveness of laboratory testing, field testing, and sacrificial coupons, 

all data sets were compared for GCL2. GCL4 was not considered in this comparison given 

the anomalous hydration of the sacrificial coupon discussed earlier.  

It is likely that the majority of hydration occurs in the GCLs between early December 

and the end of February as this is the only time when water was likely to be in liquid and 

mobile (Figure 6-2). Making this assumption allows for all laboratory, field test plot, and 
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sacrificial coupons to be compared on a scale of “hydrating days” of exposure to days 

between, say, December 1st and February 28th.  

GCL2 has been evaluated in laboratory, field, and sacrificial coupons and a trend does 

not appear in the data set until they are compared with respect to hydration days (Figure 

6-18). The Biopile 3 coupon data resembles the Lab8-Top layer quite well for the first 75 

hydrating days (before the construction of the drain affected hydration), and Field1D 

resembles the behaviour of Lab8-Bottom very closely, even after one season in the field. 

This suggests, that the intact GCLs performance is likely represented well by Lab8-Bottom 

and Field1D.  

This approach to correlating the laboratory, field, and sacrificial coupons, could 

reasonably be used to predict the hydration of GCL2 used as an intact barrier at Casey 

Station. Under the conditions which were expected upon construction, it likely would take 

slightly over 300 days of hydration to reach equilibrium, which equates to four or five years 

after installation at Casey Station.  

6.6 Conclusions 

GCLs typically hydrated faster, and achieved a higher degree of hydration, when resting 

on subsoils with higher moisture contents indicating the importance of site selection with 

respect to groundwater conditions and the grainsize distribution and moisture content of 

the subsoil. The laboratory and field data was able to reasonably predict the performance 

of a sacrificial coupon of GCL, which offers insights into the performance of the intact 

liner without compromising the intact liner. 

Ensuring conditions to allow good hydration of the GCL is both desirable and 

recommended, but may be difficult in reality and this is certainly the case in Antarctica. A 
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well-hydrated GCL would provide both a good vapour and leachate barrier. Powdered or 

desiccated bentonite would not provide a significant barrier to vapour migration (e.g., 

BTEX or other volatile hydrocarbons), however if the powdered or desiccated bentonite 

came into contact with the biopile leachate this bentonite would likely rehydrate the GCL 

and provide resistance to the flow of leachate. The tests on exhumed coupons indicated 

poorly hydrated GCL still had relatively low (< 1 × 10-10 m/s) hydraulic conductivity and 

would be expected to effectively control biopile leachate leakage through a few holes in 

the geomembrane (were such holes present or formed over time) to a negligible level.  

Based on a comparison of laboratory hydration tests, field hydration tests, and 

evaluation of sacrificial coupons, it is concluded that: 

1. During a field season, the hydration of GCLs observed in the field followed very 

similar patterns to that observed in the laboratory hydration tests, however this trend 

is not observed over the course of a year. There is evidence that some of the GCLs 

in the field experience a very large “flood” of groundwater at the beginning of a 

field season and this allowed the GCLs to hydrate rapidly from very readily 

available pore water and then, in some cases, experience dehydration.  

2. Given the short season for hydration, and the limited available water except when 

in a location inundated during spring melt, the elapsed time to achieve sufficient 

hydration of a GCL is greatly increased in Antarctica, than in more temperate 

climates.  

3. The performance of sacrificial GCL coupons could be reasonably well predicted by 

laboratory testing, which provides confidence in the estimation of intact GCL 

properties in the field.  
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4. GCLs hydrated under 45 kPa achieved equilibrium in approximately the same 

amount of time as those hydrated at 13 kPa. This suggests that at Casey Station 

good hydration would likely be achieved unless the GCL froze into the permafrost 

layer (not studied).  

5. The insulation provided by the biopile soil appears to be minimizing freeze thaw 

cycling to an essentially annual event.  

6. Predicted time to > 65 % w/wref at Casey Station for GCL2 is four to five years 

(assuming it is not in a location subject to spring snowmelt inundation).    
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Table 6-1 Description of the six GCL products, and where each product is used. 

 GCL Product 
Year shipped 

to Casey 
Station 

Bentonite Carrier Cover 
Location  

used 

GCL1 Elcoseal X2000 2010 Powdered W + NW NW BP1, 2, 4,& 5 
GCL2 Elcoseal X1000 2010 Powdered W NW BP3, F, L 
GCL3 Elcoseal X2000 2011 Powdered W + NW NW BP6 
GCL4 Elcoseal X2000 2012 Powdered W + NW NW BP7, F, L 
GCL5 Bentofix B4000 n/a Powdered W + NW NW L 
GCL6 Bentofix NWL n/a Fine Granular W + NW NW L 

Note: “W” indicates a woven geotextile; “NW” indicates a non-woven geotextile, “BP#” = below 
Biopile #, “F”= Field test plot, “L”= laboratory hydration tests 
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Table 6-2 Summary of field test plot GCLs examined. 

 Field1A Field1B Field1C Field1D Field1E Field1F Field2A 

GCL GCL4 GCL4 

GCL4 (top) 
over 

GCL4 
(bottom) 

GCL2 GCL4 GCL4 GCL4 

Start 
Date 

2013 12 16 2013 12 16 2013 12 16 2013 12 16 2014 2 14 2014 2 14 2013 12 16 

Initial  
subsoil 

MC 
8 % 8 % 8 % 8 % 8 % 8 % 4 % 
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Table 6-3 Laboratory hydration test GCL samples and conditions. 

Sample  GCL MA
1 (g/m2) 

Initial subsoil 
moisture 
content2 

Pressure Subsoil 

Lab1 GCL5 5800 11 % 13 kPa Ellis 
Lab2 GCL6 4300 11 % 13 kPa Ellis 
Lab3 GCL5 4600 10 % 13 kPa Casey 
Lab4 GCL6 4500 10 % 13 kPa Casey 
Lab5 GCL4 5400 10 % 13 kPa Casey 
Lab6 GCL2 3300 10 % 13 kPa Casey 
Lab7 - top GCL4 5000 10 % 13 kPa GCL 
Lab7 - bottom GCL4 5000 10 % 13 kPa Casey 
Lab8 - top GCL2 5100 10 % 13 kPa GCL 
Lab8 - bottom GCL2 5200 10 % 13 kPa Casey 
Lab9 GCL2 4600 10 % 13 kPa Casey 
Lab10 GCL4 5900 10 % 13 kPa Casey 
Lab11 GCL2 4200 4 % 13 kPa Casey 
Lab12 GCL4 5000 4 % 13 kPa Casey 
Lab13 - top GCL4 4900 4 % 13 kPa GCL 
Lab13 - bottom GCL4 5500 4 % 13 kPa Casey 
Lab14* GCL2 4600 10 % 13 kPa Casey 
Lab15* GCL4 5700 10 % 13 kPa Casey 
Lab19 GCL2 5600 10 % 45 kPa Casey 
Lab20 GCL4 6600 10 % 45 kPa Casey 

1ASTM D5993; 2 ASTM D5993; *Test was only sampled once and then terminated. 
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Table 6-4 GCL laboratory hydration summary. 

Sample 
GCL 
Type 

Sub- 
soil 

Subsoil 
MC1 

Swell 
Index2 

Days 
Exposed 

Maximum MC k ESP 

   (%) (mL/2g)  (%) (w/wref) (m/s) (%) 

Virgin GCL2 - - 21.5 - - - 4.6 × 10-11 - 

Virgin GCL4 - - 31 - - - 1.9 × 10-11 - 

Virgin+ GCL5 - - 
25 +/- 

1.0 n=3 
- - - 4.3 × 10-11 71 

Virgin+ GCL6 - - 
27 +/- 

1.0 n=3 
- - - 3.9 × 10-11 67 

Lab1 GCL5 Ellis 11 % 
27.5 +/- 
0.7, n=2 

358 105 64 n/a 46 

Lab2 GCL6 Ellis 11 % 
26.0 +/- 
1.4, n=2 

358 122 89 n/a - 

Lab3 GCL5 Casey 10 % 
25.0 +/- 
1.4, n=2 

217 110 67 n/a 90 

Lab4 GCL6 Casey 10 % 
24.5 +/- 
0.7, n=2 

217 119 88 n/a 64 

Lab5 GCL4 Casey 10 % 
18.3 +/- 
0.6, n=3 

294 146 80 n/a 83 

Lab6 GCL2 Casey 10 % 
19.0 
n=1 

294 147 96 n/a 55 

Lab7 – 
top 

GCL4 GCL - TBD >510 #90 #49 TBD TBD 

Lab7 - 
bottom 

GCL4 Casey 10 % TBD >510 #125 #68 TBD TBD 

Lab8 – 
top 

GCL2 GCL - TBD >483 #71 #46 n/a TBD 

Lab8 - 
bottom 

GCL2 Casey 10 % TBD >483 #99 #63 n/a TBD 

Lab9 GCL2 Casey 10 % 
21.3 +/- 
0.6, n=3 

267 112 72 n/a 81 

Lab10 GCL4 Casey 10 % TBD >483 #83 #45 TBD TBD 

Lab11 GCL2 Casey 4 % 
23.0 +/- 
1.4, n=2 

267 93 59 n/a 61 

Lab12 GCL4 Casey 4 % 
18.0 +/- 
0.0, n=2 

267 66 36 n/a 93 

Lab13 - 
top 

GCL4 GCL - TBD >483 #38 #21 n/a TBD 

Lab13 - 
bottom 

GCL4 Casey 4% TBD >483 #57 #31 n/a TBD 

Lab14* GCL2 Casey 10 % 
22.5 +/- 
0.7, n=2 

267 93 59 n/a 58 

Lab15* GCL4 Casey 10 % 
18.5 +/- 
0.7, n=2 

267 101 55 n/a 92 

Lab19 GCL2 Casey 10 % TBD >470 #109 #92 n/a TBD 
Lab20 GCL4 Casey 10 % TBD >470 #134 #85 n/a TBD 

1 ASTM D5993; 2 ASTM D5890 except that bentonite was air dried and dry mass used was based on 
separate assessment or air dried water content; +From Rowe and Hosney (2015). *Test was only sampled 
once and then terminated; #Test is ongoing, last sample date Nov 25 2015 with some results to be 
determined (TBD) at ultimate test termination; n = number of replicates
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Table 6-5 Summary of GCL field test plot hydration results. 

Sample 
GCL 
Type 

Subsoil 
Initial 
MC 
(%) 

MA
* 

(g/m2) 
Days  

Exposed**  

Highest 
Measured 

w 
(%) 

Highest 
Measured 

w/wref 
 (%) 

Last  
Measured+  

w 
(%)+ 

Last  
Measured+  

w/wref 
(%)+ 

Field 1A GCL4 8 % 4700 413 164 89 145 79 
Field 1B GCL4 8 % 4300 413 140 77 108 75 

Field 1C-top GCL4 8 % 4600 413 52 29 52 29 
Field 1C-bottom GCL4 8 % 4700 413 133 72 133 72 

Field 1D GCL2 8 % 4900 413 94 60 94 60 
Field 1E GCL4 8 % 5000 352 112 61 112 61 
Field 1F GCL4 8 % 5000 352 93 51 93 51 
Field 2A GCL4 4 % 4900 413 42 23 42 23 

* Mass per unit are, MA, estimated based on nearby GCL but may not be the actual values. Final values will be established at test termination 
** Days exposed is calculated as at 2015 02 02, which is the last sample date 
+ It is assumed that these are not at equilibrium as of yet. 
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Table 6-6 GCL sacrificial coupon test results. 

Sample GCL Type Subsoil Date 
MC+  
(%) 

MC as 
(w/wref) 

Hydraulic 
Conductivity 

(m/s) 

Swell Index 
(mL/2g) 

BP3 
Constructed 

 Gravelly 2011 2 18     

BP3 year 1 GCL2 
Intact 
GCL 

2011 11 10 26.6 17.0 n/a n/a 

BP3 year 2 GCL2 
Intact 
GCL 

2012 2 1 
57.5 

+/- 0.02 
36.9 

+/- 0.02 
 n/a n/a 

BP3 year 3 GCL2 
Intact 
GCL 

2014 1 20 
154 

+/- 23 
98.7 

+/- 14.5 
8.3 × 10-11 29 

BP7 
Constructed 

 Gravelly 2013 1 25     

BP7 year 1 GCL4 
Intact 
GCL 

2014 1 29 
182 

+/- 39 
99.5 

+/- 21.3 
n/a 31 

BP7 year 2 GCL4 
Intact 
GCL 

2015 2 10 271 >100 7.6 × 10-11 19.5 

+ The in-field water content was from a nearby specimens and not the same specimen tested in the lab. The 
difference mostly reflects variability of moisture content over a reactively small distance for field GCLs 
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Figure 6-1 Casey Station remediation site showing: PRBs, Biopile 3 (BP3) and Biopile 7 (BP7) and the location of a drain installed 

alongside Biopile 3. 
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Figure 6-2 Temperature data from Biopile 3, showing temperature cycling over 4 years. 

Note, gaps and spikes in geomembrane (GMB) temperature in 2014 and 2015 were a result 

of remedial works on the data logging system. 

 

Figure 6-3 (a; left) Extracting GCL coupon from under biopile, and (b; right) sub-sampling 

GCL coupon for testing. 
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Figure 6-4 100 mm diameter field test plot specimen during sampling. 
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Figure 6-5 Heavy equipment being used to lift a 380 kg barrel off a field test sample. 
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Figure 6-6 Grain size analysis of Casey soil subgrade used in laboratory hydration tests (as 

per ASTM D6913). 
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Figure 6-7 Standard Proctor compaction curves for both Casey Soil and Ellis Soil (as per 

ASTM D689). 
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Figure 6-8 Standard Proctor compaction curves plotted with saturation line, at smaller 

scale to show how similar both soils are. 
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Figure 6-9 Estimated Water Retention Curves for Casey and Ellis subsoils. 
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Figure 6-8 Laboratory hydration of GCL2 (Lab6), GCL6 (Lab4), GCL4 (Lab5), GCL2 

(Lab9), GCL5 (Lab3), GCL4 (Lab 10) in single layer configurations on Casey soil (at w = 

wopt = 10 %).  

Note: GCL10 has data up to 483 days, but is not shown for the purpose of maintaining scale on 

the plot. Also, the Y-axis has been extended below zero, to fit the legend on the plot while 

maintaining scale. 
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Figure 6-9 Laboratory hydration of GCL5 and GCL6 on both Casey (at w = wopt = 10 %) 

and Ellis (at w = wopt = 11 %) subsoil at 13 kPa. 
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Figure 6-10 GCL lab hydration using two layers of GCL. Comparing GCL2 (Lab8) and 

GCL4 (Lab7) on Casey soil (at w = wopt = 10 %). 
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Figure 6-11 (a)Top left = Lab7-bottom in a bottom liner scenario after 180 days; (b)top 

right = Lab7-top in a top liner scenario after 180 days; (c) bottom Left = Lab8-bottom in a 

bottom liner scenario after 180 days; and (d) bottom right – Lab8-top in a top liner scenario 

after 180 days. 

Note: The contrast and colour of the images has been altered to highlight differences. Also, coarse soil 

particles are suspected to be sand picked up from the subsoil. 
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Figure 6-12 GCL lab hydration comparing GCL2 (Lab11) and GCL4 (Lab12) on Casey soil 

(at w = 4 %) and comparing GCL4 (Lab13) in a simulated coupon scenario with a subsoil 

moisture content of 4 %.  

Note: data exists for Lab13 up to 483 days, but is not shown so as not to affect the scale of the figure.  
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Figure 6-13 Comparison of GCL2 (Lab6 & Lab19) and GCL4 (Lab5 & Lab20) at 13 kPa 

and 45 kPa in laboratory hydration tests on Casey Soil (at w = wopt = 10 %). 
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Figure 6-14 GCL Lab hydration comparing the effects of sampling on equilibrium water 

content, using GCL2 (Lab6), GCL4 (Lab5), GCL2 (Lab9), GCL2 (Lab14), GCL4 (Lab15), 

and GCL4 (Lab 10) on Casey Soil (at w = wopt = 10 %). 

Note: data exists for Lab10 up to 483 days, but is not shown so as not to affect the scale. Y-axis is extended 
below zero to include room for the legend without changing scale. 
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Figure 6-15 Field hydration testing after first season. 
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Figure 6-16 Field hydration after 2 seasons. GCL field hydration testing results (all samples 

were started at the beginning of the spring melt except for Field1E and Field1F which were 

started after the Antarctic summer and first sampled at Day 310). 
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Figure 6-17 Coupon hydration from Biopile 3 and Biopile 7. 

Time (Days)

0 200 400 600 800 1000 1200

D
eg

re
e 

of
 s

at
ur

at
io

n 
(w

/w
re

f)

0.0

0.2

0.4

0.6

0.8

1.0

Biopile 3 (GCL2)
Biopile 7 (GCL4)



 

 

 

257

 

Figure 6-20 Biopile 7 coupon sampling photo. Liquid water dripping from the coupon is 

highlighted. 
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Figure 6-18 Comparing all data sets (laboratory, field, and coupons) of GCL2 using scaled 

hydration times. 
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Chapter 7 

Conclusions and Recommendations 

This thesis has presented study of diffusion of VOCs through geomembranes in laboratory 

and through composite barriers in both laboratory and field environments, as well as 

diffusion of PCBs through geomembranes and composite barrier systems in the field. A 

summary of conclusions from this study is presented, followed by recommendations and 

future work based on the findings. 

7.1 Summary and Conclusions 

7.1.1 BTEX migration through various geomembranes and vapour barriers 

A study of the diffusive parameters of BTEX through six different geomembranes (HDPE, 

LLDPE, CSPE, PVC, and two KEE/EIAs) at three different temperatures, and four 

different PE based vapour barriers was evaluated. This study found that with relative 

consistency, Pg HDPE < Pg CSPE < Pg LLDPE < Pg both KEE/EIA (PET-1, and PET-2) 

< Pg PVC for all contaminants. It was also found that the vapour barriers were generally 

too thin (0.28 – 0.37 mm) to effectively contain benzene concentrations indoors below 

acceptable levels, while HDPE geomembranes were only able to achieve this feat by 

assuming dilution of the contaminants indoors. The only product evaluated which was able 

to maintain indoor air concentrations of benzene to below allowable limits without relying 

on dilution, when installed under a concrete slab in a simulated warehouse, was the 0.53 

mm co-extruded LLDPE/EVOH/LLDPE studied by McWatters (2010).  

While the results demonstrated that the use of a co-extruded LLDPE/EVOH/LLDPE 

product, or a thick HDPE product would be best at minimizing concentrations indoors for 
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an intact liner, consideration should also be given to the potential for liners to develop 

holes. Site specific characteristics should be considered, such as potential for differential 

settlements or the potential for a polymer to stress crack with age. The diffusive properties 

of all geosynthetics evaluated are presented such that they can be applied to various 

scenarios not considered in this chapter.  

7.1.2 Polychlorinated biphenyl diffusion through HDPE geomembrane 

Sorption and desorption testing performed on small masses of HDPE geomembranes found 

that the Sgf of PCBs to HDPE was likely approximately 150,000. Diffusion testing, using a 

microtome to evaluate PCB concentrations inside of the geomembrane with depth, found 

the Dg of PCBs through HDPE to be approximately 1.0 × 10-14 m2/s. Applying these found 

values to typical MSW applications, it was found that if good construction quality 

assurance (CQA) could be achieved (where PCB migration is governed by diffusive 

transport) PCBs are unlikely to have negative impacts on the environment. If CQA was 

poor (and advection was likely to govern contamination) it is likely that chloride would 

also have significant environmental impacts. This suggests that PCBs, at current 

concentrations in landfills with no other issues, are likely to not present adverse effects 

which otherwise would not have occurred.  

7.1.3 Migration of PCBs through a Landfill after 25 Years 

The decommissioning of the Pottersburg PCB Storage Facility after 22 to 25 years offered 

a rare opportunity to directly compare PCB migration through a double lined CCL barrier 

(Cells 1 and 2) with a double lined composite barrier (Cells 3 and 4) which utilized a 

geomembranes. Both demonstrated that there was no evidence to suggest that PCBs had 

migrated through the barrier, or offsite. The compacted clay from site was found to have 
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De = 1 to 2 × 10-10 m2/s, and Kd = 10 to 15 mL/g, while the geomembrane having assumed 

properties of Sgf = 150,000 and Dg = 1 × 10-14 m2/s matched the data well (which is the 

same as found in the laboratory in Chapter 3).  

The geosynthetics exhumed from site (geomembranes and geotextiles) demonstrated 

very high sorption of PCBs, likely acting as a retardation mechanism. It is this same high 

sorption of PCBs to geosynthetics and other polymeric materials that is believed have 

contributed to low measured PCB concentrations which were up to one order of magnitude 

lower than the suspected values (hypothesized as due to sorption to leachate collection 

pipes and/or dilution of leachate due to waste heterogeneity). This could have wider 

reaching implications for PCBs in other landfill scenarios, where measured PCB 

concentrations in leachate may not represent the true characteristics of the leachate.  

7.1.4 PCB Containment using Geosynthetics in Canada’s Arctic 

The geosynthetics (geomembrane and GCL) used in settling ponds on Resolution Island 

are showing signs of wear. The geosynthetics of the S1/S4 Valley ponding area were 

containing PCB contaminated water and silty sediment for over nine years, however the 

Furniture Dump geosynthetics were found to no longer be containing PCBs due to 

punctures from the subsoil. While rips and tears were observed in the Furniture Dump, 

there appears to be no difference in index performance of any exposed geomembranes 

(with respect to BTEX diffusion rates, puncture, burst, or tensile strength) suggesting that 

damage was caused due to punctures and physical stresses and not due to ageing.  

PCB migration through the S1/S4 Valley barrier was evaluated using an analytical 

model and was able to estimate the following diffusive properties with respect to Archlor 

1260 PCBs; Sgf HDPE = 86,000, Sgf PET-GMB = 160,000, Kd for cover geotextiles = 
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12,000 mL/g, Kd for bentonite plus fibres = 15 mL/g, Kd for carrier geotextiles = 

16,000 mL/g, with an overall De through the GCL = 3 × 10-10 m2/s which is consistent with 

an assumed high void ratio. Due to the nature of the modelling, Dg of the HDPE and 

PET-GMB were unable to be determined, however estimated values of 1 × 10-14 m2/s and 

1.7 × 10-14 m2/s (respectively) agreed with the data.  

There was evidence to suggest that a PCB contaminated source was entering underneath 

the PET-GMB as well as underneath the GCLs, likely not only from rips and tears. 

Recommendations are provided regarding the sealing of geosynthetics to bedrock (as in 

the Furniture Dump) and welding of geomembrane overlaps (as in the S1/S4 Valley).  

7.1.5 Hydration of Geosynthetic Clay Liners in Antarctica 

Evaluation of the hydration properties of four GCLs was evaluated in comparative 

laboratory hydration tests, field test plots, and sacrificial coupons (located inside of biopiles 

in Antarctica). In conducting the laboratory tests, the mass per unit area of bentonite (MA) 

had the largest effect of any variables examined. The degree of saturation measured in the 

field (with respect to reference water content) was able to be reasonably predicted from 

laboratory hydration tests, and therefore the level of hydration in intact liners could be 

inferred and future conditions predicted. This work helped to demonstrate that, in the harsh 

conditions in Antarctica, it can take a GCL upwards of five years to achieve full hydration, 

where it would be able to best protect against contaminant migration.  

7.2 Recommendations and Future Work  

-While vapour barriers may be adequate barriers to vapour and radon, when considering 

mitigation of VOCs it is recommended to use either thicker products (geomembranes) or 
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vapour barriers which are designed specifically to contain VOCs and other hydrocarbons, 

such as the 0.53 mm co-extruded LLDPE/EVOH/LLDPE studied by McWatters 2010.  

- When diffusive resistance is likely to govern the flux of a landfill cap, HDPE over 

other common geomembrane products (especially PVC) demonstrated the best resistance. 

However, as cover systems typically experience differential settlement, having a more 

flexible geomembrane may minimize the risk of rips or tears. It is recommended that the 

information in Chapter 2 be considered within the larger picture of overall barrier 

performance specific to the project, rather than consideration for diffusive resistance alone.  

- The results of the PCB diffusion study through HDPE demonstrated that low levels of 

PCBs (in line with those currently expected in MSW landfills) should remain of little 

concern for landfill operators and the environment.  

- Given the results in Chapter 4 that PCB concentrations inside of the Pottersburg PCB 

Storage Facility were likely much larger than those recorded by the leachate monitoring 

system – it is recommended that future works be conducted in the laboratory to consider 

the PCB sorption to HDPE pipe. An interesting investigation would include the dynamic 

characteristics of moving PCB-contaminated water through a pipe at typical leachate 

collection pipe velocities at high concentrations.  

