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Abstract  
 
The more and more widespread use of geosynthetic barriers has reduced the leachate leakage from landfills, but 
many authors stress that there are remaining flows due to defects and diffusion processes through aged 
geosynthetics. A French research program (DURAGEOS) aiming at knowing the detailed physics, chemistry and 
(possibly) biology of the ageing processes of geomembranes and geosynthetic clay liners took place recently. One 
of the objectives was to know the consequences of geosynthetics ageing on leachate leakage from landfills. A 
focus was made on the transfer of phenolic  compounds since these substances are harmful and their transfer 
properties unknown in geosynthetics. Diffusion coefficient through HDPE geomembranes and geosynthetic clay 
liners were especially measured for the first time. The environmental impacts could then be evaluated by the use 
of a numerical 1D model combining advection, diffusion and dispersion through different generic barriers and 
the groundwater. Results will be presented in this paper. Calculated concentrations will be discussed from the 
viewpoint of ecosystems and human health, taking into account the existing dose response relationships and the 
specific socioeconomic valuation problems linked to the intergenerational temporal horizons involved. Last but 
not least, some technical recommendations about the choice and the use of geosynthetics for safer final sinks are 
suggested. 
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1 Introduction 

Despite the facility siting credo is published and used since the 1990s (Kunreuther and Susskind, 1991), siting 
landfills is still a difficult task due to its unavoidable semi-desirable character (Mtibaa and Mery, 2009). One of 
the several arguments of local opponents is the risk of groundwater pollution from leachate leakage. This risk is 
especially prone to contentious actions, as shown by a recent survey of the risk governance of 10 landfills 
projects in France (ADEME, 2013). That leads to high transaction costs for all stakeholders, possibly without 
any win-win agreement. It has been shown that this risk, although moderate, does exist and cannot be easily 
removed, especially for micro-pollutants (Bayer et al., 2010). Phenolic compounds are such problematic 
pollutants and are not yet fully understood in their diffusive properties inside landfill barriers. Moreover the 
detailed chemical properties of these compounds may differ from one to another.  
The most frequently encountered organic micropollutants in leachate are monoaromatic hydrocarbons (benzene, 
toluene, ethylbenzene, xylene) and polyaromatic hydrocarbons (naphthalene, phenanthrene etc.). Some 
chlorinated solvents (trichlorethylene, chloromethane etc.), plasticizers (phthalates, bisphenol A etc.), pesticides 
and phenolic derivatives are also found in leachate (Harmsen, 1981; Bauer and Herrmann, 1997; Staples et al., 
1998; Gron et al., 1999; Christensen et al., 2001; Cousins et al., 2002; Kjeldsen et al., 2002; Niederer and Goss, 
2008; Van Praagh et al., 2011). Phenolic compounds, especially certain derivatives of halogenated phenolic 
compounds, are known to be toxic to humans and the environment, even at very low concentrations. These 
compounds are used as disinfectants, biocides, preservatives, dyes, pesticides and organic chemicals in medicine 
and industry (Ramamoorthy and Ramamoorthy, 1997; Kujawski et al., 2004; Otero et al., 2005). Experimental 
studies were performed for quantifying diffusion coefficients through geomembranes and geosynthetic clay liners 
of various phenolic compounds including 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), 
pentachlorophenol (PCP), and bisphenol A (BPA) (Touze-Foltz et al., 2012, Mendes et al., 2013). 
In order to evaluate the impact of these present and future pollutants in final sinks (remind that the huge use of 
bisphenol A in casual commodities is still allowed in several countries), their concentrations in waste and 
leachate, and their diffusive properties in barriers, are required. The present work is devoted to do the first 
measurements of the diffusive properties of phenolic compounds in geosynthetics (HDPE geomembranes and 
geosynthetic clay liners). One of our objectives is to model realistically the leakage in the long run - which 
requires hypotheses on the ageing of geosynthetics - and the corresponding environmental and sanitary impacts. 
Socioeconomic considerations are then given about the resulting temporal profiles of concentrations in the 
groundwater.  
 
 

2 Material and Methods 

 

2.1 Modelling the transfer of phenolic compounds 

Composite lining systems are usually made of a geomembrane and a soil liner. Contaminant transport 
through the geomembrane is limited to leakage through holes or defects in the geomembrane and diffusion 
through the geomembrane taking place for organic pollutants. The combination of the geomembrane and the 
soil liner reduces advective transfers through the geomembrane. The soil liner resists diffusive migration, in the 
clay layer, and the underlying attenuation layer. Such studies have indeed been previously undertaken in the case 
of volatile organic compounds but never in the case of phenolic compounds. The effect of the nature of the 
contaminant, the half-lives of the contaminants in soil and in waste, the structure and the ageing of the 
composite liner are taken into account.  

