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Abstract

A variety of methods have been tested in attempts to remediate contaminated sites.
Fine-grained soils are particularly problematic to remediate because fine soil particles have
a high affinity for soil contaminants, and the very small soil micropores which effectively
trap contaminants.

Freezing of soil causes particle restructuring and reorganization, with different
pore structures and soil grain arrangements found after freezing. Some factors affecting
restructuring include soil moisture content, freezing rate, freezing end-point temperature,
and number of freezing cycles.

This thesis presents experiments which determined if freezing creosote
contaminated soil changes accessibility of 16 priority PAHs to the aqueous phase, through
measurement of aqueous phase contaminant dissolution before and after freezing under
controlled laboratory conditions. Aqueous dissolution was selected since water is the
primary solvent in naturally occurring systems, and water represents a limiting scenario
since many of the PAHs have low aqueous solubilities. The experiment was designed to
test the effect of varying soil moisture content, freezing rate, and the location of the soil
sampling following freezing to determine if the PAHs migrate through the soil. A highly
contaminated sandy soil and a low-level contaminated clay soil were tested.

The results of hypothesis testing show that freezing is not a significant variable for
the sand soil. Freezing was significant at 5% and 10% significance levels for a few PAHs
with the clay soil.

Freezing did not demonstrate a significant effect on the migration of PAHs within
the soil. However, the method of detection was through the aqueous phase only which
may have prohibited adequate detection of PAH migration. Also, more sampling locations
should have been tested to adequately determine if migrations of PAHs was occurring.

Soil moisture content was not a significant variable for the sand. Soil moisture

content was significant at the 1% level for several of the PAHs analyzed in the clay soil.

This agrees with expected results for the clay.



Freezing rate was not a significant variable for either soil tested. However, the
variation of freezing rate was significantly limited by the equipment used for the
experiment. The slow and fast rate varied by only 25%, which may not have been enough
of a difference in freezing rate to have a detectable effect on the aqueous phase
concentrations.

Many of the data sets for the heavier PAHs (heavier than pyrene) were unusable
due to high coefficients of variation in the analytical results. Only data sets with
coeflicients of variatio. ranging from 5% to 30% were analyzed statistically. The
vanability could be due to the non-homogeneous nature of contaminated soil, laboratory
errors, contaminated glassware (PAHs adsorbed to it), and the GC/MS not being
adequately cleaned before use for the experimental runs for this thesis. However, the
aqueous phase PAH concentrations obtained in this research represent values from a
“real” soil, obtained in the field, and unaltered in the laboratory. High coefficients of
variation are expected for field-obtained soil samples.

Water was confirmed as a very poor solvent for the 16 Priority PAHs tested.
Many of the data sets were unusable because the aqueous phase concentrations were not
consistent. This is particularly true for the lower solubility PAHs with molecular masses
greater thzn beiiz(a)anthracene. Also, calculations found that only approximately 0.3%
and 4.0% of the PAHs present in the oil phase partitioned into the aqueous phase for the
sand and clay respectively. This represents a very small fraction of the total PAHs

present.
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1.0. INTRODUCTION

1.1. Problem Statement

A recent significant issue in North America is the treatment and management of
contaminated soils. In the U.S. alone, as many as 5400 toxic waste sites at Federal
Government facilities have been identified as requiring clean-up. The estimated total cost
is in the order of one hundred billion doliars (Ayorinde ez al., 1988). In terms of human
health risks, contaminated land is now widely recognized as a potential threat to
environmental health (CCME, 1991).

There are many different types of contaminants found in soils, including PCBs,
hydrocarbons, mercury, and trichloroethylene. Each contaminant has its own unique
characteristics, and its own toxic risk to humans based on the dose delivered. Risk
assessments for humans for a specific site are based on factors such as compound toxicity,
bioavailability to humans via inhalation, dermal contact, and ingestion (Pollard et al.,
1993)

Chemicals used for certain applications have been identified as posing a potential
health hazard to humans. One major application is the wood preserving industry, which
currently uses more pesticides than any other industry on a volume basis. The major
pesticides in use are creosote, pentachlorophenol, and a copper-chrome-and arscnate
mixture. Creosote was widely used as a wood preservative in the past. It is estimated
that in the U.S. alone, wood preserving operations use approximately 4.5x10 kilograms
(45,000,000 kg) of creosote annually (Mueller ef al., 1989).

Creosote is an oily substance made up of over 200 compounds. One class of
compounds in creosote is the polycyclic aromatic hydrocarbons (PAHs), many of which
are carcinogenic in rodent testing at relatively low levels (Fawell and Hunt, 1988). As
well, epidemiological studies of some occupation-associated skin cancers in humans
provide strong evidence of the role of PAHs in certain kinds of human cancers (Fawell and

Hunt, 1988). Within creosote, PAHs can represent a fraction of 50-90% of the material

by weight (Priddle and MacQuarrie, 1994).



Because of their hazard and potential risk for humans, PAH contaminated sites
cannot be ignored and often require clean-up or other risk management measures. Current
site remediation technologies may be broadly grouped into the categories of
containment/immobilization, mobilization, and destruction techniques (Hrudey and
Pollard, 1993). Interms of destructicn, which is the only ortion which seeks to
significantly lower concentration levels of the contaminant, bioremediation or the use of
microorganisms to degrade certaini compounds has shown the most promise and general
applicability (Mueller er al., 19%9). For bioremediation to be feasible however, certain
requirements and constraints in the soil must be met. One of these requirements is that the
contaminant be bioavailable. For this thesis, the term bioavailable will refer to the
availability of a substrate to the microbes that are capable of destroying it (Hrudey and
Pollard, 1993).

One potential means of improving the bioavailability, or accessibility of the PAHs
in creosote, is through ground freezing. The effect of ground freezing in altering the
structure of soils is well documented (Baver, 1956, Benoit and Voorhees, 1990;
Chamberlaint and Blouin, 1977; Coutard and Moucher, 1985). This structural
reorganization of soils may open dead end pores and rearrange soil grains, thus potentially
improving accessibility to the contaminant in pore water which will subsequently enhance

accessibility for microbial degradation.

1.2. Research Objectives and Scope of Project

Based on the above discussion, the overall objective of this thesis was to determine
if freezing and thawing a soil increases the availability of PAH contamination to the
aqueous phase in which microbes may degrade these hydrocarbons. Additional

subobjectives included:

(1) Determining which factors, if any, coupled with freezing enhance the release of PAHs

to the aqueous phase;



(2) If any factors were found significant, determining the relationship between these
factors and aqueous availability so that any increase in aqueous availability caused by

freezing may be optimized.

1.3. Thesis Organization
The thesis is organized as follows:

e Chapter 1 provides an introduction to the thesis subject, as well as the basic research
objectives.

o Chapter 2 provides an overview of related research and develops the hypotheses to be
tested in the experimental section of this thesis.

e Chapter 3 outlines the methods used to test the hypothese ; as well as the rationale for
those methods.

e Chapter 4 provides the primary data results, as well as an overview of statistical data
screening and statistical procedures used to determine significance of variables.

o Chapter 5 provides the final results from the statistical analysis of the data and a
discussion of the findings.

e Chapter 6 provides the final conclusions.

o Chapter 7 provides direction for possible related research and suggestions for

improvement on the research performed.



2.0. EXPERIMENT RATIONALE AND THEORY

2.1. Problem Identification

In 1989, there were over 400 creosoting operations existing in the U.S. alone, and
hundreds more have since been dismantled and ceased operation. The major chemicals in
use by these facilities included creosote, pentachlorophenol, and a chromium-copper-
arsenate mixture (Mueller ez al., 1989). Several abandoned wood. preserving sites have
been identified in Alberta, and have been identified as potencially posing a risk to human
health and the envirenment (Pollard er. ar., 1993). Indeed. contaminated wood
preserving sites across Canada have been cause for recent concera (CCME, 1591).
Concern regarding these sites lies with the components of the contaminants at the sites.
The contaminants frequently include many of the aromatic hydrocarbons such as benzene
and toluene, polychlorinated phenols, lower chlorophenols aad associated polychlorinated
diexins and furans, and the polycyclic aromatic hydrocarbons (PAHs) (Pollard er af,
1993). The aromatic hydrocarbons were used or generated by some industries in
substantial quantities (Fawell and Hunt, 1988).

The health effect associated with some PAMs which raises the greatest concern is
carcinogenicity. Maiignant tumors can be induced in aninzals by very small expesure doses
of certain PAHs, such as benzo(a)pyrene, and with very short latency periods (Fawell and
Hunt, 1988). In long term studies on mice, rats, guinea pigs, and rabbits, it has been
demonstrated that the carcinogenic activity of base oils, greases, and waxes is due to the
PAH fraction. The most potentially carcinogenic substances 1ave been found among the
4,5,and 6 condensed ring PAH compounds with relative raolecular masses ranging from
230-330 (WHO, 1982). Because chemicals found to be carcinogens in animals are
generally regarded as probable carcinogens for humans, PAHs must be approached with
caution since some of them are documented experimentai carcinogens in animals. The
metabolism and DNA binding products of one PAH, benzo{a)pyrene, in human cells and
tissues are similar to those seen in susceptible experimental animals (Dipple, 1985).

Human evidence of carcinogencity caused by PAHs includes reports indicating higher



incidences of respiratory tract and upper gastrointestinal tract tumors associated with
occupational exposures to PAHs (Dipple, 1985). Epidemiological studies of some
occupation-associated skin cancers in humans provide strong evidence of the role of PAHs
in certain kinds of human cancers (Fawell and Hunt, 1985). Indeed, the U.S.
Environmental Protection Agency (U.S. EPA) has placed 16 of the PAH compounds on
their Priority Pollutant List, which means the compounds have been targeted as being
particularly hazardous to human health and require careful monitoring (Nowicki et al.,
1980, and Birnstingl ef al., 1990). These sixteen compounds and their corresponding ring
structures are shown in Figure 2.1.

In summary, creosote contaminated sites may pose a health risk to humans and
other biota. As a result of this potential risk, creosote contaminated sites require

investigation and management to minimize the risk to biota from the site.

2.2. Remediation Technology

Current remediation technologies may be broadly grouped into the categories of
containment and immobilization, mobilization, and destruction. Destruction is the only
alternative that eliminates the compounds of concern (Hrudey and Pollard, 1993).

In terms of elimination technology, there are several different means. For
hydrocarbon contaminated soils, bioremediation is finding increasing application (Pollard
et al., 1993, Ellis et al., 1991; Hrudey and Pollard, 1993). Bioremediation does not come
without limitations, however. In order for bioremediation to be an effective elimination
treatment, several requirements must be fulfilled for biodegradation to occur. These
include the contaminating material must be amenable to biological degradation, and the
necessary chemistry for degradation to occur must exist. If the contaminant chemical
structure is such that it is recalcitrant to degradation, bioremediation is not possible.
Biological requirements must also be met, in that the soil must contain microorganisms
which are capable of degrading the compound of interest. Another consideration is that
degradation produces intermediate products which must also be degradable. A situation
may conceivably be made worse through bioremediation if the intermediate products are

more difficult to degrade and are more hazardous than the parent compounds (Hrudey
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and Pollard, 1993).

Fortunately, in the case of PAHS, there are many microorganisms which degrade
these compounds and do not produce more hazardous intermediates (Stieber et al., 1990,
Mueller et. al., 1989). A study in Stockholm, Sweden found Pseudomonas cepacia was
capable of degrading most of the PAHs found in creosote (Ellis ef al., 1991). A fungus,
Phanerochaete chrysosporium, was found to degrade all the major PAHs in anthracene
oil, which is a product of the fractional distillation of coal tar (Fetter, 1993). The initial
steps in ring cleavage of some PAH compounds are shown in Figure 2.2.

Microbes used for laboratory tests have been taken from sites where creosote
contamination exists. The ability of indigenous microbes to degrade PAHs is strong
evidence for the potential success of bioremediation of creosote contaminated sites.

Another requirement of successful bioremediation is the existence of appropriate
environmental conditions. These include such factors as soil temperature, soil pH, soil
moisture, adequate nutrients, and soil structure (Birnsting! et al., 1990). In terms of
temperature, each microorganism has an optimal temperature for effective metabolism,
and a range of temperatures over which activity is possible. A widely fluctuating
temperature environment may be harmful to maintaining a stable, active population. Soil
pH is generally in a range in which soil microorganisms can survive, but extremely acidic
or alkaline soils may inhibit microorganism activuy (Hrudey and Pollard, 1993).
Fortunately, temperature and pH may be relatively easily manipulated in controlled
conditions and suggested optima for hydrocarbon degradation are established (Song et
al., 1990).

Soil moisture is crucial to effective biological degradation. Enough moisture must
be present to ensure transport of contaminants and degrading enzymes between the
microbial population and the contaminants. Saturated moisture conditions may not permit
sufficient oxygen transfer to support aerobic microerganisms, which are primarily
responsible for degradation of aromatic hydrocarbons, when substantial degradation and
oxygen consumption occur (Robinson, 1994).

Soil structure affects bioremediation in that it controls the water regime, aeration

status, soil temperature, and workability. Soil particles provide the soil surfaces at which
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biodegradation occurs. Fine grained soils have high surf.ce areas, however, they are
subject to low hydraulic conductivity and are thus not amenable to effective aeration.
Microbial degradation in fine grained soils may be slowed also because of poor
bioavailability of nutrients (Hrudey and Pollard, 1993). Bioavailability refers to the
fraction of substrate available for microbial degradation.

A diagram depicting the thirteen primary possible locations in which contamination
may reside in a soil matrix is shown in Figure 2.3. (Lyman et. al., 1992). These locaticns
are listed as follows:

(1) contaminant vapor as a component in soil gas (unsaturated zone)

(2) liquid contaminant sorbed to “water-dry” soil particles (unsaturated zone)

(3) contaminants in aqueous phase around soil particles (unsaturated zone)

(4) contaminants sorbed to “water-wet” soil particles (either zone)

(5) liquid contaminant caught in pore spaces between particles (saturated zone)

(6) liquid contaminant caught in pore spaces between particles (unsaturated zone)

(7) light non-aqueous phase liquid (LNAPL) floating on water table

(8) contaminant in aqueous phase in saturated zone

(9) contaminant sorbed to colloidal particles in water (either zone)

(10) contaminant diffused into mineral grains of rocks (either zone)

(11) contaminant sorbed onto or into soil microbiota (either zone)

(12) contaminant in aqueous phase of mobile pore water (unsaturated zone)

(13) liquid contaminant in rock fractures (either zone)

For PAH:s in soil, only some of the thirteen possible locations are occupied by
PAH contamination. To better understand why PAHs reside in certain locations and not
others, some background information on the sixteen priority PAHs is required.

Table 2.1. provides information on the PAHs including their average molecular
mass, aqueous solubility, boiling point, log Kow and Ko values, and some observed health
effects. The K,y value is called the octanol-water partition coefficient, and is correlated
with the sorptive affinity to soil organic matter of the compound of interest (Dudas,
1994). K, does not have units, rather, it is meant to provide a ratio of the amount of

compound that partitions to the soil phase versus the amouut of compound that partitions
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to the aqueous phase. K, and aqueous solubility are inversely related, that is, a relatively
high K.« value indicates relatively low aqueous solubility and high sorption affinity for soil.
The K. values in Table 2.1. were calculated based on an approximation equation,
therefore, they are not precise values and only provide an indication of the relative
sorptive ability for soil organic matter for that particular compound.

It is important to note some trends derived from the table. Molecular mass and
aqueous solubility are generally inversely related, that is, the higher the molecular mass the
lower the aqueous solubility. The PAHs have relatively high boiling points, which may be
approximately inversely correlated to their relative volatilities. That is, PAHs with high
boiling points have low volatilities. Boiling point temperature increases with increasing
atomic mass. Aqueous solubility varies from 0.0003 mg/L to 30 mg/L, a variation of
100,000 times. The K, values likewise vary over a wide range of 50,000 units. The
implications of these wide variations is that within the sixteen priority PAHs, there is a
broad spectrum of behavior. Any management strategy is therefore complicated, since it
must attempt to accommodate these widely varying behaviors.

Returning to the locations of creosote contamination in the soil regime, creosote is
a dense, non-aqueous phase liquid or DNAPL (density greater than water and non-
aqueous phase refers to the relative insolubility of creosote in water) which means it sinks
through the soil. As the creosote pool migrates downwards, it leaves a trail of residual
creosote behind it. This residual creosote may be located in both the unsaturated and
saturated zones. The forms of this residual include all thirteen locations, except not as
LNAPL floating on the water table because creosote is a DNAPL and only marginally as
contaminant vapor (naphthalene is the most prominent vapor from creosote). Given the
low solubilities and high adsorptive affinities of some of the PAHs, the majority of the
creosote exists as oil-phase creosote and sorbed contaminant, with only small percentages
of the total concentrations found in aqueous phase. Work by Zemanek showed the
approximate percentages of PAHs in each phase as approximately 70-95% in
the oil (creosote) phase, 5-30% sorbed to soil, and less than 1% in the aqueous phase

(Zemanek, 1994).
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Microbes degrade compounds mainly in the aqueous phase or 2t the aqueous
phase/oil phase interfaces (Robinson, 1994). However, partitioning of contaminant to the
aqueous phase is severely limited by oil-phase partitioning, adsorption, and rate-limiting
diffusion processes (Pollard et al., 1993, and Mueller et. al., 1989). It has been found that
the residual oil phase in soil is approximately 10 times more effective as a sorptive phase
than natural organic matter in soil (Boyd and Sun, 1990). To improve the potential for
biodegradation to occur in a soil, the amount of creosote accessible to the aqueous phase
must somehow be increased, that is, the bioavailability of the contaminant must be
increased (Stieber et al., 1990).

The foregoing discussion suggests the potential for soil freezing. The primary
hypothesis for this thesis is that freeze-thaw processes in soil may provide a mechanism by
which PAH contamination in soil is made more bioavailable. It is suspected that soil
freeze-thaw cycles may assist in the degradation and reduction in toxicity of the
hydrocarbons in the soil phase (Cummings e al., 1994). The rationale for this concept is

developed in the following section.
2.3. Literature Review of Relevant Research
2.3.1. Structural Effects due to Freezing and Thawing Soils

As Figure 2.3. showed, contaminants may be located in many places in soil, such
as coating soil particles, trapped in dead end pores, or held between soil grains due to
capillary forces (Fetter, 1993). If a mechanism reorganized soil grains and particles, this
may free some contamination which was previously trapped in dead end pores, or held
between soil grains. Soil freezing is one process which can cause such changes.

Many studies have been done to examine structural changes and soil particle
reorganization caused by freezing and thawing of soils. Alternate freezing and thawing
cycles have been shown to change soil physical properties, such as the grain size

distribution (Iskandar, 1986).
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As early as 1931, extensive study on the nature of frost action in soils was
conducted and showed that freezing causes either aggregation or dispersion of soil
particles, with the nature of ice crystallization a determining factor on soil behavior
(Baver, 1956). It was later reported that alternate freezing and thawing causes a
granulating action on soil clods, which breaks the clods apart and causes structural
changes in the soil matrix (Baver, 1956).

Chamberlain and Gow (1979) performed a study on four different fine-grained
soils to study effects of freezing on vertical permeability, examining soil structure before
and after freezing. They found freezing and thawing increased permeability as much as
100 times, and caused significant structural changes in the soils they examined. For soils
where clay particles predcminate, vertical shrinkage cracks were found which were
attributed to high negative pore water pressures that develop during freezing. For coarser
grained soils where more angular silt or sand particles exist, increased permeability likely
resulted from a reduction in the volume of solids in the pore spaces of the soil. This is
illustrated in Figure 2.4. The top schematic illustrates a clayey silt (larger particles
predominate), and the reduction in volume of solids in the pore space of the soil found
after freezing. The lower schematic illustrates a silty clay (small particles dominate), and
again, reduction of volume of solids in the pores is predicted.

A study was conducted on the effect of freeze-thaw cycling on the permeability
and structure of compacted clay soils used for caps and barriers on waste sites
(Chamberlain ef al., 1990). The soil permeability increased by 30-50 times following
freezing. The changes in permeability were attributed to structural changes in ti.c soil
caused by freezing and from increases in the degree of saturation. Structural changes
were found to occur on a microscopic scale where scanning electron photographs showed
large voids appearing where there was previously a relatively homogenous structure.
Also, macroscopic cracks appeared.

Another study on permeability of compacted clay after freezing found that
permeability greatly increased for soils which were compacted wet of optimum. For these

samples, permeability increased 70-300 times following freezing. The increase was
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attributed to cracking in the clay caused by ice lenses. More ice lenses tend to form with
wetter soils (Kim and Daniel, 1994).

A study by Coutard and Moucher (1985) to identify criteria representative of the
effect of repeated freezing and thawing cycles on a laminated silt loam used a very slow
freezing rate (ambient air temperature ~et to -3°C) and thin section analysis was done on
frozen soil. Vesicles and platy structures were found in the frozen soil, created by ice
segregation. Very narrow nearly vertical cracks were also found, which were created by
mechanical stress within the frozen soil. Mild cooling applied over 18 freeze-thaw cycles
was found to be sufficient to produce a wide range of new structures and microfabrics in
the laminated silt loam they tested.

A study to determine the effects of freezing and thawing on the structure of a
saturated clayey silt slurry consolidated with a wide variety of initial porosities was
conducted by Konrad (1989). Changes in soil structure were examined by direct
measurements of vertical hydraulic conductivity and analysis of unidirectional freezing
laboratory tests. While there was no evidence of vertical crack features in any of the
frozen soil samples, hydraulic conductivity generally increased which indicates some
structural changes occuiring. Konrad hypothesized that the mechanism of structural
change was not necessarily at the advancing frost fringe, but rather in the colder zone
behind it from -0.4°C to -0.57°C. As the ice front advanced, existing ice in macropores
traveled deeper into pore space, thus reducing capillary free water. Temperature and
pressure pushed ice into micropores, causing reduction of water film thickness around clay
minerals. Since freezing of the remaining water films around the clay minerals occurred in
a confined manner, the 9% expansion volume change of the water films during phase
transformation from water to ice caused structural rearrangements in both soil micro- and
macro-pores. After thawing, particles did not move back into original arrangements, and
permanent changes were left in the pore-size distribution characteristics.

Stepkowska and Skarzynska (1989) found that freezing cycles influenced the
microstructure of clays, causing parallel particle arrangements, an increase in particle

thickness and grain size, and changes in aggregation state and macropore formations.
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These changes depend on the mineral composition of the soil. In the silty clay used for
their study, grain size analysis following freezing confirmed the increase in aggregate size.

While it has been shown that freezing and thawing affect soil physical properties,
the type and magnitude of effects reported have not always been consistent. Some studies
show soil freezing causes a breakdown of soil physical properties, while others show
freezing improves physical properties. Another study showed that freezing may have a
positive or negative effect on a soil depending on the soil involved, the initial water
content and degree of aggregation, and rate of freezing (Sillanpaa and Webber, 1961).
The effect of freezing on physical properties of a soil, including soil structure, are the
result of complex actions and interactions of initial soil conditions and freezing
temperature (Benoit and Voorhees, 1990).

For the purposes of this research, it is the structural changes in soil caused by
freezing which were expected to increase availability of creosote in the soils which were
studied. The structural changes of interest included the breaking apart of dead-end pores
and shifting of soil grains holding creosote between them. These changes were

hypothesized to increase the creosote availability and accessibility for biodegradation.
2.3.2. Hydrocarbon Mobility Studies in Frozen and Thawed Soils

Much of Canada and the northern United States experiences freezing and thawing
cycles in the active layer of soil. The active layer is the layer in soil subject to annual
winter freezing and summer thawing (Tsytovich, 1975). As a direct result of increasingly
stringent regulations governing the safe disposal of hazardous wastes and the high costs of
site remediation in North America, it is important to understand if and how contaminants
move in frozen and intermittently frozen ground (Cummings et al., 1994).

The U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) has
undertaken several studies in the past decade seeking to understand the behavior of
contaminants in freezing soil. The objective of one study was to evaluate freezing-induced
volatile organic contaminants (VOC) movement in soil as a potential technique for in-situ

soil decontamination (Ayorinde et al., 1986). Soil columns were artificially spiked with a
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mixture of chloroform, benzene, and toluene, three VOCs. Test columns were frozen
while control columns were left unfrozen. Freezing took place over 14 days, with an
average rate of 0.25 cm per day. Following freezing, the samples werc thawed and
determination of VOC concentrations in all samples was performed. A reduction in
concentrations of contaminant was found in the frozen samples, with less contamination
found around the bottom portion of the samples than the top. This indicates that the
contaminant moved upwards in the soil possibly through exclusion from the aqueous
phase in the direction of the advancing frost front. Exclusion occurs when ice freezes and
pushes solutes out of the ice into available remaining water (Iwata et. al., 1988). As the
VOC moves upwards to the soil surface, some of it volatilizes into the air. The
researchers found that compounds with lower octarol-water partition coefficients (Ko
values) showed larger decreases in soil-phase concentration compared to compounds with
higher K, values. This agrees with theory, since a low K, indicates a low affinity for the
soil phase.

Another study by the U.S. Army CRREL was set up to evaluate and analyze the
possibility of mobilizing different types of contaminants by freezing in a silt. Contaminants
investigated included six explosive residues found at U.S. Army ammunition plants, as
well as VOCs such as chloroform and toluene. Concentration profiles were determined
for frozen and unfrozen control soil columns. Samples were frozen from the bottom
upwards. One freeze cycle at a very slow freezing rate, 0.5 crn/day held constant
throughout the experiments, was used. Moisture content was also held constant. For
three explosives, freezing did not redure the concentrations and for the other three
explosives and chloroform and toluene, a concentration reduction was observed in the
range of 20-40% following freezing. The inherent volatility of VOCs, the scil spatial
heterogeneity, and the complex chemical interactions between the organic compounds and
the soil particles represent some of the sampling problems and difficulties encountered in
the use of artificial freezing as a potential soil decontamination method (Ayorinde et al.,
1989).

Another study compared the concentrations of four VOCs: benzene, chloroform,

toluene, and tetrachloroethylene, in frozen and unfrozen silt. The silt was spiked with the
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VOCs, and separated into a control group (unfrozen) and the test group (frozen). The
test group was frozen once at a rate of 2-3 cm per day. Following freezing, the
concentrations of the VOCs were determined for the test and control samples. Freezing
had not moved the VOCs ahead of the frost front, but rather retarded the volatilizat;on of
each organic in the frozen soil relative to the unfrozen soil (Taylor et. al., 1990).

The evidence from the above studies is not conclusive. However, given the
evidence of hydrocarbon movement induced by freezing found in some studies (Ayorinde
et. al., 1986), the possibility of creosote movement induced by freezing was tested as part
of this thesis. The hypothesis was that freezing and thawing a creosote contaminated soil
may induce movement of the creosote through the soil in the direction of the advancing

freczing front.
2.4. Discussion of Significant Variables

The size and structure of soil aggregates resulting from the freezing and thawing
process is dependent on many factors, including moisture content, rate of freezing, lowest
temperature the soil was exposed to, the type of minerals and ions present, and the initial
particle arrangement before freezing (Chamberlain, 1989). A discussion of some of the

more significant variables follows.

2.4.1. Moisture content

Certain moisture conditions are essential to obtain maximum structural
reorganization induced by freezing and thawing. Research which examined the dispersion
and aggregation of soil after freeze thaw-cycles demonstrated that the water content of the
soil at freezing directly affects soil structure (Baver, 1956). Kim and Daniel (1994) in
their examination of the eftects of freezing on permeability found that the largest increases
in permeability caused by freeze-thaw were for specimens compacted at or wet of the
optimum water content (which is a relatively high water content). The hydraulic

conductivity increased 70-300 times in specimens compacted wet of optimum, whereas in
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specimens compacted dry of optimum, hydraulic conductivity was only increased 2-6
times. The increase in hydraulic conductivity was due to changes in the soil structure.

Increases in permeability greater than 10 times occurred when freeze-thaw cycling
was initiated at an initial water content just below their liquid limit (Chamberlain ef al.,
1990). As initial water content approached the plastic limit, which is a lower water
content than the liquid limit, much smaller increases in permeability were observed.
Pawluk (1988) performed a study to determine whether or not microfabrics in a naturally
occurring soil could be reproduced experimentally through artificial freezing and thawing.
The most marked changes in soil fabric were observed where soil moisture content was at
or slightly above field capacity, which is a relatively high level of moisture content.

All of the previous discussion suggests that maximum structural reorganization
effects caused by freezing occur when the moisture content is relatively high, with much
lesser effects being found when moisture content is lower. Because an objective of this
thesis is to optimize the availability of creosote contaminants, moisture content was
examined as a variable. Based on knowledge of soil behaviour and the review of previous
research, freezing coupled with a high moisture should bring about maximum soil
structural changes which may cause more PAHs from creosote to become available to the

aqueous phase.