- The barrier systems to contain PCBs in Canada’s arctic have been suspected of having 

PCBs bypass the up gradient edges of the barrier, and allowed PCBs to flow underneath 

the geomembrane (in both the S1/S4 Valley, and Furniture Dump). It is recommended that 

when the barriers are eventually fully decommissioned, that destructive sampling take 

place to investigate where these sources likely were – and evaluate if there was a better 

method to prevent them. While it is suspected that these leaks were due to improper seals 
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(particularly in the Furniture Dump) the cause should be determined, rather than 

hypothesized.  

- When the barrier systems at Resolution Island are decommissioned, investigations 

underneath the gate material could provide information as to why the sealing of the gate 

was far superior compared to the seal of the geosynthetics. This would help to provide 

future recommendations regarding the use of geosynthetics in settling ponds at remote 

sites.  

- When constructing liner systems in Antarctica, it is recommended to use GCLs with a 

high MA, and powdered bentonite (as it was shown to perform slightly better than fine 

granular bentonite). Early evidence suggests that cation exchange may be less prevalent in 

TruGel bentonite than Ebenezer bentonite. The effects of cation exchange, however, could 

not be determined due to small sample sizes, and inconsistency between samples. As no 

amount of bentonite can fully protect against the highly permeable subsoil and fluctuations 

in groundwater, it is recommended to fully understand the groundwater conditions before 

installation, as well as put in extra effort to prepare the subsoil adequately by removing 

course materials.  

- Sacrificial coupons of GCL from the biopiles at Casey Station can only allow inference 

into the performance of the liner system, not confirmation. Biopile 2 was decommissioned 

in early 2015, and projects investigating the hydration of the intact liner and sacrificial 

coupons are being conducted by V. Di Battista, R. McWatters and R.K. Rowe.  

- In addition to GCLs ability to hydrate in Antarctica, the ability of GCLs to contain 

diesel hydrocarbons in Antarctica is currently being investigated (Appendix I) and 
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laboratory testing has been ongoing for over one year. The performance of the GCLs in the 

field is expected to be correlated to the degree of hydration, which will be evaluated. 
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 Mass Balance Calculations for BTEX diffusion cells 

BTEX Migration through HDPE, CSPE, LLDPE, PET1, PET2, PVC, VB1, VB2, VB3, 

and VB4 were evaluated in the laboratory. A mass balance is performed on each 

contaminant, in each cell. The following paragraph is repeated from Chapter 2 for 

completeness.  

A mass balance of each contaminant is evaluated for each cell, comparing the mass of 

contaminant added to the system (mi) with the final mass measured in the system (mf) as a 

percentage (mf / mi × 100 %). The concentration (co) added to the source volume (vs) to 

achieve an initial mass of contaminant in the system (mi = co × vs). The final measured 

concentrations (ce) in the source and receptor (vr), and calculated concentrations (cg) in the 

geomembrane volume (vg) or vapour barrier was performed to confirm evaluate the final 

mass of contaminant in the system (mf = ce × vs + ce × vr + cg × vg). All cells demonstrated 

a mass balance between: 87 % - 120 % for benzene, 85 % - 117 % for toluene, 82 % - 

117 % for ethylbenzene, 82 % - 119 % for m&p-xylenes, and 87 % - 119 % for o-xylene 

which is typical of this analysis (Table A-1).   
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Table A-1 Mass balance parameters for BTEX diffusion cells in Chapter 2 

Temperature 
(oC) 

Product 
Contaminant 

Benzene Toluene Ethylbenzene m&p-xylenes o-xylene 

22 
HDPE 

95 % 91 % 82 % 86 % 116 % 

32 92 % 95 % 86 % 90 % 93 % 

40 101 % 99 % 93 % 94 % 87 % 

22 
LLDPE 

103 % 107 % 104 % 117 % 117 % 

32 105 % 119 % 91 % 92 % 114 % 

40 120 % 119 % 117 % 106 % 102 % 

22 
CSPE 

96 % 85 % 89 % 82 % 88 % 

32 90 % 104 % 103 % 111 % 117 % 

40 115 % 117 % 106 % 94 % 113 % 

22 
PVC 

97 % 96 % 93 % 88 % 95 % 

32 102 % 92 % 93 % 86 % 92 % 

40 106 % 100 % 93 % 114 % 119 % 

22 
PET1 

98 % 90 % 85 % 84 % 90 % 

32 115 % 88 % 92 % 84 % 90 % 

40 101 % 88 % 107 % 119 % 108 % 

22 
PET2 

114 % 95 % 88 % 86 % 97 % 

32 101 % 86 % 94 % 94 % 109 % 

40 110 % 115 % 97 % 101 % 104 % 

22 VB1 87 % 97 % 107 % 104 % 112 % 

22 VB2 97 % 97 % 92 % 104 % 93 % 

22 VB3 100 % 96 % 96 % 94 % 117 % 

22 VB4 110 % 92 % 95 % 92 % 94 % 
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Supplemental data for BTEX migration through geomembranes and 

vapour barriers 

 

Figure B-1 Source depletion of BTEX migrating through HDPE at 22oC 
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Figure B-2 Receptor gain of BTEX migrating through HDPE at 22oC 
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Figure B-3 Source depletion of BTEX migrating through HDPE at 32oC 
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Figure B-4 Receptor gain of BTEX migrating through HDPE at 32oC 
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Figure B-5 Source depletion of BTEX migrating through HDPE at 40oC 
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Figure B-6 Receptor gain of BTEX migrating through HDPE at 40oC 
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Figure B-7 Source depletion of BTEX migrating through LLDPE at 22oC 
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Figure B-8 Receptor gain of BTEX migrating through LLDPE at 22oC 
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Figure B-9 Source depletion of BTEX migrating through LLDPE at 32oC 
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Figure B-10 Receptor gain of BTEX migrating through LLDPE at 32oC 
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Figure B-11 Source depletion of BTEX migrating through LLDPE at 40oC 
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Figure B-12 Receptor gain of BTEX migrating through LLDPE at 40oC 
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Figure B-13 Source depletion of BTEX migrating through CSPE at 22oC 
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Figure B-14 Receptor gain of BTEX migrating through CSPE at 22oC 
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Figure B-15 Source depletion of BTEX migrating through CSPE at 32oC 
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Figure B-16 Receptor gain of BTEX migrating through CSPE at 32oC 
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Figure B-17 Source depletion of BTEX migrating through CSPE at 40oC 
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Figure B-18 Receptor gain of BTEX migrating through CSPE at 40oC 
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Figure B-19 Source depletion of BTEX migrating through PVC at 22oC 
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Figure B-20 Receptor gain of BTEX migrating through PVC at 22oC 
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Figure B-21 Source depletion of BTEX migrating through PVC at 32oC 
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Figure B-22 Receptor gain of BTEX migrating through PVC at 32oC 
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Figure B-23 Source depletion of BTEX migrating through PVC at 40oC 
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Figure B-24 Receptor gain of BTEX migrating through PVC at 40oC 
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Figure B-25 Source depletion of BTEX migrating through PET1 at 22oC 
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Figure B-26 Receptor gain of BTEX migrating through PET1 at 22oC 
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Figure B-27 Source depletion of BTEX migrating through PET1 at 32oC 
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Figure B-28 Receptor gain of BTEX migrating through PET1 at 32oC 
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Figure B-29 Source depletion of BTEX migrating through PET1 at 40oC 
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Figure B-30 Receptor gain of BTEX migrating through PET1 at 40oC 
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Figure B-31 Source depletion of BTEX migrating through PET2 at 22oC 
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Figure B-32 Receptor gain of BTEX migrating through PET2 at 22oC 
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Figure B-33 Source depletion of BTEX migrating through PET2 at 32oC 
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Figure B-34 Receptor gain of BTEX migrating through PET2 at 32oC 
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Figure B-35 Source depletion of BTEX migrating through PET2 at 40oC 
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Figure B-36 Receptor gain of BTEX migrating through PET2 at 40oC 
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Figure B-37 Arrhenius plot of Benzene permeation through six geomembranes 
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Figure B-38 Arrhenius plot of Toluene permeation through six geomembranes 
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Figure B-39 Arrhenius plot of Ethylbenzene permeation through six geomembranes 
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Figure B-40 Arrhenius plot of m&p-xylenes permeation through six geomembranes 
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Figure B-41 Arrhenius plot of o-xylene permeation through six geomembranes 
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Figure B-42 Benzene diffusion through VB1 
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Figure B-43 Toluene diffusion through VB1 

 

Time (days)

0 2 4 6 8 10 12 14

c/
c o 

0.0

0.2

0.4

0.6

0.8

1.0 Source
Receptor
Source Upper Bound, Sgf = 750, Dg = 2.5 x 10-13 m2/s

Source Best Estimate, Sgf = 675, Dg = 1.2 x 10-13 m2/s

Source Lower Bound, Sgf = 600, Dg = 0.9 x 10-13 m2/s

Receptor Upper Bound Sgf = 750, Dg = 2.5 x 10-13 m2/s

Receptor Best Estimate, Sgf = 675, Dg = 1.2 x 10-13 m2/s

Source Lower Bound, Sgf = 600, Dg = 0.9 x 10-13 m2/s



 

 

 

311

 

Figure B-44 Ethylbenzene diffusion through VB1 
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Figure B-45 m&p-xylenes diffusion through VB1 
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Figure B-46 o-xylene diffusion through VB1 

 

Time (days)

0 2 4 6 8 10 12 14

c/
c o 

0.0

0.2

0.4

0.6

0.8

1.0

Source
Receptor
Source Upper Bound, Sgf = 1025, Dg = 2.8 x 10-13 m2/s

Source Best Estimate, Sgf = 950, Dg = 1.3 x 10-13 m2/s

Source Lower Bound, Sgf = 900, Dg = 1.0 x 10-13 m2/s

Receptor Upper Bound, Sgf = 1025, Dg = 2.8 x 10-13 m2/s

Receptor Best Estimate, Sgf = 950, Dg = 1.3 x 10-13 m2/s

Source Lower Bound, Sgf = 900, Dg = 1.0 x 10-13 m2/s



 

 

 

314

 

Figure B-47 Benzene diffusion through VB2 
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Figure B-48 Toluene diffusion through VB2 
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Figure B-49 m&p-xylenes diffusion through VB2 

 

Time (days)

0 2 4 6 8 10 12 14

c/
c o 

0.0

0.2

0.4

0.6

0.8

1.0

Source
Receptor
Source Upper Bound, Sgf = 1300, Dg = 2.6 x 10-13 m2/s

Source Best Estimate, Sgf = 1175, Dg = 1.8 x 10-13 m2/s

Source Lower Bound, Sgf = 1100, Dg = 0.7 x 10-13 m2/s

Receptor Upper Bound, Sgf = 1300, Dg = 2.6 x 10-13 m2/s

Receptor Best Estimate, Sgf = 1175, Dg = 1.8 x 10-13 m2/s

Source Lower Bound, Sgf = 1100, Dg = 0.7 x 10-13 m2/s



 

 

 

317

 

Figure B-50 o-xylene diffusion through VB2 
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Figure B-51 Benzene diffusion through VB3 
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Figure B-52 Toluene diffusion through VB3 
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Figure B-53 Ethylbenzene diffusion through VB3 
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Figure B-54 m&p-xylenes diffusion through VB3 
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Figure B-55 o-xylene diffusion through VB3 
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Figure B-56 Benzene diffusion through VB4 
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Figure B-57 Toluene diffusion through VB4 
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Figure B-58 Ethylbenzene diffusion through VB4 
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Figure B-59 m&p-xylenes diffusion through VB4 
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Figure B-60 o-xylene diffusion through VB4 
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Modelling of PCB diffusion through simulated landfills 

 

C.1 Introduction 

For contaminants like chloride or BTEX (with Sgf values of 0.008 for chloride and 100 – 

800 for BTEX constituents), the traditional use of a finite mass boundary condition (using 

a “reference height of leachate”) in modelling MSW landfills with POLLUTEv7 software 

typically proves valid.  This “finite mass” boundary condition assumes that the entire mass 

of contaminant is available for transport instantly (as is indeed the case of laboratory 

diffusion tests). However, when modelling tri-chlorinated PCB and PBDE which have 

extremely high (and unprecedented in literature) Sgf values (~150,000 and 1,800,000, 

respectively) with respect to HDPE geomembranes and very low solubility in water (80 - 

240 μg/L and <20 μg/L, respectively), the use of the traditional finite mass boundary 

condition and reference height of leachate is no longer appropriate. The problem with the 

traditional finite mass boundary condition is that it allows almost all of the contaminant to 

immediately be available to partition to the geomembrane when, in reality, the limiting 

factor is more likely the rate at which contaminants can be made available to the leachate 

(or how quickly contaminants leach out of contaminated material and enter the aqueous 

phase). This means that in order to truly consider the overall migration through a composite 

liner system using a geomembrane, one must (a) take into account the D and the Kd of the 

contaminant (PCB/PBDE) within the waste accounting for all of the waste as a layer with 

an initial concentration, rather than using the assumptions associated with the reference 
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height of leachate, and (b) consider diffusive transport separately from advective transport 

through the geomembrane.  

C.2 Calculations for mass of contaminant 

Chloride mass loading in MSW landfill: 1800 mg/kg (Rowe et al. 2004). 

Chloride concentration in MSW Landfill: 2500 g/m3 (Rowe et al. 2004). 

Waste Density Range in MSW Landfill: 600 – 1200 kg/m3 (Rowe et al. 2004); 

1000 kg/m3 assumed here. 

The ratio of the mass of chloride per unit volume of waste to the initial concentration = 

 (1800 mg/kg × 1000 kg/m3)/ (2500 g/m3) = 0.72 

This ratio is used for PCB as well since there is no similar information for them in the 

literature. 

Landfill height = HL= 35 m 

Considering 20 % of the landfill height is daily and intermediate cover, the actual waste 

height would be: 

Waste height = Landfill height × 0.8 = Hw = 28 m  

Hr = 28 m × 0.72 = 20 m  

Assuming that the ratio of the mass of PCB in the waste is proportional to the peak 

concentration as in the case of chloride, the total mass of PCB in the waste would be: 

mTC PCB = Hr × co =  20 m × 5.0 μg/L (mg/m3) =  100 mg/m2   

mTC Chloride = Hr × co =  20 m × 2500 mg/L (g/m3) =  50 000 g/m2   

Here it is assumed that the ratio of mass to peak concentration is the same for PCB as it 

is for chloride. This is not valid for large mass of low solubility contaminants (e.g., PCB 

contaminated soil) in monofills but is likely a conservative assumption for MSW landfills.  
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C.3 Amendments to traditional model  

C.3.1 Diffusion  

For diffusive transport, the waste is modelled in Pollute as a layer of waste, with the best 

estimate of initial properties (thickness, density, porosity, volumetric water content, D, Kd, 

and initial mass of contaminant). Infiltration was modelled passing through this layer of 

waste, leaching out contaminants from the waste as the infiltration moved down to the 

leachate collection system where the contaminant either (i) exited the system via the 

leachate collection system, or (ii) partitioned into the underlying geomembrane and 

diffused downward through the barrier system towards the aquifer. This simulates a 

scenario where the contaminant is slowly released to the aqueous phase over time, rather 

than assuming that the entire mass is available for transport from the initial filling (as 

assumed when using the finite mass boundary condition and Hr). 

C.3.1.1 Calculation 

Part of the PCB is attached to the solid part of the waste and the other part is in the water 

in the pore space and their total should be equal to the total mass of the PCB in the waste. 

Kd relates the concentration of PCB in the fluid to that in the waste (liquid phase + solid 

phase). To calculate the partitioning of tri-chlorinated PCB mass in the solid and liquid 

phase of the waste, it is assumed that: 

n = porosity of MSW landfill = 0.3 – 0.6 (Miller and Clesceri, 2002), assumed 0.4 here. 

θ = volumetric water content of waste = 0.2 (Rowe et al. 2004) 

1)  mTC ∝ co based on landfill data for co 

2)  this mass is partitioned into the pore space of the waste and solid phase of the waste 

mTC = (co × θ × H) + (Kd × ρd × co × H) 



 

 

 

331

where θ is the volumetric water content of waste (in Pollute n = θ, as it’s assumed the 

contaminants can only partition into liquid and not the air in the voids) 

3) the mass per unit area in the pore space can be calculated from 

PCB mass in the pore space = co × θ × H = 5.0 mg/m3 × 0.2 × 28 m = 28 mg/m2 

Chloride mass in the pore space = co × θ × H = 2 500 g/m3 × 0.2 × 28 m = 14 000 g/m2 

4) the remaining mass is distributed in the solid waste, since all other parameters are 

already known/assumed, Kd  is calculated from: 

100 mg/m2 – 28 mg/m2 = 72 mg/m2 

PCB mass in the solid = Kd × ρd × co × H 

where ρd = ρ/(1-n) = 1000 kg/m3 / (1 – 0.4) = 1667 kg/m3 

72 mg/m2 = Kd × 1667 kg/m3 × 5.0 mg/m3 × 28 m  

Kd = 0.0003 m3/kg = 0.3 L/kg = 0.3 mL/g 

Chloride 

50 000 g/m2 – 14 000 g/m2 = 36 000 g/m2 

mass in the solid = Kd × ρd × co × H 

where ρd = ρ/(1-n) = 1000 kg/m3 / (1 – 0.4) = 1667 kg/m3 

36 000 g/m2 = Kd × 1667 kg/m3 × 2 500 g/m3 × 28 m  

Kd = 0.0003 m3/kg = 0.3 L/kg = 0.3 mL/g 

5) these parameters will be used to model leaching of contaminant from the waste by 

water flow through the waste and diffusion. 

Coefficient of hydrodynamic dispersion of waste: 

D = De + Dmd = De + αv = De + α(q(in)/θ) = 0.02 m2/a + 0.4 m × 0.15 (m/a) / 0.2 = 

0.32 m2/a 
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where:  

D = coefficient of hydrodynamic dispersion (m2/a) 

De = effective diffusion coefficient through soil (m2/a) 

Dmd = coefficient of mechanical dispersion (m2/a) 

α = dispersivity (m) 

v = average groundwater velocity (m/a) 

q(in) = infiltration into the landfill (m/a) 

θ = volumetric water content (-) 

C.3.2 Advection 

Advective transport is considered only through the holes, or wrinkles, and not averaged 

over the entire area of a landfill (as is a common assumption used in cases involving 

BTEX). Initial calculations using the traditional approach showed that the high affinity of 

PCB to geomembrane could not be considered appropriately. The geomembrane sorbed 

large amounts of contaminant (which is realistic) but then these were “pushed through” the 

geomembrane by the Darcy flux corresponding to leakage through holes in the 

geomembrane – which is unrealistic, as there is no advection through an intact 

geomembrane. This is normally not of concern, because other contaminants with an affinity 

for geomembrane (such as BTEX, with Sgf = 100 – 800) have correspondingly high Dg and 

low Peclet number and so the diffusive transport dominates and the problem does not occur. 

Given the extremely low Dg and extremely high Sgf for PCBs, this effect is exaggerated if 

advection and diffusion are not separately considered. Thus, diffusive and advective 

transport need to be modelled separately, and their impact on the aquifer summed.  
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As a starting point it is assumed that the full mass is available for transport by each 

mechanism. This simplification comes with the risk of overestimating the amount of PCB 

contamination and is a conservative assumption (as it inherently assumes double the 

amount of contaminant is available for transport, which is untrue in a finite mass system). 

The assumption will be reasonable provided one mechanism dominants over the other but 

the results must be reviewed to ensure that the effect on the aquifer is not doubled. In the 

case of PCBs, the results indicate that the diffusive impact is negligible compared to 

advective impact and hence the approximation is reasonable. Were the two mechanisms 

found to both be significant then the total mass could be partitioned appropriately between 

the two mechanisms to minimize excessive conservatism in the modelling.  

Advection is modeled by first assuming flow through holes, and then considering the 

flow through wrinkle networks which were coincident with a hole. The geomembrane has 

not been explicitly included in any of the advection modelling in Pollute, and the traditional 

finite mass of contaminant boundary condition together with the use of a reference height 

of leachate has been adopted. Trials have shown that the rate of release of contaminant in 

both cases (diffusion modelling release of contaminant from the waste using a Kd value 

and advection using a finite mass boundary condition and Hr) is similar (Figure C-1). The 

physical landfill has been scaled for each scenario so that only leakage at and around holes 

and wrinkles with holes is considered, as the intact geomembrane prevents any leakage 

well away from holes. Thus, considering only advection, the length of the landfill has been 

modified to represent the equivalent area of that below the (i) all holes, and (ii) wetted 

radius through which the average flow occurs for each hole, for all holes, and (iii) leakage 

from directly below wrinkles with a hole, and (iv) the wetted area near wrinkles with a hole 
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through which the average flow occurs near a wrinkle. The Hr value has been scaled (as 

described below) to ensure that the correct mass of contaminant is being considered in all 

cases. The aquifer thickness and velocity is also scaled such that the volume of liquid is 

passing underneath the scaled liner system corresponds to the actual volume below the full 

landfill and hence the correct dilution is achieved.  

C.3.2.1 Wetted Radius Assumptions 

In the calculation of leakage and the wetted radius, it has been assumed that flow occurs 

where the head at the wetted radius of a hole is greater than or equal to zero (h(r) ≥ 0; taking 

datum at top of the clay liner), rather than the more conservative assumption that the head 

at the wetted radius of a hole is equal to “h(r) = - C”, (where; C = HL + Hf – ha). Neither 

assumption would be strictly correct. The former neglects leakage in the unsaturated zone.  

The latter considers the leakage in the unsaturated zone but is too conservative since it uses 

a saturated hydraulic conductivity rather than the much lower unsaturated value that would 

be operative in the unsaturated zone beyond the location where h(r) = 0.  Of the two 

assumptions, (h(r) = 0, which will have the least leakage), is considered closer to reality 

and is used in this thesis for comparing the diffusive and advective transport of PCB 

through a geomembrane. Preliminary analyses indicated that the impact from advection is 

far greater than diffusion through a geomembrane in the scenarios considered for PCB, 

when using the least conservative assumptions (h(r) = 0). Had a more conservative 

approach been taken (h(r) = - C), the difference in advection versus diffusion results would 

have been even larger.  
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C.3.3 Modelling Scenarios 

Decoupling of advection and diffusion allows modelling of diffusive transport through the 

entire area of the landfill base but advection only in areas without intact geomembrane (i.e., 

through holes, or below wrinkles). Thus to keep the correct contaminant mass and flow 

through the waste and to the leachate collection system, parameters used in POLLUTEv7 

must be scaled to the smaller area through which leakage is occurring.  

Assumptions for advection for CCL and GCL scenarios (Tables C-1 and C-2) 

GCL Case G1: pure diffusion for a composite liner with a geomembrane over a GCL 

GCL Case G2: 5 holes/ha + no wrinkles, with a GCL 

GCL Case G3: 5 holes/ha, where 4 holes/ha are on planar geomembrane, 1 hole 

coincident with 10 m long wrinkle, with a GCL 

GCL Case G4: 5 holes/ha, where 4 holes/ha are on planar geomembrane, 1 hole 

coincident with 100 m long wrinkle, with a GCL 

GCL Case G5: 5 holes/ha, where 4 holes/ha are on planar geomembrane, 1 hole 

coincident with 1000 m long wrinkle, with a GCL 

GCL Case G6: pure diffusion, with properties of geomembrane assumed to be that of 

the attenuation layer, with a GCL (i.e., neglecting the diffusive resistance of the 

geomembrane but assuming no holes and hence low leakage) 

CCL Case C1: pure diffusion for a composite liner with a geomembrane over a CCL 

CCL Case C2: 5 holes/ha + no wrinkles, with a CCL 

CCL Case C3: 5 holes/ha, where 4 holes/ha are on planar geomembrane, 1 hole 

coincident with 10 m long wrinkle, with a CCL 
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CCL Case C4: 5 holes/ha, where 4 holes/ha are on planar geomembrane, 1 hole 

coincident with 100 m long wrinkle, with a CCL 

CCL Case C5: 5 holes/ha, where 4 holes/ha are on planar geomembrane, 1 hole 

coincident with 1000 m long wrinkle, with a CCL 

CCL Case C6: pure diffusion, with properties of geomembrane assumed to be that of 

the attenuation layer, with a CCL (i.e., neglecting the diffusive resistance of the 

geomembrane but assuming no holes and hence low leakage). 

