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ABSTRACT

Maurice, Robert Daniel. M.Sc., The University of Manitoba, May, 1998. The Fate
of "c-~henantbrene Labelled Diesel Fuel #2 In Selected Manitoba Soils. Major
Professor; Dr. David L. Burton.
The release of petroleum hydrocarbons into the environment represents a human
and environmental hazard. The treatment of the hazardous waste fomd in soil in the past

has k e n through the excavation and treatment off-site. The reakation of the costs and
the potentid to contaminate the surrounding environment through this method has
increased interest in situ bioremediation.

In situ bioremediation allows intrinsic or

supplemented microbial populations to degrade hydrocarbons on site with little soil
disruption. In order to understand the potential for bioremediation, environmental factors
such as landscape, soi1 type, texture, water content, organic carbon content, and rnicrobiai
species diversity must be understood in order to optirnize this process. To date, little
research has been done on the effects of soi1 type, landscape and moisture statu on
biorernediation potential. This research deais with the mineralization of phenanthrene in
diesel fuel a) in a swvey of soils, b) dong a Iandscape, and c) under wetting and dryhg
conditions in soiI.

In order to determine the remediation capacity of a range of soils, a survey was
undertaken of 10 sites in the province of Manitoba. Along with uncontaminated soil
samples, soi1 haWig previous contamination of hydrocarbons was aiso examined.

The

mineraîization, volatilization and sorbed or residual I4clabeled phenanthrene in diesel was
monitored in microcosms. Results wlicated naturaiiy occurring microbial species were
able to degrade phenanthrene but there was poor mineralization in the surface and
subsurfàce with the majority of the compound remaining adsorbed in the soii. Prior
hydrocarbon sensitization did wt ensure significant mineralization and factors Other than
texture, organic carbon, and micro bial diversity contnbuted to total miwralization-

Texture, organic carbon and microbial metabolic diversity were poor indicators of the total
mineralized phenanthrene, yet organic carbon and rnicrobial metabolic diversity were good
Uidicators of the rate of mineralization.

The eEect of hdscape on the miwralization of phenanthrene in diesel fuel was
assessed using air flow through systerns in intact soil columns and static microcosrns. The
resuits, d e r 343 days of m o n i t o ~ g ,indicated rnineralization and volatiiization were
minor fates while the majority of the phenanthrene rernained in the soi1 in an adsorbed
state. Transport or water soluble phenanthrene or degradation intermediates was a major
fate with signiscant arnounts moving 50cm down the soil profïie. The same result was
seen in the total extractable hydrocarbon experiment. There appeared to be no effect of
landscape on the mineralization of phenanthrene and subsudàce environments were not
sificant ly different fiom the d a c e , however total extractable hydrocarbons did
decrease slightly fiom the knoil to the depression Static microcosrns had 15 times less
rnineralization than intact soi1 columns with air flow systems, therefore, aeration may be an
important factors in£luencing phenanthrene mineralization.

The mineralization of glucose and phenanthrene under various moisture conditions
was monitored using flow through microcosm systerns. The soil was subjected to wet-dry,

continuousty dry and continuously wet conditions. Wetting and drying of the soi1 did not
signiscantly increase nor detrirnentaily affect the mineralization of glucose or phenanthrene
in the sob investigated. Landscape also had no effect on the rnineraiization of either
phenanthene or glucose. This experiment also calis into question the role of aeration in

the degradation of hydrocarbons because up to 50% of phenanthrene was mineralized,
significantly greater than the passive systems.

FOREWORD

The following thesis was prepared using the manuscript format outlined in the Guide to
Thesis Preparation for Graduate Students in the Department of Soil Science. Al1 of the

manuscripts presented in this thesis (Chapters 3 , 4 and 5) will be submitted for publication
to

refereed jounials. The manuscripts will also include a coauthor. Dr. David L. Burton

who is also the major professor and advisor.

CHAPTER 1
Introduction

The exposure of petroleum hydrocarbons to the environment is a growing concem
due to the detrimentai effects on human health and the environment (Canadian
Environmental Protection Act 1994). The clean up of these spills can be quite costly
depending on the risk and urgency of the accident. The traditional recommendation of
excavation and treatment off site is quite costly to perform and can damage the ecosystern
Intrinsic bioremediation, utilizing undisturbed soil parameters and microorganisms in
degradation, has becorne a commonly accepted approach in the remediation industry due
to the relativeiy inexpensive reclarnation procedure (Widrig and Manning 1995). The
decision to remediate a site via this method relies on the understanding of the properties of
the soil and the microorganjsms cootained there. It is, therefore, important to understand
the physical, chernical and biological properties of the soi1 as they influence the potential
for enhanced bioremediation.
Phenanthrene was chosen as a model compound in order to understand the
properties of hydrocarbons that accumulate in soi1 after a diesel spili.

It is a PAH

(polyaromatic hydrocarbon) with 3 aromatic ~ g s .It has a hi& molecular weight, log

L,
and

potential for adsorption in soil.

It has also k e n shown to cause cancer in

biological ceils (Barfknecht et ai. 1981) Detennining the potential rate of phenanthrene

minemhtion m diesel fuel is an important cornponent in assessing the risk of long-term
environmental impact and allows an evaluation of the suitability of in situ bioremediatioa
The objectives of this study were to detennine the remediation capabilities of mils
found across the province of Manitoba and how parameters influence contaminant
availability and the microbid environment (texture, organic carbon, structure, rnoisture
potential etc.) Wuence this rate. To do t h . a survey of the phenanthrene minerakation
capabilities across a range of soils was underlaken, The survey wül help to determine the
capacity of microbial populations to degrade hydrocarbon constituents and determine the
relationships between mineralization and physical and bioIogical properties of the so il. The
results obtained in this study wiU he$ in assessing the &te of hydrocarbons and risk to the
environment. Soils vasring in texture, organic carbon and clirnate were selected tom
across the province of Manitoba.

The phenanthrene mineralkation potential was

determined for each site. A second study determuied the degradation potential across a
landscape simulated by a severe spiu of diesel fuel (100,000kg d i e s e h to a depth of O1km). This experiment determined the capacity of rnicroorganisms to degrade diesel at

very high concentrations. The information will be useful in

N k assessrnent to detemiine

meas in the landscape supporthg degradation. This audy aIso looked at the effect of

structure comparing intact soi1 coiurnns to microcosms. The effect wet-dry cycles on the
rnineralization of glucose and phenanthrene in diesel fuel was also determined. This study

focused on the properties of water as a regulator of microbial activity. The soils were
subjected to continuously wet, continuously dry and wet-dry cycles to detemine the effect
moisture had on mineralization.

CHAPTER 2
Literature Review

2.1 Introduction

Hydrocarbon contamination of soi1 c m occur via many pathways.

Accidental

release by tankers, storage tanks and transportation of toxic petroleum products can result

in adverse affects on the environment. When contamination occurs, a remediation strategy

must be irnplemented in order to satis@both the reduction in risk to human health and the
environment and cost of clean up. Remediation technologies can include intensive, coaly
techniques such as excavation, soi1 washing, soil flushing, themial desorption or more
extensive in situ remediation which may be less costly. The potential to use in situ
remediation relies on many factors such as pH, temperature, oxygen avaiiability. water
potentials, inorganic nutrients and presence of toxins dong with the presence of microbial
population capable of degradation (Skladany and Mett h g 1993; At las and Cerniglia
1995). Understanding the effects wetting and drying, landscape, organic matter, texture,

and microbial populations will have on degradation wili help in understanding the factors
M i n g the process of in situ bioremediation. The potential for the rernediation of diesel

contaminated sites with diEerent physical and biological influences is the focus of this
study.

2.2 Diesel Fuel Degradation

2.2.1 Composition of Diesel

Diesel fuel is made up of hundreds of dEerent compounds irifluding aliphatic,
polycyclic and aromatic compounds (W~drigand Manning 1995). The composition of
diesel &el varies due to the Merences in source, hctionation crackhg and formulation
(Gillespie et al. 1989). Table 2.1 and Table 2.2 indicate the relative distribution of
hydrocarbons seen in diesel fuel #2, with the first table indicating the number of carbons in
each fraction, while the second table compares individual cornpounds found in different
diesel sources. CIOto

Ci9

diesel fuel #2 (Table 2.1).

parafEns, cycloparatFns and arornatic compounds dominate

Also the source and preparation of diesel is a factor in

determining the types and arnounts of compounds involved (Table 2.2).

Some

hydrocarbon compounds such as phenanthene can be identined in some diesel Wiates
while behg undetectable in others.

To simplljr the description of diesel fuel #2 it is easier to g o u p compounds into nalkanes, monoarornatics, and polynuclear aromatics (McGill et al. 198 1; At ks and Bartha
1993). N-Alkanes can be branched or cyclic and may make up the greatest component in

dieseL Monoarornatics, such as benzene and toluene, and polyarornatics (phenanthene
and naphthdene) can also make up a signifcant component of diesel varying fiom 10-30%
(Block et al. 1991).

Table 2.1 Composition of diesel fuel #2 (Clewell 1981).
Corn ponent

Concentration
(% Volume)
ci0 p
m
0.9
CIO~ y ~ l ~ p a r a f n n s
0.6
C!Oaromatics
0.4
Ci 1 p a r e s
2.3
ci 1 ~yd~paraffuis
1.7
C 1 1 aromatics
1.O
ci2 pmffhS
3.8
C izcycloparanllis
2.8
C 2 aromatics
1.6
ci3 p
e
6.4
Ci3 cycloparafnns
4.8
Ci3 aromatics
2.8
G 4 paraffUlS
8.8
Cl4 cycloparaffins
6.6
Cl4 arornatics
3.8

Compoaen t
ci5 paraffins
Ci5 cycloparafnnç
C 1s aromatics
c l 6 parafhIlS

c 16 CYC~OP-

Cl6aromatics
c17
parafons
Ci7 cycloparafnns
C ,7 aromafics
ci8 parafnns
C1 8 cycloparaffins
Ci8 arornatics
C i 9 parafnns
c l 9 cyc10paratFns
C 9 arornatics

Concentration
(% Volume)
7.4
5.5
3.2
5.8
4.4
2.5
5 -5
4.1
2.4
4.3
3.2
1.8
O. 7
0.6
0.3

Table 2.2 Diesel fuel composition (mglg) fmm PTS (petmleum and shale oil and tar
sands) sources (Millner et al. 1992).
Sample

4801

9101 Philips

DF-2-1Ft.

PTS

Compound

GeoKinetics
Suntech Add.

lot C345

Carson D I 0

Ca
C9

5.8

-

Copmeessed
9523-1990 DF

1.O

-

c25

-

-

-

2.0

Total
Compods

239

255

245

156

c10
8

Cl 1

3-Me-C r
Napthalene
Cl2

2-Me-C 12
2-Me-Nap
ci3

1-Me-Nap
3-Me-C 1 3
Bipheny1

c 14
1,3-DiMe-Nap
1,SDiMe-Nap
1,4-DiMe-Nap
2-Me-C 14
ci5

Fluorene

c

16

cl7

Pristane
Phenanthrene

Clb
Phytane

c19
c20
c 21

2-Me-Phenan
c22
c
2
3
c24

2.2.2 Diesel Fuel Metabolism
ZoBell(1946) characterized the metabolism of hydrocarbons by microorganisms.

His work lead researchers to believe that not on& could organisms be used for industrial
purposes but also for in situ bioremediation (Rainwater et ai. 1993). The idea for in situ

bioremediation did not gain populanty until the mid 1980's when oil spills were examined
for natural attenuation near the coast of Alaska ( A t h and Cemiglia 1995), in particular,
the Exxon Vaidez spiU where in situ remediation was quite successfiil. Petroleum spills

were monitored dong shorelines and over t h e appeared to decrease in concentration.
From these observations there was a rapid growth in the field of microbiai mediated
remediation and now represents a billion or even trillion dollar industry (Rainwater et ai.
1993; Widrïg and Manning 1995).

2.2.3 N-Alkane Degradation
Ln soil, n-alkanes are the most rapidly degraded compounds contained in diesel fuel

and are degraded usuw aerobicdy where oxygen atoms are hcorporated into the
structure of the chemicai (McGiii et ai. 198 1). Increasing chah length and branching
increases the tùne required for degradation.
The enzymes cataiyzing these processes are called monooxygenase and
dioqgease.

In the case of monooxygenase (Figure 2.1), one atom of oxygen is

incorporated into the alkane forming a primary aicohol and water. Dioxygenase (Figure
2.2) incorporates two oxygen atoms into the structure initially fomiing a hydroperoxide.

This molecule is then reduced to fonn an alcohol and water (Atlas and Bartha 1993). In
either case the terminal methyl group is attacked thereby forming an alcohol functionai
group. The prirnary alcohol is then converted to aldehydes and fatty acids where

P-

oxidation can occur (Figure 2.3).

In P-oxidation a fatty acid is converted to an acyl

coenymeA and f?om here cm form acetyl CoA which may now enter the TCA cycle

(McGiu et al. 198 1). The P-oxidation sequence does not require the presence of oxygeh
and therefore can occur under anaerobic conditions (Figure 2.4) allowing the degradation
*out

the presence of oxygen.

R-CH2-CH3+ 0

2

+ NADPH* + R-CHL-CH2-OH+ NADP + HzO

Figure 2.1 Monooxygenase mediated conversion of an alkane mo lecule for-g
alcohol (Atlas and Bartha 1993).

a primary

R-CH2-CHs + O2+ R-CHt-CH2-COOH
R-CH2-CH2-OOH + NADPH2 + R-CH2-CH2-OH + NADP + HzO
Figure 2.2 Dioxygenase mediated conversion of an alkane molecule ultimately formïng a
primary alcohol (Atlas and Bartha 1993).

Figure 2.3 P-oxidation sequence of a primary alcohol to acetyl CoA units (Atlas and
Bartha 1993).

Figure 2.4 Proposed anaerobic degradation of hydrocarbons through the P-oxidation
sequence pathway (Atlas and Bartha 1993).
2.2.4 Degradation of Monoaromatics

Monoarornatic degradation (e-g. Bemene) relies on initial oxygenation of the
aromatic ring by either monooxygenase or dioxygenase (Figure 2.5). Bacteria have been

shown to use dioxygenase to begin the degradation thereby forming cis dibydrodiol which

are oxidized to catechol.

Eukaryotic cells (rnammals and fungi) tend tc use

monooxygenase. The incorporation of one oxygen atom forms an areneoxide which is
then hydrated to form trans-dihydrodiol and then is oxidkd to form a catechol (McGili et

al. 1981). Once catechol is formed the aromatic ring can be opened by either ordio or
meta cleavage. In ortho cleavage catechol fonns cis,cis-muconic acid which is m e r
oxidized to P-ketoadipic acid which can forrn TCA cycle intermediates. Meta cleavage
results in the formation of cis,cis-moconic semialdehyde which may now form pymvic
acid, formic acid or acetaidehyde @%bons and Eaton 1982; Atlas aml Bartha 1993). The
pathway of oxygenation is important as hingi and marnmals form trans-diols which can

have carcinogenic effects while cis diols, f o m d by bacteria, do not (Figure 2.6).
2.2.5 Poiyaromatics Degradation
In the case of polyaromatic degradation, in this case phenanthrene, the reaction is much
more complicated due to the fused ring structure. The initial oxygenation occurs using an
oxygenase enzyme forming a dihydrodiol.

The dihydrodiol is M e r oxidized to

naphthalene and fiom here, through salicyclic acid to catechol where it follows the sarne
degr;tdation in rnonoarornatics (Figure 2.7). M e r e n t e ~ gthe TCA cycle compounds are
mineralized to carbon dioxide and water.

I
I

t.

Acetyl CoA
+.

Succinate

I

I

i
+
Acetaldehyde
+
fyruvate

CO2

Figure 2.5 Metabolkm of monoaromatics benzene (1) and toluene (IV) to catechol (III).
then through meta (X) or ortho (U()clevage to TCA cycle intermediates (Ribons
and Eaton 1982).

OH
Bacteria
OH

cis-dihyd mdiol

CatecLoI

Figure 2.6 Oxidation of aromatic hydrocarbons by eukaryotic and pro karyotic organisms
(Atlas and Bartha 1993).
2.2.6 Cometabolism
A second factor to consider in diesel fuel degradation is the cornetaboikm of compounds.

In cornetaboiïsm, transformation of an organic molecule occurs without the organism
utilizing the compound biosyntheticaily or as a source of energy (Stringfeilow and Aitken
1995). There are two possible types of cometabolism The first wiU occur ody in the

presence of a second organic substrate used for carbon and or energy. The compound
king cometabolized is broken down due to its similar structural characteristics.

The

degradation enzymes are only induced when the second substrate is present resuiting m the
fomiitous break down of the compound of interest. The second process occurs in the
absence of a stnicturally sidar CO-substrate.The degradative enzymes are constitutively

produced or activated by the cometabolized compound. The compound is broken down to
intermediates but no further. This may be due to suppression by pathway intermediates of
the later enzymes in the pathway capable of further degradation and thereby preventing
carbon and energy production Altematively, the degradative reaction may be catalyzed by

enzymes capable of reaction with many substrates. These enzyrnes attack any closely
related molecules producing end products that rnay or may not be utilized by the
rnicroorganisms. An example of this wodd be the production of l i g e peroxidase. This
enzyme initiaily oxidizes both PAHs and lignin to form products which may then be
mineraiized (Tatarko and Bumpus 1993). Diesel fuel contains a wide range of compounds
that have the potential to be mineralized yieldhg energy to the organism as well as those
which may only be used CO-metabolicaily. Examples of compounds that rnay be used
metabolicdy or

COmet aboLicdy

include toluene, benzene, p henanthrene and cyc Iohexane

(Tatarko and Bumpus 1993). Enzymes usually responsible for cometabolism have varying
substrates that can be reacted upon (Brodkorb and Legge 1992). These enzymes are
sensitive to the concentration of the compound because at one concentration
cometabolism rnay occur and at another metabolism may dominate the system.

XVI
Naphthalene
Pathway

*COOH

/

H
\

Pyrwate

Figure 2.7 Degradation of phenanthrene to TCA cycle intermediates
(Ribbon and Eaton 1982).

2.2.7 Microbial Popuiations

Many organisms have k e n s h o w to metabolize specinc diesel compounds, but in
some instances they rnay not be present in a given soil. A number of heterotrophic
bacteria dong with fungi all can have the ability to degrade diesel (Table 2.3). Kastner et
al. (1994) have shown not al mils contain organisms capable of PAH degradation. in

addition to having organisms capable of biodegrading these

CO mpounds,

the genes

encoding for these pathways must also be induced and expressed before degradation can
occur. The organisms in question must also be competitive enough to sunive in the soi1
environment (Brodkorb and Legge 1992).
Table 2.3 Heterotrophic bacteria and fungi capable of hydrocarbon degradation.
Orgaaisms Capable of Hydrocarbon
(Pbenaothrene) Degradation

Reference

Pseudomonas stuîzeri
Pseudomonas aeruginosa
Pseudomonas chrysosporium
Pseudomonas sp.
Aeromonas sp.
Akaligenes sp.
Arthrobacter polychromogenes
Acidovorm delafieMi and Spingomonas
puucimo bilis
Mycobacterium, und Rhodococcus

StringfeIIow and Aitken ( 1994)
ProMdenti et ai. (1 995)
Broadkorb and Legge ( 1992)
Devare and Alexander ( I 995)
Kiyohara and Nagao ( 1978)
m i i e r and Ingvorsen (1993)
Keuth and Rehm ( 199 1)
Shuttleworth and Cemiglia ( 1996)

Canidia, Cryptococcur. Rhodototula,
Tonrlopis. and Tnchosporon

Kastner et ai. (1994) and Boddrin et al.
(1993)
MacGillivray and Shiaris ( 1993)

The metabolic divenity of microbial populations can be characterized by using a
Biolog system to meanire substrate intensity and substrate richess (Zak et al. 1994). The
results characterize the metabolic diversity of the microflora inhabithg the soil matrix.

The microbial populations were exa-ed

for their ability to use a diverse array of

substrates indicating the enymatic biodiversity of each mil tested.

2.3 Fate of Phenanthrene

The accumulation of phenanthrene and Other polycyclic aromatic hydrocarbons in
the environment cause a health risk due to carcinogenic and mutagenic properties (Keuth

and Rehm 1991; Scniner 1973). Phenanthrene also has a high molecular weight (172.2
g/moI), log K , (4.53 at 26"C), and log K, (4.36) (Piatt et al. 1996; Kenaga and Goring

1980). Because of these chernical properties it wiU adsorb readily to organic matter and
resist degradation. It is aLço a CCME prionty poilutant when concentrations exceed 0.1,

5, and 50 ppm in agricultural, residentiaYparkland or commercialfindustrial soi1 systems
respectMy (Canadian Council of Ministers of the Environment 1991). This compound
can be found in diesel h e l which is used around the world in automobiles, heavy
equipment, hydroelectric power stations etc.. Phenanthrene can also found in crude oil,
creosote, and gasoline. The popular use of diesel fuel sometimes leads to accidental
release of this fluid to the environment. This poilutant is also toxic to microorganisms
plants and animais found in and around diesel spill sites (Oesch et al. 198 1: Barfknecht et
al. 1981;Black et al. 1983).
2.3.1 Biologieal Transformation

Biological degradation of phenanthrene and diesel has k e n extensively
documented throughout the üterature (Stringfellow and Aitken 1995; W U e r and

Ingvorsen 1993; Kastner et al. 1994; MacGillivray and Shiaris 1993). V a y h g degrees of

in situ minerabition of phenanthrene occurs due to the complexity of the molecde
(Brodkorb and Legge 1992).

Table 2.4 indicates some examples of phenanthrene

degradation in soil. The degradation h a - life of phenanthrene has also k e n characterized
by many researchen (Table 2.5).

Table 2.4 Phenanthrene mineraliuition in the iiterature.
Reference

Mandai and
Alexander ( i 99 1)
Miuiilal and
Alexander ( 1 99 1 )
m u e r and
Ingvorsen ( 1993)
m u e r and
hgvorsen. (1993)
Keuth and Rebm
(1991)

YO
Rate of
Pbenanthrene Mineralizati
Mineraüzed
on (%/day)
50*
4.5 '

10.7'

Concentration
Previous
of
Contamination
Phenantbreoe of Hydrocarbons
1 O mgkg (Soil)
No

1 mgkg (Soil)

No

150 mgKL
-(Mineral Sahs
Medium)
0
.
9
'
-15
mg/kg (Soil
No
Brodkorb and
Legge (1 992)
s1w)
1
.
8
'
-15
mg/kg
(Soi1
No
Brodkorb and
Legge (1992)
slurry)
0.01
1.41 mgkg in
No
Berry ( 1995)
10,000ppm
DieseI (Soil)
mgkg in
No
0.075
0.708
Berry ( 1995)
5000 ppm
Diesel (Soil)
*OrganiSms were isolated fiom previously contaminated soil and added to the medium
' ~ ~ u l a t mineralization
ed
rate (% mineralized / length of experiment)

44.2'

Table 2.5 Degradation half-life of phenanthrene in the environment
(Howard et al. 1991).

Degradation
Soil
Air
Surface Water
Ground Water
Aqueous Aerobic Biodegradation
Aqueous Anaerobic Biodegradation
Photofvsis (Air)

Hali-Lives (days)
16 - 200
0.0838 - 0.838
0.125 - 1-04
32 - 402
16 - 200
2.7 - 799
0.125 - 1.04

The biodegradation of phenanthrene in diesel fuel is dependent on many factors in
the soii. One such factor is hypothesized to be wetting and dryïng. Degradation of this
molecde appears to be fairly slow in soi1 due to the hi& molecular weight and high K,
properties (Boldrin et al. 1993). Wening and drying may cause increased bioavailability,
degradation, and act ivity by the so il microflora, thereby support ing enhanced
miwralization of phenanthrene. The physicai, chemicaL and bio logical attenuation of the
soi1 during varying moisture potentiais may become an important factor in remediation of

contaminated sites.
2.3.1.1 Effect of Moisture on Pbenanthrene Degradation The frst effect drylng has

on the soiI environment is population control. As the moisture potential drops. bactena
are lunited firn before fungi, therefore lyse and supplement the environment with substrate
(Sommes et al. 198 1).

If a white rot h g i such as Phonerochaete chtysosporizrrn

(Brodkorb and Legge 1992) survives the moisture stress, enhanced decomposition of
phenanthrene may occur due to its polyfunctionhg enzyme system Many other bactena
including Pseudomonos have also shown resistance to low water potentials dowing them
to flourish under these conditions (Stringfellow and Aitken 1995).

The decrease in

biomass when moisnire becomes unavailable relieves the cornpetition between organisms

and may in fat promote the degradation of phenanthrene. On the other hand if microbiai
populations capable of degradhg phenanthrene are adapted to a continuous moist cliaiate,
then biodegradation will not be favored and phenanthrene will accumulate in the
environment. Along with population selection cornes cell death of organisms unable to
survive the moisture stress. The cellular components released f?om the biomass provides
substrate and energy to the system enhancing growth. secondary metabolkm and
mineralization and cometabolisrn of hydrocarbons by surviving populations (Hartel and
Aiexander 1987).
Wetting and drykg cycles have k e n weil established in the literature
(Lebedjantzev 1924; Birch 1958; Stevenson 1956; Shelton et al. 1995). Many of the
researchers concluded varying moisture potentials increased the degradation of substrate in

soil. Van Geste1 et al. (1 993), Sorensen (1 974), and Bottner (1985) concluded wetting

and drying increased the decomposition of added plant substrate compared t O continuously
moist or continuously dry. Amato et al. ( 1983) concluded continuously wet soil incubated
with plant pods had 65.2% of the

'"crenialliing in the soi1 while wetting and d r p g (3

weeks wet- 1week dry) had only 48.1 %. Taylor and Parkinson ( 1988) found simiIar results

during leaf decay attniuting some of the degradation to hydrolysis attack of cellulose

during the dryuig treatment. They found the weight of aspen leaves decresed more
during altemathg wet-dry conditions (4.77~;wet 4 days, dried quickly and rewetted)
compared to continuously moist controls (4.89g) d e r 4 months. Researchers including

Van Veen et ai. (1985) and Haider and Martin (1981) found wetting and drying had the
same as or less degradation of glucose-ammonium sulfate (63%[wet 4 days-dry 10 days].
65%[wet]

-

101 day experiment) and coniferyi alcohols (59%[dried and weaed at 6, 12,

18 months], 6O%[wet] - 2 year experiment) respe~tfully~
It appears the effects of moisnire

potentials may be soil specinc and dependent on the natural conditions f?om which the
microbial populations have evolved.
Aggregate breakdown is a physical process involved in release of non accessible
organic matter, nutrients and possibly phenanthrene.

Wetting and drying disupts

aggregates promoting this process. The net result is enhanced microbial activity and
fertility of the soi1 due to the availability of substrate and nutients (Van Geste1 et al.
1991). Along with aggregates. clay lanices may also be subject to physical disruption

releasing some substrates to e ~ c the
h environment (Birch 1958).

F d y , hydrolysis reactions occurring during dry perÏods may in îàct enhance
biodegradation. Jager and Bruins (1975) indicated when soi1 is heated, disruption of
organic matter and other compounds occurs. The organic matter is now accessible to
organisms allowhg a flush of activity. This microbial activity may now mineralize or
cometabolw phenanthrene present in the rnatrix.

The dryhg of soii can be one factor in determinhg the bioavailability of
phenanthrene in the environment. Shelton et al. ( 1995) found the extraction efficiency of
atrazine decrease up to 22% d e r dryhg and reweding. This c m affect bioavailability if
the compounds are no longer accessible to the biomass. In this example wet-dry periods
may in fact hinder the rnineralization process and decrease overall degradation.

The Literature has indicated both enhanced and decreased minerakation of
compounds in soil when subjected to wetting and drying. As stated earlier, Sorensen
(1974) incubated I4chbeled plant material for up to two years prior to subjecting the soil
to wet-dry intervals. M e r 284 days they concluded increased degradation of the organic

material created from plant tissue under wet-dry conditions (30.1%) compared to
continuously wet conditions (13.9%).

Widrig and Manning (1995) monitored the

biodegradation of diesel fuel in soi1 columns. They subjected the s o b to a continuous
supply (-50% degradation) and a periodic supply (wet-dry, -70% degradation) of water
and nutnents and found enhanced degradation under wet-dry conditions. Shekon et al.
(1995) and Shelton and Parkin (1991) concluded increased adsorption of carbofùran and
atrazine occurred during dryhg conditions. This corresponds to l e s bioavailabilay which
in turn &ects degradation Though this trend may be important, the two pesticides have
dserent physicai, chernical and biological characteristics compared to plant materid
which in turn have dflerent properties compared to hydrocarbons. The effect wetting and
drying may have on the degradation of phenanthrene may be compound. soil and

microflora specific.
2.3.1.2 Effkct of Nutrients on Phenanthrene Degradation The availability of nutnents
such as nitrogen (amino acid synthesis), phosphonis (ATP), and sulfùr (protein synthesis)
may limit microbial proliferation in the environment.

Other nutrients necessary for

contaminant destruction include sodium, calcium, uon, and rnany other elements. If these
factors are not present in the environment, degradation of phenanthrene and other
hydrocarbons will not occur. Fertilizers are added to the soi1 to htroduce nutrients that
may be absent from the medium (Widrig and Manning 1995). In the case of hydrocarbon
contamination, many researchen have used and demonstrated the need for the addition of
nutrients (Phelps et al. 1994; Prado-Jatar et al. 1993). Most sub-soil systems are nutrient
poor, therefore may decrease the rate of biodegradation. Manilal and Alexander ( 1991)
have studied the properties that affect phenanthrene mineralization. They found that the

addition of phosphate increased the rate of mineraiization (49% degraded in 8 days
compared to 12 days in unamended mil)

while nitrate actually decreased net

rnineralization ( 4 2 % ui 12 days compared to 49% in unamended mil). therefore
nutrients play a large role in the degradation of hydrocarbons in soil.

2.3.2 Adsorption
The retention of phenanthrene in a soi1 matrix is another property of the fate in the
environment. A chernicd can be no longer available for degradation, volatirization or
transport once sorbed to organic and inorganic components in the mil. Texture affects the
bioavailability of hydrocarbons in the environment. Adsorption of phenanthrene to soi1
particles rnay mhibit degradation thereby decreasing bioavailability. Heavy textured mils
have greater surface areas and high CEC's compared to coarse soils which rnay increase
adsorption and decrease bioavailability of some compounds. In the case of non polar
organics such as phenanthrene. sorption due to surface area and charge will play a minor
role in bioavailability (Tsomides et al. 1995). When phenanthrene is degraded to pathway
intermediates, its po larity changes therefore sorption to negative clay surfaces rnay occur.
The high hydrophobie nature of phenanthrene rnakes it a candidate for sorption,
thereby decreasing bioavailability. Once sorbed, the cornpound is usually inaccessible to
microbial attack until desorption occurs (Edwards et al. 1994). Compounds such as
polysaccharides, polypeptides, phenols, amino acids, aminosugars, fatty acids and
carbohydrates exist in organic matter and can serve as substrates or building blocks in

biosynt hesis. Organic matter association has been characterized in the literature by two
mechanism. The first deals with the partitionhg or diffusion of the molecule into the solid
phase of organic matter. In other words the cornpound is distributed in the entire organic

matter mat*

The second theory de& with compounds adsorbing to the outer surfàces

of organic matter. The molecule is physicaiiy or chemicdly bound to the surface of the

organic solid (Alexander 1994). Whatever the case, phenanthene may be lost nom the
available system Manilal and Aiexander ( 1991) varied the amounts of organic matter in a

soii and found the sarne soil with hi& organic matter (36.7%) had less degradation (42%
in 20 days) compared to the mil with lower amounts (5.9% OM had 46% mineraiization in
20 days).

The data reflect the role sorption to organic rnatter plays in duencing

bioavailability to microorganisms. Table 2.6 indicates some organic carbon adsorption
coefficients related to compounds found in diesel.
Table 2.6 Organic carbon adsorption coefficients for some components of diesel
(Kenaga and Goriag 1980).
Compound
Benzene
Napthalene
Phenanthrene
Anthracene
Pyrene

KM

ILC

135
2040
32,900
22,000
800.000

83
1300
23.000
26,000
650,000

Adsorption (sorption to the surface) and absorption (sorption within m a s ) properties are

highly dependent on the soi1 m a t e charge and size of the chernical involved. Soils
containing clay contribute to a large surfàce area compared to sands. which allows for
enhanced sorption. Clay minerals can be negatively charged having Cation Exchange
Capacities (CEC) where positively charged molecules may be associated on the exchange.

The associated negative charge on the clay particles can vary fkom clay to clay. Soils
containing 2: I expanding clays (montrnorillonite) will also have greater surface areas and
potential for adsorption compared to nonexpanding 2: 1 and 1:1 clays (Alexander. 1994).

When considering neutral O rganics and negatively charged pesticides the sorption is

u d y associated with the organic matter.

Organic matter contains polyfunctioning

groups which makes these molecules very reactive in sorption. The neutrai, positive, and
negative charged chernicals can thus interact with the multiple functioning groups in
organic matter and form bonds retaining the chernicals in the soil. The solubility and
hydrophobic nature of hydrocarbons &ects the sorption kinetics and dynamics because a
hydrocarbon "fiorced" out of solution will have a greater tendency to sorb than one in
solution (Chiou 2989).
Desorption is considered to be another important parameter in deteminhg the fate
of phenanthrene in the environment. The kinetics of desorption are usually slower than the
sorption process which indicates a slow release mechanism or hysteresis (Green and
Karickhoff 1990). Carmichael et al. (1997) determined the sorption of phenanthrene in a
soi1 to be 100 pg L-' h-' while the desorption was 13.8 pg L" h*'. With the desorptive
process occurring, there will be a potential for rnineralization and loss of the hydrocarbon
&om the mil system via movement and transport. Important sorptive characteristics of a
chernical can be measured via the determination of sorptive constants such as K, and &.
These constants wiil change depending on charge, kW,
clay content, organic carbon etc. of
the molecules and soil matrix. K, is the soil partitionhg coefficient with units of L kgel and

is dehed as the ratio of the concentration of sorbed chemical (Cs)
to the concentration in
solution (Cw). The K, is known as the organic carbon partitionhg coefficient and is used
because of the importance of organic carbon in neutral organics sorption (Green and
Karickhoff 1990; Karickhoff 198 1).

