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The effects of inorganic (ammonium nitrate and triple superphosphate) and organic (fish
bone-meal) fertilizers on the biodegradation rates of Venture condensate within a
sand-beach environment were assessed over 333 days. Field results showed that the
organic fertilizer stimulated microbial growth and metabolic activity to the greatest
extent. However, based on chemical analysis of residual oil concentrations and
composition, the application of inorganic fertilizers was the superior bioremediation
strategy. This paradox between microbiological and chemical results was attributed to
the selective growth of different bacterial populations, the preferential use of components
within the organic fertilizer over oil by the indigenous microflora, and the production of
toxic metabolic by-products from the degradation of the organic fertilizer.

Microbia degradation is amgor mechanism for eimination of petroleum pollutants from the
aerobic marine environment.18 Large-scale field tests to eva uate the potentia of bioremediation
techniques to accelerate natural oil-degradation rates by the addition of nutrients were conducted in
Alaska following the Exxon Valdez ail spill incident.2 The addition of both water-soluble and oleophilic
fertilizers was found to accelerate the rate of oil biodegradation up to afactor of five or more,
depending on the nitrogen concentration in the pore weter of the intertidal sediments. Based largely on
the results of these studies;4,19,20 the scientific community has recently declared that bioremediation
has come of age.26 Research is now concentrated on the development and refinement of
bioremediation products and operationa guiddines.

Previous field studies by the Department of Fisheries and Oceans, Canada, 11,13 - 15 have



shown that the ample additions of agricultura fertilizers (ammonium nitrate, super triplephosphate,
sulphur-coated urea) could enhance the natura biodegradation rates of hydrocarbons stranded in
coastal sediments. Compared to other nutrient products (for example, oleophilic formulations), and/or
methods (such as seeding by the addition of specific microbid inoculd) for the enhancement of naturd ail
biodegradation rates, agriculturd fertilizers offer severd advantages. These products are commercialy

avalable, they are inexpensive, and they can be easily applied with conventiona equipment.2,13

This paper summarizes the results of afield experiment comparing the effectiveness of inorganic
and organic agriculturd fertilizer formulations, as bioremediation agents, to treat Venture condensate
stranded in a sand-beach environment.

Materialsand experimental methods

Test 0il and bioremediation agents.

Venture condensate, recovered from an exploratory well on the Scotian Shelf, off the coast of
Nova Scotig, isaliquid of low viscosity and high voldtility containing a high proportion of low-molecular
weight hydrocarbons.24 The granular forms of commerciad inorganic fertilizers used in this study were
ammonium nitrate (N:P.K ratio - 33-0-0) and triple superphosphate (N:PK ratio - 0-46-0). The
organic fertilizer used (Seagreen®, N:PK ratio - 6-10-1; National Sea Products Ltd., Canada),
conssted of fish bonemed containing a smal amount of fish oil asabinding agent (Table 1). Fish
bonemed (approximate composition: 45% protein, 10% fat, 45% ash) contains many trace eements
(including Fe, Mn, Cu, Zn, and B) and organic growth factors not found in the chemica fertilizers23

Field site and sampling procedures.

Field studies were conducted in the intertidal zone of a low-energy beach located on the eastern
shore of Nova Socotia, Canada.11 On day 0 (August 6, 1992), replicate in-situ sediment enclosures,
constructed of 240 M m mesh fabric, werefilled with 7 liters of Seved wet sand collected from the study
dte. Venture condensate was added to selected enclosures at a concentration of 3 percent (w/v).
Following trestment and initid subsampling of the sediments, the enclosures were anchored (2 m apart,
3 cm below the beach surface), midway between the high-water and low-water marks.

Application of nutrient trestment to the experimenta enclosures was not initiated until day 12
(Table 2). Thus, prior to nutrient treatment, the concentration of toxic components (for example, low
molecular weight hydrocarbons) within the sediments was reduced by dissolution and evaporatior
processes, and the indigenous bacteria population had become adapted oil metabolism.11 At
subsequent sampling periods, fertilizers were regpplied to specific enclosures designated to receive
periodic nutrient treatmerts after the collection of samples for microbiologica and chemica anayses.
Routine sampling of the enclosures and nutrient additions ceased on day 123 (December 7, 1992) due
to inclement weather and ice conditions. Find subsampling and remova of the enclosures occurred on
July 5, 1993 (day 333).
Microbiological analyses.

