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Abstract

For almost a decade the Tallgrass Prairie Preserve in Oklahoma has been used as a field laboratory for the investigation
of aspects of the remediation and restoration of oil and brine spills. Objectives of this work have included: (1) simplification
of the remediation process and lowering the cost of remediation; (2) the development of methods to accelerate or jump-
start the restoration process; and (3) determining appropriate metrics for assessing the status of soil ecosystem recovery.
This research has resulted in a number of lessons learned that will be presented here which can be exported to other explo-
ration and production sites, especially sites located in sensitive ecosystems. Key observations have included the role of a
fertilizer amendment in linking the remediation and restoration process at an oil-impacted site, the use of nematodes as
ecological indicators in the restoration of oil- and brine-impacted sites, and the development of a two-stage process for
remediation of brine impacted sites that does not include significant use of gypsum.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Since 1997, the authors have been engaged in a
variety of projects in remediation and restoration
of crude oil and brine spills in the Tallgrass Prairie
Preserve (The Nature Conservancy) in northeastern
Oklahoma (Fig. 1). The tallgrass prairie ecosystem
in this area has never been plowed and has been
used only for grazing and ranching purposes. As a
0883-2927/$ - see front matter � 2007 Elsevier Ltd. All rights reserved
doi:10.1016/j.apgeochem.2007.04.011
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result very few exotic plant species have been intro-
duced in comparison to the other tallgrass prairie
ecosystems in North America. Historically, grazing
by bison and periodic fire have shaped and sus-
tained the growth of these native grasses and pre-
vented the encroachment of trees. Today, The
Nature Conservancy (TNC) employs bison and cat-
tle grazing as well as random burning to recreate a
pre-settlement-type Great Plains prairie landscape
in the preserve.

Located in a historic oil-producing area of Osage
County, the Preserve is also home to over 100 pro-
ducing oil wells that are operated through leases
.
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Fig. 1. (a) Tallgrass Prairie Preserve location in northeastern Oklahoma and (b) a map of the preserve showing detail and locations of
study sites. Numbers indicate sections at corners of townships.
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from the Osage Nation by a variety of small inde-
pendent producers. These wells are considered mar-
ginal or stripper wells in that most produce only a
few barrels (bbl) of oil per day. However, these wells
also produce large quantities of produced water or
brine with total dissolved solid (TDS) concentra-
tions of >100,000 mg/L. The current method of
brine disposal is by re-injection. However, there is
historic damage within the Preserve in the form of
five brine scars. Although their actual age is
unknown, these scars are clearly visible in aerial
photographs dating back as far as 1937. Production
in this part of Osage County began around the turn
of the century. With active production occurring
from an aging infrastructure, occasional spills of
produced fluids (oil plus brine) still occur on the
Preserve as do spills of oil or brine only. These spills
have created research opportunities to gain insight
into spill prevention and the remediation and resto-
ration processes as well as to train students who are
engaged in authentic research experiences as part of
the remediation of these sites for The Nature Con-
servancy (TNC).

The objectives of the work to date have been
3-fold. First, the authors have worked to simplify
the remediation process and lower the cost of reme-
diation as much as possible. The better the process
is understood by small producers and the lower
the costs, the more likely that adequate remediation
will be attempted and be successful when a spill
occurs. However, the effects of simplification and
cost-cutting in the remediation process on the resto-
ration process that follows have been carefully
considered. True restoration of remediated sites
can be a complicated and lengthy process. The sec-
ond and third objectives of the work in the Preserve
are the development of methods of accelerating or
jump-starting the restoration process and determin-
ing appropriate metrics for assessing the status of
soil ecosystem recovery. Although this work is
continuing a summary of lessons learned to date
are presented here. Specific lessons learned in spill
prevention and the remediation and restoration of
crude oil and brine spills are shown in italics.

2. Lessons learned-maintenance

2.1. Proper maintenance will produce significant

benefits in minimizing oil and brine spills

Beginning in about 1993 and continuing through
at least 2002, the Oklahoma Corporation Commis-
sion (OCC) established and maintained an Access
database containing information derived from citi-
zens complaints made to the OCC. These data were
largely specific to oil and gas exploration and pro-
duction (E&P), were typically highly specific geo-
graphically (i.e. provided a location specific to a
single section or one square mile [2.8 km2]), often
provided quantitative estimates of volumes of
released fluids, and provided narrative information
that could be abstracted to deduce the specific ori-
gins, causes, and environmental consequences of
the release of oil and/or brine. The basis for the
summary of these data reported here is the more
detailed analysis by Fisher and Sublette (2005).

During the 10-year period reviewed, E&P opera-
tions in Oklahoma are estimated to have released
approximately 620,000 bbl of crude oil (average size
spill of 34–46 bbl) and approximately 1,460,000 bbl
of brine (average size spill 89–158 bbl). There does
not appear to be any correlation between oil price
and the number or size of releases of either oil or
brine during the period of record. The average size
of oil releases for the period 1993 through 2002
remained relatively constant. Given then that oil
production in Oklahoma declined by about 32%
from 1993 to 2002 (Oklahoma Corporation Com-
mission, 2004), it could be argued that releases of
both oil and brine actually increased during this per-
iod with respect to the total volume of fluids
produced.

To put the volume of oil released from E&P
operations in Oklahoma in perspective, for the
10-year period between 1993 and 2002, US Coast
Guard (2003) reported that the average crude oil
spill to water ranged between 2.6 and 13.1 bbl,
and the cumulative crude oil released to marine
coastal waters during this period was 93,366 bbl.
Consequently, the estimated volume of crude oil
released in Oklahoma from E&P operations for
the 10-year period of record reflected by the OCC
database was about six times greater than all crude
oil spills to coastal marine waters recorded for all
sources by the US Coast Guard between 1992 and
2001. In total, the reported amount of oil released
in Oklahoma from E&P activities was about 2.2
times the oil lost from the Exxon Valdez in March,
1989 (National Oceanic and Atmospheric Agency,
1992).

For both oil and brine spills, tanks and lines were
the source of about 80% of the total estimated vol-
ume of both fluids when a source of release was
identified. Tanks were the more important source
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for oil release (46.7% of total estimated volume
released), while lines were the more important origin
of brine release (�48% of total estimated volume
released).