2.4.2. Freezing rate

Another variable which significantly affects soil structure reorganization because of
freezing is the rate at which the freezing front advances, or rate of freezing. One
researcher found that ice crystallization controlled the resulting structural changes in
frozen soils, and crystallization is influenced by the rapidity of cooling (Baver, 1956).

Research by Brewer and Pawluk (1975) expanded on these ideas. A major study
on arctic and subarctic soils was performed which found that slow freezing forms ice
crystals in tension-free pore space, which act as crystal growth centers. These centers
result in a permanent enlargement of pore spaces. Rapid freezing forms many crystal

growth centers which subsequently break down aggregates.
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In a study performed by the Cold Regions Research and Engineering Laboratory
(CRREL) to quantify parameters which influence contaminant transport in soils during
freezing, freezing rate was found to be the most significant of the influencing factors
(Ayorinde ef al., 1986).

Chamberlain (1989) found that freezing rate had an effect on the size of micro-
aggregates formed. Rapid freezing caused a decrease in the size of micro-aggregates
formed, and slow freezing increased micro-aggregate size.

The above research indicates that overall, slow freezing increases aggregation of
soil particles and rapid freezing appears to break apart aggregates. Therefore, in an
attempt to optimize the release of trapped creosote, freezing rate was examined as a
variable for the freezing conditions. The hypothesis was that a rapid freezing rate should
break apart soil aggregates more effectively than a slow freezing rate, thus freeing trapped

creosote contamination more effectively.

2.4.3. Sample Density

None of the reviewed literature indicated that structural reorganization effects in
soils induced by freezing were dependent on the initial density of the soil. Therefore,
density was not examined as a variable for the experiments. Efforts were made to keep

the density as constant as possible for all soi! samples.

2.4.4. Freezing ead point temperature

Some work has been carried out to determine the effects of freezing end point
temperature on soil restructuring caused by freezing. Chamberlain (1989) found that
structural changes in the soil fabric continued as the temperature of the soil was lowered,
even though little or no moisture movemant was occurring. However, the maximum
structural changes were found after the initial freezing. Therefore, for this experiment,

freezing end point temperature was not examined as a variable, but was held constant to
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achieve both slow and rapid freezing. These temperatures are discussed in more detail in

the discussion on Experimental Set-up in Section 3.3.3.

2.4.5. Number of freezing cycles

In a study performed by Chamberlain and Gow (1979) to determine the effects of
freezing and thawing on vertical permeability, freeze-thaw cycling was repeated until little
or no change in the void ratio or permeability occurred which generally took only 3 cycles.
Ayorinde and Perry (1989) performed a study on the movement of 3 explosive residues in
frozen soil. They concluded that after only one freeze-thaw cycle, the maximum effects
had taken place.

Stepkowska and Skarzynska (1989) found an increase in soil particle thickness and
the formation of aggregates occurred in frozen soil after only one freezing-thawing cycle
from temperatures of +16°C to -5°C.  Chamberlain (1989) found that the largest change
in soil structure by freezing occurs during the first freeze-thaw cycle, with much smaller
changes occurring with successive freeze-thaw cycles. Chamberlain and Blouin (1977)
studied the effects of freeze-thaw cycles on dredged materials. They found that after one
single freeze thaw cycle, significant effects were seen as the permeability of fine material
increased because of structural changes in the soil matrix.

Based on the above discussion, maximum structural effects from freezing appear to
be achieved consistently through one freezing cycle. Therefore, only one freezing cycle

was used for the soils frozen for this thesis.

2.5. Experimental Hypotheses

Based on the literature review, the hypotheses which this thesis tested are:

(1) the freezing and thawing of a creosote contaminated soil increases the availability of

the PAHs from creosote to the aqueous phase;
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(2) freezing may induce movement of the creosote through the soil in the directicn of the

advancing freezing front;

(3) freezing with a high soil moisture content will have a significantly greater effect than a

low soil moisture content in terms of causing increased PAH availability;

and

(4) arapid freezing rate will be significantly more effective than a slow freezing rate in

causing increased availability of PAHs following freezing.
2.6. Hypothesis Testing

The hypotheses testing for this thesis include one factorial analysis and one analysis
of variance (ANOVA) test.

Factorial analysis was selected because it is one of the most efficient ways to
analyze the effects of several factors. For this thesis, a two-level factorial analysis was
used, which requires the factors of interest to be set to two levels. The benefits of using a
2-level factorial are:
1. Relatively few runs per factor studied are required. While factorial analysis does not
explore a wide region of factor space, it is very useful for indicating major trends in
experimental results.
2. When a more thorough exploration is required, factorial analysis can easily be
augmented to form: composite designs.
3. Interpretation of observations is through relatively simple arithmetic.
4. Factorial analysis offers the ability to test the effects caused by each factor, called the
main effects, as well as any interaction between variables called interaction effects.
(Box, et.al., 1978).

The ANOVA analysis will test whether freezing the soil caused a significant

release of PAHs compared with an unfrozen control soil.



The factors which will be tested in the factorial analysis are:

contaminant movement- data for the “bottom” and “top” of the frozen soil

soil moisture content- data for a “high” and a “low” level

freezing rate- data for a “fast” and a “slow” level

The experimental set-up is discussed in detail in Section 3.6.

24
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3.0. METHODS AND MATERIALS

3.1. Soil Sampling

The objective of soil sampling is generally to obtain reliable information about a
particular soil (Canadian Society of Soil Science, 1993). For the purposes of this thesis
however, the objective of soil sampling was simply to obtain a uniform, homogenous soil
for use in the experiments. As variables inherent to the soil would not be accounted for,
it was important that the soil be as uniform as possible.

The initial criteria for the soil samples was to obtain one with a relatively low level
of contamination (between 1-5%), and one with a relatively high level of contamination
(between 10-20%). This was to determine whether effects from freezing were significant
in both a high and low level contaminated soil.

A soil with a low level of crecsote contamination was relatively easy to locate and
obtain since there exist several sites in Alberta with low levels of creosote contamination.
A site visit was conducted, and a sample obtained from the surface layer of a creosote-
contaminated site which is currently undergoing partial remediation. The sample was
analyzed to determine the total petroleum kydrccarbon contamination (TPHC) level,
which was found to be approximately !-1.5% TPHC. Grain size analysis showed that
approximately 30% of the particles fell in the clay-size range, with the remaining in the
silt-size range (results of grain size analysis are found in Section 4.2). The Department of
Renewable Resources at the University of Alberta homogenized the sample in a cement
mixer at their Ellerslie Research Station. The sample was thet taken to another laboratory
where it was stored at 4°C. It was removed from storage on an as needed basis.

A site with a high level of contamination (high being 10-20% TPHC) was more
difficult to locate, since there are relatively few highly contaminated sites in Alberta. Two
soil samples were obtained from Dr. Phil Fedorak in the Department of Biological
Sciences at the University of Alberta. These samples were found to have a sufficiently

high level of contamination of 12-15% TPHC. When a larger sample from the original site
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was obtained, however, the received sample was found to contain an extremely high level
of contamination, approximately 40% TPHC. As this level of contamination was much
too high, a site visit to collect a suitable sample was conducted. A sample was collected
from approximately a 1 metre depth, and was found to have 12-15% TPHC. This sample
was stored in two 20 litre buckets at room temperature for approximately 1 month, and
was then moved to a 4°C storage room. The soil was then sieved through a 0.945mm
sieve and homogenized by mixing as it was sieved. It was then returned to the 4°C room

for storage, and subsamples were removed from storage on an as needed basis.

3.2 Soil Characterization and Variable Quantification

3.2.1. Determination of Total Petroleum Hydrocarbon Contamination Levels

Total petroleum hydrocarbon contamination (TPHC) levels were determined
through a Soxhlet extraction procedure following the method used by Zemanek (1994).
Methylene chloride was chosen as the solvent based on a study of its effectiveness as a
solvent for hydrocarbon extractions (Martin e al., 1991; and McGill and Rowell, 1980).

To prepare a Soxhlet extraction , approximately 5-15g of soil was placed in a
Whatman cellulose extraction thimble. The thimbles used were single thickness, with an
inner diameter of 35 mm and external length of 80 mm. The Supelco surrogate standard
(for quantitation purposes) was added at this time. The surrogate standard is made up of
five deuterated PAH compounds: naphthalene d8, acenaphthalene d10, phenanthrene d10,
chrysene d12, and perylene d12. Masses of surrogate standard used varied from 40 pg to
140 pg. A glass wool plug was placed over the soil in the thimble, to prevent tiny soil
particles from being carried into the extracted solvent, and the thimble was placed in the
Soxhlet extractor tube. A 250 mL glass flask containing 150 mL of solvent was placed
under the extractor tube, and the flask and tube were connected to a condenser apparatus.
The solvent was heated to evaporation, and the condenser caused the solvent to condense
as a liquid in the extractor tube. This continued until the tube fills to the level of a

draining channel, at which point the solvent siphons back into the glass flask. In this
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manner, the soil was repeatedly washed with the solvent ™r a period of 12-16 hours to
facilitate dissolution of the oil in the soil.

After extraction was complete, the extract was passed through an anhydrous
sodium sulfate drying column to eliminate any water present. The water-dried extract was
then subjected to rotary evaporation to eliminate some of the solvent and reduce the total
volume. The extract was washed into a SOmL volumetric flask, and brought up to volume
with fresh solvent. This quantity was placed in a storage vial, and moved to a 4°C
refrigerator to eliminate losses by evaporation.

For the TPHC determination, three 10 mL aliquots were removed from the storage
vial and each was placed in a shallow, pre-weighed aluminum evaporating dish. Any
remaining solvent evaporated in a fume hood over approximately 24 hours. The aluminum
dishes were then reweighed, and by difference, the mass of hydrocarbon residual oil was

determined:

M.D.E.xF)

% 01l = (
M.S.

where M.D E=mass of the dried extract (TPHC oil-phase residue)
F = fraction of original extract, in this case, 50mL/10 mL =5

M.S. = mass of soil placed in the thimble

The percent oil (or % TPHC) by the above formula is based on wet weight of soil. The
percent oil can be expressed per dry weight by correcting the weight of soil for the original
water content present in the soil. Water content determination is presented in the

following section.
3.2.2. Moisture Content Determinations

Soil water content is one of the most commonly performed kinds of soil analysis.

Soil water content affects to such a great degree the behavior and use of a soil that almost
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every type of soil study requires measurement of water content (Carter, 1993). In Section
2.4, the third hypothesis is that a high moisture content coupled with freezing will cause
significantly greater changes in the aqueous availability of creosote as compared to a low
level of moisture content coupled with freezing. To test this hypothesis, moisture content
must be varied with at least two levels studied.

The low level chosen is the in-situ moisture content of the soil, and the high level is
in the range of the determined field capacity of the soil. The method by which these levels

are determined follows.

3.2.2.1. In-situ Moisture Content

The low level of water content is set as the in-situ water content of the soil. Water
content is most commonly determined through a gravimetric-drying process, as described

in Methods of Soils Analysis (Black, 1965). This process suggests using a drying oven at

103°C. Another method in Soil Sampling and Methods of Analysis (Carter, 1993)

suggests using an oven temperature of 105°C. However, at any temperatures above
100°C, organic matter oxidation, volatilization, and decomposition may be excessive.
Therefore, it may be necessary to compromise or correct in some manner for these loss
conditions (Black, 1965).

One method of correction was used by Zemanek (1994). To correct for volatile
losses, a raw soil sample was placed in a 103°C oven and dried over a 24 hour period.
The mass lost from this method was attributed to 100% loss of water plus 100% loss of
volatile organic compounds (volatile under 103°C). An air dried aliquot of a Soxhlet
extract was also placed in the 103°C oven for 24 hours. The mass loss of this sample was
attributed to 100% loss of organic volatile compounds (since the water has already been
removed through the sodium sulfate column). The moisture content in the soil is then
calculated by subtraction:

(% loss water and % loss due to organic contaminant volatiles)

- (% loss due to volatiles x % organic contaminant present)

= (% loss water)
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As an example, assume the percentage loss due to moisture and volatiles is found to be
20%. The percent loss due te volatiles only is found to be 10% of the organic extract
mass, and the percent of organic contaminant present is 10% of the total mass. Therefore,
the percentage loss due to volatile compounds is 1% (10% of 10%) of the total mass. If
20% of the mass of the sample is due to moisture and volatiles, then 19% of the mass is
due to moisture alone when the volatiles are subtracted.

An experiment to determine the moisture content of the highly contaminated sandy
soil was carried out. The percent loss due to organic volatiles and water was found to be
10.2% for three rep. cate samples. After Soxhlet extraction, the percent loss due to
organic volatiles only was found to be 7.4%. The percent TPHC in this sample was

determined to be 11.3%. The calculation follows:

10.2 % loss due to water and volatiles

- (7.4% loss of volatiles in organic extract x 11.3% organics)

= 9.36 % moisture content

Through this calculation, the percent loss due to volatiles for the soil sample is only
0.84%. This value represents less than 10% of the total loss due to water and volatiles.

Because of the relatively small significance of the volatile component of moisture
content determination and the level of difficulty in determining moisture content
accounting for volatiles (that is, performing a Soxhlet extraction to determine % TPHC
for each sample), the volatile organic component was not accounted for when moisture
contents were determined. This assumption is discussed further near the end of Section
3221

For the clay soil, the volatile component would be even a smaller fraction than for
the sandy soil since the contaminant level is approximately 10 times lower.

Volatilization, on its own, is a ditficult process to monitor and control. By the
nature of soil analysis, there is a certain amount of unavoidable inherent error due to
volatilization. For example, the sieving process introduces a degree of volatilization that is

unaccounted as well as exposing the sample to air while preparing the Soxhlet extraction.
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Sample drying time must be carefully monitored. Even the storage method permits
uncontrolled volatilization to occur. The samples for this experiment were stored in 20
litre pails, with the soil surface covered by a plastic sheet. However, the surface soil
undergoes more volatilization than the soil at the bottom of the bucket. This is
unavoidable, and cannot be accounted for. Laboratory errors limit the accuracy of
moisture content determinations, since leaving the soil samples exposed to air for varying
times affects the amount of room-temperature volatilization that occurred and is
unaccounted for. Controlling the oven temperature was difficult, since oven temperatures
were found to vary by up to 10°C when placed at the same temperature setting. A final
source of error is that soil is never entirely homogenous, and the amount of contamination
in organic soils may vary widely even over small distances because of sligh differences in
topography and density of the soil (McGill and Rowell, 1980).

The method used in this thesis of calculating the water content follcws:

(mass of wet soil) - (mass of dry soil)
mass of wet soil

%omoisture = l:

In the standard methed for calculating moisture content, the divisor is the mass of
dry soil (Craig, 1987; Liu and Evett, 1984). However, a value for moisture content was
required fairly quickly for the gas chromatography/mass spectrometry (GC/MS) system
software, therefore, the above equation was used to calculate moisture content because
the dry mass of soil (which involves a 24 hour drying period) was not required.

The results of in-situ moisture content determinations was an average value of
6.3% for the sand, and an average value of 11.3% for the clay. These averages are based
on 36 replicates and do not account for the losses from volatile organics.

An additional check for the percentage weight loss from volatile organics is the
following calculation. Assume an average level of 15% TPHC (a generous assumption)
present in the sand, and assume the percentage due to volatile compounds is 7.4 % (as
found earlier) of the TPHC. The percentage of the total mass due to volatile organics is

then 15%x7.4%=1%. Given that the average in-situ moisture content for the sand was
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6.3%, the volatile organics component represents a fraction of 17.5% of the mass due to
moisture. While this is not an insignificant quantity, it was decided that volatile organic
losses due to heating would not be accounted for as they may vary widely from sample to
sample, it would introduce more analysis for each sample (i.e. a Soxhlet analysis for each
sample to determine the level of TPHC), and an error of 17% in the moisture content

determination was acceptable.
3.2.2.2. Field Capacity

The second level of water content, the “high” level, is chosen based on the field
capacity of the soil. Field capacity is commonly defined as the amount of water retained in
the surface soil after excess water has drained away through gravity (Black, 1965; Jury et
al, 1991; and Tan, 1994). For many coarse-textured soils, the amount of drainage
occurring approaches insignificant levels within a few days. At this point, field capacity
has a practical value. Finer textured soils do not show an abrupt change in drainage rate
as do the coarser soils, and it is therefore more difficult to define the time at which field
capacity occurs in fine textured soils. In any case, the significance of drainage from a soil
varies from application to application, and therefore no universal criterion may be
developed to define when to neglect downward drainage from the soil (Jury et al., 1991).

Field capacity is also a measure of the soil water potential. There can be enormous
spatial variability in soil water potential, and a representative average might require many
measurements. The non-homogeneous nature of soil water is likely to, for many cases,
outweigh inherent errors to a particular measurement technique (Carter, 1993).

Therefore, an approximation of field capacity was adequate for this experiment.

Various methods exist for field and laboratory determinations of field capacity.

A field procedure was modified and tested. This method involved saturating a soil in the
field for a total of 2 days, and then allowing the soil to drain under gravity. The amount of
water which remained in the soil after a given amount of time was the field capacity, or
moisture holding capacity of the soil (Black, 1965). Another method describes keeping
50 g of fresh soil “overnight” with 100 mL of water in a filter funnel plugged with glass
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wool to retain the soil, and the filter funnel end stoppered. The excsss water is later
drained away, and soil sample is removed after a 3 hour draining period. The water
holding capacity of the soil is calculated from the water retained by the soil minus the in-
situ water content (Harding and Ross, 1964). Another method saturated the soil for a
period of seven days in excess distilled/deionized water, then loaded 100 g samples on to a
prewetted filter and allowed the water to drain under gravity. Water contents were
determined once the water flow halted (Zemanek, 1994). It is important to note that no
universal criterion may be developed to decide when to neglect downward drainage.

Through preliminary experiments to determine field capacity, it was found that by
saturating the soil for 24 hours as opposed to one week produced greatly different results.
Also, simply pouring the water over the soil and allowing it to sit for 24 hours produced
different results from totally saturating the soil by tumbling it and mixing it in excess water
for 24 hours.

The method finally adopted to determine field capacity involved tumbling the soil
in water saturated conditions for 24 hours to thoroughly wet the hydrophobic oil-coated
soil particles, and then pouring the soil/water mixture into a prewetted glass fiber filter.
The soil drained until no more water dripped out, approximately 1-2 hours. The soil was
then placed in a shallow, pre-weighed aluminum evaporating dish a::d moisture content
was determined. The result is expressed as field capacity of the coil.

For the sandy soil, field capacity was found to be 14.2%. Field capacity was
verified by an independent laboratory, Norwest Labs. They obtained a value of 10.0%
initially. However, upon examination of their methods, it was found that no effort was
made to account for volatilization in the drying process nor any attempt to saturate tie soil
taking into account the hydrophobic oily surfaces which greatly reduce the degree of
saturation achievable by the soil. They did not mix the soil in water either.

For the clayey soil, the value obtained in-house was 39.2%. Again, Norwest was
contracted to verify this velue. They performed the test twice because the first time, the
value obtained was very low (approximately 8%, which is virtually impossible for a clay
soil). The second value they obtained was 37.4%, which agrees very closely to the value

obtained in-house.
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3.2.3. Grain Size Analysis

Grain size analysis is a standard test performed on a soil to determine the suitability
of the soil for a particular application. Also, grain size analysis can be used to predict the

susceptibility of the soil to frost action (Bowles, 1992).

3.2.3.1. Sandy Soil Analysis

The grain size analysis for this soil was performed following the method in
Engineering Properties of Soils and their Measurement (Bowles, 1992) and ASTM
Standard Methods D 422-63 (ASTM, 1988).

The standard mechanical method of analysis was performed by running the soil

through a series of sieves, where the sieves are made of woven wire with rectangular
openings ranging in size from 102 mm (4 inches) in the coarse series to 0.038mm

(0.0015 inches) in the fine series. The sieving process does not provide information on the
shape of soil grains. It only yields information on grains that can pass, given a proper
orientation, through sieve openings rectangular in size. Individual particle sizes are not
determined, rather, approximate size ranges are bracketed between two sieve sizes.

The soil was first extracted, to eliminate any effects caused by the creosote
bonding particles together. Extracting the soil is particularly important where the TPHC
level is high, since the oil present may have a bonding effect on soil grains. The total mass
of the soil is weighed, and then washed over one of the smallest sieves, a 200 sieve
(openings=75mm). This sieve is of the smallest practical size, being roughly the finest size
that will still permit relatively free passage of water. Material passing the 200 sieve 1s lost
(washed away), and the material that does not pass is collected and dried in a forced air
oven at 105°C, and weighed. By difference of the masses, the smallest fraction of particles
is accounted for.

A series of sieves which has been carefully cleaned is assembled, starting with the
largest aperture opening on the top of the stack and ending with the smallest at the

bottom. For this test, the sieve stack followed a typical stack arrangement. This was the
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lid, followed by a Number 4 sieve (4.76 mm openings), Number 10 (2.00mm), Number 20
(0.840 mm), Number 40 (0.425 mm), Number 60 (0.250mm), Number 100 (0.149 mm),
Number 200 (0.074mm) and finally the bottom pan. The dried soil was poured .o the
top sieve, and the assemblage of sieves and soil was placed on a shaking machine. This
shakes the sieves for approximately 15 minutes. The sieves are removed, and the fraction
of material or residue retained on each sieve is weighed. The sum of these weights is
calculated, and compared to the total weight of the soil. A loss of more than 2% of the
total weight is considered unacceptable.

The percent retained on each sieve is calculated by dividing the weight retained on
each sieve by the original sample weight before washing. The percent passing is
calculated by starting with 100 % and subtracting the percent retained on each sieve as a
cumulative procedure. As stated earlier, sieve analysis only provides approximate size
data, hence the results are presented as a curve. The data is plotted on semi-log paper.
The results of the graphical analysis are presented in Section 4.2.1. for sand and Section

422 for clay, and the raw data is located in Appendix D-1.

3.2.3.2. Clay Soil Analysis

Hydrometer analysis is wiaely used to estimate the particle size distribution of a
soil when a significant quantity of the soil particles pass through the Number 200 sieve.
For the clayey soil, a hydrometer analysis was used following the method in Chapter 6 of
Engineering Properties of Soils and their measurement (Bowles, 1992) and the method in
ASTM Standard Methods D 422-63 (ASTM, 1988).

Hydrometer analysis utilizes the principles of sedimentation, and the relationship

between the velocity of fall of spheres in the fluid, the diameter of the spheres, the specific
weight of the spheres and of the fluid, and the viscosity of the fluid as expressed by Stokes
Law. Stokes Law governs the velocity at which spherical particles settle in a suspension.

The larger the particles, the faster they settle and the smaller the particles, the slower they

settle. The law is not valid for particles outside the range 0.0002mm <=D <= 0.2mm
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where D=particle diameter. Grains larger than 0.2mm cause excessive fluid turbulence
and very small grains are subject to Brownian movement (Craig, 1987).

Hydrometers were originally designed to measure the specific gravity of a fluid,
but by altering the scale they can be used to read other values. Terms needed to solve the
Stokes equation include the specific gravity of the soil and of the fluid the soil particles
settle in. As well, tables of the viscosity of water are needed, and temperatures must be
recorded as temperature affects specific gravity of water and water viscosity.

For this experiment, a 4% NaPOj solution was made as the dispersing or
deflocculating agent to ensure that all particles settle individually. Approximately 125 mL
of this solution was mixed with the soil sample, and 61.3 grams of uncontaminated clay
soil and 52.3 grams of contaminated clay soil were used. Two soils were used for
comparison purposes. This mixture was allowed to stand for a brief time.

After standing, the mixture was transferred to a dispersion cup (a malt mixer cup
was used), and distilled water was added till the cup was 2/3 full. The cup contents were
mixed rapidly with the malt mixer for 2 minutes. During mixing, 2 control sedimentation
cylinder was prepared. This was a 1000 mL cylinder which had 125 mL of the NaPO;
solution in it, and was brought up to volume with distilled water. However, no soil was
added “o this cylinder.

After mixing, all the contents of the dispersion cup were transferred to the
sedimentation cylinder. The cup was washed clean into the sedimentation cylinder. Then,
the 1000 mL cylinder was brought to volume with distilled water. The temperatures of
the sedimentation cylinder and control cylinder were found to be within 1°C of each other,
which is the desired limit. The sedimentation cylinder was capped with a rubber stopper,
and agitated for 1 minute (agitation being inverted and righted every second for 1 minute).
It was placed righted on the counter, and the stopper was carefully removed. Sediment on
the stopper was washed into the cylinder.

The first hydrometer reading was taken at 1 minute after setting the cylinder down.
Another reading was taken at 2 and 4 minutes. Then, the cylinder was capped with the
stopper and agitated again. Readings were again taken again at 1, 2, and 4 minutes. It was

found that the two sets of readings agreed with each within one unit on the hydrometer.
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This ensures the suspension is mixed adequately and that readings are reproducible. The
first few readings are heavily dependent on how well the suspension is mixed.

Readings were taken subsequently at 8, 16, 32, and 64 minutes of elapsed time.
After 64 minutes, readings were taken as convenient. Readings were taken over three
days, after which time the solution was washed into an evaporating dish. The dish was
placed in a forced air convection oven at 100°C to evaporate all the water from the
samples. The remaining residue was weighed. The residue was also collected and used to
determine the specific gravity of the soil. Specific gravity of the soil is needed to solve
Stokes equation to determine the soil particle size diameters. A value of 2.65 g/cc may be
assumed for specific gravity, however, a check on this value was performed.

Theresa Cloake of the Geotechnical Engineering division of the Department of
Civil Engineering at the University of Alberta processed the collected hydrometer values
using a computer software package. The particle size diameter data was estimated by this
program.

Ms. Cloake also checked the specific gravity of the sample following the method in

Chapter 7 of Engineering Properties of Soils and their measurement (Bowles, 1992). In

this method, approximately 60 grams of air dried soil was mixed with water in an
evaporating dish to form a creamy paste. The paste was transferred to a malt-mixer
container, and water was added to make approximately 200 mL of soil-water mixture.
This was mixed for 5-10 minutes. A dry 500 mL volumetric flask was weighed, and
carefully filled to the volume mark with de-aired water. With the water level at the
volume mark and the neck inside the volume mark dry, the flask was weighed and
recorded as Wyw. A temperature reading was taken to ensure the soil-water mixture was
not more than 1°C different from the de aired water. The soil-water mixture was
transferred to the volumetric flask, and all the soil was washed into the flask. Sufficient
temperature-stabilized water was added so that the flask was about two thirds full. The
tlask was attached to a high vacuum for a minimum of ten minutes. The flask was gently
agitated and turned during this time. When the de-airing was complete, de-aired

temperature stabilized water was added to the flask until the bottom of the meniscus was
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exactly at the volume mark. The neck of the flask above the calibration mark was dried.
The flask and its contents were weighed to obtain the quantity Whys.

The flask contents were then emptied into an evaporating dish, ensuring none of
the soil was lost, and this was oven dried. The oven dried soil was weighed to obtain the
quantity W,. The specific gravity, G;, of the soil was computed using the following
equation;

G. = alpha x Ws
T Wi + We + Wous

where the values are as defined in the above discussion, and alpha is the temperature

correction coefficient, computed from:

gammaat T

alpha =
gamma at 20°C

where “gamma at T” is the unit weight of water at the temperature of the test, and
“gamma at 20°C” is the unit weight of water at 20°C.

This procedure was repeated until values of G; agree within 2% of each other.
The final value determined was 2.66 g/cc, which is very close to the value of 2.65 g/cc
which may be assumed as the specific gravity.

The grain size distribution curves for the clay samples are found in Section 4.2.2,

and the raw data is located in Appendix C-1.

3.3. Controlled Freezing Methodology

There were four components to the freezing program for the experiment. The first
invelved compacting the soil using standard methods, and calculating the soil density. The
second was the actual freezing of the soil. The third component was monitoring the
temperature of the soil during freezing, and determining the rate of freezing from the
collected temperature data once the freezing test was complete. The final component was

thawing the sample.
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3.3.1. Soil Sample Density and Compactive Procedure

3.3.1.1. Sandy Soil

None of the reviewed literature found soil density to be a significant factor
affecting soil restructuring following freezing. Therefore, the soil density was not
examined as a variable but rather was maintained constant throughout the experiments.

The sandy soil was compacted to a constant density through a Standard
Compaction technique. This technique followed method ASTM D 698-78 (1988).
Necessary equipment included a cylindrical steel mold, 101.6mm in diameter with a
capacity of 944=11cm’. The base plate assembly as well as the extension collar are
constructed so they can be securely attached and detached from the mold. The extension
collar extends above the mold at least 50.8mm. The steel rammer weighs 2.49+0.01kg
and has a circular contact face with a diameter of 50.8£0.13mm. The rammer falls freely
through a distance of 304.8=1.6mm from the surface of the soil

For the low moisture content samples, soil was removed from the storage bucket
and placed directly in the compaction mold. For the high moisture content samples, the
mass of soil required to fill the mold was pre-weighed, and enough tap water was added to
the soil to raise the moisture content to the desired level. The soil and water was
thoroughly mixed to ensure a uniform moisture content. Standard procedures would
involve equilibrating the soil with the added water for a period of 24 hours, however, this
procedure was not followed in the interest of saving time. Following the moisture content
adjustment, the soil was placed in the compaction mold.