K, = CJCW Km = Kp / f,

Km = 0.41CKm
Equation 2.1

f& = fiaction of organic carbun in soi1
K, = octanol-water partitionhg coefficient
Wth the above equations it is evident that the greater the organic carbon content and

hydrophobicity of the molecule, the greater the sorption will be.

In the case of

phenanthrene the adsorption may be the greatest fate in the majority of the soils in the
environment.

2.3.3 Humification

The humification and decreased bioavailability of organic molecules can resdt due
to Sreversible chemical bond formation Humification is different fkom sorption b e c a w
the association is u s d y irrevenible due to the change in structure and nature of the
compound. The interactions between organic matter and hydrocarbons tend to be stable
with covalent bonds resulting in the formation of humus. The humus structure is very
complex and cannot be d e h e d due to great variability. The composition of humus
includes carbohydrates, amino acids. proteins, aliphatic fatty acids. akanes. lignins and
aromatics (Paul and Clark 1989). The formation of this soi1 constituent is microbial
mediated resulting in the partial decomposition of organic residues added to the soil @lant

material, microbial biomass etc.).

The arornatic structure of humus is similar to

phenanthrene and other hydrocarbons found in diesel therefore these compounds may be a
candidate for humification (Bollag and Loll 1983). The non polar constituents react with
each other creating chemical bonds.

These can be either electrostatic bonding,

hydrophobic bonding or charge-transfer complexing (Bolhg and Loil 1983). Researchers
have also found that the degradation of aromatics to pheno 1s cm also lead to humification.

Phenols can polymerize via oxidative coupling to form a repeated structure which in turn

rnay bind to organic matter (BoUag and LOU 1983) creating humus.
2.3.4 Volatilization

The loss of contaminant to the atmosphere in a soii system is usualIy low due to the
high adsorption rate of hydrocarbons to the soil mat& and Iow vapour pressure of
compounds (Table 2.7) (Carmichael et al. 1997).
Table 2.7 Vapour pressures of some significaot components of diesel fuel.
(Mackay and Shiu 1981)
Compound

Vapour Pressure

(kW
n-Hexane
Benzene
Toluene
Napthaiene
Phenanthrene
Anthracene
Octadecane
Pyrene
3,4-Benzopyrene

20.2
12.7
3.8
IX~O-~

2 . 6 7 1~
1 . 4 4 1~O"
7 . 4 4 1~o - ~
8 . 8 6 ~O-'
1
6.67~1
O-'-'

During an initial spill there rnay be significant Ioss of contaminant as the diesel pools on
top of the soil. Over t h e , the contaminant usually enten the soii system where the
volatilization potential decreases (Norris et al. 1994).

In the end volatilization can

contri'bute to a s m d fi-action of the fate of diesel fiel in the environment.

2.4 Current State of Literature

We b o w fiom the iiterature:
Phenanthrene can be mineralized, volatiüzed, transported, and sorbed in soiL
Phenantbrene and diesel fuel cm be degraded in the environment.
Phenanthrene may have a large potential for sorption
Soîls are diverse.
S h c e environments are much different fiom the subsurfàce.
Moisture potentiak &ect microbial populations and activity.
Phenanthrene c m be w d to represent the h c t i o n of P m ' s found in diesel with
similar properties.

But we don? know:

Do ail soils have the same potential for phenanthrene mineralization?
What properties can we use to predict phenanthrene minerabition in mil?
Physical, chernical and biological...
Wd previous exposure of hydrocarbons affect minemikation?
Will landscape position influence the degradation of phenanthrene?
1s there a difference between the mineralkation of phenanthrene in microcosms
and intact soil columns?
What effkct, if any, will soi1 wetting and drying have on phenanthrene
mineralization?

CHAPTER 3
Suwey of the Remediation Capacity of Phenanthrene in Diesel Fuel Contaminated

Soil

3.1 Abstract

In order to interpret the relationship between the physical, chernical, and biological
properties of soils and the rate of biodegradation of phenanthene, a component of diesel
fuel, a survey across a range of Manitoba soils was undertaken.

The organic matter

content, texture and ciimate of the soils varied dramaticaliy. Samples fiom the surface (O10 cm) and subsurface (90- 100 cm) were collected to compare the rates of degradation.

Mineralization rates were detennined in microcosrns incubated with field moist soil fkom
each site. Radiolabeled phenanthrene was added as a cornponent of diesel fuel in order to
assess the m i n e r a h i o n potential of that compound. The fate of phenanthrene along with
the metabolic diversity of the microbial populations was determined for each soil type.
Phenanthrene mineralization in fieshly sampled soil without pno r hydrocarbon exposure
occurred indicating the potential for in situ mineralization. The rnajority of the sites had
mineralization less than 5% of the total added phenanthrene after 259 days.

When

considering the sites with previous hydrocarbon exposure, only one of the two had
significant mineralization (>45%).

This indicates pnor exposure did not ensure rapid

mineraiization, other factors must Limit the mineralization process. SurEice soils did not

consistently have greater mineralization than the subsurface. though when mineralization
was above 5%, the d a c e mils had greater mineralization rate.

The major fate of

phenanthrene in mil was çorption and decreased bioavailabiiity. Texture. organic carbon
and microblal metabolic diversity did not have consistent innuences on the total
mineralization of phenanthrene in uncontaminated soils. Organic carbon and microbial
metabolic diversity did have an effect on the phenanthrene mineralization rate.

3.2 Introduction

Diesel fuel spills are of concem to many industrial agencies due to toxic effects on
the environment.

When they do occur two remedial options may be used. either

excavation foiiowed by treatment or treatment in situ (Prado-Jatar et al. 1993; Atlas and
Cemiglia 1995). The relative costs and degree of site disturbance of these two approaches
V a r y dramatically. The decision as to the most appropriate method depends upon an

understanding of the potent i d threat to surroundhg environments. McGU ( 1977) and
Atlas and Cemiglia (1995) have reported that if certain environmental properties are
present, then the in situ remediation of contaminated land can occur without a threat to its
surroundings. The potentid for transport of the contaminant off site or into more sensitive
components of the ecosystem rnay Limit the ability to treat the contaminant in situ. Soi1
texture, organic matter content, and the presence of hydrocarbon degraden affect the
degradation and transport of contaminants in the environment (Rainwater et al. 1993:
Phelps et al. 1994). Texture, through its impact on pore size distribution, can &ct
oxygen flow to the rnicroorganisms, contaminant adsorption, water availability. and

presence of nutrients ( m e 1 1982: Karickhoff and Moms 1985). Organic matter also
affects adsorption of hydrocarbons, presence of nutrients, water availabüity and aggregate
formation (Smith et al. 1993). The presence of hydrocarbon degraders and the relative
bioavailability of diesel fuel can also affect the potential for mineraiization (Edwards et al.
1994). The ability to predict the fate of diesel fuel based on fiindamental soil properties.

wouid d o w estimation of potential risk of impact prior to site investigation.

3.3 Objective of Study

The objective of this study was to detennine the presence of phenanthrene
degrading organisrns and to examine the minerakat ion of this compound contained in
diesel fuel, in a range of soils varying in texture, organic materid, and clirnatic locations in

Manitoba.

3.4 Materiais and Methods

3.4.1 Soik

Soils selected firom across the province and their characteristics are listed in Tables
3.1, 3.2, and 3.3.

The organic carbon and particle size analysis was perforrned by

Manitoba Soil Survey (Winnipeg, MB) according to the method of Haluschak (1 986).

The soils selected for the study represent a wide range of organic matter, texture and
c h t i c conditions (Figure 3.1). Sites # 8 and #10 had prior hydrocarbon exposure in the
last 5 years as a result of diesel fuel and crude oil spills respectfidly. Site #8 was the site a

of a long term, leaking, below ground diael storage tank located near Bakers Narrows
Manitoha. Site # I O was located south of Somerset Manitoba and was the site of a crude

oil pipe&

rupture in 1994. Sarnpling of the soil was conducted in late July (1996) using

Dutch Augen. Soü was CO llected at intervals of 0-1 0 cm and 90- 100 c m Replicates were
completed in quadruplicate and stored in air tight plastic bags in the dark at 4OC unta the

beginnmg of the experiment.
3.4.2 Microcosms

Microcosms were purchased fiom Richards Packaging (Winnipeg, MB)as 500 mL

g l a s jars with seded metd lids. To the internai base of each microcosm a 3 cm length of
potyvinylchloride (PVC) was attached using silicone to hold a 7 rnL scintillation via1 for
14

CO, trapping. A polyurethane foam plug (PUF) was added to trap any vohtile

phenanthene and a 20 mL scintillation via1 containing 10 mL water (pH3) was included
to humid* the air. The iid of the microcosrn also contained a sampling port (Rubber Suba
Seal #9) to d o w the samphg of gas. At various times a sample of the air inside the

microcosm was analyzed by GC to determine whether the vesse1 was aerobic. The field

moist soiI equivalent to 40 g oven dry rnass was added to 50 mL glass beakers then
brought to field capacity. The beaker was inserted hto a microcosm and incubated at 20 5
2°C for one week to aliow equiliition of the micro bial biomass.

Figure 3.1 Soi1 selected for the mineraikation survey across the province of Manitoba
(refer to Site numbers in Table 3.1).

Table 3.1 Site classifications for remediation study.

W

w

Site
Site # 1

Classification
Calcareous Black

Site Location
South facing catena sampled at nid-slope

Site #2 *

Orthic Dark Grey

South facing catena sampled at rnid-dope

Site #3

Orthic Black

South facing catena sampled at mid-slope

Site #4

Gleyed Rego Black

Sampled on moderate incline dope

Site #5 A

Orthic Black

South facing catena sampled at mid-dope

Site #6

Humic Luvic Gleysol Sampled in a depression area

Site #7

Orthic Grey Luvisol

South facing catena sampled at mid-slope

Site #8

Grave1 Fil1

Diesel storage tank leak

Site #9

Gleyed Rego Black

Control for Site #IO

Site # 10

Gleyed Rego Black

Crude oil spill in 1994 sampled in a
depression area

* Site used in Chapter 5
A

Site used in Chapter 4

Site Location
5 km East of St, Claude Manitoba
(SE 13-8-8W)
10 km North of Rossburn Manitoba
(NW 14-19-23W)
3 km West of Meiita Manitoba
(SE 22-4-29W)
5 km South of Glenlea Manitoba
(SW 18-8-38)
10 km North of Brandon Manitoba

P
b
-

(NE 31-12-18W)
10 km North of Brandon Manitoba
(NE 31-12-18W)
1O km North of Oakburn Manitoba
(SE 4-20-23W)
Bakers Narrows Manitoba
(5-66-28W)
5 km South of Somerset Manitoba
(SW 32-4-9W)
5 km South of Somerset Manitoba

Table 3.2 Particle size analysis of sites selected for rernediation survey.
Site

% Sand
--

W

P

% Silt
.

Site #1 0-10 cm
87
4
2.5
91
90- 100 cm
43.5
29
Site #2 0- 1O cm
72
14.5
90- 100 cm
Site #3 0-10 cm
45
28.5
90- 100 cm
39
36.3
4
19
Site #4 0- 10 cm
1
16
90- 100 cm
28.5
33.5
Site #S 0- 10 cm
32.5
34.5
90- 100 cm
3 1.5
35.5
Site #6 0- 10 cm
34.5
30.5
90- 100 cm
34.5
33.5
Site #7 0-10 cm
33
35.5
90- 100 cm
91
8
Site #8 0-1 m *
95
4.5
1-2 m *
13
44
Site #9 0-10 cm
47.5
32.5
90-1 00 cm
16.3
44
Site #IO 0-10 cm *
32.5
42
90-100 cm *
* Prior sensitization of hydrocarbons on site

% Clay

Class

9
6.5
27.5
13.5

Sand
Sand
Clay Loam

- ---

a
.
-

26.5
24.7
77
83
38
33
33
35
32

31.5
1
O.5

43
20
39.7
25.5

Sandy Loam
Loarn
Loarn
Heavy Clay
Heavy Clay
Clay Loarn
Clay Loarn
Clay Loam

Clay Loam
Clay Loam
Clay Loam
Sand
Sand
Silty Clay
Loam
Silty Clay
Loam

% Organic
Carbon

2.1 2 0.3
O. 1 t: O. 1
2.5 2 0.2
0.1 2 0.1
3.2 2 0.1
0.2 2 0.01
3.7 5 0.1
0.9 5 O. 1
5.7 + 0.1

0.6

+ 0.3

4.7 t 0.3
0.4 2 0.2
1 . 1 +0.01
0.3 0.02
0.3 2 0.1
0.3 2 0.02
4.9 1.5
0.3 0.02
9.3 5 0.3
0.7 0.3

+

+
+

Field Capacity
(Y0)
25.3 5 2.1
11.3 2 1.5
26.8 4.1
18.6 2 8.6
28.5 2 2.3
24.8 2 1.7
42.2 1.7
38.3 2 7.7

+
+

34.4

'+

2.1

21.9 1.4
30.7 2 6.4
29.4 1.3
27.5 3.6
22.8 t 3.7
4.4 2 2.1
27.2 4 2.2
34.0 2.1
24.7 2 4.8
42.5 3.2
29.8 3.6

+
+

+
+

Table 3.3 Particle size ânalysis of sites with sandy soil fractions.
Site
Site # 1 0- 1O cm
Site#190-100cm
Site #2 90- 100 cm
Site #8 0-1 m
Site #8 1-2 m
3.4.3

'"

Total
Sand
87

Very Coarse Coarse Medium
Sand
Sand
Sand
O
3 -3
O

91

O

O

72
91
95

26
34.3

18

2.5
13

16

13

O

O

11

Fine
Sand
66.3

Very Fine Sand

68.5
9.5
16
66.5

17.3
20
5.5

11.7
17.5

Phenanthrene and Diesel Fuel
14

C phenanthrene was purchased fiom the Sigma Chernical Co. (St. Louis. MO)

as phenanthrene-9- 14c(8.3 nCi/mmoi, Radio-chernical purity >98%) (Figure 3.2). Stock
solutions were fïrst made up in hexane then transferred to diesel fuel #2 for addition to

soil. At the beginning of each experiment 5000 ppm (5000 pg/g soil) of diesel-j4c
phenanthrene mixture was added containing 0.05 pCi of

''c phenanthrene.

Stock diesel

fur1 added contained about 0.7059pg unlabeiied and 0.0586pg of labeled phenanthrene per
gram of mil.

Figure 3.2

'"cPhenanthrene added to soil microcosms.

When the experiment was completed, the polyurethane foam plugs were removed
fiom the microcosms and placed in l OOml French Square Bottles. To these bottles 20rnl
methanol was added, making sure Sm1 was in excess, for total extraction of the
phenanthrene. Bottles were then sealed and shaken on a lateral shaker for 2 minutes. The

foam plugs were then removed and placed in a 50mI syringe to extract al1 of the rnethanol.

The procedure was repeated to ensure the total extraction of phenanthene. Frorn the
extract, a T mL subsample was c o k t e d and counted by the scintillation counter.
3.4.5 ' ' ~ Traps
0~
0.5 mL (+/-)-a-phenylethylamine and 0.5 rnL methanol were added to a 7 mL

scintillation via1 in order to determine the arnounts of

CO^

evolved fiom the soi1 (the

methanol prevents crystallization). During the experiment. traps were changed at weekly
intervals until there was no longer any significant radioactivity recovered (<O. 1%). At the
end of the experiment 5 g of soil was removed and combined with 20 mL 1M HCI in a 50

mL beaker. The beaker was then placed in a separate microcosm to detemine I4c
associated with soil carbonates and dissolved in soil water. A I rnL phenylethylaminemethanol CO2 trap was included to trap any residual

14cremaining in the soil .

The trap

was then counted in the scintillation counter and added on to the overall minerakation

recoveries.

The hiration of "C as CO? would probably occur at the mid point of the
degradation pathway (Refer to Figure 2.7 in Chapter 2). The degradation begins at one of
the two "outside" arornatic rings and proceeds to the 9h carbon in the molecule at either
the 121hstep or at the cornpletion on the degradation pathway (Ribbon and Eaton 1982).

Assurning organisms follow this pathway, the placement of the "C at this position ensures
there must be suflicient degradation to at lest a phenyl group or to complete degradation.
3.4.6 Liquid Scintillation Counting
Each 1 mL CO2 trap removed fiom the microcosm was combined with 5 mL
Ecolite (+) Liquid Scintillation Fluid (ICN Biochemicals Inc. Aurora, OH). The cocktail

was then allowed to equilibrate in the dark for 24 hours before counting to prevent any

erroneous readings from ion interaction with the scintillation miid. A Beckman LS 7500
scintillation counter was used with a quench curve correction to give final results of
disintegrations per minute (DPM). Final DPMs were corrected for background and blanks
then related to the original radioactMty added to each microcosm to give the percent
mineraiization of phenanthrene in diesel.
3.4.7 Kinetic Asalysis of 1

4

~

Evolutioo
~ 2

A 6rst order rate mode1 was used to determine the rate of minerakation of
phenanthene (Knaebel et al. 1994). The calculation descriis the reaction over time as a
single £iraorder component where P is the percent phenanthrene mineralized at time t. A

is the percent of compound evolved as COz at t

= m.

and k is the rate constant for 14c02

evolution (day").

P =~[l-e'-~'l
Equation 3.1
The constants were estimated using a non-ünear least squares procedure (Figure 3.3).

Parameters were estimated for each replicate and an analysis of variance was performed on
the resulting data set. Once the rate constant was determïned a minerakation half life can

be calculated using the foilowing equation:
tln = ln2 !k

Equation 3+2
Quadruplicate reps were modeled, then an average of the cuve fitting constants were
determined including a standard deviation.

I
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I

1O0

a

.. . .

.

Average

150

200

250

300

Time (days)

Figure 3.3 Example rnodel data for the mineraikation of 14cphenanthrene over tirne.
Quadnipiicate reps were each modeled then an average and standard deviation were
calcdated.
3.4.8 Sequential extraction of '%from soil

Residual

I4cwas extracted to deterrnine the properties of the

remainhg fraction

&er 259 days of incubation. A step-wise extraction using water, methanol. and methylene
chloride followed by total digestion of the organic carbon was used to remove any
radioactivity in the soil.

The water extractable

14

C would indicate the possible fiee

phenanthrene and degradation products in soil. These fractions would t hen be considered

in the mobile phase.

The methanol extract would contain the weakly asçociated

phenanthrene and degradation products sorbed to soil. This hction would be considered

no longer bioavaihble and have some potential for desorption. The soxhlet extractable
fraction would contain the highiy sorbed and stable

14c. Wet digestible I4cwould be

considered residual and may be in the humined fiaction in the mil. At the end of the
experiment. 5g of oven dry equivalent soi1 was removed fiom the rnicrocosms and piaced

in 50 mL acid washed Teflon tubes.

Following an adsorption method proposed by

Knaebel et al. (1994), to this tube 25 mL of 10 rnM NaN, (5:l ratio of soil to liquid) was
added dong with 5 g l a s beads to aid in agitation. The tubes were then vortexed for 10
seconds and piaced on a lateral shaker for 24 hours.

The next day the tubes were

centrifuged at 12.000 xg for 15 minutes then the supernatant was removed and a 1 rnL
subsample was andyzed in a scintillation counter.

The remaining pellet was then

combined with 25 mL of methanol and subjected to the same procedure as the above.
M e r pouring off the methmoi, the pellet was aliowed to air dry to aid in the transfer of
the soi1 into cellulose extraction thimbles (EPA Method 3540A). The t h b l e containing
soii was placed in a soxhlet extraction apparatus and extracted for 24 hours with 100 rnL
methylene chloride and 3 boiling chips. M e r the 24 hour extraction the solvent was
removed from the extraction vesse1 and a 1 mL subsarnple was counted in a iiquid
scintillation counter. Again the soil was allowed to air dry to aid in transfer of 0.8 g of soi1
into a wet digestion tube (Voroney et al. 1991). To this tube 6 rnL of digestion solution

(189.4 g CQ in 250 mL 14.7M H3PO4 and 500 mL 18M H2SO4) was added to the soii
dong with a glas rod stand to hold 2 mL of 2M NaOH in a 6 rnL g l a s scintillation via1
(NaOH traps "CO? iiberated from oxidation of organic carbon). The tube was then sealed
with a #49 Rubber Suba Seal and placed in a digestion block and heated at 145°C for 1
hour. The

I4co2was then trapped

for 24 hours after which a 0.3 rnL subsarnple was

removed and combined with scintillation fluid and analyzed for radioactivity. The above

procedure was also run on a control soi1 (in tnplicate) using a spiked sample of

'

4

phenanthrene to detemine the efficiency of extraction.

In order to rnathernaticaily calculate the adsorption coefficient (&). the method
of phenanthrene. the organic carbon
uses the octanol-water partitionhg coefficient (Lw)
partitionhg coeflkient &),
units of L

and the hction of organic carbon in the mils (L). Kp has

kg" and is defined as the ratio of the concentration of sorbed chernical (Cr) to

the concentration in solution (C,). (Green and KarickhoE 1990; Karickhoff 198 1).

Equation 3.3

kW
= 32900 (Kenaga and Goring 1980) & = 0.41 *329OO = 13489
3.4.9 Biolog Test for Metabolie Diversity

Gram Negative Biolog plates containing 95 sole carbon sources were purchased
from Biolog Inc. (Hayward, CA). Each plate has 96 wells. 1 control with no carbon
source and 95 wells having different carbon sources. Along with the carbon source a dried
mixture of peptone, nutrients, salts, and redox tetrazolium dye are hcluded to ensure
growth of organisms and provide an indicator for metabolism. Weils, after inoculation.
were colorless until metabolic activity reduced the tetrazolium dye to a purple color
indicating a positive test (Zak et ai. 1994). Physiological saline (0.85%. 8.5g NaCl in 1O00

mL distilled water) and water agar (O.2%, 2g purified agar in 1000 rnL distilled water)
were prepared and dispensed into 100 mL mill< dilution bottles. Bottle 1 contained 90 mL
of 0.2% water agar solution and 10-5 mm glas beads while Bottle 2 contained 99 rnL of
0.85% saline. All bottles were then autoclaved. Once the cycle was complete, water agar

~

bottles were cooled in a water bath and shaken on a lateral shaker to prevent solidification
of the agar. 10 g of oven dry equivalent soil, stored at 4OC since sampiing (quadmplicate
reps of surface and subsurface soils - 160 total), was added to Bottle 1 and shaken on a
lateral shaker for 30 minutes. A 1 mL subsarnple of this solution was then transferred to
Bonle 2 (10" dilution) and shaken. Final dilutions were then poured into sterile plastic
reagent reservoirs (Eppendorf. Inc.) while inside a sterile hood (LABCONCO@ Purifierm
Clean Bench). Soi1 solutions were dispensed into the 96 weU plates in 100pL volumes

using a multichannel pipette (Eppendo rf 8-channel Repeaterm Pipette) and incubated at
25°C. At intervals of 25, 48, 72, and 96 hours plates were scored for a change in the

tetrazolium dye color and assigned a ranking value (Table 3.4). Values ranged fkom 1 to 4
with 1 signifjhg a color change after 24 hours and 4 indicating a color change after 96
hours. Data was sumrnarized with respect to intensity and substrate richness. Average
intensity, the average time it takes to get a positive result. indicates the activity and density
of the population. Substrate richness represents the percentage of substrates metabolized
over the 96 hour test and is an indicator of the fùnctional diversity or metabolic capability
of the rnicrobial cornmunity.
Table 3.4 Arbitrary values assigned for color change in biolog plates
-

p
p

-

Tirne (bours)
25
48
72
96
No Reaction

p

p

-

In tensity Code
4
3
2
1

nuII value

3.4.10 Drying of Soi1 and Further Addition of

Phenanthrene

The objective of this treatrnent was to detemime the effect of drying and grinding
of the soil on h h e r phenanthrene minerahtion. The addition of another spike of a
phenanthrene-diesel fuel mixture was to determine if the microbial populations could agah

mineralize phenanthrene.

At the completion of the sequential extraction and initial

mineralization experirnents (259 days of incubation), the rernaining soi1 (-30 g oven dry
equivalent) was divided into two beakers.

One set was placed in microcosrns and

incubated at 20°C while the other set was dried in an oven for 2 days at 60°C. ground. t hen

inserted into individual microcosrns.

Each microcosm also contained a 5 mL via1

containhg 1 mL 14c02 trapping solution (1: 1 rnethanol to phenylethylamine) and a via1
containing 10 mL water (pH 3) to humide the air. After about 24 hours al1 soils were
rewetted to field capacity and incubated at 20

+ 2OC

to determine if there was fùrther

degradation of the added phenanthrene. M e r about 35 days (295 days total). 5000 ppm
(5000 pg/g soii) of d i e s d 4 c Phenanthrene mixture was added with approximately 0.05
pCi of activity to each microcosm The production of

I4c02was

monitored to determine

further mineralization of the fiesh spike of phenanthrene (total incubation of mil was 343
days).
3.4.11 Statistical Analysis

Single factor ANOVAs and Duncan's New Multiple Range Tests were conducted
using SuperANOVA (Abacus Concepts Inc., Berkley, CA). Treatments included site,
depth and site versus depth properties at the 5% signiticance level. First order curve

fitting of the minerakation data was perfomed using JMPM (SAS Institute Inc.. Cary,
NC).

3.5 Results And Discussion

3.5.1 Phenanthrene Fate in Non Hydrocarbon Exposure Sites

The mineralizaiion of radiolabeled phenanthrene in diesel fuel was monitored in
soils sarnpled across the province of Manitoba. The previously uncontaminated soils
represented a range of physical (texture. organic carbon), chernical, and biological
(metabolic diversity) properties allowing the determination of the rnineralization capacity.
The soil microcosm d owed the sirnultaneous study of mineralization. volatilizat ion and
adsorption throughout a 259 day experirnent.
3.5.1.1

Phenaothrene Volatilization Based on the low vapour pressure (0.1 13 Pa at

25°C) and high log K, (4.53 at 26°C) (Piatt et al. 1996). the volatility of phenanthrene in
soi1 was considered to be a minor fate. nie high Lw
correlates to a high partitionhg rate
into the organic carbon of the soi1 where it is absorbed thereby preventing other fates such

as volatilization (Piatt et al. 1996). Limited transfer of phenanthrene was observed in the
traps. consistent with a low vapour pressure of this compound (Table 3.5 and Figure 3.4).
In Figure 3.4, volatktion appears to be higher in the subsurface compared to the surface.
This may indicate increased volatiiization in the parent rnatetial due to decreased organic
rnatter or some other unique factor. There was not a significant correlation between soil
texture and volatilization. Organic carbon, on the other hand. shows a weak relationship
to volatilization (Figure 3.5). This occurrence rnay be due to the fact that oqanic matter

is usually the major factor controiIhg adsorption (Carmichael et al. 1997). When organic
matter increases in the d a c e so does the potential for adsorption of organic compounds
to the soi1 matrix (Green and Karickhoff 1990).

3.5.1.2

Phenan th rene Mineralization

The results indicated there were microbial

populations present mheralizing phenanthrene but the production of 14c02did not vary
greatly between the fkeshiy sarnpled soils (Table 3.5. Figure 3.4).

The greatest

mineralization resulted in Site #4 (Heavy Clay) at the 0-10cm depth. The Ieast amount of
mineraikation was found in the surfàce of the Orthic Dark Grey soi1 (Site #2).

The

interaction between total minerakation in the surface and subsurface was not consistent
(Table 3.6). There was only a siight treatment effect between sites with one site (Site #4)
being statisticdy dserent. This result is interesting because it indicates a l soils had a

similar potentiai for total minerafization m the environment. T h r e appeared to be no
sigdicant differences in mineraikt ion of phenanthrene between the surface and subsurface
sites but there was an interaction between site and depth indicating not al1 sites behaved the
same way. In the examples where mineralization was higher than 5%. the surfàce had
greater rnineralization than the subsurface. In most cases the rate of mineraiization was less
that 5% of the added phenanthrene in diesel fuel. Where large amounts of mineralization

was observed. the resuh were often mconsistent havîng standard deviations as large as the
mean (Site #4 and #9). The muieralization rates in these soils were higher than the soils

with less than 5% mineralized phenanthrene.

This indicates Site #4 and Site #9

microorganis were able to access the phenanthrene before it became no longer
bioavailable through sorption. The mineralization rates in the surface were sigrdicant ly
difEerent than the subsurface (Table 3.6).

This indicates there will be greater active

microbial rnineralization of the phenanthrene before it becomes less bioavailable due t O
organic matter. The mineraiization rates also indicate there wiU be little mineralization
diftierences between sites in the province. The inconsistency of elevated mineralization in

neshly sampled soi1 indicates that the occurrence of populations capable of enhanced
phenanthrene mineralization may be relatively sporadic. It is unknown whether the nature
of these soils to degrade phenanthrene is due to microbial populations or due to conditions

in the soi1 conducive to rnineralization (bioavailability. nutnents etc.). The rnineralization
half lives observed in this work are comparable to those reported for the aerobic
muieralization of 16-200 days reported by Howard et al. ( 19911.

Shiaris (1989) also

demonstrated slow degradation (~5%) of the phenanthrene molecule in the absence of
diesel fuel in 5 soils analyzed. The half iifie calculation in the present study is for the
mhenlized &action. It appears mineralization is relatively quick but not much is degraded.

The low amounts of degradation could be due to degradation intermediate accumulation or
bio availability.
Mineralization occurred in the soils exarnined. therefore indicating a po tential for
rnineralization in the environment. The results indicate if a spi11 occurs at anyone of these
sites there wiil be a consortium of microorganisrns capable of remediation. The tùidings
support in situ bioremediation because organisms are present. but cause some concern with
the amounts of labeled phenanthrene rnineralized (<16%). It appears bioavailability rnay be
limiting further mineralization of phenanthrene.

The organkms initially rnineralized the

phenanthrene rapidly but the mineraikat ion soon decreased over t ime ( Appendix). This
process indicates the phenanthrene is being sorbed and becomes no longer bioavaîlable. It

rnay then be prudent to look at ways of enhancing the already present microorganisms in
the environment by decreasing sorption.
Clay content is an important characteristic of the degradative environment
providing extensive surfaces for the stabilization andor reaction of organic compounds

(Devare and Alexander 1995). The s d a c e of the Gleyed Rego Black (Site #4) had the
greatest minerakation and had the greatest clay content. The sub-surface of this site had

a relatively low rate of mineralization despite having a clay content greater than 80%.

Thus. clay content alone cannot account for differences in mineralization. Fuller et al.
( 1995) also

concluded texture alone had no significant relationship with the rnineraiization

of toluene and trichloroethylene in vadose sediments.

There appeared to be no

relationship between mineralization and clay content for a) al1 sites and b) subsurface sites
(Figure 3.6 and 3.8) There was a correlation between rnineraiization and clay content in
the surface. but this relationship may be based on one or two points (Figure 3.7). It was
then believed organic carbon may play a role in mineralization. When looking at the efect
organic carbon had on mineralization (Figure 3-9. 3.1 0. and 3.1 1 ). we see t hat it had velittle influence on mineralization in a) al1 soils, b) surface mils and c) subsurtàce soils
investigated. Manilai and Alexander ( 1991) found that peat soils high in organic matter
(37%) had l e s mineralization (-42% degraded in 20 days) than soils with less (5.9%
organic matter. 46% degraded in 20 days). a much different finding fiom this study. It is

important to note this study used organic mils which do have diflerent properties than
minera1 soils. The results indicate that another factor or a combination of factors (type and
richness of organic matter. sorption. presence of rnicrobial populations etc.) influence the
total mineralization of phenanthrene.

When considering the relationship between

mineralization rate and texture and organic carbon (Figure 3.1 2 and 3.1 3 ). clay content (r2
= 0.1)

had no effect on the rates but organic carbon did have a significant relationship (r' =

0.65). It can be concluded organic carbon c m be a good indicator of the activity of the
microbial populations to mineralize phenant hrene in so il.

Figure 3.4 Total percent a) vohtilization and b) mineraikation of I4cphenanthrene in the
surface and subsurfàce of 8 sites mvestigated without prior hydrocarbon exposure.
The experiment lasted 259 days.
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Figure 3.5 Correlation between volatilization and the physical properties clay content (a)
and organic carbon (b).

Table 3.5 'v Phenantbrene volatilization and mineralization over the course of the
microcosm experiment.
Site

Site #1 0-10cm
90-100cm
Site #2 0-10cm
90-100cm

Site #3 0-10cm

% '*c
Volatilized

6.2+ 1.3
4.8 + 0.8
2.9 + 1 .O
6.1k1.0
4.8 + 0.9

%lJc
Phenanthrene
Mineraiized (A)'
4.5 2 I .O
3.6 0.9
1.6 2 0.2
4.4 + 1.3
3.7 t0.8
4.3 + 1.O
16.4 2 16.0
4.2 t 2.3
2.9 5 1.4
4.5 5 0.2
1.2 5 0.3
1.8 + 0.6

+

Rate Constant
(k)(day-')'

0.019 + 0.006
0.006 ~0.00
1
0.021 + 0.01 1
0.005 + 0.001
0.014 + 0.002
0.007 + 0.001
0.032+ 0.012
0.007+ 0.002
0.029 + 0.031
0.005 + 0.001
0.015 + 0.005
0.007 + 0.004
0.022+ 0.012
0.008 + 0.003
0.045 + 0.014
0.0052 0.003

Mineralization
Haif Life

5.551.2
90-100cm
Site #4 0-10cm
2.5 + 0.9
90-100 cm
4.8 + 0.2
3.1 + 0.8
Site #5 0-IO cm
90-100cm
5.320.9
2.4 + 0.4
Site #6 0-10cm
90-100cm
3.9 0.5
2.3 t 0.6
Site #7 0-10 cm
2.9 + 0.8
2.3 2 1.2
3-3 0.6
90-100cm
2.2 + 0.9
9.1 5 7.0
Site #9 0-10 cm
2.4 + 1 .O
90-100cm
2.2t0.6
' Total Mineralbation after 259 day experiment.
' Rate of Mineralization (% per day).
Time for half of the Total Mineralized Phenanthrene to be likrated as COS

+
+

(day~)~

36
126
33
132
49
99
22
1 07
24
139
45
96
32
89
15
132

Table 3.6 Mean values for each site and sampüng depth for "C Phenanthrene
volatilization and mineralizatioo over the course of the microcosrn experiment.
% lJc

Volatilized

%14c
Phenanthrene
M ineralized

Rate Constant
(k)(day-'1

Site Comparisonst
Site #1
Site #2
Site #3
Site #4

Site #5
Site #6
Site #7
Site #9
Depth Cornparison'
0-10 cm
90 -100 cm

ANOVA

3.4 a

5.2 a

0.025

4.6 b

3.4 a

0.006

***
*
I1S
Site
***
Depth
lts*
fis
*
*
Site x Depth
*+t
t
Average of 8 repïicates.
"Averageof 32 repücates.
Means followed by a comrnon letter are not signiscantly different at the 5% level.
***-highly sigrilficant, **-significant, *-low significance, ns-not significant (a= 0.05)

Figure 3.6 Correlation between mineralization and clay content in al1 sites.
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Figure 3.7 Correlation between mineralization and clay content in the surface sites.
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Figure 3.8 Correlation between mineralization and clay content in subsurtace soils.