Overflows accounted for nearly 50% of all inci-
dents involving brine and nearly 35% of all incidents
involving oil. When the volume of fluid release is
considered, overflows completely dominated the
causes of oil release (�83% of the total estimated
volume released), and substantially dominated brine
release (�54% of the estimated volume of brine
released). Although line leaks resulted in the release
of more brine, line leaks were infrequently assigned
as cause. Based on the authors’ field experience, the
dominant cause of line leaks was probably corro-
sion. Illegal activity (theft, vandalism, dumping,
etc.) was a frequent cause of both oil and brine
release (�15% of reported incidents). When esti-
mated release volume was considered, however, ille-
gal activity was a substantially more important
cause for brine release (�24% of total estimated vol-
ume released) than for oil release (�5% of the total
estimated volume released). Storm events accounted
for �10% of the total estimated volume of brine
released but was a minor cause of oil release (<5%
of the total estimated volume released).

In summary, a substantial volume of oil and
brine was released to the environment in 1993–
2002 from E&P operations in Oklahoma. Tanks
and lines were by far the most significant sources
of oil and brine releases when a source of release
was given. Overflows, principally of tanks, were
the most significant cause of both oil and brine
release when a cause of release was reported. The
greatest potential reduction in the release of oil
and brine from E&P activities in Oklahoma would
be achieved if fluid releases from tanks and lines
were eliminated. Consequently, the OCC, oil and
gas producers, and technology developers, and
funding agencies should focus resources on the
maintenance of tanks and line systems. Such a focus
would produce an immediate decrease in environ-
mental releases of oil and brine from E&P opera-
tions in Oklahoma. Of particular interest would be
corrective action focused on the elimination of tank
overflows.

3. Lessons learned – crude oil spills

The most economical method of remediating soil
impacted by crude oil is an in situ landfarm. In situ

landfarming is well within the capabilities of small
independent producers, and most of these small
producers are at least aware that landfarming is
often their most economically viable option for
dealing with a terrestrial crude oil spill. They simply
need to know what to do and when to do it. These
producers get their information from a variety of
sources including other producers, web sites, ven-
dors, and training workshops like those sponsored
by the Integrated Petroleum Environmental Con-
sortium (http://ipec.utulsa.edu). The authors’ expe-
rience in working with small independent producers
has been that there is a lot of confusion among
unskilled practitioners regarding fertilizer amend-
ments in landfarming: What kinds of fertilizers
should be used? How much should be used? When
should fertilizer be applied? Early guidelines for
landfarming of crude oil and other hydrocarbons
often made recommendations for fertilizer additions
based on a weight ratio, usually C:N:P:K of
100:10:1:1 (Pope and Matthews, 1993). This ratio
can be calculated from a purely academic exercise
using the empirical formula for a microbe and
assuming that about half of the hydrocarbon is
incorporated into biomass and half is oxidized to
CO2. Reality, however, is somewhat different.
Actual N and P requirements are overestimated by
this ratio. When conditions are appropriate for
hydrocarbon biodegradation, a rapid growth of soil
microbes results from the biodegradation of the
most accessible and biodegradable hydrocarbons.
Correspondingly, hydrocarbon concentrations drop
sharply as a result of degradation. Soon, the remain-
ing hydrocarbons cannot sustain the high concen-
tration of microbes – there is simply no longer
enough accessible food to support such a large
microbial population. What follows is cell death
and subsequent mineralization of cellular N and P.
In this way cellular material then becomes bioavail-
able to surviving microbes. In summary, an initial
high N and P demand is followed by incorporation
of these nutrients into soil microbes. Microbial
death releases these nutrients back into the soil eco-
system where they become available to support con-
tinued degradation of hydrocarbons. In this way
hydrocarbon degradation can be sustained over a
longer period of time.

Anecdotal evidence indicates that the publication
of these C:N:P:K ratios has led to misunderstanding
of nutrient requirements and how fertilizers should
be applied during landfarming. One fallacy has been
the notion that a one-time addition of fertilizers
(following these guidelines) is sufficient to supply

http://ipec.utulsa.edu
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all the nutrient requirements for bioremediation of
the hydrocarbon. This may or may not be true,
and is dependent on how readily nutrients will be
lost via leaching, adsorption, denitrification, etc.
The idea of a one-time fertilizer application is
appealing to small producers since it seems to pre-
clude the need for nutrient monitoring. However,
the biggest problem associated with a one-time
addition of fertilizer in the above proportions is
the potential for high soil salinity (US DOE,
2002). These salinity levels can be inhibitory to soil
microbes, at least initially.

Then there is always the idea that if a little is
good, a lot is better. However, experience has now
shown that incremental amendments of N and P
are optimal in terms of maintaining high rates of
hydrocarbon biodegradation without inhibitory
effects (US DOE, 2002). Incremental amendments
of fertilizer also offset losses of bioavailable N and
P. These losses can be somewhat site specific. There
is also a tendency among some unskilled practitio-
ners to not use fertilizer at all. There is plenty of evi-
dence, anecdotal and otherwise, that this approach
can be successful if there is a sufficient pool of nutri-
ents in the soil to support the biodegradation of a
large influx of C from crude oil into the ecosystem
(US DOE, 2002).

But what is the effect of the absence of a fertilizer
amendment on hydrocarbon biodegradation rates?
What is the effect of a depleted soil nutrient pool
on site restoration once a bioremediation endpoint
has been achieved? Several lessons have been
learned in regards to the remediation and restora-
tion of crude oil impacted sites. These lessons derive
from a long-term experiment carried out in the Pre-
serve primarily from early 1999 through 2003 (Sub-
lette et al., 2007). (It should be noted that the sites
used in this experiment are still under observation
today.) In this experiment, a spill of crude oil on soil
was remediated using in situ landfarming, with and
without a fertilizer amendment. A number of
parameters were monitored including N availability,
soil microbiology (numbers, community structure,
diversity), nematodes (numbers, trophic diversity,
community structure), and ultimately plant commu-
nity structure and diversity during initial revegeta-
tion. The objectives of this experiment were: (1) to
determine the effect of a fertilizer amendment on
the rate of the bioremediation of crude oil in prairie
soil; (2) to determine the effect of a fertilizer amend-
ment on subsequent recovery of the soil ecosystem
impacted by crude oil; and (3) to identify sensitive
ecological indicators useful in monitoring the recov-
ery of soil ecosystems impacted by crude oil (Sub-
lette et al., 2007).