C.4 Sample calculation for advection 

A complete sample calculation below is presented for GCL Case G4 only, all other cases 

can be modelled using the same approach, and corresponding values from Table C-1 and 

Table C-2. Values for CCL Case C4 are included in parenthesis for comparison, but the 

calculation is not shown.  

C.4.1 Leakage through the liner 

Leakage through liner was calculated by adding leakage through holes on planar 

geomembrane and leakage through one hole on a wrinkle.   

C.4.1.1 Leakage through holes which are not coincident with wrinkles 

Leakage through one hole (ro = 5.7 mm) was calculated using Eq. 35 from Rowe (1998):  

Qhole = 3.27 × 10-11 m3/s/hole = 1.03 × 10-3 m3/a/hole (For CCL = 0.19 m3/a/hole) 

C.4.1.2 Leakage through the wrinkle network 

Total leakage through the wrinkle network, Qwrinkle, is calculated using Equation C1 (Eq. 38 

from Rowe, 1998).  
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where: 

Lw = length of a wrinkle (m) 

ks = harmonic mean hydraulic conductivity of GCL/ CCL and attenuation layer (m/s) 

HL = thickness of a liner (CCL or GCL) (m) 

Hf = thickness of an attenuation (foundation) layer (m) 

hw = leachate head acting on top of a geomembrane (m) 

ha = potentiometric head in an aquifer (m) 

b = half width of wrinkle (m) 

x = the wetted distance away from the centre of the wrinkle 

α = parameter, as described in Equation C3 (m-1) 

Total leakage through the liner 

For Case G4, 1 hole on a 100 m long × 0.1 m wide wrinkle, and 4 holes not coincident 

with wrinkles, per hectare (all parameter from Tables C-1 and C-2): 

ks = [0.007 + 3.743] / [0.007 / (2 × 10-10) + 3.743 / (1 × 10-7)] = 5.2 × 10-8 m/s 

α = (5.2 × 10-8 / ((0.007 + 3.743) × 2 × 10-11)0.5 = 26.3 m-1 
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x = 0.05 – ln (0.75/(0.75 + 0.3)) × ((2 × 10-11 × 3.75/(5.2 × 10-8))0.5 = 0.063 m (for CCL 

1.239 m) 

Qwrinkle = 2 × 100 m × 5.2 × 10-8 m/s [0.05 m + (1/26.3) × (1 - e-26.3(0.063 - 0.05)] × (3.75 m 

+ 0.3 m - 3 m) / 3.75 m = 5.5 × 10-7 m3/s/ha = 17.3 m3/a/wrinkle (for C4 10.8 m3/a/wrinkle) 

Total leakage per hectare for landfill with 1 hole on a wrinkle per hectare and 4 holes 

per hectare not on a wrinkle is given by:  

QTotal = (number of wrinkles/ha × Qwrinkle) + (number of holes not coincident with 

wrinkle/ha × Qhole) 

QTotal = (1 wrinkles/ha × 17.3 m3/a/wrinkle) + (4 holes/ha × 1.03 × 10-3 m3/a/hole) = 

17.3 + 4.12 × 10-3 m3/a/ha = 17.3 m3/a/ha (for C4 = 10.1 m3/a/ha).  

It can be seen that the flow through the 4 (5.7 mm radius) holes is only 0.023 % of the 

flow through the hole in the 100 m × 0.1 m wrinkle and could be largely neglected, although 

the small contribution is added as this is not the case for all scenarios considered. The 

calculated leakage for cases including wrinkles is presented in Table C-3. 

C.4.2 Adjustment of landfill area 

All final adjusted values are found in Tables C-4 and C-5.  

C.4.2.1 Adjustment based on holes 

Wetted radius (R) for one hole based on equation 34 from Rowe 1998 = 0.0305 m (for 

CCL = 1.402 m) 

The adjusted wetted radius of a hole (Ra) can be approximated using a similar method 

to that described above. This overestimates the approximate area (Awa(hole)) (Figures C-1, 

C-2, and C-3) and, but is a more realistic solution than using either ro or R.  
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Ra = ro + 1/3 × (R - ro) 

Ra = 0.0057 m + 1/3 × (0.0305 m – 0.0057 m) = 0.014 m (for CCL = 0.471 m) 

Awa(hole) = 3.14 × (0.014 m)2 = 6.12 × 10-4 m2 

C.4.2.2 Adjustment based on wrinkles 

The landfill length is adjusted such that it is representative of only the area underneath: 

holes (included wetted areas), or holes and wrinkles (including the wetted areas). This is 

done such that a geomembrane need not be considered (and correspondingly the issues 

with high Sgf need not be considered).  

Based on equation 41a (where h(r) = 0) from Rowe (1998), the wetted distance away 

from the centre of a wrinkle (x) with a hole is calculated using Equation A4. 

Giving x = 0.063 m for GCL, and 1.239 m for CCL, even the worst case for 1000 m 

wrinkle per hectare over a GCL (Case G5) of CCL (CCL Case C5), the total affected area 

would be (0.063 m) × 2 × 1000 m = 126 m2 which is less than 1.3 % of a hectare for a GCL 

(Case G5) and  (1.239 m) × 2 × 1000 m = 2478 m2 which is less than 25 % of a hectare for 

a CCL (Case C5).  

The total flow Q, provided from Equation C1, includes both the flow contributions from 

the area directly below the wrinkle (width 2b, in Figure C-1), and the wetted area adjacent 

to the wrinkle (width 2x – 2b in Figure C-1) where head (and consequently Q) decreases 

with increased x from the wrinkle. To estimate an adjusted wrinkle width (wa) through 

which most of the flow occurs, a reasonable approximation can be made by replacing the 

non-uniform head acting over the actual wetted radius, with a 0.3 m head (hw) acting over 

an adjusted width (wa) to yield the approximately the same Q as calculated by Equation 
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C1. Geometric approximation of the head on the wetted area is simplified by a triangular 

head drop profile (Figure C-1).  

wa = 2 × (b + 1/3 × (x - b)) 

wa = 2 × (0.05 m + 1/3 × (0.063 m - 0.05 m)) = 0.109 m (for CCL = 0.892 m) 

Thus per hectare the area through which wrinkle related flow occurs, Aw = L × wa = 100 

× 0.109 = 10.9 m2/ha or 0.109 % of the total area for a GCL and 100 × 0.892 = 89.2 m2/ha 

or 0.892 % of the total area for a CCL. 

C.4.2.3 Total adjustment of landfill area 

Adjusted landfill area = Total area × holes per hectare × Awa(hole) + Total area × wrinkle 

length × Awa(wrinkles) × wrinkles per hectare 

Aa = (50 ha × 4/ha × 6.1 × 10-4 m2) + (50 ha × 100 m × 0.109 m × 1/ha) 

Aa = 543 m2 (for C4 = 4602 m2) 

C.4.2.4 Adjustment of landfill length 

Landfill width, for modelling purposes, is kept constant. Therefore the entire adjustment to 

the rectangular landfill area, must be made to the length (in the direction of groundwater 

flow) only. Adjusted landfill length (La) was calculated by dividing adjusted area (Aa) to 

the landfill width (W) 

La = Aa / W 

La = 543 m2/ 500 m = 1.09 m (for C4 = 9.2 m) 
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C.4.3 Adjustment of flows 

C.4.3.1 Adjustment of Darcy flux 

Adjusted Darcy flux (vaa) was obtained by dividing the total leakage through the holes and 

wrinkles in m3/a (QTotal) to the adjusted area (Aa).  

vaa = QTotal / Aa 

vaa = (17.3 m3/a/ha × 50 ha) / (543 m2) = 1.6 m3/a/m2 (for C4 = 0.12 m3/a/m2) 

C.4.3.2 Adjustment of coefficient of hydraulic dispersion 

As mentioned above the coefficient of hydrodynamic dispersion (D) for different layers of 

the barrier system can be calculated by adding effective diffusion coefficient (De) and 

coefficient of mechanical dispersion (Dmd). Final values used in modeling are presented in 

Tables C-6 and C-7. 

D = De + Dmd = De + αv = De + α (vaa / n)   

In GCL:  

D = 0.005 m2/a + 0.4 m (1.6 m3/a/m2 / 0.7) = 0.92 m2/a (for C4, in CCL layer = 0.14 

m2/a) 

In AL:  

D = 0.02 m2/a + 0.4 m (1.6 m3/a/m2 / 0.3) = 2.15 m2/a (for C4 = 0.18 m2/a) 

C.4.3.3 Adjustment of infiltration  

The adjusted infiltration (q(in)a) is calculated based on the conservation of flow into the 

landfill by calculating the total infiltration through the whole landfill area (in m3/a), and 

then dividing it by the adjusted area (Aa). 

q(in)a = (q(in) × L × W) / Aa 



 

 

 

342

q(in)a = (0.15 m3/a/m2 × 1000 m × 500 m) / 543 m2 = 138.2 m3/a/m2 (for C4 = 16.3 

m3/a/m2) 

C.4.3.4 Adjustment of leachate collected 

The adjusted leachate collected (qca) is calculated by subtracting adjusted Darcy flux (vaa) 

from adjusted infiltration (q(in)a).  

qca = q(in)a – vaa 

138.2 m3/a/m2 – 1.6 m3/a/m2 = 136.6 m3/a/m2 (for C4 = 16.18 m3/a/m2) 

C.4.3.5 Adjustment of aquifer boundary condition 

C.4.3.5.1 Aquifer thickness 

The aquifer thickness (hb) is adjusted (hba) using the adjusted landfill area (Aa) to have a 

constant volume of groundwater below the landfill. This is obtained by calculating the total 

groundwater volume below the landfill and then dividing it by the adjusted area.  

hba = (hb × L × W)/Aa  

hba = (3 m × 1000 m × 500 m) / 543 m2 = 2763 m (for C4 = 326 m) 

C.4.3.5.2 Base inflow velocity 

Aquifer inflow velocity (vb(in)) is adjusted (vba(in)) to have a consistent inflow volume, based 

on the new adjusted aquifer thickness (hba).  

vba(in) = (vb(in) × W × hb) / (W × hba)  

vba(in) = (1 m3/a/m2 × 3 m × 500 m) / (2763 m × 500 m)  = 1.09 × 10-3 m3/a/m2 (for C4 = 

9.20 × 10-3 m3/a/m2) 
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C.4.3.5.3 Base outflow velocity 

Aquifer outflow velocity (vb(out)) is adjusted  (vba(out)) using the  traditional calculation. 

vba(out) = vba(in) + (vaa × La / hba) 

vba(out) = 1.09 × 10-3 m3/a/m2 + (1.6 m3/a/m2 × 1.09 m / 2763 m) = 1.7 × 10-3 m3/a/m2 

(for C4 = 1.3 × 10-2  m3/a/m2) 

C.4.3.6 Adjustment of source boundary conditions 

Total initial mass of PCB in waste (mTC) is adjusted (mTCa) to represent the new adjusted 

area. mTC is multiplied by the original area of the landfill, to get a total mass (in grams) of 

contaminant, which is then divided by the adjusted area to give an mTCa in g/m2.  

mTCa = (mTC × L × W )/ Aa 

mTC × L × W  = 0.10 g/m2 × 500 m × 1000 m = 50000 g (total mass of PCB in the 

landfill) 

mTCa = 50000 g /(543 m2) = 92.1 g/m2  

Reference height of leachate (Hr) is then adjusted (Hra) is using the mTCa loading.  

Hra = mTCa / co  

co = concentration = 5.0 µg/L (mg/m3) = 0.0021 g/m3 

Hra = 92.1 g/m2 / 0.0050 g/m3 = 18420 m (for C4 = 2173 m) 

C.5 Consideration for other contaminants 

Separating advective and diffusive impacts, while acceptable in the case of PCBs, is not 

always a reasonable assumption – especially when there is risk of double counting impacts 

on an aquifer. When advective and diffusive impact are of comparable magnitude (as is 
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more typical of a contaminant like benzene) modelling diffusion and advection separately 

and summing the effects becomes much more complex.  

Benzene has been evaluated for Cases C1 – C5, assuming the same mass loading as 

chloride (and PCBs) with an initial concentration of 600 µg/L (Rowe et al. 2004). Diffusive 

parameters for benzene through geomembrane are assumed from Chapter 2 (Dg = 1.0 × 10-

13 m2/s, Sgf = 110), all other modelling parameters remain the same. Figure C-4 highlights 

that the diffusive and advective impact in Case C2, both have a peak impact at 

approximately the same time, and peak impacts are both of the same order of magnitude. 

Similar trends are observed for Cases C3 (Figure C-5) and C4 (Figure C-6). Case C5 

(Figure C-7) shows that with very large flows advective impacts begin to dominate the 

diffusive impacts (although for the purposes of this comparison, the effects of diffusion are 

considered nonetheless). In all of these scenarios, the summation of advective and diffusive 

impacts would largely overestimate the actual impact. This was not an issue for PCBs, 

because the diffusive impact was negligible compared to the advective impact.  

The summation of the advective and diffusive impacts on the aquifer is estimated by 

comparing the peak concentration in the aquifer from the cases of pure advection (PA) and 

the cases of pure diffusion (PD). The reference height of leachate is then adjusted based on 

the proportionate impact from advection (HrA) and diffusion (HrD). The model is then 

revaluated with different adjusted Hr values, and the results are summed, similarly as to 

described for PCBs. Peak impact on the aquifer is able to reasonably approximate the 

impact, rather than a more rigorous evaluation of mass flux, due to the fact that the peak 

impacts from advection and diffusion arrive at approximately the same time (Figures C-4 

to C-7). A summary of calculation outputs is provided in Table C-8. 
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PA = peak concentration in aquifer from advection (µg/L) 

PD = peak concentration in aquifer from diffusion (µg/L) 

HrA = adjusted reference height of leachate for advection 

HrD = adjusted reference height of leachate for diffusion 

HrA = (PD / (PD + PA) × Hr 

HrA = (PA / (PD + PA) × Hr 

Total impacts for Cases C2 – C5 are highlighted in, Figures C-8 to C-11 (respectively).  
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Table C-1 GCL and CCL properties assumed in modelling 

Parameter Notation Unit GCL CCL Reference 

Landfill length L m 1000 1000 Rowe (1998) 

Landfill width W m 500 500   

Infiltration q(in) m/a 0.15 0.15 Rowe (1998) 

Infiltration q(in) m/s 4.76 × 10-9 4.76 × 10-9   

Low permeability layer 
(GCL/CCL) 

HL m 0.007 0.75 Rowe (1998, 2012) 

kL m/s 2.0 × 10-10 1.0 × 10-9 Rowe and Brachman (2004) 

n - 0.7 0.4 Rowe (1998) 

De m2/a 0.005 0.02 Rowe and Brachman (2004) 

Foundation layer (AL) 

Hf m 3.743 3 Rowe (2012) 

kf m/s 1.0 × 10-7 1.0 × 10-7 Rowe and Brachman (2004) 

n - 0.3 0.3 Rowe (2012) 

De m2/a 0.02 0.02 Rowe and Brachman (2004) 

Total Thickness Hf+HL m 3.75 3.75 Rowe (2012) 

Harmonic mean hydraulic 
conductivity  

ks m/s 5.2 × 10-8 4.8 × 10-9 
�� + ��
���� + ����

 

Transmissivity θ m2/s 2.0 × 10-11 1.6 × 10-8 Rowe (2012) 

Dispersivity (all layers) α m 0.4 0.4   

Leachate head on GMB hw m 0.3 0.3 Rowe (2012) 

Aquifer velocity vb(in) m/a 1 1 Rowe (1998) 

Potentiometric head in 
aquifer  

ha m 3 3 Rowe (1998) 

Aquifer thickness hb m 3.0 3.0 Rowe (1998) 
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Table C-2 Geomembrane’s holes and wrinkles properties and calculations 

Parameter Notation Unit GCL CCL Reference 

Number of holes  -  #/ha 5 5 Rowe et al. 2004 

Hole Radius ro mm 5.7 5.7 
Rowe and Brachman 
(2004) 

Hole's wetted radius R m 0.0305 1.402 Rowe (1998); Eq 34a 

Adjusted Hole's wetted 
radius 

Ra m 0.014 0.471 (ro + 1/3 × (R-ro)) 

Adjusted Hole's wetted 
area  (1 hole) 

Awa (holes) m2 6.12 × 10-4 6.97 × 10-1   

Leakage through 1 hole Qhole  m3/s 3.27 × 10-11 6.04 × 10-9 Rowe (1998); Eq 35  

Leakage through 1 hole  Qhole  m3/a 1.03 × 10-3 1.91 × 10-1   

Leakage through 5 
holes/ha 

  m3/a/ha 5.16 × 10-3 9.53 × 10-1   

[ks/((HL + Hf)θ))]0.5 α m-1 26.27 0.283 Rowe (1998); Eq 30b 

HL + Hf - ha C m 0.75 0.75 Rowe (1998); Eq 30c 

Wrinkle length Case 3 Lw m 10 10   

Wrinkle length Case 4 Lw m 100 100  

Wrinkle length Case 5 Lw m 1000 1000  

Compressed Wrinkle 
Width 

2b m 0.1 0.1 
Gudina and Brachman 
(2006) 

Wetted distance away 
from the centre of the 
wrinkle 

x m 0.063 1.239 Rowe (1998); Eq 41a 

Adjusted wetted wrinkle 
width 

wa m 0.109 0.892 2 × (b + 1/3 × (x - b)) 
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Table C-3 Leakage through wrinkles 

Parameter Notation Unit Case G3 Case G4 Case G5 Case C3 Case C4 Case C5 

Wrinkle length Lw m 10 100 1000 10 100 1000 

Leakage through  
the wrinkle 

Qwrinkle m3/s/ha 5.5 × 10-8 5.5 × 10-7 5.5 × 10-6 3.2 × 10-8 3.2 × 10-7 3.2 × 10-6 

Leakage through  
the wrinkle 

Qwrinkle m3/a/ha 1.73 17.3 173.2 1.01 10.1 100.9 

Total leakage QTotal m3/a/ha 1.74 17.3 173.2 1.77 10.8 101.6 

 

Table C-4 Adjusted parameters for GCL scenarios 

Parameter Notation unit Case G2 Case G3 Case G4 Case G5 

Wrinkle length Lw m 0 10 100 1000 

Adjusted wrinkle wetted 
area  

Awa(wrinkle) m2/ha - 1.09 10.9 109 

Leakage through holes 
and wrinkle 

QTotal m3/a/ha 5.16 × 10-3 1.74 17.3 173.2 

Adjusted landfill area Aa m2 0.153 54.4 543 5427 

Adjusted length of 
landfill 

La m 3.06 × 10-4 0.109 1.09 10.9 

Total leakage QTotal m3/a 0.258 86.8 866 8661 

Adjusted Darcy flux vaa m3/a/m2 1.68 1.60 1.60 1.60 

Adjusted infiltration q(in)a m3/a/m2 489888 1378.9 138.2 13.82 

Adjusted leachate 
collected 

qca m3/a/m2 489886 1377.3 136.6 12.22 

Adjusted aquifer 
thickness 

hba m 9797761 27578 2763 276.4 

Adjusted base outflow vba(out) m3/a/m2 3.1 × 10-7 1.2 × 10-4 1.7 × 10-3 7.4 × 10-2 

Adjusted reference 
height 

Hra m 65,318,408 183,853 18,423 1,843 
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Table C-5 Adjusted parameters for CCL scenarios 

Parameter Notation unit Case C2 Case C3 Case C4 Case C5 

Wrinkle length Lw m 0 10 100 1000 

Adjusted wrinkle wetted 
area  

Awa(wrinkle) m2/ha - 8.92 89.2 892 

Leakage through holes 
and wrinkle 

QTotal m3/a/ha 0.953 1.77 10.8 101.6 

Adjusted landfill area Aa m2 174 586 4602 44761 

Adjusted length of 
landfill 

La m 0.35 1.17 9.20 90 

Total leakage QTotal m3/a 47.6 88.5 542 5081 

Adjusted Darcy flux vaa m3/a/m2 0.27 0.15 0.12 0.11 

Adjusted infiltration q(in)a m3/a/m2 430.3 128.1 16.30 1.68 

Adjusted leachate 
collected 

qca m3/a/m2 430.1 127.9 16.18 1.56 

Adjusted aquifer 
thickness 

hba m 8607 2561 326 33.5 

Adjusted base outflow vba(out) m3/a/m2 3.6 × 10-4 1.2 × 10-3 1.3 × 10-2 3.9 × 10-1 

Adjusted reference 
height 

Hra m 57378 17075 2173 223.4 

 
 
 

Table C-6 Coefficient of hydrodynamic dispersion for GCL scenarios 

Layer unit Case G2 Case G3 Case G4 Case G5 
Cases G1 
and G6 

Thin fictitious water 
layer in pollute model 

m2/a 1.67 1.64 1.64 1.64 1.00 

GCL m2/a 0.97 0.92 0.92 0.92 0.005 

AL m2/a 2.26 2.15 2.15 2.15 0.02 
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Table C-7 Coefficient of hydrodynamic dispersion for CCL scenarios 

Layer unit Case C2 Case C3 Case C4 Case C5 
Cases C1 
and C6 

Thin fictitious water 
layer in pollute model 

m2/a 1.11 1.06 1.05 1.05 1.00 

CCL m2/a 0.29 0.17 0.14 0.13 0.02 

AL m2/a 0.38 0.22 0.18 0.17 0.02 

 

Table C-8 Peak Impact of benzene on aquifer concentrations 

Parameter Notation Unit Case C2 Case C3 Case C4 Case C5 

Peak Advective Impact PA µg/L 4.5 8.0 44 223 

Peak Diffusion Impact PD µg/L 18.5 18.5 18.5 18.5 

Adjustment factor for 
advective Hr 

(PA) / (PA + PD) - 0.20 0.30 0.70 0.92 

Adjustment factor for 
diffusive Hr 

(PD) / (PA + PD) - 0.80 0.70 0.30 0.08 
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Figure C-1 Rate of changes in the source concentration for congener 100 of PBDE (for 

diffusion it is the average of concentrations in the waste height) 
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Figure C-2 Plot of the head drop from the centre of the wrinkle outwards to x for a GCL 

case. Both symmetrical sides of the wrinkle are shown 
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Figure C-3 Plot of the head drop from centre of a hole outwards to R for a GCL case, 

including approximation of Ra. Only one axis of the radially symmetrical hole is shown 
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Figure C-4 Comparison using unadjusted Hr between for diffusive and advective impact of 

benzene on the aquifer, for Case C2. 
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Figure C-5 Comparison using unadjusted Hr between diffusion and advective impact of 

benzene on the aquifer, for Case C3. 
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Figure C-6 Comparison using unadjusted Hr between for diffusive and advective impact of 

benzene on the aquifer, for Case C4. 
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Figure C-7 Comparison using unadjusted Hr between for diffusive and advective impact of 

benzene on the aquifer, for Case C5. 
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Figure C-8 Total impact of benzene on the aquifer, assuming Hr is adjusted proportionally, 

for Case C2. 

