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Abstract: Composite liners with a geomembrane and either a compacted clay or a geosynthetic clay liner are 
widely used to minimize leakage from landfills and other containment systems such as leachate lagoons. While much 
work has been done to quantify the rates of leakage, few papers assess the impact of this leakage on groundwater 
quality. This is particularly important for organic contaminants because of the potential for diffusion through the intact 
parts of the geomembrane. Building on recent developments in modeling mass-transport through leaking 
geomembranes as a boundary condition to the diffusion-advection boundary value problem, we report the results of a 
2D finite-element parametric study of the problem using the Soil Pollution Analysis System SPAS. We assess the 
effect of landfill cell size, groundwater Darcy velocity and groundwater horizontal mixing, on concentrations of 
Benzene and Toluene, underlying a landfill with a leaking GM. We make recommendations concerning the 
importance of leakage and the accuracy of 1D analytical tools, namely the Rowe Equation for leakage and the 
POLLUTEv7 program for the prediction of contaminant transport.  
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INTRODUCTION 
Leakage through geomembranes (GMs) needs to be considered in assessing the potential performance of 

composite landfill liners for a particular application. Research over the last decade has developed a number of methods 
for assessing the likely leakage rates of various liner configurations under different hydraulic conditions and a given 
frequency and type of defects (e.g., Rowe, 1998; Rowe, 2005; Touze-Foltz and Giroud, 2005). These methods usually 
rely on 1D approximations of the hydraulic and solute transport problems and have generated leakage predictions that 
are widely used in landfill design practice. While leakage rates give an indication of the potential for advective 
transport, they do not provide any direct information regarding the potential pollutant concentration in groundwater. 
This is especially important for organic contaminants where diffusion through the intact parts of the geomembrane can 
be significant. Attempts at 2D and 3D modelling of leakage and mass transport have been made relatively recently by 
a number of authors (e.g., Kalbe et al., 2002; Iryo and Rowe, 2005; Saidi et al., 2006). El-Zein (2008) developed a 
formulation which allows the modelling of leaking geomembranes as a mass-conserving boundary condition to the 
coupled seepage and mass transport equations and implemented it in a finite-element computer program CONFEM 
(El-Zein et al., 2005), as part of the Soil Pollution Analysis System (SPAS). El-Zein and Rowe (2008) used this 
formulation to conduct a detailed study of the migration of dichloromethane (DCM) through compacted clay liners 
(CCL) and geosynthetic clay liners (GCL) for various coefficients of hydraulic conductivities of the liners, frequency 
of defects and transmissivities of GMs. The study found that 1D analyses reasonably replicate peak aquifer DCM 
concentrations, especially under conditions of reasonable mixing in the aquifer. However, in some cases, 1D analyses 
underestimated peak concentrations by around 40%. In addition, the study focussed exclusively on DCM and, due to 
space constraints, did not assess the effect of all variables of interest.  

In this paper, we study the transport of benzene and toluene through leaking geomembranes and the underlying 
clay liner. We evaluate the effect on peak concentrations in the aquifer of two hitherto unconsidered variables, namely 
the base cell length parallel to the ground water flow direction and Darcy velocity of flow in the aquifer. Specifically, 
we conduct a set of seepage and solute transport analyses using Soil Pollution Analysis System SPAS (El-Zein and 
Balaam, 2008), in order to assess the effects of these variables on a) the discrepancy between of 1D and 2D solutions 
and b) the impact of leakage on peak concentrations.   
 
MODEL CONSTRUCTION 
 
Overview 

A composite liner with an HDPE geomembrane over either a CCL or GCL on an attenuation layer overlying a thin 
aquifer was considered. A set of 100m-long, leaking wrinkles occurred regularly over the width of the geomembrane 
base cell, along direction x (see Figure 1). The wrinkles were assumed to be normal to the direction of water flow in 
the aquifer. Dimensions, material properties and other analysis data are given in Table 1. Four categories of problems 
were analysed, covering combinations of CCL, GCL, benzene and toluene. For each pair of liner type and pollutant, 
three sets of analyses were conducted. First, leakage through the geomembrane was calculated using a) the Rowe 
equation with hydraulic interaction between leaks (Rowe, 1998) and b) the 2D finite-element seepage component of 
SPAS. Second, the mass transport problem was simulated using both POLLUTEv7 in 1D (Rowe and Booker, 2005) 
and SPAS (El-Zein and  
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Figure 1. CCL and GCL systems with Leaking Geomembranes (not to scale) 
 
