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a b s t r a c t

We assessed natural degradation of fuel oil in three marshes from Galicia (Spain) affected by the Prestige
oil spill (Baldaio, Barizo, and Muxía). Soil samples collected from polluted and unpolluted areas on four
different dates were used to determine total petroleum hydrocarbon content and fuel-oil components.
Natural degradation was monitored by analysing changes in the proportion of saturated hydrocarbons,
aromatics, asphaltenes and resins in the soils, and also by evaluating the degree of depletion of satu-
rated hydrocarbons on each sampling date. We additionally assessed the phytoremediation potential of
eywords:
arsh soils
il spill
ydrocarbons
egradation

Lolium perenne, L., Convolvulus arvensis L. and Raphanus raphanistrum L. All marsh soils exhibited natural
degradation of saturated and aromatic hydrocarbons to between 85 and 95% in most cases. In contrast,
asphaltenes and resins were degraded to a lesser extent (viz. 64–76% in Barizo 1, Muxía and Traba; 39–44%
in Baldaio; and only 12% in Barizo 2, where flooding by the river continues to introduce balls of fuel oil into
the soil). Monitoring analyses revealed natural degradation to be dependent on the thickness of the pol-
lutant layer. Field plots sown with L. perenne L. exhibited no significant differences in fuel-oil degradation

from untreated plots.

. Introduction

On November 13, 2002, the oil tanker Prestige developed a leak
ff Cape Finisterre (Galicia, NW Spain); 6 days later, the vessel broke
n two and sank 130 nautical miles off the coast. Overall, the Pres-
ige spilt an estimated 64 000 tonnes of heavy fuel oil, a material
ith high nitrogen, sulfur and heavy metal contents that forms
ighly viscous, poorly soluble emulsions in sea water [1–3]. The spill
ffected a sizeable portion of the Galician coast and coastal waters,
nd much of the rest of the southern Bay of Biscay. Oil removal
fforts focused primarily on beaches and, secondarily, on rocks and
liffs. This paper deals with the effects of the spill on salt marshes,
n ecosystem that was also severely affected and in which using
onventional mechanical oil removal methods would have wiped
ut most existing vegetation.

Marshes, which constitute a major component of river, estu-
rine and coastal ecosystems, are extremely sensitive to oil
ollution [4]; therefore, they can be severely damaged by spills,

hich block carbon fixation by stifling plant transpiration and

an kill marsh vegetation through this and other mechanisms
5].
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Fuel oil from spills is known to persist for at least 5 years in
marsh sediments, from which it can be released into marsh water.
Its persistence reflects in high hydrocarbon levels in shellfish inhab-
iting the polluted marshes or exposed to hydrocarbons released
therefrom [6–9].

Relatively few studies have investigated the effects of crude oil
spills on natural degradation in soil ecosystems [10] other than the
impact on the community structure of soil bacteria [11,12]. Hydro-
carbons are primarily degraded by bacteria and fungi, adaptation by
prior exposure of microbial communities to hydrocarbons increas-
ing their degradation rate [13]. Biodegradation of hydrocarbons
usually requires the cooperation of more than one species [14]. This
is particularly true of pollutants consisting of many different com-
pounds such as crude oil or petroleum. The degree of hydrocarbon
biodegradation in soil is influenced by various environmental fac-
tors including the nature and concentration of contaminants, soil
properties, pH, temperature, water content, and nutrient availabil-
ity [15,16].

The salt marshes of Baldaio and Muxía, and those associated
with the beaches of Barizo and Traba Lagoon, are located in estu-
aries on the stretch of the Galician coast that was most severely

affected by the Prestige spill: the Costa da Morte (Fig. 2). In a previ-
ous study [17], we reported on the effects of the spill on the physical
and physicochemical properties, and total hydrocarbon and heavy
metal contents, of soils in affected areas of these marshes 3 months
after the spill, when the initial cleaning of the beaches had already

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mandrade@uvigo.es
dx.doi.org/10.1016/j.jhazmat.2008.11.113
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Table 1
Sampling areas (salt marshes) and specific sampling locations in each area.