Each specimen was compacted in three layers of approximately equal height. Each
layer was hit 25 times with the compaction hammer and the hammer was moved around
over the whole soil surface to ensure uniform compaction. During compaction, the mold
rested on a concrete cube weighing not less than 91 kg. Care was taken during
compaction to avoid rebound of the rammer from. the top end of the guidesleeve. The
blows were applied at a uniform rate. Figure 3.1. shows the compaction procedure.

Following compaction, the extension collar was removed and the compacted



Figare 3.1, The Soil Compaction Procedure
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specimen was trimmed with a straightedge even to the compaction cell base. The base
plus the soil was weighed, and the mass of soil was calculated by difference from the
origin.. =se mass. The soil was extruded out of the cell using a hydraulic jack, and the

compacted soil sample was taken to be frozen.

3.3.1.2. Clay Soil

The procedure for the clay soil was slightly different than for the sandy so”". There
was not as much clay soil available for use as the sandy soil, therefore, risers were inserted
in the compaction cell to reduce the total volume of soil compacted (the overall height of
soil in the mold was approximately halved). The mold, collar, rammer, and method of
moisture addition all had the same description as for the sandy soil.

To hold the soil density constant, the compaction process was not constant
between the low moisture and high moisture samples. The low moisture content samples
were compacted with 15 blows on each of 2 layers of soil of approximately equal height.
For the high moisture content samples, the number of blows required to compact the
sample varied from 5-15 blows on each of 2 layers of soil of apprcaimately equal height.
The sample was then extruded from the compaction cell using a hydraulic jack, and was
weighed without the compaction base. Using au approximate moisture content, the
density was calculated immediately following compaction. If the density did not fall within
range of the desired value, the sample was recompacted. If the density was acceptable,

the sample was then frozen.

3.3.2. Freezing process

The {reczing apparatus consisted of two halves of a plastic cylinder 10cm in
diameter and 15 cm high with a Teflon liner approximately 5 mm thick. The cylinder was
split, having .wo equal sides which, when put together, made the whole cylinder. Figure
3.2. shows the freezing cell with the two halves apart. The compacted soil was placed on

a steel base at the bottom of the cell, which was outfitted with brass couplings and tubing



Figure 3.2. The Freezing Cell with a Compacted Clay Sample

11
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in the base through which ethylene glycol circulated to regulate the temperature of the
base. The two half sides were then fastened together, and a steel top cap fit inside the
cylinder and rested on the soil surface. The top cap was, like the bottom base, fitted with
brass couplings and tubing to permit ethylene glycol to circulate through it, regulating the
temperature at the top of the cell.

Two separate baths of ethylene glycol were temperature controlled, one for the top
cap and one for the base of the cell as previously described. The baths could achieve
temperatures in the range of room temperature to -15°C. Different freeziag rates were
attained by varying the temperature of the top cap and bottom steel base. The “fast”
setting was achieved by setting the bottom plate to approximately -15°C, and the top plate
to approximately -2°C. The “slow” setting was achieved by setting the bottom plate to
-5°C and the top plate to -2°C. The top plate was set to a temperature below zero in order
to freeze the top of the soil. In initial testing, the top of the cell was covered with a piece
of insulation in an attempt to eliminate large heat transfers from ambient air to the soil.
The freezing temperature at the bottom of the soil was expected to cause a temperature
gradient in the soil permitting the top soil to freeze. However, although the ambient air
temperature in the room was only 4°C, the soil would not freeze at the top without
artificial cooling applied. Hence, {reezing the entire sample required placing the top cap at
-2°C on the top soil.

The controlling temperature was the bottom piate since preliminary testing found
extreme heat losses occurred between the top piate and the soil. The soil at the bottom
took on more closely the temperature of the botiom steel base. Heat iosses through the
bottom plate existed, however, they were much lower than losses at the cell top. The

temperature settings of the ethylene glycol baths are discussed in Sectior: 3.3 3
3.3.3. Temperature Monitoring and Freezing Rate Determination
The determination of freezing rates was made through the use of five resistance

temperature devices or RTDs conrected to one side of the freezing cell . In Figure 3.3.

the RTDs are clearly visible on tke outside of the cell. As the soil in the cell was a
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maximum of 10 cm deep, the RTD devices were placed at every 2 cm of depth. The
Labview program was custom designed for temperature monitoring by Mr. Roy Gitzel of
the Geotechnical Engineering division of the Department of Civil Engineering at the
University of Alberta, and allowed temperature in the freezing cell to be monitored for any
time interval. Temperature was monitored every five minutes for six hours, and then
every half hour to an indefinite time. Based on the temperature profile obtained, the
overall rate of freezing of the cell was determined by calculating the average rate at which
the temperature drops in the soil. Figure 3.4. shows a sample freezing rate graph which
was obtained from the freezing rate data. The actual freezing rates were determined by
determining the slope of the initial section of the freezing curve, where the temperature
decreases rapidly from approximately 15°C to -2°C.

The bottom plate was set to -15°C for the “fast” freezing rate, and set to -5°C to

-8°C for the “slow” freezing rate. The top cap was held constant at -2°C to ensure the

entire sample froze.
3.3.4. Thawing

Once it was certain that the samples were completely frozen through the entire
sample by examining the temperature results from the thermistors, the freezing cell was
discor - :cted from the freezing apparatus and removed from the cold room. The soil
sample was removed from the freezing cell, and left at room temperature (approximately
21°C) to thaw. It was assumed that all the soil samples thawed in the same manner and at

approximately the same rate.
3.4. Quantitative PAH Determinations
The quantitative PAH determinations involved determining aqueous phase

concentrations, as well as oil phase concentrations. The steps outlined in obtaining these

concentrations are outlined in the following sections.
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3.4.1 Aqueous Phase PAH Determination
3.4.1.1. Aqueous Phase Batch Equilibrium

To quantify the amount of water soluble compounds available to the aqueous
phase under controlled laboratory conditions, aqueous batch extraction procedures were
performed on the soil samples. A batch study was chosen for many reasons. Batch and
column methodologies have both been widely applied in the evaluation of waste leaching
and chemical attenuation of leachates. However, the two methods differ in one important
aspect: batch involves a continuously stirred batch reactor and column involves an
unstirred continuous-flow reactor. Solid particles are dispersed and suspended throughout
an aqueous study of a batch reactor, whereas solid particles become packed into a porous
matrix for a column study. Batch experiments are generally easier to perform, more
economical than column studies, and may show more reproducible data. Batch
experiments are commoniy performed by placing the solid material (e.g. soil) in an
aqueous suspension, then equilibrating the suspension under controlled conditions with
agitation, and then measuring aqueous phase concentrations to estimate release from solid
to liquid (Batelle Pacific Northwest Labs, 1991). These types of experiments require care
of the gas phase to which the sample is exposed during equilibration, as well as rigorous
phase separation techniques following equilibration to ensure suspended colloidal material
does not bias aqueous phase measurements (Voice ef al., 1983).

Four experimental run conditions were established (these are discussed in detail in
Section 3.6), with varying levels of moisture content and freezing rate. Each experimencal
run condition was tested in triplicate. That is, three separate samples were subjected to
compaction, freezing and thawing, and subsequent chemical analysis for each of the four
run conditions. This means a total of twelve runs (three replicates of four sets of
conditions) were conducted. For each experimental run, batch extractions were done in

triplicate for each of three cases: unfrozen soi!, and frozen soil at the bottom and top of

the sample.
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Batch extractions were done on three separate soil samples taken from the bulk
bucket of soil before freezing, providing the “before freezing” aqueous phase PAH
concentrations. These three soil samples were taken from the bucket alternately with the
soil removed for compaction so that the “before freezing” sample was as homogenous as
possible and representative of the soil which was frozen. Another three soil samples were
taken randomly from the top centimetre of the compacted sample after it was frozen and
thawed, providing data for “after freezing” and for the “top” of the soil sample. A final
three soil samples were taken randomly from the bottom centimetre of the compacted soil
after it was frozen and thawed, providing data for “after freezing” and for the “bottom” of
the soil sample. This number of samples was required to make “before” and “after”
freezing comparisons, as well as creosote movement determinations between the fiozen
and thawed soil sample “bottom” and “top”.

The above discussion indicates that a total of nine soil samples were taken for each
experimental run, and batch extraction and subsequent PAH quantitation was performed
on each of the nine samples. As stated earlier, a total of twelve experimental runs were
conducted (three replicates of four conditions). With nine extractions performed on each
run, a total of 108 extractions and subsequent chemical analyses were performed for each
soil studied. That is, 108 individual analyses were performed for the highly contaminated
soil, and 108 analyses for the low level contaminated soil. By replicating batch extractions
in triplicate and replicating experimental run conditions in triplicate, an adequate estimate
of the error involved in this experiment should be obtainable.

Before the batch equilibrium tests could be started, the mass of soil to be used for
equilibration with the water was determined to ensure that the level of contamination
present not exceed the solubility limit of the PAHs. If PAH solubility was exceeded, any
increase in PAH availability would not be detectable because the relative concentrations of
PA s in the aqueous phase would not be able to increase above the soluble limit.

Therefore, preliminary testing was done to ensure masses of soil used contained a
sufficiently low mass of PAHs. For both soils, several soil: solvent ratios were established
and tested. The results of these tests are found in Table 3.1. for sand and Table 3.2. for

clay. Based on the data in these tables, a soil mass of approximately 10 g for sandy



Table 3.1. Soil:Solvent Ratios for Sand

Solid: Grams ug PAH/ | Total PAHs
solvent | soil used | gram soil | extracted (Lg)
2498 4793 1197.31
1:10 25.08 50.89 1276.50
25.02 61.79 1546.22
16.78 64.10 1075.87
1:15 16.47 69.07 1137.92
16.67 68.56 1142 88
10.19 67.23 685.06
1:25 10.00 63.16 631.57
10.17 70.43 716.38
5.10 106.73 54431
1:50 5.14 84.88 436.14
5.05 92.60 467.25

Table 3.2. Soil:Solvent Ratios for Clay

Solid: Grams ug PAH/ | Total PAHs
solvent | soil used | gram soil | extracted (ug)
22.35 12.52 279.88
1:10 22.43 12.07 270.69
22.24 11.46 254 .83
14.74 20.8 306.55
1:15 14.94 18.66 278.73
14.83 18.64 276.44
9.33 2933 273.62
1:25 9.06 26.01 235.56
9.01 28.61 257.83
6.50 35.64 231.80
1:33 6.80 31.93 217.16
6.44 41.38 266.53
448 68.62 307.42
1:50 4.45 55.00 244 .69
445 52.88 235.21
1:100 2.28 97.89 222 .80
2.81 64.41 181.19
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soil and approximately 2.5 g for clay ensured the mass of PAHs was under the aqueous
solubility limits.

Each batch equilibrium test was performed by placing the known weight of soil in
a 250mL glass bottle, and filling the bottle with pH-adjusted deionized water. The bottle
was completely filled to the top by dropping water from a pipette into the bottle so that
the meniscus concaved upward. Ensuring the bottle was completely full minimized
contact of the aqueous phase with the gaseous phase which would interfere with aqueous
phase partitioning from the soil. Deionized water was used to reduce the possibility of
sample contamination. The pH of the water was adjusted to facilitate improved
extraction, since the PAH fraction is more easily removed by high pH water (APHA,
AWWA, WEF, 1992). The pH was adjusted to >11 using a standard NaOH solution.

The bottle was sealed, inverted to check for leakage, and then placed on a tumbler
which equilibrated the sample for 24 hours. The bottles used are shown in Figure 3.5,
and the tumbler used is shown in Figure 3.6. The equilib-ium time of 24 hours was chosen
following the method used in Lee er.al. (1992a) for a study of diesel fuel equilibration in
water, and also as used in Lane and Loehr (1992) for a study of PAH aqueous phase
equilibrium concentrations. After 24 hours, the bottles were removed from the tumbler

and processed through liquid/liquid extraction.

3.4.1.2. Liquid/lliquid Extraction of the Aqueous Phase

After tumbling, approximately SOmL of aqueous suspension was drawn out of the
soil/water mixture in the bottle, and placed in a S0mL centrifuge tube. The suspension
was centrifuged for 10 minutes at 1500 rpm to settle out sediments and interfering
suspended particles. After centrifugation, the liquid was ready for aqueous extraction.

Extraction was performed as described in Technique 8 in Modern Experimental Organic

Chemistry (1982). Exactly 40mL of the centrifuged water was placed in a separatory
funnel, which is a specially designed funnel! for extracting compounds from solution. Most
organic compounds are more soluble in water-insoluble organic solvents, such as

dichloromethane or ether, than they are in water. Therefore, an organic compound which



Figure 3.5, Batch Equilibrium Bottles

Figure 3.6. Tumbler Apparatus
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is in the aqueous phase will readily partition between water and solvent when mixed in a
separatory funnel. 15 mL of dichloromethane (density of 1.34g/mL) was added to the
funnel, and 1.6 ug of the Supelco 5-compound deuterated standards (which is discussed in
the Quality Assurance section) were also added at this time. The liquids were mixed by
gently inverting the funnel several times, and venting the gases as required for 2 minutes.
The solution settled for approximately 10 minutes, after which the solvent phase was
drained from the funnel and collected. The process was repeated twice again from the
point of solvent addition. By repeating the extraction, 95% of the solvent-soluble
compounds are removed in the first extraction, leaving 5% solvent-soluble compounds.
Anotter 95% of the solvent-soluble compounds are removed in the second extraction,
leaviag 0.25% solvent-soluble compourids. Another 95% of solvent-soluble compounds
are removed in the third extraction, which leaves 0.0125% solvent-soluble compounds.
By using three extractions, 99.9875% of the total amount of solvent-soluble compounds
are theoretically extracted from the aqueous phase.

The solvent phase collected was filtered through an anhydrous sodium sulfate
column, which served a dual purpose. The sodium sulfate eliminates any water present in
the dichloromethane, and also filters out clumps of interfeiing suspensions. The solvent
phase was collected in a 250mL flask, then heated on a rotary evaporator to reduce the
overall volume of liquid. Th. remaining solvent phase was transferred to a gas
chromatography (GC) vial, with the flask contents carefully rinsed into the vial to avoid
sample losses. Just prior to GC injection, an internal standard of deuterated anthracene
was added to the vial. This internal standard is discussed further in the Quality Control
section. The vial contents were subjected to gas chromatography/mass spectrometry

{GC/MS) analysis for quantitation of the PAHs of interest.
3.4.1.3. GC/MS Analysis of the Extract
Concentrations of the 16 Priority PAH compounds in the aqueous phase extracts

were determined using a Hewlett Packard 5890 gas chromatograph (GC) and 5970 mass

selective detector (MSD). The GC used a 30m long x 0.25mm inside diameter fused silica
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ch-omatographic column with a 0.25um film thickness (J&W Sciertific, DB1301). The
temperature ramping method and carrier gas linear velocity had been predetermined by
Sandra Kenefick and Mike Zemanek. The method follows Zemanek (1994). An initial
temperature hold of 70°C for 4 minutes was set, allowing the solvent to evaporate. This
was followed by a thermal ramp of 70°C to 280°C at 10°C per minute, with a helium
carrier gas column head pressure of 80kPa resulting in good peak definition. A second
temperature ramp of 280 to 300°C at a rate of 5°C per minute was set, and the final
temperature of 300°C was held for 5 minutes to permit elution of low volatility
compounds that remained on the column.

The major ion (for quantitation) and two minor ions (for confirmation) of each
PAH of interest were monitored using the selected ion monitoring option (SIM), which
reduces interference from other compounds. Quantitation of analytes of interest was
based on the signal response of the major ion as compared to the signal response of one of
the five deuterated internai standard ions (Supelco catalogue #4-8902). Each ion of
interest representing a PAH compound was quantified by multiplying its specific peak area
by the ratio of the concentration of the internal deuterated standard, to its specific peak

area. The formula for quantitation is:

(A) (1)
(A,;) x (R. F.) x (Ve)

Concentration, pug/L=

end  Ac=area of compound of interest
I= amount of surrogate standard added, ug
A= area of surrogate standard
R.F.= response factor

Ve=volume of liquid extracted, L

Response factors which had previously been determined by Zemanek (1994) were
used for quantitation. New response factors were calculated, however, there were several

problems with these factors as discussed in Section 4.5.5.
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3.4.2. Quantitative Oil Phase PAH Determination

3.4.2.1. Soxhlet Extraction

The in-situ concentrations of the 16 priority PAH compounds in the native soil
were required to determine if there was enough PAH in the soil for aqueous extractions to
show detectable results. The base concentrations were also used to compare the aqueous
phase PAH concentrations to the soil phase PAH concentrations. Determining these base
coencentrations in the soil involved several steps. The soil was first subjected to Soxhlet
extraction to remove all of the hydrocarbon compounds. This procedure was described in
section 3.2.1. Then, an aliquot ranging from 0.5mL to 5 mL was removed from the
storage vial of the extract. This aliquot was then processed through a two-step sample

clean-up procedure described below.

3.4.2.2. Soxhlet Extract Clean-up Process

The clean-up procedure involved running the extract aliquot through a series of
chemicals hich extract interfering compounds. This is referred to as selective PAH
adsorption/elution by adsorption media column chromatography. The result after the
treatment is much better peak resolution on the GC/MS system.

Adsorntion/elution involves loading the sample extract onto a chromatographic
column and passing »ulvents of varying polarities through the column to selectively desorb
compounds of ti.mar polarity (Zemanek, 1994). The columns which produced the
desired effects had previously been determined by Zemanek.

The first column was a 6 mL Florisil solid phase extraction (SPE) tube. The tube
was conditioned with dichloromethane and care was taken to ensure the packing did not
dry out before the extract was added. The extract was added and the tube was washed
with two column volumes of dichloromethane. The fraction collected was subjected to
nitrogen blowdown to evaporate some of the solvent, and the remaining extract was then

solvent exchanged to hexane. Solvent exchange to hexane w s required to change the
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polarity of the solution so that the desired hydrocartoas were absorbed in the next clean-
up step.

An alumina column was prepared at this tit .:. A small plug of glass wool was
rlaced at the bottom of a 10 mm x 254 mm glass champagne column, followed by
approximately 10g of 80-200 mesh alumina powder packing. The alumina was previously
activated at 225°C for 16 hours prior to use. A 1 cm layer of anhydrous sodium sultate
was placed at the top of the alumina to ensure anv water remaining in the sample was
adsorbed to the sodium sulfate and did not remain in the sample extract. The alumina
column was preconditioned with 50mL of hexane. Just before the meniscus of hexane
reached the top of the sodium sulfate, the sample extract was added. The vial which
contained the extract was rinsed three times into the column with 2 mL of hexane and a
final rinsing of 10 mL of hexane. All eluate from the hexane application was discarded
since the PAHs were adsorbed to the alumina and interfering hydrocarbons were present
in the eluate.

After most of the hexane had drained from the column, 80 mL of dichloromethane
was added to the column to desorb the PAHs from the alum:na into the solvent This
eluate was collected in a 250 mL flask and rotary evaporated to reduce the total volume.
When the volume was approximately 1 mL, the exiract was placed in a GC vial for
quantitation. Care was taken to wash the flask content into the GC vial so that no sample
losses occurred. At this time, the deuterated anthracene internal standard was added so

that recovery of the surrogate standards for that sample could he calculated.

3.4.2.3. GCAMIS Analysis of the Extract

The GC/MS analysis for the “cleaned-up” extract was identical to that for the

acueous PAH exiract. Please refer to Section 3.4.1.3.
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3.5. Quality Assurance and Quality Control

Rigorous standards for quality assurance and quality control must be recognized
and rigidly adhered to during sample collection and analysis to produce data of known and
defensible quality. As a minimum, quality assurance involves validation for the parameters
of accuracy, precision, recovery rate, and negligible sample contamination (APHA,

AWWA, WEF. 1992). Theze are discussed in tiac following sections.

3.5.1. Accuracy

The s-cuzacy of a given riethod can be determined through analysis of a series of
standard samples whi.h are subjected to the entire analytical procedure. Accepted
techniques include
1. The use of certitied reference materials, or performance evcluation samples. These are
samples which contain known amounts of the compounds of interest, and are supplied by
an outside agency. They are analyzed as an ordinary sample and data obtained is
compared to the known values, thus determining the accuracy of the analyst (APEA,
AWWA, WEF, 1992). This procedure was followed for the Soxhlet extraction and
subsequent clean-up procedure using a marine sediment standard issued from the National
Research Council of Canada. Performance evaluation samples were used to determine the
accuracy of the aqueous extractions. In this process, quantities of PAHs known to a
person other than the analyst were added by that person to the aqueous media. The
samples were then analyzed as an ordinary sample after which the values obtained are
compared to the known values for the sample.

2. Comparison of data obtained to that obtained using a reference method of known
uncertainty. This is done by cnnparing data to that obtained from an independent
Certified Laboratory. As this method was to:» expensive for this project, this method of

accuracy verification was not used.
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3.5.2. Precision

Precision is a measure of the degree of closeness by which multiple analyses of a
given sample agree with each other, and is generally reported by the stendard deviation of
the results (APHA, AWWA, WEF, 1992).

"« discussed in Section 3.4.1.1., four sc *s of experimental conditions are studied.
Each set of conditions was run in triplicate, piuuucing a total of twelve sample runs. By
replicating the sample runs, an estimate of the betwcen-run error may be calculated.

A total of nine extractions and chemical analyses were performed for each of the
twelve sample runs: triplicate extractions and chemical analyses for the unfrozen soil, for
the frozen soil at the saniple top, and for the frozen soil at the sample bottom. With nine
chemical analvses performed for each of the twelve runs, a total of 108 batch extractions
and chemical analyses were performed for the sandy soil and another 108 batch
extractions and chemical analyses for the clay soil. By repeating the extractions and
chemical analyses in triplicate 1n indication of the reproducibility of extractions may be

made fiom the standard deviation for these measurements.

3.5.3. Sample Recovery

A tcchnique often used to indicate the efficiency of the o« rall method is to
measure the recovery of a specific added analyte. For this experiment, a surrogate
standard of Sve deuteraied compounds (naphthalene d8, acenaphthalene d10,
phenanthrene d10, chrysene d12, and perylene d12 ) was added as the standard for
quantitation of the analytes of interest. As a check for recovery, an internal standard of
deuterated anthracene was added to the sample extract immediately prior to instrumental
analysis by GC/MS. The known amount of internal standard, combined with instrumental
response factors, was used to determine the overall recovery of the surrogate standard.
This technique permits rapid identificatior of samples with very poor recoveries, and
identifies those samples as suspect in terms of recovery. If the standard recovery is low, it

is likely that the sample recovery is also low and the sample is therefore unuseable.
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3.5.4. Sample Contamination

The method of analysis should not intrcduce any analytes of interest to the actual
sample, and this must be verified through checks for sample contamination Checks were
performed through the analysis of blanks, which are by definition, a sample matrix
containing negligible or undetectable quantities of the analytes of interest present.

Blanks commonly used include field blanks, which are run to determine
background pre-contamination concentrations of analytes of interest. For this experiment,
no field blanks were tested.

Glassware blanks were processed through the entire method without any sample
matrix or standard added to determire if there were any contaminating matenals on the
glassware o- solvent impurities. The batch equilibrium and aqueous extraction proced:ire
were performed with no addition of soil or standard for the glassware blanks.

Method blanks involved performing the entire method without a sample matrix
added, but with the standards added. This located standard contamination, reactions, or
degradation over time. This was a critically important step, since the standard was used to
verify the quality of all other results.

A minimum of 5% of the sample load was recommended for analysis s blanks.
This meant that for every 20 samples, cne method blank was required. For th..
experiment, 216 sample runs were conducted, therefore, a minimum of 10 method blanks
were required. In addition to the blanks already mentioned, blanks should always be run
for new batches of reagents, solvents, anc standards. The outcome of the sample

contamination testing is discussed in detail in Section 4.6 4.
3.6. Experimental Design

3.6.1. Sandy Soil Experiment Protocol

Experimental conditions were established by using a 2% factorial arrangement of

the variables of moisture content and freezing rate. A total of four conditions were



established, and three replicate runs for each condition were performed. The run numbers
(for identification purposes) and corresponding experimental conditions are described as

follows:

RUN NUMBERS | Moisture  Freezing Rate
3&11&19 | In-situ low
4&12&20 In-situ . Fast
7& 15& 23 Field Capacity:  Slow
8 & 16 & 24 |Field Capacity:  Fast

A total of 12 scil freeze/thaw runs were performed {~:r the sandy soil.

As discussed in Section 3. 4.1.1, for each individual run, a total of nine batch
extractions and subsequent chemical analyses of aqueous phase PAH concentrations were
performed. The nine analyses were as follows: three replicate batch extractions and
chemical analyses of aqueous phase concentrations for the unfrozen soil, three for the
frozen soil at the top of the compacted sample, and three for the frozen soil at the bottom
of the compacted sample. A total of 108 soil samples were analyzed for aqueous phase

PAH concentration.
3.6.2. Clay Soil Experimental Protocol

Experimental runs for the clay soil were established in much the same manner as
for the sandy soil. The run numbers (for identification purposes) and cc:responding

experimenta! conditions follow:

RUN NUMBERS? Moisture  'Freezing Rate
1&9& 17 Insitu |  Slow
2&10& 18 In-situ | Fast
5&128:21 | Field Capacity!  Slow
6& 14 % 22 |Field Capacity!  Fast

A total of 12 soil freeze/thaw runs were pertorm:d for the clay soil.
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As discussed in Section 3. 4.1.1, for each individual rur:, 3 iotal of nine batch
extractions and subsequent chemical analyses of aqueous phase PAH concentrations were
performed. The nine analyses were as follows: three replicate extractions and chemical
analyses of aqueous phase concentrations for the unfrozen soil, three for the frozen soil at
the top of il compacted sample, aitd three for the frozen soil at the bottom of the
compacted sample. A total of 108 soil samples were analyzed for agueous phase PAH

concentrations.
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4.0. RESULTS

4.1. Control of Experimentai Conditions

To study the significance of variables on an outcome, it is necessary to vary only
those varianles while holding other factors constant. If other factors are not held constant,
they may int: oduce experimental error into the measured ouicomes and proper
conclusions may not be made.

For the experiments reported on in this thesis, it was necessary to hold moisture
content constant at a low level and a high level, and hoid freezing rate constant at a low
and high level. Frozen soil sample densities were held constant, and the freezing process
was held as constant as possible. The following sections discuss the degree to which the

above lizred factors were held constant or at their respective level.

4.1.1. Maisture Content
4.1.1.1. Low Level of Moisture Content

The low-levci of moisture content was chosen to be the in-situ moisture content of
a sample, and was not artificially adjusted. The data for in-situ moisture content is found
in Table 4.1.

For sand, the coefficient of variation (which is the sample standard deviation
divided by the sample mean) associated with in-situ moisture content was 19.6%. This
variation may involve other factors in addition to sample moisture. For example, the
volatilization of organics was discussed in desail in Section 3.2.2.1., and as stated in that
section, no attempt was made to account for organic matter losses. However, 1 is likely
that the variability inherent with organic matter losses at high temperatures may account
for only a small portion of the variability of the moisture content values. Also, the sand
was homogenized during sieving which only permitted homogenization of a localized

amount of soil. Therefore, the existence of pockets of moisture and/or contamination



Table 4.1. "In-situ' Moisture Content

% Moisture for

% Moisture for

Sand soil Clay soil
(before freezing)|(before freezing)

6.32 11.70
6.32 10.87
7.88 10.87
440 11.66
5.63 11.40
7.37 11.40

Average= 6.32 11.32

Standard

Deviation= 1.24 0.37

Coefficient of
Variation= 19.6% 3.26%

Table 4.2. "High'" Level Moisture Content

r

% Moisture for

% Moisture for

Sand soil Ciay soil
(before freezing)|(before freezing)

15.63 20.19
18.70 20.90
16.90 20.20
14.96 21.05
17.09 19.90
17.92 20.00

Average= 16.87 20.37

Standard

Deviation= 1.24 0.48

CoefTicient of
Variation= 7.35% 2.37%

60
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could cause large variabilit; in moisture content.

For clay, the coefficient of variation was 3.26%. It is possible that this error is
lower than that of the sand due to the better homogenization of the clay (it was
homogenized in a large cement mixer). Also, the contamination level in the clay was
approximately 12 times lower than the sand so volatilization of organic compounds has an

insignificant role in variability for moisture content values for the clay.
4.1.1.2. High Level Moisture Content

The high level of moisture content was determined by approximating the field
capacity moisture content of the sandy and clayey soils as described in Section 3.2.2.2.
Then, when preparing the samples, water was added to the soil to raise the moisture
content to a level near field capacity.

