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ABSTRACT: Considering a reasonable distribution of wrinkles in a geomembrane forming part of a composite
liner, the effect of temperature on contaminant transport to an underlying aquifer by advective and diffusive
transport is examined. The majority of the cases considered were selected based on the conditions that might be
expected in southern Ontario (Canada) where the ambient ground water temperature is about 10°C and results
given for dichloromethane suggest that for the cases examined the peak impact is very close to that predicted for
the usual base case of 20°C. This implies that the simple approach commonly used in Ontario for landfill design
which neglects the effect of temperature provides quite good results. However one analysis run for a higher
ambient groundwater temperature of 35°C gave a peak impact almost twice that for the other time varying cases
suggesting that more investigation is needed to confirm how significant the ambient groundwater temperature
may be with respect to contaminant impact.

1 Introduction

The temperature on a landfill liner varies with time and for a typical municipal solid waste landfill the temperature
may reach 30-40°C and potentially upto about 60°C for a landfill where there is significant moisture addition to
accelerate biodegradation of organic waste (Rowe, 2005). The service life of a geomembrane liner used as part
of a composite liner in these landfills will primarily depends on temperature (Rowe, 2005). However even before
the geomembranes service life is reached, temperature can affect both the hydraulic conductivity and diffusion
coefficient of the barrier system (Collins, 1993; Rowe, 1998) and hence has the potential to affect the advective-
diffusive transport through the liner system. At present contaminant transport analyses are typically performed
using parameters obtained in the laboratory at laboratory temperatures (typically about 20°C) and no studies have
been conducted to assess the potential effect of liner temperature on contaminant impact. Thus the objective of
this paper is to perform a preliminary analysis of the potential implications of liner temperature for the case of a
volatile organic contaminant (dichloromethane, DCM) found in landfill leachate (Rowe et al., 2004) through a
composite liner comprised of a 1.5mm thick HDPE geomembrane (GM) over a geosynthetic clay liner (GCL)
which rests on a 3.75m thick attenuation layer (AL) which in turn is underlain by a 1 m thick aquifer, as depicted in
Fig. 1. Attention will be focussed on the effect of temperature on contaminant transport through the liner system
and, in particular, on the calculated peak DCM impact in the aquifer.
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Figure1. Barrier system examined in this study (not to scale)
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2 Modelling

The modelling of the effect of temperature in this paper was conducted for a landfill cell 200m long in the direction
of groundwater flow. The waste mass per unit area was taken as 25 t.m. The contaminant considered was DCM.
The proportion of DCM in the waste and the initial concentration were taken to be 2.3 mg/kg and 3300 pg.l'1 and
the half-life in the leachate of 10 years were all based on Ontario Regulations 232/98 (O. Reg. 232/98). The
reference height of leachate (H;, Rowe et al., 2004) was hence calculated at 17.4m. The infiltration through the
landfill cover and hence leachate generation rate, q,, was assumed to be 0.15m/a. The GM was assumed to have
interconnected wrinkles with a hole of 125m/ha with wrinkle width of 0.2m. Leakage, Q, through the GM was
calculated using the Rowe Equation (Rowe, 1998):

Q=2L{kb+KkD 8)°% hy/D (1)

where L is the length of the holed-wrinkle per hectare; 2b is the width of the wrinkle (0.2m); k is the harmonic
mean hydraulic conductivity of the GCL and AL below the GM; 6 is the transmissivity of the GM-clay liner
interface; hy is the head loss across the composite liner; and D is the combined thickness of the GCL and AL.
The aquifer was assumed to have a potentiometric surface 3.5m above the top of the aquifer, a porosity of 0.3,
and a Darcy flux (velocity) at the upward-gradient edge of the landfill of 1 m/a. In cases where a temperature
profile is examined, the aquifer was assumed to have a constant temperature of 10°C typical of Ontario Canada.

