
R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

Effect of the Prestige Oil Spill on Salt Marsh Soils
on the Coast of Galicia (Northwestern Spain)

M. L. Andrade,* E. F. Covelo, F. A. Vega, and P. Marcet

ABSTRACT shellfish inhabiting the polluted marsh or exposed to
hydrocarbons released therefrom (Burns and Teal, 1979;At four estuarine sites on the coast of Galicia (northwestern Spain),
Sanders et al., 1980; Maki, 1991; Wade, 1993). To be ableall of which were affected by the Prestige oil spill, soil samples were
to design appropriate recovery strategies, it is essentialtaken from polluted and unpolluted areas and their petroleum hydro-

carbon contents, heavy metal contents, and other chemical and physi- to gain understanding of the effects of oil pollution on
cal characteristics were measured. Oil pollution altered both chemical marshes and of their response to such aggressions. The
and physical soil properties, aggregating soil particles in plaques, low- fate of pollution in wetlands differs from that observed
ering porosity, and increasing resistance to penetration and hydropho- in unsaturated soils, in which transport, as well as bio-
bicity. The chromium, nickel, copper, iron, lead, and vanadium con- degradation, play a major role (Mackay, 1988): in wet-
tents of polluted soils were between 2 and 2500 times higher than those lands, vertical transport through the soil is very slowof their unpolluted counterparts and the background concentrations in

because of its being almost permanently waterloggedGalician coastal sediments. In the cases of Cr, Cu, Ni, Pb, and V, their
(although the burial of heavy oil under its own weightorigin in the polluting oil was corroborated by the high correlation
occurs on a significant scale), and although volatilization(r � 0.74) between the concentrations of these metals and the total
of oil spilled on open water is a very significant dispersalpetroleum hydrocarbon (TPH) content of the polluted soils. Soil redox

potentials ranged from �19 to �114 mV in polluted soils and 112 to mechanism, volatilization from marshes is hindered by
164 mV in unpolluted soils, and were negatively correlated with TPH the formation of a “composite” of oil and vegetation.
content (p � 0.01). The low values in the polluted soils explain why The long-term response to oil pollution in marshes de-
the soluble fractions of their total heavy metal contents were very pends mainly on the interaction of the oil with the micro-
small (generally less than 3%, and in many cases undetectable). bial population of the soil, which not only performs

biodegradation of the pollutant (Hambrick et al., 1980)
but also controls other soil properties and processes that

The oil tanker Prestige sprang a leak off Cape Fin- influence the rate at which biodegradation can occur,
isterre (Galicia, northwestern Spain) on 13 Nov. including the remineralization of nutrients, redox poten-

2002. Six days later the ship broke in two and sank 130 tial (Eh), and pH (Nyman and Patrick, 1995; Nyman,
nautical miles off the coast. In all, the ship spilled an 1999).
estimated 64 000 Mg of heavy fuel oil, a material with Salt marsh soils generally have low bulk densities
high nitrogen, sulfur, and heavy metal contents that (because of waterlogging), high organic matter contents
forms highly viscous, poorly soluble emulsions (Hodg- (which in many cases now derive not only from the
son, 1954; Wedepohl, 2000; Bu-Olayan et al., 1998) in remains of marsh vegetation but also from agricultural
sea water. The spill affected a large part of the Galician and urban waste), and high sulfide contents (Griffin and
coast and coastal waters, and much of the rest of the Rabenhorst, 1989; Fernández Feal, 1999; Marcet et al.,
southern Bay of Biscay. Oil removal efforts have mainly 2000; Andrade et al., 2002). These characteristics are
been directed at beaches and, secondarily, rocks and not unrelated: the combination of anaerobic conditions
cliffs. This paper concerns the effects of the spill on salt and high organic matter content creates an ideal envi-
marshes, a type of ecosystem that was also severely ronment for microbial reduction of sulfates to sulfides
affected and where conventional mechanical oil removal (Pons and Van Breemen, 1982). Their organic matter
methods would wipe out most vegetation. content, redox status, and sulfide content play a decisive

