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A B S T R A C T

Soil pollution and toxicity have been investigated in the Gardanne area (southern France) at a range of sites
around a recognized pollution source, a bauxite processing plant (BPP), and a power plant (PP). Soil samples
were submitted to inorganic and organic analyses and tested for toxicity in two invertebrate models. Inorganic
analysis was based on determining elemental concentrations by ICP-MS, encompassing a total of 26 elements
including 13 rare earth elements (REEs), of the soil samples and their leachates after 24 or 48 h in seawater.
Organic analyses were performed by measuring the sums of 16 polycyclic aromatic hydrocarbons (PAHs) and of
total hydrocarbons (C-10 to C-40). Bioassays were carried out on the early life stages of three sea urchin species
(Arbacia lixula, Paracentrotus lividus and Sphaerechinus granularis), and on a nematode (Caenorhabditis elegans).
Sea urchin bioassays were evaluated by the effects of soil samples (0.1–0.5% dry wt/vol) on developing embryos
and on sperm, and scored as: a) % developmental defects, b) inhibition of sperm fertilization success and off-
spring damage, and c) frequencies of mitotic aberrations. C. elegans 24 h-mortality assay showed significant
toxicity associated with soil samples. The effects of soil samples showed heightened toxicity at two groups of
sites, close to the BPP main entrance and around the PP, which was consistent with the highest concentrations
found for metals and PAHs, respectively. Total hydrocarbon concentrations displayed high concentrations both
close to BPP main entrance and to the PP. Further studies of the health effects of such materials in Gardanne are
warranted.

1. Introduction

Bauxite manufacturing by the Bayer process in alumina production
is associated with a by-product, bauxite residue (BR), traditionally
termed “red mud” (Xue et al., 2016; Xu et al., 2018). In turn, BR has
raised environmental concern in areas affected by plant effluents as
related to its recognized toxicity since early studies (Trieff et al., 1995;
His et al., 1996; Dauvin, 2010; Howe et al., 2011; Klebercz et al., 2012).
Beyond BR as a complex mixture, its main elemental components,
aluminum and iron, have been investigated for their adverse effects in
human and environmental health (Pagano et al., 1996; Mišík et al.,
2014; reviewed by Willhite et al., 2014). Thus BR, as a complex mixture

arising from alumina production is not confined to fluid “red mud” or to
marine sediments (due to offshore BR disposal), but should also be
regarded as a pollutant which may additionally affect the terrestrial
environment near bauxite processing plants (BPPs). Recent reports have
focused on the impacts of BR disposal areas, providing evidence for
persistent alterations of soil and freshwaters composition near BPPs
(Ren et al., 2018; Olszewska et al., 2016; Higgins et al., 2017). Man-
agement steps to suppress dusting from BR-polluted areas using phy-
tostabilization has gained much interest (e.g. Courtney et al., 2011;
Higgins et al., 2017) but the possibility of fugitive dusting from op-
erational or legacy sites remains.

We reported previously on soil pollution and toxicity in Gardanne
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and at other two sites close to BPPs (in Italy and in Turkey) (Pagano
et al., 2002a, 2002b). Those studies left some open questions related to
possible changes in the management of pollutant release from the
plants. Moreover, those previous studies were confined following metal
leaching from soil inorganic analysis (using a scarcely sensitive method,
ICP-OES),and sample processing before analysis was only performed by
seawater suspension, without a parallel procedure by acid dissolution of
soil samples. As a major limitation, the previous study failed to provide
any data on organic soil pollution, possibly related to emissions from
the nearby power plant (PP). In turn, the recent literature has pointed
to fly ash release from PPs, both including inorganics (Raja et al., 2015;
Haberl et al., 2018) and several organic classes, such as polycyclic
aromatic hydrocarbons (PAHs) (Twardowska and Schramm, 2000;
Ruwei et al., 2013), combustion-derived nanoparticles (CDNP), and de
novo formation of polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDDs and PCDFs) (Wikström et al., 2003; Freire et al., 2015). Thus,
the combined presence in Gardanne of a BPP and of a fluid bed coal-
(then biomass-) combusting PP warranted undertaking a new in-
vestigation encompassing both soil inorganic analysis (by means of the
more sensitive ICP-MS method) and organic analysis (PAHs and total
hydrocarbons, C-10 to C-40).