Figure 3.9 Correlation between mineralization and organic carbon in al1 sites.
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Figure 3.10 Correlation between mineralization and organic carbon in surface sites.
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Figure 3.1 1 Correlation between mineralization and organic carbon in subsurface soils.
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Figure 3.12 Correlation between mineralization rate and clay content in al1 soils.
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Figure 3.13 Correlation between mineralization rate and organic carbon in al1 soils.

3.5.1.3

Sequential Extraction of

remabhg

'

4

fmm
~
Soil The results of the extraction of the

I4cin the soil after the experirnent are listed in Table 3.7.

Most sites, if not a&

had greater than 30% of the radioactivity recovered in a methanol wash. Site #1 (Sand)
and Site #5 (Clay Loam) in the surface had greater than 60% of the total added
radioactivity in a methanol extractable phase, much greater tban any other phase. Site #6
(Silty Clay), on the other hand, had 35.3% methanol extracted but oniy 43% totally

recovered. The results indicate phenanthrem or its degradative products were adsorbed to
the so il particles thereby decreasing the bioavailability of the compounds. The methano1

wash rnay in fact be extracting degradation intermediates that are more polar than the
phenanthrene rnolecule.

If this is the case, then there may have been significant

degradation of phenanthrene while mineralkition appeared to be low. The methano1 wash

rnay be removing only phenanthrene itself because in the control extraction (5000 ppm
diesel and radiolabeled phenanthrene spiked in dry d l ) up to 57% of the I4cwas removed
at this stage. It is therefore impossible to determine whether or not the

I4cphenanthrene

or degradation intermediates. The methanol extract indicates a weak association to soi1

which rnay allow the use of &actants

to increase bioavailability. Dohse and Lion ( 1994),

Tsomides et al. (1995), and Providenti et al. (1995) have ail indicated the enhanced
bioavailability of phenanthrene in the presence of micro bial or human origin surfactants.
The results in this study support the idea of adding compounds to reduce the adsorption

and increase the bioavailability of hydrocarbons in soil during in situ bioremediation.

In 6 of 8 sites studied, the water extractable phase had more
subsurtàce cornpared to the surfiace. Sites with less extractable

L

I4cextracted in the
4

in~ the subsurface

included Site #4 (Heavy Clay) and Site #7 (Clay Loam). This indicates there was less

adsorption in the subsurface therefore leading to a potentid for greater transport in these
environments. When considering the methanol extmction, the surface soils had greater

'"c

extracted than the subsurface in 6 of the 8 sites investigated. The exceptions in this
example kicluded Sites 3 (Loam) and 4 (Heavy Clay). The results indicate there was
greater adsorption of phenanthrene and its minerabation intermediates in organic carbon
nch environments. The soxhlet extraction yielded similar results with all sites having less
14

C extracted in the nibsurface compared to the surface with some overlaps of the

standard deviations. Finally, upon wet digestion, all sites except Site #7 (Clay Loam) had
more

14

C extracted in the surface compared to the subsurface indicating the greater

adsorption in surface soils. The implications of adsorption on in situ bioremediation are
enonnous. Surface soils will have an immense potential for adsorption thereby reduckg
the bioavailability of hydrocarbons.

Manilal and Alexander (1991) monitored the

mineralization of !O mgkg of labeled ( 9 - ' 4 ~ )and non labeled phenanthrene in soi1
microcosms. They varied the amounts of organic rnatter in a soil and found the soil with

high organic rnatter (36.7%) had less minerakation (42% in 20 days) compared to the soil
with lower amounts (5.9% OM had 46% minerakation in 20 days). There was not as
much of a pronounced ciifference in mineralization of phenanthrene in surface soils but
there was the indication of the role of organic carbon in bioavaihbility.
It appears adsorption of the phenanthrene in the soils studied was the major fate.
The total recovered

I4cranged 60m 43% in Site #6 to

110% in Site #5. Broadkorb and

Legge (1 992) found 55.3% of the total added phenanthrene rernaining in the mil &er a 2 1
day incubation. Adsorption coefficients caicuiated using the organic carbon fi-omeach soi1

indicate the majority of added phenanthrene will be readily adsorbed (Table 3.9),

consistent with results in the literature. Site #5 (O-lOcm) had the highest calculated
adsorption coefficient and the highest recoverable

14cin the soiL

Site # 1 (90400cm)had

one of the lowest calculated adsorption coefficients and one of the lowest recoverable

"c.

The results indicate organic carbon infiuences the adsorption and bioavailability of
phenanthrene in soil. The

I4cextracted in the merhano1 phase indicates the compound, or

t s degradative intermediates, was loosely bound to soil and may be desorbed in tirne. The

rate of desorption controls the potential for M e r mineralization of this compound or its
degradative Etennediates.
The majority of the

in the control (5000 ppm diesel and radiolabeled

phenanthrene spiked in dry soil) was f o n d in the methanol phase, consistent with the
experimental data presented. It should be noted that the efficiency of extraction for the
controls was high with 9 1% of the added '"cking recovered (Table 3.7).

Table 3.7 Sequential extraction of "C €rom soi1 at the end of the soi1 microcosm
experiment.
Sample
Site #IO-10 cm
Site # l 90- 100 cm
Site #2 0-10 cm
Site #2 90-100 cm
Site #3 0-1 0 cm
Site#390-100cm
Site #4 0-10 cm
Site #4 90-100 cm
Site #5 0-10 cm
Site #5 90- 100 cm
Site #6 0-t O cm
Site #6 90-100cm
Site #7 0-10 cm
Site #7 90-100 cm
Site #9 0-10 cm
Site #Y 90-100 cm
Controls

% "C
Water
Extracted
1.850.7
2.7 t 0.4
1.1 50.5
2.2 0.2
1.3 0.8
1.920.3
1.4 0.9
0.8 0.4
0.6 + 0.4
1.5 0.3
0.6 + 0-4
2.3 5 0.7
1.4 0.1
1.1 0.7
0.9 + 0.4
1.4 0.4
8.4 3.2

+

+
+
+

+
+
+
+

% 14c

Methanol
Extracted
60.1+12.1

%"c % ' 4 ~ W e t % T ~ t a l ' ~ ~
Soxhlet
Digested
Extracted
Extracted
8.5+0.9
6.3k4.2 76.6t11.8

Table 3.8 Duncan New Multiple Range Test for comparing the sites for sequential
extraction of I4cfmm soi1 at the end of the soi1 microcosm survey experiment.

Site Comparisonst
Site #1
Site #2
Site #3
Site #4
Site #5
Site #6
Site #7
Site #9
Depth Cornparison'

% I4c

% I4c

Water
Extracted

Methanol
Extracted

2.2 d
1.7 c

54.8 c
49.2 abc
47.3 abc
42.6 a

1.6 c
0.9 a
1.1 ab
1.5 bc
1.3 abc
1.1 abc

% I4c

% '"c

Soxhlet
Extracted

Wet
Digested

%Total
14c

Extracted

53.8 bc
45.8 ab
41.0 a
42.6 a

0-10 cm
90 - 100 cm

ANOVA
Site
Depth
Site x Devth
1
Average of 8 replicates.
'Average of 32 replicates.
Means followed by a common letter are not significantly dBerent at the 5% level.
** *-highly sigdicant, **-significant, *-Iow significance, ns-not simcant (a= 0.05)

Table 3.9 Calculated organic carbon adsorption coefficients for eaeh soi1
investigated withoat pnor hydrocarbon exposure.
Sample

Site #1 0-10 cm
Site #1 90-100 cm
Site #2 0-10 cm
Site #2 90- 100 cm
Site #3 0-10 cm
Site #3 90- 100 cm
Site #4 0-1 0 cm
Site #4 90- 100 cm
Site #5 0-10 cm
Site #5 90- 100 cm
Site #6 0-10 cm
Site #6 90- 100 cm
Site #7 0-1 0 cm
Site #7 90- 100 cm
Site #9 0-1 O cm
Site #9 90- 100 cm
Pian et al. (19961B
Cannichael et al. (1997)'
Camiichael et ai. (19971B
B
Experimentally observed values.

Fraction of Organic
Carbon (L)
0.02 1
0.001
0.025
0.00 1
0.032
0.002
0.037
0.009
0,057
0,006
0.047
0.004
0.0 1 1
0.003
0.049
0.003

When comparing the amounts of

Kp

283.3
13.5

337.2
13.5

43 1.6
27.0
499.1
121.4

768.9
80.9
634.0

54.0
148.4

40.5
661.O
40.5

2.7
14125.4

0.02

0.029
0.0026

'

4

(K=*deY

(Lkg-')

15848.9

in~ each extractable phase to the clay content

of the soil, the results showed no correlation for any factors (Table 3.10). The cornparison
of percent clay to water extractable 14chas a very weak correlation but is not significant.
The results prevent the use of texture in an initial risk assessrnent deteminhg the
adsorption potential of phenanthrene in the environment.
relationship between

There was, however, a

i4

C contained in water, methano4 and soxhlet exiracts and soi1

organic C. A significant relationship existed between the soi1 organic C and the

I4c

released on wet digestion and total extracted radioactivity. This is consistent with the
partitioning of phenanthrene or degradation products into soil.

In mils with greater

amounts of organif carbon, more pheoanthrene will sorb and be released during oxidative

digestion The relationship between phenanthrene adsorption and organic carbon can be
used in assessiog the bioavailabüity and initial risk of movement of compounds off site.

Table 3.10 Correlation between each sequential extractable phase and clay content
or organic carbon in sites investigated.
Soii Property of
Sites
--- -- - -

p
-

% 'Y

Water
Extracteci

% Clay
% Organic Carbon

0.25*
0.47

% "C
Methanol
Extrscted

0.00005

0.30

% 14c
-.

Soxhlet
---Extracted
--0.013
0.51

'"cWet
Digested

%Total

%

-- - - - 0.0008
0.71

-

.

'.'c

-

Extracted

- ..- -.. -- - - - .

0.002
0.64

* 8 values obtained in regression

3.5.1.4 Metaboüc Diversity of Soi1 The detemination of the metabolic diversity of the

microbial populations using biolog plates helps to understand the substrate divenity of the
organisms. The results hdicate the rnajority of the color change (degradation) occurred

between 48 and 72 hours after inocdation of the soil extracts (Table 3.1 1). Surface soils
were more active in degrading substrates than the subsurface. This can be explained
because the rnajority of the microbial activity will be found at the surface due to the
presence of organic matter and other nutrients (Smith et ai. 1993). When comparing the
metabolic diversity of the sites, the results indicate there was a sigdicant effect of the site,
depth and site by depth treatments. Surfâce mils had greater metabolic diversity than the
subsurfàce because there are reduced amounts of substrate in the subsurface environments
for organisrns to utilize. Site #2 and #3 had the greatest metabolic diversity yet had l e s

I4cmineralized.

Site #4 had signiscantly less metabolic diversity

yet had greater mineralization (-16%).

This indicates metabolic diversity is a poor

than 5% phenanthrene

indicator of tota1 phenanthrene mineralkation in soil. The mineralization rate had daerent
resuits. It was correlated to the metabolic diversity of the soil. This indicates there is a
direct relationship between the diversity of microbial populations and their activity in the

mineralization of phenanthrene (Figure 3.14).

Biolog plates may be used in the

determination of the potential for a soïl to mineralize phenanthrene.

Table 3.11 Average intensity and substrate richness for the 8 sites investigated
without prior hydrocarbon exposure. The properties of the micmorganisms was
determined using Biolog plates.
Average Intensiw
(Time of Color Change)

Su bstrate Richness
(% Substrates Utilized)

Site Comparisons'
Site #1
2-4 b
50.1 ab
Site #2
2.1 a
65.2 c
Site #3
2.2 a
65.2 c
Site #4
2.5 b
56.9 bc
Site #5
2.6 b
40.8 a
Site #6
2.5 b
54.6 bc
Site #7
2.1 a
64.5 c
Site #9
2.2 a
63.0 c
Depth Comparisonx
0-10 cm
90 -100 cm
ANOVA
Site
Depth
Site x Depth
Correlation
% Total MineraIized (8)
Minerakation Rate (k) ( 2 )
0.07
0.6
t
Average of 8 repiicates.
"Average of 32 replicates.
Means followed by a common letter are not sigruficantly ditferent at the 5% level.
* * *-highly significant, * *-signifïcant, *-low significance, ns-not significant (a= 0.05)

O

-

O .O

-

20.0

40.0

60.0
% S ubstrates Uti lized

80.0

100.0

Figure 3.1 4 Correlation between the mineralization rate and the diversity of substrates
utilized by the microorganisms in soil.
3.5.1.5

Fate of Phenanthrene and Mass Balance The mass balance of radioactivity

added to the soi1 is listed in Table 3.12. The summing of mineralization, volathtion,
and residual 14cresults in recoveries ranging fkom 44 to 116% of the added
indicates the majority of the

''c phenanthrene

"c.

The data

introduced hto Wgin soi1 in situ (i-e. no

hydrocarbon exposure) is adsorbed (Table 3.1 2). Bioavailability is a factor due to the
inability to extract

fkom the soil using water. The rnajority of the radioactivity was

found in the methanol extractable phase which is probably not accessible by the
microorganism at this tirne. If this phase was available due to surfactants, mineralization
of phenanthrene and t s degradative products should have been greater in the soil analyzed.
Volatilization and mineralization of the "C label were rninor factors involved in the fate of
phenanthrene in unexposed mil. Values ranged from O to 16% of the total

14cadded,

14

while mil extractions made up the remaining portion

CO2 traps were shown to be

effective in the second part of this experiment because a large amount of

'"cwas trapped

in a short period of time (Site#IO).
Mass balance of "C recovered from the addition of phenanthrene.
Values were take at the end of the experiment (259 days).

Table 3.12

Site
Site #1 0-10 cm
90-100 cm
Site #2 0-10 cm
90- 100 cm
Site #3 0- 10 cm
90- 100 cm
Site #4 0-10 cm
90-100crn
Site #5 0- IO cm
90- 100 cm
Site #6 0- 10 cm
90-100 cm
Site #7 0- 10 cm
90-100 cm
Site #9 0- 10 cm
90- 100 cm

% lJc

%14c

%'"c

Voiatilized

Phenanthrene
Mineralized
4.5 2 1.0
3.6 0.9
1.6 2 0.2
4.4 5 1.3
3.7 2 0.8
4.3 2 1.O
16.4 5 16.0
4.2 2 2.3
2.9 2 1.4
4.5 + 0.2
1.2 2 0.3
1.8 0.6
2.3 & 0.6
2.3 2 1.2
9.1 t 7.0
2.4 2 1.O

Extracted

+
+
+
+
+

6.2 1.3
4.8 2 0.8
2.9 1.O
6.1 2 1.0
4.8 0.9
5.5 1.2
2.5 0.9
4.840.2
3.1 20.8
5.3 0.9
2.4 + 0.4
3.9 0.5
2.9 2 0.8
3.3 2 0.6
2.2 0.9
2.2 2 0.6

+
++

+

+

+

76.6 11.8
57.3 5 5.1
74.0 5 7.6
54.2 5.9
65.4 5 7.2
55.6 2 4.6
53.8 2 15.7
58.2 2 5.5
110.0 8.1
50.0 1.8
90.1 2 15.5
43-0 2 7.7
53.8 2 13.0
49.4 2 3.5
65.8 5 9.1
50.5 2 12.5

+

+
+

Total "C
Recovered

87.3 2 13.2
65-72 4.1
78.4 2 7.9
64.7 5 5.4
73.9 2 5.8
65.4 2 3.4
67.2 2 23.0
72.7 2 6.2
1 16.0 9.9
59.8 2 2.4
93.8 2 15.3
48.7 t 8.2
59.0 2 12.9
54.9 + 2.9
77.0 2 8.1
55.1 2 12.9

+

The partitionhg of phenanthrene and its degradation products into the various
fates in the environment are indicated in Figure 3.15. The data was derived by averaging
the surface (O- 1Ocm) and subsurface (90- 100cm) results. Phenanthrene and degradation
products, in uncontaminated soils, will adsorb readily to the soi1 matrix with a srnall
portion of this compound available for transport, rnheralization and volatilization. The
possible transportable hction (water soluble extracted

"c)and volatilized compounds

&er 259 days are not significant fates in either environments, but are higher in the

subsurface. Adsorption (methanol and soxhlet extractable

'"c)and residual (wet digested

14

C) are higher in the surfiice indicating organic carbon may play a large role in the fate of

phenanthrene in the environment. It is important to note the data used in the Figure 3.15

is calculated by averaging of ail sites in the surface and subsurface then dividing by the
total recovered I4cand not the total added to the microcosms.

Volatilized Mineralized Transportable
6%
1%
4%

Figure 3.1 5 Fate of raàiob l e d phenanthrene in uncontarnioated soi1 microcosms in the
surtàce (A) and subsurface (B) environments.

3.5.2 Phenanthrene Fate in Soi1 With Prior Hydrocarbon Exposure

The minerabation of radiolabeled phenanthrene in diesel fuel was monitored in

soils previously contaminated with diesel fuel and crude oil. The results in this section wili

be compared to the preMus to determine the effect prior exposure may have on
phenanthrene mineralimtion The use of soi1 rnicrocosms d owed the simultaneous study
of minerakation, volatilization and adsorption throughout a 259 &y experiment.
3.5.2.1 Phenanthrene Volatilization The volatilization of phenanthrene in hydrocarbon

sensitized sites and one control site is listed in Table 3.13. The data indicates a low
potential for loss of this compound m this systern afler 259 days. niere appeared to be no
merence between surface and subsurface soils in either the sites examined. but when
comparing Site #10 to the corresponding control of üiat site there was a slight difference.
Site #10 had an extremely low recovery of phenanthrene in the P W yet the rate of
mineralization was hi&

This indicates that d e r the compound

was introduced to the

system, there was complete rnineraüzation of the available phenanthrene preventh g any

volatilization. Site #9 had a lower rate of rnineralization yet a slightly higher amount of
phenanthrene volatilized. Results m this section show volatilization will be a minor fate in
the disappearance of phenanthrene in soils when there is rapid mineralization.

Table 3.13 I 4 c Phenanthrene volatilization and mineralization over the course of the
microcosrn experiment.

%'Y
Rate Constant Mineralization
Phenanthrene
(k) (day-'1
Half Life
Mineralized (A) _- ---- --------------Site #8 0- 1 m
2.7 0.4
2.05 0.7
0.008 t 0.002
89
2.7 0.7
4.8 + 4.4
0.033 + 0.035
21
1-2 m
Site #9 0- 1O c d
2.2 0.9
9.1 7.0
0.045 5 0.014
15
2.4 2 1.O
0.005 2 0.003
132
2.2 0.6
90- 100 cmp
Site #10 0-10 cm
0.04 0.05
56.2 12.5
0.357 t 0.1 14
2
90- 100 cm
1.2& 0.7
44.22 8.9
0.091 2 0.017
8
Psite#9 (no previous hydrocarbon exposure) was a control for Site # 10 (previous
hydrocarbon exposure)
Site

% 'Y

Volatilized

-

+
+
+

3.5.2.2

-

--(omli)
._

--

+
+

Phenanthrene Minemlization Variable rates of phenanthrene mineraiization

were Observed in soils previously exposed to hydrocarbons (Table 3.1 3). Site #8 appeared
to have low mineralization (surface and subsurface) after 259 days despite king previously
contambated with diesel fuel. This material was a grave1 fill containing very Little organic
rnatter. The environment would be almost fiee of nutrients and growth factors making it
very harsh for microbial population to grow and survive.

Site #10 also had prior

hydrocarbon exposure (crude oil) while its control (Site #9 sampled in an adjacent field)
had no exposure. The minerahtion in this case was rapid 50% of the added "C king

recovered as CO2 within the fist 2-14 days. The uncontaminated soil at the site had
sigril6cantly Iess mineralization. This site (Site #IO) was an agricultural soil containhg
organic matter and hi&

nutnent content, factors conducive to minerakation if the

phenanthrene is bioavailable. The rnineralization rate inacates it contains microorgaaisms
capable of rapid mineralization of the phenanthrene before the subsequent loss of the
bioavailabk hction to adsorption. In the subsurface, where lower arnounts of organic
matter were present, the crude oil acted as a substrate for microbial growth. Site # 10 had

-

a silty clay texture in the slrrnlce and a loam in the subsurface (Table 3.2). These textures
allow for an environment more conducive to microbial growth and activity compared to a

coarse sand due to the retention of nuîrients and organic matter (Donahue et al. 1983).
The control for Site #IO (Site #9) had significantly less mineraiization yet had similar mil
properties.

Prior sensitization of

hydrocarbons in the contaminated soii (Site #IO)

decreased the haK Me and acciimation penod of phenanthrene mineralization in diesel fuel
relative to the uncontaminated control (Site #9). The same trend was also seen by Kastner
et al. (1994) in the enurneration of phenanthrene degrading organisms. They found greater
than 10
' zone forming units on minimal medium plus phenanthrene growth plates in a soil

with residud PAH's and none with uncontarninated soil. Sites in the environment with
repeated exposure to hydrocarbons (oil fields, storage facilities etc.) may in fact be able to
remediate a site without outside intervention prornoting in situ biodegradation Previo us
exposure did not always result in enhanced mineralization, Site #8 resulted in less
)
previous exposure to diesel fuel. Other factors
phenanthrene mineralization ( ~ 5 % despite

besides prior exposure must be controlling the ability to degrade pheoanthrene in diesel
fbel.

3.5.2.3

Sequential Extraction of

'"c€rom Soi1

The extraction of the rernaining

f?om the soi1 at the end of the experiment (259 days) was used to indicate the extent of
adsorption. Site #8 and Site #9 foilowed the trend identifled for unexposed soil with the
highest extractable

I4cin the methanol hction (Table 3.14).

This apparent adsorption

seriously affects the bioavailability of phenanthrene in the environment reducing the
potential for mineralization in situ. These soils also bad low minerakation and higher
volatilization than Site #IO.

The s h c e of Site #10 contained the majority of the

radioactivity in the wet digestible phase while the subsurface had equal proportions in the
methanol and wet digestible phases.

Though a proportion was found in the methanol

phase in the subswface, the amount was low (16.1%). A reason for having low recoveries
(between 33 and 35%) in Site #10 would be the fact that up to 50% of the phenanthrene
was mine&d

in the f k t 14 days preventing adsorption of the compound.

Wet

digestible recoveries were high while methanol extracts were low possibly due to
degradative intermediate production which may in turn adsorb or become humined more
readily than phenanthrene itself ( R i b o n and Eaton 1982).

With more intermediates

produced, there rnay have k e n a greater chance for specific adsorption to occur making it
impossible for a methanol wash to remove. Table 3.16 lists the caiculated adsorption
coefficients for phenanthrene. In this example it can be concluded the majority of the fate
of phenanthrene wiU be adsorbed to the soi1 fiaction if microbial populations are unable to
access and degrade the compound. Site #10 had the greatest amount of organic carbon,
therefore wiil have the highest potential for adsorption and humification

In the

experiment it appears the microbial populations were able to degrade the phenanthrene
before or even during the adsorption process.
The rnajority of the

14

C in the control sequential extraction was found in the

methanol phase, consistent with the experimental data presented. It should be noted that
the efficiency o f extraction was high with 91% of the added "C king recovered (Tabk

3.14).

Table 3.14 Sequential extraction of
hydrocarbon exposure.

'"c from

% I4c
% "C
Water
Metbanol
Extmcted Extracted
Site #8 0-1 m
2.0 20.3
49.3 + 7.6
Site #8 1-2 m
20.0 29.9 28.5 2 10.5
Site #9 0-10 cmP
0 . 9 5 0 . 4 43.1210.4
Site #9 90-100 c d
1.4 + 0.4 42.1 + 11.3
Site #IO 0-10 cm
1.450.3
4.8k1.5
16.1 + 7.6
Site #10 90-100 cm 1.8 2 0.6
Soil Control
8 . 4 I 3.2
56.9 54.2
'Site #9 (no previous hydrocarbon exposure)
hydrocarbon exposure)

Sample

mils with and without prior

% 14c

% 14cWet %Total

Soxhlet
Extracted

Digested

3.8 k 2 . 0

2.0
2.4

+ 0.9

+

3.0k2.0
0.7
6.150-5 15.723.8
4.0 2.7
3.0 0.6
3.6 fr 1.7 23.1 5.0
2.9 1.6 13.4 & 7.8
8.7 0.3 16.9 5 2.8
was a control for Site

+

+

'"c

Extracted
57.1 k7.3
53.9 8.9
65.8k9.1
50.5 12.5
33.0 2 4.8
34.2 12.5
90.9 8.2
#10 (previous

+
+
+
+

Table 3.15 Duncan New Multiple Range Test for comparing al1 sites for sequential
extraction of 14cfrom soils with prior hydrocarbon exposure.
Sample

% lJc

% I4c

% I4c

Water
Extracted

Methanol
Extracted

Soxhlet
Extracted

% I4cWet OhTotal "C

Digested

Extracted

Site Cornparisont
Site #8
11.0 b
38.9 b
3.4 a
2.2 a
55.5 b
Site #gP
1.1 a
10.5 a
2.3 a
9.3 b
58.1 b
Site #IO
1.6 a
42.6 b
5.1 a
18.2 c
33.6 a
Depth
Cornparison'
0-10 cm
1.4 a
32.4 a
4.5 a
13.6 b
52.0 a
90- 100 cm
7.8 b
28.9 a
3.3 a
6.2 a
46.2 a
ANOVA
*a*
***
Site
*SS
SS*
11s
Depth
ik*
11s
11s
**t
ns
*
***
**
Site x De~th
I1S
ns
'Site #9 (no previous hydrocarbon exposure) was a control for Site #10 (previous
hydrocarbon exposure))
t
Average of 8 replicates.
"Average of 12 replicates.
Means followed by a common letter are not significantly different at the 5% level.
* **-higl-îiysipnincant,**-signiScant, *-10w signiscance, ns-not signifïcant (a= 0.05)

Table 3.16 Calculated organic carbon adsorption coenicients for each soi1
investigated with prior hydrocarbon erposure (Green and Karickhon 1990).
KP(Koc*foc)t
(Lkg-')
0.003
40.5
Site #8 0- 1 m
Site #8 1-2 m
0.003
40.5
0.049
66 1.O
Site #9 0- 10 cmA
0.003
40.5
Site #9 90-100 cmA
0.093
1254.5
Site #10 0-10 cm
0.007
94.4
Site #10 90-100 cm
0.02
2.7
Piatt et al. (19961B
Carmichael et al. ( 19971B
0.029
14125.4
Cannichael et al. 11997)B
0.0026
15848.9
A
Site #9 (no previous hydrocarbon exposure) was a control for Site #10 (previous
Sample

Fraction of Organic
Carbon (L)

hydrocarbon exposure))
Experimentdy O bserved values.

B

3.5.2.4 Metabolic Divemity of Soil The results indicate the rnajority of the color change
occurred between 48 and 72 hours d e r inoculation of the soi1 extracts (Table 3.17). This
is a significant result because it indicates there were equal proportions of organisrns
iooculated in each weU, giving rise to a color change at about the sarne time. Subsurface
soils were as active as surface soils in generating a positive test probably due to the
presence of hydrocarbons (substrate) in the subsurface. When cornparhg the meta btic
diversity, the results indicate there was a significant effect of the site, depth and site plus
depth treatments. Site #9 was the control for Site #10 and had the most substrates
utilized. HaWig less substnite nchness may be due to the selection of organisrns who c m
survive and grow in a somewhat toxic hydrocarbon environment (i.e. selection by
repressing other organisrns). These organisrns have a readily ut ilizable substrate present

and "lose" the ability to degrade other compounds. Site #8 had no control therefore
cannot support this hypothesis. SurE?ce mils were signifÏcantly different and had more
metabolic diversity than the subsurface. There would be reduced amounts of substrate in

the subsurface environments (Donahue et al. 1983) for organisms to utilize (i.e. organic

carbon, nutrients growth fhctors etc.), thereby limiting their metabolic activîty.

Table 3.17 Average intensity and metaboüc diversity for the 3 sites investigated
with and without prior hydrocarbon exposure.
Sample

Average Intensity
(Time of Color Change)

Metabolic Diversity
(% Substrates Utilized)

Site Com~arison'
Site #8
2.8 c
59.4 b
Site #gP
2.2 a
63.0 b
Site #IO
2.3 b
43.9 a
Depth Com~arison'
0-10cm
2.4 a
62.0 b
90-100 cm
2.4 a
48.9 a
ANOVA
Sf*
***
Site
***
Depth
11s
***
***
Site x Depth
#9 (no previous hydrocarbon exposure) was a control for Site #10 (previous
hydrocarbon exposure)
'~verageof 8 replicates.
"Average of 12 replicates.
Means followed by a comrnon letter are not signiticantly clifferent at the 5% level using
Duncan New Multiple Range Test.
* **-highly significant, * *-significant, *-low significance, ns-not significant (a= 0.05)
3.5.2.5 Fate of Phenanthrene and Ma= Balance The major fate of phenanthrene in sok

with low arnounts of mineralization (<10?4) (Sites 8 and 9) was adsorption and reduced
bioavailability after 259 days (Table 3.1 8). Though there were microbial populations
capable of minedimtioa it appears adsorption reduced the bioavailability of phenanthrene
in situ. The major proportion of phenanthrene was located in the methanol extractable

hction unavailable to microbial mineralization.

If tbis fraction

waç

accessible

(surfactants, wetting and drying) greater thao 10% of the phenanthrene might have k e n

minedzed. In Site #IO, a crude oil spiJi site, the major Fate was mineraiization 044%)
with some adsorption (04%). The enhanced mineralization in soils with prior exposure

dows the implementation of intrinsic in situ biodegradation thereby reducing the costs of
clean up. Site #9, the control for Site #IO, had mineralization up to 9%, but the standard
deviation was as high as the mean signifLing this property was a sporadic occurrence. The

loss of ' " ~ was
0 ~
not a factor becaw a hi& rate of mineralization occurred in a short
interval yet trapping appeared to proceeded n o d y in Site #IO.

Table 3.18 M a s balance of '"C recovered fmm the addition o f phenanthrene.
Values were take at the end of the experiment (259 days).
% lac

Site

Volatilized

2.7 t 0.4
2.7 & 0.7
2.2 2 0.9
2.2 5 0.6
0.04 5 0.05

/O 1-4C

O

Pheoanthrene
Mineralized
2.0 2 0.7

%14c

Extracted

Total '*c
Recovered

57.1 5 7.3
61.8 5 6.9
53.9 5 8.9
61.4 2 10.9
65.8 2 9.1
77.0 2 8.1
9.1 + 7.0
2.4 2 1.O
50.5 2 12.5
55.1 i 12.9
56.2 4 12.5
33.0 2 4.8
89.2 2 13.4
44.2
5
8.9
34.2
2
12.5
79.6 5 12.6
1.220.7
90-100cm
Psite#9 (no previous hydrocarbon exposure) was a control for Site #10 (previous hydrocarbon
exposure)

Site #8 0-1 m
1-2 m
Site #9 0-1 0 c d
90-1O0 cmp
Site #IO 0-10 cm

4.8

4.4

The fate of phenanthrene in the environment is seen in Figure 3.16. Phenanthrene
and its degradative products wiii adsorb readily to the soi1 matrix and make up the greatest

fiaction. Mineralization can also be a significant fate with up to 40% of the phenanthrene

rnineralized before availabiiity becarne a factor. Site #10 bad active microorganisms
capable of significant mineralization of phenanbene before it was adsorbed and no longer
available.

The water soluble portion of this compound (transportable) was not a

signiscant fate in the surface of these sites but the subsurface had up to 15% of this
compound available for transport.

Volatilization was not a significant fate in the

microcosm experiment but was slightly bigher in the subsurfàce. Residual ( h d e d )

'"c

was a h a signiscant fate with up to 17% of the phenanthrem in this state. Adsorption

and residud

''c are higher in the

d a c e while volatilization and water soluble

phenanthrene are lower indicatkg organic carbon plays a large role in the Eue of

phenanthrene in the environment. Organic carbon not only supplies nutrients and substrate
to

microorganisms but also decreases the bioavailability (sorption, hUMi.fication) of

hydrocarbons in soi1 (Edwards et al. 1994). It is important to note the data used in the
Figure 3.1 6 is calculated by averaging Sites #8 and # 10 in the surface and subsurface then
dividmg by the total recovered 14cand not the total added to the microcosrns.

