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(ABSTRACT)

A grass phytoremediation field study was initiated in July 1997 at the site of a

former railroad tie facility that used creosote for tie preservation.  The site is

contaminated with polycyclic aromatic hydrocarbons (PAHs).  A test matrix consisting of

36 planted (clover, fescue and rye grasses) and unplanted cells was established.

The focus of the study was to evaluate PAH remediation in fertilized plots that

were unplanted or seeded with clover, fescue or rye.  Samples were collected from a

depth of 15 to 21 cm, and the six most prevalent PAHs, acenaphthene, fluorene,

phenanthrene, fluoranthene, pyrene and chrysene were quantified.  Data from four

sampling periods, t=0, 9, 12 and 17 months is presented.

At t=9 months, substantial loss of the five lowest molecular weight (LMW) PAHs

had occurred, and the loss was attributed to natural attenuation.  During the first 9

months, below average precipitation at the site delayed grass root development.  Between

t=9 and 12 months, above average precipitation was recorded and this appeared to

accelerate chrysene removal rates in both the unplanted and planted cells; however, the

rate was higher rate in the planted cells.  Similarly, fluoranthene and pyrene degradation

seemed to be enhanced in the fescue and rye cells.

 Over the last 8 months of the study, acenaphthene, fluorene and phenanthrene

concentrations approached constant, minimum levels suggesting additional removal will

be limited.  PAH compounds with higher solubility correlated to decreased constituent

soil concentrations.

Additional sampling was initiated at t=17 months to compare PAH concentrations

with depth.  This was done because the observed root mass changed significantly with
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depth.  Samples were taken at two additional depths 10 to 15 and 32 to 38 cm.  Increased

removal of fluoranthene and pyrene was observed in the uppermost zone, suggesting a

role for plants in remediation of these 4 ringed PAHs.
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1. INTRODUCTION

Creosote, a substance containing 85 percent polycyclic aromatic hydrocarbons

(PAHs) by weight, has been widely used as a wood preservative in the railroad industry

and for other commercial applications (Mueller et al., 1989).  Certain PAHs have been

associated with toxic, mutagenic and/or carcinogenic effects in humans and aquatic

organisms.  The U.S. Environmental Protection Agency (USEPA) has designated 16

PAHs as priority pollutants (Sims and Overcash, 1983).  Some of these are major

constituents of creosote.  In order to protect public health, remediation of PAH-

contaminated hazardous waste sites is of fundamental importance.

Several mechanisms are thought to be responsible for PAH reduction in

contaminated soils.  These pathways include microbial degradation, irreversible sorption,

volatilization, and leaching.  Park et al. (1990) studied PAH removal resulting from

volatilization, abiotic reactions, and biodegradation.  Significant volatilization occurred

only in soils amended with 2-ring PAHs and ranged from 15 to 30%.  Abiotic loss was

found to be a minor pathway in two- and three-ring PAHs, averaging approximately 11%

but not statistically significant in higher ring PAHs.  Biodegradation was determined to

be the major removal mechanism.  Novak et al. (1998) studied the extent to which PAHs

are irreversibly bound.  Irreversible sorption was minimal for naphthalene ranging

between 2 to 7%.  However, they showed that higher levels (33 to 71%) of irreversible

sorption are associated with hydroxilized degradation intermediates.

Contaminant aging is an important concern when bioremediation is chosen as a

treatment option because bioavailability is decreased as contaminants age (Hatzinger,

1995).  Contaminant aging is thought to be the result of slow sorption to soil organic

matter or entrapment in soil micropores over time (Weber et al., 1998).  In a recent study,

it was found that the rate and extent of phenanthrene mineralization decreased in aged

soils with an organic carbon content greater than 2% (Nam et al., 1998).

Phytoremediation, an innovative form of bioremediation technology, involves the

use of plants to remediate soil and groundwater contaminants (Cunningham et al., 1996).

Phytoremediation has been reported to augment contaminant removal in two ways: direct

and indirect phytoremediation (Davis et al., 1998).  Direct phytoremediation involves

contaminant uptake into the root structure, subsequent plant metabolism, and either
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volatilization and/or incorporation of the degradation by-products into the plant (Schnoor

et al., 1995).  Indirect phytoremediation, or rhizosphere remediation, involves

augmentation of microbial populations capable of contaminant degradation in the plant

root zone (Banks et al., 1997).  Root exudates and decomposing root materials are

comprised of readily degradable carbon-containing byproducts that support microbial

growth and increases microbial mineralization rates (Schnoor et al., 1995).  Aqueous

phase contaminants are the most susceptible to plant or microbial utilization.  Data from

phytoremediation field studies at PAH or creosote-contaminated sites is limited.

Schwab et al. (1995) compared the remediation benefits of three types of

vegetation: alfalfa (Medicago sativa L.), sorghum (Sorghum bicolor L.), and bermuda

grass (Cynodon dactylon L.).  Phenanthrene was used as the test compound.  Microcosms

were constructed using rhizosphere soil from each of the plants.  Mineralization,

volatilization, and residual soil concentrations of phenanthrene were tracked over the

incubation period.  After approximately 7 days, mineralization in the bermuda and

sorghum microcosms was 3 to 4 times greater than in the control and alfalfa.  However,

mineralization accounted for <0.5% in all cases.  Volatilization was also a minor pathway

for phenanthrene dissipation in all treatments, accounting for ≤0.11%.  Approximately

90% of the 14C remained in the soil.  Therefore, the authors suggest that the majority of

the phenanthrene was transformed to biomass or degradation byproducts.

In a greenhouse experiment, Reilley et al. (1996) studied the effect of four types

of vegetation (fescue, sudangrass, switchgrass, and alfalfa) on anthracene and pyrene

degradation.  The experimental matrix consisted of each vegetative (seedlings) type

planted in each of the following soil treatments: 1) uncontaminated soil; 2)

uncontaminated soil spiked with PAHs; and 3) contaminated soil spiked with PAHs.

Additionally, one pot for each soil treatment was left unplanted.  The contaminated soil

was obtained from a landfarm site contaminated with petroleum products (PAHs) and the

uncontaminated soil from a nearby field.   Both soils were classified as Lela clay.

After 4 weeks, initial soil concentrations had been reduced from 100 mg/kg to

<14 mg/kg in all treatments.  The authors stated that such reductions are comparable to

landfarming treatments.  During this time period, data also indicated that PAH

concentrations in treatments 2 and 3 were highest in the unplanted and sudangrass pots
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and lowest in the alfalfa and switchgrass.  In general, anthracene and pyrene

concentrations in the planted pots were less than the unplanted controls.  The only

exception to this trend was in treatment 2 where anthracene concentrations fell below

detection in all unplanted and planted pots.

Schwab et al. (1997) conducted a field study to determine the effects of grasses on

the remediation of petroleum products.  The test area is located at the Craney Island Fuel

Terminal Biological Treatment Facility near Norfolk, VA.  The benefits of bermuda

grass, fescue and white clover were studied. Initial soil concentrations were between

1700 and 3600 mg/kg.  After the first 9 months of the study, the total petroleum

concentrations (TPH) were significantly lower in the planted plots compared to the

unplanted controls.  The percent of TPH remaining in the control, bermuda, clover and

fescue plots was 88, 77, 76 and 73%, respectively.

