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Results from natural and engineered phytoremediation
systems provide strong evidence that vegetated soils mitigate
polycyclic aromatic hydrocarbon (PAH) contamination.
However, the mechanisms by which PAH mitigation occurs
and the impact of plant organic matter on PAH attenuation
remain unclear. This study assessed the impact of

plant organic matter on PAH attenuation in labile and
refractory sediments fractions from a petroleum distillate
waste pit that has naturally revegetated. Samples were
collected in distinct zones of barren and vegetated areas
to assess changes to organic matter composition and
PAH content as vegetation colonized and became established
in the waste pit. Sediments were fractionated into bulk
sediment and humin fractions and analyzed for organic
matter composition by isotope ratio mass spectrometry (0'3C),
13C nuclear magnetic resonance ('*C NMR), A“C AMS
(accelerator mass spectrometry), and percent organic carbon
(%TOC). Gas chromatography mass spectrometry (GC/
MS) of lipid extracts of SOM fractions provided data for
PAH distribution histograms, compound weathering ratios,
and alkylated and nonalkylated PAH concentrations.
Inputs of biogenic plant carbon, PAH weathering, and
declinesin PAH concentrations are most evident for vegetated
SOM fractions, particularly humin fractions. Sequestered
PAH metabolites were also observed in vegetated humin.
These results show that plant organic matter does

impact PAH attenuation in both labile and refractory
fractions of petroleum distillate waste.

Introduction

The growing interest in applications of phytotechnologies to
treat polycyclic aromatic hydrocarbon (PAH) contamination
necessitates an improved understanding of how plant organic
matter may impact the bioaccessibility of PAHs in soil/
sediment organic matter (SOM) over time (I). Plants are a
major source of organic matter to SOM (2) and can alter
SOM composition by physical, biological, and chemical
processes (3). Plants stimulate microbial activity that rapidly
mineralizes labile plant materials while more resistant plant
fractions transform slowly to form humic materials (2, 4—6).
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Only a small percentage (20—30%) of recognizable plant
organic matter remains over time in SOM (4).

The rhizosphere is a complex matrix; quantification of
specific mechanisms for PAH transformation or stabilization
is difficult (7). Several studies have shown that plant exudates
enhance PAH degradation by invigorating microbial activity
and abundance (8—10). Plant exudates, such as organic acids,
also play a critical role in plant physiology and the formation
and stability of humic materials (11—13). Organic acids can
dissociate aggregate humic materials into smaller structures
stabilized by hydrogen bonding (13—15) that can contribute
to PAH sorption (12, 16—18) or PAH degradation by microbes
(19).

Root exudates, such as phenolic monomers and oxidative
enzymes, can also polymerize with humic materials to form
larger, covalently linked aggregates (4, 18, 20) that are resistant
to organic acid dissociation (2I). These stable aggregate
structures are conducive to sequestration of organic carbon
and the binding of organic contaminants including PAHs (6,
12, 16—18). Recent studies have noted the “accumulation”
or increased concentrations of PAHs and weathered 2,2-
bis(p-chlorophenyl)-1,1-dichloroethylene (p,p’-DDE) in rhizo-
sphere soil versus nonvegetated soil (9, 22, 23).

In SOM, the removal of higher molecular weight PAHs is
primarily dependent on microbial transformation. However,
recent studies of carbon sequestration in soils noted that
increased plant exudation appeared to reduce microbial
dependence on older SOM as a carbon source and retarded
the mineralization of older, persistent SOM (24—26). Redi-
rection of microbial degradation away from older SOM to
fresh rhizodeposition could retard microbial-mediated lib-
eration and transformation of PAHs.

Thus, plant organic matter may impact PAH bioacces-
sibility by two mechanisms. First, the rhizosphere may
improve PAH bioaccessibility by destabilizing SOM via
microbial degradation, organic acids, and chelating agents
and liberate PAH for transformation (9, 27, 28). Alternatively,
the rhizosphere may alter carbon composition and provide
new carbon matrixes that further sorb and bind PAHs in
biogenic SOM, thus reducing PAH bioaccessibility (6, 12, 20).
Given the complexity of soil/sediment dynamics, these
mechanisms may occur simultaneously.

