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ABSTRACT 

A volume of sand containing coal tar creosote was emplaced below the water table at CFB 
Borden to investigate natural attenuation processes for complex. biodegradable mixtures. Coal tar 
creosote is a mixture of more than 200 polycyclic aromatic hydrocarbons, heterocyclic 
compounds and phenolic compounds. A representative group of seven compounds was selected 
for detailed study: pheno~ m-xylene, naphthalene, phenanthrene, 1-methylnaphthalene, 
dibenzofuran and carbazole. Movement of groundwater through the source led to the 
development of a dissolved organic plume, which was studied over a four year period . . 
Qualitative plume observations and mass balance calculations indicated two key conclusions: I) 
compounds from the same source can display distinctly ditrerent patterns of plume development 
and 2) mass transformation was a major influence on plume behaviour for all observed 
compounds. After being completely leached from the source early in the study,. phenol migrated 
as a discrete slug plume and almost completely disappeared after two years. The m-xylene plume 
migrated outward to a maximum distance at approximately two years, and then receded back 
towards the source as the rate of mass flux out of the source decreased to below the overall rate 
of plume transformation. Carbazole showed similar behaviour, although the reversal in plume 
development occurred more slowly. 

The dibenzofuran plume remained relatively constant in extent and mass over the last two years of 
monitorin& despite that constant source input over this period. This indicated that the rate of 
mass input was approximately equal to the rate of plume transformation and is the first conclusive 
documentation of a '~steady state" plume, of which the author is aware. Meanwhile, the 
naphthalene and 1-methylnaphthalene plume continued to advance over the observation period, 
although decreases in the rate of mass input from the source to the plume were noted for both. 
The phenanthrene plume was also subject to transformation, although measurement of the rate 
was less conclusive due the higher proportion of sorbed mass for this compound. 

Multiple lines of evidence were used to evaluate whether the observed plume mass loss was due 
to microbial biodegradation. Comparison of sterile and active laboratory microcosm using aquifer 
material indicated that aquifer microbes were able to metabolize plume compounds. 
Measurement of redox-sensitive parameters in the vicinity of the plume showed the types of 
changes that would be expected to occur due to plume biodegradation: dissolved oxygen and 
SO.i2

- decreased in groundwater within the plume while significant increases were noted for Fe2 
... , 

Mn2 
... and methane. Further evidence that plume mass loss was microbially-mediated was 

provided by the accumulation of aromatic acids within the plume. Measurements of phospholipid 
fatty acids (PLF A) in aquifer material indicated that microbial biomass and turnover rate were 
greater within the plume: also consistent with biodegradation. 

Computer modelling confirmed that mass transformation was a strong influence on plume 
behaviour. It also indicated that the observed mass loss was far greater than would be expected 
due to aerobic respiration leading to complete mineralization. A mass balance of the change in 
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electron acceptor against organics mass loss showed that SO./- was almost as important as 
dissolved ox.yg~ in terms of utilization for plume transformation. However, the total change in 
electron acceptors was still substantially smaller than that required for complete mineraliz.ation of 
plume compounds. This discrepancy was qualitatively explained by the measured occurrence of 
organic metabolites. With the production of these organic intermediates, transformation of plume 
organics may require an unexpectedly small quantity of electron acceptor. This points to a major 
weakness in modelling biodegradation with a stoichiometric approach that assumes complete 
mineralization. 
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STUDY BACKGROUND 

CIIAPTERl 
INTRODUCTION 

Many products and wastes derived from coal and oil are mixtures composed of aromatic, 
heteroaromatic and phenolic compounds. These compounds span a wide range of molecular 
weights, from the lighter monoaromatics (e.g., BTEX) and phenolic compounds to the mid-range, 
two- to four-ring polycyclic aromatic hydrocarbons (P AHs) and nitrog~ sulphur and oxygen 
(NSO) heteroaromatics up to the larger P AHs with greater than four rings. These types of 
complex mixtures are used, or generat~ by industries such as coal distillatio~ petroleum 
refinin& wood treating and metal refining. Accidental spills or past waste disposal practices 
associated with these industries have caused widespread groundwater contamination by the 
constituent compounds, many of which are toxic or carcinogenic. 

Predicting the fate and transport of this type of contamination presents unique problems. It is 
generally acknowledged that most of these compounds are biodegradable, io some degree, under 
aerobic conditions (e.g., Mueller et al.,. 1989). This property may serve to limit the extent of 
groundwater contamination since shallow groundwater typically contains detectable dissolved 
oxygen. However, due to the complex nature of these plumes, the extent of natural attenuation is 
not easily predicted. Dissolution is the first step of plume formation and is particularly 
complicated for mixtures with a wide range of compound solubilities~ Further, as dissolution 
proceeds a chromatographic separation of compounds occurs along the groundwater tlowpath, 
due to variations in the sorptive properties of the constituent compounds. Consequently, the 
multi-compound "plume" is effectively separated into a series of single-compound plumes, each of 
which may exhibit distinct sorptive characteristics. Superimposed on this process is the possibility 
of competition between organic compounds, for dissolved oxygen, or other electron acceptors. A 
further complication arises because the various compounds may have widely varying tendencies to 
degrade under aerobic, and anaerobic conditions. 

BIODEGRADATION OVERVIEW 

Evidence of widespread microbial presence in the subsurface environment is now well 
documented (e.g., Barbaro et al., 1994; Wilson et al., 1983; Ghiorse and BalkwilL 1983) and 
widely accepted. The ability of indigenous microbes, especially bacteria, to degrade a wide range 
of organic substances has also been conclusively demonstrated. Adas (1981) provided some 
general observations about the ability of compound groups typically associated with petroleum to 
serve as microbial substrates.- He indicated that heteroaromatic NSO compounds with a small 
number of rings may be biodegradable, as may monoaromatic compounds and P AHs with two to 
four rings. 
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Mueller et al. (1989) provided an overview of biodegradation for a similar range of compounds, 
with reference to environmental comamination by creosote. They cited several laboratory studies 
where biodegradation of P ~ heteroaromatics and phenolic compounds bas been demonstrated 
and where specific strains of microbes able to utilize these compounds have been isolated from 
environmental samples. However, they pointed out that of these three group~ much less is known 
about biodegradation processes for the heteroaromatics. 

Biodegradability of organic compounds is more easily demonstrated in the laboratory than in the 
field and the method most often used involves microcosms. A detailed review of general 
microcosm techniques is provided by Pritchard and Bourquin (1983). In gen~ a quantity of the 
compound in question is placed in a sealed vessel with some combination of soil and water. Trials 
are conducted with both active and sterilized microcosms so that biotic mass loss can be 
differentiated from abiotic losses. However, there are limitations with regard to extending these 
types of results to the natural systems. These are primarily related to disruption of the dynamic 
process that may occur in the field and to difficulty in duplicating field environmental conditions in 
the laboratory. Alexander (1985) also cautions that degradation rates may be highly dependent on 
organic compound concentrations, making it difficult to apply results from one microcosm 
experiment to the continuum of concentrations usually encountered in the groundwater plumes. 
Consequently. large-scale field experiments have potential to provide results that are more 
representative. 

ENVIRONMENTAL BIODEGRADATION OF COMPLEX MIXTURES 

In recent years, natural biodegradation has received considerable attention as a potential 
remediation strategy for hydrocarbon contamination of groundwater (National Research Councl 
1993). This is probably a response to a combination of factors: the high cost of remediation by 
more active means and the poor results that have characterized these efforts, to date ( e.g., review 
of pump-and-treat limitations by Mackay and Cherry (1989)). Given that biodegradability has 
been demonstrated in the laboratory for so many organics, it would appear that a strong case for 
using natural attenuation as a remediation strategy is already made. However, two issues remain: 
I) as mentioned earlier, laboratory results may not be representative of the field and 2) even if 
biodegradation is occurring in the field, it may not be sufficient to isolate the contaminated site 
from the surrounding environment. Consequently, to use natural microbial attenuation as a 
remedial strategy, field biodegradation must first be proven and then quantified. Madsen (1991) 
has laid out guidelines for evaluating the occurrence, but not the rate, of in situ biodegradation. 
The approach is based on: 

1. contaminant distributions that indicate diminishing concentrations in excess of 
hydrodynamic dilution; 

2. associated changes in reactants concentrations ( e.g., electron acceptors, nutrients, 
metabolites); and 
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3. laboratory evidence demonstrating that subsurface microbes are able to utilize the 
organic(s) in question and field evidence of microbial distnl,ution that correlates with 
contaminant distribution. 

Such a unified approach was used by Klecka et al. (1990) to demonstrate natural bioremediation 
of P AHs and phenolic compounds in groundwater at a previous charcoal manufacturing plant in 
Michigan. The authors used a combination of organics and inorganics monitoring, laboratory 
microcosms and assessment ofbiological activity. Madsen et al. (1991) demonstrated natural 
bioremediation of P AHs at a coal tar disposal site in a shallow aquifer using a combination of 
groundwater monitoring for organics and inorganics and inferences ftom subsurface microbial 
ecology. The authors found a relationship between distnbution of protozoa and plume organics 
and suggested that the population of the former increased because they were grazing on bacteria 
that were growing on plume organics. 

The USGS has conducted two major studies that probably represent the most intensive 
characterizations of natural bioremediation processes, to date. At the site of a crude oil spill in 
Bemidj~ Minnesot~ researchers showed the development of redox zones in groundwater due to 
the spill as well as evolution of metabolites from biodegradation of crude oil compounds 
(Cozzarelli et al., 1994 ). The other USGS study was conducted at a former wood preserving site 
in Pensacol~ Florida (Mattraw and Franks, 1986). Natural bioremediation of plume organics 
(primarily P AHs and phenols) was inferred by changes in plume inorganic geochemistry indicative 
of redox reactions. The occurrence of fatty acids as organic metabolites was another indication of 
biodegradation (Goerlitz et al., 1985). A greater than expected decrease in metabolite 
concentrations along the groundwater flow path was interpreted as evidence of subsequent 
metabolite biodegradation (Godsy et al., 1992). 

FIELD STRATEGIES AND LIMITATIONS 

In general, field studies of natural biodegradation at actual sites have used a one dimensional 
approach: changes in organic and inorganic chemistry along the groundwater flow path are related 
to background conditions in order to evaluate plume biodegradation. One of the strengths of 
these types of studies is that they represent the complexity of hydrogeologic and contaminant 
conditions that are typical of industrial contamination. However, this complexity also imposes a 
limitation. Since three dimensional characterization of the source and plume is not usually 
possible, there is limited ability to formulate interpretations based on mass balance and distribution 
and an associated limitation on determining plume-scale rates of biodegradation. 

Other natural biodegradation studies have used controlled field experiments to avoid problems 
associated with poorly-defined sources and plumes. This approach has typically involved injection 
of a measured slug of water containing known concentrations of organics. Barker et al. (1987) 
injected a slug containing benzene, toluene and xylenes (BTX) into the Borden aquifer. They 
monitored the resulting plume and were able to calculate mass balances to determine the 
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persistence of the organics over time. In a similar study at Columbus Air Force Base, MacIntyre 
et al. ( 1993) injected a slug containing four organics: two aromatics, a P AH and a chlorinated 
compound. Again, the authors were able to use a mass balance approach to determine plume­
scale decay rates. 

Controlled field studies based on slug-type plumes have an advantage over those using actual 
groundwater contamination occurrences, because the researchers know the precise mass and 
composition of the organic substrate and the time period over which it was introduced. Also, 
since the approximate migration path of the plume is known in advance, plume monitoring can be 
more focus~ and conducted in greater detail. However, a shortcoming of this approach is that 
it does not provide a realistic analog to actual contaminated sites. Since the source is short-liv~ 
the resulting plume is transient, moving through the aquifer as a slug until it disappears 
completely. Consequently, the plume will not display aspects of long term behaviour, such as an 
approach to steady state, which may be of particular interest for plumes originating from fixed 
sources. 

STUDY APPROACH AND PURPOSE 

The focus of the current research is a source of creosote emplaced below the water table at CFB 
Borden in August, 1991. Since the time of emplacement, a complex plume of dissolved organics 
has been forming under natural gradient conditions, and detailed monitoring has been conducted 
to determine the extent of mass loss. The overall purpose of this research was to contribute to the 
understanding of natural attenuation as it relates to complex hydrocarbon plumes. The controlled 
field experiment described herein represents a unique setting and approach for this type of 
research. It is based on an emplaced source and should therefore provide a reasonable analog to 
actual contaminated sites. However, data have been collected at a level of detail that would 
typically not be feasible on an actual contaminated site. The relatively high density of data points 
allows a more conclusive evaluation of organic mass distnl>ution and transfonnation, using a mass 
balance approach. The author knows of only one other study where a separate phase organic 
substance was emplaced below the water table as part of a controlled field experiment (Rivett, 
1995). However, the emphasis of that research differs significantly from the current project in 
that it involved a relatively simple mixture of chlorinated hydrocarbons that was examined under 
conditions with limited potential for biodegradation. Creosote, the organic liquid used in this 
study~ was selected because it is a complex mixture of biodegradable hydrocarbons, typical of 
many other organic mixtures. 

Chapter 2 provides an overview of the research and also provides a qualitative description of 
plume development, based on dissolved phase monitoring. In Chapter 3, a more quantitative, 
mass balance approach is used to determine the occurrence and amount of organic compound 
transformation and in Chapter 4, multiple lines of evidence are used to evaluate whether the 
observed plume transformation is due to biodegradation. The conceptual model that is generally 
accepted for organic plume degradation is descn1>ed in Chapter S, and some processes in the 
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study plume are compared with the model to evaluate whether it is adequately descriptive. 
Conclusions and recommendations related to the research are provided in Chapters 6 and 7., 
respectively. 
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SITE DESCRIPTION 

CIIAPTER2 
PROJECT OVERVIEW 

The field research site is located at Canadian Forces Base (CFB) Borden, approximately 80 km 
northwest of Toronto, Ontario, Canada It is in an unused sand pit situated approximately 3S0 m 
north of a landfill that operated from I 970 to 1976. Several hydrogeological studies have been 
conducted at this location over the past lS years and, consequently, many of the parameters 
affecting the fate and transport of solutes in groundwater have been evaluated in exceptional 
detail. A summary of groundwater and aquifer parameters is provided in Table 2. l. 

The site is underlain by an unconsolidated sand aquifer consisting of medium- to fine-grained 
sand. These deposits are glaciolacustrine in origin and grade into silts and clays at a depth of 
approximately nine metres. MacFarlane et al. (1983) and Nicholsen et al. (1983) discussed the 
inorganic chemistry and migration of a groundwater leachate plume originating from the landfill 
and underlying the sand pit study site at depths ranging from six to seven metres. From the water 
table to the top of the leachate plume, groundwater is largely unaffected by the landfill. The 
current experiment h3s been conducted within this unaffected zone. 

Chemistry of background groundwater (unaffected by the leachate plume) at the site was 
examined by Nicholson et al. (1983) and Mackay et al. (1986) and also through the current study. 
A summary of results is provided in Table 2.2. The groundwater is relatively hard with low 
dissolved organic carbon. Dissolved oxygen was determined to be variable but in general the 
aquifer was aerobic with oxygen ranging up to 8.S mg/L. Data collected through this study 
indicate that the dissolved oxygen concentration in groundwater directly upgradient of the 
creosote source was 2 to 3 mg/L. The landfill leachate plume located is characterized by 
nondetectable dissolved oxygen (Barbaro et al., 1992) as well as major ion concentrations that are 
generally at least an order of magnitude greater than those that occur in background groundwater 
(Nicholson et al., 1983). 

CREOSOTE COMPOSITION AND PROPERTIES 

Creosote is used as an industrial wood preservative and is a thin oily liquid. Since it has a density 
slightly greater than that of water and is composed of hydrophobic compounds it is classified as a 
dense nonaqueous phase liquid (DNAPL). Creosote may consist of up to 200 chemicals (Mueller 
et.al., 1989): approximately 85% PAHs, 10% phenolic compounds and 5% oxygen-, sulphur-, and 
nitrogen-heteroaromatic compounds . The range of the component solubilities varies by several 
orders of magnitude. 
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Table 2.1. Characteristics of the Borden aquifer 

Parameter Method/Result Source 
Mineralogy analysis of bulk sample by X-ray diffiaction: quanz Mackay et aL (1986) 

S8o/o, feldspars I go/o., carbonates 14%, amphtboles 
7%~ chlorite 2% 

Porosity volume-weighted arithmetic mean of 36 samples: Mackay et al. (1986) 
0.33 

Bulle density volume-weighted arithmetic mean of 36 samples: Mackay et a1- (1986) 
1.81 fllcm.3 

Solids volume-weighted arithmetic mean of 36 samples: Mackay et al. (1986) 
density 2.71 g/cm3 

Organic average of0.02%; ranging from 0.01% to O_{}go/o Mackay et al. (1986) 
carbon 
content 
Hydraulic - slug tests at 26 points; mean of 7xl0-5 mis Mackay et al. (1986) 
conductivity - falling head permeameter tests with 1279 samples; Sudicky (1986) 

overall geometric mean of9.7Sxlo-s mis 
Depth to Varies with time from ground surface to 1.5 m Linderfelt and Wilson 
water table below made (1994) 
Hydraulic ranged from 0.002 to 0.0053 over first two years of Linderfelt (pers. comm.) 
gradient current study period; time-weighted average of 

0.0039 
Ground ranged from NI 1 UW to NS0"E over first two years of Linderfelt (pers. comm.) 
water flow current study period; predominant flow direction 
direction was N2l°E 
Ground - 1038 day tracer test: 0.091 m/day Mackay et al. ( 1986) 
water - 476 day tracer test: 0.0933 to 0.0947 m/day Hubbard et al. (1994) 
velocity - 108 day tracer test: 0.081 m/day Patrick ( 1986) 

-emplaced source monitoring: 0.066 to 0.085 m/day this study 
Apparent - tracer test with 1 lm plume displacement Sudick.y et al. (1983) 
dispersivity aL=0.08m 

1¥rff=0.03 m 
Drr= 10-10 m2/s 

- tracer test with approx. 60 m plume displacement Freyberg (1986) 
aL=0.36 m 
~=0.039m 
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The raw creosote used in this study was amended with certain compounds so it would be 
representative of typical composition (Mueller, 1989). To 69.S kg of creosote the following 
compounds were added: 0.45 kg carbazole, 0.S0 kg p-cresol, l kg phenol. M-xylene was also 
added (3 kg), to provide a compound representative of petroleum hydrocarbon co11tarnination. 
The density of the modified creosote was 1.03 g/mL. 

Table 2.2. Background groundwater characteristics 

Parameter 
Calcium 
Magnesium 
Sodium 
Potassium 
Alkalinity (as CaCO3) 

Chloride 
Sulphate 
Nitrate 
IDS 
DOC 
DO 
Temperature 
pH 

Sources: 
1 - Nicholson et al. (1983) 
2 - Mackay et al. (1986) 
3 - this study 

METHODS 

Source Emplacement 

Range 
50-lOOmg/L 
2.4-6.l mg/L 
0.9-2.0 mg/L 
0.1-1.2 mg/L 
100-2S0 mg/L 

1-3 mwL 
10-30 mg/L 
<0.6-6 mg/L 

380-SOO m&'L 
<0.7m(VL 
o ... g.5 mg/L 

6·1S °C 
7.1-7.9 

Source 
1,2 
1,2 
1,2 
1,2 
I 

1,2,3 
1,3 

1,2.3 
1 
2 

2,3 
1,2,3 
I,2,3 

The creosote source was emplaced on August 28, 1991, and is shpwn schematically in Figure 2.1. 
To install the source, scalable sheet piling (Starr et al., 1991) was vt'brated into the ground in a 
rectangular array (S X 1.5 m). The sand inside the sheet piling was excavated after it was 
dewatered with a shallow dewatering well. The source sand was mixed with creosote in a cement 
mixer at less than 5% creosote by volume: laboratory testing had indicated that it should be 
effectively immobile at this concentration. A total of approximately 74 kg of creosote was added 
to approximately 5800 kg of sand. Several kg of NaCl was also mixed into the source sand, to 
provide a conservative tracer during source dissolution and plume development. 
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Figure 2.1. Configuration of creosote source: (top) plan view showing location of multi­
level samplers installed through source and (bottom) view of section perpendicular to the 
direction of groundwater flow. 
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Borden sand was not used for the source material since the addition of creosote to the sand would 
result in some decrease in porosity that could inhtl>it the movement of groundwater through the 
source. Instead a coarser sand was used, with a hydraulic conductivity of approximately 3 .6 X 
IO-' mis, based on sieve analyses (Devlin, 1994) - approximately S times greater than Borden 
sand. Column tests by Forsey (in progress) showed that addition of S% creosote by volume to 
the source sand would results in a hydraulic conductivity reduction of approximately 9 .1°/4. Since 
the resulting source hydraulic conductivity is considerably greater than ambient Borden 
conditions, groundwater flow through the source should not be inluoited. Evaluation of 
groundwater flux through the source and flux of creosote compounds out of the source is 
provided in the Chapter 3. Additional details of source installation are provided by Malcolmson 
(1992). 

Plume Monitoring Network 

The creosote source was emplaced hydraulically upgradient of an existing network of multi-level 
samplers, shown in Figure 2.2. The network was originally constructed for a plume study 
conducted in the early 1980's (Mackay et al., 1986). Since then, it has been augmented and 
modified by three subsequent studies (Patrick, 1986; Hubbard et al., 1994; Berry-Spark et al., 
1988). A tabular summary of piezometers installed prior to this study was provided by Hubbard 
et al. (1994). In additio~ 12 bundle piezometers were added along the west side of the system 
for the current study, and specifications of these are provided in Appendix 1. A total of 257 of 
the available 380 network multi-level samplers were monitored for this study. The horizontal 
spacing of the samplers is closer near the source ( down to approximately one metre) and increases 
to approximately four metres at the downgradient extent of the system. 

Figure 2.2 also shows a profile of the monitoring points along a cross-section (A-A') that 
approximates the plume centre line. The samplers are typically constructed with 14 sampling 
levels with a vertical spacing of20 or, less frequently, 30 cm. This spacing was intended to 
approximate the vertical correlation scale estimated for hydraulic conductivity of the Borden 
aquifer (Sudicky., 1986). The samplers typically span a depth range of approximately 1.8 to 4.4 
m below grade, with maximum depth increasing to S.S mat the downgradient end of the system. 

Sampler construction was based on a design developed in earlier studies at the Borden site 
(Cherry et al., 1983)~ and similar methods were used for installation. In the "near-source" zone of 
the plume (.r ~ 3S m) samplers are constructed ofl.2 mm OD. flexible tetlon tubing, to minimize 
sorption of hydrophobic organics to sampling materials. Within the monitoring period of this 
study only chloride., phenol and naphthalene showed appreciable solute migration beyond this 
zone. Outside this zone, most samplers are constructed with 3 .2 mm OD. polyethylene tubing. 
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Figure 2.2. Location of the creosote source and plume monitoring network: (left) plan 
view of multi-level samplers used for synoptic sampling and (right) approximate vertical 
distribution of sampling points along, or adjacent to, section AA". 
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Plume Sampling 

Synoptic plume sampling was conducted six times after source emplacement. The purpose of this 
type of sampling was to provide detail~ three dimensional data for determining changes in 
plume distribution and mass with time. A summary of the synoptic monitoring program is 
provided in Table 2.3. In total, more than 6000 samples were analyzed for the six synoptic 
monitoring events. These data are provided in Appendix 2, which is provided on computer disk 
due to the large number of data points. 

In addition, approximately 20 sampling points, located throughout the plume, were monitored 
approximately monthly over the four year duration of this study and data are provided in 
Appendix 3, also on computer disk. In part, the standard tefton multi-level samplers were used 
for this "time series" monitoring. However, the monitoring system was also augmented with a 
series of 40 additional multi-level samplers for ~s purpose. These samplers were constructed 
with 3.2 mm OD. stainless steel tubing, for the purpose of minimizing sorption ofhydropbobic 
organics. This was considered especially important since some of these samplers were actually 
installed within and just outside the creosote source. Each of these piezometers consisted of from 
seven to 13 monitoring points, again separated by a vertical distance of 20 to 30 cm. Locations 
are indicated on Figures 2. l and 2.2; specifications are provided by Nielsen and Hansen (1992). 

Table 2.3. Summary of synoptic monitoring program 

Date 
Oct. 22-23, 1992 
June l-3, 1992 
Nov. 9-10, 1992 
May ll-21, 1993 
May 30-June 3, 1994 
May 15-19. 1995 

Days after source emplacement 
ss 

278 
439 
626 
1008 
1357 

Number of samples analyzed 
450 
155 
564 

2809 
1634 
1632 

Synoptic samples were collected in 18 mL glass hypovials and capped with crimped aluminum 
caps lined with teflon-coated silica septa. A vacuum manifold system constructed to collect 14 
samples simultaneously, and identical to that used in earlier studies at the site (Mackay et al. 1986; 
Hubbard et al. 1994 ), was used for sample collection. In collecting samples, all the sampling 
tubes associated with a given multi-level sampler were connected to the manifold and a vacuum 
was applied to the system to draw groundwater into the sample bottles. At least 50 mL of 
groundwater was pumped through the system and the sample bottles, for purging before sample 
collection. After collection, samples were capped as rapidly as possible to minimize volatilization. 
They were then placed in coolers and transported to the University of Waterloo for analysis. A 
similar procedure was used for collection of time series samples except that 45 mL glass hypovials 
and a single-tube vacuum system were used. 
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Sample Analysis 

The analytical methodology used for the study was developed for quantification of creosote 
compounds in groundwater, sand and pure creosote. Compounds selected for analysis were 
intended to be representative of the main groups of compounds found in creosote and included 
two phenolic compounds (phenol and 2,6-dimethylphenol), five PAHs (naphthalene, 1-
methylnaphthalene, anthracene, pyrene and phenantbrene) and two heteroaromatic compounds 
(carbazole and dtbenzofuran). M-xylene was included in the analytical suite as a representative 
petroleum hydrocarbon. Analysis was also conducted for several other compounds but due to the 
variable availability of analytical standards, only the IO compounds above were analyzed 
throughout the whole experimental period. 

Groundwater samples (based on 4S mL) were prepared by adding 9 g NaCl to promote solvent 
partitioning of all analytes and 1 mL IN HCI to enhance partitioning of phenolic compounds. 
Samples were then capped and allowed to stand for 24 hours before addition of 3 mL solvent 
(dichloromethane). Samples were then placed on a shaker for 20 minutes at 3S0400 rpm and 1 
mL of the solvent was removed to an autosampler vial. Pure creosote was prepared for analysis 
by dissolving a IO uL sample in 10 mL dichloromethane and then transferring 1 mL to an 
autosampler vial. 

Extracts were injected into a Hewlett Packard 5890 Gas Chromatograph (GC) equipped with an 
HP7673A autosampler and Flame loniz.ation Detector (FID). The temperature program for 
analysis was as follows: 40 °C for 0.5 min, 15 °C/min to 300 °C, bold 10 min. The carrier gas 
was helium with a flow rate of approximately 24 mL/min. The injector temperature from the GC 
was 275 °C, FID temperature was 325 °C and injection volume was 3uL. Additional details on 
the analytical methodology are provided in Appendix 4. 

Source Composition 

Quantitative analytical results (according to the analytical method described above) for ten 
organic compounds in the creosote used for this study are shown in Table 2.4 and original data 
are provided by Malcolmson (1992). As indicated, these ten compounds comprise 39% of the 
mixture. Identification of many of the remaining compounds was conducted on a qualitative basis 
using Gas Chromatography/Mass Spectrometry (GC/MS) analysis. Creosote samples were 
extracted by three different methods in order to identify a wide range of compounds, with major 
components presented in Table 2.S. A "hydrocarbon" fraction, extracted with toluene was 
dominated by P AHs with occurrence of an oxygen heteroaromatic (dibenzofuran). Extraction 
with methanol yielded a "resin" fraction that was dominated by phenols, substituted phenols and 
nitrogen heteroaromatics ( e.g., isoquinoline and benzocarbazole). A third extraction was 
performed by treating a creosote sample with a dilute solution ofNaOH, followed by extraction 
to dicbloromethane. The residual aqueous layer was then acidified and extracted again with 
dichloromethane to yield an "acid" fraction that was dominated by pheno~ substituted phenols and 
oxygen heteroaromatics. Additional details on this analysis are provided in Appendix 5. 

13 



Table 2.4. Quantitative analysis of creosote and compound properties 

Compound Concentration1 LogK_.1 Melting Solid Liquid Estimate of Initial 
(m~g Point' Solubili!}'3 Solubility' Agueous CQD£. (malLl 

creosote) (degC) (mg/L) (mg/L) 
(n=8) 

Raoult's Law' Batch Test 
m-xylene 38504 3.12 47.4 1966 11.0 14.4 
phenol 14064 1.50 43.0 82000 15877S 840 1388 
2,6-dimethylpbenol 194 2.26 49.0 6150 13719 2.5 not detected 
naphthalene 96061 3.35 81.0 31.7 150.5 17 12.4 
phenanthrene 123703 4.52 101 1.3 9.9 1.02 0.44 
anthracene 12338 4.50 216 0.075 8.61 0.0831 not detected 
ch'benzofuran 43743 4.12 86.5 10.03 54.2 2.1 1.6 
carbazole 3276 3.72 247 1.03 245.8 0.698 0.23 
pyrene 39141 5.00 156 0.14 3.9 0.113 0.03 
1-meth:Ilnm?hthaiene 19127 3.87 -22 28.56 0.572 1.7 
Fraction of total 
mass quantified 0.39 

3 

Analyses performed after amendment with additional compounds (m-xylene,. carbazole,. p--creso~ and phenol). 
From Sangster. 1989. 

~ 

5 

6 

From Mackay et al.,. 1992. 
Calculated with Equation (2.2) using solid solubility,. melting temperature and system temperature of 15°C. 
Calculated with Equation (2.1) 
Liquid solubility used directly since compounds are liquid at system temperature. 

Source Dissolution and Leachate Composition 

An extension of Raoult's law to panitioning between an aqueous phase and an organic mixture 
can be used to generate a qualitative prediction of how the composition of source leachate might 
be expected to change over time. According to this approach, components in the mixture are said 
to display ideal behaviour if they partition linearly to the aqueous phase in proportion to the 
product of their mole fraction in the organic phase and their pure compound solubility. Mackay et 
al. ( 1991) pointed out two assumptions inherent in this approach: 1) the activity coefficient in the 
organic phase is equal to unity - a reasonable approximation for organic mixtures composed of 
compounds with similar chemical properties and 2) the inverse of the activity coefficient for the 
solute in water is equal to the mole fraction solubility of the component. Shiu et al. (1988) 
incorporated these assumptions when they stated the concentration form of Raoult's law as: 

(2.1) 

where C is the aqueous concentration of compound i, r is the mole fraction of i in the organic 
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Table 2.5. Qualitative analysis of creosote composition 

"H~drocarbon" fraction 1 

Compound Relative Compound Relative 
cone. cone. 

indene + cyclopenta pbenanthrene ++ 
naphthalene II I I I tluoranthene +++ 
2-methyl naphthalene +++ pyrene +++ 
I-methyl naphthalene ++ benzo(a)tluorantbene + 
acenaphthalene + benzophenanthrene ++ 
biphenyl + chrysene ++ 
dimethylnaphthalenes + benzofluorantbene(b) + 
dibenzofuran ++ benzofluoranthene(E) + 
tluorene +++ benzo(E)pyrene + 
phenanthrene ++++ benzo(A)pyrene + 
anthracene ++ perylene + 
methylphenanthrenes ++ benzperylenes + 

"Resin" fraction• 

Compound Relative Compound Relative 
cone. cone. 

phenol ++ methyl indole + 
methyl phenols ++++ carbazole + 
dimethyl phenols +++ benzoquinolines ++++ 
ethyl,methyl phenols + nitrosocarbazole(?) I II I I 

isoquinoline I II II anthracene carbonitrile ++ 
benzene acetonitrile +++ tluorene carbonitrile ++ 
methylquinolines ++ fluorantbeneamine + 
dimethylguinolines ++ benzocarbazoles +++ 

"Acid" fraction1 

Compo~nd Relative Compound Relative 
cone. cone. 

phenol + methyl naphthalenols +++ 
2-methyl phenol ++ bipbenyl-ols ++ 
4-methyl phenol ++++ dibenzofuranols +++ 
dimethyl phenols II I If phenanthrenols +++ 
ethyl, methyl phenol + benzonaphthofurans +++ 
na12hthalenols or ~hen~l furans ++++ 

1 See text for description of analytical methodology. 
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mixture and Sr.' is the pure compound liquid solubility. For compounds that are solid in pure form 
and at the temperature of the given syst~ '~super-cooled" liquid phase solubility can be 
calculated with the following (Shiu et al.9 1988): 

S/ = S/exp[6.8(T,j,T-l)] (2.2) 

where s; is solid solubility, T ,j is melting point (°K) and Tis the system temperature. The 
calculated liquid solubility will be greater than the solid solubility b~ as pointed out by Mackay 
et al. (1991), the dissolved concentration can never exceed the latter. 

Several studies have examined the degree to which various compositionally complex organic 
mixtures conform the Raoult's law model of ideal behaviour. Cline et al. (1991) determined, 
through batch-type testing, that a variety of 30 gasolines conformed closely to Raoult's law. 
Aqueous partitioning of eight P AHs from four different diesel fuels was investigated with batch 
tests by Lee et al. (1992a) and determined to be well descnl>ed (within a factor of two) by 
assuming ideal behaviour. A similar degree of agreement was reported by Lee et al. (1992b) for 
partitioning of P AHs from eight ditferent coal tar samples, also with batch tests. Priddle and 
MacQuarrie (1994) examined the solubility of creosote with a dynamic column experiment. In a 
mass transfer rate test, five of seven P AHs conformed to ideal behaviour within a factor of two. 

In order to evaluate the applicability of the ideal behaviour assumption to the creosote used in this 
study, initial source leachate concentrations calculated with Raoult's law were compared with 
concentrations predicted from laboratory batch dissolution tests, and results are shown in Table 
2.4. Calculation of the former was done with Equation (2.1) using pure compound liquid 
solubilities directly from the literature or calculated on the basis of literature values for SJ and 
T.,/ .- In order to estimate mole fractions (.r) for the ten quantified compounds, an average 
molecular weight of 1 SO was assumed for the unquantified portion of the creosote (61 % ) on the 
basis of qualitative comparison between GC retention times for identified and unidentified 
compounds. Methodology and results for the batch test were originally presented by Malcolmson 
( 1992) and are summarized by King et al. (1994), attached as Appendix 6. Comparison of the two 
sets of results indicates that Raoult's law may provide a useful approximation of initial creosote 
dissolution, with concentrations of most compounds corresponding within a factor of four. Near 
source plume data, presented by King et al. (1994) (Appendix 6), indicated that initial 
concentrations in leachate from the emplaced source also showed reasonable agreement with the 
Raoult's law prediction. 
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A model based on a further application ofRaoult's law was used to evaluate expected changes in 
source leachate composition over time. To do this, it was necessary to account for the removal of 
compound mass from the immobile NAPL phase by a mobile aqueous phase (groundwater) and to 
calculate the resulting changes in NAPL phase mole fractions. The leachate concentration (C,' ) 
at the end of a given time step can be approximated by: 

(2.3) 

where the subscripts O and 1 denote t=O and t= J, respectively, C in this case is in units of 
mo/es/L J, M is moles of i in the NAPL phase, q is Darcy flux through the source (VT); A is the 
cross-sectional area of the source perpendicular to the direction of groundwater flow (L 1 and 
Mr=total moles of all compounds in the NAPL phase. The result of applying this model to the 
emplaced creosote source is shown in Figure 2.3. An initial value for C0; was obtained from the 
Raoult's law estimate of initial leachate concentration. Further, it was again assumed that the 
average molecular weight of the unidentified compounds (61% by weight) was ISO, that these 
compounds were insoluble and that dissolution of the identified compounds reached equihl>rium in 
all groundwater flowing through the source. The estimate of average molecular weight used 
herein ( 150) differs from that used in 1994 paper (200) due to re-evaluation and improvement of 
this parameter estimate. This change has a relatively minor effect on predicted concentrations 
over the time span shown in Figure 2.3. A groundwater flux (q) of 0.03 m/day has been used, 
based on the determination ofambientgroundwatervelocity(0.091 m/day) and porosity(0.33) by 
Mackay et al. (1986). A relatively short time step of0.25 days was used up to 100 days, to allow 
for the relatively rapid depletion of phenolic compounds. Subsequently, the time step was 
increased to one day. 

A similar approach was used by King et al. (1994) and was determined to produce reasonable 
agreement with actual source leachate at some monitoring locations. However, the actual data 
displayed a high degree of variability, which was attnbuted to heterogeneous distnbution of 
creosote residual in the source. Nevertheless, the modelling results shown in Figure 2.3 were 
considered to provide a reasonable framework for qualitative prediction of trends in source 
leachate composition. As shown, concentrations of phenol and 2,6-dimethylphenol in source 
leachate were expected to decrease relatively rapidly, causing a small initial increase in 
concentrations of the other eight compounds, to slightly greater than C/C0=1. M-xylene, 
carbazole and naphthalene concentrations are expected to decrease significantly over the study 
period but to remain detectable. Meanwhile, concentrations of 1-methylnaphthalene~ 
phenanthrene, anthracene, dibenzofuran and pyrene were expected to remain relatively consistent. 

Potential Sources of Error 

A series of field and laboratory QA/QC samples and experiments were conducted to evaluate: 1) 
possible systematic error in field and laboratory methodology for introduction of systematic error, 
2) methods precision and 3) variability of the sampled media (groundwater with organic solute). 
Results are summarized below and details are provided in Appendix 7. 
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In generaL the analytical procedure imparted a positive bias to measurements in the upper end of 
the concentration range and a negative bias in the lower end of the range. The total range of 
these biases was +/- I 00/4. However, phenol results showed a larger and consistently negative bias 
in the range of 500/o, indicative of poor recovery for this compound. Correction of groundwater 
results for phenol recovery was not performed because the initial source mass of phenol was well 
known (a measured quantity was added to the creosote) and phenol disappeared to trace mass 
relatively rapidly, as discussed qualitatively later in this chapter and quantitatively in Chapter 3. 
Analytical results for other compounds were not corrected for percent recovery since they were 
generally within acceptable ranges. Measurement precisiot1y evaluated as percent standard error, 
did not display an apparent trend with respect to solute concentration. 

Samples were extracted and analyzed as rapidly as possibly. However, due to the large number of 
samples associated with the synoptic monitoring, holding times for some unextracted samples and 
extracted samples were as long as one week and four months, respectively. The largest delays in 
ex1raction and analysis were experienced for the 62 day synoptic monitoring event, since it 
incorporated the largest number of samples. An experiment to evaluate the effect of holding times 
over this range., for both water samples and sample extracts, indicated that systematic bias was not 
introduced. Through another experiment it was determined that sample concentrations were not 
significantly decreased by sorption to the tetlon tubing in the multi-level samplers or the sampling 
manifold. Apparently, changes were minimized by the sampling procedure that included 50 mL 
purge prior to sample collection. 

Evaluation of field blanks., composed of deionized water flushed through the manifold sampler 
after sample collection, indicated some potential for cross-contamination due to the manifold 
sampler. In a small portion ( <l 0%) of field blanks, there was evidence that naphthalene was 
introduced from the previous sample, although it was not noted for any other compounds. Where 
carry over of naphthalene occurred., concentrations in the blank were typically 1 % of that in the 
previous sample. Results indicated that some minor, apparent "smearing" of the naphthalene 
plume may occur due to cross-contamination. The effect on naphthalene plume mass calculation 
should be much less than 1 % since the carried over concentrations should be low, and should only 
be an issue at the periphery of the plume. Results from samples collected in series at the same 
monitoring points indicated that solute concentrations were not sensitive to the volume of 
groundwater recovered for sampling. 

RESULTS AND DISCUSSION 

General 

The following is a qualitative description of plume development for chloride and six organic 
compounds: phenoL m-xylene~ naphthalene., dibenzofuran, phenanthrene, carbazole and 1-
methylnaphthalene. Plume data are presented in three different fonnats to assist in visualization of 
plume behaviour. Firsi a series of horizontal plan-view diagrams are shown that depict contours 
based on the maximum concentration detected at each multilevel sampler (Figures 2. 4 through 
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2.8) for chloride and the first four organic compounds listed above. These contours have been 
produced with the GEOSOFT (Geosoft Inc., 1994) contouring package. Contours start at .r= 2. 7 

m from the source since steep concentration gradients at closer proximity to the source make it 
difficult to determine contour locations. 

Figures 2.9 and 2.10 are plots of plume concentration versus distance from the source. These 
concentrations have been normalized to the cross-sectional area of the source in the plane 
approximately normal to the direction of groundwater flow (6.8 m2). This is defined as the y-z 
plane~ where the z axis is vertical and they axis is horizontal and pe,J>elldicular to groundwater 
flow. The x-axis is orthogonal to the y-z plane and is therefore approximately parallel to 
groundwater flow. The normalized concentrations shown in the figures were calculated through a 
three step procedure: 1) three dimensional plume data was interpolated to a regularly-spaced 
three dimensional gri~ using the ENTEC (Surpac Inc., 1995) geostatistical package, 2) 

concentrations for each x step in the grid were then added to yield a concentration for each x 
value in the grid, 3) these values for concentration (C) as a function of .r, were then normalized to 
the cross-sectional area of the source by dividing the source cross-sectional area (in the y-z plane) 
by that of a grid cell. Conceptually, this removes the effects of transverse horizontal and vertical 
dispersion from the plume data. Each of these curves is calculated using all of the dissolved 
concentration results for the given set of synoptic data. Inspection of the curves provides an 
indication of the longitudinal distnbution of plume mass and the area under the curves indicative 
of the quantity of dissolved mass in the plume. Additional details on the gridding procedure are 
provided in Chapter 3. Time series data for two monitoring points within the plume (x=6.7m, 

y=O.SSm and z=3.30m; .r=24.85~ y=4.4Sm and z=3.60m) are shown in Figure 2.1 L 

Chloride 

The NaCl added to the source during emplacement produced a plume of conservative tracer 
( chloride) that was used to evaluate average linear groundwater velocity. Velocity estimates 
determined through the current study were used primarily for comparison with earlier estimates to 
evaluate whether the latter were reasonable for current use. At SS days, the chloride plume was 
showing signs of detaching from the source, indicating that the source NaCl was becoming 
depleted (Figure 2.4). By 439 days the chloride plume was completely detached and was 
migrating as a discrete slug. The longitudinal distribution of chloride concentration is shown in 
Figure 2. 9 and, assuming that the maxinnun chloride concentration in source leachate occurred at 
early time~ average linear groundwater velocity ( v) can be estimated according to: 

V =x-'t (2.4) 

where x=distance at which CIC0=0.S (estimated by data interpolation) and t=time of synoptic 
monitoring (days after source emplacement). In this case, C0 is estimated as the maximum 
concentration observed on the curve (C.aJ. The estimate of groundwater velocity based on the 
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longitudinal chloride distnbution profile at 439 days was 0.085 m/day and the parameter values 
used to calculate this velocity are shown in Table 2.6. Groundwater velocity was also estimated 
with chloride time series data from two selected point~ shown in Figure 2.11. ~ equation 
(2.4) is used to calculate velocity; however, in this case r was constant (at each point) while t 
varied. Result~ shown in Table 2.6., indicate a velocity of 0.066 m/day based on data from r-=6. 7 
m and 0.083 m/day using data from r-=7.3 m. 