This new series of determinations was aimed at determining tem-
poral changes, if any, of metal and organic pollutant concentrations on
a topographic basis around the BPP. Thereafter, by evaluating soil
samples in the wider Gardanne industrial area, higher levels of soil
pollution were also detected near the PP.

A new hypothesis, and tested in the current study, was that the
occurrence of rare earth elements (REEs) in bauxite ore and in bauxite
processing residues (Karadağ et al., 2009; Pagano et al., 2015) could be
tracked and used as a proxy for soil contamination as a consequence of
the bauxite refining process.

Thus, metal analysis on soil samples included REEs, also in view of
their possible (phyto)extraction from bauxite ore or bauxite by-pro-
ducts (Haberl et al., 2018; Higgins et al., 2017; Jacinto et al., 2018).

In parallel with these analyses, toxicity testing was conducted on
soil samples by means of bioassays on a marine and a terrestrial
bioassay model, namely the early life stages of three sea urchin species
(Arbacia lixula, Paracentrotus lividus and Sphaerechinus granularis), and
of a nematode (Caenorhabditis elegans) mortality bioassay.

Overall, the analytical data were consistent with the toxicity find-
ings both in sea urchin and nematode bioassays.

2. Methods

2.1. Study area and sampling sites

As shown in Fig. 1, the Gardanne (43°45'25.98" N, 5°47'17.36" E)
industrial area investigated herein includes a BPP and nearby PP, which
are located close to the residential neighborhoods of the town.

2.2. Soil sample collection and processing

A total of 14 topsoil samples were collected from road or street
edges by a shovel in amounts of approximately 100 g, after removing
any gross stony or plant materials, and carried to the lab in polystyrene
150-ml beakers. The samples were sieved in 2-mm mesh steel nets and
then ground to a fine powder in a ceramic pestle. Subsequently, samples
to be analyzed and tested in bioassays were dried at 60 °C.

2.3. Elemental analysis

Soil samples were analyzed for inorganic content, for 13 analyzed
elements and 13 REEs. Soil samples were subjected to microwave-as-
sisted acid oxidative digestion using a mixture of acids at high tem-
perature (up to 180 °C) and pressure (Mars – CEM, Italy). For bringing
metals into solution, the US EPA 3051A (2007) method was used while

acid digestion was carried out using an internal method that involved
two steps;

nitric and hydrofluoric acid were first used followed by the addition
of boric acid.

Quantitative determination was carried out with the method ISO
17294-2:2016 by means of ICP-MS analysis (inductively coupled
plasma mass spectrometry) (Aurora M90 Bruker, USA). The limit of
detection (LOD) and limit of quantification (LOQ) were calculated using
the method of blank variability for each investigated metal.

Based on the recognized association of BR with increased REE
concentrations (Karadağ et al., 2009; Pagano et al., 2015), soil samples
were analyzed for their REE content (13 elements, from Y to Yb).

In order to evaluate potential metal release from soil samples that
may occur during the bioassays, soil samples were suspended and
stirred either in filtered seawater and the solutions analyzed for dis-
solved metal content after 24 and 48 h. Each analysis was run in tri-
plicate; given the overlapping results following 24- and 48 h, the re-
spective results were merged as six-replicate means ± SEM.

2.4. PAH and total organic analysis

Soil samples were analyzed for PAH and total hydrocarbon
(C10–C40) contents. The analyzed PAH homologs were: Acenaphtene;
Acenaphtylene; Anthracene; Benzo(a)anthracene; Benzo(b)fluor-
anthene; Benzo(K)fluoranthene; Benzo(g,h,i)perylene; Benzo(a)pyrene;
Crysene; Dibenzo(a,h)anthracene; Fluorene; Fluoranthene;
Indenopyrene; Naphthalene; Phenanthrene and Pyrene. The dry soil
samples were extracted with a mixture acetone/n-hexane 1:1 vol/vol
with sonication for 3 h by ultrasonic disruptor. The extract was purified
with florisil, analyzed by gas chromatography coupled with a mass
spectrometer (Shimadzu 2010 Plus and MS-TQ8030-Shimadzu, Japan)
for PAHs while total hydrocarbons were analyzed by gas chromato-
graphy with flame ionization detector (FID) (Agilent 6890, USA).
Triplicate determinations were carried out and data were reported as
mean ± SEM.