Time (Days)

0 100 200 300 400 500

A
qu

ife
r 

B
en

ze
ne

 C
on

ce
nt

ra
tio

n 
(µ

g/
L)

0

5

10

15

20

Total Impact
Diffusive Impact
Advective Impact



 

 

 

360

 
 

Figure C-9 Total Impact of benzene on the aquifer, assuming Hr is adjusted proportionally, 

for Case C3.  
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Figure C-10 Total Impact of benzene on the aquifer, assuming Hr is adjusted 

proportionally, for Case C4. 
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Figure C-11 Total impact of benzene on the aquifer, assuming Hr is adjusted proportionally, 

for Case C5. 
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 Supplemental Data for PCB sorption to HDPE 

Geomembrane 

Table D-1 Mass balance of PCB sorption data, from Chapter 3 

  

Sorption Time Mass in Water 
Mass in 
GMB Mass Balance 

(days) (µg) (µg) (%) 

0
.0

0
5 

g
 m

as
se

s 
o

f 
g

eo
m

em
br

an
e 3 19.1 8.3 91 

3 17.3 10.1 91 

3 20.9 9.2 100 

5 14.0 11.0 83 

5 12.9 10.5 78 

5 12.4 11.1 78 

11 11.6 11.3 76 

11 11.6 12.8 81 

11 11.9 12.2 80 

26 11.6 10.3 73 

26 11.8 11.0 76 

26 11.8 11.5 78 

0
.0

5
 g

 m
as

se
s 

o
f 

g
eo

m
em

b
ra

ne
 

1 6.7 17.8 82 

1 7.4 23.1 102 

2 5 25.1 100 

2 5.3 24.5 99 

3 5 18.6 79 

3 5.6 17.1 76 

7 3.1 25.1 94 

7 2.7 28.7 105 

11 2.5 27.1 99 

11 2.5 32.0 115 

22 2.5 27.8 101 

22 2.7 28.8 105 

60 2.7 26.6 98 
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Table D-2 Measurement of the thickness of a typical microtomed shaving of geomembrane 

used in sorption testing 

  

Sample Thickness 

(µm) 

130 

130 

127 

119 

166 

124 

129 

91 

107 

143 

117 

156 

144 

119 

82 

132 

125 

84 

112 

126 

119 

91 

112 

117 

Average 120.9 

Standard Deviation 20.6 
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Figure D-1 Continuous sorption testing of PCBs to HDPE geomembrane, showing the 

amount of PCBs added to the solution, and the calculated concentration inside of the 

geomembrane (assuming no mass loss) 
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Figure D-2 PCB diffusion through HDPE geomembrane using the microtome after 1.1 days 
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Figure D-3 PCB diffusion through HDPE geomembrane using the microtome after 1.75 

days 
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Figure D-4 PCB diffusion through HDPE geomembrane using the microtome after 4 days 
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Figure D-5 PCB diffusion through HDPE geomembrane using the microtome after 8 days 
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Figure D-6 PCB diffusion through HDPE geomembrane using the microtome after 11 days 
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Figure D-7 PCB diffusion through HDPE geomembrane using the microtome after 22 days 
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Figure D-8 PCB diffusion through HDPE geomembrane using the microtome after 39 days 
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Figure D-9 PCB diffusion through HDPE geomembrane using the microtome after 41 days 
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Figure D-10 PCB diffusion through HDPE geomembrane using the microtome after 125 

days 
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Figure D-11 PCB diffusion through HDPE geomembrane using the microtome after 269 

days 
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 Modelling Conditions of Pottersburg Core Samples and 

Supplemental Data 

 

E.1 Introduction 

Cell 1 and Cell 2 were constructed in 1984 and 1985, respectively, and construction reports 

are not available. Cell 3 and Cell 4 were constructed in 1986 and 1987, respectively, under 

an extension of the same contractor who designed and built Cell 2. Construction reports 

are available for Cell 3 and Cell 4. It is assumed that procedures and the performance of 

similar components (e.g. construction of berm walls) are the same across all cells when 

information is not available. However, it is important to recognize that Cell 1 was 

constructed while the site was under different ownership (Westinghouse, not MOECC) and 

no records are available.  

There are discrepancies between construction reports and field data during exhumation. 

For example, the thicknesses of the compacted clay liners (CCL) are listed as 60 cm in 

Cell 3 and Cell 4 in the construction reports, while thicknesses of the CCLs were measured 

as 25 cm (Cell 3) and 30 cm (Cell 4) in the field during the exhumation (Table E-1) 

(Markle, personal communication). With respect to matching the migration of PCBs 

through the core samples this discrepancy should have little effect due to the variability 

being assumed in k (1 to 5 × 10-10 m/s) such that a difference in thickness (even if two times 

the true value) could yield similar flow rates. Similarly, as none of the cores demonstrated 

PCB migration through to the bottom of the CCL, this would not have had an effect on 

leakage. The only place this would have a significant impact, would be in the modelling of 

aquifer impacts, where a larger diffusive barrier (and sorptive sink) would minimize 
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impacts. As the impacts from Cells 3 and 4 were already found to have minimal impacts 

using thinner liners, this was evaluated no further. 

E.1.1 Cover Systems 

The cover systems of Cell 3 and Cell 4 had the same design (from bottom up):  60 cm clay 

cap; 15 cm sand fill, 1.5 mm HDPE geomembrane, 30 cm sand layer, 400 g/m2 woven 

geotextile, 45 cm common fill, 15 cm topsoil with seed and mulch. Geomembranes were 

secured with a 1 m deep anchor trench along the perimeter of the facility to prevent 

groundwater seepage under the liner. This description approximates the exhumed 

thicknesses from Cell 1 and Cell 2 which have the same layers (Markle, personal 

communication).  

A reasonable interpretation of final site conditions for Cell 1, Cell 2, Cell 3 and Cell 4 

in 1988 (MOECC 1991) indicate final grading of  approximately 6 % to 7 % cover slopes 

including the sand drainage layer on top of a composite geomembrane and CCL suggests 

that infiltration was very minimal (likely with a goal of zero infiltration). Any infiltration 

would have to occur through holes in the geomembrane (some holes were found in the 

cover geomembrane during exhumation) although with a steep grade, and a well-draining 

sand layer (k > 10-5 m/s), it is unlikely that water would be able to pool above the 

geomembrane. Any infiltration through the geomembrane, would then have been retarded 

by the low permeability CCL, with the same slope, causing almost all moisture to run off 

and almost none to enter the landfill waste.  
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E.1.2 Base Liner Systems 

E.1.2.1 Compacted Clay Liners 

The CCL and secondary compacted clay liner (SCCL) for Cell 3 and Cell 4 were 

constructed using imported clay from Westminster Township (South London), Ontario, 

(measured k < 1 × 10-9 m/s; MOECC 1991). It was placed in 150 mm lifts with 

conformance testing using a Nuclear Density Apparatus.  

E.1.2.2 Leachate Collection Systems 

The leachate collection systems (LCS) and secondary leachate collection systems (SLCS) 

were constructed with sand (k > 10-5 m/s, (MOECC 1991)) with a 100 mm diameter 

schedule 80 PVC collection pipe at a 1 % grade (MOECC 1991). Leachate from the LCS 

and groundwater from the SLCS of each cell were pumped through a common 75 mm 

diameter polyethylene pipe to an onsite treatment system (MOECC 1991). The LCS and 

SLCS each had a single manhole for pumping of leachate and groundwater, respectively, 

in each of the cells. The LCS had a 400 g/m2 woven geotextile separating it from the waste.  

Monitoring well data was provided with the hydraulic heads in Cell 1 LCS, Cell 1 SLCS, 

and Cell 1 Groundwater; Cell 2 LCS, Cell 2 SLCS and Cell 2 Groundwater; Cell 3 LCS, 

Cell 3 SLCS, and Cell 3 Groundwater; Cell 4 LCS, Cell 4 SLCS and Cell 4 Groundwater.  

According to data provided by the MOECC observation of heads began in Cell 1: Jan 25 

1985, Cell 2: Nov 28 1985, Cell 3: Jan 6 1987, and Cell 4: April 1 1997. No data was 

provided from Dec 30 1987 - August 2 1996.  

Recording of water levels was not periodic, rather sporadic, with a total of 235 

recordings over a 22 to 25 year period. An average time between sampling days (excluding 

the period from Dec 30 1987 - August 2 1996) was 30 days, with a standard deviation of 
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76 days. Leachate monitoring data is presented graphically in Cell 1 (Figure E-1), Cell 2 

(Figure E-2), Cell 3 (Figure E-3) and Cell 4 (Figure E-4). Little faith is held in the average 

values, therefore as long as values matched the core data within the range expected, it was 

assumed that they were reasonable. 

Calculations of the head difference in Table E-1 are split into three separate time periods 

(T1, T2, T3) which there appears to be different recording periods. The three time periods 

have no actual meaning that can be linked to any events other than they represent three 

separate ranges of data (which is distinctly visible in Figures E-1, E-2, E-3, and E-4). These 

are considered separately to demonstrate variability in the data.  

E.1.2.3 Base Geomembranes 

Cell 1 and Cell 2 did not have a geomembrane in the base liner system. Cell 3 and Cell 4 

had a 1.5 mm-thick HDPE geomembranes used in the base liner systems. It was 

Plastaliner-100, manufactured by Plastalene Corporation of Granby, Quebec (MOECC 

1991). The same material was used in the cover system of all Cells. Geomembranes were 

visually inspected upon placement, and holes were extrusion sealed and vacuum box tested 

(MOECC 1991). While this may have been reasonable CQA at the time (1986 and 1987) 

is it likely that there were unseen holes which would have been found using more recent 

electrical leak detection surveys, or were caused from traffic (15 tonne Caterpillar 953 

dozer) on top of the liner after 0.2 m cover sand has been placed. Heavy machinery on top 

of a geomembrane without sufficient cover soil/protection can cause holes and damage to 

the geomembrane (Rowe 2012).  
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E.2 Boundary Conditions 

E.2.1 Source 

E.2.1.1 Leachate Concentration Assumption 

Data provided from leachate monitoring over the 22 to 25 years the landfill was in 

operation provide average leachate concentrations in Cell 1: 0.14 µg/L, Cell 2: 0.56 µg/L, 

Cell 3: 0.025 µg/L, and Cell 4: 0.031 µg/L. These concentrations were very low, and one 

to two orders of magnitude lower than leachate concentrations from MSW landfills of 

3.1 µg/L (Haarstad and Borch 2008) and 4.3 – 5.3 µg/L (Yuan et al. 2012) where operators 

typically divert known PCB contaminated waste. Therefore this data does not agree with 

intuition – that a PCB monofill would likely have higher PCB leachate concentrations than 

a MSW landfill that diverts PCBs.  

One possible explanation, is that the PCB in leachate concentrations observed were not 

representative of the true nature of the waste. The leachate being tested had been sampled 

from a manhole, and in order for the leachate to reach that manhole, it must first have 

flowed through a PVC pipe. Pascall et al. (2005) showed that thin film PVC has a tri-

chlorinated PCB partition coefficient (Sgf) of 6,900 suggesting that PCBs in the leachate 

may have sorbed onto the pipe and therefore decreasing the concentration of the leachate 

that reaches the manhole for sampling (meanwhile, leaving much higher concentrations in 

the rest of the leachate available for transport). In contrast to the values recorded by Pascall 

et al. (2005), consideration of the results of Chapter 2 would imply even higher values of 

Sgf. In Chapter, the Sgf for ethylbenzene to HDPE and PVC was 420 and 830, respectively 

(PVC being 1.98 times that of HDPE). If this same ratio is assumed for PVC and HDPE 
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with respect to PCBs, then it would be plausible that PCB could have a PCB Sgf = 1.98 × 

86,000 = 170,000.  

A check of this assumption is completed for Cell 1 using both the recorded volume of 

leachate pumped out of the LCS (10.5 m3) and the calculated amount using in the final 

model of Cell 1 (302 m3). It is assumed that the total amount recorded is a minimum bound, 

as it is quite plausible that the recorded pumping rates were merely for testing purposes, 

and the amount actually pumped would have been unrecorded; 

The volume of water recorded as being pumped out of the LCS = 10.5 m3 (total) 

The best estimate for an initial concentration in the LCS, that matches the core data, is 

12 - 50 µg/L (mg/m3) depending on the core sample, as described in Chapter 4.  

50 mg/m3 × 10.5 m3 = 525 mg of PCB total (210 mg for 20 µg/L source) 

Amount in leachate = 0.14 mg/m3 × 10.5 m3 = 1.47 mg PCBs if measured value is 

accurate. 

Therefore, the PVC pipe likely sorbed 525 mg – 1.5 mg = 523.5 mg PCBs (208.5 for 

20 µg/L source) 

The 56 m long 100 mm diameter Schedule 80 PVC pipe has a unit weight of 3.96 kg/m 

(Georg Fischer Harvel, 2015), totaling 221 kg.  

56 m × 3.96 kg/m = 221 kg of PVC pipe in the LCS 

Concentration in PVC pipe = 523.5 mg / 221 kg = 2.48 mg/kg (0.94 mg/kg for a 20 µg/L 

source) 

cpipe = Sgf · cwater 

2.48 mg/kg (µg/g) / 0.00014 µg/g) = Sgf = 17,722 ~ 18,000 (6,739 ~ 6,700 for a 20 µg/L 

source) 
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This rough calculation shows that a decrease from 20 to 50 µg/L down to 0.14 µg/L is 

achievable assuming a Sgf = 6 700 to 18,000, which given the estimates of 6,900 (Pascall 

et al. 2005) is likely a reasonable assumption.  

Similarly, if the volume of leachate removed from the LCS was as calculated in the 

modelling (12.1 m3/a × 25 years = 302.5 m3) then the above calculations can be repeated 

to yield the following; 

Total PCB mass = 15,125 mg total (6,040 mg if assuming 20 µg/L) 

Amount in leachate = 11.9 mg in leachate  

15,125 mg PCB / 221 kg pipe = 71.7 mg/kg (28.6 mg/kg if assuming 20 µg/L) 

71.7 mg/kg (µg/g) / 0.00014 µg/g = Sgf = 512,017 ~ 500,000 (~200,000 for a 20 µg/L 

source) 

Both calculations, assuming 10.5 m3 of leachate or 302.5 m3 of leachate removed, can 

be supported by the wide range of predicted Sgf values for PCBs to PVC. However, as this 

is shows a very wide range of potential Sgf values (6,900 up to 200,000, with a very high 

bound (somewhat unexplainable) of 500,000 possibly matching the data). This clearly 

cannot be determined without laboratory testing of PCB sorption to PVC pipes), however 

this is viewed as supporting evidence of the hypothesis to explain where all of the PCBs in 

the leachate were located (if they were not detected during leachate pumping).  

E.2.1.2 Initial Concentration Profile 

A worked through solution for Cell 1, using the average leachate concentration obtained 

from the monitoring wells. A zero flux source boundary condition is assumed, and the 

waste is modelled as a layer – with the actual thickness, and an initial concentration profile 

and Kd value to represent the waste profile.  
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PCB mass loading in Cell 1 landfill: 1400 mg/kg  

PCB concentration in Cell 1 Landfill: 0.14 µg/L (mg/m3) = 0.00014 g/m3  

Waste Density Range in Cell 1: 1600 - 1900 kg/m3 (waste is contaminated soil and 

sediment); 1750 kg/m3 assumed here. 

The ratio of the mass of chloride per unit volume of waste to the initial concentration = 

 (1400 mg/kg × 1750 kg/m3)/ (0.14 mg/m3) = 17 500 000  

Landfill height = HL= 1.8 m 

Considering 20 % of the landfill height is daily and intermediate cover, the actual waste 

height would be: 

Waste height = Landfill height × 0.8 = Hw = 1.44 m  

Hr = 1.44 m × 1 750 0000 = 25 200 000 m  

Assuming that the ratio of the mass of PCB in the waste is proportional to the peak 

concentration as in the case of chloride, the total mass of PCB in the waste would be: 

mTC = Hr × co =  25 200 000 m × 0.14 μg/L (mg/m3) =  3 528 000 mg/m2   

n = porosity of waste = 0.3 – 0.6 (Assumed 0.3 here). 

θ = volumetric water content of waste = 0 – 0.3 (Assumed 0.2 here) 

1)  mTC ∝ co based on landfill data for co 

2)  this mass is partitioned into the pore space of the waste and solid phase of the waste 

mTC = (co × θ × H) + (Kd × ρd × co × H) 

where θ is the volumetric water content of waste (in Pollute n = θ, as it’s assumed the 

contaminants can only partition into liquid and not the air in the voids). 

3) the mass per unit area in the pore space can be calculated from 

PCB mass in the pore space = co × θ × H = 0.14 mg/m3 × 0.2 × 1.44 m = 0.040 mg/m2 
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4) the remaining mass is distributed in the solid waste, since all other parameters are 

already known/assumed, Kd  is calculated from: 

3 528 000 mg/m2 – 0.04 mg/m2 = 3 528 000 mg/m2 

PCB mass in the solid = Kd × ρd × co × H 

where ρd = ρ/(1-n) = 1 750 kg/m3 / (1 – 0.3) = 2 500 kg/m3 

3 528 000 mg/m2 = Kd × 2 500 kg/m3 × 0.14 mg/m3 × 1.44 m  

Kd = 7 000 m3/kg = 7 000 000 L/kg = 7 000 000 mL/g 

5) these parameters will be used to model leaching of contaminant from the waste by 

diffusion. 

E.3 Advection through clay liners 

Advection through the CCL and SCCL of each cell were not calculated using the head 

differences measured in monitoring wells (Table E-1). As leachate heads were not sampled 

at regular intervals, averages of the data collected were not true averages of the actual 

performance, and conclusions could not be made from the data. 

E.3.1 Infiltration Assumptions 

In terms of modeling the long term impacts on each cell, many assumptions had to be made 

regarding the infiltration. Infiltration was not measured. Therefore the infiltration was 

assumed to be conservative – the lowest possible needed to balance flows (as flows through 

CCL and SCCL were evaluated based on the modelling of the cores). This assumption is 

supported by the fact that there increases or decreases with time were not observed in any 

of the leachate head monitoring, suggesting that leachate storage or mounding never 

occurred (Figure E-1, Figure E-2, Figure E-3, Figure E-4).  



 

 

 

385

Therefore, as Cell 1 was shown to have CCL va > 0, infiltration was assumed to equal 

the volume of leachate removed through the LCS (divided by area) plus the va through the 

CCL (sample calculation shown below). This assumption is conservative in that it allows 

for the lowest amount of leachate to be removed (as CCL va is known, an increase in 

infiltration would only result in an increase in leachate removed, which would decrease the 

source concentration).  

Similarly, as Cell 2 was found to have CCL va = 0, and SCCL va = < 0, the infiltration 

was assumed to create a mass balance of the fluxes out of the LCS and SLCS. Flux out of 

the LCS was assumed to be equal to the flux out of the SLCS, which was calculated from 

the SCCL va. Therefore the lowest possible infiltration was similarly found such that the 

total volume of infiltration equaled the total volume removed by the LCS.  

For Cells 3 and 4, where CCL va < 0, the most conservative assumption was that 

infiltration was zero. This would mean that all of the flow out of the LCS was groundwater 

being pumped up out of the ground.  

Below is an example of Darcy velocity calculations for Cell 1:  

Assuming VCCL = 0.005 m/a, and VSCCL = 0 m/a (as is a possible scenario based on 

leachate monitoring heads, assuming k = 1 × 10-10 m/s).  

Similarly, assuming qLCS = qSLCS (as leachate from both LCS and SLCS was pumped 

out using a common main; MOECC 1991) 

This suggests that Qinfiltration = QLCS + QSLCS (as infiltration is the only source of water, 

and leachate pumping is the only removal if VSCCL = 0). 

Assuming the conservative assumption that the lowest amount of infiltration will 

prolong the contaminating lifespan of the landfill, it can be deduced that; 
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QCCL = QSLCS = 0.005 m/a × 2072 m2 = 10.36 m3/a = qSCCL × (wSLCS × hSLCS) 

=> qSCCL = 10.36 m3/a / (37 m × 0.3 m) = 0.93 m3/a/m2 = 0.93 m/a  

Since qSLCS = qLCS; QLCS = qLCS × (wLCS × hLCS) = 0.93 m3/a/m2 × (37 m × 0.35 m) = 

12.1 m3/a 

Therefore, infiltration = 10.36 m3/a + 12.1 m3/a = 22.46 m3/a  

Which, equated to 22.46 m3/a / 2072 m2 = 0.011 m/a minimum infiltration needed to 

maintain mass balance, and achieve va = 0.005 m/a 

E.4 Modeling of Advection and Diffusion 

Modelling is conducted similarly to that in Chapter 3 based on lessons learned regarding 

PCB migration through geomembranes which are applicable in this case (Chapter 3, 

Appendix C). Detailed calculations are not performed regarding the leakage through the 

liner system. Cell 1 and Cell 2, which have no geomembrane, have been modelled 

according to typical advective-diffusive transport as described by Rowe et al. (2004), and 

starting and final data in Cell 1 is presented below in Table E-2. Cell 3 and Cell 4, which 

have a geomembrane, are modelled similarly to that described in Appendix C, with some 

extra practical assumptions made. Cell 3 modelling data is presented in Table E-3.  

Cell 3 and Cell 4 have been modelled similarly to Cell 1 and Cell 2, with a source 

concentration in waste as recorded, with an initial leachate concentration as assumed from 

the CCL core samples (Chapter 4). The difference between Cell 3 and Cell 4 is that it is 

also assumed that the 10 cm thick sand layer underneath the geomembrane is filled with 

leachate (at the same initial concentration as found in the landfill) instantly, as would likely 

occur during the placement of the waste, with the assumption that holes exist in the 

geomembrane. After this initial filling of the sand protection layer, it is assumed that 
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leachate pumping occurs (which is operated as a hydraulic trap, as supported by the 

leachate monitoring data, and CCL core profile). This upward flow of groundwater is 

modelled as a horizontal removal within the sand layer, as groundwater would likely 

migrate uniformly upwards through the CCL, however it would only migrate through the 

geomembrane through holes, where it must travel laterally to reach a hole, analogous to a 

removal. Diffusion is then allowed to occur from the waste through the geomembrane 

(downwards) as well as from the initial leachate within the sand protection layer. For 

Scenario 3 of the modelling, it was assumed that the leachate in the LCS was being 

removed by the 10 cm sand protection layer underneath the geomembrane. While the 

leachate would actually be removed by the 20 cm sand layer above the geomembrane, 

assuming it was removed through the lower sand layer is more realistic in modelling. Any 

influx upwards into the landfill would have to migrate (relatively) uniformly through the 

CCL, and then once it reached the lower sand layer, it would migrate horizontally until it 

reached a hole in the geomembrane and migrated up into the upper sand layer for further 

removal. For the modelling purposes, it was assumed that this removal simply occurs in 

the lower sand layer.   

Diffusive migration through holes is not considered, as it is assumed to be negligible, 

particularly because the areas of geomembrane above the core sample locations were 

observed to have no holes. The pathway for diffusion to occur through holes would be very 

large (many meters, horizontally through the upper sand, then down through the hole, and 

then horizontally through the lower sand) for the majority of the landfill, and with diffusive 

flux proportional to the inverse of distance squared, it is likely that any diffusive flux 

through holes would be negligible at the locations where the CCL core samples were taken.  
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Assuming only one hole on the entire site (Cell 1 was 0.207 ha) would equate to 5 holes 

per hectare, which is considered realistic given modern installations guidelines. This would 

be a very low value given that there was no electric leak location, and that the site was 

installed in 1986 before many of the lessons regarding leakage through liners had been 

learnt. With such a thin cover layer on top of the geomembrane (average 0.2 m sand) using 

a Caterpiller 953 loader (MOECC 1991) which is less than the 0.25 m recommended by 

Schiers (2009). It is very likely that some areas were less than 0.2 m, and that the use of a 

heavy tracked vehicle could have damaged the geomembrane (creating large tears) and this 

would have gone unnoticed because there was no record of an electric leak location survey 

completed.  

E.5 Clay Cylinder  

A PCB diffusion test was completed using Halton Till (a similar clay to the PCB 

contaminated clay from the site) to estimate diffusive properties through the clay and act 

as a starting point for modelling the landfill cells. Since it was not the same clay as at the 

site, no conclusions were based solely on this diffusion test; rather, conclusions regarding 

the diffusive properties were inferred based on the observed field migration, with the 

results from his diffusion test as supporting evidence. 

A sample of clay was compacted inside of a standard proctor compaction mold, to 95 % 

standard proctor density. The sample was extruded from the mold, wrapped in cling wrap, 

wrapped in cheese cloth, and then coated with a layer of paraffin wax approximately 1 cm 

thick (referred to herein as a clay cylinder). 

A 1.1 cm-diameter core was removed from the centre of the compacted clay cylinder, 

but terminated 2.5 cm above the bottom. This void was filled with an aqueous solution with 
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a concentration of 60 µg/L Aroclor 1242. A paraffin wax cover was placed over the void 

space, to minimize evaporation (this did not come into contact with the liquid). The sample 

sat undisturbed for five days. Upon termination, the aqueous solution was sampled for PCB 

concentrations, as well as clay that had swollen into the water void area. Larger cores, with 

diameters of 1.9 cm and 5 cm, and the remaining clay further away from the source solution 

were analyzed for PCB diffusion concentration. To avoid edge effects, the upper and lower 

20 % of the sample was not used. De and Kd values were not modelled due to modelling 

issues of considering analyzing an axisymmetric scenario with only a 1D solver 

(POLLUTEv7). As this testing did not have direct impact on the hypothesis, and was 

inherently flawed as it used a different clay source, modelling did not take place. After 5 

days of latency, the water in the centre of the clay cylinder was below detection limit 

(<0.02 µg/L). Some of the clay swelled into the water void, and was sampled to have a 

concentration of 98 ng/g. Samples taken with the 1.9 cm diameter core yielded 51 ng/g 

PCBs, and the 5 cm diameter core yielded a concentration of 33 ng/g.  
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Table E-1 Description of each cell's bottom barrier system. 