Site Sample number and location Coordinates

Baldaio marsh 1. 50 m from the low-water line (zone 1) N: 43◦17.833′ W: 8◦39.733′

2. Center of marsh (zone 2) N: 43◦17.734′W: 8◦39.672′

Barizo marsh 4. 50 m from the low-water line (zone 1) N: 43◦18.776′ W: 8◦51.444′

5. Center of marsh (zone 2) N: 43◦18.782′ W: 8◦51.453′
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raba Lagoon beach 6. 50 m from the lo
uxía marsh 7. 50 m from the low

een completed. Oil pollution altered both chemical and physical
oil properties: the polluted soils exhibited a dark, compact crust
f significantly lower porosity and greater resistance to penetration
han that of unpolluted soils at the same sites. In addition, the pol-
utants significantly lowered Eh and intrinsic permeability, raised
ydrophobicity, and increased the concentrations of Cr, Cu, Fe, Pb,
and Ni, and total petroleum hydrocarbon contents, by a factor of

–2500.
This previous study thus showed that the Prestige oil spill con-

tituted a major source for the heavy metals currently present
n the marshes. The present study was aimed to character-
ze natural degradation of organic components of the fuel oil
ver a 4-year period in the four salt marshes. To this end,
e determined TPH (total petroleum hydrocarbon) contents and
ydrocarbon composition in order to monitor TPH degradation in
oil.

. Material and methods

.1. Study areas and sampling procedure
A general description of the sampling areas (Baldaio, Barizo,
raba and Muxía, four salt marshes affected by the Prestige spill;
ig. 2 and Table 1) and studied soils as regards physicochemical
roperties, and TPH and heavy metal contents, as of February 24,
003, can be found elsewhere [17].

able 2
haracteristics of the fuel oil from sources S1 and S2.a.

Method Units Sample and sampling

S1

Open sea (vacuum-dr

ensity (15 ◦C) [52] kg m−3 977a
iscosity (50 ◦C) [52]b mm2 s−1 1630.18a

28.3a
[53] g kg−1 830.22a

4.2a
2O Drying in vacuo

[54]
% (v/v) –

sh [52] g kg−1 –
r 8.67a
u 14.09b
e 176.10a
i Digestion with

HNO3. Analysis
by ICP-OES

mg kg−1 42.01b

b 12.58a
n 4.91b

95.79b
aturated hydrocarbons 18.6a
romatic hydrocarbons [23] % 47.3a
esins and asphaltenes 34.1b

or each sample type (wet or vacuum-dried), values of a parameter followed by a differen
a Mean values for five samples per salt marsh.
b American Society for Testing and Materials.
er line N: 43◦11.585′ W: 9◦2.422′

er line N: 43◦5.948′W: 9◦12.754′

Table 2 summarizes the properties of the fuel-oil samples col-
lected at sea and in the studied marshes, and Tables 3 and 4 those
of the soils. The soil samples studied were obtained at polluted
and unpolluted sites in the four sampling areas on four different
dates, namely: February 23, 2003 (while the initial cleaning of the
beaches was being performed); May 2, 2005; April 4, 2006; and
February 28, 2007. Topsoil (0–30 cm) samples were collected by
means of an Eijkelkamp sampler and stored in polyethylene bags
at 4 ◦C in the dark. A total of five samples were taken at each sam-
pling site on each date that were air-dried, passed through a 2-mm
sieve, mixed and homogenized in the laboratory; subsequently, 5
subsamples from each aggregate sample were used to determine
the total petroleum hydrocarbon (TPH) content and hydrocarbon
composition.

2.2. Hydrocarbon analysis

TPH contents were determined following ISO/TR11046(E) [18],
using the methods proposed by Referentie Informatiemodel voor
Ziekenhuisapotheken [19,20], Pennings [21] and Weisman [22],
on soil samples stored at 4 ◦C in the dark. Samples were dried

chemically over a hygroscopic salt, ground, and extracted with
1,1,2-trichloro-1,2,2-trifluoroethane. The extract was stirred with
magnesium silicate to remove polar organic compounds and fil-
tered; then, it was supplied with hexane for analysis by gas
chromatography, using a flame ionization detector and a mixture of

site

S2

ied) Open sea (wet) Salt marsh (vacuum-dried) Salt marsh (wet)

988a 979a 988a
18219.80a 1273.04b 9441.55b

12.68a 23.2b 9.22b
371.94a 790.99b 314.66b

2.1a 3.7b 1.6b
55.20a – 54.26a

4.23a – 1.55b
0.20a 7.06b 0.19a
7.73b 18.16a 15.00a

39.80b 163.83b 141.18a
27.20a 50.65a 30.80a

6.73b 9.41b 8.33a
0.67b 9.41a 3.89a

58.93b 110.59a 70.19a
19.7a
44.8b
35.5a

t letter are significantly different at p < 0.05.
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Table 3
Selected properties of the studied soils.

