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1.0 INTRODUCTION AND SUMMARY 

This report examines the potential for attenuation of contaminants entering 

the fractured rock beneath the proposed Region of Halton Landfill at Site F (see 

Drg. 5, Vol. 3, THCL report on Site F, Exhibit H42A) as a result of diffusion 

into the matrix of the shale adjacent to the fractures. 

The report has been prepared using the results obtained from modelling of 

contaminant transport at Site F conducted by the writer, as part of a contract 

between the Town of Milton and The University of Western Ontario (the UWO study), 

and described in the following sections of this report. The cases examined in 

the UWO study were selected after consideration of the hydrogeological informa-

tion and the engineering design documents contained in Trow Hydrology Consultants 

Ltd.'s (THCL) report Volumes 1, 2 and 3 (Exhibits H40, H42, H42A) relating to 

Site F. The hydrological information contained in THCL's report was supplemented 

by additional hydrogeological interpretation provided by Geocon. 

The phenomenon of attenuation due to matrix diffusion is well recognized and 

was considered in the UWO study. Thus, this study involved modelling of contami-

nant migration along fractures (due to advective-diffusive-dispersive transport) 

together with diffusion of contaminant from the fractures and into the matrix of 

the rock. Possible sorption of contaminant was also considered where 

appropriate. The model satisfies conservation of mass requirements. It also 

automatically allows for variations in concentration in the source leachate as 

the mass of contaminant within the landfill decreases due to both the collection 

of leachate and the movement of contaminant down into the rock. 

The model assumes parallel planar fractures. It is recognized that the 
saL., 

real situation is more complicated and will involve dead end fractures, 
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constrictions (i.e. narrowing followed by widening of the fracture) and a tor-

tuous flow path (eg. flow along a near horizontal fracture then up (or down) a 

vertical fracture and then along another near horizontal fracture). The net 

effect of this can be expected to be manifest as a dispersion or spreading of 

contaminants in excess of that calculated on the basis of advective-diffusive 

transport along the parallel fractures. There is no easy way to establish this 

dispersion coefficient without field data. Similarly, there is uncertainty con- 
_ 

cerning the value of the groundwater velocity and fracture geometry. Under these 

circumstances, it is not possible to make precise predictions of contaminant 

migration no matter how sophisticated the theoretical model used. Fortunately, 

however, the Burlington and Bayview Park landfills provide an indication of the 

movement (or lack of movement) of contaminant in a hydrogeologic environment 

which • similar to that beneath the proposed Halton landfill at Site F:1 In this 

situation, theoretical models can be particularly useful for examining the impli-

cations of different combinations of parameters and the choice of parameters can 

be tested by comparing the calculated and observed extent of migration from 

existing landfills. By using these parameters in an analysis of the proposed 

Halton landfill at Site F, it is then possible to form an engineering opinion as 

to the likely performance of the proposed landfill. 

From the standpoint of modelling contaminant migration, t_tinng_s_til___Site_D 

is at least as complex as Site F and there is uncertainty regarding the value of 

relevant parameters at both sites. In both cases, modelling using reasonable 

combinations of parameters will provide an indication of the potential contamina-

tion of the groundwater. At Site F there is the unique advantage of having the 

documented/performance of the two existing landfills which can be used to cali-
„(7 

brate the choice of parameters. 

µ nfv- 
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Based on available data, lateral migration through the fractured rock was 

modelled using an average lateral flow per unit area (va) o(0.05 m/4 For a 

fracture porosity of 0.001\rthis corresponds to an average linearized groundwater 

velocity of 50 m/ and appears to be within the range of values reported by THCL 

(Vol. 1, p. 6 . For the purposes of considering a "worst case" scenario in the 

event that the leachate collection tiles all failed it was very conservatively 

assumed that leachate mounding would develop to the top of the waste mound. This 

assumption is more severe and conservative than that made in the study of Site D 

even though, if anything, one would expect the height of mounding to be less at 

Site F than at Site D due to the sloping nature of the site. Based on this very 

conservative assumption, the lateral flow per unit area (Darcy velocity) in the 

deep rock system was estimated to increase from .05 m/a to 0.125 m/a. This 

increase in velocity corresponds to an increase in the lateral gradient by a 

factor of 2.5 due to the mounding and is based on the assumption that the head 

300 m downgradient would not change due to mounding. If the head at this point 

did increase then the flow would be even smaller than 	indicated above. For a 

fracture porosity of 0.001, the flow of 0.125 m/a corresponds to an average 

linearized groundwater velocity (fracture velocity) f 125 m/a. 

Calculations were also performed for a lateral flow per unit area (va) of 

0.7 m/a. If one assumes that this flow passes through a thickness, T, of rock of 

25 m then this flow corresponds to the infiltration of 14 mm which (based on 

their original computer model) THCL claim passes into the rock beneath Site F at 

present. 

Consideration was given to the migration of both a conservative contaminant 

species (chloride) and a volatile priority pollutant (benzene). 

The diffusion coefficient for chloride into the shale at Site F was 
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determined from a series of three tests to be 1.5x10-6  cm2/s (0.0047 m2/a). 

Attenuation due to matrix diffusion will be greatest when the matrix diffusion 

coefficient is high and so for this type of modelling it is conservative to adopt 

a low value of diffusion coefficient (the opposite is true when one deals with 

diffusion through an unfractured medium). To ensure that the calculations were 

conservative, the matrix diffusion coefficient for chloride was reduced by a 

factor of 2.5 and the value used in the study was 0.0019 m2/a  (i.e. 6x10-7  

cm2/s). This is very close to the value of 5x10-7  cm2/s used by THCL in their 

modeling of diffusion through unfractured rock. 

The matrix diffusion coefficient for benzene was determined by multiplying 

the diffusion coefficient in free solution by the tortuosity factor of 0.047 

giving a value of 0.0011 m2/a  (i.e. 3.6x10-7  cm2/s). This is also considered 

to be a conservative value. The retardation factor for benzene was estimated to 

be Rm  = 5.5. 

Analyses performed for a very wide range of fracture aperture widths (from 5 

41 to 500 pm) and porosities ranging from 0.0001 to 0.01 indicated that to all 

practical purposes the fracture opening size and fracture porosity has no effect 

on the contaminant plume for a given flow per unit area through the fracture 

system. With regard to fracture spacing, for small times (i.e. times of the 

order of tens of years), the fracture spacing does have an effect on the extent 

of the contaminant plume. Fracture spacing (within the range typical in the 

environs of Site F) ceases to be of significance for times of the order of 

hundreds to thousands of years. 

The most important parameter controlling the migration of contaminants in a 

fractured rock system is the average flow (per unit area) which can be expressed 
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in terms of the Darcy velocity, v a. The smaller the flow (Darcy velocity), the 

greater the level of attenuation (all other factors being equal) because attenua-

tion due to matrix diffusion is dependent on the total mass of contaminant being 

transported along the fractures rather than the average linearized groundwater 

velocity. 

1.1 Calculated Extent of Contaminant Migration From the Existing Burlington  
Landfill  

The extent of the contaminant plume from the existing Burlington landfill 

was calculated for a range of assumed lateral flows (Darcy velocities) within the 

rock: 

(i) Calculations were performed for the expected conditions in the environs 

of Site F, assuming that leachate mounding in the portion of the Burlington 

landfill which does not have a leachate underdrain system does not signifi-

cantly increase the Darcy velocity (which was taken to be(b.05 m/a)). Under 

these conditions, it is considered unlikely that benzen would be detected 
7 

in any significant quantity at any of the Ga tner tee and Associates Limited 

(GLAL) boreholes southeast of the landfill'after- only 15 years migration 

through the rock. 

(ii) Analyses were performed ;ssUming that the "worst case" scenario proposed 

for Site F* is applit'able to the portion of the existing Burlington landfill 

which does not haVe leachate underdrain systems (i.e. taking the Darcy velo-

city to be 10.125 m/a). For this case, calculations of the expected concen-

trations of benzene at points 25 m downgradient from the landfill (e.g. at 

boreholes GL 12 and 24) indicate that after 15 years migration: 

.benzene may be detected at levels of up to 15% of the source concen- 
tration if the average fracture spacing was about (s_c? cm* however, 

.benzene would not be detected at levels exceeding 1 pg/L if the 
average fracture spacing was 5 cm. 

* For the event where there is failure of the leachate collection system and 
leachate mounding to the top of the waste. 
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(iii) Analyses performed assuming a Darcy velocity of(0.7 0/a (which is re-

lated to THCL's calculated infiltration to the deep groundwater system in 

their original computer flow model), indicate that substantial quantities 

of benzene and other less reactive contaminants should be detected at 25 m 

from the landfill (e.g. at borehole GL 24). There should be no problem in 

identifying the presence of a contaminant plume if the Darcy velocity was 

of this magnitude. 

To be consistent with THCL's attempt to provide an indication of the poten-

tial migration of conservative species of contaminant, analyses were also per-

formed for chloride. Chloride was used as representative of highly mobile non-

reactive contaminants; however, the following comments should not be regarded as 

being directly applicable to chloride itself because the very poor quality of 

groundwater in this area involves concentrations of chloride in the rock which 

greatly exceed values expected in the leachate. Thus, due to matrix diffusion 

out of the fractures, the chloride concentration in infiltrating groundwater or 

leachate should actually increase with distance from the landfill rather than be 

attenuated. 

Analyses of the migration of conservative contaminants from the existing 

Burlington landfill at the expected average lateral flow (per unit area) of 0.05 

m/a indicate that the conservative co'ntaminant might be detectable at low concen-

trations 25 m from the landfill and not detectable at boreholes which are located 

further frOm the landfill. 

Applying the "worst case" scenario for Site F to the existing Burlington 

landfill (i.e. adopting an average lateral flow of 0.125 m/a), calculations indi-

cate that a conservative species such s chlori4e would be readily detectable 25 

m from the landfill (i.e. at GL 12 and 24) and might be detected at low 
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concentrations at borehole GL 16 if the average fracture spacing is approximately 

30 cm. For fracture spacing substantially less than 30 cm (e.g. 5 cm), 

conservative contaminants would probably not be detectable at GL 15 or 16 after 

15 years migration. 

Calculations for the migration of conservative pecies for an average late-

ral flow of 0.7 m/a indicate that high concentrations of contaminant (exceeding 

50% of the source concentration) would be expected at distances of between 75 m 

and 180 m from the landfill. Any reasonable combination of fracture spacing, 

fracture aperture size, fracture porosity, or dispersivity would be expected to 

show a similar trend. 

The fact that these high levels of conservative contaminants are not ob-

served in boreholes GL 12, 24 and 15 is considered to be/good evidence thatithe 

Darcy velocity of contaminant transport is much smaller than the 0.7 m/a adopted\ 
1 

in these calculations and hence the average recharge of the deep groundwater 

system is expected to be considerably less than 14 mm/ that THCL calculated 

assuming the existence of a distinct highly fractured unit. 

The results of the Burlington Landfill Plume Delineation Study (GLAL, 1986) ( 

are most consistent- with calculations performed using an average lateral flow per ( 

unit area of 0.05 m/a. 

