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Abstract:  This study determined the intrinsic rates of biodegradation of Louisiana “sweet” crude oil
(LSCO) in a Panicum hemitomon freshwater marsh using kinetic microcosm studies and verified the results
in a large intact core study. In addition, the potential to enhance biodegradation using inorganic nutrient
additions was determined. These freshwater marsh soils have high intrinsic rates of degradation (2.0%/day)
for the mcasured alkane fraction (C11-C66) and even higher rates (6.8%/day) for the measured polycyclic
aromatic hydrocarbon (PAH) fraction (naphthalene, methylated naphthalenes, phenanthrene, and methylated
phenanthrenes). However, there were compound-specific effects with intrinsic rates of degradation highest
for the smaller alkanes (C<15) (8.5-2.1%/day), while rates for longer chain alkanes (C>15) were much
lower (0.7-1.2%/day). Results from the intact core study indicate that these rates are similar to those ex-
perienced in sitw, with the exception of the PAH fraction, whose rate constants will be substantially lower
than those determined in the kinetic study. Nitrogen (ammonium) was primarily the limiting nutrient and
increased degradation rate constants (2-3 fold). Few differences were seen between different classes of
alkanes after fertilization. Critical nitrogen loading rates {amount needed to produce signiticant degradation
increases) were similar for both the microcosm and core study (2.2-8.8 mg NH,*-N/g oil), while maximum
rates of degradation were observed at higher loading rates (22-44 mg NH,*-N/g oil). While crude oil
degradation can be enhanced by fertilization, the benefits need to be weighed against the presence of high

intrinsic biodegradation rates in these systems.
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INTRODUCTION

Freshwater marshes are important ecosystems pro-
viding valuable hydrologic and ecological functions on
the landscape (Mitsch and Gosselink 1993). Louisiana
contains a large portion of the near-coast freshwater
marshes in the contiguous United States. These marsh-
es are at risk of a large crude oil release from a variety
of sources. Freshwater marshes are a major site of oil
and gas production in the region and are crisscrossed
by thousands of kilometers of oil pipelines, in addition
to trans-shipment of oil in nearby waterways. Unlike
many other ecosystems, physical cleanup methods are
not an option due to the sensitivity of these marshes.

Biodegradation is now one accepted tool for the re-
mediation of crude oil released into the environment.
Extensive research has been conducted on the ability
of nutrient additions to stimulate biodegradation of
crude oil by native microorganisms (for a review, see
Leahy and Colwell 1990). Most of this research has
been confined to beach or terrestrial systems, with
much of the literature resulting from the Exxon Valdez
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spill in Alaska. Recently, two studies have shown sta-
tistically the ability of nutrients to stimulate crude oil
degradation on contaminated beaches {Bragg et al.
1996, Venosa et al. 1996). The few crude oil biore-
mediation studies conducted in marshes have primarily
focused on coastal salt marshes (Lee and Levy 1993,
Jackson et al. 1996, Jackson and Pardue 1997). These
systems were found to have high inherent crude oil
degradation rates as compared to other coastal sys-
tems, and degradation rates could be enhanced by nu-
trient additions. However, overall rates of degradation
are probably dependent on both nutrient and oxygen
availability (Swannell and Head 1994, Jackson et al.
1996). Little information is available on the potential
of freshwater marshes to degrade crude oil under in-
trinsic or fertilized conditions. A study investigating
seasonal variations in crude oil degradation in coastal
freshwater marshes found a high potential for intrinsic
crude oil degradation, with rate enhancement after fer-
tilization for certain seasons and compounds (Jackson
and Pardue 1997),
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Louisiana freshwater marshes are characterized by
near constant flooded conditions, with long periods of
inundation and less frequent periods of partial drying.
The marsh soil is a highly organic peat (>>80%) with
a large surface area per gram soil, and nutrient con-
ditions are eutrophic, although much of the nutrient
content is unavailable (Jackson and Pardue 1997). The
aerobic layer is quite small (1-5 cm) due to the high
organic content, with most activity dominated by an-
aerobic processes. Once the oil penetrates into the an-
aerobic layer, further degradation of the majority of its
components is much slower (Delaune et al. 1990, Lee
and Levy 1993). Nitrogen fixation, internal recycling,
and input of N-laden flood waters are the primary
sources of nitrogen; in general, these marshes have
low-levels of biocavailable N (Delaune et al. 1986, Fe-
ijtel et al. 1989). Addition of fertilizers to Louisiana
freshwater marshes stimulated macrophyte primary
production, suggesting N-limitation (Delaune and
Lindau 1990). In this study, very little "N was lost
from the peat due to incorporation of NH,*-N 1into soil
organic matter. Louisiana’s freshwater marshes are less
efficient at phosphorus retention than other wetlands.
Flooded soils are phosphate-deficient, although the mi-
crobial community is capable of short-term storage of
incoming phosphorous (Masscheleyn et al. 1992),