Transportable

Residual

15%

11%

Figure 3.16 Faîe of radiolabeled phenanthrene in soi1 microcosms with previous
contamination of hydrocarbons. (A = surface, B = subsurface)

3-53 Drying of Soi1 and Further Addition of

Phenanthrene

After 259 days of incubation with phenanthrene the soils were split into 2 portions
of approximately 30g. One set was dowed to remah unaltered while the other was dried,
ground and wetted to determine the potential increase in minerakation as a resdt of
disturbance. After M e r incubation (36 days) the soils were again spiked with
phenanthrene in diesel and monitored for mineralization to determine the effects of pnor
exposure and prolonged incubation on microorganism properties (total of 343 days).
3.5-3.1 Continuousiy Wet Phenanthrene Mineralizatioo The mineralization of the

second phenanthrene addition was minimal (Table 3.2 1). Afler about 12 weeks fiom the

initial end of the experiment, al1 of the contmuous wet soils had less than 5% of the
phenanthrene rnineralized. The readdition of 5000 ppm diesel after 36 days fiom the start
of the second experiment caused &le mineralization (day 295). m e r about 295 days of

incubation with ''c phenanthrene in diesel fiel the second readdition had no eEect. Even
the sites with pnor hydrocarboo exposure had Little or no minerakation. Site $10 had
greater tban JO% mineraiization in the initial experiment and less than 1% afler the
readdition of phenanthrene. The results rnay indicate the microbial populations h these
microcosrns d e r extended incubations (>1 year) start to loose the ability to degrade

phenanthrene. In the case of Site # 10, the initiai rnineralization of phenanthrene was very
rapid with the majority of the mineralization occurring in the first 14 days of addition.

This indicates the soil microbial biomass kas probably incubated for about 40 weeks
without interacting with any f o m of phenanthrene. In this case it would be conceivable
to believe the organisms "lost" the ability to mineraüze phenanthrene without the substrate
present, or organisms able to degrade the compound were selected out of the microflora

due to selective advantages. This could also happen in the environment and may explain
the poor rnineralization of Site #8 in the previous section. The other 9 soils had poor
mineralization of phenanthrene after the initial addition. This indicates the populations
were unable to express the appropriate enzymes for mineralization. If phenanthrene sorbs
to the soil matrix and becomes unavailable, the rnicrobial populations rnay not have
ieduced enzymes to mineralize the compound. If phenanthrene enzymes are constitutively
produced then the resuhs would indicate there were no organisms present with the
potential to mine&

the compound.

3.5.3.2 Drying, Grinding and Wetting of the Soi1 The drying of the soil, grinding, and
subsequent wetting caused a rninor hcrease in the mineraijzation of phenanthrene (Table

3.19). The addition of phenanthrene d e r five weeks of incubation had Little effect on the
mineralization of phenanthrene. There was less than 1% increase in mineralization once it
was added and monitored for 48 days. The results indicate there was little effect of drying
for 2 days, grinding and wetting of the soil on m e r mineralization of phenanthrene.
Amoto et ai. (1983) indicated the importance of the type and extent of drying on the
rnicrobial degradation capacity. They found the greater the fiequency of drymg and
rewetting (3 weeks wet- 1 week dry) increased decomposition of plant parts compared to
continuously wet soil. In this expriment the soil environment rnay not expenence the
same effects wetting and drying has if only one drymg event has occurred. One drying
event may w t supplement the soil with added nutrients, therefore downpiaying the burst
of microbial activity as compared to a soi1 that is dried and wetted on a reguIar basis.

Table 3.19 The mineralization of ' 4 ~phenanthrene in 5000 ppm diesel fuel in soib
maintained continuous wet and in soils dried, ground and rewetted for 84
days.

Site

%14c

Phenanthrene
Mineralized in
Continnous
Wet Soil

%"c

%"C

%"C

Phenanthrene
Mineralized in
Dried and
Ground Soi1

Phenanthrene
Mineralized in
Con tinuous
Wet Soi1 After
Second Spike of
Diesel

Phenanthrene
Mineralized in
Dried and
Ground Soil
After Second
S ~ i k of
e Diesel

Site #1 0-10cm
90-100 cm
Site #2 0-10 cm

90-100 cm
Site #3 0-10 cm
90-100 cm
Site #4 0-1 0 cm
90-100cm
Site #5 0-1O cm
90-100cm
Site #6 0-10 cm
90-100cm
Site #7 0-1 0 cm
90- 100 cm
Site #8 0- 1 m
1-2m
Site #9 0- 1 0 c d
90-100cmp
Site #IO 0-10cm
90-100 cm

0.15 + 0.2
0.045 0.23
0.62 + 0.22
0-73+ 0.15
Psite#9 (no previous hydrocarbon exposure) was a control for Site #10 (previous hydrocarbon
exposure)

3.6 Conclusions

Microorganisms capable of rnineralization of phenanthrene were found in al1 soils
sampled. The results tend to indicate fiesbiy sampled soils in Manitoba without pnor
hydrocarbon exposure had low mllieralization in soi1 microcomis.

Where significant

miaeralization occurred in mils, the results tended to indicate the mineralkzition was a
sporadic occurrence with only two sites havhg greater than 5% rnineralization. Total
phenanthrene mineralization in the surface was not significantly different fiom the
subsurface without prior hydrocarbon exposure. This does not mean the subsurface will
always have the same potential as the surface because where there was significant
mineralization ( ~ 5 % ) the surface bad a higher mineralization rate.

The rates of

mineralization were signifïcantly different between the surface and subsurface.

This

indicates there was greater activity of the microorganisms rnineralizing the available
phenanthrene where organic carbon rnay be found.
The pnor exposure of freshly sampled soi1 to hydrocarbons tended to increase
mineralization and decrease half lives. In two soils examined with prior sensitizatioa one

had rapid minerakation while the other had signincantly less. The results indicate the
occurrence of a hydrocarbon spill does not guarantee significant mineralization but may
help in pnor risk assessment. Other factors are hvolved to enhance this process.
Volatilization will be an insignificant fate of phenanthrene in the environment. it
was greater in subsurface soils compared to the surface. This was most likely an effect of

organic rnatter. Because subsurface soils have less organic rnatter, there wiil be less
specifïc adsorption of the hydrophobie phenanthrene. With less adsorption of the molecuie

there will be a tendency for ît to enter the vapour phase more readily than if it were
adsorbed to organic matter.
The final sequentiai extraction of the residual

I4cindicates the major fate of this

molecule in the environment will be adsorption and possibly humdication. This indicates
that once phenanthrene was introduced it remained adsorbed preventing mineralization.
The reduced bioavailability would result in phenanthrene accumulating in the environment.
The inability of microorganisms to access this source of substrate could be removed by the
use of surfactants desorbing phenanthrene making it more available for rnineralization.

Texture, organic carbon, and metabolic divenity were poor indicators of
phenanthrene mineralization. The resuhs iodicate that another factor or a combination of
factors (type and richness of organic matter, presence of microbiai populations etc.)
influence the mineralization of phenanthrene (Smith et al.

1993). Organic carbon and

metabolic diversity were good indicators of the minerakation rate. This property of the

soi1 organic carbon and biomass may be used in prior risk assessrnent to determine the
potential for phenanthrene mineralization in soil. Organic carbon was a good indicator of
phenanthrene adsorption to soil particles. As the amount of organic carbon increased the
adsorption increased and bioavailability decreased.

It would be recornrnended to

determine the organic carbon content of a spiii site in prior risk assessrnent as it wiU both
affect the movement and mineralization of hydrocarbons.

The hancihg of soil prior to and during remediation studies may not sirnulate in
situ mineralization.

Drying and grinding of the soi1 had little effect on the further

mineralization of phenanthrene in diesel fuel. Though there was a marginal increase in
mineralization, there was stili less than 2% dserence in phenanthrene mineralization.

There also appears to be an effect o f prolonged incubation of soil in microcosms. The
second addition of phenanthrene had Little effect on the production of

" ~ 0 2 .

In other

words some s o b (Sites #IO, #4 and #9) appeared to "lose" the ability to degrade
signiscant arnounts of phenanthrene. The organisms capable of mineralization rnay have
been selected out of the surviving biomass afler one year of incubation.

CHAPTER 4
Effect of Landscape Variation on the Mineralization of Phenanthrene
in Diesel Fuel #2 Contaminated Soil.

4.1 Abstract

Cores were collected fiom the surface (0-50 cm) at the upper. upper-rd, lower-

mid, lower, and depressional dope positions to determine the fate of phenanthrene in diesel
fuel.

Subsurface (50-100 cm) samples were also collected at the lower-rnid and

depressional positions to characte-

fates in the parent materid.

As a result of

dserences in landscape positions the organic matter contents, texture and water regime of
the soils sampled varied dramatically.

Soi1 sarnples were also taken for a parallel

rnicrocosm experirnent to compare the differences, if any, in the two experimental designs.
Radiolabeled phenanthrene was added dong with sufficient diesel fuel to contaminate the
upper 15 cm of the core to a concentration of 51 mg of diesel fuel g-' mil in order to
assess the degradation potential of a severe spiil (-100.000 kg

ha1). Volatilimtion and

movement of phenanthrene and diesel in the soi1 profile was also detemiined. The results
indicated the major fate of phenanthrene was adsorption with mineralization comprising a

srnail percentage (<10%).

Intact soi1 colurnns had greater mineralization than

correspondhg microcosms indicating a possible role of soil structure and aeration in
mineraibation of phenanthrene.

Surface mils also had greater mineraiization than the

subsurfàce and diesel addition to soils hcreased respiration of the microbial biomass. The
total extractable diesel fùel in the soi1 columns at the end of the experiment rauged
between 98.3 and 74.7% recovered m the subsurfke and 9 1-8 and 56.5 % in the surface
indicating degradation of the total hydrocarbons may be a major hte.

4.2 Introduction

The contamination of soi1 and water with diesel fuel is a widespread problem
(Keuth and Rehm 1991; McGill 1976; Atlas and Cernigk 1995; Brodkorb and Legge
1992; Rainwater et al. 1993). Leakage of storage tanks and tankers on land and sea create

an environmental catastrophe affecthg wildlife and human health. It is important to be
able to determine the major fate of the components of diesel fuel to prevent fùrther
exposure. To ensure public safety, the knowledge of the fate of diesel fuel when spilled
into a soi1 landsçape wiU enable a more cost effective remediation strategy (Atlas and
Cemiglia 1995). If a spill is localized and has no potential for M e r contamination, in
situ bioremediation may be the best option.

Soi1 is a complex system with rnany factors controiling the potential for
bioremediation (Scow 1990; Rainwater et al. 1993). The relatioaship between the activity
of the microbial population and availability of water is an important controlling factor in
bioremediation (Alters and Bartha 1993; West et al. 1989). In a catena, dope position
influences the soil water status. Hanna et al. (1982) demonstrated that depressions have

more available water than upper dope positions indicating a greater potential for microbial
activity. If over saturation of water occurs in the depression, aerobic activity ~ a decrease
y

resulting in reduced conditions which may result in less microbial activity. Available water

is innuenced by the amounts of organic rnatter and texture of the soil. in the depression
the water table is closer to the surface and can have greater amounts of clay and organic
matter due to runoff. Van Kessel et al. (1993) aiso demonstrated various slope positions
have a controlling effect on the microbial process of denitrincation. The denitrification
was higher in the depression (157 to 556 g N batd-') than on the knoil(37 to 302 g N ha'

d-') signaling the effect of texture, organic matter and location of the water table in a
iandscape on microbial processes.

In this example the availability of oxygen was a

controlling factor in the microbial denitdication. Diesel fuel degradation is &y

an

aerobic pathway (Atlas and Bartha 1993), therefore the depression may have significantly
less bioremediation yet have the majority of the diesel present due to runoE The gradua1
change in clay contents and organic rnatter in a catena will ais0 atfect the microbial
metabolism and availability of diesel components. Increasing clay content and Organic
matter results in a higher potential for adsorption thus decreasing the bioavailability of
hydrocarbons. Sampling the 50-100 cm depth where organic matter and nutrients are
sparse, d o w s the determination of the fate of diesel in subsurface environments.
The method of sampling soil can influence the bioremediation potential. Grab
sampling alters the soil physical properties by disrupting micro and macro pore channels.

The disruption may change the remediation properties of the soil. Pivetz et al. (1996)
found preferential flow columns had greater degradation of PNP (p-nitrophenol) than soils
with few or no chanwls. Rainwater et al. (1993), Widrig et al. (1995) and Devare and

Alexander (1995) also stress the importance of intact soi1 columns in insuring more
consistent results when mimicking the environment. Intact soi1 columns also allow the

researcher to monitor not only mineralization but volatilization, adsorption and transport
(Phelps et ai. 1994). Microcosms, on the other hanci, cannot mesure the transport of a
contaminant through a soil profile. In the end, determining the effect sampiing and the
changing dope positions have on the degradation of diesel fuel wiU be important in risk
assessrnent in the event a spïli does occur.

4.3 Objective of Study

The objective of this study was to examine the effect of iandscape position on the
fate of diesel fuel containing '"c phenanthrene in intact soi1 cores.

4.4 Materiais and Methods

4.4.1 Soi1 Landscape

The site selected for the study was located at the Manitoba Zero Till Research
Farm located North of Brandon, Manitoba.

The south facing catena was under

conventional till at the tirne with the previous years crop behg wheat. The soils ranged
fkom a Rego Black at the top of the knoli to Humic Luvic Gleysol in the depression
(Figure 4.1, Figure 4.2). Five sites were selected dong the landscape with two subsurfàce
samples giving a total of 7 sites. Sites were divided into 5 reps with 3 feet separating the
sample positions Cores were inserted into the ground using a tractor equipped with a
&ont end loader. Compaction of about 10 cm was noted for each 50 cm core. The cores
were excavated then sealed with plastic bags and stored in a cool place until transport back

to the lab. Along with the core samples, grab samples were also taken for rnicrocosrn
studies at 0-10, 40-50, 50-60, and 90-100 cm depths. The soi1 was stored in plastic bags

and mbtained in coolers to prevent temperature changes. Once transport to the lab was
complete, the soi1 was then stored at 1SOC until the start of the experiment.

This

temperature was selected because it was considered the average Manitoba temperature at
the depth of 50 cm (Krpan 1982). The particle size distribution and organic carbon
composition are h e d in Table 4.1 dong with Other soil properties. Table 4.2 indicates the
profile characterization of the soils at each site.

Rego Biack

Orthic Biack

Location 1

Location 2

Location 3a

Orthic Black

Humic Luvic Gleysol

Site #5

Subsurfàce

Location 4

Location 5a

I

Figure 4.1 Stylized diagram of a slope transect of site where intact soil columns were
sampled.

Table 4.1 Pmperîies of Soils Stadied Along Landscape.
Site

Soi1
Classification
Site 5-1
Rego Bhck
Site 5-2
Rego BIack
Site5-3a OrthicBlack
Site 5-3b
Subsurface
Site 5-4
Orthic Biack
Site 5-5a Humic Luvic
GleysoI
Site 5-5b
Subsurfàce
'CL represents Clay Loam

Texture
% Sand % Silt %Clay Class
28-5
33.5
38
CL'
28.5
33.5
38
CL

28.5
32.5
28.5
31.5

33.5
34.5
33.5
35.5

38
33
38
33

CL
CL
CL
CL

34.5

30.5

35

CL

Field
Capacity
356'2.1
37.4 2.2
34.4 4 2.4
21.9k1.4
39.4k3.1
30.7 6.4

+

+
29.4 + 1.3

Table 4.2 Soil Profile Characterization of Landscape.
Site
Site 5-1

Classification
Rego Black

Site 5-2

Rego Black

Site 5-3a

Orthic Black

Site 5-3b

Subsurface

Site 5-4

Orthic Biack

Site 5-5a

Hurnic Luvic
Gleysol

Site 5-Sb

Subsurface

Profile
Ahp
0-10 cm
ACk
10-23 cm
Ck
23+ cm
Ahp
0-15 cm
ACk
15-30 cm
Ck
30+cm
Ah
0-30 cm
Bm
30-45 cm
Cca
45-50 cm
Cca
50-55 cm
Ck
55+cm
Ah
0-45 cm
Bm
45-100 cm
BC
100-110cm
Ckg
110+cm
(Water table at 110 cm)
Ah
0-35 cm
Bmg 35-45 cm
Cg
45-50 cm
Cg
50+cm
(Water table at 100 cm)

% Organic

Carbon
4.350.1
4.6 2 0.1
5.7 0.1
0.610.3
5.7kO.l
4.7 5 0.3

+

0.4 5 0.2

4.4.2 Soi1 Columns

PVC columns consisted of a 60 cm Iength of 15 cm diameter by 0.5 cm thick wd.
The coIumns were cut into 60 cm lengths using a motorized hacksaw to d o w a 10 cm air
space on top of the core between the soi1 surface and the lid. The bottom edge of each
core was sharpened to ease insertion into the soil. Once the soi1 was sarnpled, 5 cm of the
base of the core was excavated and a septum was attached by drilling a hole about 2.5 cm

kom the bottom Once the septum was glued in place the remainder of the base was Wed
with coarse sand to allow samphg of any liquids reaching the bottom The bottom was

then sealed air tight with a 20 x 20 cm piece of plexiglas (0.5 cm thickness). To the top
of the core a plexiglas lid was attached and sealed air tight with glue and silicone. The lid
consisted of an inlet and outlet for air to enter and leave and a septum containing a Suba
Seal #29 to allow water and diesel fuel addition via a syringe (Figure 4.3). A fish tank
pump delivered air to the cores for 343 days at a rate of 3.2 L/hr and c h g e d the
headspace of the core about twice an hour. Prior to entering the core the air was bubbled
through water to humidiS. and prevent core drying. Outflow air was then passed through

(EPA
a tube containing a poiyurethane foam (PUF) plug to trap any "~-~henanthrene
$796.3400). At various times a 1cc sarnple of the air inside the core was analyzed by GC
to make sure the soi1 environment was aerobic.
incubate for one week at 15

The columns were then aiiowed to

+ 2°C prior to addition of the diesel.

At day 63. a 1.27 cm

(23OmVcore) simulated r a i d was applied to the soil with distilled water in order to
check whether this would stimulate rnineralization-

!

cg+

Figure 4.3 Intact Soil Column used in diesel fuel remediation study.
4.4.3 Soil Microcosms

Microcosrns were purchased fiom Richards Packaging (Winnipeg, MB) as 500 mL
g l a s jars with sealed metal Lids. To the interna1 base of each microcosm a 3 cm length of
polyvinylchloride (PVC) was attached using silicone to hold a 7 mi, scintillation via1 for
14

CO2 trapping.

A polyuretbane foarn plug (PUF) was added to trap any volatile

phenanthene and a 20 mL scintillation via1 containing 10 mL water @H 3) was included
to humid* the air. The Lid of the rnicrocosm also contained a sarnpiing port (Rubber Suba
Seal #9) to allow the sampling of gas. At various times a 1cc sample of the air inside the
microcosm was analyzed by GC to make sure the mil environment was aerobic. The field

moist soil equivalent to 40 g oven dry mass was added to 50 rnL g l a s beakers then

brought to field capacity. The beaker was inserted into a microcosm and incubated at 15

+

2°C for one week to d o w equiliition of the tnicrobial biomass.
4.4.4 "C Phenanthrene and Diesel Fuel
14

C Phenanthrene was purchased fiom the Sigma Chernical Co. (St. Louis, MO) as

~henanthrene-9-'~~
(8.3 nCilmmol) (Figure 4.4). Stock solutions were first made up in
hexane then transferred to diesel füel #2 for addition to soil. At the commencement of

each experiment 202 mL or 171.7 g of diesel-'"c Phenanthrene mixture was added to each
core with approxirnately 1.1 pCi of activity (4cores with diesel and one control per site).

The microcosrns each received 2.4 rnL or 2.04 g of stock diesel with 0.05pCi of activity.
Stock diesel fuel added contained about 7.34 pg unlabeiled and 0.609 pg of labeled
phe~anthreneper gram of soiL The addition of diesel fuel was to mimic what would be
categorized a s a severe spill (McGill 1976). The concentration of diesel fuel added to the

soi1 was 50 000 pg/g soil (100 000 kg/ha in the top 15 cm of the core).

Figure 4.4

'"cPhenanthrene added to intact soil CO lumns and soil microcosms.

4.4.5 14c02
Microcosm Traps
Radioactive carbon dioxide was trapped with 0.5 mL (+/-)-a-phenylethylamine and

0.5 rnL methanol in a 7 mL scintillation vial (the methanol prevents crystallization).

D u ~ the
g experiment, traps were changed at weekly internais until there was no longer

any significant radioactivity recovered (<O. 1% of I4cadded). At the end of the experiment
5 g of soi1 was removed and combined with 20 rnL 1M HCl in a 50 mL beaker and placed
m a separate microcosa A 1 mL phenylethylamine-methawl CO2 trap was included to

trap any residual

14cremaining in the soi1 as carbonates.

The ûap was then counted in the

scintillation counter and added on to the overall mineralization vaiue.
4.4.6 Volatilization

When the experiment was completed, the polyurethane foam phgs were removed

fiom the apparatus and placed in 100 mL French Square Bottles (EPA 5796.3400). To
these bottles 20 mL Methanol was added, making sure 5 mL was in excess, for total
extraction of the phenanthrene. Bottles were then stopperd and shaken on a lateral shaker
for 2 minutes. The foam plugs were then removed and placed in a 50 mL syringe to
extract all of the rnethanol. From the extract, a 1 mL subsample was coiiected and
counted by the scintillation counter.
4.4.7 "CO* and Total CO* Traps for Cores

The out flowing air stream bubbled in 30 rnL of 2M NaOH pkced in a glas 50 rnL
test tube. These tubes trapped not ody radioactive CO2 but total CO2 produced in the
cores. At weekly intervals the traps were changed and 0.3 mL was removed and placed in

a 20 mL scmtillation via1 with 15 mL scintillation fluid and counted. The rernaining NaOH
(29.7 mL) was placed in a 100 mL titrator cup with 10 mL o f 15% Bach. Bach reacts
with the rernaining carbonates in solution f o d g a precipitate (Anderson 1982). The
following equation demonstrates the reaction process:

COz+ H z 0

-

AS%Bach + CO3'*-

-

HCO; + H+
BaCO-l + 2CT

CO;

+2
a
Equation 4.1

The remaining base is then titrated to pH 8.5 with 1 M HCl to determine the arnount of
CO2 introduced into solution

(Titer of Biank) - (Titer of Sample) = (OH- Neutralued by

from COt Introduction)
Equation 4.2

The amount of CO2production fkom microbial activity is then calculated by subtracting the
amount of CO2 that would be trapped fkom atmospheric origin and not respiration.
Atmospheric carbon dioxide was calculated by ninaing a separate air pump without soil.

(OH- Neutralized by K+from COt Introduction) - (Titer of Air Blank) = (Titer o f Respiration)
Equation 4.3
The amount of carbon evolved fkom the soi1 is then calculated by:
mg C = (Titer of Respiration) * [ m o n (HCl) * 6 mg C/mmol
mg C = mL Titre * mrnoles H'hL * 12 mgC/2 mmoles H
'

A7
Equation 4.4

To determine the efficiency of radieactive and total COt production, a NaOH tube
attached to a core was sealed and a second air line was run to another trap. This was

allowed to bubble for a week and sarnpled. The resulr indicated a 95% efficiency of
trapping of total Coi.
At the end of the experirnent the residual

I4crernainmg in the soil as carbonates

was determined. 10 g of soi1 was removed fiom every 10 cm interval of the core and

combined with 20 mL 1M HCl in a 50 mL beaker and placed in a separate microcosa A
1 rnL phenylethy-e-methanol

CO2 trap was used to couect the COz released. The trap

was then counted in the scintillation counter and added on to the overd mineralization

value at the end of the experiment.

4.4.8 Liquid Seintillation CouIIting
Each 1 mL CO* trap removed from the microcorni was combined with 5 mL
Ecolite (+) Liquid Scintiliation Fluid (ICN Biochemicals Inc. Aurom OH). The 0.3 mL

NaOH sampled fiom the cores was placed in a 20 mL scintillation via1 and combined with
15 mL Ecolume Liquid Scintiliation Fluid (ICN Biochemicals Inc. Aurom OH).

The

cocktails were then allowed to equiliiate in the dark for 24 hours before couuthg to
prevent any chemiluminescence nom ion interaction with the scintillation fluid. A Beckman

LS 7500 scintillation comter was implemented wiih quench curve correction to give fird
results of disintegrations per minute (DPM). Final DPMs were corrected for background
and controls then related to the original radioactivity added to each apparatus to give the
percent mineralization of phenanthrene in diesel.

4.4.9 Core Destructive Sampling
At the end of the experiment, the air Stream was shut off and the iids and bases
were removed. The 5 cm of sand on the bonom of the cores was bagged and stored. The
bottom and top of the core were then plugged to prevent disruption and cut lengthwise
(vertically) with a skillsaw exposing the soi1 profle (Figure 4.5).
sampled every 10 cm and bagged for later analysis.

The soi1 was then

Figure 4.5 Destructive samphg of cores afler 343 day experiment.
44.10 Movement of Phenanthrene

To determine whether preferential flow dong the sides of the core had occurred,
the bottom lOcm (30-40cm or 40-50cm depths) of 12 cores were sarnpled prior to
destructive sarnphg using a 20cm by 2.5cm diameter PVC tube. The samphg device was
inserted with a hammer at the center of the core and at the edge along the core waii
(Figure 4.6). This soii was sealed in a plastic bag and incubated at 15°C until analysis.
The analysis of 'y was conducted using a wet digestion technique (Voroney et al. 199 1).
0.8 g of soii was placed in a wet digestion tube along with 6 rnL of digestion solution
(189.4 g Cr03 in 250 mL 14.7M H3P04and 500 mL 18M H2S04). A glas rod stand to
hold 2 mL of 2M NaOH in a 6 mL glas scintillation viai (NaOH traps

I4coziiberated

kom oxidation of organic carbon) was also added. The tube was then sealed with a #49
Rubber Suba Seal and placed in a digestion block and heated at 145OC for 1 hour. The

CO^

was then trapped for 24 hours after which a 0.3 mL subsarnple was removed and

combined with scintillation fluid and analyzed for radioactivity. The center (x) and side (y)

results were then plotted against each other and an equation of a line was detenmhed. If
the dope was much greater than 1, preferential flow occurred. I f the dope was equal to

one, d o m transport would be assumed.

Soii column PVC tubing

/

Figure 4.6 Soil sampling in the detennination of preferential flow of "C in intact soil
colurnns. Samples were taken at the center and side of the PVC tubing.
4.4.11 Kinetic Analysis of

CO^ Evohtion.

The f%st order rate mode1 was used to determine the rate of mineralkation of
phenanthrene in diesel #2. The calculation describes the reaction over tirne as a single fùst
order component:

P = A l-e(-"i
Equation 4.5

P is the cumulative percent phenanthrene mineralized at tirne t, A is the percent of
compound evolved as CO2 at t

= 00, and

k is the rate constant for "CO* evoIution (day").

Once the rate constant was detennllied a mineralization half Me can be calculated using the

foUowing equation:

Equation 4.6
The first order decay rate was determined for each replicate and statistical analysis

performed on the parameter estimates.
4.4.12 Sequeatial Extractioo of '"cfrom Soi1

Residual I4cwas extracted to determine the properties of the remaining hctions.
A step-wise extraction using water, methanol, and dichloromethane (soxhlet) followed by

total digestion of the organic carbon was used to recover any radioactivity rernaining in the
soil.

The water extractable

'

4

would
~
indicate the possible free phenanthrene and

degradation products in soil. These fiactions would then be considered in the mobile
phase. The methand extract would contain the weakly associated phenanthrene and
degradation products sorbed to mil.

This hction would be considered no longer

bioavailable and have some potential for desorption. The soxhlet extractable h ct ion
would contain the highly sorbed and stable

"c.

Wet digestible

14cwould be considered

residual and may be in the hum.ifZed fiaction in the soil. At the end of the experiment, 1 0 g

of oven dry equivdent soi1 was removed fiom each depth of the sarnpled cores (including
the sand fiaction) and microcosms and placed in 50 mL acid washed Tenon tubes (Knaebel
et al. 1994). To this tube 25 mL of 10 mM N d l (2.51 ratio of soil to sterilisant) was
added dong with 5 glass beads to aid in agitation. The tubes were then vortexed for 10
seconds and placed on a lateral shaker for 24 hours.

The next &y the tubes were

centrifiiged at 12,000 xg for 15 minutes then the supernatant was removed and a 1 mL
subsample was analyzed in a scintillation conter.

The remaining pellet was then

combined with 25 mL of methanol, and subjected to the sarne procedure as the above.

Mer pouring off the methmol, the pellet was allowed to air dry to aid in the transfer of
the soi1 into celluiose extraction thimbles (EPA Method 3540A). The thimble containing

soi1 was placed in a soxhlet extraction apparatus and extracted for 24 h o m with 100 mL
methylene chloride and 3 boiling chips. M e r the 24 hou. extraction, the solvent was
removed fiom the extraction vesse1 and a 1 mL subsample was counted in a liquid
scintillation counter. Again the soiI was dowed to air dry to aid in transfer of 0.8 g of soi1
into a wet digestion tube (Voroney et aL 1991). The I4c02was then trapped for 24 hours
after which a 0.3 mL subsample was removed and combined with scintiuation fluid and

analyzed for radioactivity. The above procedure was also run on controls using a spikcd
sample of

'"cphenanthene to determine the efficiency of extraction.

The controls were

run in triplicate and consisted of a d a c e mil and a sand sarnple much the same as what
was placed in base of the cores.

4.4.13 Total Extractable Hydrocarbons
The Total extractable hydrocarbon (TEH) content was determined for each sample

depth of the core experiment including the sand at the base of the core. log of oven dry
equivalent soil was removed fiom each IO cm depth of the core and placed in 50 rnL acid
washed Teflon tubes (Knaebel et al. 1994). To these tubes 10 g of sodium sulfâte was
added to prevent clurnping and aide in extraction of the diesel.

Next, 25 mL of

dichloromethaw (DCM) was added and vortexed for 30 seconds then shaken on a lateral
shaker for 2 hours. M e r 2 hours, the test tubes were dowed to sit for 30 minutes to
allow the soi1 to settle. A 1 mL subsample was removed and placed in a 2 mL glass screw
cap Mal with a Teflon lined septum The samples were then stored at 4°C for no more

than a week prior to GC analysis.

The d y s i s of the extract was performed ushg a Varian Star 3400Cx with a
temperature programmed GC-RD.

The sample vials were allowed to reach room

temperature then placeci in a 48 via1 Varian 8200Cx Autosampler. A 1 pL sample was
automaticaüy drawn with an upper and lower air gap fiom each via1 with a 10 pL syringe

then injected into the GC inlet (Injecter = 200°C, Detector = 300°C). The sample m g e
was then washed with DCM for 10 seconds d e r each sarnpling event to prevent

contamination of nuis. A Clot (Carbon Layer Open Tubular) column with a 30 m length,
3 2 0 p diameter, and 0.25pm thickness (Serial #41597-6) was used to anaiyze the

hydrocarbom. Compressed air (300 mU&), the carrier gas (prepurined helium 1.2
d m i n ) , and the fuel ( p r e p d e d hydrogen 3 rnL/m.in) were also used in the analysis.

Each injection was run on a preset program for one hour using the Star Chromatography
Software (copyright@ 1989-1995, Varian Associates, Inc.. v. 4.02). The column was set
to begin at 50°C and held for two minutes. The rate increased S°C/min kom 50-250°C (at

250°C held for 5 minutes), 3"C/min f?om 250-280°C until 60 minutes was up. The area
under the chromatograrn was detemiined and reported for each DCM extract and standard
analyzed.

Standards were run in quadruplicate and ranged between 1 and 35pg/pL

injection (Table 4.3). A standard curve was plotted (r2 = 0.9809) and an equation of a iine

was detemiined (y

=

1530 1x,)'61'

(Figure 4.7). Uncontarninated surtàce and subsurface

mils were also nin to determine the "background" areas. These values were averaged and
subtracted fiom the areas of the unknown soil extracts to determine the total extractable
hydrocarbons.

Table 4.3 Standard curve determined for total extractable hydmcarbon analysis
using a Vanan Star 3400Cx GC. One fi standards were injected using a
Varian 8200Cx Autosampler.
Diesel Injection
(pg Diesel 1 pL

Concentration
( m m

Soil Sarnple Extract
Soil (Sd a c e )
Soil (Subsurface)

---

--

Total Area Under the
Chmrnatogram Curve

11749.3
723

+ 12813.9

+ 585

pg Diesel / / DCM Injection

Figure 4.7 Standard c u v e determined for the analysis of total extractable hydrocarbons in
the soils studied.
4.4.14 Statistical Anabsis
Single factor ANOVAs and Duncan's New Multiple Range Tests were conducted

using SuperANOVA (Abacus Concepts Inc., Berkley, CA). Treatmems included site,

depth and site by depth properties at the 5% sigdicance level. Fint order curve fïtting of
the mineralization data was perfonned using JMPIN (SAS Lnstitute Inc., Cary,NC).

4.5 Resufts And Discussion

4.5.1 Phenanthrene Fate in Intact Soi1 Columns

The rnineralization of radiolabeled phenanthrene in diesel fuel was monitored in
intact soi1 colurnns dong a hdscape. The soil columns preserved the physical properties
of the soil profile while providing a method to determine the potential mineralization in
surface and subsurface mils.

4.5.1.1 Phenanthrene Volatilization in Cores Based on the low vapour pressure (0.1 13

Pa at 25°C) and high log K, (4.53 at 26°C) (Piatt et al. 1996), the volatility of
phenmthrene in soi1 was considered to be low ( ~ 1 % ) . The total percent

'"cphenanthrene

evolved after 343 days fiom each site is listed in Table 4.4. The data seerns to indicate
aîmost no transfer into the gaseous phase which is consistent with the properties of this

cornpound. Landscape had no effect on the volatilization of phenanthrene because the
sites were not significantly different fiom each other. Without volatilization as a fate there
may be a greater potential for mineralization, adsorption or O ff-site movement via surface

flow or transport through the soil profile.