1.2 Potential Impact of the Proposed Halton Landfill: Site F  

Analyses performed to assess the potential impact of the proposed Halton 

Landfill at Site F indicate that for an average lateral flow of about 0.05 m/a it 
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would take conservative contaminants about 200 years to reach a concentration of 

0.01 co  (i.e. 1% of the initial concentration) at a point 300m downgradient of 

the landfill. The peak concentration calculated for this point was less than 7% 

of the leachate concentration (i.e. about 100 mg/L assuming an initial 

concentration co  = 1500 mg/L) and did not occur until 450 iyears after migration 

began. At a point 800 m from the landfill the peak concentration was only 4% of 

the leachate concentration and was not reached until about 1250 years after 

migration commenced. 

Calculations performed for organic species such as benzene indicate that 

retardation due to sorption reduces the magnitude of the peak concentration and 

substantially increases the time to reach this peak. For example, 300 m from the 

proposed landfill the peak concentration of benzene was calculated to be about 

0.015 co  (i.e. 1.5% of the initial concentration) and this would not be reached 

until 2200 years after migration begins. At a point 800 m from the landfill the 

peak is even smaller and is not reached until 6000 years after landfilling 

(assuming conditions remain the same for this period of time). 

Considering the worst case scenario of mounding of leachate to the top of 
- 

the waste, calculations indicate that it would take a conservative species, such 

as chloride, about 200 years to reach a peak concentration of 0.15 co  (15% of 

initial concentration) at a point 300 m downgradient. At a point 800 m way 

(near the CNR track) the peak concentration of 0.1 co  (10% of co) would not 

be reached until about\525 years after failure of the collection system. The 

migration of retarded species, such as benzene, is even slower and at 300 m 

downgradient, the peak concentration of about 0.03 co  (3% of co) would not be 

reached until about 900 years after failure of the collection system. 
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1.3 Conclusion  

The contaminant studies reported herein have not taken account of the bene-

ficial effects of dilution of contaminant due to recharge of the rock from out-

side of the proposed Site F. Nor have the potentially beneficial effects of 

attenuation mechanisms such as biodegradation and microbial transformation of 

organic contaminants discussed by THCL (Vol. 1, pp. 85-86) been considered. Thus 

the concentrations of contaminant calculated in this study are considered to be 

conservative. 

The findings of the Burlington Landfill Plume Delineation Study (GLAL, 1986) 

are consistent with the results of analyses performed in the UWO study for an 

anticipated average lateral,flow per unit area of(0.05 m/a (which corresponds to 

a fracture velocity of(50 mLa for a fracture porosity of 0.001). Based on the 

results of similar analyses performed for the proposed Halton landfill at Site F 

using the same average lateral flow per unit area of 0.05 m/a, it is concluded 

that there would be minimal effect on the groundwater quality southeast of High-

way 403 due to contaminant migration in the deep groundwater system from Site F. 

Even if one adopts the worst case scenario for the extreme situation of 

leachate mounding to the top of the waste, the potential impact on groundwater 

quality southeast of Highway 403 is relatively small. 

As noted above, the proposed landfill will have minimal impact on deep 

groundwater quality. Thus, in the.  event that there was a discharge of this 

groundwater into the shallow groundwater system southeast of Highway 403, the 

impact of the landfill on this shallow groundwater would also be minimal. 

Furthermore, upward movement of deep groundwater through the till would result in 

additional attenuation and improvement in the deep groundwater quality. Indeed, 

in the event that the deep groundwater did discharge in this manner, one would 
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expect the impact of the naturally existing poor quality of this groundwater to 

be far more significant than any impact due to contaminant in this groundwater 

which originated from the proposed Halton landfill. 

Comparing the results of analyses for both Sites D and F, it is concluded 

that the potential for( significant roundwater contamination southeast of Highway 

403 due to contaminant Miqra_tion from the proposed Halton Landfill at Site F is 

minimal compared to th likelihood of contamination of aquifers and residential 

water supplies adjacent td-thi-proposed Site D. 

The analyses performed in this study and the conclusions reached are based 

on the assumption that the Proposed Halton Landfill at either Site F or D is for 

the disposal of municipal waste. No consideration has been given to the 

implications of disposing of quantities of hazardous/toxic waste over and above 

the levels normally encountered in municipal leachate. 

2.0 TRANSPORT MECHANISMS AND ATTENUATION 

As noted by THCL (Vol. 1, p. 76): 

The assessment of the environmental impact of leachate from a municipal 
waste landfill on groundwater requires an adequate understanding of the 
migration of potential contaminants in the groundwater. Mechanisms 
including advection (flow of groundwater), diffusion and hydrodynamic 
dispersion will act to transport contaminants in groundwater. At the 
same time, mechanisms such as adsorption, precipitation, 
volatilization, biodegradation and matrix diffusion will act to 
attenuate or retard the transport of contaminants. 

In a fractured rock flow system, the primary transport mechanism along the 

fractures will be advection (i.e. the movement of contaminants due to the flow of 

groundwater). In their report, THCL (Vol. 1, p. 76) comment that: 
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For contaminants which do not adsorb significantly on the subsurface 
soils or rock (non-reactive contaminants) or are not significantly 
removed from the groundwater by precipitation, volatilization or 
biodegradation reactions (conservative contaminants), migration occurs 
at the rate of the average linear groundwater velocity. 

In fractured rock (or soil), the average linearized groundwater velocity 

vf is related to the Darcy velocity va  (i.e. flow per unit area) by the 

relationship 

I 

Vf = Vain')  

where nb is the effective porosity through which flow is occurring. Thus, the 

fracture velocity vf may be quite high because the effective porosity of the 

rock mass nb may be quite small (THCL, Vol. 1, p. 78 quote a range bet-

ween 0.1 to 0.001% based on hydraulic conductivity-fracture opening size-fracture 

frequency relationships). If conservative contaminants were to migrate along 

these fractures at the average linear groundwater velocity vf, then the rate of 

contaminant migration through the rock from the existing Bayview Park and 

IBurlington landfills would be very fast and there should be little difficulty in 

detecting significant quantities of contaminant in the groundwater at points well 

'away from the landfill. For example, if the average linear groundwater velocity 

jn the fractures downgradient of the existing Burlington landfill were 50 m/a, 

then 15 years after leachate enters the rock, contaminants should be readily 

detected at distances of up to 750 m. However, the available field data (eg. the 

Burlington Landfill Plume Delineation Study, GLAL 1986) suggests that this is not 

the case. 

While it may be true that migration of conservative contaminants could occur 

at the rate of the average linear groundwater velocity in porous media where the 

matrix of the media (eg. the sand grains in a sandy aquifer) has a negligible 

effective porosity, it is not true that conservative contaminants (eg. chloride) 
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will migrate at the rate of the average linear groundwater velocity in fractured 

rock (or soil) systems where the matrix of the rock (or soil) between fractures 

has a significant effective porosity (e.g. see Grisak and Pickens, 1980). This 

is the case at Site F where the Queenston shale has a matrix porosity of 

approximately 10%. In cases such as this, diffusion of contaminants from 

fractures or fissures into the adjacent matrix can control the migration of 

contaminants and represents an important attenuation mechanism. 

(The phenomenon of attenuation due to matrix diffusion is well recognized 

(eg. Barker and Foster, 1981; Foster, 1975; Freeze and Cherry, 1979; Grisak and 

Pickens, 1980; Grisak et al., 1980; Sudicky and Frind, 1982; Tang et al., 1981). 

THCL also recognize the importance of matrix diffusion and discuss this mechanism 

(pages 86-88, Vol. 1) using a diagram from Freeze and Cherry (1979) to illustrate 

the concept (reproduced here as Fig. 2). However, in their evaluation of 

contaminant migration (pp. 100-122), THCL adopt a simple theoretical model (the 

Ogata-Banks equation) which can not take account of attenuation due to matrix 

diffusion. Since a primary objective of the UWO study was to examine the effect 

of matrix diffusion on potential contaminant migration at Site F, this mechanism 

will be discussed in a little more detail in the following paragraphs. 

Figure 1 shows an idealization of a fractured system in which a series of 

parallel fractures with an aperture width of 2b are at an average spacing 2H. If 

the matrix material on either side of the fracture was non-porous then contami-

nants would move along the fracture at the average groundwater velocity vf and 

after some time t1  the contaminant plume would extend a distance xl=ti.vf. For 

a constant source concentration co, the concentration of contaminant in the 

fracture would be equal to co  up to the distance xl  and would be at background 

concentration beyond this point. If one also considers diffusion within the 
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fracture fluid itself then for typical fracture systems where the magnitude of 

the average groundwater velocity is many orders of magnitude larger than the dif-

fusion coefficient, diffusion would slightly increase the advance of the front 

(i.e. the distance x l) and slightly reduce the concentrations behind the front 

(i.e. rounding off the shape of the contaminant front as indicated in Fig. 2a), 

however the concentrations at any distance x less than x i=ti.vf would be simi-

lar to that in the source and should be readily detected if the source concentra-

tion co  is itself readily detected. 

Suppose that the matrix material on either side of the fracture is porous. 

Once contaminant enters the fracture, the difference in concentration between 

that in the fracture and the background values in the rock matrix will cause core-

taminant to move from the fracture into the porous matrix of the rock by a pro-

cess of molecular diffusion. This movement of contaminant into the rock matrix 

involves a reduction in the mass of contaminant within the fracture and, since 

the volume of fluid in the fracture is essentially unaltered, there is a reduc-

tion in contaminant concentration in the fracture. Thus, as the contaminant 

moves along the fracture, more and more of it 's removeLmd_tile_canc,entrati90 

decreases until after some time tl, the concentration in the fracture is negli-

gible at some distance x2  (see Fig. 2h) where x2  may be substantially less than 

the distance xi=ti.vf. 

So long as the concentration of contaminant in the leachate is higher than 

in the fractures, the contaminant concentrations will be greatest at the entrance 

of the fracture and will decrease both with distance along the fracture and with 

distance into the matrix. of the rock. Contaminant will diffuse into the rock 

matrix from each fracture and eventually at some point along the fracture, conta-

minant diffusing from one fracture will meet the contaminant coming from an adja-

cent fracture. The concentration will then rise within the pore fluid until it 
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FIGURE 2 (FROM THCL, Site F Report, Vol. 1, Fig. 10, p. 88 - 
Original Source - Freeze and Cherry, 1979, p. 411). 

ILLUSTRATION OF THE EFFECT OF MATRIX DIFFUSION  
(Cherry; 1979) 
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Effect of diffusion on contaminant migration in porous fractured 
medium. (a) Unidirectional hydraulic transport in a fracture in a 
nonporous medium; (b) unidirectional hydraulic transport with 
migration into matrix as a result of molecular diffusion; (c) uni-
directional hydraulic transport with molecular diffusion and 
adsorption (profiles of relative concentration of reactive con-
taminant within fracture shown at time t I). 
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approaches the value at the face of the fracture. Once this occurs, no more 

contaminant can move into the rock at that point and the contaminant front will 

advance to provide additional rock to take up the additional mass of contaminant 

entering the fractures. Thus the rate of advance of the contaminant front will 

be related to volume of pore fluid in the matrix, and the time required for con-

taminant from different fractures to meet. This in turn is related to the matrix 

diffusion coefficient, Dm, the matrix porosity, nm, and the spacing of the 

fractures, 2H. 