 

Table 1.  Problem dimensions, material properties and other parameters* 
    Benzene Toluene 

Layer Entity Symbol Units CCL Sys GCL Sys CCL Sys GCL Sys 

Waste 

length of base cell L m variable variable variable Variable 
waste per unit area dw t/m2 25 25 25 25 

proportion in the waste p mg/kg 0.014 0.014 0.7 0.7 
initial concentration C0 μg/l 20 20 1000 1000 

equivalent height Hr m 17.5 17.5 17.5 17.5 
decay half-life t½g years 25 25 15 15 

Geomembrane 

thickness h mm 1.5 1.5 1.5 1.5 
diffusion coefficient Dg m2/s 2.4x10-13 2.4x10-13 2x10-13 2x10-13 
partition coefficient Sgf DL 55 55 125 125 

transmissivity θ m2/s 1.6x10-8 10-10 1.6x10-8 10-10 
decay half-life t½g years no decay no decay no decay no decay 
wrinkle width 2b m 0.3 0.3 0.3 0.3 

wrinkles frequency F wr/ha 2.5 2.5 2.5 2.5 

Clay Liner 

thickness H mm 750 7 750 7 
Porosity N DL 0.4 0.7 0.4 0.7 

hydraulic conductivity Kxx, Kyy m/s 10-9 10-10 10-9 10-10 
diffusion coefficient D0 m2/s 3x10-10 1.5x10-10 3x10-10 2x10-10 

decay half-life t½ years 100 100 60 60 

Attenuation 
Layer 

thickness H m 3 3.75 3 3.75 
Porosity N DL 0.3 0.3 0.3 0.3 

hydraulic conductivity Kxx, Kyy m/s 10-7 10-7 10-7 10-7 
diffusion coefficient D0 m2/s 5x10-10 5x10-10 6x10-10 6x10-10 

decay half-life t½ years 100 100 60 60 

Aquifer 

thickness H m 1 1 1 1 
Porosity N DL 0.3 0.3 0.3 0.3 

hydrodynamic dispersion Dxa m2/year variable variable variable variable 
hydrodynamic dispersion Dya m2/year ∞ ∞ ∞ ∞

Darcy velocity vxa m/s variable variable variable variable 
decay half-life t½ years 100 100 60 60 

*DL: dimensionless; entities specified as variable are given in individual figures for specific simulations; wr/ha: 
wrinkles per hectare 
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Balaam, 2008) in 2D and the results were compared in order to assess the accuracy of 1D approaches in modelling the 
impact of leakage on groundwater quality. Finally, a parametric analysis was conducted using SPAS to quantify the 
effect of base cell width and Darcy velocity of fluid flow in the aquifer on peak concentrations in the aquifer. In the 
parametric study, base width values of 40m, 200m and 600m, and Darcy velocities in the aquifer of 0.5, 1 and 2 m/a 
were used. Predictions were compared to the baseline of an intact geomembrane, in order to quantify the impact of 
leakage on groundwater quality. In both SPAS and POLLUTEv7, mass-conserving boundary conditions in the waste 
were used to account for the decline in time of concentration in the waste, as a result of decay and migration by 
advection and diffusion into the underlying liner. All analyses were performed on a laptop PC.  
 
1D Models 
Leakage was estimated using the Rowe Equation which accounts for hydraulic interaction between leaks in adjacent 
wrinkles. The equation had been derived based on an idealization of the flow equation in the case of a clay liner and 
an underlying attenuation layer. POLLUTEv7, a mass transport analysis program in 1D, was used to derive 
contaminant concentrations in the aquifer. Leakage rates, calculated from the Rowe Equation, were used to calculate 
the vertical Darcy velocities used in POLLUTEv7 as input data. Where discrepancies in leakage calculations were 
found between the Rowe Equation and the seepage SPAS analysis, the mass transport problem in POLLUTEv7 was 
solved using both leakage values separately, in order to identify distinct sources of divergence between 1D and 2D 
results. Diffusion through the GM was modelled by assigning the value of the permeation coefficient, Pg= SgfDg as the 
diffusion coefficient input for this layer. 
 