Table 4.4 14C Phenanthrene volatilization over the course of the intact soi1 column
experiment.
Site
Site 5-1
Site 5-2
Site 5-3a
Site 5-3b
Site 5-4
Site 5-5a
Site 5%
ANOVA
Site

'~verageof 4 replicates. Means followed by a common letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
***-highly si@cant, * *-signiscant, *-Iow significance, ns-not signiscant (a= 0.05)
4.5.1.2

Phenanthrene Mineralization in Cores The

14c

I4co2production did not Vary

greatly between the sites sampled (Table 4.5, Figure 4.8, Figure 4.9). The results indicate
iandscape had no effect on the rnineralization of phenanthrene in the environment due to
little signifiant differences between surface sites.

Surface cores (0-50 cm) were not

signincantly d i i e n t lkom the subsurface (50-100cm) at the two positions in the Landscape
(Table 4.6).

In most cases the rate of mineralization is relatively consistent with the fiterature.
Broadkorb and Legge (1992) found 37.7% phenanthrene mineralized in a 15mglkg soil
sluny, while M0Ller and Ingvorsen (1993) concluded up to 12% phenanthrene was

degraded in Img/kg of soil. Berry (1995) studied the mineralization of phenanthrene in
diesel and found or@ 6.2% of this compound was mineralized in 1d 1mgkg soi1 in diesel

fuel at a concentration of 10,000mglkg soil. Though the mineralization levels are fairly
low, there is no need to supplement the soil with hydrocarbon degrading organisrns due to

the presence of intrinsic organisms capable of degradation in situ. Further research should
be done dealhg with methods of enhancing this degradation process.

Site 5-3b (subsUTface) was signifïcantiy different nom Site 5-Sb, also a subsurface
soil. This indicates dserences in the mineraiization potential in some subsurfiace sites. Site
5-Sb was not significantly different fiom the surface of Sites 5- 1 and 5-3a indicating this
subsurface soi1 profile may have the same potential for mineralization as the surfiace. Table
4.6 indicates there was no differences between the mineralization of phenanthrene in the

subsurface and surface sites sampled at those positions in the landscape. The data indicates
subsurface (50- 100cm) environments can have the sarne potential for minerakation as
surface (0-50cm) soils.
Figure 4.8 indicates there was a two phase mineralization process. From O to 50
days there was a rninor amount of mineralkation which proceeded to slow down until about

day 98. nie second mineralization interval seem to proceed until day 200 where the rate
again trailed oK Table 4.5 displays the subsequent modeling of the data d e r separation of

the two mineralization intervals. The two phase mineralization scheme may have k e n due
to the addition of water at day 63. Up to this point there was aimost no significant
mineraikation, therefore water was added to sirnulate a halfhch (1.27 cm; 230rnl per core)
raiddl. It is not known if &Lis was the driving force for the second phase of mineralization,

though it is a reasonable guess.

Table 4.5 "C Phenanthrene mineralization over the coume of the intact soi1 column
experiment.
% '"c
kl (0-98 days) tln
% I4c
kz(98-343 days) tin
Phenanthrene
(day-')
(days) Phenanthrene
(dey-')
(days)
Mineralized
Mineralized (A)
(A) (0-98 days)
(98-343 days)'
Site 5-1
2.2 + 1.6
0.02 0.014
29
7.2 + 0.09 ab
0.01 5 0.004
52
Site 5-2
1.6 0.3
0.01 + 0.002
50
7.9 + 3.0 b
0.02 5 0.005
36
Site 5-3a
1.5 + 0.3
0.01 0.006
49
6.5 0.8 ab
0.02 + 0.003
42
Sites-3b
0.5k0.2
0.02 0.008
30
3.6 2 0.7 a
0.01 f0.002
53
Site 5-4
1.6 1.2
0.0 1 4 0.005
58
7.9 0.7 b
0.02 0.009
33
Site 5-5a
3.4 5.6
0.02 0.013
38
8.1 26.1 b
0.02+0.012
31
Site 5-Sb 0.2 + 0.05
0.02 + 0.006
41
5.5 0.6 ab
0.01 0.002
71
ANOVA
***
Site
'Average of 4 replicates. Means followed by a common letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
** *-highly significant, * *-significant, *-1ow si@ficance9 ns-not sigruficant (a= 0.05)

Site

+

+
+

+
+
+
+

+

+

+

+
+

Table 4.6 Site and depth means for "C Phenanthrene mineralization at the end of
the intact soi1 column experiment.
% '"cMineralized

After 343 days
Site Comparisoost
Site 5-3a and 5-3b
Site 5-Sa and 5-5b
Depth Cornparison
0-50 cm
6.6 a
50-100 cm
3.8 a
ANOVA
Site
11s
Depth
ns
Site x Depth
11s
'Average of 8 replicates. Means foUowed by a c o m o n letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
* **-highly sigdcant, * * -significant, *-10w sipnincance, ns-not signincant (a= 0.OS)
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Figure 4.8 Mineralization of 14cPhenanthrene m intact soil columns sampled at each site
located along a dope transect. Each site had 4 reps which were average and plotted.

Site 5-1

Site 5-2

Figure 4.9 Mineralkation of
sloping landscape.

Site 5-3a

Site 5-3b

Site 4

Site 5-Sa

Site 5-Sb

I4cPhenanthrene in intact soil columns sampled along a

4.5.1.3

Total CO2 Production in Intact Soi1 Columns The total respiration data is

listed in Table 4.7. Surface soils had significantly higher rates of respiration with diesel
addition than the ~ b ~ u r f a csoeils of Sites 5-3a and 5%. This rnay be due to increased
microbial a c t ~ t yin surface s o b due to organic matter (Smith et al. 1993). Organic
matter contains many substrates and cofiictors that enhance microbial activity. Of the
surfàce soils, Site 5-5a in the depression had the least amount of diesel induced microbial
activity. This may be a problem in the environment because the depression may be
supplemented with the greatest amount of diesel due to surface runoff and rnay not have as

much of a microbial potential (respiration) to degrade the contaminant. The remaining
surface mils of Sites 5-1, 5-2, 5-3, and 5-4 had greater than 10 g of carbon evolved from
respiration and were significantly different kom Sites 5-3 b, 5 4 % and 5-Sb (Table 4.7,
Table 4.8). Thought there were greater respiration rates with diesel as a substrate, there
was less than 3% of the total mineralized to CO2. This indicates a srnd percent of the
diesel was degraded to this fate.
Control soils with no diesel addition had less respiration than test soils. Figures

4.10 and 4.1 1 indicate the increased respiration of cores up and above the controls. It is
important to note that at day 150 there appears to be a decrease in respiration., but this was
not the case. The control core began to increase in respiration therefore resulting in the
apparent decrease in microbial activity (Figure 4.1 2). Even in the subsurface there was an
increase in COz production over no diesel addition. This was most kely due to the
supplementation of a suitable substrate found in diesel (Widng and Manning 1995). These
substrates could be mineralized to CO2 resulting in higher recoveries than control soils.
Phelps et al. (1994) monitored the CO2 evolution fkom similar soi1 columns. They found

between 23 and 6 mg C was produced per day at 23OC in 7cm diameter by 1 m long
coiumns. The 23 mg/day evolution of carbon dioxide was obtauied nom the addition of
water, air, nutrients and microbes while the 6 mglday was fond ushg water and air only.

The differences between this data and Phelps et al. (1994) could be explained because
different mils may have different respiration due to temperature and richness of substrate

in the soil. The data also suggests two phases of respiration. There was an initial period
of CO1 evolution between O and 98 days followed by a second, more rapid respiration
phase between 98 and 343 days (Figure 4.12). The shifi in respiration may have been due
to the water addition at &y 63, but it is unknown at this t h e why ail cores including the

controls acted in this manner.

Table 4.7 Total carbon evoived as CO2over 343 days in cores saturated with diesel
fuel and I4cphenanthrene. Sites were run in quadrupücate with one controL
Site

Total g
Carbon
Evohred as
CO:

Rate of Carbon Rste of Carbon
Evolution
Evolution
(0-98 days)
(98-343 days)
(mdday)
(m#da~)

% Total

Diesel
Reeovered
As CO/

Site 5-1
Site 5-1 Control
Site 5-2
Site 5-2 Control
Site 5-3a
Site 5-3a Control
Site 5-3 b (Subsurface)
Site 5-3b Controi
Site 5-4
Site 5-4 Control
Site 5-5a
Site 5-Sa Control
Site 5-Sb (Subsuhce)
Site 5-5b Control

ANOVA
Site
' ~ v e Ï a of
~ e4 replicates. Means fo~owedby a common letter are not significmtly difEerent
at the 5% level using Duncan New Multiple Range Test.
A
Total = Average CO2 minus the control core divided by the total diesel added (171g).
* * *-highS> significant, **-significant, *-low sigmficance, ns-not significant (a= 0.05)

Table 4.8 Site and depth means for CO2 production over the course of the intact soi1
column experiment.

Totai g Carbon
Evolved as COz
Site Com~arisons'
Site 5-3a and 5-Sb
9.4 b
Site 5-5a and 5-5b
7.6 a
Depth Cornparison
0-50cm
9.5 b
50- 100 cm
7.4 a
ANOVA
Site
S*
Depth
***
Site x Depth
ns
t
Average of 8 replicates. Means foilowed by a cornmon leîter are not significantly dEerent
at the 5% level using Duncan New Multiple Range Test.
* * *-highly sigrilficant, * *-signiscant, *-low significance, ns-not sigrUScant (a = 0.05)
-

T h e (days)

Figure 4.10 Respiration of Site 5- 1 with diesel addition up and above the controis with no
diesel added (Replications Control).
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Figure 4.1 1 Respiration of Site 5-5b with diesel addition up and above the controls with
no diesel added (Replications - Control).
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Figure 4.12 Microbial respiration in the surface (0-50cm)at Site 5- 1 in an intact soi1
column sampled along a landscape.

4.5.1.4

Sequential Extraction of Cores It appears that the

14

C equally partitioned

between the extractable hctions in all treatments with s i m . results obtained in ail

hctious of water, methanol soxhlet and wet digestion (Table 4.9). Sites 5-3b and 5-Sb
had s i ~ c a n t l ydifferent water extractable I4cas hi& as 3 1% of the total radioactivity
added to the soi1 while the sucface mils at these sites had much lower results. This rnay
indicate that there was less adsorption of the radioactive cornpound in low organic soils
(Schwartzenbach 1993) resulting in phenanthrene or its degradative products king more
available for microbial degradation or transport off site. Degradation intermediates would
become more polar as phenanthrene is m i n e d k d , therefore, more water extractable

I4c

may occur due to the change in hydrophobicity. The potential for up to 30% of this
compound king water soluble afier 343 days of incubation raises concerns surrounding
contamination of the nearby environment.
The methanol and soxhlet extractions had no significant dserences between sites.

The subsurface total extracted

I'c

appears to be higher than the correspondhg surface

soils with some sigdicant dserences.

This indicates the radioactivity f?om

'"c

phenanthrene remained in soi1to a greater extent in intact soi1 columns in the subsurface or
the efficiency of extraction was poor in the surface.
The controls were Eesh soi1 samples spiked with 51,000 pg/g diesel fuel-"C

phenanthrene mixture then extracted (Table 4.9). In this example the methanol phase had
more extractable I4cthan all other phases. The total efficiency of extraction was between

85 and 89% in both the surface soi1 and the sand sample.

Table 4.9 Sequential extraction of
experiment.
Site

% "'c Water

14cfmm soi1 at the end of the intact soi1 colurnn

% 14c

Extracted

Site 5-1'

Site 5-2
Site 5-Sa
Site 5-3b
Site 5-4
Site 5-5a
Site 5-5b
Control Soi1
Control Sand
ANOVA

Methanol
Extracted
15.2 6.6 b 13.7 t 3.8 a
6.0+2.8a
12.2+4.2a
8.2 + 2.6 a 12.4 $r 3.4 a
31.0 + 6.7d 15.5 2.6 a
5.220.8a
10.8+1.4a
7.4 + 3.3 a 11.5 2.0 a
22.924.4~ 11.0+2.2a
7.3 2 2.0
67.2 I
4.1
16.1 2 2.4
68.9 10.4

+

+
+

+

% 14c

% I4cWet

Soxhlet
Extracted
17.0 5 1.6 a

Digested

13.126.3a
12.7 3.3 a
6.5 2.5 a
17.8+4.8a
23.9 + 12.5 a
23.0511.6a
8.7 + 1.4
4.9 O. 1

Total % 14c
Extracted

66.2+ 9.2 c
18.0+4.1 cd 49.329.0ab
13.3 + 1.6 bc 46.6_+ 9.8 c
13.2 + 3.9 bc 66.2 + 7.9 a
10.0t2.5ab 4 3 . 8 2 7 . 8 a
10.9 + 3.8 ab 53.6 2 5.3 ab
7.22l.Oa 64.1 +8.8bc
2.6 t O. 1
85.8 + 4.5
0.0 + 0.0
89.9 + 10.4
20.2 f:5.2 d

***
***
m
ns
t
~ v e @ of 4 replicates. Means followed by a conmion letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
***-&@y significant, * *-significant, * -1ow significance, ns-not signifïcant (a= 0.05)
Site

*+*

Table 4.10 Site and Depth means for '%Edracted in each solvent phase.
% 14c

Water
Extracted

% 14C
Methanol
Extracted

% I4c

% I4c

Soxhlet
Extracted

Wet
Digested

Total %
Extracted

Site Com~arisons'
Site 5-3a and 5-3b
19.6 a
11.2a
9.6 a
13.2 b
56.4 a
Site 5-Sa and 5-5b
15.1 a
13.9 a
17.6 a
9.1 a
53.0 a
Depth
Com~atison
0-50 cm
7.8 a
11.9 a
15.3 a
12.1 a
47.1 a
50-100 cm
27.0 b
13.2a
11.9 a
10.2 a
62.3 b
ANOVA
*
ns
Site
11s
11s
11s
***
Depth
***
11s
11s
ns
Site x Depth
11s
ns
fis
ILS
11s
'~verageof 8 replicates. M e m followed by a colmnon letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
***-highly significant, **-signincant, *-low sigdicance, ns-not significant (a= 0.05)
-

AD of the soils investigated had les than 15% of the radioactMty transported into
the sand hction at the bottom of the core &er the 343 day experiment (Figure 4.13).

The mjority of the mils had the highest recoveries of phenanthrene between 0-20 cm in
the

surface

mils and 50-70 cm in the subsurfàce. The subsurface soils had greater

amounts of phenanthrene enter the sand fiaction at the bottom of the core. This increased
tlanspoa was probably due to l e s phenanthrene-organic carbon adsorption in these sites

resulting in more water soluble 14C. The recovery of phenanthrene in the sand hction
indicates transport off-site into water tables and aquifers may be a factor in the fate in the
environment.
4.5.1.5

Movement of Phenanthrene The movement of "C phelliinthrene was not

controlled by preferential flow (Figure 4.14). The amounts of radioactivity sampled in the
center of the core was simikr to the amounts sampled next to the PVC column. This
indicates there was equal movement throughout the soil profle and transport was not
afFected by the edges of the column. The results confirm the idea that transport may be a
sigruficant fàte of phenanthrene or its degradative products in the environment.
4.5.1.6

Total Extractable Hydmcarbons

There was up to 50% reduction in

hydrocarbons in the surface Site 5-5a and as little as 10.6% reduction in the subsurface of
Site 5-3b (Table 4.1 1). The surface of Site 5- 1 also had large recoveries of hydrocarbons
with only 16.4% reduction in total extractable hydrocarbons. The subsurface of Site 5-Sb
was not sigdïcantly dflerent fiom the surface Sites 5-1 and 5-2 indicating the subsurface

may have as much potential for bbdegrad.ation"of hydrocarbons as the surfâce depending
on the conditions of the soil (Table 4.1 1).

5- 1
+Site 5-2
+Site 5-3a
- x - Site 5-3b
Site 5-4
-+Site 5-5a
Site 5-Sb
+Site

Figure 4.13 Location of I4cat the end of the experiment (343 days) in each soi1 profile
sampled in the landscape.
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Figure 4.1 4 Cornparison of '"cin 12 cores sarnpled at the side dong the PVC column and
at the center of the core. The equation of the line yielded a dope of 1, therefore there was
no preferential flow.
Starting with the knoU (Site 5-1) and ending in the depression (Site 5-5a) there
appears to be a decrease in the hydrocarbons recovered in the Iandscape. This indicates

there could have been more microbial activity in the depression compared to the upper
slope positions resulting in greater rnineralization. The respiration data indicates there was
less diesel induced microbiai activity in the depression compared to the upper slope
positions. The data rnay in fact suggest there was greater adsorption and incorporation
into the humic material in the depression resulting in less hydrocarbons extracted. Table

4.12 indicates there was significant Merences between the sudice and subsurface sites
examined. The subsurface had signiticantly less unrecoverable hydrocarbons than the

d a c e mils studied. The greater unrecoverable hydrocarbons in the surface can indicate
two things. First, there rnay have been greater rnicrobial activity in the surface due to the
presence of organic matter. The greater the microbiai activity indicates a greater potential
for mineralization. The second possibility may be due to the adsorption of hydrocarbons
therefore decreasing the total extractable diesel. This is also due to the accumulation of
organic matter in the surface allowing a greater potential for adsorption and humifkation.
At the end of the experiment there was between 56 and 100Y0 of the hydrocarbons

remahhg in the soiI d e r 343 days of incubation. If this was a site in the environment, a
potential for movement off-site in the years to corne would pose a threat to the
surrounding environment ifthis fiaction was mobile.

Widng and Manning (1995) and Phelps et al. (1994) also ran a sirnilar colurnn
study. In the first study, Widrig and Manning (1995) constructed soi1 colurnns contained
6200 ppm ofdiesel fuel fkom which various nutrient and water additions took place. They

f o n d over 50% reduction in the TPH in the soils receiving these treatments. The control
core, on the other hand, had no water and nutrient addition and had sirnilar experirnental
conditions to this study. The total diesel fuel reduced in this soil was 16%. The results in
this chapter indicated up to 50% reduction in diesel fuel.

Phelps et al. (1994)

demonstrated the degradation of petroleurn hydrocarbons in previously contaminated soil
at 23°C. They subjected the soil to various treatments of water, nutrients and bacteria and
included control cores with no treatments. Treatment soils had between 8 and 68% more
degradation of the diesel fuel than in the control, though the majority of the data was
below 20% degradation. The researchers did not indicate how much diesel fuel was

initially in the soi1 but did indicate the control core had iittle degradation. It appears that
even with the addition of nutrients, water and bacteria degradation rnay not be rapid.
The movement of hydrocarbons through the soil profiles indicates there will be
hydrocarbons past the 50 cm depth in ahost ail cores (Figure 4.15). A significant h c t i o n
(between 10 and 40%) of the diesel seemed to remain in the top 10 cm of each core. The

sand fkction at the bottom of the core had between 3 and 3 1% of the diesel pooled in this
area. The transport of hydrocarbons in the surface appears to increase as it enters the
depression It appears that the subnirface cores also had increased transport due to the
greater amounts of diesel recovered at the bonom of the cores. The results again indicate
the transport of hydrocarbons WUbe a significant fate in situ. The increased transport
results in the accumulation of hydrocarbons below the surface where degradation may be
inhibited due to the absence of microorganisms, nutrients, and oxygen.
Table 4.11 The total extractable hydrocarbons recovered from the soil in the sites
sampled in the landscape. Initial diesel fuel added was 171.7g.
Hydrocarbons
Recovered (g)
135.8 28.4
100.1 2 20.0
95.3 + 30.2
144.6 2 11.9
104.7 5 29.0
88.0 22.3
111.0 t32.0

+

% of Total Rydrocarbons

Rernaining in Soi1
79.1 16.5
58.3 5 1 1.7
55.5 2 17.6
84.2 6.9
61.0 + 16.9
51.2 13.0
64.6 2 18.6

+

% Hydrocarbons

Site 5-1
Site 5-2
Site 5-3a
Site 5-3b
Site 5-4
Site 5-5a
Site 5-Sb
ANOVA
Site
1
Average of 4 replicates. Means followed by a common letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
* * *-highly significant, **-signincant, *-low significance, ns-not signifiant (a= 0.05)

-

+
+

Table 4.12 Site and depth means for total extractable hydmcarbons in each site in
the landscape,
Hydrocarbons
Un recoverable

Oh

Site ~ o m ~ a r i s o n s ~
Site 5-3a and 5-3b
27.6 a
42.1 b
Site 5-5a and 5-5b
Depth Cornparison
0-50 cm
46.6 b
50- 100 cm
23.0 a
ANOVA
*
Site
Depth
**
Site x Depth
11s
'Average of 8 replicates. Means foliowed by a common letter are not significantly dBerent
at the 5% level using Duncan New Multiple Range Test.
* **-highly signifïcant, * *-significant, *-low significance, ns-no t significant (a= 0.05)
Phenanthrene was a poor indicator of the movement of diesel through the soil
(Figure 4.1 6). The phenanthrene was about 10% higher than the amount of diesel at each
depth in the soil profile. This is not surprishg because diesel fuel contains hundreds of
unique compound with dserent chernical properties (Widrig and Manning 1995).
It is these properties which d e t e d e their individual fate in the environment.

% Hydrocarbons Recovered

Site 5-1
+Site 5-2
+Site 5-3a
Site 5-3b
Site 5-4
Site 5-5a
Site 5-5b
+

++

Figure 4.15 Location of the total extractable hydrocarbons at the end of the experiment
(343 days) in each soi1 profile sampled in the landscape. The amounts of diesel are
as foliows: Total Added = l7l.7g (2021111);
5% = 8.6g (10.lml); 10% = 17.2g (20.2
mL);20%= 34.3g (40.4ml);30% = 51.5g (60.6d); 40% = 68g (80.81111).
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Figure 4.1 6 Location of phenanthene and total extractable hydrocarbons at the end of the
expriment (343 days) in each soi1 profile sampled in the landscape.

4.5.1.7

Fate of Phenanthrene The implications of this data for in situ remediation are

great. Voiatilization was extremely low, a cornrnon characteristic of this compound. and
would contniute to almost no Ioss of phenanthrene fiom the system (Table 4.1 3).
Intrinsic micro bial popuiat ions were present but mineralization in this mil (3.6 t O 8.1%)
was a minor factor involved in the overall fate. Sorbed

I4c(methanol and soxhlet

extractable) had values up to 66% indicating the majority of the radioactivity remained in
the soil columns. The amounts of phenanthene adsorbed in the soi1 CO l

m (Le.

methmol+ soxhlet extractions) ranged between 5 and 35% and contnbuted to the major
fate. The partitionhg of the labeled

'"c into this phase indicates there rnay be a decrease

in the bioavailability of our compound which affects mineralization. Residual or possibly
humified I4cresulted in recoveries up to 20%. This indicates the partitioning of
phenanthrene and its degradation products into a residual state rnay be a signifïcant fate in
siru. With water extractable

I4cranging between 5 and 30%, it can be concluded

transport through the soil profile to the water table wiU also be a sigruficant fate in the
environment.
Comparing the average results associated with the &tes in the environment for the
surfàce (Sites 5-1, 5-2,5-3% 5-4, and M a ) and subsurface (Sites 5-3b and Sites 5-Sb) we

can get a general idea of what phenanthrene will do in the environment (Figure 4.1 7).
Phenanthrene will be adsorbed (methano1 and soxhiet extractable '"c)
and f o m a residual
hction (wet digestible I4c)readily in soils ifit is not mineralized by the microbial
populations. The rernainder of this cornpound at these concentrations will partition into
the transportable, rnineralized and volatilized h c tions.

Table 4.13 Cornparison of the various fates of pbenanthrene in the soils sampled in
the landscape.
Site

Oh

'"c

Volatilized

% lac

Phenanthrene
Mineralized
(343 days)

0.008 4 0.001
7.2 + 0.09
0.004 + 0.003
7.9 + 3.0
0.007 + 0.002
6.5 + 0.8
0.008 5 0.005
3.6 & 0.7
0.009 + 0.003
7.9 5 0.7
Site 5-Sa 0.004 + 0.003
8.1 + 6.1
Site 5-Sb 0.007 0.003
5.5 + 0.6
* Water Extractable i 4 ~
Methano1 + Soxhlet Extractions
A Wet Digestible Fraction
Site 5- 1
Site 5-2
Site 5-3a
Site 5-3b
Site 5-4

% '"c

Phenanthrene
Availa ble for
Further
Transport*
15.2 5 6.6
6.0 + 2.8
8.2 2.6
31.0 2 6.7
5.2 0.8
7.4 + 3.3

+
+
22.9 + 4.4

%

'"c

%

I4c

Adsorbed

Residual "

30.8253
25.3 + 9.9
25122.3
22.0 + 2.1
28.6 + 6.0
35.3 + 11.5
34.0 + 9.5

20.2k5.2

18.0 + 4.1
13.3~1.6
13.2 + 3.9
10.0 5 2.5
10.9 + 3.8
7.2 + 1 .O

The transport of this compound wiii be a signincant fate in the subsurface with
almost halfof the recoverable compound king in a water soluble phase. It is important to
note the data used in Figure 4.17 is calculated by averaging of aii sites in the surface and
subsurface then dividing by the total recovered '"cand not the total added to the cores.

Sorbed

.t Q O L

Residual
25%

B
Volatilized
0-01%

Sorbed

MineraIized
6%

Residual
15%

Figure 4.17 Fate of radiolabeled phenanthrene in intact soi1 columns in the surface (A) and
subsurface (B) environments.

4.5.1.8 Mass Balance of Intact Soil Column Study The mass balance of radioactivity
added to the soil is listed in Table 4.14. The sunnning of mineralization voiatilization,
and residual

I4cresults in recoveries ranging fiom 5 1.7%

in Site 5-4 to 73.4% in Site 5-1.

Low overall recoveries rnay be due to the extraction procedure. The heterogeneity of
these large samples (up to 1.5 kg obtained d e r the core was destmctively sampled every

1 Ocm) may have constituted to the discrepancies in the mass balance because only log was
extracted. The data nill indicate the majority of the "C phenanthrene introduced into the
cores rernains in the soi1 as phenanthrene or degradation products.

Table 4.14 Mass balance of total
columns.
Site

% 'Y

Volatilized

+
+
+
+
+

phenanthrene in diesel fuel added to intact soi1

14c

%

'"c

Phenanthrene
Mineralized
7.2 0.09
7.9 + 3.0
6.5 + 0.8
3.6 + 0.7
7.9+ 0.7
8.1 56.1
5.5 2 0.6

%'"c
Extmcted

Total '"c
Recovered

+

Site 5-1
0.008 0.001
66.2 + 9.2
73.4 + 9.9 b
Site 5-2
0.004 + 0.003
49.3 2 9.0
57.2 + 6.2a
Site 5-3a
0.007 0.002
46.6 9.8
53.1 24.9 a
Site 5-3b
0.008 5 0.005
66.2 7.9
69.8 + 7.9 b
Site 5-4
0.009 0.003
43.8 2 7.8
51.7 7.8 a
Site 5-5a
0.004 0.003
53.6 5.3
61.8 8.8 a
Site 5-5b
0.007 0.003
64.1 5 8.8
69.7 + 8.9 ab
ANOVA
**
Site
1
Average of 4 replicates. Means foliowed by a common letter are not significantly different
at the 5% level using Duncan New Multiple Range Test.
***-highiy signincant, **-significant, *-low sigrilticance, ns-not significant (a= 0.05)

+
+
+

+
+

4.5.2 Fate of Phenanthrene in Soil Microcosms

The mineralization of radiolabeled phenanthrene in diesel fuel was studied in soi1
rnicrocosms. The results in this section will be compared to the results of the intact soi1
CO lumns to

determine their abhty to predict degradation potentials.

4.5.2.1

'"c Phenanthrene

Volatilization in Microcosms

The voiatilization of

phenimthrene inside the soi1 microcosms was extremely low (-4%) (Table 4.15). As seen
in the cores, minimal phenanthrene was sampled in the PUF plugs signaling a low potential
of transport into the vapour phase inside a microcosm The implications for in situ fate

again demonstrate alrnost all of the phenanthrene will rernain in the soil and not be
removed due to volatilization,
4.5.2.2

Pheoanthrene Mineralization in Soi1 Microcosms The mineralization of

14c

phenanthrene in diesel fuel was extremely low ( 4 % ) in the sites sampled in the landscape
(Table 4.15, Table 4.16). Surface soils had the sarne poor muieralization as subsurface.

with no more than 1% mineralization. Whether or not the soils were located on the knoil
(Site 5-1) or in the depression (Site 5-5a), poor mineralization occurred throughout the
landscape inside the microcosms. The radiochernical punty of the phenanthrene was 98 2

2%. The data recovered was less than 1%, therefore mineralization in these soils cannot
be unequivocally demonstrated because the impurities may be the only compounds
mineralized in the soil.

The results are somewhat puzzling because intrinsic

rnicroorganisms (organisrns already present in n a t d soi1 environments) fiom the same
site were found to degrade phenanthrene in the previous section. The differences between
the experimental apparatuses (flow through core system vs. static rnicrocosrns) or toxicity

may have k e n the deciding factors in determining mineralization of thû compound. The
intact mil columns were probably more aerated than the static microcosms resulting in
greater mineralization. Also, the effective concentrations per gram of soil were higher in
the microcosms because in the columns the diesel was dowed to move down the soi1
profile.

Table 4.15 14C Phenanthrene volatilization and mineralization over the course of
the soi1 rnicrocosm experiment.
Sites

% 14c

% I4c

Vohtilized Phenanthrene
Mineralized (A)
0.6 O.I
Site 5- l 0-1Ocm
0.2 0.02
0.5+ O. 1
Site 5-1 40-50cm
0.4 2 0.2
0.6 2 0.1
0.3 t O.1
Site 5-2 O-1 Ocm
0.7 2 0.2
0.2 _+ O. 1
Site 5-2 40-50cm
0.5 2 O. 1
Site 5-3a O-lOcm
0.2 2 O. 1
0.72 0.3
Site 5-3a 40-50cm 0.4 2 0.05
0.5 + O. 1
0.3 2 0.1
Site 5-3b 50-60cm
0.5 2 O. 1
Site 5-3b 90-100cm 0.5 5 0.1
0.6 5 0.02
0.5 2 0.2
Site 5 4 O-lOcm
0.5 5 O. 1
0.4 5 0.04
Site 5-4 40-50cm
0.5 t O. 1
Site 5-5a O-lOcm
0.2 2 0.2
0.5 2 O. 1
0.3 5 0.2
Site 5-5a 40-50cm
0.55 0.1
0.3 5 0.1
Site 5-Sb 50-60cm
0.5 2 0.004
Site 5-Sb 90-100cm 0.211:0.1

+

+

Rate Constant Mineralization
(k) (dail)
Half Life (days)

0.018 0.003
0.004 5 0.002
0.017 t 0.003
0.004 5 0.002
0.015 0.004
0.004 5 0.003
0.004 + 0.001
0.004t 0.002
0.017 2 0.002
0.008 2 0.002
0.018 2 0.003
0.003 + 0.001
0.004 2 0.002
0.005 2 0.001

39
173
41
189
45
160
173
160
41
83
38
260
189
139

Table 4.16 Site and depth means for 14C Phenanthrene volatilization and
mineralization over the course of the microcosm experiment.
%

Volatilized

% I4cPhenanthrene

Mineralized
Site Comparisonst
Site 5-1
Site 5-2
Site 5-3a
Site 5-3b
Site 5-4
Site 5-5a
Site 5-5b
Depth Cornparison
O- 10 cm"
40-100c d

0.30 abc
0.23 a
0.3 1 abc
0.4 bc
0.43 c
0.26 ab
0.26 ab

0.35 bc
0.35 bc
0.39 c
0.3 ab
0.45 d
0.35 bc
0.38 a

0.3 a
0.3 a

0.45 b
0.3 a

ANOVA

**
Site
t
***
Depth
ns
Site x Depth
11s
11s
'~verageof 6 replicates.
'~ve&e of 15 replicates
'Average of 27 Replicates
Means followed by a common letter are not significantly different at the 5% level using
Duncan New Multiple Range Test.
* **-highly significant, **-signifïcant, *-low significance, ns-not sigiuficant (a= 0.05)
4.5.2.3 Sequential Extraction of Soil Mierocosms The results of the extraction of the
remaining i

4

in~ the so il after the experiment are liaed in Table 4.1 7. The majority of the

radioactivity was extracted f?om the soil indicating this would be the major fate in situ.
Most sites if not all, had greater than 55% of the radioactivity recovered in the methanol

extract. Site 5- 1 and Site 5-3a in the subsurface had greater than 80% of the total added
radioactivity in a methanol extractable phase, much greater than any other phase.
Brodkorb and Legge (1992) found similar results with the addition of phenanthrene to soil.
They concluded after 2 1 days of incubation 55% of the total added "C phenanthrene was

extracted h m the soi1 &er 24 hours with a 50:50 mixture of methanol and methylene
chioride.
The water extractable

''c was

higher in the subsurface soils compared to the

surface (Table 4.18). This result compares the 0-10 cm soil samples to all other samples
(40-50cm 50-60cm and 90-100cm) in the landscape. This rnay be due to the fact that less
organic matter was in the subsdace resulting in less adsorbed

I4c (Schwartzenbach

1993). When considering the methanol extraction the subsurface soils had greater

14c

extracted ttm the surface in most sites investigated. This may be due to the fact that
methanol is weakly hydrophobie yet is unable to remove ail of the

14

C associated with

organic matter in the surface. The soxhlet extraction is more exhaustive and yielded less
IJ

C extracted in the subsurface compared to the surface. This indicates there was a greater

portion of

''c

associated with a more resistant hction in the soil. F d l y in the wet

digestible experiment, ail sites had more

14

C extracted in the surface compared to the

subsurface, therefore the phenanthrene is held in more resistant f o m in the surface soils
and is released primarily by soxhlet extraction and complete digestion.