Marsh Zone pH (H2O) pH (KCl) Bulk density
(g cm−3)

Soil organic
matter (g kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Available Mg
(mg kg−1)

Baldaio
1 7.7b 7.3b 0.42d 128a 40b 308b 1618b
2 7.9a 7.8ab 1.20b 49b 936a 936a 1848a

Barizo
1 8.2a 8a 1.14 25c 19c 158d 612c
2 8.1a 7.9 0.99c 28c 13c 184c 654c

Traba 7.8b 8.3a 1.88a 2e 4d 52e 172e
M

I 0.05.
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n each column, values followed by a different letter are significantly different at p <

-alkanes containing 6–36 carbon atoms as the external standard
22].

Fuel-oil components were extracted according to Fernandez-
lvarez et al. [23]. Residual fuel oil from soil samples, previously
ombined with anhydrous sodium sulfate, was recovered by
ltrasonic extraction with a 1:1 (v/v) dichloromethane–acetone
ixture. The resulting extracts were dried over anhydrous

odium sulfate and concentrated to dryness under vacuum.
fter gravimetric analysis, the residues were dissolved in n-
exane and fractionated by alumina column chromatography [24].
aturated hydrocarbons were eluted with n-hexane, aromatic com-
ounds with dichloromethane, and resins with methanol, while
sphaltenes were retained on the column [23]. Each fraction was
oncentrated to dryness under a nitrogen stream and weighed in
rder to determine the proportions of saturated hydrocarbons, aro-
atics, resins and asphaltenes with respect to total weight. Resins

nd asphaltenes are deemed recalcitrant, while saturated hydro-
arbons and aromatics are deemed degradable [25]. The overall
ccuracy and precision of the method of separating the components
f fuel oil were verified by using undegraded fuel from the Prestige
s reference [17,23].

Saturated hydrocarbons were determined on a GC-FID Varian
P-3800 system. Chromatography was done on a WCOT fused sil-

ca column (15 m × 0.25 mm i.d. × 0.25 �m CP-Sil 5 CB). The heating
chedule comprised two ramps, namely: from 35 to 150 ◦C and
rom 150 to 300 ◦C, at 20 and 15 ◦C min−1, respectively. Helium at
1 ml min−1 flow rate was used as carrier gas, and a 1 �l aliquot of
ach sample at 400 ◦C injected into the chromatograph by means
f a Varian CP-8400 autosampler.

A Varian CP-3800 GC–MS, coupled to a Saturn 2200 GS-MS
ystem was used for full identification of saturated hydrocar-
ons. Chromatography was done on a WCOT fused silica column
30 m × 0.25 mm i.d. × 0.25 �m VF-5ms). The initial temperature,
0 ◦C, was followed by a 50–300 ◦C ramp at 10 ◦C min−1. Again, the
arrier gas was helium at 1 ml min−1, and a 1 �l aliquot of each

ample at 250 ◦C was injected with the aid of a Varian CP-8400
utosampler.

Compounds were identified using NIST Standard Reference
aterial 1494 [26], a solution of 20 components including aliphatic

ydrocarbons with odd and even numbers of carbon atoms from 10

able 4
haracteristics of the cation exchange complex in the studied soils.

arsh Ca (cmol kg−1) Mg (cmol kg−1) Na (cmol kg−1) K (cmol kg

aldaio
1 38.8b 12.94b 27.04b 0.77b
2 91.74a 14.78a 37.12a 2.34a

arizo
1 37.2b 4.9c 4.48c 0.40c
2 38.2b 5.23c 4.54c 0.46c

raba 25d 1.38e 3.33d 0.13d
uxía 33c 2.43d 0.78e 0.14c

n each column, values followed by a different letter are significantly different at p < 0.05.
11d 14c 56e 304d

to 20, aliphatic hydrocarbons with even numbers of carbons from 20
to 34, pristane and phytane. In addition, identification of our com-
pounds required the use of internal standards such as isoprenoids
(pristane and phytane) and hopanes. Pristane and phytane are use-
ful monitors of alkane depletion at an early stage in degradation
processes.

2.3. Assessment of fuel-oil degradation

Natural degradation was monitored by analysing changes in the
proportions of saturated hydrocarbons, aromatics, asphaltenes and
resins in the soils, and assessing the degree of depletion of satu-
rated hydrocarbons with variable numbers of carbon atoms on each
sampling date.