When the fracture spacing is close, the contaminant can quickly diffuse into _ 	 . 

most of the rock mass and hence the apparent rate of movement of the contaminant 

front (measured in terms of the position where c/co  = 0.1) will be smaller than 

that obtained for wider fracture spacings. However, this also means that the 

pore fluid will reach its maximum concentration more quickly and so the peak con-

centration reached at a point will be higher than if the spacings were larger. 

It may be expected that matrix diffusion will give rise to concentration 

profiles which have a shape similar to that which would be obtained for an analy-

sis which neglects matrix diffusion but considers some artificial dispersion. 

Closely spaced fractures will manifest a response similar to that with a low 

dispersion coefficient; increasing the fracture spacing (for the same total flow) 

will have an effect similar to increasing the dispersion coefficient in conven-

tional advective-dispersive analyses. It should, however, be emphasized that the 

mechanisms involved in matrix diffusion are quite different from those involved 

in mechanical dispersion. 

Gillham and Cherry (1982) have reviewed a number of cases where'matrix dif-

fusion has been shown to decrease concentrations of species moving along frac-

tures or fissures. For example, Foster (1975) showed that the diffusion of tri- 

tium from flowing groundwater in the fractures of porous chalk (i.e. into 
 	_ 	 
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the pore water of the porous rock matrix) could account for a rapid decrease in 

tritium concentration in the fractures. Similarly, Gillham and Cherry reported _ _ 

that Day (1977) used this "diffusion to the matrix" concept to account for a 

_rapid decline in tfiti
,
1 concentration with depth in a fractured clay in the 

/ WT44J-Peg area. Finally, Grisak et al. (1980) have also demonstrated that the 

"diffusion to the matrix" model can give relatively good agreement between 

theoretical simulations and laboratory experiments in which a tracer solution was 

passed through a large column of fractured, clayey glacial till. From these 

studies, Gillham and Cherry concluded that 

molecular diffusion can exert a major influence on the rates and pat-
terns of migration of contaminants in fractured argillaceous deposits. 
Diffusive loss of contaminants from paths of active flow in the frac-
tures to the matrix can be a dominant mechanism of attenuation. 

Just as matrix diffusion can result in significant attenuation of conserva-

tWe contaminant species, it can also result in significant attenuation of 
- 

reactive contaminants. However, in the case of reactive contaminants, sorption 

processes will result in even greater attenuation as indicated in Fig. 2c. Some 

contaminants may be removed from free solution by cation exchange either at the 

surface of the fracture or within the matrix of the rock. Organics may also be 

removed by preferential partitioning of contaminants on organic matter (THCL, 

Vol. 1, pp. 82-83). In principle, partitioning could occur both at the face of 

the fracture and within the fracture, however the effects of high velocity along 

the fracture upon the partitioning at the face are uncertain and it would be 

prudent (and conservative) to restrict consideration to partitioning that occurs 

within the matrix of the rock. 

Models such as that shown in Fig. 1 assume that fractures are continuous 

within their own plane. It may be anticipated that the real situation is more 
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complicated and will involve dead end fractures, constrictions (i.e. narrowing 

followed by widening of the fracture) and a tortuous flow path (eg. flow along a 

near horizontal fracture then up (or down) a vertical fracture and then along 

another near horizontal fracture). The net effect of this can be expected to be 

manifest as a dispersion or spreading of contaminants in excess of that calculat- 

ed on the basis of advective-diffusive 	along the parallel fractures. 

There is no easy way to establish this dispersion coefficient without field 

data. Similarly, there is uncertainty concerning the value of the groundwater  

velocity and fracture geometry. Under these circumstances, it is not possible to 

make precise predictions of contaminant migration no matter _how sophisticated the 

theoretical model used. Fortunately, however, the Burlington and Bayview Park 

landfills provide an indication of the movement (or lack of movement) of contami-

nant in a hydrogeologic environment which is similar to that beneath the proposed 

Halton landfill at Site F. In this situation, theoretical models can be particu-

larly useful for examining the implications of different combinations of parame-

ters and by testing these cases against the known limited extent of migration 

from the existing landfills, it is possible to form an !agineering gplaimas to 

the likely performance of the proposed Halton landfill if situated on Site F. 

From the standpoint of modelling contaminant migration, the proposed Site D 

is at least as complex as Site F and there is uncertainty regarding the value of 

relevant parameters at both sites. In both cases, modelling using reasonable 

combinations of parameters will provide an indication of the potential for 

contamination of the groundwater. At Site F there is the unique advantage of 

having the documented performance of the_twp_existing,landfills which can be used 

to calibrate the choice of parameters. 
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3.0 MASS OF CONTAMINANT 

THCL performed analyses for the case where (i) the chloride concentration in 

the landfill remained constant at all times; and (ii) the chloride concentration 

decreased with time according to the projected curve as shown in Fig. 3. The 

assumption of a constant source concentration for all time is equivalent to 

assuming an infinite mass of contaminant is available for transport into the 

soil. This is clearly not the case in a municipal landfill which has a finite 

capacity and life. In this regard, THCL commented that (Vol. I, p. 115): 

Based on observations at landfill sites and in laboratory leaching 
experiments, it is inappropriate to assume that contaminant inputs from 
landfills will remain constant for a period of 200 years. It is 
generally regarded that contaminant concentrations in municipal 
landfill leachate will be initially high during operation and shortly 
following closure, but will decline as more readily leached compounds 
are removed. 

The projected variation in chloride concentration with time adopted by THCL 

was direct-1:y input into their model using superposition of concentrations. This 

approach can only be adopted if the variation in concentration in the leachate is 

known. In general, the variation in concentration with time will be a function 

of the mass of contaminant in the system, the infiltration through the cover, the 

proportion of leachate collected, and the proportion of leachate passing into the 

soil. An alternative approach, which considers these factors, has been proposed 

by Rowe and Booker (see Appendix A) in terms of an "equivalent height of leachate 

per fracture" HLF and is based on consideration of conservation of mass. 

To illustrate the concept, suppose that MTc is the total mass of a parti-

cular contaminant species of interest within the landfill. Suppose also that the 

volume of infiltration into the site, per unit time, is denoted by qi and the 
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FIGURE 3 (FROM THCL, Site F Report, Vol. 1, Figure 17, p. 117) 
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volume of leachate passing into the underlying rock, per unit time, is qa  (the 

difference qi-qa  corresponds to the volume of leachate collected by the 

collection system), then the proportion of the mass of contaminant which is 

available for transport along the fractures in the rock is given by 

M
o 

= M
TC 

• q
a
/q

i 
	

(2) 

Dividing this by the maximum concentration of the contaminant species gives the 

equivalent volume of leachate Vo, i.e., 

Vo  = M /c 
o o 
	

( 3 ) 

This volume corresponds to the volume of leachate which would be required if all 

the mass Mo  was initially in solution at the maximum concentration. (It should 

be noted that this volume of leachate need not correspond to the actual volume of 

leachate; rather, it is a mathematical convenience based on the conservative 

assumption that the available mass of contaminant can be quickly leached from the 

solid waste.) It is also convenient to express the volume Vo  in terms of an 

"equivalent height of leachate per fracture" HLF, where HLF is defined as the 

volume of leachate divided by the net cross-sectional area through which the con-

taminant may pass. Assuming that the gross area perpendicular to contaminant 

flow is Af (typically the width of the landfill, W, multiplied by the thickness 

of the fractured rock, T) and the bulk porosity is nb (nb = 2b/2H), then the 

net area of fracture through which the contaminant may pass is Arnb and 

hence 

H
LF 

= V
o
/(A

f
n
b
) 
	

(4a) 

or 
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This representation can be thought of as a column of leachate of width 2b which 

extends back a distance HLF from the face of the fracture. 

As indicated in my report on Site D, based on THCL's projected leachate 

generation of 400 L/min at Site D and the projected concentration up to 45 years 

(see Fig. 3), the total mass of chloride, m -TC, is approximately 4400 tonnes. 

This is the value which was adopted in the UWO study of Site D. Since the same 

waste is to be landfilled at either Site D or F, this mass should.apply to either 

site. Consideration of the entire projected concentration profile (up to 200 

years and including THCL's assumption that the concentration remains constant at 

100 mg/L for time greater than 45 years) gives a mass of about,Ig9_10) and, 

to be conservative, this is the value that will be used- in- this study of the 

proposed Halton Landfill at Site F. 

Assuming that the landfill can be approximated by a rectangular area of 

length L (parallel to the direction of contaminant transport) and width W (per-

pendicular to the direction of transport), and assuming that contaminant flows 

through a thickness of fractured rock denoted by T, then HLF in Equation 4b is 

equal to 

MTC  cla 1 
H LF = ( c

o 
TW )( q

i
)(n

b
)  

Since contaminant must first move down into the rock beneath the landfill 

prior to migrating laterally outside the landfill, it may be expected that some 

attenuation will occur due to diffusion of contaminant into the matrix of this 

rock beneath the landfill. For fracture spacings between 5 and 30 cm the time 

required to reach 90% of the equilibrium for contaminant transport into the rock 
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(4b) 

(5) 



23 

matrix (beneath the landfill) is between 1 and 10 years. Since this time is 

small compared with the times required for significant contaminant movement off-

site, it is possible to reduce the concentration of contaminant to reflect this 

attenuation while increasing the equivalent height of leachate (to maintain con-

stant mass). Thus 

c* - 	 
o 	M,r  

(4-2_ + LWTnm) 
'o 

M
TC 	q 	1 H1*

.F
. - trw  + Ln

m
)(—)(.7.--) 
qi "b 

(6b) 

If one assumes that the total mass of a given contaminant within a landfill 

proportional to the maximum concentration of that contaminant, then the equiva 

lent height of leachate per fracture will be the same for all contaminant 

species. 

4.0 PROBLEM IDEALIZATION 

Examination of the available data indicates that the Queenston shale in the 

environs of the proposed Halton landfill on Site F is fractured. The fracture 

spacing varies, but is typically betwee'n 5 cm and 30 cm. Based on the available 

information, it would appear that leachate which is not collected by the leachate 

collection system will move down into the fractured rock beneath the landfill and 

then move laterally through the fractured rock in a southeasterly direction. 

For the purpose of assessing the potential for contaminant migration it will 

be assumed that the contaminant moves down into the rock mass beneath the site 

and that this rock mass acts as the contaminant source for subsequent lateral 

m-rc 
(6a) 
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contaminant migration along a series of parallel fractures with a spacing of 2H 

and a fracture width 2b as shown in Fig. 1. The model used to examine migration 

along these fractures is an extension of a model proposed by Sudicky and Frind 

(1982) in that it considers one-dimensional advective-dispersive transport along 

a series of parallel fractures and one-dimensional diffusive transport into the 

matrix of the shale between the fractures. "Sorption" of non-conservative conta-

minants within the rock matrix was also modelled in terms of a linear distribu-

tion or partitioning coefficient Kd. The primary difference between the model 

adopted in the UWO study (see Appendix A) and the Sudicky and Frind model is that 

Sudicky and Frind assumed a constant source concentration co  (i.e. infinite _ 

mass of contaminant) whereas in the present formulation the concentration of con-

taminant in the source is controlled by considerations of conservation of mass 

and the initial mass of contaminant available for transport into the rock 

(expressed in terms of the "equivalent height of leachate per fracture" HLF as 

previously discussed). 