Rowe & Brachman (2004) evaluated the equivalence of various composite liners using the one 
dimensional finite layer contaminant transport model for multilayered systems, POLLUTE v6 (Rowe and 
Booker, 1997). Rowe et al. (2004) provide a summary of various works performed with the same numerical code 
together with full details of the modeling methodology. Hypotheses were made regarding major events in the 
contaminant transport in terms of leachate head and geomembrane failure in the bottom liner. The two previous 
models were recently used to simulate the transport of VOCs by Park et al. (2011) and were in good adequacy 
with each other. 



 

 

Sinks a Vital Element of Modern Waste Management 
2nd International Conference on Final Sinks 
16 – 18 May 2013 
Espoo, Finland 

 

  

 

 

El-Zein & Rowe (2008) examined the interaction between leakage through a hole in a wrinkle and 
diffusion using a finite element analysis with CONFEM2D. This model applies a special treatment of a leaking 
geomembrane to yield equivalent boundary conditions that conserves mass in the waste. The transport of 
dichloromethane was simulated for eight cases involving composite liners, including both CCLs and GCLs. The 
effect of wrinkles on the transport of DCM into groundwater was found to be significant under conditions of 
high leakage. POLLUTE v7 (Rowe and Booker 2005) predictions of peak concentrations in the aquifer were 
typically within about 20% of the two-dimensional predictions under conditions of horizontal mixing in the 
aquifer. Results obtained tended to show that the one dimensional analysis conducted are adequate for most 
practical purposes. It was thus decided to use the numerical code POLLUTE v7 to perform numerical 
simulations to evaluate the transport of 2,4-DCP, 2,4,6-TCP, PCP and BPA in composite liners. Calculations 
were performed assuming four different configurations of landfill liner systems that are presented in Fig.1. They 
correspond to the regulatory European barrier and its interpretation in France, and the equivalent barrier in the 
European regulation and in France. The general requirement of the European Cummunities for non hazardous 
waste landfills requires as a minimum the use of a geomembrane and a 1m thick clay layer with a hydraulic 
conductivity lower than or equal to 10-9 m/s. (see Fig. 1c). The European regulation does not stipulate the 
presence of an attenuation layer. However, in the French regulation on landfilling of non hazardous waste, an 
attenuation layer 5m thick with a hydraulic conductivity no greater than 10-6 m/s is required under the 1m thick 
clay layer. 
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Fig. 1 Schematic of the composite liner systems studied (a) French regulatory barrier, (b) alternative barrier in France with 
GCL, (c) European regulatory barrier, (d) alternative European barrier with GCL. 

 
 
Most regulations allow alternative liner designs whether equivalence can be proved. It is then allowed in 

the case of the European regulation to reduce the low hydraulic conductivity soil liner to a thickness of 0.5m. 
This can for example include a 0.01m thick geosynthetic clay liner (GCL) and a 0.49m thick clay layer (see Fig 
1d). In this case, a 0.5 thick attenuation layer, not mentioned in the regulation will be used in the calculations as it 
is necessary for the sake of comparison to study barriers of identical thicknesses (Rowe 1998). In the case of the 
French regulation on equivalence, the soil liner thickness of low hydraulic conductivity should not be reduced to 
more than 0.5m. Then the same configuration as for the European regulation will be considered, i.e. a 0.01m 
thick geosynthetic clay liner (GCL) and a 0.49m thick clay layer (see Fig 1b) underlayed by a 5.5m thick 
attenuation layer in order to get a total thickness identical to the one of the regulatory barrier. 
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In case of GCL located under the geomembrane, its hydraulic conductivity was supposed to be equal to 
10-10 m/s taking account of the ageing of the GCL. This value is identical to the one found by Mendes et al. [X] 
while performing diffusive tests on aged GCLs after cation exchange. 

 

2.2 Factors influencing the assessment of transfers through composite liners  

2.2.1 Hole density in the geomembrane 

Giroud & Touze-Foltz (2003) based on a discussion with experts regarding the number of holes in 
geomembrane liners concluded that:  

 The number of holes at the end of geomembrane installation with construction quality assurance is 
typically believed to be from 1 to 5 defects/ha,  

 These defects are generally small holes and the number of defects decreases as the lined area increases 
(e.g. greater than two hectares),  

 The number of defects caused by the placement of soil on top of the geomembrane varies in a wide 
range, from very few to 20 defects/ha, depending on the amount of care taken during placement of soil 
on top of the geomembrane and the type of geomembrane protection used, and  

 These defects can be large (and often are). 
A number of 20 holes per hectare was thus adopted in the calculations performed in this study. Two 

circular holes radii were taken into account in the calculations, respectively equal to 10-3 m for small holes and 10-

2 m for large holes. The case of 20 circular holes was tested. Additionally, configurations including 14 circular 
holes, 5 cuts and a damaged wrinkle were also tested. Small defects correspond to 10-3 m diameter circular holes, 
10-3 m half-width and 0.1 m long cuts and a 0.15 m half-with and 10 m long wrinkle. Large defects correspond to 
10-2 m diameter circular holes, 10-2 m half-width and 0.3 m long cuts and a 0.3 m half-width and 30 m long 
wrinkle. In the calculations performed, flow due to the ends of longitudinal defects either cuts or wrinkles was 
taken into account by assuming that the ends of the longitudinal defects or damaged wrinkles act as a circular 
defect of diameter equal to the defect width. 

