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ABSTRACT

The conditions in which the Pestige oil spill (November, 2002) took place, caused a coastal
pollution up to tidd levels reached only very few times per year. This circumstance made
necessary to apply to the rocks, after the manual or mechanica collection procedures were
no longer useful, cdeaning methods with presurized water and, in difficult accessble aress,
bioremediation treatments. To verify the efficiency of different bioremediation gpproaches,
a comparative assay of severd formulations was dated in March 2003 on a highly
affected rocky aea of Sdvora idand (Nationd Park of the Atlantic Idands, Gdicia,
Northwest Spain). In this work the results of the more effective procedures are presented,

and some general aspects of the bioremediation on rocky substrates are discussed.



INTRODUCTION

Evaluation of bioremediation processes. Discussion of some usual problems.

To evauate the effectiveness of a bioremediacion procedure in a rocky coast presents two
main difficulties. The firs one is the great heterogeneity of the space, the irregular surface
of which promotes strong variaions in the thickness of the fud layers and in its cgpacity to
reian the gpilled materids (different textures, ruggedness, degree of expogtion to the
amospheric agents). Under these conditions (figure 1A), experimental plans as those based
on orthogona designs or latin squares are not very redigic, and the minima area or the
sample Sze necessary to obtain an acceptable standard error are of magnitudes not very

viablein practice,

The second difficulty is the evauation criterion. Although the best option is to compare the
tota fud remaning in trested and untrested (control) aress, heterogeneity aso
“contaminates’ this procedure, o it is frequent to use the reaionships between oil
components with very different degradation rates. This way, the vaue obtained in a
concrete sample would be, in principle, satisfactorily representative of a naurd area, with
independence of its hetegeneity. In laboratory sudies it is common to use hopanes as
internal  standards with practically null degradation rates. In such a case as the one

described here, hopanes can be subdtituted by asphatene fraction (operationdly defined as
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the pentane-insoluble fraction in the fud), the degradaion rate of which is negligible

compared to those of akanes or even PAHS,

Thisway, ardationship as.

_ total fuel - asphaltenes _ deasphalted fraction
total fuel total fuel

Ra

could solve the two referred difficulties. Moreover, if it is accepted tha only the de-
asphated fraction (D) is biodegradable, the asphdtenes remaning for a long time in the
initid vadue 4y, it can be defined a normdized index R; (¢ being a time subindex and T

being the totd fud) that would reflect acceptably the time-course of the degradation

process.
R = (.- 4)/7, 100 = 2/ L 100 [1]
(T - 4T, o/ To

It is necessary, however, to keep in mind another problem. If, as usud, the degradation

proceeds (as average) through afirst order kinetics with constant rate », we can write;
D, = Dy exp(—rt) [2]
And, therefore, the vaue of the normaized index R, will obey the equation:

D,IT, 100100 Dy exp(- 1)

= b, b, AO+D09(p(- rt)

; where by = Dol(Dp+Ay) [3]
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An expression that can be used, if we have a series of R, values, to estimate the degradation
rate r, as wel as the hdf life ¢;.), or time necessry o tha the initid vaue of the index

(R=9=100) descendsin haf. Indeed, making R=50in [3]:

_ 100 D, exp(- 1)
50 =
b, A, +D,exp(- rt

) : we obtain:

1._éD,(2- b,)u
tz=—-Ing——
ro & 4b, 1

[4]

Nevertheess, it shoud be kept in mind that, dthough useful as an ingrument for
smoothing the experimenta error, the R, index is less discriminative then the vaue directly
derived from quantification of totd fue, sSnce R; descends dong the time less markedly
than the degradable fraction. Figure 2 illudrates this problem by means of a smulaion of
the vaiaion with time of 7, and R, (essuming 4,=14 and D,=86, which ae the
goproximate values corresponding to the fudl from the Prestige deposited in the rocks® at
the beginning of the assay, and an abitrary vdue r=0.02 for the rate congtant). On the
other hand, the precedent conclusons are very sendtive to the suppostion of a single first
order kinetics for the degradation of the de-asphdted fraction (which includes components
of very different gability). Findly, it is obvious that R, loses its vdidity if the leved of the
aphdtene fraction varies with time as a direct or indirect consequence of the

bioremediation process.
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MATERIALS AND METHODS

Taking into account the casuistry discussed in the preceding section, the design of the
Slvora assays tried to avoid the two types of described problems agppeding to following

expedients.