The following discussion relates to water movement in the deep groundwater 

system. The parameters controlling the movement of contaminant in the sysfeM-6 

parallel fractures considered in the model are: 

(1) 	the Darcy velocity, v a, which represents the average lateral flow (per 

unit area) within a deep groundwater system. This velocity will dePend_on the 

hydraulic conductivity of the rock and _t_h_e_l_a_iter_alraulic gradients. If 

contaminant is considered to be moving parallel to the axis of the landfill 

(assuming a landfill of length L in this direction) through a fractured rock mass 

of thickness T, then continuity of flow implies that 

v
a 
> q

a
L/T 	 (7) 



where qa  is the flow (per unit area) of leachate into the rock from the 

landfill 

(2) the spacing of the fractures, 2H 

(3) the width of the fractures, 2b 
_ 

(4) ,the porosity of the rock with respect to fracture flow nb. Note that 

this is dependent on the spacing and width of fractures and is given by 

nb=(2b)/(2H) 

(5) the average linearized groundwater velocity vf within the fractures. 

Note that this quantity is in fact derived from va, H and b and is not an 

independent quantity, viz. 

v
f 
= v

a
/n

b 
	 (8) 

(6) the coefficient of hydrodynamic dispersion Df within the fracture where 

Of 
= D

of 
+ aV

f 

	
(9) 

and 	Dof is the diffusion coefficient for contaminant in the fracture (taken 

to be the diffusion coefficient for the contaminant of interest in 

aqueous solution); and 

a 	is the dispersivity 

(7) the diffusion coefficient NI  for diffusion of the contaminant of interest 

into the rock matrix 

(8) the porosity nm  of the rock matrix 

(9) the distribution or partitioning coefficient forVisorption" of the conta-

minant of interest as it moves through the rock matrix 

(10) the reference concentration, 	or c* of contaminant in the source where 

c
o 

is the maximum value expected in the landfill itself and c* is an adjusted 
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concentration for the rock beneath the landfill and is given by Eq. 6a 

(11) the equivalent height of leachate per fracture as determined from Eq. 6b. 

5.0 SELECTION OF PARAMETERS 

Analyses were performed to assess 

(i) the migration of contaminants from the existing Burlington landfill65 y ars 

after migration commenced based on a number of assumptions concerning the ave- 

rage flow per unit area (Darcy velocity va), the fracture geometry (2H, 2b, 

nb), and the dispersivity (a). The results from similar calculations for 

periods of 10 and 25 years are given in Appendix B; and 

(ii) the migration and attenuation of contaminants from the proposed Halton land-

fill at Site F using parameters judged to be reasonable based on the available 

data and the examination of the impact of these parameters on the calculated and 

observed migration from the Burlington landfill (i.e. (i) above). 

The selection of the parameters used in these two series of analyses is des-

cribed below. 

5.1 Assumed Landfill Dimensions  

Based on Drg. 5r given by THCL in Vol. 3 of their Site F report, the Propos-

ed Halton Landfill was represented by a rectangular area of length L = 15a—m and 

width W = 400m giving a total plan area o 50 ha. 

For the purposes of calculating the expected extent of a contaminant plume 

due to the existing Burlington landfill, it was assumed that the leachate 

collection system at the north of the site collected all the contaminants from 

this portion of the site. Hence, the area of the landfill was taken to be the 

area of the portion which does not have a leachate underdrain system and this was 

approximated by a rectangular area of length L = 800 m and width W = 250 m (based 



27 

on Drg. 1, GLAL, 1986). 

5.2 Lateral Flow (Darcy Velocity) in the Deep Groundwater System  

The lateral Darcy velocity (or flow) in the rock can be estimated from field 

values of the hydraulic gradient and hydraulic conductivity or from consideration 

of continuity of flow. Based on available data and advice from Geocon, it would 

appear that a lateral Darcy velocity of va  = 0.05 m/a might be expected to be 

representative of flow conditions in the deep groundwater system in the environs 

of Site F. For a fracture porosity nb = 0.001, this Darcy velocity corresponds 

to_vlateral fracture velocity (average linearized groundwater velocity) vf = , 

50 t/a. /This appears to b_e_consistegt with values reported by THCL (Vol. 1, p. _  

o range between('' m/a and 130 m/2-: 

The lateral Darcy velocity of va  = 0.05 m/a could also be thought of in 

terms of an average hydraulic conductivity o0.5x10-6  cm4 and a lateral hy-

draulic gradient 10.035. It is noted that, excluding the very shallow test at 

about 2 m, this hydraulic conductivity is higher than that measured by Hewetson 

(1985, p. 27) and is similar to the value estimated bykGLA (1984, p. 0-30). 

For the purposes of considering a "worst case" scenario in the event that 

the leachate collection tiles all failed it was very conservatively assumed that 

leachate mounding would develop to the top of the waste mound, This assumption 

is more severe and conservative than that made in the study of Site D even though 

one would expect the height of mounding to be less at Site F than at Site D due 

to the sloping nature of the site. Based on this very conservative assumption, 

the lateral flow per unit area (Darcy velocity) in the deep rock system was esti-

mated to increase from .05 m/a to 0.125 m/a. This corresponds to an increase in 

the lateral gradient by a factor of 2.5 due to the mounding and is based on the 
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assumption that the head 300 m downgradient would not change due to mounding. If 

the head at this point did increase then the flow would be even smaller than 

indicated above. For a fracture porosity of 0.001, this corresponds to a 

/-- 
fracture velocity (average linearized groundwater velocit.0 of 125 mi 

The lateral Darcy velocities of 0.05 m/a and 0.125 m/a quoted above can be 

related to the infiltration over the area of the proposed landfill as indicated 

by Equation 7. For example, suppose that the recharge area corresponds to the 

long axis of the proposed landfill (i.e. L = 1250 m) and that the majority of the 

lateral deep groundwater flow will occur through a 25 m thick layer of fractured 

rock (i.e. T = 25 m). Adopting these values of L and T, then Equation 7 

indicates that the Darcy velocities of 0.05 m/a and 0.125 m/a correspond to an 

average infiltration into the deep groundwater system of 1 mm/a and 2.5 mm/a 

respectively. If one were to assume that the flow extended to 50 m depth, the 

corresponding infiltration values would increase to 2 m/a and 5 mm/a. It should 

be noted that the calculations reported for Site F in the following section were 

performed for T = 25 m however the results are very insensitive to the thickness 

T used in the calculations and the conclusions reacined would be the same 

irrespective of the actual thickness used in the analysis (for any reasonable 

value for T). 

THCL's computer model of current conditions ((THCL, Vol. 1, p. 74) gives an 

infiltration qa  into the rock of approximately 14 mm/a) For flow through a 25 

m thick section of rock, this implies that the Darcy velocity in the rock would 

be greater than, or equal to, 0.7 m/a. If one considers THCL's projected inflow 

of 22 mm/a after construction of the Halton landfill then this corresponds to a 

Darcy velocity of 1.1 m/a. Assuming a porosity of( 0.001, these Darcy velocities 

correspond to fracture velocities of 700 m/a and 1100 m/a respectively! 

To provide some appreciation of the implication of adopting an average Darcy 
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velocity of 0.05 m/a (based on expected conditions) compared to a Darcy velocity 

of 0.7 m/a (based on THCL's indicated infiltration), analyses were performed for 

the existing Burlington Landfill for these two values of Darcy velocity. 

For the Burlington Landfill, the Darcy velocity of 0.05''M/a passing through 

a 25 m thick layer of rock corresponds to an average—r,eehArge over the entire 

site of about 1 mm/a (i.e. similar to Site F). If one were to make the extreme 

assumption that there is no recharge under the portion of the site where there is 

a leachate underdrain system, then the Darcy velocity of 0.05 m/a flowing through 

25 m of rock would correspond to an average infiltration into the deep ground-

water system of about 1.5PM/a over the southern portion of the site where there 

is no leachate underdrain system. As noted earlier, if one were to consider flow 

through, say, 50 m of rock at the same Darcy velocity, this would correspond to 

infiltration double that indicated above but would not have any significant 

effect on the results or conclusions reached in the follpwAng,s section. 

For the Burlington Landfill, the Darcy velocity of 0.7 mtipassing through 

25 m of fractured rock corresponds to an average groundwater recharge over the 

entire area of the existing Burlington Landfill of about 14 mm/a, which is infil-

tration predicted by THCL's finite element model for Site F prior to construction 

of a landfill (THCL, Vol. 1, p. 74). Alternatively, if one again makes the 

assumption that there is no infiltration into the deep groundwater system at the 

north end of the site (where there is a leachate collection system), then the 

Darcy velocity of 0.7 m/a flowing through 25 m of fractured rock corresponds to 

an infiltration over the southern portion of the site equal to about 22 mm/a 

(i.e. this approximately corresponds to the infiltration predicted by THCL's 

finite element model after construction of the Site F landfill). 

It should be emphasized that the critical parameter in analyses of contami-

nant migration in fractured systems is the average lateral flow (i.e. Darcy 
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velocity). Varying the thickness, T, of the flow zone and the infiltration qi 

does not significantly affect the results of the analysis provided that the Darcy 

velocity (as given by Eq. 7) remains the same. 

5.3 Fracture Spacing and Aperture Size  

Based on the THCL core logs and advice from Geocon, the typical fracture 

spacing was taken to be between(5 cm and 30 Om. 

Test pits by GLAL (1979, p. 12) indicated that: 

The fractures are predominantly tight, less than 0.08 mm 
(80 pm) in size, although some fractures up to 0.40 mm 
(400 pm) were noted. 

It should be noted that these fractures were near the surface and hence due to 

stress relief may have opening sizes greater than at depth. Based on available 

data, it may be expected that the open width of the significant fractures (i.e. 

the space available for uninhibited flow) will be •more thaL5 prd and typically 

less than 500 pm (0.5 mm) with a probable range between 10 pm and 50 pm (Hoek and 

Bray, 1981). For a spacing of 5 cm this corresponds to a range in porosities _ 

nb of betweEf6 0.0001 and 0.01.) 

5.4 Diffusion Coefficients, Retardation Factors and Matrix Porosity  

To provide some indication of the level of attenuation which might be ex-

pected, consideration was given to the migration of both a conservative contami-

nant species (chloride) and a volatile priority pollutant (benzene). 

Chloride was selected because it is generally regarded as a primary indica-

tor of the presence of a contaminant plume. The diffusion coefficient for 

chloride migration along a fracture at an assumed ground temperature of about 7°C 
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was taken to be equal to 0.04 m2/a  (12.7x10-6  cm2 /s) (i.e. the diffusion coef-

ficient in free solution, based on Quigley et al., 1987). To determine the dif-

fusion coefficient for chloride migration in the matrix of the shale, three dif-

fusion tests were performed on samples of Queenston shale taken from a depth of 

approximately 11.4-11.8 m at Site F. The diffusion coefficient determined from 

these tests ranged from 1.4x10-6  to 1.6x10-6  cm2/s with an average value of 

1.5x10-6  cm2/s (0.0047 m2/ a). Attenuation due to matrix diffusion will be 

greatest when the matrix diffusion coefficient is high and so for this type of 

modelling it is conservative to adopt a low value of the diffusion coefficient. 