In January 1999, a pipeline break resulted in a
spill of approximately 11 m3 of dewatered crude
oil in the Preserve (J6 in Fig. 1). Pooled crude oil
retrieved from the site two days after the spill had
the composition shown in Table 1. The immediate
effect of the spill was contamination of a 930-m2

area (designated J6N) near the break; however, as
crude oil flowed over the site it entered a lease road
where it continued to flow in a gulley until re-enter-
ing pristine prairie about 100 m away impacting an
additional 450 m2 of grassland (designated J6S).
Being nearest the source, the larger of the two
impacted sites (J6N) had the highest initial total
petroleum hydrocarbon (TPH) concentration as
measured by EPA Method 418.1 (EPA, 1979) of
about 33,500 mg/kg (dry wt. basis) when remedia-
tion was initiated (following the first tilling). The
smaller of the two sites (J6S) was more remote from
the source and had an initial TPH concentration of
about 4800 mg/kg.

Both J6N and J6S were divided in half with bur-
ied corrugated PVC sheeting to isolate the fertilized
(down slope) and non-fertilized (up slope) sections.
There was a one-time addition of prairie hay
(200 kg/100 m2) to both sites in May 1999. Begin-
ning in May 1999, fertilizers were added with tilling
(to a depth of 15 cm) to the fertilized sections of
both impacted sites in four increments over 2 a to
give an overall C:N:P:K weight ratio of
100:1:0.2:0.2. The fertilizers used were NH4NO3,
P2O5 and K2O. The last application of fertilizer
was in April 2001. The last tilling event (no addition
of fertilizer) was October 2001. When fertilizer was
added to the down slope sections of J6N and J6S,
the up slope non-fertilized sections were also tilled.
Natural rainfall was the only source of moisture.
The last tilling event marked the end of the remedi-
ation period and the beginning of a restoration
stage.

Two types of controls were used as target soil
ecosystems. One was a 430-m2 section of pristine
tallgrass prairie that was tilled but not fertilized
(J6C). Hay was added to this section at the same
loading rate as the impacted sites in May 1999
with tilling. Subsequently, when the impacted sites
were tilled or tilled and fertilized J6C was only
tilled. The second type of control or target
soil ecosystem was unimpacted, native tallgrass
prairie. The methods used in the analysis of this



Table 1
Composition of crude oil (% by weight) at the J6 site after 2 days
of weathering (gas chromatographic analysis)

Carbon number fraction Aliphatic Aromatic

C10–C12 4 0
C12–C16 28.7 4.8
C16–C21 27.5 4.7
C21–C35 24.6 5.5
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hydrocarbon-impacted site have been described
elsewhere (Sublette et al., 2007; Winer et al., 1991).

3.1. Fertilizer amendments can increase rates of

bioremediation

TPH concentrations in the fertilized section of
J6N were significantly below 2500 mg/kg by June
2001. The non-fertilized section appeared to take
somewhat longer to reach comparable levels. Mod-
eling the biodegradation of hydrocarbons as a first-
order reaction yielded rate constants of
0.0033 days�1 (fertilized) and 0.002 days�1 (non-fer-
tilized). The corresponding half-lives for TPH
reduction were 210 days for the fertilized section
and 346 days for the non-fertilized section. A statis-
tical comparison of the slopes of plots of ln[TPH]
vs. time showed that the slopes (i.e, the rate con-
stants) were significantly different but only at
p < 0.2. Similar treatment of TPH data from J6S
showed that TPH levels were below 2500 mg/kg
by April 2001 in both the fertilized and non-fertil-
ized plots. Rate constants for TPH biodegradation
in the fertilized section of J6S (0.0023 days�1) and
the non-fertilized section of J6S (0.0020 days�1)
were not significantly different.

3.2. Fertilizer amendments offset losses in plant

available nitrogen during bioremediation

Nitrogen mineralization rates are a direct mea-
sure of N availability in soil (Maynard and Kalra,
1993; Schimel, 1986). A positive mineralization rate
reflects a tendency toward net conversion of organic
N to inorganic N and, therefore, increased availabil-
ity of N to plants and soil biota. A negative miner-
alization rate reflects a tendency toward net
immobilization and reduced availability of inor-
ganic N. At each sampling time during the restora-
tion period (post-tilling) N mineralization rates were
observed to be comparable in all plots and the
native prairie soil with one exception, the non-fertil-
ized section of J6N in 2002. During 2002 mineraliza-
tion rates in the non-fertilized section of J6N were
significantly lower than in the fertilized section
(p < 0.07 in June, p < 0.05 in March and October).
In spring and fall of that year, a net immobilization
of N was observed in the non-fertilized section. It
appears that in 2003 microbes in the non-fertilized
section were still degrading a large C inventory
(hydrocarbons and partially oxidized hydrocar-
bons). In turn these microbes were also drawing sig-
nificantly on inorganic N pools with a net
immobilization of soil inorganic N.

3.3. Disturbance in the soil nitrogen pool impacts soil

microbiology

Since less than 10% of all soil microbes have been
cultured, molecular methods, specifically phospho-
lipid fatty acid (PLFA) analysis and PCR amplifica-
tion of the 16S rRNA gene and amoA (a gene
coding for a subunit of ammonium monooxygenase,
a bacterial enzyme essential for biogeochemical
cycling of N), were used to examine the effects of
fertilizer amendments on remediation and restora-
tion within the J6 plots. PLFA analysis is based
on the extraction and separation of lipids from
microbial membranes. Extraction and separation
are followed by a quantitative analysis of these
membrane lipids using gas chromatography/mass
spectrometry (GC/MS). Signature lipid biomarker
analysis provides quantitative insight into three
important attributes of microbial communities: via-
ble biomass, community structure and nutritional/
physiological status (White et al., 1997). The follow-
ing is a summary of important observations which
relate to the effect of fertilizer amendment and the
utility of the methods used (Sublette et al., 2007).