Marshes, which constitute an important component of role in the fate of heavy metals such as those borne in
river, estuarine, and coastal ecosystems, are extremely the Prestige spill, determining their distribution among
sensitive to oil pollution (Gundlach et al., 1977) and dissolved, available, and insoluble forms (Griffin and
can be severely damaged by spills, which block carbon Rabenhorst, 1989; Gambrell et al., 1991).
fixation by stifling plant transpiration and, through this The salt marshes of Camariñas and Muxı́a, and those
mechanism and others, can kill marsh vegetation (Pez- associated with the beaches of Barizo and Traba La-
eshki et al., 2000). Fuel oil from spills has been known goon, are located in estuaries on the stretch of the Gali-
to persist for at least 5 yr in marsh sediments, from cian coast that was most directly affected by the Prestige
which it can be released into the marsh water. This spill, the Costa da Morte (Fig. 1). Most of the soils are
persistence is reflected by high hydrocarbon levels in classified as tidal marsh soils, and have textures ranging

from loamy sand to loam and the high organic matter
and sulfide contents that are typical of marsh soils. TheDepartment of Vegetable Biology and Soil Science, Ap. 874, 36200 Vigo,
predominant vegetation consists of rushes (Juncus spp.)Spain. Received 13 Jan. 2004. *Corresponding author (mandrade@

uvigo.es). at Muxı́a and Barizo marshes, together with seaside

Published in J. Environ. Qual. 33:2103–2110 (2004).
© ASA, CSSA, SSSA Abbreviations: Eh, redox potential; TPH, total petroleum hydro-

carbon.677 S. Segoe Rd., Madison, WI 53711 USA
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inductively coupled plasma–optical emission spectroscopy
(ICP–OES) in a PerkinElmer (Wellesley, MA) Optima 4300
DV apparatus following digestion with HNO3 and H2O2 in a
Teflon bomb heated in a microwave oven (ASTM Method
D 3605; American Society for Testing and Materials, 1995a).
For each homogenized sample, the products of three replicate
digestion processes were each analyzed in triplicate, and re-
sults shown are the means of the nine determinations.

On the same day that the oil pats constituting Sources 2
and 3 were collected, six loose soil samples and six 30-cm
soil cores were taken from the top 30 cm of each of five
representative polluted areas, and six samples and six cores
from each of five representative unpolluted areas, at each of
the four marshes studied: Barizo, Traba Lagoon, Camariñas,
and Muxı́a (Fig. 1). Polluted areas were sampled 50 m from the
low-water line, and unpolluted (control) areas approximately
200 m from the low-water line; all these soils are Thionic
Fluvisols according to the FAO classification (Food and Agri-

Fig. 1. The study areas. culture Organization, 1998). Loose soil samples were collected
using a Model 04.20.SA sampler (Eijkelkamp Agrisearch Equip-

sandplant [Honckenya peploides (L.) Ehrh.] in the lat- ment, the Netherlands) and were stored in polyethylene bags.
ter. At Traba Lagoon beach, St. Augustine grass [Steno- Cores were obtained with steel soil sampling rings that were
taphrum secundatum (Walt.) Kuntze] predominates, to- then stored in plastic boxes. Both cores and loose samples
gether with rushes and common reed [Phragmites were transported to the laboratory in darkness at 4�C. In the

laboratory, three of the loose samples from each sampling areaaustralis (Cav.) Trin. ex Steud.]. The dominant vegeta-
were air-dried, passed through a 2-mm-mesh sieve, pooled,tion at Camariñas salt marsh is sand ryegrass [Leymus
and homogenized. Both cores and loose samples were storedarenarius (L.) Hochst.], in addition to rushes. Here we
in darkness at 4�C until use.report the effects of the spill on the physical and physico-

Resistance to penetration and Eh were determined in situchemical properties and hydrocarbon and heavy metal
at each sampling area. Resistance to penetration was measuredcontents of the soils of affected areas of these marshes with a hand cone penetrometer by determining the force nec-

three months after the spill had occurred. essary for it to penetrate to depths of 5, 10, 15, 20, 25, 30, 35,
40, 45, and 50 cm (Hartge and Bohne, 1985). The Eh at each