This study was conducted to investigate the poten-
tial for intrinsic and nutrient-enhanced crude oil bio-
degradation in freshwater marshes in Louisiana, The
effect of nutrient amendments on the kinetics of crude
oil degradation was also investigated. Crude oil deg-
radation was investigated both in laboratory micro-
cosms and in an intact-core study. Both studies used
a “sweet” Louisiana crude oil (SLCO), which is a
relatively non-toxic oil with high alkane, low polar,
and moderate polycyclic aromatic hydrocarbon (PAH)
concentrations. Information produced by this study is
useful in developing remediation strategies and high-
lighting the potential role of intrinsic degradation or
natural attenuation of crude oil biodegradation.

METHODS AND MATERIALS
Site Description and Sampling

The site location was near Lake Salvador at the
northern end of the Barataria Basin in Louisiana. The
gite is an intermittently flooded freshwater marsh, with
a seasonal water-level flux of approximately —5 to
+70 cm, and is dominated by Panicum hemitomon
Schuit. Samples for microcosm studies were taken
with a thin-walled aluminum core (15-cm diameter)
and transported to the laboratory in an upright posi-
tion. The upper 5 cm of the core was removed and
used to construct slurries for biodegradation experi-

ments. Samples for intact core studies were removed
using a machete to cut out sections of the marsh (900
cm? and 20 cm in depth). Sampies were immediately
transferred to glass aquaria in the field and brought to
the greenhouse. The sides of the aquaria were dark-
ened by aluminum foil to prevent algal growth.

Laboratory Microcosm Kinetic Studies

Crude oil biodegradation kinetics experiments were
conducted in completely mixed microcosms (Mas-
scheleyn et al. 1992). The microcosms contained 1.8
liters of a 40:1 (water/soil) (w/w) slurry produced from
surface soils (0-5 cm) obtained from the study site.
Microcosms were amended with unweathered SLCO
at a concentration of 0.7 g oil/g soil. This is approxi-
mately equal to a moderate oil spill loading rate. Mi-
crocosms were operated in a completely aerated mode
with air flow greater than 15 ml/min. Three treatments
were monitored: microbially-inhibited (2 g NaN,/
flask), unamended (no fertilizer amendment), and am-
rmonium and phosphate amended (16 mg-NH,*-N and
5.0 mg-KH,PO,-P/g soil). All treatments were con-
ducted in duplicate. Late in the experiment (at 40
days), both unamended treatments were fertilized. Un-
amended 1 and 2 treatments received 16 mg NH,*-N
and 5.0 mg KH,PO,-P/g soil and 1.6 mg NH,*-N and
0.5 mg KH,PO,-P/g soil, respectively. Temperatures in
the microcosms were 25+2°C.

The microcosms were sampled for oil components
by removing 5 ml of slurry, which was extracted with
1:1 (V/V) hexane:acetone (Jackson et al. 1996). The
phases were separated using centrifugation, and the ex-
tracts were passed through anhydrous Na,SO, to re-
move residual water. Finally, the samples were con-
centrated under a stream of dry nitrogen to a suitable
volume for analysis. The oil extracts were analyzed by
GC-MS using 170,21B-hopane as a normalizing com-
pound (Prince et al. 1994). Using hopane as a nor-
malizing compound (i.e., expressing the results as the
ratio of the measured compound to hopane concentra-
tion) allows biodegradation to be separated from other
loss processes. Alkanes C11-C66, pristane, and parent
C1 and C2 naphthalenes and phenanthrenes were mon-
itored. In addition to the transformation of oil, am-
monium concentration was monitored throughout the
experiment using an ion-selective electrode.