To ensure that the calculations performed were conservative, the matrix diffusion 

coefficient for chloride was reduced by a factor of 2.5. Thus the value used in 

this study was assumed to be 0.0019 m2/a  (i.e. 6x10-7  cm2/s) which corresponds 

to a tortuosity of 0.047. This value is very close to the value of 5x10-7  

cm2 /s adopted by THCL. 

Based on the measured water content of the _shal-ei,..4he matrix porosity nm  

of the shale was determined to be between\* O 10 and 0.112 A value of 0.1 was \ 
	 -- 

adopted  by THCL (Vol. 1, p. 97). To be conservative, the lower value of nm  = 

0.08 was adopted in the UWO study. 

/Benzene 'was considered because it is a relatively mobile priority pollutant 
1 

havina-diffusion coefficient in free solution (at 10°C) of approximately 0.024 

m2/a  (7.5x10-6  cm2/s; Reid et al., 1977). The diffusion coefficient in the 

shale matrix was obtained by assuming that the tortuosity factor for benzene 

would be similar to that of chloride (viz. 0.047) giving Dm  = 0.0011 m2/a  

(3.6x10-7  cm2/s). This value is also considered to be quite conservative 

because the tortuosity has been factored down as discussed above. 

Based on empirical correlations (Schwarzenbach and Westall, 1981) between 

= 0.18%, partitioning coefficient Kd, the fraction of organic carbon (foc 
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THCL, Vol. 1, P.  100) and the octonol/water partitioning coefficient (Chiou and 

Schmedding, 1982), the partitioning coefficient was estimated to be 0.19 cm3/g. 

Based on this value of Kd, densities pm  in the range 2.4-2.5 g/cm3  and matrix 

porosities nm  in the range 0.08-0.1, the retardation factor R
m 
 = (l+p

m
K

ci
/n

m
) 

ranges from 5.5 to 7. To be conservative, a value of Rm  = 5.5 was used for 

benzene in the analyses reported herein. 

5.5 Dispersivity  

The dispersivity a in the fractures can not be measured directly for the 

fractured system at Site F. To illustrate the effect of this parameter, analyses 

were performed for a number of dispersivities as discussed in the following 
_ 

sections. 

5.6 Initial Concentration and Mass of Contaminant  

To be consistent with the studies conducted by THCL and with the UWO study 

of Site D, a reference concentration for chloride was taken to be„ 1500 mg L.,)The 

reference concentration for benzene was taken to IN_150 ug/L_IA/Sed on the data 

given in Table 11, THCL (Vol. 1, P.  92) for the Burlington Landfill. 

For the analysis of the existing Burlington Landfill, a mass of chloride of 

2200 tonne* and a mass of benzene of 0.22 tonnes)(i.e. 250 L or 55 gallons of 

pure benzene) were assumed and hence from Equation 6a the value of c*0  is 1180 

mg/L for chloride and 118 mg/L for benzene. From Eq. 6b, the corresponding value 

of H*
F 
 is 

L 

H* - 
LF 	n

b 

360(qa/qi ) 

where these calculations and the mass of contaminant is only based on the portion 
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of the Burlington Landfill which does not have a leachate underdrain system. 

For this case it was assumed that all the mass of contaminant is available for 

transport into the rock. Since the analyses of the Burlington Landfill are for 

relatively small times and since the major potential source of contaminant (i.e. 

the original portion of the landfill to the south of the site) has no leachate 

underdrain system beneath the waste, reasonable variations in the mass of conta-

minant used in the analysis (and hence the value of HLF) would not affect the 

conclusions reached in the following section. 

For the analysis of the proposed Halton landfill at Site F, the masses of 

chloride and benzene were taken to be 7800 tonnes an 0,.Za_tannes_respectively 

corresponding to the most conservative interpretation of the concentration varia-

tion proposed by THCL and shown in Fig. 3. For the case of benzene, this mass 

corresponds to a volume of approximateb(880_,L,(almost 200 gallons) of pure 

benzene. Allowing for a reduction in concentration as the contaminant moves down 

into the rock beneath the landfill gives (from Eq. 6a) cl
(
f
) 
 of 1260 mg/L for chlo-

ride and 126 pg/L for benzene. Using Eq. 6b, the equivalent height of leachate 

per fracture obtained for these masses of contaminant is 

620 q
a
/qi  

To be consistent with the analyses performed for Site D, qi was again taken to 

be 0.3 m based on THCL's projected infiltration rate of 5.8 L/min/ha (THCL, Vol. 

3, p. 69): 

6.0 ANALYSIS OF THE EXISTING BURLINGTON LANDFILL 

6.1 	Migration of Benzene and Similar Organics  

The benzene plume from the existing Burlington landfill was calculated for 

11 different combinations of parameters as summarized on Fig. 4 and in Table 1. 

Cases 1-6 are based on the assumption that the lateral flow per unit area (i.e. 



TABLE 1 	CASES CONSIDERED 

Case 	Contami- co 	c* o cl a va 2H 2b n
b 

vf a Df 	1  pm  R Landfill 
nant (mg/L) 	(mg/L) (m/a) (m/a) (m) (Tim) (m/a) (m) (m2/a) (m2/a ) 

1 "Benzene" 0.15 0.118  .014 0.7 1.2 30 0.000025 28000 0 0.024 0.0011 5;5 Burlington 
2 II II II 0.3 30 0.0001 7000 II 

" 
II 

3 o ,, 0.3 300 0.001 700 o o 

4 II II II  0.05 5 0.0001 7000 ,, It II 

5 ,, II II II  0.05 50 0.001 700  

6 o o ii I, ,, 0.05 500 0.01 70  

7 o ,, " 0.001 0;05 0.3 300 0.001 50 It II 

8 ,, 0.05 50 o ,, ,, II II II 

9 II II II  0.3 300 ,, ,, 2.5 125 o 

10 "Chloride" 	1500 118.0  0.014 0;7 0.3 300 0.001 700 0 0.04 0.0019 1;0 Burlington 
11 0.05 50 700 0 0.04 
12 ,, " 

. 
0.001 0.05 0.3 300 ,, 50 0 0.04 o 

13 ,, o ,, 0.3 300 ,, ,, 2.5 125 o o o 

14 II II II  0.05 50 o o 0 0.04 
15 

16 
17 

,, 

ii 

,, 

li- 

II 

o 

120 

II 

II 

It  

II 

0.05 

0.3 
0.05 

50 

300 
50 

" 
o 

It 

2.5 

30 
30 

1500 
1500 

125  

Halton 

18 II II II 0.05 50 80 4000 It 

19 
20 

"Benzene" 0.15 
II 	 II  

0.126 
.I 

0.001 
1 

0.3 
0.05 

30 
30 

1500 
1500 

0.0011 5;5 
IT 

21 TI IT II II 80 4000 IT 

22 Organic B 2.0 1.68 II 

80 4000 0.00095 1.02 
231 Organic C 3.0 2.52 TI II 80 4000 0.00095 2.0 

24 "Chlorine" 1500 1260 0.0025 0;125 0.05 50 0.001 125 30 3750 0.0019 1.0 Halton 
25 "Benzene" 0.15 0.126 " 30 3750 0.0011 5.5 
26 "Benzene" 0.15 0.118 " 0.3 300 If o 2.5 312. 5.5 Burlington 
27 o 0.05 50 " II  2.5 312.5 
28 "Chlorine" 1500 1180 ,, 0.3 300 ,, o 2.5 312.5 0.0019 1.0 
29 II II II II  0.05 50 ,, ,, 2.5 312.5 

Note: 1  Df = Dof + avf 
nm = 0.08 for all cases 
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the Darcy velocity, va, of the groundwater) is 0.7 m/a. Cases 7-9 were 

obtained from a lateral flow per unit area (va) of 0.05 m/a. Cases 26-27 were 

obtained for v a  = 0.125 m/a. 

Case 1 assumes a relatively massive rock system with a fracture spacing of 

1.2m. For this case, contaminant is calculated to exceed 40 pg/L up to 300 m 

southeast of the landfill and should have been readily detectable in boreholes GL 

12, 13, 15, 16, 17, 24 and 27. The fact that the Burlington Landfill Plume De-

lineation Study (GLAL, 1986) has not detected significant quantities of volatile 

organics (i.e. in excess of 15 pg/L) even 25 m from the landfill (i.e. at GL 24), 

would strongly suggest that the parameters used in this analysis do not provide a 

good representation of the actual field conditions. 

Cases 2-8 involve fracture spacing of 5 cm and 30 cm which bracket the typi-

cal spacing of fractures reported in the core logs. Assuming that the dispersi-

vity is zero and that the total flow through the porous rock remains constant, 

cases 2 and 3, and cases 4, 5 and 6 illustrate the effect of changing the assumed 

fracture aperture size 2b (and hence the porosity nb = 2b/2H) over a very wide 

range for fracture spacings of 30 cm and 5 cm respectively. Inspection of the 

results shown in Fig. 4 indicates that to all practical purposes, the fracture 

opening size (2h) and the fracture porosity has no direct effect on the concen-

tration plume for the assumed conditions. This is an important finding since it 

implies that uncertainty as to the precise value of the fracture opening size and 

the fracture porosity will have negligible effects on the calculated migration of 

contaminants. What is important, however, is the spacing of fractures and the 

total volume of fluid flowing through the fractured system (i.e. the Darcy velo-

city). 

The influence of the fracture spacing can be appreciated by comparing the 

results obtained for cases 2 and 3 (2H = 30 cm) with those obtained for cases 4, 
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5 and 6 (2H = 5 cm). It can be seen that the wider the fr7.4c_tune_s_paoing-i—the-

--- faster the advance of the contaminantplume (other things being equal). This 

situation arises because the wider spacing between fractures means that it takes 

longer for contaminant to move into the entire rock matrix and hence the effect 

of matrix diffusion is less significant for the time scale of interest here. If 

one considers the spacing of 5-30 cm to bracket the expected fracture spacing of 

the rock then examination of Fig. 4 would suggest that if there is a groundwater 

recharge of 14 mm/a from the existing Burlington landfill into the underlying 

rock, then benzene should be detectable at levels exceeding 10 pg/L for distances 

of between 40 to 160 m from the landfill, assuming no dispersion in the frac-

tures. If dispersion in the fractures was considered, then contaminant should be 

detected even further from the landfill. If the advective velocity used in this 

calculation was correct, then monitoring at borehole GL 24 should have detected 

concentrations of benzene exceeding 50 pg/L after 15 year migration. One would 

expect contaminants such as 1,2 Dichloroethane, 1,1 Dichloroethylene, Methylene 

chloride, Diethyl ether, Dimethyl sulphide and Methyl ethyl ketone to be even 

further advanced and to be detectable at borehole 24 at much higher concentra-

tions than benzene. 

The influence of the volume of fluid flowing through the fractures is evi-

dent from a comparison of the results for cases 3 and 7, or 5 and 8 which show 

the effect of the difference in lateral flow per unit area (Darcy velocity) 

between 0.7 m/a and 0.05 m/a. It can be seen that reducing the Darcy velocity 

substantially increases the level of attenuation (all other factors being equal). 