Because the PAHs from creosote are difficult to remove from soil by other means,

phytoremediation was thought to be an inexpensive and environmentally friendly method

for remediation of contaminated surface soils.  The objective of this study was to assess

the effects of grasses on creosote-contaminated surface soils.  Ladino clover (legume),

fescue, and perennial rye (both cool-season grasses) were chosen for this study because

they represent a variety of common groundcovers.  The target compounds in this study

were acenaphthene, fluorene, phenanthrene, fluoranthene, pyrene, and chrysene.  These

six PAHs comprised most of the contamination and represented a range of remediation

potential.  Soil samples were collected in July of 1997 and March, June, and November

of 1998.  These sampling events will be referred to as t=0, t=9, t=12, and t=17 months,

respectively.
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2. LITERATURE REVIEW

2.1 Contaminant characteristics

Creosote is a substance containing 85 percent ploycyclic aromatic hydrocarbons

(PAHs) by weight (Mueller, 1991).  Certain PAHs have been associated with toxic,

mutagenic and/or carcinogenic effects in humans and aquatic organisms.  The U.S.

Environmental Protection Agency (USEPA) has designated 16 PAHs as priority

pollutants (Sims and Overcash, 1983).  Some of these are major constituents of creosote.

Table 1 shows the properties of the 6 PAHs analyzed during this study.

 TABLE 1.  Properties of the 6 PAHs studied

PAH Number

of Rings

Molecular

Weight a
Water

Solubility b

(mg/L)

Log

Kow b

Vapor

Pressure b

(mm Hg)

Acenaphthene 3 154 3.47 4.33 2.0 x 10-2

Fluorene 3 166 1.98 4.18 1.3 x 10-2

Phenanthrene 3 178 1.29 4.46 6.8 x 10-4

Fluoranthene 4 202 0.26 5.33 6.0 x 10-6

Pyrene 4 202 0.14 5.32 6.85 x 10-7

Chrysene 4 228 0.002 5.61 6.3 x 10-7

a Futoma et al, 1981
b Sims, R.C. and M.R. Overcash, 1983

2.2 Removal Mechanisms and Treatment Strategies

The major pathways for PAHs dissipation in soils are volatilization, irreversible

sorption, leaching, uptake by plants, and biodegradation (Reilley et al., 1996).  However,

in general PAHs have low water solubilities and high Log Koc values.  Therefore, the

compounds are strongly sorbed to soil and organic matter, making leaching an

insignificant pathway (Reilley et al., 1996).  High Koc values have also been found to
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negatively impact plant uptake (Schnoor et al., 1995).  Additionally, PAHs have low

vapor pressures that result in low volatilization rates (Reilley).

Park et al. (1990) evaluated the mechanisms, volatilization, abiotic reaction and

biodegradation, responsible for PAH loss in unsaturated soil conditions.  The fourteen

PAH compounds used in their study included: naphthalene, 1-methylnaphthalene,

anthracene, phenanthrene, fluoranthene, chrysene, pyrene, benz[a]anthracene, 7,12-

dimehtylbenzanthracene, benzo[a]pyrene, dibenz[a,h,]anthracene, benzo[b]fluoranthene,

indeno[1,2,3-cd]pyrene, and dibenzo[a,i]pyrene.  Analysis was performed on each

compound individually.

Significant volatilization occurred from soils amended with naphthalene and 1-

methylnaphthalene and ranged from 15 to 30%.  Volatilization accounted for <0.1% of

the total mass removed from the soil for the 12 other PAHs.  Abiotic loss was found to be

a minor pathway for the two and three-ring PAHs, averaging approximately 11% but not

statistically significant for the higher ring PAHs.   The most important mechanism was

biological degradation.  Half-life values were calculated to compare degradation rates.

The half-life values for two-, three-, and four- and five-ring PAHs were approximately 2,

60, and several hundred days, respectively.

Novak et al. (1998) studied the extent to which naphthalene and naphthol (a

naphthalene degradation intermediate) are irreversibly bound.  Laboratory experiments

were conducted using two soils: 1) a high organic matter soil with an organic content of

3.2% and 2) a low organic soil with an organic content of 0.52%.  Test tubes that

contained soil and a solution of radiolabeled and non-radiolabeled compounds (either

naphthalene or naphthol) were mixed for 2 days.  This short mixing time was designed to

minimize any biotic losses.  Next, a designated amount of the solution was removed and

replaced with a synthetic groundwater.  This step was repeated 25 to 50 times and then 5

to 7 solvent extractions were performed.  The amount of contaminant remaining was

considered to be non-extractable or irreversibly bound.  A similar experiment was

performed in which the soil-contaminate contact time was 200 days.

The data show that under aerobic conditions the amount of nonextractable

naphthalene and naphthol was 2 to 7 and 33 to 71%, respectively.  The authors suggest
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that the difference in the extent of irreversible sorption is due to oxidative coupling.

Naphthol is covalently bound to the soil.

2.3 Phytoremediation

Phytoremediation is a treatment technology that uses vegetation to enhance the

removal of contaminants in soil and groundwater.  Plants remediate contaminants in

several ways.  First, plants are capable of contaminant uptake under certain conditions.

The pollutant is then stored in new planted structures, degraded (metabolized or

mineralized), or volatilized into the atmosphere   (Schnoor et al., 1995).  Second, root

exudates and enzymes are released from the root system.  Exudates such as sugars,

alcohols and acids help to support increased microbial populations by providing nutrients

and carbon sources necessary for growth.  Enzymes that are capable of breaking down

(degrading) contaminants are also released from roots (Schnoor et al., 1995).  These two

methods of enhancement are commonly referred to as direct and indirect

phytoremediation, respectively (Davis et al., 1998 ).  The impact of phytoremediation

will vary significantly from site to site depending on the type of contamination and the

type of vegetation planted (site).  For example, hydrophobic chemicals such as

polyaromatic hydrocarbons (PAHs) are not easily translocated through the plant (Briggs

et al, 1982; Schnoor et al., 1993).   Therefore, enhanced PAH removal in the presence of

vegetation will primarily result from biodegradation in the rhizosphere (cite).

2.3.1 Direct Phytoremediation- Contaminant Uptake

Briggs, et al (1982), studied chemical uptake by roots and translocation to the

shoots.  Barley plants were grown in solutions containing a series of both O-

methylcarbamoloximes and substituted phenylureas (a total of 18 compounds).  A wide

range of octanol/water partition coefficients, log Kow from –0.37 to 4.6, are associated

with these chemicals.  The roots of ten-day-old barley plants were allowed to soak in the

chemical solution for 24 to 48 hours.  The results show that there was a direct

relationship between the amount of chemical sorbed to the roots and the Kow value

corresponding to the chemical.  As the lipophilicity of the compound (high Kow)
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increased the amount of chemical sorbed increased.  The results also show that

translocation is poor for very lipophilic compounds (log Kow >4.5).

Reilley at el. (1996) concluded from a greenhouse experiment that accumulation

of anthracene and pyrene in the roots and shoots of fescue, sudangrass and switchgrass,

and alfalfa was negligible.  In the study, 100 mg of anthracene and pyrene were applied

to the soil.  The authors state that less than 0.03 mg of each compound was recovered

from the roots and shoots, and therefore, conclude that plant uptake is not a major

removal mechanism of PAHs.