 
Calculation methodology  

The flow through a defect in the geomembrane depends, as indicated by Brown et al. (1987), on the 
contact between the geomembrane and the underlying soil liner. Two main geomembrane-CCL contact 
conditions are typically considered: good and poor contact conditions to account for the quality of the contact 
between the geomembrane and the underlying soil. The definitions of good and poor contact conditions were 
initially defined by Giroud (1997), based on the original concept by Giroud et al. (1989). Definitions of these 
contact conditions are presented below: 

 Poor contact conditions (PCC) correspond to a geomembrane that has been installed with a certain 
number of wrinkles, and/or has been placed on a low-permeability soil that has not been adequately 
compacted and does not appear smooth, and 

 Good contact conditions (GCC) correspond to a geomembrane that has been installed with as few 
wrinkles as possible, on top of a low permeability soil layer that has been properly compacted and has a 
smooth surface. Furthermore, it is assumed that there is sufficient compressive stress to maintain the 
geomembrane in contact with the low-hydraulic conductivity soil layer. 

Qualitative definitions of contact conditions are subjective. This may lead to different interpretations of a 
given field case. To overcome this limitation, Rowe (1998) proposed quantitative definitions linking the soil liner 
hydraulic conductivity to the interface transmissivity for poor and good contact conditions. These quantitative 
definitions were extended by Barroso (2005) who proposed a new contact condition, the geomembrane-GCL 
contact condition, based on experimental data. Quantitative definitions of contact conditions are given below for 
good contact conditions (Eq. (3)), poor contact conditions (Eq. (4) and GCL-GM contact condition (Eq. (5)) : 

Lklog7155.03564.1log   (3) 

Lklog7155.05618.0log   (4) 

Lklog7155.02322.2log   (5) 
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Where  is the hydraulic transmissivity of the interface in m²/s and kL is the hydraulic conductivity of the soil 
liner in contact with the geomembrane in m/s. Diffusion coefficients of 2,4-DCP, 2,4,6-TCP, PCP and BPA in 
geomembranes are presented in Table 1 [Touze-Foltz et al., 2012]. The effect of an increase in the rate of 
cristallinity of the geomembrane on the diffusion coefficient was not taken into account. Indeed, this would lead 
to a decrease of the diffusive flux. Diffusion coefficients obtained for virgin geomembranes will thus yield to 
conservative results. 
 
Table 1 Properties of the HDPE geomembrane used in transport analysis 

Property (unit) Value 

Thickness (mm) 2 

Diffusion coefficient 2,4-DCP (m²/s) 2.4×10-13 
Diffusion coefficient 2,4,6-TCP (m²/s) 1.5×10-13 
Diffusion coefficient PCP (m²/s) 1.8×10-13 
Diffusion coefficient BPA (m²/s) 4.3×10-13 
Partitioning coefficient 2,4-DCP 8.56 
Partitioning coefficient 2,4,6-TCP 18.01 
Partitioning coefficient PCP 205.51 
Partitioning coefficient BPA 4.03 
Defects 20 
Service life 70, 120 

 
 
Diffusion coefficients of 2,4-DCP, 2,4,6-TCP, PCP and BPA in GCLs are presented in Table 2 and originate 
from the study by Mendes et al [ ]. The diffusion coefficient for BPA was not included in the paper by Mendes et 
al. ( ) as no diffusion coefficient for a virgin GCL could be inferred from their study)  
 
Table 2 Properties of compacted clay liner (CCL), geosynthetic clay liner (GCL) and attenuation layer (AL) used in contaminant 
transport analysis 
 

Property (unit) CCL GCL AL 

Thickness (m)    
1a 1 0 5 
1b 0.49 0.01 5.5 
1c 1 0 0 
1d 0.49 0.01 0.5 

Hydraulic conductivity to leachate 10-9 10-10 10-6 
Diffusion coefficient 2,4-DCP (m²/s) 6.33×10-10 1.4×10-10 6.97×10-10 
Diffusion coefficient 2,4,6-TCP (m²/s) 6.33×10-10 1.2×10-10 6.97×10-10 
Diffusion coefficient PCP (m²/s) 6.33×10-10 8.1×10-11 6.97×10-10 
Diffusion coefficient BPA (m²/s) 6.33×10-10 2.2×10-10 6.97×10-10 
Sorption 0 0 0 
Porosity 0.4 0.7 0.3 
Half-life in soil (year) 25, 50 

 