Attenuation is, in fact, dependent on the total mass of contaminant being trans-

ported along the fracture (and hence the Darcy velocity) rather than the actual 

speed of the transport (i.e. the average linearized groundwater velocity). 
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Assuming a dispersivity of zero, it can be seen that for the representative range 

of fracture spacing and va  = 0.05 m/a, benzene would be expected to be at 

concentrations less than 1 jig/L, 25 m from the existing Burlington landfill after 

15 years. If one assumes a dispersivity of 2.5 m (i.e. 10% of 25 m travel 

distance of interest) then for the widest value of the expected fracture spacing 

(2H = 30 cm; case 9 on Fig. 4) benzene would be detected at a concentration of 

about 2 pg/L at points 25 m from the landfill after 15 years migration. 

Based on this information, it is considered unlikely that benzene would be 

detected in any significant quantity at any of the Gartner Lee boreholes south-

east of the existing Burlington Landfill after only 15 years migration through 

the rock if the average flow per unit area (Darcy velocity) is of the order of 

\,0.05 mta. However, if the average flow were more than an order of magnitude 

larger (specifically 0.7 m/a) then based on these calculations, substantial 

quantities of benzene (or similar organic contaminants) should be detected at 

borehole GL 24 (and similarly at GL 12, if sampling was to be conducted at this 

borehole). 

Analyses of contaminant migration from the portion of the existing Burling-

ton landfill which does not have a leachate underdrain system were also performed 

adopting a lateral Darcy velocity of 0.125 m/a (cases 26 and 27, Fig. 4).* The 

results of these analyses indicate that benzene might be detected 25 m from the 

landfill (eg. at GL 24). The concentration after 15 years migration could be up 

to 15% of the source concentration if the average fracture spacing was about 30 

cm (Case 26). If the fracture spacing was 5 cm (Case 27) then it is unlikely 

that benzene would be detectable (at the 1 pg/L level) 25 m from the landfill 

after 15 years migration. 

* This corresponds to the worst case scenario for Site F involving leachate 
mounding to the top of the waste. 
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6.2 Migration of Conservative Contaminants  

The foregoing discussion has concerned an EPA priority organic pollutant 

which would experience attenuation due to both matrix diffusion and "sorption". 

To be consistent with THCL's attempt to provide an indication of the potential 

migration of conservative species of contaminant, analyses were also performed 

for chloride. In the following discussion, chloride is being used as representa-

tive of highly mobile non-reactive contaminants and the comments should not be 

regarded as being directly applicable to chloride. This qualification is neces-

sary because the very poor quality of groundwater in this area involves concen-

trations of chloride in the rock which greatly exceed values expected in the 

leachate. Due to diffusion of chloride out of the rock matrix and into the frac-

tures, the chloride concentration in infiltrating leachate or groundwater should 

actually increase with distance from the landfill rather than be attenuated. 

Thus, in terms of chloride, the water quality should decrease with distance from 

the recharge area due to "contamination" from the naturally occurring Queenston 

shale. 

Although the calculations were performed for chloride, the results may be 
/ 

considered to be applicable to any conservative contaminant species with a dif-

fusion coefficient similar to that of chloride. Conservative species with a 

diffusion coefficient less than that of chloride would migrate farther than 

chloride in the same time. 

Keeping in mind the foregoing caveat regarding the actual applicability of 

the results to chloride itself, Figs. 5 and 6 show the calculated chloride pro-

files after 15 years for seven combinations of parameters. Cases 10 and 11 cor-

respond to a Darcy velocity of 0.7 m/a. For the expected range of fracture spac-

ings, one would expect a conservative contaminant like chloride to be detectable 
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at a level exceeding 10% of the initial value (co) in leachate at a distance of 

at least 150 m and possibly as much as 275 m from the landfill. Thus, if the 

Darcy velocity were 0.7 m/a to the southeast of the existing Burlington landfill, 

then conservative species should _be readily detectable at boreholes GL 12, 16 and 

24 and probably also at GL 13. The concentration at GL 12 and 24 should exceed 

50% of the value in the leachate. The fact that these high levels of conserva-

tive contaminants are not observed in these boreholes is considered to be good 

evidence that the advective velocity of contaminant transport is Ruch smaller 

than the 0.7 m/a adopted in these calculations and hence the average recharge of 

the groundwater is expected to be less than 14 mm/a. In support of this conclu-

sion, it is also noted that for this Darcy velocity, high concentrations of con-

taminant would be calculated at distances of up to 75 m for any reasonable combi-

nation of fracture spacing, fracture aperture, fracture porosity, or dispersi-

vity. 

Cases 12-15 correspond to an average flow per unit area (Darcy velocity) of 

0.05 m/a (i.e. an average recharge of 1 mm/a). Case 12 indicates that for a 

fracture spacing of 30 cm, the contaminant plume calculated using a dispersivity 

of zero would be detectable 25 m from the landfill at a level of about 3% of the 

source concentration. If the fracture spacing was significantly closer than 30 

cm, then no contaminant would be detected. If one considers a dispersivity of 

2.5 m (i.e. 10% of the 25 m distance of interest), then for the expected range of 

fracture spacing, contaminant would be detectable at levels of 3 to 10% of the 

original source concentration level in the landfill. A similar conclusion could 

be reached by repeating the analysis for a slightly higher Darcy velocity and no 

dispersivity, or for a lower Darcy velocity and higher dispersivity, however the 

net result is that for Darcy velocity of the order of 0.05 m/a in a southeasterly 
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direction, one would expect that conservative contaminant might be just detec-

table 25 m from the landfill and not detectable at boreholes which are located 

further from the landfill. 

Analyses performed adopting a lateral Darcy velocity of 0.125 m/a (corres-

ponding to the "worst case" leachate mounding at Site F - Cases 28 and 29) indi-

cate thatfor these conditions, conservative species would be readily detected 25 

m from the landfill (i.e. at GL 12 and 24) and might be detected at low concen-

trations at GL 16 if the average fracture spacing is approximately 30 cm (Case 

28). For a fracture spacing of 5 cm (case 29) conservatve contaminants would 

probably
. 
 not be detected at GL 16 after 15 years migration. 

6.3 Summary 

It is apparent from the results presented in Figs. 4-6 that the Darcy velo-

city of the groundwater is the key parameter controlling the migration of conta-

minant from any landfill constructed on the fractured shale at or adjacent to the 

proposed Site F. Making all reasonable allowances for uncertainty regarding 

fracture spacing, fracture aperture, fracture porosity and dispersivity, it is 

clear t'hat for an average lateral Darcy velocity of 0.7 m/a (eg. corresponding to 

an average groundwater recharge of 14 mm/a assuming fractured flow through 25 m 

thickness of rock), high concentrations of conservative contaminant species and 

high concentrations of priority pollutant such as benzene should be detectable at 

a number of boreholes including GL 12 and 24 with the additional possibility that 

they would be detected in smaller concentrations at boreholes GL 13 and 16. The 

fact that this has not been observed by the Burlington Landfill Plume Delineation 

Study (GLAL, 1986, p. 40) provides evidence that the Darcy velocity is far 

smaller than assumed in these calculations. 
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The foregoing conclusion is primarily based on the assumption that the flow 

is in a southeasterly direction, however even in the event that flow was in 

either a southerly or easterly direction, the calculations indicate that conser-

vative contaminants should be at readily detectable levels at boreholes GL 15 or 

32 respectively. 

On the other hand, the concentration plume calculated for a Darcy velocity 

of 0.05 m/a implies that conservative contaminant would be detected 25 m from the 

landfill (assuming flow in the southeasterly direction) but not at more distant 

boreholes. Priority pollutants would probably not be detected at any of the 

boreholes. However, if the average fracture spacing is about 30 cm and if there 

is also a moderate amount of dispersion then, based on these calculations, a 

small amount of organics (-3% of co) might be detected 25 m from the land-

fill. The fact that the Burlington Landfill Plume Delineation Study (GLAL, 1986) 

did not detect benzene at levels exceeding 1 pg/L lends support to the conclusion 

that the average flow per unit area in the southeasterly direction is about 0.05 

m/a and that the average fracture spacing is probably less than 30 cm but more 

than 5 cm. 

7.0 ANALYSIS OF THE PROPOSED HALTON LANDFILL - SITE F 

One of the key questions regarding the proposed landfill at Site F is as to 

what impact the leachate may have on the groundwater in the rock southeast of the 

landfill. To provide some indication of potential impact, analyses were per-

formed for both a conservative species of contaminant (chloride - cases 16-18 & 

24 as indicated in Table 1) and a priority pollutant (benzene - cases 19-21 & 

25). 

For the purposes of these calculations, the initial (reference) 
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concentration in the landfill co  was assumed to be 1500 mg/L and 150 pg/L for 

chloride and benzene respectively. These initial concentrations correspond to 

values measured in leachate at the existing Burlington landfill (THCL, Vol. 1, 

p. 92) however the value for benzene is considered to be very conservative since 

it greatly exceeds that found in other landfills (see THCL, Vol. 1, pp. 91-93; 

THCL have suggested that the high concentration of volatile organic chemicals in 

the Burlington landfill is the result of the disposal of some industrial waste). 

The corresponding volume of pure benzene assumed in the analysis is about 880 L 

(i.e. about 200 gallons). 

The analyses for potential impact on groundwater quality due to the proposed 

landfill at Site F were performed using a lateral Darcy velocity of 0.05 m/a. 

This value was selected based on consideration of 

(i) hydrogeologic interpretation provided by Geocon; and 

(ii) a comparison of the calculated contaminant plumes for the Burlington 

landfill obtained for different values of va  with the findings of 

the Burlington Landfill Plume Delineation Study (GLAL, 1986) as 

discussed in Section 6. 

Assuming that the majority of the lateral flow is within a 25 m thick zone 

of fractured rock, the lateral Darcy velocity of 0.05 m/a corresponds to an 

average groundwater recharge of 1 mm/alover the 50 ha area of the landfill. 

This is the recharge of the "deep groundwater system" which might possibly carry 

contaminant beyond the site boundaries and excludes recharge of the upper 

weathered shale which will be collected by the leachate collection system. (It 

is noted in passing that similar results would be obtained if it was assumed that 

the recharge was 2 mm/a and the contaminant flowed through a 50 m thickness of 

fractured rock.) 
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THCL discuss dispersivity in their report (p. 98), and in their calculations 

they adopted dispersivities of 10% of the transport distance for weakly fractured 

shale. For the purposes of the analysis performed in the UWO study of the 

proposed Halton landfill at Site F, the primary series of calculations was 

performed for a dispersivity of 30 m (cases 16, 17, 19, 20, 24 and 25) which is 

10% of the travel distance of 300 m (i.e. to a point just south of Highway 403) 

and less than 4% of the travel distance of 800 m (i.e. to near the CNR tracks). 

To identify the effect of dispersivity, calculations were also performed for a 

dispersivity of 80 m which is less than 27% of the travel distance of 300 m and 

corresponds to 10% of the travel distance of 800 m. 