We investigated the validity of these two mechanisms by
assessing changes to SOM composition in relation to
diagnostic indices of PAH attenuation for vegetated and
barren sediments collected from a pit of petroleum distillate
waste. The waste pit has naturally revegetated over the last
40 years and is subject to periodic tidal influx from an estuary.
Although physical disturbance of SOM by plant roots can
impact processes such as volatilization and leaching for some
lighter PAHs (29), the unique site characteristics (age,
petroleum distillate waste material, tidal fluxes) suggest that
sorption dynamics between organic matter and heavier PAHs
will dominate PAH dissolution and transformation (28).

If plant organic matter improves PAH bioaccessibility and
ultimately PAH transformation, then diagnostic indices (PAH
histograms, PAH concentrations, and compound ratios)
would reflect PAH transformation by (a) statistically signifi-
cant declines in PAH concentrations, (b) weathered distribu-
tion patterns in PAH histograms, and (c) weathered PAH
compound ratios. If plant organic matter retards PAH
bioaccessibility, then declines in PAH concentrations and
weathered diagnostic indices would not be observed. PAH
concentrations, distribution patterns (histograms), and
compound ratios were determined by gas chromatography
mass spectrometry (GC/MS) with select ion mode (SIM)
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TABLE 1. Inventory of 42 Alkylated and Non-alkylated PAHs

analyte abbrev no. of rings
naphthalene? NO 2
biphenyl BP 2
acenaphthylene? ACL 3
acenaphthelene? ACE 3
dibenzofuran Dfu 3
C1-naphthalenes N1 2
C2-naphthalenes N2 2
C3-naphthalenes N3 2
C4-naphthalenes N4 2
fluorene? FO 3
C1-fluorenes F1 3
C2-fluorenes F2 3
C3-fluorenes F3 3
dibenzothiophene DO 3
C1-dibenzothiophene D1 3
C2-dibenzothiophene D2 3
C3-dibenzothiophene D3 3
anthracene? AN 3
phenanthrene? PO 3
C1-phenanthrenes/anthracenes P1 3
C2-phenanthrenes/anthracenes P2 3
C3-phenanthrenes/anthracenes P3 3
C4-phenanthrenes/anthracenes P4 3

2 EPA priority pollutant.

analyte abbrev no. of rings
fluoranthene? FL 4
pyrene? PY 4
C1-fluoranthenes/pyrenes FP1 4
retene Re 4
benz[alanthracene? BaA 4
chrysene? Cco 4
C1-chrysenes C1 4
C2-chrysenes C2 4
C3-chrysenes C3 4
C4-chrysenes C4 4
benzo[blfluoranthene? BbF 5
benzo[klfluoranthene? BkF 5
benzolelpyrene BeP 5
benzolalpyrene? BaP 5
perylene Pryl 5
indeno[1,2,3-cd]lpyrene? I0P 6
dibenz[a,hlanthracene? DA 5
benzolg, h,ilperylene? BgP 6
coronene Co 6

monitoring. The composition of sediment fractions was
determined by stable carbon isotope analyses (6'C), radio-
carbon analyses (A'4C), cross polarization magic angle
spinning '*C nuclear magnetic resonance (CPMAS *C NMR),
and percent organic carbon (%TOC).

Experimental Section

Site Description and Sampling Methods. The study site is
a2—3acre peat/clay estuary wetland at a petroleum refinery
facility along the northeastern coast of the USA. Over a 20
year period, distillation waste of different gasoline blends, or
pitch, was deposited into pits in the wetland. Pitch is a low
volatile material similar to asphalt; during disposal, it was
periodically mixed with silt, sand, and clay. The site has
naturally revegetated over a 40 year period. Sediment samples
were collected along a vegetation gradient over one of the
pits. The pitch is ~10—15 ft in depth and is visually evident
on the surface as tarlike balls. Because the area is periodically
impacted by estuary tides, some sediment deposition has
occurred over time. Prior analysis of surface material
indicated ~18% total petroleum hydrocarbon contamination.