2.3.2 Rhizosphere biodegradation- Indirect Phytoremediation

Plants indirectly enhance contaminate remediation through the release of

exudates, the release of enzymes, and the addition of dead plant material to the soil

(Davis et al., 1998; Schnoor et al., 1995)..  Sugars, alcohols and organic acids are

released from the roots and support increased microbial populations.  Additionally,

contaminants become incorporated into humic and fulvic acids in a process know as

humification (Walton, 1994), and this could be a method of detoxification.  As previously

mentioned, enzymes that are capable of degrading a variety of contaminants are released

from roots.  Plants also contribute energy to soil systems through dead roots and leaves

(Schnoor et al., 1995).

2.3.3 Effects of organic acids (cycling)

In a lab experiment, Schwab et al. (1995) examined the effects of common

rhizosphere organic acids, succinic and formic acids, on the biodegradation of pyrene.

The mineralization of [14C] pyrene in alfalfa rhizosphere soil amended with the organic

acids was compared to rhizosphere and nonrhizosphere soils irrigated with

distilled/deionized water.   Sterile soil treated only with water served as the control.

Significantly higher measurements of 14CO2 were recorded in the microcosms amended

with organic acids.  The authors suggest that these acids help to support microbial

populations
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2.3.4 Humification

Walton et al. (1994) studied the association of naphthalene, phenanthrene,

fluoranthene and pyrene with humic and fulvic acids.  The fate of each compound was

studied in sterile soil, nonvegetated and vegetated soils. The vegetative treatments were

planted with sweet clover plants that were approximately two months in age.  A solution

of radioactive and non-radiolabeled PAH compounds was applied to the soil in order to

achieve a total concentration of 250 mg per g of soil for each PAH.  Five days after the

chemicals were applied, the soil samples were sequentially extracted with n-hexane,

chloroform, and NaOH.   The NaOH extraction was used to remove the humic and fulvic

acids and the associated PAH material.

In the vegetative treatments, the fraction of radiolabeled pyrene, fluoranthene,

phenanthrene and naphthalene incorporated in the organic acids was determined to be

4.3, 5.8, 30.6 and 40.8%, respectively.  In the nonvegetated treatments, these fractions

were determined to be 4.4, 2.7, 7.1 and 14.6%, respectively.   Therefore, more of the

PAH contaminant was incorporated into humic and fulvic fractions when the soils were

planted with sweet clover.  The authors suggest that rhizosphere microbial populations

may promote and accelerate this association.

2.4 Grass Characteristics

Fescue is a fairly drought resistant, cool season grass found in temperate regions

(Taylor, 1987).  The root systems of grasses vary considerably (Beard, 1973).  For

example, cool season grasses are generally fine rooted with roots reaching 1.5 to 2 ft,

whereas, warm season grasses have larger diameter roots that penetrate to depths of 5 to 7

ft (Beard, 1973).   For deep and extensive root systems certain environmental conditions

must be present.

Many environmental conditions such as soil water and nutrient availability and

physical and chemical conditions of the soil can affect root growth.  Root growth can be

negatively impacted by soil compaction, high soil temperatures, acidic (pH<5.0)

conditions, insufficient oxygen levels, toxic pesticides, and salts (Beard, 1973).
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In perennial grasses such as perennial rye and tall fescue, a large percentage

(60%) of roots are replaced annually (Williams, 1968).  Several studies concluded that

maximum growth of new roots occurs in the spring and begins to decline in the summer

(Beard, 1973; Williams, 1968).  Root death and disintegration is associated with a decline

in root production

In addition to impacts grasses can have on contaminant remediation, they can also

provide important runoff and erosion control. Grasses help to conserve soil in several

ways: 1) reduce raindrop impact which decreases soil detachment; 2) reduce runoff

velocity which decreases the distance sediments are carried; and 3) improve soil

aggregation through binders produced by microbial activity and root exudation (Agassi,

1996).

2.5 Lab Studies

Schwab et al. (1995) compared the remediation benefits of three types of

vegetation: alfalfa (Medicago sativa L.), sorghum (Sorghum bicolor L.), and bermuda

grass (Cynodon dactylon L.).  Phenanthrene was used as the test compound.  Microcosms

were constructed using rhizosphere soil from each of the plants.  Mineralization,

volatilization, and residual soil concentrations of phenanthrene were tracked over the

incubation period.  After approximately 7 days, mineralization in the bermuda and

sorghum microcosms was 3 to 4 times greater than in the control and alfalfa.  However,

mineralization accounted for <0.5% in all cases.  Volatilization was also a minor pathway

for phenanthrene dissipation in all treatments, accounting for ≤0.11%.  Approximately

90% of the 14C remained in the soil.  Therefore, the authors suggest that the majority of

the phenanthrene was transformed to biomass or degradation byproducts.

In a greenhouse experiment, Reilley et al. (1996) studied the effect of four types

of vegetation (fescue, sudangrass, switchgrass, and alfalfa) on anthracene and pyrene

degradation.  The experimental matrix consisted of each vegetative (seedlings) type

planted in each of the following soil treatments: 1) uncontaminated soil; 2)

uncontaminated soil spiked with PAHs; and 3) contaminated soil spiked with PAHs.

Additionally, one pot for each soil treatment was left unplanted.  The contaminated soil
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was obtained from a landfarm site contaminated with petroleum products (PAHs) and the

uncontaminated soil from a nearby field.   Both soils were classified as Lela clay.

After 4 weeks, initial soil concentrations had been reduced from 100 mg/kg to

<14 mg/kg in all treatments.  The authors stated that such reductions are comparable to

landfarming treatments.  During this time period, data also indicated that PAH

concentrations in treatments 2 and 3 were highest in the unplanted and sudangrass pots

and lowest in the alfalfa and switchgrass.  In general, anthracene and pyrene

concentrations in the planted pots were less than the unplanted controls.  The only

exception to this trend was in treatment 2 where anthracene concentrations fell below

detection in all unplanted and planted pots.

2.6 Field Studies

Schwab et al. (1997) conducted a field study to determine the effects of grasses on

the remediation of petroleum products.  The test area is located at the Craney Island Fuel

Terminal Biological Treatment Facility near Norfolk, VA.  The benefits of bermuda

grass, fescue and white clover were studied. Initial soil concentrations were between

1700 and 3600 mg/kg.

 After the first 9 months of the study, the total petroleum concentrations (TPH)

were significantly lower in the planted plots compared to the unplanted controls.  The

percent of TPH remaining in the control, bermuda, clover and fescue plots was 88, 77, 76

and 73%, respectively.

2.7 Cometabolism

Schwab et al. (1995) studied the cometabolism of pyrene in the presence of

phenanthrene.  Microcosms were initiated by contaminating 10 g of soil with a

combination of labeled and unlabeled pyrene to a final concentration of 10mg/kg.

Phenanthrene (100mg/kg) was added to microcosms 60 days later, and the evolved 14CO2

was measured for an additional 40 days.  Pyrene mineralization rates did not seem to

differ during the two time periods when analyzed graphically.  However when a
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mathematical model was used to represent the data, it was concluded that phenanthrene

stimulated cometabolism of pyrene.

Beckles et al. (1998) demonstrated the effects that PAH mixtures have on

biodegradation.  Experiments were conducted in both sediment and sediment free

environments.  The sediment-free experimental matrix consisted of samples amended

with naphthalene and fluoranthene, acenaphthene and fluoranthene, and samples

containing all three PAHs.  Fluoranthene was only degraded in reactors containing

naphthalene.  Similar results were obtained in the sediment containing systems.  The

authors suggest that specific compounds may be necessary to induce fluoranthene-

degrading enzymes.