Relative heterotrophic activity, bacteria productivity, and potential hydrocarbon degradation



rates in the beach sediments were monitored by determining the microbid uptake and/or respiration
rates of the radio-labeled organic substrates L-[14C(U)]-glutamic acid, methyl-[3H]thymidine and
n-[1-14C]hexadecane.11,14

Chemica anayses.

Sediment samples for oil analysis were collected from each experimenta enclosure on aroutine
basis during the experiment. The samples were immediatdy frozen (-15 ° C), in hexane-rinsed glass jars
for sorage until laboratory andysis. Changes in the concentration and composition of remaining Venture
condensate in the sediments were determined by capillary gas chromatography.15

Surface waters over the experimenta enclosures were routingly anayzed during the experiment
for the concentrations of nitrate, nitrite, phosphate, and ammonia 7 In addition, samples were collected
prior to each nutrient regpplication event for the determination of potentia nutrient release rates. To
determine a nutrient release value, 7.0 mL of standard reference seawater was added to 5.0 g of
sediment in a 50 mL besker, 6 hours before the recovery of the supernatant for nutrient andlyss. Date
were corrected to account for the contribution of nutrients from the reference seawater.

Results

Field observations.

During the experimental period, variations in surface seawater temperature (2 - 20.5° C),
sdinity (28.48 - 30.69%), and nutrient concentrations (0.09 - 1.29 Mmoal/L nitrate; 0.36 - 0.67
Mmol/L phosphate, and 0.30 - 4.97 Mmol/L ammonia) were recorded.

Nutrient data.

Data on potentia nutrient release rates from the sediments showed that the application of the
inorganic fertilizer (triple superphosphate) rapidly devated intertitia water phosphorus concentrations
(Figure 18). Periodic applications of the fertilizer sustained elevated phosphorus concentrations
throughout the study period. Results from the enclosure treated with a single gpplication of the fig
bonemed illustrated the dow-release characterigtic of the organic fertilizer (pesk on day 34). Although
the N:P ratio and concentrations were smilar between the organic and inorganic fertilizers, lower
phosphorus rel ease rates were observed in the sediments treated with the organic fertilizer
approximately two weeks after nutrient regpplication. Nevertheless, continuous phosphorus rel ease was
observed during the study period in dl enclosures treated with periodic additions of fertilizer.

Consdering that the potentia for nitrogen release after each ammonium nitrate addition is on the
order of 2,600 nmol N/g, extremey low vaues for nitrate and/or nitrite release (<2 nmol N/g) were
observed in sediments recovered immediately prior to each nutrient regpplication event. This evidence
suggested rgpid physicd loss, or utilization rates for nitrate and nitrite (Figure 1b) from the fertilized
sediments within the experimenta enclosures. While nitrate is reedily assimilated by microorganiams, it
may have aso been removed from the enclosures by dispersion and dilution due to its solubility. The
highest concentrations of nitrate and nitrite release were observed in the enclosures treated with the
organic fertilizer between day 20 and day 40 (the period of highest bacterid productivity), presumably



due to the production of nitrate from ammonia by nitrification.
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Potential nutrient releasein response to tidal exposure - V = Venture condensate 3% (w/v); N =
Ammonium nitrate 33-0-0 (N: P:K); P = triple superphosphate 0-46-0 (N:P:K); FB = fish
bonemeal 6-10-1 (N:P:K); * = periodic applications

Organic materid in sediments is decomposed by facultative aerobic microorganisms using
dissolved oxygen within the interdtitial water. As part of the dow nutrient release characteridtic of the
organic fertilizer, nitrogen within the fish bonemed (as NH2 groups in proteins, for example), is
converted to anmonia by deamination reactions. In aerobic environments some of thisammoniais
oxidized by nitrifying bacteria and ultimately converted to nitrate. However, as the oxygen is consumed
and the sediments become anaerobic, nitrification cannot occur, and anmoniamay accumulate. Release
of ammoniamediated by microbid degradation of the fish bonemed and rapid accumulation
(corresponding to the decline in nitrate production), was detected within the enclosLres treated with
periodic additions of the fish bonemed (Figure 1c). This chemica evidence was dso confirmed by
direct field observations (day 34 - sand treated with periodic additions of the organic fertilizer was
beginning to turn black and emitted afaint “anoxic" odour). In a previous study, low ammonia and
phosphate concentrations were observed for only 4 to 5 days within the subsur- face sediments of a
cobble beach following treatment with a fertilizer solution.20 The observed persistence of anmoniaand
phosphate the current sudy may be attributed to fine sediment (mean grain size diameter: 250 Mm) and



low-energy conditions at the study Ste.
Microbiological data.