For both the sandy soil and the clay soil, raising the moisture content to the
determined field capacities made it nearly impossible to compac: the soil to any uniform
density. The soil was much too soft and water-saturated. Therefcre, the final values of
“high level” of moisture content which were used were determined through a trial and
error process. Moisture was added to the soil, and compaction was attempted. Moisture
cen~tents were finally chosen based on the ability of the soil to be compacted through a
modified standard compaction procedure to the desired density. The set levels of moisture
were approximately 17% for sand, and 21% for the clay.

The results of rniois‘ure content determinations are found in Table 4.2. on the
previous page. For the sandy soil, coefficient of variation was 8.25%. This is less than
the error for in-situ moisture content of the sandy soil, however, it is still a significant
error. Possible causes for this error could be that adjusting the moisture content required
great care. The soil mass had to be weighed very carefully, and a precise amount of water
was added. If too much water was added, the excess could not be removed as the water

was quickly absorbed into the soil. If the soil was not mixed very well, the water was not

evenly distributed throughout the soil.
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For the clayey soil, the error for moisture content was 2.37%. The potential
sources of variability are similar to those for the sandy soil. For example, the addition of
water and mixing the water into the soil introduce possible errors if too much water was
added (which occurred occasionally) or the sample was not mixed well. Once the water
was added, the sample did become difficult to mix as the clay became very stiff. An error
of 2.37% for moisture content is very low, considering the possible sources of error for

this value.

4.1.2. Freezing Rate

The freezing rate data is listed in Table 4.3. for the clay and Table 4.4. for the
sand. The values for freezing rate are expressed as decrease of degrees Celsius per
minute. The data was obtained by calculating the slope of the initial straight line section of
the freezing rate curve as shown in Figure 3.4, wherz the temperature is decreasing
rapidly. Freezing rate was determined for each resistance temperature device (RTD). A
total of five RTDs were located in the cell every two centimeters up the side of the cell.
The compacted sandy soil, all five RTD temperatures were useful. For the clay, the
compacted sample was a smaller volume than that of the sand anad only three of the RTD
temperatures representec. temperatures in the clay soil.

For the slow freszing rate for clay, the tap of the soil had the highest coefficient of
variation, 32%, the middle 22.6%, and the bottcm 11.3%. It is expectad that the top
would show the largest variation, since t's largest heat losses occur at the top of the soil
and the smallest heat losses at the bottom. For the fast freezing rate for clay, there is
much variation between samples. Run 2 ar¢ 0 and 18 had their temperatures recorded
with & different type of data logging system that only recorded the temperature cvery two
hours. If the data for these three runs is discarded, the coefficients of variation decrease
significantly. Other sources of variability include variations in the constant temperature
baths. Opening and closing the door to the tesiperature controlled room affected the
temperature of the baths. Also, it was found that if the ethylene glycol circulation was

shut off for a prolonged period of time, for example while the tubes for the ethylene glycol



Table 4.3. Freezing Rate Table for Clay

SLOW Freezing Rate

Rate for Rate for Rate for
Run # Top of Sample] Middle Bottom
1 0.209 0.257 0.287
9&17 0.247 0.213 0.333
5 0.361 0.317 0.318
13 & 21 0.179 0.360 0.377
Average= 0.249 0.287 0.329
Standard
Deviation= 0.080 0.065 0.037
CoefTicient of
Variation= 32.0% 22.6% 11.3%
FAST Freezing Rate
Rate for L.ate for Rate for |
B Run # Top of Sample] Middle Bottom
2 0.045 FAULT 0.110
10& 18 0.073 0.093 0.079
6 0.207 0.284 0.319
14 & 22 0.295 0.361 0.535
Average= 0.154 0.246 5.261
Standard
Deviation= 0.116 0.138 0.212
CoefTicient of
Variation= 75.3% 56.1% 81.2%
Omitting Runs 2,10, and 18 for FAST freezing rate:
Average= 0.2%6 0.323 0.427
Standard
Deviation= 0.060 0.954 0.153
Coefficient of
Variation= 24.2% 16.8% 35.8%

Note: Units for freezing rate are: drop in °C per minute



Table 4.4. Freezing Rate Table for Sand

SLOW Freezing Rate

Rate for Rate for Rate for
Run # Top of Sample Middle Bottom
5 0.128 0.124 0.124 0.136 0.140
7 0.135 0.133 0.180 0.304 0.530
11 0.176 0.129 0.149 0.230 0.373
19 0.127 0.135 0.155 0.225 0.527
15 0.094 0.113 0.135 0.246 0.415
23 0.085 0.082 0.119 0.195 0.420
Average= 0.124 0.120 0.144 0.223 0.401
Standard
Deviation= 0.032 0.020 0.023 0.056 0.143
CoefTicient of
Variation= 26.1% 16.8% 15.7% 25.) 7 35.7%
FAST Freezing Rate
Rate for Rate for Rate for
Run # Top of Sample Middle Bottom
4 0.191 0.139 0.163 0.248 0.400
8 data was lost
12 0.227 0.177 0.190 0.311 0.491
16 & 24 0.163 0.139 0.139 0.225 0.382
20 0.200 0.146 0.144 0.210 0.497
Average= 0.195 0.150 0.159 0.249 0.442
Standard
Deviation= 0.026 0.018 0.023 0.044 0.060
CoefTicient of
Variation= 13.5% 12.1% 14.5% 17.9% 13.6%

Note: Units for freezing rate are: drop in °C per minute
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were being attached to the freezing cell, the bath temperature decreased dramatically and
only heated again once the circulation was switched back on. This contributed to errati-
freezing rates. A final source of error is that the bath temperatures were changed from
time to time to facilitate randomization of experimental runs, and it was difficult to obtain
exactly the same temperature as achieved previously. Even if the bath was set to the exact
same setting as used previously, the temperature of the bath may vary by 5°C.

For the sandy soil, freezing rate varied less than for the clay. The slow freezing
rate showed more variability, overall, than the fast freezing rate. Sources of variability are

the same as for the clay soil.

4.1.3. Sample Density

A constant density for each experimental run was dest <d to eliminate the
possibility of sample density having an effect on the final results. Sample density was
controlled by the standard compaction procedure for the sandy soil, and by the compactive
niocedure used for the clayey soil. Table 4.5. and Table 4.6. show the results of density
dv .rminations for both the sandy soil and the clayey soil respectively.

The coeficient of variation for dry density of the sandy soil was 2.37%. This
value was quite low. However, given the standard method used for sample compaction, it
was expected that the variability for dry density be quite low.

Dry density for the clay soil also had a small coefficient of variation, 1.95%. This
error was expected for the low-level moisture content clay, since the compaction
procedure was constant.

For both the sand and clay high-level moisture content samples however,
compaction was performed in a non-uniform manner. Some samples were compacted
with ten blows, some with fifteen, and some with only five. However, as the precise mass
of snil required to fit into the compaction cell was the amount to which moisture was
added, the density was kept constant more or less by fitting all the weighed soil into the
compaction cell. This technique worked surprisingly well, as the overall error for density

was very low for both the sand and clay.



Table 4.5. Dry Density for Sand

Run Soil Mass | % Moisture | Dry Density

Number (2) (unfrozen soil) (kg/mS)
4 1475.1 6.32* 1489.1
12 1511.0 6.32* 1525.3
20 1432.7 7.88 14222
3 1446.4 440 1490.0
11 1454.4 563 1479.0
19 1488.1 7.37 1485.3
7 1558.8 15.63 1417.2
15 1618.3 18.70 1417.8
23 1634.0 16.90 1463 .2
8 1595.5 14.96 1462.1
16 1631.8 17.09 1458.0
24 1613.1 17.92 1426.8
Average Dry Density: 1461.3

Standard deviation: 34.59

CoefTicient of variation:  237% ||

*Moisture content average of Runs 20,3,11,19

Table 4.6. Dry Density for Clay

Run soil Mass | % Moisture | Dry Density
Number (2) (unfrozen soil) (kg/m’)
2 662.7 11.70 1409.6
10 666.1 10.87 14302
18 680.6 10.87 146, 2
1 Data lost 11.66 Daa lost
9 644.6 11.40 15758
17 673.3 11.40 1437.0
5 713.7 20.19 13721
13 750.4 20.90 14269
21 747.7 20.20 1437.3
6 736.2 21.05 1400.1
14 743 .4 19.90 1434 4
22 744.7 20.00 1435.2
Average Dry Density: 1420.3
Standard deviation: 27.72

CoefTicient of variation:

1.95% |
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4.1.4. Freezing End Point Temperatura

v'reezing end point temperature data for clay is given in Table 4.7. The coefficients
of variation for freezing end point temperature for clay ranged fri:m 18% to 49%. For
slow freezing, the middle of the compacted sample showed the gieatest variation in lowest
temperature reached. For fast freezing, the top of the sample showed the greatest
variation. That the top of the sample would show the greatest variation is expected, since
the largest uncontrollable heat losses occurred at the top of the soil sample. | :bottom
of the sample consistently showed the least variatian, which is expected since the contaci
hetween the bottom freezing plate and the soil was good :nd heat losses in this location
were fairly low. Other sources of variability are similar to those listad for variation in
freezing rates, for example, the temperature baths did not keep constant temperatures.

Trie end point temperature data for the sand is given in Table 4 ¥ _( ~fficients of
variation range from 10% to 53%. Again, variation near the top of the samr™ . as
consistently larger than variation at the bottom of the sampie for the sanie i casons as listed
above. Note that when Run 3 is included in the standard deviation for the runs at t* - slow
freezing speed, *he coefficient of variations are large. However, when Run 3 is not = ed,
the variations decrease. Run 3 did not achieve --ery cold temperatures relative to the other
runs and its ternperature was significantly different from the other runs. This couid be due
to the operator changing the bath temperature without ensuring the proper temperature

desired was actually achieved after a given mount of time.
4.2. Results of Scil Grain Size Anaiysis

4.2.1. Sandy Soil

The sandy soil was sieved according to the method described in Section 3.2.3.
Two samples were sieved, one which had been extracted to remove the oil and grease
from the soil and onc¢ which had not beeu extracted. The results were plctted on

logarithmic grain size classification paper. These plots are found in Appendix D-2. The



Table - . reezing End Point Temperature for Clay

i Sample Sample | Free:ing
- Tan# Top Middle | Bettom | Speed
aun i -3.04 -3.58 -4.83 Slow
Run 5 -1.78 -C.71 -278 Slovwy
Run 9 & 17 -3.32 -2.76 -4.06 Slow
| Runl3&7) 281 | -301 | -306 | Slow
Average=| -2.74 -2.52 -3.93
Standard deviation=| (.67 1.25 0.85 |
' C. V=] 2453% | 49.75% | 2161%

Sample Sample | Freeziny |
Run # Top Middie | Bottom ! Speed

Run 2 -2.53 fault -65 Fast

Run 6 -3.58 609 1 9.7 Fast

Run 10 & 18 -4.63 578 0 -9.4) Fast

[ Punl4&22 2585 | 378 | .765 Fast
Average=| -3.32 522 1832
Standard deviation={ 1.00 1.25 1.51

C.V=[ 30.10% | 24.03% | 18 18%

Note: Units are degrees Celsius.

C.V.= coefficient of variation.

The end point temperature is the average freezing tetnperature
maintained in the soil.



Table 4.8. Freezing Fnd Point Temp<rature for Sand
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Sample Sample | Freeziny
Run # Top Middle Bottom | Speed
Run 3 0.57 1.06 0.52 0.65 -0.22 Slow
Run 7 -0.71 -0.99 -2.30 -3.45 -5.34 Slow
Run 11 -1.48 -6.99 -1.53 -1.66 -3.30 Siow
Run 15 3.7 -3.55 -3.83 -4.22 -5.34 Slow
Run 19 -3.27 -3.30 -3.58 | -4.22 -5.60 Slow
Run 23 -3.01] -3.04 358 1 =371 -5.09 Slow
Averace=| -1.95 -1.80 -2.38 1 -2.77 -4.15
Stzndard deviation=|  1.6% 1.81 168 | 1er . 210
C.V=| 86.95% | 10034% | 70.5 T <5% | 50.55%
Excluding Run 3:
Average=! -2.45 -2.37 -2.96 -3.45 -4.93
Standai. Leviation=| 1.30 1.28 100 1 1.06 0.93
C.V=) 52.92% | 53.76% ; 33.76% | 30.58% | 1. 87%
. Sample Sample | Freezing
Run # Top Middle Bottom | Speed
Run 4 -0.71 -1.75 -2.81 -4 72 -7.14 Fast
Run 8 data lost | datalost | datalost ° alost | datalost Fast
Ru 12 -1.4¢ -2.27 -3.58 -5.24 -8.42 Fast
Run '6 & 24 2,70 -3.50 -4.09 -5.75 -6.38 Fast
Run 20 . 225 -2.53 -4.09 FAULT -8.16 Fast
Average=| -1.8C -2.52 -3.64 -5.07 -7.65
Standard deviation=| 0.90 i 0.73 060 0.78 0.75
C.V=]| 4987% ; 29.03% | 16.61% | 1537% | 9.84%

Note: Units are degrees Celsius.

C.V.= ¢oefficient of variation.
The end poiut iemperature is the average freezing temperature maintained in the s¢
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sandy soil is plotted on Figure D-2.1. and Figure D-2.2. By comparing the two graphs, it
i= obvious that there is not a large difference between the two soils.

Approximately ;5% of the soil particles fall in the sand-s:ze range for both the
exv-acted and non-eviracted soil, with the remaining teirz -vavei- and silt-sized. The soil
may therefore be .. zhly characterized as a siightly 5:0 - .nd, meaning a sand wita <5%

silt (Craig, 1987

4.2.2. Clayey Soil

The clayey soil was characterized using the hydrometer method outlined in Section
3.2.3. Again, two samples were tested. one peing the extracted soil and the other non-
extracted. Their grain size distribution curves are found in Appendix D-2, as
Figure D-2.3. and Figure D-2.4. The non-extracted soil znd extracted soil may both be
characterized as veiy clayey silt, that is, a silt with 15-35% :lay iraction (Craig, 1987).

The exiracted soil was found to contain more clzy sized particles (in the order of
40%) the.: the non-extracted soil .. the orde. »f 25%). This was expected. The non-
rxtracted soil contained oily creosote which binds particles together, and causes them to

settle faster than they would if they were not bound by the creosote.

4.3. Raw Results for Aqueous Phase PAH Quantitation

4.3.1. Sandy Soil

Experimental runs were established as described in Section 3.6.1. To reiterate,
four run conditions were established, and each run condition was repeated in triplicate for
a total of 12 experimental runs. Each run included a total of nine separate batch
extractions and chemical analyses of aqueous phase concentrations. Three replicate batch
extractions and chemical analvses were performed for each of th:ree soil locations: the

unfrozen soil, the frozen soil at the top of the compacted sample, and the frozen soil at the
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bottom of the compacted sample. Given nine analyses for each of the twelve runs, a total
of 108 batch extractions and chemical analyses were performec.

The raw data results of the chemical analysis are located in Appendix A-1. These
resu.'s are grouped according to experimental conditions. That is, Run 3, 11, and 19 were
replicate runs of the same experimental conditions as described in Section 3.6.1. A brief
guide to the data contained in Appendix A-1 is located at the beginning of that appendix.

Statistical screening information contained with the data is discussed in Section 4.4.1.

4.3.2. Clay Soii

Data was collected for the clay soil in a similar manner to that cof the sandy soil.
rour experimental conditions were established, and three replicate runs of each set of
conditions were performed, making a total of 12 experimental runs. For each run, nine
separate batch extractions and chemical analyses of aqueous phase concentrations were
purfermed. Three replicate batch extractions and chemical analyses were performed for
each uf three soil locations: the urfre cn soil, the frozen soil at the top of the compacted
sample, and the {rozen soil at the bottom of the compacted sample. Given nine analyses
for each of the tweive runs, a total of 108 batch extractions and chemical analyses were
performed for the clay.

The raw results from the chemical analysis are in Appendix A-2. A brief guide to
the results is located at the beginning of Appendix A-1. Statistical screening information

contained with the data is discussed below.

4.4. Raw Data Screening

Raw data may not be used for certain statistical techniques, such as factorial

analysis, if it does not satisfy ceriain criteria. Therefore, the data must be screened. This

process is described in the following sections.
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4.4.1. Method of Data Screening
4.4.1.1. Statistical Requirements

Data have no meaning in themselves; they become mearningful when related to a
conceptual model of the phenomenon s. adied (Box, Hunter, and Hunter, 1978).
Therefore, it is necessary to fit the data obtained .0 a model. One means of fitting data 1o
a model is through the use of a statistical factorial analysis oi data. However, the use of
factorial analysis assumes that certain conditions of the data are met. These inciude: the
data are randomly distributed, genuine run replicates are conducted, the data is statistically
independent, and the data follows approximately a norma! distribution (Box, Hunter and
Hunter, 1978).

The data vre randomly distributed. since runs were conducted in a random order.
Genuine run replicates were performed, as each saniple started with fresh soil and cieaned
equipment. The data is statistically independent as each value is measured independently
of a previous value. A check for ne. - : ily distributed data is required. and is discussed

below.
4.4.1.2. Normality

A simple check for normality is to plot the data to determine if it follows
approximately a normal curve. Figure 4.1. shows a norma! curve, as well as the plot of an
actual sample data set. It is obvious from the graph that the sample data set does not
follow rhe normal curve very well. However, this dasa set simply appears to be skewed
upvards from the normal curve. This implies that a transformation of the data may better
fit the data to an approximate normal curve.

One data transformation is a logarithmic transformation. This is shown in Figure
4.2. with an approximate normal curve. By transforming the data to a logarithmic

distiibution, ti+ data Zppears to follow more closcly 4 normal distribution.
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The data was first analyzed using the raw data values, not transformed values. By
running a simple comparison test, this may be justified. That is, if reanalyzing the most
significant results using the logarithm values gives the same results as for the
untransformed raw data values, then using the untransformed values for analysis is
acceptable.

This was done for all the factorial calculations where significant effects were
found, and the logarithmic values produced the same lex .5 of significance as the
untransformed values. Therefore, it was acceptable to use the untransformed data values
for all the statistical analyses. The logarithmic factorial calculations are located in
Appendix B-1 for clay and Appendix B-2 for sand, and follow the appropriate factorial

calculation sheet of the raw data.

4.4.1.3. Tests for Outlying Data Points

Several tests for outlying data exist. One check is that any data that lies more
thon three standard deviations from the mean should be discarded (Byrkit, 1987).
However, when dealing with smell sets (n<10) of analytically obtained data, statistical
methods applicable to large data sets become less useful, may be more ditficult to
interpret, and may even become misleading (Knettig, 1994). Specific techniques have
been develnped for cases iivolving smaller data sets.

One such technique for data points is called the “Q-test”. It uses the following
equation:

_ | suspect value - nearest value‘

Qohs

- llargest value - smallest value]

where “nearest value” refers to the value numerically closest to the suspect value, and
largest and smallest are respectively the largest and smallest values in the data set. Qops
represents the observed Q value, and is then compared to a standard tabulated value based

on data set size. This technique was not used because it was not easily adaptable to a

computer spreadsheet.
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The second criterion for rejection of outlying data for small data sets is called
“Chauvignot’s Criterion” An obzervanon in a sample size <+ 4 samples is rejected if it
c.. ~ates from the mean more than a value corresponding !-: 47 2n)xprobability. The
7.+ apility is calculated on the assumption of a normal dis:ribution, with the variance
calculated from the data in the sample set (Knettig, 1994). The boundaries of the criteria

foliow:

Mean - (probability~variance) < DATA POINT < Mean + (probability xvariance)

Vaiues which lie outside the limits established by the criterion are considered “outliers”
and may be considered for rejection.

Chauvignet’s Criterion was used as the main data rejection criteria. Any data
points which were outliers by Chauvignot’s criterion were considered for rejection.

Values that lay cutside the criterion range by +0.02 ug/g were accepted for use
and are marked in the data tables enclosed by a box. Any valucs exceeding this were
tested for normality by graphing the date -t as a probab’  plof, and comparing the curve
to an approxunate normal distribution. 7. pient Jay rougii. on the normal distribution,
it was accepted. Using this technique, data was tested twice to ensure points which

appeared to be outliers were indeed bad data points.

4.4.2. Results of Data Screening Process

4.4.2.1. Clay Soi!

For the clay soil, there were relatively few outliers. Nanhthalene was frequently ar
outlying value, however, this is expected due to its high volatility. Simply overdrying a
sample can significantly reduce the naphthalene concentrations, as can leaving the sample
expesed to air for prolonged uriods of time. Because it was difficult to know if a sample
had been overdried or if excessive losses to the atmosphere had occurred, values of

naphthalene which were outliers by Chauvignot’s Criteria were accepted as valid data.
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Soil in general is heterogeneous in nature. Tha distrilution of contamination in
soil is particulirly heterogeneous, varying from one poim. in the soil matrix to the next
(Mg sid, w8 The heterogeneity of the actual subsurface envircnment must be
recognized (1Irudey and Pollard, 1993). Given this heterogeneity, it likely that the
standard deviations of any data for soil will be high. For this reason, unless a data value
was an obvious error, data was generally accepted.

As stated in Section 4.4.1, for all outlying points, plots of the data set were made
to deterriiine if the data fell on a normal curve. In every case, it was found that the outlier
fell reasonably well on the normal distribution curve. Therefore, none of the collected
data was discarded for the clay soil.

Returning briefly to the example of Figure 4.1, it was found ihat all the data for
that sample data set fell well within Chauvignot’s Criterinn. By graphing the data only,
interpretation is difficult and highly subjective. By using first Chauvignct’s criteria and
then the comparison of the data plot to an approximate normal c:fve 2s a second check,

the amount of data collected which was used for statistical analysic v is maximizeu.

4.4.2.2. Sandy Soil

The data for the sandy soil was subjected to the same treatment as the clay soil.

Again, by using both criteria, the amount of useful collected data was maximized. No data

points were discarded for the sandy soil.
4.5. Method of Hypothesis Testing
4.5.1. Factorial Analysis and ANOVA
Once the data was screened, it was deemed acceptable for use in statistical

analysis. The hypotheses (as in Section 2.4 ¥ to be tested are:

(1) freezing and thawing of a creosote contaminated soil will increase the availability of

the creosote to the aqueous phase;



(2) location of sampling following freezing may be a significant factor affecting the
availability of PAHs to the aqueous phase (i.e. movement of PAHs may be significant);
(3) freezing with a high soil moisture content will have a significantly greater effect than
freezing with a low moisture content in terms of causing increased PAH availability
following freezing,;

and

(4) afast freezing rate will be significantly more effective than a slow freezing rate to
cause increased availability of PAHs following freezing.

In order to test the hypotheses, one factorial analysis and one analysis of variance
(ANOVA) were used. The factoric  “alysis was a 2° factorial, where three effects were
examined at two levels each. The effects studied included the effects of moisture content,
the effect of freezing rate, and the effect of sampling lozation on the amount of PAHs
available to the aqueous phase following freezing. The two levels of mcisture cortent
were the in-situ and near field capacity values. The two levals of freezing rate were a
“fast” and a “slow” setting. The two levels for PAH sampling location were the top of the
soil sample and the bottom of the sample. The factorial av.zlvsis tested Hypotheses 2, 3,
and 4. Asvell, a benefit of using factorial analysis was the identification of significant
interactions between factors. The arrangement ~€the data for the factorial anelysis is

shown in Table 4.9.

Table 4.9. Factorial Analysis

Moisture Level Location Freezing Rate
Low Bottom Slow
High Bottom Slow
Low Top Slow
High Top Slow
Low Bottom Fast
High Bottom Fast
Low Top Fast
High Top Fast
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The factorial analysis was performed for each individual PAH data set with
significantly high concentrations, as well as for the data set containing the sum, or total,
concentration of the 16 Priority PAHs deivcted. A brief review of the raw data showed
that several of the 16 Priority PAH compounds had very low aqueous phase
concentrati.ns, and some were non-detectable. Compounds such as indeno(1,2,3-
¢,d)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)perylene were frequently found to
exist in aqueous phase at non-detectable levels, which is expected given the very low
aqueous solubilities for those compounds. Alse, for some compounds, the standard
deviation of the data set was greater than 50% of the average mass of PAH being
measured. For these data sets, there - . t¢ ; inuch variability in the data to produce any
meaninzful conclusic.:s regarding trends in the data. Therefors, these data sets were not
analyzed statistically.

The analysis ot variance (ANOV A) was used i test Hypothesis 1, the significance
¢+ steezing. Since the factorial analysis was performed first, data from dif].rent
expenmental conditions which were found to be insignificant were grouped together for
the ANOV:. The ANOVA was a classical one-way ANOVA, where data from before
freezing we. compared to data after freezing to determine if significant differences
existed. The method is discussed in detail in sertion 4.5.3. Similar to the factorial
analysis, only certain FAH data sets were analyzed for the ANOVA and the criteria for

which sets were analyzed was the same as for the factorial analysis.

".2. Factorial Caiculatiors

The calculations to determiie the magnitude of the effects of variables on PAH
concentrations were performed using Yates Algorithm as described in Box, Huater and
Hunter (1978), Montgomery (i984), and Walpole and Myers (1987). A sample data sheet
of the calculations is foind in Table 4.10.

Yates algorithm organizes the data into Standard Order, and then sums the totals

across the rows of data. A series of operations is then performed on the data. The Sum
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of Squares for each row is obtained by squaring the appropriate value in column (3) and
dividing by the total number of data points in the set (i.e. 72). The effects are calculated
from Column (3) divided by one half of the total number of data points in the set. The
effects may then be plotted on normal probability paper. Effects laying along a straight
line are considered insignificant, and effects which deviate from the straight line are
considered significant (Box, Hunter, and Hunter , 1978).

A second less subjective test to determine the significance of effects is done
through an Analysis of Variance (ANOVA) table, in which the F statistic is calculated for
each effect, and compared to a tabulated F level of significance. Any calculated F which
exceeds the tabulated value indicates a significant effect. A sample of these calculations
are found in Table 4.11. The F statistics are calculated from the Sum of Squares column.
The “Total Sum of Squares” is the sum of the “Sum of Squares” column. The error term,
or sum of squares error, is derived by subtracting the individual sum of squares for each
effect from the “Total Sum of Squares”. The Mean Square is derived by dividing the sum
of squares for each row by the degrees of freedom for that row. Finally, the calculated F
is derived by dividing the Mean Square value by the Mean Square for the Error term. The
tabulated F is obtained from statistical F distribution tables found in a statistics book for
the value F(degrees of freedom of effect, degrees of freedom of error) (Box, Hunter and
Hunter, 1978; Montgomery, 1984; and Walpole and Myers, 1989).

The calculations and results of the calculations are organized in Appendix
B-1 for the factorial analysis for the clay soil and Appandix B-2 for the sandy soil.

The method used to determine the validity of the significant effects was a reverse-
Yates Algorithm. This technique determines the “predicted” values based on a model
employing only significant effects. These “predicted” values are then subtracted from the
actual experimental values, and each difference or “residual” is plotted. The model is valid
if the residuals follow approximately a normal curve. This ensures the validity of the
calculated effects. A sample calculation is shown in Table 4.12.

The check for the validity of the significant effects are included in Appendix B-1
for acenaphthene in clay and for the sum PAH data for clay. For brevity, the calculations

are not included for other PAH data. For acenaphthene and the sum PAH data for clay,
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the residuals followed a normal distribution which indicates the effects which were
calculated to be significant were verified as significant (Box, Hunter and Hunter, 1978).
A second check on the calculations in Yates algorithm is that the sums of squares
of the “TOTALS” column should be equal to 0.5xColumn (1), and equal to
0.25xColumn(2). and equal to 0.125xColumn (3) (Box, Hunter and Hunter, 1978). This
check was performed for each calculation and the check was valid for every case. This

calculation is shown at the bottom of Table 4.10. and also Table 4.12.

4.5.3. ANOVA Calculations

The calculations to determine if freezing was a significant factor in increasing the
aqueous availability of PAHs followed a one-way analysis of variance (ANOVA). As the
calculations are arithmetically simple, they are not shown explicitly here in a table but are
focund in Appendix C-1 for clay and Appendix C-2 for sand. A brief introduction to the
layout of the data is given at the beginning of Appendix C-1.

For this technique, the “before freezing” data was grouped and the “after freezing”
data was grouped. The sum of all the values in each group was calculated. Using these
sums, the sum of squares for the between-treatments variation was calculated as well as
the total sum of squares. The error variation, or variation between replicated runs, was
calculated by subtracting the between-treatments sums of squares from the total sums of
squares. The mean squares for between-treatments and for between-replicates were
calculated by dividing the respective sums of squares by the degrees of freedom for that
source of variation. The F statistic was calculated by dividing the between-treatments
mean square by the between-replicates mean square. The calculated F statistic was
compared to a tabulated F statistic based on the degrees of freedom of between-treatments
and the total degrees of freedom (Walpole and Myers, 1989 and Montgomery, 1984).