Table 2.6. Summary of data for estimation of average linear groundwater velocity 

Data type 

Synoptic monitoring at 
t = 439 days after source emplacement 
(Figure 2.9) 

Time series at x = 6. 7 m 1 

(Figure 2.11) 

Time series at x = 24.85 m1 

(Figure 2.11) 

Approximate point at 
which CIC,..= O.S 

occurs 

x=38 m1 

t= 89 days 

t=290 days 

Corresponding velocity 
estimate (m/day) 

0.085 

0.066 

0.083 

1 the downgradient boundary of the emplaced source occurs at x = 0.8 m 

Of the two types of measurements used to estimate v above., the synoptic data (plume position at 
439 days) are considered most appropriate for estimation of the plume-scale type of parameters 
that are of interest in this study: time series results are more susceptible to small-scale aquifer 
variability. However., all the velocity estimates are in reasonable agreement with estimates from 
Mackay et al. (1986), Hubbard et. al. (1994), and Patrick (1986), shown in Table 2.1. All three 
of these studies were based on injected plumes and were therefore able to utilize a preferred 
velocity estimation approach based on centre of plume mass, descnl>ed by Freyberg ( 1986). 
Consequently, velocity determinations from previous studies- at this site appear to be reasonable 
for application to the current study. Average linear groundwater velocity was subsequently used 
to estimate mass flux from the source to the plume (Chapter 3). 

Phenol 

As shown in Figure 2.3, phenol concentration in source leachate was expected to decrease 
relatively rapidly. This is due to the high solubility of this compound which causes it to be quickly 
depleted from the source. This is confirmed by Figure 2.S which shows that by S 5 days the 
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phenol plume started to detach from the source. By 278 days,. the plume migrated as a discrete 
slug and by 439 days, further spreading and a decrease in peak concentrations had occurred. 
Extrapolation of the plume trajectory to 626 days would suggest that a significant ponion of the 
plume should have been encountered in synoptic samples collected at this time; however, only 
isolated traces of phenol were detected. This suggests that the decrease in plume concentrations 
observed from 278 to 439 days continued, to the point that the compound was almost completely 
transformed at 626 days. 

Comparison of the longitudinal distnbution of phenol mass with that of chloride (Figure 2.9) 
supports the suggestion that significant transformation of phenol is occurring along the 
groundwater flow path. At SS days, peak normalized concentrations of phenol and chloride are 
48461 µg/L and 180 mwL, respectively. Later, at 439 days, it was apparent that the mass 
distnbution of these two plumes is still similar in shape. However, peak chloride concentration 
had decreased to 79 .6 mg/L, approximately 44% of the SS day concentration. Meanwhile, peak 
phenol concentration bad decreased more sharply, to approximately 7% (3SS0 µg/L). A 
quantitative mass balance is presented in Chapter 3. 

Data from the two time series sampling points (Figure 2.11) indicate that the advancement of the 
phenol plume compared closely with chloride and therefore that the former was not significantly 
sorbed to Borden sand. However, synoptic data from 439 days (Figure 2.9) provides a more 
detailed basis for evaluating a retardation factor (R) for phenol. The similar, but slightly offset, 
curves of phenol and chloride mass distnoution at 439 days indicate a slight degree of phenol 
retardation, which can be estimated according to: 

(2.S) 

where dcr the distance from the source to a given point on the chloride curve and dP,. is the 
distance from the source to the corresponding point on the phenol curve. This method provides 
an R estimate for phenol of approximately 1.0S. However, given the evidence of phenol mass 
loss, this can be considered an upper limit for R: mass loss from the front of the plume would 
cause an apparent decrease in the rate of plume migration. 

M-xylene 

Comparison of time series curves form-xylene and chloride (Figure 2.11) show that the migration 
of the former was apparently retarded with respect to the conservative tracer (chloride). At 
monitoring point 27-2 (x=6.7 m; 5.9 m from source) anR of approximately 2.5 was indicated by 
the lag between the curves whic~ in this case, is estimated by: 

(2.6) 

where lc1 = time required to reach maximum chloride concentration and torr= time required to 
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reach maximum organic compound concentration. Meanwhile, a similar calculation for 40-1 
(x=24.85 m) yielded an R of 3. 7. This increase in R was probably due to transformation of m­
xylene along the flow path, to the degree that the plume migration is curtailed. Inspection of the 
m-xylene plume contour plans (Figure 2.6) shows that plume reached a maximum observed extent 
at 627 days and then the plume front was observed to withdraw back toward the source at I 008 
days and further again at 1358 days. 

The observation of m-xylene plume drawback. is also shown by the plot of longitudinal mass 
distribution in Figure 2.10. This figure also shows a decrease in plume mass over time, providing 
evidence of transformation. Evidence of decreasing m-xylene flux into the plume is shown by 
lower concentrations at the influent end of the plume (which bas been delineated at r-=2.7 m). 
This trend is in general agreement with the expected trend of m-xylene dissolution, shown in 
Figure 2.3. These observations suggest that the plume has drawn back due to a combination of 
m-xylene transformation within the plume and decrease in m-xylene influx from the source. That 
is, the rate of flux decreased to below the rate of plume transformation, leading to a decrease in 
the size and mass of the plume. 

Naphthalene 

The plan views of naphthalene plume development (Figure 2. 7) show a relatively consistent rate 
of plume growth and, as of 1358 days, the plume was still expanding. Comparison of longitudinal 
mass distnbution profiles (Figure 2.10) shows that plume mass also increased during this period. 
The near-source concentrations on the profiles are evidence that the strength of source leachate, 
with respect to naphthalene, had decreased between each of the last three snapshots, which is in 
general agreement with the trend predicted by Raoult's law (Figure 2. 7). However, it is evident 
that there was apparently still sufficient flux of naphthalene into the plume to suppon plume 
expansion. 

Time series sampling results (Figure 2.11) show that naphthalene was retarded with respect to 
chloride migration. At the point closest to the source (x=6.7 m), the arrival of the naphthalene 
peak lagged behind that of the chloride peak, indicating anR of approximately 2.6. Further 
downgradient (x=24.05 m) this factor increased to 3.5, indicating that the forward progression of 
the naphthalene plume may have decreased somewhat with time, although this is not apparent in 
the plume contour plans. 

Dibenzofuran 

Time series monitoring at x=6. 7 m shows that the migration rate of dibenzofuran is slower than 
that of chloride by an R of 3.12. The compound was not detected at the other selected time series 
monitoring point. Plan views of the dibenzofuran plume (Figure 2.8) show that it did not migrate 
appreciably in the two year duration between the last three synoptic monitoring events and this 
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observation is also supported by the longitudinal concentration profiles in Figure 2.10. The 
profiles also show that dibenzofuran flux into the plume was similar at the time of the last two 
synoptic sampling events, which is consistent with the nearly constant rate of source dissolution 
predicted by Raoult's law and shown in Figure 2.8. The lower flux indicated for 627 days in 
Figure 2.1 0 may be due to the higher R and the associated lag time required for the plume to 
migrate into the monitored zone. There is strong evidence that the dt1>enzofuran plume is at 
steady state, where mass flux into the plume is balanced by mass transformation within the plume. 

Phenanthrene 

This compound was more highly retarded than naphthalene and m-xylene and was not detected at 
the two selected time series sampling points. Near source concentrations of phenanthrene in the 
longitudinal concentration profiles (Figure 2.10) indicate that flux of this compound into the 
plume increased over the last three snapshots. This probably bas less to do with an increase in 
source strength than with the highly retarded plume front gradually moving into the monitored 
zone. After relatively ~pid expansion of the phenanthrene plume from 627 to I 008 days, it was 
observed to recede and decrease in mass, as of 1358 days. 

Carbazole 

Longitudinal profiles of carbazole concentration in Figure 2.10 show that the plume advanced 
over the period from 627 to 1008 days but remained relatively stable from 1008 to 1358 days. 
Unlike dibenzofuran, carbazole loadings into the plume have not been consistent over the 
monitoring period. Near-source concentration reached an observed maximum of approximately 
200 ug/L at 1008 days and then decreased to approximately 100 ug/L at 1358 days, which is 
generally consistent with the decline in source leachate concentration predicted by Raoult's law 
(Figure 2.3). The low near-source concentration at 627 days may be due to a lag time required 
for the plume to migrate into the monitored zone. 

1-Methylnaphthalene 

Development of the plume for this compound followed a trend similar to that of naphthalene. 
Inspection of plume longitudinal profiles in Figures 2.10 indicate that plume position advanced 
and plume mass increased at a relatively consistent rate over the monitoring period. Also similar 
to naphthalene, the rate of flux into the plume decreased over time although to a lesser degree 
than naphthalene. This dissolution trend is generally consistent with the Raoult's law prediction. 
However, in comparison to naphthalene, the rate of plume migration was slower. 
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BACKGROUND 

CRAPTER3 
MASS BALANCE 

The occurrence of compound transformation is often a critical issue in the evaluation of organic 
plumes. Even relatively slow rates of transformation may impose significant limitations on the 
extent of plume migration, compared to the situation where decreases in organic solute 
concentration are due only to sorption and hydrodynamic processes. The environmental risk 
associated with groundwater contamination is closely related to the distance to which 
contamination may migrate away from the source, and evaluation of this distance requires an 
estimate of the rate and nature of solute transformation. Methods for evaluating plume 
transformation are generally based on some form of mass balance, using one-, two-, or three­
dimensional dat~ depending on the simplicity of plume and source geometry and the nature of the 
study. 

Probably the most widely applied technique of evaluating plume transformation is a one 
dimensional approach whereby solute concentrations are monitored along an inferred 
groundwater flowline. In order to attnbute a portion of an observed concentration decrease to 
compound degradation, the effects of hydrodynamic dilution and sorption must be taken into 
account. Barker et al. (1986) studied a landfill leachate plume in North Bay, Ontario, and 
compared concentrations of selected organics along an assumed groundwater flow line to 
evaluate relative rates of organics degradation. Using this technique, they concluded that under 
anaerobic conditions o-xylene was transformed more rapidly than ethyl benzene and that 
significant degradation of trimethylbenzene occurred only in the last third of the plume, where 
strictly anaerobic conditions may not persist. The authors pointed out that comparison between 
organics and a conservative tracer in the plume ( chloride) could have provided a means of 
calculating an absolute rate constants. However, evidence that the chloride input flux did not vary 
with that of the organics meant that there was no basis for comparison at down gradient plume 
monitoring points. 

Lyngkilde and Christensen (1992a) were able to use chloride concentrations to correct organics 
concentrations for hydrodynamic dilution in their study of a landfill leachate plume in Vejen, 
Denmark. They determined that major degradation of selected organics (BTEX compounds, 
naphthalenes., C-3 benzenes, benzene isomers, bicyclo compounds and cblorophenols) occurred 
within SO m of the landfill. Most of the organics were not detected within 100 m. Using a 
conceptually similar approach, Baedecker et al. (1993) evaluated the behaviour of dissolved 
volatile organic carbon (DVOC) composed primarily of BTEX compounds, as part of an intensive 
characterization of an oil spill in Bemidji, Minnesota. DVOC was compared with Ca2

•, which 
was conservative along pan of the tlowpath, and to a modelled conservative tracer. They 
concluded that a marked decrease in DVOC along a 41 m flowpath was mostly due to plume 
biodegradation~ and not dispersion. 
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Ehrlich et al. ( 1982) used sodium as a conservative tracer in a study of a coal tar distillation and 
wood-treating plant in St. Louis Park, Minnesota. By comparison, they determined that the 
concentration of phenolic compounds decreased dramatically, by a tactor of approximately ISO in 
a groundwater migration distance of 430 m while sodium decreased by a factor of only four. 
Moderate degradation was indicated for naphthalene, with concentration decreasing by a factor of 
10. Goerlitz et al. (198S) reported on an extensive characterization or groundwater 
contamination at a wood-preserving facility in Pensacola, Florida. They compared organics 
concentrations in samples collected at increasing distances from the source and determined that 
phenol and single-substituted phenols (2-, 3- and 4-methyl phenol) decreased disproportionately 
to P AHs. They attributed this behaviour to more rapid environmental biodegradation of the 
former and they also concluded that higher substituted phenols (2, 4- and 3,S-dimethyl phenol) 
were essentially conservative at the site since they behaved similar to chloride. (Godsy et al., 
1992). 

The two-dimensional approach to plume mass balance involves determination of total plume mass 
passing through one or more transverse sections and then comparison of mass between the source 
and a section, or between two sections. Thierrin et al. (199S) used a unique two dimensional 
approach for determining plume mass loss. A solution of deuterated benzene, toluene, p-xylene 
and naphthalene was injected into a groundwater plume that originated from an underground 
gasoline storage tank. Injection water also contained bromide as a conservative tracer. The 
researchers monitored the passage of injected solutes past a row of multi-level piezometers 
located 17 m from the injection point. By comparing bromide and organics mass~ they were able 
to evaluate for organics transformation and to estimate degradation rates. 

In a similar approach Barbaro et al. (1992) injected two slugs of gasoline-contacted water into a 
landfill leachate plume under anaerobic, denitrifying conditions. One slug was amended with 
nitrate to evaluate the effect of denitrification on biodegradation of aromatics. Plume mass was 
calculated by integrating solute breakthrough curves at sequential rows of multilevel samplers. 
Results for BTEX compounds showed complete disappearance of toluene from the unamended 
plume within five metres of the injection point while the other compounds were recalcitrant under 
these conditions. Transformation of ethyl benzene and xylenes was detected in the nitrate­
amended plume and benzene was recalcitrant in both plumes, within the monitored distance. 

The three dimensional mass balance approach requires monitoring data from the entire plume, to 
compare total plume mass at two or more times. Three previous studies have utilized dense three 
dimensional monitoring to fonnulate mass balances for injected plumes within the current study 
area. Mackay et al. (1986) injected water containing five halogenated organic chemicals and two 
inorganic tracers (chloride and bromide) into the Borden aquifer. The mass of the two inorganic 
tracers remained relatively constant (Freyberg, 1986). Total plume mass was also conserved with 
respect to carbon tetrachloride and tetrachJoroethylene, while three of the organics (bromoform, 
1,2-dichlorobenzene and hexachlorethane) showed evidence of significant transformation (Curtis 
et al., 1986). Barker et al. (1987) followed the degradation of an injected plume of benzene, 
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toluene and xylene isomers (BTX). They observed essentially complete degradation of all BTX 
compounds within 434 days after injection, and observed similar disappearance rates for all 
aromatics except benzene, which was the only compound to persist after 270 days. Hubbard et al. 
( 1994) conducted simultaneous injection of three organic solute plumes composed of water that 
had contacted: I) gasoline only 2) gasoline and methyl-tertiary butyl ether (MTBE) and 3) 
gasoline and methanol. Over a sixteen month monitoring period, MTBE exlu'bited no mass loss 
while only one percent of the methanol remained at the end of the monitoring period. The BTEX 
compounds were degraded in all plumes with the most rapid rate noted for toluene and the 
slowest for benzene. 

MacIntyre et aL (1993) conducted a three dimensional mass balance of an injected plume 
containing benzene, p-xylene., naphthalene and o-dicblorobenzene, at Columbus Air Force Base in 
Mississipi. Significant mass loss was determined for all four organics with the most rapid rate 
noted for p-xylene and the slowest rate for o-dicblorobenzene. 

The purpose of this component of the current study is to evaluate a complex organic plume for 
plume-scale evidence of mass ttansformation. A main objective of the study design was to 
simulate a scenario typical of many contaminated industrial sites: a fixed source of organic 
contamination that dissolves slowly into groundwater over time. Implementation of this emplaced 
source experiment under controlled field conditions made it poSStble to formulate compound mass 
balances from relatively dense three dimensional data, not typically possible at an actual 
contaminated site. 

METHODS 

General approach 

Perhaps the most straightforward approach for quantifying compound transformation is to 
compare initial mass in the source with mass remaining at various times in the sorbed, dissolved 
and residual (within the source) phases. These values could then be used to estimate the amount 
of transformed mass for a given compound at any time (t) after source emplacement according to: 

(3.1) 

where Mr= transfonned mass, M0 = initial mass of compound in the creosote source (at to), MR = 
mass of compound remaining in source (in residual creosote) at time=t; Mp = total mass 
associated with the plume = M0 +Ms: MD = dissolved mass in the plume and Ms= sorbed mass 
associated with the dissolved plume. 

However, there are difficulties in applying this approach. M0 is well known, since the original 
quantity of creosote added to the source was measured and the creosote composition was 
determined by analysis. But, since MR can be so large compared to other components in the mass 
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balance (Mr, MD and Ms), the magnitude of error in the estimate of the former may be in the same 
range as expected values for the latter components. This is .illustrated by Table 3 .1 which shows 
the confidence interval of data from source cores collected at 626 days after emplacement, 
compared to dissolved plume mass (MD)- It is apparent that the uncenainty in estimating MR (by 
coring the source) is potentially much greater than Mo, for most compounds. The largest 
discrepancy tends to occur for the most hydrophobic compounds, since their lower solubility 
limits the rate at which the dissolved phase increases. 

Table 3 .1. Summary of analytical data for sand cores collected from the source in conjunction 
with synoptic sampling at 626 days (n=23 from six cores). 

2 

J 

Compound Mass in Source1 95% Confidence Interval2 Dissolved Plume Mass3 
(g) (g) (g) 

phenol 0 0 trace 
m-xylene 530 78 135 
naphthalene 5453 397 333 
phenanthrene 9709 472 0.033 
dibenzofuran 2879 174 4.65 
carbazole 934 61 1.30 
1-methylnaphthalene 1256 71 9.S2 

based on average concentration (mg/kg) x mass of source sand (-6018 kg); data in 
Appendix 2 
expressed as ''equivalent" source mass based on Confidence Interval {mg/kg) x mass of 
source sand 
from dissolved phase monitoring; presented here for comparison purposes; more complete 
results in Table 3.3. 

Consequently, an alternative mass balance approach has been use<L where Mr was estimated for 
the periods (~t' s) between synoptic sampling events only on the basis of dissolved phase 
concentrations~ sorption characteristics and groundwater flux, according to: 

(3.2) 

(3.3) 

where F = mass flux into the plume for the given compound (Mff /L 2); A= the cross-sectional area 
of the source transverse to the direction of groundwater flow (L 2) and MF= the quantity of mass 
input over the integration period (M). Figure 3 .1 is a diagram illustrating the various components 
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Mr=MF+~p 

t2 

MF= f Fdt Mp=MD+M8 
t1 

x=3.Sm 

Figure 3.1. Conceptualized cross-section showing the main components of the mass 
balance for the plume ftom the emplaced creosote source. 
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of this mass balance approach. As shown, the balance relates to that portion of the plume located 
at x >3. S m. The plume has been defined in this way to avoid the large errors associated with 
interpolation of concentration data nearer the sour~ where lateral concentration gradients are 
relatively large. The following descnbes methods for quantifying each component of the mass 
baJance. 

Dissolved mass (MD) 

Synoptic plume sampling was conducted at six times since source emplacement (t = SS, 278, 439, 
640~ 1008 and 1357 days) and sufficient plume coverage for calculation of total dissolved mass 
was obtained for the latter four of these. A description of the analytical methodology is given in 
Chapter 2 with additional details provided in Appendix 4 and detailed data provided in Appendix 
2. 

Dissolved mass bas been calculated using a three dimensional interpolation routine in the ENTEC 
(Surpac Inc.~ 1995) geostatistical program whereby irregularly spaced three dimensional data are 
interpolated to a regularly spaced anay of three dimensional cells. In the approach used, the 
influence of each data point on the interpolated cell value is proportional to the inverse of the 
cubed distance between the data point and the point at the centre of each cell. The search radius 
for inclusion of data points into calculation of a given cell point is specified on the basis of the 
dimensions of an ellipsoid centred at the cell point. In this case, the major axis of the ellipsoid 
was oriented in the x-direction and had a length of 16 m. The minor axis of the ellipsoid was eight 
metres, oriented in the y-z plane. Sensitivity analysis of the search radius indicated that this 
parameter was relatively insensitive, due to the cell point weighting function based on the inverse 
of distance cubed. Grid x. y and;: spacings of two, one and 0.5 m, respectively, were selected as 
optimal on the basis of a sensitivity analysis that showed that smaller spacings did not cause 
significant changes to calculated dissolved mass. 

In many cases, low but non-zero, organics concentrations were detected at top and/or bottom 
sampling points, indicating incomplete plume closure. Where this occurred, the location of the 
plume periphery was approximated by adding "dummy'' points of zero concentration at the top 
and/or bottom of the given multi-level sampler at the typical vertical interval of the sampling 
network (20 cm). Review of vertical concentration profiles in these cases generally indicated that 
the error introduced into plume mass calculations by this procedure should be negligi'ble because: 
I) concentration trends generally decreased towards the top and bottom indicating that these 
extreme points were approaching the plume periphery and 2) the top and/or bottom of the plume 
was observed at other multi-level piezometer locations. 

Similarly, where the plume was detected at either end of a row of multilevel samplers, points of 
zero concentration were added at a horizontal distance equal to the spacing of the samplers in the 
given row. Review of plume distributions along the given row, and nearby rows, indicated that 
the locations of these zero points were reasonable an~ therefore that the associated error should 
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be negligible. In general the mass estimate error introduced by incomplete plume closure should 
be minor since the placement locations of the added points was reasonable on the basis of 
proximal da1' and also because large majority of plume mass is distnouted in the highly 
concentrated central core of the plume, rather than the periphery, where concentrations tend to be 
low. 

After grid interpolation, dissolved plume mass for a given compound was calculated according to: 

(3.4) 

where 11 = aquifer porosity, C = concentration at the cell centre point (g/m3); dX', "'-Y and a are grid 
spacings in the x., y and z dimensions, respectively (m). A value for n of 0.33 was used on the 
basis of parameter evaluation by Mackay et al. (1986). 

Previous studies carried out at the current study site have used conservative tracers to evaluate 
the accuracy of plume mass estimates based on samples from the groundwater monitoring 
network. These studies indicated that plume mass was in reasonable agreement with initial mass 
and, therefore, that samples ftom the monitoring network can provide a reasonable estimate of 
plume mass. Freyberg (1986) reponed on results of co-injection ofbromide and chloride with 
organic compounds, followed by plume monitoring over I 038 days (bromide) and 64 7 days 
(chloride). Plume mass determinations for bromide (n=13) showed that the average and variance 
of relative mass estimates were 0.89 and 0.20, respectively. Similar measures for the chloride 
plume (n=l2) were 0.90 and 0.16, respectively. Patrick (1986) co-injected chloride with BTEX 
compounds and subsequently determined chloride plume mass at five times over I 08 days. The 
average mass of the plume relative to injected mass was 0.78. In a similar experiment, Hubbard et 
al. ( I 994) co-injected chloride with three different mixtures of methanol and gasoline compounds. 
Chloride plume masses, determined at either four or five times over a period of 4 76 days, showed 
a range in average relative mass from 0.88 to 1.11 for the three plumes. Although a conservative 
tracer (granular NaCl) was initially placed in the source used for the current study, it was not 
suitable for evaluating the accuracy of plume mass estimates: initial mass was not known. 
However., conservative tracer results from the three previous studies discussed above provide 
evidence that the monitoring approach can provide a reasonable estimate of dissolved mass. 

Sorbed Mass (Ms) 

Due to the hydrophobic nature of the compounds in creosote, a degree of sorption will occur 
from the aqueous phase to aquifer solids. Furthermore, depending on the hydrophobicity of the 
compound and the sorbent properties of the aquifer, the quantity of sorbed mass in a given 
volume of aquifer can be substantially greater than the mass in solution. Consequently, sorbed 
mass has potential to be an imponant component of the mass balance. Sorption is often 
approximated as a linear reversible equihorium process, also known as sorption ideality, whereby 
dissolved concentration (C) is related to sorbed concentration (S) by a solids partitioning 
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coefficient (Kd), as follows: 

(3.S) 

where Kd is in units of L3 /M and can be used to calculate a retardation factor (R) by: 

(3.6) 

where p== bulk density of the porous medium (M/L3
). Sorbed mass can then be estimated with~ 

according to: 

(3.7) 

Although the assumption of sorption ideality is 9ften applied, laboratory and field experiments 
have often provided evidence of solute behaviour that deviates from ideality. A thorough review 
of processes that can lead to these types of deviations is provided by Brusseau and Rao (1989). 
These authors discuss the significant effects of physical phenomena, such as rate limitations due to 
diffusion of solute into low hydraulic conductivity particle aggregates or laminae. They also point 
out the difficulty in estimating the parameters that may control these processes. 

In the current study, it was assumed that sorption was reasonably approximated by the 
assumption of ideality, on the basis of previous studies at the site. Curtis et al. (1986) compared 
laboratory sorption data and field results from an injected plume of bromofonn, carbon 
tetrachloride, tetrachloroethylene, 1,2-dichlorobenzene and bexachlorethane injected at the 
Borden site. They estimated Kp by sorption batch testing and by monitoring the migration rate of 
the piume centre-of-mass. It was concluded that the close agreement of these methods was 
evidence that the behaviour of the study compounds could be approximated by sorption ideality, 
although the authors noted that the methods agreed more closely when the plume was near the 
source. A similar comparison was conducted by Hubbard et al. ( 1994) for BTEX compounds in a 
plume of dissolved gasoline injected at the same site. This group of compounds also showed 
behaviour that was generally consistent with sorption ideality. 

Actual values of Kd for the study compounds were estimated by three different methods: 1) 
empirical correlation 2) laboratory batch test and 3) comparison of groundwater and aquifer solids 
from within the plume. The first method is widely used and is described by Karickhotr (1984 ). 
The basis of this approach is that the the organic fraction (f oc> is the primary sorbate for 
hydrophobic compounds in subsurface systems. Further, the partitioning relationship is likened to 
partitioning of dissolved hydrophobic compounds from an aqueous phase to a liquid organic 
phase. Accordingly, sets of empirical relationships have been developed to equate partitioning of 
an organic compound between octanol and water ( described by Kow), to a partitioning between 
water and a given earth material ( descnoed by KJ, according to: 

(3.8) 
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where a and h are empirically derived coefficients. In this case, coefficients for a and h of 0. 72 
and O .49 were used and were obtained from empirical correlation experiments conducted by 
Schwarzenbach and Westall (1981) which included two representative compounds (naphthalene 
and pyrene) from the seven studied in this experiment. Table 3 .2 shows a compilation of K; 
calculated by this method for the compounds of interest in the Borden study. An/« value of 
0.0002 was used, on the basis of measurements by Mackay et al. (1986), as shown in Table 2.1. 
Values for logK(JIVare shown in Table 2.4. 

Sorption coefficients determined by laboratory batch testing are also provided in the table. To 
conduct these tests, Borden sand was placed in 100 mL glass bottles, in contact with serial 
dilutions of creosote-saturated water. Sorption was inferred from the difference in aqueous 
concentration between bottles containing sand and bottles with no sand (controls). A relatively 
low sand to liquid ratio was used (-0.2 g/mL) so that the aqueous concentrations of the more 
hydrophobic compounds would remain well above analytical detection limits. However, since this 
sand:solution ratio did not produce significant changes in aqueous concentrations for the least 
hydrophobic of the study compounds (m-xylene and phenol), K; were not determined for these 
compounds. Detailed methodology and results from laboratory batch tests are provided in 
Appendix 8. 

Table 3.2. Estimates of solids partitioning coefficients (K/s) for selected compounds and Borden 
sand. 

.! 

Compound Batch test In situ Based on 
measurement logKow 1 

phenol 0.01 (I .OS) 

Borden tracer tests 
Patrick Hubbard et al. 
(1986) (1994) 

m-xylene 0.11(1.6) 0.13 0.06-0.09 
naphthalene 0.22 (2.2)2 0.09 0.16 
phenanthrene 1.80 (10.87) 4. 7 1. 11 
dibenzofuran 0.67 (4.67) 1.26 0.57 
carbazole 0.83 (5.55) 0.94 0.29 
1-m.naphthalene 0.24 (2.31) 0.41 0.37 

logKd=0.72/ogKow + logfoc +0.49 (Schwarzenbach and Westall, 1981); 
Bracketed values are associated estimates of R. according to R = 1 + {plt'/)Kd; these 
values have been used to calculate mass balances. 

For the third method of Kd estimation, aquifer cores were collected at three plume locations. Each 
location was within JO cm (horizontally) of multi-level samplers that showed consistent aqueous 
concentrations over at least three adjacent sampling levels { 40 cm). Entire 30 cm core sections (5 
cm diameter) from the middle of this range were analysed for selected creosote compounds. Keis 

41 



were then calculated for each compound at each location by re-arranging equation (3.5) to: 

(3.9) 

where, in this case, C = mean aqueous concentration from the three sampling points that span the 
vertical range of the adjacent core (M/1-3) and Sis sorbed concentration (M/M) calculated 
according to: 

(3.10) 

where kF r = total mass of compound in sample (M); Mr= total mass of sample (M); Ms= mass 
of solids in sample and w = sample water content (fraction). 

NF r was quantified by extracting the entire cored interval three times with dichlorometbane, 
concentrating the combined extracts in a rota-evaporator and then injecting into a Gas 
Chromatograph, using a method similar to that for extracts from aqueous samples, as discussed in 
Chapter 2. Complete results of core analysis are provided in Appendix 9. Kjs calculated by this 
technique are shown in Table 3.2. Values were not calculated form-xylene and phenol: dissolved 
concentrations of the former compound showed a relatively large degree of vertical variation at 
the time of coring (124S days after source emplacement) and the latter had essentially disappeared 
from the monitoring network. 

Kjs determined by the empirical method have been used for estimating sorbed compound masses 
for m-xylene and phenol, in subsequent mass balance calculations. In the case of m-xylene, this 
value was in the range of K;s derived at the field site through earlier tracer tests by Patrick (1986) 
and Hubbard et al. (1994), shown in Table 3.2. For phenol, both the empirical correlation 
approach and comparison of migration rates for the phenol plume relative to the chloride plume 
(Chapter 2) indicate that this compound undergoes only minor sorption in Borden sand. It will be 
shown that in the context of the mass balance, the quantity of sorbed phenol mass was minor 
compared to dissolved mass, initial source mass and transformed mass. 

Results from the laboratory batch method were used for the five remaining compounds: 
naphthalene, phenanthrene, dabenzofuran, 1-methylnaphthalene and carbazole. Earlier field 
studies at the site have shown that batch results compared reasonably well with observed plume 
behaviour. Although none of the five compounds were used in these field studies, a wide range of 
compounds are represented (nonchlorinated aromatics, chlorinated aromatics and aliphatics) and 
behaviour is expected to be similar. Batch testing provided K4s in the range of the empirical 
correlation method for the first four compounds listed above, providing an indication that the 
sorption coefficients are reasonable. For carbazole, the two methods provided significantly 
different results. The carbazole Kd value derived from batch testing is used in mass balance 
calculations, on the basis that it is expected to be more site-specific. 
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The method of evaluating sorption by comparing sorbed and aqueous phase concentrations from 
within the plume is conceptually the most attractive of the three methods since it is site-specific 
and should also allow for the relatively long time that some of the compounds have been in 
contact with the aquifer. However, the analytical uncertainty inherent in the analysis of sorbed 
concentrations is difficult to quantify. Consequently, while the approach showed promise, 
additional method development is required to apply the results. This method provided the largest 
estimate of sorbed mass for all compounds except naphthalene. 

Mass Flux (F) 

Mass entering the plume has been estimated relative to an up gradient plume boundary defined at 
x=J .Sm (2. 7m from the source), which is the location of a row of multilevel samplers. The 
boundary has been defined at this location because steep concentration gradients at closer 
proximity to the source lead to large errors in data interpolation. Mass flux across the plume 
boundary at a given time (t) is given by: 

F=qCyz (3.11) 

where q = groundwater flux (UT) = vn, and Cyz = plume concentration at r = 3 .Sm, integrated 
over the y-z plane and normalized to a unit area (M/I}). The value used for q in these 
calculations was 0.03 m/day on the basis of past site work that evaluated average linear 
groundwater velocity (v) and porosity (n). As discussed in Chapter 2, data from past studies and 
the current study indicate that v in the vicinity of the study site is relatively consistent over time. 
In additio~ expected changes to the local flow regime caused by the presence of the more 
permeable source sand were evaluated with the model FLOWP ATH (Waterloo Hydrogeologic 
Software~ 1994) according to source and ambient hydraulic parameters descnbed in Chapter 2. 
Model results, shown in Figure 3 .2, indicated that minimal perturbation of Bowlines was expected 
in the immediate vicinity of the source and that flowlines (and therefore v) should return to the up 
gradient configuration within two metres down gradient of the source. This conclusion is 
supponed by time series and synoptic data for a conservative tracer ( chloride) placed in the 
source. They show that groundwater moved into the monitoring network from the vicinity of the 
source at a velocity that is in reasonable agreement with past studies conducted at the site 
(Chapter 2). 

Cvz was determined for each synoptic sampling event, with plume concentrations collected from a 
row of multilevel samplers located at x = 3 .Sm, by approximating the following: 

(3.12) 

where ~YAZ = the area over which the integrated concentration is expressed. The approximation 
was calculated using trapezoidal quadrature, first in the z direction and then in they direction, 
with the limits of both integrations set outside the plume periphery. This method is similar to that 
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Figure 3 .2. Plan view of groundwater tlowlines in the vicinity of 
the emplaced creosote source, as generated by the FLOWPATH 
model. Results indicate that the source has negligtble effect on 
tlowlines beyond 2m downgradient of the source. 

44 



used by Freyberg ( 1986) in an earlier study at the same site., except in the earlier work it was 
applied only in the z direction. Application in the z direction is conducted by application of the 
following for each multilevel sampler in the row 

where C= = vertically integrated concentration for each multilevel sampler (Mil})., I:= vertical 
thickness over which the integrated concentration is expressed (unit L., in this case)., z1 = z 
coordinate of bottom sampling point (L) and C1 = concentration at bottom sampling point. The 
subsequent approximation in they direction is calculated with: 

(3.14) 

where Cr-= horizontally (y direction) and vertically integrated concentration for the row of 
multilevel samplers (M/L3

), ly = horizontal width over which the integrated concentration is 
expressed ( unit L., in this case), y1 = y coordinate of the westernmost multilevel sampler (L) and 
C/ = vertically integrated concentration for the westernmost multilevel sampler. For both 
equations, the limits of the approximation are unimponant., as long as they extend beyond the 
plume periphery. 

Total compound mass entering the plume between synoptic sampling events (MF) is given by: 

(3.15) 

where q is outside the integral since it assumed to be constant. This expression was approximated 
by: 

(3.16) 

which further assumes that interpolation of Cr. between synoptic sampling events can be 
reasonably approximated by a straight line. Profiles of dissolved concentration versus distance 
from the source, shown in Figure 2.10, indicate that mass influx to the plume has changed 
gradually over time, and that straight line interpolation of mass flux was a reasonable assumption. 
Application of a dissolution model based on Raoult' s law, discussed in Chapter 2 and shown in 
Figure 2.3, also suggested that a straight line approximation was reasonable. 
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MASS BALANCE RESULTS 

Mass balance results for the seven selected compounds are summarized in Table 3.3 and 
transformation rates, expressed in terms ofbalflives, are provided in Table 3.4. Half-lives have 
been estimated with an iterative model where total plume mass (Mror) at the end of a given time 
step was calculated on the basis of dissolved mass (M0

1
), according to: 

(3.17) 

where the superscript "l" indicates parameter values at the end of the time step, l is the first 
order decay constant (time-1) which is related to balflife (1112) by t112= /n(2)1l and.11 is the length 
of the time step. First order decay has been assumed for the purpose of descnbing plume mass 
loss because many field and laboratory studies ofbiodegradation have found that it is reasonably 
described as a first order process. (e.g., Barker et aL, 1987; MacIntyre et al., 1993; Nielsen et al., 
1996; Wtlson et al., 1990; Thierrin et aL, 1995). The first term on the right band side of equation 
(3 .17) provides an estimate of sorbed mass and the second term represents dissolved mass at the 
end of the time step, after compound transformation has occurred. Calculation of Mro./ by this 
equation assumes that only the dissolved phase undergoes transformation.. MD

1 in this model was 
evaluated by: 

(3.18) 

where the first term on the right band side accounts for the new mass added to the plume over the 
time step, incorporating sorption of a portion of that mass through division by R. For the first 
time step C,/ is calculated by integration of plume monitoring data from x=3 .Sm and ..:i~r. is the 
change in C,.:: over the time step assuming linear interpolation between synoptic monitoring 
events. M0 ° is initially obtained from synoptic monitoring data for the whole plume and, for 
subsequent time steps is calculated according to: 

(3.19) 

DISCUSSION 

Mass balance calculations indicate that all the selected compounds undergo transfonnation in the 
plume. However, estimates of transformed mass and transformation half-lives are generally 
considered more reliable where little change occurs in mass flux between synoptic sampling 
events. Large changes in mass flux have more potential to introduce error since the flux may 
deviate significantly from the assumption of linear interpolation. 
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Table 3 .3. Summary of mass balance input data and results for the emplaced creosote source 
plume. 

Compound plleaol m-sylene naphdlaleae plleaaadanae dlbell7.ofiaru carbaole 1-m.■aphthalene 

Initial soun:e ••• (I) 1040 2849 7108 9154 3237 242 1415 

1'6,,ne mass (a 

Dissolved (M0 )
1 

439 days 55.7 - - - - - -
626 - 135 333 0.033 4.65 1.30 9.52 
1008 - 103 435 0.51 4.72 3.09 11.83 
1357 - 49.5 565 0.32 4.83 2.88 17.72 

Sorbed (Ms=M,,(R-1)) 
439 days 2.78 - - - - - -
626 - 81.0 400 0.326 17.07 5.92 12.47 
1008 - 61.8 522 5.03 17.32 14.06 15.50 
1357 - 29.7 678 3.16 17.73 13.10 23.21 

Total (Mt=Ma + Ms) 
439 days 58.5 - - - - - -
626 - 216 733 0.359 21.72 7.22 21.99 
1008 - 165 957 5.54 22.04 17.15 27.33 
1357 - 76.2 1243 3.16 22.56 15.98 40.93 

Mass input to plMme 

Flux {F) {g/day)1 

626days 0.0 1.03 2.20 0.003 0.083 0.044 0.135 
1008 0.0 0.52 1.09 0.013 0.084 0.037 0.097 
1357 0.0 0.29 1.11 0.022 0.081 0.017 0.102 

Mass (M F)(g)3 

0-439 days 1040 - - - - - -
626-1008 0.0 296 628 3.06 31.9 15.47 44.3 
1008-1357 0.0 141 384 6.11 28.8 9.42 34.7 

Mass transformed 
(M.J(g) 
0-439 days 982 - - - - - -
626-1008 - 347 404 -2.13 31.2 5.54 39.0 
1008-1357 - 227 98.3 8.17 28.3 10.6 21.1 

Calculated from synoptic monitoring data 
F=q<:_,-: 7Wbereq=vln, v=0.091 mfday7 n=0.33 andC,: is calculated with synoptic monitoring data from the 
base of the plume (defined atx=3.Sm). 
Assumes linear interpolation of F between synoptic monitoring events 
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Table 3 .4. Half-lives (in days) for selected plume compounds 

Monitoring period: 
phenol 
m-xylene 
naphthalene 
phenanthrene 
dibenzofuran 
carbazole 
1-methylnaphthalene 

0-439 days 
99 

626-1008 days 

95 
265 

not available 
40 
110 
78 

l 008-13 57 days 

78 
121S 

11 
41 
71 
173 

Form-xylene, naphthalene, phenanthrene and 1-methylnaphthalene, estimates of transformed mass 
and transformation rates were considered most reliable for the period between the last two 
monitoring events (from I 008-13 57 days). Estimates of carbazole transformation were 
considered most reliable for the period between 626 and 1008 days since mass flux estimates were 
comparable at the beginning and end of this period. The decrease in carbazole flux at 13 57 days 
is probably due to depletion of carbazole from the source. Mass flux of cboenzofuran was 
comparable for the last three synoptic sampling events and, consequently, estimates of mass 
transformation are considered reliable for the two intervening periods. 

Mass balance quantification confirmed the qualitative observations of plume behaviour in Chapter 
2. Dibenzofuran formed the most stable plume, with nearly constant rates of mass flux between 
the last three synoptic sampling events (Table 3 .3) and relatively constant dissolved mass. The 
dibenzofuran plume approached steady state over the study period, where mass flux was 
approximately balanced by mass transformation. The rate of dibenzofuran transformation is 
relatively constant over time and the interaction of mass flux and transformation are serving to 
keep the plume from advancing further. Presumably, the chbenzofuran plume expanded until the 
mass flux rate was matched by the plume-scale rate of transformation. To the author's knowledge 
this is the first conclusive observation of an organic plume approaching a steady state condition 
that does not involve groundwater discharge. The data from this site illustrate that natural 
transformation processes can halt the advancement of an organic plume, even in the presence of 
an ongoing source. 

Carbazole was also not expected to advance further since the transformed mass is greater than the 
mass input, for the last monitoring period (1008-1357 days). However, in this case plume growth 
is limited by a decrease in mass flux into the plume, rather than an increase in the overall rate of 
mass transformation. As shown in Table 3 .3, the original source concentration of carbazole was 
the lowest of the selected compounds~ and the aqueous solubility of carbazole is relatively large: 
238 .6 mg/L~ as shown in Table 2.4. Consequently, the decrease in carbazole flux between the last 
two synoptic sampling events was attributed to significant source depletion with respect to this 
compound. 
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A similar process has controlled the development of them-xylene plume. This plume reached a 
maximum observed plume mass at 626 days and was subsequently observed to s~ as the rate 
of mass flux decreased to below the rate of mass transformation. The rapid decrease in the rate of 
mass flux is attnbutable to the relatively large solubility of m-xylene which caused it to become 
depleted from the source. With more constant flux, the m-xylene plume would likely have 
approached steady state over the monitoring period, similar to cbl>enzofunn. 

For naphthalene, the rate of mass accumulation exceeds the rate of transformation an~ given the 
relatively small magnitude of the latter, the plume is expected to grow considerably larger before 
the two rates approach a balance. Similarly, the l •methylnaphthalene mass flux also exceeds 
transformation and it is expected that significant additional plume growth will occur. 

Mass balance results indicate that almost all of the original mass of phenol in the source 
( approximately one kilogram) has been transformed: by day 439, the phenol plume contained only 
six percent of the mass originally present in the source. Interpretation of the phenol mass balance 
is relatively straightforward because unlike the other selected compounds, phenol was rapidly and 
completely leached from the source early in the study period. Furthermore, it was subjected to 
only minor sorption to aquifer solids. The rate calculated for this transformation (t112=99 days) is 
considered a minimum, since it was assumed that all phenol was instantaneously leached from the 
source into the plume at the beginning of the experiment. 

Unlike the other compounds, phenanthrene flux has continued to increase up to the last synoptic 
sampling event. This is attributed to the higher retardation factor for this compound, which has 
increased the time required for it to break through to the monitored portion of the plume. The 
large relative difference in flux rates between days 626 and 1008 have caused large error in mass 
flux calculations for the intervening period, giving rise to a negative estimate for the quantity of 
mass transformed. The estimate of phenanthrene mass transformation for the subsequent period 
(1008-1357 days) is more reasonable but may still contain significant error due to the assumption 
of linear interpolation between flux measurements. Perhaps the most straightforward evidence of 
phenanthrene transformation is demonstrated by the decrease in total plume mass between I 008 
and 1357 days. Total mass decreased from S.54 to 3.16 g and, even without considering flux 
input over this period. this represents a half life of t112 = 49 days. 
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BACKGROUND 

CIIAPTER4 
BIODEGRADATION INDICATORS 

A central issue at many sites where groundwater is affected by organic contaminants is whether 
contaminants are undergoing some degree of transformation as they migrate in groundwater. 
Even a relatively small rate of transformation may impose considerable limits on the extent of 
plume growth, which can lessen the potential for human or environmental exposure to plume 
contaminants. Many types of organic contaminants can be utilized in the metabolic pathways of 
naturally existing subsurface microorganisms, as discussed in a number of review anicles. Atlas 
( 1988) reviewed the potential of petroleum hydrocarbon for microbial biodegradation and 
concluded that microbes capable of of mediating this process were widespread in the 
environment. Mueller et al. (1989) provided a similar review for polycyclic aromatic 
hydrocarbons (P AHs ), phenolic compounds and N-, S- and 0- beterocyclics: the three main 
compound types found in creosote. They cited a wide range of studies that documented the 
biodegradability of these compounds. In general, biodegradation of non-chlorinated organics like 
those discussed above, is favoured under more oxidizing conditions. However, a host of studies, 
as outlined in several review articles ( e.g., Grbic-Galic, 1989; Grbic-Galic, 1990a; Bollag and 
Kaiser~ 1991 ), have shown that P AHs, monoaromatic, phenolic and heterocyclic compounds have 
been observed to biodegrade under various anaerobic conditions ( denitrifying, sulphate-reducing, 
methanogenic and fermentative). 