Microbid responses were monitored over the sampling period to determine the efficacy of
fertilizer addition. The addition of Venture condensate to the sediments appeared to have aminimal
effect on tota bacterid productivity as indicated by the measurement of 3H-thymidine incorporation into
bacteria biomass. In both the unoiled (Figure 28) and oiled (Figure 2b) enclosures, periodic additions of
the inorganic fertilizers (NP*) stimulated bacterid activity rates above that found in the unfertilized
enclosures, while asingle gpplication had little effect. In contrast, sngle and periodic additions of the fish
bonemed (FB and FB*), resulted in sustained eevated bacterid production rates within the unoiled
intertidal sediment (Figure 2¢). In the oiled enclosures, periodic addition of the fish bonemedl increased
bacteria growth rates by afactor of 3 over the single gpplication (Figure 2d). Despite the stimulatory

effect of the organic fertilizer, bacteria productivity rates declined with the seasona decreasein
Seawater temperatures.
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Change in total bacterial productivity in response to Venture condensate and nutrient additions -
C = unoiled control; V = Venture condensate 3% (w/v); N = Ammonium nitrate 33-0-0 (N: P:K);
P = triple superphosphate 0-46-0 (N:P:K); FB = fish bonemeal 6-10-1 (N:P:K); * = periodic
applications

Reative heterotrophic activity rates within the sediments of the experimental enclosureswere
measured by monitoring the uptake and respiration rates of 14C-glutamic acid. Periodic additions of the
inorganic fertilizers (NP*) simulated activity in the unoiled sediments (Figure 3a). Except for the last



two sample periodsin 1992, the addition of the inorganic fertilizers appeared to have little or no effect
on reldive heterotrophic activity rates within the oiled enclosures (Figure 3b). Both single and periodic
additions of the fish bonemed (FB and FB*) sgnificantly increased and sustained heterotrophic activity
rates until ambient seasonal temperatures decreased significantly (Figure 3c,d). Consistent with
observations in previous studies, heterotrophic activity was enhanced sgnificantly by the addition of ail
aone.13 While periodic additions of the fish bonemeal retarded relative heterotrophic activity rates, a
sngle gpplication had astimulatory effect (Figure 3d).

Potentia hydrocarbon degradation rates in the sand within the enclosures were determined by
measuring the respiration rate of added 14C |abeled hexadecane.5,29 Figure 4aiillustrates the changesin
hexadecane turnover time in response to trestment within the oiled enclosures between day 53 and day
123. The results showed that prior to day 82, addition of nutrients had little effect on the biodegradatior
rates of hexadecane. After this period, as hexadecane biodegradation rates declined (higher turnover
time) concurrently with seasona temperatures, the addition of both inorganic and organic nutrients had a
sgnificant imulatory effect (Figure 4ab). The hexadecane turnover time data showed that periodic
addition of the inorganic fertilizer was the mogt effective bioremediation Strategy. A lag phase prior to
the onset of hexadecane utilization, observed in the radio-tracer andlys's, was not evident in the chemical
results (Figure 5). However, both data sets show that oil degradation was stimulated to the greatest
extent by the addition of the inorganic fertilizers.

Chemica Andysis.

To account for variability in the oil loading of the sediment on day O, relative concentrations of
oil were used to compare the time-series changes in the compostion of the crude ail in different
enclosures. Cdculation of relative oil concentrations was based on the concentration of individua
components as the percentage of tota n-adkanes, normaized to the concentration within the same
enclosure on day 0.
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Change in relative heterotrophic activity in response to Venture condensate and nutrient
additions - C = unoiled control; V = Venture condensate 3% (w/v); N = Ammonium nitrate
33-0-0 (N: P:K); P = triple superphosphate 0-46-0 (N: P:K); FB = fish bonemeal 6-10-1 (N:P:K);
* = periodic applications