1. Temporal trends in PLFA concentrations
(reflecting concentrations of viable microbial bio-
mass) in the different sites were difficult to inter-
pret because of a strong influence of soil moisture
on numbers of soil microbes (positive linear cor-
relation, r = 0.4, p < 0.05, N = 65 overall and
r = 0.6, p < 0.05, N = 35 while tilling was still
occurring). In order to limit the effect of soil
moisture and differentiate between treatments,
total PLFA concentrations were analyzed using
a repeated-measures ANOVA (Winer et al.,
1991) which takes into account the relatedness
(soil moisture) of PLFA concentration measure-
ments at the time of sampling. During the reme-
diation phase, all impacted plots [oil impacted
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(J6N and J6S) and the tilled control (J6C)] had
significantly lower (p < 0.05) PLFA concentra-
tions than the native prairie controls but all
impacted plots were indistinguishable from each
other. During the first year of the restoration
phase (2002), only the non-fertilized sections of
J6N and J6S were clearly distinguishable from
native prairie controls with significantly lower
PLFA concentrations. In the second year of the
restoration phase, only the non-fertilized section
of the most highly impacted plot (J6N) had
clearly depressed concentrations of PLFA com-
pared to native prairie controls.

2. Proportions of mid-branched saturated fatty
acids (MidBrSats) were significantly lower
(p < 0.05) in the fertilized section of J6N in com-
parison to all other impacted plots as well as
native prairie controls during both the remedia-
tion and restoration phases. This may reflect a
difference in relative numbers of Actinomycetes,
which possess large proportions of these fatty
acids in their membranes. Actinomycetes are par-
ticularly associated with the decomposition of
macropolymers such as bacteria, fungal, and
plant cell walls. With large amounts of highly
degradable C sources available (i.e., hydrocar-
bons), Actinomycetes would be less competitive
for resources because the growth rates of Actino-
mycetes are typically slower than that of a hydro-
carbon degrader such as a Pseudomonas sp. In
comparison to the total quantity of phospholip-
ids fatty acids isolated, there was an increase in
the proportion of MidBrSats as the remediation
phase progressed into the restoration phase.
However, this proportion remained significantly
lower in the non-fertilized section of J6N com-
pared to all other sites during the restoration
phase. Clearly this influx of organic matter (the
hydrocarbon) was not processed as quickly in
non-fertilized section of J6N. The proportion of
MidBrSats in the fertilized section of J6N were
comparable to controls overall (J6C and native
prairie) (Sublette et al., 2007).

3. Principal component analysis (PCA) is a method
of determining the relatedness between different
sites or treatments. This method takes a complex
set of measurements and incorporates them into
two factors which can be mapped in an x–y space
(Winer et al., 1991). PCA analysis was performed
on PLFA data from J6N and J6C at the struc-
tural group level. The fertilized and non-fertilized
sections of J6N mapped together in 1999 but
were separated from J6C. This means that both
oil impacted sites were similar to each other
shortly after the spill but both were different from
the tilled control (J6C) in terms of community
structure. In 2001, the fertilized section of J6N
and J6C mapped very close together but were
well separated from the non-fertilized section of
J6N. In 2002, the non-fertilized section of J6N
began to map closer to the fertilized section of
J6C and in 2003 the fertilized and non-fertilized
sections of J6N overlapped. Therefore, the soil
microbial community structure in J6C and the
fertilized section of J6N were very similar early
in the restoration phase (2001). The community
structure of the non-fertilized section of J6N
required another 2 years to start to resemble
the tilled control (J6C). Thus fertilizer addition
accelerated the restoration of the J6N oil
impacted site in terms of microbial community
structure.

4. 16S rRNA gene libraries derived from soil sam-
ples taken from impacted plots and controls at
various points in the contamination-remedia-
tion-recovery process were sequenced and domi-
nant groups of soil bacteria identified. The
undisturbed prairie control was found to have
high proportions of actinobacteria, a-proteobac-
teria, and acidobacteria and lower proportions of
firmicutes, bacteroidetes, b- and d-proteobacte-
ria, but was noteworthy for the low proportion
of c-proteobacteria. This may be significant
because many of the most well characterized aer-
obic hydrocarbon-degrading bacteria come from
the c-proteobacteria (Van Hamme et al., 2003).
Tilling was found to minimally disturb these pro-
portions. Plots impacted by crude oil had
decreased representation of actinobacteria and
acidobacteria and an increased proportion of
firmicutes and c-proteobacteria. The increase in
c-proteobacteria was particularly high. Groups
that increased in the oil-impacted plots of J6N
were those groups that contained cultured mem-
bers able to respond rapidly to an influx of read-
ily degraded hydrocarbons. Those groups that
decreased contained bacteria that tend to grow
more slowly (actinobacteria, acidobacteria).
These findings are consistent with the PLFA
structural group analysis. Cluster analysis and
discriminant function analysis (used to construct
a predictive model of group membership based
on the characteristics of samples in each group)
based on the relative proportion of 16S rDNA
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clones in each of nine major groups of bacteria
showed that the application of a N-containing
fertilizer resulted in fewer differences between
oil impacted sites of J6N compared to the control
sites (J6C and undisturbed prairie) in the relative
proportions of the major groups of bacteria. Rel-
ative proportions of the major bacterial groups in
the fertilized plot of J6N (4 a after the original
contamination) were more similar to those in
the native prairie controls.

5. After fertilizer addition nearly half of the 76
amoA clones from the fertilized section of J6N
were similar to those of the ammonium-oxidizing
bacterium Nitrosospira multiformis. Very few
clones from the non-fertilized section of J6N,
the tilled control (J6C) or the native prairie con-
trol clustered with N. multiformis. Sequences sim-
ilar to those found in the fertilized section of J6N
have been obtained from irrigated soils, rice root
soil, meadow soils, and from a microcosm soil
treated with N-containing fertilizer. It is likely
that organisms with this amoA sequence were
present in low numbers in uncontaminated soils.
After oil impact, these bacteria were stimulated
by the fertilizer amendment. Clones with this
sequence were found in the J6N site after con-
tamination but prior to application of the first
fertilizer amendment.

