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ABSTRACT 

A new laboratory column technique was developed to measure 

retardation factors (Rf) of volatile organic compounds using 

geological material obtained from an outwash aquifer underlying a 

solvent disposal site near Ottawa, Canada. The apparatus was designed 

as a closed system from sample introduction to analysis in order to 

measure the retardation of volatile compounds including 1,4-dioxane, 

diethyl ether, 1,2-dichloroethane, trichloromethane (chloroform), 

1,1-dichloroethene and benzene. The centres of mass of both 

contaminant and aconservative tracer breakthrough curve were compared 
to determine these Rfs. The measured values range frmn 1.1 to 14.3 

and compare favourably with those derived from acontaminant plume 
lengths and a purge well test conducted at the site.



RESUME 

Une nouvelle technique de iaboratoire faisant appei 3 des colonnes 

a été mise au point dans 1e but de mesurer les facteurs de retard 

(Rf) de composés organiques volatils, a l'a1de de matériaux 

géologiques provenant de 1'aqu1fére ailuvionnaire sur iequei repose un 

site de rejet de solvants a proximité d'0ttawa (Ontario). L'apparei1 

a été congu comme un systéme c1os 3 partir de l'étape de 

1'introduction de l'échanti11on Jusqu'5 1'étape de 1'ana1yse, afin de 

mesurer le retard_ de 1'écou1ement de composés »vo1ati1s, dont 1e 

1,4~dioxane, 1'éther _d1éthy1ique, 1e 1,2~dich1oroéthane, 1e 

trichiorométhane (chioroforme), le 1,1-dichloroéthéne et le benzene. 

Nous avons comparé ies centres de masse de la courbe de passage du 

contaminant et de la courbe de passage d'un traceur classique, dans le 

but de déterminer ces Rf. Les vaieurs mesurées varient de 1,1 a 

14,3 et se comparent favorabiement 5 celles obtenues 5 partir de la 

iongueur des panaches de contaminants et des résuitats d'un esssai en 

puits de purge réaiisé-sur 1e site. '
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MANAGEMENT PERSPECTIVE 

Groundwaters beneath the Federal Special Haste Compound at the 

Gloucester, Ontario landfill became contaminated due to the disposal 

of laboratory solvents by EPS during the period 1972-80. A plume of 

contaminated groundwater is now moving away from the site. This 

plume of toxic organic chemicals has been well defined by Environment 

Canada scientists over the last eight years. These chemical have been 

found to migrate a widely varying rates depending upon their 

retardation factors. 

This paper describes a laboratory procedure that has been 

developed to simulate the migration of organic chemicals in ground- 

water. Aquifer material from the Gloucester Landfill is repacked in 

laboratory columns and contaminated water is passed through; By 

monitoring the concentration of these contaminants in the effluent, 

retardation factors can be derived. It is these factors that 

determine how fast a particular contaminant will travel with respect 

to the average groundwater flow velocity. 

Applications may be found in optimizing groundwater remediation 
schemes that involve purge wells. Flow rates can easily be increased 

using this column apparatus in order to simulate the high ground- 

water flow rates encountered during "pump and treat“ operations.



PERSPECTIVE-GESTION 

Les eaux souterraines s'écou1ant sous 1'enceinte pour déchets 

spéciaux du gouvernement fédéral, située dans la décharge de 

Gloucester (Ontario) ont été contaminées a la suite du rejet de 

solvants de laboratoire par le SPE au cours de Ia période 1972-1980. 

Un panache d‘eaux souterraines contaminées s'éIoigne maintenant du 

site. Au cours des huit derniéres années, Ies scientifiques 

d*Environnement Canada ont bien défini ce panache Ade produits 
organiques toxiques. Ces produits, ont—i1s constaté, se dépiacent 5 

des vitesses trés diverses selon Ieurs facteurs de retard. 