2D Models 
SPAS, a Laplace-transform finite-element program with special tools for landfill modelling, was used to conduct 2D 
analyses. Landfill features, such as layers and leaks, were generated automatically, subject to user-defined control 
parameters. An equivalent boundary condition was specified to simulate the leaking geomembrane, with a mass-
limited source of waste on top. Separate diffusion Dg and surface partitioning Sgf coefficients were used for the 
geomembrane. However, in one scenario, results were compared to the case when a permeation coefficient Pg is used 
instead, and were found to yield identical aquifer peak concentration curves. Discharge by advection was assumed at 
the downstream face of the aquifer, while no discharge was taken at the upstream face. The horizontal coefficient of 
hydrodynamic dispersion in the aquifer Dxa was taken as 100m2/year in the SPAS analyses. However, given that 
POLLUTEv7 makes the assumption of perfect horizontal mixing in the aquifer (Dxa=∞), additional SPAS analyses 
with Dxa=∞ were conducted in some cases to elicit the effect of mixing. Default parameters of meshing and 
refinements around leaks were used. Convergence analyses were conducted to assess the quality of numerical results. 
The steady-state seepage problem was first solved to determine the spatial distribution of seepage velocities. SPAS 
calculated leakage rates across the top surface of the clay liner by integrating seepage velocities along this line. 
Seepage velocities at finite-element nodes were then used as input data for a solute transport analysis, through an 
automated procedure. Peak concentrations were taken to occur at the downstream point Pd shown in Figure 1. This 
assumption was regularly checked and found to be correct. 
 
RESULTS 
 
Leakage Calculations: Rowe Equation with Interaction versus SPAS 
A comparison of leakage predictions in 1D and 2D is shown in Table 2. Clearly, predictions of the Rowe Equation 
with  hydraulic interaction for CCL systems are highly accurate for most cases, within a few percents of 2D results. At 
the high end of leakage rates, the discrepancy is larger but predictions from the Rowe Equation are conservative. In 
GCL systems, leakage predictions of the Rowe Equation are 23% smaller than the SPAS seepage results. This is 
consistent with earlier findings by El-Zein and Rowe (2008). The discrepancy is within an acceptable range since it is 
likely to be smaller than the sensitivity of concentration to uncertainties in data. In any case, it appears from these 
results that a correction factor of 1.3 can be applied to 1D predictions to close the discrepancy.  
 
Contaminant Transport: 1D versus 2D Approches 
Figures 2 and 3 show the change in time of concentration of benzene and toluene, respectively, at point Pd, and 
compare predictions of POLLUTEv7 and SPAS, for leaking and non-leaking cases. Results have been derived for 
L=200m as well as L=600m because, as shown in the following section, the latter case yield higher peaks of 
concentration. Three comments can be made concerning a) leaking versus non-leaking peaks; b) 1D versus 2D 
predictions for non-leaking cases and c) 1D versus 2D predictions for leaking cases.  

The peak impact considering leakage is around three times that for diffusion alone for the CCL systems (leakage 
rate=61 lpdh) and about twice that for the GCL systems (leakage rate=41 lpdh) for 2.5 holed-wrinkles per hectare.  

In the absence of leakage, under perfect mixing in the aquifer, 1D and 2D predictions coincide as expected, since 
the problem becomes perfectly one-dimensional. When Dxa=100m2/year is used in SPAS under non-leaking 
conditions, the peak concentration increases. This is due to the fact that, despite the uniform contaminant loading in 
the waste, SPAS does reflect the asymmetry in boundary conditions between the upstream and downstream faces of 
the aquifer, with higher concentrations occurring downstream.   
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Table 2. Comparison of calculated leakage rates from 1D and 2D approaches 

system 
Width 

(m) Wrinkles 

wrinkles 
per 

hectare 
SPAS (2D) 