Keck et al. (1989) studied degradation rates of 13 PAHs in several different

matrices.   Degradation rates were measured in soil containing either a synthetic mixture

of PAHs, oil refinery waste, or creosote wood preserving waste.  The fraction of oil and

grease (w/w) in the oil refinery waste and creosote waste was 18.9 and 37%, respectively.

The degradation rates were compared to rates observed in microcosms containing only a

single constituent.  Half-life values were used to evaluate differences in degradation.

Half-life values for the PAH compounds with more than 3 rings were lower in the

two complex mixtures containing oily material.  For example, the half-life values for

chrysene in the microcosms containing the synthetic mixture, chrysene only, oil refinery

waste, and creosote were 1000, 371, 77, and 148 days, respectively.   The authors

concluded that the oil and grease serve as primary growth substrates and result in

increased bioactivity.  Furthermore, this increase in bioactivity results in more

extracelluar oxygenases, which are necessary for cooxidation.

2.8 Factors Limiting Biodegradation

Bioavailability of contaminants is greatly impacted when contaminants sorb to

soil and aquifer material.  Sorption results when contaminate particles are either evenly

distributed throughout the contacting media (absorption) or when particles attach to the

surface of the media (adsorption) (Weber et al., 1998).  In an environmental setting, the

media or sorbent can be either organic or inorganic.  Inorganic materials include minerals

(such as metal oxides and hydroxides) and clays.  Soil organic matter consists of fulvic
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acid, humic acid and humin (Weber et al., 1998).  Over time organic chemicals slowly

diffuse into micropores and become less bioavailable.  The longer contaminants are in

contact with soil matter the more resistant they become to degradation.  This process is

commonly referred to as “chemical aging” (Hatzinger, 1995).

Hatzinger et al. (1995) studied the relationship between contaminant aging and

reductions in biodegradation and extraction recoveries.  The environmental samples used

in this study were Lima loam, Edwards muck, and aquifer sand with reported organic

matter of 4.0, 19.3, and 2.3, respectively.  Labeled and unlabelled phenanthrene was

added to the soil samples and allowed to age for 0, 13, 27, or 84 days.  After the specified

duration of aging, Pseudomonas strain R was added to the samples, and mineralization

proceeded for a set period of time.

The data showed that the rates of mineralization decreased significantly in both

the muck and loam as time of aging increased.  The maximum rates of mineralization in

muck that were aged for 0, 13, 27, and 84 days were 11.5, 8.3, 7.2, and 6.5%/day,

respectively; and in the loam samples were 17.6, 14.4, 13.3, and 11.2%/day.  In the muck

samples, the extent (amount and magnitude) of phenanthrene mineralization was also

significantly less in the three aged samples compared to the unaged sample.  The extents

of mineralization in the loam soil were similar in all four aging periods.

A chemical assay, a mild extraction procedure using n-butanol, was also used to

measure decreases in bioavailability as contaminants were aged.  The most noticable

sequestration was observed in the muck soil.  Only 67.0% of the phenanthrene was

recovered after 13 days of aging compared to 94.5% from the freshly added sample (0

days).  Phenanthrene recovery in the loam remained high at all periods of aging.  

A similar laboratory experiment was conducted to determine the connection

between organic carbon content and bioavailability (Nam et al., 1998).  The soils used

were Maile loamy sand, lima loam, lima loam treated with H2O2, Savannah sand,

Savannah sand treated with H2O2, and a commercial sand.  Designated soils were treated

with H202 to partially remove the organic carbon.  The soils were reported to have

organic carbon contents of 14.7, 2.99, 2.13, 1.15, 0.99, and 0.03, respectively.  After

sterilizing the soil, 1 µg of radiolabelled (9-14C) phenanthrene and 99 mg of unlabelled
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phenanthrene were administered aseptically to each soil and allowed to age for up to 200

days.  Bacteria and nutrients were added at designated times and incubated for 30 days.

The results indicate that the extent of mineralization decreased in soils with

>2.0% organic C as the length of soil aging increased.  For example, phenanthrene

mineralization in soil with 2.13% organic C was reported as 68.3, 57.8, 44.3, and 45.3%

for 0, 30, 100, and 200 days of aging respectively.  Similar results were obtained for soils

with 2.99 and 14.7% organic C.  No significant differences in extents of mineralization

were reported in the soils with <2.0% organic C.  Another indication of decreased

bioavailability in soils rich in organic matter was the reduction in mineralization rates.  In

samples aged for 200 days, the maximum rates were 2.66, 16.6, 18.8, 44.4, 43.0, and 46.4

%/day in soils with 14.7, 2.99, 2.13, 1.15, 0.99, and 0.03% organic C, respectively.

Following biodegradation, phenanthrene levels were significantly higher in soils with

>2.0% organic C.
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3. METHODS AND MATERIALS

3.1 Soil Contamination

The grass study is located in Oneida, TN on the site of a former railroad tie

treatment facility that used creosote for tie preservation.  The surface soil that was used in

this study originated from the excavation of deeper contamination during the installation

of an interceptor trench to prevent transport of creosote-derived contaminants off site.

The soil was excavated in 1991 and placed in piles where it was allowed to weather until

1997.  In 1997, soil samples obtained from the stockpiles were analyzed for 17 PAHs

(USEPA Method 8100) and the results are reported in Table 2 (Geraghty & Miller, Inc.,

1997).  These samples were obtained from the outer edges of the stockpiles, therefore, it

is likely that significant losses had already occurred due to biodegradation.  After this

sampling event, the soil was spread at an approximate thickness of 60 cm over the land

surface prior to the initiation of the grass plot study.

The soil was characterized as 69% sand and 31% clay/silt in texture and determined

to be fairly consistent over the study area.  The total organic carbon (TOC) content at t=0,

9, 12, and 17 months was 5.3, 4.9, 3.3, and 2.7%, respectively.  The moisture content

varied significantly, depending on the rainfall.

3.2 Field Study

The field study was initially designed to determine the benefits of three types of

vegetation on PAH removal: ladino clover, KY31 fescue, and perennial rye.  However,

the clover grew poorly and other than initial concentrations, was omitted from the study.

The grass plot area was divided into 36, 1.2-m sq. cells.   Twelve cells were designated as

controls.   Each of the planted treatments occupied 8 cells.  The cell matrix layout (Figure

1) was based on a statistically random design.

The grass study was initiated in July 1997 (t=0).  One hundred and forty-four

samples were taken to allow characterization of the control, clover, fescue and rye cells.

Soil samples were obtained with a tube-type soil sampler (2.1 cm ID) from a depth of 15

to 21 cm below land surface (BLS).    This depth was chosen because cool-season grasses
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are expected to reach depths of 1.5 to 2 ft (0.46 to 0.61 m) (Beard, 1973). The soil

samples were kept at 4oC until processed.

Immediately after this first sampling event, commercial clover, fescue and rye

seed was applied at a rate of 227 g per plot (31.3 lbs. per 1000 square feet) and 610 g

(83.9 lbs. per 1000 square feet) of 10-10-10 fertilizer was applied to all of the cells.  The

grass growth was negligible after several weeks because of below average rainfall.  In

order to stimulate growth, the top 7.6 cm of soil was agitated, and 14.5 kg of a

commercial organic mix (peat moss) was added to each cell.  The cells were then

reseeded with half of the initial application amount, watered, and covered with bale

straw.  Growth was evident several weeks later.