While microbiological measurements suggested thet fertilizers simulated the growth of
hydrocarbon degraders, conclusive evidence of enhanced oil biodegradation from nutrient treatment
was determined from the results of gas chromatographic analyses. Changesin the ratio of
n-heptadecane to pristane were used as an indicator of biodegradation based on the assumption that the
branched alkane (pristane) was dower to biodegrade than n-heptadecane. While there has been some
concern in recent studies that these compounds may degrade at similar rates4,19 our use of the
n-heptadecane:pristane ratio as a biodegradation indicator has been vaidated by GC/MS andysis
quantifying the conserved interna biomarker 17A(H),21B (H)-hopane within the resdud oils of our
experimental enclosures. Observations of the ratios of n-heptadecane to pristane confirmed that the
differences between the treated enclosures were attributable to biodegradation and not bulk oil loss
associated with physicd digperson (Figure 6). Changes in the composition and concentration of the
n-alkane fraction of the resdua oil (n-C4, to n-Csg) illudtrated the effect of nutrient trestment on
biodegradation (Figure 7). The results on day 123 and day 333 showed that periodic additions of the
fish bonered had a negative effect as an il bioremediation agent. A single addition of the fish bonemed
had no effect during the experimenta period. In contrast, the application of the inorganic fertilizer
mixture significantly enhanced the biodegradation rates of diphatic components up to n-Cog. Periodic
aoplications of the inorganic fertilizer failed to offer substantia improvement, suggesting that optimal



nutrient concentrations were achieved and maintained during the study period by a single application of
the inorganic fertilizer.

Discussion

The objective of this experiment was to assess the ability of inorganic and organic fertilizers to
provide sufficient assmilable nitrogen and phosphorus to promote the growth and activity of indigenous
oil-degrading microorganisms. Previous studies have demonstrated the effectiveness of inorganic
fertilizer additions to stimulate the biodegradation rates of oil stranded within sandy beach
sediments.12,14,15 |n comparison to such inorganic nutrients, the organic fertilizer used in this study
may offer additiona benefits due to its dow nutrient release characteritics, its ability to provide trace
elements and other growth factors, and greater public acceptability for anatura product.

Application of the fish bonemed to the oiled enclosures simulated the highest rates of microbia
growth and activity. However, the turnover time for hexadecane was reduced to a gresater extent (higher
rates of degradation) by both single and periodic additions of the inorganic fertilizers (ammonium nitrate
and super triplephosphate). Since microbiologica measurements derived from the uptake and
minerdization rates of specific radio-labeled substrates only provide an index of bacterid activity and
not a measure of oil degradation, 12 bioremediation activity was subsequently confirmed by detailed
chemicd andysis. In the current study, evidence of bioremediation in the enclosures treated with the
inorganic fertilizers included chemica changes in the retio of n-heptadecane to pristane, and the
distribution and concentration of the diphatic hydrocarbons. No difference was observed in the
n-heptadecane: pristane ratio between the oiled control and organic fertilizer treated enclosures.
Observed dterations in the composition of the diphatic hydrocarbons suggested that periodic additions
of the fish bonemed actudly suppressed oil degradation.
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Effect of nutrient treatment on the turnover time for hexadecane in oiled sediment and seasonal
temperature data for the intertidal overlying waters at the study site - V = Venture condensate
3% (w/v); N = Ammonium nitrate 33-0-0 (N:P:K); P = triple superphosphate 0-46-0 (N: P:K);
FB = fish bonemeal 6-10-1 (N:P:K); * = periodic applications

The results obtained with the gpplication of organic fertilizers in the present study were not
expected. Previous bioremediation field studies have demongtrated the advantage to adding the
oleophilic nutrient Inipol EAP 22, a microemulsion containing organic nitrogen (urea) and phosphorus
[tri (L aureth-4)-phosphate] encapsulated within oleic acid, as a starter to induce rapid microbia
growth.10,25 Urea (HoN-CO-NH>), has been gpplied routingly to agriculturd soilswhereit is
enzymatically hydrolyzed to armoniaand CO2 by microbia activity. The operationd advantage of
using sulphur-coated urea as afertilizer over ammonium nitrate (et Smilar N concentrations) for the
bioremediation of il stranded within intertidal beaches has been demonstrated.15 At Smilar nitrogen
and phosphorus concentrations, the fish bonemed was expected to be a more effective bioremediation
agent than the inorganic fertilizers as it would provide macronutrients including trace e ements (such as
iron) and organic growth factors required by bacteria.6,19 Further support for an organic fertilizer
derived from fish by-products was dso provided by arecent study that proved additions of fish and
anima med accelerated the growth of bacteria and oil-degradation rates in marine environments.3
Explanations for the failure of the organic fertilizer to enhance oil degradation rates in our sudy include
enrichment of specific microbid communities; diauxic responses of the indigenous microorganisms, and
toxicity.
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5.