A check on these calculations was done for random samples by using the Excel 5.0

built-in statistical ANOVA analysis function.
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4.5.4. Sandy Soil Data Seis

Data sets which were considered to be unsuitable for analysis had a statistical
standard deviation which was larger than half of any value within that data set. For these
sets, there was too much inherent variability within the data which would mask any
effects. Therefore, only data which had a standard deviation smaller than half of any value
within the data set was analyzed. For sand, the PAH compounds which contained suitable

PAH concentration data for analysis were:

-Total PAHs -Naphthalene -Acenaphthene
-Phenanthrene -Fluoranthene -Pyrene
-Fluorene -Benzo (b+k)pyrene

The factorial analysis for these compounds for the sand soil are in Appendix B-2,

and the ANOVA calculations for these compounds are in Appendix C-2.

4.5.5. Clay Soil Data Sets

The criteria for acceptable data for clay was identical to the criteria for the sandy
soil. Data sets which were considered to be unsuitable for analysis had a statistical
standard deviation which was larger than half of any value within that data set. Therefore,

for the clay soil, the data sets which were analyzed included:

-Total PAHs -Fluorene -Acenaphthene

-Phenanthrene -Fluoranthene -Pyrene

The factorial data for these compounds for the sand soil are in Appendix B-1, and

the ANOVA calculations for these compounds are in Appendix C-1.
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4.6. Quality Assessment and Qualiity Control Results

4.6.1. Accuracy Results

As stated in Section 3.5.1., the method of accuracy testing had two components.

4.6.1.1. Accuracy for PAH Qil Phase Quantitation

The determination of accuracy for the TPHC level determination was carried out
through the use of certified reference standard materials. The materials obtained were two
Marine Sediments from the National Research Council of Canada Sediment Standards
Division. One sediment, labelled Soil HS-3, was obtained from a highly contaminated
area, and the other, labeled Soil HS-6, was from a slightly contaminated are .

The standards were used for several checks for accuracy. As the Standard
Sediments were relatively free of interfering compounds, a clean-up process was not
absolutely required to obtain good quality PAH concentration data. Efficiency of the
following procedures were tested by comparing PAH concentration data obtained to the
standard values.

1. The efficiency of the Soxhlet extraction was determined by running the sediment
through a Soxhlet extraction.

2. The efficiency of the Florisil ciean-up was checked by Soxhiet extraction of the
sediment followed by the Florisil column chromatograpiy clean-up step only. The eluate

was collected after nitrogen blowdown.

3. Efficiency of the total clean-up was determined by Soxhlet extraction, followed by the
Florisil and alumina column chromatography clean-up steps. The eluate was collzcted

after rotary evaporation.

In all cases, the extract or eluate collected was then subjected to GC/MS analysis
for quantitation of the 16 PAHs of interest.

The results of the efficiency testing are found in Table 4.13. The results are listed

according to the treatment applied to the sediment. The acceptable range data was
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supplied by the National Research Council of Canada, who exhaustively quantitated the
16 PAH compounds in the samples. Thorcugh homogenization of the samples had been
peiformed by the NRC, and the range of concentrations established by the NRC is
accurate to the 99th percentile.

Errors for the “Soxhlet only” ranged from 12.8% for naphthalene to 70% for
dibenz(a,h)anthracene and 100% for anthracene. The large error associated with
anthracene is due to its incorrect peak integration by the MS Chemstation software. This
is because the chromatographic peak for phenanthrene is integrated in the same window as
anthracene. Phenanthrene however has a very large chromatographic peak compared to
the peak size for anthracene. Therefcre, the peak for anthracene was frequently
overlooked and integrated as zero. Manual integration of the anthracene peak proved
tedious and did not yield consistent results.

The large error for dibenz(a,h)anthracene is expected since this compound had a
very low concentration (0.8-1.8 pg) in the sediment standards. This level of concentration
was below the detection limits for this analysis.

For the Florisil treatment, the errors were approximately +20% for the compounds
of interest. Accuracy for the heavier compounds (benz(a)anthracene and below) was not
important because these compounds showed too much variability and were not analyzed
statistically. The high error associated with anthracene exists for the reasons indicated in
the previous section (improper peak integration).

The full treatment (Soxhlet, Fluorisil and alumina clean-up) surprisingly yielded the
best results of the three treatments. Of the 16 PAHs, 8 fell in the correct range and the
others were not out by extremely large amounts. Compounds of interest varied by a

maximum of 29% from the Standard determined value.
4.6.1.2. Accuracy for PAH Aqueous Phase Quantitation
The method of measuring accuracy for the aqueous phase determinations was

described in detail in Section 3.5.1. Performance evaluation samples were run. In this

process, Sandra Kenefick, the Laboratory Chemist, added known quantities of PAHSs to
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five batch equilibrium bottles which had been pre-prepared. Then, the bottles were
subjected to tumbling for 24 hours for equilibration, followed by the same procedures as
other samples for aqueous phase PAH determinations.

The GC/MS data obtained for these samples was then compared to the
concentration values which were known added concentrations by Ms. Kenefick. This dita
is presented in Table 4.14. on the following page.

For Sample 1, the error ranged from 5% for fluorene to 90% for indeno(1,2,3-
c,d)pyrene. The errors were all fairly low for the PAHs of interest which were accepted
for statistical analysis. The only two accepted compounds which had high errors were
phenanthrene (20% error) and pyrene (60%).

For Sample 2, the error ranged from 5% for fluorene to 99.8% for
benzo(g,h,i)perylene. Again, the accepted PAH compounds had fairly low error, except
for acenaphthalene and pyrene. |

For Sample 3, errors for the accepted PAHs were low except for pyrene with an
error of 67%.

The data for Sample 4 and 5 is not presented. This is because for Sample 4 and
Sample 5, the errors were very high because of low concentrations of PAHs added to the
aqueous phase for these samples. It was determined that using these methods and
procedures, the detection limit of the GC/MS equipment was approximately 1 pg. This
means any quantity existing below a concentration of 1 ng may not be reported as

accurate and there is a high degree of uncertainty associated with that value.

4.6.2. Precision

As stated in Section 3.5.2., precision is a measure of the degree of closeness by
which multiple analyses of a given sample agree with each other, and is generally reported
as the standard deviation of the results (APHA, AWWA, WEF, 1992). A point to note
before analyzing precision however, is that soil is by nature an extremely heterogeneous
medium (McGill, 1980; Hrudey and Pollard, 1993). It is expected that standard deviations
would be fairly high.
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Standard deviations were calculated for the set of data which describes aqueous
availability for one set of run conditions. That is, a low moisture content and fast freezing
rate for clay soil at the top of the sample after freezing is one set of run conditions. A
total of nine data points should exist for each set, as three frozen and thawed samples
were prepared, and from each of the three, a total of three analyses were performed giving
the total of nine values in the data set.

The complete analysis of standard deviations is found in Appendix E-1, along with
a brief introduction to the data. As the data are fairly numerous, they are not included
here. However, Table 4.15. provides a summary. From this table, it is obvious that
naphthalene had a high coefficient of variation (coefficient of variation equals the standard
deviation divided by the mean) both for clay and sand The coefficient of variation (C.V.)
gives an indication of the amount of variability, or error, that exists for an average set of
nine data points. A high C.V. for naphthalene is expected because of its relatively high
volatility. Heating the sample too much or exposing the sample to the atmosphere for a
prolonged time eliminates much of the naphthalene that was present.

The C.V. for acenaphthalene, acenaphthene, fluorene, and phenanthrene was, for
the most part, below 20%. The C.V. for fluoranthene was above 30% for the sand, but
below 20% for the clay. This indicates poor reproducibility for analysis of flunranthene
for the sand. This could be due to the MS Chemstation software technique for peak
integration. Fluoranthene and pyrene were both integrated in the same window of
retention time. However, if one chromatographic peak was much larger than the other,
the smaller peak was frequently overlooked or integrated as zero. This poor integration
was inconsistent, and did not always occur thus causing high variability for the
concentration of fluoranthene.

Pyrene had a fairly low C.V., approximately 20%. Benz(a)anthracene had a very
high C.V, particularly for the clay soil. This is likely due to improper integration, the
same problem that occurred for anthracene and fluoranthene. The chromatography during
the running of some clay samples was poor, and the peak for benz(a)anthracene
occasionally did not even appear on the chromatogram. This explains the highly variable

data values obtained for benz(a)anthracene.
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Chrysene also had high C.V., averaging approximately 40% for clay and 35% for
sand. This could be due also to the fact that chrysene is integrated in the same window as
benz(a)anthracene, and frequently these two compounds produced poor chromatographic
results. The peaks for these compounds appear very close together on the chromatogram,
having retention times separated by a maximum of 0.1 minutes. Frequently, a rather broad
single peak appeared for the benz(a)anthracene and chrysene while other times, two
distinct peaks were visible and integrated. Data for chrysene was not analyzed statictically
due to its high variability and poor chromatograpt .

The C.V’s for benzo(b)pyrene, benzo(k)pyrene, and benzo(a)pyrene were all very
high. This was likely due to their low aqueous solubilities and subsequent low
concentrations in the aqueous phase. In many cases, these compounds were non-
detectable. In other cases, the chromatography for the peaks was very poor, particularly
for benzo(b)pvrene and benzo(k)pyrene, since their retention times differ by only 0.08
minutes. A single broad neak frequently appeared for these compounds, and was
integrated incorrectly. Therefore, no statistical analysis was attempted for any of the
compounds with molecular masses greater than benz(a)anthracene and chrysene
(molecular mass 228). This was due to the poor chromatography and peak resolution, and

resulting high C.V. associated with these compounds.

4.6.3. Sample Recovery

As a check for sample recovery, an internal standard of deuterated anthracene was
added to each sample, just prior to injection of the sample into the GC. It was assumed
that the anthracene standard added was of a known concentration and known volume,
therefore a known mass. By comparing the mass of the anthracene standard recovered to
the mass of the other five deuterated surrogate standards recovered, the approximate
recovery of the sample was known.

While this method appears logical, there were several limitations. First, the mass
spectrometer response for the surrogate standards required response correction factors

applied to the peak areas of the surrogate standards obtained. These response factors are
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calculated by injecting a known amount of anthracene standard and a known amount of
the five surrogate standards, related by various ratios depending on the amounts added. If
an identical quantity of each is injected, the ratio is one. When comparing the areas of the
resulting chromatographic peaks, the areas should be the same since the masses injected
were identical. However, this was not the case for this instrument and therefore, a
correction factor was required to correct the area of the peaks of the surrogate standards
so that the peak areas of the internal standard and surrogate standard correspond to each
other.

An ideal situation occurs when the response ci'the mass spectrometer is linear.
That is, for any ratio of mass of internal standard to mass of surrogate standard, the
response factor will always be the same (the ratio of the areas of the peaks will always be
the same). However, the response was not linear with the mass spectrometer used for this
analysis. The ratios of the peak areas varied depending on the masses of the standards
used. To compensate for this, the best approximation was to use average values for the
response factors obtained. The factors determined as well as the average values are in
Table 4.16.

By using these response factors and calculating the amounts of surrogate standard
recovered, the amount of deuterated naphthalene recovered was consistently smaller than
for the other compounds. Recoveries ranged from 50-80% for naphthalene.
Phenanthrene recovery was generally acceptable, ranging from 70-100%. Recovery for
deuterated chrysene and deuterated perylene were high. Recoveries ranged from 100-
130%. One possible explanation for recovery above 100% involves the evaporation of
solvent from the standard mixes. The five deuterated standards dissolved in
dichloromethane (DCM) solvent were kept for several months in 7mL vials. When a
volume of the standard mix was removed from the vial, the gaseous headspace in the vial
increased. Because DCM is extremely volatile, some solvent evaporated into the
headspace. So for a given mass of standards, the volume of the solvent containing those
standards is decreased. The standards are thus concentrated in the solvent. When a
volume of the standard mix is removed and the concentration of standards in that volume

is assumed, the assumption is incorrect. The concentration of standards in the solvent is



Table. 4.16. Anthracene Internal Standard
Response Factor Ratios

Deuterated| Response | Response | Response | Average Standard
Ratio |Standard Factor Factor Factor Factor Deviation
6 136 0.774 0.752 0.919 0.815 0.09
6 164 1.401 1.281 1.602 1.428 0.16
6 188 0.748 0.659 0.836 0.748 0.09
6 240 0.631 0.511 0.703 0.615 0.10
6 264 0.850 0.630 0.931 0.804 0.16
4 136 0.808 0.714 0.659 0.727 0.08
4 164 1.778 1.517 1.652 1.649 0.13
4 188 0.831 0.683 0.740 0.751 0.07
4 240 0.889 0.813 0.831 0.844 0.04
4 264 0.860 0.827 0.817 0.834 0.02
3 136 0.977 0.927 0.834 0.913 0.07
3 164 1.710 1.640 1.503 1.617 0.11
3 188 0.918 0.886 0.796 0.866 0.06
3 240 0.810 0.787 0.687 0.761 0.07
3 264 1.121 1.105 0.951 1.059 0.09
2 136 0.838 0.819 0.768 0.808 0.04
2 164 1.468 1.421 1.401 1.430 0.03
2 188 0.792 0.775 0.768 0.778 0.01
2 240 0.692 0.674 0.660 0.676 0.02
2 264 0.871 0.973 0.946 0.930 0.05

Note: the numbers under the deuterated standard column denote the atomic
mass of the deuterated standard added. 136=naphthalene; 164=acenaphthaiene;
188=phenanthrene; 240=chrysene; and 264=perylene.

Summary of averages of average factors

Ratio 136 164 188 240 264
6 0.815 1.428 0.748 0.615 0.804
4 0.727 1.649 0.751 0.844 0.834
3 0.913 1.617 0.866 0.761 1.059
2 0.808 1.430 1.430 0.676 0.930
Averages| 0.861 1.524 1.148 0.719 0.995
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no longer known because the solvent vol.-me has changed an unknown amount as a result
of solvent evaporation. The real concentration is greater than the assumed concentration.

Another cause for recovery above 100% relates to the internal standard,
deuterated anthracene, and is similar to the cause just discussed. The deuterated
anthracene, used for quantitation of the surrogate standards, has a relatively high
volatility. Therefore, it is possible that some deuterated anthracene evaporated into the
gaseous headspace in the 7 mL vial. Thus when the concentration of deuterated
anthracene was assumed for calculations, the concentration was wrong. The actual
concentration would be less than the assumed amount because some deuterated
anthracene evaporated out of the solvent. This would cause recoveries of the surrogate
standard to be more than anticipated, that is, more than 100%.

Recoveries for surrogate standard (excluding naphthalene) never fell below 50%,
therefore, all the samples analyzed had acceptable recoveries. None of the data from the

samples was discarded due to insufficient sample recovery.

4.6.4. Sample Contamination

Sample contamination testing involves testing several different types of blanks, as
described in Section 3.5.4. The blanks which were tested included glassware blanks,
method blanks, standard blanks, and solvent blanks.

4.6.4.1. Glassware and Glassware-Standard Blanks

For a glassware blank run, the entire method used to test a sample for aqueous
phase concentration was carried out, however no sample matrix, or contaminated soil, is
added. This means that any detectable PAH compounds which are found come from
either PAHs in the solvent or PAHSs on the glassware. The possibility of solvent
contamination is very low (see section 4.6.4.4), therefore, the main source of PAH

contamination is from the glassware itself.
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Three glassware blanks were conducted. The information from glassware blanks
does not give an indication of how much PAHs exist on the glassware, but it indicates
whether or not PAHs are present as residue on the glassware. For the three samples run,
there were certain PAHs present in all cases. Deuterated chrysene was present in one
sample, but the peak area found was only 0.6% of the size of the average peak detected
for PAH aqueous phase quantitation. Therefore, it was felt this level of contamination
was negligible.

A glassware-standard blank run involves running through the entire method used
to test a sample for aqueous phase concentration, again adding no contaminated soil.
However, the standards are added for this case to quantitate any PAH residue found on
the glassware.

A total of sixteen glassware-standard blanks were run. Of these, four showed no
PAH contaraination from the glassware. Of the remaining 12, the peak size abundance
data is listed in Table 4.17. From this data, it is clear that one sample (sample 3 in Set 1)
was the worst case. The peak abundance for the glassware contamination was compared
to that for an actual sample (with the contaminated soil added) to obtain an estimate of the
fraction of PAHs due to the contaminated glassware. When data from Sample 3 is
included in the average value for all the blank samples, the percentage of contamination is
fairly high, reaching 6.5% for acenaphthalene and 7.6% chrysene. When the data for
Sample 3 is not included in the averages, the percent contamination is less. No
contamination for naphthalene exists, and only chrysene and benz(a)anthracene are above
5% contamination. This means that the level of contamination is generally acceptable
(under 5%).

When the data from Sample 3 only is used as a worst-case scenario, the percent
contamination in that sample is excessive and unacceptable. The average level for Sample
3 was 20% contamination. One possible explanation for the excessive contamination in
this sample is that there were other users of the GC/MS system who used the GC
intermittently with samples run for this thesis. Some of the compounds these users were
quantitating were heavy hydrocarbons, which have a high affinity for residing in the GC

column and require very high temperatures in order to be driven out of the GC column.
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Also, the injection septum of the GC became very dirty and contaminated after only one
injection of the other samples due to their high affinity for the plastic injection septum and
injection port liner. For five of the glassware-standard blanks, two injections were made.
One was before cleaning the injection septum and baking the GC column, and one after.
The samples injected after cleaning the septum and baking the cclumn to drive out
contamination in the column generally resulted in a much better sample run. For 3 of the 5
sample runs with two injections, the sample was found to contain no contamination after
the second run, that is, after the GC was cleaned. These same sampies appeared to
contain much vont2niination when run through the GC before it was cleaned.

After this realization was made, every effort was made to ensure the GC was
cleaned before the samples for these experiments were injected. This involved baking the
column at 300°C for several hours, and changing the injection port liner and septum before
a set of GC runs. This ensured a minimum of sample contamination.

As Sample 3 was only one case out of the sixteen, it was felt that the data would
not be adjusted for sample contamination as the average contamination level, discarding

Sample 3, was less than 5% which is acceptable.

4.6.4.2. Soivent Blanks

A solvent blank involves running the solvent through the GC/MS to determine if
there exist any interfering compounds in the solvent. Every time a new batch of solvent is
prepared, a solvent blank was run to ensure the solvent is contaminant free.

A total of 18 solvent blanks were run throughout the duration of the experiments.
Of the 18 runs, only 3 found any PAH contamination. One of these sample was run just
after another user had finished with the GC/MS system. The contamination couid have
been residue in the GC/MS system from that user.

The other two samples which had PAHs had only minute amounts. One had
contamination for phenanthrene, and fluoranthene However, the peaks for these
compounds were approximately 0.07% and 0.3% of the average peak size detected for a

real run for these compounds. The second sample with detectable contamination had a
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peak size of approximately 0.7% of the average peak size detected. Therefore, it is felt
that the level of contamination found in the solvent was a negligible amount that does not

affect the overall values obtained for the data.
4.6.4.3. Standard Blanks

A total of 15 standard blanks were run. This means the standard was placed in a
GC vial, and brought up to volume in the vial with fresh dichloromethane solvent. This
sample was then injected into the GC/MS to quantitate any contamination which may
originate from the standard or solvent added. However, as Section 4.6.4.2. discusses,
contamination in the solvent was negligible. Therefore, any contamination found in
standard blanks originates mainly from the standard.

The data from the standard blanks is found in Table 4.18. Out of the 15 samples, 8
contained acenaphthene contamination, 10 contained phenanthrene contamination, 6
contained fluoranthene and/or pyrene contamination, all contained benz(a)anthracene
and/or chrysene contamination, and 8 contained benzo(a)pyrene contamination.

The average amount of contamination found for acenaphthene, phenanthrene, and
fluoranthene/pyrene was acceptable for averages calculated (below 0.5% for each), and
even for the worst case sample, the average level of contamination was 1% or less. This
represents a negligible level of sample contamination. No adjustment of the data was
required to account for sample contamination from these PAHs.

For benz(a)anthracene and/or chrysene and the b\ »7 3(a)pyrene contamination, the
levels were very high. The percentage level for averages v.as above 10% for both, and for
the worst case sample, the percentage level was above 20%. This represents unacceptable
sample contamination.

As the data screening process showed, the coefficients of variation for these
compounds were too high for them to yield useful statistical data. Also, there is too much

sample contamination for these compounds. These are two reasons why these compounds

were not statistically analyzed.
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4.6.5. Response Factors for the Mass Spectrometer

As discussed in Section 4.6.3. on sample recoveries, response factors were
necessary for the mass spectrometer (MS) used for these experiments. The calculation of
response factors for the sixteen PAHs was similar to the calculation of response factors for
the deuterated anthracene internal standard as described in section 4.6.3. A given mass of
surrogate deuterated PAH standards was placed in a GC vial, and a given mass of PAH
standard mix (containing the sixteen priority PAHs) was added. The vial was then filled
with pure solvent and run through GC/MS analysis. The peak areas of the surrogate
standard were compared to those of the deuterated standard, and response factors were
calculated relating the peak areas according to the ratio of masses used.

The table of calculated response factors (RF’s) is Table. 4.19. Two sets of factors
were calculated, each set containing different mass ratios of the 16 PAH mix to the
surrogate standards. The calculated RF’s vary widely, as indicated by the large standard
deviations for anthracene, benz(a)anihracene, chrysene, indeno(1,2,3-c d)pyrene,
dibenz(a,h)anthracene, and benzo(g,h,i)perylene. The RF values calculated were
compared to the RF values previously calculated by Zemanek (1994). Most of the
compounds which were accepted for statistical analysis had RF’s that corresponded
closely to those previously determined.

The RF’s shown in Table 4.19. were calculated after several experimental runs had
already been quantitated using the previously determined RF’s. Therefore, all the PAH
quantitation calculations were carrried out using the previously determined RF’s. This is
acceptable, as the objective of the experiments was to measure relative changes in aqueous
phase PAH concentrations. If the RF’s are held constant throughout the experiments, any
relative change should not be affected.

The information from the calculation of the new RF’s provides some additional
information. The mass spectrometer response was not linear. The chromatographic peaks
obtained to determine the RF’s were not high quality. Lastly, the GC was not running at
optimal conditions for optimal peak integration, because some chromatographic peaks

were very close to each other and laying over top each other.
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5.0. DISCUSSION

S5.1. Results of Hypothesis Testing

As stated in Section 2.5, the hypotheses which this thesis set out to test are:
(1) the freezing and thawing of a creosote contaminated soil increases the availability of
the creosote to the aqueous phase;
(2) freezing may induce significant movement of PAHs through the soil column tested;
(3) freezing with a high soil moisture content will have a significantly greater effect than
freezing with a low moisture content in terms of causing increased PAH availability
following freezing;

and

(4) a fast freezing rate will be significantly more effective than a slow freezing rate in

terms of causing increased availability of PAHs following freezing.

The factorial analysis examined the factors of freezing rate, moisture content, and
location of contamination, and thus tested the second, third, anu fourth hypotheses. A
one-way ANOVA tested the first hypothesis.

The factorial analysis was conducted beiore the one-way ANOVA to test for
freezing. In the factorial analysis, certain factors were found to be insignificant.
Therefore, when the ANOVA calculations were done, the values of PAH aqueous phase
concentrations were averaged for conditions which were found to be insignificant by the
factorial analysis.

The full results of the factorial calculations are found in Appendix B-1 for clay, and
Appendix B-2 for sand. Summary tables of the results are shown in Table 5.1. for sand,
and in Table 5.2. for clay.

The full results of the one-way ANOVA for the effect of freezing are found in
Appendix C-1 for clay and Appendix C-2 for sand. Summary tables of the results of the
ANOVA are Table 5.3. for sand and Table 5.4. for clay.
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Table 5.1. Significance Level from Factorial
Calculations using F Test (ANOVA)

For Sand Soil
Source of variation

Freezing
PAH Compound Moisture | Location rate
Total PAH's no no no
Naphthalene yes-1% no no
Acenapthene no no no
Fluorene no no no
Phenanthrene no no yes-5%
Fluoranthene yes-5% no no
Pyrene no no no
Benzo(b+k)pyrene no no no

Table 5.2. Significance Level from Factorial
Calculations using F Test (ANOVA)

For Clay Soil
Source of variation
Moisture & | Freezing
PAH Compound Moisture | Location location rate
Total PAH's yes-1% no no no
Acenaphthene yes-1% no no no
Fluorene yes-1% no yes-5% no
Phenanthrene no no no no
Fluoranthene no no no no
Pyrene yes-1% no no no

Note: % value denotes the significance level for the source of variation



Table 5.3. Significare Level for Freezing
Using ANOVA for Sand Soil

Experimental Conditions

Low High Both
PAH Compound moisture | Moisture | moistures
Total PAHs no
Naphthalene no no
Acenapthene no
Fluorene no
Fluoranthene nn no
Pyrene no
Benzo(b+k)pyrene no

Slow Fast

Freezing | Freezing

Phenanthrene no no

Table 5.4. Significance Level of Freezing
Using ANOVA for Clay Soil

Experimental Conditions

Low High Both
PAH Compound | Moisture | Moisture | moistures
Total PAHs no yes-10%
Acenaphthene no yes-5%
Fluorene no yes-5%
Phenanthrene no no
Fluoranthene no
Pyrene no yes-10%

Note: % value denotes significance level for the source of variation

106
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5.1.1. Discussion of the Results of Factorial Analysis

5.1.1. 1. Sand Soil

The results of the factorial calculations for the highly contaminated sand soil
indicate general disagreement with hypothesis 2, 3, and 4.

Location of contamination following freezing was not significant for any PAH
compound analyzed for both the low level of contaminated soil (the clay) and the higher
level of contaminated soil (the sand), indicating disagreement with hypothesis 2.
However, it is important to note that the method of detection for mobilization was limited
in that it only involved measurement of the aqueous phase PAH concentrations. A more
appropriate hypothesis, given the method of testing, is that the location of soil sampling
following freezing, given sampling at the top and bottom of the compacted soil, may show
an effect on the aqueous phase PAH concentrations. This hypothesis was found to be
untrue.

One reason to explain why the hypothesis is untrue is that true unidirectional
freezing was not achieved. In order to freeze the entire sample, a -2°C temperature plate
was placed on top of the compacted soil sample. This plate caused freezing rates at the
top and bottom of the soil to be relatively close to one another, as shown in Figure 3 4.
where the freezing rate at the top of the soil is virtually the same as at the bottom. The
slowest freezing rate occurred in the middle of the sample. As a result, possibly the
middle of the sample should have been tested for aqueous phase PAH concentrations, and
compared to the bottom of the soil sample aqucous phase PAH concentrations. If
exclusion was occurring, it may have pushed solutes to the middle of the sample where the
freezing rate was the slowest.

Another possible explanation for the experimental results not confirming the
hypothesis is that for the conditions evaluated in these experiments, freezing simply does
not induce significant mobilization of PAHSs through the soil. The main mechanism
expected for hydrocarbon mobilization is volatilization or exclusion induced by

unidirectional freezing. For creosote, exclusion was expected to be the main mechanism



108

since volatilization is not a dominant process. Exclusion occurs when water freezes and
pushes out or excludes solutes ahead of the forming ice. However, because such a 1imitéd
amount of PAHs are found in the aqueous phase, such as 1% or less on average
(Zemanek, 1994), it is likely that exclusion and diffusion of the PAHs through the soil is
not a dominant physical process and occurs on a very small, undetectable scale.
Therefore, no detectable difference in PAH aqueous phase concentrations are found
between the top and bottom of the soil samples.

For hypothesis 3, freezing with a high moisture content was found to be significant
for naphthalene at the 1% significance level, significant for fluoranthene to the 5% level,
and insignificant for the other PAHs analyzed. It is important to note that for sandy
(coarse-grained) soils, significant structural reorganization of the soil grains caused by
freezing is not expected to occur (Sego, 1995). However, small changes may occur.

Naphthalene has the highest solubility of the PAHs studied, and therefore, it
follows that freezing coupled with a high moisture content does permit more naphthalene
to dissolve into the aqueous phase. The high moisture content coupled with freezing is
likely causing some soil structural shifting, thus permitting more naphthalene to become
available to the aqueous phase. Because the solubility is relatively high compared to the
other PAHs, the change in naphthalene aqueous phase concentration is detectable. The
magnitude of aqueous concentrations for fluoranthene were fairly high as compared to the
aqueous concentrations for the other PAHSs tested. This is likely the reason why a small
change in aqueous availability caused by freezing with a high soil moisture content was
detectable for fluoranthene, although the level of significance is less than that for
naphthalene.

For the other compounds which do not show freezing with a high moisture content
to be a significant variable, their factorial results disagree with hypothesis 3. The most
likely reason is that not enough structural changes are occurring to permit more
availability of the PAHs to the aqueous phase. Also, other mechanisms may be acting
which reduce the amount of PAHs that dissolve in the aqueous phase. As discussed later

in Section 5.3., the PAHs are not dissolving up to their solubility limits.
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For hypothesis 4 regarding the significance of ireezing rate, only one compound,
phenanthrene, showed freezing rate to be significant. The data in the TOTALS column
for the factorial analysis for phenanthiene (found in Appendix B-2) indicates that the fast
freezing rate permits more phenanthrene to be found in the aqueous phase. However, the
correctness of this result is questionable. If freezing rate is truly a significant effect for
phenanthrene, why is it not significant for other compounds?