Alternating very wet and very dry soil conditions made sample collection

impossible during sampling trips in February and September of 1998.  Fifty-nine, sixty-

three, and ninety-nine samples were collected from a depth of 15 to 21 cm at t=9, t=12,

and t=17 months, respectively.  Additionally at t=17 months, 53 and 36  samples were

collected from depths of 10 to 15  and 32 to 38 cm, respectively.  Fertilizer was applied

as previously described to all of the cells (planted and unplanted) after each sampling

event.

3.3 Soil Extraction

The method used to extract the contaminants from the soil is a modification of a

procedure described in Brauner et al. (1999).  Fifteen milliliters of dimethylchloride

(Fisher Optima grade) was added to 5 g of soil in 40 mL amber EPA vials.  The vials

were agitated on a rotating table.   The method used in this experiment required

additional sample preparation before processing.  Excessive water content can decrease

extraction yields (Schleussinger et al., 1996).  Samples were dried for 4 hours under a

vent hood to remove excess soil moisture and then uniformly crushed to increase surface

area.  After solvent addition, samples were agitated for 34 to 38 hours. Lastly, a sample

from the solvent layer was transferred to a 1.5-mL GC vial.

In order to validate this method, several soil samples were taken to an

independent laboratory that utilized USEPA Method 3540/8100, and the results were

compared (Table 3).  The data shows that the method used in this study yielded
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concentrations somewhat higher than the USEPA method.  The difference in constituent

concentrations could be the result of particle size and moisture content of the soil.  The

EPA method does not require that the samples be pulverized.  In the EPA method, excess

soil moisture is removed through the addition of sodium sulfate.  Therefore, decreased

soil surface area and increased moisture content in the EPA method may have resulted in

the lower extractable concentrations.

3.4 Gas Chromatography

Samples were analyzed with a Shimadzu GC-14A gas chromatograph, which was

equipped with a J&W Scientific DB5-MS fused silica capillary column and a flame

ionization detector (FID).  Helium was used as the carrier gas and the flow through the

column was approximately 1mL/min.  Helium was also used for the auxiliary gas, and

hydrogen was the source of fuel for the detector.  The injection volume was 2µL.  The

initial column oven temperature was maintained at 80oC for 1 min.  The temperature was

then increased to 305oC at a rate of 10oC/min and maintained at this temperature for 9

min.  A cool down program, 40oC/min to 80oC with a hold of 14 min, was utilized to

allow adequate time for detector equilibration.   External standards (Supelco Inc.,

Bellefonte PA) were used to quantify the 6 PAHs in the soil samples.  
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4. RESULTS

4.1 Mean Soil Concentrations

Because of the variability in PAH concentrations across the site and within

individual plots, PAH concentrations were compared within a given treatment and time

using probability distribution plots and the fiftieth percentile or median concentrations

were used for initial concentration comparisons.  Data in Table 4 show the fiftieth

percentile concentration of each compound at the four sampling times for each treatment.

The initial range of PAH concentrations were fairly consistent in all treatments for both

the 3-ring (Figure 2) and 4-ring (Figure 3) compounds.  Compared to the unplanted

controls the initial (t=0) concentrations were higher in the plots that were planted with

fescue and rye.  The only exception to this trend was the initial concentration of pyrene

and chrysene in the fescue plots, which were slightly lower than the controls.  Fiftieth

percentile concentrations were initially used for all concentration comparisons.  However,

probability plots were used to further evaluate changes.

Between the first and second sampling events (9 months), significant reduction in

concentration of the 5 lowest molecular weight (LMW) compounds (all but chrysene)

was observed in all test plots, planted and unplanted.  Percent reductions, based on

fiftieth percentile concentrations, for acenaphthene, fluorene, phenanthrene, fluoranthene

and pyrene in the control plots were 76.8, 53.3, 75.7, 63.2 and 53.4, respectively; in the

fescue plots were 73.9, 57.0, 74.9, 57.9 and 47.7, respectively; and in the rye plots were

72.6, 54.2, 64.2, 44.0 and 36.2, respectively.  Reductions were similar in all treatments,

planted and unplanted, for the 6 PAHs.  In general, the variability in the 3-ring PAH

concentrations decreased significantly in all treatments during the first 9 months of the

study.  The chrysene concentration remained relatively unchanged over this 9-month

period in all treatments.

Over the period from 9 to 12 months, a period of above average rainfall, fiftieth

percentile concentrations of the 3-ring compounds changed little in the unplanted control

and fescue plots (Figure 2).  In the rye plots, the fiftieth percentile concentration of

acenaphthene remained unchanged while fluorene and phenanthrene fiftieth percentile

concentration decreased slightly.
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During this same interval, 9 to 12 months, fluoranthene and pyrene fiftieth

percentile concentrations changed little in the control cells but continued to decrease in

the soils planted with fescue and rye (Figure 3).  The fluoranthene concentrations

decreased by 23.6 and 30.2% in the fescue and rye plots, respectively, and the pyrene

concentration decreased by 23.3 and 17.8%.  In the controls, fluoranthene and pyrene

concentrations increased by 10.4 and 15.2%, respectively.

The most notable change during this time period was in the chrysene

concentration.  Significant removal occurred in all of the treatments. However, a greater

decrease was observed in the planted plots.  Between t=9 and t=12 months, chrysene

concentrations decreased by 12.0, 23.5, and 17.1% in the control, fescue, and rye plots,

respectively.  High rainfall was recorded during this interval (Figure 4).  Therefore,

enhanced removal of fluoranthene, pyrene, and chrysene in the planted plots was coupled

with very moist soil conditions.

 The concentrations of acenaphthene, fluorene and phenanthrene measured at 17

months showed no significant change relative to concentrations recorded at 12 months.

Acenaphthene concentration reduction is shown by the probability data in Figure 5.

Initial soil concentrations were significantly higher than concentrations at the other

sampling periods.  Over the last three sampling periods, a minimum or “threshold”

concentration of acenaphthene was attained.  This trend, attainment of a threshold

concentration, was similar in all treatments for the 3-ring compounds.  In the control and

rye plots, fluoranthene and pyrene concentrations continued to decrease steadily from 12

to 17 months.  Fluoranthene and pyrene concentrations decreased very slightly in the

fescue plots.  From 12 to 17 months, chrysene concentrations were stable in all

treatments.

4.2 Probability Plots and Minimum Concentrations

Although the fiftieth percentile concentrations show general contaminant removal

trends, it is necessary to look at the entire distribution of data to fully evaluate the

impacts of grasses on bioremediation.  Figure 6 shows reduction trends for fluoranthene,

a 4-ringed PAH, in the control, fescue and rye plots.   Greater fluoranthene removal in the

fescue and rye plots is evident by the increased separation of the t=0 and t=17 month data
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compared to the control.  The values between the tenth and fiftieth percentiles changed

more significantly in the fescue plots compared to the unplanted controls.  These values

were similar at t=0 months.  At t=17 months in the control plots, the concentrations

between the tenth and fiftieth percentiles decreased and reached a constant level of

approximately 10 mg/kg.  However, in the fescue plots the extent of removal was higher.

The concentrations associated with this range continued downward approaching

approximately 5 mg/kg.  This trend was not observed in the rye plots; however, initial

concentrations were highest in the rye cells.  Therefore, it is expected that the rye

concentrations will continue to decrease over time.  In all of the treatments, the

fluoranthene concentrations became more normally distributed as shown in Figure 6.