MATERIALS AND METHODS of three depths (1, 10, and 20 cm) was measured by inserting
polished platinum electrodes to the desired depth and allowingTo determine whether the spilled oil had undergone
them to equilibrate for 15 min before voltage relative to achanges in metal content before its entrapment in marsh soil,
calomel electrode was measured with a pH/mV meter; Eh wasand to predict its biodegradability, five samples of fuel oil
calculated as the measured voltage plus 244 mV (McKee etwere taken for analysis from each of three different sources.
al., 1988; Patrick et al., 1996). In each case, measurements wereSpilled oil was recovered from the open sea in the neighbor-
made in triplicate at each sampling area; results presented arehood of the Prestige by boats on 17 Nov. 2002 (Source 1; the
the means of the 3 � 5 � 15 values obtained for each kindexact positions of recovery were 42�10�48″N 12�0�36″W and
of soil (polluted or unpolluted) in each marsh.42�12�30″N 12�3�0″W). Oil pats were collected from the sur-

The intrinsic permeability of cores was measured using anface of beach or marshland at Barizo (Source 2) and Muxı́a
air permeameter placed at their head (Bradford, 1986; Corey,(Source 3) on 24 Feb. 2003, when initial cleaning of the beaches
1986), their hydrophobicity using the water drop penetrationhad already been performed. The five samples from each
method of Letey (1969a, 1969b), and their porosity by thesource were pooled and homogenized. The general character-
method described by Bradford (1986) and Corey (1986). Inistics of the resulting homogenized samples (one from each
each case, three cores were used; results presented are thesource) were determined using the analytical methods listed

in Table 1. Their heavy metal contents were determined by means of the 3 � 5 � 15 values obtained for each kind of soil

Table 1. Characteristics of fuel oil from Sources 1, 2, and 3.†

Sample and sampling site

Source 1 (open sea) Source 2 (Barizo beach) Source 3 (Muxı́a marsh)

Characteristic Vacuum-dried Moist Vacuum-dried Moist Vacuum-dried Moist

Density (15�C), kg m�3‡ 977a 988a 979a 988a 977a 982a
Viscosity (50�C), mm2 s�1§ 1 630.18a 18 219.80a 1 273.04b 9 441.55b 1 128.58b 8 826.25b
S, g kg�1¶ 28.3a 12.68a 23.2b 9.22b 24.8b 9.21b
C, g kg�1¶ 830.22a 371.94a 790.99b 314.66b 790.25b 293.49c
N, g kg�1¶ 4.2a 2.1c 3.7b 1.6e 4.6a 2.4c
H2O, % (v/v)# 55.20a 54.26a 55.20a
Ashes, g kg�1†† 4.23b 1.55c 5.17a

† For each kind of sample (wet or vacuum-dried), values of a parameter followed by a different letter differ significantly at the 0.05 probability level.
‡ Determined according to ASTM Method D 1998 (American Society for Testing and Materials, 1995a).
§ Determined according to ASTM Method D 445 (American Society for Testing and Materials, 1995a).
¶ Determined according to ASTM Method D 4239 C (American Society for Testing and Materials, 1995b).
# Determined according to ASTM Method D 95 (American Society for Testing and Materials, 1995a).
†† Determined according to ASTM Method D 482 (American Society for Testing and Materials, 1995a).



R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

ANDRADE ET AL.: EFFECT OF THE PRESTIGE OIL SPILL ON SALT MARSH SOILS 2105

(polluted or unpolluted) in each marsh. Porosity was also by a simple correlation and regression analysis (Neter et al.,
1996).determined (by the same method) for unaltered samples of

the compact soil “crusts” described below under Results and
Discussion. RESULTS AND DISCUSSIONThe sub-2-mm soil fractions obtained as described above
were used for potentiometric measurement of soil pH, for Characteristics of the Fuel Oil
assaying organic matter content per Walkley and Black (1934),

Table 1 lists the general characteristics of the samplesand for determination of particle size distribution by the Bou-
of fuel oil taken at sea and in two of the marshes studiedyoucos hydrometer method as described by Day (1965). In
(Sources 1, 2, and 3), and Fig. 2 shows their Cd, Co,each case, three subsamples of the corresponding homoge-

nized pooled sample were taken and each was analyzed in Hg, Sn, Cr, Mn, Mo, Cu, Pb, Fe, Ni, and V contents.
triplicate; results presented are the means of the 3 � 3 � 5 � The metals present in lowest concentration (�0.2 mg
45 values obtained for each kind of soil (polluted or unpol- kg�1) were Cd, Co, Hg, and Sn, for none of which were
luted) in each marsh. there any significant differences between the three