The coefficient of variation associated with phenanthrene is approximately 18%.
By looking at the factorial data for phenanthrene, some values appear to be extreme. The
average value for the entire set of data is 14.26. When several extreme values are present,
Chauvigrot’s criteria may permit these extreme values to lie within the acceptance range.
However, the value of 9.02 varies 37% from the mean value, the value 18.86 varies by
32%, and the value 19.12 varies by 34% from the mean value. All other values are within
25% of the mean. The extreme values may be caused by variation in the soil samples or
laboratory error. However, if these values are changed, the factorial results change
significantly. If9.02 is replaced by the average of the other two values for that row of
data, and 18.86 and 19.02 are replaced by the remaining value for that row, the new
results show that no factors are significant (the new calculations are found in Appendix
B-2 following the factorial calculations for phenanthrene) The newly calculated results
agree with the other PAH results in that freezing rate is not not a significant variable for
the highly contaminated sandy soil.

Another possibility for the relative insignificance of freezing rate is that the
freezing rates did not vary enough from sample to sample for a true difference to be seen.
All the freezing rates were relatively close to one another, and it was difficult to control

the freezing rates actually achieved. This is discussed in detail in Section 5.1.1.2.

5.1.1.2. Clay Soil

The factorial results for the clay soil indicate general agreement with hypothesis 3

and disagreement with hypothesis 2 and 4.
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Location of sampling for aqueous phase PAH concentrations was expected to be
significant, however, the results indicate disagreement with this hypothesis. Reasons for
this are the same as for the highly contaminated sandy soil. That is, thc main mechanism
for mobilization is exclusion from the aqueous phase as soil water freezes. However, as
such small PAH concentrations are found in the aqueous phase, detectable differences in
aqueous phase concentration due to exlusion are not observed. Also, the location of
sampling should have been a comparison between the locations with the fastest and
slowest freezing rates.

Moisture content is a significant variable for five of the six PAH compounds
analyzed, fluoranthene being the exceptior.. Moisture content was significant at the 1%
level for the sum total PAHSs, acenaphthene, fluorene, and pyrene, and at the 5% level for
phenanthrene. These results, indicating the significance of moisture content, are expected
since many other researchers found high moisture contents caused maximum structural
reorganizations in clayey materials after freezing (see Section 2.3.1.). Also, similar to the
reasoning for the sand soil, an excess of PAHs in the clay soil is assumed. Therefore, the
PAHs should theoretically dissolve up to their aqueous solubility. When more water is
present, more PAHs should dissolve into the water. The factorial results show agreement
with this, except for fluoranthene.

For pyrene to exhibit significance of moisture content (at 1% significance level)
and nct fluoranthene is difficult to explain. The aqueous solubility for fluoranthene is
approximately twice as high as pyrene. Therefore, if pyrene exhibits change in aqueous
phase concentration when more water is present, fluoranthene should exhibit the same
change. However, this is not the case and a possible explanation for this anomaly is
difficult to postulate.

The coefficient of variation associated with fluoranthene, approximately 16% on
average, is not excessive compared to the variation associated with the other compounds
analyzed. However, there are some questionable data values which may be affecting the
statistical results. For Run 1, the data for fluoranthene for the bottom of the cell contained
a value which was 4.71 p1g/g higher than the mean for that entire data set (for Kun 1,9,

and 17). The data for this particular set had a coefficient of variation of 22%, which is
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high. For Run 10 for the top of the soil sample, an cutlier value was accepted. This value
was 2.27 ug/g higher than the mean for that data set. For Run 10 for the bottom of the
sample, an outlier was accepted which was 1.89 pig/g higher than the mean for that data
set. In the data for Run 5 for the top of the sample, one value in the data set was present
which was 3.70 pg/g lower than the mean value for that data set. Again for Run 5 for the
bottom of the sample, the data contained a value which was 2.99 ng/g lower than the
mean value for that data set. For Run 6, a value was found which was 2.29 ug/g lower
than the mean value for that data set.

When all of these values are deleted and the calculations are re-done, the results
indicate that moisture content is significant at the 10% leve!l. If these data omissions are
not made, the magnitude of the effects for moisture content, freezing rate, the interaction
between moisture content and location, and the interaction between freezing rate and
moisture content, are all approximately the same magnitude (effects = 0.60-0.75). For
tests where the interactions are significant, only those tests on the main effects indicating
significance are meaningful. Insignificant main effects in the presence of significant
interaction may be a result of masking. Masking occurs when a significant interaction
causes the true effects to be undetected in the statistical analysis (Walpole and Myers,
1989, and Box, Hunter, and Hunter, 1978). Because the freezing rate-moisture content
and location-moisture content interaction effects are significant (they vary significantly
from the magnitude of other effects which are close to zero), the true effect of moisture
content may be masked. The data has enough variability that the true effects cannot be
detected.

Freezing rate was not found to be significant for any of the PAHs analyzed. This is
in disagreement with hypothesis 4. However, there is one logical reason why freezing rate
was nrt significant and it is that the freezing rate was not sufficiently varied to have an
effect. For several previous researchers studies, freezing rate was found to be a significant
variable. However, these studies indicate that the magnitude of freezing rates used were
1.5°C per hour (Chamberlain and Gow, 1979); 6.073°C per hour (Chamberlain, 1990);
0.03°C per hour (Konrad, 1989); and 0.02°C per hour (Ayorinde, et al., 1989).
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The average freezing rates used in these experiments for the clay sample varied
considerably from those of previous researchers. As Table 4.3. showed, the slow freezing
rates for the clay varied from 19.8°C per hour to 15°C per hour. For the fast freezing rate,
the rate varied from 15.6°C per hour to 9.24°C per hour. The rates actually used vary
from 6 to 1000 times difference from those other researchers used, by the most extreme
comparisons.

Also, for the bottom of the sample, the average fast freezing rate was slower than
the average slow freezing rate. This was true for the middle and top of the sample as well.
However, this may be due to the rates for Run 2, 10, and 18 being incorrect. The
temperature data for Run 2, 10, and 18 was recorded with an older computer system that
only recorded the data every 2 hours as opposed to the computer system used for the
other samples which recorded temperature information every five minutes. Therefore, the
temperature data points for Runs 2,10, and 18 are not nearly as complete as the other data
sets and are highly questionable. When the data for run 2, 10 and 18 is discarded, the
average freezing rates increase substantially. The fast rates become larger than the slow
freezing rates, which is the desired outcome. However, the fast and slow rates still do not
vary significantly, varying only by a maximum of approximately 25%. With such a low
variation between the fast and slow freezing rates, it is not surprising that freezing rate is
not a significant variable. If the rates varied significantly, perhaps by 10 or 100 times, a
difference may be detectable.

The rates used were limited by the equipment used for freezing. The baths could
be set to any temperature, however, the temperature remained fixed. The temperature
could not be decreased as a function of time automatically. The operator would have to
manually reduce the temperature periodically to achieve slower freezing rates.

The freezing equipment was highly susceptible to environmental conditions as well.
For example, the baths would get colder when the light in the temperature controlled
(4°C) room was turned off. Opening and closing the door of the temperature controlled
room would affect the bath temperatures slightly. Even though the temperature bath was

set to a single temperature, the temperatures still displayed some variability.
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There was a significant interaction effect between moisture and location for
fluorene which theoretically means that for different locations in soil, the magnitude of the
effect of moisture is different. As this interaction effect was not significant for any other
PAH data set, it is unlikely a true significant interaction. It may be the result of variability

in the data sets.

5.1.2. Discussion of the Results of ANOVA Analysis

5.1.2.1. Sand Soil

The results of the ANOVA an: sis for freezing for the sandy soil are located in
Table 5.3. As discussed earlier in Section 5.1., some factors were found to be insignificant
for the factorial analysis. The values for these insignificant factors were grouped rogether
and averaged. For example, location was insignificant by the factorial analysis, therefore,
the top and bottom PAH concentrations for corresponding experimental conditions were
averaged. Also, freezing rate was insignificant so the PAH concentrations for the fast and
slow rates were averaged. These average values were then subsequently used in the
ANOVA calculations for the significance of freezing. Separate ANOVAs were performed
for variables which were found to be significant. For example, moisture content was
significant for naphthalene. Therefore, one ANOVA was performed for the low level of
moisture content and one for the high level.

By examining the results for the highly contaminated sandy soil, freezing was not
found to be a significant variable for any of the PAHs analyzed. This disagrees with
hypothesis 1 as it is stated. However, as discussed earlier, significant structural
reorganization caused by freezing in sandy soils is not expected to occur (Sego, 1995).
When the highly contaminated soil was first obtained, it was anticipatea that it would
contain significant quantities of clay sized particles. However, the grain size analysis
showed it to contain a high portion of sand-sized particles. A suitable clay material with a

high level of contamination could not be found with reasonable access.
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As it was not anticipated that a sandy material would be tested, Hypothesis 1
should be revised for this soil material. Because freezing is not expected to have an effect
on soil structural reorganization in a sand, the hypothesis should be that freezing will have
no effect on aqueous availability of PAHs in a sandy soil. The experimental results agree

with this revised hypothesis.

5.1.2.2. Clay Soil

The results of the ANOVA for clay soil are found in Table 5.4. Because moisture
content was significant for five of the compournds analyzed, the ANOVAs were separated
according to moisture content. The analyses performed for low moisture content
consistently show no change in relative PAH aqueous concentrations following freezing,
but the analyses for the high moisture contents do show a change for four out of five
cases. However, the significance level is only 10% for the total PAHs and for pyrene, and
5% for acenaphthene and fluorene. Freezing does not appear to be a highly significant
variable (1% significance would indicate a high level of significance).

As discussed in Section 2.2., PAHs in contaminated soil reside in several locations.
The primary locations for creosote contamination are 70-95% in the oil phase (Zemanek,
1994), with this contamination being caught between soil particles and in dead-end pore
spaces, in cracks and fissures in rocks, and also pooled on low-permeability lenses in the
soil regime. No estimates could be found or are postulated for the percentage of creosote
which is found between soil particles and in dead-end pores, which are the primary
locations where soil freezing is hypothesized to have an effect.

One explanation for the relative insignificance of freezing is that a fairly low
percentage of creosote is located in the soil where freezing can affect it. Freezing possibly
does not open enough dead end pores or restructure the soil grains sufficiently to cause a
measureable redistribution of PAH contamination. Any changes are non-detectable.

Another consideration for the lack of effect from freezing relates back to research
by Chamberlain and Gow (1979). They found that freezing in silty clay reduced the

volume of particles in pore spaces, and that the particles pulled more tightly together than
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previously (See Figure 2.4.). This may actually cause contaminant to become further
trapped in the particles rather than released. It is possible that this is a dominant
mechanism in some cases, thus canceling out any increased aqueous availability from
freezing. Stepkowska and Skarzynska also found that freezing cycles in clays caused an
increase in aggregate size, which means the soil particles pull tighter and closer together
upon freezing (1989), possibly further trapping contamination.

Another potential reason for the insignificance of freezing is that the freezing
temperatures were not low enough, and freezing of the complete sample did not occur.
This was particularly true for the slow freezing rate, where some of the temperatures in
the soil were in the range of -1.5°C and even slightly higher. Given that creosote
contamination exists in the soil, it is possible that the freezing point of the soil water is
depressed and temperatures well below 0°C are required tc ensure complete freezing of
the soil water. This means that the soil water in some of the samples for the slow freezing
rate may not have been frozen, and ice crystallization never occurred in these samples. Ice
crystallization is the mechanism which is hypothesized to cause the: structural changes in
frozen soils. Ifice crystallization did not occur, no soil structural changes due to freezing
are possible.

One final reason as to why freezing is not a significant variable involves the
treatment of the soil before and after freezing. In order to obtain maximum aqueous phase
concentrations without exceeding solubility, completely saturated soil conditions were
necessary. However, in the batch equilibrium bottles, the soil and water turned into a
slurry and the aggregated scil particles broke down. This likely destroyed any soil
structure which existed, regardless of whether the sample was previously frozen or not.
Therefore, the same aqueous phase PAH concenirations would be found before and after
freezing because any structural changes which assisted to release PAHs were cancelled out
when the soil was equilibrated with an excess of water.

Also, compacting the soil samples which were frozen may have had an effect on
the contamination in the sample. By its very nature, compaction increases the density of a
soil by pressing soil particles tightly together by expelling air from void spaces (Liu and

Evett, 1987). This may subsequently drive contamination further into dead end pore
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spaces and rock fissures, which would increase the difficulty of aqueous accessibility.
However, as was stated above, the soil equilibration procedure may have destroyed any
existing soil structure regardless of what the structure was. Therefore, compaction would
have little end effect on the accessibility of the aqueous phase to PAHs.

There are several explanations as to why freezing did not have a highly significant
effect on the PAH contamination in the clay soil under the conditions studied for this

thesis. However, it is important to note that other conditions may yield differing results.

5.2. Mass Balance Calculations

A true mass balance will not be performed for this experiment. A true mass
balance would include calculations to determine the percentage of PAHs in every possible
phase, including the oil phase, sorbed PAHs, any gaseous phase PAHs (possibly
naphthalene), as well as aqueous phase PAHs. For the mass balance reported here, only
the aqueous phase and the oil phase (Soxhlet extracted) can be accounted for.

Table 5.5. and Table 5.6. show the calculated averages for concentration of PAHs

in the aqueous phase, grouped according to moisture content levels.

5.2.1. Mass Balance for Sand

For the sandy soil, a total of nine Soxhlet extractions and subsequent clean-ups
were done to determine oil phase concentrations of PAHs. The total results of the
Soxhlets are found in Appendix E-1. The results are averaged and presented in summary
in Table 5.5, grouped according to moisture content.

From Table §.5., the total amount of oil phase PAHSs that partitioned into the
aqueous phase was an average value of 0.38% for a low moisture content, and 0.28% for
the high moisture content. These represent small fractions of the total PAHs present. The
aqueous phase obviously does not access much of the PAHs present in the soil. For each
individual PAH, the percentage of that PAH which partitions into the aqueous phase

agrees with aqueous phase solubility theory, in terms of decreasing aqueous solubilities.
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The partitioning into the aqueous phase generally decreases as one looks down the list of
PAHs (which are listed according to decreased solubility and increasing molecular mass).
For the PAHs with higher molecular masses than anthracene, the concentration of the
PAHs in the oil phase vary from one to the next, but the approximate percentage in the
aqueous phase stays relatively constant (approximately 0.20%). A reason for this

phenomena is not clear.

5.2.2. Mass Balance for Clay

For clay, quantitation of oil phase PAHs was performed for each run. This data i3
found in Appendix E-Z. Average concentrations for aqueous phase and oil phase are
reported in Table 5.6.

For the clay, the total proportion of oil phase PAHs that partitioned into the
aqueous phase was 3.7% for a low moisture content and 4.6% for a high moisture
content. However, the mass percentage of this soil which is PAH contamination is only
approximately 1-1.5%. Therefore, 3.7% and 4.6% of that 1-1.5% are proportions of
relatively low PAH contamination. The aqueous phase obviously did not access the bulk

of PAH contamination in this soil.

5.3. Theoretical Aqueous Phase PAH Calculations

A logical study for this thesis research is to compare the PAH aqueous phase
concentrations obtained experimentally to the PAH aqueous phase concentrations one
could predict theoretically. Two methods of comparison are presented. The first is a
comparison of the experimentally-obtained PAH aqueous phase concentrations to the
aqueous sclubilities for a single PAH compound in pure water. The second comparison is
between the obtained PAH aqueous phase concentrations and PAH concentrations
predicted by means of an equation based on Raoult’s Law relating aqueous solubility and
expected aqueous phase concentration. These two comparisons are presented in Sections

53.1.and 5.3.2.
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3.3.1. Pure Water Solubility vs. Actual Aqueous Concentrations

Table 5.7. presents the comparison of pure water PAH solubilities versus the
experimentally obtained aqueous concentrations. In Table 5.7., the single compound,
pure-water aqueous solubilities as found in the literature (Zemanek, 1994; Aldrich
Chemical Co., 1994; and Merck Index, 11th Edition, 1989) for each respective PAH are
listed in the first column. In the next four columns, the g per litre (g of PAH per L of
water) measured according to the procedure described in Section 3.4.1. is reported for
each respective experimental soil moisture condition. This table permits a comparison
which considers the actual experimentally obtained aqueous phase dissolution for each
PAH from bulk oil-phase creosote to the solubility of each individual PAH in pure water
as obtained in the literature.

For the sandy soil, Table 5.7. shows that the PAH concentrations are much lower
than the solubility values for naphthalene to anthracene. This means these PAHs are not
dissolving up to their individual solubility limits. For compounds heavier than anthracene,
the trend is reversed as the obtained PAH concentrations appear to be greater than or
approximately equal to their solubility limits.

Considering each PAH individually suggests that some phenomena is not
permitting the PAHs lighter than fluoranthene to dissolve up to their aqueous solubility
limits. Some possibilities include the water not being in adequate contact with the
creosote. This could arise if large pools of oil phase were present because dissolution only
occurs at the oil-water interface, which may be a limited interface. Also, adsorbed
creosote may not permit full agueous dissolution. Possibly large amounts of oil-phase
creosote could be trapped in fractures and dead-end pores, reducing the amount of
aqueous dissolution that occurs. Unfortunately, freezing the soil does not appear to assist
in accessing this contamination in any significant amount detectable to the aqueous phase.

Also, the single compound aqueous solubilities listed in the first column in Table
5.7. (the literature values) are obtained experimentally by dissolving one single compound
at a time in pure water under carefully controlled laboratory conditions. The aqueous

dissolution studied for this thesis research was dissolution from a complex mixture of over
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Table 5.7. Single PAH Compound Solubility in Pure
Water vs. Actual Aqueous Phase PAH Concentrations

for Sand and Clay
SAND CLAY
Low m.c. {Highm.c. [Low m.c. {High m.c.
Average Aqueous | Aqueous | Aqueous | Aqueous
Aqueous conc. conc. conc. conc.
Solubility* | of PAH | of PAH | of PAH | of PAH
PAH Compound mg/L mg/L mg/L mg/L mg/L
Naphthalene 32.5000 0.2702 | 0.0891 | 0.0042 | 0.0028
Acenaphthalene 3.9300 0.0113 | 0.0107 | 0.0048 | 0.0067
Acenaphthene 3.9300 0.3946 0.4000 0.2168 J.2332
Fluorene 1.9500 0.3319 | 0.3219 | 0.1844 | 0.1991
Phenanthrene 1.0530 0.7593 | 0.6555 | 0.2209 | 0.2556
Anthracene 1.0100 0.1208 | 0.1064 | 0.0086 | 0.0018
Fluoranthene 0.2625 0.5101 | 0.5808 | 0.1152 | 0.1055
Pyrene 0.1450 0.1747 | 0.1636 | 0.0230 | 0.0279
Benz(a)anthracene 0.0120 0.0519 | 0.0373 | 0.0009 | 0.0005
Chrysene 0.0040 0.0491 | 0.0308 | 0.0028 | 0.0022
Benzo(a)pyrene 0.0034 0.0046 0.0026 0.0004 0.0007
Totals 44 .80 2.68 2.40 0.78 0.84

*from Zemanek (1994); Aldrich Chemical Company (1994); Merck Index (1989)
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200 compounds including PAHs and other hydrocarbon: which are present in creosote,
from a natural soil setting.

For the clay soil, all of the PAHs studied exhibit lower dissolved concentrations
than aqueous solubility data predicts. Possible explanations for this phenomena are similar
to those given for the sandy soil, such as limited oil-water interfacial areas and the fact that
the PAHSs studied in the experiments are part of 2 complex mixture of compounds.
Comparing the clay soil to the sand soil, the aqueous PAH levels were much lower for the
clay in general. This is likely because there were much less PAHs available for aqueous
dissolution in the clay than in the sand. The level of total petroleum hydrocarbon
contamination (TPHC) in the clay was approximately 1-1.5% whereas the level of TPHC
in the sand was one order of magnitude higher, 12-15% (as discussed in Section 3.1.).

The results listed in Table 5.7. provide a first approximation for the comparison
between the expected aqueous concentrations and the determined aqueous concentrations.

A more detailed calculation of theoretical concentrations is found in the following section.
5.3.2. Raoult’s Law vs. Actual Aqueous Phase Concentrations

A more rigorous method of calculating theoretical aqueous phase concentrations is
through the use of a derivation of Raoult’s Law for partitioning between an aqueous phase
and an organic liquid (Lee ez.al.,, 1992b), which is:

Co=X,x§
where: C,, = concentration of the chemical in aqueous phase in equilibrium with the
organic phase (moles per litre)

X, = mole iraction of the chemical in the mixture

S;= aqueous solubility of the pure liquid chemical (moles per litre)

The aqueous solubility of a pure liquid chemical is readily available from literature
as shown in the first column of Table 5.7. The mole fraction of the chemical in the

mixture may be derived using a formula relating the mass fraction of each PAH in the
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creosote, the molecular mass of each PAH, and the average molecular mass of creosote.

The equation follows:

CW=MXSIC

MWpan

where: C,, = concentration of the chemical in aqueous phase in equilibrium with the
organic phase (moles per litre)
M¢.= mass fraction of each PAH of the creosote (g of creosote per g of soil)
MW.= average molecular mass of creosoie (g per mole of creosote)
MW, = molecular mass of PAH compound (g per mole of PAH)

Si= supercooled liquid solubility for each PAH (moles per litre)

By multiplying the C, value by the molecular mass of the PAH compound of
interest (expressed as g per mole), the final concentration value obtained is expressed as g
per L. Multiplying this value by 1000 produces units of mg/L, which are directly
comparable to the values from Table 5.7. The final results of the calculation are shown in
Table 5.8., along with the values of the experimentally obtained PAH aqueous phase
concentrations for comparison purposes.

The mass fraction of each PAH in the creosote is the Soxhlet extractable PAH
concentrations, expressed in g/g. The average molecular mass of creosote used is
420 g per mole. This value was estimated from the simulated distillation analysis of
creosote taken from the site. The median atmospheric equivalent boiling point for the
main fractions of creosote were related to the equivalent alkane (Cso) to estimate an
equivalent molecular mass of approximately 420 (Pollard et.al., 1993; and Pollard et.al.,
1994). The supercooled liquid solubility in moles per litre for each PAH is calculated by
taking the antilog of values found in the last column of Table I in Lee et.al. (1992b).

By making a direct comparison between the actual concentration values obtained
experimentally, it is obvious that only the aqueous phase concentration for naphthalene for
clay compares reasonably well to Raoult’s approximation. For all the other values, the

experimental aqueous phase concentration values are all significantly higher than Raoult’s
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law predicts. Most values are higher by an order of magnitude or more. Raoult’s
predicted values are also much lower than the average aqueous solubility values.

Possible reasons for these discrepancies are that values used in the adapted
Raoult’s equation may be incorrect. The average molecular mass for creosote is an
approximation. The mass fraction values of the PAHs are limited by the efficiency of the
Soxhlet extraction procedure, and measure only the oil-phase PAH concentrations. Also,
when measuring aqueous dissolution from an actual field-collected soil sample, there are
many external uncontrollable ractors which may limit dissolution, such as partitioning to
other more favorable phases such as the oil- and soil-phases, rather than the aqueous
phase. Also, there is poor accessibility of the water phase to the contaminant due to pools
of contamination and trapped contamination. It is expected that the experimentally

obtained PAH aqueous concentrations would not match exactly theoretically derived

concentrations.
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6.0. CONCLUSIONS

Conclusions 1 to 4 address the results of the hypothesis testing. It is important to

note that these conclusions are only valid for the conditions used for the experiments in

this thesis.

1. Freezing and thawing of the sandy highly creosote-contaminated soil did not increase
the aqueous phase concentrations of the 16 Priority PAHs. This is likely because freezing
does not cause many soil structural changes in a coarse-grained soil.

The freezing and thawing of the clayey low-level creosote contaminated soil did
increase the aqueous phase availability of four PAH compounds when coupled with a high
moisture content, however, the increase in aqueous phase concentrations were not highly
statistically significant (5-10% level of significance). Two of the six PAH compounds
analyzed did not show significant increased PAH aqueous concentrations following
freezing.

One possible explanation for the relatively low significance of freezing is that
previous researchers had found that freezing may actually increase soil aggregation, and
therefore further trap contamination rather than enhance a release. Also, the soil water
may have had a depressed freezing point and therefore ice crystallization did not occur in
every sample. A final reason involves the experimental pretreatments of the soil. This
included compacting the soil, which compressed soil grains closer and may have
potentially £::ther trapped PAH contamination. Also, the batch equilibrium procedure
which was required to maximize PAH aqueous phase concentrations may have destroyed
any previously existing soil structure, therefore causing aqueous phase PAH
concentrations before and after freezing to be very similar.

The significance of the final result, that freezing does not appear to make a
difference to aqueous PAH uvailability, could also be interpreted as a positive finding
because it implies that PAHs 1ocated in creosote contaminated sites will not move away

from the site as a result of freezing and thawing. PAHs located at the site are highly likely
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to remain at the site for a lengthy period of time, due to their low aqueous solubilities and

poor aqueous accessibilities.

2. Freezing the creosote highly contaminated sand and the creosote low-level
contaminated clay did not induce mcbilization of the PAHs in the direction of the
advancing frost front.

Potential reasons for this include true unidirectional freezing was not actually
achieved. Some solutes may have moved to the middle of the sample, and no sampling
was done at this location. Also, there may not have been enough PAHs in the aqueous

phase to be excluded as a result of freezing.

3. A high soil moisture content (in the order of field capacity) coupled with freezing had a
significant effect on increasing aqueous phase PAH concentrations for the clay soil
analyzed following freezing, which was expected. Moisture content was not a significant

variable for the sand soil tested.

4. Freezing rate was not found to be a significant factor for any of the PAH
concentrations studied. However, no real conclusions regarding freezing rate should be
drawn. There was great difficulty in achieving consistent freezing rates, and the different
freezing rates used varied by only approximately 25%. Some of the rates for fast freezing
were actually slower than those for the slow freezing. Therefore, the freezing rate data
obtained in this research is not reliable to draw conclusions regarding the effect of varying

freezing rate on the soil.

5. There are many sources of errors for the measurements included in this thesis. Care
was taken to ensure errors were minimized, however, it is impossible to completely
eliminate error.

The error due to PAH residues on glassware used was approximately 5%, and

varied from sample to sample. Care was required to clean the GC/MS for use before runs
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for these experiments to minimize artifacts arising from contamination arising from other
users of the equipment.

Precision errors varied widely, from 5% up to 129%. These errors in replication
could be due to the non-homogeneous nature of the soil, or other errors previously listed.
Those PAH compounds which exhibited large coefficient of variation for their data sets
(an average over 30%) were not statistically analyzed and no conclusions about the
experimental outcomes were made for these PAHs. However, it should be noted that the
aqueous phase PAH concentration data obtained for this research is indicative of
concentration values obtained on “real” soil samples. “Real” refers to soil samples that
have been taken from an actual contamination site, have been weathered, and have not
been spiked or altered in any way from the field conditions.

Sources of error for aqueous phase PAH concentrations as a percentage of the
total PAHs present includes uncertainty about the accuracy of response factors (RF) used
for the calculation of aqueous phase and oil phase PAH concentrations. However, it is
difficult to assess a magnitude for this source of error. By using the same RF’s
throughout the experiments and by making relative comparisons between PAH

concentrations, the impact of the error due to RF’s was minimized.

6. Water is confirmed as a very poor solvent for the sixteen priority PAHs. The fraction
of PAHs which dissolved into the aqueous phase did not represent a significant fraction of
the total PAHs present, representing approximately 0.30% for the sand and 4.0% for the
clay. Even if freezing increased availability two fold or more, the aqueous phase is not
effective for dissolving PAH compounds as a soluble limit is quickly reached. Dissolution
and degradation of PAHs in the aqueous phase would be a very slow process if no other

efforts are made to enhance the degradation process.

7. Aqueous dissolution of the PAHs up to their solubility limits is not occurring,
according to approximate calculations based on solubility data. There are several factors
which could be causing this, such as potentially low surface areas of oil globules exposed

to water. Also, adsorption and trapped contamination may limit aqueous dissolution.
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8. The results obtained for these samples under the conditions tested indicate that freezing
and thawing soil would not be a useful pretreatment for creosote contaminated soil as a
means of improving aqueous availability of PAHs. Because water is a very poor solvent
for creosote PAHs (creosote is considered a “non-aqueous phase” material because of its
extremely low solubility in water), the amount of PAHs that dissolve in water are very

limited and do not represent a significant fraction of the oil phase PAH concentrations

present.