In the analysis of the existing Burlington landfill, it was found that after 

15 years the contaminant concentration calculated at a given point assuming a 

fracture spacing of 5 cm and 30 cm could differ quite substantially. The reason 

for this was that the time of interest (15 years) was relatively large compared 

to the time required for diffusion into the matrix to approach equilibrium for 

the 5 cm spacing (which takes less than one year) whereas this same time was 

substantially less than that required to approach equilibrium for a 30 cm spacing 

(which takes about 25 years). However, it should also be evident that the effect 

of different spacings should become less and less significant as the time of 

interest increases (i.e. particularly for time greater than 25 years). This is 

evident from Figs. 7 and 9 which show the concentration in the fractures at a 

distance of 300 m from the landfill for a range of times for "chloride" and 

"benzene" respectively. Results are given for two fracture spacings (viz. 30 

cm and 5 cm). As can be seen, the difference between the results for the two 

fracture spacings is very small and is of no practical significance. This then 
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means that uncertainty regarding the exact spacing of the fractures ceases to be 

of practical significance when one is concerned with migration over long periods 

time. 

Examining Fig. 7, it can be seen that for a dispersivity of 30 m contaminant 

would reach concentrations exceeding 1% of the initial concentration in about 200 

years and will continue to increase until the peak concentration, which is less 

)'\\ 
than 7% of the initial concentration (i.e. about 100 mg/L4, is reached after 450 

years. If a higher dispersivity is assumed then contaminant reaches this point 

of interest faster but the peak concentration is reduced. For example in case 

18, the peak concentration (at 300 m) of 5% of the initial concentration is 

reached in 350 years. 

The level of attenuation increases with distance from the source. Figure 8 

shows the calculated variation in "chloride" concentration at a point 800 m from 

the landfill. For a dispersivity equal to 4% of the travel distance (a = 30 m, 

case 17) it would take about 1250 years to reach a peak "chloride" concentration 

of less than 60 mg/L or 4% of the initial concentration. With a dispersivity 

equal to 10% of the travel distance, it would still take about 1100 years to 

reach a very small peak value about 2.7% of co. 

As noted earlier, "chloride" is being considered as being representative of 

conservative species. In fact, the concentration of chloride itself which would 

actually be expected to occur will be much higher than the values calculated 

above. This is because the parent rock will be acting as the primary source of 

chloride (which will diffuse out from the rock matrix into the moving 

,groundwater), rather than the landfill. 

To illustrate that the level of attenuation obtained for "chloride" may be 

reasonable for other species, an analysis was performed for a highly mobile, vol-

atile non-priority pollutant with a diffusion coefficient conservatively assumed 
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to be only half that of chloride (a value of 0.00095 m2/a  was used) and a 

retardation factor Rm  of only 1.02 (case 22 in Table 1). This contaminant 

(denoted as organic B) is not intended to be a specific contaminant but rather, 

represents a low (conservative) estimate of the diffusion coefficient and retar-

dation factor for volatile organic pollutants. For example, the parameters for 

"organic B" (case 22) would be considered to be a conservative estimate of para-

meters for highly mobile contaminant such as methyl ethyl ketone (THCL quotes a 

retardation factor of 1.48 as being representative for this species--p. 105). 

Figure 8 shows the calculated variation in the concentration of "organic B" 

(case 22) with time at a point 800 m from the landfill (i.e. near the CNR tracks) 

and it can be seen that to all practical purposes, the results are the same as 

those obtained for "chloride" using the same dispersivity. This indicates that 

when dealing with large travel times, the difference of a factor of two in the 

diffusion coefficient can have very little impact on the concentration of conta-

minant at points well away from the landfill. This is simply because the time 

scale for diffusion of contaminant into and out of the matrix is of the order of 

tens of years while we are concerned with time scales of hundreds to thousands of 

years for the peak contaminant concentration to be reached 800 m from the land-

fill. 

Figures 9 and 10 show the variation in "benzene" concentration with time at 

points 300 m and 800 m from the landfill respectively. The general comment made 

above concerning the effects of fracture spacing and dispersivity apply equally 

well to "benzene" or any other contaminant species. The primary difference bet-

ween the moderately sorbed contaminants such as benzene and conservative contami-

nant, such as chloride, is that sorption reduces the magnitude of the peak 

concentration and substantially increases the time to reach this peak concentra-

tion. For example in Fig. 9, the peak concentration of "benzene" at 300 m is 
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only about 1.5% of the initial concentration in the landfill and is not reached 

until 2200 years after construction of the landfill. A slightly smaller peak 

concentration is calculated for 800 m from the landfill and this peak would be 

reached in about 6500 years. 

Analyses performed for a hypothetical contaminant (organic C) with a 

diffusion coefficient and retardation factor smaller than that for benzene (i.e. 

Dm  = 0.00095 m2/a, Rm  = 2) are also summarized in Fig. 10 (case 23). Com-

paring the results for cases 21 and 23, it can be seen that reducing the retar-

dation factor from 5.5 to 2 reduced the time required to reach the peak concen-

tration from 6000 years to about 2300 years but does not significantly increase 

the peak concentration which is a little over 1% of the initial concentration in 

the landfill. 

8.0 WORST CASE SCENARIO - SITE F 

Assuming total failure of the leachate collection tiles (but assuming that 

perimeter drains collect leachate in the shallow groundwater), analyses were per-

formed for an average flow per unit area (Darcy velocity) of 0:125 m/a. This is 

based on the very conservative assumption that leachate mounding would occur to 

the top of the landfill and hence the gradient between the toe of the landfill 

and a point 300 m south would increase by a factor of 2.5. It is assumed that 

the flow could be accommodated by the flow system further south. The calculated 

variation in concentration with time at 300 m and 800 m from the landfill for 

chloride (Case 24) and benzene (Case 25) are shown in Figures 11 and 12 respec-

tively. 

From Figure 11 it is seen that even for this "worst case" the peak concen-

tration of a conservative species at a point 300 m south of the landfill only 
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reaches 15% of the initial leachate concentration, co, after 200 years. By the 

time the contaminant has moved 800 m, the peak concentration has reduced to less 

than 10% of co  is not reached until about 525 years after the failure occurs. 

As might be expected, for a retarded species such as benzene, even lower 

concentrations are predicted (see Fig. 12) and at 300 m the peak of about 3% of 

co  is not expected to occur until 900 years after failure of the collection 

system. At 800 m it would take 2700 years to reach a peak concentration of less 

than 2% of co. 

9.0 CONCLUSION 

Due to uncertainty as to the actual values of many key parameters, no analy-

sis performed for a specific set of parameters could be regarded as providing a 

prediction of the precise concentrations and arrival times to be expected in rea-

lity. In circumstances such as-these, it is necessary to assess the potential 

impact of the proposed landfill by considering the results of analyses performed 

for combinations of parameters which, on the basis of engineering judgement, 

might reasonably be expected to occur. 

A number of laboratory tests were performed to determine the diffusion coef-

ficient for chloride in the Queenston shale from Site F. To be conservative, the 

diffusion coefficient determined from the laboratory tests was reduced by a 

factor of 2.5 giving a conservative value of 0.0019 m2/a  (6x10-7  cm/s). This 

value is generally consistent with the value of 5x10-7  cm/s assumed by THCL in 

their studies for Site F. 

Analyses were performed to estimate the contaminant escape from the existing 

Burlington landfill after 15 years. A range of fracture spacings, fracture 

opening sizes, fracture porosities and average linearized groundwater velocities 
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were examined both for a conservative species such as chloride and an organic 

priority pollutant such as benzene. The results of these studies indicate that 

an extensive and readily detectable contaminant plume would have developed 

downgradient of the existing Burlington landfill if in fact the average lateral 

flow per unit area were about 0.7 m/a (which corresponds to an average recharge 

of 14 mm/a calculated by THCL from their initial finite element analysis). 

Irrespective of whether one was considering conservative species or organics such 

as benzene, the presence of the plume should have been evident to any investiga-

tor. The very fact that there can be any debate about whether a plume has or has 

not developed south of the landfill is a Clear indication that the average 

lateral flow in the fractured rock is considerably less than 0.7 m/a. 

Analyses of contaminant migration from the Burlington landfill performed for 

an average lateral flow per unit area of 0.125 m/a (corresponding to the worst 

case mounding envisaged for Site F) indicated that for these assumed conditions, 

conservative contaminants would be readily detected 25 m from the landfill (i.e. 

at GL 12 and 24) and might be detected at very low concentrations as far south as 

GL 16. Organic contaminants such as benzene would be detectable (at the 1 ug/L 

level) at 25 m from the landfill if the average fracture spacing was about 30 cm 

but would probably not be detected if the fracture spacing was about 5 cm. This 

scenario could be approached if there was significant leachate mounding of 

contaminants in the portion of the existing Burlington landfill which does not 

have a leachate underdrain system. 

Analyses of contaminant migration from the existing Burlington landfill, 

performed assuming an average lateral flow per unit area of 0.05 m/a, indicated 

that conservative contaminants would be expected to have moved 25 m from the 

landfill but that organics such as benzene probably would not have extended this 
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far in 15 years since the landfilling commenced. This appears to be consistent 

with the findings of the Burlington Landfill Plume Delineation Study (GLAL, 

1986). Furthermore, the velocity of 0.05 m/a is consistent with hydrogeologic 

interpretation provided by Geocon. 

Migration from the proposed Halton landfill at Site F was modelled for the 

average lateral flow per unit area of 0.05 m/a. These analyses indicate that 

300 m downgradient from the landfill (i.e. just south of Highway 403), the peak 

concentration of conservative species and a moderately sorbed species is likely 

to be less than 7% and 2%, respectively, of the maximum concentration in the 

landfill. The time required to reach these small peak concentrations ranges from 

hundreds to thousands of years. At a point 800 m downgradient of the landfill 

(near the CNR tracks), the peak concentration is even smaller and the time for 

the peak to occur is of the order .of thousands of years. 

Based on the available data, there is uncertainty regarding factors such as 

the spacing of fractures, the fracture opening size and the dispersivity along 

the fractures. However, an examination of the effect of a reasonable variation 

in these parameters indicates that within the range considered, the uncertainty 

has no significant effect on the peak concentrations at the two points of inte-

rest (300 m and 800 m). The greatest uncertainty in this respect is the disper-

sivity and even using a very low dispersivity of less than 4% of the travel dis-

tance, the peak concentrations at the 800 m point did not exceed 5% of the ini-

tial concentration. Increasing the dispersivity decreases the peak concentration 

and the time required to reach the peak. Adopting a fairly high dispersivity 

equal to 27% of the travel distance gave times of 350 years to reach the peak 

concentration at a point 300 m from the landfill. 

Even considering a worst case scenario involving leachate mounding to the 
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top of the waste and a consequent increase in average lateral flow per unit area 

to 0.125 m/a, the peak concentration of conservative species was estimated to be 

less than 15% of the initial concentration, co, at 300 m from the 

landfill,reducing to less than 10% of the initial concentration at 800 m from the 

landfill. The times required to reach these concentrations are 200 and 525 years 

respectively. 

It should also be noted that the contaminant studies reported herein have 

not taken account of the beneficial effects of dilution of contaminant due to 

recharge of the rock from northwest of the proposed Site F. Nor have the 

potentially beneficial effects of attenuation mechanisms such as biodegradation 

and microbial transformation of organic contaminants discussed by THCL (Vol. 1, 

pp. 85-86) been considered. Thus the concentrations of contaminant calculated in 

this study are considered to be conservative. 