Dissolved heavy metal contents (Cr, Cu, Fe, Ni, Pb, and V) sources of samples. Nor did the sources differ with re-
were extracted with acidified 0.1 M CaCl2 solution (Houba gard to sample Mo and V contents, but they did differet al., 2000), available heavy metal contents with DTPA (dieth-

slightly with respect to Mn, Pb, Fe, and Ni, and moreylenetriaminepentaacetic acid; Lindsay and Norwell, 1978),
substantially with respect to Cu and Cr, with the Cuand total heavy metal contents with a 1:3:3 (v/v/v) mixture of
content of samples from Barizo being about double thatnitric, hydrochloric, and hydrofluoric acids in a Teflon bomb
of samples from the other sources and the Cr contentheated in a microwave oven (Marcet Miramontes et al., 1997);

these extractions were not sequential, each extract being ob- of samples from Muxı́a being almost 20 times that of
tained directly from a soil sample stored in darkness at 4�C.
In each case, the Cr, Cu, Fe, Ni, Pb, and V contents of the
extract in question were determined by ICP–OES (Marcet
Miramontes et al., 1997) in the same apparatus as for the
samples from Sources 1, 2, 3.

The overall accuracy and precision of the analytical proce-
dure for total heavy metal contents (including extraction) were
verified according to Marcet Miramontes et al. (1997) by ana-
lyzing the marine sediment reference material MESS-3 (from
the Marine Analytical Chemistry Standards Program of the
Canadian National Research Council). Material MESS-3 is an
estuarine sediment with low to medium metal concentrations,
making it suitable for control of analyses of Galician salt marsh
samples. Our measurements differed from the certified values
by between 2.9% (Cr) and 11.8% (Pb), with standard deviations
between 1.4 (V) and 3.6 (Pb) times greater than the certified
uncertainty (Table 2).

Total petroleum hydrocarbon (TPH) content was deter-
mined per ISO/TR11046(E) (International Organization for
Standardization, 1994), the method proposed by Referentie
Informatiemodel voor Ziekenhuisapotheken (1980, 1987), Pen-
nings (1987), and Weisman (1998), using soil samples stored
in darkness at 4�C. Subsamples 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 then fil-
tered. Hexane was added, and the mixture was analyzed by
gas chromatography using a flame ionization detector and, as
external standard, a mixture of n-alkanes with between 6 and
36 carbons (Weisman, 1998).

The data were statistically analyzed and the least significant
differences (LSD) at the 5% level used to separate means.
The relationship between the different variables was evaluated

Table 2. Measured and certified concentrations of heavy metals
in reference material MESS-3 (means � standard deviations;
n � 10).

Metal Certified value Analyzed value

mg kg�1

Cr 105 � 4 108 � 8
Cu 33.9 � 1.6 31 � 5
Ni 46.9 � 2.6 42.4 � 6 Fig. 2. Heavy metal contents of fuel oil from Sources 1, 2, and 3. For
Pb 21.1 � 0.7 23.6 � 2.5 each element, bars labeled with different letters show values that
V 243 � 10 232 � 14 differ significantly at the 0.05 probability level according to Dun-
Zn 159 � 8 161 � 5 can’s multiple range test.
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samples from the open sea or Barizo. The metals present were virtually absent from the control soils, which all
had TPH contents less than 0.05 g kg�1.in greatest concentrations were V (160–190 mg kg�1),