While the ability of naturally occurring microbes to mediate transfonnation of noncblorinated 
organics is well supported by laboratory studies there are limitations on direct transferral of these 
results to the plume-scale. Evaluation of organic plume biodegradation is made difficult by the 
complexity of transport and degradation processes in a dynamic groundwater system and, as 
noted by Madsen ( l 991 ), are further complicated by problems inherent in formulating a mass 
balance in spatially heterogeneous media typically found in the field. Madsen reviewed several 
studies of field biodegradation and noted that these were usually based on multiple lines of 
independent evidence. These studies started with field evidence of contaminant mass loss and 
then compared relevant parameters inside and outside the contaminated zone to evaluate for the 
type of changes that would be expected if the mass loss was microbially mediated. 

The portion of the study discussed in this chapter is conceptually similar to the "typical" approach 
in that it starts with field-scale evidence of plume transformation: the mass balance formulated in 
Chapter 3. Consequently, the study design provides novel and reliable evidence for the important 
first step of determining in situ biodegradation - evidence of mass loss - against which other types 
of evidence can be evaluated. Since appreciable transformation of several plume compounds was 
indicated, additional lines of investigation have been followed to evaluate for biodegradation. 
Laboratory microcosms were used to determine whether the study compounds are biodegradable 
under simplistic laboratory conditions. Groundwater at the ~eld site was monitored for electron 
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acceptors and organic acids to evaluate changes expected with biodegradation. In addition, 
aquifer solids were examined for indications of microbial adaptation in response to the presence of 
the plume. 

LABORATORY MICROCOSMS 

Methods 

A microcosm experiment was conducted to determine if indigenous aquifer microorganisms from 
within the creosote plume were capable of metabolizing compounds in an aqueous solution 
representative of the creosote plume. The experiment was conducted under aerobic conditions 
since this was expected to be most favourable for biodegradation of the selected compounds and 
therefore the most likely to produce observable mass loss. In the field, it is expected that the core 
of the plume is depleted in oxygen, and that expectation is borne out by field measurements 
presented later in this paper. Consequently, the microcosm redox condition was probably most 
representative of field conditions on the periphery of the plume, where it mixes with background 
groundwater. 

The microcosms were 1100 mL glass bottles sealed with 0-ring tap stopcocks (J. Young 
Scientific Glassware Ltd.). The bottles were also equipped with side arms capped with mininert 
valves to allow for repeated sampling while maintaining an atmospheric seal. All equipment used 
during the microcosm setup was sterilized and aseptic techniques were employed throughout the 
experiment. The sand used in the microcosms was obtained from a relatively concentrated 
portion of the plume, approximately 3 .3 m downgradient of the creosote source, at the location 
shown on Figure 4.1, 1246 days after source emplacement. Plume data indicated that sand at this 
location was exposed to six of the seven selected compounds. The exception was phenol: this 
compound had completely leached from the source and passed by this point approximately two 
years earlier. Sand core was obtained in S cm diameter aluminum core barrels (sterilized prior to 
use) by the wireline coring method descnbed by Zapico et al. (1987). In the laboratory, sand was 
extruded from the core barrel in a sterile air flow cabinet and accumulated in sterile IL large­
mouth jars. After mixing, 140 g of core material was added to each of three of the microcosm 
bottles that had been designated as sterile controls. These bottle~ and their contents, were 
sterilized by autoclaving for one hour on three separate occasions over a five day period. 
Unsterilized core material was added directly to six bottles to compose six active microcosms. 

The aqueous solution used in the microcosms was prepared by contacting uncontaminated Borden 
groundwater with a creosote mixture similar to that used in the field: 6 gm-xylene and 0.9S g 
carbazole added to l SO mL of raw creosote. The creosote mixture was placed in a 6 L 
erlenmeyer flask with 4 L of Borden groundwater and stirred for 48 hours on a magnetic stirrer. 
At the end of this period, creosote contacted groundwater was carefully siphoned off and diluted 
with clean Borden groundwater by approximately two times. Each of the nine microcosms 
received 380 mL of this solution and the three control microcosms also received 3 .4 mL each of a 
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l 0% sodium azide solution, for additional inhibition of microbial activity. Three of the six active 
microcosms were amended with 6.9 mL of a modified Bushnell Haas nutrient medium consisting 
of the following in distilled water (/L): LO g KJIP04, 1.0 g KHJ'O,, 1.0 g Nff.NO3, 0.2 g 
MgSO.,7H2O, 0.02 g CaCl£2H2O, 0.OOSg FeC13 (Mueller et al., 1991). The remaining three 
active microcosms were not amended with nutrients. 

After completion, and prior to sample collection, the microcosms each contained approximately 
660 mL of headspace air, which was intended to provide ample oxygen for maintenance of 
aerobic conditions. This was verified by headspace monitoring for oxygen over the experimental 
period which indicated that headspace oxygen concentration remained at, or near, atmospheric 
levels. The necks of three of the microcosms were broken by the pressure of the tetlon stopcocks 
(two on day O and one on day S). Contents of these microcosms were transferred, for the 
remainder of the experiment, to bottles similar in design but with only 800 mL capacity. The 
lower capacity did not have a significant effect on headspace oxygen content. 

Microcosms were incubated at I 00 C under static conditions and sampling was conducted at the 
following times after initial setup: I, 5, 8, IS, 29 and 132 days. At each of these times, the 
microcosms were monitored for aqueous phase concentrations of selected creosote compounds 
and also for oxygen and carbon dioxide content of headspace gas. At the end of the experiment, 
total aerobic viable cell counts were determined for aquifer material from each microcosm to 
evaluate the effectiveness of steriliz.ation procedures. The analytical method used for aqueous 
phase creosote compounds was identical to that used for plume sampling, discussed above. 
Headspace gas concentrations were analyzed with a gas partitioner equipped with a thermal 
conductivity detector. Total plate counts were determined by standard preparation techniques 
and were incubated under aerobic conditions, at 22-23 degrees C for 14 days. Additional details 
on microcosm setup, headspace analysis and plate count analysis are provided in Appendix I 0. 

Results 

Early and final concentrations of selected creosote compounds are shown in Table 4.1 and 
detailed results are provided in Appendix I 0. Early concentrations were comparable between the 
control and the active microcosms and were therefore not appreciably affected by the sterilization 
procedure. Comparison of control and active concentrations indicate that biodegradation of 
phenoL naphthalene, dibenzofuran, carbazole and l-methylnaphthalene occurred without the 
addition of nutrients but that biodegradation proceeded to a lower end concentration when 
nutrients were added. M-xylene and phenanthrene do not show appreciable biodegradation 
without nutrient addition. However, with nutrient addition the former compound is nondetectable 
at the end of the experiment and the latter shows appreciable biotransformation. Time series plots 
of the microcosm data (Figure 4.2) indicate that the rate ofbiodegration is most rapid for 
naphthalene and carbazole, both with and without nutrient addition. This diagram also clearly 
shows biodegradation of all compounds in the microcosms amended with nutrients and 
recalcitrance of m-xylene and phenanthrene when nutrients were not added. 
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Table 4.1. Mean aqueous concentrations (ppb; n=3) at the beginning and end of the microcosm 
experiment; microcosms were composed with Borden groundwater and aquifer sediments 
collected from within the dissolved creosote plume. 

Compound Sterile Control Active/ Active/ 
no nutrients nutrient addition 

DaI l Da1133 Dax I DaI 133 DaI I DaI 133 
phenol 6686 6785 6190 2161 6582 312 
m-xylene 2897 1622 2636 1963 2344 0 
naphthalene 3646 2841 3439 231 3419 73 
phenanthrene 284 211 280 210 299 63 
dibenzofuran 473 295 SOI 118 509 30 
carbazole 451 291 412 26 436 9 
1-meth~lnal!hthalene 394 210 376 138 391 42 

Ample headspace oxygen persisted throughout the experiment to maintain aerobic conditions: 
from 22.34% to a minimum of 17.42%, as shown in Appendix 10. Headspace ~on dioxide 
results, summarized in Figure 4.3, indicate an accumulation of this gas in the active microcosms. 
These results can only be considered qualitatively since this gas may have originated from 
biodegradation of creosote compounds other than those analyzed. Also, the results have not been 
normalized for the variation in headspace size between the two ditrerent size microcosms. 
However, they represent additional qualitative evidence of microbial utilization of creosote 
compounds in the active microcosms. 

Total plate count results for microcosm sand after the last set of aqueous and headspace samples 
are summarized in Table 4.2, and detailed results are provided in Appendix 10. These are based 
on an incubation time of 14 days but compare closely to another set that was incubated for 24 
days. The sterilization and microbial inhibition measures used for the control microcosms were 
eftective: plate counts for the control microcosms are low (<10 CFU/g) or nondetectable while 
the active microcosms are several orders of magnitude higher, ranging from 106 to 107 CFU/g. 
This further supports the suggestion that the compound transformation determined for the active 
microcosms is due to microbial metabolism. 
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Table 4.2. Results of plate count analysis for sand samples collected from microcosms at the end 
of the experiment. 

Microcosm No. Treatment 

1 Control 
2 " 
3 " 
4 Active/no nutrients 
5 " 
6 ,~ 

7 Active/nutrient addition 
8 
9 

PLUME REDOX CONDITIONS 

Background 

" 
" 

Plate Count (CFU/g dwt; n=J) 
Mean SD. 
0.0 0 
8.3 12 
8.3 5.9 

2.4xl07 9.2xl06 

l.9xl07 1.5xl06 

2. lxl07 2.lxl06 

6.lxl06 3.lxl06 

6.3xl06 9.0xl05 

6.lxl06 3.Sxl05 

The creosote plume was sampled for selected parameters related to utilization of electron 
acceptors (dissolved oxygen, Fe2

+, Mn2
+, NO3, NH/, SO_/-, and methane) to evaluate for the type 

of changes that would be expected with biodegradation of creosote organics. In laboratory 
studies, microbial utilization of various aromatic, phenolic and heterocyclic compounds has been 
linked with dissolved oxygen utiliz.ation, denitrification (Major et al., 1988; Kuhn et al., 1988; 
Hutchins et al., 1991), iron reduction (Lovley et al., 1989) sulphate reduction (Haag et al., 1991; 
Edwards, et al., 1992) and methanogenesis (Godsy et al., 1992; Edwards and Grbic-Galic, 1994; 
Adrian and Suflita, 1994). 

A range of field studies have presented geochemical evidence that is consistent with the laboratory 
results. Dissolved oxygen depletion has been documented for a number of petroleum 
hydrocarbon plumes (e.g . ., Chiang et al., 1989; Wtlson et al., 1990; Barker et al., 1987) and has 
been related to biodegradation. In an extensive characterization an oil spill site at Bemidji, 
Minnesota, Bennet et al. (1993) delineated several characteristic redox zones. They determined 
that groundwater upgradient of the spill was oxygenated and that dissolved oxygen became 
slightly depressed as petroleum hydrocarbons began to mix with groundwater. As organic carbon 
increased, groundwater became anoxic, methane occurred, dissolved iron and manganese 
increased and redox potentials indicated strongly reducing conditions. Similar redox trends were 
observed through intensive characteriz.ation studies at a creosote-contaminated site in Pensacola, 
Florida (Mattraw and Franks., 1986), and in a landfill leachate plume containing dissolved organics 
in Veje~ Denmark (Lyngkilde and Christensen. 1992b). 
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Methods 

Monitoring ofredox-sensitive parameters was conducted at multilevel samplers within, and just 
outside the creosote plume, at the locations shown on Figure 4.1. Samples were collected within 
one week after the last two synoptic sampling events (1008 and 1357 days). Dissolved oxygen 
was analyzed in the field using CHEMetrics ampoules (CHEMetrics Incorporated) for the 
appropriate concentration range: 0-12 ppm, 0-1 ppm and 0-100 ppb. These 10 mL glass 
ampoules are under negative pressure and are partially filled with 4 mL of a Rhodazine-D 
solution. The tip of the ampoule is broken off when it is submerged in the sample, so that a 
portion of the sample is drawn into the ampoule and mixed with the solution. The colour change 
is proportional to dissolved oxygen content. White et al. (1990) descnbed a down-bole technique 
whereby CHEMetrics ampoules were determined to be reliable for measuring low levels of 
dissolved oxygen in groundwater. Since the monitoring network for the current study consisted 
mostly of samplers constructed of small-diameter tubing (3 .2 mm OD.), a method was developed 
for above ground measurement. A peristaltic pump was attached to a small (18 mL) glass bottle 
through one port of a two-port suction head. The other port was attached to the sampler tube, 
causing groundwater to be drawn into the bottle when vacuum was applied. After purging of at 
least two tubing volumes, the suction head was removed from bottle and an ampoule was 
inserted. The tip of the ampoule was then broken off: drawing in a ponion of the sample. Trials 
showed that it was possible to make repeatable readings of nondetectable dissolved oxygen by this 
method, using a low range ampoule (0-100 ppb). This indicated that the method did not result in 
significant contamination of the sample with atmospheric oxygen. 

Samples for the remaining inorganic parameters (Fe2
+, Mn2+, NO;, NH..+ and sot) were 

recovered in a manner similar to that used for dissolved oxygen. Groundwater was pumped into a 
60 mL glass bottle using a suction bead and a peristaltic pump prior to splitting into two 
subsamples. The first subsample, for anion analysis, was poured directly into a 20 mL plastic 
sample bottle. The second, for analysis of cations, was drawn into a plastic syringe and then 
filtered into a 20 mL plastic bottle using a 0.2 µm syringe tilter, and then acidified with reagent 
grade H2S04. Analysis for chloride was conducted as a safeguard against mistakenly identifying 
leachate samples as either background groundwater ( no creosote compounds) or creosote plume 
water (reducing conditions). The leachate plume underlies the creosote plume (Figure 2.2) and is 
known to be relatively elevated in the chloride and sulphate (Nicholson et al., 1983). 

Methane samples were recovered by a technique similar to the other types of samples: a suction 
head connected to a peristaltic pump. However, in the case of methane an 18 mL glass bottle was 
used and a crimp-top cap was applied directly to the bottle after purging. An effort was made to 
leave no headspace in the bottle but small bubbles were occasionally present. For analysis, a 15 
mL aliquot was drawn from the sample bottle into a 30 mL glass syringe, followed by 1 S mL of 
air. The syringe was then shaken and allowed to equilibrate for three hours. A 5-6 mL aliquot of 
the gas phase was then injected into a gas chromatograph equipped for flame ionization detection. 
Additional details on sampling methodology for redox-related parameters is provided in Appendix 
11. 
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Results 

Data for selected redox-sensitive parameters and chloride are summarized in Table 4.3 and 
provided in detail in Appendix 11. Dissolved oxygen concentration averaged 0.13 within the 
creosote plume and 2.47 mg/L in background samples. A summary of statistical comparisons is 
provided in Table 4.4 and indicates that this difference was statistically significant and supports 
the expectation that dissolved oxygen bas been consumed within the plume through the 
biodegradation of plume organics. Distnbutions of dissolved oxygen along two cross-sections are 
shown in Figure 4.4. The results shown in this diagram are associated with synoptic monitoring 
of dissolved creosote compounds conducted at day 13S8 and the outline of the organics plume is 
indicated for comparison. The two cross-sections show that dissolved oxygen concentrations 
measured within the plume were less than or equal to 0.6 mg/L, while concentrations outside 
generally ranged from l .0 to 4.0 mg/L. An area of depressed dissolved oxygen concentration was 
evident in the lower levels of samplers 6-N2 through 6-NS and is considered to be attnl>utable to 
influence from the underlying anaerobic landfill leachate plume. 

Table 4.3. Summary of data for selected redox and geochemical indicator parameters; all 
concentrations are in mg/L. 

Parameter Creosote Plume Background Landfill Leachate 
Plume 

mean n s.d. mean n s.d. mean n s.d. 
Dissolved 0 2 0.13 63 0.16 2.47 18 0.99 0.12 12 0.20 
Fe2 ... 0.20 53 0.97 0.03 s 0.03 0.63 14 1.04 
Mn2+ 0.13 53 0.16 <0.05 5 0 0.024 14 0.04 
N03- 1.51 53 4.69 2.35 5 3.08 S.91 14 12.70 
NH.i· 0.21 53 0.25 0.62 5 0.42 0.22 14 0.22 
s0"2

- 11.57 53 4.19 14.l 5 3.79 46.23 14 30.37 
Methane 0.036 53 0.104 0.001 2 0.001 0.034 13 0.050 
ci- 1.93 14 0.52 4.04 3 3.13 26.15 6 10.96 
Note: nondetectable concentrations were handled as "zeroes" in calculations. 

If biodegradation proceeds in the oxygen depleted portion of the plume then changes would be 
expected in the concentration of alternate electron acceptors. Ind~ a decrease in average 
nitrate concentration was noted from background groundwater to the plume, which would be 
consistent with nitrate utili7.ation. However, both N03- and NH/, which comprise a redox 
couple, displayed a high degree of variability and there was no significant difference between the 
plume and background averages. Behaviour of other redox-sensitive parameters was more 
consistent with e,cpected trends. Average concentrations of reduced iron and manganese were 
significantly different between plume and background samples, with the largest occurring within 
the plume. Average sulphate concentration decreased significantly from 14.1 mg/L in background 
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groundwater to 11.6 mg/L in the plume. A small but significant increase in average methane from 
0.00 I mg/L outside the plume to 0.036 m&'l, inside is an indication of a minor degree of 
methanogenic activity within the plume. Results of samples from the landfill leachate plume are 
also summarized in Table 4 .3 and, similar to the organics plume, they are indicative of conditions 
more reducing than background groundwater. All these samples were obtained from depths of 
z=-4.2 m or greater, which also supports the suggestion that they are more typical of leachate 
chemistry. 

Table 4.4. Results of mean concentration comparison {t-test) for samples collected from within 
the dissolved creosote plume and background samples collected outside the plume. 

Parameter 
Dissolved 0., 
Fe2~ -

Mn2• 

No3-
NH ... 

" so/-
Methane 
c1-

Significant difference at 95% level 
Yes 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 

MICROBIOLOGICAL INDICATORS 

Background 

Direction of difference 
Background > Plume 
Plume> Background 
Plume> Background 

Not Applicable 
Not Applicable 

Background > Plume 
Plume> Background 

Not Applicable 

Aquifer samples were collected from inside and outside the creosote plume to evaluate for 
selected microbial parameters that might be expected to change as a result of plume 
biodegradation. Several field studies have identified changes in characteristics of microbial 
populations that have been linked to the introduction of organic compounds to groundwater. In a 
study conducted at a wood preserving plant in Pensacola, Florida, Godsy et al. ( 1992) determined 
that populations of methanogenic bacteria were approximately two orders of magnitude more 
numerous in pore water and aquifer samples from contaminated areas of the site than in 
uncontaminated areas. Elevated concentrations of methane within the contaminated areas and the 
observations of methanogenesis in laboratory microcosms composed with contaminated aquifer 
material, were evidence that methanogenic microorganisms played a role in the final fate of the 
contaminants. Madsen et al. ( 1991) determined that microorganisms from within plume associated 
with buried coal tar waste were capable of mineralizing naphthalene and phenanthrene over a 
three week period while those in pristine samples did not. They also determined that protozoa 
were more abundant within the plume and attn1>uted this to increase in bacterial numbers due to 
contaminant utilization, and subsequent protozoan grazing on bacteria. 
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In the current study, microbial characteristics were compared on the basis of phospholipid fatty 
acids (PLF A), a component of intact cell membranes. A number of researchers have contnbuted 
to the development and testing of methods that relate the quantity of PLF A in sediment samples 
to microbial biomass (e.g., White et aL, 1979; Guckert et al., 198S; Balkwill et al., 1988; 
Ringelberg et al., 1989) and detailed analytical methods are provided by Dobbs and Findlay 
(1993). Extensions of this technique have been reviewed by Tunlid and White (1992) and have 
been used to relate the relative proportions of groups of PLF A compounds to microbial 
community structure and metabolic status. The summation of the ratio between certain trans and 
cis PLFAs (16:lc..>7t/16:lea>7c and l8:lc.>7t/18:lc..>7c) bas been related to changes in cell 
membranes of gram negative bacteria in response to environmental stresses. In general, larger 
values are indicative of toxicity or starvation effects. Similarly, gram negative bacteria convert 
certain monoenoic PLF As to cyclopropyl fatty acids, as growth slows from a log to a stationary 
phase. The summation of the two ratios cyl 7:0/16:lc..>7c and cy19:0/18:lc..>7c has been used as an 
indicator of this process, with larger values indicative of a tendency towards stationary growth. 

Methods 

Aquifer cores for analysis of microbial indicator parameters were collected at the four locations 
shown in Figure 4.1. Coring was done with the wireline method descnbed by Zapico et al. (1987) 
using five centimeter diameter core barrels rinsed with methanol and MilliQ H2O prior to use. 
After collection, the cores were split lengthwise and placed in an aseptic hood where subsamples 
were collected from aquifer material in the central part of the core, not in contact with the core 
barrel. The core from outside the plume (Cl) and one from within the plume (C2) were 
subsampled from 1.4 to 2.6 m depth, at 20 cm intervals. The sample from the top of the plume 
core was at or near the top of the plume and the bottom sample was situated near the vertical 
centre of the plume. The other two plume cores (C3 and C4) which were both collected within 
40 cm of C2, were subsampled near the top't middle and bottom of the cored interval (1.4, 2.0 and 
2.6 m dep~ respectively). All samples were analyzed for PLF A by the method presented by 
Dobbs and Findlay (1993). In additio~ aliquots of selected samples were analyzed for total plate 
counts by standard preparation techniques and incubation under aerobic conditions for 40 days at 
10° C. Additional details ofPLFA and plate count analyses are provided in Appendix 12. 

Results 

PLF A and plate count results are summarized graphically in Figure 4.5 and detailed results are 
provided in Appendix 12. Comparison of PLF A concentrations indicate that microbial biomass is 
greater within the plume than in background aquifer material, presumably due to greater microbial 
growth because of the large organic carbon source that the plume represents. PLF A data ftom 
both within and outside the plume do not show a strong trend with respect to depth. However .. 
plate counts, expressed in the form of CFU/g dry weight aquifer material, decrease sharply with 
depth for the cores collected within the plume. Although plate counts were not determined for 
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background samples, an extensive evaluation of microbial characteristics in uncontaminated zones 
of the aquifer at a nearby location by Barbaro et aL (1994) generally showed the same trend of 
decreasing plate counts with depth. These researchers suggested that the trend was related to a 
similar trend in dissolved ox.yg~ which increased closer to the water table. Since the plate count 
analyses by Barbaro et aL (1994) and that conducted for the current study were performed under 
aerobic conditions, they have provided preferential detection of aerobic microorganisms. 
Consequently, while the PLF A data from the current study indicated an increase in microbial 
biomass due to the presence of the plume, plate count data may be more affected by the trend in 
dissolved oxygen, which generally decreases with depth both inside and outside the plume. The 
PLF A results indicated that the decrease in aerobic microbes was generally accompanied by an 
increase in anaerobic microbes., resulting in no strong trends in biomass with depth. 

Figure 45 also shows results for the PLF A ratio used as an indicators of microbial 
toxicity/starvation and stationary growth. Results for the former provide evidence that 
microorganisms within the plume are generally under more environmental stress than those in 
background core. This could be due to a degree of toxicity associated with plume compounds or 
may be indicative of an imbalance between organic sources and nutrients within the plume. The 
ratio used to indicate the tendency towards stationary growth are distinctly larger in the 
background core: evidence that the status of the Gram negative community tends towards 
stationary growth phase outside the plume and log growth within the plume. This is consistent 
with a larger turnover rate within the plume due to biodegradation of plume compounds and with 
the larger biomass., as indicated by total PLF A concentration. 

ORGANIC METABOLITES 

Background 

Groundwater in the vicinity of the plume was evaluated for selected organic acids that might be 
expected to be formed through microbially mediated oxidation of plume compounds. These 
intermediate products., often termed t;'metabolites"', are formed as biodegradation of the parent 
compound proceeds towards complete mineraliz.ation. Several studies have documented the 
groundwater occUffence of organic acids and other intermediate products associated with 
biodegradation of plumes from sources such as petroleum fuels, coal tar and creosote. Cou.arelli 
et al. (1995) detected a wide range of aliphatic and aromatic acids associated with a plume from a 
gasoline spill in Galloway Township, New Jersey. Through associated microcosm work, these 
researchers concluded that two of the simpler aromatic acids (benzoic and phenylacetic acid) were 
susceptible to further oxidization under nitrate reducing conditions while those with two or more 
methyl groups were resistant. Barcelona et al. ( 1995) detected aliphatic and aromatic acids in 
groundwater as transformation products at several petroleum hydrocarbon-contaminated sites., 
through a reconnaissance level survey. The authors suggested these acids were present in large 
enough concentrations to significantly influence geochemical processes, such as mineral solubility 
and trace metal availability, that may influence subsequent biodegradation. Aliphatic and aromatic 
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acids were also detected in association with the Pensacola creosote plume (Goerlitz et al., 1985). 
Quinolinone~ another metabolite, was detected in both the Pensacola creosote plume and in work 
previously reported for the current site (Fowler et al., 1994). This compound is a ketone of the 
N-heterocyclic compound quinoline, which is a significant constituent in creosote. Bennet et al. 
( 1986) determined that quinolinone was produced as a metabolite of quinoline by aerobic 
microorganisms from the Pensacola site. At the Bemidji site, Co7.Z81'elli et al. (l 994) attnbuted 
the observed accumulation of organic acids in groundwater to biodegradation of aromatic parent 
compounds in the anoxic ponion of the plume. The authors compared the Bemidji plume to those 
at Halloway and Pensacola, concluding that depletion of electron acceptors through microbially 
mediated oxidation of parent aromatics allowed the buildup of organic acids. . 

Methods 

Groundwater samples for aromatic acids were collected 1486 days after source emplacement, at 
the five multilevel samplers shown in Figure 4.1. Two or more levels were sampled at some 
locations .. for a total of nine samples. Collectio~ extraction and analysis were conducted 
according to procedures provided by Barcelona et al. (1995). In additio~ aliquots of each sample 
were analyzed for selected creosote compounds, according to the method descnoed in Chapter 2. 
Creosote compounds and aromatic acids included in the analytical suite are listed in Table 4.5. 

Table 4.5. List of aromatic acids and creosote compounds analyzed to evaluate for the presence 
organic metabolites. 

Creosote compounds (25) 
m-xylene, phenoL naphthalene, phenanthrene, 
dibenzofuran, carbazole, 1-methylnaphthalene, 
o-cresol.. p+m-cresoL 2,6-dimethylphenol, 
2,4+2,5-dimethylphenol, 2,3-dimethylphenoL 
3 ,5-dimethylphenol .. indole+2-methylnaphthalene, 
biphenyl, acenaphthylene, 
acenaphthene,dibenzofuran, 
fluorene, anthracene, tluoranthene, pyrene 

Results 

Aromatic acids ( 11) 
benzoic acid, 2-methylbenzoic acic:L 
methyl salicylate, 3-methylbenzoic acid, 
4-methylbenzoic acid, 
2,6-dimethylbenzoic acid, 
2,5-dimethylbenzoic acid, 
2,3+3,S-dimethylbenzoic acid.. 
2,4,6-trimethylbenzoic acid, 
3,4-dimethylbenzoic acid 

A summary of results for organic acid and selected redox-related parameters is provided in Table 
4.6 and complete acids results are given in Appendix 13. Samples from N3-0 were collected 
upgradient of the creosote source and were intended to provide data representative of background 
conditions. For the most part't results indicate that this location is not affected by the plume: 
creosote compounds and Fe2

+ were not detected, dissolved oxygen was greater than 1 mg/L, and 
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SO 4 
2
- was relatively elevated. However, the presence of relatively low, but detectable, 

concentrations of aromatic acids at this location was unexpected. These acids may be due to a 
widespread low level presence of aromatic acids in background groundwater or may be due to 
inadvertent contamination of samples after collection. 

Table 4 .6. Results of groundwater samples used to evaluate for the presence of creosote plume 
metabolites: aromatic acid~ creosote compounds and selected redox indicators. 

Multilevel Sample Total Total Dissolved Fe2+ so.2-
sampler point aromatic creosote Oxygen (ppm) (ppm) 

depth acids compounds (ppm) 
(m} {J?l!bl {22bl 

N3-0 1.8 42 0 >I <0.0S 15.4 
N3-0 3.0 278 0 >1 <0.0S 14.1 
SS12 2.93 149 11834 <0.01 0.06 9.29 
SS27 2.4 753 5S35 0.02 0.12 11.0 
SS27 3.3 18312 1S28 0.01 0.42 13.1 
9-1 L8 128 0 0.4 <0.0S 15.7 
9-1 2.4 2694 3724 0.5 0.19 12.9 
9-1 3.6 356 11508 0.5 0.24 10.6 
18-1 3.2 1509 6050 0.4 0.08 10.8 

Data for field blank samples are not available for further evaluatio~ due to a laboratory accident. 
However, the absence of detectable organic acids in a laboratory procedure blank indicates that 
contamination did not occur during extraction and analysis. For the purpose of interpreting the 
organic acids data set, it has been assumed that concentrations up to the maximum detected in the 
upgradient monitoring points (278 ppb) are due to processes unrelated to creosote compounds. 
Total aromatic acids detected on the shallow level of9-l, located 14.8 m downgradient of the 
source, were below this concentration, indicating that this point is probably in the upper periphery 
of the plume. The lack of detectable creosote compounds and Fe2 .. ,as well as relatively elevated 
SO" 2·, are further evidence that this location is above the plume, while the depressed dissolved 
oxygen concentration (0.4 mg/L) shows some degree of plume influence. 

The aromatic acids concentration at SS12, located immediately downgradient of the source, is 
also within the background range, providing evidence that the higher concentrations detected in 
other plume samples originated from biodegradation of plume compounds and not from the 
original creosote. If the aromatic acids originated from the creosote source, relatively high 
concentrations would be expected at SS 12, since it contained the highest concentrations of 
creosote compounds. It might be concluded, from the absence of elevated aromatic acids at 
SS 12, that biodegradation had not occurred by the time the plume migrated to this near-source 
point. However, the relative depletion ofboth dissolved oxygen (<0.01 mg/L) and so/· 
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(9.29 mwL) as well as the slightly elevated Fe2
+ concentration (0.06 mg/L) indicated significant 

biodegradation. If this is the case., then aromatic acids have been metabolized concomitantly with 
the parent organics., and have therefore not accumulated. 

Five other samples have been drawn from within in the plume, as indicated by detectable creosote 
compounds., and all of these show distinct evidence biodegradation and buildup of aromatic acids. 
Organic acids concentrations within this group range from 3S6 ppb at 9-1 (3.6 m depth) to a 
maximum of 18.,312 ppb at SS27 (3 .3 m depth). The concentration at the latter location is more 
than an order of magnitude larger than that of total detected creosote compounds at the same 
location and almost twice that of detected creosote compounds at SS 12., the most highly 
concentrated area of the plume. These samples also show concentrations of redox-sensitive 
parameters that are also consistent with plume biodegradation: dissolved oxygen and SO . .29 
concentrations were below background and Fe2

• was somewhat elevated., as indicated by 
comparison with NJ-0. 
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CHAPTERS 
CONCEPTUAL MODEL OF PLUME BERA VIOUR 

INTRODUCTION 

A common trait shared by many non-halogenated hydrocarbons ( e.g., P AHs, monoaromatics, 
phenolics and heterocyclics, as well as alipbatics and alicyclics compounds) is that they are 
suscepb"ble to oxidation by microbial action. Furthermore, the tendency for biodegradation 
generally increases with the oxidizing potential of the aqueous setting. A generalized conceptual 
model for natural attenuation of these type of compounds in groundwater bas gradually developed 
over the past two decades. Conclusions pertaining to the natural evolution of redox zones in 
groundwater (Champ et al., 1979) have been extended to anthropogenic sources of biodegradable 
carbon, in the form of landfills (Baedecker and Back, 1979a; Baedecker and Back, 1979b; 
Nicholson et al., 1983). With mounting evidence showing the environmental biodegradability of 
non-halogenated hydrocarbons (Alexander, 1985; Atlas, 1981), the concept ofredox zonation 
was extended to groundwater plumes evolving from petroleum products ( e.g., Bennet et al., 
1993) and other organic mixtures containing similar ranges of compounds (e.g., Mattraw and 
Franks, 1986). Furthermore, it has been recognized that biodegradation of these chemicals is 
favoured under more oxidizing conditions (Lee et al., 1988; Grbic Galic, 1990a; MacFarland and 
Sims, 1991 ). Also contnbuting to this framework was the development and application of 
mathematical modelling (Borden and Bedient 1986; MacQuarrie et al., 1990), which elucidated 
the important role of dispersion in plume biodegradation. 

The purpose of this chapter is to evaluate cenain aspects of the conceptual model for plumes that 
are susceptible to microbially ... mediated oxidation, in the context of the study plume. The general 
effect of biodegradation on plume behaviour is demonstrated by comparison with a non-degrading 
solute. Then the distribution and utili7.ation of electron acceptors are compared to the conceptual 
model. In doing s07 the relative importance of aerobic biodegradation versus biodegradation 
utilizing alternate electron acceptors was evaluated. In addition, total electron acceptor utilization 
was balanced against observed organics mass loss to test the applicability of the conceptual 
model, based on this assumption. The discrepancy in this balance is discussed in terms of organic 
intermediates (metabolites). 
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CONCEPTUAL MODEL 

Figure 5.l(a) illustrates the development ofan organic plume from a source that dissolves 
gradually into groundwater moving through the source. An expression that is often applied to 
describe the movement of a solute in groundwater is the advection-dispersion equation (Bear, 
1972): 

D a2c _ v ac _ Rae = 0 
1J c3.r2 I ax a, 

{S.l) 

where C= concentration (M/L3); D = the dispenion coefficient (L 2/T); v = average linear 
groundwater velocity (Uf); and t = time. Since the types of solutes that are of interest in this 
paper typically possess a degree of hydrophobicity, this equation is shown in a form that can 
represent the effect of sorption ideality on transport, as provided by the last term. In this t~ 
R = a retardation factor = / + (P'TJ)Kd where p = bulk density of the porous medium (M/L3); TJ = 
aquifer porosity (dimensionless); and Kd= aqueous/solids panitioning coefficient {L3/M). 
Sorption will tend to decrease the apparent velocity of a solute in groundwater in proportion to R 
such that: 

(5.2) 

where vgw = average linear groundwater velocity and vs= apparent solute velocity. In the absence 
of mass transformatio~ the outward development of the plume would continue under the 
influence of advection and dispersion_ The latter process would cause a gradual decrease in 
concentration along the flowpath over relatively long migration distances. Wrth mass 
transformation associated with biodegradation, decreases in concentrations occur over a shorter 
distance. Biodegradation also results in depletion of the most readily utilized electron acceptors 
within the plume. Since these most favourable electron acceptors are still present in groundwater 
just ouside the plume, the degree to which they participate in subsequent plume biodegradation 
becomes controlled by the rate at which mixing occurs on the plume periphery, due not only to 
outward flux of the plume but also to inward flux of the electron acceptor. This dispersive 
process is represented by the dispersion tensor term in Equation (S.1). In the three dimensional 
case, where flow is entirely in the x-direction, this simplifies to three dispersion coefficients: 

DL = al V + n· 
DTH= U-r-HV+D· 
Drr = «nr V + v· 

(5.3) 
(5.4) 
(S.S) 

Where the subscripts L~ TH and TV indicate parameters that apply in directions parallel to flow, 
transverse to flow in the horizontal (x-y) plane and transverse to flow in the vertical (x-z) plane, 
respectively; a == dispersivity of the porous medium (L); and v• = effective diffusion coefficient of 
the solute (L 2 ff). 
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Figure 5 .1. Plan-view illustration of the conceptual model for natural attenuation of 
aerobically biodegradable organics in groundwater: a) plume expands through dissolution 
from an organic source followed by advection, outward dispersive mixing of plume organics 
and inward dispersive mixing of mobile electron acceptors; b) preferential utiliz.ation of 
electron acceptors causes redox zonation; c) general dependance of biodegradation on redox 
condition causes zonation of biodegradation potential; d) plume stab.ila.es as the overall rate 
of organic mass transformation approaches the rate of source dissolution. 
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This peripheral mixing leads to a zonation of redox conditions according to the sequence of 
reactions proposed by Stumm and Morgan (l 970) and shown in Table 5 .1, where depletion of an 
electron acceptor leads to a decrease in oxidizing potential, leading to utilization of the next 
available electron acceptor in the sequence. In a dynamic groundwater system containing an 
biodegradable organic plume, these reactions lead to the zonation shown in Figure S. l(b ). These 
processes have been discussed in a bydrogeological context by Baedecker and Back (1979b ), in 
conjunction with the development of redox zones downgradient of a landfill. A more recent 
landfill study (Lyngkilde and Christensen, 1992b) provided detailed delineation of these 
characteristic redox zones. Zonation has also been shown to develop in biodegradable plumes 
from other organic sources, such as creosote (Mattraw and Franks, 1986) and petroleum 
hydrocarbons (Bennet et at,. 1993). 

Table 5. l. Standard Reduction Potentials and Free Energy Changes for Half Cell Reactions of 
primary electron acceptors. 

Sequence1 of Halfcellreaction2 

Electron Acceptors 

Oxygen Oi(g) + 41r + 4e- = 2H2O 

Nitrate 2NO1·+ 12H• + IOe·= Ni(g) + 6H2O 

Manganese MnO2 (s) + HCO1-(lo-1M) + 3Er + 2e·= 
MnCOis) + 2H2O 

Iron FeOOH(s) + HCO3 (IO-3M)+ 2W + e-= 
FeCOis) + 2H2O 

Sulphate S0.;2 +9Ir + se-= HS·+ 4820 

Carbon dioxide CO2 (g) +SH++ Se·= CH4'g) + 2H2O 
1 after Stumm and Morgan ( 1970) 
2 after Schwarzenbach et al. (1993) 
3 W - indicates conditions typical for natural waters 
"' value has been divided by the number of efectrons transferred 

Eoe(W)2.3 aGoa (W)2.' 
(V) (kJ/mol) 

+o.81 -78.3 

+o.74 -71.4 

+o.52 -50.2 

-0.05 +4.6 

-0.22 +21.3 

-0.25 +23.5 

Electron acceptors utilized earlier in the redox sequence are generally the most energetic, as 
indicated by the free energy changes for electron acceptors provided in Table S. l. Consequently, 
the development of redox zonation also causes zonation in the potential for biodegradation. As 
shown in Figure S. I ( c ), the most rapid rates are expected at the plume periphery, where dissolved 
organic compounds mix with oxygenated background groundwater. Rates are expected to 
increase inward, to a minimum in the methanogenic core. 
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Several field studies of dispersion in sand and gravel aquifers ( e.g., Sudicky et al, 1983; 
Garabedian et al., 1991; van der Kamp et al., 1994) have shown that A'i is large relative to IZr-H and 
that the latter is large relative to trn,-. Consequently, for biodegradable organic compounds, the 
potential for biodegradation (per unit area) is expected to be largest at the plume front, moderate 
on the sides of the plume and lowest ~t the upper and lower boundaries. It therefore follows that 
the relative importance of biodegradation at these three general plume locations (front, transverse 
horizontal periphery and transverse vertical periphery) will depend on plume configuration and on 
aquifer dispersivities ( aL., Um and Uyy, respectively). 

An extension of this concept may apply if the plume appoaches steady state as shown in Figure 
5 .1 ( d), which is the condition where the mass input to the plume over a given time period (~t) is 
equal to the mass biodegraded in the plume: 

(S.6) 

where q=Darcy flux (Ur); A=cross-sectional area of the source transverse to groundwater flow 
direction (L2); C0=source concentration (M/L3); Mss = steady state plume mass (M); and .l 
=plume-scale decay constant (1/T). As steady state is approached, biodegradation in the front 
region of the plume is expected to decrease, since the forward edge has ceased to advance. At 
this point, the relative importance ofbiodegradation on the sides of the plume is expected to 
increase. 

RESULTS AND DISCUSSION 

General Effect of Plume Biodegradation 

The code B1O3D was used to evaluate the behaviour of the plume on the basis of several 
simplifying assumptions. This numerical model is capable of simulating biodegradation limited by 
the concentration of a mobile electron acceptor and utilizing Monod kinetics. The original code 
was developed in 2-D by MacQuarrie et al. (1990) and later developed to 3-D by Frind et al. 
( 1989). Some of the parameter values related to aquifer properties and the source zone used in 
the model are shown in Table 5 .2. A sensitivity analysis showed that dispersion in the z-direction 
(vertical transverse) had only a minor effect on plume transformation, due to the relatively small 
value for trn· in the Borden aquifer: 10·10 m according to Sudicky et aL (1983). This value is 
several orders of magnitude smaller than 4'-ru and is in the range of molecular diftbsion. 
Consequently the model was configured in quasi-2D by setting up the grid with only one element 
in the z-direction, where ..dz was equal to the vertical thickness of the source (l.7 m). Additional 
details of this analysis are provided in Appendix 14. 
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Table 5.2. Model input parameters 

Parameter 
Porosity 
Ground water velocity 
Longitudinal dispersivity 
Transverse horizontal 
dispersivity 
Source concentration 
Source configuration 
Background D.O. 
Source 0.0. 

Retardation factor 

Value 
0.33 

0.091 m/day 
0.36m 
0.039 m 

0.4mg/L 
2 lobesx2x L7m 

2.5 mg;IL 
0mg/L 

4.67 

Source 
Mackay et al. (1986) 
Mackay et al (1986) 

Freyberg (1986) 
Freyberg (1986) 

this study 
this study 
this study 
this study 
this study 

The modelling analysis described herein was targeted at dt1>enzofuran_ Monitoring and mass 
balance calculations for this compound have shown that it essentially reached steady state by 626 
days after source emplacement., as illustrated in Figure 2.8. This distinctive behaviour provides a 
convenient benchmark for comparison with model results. Figure S.2(a) shows the observed 
configuration of the dibenzofuran plume at 626, 1008 and 1357 days, as indicated by the by the 
position of the 0.02 mg;IL contour at each of these times. Model results for a compound with 
source and sorption characteristics similar to those of dt1>enzo~ but undergoing no 
biodegradation, are shown in Figure 5 .2(b ). Comparison of these results show, as expect~ that 
the modelled plume continued to expand throughout this period, consistent with the suggestion 
that the actual dibenzofuran plume had stabilized due to transformation of dibenzofuran. 