For the qualitative and quantitative analysis the external calibration
method was used (APHA, 1998). The limit of detection (LOD) and limit
of quantification (LOQ) were calculated using the range method of
prediction to 95% of linear regression for each investigated PAH. The
calculated average values of LOD and LOQ were 0.03 and 0.1 μg/g,

Fig. 1. Map of Gardanne (40°26'46" N 79°58'56" W), southern France, and of
soil sampling points. Abbreviations: BPP – Bauxite Processing Plant; PP – Power
Plant.
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respectively.
The acetone/hexane extract for total hydrocarbons (C10–C40)

analysis was purified with florisil, and analyzed by gas chromatography
with Flame Ionization detector (FID) (Agilent 6890, USA).

Data accuracy was checked by reference certified materials [BCR-
CRM 535 (PAH), BCR-CRM 667 and 277R]. Performance was verified
through participation in inter-laboratory intercalibration.

2.5. Sea urchin assays

Sea urchins from three species (Paracentrotus lividus, Arbacia lixula
and Sphaerechinus granularis) were collected along the Çeşme coast,
Turkey (38°32′43′′ N, 26°30′32′′ E), the Bay of Naples, Italy
(40°51'11.86'' N, 14°18'20'' E), and the Rovinj coast, Croatia (45°04′47″
N, 13°38′24″ E), respectively. Gametes were obtained, and embryo
cultures were prepared as described previously (Pagano et al., 2001,
2017). Controls were conducted as untreated negative controls in nat-
ural filtered seawater (FSW) from offshore, salinity 3.5%, pH 8. No
“pristine” soil control was utilized due to the expected – and verified –
differences in soil toxicity that allowed for distinctions within the
sample sets according to their topographic distribution.

In embryotoxicity tests, dry soil aliquots (0.1% wt/vol) were placed
at the bottom of each well of standard culture plates [Falcon™ Tissue
Culture Plates (6 wells, 10 ml/well, code # 353046)], and then sus-
pended in 9ml FSW. Thereafter, 1 ml of zygotes (~ 200–300 embryos,
10 min post-fertilization (p-f) was added to soil suspensions and in-
cubated at 18 °C in the dark for 72 h. The embryos were thus exposed
throughout development up to the pluteus larval stage.

Cytogenetic analysis was carried out on soil sample-exposed em-
bryos (fixed 5 h p-f) and three endpoints were evaluated in the mitotic
activity of cleaving embryos, i.e.: a) mean number of mitoses per em-
bryo; b) % interphase embryos, lacking active mitoses, and c) % em-
bryos with ≥ 1 mitotic aberrations. Thus, both mitotic inhibition (a, b)
and aberration frequency (c) could be evaluated.

Sperm bioassays were performed on S. granularis sperm suspensions:
a 100-µl sperm pellet was suspended in 10ml of stirred soil sample
suspensions (0.5% wt/vol). After 10min, a 100-µl aliquot of sperm-
containing supernatant was used to inseminate untreated egg suspen-
sions. Thus, the ensuing offspring embryos developed without contact
with soil samples.

Changes in fertilization rate (FR = % fertilized eggs) of exposed
sperm were determined by scoring the percent of fertilized eggs in live
cleaving embryos (1–3 h p-f). Thereafter, 72 h p-f, the offspring derived
from exposed sperm was scored for developmental defects as in the
embryotoxicity bioassays.

Each bioassay was run in six replicates. Larvae were immobilized by
10−4 M chromium sulfate 5min prior to observation (Pagano et al.,
1983), and the first 100 plutei in each replicate culture 72 h p-f were
scored. The following outcomes regarding embryogenesis abnormalities
were scored: i) pathologic (P1), malformed plutei; ii) pathologic em-
bryos (P2), arrested at pre-larval stages, and iii) dead (D) embryos. The
total percentages of P1+ P2+D were scored blind by trained readers,
each of whom evaluated a complete set of cultures.

2.6. Caenorhabditis elegans bioassays

The nematode bioassay was carried out, with a few modifications,
according to the ASTM E2172 – 01 Standard Method (2014) using the
nematode Caenorhabditis elegans wild-type strain N2 variant Bristol,
maintained on NGM (nematode growth media) plates seeded with Es-
cherichia coli (strain OP50-Uracil deficient) and stored at 20 °C. The
tests were performed using age-synchronous adult nematodes and
achieved by lysis of the gravid nematodes with a bleaching mixture
(10 g/l NaOH, 10.5 g/l NaOCl) followed by centrifuge washing with M9
mineral medium (2.2mM KH2PO4, 4.2mM Na2HPO4, 85.6 mM NaCl,
1 mM MgSO4) and allowed to rest overnight in NGM agar plates.