2.2.2 Materials ageing 

The ageing of GCLs through cation exchange will result in an increase in its hydraulic conductivity and also in an 
increase in the diffusion coefficient for some organic compounds (Rosin-Paumier et al., 2011, Mendes et al., 
2013). However this process takes place on the short term. It was thus decided to quantify transfers in case the 
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GCL had yet reached its hydraulic conductivity and diffusion coefficient after cation exchange. The 
corresponding values are reported in Table 2. 
Since there is only a slight influence of the nature of the bentonite in GCLs and their resulting hydraulic 
conductivity on flow through composite liners, the interface transmissivity in the case of the aged GCL was 
calculated according to Eq. 5. 
When geomembranes reach the end of their service life, they experience extensive stress cracking and the 
number of holes goes increase. The liner can no longer be considered a composite liner in this case. The 
estimates service life for extreme case range from 20 to 30 to more than 1000 years. To keep in a range at the 
human scale a value of 70 years or 120 years after the end of the operating period, T1 were selected. They are 
similar to values previously adopted by Rowe and Brachman (2004). 

 

2.3 Description of the barrier system 

All composite liners were modeled with a 2mm-thick high density polyethylene (HDPE) geomembrane. 
The properties of the geomembrane used are presented in Table 1. The properties of the CCL, GCL and AL are 
given in Table 2. 

No sorption of phenolic compounds was modelled in the materials beneath the geomembrane as sorption 
is highly dependent on the (site specific) organic carbon content of the clay and attenuation layer and cannot be 
relied on for generic comparisons (Rowe and Brachman 2004). Neglecting sorption is thus a conservative and 
equal basis on which to compare the alternative barrier systems. Biodegradation of phenolic compounds in the 
soil below the geomembrane was considered with variable half-lifes of 25 and 50 years (corresponding to half-
lives in waste equal to 5 and 10 years respectively). Indeed, if phenolic compounds do degrade in less than one 
year in water, such a quick degradation will not occur under anaerobic conditions in saturated soils (Shibata et al., 
2006). This is consistent with the statement by Rowe et al. (2004) that the rate of degradation in the soil below 
the geomembrane can be expected to be substantially lower than in the waste. 

One has to keep in mind that those values are approximate due to the paucity of data in the literature. 

 
The Darcy velocity in the mineral liner was obtained as an average for one hectare of landfill taking into 

account the flow rate due to the various defects in the geomembrane. The waste thickness was assumed to be 30 
m with a density equal to 0.8. The landfill width is equal to 200m. The boundary condition was modeled 
considering the finite mass of contaminants available for transport through the liner system following the 
rationale by Rowe (1998) and Rowe and Brachman (2004). The source concentration on the landfill is allowed to 
decrease as leachate is collected and removed, phenolic compounds degrade and migrate through the liner 
system as described by Rowe and Booker (1997). Initial concentrations, half-lives and proportion of phenolic 
compounds within the waste are given in Table 4. A value equal to 5mg/kg was selected for BPA, a compromise 
between a value equal to 1mg/kg which is the threshold for inert waste in France for the sum of all phenolic 
compounds, and a value equal to 100 mg/kg for municipal solid waste which was given in the previous version 
of the European directive on waste (no longer in force, the current directive does not give any indication). The 
proportion in waste for the other phenolic compounds was then calculated according to the ratio of 
concentration of a given pollutants to the concentration of BPA. A half life in waste equal to 5 or 10 years was 
thus adopted. Indeed, a recent study (Limam et al, 2012) show that BPA does not seem to degrade in waste 
under anaerobic conditions at least during a two years period. For the other phenolic compounds the 
degradation will depend on the temperature conditions within the landfill (mesophilic or thermophilic). Values of 
half-lifes equal to 5 and 10 years were adopted for the parametric study.  

The boundary condition beneath the barrier system was modeled as a 3 m-thick aquifer with a porosity of 
0.3. Dilution of contaminants within the aquifer was considered assuming a horizontal Darcy flux of 1 m/a 
consistently with what was performed by Rowe and Brachman (2004). 

The time frame of events during the operation and post-closure of the landfill modeled is also inspired 
from Rowe and Brachman (2004) and is presented on Fig. 2.  

The landfill was assumed to operate during a 20 years period. All time is expressed relative to the middle 
of this period. 
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Fig. 2 Major events considered in the contaminant transport analyses (adapted from Rowe and Brachman 2004) 

 
 
For the time period between 0 and T1 the landfill was assumed to have a low permeability cover limiting 

infiltration to 310-4 m3/m²/a and an operational leachate collection system limiting the hydraulic head on top of 
the geomembrane to 0.3m. In France the regulation states that the post-closure period during which the landfill 
has to be supervised is 30 years after operation so that a value of T1 equal to 40 years was examined. 