This indicates that the soil concentrations are becoming more uniform

Similar results were obtained when the distribution of the other 4-ring PAHs,

pyrene (Figure 7) and chrysene concentrations were analyzed (Figure 8).  The extent of

fluoranthene removal is greater in the fescue plots compared to the unplanted controls.

At t=17 months in the control plots, the concentrations between the tenth and fiftieth

percentiles reached a constant level of approximately 20 mg/kg.  In the fescue plots, these

concentrations continued downward and approached 10mg/kg.

The chrysene concentrations in the control cells deviated only slightly between

t=0 and t=17 months and most of the variation occurred in the more contaminated soils

(concentrations associated with 50th percentile and greater).  Again, the extent of removal

was greatest in the fescue plots and approached 10 mg/kg.  In the controls, the lower

concentrations measured were around 20 mg/kg.

4.3 Multi-depth Sampling

The PAH soil concentrations in the unplanted controls were compared to the

concentrations in the planted (fescue and rye grasses) treatments at each depth: 10 to 15,

15 to 21 and 32 to 38 cm (shallow, medium and deep).  The concentration trends were

similar for acenaphthene, fluorene and phenanthrene (3-ring compounds) and for

fluoranthene and pyrene (4-ring compounds).  No trends were observed for chrysene

concentrations.  The fluorene and fluoranthene results will be discussed in detail.
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It can be seen from the data in Figure 9 that the trends were similar in control

plots and the planted plots for the 3-ring compounds.  In both treatments, the fiftieth

percentile concentrations were lowest in the shallow zone and highest in the deep zone.

At each depth the fiftieth percentile concentrations were higher in the planted plots

compared to the unplanted controls.  This was expected because the initial PAH

concentrations were higher in the fescue and rye plots.

Fluoranthene and pyrene dissipation was greatest in the shallow zone in the

planted plots.  Figure 10A shows that the fluoranthene fiftieth percentile concentrations

associated with the shallow, medium and deep samples in the control plots were

approximately equal.  However, in the planted plots there is a significant difference

between the fiftieth percentile concentration in the shallow zone and the fiftieth percentile

in the other two zones.  The fiftieth percentile concentrations in the planted plots at the

medium and deep zones are higher than the corresponding locations in the control plots.

Again, this was expected because initial soil concentrations were higher in the fescue and

rye plots.  Figure 10C also shows the effects roots had on fluoranthene removal.  The

distribution of the shallow data is separated from the other two data sets (medium and

deep).  Whereas all three data sets from the control plots are grouped together (Figure

10B).

4.4 Grass Growth

Below average rainfall delayed root growth during the first 9 months of the study.

During the t=9 month sampling event, minimal root penetration was observed in soil

samples collected from 15 to 21 cm.  By the next sampling event (t=12 months),

approximately 60 percent of the soil cores taken from both the fescue and rye cells

contained roots.   By the last sampling event (t=17 months), 80 percent of the soil cores

contained roots.  Root mass in each soil core was measured at t=17 months.  The average

root mass (after 24 to 48 hours of air drying) in fescue and rye grass soil samples was 5.9

and 3.3 mg, respectively.

In the second study roots were observed in 100, 80 and 20% of the soil cores

taken in the planted plots from the shallow, medium and deep zones, respectively.  Root
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mass was approximately 35% greater in the shallow samples compared to the medium

samples.
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5. DISSICUSSION

The data shows that grasses helped increase the rate and extent of fluoranthene,

pyrene, and chrysene (the 4-ring PAHs) biodegradation.  Plants did not enhance the

concentrations of the 3-ring compounds, acenaphthene, fluorene, and phenanthrene, but it

may be that natural degradation in the soils was so rapid that the degradable materials

were gone before the roots reached the test depth.  Therefore, removal can be attributed

to natural attenuation processes, primarily biodegradation.  Other mechanisms for losses

include irreversible sorption (Novak et al., 1998), volatilization (Park et al., 1989) and

leaching (Reilley et al., 1996) but because the soils were aged, these would not be

expected to be major contributors.

The reductions in acenaphthene, fluorene, phenanthrene, fluoranthene and pyrene

that occurred in the first nine months may have been accelerated by the site preparation.

Spreading of the contaminated soil may have helped to create more homogenous

conditions.   Soils that were buried deep within the stockpiled soil mounds were probably

oxygen deficient and therefore had the highest PAH concentrations.  During soil

spreading, these soils were aerated and biodegradation could have been encouraged.  This

could explain the decrease in concentration variability between t=0 and t= 9 months.  The

soils that were initially higher in PAHs decreased more rapidly to reach levels consistent

with the less contaminated soils.  Additionally, the plots were watered and fertilized to

promote growth of the vegetation.  The combination of these treatments is very similar to

landfarming.  Landfarming is a treatment method designed to enhance biodegradation

(Nyer, 1992).

Acenaphthene, fluorene, and phenanthrene reduction trends were similar in all

treatments, indicating that grasses had no measurable impact on 3-ring PAH removal.

The data also shows that acenaphthene, fluorene, and phenanthrene concentrations tend

to approach constant, minimum, values over the last several sampling events in all

treatments.   This suggests that further removal may be limited.

The fact that these compounds are reaching threshold limits well above normal

detection limits indicates that bioavailability could be limiting further degradation.

Several factors at this site could contribute to limited bioavailability.  First, the relatively
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high (total) organic carbon content of the soil may have resulted in increased contaminant

sorption.  Second, the soil used in this study has been aging/ weathering for

approximately eight years.  As studies have shown, contaminants that have been allowed

to age become less bioavailable over time (Hatzinger and Alexander, 1995; Nam at et.,

1998).  Additionally, aging effects are escalated in soils with high TOC contents (Nam et

al., 1998).

Although these three compounds are approaching minimum values, these

threshold values vary.  For example, the threshold vales for acenaphthene, fluorene, and

phenanthrene are approximately 1.9, 3.2, and 6.7 mg/kg, respectively.  This could be a

function aqueous solubility.  In general as the PAH molecular weight increases, the

solubility decreases.

 At t=17 months, the measured soil concentrations of the six PAHs are directly

related to their respective aqueous solubility (Figure 11).  The aqueous solubility of

acenaphthene, fluorene, phenanthrene, fluoranthene, pyrene, and chrysene is

approximately 3.47, 1.98, 1.29, 0.26, 0.14, and 0.002 mg/L, respectively (Sims and

Overcash, 1983).  The relatively high aqueous solubility of acenaphthene and fluorene

resulted in the lowest PAH soil concentrations after 17 months.  Conversely, chrysene

removal appeared to be limited by a very low aqueous solubility. The same level of

removal may not be achievable for each compound and this should be important when

choosing a treatment technology.  However, it does appear that chrysene is biodegradable

so the limit on degradation is likely bioavailability, not bioresistance.

The only time period in which significant chrysene removal was observed was

between t=9 (March 1998) and t=12 months (June 1998).  This removal coincided with

high levels of precipitation (Figure 4).  Increased precipitation likely resulted in increased

aqueous phase concentrations.  Rainfall amounts in March, April, and May of 1998

deviated upward from the 30-year normal totals by 33.8, 33.3, and 53.9%, respectively.

This indicates that extremely high moisture levels may be necessary for high removals of

chrysene and other higher molecular weight PAHs.   The benefits of phytoremediation

were also observed during this period of high rainfall.