2.4. Potential for phytoremediation bioassays

These assays involved assessing germination and growth of
three species (Lolium perenne L., Convolvulus arvensis L. and
Raphanus raphanistrum L.) planted in a growth chamber. Species
were selected for their ability to grow in contaminated and
high salinity soils. Both three species could improve the soil
structure, aeration to secondarily improve the microorganisms
effects, and they could also enhance the phytostabilization. In
addition, the phytoremediation potential of these species was
assessed by using greenhouse trials to compare their growth in
soil samples from contaminated areas with that in uncontaminated
soils.

Because the Baldaio and Barizo marshes continue to be under
the influence of pollution, we also assessed the phytoremediation
potential of L. perenne, L., C. arvensis L. and R. raphanistrum L. by
using contaminated marsh soil samples and uncontaminated soils
in a germination and growth chamber, and in a greenhouse. Com-
parisons were based on biomass production and used to identify
the most suitable species for in situ bioremediation in the affected

marshes.

The soil material used in the growth chamber study was top-
soil collected from Barizo (sites 1 and 2) and Baldaio (sites 1 and
2). Material was sieved to eliminate debris, air-dried and added
to 0.35 l pots. Grow chambers were illuminated by fluorescent

−1) Al (cmol kg−1) CICe (cmol kg−1) Ca/Mg K/Mg Ca:Mg:K

0.1a 79.65b 3e 0.1a 74/25/01
0.1a 91.74a 6d 0.1a 69/27/04

0.1a 47.07c 8c 0.1a 88/12/01
0.1a 48.54c 7cd 0.1a 87/12/01

0.1a 29.93e 18a 0.1a 94/05/00
0.1a 36.46d 14b 0.1a 93/07/00
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F 07). (a)–(d) Barizo: 2003 (a), 2005 (b), 2006 (c) and 2007 (d). (e)–(h) Baldaio: 2003 (e),
2 l). (m)–(p) Traba Lagoon beach: 2003 (m), 2005 (n), 2006 (o) and 2007 (p). (a), (e), (i), and
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ig. 1. Time course of soil TPH contents and of fuel-oil crusts on the soil (2003–20
005 (f), 2006 (g) and 2007 (h). (i)–(l) Muxía: 2003 (i), 2005 (j), 2006 (k) and 2007 (
m): general views.

amps with an irradiance of 300 �mol m−2 s−1. Four replicates
er plant treatment/soil treatment were used in addition to a
ontrol soil obtained from an unaffected, uncontaminated marsh
Louro, Galicia, Spain) with a zero TPH concentration. Bioassays
ere designed in accordance with a completely random scheme,
sing a 5 × 6 factorial arrangement with three replications. Addi-
ionally, germination in Petri dishes was assessed as an external
ontrol.

The three species studied (L. perenne, L., C. arvensis, L. and R.
aphanistrum, L.) had all previously been deemed potential phy-
oremediators both organic and inorganic, including heavy metals
hat are normally associated to the oil spills, and they are capa-
le of growing in saline situations [27–39]. If plants are capable of
rowing in such situation, they can help alleviate the problem either
ransporting the organic pollutants to aerial parts, where they could
e harvested, or just improving the soil conditions, e.g. to create
ore favorable conditions for breakdown by microorganisms. That
eans that just being capable of good growth in the field, plants

an be potentially useful. Assays were done on five soils; four were
f the contaminated type and obtained from the Baldaio and Barizo
arshes (2 samples each).
Five replicates of each soil (Baldaio and Barizo soils, and

npolluted control soil) were incubated in a germination and

rowth chamber under appropriate conditions for the three species,
amely: a 16/8 photoperiod, 80% RH and 24 ◦C. Plants were watered
hree times a week, using water collected from a clean marsh
n order to mimic environmental conditions as closely as possi-
le. Fig. 2. Map showing the location of the study areas.