Periodic saltwater intrusion has resulted in barren areas
with high salinity content (16—18 mmho/cm) that prevents
plant growth; vegetated areas were moderately saline (6—7
mmbho/cm). Composite sediment samples were collected in
four distinct zones: (1) the barren, nonvegetated area; (2) an
area of initial colonization by Phragmites australis; (3) an
area with established stands of Phragmites mixed with
goldenrod (Solidago sp. L.) and switchgrass (Panicum sp.
L.); and (4) an area of mixed grass, tree of heaven (Ailanthus
altissima, Desf.), and bayberry shrubs (Myrica sp. L.). In each
zone, sediments (0—15 cm) were collected from three or four
locations within a 2 m diameter area by hand trowel or shovel
and mixed in a steel bowl. In vegetated areas, plants and
plant litter were removed from the ground surface. Then,
sediments (with roots) were collected by shovel or hand trowel
in a steel bowl where roots were removed by hand and by
shaking sediment free of root mass before compositing
sediments. Composite sediments (~2 kg) were transferred
to clean plastic bags, transported on ice, and stored at 0 °C.
Prior to fractionations and analyses, sediments were sieved
(2 mm) to remove visual residual root material.
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SOM Fractions. Sediments aliquots (10—15 g) were
fractionated into water-soluble extracts, bulk sediment, bulk
humin, and hydrogen fluoride/hydrogen chloride (HF/HCL)
humin fractions according to previously described methods
(31, 32). Replicate aliquots of fractions were analyzed for
percent organic carbon (% OC) using an SOP NC 2100 CHN
Analyzer (Thermo Electron S.p.A., Milan, Italy). Additional
aliquots of bulk sediment, bulk humin, and HF/HCl humin
were freeze-dried for 1—3 days (Benchtop 3.3/Vacu-Freeze;
VirTis Co., Gardiner, NY) for isotopic analyses. Dichlo-
romethane and methanol (DCM/MeOH) extracts were
solvent exchanged under nitrogen to DCM for additional
cleanup prior to GC/MS analysis.

Preferential loss of heavier alkylated PAH homologues
due to the chemical fractionation of sediment was evaluated
using an aliquot of Alaska north slope crude oil (ANS) that
was diluted with DCM and spiked with deuterated chrysene
(CHY-d2, 3.5 ug/mL). Three 1-mL aliquots of fortified ANS
were chemically fractionated according to the procedure
described above. Initial concentrations of C3- and C4-
chrysenes in the fortified ANS standard were 39 + 1.7 and
17 + 1.5 ng/mL, respectively. Recovered concentrations after
chemical fractionation were 40 + 6.3 and 17 + 2.4 ng/mlL,
respectively. Three aliquots of soil (5 g) with no known history
of PAH contamination were also amended with 1 mL of
fortified ANS standard and chemically fractionated. Recov-
ered concentrations after chemical fractionation were 40 +
4.0 and 17 £+ 1.7 ng/mL. Loss of alkylated PAHs relative to
parent PAHs was not significant.

GC/MS SIM. DCM extracts of bulk sediment, bulk humin,
and HF/HCI humin were first loaded onto activated neutral
alumina columns prior to analysis by GC/MS. Extracts were
concentrated to 5 mL and spiked with deuterated phenan-
threne (dio, 500 ng/mL) and benzol[alpyrene (ds, 498.5 ng/
mL) as internal standards. Extracts were analyzed for 42 PAHs
using a modified method of EPA 8270 (33) (Table 1). GC/MS
select ion monitoring (SIM) mode analyses were conducted
on a HP5890 Series I GC equipped with electronic pressure
control connected to an HP5970 or HP5972 MSD using a
Restek 30 m x 0.25 mm Rtx-5 (film thickness 0.25 ym) MS
w/Integra-Guard column. The method is similar to that
described elsewhere (34, 35).