In the areas of marsh affected by the spill, fuel oilfollowed by Fe and Ni (50–90 mg kg�1) and by the highly
had impregnated the roots and lower stems of the rushestoxic elements Cu and Pb (15–35 mg kg�1); except for
constituting the predominant vegetation, “gluing” soilPb, all these metals are released very slowly from fuel
particles to the roots and the stems to one anotheroil because they are complexed by porphyrins (Roscupp
(Fig. 3). These areas exhibited, on or just below theirand Bowman, 1967).
surface, a compact crust of low porosity (0.20–0.36 m3The ratio between the concentrations of V and Ni in
m�3), between 1 and 12 cm thick, that was traversed bycrude oil is considered to reflect the ease with which
cracks 0.3 to 1.0 cm wide. Its color ranged from blackthe oil can be biodegraded: the larger the ratio, the
(7.5YR2/0) at Barizo (Fig. 3), where it was responsibleeasier is biodegradation (Louda and Baker, 1986).
for the high resistance to penetration of the affectedThe three sources sampled in this work (Sources 1,
soil, greater than 14 g cm�2 (Table 3); through various2, 3) afforded samples with very similar V to Ni ratios
shades of gray at Camariñas (10YR5/1, 10YR4/1) andof 3.04, 3.10, and 3.03, respectively, showing that all
Muxı́a (10YR5/2) (Fig. 3), where the crust was thinnerthree are in principle moderately degradable and that,
and offered rather less resistance to penetration (be-in keeping with the V and Ni concentration results noted
tween 1 and 4 g cm�3); to yellowish brown (10YR5/8)above, the different histories of these oils between being
at Traba Lagoon (Fig. 3), where penetrability was againspilled and collected had not led to markedly different
about 4 g cm�2 (in no control soil did resistance todegrees of biodegradation.
penetration exceed 0.33 g cm�2). The crust was com-Vanadium and Ni are mainly present in crude oils in
posed of aggregates of fine material agglutinated bythe form of metalloporphyrins. Because Ni porphyrins
the oil, which in coating the finer particles will havehave a lower intrinsic activity than V porphyrins, Ni is
facilitated their entry and permanence in the largermore evenly distributed throughout crude oil (Roscupp
pores and channels, “gluing” larger particles togetherand Bowman, 1967); however, a further Ni fraction is
and thus reducing porosity and permeability and in-present in the form of inorganic salts. There is no corre-
creasing resistance to penetration, whereas under nor-sponding V salt fraction, so the majority of the V content
mal circumstances the particles of sandy salt marsh soilsof a crude oil sample is associated with porphyrins. As
reorganize during every cycle of wetting and drying anda result, V is more strongly bound within the crude oil
do not cohere, resulting in very low resistance to pene-as V porphyrins are relatively stable and only release
tration (Marley and Hoag, 1986; Andrade et al., 2002).V when decomposed. The use of V to Ni ratios as mea-
The formation of this crust did not alter gross particlesures of crude oil degradation is based on these findings
size distributions, with the proportions of sand, silt, and(Stencel and Jaffe, 1998). The V to Ni ratio of a crude
clay being the same in polluted as unpolluted soils (78.4,oil varies according to the origin of the oil, with typical
13.9, and 7.7%, respectively, at Barizo; 87.9, 9.8, andvalues ranging between 1 and 10 (Louda and Baker,
2.3% at Traba Lagoon; 47.8, 33.8, and 18.4% at Cama-1986; Fan et al., 2002).
riñas; and 85.1, 11.7, and 3.2% at Muxı́a).

Polluted soils differed significantly from their unpol-Effects on the Salt Marshes and their Soils luted counterparts (p � 0.05) in hydrophobicity, Eh, and
The marsh with by far the most affected soil was intrinsic permeability as well as in porosity, resistance to

Barizo, with a TPH content of 92 g kg�1 (Table 3). The penetration, and TPH content (Table 3). Average water
affected soils at Traba Lagoon and Camariñas both had drop penetration time (the measure of hydrophobicity)
TPH contents between 7 and 8 g kg�1, and that of Muxı́a ranged from 5 to 12 s among the unpolluted soils and

from 6 min to more than 6 h among the polluted soils,marsh a content of 1.7 g kg�1. The TPH components

Table 3. Effect of the Prestige oil spill on the soil properties and soil total petroleum hydrocarbon (TPH) content for soils affected by
the oil spill and control soils.†