The rates of fluoranthene, pyrene, and chrysene reduction were highest in the

fescue and rye plots between t=9 (March 1998) and t=12 months (June 1998).  Again,
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this suggests that although higher microbial populations might be associated with

rhizosphere soil, enhanced degradation will only occur under high moisture levels.

Along with increased moisture levels, higher root mass was observed in the sampling

zone.  Several studies have concluded that initiation of new roots is at a maximum in the

spring (Beard, 1973 and Williams, 1968).   It also appears that the 4-ring PAH

concentrations are reaching threshold values in the unplanted control plots, but

continuing downward in the planted plots, especially in the fescue.

Additional removal of the higher molecular weight PAHs, specifically

fluoranthene, pyrene, and chrysene, may be occur if the lower molecular weight PAHs

are no longer bioavailable.  Studies have shown that higher (4 or more rings) PAHS

cannot act as a sole carbon source and will only be biodegraded when lower-ringed PAHs

are present to serve as cosubstrates (Beckles et al., year; Keck et al., 1989; and Schwab et

al., 1995).

The results of this investigation indicate that phytoremediation could be an

important treatment technology at sites contaminated with 4-ring PAH compounds.

Treatments such as landfarming are successful in achieving rapid removal of lower

weight compounds, but fail to adequately remove the less soluble compounds [cite].  The

data show that enhanced removal occurred only during high levels of moisture.

Therefore, substantial removal may only take place after numerous seasonal weather

cycles (e.g., spring rains) have occurred.  More research at this site is necessary to

determine the full potential of phytoremediation for surface soils contaminated with

PAHs.  Future studies will also consider the effects of grass root organic matter cycling

on PAH removal.
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FIGURES FOR MANUSCRIPT
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Figure 1: Cell matrix layout: control (C), clover (L), fescue (F) and rye (R)
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Figure 2: Concentration (mg/kg) trends for acenaphthene (A), fluorene (B) and
               phenanthrene (C).  Each plot shows the data from all sampling events and all
               treatments uplanted (left), fescue (middle) and rye (right).  The 25th , 50th

               (median) and 75th percentile concentrations are represented by the boxes and
               10th and 90th percentiles by the error bars
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Figure 3: Concentration (mg/kg) trends for fluoranthene (A), pyrene (B) and chrysene
               (C).  Each plot shows the data from all sampling events and all treatments:
               unplanted (left), fescue (middle), and rye (right).  The 25th, 50th (median), and
               75th percentile concentrations are represented by the boxes and 10th and 90th

               percentiles by the error bars
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Figure 4: Chrysene fiftieth percentile concentrations for each treatment and rainfall totals
               over the length of the study

Ju
l-9

7

A
ug

-9
7

S
ep

-9
7

O
ct

-9
7

N
ov

-9
7

D
ec

-9
7

Ja
n-

98

F
eb

-9
8

M
ar

-9
8

A
pr

-9
8

M
ay

-9
8

Ju
n-

98

Ju
l-9

8

A
ug

-9
8

S
ep

-9
8

O
ct

-9
8

N
ov

-9
8

C
hy

rs
en

e 
C

on
ce

nt
ra

tio
n,

 m
g/

kg

10

15

20

25

30

35

R
ai

nf
al

l, 
in

ch
es

0

2

4

6

8

10

12

14

Control
Fescue
Rye
Rainfall 
30 Year Normal



29

Figure 5.  Acenaphthene concentrations at t=0, t=9, t=12 and 7=17 months in the rye
                plots
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Figure 6.  Fluoranthene concentrations at t=0 (closed circles) and t=17 (open circles)
                 months in the control (top), fescue (middle) and rye (bottom)
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Figure 7.  Pyrene concentrations at t=0 (closed circles) and t=17 (open circles) months in
                control (top), fescue (middle) and rye (bottom) treatments
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Figure 8.  Chrysene concentrations at t=0 (closed circles) and t=17 (open circles) months
                 in control (top), fescue (middle) and rye (bottom) treatments
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Figure 9.  Fluorene concentrations in the unplanted and planted plots at shallow,
               medium and deep sampling zones
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Figure 10. Fluoranthene concentrations in the unplanted and planted plots at shallow,
                 medium and deep sampling zones
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Figure 11.  Relationship of the 6 PAH soil concentrations at t=17 months to aqueous
                  solubility
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TABLES FOR MANUSCRIPT
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TABLE 2: Stockpile analytical results for 17 PAHs

Analyte Sample Number
1 2 3 4 5 6 7 8 9 10 11 12

Acenaphthene BDL BDL 11.3 BDL BDL 13 BDL BDL BDL BDL BDL BDL
Acenaphthylene 0.36 BDL BDL BDL BDL BDL BDL 0.37 BDL 0.49 BDL 0.36
Anthracene 1.78 15.2 11.3 BDL 4.2 9.86 BDL 0.73 11.6 1.16 0.54 0.68
Benzo(a)anthracene 2.96 11.3 15.7 9.32 19.6 23.2 5.19 2.44 12 2.86 2.5 1.51
Benzo(a)pyrene 2.36 9.92 BDL BDL BDL 3.76 BDL 2.6 3.56 2.43 1.82 1.95
Benzo(b)fluoranthene 2.7 6.79 9.32 11.4 18.8 19.4 8.82 3.06 16.4 6.06 2.39 2.36
Benzo(g,h,i)perylene BDL BDL 3.36 3.33 4.8 4.66 BDL 0.62 3.8 BDL 0.45 BDL
Benzo(k)fluoranthene 3.66 9.26 8.96 6.79 14.1 9.46 7.49 4.33 9.32 8.86 3.2 3.17
Chrysene 4.36 16.5 18.6 14 24.8 25 11 3.8 28.1 4.76 2.97 2.28
Dibenzo(a,h)anthracene BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Fluoranthene 3.76 16.1 42.3 14.3 49.3 14.3 4.93 1.69 21.5 2.41 4.86 1.55
Fluorene BDL BDL 12 BDL BDL 7.13 BDL BDL BDL BDL BDL BDL
Indeno(1,2,3-cd)pyrene 1.1 BDL 4 3.66 5.69 5.36 BDL 0.73 4.56 0.87 0.52 0.71
Naphthalene 0.67 4.66 BDL BDL BDL BDL BDL 0.53 BDL BDL 0.46 0.73
Pentachlorophenol BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Phenanthrene 1.15 5.26 35.6 BDL 8.99 24.9 BDL 0.76 BDL 0.51 2.1 0.73
Pyrene 4.96 31 35.6 20.8 44 39.6 7.76 2.95 29.6 4 6.48 1.78

Note:  All results presented in mg/kg
BDL- Below Detection Limit
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 TABLE 3: Comparison of extraction procedures

Sample Acenaphthene Fluorene Phenanthrene Fluoranthene Pyrene Chrysene
Soil Concentration, mg/kg

1
Virginia Tech 0.61 1.07 3.93 29.7 29.4 15.8
Lab <0.008 <0.008 <0.008 17.00 16.00 7.00

2
Virginia Tech 3.00 3.63 10.55 10.80 9.44 3.71
Lab 1.50 1.60 5.60 6.60 5.50 1.70
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 TABLE 4: Fiftieth percentile (median) concentrations for all sampling events and all

treatments

Treatment Type t=0 months t=9 months t=12 months t=17 months

Acenaphthene
Control 7.28 1.69 1.90 1.62
Fescue 8.35 2.18 2.27 1.91
Rye 9.40 2.58 2.58 2.24