Soil samples (2.33 g) were hydrated to 35–45% of their dry weight
with K-medium in centrifuge tubes. Ten worms were transferred to each
test tube and exposed for 24 h at 20 °C to the soil samples. All treat-
ments were done in four replicates, without feeding the worms.
Nematodes were extracted from the soil samples by centrifugation (at
2000 rpm for 2min) using a silica gel with a specific density of 1.13 g/
ml (Ludox TM 50, Sigma-Aldrich, St. Louis, MO, USA). After cen-
trifugation, the supernatant of each sample was placed in 100-mm glass
Petri dishes and washed with Keller K-medium. The extracted in-
dividuals were then counted under a microscope (40× magnification)
with mortality as the measured endpoint, and test acceptability re-
quiring80% recovery and 90% control survival.

2.7. Statistical analysis

Results of bioassays are given as the mean ± standard error.
Differences between samples and the control group were determined by
a two-tailed Student's t-test. The significance of differences among
groups was evaluated by one-way analysis of variance (ANOVA) and
further statistical post-hoc comparisons with Tukey's multiple com-
parison test. The variables that were unsuitable for parametric statistics
were evaluated with nonparametric tests including the χ2 test and
Mann–Whitney U test. Differences were considered significant when
p < 0.05.

3. Results

3.1. Inorganic analysis

Following acid oxidative digestion, metal concentrations were
measured in soil samples. Iron and aluminum displayed the highest
concentrations (> 1000mg/kg) in samples from sites 1, 8, 9 and 13.
Lower concentrations were found for Mn with a range of 18–34mg/kg
noted among the sites. The sum of REE concentrations showed the third
highest concentration at all the sites, with the highest concentrations of
20–25mg/kg noted at sites 1, 8 and 9. The other measured elements
(Zn, Pb, V, Cr, Ni, Cu and B) showed far lower concentrations (1–6mg/
kg), except for Pb and Zn at site 5 (14 and 29mg/kg). The lowest
measured concentrations were found for Co, Sn, As, and Sb (< 1mg/
kg) (data not shown).

Analysis of metal leaching from soil samples in seawater over 24
and 48 h showed that aluminum and iron had by far the highest con-
centrations with values> 200 μg/l noted. As shown in Fig. 2, Al con-
centrations were highest at the distant site 1, at sites 2 and 3 (close to
the PP), and at sites 9 and 11 (eastern side of the BPP). Leaching of Fe
showed the highest concentrations from soil samples collected from
sites 1, 2 and 3 and another concentration peak at site 9.

Other elements (B, V, Zn and As) leached from the soils were present
at concentrations of ≤ 50 μg/l, with significantly highest concentra-
tions found for samples from sites 10 and 12 (close to the BPP) and very
low concentrations in samples from sites 1 to 4. Thus, except for Al and
Fe, leached metals (B, V, Zn and As) showed a concentration gradient
with significantly highest values noted for sites near the BPP and gra-
dually diminishing with increasing distance from the BPP (i.e. inter-
mediate sites 5–8, to distant sites 1–4). The sum of leached REE con-
centrations were found evenly distributed across sampling sites and in
the order of< 10 μg/l (data not shown).

3.2. Organic analysis

The sum of PAH concentrations showed highest values at sites 2 and
7 (10–15mg/kg) (Fig. 3A), without displaying excess PAH concentra-
tions either close to the BPP or the PP. Unlike PAHs, total hydrocarbons
(C10–C40) showed significantly excess concentrations in the area
nearby the entrance of the BPP (sites 10 and 12), as shown in Fig. 3B.
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3.3. Sea urchin bioassays

By rearing sea urchin embryos of the three tested species, A. lixula
larvae displayed a significant excess of developmental defects (DD)
following exposure to 0.1% soil samples from sites 5, 11 and 12 (Fig. 4).
P. lividus larvae were found most affected by soil samples from sites 3,
5, and from sites 10–12 and 14, whereas S. granularis larvae showed
excess DD following exposure to soil from sites 3, and 10–12. Overall,
excess DD were exerted by soil samples both from sites close to PP (3

and 5) and close to the BPP (10–12).
Cytogenetic analysis of 0.1% soil-exposed embryos failed to show

any site-related inhibition of mitotic activity, measured as mitoses per
embryo or as % interphase embryos (data not shown). As for the in-
duction of mitotic aberrations, measured as % embryos with ≥ 1 mi-
totic aberrations, site-related effects were observed in embryos of the
three species, as shown in Fig. 5. Soil exposure of A. lixula embryos
resulted in a significant excess of mitotic aberrations for sites 5–6 and
10–12. P. lividus embryos underwent significantly increased mitotic