Barizo beach Traba Lagoon beach Camariñas marsh Muxı́a marsh

Affected Control Affected Control Affected Control Affected Control

Sand, %‡ 78.4b 78.4b 87.9a 87.9a 47.8c 47.8c 85.1ab 85.1ab
Silt, %‡ 13.9a 13.9a 9.8c 9.8c 33.8a 33.8a 11.7bc 11.7bc
Clay, %‡ 7.7b 7.7b 2.3d 2.3d 18.4a 18.4a 3.2c 3.2c
Porosity, m3 m�3§ 0.26d 0.57a 0.32c 0.59a 0.34c 0.49b 0.41b 0.59a
Hydrophobicity, time§ 6 h 12 min (a) 5 s (f) 51 min 13 s (b) 5 s (e) 39 min 13 s (c) 12 s (e) 6 min (d) 5 s (f)
Resistance to penetration, 14.65a 0.25e 4.16b 0.26e 3.82c 0.33e 1.31d 0.26e

g cm�2§
Intrinsic permeability, m2§ 1.18 � 10�8c 1.8 � 10�5a 4.90 � 10�8d 1.7 � 10�5a 3.16 � 10�8c 1.8 � 10�6b 1.21 � 10�8c 1.7 � 10�5a
pH‡ 7.6b 7.2bc 8.1ab 7bc 5.92d 6.8c 8.7a 7bc
Redox potential (Eh), mV§ �114f 112b �58e 162a �24d 116b �19c 164a
Organic matter, g kg�1‡ 129.7c 10.3e 8.3f 3.4g 212.8a 162.0b 18.3d 3.5g
TPH, g kg�1† 92.34a 0.04d 7.66b 0.02de 7.24b 0.04d 1.71c 0.01e

† Values followed by different letters in each row differ significantly at the 0.05 probability level.
‡ Means of 45 analyses (three replicate analyses of each of three replicate samples for each of five sampling areas).
§ Means of 15 analyses (three samples from or replicate measurements at each of five sampling areas).
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and like resistance to penetration exhibited very close mV), and always negative in polluted soils, in which it
ranged from �19 mV at Muxı́a to �114 mV at Barizo;positive correlation with TPH content (Table 4). Aver-

age Eh was always positive in control soils (112–164 like porosity, it exhibited significant negative correlation

Fig. 3. Affected areas of the marshes studied. (a–d) Barizo: (a) general view, (b) closer view of polluted soil, and (c and d) close-ups of black
crusts. (e–g) Muxı́a: (e) general view, (f) closer view of polluted soil, and (g) close-up of greyish-brown crust. (h–k) Traba Lagoon: (h) general
view, (i) closer view of polluted soil, and (j and k) close-ups of yellowish-brown crusts. (l and m) Camariñas: (l) general view and (m) close-
up of greyish crusts.
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Table 4. Pearson correlations among properties of polluted and unpolluted marsh soils.

Resistance to Intrinsic
Porosity Hydrophobicity penetration permeability Eh† TPH‡ Total Cr Total Cu Total Fe Total Ni Total Pb Total V

Porosity 1 �0.65** �0.77** 0.86** 0.95** �0.62** �0.90** �0.93** �0.39 �0.65** �0.87** �0.90**
Hydrophobicity �0.65** 1 0.98** �0.39 �0.67** 0.99** 0.83** 0.77** 0.45* 0.95** 0.92** 0.77**
Resistance �0.77** 0.98** 1 �0.51* �0.79** 0.97** 0.91** 0.86** 0.42* 0.94** 0.97** 0.87**

to penetration
Intrinsic 0.86** �0.39 �0.51* 1 0.82** �0.37 �0.66** �0.73** �0.41* �0.43* �0.64** �0.65**

permeability
Eh 0.95** �0.67** �0.79** 0.82** 1 �0.65** �0.90** �0.95** �0.36 �0.67** �0.89** �0.86**
TPH �0.62** 0.99** 0.97** �0.37 �0.65** 1 0.79** 0.75** 0.39 0.93** 0.91** 0.74**
Total Cr �0.90** 0.83** 0.91** �0.66** �0.90** 0.79** 1 0.92** 0.50* 0.86** 0.93** 0.98**
Total Cu �0.93** 0.77** 0.86** �0.73** �0.95** 0.75** 0.92** 1 0.40 0.75** 0.93** 0.90**
Total Fe �0.39 0.45 0.42* �0.41* �0.36 0.39 0.50* 0.40 1 0.64** 0.36 0.39
Total Ni �0.65** 0.95** 0.94** �0.43* �0.67** 0.93** 0.86** 0.75** 0.64** 1 0.87** 0.78**
Total Pb �0.87** 0.92** 0.97** �0.64** �0.89** 0.91** 0.93** 0.93** 0.36 0.87** 1 0.91**
Total V �0.90** 0.77** 0.87** �0.64** �0.89** 0.74** 0.98** 0.90** 0.39 0.78** 0.91** 1