 Cell 1 Cell 2 Cell 3 Cell 4 
Year Constructed 1984 1985 1986 1987 
Waste Volume# 3630 m3 8370 m3 11300 m3 12300 m3 

Waste Average Concentration+ 1400 µg/g 5.4 µg/g 17 µg/g 5.4 µg/g 
Length# 56 m 93 m 93 m 93 m 
Width# 37 m 46 m 46 m 46 m 
Area^ 2070 m2 4280 m2 4280 m2 4280 m2 

Average Thickness^ 1.8 m 2.0 m 2.6 m 2.9 m 
Layers Below Waste     

Geotextile 5 mm 5 mm 5 mm 5 mm 
Upper Sand LCS* 35 cm 20 cm 20 cm 20 cm 

Geomembrane - - 1.5 mm 1.5 mm 
Lower Sand LCS* - - 10 cm 10 cm 

CCL* 35 cm 35 cm 25 cm 20 cm 
SLCS* 30 cm 35 cm 30 cm 30 cm 
SCCL* 30 cm 30 cm 30 cm 30 cm 

Upper Sand LCS# - - 15 cm 15 cm 
Lower Sand LCS# - - 10 cm 10 cm 

CCL# - - 25 cm 25 cm 
SLCS# - - 30 cm 30 cm 
SCCL# - - 30 cm 30 cm 

Average Leachate Concentration^ 0.14 µg/L 0.56 µg/L 0.025 µg/L 0.031 µg/L 
Delta H - CCL^ (T1) 0.29 0.33 0.32 -0.17 
Delta H - CCL^ (T2) 1.65 -0.53 -0.81 -0.64 
Delta H - CCL^ (T3) 1.68 -0.30 -1.74 -0.49 
Delta H - SCCL^ (T1) 0.57 0.07 -1.10 -0.52 
Delta H - SCCL^ (T2) 0.05 0.41 -0.81 -1.77 
Delta H - SCCL^ (T3) -1.95 -1.03 0.75 -2.12 

Volume of Leachate Removed^ 19400 L 41100 L 24800 L 14500 L 
Note: Much of this data is currently presented in Chapter 4, however is included here for completeness of 
this Appendix. 
*Thicknesses are as measured during the excavation, and are rounded to nearest 5 cm (except for geotextile 
and geomembrane).  
+ Measured during excavation, in layer of soil directly above bottom barrier system. Rounded to nearest 
two significant figures 
# recorded from as built drawings and construction reports 
^ Calculated based on provided values 
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Table E-2 Modelling parameters for Cell 1. 

Parameter Notation Unit CCL Reference 
Landfill length L m 56 MOECC (1991) 
Landfill width W m 37 MOECC (1991) 
Infiltration q(in) m/a 0.011 Calculated minimum 

CCL 
n - 0.4 Rowe (1998) 
De m2/a 0.0031 - 0.0063 Chapter 3 and best fit 
Kd mL/g 10 - 15 Chapter 3 and best fit 

Dispersivity (all layers) α m 0.4   

Aquifer velocity vb(in) m/a 35 
Calculated from MOECC 
(1991) 

Aquifer thickness hb m 3.0 Rowe (2012) 
 

Table E-3 Modelling parameters for Cell 3. 

Parameter Notation Unit CCL Reference 
Landfill length L m 93 MOECC (1991) 
Landfill width W m 46 MOECC (1991) 
Infiltration q(in) m/a 0 Assumed 

CCL 
n - 0.4 Rowe (1998) 
De m2/a 0.0063 Chapter 3 and best fit 
Kd mL/g 8 - 10 Chapter 3 and best fit 

Dispersivity (all 
layers) 

α m 0.4  

Geomembrane 
Dg m2/s 10-14 Jones Chapter 3 
Sgf - 150 000 Jones Chapter 3 

Aquifer velocity vb(in) m/a 34 
Calculated from MOECC 
(1991) 

Aquifer thickness hb m 3 Rowe (2012) 
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Figure E-1 Cell 1 recorded leachate monitoring heads with time. 
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Figure E-2 Cell 2 recorded leachate heads with time. 
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Figure E-3 Cell 3 recorded leachate heads with time. 
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Figure E-4 Cell 4 recorded leachate heads with time. 
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 Resolution Island Diffusion Modelling 

F.1 Introduction 

A single core sample from the S1/S4 Valley barrier has been evaluated in POLLUTEv7 

(Rowe and Booker 2004), to evaluate the diffusive properties of PCBs (Aroclor 1260) 

through the liner system and evaluate the barrier performance. As many of the diffusive 

characteristics of Aroclor 1260 remain unstudied in HDPE and PET geomembranes, 

assumptions were made to scale known properties of these geomembranes for other 

contaminants and compare with the core data for confirmation. Similarly, as PCB 

migration through GCLs is also unstudied, diffusive properties of other contaminants were 

scaled to approximate the properties of PCBs, and compared with the core model for 

confirmation. None of the assumptions used to scale diffusive properties were intended to 

stand alone, and values were used in conjunction with model results to confirm the 

assumptions.  

F.2 Diffusive Properties of Layers 

F.2.1 HDPE Geomembrane 

Chapter 3 and Chapter 4 focused on the study of PCB migration through HDPE 

geomembrane, specifically on Aroclor 1242, a PCB mixture with an average of three 

chlorine atoms per molecule (trichlorinated), where the diffusion coefficient, Dg, was found 

to be 1 × 10-14 m2/s and the sorption coefficient, Sgf, was found to be 150,000. The 

predominant PCB mixture found on Resolution Island is Aroclor 1260, a mixture with an 

average of 6 chlorine atoms per molecule (hexachlorinated), which is known to have 

different properties than Aroclor 1242, and needed to be considered separately. Previous 

study of PCB migration through polyethylene thin film have focused on the differences 



 

 

 

398

between chlorination number (Pascall et al. 2005), and the results of that study were used 

to scale the results found in Chapters 3 and 4 for Aroclor 1242 to be more applicable to 

Aroclor 1260. 

Pascall et al. (2005) found that the diffusion coefficient of tri- and hexa-chlorinated 

PCBs through thin film PE were the same, it was therefore assumed that scaling of the 

diffusion coefficient from Aroclor 1242 to Aroclor 1260 did not need to be considered. 

This was not true for the partitioning coefficient, where trichlorinated PCBs were found to 

have an Sgf of 200,000, compared to 115,000 for hexachlorinated PCBs. For scale, it was 

therefore assumed that the partition coefficient for Aroclor 1260 to HDPE geomembrane 

is proportional to this same ratio, times the partition coefficient found in Chapters 3 and 4. 

Assuming: Sgf-1260(HDPE) / Sgf -1242(HDPE) = Sgf -1260(PE) / Sgf -1242(PE) 

where; 

Sgf -1242(HDPE) = 150, 000      (Chapter 3) 

Sgf -1242(PE) = 200,000      (Pascall et al. 2005) 

Sgf -1260(PE) = 115, 000     (Pascall et al. 2005) 

Sgf -1260(HDPE) = (115,000 / 200,000) × (150,000) = 86,000 

F.2.2 PET Geomembrane 

PCB migration through PET geomembrane had not been studied, and it was similarly 

assumed that the ratio of PCB migration through PET versus HDPE was similar to that of 

ethylbenzene (ETB). This assumption was likely not ideal, however was only made as a 

starting point for modelling, to be used in conjunction with the diffusion profile model 

through the S1/S4 Valley Barrier, and it was not meant to stand alone.  

PET SgfETB = 1200, PET DgETB = 1.5 × 10-13 m2/s  (Chapter 2) 
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HDPE SgfETB = 650, HDPE DgETB = 9.0 × 10-14 m2/s (Chapter 2) 

Assuming: (PET SgfETB / HDPE SgfETB) = (PET SgfPCB / HDPE SgfPCB) 

PET SgfPCB = (PET SgfETB / HDPE SgfETB) × HDPE SgfPCB = (1200 / 650) × 86,000 = 

160,000 

and similarly;  

Assuming: PET DgPCB = PET DgETB / HDPE DgETB) × HDPE DgPCB  

PET DgPCB = ((1.5 × 10-13) / (9.0 × 10-14)) × (1.0 × 10-14) m2/s = 1.66 × 10-14 m2/s  

PET DgPCB = 5.25 × 10-7 m2/a  

F.2.3 Partitioning to GCLs 

Similarly to BTEX sorption through GCL, it is likely that the geosynthetic component of 

the GCL was responsible for the majority of partitioning and sorption (Rowe et al. 2005). 

The predicted sorption coefficient for PCBs to GCL materials was scaled based on values 

published for ETB. An assumption was made that the ratio of ETB and PCB sorption to 

the GCL materials (cover geotextile, and carrier geotextile) was similar to that ratio of ETB 

and PCB sorption to HDPE geomembrane. As with previous similar assumptions, this was 

not meant to stand alone and is meant as a starting point for modelling.  

Kd-ETB-cover = 90.9 mL/g (Rowe et al. 2005), (assuming ρ = 0.9, calculated Sgf = 81) 

Kd-ETB-carrier = 120 mL/g (Rowe et al. 2005), (assuming ρ = 0.9, calculated Sgf = 112)  

The difference in the values for the cover and carrier geotextiles is attributed to the 

different structure with the cover being a needle-punched nonwoven geotextile, and the 

carrier a woven made from a different grade of the polymer (Rowe et al. 2005). 

Assuming: Sgf-PCB-cover / Sgf-ETB-cover = Sgf-PCB-HDPE / Sgf-ETB-HDPE 

Sgf-PCB-cover = (Sgf-PCB-HDPE / Sgf-ETB-HDPE) × (Sgf-ETB-cover) 
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where; 

Sgf-PCB-HDPE = 86 000    (calculated above) 

Sgf-ETB-HDPE = 650    (Chapter 2) 

Sgf-ETB-cover = 91     (calculated above) 

Sgf-PCB-cover = (86 000 / 650) × (81) = 10 717 

This calculates to (assuming ρ = 0.9) to Kd-PCB-cover = Sgf/ρ= 11,908, rounded to 

12,000 mL/g 

Using similar equations for the carrier geotextile, this equates to Kd-PCB-carrier 

approximately 16,000 mL/g 

Chapter 4 found that the Kd of PCBs (Aroclor 1242) to a compacted clay liner was 

approximately 10 mL/g using Pottersburg clay. This is compared to sorption data provided 

by Lake and Rowe (2005) with a benzene to CCL Kd = 0.4 mL/g. Rowe et al. (2005) 

evaluated benzene sorption to the bentonite plus fibres layer of a GCL, yielding an 

equivalent Kd (Kdeq = 0.6 mL/g; Rowe et al. 2005). An equivalent Kd for the bentonite plus 

fibres layer is used for the bulk layer. This simplification has been used before by Rowe et 

al. (2005) and helps to minimize the number of variables considered in analysis.  

This approach is limited by the fact that the CCL data is being used to infer bentonite 

plus fibres data however there has been no previous study considering sorption of 

compacted clay with the presence of fibres. The difference in the soil and the effect of 

fibres in the GCL bentonite both introduce considerable uncertainty into the assessment of 

Kd.  

Assuming: Kdeq-benzene- bentonite+fibres L / Kd-benzene-CCL = Kdeq-PCB- bentonite+fibres / Kd-PCB-CCL  

Kdeq-benzene-bentonite+fibres = 0.6 mL/g   (Rowe et al. 2005) 
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Kd-benzene-CCL = 0.4 mL/g    (Lake and Rowe 2005) 

Kd-PCB-CCL = 10 mL/g   (Chapter 4) 

Kdeq-PCB- bentonite+fibres = (Kdeq-benzene- bentonite+fibres / Kd-benzene-CCL) × Kdeq-PCB-CCL = (0.6 / 0.4) 

× 10 mL/g = 15 mL/g 

F.2.4 Water Layers 

PCB diffusion through water was assumed as described in Appendix C. A complete list of 

diffusive parameters for all layers is found in Table F-1.  

F.3 Diffusion Modelling 

Modelling of diffusive flow through the S1/S4 Valley barrier system has been completed 

using POLLUTEv7.  

F.3.1 Source Properties 

The source of PCBs in the S1/S4 Valley was not analogous to the source as experienced in 

a landfill, as the PRBs were meant to capture and treat residual contamination on fine soil 

particles carried with the melt run off each spring season and other residual PCB sources. 

Therefore, this case needed to be considered in a separate manor from previous source 

assumptions made in Chapter 3 and Chapter 4. PCBs entered the S1/S4 Valley barrier by 

a stream of inflowing meltwater with a relatively constant (year to year) concentration. 

This mechanism was unlike a typical landfill as previously considered in Chapter 3, 

because a landfill has a finite mass of contaminants which will eventually decrease, but 

within the scope of the actual S1/S4 Valley barrier, the barrier only experienced a yearly 

flush of PCBs in water, with the mass of contaminant being unknown.   

Modelling has been conducted assuming a constant concentration of PCBs. Three 

models were evaluated as described in Chapter 5.  
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F.3.2 PCB in Water Concentrations 

Similar to assumptions made in Chapter 4, it was assumed that the PCB concentrations in 

water which were observed in the S1/S4 Valley, were likely less than the initial conditions 

which entered the barrier system. Likely, the concentrations measured in the water were in 

equilibrium with the geosynthetics, with extremely high Sgf (HDPE = 86,000, PET = 

approximately 160,000) which would remove large amounts of PCBs from the water before 

measurement. Therefore, the frequently measured concentrations in water (approximately 

0.04 µg/L) was likely a lower bound for initial PCB in water concentrations, and the true 

concentration for calculations was higher. The solubility of Aroclor 1260 (Hutzinger et al. 

1974) placed an approximate upper bound of 2.7 µg/L on the source concentration that 

could be considered.   

The actual concentration observed in the water was approximated by assuming that the 

HDPE and PET geomembranes were in equilibrium with the water which, assuming 

Sgf-HDPE = 86,000 and Sgf-PET = 160,000, yields equilibrium water concentrations of 0.091 

and 0.081 µg/L, respectively. As these values were both very similar, and the Sgf values of 

the HDPE and PET geomembrane were calculated independently, this offers some 

confidence that the actual water concentrations was approximately 0.085 µg/L.  

F.3.3 Consideration for Temperature 

Diffusion through the barrier system has been evaluated using diffusive properties at 22oC, 

a temperature not representative of the yearly average experienced in the Canadian Arctic. 

Diffusive parameters likely could be scaled to represent the average temperatures, based 

on Arrhenius relationships for BTEX through HDPE and PET geomembranes (Chapter 2), 

however it was hypothesized that using the average temperature was likely not a fair 
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assumption. Rather, the diffusive characteristics obtained at 22 oC were used, and time was 

scaled to be represent the amount of time the barrier could have likely experienced 

temperatures in this range (recognizing that a black geomembrane would be warmer than 

ambient temperature on a sunny day), which was approximately six months per year 

(McWatters et al. 2015). Thus modeling has considered only half of the elapsed time.   

This assumption was made because most Arrhenius relationships for BTEX indicate a 

one order of magnitude decrease in PCB migration for every 10 to 15 oC decrease 

(Chapter 2). Since the diffusion coefficient for PCBs through HDPE and PET is already 

very low, decreasing it even further suggests that only a negligible amount would occur in 

the winter (-10 to -20 oC). An average temperature (approximately 5 oC) would not consider 

the PCB migration which actually does occur in the summer month(s) and would likely 

give an underestimate of the true nature of migration which will be dominated over the 

summer months when the water and geomembrane is warmest.  

F.4 Results and Discussion 

Scenarios 1, 2 and 3 have been evaluated with a constant source concentration of 

0.085 µg/L (Table F-2). A best estimate GCL effective diffusion coefficient of 0.01 m2/a 

(3.1 × 10-10 m2/s) at a voids ratio of 0.7 fits the data well and corresponds to a relative high 

voids ratio as would be expected for the very low confining stress for the field conditions. 

Using Pollute to model Scenario 3 gives concentrations which were very close to the 

expected core values; HDPE (101 %), PET (105 %), upper GCL cover (97 %), upper GCL 

carrier (65 %), lower GCL cover (70 %), lower GCL carrier (100 %), and the lower GCL 

bentonite agrees well as the model prediction was also less than the detection limit of the 

sampling (as found in the final model effects column of Table F-2). Discrepancies exist 
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between the core data and the modelled values in the bentonite plus fibres layer of the upper 

GCL where the model predicted only 1 % of the measured value (as discussed in detail in 

Chapter 5). 

The Kd (assumed 15 mL/g) of the bentonite plus fibres layer cannot be verified with 

confidence. There was poor agreement between the calculated and observed PCB mass in 

the upper GCL bentonite layer, however due to loss of bentonite and the extra presence of 

needle punching fibres (Chapter 5) this observed value is not considered representative of 

a normal bentonite layer. The lower GCL bentonite layer (measured < 0.1 µg/g) agreed 

with the model (which also predicted < 0.1 µg/g). As this measured value in the lower GCL 

bentonite layer is only bounded, other values of Kd could have yielded the same result (< 

0.1 µg/g) in modelling. This is demonstrated in Table F-2, where an agreeance between the 

model and core samples cannot be calculated for the bentonite layer of the lower GCL. 

Further determination of this value can only be considered with further laboratory 

evaluation which was outside the scope of this project. The close agreement of the model 

to the core sample results for the geotextiles serves as supporting evidence that 

approximations, and scaling of data obtained for BTEX partitioning to geotextiles (cover 

Kd = 12,000 mL/g, carrier Kd = 16,000 mL/g), and scaling from Aroclor 1242 to Aroclor 

1260 was likely a reasonable approximation.  
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Table F-1 Assumed diffusive properties of each layer. 

  

Thickness De Sgf K d 
(mm) m2/a (-) mL/g 

HDPE 2.0 3.15 × 10-7 86000 - 

PET 1.0 5.25 × 10-7 160000 - 
Upper GCL Cover 1.0 0.01 - 12000 

Upper GCL Bentonite + Fibres 2.0 0.01 - 15* 
Upper GCL Carrier 1.0 0.01 - 16000 
Lower GCL Cover 1.0 0.01 - 12000 

Lower GCL Bentonite + Fibres 8.0 0.01 - 15* 
Lower GCL Carrier 1.0 0.01 - 16000 

*K d is an equivalent that encompasses the effects of both bentonite and fibres sorption in this layer. This 
table appears in Chapter 5, however is duplicated here for completeness of discussion in this Appendix. 
 

Table F-2 Concentration in layers using a constant source concentration of 0.085 µg/L. 

  

Core Results 
Scenario 

1 
Scenario 

2 
Scenario 

3 
Percent of 

Core 

µg/g µg/g µg/g µg/g 
model / core 

value 
HDPE  7.2 7.3 7.3 7.3 101 % 
PET 13 3.7 13.6 13.6 105 % 

Top GCL Cover GTX 0.8 0.16 0.72 0.77 97 % 
Top GCL Bentonite 0.8 0.00 0.00 0.00 0.3 % 

Top GCL Carrier GTX 0.6 0.04 0.33 0.39 65 % 
Bottom GCL Cover GTX 0.4 0.01 0.10 0.28 70 % 
Bottom GCL Bentonite* <0.1 0.00 0.00 0.01 - 

Bottom GCL Carrier GTX 1.2 0.00 0.01 1.19 100 % 
*Note, Percent of Core Value for Bottom GCL Bentonite is not calculated, as the core value is below 
detection limit. 
This table appears in Chapter 5, however is duplicated here for completeness of discussion in this 
Appendix. 
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 Supplemental data regarding Resolution Island PCB 

migration and sampling 

G.1 Introduction and Sample Descriptions 

Supplemental data of core samples through the S1/S4 Valley barrier and Furniture Dump 

barrier is provided. Extra core samples from inside of the barriers were extracted in 2013, 

however not modelled. Samples of PET-GMB from a third barrier, the S1/S4 Beach barrier, 

were also extracted.  

G.1.1 S1/S4 Valley Barrier 

Core samples through the S1/S4 Valley barrier were sampled in 2012 and 2013, and only 

a single sample from 2012 is reported in Chapter 5. Two samples were taken in 2012, both 

central located sample A1 (the sample shown in Chapter 5) located approximately 2 m 

upstream of the gate, and sample B1 located approximately 5 m upstream of the gate.  

In 2013, ten core samples through the liner system was taken. Five samples (VA1 – 

VA5) were taken in a line, perpendicular to the flow path, approximately 2.5 m upstream 

from the PRB gate, and another five samples (VB1 – VB5) were taken similarly 

approximately 7 m upstream of the PRB gate (Figures G-1, G-2). Samples VA1, VA5, 

VB1, and VB5 were taken on the gabion walls, on vertical slopes and thus had no HDPE 

geomembrane, while all other samples were from the horizontal surface on the bottom of 

the pond liner below the HDPE geomembrane.  

G.1.2 Furniture Dump Barrier 

Core samples were taken from the Furniture Dump barrier in 2012 and 2013. In 2012, eight 

samples were taken, three in a line approximately 1 m upstream of the PRB gate (Samples 

FDB1, FDB3, and FDB5) and five samples similarly in a line approximately 3 m upstream 
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of the PRB gate (samples FDA1 to FDA5). Samples FDA1, and FDB1 were taken on a 

slope of approximately 40o, and samples FDA5 and FDB5 were taken on a slope of 

approximately 50o. All other samples were taken on approximately level ground.  

In 2013, five more samples were taken (FDC1 – FDC5) approximately 6 m upstream of 

the PRB gate. Similar to the 2012 sampling, FDC1 was on a 40o slope, and FDC5 was on 

a 50o slope. Samples locations are shown in Figure G-3.  

G.1.3 S1/S4 Beach Barrier 

The S1/S4 Beach barrier is located at the bottom of a 300 m cliff, and a continuation of the 

S1/S4 Valley drainage pathway (the S1/S4 Valley barrier is at the top of this same cliff). 

The barrier was meant to capture PCBs which could not be remediated on the steep slopes 

of the cliff, below the S1/S4 Valley barrier. Due to the S1/S4 Beach barrier’s remote 

location, frequent sampling and monitoring was not achievable, and thus not enough data 

was available to provide conclusions.  

In 2010, a sample of PET-GMB obtained from the S1/S4 Beach barrier was sampled, 

and evaluated for its BTEX diffusive properties, similarly as other PET samples from the 

S1/S4 Valley and Furniture Dump barriers as described in Chapter 5.  

In 2013 the S1/S4 Beach barrier was visited for the first time since 2010. The barrier 

was dry, with 65 cm of deposited sediment on top of the liner. A sample was taken 50 cm 

in front of the PRB gate material, at four depths; 0 to 10 cm, 25 to 35 cm, 55 to 65 cm, and 

a sample of the HDPE geomembrane. As less was known about the S1/S4 Beach barrier’s 

long term needs, it was decided to not puncture the PET-GMB or and GCLs.  
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G.2 Results and Discussion 

G.2.1 S1/S4 Valley Barrier  

Samples from 2012 (A1 and B1) showed high sorption of PCBs to geosynthetics, as was 

previously discussed in Chapter 5 (Table G-1). Sample B1 was not included in modelling 

as it appeared that there was a significant flow of PCBs underneath the bottom GCL (as 

evidenced by the significant concentration in the lowermost geotextile). This was used as 

supporting evidence for modelling decisions made in Appendix F. Sample A1 had 

bentonite mass per unit area in the upper GCL of 3450 g/m2, and 1840 g/m2 in the lower 

GCL, while sample B1 had 670 g/m2 in the upper GCL, and 280 g/m2 in the lower GCL. 

This was used as supporting evidence that there was extreme erosion of bentonite occurring 

within the GCLs.   

Samples obtained in 2013 were only used for a better understanding of the 

geomembrane properties. As the barrier was filled with water during the 2013 sampling, 

the hole saw quickly destroyed GCL core samples. Table G-2 shows similarly that the 

geomembranes likely have a high sorption of PCBs. Also, when comparing HDPE samples 

between samples VA2 to VA4 and VB2 to VB4 (which was closer to the PRB gate, and 

further away from source inflow), there was a consistent decrease in concentration, with 

an average of 17.6 µg/g, compared to 8.4 µg/g just a few meters downstream. It is possible 

that the PCB in water concentration was decreasing as the water slowly moved through the 

pond towards the gate, losing PCBs to the geomembrane, which would explain why HDPE 

concentrations were higher upstream. This was used as supporting evidence that the PCB 

concentrations obtained from water samples, may not be indicative of the actual source 
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concentration, as the geosynthetics likely removed significant amounts of PCBs from the 

water.  

G.2.2 Furniture Dump Barrier  

Samples of the Furniture Dump barrier obtained in 2012 showed significant PCB sorption 

to the geosynthetics (Table G-3) with the lowest concentrations being found in the 

bentonite layers of the GCLs. Much of the PET-GMB and some of the geotextiles had 

concentrations > 50 µg/g, which is above CEPA regulations and means that disposal of 

these materials at the end of service life needs to be considered with caution.  