Biodegradation data were fitted to a first-order deg-
radation equation:

C/IC,=A + Ble™)

where C = hopane ratio at time t (days), C, = initial
hopane ratio, A = fraction of hopane ratio that does
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not degrade (i.e., the asymptote), B = the fraction of
hopane ratio that degrades ultimately, and k = first
order degradation rate (day '). First-order rate con-
stants were expressed as %/day after multiplying (k)
by (B*100). The equation was fit using non-linear re-
gression using the Marquardt algorithm.

Intact Core Studies

Additional stndies used large box cores removed in-
tact from the field and transferred to glass aquaria,
which were subsequently placed in the greenhouse.
Water levels in the aquaria were adjusted to approxi-
mately the level of the soil surface using water from
the site. The cores were contaminated with 113 mg
oil/cm? This concentration is indicative of a light-to-
moderate oil spill. Five cores were used as an un-
amended control, and five cores each received phos-
phate (0.5 mg P-K,HPO /cm?) and a range of ammo-
nium nitrogen (0.1, 0.5, 1.0, 5.0, and 10.0 mg NH,'-
N/cm?). A beaker with a thin layer of oil (5 cm) was
placed alongside the aquaria and allowed to weather
in the greenhouse under the same conditions. At the
end of 4 weeks, the mesocosms were cored using 15.0-
cm-diameter, thin-walled aluminum cores. Approxi-
mately 20% of the surface area of each treatment was
sampled by removing the top 5 cm of soil and ho-
mogenizing. Subsamples were taken and mixed with
MgSO. to reduce the water content. The oil was ex-
tracted using supercritical fluid extraction with un-
modified CO, (flow rate = 11 ml/min; extraction time
= thirty minutes; oven temperature = 100°C; restrictor
temperature = 175°C; and a collection solvent (di-
chloromethane) held at 4°C). This extraction procedure
had a recovery of 8595% depending on the com-
pound (Jackson et al. 1997). Oil analysis on the ex-
tracts was conducted as in the microcosm study.

RESULTS AND DISCUSSION
Kinetic Study

The freshwater marsh demonstrated a substantial ca-
pacity to degrade the alkane fraction of crude oil. Mi-
crocosm studies showed rapid and nearly complete
{greater than 90%) degradation of parent alkanes
(C11-C66) in the fertilized (phosphate and ammoni-
um) treatments (Figure 1A). Unamended microcosms
also showed substantial (60%) degradation of the al-
kane fraction (Figure 1B). Microbially inhibited con-
trols did not demonstrate large reductions in hopane
ratios (Figure 1C). First order rates of degradation of
the summed alkane fraction (C11-C66) for the nutrient
enhanced treatments were more than double those of
the unamended, 5.8% day~' for the ammonium and
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Figure 1. Total alkane degradation in freshwater marsh soil
(aerobic slurries} under ammonium- and phophate-amended
(A), unamended (B). and microbially inhibited (C) condi-
tions. Nutrients were added to unamended treatments on day
41.

phosphate fertilized versus 2.0% day' for the un-
amended treatment (Table 1), which is significantly
different (p <0.05).

The cumulative rate of PAH degradation in the
marsh microcosms was higher than the alkzne rate
(Figure 2A). High PAH degradation rates have also
been observed in other studies involving both fresh-
water and salt marshes (Jackson et al. 1996, Jackson
and Pardue 1997). Significant decreases in the hopane
ratios of the microbially inhibited treatment were ob-
served and are attributable to the unsubstituted, parent
naphthalene compound, which is volatile (Figure 2B).
Additions of phosphate and ammonium enhanced the
rates of degradation (Figure 2C). The first order rate
constant of the fertilized treatment (13.3 day~') was
statistically higher (p<<().05) than the unamended treat-
ment (6.8 day~') using a paired t-test (Table 1).