Following the approach by Rowe (1998) the cover is no longer maintained after T1. The infiltration was 
assumed to increase to 0.1 m3/m²/a at that time. This value is in the range between the value obtained for a 
landfill covered by a GCL after cation echange and a number of hydration-desiccation cycles (Pirrion et al., 2011) 
equal to 0.13 m3/m²/a and the flow rate through an exposed oxidized bituminous geomembrane 26 years after 
installation (Touze-Foltz et al., 2013) equal to 0.08 m3/m²/a. After T1 the operation of the leachate collection 
system is terminated allowing the leachate head on the geomembrane to increase. It was assumed that the 
leachate head had reached a maximum of 12 m at time T2, 20 years following the termination of leachate 
collection (Rowe and Brachman 2004). Between T1 and T2 it was assumed that an average head of 6m acts on the 
liner.  
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The geomembrane of the bottom liner system was assumed to fail at time T3 in relation with ageing. The 
failure of the geomembrane was modeled at time T3 equal to T1 plus 70 years or 120 years corresponding to the 
life estimate at 33°C (Rowe and Brachman 2004) and 20°C respectively. Leakage rates for the different time 
periods are given in Table 3. 

 

 
Table 3 Calculated leakage rates through composite liners shown in Fig. 1 for different leachate heads acting on the 
geomembrane. The geomembrane is assumed to have 20 holes per hectare with different repartitions of defects 

Fig. Contact Defects Leakage rate (m/a) 

0-T1 : hw=0.3m T1-T2 :hw=6m T2-T3: hw=12m >T3 

1a GCC circular 3.3×10-4 5.3×10-3 10-2 0.1 
  small 9.3×10-4 8.6×10-3 1.56×10-2 0.1 
  large 2.4×10-3 1.7×10-2 2.97×10-2 0.1 
1b GCL circular 1.3×10-5 1.9×10-4 3.6×10-4 0.1 
  small 2.2×10-4 1.2×10-3 1.6×10-3 0.1 
  large 9.4×10-4 3.19×10-3 5.14×10-3 0.1 
1c GCC circular 2.9×10-4 4.9×10-3 9.5×10-3 0.1 
  small 5.5×10-4 7.1×10-3 1.53×10-2 0.1 
  large 1.2×10-3 1.3×10-2 2.57×10-2 0.1 
1d GCL circular 10-5 1.7×10-4 3.2×10-4 0.1 
  small 7.85×10-5 6.8×10-4 1.3×10-3 0.1 
  large 2.8×10-4 2.1×10-3 3.9×10-3 0.1 

 
 

3 Results and Discussion 

Phenolic compounds are more or less dangerous for health and the environment. Some dose-response 
relationships, otherwise concentration thresholds for ecosystems and human health, have been published by 
French, European, North American or world environment and health agencies. To give some preliminary 
benchmarks for the calculated concentrations of phenolic compounds, we present a synthesis of the available 
toxicological data for some phenolic compounds in table 4. Note that the concentration of 0.1 µg/l is a usual 
threshold for phenolic compounds in drinking water. 
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Table 4 Data on dose-response relations ships and environmental and health thresholds for some phenolic compounds 

Compound Health 
threshold for 
surface water 

Environment
al threshold 
for surface 
water 

Linear dose-
response rate 
(carcinogens) 

Health 
threshold 

Value    (Safety 
Factor) 

Standard 
for 
drinking 
water 

F/EU 

Standard for 
drinking 
water 
(WHO) 

2,4 DCP 0.6 µg/l 21 µg/l none 3.10
-3
mg.kg

-1
.j

-1
 

(100) 

0.1 µg/l (if 
alone)  

0.5 µg/l(all)  

none 

2,4,6 TCP < 10 mg/l 0.41 µg/l 1.1 10
-2
(mg.kg

-1
.j

-1
)
-1
 

(100) 

3.1.10
-7
(µg/l)

 -1
 

3.10
-3
mg.kg

-1
.j

-1
 

(100) 

4.2.10
-2
mg.kg

-1
.j

-1
 

(100) 

0.1 µg/l (if 
alone) 

0.5 µg/l(all) 

2000 µg/l at 10
-4
 

200 µg/l at 10
-5
 

20 µg/l at 10
-6
 

DCM 1 µg/l none 7.5.10
-3
(mg.kg

-1
.j

-1
)
-1
 6.10

-2
mg.kg

-1
.j

-1
 

(100) 

none 20 µg/l 

BPA 0.1-1 µg/l none none 50 µg.kg
-1
.j

-1
 (100) none none 

PCP 0.1-1 µg/l 

< 1 µg/l 
(groundwater) 

0.35 µg/l (WFD) 

5-6 µg/l (50) (F) 
0.12(mg.kg

-1
.j

-1
)
-1
  

3.10
-6
(mg/l)

-1
 

10
-3
mg.kg

-1
.j

-1
 (1000) 

3.10
-3
mg.kg-1.j

-1
 (3) 

(F) 

0.1 µg/l (if 
alone) 

0.5 µg/l (all) 

9 µg/l 

CP 1.4 µg/l fishing 
(F) 

21 µg/l else (F) 

2 mg/l (USA) 

2-65 µg/l (British 
Columbia) 

none 3 mg.kg
-1
.j

-1
 (100) 

(toxicity) 

5 mg.kg
-1
.j

-1
 (1000) 

(repr.) 