The PCB concentrations in the carrier geotextiles of the upper GCL and the cover 

geotextiles of the lower GCL were compared, and do not agree with intuition. The cover 

geotextiles had Kd of approximately 75 % of the carrier geotextiles. This meant that since 

these layers were in physical contact with each other, the cover geotextile of the lower GCL 

would be expected to have concentrations of approximately 75 % of the carrier of the upper 

geotextile, and this was not the case. This suggest that there may have been areas of 

discontinuity (folds) between the two GCL layers, or flow of PCB contaminated water 

along the GCL-GCL interface. As this data has shown the presence of too many variables, 

it was not included in the modeling in Chapter 5. This was also evidenced by the extreme 

loss of bentonite in most of the samples (Table G-4) where most samples had less than 

2000 g/m2 of bentonite, despite virgin samples likely having > 4000 g/m2.  

Swell index data from the 2012 sampling (Table G-5) also indicated that a lot of the 

bentonite had not only eroded away (with many not even yielding enough bentonite to 

conduct a swell index test) but that the swell index had decreased significantly from the 20 

– 24 mL/2g as would be expected from a virgin sample.  
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Samples obtained in 2013 from the Furniture Dump also indicated a similar pattern with 

respect to PCB sorption (Table G-5). Mass per unit area and swell index were not 

performed on sampled obtained in 2013.  

Due to the extreme variations and unpredictable behaviour of the geosynthetics in the 

Furniture Dump barrier, diffusive modelling was not completed on any of the data, and the 

data was presented without any comparison to theoretical modelling.  

G.2.3 S1/S4 Beach Barrier 

The samples from the S1/S4 Beach barrier showed that the 65 cm depth of soil contained 

within the settling pond had PCB concentrations in the top 0 to 10 cm of < 0.5 µg/g, 25 to 

35 cm of 2.2 µg/g, 55 to 65 cm of 2.6 µg/g, and the HDPE layer of 4.9 µg/g. This 

progression of increased concentration downwards suggests that the source material has 

been depleting, (assuming the sediment nearest the bottom was the oldest). This data was 

used as further evidence of HDPE geomembrane sorbing PCBs in high concentrations.  

The PET sample extracted from the S1/S4 Beach barrier in 2010 had diffusive properties 

for BTEX which were within the range demonstrated by the S1/S4 Valley, Furniture Dump, 

Shipping Container, and Virgin samples. Sgf values for the S1/S4 Beach barrier PET-GMB 

were: benzene, 220; toluene, 650; ethylbenzene; m&p–xylenes, 1475; and o–xylene, 1285. 

Dg values were similarly: benzene, 2.0 × 10-13 m2/s; toluene, 1.6 × 10-13 m2/s; ethylbenzene, 

1.4 × 10-13 m2/s; m&p–xylenes, 1.4 × 10-13 m2/s; and o–xylene, 1.4 × 10-13 m2/s. Figure G-4 

depicts the source depletion data compared with the Pollute modelling data. Similar 

supplemental data is also provided for the S1/S4 Valley (Figure G-5), the Furniture Dump 

(Figure G-6), and the Shipping Container sample (Figure G-7) to support the data presented 
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in table form in Chapter 5. A virgin (obtained in 2013) was presented in Chapter 2, under 

the name PET-1. 
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Table G-1 PCB Concentrations in sample layers from S1/S4 Valley barrier sampled in 2012 

Sample Number A1 B1 
 PCBs (µg/g) PCBs (µg/g) 

HDPE 7.2 8.1 
PET 12.9 15.3 

Cover GTX 0.8 13.7 
Bentonite 0.8 7.8 

Carrier GTX 0.6 6.9 
Cover GTX 2 0.4 3.0 
Bentonite 2 <0.1 7.5 

Carrier GTX 2 1.2 32.4 

 

Table G-2 PCB Concentrations in sample layers from the S1/S4 Valley barrier 

geomembranes samples in 2013 

Layer VA1-2013 VA2-2013 VA3-2013 VA4-2013 VA5-2013 
HDPE - 18.2 17.3 17.2 - 
PET  6.2 - - - 2.2 
Layer VB1-2013 VB2-2013 VB3-2013 VB4-2013 VB5-2013 
HDPE - 7.6 8.2 9.4 - 
PET 4.3 - - - 3.1 
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Table G-3 PCB concentrations in geosynthetic layers in the furniture dump obtained in 

2012 

Layer 
FDA1 FDA2 FDA3 FDA4 FDA5 FDB1 FDB3 FDB5 

µg/g µg/g µg/g µg/g µg/g µg/g µg/g µg/g 
PET 30.7 301 86.8 228 3.2 42.0 274 4.4 
Cover GTX 96.0 105 36.4 74.2 1.6 1.3 172 1.1 
Bentonite - 5.7 5.7 28.1 2.4 0.4 21.0 1.5 
Carrier  GTX 68.4 109 55.7 46.9 1.8 2.8 67.7 0.7 
Cover GTX 2 18.7 92.8 116 47.3 1.6 35.6 43.2 1.1 
Bentonite 2 4.6 8.8 34.9 25.3 0.4 2.4 0.8 0.7 
Carrier GTX 2 40.2 904 77.9 45.2 0.3 7.0 49 0.7 

Note: where no value is provided, there was not enough sample to be able to conduct the test.  

 

Table G-4 Mass of bentonite per unit area in the GCL samples extracted in 2012 

Layer 
FDA1 FDA2 FDA3 FDA4 FDA5 FDB1 FDB3 FDB5 

g/m2 g/m2 g/m2 g/m2 g/m2 g/m2 g/m2 g/m2 
Upper GCL 420 4380 950 1310 980 - 1480 750 
Lower GCL 700 4000 730 470 1430 - 1360 890 

Note: where no value is provided, a sampling error destroyed the test.  
 
 

Table G-5 Swell index values for Furniture Dump GCL samples extracted in 2012 

Sample Number Swell Index (mL/2g) 
Top Layer GCL 

Swell Index (mL/2g)              
Bottom Layer GCL 

FDA1  - - 
FDA2  6 6 
FDA3  - - 
FDA4  4 - 
FDA5  - 14 
FDB1 16 - 
FDB3 4 5 
FDB5 - - 

Note: where no swell index value is provided, there was not enough bentonite sample available to 
conduct the test. 
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Table G-6 PCB concentrations in geosynthetic layers in the furniture dump obtained in 

2013 

Layer FDC1 FDC2 FDC3 FDC4 FDC5 
PET 69.9 560 61.8 94.8 15.1 
Upper GTX - 224 23.3 32.4 5.9 
Bentonite - - 11.7 4.9 2.0 
Lower GTX - 402 4.7 36.2 7.1 
Upper GTX 2 10.7 42.0 9.0 19.5 1.8 
Bentonite 2 4.2 20.3 13.3 5.2 1.7 
Lower GTX 2 148 655 19.7 48.7 8.9 

Note: where no data is provided, the sample was not analyzed.  
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Figure G-1 S1/S4 Valley core sample locations. Note, that VA1, VA5, VB1, and VB5 were 

all taken from the vertical face of a rock gabion. Schematic is not to scale 

.  
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Figure G-2 Photo showing holes from 2012 sampling in S1/S4 Valley barrier 
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Figure G-3 Core sample locations in the Furniture Dump Barrier. Note, all samples endings 

in “1” were taken on a 40o slope, and all samples ending in “5” were taken on a 50o slope. 

Schematic is not to scale 
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Figure G-4 Source depletion of BTEX in PET diffusion sample on S1/S4 Beach PET 

geomembrane extracted in 2010 
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Figure G-5 Source depletion of BTEX in PET diffusion sample on S1/S4 Valley PET 

geomembrane extracted in 2010 
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Figure G-6 Source depletion of BTEX in PET diffusion sample on Furniture Dump PET 

geomembrane extracted in 2010 

 

Time (Days)

0 5 10 15 20 25 30

N
or

m
al

iz
ed

 C
on

ce
nt

ra
tio

n 
(C

/C
o)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Benzene 
Toluene
Ethylbenzene
m&p - Xylenes
o - Xylene
Benzene Data
Toluene Data
Ethylbenzene Data
m&p - Xylenes Data
o - Xylene Data



 

 

 

422

 

Figure G-7 Source depletion of BTEX in PET diffusion sample on Shipping Container PET 

geomembrane extracted in 2010 
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 Supplemental data regarding GCL hydration at Casey 

Station, Antarctica 

Table H-1 Experimental data for estimation of wref of GCL5 and GCL6 at 13 kPa 

GCL5 @ 13 kPa GCL6 @ 13 kPa 

Tin (g) 
Tin + Wet 

(g) 
Tin + Dry 

(g) 
wref Tin (g) 

Tin + Wet 
(g) 

Tin + Dry 
(g) 

wref 

1.0 37.4 10.7 273 %* 1.0 41.5 17.8 142 % 
1.0 27.0 10.6 172 % 1.0 44.7 19.2 141 % 
1.0 27.9 11.1 166 % 1.0 37.9 17.3 127 % 
1.0 22.9 9.3 167 % 1.0 43.5 18.8 139 % 
1.0 22.9 10.1 142 % 1.0 35.2 16.1 127 % 
1.0 29.2 11.4 171 % 1.0 36.2 15.9 137 % 
1.0 22.2 9.6 147 % 1.0 41.8 18.1 139 % 
1.0 35.0 13.6 171 % 1.1 31.5 13.9 137 % 
1.0 24.6 9.5 178 % 1.0 41.9 18.1 139 % 
1.0 32.8 13.1 162 % 1.0 44.3 19.2 138 % 

AVERAGE   wref 164 % AVERAGE   wref 136 % 
Standard Deviation   12 % Standard Deviation   5 % 
*outlier omitted       
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Table H-2 Experimental data for estimation of wref of GCL2 at 13 kPa (left) and 45 kPa 

(right) 

GCL2 @ 13 kPa GCL2 @ 45 kPa 

Tin (g) 
Tin + Wet 

(g) 
Tin + Dry 

(g) 
wref Tin (g) 

Tin + Wet 
(g) 

Tin + Dry 
(g) 

wref 

1.0 24.0 9.9 157 % 13.7 26.5 19.3 129 % 
1.0 22.3 9.5 149 % 14.5 27.3 20.2 124 % 
1.0 26.2 11.0 153 % 12.7 22.8 17.5 110 % 
1.0 18.4 7.8 156 % 12.5 23.6 17.8 109 % 
1.0 18.1 7.6 160 % 

  

1.0 19.4 8.1 161 % 
1.0 15.6 6.7 153 % 
1.0 26.9 11.4 149 % 
1.0 20.3 8.3 165 % 
1.0 19.1 8.1 156 % 

AVERAGE   wref 156 % AVERAGE   wref 118 % 
Standard Deviation   5 % Standard Deviation   10 % 
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Table H-3 Experimental data for estimation of wref of GCL4 at 13 kPa (left) and 45 kPa 

(right) 

GCL4 @ 13 kPa GCL4 @ 45 kPa 

Tin (g) 
Tin + Wet 

(g) 
Tin + Dry 

(g) 
wref Tin (g) 

Tin + Wet 
(g) 

Tin + Dry 
(g) 

wref 

1.0 47.3 17.4 183 % 12.7 23.9 16.9 165 % 

1.0 40.0 15.2 175 % 14.4 25.6 18.7 162 % 

1.0 47.6 18.1 172 % 14.0 24.1 18.1 148 % 

1.0 44.2 16.9 172 % 11.4 23.0 16.0 154 % 

1.0 36.5 12.5 208 % 

  

1.0 43.7 16.3 178 % 

1.0 50.2 18.9 175 % 

1.0 34.0 12.5 187 % 

1.0 41.4 15.6 177 % 

1.0 33.9 11.8 205 % 

AVERAGE   wref 183 % AVERAGE   wref 158 % 
Standard Deviation   13 % Standard Deviation   8 % 

 

  



 

 

 

426

Table H-4 LAB1 raw hydration data for GCL5 in labor atory hydration cells at 13 kPa on 

11 % moisture content Ellis Soil 

LAB1 

Time Moisture Content w/wref 

(days) (%) (%) 

0 8.5 5.2  

3 42.4 25.9  

10 55.8 34.0  

17 63.8  38.9  

25 71.8  43.8  

36 77.8  47.4  

45 81.4  49.6  

53 84.1  51.3  

58 86.9  53.0  

71 89.7  54.7  

83 92.3  56.3  

90 93.6  57.1  

98 94.6  57.7  

104 96.1  58.6  

111 97.4  59.4  

118 98.6  60.1  

126 100.0 61.0  

134 99.3  60.5  

143 100.5  61.3  

150 101.0  61.6  

164 101.3  61.8  

178 105.5  64.3  

203 103.1  62.9  

231 101.3  61.7  

281 100.8  61.5  

358 100.5  61.3  

Testing terminated at 358 days  
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Table H-5 LAB2 raw hydration data for GCL6 in labor atory hydration cells at 13 kPa on 

11 % moisture content Ellis Soil 

LAB2 

Time Moisture Content w/wref 

(days) (%) (%) 

0 5.4 4.0 

3 30.1 22.2 

10 39.4 28.9 

17 45.1 33.1 

25 52.3 38.5 

36 59.4 43.6 

45 55.5* 40.8* 

53 71.4 52.5 

58 74.5 54.8 

71 81.0 59.5 

83 86.2 63.4 

90 92.0 67.7 

98 98.5 72.4 

104 99.8 73.4 

111 102.4 75.3 

118 106.6 78.4 

126 109.5 80.5 

134 110.8 81.5 

143 112.1 82.4 

150 114.4 84.1 

164 119.0 87.5 

178 120.2 88.4 

203 120.8 88.8 

231 121.2 89.1 

281 118.8 87.3 

358 121.6 89.4 
Testing terminated at 358 days 
*discontinuity removed when plotted 
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Table H-6 LAB3 raw hydration data for GCL5 in labor atory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB3 

Time Moisture Content w/wref 

(days) (%) (%) 

0 8.5 5.2 

7 69.3 42.2 

19 79.5 48.4 

26 87.0 53.0 

34 93.5 57.0 

40 93.9 57.3 

47 99.0 60.4 

54 100.3 61.1 

62 102.4 62.4 

70 105.6 64.4 

79 106.6 65.0 

86 106.7 65.0 

100 109.0 66.5 

114 107.6 65.6 

139 111.3 67.9 

167 109.3 66.6 

217 110.5 67.4 

Testing terminated at 217 days 
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Table H-7 LAB4 raw hydration data for GCL6 in labor atory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB4 

Time Moisture Content w/wref 

(days) (%) (%) 

0 5.4 4.0 

7 54.1 39.8 

19 68.0 50.0 

26 76.6 56.3 

34 83.3 61.3 

40 89.4 65.7 

47 91.0 66.9 

54 95.5 70.2 

62 98.3 72.3 

70 101.6 74.7 

79 103.9 76.4 

86 104.7 77.0 

100 107.3 78.9 

114 109.1 80.2 

139 114.2 84.0 

167 118.5 87.1 

217 119.5 87.9 

Testing terminated at 217 days 
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Table H-8 LAB5 raw hydration data for GCL4 in labor atory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB5 

Time Moisture Content w/wref 

(days) (%) (%) 

0 7.9 4.3 

7 64.0 35.0 

19 78.1 42.7 

26 88.2 48.2 

34 95.9 52.4 

40 101.5 55.5 

47 108.5 59.3 

54 112.5 61.5 

62 117.3 64.1 

70 122.7 67.1 

79 124.4 68.0 

86 127.9 69.9 

100 130.7 71.4 

114 134.6 73.6 

139 139.8 76.4 

167 141.7 77.4 

217 146.3 79.9 

294 143.4 78.4 

Testing terminated at 294 days 
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Table H-9 LAB6 raw hydration data for GCL2 in labor atory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB6 

Time Moisture Content w/wref 

(days) (%) (%) 

0 9.7 6.2 

7 79.4 50.9 

19 95.7 61.3 

26 102.9 66.0 

34 114.0 73.1 

40 113.8 73.0 

47 121.7 78.0 

54 126.7 81.2 

62 130.2 83.4 

70 132.8 85.1 

79 137.6 88.2 

86 137.1 87.9 

100 146.7 94.0 

114 143.9 92.2 

139 143.1 91.7 

167 140.2 89.8 

217 142.0 91.0 

294 119.0 76.3 

Testing terminated at 294 days 
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Table H-10 LAB7 raw hydration data for two layers of GCL4 in laboratory hydration cells 

at 13 kPa on 10 % moisture content Casey Soil. Top layer of GCL4 in left column, bottom 

layer of GCL4 in right column 

LAB7 

Top  GCL Layer Bottom GCL Layer 

Time Moisture Content w/wref Time Moisture Content w/wref 

(days) (%) (%) (days) (%) (%) 

0 7.9 4.3 0 7.9 4.3 

7 25.9 14.2 12 46.3 25.3 

12 28.5 15.6 19 52.4 28.6 

19 33.0 18.0 26 60.8 33.3 

26 37.1 20.3 34 68.9 37.7 

34 39.9 21.8 40 74.1 40.5 

40 41.8 22.8 47 79.4 43.4 

47 46.0 25.1 54 81.8 44.7 

54 48.8 26.7 62 89.7 49.0 

62 51.3 28.0 70 90.1 49.2 

70 51.6 28.2 79 94.2 51.5 

79 56.0 30.6 86 96.8 52.9 

86 58.6 32.0 100 99.8 54.6 

100 62.1 33.9 114 104.2 57.0 

114 65.8 35.9 139 109.3 59.7 

139 72.0 39.3 167 113.7 62.2 

167 78.1 42.7 217 114.0 62.3 

217 83.0 45.4 294 121.8 66.6 

294 84.9 46.4 445 124.6 68.1 

445 85.9 46.9 510 124.8 68.2 

510 90.0 49.2 Testing is ongoing  

Testing is ongoing     
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Table H-11 LAB8 raw hydration data for two layers of GCL2 in laboratory hydration cells 

at 13 kPa on 10 % moisture content Casey Soil. Top layer of GCL2 in left column, bottom 

layer of GCL2 in right column 

LAB8 

Top  GCL Layer Bottom GCL Layer 

Time Moisture Content w/wref Time Moisture Content w/wref 

(days) (%) (%) (days) (%) (%) 

0 9.7 6.2 0 9.7 6.2 

7 30.8 19.8 7 46.9 30.1 

13 34.7 22.3 13 57.8 37.0 

20 38.6 24.7 20 63.6 40.8 

27 41.3 26.5 27 69.0 44.2 

35 41.1 26.3 35 71.1 45.6 

43 41.3 26.4 43 73.5 47.1 

52 43.8 28.1 52 76.0 48.7 

59 44.6 28.6 59 78.0 50.0 

73 47.3 30.4 73 82.2 52.7 

87 51.3 32.9 87 83.9 53.8 

112 56.5 36.2 112 85.8 55.0 

140 62.0 39.8 140 88.0 56.4 

190 65.8 42.2 190 90.6 58.1 

267 67.2 43.1 267 94.6 60.7 

418 69.7 44.7 418 98.9 63.4 

483 71.1 45.6 483 98.1 62.9 

Testing is ongoing  Testing is ongoing  
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Table H-12 LAB9 raw hydration data for GCL2 in laboratory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB9 

Time Moisture Content w/wref 

(days) (%) (%) 

0 9.7 6.2 

7 58.8 37.7 

13 71.4 45.8 

20 81.2 52.0 

27 87.7 56.2 

35 90.7 58.2 

43 95.1 61.0 

52 99.8 64.0 

59 100.4 64.4 

73 107.2 68.7 

87 104.6 67.1 

112 106.3 68.1 

140 108.3 69.4 

190 112.5 72.1 

267 108.1 69.3 

Testing terminated at 267 days 
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Table H-13 LAB10 raw hydration data for GCL4 in laboratory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB10 

Time Moisture Content w/wref 

(days) (%) (%) 

0 7.9 4.3 

7 38.3 20.9 

13 44.7 24.4 

20 49.0 26.8 

27 52.9 28.9 

35 56.6 30.9 

43 59.9 32.7 

52 63.6 34.8 

59 65.5 35.8 

73 71.5 39.1 

87 72.9 39.9 

112 77.5 42.4 

140 79.0 43.1 

190 81.8 44.7 

267 80.5 44.0 

418 81.3 44.4 

483 82.9 45.3 

Testing is ongoing. GCL is at 
equilibrium, but is beings stored inside 

of the cell awaiting an available 
hydraulic conductivity testing apparatus 
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Table H-14 LAB11 raw hydration data for GCL2 in laboratory hydration cells at 13 kPa on 

4 % moisture content Casey Soil 

LAB11 

Time Moisture Content w/wref 

(days) (%) (%) 

0 9.7 6.2 

7 63.5 40.7 

13 76.4 49.0 

20 83.0 53.2 

27 86.3 55.3 

35 90.5 58.0 

43 91.5 58.6 

52 89.9 57.6 

59 91.3 58.5 

73 92.5 59.3 

87 92.7 59.5 

112 92.5 59.3 

140 90.9 58.3 

190 90.9 58.3 

267 85.3 54.7 

Testing terminated at 267 days 
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Table H-15 LAB12 raw hydration data for GCL4 in laboratory hydration cells at 13 kPa on 

4 % moisture content Casey Soil 

LAB12 

Time Moisture Content w/wref 

(days) (%) (%) 

0 7.9 4.3 

7 37.7 20.6 

13 43.3 23.7 

20 52.1 28.5 

27 56.2 30.7 

35 58.6 32.0 

43 61.1 33.4 

52 61.5 33.6 

59 63.3 34.6 

73 64.1 35.0 

87 65.2 35.6 

112 65.7 35.9 

140 65.4 35.7 

190 61.9 33.8 

267 51.9 28.4 

Testing terminated at 267 days 
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Table H-16 LAB13 raw hydration data for two layers of GCL4 in laboratory hydration cells 

at 13 kPa on 4 % moisture content Casey Soil. Top layer of GCL4 in left column, bottom 

layer of GCL4 in right column 

LAB 13 

Top Layer Bottom Layer 

Time Moisture Content w/wref Time Moisture Content w/wref 

(days) (%) (%) (days) (%) (%) 

0 7.9 4.3 0 7.9 4.3 

7 22.4 12.2 7 32.5 17.8 

13 26.1 14.3 13 38.4 21.0 

20 29.0 15.8 20 40.9 22.3 

27 30.5 16.7 27 44.4 24.2 

35 31.7 17.3 35 47.5 26.0 

43 32.0 17.5 43 48.4 26.4 

52 33.3 18.2 52 49.3 27.0 

59 33.7 18.4 59 50.3 27.5 

73 34.0 18.6 73 51.2 28.0 

87 35.1 19.2 87 53.3 29.1 

112 37.1 20.3 112 56.0 30.6 

140 38.3 20.9 140 56.8 31.0 

190 38.4 21.0 190 57.0 31.2 

267 34.5 18.9 267 53.9 29.5 

418 32.2 17.6 418 48.5 26.5 

483 31.7 17.3 483 45.6 24.9 

Testing is ongoing  Testing is ongoing  
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Table H-17 LAB14 raw hydration data for GCL2 in laboratory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB14 

Time Moisture Content w/wref 

(days) (%) (%) 

0 9.7 6.2 

267 92.6 59.3 

Test terminated at 267 days  
 

Table H-18 LAB15 raw hydration data for GCL4 in laboratory hydration cells at 13 kPa on 

10 % moisture content Casey Soil 

LAB15 

Time Moisture Content w/wref 

(days) (%) (%) 

0 7.9 4.3 

267 101.0 55.2 

Test terminated at 267 days  
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Table H-19 LAB19 raw hydration data for GCL2 in laboratory hydration cells at 45 kPa on 

10 % moisture content Casey Soil 

LAB19 

Time Moisture Content w/wref 

(days) (%) (%) 

0 9.7 8.2 

6 63.9 54.2 

13 76.4 64.8 

21 83.0 70.3 

29 87.8 74.4 

38 90.5 76.7 

45 98.3 83.3 

59 107.7 91.3 

73 107.2 90.8 

98 104.9 88.9 

126 102.8 87.1 

176 103.6 87.8 

253 105.2 89.1 

405 108.7 92.1 

470 101.4 85.9 

Testing is ongoing.  
 