o013C Analyses. Sediment fractions were prepared for
isotope ratio mass spectrometry (IRMS) analyses by acidify-
ing, grinding, and freeze-drying prior to submission for
analyses. Stable isotope ratios of carbon were measured by
continuous flow isotope ratio mass spectrometry (20—20 mass
spectrometer, PDZEuropa, Northwich, UK) after sample
combustion to CO, and N, at 1000 °C in an on-line elemental
analyzer (PDZEuropa ANCA-GSL). Sample isotope ratios were
compared to those of standard gases injected directly into
the IRMS before and after the sample peaks to calculate 0'°N
(AIR) and 6'C (PDB) values. Final isotope values were
adjusted to bring the mean values of standard samples
distributed at intervals in each analytical run to the “true”
values of the working standards. The standard for Cis Peedee
Belemnite and the standard for N is atmospheric diatomic
nitrogen. Isotopic data are expressed in d-notation, giving
per mil deviation of a sample relative to a standard. Isotopic
data are calculated using the equation:

0"°C = [(*CI"™*C)gympie! (°C1*C) — 1] x 1000

sample standard

A'*CRadiocarbon Analyses. Sediment samples were sent
to The National Ocean Sciences AMS facility (Woods Hole,
MA) for standard radiocarbon dating analysis. Sediment
fractions were combusted to CO, then reacted with an Fe/H,
catalyst to form graphite. Splits of combusted samples were
taken for 13C analysis to correct AMS values (36). Samples
were analyzed by AMS with standards (NBS Oxalic Acid I
and II) (NIST-SRM-4990, 4990c) and blanks for organic carbon
samples (99.9999% graphite powder, Johnson-Mathey). Data
are expressed as the percent modern carbon (PMC) deter-
mined from the measurement of fraction modern that is the
deviation of the *C/C ratio of a sample from “modern” (36).

CPMAS *C NMR. Bulk humin was treated with a 10%
HF/HCI solution to reduce paramagnetic interference with
BCNMR (37, 38) and then extracted with DCM. The remaining
HF/HCI humin was prepared for CPMAS 3C NMR analyses
according to previously described methods (32). The *C NMR
spectra were integrated according to the following regions:
alkyl carbon (0—50 ppm); alkyl-O or C—0O, C—N bonds as in
alcohols, amines, carbohydrates, ethers, methoxyl and acetal
carbon (50—112 ppm); aromatic carbon (112—145 ppm);
phenolic carbon (145—163 ppm); carboxyl, ester, and amide
C (163—190 ppm); and carbonyl carbon (190—215 ppm).

Statistical Analyses. Statistical significance was deter-
mined by Dunnett’s ANOVA (p < 0.05) when multiple means
of vegetated data sets were compared against nonvegetated
controls (40, 41). Unless otherwise noted, triplicate samples
were used to determine the averaged recoveries of PAHs in
sediment extracts. Values in tables represent the mean =+
one standard deviation.

Results and Discussion

For clarity, sediment samples collected from the four distinct
zones in the petroleum distillate waste pit will be referred to
asnonvegetated, Phragmites colonization, Phragmites/grass,
and trees/shrubs sediments. For SOM fractions, the original
composite samples are referred to as bulk sediment. Bulk
humin represents the sediment organic matrix with humic/
fulvic acids removed but the mineral matrix still intact. HF/
HCl-humin represents demineralized bulk humin.

Impact of Vegetation on SOM Composition. Changes to
SOM composition as vegetation colonized and developed
across the waste pit are evident in CPMAS 3C NMR spectra,
% TOC, '3C, and AC values (Figure 1, Table 2). P. australis
is known to release substantial amounts of carbon via roots
(42) with nearly 50% of its litter as substrate material for soils
and sediments (43). SOM fractions from sediments with
established stands of Phragmites/grass contain significantly
more organic carbon than nonvegetated SOM fractions (Table

— . Trees/Shrubs
Bulk Sediment M Phragmites/Grass
Bulk Humin O

HF Humin A e —A— —0O— Phragmites colonization

—A— u] No Vegetation
T T T T T T T
-2450  -25.00 -2550 -26.00 -26.50 -27.00 -27.50

3sC

FIGURE 1. 6"C values for bulk sediment, bulk humin, and HF/HCI
humin fractions of sediment from nonvegetated and vegetated areas
at a petroleum distillate waste pit. Values represent mean + one
standard deviation (n = 3). Error bars for bulk humin, nonvegetated
are smaller than the box marker.