10 µg/l (D)  

120 µg/l (USA) 

17.5 µg/l (French 
institute INERIS) 

TeCP none none none none none none 

P-Crésol none 0.1 mg/l none none none none 

O-Crésol none 0.012 mg/l none none none none 

DMP none none none none none none 

Phénol < 1 µg/l 7.7 µg/l none 0.3 mg.kg
-1
.j

-1
 (300) none none 

 

 

3.1 Results obtained for BPA 

The results obtained for BPA are plotted on Figs. 3 to 5. Fig. 3 shows the results obtained when 
considering the different situations of attenuation in waste and in soil. They show the large effect of these 
parameters. The peak concentration is then reduced from 127 µg/l to 14.5 µg/l for the case of large defects in 
the geomembrane. One can also notice that an increase in the attenuation in the waste and in the soil results in a 
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peak concentration reached earlier. Except in the case of large defects, peaks in concentration are not obtained 
before the failure of the geomembrane. 

Fig. 4 illustrates the effect of an increase in the service life of the geomembrane on the concentrations in 
the aquifer. Lower peaks are obtained as they are reached before the geomembrane failure. In any case however, 
for good contact conditions, the peak concentration in the aquifer exceeds 0.1 µg/l which has to be the threshold 
value in water. 

In the case an alternative design is used, i.e. the configuration of Fig. 1b with a GCL, concentrations 
obtained are lower than in the case of the good contact conditions, so that the equivalence is demonstrated. 
However there are still above the threshold value of 0.1 µg/l. 

The various designs thus adopted do not allow, under the configurations tested to ensure an acceptable 
protection of the aquifer towards the transfer of BPA. One has however to keep in mind the various 
uncertainties in the parameters adopted that are the half lives in waste and in soil, and the proportion of BPA in 
waste. 
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Fig. 3 Effect of the repartition of defects in the GM and of the attenuation in waste and in the soil on the transfer of BPA for a 
geomembrane service life equal to 70 years in the case of good contact conditions for the French configuration. 
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Fig.4 Effect of the service life of the geomembrane, of defects in the GM and of the attenuation in waste and in the soil on the 
transfer of BPA for half lives in waste and soil respectively equal to 5 and 25 years (maximum attenuation) in the case of good 
contact conditions for the French configuration. 
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Fig.5 Effect of the service life of the geomembrane, of defects in the GM and of the attenuation in waste and in the soil on the 
transfer of BPA for half lives in waste and soil respectively equal to 5 and 25 years in the case of GM-GCL contact conditions 
for the French configuration. 

 
3.1.1 Results obtained for PCP 

Results obtained for PCP are plotted on Figs. 6 to 8. Fig. 5 shows the results in the case of good contact 
conditions. When the minimum half-lives are adopted in waste and soil, the concentration in the aquifer is below 
the acceptable limit in drinking water, i.e. 0.1 µg/l. Results again evidence the effect of the size and repartition of 
defects on the shape of the concentration curve obtained. In case the maximum service life of the geomembrane 
was considered, with half-lives of PCP respectively equal to 10 and 50 years in waste and soil were considered 
the peak concentrations are larger than the threshold value even for only circular defects in the geomembrane. 
No additional calculations were thus performed for larger defects. One calculation was performed for the case of 
the European regulatory barrier, for circular holes in the geomembrane. The concentration is larger than 0.1 
µg/l. As the peak in concentration appears very early, the increase of the lifetime of the geomembrane would not 
improve the result.  

Figs. 7 and 8 show the results obtained in the case of the GM-GCL contact condition. Again 
concentrations obtained when the minimum half-lives are adopted in waste and soil, the concentration in the 
aquifer is below the acceptable limit in drinking water, i.e. 0.1 µg/l. In case the maximum service life of the 
geomembrane was considered, with half-lives of PCP respectively equal to 10 and 50 years in waste and soil, the 
peak concentrations are below the threshold value in the case of circular holes and a repartition of small defects 
in the geomembrane. In the case of the European barrier, no adequate protection is granted even for the case of 
circular holes in the geomembrane as evidenced by Fig. 7. 

These results evidence that for the case of PCP the liner system including a GCL is equivalent to the 
regulatory barrier as it brings an improved protection of the aquifer. 

Furthermore there are various configurations which can ensure an adequate protection of the aquifer 
provided that the minimum values of half-lives are considered in the calculations. This result reinforces the need 
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to obtain precise values of half-lives of micropollutants in waste and soil in anaerobic conditions as the have a 
strong impact on the results obtained. 