Figure 5 .2( c) shows results intended to provide a preliminary indication of the relative importance 
of aerobic respiration in dibenzofuran transformation. This analysis used identical parameter 
values to those used previously with the exception that biodegradation was included_ Background 
dissolved oxygen was set at a value representative of the study site (2.S mg/L) and kinetic terms 
were adjusted so that biodegradation was essentially instantaneous in the presence of oxygen. 
Dissolved oxygen in groundwater flowing from the source was set at zero, on the basis of field 
measurements that showed oxygen to be depleted at locations immediately downgradient of the 
source. A value of 2.57 was used for the stoichiometric ratio between oxygen and dibenzofuran, 
according to the reaction: 

(5.7) 

which assumes complete mineralization of the organic compound. As shown in 5.2( c ), the 
modelled location of the dibenzofuran plume at 13 57 days was less extensive than the non­
biodegrading case but has migrated substantially further than the observed plume. The former 
observation was expected since 
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Figure 5.2. Configuration of the 20 ppb contour for the dibenzofuran 
plume at 626, 1008 and 1357 days according to plume monitoring 
(a.) and simulations with B1O3D (b. and c.). 
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biodegradation tends to limit migration. However, the latter was more surprising since 
dibenzofuran makes up a relatively small proportion of total plume mass. As shown in Table S.3, 
the mass of dibenzofuran in the plume ranged from one to two percent of total mass for the seven 
compounds represented in the table. Since the plume also contained compounds that are not 
represented in the table, the actual proportion of plume organics comprised of dibenzofuran was 
even smaller. Obviously, the exposure of dibenzofuran to oxygen under the modelled conditions 
was unrealistically high, yet the observed plume was still less extensive than predicted by the 
model. There are at least two potential explanations for this: I) a significant portion of the 
biodegradation utilized other electron acceptors, 2) biodegradation did not proceed to complete 
minerali7.ation so that the stoichiometric ratio used for dtbenzofuran transformation is 
unrealistically large. These are discussed in the following. 

Table 5 .3. Masses of selected compounds in the emplaced creosote source plume; includes 
dissolved phase (from monitoring) and sorbed phase (estimated fromK/s). 

Compound 626 1008 13S7 
days days days 

m-xylene 216.0 164.7 76.2 
phenol trace trace trace 
naphthalene 732.9 9S7.2 1242.8 
phenanthrene 0.3S9 S.S4 3.16 
dibenzofuran 21.72 22.04 22.56 
carbazole 7.22 17.15 15.98 
1-methylnaphthalene 21.99 27.33 40.93 

Electron Acceptors 

A summary of data related to electron acceptors (Oi, No1- and SO/) or reduced products (Fe2+, 
Mn2

+ and CH4) is shown in Figure S .3 in the form of a comparison between groundwater inside 
and outside the plume. In general, concentrations changed in a manner that is consistent with the 
conceptual model ofaerobic.biodegradation on the periphery of the plume and more reducing 
conditions within the plume: Oi, NO3-and so/-decreased while Fe2+, Mn2

• and CH, 
concentrations increased. This is evidence that alternate electron acceptors play a significant role 
in biodegradation of the plume. 

An indication of electron acceptor distn'bution along a plume cross-section oriented 
approximately parallel to groundwater flow is shown in Figure S .4. Although there are too few 
data points to provide detailed delineation, it is apparent that some redox zonation occurs but that 
well-defined zonation has not developed. Dissolved oxygen was depleted within the plume, 
although low concentrations persisted throughout. NO3- was persistent at appreciable 
concentrations, even though evidence exist that less energetic oxidants were utilized: Fe2

\ Mn2 
... 
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Figure 5.3. Average concentrations ofredox-related parameters 
in background and plume groundwater; samples were collected 
following synoptic plume sampling at 626, 1008 and 1357 days 
after source emplacement. 
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Figure SA. Distribution of oxidation reactants and products at 1460 days after source 
emplacement; plan view on left shows areal locations of selected multi--level samplers; 
cross-sections on right side show point sampling locations and associated concentrations. 
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and CH4 have generally increased while SO.t decreased. In general, the distnbution of electron 
acceptors indicated that plume biodegradation had not achieved equilibrium, with persistence of 
more energetic electron acceptors at locations where less energetic acceptors bad apparently been 
utilized. This may be due to transient conditions with respect to flow direction as well as aquifer 
heterogeneiti~ which may cause mixing of electron acceptors, rather than sequential depletion, 
as would be expected along a consistent flow path. Evidence of substantial variability in 
groundwater flow direction was determined by Linderfek (pers. comm) and is shown in Figure 
5.5. 

The overall significance of various electron acceptors in plume biodegradation was estimated by 
expressing concentration change as a stoichiometric potential for biodegradation. Table S .4 
shows the stoichiometric ratio between oxygen and six plume organics and illustrates the 
relatively small range in these values, from 2.57 to 3.24. Ratios for other electron acceptors are 
not sho~ but these generally show the same relative range in values, with respect to the six 
compounds shown, and other creosote compounds. On that basis, the values for dibenzofuran 
have been used as an approximation for all plume compounds; these values are shown in Table 
5 .5. The total mass of individual electron acceptors (M0x) involved in biodegradation over a 
given period of time (t) was estimated according to: 

(5.8) 

where AAux = maximum plume cross-sectional area perpendicular to groundwater flow (L 2); Ag(c 
= cross-sectional area of plume influent (L2); q = Darcy flux (LIT); iSC0x = change in average 
concentration of oxidation reactant or product from background to plume (M/L3), as estimated 
from the average concentrations depicted in Figure S .3. This approach asssumes that plume 
mixing does not occur substantially beyond the lateral boundaries of the plume: a reasonable 
assumption considering the small 1Zr1f and trr,v values determined for this site. The expected loss 
of organics associated with the change in electron acceptor was calculated on the basis of 
stoichiometric ratios for dibenzo~ and assumed complete mineralization, as per the reactions 
shown in Table 5.5. 

Table 5 .4. Oxidation reactions involving oxygen and selected creosote compounds. 

Compound 

m•xylene 
naphthal~ne 
dibenzofuran 
phenanthrene 
carbazole 
1-m.naphthalene 

Reaction 

C1H10 + I 0.502 - 8C02 + 5H20 
C1off1 + 1302 - IOCO2 + 4H2O 

C12H10 + 13.S02 - 12C02 + 4H20 
C14H10 + 16.S02 - 14C02 + SH2O 

c,2H1N + 1s.so2 - 12co2 + 4H20 + Nol­
e, 1H10 + 13 .50., - 11 CO2 + 5820 
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Stoichiometric mass ratio 
(02:organic) 

3.17 
3.24 
2.57 
2.96 
2.97 
3.04 
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Figure S .5. Variation in direction of groundwater hydraulic gradient at the emplaced 
creosote source site; data from Linderfelt (pers. comm.). 
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Calculation results are summarized in Table S .6. They indicate that 0 2 was the most imponant 
electron acceptor, accounting for just over half of the expected biodegradation, closely followed 
by SO4 

2
- (approximately 40% ). Although average NO; concentration differed between the plume 

and background (Figure 5 .3), associated biodegradation was not calculated, since the change was 
determined to be statistically insignificant (see Chapter 4). Biodegradation coupled to production 
of Fe2 

... and Mn2
+ was apparently minor in this plume, with each accounting for less than 1 % of the 

total. Methanogenesis accounted for a slightly larger proportion, approximately 3%. 

Table 5.5. Overall oxidation reactions involving ch"benzofbran and primary electron acceptors. 

Process Overall reaction 
( monitored parameter) 

aerobic respiration c.:11.ao + 13.502 - 12co2 + 4"10 

(OJ 
denitrification C,2ffsO + l0.8NO; + 10.81-r - l2CO:z + 4ffiO + S.4N2 

{NO3-) 
manganese reduction CJJ.O + 27MnO2 + S4Ir - 12co2 + 3 II-lzO +27Mn2

+ 

(Mn2+) 

iron reduction c.J-1.o + S4Fe(0H)3 + l08Er - 12co2 + 139Hi0 +54Fe2
+ 

(Fe2+) 
sulphate reduction C1JI.O +6.75S0,.2·+ 13.sfr- 12C02 +4H:O +6.7SI-lzS 

(SO,/-) 
methanogenesis C1JI.0 +9.5"10 - S.2SC02 +6.75CH4 

(CH.) 

Stoichiometric 
mass ratio 

(parameter.organic) 
2.57 

3.98 

8.82 

17.93 

3.86 

0.65 

A comparison of the total stoichiometric change in electron acceptors vs. the total observed 
change in six plume compounds is provided in Table 5.6. Results for the plume compounds have 
been determined through detailed plume mass balance as discussed in Chapter 3. Laboratory 
quantification for 19 additional creosote compounds (see Appendix 2) indicated that these six 
represented more than half of the plume mass. However, assuming that oxidation proceeds to 
complete mineraliatio~ as per the reactions in Tables 5.4 and 5.5, then the change in electron 
acceptors accounted for only approximately one quarter of the mass transformation calculated for 
the six compounds. This discrepancy is even more significant considering that additional 
transformation of other compounds had probably also occurred. The most probable explanation 
for this discrepancy is that transformation does not necessarily proceed to complete mineralization 
but may result in production of intermediate products (metabolites). Consequently, compound 
disappearance requires lower than expected quantities of electron acceptors. The production of 
metabolites within the plume was discussed in Chapter 4 and is further discussed below, in the 
context of the conceptual model. 
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Table 5 .6. Balance of oxidation reactants or products against mass loss of creosote compounds; 
for period from 626 to 13 57 days after source emplacement. 

Oxidation Total estimated 
reactant change due to plume1 

or product (g) 
02 -477.7 

N03- --172.0 
Mn2+ +16.4 
Fe2+ +34.8 

so/- --516.5 

CH, +7.2 

Total 
see text for derivation 

Associated change expected 
in plume organics1 

(g) 
185.9 .. na-

1.9 

1.9 

133.8 

11.3 

334.1 

Observed loss of 6 
plume organicsL 

(g) 

1220.6 

2 The expected change in plume organics associated with the change in NO; was not 
calculated because the latter was determined to be statistically insignificant. 

Organic Metabolite Distnbutions 

Metabolic oxidation of aromatic, heterocyclic and phenolic compounds is known to involve 
breakdown of the parent compound through sequences of panially--oxidized intermediate products 
(Grbic-Galic, 1989 and 1990a; Smith, 1990), sometimes called metabolites. A number of organic 
metabolites have been detected in the current study plume and were discussed in Chapter 4. An 
indication of their distribution, as total aromatic acids, is shown in Figure S. 4. The extent to 
which the production of metabolites may affect electron acceptor utilization is difficult to quantify 
because a wide variety of these products may be produced, depending on redox condition and 
parent compound. In additio~ little is known about their environmental persistence. However, 
the effect of metabolite production on electron acceptor requirement can be demonstrated in a 
qualitative sense by considering the transformation of naphthalene to salicylic aci~ a pathway 
discussed by Smith (1990). Both parent and intermediate were detected in the study plume, 
although it is possible that the latter could also originate from other parent compounds. A 
possible overall reaction to describe this pathway under aerobic conditions is: 

C1J{8 + 502 - 3CO2 + 1H2O + C7}'6O3 (5.9) 
(naphthalene) (s.,licylic acid) 

In this reaction, the stoichiometric ratio between 0 2 and naphthalene is 1.24, as opposed to 3 .24 
in the reaction shown in Table S.4, where napbthalen~ transformation proceeds to complete 
mineralization. This illustrates two important points with regard to organic compound 
biodegradation. First, the potential for parent compound transformation involving a given mass of 
electron acceptor may be substantially underestimated if complete mineralization is assumed. This 
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does not contradict the concept of redox zonation as outlined in the conceptual model. However, 
it does imply that the redox zones of early electron accepton (02 and NO3-) may be larger than 
expected: the electron acceptors may penetrate further into the plume than expected, before they 
are depleted. Secon~ the production of persistent metabolites adds a degree of complication to 
predicting and modelling plume configuration as a function ofbiodegradation and is generally not 
accounted for in the conceptual model. 
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CIIAPTER6 
SUMMARY AND CONCLUSIONS 

In gen~ trends in compound flux from the source were qualitatively consistent with predictions 
based on Raoult's law (Chapter 2). Selected organic compounds displayed an entire spectrum of 
plume behaviour. Phenol was completely dissolved from the source relatively early in the study 
and migrated downgradient as a discrete slug. Minimal detection of phenol in synoptic 
monitoring at 627 days indicated that this compound was substantially transformed. The 
m-xylene plume was observed to migrate to a maximum observed distance at 627 days and then 
to recede back toward the source as the rate of flux into the plume decreased to below the rate of 
plume transformation. 

The phenanthrene plume was also observed to recede, although the flux of phenanthrene into the 
plume continued to increase up to the last synoptic monitoring event. Advancement of the 
carbazole plume was similar in that the rate of advancement bad decreasecl.. or poSS1oly halt~ in 
the most recent snapshot. However, in the case of carbazole, mass flux from the source also 
decreased, probably in response to source depletion with respect to this compound. 

The plume of dibenzofuran remained relatively constant in extent during the last two years of 
monitoring. A relatively constant rate of dtl,enzofuran dissolution from the source, and a 
matching rate of plume transformation are considered the causes of this apparent steady state 
behaviour. Two of the selected compounds, naphthalene and 1-methylnaphtbalene, continued to 
migrate outward despite apparent decreases in their respective input fluxes over time. 

A mass balance exercise (Chapter 3) showed significant rates of plume transformation for all 
seven compounds selected for detailed analysis in this study. The interaction of mass flux into the 
plume and mass transfonnation within the plume caused a range of mass balance results, 
depending on the comparative magnitudes of these processes. These two processes exerted 
approximately equal influence on dibenzofuran., with the net effect that the dtDellZofuran plume 
remained approximately static with respect to mass and position., for the last two years of 
monitoring. This is evidence that an organic plume can stabilize, even in the presence of an 
ongoing source: the first conclusive field observation of this type, that the author is aware of. 

Behaviour of the m-xylene plume was characterized by initial mass increase followed by a 
decrease, as the rate of mass flux into the plume decreased to below the rate of plume 
transformation. Carbazole mass balance results indicated similar behaviour although the process 
of reversal occurred more slowly and was probably just beginning during the study period. Rates 
of mass flux into the plume were in excess of transformation for naphthalene and 
1-methylnaphthalene and, especially in the case of the former, significant additional plume 
expansion was expected to occur before these two processes approach a balance. 
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For phenoi the rate of mass flux initially &r exceeded plume transformation.. The former was so 
large that the source was rapidly depleted with respect to phenol and a discrete slug-like plume 
was formed that was subjected to transformation as it migrated down gradient. Almost all of the 
original phenol mass in the source was transformed after 439 days. Transformation was also 
indicated for phenanthrene,, although results were less conclusive. This compound is the most 
hydrophobic of those reported on herein,, and the results highlighted the difficulties in evaluating 
natural attenuation of highly sorptive organic compounds. 

In general, considerable attenuation of organic compound plumes was apparent,, well in excess of 
that which could be expected due to hydrodynamic processes. These results indicate that there is 
high potential for natural attenuation to remediate plumes composed of these types of 
compounds, depending on the acceptable distance of plume migration. The results also highlight 
that attenuation rates are highly compound-specific. 

Multiple lines of evidence were used to evaluate whether observed mass loss determined from the 
mass balance was due to biodegradation (Chapter 4). A microcosm experiment showed that 
indigenous aquifer microorganisms from within the creosote plume were capable of metabolizing 
creosote compounds aerobically. Biodegradation was most rapid for naphthalene and carbazole 
and nutrient addition accelerated the rate for all compounds. Accumulation of carbon dioxide in 
the headspace of the active microcosms and low plate counts in the controls provided additional 
e~idence that observed compound loss was due to microbial metabolism. 

Selected redox-sensitive parameters generally showed the types of changes that would be 
expected in association with plume biodegradation. Dissolved oxygen and SO4 

2-decreased in 
groundwater within the plume while significant increases were noted for Fe2

+., Mn2
+., and methane. 

The behaviour of N03- was inconclusive. Further evidence that the observed mass loss was 
microbially-mediated was provided by accumulation of aromatic acids within the plume. 

Biodegradation of plume compounds was also supported by PLF A data. Microbial biomass, 
evaluated on the basis of PLF A concentration,, was greater within the plume, presumably due to 
plume-supported microbial growth. Furthermore, PLF A composition indicated that the rate of 
microbial turnover was higher in the plume., although it may also show that the plume was 
somewhat toxic to aquifer microorganisms. 

Data from this study and a previous microbiological investigation at the site (Barbaro et al., 1994) 
indicated that results from standard plate count analysis may be strongly influenced by vertical 
dissolved oxygen trends, which were present in both contaminated and uncontaminated 
groundwater. In this scenario, plate counts may be less useful than PLF A to evaluate biomass 
changes in response to the introduction of organic contaminants. 

Modelling dibenzofuran as a sorbing/non-decaying solute supported the suggestion that mass 
transformation is a strong influence on behaviour of the study plume (Chapter S). However, 
modelling results indicated that the observed transformation of this compound was far in excess of 
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what could be achieved by aerobic respiration proceeding to complete mineralization. Much of 
this excess is attributable to utilization of alternate electron acceptors .. consistent with the 
conceptual model and supported by geochemical data The bulk of the transformation was due to 
utilization of 0 2 and SO./- as electron acceptors. Neverthel~ the total change in electron 
acceptors was still not large enough to account for the observed organics loss, if transformation 
was assumed to proceed to complete mineralization. 

Metabolite data provided qualitative evidence that a significant proportion of the organic 
compound biodegradation did not proceed to complete mineralization (Chapter 5). This 
conclusion highlights a complication in modelling biodegradation with a stoichiometric approach: 
transformation of a given mass of organic may require an unexpectedly small quantity of mobile 
electron acceptors (02, N03-, SO./- and COJ to mix with the plume, and may also account for 
some of the discrepancy in the electron acceptor mass balance. The effect of this process was 
large enou~ in the study plume, to warrant in~rporation of this process into the conceptual 
model for natural attenuation. 

The distnbution of dissolved oxygen was generally consistent with the conceptual model for 
natural attenuation of aerobically biodegradable organic compounds in groundwater (Chapter 5). 
However, the distribution of alternate electron acceptors within the plume core did not show a 
strong trend, such as those delineated at other sites. The absence of discrete redox zones may be 
attributable to fluctuations in groundwater flow direction which may cause instability between 
zones. Another possible explanation is that rate of alternate electron acceptor utilization was not 
sufficient to establish discrete redox zones. 
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CBAPTER7 
RECOMMENDATIONS 

Following are some general recommendations for additional research related to this work: 

1. The persistence of organic metabolites originating from several of the aromatic 
compounds observed in this investigation should be evaluated under various redox 
conditions. The purpose of this work would be to evaluate the importance of metabolites 
generation on a mass balance of electron acceptors versus parent compound 
disappearance. The study would be primarily based on laboratory experimentation and 
could be accompanied by plume sampling. Results could have implications for plume 
biodegradation and modelling. 

2. Research should be conducted to develop field methods for determining in situ rates of 
biodegradation at various discrete plume locations. This type of information may 
contnoute towards an improved understanding of the interaction between dynamic plume 
processes and plume biodegradation. It may also contnoute towards improved prediction 
of natural attenuation and development of semi-passive methods for plume remediatioa 

3. Investigation of small-scale changes in microbial ecology in response to the introduction of 
aerobically biodegradable organic compounds should be undertaken. The purpose of this 
work would be to evaluate changes on microbial communities in response to new carbon 
sources and redox conditions, and it would involve both laboratory and field components. 

4. Detailed geochemical modelling of the data set used herein should be undertaken to 
improve the understanding of electron acceptor utiliation and distnoution. 
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APPENDIXl 
MULTI-LEVEL SAMPLER SPECIFICATIONS 

Table Al. I Specifation of multi-level samplers added to the monitoring network 
through the current study. 

Sampler r y Depth of first No.of Vertical 
coord. coord. sampling level levels spacing(m) 

(m below S!d) 
6-NS 8.00 -7.50 2.00 14 0.2 
6-NS 8.00 -6.00 2.00 14 0.2 
9B-N4 16.75 -7.00 1.80 14 0.2 
9B-N3 16.75 -5.00 1.80 14 0.2 
13-N4 22.SO -10.50 1.80 14 0.2 
l3-N3 22.50 -7.50 1.80 14 0.2 
l7-N3 29.00 -IO.SO 1.80 14 0.2 
17-N2 29.00 -7.S0 1.80 14 0.2 
21-N3 37.00 -10.00 1.80 14 0.2 
21-N2 37.00 -6.00 1.80 14 0.2 
26-N2 47.00 -9.00 1.80 14 0.2 
26-Nl 47.00 -5.00 1.80 14 0.2 

Note l: x-y convention is reverse of Hubbard et al. (1994) 
Note 2: Hubbard (pers. comm.) stated that the depths of the shallow sampling levels 
are incorrectly shown in Hubbard et al. (1994) and should be 2.8m rather than I.Sm 
for the following samplers: 
* 24-4 
* 25-1, 2, 3, 4, S 
* 26-0, 1, 2, 3, 4, 5 
* 27-1, 2, 3, 4, 5 
* 28-1, 2, 3, 4, S 
* 29-1, 4, 5 
* 3 0-I , 2, 3, 4, 5 
* 3 l-1, 2, 3, 4, 5 
* 32-1, 2, 3, 4., 5 
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APPENDIXl 
SYNOPl'IC SAMPLING DATA 

Data on dissolved creosote concentrations from the six synoptic sampling events are provided on 
the computer diskette in the envelope attached to versions of this thesis on file at the University of 
Waterloo. Data are in field-fonnatted ASCil and reside in six files (filename.txt), named for the 
time (days) of each sampling event (SS, 278, 439,. 626, 1008, 13S7). Data for the first two events 
were originally reported in Malcolmson (1992) and Nielsen and Hansen (1992), respectively. 

A field protocol for the last event (13 S7 days) is attached. 

Data from source cores (sand) collected in conjunction with the 626 day synoptic sampling event 
are provided in Table 1. Data for cores collected at SS and 278 days were provided by 
Malcolmson (1992) and Nielsen and Hansen (1992)., respectively. 
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FATE AND TRANSPORT OF CREOSOTE IN GROUNDWATER 
PIID Researcll Project· Mark King 

Collllc:tion of Samples for Day 1357 Snapshot 
Written: May 1995 

General 

A set of groundwater samples will be collected from apprmimately every second row of bundle piezometers 
at the em placed creosote site. A lilt of piezometers fD be Ampled is attached as Table 1. A sample will be 
collected from all levels (typically 14) of each piezometer in the list The collection period is expected to last 
five days. The emplaced source fee., IOil with sorbed and residual creasote) will not be cored in conjundion 
with this snapshot. 

Sampling Methods 

Samples will be colledad with the manifold sampling system that has been developed in past studies done at 
this site. At least 50 ml will be purged from each sampling 1Ube prior to sample collectfon. Samples will be 
collected in 18 ml glass ballles which will be sealed wlh crimp-top lids immed"aately after •mpling. Samples 
will be stored in refrigerated containers and kept inwrtad until anatyzed. 

The field team wll consist of three to four people working wilh two sampling manifolds. Two people 'WII Vt10rk 
with the samping rnamofds and the l'8ITlllining person will prepare bundle pieZometers and sample bottles in 
advance of the samplers. The latter will do the following: 

• 
• 
• 
• 
• 
• 

determine which tube represents which level at each location 
replace milling level taga 
replace the tubing back in the casing after the •mpl• are collected 
re-mark well Clllings 
tape and label sample boales 
miscellaneous running around . 

The following QAIQC procedures will be used for the Cl'80IOte 1■mpling: 

A} Field blanks - approximately 10 of these will be collected throughout the creosote sampling period. 
Samples 'WII be taken 'Niltl the marifold sampling system Uling a procedure identical to that used for 
piezomel8r sampling, ie., 50 ml purge, etc.. They will be drawn nm a ballle of deionized water that 
will be pn111ntthroughout the ■amping period. These samples will not be identified to the analytical 
laboratory. 

B) Travel blanka-'WII be colleclld --,he a fteld blank is collec:llld. They will be pourad dir8dly from 
the deioniZed water baffle, ie., wilhout Ulfng the umping manirald. The■e umples wll also not be 
identified to the analytical laborn>ry. 

C) F"ield dupficates-apprmirnately10 ofthelewill be collected owrthewnpling period. 

D) "Holding Tine. umplea-the purpo■e of these. to evaluate the etfllct of 9XCHID holding times on 
sample inllgily. To compo■e bm, a 1-L ample wll be collec:tlld from near the IOW"C8 (NS-) at 3-
00.7, and further tom the source (FS-) at 11.o-a. Eadl 1-L ample wll be apportioned to 411 a mL 
sample bottles in the field labelled NS-1 through 8 and FS-1 llraugh 8 (an b4)1icate). Samples 1 
through 4 (lolal of 24 Amples including trfplicateS Ind bGltl NS- and FS-) v.tl be ellraclad, in 
sequence.~ fNefYfoulthdayoverthe entte eJdrac:lorl period. They will all be analyzed 
on the same day, as Nrly as poaible in the analytical periad. A record of the date of extraction and 
analysis will be kept. Samples 5 llrough 8 (NS- and FS-) will all be extracted at the same time, as 
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early as possible in the extraction period {probably May 16). They will be stored with the normal 
snapshot extracts and will be analyzed in sequence. every third week over the entire analysis period, 
with a record kept of the date of analysis. 

E) Mathad blanks-wll be composed during labaratory analy.lis. They will be drawn from the deionized 
water used to rinse the gllll& syringo beb.wen subumpling of 1he samples. One method blank will be 
composed for each bundle piezameter (generally one every fourteen umples), as per1he standard 
analytical protocol developed for creosote analylis 

F) Spiked standards - alllO as per the standard pratocol, spiked s1andards will be composed during 
analylis and wll be idenlclll to melhad blanks mptthat • me..,red ■mount of chemical standards 
will be added to each sample. One spike will be composed for each bundle piezometer. 

Some Problems to Avoid 

Experience in previous snapshots incricates that there is great potential for errors during collection of such a 
large number of samples. Some pilfalls to be aware of: 

• 

• 

• 

Improperly placed sepia (lificon side towards the water) will result in erroneously low analytical data . 
PuniShment for commillng an error of this type wil be swift and cruel. 
Labels may be missing on same of the bundle piezorneters tubes. If there is doubt wilh regard to 
assignment of levels to tubing, I should be noted on the monitoring sheet 
Lab and field QA/QC samples are extremely inportant and should be composed according to the 
frequency stated earlier. 

Schedule 

The following schedule is projected for field and laboratory work associated wlh the snapshot sampling 
program: 

- Collection May 15-May 19 

May 16-May30 

May 31 ... Sept 1 Kim 

John, Jim, Mark, Kim on first day 

Kim,Katherine,MicheUe.Stave - Extraction 

-Analysis 

Some final notes re the week in the field: 

• 
• 

• 
• 

work will proceed rain or lhine, so bring some rain gear and warm clothes 
initial accommodation wll be at one of lie l11111riaus, three llar motels located on the famous 
'Walkway of the S11n• in...,. doMIIDvwl Ang111. Lllter in the WNk we may move to the Waterloo 
trailer park at Borden If the opportunly ■riles, so bring • sleeping bag 
you wit be reimbursed for your food expenses, so bring 10111e cash 
complimentary bug spray and 111n.block wll be pravided 
we will travel to the lite together early Monday morning in an Earth Sd. vehicle 
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list of Materials 

- 18 ml hypovials (as many as available up to 2000) 
- teflon septa (2000) 
- metal caps (2000) 
- sample tape (15 rolls) 
- sample pens (3) 
- latex gloves (one box large, one box medium) 
- waste bottles (total capacity of 200 r1tres) 
- organic free water for blanks (1 O litres) 
- magic marker (for marking casing) 
- masking tape 
- sandwich bags (for •mples, 200) 
- 1-L brown amber sample botll• (8) 

List of Equipment 

- sampling manifolds (2) 
- battery (2, including Kim's) 
- ice packs (as many as passable) 
- coolers (7) 
- crimper (a good one!) 
- peristaltic pumps (l(ims + one DC, one AC) 
- well stocked tool kit 
- 200 foot extension cord 
- suction head (for taking single samples from stainless bundles) 
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Table I. Analytical results for creosote source core samples collected in May, 1993; the source was cored al six locations 
(three in each of the two source lobes); samples with relatively low concentrations have probably been obtained from just 
outside the source (above, below or to the side); concentrations are in mg/kg diy weight. 

com no.: I I I I I 2 2 2 2 2 3 J l 
dcnlh {m below lll'lldcl 210.22 230.42 256.IS 308.90 334.93 231.14 205.74 2S7.37 280.38 331.81 226.09 201.61 256.24 
m-xvl o.o 80.5 76.3 Sl.7 6.9 o.o 0.0 197.8 0.0 0.0 o.o 0.0 0.0 
,nhfln 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 
o-aa 0.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0,0 o.o 0.0 0.0 0.0 
o+m o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o o.o 0.0 o.o 0.0 
2.6 0.0 2.4 o.s 0.0 0.0 0.0 0.0 2.7 0.0 0,0 0.0 o.o 0.0 
2.4+2.S 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 
2.3 0.0 0.0 0.0 0.0 0.0 o.o o:o 0.0 0,0 0.0 o.o 0.0 o.o 
3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 
nanh 0.0 1008.0 634.3 540.6 151.0 46.3 0.0 1226.0 80.8 2.2 o.o 0.0 o.o 
ind+2.m.n 0.0 605.1 403.4 440.6 224.3 312.0 0.1 800.6 142.9 44.6 0.0 0.0 0.0 
1-m.n 0.0 231.5 154.8 169.7 86.6 114.7 0.5 307.1 49.1 13.5 0.0 0.0 0.0 
binh 0.0 244.S 177.9 196.5 81.9 110.1 0.0 345.8 69.6 7.5 0.0 0.0 0.0 .... , 0.0 42.9 2.7.1 30.0 IS.I 22.6 0.0 62.1 12.7 7.1 0.0 0.0 0.0 
aecn I.I SJB.O 334.8 304.6 364.7 .558.S :u 642.0 332.5 171.7 0.0 0.0 0.0 
dib 0.8 582.0 371.0 ]86.9 210.2 339.9 2.1 719.9 209.9 137.1 0.0 0.0 0.0 
fluar 0.9 754.8 500.4 537.5 278.3 472.7 l.6 1066.2 • 320.2 254.8 o.o o.o 0,0 
lmhm 3,2 1732.7 1151.S 1231.1 643.2 1101.4 8.6 2516.3 754.3 650.5 J.O 0.0 0.0 
1111h 0.0 151.6 17.5 100.S SI.I 83.3 0.9 170.6 59.1 49.5 o.o 0,0 0.0 
Cllb 0.0 161.6 113.1 123.4 47.5 75.0 0.0 170.7 49.1 30.2 0.0 0.0 0,0 
ftuon 2.0 788.7 S22.8 559.0 303.9 50].0 3.8 1194.6 343.3 342.9 1.3 0.0 0.9 
IDVIIIIIII 1.6 670.1 442.8 476.9 243.9 426.3 3.0 1013.6 274.4 278.1 I.S o.o I.I 
B-lnlh 0.0 185.S 118.8 12,.1 70.3 IIS.O 0.6 270,4 78.1 84.4 o.o 0.0 0.0 

1chrvl 0.0 170.6 114.l 122.4 65.6 111.6 0.0 244.6 77.4 77.6 0.0 0.0 0.0 
B-ftuon 0.0 131.4 87.1 87.6 54.0 83.4 o.o 195.1 .58.6 68.5 o.o 0.0 0.0 
8-nvr 0.0 65.2 44.1 42.7 25.7 42.3 0.0 97,6 21.1 34.2 0.0 0.0 0.0 
ind+dib 0.0 21.2 11.S 16.6 10.0 18.1 0.0 41.1 12.8 12.8 o.o 0.0 0.0 
bemo 0.0 12.3 1.6 8.1 S.I 1,8 0.0 18.6 6.7 6.8 0,0 0.0 0.0 

3 J 
297.18 338,12 

0.0 o.o 
0.0 0.0 
0.0 0.0 
0.0 0.0 
o.o 0.0 
0.0 o.o 
o.o 0.0 
0,0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
2.0 0,0 
0.0 0.0 
0.0 0.0 
0.0 0,0 
0.0 1.2 
o.o 3,7 
0.0 0.7 
0.0 0.0 
1.3 4.S 
1.5 3.9 
o.s 1.0 
0.0 l.2 
0.0 0.0 
0.0 0.0 
0,0 0.0 
0.0 0.0 



Table I. (continued) 

CONno.: 4 4 ◄ .. 4 4 5 5 s 5 5 5 6 6 6 6 6 6 
.da6tmbelnw...&si 210.39 196.95 25'7.69 219.56 219.56 321.43 235.96 209.61 255.'72 211.97 211.97 323.40 23U9 211.76 256.20 219.56 219.56 )22.92 
RMM 11.7 0.0 152.6 242.1 IIU 275,6 0,1 0.0 126.0 129.5 141.1 19.2 1.3 o.o 70.S 34.7 35.9 2.2 
lahm 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
o-crn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 
D+ln 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 
2..6 2.6 0.0 3.S u 3.0 3.1 0.0 0.0 2.0 I.I 2.1 2.5 :u 0.0 3.S 2.1 2.0 I.I 
2.4+2.5 0.0 0.0 0.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.0 
2.J 0.0 o.o 0.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 o.o 0.0 0.0 0.0 0,0 0,0 
u 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
nuh 1126.7 0.0 1224.0 1119.J 1174.0 1213.4 427.1 0.0 90.U 671.7 717.4 1202.1 903.9 0.0 1354.7 110.1 752.l lll.7 
indt2.IIUI 519.7 0.0 676.1 697.5 665.0 697.4 317.2 0.0 416.5 313.2 43U 621.1 511.1 0.0 712.'7 433.0 ]91.3 43S.2 
l-111.n 225.6 0.0 259.6 267.7 255.3 267.7 121.9 0.0 116.2 147.2 165.9 240.1 191.S I.O 273.1 166.2 153.0 167.0 
bi• 266.1 0.0 l09.2 311.0 JOU 317.1 135.1 0.0 219.7 17J.I 197.2 211.5 221.9 0.0 322.5 194.0 111.1 195.S 
ICGft,,Y 40.6 0.0 47.7 50.0 49.1 53.2 21.3 0.4 32.'1 25.1 31.6 42.0 34.3 0.0 49.0 21.1 27.9 29.1 .... 522.4 IJ 557.1 604.l 554.0 592.2 480.0 ,.o 377.0 261.9 Jl2.0 539.4 402.4 u 620.7 127.1 291.1 651.6 
dih 564.0 0.1 52.4 677.4 59U 610.7 279.9 2.3 420.1 334.7 ]I0.2 537.7 411.0 2.1 61:Z.5 377.7 341.9 377.0 
ftuor fll.S I.S 153.2 174.7 133.4 161.3 316.3 u 593.2 464.4 s:u.s '179.2 642.2 4.4 17'7.'7 Sll.2 414.S 531.J ,.... 

~; 
'.._ 1651.4 u 1913.'7 2004.J 1901.J 1969.0 nu 0.1 IJS4.I 1064.1 1216.7 1719.1 ... 71.0 100 201U 1223.1 1112.0 1211.1 
: .... 142.1 0.0 151.6 174.9 146.5 146.1 77.0 u 123.5 16.9 96.0 160.] 131.3 I.O II0.7 109.4 19.'7 97.S .. Ill.I 0.0 ]7.5 241.4 215.l 221.l 19.l 0.0 141.0 110.2 121.9 235.'7 141.1 0.0 229.5 121.6 Ill.I 116.2 

ftuma 746.0 2.1 907.I 913.9 155.7 19U 391.2 7.5 .607.2 ... ,., 556.2 112.0 655.3 u 920.4 556.4 sou 546.1 
D\ftll8 632.4 1.7 775.6 777.1 727.2 764.1 339.5 6.1 SIU 415.5 470.0 619.6 555.1 l.6 111.9 411.6 431.7 467.4 
8-111111 170.7 0.5 213.0 215.6 195.S 212.4 90.1 1.4 131.4 1107 l'M.5 191.4 147.3 0.'7 216.0 125.7 115.3 124.7 
1r.hrv. 151.0 0.0 201.1 191.1 116.4 196.7 19.6 1.4 134.9 IOU 120.1 175.5 145.3 0.0 195.7 122.2 111.4 120.S 
R-flllora 117.l 0.0 ISU IS0.4 131.5 ISU 64.7 0.0 97.2 71.4 90.1 135.1 101.6 0.0 146.1 93.2 11.0 17.9 
e.avr 51.1 0.0 '11.1 '14.4 69.1 71.5 30.2 0.0 4'1.5 31.1 M,O 61.6 47.1 0.0 71.'1 47.J 41.0 42.7 
ind+clill 2U 0.0 ,2.2 JU 25.9 JU IU 0.0 19.4 14.7 17.1 27.0 20.2 0.0 26.1 20.0 15.I 11.2 .., 11.0 0.0 14.9 l].6 12.'1 JU u 0.0 9.2 6.9 u 12.2 9.2 0.0 11.7 9.4 '1.6 I.S 



APPENDIX3 
TIME SERIES SAMPLING DATA 

Times series data on dissolved creosote concentrations are provided on the computer diskette in 
the envelope attached to versions of this thesis on file at the University of Waterloo. Data are in 
field-formatted ASCil in the file "timeser.txt". Time series data for the period up to 347 days 
after source emplacement were originally reported by Nielsen and Hansen (1992). 
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APPENDIX4 

Creosote Analytical Protocol: Original Method and Modifications 

by 
Kim Hamilton and Mark King 

1.0 INTRODUCTION 

An analytical protocol has been developed for the quantification of selected·creosote compounds 
in water, sand and pure creosote. The method was developed during the spring and summer of 
1991 and was first used for analysis of actual samples in the summer of 1991. Since it was 
developed the method has undergone several modifications to improve accuracy and sensitivity. 
All samples quantified for creosote compounds before spring 1993 were analyzed accarding to the 
original protocol while more recent analysis has been performed according to the modified 
methodology. In the following, both methods are described in detail. Differences between the two 
methods are indicated in the section describing the modifications. 

2.0 ORIGINAL METHOD 

Overview 

This method was developed to analyze for the following creosote components: m-xylene, phenol, 
p.cresol, 2,EkHmethyl phenol, naphthalene, anthracene, phenanthrene, dibenzofuran, carbazole, 
pyrene, indole, 2-methyl naphthalene and 1-methyt naphthalene; however, it may be validated for 
other compounds as required. 

Chemicals and Solvents 

M-xylene, 99% purity, BDH 
Phenol, 99+% purity, Aldrich 
P-cresol, 99% purity, Sigma 
2,6-dimethyl phenol, 99% purity, Sigma 
Naphthalene, 99+% purity, Sigma 
Phenanthrene, 98+% purity, Sigma 
Anthracene, 99+% purity, Sigma 
Dibenzofuran, 99+4M» purity, Aklrich 
Carbazole, 95~ purity, Sigma 
Pyrene, 99+% purity, Aldrich 
lndole, 99+% purity, Aldrich 
2-methylnaphthalene, 98% purity, Aldrich 
1-methylnaphthalene, 98% purity, Aldrich 
Dichloromethane 
Methanol 
Sodium Chloride 
Hydrochloric Acid 
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Preparation of Stock Standards 

Two stocks are composed because it has been reported that some phenolic compounds degrade 
over time in the presence of some of the more hydrophobic compounds. 

Stock A: m-xylene 
phenol 
p-cresol 
2,6-dimethyl phenol 
naphthalene 
phenanthrene 
anthracene 

Stock B: 
carbazole 

dibenzofuran 

pyrene 
indole 
2-methylnaphthalene 

1-methylnaphthalene 

To make the stocks, accurately weigh out approximately 80mg of each compound (80-90 ul of the 
liquids) into a 100 ml volumetric flask. Add 80 ml MeCl2, sonicate to dissolve all compounds. Make 
to the mark with MeCl2.. This gives a stock of about 800 mg/I of each compound. Store tightly 
sealed in the freezer in a brown bottle. Because p-cresol is a semi-liquid, it is easier to weigh it 
directly into the volumetric flask instead of using a weighing vessel. M-xylene and 1-
methylnaphthalene are both liquids. 2-rnethylnaphthalene is a moist solid and may be weighed on 
a paper or directly into the volumetric flask. 

Preparation of Calibration Standards 

Dilute 1 ml of the above stock solutions into 100ml MeCl2, shake well. Store standards in the freezer 
in a brown bottle until ready to use. Transfer approximately 1 ml to an autosampler vial when 
needed. The concentrations of these standards will be 100th that of the stock solutions (Bmg/1). 

Preparation of SpikH 

Spikes are pnapared to check the efficiency of compound extraction from water. Prepare a second 
set of stock standards of 40mg of each compound into 100ml MeOH. For 45ml samples add 45ml 
organic he water, 1ml 1 N HCI and 9g NaCl to a 60ml crimp top vial, crimp and shake. Spike in 60ul 
of each of the above stock solutions. For 13ml samples, add 13ml organic free water, 0.5ml 1 N HCI 
and 3g NaCl to a 20ml crimp top vial, crimp and shake. Spike in 20ul of each of the above stock 
solutions. Follow the extraction procedure for the appropriate umple size. Spikes are prepared at 
the same time as umples. 

Preparation of Blanks 

The purpose of blanks is to check the solvent, Naa and HCI for contamination. They are prepared 
in an identical manner to the spikes except that the standard compounds are not added to the 
solvent. 
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Preparation of 800 Standard 

The 800 sample is Nn to help identify compounds that do not have standards and for monitoring 
long term performance of the Gas Chromatograph (GC). It is so named because it is composect 
using creosote that was colleded at the Borden field site at 8 AM on the morning that the creosote 
source was installed. Make a 100ul creosote 1100ml MeCl2 dilution. Store in the freezer in a brown 
bottle until needed. Transfer approximately 1 ml into an autosampler vial for analysis. 

Preparation of Groundwater Samples 

Typical sample sizes and associated quantities of amendments and solvents used in sample 
preparation are provided in Table 1. Depending on the size of the sample, use a syringe to transfer 
either 13, 45 or 100ml of sample to a clean, crimp top vial of appropriate size. Add Naa and 1N 
HCI, crimp, shake by hand to dissolve sail Add MeC1z with syringe through the septa, shake 20 min 
at 350-400rpm. Remove approximately 1 ml of M~ by inverting the vial and inserting a syringe, 
transfer to an autosmapler vial. 

Table 1. Quantities of amendments and solvent used for water sample extraction 

Samole Size wt. N&CI 

13ml 3a 

45ml 9g 

100ml Oa 

Sample Sequence 

A sample run starts with analysis of: 

vol 1N HCI 

0.3ml 

1.0 ml 

0ml 

• blank 
Standard A 
Standard B 
BOO sample 

vol MeCI., 

1.0 ml 

3.0 ml 

3.0 ml 

Then, after every 10 samples, Nn a spike, Standard A, Standard Band an 800 sample. 
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Gas Chromatograph Information 

Helium carrier 30cm/sec 
Helium makeup gas 24ml/min 
Hydrogen 30ml/min 
Air 300ml/min 
Injector temperature: 275 degrees C 
FID temperature: 325 degrees C 
Oven: 40 degrees C for 0.5 min, 15 degrees C to 300 degrees C, hold 2 min 
Separation time: 19.33 
Injection size: 2ul 
Attenuation: 22 

Quantification 

A response factor (Rf) is obtained for each of the standard compounds by injecting 2ul of the 
calibration standard and the following equation:. 

Rf(mg/1/area) = standard concentration fma/1) 
peak area 

The concentration of analyte in water (C.J is calculated using the peak area, Rf and the fraction of 
compound recovered (R) through analysis of the spike. Also, the result incorporates the sample 
volume (SV) and the votume of MeCiz injected into the sample: 

c-.(mgll) = peak ac,a • Rf(mqll/areal 
(SV(ml)/MeCl2(ml)) • R 

Concentration data for spikes are examined for the degree of compound recovery. If recovery is 
between 80% • 120%, as it typically is for most compounds, a recovery correction factor is not 
applied to the data. However, in the case of phenol recovery is typically around 50%. An R of 0.5 
is therefore used for phenol to correct for the poor recovery. 