TABLE 2. Means of the Sum of Alkylated and Non-Alkylated
PAHs Concentrations (WTPAH),” the Sum of 16 Priority PAHS,”
the Percent Organic Carbon (TOC), and the Percent Modern
Carhon (PMC)c for Fractions of Refinery Waste Pit Sediment®

trees,
non- Phragmites Phragmites  shrubs,
vegetated colonization mixed grass and grass

Bulk Sediment

%TOC 21+£19 18+£0.14 27+037 21+£1.6
14C PMC 2.0 +£0.06 N/AY 24+£0.16 N/A
[TPAH] (mg/g soil) 161+ 11.8 110+ 11.6 69+29 62+ 1.4
16 PAH (mg/g soil) 34 4.9 29+24 19+20 18+0.63

[TPAH] (mg/g OC) 767 £ 125 611+ 67.8 254 + 14.4 293 + 28.9

Bulk Humin
%TOC 75+0.22 12+082 13+0.11 11+0.56
14C PMC 6.1+ 0.14 N/A 44+03 N/A
[TPAH] (mg/g soil) 14 +£1.9 11+ 2.1 11+£12 84+0.45

16 PAH (mg/g soil) 3.8 £ 1.00 3.4+ 0.75 3.0+ 0.30 3.3 +0.79

[TPAH] (mg/g OC) 181 £ 29.3 90 + 23 81+95 76+8.7
HF/HCI Humin

%TOC 10+18 12+20 28+0.98 35+1.6

14C PMC 2.1 £0.08 N/A 33+0.20 N/A

[TPAH] (mg/g soil) 6.0+ 1.0 3.1+£0.27 2.8 +0.27 3.6 £0.81
16 PAH (mg/g soil) 1.1 £ 0.50 0.7 +0.10 0.5+ 0.15 1.2 +0.68
[TPAH] (mg/g OC) 60 + 21 26+£68 10+1.4 10+£27

2Values are means =+ one standard deviation (n= 3). ® See Table 1.
¢ Analyses conducted by NOAA/WHOI AMS facility. “ N/A = not
analyzed.

2, Dunnett’s ANOVA, p < 0.05). Humin fractions from trees/
shrubs sediments also contain significantly more organic
carbon than nonvegetated SOM fractions (Table 2, Dunnett’s
ANOVA, p < 0.05).

SOM reflects the photosynthetic pathway of dominant
plant species, and terrestrial plants are classified isotopically
by two categories of CO, fixation, the Calvin cycle (Cs,'*C/'2C
= —27%o) and the Hatch—Slack cycle (C4,'3C/>C = —12%o).
013C values indicate that increased organic carbon content
in vegetated SOM fractions reflects inputs of biogenic carbon
from vegetation as SOM isotopic signatures shift toward the
biogenic source (Figure 1, Table 2). Phragmites, a Cs plant,
represents modern, biogenic carbon with more negative
carbon isotope signatures ('*C/12C = —26.4%o) (44, 45) than
petroleum distillate waste (}3C/'2C = —25%o). The addition
of Phragmites carbon to petroleum distillate waste should
negatively shift isotopic signatures. In Figure 1, 6'3C values
for fractions from Phragmites/grass were significantly more
negative than other SOM fractions (Dunnett’s ANOVA, p <
0.05). These isotopic shifts contradict expected ¢'*C frac-
tionation patterns if PAH biodegradation is present due to
isotopic effects. Kinetic isotopic effects often result in
preferential microbial degradation of >C relative to '*C. Thus,
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FIGURE 2. Cross-polarization magic angle spinning (CPMAS) "*C nuclear magnetic resonance spectra of HF/HCI humin fractions for
nonvegetated, Phragmites colonization, and Phragmites with mixed grass areas.

remaining parent material in SOM such as PAHs, cellulose,
and hemicellulose are 1—2%o more positive than original
parent PAHs, and biodegraded residues such as lignin and
PAH metabolites are —2 to —6%o more negative (46). 6'°C
values for SOM become more negative as vegetation is
established; however, fractionation is not uniform for all
PAHs, and for complex matrixes such as petroleum distillate
wastes, fractionation may be obscured in bulk carbon isotope
analyses.