  



 

 

 

441

Table H-20 LAB20 raw hydration data for GCL4 in laboratory hydration cells at 45 kPa on 

10 % moisture content Casey Soil 

LAB20 

Time Moisture Content w/wref 

(days) (%) (%) 

0 7.9 5.0 

6 74.7 47.3 

13 86.6 54.8 

21 96.8 61.2 

29 97.5 61.7 

38 98.7 62.5 

45 105.4 66.7 

59 105.4 66.7 

73 117.0 74.0 

98 119.2 75.5 

126 123.5 78.2 

176 123.7 78.3 

253 123.9 78.4 

405 126.2 79.9 

470 134.0 84.8 

Testing is ongoing  
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Table H-21 Raw field hydration data for Field1A, hydrating GCL4 at Casey Station on 8 % 

subsoil, at 13 kPa 

Field1A 

Time "Hydration Time" Moisture Content w/wref 
(days) (days) (%) (%) 

0 0 11 6 
1 1 6 3 
2 2 19 11 
5 5 23 12 
15 15 28 15 
35 35 82 45 
51 51 79 43 
60 60 78 43 
376 71 164 89 
397 92 155 85 
413 108 145 79 

 

Table H-22 Raw field hydration data for Field1B, hydrating GCL4 at Casey Station on 8 % 

subsoil, at 13 kPa 

Field1B 

Time "Hydration Time" Moisture Content w/wref 
(days) (days) (%) (%) 

0 0 11 6 
1 1 22 12 
2 2 36 19 
3 3 40 22 
4 4 41 23 
5 5 44 24 
8 8 48 26 
12 12 52 29 
15 15 55 30 
19 19 58 32 
23 23 60 33 
35 35 84 46 
43 43 85 47 
45 45 84 46 
51 51 88 48 
60 60 88 48 
376 71 139 76 
397 92 140 77 
413 108 137 75 
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Table H-23 Raw field hydration data for Field1C, hydrating two layers of GCL4 at Casey 

Station on 8% subsoil, at 13 kPa. Top layer of GCL4 in the left column, bottom layer in the 

right column 

Field1C 
Top Layer Bottom Layer 

Time 
"Hydration 

Time" 
Moisture 
Content 

w/wref Time 
"Hydration 

Time" 
Moisture 
Content 

w/wref 

(days) (days) (%) (%) (days) (days) (%) (%) 
0 0 11 6 0 0 11 6 
1 1 16 9 1 1 33 18 
2 2 27 15 2 2 49 27 
3 3 29 16 3 3 53 29 
4 4 29 16 4 4 53 29 
5 5 30 16 5 5 54 30 
8 8 32 18 8 8 58 32 
12 12 33 18 12 12 61 33 
15 15 32 18 15 15 63 35 
19 19 34 18 19 19 68 37 
23 23 34 19 23 23 70 38 
35 35 38 21 35 35 77 42 
43 43 37 20 43 43 80 44 
45 45 36 20 45 45 79 43 
51 51 39 21 51 51 80 44 
60 60 41 23 60 60 79 43 
376 71 38 21 376 71 116 63 
397 92 41 23 397 92 129 71 
413 108 52 29 413 108 133 72 

 

  



 

 

 

444

Table H-24 Raw field hydration data for Field1D, hydrating GCL2 at Casey Station on 8 % 

subsoil, at 13 kPa 

Field1D 

Time "Hydration Time" Moisture Content w/wref 
(days) (days) (%) (%) 

0 0 12 8 
1 1 21 14 
2 2 35 22 
3 3 39 25 
4 4 42 27 
5 5 46 29 
8 8 52 33 
12 12 54 35 
15 15 58 37 
19 19 62 40 
23 23 62 40 
35 35 69 44 
43 43 68 44 
45 45 66 43 
51 51 68 44 
60 60 68 43 
376 71 86 55 
397 92 92 59 
413 108 94 60 
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Table H-25 Raw field hydration data for Field1E, hydrating GCL4 at Casey Station on 8 % 

subsoil, at 13 kPa. Samples were installed at the very end of a field season 

Field1E 

Time "Hydration Time" Moisture Content w/wref 
(days) (days) (%) (%) 

0 0 11 6 
316 41 106 58 
337 62 100 55 
353 78 112 61 

 

 

Table H-26 Raw field hydration data for Field1F, hydrating GCL4 at Casey Station on 8 % 

subsoil, at 13 kPa. Samples were installed at the very end of a field season 

Field1F 

Time "Hydration Time" Moisture Content w/wref 
(days) (days) (%) (%) 

0 0 11 6 
316 41 83 45 
337 62 87 48 
353 78 93 51 
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Table H-27 Raw field hydration data for Field2A, hydrating GCL4 at Casey Station on 4 % 

subsoil, at 13 kPa 

Field2A 

Time "Hydration Time" Moisture Content w/wref 
(days) (days) (%) (%) 

0 0 11 6 
1 1 22 12 
2 2 34 18 
3 3 34 18 
4 4 36 20 
5 5 36 20 
8 8 34 18 
12 12 34 18 
15 15 35 19 
19 19 36 20 
23 23 37 20 
35 35 41 22 
43 43 40 22 
45 45 37 20 
51 51 39 22 
60 60 42 23 
376 71 32 17 
397 92 34 19 
413 108 42 23 
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Figure H-1 X-ray scans of Lab1 top left Dec 15 2014, top right Feb 5 2015, bottom left April 

22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be directly compared but 

are presented for completeness 
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Figure H-2 X-ray scans of Lab2 top left Dec 15 2014, top right Feb 5 2015, bottom left April 

22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be directly compared but 

are presented for completeness 
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Figure H-3 X-ray scans of Lab3 left Dec 15 2014, right Feb 5 2015. Due to technician error 

(incorrect photostimulable phosphor (PSP) plate positioning) on Feb 5 2015, the data sets 

cannot be directly compared but are presented for completeness 
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Figure H-4 X-ray scans of Lab4 left Dec 15 2014, right Feb 5 2015. Due to technician error 

(incorrect photostimulable phosphor (PSP) plate positioning) on Feb 5 2015, the data sets 

cannot be directly compared but are presented for completeness 
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Figure H-5 X-ray scans of Lab5 top left Dec 15 2014, top right Feb 5 2015, bottom left April 

22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be directly compared but 

are presented for completeness 
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Figure H-6 X-ray scans of Lab6 top left Dec 15 2014, top right Feb 5 2015, bottom left April 

22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be directly compared but 

are presented for completeness 
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Figure H-7 X-ray scans of Lab7-top top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015, bottom right September 21 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on Feb 5 2015 and April 22 2015, the 

data sets cannot be directly compared but are presented for completeness 
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Figure H-8 X-ray scans of Lab7-bottom top left Dec 15 2014, top right Feb 5 2015, bottom 

left April 22 2015, September 21 2015. Due to technician error (incorrect photostimulable 

phosphor (PSP) plate positioning) on April 22 2015, the data set cannot be directly 

compared but is presented for completeness 
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Figure H-9 X-ray scans of Lab8-top top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015, bottom right Sept 21 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on April 22 2015, the data sets cannot be 

directly compared but are presented for completeness 
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Figure H-10 X-ray scans of Lab8-bottom top left Dec 15 2014, top right Feb 5 2015, bottom 

left April 22 2015, bottom right Sept 21 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on April 22 2015, the data sets cannot be 

directly compared but are presented for completeness 
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Figure H-11 X-ray scans of Lab9 top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be directly compared but 

are presented for completeness 
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Figure H-12 X-ray scans of Lab10 top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015, bottom right Sept 21 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on Feb 5 2015 and April 22 2015, the 

data sets cannot be directly compared but are presented for completeness 
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Figure H-13 X-ray scans of Lab11 top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be directly compared 

directly but are presented for completeness 
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Figure H.14 X-ray scans of Lab12 top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015. Due to technician error (incorrect photostimulable phosphor (PSP) plate 

positioning) on April 22 2015, the data sets cannot be directly compared but are presented 

for completeness 

  

Desiccation cracking 
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Figure H-15 X-ray scans of Lab13-top top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015 (note image is cutoff). Due to technician error (incorrect photostimulable 

phosphor (PSP) plate positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be 

directly compared but are presented for completeness 
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Figure H-16 X-ray scans of Lab13-bottom top right Feb 5 2015, bottom left April 22 2015, 

bottom right September 21 2014. Due to technician error (incorrect photostimulable 

phosphor (PSP) plate positioning) on Feb 5 2015 and April 22 2015, the data sets cannot be 

directly compared but are presented for completeness 

  

Desiccation cracking 
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Figure H-17 X-ray scan of Lab14 on April 22 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on April 22 2015, the data set cannot be 

directly compared with other figures, but is presented for completeness 
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Figure H-18 X-ray scan of Lab15 on April 22 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on April 22 2015, the data set cannot be 

directly compared with other figures, but is presented for completeness 
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Figure H-19 X-ray scans of Lab19 top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015, bottom right September 21 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on April 22 2015, the data sets cannot be 

directly compared but are presented for completeness. It appears that thinning and 

weaknesses developed in the GCL over time may be sampling induced, particularly as the 

thinning around the edges progressively worsens with time. 
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Figure H-20 X-ray scans of Lab20 top left Dec 15 2014, top right Feb 5 2015, bottom left 

April 22 2015, bottom right September 21 2015. Due to technician error (incorrect 

photostimulable phosphor (PSP) plate positioning) on Feb 5 2015 and April 22 2015, the 

data sets cannot be directly compared but are presented for completeness. Comparing Dec 

15 2014 and September 21 2015 shows deterioration of the sample quality (likely sampling 

induced) 
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 Migration of SAB diesel and BTEX hydrocarbons through 

composite barriers in Antarctica and laboratory cells 

I.1 Introduction 

Two major Special Antarctic Blend (SAB) diesel spills occurred at Casey Station, 

Antarctica (66o17’ S 110o31’ E), one in 1999 and a second in 2011 (Jones et al. 2013, 2015; 

McWatters et al. 2014a,b, 2016; Chapter 6). A remediation approach was adopted to treat 

the diesel-contaminated soil on-site using biopiles, whereby excavated soil was placed in 

piles and native bacteria was utilized to degrade the fuel. In 2011, the first of seven 

engineered biopiles were built onsite. The seventh biopile was completed in 2013. To 

prevent further contamination of the surrounding sensitive Antarctic environment, the 

biopile barrier systems were designed using a composite liner system typically used in solid 

waste landfills and mining applications. This included a geotextile protection layer, 

geomembrane and geosynthetic clay liners (GCLs). The barrier system is required to 

minimize the risk of off-site contaminant migration for the duration of the biopile treatment 

(currently expected to be at least 5 years). Soil is a scarce resource in Antarctica and on-

site remediation enables the remediated soil to be available for potential reuse in the future 

for building foundations and roadways. 

The two geomembrane types considered in this appendix are i) high density 

polyethylene (HDPE) used in Biopile 3, and  ii) a co-extruded HDPE geomembrane with 

ethylene vinyl alcohol (EVOH) centre used in Biopile 7. The GCLs considered in this 

appendix are GCL2 used in Biopile 3, and GCL4 used in Biopile 7.  

Diffusion of hydrocarbons through HDPE geomembranes has been extensively studied 

(Aminbdavi and Naik 1998, Sangam and Rowe 2001; Joo et al. 2004, 2005; Touze-Foltz 
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2013; McWatters 2010; Chapter 2). Data also exist on thin-film EVOH (ethylene vinyl 

alcohol; McWatters and Rowe 2014) as well as EVOH co-extruded with liner low density 

polyethylene (LLDPE) to form an LLDPE/EVOH/LLDPE geomembrane (McWatters and 

Rowe 2010, 2014; McWatters et al. 2015). Little, however, has been published on the 

migration of hydrocarbons through co-extruded HDPE/EVOH/HDPE geomembranes (Eun 

et al. 2014). 

Diffusion of hydrocarbons through GCLs has been studied before (Lake and Rowe 

2005; Rowe et al. 2005) where they have shown to be effective barriers. The presence of 

Jet-A1 (a fuel commonly used in Canada’s Arctic) has been shown to increase permeation 

though GCLs (Rowe et al. 2006).  

This appendix provides preliminary data regarding BTEX diffusion through a co-

extruded HDPE/EVOH/HDPE barrier, diffusion cells containing SAB and contaminated 

soil retained by a composite geomembrane and GCL barrier, and presents early findings of 

observed SAB migration in the field.  

I.2 Background 

I.2.1 Materials 

I.2.1.1 Geomembranes 

Three different geomembrane products are evaluated and their initial values are presented 

in Table I-1). GMB1 (1.5 mm-thick HDPE) is used in the barrier system of Biopile 3. 

GMB4 (1.5 mm-thick HDPE) is nominally the same as GMB1, except that it is from a 

different manufacturer, and is used as a substitute in laboratory tests requiring a virgin 

material. GMB4 is the same product studied by Ewais and Rowe (2014) and Chapters 3 

and 4. 
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GMB3 (1.5 mm-thick, co-extruded HDPE/EVOH/HDPE) is a newer type of 

geomembrane with a thin-film of EVOH between two layers of HDPE and it is used in the 

barrier system of Biopile 7.  

GMB3 is a five layer structure: the top 0.63 mm layer is a mixture of HDPE with 3.5 % 

CaCO3 (as an inert fill material), the second 0.09 mm layer is tie resin (maleic anhydride), 

the third 0.06 mm layer is 38 mol% EVOH, and then 0.09 mm tie resin and 0.63 mm 

HDPE-CaCO3 mixture again. The advantages of using co-extruded PE/EVOH/PE 

geomembranes has been demonstrated by Eun et al. (2014) and McWatters and Rowe’s 

(2014) findings that diffusion coefficients through the EVOH layer can be two orders of 

magnitude lower than the HDPE layer. An HDPE geomembrane can be an effective 

diffusive barrier compared to other geomembrane products (Chapter 2).   

I.2.1.2 Geosynthetic Clay Liners 

Two different GCL products are examined in this study (Table I-2). GCL2 has been used 

onsite inside of Biopile 3, and is composed of a powdered Ebenezer bentonite between a 

woven carrier geotextile and a non-woven cover geotextile. GCL4 is used onsite inside of 

Biopile 7 and is composed of a powdered TruGel bentonite, between a scrim reinforced 

non-woven carrier geotextile and a non-woven cover geotextile (McWatters et al. 2016). 

Hydration characteristics of both of these products are discussed in Chapter 6. It is 

suspected that any differences in performance between the two will arise from the mass of 

bentonite present, or the type of bentonite used (Ebenezer or TruGel).  
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I.2.3 Molecular Diffusion 

I.2.3.1 Diffusive Parameters 

Diffusion or permeation through a geomembrane occurs in three steps: adsorption, 

diffusion and desorption (Park and Nibras 1993; Sangam and Rowe 2001), where 

contaminants partition between the source (contaminated water) and the surface of the 

geomembrane, then move through the geomembrane and finally, partition out of the 

geomembrane to the receptor (e.g., clean water). The diffusion coefficient, Dg (m2/s) is 

obtained from the relationship between the diffusive mass flux, f (g/m2/s) through the 

geomembrane, the cg, the concentration of contaminant in the geomembrane and the 

distance parallel to the direction of transport, z, as analogous to Fick’s first law: 

f =-Dg · dcg/dz=- Sgf ·Dg dcf/dz =-Pg ·dcf/dz                [1] 

The final stage of desorption is the reverse of the first stage and is also related to the Sgf 

value if the receiving medium is the same as the source medium (Sangam and Rowe 2001). 

The partitioning and diffusion coefficients are used to calculate the overall permeation 

coefficient, Pg (m2/s), for the geomembrane:  

Pg = Sgf · Dg                [2] 

I.3 Methods 

I.3.1 Field Experiments 

I.3.1.1 Biopile Monitoring Tubes 

Long-term performance monitoring of geosynthetic materials used in the barrier systems 

for both biopiles has been installed. A piped monitoring system was designed to monitor 

contaminant migration through the barrier liners. The systems included rigid PVC pipes 

(installed below the GCL layer) and flexible pipes (installed above the geomembrane liner). 
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Biopiles had three monitoring tubes located below the GCL layer and three flexible tubes 

above the geomembrane. Pipes were installed from the centre of the biopile, and extended 

outside to an access area outside of the berm. Both rigid and flexible monitoring tube 

systems had a 0.5 m long section of screened rigid PVC pipe to permit gaseous and aqueous 

transport into the pipe. Inside the screened section of pipe, perforated brass cartridges 

containing granulated activated carbon (GAC) (~10 g) were installed in the monitoring 

tubes to act as a sorbent trap. Cartridges are removed and the GAC is sampled and replaced 

each year. Biopile 3 had one GAC cartridge per tube, whereas Biopile 7 has two cartridges 

per tube, to allow for duplicate sampling. 

GAC cartridges were used in the monitoring design to capture total petroleum 

hydrocarbons (TPH) and lighter volatile contaminants migrating through the composite 

geosynthetic liners. A brass tube cartridge was designed with metal cables attached for 

removal.  

I.3.1.2 Sacrificial Geomembrane Coupons 

In order to monitor the performance of GCL and GMB liners used in Antarctica without 

compromising the intact barrier containing hydrocarbon contaminated soil and leachate, an 

interim monitoring method was designed. This approach used sacrificial coupons (500 × 

500 mm of GCL and geomembrane installed above the intact GCL and geomembrane 

liners, respectively, of the biopile) (Figure I-1). This has been previously described by 

Jones et al. (2013) and McWatters et al. (2014a,b, 2015, 2016). Coupons are removed each 

field season and are analyzed for index testing. Coupons of GMB1 exhumed from Biopile 3 

after three years in service are examined for BTEX diffusive properties (described in next 
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section) and these properties are inferred to the underlying intact geomembrane, which is 

providing hydraulic containment. 

I.3.2 Laboratory Studies 

I.3.2.1 Geomembrane Diffusion Tests 

To evaluate migration through a composite system, it is important to have a thorough 

understanding of the diffusive properties of the barrier materials being used which is 

specific to the barrier polymer type, contaminant type and temperature. To establish these 

diffusive parameters for a geomembrane, laboratory diffusion tests were conducted where 

the partitioning coefficient, Sgf (-) is analogous to the partitioning that occurs between air 

and water as described by Henry’s law.  

Most diffusion tests reported in the literature are performed at room temperature 

(Schiers 2009). In a few cases, consideration has been given to the effect of temperature 

on the diffusion of these volatile organic hydrocarbons through geomembrane (McWatters 

2010; Chapter 2).  

Of particular relevance to this study is the diffusion of benzene, toluene, ethylbenzene 

and xylenes (BTEX) through GMB3 at room temperature and colder temperatures. BTEX 

is a constituent of hydrocarbon fuels, existing as the major component of petroleum, and 

to a lesser degree in SAB diesel (upwards of 1 % xylenes in some diesel products; Dunlap 

and Beckmann. 1988). It has a comparatively high diffusive rate among organics, and is 

therefore used as a reference contaminant for comparing diffusive properties of multiple 

geomembranes.  
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To compare the performance of the geomembranes in uses in the biopiles at Casey 

Station, diffusion testing was conducted on virgin samples of GMB1 and GMB4 at room 

temperature using stainless steel diffusion cells described by McWatters and Rowe (2007).  

GMB3 was also studied based on virgin specimens and at a range of elevated 

temperatures (22oC, 40oC and 50oC) to speed up the experiments. For GMB3, six diffusion 

cells were set up (for duplicates at each temperature). One cell at each temperature was 

sampled frequently, and the second cell was sampled at approximately a one third sampling 

rate to confirm that sampling did not induce losses in the system. Diffusion parameters at 

cold temperature are then intended to be inferred upon completion of the experimentation.  

BTEX diffusion testing has been conducted on GMB1 (both virgin material, and a three 

year exposed coupon from Biopile 3), GMB3 and compared to GMB4 (from McWatters 

2010). Traditional study of aging of geomembrane (Sangam and Rowe 2001) suggests that 

with time, the crystallinity of a PE resin will increase resulting in a decrease in the diffusion 

coefficient. It is important to be able to predict how much variation can be expected given 

the unique aging environment. 

BTEX samples were quantified using Purge & Trap Gas Chromatography/Mass 

Spectrometry (P&T)-GC/MS using selective ion monitoring (SIM) on a Hewlett Packard 

5890 GC with a P&T unit and 5972 mass selective detector based on Method 8260 (USEPA 

1996). Blank and control samples were run on the apparatus once for every ten samples, 

with acceptable control samples within 80 % – 120 % of the target and blank samples below 

the detection limit. 
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I.3.2.2 Simulated biopile diffusion tests 

The hydrocarbon-contaminated biopiles located at Casey Station were simulated in the 

laboratory using stainless steel diffusion cells designed to hold both a geomembrane and a 

GCL as a composite, similar to beneath one of the biopiles (Figure I-2). Cells were 150 mm 

in diameter, with a 150 mm source and receptor on either side of the liner system. Of this 

150 mm source or receptor, the 100 mm closest to the liner was soil (contaminated on at 

the source side, clean Casey soil (Chapter 6) with particle sizes greater than 9.5 mm 

removed on the receptor), and the outer 50 mm water. Separating the soil and water on 

both sides was a flexible steel mesh held in place by a rigid stainless steel grate, and 

confined to 13 kPa of pressure (mimicking 1 to 1.5 m of soil in the biopiles) by a stainless 

steel spring.  

Four test cells had different parameters or material for comparison (Table I-3): Test1 

and Test2 simulate the barrier materials of Biopile 3, while Test3 and Test4 simulate the 

barrier materials of Biopile 7 with the exception of using GMB4, not the co-extruded 

GMB3. Early time geomembrane diffusion tests using GMB3 indicate that BTEX 

movement through the geomembrane would not provide useful data within a practical 

amount of time. Tests carried out at 5oC are representative of the highest temperatures the 

biopile liners experience in the field, and tests carried out at 22oC are run at the index 

standard temperature, yielding information more quickly than tests run at field 

temperatures.  

Consideration of BTEX evaluates the most volatile and fastest moving constituents of 

SAB diesel and involves analysis for BTEX as well as Canadian Council of Ministers of 

the Environment (CCME) F1 – F2 samples. Evaluating the diffusion from a soil source 
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into a soil receptor would be challenging if conducted using variably (partially) saturated 

soils, therefore only samples using saturated soil, and soil at a very low water content (such 

that only diesel vapour is migrating) are evaluated. 

The majority of diesel is comprised primarily of F2 compounds (C10 - C16), which are 

not expected to diffuse quickly. The diffusion cell source and receptors are analyzed for 

F1 fractions in water at approximately a ¼ sampling rate compared to BTEX. Data which 

can relate the diffusion of BTEX to a rate which actually applies to soil quality standards 

can be used to help predict environmental impacts with respect to Canadian soil quality 

standards.  

CCME F1 (C6 – C9) fractions in soil and water were evaluated in accordance with 

CCME TPH guidelines, using a solid phase micro extraction (SPME) connected to a GC 

with flame ionization detection (FID). CCME F2 fraction in soil and water were quantified 

in accordance with CCME TPH guidelines, using GC with electron capture detection 

(ECD). As less is known about the diffusive properties of all SAB constituents through 

geomembrane and GCL, it is not expected to be able to accurately model or evaluate 

diffusion of CCME F1 or F2, and results are evaluated qualitatively rather than calculating 

specific diffusive properties.  

One advantage of the simulated biopile diffusion cells is that, while they may appear to 

take a long period of time to yield useful results, they are approximately four times faster 

than waiting on data from the GAC monitoring tubes. This is because the temperatures 

inside of the biopiles are below freezing for nine months of the year (Chapter 6), which 

corresponds to very low diffusion rates, such that their effect is assumed to be negligible. 

This means that the simulated biopiles, even at 5oC for one year, are expected to mimic 
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results experienced in the biopiles after four years. Simulated biopile cells at 22oC can be 

expected to predict behaviour even faster (by a yet-unquantified amount).  

I.4 Results and Discussion 

I.4.1 Monitoring Tubes 

No detectable levels of hydrocarbons have been found underneath Biopile 3 or Biopile at 

the time of writing (four years in Biopile 3, two years in Biopile 7). Monitoring is ongoing.  

I.4.2 BTEX Diffusion Tests 

I.4.2.1 GMB1 and GMB4, including sacrificial coupons  

Single diffusion tests with BTEX were conducted on aged GMB1 specimen from Biopile 3 

as well as on virgin GMB1. The exhumed sample of GMB1 from Biopile 3 had a large 

scratch which is likely a result of abrasion from a large pebble or cobble (large grain sized 

soil exists in the biopiles), and due to a lack of a sand protection layer. When run to 

equilibrium, diffusion tests show that the diffusive properties of the aged sample are 

slightly higher than that of the virgin sample (Table I-4). This increase in diffusive 

properties is likely the result of an increased surface area and/or an area of decreased 

thickness from the scratch. The results from the aged test are likely a better representation 

of the actual performance of the barrier system in the field, assuming that many scratches 

exist given the rocky soil cover used.  