On décrit, dans cette communication, une méthode de Iaboratoire 

permettant de simuier 1e déplacement de produits organiques dans les 

eaux souterraines. On passe de 1'eau contaminée dans des coionnes de 

laboratoire garnies avec des matériaux de 1'aquifére se trouvant sous 
la décharge de Gioucester. On peut calculer les facteurs de retard en 
suivant la concentration des contaminants dans 1'eff1uent. Ce sont 

ces facteurs qui déterminent la vitesse 5 laqueiie un contaminant 
donné se dépiace par rapport a la vitesse moyenne des eaux 

souterraines. -
. 

' 

Cette méthode peut étre appiiquée, entre autres, 6 1'optimisation 

des mesures de dépoilution faisant appel 5 des puits de purge. Elle 

permet d'augmenter facilement 1e débit et ainsi de simuler Ies debits 

éievés observés au cours des travaux de "pompage et de traitement". 
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INTRODUCTION 

Decontamination of groundwater containing dissolved organic 

constituents is most often conducted using pump and treat systems 

(Mackay and Cherry, 1989). This involves pumping large volumes of 

contaminated ground water and treating it at the surface. Because of 

the expense and time involved in the construction and operation of 

these systems, they must be designed in a manner that will result in 

aquifer decontamination in the minimum possible time and with the 

fewest wells. Clean up of the aquifer to the desired levels should be 

accomplished by pumping the smallest volume of water possible. The 

optimal design is further complicated because organic chemicals move 

at lower velocities than the ground water itself. Therefore. an 

estimation of relative contaminant velocity is essential (Mackay and 

Cherry, 1989). 

_ 

The migration of organic solutes in ground water has been 

described by Schwarzenbach and Hestall (1981); Chiou gt g1., (1983); 

Karickhoff (1984); Roberts gt g1., (1986) and shown to be a function 

of sorption onto aquifer solids. This sorption of hydrophobic organic 

compounds is presumed to be due to partitioning between the organic 

phase of the aquifer material and the ground water (Schwarzenbach and 
westall, 1981). It has been shown that the retardation of organic 

compounds is proportional to the hydrophobicity of each compound and 

the organic carbon content of the aquifer material through which it is 

migrating (McCarty gt g1., 1981). Consequently, sorption and 

therefore retardation, are site specific. In cases where the organic 

carbon content of materials is low (e.g. outwash aquifers), it is
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possible that sorption to nflneral surfaces occurs (Curtis gt g1., 
1986). Comparison of retardation between sites based upon the foc 

of the aquifer material may be limited because of the difficulty in 

accurately measuring low organic carbon content. 

Irregardless of the exact mechanism(s) of sorption it is 

necessary to determine the extent of retardation of individual 

contaminants at a particular site if pump and treat methods are to be 

effective (Lefkoff and Gorelick, 1986). Bahr (1989) showed that 

ground water velocity affects retardation measurement, consequently 

laboratory column tests are particularly useful since flow velocities 

can easily be varied. At higher velocities reversible sorption- 

desorption of‘ hydrophobic compounds does not proceed at a rate 

sufficient to reach local equilibrium, thus the volume of water that 

must be purged to reach a desired concentration is increased. 

Also, retardation factors have been found to vary with time and 

distance. In a natural gradient experiment, Roberts gt 31., (1986) 

found a steady increase in retardation factors for a number of solutes 

over a two year observation period. They attributed this to sorption 

rate limitation; i.e. slow uptake of the organic solutes. 

The parameter. most frequently used to estimate contaminant 

mobility is the retardation factor, Rf, which is given by Freeze and 

Cherry (1979), p. 404 as: 

Rf = 1 + pbKd/H (1) 

ll
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where 'pb and Kd and n are ‘the bulk density, the contaminant 

distribution coefficient and the porosity of the aquifer naterial, 

respectively, The distribution coefficient (Kd) can be estimated 

directly from batch sorption or isothenn tests or indirectly from an 

equation based upon a compound's octanol-water partition coefficient 

(KOW) and the fraction .of organic carbon (foe) in the aquifer 

material (Schwarzenbach and Hestall, 1981). Rf may be estimated by 
several methods, including (1) batch adsorption isotherms to evaluate 

Kd (e.g. Curtis gt g1., 1986); (2) field injection tests (e.g. 