1 dous M

3
1
D

-

-

F
t

024 F.A. Vega et al. / Journal of Hazar

Germination parameters were recorded on a weekly basis for
0 days, and aerial biomass was cropped and stove-oven dried at
10 ◦C during 3 days, 45 days after sowing in order to assess growth.
eterminations included the following parameters:

Germination rate, which was calculated from the following
expression:

Germination rate = 1
∑

(Gi · Di)/N
where Gi is the number of germinated seeds with expanded
cotyledons between days i and i − 1; Di the number of days after
sowing; and N the total number of seedlings.
Seedling growth, which was assessed from seedling height, in cm,
as measured in the bioassays.

ig. 3. Time course of the decrease in total petroleum hydrocarbon (TPH) content (g kg−1)
hree replicate analyses of each of five replicate samples from each sampling area. For eac
aterials 166 (2009) 1020–1029

- Net growth (g/seedling), which was taken to be the dry weight of
seedlings measured in the bioassays.

- Plant stress, which was assessed with a Hansatech modulated
fluorometer. To this end, the maximum quantum yield of pho-
tosystem II (Fv/Fm) was measured according to Genty et al. [40]
on days 7 and 15. Chlorophyll fluorescence (more specifically,
the Fv/Fm ratio, where Fv denotes variable fluorescence and Fm

maximum fluorescence), which is a measure of photochemical
efficiency in photosystem II, is often used as an indicator of plant
stress [41], particularly in studies of pollution impacts [42,43].
Finally, L. perenne L. was also used in field trials in Baldaio and
Barizo – the two marshes most severely affected by the spill – in
order to ascertain whether planting this species would favor natural
degradation of fuel oil in the soil. To this end, we planted L. perenne

in the salt marsh soils over the studied period (2003–2007). (Means of 15 analyses:
h site and date, means with different letters are significantly different at p < 0.05.)
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n three 4 m × 4 m plots in each marsh leaving them grow for 6
onths (from April to October, 2006).

.5. Statistical analyses

Following testing for normality and homogeneity of variances,
ll data were subjected to one-way ANOVA and LSD as implemented
n the software SPSS/PC+ for Windows in order to compare multiple

eans.

. Results and discussion

.1. Macroscopic effects of the fuel-oil spill

Sampling in February 2003 – very soon after the spill – in the
aldaio, Barizo, Traba Lagoon and Muxía salt marshes revealed that
he fuel oil had impregnated the roots and lower stems of Juncus sp.
rushes) that formed the dominant vegetation at the studied sites,
gluing” soil particles to the roots and the stems to one another
17].

These areas exhibited a compact crust (Fig. 1) at or just below
heir surface; the crust had a low porosity, was 1–40 cm thick and
rossed by cracks 0.3–1.0 cm wide. It ranged from black (7.5YR2/0),
ith high resistance to penetration, in Barizo and Baldaio, through

arious shades of gray in Muxía (10YR5/2), where it was thinner and
ather less resistant to penetration, to yellowish brown (10YR5/8)
t the Traba Lagoon. The crust consisted of aggregates of fine mate-
ial bound by the oil, which, in coating the finer particles, must have
acilitated their penetration and permanence in the larger pores and
hannels, thereby “gluing” larger particles together and reducing
orosity and permeability while increasing resistance to penetra-
ion. Under normal circumstances, particles in sandy salt marsh
oils reorganize during each cycle of wetting and drying rather than
dhering to each other, which results in a very low resistance to
enetration [43–45,17].

Subsequent sampling revealed that the thickness of the fuel-oil
rusts at Muxía and Traba had decreased to such an extent that these
rusts had virtually disappeared. At Baldaio and Barizo, however,
races of the crusts still remained in 2007: a distinct crust about
0 cm thick somewhat less compact and lighter in color remained

n Baldaio; at Barizo, where neither the marsh nor the river bottom
ad been cleaned, little balls of oil continued to appear sporadically

n the soil (Fig. 1c), however, giving a rusty appearance to crusts
bout 2 cm thick present at variable depths (Fig. 1d).

.2. TPH contents

All samples collected February 2003 from Baldaio 1 and 2, Barizo
and 2, Traba and Muxía had high TPH contents (298.5, 176.5,

2.3, 102.8, 18.7, and 27.1 g kg−1, respectively; Fig. 3). Overall, their
ractionation revealed a high proportion of aromatics, followed by
sphaltenes and resins, and also by saturated hydrocarbons but in
ather low proportion (Fig. 4). Natural degradation of the fuel oil in
he four marshes is clearly apparent Figs. 2–5.