The final

extraction procedure removed highly recalcitrant radioactivity t hat may have been
incorporated into the organic rnatter. Because the surface has more organic matter. there
was a significant dserence between the subsurface soil. The average total recoverable

in the subsurface was greater than the surface for all sites examined regardless of the
position in the landscape yet there was no significant ditferences between sites.
The results indicate under these conditions phenanthrene will be adsorbed in a
methanol extractable form and will be relatively inaccessible to rnicroorganisms and not
available for transport. The results contradict the findings in the previous experiment

because more water extractable 14cwas recovered in intact soi1 columns. The differences
between a core and microcosm apparatus may have contnbuted to the discrepancies. The
results remah the same because adsorption was still the major fate in the experiment.
The control a sample where diesel and phenanthrene were added just pnor to
extraction to determine the efficiency of extraction, is also Med in Table 4.1 7. In this
exarnple the majority of the "C was found in the methano1 phase. This result is consistent
with the experimental data seen in moa of the sites exarnined. The efficiency of extraction

in the control was high with total extracted

'"c around 91% and a standard deviation of

Table 4.17 Sequential extraction of "C from soil at the end of the soil microcosm
experimen t.
Site

% "C Water

Extracted

Site 5- 1 O- 1Ocm
Site 5-1 40-50cm
Site 5-2 O- lOcm
Site 5-2 40-50cm
Site 5-3a 0-1 Ocm
Site 5-3a 40-50cm
Site 5-3b 50-60cm
Site 5-3b 90-100cm
Site 5-4 0-1Ocm
Site 5-4 40-50cm
Site 5-5a 0-1 Ocm
Site 5-5a 40-50cm
Site 5-Sb 50-60cm
Site 5-5b 90-100cm
Control SoiI
4.5.2.4

8.0 + 0.3
4.1 5 1.6
7.8 2.9
7.2k0.2
1.3t1.2
14.4k4.4
8.450.5
5.7 0.5
7.02 1.4
15.1 + 3.5
5.1 1.1
9.2 2 4.2
5.4 1.3
8.4 + 1.9
8.4 3.2

+

+

+
+
+

%

14c

Methanol
Extracted
62.7 5 5.0
80.6 10.5
65.4 5.6
75.3k2.8
47.8k12.4
84.1221.2
77.721.0
69.5 8.2
55.7k3.1
60.4 5.2
60.8 2.9
65.7 5.8
62.0 10.9
78.7 3.6
56.9 f:4.2

+
+

+
+
+
+
+
+

'"cWet

Extracted

Digested

Total % "C
Extracted

4.9 + 2.0
2.6 + 1.8
4.2 1.6
2.940.4
3.1k2.2
3.120.7
3.2k1.3
3.6 0.3
6.7 + 1.O
3.0 + 0.3
4.4 0.6
3.6 0.4
2.6 + 0.8
4.4 0.2
8.7 0.3

3.5k2.0
3.821.1
4.1k1.5
2.8 0.8
6.3 + 4.6
3.251.3
2.0t1.9
8.6 12.7
18.4 25.2
20.2 I
23.7
6.2 1.7
2.1 + 0.6
3.1 20.3
2.4 1.3
16.9 + 2.8

79.1k5.7
91.1k13.9
81.5k6.8
88.2 + 2.1
58.5 19.8
104.9+25.8
91.321.5
87.3 5 9.9
87.8 + 28.2
98.7 18.1
76.5 5.5
80.6 + 10.3
73.1 12.4
94.0 2.0
90.9 8.2

% "C Soxblet %

+

+

+

+

+

+

+
+

+

+

+

+
+
+

Mass Balance of Soi1 Microcosm Study and Fate of Phenanthrene The m a s

b a h c e of radioactivity added to the soil is listed in Table 4.19.

The summing of

mineralization, volatilization, and residual "C results in recoveries ranging fiom 59.2% in

Site 5-3a at the surface to 106.0% in Site 5-3a in the subsdace. With the exception of
Site 53% recoveries of radioactivity were high. There were no significant dserences
between sites for the total recovered radioactivity yet there was a signScant ciifference
between depths (Table 4.20).

Table 4.18 Site and depth rneans for '"cPhenanthrene extraction over the course of
the microcosm experirnent.
% 14c

O h

Water
Methanol
Extracted Extracted

% lJc

% "C

Total %

Soxhlet
Extracted

Wet
Digested

'Y
Extracted

Site Corn parisonst
Site 5-1
Site 5-2
Site 5-3a
Site 5-3b
Site 5-4
Site 5-5a
Site 5-5b
Depth Cornparison
O- 1O cm"
5.8 a
58.5 a
4.7 b
7.7 a
76.7 a
40-100 c d
8.6 b
72.7 b
3.2 a
5.4 a
90.0 b
ANOVA
**
ns
ns
ns
ns
Site
**
***
IiS
Depth
**I
*t*
*
Site x Depth
+*$
11s
ns
11s
'~verageof 6 replicates.
X
Average of 15 replicates
'Average of 27 Replicates
Means followed by a common letter are not signifïcantly different at the 5% level using
Duncan New Multiple Range Test.
* * *-highly significant, **-signincant, *-low significance, ns-not sigruficant (a = 0.05)
The potential for in situ remediation of phenanthrene in the soi1 microcosm study
can be summed up by looking at the various fates. Volatilization and mineralization were
very low indicating most if not all of the phenanthrene remained in the soi1 matrk.
Extractable or residual

I4chad

values up to 104.9% indicating the majority of the

radioactivity remained in the soi1 and was not removed by volatilization or mineralization.

The results of this portion of the study indicate in situ remediation would be a very poor
strategy for clean up.

The lack of rnineralization and volatilization indicates the

phenanthrene would rernain in the soi1 as itself or degradation intermediates, and have a
potential for Off-site movement c o n t h t i n g the environment m e r .
Table 4.19 Mass balance of total
microcosms.
Site

% "C

VolatiIized

Site 5- 1 O- 1Ocm
0.2 2 0.02
0 . 4 1 0.2
Site 5-1 40-50cm
0.3 O. 1
Site 5-2 O- 1Ocm
Site 5-2 40-50cm
0.2 5 O. 1
0.2 O. 1
Site 5-3a 0-1 Ocm
0.4 0.05
Site 5-3a 40-50cm
0.3 0.1
Site 5-3b 50-60cm
Site 5-3b 90-100cm 0.5 0.1
0.5 0.2
Site 5-4 0-1Ocm
0.4 + 0.04
Site 5-4 40-50cm
0.2 5 0.2
Site 5-Sa O- 1Ocm
Site 5-5a 40-50cm
0.3 + 0.2
0.3 5 0.1
Site 5-5b 50-60cm
Site 5-5b 90- 100cm 0.2 0.1

+
+
+
+
+
+

+

I4c phenanthrene

%lJc
Phenanthrene
Mineralized
0.6 O. 1
0.5 + O. 1
0.6 O. 1
0.7 5 0.2
0.5 O. 1
0.7 0.3
0.5 O. 1
0.5 O. 1
0.6 0.02
0.5 0.1
0.5 O. 1
0.5 O, 1
0.5 2 O, 1
0.5 0.004

+
+
+
+
+
+
+
+
+
+
+

in diesel fuel added to soi1

%14c

Extracted

+

79.1 5.7
91.1+13.9
81.5 + 6.8
88.2 5 2.1
58.5 19.8
104.9 25.8
91.3 1.5
87.3 9.9
87.8 + 28.2
98.7 + 18.1
76.5 5.5
80.6 2 10.3
73.1 + 12.4
94.0 2.0

+
+
+
+

+

+

Total "C
Recovered

+
+

79.9 5.7
92.0k14.0
82.4 6.7
89.1 + 1.9
59.2 t 19.8
106.0 25.5
92.1 4 1.5
88.3 + 10.0
88.9 + 28.4
99.6 18.2
77.2 + 5.5
81.3 10.4
73.8 2 12.2
94.7 + 2.0

+

+
+

The phenanthrene and its degradation intermediates in microcosms is largely

associated with the adsorbed state (Figure 4.18). Mineralization was very poor with as
Little as 0.3% mheralized while volatilization wilI a b be low in situ. The transportable
phenanthrene or degradative products c m be a signincant fate in the surface and
subsurface therefore must be monitored to prevent m e r contamination of the site.
Adsorption is higher in the surtàce while volatilization and water soluble phenanthrene are
lower indicating organic carbon may play a large role in the fàte of phenanthrene in the
environrnent. It is important to note the data used in the Figure 4.14 is calculated by

averaging of all sites in the d a c e and s u b d a c e then dividing by the total recovered

I4c

and not the totai added to the cores.

Table 4.20 Site and depth means for total

14crecovered

for the soi1 microcosm

Total ''c Recoveredt
Site Corn parisonst
Site 5-1
85.8 a
Site 5-2
85.5 a
Site 5-3a
82.5 a
Site 5-3b
90.1 a
Site 5-4
94.1 a
Site 5-5a
79.2 a
Site 5-5b
84.2 a
Deptb Cornparison
O- 1O cmx
77.4 a
40- 1O0 cmy
90.6 b
ANOVA
Site
11s
Depth
**
Site x Depth
1x3
t
Average of 6 replicates.
X
Average of 15 replicates
'Average of 27 Replicates
Means foilowed by a common letter are not significantly dinerent at the 5% level using
Duncan New Multiple Range Test.
** *-highly signïfïcant, * *-sigdlcant, *-low signincance, ns-not significant (a= 0.05)

Sorbed
8 1%

Mineralization
Volatilization
0.4%

0.3%
Transpoitable
Residual

Sorbed
84%

Figure 4.18 Fate of radiolabeled phenanthrene in soi1 microcosms in the surfàce (A) and
subsurface (B) environments.

4.6 Conclusion

Intact soil columns and soil microcosms had Iow rates of mineralization of the
phenanthrene in diesel fuel.

The ability of the microbial populations to degrade

phenanthrene in the cores indicates the rnineralization potential is Iow but not nonexistent

in this landscape. Mineralization of phenanthrene was essentially the same in the surface
and subsurface.

This indicates the subsurfàce may have the same potential for

m i n e b t i o n as some surtàce landxape positions. The respiration data indicates there
was more microbial activity when a suitable substrate iike diesel was added. The cores

with diesel addition had greater total respiration and respiration rates than the control
cores without diesel. Also the total extractable hydrocarbons indicated that there was a
significant reduction in the hydrocarbons at sorne sites in the landscape.

It c m be

concluded phenanthrene mineralizat ion was Iow yet total diesel reduct ion was sigrUScant.

The intact soi1 columns demonstrated greater mineralization of the phenanthrene
t h microcosrns. One factor negiected by static microcosrns is aeration. The role of
oxygen in the enhanced rnineralization of hydrocarbons would be lost when soil becomes
anaerobic.

nie results indicate static microcosms rnay provide a poor estimate of

mheralization of phenanthrene in the environment. Toxicity may have k e n a factor
because cores were contarninated with diesel fuel on a dry weight basis of the upper 15 cm
depth while the microcosrns were contaminated on a dry weight basis of the total soil
added. The diesel would then be able to distribute throughout the core reducing the
effective concentration (toxicity) in the upper 15cm

There was no effect of landscape on the mùieralization of phenanthrene.
Mineralization in the surface was essentially the same throughout the catena

Totd

extractable hydrocarbons decreased in the lower slope positions indicating there was either
significant degradation or adsorption at these positions in the landscape. This is important
because if a diesel spill was to occur in the environment the rnajority of the diesel would
end up in the depression where, in this example, the greatest potential for degradation may
OCCurI
The volatilization of phenanthrene was low in the microcosm and cores studied.
The data seemed to indicate very little tendency for the transfer into the gaseous phase.
The poor volatiiization rnay be due to the low vapour pressure, high mo lecular weight and

high K, of this compound.

The combination of these and other properties of

phenanthrene reduce the iikelihood of volatilization fkom soil in situ. Extraction of the
residud

''c

rernaining in the rnicrocosrns and cores indicate the major fate of the

radioactivity added was to rernain in the soil adsorbed or in a water soluble fom. The
amounts of

I4c extracted

fiom methanol and more exhaustive rnethods indicates

bioavailability rnay be a controlling factor in mineralization in situ. Though the cores had

as much as 30% of the

I4cin a water soluble form, this fiaction was not rnineralized and

has the potential for transport through the soil profile to environrnents less conducive to
degradation.

The movement of phenanthrene, degradation products, and other

hydrocarbons was greater in the subsurface cores indicating these environrnents are less
likely to hinder transport than the surface.

CHAPTER 5
The Effect of Wet-Dry Cycles on the Mineralizatioo of a) Glucose and b)
Phenanthrene in Diesel Fuel in a Soi1 Landscape

5.1 Abstract

The mineralization potential of phenanthrene in diesel fuel was undertaken to
understand the effects of landscape and moisture on this process. The organic matter
contents, texture and water regime varied dramaticaily between the dope positions
sarnpled. Soil was collected h m the surface (0-10 cm) at the upper-mid and depression
dope positions. The fkst experirnent examined the addition of 1O00yg o f Glucose-C per

gram of s o l The second trial used radiolabeled phenmthrene with 5000 pg of diesel fuel
g-' soi1 ui order to assess the mineralization potential of a Dark Grey soi1 sarnpled near

Rossbum, Manitoba. Volatilization and the assimilation by the rnicrobial biornass was also
examined in the experiment. The mineralization of glucose was rapid in the soils studied.

Overail, the upper-mid slope had greater mineralization (36.8%) compared to the
depression (3 1.8%) and continuously wet treatments (53.9%) were greater than wet-dry
(48.4%).

The assimilation into the biornass had the opposite effect with the greatest

arnounts of I4cfound in the depression (19.3%) over the upper-mid slope (14.1%) and the
wet-dry treatment (18.9%) over continuousiy wet (1 5.6%). In the end there were no
ditferences between the landscape positions and moisture treatments. The mineralization

of phenanthrene in 5000 ppm diesel fuel was also rapid had the same eEect. The rapid

minerahtion may have been due to the forced aeration system. Though there were no
Merences between iandscape positions and moisture treatments, the upper-rnid dope had
the greatest mineralization under contmuously wet conditions (45.8%) while the
depression had the highest rnineralization under wet-dry conditions (46.4%).

5.2 Introduction

The mineraiization of complex compounds is dependent on many physical,

chernical and bio logical properties of the mil. Characteristics such as water availability

(Rainwater et al. 1993), nutrient status (Widrig and Manning 1995), and microbial
populations (Atlas and Cemiglia 1995) ail control the factors involved in optimum
biodegradation. The understanding of how these factors affect the overail degradation of
compounds in the environment may d o w proper treatment to enhance bioremediation.

One property of the environment that has not k e n studied extensively in the
literature is the effect of wetting and drying on the mineralization of hydrocarbons. The
majority of the studies involved looking at the degradation potential under constant
moisture conditions (Phelps et al. 1994; Tatarko and Bumpas 1993). The potentiai for
enhanced degradation under wet-dry conditions was looked at by Widrig and Manning
(1995). They found enhanced mineralization of diesel fuel when they periodically added

water and nutrients (-70% reduction) compared to a contbuous flood (-50% reduction).
They cited the enhanced biodegradation was due to increased air flow and hydraulic

conductivity throughout the c o l m d owing aerobic degradation and better movement of
the nutrients when the soil began to dry.

The relatiowhip between microbial populations and availability of water is a
controlling factor in degradation of diesel fuel (Alters and Bartha 1993; West et al. 1989).

In a catena various proportions of water are seen at each slope position. Though there are
few examples of the effect landscape has on diesel fuel degradatioa Hanna et al. (1982)
demonstrated that depressions have more available water than upper slope positions
indicating a greater potential for microbiai activity. Available water can be controlled by
organic matter and texture found in a landscape. Depressions are u s d y closer to the
water table and have greater arnounts of clay and organic rnatter to hold water. The
depression wouid also be subject to a continuous supply of water while upper siope
positions wouid be controiied by wet-dry conditions when rainfd and subsequent drying
occurs. Van Kessel et al. (1993) also demonstrated various slope positions have a
controlling effect on the microbial process of denitrification.

On June 4h, 1991

denitscation was higher in the depression (157 to 556 g N K' d") than on the knoll(37
to 302 g N ha'd-') as a result of the influence of landscape on texture, organic matter and
location of the water table on microbial processes.
Wetting and drying the soil is a natural process creating soil fertility. When soil
dries, eactures form in aggregates exposing substrates usualiy inaccessible to the biornass

(Van Geste1 et al. 1991). As the rnoisture potential drops, microbial populations unable to
survive the rnoisture stress lyse and supplement the soil with utilizable substrates
(Sommers et al. 1981). Upon wetting of the soil, available substrates can be utilized
causing a flush of microbial respiration and can create the opportunity for the

cornetabolian of recaicitrant compounds. The iiterature indicates various results
concerning the mineraiization of compounds in soi1 when subjected to wetting and drying.
Sorensen (1974) concluded increased degradation of plant material under fluctuath g water
content (30.1%) relative to mils maintauied in a continually moist condition ( 13-9%)over

a 284 day experiment. Shelton et al. (1995) concluded adsorption of atrazine increased
during drying (extraction efficiency dropped by 22% when soil was dned). This
corresponds to less bioavailability which in tum atfects degradation if a mil is maintained
at low water potentiais.
In the iandscape various moisture conditions occur leading to the adaptation and
evolution of dinerent microbial populations and soii physical pro perties. The upper-mid
dope would be subject to wet-dry conditions due to runoff and decreased water
infiltration. The depression wodd receive the water fiom the upper siope and be subject
to continuous mois conditions depending on the water table. The determination of the
positive or negative effect wetting and drying has on the bioremediation potential in a
landscape will aid in determining the fate of contaminants in the environment.

5.3 Objectives of Study

The objective of this study was to examine the effects of drying and wetting on the
mineralizatioa of glucose and phenanthene in a soi1 collected kom i) a typically moist
environment and ii) a soi1 naturally subjected to dry-wet cycles.

5.4 Materials and Methods

5.4.1 Soil Landscape

The site selected for the study was North of Rossburn, Manitoba (Site #2 fiom
Chapter 3). The south facing catena was under conventional tili with wheat as the crop at
the time of sarnpling. The upper-rnid slope position was classified as an Orthîc Dark Grey
while in the depression the soil was a Rego Humic Gleysol (Figure 5.1 ). Sites were
divided into 3 reps with 10 feet separating the simple positions. 0-10 cm of soi1 was
removed using Dutch Augers and placed in air tight plastic bags. Soil was then placed in
coolers and transported back to the lab and stored at 4°C until processing. Reps were then

air dned and ground, then stored in bags at room temperature until use (approxirnately 6
months). The soil was then weighed into microcosm jars (50 g oven dry equivalent) and
wet up to field capacity. The jars were then incubated at room temperature (22

2°C) for

one week prior to the experiment.
The particle size distribution and organic carbon contents of the soils are listed in
Table 5.1 dong with other soil properties including the profile characterization of the sous
at each site.

te #2

Orthic Dark Grey
(Upper-Mid Slope)

Rego Humic Gleysol
(Depression)

L
Wet-Dry

Sail Surface

Croundwater
Continuously Wet

Figure 5.1 Stylized diagram of a slope transect of Dark Grey site where soi1 was sampled

Table 5.1 Texture, physical properties and soi1 profile characterization of soils studied dong landsca pe.

Site
(Site #2)

Slope

Soi1

Profile

Air Dry Moisture
Content (0-10 cm)

Field
Capacity
(0-10 cm)

'!40
Organic
Carbon

29.3 2 5.4

3.6 2 O. 1

Texture (0-10 cm)

Dark Grey Btj

15-38cm
38-45cm
Cca 45-70 cm
Ck 70-80cm
Apk 0- 15 cm
Ahk 15-30cm
Ahkg 30-50cm

BC

C

P
C1

Depression

Rego
I-iumic
Gleysol

Ckg 50+ cm

'CL represents Clay Loam

+

4.8 0.6

40

16

44

CL

-

5.4.2 Experimental Apparatus

The soil was placed in 500 mL glas Microcosrns purchased fkom Richards
Packaging (Winnipeg, MB). To each rnicrocosm rubber tubing delivering atmosphenc air

had been attached to the lid (Sorensen 1974).

A Gast diaphragm vacuum

pump/compressor (Gast Manufacturing Corp., Benton Harbor, MI) ran continuously
pumping air at a rate of 3-2 L/hr replacing the jar headspace about 6 times per hour.
Exhaust air was passed through a volatile trap and NaOH solution to trap volatiles and
14

CO?. The volatiles were trapped using a 13cm by 1S c m diarneter dessicator tube

containing a polyurethane foam plug. Radioactive carbon dioxide was trapped by bubbling
the exiting air strearn through 30 mL of 2M NaOH.

At various t h e s a sample of the air

inside the microcosm was analyzed by GC to rnake sure the soil environment was aerobic.
The air flow system allowed the study of volatilization, wetting and dryhg treatments and
rnineralization at 22

+ 2°C (Figure 5.2).

5.4.3 Soi1 Treatments

Three experimentai treatments were irnposed on the soil relating to changes in SOS
water content. The treatments were: wet (hurnidified air stream), wet-dry (dry air Stream
with penodic water addition) and dry (dry air stream and no water addition). In the
continuously wet exarnple the microcosm soil was wetted to field capacity with distiüed
water. Then to maintain field capacity, the air deiivered to the rnicrocosms was passed
through 200 mL distiUed water in an Erlenmeyer flaçk. Under these conditions the soi1
could remain at field capacity for one week before water had to be added (usudy O. 1 mL).
The wet dry experirnent was conducted in much the same rnanner as the wet except the air
was run through a 26cm by 4cm diameter desiccator column containing Driente

(Anhydrous Calcium Sulfate, 8 mesh) to dehumidii the air. The soi1 was wetted to field
capacity then d o w e d to dry to air dry conditions over a one week interval (Figure 5.3)

fiom which t was wetted again to field capacity and repeated throughout the experirnent.
The MI treatment was to maintain the soi1 at air dry conditions. This was done by

running a conthuous stream of dehumidifed air over the soi1 without water addition
Mer an extended penod of time (21 days for glucose, 77 days for phenanthrene), the air
dry soi1 was then subjected to the wet-dry cycle to determine if the prolonged dryùig had
any effect on mineraiization. The pheoanthrene experirnent also had the continuous wet

condition subjected to wet-dry conditions after 77 days.
'

Dessicator Tube

M icrocosrn

I

a) Wet-Dry Condition
b) Continuously Dry Condition

t

PUF Plug

Air Pump

---

Disti Iled Water

2M NaOH

c) Continuously Wet Condition

M icrocosm

1
PUF Plug

-A 2M NaOH

Figure 5.2 Experimental apparatus used to determine the phenanthrene mineralization
potential withui a Dark Grey Soi1 (Site #2).
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Figure 5.3 Representative change in water content during one week of incubation.
5.4.4

14cGlucose
D-G~UCOS~-UL-'.'C
was purchased fiom Sigma Chernical Co. (St. Louis, M0)(10

ncilmrnol). Stock solution were made up in distilied water then diluted. At the beginning

of the experiment 3 mL of stock solution containhg 1000 pg Glucose-C per g of soil was
dispensed evenly over the surface o f the soil (0.1 g glucose with 0.4 pCi of activity per

Figure 5.4 Radioactive glucose added to soil rnicrocosms.

5.4.5

14cPhenanthrene

and Diesel Fuel

14

C Phenanthrene was purchased f?om the Sigma Chernical Co. (St. Louis, MO) as

~henanthrene-9-'~~
(8.3 nCi/rnmol) (Figure 5.5). Stock solutions were hst made up in
hexane then transferred to diesel fiel #2 for addition to soil. At the commencement of
each experiment 5000 ppm (5000 pg/g mil) of diesel-I4cPhenanthrene mixture was added

with approximately 0.3 pCi of activity. Stock diesel fûel added contained about 0.7059pg
unlabelled and 0.0586pg of labeled phenanthrene per gram of soü.

Figure 5.5

'

4

Phenanthrene
~
added to soi1 microcosm.

5.4.6 Volatilization

When the experiment was completed, the po lyurethane foarn plugs were removed
fiom the apparatus and placed in 100 mL French Square Bottles. To these bottles 20 mL
Methanol was added, making sure 5 mL was in excess, for total extraction of glucose or
phenanthrene. Bottles were then sealed and shaken on a lateral shaker for 2 minutes. The
foarn plugs were then removed and placed in a 50 mL syrhge to extract all of the
Methanol.

From the extract, a 1 rnL subsample was collected and counted by the

scintillation counter.
5.4.7

Traps

14c02

The out flowing air Stream was bubbled through 30 rnL of 2M NaOH placed in a

glas 50 mL test tube. The alkali traps were changed on a weekly basis and replaced with

fksh NaOH. FolIowing removal of the 30 mL NaOH trap fkom the air stream, 0.3 rnL
was removed and placed in a 20 mL scintillation via1 with 15 rnL scintillation fluid and

counted. Trap changes occurred until there was no longer any sigdicant radioactivity
recovered (<O. 1% of I4cadded).
5.4.8 Biomass Determination

The chloroform fumigation-extraction technique was used in the determination of
the incorporation of

14cinto the microbial biomass (Voroney et ai.

1993). At the end of

the experhent the soi1 in each microcosm was removed and 20 g (oven dry equivaient)
was piaced into two French Square Bottles. Each pair was then split up and placed into a
desiccation chamber containing a moist papa towel to maintain a hurnid environment. In
the desiccator containhg the soii to be fumigated, a beaker containhg 50 rnL of
chloroform and boiling chips was placed in the center of the bottles. The non fumigated
control did not receive any chlorofona The desiccators were sealed and the air was
pumped out until the chloroform began to boil (about one minute) and repiaced the
atmosphere. The pump was then shut off and the desiccator was left to incubate for 72
hours. The control was placed at 4OC for the same amount of tirne. m e r 3 days the
chloroform was removed and 50 rnL of 0.5 M K2S04was added to each soi1 sample. The
bottles were then stoppered and shaken on a lateral shaker for one hour to extract the
organic carbon. Sarnples were then emptied into a Whatman #5 fiiter papa to filter the
particdate matter. 0.1 mL of the filtrate was then combined witb scintillation fluid and
counted for radioactivity. The values obtained f?om the non fumigated samples were
subtracted fkom the fumigated to give the amounts of extractable

14cin the soil.

The

previous calculation was combined with a correction factor (Lc)
of 0.25 (Voroney et al.

1993) to correct for unrecoverabie biomass carbon and give the resulting total biomass
carbon.

-

Biomass Carbon = JFumigated Soil Non Fumigated SoiQ

Km
Equation 5.1

5.4.9 Total Organie

Rernaining in Soil After Phenanthrene Experiment

In order to determine the residuai radioactivity in the soil a wet digestion

experiment was implemented in the phenanthrene in diesel fuel experiment. At the end of
incubation the soil was air dried and stored at 4°C. At the t h e of detemination. 0.8 g of

soil was placed into a wet digestion tube (Voroney et al. 1991). To this tube 6 mL of
digestion solution (189.4 g Cr03 in 250 mL 14.7M H3P04 and 500 mL 18M HSQ) was
added to the soil dong with a glas rod stand to hold 2 mL of 2M NaOH in a 6 mL glass
scintillation via1 (NaOH traps

14c02
iiiberated f?om

oxidation of organic carbon). The tube

was then sealed with a #49 Rubber Suba Seal and placed in a digestion block and heated at
145OC for 1 hour. The

I4co2was

then trapped for 24 hours after which a 0.3 rnL

subsample was removed and combined with scintillation fluid and analyzed for
radioactivity. The above procedure was also run on a control soil using a spiked sample of
II

C phenanthrene to detemine the efficiency of digestion.

5.4.10 Liquid Seintillation Counting
Mien counting the NaOH for radioactive COz, 0.3 mL was placed in a 20 mL
scintillation via1 and cornbined with 15 rnL Ecolume Liquid Scintiliation Fluid (ICN
Biochemicals Inc. Aurora, OH).

In the case of volatilization and biomass the 1 mL of

rnethanol and 0.1 mL of K2S04, respectfidly, was added to a 7 mL scintillation vid with 5

rnL of cocktail In al1 cases, the samples were allowed to equili'brate in the dark for 24
hours before counting to prevent any erroneous readings f?om ion interaction with the
scintillation fluid. A Beckman LS 7500 scintillation counter was irnplemented with quench
curve correction to give thai resdts of disintegrations per minute (DPM). Final DPMs
were comected for background and contro1s then related to the original radioactivity added
to each apparatus to give the percent rnineralization of phenanthrene in diesel.
5.4.11 Kinetic Anaiysis o f

CO^ Evolu tion

The fïrst order rate mode1 was used to determine the rate of rnineralization of
glucose or Phenanthrene in diesel #2. The calcuiation descnis the reaction over time as a
single first order component. The cumulative CO2 produced (P) over thne (t) is expressed

as:

P = ~[l-e'-")
Equation 5.2

where A is the percent of compound evolved as CO2 at t = a,and k is the rate constant for
14c02evolution

(day-'). Once the rate constant was determined a mineralkation halflife

can be calculated using:

Equation 5.3
A rate constant was detennined fiom the cumulative CO2 evolved fiom each replicate and

the estimated rate constant (k) and pool size (A) analyzed statisticdy.

5.4.12 Statistical Analysis
Single factor ANOVAs and Duncan's New Multiple Range Tests were conducted
using SuperANOVA (Abacus Concepts Inc., Berkley, CA). Treatments were analyzed at
the 5% significance level.

Fim order curve fitting of the minerakation data was

performed using W I N (SAS Institute Inc.. Cary,NC).

5.5 Results And Discussion

5.5.1 Fate of ''c Glucose
The effects of moisture potentials on microbial mineraiization was determined

using as easily degradable substrate. Because it is easily mùieralized, glucose can be
compared to phenanthene, a compound found to accumulate in the environment. The
mineraiization of d o l a b e l e d glucose was monitored in soils sampled at two positions in
the landscape. The fïrst position was at the upper-mid dope where soil is regularly under
wet-dry conditions in the environment. The second position was found in the depression
where the soil is moist throughout the year. The soils were then subjected to wet, wet-dry

and dry moisture conditions to detenniw their effect on mineralization

The soil

microcosms allowed the simultaneous study of mineralization, vo latilization, and
incorporation into the microbial biornass throughout a 62 day experiment.

5.5.1.1

14cGlucose VolatiIization No 14cwas detected in the PUF traps for the glucose

amended soil (Table 5-2).

Table 5.2 Volatiliition of glucose under various moisture conditions.
% 14cGIucose Voiatiiized
Sample
Upper-Mid Dry
IV
Upper-Mid Wet
nr
Upper-Mid Wet-Dry
M
Wpper-Mid Dry Then Wetted
nr
Depression Dry
nr
Depression Wet
nr
Depression Wet-Dry
nr
*Depression Dry Then Wetted
nr
*Air Dry soil subjected to wetting and drying at day 2 1 for Glucose.
nr = none recovered

5.5.1.2

Mineralkation of

I4cGlucose

The mnieraluation of glucose occurred very

rapidly in the microcosms. The majority of the I4cW

~ S
released

within the first day of the

experiment with the exception of the air dry treatment (Table 5.3, Figure 5.6). This
indicates the wet-dry treatment would have had little effect on the mineralization because
all of the available "C substrate was used before mils could dry and be wetted again (7

day cycle).

M e r 21 days of air dry conditions before king wetted, less total

mineralization occurred compared to continuous wet and wet dry treatment s (Figure 5.7).
There also appears to be a slower rate of mineraiization d e r wetting the dry soil. A
compound when introduced into dry soil may tend to adsorb to soil constituents more
readily than if'it were in solution, effectively reducing bioavailability (Shelton et al. 1995;
Shelton and Parkin 1991). Becaw the soil remained at air dry conditions for 2 1 days,
there would be enhanced adsorption which may not be reversible during the wet-dry
treatments. Table 5.4 indicates the significant clifferences between sites and treatrnents.

The upper-mid dope and depression were significantly different with greater minerakation
in upper-mid slope. The treatments were aLso signiscantly dxerent indicating an effect of
wetting and drying on the mineralization of glucose.

+Uppcr-Mid Dn:
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Upptr-Mid Wet
Upptr-Mid Wct-Dry

-

Depression Wet
+Depression Wet-Dry
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wetting event
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Figure 5.6 Mineralization of "C Glucose under air dry, field capacity, and wet-dry
conditions in a soil sampled dong a landscape.
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Figure 5.7 Mineralization of I4cGlucose in mils which were air dried for 2 1 days then
subjected to wet-dry conditions

Table 5.3 Mineralization of '% glucose in the upper-mid and depression of a dope
transect. Continuous dry, continuous wet, wet-dry and wetting of profonged
dry soi1 were moisture conditions subjected to the soiL
Soi1

Upper-Mid Dry
Upper-Mid Wet
Upper-Mid Wet-Dry
Upper-Mid Air Dry Then Wetted
Depression Dry
Depression Wet
Depression Wet-Dry
Depression Air Dry Then Wetted

% "C Glucose

Mineralization Mineralization
Mineralaed (A) Rate (k) (day-') Haif Life (days)
2.3 5 0.4
1.7 + 0.2
0.4
52.7 2.9
0.4 2 0.04
1.6

+

55.1 i2.1
37.0 t 3.6
1.9 + 1.2
55.1 0.8
41.7 2 0.2
28.5 + 5.7

+

+
+
+

0.3

+

1.5
3 -2

0.5 0.05
0.3 O. 1
2.4 1.8
0.4 2 0.02
0.5 5 0.01
0.2 0.1

Table 5.4 Duncan New Multiple Range Test for cornparhg the sites for
mineralization over the course of the wet-dry experiment.

1.4

2.0

1.6

'c

Glucose

% "C Glucose Mineralized

Site Cornparisonsx
Upper-Mid
Depression

Dry
2.1 a
Wet
53.9 d
Wet-Dry
48.4 c
Dry then Wet
32.8 b
ANOVA
***
Site
Treatment
+**
Site x Treatment
*+*
X
Average of 12 replicates.
t
Average of 6 replicates.
Means foliowed by a common letter are not significantly difFerent at the 5% level.
** *-highly sigrilficant, * *-signXcant, *-low sigmficance, as-not signiscant (a = 0.05)
The upper-rnid slope under wet-dry conditions and the depression under
continuous wet conditions had the greatest overd mineralization of the glucose at about
55%. This may be explained by Iooking at the properties of the soil in the environment.