In summary, PLFA and DNA analyses of soil
bacteria have shown that the addition of fertilizer
during bioremediation of a terrestrial crude oil spill
accelerates the subsequent restoration of the soil
ecosystem in terms of re-establishing pre-impact N
cycling and microbial diversity. Restoration of
microbial diversity is the first step in re-establishing
the wide range of biogeochemical functions that are
responsible for the recycling of soil nutrients and
sustaining life below and above ground. The effect
of the fertilizer addition was more significant when
higher concentrations of crude oil hydrocarbons
were present. This is due to the increased depletion
of soil nutrient pools under such conditions.

PLFA and DNA analysis have demonstrated
their effectiveness in discerning differences in the
temporal status of soil ecosystems in the various
J6 plots. This was particularly true in the presence
of the initially high concentrations of hydrocarbons.
However, these methods have two shortcomings as
ecological indicators. First, these methods are not
readily available to the practitioner. Commercial
laboratories are available which provide these ser-
vices but the cost would often be prohibitive to
many practitioners. Second, rather complicated sta-
tistical analyses were required in order to document
differences in the community structure of soil
microbes. These two factors limit the usefulness of
these analyses as measures of soil ecosystem status.
Nevertheless, this leads us to another ‘‘lesson
learned’’ which provides more evidence of the bene-
fits of a fertilizer amendment in the recovery of a
soil ecosystem following bioremediation of a crude
oil spill.

3.4. Nematode community structure is a useful

ecological indicator of the recovery of impacted soil

ecosystems

Soil nematodes are microscopic round worms
best known as agricultural pests which feed on fine
plant roots (herbivores). However, there are several
other common nematode trophic groups including
microbivores (feed on bacteria), fungivores (feed
on fungi), omnivores, and predators (Yeates et al.,
1993). In addition to a trophic group association,
nematodes may also be classified by colonizer–per-
sister (c–p) class. The c–p classification is based on
the fact that different genera or families of nema-
todes have different sensitivities to disruption or
stress based on the characteristics of the individual
genera (Bongers, 1990). The colonizer–persister
scale ranges from 1 to 5 and assigns taxa that repre-
sent the life-history characteristics of nematodes
associated with r and k selection (Neher, 2001).
Nematodes that are ‘r’ selected (also known as col-
onizers) have short life cycles, reproduce very
quickly, have high nutrient requirements, and thus
have a lower colonizer–persister value. On the other
hand, nematodes that are ‘k’ selected (also known as
persisters) have longer life cycles, reproduce slower,
have lower nutrient requirements, and thus have a
higher colonizer–persister value (Bongers and Fer-
ris, 1999).

Taxa that fall under a common c–p class respond
similarly to their surrounding environmental condi-
tions (Bongers and Ferris, 1999). For example, nem-
atodes that have a c–p value of 1 represent r-selected
or colonizer organisms with short-generation times,
many fluctuations in their population, and high
rates of reproduction (Bongers et al., 1995). The
c–p 1 class is primarily made up of microbivores
(feed on bacteria) which bloom in food-rich condi-
tions (Bongers, 1990; Bongers et al., 1995; Bongers
and Bongers, 1998). Nematodes with a c–p value 5
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represent k-selected or persister nematodes. These
organisms produce fewer offspring and in general
appear late in successional recovery after a distur-
bance (Bongers and Bongers, 1998; Bongers and
Ferris, 1999). The nematodes that have c–p values
ranging between 2 and 5 are considered fairly stable
temporally, and thus provide long-term information
about environmental conditions (Neher, 2001). A
determination of the distribution of nematodes in
the various c–p classes over time can describe the
successional status of a soil community in response
to a disturbance.

A summary of c–p class data from the fertilized
and non-fertilized sections of J6N obtained during
the growing seasons of 2001 and 2002 are shown
in Table 2. As seen in Table 2 nematodes in c–p
class 1 dominated the nematode community in the
fertilized section of J6N in 2001, the last year of
the remediation phase. In 2002, c–p class 2 nema-
todes became abundant. Some nematodes in c–p
classes 3–5, which reflect a more mature community
structure, also began to appear. In contrast the non-
fertilized section of J6N was dominated by c–p class
1 in both 2001 and 2002. As late as 2003 no mem-
bers of c–p classes 3–5 were observed in any samples
from the non-fertilized section of J6N. Nematode
communities from J6C and the native prairie con-
trols consisted almost entirely of c–p classes 2–5.
It appears that the 1999 addition of hay with tilling
in J6C did not have a long-lasting effect on commu-
nity structure in terms of c–p class in contrast to the
effects of crude oil on J6N. Nematode community
structure showed that both fertilized and non-fertil-
ized sections of J6S were impacted by hydrocarbon
when compared to J6C. Both of these plots showed
more rapid recovery of community structure than in
oil-impacted plots in J6N. This was due to the lesser
hydrocarbon impact in J6S than in J6N. However,
Table 2
Nematode community structure in terms of c–p classes in the
fertilized and non-fertilized sections of J6N in 2001 and 2002

Plot/c–p class 2001 2002

J6N-Fertilized

c–p 1 89.3 14.3
c–p 2 9.4 71.5
c–p 3 1.2 14.2

J6N-Non-fertilized

c–p 1 97.5 73.1
c–p 2 2.5 26.9
c–p 3 0 0
nematodes of c–p class 1 were more often seen in
non-fertilized section of J6S compared to the fertil-
ized section.

The analysis of nematode community structure
proved to be a sensitive ecological indicator of dis-
turbance in the soil food web in a hydrocarbon-
impacted site. Community structure analysis using
c–p classes was capable of discerning the beneficial
effects of fertilizer addition on soil ecosystem recov-
ery even at the relatively lower hydrocarbon concen-
trations in J6S. A nematode c–p class analysis can
be readily obtained through university agricultural
extension services for a very reasonable cost. With
minimal training, a small producer can interpret
temporal trends in these data and make compari-
sons to target ecosystems.