Prior studies have shown that 6'3C values for humin are
typically more positive than bulk soil, but when a different
carbon source is introduced to SOM, 6'3C values for bulk
sediment and humin become similar to one another (47).
For nonvegetated sediments, 3'3C values for humin are more
positive than bulk soil. For established vegetated sediments
(Phragmites/grass and trees/shrubs), 6'3C values for bulk
sediment and humin are not significantly different (Dunnett’s
ANOVA, p < 0.05). These results indicate the input of a
different carbon source to SOM fractions in vegetated
sediments.

The C content of petroleum contains very little 1*C activity
because of its ancient origin; whereas, modern plant carbon
and recent humification of modern plant carbon will reflect
modern “C activity from atmospheric #CO,. Radiocarbon
14C analyses for SOM fractions from nonvegetated sediments
and Phragmites/grass (Table 2) confirm that increased
organic carbon content in vegetated SOM fractions reflects
inputs of modern plant carbon when compared to '“C values
for nonvegetated SOM fractions (Table 2). The !*C content
of nonvegetated SOM fractions ranged from 2 to 6% modern
carbon, while *C content of Phragmites/grass contained 24—
44% modern carbon (Table 2). The C content of petroleum
carbon and C3-derived plant/soil C are much more dissimilar
than 6'3C signatures, which allows for easier differentiation
of carbon sources.

The impact of modern plant carbon on HF/HCI humin
carbon composition is evident in Figure 2. CPMAS *C NMR
spectra for HF/HCI humin fractions for three of the four
areas are shown; the CPMAS ¥C NMR spectrum for trees/
shrubs areas is not shown due to paramagnetic interferences
during spectrum acquisition, even after extensive HF/HCI
digestion. All spectra exhibit aromatic C (112—145 ppm) and
phenolic (145—163 ppm) structures that are expected for an
asphaltlike matrix.
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The CPMAS 3C NMR spectrum for Phragmites/grass
exhibits new, major shifts at 33 ppm (aliphatic C; methylene
carbons) and 72 ppm (O-alkyl C; carbohydrate carbons).
Paraffinic carbons (0—50 ppm), such as plant-derived
biopolymers (33 ppm), are preserved in humin fractions
relative to more labile carbon materials, such as fatty acids,
proteins, and polysaccharides (48); lignins, tannins, and
aromatic carbon can also be preserved (39, 49). Other
signature shifts for refractory plant-derived organic matter
include 55 and 150 ppm for lignin; 21 ppm for esterified
hemicellulose; 72 ppm for C,-, Cs-, Cs-cellulose and -hemi-
cellulose; 64, 84, 105 for Cg, C4, Cy, respectively, for carbo-
hydrates and polysaccharides; and 172 ppm for carbohydrate
residues (39, 50, 51). Except for the major shift at 72 ppm,
these shifts are not discernible and would suggest that residual
lignin and carbohydrate residues are not present. On the
basis of %TOC and stable isotope analyses of HF/HCl humin
for Phragmites/grass, the shift at 33 ppm most likely
represents aliphatic C from Phragmites.

Previous work has identified chemical shifts for pyrene
cis-4,5-dihydrodiol (71.9 and 127 ppm) and mono and
dihydroxylated pyrene metabolites extracted from humic
fractions of [4,9-13C,]pyrene-amended sediments (32). Similar
chemical shifts could be expected for other hydroxylated
PAHs and PAH dihydrodiols in petroleum distillate waste.
The absence of other expected shifts for carbohydrates and
polysaccharides noted above indicate that the chemical shift
at 72 ppm reflects the presence of PAH metabolites seques-
tered in HF/HCI humin from Phragmites/grass areas. Ali-
phatic carbon persists in SOM, humin, and kerogen and is
preserved through humification processes (39, 49); aliphatic
carbon can also sorb PAHs significantly (51, 52). Thus, plant-
derived aliphatic carbon could sorb PAHs and hydroxylated
or dihydrodiol PAH intermediates from the distillate waste
matrix and sequester them in humin (31, 32).