Roberts gt gt., 1986; Borden and Bedient, 1987; and Bahr, 1989); (3) 

measurement of plume lengths (e.g. Patterson gt g1., 1985); and (4) 

laboratory column tests (e.g. Bouchard gt g1., 1988; and Lee gt g1., 
1988),

1 

Batch test procedures involve relatively simple laboratory 

experiments except in the case of volatile organic compounds (VOC). 

Aqueous solutions of the contaminants of interest are equilibrated 

with the sorbent (i.e. aquifer material) and isothenns are derived 

from which a distribution coefficient can be calculated. Loss by 
volatilization must be prevented in order ‘to accurately determine 
uptake of the sorbates. However tthese procedures have the 

disadvantage that the physical and chemical nonequilibrimn processes 
that are apparent in the transport of retarded contaminants cannot be 

reproduced. 

The field injection test method requires a well defined test site 
in the aquifer of concern and a number of personnel to conduct a 

continuous injection/withdrawal test over a period of several days. 

The measurement of plume lengths method requires a dense network of
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monitoring wells at the site in question so that individual 

contaminant plumes might be mapped; this requirement is seldom met at 

hazardous waste sites. Column tests require that a well-equipped 

laboratory with facilities for a column test and for the analysis of 

the contaminants of interest be available. Consequently, laboratony 

column methods may be the most practical and inexpensive method of 

estimating Rf for operational purposes.
r 

Current laboratory column methods have been used with ea wide 

variety of organic compounds to determine migration and fate processes 

in the subsurface. These methods have generally been used for more 

hydrophobic and/or less volatile compounds (e.g. Lee gt g1., 1988 

(trichloroethene and p-xylene); Bouchard gt g1., 1988 (herbicides)). 

Thus, there was a need to develop a method for very volatile compounds 

which could also be verified with" data from a well-defined field 

site. By comparing column results with field data it is possible to 

evaluate the effects, if any, of both a smaller scale and a lnore 

homogeneous medium. - 

Table 1 lists a number of methods of calculation that have been 

used to estimate retardation factors from field and laboratory data. 

Most of these methods are similar in that they compare the movement of 

a retarded contaminant to‘ that of water' as determined by some 

conservative tracer. Contaminant breakthrough curves (BTC) may vary 

in shape depending upon sorption or biodegradation reactions and the 

influence of hydrodynamic processes. Symmetric BTCs showing full mass 

recovery are indicative of a nonsorbing, nonbiodegradable‘ compound 

(McCarty gt g1., 1981). The BTCs of more retarded compounds show 

greater asymmetry indicating nonequilibrium sorption (Lee gt g1.,

R 
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1988)._ As winters and Lee (1987) pointed out, the evaluation of Rf 

from asymmetric BTCs by different methods leads to different values. 

Models based on the advective/dispersive model of contaminant 

transport can be used with least squares optimization techniques to 

fit parameters (e.g. Rf) to column or field data (e.g. Parker and 

van Genuchten, 1984; Lee gt g1., 1988). with these models sorption is 
.

I 

described either by the local equilibrium assumption -(LEA) or a 

nonequilibrium (kinetic) model that assumes two types of sites; one at 

which sorption is instantaneous and the other where sorption is time 

dependent. 
1 The objective of this study is to develop a new laboratory column 

technique to measure retardation factors for volatile organic 

chemicals in ground water. Different evaluation techniques were used 

to determine appropriate Rf values from these data. The measured 

values from the laboratory column experiments are compared with other 

estimates of Rf using data from a site near Ottawa, Canada 

(Gloucester landfill site, Figure 1), which has been the subject of an 
extensive case study (Jackson gt g1., 1985; Patterson gt g1., 1985; 

Jackson gt g1.; 1989; Jackson and Patterson, 1989; and Lesage gt gl., 
1989) of the mobility of volatile organic contaminants. 