1) To use, for quantification of the process, panels of granitic tiles (15 15 cm) impregnated
with fud from the Prestige and located on the environment affected by the oil spill (figure
1B). Hdf of the tiles, “panted” by means of a roller, receved gpproximately equa fud
loads, in the hypothess that the R, index is independent of smdl differences in the initid
load. The other haf was loaded with wel-known weights (3-4 g per tile) of the same

materid.

2) To base the evduation on the variaion with time of the remaning totd fud determined
in exhaudive extracts of impregnated tiles, both untrested (control) and subjected to the
different treatments assayed. The figure 3 shows the protocol applied to the extraction and
fractionation of the extracts, caried out to obtan possble complementary information

from the proportions of the main fuel fractions (dkanes, PAHs, asphdtenes-resins).

Trestments began (because of bureaucratic reasons) in different moments along February-
March 2003, with an approximate interval of one month between the beginning of the first
one and the last one. Applications were carried out with the frequencies and under the
gpecifications of the suppliers, and doses were similar in dl the cases, to assure the

maintenance of a reasonable level of bioremediation agents on the affected surfaces, by

! Initial values (%) of the main fractions, according to data from CEDRE (France): saturated hydrocarbons
30.5 + 2.4; aromatic hydrocarbons 40.1 + 1.2; resins 17.1 + 2.4; asphaltenes 12.3 + 1.0.
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repeating the additions of nutrients, microbiota or both every 15-25 days. In the case of
addition of dochthonous microorganisms, they were subjected to the following
redrictionss not geneticaly modified, not photosynthetic, not spore-producing, not

parasites. The following treatments were assayed:

A: Enrichment of the affected areas with N, P, Fe and trace levels of other nutrients present
in conventiond agriculturd fertilizers. In a typicd case, with an edimation of ~1.000
kg per Ha of present fud, the fetilization implied the addition, every 15-25 days, of

05 | per n? of an agueous olution of the following (or equivadent) commercid

products:

NH4NO3 (soluble; 33.5% N; Haifa Chemicals) 244 g
NH4H2PO4 (technicd; 12-61-0; Haifa Chemicas) 153¢g
Libamin mix (Jsa, SA.) 4mL

which is equivdent to the following proportions of essentid nutrients:

N ~ Esimated fud x 0,10
P ~ Esimated fud x 0,04

Fe> Estimated fud x (4 x 107)

To facilitate the retention on the trested surface of the chemicds and (ambienta or

specifically supplied) microbiota, 5% sepiolite was added to the nutrient solutions.



B: As A, but adding a bacteria consortium (10 colony forming units per 1) isolated from

acoadta area affected by the oil sill, few days after the accident.

C: As B, but subgituting sepiolite by bentonite, and adso adding 5% of vegetable

fragments.

D: AsC, but in acommercia formulation containing 10% of naturd surfactants.

E: As C, but adding a commercid bacteria inoculum containing three wild drains of

Pseudomonas putida.

F: As A, with addition of the same commercid bacterid inoculum Pseudomonas putida)

usedinE.

G: AsF, with addition of 5% sepidlite.

H: As A, but without sepiolite and adding a commercid bacterid consortium, as well as a

commercid vegetable extract containing vitamins and other micronutrients.

I: As H, but subdituting the commercid bacterid consortium for other (autochthonous)

isolated by means of amilar procedures to those used in B.

J: The commercid formulation S-200, containing urea, a phosphoric ester and glycol ether

in oleic acid. In this case, two doses of 340 ml per n? were applied.



K: As A, but adding a commercid bacterid inoculum containing archaea in cay as

support, and additiona supplements of urea, Cu, Mn, B and Mo.