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
† Redox potential.
‡ Total petroleum hydrocarbon content.

with TPH. Average intrinsic permeability was of the rated by there being significant positive correlation with
order of 10�8 m2 in polluted soils, compared with 10�5 or TPH content (r � 0.74, p � 0.01) in all cases except Fe,
10�6 m2 in control soils, but did not correlate significantly and also significant mutual correlation (r � 0.75, p �
with TPH at the p � 0.05 significance level. 0.01) among total Cr, Cu, Ni, Pb, and V levels (Table 4).

Polluted soils had significantly higher values than con- Except for Fe, and for Cr at Camariñas, none of the
trol soils (p � 0.05) with respect to total Cr, Cu, Fe, Pb, metals studied were detectable in CaCl2 extracts of soil
and V contents and, except at Muxı́a, total Ni content samples. The DPTA-extractable metal contents were
(Table 5). The heavy metal concentrations found in the likewise low in relative terms, always being less than
polluted soils also exceeded the average concentrations 3.33% of total contents except in polluted soil fromin other unpolluted Galician coastal sediments (Bar-

Camariñas, in which 6.5% of total Pb and 10% of totalreiro et al., 1988, 1994; Marcet Miramontes et al., 1997;
Ni were DPTA-extractable. The predominance of insol-Fernández Feal, 1999; Carballeira et al., 1997, 2000;
uble forms is attributable to the low Eh values of theseMarcet et al., 2000; Andrade et al., 2004) and in the
soils, and hence partly, in the case of the polluted soils,parent materials (Paz González et al., 2000). The highest
to their TPH contents. This insolubility will also nolevels were in all cases except Fe found at Barizo. The
doubt have contributed to the close negative correlationdifferences between Barizo and the other marshes were
between Eh and total Cr, Cu, Ni, Pb, and V contentsmuch less than in the case of TPH content. The origin

of these heavy metals in the polluting oil was corrobo- (Table 4) and hence to the correlation between these

Table 5. Heavy metal contents of marsh soils affected by the oil spill and control soils.†

Barizo beach Traba Lagoon beach Camariñas marsh Muxı́a marsh

Metal Affected Control Affected Control Affected Control Affected Control

mg kg�1

Total dissolved
Cr ND‡ ND ND ND 0.11a‡ ND ND ND
Cu ND ND ND ND ND ND ND ND
Fe 0.08c 0.01d 0.008f 0.002e 14.93a 1.2b 0.03cd 0.01d
Ni ND ND ND ND ND ND ND ND
Pb ND ND ND ND ND ND ND ND
V ND ND ND ND ND ND ND ND

DTPA-extractable
Cr ND ND ND ND ND ND ND ND
Cu 0.04bc 0.01c ND ND 0.31a 0.06bc 0.09b 0.01c
Fe 143.33b 4.5e 9.34d 1.3f 408.33a 8.7d 14.46c 3.8ef
Ni 0.79b 0.02c ND ND 1.05a 0.04c ND ND
Pb 1.12a 0.02c ND ND 1.02a 0.04c 0.32b ND
V 0.14b ND 0.04c ND 0.34a ND 0.03c ND

Total content
Cr 30.25a 2.2e 17.1c 1.1ef 20.05b 0.8f 6.5d 0.6f
Cu 43.88a 16d 32b 12e 27.38b 14de 25c 4f
Fe 9 332.88 6 518 432.88 314 12 320.38b 8 144 2 382.88c 832
Ni 24.88a 0.01e 15.63b 2d 10.5c 4d 0.01e ND
Pb 47.38a 2e 21.38b 2e 15.63bc 4d 12.88c 0.8f
V 58.25a 0.8d 40b 0.3e 38b 0.5de 5.5c 0.2e

† Values are means of 15 analyses (three replicate samples for each of five sampling sites). Values followed by different letters in each row differ
significantly at the 0.05 probability level.

‡ Not detectable. Detection limits: Cr, 0.005; Cu, 0.004; Fe, 0.005; Ni, 0.006; Pb, 0.014; and V, 0.005 mg kg�1.
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