METHODOLOGY 

The method _used- to estimate Rf values for 'VOCs in the 

Gloucester aquifer involved packing a short glass column (7 cm in 

diameter by 16 cm in length) with aquifer material. The repacking was
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conducted in such a manner as to replicate field conditions (1.e. bulk 

density and porosity) as closely as possible‘ The column, shown in 

Figure 2, was fitted with stainless steel end plates holding a fritted 

glass disk (5.5 um) that allowed the entry and elution of the spiked 

ground water; After dry—packing, the column was slowly filled from 

below with deaerated ground water. During operation it was wrapped 

with aluminum foil to protect it from light. 

The aquifer material was obtained from a core of outwash aquifer 

sands taken at a depth of 15 m below ground surface and 100 m from the 

contaminant source (see Figure 1). It was analyzed for organic carbon 

content’ (wet oxidation method, foc = 0.00075) and grain size 

distribution prior to its being dried and repacked. The complete 

column apparatus including the sampling system is shown in Figure 3. 

The ground water supply was taken from a sampling point upgradient of 

the contaminant source (Figure 1) and passed through a 0.20 um filter 

to remove microorganisms and silt, The PH of the ground water was 

measured before and after passage through the column. 

A small variable flow rate tubing pump (Sage Instruments) was 

used to pump the column water. Flow rates were measured by collecting 

water at the column exit before and after the test.’ A pulse of water 

containing the contaminants and a conservative tracer (iodide) was 

added just prior to the column using a syringe pump (Sage 

Instruments). The input concentrations were measured by analysing a 

semple collected in a Tedlar (polyvinyl fluoride) bag at the sample 

port just prior to the column (see Figure 3). V

A
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The column effluent was collected. sequentially* in evacuated 

Tedlar bags each fitted with a Teflon On/off valve and connected to a 

sixteen port valve (Valco Instrument Co.). The valve actuator was 

controlled by a valve sequencer which could vary the filling time of 

each bag.' The bags were disconnected after filling and a syringe was 
used to remove a sample of the effluent for injection into a purge and 

trap unit connected to a Hewlett Packard GC/MSD (Gas Chromatograph - 

Mass Selective Detector). The complete column apparatus was operated 
in a dark cold romn at the average ground water temperature at the 

site (9°C). 

‘In addition to the aquifer materials themselves, the organic 

solution) comes into contact with Teflon (tubing, fittings and 

syringe), stainless steel (mixer, column ends and valve), glass 

(syringe and column walls) and Tedlar -(sample bags). with the 

exception of Tedlar, the other three materials are recommended for 

sampling water contaminated with volatile organics (Barcelona gt g1., 
1985), Maskarinec gt g1., (1989) have shown that aqueous standards of 
volatile organic chemicals can be successfully stored in Tedlar bags 
for at least 3 days. Dilutions of the precolumn sample that was 
collected and stored in a Tedlar bag, were used as standards over the 
course of the test. In this manner it was possible to correct for any 
losses due to sorption and volatilization of the analytes between 
sample collection and analysis. 

One of the advantages of these bags is that it was possible to 

collect the water samples with negligible headspace. The work of 
Pankow (1986) suggests such small bubbles may cause minor losses of
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the volatile organic compounds. Furthennore, the samples were all 

analysed by purge and trap GC/MSD within 48 hours of being collected. 

Breakthrough curves were prepared by dividing the concentration 

(C) of each compound in the effluent sample by its initial 

concentration (C9) to obtain a relative »concentration (C/CO). 