Collectively, %TOC, 6'3C, A*C, and 3C NMR analyses
demonstrate modern plant carbon inputs from Phragmites
to sediment fractions and suggest that plant-derived aliphatic
carbon appears to be preserved in humin fractions. The slow
turnover of aliphatic carbon in SOM, particularly in humin
fractions (48), and '*C NMR data suggests that aliphatic
carbon can play a major role in sorbing PAHs and PAH
metabolites in vegetated SOM fractions. Alternatively, ali-
phatic carbon could enhance refractory PAH bioaccessibility
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FIGURE 3. PAH histograms for selected sediment fractions of nonvegetated and vegetated sites. Concentrations are in mg of PAH/kg of
sample material. A indicates patterns for nonweathered distribution patterns and B indicates patterns for weathered distribution patterns.
Error bars are mean + one standard deviation (n = 3 or n = 4). For peak ID, see Table 1.

by partitioning PAHs from the petroleum distillate waste
matrix. Perhaps, PAH metabolites present in HF/HCl humin
are the result of degraded PAHs desorbed by aliphatic plant
carbon.

If plant organic matter, particularly aliphatic plant carbon,
improves PAH bioaccessibility and PAH transformation, then
PAH concentrations in vegetated SOM fractions should be
significantly lower than PAH concentrations in nonvegetated
SOM fractions. Also, distribution patterns in PAH histograms
and PAH compound ratios should be more weathered for
vegetated SOM fractions than nonvegetated SOM fractions.
If plant organic matter retards PAH bioaccessibility, then
significant declines in PAH concentrations normalized to
organic carbon content and weathered diagnostic indices
should not be observed.

PAH Concentrations, Distribution Patterns, and Com-
pound Ratios. Mean concentrations of 42 alkylated and
nonalkylated PAHs ([TPAH]) declined significantly (Dunnett’s
ANOVA, p < 0.05) from nonvegetated areas to vegetated areas
for bulk sediment and HF/HCI humin fractions (Table 2).
For the 16 priority PAHs (Table 1), significant PAH concen-
tration declines were only apparent for bulk sediment
fractions (Dunnett’'s ANOVA, p < 0.05). For bulk humin
fractions, mean [TPAH] were significantly lower only in trees/
shrubs bulk humin.

To account for lower [TPAH] recovery due to carbon
dilution from plant carbon inputs, [TPAH] were carbon-
normalized for each SOM fraction (Table 2). Declines in
[TPAH] are more apparent for all vegetated SOM fractions,
particularly for vegetated humin. Without carbon normal-
ization, percentlosses of [TPAH] from nonvegetated fractions

1.0 q
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o A phragmites/Grass
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FIGURE 4. Double-ratio plots of two weathering ratios, C3-
naphthalenes and C2-phenanthrenes (N3/P2) and C3-diben-
zothiophenes to C3-chrysenes (D3/C3), for bulk sediment fractions
from nonvegetated and vegetated areas at a petroleum distillate
waste pit. Values represent mean + one standard deviation (n =
3).

to established vegetated SOM fractions are similar for bulk
sediment (57%) and humin (53%). When [TPAH] are carbon
normalized to %TOC in SOM fractions, percent losses of
[TPAH] from nonvegetated fractions to established vegetated
SOM fractions are greater in humin (83%) than bulk sediment
(67%). These results suggest that PAH transformation, as
measured by [TPAH] loss, is as extensive in vegetated humin
as bulk sediment.
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Figure 3 shows PAH distributions for bulk sediment and
HF/HCl humin fractions from nonvegetated and Phragmites/
grass sediments (Figure 3). Distributions of parent (non-
alkylated) and alkylated PAHs can distinguish between PAH
sources such as petroleum, creosote, or urban soot (53). For
each particular source (pyrogenic vs petrogenic), distributions
of PAHs can qualitatively indicate if weathering has occurred.
For mixed source sites, interpretation of weathering can be
more problematic. For this site, a primarily petrogenic source,
distributions of nonweathered PAHs should appear bell-
shaped for alkylated families such as naphthalenes (NO—
N4), phenanthrenes/anthracenes (P0—P4), dibenzothiophenes
(D0—D3), fluoranthenes/pyrene (FO—F3), and chrysenes
(C0—C4). Petrogenic sources contain more alkylated PAHs
at greater concentrations than parent or nonalkylated PAHs
(53). Because alkylated PAHs “weather” more slowly than
parent PAHs, weathered petrogenic histograms are skewed
for each homologue series along a pattern of increased
abundance with increased alkylation (34). Biodegradation is
often the primary mechanism for PAH weathering, but
volatilization and leaching may also weather the lighter PAHs
as plants physically disturb the petroleum distillate matrix
(29).