Change in the n-hexadecane in response to nutrient enrichment - V = Venture condensate 3%
(W/v); N = Ammonium nitrate 33-0-0 (N: P:K); P = triple superphosphate 0-46-0 (N:P:K); FB =
fish bonemeal 6-10-1 (N:P:K); * = periodic applications
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6.

Change in the n-heptadecanée/pristane ratio in response to nutrient enrichment - V = Venture
condensate 3% (wW/v); N = Ammonium nitrate 33-0-0 (N: P:K); P = triple superphosphate 0-46-0
(N:P:K); FB = fish bonemeal 6-10-1 (N:P:K); * = periodic applications

In most agquetic environments, enrichments of oil-degrading microbia communities occur soor
after oil contamination of the shorelines. In this experiment, the increase of species within the microbia
population adapted to the use of the organic carbon subsrates in the fish bonemea may have been so
dramétic (as indicated by anoxiain the enclosures fertilized periodicaly) that other microorganisms,
including the oil-degraders, did not have a chance to get established. Asaresult, amilar or dower rates
of oil degradation were observed following fish bonemed additions. Unfortunately, this hypothesis was
not validated by taxonomic studies of the bacteria populations within the nutrient-trested enclosures. To
counter this problem caused by rapid development of heterotrophic bacteria populations without oil-
degrading capabiilities, a recent study has suggested a novel gpproach based on the use of &
bioremediation agent composed of a polymerized-urea fertilizer together with oil-degrading bacterid
drains dready adapted to the nutrient formulation.22



——i —t— VNP~ NP —a—N.FR —=="FO

Day o

B WS M O S 2 S M oa & @

Halative cancantration n-alkanes

-"H‘u Doy 123
-,
=
N
s '
e e

""‘uﬁx DAy 533
-3,
-".
'*:h_.% "
E S D& U & Lr R - 1 B (I S o R A 1 R T A

7.

Time-series change in the relative concentration of n-alkanes (numbered by chain length) in
response to nutrient treatment - V = Venture condensate 3% (w/v); N = Ammonium nitrate
33-0-0 (N: P:K); P = triple superphosphate 0-46-0 (N: P:K); FB = fish bonemeal 6-10-1 (N:P:K);
* = periodic applications

Preferentid use of components within the organic fertilizer by indigenous bacteriaover the all
within the experimenta sediment enclosures may explain the observations of higher microbia growth
and activity rates without sgnificant effects on resdua oil concentrations and composition. Examples on
the impact of diauxic growth on microbid oil degradation are numerous. For example, hexadecane
biodegradation has been found not to occur until fatty acids in the oleophilic nutrient Inipol EAP 22
were metabolized.21

Bioremediation has generally received a positive response from the public. Neverthdess, there
are ill concerns about potentid adverse environmenta effects resulting from the fertilization of
oil-contaminated marine environments. Among these are the possibility thet the addition of fertilizers of
metabolic by-products from oil degradation could cause eutrophication, leading to dgal blooms and
oxygen depletion, or that components of fertilizer formulations could be toxic to sengitive marine species
and humans8,9,27 A primary factor controlling natural oil-degradation ratesis the ratio of interdtitial
water nitrogen concentrations to oil.4 Field studies have shown that optimum rates of oil degradatior
could be achieved by maintaining high, but nontoxic, levels of nutrients. 14 While adverse effects from
bioremediation by nutrient enrichment have not been observed in actud field operations to date,19 the
possibility of afuture incident does exist. Oil biodegradation was suppressed in the present study
following periodic additions of fish bonemed due to the development of anoxic and potentia toxic