Method Detection Umits 

These are summariZed in Table 2. 

Additional Information 

Peaks were identified for some additional compounds including: acenaphthene, fluorene, methyt 
phenanthrene, tlucnnthene, naphlhacene and chrysene. However, a source of standards for these 
compounds was not found during development of the original protocol. Instead, concentrations 
were estimated using the average of the response factors for phenantl"IAtne and anthracene. 
Similarly, the average of the response factors for indole, 2·methyl naphthalene and 1-methyt 
naphthalene was used as an approximation of the response factor for biphenyl and for subsequent 
quantification. 
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Analysis of Punt Cntosote Samples 

To analyze pure creosote: dissolve a 10 ul subsample in 10 ml dichloromethane. After agitation, 
transfer 1 ml of the solution to a 2 ml glass hypovial for injection into the GC. Concentrations in pure 
creosote (Ccrac,) are quantified using the following: 

Ccrao(ug/ml) = peak area • Rf(mg/1/area) • (MeCl2(ul)/creo(ul)} 

Analysis of Sand (Source) Sampa.. 

The mass of sand that has been sampled and extracted has varied between sample sets. However, 
the basic analytical procedure is the same. A measured mass of creosote/water wet sand is 
sampled directly into a glass hypovial (capacity varied between sample sets). The sample is rinsed 
in the original sample bottle at least three times with dichlon:,methane. All dichloromethane is 
colleded and evaponated to less than 3ml. The solvent volume is measured and 2ml is placed in 
an autosampler vial for GC injection. 

In order to express compound concentrations on a dry sand weight basis, the sand sample is 
Y1eighed before solvent exlraction and then weighed again after extraction to detennine the fraction 
of the bulk soil mass due to moisture and creosote. Concentrations in sand (C...J are calculated 
using the concentrated solvent volume (CSV) and the dry sample weight (DSW) by the following: 

C..,..(mg/kg) = peak area * Rf{ma/1/area) • CSVm 
DSW(kg) 

3.0 METHOD MODIFICATIONS 

Overview 

The method has been modified to increase analytical capabilities and to improve perfonnance. 
Modifications are summarized as follows: 

1) Instead of making the stock solutiOns by adding pure form compounds to solvent, 
ampules of pre-measured compounds in solvent are now used for certain 
compounds. A pre-mix of 16 PAHs is used as well as pre-mixes of m-xytene, 
dibenzofuran and 2-methylnaphthalene. 

2)- Due to the pre-mixes mentioned in 1), direct analysis for several PAHs has been 
added to the protocol, including: acenaphthene, tluorene, tluoranthene, chrysene, 
acenaphlhylene, benzo{a)anthracene, benzo(b)tluoranthene, benzo{k)fluoranthene, 
bei lZO(a)pyrene, incleno(1.2,3-c,d)pyrene and dibenzo(a,h)pyntlene. The first four of 
these were analyzed through the original pn,tocol but quantification was indirect 
since it made use of response factors estimated from other compounds. 

3) Direct analysis for biphenyl was added. Previously, biphenyl concentrations were 
estimated using response factors for other compounds. 

108 



4) capability was also added for analysis of 2 cresols (o-cresol and m-cresol) and four 
dimethylphenols (2,4 dmp, 2,6 dmp. 2,3 dmp and 3,5 dmp. Standards for these are 
composed using pure compounds and not pre-mixed ampules. 

5) It was recognized that several compounds elute together and are therefore 
indistinguishable from each other by this protocol. Included in this group are the 
following pairs: p + m cresor, 2,4 + 2,5 dmp, indole + 2-methylnaphthalene, 
benzo(b)fluoranthene + benzo{k)fluoranthene, indeno(1,2.~c.d)pyrene + 
dibenzo(a,h)anthracene. combined concentrations are determined for these pairs. 

6) calibration standards are now injeded into water (organic free) and extracted back 
out instead of direct analysis in solvent The new procedure is more representative 
of the way that actual samples are extracted and therefore diminishes concerns 
regarding compound recovery. 

7) As a result of 6), it is no longer necessary to correct phenol concentrations for 
recovery. 

6) An internal standard (2-fluorobiphenyl) was incorporated to account for possible 
inaccuracies in sample and/or solvent measurement. 

Results evaluating analytical bias versus sample concentration are shown in Table 3. As discussed 
above, analysis of several parameters was subject to certain limitations, including: a) use of 
estimated response fadors b) co-elution with other compounds and c) exclusion from the original 
protocal. Subsequent interpretation was primarily focussed on compounds that were not subject to 
these limitations, as summarized in Table 4. 

Preparation of Stock Standards 

Stock A: 
phenol 
all cresols (3) 
all dimethylphenols (5) 

Weigh to five decimal places 5mg of each compound (1 Oul of the liquids) and place in a 50ml 
volumetric flask. Add 20ml MeOH, sonicate to dissolve all the compounds. Make to the mark with 
MeOH. This gives a stock of about 100ugfml of each compound. Store tightly sealed in the freezer 
in a brown bottle. 

Stock B: 
2 ampules 16-PAH mix•US-106, Ultra Scientific (2000ug/ml) 
4 ampules m-xytene mix, NSI Environmental (1000ug/ml) 
1 ampule dibenzofuran mix, NSI Environmental (5000ug/ml) 
4 ampules 2-methytnaphthalene mix. NSI Environmental(1000ug/ml) 
biphenyl 
1-methytnaphthalene 
carbazole 
indole 

Combine in a 50ml volumetric flask the above mbt's (rinse ampules with MeOH, add rinses) and 4mg 
(weighed to five decimal places) of each of the individual compounds (4). Add 35ml MeOH and 
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sonicate to dissolve all compounds, make to volume with MeOH. This gives a stock of 
approximately 80uglml. This solution is then divided into 50-1 ml amber ampules, sealed, and stored 
in the freezer. 

Preparation of C.libration Standards 

1 00ul of each of the above stock solutions are spiked in water and extracted as a sample. Check 
standards are prepared at 1/10th the concentration. 

In contrast to the original method, spikes are not required since the calibration standards are 
composed in water. 

Preparation of Blanks 

A solvent blank is composed by adding M~ to an autosampler vial and is intended to verify the 
integrity of the solvenL A method blank is a sample composed of organic free water only. It is 
extracted in a manner identical to a regular sample and is intended as a check for accidental 
laboratory contamination. 

Preparation of 100 Standard 

Procedure is identical to the original protocol. 

Preparation of Groundwater Samples 

To the apprapriate size of clean, dry crimp top vials add the listed amounts of NaCl and 1 N HCI from 
Table 1. Transfer the sample using a 30ml glass syringe from its original vial to the vial with the salt 
and acid, crimp, shake by hand to dissolve the sail Add the appropriate amount of MeC12 
(containing 10ppm of the internal standan:t 2-ftuorobiphenyl), shake 15 min at 350-'00rpm. Remove 
about 1 ml of dichloromethane by inverting the vial and withdrawing the solvent into a syringe. 
Transfer the solvent to an autosampler vial and analyze. The internal standard is used to account 
for any sample volume or injection volume changes that may occur. 

Sample Sequence 

A sample Nn starts with: 

After every 10th sample: 

After every 20th sample: 

solvent blank 
method blank 
standard 
check standard 
800 sample 

standard 
check standard 

blank 
800 standard 
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Gas Chromatograph Information 

Identical to the original protocol with one exception: 
Injection size: 3ul (previously 2ul) 

Quantification 

All standards and samples are normalized to the area of one standard (usually the first one run for 
a batch of samples) using the areas obtained from the internal standards (IS) and the following 
equation: 

corrected peak area = peak area • IS area from standardlJ1 
IS area from sample 

The response factors (Rf) for each analyte are calculated using the following equation: 

Rf= standard concentration 
peak area 

For each analyte, the concentration of analyte in water c-. iS calculated using: 

Caq = corrected peak area • Rf 

Method Detaction Umits 

These are shown in Table 2. 

Analysis of Pure Craosote Samples 

Identical to original protocol 

Analysis of Sand (Source) Samples 

Identical to original protocot 
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Table 2. Method Detedion Limits for Creosote Compounds in Water 
(all concentrations are ugn) 

Original Method Modified Method 
Comoound N MDL LOQ N MDL 
m-xvlene 9 1 7 10 
Dhenol 9 37 37 9 
o-cresol - - - 10 
i.rCl"gSOI 9 9 12 -
o+m-cresol - - - 10 
2.6-dimethvlohenol 9 4 8 10 
2.4+2.5-dimethvlohenol - - - 9 
2.3-dimethvl Dhenol - - - 10 
3,5-dimethvl Dhenol - - - 10 
naohthalene 9 1 4 10 
indole 8 7 12 -
2-methYlnaohthalene 9 1 3 -
indole+2-methvlnaDh. - - - 10 
1-m.naDhthalene 9 1 4 10 
biohenvl - - - 10 
acenac,hthvlene - - - 10 
acenaohthene - - - 10 
dibenzofuran 9 1 6 10 
fluorene - - - 10 
methvtohenanthrene - - - -
chenanthrene 9 7 12 10 
anthracene 9 1 6 10 
carbazole 9 1 7 10 
fluoranthene - - - 10 
Pvrene 9 9 9 10 
na0hthacene - - - -
benzo(a)anthracene - - - 10 
chrvsene - - - 10 
benzo 'b+k)ftuoranthene - - - 9 
benzo a)Dvrene - - - 10 
indeno(1,2,3-c,d)pyrene - - - -
+ dibenzo<a.h)anthracene 
benzo :a.h.i: ....... :...ne - - - -
Comments: 
1. N - number of replicates used in analysis 
2. MDL-Method Detection Limit; calculated based on standard 

deviation 
3. LOQ - Limit of Quantification, smallest quantity that can be 

reliably detenninect 
4. All concentrations have been rounded to the nearest ugll 
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34 
3 
-
3 
3 
7 
2 
1 
1 
-
-
1 
1 
2 
2 
2 
2 
7 
-
1 
1 
3 
1 
2 
-
6 
1 

11 
17 
-
-

LOQ 
3 

65 
60 
-

28 
27 
59 
15 
39 
4 
-
-
5 
3 
3 
4 
3 
3 
7 
-
4 
4 
9 
4 
2 
-
8 
8 

14 
17 

>16 

>16 



Table 3. Evaluation of analytical bias on the basis of spiked concentration versus 
percent error; spiked concentrations are averages of triplicate results. 

mg/L % error mg/L % error mg/L % error mg/L 

m-xylene 0.923 -0.28 -0.231 -3.54 0.115 -3.09 0.058 
phenol 1.636 -5.00 0.409 -8.70 0.204 . 3.73 0.102 
2,6-dmp 1.209 3.32 0.302 -0.75 0.151 -1.32 0.076 
naphthalene 0.819 0.31 0.205 4.32 0.102 -3.79 0.051 
1-m.naph 0.890 -4.20 0.222 -1.93 0.111 4.29 0.056 
dibenzofuran 0.979 1.44 0.245 2.20 0.122 1.17 0.061 
phenanthrene 0.819 0.11 0.205 -2.42 0.102 -4.18 0.051 
anthracene 0.819 -1.07 ·0.205 1.19 0.102 2.36 0.051 
carbazole 1.808 3.63 0.452 3.41 0.226 4.02 0.113 
pyrene 0.819 2.36 0.205 4.24 0.102 4.67 0.051 
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% error 

-1.53 
-3.20 
0.96 

-3.02 
3.76 

-3.42 
-4.42 
3.33 
4.76 
4.14 



Table 4. Evaluation of data record for analytical parameters 

Estimated Not Recommended 
response analyzed forfocus 
factors Compounds in ofilterp'n 

Compound used for that original and 
earlvdata co-elute orotocol discussion 

m-xvlene X 
10henol X 
o-cresol X 
o-cresol X 
o+m-cresol X X 
2.6-dimethvlchenol X 
2,4+2,5-dirnethvlohenol X X 
2.3-dimethvlchenol X 
3.5-dimethvtohenol X 
naohthalene X 
indole X 
2-melhvinaDhthalene X 
indole+2-methvlnaoh. X X 
1-m.naohthalene X 
biohenvt X 
acenaohthvlene X 
acenaohthene X 
dibenzofuran X 
fluorene X 
methvtchenanthrene X 
ohenanthrene X 
anthracene X 
carbazole X 
fluoranthene X 
ovrene X 
naohthacene X 
benzo<alanthracene X 
chrvsene X 
benzo(b+klfluoranthene X X 
benzo<alovrene X 
indeno(1,2,3-c,d)pyrene X X 
+ dibenzo<a.h)anthracene 

benzo<a .h.iloeNlene X 
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APPENDIXS 

CHARACTERIZATION OF THE STUDY CREOSOTE 
Conducted by Paul Brooks 

Institute for Sedimentary and Petroleum Geology 
Calpry, Alberta 
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BRIEF SOl1llARY OF COAL TAR DATA ,,. 

The coal tar aupplied (Waterloo) wae separated i:ito 2 
fractions; viz. hydrocarbons and resins C eee scheme 1) . Each 
fraction was examined by GC-MS. 

A further sample of the co&.l tar waa treated with a dilute 
solution of NaOH and extracted with dichlorom.ethane(see scheme 2). 
The residual aqueous layer was·aci~fied with HCl and extracted 

again with dichloromethane. This provided an .. acid .. fraction of the 

coal tar which was subsequently examined by GC-HS. 
An aliquot of the coal tar was ehaken very gently in excess 

water (see scheme 3). No emuision waa evident. An aliquot of the 
aqueous layer was carefully taken, acidified and extracted with 
dichloromethane. This provided a readil.y water sol.uble fraction of 
the coal tar. This fraction was examined by GC-tfS. 

JlESUUS 
A} Hydrocerbane 

Figure 1 shows the Total Ion Current (TIC) of the hydrocarbon 

fraction from coal tar .. The trace baa been annotated with compound· 

identities baaed on data base library searching and on the basis of 
retention times compared to the l.iterature. Naturally, the ma.:Jor 
components are pc,lynuclear aromatic■ (PNA·s) with a minor 
contribution from eulphur containing compounds such as 
benzothiophene and dibenzothiopbene. Table 1 lieta the major 
components present in the fraction. 
r.oumound 
indene 
naphthalene 
2-methyl naphthalene 
1-methyl naphthalene 
acenaphthalene 
biphenyl 
dimethylnaphthalenes 
dibenzofuran 
fluorene 
pbenanthrene 
anthracene 
methyl phenanthrenes 
cyelopenta phenanth. 
fluoranthene 

cs:mc,_ 
+ 
+++++ 
+++ 
++ 
+ 
+ 
+ 
++ 
+++ 
++++ 
++ 
++ 
++ 
+++-
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Cnnmound cone 
pyrene +++ 
benzo(a)fluorene + 
benzophenanth. ++ 
ebryaene ++ 
benzofluoranthene(b)+ 
benzofluoranthene CE)+· 
benzo(E)pyrene + 
benzo(A)pyrene + 
perylene + 
benzperylenes + 



SJ Bee1o Frect;on 
Ficure 2 showe the TIC of the .. resin·· fraction of the coal tar. 
The trace ia extremely complex. The trace has b~en annotated with 

tentative identifications of the ma.jar compane:.t~ based on library 

search of the full mass spectra. Thus. the fraction appears to be 

dominated by phenols and substituted phenols and by nitrogen 

containi.na PNA·s. Table 2 summarizes the major components present. 

ComP01md 
phenol 
methyl phenols 
dimethyl phenols 
ethyl,methyl phenols 
iaoquinoline 
benzene acetanitrile 
methylquinalines 
dimethylquinolines 
methyl indole 
carbazole 
benzoquinolines 
nitroaocarbazole? 
anthracene carbonitrile 
fluorene carbonitrile 
fluranthel'ieamine 
benzocarbazoles 

C) Actd frect1oo 

CODC 
++ 
++++ 
+++ 
+ 
flltl 

+++ 
++ 
++ 
+ 
+ 
++++ 
+++++ 
++ 
++ 
+ 
+++ 

Fisure 3 shows the TIC for the "acid" fraction from the coal tar. 

As previouely~ the trace is annotated with the identifications of 

. the major components based on library search and GC retention time. 
The major components appear to be phenol, substituted phenols and 
ox;ygen containing compounds. Table 3 lists the major components 

identified. 

cornPOund 
phenol 
2-methyl phenol 
4-methyl phenol 
dimethyl phenols 
ethyl.methyl phenol 
naphthalenols·or 
phenyl furans 
methyl naphthalenols 
biphenyl-ole • 
dibenzofuranols 
phenanthrenole 
benzonapthofurana 

cone 
+ 
++ 
++++ 
+++++ 
+ 

++++ 
+++ 

+++ 
+++ 
+++ 
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DJ Water soluble components 

After gently shaking an a.11_,quot of coal tar with water, the aqueous 
layer was acidified and extracted with dichl.orometha.ne. The 

reaultin& mixture was examined by ac-me .. The TIC obtained is el'::,wn 

in fiaure 4 annotated with compound identifications based on 

library eearch and ac retention time. The major components are 
phenol, methyl phenols and dimethyl phenols. The major component 
eluting early in the chromatogram ia possibly benzonitrile, based 
on r1.brary search. The only PNA detected, which was only present in 

minor concentrations, was naphthalene. 
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SCHEME 1 

SCHEME 2 

SCHEME 3 

H\1RXAM0tG 

GCMS 

I 

I 
. 

COAL TAR 

IUCA/~ C0l1M4 
•aaaa 
■ ...wlDL 

SC-MS 

COAL TAR 

' 1) NaOH can 
2) dcl'D'l,wtl'lane 

I 

~LAVER I ~VENT LAVER I 
l)Ha~ 

2) dlctllafnl8thcl'8 -

•Aao ~CllON• GC-MS 

COAL TAR 

1 GENILY SHAICE \M1H VtWER 
I I 

WAlER IAVER COAL TAR LAVER 

1) N;DFV 
2) EXIRACT DIOI.OROMEIHNE 

WATER SOLUBLE EXTRACT GC·MS 
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Groundwater Plume Development from a Complex Organic Mixture 

ABSTRACT 

Mark King 1, Heather Malcolmson2 and James Barker1 

1Waterl0O Centre for Groundwater Research 
2 Gartner Lee Limited 

Creosote is a complex mixture of polycyclic aromatic hydrocarbons (PAHs), heteroeyclic 
compounds and phenolic compounds. The fate of plumes originating from mixtures of this 
type is complicated since the solubility and environmental persistence of the constituent 
compounds can vary greatly. The purpose of the present study is to evaluate the applicability 
of Raoult' s law as a dissolution model for creosote at a field research site. In the laboratory 
component of this work, batch tests were conducted to evaluate the ideality of creosote. 
Batch results were then used to calculate expected initial concentrations of creosote 
compounds at a field site where a volume of soil containing coal tar creosote was emplaced 
below the water table. Transfer of organic compound mass from creosote to groundwater was 
characterized with intensive sampling of the developing plume and the dissolving source. 

Results indicated that Raoult's law provides a reasonable prediction of batch test 
concentrations for 4 of the 1 O compounds evaluated. A dissolution model based on Raoult's 
law and the concentrations from the batch test also provided a reasonable predidion of 
dissolution from the field source for three of four compounds evaluated. It was noted that 
throughout the source. concentrations of the more soluble compounds (n,.xylene and 
naphthalene) became more variable with time while the degree of variability remained 
constant for the less soluble compounds (dibenzofuran and phenanthrene). The evolving 
ratios between compounds were predictable with the Raoult's law model. However it was 
necessary to extend the model well past the duration of the r.eld experiment in order to fit all 
the data. This was taken as an indication that creosote was heterogeneously distributed in 
the original source. The increase in variability of the more soluble compounds with time has 
implications for evaluating mass flux from complex organic sources at contaminated industrial 
sites. 

125 



INTRODUCTION 

Many products and wastes clerivecf from coal and oil contain varying amounts of PAHs, 
heterocyclic compounds and phenolic compounds. Examples of these types of materials 
include ccal tar. creosote and petroreum sJudges. They are often complex in composition. 
with canstituents that vary widely in aqueous solubility. As a result. • comprex groundwater 
plume may evolve if these types of mixtures are ■Howed to enter the environment. Typically, 
it is difficult to predict the resuHing groundwater composition since the complete composition 
of the parent material is Often not known. Also, even if the parent material is fully 
characterized the equilibrium solubilities of the constituent compounds may not be predictable 
by the simplifying assumption of ideal behaviour. Since many af these c:ampounds are 
aerobicafly biodegradable (Meuller et.al. 1989) a first step in evaluating the environmental risk 
associated with a contamination occurrence may involve investigation of the expected degree 
natural attenuation (Salanitro. 1893). In rwder to do this. it is necessary to evaluate the mass 
flux of contaminan1s to groundwater. 

The research discussed in this paper is part of the Coal Tar Organics in Groundwater 
Program at the Waterloo Centre for Groundwater Research and is ongoing. The objedive of 
the overall program is to conduct research on the environmental behaviour of mixtures of coal 
tar organics, specifically, PAHs, heterocyclie compounds and phenolic compounds. In this 
paper we present results from a laboratory batch dissolution test and from an emplaced 
creosote source at a field site. Creosote was selected as the source material because it is 
comprised of a wide range of PAHs, heterocydic and phenolic compounds that are found in 
other coal- and oil.derived mixtures. In the following, we compare laboratory and field 
dissolution resuHs with predidions according to Raoult's law and provide preliminary 
condusions. The purpose of this comparison is to evaluate the validity of applying Raoult' law 
as a dissolution model for creosote at field research site and other sites where groundwater is 
affeded by similar mixtures. For the research site, this work wiH be used to estimate the 
mass flux of creosote compounds to groundwater so that the rate and processes of natural 
attenuation can be evaluated. 

BACKGROUND 

Creosote Properties-and Environmental Significance 

Creosote is used as an industrial wood preservative and is a thin oily liquid that may vary from 
yellow-green to black in colour. Since it has • density slightly greater than that of water and is 
composed of hydrophobic compounds it is classified as a dense nonaqueous phase liquid 
(DNAPL). In general, creosote may consists of up to 200 chemicals (Meuller et.al., 1989): 
approximately 85% PAHs, 10% phenolic compounds and 5% oxygen-, sulphur-, and nitrogen­
heterocydic compounds . The solubHity of the camponents varies by several orders of 
magnitude. 

In Canada, it is reported that creosote contamination of soils, groundwater and surface waters 
is known to be occurring at 24' past or present creosote-handling sites (Environment Canada, 
1993). There are currently 27 creosote wood treatment facilities in operation in the cauntry. It 
is estimated that almost 1400 wood treatment facilities, half of which are inactive, exist in the 
United States (USEPA, 1992). More than 60 of these sites are on the USEPA National 
Priorities (Superfund) List. 
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Dissolution 

When a compound partitions between two phases to the degree that equilibrium is reached 
the chemical activities for the compound are, by dermition, equal in both phases such that 
(Lane and Loehr, 1992): 

where a, is the activity of solute ;, the superscripts • and o signify the aqueous and organic 
phases, respectively, x, is the mole fraclion of iin each phase and ?J,, is the activity coefficient 
of i in each phase. A simplification of this equi6brium relationship is often applied on the basis 
of Raoult's law. This law was originally used to define the linear relationship between partial 
pressure of a component in the tleadspace over a multi-component liquid and the mace 
fraction of that component in the riquid (Laidler and Meiser, 1982). In terms of partial 
pressure, a liquid is termed -ICfear if it conforms to this linear relationship. For the extension 
of Raouft's law to partitioning between an aqueous phase and an organic mixture, components 
in the mixture are said to display ideal behaviour if they partition linearly to the aqueous phase 
in proportion to the product of their mole fraction in the organic phase and their mole fractiQn 
solubility. 

Two assumptions are inherent in this approach (Mackay. et.al., 1991): 1) the activity coefficient 
in the organic phase is equal to unity • a reasonable approximation for organic mixtures 
composed of compounds with similar chemical properties and 2) the inverse of the solute 
activity coefficient is equal to the mole fraction solubility of the component Incorporating 
these two assumption into equation 1 gives the mole fradion form of Raoult's law : 

x,•= x,°X.,• (2) 

where x,• is the mole fraction solubility of for the pure component in contact with water. 
Rewriting equation 2 in terms of the concentration gives (Shiu elal., 1988): 

(3) 

where c,• is aqueous concentration and s, is the pure component liquid solubility. For 
compounds that are solid in pure form and at ttie temperature of the given system, liquid 
phase solubility can be calculated with the following (Shiu elal.. 1988): 

where S, is solid solubility, T11 is melting point (°I() and Tis the system temperature. For 
compounds that are solid at the system temperature. the calculated liquid solubility will be 
greater than the solid solubility but. as pointed out by Mackay eLal. (1991 ). the dissolved 
concentration can never exceed the latter. Values of these parameters for the compounds 
selected for this study are provided in Table 1. 

Several studies have examined the degree to which various compositionally complex organic 
mixtures conform the Raoult's law model of ideal behaviour. Cline elal. (1991) determined, 
through batch-type testing, that a variety of 30 gasolines conformed dosely to Raoult's law. 
Aqueous partitioning of eight PAHs from four different diesel fuels was investigated with batch 
tests by Lee et.al. (1992a) and determined to be well described (within a fador of two) by 
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Table 1. Creosote compound properties and initial concentrations 

Molecular Melting Solid Uquid Creosote 
weignr poinr sofubility9 solubil~ compostion (mg/L) 

(dea Cl (mall) (mall) (ns8) 
m-Xvlene 106.2 -48 
Phenol 94.1 -13 
2.6-dimethvtonenol 122.2 27 
Nar::,l'lthalene 128.2 81 
Phenanthrene 178.2 101 
Anlhracene 178.2 216 
Dibenzofuran 168.2 16 
Carbazore 167.2 2-17 
Pvrene 202.3 156 
1 m-Na0hthalene 1•2.2 -22 

200 200 
12000 123850 

7800 11&1 
31.7 112.00 

1.3 7.4'0 
0.07 5.5 

10 ,0.2 
1 159 

0.1-1 2.80 
28.5 28.50 

Fradion of total 
mass identified 

• Information sources: WCGR. 1992 •nd Verschueren. 1983. 
•• all analysis performed after amendment with additional compounds 

{m-xylene. carbazole. p.cresol and phenol) 

39659 
1-1486 

200 
98943 

12741-1 
12708 
-15055 

337-1 
-10315 
19701 

0.39! 

assuming ideal behaviour. A similar degree of agreement was reported by Lee et.al. (1992b) 
for partitioning or PAHs from eight different coal tar samples. also with batch tests. Priddle 
and MacQuarrie (1994) examined the solubility of creosote with a dynamic column 
experiment. In a mass transfer rate test. five of the seven PAHs for which they analyzed 
conformed to ideal behaviour within a fador of two. 

Field Site 

The field research site is located at Canadian Forces Base (CFB) Borden. approximately BO 
km northwest of Toronto. Ontario. Canada. It is in an unused sand pit situated approximately 
350m north of a municipal landfill that operated from 1970 to 1976. Several hydrogeological 
studies have been conduded at this location over the past 15 years. Geology and local-scale 
hydrogeology of the area was discussed in detail by MacFarlane et.al. (1983). Mackay elal. 
(1986) discussed the hydrogeology and groundwater quality in the sand pit area. Only details 
relevant to dissolution of the creosote source are discussed here. 

The site is underlain by an unconsolidated sand aquifer consisting of medium- to fine-grained 
sand. These deposits are glaciolacustrine in origin and grade into silts and days at a depth of 
approximately nine metres. MacFartane et. al. (1983) and Nicholson et. al. (19B3) discussed 
the inorganic chemistry and migration or a groundwater leaehate plume originating from the 
landfill and underlying the sand pit study site at depths ranging from 6 to 7 m. From the 
water table to the top or the leachate plume. groundwater is largely unaffeded by the landfill. 
A study of the groundwater flow system in the sand pit was conducted by Linderfelt et.al. 
(1994) at the same time as the study reported herein. They reported that the ~ter table in 
the sand pit ranges from the surface to a depth of approximately 1.5 m. Estimates of 
hydraulic conductivity by Mackay et. al. {1986) indicated a mean value of approximately 

128 



7 X 10·5 mis. Mean porosity was estimated at 0.33 and the average linear velocity of 
groundwater was estimated at 0.091m/day 

Chemistry of background groundwater (unaffected by the leachate plume) at the site was 
examined by Nicholson et. al. (1983) and Mackay el al. (1986). The groundwater is relatively 
hard with low dissolved organic carbon. Dissolved oxygen was determined to be variable but 
in general the aquifer was aerobic with oxygen ranging up to 8.5 mg/L Data collected 
through this study indicate that the dissolved oxygen concentration in groundwater directly 
upgradient of the creosote source is 2 to 3 mg/L. 

METHODS 

Sample Analysis 

The analytical methodology used for the study was developed for quantification of creosote 
compounds in groundwater. sand and pure creosote. Compounds seleded for analysis were 
intended to be representative of the main groups of compounds found in creosote and 
incruded two phenolic compounds (phenol and 2,6--dimethylphenol). five PAHs (naphthalene. 
1-methylnaphthafene. anthracene, pyrene and phenanthrene) and two heterocyclic compounds 
(carbazole and dibenzofuran). M•xylene was included in the analytical suite as a 
representative petroleum hydrocarbon. Analysis was also conducted for several other 
compounds but due to the variable availability of analytical standards, only the 10 compounds 
above were analyzed throughout the whole experimental period. 

Groundwater samples {typically -45 ml) were prepared by adding 9 g NaCl to promote 
partitioning of all analytes and 1 ml 1 N HCI to enhance partitioning of phenolic compounds. 
Samples were then capped and allowed to stand for 2-4 hours before addition of 3 mL 
dichloromethane. Samples were then placed- on a shaker for 20 minutes at 350-400 rpm and 
1 ml of the sorvent was removed to an autosampler vial. Pure creosote was prepared for 
analysis by dissolving a 10 ul sample in 1 O ml dichloromethane and then transferring 1 ml 
to an autosampler vial. 

Extracts were injected into a Hewlett Packard 5890 Gas Chromatograph (GC) equipped with 
an HP7673A autosampler and Flame Ionization_ Detector (FID). The temperature program for 
analysis was as follows: .co °C for 0.5 min, 15 °C/min to 300 °C. hold 10 min. The earner 
gas was helium with a flow rate of approximately 24 mUmin. The injector temperature from 
the GC was 275 °C, FID temperature was 325 °C and injection volume was 3uL. 

Creosote Characterization 

Raw creosote was amended with certain compounds so it would be more widely 
representative of typical composition (Meuller, 1989). To 69.5 kg of creosote the following 
compounds were added: 0.45 kg carbazofe, 0.50 kg p-cresol, 1 kg phenol. M-xylene was also 
added (3 kg), to provide a compound representative of petroleum hydrocarbon sites. The 
density of the modified creosote was 1.03 g/ml. 

Batch Dissolution 

A batch dissolution test was conducted to evaluate the effective solubility (Se) for selected 
compounds. Additional details of the experiment are provided by Malcolmson (1992). Into 
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each of three glass crimp-top hypovials a quantity or creosote was added (between 4.21 and 
6.51 g) and the remainder of the bottle was filled with background Borden groundwater 
(between 62.28 and 72.66 ml). The bottles were then sealed with teflon-lined caps and 
stored in the dark at approximately 10 •c for one month. One water sample was removed 
from each bottle for analysis of equilibrium aqueous concentration and duplicate samples of 
creosote were removed from each bottle for analysis of equilibrium creosote concentrations. 

Field Source Emplacement and Monitoring 

The creosote source was emplaced hydraulically upgradient of an existing multi-level bundle 
piezometer network. The system was first used for the joint Stanford-Watertoo natural 
gradient tracer test conducted from 1982 to 1985 (Mackay elal., 1986). The network has 
been modified and added to in subsequent studies. induding this one. and the current layout 
of the near-source piezometers in relation to the creosote source is shown in Figure 1. Since 
this paper is concerned only with data colleded within the source, subsequent description will 
focus on methodology diredly related to the source. 

The creosote source, shown in Figure 2. was emplaced on August 28. 1991. Details of the 
source installation are provided by Malcolmson (1992). Sealable sheet piling (Starr elal., 
1991) was vibrated into the ground in• rectangular array (5 X 1.5 m). The sand inside the 
sheet piling was excavated after it was dewatered with two shallow dewatering wells. The 
source sand was mixed with creosote in a cement mixer at less than 5% creosote by volume: 
laboratory testing had indicated that it should be effedively immobile at this concentration. A 
total of approximately 74 kg of creosote was added to approximately 5800 kg of sand. 

Borden sand was not used for the source material since the addition of creosote to the sand 
would result in some decrease in porosity which would inhibit the movement of groundwater 
through the source. Instead a coarser sand was used. with a hydraulic conductivity of 
approximately 3.59 X 1o-', based on sieve analyses (Devlin, 1994) - approximately 5 times 
greater than Borden sand. Porosity of the source sand was estimated at 0.31 (Malcofmson. 
unpublished data) and it was calculated that with the creosote addition the porosity would 
effectively decrease to approximately 0.29. Work in progress will provide a detailed evaluation 
of groundwater flux through the source. However, preliminary hydraulic modelling indicates 
that the flux rate through the source should be similar to the ambient groundwater flux rate in 
the vicinity of the monitoring system. On that basis, a total flow rate through the source or 
0.204 m3/day (0.030 m3/day/m2 cross-sectional area) was used as an estimate of the amount 
of groundwater contacting the source. 

Bundle piezometers were installed within the source at locations shown in Figure 2. Each 
piezometer consisted of either 11 or 13 monitoring points, separated by • vertical distance of 
20 to 30 cm and constructed of 3 mm ID stainless steel tubing. To install the piezometers. a 
5 cm ID aluminum tube fitted with an aluminum tip was vibrated into the _ground with a 
vibrating hammer. The tip was then knocked out of the end of the aluminum tube and the 
bundle was inserted. The aluminum tube was then pulled out of the ground allowing the 
sand to collapse around the bundle. 

Samples have been collected from a few selected piezometers within the source on an 
approximately monthly basis. up to the present. In addition. more intensive "snapshot" 
sampling of approximately 30 points within the source, was conducted several times since the 
source was emplaced. In this paper we will discuss a time series of samples collected from 
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one point (SS~-4 shown on Figure 2) and two sets of snapshot samples collected at 55 and 
1008 days. All groundwater samples were collected in 60 ml hypovials using a sudion 
sampling head. This device is fitted to the top of the sample bottle and contains two ports: an 
outlet port attached to a suction pump and inlet port attached to a piezometer tube. When a 
vacuum is drawn on the outlet. groundwater is drawn in through the inlel At least one tubing 
volume was purged before sample collection. Additional details on sample collection are 
provided by Malcolmson (1992) and Nielsen and Hansen (1992). 

RES UL TS AND DISCUSSION 

Creosote Characterization 

Averages of analytical resutts for eight samples of the altered creosote (analyzed prior to field 
source emplacement and after amendment with four additional compounds ) are shown in 
Table 1. 

Batch Test 

Results of batch testing were used to calculate S1 by rearranging equation 3. The creosote 
mole fradions used in this case were those calculated for creosote from the batch test bottles 
at the end of the equilibration period. A molecular weight of 200 was assumed for the 
unidentified portion of the creosote. Values for c,• were taken directly from analysis of the 
water. calculated S1 values are shown in Table 2 and are compared with literature values (or 
those calculated with equation 4, as required). 

Comparison of these two values gives some measure of the ideality of the creosote in terms 
of dissolution behaviour. Lee et.al. (1992a) use a. "factor of two'" as a guide for evaluating the 
agreement between Raoult's law predidions and measured solubility, and hence the ideality of 
the organic liquid. The ratios between S.' s calculated from the batch test results and those 
from the literature are shown in Table 2. Raoult's law provides a satisfactory prediction (within 
a factor of two) of batch results for m-xylene. naphthalene and dibenzofuran but phenol. 
phenanthrene, carbazole and pyrene are overestimated. Since 2.6-dimethylphenol and 
anthracene were not detected in the aqueous samples. they were also overestimated. Only 1-
methylnaphthalene was significantly underesti~ted by Raoult"s law. 

Field Results 

Results from batch testing were used as an updated estimate of S1 for application to the field 
data. The product of the batch-derived S, and the initial creosote mole fraction (Table 2) was 
used as the Raouft's law prediction of expected initial effective solubilty (Se) from the feeld 
creosote source. Conceptually, the Se determined in this manner can a,, considered the 
expected concentration if a small volume or water contaded a much larger volume of creosote 
such that the mass loss from the organic phase does not cause a significant change in mole 
fractions, even for the most soluble compounds. Mole fractic;,ns or the initial creosote were 
again calculated using an assumed average molecular weight of 200 for the unidentified 
portion of the creosote. Estimates of initial Se (aqueous concentrations in equilibrium with 
initial creosote) are shown in Table 2. 
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Table 2. Comparison of equilibrium aqueous concentrations from literature 
and application of Raoult's law to batch dissolution results 

Creosote Pure coms:,ound solubilitv Cma/L Ratio Aqueous 
more (1) (2) (1) : (2) concentration 

fradions• literature Batch dissolution in equlibrium 
values tests (n=3l with creosote cma/L)•· 

rn-Xvlene 11 .• 200 225 0.9 14.4 
Phenol I '· 11, 123650 52787 2.3 1388 
2.6-dimethvlohenol t>. M 816' not deteded .. 0 
Naohthalene . 112 94 1.2 12.4 
Phenanthrene I . 7.4 3.6 2.1 0.44 
Anthracene I J.I 5.5 notdeteded .. 0 
Oibenzofuran IL 40.2 33.9 1.2 1.6 
Carbazole 1).1 •·- 159 67 2.4 0.23 
Pvrene )...: t 2.80 0.98 2.9 0.03 
1 m-Naohthalene ). . 28.5 71.0 0.4 1.7 

en-o.-h:L 
• assumes average molecular weight of 200 for unide~ifted creosote compounds 
•• calculated with batch test pure compound solubility and mole fractions of initial creosote 

Figure 3 depicts the evolution of Se, based on Raoult's law, for selected creosote compounds 
(m•xylene, naphthalene. dibenzofuran and phenanthrene) dissolving from the emplaced 
creosote source. These curves were calculated with a simple spreadsheet model using the 
assumptions stated above and also assuming that the unidentified portion was insoluble. The 
value used for groundwater flux through the source was 0204 m3/day, for reasons discussed 
eartier. For the purposes of the calculations it was assumed that all the groundwater passing 
through the source during a given time step reaches equilibrium with the creosote, according 
to equation 3. At the beginning of the next time step, the mass dissolved into the aqueous 
phase during the previous step was subtracted from the creosote and mole fractions were 
recalculated. Calculations for the first 100 days were performed with a relatively short time 
step (0.25 days) to minimize the error of this approximation during the time that phenol mole 
fraction is changing rapidly. The time step was subsequently increased to 5 days since the 
remaining analyzed compounds are less sensitive to this type of error due to their relatively 
low solubilities. 

Also shown on Figure 3 are groundwater concentrations at level 4 of multi-level piezometer 
SS4, installed within the creosote source. The location of this monitoring point is shown on 
Figure 2. denoted as SS'--4. This level was selected for demonstration because it has been 
monitored consistently and has maintained relatively consistent concentrations. In some other 
monitoring points small blobs of pure phase creosote have occasionally been recovered 
during sampling and have caused an apparent. but eff'Oneous. increase in dissolved 
concentrations. The model based on Raoult's law approximates most of the field data within a 
factor of two. although considerable scatter is apparent in the measurements. The significant 
decreases in concentration predicted over the monitoring period for m-xylene and 
naphthalene are evident in the measured data. Oibenzofuran deviates most from the 
predicted behaviour. Nonideality of the creosote is not considered to be the cause or the 
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difference since the pure compound liquid solubility used to calculate the initial Se was 
determined through batch testing. Rate-limited dissolution (ie .. limited by contact time 
between groundwater and source creosote) is also not suspected as the cause since it does 
not appear to have limited concentrations of the other three compounds. although it cannot be 
ruled out. Potential causes under review include analytical uncertainty in CharaderiZation of 
the initial creosote (eg., co-eJution of an unidentified compound with dibenzofuran) and the 
batch test samples. 

Figure 4 shows concentration profiles in SM form-xylene, naphthalene, dibenzofuran and 
phenanthrene at 55 days and 1008 days after emplacement of the creosote source. M-xylene 
and naphthalene show more variable depletion between sample sets. This inctease in 
variability of aqueous concentrations with time, which is best illustrated by the naphthalene 
profiles, may result from heterogeneous distribution of creosote mass in the source. Care was 
taken during installation to kef:p the creosote-sand mixture consistent. However, cores 
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collected from the source shortly after emplacement indicated considerable variability in 
creosote concentration (data not shown). In portions of the source that contained less 
creosote mass, higher solubility compounds such as naphthalene and m•xyfene may have 
been depleted as indicated by aqueous concentrations that are much lower than expected in 
some locations. Less spreading was observed for dibenzofuran and phenanthrene 
concentrations. probably as a result of lower solubility. However, an overall decrease in 
dibenzofuran was observed and is difficult to explain since the predicted Se stays constant 
over this period. The obvious decrease in the measured values may indicate that the mole 
fraction in the initial creosote was less than that indicated by analysis. 

A further illustration of increasing variability in aqueous concentrations of the more soluble 
compounds is shown in Figure 5. The measured data are from samples colleded at points 
throughout the creosote source at 55 days and 1008 days. As shown in the plot of 
naphthalene vs. dibenzofuran, concentrations of both compounds showed relatively little 
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variation throughout the source at 55 days. However, a considerable spread in the 
naphthalene data became apparent by 1008 days. Oibenzofuran concentration decreased but 
in a relatively consistent manner. A similar trend is noted for naphthalene vs. phenanthrene. 
with the exception that no decrease is apparent for phenanthrene after 1008 days. 

Figure 5 also shows expected trends of compound ratios according to the Raouli-s law model. 
These have been extended to 10.000 days to cover the range of measured concentrations. 
As expeded, the data for dibenzofuran does not fit the prediction: -in it appears that a 
lower initial mole fraction is indicated for di•nzoruran. However. data for naphthalene vs. 
phenanthrene and naphthalene vs. rn-xylene show a ntaonable agreement with the curves. 
with considerable scatter noted. At 55 days, most of the data points are located in a duster at 
the earfy time part of the curves. However, by 1008 days the data are diStributed along most 
of the length of the curves. Consequently, Within the confines of the parameters used in the 
model, up to 10,000 days would be required for naphthalene and m-xylene concentrations to 
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Figure 5. Dissolved naphthalene concentration vs. dibenzofuran, Phenanthrene and m•xylene 
in groundwater throughout the creosote source: 55 days and 1008 days after source 
emplacement: duration of the Raoult's law model simulation is from 0 to 10.000 days 
(note: the small bend at right end or each curve is due to rapid depletion or the 
phenol mole fradion). 
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decrease as low as those measured in many of the 1008 day samples. This result is 
consistent with -the suggestion of variable initial eoncentrations of creosote throughout the 
source, since the effect of lowering the initial concentration is similar to that of extending the 
period of dissolution. The observation that the more soluble compounds have been depleted 
by as much as ten times sooner than predicted may therefore indicate that at some locations, 
initial creosote concentration was an order of magnitude less than expected. 