Rowe Equation with 
Interaction (1D) % 

DIFFERENCEm/a lphd m/a lphd 
CCL 600 1 0.167 1.50E-04 4.11 1.48E-04 4.05 -1% 
CCL 600 6 1 9.14E-04 25.04 8.86E-04 24.27 -3% 
CCL 600 15 2.5 2.29E-03 62.74 2.22E-03 60.82 -3% 
CCL 200 5 2.5 2.28E-03 62.47 2.22E-03 60.82 -3% 
CCL 200 10 5 4.49E-03 123.01 4.43E-03 121.37 -1% 
CCL 100 5 5 4.49E-03 123.01 4.43E-03 121.37 -1% 
CCL 100 7 7 6.09E-03 166.85 6.20E-03 169.86 2% 
CCL 80 7 8.75 7.25E-03 198.63 7.75E-03 212.33 7% 
CCL 80 10 12.5 9.03E-03 247.40 1.11E-02 304.11 23% 
CCL 40 5 12.5 9.03E-03 247.40 1.11E-02 304.11 23% 
GCL 600 1 0.167 1.00E-04 2.74 7.58E-05 2.08 -24% 
GCL 600 6 1 5.92E-04 16.22 4.55E-04 12.47 -23% 
GCL 600 15 2.5 1.48E-03 40.55 1.14E-03 31.23 -23% 
GCL 200 5 2.5 1.48E-03 40.55 1.14E-03 31.23 -23% 
GCL 200 10 5 2.96E-03 81.10 2.27E-03 62.19 -23% 
GCL 100 5 5 2.96E-03 81.10 2.27E-03 62.19 -23% 
GCL 100 7 7 4.14E-03 113.42 3.18E-03 87.12 -23% 
GCL 80 7 8.75 5.17E-03 141.64 3.98E-03 109.04 -23% 
GCL 80 10 12.5 7.37E-03 201.92 5.68E-03 155.62 -23% 
GCL 40 5 12.5 7.37E-03 201.92 5.68E-03 155.62 -23% 

 
2D peak concentrations for benzene are around 0.6ppb compared to 1D predictions of 0.4ppb in CCL systems, 

using POLLUTEv7. For toluene the peaks were about 0.8 and 0.5ppb respectively. In both cases the difference in 
predicted concentration is of no practical significance since (a) they are both well below the typical maximum 
acceptable concentration of 5ppb, and (b) the uncertainty regarding the source concentration and other parameters is 
far greater than the difference in the predictions. Likewise for toluene the calculated values are below the 
recommended maximum concentration of 24ppb. The difference in the leakage rates calculated from the Rowe Eq. 
versus the full 2D SPAS analysis contributes to the discrepancy between the SPAS and POLLUTE results. Hence, the 
POLLUTE results can be improved by using the SPAS flow rate or, in the absence of this, by multiplying the flow 
derived from the Rowe equation by 1.3, as stated earlier, before using it in the mass-transport analysis.  

Irrespective of whether a 1D (POLLUTE) or 2D (SPAS) analysis is used these results show that to assess impact 
it is necessary to go beyond the estimation of hydraulic leakage rates and calculate the effect of leakage on 
groundwater quality. These results also show that, for the landfill considered, the impact on the aquifer would be 
acceptable based on common limits on the allowable concentrations of benzene or toluene in groundwater. Since the 
objective of transport analyses such as those performed here is to identify whether or not it is likely that the 
concentration will be above or below allowable levels, it is generally adequate to perform a simple analysis (e.g. using 
Rowe Eq., with the flow multiplied by 1.3 to adjust for the approximations in the analysis) and establish whether (a) 
the concentration is well below the allowable levels, (b) well above allowable levels or (c) close to allowable levels.  
In cases (a) the design can be considered adequate.  In case (b) the design is not adequate and needs to be revised.  In 
case (c) more investigation is needed. This investigation might include doing a more rigorous 2D analysis (e.g., using 
SPAS). Nevertheless, designers must keep in mind that an examination of the uncertainty in input parameters, such as 
the initial concentration, sorption and half-lives might have a greater influence on any final conclusion as to whether 
the proposed design is adequate.  
 