Since modelling is typically conducted using laboratory parameters at 20°C, this was taken as the “base case”
and the reference parameters were based on typical values at this temperature. For the geomembrane the base
DCM diffusion and partitioning coefficients were Dggzo = 2.0x10° m%a and Sgro = 6 respectively giving a
permeation coefficient Pgpp = Dgog X Sgrog = 1.2x10* m?/a (Rowe, 2005). All analyses were performed using the
computer program POLLUTE (Rowe and Booker, 2005) based on the theory published by Rowe and Booker
(1995) and diffusion through the GM was modelled by assigning a porosity of 1 to the GM and a coefficient of
hydrodynamic dispersion equal to the permeation coefficient P;. The GM/GCL transmissivity, 8, at 20°C was
taken to be 1x10™" m%s (Rowe, 1998). The baseline properties of the GCL and AL are presented in Table 1.

Table 1. Properties of the geosynthetic clay liner (GCL) and attenuation layer (AL) at 20°C used in the
contaminant transport analysis for DCM

Property GCL AL
Thickness (m) 0.007 3.75
Hydraulic conductivity to leachate (m/s) 5x10™" 1x107
Diffusion coefficient (m*/a) 0.009 0.022
Sorption (-) 0 0
Porosity (-) 0.7 0.3
Transmissivity of geomembrane and GCL interface (m?/s) 1x107"° -
Half-life in soil (year) 50 50

- Not applicable

The DCM permeation coefficient, Pt, through the GM at temperature, T, was calculated using a relationship
(Eq.2) developed by Chao et al (2007) for chloroform and related to that at 20°C, Py, and typical values are
presented in Table 2. At temperature, T, the diffusion coefficient, D+, in the GCL and AL, hydraulic conductivity of
the GCL and AT, and interface transmissivity 61, were calculated based on Rowe (1998) and typical values are
given in Table 2. It is noted that temperature has a significant effect on all parameters.

Table 2. Permeation coefficient, P, diffusion coefficient, D+, hydraulic conductivity, kr, and interface
transmissivity, 6, at temperature T relative to values at 20°C

Temperature PT / on DT / Dzo* kT / kzg*

(C) GM GCL or AL GCL or AL Or/B20
10 0.32 0.71 0.77 0.77
20 1.0 1.0 1.0 1.0
25 174 114 115 1.08
35 4.84 143 138 138
50 201 1.93 185 1.84
65 73.6 2.5 2.23 2.23

* obtained based on Rowe (1998)
# obtained using Eq.2 Chao et al., (2007)
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Pr =P, e =PRT 2)

where P, represents the pre-exponential factor (back calculated for DCM using its P, value and it is equals to
1.21x10™"° m%a), E, is the activation energy and was taken to be the same as for chloroform at 78560 kJ/mol
(Chao et al., 2007), R is the universal gas constant and T is the absolute temperature.

The leakage through the GM was calculated using Eq. 1 with a design head of 0.3m above the GCL for the
service life of the leachate collection systems (which was assumed to be 100 years) and 7m after the leachate
was no longer collected from the under drain system. For cases where the temperature varied linearly from that
specified at the GM liner to that at the aquifer (assumed to be 10°C), the AL was subdivided into 5 sublayers and
hydraulic conductivity and diffusion coefficient were calculated corresponding to the temperature at the midpoint
of each sublayer. The hydraulic conductivity values were used to calculate the harmonic mean hydraulic
conductivity of the GCL (assumed to be at temperature T) and AL and this value was used in Eq. 1. The leakage
calculated for a number of liner temperatures is summarized in Table 3. Again it can be seen that temperature
can results in a notable increase in leakage rate. Not surprisingly, the build-up of a significant leachate head
(i.e.,7m) after failure of the LCS has a significant impact on leakage rate (as depicted in Table3). The
contaminant transport analyses (POLLUTE) were performed using downward Darcy velocity corresponding to the
leakage for the liner temperature and the diffusion coefficient appropriate to the midpoint of each sublayer.