To further determine the possibility of stimulating
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Pseudo-first order degradation rate constants (%/day) of crude oil in microcosm.

Table 1.
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Figure 2. Total PAH degradation in freshwater marsh soil
(aerobic slurries) under unamended (A), microbially inhib-
ited (B), and ammonium- and phosphate-amended (C) con-
ditions. Nutrients were added to unamended treatments on
day 41.

crude oil degradation by nutrient addition, both phos-
phate and ammonium were added to the unamended
treatments on day 41. Both concentrations were ap-
proximately equally effective at increasing the degra-
dation rates of the alkane fraction (first order degra-
dation rates of unamended treatment 1 = 8.2%/day and
unamended treatment 2 = 6.2%/day), providing sup-
porting evidence of the ability of nutrients to enhance
the alkane degradation in a freshwater marsh after a
spill. The PAH fraction was already nearly completely
degraded, so no data were available.

The two- to three-fold increase in degradation rate
achieved by nutrient addition is substantial and is sup-
ported by previous seasonal studies (Jacksen and Par-
due 1997). However, the effectiveness of nutrient ad-
ditions is more clearly shown by the examination of
the degradation rates of individual components of the
alkane fraction. The unamended microcosms had high
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Figure 3. Ammonium concentrations in porewater of aer-
obic slurmies under unamended (A) and ammonium- and
phosphate-amended (B) conditions. Ammonium and phos-
phate added to unamended treatments on day 41.

rates of degradation (ranging from 2-8 %/day) of the
smaller-chain alkane fraction C11-C14. Higher chain
length alkanes had comparatively lower rates of deg-
radation (0.7-1.6 %/day) in unamended microcosms.
After fertilization, however, there was little difference
in rate constants between the various alkanes. For al-
kanes C15 and greater, the increase in degradation rate
constants from fertilization was 5-7 fold. Clearly, a
greater benefit for fertilization is seen from the more
persistent, longer chain alkanes. The persistence of this
fraction of crude oil in the absence of nutrient addi-
tions for salt marsh systems has been previously doc-
umented for salt marshes (Lee and Levy 1993).

The level of fertilization necessary for stimulation
of crude oil degradation in freshwater marshes is of
interest. Figure 3 presents the measured porewater
concentrations of ammonium throughout the experi-
ment. Porewater ammonia concentrations have been
hypothesized to be a critical variable in stimulating
biodegradation after oil spills (Bragg et al. 1994). Ad-
dition of nutrients increased porewater ammonium
concentrations, as expected (Figure 3). The increasing
ammonium concentrations in the unamended treat-
ments over time (Figure 3A) is probably due to min-
eralization of organic matter in these closed micro-
cosms.

Previous studies have shown that while these near-
coast freshwater marshes contain large amounts of to-
tal nitrogen, most is unavailable (DeLaune et al. 1986).
Nitrogen limitation of macrophyte primary production
in these systems has been documented (DeLaune and

Lindau 1990). A seasonal build-up of ammonia in the
winter has been seen in several studies (Sasser et al.
1991, Jackson and Pardue 1997). Ammonia concen-
trations remain low during the plant growing season
(spring and early summer), as it is rapidly taken up by
plants. In a previous study, fertilization enhanced the
mineralization of hexadecane (C16) and phenanthrene
throughout the year but much less than in a salt marsh
within the same basin (Jackson and Pardue 1997).

Intact Core Study

In order to study how freshwater marsh systems re-
spond to crude oil degradation in a more realistic man-
ner, an intact core study was initiated, which was de-
signed to minimally disturb the marsh soil. In partic-
ular, the applicability of rate constants determined in
microcosm studies to this more realistic study were of
interest.