9. Based on the observations for the conditions tested, freezing and thawing of soils will
not be likely to improve the conditions for degradation of creosote compounds enough to
warrant consideration of this natural process in risk assessments. The overall effect of
freezing on improving creosote availability is not highly significant for clay after one
freezing cycle, and the evidence for sand indicates no effect from one freezing cycle.
Because the magnitude of structural changes caused by freezing are maximized in the first
freezing cycle, freezing would not likely be a significant vanable for the second or any

future freezing cycles applied to the soil.
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7.0. RECOMMENDATIONS

While the results for the conditions of this thesis showed no effects from freezing
and thawing, other experimental conditions may yield different results. Therefore, the
recommendations are broken down into two parts. The first part describes procedures
which could have been done differently for this thesis research, and the second part

describes recommendations for future further studies.

7.1. Recommended Alternate Procedures

One factor which may have biased the results was the type of soil used. Both the
sand and clay used were surface soils, which means they were weathered soils which had
likely undergone natural freeze thaw cycles in the winter. However, the results of the
study may be different if a sub-surface soil was studied, that is, one which had never
undergone a freeze-thaw cycle and was collected from below the active layer.

Another factor is the nature of the batch equilibrium process. In order to ensure
PAH concenirations were below solubility limits, a large excess of water was equilibrated
with the soils, causing the soil and water to turn into a slurry. The tumbling action likely
broke apart any existing soil structure, thereby eliminating any effect from freezing on soil
structure. However, the excess of water was required to ensure maximum solubilization
of PAHs into the aqueous phase. A flow-through-soil column extraction may have yielded
different results from the batch equilibrium extraction.

The frozen and unfrozen soil comparison was biased by the compaction of the
frozen soil, while the unfrozen soil was not compacted. A more appropriate comparison
would involve treating both soils identically, including compacting the unfrozen soil.

Compaction itself, however, may have pushed PAH contamination further into the
soil structure voids, micropores, and fissures, because compaction by its very nature
pushes soil particles closer together and compresses the soil by reducing the size of void
spaces. Alternate methods to ensure uniform density which would not be as harsh on the

soil structure as compaction should have been evaluated.
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The high moisture content samples should have been subjected to standard
procedures for moisture addition, such as permitting the moisture and soil to equilibrate
for a 24 hour time period in a controlled environment. Also, moisture conten  If
should have been determined using the standard methcd because by the method used,
moisture content is based on the varying quantity of moist weight of soil rather than the
constant quantity of oven-dried soil (Liu and Evett, 1984). The standard method versus
the method used would not cause great changes in moisture content, however, standard

procedures should be followed.

7.2. Recommendations for Further Studies

As moisture content was found to be a significant variable for clay, a high moisture
content when freezing soil should be evaluated. Previous research showed significant
structural effects from freezing (as discussed in Section 2.3.2.) when the freezing rate was
very slow, in the order of 0.5 cm of movement of the frost front per day. Therefore,
further examination should be done to determine the effects of freezing soil when the
moisture content is very high and the freezing rate is very slow. This may show increased
availability of the sixteen priority PAHs following freezing. However, given the location
and contamination in the soil and the low aqueous solubilities of the PAHs, it is likely that
increased availability under different experimental conditions may still not be substantial.

Experimentation using a stronger solvent is another possibility for further testing.
As water is such a weak solvent, particularly for heavy hydrocarbons such as the PAHs, a
stronger solvent would not have the same limitations of water solubility. A surfactant, for

example, may dissolve more of the compounds.
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Appendix A-1. Raw Data for Low-Level
Contaminated Clay Soil
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INTRODUCTORY COMMENTS FOR
APPENDIX A-1 and APPENDIX A-2.

The data contained in these appendices are the aqueous phase PAH concentrations for
the 16 Priority PAHSs.

The data are grouped by experimental conditions. These are clearly labeled at the top
cf each page. For example, data for the LOW moisture content and SLOW freezing
rate are grouped together. Data from one sampling location and for one set of
experimental conditions appear all on the same page. Run numbers are for labeling
purposes only, and were assigned arbitrarily.

The location of where the sample was taken from is coded with letters which are clearly
marked near the top of each page.

Samples A, B, and C are always soil samples taken from the unfrozen soil.

Sample D, E, and F are always samples from the top of the frozen soil.

Sample G, H, and I are always samples from the bottom of the frozen soil.

The statistical screening information is found near the right-hand side of each page.
The standard deviation for the row of data and mean are located here, as well as
Chauvignot’s criteria. The LOW and HIGH values written under the heading
“Chauvignot’s range” represent the lowest possible acceptable value, and the highest
possible acceptable value.

For every data set, any values which are enclosed in a shaded box represent values
which fall outside Chauvignot’s range. For these values, a normal probability plot was
drawn to check if the value fell on the normal curve. For the sake of brevity of this
Aprendix, the normal plots are not shown here. However, the results of the normal
plots showed that for every outlying value, the normal curve drawn agreed reasonably
well with the standard normal curve. Therefore, no data was discarded.

Values enclosed in a box represent values which lie just outside Chauvignot’s range,
and are accepted values.

“nd” denotes a non-detectable PAH concentration

The average value of PAH concentration for a run is calculated for the three replicate
analyses for that run. The average value is the value used for the factorial and ANOVA

statistical analyses.
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Appendix A-2. Raw Data for High Level
Contaminated Sand Soil
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Appendix B-1. Factorial Calculations for
Low Level Contaminated Clay Soil
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INTRODUCTORY COMMENTS FOR
APPENDIX B-1 and B-2.

The data contair.J in these appendices are the data i the actorial statistical

caiculations

The data is grouped by PAH compound, and the factcrial analysis for one compound

appears on one page.

The data in the factorial calculations are the average values for the appropriate run.

The units for these values are Lig/g (pg PAHs per gram of dry soil).

The data table for the factorial analysis of variance contairs the significance of each

factor studied.

A plot of rormal probability . the effects was made for total PAHs concentrations and
acensphthene for the ¢'1y soil. Reverse Yates Alg~rithm and the diagnostic check for
norma; distribution of the residuals vvas also done for these two data sets. These
calculanicns and plots tollow the factorial calculations for t":zse FAH data sets. The

norrna! plots and check of residuals are not included for the other PAH data sets.
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Normal Probability Plot of Effects-TOTALS
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Normal Probability Plot for Residuals for
TOTALS data
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Normal Probability Plot for Acenaphthene
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Normal Probability Plot of Residuals for
ACENAPHTHENE
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Appendix B-2. Factorial Calculations for
Highly Contaminated Sand Soil



185

ST 91 $6'$S11 Jouy
ou oro £6'9 I £6'9 2qe
ou 80 66'VE 1 66'vE om
ou v0T 19'Lri I 19°Lpl e
€8=(91°1) 100 ou ey sECle 1 sEeleg ery=o
6v'b=(91'1) S0'0J ou 60 8Tt I 81T qe
oy €50 19°8¢ 1 198¢  uonesoj=q
ou or'o 78'82 i 78’87  msiow-v
Jwedyudiy  ofed g arenbg  wopadijjo  sasenbg uoneLRA
UeO £32132(1 Jouwng 30 J0uno0g
3ausHEA jo siskpEury J0) Jqe L wpuq
SS60ISI  LLPSSL  6ELLLE 698881
SS'LPLT  =MIO)S'S (¢) @ 1)
$TUL 9t S6'SSIT  =touay OrTIir9 =wiep jo sarenbs jo wing
09165  =umg PEIZI  =VIvpjowns |no],
$LO'l €69 ] €69 06'T1 sLLl £E°0€ ¥'981 0%S 6L'€9 $5°89 59y doy [-TTH
SIve 66'PE 1 66'FE 86'8 1:84 8¢zl 0951 6079 LY'ES LOOP Wy doy mo]
096’ 19°L¥1 1 19°L¥1 75°6$ 1L67 88's- 9791 £9°8¢ 0709 08'ty Yy wopoq YWy
LaTL SECIE I SEEIE Lo €L0 £L01- 1ost SE6S LY’y €6k By wopoq Mmof
€851 821z 1 8’17 097 16TH SETHE €651 69°3¥ 991§ 368¢ mofs doy Y8y
LEST 19'8¢ H 19'8¢ ¥ 0E 19'91- 89zIg 4141 ol'sy €CLY 8L6p mofs doy moj
61T (4514 I 1887 0£'92 LO'SS9 VELBL $°9¢€1 99°T¢ 790§ 9TEE mojs wooq Yy
e S€895 18'€82 oLyl LSLs LEGY €L oy mojs woloq Mmo|
smapy bsuesy  u3@ OSWNS (€) @ W SIVIOL  ¢day yday 1day axy uonEso]  Amistoy
. SL)4438d ALVINDIVD OL WHLMODTV SALVA VLVA NOLLVIINIINOD AIEVIUVA

4LV DONIZATYA ANV ‘NOLLVNIAVINOD 40 NOLLVDO'T ‘LNALNOD TANLSION SSASSY OL TVRIOLDVA

YLVA NOLLVIINIINOD SHVd 'TYLOL - ANVS ¥Od VIVd




186

vlg 9l 1208 Jouy
ou . 000 000 ! 000 e
cow L 000 100 1 100 e
ou  © 190 60 ] 607 os
tes=(Unioo)] o8 eer  6LE ! 6LEL  awrg=d
6vv=(91°1) s00Jf - ou 800 1441) l 4] q
o 600 L(zo 1 LT0  uonesol=q
%6698 1 1697 6v'¥8 i ce'vR  aImsou=e
m.:uu.'::mmw. EIl Y] armnbg  wopas{jo  sosnbg uonguzA
uBIp $93.83(] Jo wng Jo unog
BuEpEA Jo sjshpeuy Joj 2qe |, W8]
€156 oL 18€2 0611
ISy =®ors's ©) @ @)  mayw
vIE 9t 170S  =towuy 00'Lby  =wwp Jo samenbs jo wng
06001  =tumg £98  ~wIwpjownsiuo]
100°0- 000 1 000 100- - ¥9°€l- €81 oL0 ¥9'0 6v'0 159} doy Y3y
8¥0'0 100 1 100 is0 1z Wl Ly'sl 06'1 oLs L8'L sy doy ;o)
165°0- 607 I 607 60°L- 91 60°01- 99'l 950 90 90 15y wonoq Y3y
91s'I- 6L€1 1 6LEl 61'81- 660 88'8- 80p1 8b'l Lrs €L 158 wonoq mo|
€020 $T0 1 $T0 & 9092 oLl 108 6Ll 9’1 98'€ mo|s doy By
€10 LTo 1 LTo §sT L681- vLSl or'gl 8y L3S or'L mo|3 doy Mo)
€SLE- 6+'v8 1 6v'v8 £o'st- +O€C 119z (A%] 00°¢ £5°1 65'€ »o[8 wonoq Y3y
e £Tig TIst 00°L1 oi'y 09°¢ Ov'L mojs wonoq Mol
seh3 bsiwW u4a OSMNS () 4] $9) sIvioL  gday Tday 14y ey uoleso]  dsmisioy
SLIAAAT ALVINYIVD OL WHLIHOO IV SALVA V.LVd NOLLVHIN4ONOD ATAVIIVA

VLVA NOLLVYLNIIDNOD ANATVHLHAVN - ANVS 304 VLVd
ALVY ONIZATYA ANV ‘NOLLYNINVLNOD 40 NOLLY2O0T ‘LNALNOD FUNLSION SSASSV OL TVRIO.LOVA



187

§0°0 A" (78] Jouy
ou 100 00°0 I 000 e
ou 900 000 t 000 ®
%5689k 9L Leo i LEO s
£5°8=(91'111004] 2664 6861 160 1 160 dAerYy=23
6v'¥=(91°') S0'04 ou ¥0'0 000 1 000 qe
o~ 1o 100 i 100 uoesoj=q
%668 Li'gp Iz 1 1L amisiow.e
Jueogudig  ajea asenb§  wopaasgjo  sosmnbg uoleurA
uedN s2218a(3 Jowng Jo 2amnog
IUBHEA jo sisA[euy J0] Jqe f wpe(g

891 8 w 14
TP =15)0)'§'g (€) @ ) M)
SO0 9l PL0  =toag SLL =viEp jo sasenbs jo ung
05'¢  =umg 26  =wEpjownsiwmo]
8000 000 1 000 010 €00 65T 590 s10- 610 €0 2] doy Yy
1200 000 1 000 $T°0 sIn- vs'T- %'l 870 9L'0 060 59 doy mo|
LYT O LE0 1 LEO 96T 0ro IR D 8L0 $T0 610 vE0- Iy woyeq ydy
06£°0- 160 1 160 891 $0°0 o1- YA Lo 1o L8°0 59 woioq moj
Lico 000 1 000 0z o £rs- kAl FAN SP0 €10 650 mofs doy Yy
6200 169 1 100 <E0 91z L6'0 (4% 890 LLo L8°0 mofs doy mof
2090 1zt 1 12 6T'L- vTT 6V wi 8¥°0 810 950 mojs wojioq yany
s £6'9 A we 190 A] 98°0 mo|s wioyjoq mo|
oy bsues  uid OSWNS (©) @ W STV10L  gdoy rdoy 1°day ey uonEso]  amysiopy
SLOA449 4LVINDTVI OL WHLIHOY IV SALVA V.LVa NOLLVYINIONOD FIVIHVA

VLVA NOLLVYINAONOD ANTTVHLHI VN AFWHOASNVIL 90T - ANVS 04 VLVd
ALV INIZATYA ANV ‘NOLLVNINVINOD 40 NOLLVIO'1 ‘LNALNOD TUNLSION SSASSV OL TVIRIOLIVA



188

9¢°1 91 oLt Joug
ou $0°0 900 | 900 Qv
ou o0 €90 i 90 o
ou 0600 000 1 000 S
£5'8=(91'D) 10°0J ou 1eT ov'e 1 ob'e Y=o
6r'r=(91'1) S0'0J ou 910 wo i o qe
ou 8¢€°0 50 1 50 uoledoj=q
ou 80 (3! I i Aunjstow-3
ueanudis o amnbg  wopoasy jo  samnbg uonBLBA
uvoN £33133(] Jowng Jo saumog
suvpiwp o sskBuy 0§ Jqu ] meq

8LI9E 68081 SKo6 sy

SYLT  =[MOrS'S (€) @ 1) may)

9¢'1 9l o1 =tonay Ti6Zst  =wiEp jo sarenbs jo wng

p6s  =umg §681 =®I¥p joums w0
6600 90°0 I 900 611 SL e 89 98 3C8 0001 [] doy [
1Z24%0] £9°0 I £9°0 68°€ 90 90 LvT L86 £0'8 €89 15%9j doy moj
6100 000 l 000 xdi L€ €91 1T §T8 $I'8 Iwe 53] wopoq yary
£5L°0 ov'E I ob'¢ £0'6 8Uo Lol 8€T $9°6 L89S €L 15%) wopog Mol
€610 o 1 o €7 e LSl veL vT8 oc'8 €89 mofs doy Wy
Y670 50 1 50 £5°E oLz 98'LY Lz L9L 0oL LoL mojs doy mo)
(24H] H M 1 i LU £b'66 sy T ve'8 sL'8 66°S mojs woyoq Yy

F7068 0r 06 6Tt 1z L06 L99 LES mofs wojoq mof
sy bsuwW  wya OSMNS (£) ¢4 (1) STVIOL  gday rdoy 1day ey uonEOO] WMoy
SLOFA4H ALVINDIVD OL WHLIHOYIV SHLVA VIVA NOLLVUINADINOD ATEVIIVA

VLVA NOLLVILNIIONOD AINFHLHIVNIODYV - ANVS 304 VLVd
ALVE DNIZITYA GNV ‘NOLLVNIIWV.LINOD 40 NOLLVDO'T ‘LNALNOD TUNLSION SSASSY OL TVIIO.LOVA



189

880 91 oret Jouy
ou $00 $0°0 1 ¥0'0 oqu
ou 790 $$°0 1 $$0 o8
ou €0 620 1 670 ow
€5'8=(91'1) 10'0J ou (2% 9¢1 1 €'l Jery=o
v F=(91'1) s0°0J ou v$0 LYo 1 Lo qe
ou 920 €20 1 £2°0 uo1E0}=q
ou 620 9T'0 1 920 unsiow-e
sueayudly oy amnbg  wopoajjo  samnbg  uonELEA
unp ssadaqq Jouwng Jo aunog
uEHEA Jo Fsleuy J0) Aqe ] e

K56 oLzl SE19 890€

0Ll =morss © @ () M)

880 9l orvl  =toury £9'9€01  =wivp jo sanenbs Jo wing

0T  =umg P9SI  =¥IEp jo wns o],
980G $0'0 1 v0'0 €0l 0Tt 8€T 573 9L'9 L s 159 doy =]
€0£'0 $$°0 1 $$°0 €9°¢ Ll 810 861 S6'L 059 LES 159 doy moj
6170 €0 1 620 €92 86T $$°0 961 vL'9 LoL 08's =y woyoq By
9LY'0 9€'l I 9¢'1 s $9°0 90 ¥'6l Ls'L s &9 Yy wopoq mo]
1820 LYo I LYo LEE 9T o 061 899 L99 09's mo|s doy By
v610 €20 i £2°0 €E'T Lo0 v0'6€ '8l €9 L8¢ or'9 mofs doy moj
8070 970 1 920 (&4 9018 SELE L8l 969 689 214 mojs woyoq W@y

1791 SESL 00'8¢ €6l LL Lo9 Lv's mojs wopyoq moj
soapg bswedw  urd DSMINS (£) (£4) [§)) STVIOL  ¢€doy zday 1day Ay uoliedo]  amstopy
S133443 ALVINDYIVD OL WHLIMOOTV SALVA V.LVd NOLLVYINADINOD ATEVIIVA

V.LVA NOLLVIINAINGD AINTIONTA - ANVS HO4 VILVA
ALVY ONIZIFEd ANV ‘NOLLVNIWVINOD 40 NOLLVDOT ‘LNEZLNOD FUNLSION SSASSV OL TVIIOLOVA



190

66 91 L8°6L soug
ou i 600 90 t 950 aqw
o opo 10t 1 10z ou
- poy Lroz 1 Lot ov
£58=001'01003| %sask 79 IRD: i pIlE  omrg=s
svy=(o1'Dsoo)f o - gpo v61 t b6l qu
o gLo 06°€ i 06€  uoneso)=q
T TS $SL 1 §¢L  dmistow=v
Lweoyndis  oqea g asenbg  wopassg;0  samnbg HolBLRA
uBIpy $32433(] jowng  joaonog
2UBHBA Jo SisA[eUY 10) Ijqu ] we(]

cuLsi 95€6S 81967 6981

POLPT =[®I0)S'S © @ (¥ MR

66v 9l L86L  =lonry $T'9Z0§  =¥Iep jo samnbs jo wing

LI'L9  =umg TP =WIvpjowns [vio]
LLTO 9p'0 i 90 e LOS (YR L6ES 6651 [ART 98'81 =] doy ydwy
8LS0 10t 1 10T +6'9 sL'l €9 LSTK v0°91 ocst €T 15%) doy mo|
£€8°1 Lot 1 Lot 007 1< 9Ti- 8TLY 8L 91 118t 6Tl 53y woloq Yy
8LTT v 1 pIIg PELT LEl 10¢- $60p 8Igl 09°11 Livl ey wolioq mo|
8950 v6'1 1 v6'1 89 €Ll ¥5°96 LO6E $rpl 6Trl £9°01 mo|s doy Yy
L080 06t 1 06€ 896 Ly €288 £Cor €6T1 otct otvl mols doy Moy
wl SSL 1 $S°L €l LLF8I ob'6L I5Le oc vl 60kl 06 mo[s woloq ydy

0TI Er LSt €0°8L o $TS1 06'€l LETL mojs woyoq Mo
sppg3 bguey @ OSHNS (©) (¢4] ) SIVIOL  gday rday 1day ey uonedO]  Amsiow
SLOA443 ALVINDTVD OL WHLINOOTV SHLVA VLVA NOILLVHINEINOD ATAVINVA

VLVA NOLLVILINIINOD AINTUHINVNAHI - ANVS ¥Od VLVd
ALVH ONIZATIA ANV ‘NOLLYNINVINOD 40 NOILVDOT ‘INALNOD FUNLSION SSASSV OL 'TVIIOLOVY



191

100 9l 600 Jouy
ou ¥00 000 | 000 xqe
ou 61°0 000 i 000 o®
ou St'E 00 i w00 »
£6°8=(91'1) 100} %56-594 90°¢ €00 i £0°0 dery=s
6+'v=(91'1) 500 ou vEo0 000 1 000 qe
ou 690 000 i 000 uoneso]=q
ou 80 000 1 000 Jlnjsiow-w
Jueayn@dis  opesy arenbg  wopassgjo  semnbg uoleLIRA
ueapy sx13a Joumg Jo sainog
UBHEA Jo sEh[Euy J0) Aqe ] wieQ

09L 08¢ 061 S6
(441] =®ors's ©) @ a) YD
100 9[ 600  =touy vL1€  =uep Jo sarenbs jo uing
900  -umg §¢Z  =®iEpjouwnseo]
9000 000 l 000 L00 v10 0 9L'e ozl 8T'1 8Tl =27] doj By
€100 000 1 000 910 LOO 810 Py e 1zl 81’1 $0'1 L] doy moj
9500 700 1 200 190 €20 $0°0 8s€ T 9’1 601 I5ej wopoq 18y
8900 £0°0 i €00 180 L00 o ove 811 901 (18! 159 wojoq moj
L100 000 1 000 120 050 oTL £EE sUl 9I' €0l mo[s doy Y3y
$20'0 000 i 000 0£0 Lo L69 8¢ i AN| 91l mo[s do) moj
L7100 000 1 00'0 £€°0 JANY| w9 9Z'¢ 9l Stt 96'0 mojs wojjoq Yy
¥4 9f'€1 $9'9 8¢'¢ 8l pLl 901 mojs woyoq moj
Py bguew @ OSWINS (3] @ 40] SIVIOL  gdoy rdoy 1doy sy UolRd0]  asnisiopy
SLOA444 ALVINYIV) OL WHLINOY TV STLVA V.LVd NOLLVHINZINOD ATAVIHVA

VLVA NOILVILINAIDNOD ANTUHHINVNAHI AIWNHOASN VUL D01 -dNVS 404 VLVd
ALVY ONIZAZYA ANV ‘NOLLVNIAV.LNOD 40 NOLLVDOT ‘LNALNOD TUNLSION SSASSV O.L TVIRIOLOVA



192

8b'¢ 91 £9°5s Joury
ou 800 LTo 1 (o e
ou 90 81 t 851 »
ou 6Lt v8t 1 v8t ®
£5'8-(91'1) 100 ou e 801 | 801 AREr Y=
6v'v=(91'1) 5004 ou tzo 180 i ‘180 qe
ou €00 010 { ol uoneao]. q
ou to'l oL9 I oL9 amjsiow - v
Jueayudis s ) aenbg  wopaarg jo  sasenbg uotjeirea
ueap saafda(] Jowng Jo 231nog
duepieA Jo SsAEuy 20) qe ] wje(]
pLILIL L8S8S r6761 Lrorl
9L08  =mOrs'§ (€) @ m mIY)
8v'e 9l £9°S§  =toury 88'Lt6p -®iEp Jo sarenbs jo wing
st =umg pIPE  —EIEp Jowns juio],
zizo LT0 ] Lo $$°T £6 0- ob's L6'LY 661 @ 6651 158) doy yauy
$is0 8¢Sl i 851 919 8ve- €9 LSy $0'91 N9 € 159 doy moj
8680 214 l v8'b 8L ol 1€ 971~ 8T'LY 8,91 sl 6€'Tl 1% woyoq yay
el 801 1 7801 9 SBE- we $60v 81§l 0911 Livt 159 wopoq moj
L9¢ 0 180 ! 1870 1w YA bS$ 06 LO6E Syl 6wl £9°01 mo(s doy yaiy
6210 olo 1 oo $S1- 960 £2'88 ceoy £6'Tl oI'tl oyl mofs doy moj
Lso'l oL9 1 oL9 69Tl LL8BLL op 6L vLCY otvl 61'%l e mojs wonoq yary
P IFE 99791 97'¢8 5oy sTSl 06°¢l e mo[s woyoq #mo|
spaiy  cbgued  u4a OSWNS ©) @ w SIVI0L  gdoy rday 1doy ey uonese]  AnsIoN
SLIYAAST ALVHLY TV OL WHLIMO TV S41VA VLVA NOLLVHINIINOD 419VIIVA
A3WVIIYN o)

VLVA NOLLVHLNIDONOD ANFUHLNVNIHL - ANVS HOd VLvd
ALV ONIZATY ANV ‘NOLLVNINV.LNOD 40 NOILVIOOT ‘ANALNOD FUNLSION SSASSV OL TVIHOLDVA



193

(A 91 £0'661 Jouy
900 6L0 | 6L°0 qe
890 8+'8 { 8¢'8 o
9¢°1 6£°61 1 6£°61 *x
£5°8=(91'1} 10°03] " 197 0$'Z€ I 11974 aMwrY=0
6vH=(91'1) s0°0] 860 8I'L 1 8l'L qu
S0 8’1 I 81 uojed0|=q
$6e 0N TTS 169 1 16¥9 snisiow=v
Jusayudiy oo amnbg  wopadsjjo  samnbg uoneLRA
RN $22183( Jowng Jo aunog
UVHEA jo sjsApEuy J0j Aqu L Big

8PELY PLIEE LERSL 818
€IPEE  =~®IorS's © @ M
4xA 9l £0°661 =touy 81°S00€  =¥1Ep Jo sarenbs jo wing

0Isel =umg T€ST  =wIep Jo wns (w0,
€9€0 6L0 1 6L0 SEY vL'8 €9'61 oLy oyt $0's1 €10 59 doy ydy
681°I 8r'g I 88 Lvl 6€p 6801 6L ¥s€l 086 9% v) do) moj
86L'1 6t61 1 6t6l LS1T 9p°01 L99 0'8¢ &svl £Trl s1'6 15v) woloq Yy
8IET 0$°Z€ 1 0$°ZE £6'L 18°¢ 87T et 1621 LL9 ore 59 wopoq moj
¥60'1 8I'L 1 8I'L £1°€l [AY1) {X72 $°0€ stol 6Tl LoL mo[s do) ydy
¥$S°0 #81 I ¥8'1 $9°9 $6'8 $0'S9 6€T '8 L e mo[s doy mo|
682°¢ 16'v9 1 16'v9 LY6€E 950yl 1ys £0¢ el 60zl 8L'S mojs wojoq Y3y

61€5C €911 TT'8s 08T or'yl Lv's or's mofs wonoq mo}
sp3 bsuwoy  uga  DSWNS ) @ a STVIOL gdoy Tday 1day Yy uoneso]  aumisiop
S10A443 ALVINYIVD O1L WHAIHOTV SALVA Y1Va NOILLVYINIINOD FIGVIIVA

VLVA NOILVHINIDNOD AINTFHLNVIONTA - GNVS MO04d VLVA
FLVY ONIZATHA ANV ‘NOLLVNIIVINOD 40 NOLLVDOT ‘LNALNOD TUNLSICI SSASSY OL TVYRIOL)VA



194

£00 9i 1o Jouy
ou SO0 000 i 000 aqe
ou 810 000 1 000 o
oy 811 €00 l €00 w
£5'8-(91°'1) 100 ou Il v0'0 1 $0'0 Aury=s3
6vv=(91'1) 50°0.J ou LED 100 1 100 qe
ou L00 000 1 000 uolE20]=q
2556594 €'y o 1 (4¥0) ansiow-¥
Jweoynudiy  ojea g arenbg  wopaasgjo  sasenbg uoneLRA
ueapy §22.13a(] Jouwng Jo saunog
UBHEA JO SiFA[BUY 10 I|gE ] B)E(
SLS 887 1 u
190 =[®10)'§'S () (t4] 49 mRY)
€00 9l o =tousy LEYT  -wiep jo samnbs jo wing
170 =umg 6§  =VIEp Jowns [ejo],
v100 000 1 000 Lo €0 6L0 LS'E 601 811 oft Ise) doy ydiy
8200 000 H 000 $E0 S0 LYo 6L £l 660 990 %) doy mo|
1L0°0 €00 1 £0°0 $8°0 Lo 870 8T¢ 9l cIl 960 1% . wonoq ydy
$80°0 v00 l $0'0 701 900 €10 187 i £8°0 L80 15} wolioq mo}
6£0°0 100 1 100 Lro 9Tl 9’9 86T 101} (A4 $8°0 Mmojs day yay
L100 000 1 000 120 1o 609 oLt €60 880 68°0 mofs doy mo|
6t10 zio i T1o 991 %A 89°¢ +6'T ol 80'1 Lo mo[s wonoq Y3y
8CEC AN SLS 187 sIl £6'0 £L°0 mo[s wonoq moj
sl bsuesw  14g  DSMNS (©) 4] (1 SIVIOL  gday zday 1day ey uolieso]  AMSIOW
SLOAJ4RA ALVINYIVO OL WRLIHOD' IV S1LVA VLVA NOLLVHINAINOD ATAVINVA