Table 3. Leakages calculated for different liner (GM) temperatures

GM Temperature  Leachate Head Calculated Leakage
(C) (m) (Iphd) (m/a)

10 0.3 12.0 0.00044

7 155 0.00566

20 0.3 15.8 0.00058

7 203 0.00742

30 0.3 19.6 0.00071

40 0.3 23.3 0.00085

50 0.3 27.1 0.00099

3 Results

Analyses were performed for seven cases to assess the effect of temperature on contaminant transport (as
shown in Table 4). The first (base) case assumed that the entire barrier system was at 20°C as is usually
assumed in impact assessments. As shown in Figure 2, this case gave a peak impact in the aquifer of 18 pg/l at
about 109 years (as depicted in Table 4). A change in response can be observed at 100 years when the leakage
rate increased due to the assumed failure of the leachate collection system at this time (Table 3). To demonstrate
the effect of temperature for a relatively simple case this analysis was repeated (Case 2) for parameters relevant
to the entire barrier system being at a 35°C and it can be seen that this 15°C increase in temperature more than
doubles the calculated contaminant impact in the aquifer to 42 pg/l and resulted in a reduction in the time to peak
impact by almost 35 years to 75 years (Table 4).

It may be argued that Case 2 is too severe since while the GM may reach 35°C, or even higher, this is for a
limited time and also the temperature below the liner will be less than that at the liner. To consider these effects
five cases were examined where:

(a) The GM temperature started at a temperature T, and remained there until a time t; (Figure 3) after which it
increased linearly with time to the peak temperature, Ty, at time t,. It remained at the peak temperature until
time t3 after which it reduced linearly with time back to the initial temperature T, at time t,.

(b) The temperature decreased linearly with position from the GM temperature defined in (a) above to 10°C at
the top of the aquifer.

Cases 3-5 all assumed an ambient aquifer temperature, T,, of 10°C and peak temperature, T,, of 40°C and
differed in terms of the time sequence. Case 6 consider the same change in temperature but with an ambient
temperature, T,, of 20°C and hence peak temperature, T,, of 50°C. Finally Case 7 considered a landfill with an
ambient temperature, T,, of 10°C and less moisture available for biodegradation so that the peak temperature is
only 35°C but it remains at that temperature for 30 years. The results are summarized in Table 4.

Cases 3 and 4 are identical except that the rate of decrease from the peak temperature is much slower in Case 4.
The results for the two cases are very similar with a peak impact of 18 and 19 pg/l at 124 and 120 years
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respectively. Coincidentally the peak concentration value is essentially identical to that obtained for the base case
(Case 1) at 20°C. Case 5 has a 10 year period before the temperature begins to rise but once it peaks it stays
their longer than for Cases 3 and 4. This case gave the least impact (14 g/l at 118 years) because the low
temperature at early time reduced contaminant transport at the time when the source concentration was assumed
to be greatest (with the source concentration decreasing rapidly with time due to biodegradation with a half-life of
10 years. The variation in concentration with time in the aquifer is shown in Figure 4.

Cases 3 and 6 have the same time history but there is higher ambient and peak temperature for Case 6 which
leads to an increase in peak impact form 18 ug/l to 32 ug/l and reduces the time to peak impact by 40 years
(Figure 5).

Case 7 explores the effect of a lower peak temperature but where elevated temperature is maintained for a long
time (until 100 years). Coincidentally this gave a peak impact of 17 pg/l (at 94 years) that was very close to that
for the simple base case (Case 1 in Table 4).