In Figure 3, weathered PAH distribution patterns (A) are
apparent for fluorene, dibenzothiophenes, and phenanthrene
homologues in bulk sediment fractions and are not apparent
for chrysene homologues (B). In all HF/HCl humin fractions,
naphthalene, phenanthrene, and their alkylated homologues
are present at greater concentrations than other PAHs.
Increased concentrations of these PAHs may indicate their
ability, as smaller molecular weight PAHs, to diffuse faster
and with less steric hindrance into humin matrixes (54, 55).
For HF/HCI humin fractions, fluorene homologues indicate
weathering. Steric hindrance may also play a role in obscuring
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dibenzothiophene and phenanthrene weathering patterns
because more alkylated homologues are less likely to be
present in humin (54, 55).

Compound ratios provide a more quantitative measure
of PAH weathering and can be used to quantify the degree
of weathering and biodegradation of spilled oil and to predict
and monitor the effectiveness of remediation activities (53,
56). The ratio of C3-naphthalenes and C2-phenanthrenes
(N3/P2) can be used for diesel fuel and crude oil in the early
stages of weathering, while the ratio of C3-dibenzothiophenes
to C3-chrysenes (D3/C3) can be used in later stages of
weathering (56). D3/C3 ratios could not be determined for
humin fractions due to the absence of C3-chrysenes. The
absence of C3-chrysene is not attributable to our fractionation
methodology, as discussed earlier in the Experimental
Section, but is most likely due to steric interactions that
impede diffusion into refractory humin.

In Figure 4, a cross plot of N3/P2 to D3/C3 weathering
ratios shows that bulk sediments from Phragmites coloniza-
tion and trees/shrubs areas are more weathered than bulk
sediment fractions from nonvegetated and Phragmites/grass
areas. Weathering for bulk sediments from Phragmites
colonization and trees/shrubs areas does not correlate with
%TOC, as shown in Figure 5. However, there does appear to
be arelationship between N3/P2 weathering ratios and %TOC
for humin fractions (Figure 5). Vegetated humin fractions
are more weathered than nonvegetated humin, and these
fractions contain more plant carbon, as isotopic and radio-
carbon analyses indicate.

We postulated two mechanisms by which plant-derived
organic matter might influence PAH fate in vegetative
systems. Plant organic matter may improve PAH bioacces-
sibility by destabilizing SOM and liberating PAHs for trans-
formation; alternatively, plant organic matter may provide



new carbon matrixes that sorb and bind PAHs. Presented
data (03C, %TOC, AC, and CPMAS 3C NMR) show the
presence of new plant carbon in SOM fractions, particularly
humin fractions, from established vegetated areas. A rela-
tionship between declines in [TPAH], PAH weathering ratios,
and inputs of biogenic carbon is apparent for vegetated SOM
fractions. Observed PAH metabolites sequestered in Phrag-
mites/grass humin are related to inputs of biogenic carbon,
but whether sequestered metabolites are associated with
aliphatic plant carbon or the residual asphaltlike matrix
cannot be determined by the presented '*C NMR data.
Reductions of [TPAH] and inputs of biogenic carbon were as
great if not greater in vegetated humin fractions as in
vegetated bulk sediments. Collectively, these results show
that plant organic matter does impact PAH transformation
and bioaccessibility in both labile and refractory fractions of
petroleum distillate waste.
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