However in the case of the European regulatory barrier or the equivalent design, there is no adequate 
protection towards the transfer of PCP in the conditions tested. This result emphasizes the beneficial effect of 
the attenuation layer. 
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Fig. 6 Effect of the service life of the geomembrane, of defects in the GM and of the attenuation in waste and in the soil on the 
transfer of PCP in the case of good contact conditions for the French configuration and the European configuration. 
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Fig. 7 Effect of the attenuation in waste and in the soil on the transfer of PCP in the case of GM-GCL contact conditions for 
the French configuration and the European configuration. 
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Fig. 8 Effect of the service life of the geomembrane on the transfer of PCP for half lives in waste and soil respectively equal to 10 
and 50 years in the case of GM-GCL contact conditions for the French configuration. 

 
 

 
3.1.2  Results obtained for 2,4-DCP 

Fig. 9 shows the results obtained for the case of the transfer of 2,4-DCP for good contact conditions. In 
case the maximum attenuation in waste and soil is considered, concentrations in the aquifer obtained for the 
French configuration are all below the 0.1 µg/l threshold. There is thus adequate protection. If one however 
considers minimum attenuation, no adequate protection is granted even for the case of circular holes in the 
geomembrane. An increase in the lifetime of the geomembrane contributes in reducing the peak concentration 
but not to an acceptable level. 

In the case of GM-GCL contact conditions (fig. 10), when a minimum attenuation is considered (i.e. half-
lives equal to 10 years in waste and 50 years in soil), the protection is not sufficient if the lifetime of the 
geomembrane is 70 years, but it is if the lifetime is extended to 120 years. One can also notice that the protection 
is sufficient in case minimum values of half-lives are considered for waste and soil. 

Fig. 11 shows the result obtained for the European configuration in the case of good contact conditions 
and GM-GCL contact conditions for the maximum attenuation in waste and soil. Those do configurations do 
not allow to reduce the peak concentrations below the 0.1 µg/l threshold. Again due to the lack of attenuation 
layer in the European regulatory barrier, no adequate protection can be granted towards 2,4-CDP under the 
assumptions made in this study. 
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Fig. 9 Effect of the service life of the geomembrane, of half lives in waste and in the soil on the transfer of 2,4-DCP in the case of 
good contact conditions for the French configuration. 
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Fig. 10 Effect of the service life of the geomembrane on the transfer of 2,4-DCP for variable half lives in waste and soil in the 
case of GM-GCL contact conditions for the French configuration. 
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Fig. 11 Concentrations of 2,4-DCP obtained for the European configuration for half-lives in waste and soil respectively equal to 
5 and 25 years and for a service life of the geomembrane equal to 70 years. 

 
3.1.3 Results obtained for 2,4,6-TCP 

Fig. 12 represents the results obtained for the French and European configurations regarding the transfer 
of 2,4,6-TCP. Concentrations obtained in the aquifer can be below the 0.1 µg/l threshold for good contact 
conditions in case the attenuation is maximum in waste and in soil for the European configuration. In the case of 
the French configuration, the concentration in the aquifer is well below the threshold when the attenuation is 
maximum and slightly above the threshold when the attenuation is minimum. Due to the small concentration in 
2,4,6-TCP in leachate, for this contaminant adequate protection can thus be granted in the case of the European 
and French configurations more easily than for the previous pollutants studied. In case the GCL-GM contact 
condition is studied (see Fig. 13), the French configuration does always ensure adequate protection. In case the 
European configuration is studied, the protection is less, however the concentration in 2,4,6-TCP in the aquifer 
is only slightly above the 0.1 µg/l threshold for the case of minimum attenuation in waste and in soil. 

The comparison between data obtained for the European configuration and the French configuration 
shows that the peak value is obtained earlier in the case of the European configuration. This result is logical as 
Darcy velocities are in the same order of magnitude in both cases but the length of liner to cross is significantly 
smaller in the case of the European configurations. The resulting peak value is thus significantly larger in all cases 
for the European configuration. This result has previously been evidenced by Rowe [34] and emphasizes the 
importance of the attenuation layer on contaminant transfers. 
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Fig. 12 Concentrations of 2,4,6-TCP obtained for the European and French configurations for large defects and good contact 
conditions. 

 
 

3.2 Limitations of the study performed 

 
Given the complexities, uncertainties and variabilities involving contaminant transport from a landfill 

through a barrier system and into a receptor aquifer, such quantitative assessments of potential impact are not 
meant to be precise predictions of concentration at any point, at any time. Especially, site specific sorptions and 
dilutions are not taken into account. 

Other equivalency issues including the availability of suitable clay for constructing a CCL, resistance to 
environmental degradation, catastrophic puncture, quality of construction and mechanical stability must also be 
considered when assessing equivalency of liners for waste containment. 

In addition the type and size of defects were assumed to be the same regardless of whether the composite 
liner had a CCL or a GCL. 

Results obtained have shown the great influence of the half-live of the various phenolic compounds in 
waste and in soil under study on the resulting concentrations in the aquifer. Further research is thus clearly 
required to improve the knowledge of the behavior of emerging contaminants in order to improve the 
quantification of contaminant transfers in landfill bottom liners, in terms of half-lives and proportion in waste. 