Contaminant Transport: Parametric Analyses using SPAS 

The sensitivity of peak aquifer concentrations to the length of landfill in the direction of groundwater flow and 
Darcy velocity in the aquifer is shown in Figures 4 and 5. A number of observations can be made. First, larger Darcy 
velocities in the groundwater lead to smaller concentration peaks as a result of greater dilution in the aquifer. 
However, at high values of L, the effect of change in Darcy velocity is substantially reduced. This is likely due, in 
part, to reduced dilution (the fluid added by leakage is larger because of the longer portion of the landfill, L, in the 
direction of groundwater flow). Second, larger landfill base widths lead to larger peaks at Pd because of the higher 
overall intake of contaminants being washed downstream. Third, the peak concentration varies with L and vxa between 
0.1 and 0.8ppb for benzene and 3 and 17ppb for toluene as one moves from L=40m, vxa=2m/a to L=600m, vxa=0.5m/a. 
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ii. CCL system; L=600m (2.5wr/ha: SPAS leakage rate= 63 lpdh; Rowe Eq leakage rate= 61 lpdh) 
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iii. GCL system; L=200m (2.5 wr/ha: SPAS leakage rate= 41 lpdh; Rowe Eq leakage rate= 31 lpdh) 
 
Figure 2. Comparison of 1D and 2D predictions of the change in time of benzene concentrations at Pd; vxa=1m/a 
(wr/ha: wrinkles per hectare) 
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ii. GCL system; L=200m (2.5wr/ha: SPAS leakage rate= 41 lpdh; Rowe Eq leakage rate= 31 lpdh) 
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iii. GCL system; L=600m (2.5 wr/ha: SPAS leakage rate= 41 lpdh; Rowe Eq leakage rate= 31 lpdh) 
 
Figure 3. Comparison of 1D and 2D predictions of the change in time of toluene concentrations at Pd; vxa=1m/a 
(wr/ha: wrinkles per hectare) 
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i. CCL system (leakage rate=61 lpdh) 
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ii. GCL system (leakage rate=41 lpdh) 
 
Figure 4. Change in time of concentration of benzene at Pd; Dxa=100m2/a; 2.5 wrinkles per hectare: effects of cell 
length and Darcy velocity of flow in aquifer (leakage rate: 
 
However, all values are below typical allowable values (5 and 24ppb respectively). This type of sensitivity analyses 
can be used to assess the effect of uncertainty regarding input parameters such as the length of the landfill in the 
direction of groundwater flow (this uncertainty can arise from the variable geometry of the landfill and the uncertainty 
regarding flow direction which in some cases can change seasonally) and the Darcy velocity in the aquifer. In the 
cases considered here, if the range of values examined represented uncertainty regarding the parameters, the design 
would be considered adequate although, in the worst case for toluene, is getting close to the allowable limit. Therefore, 
careful examination of the assumptions regarding initial concentration would be appropriate in a real case. 
 
CONCLUSIONS 

We conducted a set of analyses to assess the effect of leakage through geomembranes on peak concentrations of 
benzene and toluene in groundwater. Larger landfill base widths and smaller Darcy velocities in the groundwater yield 
higher peak concentrations, although the sensitivity to Darcy velocities declines at larger base widths. Using modeling 
to assess the suitability of a barrier system design (for a hypothetical case) is illustrated using both a simple, 
commonly used,  1D analysis (POLLUTE)  and a full 2D analysis (SPAS).  It was shown that the Rowe equation 
generally provides a very good estimate of leakage. However, it is recommend that leakages calculated from the Rowe 
equation be increased by 30%, especially when applied to GCL calculations. Although the 2D analysis gives higher 
peak concentrations, the difference in predictions is of no practical significance in the cases studied here since the 
peaks remain below the typical maximum acceptable concentrations. Hence, it is generally adequate to start with a 
simple 1D analysis (e.g. using Rowe Eq., and POLLUTE). If the concentration is well below the allowable levels, the 
design can be deemed safe. If it is well above, the design needs to be reviewed. If concentration is close to allowable 
levels, more investigation is needed. This investigation might include doing a more rigorous 2D analysis (e.g. using 
SPAS) and/or assessing the sensitivity of concentrations to uncertainty in some input parameters. 
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ii. GCL system (leakage rate=41 lpdh) 
 
Figure 5. Change in time of concentration of toluene at Pd; Dxa=100m2/a; 2.5 wrinkles per hectare: effects of cell 
length and Darcy velocity of flow in aquifer 
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