4. Lessons learned-brine spills

Several lessons learned in the remediation and
restoration of brine-impacted sites derive from two
long-term experiments carried out in the Preserve
from early 1998 through 2003. In both of these
experiments, the objective was the demonstration
of low-cost methods of brine spill remediation. In
one case, lateral movement of salt out of the treat-
ment zone was encouraged (Sublette et al., 2005).
In the second experiment, a sub-surface drainage
system (SDS) was implemented due to the presence
of an environmental receptor down gradient from
the impacted site (Harris et al., 2005). A common
theme in these experiments was the absence of gyp-
sum as a soil amendment (except in a subplot at one
site as a treatment variable). Gypsum typically adds
significant cost to a brine spill remediation project
due to both the cost of the gypsum and the cost of
transportation and spreading. Additionally, the
effect of gypsum in mobilizing Na from clays is
manifested only to the depth to which it is applied
(Robbins, 1986). Further, the addition of large
amounts of gypsum to soil has the potential to inter-
fere with P cycling by precipitating Ca phosphate
(Sample et al., 1980). Reducing the salinity of
brine-impacted soils by using hay and fertilizer as
amendments will generally allow revegetation with
salt-tolerant, native plants in 1–2 years. Hay
increases macropores in the soil and facilitates
leaching of brine components. Fertilizer addition
supports biodegradation of the hay which in turn
produces by-products that increase the stability of
soil aggregates, thus further improving soil perme-
ability. Therefore, hay and fertilizer improve soil
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fertility while increasing the rate of salt leaching
from the soil (Harris et al., 2005).

Re-establishment of vegetation will minimize
erosion. These plants will also benefit the further
removal of salt from the root zone in that plant
roots exude organic compounds which increase the
stability of soil aggregates and build soil structure.
This in turn increases the hydraulic conductivity
of the soil and further increases rates of salt removal
through natural precipitation. In addition, in calcar-
eous soils, CO2 production from both microbial bio-
degradation and root respiration will increase the
solubility of calcite in the soil. This produces soluble
Ca+2 which displaces Na+ from clays. Unlike gyp-
sum, the effect of plant roots on soil structure
extends through the depths of the root zone (Rob-
bins, 1986). Salt-tolerant plants give way to less tol-
erant and often more desirable vegetation as salinity
is further reduced. If crude oil is spilled along with
brine, hay and fertilizer also stimulate the biodegra-
dation of the oil by increasing O2 penetration into
the soil and providing nutrients for soil
microorganisms.

Methods used in the analysis of these brine-
impacted sites have been described elsewhere (Har-
ris, 1998; Harris et al., 2005; Sublette et al., 2005).

4.1. Remediation without gypsum

During the fall of 1999 three different spills of
produced fluids (oil + brine caused by corrosion in
a single steel gathering line) resulted in three sepa-
rate lobes of contamination (N, M and S) which
extended in parallel down a slope of about 5%
(G5 in Fig. 1). The immediate effect of each spill
was a loss of vegetation cover. The amount of crude
oil and brine spilled is not known, but surface veg-
etation absorbed most of the crude oil in the upper
two thirds of each lobe. The area of the Preserve in
which the spills occurred is very rocky – the topsoil
is, on average, about 15 cm deep at the top of the
hill and thicker at the bottom of the hill. Soil tex-
tures at the sites are, on average, 35% sand, 40% silt
and 25% clay. Typically, for this area, the water: oil
ratio in produced fluids is 10–15:1. Produced water
brine in this area typically has a TDS concentration
of about 105,000 mg/L. Remediation was initiated
approximately 5 months following the original
spills. At this time the average Na+ and Cl� concen-
trations ranged from 1100 to 1580 mg/kg and 1600
to 3000 mg/kg, respectively. Average TPH concen-
trations ranged from 1300 to 5200 mg/kg. All 3 spill
sites (N, M and S) were ripped one time at the initi-
ation of treatment to break up tightly compacted
soil and allow better drainage. Treatments included:
N, hay + fertilizer + interception trench; M, inter-
ception trench; and S, hay + fertilizer. The inter-
ception trenches were essentially French drains
constructed at the down slope end of the spill site
and perpendicular to the axis of the spill. In each
case, a polymer pipe was used to connect the inter-
ception trench to a natural drainage area (a gully
system which drains into an intermittent creek)
(Sublette et al., 2005).

4.2. Recent brine spills can be remediated without

gypsum

In terms of the rates of Na+ and Cl� leaching
from the impacted sites the combination of hay
addition, ripping, and a down slope interception
trench was superior to hay addition with ripping,
or ripping plus an interception trench. The first
order rate constants for Na+ and Cl� removal were
significantly greater (p < 0.05) in the N (1.2 · 10�3

days�1) site than in the M site (3.0 · 10�5 days�1)
and were also significantly greater (p < 0.10) in the
N site than in the S site (5.0 · 10�4 days�1). Reduc-
tions in salt inventories (after 36 months) were 73%
in the N site (with hay addition, ripping and an
interception trench), 40% in the S site (with hay
addition and ripping only), and < 3% in the M site
(with ripping and an interception trench). After 36
months approximately one-third of the N site had
re-vegetated with Bermuda grass and mixed forbs.
In contrast very little re-vegetation (< 5%) was
observed in the S and M sites.

Gypsum amendments have been made by others
in an effort to remediate brine spills (Harris, 1998).
The intent is to mobilize Na+ by displacing Na+

with Ca2+ in clay lattices. At the present site, at a
clay content of 25%, the removal of Na+ was not
retarded by interaction with clay lattices. This was
evident from the fact that Na+ and Cl� leached at
comparable rates.

4.3. Brine spills impact soil microbial communities

but do not ‘‘sterilize’’ soil

Conventional wisdom in the oil and gas industry
has suggested that a brine spill ‘‘sterilizes’’ soil.
PLFA analysis of soil samples from N, M and S
impacted sites described above certainly challenges
that belief. Although PLFA concentrations in the
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impacted sites were (on average) about 50% lower
than in the corresponding control samples, these
concentrations represent cell counts of over 108 via-
ble cells/g dry wt. of soil (White et al., 1997). The
decreased concentration of soil microbes in a
brine-impacted site was not necessarily the direct
result of the presence of salt alone. The resulting
lack of vegetation, particularly the root structure,
caused by the brine spill also directly affects the
numbers of soil microbes.

Using PLFA structural groups, a cluster analysis
was performed to make gross comparisons of
microbial community structure in the impacted sites
relative to native prairie controls over a 4-year per-
iod following initiation of remediation. Samples
taken during the first 2 years of the study from
impacted areas were similar to each other and differ-
ent from the majority of the control samples. In
other words, the community structures of impacted
sites were clearly altered by the presence of oil and
brine contamination and the subsequent the loss
of vegetation. But samples taken from the impacted
sites during the fourth year of the study had greater
similarity to the control area. This demonstrates
that in terms of microbial community structure,
the impacted sites had become more similar to the
unimpacted control over time.