I.4.2.2 GMB3 

BTEX diffusion testing through GMB3 has been ongoing for 600 days (as of November 

2015). Samples at 50oC have achieved equilibrium and were terminated after 240 days, 

however samples at 22 and 40oC have not yet reached equilibrium (reflective of the very 
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low diffusion coefficient). These tests continue to be evaluated, however there appear to 

be issues regarding the integrity of the testing apparatus and the modelling approach.  

The pattern of source concentrations is not typical. This is highlighted in Figure I-3, 

where three separate stages (Stage 1, Stage 2, and Stage 3) of source depletion are observed. 

Stage 1 shows a rapid (less than 50 days) drop in source concentration (sorption to the 

HDPE, which is typical). Stage 2 shows a slow drop in source concentration for a period 

of approximately 250 days before reaching an approximate equilibrium in Stage 3. Using 

a single layer with Sgf and Dg, it would not be possible to match the experimental data 

observed in Figure I-3. This is surprising because when a decrease is observed in the source 

(after initial sorption), it is usually coincident with an increase in the receptor. This pattern, 

however is not mimicked in the receptor, where concentrations appear to rapidly (<50 days) 

increase and reach an equilibrium. Neither the source nor the receptor patterns match a 

typical diffusion profile.  

It is suspected that this small source observed in the receptor, and this odd Stage 2 

decrease in the source is due to a change in the style for the diffusion cells, made in 2010. 

Pre-2010, diffusion cells used a very thin (approximately 1 to 2 mm thick) ring of viton to 

seal against leakage (Figure I-4a). These were very difficult to seal, and experiments 

frequently needed to be repeated due to fluid loss. These were redesigned (Figure I-4b) and 

were much easier to seal, with fluid loss ceasing to be an issue for experimenters. The 

post-2010 cells had a viton ring on each side (source and receptor) of the geomembrane 

specimen.  

These new cell designs were not observed to have any systematic losses (as found in 

Chapter 2) that were detectable. It is hypothesized, however, that sorption may have in fact 
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been occurring to these new rings, and slowly diffusing into them. This would not have 

been observed since the other geomembranes and vapour barriers tested in Chapter 2 

achieved equilibrium so rapidly (typically less than 60 days, with breakthrough of the 

receptor in less than 20 days) that this would not be observed. It is hypothesized that these 

issues are only being seen in experiments involving GMB3 because migration through 

GMB3 is minimal (compared to any other geomembrane evaluated) that these effects are 

normally masked by high rates of diffusion.  

The source decreases can be explained by this assumption, as these new viton rings have 

a thickness (parallel to the direction of diffusion) of approximately 2 mm, and a width 

(parallel to direction of diffusion) of approximately 10 mm. This decrease observed in the 

source could be diffusion from the high concentration source, out across the 10 mm to the 

outside air. This could easily be explained by a moderate Sgf, and a somewhat low Dg of 

the viton. The source would then continue to slowly decrease are more of it was sorbed by 

the viton ring.  

Consequently, these same viton rings are also installed on the receptor side. Despite best 

efforts in cleaning (rinsing with methanol, and cleaning three times with soap and water) 

it is suspected that low concentrations of BTEX remained in the viton rings, and the 

observed increases in receptor concentrations is back diffusion into the receptor fluid.  

Support for this hypothesis can be found in comparison of duplicate cells source and 

receptor concentrations at 22oC (benzene, Figures I-5 to I-7; toluene, Figures I-8 to I-10; 

ethylbenzene, Figures I-11 to I-13; m&p-xylenes, Figures I-14 to I-16; and o-xylene 

Figures I-17 to I-19). For example, the benzene receptor increases in Cell 1 and Cell 2 at 

22oC cells are not exact (Figure I-7), despite the source decreases of Cells 1 and 2 appearing 
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to be very close (Figure I-5, and repeated at closer scale in Figure I-6). The explanation for 

the systematic difference would be different concentrations of BTEX in each of the viton 

rings. Similar trends are also observed in data at 40oC (benzene, Figures I-20 to I-22; 

toluene, Figures I-23 to I-25; ethylbenzene, Figures I-26 to I-28; m&p-xylenes, Figures 

I-29 to I-31; and o-xylene Figures I-32 to I-34) and 50oC (benzene, Figures I-35 to I-37; 

toluene, Figures I-38 to I-40; ethylbenzene, Figures I-41 to I-43; m&p-xylenes, Figures 

I-44 to I-46; and o-xylene Figures I-47 to I-49). 

Further support for this hypothesis can be found in closer review of the 50oC data. When 

evaluating both the source and receptor on the same plot (benzene Figures I-50 and I-51; 

toluene Figures I-52 and I-53; ethylbenzene Figures I-54 and I-55; m&p-xylenes Figures 

I-56 and I-57; and o-xylene Figures I-58 and I-59), it becomes clear that there is overlap in 

the data, when the source should always be greater than the receptor (if it is the only true 

source, and both are water).  

As the true source of the BTEX migration cannot be determined, no diffusion modelling 

is performed. Future works will be repeated with new viton rings confirm or disprove this 

hypothesis. Diffusion tests on viton sheet are also recommended, such that the diffusive 

properties of the viton can be considered in modelling.  

I.4.3 Simulated Biopile Diffusion Tests 

I.4.3.1 Water Concentration Monitoring 

Diffusion testing on Test1 and Test 2 occurred for 301 days, and Test3 and Test4 are 

ongoing for over 400 days. Results for m&p-xylenes (Test1, Figure I-60; Test2, Figure 

I-61; Test3, Figure I-62; and, Test4, Figure I-63) are presented separately from other 

constituents (Test1, Figure I-64; Test2, Figure I-65; Test3, Figure I-66; and, Test4, Figure 



 

 

 

480

I-67), as they were present in the highest concentrations of the BTEX group, and offer the 

best opportunity for comparative modelling. Benzene was not found to be a very large 

component of the contamination and is not considered in this Appendix.  

There was a large amount of analytical noise evident in the samples, as shown by the 

inconsistent concentration in the source sections of BTEX, and CCME F1 and F2 (Test1, 

Figure I-68; Test2, Figure I-69; Test3, Figure I-70; and, Test4, Figure I-71). The analytical 

noise is a result of the very low concentrations in water. Regardless of this variability, all 

source samples remain at significantly higher concentrations than the receptors, which have 

shown no increasing trend. Results indicated that there was no conclusive evidence of any 

contaminants moving into the receptor. In addition, there was no consistent decrease in the 

source concentration either at 22oC or 5oC. This largely agrees with the data observed from 

the biopiles in the field where no detectable levels of TPH have been detected using GAC 

cartridges after four years of service. A similar observation is made for CCME F1 (such as 

in Test3; Figure I-70), where it is assumed that anything detectable in the receptor is not 

movement from the source, as it is clear that it is not increasing over 400 days. 

Contaminants (SAB and BTEX) must first diffuse out of the soil, and some of this must 

migrate backwards in the water (where it can be sampled by the source sampling port) and 

some towards the receptor, passing first through the geomembrane, the GCL, and 100 mm 

of subsoil before it can be sampled by the receptor sampling port. It is likely that any 

increases in contaminant concentrations observed in the source are more closely related to 

the back diffusion of the SAB with time as the SAB on the soil reaches equilibrium with 

the rest of the water in the source compartment.  
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I.4.3.2 Destructive Analysis 

After 301 days of testing, Test1 and Test2 (using GCL2 and GMB4) were terminated. 

Samples of water were analyzed for CCME F1 and F2 fractions in 25 mm depth intervals. 

Soil samples in 50 mm in both the source and receptor were also analyzed for CCME F1 

and F2 concentrations.  

Both tests yielded similar results. No detectable hydrocarbons were found in the 

receptor soils of either test. Both had significant masses of F2 hydrocarbons remaining in 

the source soil (Test1; average of 524 µg/g from 0 – 50 mm away from the liner, and 

910 µg/g from 50 - 100 mm away; while Test2 average of 1610 µg/g from 0 – 50 mm away 

from the liner, and 370 µg/g from 50 - 100 mm away). Likely, any differences in the two 

are localized variability due to heterogeneous soils (despite best intent in mixing). 

However, the total mass of F2 hydrocarbons is similar in both sources.  

Water analysis was less conclusive, in the Test1 (5oC) at termination, the receptor water 

F1 concentrations of 13 µg/mL were detected (higher than the source waters). While F1 

concentrations of pore water directly next to the GCL were 0.4 µg/mL, 33 mm away from 

the GCL were 1.4 µg/mL, 66 mm away were 15 µg/mL, and 100 mm away (at the edge of 

the soil section at the steel grate) were 22 µg/mL. All receptor F2 water samples (regardless 

of depth) were below 1.3 µg/mL. This is in contrast to the source soils, where F1 pore 

waters in the water voids were measured at 0.1 µg/mL but F2 concentrations were between 

310 – 1270 µg/mL (with no depth pattern – eight samples), and all depths in the pore space 

of the soil were recorded at <0.3 µg/mL. The concentrations observed in the receptor 

cannot be explained by diffusion from the source (as the concentrations are higher). It is 

suspected that the F1 concentrations in the receptor were in fact a byproduct of bacteria 
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found inside of the receptor of the cell upon termination (Figure I-72), which was most 

prevalent on the stainless steel grate. While this bacteria may not actually be producing F1 

hydrocarbons, it is possible that this could create analytical noise which would interfere 

with data interpretation. This would explain why F1 concentrations were higher near the 

stainless steel grate, and lower (near zero) beside the GCL, where it would have to be 

highest if it was diffusion from the source.  

Test2 (22oC) yielded very similar results to Test1. Receptor concentrations in the pore 

water were 0.2 µg/mL (F1) and 1.3 µg/mL (F2). Receptor pore water concentrations, away 

from the GCL were all between 0.1 to 0.3 µg/mL (F1) and 0.1 to 2.3 µg/mL (F2) with no 

apparent pattern with respect to depth (eight samples). That there was less of a bacterial 

film visible in Test2 (22oC) than Test1 (5oC) suggests that temperature is likely not a 

variable. All receptor soils were sterilized before entering the laboratory, as per Canadian 

Food Inspection Agency (CFIA) guidelines. The source, similar to Test1, showed F1 

concentrations in pore water and the water void between 0.1 to 0.2 µg/mL, and F2 

concentrations of 60 µg/mL in the water void, with 850 to 3300 µg/mL in the pore water 

of the soil (with no apparent pattern).  

From the termination of Test1 and Test2, it becomes clear that F1 concentrations in the 

source are not consistent enough to be useful in modelling (as they are only slightly 

detectable), and cannot be distinguished from the receptor (especially the increased F1 

receptor concentrations in Test1 and Test2 due to bacterial growth). It is evident by the 

lack of diffusion of F2 (the larger component of diesel) that the barrier is performing its 

function keeping out the contaminants of concern.  
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I.5 Preliminary Conclusions 

The preliminary conclusions of this appendix are: 

1. The monitoring tubes located below the barrier system show no SAB in 

GAC with yearly samplings. This indicates that the barrier systems in 

Biopile 3 and Biopile 7 are likely containing the hydrocarbons within the 

biopile. 

2. BTEX diffusive properties through GMB1 and GMB4 were found to be 

very similar, suggesting that in lieu of having GMB1 available for testing, 

GMB4 can be used in biopile diffusion cells with minimal error 

introduction. 

3. After three years of exposure, GMB1 (from Biopile 3) was shown to have 

minimal difference in diffusive properties from virgin material, confirming 

that the diffusive characteristics remain relatively constant over time.  

4. GMB3 appears to be demonstrating a high resistance to BTEX, however it 

is unquantifiable given the suspected losses in the source, and suspected 

sources in the receptors of diffusion cells. It is suspected that this is due to 

a redesign of the diffusion cells, using a much more massive viton ring.  

5. Simulated biopile diffusion cells demonstrated that both GCL2 and GCL4 

worked well as part of a composite barrier system with GMB4 at containing 

SAB diesel (and low concentrations of BTEX).  

6. Diffusive properties of the composite barrier systems to contain SAB diesel 

were unable to be evaluated, as the thick layer of soil appeared to govern 

diffusion in the system. 
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Table I-1 Geomembrane products considered in laboratory and field experiments. 

 Manufacturer Used Composition 
Thickness  

(mm) 

GMB1 
Global 

Synthetics, 
Australia 

Biopile 3 HDPE 1.5 

GMB3 
Raven 

Industries, USA 
Biopile 7 and 

laboratory tests 

HDPE 0.63 

Tie resin 0.09 

EVOH 0.06 

Tie resin 0.09 

HDPE 0.63 

GMB4 
Solmax, 
Canada 

Laboratory 
tests only 

HDPE 1.5 

 

Table I-2 GCL products considered in laboratory and field experiments. 

 Manufacturer Geotextile Bentonite Used 

GCL2 
GeoFabrics,  

Australia 
NW+W Powdered Ebenezer In Biopile 3 

GCL4 
GeoFabrics,  

Australia 
NW+SRNW Powdered TruGel In Biopile 7 
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Table I-3 Simulated biopile diffusion cells geosynthetics configuration. 

 Source  Receptor Geomembrane GCL Temperate 

Test1 
5000 µg/g SAB 
contaminated  

Ellis soil 

Clean Casey 
Soil 

GMB4 GCL2 5oC 

Test2 
5000 µg/g SAB 
contaminated  

Ellis soil 

Clean Casey 
Soil GMB4 GCL2 22oC 

Test3 
5000 µg/g SAB 
contaminated  

Ellis soil 

Clean Casey 
Soil GMB4 GCL4 5oC 

Test4 
5000 µg/g SAB 
contaminated  

Ellis soil 

Clean Casey 
Soil GMB4 GCL4 22oC 
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Table I-4 BTEX Diffusive properties of virgin GMB1, three years exposed GMB1 inside of 

Biopile 3, and virgin GMB4 at 22oC. 

    GMB1 GMB4 
 Contaminant Virgin* BP3 Virgin# 

Crystallinity (%) 62  48 

Sgf (-) 

Benzene 35 45 50 
Toluene 145 145 113 

Ethylbenzene 475 475 247 
m&p-Xylenes 525 525 363 

o-Xylene 450 450 225 

Dg × 1013 m2/s 

Benzene 2.4 4.5 1.9 
Toluene 2.2 3 1.8 

Ethylbenzene 1.6 2 1.8 
m&p-Xylenes 1.5 1.7 1.5 

o-Xylene 1.5 1.5 1.4 

Pg × 1011 m2/s 

Benzene 0.84 2.0 0.95 
Toluene 3.2 4.4 2.0 

Ethylbenzene 7.6 9.5 4. 
m&p-Xylenes 7.9 8.9 5.4 

o-Xylene 6.8 6.8 3.2 
*McWatters et al. 2015 
# McWatters (2010) 
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Figure I-1 Construction of the base composite barrier system showing the installation of GMB3, the co-extruded HDPE/EVOH/HDPE 

geomembrane, with associated monitoring pipes and sacrificial coupons placed above the intact geomembrane. Five geomembrane 

sacrificial coupons placed above the intact geomembrane. Five geomembrane sacrificial coupons are highlighted in the figure. 

 



 

 

 

492

 

Figure I-2 Image of a simulated biopile diffusion cell.
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Figure I-3 Benzene diffusion through GMB3 (source depletion), with three separate stages 

highlighted. 
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Figure I-4 (a; left) Pre-2010 diffusion cell, and (b; right) the post-2010 diffusion cell. Images 

are not to scale, however the internal diameter of both cells are equal. Note the viton seal is 

much thicker in the post-2010 cells. 

  



 

 

 

495

 

Figure I-5 Source depletion of benzene in diffusion cell with GMB3 at 22oC. 
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Figure I-6 Source depletion of benzene in diffusion cell with GMB3 at 22oC. Note scale 

change from Figure I-5. 

Time (Days)

0 100 200 300 400 500 600

c/
c o

0.00

0.05

0.10

0.15

0.20

Cell 1 Benzene
Cell 2 Benzene



 

 

 

497

 

Figure I-7 Receptor gain of benzene in diffusion cell with GMB3 at 22oC. 
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Figure I-8 Source depletion of toluene in diffusion cell with GMB3 at 22oC. 
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Figure I-9 Source depletion of toluene in diffusion cell with GMB3 at 22oC. Note y-axis scale 

change from Figure I-8. 
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Figure I-10 Receptor gain of toluene in diffusion cell with GMB3 at 22oC. 
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Figure I-11 Source depletion of ethylbenzene in diffusion cell with GMB3 at 22oC. 
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Figure I-12 Source depletion of ethylbenzene in diffusion cell with GMB3 at 22oC. Note y-

axis change from Figure I-11. 
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Figure I-13 Receptor gain of ethylbenzene in diffusion cell with GMB3 at 22oC. 

Time (Days)

0 100 200 300 400 500 600

c/
c o

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

Cell 1 Ethylbenzene
Cell 2 Ethylbenzene 
Detection Limit (5 ng/mL)



 

 

 

504

 

Figure I-14 Source depletion of m&p-xylenes in diffusion cell with GMB3 at 22oC. 
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Figure I-15 Source depletion of m&p-xylenes in diffusion cell with GMB3 at 22oC. Note y-

axis scale change from Figure I-14. 
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Figure I-16 Receptor gain of m&p-xylenes in diffusion cell with GMB3 at 22oC. 
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Figure I-17 Source depletion of o-xylene in diffusion cell with GMB3 at 22oC. 
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Figure I-18 Source depletion of o-xylene in diffusion cell with GMB3 at 22oC. Note y-axis 

scale change from Figure 1-17. 
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Figure I-19 Receptor gain of o-xylene in diffusion test with GMB3 at 22oC. 
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Figure I-20 Source depletion of benzene in diffusion cell with GMB3 at 40oC. 
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Figure I-21 Source depletion of benzene in diffusion cell with GMB3 at 40oC. Note y-axis 

scale change from Figure I-20. 
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Figure I-22 Receptor gain of benzene in diffusion cell with GMB3 at 40oC. 
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Figure I-23 Source depletion of toluene in diffusion cell with GMB3 at 40oC. 
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Figure I-24 Source depletion of toluene in diffusion cell with GMB3 at 40oC. Note the y-axis 

scale change from Figure I-23. 
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Figure I-25 Receptor gain of toluene in diffusion cell with GMB3 at 40oC. 
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Figure I-26 Source depletion of ethylbenzene in diffusion cell with GMB3 at 40oC. 
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Figure I-27 Source depletion of ethylbenzene in diffusion cell with GMB3 at 40oC. Note the 

y-axis scale change from Figure I-26. 
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Figure I-28 Receptor gain of ethylbenzene in diffusion cell with GMB3 at 40oC. 
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Figure I-29 Source depletion of m&p-xylenes in diffusion cell with GMB3 at 40oC. 
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Figure I-30 Source depletion of m&p-xylenes in diffusion cell with GMB3 at 40oC. Note y-

axis scale change from Figure I-29. 
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Figure I-31 Receptor gain of m&p-xylenes in diffusion cell with GMB3 at 40oC. 
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Figure I-32 Source depletion of o-xylene in diffusion cell with GMB3 at 40oC. 
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Figure I-33 Source depletion of o-xylene in diffusion cell with GMB3 at 40oC. Note the y-

axis scale change from Figure I-32. 
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Figure I-34 Receptor gain of o-xylene in diffusion cell with GMB3 at 40oC. 
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Figure I-35 Source depletion of benzene in diffusion cell with GMB3 at 50oC. 
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Figure I-36 Source depletion of benzene in diffusion cell with GMB3 at 50oC. Note y-axis 

scale change from Figure I-35. 

 

Time (Days)

0 50 100 150 200 250

c/
c o

0.00

0.05

0.10

0.15

0.20

Cell 1 Benzene
Cell 2 Benzene



 

 

 

527

 

Figure I-37 Receptor gain of benzene in diffusion cell with GMB3 at 50oC. 
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Figure I-38 Source depletion of toluene in diffusion cell with GMB3 at 50oC. 
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Figure I-39 Source depletion of toluene in diffusion cell with GMB3 at 50oC. Note the y-axis 

scale change from Figure I-38. 
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Figure I-40 Receptor gain of toluene in diffusion cell with GMB3 at 50oC. 
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Figure I-41 Source depletion of ethylbenzene in diffusion cell with GMB3 at 50oC. 
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Figure I-42 Source depletion of ethylbenzene in diffusion cell with GMB3 at 50oC. Note y-

axis scale change from Figure I-41. 
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Figure I-43 Receptor gain of ethylbenzene in diffusion cell with GMB3 at 50oC. 
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Figure I-44 Source depletion of m&p-xylenes in diffusion cell with GMB3 at 50oC. 
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Figure I-45 Source depletion of m&p-xylenes in diffusion cell with GMB3 at 50oC. Note the 

y-axis scale change from Figure I-44. 
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Figure I-46 Receptor gain of m&p-xylenes in diffusion cell with GMB3 at 50oC. 
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Figure I-47 Source depletion of o-xylene in diffusion cell with GMB3 at 50oC. 
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Figure I-48 Source depletion of o-xylene in diffusion cell with GMB3 at 50oC. Note the y-

axis scale change from Figure I-47. 
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Figure I-49 Receptor gain of o-xylene in diffusion cell with GMB3 at 50oC. 
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Figure I-50 Source depletion and receptor gain of benzene through GMB3 in diffusion cell 

at 50oC. 
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Figure I-51 Source depletion and receptor gain of benzene through GMB3 in diffusion cell 

at 50oC. Note the y-axis scale change from Figure I-50. 
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Figure I-52 Source depletion and receptor gain of toluene through GMB3 in diffusion cell at 

50oC.  
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Figure I-53 Source depletion and receptor gain of toluene through GMB3 in diffusion cell at 

50oC. Note the y-axis scale change from Figure I-52. 

 

Time (Days)

0 50 100 150 200 250

c/
c o

0.00

0.05

0.10

0.15

0.20

Cell 1 Toluene Source
Cell 2 Toluene Source
Cell 1 Toluene Receptor
Cell 2 Toluene Receptor



 

 

 

544

 

Figure I-54 Source depletion and receptor gain of ethylbenzene through GMB3 in diffusion 

cell at 50oC. 
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Figure I-55 Source depletion and receptor gain of ethylbenzene through GMB3 in diffusion 

cell at 50oC. Note the y-axis scale change from Figure I-54. 
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Figure I-56 Source depletion and receptor gain of m&p-xylenes through GMB3 in diffusion 

cell at 50oC. 
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Figure I-57 Source depletion and receptor gain of m&p-xylenes through GMB3 in diffusion 

cell at 50oC. Note the y-axis scale change from Figure I-56. 
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Figure I-58 Source depletion and receptor gain of o-xylene through GMB3 in diffusion cell 

at 50oC. 
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Figure I-59 Source depletion and receptor gain of o-xylene through GMB3 in diffusion cell 

at 50oC. Note the y-axis scale change from Figure I-58. 
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Figure I-60 Source depletion and receptor gain of m&p-xylenes in Test1, simulated biopile 

diffusion cell at 5oC. 
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Figure I-61 Source depletion and receptor gain of m&p-xylenes in Test2, simulated biopile 

diffusion cell at 22oC. 
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Figure I-62 Source depletion and receptor gain of m&p-xylenes in Test3, simulated biopile 

diffusion cell at 5oC. 
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Figure I-63 Source depletion and receptor gain of m&p-xylenes in Test4, simulated biopile 

diffusion cell at 22oC. 
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Figure I-64 Source depletion and receptor gain of toluene, ethylbenzene and o-xylene in 

Test1, simulated biopile diffusion cell at 5oC. 
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Figure I-65 Source depletion and receptor gain of toluene, ethylbenzene and o-xylene in 

Test2, simulated biopile diffusion cell at 22oC. 
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Figure I-66 Source depletion and receptor gain of toluene, ethylbenzene and o-xylene in 

Test3, simulated biopile diffusion cell at 5oC. 
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Figure I-67 Source depletion and receptor gain of toluene, ethylbenzene and o-xylene in 

Test4, simulated biopile diffusion cell at 22oC. 
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Figure I-68 Source depletion and receptor gain of CCME F1 and F2 in Test1, simulated 

biopile diffusion cell at 5oC. 
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Figure I-69 Source depletion and receptor gain of CCME F1 and F2 in Test2, simulated 

biopile diffusion cell at 22oC. 
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Figure I-70 Source depletion and receptor gain of CCME F1 and F2 in Test3, simulated 

biopile diffusion cell at 5oC. 
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Figure I-71 Source depletion and receptor gain of CCME F1 and F2 in Test4, simulated 

biopile diffusion cell at 22oC. 
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Figure I-72 Bacterial growth observed on the stainless steel grate in the receptor of Test1. 

 