It is notable that with the processes indicated above. it is possible for groundwater migrating 
out of a contaminant source area to have • consistent composition initially even though the 
NAPL distribution is heterogeneous. With Ume, zones of low NAPL concentration could 
become depleted of the more soluble compo&Jnds. Composition of groundwater leaving the 
source would then become variable with respect to the more soluble compounds while 
concentrations of the less soluble compounds remain relatively consistent . This 
compositional variability may be important in terms of estimating dissolved mass flux from 
organic mixtures with a wide range of compo&Jnd solubilities. On an adual contaminated 
industrial site, where contact time will typically be much longer, groundwater plumes evolving 
from these types of mixtures are likely to be even more variable in cross-section: more time is 
available to magnify the effects of heterogeneous NAPL phase distribution. In such a 
circumstance, considerable care is required to make a reasonable estimate of contaminant 
mass flux from a source area into a groundwater plume. 

CONCLUSIONS 

Results of dissolution batch tests showed that Raoult's law provided a reasonable estimate 
(within of factor of 2) of the effective solubility of four of ten analyzed creosote compounds. 
The effective solubility of m-xylene, naphthalene and phenanthrene in groundwater at one 
point in the emplaced creosote source was satisfactorily predicted by Raoult's law over a 
period of 1000 days, but dibenzofuran behaviour was not well predided. The deviation for 
dibenzofuran is considered to be related to experimental methodology rather than nonideality 
of the creosote with respect to this compound. 

The degree of variability in groundwater composition throughout the creosote source 
increased dramatically in a relatively short time for m-xylene and naphthalene. It is evident 
that at many individual points the Raoult's law model would not have provided a satisfactory 
prediction. Comparison of the Raoult's law model to groundwater concentrations throughout 
the source provided an indication that the increasing variability was due to heterogeneous 
initial distribution of pure phase creosote. This observation has implications for interpreting 
organic plume data at sites contaminated with complex organic mixtures with a wide range of 
compound solubilities. 
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APPENDIX7 

RESULTS FOR QUALITY ASSURANCE AND CONTROL 

I. Effect of sample and extract storage time 
2. Field blanks 
3. Trip blanks 
4. Effect of sorption to teflon sampler tubing 
5. Influence of purse volume on groundwater composition 

140 



Eff'ect or sa•ple and estract storage time on analytical chemistry results 
Snapshot #5, Emplaced Creosote Source 

Mark King/May 19, 1995 
1. Samples coUecfed 
• 24 identical samples from a near source piezometer (3-0-7); sample are indicated by "NS" 
• 24 identical samples from a &r source piezometer (11-0-6); samples are indicated by "FS" 
• NS and FS sets have been split into 8 groups each; each group is composed of triplicate 

samples. for example the first set is NS-1(1), NS-1(21 NS-1(3) 

2. EtTect of Sample Stonn Time 
• Samples NS and FS 1 through 4 will be extracted in sequence, at regular intervals over the 

extraction oeriod: 

Samples Estraction Date Analysis Date 

NS-1(1), NS-1(2), NS-1(3) May19 all 24 samples at same time 
FS-1(1), FS-1(2), FS-1(3) (around May 31) 

NS-2(1), NS-2(2), NS-3(3) May23 
FS-2(1), FS-2(2), FS-2(3) 

NS-3(1), NS-3(2),NS-3(3) May26 
FS-3(1 ), FS-3(2), FS-3(3) 

NS-4(1),NS-4(2), NS-4(3) at end of extraction period 
FS-4(1), FS-4(2), FS-4(3) 

• keep a record of exact extraction and analysis dates 

3. Eff'ect of Extract Storye Time 
• Samples NS and FS 5 through 8 will be extracted at the same time and analyzed in 

sequence, at regular intervals over the analytical period: 

Samples Extradion Date Analysis Date 

NS-5(1), NS-5(2), NS-5(3) all 24 samples at same time ASAP after extraction 
FS-5(1), FS-5(2). FS-5(3) (around May 19 or ASAP) 

NS-6(1), NS-6(2), NS--6(3) June JO 
FS-6(1), FS-6(2), FS-6(3) 

NS-7(1), NS-7(2), NS-7(3) July 31 
FS-7(1), FS-7(2), FS-7(3) 

NS-8(1), NS-8(2), NS-8(3) at end of analytical period 
FS-8(1), FS-8(2), FS-8(3) (around end of August) 

• keep a record of exact extraction and analysis dates 
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Table L Summary of results fiom cxperirment to test the effect of sample and extract storage time: 
results~ averages of triplicate samples and units~ in ug/L. 

Extract storaee 
near source &rsource 

Odavs 49davs 69davs Odavs 49 davs 69dm 
m-~-ylene 0 0 0 568 542 581 
naphthalene 1445 1585 1285 16806 1640S 15148 
indole+2-m.naph 163 227 176 1397 1352 1338 
1-m.naph 100 204 205 814 801 916 
acenaphthene 87 100 96 48 46 53 
chlJenzofiuan 0 0 0 293 300 413 

0 lOdavs 0 
m-xylene 0 0 0 0 578 636 549 
naphthalene 1396 1138 979 1041 15209 15910 16367 
indole+2-m.naph 196 115 82 87 1375 1421 1326 
1-m.napb 190 136 72 97 807 821 834 
acenaphthene 96 96 96 102 47 50 52 
dibenzofiuan 0 0 0 0 369 387 405 
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Table 2. Resull1 for sample, point and for fldd blank sampled subsequently lhroush the same manifold connection. using standard purge volume; all results in ug/1... 

Snalllhotl 
sampled point m.xyl phenol 2,6 n1ph phcnan ■nth dib carb P)ffllC l•m.n o-crcs p+m 2,4·t-2,S 

11-00-13 0 0 0 3802 0 0 16 0 0 0 0 0 0 
flddblant 0 0 0 0 0 0 0 0 0 0 0 0 0 

11..fJ0.14 0 0 0 608 0 0 0 0 0 0 0 0 0 
flCldblank 0 0 0 0 0 0 0 0 0 0 0 0 0 

lfi.00.13 0 0 0 0 0 0 0 0 0 0 0 0 0 
ficldhlank 69 0 0 0 0 0 0 0 0 0 0 0 0 

sampled point 2J 3,5 ind+2,m.n biph ICCII•)' IICCR Ruor Ruora B-anlh Chl)'I 8-Ruora D-pyr ind+dib bcnzo 

-~ 11-00-13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
flCldblank 0 0 0 0 0 0 0 0 0 0 0 0 0 () 

11.00.14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
field blank 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16-00-IJ 0 77 35 0 0 0 0 0 0 0 0 0 0 0 
flddblank 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



t 

Table 2. (CCIIIIUWIIOII) 

........ ............ ... 
02-Nl-G7 160 ....... 0 

03-NMJ 519 , ........ 0 

OIB-l1fJ.1 0 
WI..._ 0 

4JIB.NI-G7 215 ........ 0 

OM0-07 3'14 ....... 0 

ONl-4)7 469' ........ 0 

INI-G7 0 ......... 0 

.......... -
02-m.e1 164 ........ 0 

OJ.N2.e7 1'l ....... 0 

OIB-N2•7 0 ........ 0 

OIB-NJ.e7 0 ........ 0 

.,,,.., 2 ........ 0 

ONI-G'J 0 , ......... 0 

INI-G1 0 
ficW ..... 0 

.... 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

• 
soo 

0 

411 
0 

0 
0 

0 
0 

,, 
0 

40 
0 

0 
0 

~ pon 2., 2.4+2.S 

)3 0 0 0 
0 0 0 0 

:u 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

UJ 0 0 0 
0 0 0 0 

••• 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 .. .... .... adt 

250 ,,. 14 302 
0 0 0 0 

:Z01 24 ,2 239 
0 0 0 0 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

2.3 3,S ftl .. in4t2,m.n ..... biph acca-y 

0 0 7911 1264 507 221 40 
0 0 0 0 0 0 0 

0 0 542'1 1119 '52 HI 31 
0 0 0 0 0 0 0 

0 0 0 0 0 (I 0 
0 0 0 0 0 0 0 

0 0 ICSJ 0 s 0 0 
0 0 0 0 0 0 0 

0 0 SIii 294 194 0 0 
0 0 24 0 0 0 0 

0 0 SJ◄J IOJ 
" 0 0 

0 0 IJ 0 0 0 0 

0 0 0 0 0 0 0 
0 0 41 G 0 0 0 ... ,,,.. a-. c:t.)11 .,.,... 

--►- 11-f>T ind•dib ~ 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
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Tab,o 2. (conlinucd) 

SnaPShol 5 
ampled point m•xyl 

03-01-07 
feeldbWc 

0118,,NJ-07 
fteldbllnk 

09-00-07 
fteldbllnk 

19-01-0I 
flCldbllnk 

19-02-10 
rtcld blank 

21-4)2.()6 
r.w blank 

sampladpoint dib 

03-01.()'1 
fNtlcllillnlc 

088-Nl-07 
fteldbllnk 

09-00-07 
ftcldbllnk 

19.01-0I 
faelcl blank 

19-02-10 
ftcldblank 

21-02-06 
facldblank 

phcn o-cres 

8128 0 
0 0 

361 0 
0 0 

14 0 
0 0 

0 0 
0 0 

0 0 
0 0 

0 0 
0 0 

l1uor phen 

421 271 
0 0 

0 0 
0 0 

0 0 
0 0 

0 0 
0 0 

0 0 
0 0 

0 0 
0 0 

p+m 2,6 2,4+2,S 2,l 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

anlh carb fluora pyrcno 

123 62 16 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 

l,S naph ind+2.m.n l•m,n biph accn•y accn 

0 8600 1264 483 93 41 860 
0 10 0 0 0 0 0 

0 1551 0 97 0 0 0 
0 0 0 0 0 0 0 

0 6857 968 387 284 0 30 
0 0 0 0 0 0 0 

0 6485 0 0 0 0 0 
0 0 0 0 0 0 0 

0 2318 0 0 0 0 0 
0 0 0 0 0 0 0 

0 2443 0 0 0 0 0 
0 0 0 0 0 0 0 

8-anth c:hrya D(b)-Ouor B(k)-Ouor B•P)T indtdib bcnzo 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
0 0 0 0 0 0 u 



Table 3. Trip blank results (ug/L) 
SnaPlhoe 4 • 1001 days 
11a111nliM location m-m nhm o-cNI D+m 2.6 2.4+2.S 2.3 3.S Mnh ind+2.m.n 1-m.n binh IICCft•Y accn 
02-N2-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
03-N2-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OIB-N2-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0IB-Nl-14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
09-00-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
09-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
19-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

......... location dib fluor ..... llllh cad, l1uora IIVlllll8 B-lnth chivll Ml\.lluor Blk).Ouor lkM ind-tdib bav.o 
02-NZ-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ol•N2-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0IB-N2-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ol&.N1-14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
09-00-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
09-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ..... 

,C;. 19-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

°' 
- - 5- 1357d iV8 , _ .. _ lacalian •""' lnhm OCNI Dtm 2.6 2.4+2.5 2.3 3.5 nuh ind+2.m.n 1-m.n binh ICOR-Y accn 
03-00-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
03-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0IB-Nl-l4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
09-00-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
19-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
21-02-16 0 0 0 0 0 0 0 0 106 0 0 0 0 0 

lllll .. ilwlacation dib Ouar nhm 1111h cad, RuOla avnnD B-lnlh chtw B(b).fluor B<k).fluor 8-IM indtdib bcmo 
0l-00-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0J-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OIB-NJ-14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
09-00-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
19-01-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
21-02-16 0 20 0 0 0 0 0 0 0 0 0 0 0 0 



Table 4. Results of samples collected to evaluate whether sorption to tetlon piezometer tubmg 
has a significant effect on sample results; built sample was recovered from a stainless stc:e! 
pie-zometcr, then aliquots were either pomed diRctly into sample boales or pumped into 
bottles tbrough 4m of cdlon. tubing; pumped samples were preceded by a SO mL ~ar 
to standard field sampling protocol. 

I (SS19-S) Nar-soun:c an n1 er 
Poured Pumped 

m-xylcne 0 0 0 0 0 0 0 
phenol 0 0 0 0 0 0 0 
o-cresol 0 0 0 0 0 0 0 
p+m-craol 0 0 0 0 0 0 0 
2,6-dmp 0 0 0 0 0 0 0 
2,4+u-clmp 0 0 0 0 0 0 0 
u-dmp 0 0 0 0 0 0 0 
3,54np 0 0 0 0 0 0 0 
naphtha~ 2.42 2.37 2.42 2.4 2.4 2.41 2.41 
indole+2-mn 0.49 0.48 0.49 0.41 0.49 0.47 0.41 
1-m.aaph 0.32 0.32 0.31 0.32 0.32 0.32 0.33 
biphmyl 0.19 0.18 0.19 0.19 0.19 0.18 . 0.19 
accnapbthylcne 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
accnaptbale 0.57 0.57 0.57 0.58 0.58 0.51 0.51 
chl,cnzofinn 0.14 O.lS 0.25 0.24 0.24 0.23 0.25 
f1uorene 0.22 0.22 0.22 0.22 0.21 0.2 0.2 
pbmmtbnme 0 0 0 0 0 0 0 
IIU1ncene 0.04 0.04 0.04 0.04 0.03 0.04 0.04 
carbazole 0.17 0.16 0.18 0.18 0.16 0.17 O.lS 
fluonntbene 0 0 0 0 0 0 0 
pyrme 0 0 0 0 0 0 0 
B(A)lntlnccne 0 0 0 0 0 0 0 
chmene 0 0 0 0 0 0 0 

Far-source -•n - <SS34-S) 
Pomd Pumped 

m-xylenc 0.66 0.65 0.67 0.66 0.65 0.65 0.61 
phenol 0 0 0 0 0 0 0 
o-c:raol 0 0 0 0 0 0 0 
p+m-cresol 0 0 0 0 0 0 0 
2,6-dmp 0 0 0 0 0 0 0 
2,4+~ 0 0 0 0 0 0 0 
2,3-Gnp 0 0 0 0 0 0 0 
3,Ump 0 0 0 0 0 0 0 
Dlpiltbllme 6.S 6.48 6.62 6.51 6.51 6.52 6.56 
indole+2..an 0 0 0 0 0.02 0.02 0 
1-m.mph 0 0 0 0 0 0 0 
bipbmyl 0 0 0 0 0 0 0 
ICClllll'hthYlcne 0 0 0 0 0 0 0 
ICftlllll'C)lene 0 0 0 0 0 0 0 
cb"balzofinn 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
Ouorene 0 0 0 0 0 0 0 
pbmlatlnnc 0 0 0 0 0 0 0 
IDlhrKene 0 0 0 0 0 0 0 

carblzole 0 0 0 0 0 0 0 
fiUOlllltbmc 0 0 0 0 0 0 0 
pyrme 0 0 0 0 0 0 0 
B(A)lmtbracmc 0 0 0 0 0 0 0 
chr\-sene 0 0 0 0 0 0 0 
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0 
0 
0 
0 
0 
0 
0 
0 

2.41 
0.41 
0.32 
0.18 
0.03 
0.57 
0.24 
0.21 

0 
0.04 
0.IS 

0 
0 
0 
0 

0.66 
0 
0 
0 
0 
0 
0 
0 

6.54 
0 
0 
0 
0 
0 

0.06 
0 
0 
0 
0 
0 
0 
0 
0 



Table 5, Results from sample set collected 10 evaluate the variability of groundwater composition in n:sponsc to pumping~ samples were recovered after 
purging 50 mL (A), .500 mL (8) and IOOOmL (C) from the sampler, results indicate that composition is relatively insensitive to pumping, for the tested volumes. 

Sample Location: 4-6 27-5 9-0 20-1 
A B C A B C A B C A B C 

m-xylene 0.000 0.000 0,000 0,079 0,091 0,106 0,601 0,601 1,079 0,000 0,000 0,000 
phenol 0,000 0,000 0.000 0,000 0.000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
O<ftSOI 0,000 0,000 0.000 0.000 0.000 0.000 0.067 0,062 0,087 0,113 0,107 0.I07 
p+m-craol 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0.000 0,000 
2,Wmp 0,000 0,000 0.000 0,000 0,000 0,000 0.000 0,000 0.000 0,000 0,000 0,000 
2,4+2,5-clmp 0.000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
2,3-dmp 0,000 0;000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
3,5-dmp 0.000 0,000 0,000 0,000 0,000 0,000 0.000 0,000 0,000 0,000 0,000 0,0(KI 

naphthalene 0.427 0,468 0,443 3,292 3,321 3,378 6,914 6,961 6,654 J,038 3.438 3.-489 
indole+2-mn 1.252 1,292 1.274 0,732 0,730 0.738 0.754 0,759 0,780 0.000 0,000 0.000 
1-m.naph 0,612 0,630 0,620 0,609 0,609 0,609 0,488 0.491 0,441 0,000 0,000 0,000 - biphenyl 0,350 0,369 0.368 0,224 0.222 0,222 0,014 0,015 0,142 0,000 0.000 0,003 

~ 
00 acenaphlhylene 0,039 0,058 0,057 0,033 0,0]3 0,033 0,006 0,005 0,030 0,000 0,000 0,000 

acenaplhene 1.320 1,393 1,366 0,761 0.772 0,771 0,044 0,047 0,261 0,000 0,005 0,005 
dibem.oftuan 0,651 0,713 0.706 0,319 0,315 0,326 0,064 0,069 0,069 0,000 0,033 0.033 
RUOlelle 0,417 0,488 0.474 0.196 0,196 0,201 0,005 0,005 0,007 0,000 o.oos 0,005 
phenanlhrene 0.445 0,549 0,527 0,019 0.019 0,019 0,000 0,000 0,016 0,000 0,000 0,000 
anthracene 0,064 0,070 0.069 0.055 0.057 0,058 0,000 0,000 0,008 0,000 0,000 0.000 
carbazole 0.257 0.279 0.291 0.256 0.249 0.241 0,000 0,000 0.077 0.000 0,000 0.000 
Ouoranthenc 0.071 0,098 0.084 0.000 0,000 0,000 0.000 0,000 0,000 0,000 0,000 0,000 
pyrene 0.051 0,075 0,064 0,000 0,000 0,000 0.000 0.000 0.000 0,000 0,000 0,000 
B(A)anlluacene 0.000 0.000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0.000 
chryscne 0,000 0,000 0.000 0.000 0,000 0.000 0,000 0,000 0,000 0,000 0,000 0,000 
B(b)Duoranlhcne 0,000 0,000 0.000 0,000 0.000 0,000 0,000 0,000 0,000 0.000 0,000 0,000 
B(k)Ruoranlhene 0,000 0,000 0,000 0.000 0,000 0,000 0.000 0.000 0,000 0,000 0,000 0,000 
B(a)~ne 0.000 0,000 0,000 0.000 0,000 0,000 0,000 0,000 0,000 0,000 0.000 0.000 
indeno+dibenz 0.000 0,000 0,000 0.000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 o.oou 
benm 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 



APPENDIX& 

PROCEDURE FOR ESTIMATION OF PARTITIONING COEFFICIENTS 

PURPOSE 

To estimate K; for moderately hydrophobic creosote compounds. 

METHODS 
1.0 Preparation of stock solution 

add 1.2 ml carbazole and 8.6 ml m-xylene to 180 mL raw creosote Oiquid only); mix well; 
split mixture into 2 lOOmL glass bottles; seal each with no beadspace and place in freezer for 
several hours to increase viscosity 
pour one bottle of creosote mixture into a IL amber glass bottle, 
fill remainder of IL bottle with Borden irc,unclwater taking care not to put blobs of creosote 
in suspensio~ seal with no headspace 
store at room temperature for three days (based on Malcolmson (1992) results re time to 
reach equilibrium) 
siphon 0.8L of water from the creosote/water bottle into another glass bottle 

2.0 Determination of soil/water partitionin1 coefficients 

2.1 Dilution or stock solution 
prepare 400 ml of each of the following by adding Borden groundwater: straight stock 
solution, 2X dlution, 4X dilution, IX dilation, lil diludon 
collect a 20 mL sample of each for analysis of initial concentration; 

2.2 Batch preparation 
to a 100 mL (nominal) glass bottle add approximately 25 g Borden sand; fill remainder of 
bottle with solution (average solution volume==l03mL); seal with a crimped cap (silicon 
seal/metal cap) 
make up triplicate bottles for each solution for a total of IS bottles (S solutions X 3) 
make up a triplicate set of COllb'Ol bottles for each dilution by completely filling 100 mL glass 
bottles with solution (no sand), cap u above (5 solutions X 3) 
total "partitioning coefficient" bottles = 30 bottles 

2.3 Batcla treatment 
agitate bottles gently at room temperature for 12 boun 
centrifuge the bottles for 1S minutes to settle the sediment 
collect 20 LI water sample &om each bottle through the silicon cap with a syringe 
total "partitioning coefficient" samples= S initial+ 30 batch= 35 

149 



Table 1. Summary of results for batch determination of solids partitioning coefficients (Kd); 
stock solution results for the latter three compounds have not been incorporporated since they are 
considerably greater than plume concentrations. 

S10dt 2.'1>ilution 4XDillllian IXDilldion 16XDilulion 
Solution 

naphlbalenc (A) Coalrol Aqueouscoac. (aiplic:aleman; ug/L) 9037 4449 1129 1094 513 
(B) 8llcb 1 aqualic an:. (ug/L) 1'772 4072 2013 1062 506 
(C) Balch.1 ~ an:. (ug/L) 1345 4220 2071 1055 488 
(D)Batdl3...-CCIDlll:.(ug/L) 1644 41'1 2075 1037 489 
(E) Maablrdlaqr,aliccaac;mcaaCB.CJ>(uwl,) 8'17 4UO 2076 10$1 494 
(f) Balda l Scned-((A-B)ewl -)'(--aad);(mg,ka) 10,2 1553 19% 131 2S 
(G) Balda 2 Sanal-((A~ -)'(-and);(~ 2149 944 239 163 102 
(ff) Blrdll Sarbed.-((A•D~ wmr)'(-UIIII); (mwkl) 1620 1191 m 236 98 
m Man__._.. 1111111 ofF.~ ..- - - 1154 1232 211 117 75 

pbcnmJnac (A)CGallalAqlNOusCGD1:..(aipicalemcan;uw[.) 319 212 91 49 24 
(B) 8llcb 1...-cias.(ug'L) 177 207 75 36 19 . (C) Bllchl...-cias.(uf'L) 231 211 69 33 19 
(D) Blldll ...-cias.Cuwt) 271 209 63 JI 18 
(E) Maalllrdllqllllic~--r1a.CJ>(uc'L) 2'0 209 69 36 18 
(f) Blldl l Scirbed-({A•B:,eval WIW)'(-lllld); (mw'ka) 462 310 90 52 23 
(G) Blldl2 Scned-((A.cywl Wllllr)I(- uad); (llll"kl) 654 290 117 65 24 
(ff) Blldll Sorbcd-((A-D:,e\'Ul -)'(-uad);(llll"kl) 487 301 140 46 29 
ffl t.fClll~---F,G,111-&-'lo 534 300 116 54 2S 

ch"bcazofinn (A) CGallal AqueGus CGD1:.. (lripliclra me-.; uwl-) 735 349 175 78 
(B) Bllch l aqualic cias. (ua'l,) 634 209 12 49 
(C)811cb2...-~(ul'l,) 651 313 159 69 
(D) Blldal aqaaliecxn:.(uwt) 641 316 1'7 74 
(E) M,m lllrdl ..--~-ofB.CJ> (ua'l,) 646 195 132 64 
(f) Bllcll 1 ~(A·B:,ewl war.)'(- 1111d); (lllll'kl) 416 .576 314 119 
(G) Blk:ll 2 Sorbcd-((A-cywl -)'(-and); (llll"kl) 32l 148 68 35 
(ff) Blldl3 Sarbld-((A·D>-wl Wller)'(-lllld)'; (ffll'kl) 360 135 76 16 
m Man....._.. 1111111 aCF.GJI (11N1&•, 366 216 176 51 

carbazole (A) CGallal Aquoauscaar:. (lriplicllemean; uwl-) 384 171 104 so 
(B) Blrda l aqlllliecxn:. (uw[.) 306 141 90 45 
(C) Barda 2 aqllllil: cias. (ag'l.) 316 175 19 49 
(D)Blldl3aqllllieas.(ua'L) 311 150 101 47 
CE> Maablldalqllllic~-ora.CJ>c-.L> lll 151 96 47 
(f) Bllda l Sarbld-{(A-8}ewl W111r)'(11111Slllld); (-.'kl} 319 124 59 21 
(G) Blrdt2 SarfNd-((A-C>-- ,_.)'(-and); (awkl} 2IO 10 62 2 
(H) Balclll Sarbld-((A-D1'-ol -)'(--uad); (lllf'kl) 300 113 -1' 12 
m Man ...--r- 11111n r1F.n u '-"'•' 300 12 JS 12 

1-m.Jllllll (A)CGllllalAqlllGUlloaar:.(lripliclra1111111;11a'L,) 643 294 109 55 
(B) 8alCll 1....-cias. (ag/L) 614 2'3 107 S4 
(C) Blldl2 ..... cias.(ug'L) 619 211 100 44 
(D) a.la] ..... CGK.(uglL) QM 213 91 43 
(E).,... ..... aqllMkaa.;-ofac.ocuwL> 612 273 102 47 
(F) Bllclt J ~(A·B>-vol _)'(_ ~(llll'k&) 12l 110 7 3 
(G)Blldl2 Sart.d-((~ -)((-1111111);(-.,ka) 91 53 34 ,46 

(H) Bllda3 Sort,ed-((A•D>-wi Wlltr)((-und); {~ 163 46 44 48 
m Mam n11ect ... aer.r.1. u 1-"--"' 128 90 21 32 
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Table 2. Summary ofKd estimates 

na htbalene henanthrene cbbenzofuran carbazole 1-m.na hthalene 
aqueous sorbed aqueous sorbed aqueous sorbed aqueous sorbed aqueous sorbed 

cone. 
u m u 
8587 18S4 260 
4150 1232 209 300 646 366 311 300 612 128 
2076 218 69 116 19S 286 1S8 82 273 90 
1051 177 36 S4 132 176 96 3S 102 28 
494 1S 18 2S 64 S1 47 12 47 32 

Kd 0.22 1.80 0.67 0.83 0.24 
R2 0.94 0.94 0.32 0.87 0.80 
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APPENDIX9 

IN SITU K,1 ESTIMATION 

BACKGROUND 

Samples of groundwater and sand were collected &om within the plume to obtain an in situ K" 
estimate. Groundwater samples were collected ftom three different multi-level samplers in order 
to locate vertical zones where plume concentrations were relatively consistent between three to 
four vertically adjacent sampling points. Groundwater results, shown in Table 1, indicate 
detection of zones that were suitable with respect to several moderately hydrophobic compounds. 
Sand cores were subsequently obtained within.,_ zones. and results are provided in Table 2. 
Table 3 provides results of the estimation technique, where average groundwater concentration 
has been related to estimated sorbed concentration. 
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Table I. Analytical results for groundwater samples collected for in situ evaluation of Kd~ the sampling objecth1e was to locate a vertical interval 
where aqueous concentrations were relatively consistent, for subsequent comparison with core data coHected from the same interval. 

mg/I • 

looation: 2-t...t 2-1-, 2·1-6 2•1-7 2·1·8 6A-Nl•l 6A-Nl...t 6A-Nl-05 6A•Nl-6 6A-Nl-7 98-l•l 9B-1-4 98-M 98-1-6 9B-F7 
, dculh (m below arado) :u 2.6 2,8 3 3.2 2.2 2.4 2.6 2,8 3 2.2 2.4 2.6 2.8 3 
m•xvlcno 0.054 2.619 2.722 B.036 l.029 0,037 0.081 0.614 t.179 1,195 0.010 0.016 0.019 0,032 0,072 
lllhcnol 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 

o-oraol 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 

1ptm~l 0.000 0.000 0,000 0.000 0,000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0,000 

2.6-dnm 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 tl.000 0.000 0.000 

2,4+2.5-d:nm 0.000 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0,000 0,000 0.000 0.000 0.000 0.000 
2.3-dmo 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 0.000 0,000 
3,5-dmn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0.000 0,000 0.000 0,000 0,000 

nnhthalcma 7,819 9.102 8.252 8.849 9.700 1.250 3.422 4.792 4.952 4.133 2.576 4.115 Ul6 4.612 4,,153 

indokt 2-m.n. 0,946 t.006 0.878 0.,88 1.01, 0.156 0,489 0,571 0,713 0,619 0,009 0.020 0.036 O.IOl 0.184 

l•m.nmh 0,S24 0,545 o.411 o.s:n 0.'85 0.172 0.334 0,421 0,526 0.436 0,253 0.230 0.142 0.134 0.176 
IS 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
binhcnvl 0.194 0.212 0.178 0.204 0,219 0.0'7 o.100 0,131 0.180 0.136 0,004 0,003 0.000 0.000 0.000 

••• lcao 0.035 0.026 0,035 0,024 0,028 0.008 0.016 0.020 0,024 0,020 0,027 0.000 0.000 0,000 0.000 ... 0,702 0.150 0,652 0.704 0,77' 0.194 0.341 0,468 0,622 0.474 0.000 0.019 0,000 0,000 0.000 
dibcmofinn 0,343 0.375 0,322 0.)'8 0.377 0.026 0.036 0.074 0,080 0,095 0.000 0.000 0.000 0.000 0.000 
Ouorcao 0.218 o:,Ul 0.211 o.231 0.242 0.012 0,016 0.031 0,031 0.041 0.000 0.000 0.000 0,000 0.000 
lallcmanlhn:nc 0.142 0.136 0,144 0,145 0.138 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000 0.000 ......__ 0.078 0.080 0.065 0,077 0,075 0,014 0.021 0.04'1 0.053 0,0S, 0.000 0.000 0,000 0,000 0.000 
l.llfflROIG 0.263 0,279 0,238 0.291 0,294 0,042 0,122 0,123 0.160 0,16' 0,000 0,000 0.000 0.000 0,000 
Ruorantm:no 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 

ID\TCIICI 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 
Bia .. 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 
ohrncno 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 
BCb)fluonnlhcnc 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 
Blk)Quoranthcno 0.000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 
D(alnvrenl! 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 
indcno+dibcnz 0,000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0,000 

bcnzo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 



Table 2. Results for core samples collected adjac:ent 
10 gmunchvater sampling sites; units are mg/kg wet weight 
and have not been conectecl for compound mass present in 
iaucrstitial water. 

location: 2-1 6A-Nl 98-1 
depth top(m): 2.74 2.44 2.44 
ldmdt bottom Cml: 3.0S 2.74, 2.74 
m-svlcne 0.505 0.157 0.205 
Dhmol 0.000 0.000 0.000 
o-craol 0.000 0.000 0.000 
-• l 0.000 0.000 0.000 . 
2.6-dnm o.oos 0.004 0.002 
2.4+2.S..dnm 0.000 0.000 0.000 
2.3-dmn 0.000 0.000 0.000 
JC-A- 0.000 0.000 0.000 
---btbalene 2.001 0.830 1.204 
iadole+l-m.n.. 0.433 0.226 0.037 
1-m.nanh 0.234 0.164 0.116 
IS 0.000 0.000 0.000 
"-. - l 0.245 0.134 0.000 

- - leDe 0.023 0.014 0.002 
ldheae 0 . .573 0.291 0.004 

dibenzofilran 0.493 0.068 0.000 
tluorene 0.346 0.030 0.000 
Dhenanduene 0.580 0.000 0.001 
andnc:ene 0.085 0.030 0.000 
carbazole 0.315 0.101 0.000 
Ouorantbene 0.000 0.000 0.000 

0.000 0.000 0.000 
~.-

c-

0.002 0.000 0.000 
c ... 0.000 0.000 0.000 
BtblflUOlllltbene 0.000 0.000 0.000 

~lfluaranlhene 0.000 0.000 0.000 
{a- 0.000 0.000 0.000 

indeno+dibenz 0.000 0.000 0.000 
benzo 0.000 0.000 0.000 

Water CODta1t (%) II.I 17.4 11.5 
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Table 3. Summary of in situ Kd estimation; groundwater results were calculated using data from 
sampling points that "bracket" the cored interval (see Table l); sorbed concentration was estimate 
by subtracting dissolved mass tiom the soil concentrations given in Table 2, on the basis of sampl 
water content (Table 2) and mean groundwater concentration (this table). 

Compound Sampling Disrmce Groundwam raults Sorbal Point Average 
location &om for cored interval coaccnllation ICd Kd 

source Mean n SlaDdarcl (ug/kg) csritrm•ie (cm2/g) 

(m) (ua/L) deviation (c:ml/1) 

naphthalene 2-1 2.S 897S 4 520 739.0S 0.08 0.09 

6A•Nl 8 4389 3 686 209.59 o.os 
98-1 16.7S 4434 3 111 606.61 0.14 

phenantbrme 2-1 2.S 140 4 4 659.11 4.70 4.70 

6A•Nl 8 ND 3 -
98-1 16.7S ND 3 -

dibenzofianm 2-1 2.S 358 4 22 517.33 1.44 1.26 

6A-Nl 8 63 3 19 68.IS 1.01 

98-1 16.7S ND 3 -
carbazole 2-1 2.5 275 4 22 322.SS 1.17 0.94 

6A-Nl 8 135 3 11 9S.40 0.71 

98-1 16.7S ND 3 -
1-m.naphthalcn 2-1 2.5 537 4 37 179.51 0.33 0.41 

6A-Nl I 429 3 71 117.23 0.27 

98-1 16.7S 169 3 44 106.02 0.63 

155 



APPENDIXl0 

MICROCOSM EXPERIMENT 

BACKGROUND 

Experiment conducted by Mark King and Marianne VanderGriendt; set up on May 10, 199S; 
write-up by Marianne VanderGriendt and Mark King. 

MATERIALS AND METHODS: 

Core Material: 

After collection, cores were stored at 4 degrees Celsius until use. The core used for this 
experiment was collected from Canada Forces Base Borden on Jan 25, 1995 (by Mark King). 
The top of the core was from a depth of2.18 m and the bottom was labelled at an 3.35m depth, 
with collection occurring 0.61 m down gradient of3-Nl. Sections 0.3 min length were cut and 
the inner diameter of each section was pared out of the core barrel. Care was taken to avoid 
material coming from the 1-2 cm at the ends, and around the sides of the core barrel. One 
hundred and forty grams ( 140g) of mixed parings were weighted into each of the 6 autoclaved 
control microcosms and autoclaved for l hr. on 3 separate occassions over the course of a S day 
period (Days 1, 2, and 5). Inner diameter section of the core were mixed and stored at 4 degrees 
Celcius, in sterile l L mason jars, for 5 days until control autoclaving was complete. Again, 140g 
of core material from the mason jars was allocated to the active microcosms immediately before 
set up. 

Groundwater 

Used Mark's collected groundwater from September of 1994-uncontaminated Borden 
groundwater. 

Since this experiment was aerobic, no nitrogen purging of the groundwater occurred. The initial 
dissolved oxygen content of the water was not measured but was assummed to be aerobic, since 
the carboy was stored at 4 degrees Celcius with a sizable headspace for quite some time (ie. 
expected dissolved oxygen approximately 6-7mg/L). 

Aerobic microcosms 

All equipment used during the set up was sterilized prior to use and aseptic technique was 
employed throughout the experiment. Twelve 1100ml glass bottle microcosms., with 0-ring tap 
stopcocks (J. Young Scientific Glassware Ltd.), and mininert (R) capped side arms were used for 
the experiments, so that continuous re-sampling of the microcosms could be carried out.. while 
maintaining an atmospheric seal. Of these 12 bottles, 6 consisted of control microcosms ( core 
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material previously sterilized). Of these 6 controls, 3 received 3 Amis of a 100/4solution of sodium 
azide ((1) CONTROL-I, (2)CONTROL-2, (3)CONTROL·3). The remaining 3 control bottles 
did not receive sodium azide addition ((l0)CONTROL-4, (11 )CONTROL-5, (12)CONTROL-6) 
but the groundwater used in these microcosms was filter sterilized through a 0.2um membrane 
filter (these controls were prepared for Jen11ifer Maud's specific needs). The remainit1g 6 bottles 
were active microcosms, with 3 unammended bottles ({4)ACTIVE-l, (S)ACTIVE-2, 
(6)ACTIVE-3) and 3 bottles ammended with an inorganic nutrient medium called modi£ed 
Bushnell Haas medium ((7)ACTIVE-4+MBH, (l)ACTIVE-S+MBH, (9)ACTIVE-6+MBH). 

All bottles were placed in the sterile air flow cabinet were sodium azide addition (3.4mls of a 100/4 
solution of sodium azide) was made to each of the 3 appropriate controls ((1) CONTROL-I, 
(2)CONTROL-2, (l)CONTROL-3) and 6.9mls of the inorganic nutrient medium (modified 
Bushnell Haas medium) was added to each of the appropriate active microcosms ((7)ACTIVE-
4+MBH, (8)ACTIVE-S+MBII, (9)ACTIVE-6+:MBH). The modified Bushnell Haas medium 
consisted of per Liter: IC2HP04, l .0g; ICH2P04, l .0g; NH4NO3, l.0g; MgS04*7H2O, 0.2g; 
Cacl2•2H2O, 0.02g; Fecll, 0.OOSg; distilled 820, lOOOmls; and pH to 7.0 (Modified from 
Mueller et. al. 1991. ES and T,25:1045-l0SS). All bottles received 380mls of diluted creosote 
contacted water (method of composition descnl>ed below) via a graduated cylinder. For this 
experiment, tilter sterilized (0.2um filter) Borden groundwater was used to prepare the creosote 
contacted water so that sterile controls, without azide could be prepared for Jennifer Maud. After 
dispensing, bottles were immediately clo~ leaving a 660ml headspace within them. 
Microcosms were incubated in a 10 degree Celcius incubator under static conditions. 

Note: A few of the necks of the large bottles broke after the initial set up and bad to be transfered 
to a smaller sized 800ml bottle. This resulted in a smaller sized headspace within the microcosm. 
However, since oxygen content within the microcosm was measured at each sampling time. 
oxygen depletion would be detected if it oc:curred. 

Bottle Transfers occured on: 

May 10, 199S 
(6)ACTIVE-3 AND (8)ACTIVE-S+MBH 
May IS, 199S 
(7)ACTIVE-4+MBH 

Microcosm Sampling 

Microcosms were removed from the incubator, and placed in the sterile air flow cabinet and the 
sampling procedure went as follows: 

A 20ml ground glass syringe (rinsed IX with 2.Smls of methanol and 3x with milli Q water) was 
fitted with a sterile disposable 22g needle tip. The stopcock of the bottle was opened and the 
bottle was gently placed on its side to allow groundwater to fill the sidearm. The needle tip of the 
syringe was insened into the sidearm of the bottle by unlocking the mininert valve and llmls of 
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groundwater was removed from the microcosm_ The 13ml sample was immediately placed in an 
18ml hypovial containing 3g of sodium chloride and 0.3mls of lN hydrochloric acid (standard 
creosote sample preparation. This vial was crimped with a teflon septa and aluminum seal and 
transported to the organic geochemistry laboratory were Kim Hamilton added the 1ml of 
methylene chloride (with internal standard) and did the organic analysis for P AH's etc. 
After this sample was taken, another 3 .S to 4mls was collected for Jennifer Maud's biological 
assays. 

After the sampling bad occurred, the mininert valve was left open for a short time to allow sterile 
air from within the sterile air flow cabinet to replentish the vacuum within the bottle. The syringe 
used to sample the bottles was deaned, as previously descn~ between bottles and new sterile 
syringes were also used. 

The headspace of the bottles was sampled for carbon dioxide and oxygen by withdrawing a Sml 
gas sample via a syringe. and injecting it onto a gas partitioner with a thermal conductivity 
detector (two columns in series - D and molecular sieve). After sampling for CO2 and 02 bad 
occured, the tap of the bottle was closed and the bottles were placed back in the lOclegree Celcius 
incubator. Sampling times occurred on the following dates: 

May 11, 1995 - Set 1-Day 1 
May 15, 1995 - Set 2 - Day 5 
May 18, 199S - Set 3 - Day 8 
May 25, 199S - Set 4 - Day 15 
June 8, 1995 - Set S - Day 29 

Preparation of Creosote Contacted Water: 

To prepare the creosote contacted groundwater, 1 SO mis of pure creosote was placed into a 6L 
erlenmyer flask and 6g (6.9Smls) of m-xylene and 0.95g of carbazole were added in. Four liters 
of filter sterilized Borden groundwater was added along with a teflon stir bar and the flask was 
tightly capped with a teflon wrapped stopper. The flask was stirred for 48 hrs.and sampled to 
determine initial concentrations of P AH's, etc.· 

Preparation ofDiluted Creosote Contacted Water: 

Creosote contacted water was carefully siphoned otr of the creosote and collected in a bottle with 
a teflon-faced septa. A 4.33L volume was made by adding 2.63L of groundwater and l. 7L of 
creosote contacted water. Diluted creosote contacted water was allowed to stir for 30 min. 
before dispensing to the microcosms. 

CREOSOTE AND HEADSPACE RESULTS 

Results of creosote compound monitoring are provided in Table 1. Sample calibration tables for 
analysis of oxygen and carbon dioxide in microcosm headspace are shown as Tables 2 and 3, 
respectively, and a summary of beadspace data is _Drovided in Table 4. 
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Table I. Swnmury of dissol\·c.>J creosote compow'KI data for large micrucosms ~ values are triplicate avcrnges, in ppb. 

Compound S1crilizcd C<'n1rol Active 
Dav 1 s 8 lS :?9 133 I s 8 IS 29 133 

m-xvlcnc 2897 4197 lS99 3102 1897 162::? 2616 3521 3246 2577 1607 1963 
wnol 6686 SBB4 6746 1606 95:? 678S 6190 S.347 6196 1479 1098 2161 
o-crc,sol ISOl 1424 1465 1368 l:?S4 1206 1401 1413 1429 129S 1222 681 
n+m.cJCsol 6997 6831 7281 7400 6145 5612 6689 6641 7017 6827 4:?62 769 
2.6-dmn !I I 113 120 117 94 81 106 109 116 110 92 125 
2.4+2.5-dmo 1184 1177 1227 12S:? IIIS 993 113:? IIS8 t:?:!l 1125 R79 583 
2.3-dmD 2688 270I 3021 3016 2SSI 2185 2607 2583 305S 2S26 2.15S 1617 
3.5-dmo m m 114 162 113 19 1011 91 ll4 73 114 201 
.......,lhalene 3646 4237 4286 3526 2332 '.?841 3439 2563 921 131 "'69 231 
indolc+l-m.nanh IOISB 11481 47844 11499 6928 1:ms 9644 10560 11193 11862 5809 7620 
1-m.nam 394 414 429 64 :m :?IO '76 401 438 SB :!17 138 
IS 
biohenvl ,ss 161 156 117 84 128 146 90 2S 12 10 3:? 
acenanhthvlcne 34 67 68 62 39 25 46 65 63 SI 42 32 
acenanhth,.ne 474 492 m 436 336 433 537 m 641 496 398 466 
dibcnzoruran 473 465 577 388 193 295 SOl 500 606 281 197 119 
noorcne 257 237 274 211 137 211 ::m 262 315 223 ISi 88 
rwnandlreno 284 256 :?SO 205 150 2IJ 280 237 271 192 160 :!IO 
andnccne 135 187 163 167 71 79 140 146 190 182 75 80 
carbazole 451 572 7l8 460 247 291 412 370 106 l:?9 0 26 
Ouormlhenc 47 SI 52 38 29 71 47 45 46 31 24 20 
• -nc 34 40 36 24 21 0 35 31 33 21 20 0 
1 awiltimttne 0 0 0 0 0 0 0 0 0 0 0 0 
, ,n .... ne 0 8 4 0 0 0 0 1 0 0 0 0 
I b Ouonnthcne 0 0 0 0 0 0 0 0 0 0 0 0 
Bk Ouoanlhenc 0 0 0 0 0 0 n 0 0 0 0 n 
Ra lffllN'IIO 0 0 0 0 n 0 0 0 0 0 0 0 
indeno+dibcnzo (J 0 0 0 0 0 n 0 0 0 0 0 
bcnzo 0 0 0 0 0 0 0 0 0 0 0 0 

Active w/ Nu1rien1& 
I 5 8 IS 29 133 
2344 3203 24ll 1969 1128 0 
6582 5401 6078 1:?39 1018 31::? 
1442 l3SI 1357 1271J 1114 0 
6765 6441 S8J7 3914 5:?4 60 

W6 107 106 IOS 111 s 
1144 lll2 1007 433 3111 62 
ma 2◄58 2121 2206 1767 11112 

88 90 13 16 108 79 
3419 1439 221 171 81 13 
9712 9581 8959 7235 247 66 
391 385 354 SJ 208 42 

1~0 61 2J 12 II IR 
44 61 S7 46 :?S 2-t 

540 542 584 487 365 168 
S09 41S 494 309 159 30 
280 259 292 210 llS 24 
299 235 268 174 132 6.1 
149 134 148 141 74 62 
436 306 254 112 0 0 
60 -17 47 27 2~ 16 
46 25 36 18 28 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 



Table 2. Standard table for calibration and analysis or oxygen in microcosm headspace; 
analysis for June 8, 1995 •Day 29 ofespcrimcnt. 