Gram-negative bacteria tend to produce cyclo-
propyl fatty acids when cells enter stationary phase
(a period of slow or zero growth) (Guckert et al.,
1985, 1986). If these cyclopropyl fatty acids and
their monoenoic precursors are enumerated, a pic-
ture emerges of average bacterial metabolic status
in a given soil sample. Overall metabolic status
may be indicated by the summation of two fatty
acid ratios derived from PLFA analysis (cy17:0/
16:1x7c + cy19:0/18:1x7c). (A description of fatty
acid nomenclature can be found at www.microbe.
com.) Larger values of this ratio indicate that the
microbial community may have limited growth or
metabolic capability. Impacted sites did not differ
from each other (p < 0.05) in terms of these meta-
bolic status indicators. However, the values of these
indicators in the impacted sites were statistically
greater than in the native prairie control (p < 0.05)
indicating more limited growth compared to the
control.

Many gram-negative bacteria also respond to
environmental stress with a change in the fatty acid
composition of their cytoplasmic membranes. Spe-
cifically, certain cis monoenoic fatty acids will be
converted to the corresponding trans version in an
attempt to modify membrane permeability (Guckert
et al., 1986). This effect is also quantified by com-
puting the summation of two ratios, (16:1x7t/
16:1x7c + 18:1x7t/18:1x7c). Elevated values of this
ratio reflect greater adaptation to stress in gram-
negative bacteria. The impacted sites did not differ
from each other at p < 0.05. However, environmen-
tal stress indicators in the impacted sites were statis-
tically greater than the unimpacted native prairie
control (p < 0.05). This indicated a greater impact
of environmental conditions on the gram-negative
community in the impacted sites when compared
to the unimpacted control.

Sequencing of 16S rDNA clone libraries was per-
formed. These libraries were derived from eubacte-
rial DNA extracted from brine-impacted soil and
showed that the impacted soils contained a diverse
microbial community although distinct from native
prairie. The microbial community in the brine-
impacted soil had a very low proportion of acidob-
acter, a low fraction of actinobacteria, and a high
proportion of firmicutes, c-proteobacteria, and,
especially, members of the bacteroidetes (CFB)
group.

In summary, the presence of brine components
and the subsequent loss of vegetation in the
impacted sites resulted in an altered microbial com-
munity with fewer soil microbes growing at slower
rates and experiencing greater stress than microbial
communities in the native prairie soils. Over time,
however, community structures impacted by brine
approached those of the unimpacted control as salt
was leached out of the site. One important observa-
tion is that the c-proteobacteria were less suscepti-
ble to brine impact than many other groups of soil
microbes. As noted above, most known aerobic
hydrocarbon degraders come from this group.

4.4. Hydrocarbon biodegradation proceeds in the

presence of brine components

In the oil and brine spill described above, soil
hydrocarbon concentrations (as TPH) decreased
over time in all treatments. Biodegradation was
assumed to be the operative mechanism for removal
of TPH from the impacted sites. First-order rate
constants for crude oil biodegradation in the three
treatments were not significantly different
(p < 0.05). However, TPH reduction clearly
occurred in the presence of brine. The average
TPH half-life considering all impacted sites was
267 days. This rate of hydrocarbon biodegradation

http://www.microbe.com
http://www.microbe.com
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compares favorably with those described above in
the J6 site, a location which was impacted by crude
oil only.

4.5. Sub-surface drainage system

In late 1995, a 2-in (5-cm) steel pipe connecting a
tank battery to a produced water re-injection well
failed in two places due to corrosion (SDS site in
Fig. 1). This resulted in the loss of approximately
400 bbl (64 m3) of brine. The brine flowed 60 m
downhill over approximately 2 acres (0.81 ha) of
pristine prairie and ultimately to a shallow ditch.
Rainfall then conveyed the brine components to a
stock pond approximately 500 m down gradient.
Migration of brine components over the next 2
years (by overland transport and lateral subsurface
transport) resulted in a continual source of contam-
ination for the pond (Harris et al., 2005).

In December 1997, a subsurface drainage system
(SDS) was installed. This system featured four lat-
eral lines of 4-in (10-cm) slotted polyethylene drain-
age pipe buried approximately 1 m beneath the
surface, just below the topsoil-subsoil interface.
The pipe was surrounded by approximately 3 in.
(7 cm) of limestone gravel with an average particle
diameter of 1/2 in. (1.3 cm). The dirt from the
ditches was used to construct berms immediately
down gradient of the drainage lines, as well as a
dam across the shallow ditch noted above to
encourage infiltration of rainfall. The four drainage
laterals effectively divided the site into four sections.

The upper three drainage lines were connected to
a collection line constructed of unslotted pipe. This
line and the lowest lateral line were connected to a
sump (25-bbl steel tank) buried in the lowest corner
of the site. A gasoline-powered pump and connect-
ing line were used to transfer the contents of the
SDS sump to the lease’s produced water disposal
system (saltwater holding tank). Soon after installa-
tion of the SDS most of the site was tilled. Twenty
large round bales of hay (approximately 5 metric
tons) were then unrolled, providing a 4-in. (10-cm)
thick layer over most of the site. The two subsec-
tions nearest the source were too wet to allow disk-
ing or the application of hay at that time. Not
surprisingly the subsections closest to the origin of
the spill initially exhibited the highest levels of con-
tamination. Revegetation did not occur in this area
during the first growing season following installa-
tion of the SDS and hay treatment. Therefore, it
was determined that further remedial steps were
needed. One subsection was treated with gypsum
following API guidelines (Carty et al., 1997) and
then tilled, while the second subsection was covered
with a 4-in. (10-cm) thick layer of prairie hay and
then tilled.