The upper-mid dope in the landscape woukl be subjected to wet-dry conditions

throughout the year.

When r
a
i
n
f
d occurs there would be some infiltration but the

majorÏty wodd run off and end up in the depression Because this site receives l e s water
and can be M e r away fkom the water table, the soil dnes out more readily than a
depression soil. Microbiai populations in the soil would then be more adapted to these
conditions, therefore degradhg substrate efficiently. The same can be said about the
depression. This soil would be under continuou wet conditions with organisrns adapted
to these conditions. The results m u t be treated with some caution because the major@ of
the rnineralization occurred in the fkst week of application of the glucose. The least

amount of mineralization was seen in the depression after prolonged dry soi1 was subjected
to wet-dry conditions. The upper-mid soil also had si@cantly

l e s mineraikation but

was higher than the depression. These results may be attnbuted to the fact more organic
matter would be found in the depression creating a greater chance for adsorption and
decrease bioavailabdity of the compound resulting in less minerakation.

Manilal and

Alexander (1991) found a soil with 36.7% organic rnatter had 42% degradation of
phenanthrene while a soil with 5.9% organic rnatter had 46% d e r 20 days.
The depression had less mineralization than the upper-rnid dope in almon ali cases.

This may be a bit deceiving because greater microbial activity would be expected where
there was greater organic matter for substrate and nutrients (Smith et al. 1993). This may
indicate a possible role of organic matter in the decreased bioavailability of substrates in
the depression.

5.5.1.3

Incorporation of

'"cGlucose into the Micmbial Biomass

Incorporation of

glucose into the biomass is another method of determining the fate (degradation) of
compounds in the environment. The incorporation of

14cinto biomass is listed in Table

5.5. Glucose is a readily degradable substrate and was easily converted to microbial
biomass. Location in the landscape significaatly affects incorporation into the biomass.

The upper-mid slope had less incorporation of

I4c than

the depression.

Aiso.

incorporation into the biomass under wet-dry conditions in the depression and upper-mid
dope was sigmficantly higher than other treatments for glucose (Table 5.6). Van Veen et

al. ( 1985) concluded wet-dry treatments signiticantly decreased the incorporation of

I4c

plant material and glucose (-25%) into the microbial biomass compared to continuously

moist (-37%).

The results concluded in this experiment could be due to the dEerent

incubation techniques (continuous air Stream as opposed to a static microcosm) and
microbial populations sampled in the environment. Incorporation into the biomass was
least favored on the upper-mid dope under wet and delayed wet dry conditions. The
upper-mid dope when under continuously wet conditions does not favor incorporation
into the biomass when compared to the depression. This may be due to the fact organisms
in the environment are not subjected to these conditions therefore may not biosynthesize

cornpounds as they n o d y would.
Table 5.5 Incorporation of
Sample

glucose into the microbial biomass.

C Incorporated Into Biomass

14

From Glucose (K, = 0.25)
Upper-Mid Dry
*Not Determined
12.6 + 2.6
Upper-Mid Wet
Upper-Mid Wet-Dry
15.7 5 2.7
Upper-Mid Dry Then Wetted
13.9 0.9
Depression Dry
No t Detennined
Depression Wet
18.6 2 2.2
Depression Wet-Dry
22.1 0.8
17.3 + 0.3
Depression Dry Then Wetted
*Air dry soils were wetted during the experiment therefore no data could be analyzed
because biomass was detemiined when the experirnent was completed.

+

+

Table 5.6 Duncan New Multiple Range Test for comparing the sites for
incorporation into the biomass over the coume of the wet-dry experiment.

''c

14cIncorporateà

Into
Biomass From Glucose

Site Corn parisonsx
Upper-Mid
Depression
Treatment Cornparison'
Wet
Wet-Dry
Dry then Wet
ANOVA
Site
Treatment
Site x Treatment
X
Average of 12 replicates.
t
Average of 6 replicates.
Means foilowed by a common letter are not signjficantly different at the 5% level.
** *-highly signifcant, **-significant, *-low sigrilficance, ns-not significant (a= 0.05)
5.5.1.4 Mass Balance of the

14cGlucose Experiment

The mass balance of radioactivity

added to the soil is listed in Table 5.7. The summing of mineralization, volatilization., and
biomass

I4cresuhs in recoveries of 45.8 to 73.6%.

The reniaining "C (between 50 and

25%) was unrecoverable and could have been found in the soi1 ifa wet digestion had been

performed. The data indicates the majority of the

I4cglucose introduced into the soi1 was

rnineralized to CO2 because glucose and glucose like substrates can be found in alrnost all

soi1 environments. Incorporation into the microbial biomass was also a factor in the
disappearance of glucose with values of 12 to 22%. Volatilization of glucose was zero
indicating the fate was dependent on the mil and microbial properties. The dry then
wetted treatments had poor total recoveries and were significantly different from the other
treatments (Table 5.8). This may be due to the fact that a larger amount of glucose rnay
have k e n incorporated into the soi1 by adsorption or humification decreasing

bioavailability. Sorption may have occurred during the 2 1 day dry treatment. The tirne
pnor to water addition would favor sorption to particles and organic matter (Carrnichael et
al. 1997) rende-

the compound unavailable to microbial attack even with wetting and

drying of the soiL

The results indicate there was no effect of landscape or moisture on the total
rnheralization and incorporation into t'ne biomass (Table 5.7). The mass balance indicates
there were no signiIicant clifferences between wetting and drying and continuously wet
treatments. There were also no dserences in the landscape studied.

Table 5.7 M a s balance of the
conditions.
Sample

glucose added to the soi1 under various moishire
% 'Y

% lac

Volatiüzed Mineralized

% 'Y
Total '"c
Incorporated Recovered
Into Biomass
*Not Detennined 2.3 k 0 . 4

Upper-Mid Dry
m
2.3 2 0.4
Upper-Mid Wet
nr
52.7 2.9
12.6 + 2.6
Upper-Mid Wet-Dry
nr
55.1 + 2.1
15.7 2.7
Upper-Mid Dry Then Wetted
nr
37.0 4 3.6
13.9 0.9
Depression Dry
M
1.9 2 1.2
Not Determined
Depression Wet
nr
55.1 2 0.8
18.6 2.2
nr
41.7 5 0.2
22.1 2 0.8
Depression Wet-Dry
Depression Dry Then Wetted
nr
28.5 2 5.7
17.3 0.3
*Air dry soüs were wetted during the experiment therefore no data could
because biomass was determined when the experiment was COmpleted.
nr = none recovered

+

+
+
+
+

65.4 + 2.0
70.8 1.4
50.9 0.9
1.9 1.2

+
+
+
73.6 + 1.8
63.8 + 0.3
45.8 + 5.8

be analyzed

Table 5.8 Duncan New Multiple Range Test for comparing the sites for total
recovered at the end of the wet-dry experiment.

14c

Total "C Recovered
Site Com parisonsx
Upper-Mid
47.3 a
Depression
46.3 a
Treatment Cornparison'
Dry
2.1 a
Wet
69.5 c
Wet-Dry
67.3 c
Dry then Wet
48.4 b
ANOVA
Site
11s
Treatment
*lrs
***
Site x Treatment
X
Average of 12 replicates.
t
Average of 6 replicates.
Means followed by a comrnon letter are not significantly different at the 5% level.
* * *-highly significant, * * -significant, *-low significance, ns-not significant (a= 0.05)

5.5.2 Fate of "C Phenanthrene in 5000 ppm Diesel Fuel
The mineralization of radiolabeled phenanthene in diesel fuel was monitored in

soils sampled at two positions in the landscape. Soil microcosms allowed the sirnuhaneous
study of mineralization, vo latilization, and incorporation into the microbial biomass
throughout a 126 day experirnent.
5.5.2.1

II

C Phenanthrene Volatilization

The data indicates Little transfer into the

gaseous phase which is consistent with its chemicai properties (vapour pressure 0.1 13 Pa
at 25°C and log K, 4.53 at 26°C (Piatt et al. 1996)) (Table 5.9).

There were no

significant ciifferences in vo latilization between sites or treatments in this investigation
(Table 5.10).

Table 5.9 Volatilization of phenanthrene in 5000 ppm of diesel fuel uader various

moistare conditions.
Sam~le
% 14cPhenanf hrene Volatilized
L J p k r - ~ i dDry
0.1 20.1
Upper-Mid Wet
0-1 20.1
Upper-Mid Wet-Dry
0.3 0.3
*Upper-Mid Dry Then Wetted
0.1 + 0.1
Depression Dry
0.1 k0.1
Depression Wet
0-2 0.2
Depression Wet-Dry
O. 1 0.04
0-1 k0.1
*Depression Dry Then Wetted
*Air Dry soil subjected to wetting and drying at day 77 for Phenanthrene

+

+
+

Table 5.10 Duncan New Multiple Range Test for comparing the sites for
Phenanthrene vohtilization over the course of the wet-dry experiment.

'c

% 14cPhenanthrene

Votatilized
Site Comparisonsx
Upper-Mid
Depression
Treatment Corn parison'
0.1 a
Dry
Wet
0.2 a
Wet-Dry
0.2 a
Dry then Wet
0.1 a
ANOVA
Site
11s
Treatment
11s
Site x Treatment
11s
X
Average of 12 replicates.
t
Average of 6 replicates.
Means followed by a common letter are not significantly different at the 5% level.
** *-highly significant, **-signiscant, *-low signiticance, ns-not signXcant (a= 0.05)
5.5.2.2

Mineralization of "C Phenanthrene in 5000 ppm Diesel Fuel The rate and

extent of phenanthrene minerabation can be seen in Table 5.1 1. The rnineralization of
phenanthrene was mhiited in air dry mil. This is due to the intense moisture stress
subjected to the microorganisms rendering them inactive (Wilson and Grifb 1975). The
addition of water causes a burst of mioeralization. The end result indicated here was less

rnineralized compounds in this treatment compared to the other two conditions. The
mineralization half Me was shorter d e r prolonged dry periods but the total mineraljzed
phenanthrene was less than continuously wet and wet-dry conditions. This indicates less
phenanthrene was bioavailable &er the drying treatment. A compound when Ïntroduced
into dry soi1 may tend to adsorb to soi1 constituents more readily than if it were in solution,
effectively reducing bioavailability Shelton et ai. ( 1995) found atrazine decreased in
bioavailability by up to 22% when the soi1 was dried and rewetted. Because the soi1
remahed at air dry conditions for 77 days, there would be enhanced adsorption which rnay
not be reversible during the wet-dry treatments.

Soils held at continuous wet conditions mineralized about 45% of the phenanthrene
while the wet-dry cycle resulted in the mineralization of 42 and 46% of the added
phenanthrene. The mineralization of

''c phenanthrene under prolonged drying of the soi1

is sigdicantly difEerent fiom the amount rnineralized under the continuously wet treatment
but not under the wet dry condition (Table 5.12). Prolonged drying, though, appears to
have some effect on the mineraiization of phenanthrene in the depression by decreasing
the halflife. The soi. in the depression had mineralization up to 42% with a half He of 11

days. The continuous wet and wet dry conditions have half lives of 16 and 46 days
respectm.

The upper-rnid dope does not have as great of a dinerence, but the

prolonged drying had a shorter half life than the wet dry treatment.
The upper-mid dope under continuous wet conditions had the greatest
miwralization at this site. The rnicrobial populations able to mineralize phenanthrene
favor continuous wet conditions over wet-dry.

treatments had up to 65% production of '

4

~

Van Veen et al. (1985) found wet

fiom
~ 2 glucose-ammonium compared to 63%

production in wet-dry treatments. The data indicates an important role of the properties of
the compound and microflora and not the moisture treatments. Widrig and Manning
(1995) subjected soil colurnns containing diesel fuel to wet-dry conditions. They found

enhanced degradation of diesel components (-70% reduction) over continuously flooded
systems (-50% reduction). These soils were constructed artificially with mixtures of sand

silt and clays and subjected to water mixtures containing nutrients.

Though the

experimental methods diffa,the results indicate wetting and drying can have an effect on
mineralization of components in SOL
Table 5.11 Mineralization of ''c phenanthrene in 5000 ppm diesel fuel in the uppermid and depression of a slope tmnsect. Continuous dry, contiauous wet, wetdry and wetting of prolonged dry soi1 were moisture conditions subjected to
the soil.
% "C Phenanthrene Mineralization

Upper-Mid Dry
Upper-Mid Wet
Upper-Mid Wet-Dry
Upper-Mid Dry Then Wetted
Depression Dry
Depression Wet
Depression Wet-Dry
Depression Dry Then Wetted

Minenilized(A)
0.2 0.2
45.8 9.3
42.7 + 4.4
36.2 2 24.7
0.2 2 0.2
44.2 + 8.4
46.4 t 8.5
4 1.9 t 7.4

+
+

Mineralization
Rate(k)(day-') HaifLife(days)
23
0.03 0.03
0.05 2 0.01
14
0.03 0.01
23
0.04 2 0.01
18
0.04 5 0.02
16
0.04 2 0.004
16
0.02 2 0.01
46
0.06 5 0.01
11

+
+

Table 5.12 Duncan New Multiple Range Test for eomparing the sites for
Phenanthrene mineralization over the course of the wet-dry experiment.

I4c

% "C Phenanthrene

Mineralized
Site Cornparisonsx
Upper-Mid
28.8 a
Depression
30.5 a
Treatment Cornparison'
Dry
0.2 a
Wet
46.3 c
Wet-Dry
38.3 bc
Dry then Wet
33.8 b
ANOVA
Site
11s
***
Treatment
Site x Treatment
IIS
X
Average of 12 replicates.
t
Average of 6 replicates.
Means followed by a comrnon letter are not sigdicantly different at the 5% level.
* * *-highly sigrilficant, **-signincant, *-low sigrilficance, ns-not signiticant (a= 0.05)
Figure 5.8 and 5.9 indicate rnineralization occurred fairly rapidly in the soil with the
rnajority of the mineralization occurring in the first 20 days d e r the addition of the

phenanthrene.

When soil was air dry for 77 days then rewetted there was quick

mineraiization w i t h the first 25 days. When the conthuous wet soil was subjected to
wet-dry conditions at day 77, a siight increase in mineralization occurred in the upper-rnid
slope but very Little occurred in the depression. The increase in mineralization may be due
to the release of phenanthrene nom aggregates and organic matter or the release of other
substrates that may be used in cometabolism (Lebedjantzev 1924; Van Geste1 et al. 199 1).
It appears after the addition of phenanthrene, the wet soiis had a large flush of

mineralization between 7 and 14 days. This flush subsequently trailed off with Little
mineralization aftenvards. On the other hand, wet-dry conditions did not show much

mineralization until the 2 1 to 28 day interval. From here a much more steady rate of
mheralization occurred afler this point compared to wet conditions. Reasons for this

slight iâg before mineralization may be just the adaptation of the populations to these
conditions. Also if the mineralization of phenanthrene was not immediately d e r the
addition of the compound, the populations began to degrade and soon were subjected to
moisture stress. At this point the growth and rnineralization would soon trail off until the
addition of water again. Wetting of prolonged dry soi1 had some mineraiization about 14
days d e r addition of the water, with the rnajorîty occurring at the 21 to 28 day interval.
I
Upper-Mid Dry
I
Upper-Mid Wet

Upper-Mid Wet-Dry

* Begiming of wetting and drying
of continuous wet and
continuous dry conditions

Tirne (days)

Figure 5.8 Temporal variation in the production of ' 4 ~ in~ the
z upper-mid slope under
continuous dry, continuous wet, and wet-dry conditions. The continuous dry and
continuous wet conditions were subjected to wetting and drymg at the 77 day
interval.

.

W Depression Dry

Depression Wet
:I
Depression Wet-Dry i

*

O

1

2

4

7

Beginning of wetting and drying
of continuous wet and
continuous dry conditions

14 21 28 35 42 49 58 63 70

77 84 92 98 1 0 5 1 1 2 1 1 9 1 2 6

Time (days)

Figure 5.9 Temporal variation in the production of ''CO? in the depression under
continuous dry, continuous wet, and wet-dry conditions. The continuous dry and
continuous wet conditions were subjected to wetting and drying at the 77 day
interval.
5.5.2.3

incorporation of "C Phenanthrene into the Microbial Biomass

When

considering the properties of the biomass for phenanthrene, incorporation of the 9-I4c
carbon is not favored (Table 5.1 3). There were no signincant Merences between sites or
treatments for all properties of this experiment (Table 5.14).

Both sites under all

conditions had less than 2% of the total radioactivity added to the soi1 in the biomass. This
was most kely due to the complexity of the degradation pathway (Figure 2.7).

The

location of phenanthrene-9-14c may dictate the release of radioactivity at the end of
degradation and result in "

~ 0 production
1
and

not biosynthesk.

Table 5.13 Incorporation of '%phenanthrene iato the microbial biomass.

I4cIncorporateci Into Biomass
From Phenanthrene (K, = 0.25)
Upper-Mid Dry
Not Determined
Upper-Mid Wet
1.7 2 0.9
Upper-Mid Wet-Dry
1.2 + 0.9
Upper-Mid Dry Then Wetted
1.4 2 0.9
Depression Dry
Not Determined
Depression Wet
0.8 2 0.4
Depression Wet-Dry
1.9 5 0.9
Depression hy Then Wetted
1.0 2 0.9
*Air dry soils were wetted during the experiment therefore no data could be analyzed
because biomass was determined when the experirnent was completed.
Sample

Table 5.14 Duncan New Multiple Range Test for comparing the sites for
incorporation into the microbial biomass over the course of the wet-dry
experlment.
C Incorporated Into

14

Biomass From
Phenanthrene
Site Comparisoasx
Upper-Mid
Depression

Wet
Wet-Dry
Dry then Wet
ANOVA
Site
Treatment
Site x Treatment
IIS
X
Average of 12 replicates.
'Average of 6 replicates.
Means foilowed by a comrnon letter are not significantly diEierent at the 5% level.
***-highty signincant, * *-sigrÿticant, *-low significance, ns-not significant (a= 0.05)

5.5.2.4 Total Organic

''c Remaining

in Soi1 Afier Phenanthrene Experiment The

wet digestion of the soi1 in the phenanthrene experiment resulted in the recovery of 9.4 to
19.2% of the added radioactivity (Table 5.1 5). The upper-mid dope soil sample had the

least amount of

I4crernaining in the soil,

while the depression that was dried for 77 days

then wetted had the most. The data seems to indicate drying of the soil favoa adsorption
and decreased bioavailability yet there was no significant differences between treatments
(Table 5.16).

Shelton et al. (1995) concluded drying of the soil decreases the

bioavailabiüty of atrazine by 22%.

In this example, drying of the soil increased the

amounts of phenanthrene recovered yet it was not significantly different from the wet
conditions. It appears that a certain h c t i o n of the I4cfiom phenanthene is incorporated
in the soi1 and becomes stable, therefore resistant to mineralization and volatilization.

Table 5.15 Amount of 14cüberated fmm the wet digested phenanthrene
contaminated soii.
Sample

% 14C Liberated From the

Soi1 After Wet Digestion
Upper-Mid Dry
*Not Determined
Upper-Mid Wet
9.4 5 4.8
Upper-Mid Wet-Dry
13.9 14.0
Upper-Mid Dry Then Wetted
12.0 2 3.3
Depression Dry
Not Detennined
Depression Wet
16.9 2 0.8
Depression Wet-Dry
13.4 + 7.4
19.2 5 11.2
Depression Dry Then Wetted
*Air dry soils were wetted during the experirnent therefore no data could be analyzed
because wet digestion was detennined when the experirnent was cornpieted.

+

Table 5.16 Duncan New Multiple Range Test for comparing the sites for "C
überated from the wet digestible phase.
% "C Liberated From the

Soi1 After Wet Digestion
Site Comparisonsx
Upper-Mid
11.8 a
Depression
Treatment Cornparisont
Wet
Wet-Dry
Dry then Wet
ANOVA
Site
Treatment
Site x Treatment
X
Average of 12 replicates.
t
Average of 6 replicates.
Means foiiowed by a common letter are not sigdicantly different at the 5% level.
***-highly signincant, * * -significant, *-low signincance, ns-not significant (a= 0.05)
5.5.2.5

Mass Balance of the

14c

Phenanthrene Experiment

The summing of

mineralization, vo latilization, biomass, and wet digestible "C results in recovenes of 49.8
to 62.8% when excluding the continuously dry treatments (Table 5.17). The remaining
14

C (between 50 and 35%) was unrecoverable and could be attniuted an unaccounted

loss. The data indicates the majority of the

''c phenanthrene in 5000 ppm diesel added to

air dried, ground and stored soi1 was rnineralized to CO2 at 22OC.

Table 5.17 Mass balance of the "C phenanthrene in 5000 ppm diesel fuel added to the soi1 under various moisture conditions.
% "C Volatilized

Sample
-- --

C

3

-- -

-- -

% "C
Mineralized

-

% I4c
lncorporated loto
Biomass- - -*Not Determined
1.7 4 0.9
1.2 2 0.9
1.4 f:0.9
*Not Determined

% "C Liberated From
Total "C
the Soil After Wet
Recovered
D i ~-etio
s n
- -- - - -- -- *Not Determined
0.4 0.05
56.5 14.0
9.4 4.8
13-95 14.0
57.6 12.6
12.0 3.3
49.8 20.0
*Not Determined
0.3 3- 0.1
0.8 0.4
16.9 2 0.8
62.3 + 9.6
1.9 + 0.9
13.4 7.4
61.8 10.0
1 .O 11 0.9
19.2 11.2
62.8 14.2
data could be analyzed because biomass and wet digestion were
-

--

Upper-Mid Dry
0.1 ~ 0 . 1
Upper-Mid Wet
0.1 2 0.1
Upper-Mid Wet-Dry
0.3 + 0.3
Upper-Mid Dry Then Wet ted
0.1 2 O. 1
Depression Dry
0.1 + 0.1
Depression Wet
0.2 2 0.2
Depression Wet-Dry
0.1 5 0.04
Depression Dry Then Wetted
0.1 0.1
*Air dry soils were wetted during the experiment
determined when the experiment was completed.

+

0.2 10:2
45.8 9.3
42.7 4 4.4
36.2 2 24.7

+

0.2 + 0.2
44.2 8.4
46.4 8.5
41.9 & 7.4

+
+

therefore no

+
+

+
+

+
+
+

+
+

5.6 Conclusion

The mineralization of phenanthrene c m be a significant fate under appropriate
conditions. Phenanthrene mineraiization in diesel fuel was rapid at both sites dong the

landscape. The process of aeration rnay have enhanced the mineralkation of substrates
(phenanthene and glucose) in s o i

The breakdown of glucose was greater under

continuously wet conditions, while the incorporation into the biomass was higher under
wet-dry conditions.

The total glucose "degraded" (mineralization plus biomass) was

essentially the same for both moisture treatments. The mineralization of phenanthrene, in

5000 ppm diesel was also the same under both rnoisture conditions. The wetting and
drying of continuously wet trials at the end of the experirnent did increase the
bioavailability of the

14

C phemthrene remainllig in the soi1 resulting in further

mineralization. The muieralization of glucose in the depression was slightly less than in the
upper-mid slope, but the incorporation into the biomass had the opposite effect. In the end
there were no diffierences between landscape position and the total minerakation of
glucose. The results indicate there will be no effect of landscape on the mineralization and
incorporation into the biomass of phenanthrene and glucose in this catena.
It can be concluded aeration may be the optimum condition for mineralization of
diesel fuel components in situ. The study indicated wetting and drykg had no effect on
the mineralization of phenanthrene in diesel, yet there was significant
compared to other studies (Chapter 3 and Chapter 4).

I4cproduction

The forced air through the

microcosrn maintained aerobic conditions throughout the soi1 prornoting microbial activity

and mineralization.

CHAPTER 6

General Discussion

The objective of the study was to determine the presence of phenanthrene
degrading microorganisrns in mil.

Chapter 3 was a nirvey of the potential for

mineralization of phenanthrene in diesel fuel in uncontaminated and previously
contaminated soils. Chapter 4 looked at one soi1 located in a landscape and determined

the effect of changing landscape on the mineralization of phenarithrene and the degradation

of hydrocarbons in intact soü columnç and disturbed soil micmcosrns.

Chapter 5

investigated the effects of changing moisture potentid (wetting and drying) on the
mineralization of phenanthrene in diesel fuel.

6.1 Mineralization of Phenanthrene in Diesel Fuel

The literature bas shown phenanthene c m be degraded by organisms native to the

soi1 environment (StringfeUow and Aitken 1995; m u e r and Ingvorsen 1993; Kastner et
ai. 1994; MacGillivray and Shiaris 1993; Atlas and Cemiglia 1995). Foght et al. (1990)
found up to 4% (6 isolates out of 138) of organisms Wlated nom fresh water, marine and
estuanes were able to miwralize phenanthrene.

In this study the rninetalization of

phenanthrene in fieshly sampled soils previously uncontaminated with hydrocarbons was
low but not zero. The mineralization of the 9" C in phenanthrene was u s d y less than

10% in d soils hvestigated wïth mineralization half lives between 132 and 15 days. When
mineraiization was higher than 10% the standard deviation was also high indicating the
process was sporadic. Even though the total mineralization was low, the half Iives
indicated there was a potential for significant rnineralization. It appears the phenanthrene
was not bioavaihble (sorption) or the soil lacked certain fàctors (nutrients. organic rnatter
etc.) needed for degradation. The accumulation of degradation intermediates, unable to
proceed to

14

COz, may have also contniuted to the decreased mineralization. The fact

that al1 mils had organisms capable of phenanthrene mineralization is important because

this isn't always the case. Kastner et al. (1994) dernonstrated no zone fomiing units in
fieshly sampled uncontaminated soil using a method of soi1 extraction and plating on

minimal medium plates with phenanthrene as the sole carbon source.
Texture, organic carbon and microbial metabo lic diversity were poor indicators of
the total mineralized phenanthrene in soil.

The poor relationship rnay be due to

bioavailability. It appears phenanthrene was sorbed readily in the soil because extractions
at the end of the experirnent indicated the majority of the

I4cwas in a methanol extractable

phase. When considering the mineralization rate, there was a correlation with organic
carbon and metabolic divenity. This indicates there were more active microorganisrns
capable of mineralizing the phenanthrene before it was no longer bioavailable. Organic
carbon and microbial metabolic diversity would be good indicators of the potential for
phenanthrene rnineralization in so il.

Chapter 4 investigated the effect phenanthrene and diesel fuel addition had on
respiration It was concluded the addition of the hydrocarbon substrate increased the rate
of COz released over mils without diesel addition. This indicates the diesel fuel provided a
substrate to be mineralized increasing the activity of the microbial populations. Phelps et

al. (1994) also concluded the sarne trend when diesel fuel was added to soii but neglected
to indicate control respiration rates. The mineralization of

'"c pheoanthrene was

low

(10%) in this study, yet degradation of the total hydrocarbons was between 16 and 48%.
The low amounts of phenanthrene mineralization rnay then be due to catabolite repression
or competitive metabolism by the other substrates in diesel fuel. Stringfeliow and Aitken
( 1995) demonstrated the competitive metabolism of phenanthrene in po lyaromatic

hydrocarbon degrading organisms. They found an inhiiition of the uptake of phenanthrene
by Pseudomonas stutzeri and P. saccharophilia in the presence of other polyaromatic

hydrocarbon compounds.

Thk property of the microbial population would then be

consistent with the finding in this study.
Prior sensitization of hydrocarbons on the soi1 decreased the half life and
acclimation period of phenanthrene degradation in diesel fuel due to prior enzyme
stimulation in one of the sites investigated. Keuth and Rehm (199 1) were able to isolate
fiom a contaminated site Arthrobacfer polychromogenes capable of rnineralizing 47.7%
phenanthrene. AIcuïigenes sp., isoiated from an oil polluted site, was able to mineralize
91% of the added phenanthrene d e r 22 days of incubation (Wller and Ingvorsen 1993).

The present study indicated enhanced minerabation of phenanthrene in both the surface
and subsurfkce of Site #10 (44-56%). The second site (Site #8) had poor mineralization
(2-4%) yet was a site of a diesel spiil. The r e d t s tend to indicate other factors besides

prior exposure (texture, organic rnatter, water content etc.) affect the mineralizcltion of
phenanthrene in diesel fuel.

6.2 Effect of Wettiog and Drying and Landscape on Mineralkation of Phenanthrene
and Glucose

Van Geste1 et al. (1 993), Sorensen (1 974), Amato et al. (1983), and Bottner
( 1985) concluded wetting and drying ùicreased the decomposition of added plant substrate

compared to continuously moist or continuously dry. Taylor and Parkinson ( 1988) found
wet-dry treatrnents (wet 4 days, dried and quickly rewetted) had more degradation of
aspen leaves (6.0g starting weight to 4.77g final weight) than continuously wet leaves

(4.89g) &er 3 months. They attributed some of the degradation to hydrolysis attack of
celiulose during the drying treatrnent. Widrig and Manning (1 995) subjected soil columns
containing diesel fuel to wet-dry conditions. They found enhanced degradation of diesel
components (-70% reduction) over continuously flooded systems (-50% reduction).
Haider and Martin (1981) found wetting and drying (59%) had the same as or less
degradation of lignin-coniferyl alcohols as wet t d s (60%) afler 24 months of incubation.

In the curent study the wetting and drying of phenanthrene or glucose in soi1 was not
sipdïcantly different nom continuously wet soi1 treatments. There was, however, a
decrease in the mineralization of glucose during wet-dry cycles compared to continuously
wet treatments. The incorporation into the microbial biomass had greater
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C associated

with wet-dry cycles. In the end there was no difference in the total glucose degraded

(mineralization + biomass). The wetting and drying of phenanthrene had no ciifferences

between wetting and drying and continuously wet treatments during rnineralization and
incorporation mto the microbial biomass. It appears the effects of moisture potentials may

be soi1 specific and dependent on the n a t d conditions fkom which the microbial
populations have evohred.

The literature contains few examples of the effect of landscape on the degradation
of hydrocarbons. Hama et al. (1982) demonstmted that a depression has more available
water (- 15 .O4cm) than upper dope positions (- 12.3 1cm) uidicating a greater potential for
rnicrobial activity.

Available water is innuenced by the amounts of organic matter and

texture of the soil. in the depression the water table is closer to the surface and can have
greater amounts of clay and organic rnatter due to runoIf. Van Kessel et aL ( 1993) also
demonstrated various siope positions have a controüing effect on the micro bial process of
denitrification The denitrification was higher on June 4b, 199 1 in the depression ( 157 to

556 g N ha'd-') than on the knoll (37 to 302 g N hà' d-') signaling the effect of texture.
organic rnatter and location of the water table in a landscape on microbial processes. In
this example the availability of oxygen was a controlhg Factor in the microbial

denitrincation. Diesel fuel degradation is mainiy an aerobic pathway (Atlas and Bartha
1993), therefore the depression may have significantly less bioremediation yet have the
major@ of the diesel present due to runoE In Chapter 4 and 5, landscape had a no effect

on the mineraikation of phenanthrene in diesel fuel or glucose in the surface sites. There
rnay be equal potential for phenanthrene and glucose mheralization dong the catena. The
upper-mid slope was not significantly diffierent &omthe depression.

6.3 Type of Mineralization Study and Handling of Soi1 Samples

The mineralization of phenanthrene bas been documented extensively in the
literaîure (Howard et al. 1991; Foght et ai.1990; m u e r and Ingvorsen 1993). For the
most part the majority of the studies have looked at disturbed soil amples, soil slurries and
culture conditions and not intact soil columns. Most of the -dies

also used static

microcosms without flow through systems (Keuth and Rehm 1991; WUer and lngvorsen
1993). Mineralization in the Literature rauged fkom 0% (Kastner et al. 1994 (2000 mg
phenanthrenek PAH coated aga plates)) to 80% ( m i l e r and Ingvorsen 1993 (1 mg
phenanthrenekg soil)). In Chapter 4 mineralkation was signincantly higher (15x) în the
intact soi1 columns (-8% mineralized) compared to microcosms in the sarne chapter and in
Chapter 3 (0.5-3% mlieraîized) (Table 6.1 ). If the concentration of diesel fuel is ignored,
the main ciifference between the two studies is structure and aeration (the concentration of

diesel fuel may, however, cause toxicity and catabolite repression in soil systems). The
soil cores in Chapter 4 (Site # 5 ) were significantly higher than the microcosms in both

chapters. This may indicate structure had a role in mineralization, but it is probably not the
case.

Cbapter 5 (Site #2) soi1 was air dried and ground and had significantly higher

mineralization than the same soil in Chapter 3. This removes the role of structure in
mineralization because both soils in Chapter 3 and Chapter 5 were air dried and ground.
Chapter 5 soil was aerated in the same manner as Chapter 4. The results may suggest it
was in fact aeration that hcreased the mineraikation in the soils studied.

This suggests

static microcosms characteriz mineralkition differently fkom aerated systems.

Table 6.1 Cornparison of the mineralization of phenanthrene in the surface from
sites in Chaptem 3,4, and 5.
Chapter

Site

Chapter 3

Site #5

Chapter 4

Site #5 (3a)

Chapter 4

Site #5 (3a)

Chapter 3

Site #2

Chapter 5

Site #2

Apparatus

Static
Microcosm
Aerated
Core
Static
Microcosm
Static
Microcosm
Aerated
Microcosm

Physical
Stress
m g and
grinding
None

Diesel
(pg g'soil)
5000

Mineralized
2.9 2 1.4

50 000

6.5 2 0.8

Loss of
Structure
fiom
Sampling
Drying and
grinding
Dryhg and
grlliding

50 O00

0.5

5000
5000

% "C

+ O. 1

1.6 2 0.2

52.7

+ 2.9

6.4 Sudace vs. Subsurface

It is anticipated based on the distribution of microbial activity in soil that the
biodegradation potential in most cases will be higher in the surfàce compared to the
subsurface.

Depth fiom surface cm be a controllhg factor in the mineralization of

compounds in the environment (Rainwater et al. 1993). The presence of organic matter
and microorganisms play a large role in the active degradation of hydrocarbons in soil, yet
organic matter also increases the likelihood of sorption.