These values were then plotted against the number of pore volumes (or 

time) that each sample represented. Mass recoveries were calculated 

using the trapezoidal rule to determine the area under each curve and 

comparing this value with the hypothetical area of an ideal solute 

plug. The number of pore volumes at the midpoint of the area beneath 

each curve was defined as the centre of mass of the particular 

contaminant. ~ 

A number of tests were conducted using the column apparatus with 

a variety of organic contaminants found in the ground waters beneath 

the Gloucester site (1,4-dioxane (DIOXANE), diethyl ether (DEE), 

1,2-dichlorethane. (1,2-DCA), trichloromethane (TCM), 

1,1-dichloroethene (1,1-DCE) and benzene (BENZ)). These organic 

chemicals represent a range of chemical classes (aliphatic ethers, 

chlorinated 1 and 2-carbon lcompounds and an aromatic compound), 

aqueous solubilities and volatilities (Table 2). 

The particular column experiment discussed here was conducted for 

11 days at an average linear ground water velocity of 45 cm/day (cf. 

aquifer - 7cm/day). In this test sodium azide (NaN3) was added to the 

feed water to inhibit biodegradation. A 0.65 pore volume pulse of 

water containing iodide, DIOXANE, DEE, 1,2-DCA, TCM, 1,1-DCE and BENZ 

was introduced and samples of the effluent were collected for 30.5 

pore volumes. The initial concentrations of the organics were in the 

.=
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range of 500 to 1250 pg/L which is representative of concentrations 

found at the Gloucester site. Relative standard deviations from the 

triplicate analysis of the precolumn standard (diluted ten times) 

ranged from 0.2% for 1,2-DCA to 14.8% for 1,1-DCE.
_ 

RESULTS AND DISCUSSION 

Breakthrough curves for iodide and DEE are shown in Figure 4 and 

those of 1,2-DCA, TCM, 1,1-DCE and BENZ are presented in Figure 5. 

Note that the scale of relative concentration (C/Co) in Figure 5 is 

only from 0 to 0.1. with the retarded compounds a pulse input of 0.65 

pore volume was not large enough to allow the effluent concentration 

to reach the initial concentration (Co). - » 

Mass balance calculations were made to estimate the recovery of 

the solutes and to determine if 'biodegradation and/or irreversible 

sorption were occurring. These calculations were difficult to do 

because the concentrations of the four retarded solutes had not 

returned to zero when the analyses were terminated after about 30 pore 
volumes had been pumped through the’ column (Figure 5). However 

calculations did show that greater than 80% of all the solutes except 
benzene. were recovered by that time. The centres of mass were 

therefore calculated based upon an extrapolation of the BTCs. 

Field retardation factors that were calculated by comparing the 

lengths of contaminant plumes at the Gloucester site (Patterson 

gt g1., 1985) and values derived from a purge well test also conducted 

at this site (whiffin and Bahr, 1985) are presented in Table 3. From 

the plume length data, Patterson gt 51., (1985) derived a correlation



— 10 - 

equation to calculate Rfs based on Kow obtained from the 

individual compound. These three methods are compared with results 

from laboratory column experiments. 

Estimates of Rf were first calculated by comparing the time to 

reach C/Cmax for each contaminant versus that for the iodide 

tracer. As numerous other researchers (e.g. Winters and Lee, 1987) 

have found, this evaluation of Rf neglects the significant tailing 

that occurs with strongly retarded compounds. Thus, in addition, the 

centres of mass of both contaminant and iodide were compared in a 

procedure similar to that of winters and Lee (1987) and Roberts 

gt a1., (1986) in order to derive an Rf. The position of centre 

mass is indicated for iodide and diethyl ether on Figure 4. alt was 
these retardation factors, derived from centre of mass calculations 

that fit most closely the correlation equation of Patterson gt g1., 
(1985), (Table 3).

‘ 

For the less retarded compounds (i.e. DIOXANE and DEE), similar 

Rf values were determined using the C/Cmax=O.5 method and the 

centre of mass calculations. This is due to the symmetrical nature of 

their BTCs with less tailing indicating greater sorption equilibrium 

during transport (Lee gt g1., 1988), that is, the assumption of local 

equilibrium is satisfied. 