VLVA NOILVILNIDNOD GNFHLNVIONTA GFIAYOASN VYL 50T - ANVS 304 VLVA
ALVH ONIZITHA ANV ‘NOLLVNINV.LNOD 40 NOLLVIOT ‘LNILNOD FUNLSION SSASSV OL TVRIOLDVA



195

9°1 9l 86'vT sourg
e g00 s0'0 1 00 aqe
Shoki o gpp sT0 1 $20 o8
Il 127 1 F44 ow
£5'8=091'D) 10°0J{: £l'e 88V 1 83¥ AwryY=>
6v¥=(91'1) 5003 : 810 870 1 . 820 qe
000 000 I 000 uonwI0|=q
: 100 700 1 00  umisiow-s
t:.uuc_.&_m‘ o83y amnbs  wopxigjo  semnbg uoneLIRA
v sn@aqg Jowng Jo nunog
UBHEA JO SRAEUY J0j QUL MuQ

$599 8Ic€ ¥991 4]
997 =mioyss © @ n  mayp
9’1 91 86P7  miouLy LTTIOE  =vIsp Jo samnbs jo wing

69°L,  =umg $08  =%I¥p jo wins (w0,
8800 $0'0 I $0°0 90'1- LLo 6ET 68°Z1 PrE 18 oy =T doy yany
£02°0 $T0 1 $T0 T €8’ 91 osol oLs €€ LS’y %) doy moj
L0950 127 1 Iz 8TL sIl wo £6'11 £l vy 9T¢ L) wonq Yy
7060 88’y 1 88'p 7801 6T1- $$T 1€01 19§ LT €& %) wonoq mo|
LIz 80 1 820 097 100 6£'€L 708 097 61'€ € mofs doy By
z100- 000 1 000 vi0 LTE- A4 vL'8 00°€ L0E L9z Mmojs doy mo|
7900 200 1 200 vL'O £9°sp 9L'91 sLL 90°¢ £8'T 98’1 mojs wojjoq Wy

o8 18°¥€ s0'81 0£°01 ors €°'e LLl mo[s wonoq mo|
T bSumW  uyd  DSWNS (€) €] (1) STVIOL  gdoy Tday 1°day Ay uoljeae]  Anisiopy
SLOAAAT ALVINYTIVO OL WHLINODTV SHLVA YLVad NOLLVYINIONOD A1GVINVA

VLVA NCILVILNADNOD AINTIAL - ANVS 404 VLVA
4LVH ONIZITYA ANV ‘NOILLVYNINVLNOD 40 NOILLVIOT ‘LNLINOD THALSION SSASSV OL TVIIOLDVA



196

1o 91 L'l soug
ou 200 100 | 100 aqe
o 950 900 I 900 oe
Cuou 89°€ o0 1 or'0 o8
£6°8=(91°1) 1003} om €97 620 1 620 derg=a
v r=(91'1) s003] - ou 9€'0 ¥0'0 1 y00 qe
" oow 100 000 ! 000  uouesol=q
o g Lo 1 LI0  osmistow=g
oueoddis ojeaj amnbg  wopxsgjo  sosmenbg UOlRLIBA
uvapy 508 Jouwng Jo 2unog
UBEA Jo siskjeuy 10} Iqu L, B1EQ

ore oLt S8 w

wy =®0)§'s () (¢4 ) MY

10 91 SLU wmioug 1661  =wiep jo sarenbs jo wing

(60  =umg gL1  =wvpjowns o],
8£0°0 100 1 100 ) ) €9'1 $'€ 060 oc'l vE'l =] doy Y3y
1010 90°0 1 900 1z 920 260 61 1z 050 oz o ) doy mo|
6520 oro 1 orn) e 690 sto ¥4 sIl SOl $9°0 e woyoq iy
61720 620 1 629 €97 w50 1v°0- €l SUl LED oro 13 wooq mo|
1800 #0'0 [ $0°0 L60 194 {4 Lt 90 690 8€0 mojs doy Yy
¥10°0 000 1 000 Lo 90 LT 81 L90 090 LSO mo[s doy mo|
9910 Lo 1 Lo 66'1 170t £€$e 8l 080 £L°0 60 mojs wonoq Yy

61 8L So¥ A g €l 080 0t Mmo[s wopoq moy
skagg  bsuwaw  uyg  DSWNS ©) @ w STVivlL  gday zday 1d>y UL | UolEXO]  AsmisioNy
SLOA44A ALVINDTVD OL WHLIHOYIV SHLVA VLVA NOLLVHINADNOD AT1AVIIVA

VLVA NOILLVILNIINOD AINTHAL(I+9)0OZNAL - ANVS HOd VLVAd
ALV ONIZITIA ANV ‘NOILVNIAVINOD 40 NOLLVDO'T ‘LNALNOD TUNLSIOIN SSASSV OL TVIHOLOVH



197

Appendix C-1. ANOVA Calcuiations for
Freezing for Low Level Contaminated Clay Soil
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INTRODUCTORY COMMENTS FOR
APPENDIX C-1 and C-2.

o The data contained in these appendices are the analysis of variance (ANOVA)

calculations to test the significance of freezing.

e The data is grouped according to PAH compound.

» For cases where variables were found to be insignificant, data were averaged. For
example, location of contamination and moisture content were both found to be
insignificant variables for naphthalene for sand. Therefore, data for the frozen samples
taken from the top of the soil and from the bottom were averaged, data for the frozen
soil for the low and high ievel of moisture content were averaged, and data for the slow
and fast freezing rates were averaged. These averages appear in the “frozen avg.” data

row(s) in the ANOVA calculation tables.

o For cases where moisture content was significant, separate ANOVAs were calculated
for the low and high level of moisture content. Again, though, the data from different

locations were averaged because location was found to be insignificant for each PAH

analyzed.

e The “Sums” column includes the sum of the “unfrozen” data and the “frozen” data.

e The calculated F value is compared to the tabulated F values to determine the level of

significance of freezing.
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Appendix C-2. ANOVA Calculations for
Freezing for Highly Contaminated Sand Soil
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Appendix D-1. Raw Data for Grain Size
Soil Analysis Test



\sz'r

AND

Sioted ol Dec 16 9N Lok w Ay em LAt
UNIVERSITY of ALBERTA  [SRaECI-L S i
DEP'T. of CIVIL ENGINEERING ISAMPLE € ¢iiacked caif
SOIL MECHANICS LABORATORY LOCATION
: OLE DEPTH
Total Dry Weight [Sieve [Size of Opening | Weight otal_Wt ercqnt Finer Thon
of Sample_320.523_| No. inches | Mm. R'h?'at‘nda. I"‘"Egﬁ? '""%" é' a'&p{oig
Initial Dry Weight
Retained No.4
Tare No.
Wt Dry + Tars —
Tare 3/4 19-10 ?
Wt. Dry 8 952 320.55 100 °/o
4 185 476 7.39 2)3.22 97.7°/
Passin 4
Initial Dry Waeight
Possing No- 4 10 ‘079 | 2:000] 2¢.0a 287 20 23..°
Tare No- 20 + 0331 ‘840] 34.s53 202.L7 43 2%
Wt Ory+ Tare 40 ~01€5] <420 385.47 7 20 KPAIA
Tare 60 *0097| 250 50.40 e 20 20.9°/,
Vit-Dry | 100 | -0059]| -149] 27 3% 39 42 /2.3,
200 0029 Q741 146.49 23.94 7.2°/,
“Rerting—i—N—; .045] S.4o 7.54 5.5°,
Description of Sample ‘Mlﬂ":;t of Preparation Pevic-mas 2 vt 500
M #3085 Theo dniss jen 3 logion AOnY (v
{ M-/) y
Remorks Lo ree Qe srmin !n
L‘&Q‘ 5;‘“‘"- o b J’\A%’uu}—' - ¢
Time of Sieving —aduth do 2isac) d
e = :
Gravel Sizes 5 Sand_Sizes 1S
v .= il N . Seve iz
| » i % £ 54 4, * *s0 %60 %00 *
. // // Di *— —mm |~
80 7 7 D60 e |
70 -
c / |
(- ]
2 7 1
a A — 7 ] =
~ ]
2% / 7 y
\ 7 ) 4
= 2 / )4
830 \ // ) //
o V.
10
%00 ] | I ~ 0l
Grain Size-Mm. Note: M-I'T- Grain Size Scals
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UNIVERSITY of ALBERTA m’
DEP'T. of CIVIL ENGINEERING [SAMPLE " ccean™ soic

SOIL MECHANICS  LABORATORY [LOCATION
OLE DEPTH
Tota! Dry Weight [Sieve [Size of Opening | Weight otal_WL | Perc % Finer Than
of Sample_327.24_| No. [Tnches| Mm. RJJ%. . I'""JE‘L" iner Yhon é%%lip o’
Initial Dry Weight
Retoined No.4
Tare No.
Wt Dry + Tove —
Tare A 19-10 257,84
Wt. Dry 8 9-8
4 <185 476 -&-
Passin 4 5-

Initiol Dry Weight a. s
Possing No- 4 10 _1 079 | 2-000] 97 4/ 310.43 86.8
Tare No- 20 <0331 ‘840| 7:.=: 235. 9} 65.9
Wt Ory+ Tare 40 0165] - 73. 26 157.¢5 44.1
Tare €60 | -0097] -250] 49.p¢ 108 57 30.3
Wt Dry 100 10089 -1 2s5.39 73 8 29 5

200 Q029! -O74] 50.93 22.25 6.2

Possing | 280 1~ . 045 . 19 .06 31 %,
Description of Sample Miof;hod of Preparation _.nggs
ROMOVkS_QU-w ENVA I AR | 42«\

Time of Sieving .

Grovel Sizes _ . Sand Sizes i

NIFIFT IR S AL UL WP W v
Z )
4 ’ //
) /
J '_—M
€0 // A /L J/ g‘soo,____m N
c '———— ]

70—t / ' [
c ’ 7 // 7 ]/

/
i~ 60 / [l // /
£50 7 / 7 ~
= / / Z
- \ /. /
® N~ // /'
€20 N 4 7

~— N

10
oIEJDO | . I ]

Grain Size-Mm. Note: M-I-T- Grain Size Scale




CLAY

R R R R R R R R R R R R R R R R R R R R R R R R R R SRR R R R R R R R R R R R R R R R R RO LS

% UNIVERSITY OF ALBERTA # PROJECT KS¢.

$ ] SAMPLE : Contaminated - Edsonton D.T.

& DEP'T OF CIVIL ENGINEERINS ] ROLE DEPTH

# t TECH AB DATE  March 13, 1995
L HYDROMETER TEST (R.P.5) ¢

R R R R R R R R R R R R R R P R R R R R R R R R LR R R L R R R LR R R
sHydrometer (151H)4: 11079 ¥ note: Spread Sheet Developed For 1SIH Hydrometer
#Meniscus Corr.Ca.: 0.0005 (--use actual correction

thispersing Agent :Calgon Amount :41 125 ol

#Dispersing Corr, ¢ 0.0039

8.6, of Soil ! 2,66 (K--

#ht. of Dry Soil :  52.3 grass Ph=?

5.6, of Liquid :  1.00

¥

R R R R S R R SR R R L R R R R R R R R

) TINE TINE ELAPSED  TENP 1 FINER DIAMETER AVa TENP VISCOSITY

(hrs:min :sec) TIME c R'h Rh THAN an C poise

YEAR HONTH DAY (00 : 00 : 00) (ain)

i

#1995 3 13 11:37: 0 0.0 -3071.3 0.0 0.0175173

' 13 11:38:30 1.5 28.0 1.0265 1.026! 5.4 14.0 0,0117975

tnote: if month changes 13 11 :39: 0 2.0 28.0 11,0255 1.0251 72.4  0,0269 28,0 0.0083665

tyou aust adjust elapsed 13 11 : 41 : 4.0 7.5 1.0248  1.0242 &8 00193 27,7 0,0084077

ttine. 13 1 :45: 8.0 27,0 1.0230 11,0222 63.4 0.0140 27.2 0.0084923

¢ 13 11:353: 16.0 21,0 1,025 11,0217 61.8 0. 27.0 0,0085357

t 13 12: 9: 32.0 26.5 1,0215 1,0205 40,0072 26.7 0.0085798

t 13 12: 41 64.0 2.0 1.0205 1.0193 34.4 0.0 26.3 0.0086702

t 13 15: 41 : 2440 24.2 1.0172 1.0153 . 25.1 0,0088893

§ 4 8: 0: 1223.0 23.5  1.0100 1.0078 90,0014 23.8 0.0091449

3 14 9:30: $313.0 23.5 1.0100 11,0078 19.5  0.0013 23.5 0.0092197

t 14 11:56: 1459.0 23,5 1.009%  1.0076 18.9  0.0013 23.5 0.0092197

¥ 14 153: 48 : 1691.0 24,0 1.0095 1.0075 18.5  0.0012 23.8 0.0091661

t 15 7:58: 2661.0 2.5 1,0092 1.0070 1.0 0.0009 23.8 0.0091661

210

TENP
ct

0.54
2.60
2.60
2.38
2.16
2.16
1.96
1.75
1.09
0.85
0.85
0.85
1.02
0.85



CLAY ..

R R R R R R R R R R R R R R R R R R R R R R R R R R PR R F R RO NE

& UNIVERSITY OF ALBERTA ) PROJECT : KSc,

- ) SAMPLE Uncontaminated ~ Edmonton D.T.
DEP'T OF CIVIL ENGINEERING ] HOLE DEPTH

& ] TECH AB DATE  March 13, 1995

$ HYDROMETER TEST (R.P.S) ¢

B R S S R R TR M R L R R R R R R R E R R R R R R R E R
tHydroseter (151H)8: 11079  note: Spread Sheet Developed For 1SIH Hydrometer
#Meniscus Corr.Ca,: 0,0005 ¢--use actual correction

#Dispersing Agent :Calgon Anount 41 125 al.

#Dispersing Corr. : 0.0035

#5.6. of Soil : 266 {(--

#it. of Dry Soil :  61.3 grass Ph-"

5.6, of Liquid : .00

#

R R R L R R R O R R R O R R LR R R LR R R R E R R R L RO

& TINE TINE ELAPSED  TEMP 1 FINER DIAMETER AVG TEMP VISCOSITY  TEWP

3 (hrs:min ssec) TIME c R'h Rh THAN 1] 4 poise ct

¢ YEAR NONTH DAY (00 : 00 : 00) (ain)

]

#1995 3 13 12:12: 0 0.0 -2620.3 0.0 0.0175173 0.54

< 13 12:12: 30 0.3 26.0 1.0310 1.0298 13.0 0.0121301 1.75

tnate: if sonth changes 13 12:13: 0 1.0 26,0 1.0305 1.0293 72.6  0.0360 26.0 0.0087165 1,75

#you sust adjust elapsed 13 12 : 14 : 2.9 25.5 1,0295 1.028i St 00239, 25.7 0.0087636 1.56

#iae, 13 12: 86 4.0 25.5  1.0290 1.0276 68.2 0.0185 25.5 0.0088113 1.56

t 13 12: 20 : 8.0 25.0 1.0280 1.0264 83.1  0,0133 25.2 0.0088398 1,37

# 13 12: 28 : 16.0 25.0  1.0270 1.0254 25.0 0.0089090 1,37

& 13 12: 44 32,0 25.0 11,0255 1.0239 58.5  0,0069 25.0 0.0089090 1.37
13 15: 42 2100 24,0 11,0205 1.0185 44 24.5 0.0090097 1.02

¥ 4 8: 2: 1190.0 23.5 11,0170 1.0148 4.9 0.0013 23.8 0.0091661 0.85

3 14 9:30: 1278.0 23.5 1.0165 1.0143 33.6  0.0013 23.5 0,0092197 0.85

t 14 11 :97: 1425.0 2.0 1,0160 1.0140 32,7 0.0012 23.8 0.0091661 1,02

& 14 15:50: 1658.0 24.0 1,015 1.0138 2.2 0.0011 24,0 0.0091132 1.02

& 15 8: 0: 2628.0 23.5 1.0150 1.0128 24. . 0009 23.8 0.0091661 0.85
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Appendix D-2. Grain Size Graphs
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Appendix E-1. Table of Standard Deviations
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INTRODUCTORY COMMENTS FOR
APPENDIX E-1 and E-2.

The data contained in this appendix are the an indication of precision between

experimental runs with the same conditions.

The data is grouped according to experimental conditions, listed at the top of each data
set. Three sets of data are reported, the data for the unfrozen soil, data for the top of
the frozen soil, and data for the bottom of the frozen soil.

“Avgs.” denotes the average aqueous phase PAH concentratior. for those runs listed.

“Std. dev.” is the standard deviation for the data for those runs.

“Percent” is the coefficient of variation, the standard deviation divided by the mean

expressed as a percentage.

“Avg. error” is the average coefficient of variation for all the data for that set of

experimental conditions, for the unfrozen, frozen top and bottom soil samples.



Naphthalene
Acenaphthalene
Acenaphthene

Fluorene
Phenanthrene
Fluoranthene
Pyrene
Benz(a)anthracene
Chrysene
Benzo(b)pyrene
Benzo(k)pyrene
Benzo(a)pyrene

Naphthalene

Acenaphthalene
Acenaphthene

Fluorene
Fluoranthene

Benz(s)anthracene
Chrysene
Benzo(b)pyrene
Benzo(k)pyrene
Benzo(a)pyrene

Naphthalene
Acenaphthalene

Fluorene

Fluoranthene
Benz(2)anthricene

Benzo(b+k)pyrene
Benzo(s)pyrene

CLAY:Moisture content: low, Freezing Rate: slow

Runs 1,9,17-UNFROZEN Runs 1, 9. 17-TOP Runs 1,9, 17-BOTTOM Avg.
Vgs V. Avgs  Siddev. Percent Avgs Siddev. . Peroent “Error
0.37 0.0% £3.6 0.60 0.25 41.5 LI7 033 41.9 35.7
0.58 0.22 387 0.54 0.08 157 0.57 0.11 19.8 247
22,41 2.08 9.1 22.33 2.05 9.2 23.713 341 144 10.9
1890 055 29 18.04 0.99 5.5 19.89 1.85 93 59
23.04 245 106 21.59 1.85 86 23.50 3.16 13.4 10.9
10.98 2.39 217 11.00 1.47 13.4 11.40 253 222 19.1
237 0.39 16.6 2.28 0.15 6.5 246 0.28 114 11.5
0.12 0.18 145.2 0.04 0.05 121.7 0.09 0.09 95.5 120.8
0.26 0.05 19.7 0.32 0.07 224 0.28 0.10 36.9 26.3
0.28 0.16 62.8 031 0.07 229 0.32 0.07 214 357
030 0.11 377 0.29 0.06 209 0.32 0.07 20.2 26.3
.09 0.12 129.2 0.03 0.04 161.6 0.0$ 0.04 833 124.7
CLAY:Moisture content: low, Freezing Rate: fast
Runs 2,10,18-UNFROZEN Runs 2,10,18-TOP Runs 2,10,18-BOTTOM Avg.
Aves  Silddev. . Percent AVe Siddev. . Perceni Aves  oddev.  Perceml . Ermor.
0.45 0.21 46.8 0.41 0.22 53.0 0.49 0.18 370 45.6
0.56 0.23 41.7 0.61 0.08 13.8 0.64 0.06 9.9 218
21.88 1.92 8.3 22.38 1.31 58 22.44 1.59 7.1 72
18.26 1.21 6.6 19.01 1.05 5.5 19.99 0.58 29 5.0
20.62 2.84 13.8 23.84 273 11.5 25.97 2.53 9.7 116
10.85 343 316 9.54 097 10.2 10.11 1.09 10.8 17.5
2.45 0.57 234 2.59 0.25 9.8 297 0.29 9.8 14.3
0.18 0.22 123.2 0.18 0.13 73.5 0.24 0.07 30.5 75.7
0.27 0.11 41.1 0.30 0.11 36.2 0.31 0.03 10.5 29.3
043 023 524 0.41 0.31 76.7 0.46 0.12 25.5 51.5
0.43 0.23 525 0.43 0.31 73.0 0.46 0.12 253 50.3
0.11 0.10 85.5 0.09 0.10 1111 0.12 0.05 41.7 794
SAND:Moisture content: low, Freezing Rate: slow
Runs 3,11,19-UNFROZEN Runs 3,11,19-TOP Runs 3,11,19-BOTTOM Avg.
o dev Average  Percent Stddev  Average Percent Sid.dev  Average Percent Error
1.69 5.66 209 1.16 6.03 19.2 1.44 5.67 254 249
0.07 0.24 29.7 0.05 021 229 0.14 0.17 849 45.8
0.57 792 72 0.88 7.24 12.2 1.88 137 25.6 15.0
0.59 ¢ 62 8.9 0.74 6.13 12.0 1.69 6.43 263 15.7
164 1548 106 1.78 13.44 13.2 1.7§ i3.29 135 125
0.78 261 29.8 0.69 2.04 337 0.94 229 41.2 349
205 10.55 19.5 1.09 '1.96 137 4.4 9.32 47.6 26.9
0.83 3.65 22.8 0.41 2.91 i4.1 1.73 3.43 350.5 29.1
023 1.08 211 0.12 0.79 14.8 033 0.81 40.3 254
0.22 1.07 21.0 0.09 0.79 11.8 0.33 0.74 4.1 25.6
0.29 0.83 35.0 0.09 0.61 15.2 0.37 0.74 49.4 332
0.09 0.32 29.5 0.04 0.22 18.2 0.15 0.28 53.6 33.8
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Naphthalene
Acenaphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benz(a)anthracene
Chrysene
Benzo(b+k)pyrene
Benzo(a)pyrene

Naphthalene
Acenaphthalene
Acenaphthene
Fluorene
Phenanthrene
Fluoranthene
Pyrene
Benz(a)anthracene
Chrysene
Benzo(b)pytene
Benzo(k)pyrene
Benzo(a)pyrene

Naphthajene
Acenaphthalene
Acenaphthene

Fluorene
Phenanthrene
Fluoranthene
Pyrene
Benz(a)anthracene
Chrysene
Benzo(b)pyrene
Benzo(k)pyrene

SAND: Moisture content: low, Freezing Rate: fast
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Runs 4,12,20-UNFROZEN Runs 4,12,20-TOP Runs 4,12,20-BOTTOM Avg.

Stddev Average Percent Stddev Average Percent Stddev Average Percent Error
2.79 5.15 543 2.63 5.16 50.9 2.61 469 55.5 53.6
0.07 021 36.0 0.05 0.23 20.5 0.07 0.20 344 30.3
1.43 7.86 182 1.52 825 18.4 1.34 792 16.9 17.8
1.57 6.65 23.6 1.38 6.60 209 0.94 6.48 14.6 19.7
5.77 14.90 387 2.81 14.19 19.8 1.72 13.65 126 23.7
1.06 222 479 0.65 1.93 336 0.55 1.89 29.4 37.0
5.90 9.85 39.9 4.32 9.31 46.4 3.00 9.02 333 46.5
1.71 3.34 51.2 2.05 3.50 58.5 1.64 3.44 478 52.5
0.64 1.00 63.9 0.57 0.94 60.7 0.42 0.92 45.4 56.6
0.59 0.90 66.1 0.46 0.87 525 0.20 0.76 26.6 484
0.59 0.71 833 0.50 0.64 78.8 0.39 0.64 60.8 74.3
0.16 0.23 69.4 0.12 0.22 54.2 0.19 0.22 46.0 56.5

CLAY: Moisture content: high, Freezing Rate: slow

Runs 5,13,21-UNFROZEN Runs 5,13,21-TOP Runs 5,13,21-BOTTOM Avg.

Std.dev Average Percent Stddev Average Percent Stddev Average Percent Error
0.28 0.34 82.0 0.04 0.26 15.3 0.08 0.32 23.8 40.4
0.05 0.54 9.5 0.08 0.66 12.8 0.10 0.66 14.9 12.4
1.76  22.77 717 1.85 27.26 6.8 1.84 26.46 6.9 7.1
1.31 19.37 6.8 1.87 22.63 82 1.15 21.54 53 6.8
120 25.14 48 3.90 27.70 213 3.86 26.39 14.6 13.6
0.97 11.14 8.7 2.74 11.80 23. 1.90 10.99 17.2 16.4
0.32 261 12.4 0.92 335 27.6 0.89 332 26.7 222
0.02 0.06 41.5 0.02 0.02 137.2 0.04 0.02 210.2 129.7
0.13 0.27 48.0 0.14 0.30 459 0.17 038 46.2 46.7
0.20 0.40 50.5 0.10 0.37 28.1 0.19 0.3 59.6 46.1
0.20 0.40 500 0.15 0.30 51.4 0.13 0.34 374 46.3
0.07 0.06 125.6 nd od od od

CLAY: Molsture content: high, Freezing Rate: fast

Runs 6,14,22-UNFROZEN Runs 6,14,22-TOP Runs 6,14,22-BOTTOM Avg.

Std.dev Average Percent Stddev Average Percent Std.dev Average Percent Error
0.11 0.23 49.0 0.04 0.28 13.7 0.13 032 42.4 35.0
0.17 0.80 213 0.22 0.85 25.7 0.21 0.82 254 24.1
117 23.87 4.9 .77 26.01 6.8 213 24.57 8.7 6.8
095 2046 47 2.40 22.18 10.8 206 20.97 9.8 84
196 2597 7.5 3.10 29.54 10.5 2.63 27.35 9.6 9.2
1.48 9.95 14.9 1.71 11.45 14.9 1.52 10.99 13.8 14.6
0.52 297 17.6 0.83 3.59 23.0 0.70 3.46 20.3 20.3
0.10 0.05 215.6 0.00 0.00 0.0 0.00 0.00 0.0 719
0.11 0.18 64.1 0.16 0.17 98.3 0.07 0.28 24.5 62.3
0.13 0.11 115.5 0.08 032 26.1 0.09 032 284 56.7
0.04 0.23 16.5 0.08 0.31 25.0 0.09 031 29.9 238



Benz(a)anthracene
Chrysenc
Benzo(b+k)pyrene
Benzo(a)pyrene

Naphthalene
Acenaphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene

Benz(a)anthracene
Chrysene
Benzo(b+k)pyrene
Benzo(a)pyrene

SAND: Molsture content: high, Freezing Rate: slow

221

Runs 7,15,23-UNFROZEN Runs 7,15,23-TOP Runs 7,15,23-BOTTOM Avg.

Std.dev Average Percent Std.dev Average Percent Stddev Average Percent Error
1.33 2.86 46.6 1.09 2.67 41.0 092 271 34.0 40.5
0.03 0.20 14.2 0.03 0.19 13.7 0.04 0.20 19.7 15.9
1.01 7.84 129 0.89 1.79 115 1.34 7.73 17.3 13.9
0.94 6.45 14.6 0.71 6.32 11.3 1.08 6.23 174 144
3.55 12.99 27.3 2.19 13.03 16.8 274 12.50 219 220
0.69 1.94 353 0.59 1.86 316 0.67 1.78 378 349
374 1077 347 2.82 10.18 217 337 10.08 334 319
0.86 296 29.2 0.53 267 0.0 0.58 258 0.0 9.7
0.24 0.64 373 0.13 0.48 268 0.14 0.44 310 31.7
0.19 0.55 344 0.18 0.49 359 0.25 0.48 519 40.7
0.25 0.64 387 0.18 0.56 313 0.25 0.60 40.9 36.9
0.06 0.13 443 0.06 0.15 41.2 0.06 0.15 44.4 433

SAND: Moisture content: high, Freezing Rate: fast

Runs 8,16,24-UNFROZEN Runs 8,16,24-TOP Runs 8,16,24-BOTTOM Avg

Std.dev Average Percent Std.dev Average Percent Stddev Average Percent Error
0.38 0.70 53.7 0.10 0.61 16.0 0.09 0.56 16.7 28.8
0.02 0.23 7.6 0.03 0.25 11.4 0.03 023 14.1 11.0
0.47 8.16 5.8 0.85 895 9.4 0.7z 8.04 9.0 8.1
0.42 6.43 6.5 0.67 740 9.1 0.89 6.54 136 9.7
2.01 13.23 15.2 1.72 17.99 9.6 327 15.76 208 15.2
0.97 231 419 1.22 3.03 39.8 0.64 296 216 344
247 12.46 19.8 3.56 15.86 224 3.08 12.66 243 222
0.43 3.58 120 0.75 4.29 0.0 0.82 3.98 0.0 4.0
0.35 0.86 41.1 0.30 1.19 249 0.33 1.24 26.5 308
0.21 0.68 30.2 0.29 0.92 31.0 032 0.78 41.3 342
0.09 0.86 10.5 0.25 1.18 208 0.27 0.95 28.1 19.8
0.06 0.22 25.8 0.18 031 57.6 0.07 0.29 24.2 35.9
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Appendix F-1. Sand Soxhlet Data
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Appendix F-2. Clay Soxhlet Data
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