conditions (that is, excess ammonia concentrations) associated with the degradation of the organic
substrate. Microbia oil-degradation rates under anoxic corditions are very dow and far beyond the
time scale of biotechnica restoration or microbia remediation strategies.1,14,17 A single application of
the fish bonemedl fertilizer (at 6.7% by weight of the condensate) had no effect on oil degradation rates.
These reaults differed from those obtained in a previous study, which showed that natural organic
nutrient additions (fish and anima medl a 10.0% by weight of the oil) accelerated the growth of bacteria
and hydrocarbon degradation rates.3 In addition to differencesin the bicavailability and toxicity of the
oil and nutrient formulations, the variaions in results between the studies may be attributed to
ste-specific differencesin tidal exchange rates, sediment grain size, temperature, oxygen availability, and
microflora compaosition.

Based on the results of the gas chromatographic analyses it gppeared that a single gpplication of
the inorganic fertilizer sustained optima oil-degradation rates. While the nutrient concentrations within
the interdtitial water of the in-stu sediment enclosures were unknown, the nutrient release experiments
showed the rapid logt of nitrate from the enclosures. This is congstent with the high water-solubility
vauesfor nitrate. Since periodic regpplication of the inorganic fertilizers had little or no effect, we now
hypothesize that the microbid oil-degrading consortium became limited by availability of degradable
componentsin the oil and low temperatures after itsinitia simulation by inorganic fertilizer gpplication.

In the late 1980s, bioremediation as a technology received wide attention and interest.
However, we are now in aperiod of reevaluation, as the promise of the technology has not always been
borne out in use under red Stuations.8 The testing of bioremediation agents can be carried out in the
laboratory under controlled condiitions with greater precison and accuracy.11,28 However,
experimentd fidld trids have now shown that environmenta parameters such as temperature and oxygen
avalability may play arrore sgnificant role than that of bioremediation agents in determining the eventua
rate of oil degradation. The incongstent performance of bioremediation has been wdll illustrated by both
the current study and spill-of-opportunity experiments where some sites showed strong differences
between bioremediated plots and control plots, while others showed less distinct differences.8,19
Controlled experiments using replicate experimenta plots for statistical analyses are needed to advance
the devel opment and acceptance of bioremediation technologies. For the production of operationd
guidelines based on sound scientific decisions, there is an immediate need for experimenta protocols to
test bioremediation agentsin the field.16

In summary, the results from the current field study showed that while additions of an organic
fertilizer (fish bonemed) stimulated microbia growth and metabalic activity to the grestest extent, the
addition of inorganic fertilizers (ammonium nitrate, triple superphosphate) was the superior
bioremediation strategy to enhance the degradation rates of oil stranded within coastal sediments. The
differences observed in bioremediation efficacy between the two fertilizers, applied at smilar nitrogen
and phosphorus concentrations, may be attributed to the selective growth of different bacteria
populaions, the preferentia use of components within the organic fertilizer over ail by the indigenous
microflora, and the production of toxic metabolic by-products from the degradation of the organic
fertilizer. These results and our previous studies have demongtrated that each polluted environment



(including the same site at different times) islikely to respond to bioremediation trestment
differently.12,13,15 Successful bioremediation programs will require application methodologies (form
and type of fertilizer, type and frequency of application) specificdly tailored to the environmenta
parameters (including oil characterigtics) at each contaminated site. While bioremediation is the most
environmentadly friendly of the oil spill countermeasures under development, it should not be used
without adequate knowledge of the product and the environment in which it is to be employed.
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Table 1. Composition of organic fertilizer (percent)

Tota N 7.2
Available phosphoric acid (F2Ox) 12.6
Soluble potash (K 20) 11
Cdcium (Ca) 11.2
Minimum organic maiter 50

Table 2. Experimental treatment of in-situ sediment enclosures

Fertilizer
(mg/Lwet sediment) Application
Enclosure N P FB Schedule
C - - - -
C-NF 316 373 - single
C-NF 316 373 - periodic
C-FB - - 1731 single

C-FB - - 1731 periodic



316 373 - single

316 373 - periodic
- - 1731 single
- - 1731 periodic

C = unoiled control
V = Venture condensate 3% (w/v)
N = Ammonium nitrate 33-0-0 (N:P:K)
P = Triple superphosphate 0-46-0 (N:P:K)
FB = Fish bonemeal 6-10-1 (N:P:K)