As shown in Table 3 the different retardation factor evaluation 

methods may result in different values. Patterson gt.g1., (1985) and 

Curtis gt g1., (1986) found that retardation factors calculated from 

the equation of Schwarzenbach and Hestall (1981) were small compared 

to -field values.» The -empirical correlation of Schwarzenbach and 

westall (1981) was based upon compounds with much higher log Kows
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(2.6-4.7) and sorbents with organic content greater than 0.1%. Curtis 

gt a1., (1986) attribute this underestimation to the fact that their 

correlation does not take into account sorption onto mineral 

surfaces; Similarly these column experiments have shown that 

retardation is underestimated by the equation and, furthenmore, the 

relative retardation of certain VOCs is not directly proportional to 

their KQWQ This phenomenon has been observed by others as well 

(e.g. Curtis gt 31., 1986). These differences may also be attributed 
to problems with the actual measurement of the organic carbon content 

of aquifer materials. Curtis gt a1,, (1986) discuss the possibility 

that root hairs and woody fragments may increase the overall foc but 

contribute little to sorption. T 

SUMMARY AND CONCLUSIONS 

It is imperative that site-specific measurements of the migration 

of volatile organic contaminants relative to ground water be 

determined in order for pump and treat systems to function 
effectively. For example, pumping rates should be adjusted to reflect 
retardation of particular contaminants (Lefkoff and Gorelick, 1986). 

Laboratory column experiments were chosen in order to evaluate these 
factors because they are relatively simple and yet replicate field 

processes. ‘ 

The column apparatus was designed as a closed system (point of 

contaminant input to sample analysis) to prevent the loss of volatile 
compounds. Breakthrough curves were generated by measuring
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concentrations of the iodide tracer and organic contaminants at 

regular intervals. The values were then nonmalized by dividing the 

effluent concentrations by the input' concentrations and’ plotted 

against time or pore volumes. The centres of mass of these curves 

were determined using the trapezoidal rule. Retardation factors were 

calculated by comparing the contaminant centres of mass in time versus 

that of iodide. - 

The information on contaminant hydrogeology collected at the 

Gloucester site was used to validate this method of Rf calculation. 

Laboratory column values compared well with data from the plume 

lengths and a purge well test. The correlation equation developed by 
Patterson gt al., (1985) that was generated from data for 1,4-dioxane, 

tetrahydrofuran, diethyl ether, 1,2-dichloroethahe, benzene and carbon 

tetrachloride gave values that were close to the column Rfs for 

trichloromethane and 1,1-dichloroethene. It was on this basis that 

the centre of mass calculations were felt to be the most accurate. 

Thus, this work shows that laboratory column experiments can be used 

to evaluate retardation factors for application to field sites. 
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Table 
column data. 

1. REt&Fd8t10fl f&CtOF calculation methods from fléld and 

Rf= Variables Reference 

FIELD: 

L /L 
C1 i 

t /t 
i H20 

V /V 
gw i 

COLUMN: 

v/vo 
at c=o. s co 

Lcl 
- length of 

chloride plume 
L1 

- length of 

contaminant (i) plume 

ti 
- residence time 

of contaminant (1) 
t - residence 
H20 
time of water 

V - ground water
_ gw 

V1- solute velocity 

cumulative effluent 
volume 

_ > pore volume 
effluent concentration 
input concentration 

V- 
V- c° - 

Co ' 

area behind cont. breakthrough curve 
area behind tracer breakthrough curve 

t_/t 
1 H20 ti 

- BFFTVEI time Of 
centre of mass of 
contaminant (i) 

t - arrival time of 
H20 
centre of mass of 
conservative tracer 

(Patterson gt g1.,1985) 

(Roberts gt 51., 1982). 

(Roberts gt g1., 1986). 

(Bouchard gt g1.,1988). 