SAMPI.EID OXYGEN STANDARD CALIBRATION 
PEAKHT. %OXYGEN VALUE 

AnEN'llS %OXYGEN RegrmionOuq,ut: 
Slds Conslanl 

ll.1% OXYGEN 64.5 ll.10 l0.07 Sid EiroCY Esl 
:?1.1'., OXYGEN 65.0 ll.10 20.22 R.Squan:d 
21.1,. OXYGEN 0.0 ?U0 19.60 No. oCObsl:rYalians 
ll.l~OXYOEN 67.0 ?UO 20.84 Dcp:a oCFIINOffl 

AlR 66.0 20.10 20.53 
AlR 62..5 20.10 19.44 X Cocfticient(s) 0.31 
AlR 67.0 20.10 20.84 Std.ErrorCocC 0.00 
AlR 61.5 20.10 lU:10 

9.7'i OXYOEN 34..3 9.7 10.66 
9.~.OXYOEN 34.5 9.7 10.73 
9.~.OXYGEN 34.3 9.70 l0.66 
9.~itOXYOEN 34.5 9.70 10.73 

l Control I 61.5 19.13 
l Control? 63.0 19.60 
3 Contrail 63.0 19.60 
.:& Ac1ivclno nutrients 62.S 19.44 
S Acti'Vdno nutrients 61.0 18.98 
6 Active/no nutrients 60.0 18.67 
7 Acti\"dnuuicnt addition .sa.o 18.04 
S Acti,,:inuuicftt addition S8.5 11.20 
9 Active/nutrient addilion .S6.0 l7.42 

• Table 3. Standard table for calibratioa and analysis of Carbon dio~dc in microcosm hcadspacc; 
analysis for June S, 1995 - Day 29 of ~perimenL 

SAMPLE ID CARBON STANDARD CALIDRATION 

0 
0.96 
0.97 

ll 
It 

DlOXJDE l!-eCARBON VALUE Ri.-gn:ssion Ou1puc 
PE'AKHT. DIOXIDE ,.CARBON Constant .0.02 
ATI'ENS DIOXJDE Sid Err oCY Est 0.02 

Slds AIR 2.8 0.03 o.os RSquan:d l 
AIR .. 5 0.03 o.os No. of ObSl..-rvations 12 
AIR 2.8 0.03 o.os 0eFcs arFM:dom 10 
AIR 2.5 0.03 o.os 

O.S09C02 19.0 O.Sl OAS X Codracicn1(s) 0.03 
0.509CO2 19..s O..Sl 0.49 Std Err o(Coc( 0.00 
D.509CO2 19.0 0.51 0.48 
0.509CO2 205 0.51 O.Sl 
l0.2'11COZ .392.0 10.20 10...20 
l0.2'.COZ 392.0 10.20 10.20 
lO.l~COl 392.0 10.20 10.20 
I0.2'i1COZ 392.0 10.lO 10.20 

l Control I 3.8 0.08 
:? Control:? 4.0 0.08 
.3 ConuolJ 4.0 0.08 
4 Acti\'dno IJUlrienls 17.8 0.44 
5 Acth,i:lno nulricnllS lS..S 0.38 
6 Activdno nulricnts 20.5 0.52 
7 Ai:li,'l:lnulricnt addition 4:S.O I.IS 
8 Aclh,'l:lnullit:nl addilion 4.S.O I.IS 
9 Acrivdnutricnt addilion 4.l.O 1.10 
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Table 4. Results of oxygen and carbon dioxide measurements in microcosm 
headspace; results indicate that microcosms remained aerobic for the duration of 
the experiment and that carbon dioxide accumulated in active microcosms. 

Dav5 DaV8 aav15 Dav29 Dav132 
~ Conllol l 21.50 22.01 21.09 19.13 19..23 

COIIII012 20.84 21.33 21.81 19.80 18.79 
Conaol3 19 .. ll!i .31 21.81 19.80 19.37 
Actiw/no mdriellls 20.84 21.33 21.4'4 19.44 18 .. 08 
Aclivefao nUUicnlS 21..ai 22.ll 20.92 18.18 18.50 
Activc/non1dden1s 21.B 22.3- 20.511 18.87 19..23 
AclivelnatrieDt addition 20.8 21.1 19.89 18.04 18.50 
Aclive/llUlrieat addition 21. 22.D1 20.08 18.20 20.22 
Aclive/llUlricnt addition 19. 1 .4 r 19.21 1 '.42 17 .. 4· 

Carbon Conuol l 0. . 0.04 •.08 0,.0 I 

dioxide Conllol2 0 .. . o.m •.DB o,.u I 

Conttoll 0.04 . 0.06 0.08 0.03 
Aclive/no DUlrieals 0.18 0.21 0.32 0.44 1 .. 02 
Actiwelnonldrields 0 .. 11 0.24 0.29 0.38 0.79 
Active/no mdriellls 0.1a 0.26 0.31 0.52 0.74 
Ac:tivc/llUlrieat addition 0 .. 12 0.211 0.44 1 .. 15 1.20 
Aclivc/llllbient addition 0.29 0.3' 0.53 1.15 0 .. 41 
Aclive/llUbient addition 0.24 0.3' 0.51 1.10 1 .. 71 
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PLATE COUNT METHODS 
(analysis and method write-up by Dr. Barb Butler) 

At the conclusion of the microcosm experiment an aliquot of sand from each microcosm was 
analyzed for total plate counts. As pan of this analysis moisture content was also determined. 
Triplicate samples of wet sand were dispensed into pre-dried aluminum pans, weighed, then dried 
overnight at I00°C and reweighed. Mean values are reported in Table S. 

Table 5. Moisture content 

Microcosm 
Control I 
Control 2 
Control 3 
Active/no nutrient addition I 
Active/no nutrient addition 2 
Active/no nutrient addition 3 
Active/nutrient addition 1 
Active/nutrient addition 2 
Active/nutrient addition 3 

Moisture content (%) 
19.76 
19.35 
20.02 
18.41 
18.87 
18.67 
18.62 
18.29 
17.90 

standard deviation 
0.12 
0.14 
0.12 
0.31 
0.24 
0.25 
0.26 
0.05 
033 

To determine plate counts, a suspension of IO g (wet wt) of sand in 90 mL of0.1% 
Na.iP2O7l0H:P (pH 7.0) was shaken for 10 min on an orbital shaker operating at 400 rpm, then 
diluted in phosphate-buffered saline (1.18 g Na2HPO,, 0.22g NaH2PO .. ·H2O, 8.5 g NaCl per L, pH 
7.0) and spread on plates ofR2A medium. Triplicate plates were prepared for each dilution. 
Plates were incubated aerobically at room temperature and counts were made at 14 and 24 days 
and are reported in Table 6. 

Table 6. Plate count results, as colony forming units (CFUs)/g dwt. 

Microcosm 14 days 24 days 

CFU/g 
Control l Ox 10°· 
Control 2 8.3xl0o-
Control 3 8.3xl0°• 
Active/no nutrient addition I 2.4xl07 

Active/no nutrient addition 2 I. 9x 107 

Active/no nutrient addition 3 2. lxl07 

Active/nutrient addition l 6.1 x I 06 

Active/nutrient addition 2 6.3x I 06 

Active/nutrient addition 3 6. lxl06 
.. 

* estimate; some/all plates had fewer than 30 colonies 

s.d. 
Ox10° 
l.2xl01 

5.9x10° 
9.2xl06 

l.5xl06 

2. lxl<r 
3. lx106 

9.0x105 

3.5x105 

CFU/g 
4.2x10°· 
8.3xl0°. 
8.3xl0°• 
2.6xl07 

1.9xl07 

2. lx107 

9.6xl06 

6.5xl06 

6.3xl06 •• 

* * some plates contained spreading colonies that obscured/suppressed other cells 
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s.d. 
S.9xl0° 
l.2X}01 

5.9xl0° 
l.2xl07 

I.5xl06 

2.2xl06 

I.Jxl06 

8.7xl05 

3.2x105 



APPENDIXU 

REDOX CHARACTERIZATION - METHODS AND RESULTS 

BACKGROUND 

Groundwater was monitored and sampled for redox-related parameters at times the approximately 
corresponded to the latter three plume synoptic sampling events (days 626, 1008 and 13S7). The 
most commonly monitored parameter was dissolved oxyg~ with two methods used for analysis: 
CHEMetrics ampule and modification of the W'mkler titration. However, data &om the former is 
considered more reliabl~ and typically yields lower values. Sampling bas also been conducted for 
iron, manganese, nitrate, nitrite, ammonia, sulphate, silica, chloride and methane. Analysis for 
inorganic parameters was conducted at the Water Quality Laboratory and methane analysis was 
conducted at the Organic Geochemistry Laboratory, both located at the University of Waterloo. 
Monitoring for pH and temperature was conducted at the study site. 

METHODS 

Collection of Samples for Laboratory Analysis 

1) Methane sample 
Purge SO mL with the sampling bead fitted with an 18 mL hypovial 
Clamp the tube connecting the sample head and the piezometer so the 
groundwater does not run back down the tube; remove the 18 mL sample and 
crimp, leaving no headspace 

2) Iron, manganese, ammonium sample 
place a 120 mL glass hypovial in the sample head and pump the piezometer until 
the bottle contains at least 80 mL 
remove 20 mL from the hypovial with a plastic syringe 
filter the 20 mL into a 20 mL plastic sample bottle 
acidify with 0.1 mL H2S04 solution 

3) Sulphate, nitrate, nitrite, chloride, silica sample 
pour 20 mL ftom the glass hypovial directly into 20 mL plastic sample bottle 
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Dissolved Oxygen by CHEMets Methods 

A sampling bead is used to fill a glass hypovial and to further purge at least SO mL. The bottle is 
removed from the bead and the CHEMets ampule is placed in the hypovial as rapidly as possible 
(to minimize potential for atmospheric contamination) and the tip is broken otrby pressing the 
ampule against the bottom of the bottle. After mixing the ampule contents, oxygen concentration 
is evaluated by colorimetric comparison with standards provided by the company. CHEMetrics 
ampules are available in the following measurement ranges: 1-12 ppm, 0-1 ppm and 0-100 ppb. 

Dissolved Oxygen by Modified Wmlder Titration 

Purging and sampling is done with 60 mL plastic syringe which is rinsed with distilled water 
between samples and re-used. After connecting a syringe to a piezometer tube., SO mL of 
groundwater is extracted and wasted to purge the tube. The syringe is then re-connected to the 
piezometer and a SO mL sample is extracted and titrated in the field by the method provided by 
Neilsen and Hansen (1992). 

RESULTS 

Results of redox-related monitoring are provided in Table 1. 
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Table I. Results of groundwater sampling for redox-related parameters. (continued) 
Location: l =crcosotc plume, 2;:;background, 3=1andfill lcachatc plume 

Piezo. Date X y z DOb)• OOby S04 NOJ NO2 Cl 
Winkler Chcmct , .... , (ftWL) ,..,.._, (flll'l.) 
l-'1.1 1,-/LI 

9-0-6 02-J1111-9S 0 15.S 3.3 0.06 
9.().6 14-Jun-94 0 15.S 3.3 0.22 
9-0-1 26-0:t-93 0 IS.S .3.6 0.27 13.S <0.01 0.45 
9-0-7 02-Jun-95 0 15.S 3.6 0.132 0.04 21.8 <O.0S <0.05 1.51 
9-0-7 14-Jun.94 0 15,5 I 3.6 0.19 II.I <0.01 <0.01 
9-0-6 26-0:t-93 0 15.S 3.3 0.56 14.9 <0.01 0.38 
9-0-4 02-Jun-95 0 15.S 2.7 0.06 
9-0-4 14.Jun-94 0 IS.S 2.7 0.24 
9-0-S 26-0ct-93 0 15.S 3 0.35 IS.2 <0.01 2.7 
9-0-S 02.Jun-95 0 15,5 3 0.06 
9-0-5 14-lun-94 0 15.S 3 0.15 
9-0-10 14-Jun-M 0 IS.S 4.S 0.41 
9-0-10 26-0ct-93 0 15.5 4.5 0.61 12.6 <0.01 0.21 
9-0-10 02-Jun-95 0 15.5 4.5 0.06 
27-1-7 14-Jun-94 2 49 3 0.2 
27-1-7 02-Jun-95 2 49 3 0.2 
9-0-9 02-Jun-95 0 15.5 4.2 0.08 
9.().1 14-Jun-94 0 15.5 3.9 0.11 
9-0-I 26-0ct-93 0 IS.S 3.9 0,31 12.9 <0.01 <0.01 
9-0-I 02.Jun-95 0 15.5 3.9 0.06 
9-0-9 14-Jun-94 0 15.5 4.2 0.3 
9-0-9 26-0at-93 0 15.5 4.2 0.56 12.3 <0.01 0.94 
~ 14-Jun-94 2.52 tu 2.7 0 0.01 
34-S 02-Jun-95 2.S2 13.S 2.4 0.074 0.03 13.1 16.4 <O.0S 2.54 
34~ 02-lun-95 2.52 13.5 2.7 0.0S8 0 
34-1 14.Jun-94 2.52 1.3.5 3.6 0.15 0,02 11.4 <0.01 <0.01 
34-1 26-()ct .. 93 2.52 13.S 3.6 0.31 12.1 <0.01 <0.01 
34-S 14-Jun-94 2.52 13,5 2.4 0.12 0.02 9.8 <0.01 <0.01 
6-1-7 26-Jun-93 I.S I 3.2 0.43 
6-1-1 26-Jun-93 1.5 8 2 0.17 
31-1-1 l4-Jun-94 2 57 I.I 0.24 

SiOl Fe Mn NH4 Cll4 Temp pH Location 
(r,wl.) (nw,1.) (-1-) (fflll'L) (ppb) (dcaC) 

13.5 
0.97 0.09 0.SI 2 

15.J 0.48 0.06 0.39 10 12.9 7.42 
0.53 0.06 <0,1 11.4 14.2 
0.4S 0.12 <0.05 2.1 

ll.3 
0,66 0.21 <O,0S 1.9 

14.2 
13.6 

0.06 0.04 <0.05 I.I 

14.2 
0.62 0.07 <0.05 1.9 

I 
14.2 I 

0.3 0.08 0.19 2 I 
11.4 I 

10,6 0,67 0.07 0.31 10.1 7.33 I 
<0.1 I 

0,08 0,04 <0.1 I.I 12 1 
0.1 0.05 0.1 2 l 

0.45 0,01 <0,1 67.1 11.6 1 
1 
I 
I 
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Table I. Results of groundwater sampling for redox-related parameters. (continued) 
Location: I =creosote plume, 2=background, J=landfill lcachate plume 

Pia.o. Date X y z OOby OOby S04 NOJ N02 Cl 
Winkler Chetnct ( .... ) c ..... , c ..... , c..,..., ,..,_, ,..,.._, 

34-S 26-0ct-93 2.52 13.S 2.4 0.3 0.77 <0.01 0.119 
31-1-1 26-Jun-93 2 '57 I.I 1.03 
9-0-3 26-0ct-93 0 IS.S 2.4 0.63 14.S <0.01 0.16 
9-0-2 02-Jun-95 0 15.S 2.1 0.06 
9-0-3 14-Jun-94 0 15,S 2.4 0,34 0.1 8.94 <0.01 <0.01 
9-M 26-0cl-93 0 15.5 2.7 0,62 11.4 <0.05 0.22 
9-0-3 02.Jun-95 0 15.S 2.4 0.491 0,4 26.8 0.3 <O.0S 1.13 
9-0-2 14.Jun-94 0 15.5 2.1 0.42 
9-0-1 26-0cl-93 0 15.S I.I 0,59 12 <0.01 1.29 
34-1 02-Jun-95 2.52 13.S 3.6 0,157 0.03 14.6 <0,05 <0.05 1.46 
9-0-1 14..Jun-94 0 IS.5 I.I 0.31 
9-0-2 26-0ct-93 0 15.5 2.1 0.68 13.6 <0.01 1.43 
9-0-1 02-Jun-95 0 15.S I.I 0.01 
31-1 02.Jun-95 7.5 24.15 4 0.04 
14-1-11 14-Jun-94 3 24 4.7 0.3 12.9 4.71 <0,01 
38-J 02.Jun-95 7.5 24.85 3.4 0.04 
40-6 02.Jun-95 4.45 24.15 .2.1 0.01 
39-1 02.Jun-95 6.1 24.15 3.6 0.02 
14-1-11 26-0ct-93 3 24 4.7 0,56 12.4 <0.01 0.31 ...... 26-0ct-93 3 31 3.2 0.59 11.:Z <0,01 <0.01 ...... I4-Jun-94 3 31 3.2 0.19 JO.I 4.28 <0.01 
14-1-1 26-0ct-93 3 24 3.1 0.4 10.6 <0.01 1.16 
14-1-1 02.Jun-95 3 24 3.1 0.095 0.08 7.97 0,23 <O.0S 1.35 
14-1-1' 14.Jun-94 3 24 3.1 0.22 O.OI 7.45 <0.01 <0.01 
40-1 14.Jun-94 4.45 24.15 3.6 0.11 l2.I <0.01 <0.01 
40-1 26-01:t-93 4.45 24.15 3.6 0,96 0.83 <0.01 1.57 
40-1 02-Jun-95 4.45 24.15 3.6 0.189 0.02 8.85 1.13 <O.0S 1.66 
39-3 02-Jun.95 6.1 24.15 ] 0.03 
39-6 02-Jun-95 6.1 24.15 2.1 0.04 
4().2 02..Jun-95 4.45 24.15 3.3 0.02 
40-5 26-01:1-93 4.45 24.85 2.7 0.39 14.6 <0.01 0.82 

Si02 Fe Mn NH4 CH4 Temp pll Localion 
(ftWL) (q/L) (awl) (-.'L) (ppl,) , .. c, 

0.27 0.1 o.os 2.7 I 
I 

0.IS <0.02 0.15 0.8 I 
I 

0,08 <0,02 <0,1 6.3 1 
0.59 0.1 0.07 2 I 

12.S 0.06 <0.02 0.68 <0.1 13.2 7.23 I 
13.3 I 

0.35 O.OI 0,1 2.1 I 
10.1 0.11 0,04 1.29 <0,1 9.8 7.32 I 

13.6 I 
0.22 0.04 0.08 1.9 ' I 

I 
0.06 0.03 0.78 1.9 13.1 I 

I 
I 
I 

0.05 0,02 0.31 11.9 I 
0.09 0.11 0.12 91.S I 
0.OI 0.11 0.33 19.4 12.1 I 
0.34 0.14 <O.0S 9.77 I 

17.6 0.28 0.OI 0,41 II 13,7 7.47 l 
0.18 0.1 <0.1 13.4 12.3 l 
0,09 0,12 <0.1 14.9 l 
0.2 0.16 0.06 39.7 I 

14.6 0.16 0.11 0.33 <0.1 7.36 l 
I 
l 
I 

<0.05 <0.02 0.2 4.7 I 
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Table I. Results of groundwater sampling for redox-related paramelers. ( continued) 
Location: l=crcosotc plume, 2=background, 3=1andfill lcachate plume 

Piao. Date X y z OOby DOby S04 N03 N02 Cl 
Winkler Chcmct c..,., (-.,1.) (me1-) (me'L) ,...,,__, ,..,,.__, 

40-5 02-Ju•9S 4.45 24.85 2.4 0.161 0 13.7 2.24 <.O.OS 2.42 
4().5 l4•Jun-94 4.45 24.85 2.7 0.2 0.08 13.7 I.II <0.01 
40-3 02 .. Jun-95 4.45 24.85 J 0.02 
4M 02-Jun-95 4.45 24.85 2.7 0.1 
11-l•I 14-Jun-94 2 41 I.I 0.19 
23•1-I 02-Jun-95 2 41 I.I 0.4 
20-1-13 26-0ct-9J 4 35 4.2 0,S6 12.8 <0.0I <O,OI 
19-1-14 02-Jun-95 2 33 4.4 0.3 
20-1-11 26-0:t-93 4 35 3.8 0.64 9.68 <0.01 0.16 
23-1-4 I4-Ju.94 2 41 2.4 0.16 
27-1-1 02-Jun-95 2 49 I.I 0.2 
27-1-4 I4-Jun-94 2 49 2.4 0.06 
27-1-1 I4-Jun-94 2 49 I.I 0.21 
23-1-7 I4-Jun,,94 2 41 3 0.18 
23-1-7 02-Jun-95 2 41 3 0.01 
11-1-11 02-Jun-95 3 31 3.8 0.231 0,08 3.68 6.54 <0.05 2.62 
19-1-1 I4-Jun-94 2 33 1.8 0.16 
11-1-11 I4-Jun-94 3 JI 3,8 0.17 0,08 4.31 1.3 <0,01 
11-1-1 02-Jun-95 3 31 3.2 0.396 0.06 7.82 <O.0S <O.0S 1.13 
18-1-11 26-0at-93 3 31 3.1 0.58 11.3 <0.01 <0.01 
19-1-1 02-Jua-95 2 33 I.I 0.2 
19-1-11 I4-Ju.94 2 33 3.1 0.19 
19-1-14 I4-Jun-94 2 33 4.4 0,17 
19-1-7 02-Jun-95 2 3] l 0.2 
19-1-4 14-Jun-94 2 33 2.4 0,21 
19-1-7 14-Jllft.94 2 33 3 0.15 
19-5 26-0ct-93 •I 3 2 0.37 6.97 <0.01 0.16 
31-1-7 14-Jun-94 2 57 3 0.23 
I9-S I4-Jun-94 -1 3 2 0.25 0.04 9.2 <0.0I <0.0I 
19-1 26-0at-93 •I 3 2.8 0.43 10.7 <0,01 0.25 
19-5 02-Jun-95 -1 3 2 0.252 0,02 16 5.38 <0.05 2.51 

Si02 Fe Mn NIM CH4 Temp pH Location 
c..,., <..i., ,..,., ,..,_, (ppb) (dc&C) 

12.1 0,13 <0.02 0.32 <0.1 10.3 7.47 
<0.0.S <0.02 <0.1 2.6 II 

<0.05 0,03 <0,05 49.3 

<O,0S 0.04 <O.OS 41 

II.I 0.25 0,08 0.26 13 11.S 7.47 
13.6 

0.06 0.06 0.21 6.2 14 7.28 
13.8 0.23 0.1 0.27 8 10.8 7.52 

<0.05 0.04 0.1'1 32.S 

15.1 

1 
I 

15.7 I 
0.14 0.75 0.13 566 I 

1 
0,12 0.44 0.3 69.4 12 I 

<0.05 0.5 0.26 4.6 I 
9.08 0.37 0.22 0,52 4 9.S 7.24 I 



,.... 
°' 00 

Table I. Results of groundwater sampling for redox-related parameters. (continued) 
Location: l=ercosote plume, 2=badc.ground, J;,;;landfill leachatc plume 

Piczo. Dale X y z OOby OOby S04 N03 N02 Cl 
Winkler Chemet (llf/L) ( .... ) (-,,1:.) , .... , ,...,._, f-.il.) 

12-7 02-11111-95 I.J 0.95 2.93 0.219 0.01 11.6 2.64 0.07 1.47 
12-13 02-Jun,.9S 1.3 0.95 1.73 0.I07 0.06 
12-13 14-Jun-94 u 0.95 1.73 <0.069 0 
12-10 14-Jun-94 1.3 0.95 2.33 0.11 
12-7 14-Jua-94 u 0.95 2.93 0.14 ll.2 <0.01 <0.01 
12-10 02..Jun-95 u 0.95 2.33 0.346 0.04 
11-1-7 26-JUll-93 2 57 3 1.69 
27-2 26-0ct-93 I 6,8 3.3 0.35 11.3 <0.01 I 
27-2 14-Jua-94 I 6.1 ].3 0.16 11.3 <0,01 <0.01 
27-S 02-Jun-95 I 6.8 2.4 0.071 0 15.4 <0.05 <0.05 2.44 
27-S 26-0ct-93 I 6.1 2.4 0,39 10.7 <0.01 0.37 
27-5 14-Jun-94 I 6.1 2.4 0.15 0,0] 9.61 1.5 <0.01 
21·2 02..Jun.95 I 6.1 3.3 0.144 0.01 14.4 2.79 <O.OS 1.77 
19-1 02-Jun-95 -1 3 2.8 0.144 0.04 14 29.3 <O.OS 2.26 
19-1 14-Jun-94 •I 3 2.8 0.24 0.1 11.4 <0.0I <0.01 
J.().4 26-Jun-93 0 3.5 2.4 0.31 
J.0.11 26.Jun-93 0 ,., 3.8 0.45 
J.0.1 26-Jun-93 0 3.5 3 0.29 
6-CM 14-Jun-94 0 I 2.6 0.33 
6,4)-4 02..Jllft-9S 0 8 2.6 0.305 0.4 
6-CM 26,.Jun,.93 0 8 2.6 1.03 
6-0-1 02-Jun-95 0 8 2 1.2 0.6 
6-0-2 14-Jun-94 a 8 2.2 0.21 
6-0-7 26-Jun-93 0 8 3.2 0.41 
6-0-10 14.J..,,. 0 • 3.8 0.37 
6-0-11 02.Jun-95 0 I 4 0.453 0.6 
l-7 02.Jun-95 1.3 0.5 2.19 0.03 
6-0-7 14-Jun-94 0 I J.2 0.43 
6-0,.7 02-Jun-95 0 • 3.2 0.503 0.2 
6-0-1 26-Jun-93 0 I 2 I.I 
31-1-1 02-Jun-95 2 57 1.8 0.3 

Si02 Fo Mn NH4 CH◄ Temp pH Localion 
(.,.iL) ..... , tawL> (-,,1:.) .... , tdcaC) 

9.7 <.0.05 0.37 0.56 37 9 7.25 

10 
12.6 

0.07 0.49 <0.1 IS 10.9 

<O.OS 0.06 0.1 5.1 
0.05 o.os <0.1 156 11.4 

10 0.07 0.IS 0.37 3 9.l 6.84 
<O.OS 0.09 0.08 13.4 
0.09 0.09 0.32 503 11.2 

10.8 0.1 0.05 0.29 2 9.1 7.32 
9.17 0.1 0.42 o.s <0.1 1.9 7.39 ' <0.05 0.57 <0.1 0.4 11.2 I 

I 
I 
I 

10.7 7.25 l 
I 
1 
I 

11.l I 
I 

10 l 
I 
I 

II I 
I 
I 
I 



Table I. Results of groundwater sampling for redox .. related parameters. (continued) 
Location: I =creosote plume, 2=background, 3=1andfill lcachatc plume 

Piao. Date X y z OOby DOby S04 NOJ NO2 Cl 
Winkler Chanct (111&'1-) (-.'L) (mwl) (awl) 
1-.'l..l , .... u 

6-Nl-I 02-Jun-95 -1.5 8 l.l 0,462 0,3 
31-14 I4-Jun-94 2 57 2.4 0,36 
3-Z 02-Jun-95 1.3 o.s 3.19 0,6 
J.J 02.Jun-95 1.3 0,5 2,99 0,6 
6-Nl-7 02-Jun-95 .1.5 I 3.3 0.429 0.3 
3-5 02-Ju.95 1.3 0.5 2.59 0.3 

Dia,hecl CreOIOle Plume 
mean 0.34729 0.12905 11.568 1.5066 0.2757 1.9264 
n 101 63 S3 53 S3 14 
1.d. 0.26116 0.16312 4.1864 4.694 0.SJ67 0.5179 
min 0 0 0.11 0 0 1.13 
max 1.69 0.6 26.8 29.3 2.7 2.62 

Nl-0-7 26-Jun-93 0 -0.S 3 2.62 
Nl-0-I4 26-Jun-93 0 -0.S 4.4 2.1 
13-N4-I 26-Jun-93 -10.5 22.5 I.I 0.62 
Nl-0-II 26-Jun-93 0 -0.S 3.8 2.91 
I3-N4-I4 26..Jun-93 -I0.S 22.S 4.4 J.67 
13-N2-1 26-Jun-93 -4.5 22.S 1.8 0.14 
I3-N2-7 26-Jun-93 4.5 22.5 3 1.96 
I3-N4-7 26.Jun-93 -10,5 22.5 3 2.43 
12-3 02-Jun-95 1.3 0.95 3,73 2.18 I 
12-3 I4-Jun-94 1.3 0.95 3.73 2.21 
12-1 02-Jun-95 1.3 0.95 4.13 1.47 I 
12-1 I4-Jun-94 1.3 0.95 4.13 1.38 
I3-N2-I4 26-Jun-93 4.S 22.S 4.4 1.41 
Nl-4M 26-Ju.93 0 -0,S 2.4 3.31 
Nl-0-1 26-Jun-93 0 ..0.5 I.I l.77 
3-0-14 26-Jun.93 0 3.5 4.4 1.43 
6-N2•I 26-Jun-93 -3 8 2 4.1 

SiO2 Fe Mn NH4 CH4 Temp ,, .. Localion 
(.-i.) (nwL) (-.'I-) <IIIWL> (ppb) (dcaC) 

I 
I 
I 
I 
I 
I 

12.49 .0.I98 0.13 0.211 35,65 II.9S91 7.323 
14 53 S3 53 53 44 16 

3,001 0.217 0.161 0.249 103.82 1.78473 0.159 
9.01 0 0 0 0 8.9 6.14 
II.I 0.97 0.75 1.29 566 IS.7 7.52 

2 
:? 
2 
2 
2 
2 
2 
2 
2 

10.3 2 
2 

11.3 6.45 2 
2 
2 
2 
2 
2 
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Table I. Results of groundwater sampling for rcdox-rclated parameters. (continued) 
Location: l=creosotc plume, 2=background, 3=1andfill leachate plume 

Piezo. Date X y z OOby OOby S04 N03 N02 Cl 
Winkler Chcmc1 Cnwl.) C-.'L> c ..... , ,..,._, 
,..,.__, ,..,,_, 

6-NJ-14 02-Jun-95 -u 8 4.6 1.91 I 
6-N24 26.Jun-93 .3 8 2.6 0.48 
6-N2-1 02 .. Jun-95 -3 I 2 2.915 3 
6-NJ-7 02-Jun-95 ◄.5 • 3.2 3 2 
6-N4-II 26.Jun-93 ~ 8 4 2.43 
6-N4-7 02-J-95 ~ 8 3.2 3 
6-Nl-l 02•Jun-95 ◄.5 8 2 4.45 3.5 
N.3-0-1 14-Jun-94 0 -1.5 I.I 2.06 
6-0-14 02.Jun-95 0 I 4.6 2.11 2 
6-1-14 26-Jun-9] 1.5 8 4.6 I.II 
6-0-14 26-Jun-93 0 8 4.6 1.14 
6-0-14 l4-Jun-94 0 8 4.6 0,81 
M•I 26-Jun-93 5.9 I 2 3.77 
6-N2-7 02-Jun-95 .3 I 3.2 3.456 3 
6-N2-7 26.Jun-93 -3 I 3.2 1.65 
6-Nl-14 02-Jun-95 .1.5 I 4.7 1.707 2 
6-N2-11 26-Jun-93 -3 I 4 0.43 
6-NS-I 26.Jun-93 -7.S 8 2 3.15 
N.3-0-4 02-Jun-95 0 -1.5 2.4 1.307 1.5 
6-N5-4 02-Jun-95 -7.5 I :Z.6 3 
6-N5-1 02-Jun-95 -7.S I 2 4 
NJ.0-7 26-0al-93 0 -1.5 3 3.7 9.88 <0.01 1.94 
Nl-0-14 14-Jun-94 0 .1.5 4.4 I.IS 
Nl-0-14 02-Jun-95 0 •l.5 4.4 1.089 I.S 19.4 O.JJ <O.OS 7.57 
Nl-0-7 14-Jun-94 0 ·I.S 3 3,03 11.2 5.47 <0.01 
Nl-0-7 02•Jun-9S 0 -1.S 3 3.522 3 14.1 5,96 <O.OS 2.92 
6-N4-1 02-Jun-95 ~ • 2 3 
6-N4-1 26-Jun-93 ~ I 2 1.53 
6-N4-7 26-Jun-93 -6 I 3.2 4.6 
6-N4-4 26-Jun-93 ~ I :Z.6 I. I 
Nl-0-1 02 .. Jun-95 0 .. 1.5 I.I 4.612 4 15.9 <0.05 <0.05 1.62 

Si02 Fe Mn NIM CH4 Temp pH Location 
C•> C•> (Mt'L) C•> (Alb) , .. c) 

2 
2 
2 
2 
2 
2 
2 

11.2 2 
2 
2 
2 

10.7 2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

0.06 <0.02 0.29 1.7 2 
11.9 2 

8.12 <O.OS <0.02 0.96 10.9 7.31 2 
0.05 <0.02 0.IS 0.3 10.6 7.56 2 

9.69 <0.05 <0.02 1.14 JO.I 7.34 2 
2 
2 
2 
2 

9.43 0.05 <0.02 0.55 16.4 7.24 2 
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Table I. Results of groundwater sampling for redox-related parameters. (continued) 
Location: l=crcosotc plume, 2=background, ];;;;landfill leachate plume 

Piezo. Date X y z DOby OOby S04 NO3 NO2 Cl 
Winkler Chcmcl ("'l'L) <•) (ffll'L) (-.'I-) 
(Nil) (NIL) 

6-N5-7 26-Jun-93 -7.5 I 3.2 2.38 
6-NS-4 26-Jun-93 -7.S 8 2.6 1.74 
6-N5-1 I 26-Jun-93 -7.5 8 4 2.48 
6-NS-9 02-Jun-95 -7.S I l.6 3 

Blcbmund 
mean 2.29932 2.47222 14.096 2.348 0.381 4.0367 
eounl 47 18 s s s 3 
1.d. 1.14637 0.99221 3.793 3.081 I 0.8676 3.1212 
min 0.14 I 9.11 0 0 1.62 
mu 4.612 4 19.4 5.96 1.94 7.57 

23-1-13 14-Jun-94 2 41 4.2 0.25 27.9 1.39 <0.0I 
23-1-13 26-0ct-93 2 41 4.2 0.51 45.1 <0.01 0.8 
23-1-13 02-Jun-95 2 41 4.2 0.429 0.08 44.S <O,0S <O.0S 23.4 
31-1-11 02-Jun-95 2 57 3 0.51 0.1 55,4 38.4 <0.05 33.1 
31-1-11 14-Jun-94 2 S7 3.1 0.24 
23-1-11 02-Jun-95 2 41 3.8 0.379 0.15 22.5 32.1 <0.05 11.2 
31-1-14 02.Jun-95 2 57 4.4 0.216 0.OI 122 0.33 <O.0S 36 
31-1-14 26.Jun-93 2 57 4.4 0.33 
31,,1-14 14.Jun-94 2 57 4.4 0.11 
23-1-11 I4-Jun-94 2 41 3.8 0.14 0.04 20.1 <0.0I <0.01 
23-1-1 I 2(..oct-93 2 41 3.8 0.62 19.3 <0.01 0.66 
9-0-12 02.Jun-95 0 15.S 5.1 0.6 
9-0-13 26-0ct-93 0 15.S 5.4 0.31 12.2 <0.01 o.ss 
9-0-11 26-0ct-93 0 I5.S 4.8 O.Sl 47.2 <0.0I 0.61 
9-0-11 02-Jun-95 0 15.S 4.8 0.:!64 0.06 31.2 9.14 <O.OS II 
9-0-11 I4-Jun-94 0 15.5 4.8 0.34 23.6 1.91 <0.0I 
9-0-14 14-Jun-94 0 IS.S S.7 <0.069 0.08 
9-0-14 02-Jun-95 0 15.5 5.7 0.06 
9-0-13 I4.Jun-94 0 15.5 S.4 0.1 

Si02 Fe Mn NH4 CH4 Temp pll Location 
c., (ffll/l.) (-.'I.) <•> (llfb) (dcaC) 

2 
2 
2 
2 

9.313 0.032 0 0.618 I 11.4889 7.18 
J .s s s 2 9 s 

0.447 0.029 0 0.424 0.9199 1.92058 0.425 
1.82 0 0 O.IS 0.3 I0.l 6.45 
9.69 0.06 0 1.14 1.7 16.4 7.56 

0.18 <0.02 <0.1 14.6 ] 

0.19 0.02 <O.0S 16.S 3 
8.33 0.53 0.04 0.4 so IS 7.32 3 
7.94 0.34 <0.02 0.45 17 3 

3 
9.35 0.19 <0,02 0,3 17 12.7 7.46 3 

1.3 1.64 0.06 0.52 9 J 
3 

7.IS l 
0.08 <0.02 <0.1 7 3 
0.05 <0.02 0.05 6,6 3 

l 
2.04 0.11 0.07 21.2 3 

<0.05 <0.02 <0.05 17 3 
1.58 0.1 <0.02 0.41 13.5 7.17 3 

<0.05 <0.02 0.29 70.9 14.2 3 
15.2 3 

3 
3 
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Table I. Results of groundwater sampling ror redox-rclated parameters. (continued) 
Location: I =creosote plume, 2=background, 3-=landfill leachatc plwnc 

Piao. Date X y z 001,y DOby soi NO3 N02 Cl 
Winkler Chcmct c .. , (ftll,1.t (mt/L) (llll"L) 

flMILI ,...._, 
g.o..13 02-Jun-95 0 15.5 5.4 0.06 
9-0-12 26-0at-93 0 IS.S 5.1 0.74 11.3 <0,01 0.25 
14-1-14 14-Jun-94 3 24 5,6 0.12 
14-1-11 02.Jun-95 3 24 4.7 <0.069 0.06 80.9 0.3 <O.OS 38.8 
9-0-12 14-Jun-94 0 IU .u 0.4 
14-M4 02-Jun-95 3 24 S.6 0,06 

Landfill Lachlto Plume 
tl'ICll'I 0J1467 0.11917 46,229 S.9693 0.205 26.75 
counl 21 12 14 14 14 6 
t.d. 0.20313 0.154 30.37 12.696 0.3069 10.961 
min 0 0.04 18.3 0 0 11.2 
mu 0.74 0.6 122 38.4 0,8 38.8 

Si02 •c Mn NH4 CH4 Temp pH Location 
(fflf;l.t (nwl-) ("'Ill) (awL) (,,.) (._c, 

3 
<O.OS <0.0:! <0,05 I.I 3 

13.S 7.16 3 
8.89 3.52 0.1 0.57 187 14 6.99 3 

13,6 J 
3 

8,565 0,633 0.024 0.219 33.508 13.9625 7.208 
6 14 14 14 13 8 6 

0.498 1.043 0.039 0.222 49.899 0.82969 0,162 
7.94 0 0 0 I.I 12.7 6.99 
9.35 3,52 0,11 0,57 187 U.2 7.46 



APPENDIX 12 

PLFA AND PLATE COUNTS 
METHODS AND RESULTS 

Note: references to "wells" in PLFA write-up should be ucores'". 
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Summary: 

University ofWaterloo: PLFA and rRNA Analysis 
September 25, 199S 

University of Waterloo 

Twenty-one sand samples were analyzed for phospholipid fatty acid and ribosomal RNA 
content. All samples contained relatively low biomass diverse microbial communities. It is 
apparent from the data that the observed trends in microbial community structure appear to be 
due more to a chanse in depth rather than the concentration of the available carbon source. 
However, di1Ferences in the level of biomass do appear to be dependant on carbon source 
availability, in that higher levels of biomass were detected in samples taken from within the 
creosote plume. The relative proportion of microeubryotes such as fungi and protozoa, appears 
to decrease between a depth of 1.4 and 2.0 meters in all wells sampled. Between 2.0 and 2.6 
meters a significant increase in the relative proponion of eukaryote PLF A is observed in wells 1 
and 2, whereas it appears to remain constant in wells 3 and 4. In general, as the relative 
proportion of microeukaryotes changes, an opposing trend in the relative proportion of Gram 
positive and Gram negative bacteria is observed. 

The relative proportions of PLF A found to be indicative for the presence of obligate 
anaerobes (such as sulfate reducing bacteria) and Actinomycete spp. appear to follow the same 
pattern and is highest at 1.4 meters in well 4, peaks at 1.8 meters in wells l and 3 and at 2.0 
meters in well 2. 

The Gram negative community in well I (outside the plume) appear to have a slower tum 
over rate and are experiencing less environmental stress from either toxicity or starvation as 
compared to wells 2, 3 and 4 (inside the plume). 

Due to low biomass no rRNA was detected in any of the samples, therefore, no 
conclusions could be drawn regarding changes in cell activity. 

Biomass: 

The biomass measurement is the quantity of phospholipid fatty acids (PLF A) detected in 
the sample. Phospholipids are part of the intact cell membranes. thus the biomass is a measure of 
viable or potentially viable cells. As the cell ruptures, Phospholipids are attacked by enzymes 
resulting in a diglyceride &tty acid molecule representative of recently dead or lysed 
microorganisms. 

The cell equivalent value is calculated fiom experiments with typical bacteria isolated from 
soil and water. This is based on 2.0 x 1012 cells per gram dry weight of cells and 10' pmols of 
phospholipid/gram dry weight of cells. This gives between 1.4 x 104 and 4.0 x 104 cells perpmol 
(I 0·12) of PLF A. The number of cells/gram of dry weight may vary and is dependant on the 
environmental conditions from which the microorganisms were recovered. 

fflrl Microbial 
iii Insights, Inc. 
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In general, the biomass for samples taken inside the plume is higher than that of samples 
taken outside the plume. This result is not surprising due to the availability of a carbon source 
( creosote and derivatives) within the plume. The biomass in wells 2 and 3 appear to follow a 
similar trend. The level of biomass in bo1h wells incnues between 1.4m to 2.0m prior to 
decreasing at 2.6m. Well 4 did not follow this observed trend in that the level of biomass in well 
4 appears to decrease with increasing depth. Sample 4-1.4-M bad the bipest biomass of all the 
samples analyzed. Due to the low levels ofbiomus in well I no apparent trend could be detected. 

Community Stnctare: 

The relative proportion of eukaryote PLf A indicative for the presence of microeukaryotes 
such as fimsi and protozoa, appears to decrease between a depth of 1.4 and 2.0 meters in all wells 
sampled. Between 2.0 and 2.6 meters a significant increase in the relative proportion of 
eukaryote PLP A is observed in wells 1 and 2, whereas it appears to remains constant in wells 3 
and 4. In general, as the relative proportion of eukaryote PLF A changes an opposing trend in the 
relative proportion of terminally branched saturate PLFA and monoenoic PLPA is observed. 
Terminally bnncbed saturate PLFA are repri1semtive oCGnm positive bacteria but may also be 
found in the cell membranes of many ■11ftte red11cing bacteria. Monoenoic PLF A are generally 
indicative for the p~11ence of Gram negative bacteria. 