RESULTS AND DISCUSSION

During the fird 2-3 months, the evaluation was based on the R, index agpplied to the
extracts of semi-quantitatively loaded tiles. In dl cases a decrease of R, was detected, that
could be interpreted in terms of a first order kinetics with a rate of disgppearance of the de-
asphated fraction (» in eguations [2] and [3]) dightly higher in trested tiles than in
controls. However, the fittings of the experimentd data to the mode [3] were not
ddidicdly ggnificant (a=0.05), and the vaues corresponding to the last points only

alowed to attribute a dight, dthough significant, advantage to the case J.

On the other hand, the forma treatment of R, did not seem to trandate the different
behaviors that were observed in some cases during the fractionation with pentane (the
separation of the asphaltenes-resns fraction was less clear in treated tiles than in controls).
The smple visua observation suggested in those cases that R, led to infra-estimations of
effectivenes, probably due to the fact that the impregnated surfaces seemed to lose, in a

certain extent, components of the asfdtenes-resns fraction.

When the period of trestments were between 68 and 83 days, the edtimation of the
remaning totd fud in tiles with drictly quantified initid loads produced the results shown

in figure 4, which confirmed the suspicion that the R, index led to infra-estimate the
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effectiveness of the most effective trestments. It was aso dear that the differences between
control and treated tiles only overcame 20% in three formulations (F, | and J). The rest of
the treetments were in the threshold of the daidica dgnificance (n=4; a=0.05), or not
datidicdly sgnificant a these levels. Additiondly, the two more effective formulations (I,
J were, in fact, those with shorter periods of actuation. Therefore, in accordance with
adminigrators of the Nationd Park of the Atlantic I1dands, we decided to continue only

with the trestments F, | and J.

The ulterior evolution with time of remaning total fud in these three cases, during a period
of near 250 days, is shown in figure 5. PFictures in figure 6 show tiles in Sages
corresponding to the finad points of the figure 5. In this lagt figure, an accderation of the
disappearance of the fud is gppreciated during the summer period, as well as a reative
effectiveness of the three treatments that maintains the tendencies detected &fter 2-3
months, with a subgstantid advantage for the trestment J. The process was dightly less
advanced in the naturd area, fundamentaly due to the accumulation of fud resdues in the
concavities of the rocks (figure 7). However, the genera state of this area was congstent
with the evduation derived from the results obtained in the tiles. In this way, the trestment
J (S5200) was findly sdected to gpply to other coastal areas of Smilar characteristics to

those of the Savoraidand.

It is expected that these new gpplications of trestment J provide the framework to study
with more detal the bioremediation process, both from the point of view of the
degradation of the different fud fractions, and the microbiologica aspects involved in

bioremediation effects. However, the precedent results (derived from a smple comparison
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of effectiveness directed to advise an adminidrative decison) adready dlow us to unddine

some conclusions. Infact, at least in a supra-tidal rocky space:

1) The key factor for the success of a bioremediation treatment seems to depend on the
cgpacity of the formulation used to retain nutrients and environmental microbiota on the

fuel layers that cover the rocks, more than on the addition of microbid reinforcements.

2) Fetilizations in agueous solutions are not very cgpable to achieve the retention
mentioned in the precedent point, even when adsorbent materids (clay, sepiolite, bentonite

or vegetable fragments) are added.

3) On the contrary, the oleaginous formulation (J S-200) showed to be able to mix with
the fud layers, to retard fud hardening and to form surfaces able to retan environmenta
microbiota and to increase the bio-accessibility of the hydrocarbons (see figure 8). It is dso
possble that the fatty acids present in the formulation act as agppropriaie co-substrates,
which fadlitate the co-metabolic degradation of the most recdcitrant hydrocarbons.
Findly, it seems cdear that the dispersve effect of S-200, dthough very dow (figure 8),
promotes the migration of the non-biodegradable fue components (asphdtenes-resins), a
process often consdered undesirable. But this disperson takes place in a findy divided
date and with rates even inferior to those promoted, for example, by beating of the sea on
the rocks, a process often consdered as postive. On the other hand, it can be pointed out
that S-200 was less sendtive than the other formulations assayed to the effects of both

pluvid lixiviation, and high summer temperatures in rocks blackened by the fud.
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4) Although bacterid counts produced results with a great variability, in generd it can be
sad that, when additiond inocula was gpplied in combination with agueous fertilizations,
the number of micro-organisms (cfu) descended quickly after each agpplication, ariving in
a few days (8-12) until the levels detected in control areass. Preliminary results obtained by
denaturing gradient g eectrophoress (DGGE) indicate that the DNA band peatterns from
S-200 treated tiles show a smdler diversty that those from the control tiles, as wel as a

clearer predominance of some bands, corresponding to species not yet identified.
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CAPTIONS TO FIGURES