The findings of the Burlington Landfill Plume Delineation Study (GLAL, 1986) 

southeast of the Burlington landfill are consistent with the results of analyses 

performed in the WO study for an anticipated average lateral flow per unit area 

of 0.05 m/a (which corresponds to a fracture velocity of 50 m/a for a fracture 

porosity of 0.001). Based on the results of analyses performed for the proposed 

Halton landfill at Site F using an average lateral flow per unit area of 0.05 

m/a, it is concluded that there would be minimal effect on the groundwater 

quality southeast of Highway 403 due to contaminant migration in the deep 

groundwater system from Site F. 

Even if one adopts the worst case scenario for the extreme situation of 

mounding to the top of the waste, the potential impact on groundwater quality 

southeast of Highway 403 is relatively mall. 
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As noted above, the proposed landfill will have minimal impact on deep 

groundwater quality. Thus, in the event that there was a discharge of this 

groundwater into the shallow groundwater system southeast of Highway 403, the 

impact of the landfill on this shallow groundwater would also be minimal. 

Furthermore, upward movement of deep groundwater through the till would result in 

additional attenuation and improvement in the deep groundwater quality. Indeed, 

in the event that the deep groundwater did discharge in this manner, one would 

expect the impact of the naturally poor quality of this groundwater to be far 

more significant than any impact due to contaminant in this groundwater which 

originated from the proposed Halton landfill. 

Comparing the results of analyses for both Sites D and F, it is concluded 

that the potential for 

403 due to contaminant 

significant groundwater contamination southeast of Highway 

migration from the proposed Site F is minimal compared to 

the likelihood of contamination of aquifers and residential water supplies 

adjacent to the proposed Site D. 

The analyses performed in this study and the conclusions reached are based 

on the assumption that the Proposed Halton Landfill at either Site F or D is for 

the disposal of municipal waste. No consideration has been given to the 

implications of disposing of quantities of hazardous/toxic waste over and above 

the levels normally encountered in municipal leachate. 
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APPENDIX A: Theory (Rowe & Booker, to be published)  

INTRODUCTION 

The theoretical model used in the evaluation of the potential for contami-

nant migration in the fractured Queenston shale at Site F represents an extension 

of earlier models proposed by Tang et al. (1981), Barker and Foster (1981), and 

Sudicky and Frind (1982) insofar as it is assumed that the contaminant transport 

can be regarded as one dimensional along the fractures and one dimensional into 

the matrix perpendicular to the fractures. However, in this present formulation, 

it is not assumed that concentration of contaminant in the source remains 

constant, but rather, the more realistic assumption of finite mass of contaminant 

is adopted. An analytic solution is then obtained in transform space and it 

simply remains to numerically invert the Laplace Transform. Using a modern 

algorithm for inverting the Laplace Transform, it turns out that this approach is 

both less restrictive and numerically far more efficient than the Sudicky and 

Frind solution where they analytically invert the Laplace Transform and then 

numerically evaluate two integrals (assuming constant source concentration). 

ASSUMPTIONS 

Considering the situation shown in Fig. 1, it is assumed that the contami-

nant is transported vertically downward into the rock beneath the landfill and 

can then move horizontally through a series of parallel fractures of width 2b 

which have a spacing 2H. In parallel with earlier formulations (eg. Sudicky and 

Frind, 1982) it is assumed that: 

1. 	The width of each fracture is much smaller than its length; 
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2. Transverse diffusion and dispersion within each fracture assures complete 

mixing across its width at all times; 

3. The permeability of the intervening porous matrix is low and transport with-

in the matrix is mainly by molecular diffusion; and 

4. Transport along each fracture is much faster than transport within the 

matrix. 

THEORY 

It will be assumed that the fissures are parallel to the xy plane and that 

the fluid in the fissure moves with a velocity 'If  in the x direction. 

Neglecting possible sorption on the face of the cracks, the equation for 

advective-dispersive transport of the contaminant along a typical fissure is: 

vt 
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f 	
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f 	c F 
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where cf is the concentration of the contaminant within the fissure 

nf is the porosity of the fissure material. If the fracture is "open" 

(i.e. free of material impeding flow along the fracture) then nf=1 

Of is coefficient of hydrodynamic dispersion (incorporating the effects 

of molecular diffusion and mechanical dispersion) in the fissure 

vf is the average linearized groundwater velocity in the fracture 

F is the flux leaving the fissure and moving into the matrix. 

It will be assumed that there is no advection in the matrix and that, to 

sufficient approximation, all diffusion occurs in the vertical (z) direction. It 

then follows that 
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where cm  is the concentration of contaminant in the matrix 

nm  is the porosity of the matrix 

Dm  is the coefficient of molecular diffusion in the matrix 

Pm is the dry density of the rock matrix 

Kd is a distribution or partitioning coefficient for removal of contami- 

nant from solution due to linear sorption. 

Initially, the concentration in the matrix is zero and so introducing the Laplace 

Transform 

-E = 	c (t)e-st  dt 	 (A3) 
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it is found that 
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i.e 

p
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(A4 b) 

(A4 c) 

It is convenient to locate the origin of coordinates midway through the 

matrix then recognizing that the matrix and fissure concentrations must be 

identical at their interface it follows that 
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The flux x entering the fissure may now be calculated and 
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where x = nm  Dmp tanh pH. 

Initially, the concentration in the fissure is zero and thus, taking the 

Laplace Transform of equation (1) and combining it with equation (6b), it is 

found that 
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It will be assumed that the length of each fissure is far greater than its 

thickness and thus that solution of (7) must vanish as x 	co so that 

Cf =
LF 

e-Ax 
	

(A8) 

where cLF denotes the concentration in the landfill and 

X = 	
1 vf  + (vf  + 4Df(s 4 n

f 
2D
f 

	 (A9) 

It remains to compute the concentration in the landfill. To do this, we 

introduce the equivalent height of leachate per fissure (HLF) as defined in the 

report. It then follows from conservation of mass that 
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where the integral on the right-hand side of this equation is evaluated at x=0, 

so that upon Laplace transformation we find 
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The complete solution in Laplace Transform space is given by equations (A8) 

and (A11). The Laplace Transform can be inverted using Talbot's algorithm 

(Talbot, 1979). 



APPENDIX B: Results of Additional Calculations Relating to the  

Burlington Landfill  

Figures 4 and 5 of the main report indicate the extent of the contaminant 

plume that is calculated after 15 year migration assuming a lateral flow per unit 

area (Darcy velocity) of 0.05, 0.125 and 0.7 m/a. The appendix contains results 

calculated after 10 years and 25 years based on the same assumptions as adopted 

in Figs. 4 and 5 . Specifically, Figures 13 and 15 show the calculated extent of 

a benzene plume after 10 and 25 years, respectively, while Figures 14 and 16 show 

the extent of movement of a conservative species such as chloride after 10 and 25 

years, respectively. 
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APPENDIX C: Analysis of Leaching Profiles for Chloride at Site F  

The transport model adopted in this report has assumed that the potential 

path for contaminant transport within the deep groundwater involves infiltration 

of about 1 mm/a down through the vertical fractures in the rock and then lateral 

flow offsite. (This excludes infiltration into the shallow groundwater system 

which will be collected by the leachate collection system.) 

THCL originally envisaged (see Vol. I, P.  62) recharge down vertically to a 

depth in excess of 25 m over most of Site F followed by lateral flow offsite. 

This scenario involved infiltration into the deep groundwater system of approxi-

mately 14 mm/a (Vol. 1, p. 63). THCL's so-called "Better Fit Model" dated 

September 1987, involves downward flow for the deep groundwater system over the 

southern portion of the site and what appears to be a substantially decreased 

average downward flow compared with their original calculations. 

Assuming that prior to the establishment of the current flow system there 

was a relatively uniform distribution of chloride within the Queenston Shale de-

posit, then flow downward through the shale after development of the flow system 

would be expected to cause leaching of the chloride from the pores of the rock 

matrix. This is in fact the reverse of the matrix diffusion process discussed in 

the report. If water entering the fracture system has negligible salt concentra-

tion initially, then strong diffusion gradients from the rock matrix into the 

fractures would be established near the surface of the rock. As the water moves 

through the fractures there would be an increase in salt content and hence a 

lower diffusion gradient would be developed at depth. This in turn would be 

expected to give rise to a concentration profile both within the pore water and 

the rock involving low concentrations at the surface and increasing concentration 
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with depth. The magnitude of the concentrations would be related • to the vertical 

flow within the fractured system and the length of time over which this flow has 

been occurring. 

To provide a quantitative assessment of the mechanism, analyses were per-

formed to model this process. The analyses were performed using a diffusion 

coefficient for chloride diffusing out of the shale determined, from three tests 

conducted at WO, to be 0.0047 m2/a  and a matrix porosity of 0.1. The initial 

concentration of chloride in the rock matrix was assumed to be 40 000 mg/L (the 

calculated concentrations are directly proportional to this quantity) and a dis-

persivity of 2.5 m was adopted. 

The concentration profiles calculated assuming a fracture spacing of 1 m and 

a fracture opening size of 2 mm are shown in Fig. 17 for a range of times and two 

assumed infiltration rates, namely 1 mm/a and 14 mm/a. The concentration profile 

is highly dependent on the infiltration. 

At an infiltration of 14 mm/a (corresponding to THCL's original flow 

system), concentrations of less than 7000 mg/L would be expected to a depth of 

about 30 m after only 250 years of flow and after 500 years the concentrations to 

a depth of 30 m would be less than 780 mg/L. 

An infiltration rate of 1 mm/a as assumed in this study would give concen-

trations of less than 7450 mg/L after 3500 years and it would take 6000 years 

before the concentration would be below 1300 mg/L (at all points) to a depth of 

30 m. 

The effect of fracture spacing and fracture porosity was examined for frac-

ture spacing ranging between 5 cm and 100 cm and fracture porosities ranging 

between 0.001 and 0.01. A number of typical results are shown in Fig. 18 for an 

infiltration of 1 mm/a (after 2000 years). Inspection of Fig. 18 shows that the 

effect of fracture spacing and porosity is of no practical significance. One can 
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conclude from this that within the range of parameters considered, the variation 

in chloride concentration with depth is primarily dependent on the infiltration 

(i.e. the Darcy velocity) and the time over which this infiltration has been 

occurring. 

It is recognized that in a practical situation the infiltration will not be 

identical at all points over the site and that in some areas the infiltration may 

be larger, and in some areas smaller, than the average infiltration. This will, 

of course, result in a scatter of concentration profiles determined at different 

locations however one would expect the trend established by combining representa-

tive data from over a given site to follow the calculated trend for the average 

infiltration. Local variations in concentration profile may represent local 

variations in infiltration. Thus if, for example, one considered that the 

average infiltrations of 1 mm/a had been established for a period of about 3000 

years, then if locally the infiltrations were 2 mm/a you would expect the 

concentration profile at that location to approximately correspond to that shown 

on Fig. 17 for an infiltration of 1 mm/a and a time of 6000 years. Similarly, if 

at another location the infiltration was half the average (i.e. 0.5 mm/a) then 

one would expect the concentration profile at that location to be similar to that 

given in Fig. 17 for va  = 1 mm/a and a time of 1500 years. 
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