Total hydrocarbon contents declined over the studied period at
ll sites (Fig. 3). Although TPH remained high in Baldaio and Barizo
74.3, 57.2, 11.2 and 44.0 g kg−1 in Baldaio 1, Baldaio 2, Barizo 1,
arizo 2, respectively), the values were 75.4, 75.4, 87.9 and 57.2%

ower, respectively, than those measured in February 2003 (Fig. 4),
onsistent with pronounced natural degradation. The February
007 TPH contents of the Muxía and Traba soils were approxi-

ately 3 g kg−1, which is 88.6 and 84.5% lower, respectively, than

he original values.
The analysis of the different fractions revealed natural degra-

ation of saturated and aromatic hydrocarbons of between 85%
nd as 95% in most soils (Figs. 5 and 6). A degradation pattern for
Fig. 4. Overall decrease in total petroleum hydrocarbon (TPH) contents (%) in the
salt marsh soils over the studied period (2003–2007). (Means of 15 analyses: three
replicate analyses of each of five replicate samples from each sampling area. Within
each group, bars with different letters are significantly different at p < 0.05.)

saturated hydrocarbons was established by comparing the chro-
matograms for soil extracts obtained on different sampling dates.
Gas-chromatographic analyses of the saturated fraction showed
that the samples obtained in 2003 were very similar in this respect
and also to the reference standards for C14, C15, C16, C17, C18,
C19, C20, C22, C24, C26, C28, C30, C32 and C34; this indicates
that all samples contained tetradecane, pentadecane, hexadecane,
heptadecane, octadecane, nonadecane, eicosane, docosane, tetra-
cosane, hexacosane, octacosane, triacontane, dotriacontane and
tetratriacontane.

Hydrocarbon contents changed over the studied period. Gas-
chromatographic analyses of the saturated fraction of the samples
collected in February 2007 showed that nearly all GC resolved peaks
were degraded. The Muxía and Traba soils were found to contain vir-
tually no saturated hydrocarbons except for very small amounts of
C14 and C15 alkanes which possibly came from a more recent source
than the Prestige spill. These results suggest a nearly complete nat-
ural degradation of saturated hydrocarbons in these two marshes.
In contrast, samples obtained in 2006 and 2007 from Baldaio (sites
1 and 2) and Barizo (sites 1 and 2) still contained C24, C28, C30,
C32 and C34 saturated hydrocarbons (i.e. docosane, tetracosane,
hexacosane, octacosane, triacontane, dotriacontane and tetratri-
acontane), which suggests that both marshes remained severely
affected and only the lighter n-alkane fraction (C13 to C23) was
depleted. The difference can be ascribed to environmental condi-
tions favoring natural degradation in Muxía and Traba, and also to
the smaller thickness of the fuel-oil crusts that formed on the soils
after the spill (Fig. 1).

There was strong depletion not only of the lighter n-alkanes, as
expected in natural environments [46,14], but also, in line with the
results of Medina-Bellver et al. [47] and Gallego et al. [48], of the
aromatic fraction. Depletion of asphaltene and resins was much less
marked: 64–76% in Barizo 1, Muxía and Traba; 39–44% in Baldaio;

and only 12% in Barizo 2, where flooding of the river continues to
introduce balls of fuel oil into the marsh soils.

The persistence of recalcitrant compounds (resins and
asphaltenes) may have hindered complete degradation of the
lighter saturated hydrocarbons in soils with high hydrocarbon
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ig. 5. Decrease in specific TPH fractions (saturated, aromatic, resins + asphaltenes) (
hree replicate analyses of each of five replicate samples from each sampling area. F

ontents (i.e. the soils most severely affected by the spill). Such
ight fractions may have been trapped in the polar organic matrix,
s previously observed by other authors at the surface of resid-
al fuel oil deposited on rocks by the Prestige spill, where an

sphaltic layer hindered access of biodegrading microorganisms
48].

Four years after the spill, natural degradation of the spilt fuel
il is thus apparent from the loss of lighter weight components;
owever, our results suggest that these salt marshes continue to be
) in the salt marsh soils over the studied period (2003–2007). (Means of 15 analyses:
h date, bars with different letters are significantly different at p < 0.05.)

significantly affected by hydrocarbons. Wherever the fuel-oil layer
on the soil was very thick, hydrocarbon contents have only been
reduced to a small extent.
3.3. Potential for phytoremediation bioassays