Figure 1. A: Detal of the trested area (high tide). B: 9 of the 60 pands of granitic tiles

impregnated with fud from Prestige that were used for quantifications.
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Figure 2. Rdationships between the time-course of totd fud T7; (continuous line) and R,
index (dotted line), supposing a first order kinetics for degradation of de-asphalted fraction,

and zero order kinetics for asphaltenes (see aso text).

Figure 3: Treatment of the tiles and fractionation of totd fud extracts in the four man
groups of components. diphaic hydrocarbons and cyclodkanes, polyaromatic
hydrocarbons, resins and asphatenes. Raw extracts were obtained by submerging complete
tiles in closed glass recipients with dichloromethanemethanol (2:1), under rotary agitation
(60 rpm) during 24 hours a 20°C. The redundant pathways (as dlicagd column
chromatography and isooctane/dimethyl  sulfoxide/water partition) have only used as
confirmatory expedients. In S-200 treatments, the sgponification pathway (Al) was
necessary to eiminate the formulation resdue that, in A2 pathway, contaminates both the

asphaltenes and de-asphdted fraction.

Figure 4: Remaining totd fud (% of the initid level) detected in tiles subjected to the

different treatments assayed (O: control without treatment), a indicated times. Error bars

refer to confidence intervas (n=4; a=0.05).

Fgure 5. Time-course of remaning totd fud (% of the initid leve) in contral tiles (0) and
those treated with the three more effective formulations (F, | and J) after 23 months. Error

bars refer to confidence intervals (n=3; a =0.05).

Figure 6: Aspect of the contrast tiles corresponding to control and the three more effective
treatments, after a 200 days period. The dtates in which these tiles are shown correspond

with a very good gpproximation to those quantitatively described as the finad points of the
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figure 5. Notice the appearance, practicaly undtered, of the control tiles (the most whitish

areas that can be appreciated in some cases are excrementa residues from gulls).

Figure 7: Effect of the S-200 treatment on some rocks after a 200 days period.

Figure 8: Granitic tiles impregnated with the same quantity of fud from Prestige, after a 20

days period of exposure to the bleakness, in absence (left) and presence (right) of S-200.
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FIGURES

Prestige ail spill... Murado et d. Figure 1
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Prestige ail spill... Murado et d. Figure 2
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l’ COLONY FORMING UNITS ( cfu)
water washing = l

SAMPLE

extraction with )
—®» dryness + isooctane (ISO)

HYDROSOLUBLE FORMS OF N AND P, POLAR METABOLITES

dichloromethane :methanol (2:1)
1 partition (3 times)with | dimethyl sulfoxidgDMSO)
RAW ExlTRACT ISO DMSO + 1SO
f 1
aliquot A1 aliquot A2
ISO DMSO + H20
dryness dryness + pentane partition (2 times) | with ISO
gravimetry sonication, centrifugation
| v i
+ + ISO DMSO / H20
TOTAL FUEL ASPHALTENES DE-ASPHALTED FRACTION partition (3 times) | with H20
l silica-gel column POLYAROMATIC
HYDROCARBONS IS0 H20

5% methanolic KOH
24h/T amb + H20

gravimetry

pentane: ALIPHATIC HYDROCARBONS, CYCLOALKANES =3 GLC
. . pentane-dichloromethane : POLYAROMATIC HYDROCARBONS = HPLC
centrifugation
(3 times) dichloromethane -methanol : RESIN RESIDUE >
water: salts of fatty acids hexane : DE-ASPHALTED FRACTION

sediment : ASPHALTIC RESIDUE

Pregtige ail spill... Murado et a. Figure 3
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Pregtige ail spill... Murado et a. Figure 4
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Prestige ail spill... Murado et d. Figure 7

Prestige ail soill... Murado et a. Figure 8
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