Moreover, the temporal aspects of the results are very dependant on the sorption hypothesis: the time 
frame can be widened as far as thousand of years (Mendes et al, 2012). In such a case, a socioeconomic analysis 
has no sense yet, since many other more important events will probably affect human life. We keep the 
hypothesis of no sorption for the following socioeconomic part. 
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3.3 Socioeconomic interpretation 

 
All human activities (like landfilling) modifies the environment (groundwater quality for instance) and at every 
variation of the environmental quality is associated a variation of well-being. Finding the relationship between 
these two variations is the main scope of environmental economics. This has to be linked in our case to the 
leakage properties of the landfill, then (among others) to the ageing of geosynthetics. 
A hypothetical variation of groundwater quality can be valued through specific surveys : 
- contingent valuation method asking for people what they want to pay to keep their perceived groundwater 
quality or what they want to receive to give it up,  
- choice experiments eliciting trade-offs people make about their perceived groundwater quality.  
But the resulting monetary figures (which have been elicited in a French study about 23€ per household per year) 
cannot be easily linked to objective and knowledgeable data on any groundwater quality (to be modified by the 
leachate leakage of a landfill). This is why, for the present paper, we prefer to infer the well-being valuation from 
the previous physical results, through an impact pathway approach as Rabl (2008) did for the sanitary impact of 
incineration. 
First, one has to distinguish between threshold effects and non threshold effects. The previous results show that 
in some cases, the concentration is higher (up to fifteen times) than the 0.1 µg/l threshold. This does not prove 
any health effect since a water drinking standard is not a dose response relation-ship at all (and remind that no 
site specific sorption and dilution were taken into account), but it shows that contrary to some public discourses, 
landfill leakage does exist and may be problematic. A survey of the downstream groundwater quality in the long 
run (not only for thirty years for instance) may be a direct application of the precautionary principle. 
Second, let us deepen the analysis of no-threshold effects. This case is quantified in table 4 by the linear dose-
response rate. Recent public health research is doubtful about the linear character of such a relationship 
(importance of specific temporal windows like pregnancy and infancy) but what we wish to enhance here is that 
there is a potential effect at any low dose. Indeed, the valuation of cumulated effects on many individuals relies 
on a probabilistic reasoning: a carcinogenic effect is reached with the probability one if the product of the rate 
times a realistic pollutant ingestion of a number n of persons is one. We have shown elsewhere (Farcas and 
Touze-Foltz, 2013) that a PCP impacted groundwater area of 30,000 inhabitants could be enough to get this 
probability of one. A landfill badly situated upstream a middle town may then induce the probability one that a 
cancer develops. If this cancer is lethal, the use of the value of statistical life (about 1 M€ in developed countries) 
allows for a monetarisation of this kind of sanitary impact. Then, this external cost can be compared to the 
financial efforts to reduce the leakage of landfills. With the usual values of statistical life, the external costs can 
justifies for instance not to choice for landfill tenders the cheapest but the best proposals for geosynthetics and 
their laying. 
But note that any avoided sanitary cost occurs far later than the cost of high quality geosynthetics product and 
lying. In economics, "time is money" and future generations should count less. The economic interpretation of 
figures 3 to 12 is then to apply a time-increasing discounting factor to all curves. The rate of this time increasing 
depend itself of the instantaneous discount rate (which can itself be constant or time decreasing). There are 
procedures to make this apparently unethical statement in accordance with sustainable development and 
intergenerational equity (Bayer et al., 2010). What can be noticed about discount rate is that a constant one 
creates more differences about peaks occurring at different times than a time-decreasing discount rate. Since the 
latest peak is due to the geomembrane brittle failure, the relative importance of this failure – hence the 
geosynthetics quality like ageing resistance – depends on this subjective (social science based) parameter. It is 
therefore the task of the policy maker to make explicit the choice of this parameter. In current environmental 
and fiscal policies, one may ask whether this (often implicit) choice is more due to lobbies than to a democratic 
deliberation. 
 
 

4 Conclusions 

Phenolic compounds are known to be dangerous to health and the environment. Determination of their 
diffusive properties inside landfill geosynthetic barrier has allowed for modelling their effects on groundwater. 
The resulting concentrations have proved to be sometimes above current drinking water standard. That does not 
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mean that they are necessarily dangerous, reminding that (site specific) sorption and dilution were not taken into 
account.  
If linear dose relationships are relevant, one can demonstrate that statistical health risk can occur in some 
geographical settings. The (future) avoided cost of choosing the best possible geosynthetics can then be socially 
justified despite the higher (present) cost of high quality products and lying. 
Although managing such detrimental effects of final sinks should not displace other investment for waste 
prevention and eco-design (for instance, avoiding the use of biphenol A in casual commodities), phenolic 
compounds do lie and will lie inside landfills. Tenders for building future final sinks should be designed not to 
favour the cheapest technical proposals. 
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