Substantial degradation for all compounds except
pristane occurred in all treatments compared to a
weathered control oil sample (Figure 4). The un-
amended cores showed fairly uniform degradation
(60~-70% remaining after 4 weeks). In addition, the
standard deviations were fairly small for this type of
data (~20%) and are indicative of limited, small scale
variation of crude oil degradation in the marsh. The
percent reduction in crude oil hopane ratios was con-
sistent with the calculated unamended rates (1-2%/
day) from the microcosm study. In addition, similar
class-specific effects were observed (i.e., higher rates
of degradation with lower alkane length). Interestingly,
the degradation of the PAH fraction in the unamended
cores was approximately equal to the alkane degra-
dation, indicating that the high intrinsic PAH degra-
dation rates found in the kinetic study may not be ob-
served in the field. One potential explanation is the
lower mixing energies that may reduce the availability
of these compounds.

Fertilization had a significant impact on crude oil
degradation in the intact cores. Nitrogen additions of
1 mg/cm? and higher greatly increased the total deg-
radation that occurred for all compounds {alkanes and
PAHSs). Even pristane, which was not significantly de-
graded in the unamended treatments or low fertilizer
treatments {0.1-0.5 mg/cm?) was substantially degrad-
ed in the higher ammonium loading rates (1-10 mg/
cm?) treatments. In general, over 80% degradation oc-
curred in the monitored compounds for the two highest
loading rates. This is consistent with the calculated
rates from the microcosm kinetic experiment ir this
nutrient range over this time scale. The optimum ni-
trogen fertilization rate seems to be approximately 5
mg/cm?. This loading rate produced an equal degra-
dation rate as achieved by the 10 mg/cm? loading rate
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Figure 4. Percent rcmaining {as compared to a weathered control) of crude oil components after 4 weeks in intact box cores

from a freshwater marsh.

but was substantially higher than the 1 mg/cm? loading
rate, the lowest loading rate in which any enhancement
was observed.

If it is decided that nutrient enhancement is desir-
able, then remediation efforts will need to be tailored
for this marsh. Nitrogen in some form (ammonium) is
a necessity. Nitrate or other oxidized nitrogen forms
would be unlikely suitable fertilizers, given the low
sorption rate (high wash out potential) and their large
potential loss through dentrification. Oleophilic for-
mulations are probably unnecessary given the high
sorption rates of ammonium on organic matter and the
potential for the formulation to cause further oxygen
depletion. Researchers have also shown that a critical
concentration of nitrogen is required for biostimulation
to be successful (Bragg et al. 1994). Loading rates be-
low this concentration will be a waste of resources,
while overfertilization may cause secondary problems
such as algal blooms. Actual optimum loading rates
will depend on a number of factors, such as the height
of water on the marsh, time of year, and exact sorption
characteristics of the amendment. The kinetic study
suggests that a critical concentration of 2.2 mg N/g oil
is needed to see a significant biostimulation effect.
This is of the same order of magnitude as the min-
mum loading rate that produced a significant effect in
the core study (8.8 mg N/g oil), Maximizing degra-
dation rates would require 2 tolO-fold greater ammo-
nium loading rates, although more studies would be

needed to compare the benefit-to-cost ratio of high
dose single application versus repeated low dose ap-
plications.

CONCLUSIONS

Freshwater marshes have a high inherent degrada-
tion potential for many crude oil components and seem
to respond well to nutrient enhancements. A two- to
three- fold increase in degradation is achievable by the
addition of the proper nutrients: nitrogen and, less im-
portantly, phosphate. However, the benefits of degrad-
ing the oil at 2 to 3 times the intrinsic rate will need
to be weighed against the cost. Near-coast freshwater
marshes accrete at a high rate, and the oxidized layer
is small (1-5 cm). If the oil is buried or moved to an
anaerobic zone, it is likely that the degradation rate of
crude oil wouid slow considerably (Hambrick et al.
1980, Delaune et al. 1990, Lee and Levy 1993). Deg-
radation of many crude oil components has been dem-
onstrated under anaerobic conditions, although long
lag times are involved (Coates et al. 1996}. In addition,
while this study has shown the potential for freshwater
marshes to degrade the alkane and the measured PAH
fraction, some of the more recalcitrant and toxic com-
pounds (e.g., the 4-ring PAHs) may be stable under
intrinsic conditions. A risk assessment would deter-
mine if these components are present at high enough
levels to pose a threat to system biota.
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