The relative proportions ofbnncbed monoenoic PLf A (mdicative for the presence of 
obligate anaerobes IUCh L41 ••Jfite ..tucing bacteria) and mid chain bnncbed saturate PLFA 
(found in ~ctinomycete spp.~ IUlfate reducing bacteria and certain Gram positive bacteria) appear 
to follow the ume pattern. In wells 1 and 3 the relatift propori:ion of both types of PLFA peak 
at 1.8 meters. In well 2 the relative proportion of both types of PLF A peak at 2.0 meters. On the 
other band, the relative proportion of both types of PLP A is highest at 1.4 meters in well 4. 

It is apparent fi"om the above data that the observed trends in community structure appear 
to be due to a cbanp in depth rather dim the coacentra1ion of the available carbon source. 

Metabolic Stata: 

In Grall' nep•iw bacteria, the monoenoica (16:lw7c & ll:lw7c) are convertecl to 
cyclopropyl fatty acids (cy17:0 & cyl9:0) u microbes move·trom a log to a stationary phase of 
growth (i.e. slowing of sn,wtb). This c:banp is expreaed in the two ratioa ~O/l~:lw7nnd 
cyl9:0/18: l w7c>:l)ae ratios vary 1tom orpnian to cqanism or environment to environment but 

··-usuany will1ill within the raap of 0.05 (log phase) to 2.S (llltionary phase). When the ratios ue 
summed the range is D"OIDJ)_ J__to $ o An increase in cydopropyl formation has also been 
associated with anaerobie metabolism. 

The summation of the two ratios indicates that the Gnm neptive community within the 
samples &om well 1 are in the stationary phue of an,wth. Furthermore, the Gram neptive 
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communities in well 1 have a slower turnover rate than those in wells 2,3 and 4, i.e. wells within 
the plume. In wells 2, l and 4 the turnover rate of the Gnm neptive community appears to 
increase between a depth of 1.4 and 2.0 meters prior to decreasing at 2.6 meters. 

Gnm neptive bacteria make tram fatty adds to modity their cell membranes u 
protection toward changes in the environment such u toxicity or starvation. For example, the 
bacteria make w7t '->'.~~ in the presence of toxic pollutants like phenol Ratios 
(l6:lw7t/l(i;J.w7! and 1J:lw7t/18:lw7c) greater than 0.1 have been shown to indicate the effects 
of starvation on bacterial isolates. The ringe is genenlly between 0.0S (bealthy) to 0.3 {starved), 
or 0.1 (healthy) to 0.6 (starved) when the two are su11nned. Apia, these calculations are for 
Gram negative bacteria but it is a tiir usumption that the results are applicable to the total 
community. 

Tb~ SUJIIDUltion of the two ratios indicates that the Gnm negative communities within well 
1 are experiencing little or no enviromncntal suess fi'om either toxicity or starvation. In contrast, 
the Gram negative communities uom wells 2, 3 and 4 do appear to be experiencing environmental 
stress from either toxicity or starvation. Similar to the trend observed in stationary growth, the 
level of environmental stress in wells 2, 3 and 4 appears to decrease between a depth of 1.4 and 
2.0 meters prior to increasing at 2.6 meters. 

Ribosomal RNA (rRNA) 

The levels of biomass for these samples typically fell in the region of lo' cells/snm of dry 
sand. The detection limits for rllNA analysis Be at approxjmately lo' c:ell&lsram of dry sand. No 
rRNA was detected within these samples and no conclusions could be drawn reprding changes in 
cell activity. 
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sumw7t/w7c 
0 0 0 0 0 0 0 0 
·2 ·1 ·a ·a ~ :... :... :... :... 0 _. N _.. Cb • 

I I ' ' ' ' ' I I ' 1-1.4-M 

1-1.1-M 

1-1.1-M 

1-2.G-M 

1-2.2-M 

t-2.4-M 

1-2.1-M 

2-1.4-M 

2-2.0-M - I ~ 
~ 

12-2.1-M 

3-1.4-M 

3-1.1-M 

3-1.1-M 

3-2,0-M 

3-2.2-M .•. 

3-2.4-M 

3-2.1-M 

4-1.4-M 

4-2.0-M 

4-2.1-M 

1-1.8-M 

1-1.1-M 

1-2.0-M 

1-2.2-M 

1-2.4-M. 

';} 1-2.1-M 

II. I I 2-1.4-M n 

i 2-2.0-M 

I 12-2.1-M 

3-1.4-M 

3-1.1-M :a 

3-1.1-M 

3-2.0-M 

3-2.2-M 

3-2.4-M 

3-2.1-M 

4-1.4-M 

4-2.0-M 

4-2.1-M 

sum cy/w7c 
p ~ ,_. !" ,. 
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Microbial Insights. Inc. 
Project Name Mark King: University of Waterloo 
Date Received 7 /21 /95 

Sample Name 1-1.4-M 1-1.6-M 1·1 .8-M 
Amount of wet und 54.82 83.88 84.41 
Moisture content 13.29" 12.89" 14.971' 
Amount of dry And 47.38 55.85 71.78 
Ml Identifier Loo1.2 Loo1.3 Loo1.4 
Total Pico mollle of Pl.FA 455 988 1,045 

Data Summary Sheet 

t~ 
9.8 17.8 14.& picomoles PLFA/g of dry und 

Cells/g of dry And 1.92E+05 3.55E+05 2.91E+05 
picomoles prokaryote PLFA 
picomolas eukaryote Pl.FA 
ratio prokaryota/euka,vote 

r~i~ -~!!!! 
cy17:0/16:1 w7c 
cy19:0/18:1 w7c 

Total 

16: 1 w7t/16: 1 w7c 
18:1 w7t/18:1 w7c 
Total 

TerBrSats 
Monos 
BrMonos 
MidBrSats 
NSats 
Eukaryotes 

NA: Not Analyzad 
NC: Not Calculated 
ND: Not Detected 

of Total PLFAt 

7.5 14.9 13.6 
2.1 2 .. 9 1.0 
4:1 5:1 13:1 

1.94 2.49 2.68 
J2.ai a.51. Q.22 
2.29 3.04 3.40 

0.00 0.04 0.03 
~ g,AQ AJm 
0.00 0 .. 04 0.03 

8.3 11.3 19.4 
17.4 18.8 17.1 

1.0 1.7 2.8 
7.8 10.7 14.0 

43.8 43.4 39.8 
22.2 18.1 8.9 
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1-2.0-M 1-2.2·M 1·2.4-M 
78.7 78.27 65.77 

15.391' 15.04" 13.75% 
84.90 88.50 56.73 
Lao1.5 Loo1.8 Loo1.7 

341 519 657 

5 .. 3 7.8 11.6 
1.05E+05 1.56E+05 2.32E+05 

5.0 6.2 10.4 
0.3 1.8 1.2 

19:1 4:1 9:1 

3.74 1.70 4.05 

U5. A..51 a.'21 
4.59 2.22 4.83 

0.00 0.00 o.oo 
g,AQ g,AQ ~ 
0.00 o.oo 0.06 

18.0 10.8 13.4 
21.8 12.9 20.2 

2.0 1.3 1.8 
9.1 5.8 6.5 

44.1 49.8 47.9 
s.o 20.0 10.0 



Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 

Sample Name 
Amount of wet sand 
Moisture content 
Amount of dry sand 
Ml Identifier 
Total Pico main of Pl.FA 

Data Summary ShNt 

[)IJ 
picomoles PLFA/g of dry sand 
Cells/g of dry sand 
picomoles prokaryote Pl.FA 
picomoles eukaryote PLFA 
ratio prokaryote/eulcaryote 

cy17:0/16: 1 w7c 
cy19:0/18:1 w7c 

Total 

16:1w7t/16:1 w7c 
18:1w7t/18:1 w7c 
Total 

~~ 
TerBrSats 
Monos 
BrMonos 
MidBrSats 
NSats 
Eukaryotes 

NA: Not Analyzed 
NC: Not Calculated 
ND: Not Detected 

of Total PL 

1-2.6-M 
80.84 

15.59,. 
51.18 
Loot.a 

558 

10.9 

2-1.4-M 
49.22 

15.881' 
41.51 
Loot.I 

859 

15.9 
2.18E+05 3.18E+05 

9.3 13.4 
1.8 2.5 
6:1 5:1 

2.85 1.03 
D.51 Q.21 
3.18 1.31 

o.oo 0.05 
g.m QJli 
o.oo 0.10 

10.2 12.2 
12.8 17.4 

1.4 1.4 
3.8 5.2 

56.9 48.1 
14.9 15.7 
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2-2.0-M 
82.08 

15.331'. 
52.56 

Loo1.10 
2,713 

51.8 

2-2.6-M 3-1.4-M 3-1.6-M 
80.08 60.37 60.45 

15.571' 18.08" 16.42% 
50. 73 50.66 50.52 

Loo1.11 Loot.12 Loot.13 
1,013 949 1,499 

20.0 18.7 29.7 
1.03E+08 3.99E+05 3.75E+05 5.93E+05 

49.9 18.8 18.7 26.7 
1.7 1.4 2.0 3.0 

29:1 20:1 8:1 9:1 

0.33 0.38 1.42 0.82 
.Gan U! il.!! tla.U 
0.85 1.02 1.86 0.98 

0.05 0.04 0.10 0.13 
aJl1 g..m g.g§ AJla 
0.08 0.07 0.18 0.15 

17.4 14.4 13.7 13.0 
38.8 35.3 26.5 35. 1 

2.3 1.9 2.0 1 .s 
8.7 7.0 10.7 9.6 

31.5 34.5 36.3 30.8 
3.3 6.8 10.8 10.0 



Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 

Sample Name 
Amount of wet sand 
Moisture content 
Amount of dry sand 
Ml Identifier 
Total Pico main af PLFA 

Data Summary Sheet 

lji 
picomoles PLFA/g of dry sand 
Cells/g of dry sand 
picomoles prokaryote PLFA 
picomoles eukaryote PLFA 
ratio prokaryote/eukaryote 

cy17:0/16:1 w7c 
cy19:0/18: 1 w7c 

Total 

1 6: 1 w7t/16: 1 w7c 
18: 1 w7t/18: 1 w7c 

Total 

~-,of Total PL 
TerBrSats 
Monos 
BrMonos 
MidBrSata 
NSats 
Eukaryotes 

NA: Not Analyzed 
NC: Not Calculated 
ND: Not Detected 

3-1.8-M 3-2.0-M 
60.99 47.58 

17.08" 15.11" 
50.57 40.38 

Loo1.14 Loo1.15 
2,018 1,902 

39.9 47.1 
7.98E+05 9.42E+05 

38.0 44.8 
1.9 2.3 

20:1 19:1 

0.68 0.32 
g.g ~ 
1.14 0.81 

0.09 0.03 
A.al Aaa.t 
0.14 0.04 

17.8 13.9 
32.0 39.4 

2.3 1.7 
13.4 8.0 
29.9 32.2 
4.7 4.9 
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3-2.2-M 3-2.4-M 3-2.6-M 4-1 . .i.M 
60.12 61.08 47.48 42.61 

16.59" 15.991' 15.89" 17.39% 
50.14 51.29 39.93 35.20 

Loo1.16 Loo1.17 Loo1.18 Loo1.19 
779 1,040 1,188 3,216 

15.5 20.3 29.8 91.4 
3.11 E+05 4.05E+05 5.95E+05 1.83E+06 

14.2 19.7 28.5 81.8 
1.3 0.5 1.2 9.6 

11:1 36:1 23:1 9:1 

0.40 0.23 0.45 0.99 
Sl.H g.n g,.u ~ 
0.95 1.16 0.96 1.73 

0.10 o.08 0.07 0.04 
g.m a.AZ gJII QJ1i 
0.10 0.15 0.13 0.09 

16.1 20.0 15.2 17.6 
27.2 33.8 30.1 29.5 

2.0 2.2 1.9 3.1 
9.3 8.3 7. 1 12.0 

37.1 33.1 41.8 27.2 
8.3 2.7 4.2 10.5 



Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 

Sample Name 
Amount of wet sand 
Moisture content 
Amount of dry sand 
Ml Identifier 
Total Pico moles af Pl.FA 

Data Summary Sheet 

rm :-..~ 

picomolea PLFA/g of dry und 
Cells/g of dry sand 
picomolea ·proka,vote Pl.FA 
picomoles eukaryote Pl.FA 
ratio prokaryote/eukaryote 

.J ~ • ·;;4;:tffa~{~;~\:1•v-:i···fi·;:··•,:,~~~ ~• 
-~~ ......... ~ ............... :-.,.,,, ... .-...-............ -,. -.. ----... .,..~.·--

cy17:0/16:1 w7c 
cy19:0/18: 1 w7c 

Total 

16:1w7t/16:1 w7c 
18: 1 w7t/18: 1 w7c 

Total 

li2 
TerBrSats 
Monos 
BrMonos 
MidBrSats 
NSats 
Eukaryotes 

NA: Not Analyzed 
NC: Not Calculated 
ND: NotDetectad 

of T0181 PL 

4-2.0-M 4-2.6-M Filter blank 
52.00 50.9 

18.131' 18.221' 
43.81 42.84 

Loo1.20 Loo1.21 Loo1. 1 
3.05' 1.319 178 

70.0 30.9 NC 
1.40E+06 6.19E+05 NC 

85.8 28.1 NC 
4.3 1.8 NC 

15:1 16:1 NC 

0.20 0.34 1.93 
Q.1i aJll a.Ii 
0.35 0.9' 2.78 

0.02 0.10 o.oo 
Q.ml llJm g.AQ 
0.02 0.18 o.oo 

11.8 13.8 2.8 
40.& 38.0 8.3 

1.3 2.1 0.0 
&.4 8.3 1.8 

35.0 33.7 87.7 
6.1 5.9 19.7 
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Microbial Insights. Inc. 
Project Name Mark King: University of Waterloo 
Date Received 7 /21 /95 

Sample Name 1-1.4-M 1-1.6-M 1-1.8-M 1-2.0-M 1-2.2-M 1-2.4-M 
Amount of wet sand 54.82 83.88 84.41 78.7 78.27 65.77 
Moisture content 13.29" 12.89«Jfa 14.97«Jfa 15.391' 15.04" 13.75% 
Amount of dry sand 47.36 55.65 71.78 64.90 66.50 56.73 
MI Identifier Loo1.2 Lao1.3 Laa1.4 Loo1.5 Loo1.6 Loo1.7 
Total Pico molN of PLFA 455 988 1.045 341 519 657 

Analytical Report 

~PlrF-..... ••, ... "'.•.• ...... Al 

Terminally Branched Saturates rrerBrSatst 
i14:0 13.684 0.2 0.0 o.o o.o o.o 0.0 
i15:0 14.643 1.3 3.2 6.1 s.a 3.8 4.1 
a15:0 14.721 1.7 3.2 8.2 5.6 3.4 3.3 
i16:0 15.828 1.2 2.0 3.1 3.3 1.7 3.1 
i17:0 16.630 1.2 1. 1 1.7 1.2 0.6 1.2 
a17:0 16.704 1.8 1.5 2.0 1.5 1.1 1.3 
i18:0 17.639 u A.a A.I SLi gJl u 

8.3 11.3 19.4 18.0 10.6 13.4 

Monoenoics (Monosl 
16:1w9c 15.702 0.8 1.0 1.5 1.4 o.o 1.1 
t6:1w7c 15.739 2.9 2.7 2.5 2.6 3.0 2.4 
16:1w7t 15.776 0.0 0.1 o., o.o o.o 0.0 
t6:1w5c 15.851 0.7 0.7 0.9 o.8 0.5 0.6 
cy17:0 16.816 5.6 6.8 8.8 9.9 5.1 9.7 
17:1 17.114 0.8 0.8 0.9 o.8 o.s 0.5 
18:1w7c 17.752 5.0 3.1 2.5 3.2 2.4 3.2 
18:1w7t 17.808 0.0 0.0 o.o o.o o.o 0.2 
18:1w5c 17.884 0.2 0.1 0.1 0.4 0.2 o.o 
cy19:0 18.818 .LI .LZ 1..1 u 1.1 Z&i 

17.4 16.8 17.1 21.8 12.9 20.2 

Branched Monoenoics CBrMonosl 
i15:1 14.447 0.0 0.4 1.0 0.5 0.6 0.6 
a15:1 14.525 0.0 0.4 0.5 0.3 o.o 0.3 
i17:1w7c 18.333 0.7 0.7 1.1 1.0 0.7 0.8 
brl 9:1 18.091 M u Q.1 Q.1 gJl gJ2 

1.0 1.7 2.8 2.0 1.3 1 .8 
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Microbial Insights. Inc. 
Project Name Mark King: Univarsitv of Waterloo 
Date Received 7 /21 /95 

Sample Name 1-1.4-M 1-1.&M 1-1.8-M 1-2.0-M 1--2.2-M 1·2.4-M 
Amount of wet sand 54.82 83.88 84.41 76.7 78.27 65.77 
Moisture content 13.294J' 12.89" 14.974J' 15.394J' 15.04" 13.75% 
Amount of dry sand 47.38 55.85 71.78 64.90 66.50 56.73 
Ml Identifier Lao1.2 Loo1.3 Loo1.4 Loo1.5 Loo1.6 Loot .7 
Tatel Pica malN of PLFA 455 988 1.CM5 341 519 657 

Mid-Chain Branched Sa1umes CMiclllrSatsl 
br16:0 16.037 0.8 1.2 1.2 0.6 0.3 0.8 
10me16:0 16.445 3.9 6.5 8.7 5.3 3.4 3.5 
br17:0 17.039 1.1 ,. 1 1.8 1.2 0.7 0.7 
10me18:0 18.397 .Ll 2Jl u ZJ. .L1 .Li 

7.6 10.7 14.0 9.1 5.6 6.5 

Normal Saturates CNSatsl 
12:0 12.131 o.o 0.1 2.3 2.7 1.4 2.5 
14:0 14.016 0.5 1.8 3.8 4.5 4.2 2.4 
15:0 14.995 0.3 0.7 0.9 0.8 0.9 0.6 
16:0 15.999 26.0 30.1 28.1 30.1 33.9 30.7 
17:0 17.001 1.0 0.8 0.8 0.6 0.8 0.8 
18:0 17.976 .1LI .li!a1 LI M u .LOA 

43.8 43.4 39.8 44.1 49.8 47.9 

Eukaryotes 
18:3w3 17.489 0.3 0.2 0.3 0.2 0.2 0.2 
18:4w6 17.528 0.3 o.a 0.2 0.2 5.2 0.6 
18:2w6 17.801 2.4 0.4 0.2 o.o 0.4 0.6 
18:1w9c 17.877 13.9 2.3 1.9 1.2 1.8 2.0 
20:1 19.482 1.8 5.4 1.8 1.2 7.3 2.8 
20:0 19.994 1.2 o.a 0.8 0.8 0.7 0.8 
21 :1 20.730 0.2 0.9 0.3 0.1 1.3 0.7 
21 :1 20.975 0.7 0.5 0.5 0.7 0.5 0.5 
UNK Pl.FA 21.804 0.5 3.7 0.4 0.4 1.8 1.2 
22:0 21.981 0.7 o.a 0.5 0.3 0.7 0.4 
24:0 23.988 u DA a.a a.A M g.z 

22.2 16.1 8.9 s.o 20.0 10.0 
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Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 • 

Sample Name 1-2.6-M 2-1.4-M 2-2.0-M 2-2.6-M 3-1.4-M 3-1.6-M 
Amount of wet sand 60.64 49.22 82.08 80.08 60.37 60.45 
Moisture content 15.59% 15.88% 15.33% 15.57" 16.08" 16.42% 
Amount of dry sand 51.18 41.51 52.58 50.73 50.88 50.52 
Ml Identifier Loo;.8 Lao1.9 Lao1.10 Loo1.11 Loo1.12 Loo1.13 
Total Pico moles of Pl.FA 558 659 2.713 1.013 949 1.499 

Analytical Report 

i'~A) 

Terminally Branched Saturates (Tar8r 
i14:0 13.684 0.0 o.o o.o -0.2 0.3 0.4 
i15:0 14.843 3.8 4.8 7.5 8.9 3.9 4.0 
a15:0 14.721 3.1 3.4 4.8 3.0 3.3 3.2 
i16:0 15.628 1.7 1.8 2.3 1.8 2.5 2.0 
i17:0 18.830 0.6 0.8 1.2 1.0 1.4 1.5 
a17:0 16.704 0.9 1.2 1.5 1.5 1.7 , .5 
i18:0 17.639 il.2 M a..z u ilal !2,.3. 

10.2 12.2 17.4 14.4 13.7 13.0 

Monoenoics (Monost 
16:1w9c 15.702 0.7 1.0 1.4 1.2 1.4 1 .3 
16:1w7c 15.739 2.1 4.7 18.8 17.8 5.8 12.9 
16:1w7t 15.778 o.o 0.2 0.9 0.7 0.8 1.6 
16:1w5c 15.851 0.4 1.0 2.1 2~1 1.4 1.6 
cy17:0 16.816 5.5 4.9 8.1 6.7 8.3 8.0 
17:1 17.114 0.4 0.4 0.5 0.3 0.6 0.5 
18:1w7c 17.752 2.3 3.8 5.1 3.5 5.5 8.4 
18:1w7t 17.808 o.o 0.2 0.1 0.1 0.3 0.2 
18:1w5c 17.864 0.2 o.o 0.2 o. 1 0.3 0.3 
cy19:0 18.818 L2 .Ll. .LZ 2.1 u ~ 

12.8 17.4 38.8 35.3 26.5 35.1 

Branched Monoenoics IBrMonoa) 
i15:1 14.447 0.7 0.3 0.8 0.3 0.4 0.2 
a15:1 14.526 0.0 0.2 0.8 0.3 0.2 0.2 
i17:1w7c 16.333 0.7 0.8 , .1 1.1 1.1 1.0 
br19:1 18.091 QJl gJ_ SU SU u gJ_ 

1.4 1.4 2.3 1.9 2.0 1.5 
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Microbial Insights. Inc. 
Project Name Mark Kina: 
Date Received 7/21195 

Sample Name 1-2.6-M 2-1.4-M 2-2.0-M 2-2.6-M 3-1.4-M 3-1.6-M 
Amount of wet sand 80.84 49.22 82.08 60.08 60.37 60.45 
Moisture content 15.591' 15.88-W. 15.33'1t. 15.57«wt 18.08-r. 16.42% 
Amount of dry sand 51.18 41.51 52.58 50.73 50.88 50.52 
Ml Identifier Loo1.8 Loo1.9 Loo1.10 Loo1.11 Lao1.12 Loo1.13 
Total Pico molN af PL.FA 558 859 2,713 1,013 949 1,499 

Mid-Chain Branched Sat&lmaa (MidBr 
br16:0 18.037 0.3 0.3 0.6 0.0 1.2 0.8 
10me16:0 18.445 2.3 3.1 5.7 5.2 5.4 5.4 
br17:0 17.039 0.5 0.7 1.0 0.8 1.3 1.0 
10me18:0 18.397 ll.l L1 u u u u 

3.8 5.2 8.7 7.0 10.7 9.6 

Normal Saturates CNSats, 
12:0 12.131 2.7 3.7 0.6 0.0 o.o 0.2 
14:0 14.018 4.7 3.1 2.8 o.o 1.2 o.o 
15:0 14.995 1.0 0.8 0.8 0.9 0.7 0.6 
16:0 15.999 40.0 32.8 23.9 28.2 26.4 24.5 
17:0 17.001 0.9 o.a 0.8 0.7 1.1 0.8 
18:0 17.976 1.1 1,1 L1 j.2 2Jl u 

56.9 48.1 31.5 34.5 38.3 30.8 

Eukaryotes 
18:3w3 17.489 0.3 0.3 0.1 0.1 o.8 0.1 
18:4w6 17.526 0.0 0.4 o.o 0.2 0.5 3.2 
18:2w6 17.801 0.0 0.3 o.o o.o 0.7 0.4 
18:1w9c 17.877 1.0 2.1 1.5 1.0 3.8 2.6 
20:1 19.482 8.3 8.9 0.5 2.4 1.7 1.0 
20:0 19.994 0.5 0.8 0.4 0.6 0.8 0.7 
21 :1 20.730 1.5 1.3 0.1 0.4 0.4 0.3 
21 :1 20.975 0.3 0.4 0.4 0.8 0.6 0.7 
UNK PLFA 21.804 2.0 1.7 0.1 0.9 0.8 0.3 
22:0 21.981 0.7 1.0 0.2 0.5 0.5 0.4 
24:0 23.988 a.a. A.I A.A g.z A.! u 

14.9 1&.7 3.3 8.8 10.8 10.0 
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Microbial Insights .. Inc .. 
Project Name Mark King: 
Date Received 7/21 /95 

Sample Name 3-1.8-M 3-2.0-M 3-2.2-M 3-2.4-M 3-2.6-M 4-t.4-M 
Amount of wet sand 60.99 47.56 60.12 81.06 47.48 42.61 
Moisture content 17.081' 15.11 '5 16.59" 15.99'5 15.89'6 17.39'6 
Amount of dry sand 50.57 40.38 50.14 51.29 39.93 35.20 
Ml Identifier Loo1.14 Loo1.15 Lao1.18 Loo1.17 Loot.ta Loo1.19 
Total Pico molN of Pl.FA 2,018 1,902 779 1.040 1,188 3.216 

Analytical Repon 

~-llflt.FAI 

Terminally Branched Saturates (TerBr 
i14:0 13.664 1.1 0.5 0.0 0.6 0.6 0.0 
i15:0 14.643 8.0 6.0 8.2 11.1 8.7 5.8 
a15:0 14.721 4.7 3.1 3.4 4.0 3.6 4.8 
i16:0 15.628 2.4 2.0 1.7 1.5 1 .7 2.1 
i17:0 16.630 1.5 1.1 1.4 1.2 1.1 1.7 
a17:0 16.704 1.8 1.2 1.4 1.5 1.4 2.4 
i18:0 17.639 u u g.g AJl gJl u 

17.8 13.9 18.1 20.0 15.2 17.6 

Monoenoics (Monos) 
16:1w9c 15.702 1.8 1.0 0.9 1.3 1.4 1 .a 
16:1w7c 15.739 12.4 2n.e 12.3 18.8 14.0 5.8 
16:1w7t 15.776 1.1 0.5 1.2 1.4 1.0 0.3 
16:1w5c 15.851 1.9 1.9 2.4 3.4 2.6 2. 1 
cy17:0 16.816 8.2 8.5 5.0 4.3 8.3 5.7 
17:1 17.114 0.5 0.3 o.s 0.4 0.3 0.7 
18:1w7c 17.7&2 4.0 8.4 2.8 2.0 2.9 7.0 
18:1w7t 17.808 0.2 0.1 o.o 0.1 0.2 0.3 
18:1w5c 17.884 0.3 0.2 1.1 o.o o.o 0.7 
cy19:0 18.818 .LI .LI 1A .LI .Li 1..1 

32.0 39.4 27.2 33.6 30.1 29.5 

Branched Monoenoica CBrMonoal 
i15:1 14.447 0.5 0.4 0.3 o.s 0.4 0.5 
a15:1 14.525 0.5 0.3 O.& 0.4 0.3 0.4 
i17:1w7c 16.333 1.2 0.9 0.8 1.1 1.1 1.a 
br19:1 18.091 SU JlJ. " u A..1 Sl&i 

2.3 1.7 2.0 2.2 1.9 3.1 
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Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 

Sample Name 3-1.8-M 3-2.0-M 3-2.2-M 3-2.4-M 3-2.6-M 4-1.4-M 
Amount of wet sand 60.99 47.58 60.12 61.08 47.48 42.61 
Moisture content 17.081' 15.11 'Jf. 16.59% 15.99'Jf. 15.89" 17.39% 
Amount of dry und 50.57 40.38 50.14 51.29 39.93 35.20 
Ml Identifier Loo1.14 Loo1.15 Loo1.16 Loo1.17 Loo1.18 Loo1.19 
Total Pico molN of PL.FA 2,018 1,902 779 1,040 1,188 3,216 

Mid-Chain Branched Satumu (MidBr 
br16:0 16.037 1.0 0.8 2.4 0.7 0.6 2.5 
10me16:0 16.'45 9.1 5.5 5.1 6.1 5.3 6.2 
br17:0 17.039 1.2 0.7 0.8 0.8 0.5 1.3 
10me18:0 18.397 %al La 1J2 SU u ZJl 

13.4 8.0 9.3 8.3 7.1 12.0 

Normal Saturates (NSatsJ 
12:0 12.131 0.1 0.1 0.7 6.2 11. 1 1.7 
14:0 14.016 2.0 1.8 1.8 3.1 2.9 2.1 
15:0 14.995 0.6 0 .. 7 0.7 1.0 1.1 0.7 
16:0 15.999 23.1 25.9 28.4 20.5 23.1 18.0 
17:0 17.001 0.7 0.8 1.1 0.6 0.8 0.9 
18:0 17.976 a.I a.a !al .LI u 1Jl 

29.9 32.2 37.1 33.1 41.6 27.2 

Eukaryotes 
18:3w3 17.489 0.2 0.1 0.1 o.o o.o 0.6 
18:4w6 17.526 0.0 0.0 o.o 0.3 o.o 0.6 
18:2w6 17.601 0.1 0.1 0.7 o.o 0.3 1.3 
18:1w9c 17.677 2.3 1.3 1.2 0.8 1.3 4.5 
20:1 19.482 0.3 1.4 1.7 o.o 0.9 0.9 
20:0 19.994 0.5 0.4 1.1 0.5 0.3 0.6 
21 :1 20.730 0.1 0.3 0.3 0.1 0.2 0.2 
21 :1 20.975 0.5 0.8 1.0 0.7 0.5 0.6 
UNK PLFA 21.804 0.3 0.4 0.8 o.o 0.3 0.2 
22:0 21.981 0.2 0.3 1.2 0.3 0.3 0.6 
24:0 23.986 gJ_ AJl Q.i u a..i ~ 

4.7 4.9 8.3 2.7 4.2 10.5 
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Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 

Sample Name 4-2.0-M 4-2.6-M Filter blank 
Amount of wet sand 52.00 50.9 
Moisture content 16.13% 18.22" 
Amount of dry sand 43.81 42.64 
Ml Identifier Loo1.20 Loo1.21 Loo1.1 
Total Pico mo'-s of PL.FA 3,054 1,319 178 

Analytical Report 

Terminally Branched Satuntu (Terlr 
i14:0 13.864 0.0 0.0 0.7 
i15:0 14.843 5.2 7.1 0.7 
a15:0 14.721 3.2 3.0 0.0 
i16:0 15.628 1.3 1.4 0.9 
i17:0 18.630 0.7 1.1 0.8 
a17:0 16.704 1.0 1.4 0.0 
i18:0 17.639 SU QJl QJl 

11.8 13.8 2.8 

Monoenoics (Monoal 
16:1w9c 15.702 0.8 1.3 0.0 
16:1w7c 15.739 23.7 18.0 1.8 
16:1w7t 15.778 0.5 1.8 0.0 
16:1w5c 15.851 1.8 3.5 0.0 
cy17:0 18.818 4.9 6.1 3.0 
17:1 17.114 0.3 0.3 0.5 
18:1w7c 17.752 7.8 2.9 1.3 
18:1w7t 17.808 0.0 0.2 0.0 
18:1w5c 17.884 0.1 0.1 0.7 
cy19:0 18.818 1J. J.I 1J. 

40.5 38.0 8.3 

Branched Monoenoica CBrMonoal 
i15:1 14.447 0.3 0.4 o.o 
al 5:1 14.525 0.3 0.5 o.o 
i17:1w7c 18.333 0.7 1.1 o.o 
br19:1 18.091 SU JU J1Jl 

1.3 2.1 o.o 
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Microbial Insights. Inc. 
Project Name Mark King: 
Date Received 7 /21 /95 

Sample Name 4-2.0-M 4-2.6-M Filter blank 
Amount of wet sand 52.00 50.9 
Moisture content 16.13" 16.22% 
Amount of dry sand 43.81 42.84 
Ml Identifier Lao1.20 Loo1.21 Loo1.1 
Total Pico moles of PLFA 3,054 1,319 178 

Mid-Chain Branched Saturates (MidBr 
br16:0 18.037 0.4 0.5 1.8 
10me16:0 18.445 3.8 8.3 o.o 
br17:0 17.039 0.8 0.6 o.o 
10met8:0 18.397 A.I a.a gJl 

5.4 8.3 1.8 

Normal Saturates (NSats) 
12:0 12.131 2.7 2.9 0.7 
14:0 14.018 1.5 2.4 2.8 
15:0 14.995 0.7 1.0 o.a 
16:0 15.999 28.7 24.0 42.9 
17:0 17.001 0.5. 0.7 1.9 
18:0 17.978 aJl Z,.2 lLi 

35.0 33.7 67.7 

Eukaryotes 
18:3w3 17.489 0.1 0.1 0.9 
18:4w6 17.528 0.1 0.2 1.8 
18:2w6 17.801 0.3 0.2 1.5 
18:1w9c 17.877 1.3 1.3 2.5 
20:1 19.482 2.2 1.4 7.0 
20:0 19.994 0.4 0.6 0.9 
21 :1 20.730 0.4 0.5 1.2 
21 :1 20.975 0.3 0.7 o.o 
UNK PLFA 21.804 o.e 0.5 2.8 
22:0 21.881 0.3 0.5 1.3 
24:0 23.986 AJ. a.A gJl 

8.1 5.9 19.7 
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Microbial Insights, Inc. 
Quality Assurance lleport 

Company: Mark King, University ofWaterloo 

Twenty-one sand samples were received on 7/21/95. These samples were analyzed for 
PLF A and rRNA content. 

These samples were analyzed under the U.S. EPA Good Llboratoiy Practice Standards; 
Toxic Substances Control Act ( 40 CFll part 790). 

All instruments used in the analysis were calibrated and operated within acceptable 
ranges. The instruments were cahlnted according to Microbial Insights, Inc. Standard 
Operating Procedures (SOP) EQl. 

I of the analysis Instrument cablntion occurred S/25/9S 

.-.,~ consisted of the processing of samples according to so 's 
1. Inspection of Phase n occurred on 8/17/9S by:._r-...~......, .......... -..,c.~~ 

The following solvents were used during the analysis and 

Chloroform Lot #Is BK402 
Methanol Lot #Is BJ946 
Acetone Lot '#Is BJS34 
H20 Bufrer Lot# PB0049 

All data generated through this analysis was acceptable 

All required analysis holding times were met. 

Samples arrival conditions were acceptable. 

No QC or lllllytical problems were encountered. 
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PLATE COUNT l\1ETHODS 
( analysis and write-up by Dr. Barb Butler) 

Aliquots of sand samples that were analyzed by Microbial Insights for PLF A were also analyzed 
for total plate counts. As pan of this analysis moisture content was also determined. Triplicate 
samples of wet sand were dispensed into pre-dried aluminum pans, weighed, then dried overnight 
at I oo0c and reweighed. Mean values were as follows. 

Sample Moisture content (%) standard deviation 
2-1.4 15.99 0.08 
1-2.0 16.05 0.32 
2-2.6 15.22 0.08 
3-1.4 17.07 0.20 
3-2.0 1S.18 0.33 
3-2.6 1S.98 0.06 
4-1.4 17.08 0.58 
4-2.0 16.16 0.28 
4-2.6 16.13 0. ll 

To determine plate counts, a suspension of 10 g (wet wt) of sand in 90 mL of0.1% 
Na,1P2O7·10H2O (pH 7.0) was shaken for 10 min on an orbital shaker operating at 400 rpm. then 
diluted in phosphate-buffered saline (1.18 g Na2HPO.i, 0.22g NaH2PO.i-H2O, 8.5 g NaCl per L, pH 
7.0) and spread on plates ofR2A medium. Triplicate plates were prepared for each dilution. 
Plates were incubated aerobically at 1 o0 c and counts were made at 40 days and are reponed as 
colony forming units (CFUs)/g dwt in the following: 

Sample CFU/g s.d. 
2-1.4 I.lxl0" 2. lxl01 

2-2.0 4. lxlo-3• l.3xl01 

2-2.6 3.9x1<>2• 2.0xl02 

3-1.4 1.3xl0" l.0xlo-3 
3-2.0 1.2xl0" 
3-2.6 2.4xl02• 1.9xl02 

4-l.4 6.9xla3 3.5xl02 

4-2.0 2.2xto-3• 3.9xl02 

4-2.6 l.2xto-3· 0 
* estimate; some/all plates had fewer than 30 colonies 
results are mean of triplicate plates. except 3-2.0: only two plates available due to lab accident 
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BACKGROUND 

APPENDIX13 

AROMATIC ACIDS RESULTS 

A set of groundwater samples was collected on September 22, 199S, to evaluate for the presence 
of organic metabolites due to plume biodegradation. Aromatic acids were analyzed at the 
National Center for Bioremediation Research and Development at the University of Michigan 
under the supervision ofDr. TIISOng Fang, and using methodology descnbed by Barcelona et al. 
(1995). Aromatic acid results are provided in Table 1 and associated dissolved creosote 
compound results are provided in Table 2. 

193 



Table 1. Aromatic acid results for groundwater samples collected September 22, 1995; 
concentrations in ug/L. 

Localioa: ~ N3-0 5S12 S527 S5%7 9-1 9-1 9.1 IS.I Procedure 
Death. (m below amdel: 1.IO 3.00 2.93 2.40 3.30 I.IO 2.40 3.60 3.20 blank 
Benzoie acid 6 49.97 36.51 52.M 9528.13 53.24 11.14 25.16 19.IS 0 
2-Medl - - at 0 7.48 0 2.92 0 3.42 0 0 4.51 0 
Methvl •• • 27.12 93.36 0 0 2160.56 3.37 2494.39 232.52 1299.73 0 
3-Methvlbeazoic acid 0 12.77 16.16 297.56 5'77.46 0 ll.CM 59.11 21.13 0 
4-M - - • acid 2.63 14.3 16.16 333.16 0 0 12.36 15.67 7.13 0 
2.6-:""" - - acid 0 20.54 9.CM 0 0 0 66.98 2.75 21.24 0 
2.5-r· .. - Kid 3.39 25.59 10.57 0 0 5.71 7.15 2.01 11.79 0 
2.31+3.S- • .• - - acid 0 32.95 24.93 0 0 0 45.58 8.02 57.13 0 
2.4.6-1:. - - --- 0 0 0 0 0 0 0 0 0 0 
3.4-Dimeth - - Kid 2.63 21.42 34.43 66.36 1145.15 62.13 37.23 9.9 52.52 0 

Table 2. Dissolved creosote results for gro1D1dwater samples collected September 22, 
199S; concentrations in uJVL. 

Locatian: N3-0 N3-0 SSl2 S527 5527 9-1 9-1 9-1 11-1 
Derrlh (m below andel: l.lO 3.00 2.93 2.40 3.30 1.10 2.40 3.60 3.20 
m-X'Ylcne 0 0 112 0 0 0 1176 0 
obenol 0 0 0 0 0 0 0 0 0 
o-cresol 0 0 0 0 0 0 0 0 0 

I 

0 0 0 0 0 0 0 0 0 .. 
2.6-dms, 0 0 0 0 0 0 0 0 0 
2.4+2.S-dmD 0 0 0 0 0 0 0 0 0 
2~mD 0 0 0 0 0 0 0 0 0 
3..s.dms, 0 0 0 0 0 0 0 0 0 
nanhtbalcne 0 0 6612 3293 679 0 3037 1160 6050 
indole+2.m.nanh 0 0 1380 «,i 211 0 20 849 0 
1-m.nuh 0 0 562 256 80 0 316 376 0 
binhemf 0 0 255 122 37 0 29 41 0 

th\llme 0 0 0 9 0 0 0 0 0 
accnanl 11hcne 0 0 1201 580 279 0 252 266 0 
ch"benzafiara 0 0 650 355 169 0 0 0 0 
fluorene 0 0 347 159 73 0 0 0 0 
DhCllllldume 0 0 251 0 0 0 0 0 0 
anthrac:me 0 0 IO 0 0 0 0 0 0 
c:aibmzale 0 0 375 111 0 0 0 0 0 
fluorllld1111e 0 0 24 0 0 0 0 0 0 
nvn:ne 0 0 20 0 0 0 0 0 0 . - .. 
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BACKGROUND 

APPENDIX14 

B103D INPUT FILES 

The program B103D was used to model a plume resembling that of cb"benzofuran at the field site 
under two different conditions: 1) solute does not degrade and 2) solute degradation is essentially 
instaneous in the presence of oxygen. The input file for these analyses is provided as Tables 1, 
and results are shown graphically in Figure S.2, in the main body of this document. The B103D 
source code is available ftom one of the developers: John Molson, University of Waterloo, Earth 
Science Department_ 
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Table 1. B1O3O data input file to simulate aerobic biodegradation of dibenzofuran at the field 
site, assuming that cbl>enzofuran is the only compound present. For simulation of a non­
biodegrading solute, the oxygen concentration below which biodegradation no longer occurs 
(THRESHOLD - 0) was set above background dissolved oxygen (>2.5 mg/L). 

0 
70 90 I 1 
49 18.0 l.70 
0 0 0 0 0 0 
I O O O O 0 

1 I 33 42 1 2 0.4 0.0 +l 
1 I 48 57 l 2 0.4 0.0 -1 
0 0.9078E-01 0.063SE-Ol 0.0E-01 4. 
3.6E-0l 3.9E-02 0.IE-10 7.SE-10 

DBF 
0.03 0.01 0.01 2.S7 0.0 4.67 0.00 0.40 

1. 1000. 0.OOe-10 
0.00 .33 .00 0.0 
LO LO 
2.5 0.07 
2.5 0.07 
0.00 0.00 
0 0 0 0 0.00 0.00 -1 
0 0 0 0 0.00 0.00 -1 
0 0 
0.0 626.0 .S 1252 999 + 1 
0 0.0 

0.0010 0.01 10 
0 0 0 0 0 0 -1 
0 0 0 0 0. 0. 0. -1 
626.0 1008 .S 764 999 +l 
0 0.0 
0.0010 0.01 10 
0 0 0 0 0 0 -1 
0 0 0 0 0. 0. 0. -1 

1008.0 205S.0 .S 698 999-1 
0 0.0 
0.0010 0.01 10 
0 0 0 0 0 0 -1 
0 0 0 0 0. 0. 0. -1 

;KPllT 
;NEX,NEY,NEZ,# of substrates 
;XL,YL,2L 
;source node ranges 
;BOUNDARY TYPE CODES 
;boundary patch 1 
;boundary patch 2 
;IVOPT, VX, VY, VZ,ROTA (mid) 
;AL,ATH.ATV ,DD 
;utils,ubs,uho,ros,ym,res,wb~uins 
;substrate! terms 
;RETO,retm,bm 
;B,PORM,PQRS,DPW(DUAL-P) 
;UNDEll-RELAXATION:OR.G,OXY 
;BACKGROUND CONC. oxy-M 
;INIT.SOUR.CONC. oxy-M 
;threshold S-0 
;V ARIABLE SUB BACKG 
;VARIABLE OXY BACKG 
;RESTART/FLOAT DT? O=NO 
;TO,Tl,DT,KTIME,KMOM(days) 
;KVREAD,llOTA 
;TOLS, TOLO, iter 
;source: il,i2j lj2,kl,k2 
;sink: ij,kl,k2,PQ,cs,co 
;T0,Tl,DT,KTIME,KMOM (days) 
;KVREAD,llOTA 
;TOLS, TOLO, iter 
;source: il,i2j lj2,kl,k2 
;sink: ij,kl,k2,PQ,cs,co 
;T0,Tl,DT,KTIME,KMOM (days) 
;KVREAD,llOTA 
;TOLS, TOLO, iter 
;source: il,i2jlj2,kl,k2 
;sink: ij,kl ,k2,PQ,cs,co 
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