Table 4. DCM peak impact in aquifer for the cases examined (see Figure 3 for definition of ty, t, ts, t4, To and T)

t, t, ts t T T DCM Peak impact
Case o oa Concentration  Time of peak
ears ears ears ears C C X
(years) (years) (years) (years) (°C) (°C) (gl (vear)
1 - - - - 20 20 18 109
2 - - - - 35 35 42 75
3 0 5 20 35 10 40 18 124
4 0 5 20 50 10 40 19 120
5 10 15 40 70 10 40 14 118
6 0 5 20 35 20 50 32 83
7 0 10 40 100 10 35 17 94
20 T T T T T T T T T T T T
o 154 —
o
£
=
U - -
o
©
S 10+ -
j
IS
o) J J
(&)
c
o
O
5 -
0 - -
T T T T T T T T T T T T
0 50 100 150 200 250 300

Time (Years)

Figure 2. Variation of DCM concentration in aquifer — Case 1 T=20°C (constant throughout)
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Figure 3. Idealization of variation in landfill liner temperature with time.
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Figure 4. Variation of DCM concentration in aquifer for Cases 3, 4, 5
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Figure 5. Variation of DCM concentration in aquifer for Case 3 and 6

4 Conclusions

This paper has, for the first time, examined the effect of temperature on the potential impact on an aquifer due to
contaminant transport from a municipal solid waste landfill. Most of the cases considered in the present study
were selected to correspond to conditions that might be expected in southern Ontario (Canada) where the
ambient ground water temperature is about 10°C and the results given herein for DCM suggest that, at least for
the cases examined, the peak impact is very close to that predicted for the usual base case of 20°C. If confirmed
for other contaminants this is good news since it implies that the simple approach commonly used in Ontario for
landfill design which neglects the influence temperature variation gives quite good results. However caution
should be adopted in reaching this conclusion until it has been confirmed for other critical contaminants. The one
analysis run for a higher ambient groundwater temperature of 20°C gave a peak impact almost twice that for the
other time varying cases suggesting that more investigation is needed to confirm how significant the average
groundwater temperature may be with respect to contaminant impact.

5 Acknowledgements

The research presented in this paper was funded by the Natural Science and Engineering Research Council of
Canada (NSERC), Canada Foundation for Innovation (CFI), the Ontario Innovation Trust, the Centre for
Research in Earth and Environmental Technologies (an Ontario Center of Excellence), the Ontario Ministry of
Environment and Terrafix Geosynthetics Inc. The authors are grateful to their industrial partners, Solmax
International, Terrafix Geosynthetics Inc, Ontario Ministry of Environment, Gartner Lee Ltd, AMEC Earth and
Environmental, Golder Associates Ltd., and the CTT group.

6 References

Collins, H. J. 1993. Impact of the temperature inside the landfill on the behaviour of barrier systems, Proc. 4th International
Landfill Symposium, Sardinia '93, 1, 417-432.

Chao, K., Wang, P., Wang, Y. 2007. Diffusion and solubility coefficients determined by permeation and immersion experiments
for organic solvents in HDPE geomembrane, Journal of Hazardous Materials, 142, 227-235.

Rowe, R. K. 1998. Geosynthetics and the minimization of contaminant migration through barrier systems beneath solid waste,

2403



Proc 6" International Conference on Geosynthetics, Atlanta, IFAI, St .Paul. MN, 1, 27-103.

Rowe, R. K. 2005. Long-Term Performance of Contaminant Barrier Systems”, 45" Rankine Lecture, Geotechnique, 55(9), 631-
678.

Rowe, R. K. and Booker, J. R. 1995. A Finite Layer Technique for Modelling Complex Landfill History, Canadian Geotechnical
Journal, 32(4), 660-676.

Rowe, R. K. and Booker, J. R. 2005. POLLUTEv7 Pollutant migration through a nonhomogeneous soil, ©1983-2005,
Distributed by GAEA Environmental Engineering, Ltd. 44 Canadian Oaks Dr. Whitby, ON, Canada, Fax (905) 725-9657, e-
mail: support@gaea.ca.

Rowe, R. K., Quigley, R. M., Brachman, R. W. I., Booker, J. R. 2004. Barrier Systems for Waste Disposal Facilities, Taylor &
Francis Books Ltd (E & FN Spon) London, 587p

2404


mailto:support@gaea.ca

	1 Introduction
	2 Modelling
	3 Results
	4 Conclusions
	5 Acknowledgements
	6 References
	Untitled