(Bouchard gt 91., 1988) 

(winters and Lee, 1987)



Table 1. continued 

Rf; Variables Reference 

t /t 
1 H20 

V/Vowhen 
v .= 0.5 cm, 

t /t Y 

1 H20 

t1- arrival time of (winters and Lee, 1987). 

peak concentration of 
contaminant (i) 
t - arrival of 
H20 

peak concentration of 
conservative tracer 

V - cumulative effluent 
volume 

V0 - pore-volume 
C - effluent concentration 
Cmax - maximum effluent 
COflCEfltF8t10fl 

ta - arrival time of 
c ntre of mass of 
contaminant (i) 
tH O - arrival of 
centre of mass of 
conservative tracer 

(this paper) 

(this paper)



Table 2. Selected properties of compounds used in the column 
experiment. 

Compound M.H. Kow 0 

(9/L) 
V.P. H 

(mm H9)_ (atm-m3/moi) 

DIOXANE 

DEE 

1,2-DCA 

TCM 

BENZENE 

1,1-DCE 

88.2 

74.1 

99.0 

119.4 

78.1 

96.9 

-0.27 

o.a9 

1.4a 

1.91 

2.04 

2.13*

M 

69.0 

8.7 

8.0 

1.78 

0.40+ 

l 30 n.a. 

442 0.000624 

s1 o.ooo913 

160 0.003142 

76 _ 0.004387 

500 0.159375 

M.w. - molecular weight 
Kow - octanol-water partition coefficient (Hansch and Leo, 1979) 

(* fragment constant method of Hansch and Leo, 1979) 
Sol. - aqueous solubilities (20°C) (Verschueren, 1983) ‘ 

M B miscible in all proportions 
(+ Horvath, 1982) 

V.P. - vapour pressure (20°C) (Verschueren, 1983) 
H - Henry's law constant (V.P./Sol. (Mackay and.Leinonen, 1975)) 

n.a. - not applicable



Table 3. Sumnary of retardation factors. 8 
Compound 

8 

1 
.12 

8 
8 "8 

4 
l 1.15 H 1 

6 E‘ Plume Purge Correl. S & H Column Column 
Length Hell Eqn. Eqn. C of M Cmax 

DIOXANE . 
11.6 1.4 1.6 -_ 1.0 1.1 1.2 ml 

DEE 3.3 3.0 3.4 1.1 1.7 1.6
' 

706 fl.D- 507 702 500 

TCM n.m. n.p. 
' 

9.3 1.3 7.5 5.0 II 
BENZENE 8.8 " n.p. 10.0 1.4 14.3 8.0 _ _ 

HJH. nope 1.05 m 
Retardation factors based on: 

1 - Field data (length of organic plume vs. length of chloride 
plume), (Patterson gt g1., 1985).

I n.m. - plume not mapped 

2 - Purge well evaluation test, (whiffin and Bahr, 1985). 
n.p. — contaminant not present in test section 

data (Patterson gt 31., 1985). 
3 - Correlation log (Rf-1) = 0.5* log Kow-0.065 from field

R 
4 - Equation Rf=1+pbKd/n where Kd=3.2*f¢c*(K°w)°-72 

(Schwarzenbach and Westall, 1981) 
ml 

5 - Column test (centre of mass of organic vs. centre of mass of 
iodide) 

1 6 - Column test (C/Cmax=O.5 of’ organic vs. C/Cmaix = 0.5 
II 

of_iodide)
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Figure 

Figure 

Figure 

Figure 

Figure 

The Gloucester landfill site near Ottawa, Canada showing the 

organic contaminant plume and sampling locations of column 

feed water and aquifer material. 

Exploded view of the laboratory column. 

Schematic of the full column apparatus. 

Breakthrough curves (relative concentration vs. pore volume) 

for iodide and diethyl ether showing centres of mass. 

Breakthrough curves (relative concentration vs. pore volume) 

for 1,2-dichloroethane, trichloromethane, 1,1-dichloroethene 

and benzene. Note the scale of relative concentration (0.0 

to 0.1). '
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