4.5.1. Sub-surface drainage systems provide effective

remediation of recent brine spills

The concentrations of Cl� and Na+ in surface
soil samples at this site were monitored over a
4-year period beginning in 1998. The concentrations
of these brine components were seen to decrease sig-
nificantly across the entire site during this time per-
iod. Chloride and Na+ concentrations in the soil
were reduced by an average of 93% and 78%,
respectively, by the 4th year after the SDS was
installed. Therefore the SDS was both effective
and efficient. On the whole, the site experienced sig-
nificant revegetation as a result of this remediation.
Knotweed and ragweed were most plentiful initially.
The vegetation in subsequent growing seasons was
both more widespread and more diverse. By the
4th year of the study 95% of the site was revegetated
(Harris et al., 2005).

4.5.2. Leachate from subsurface drainage systems

may require disposal

The leachate collected by the SDS during the first
year of operation was relatively concentrated
([Na+] > 600 mg/L) indicating that special disposal
of the leachate produced by an SDS may be
required. Re-injection at the lease, preferably
through the use of an existing produced water re-
injection well, would be the most cost-effective
means of leachate disposal. However, the presence
of dispersed clays in the leachate may present a bar-
rier to this approach. Fortunately, the re-injection
well at this site was completed in a high-permeabil-
ity formation; thus, the presence of minor amounts
of suspended solids in the leachate was of no con-
cern to the operator.

4.6. Hay can mobilize Na+ and promote revegetation

more effectively than gypsum

As noted above the two subsections closest to the
origin of the spill (NW corner) exhibited the highest
levels of initial contamination and had been too wet
to allow disking or the application of hay following
installation of the SDS. These subsections also
failed to revegetate during the first growing season
after installation of the SDS. Consequently, in July
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1999, one subsection were treated with gypsum fol-
lowing API guidelines (Carty et al., 1997) and then
tilled. The second subsection was covered with a
4-in. (10-cm) thick layer of prairie hay and then
tilled. Both treatments produced similar dramatic
reductions in the Cl� concentration. However, the
subsection that was treated with hay exhibited a
significant reduction in Na+ concentration (from
1560 mg/kg to 820 mg/kg) while the subsection trea-
ted with gypsum exhibited no change in Na+

concentration from (1580 mg/kg vs. 1650 mg/kg)
during the next (2nd) year. In addition, this subsec-
tion was effectively revegetated during the next (3rd
year) growing season, while the subsection treated
with gypsum remained mostly barren even after
the 2001 growing season. These observations sug-
gest that hay, when tilled into the brine-impacted
soil, can reduce the salinity and the sodicity to the
same or greater extent as gypsum. In addition, it
is clear that hay provides an additional benefit for
revegetation relative to gypsum.

4.7. A two-stage approach to remediation of recent

brine spills is effective, protective, and minimizes cost

Based on the results of the field demonstrations
presented above, a two-stage remediation strategy
is proposed for remediation of recent brine spills.
The first stage involves the tilling of hay and fertil-
izer into the soil. This allows brine components to
slowly leach out of the site using natural drainage
patterns. Such a remedial treatment should be per-
formed in the late fall or winter in order to take
advantage of spring rains and the subsequent grow-
ing season. The treatment may be repeated if signif-
icant revegetation is not achieved after the growing
season. Once revegetation begins the penetration of
roots into the subsurface further improves hydraulic
conductivity (and, therefore, the leaching of brine
components) by releasing organics and CO2 into
the soil. This approach is effective and acceptable
if there is low risk to potential environmental recep-
tors. Monitoring for Cl� down gradient of the spill
site is strongly recommended.

The second stage is applied if the first stage is (1)
not entirely effective or (2) cannot be applied
because of threats to an environmental receptor. If
the first stage is not entirely effective then small
applications of gypsum in areas of low permeability
and high sodicity are recommended. However, a
minimum gypsum amendment can used by applying
gypsum only after the site has been treated with hay
and fertilizer. If the first stage cannot be applied
because of a threat to an environmental receptor
by mobilized brine components then a subsurface
drainage system with limestone gravel is recom-
mended. While this approach is significantly more
expensive, it will greatly accelerate the pace of
revegetation. In addition, an SDS can protect
nearby surface water and groundwater resources
from secondary contamination through collection
and disposal of the leachate produced (Harris,
1998; Harris et al., 2005).

5. One last lesson

5.1. Harvesting dormant vegetation impacted by a

spray of produced fluids minimizes soil contamination

The effects of a high pressure release of produced
fluids (mostly brine) have been observed at two
locations. In both cases, the combined effects of
the release pressure and wind caused wide dispersal
of fluids on pristine grasslands in one case and pas-
ture land in the second. Field testing of affected veg-
etation showed significant salt associated with the
upper parts of the plants. In both of these cases,
standing dormant vegetation was cut and baled
before the next rain. The result was that many areas
that were strongly impacted by the spray did not
experience vegetation kill in the spring.
6. Summary

In conclusion, the Tallgrass Prairie Preserve has
been a remarkable field laboratory. Over the course
of almost a decade, the Preserve has provided
numerous opportunities to investigate crude oil
and/or brine remediation and restoration while
helping to train the next generation of scientists
and engineers. These projects have been conducted
by many scientists at a number of different institu-
tions. However, the common thread running
through all of these research projects was a desire
to learn more about oil and brine remediation pro-
cesses in an attempt to improve technology and
minimize the financial cost. This desire was always
coupled to the goal of successfully restoring an eco-
system after a contamination event had occurred.

Cumulatively, research at the preserve has
resulted in a number of important lessons which
can hopefully be implemented at other locations.
The long-term benefits of soil amendments, such
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as hay and fertilizer, have been determined at a
number of sites impacted by crude oil. Research
into not only the amendment itself but also the tim-
ing of the application of such amendments can help
design more cost and endpoint effective remediation
strategies in the future. Common myths regarding
brine remediation have been debunked, and a reme-
diation plan which is realistic in its ability to be
implemented has been suggested.

The most significant effect of these projects is a
reaffirmation of hope for those currently dealing
with crude oil and/or brine contamination. The
hope is that, with some effort and time, a contami-
nated site can once again be capable of supporting
a healthy ecosystem. This manuscript provides what
has been learned, both what to do and what not to
do, with the intent of minimizing the time, money,
and effort need to remediate and restore contami-
nated sites far beyond the Tallgrass Prairie Preserve.
Much of this work forms the basis of technology
transfer tools for small independent producers dis-
tributed free by the Integrated Petroleum Environ-
mental Consortium (IPEC).
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