Fluorene
Control 7.15 3.34 4.00 3.08
Fescue 8.17 3.51 3.75 2.99
Rye 10.11 4.63 4.52 3.66

Phenanthrene
Control 24.30 5.91 7.93 6.37
Fescue 28.71 7.20 8.29 6.51
Rye 34.66 12.40 8.23 7.09

Fluoranthene
Control 55.8 20.54 22.92 19.20
Fescue 59.72 25.13 19.20 18.30
Rye 70.44 39.48 27.56 22.97

Pyrene
Control 62.91 29.30 34.57 25.35
Fescue 62.13 32.49 24.91 23.95
Rye 68.88 43.97 36.16 31.03

Chrysene
Control 31.90 30.28 26.66 27.15
Fescue 31.57 32.48 24.86 25.71
Rye 35.78 35.66 29.55 31.49
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Figure 1A: Acenaphthene concentrations at t=0 (closed circles) and t=17 (open circles)
                  months in the control (top), fescue (middle) and rye (bottom) treatments
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Figure 2A: Fluorene concentrations at t=0 (closed circles) and t=17 (open circles) months
                  in the control (top), fescue (middle) and rye (bottom) treatments
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Figure 3A: Phenanthrene concentrations at t=0 (closed circles) and t=17 (open circles)
months in control (top), fescue (middle) and rye (bottom) treatments
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Figure 4A: Acenaphthene concentrations in the unplanted control and planted plots at
                  shallow, medium and deep sampling zones
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Figure 5A: Phenanthrene concentrations in the unplanted control and planted plots at
                   shallow, medium and deep sampling zones
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Figure 6A: Pyrene concentrations in the unplanted and planted plots at shallow, medium
                  and deep sampling zones
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Figure 7A: Chrysene concentrations in the unplanted control and planted plots at shallow,
                  medium and deep sampling zones
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TABLE 1A: Tenth percentile concentrations

Treatment type Concentration, mg/kg
t=0 mos. t=9 mos. t=12 mos. t=17 mos.

Acenaphthene
Control 3.21 1.32 1.12 1.20
Fescue 1.89 0.91 0.78 0.62
Rye 4.37 1.42 1.48 1.59

Fluorene
Control 3.68 2.58 2.98 2.44
Fescue 2.83 2.48 1.17 1.69
Rye 5.27 2.70 2.11 2.53

Phenanthrene
Control 10.71 4.08 3.91 3.68
Fescue 7.30 3.50 2.78 2.33
Rye 18.72 4.68 4.44 3.64

Fluoranthene
Control 32.12 15.79 14.29 12.35
Fescue 30.82 8.68 4.69 4.90
Rye 44.94 17.21 12.38 16.95

Pyrene
Control 36.73 21.95 21.96 18.53
Fescue 37.48 12.09 6.25 7.71
Rye 51.79 23.76 18.99 23.72

Chrysene
Control 22.26 25.98 19.56 19.46
Fescue 23.61 13.06 7.57 10.84
Rye 29.31 24.13 18.36 24.39
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TABLE 2A: Twenty-fifth percentile concentrations

Treatment type Concentration, mg/kg
t=0 mos. t=9 mos. t=12 mos. t=17 mos.

Acenaphthene
Control 3.90 1.46 1.51 1.38
Fescue 5.58 1.52 1.48 1.47
Rye 6.50 1.64 1.60 1.69

Fluorene
Control 4.75 2.95 3.19 2.63
Fescue 6.37 3.04 3.23 2.79
Rye 7.41 3.33 2.83 2.77

Phenanthrene
Control 14.47 4.57 4.46 4.44
Fescue 19.97 5.44 5.06 4.75
Rye 25.08 5.80 4.73 5.11

Fluoranthene
Control 36.73 16.70 18.60 14.11
Fescue 40.75 17.85 14.94 12.15
Rye 51.82 18.95 17.02 19.48

Pyrene
Control 44.35 23.70 26.64 20.25
Fescue 43.10 23.78 19.18 17.17
Rye 54.58 27.25 25.58 27.29

Chrysene
Control 25.98 27.83 21.84 24.20
Fescue 25.70 21.79 16.40 18.23
Rye 31.63 29.38 22.62 26.67
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TABLE 3A: Seventy-fifth percentile concentrations

Treatment type Concentration, mg/kg
t=0 mos. t=9 mos. t=12 mos. t=17 mos.

Acenaphthene
Control 9.90 2.13 2.82 2.14
Fescue 11.81 2.57 3.20 2.51
Rye 12.53 4.87 3.55 2.81

Fluorene
Control 11.02 4.67 5.98 4.01
Fescue 12.93 4.29 4.63 4.01
Rye 13.85 7.00 5.93 4.40

Phenanthrene
Control 41.23 8.77 15.95 8.48
Fescue 44.86 11.11 12.09 11.36
Rye 52.87 25.39 13.48 10.74

Fluoranthene
Control 67.83 27.69 38.25 22.72
Fescue 75.95 32.74 33.31 24.74
Rye 85.93 65.06 40.64 30.77

Pyrene
Control 72.31 38.16 44.46 32.02
Fescue 79.04 38.29 39.34 28.85
Rye 85.55 74.23 50.37 38.56

Chrysene
Control 38.47 34.09 31.91 31.87
Fescue 36.99 34.79 28.65 32.10
Rye 44.15 48.01 34.75 35.09
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TABLE 4A: Ninetieth percentile concentrations

Treatment type Concentration, mg/kg
t=0 mos. t=9 mos. t=12 mos. t=17 mos.

Acenaphthene
Control 13.14 3.35 3.35 2.67
Fescue 15.22 4.89 5.82 3.45
Rye 17.57 8.22 4.31 3.51

Fluorene
Control 14.28 5.57 8.44 5.13
Fescue 18.68 6.82 7.43 4.93
Rye 18.38 12.92 7.15 5.87

Phenanthrene
Control 53.33 14.92 23.14 9.82
Fescue 76.20 19.66 21.29 13.92
Rye 68.47 45.40 21.42 16.35

Fluoranthene
Control 83.12 44.75 53.18 35.30
Fescue 111.29 42.67 47.65 37.28
Rye 97.67 83.56 70.45 43.10

Pyrene
Control 83.97 52.22 68.07 50.40
Fescue 107.50 47.00 52.29 45.26
Rye 96.11 87.35 74.57 52.87

Chrysene
Control 44.13 46.64 40.11 40.49
Fescue 58.06 36.90 32.17 36.96
Rye 51.10 58.46 39.19 39.38
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TABLE 5A: Fiftieth percentile concentrations for shallow, medium and deep samples

Median Concentration, mg/kg
Shallow Medium Deep

Acenaphthene
Unplanted 1.48 1.62 2.13
Planted 1.82 2.12 2.55

Fluorene
Unplanted 2.69 2.98 3.31
Planted 2.80 3.34 3.69

Phenanthrene
Unplanted 5.43 5.79 5.96
Planted 5.78 6.90 7.24

Fluoranthene
Unplanted 18.86 19.20 17.94
Planted 16.43 21.23 21.91

Pyrene
Unplanted 25.30 25.35 26.45
Planted 21.47 28.02 30.87

Chrysene
Unplanted 30.36 27.18 30.08
Planted 29.42 28.45 32.06
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