Fig. 7 shows the results obtained in bioassays involving germi-
nation and growth of the three studied species under the stressing
conditions of the contaminated soils.
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The best, most promising results were obtained with L. perenne
., which exhibited a high germination rate and good growth; the
esults, however, should be confirmed in tests on adult plants.
ecently [49,50] it has been proposed as one of the most promising
hytoremediator species in soils contaminated around petroleum
efineries, both being able to grow and also diminishing the pol-
utants soil concentration. Main aspects of the capacity to reduce
ollution is related to its high germination rate and to the exten-
ive root system, where microorganisms can detoxify the pollutants
ue to the great surface and improving of the structure, aeration

nd exudation [50]. R. raphanistrum L. was unable to germinate
n soil samples from the most polluted sites by effect of its
eing under a highly compact, thick crust of residual oil (Baldaio
).

ig. 7. Germination rate, seedling growth, net growth, and photosynthetic activity. (Bars w
aterials 166 (2009) 1020–1029 1027

None of the three species exhibited statistically significant dif-
ferences in fluorescent properties when grown in the test soils
(control included); rather, all values were normal and comparable
to those for non-stressed plants. This suggests that these species
can withstand the conditions in the contaminated soils for at least
2 weeks, so they may be useful under the prevailing field conditions.

Non-parametric comparison of means revealed highly signifi-
cant differences in all studied parameters. No statistical test was
done in the case of zero germination. Therefore, using these plant
species to facilitate degradation showed all three to have the poten-
tial to survive in a growth chamber; this was particularly so of L.
perenne L., which exhibited not only efficient germination, but also
good aerial growth and root soil penetration, thereby improving
aeration of the marsh and boosting decomposition and recovery
processes. L. perenne chlorophyll fluorescence values were sugges-
tive of an increased ability to cope with the stressing conditions in
the marshes. According to literature, L. perenne has also been shown
to develop aerenchyma that could be involved in a medium-term
sequestration of pollutants [51].

Our greenhouse trials showed that all three plant species have
the potential to survive, especially the ryegrass L. perenne L., which
exhibited good germination and aerial growth in addition to a high
capacity of root penetration in the soil. These will result in improved
aeration of marsh soil and facilitate decomposition and recovery
processes.

The field plots sown with L. perenne L. exhibited no significant
differences in fuel-oil degradation with respect to the untreated
plots. Seeds germinated well, the aerial parts of the plants grew
acceptably, and root soil penetration was good.

According to the results obtained in the 6 months field exper-
iment, we expect a favorable effect on fuel degradation in the
the spill destroyed virtually all vegetation, and also in those of the
Barizo marsh, where fuel oil continues to enter the soil from the
river bottom as suggested by the presence of oily layers at various
depths.

ith different letters for each species and soil are significantly different at p < 0.05.)
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. Conclusions

The samples taken in February 2003 from the Baldaio 1 and 2,
Barizo 1 and 2, Traba and Muxía marsh soils had high TPH con-
tents. Their fractionation revealed a high proportion of aromatics,
followed by asphaltenes and resins, and, finally, saturated hydro-
carbons in rather low proportions.
The total hydrocarbon content (TPH) decreased over the stud-
ied period in all marshes. However, TPH contents are still high
in Baldaio (sites 1 and 2) and Barizo (sites 1 and 2). The decrease
amounted to 75.4, 75.4, 87.9, and 57.2%, respectively, of the Febru-
ary 2003 values, consistent with strong natural degradation.
The analysis of the different soil fractions revealed that saturated
and aromatic hydrocarbons have been degraded by at least 85%
in all soils, and by 95% in most.
Asphaltenes and resins were less markedly degraded than the
previous fractions, namely: by 64–76% in Barizo 1, Muxía and
Traba; 39–44% in Baldaio (sites 1 and 2); and only 12% in Barizo
2, where flooding of the river continues to introduce balls of fuel
oil into the soil.
Four years after the spill, the fuel oil has seemingly degraded natu-
rally through the loss of its lighter weight components; however,
our results suggest that the salt marshes continue to be signif-
icantly affected by hydrocarbons. Monitoring analyses revealed
natural degradation to be dependent of the thickness of the pol-
lutant crust.
Finally, phytoremediation tests showed L. perenne L. to grow effi-
ciently in these polluted salt marshes, where it exhibited effective
aerial growth and an excellent metabolic behaviour. Also, field
plots planted with L. perenne L. exhibited no significant differ-
ences in fuel-oil degradation from untreated plots.
It is advisable to continue the monitoring of the affected areas
because there are still marshes with high pollution after 5 years
of the oil spill. Also it is necessary to promote natural degradation
and continue with recovery actions such us phytoremediation.
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