Foght et al. (1990) isolated

various organisms capable of aromatic degradation fiom fkesh water in northern Alberta
and found oniy 4% of the bacteria were able to mineraiize phenanthrene and none of these
strains were able to degrade hexadecane. The results indicate the importance of h a h g

appropriate orgaaisms present for mineralization and their selectivity for substrates. M e n
considering Chapter 3 and 4, almost all d a c e soils did not have significantly greater total

rnineraiization of phenanthrene compared to absurface mils.
si@cant

Where there was a

amount of mineralization in Chapter 3 the sudiace soi1 had grcater total

minerakation and a greater minerakation rate (Le. Site #4, surface 16.4%, s u M a c e
4.2%). When organic matter increases, rnicroorganism activity is also increased (Smith et

al. 1993) and is generdly associated with enhanced mineralization due to the presence of
nutrients.

Manilal and Alexander (1991) found increasing organic rnatter seemed to

decrease the degradation of phenanthrene by reducing the bioavailability due to adsorption
(36% OM had 42% mineralization, 5.9% OM had 46% minetalization in 20 days). The
rates of mineralization of phenanthrene in Chapter 3 were higher in the surface. Even
though there were no diierences in the total mineralization, the microorganisms were
more active in degrading the available phenanthrene compared to the subsurface. When
comparing the total extractable hydrocarbons in Chapter 4, the subsurface was
significantly different from the surtàce.

The s h c e had greater unrecoverable

hydrocarbon than the subsurface indicath g either enhanced degradation or greater
adsorption of hydrocarbons. The same trend was noticed when looking at the sequential
extraction of "C in Chapter 3.

Higher radioactivity was recovered in the surface

compared to the subsurface in the soxhlet and wet digestible eactions indicating greater
adsorption in organic carbon soils. The respiration of the microorganisms in the same
experiment indicated the majority of the sites had greater respiration in the surface
compared to the subsurface indicating greater degradation of hydrocarbons. It can be
concluded not only was there greater adsorption in the surfàce but microbial respiration

was higher and increased degradation of the hydrocarbons was also present at these
positions in the soil proue. Organic matter has two roles affecting mineralization because

not only does it supply nutrients and a hospitable environment for microorganisms, it also
decreases bioavailability. It appears mineraiization may be dependent on the ability of the
microorganisms to degrade phenanthrene before it becomes no longer bioavailable. When
considering the d e organic rnatter plays in soil, the potential for in siru bioremediation
will be greater where organic carbon is present.

6.5 Fate of Phenaathrene and hz Situ Bioremediation

The volatilization of phenanthrene was low in the microcosrns and cores studied.
The data seemed to indicate very iittle tendency for the tramfer into the gaseous phase.
The low volatiiay of this compound is due to its low vapour pressure, high molecular
weight and high K, of this compound (Green and Kmickhoff 1990; Piatt et al. 1996). The
combination of these and other properties of phenanthrene reduce the likelihood of
voiatilization fkom soil in situ. Mineralization of

I4cwas found to be less than

10% in

most cases where the soi1 had no previous hydrocarbon contamination. In situ other
factors such as nutrient addition and aeration would need to be implernented to enhance
this process. In the current study it was found that a steady supply of air may increase

mheralktion, though this principle was not fully tested or proven (it was merely an
observation). Widrig and Manning (1995) and Phelps et al. ( 1994) both concluded the
addition of water, nutrients and air rnarkedly increased the amounts of hydrocarbons
degraded in soi1 columns with up to 78% of the total extractable hydrocarbons king
reduced in the second example. It would, therefore, be prudent to study and impiement

these techniques to mcrease the degradation process. Extraction of the residual

I4c

remaining in the microcosms and cores indicate the major fate (up to 60%) of the
radioactivity added was to remain in the mil. The majority of the radioactivity (up to
50%) was associated with a methanoi, soxhlet and wet digestible hction therefore it can
be concluded the

I4cwas probabiy not bioavailable.

The movement of hydrocarbons into

the subSUTfàce can be a major problem in bioremediation (No& et al. 1994; Dohse and
Leonard 1994). The transport of phenanthrene, degradation intermediates, and diesel fuel

through the intact soil coiumn in Chapter 4 hdicates this may be a major fate. The
subsurface c m be a harsh environment for microbial growth and activity due to the
absence of oxygen, nutrients and growth fàctors. Without these factors hydrocarbons rnay

be resistant to breakdown (Pheips et al. 1994). It was concluded in intact soiI columns up
to 30% of the radioactivity added may be found in a water extractable phase resulting in a
potential for transport.

This water extractable fiaction

may contain phenanthrene

degradation intermediates that are more soluble in water (hydrophilic), therefore rnay

move through the soil profile to a greater extent. The total emactable hydrocarbons had

as much as 30% of the diesel "pooling7'in the sand hction. The radioactive phenanthrene
and degradation intermediates had as much as 15% of the total added difise to the

bottom of the core through -40cm of soil. It is important to note none of the movement
was due to preferential flow dong the sides of the column because concentrations of
phenanthrene were similar at the w& and center of the core.

CHAPTER 7

Summary and Conclusions

The objectives of thk study was to d e t e d e the fate of phenanthrene, the
presence of m i c r o o r g a . in soils to degrade phenanthrene and the examination of
certain physical properties that rnay influence mineralization (texture, organic carbon.,
landscape, water potential etc.). It was concluded there were native microbial populations
capable of mineralizing phenanthrene, though the amounts of "C label mineralized was
low. The minerakation half Lives ( 15 to 132 days) indicate the added phenanthrene could
be mineralized rapidly but other controhg factors (bioavailability, aeration, species

selection, toxicity etc.) iimited the degradation. Though phenanthrene mineralization was
low, the addition of hydrocarbons increased the rate of CO2 released over soils without.

This indicates the diesel fuel provided a substrate to be mineralized increashg the activity
of the microbial populations. The minerakation of phenanthrene can be a significant fate

in the lab depending on the treatment of the mil. In Chapter 5, the soil was air dried,
ground and stored at room temperature before use. This treatment probably did not cause
a sigrilficant increase in the potential for phenanthrene mineralization, since in Chapter 3
the same contaminant and drying effect was used on the soi1 yet poor mineralization
occurred.

The real factor atfecting mineralization may in fact be the flow through

apparatus used in Chapter 5 where the soi1 was aerated to a greater extent compared to a
static microcosrn (Chapter 3). Prior sensitization of hydrocarbons on the soil decreased
the half Me and acclimation period of phenanthrene mineralization in diesel fuel- This
phenornenon was not consistent because Site #8 with prior hydrocarbon exposure had linle
mineralization. The results tend to indicate other factors besides prior exposure (texture,
organic matter, water content etc.) affect the degradation of phenanthrene in diesel fuel.
Organic carbon and rnicrobial metabolic diversity were good indicaton of the potential of
microorganisms for the minerahzation rate of phenanthrene.
The wetting and dryhg of glucose Ïn soi1 was not significantly dflerent fkom
continuously wet soil treatments in Chapter 5.

The sarne results was seen for

phenanthrene in 5000ppm diesel in the same chapter. Chapter 3 also indicated the same
results. The dryuig and grinding of soii during the experiment had little or no effect on the
further mineralization of phenanthrene. Organisms present in the soii investigated do not
appear to favor wet-dry conditions over continuously wet soils. It appears the effects of

moistute potentials may be soi1 specific and dependent on the natural conditions eom
which the rnicrobial populations have evolved.
The landxape studied appears to have Little effect on the mineralization of labeled
14

C phenanthrene in diesel fuel. The soils had no significant differences between the

surface sites investigated indicating there was equal potential for phenanthrene
minerakation dong the catena. The same result was seen for glucose mineraiization. The

upper-rnid dope was not significantly different &om the depression indicating equal
potential for glucose mineralization at these two slope positions.

The mineraüzation potential in intact soil columns was much higher (15x) than
rnicrocosms. This indicates microcosms without flow through systerns provide a poor
estimate of mineralization of phenanthrene in the environment, therefore rnay
underestimate the potential of mineralization in a particuiar mil. It would be important to
note the intact soil column experiment was performed in flow through systerns whüe the
microcosms were static. The merences in mineralization may have been due to an
aeration pro blem and not structure.
The volatilization of phenanthrene was low in the microcosrns and cores studied
even with added aeration. The data seemed to indicate very little tendency for the transfer
into the gaseous phase. Extraction of the residual

I4cremaining in the microcosms and

cores indicate the major component ( ~ 5 0 % )of the radioactivity added was either

phenanthrene/degradation intermediates (up to 30%) or adsorb components (up to 60%).
The movement of phenanthrene and diesel fuel through the intact soi1 column in Chapter 4
indicates movement will be a factor in fate with up to 30% of the hydrocarbons and 15%
of the phenanthrene transported below the 40cm depth.
Surface soils did not have greater mineralization of phenanthrene and other
hydrocarbons than the subsurface in Chapters 3 and 4.

The mineralization rates of

phenanthrene in the surface in Chapter 3 were significantly higher tban the subsurface.

This indicates the microbial populations were more active in minerahhg the phenanthrene
before it became no longer bioavailabb. The respiration of the microorganisms in Chapter
4 indicated the majority of the surface sites had greater respiration than the subsurface

which in turn results in greater hydrocarbon degradation

There wili a h be more

bioavailable

14cand

a greater potential for transport in subsurface soils due to the

decreased adsorption of hydrocarbons in low organic carbon environments.
The majority of scientific studies result in more questions asked than probterns
answered. Further study in this field should include the determination of the radioactive
products remaining in the soil at the end of the experiment. As for the radioactivity
remaining in the soil, was it cometabolized to end products and not further degraded to

C a or was iî simply not degraded at ali? Why was there low mineralization of
pheoanthrene yet there was sigrilncant microbial activity? Why was there not more
significant differences in phenanthrene mineralization between surface and subsurface mils
in Chapter 3? When prior exposure to soil occurs why does one soi1 have extensive
degradation while another does not? If texture and organic carbon have Little effect on
mineralization, what soil p hysical pro perty(s), if any, determine mineralization? What
factor involved in drying, grinding and storing of the soil in Chapter 5 caused a sigdïcant
amount of mineralization of phenanthrene or was it simply an apparatus efEect? What
property of soi1 structure increases mineralization between intact soil columns and
microcosrns? Why were there no dserences between landscape positions yet the physicai,
chernical and biological properties dZer so much in a catena? These and many more
questions need to be answered to determine the properties of phenanthrene rnineralization

in the environment.

CHAPTER 8

Contribution to Knowiedge

The study demonstrated there was a mineralization potential of phenanthrene in
fiesMy sampled uncontamhated soils. It also indicated there may be ways of enhancing
this process through aeration. Prior hydrocarbon exposure will not guarantee the presence
of microbial populations capable of mineralkation of phenanthrene. Wetting of dry soi1
did not enhance or signifïcantly decrease the potential for phenanthrene mineralization in
ali soils. When the soi1 dnes naturally in the environment there wili be the same potentiai

for mheralization when rainfall occurs. Surface soil minerakation of phenanthrene was
not always sigruficantly different fiom subsurface mils investigated, though when
signiscant mineralization occurred (>5%)

it was associated with the surface.

Mineralization rates of phenanthrene were higher in the sudàce even though totai
mineralkation was the same.

The mineralization of phenanthrene in the landxape

indicated no sigmûcant differences between the sites Uivestigated dong the catena. Intact

soi1 columns, as opposed to microcosms, may aiso be more accurate in determining the
bioremediation potentiai of the environment. Aerated (flow through sy stems) as Opposed
to static mineralization determinations rnay increase the minerakation of phenanthrene and

be a better predictor of the mineraikation in the environment. Static microcosms. on the
other hami, nmy be a better predictor of the in situ non flow through soi1 conditions.
At the field scale, in situ bioremediation rnay be a feasibe option in the remediation

strategy. The study has indicated there are organisms native to the environment present to
mineralize phenanthrene, therefore inoculation with industrial organism may not be
necessary. Though the mineralization of

'"clabel in phemthrene

in diesel fuel in the

environment would be less than 10% after about 1 year, certain factors such as aeration,
nutrient addition, surfactant addition, and irrigation may enhance mineralization.
Bioavailability would be a major factor in degradation due to the high rate of adsorption
(which turned out to be the mjor fate). Transport was also a factor in the fate of
hydrocarbons, especially in the subsurface, due to the movement through the soi. profle.
while volathtion was not a factor in the loss of phenanthrene. Major concerns to be
considered before Lnplementation of in situ bioremediition include: location of water table

and aquifer, location of human populations, urgency of closure, and enhanced degradation
(bioavdability, surfactant addition, nutrient and water addition etc.) would be essential in

risk assessment.
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APPENDIX

Ia. Duncan New Multiple Range Test for comparing the surface soils for sequential
extraction of I4cfmm soi1 at the end of the soi1 microcosm survey experiment.
% I4c

% 'jc

Water
Methanol
~xtracted' Extractedt
Site Cornparisons
Site #1
Site #2
Site #3
Site #4
Site #5
Site #6
Site #7
Site #9

% 14c

% '*cWet

Soxhlet
Digested'
~xtracted'

%Total

'Y
Extractedt

60.2 cd
5 1.3 bcd
45.9 abc
34.8 a
64.5 d
56.3 bcd
42.4 ab
43.1 ab

ANOVA

Site
'Average of 4 surface replicates. Means foiiowed by a common letter are not significantly
difFerent at the 5% level.
** *-highiy significant, **-signiscant, *-low signifïcance, ns-not significant (a= 0.05)

I b. Biolog phte data for average intensity and substrate richness for the surface
soils of 8 sites investigated without prior hydrocarbon exposure.
Average Intensity
(Time of Color Change)
Site Comparisons
Site #1
Site #2
Site #3
Site #4
Site #5
Site #6
Site #7
Site #9

Substrate Richness
Substrates Utiiized) '

(Oh

65.1 ab
79.7 bc
83.6 c
70.8 abc
71-4 abc
57.6 a
68.2 ab
74.5 bc

ANOVA
Site
Correlation
% Clay (r2)
% Sand (r2)
% Organic Carbon (r2)
% Mineralized (2)
0.16
0.007
'~verageof 4 surface replicates. Means followed by a comrnon letter are not significantly
different at the 5% level.
* **-highly sigdcant, * *-sigdicant, *-low significance, ns-not significant (a = 0.05)
1c. Duncan New Multiple Range Test for cornparhg the surface soils for '"cPheoanthrenc
mass balance over the course of the microcosm experiment.

Oh "C
~ohtilized'

'"c

%

Phenanthrene
Mineralized'

%'Y
Extractedt

Total "C
Recoveredt

Site Comparisons
Site #1
Site #2
Site #3
Site #4
Site #5
Site #6
Site #7
Site #9
ANOVA
Site
t
Average of 4 surnice replicates. Means foilowed by a common letter are not significantly
different at the 5% level.
* **-highiy significant, * *-significant, *-low signiscance, ns-not signincant (a = 0.05)

Tirne (days)

II a. Model data for the mineralization of I4cphenanthrene in the surface of Site 1 of the
Survey Experiment (Chapter 3). Quadruplicate reps were each modeled then an
average and standard deviation was calculated.
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II b. Model data for the mineralization o f 'c phenanthrene in the subsurface of Site 1 of
the Survey Experiment (Chapter 3). Quadruplicate reps were each modeled then an
average and standard deviation was calculated.
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II c. Model data for the rnineralization of
phenanthrene in the surface of Site 2 of the
Survey Experirnent (Chapter 3). Quadmplicate reps were each modeled then an
average and standard deviation was calculated.
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II d. Model data for the mineralkation of 14cphenanthrene in the subsurface of Site 2 of
the Survey Experirnent (Chapter 3). Quadrupikate reps were each modeled then an
average and standard deviation was calculated.
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II e. Model data for the mineralization of
phenanthrene in the surface of Site 3 of the
Survey Experiment (Chapter 3). Quadruplkate reps were each modeled then an
average and standard deviation was calcdated.
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II f Model data for the mineralization of I4cphenanthrene in the subsurface of Site 3 of
the Survey Experiment (Chapter 3). Quadruplkate reps were each modeled then an
average and standard deviation was calculated.
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II g. Model data for the mineraiization of ''c phenanthrene in the surface of Site 4 o f the
Survey Experirnent (Chapter 3). Quadrupikate reps were each modeled then an
average and standard deviation was calculated.
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II h. Model data for the rnineralization of I4cphenanthrene in the subsurtàce of Site 4 of
the Survey Experiment (Chapter 3). Quadruplicate reps were each modeled then an
average and standard deviation was calculated.
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II i. Model data for the rnineralization of "C phenanthrene in the surface of Site 5 0f the
Survey Experiment (Chapter 3). Quadrupikate reps were each modeled then an
average and standard deviation was calculated.

Time (days)

LI j. Model data for the mineralization of "C phenanthrene in the subsurface of Site 5 of
the Survey Experiment (Chapter 3). Quadruplkate reps were each modeled then an
average and standard deviation was calculated.
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II k. Model data for the mineralization of I4cphenanthrene in the surface of Site 6 ofthe
Survey Experiment (Chapter 3). Quadruplicate reps were each modeled then an
average and standard deviation was cakulated.
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II 1. Model data for the muierabation of 14cphenanthrene in the subsurface of Site 6 of
the Survey Experiment (Chapter 3). Quadmplicate reps were each modeled then an
average and standard deviation was calculated.
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II m. Model data for the mineralizationof '"cphenanthrene in the surfiace of Site 7 ofthe
Survey Experiment (Chapter 3). Quadniplicate reps were each modeled then an
average and standard deviation was calculated.
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II n. Model data for the mineralkation of I4cphenanthrene in the subsurface o f Site 7 of
the Survey Experiment (Chapter 3). Quadniplicate reps were each modeled then an
average and standard deviation was calculated.
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II o. Model data for the mineralkation of ''c phenanthrene in the surface of Site 8 of the
Survey Experiment (Chapter 3). Quadruplkate reps were each modeled then an
average and standard deviatio n was calculated.
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II p. Model data for the mineralkation of '"cphenanthrene in the subsurtàce of Site 8 o f
the Survey Experiment (Chapter 3). Quadruplkate reps were each modeled then an
average and standard deviation was calculated.
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Model data for the rnineralization of "C phenanthrene in the surface of Site 9 of the
Survey Experiment (Chapter 3). Quadrupikate reps were each modeled then an
average and standard deviation was calculated.

O

50

1 O0

150
Time (days)

200

250

300

II r. Model data for the mineralization of l4cphenanthrene in the subsurface of Site 9 of
the Survey Experiment (Chapter 3). Quadruplkate reps were each modeled then an
average and standard deviation was calculated.
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LI S. Model data for the mineralization of 'c phenanthrene in the surface of Site 10 of the
Survey Experiment (Chapter 3). Quadruplicate reps were each modeled then an
average and standard deviation was caiculated.

O

O

50

1 O0

150
Time (days)

200

250

300

II t. Model data for the mineralization of I4cphenanthrene in the subsurface of Site 10 of
the Survey Experirnent (Chapter 3). Quadmplicate reps were each modeled then an
average and standard deviation was calculated.

III a.

I4cPhenanthrene volatilized in Sites 8 (spill site), 9 (uncontambuîted), and 10 (spill
site) in the Soi1 Survey Experiment (Chapter 3).

Di b.

14cPhenanthrene mineralization in Sites 8 (spu site), 9 (unconta,ted), a d 10
(spill site) in the Soil Survey Experiment (Chapter 3).
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IV a.

''c Phenanthrene volatilized versus clay content in the surface of the non
hydrocarbon exposure sites in the Soi1 Survey Experiment (Chapter 3).
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IV b.

I4cPhenantbrene volatilized versus clay content in the subsurfâce of the non
hydrocarbon exposure sites in the Soi1 Survey Experiment (Chapter 3).
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C Phenanthrene volatilized versus organic carbon content in the surface of the non
hydrocarbon exposure sites in the Soi1 Survey Experiment (Chapter 3).
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IV d.

"'cPhenanthrene volatilized versus organic carbon content in the subsurface of the
non hydrocarbon exposure sites in the Soi1 Survey Experiment (Chapter 3).
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IV e. Correlation between percent clay and % 14cextracted from water in sites not
previously contaminated with hydrocarbons (Chapter 3).
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IV f. Correlation between percent clay and % 14cextracted fkom methanol in sites not
previously contaminated with hydrocarbons (Chapter 3).
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IV g. Correlation between percent clay and % I4cextracted with DCM in a soxhlet
apparatus in sites not previously contaminated with hydrocarbons (Chapter 3).
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IV h. Correlation between percent clay and % "C extracted by wet digestion of the
organic matter in sites not previousiy conta-ted
with hydrocarbons (Chapter 3).
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IV i. Correlation between percent clay and total % "C recovered in sites not previously
contaminated with hydrocarbons (Chapter 3).
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IV j. Correlation between percent organic carbon and % '"cextracted with water in sites
not previously contaminated with hydrocarbons (Chapter 3).
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IV k. Correlation between percent organic carbon and % ''c extracted with rnethanol in
sites not previously contaminated with hydrocarbons (Chapter 3).
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IV 1. Correlation between percent organic carbon and % I4cextracted with DCM in a
soxhlet apparatus in sites not previously contaminated with hydrocarbons (Chapter 3).
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IV m. Correlation between percent organic carbon and % ''c extracted by wet digestion

of the organic matter in sites not previously contaminated with hydrocarbons
(Chapter 3).
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V a. Microbial respiration in the surface (0-50cm) at Site 5- 1 in an intact soi1 column
sampled along a landscape (Chapter 4).
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Microbial respiration in the surface (0-50cm) at Site 5-2 in an intact soi1 column
sampled dong a landscape (Chapter 4).
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V c. Microbial respiration in the surface (0-50cm) at Site 5-3a in an intact soil column
sampied along a landscape (Chapter 4).
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V d. Microbial respiration in the subsurface (50-100cm)at Site 5-3b in an intact soil
column sampled along a landscape (Chapter 4).
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V e. Microbial respiration in the surface (0-50cm) at Site 5-4 in an intact soil colurnn
sarnpled dong a iandscape (Chapter 4).
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V f. Microbial respiration in the surface (0-50cm) at Site 5-5a in an intact soi1 column
sampled dong a landscape (Chapter 4).
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V

g. Microbial respiration in the subsurface (50- 1 00cm) at Site 5-Sb in an intact soi1

column sampled dong a landscape (Chapter 4).
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VI a. Model data for the mineralization of '"c phenanthrene in the surface of Site 5-1 (0I Ocm) sampled dong a landscape. The rnineralization was monitO red in microcosrns
(Chapter 4). Triplicate reps were each modeled then an average and standard deviation
was caiculated.

O

50

1 O0

150

200

250

300

350

Time (days)

VI b. Model data for the mineralization of "C phenanthrem in the subsurface of Site 5- 1
(40-50cm) sampled dong a landscape. The mineralization was monitored in
rnicrocosms (Chapter 4). Triplicate reps were each modeled then an average and
standard deviation was calculated.
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VI c. Model data for the rnineralization of 14cphenanthrene in the surtàce of Site 5-2 (01Ocm)sampled dong a landscape. The rnineralization was monitored in microcosrns
(Chapter 4). Tnplicate reps were each modeled then an average and standard deviation
was calculated.
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VI d. Model data for the mineralization of "k phenanthrene in the subsurface of Site 5-2
(40-50cm) sampled dong a landscape. The minerakation was monitored in
microcosms (Chapter 4). Triplicate reps were each modeled then an average and
standard deviation was calcuiated.
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VI e. Model data for the mineralization of "C phenanthrene in the surface of Site 5-3a (0IOcm) sampled dong a landscape. The mineralkation was monitored in rnicrocosrns
(Chapter 4). Triplicate reps were each modeled then an average and standard
deviation was cdculated.

Time (days)

VI E Model data for the rnineralization of 14cphenanthrene in the subsurface of Site 5-3a
(4040cm) sampled dong a landscape. The mineralization was rnonitOred in
microcosms (Chapter 4). Tnplicate reps were each modeled then an average and
standard deviation was calculated.
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phenanthrene in the subsurface of Site 5-3b
VI g. Model data for the mineraikation of
(40-50 cm) sampled dong a landscape. The muieralization was monitored in
microcosms (Chapter 4). Triplicate reps were each modeled then an average and
standard deviation was calcuiated.
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VI h. Model data for the muieralization of I4cphenanthrene in the subsurface of Site 5-3b (90100 cm) çampled dong a landscape. The mineralization was monitored in microcosms
(Chapter 4). Triplicate reps were each modeled then an average and standard deviation
was calculated.
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Model data for the minerakation of '"cphenanthrene in the surface of Site 5-4 (010 cm) sarnpled dong a landscape. The mineralization was monitored in
rnicrocosms (Chapter 4). Triplicate reps were each modeled then an average and
standard deviation was calculated.
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VI j. Model data for the rnineralization of 14cphenanthrene in the subsurface of Site 5-4 (4050 cm) sampled dong a landscape. The rnineralization was monitored in microcosms
(Chapter 4). Triplicate reps were each modeled then an average and standard deviation
was calculated.
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k. Model data for the mineralization of 14cphenanthrene in the surtàce of Site 5-Sa (0- 10
cm) sampled dong a landscape. The mineralization was monitored in microcosms
(Chapter 4). Triplicate reps were each modeled then an average and standard deviation
was calculated.
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VI 1. Model data for the mineralization of 14cphenanthrene in the subsurfàce of Site 5-5a
(40-50 cm) sampled dong a landscape. The mineralization was monitored in

microcosms (Chapter 4). Tnplicate reps were each modeled then an average and
standard deviation was calculated,

50

O

150

200
Time (days)

1 O0

250

300

3 50

VI m. Mode1 data for the mineraikation of "C phenanthrene in the subsurface of Site 5-5b (5060 cm) sampled dong a landscape. The mineralization was monitored in microcosms
(Chapter 4). Triplkate reps were each modeled then an average and standard deviation
was calculated.
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VI n. Mode1 data for the mineralization of ' 4 phenanthrene
~
in the subsurfàce of Site 5-5b
(90- 100 cm) sampled dong a landscape. The rnineralization was monitored in
microcosms (Chapter 4). Tnplicate reps were each modeled then an average and
standard deviation was calcuiated.
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VI1 a Model data for the mineralization of I4cglucose in the upper-mid dope sampled dong a
landscape (Site 6). The mineralization was monitored in microcosrns maintained at air dry
conditions (Chapter 5). Triplicate reps were each modeled then an average and standard
deviation was calculated.
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W b. Model data for the minerakation of 14cglucose in the upper-mid dope (Site 6). The
mineralization was monitored in microcosrns maintained at field capacity (Chapter 5).
Triplicate reps were each modeled then an average and standard deviation was
calculated.
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VI1 c. Mode1 data for the mineralization of ''c glucose in the upper-mid slope sampled
dong a landscape (Site 6). The minerakation was monitored in microcosms
subjected to wet-dry conditions (Chapter 5). Tripkate reps were each modeled
then an average and standard deviation was calculated.
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VI1 d. Data for the muieralization of 14cglucose in the upper-mid slope (Site 6). The
rnineralization was monitored in microcosms rnaintained air dry for 2 1 days then
subjected to wet-dry conditions (Chapter 5).
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VI1 e. Model data for the mineralization of "C glucose in the depression sampled dong a
landscape (Site 6). The mineralization was monitored in microcosms rnaintained at
air dry conditions (Chapter 5). Triplicate reps were each modeled then an average
and standard deviation was calculated.
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W f Model data for the minerakation of "C glucose in the depression (Site 6). The
mineralitation was monitored in microcosms rnaintained at field capacity (Chapter
5). Triplicate reps were each modeled then an average and standard deviation was
calculated.

O

10

20

30

40
Time (days)

50

60

70

W g. Mode1 data for the mineralization of 14cglucose in the depression sampled dong a
landscape (Site 6). The mineraikation was monitored in microcosms subjected to
wet-dry conditions (Chapter 5). Tripkate reps were each modeled then an average
and standard deviation was calculated.
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VI1 h. Data for the mineralization o f I4cglucose in the depression (Site 6). The
minerakation was monitored in microcosrns maintained air dry for 2 1 days then
subjected to wet-dry conditions (Chapter 5).
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VIII a. Model data for the mineralization of '"cphenanthrene in the upper-mid dope
sampled dong a landscape (Site 6). The mineralization was monitored in
microcosms maintained at air dry conditions (Chapter 5). Triplicate reps were each
modeled then an average and standard deviation was calculated.
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VI11 b. Model data for the mineralization of "k phenanthrene in the upper-mid dope
(Site 6). The rnineraiization was monitored in microcosms maintained at field
capacity (Chapter 5). Triplicate reps were each modeled then an average and
standard deviation was calculated.
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VIII c. Model data for the mineralization of 'c phenanthrene in the upper-mid siope
sampled dong a landscape (Site 6). The mineraikation was monitored in
microcosms subjected to wet-dry conditions (Chapter 5). Triplicate reps were each
modeled then an average and standard deviation was cakuiated.
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VIII d. Model data for the mineralization of I4cphenanthrene in the upper-mid dope
(Site 6). The rnineralization was monitored in microcosms maintained air dry for 77
days then subjected to wet-dry conditions (Chapter 5). Triplicate reps were each
modeled then an average and standard deviation was calculated.

O

1O

20

30

40
Time (days)

60

50

70

VI11 e. Model data for the mineralization of "C phenanthrene in the depression sampled
dong a landscape (Site 6). The mineralization was monitored in rnicrocosrns
maintained at air dry conditions (Chapter 5). Triplicate reps were each modeled
then an average and standard deviation was cdculated.
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VI11 E Model data for the rnineralization of 14cphenanthrene in the depression (Site 6).
The mineralization was monitored in microcosms maintained at field capacity
(Chapter 5). Tnplicate reps were each modeled then an average and standard
deviation was cdcuiated.
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VI11 g. Model data for the mineralization of "C phenanthrene in the depression (Site 6).
The mineralization was monitored in microcosms subjected to wet-dry conditions
(Chapter 5). Triplicate reps were each modeled then an average and standard
deviation was caiculated.
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VILI h Model data for the mineralization of I4cphenanthrene in the depression (Site 6). The
rnineraiization was monitored in microcorrns rnaintained air dry for 77 days then
subjected to wet-dry conditions (Chapter 5). Triplicate reps were each modeled then an
average and standard deviation was calculated.

M a.

Duncan New Multiple Range Test for comparing the sites for ' 4
Phenanthrene mass balance over the couise of the survey microcosrn
experiment.

Phenanthrene
Mineralized

Extracted

Total I4c
Recovered

3.4 a
4.6 b

3.4 a

52.3 a

60.3 a

+**

*

***

***
***

%I

Volatilized
Site Comparisonst
Site #1
Site #2
Site #3
Site #4
Site #5
Site #6
Site #7
Site #9
Depth Cornparison'
0-10 cm
90 -100 cm
ANOVA

Site

%'Y

V

%I

***

V

Depth
SS*
11s
***
*S*
Site x Depth
***
*
'~verageof 8 replicates.
'Average of 32 replicates.
Means Foilowed by a comrnon letter are not significantly dinerent at the 5% level.
***-&My siiificant, **-significant, *-low significance, ns-not significant (a= 0.05)

IX b. Site and depth means for '% Phenanthrene volatilized over the course of the
intact soi1 column experimeot.
% I 4 c Volatilized

Site Comparisonst
Site 5-3a and 5-3b
Site -55a and 5-Sb
Depth Cornparison

0.007 a
0.006 a

ANOVA
Site
Depth
Site x Depth
ns
Means
foilowed
by
a
common
letter are not significantly
'Average of 8 replicates.
different at the 5% level using Duncan New Multiple Range Test.
***-highly significant, **-significant, *-low signiscance, ns-not significant (a= 0.05)

~

M c. Duncan New Multiple Range Test for cornparhg al1 sites for mass balance of
14

C recovered from the addition of phenanthrene. Values were take e t the end
of the soil survey experiment (259 days).
Sample

%I4c

% I4c

Volatilized

Phenantitrene
Mineralized

%14c

Extnicted

Total "C
Recovered

Site Corn parisont
Site #8
2.7 b
3.4 a
55.5 b
61.6 a
Site #gP
2.6 b
5.7 a
58.1 b
66.5 a
Site #10
0.6 a
50.2 b
33.6 a
84.4 b
Derith
Cornparisous
0-10 cm
1.6 a
22.4 a
52.0 a
76.0 b
90-100 cm
2-3 b
17.1 a
46.2 a
65.7 a
ANOVA
***
***
**
Site
*SI
*
Depth
*
ns
r~
Site x Depth
ns
ns
11s
11s
Psite #9 (no previous hydrocarbon exposure) was a control for Site #10 (previous
hydrocarbon exposure)
t
Average of 8 replicates.
"Average of 12 replicates.
Means followed by a common letter are not significantly different at the 5% level.
* * * - h i w significant, **-signiscant, *-low significance, m-not significant (a= 0.05)

M d. Site and depth means for total

14crecovered

for the intact soil column

experiment.
Total "C Recovered
Site Comparisonst
Site 5-3a and 5-3b
Site 5-5a and 5-5b
Depth Corn parison
0-50 cm
50-100 cm
ANOVA
Site
Depth
Site x Depth
11s
t
Average of 8 replicates. Meam followed by a common letter are not sigdicantly
different at the 5% level using Duncan New Multiple Range Test.
***-highly si@cant, **-significant, *-lowsigniscance, ns-not significant (a= 0.05)

M e. Duncan New Multiple Range Test for cornparhg the sites for the

total

recovered for the wet-dry experiment.

Total 14cRecovered

Site Comparisons'
Upper-Mid
Depression
Treatment Cornparisont
Wet
Wet-Dry
Dry then Wet
ANOVA
Site
Treatment
Site x Treaîxnent
' ~ v e r a ~of
e 12 replicates.
'Average of 6 replicates.
Means foilowed by a comrnon letter are not significantly diffierent at the 5% level.
***-highly significant, * *-significant, *-low significance, ns-not significant (a= 0.05)

IX f. Location of "C in each soi1 profile sampled in the landscape.
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I X g. The total extractable hydrocarbons recovered from the soi1 at various depths in the sites sampled in the landscape.
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