Fig. 2. Measured Al and Fe concentrations in soil samples, and measured B, V, Zn and As concentrations in soil samples following 24- to 48-h soil seawater
suspension. Six-replicate determinations; data (μg/l) are expressed as means ± SEM. Data with different letters (a–d) are significantly different (p < 0.05).
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aberrations when exposed to soil samples from sites 2–5 and 11–12,
while S. granularis embryos displayed the highest rates of mitotic
aberrations when exposed to soil samples from sites 5, 8–10, and 12.
Thus, similar to the induction of larval developmental defects, mitotic
aberrations were significantly increased for samples from the areas near
the PP (sites 3–5) and near the BPP (sites 10–12).

When S. granularis sperm were exposed to the soil sample suspen-
sions, a significant inhibition of fertilization rate (FR) was observed for
sites 3, 5 and 11, whereas no significant FR inhibition was noted from
soil samples from the other sites. Concurrent with FR decrease, the
offspring of soil-exposed sperm also underwent significantly increased
developmental defects for sites 3, 5, and 11, as shown in Fig. 6.

3.4. Nematode bioassays

By exposing C. elegans to soil samples (≅ 30% wt/vol), a sig-
nificantly increased 24-h mortality was observed for all soil samples,
though the highest mortality frequencies were detected following ex-
posures to soil samples from sites 5 and 11 (Fig. 7).

4. Discussion

The concentrations of a range of metals (Al, Fe, B, V, Zn and As) and
analyses of total hydrocarbons (C10 to C40) indicated similar patterns
in the Gardanne area close to the BPP (sites 9–12) and surrounding the
PP sites 2–5. These findings were consistent with the literature where
PP emissions are associated with multiple organic-based types of pol-
lution (Twardowska and Schramm, 2000; Ruwei et al., 2013; Kruse
et al., 2014; Freire et al., 2015; Raja et al., 2015), though the impact of
the metal component in fly ash of waste-to-energy plants has also been
investigated (Haberl et al., 2018). The established roles of poly-
chlorinated biphenyls, polychlorinated dibenzo-p-dioxins and poly-
chlorinated dibenzofurans in PP-polluted soils (Twardowska and
Schramm, 2000; Kruse et al., 2014) was not investigated in the present
study although it may be speculated that the Gardanne PP emissions

might also be a source of such pollutants thereby warranting ad hoc
investigations.

With respect to the finding of decreasing soil metal content with
distance from point sources of pollutants, an exception was noted for
site 1, which was located far from the BPP and PP, with high Al, Fe and
B concentrations measured. This anomaly confirms previous data
(Pagano et al., 2002a) and may be related to atmospheric deposition of
BPP-derived dust based on prevailing weather patterns. Thus a further
question arises on what the possible impacts of such deposition on
surrounding agricultural land may be, taking into consideration the
soils’ natural composition.

Another unexpected observation was found in the soil concentra-
tions of total hydrocarbons that displayed two peaks, close to the PP
(sites 2 and 5) and close to the BPP (sites 10 and 12). It should be noted
that sites 10 and 12 are located near to the entrance to the BPP and are
affected by intensive truck traffic involved in bauxite transportation,
hence the likely source of high concentrations of aliphatic hydro-
carbons, and as reported previously in heavy traffic areas (Azimi et al.,

Fig. 3. A. Concentrations of PAH sums in soil samples following organic ex-
traction. Triplicate determinations; data (μg/l) are expressed as means ± SEM.
Data with different letters (a–c) are significantly different (p < 0.05). B.
Concentrations of total hydrocarbons (C10–C40) in soil samples following or-
ganic extraction. LOD and LOQ were 1.7 and 5.1 mg/kg.

Fig. 4. Induction of developmental defects following exposure (72 h post-fer-
tilization) of embryos/larvae of three sea urchin species (A. lixula, P. lividus and
S. granularis). Significance: * p < 0.05; ** p < 0.01; *** p < 0.001. Same as
in Figs. 5–7.
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2005; Gentner et al., 2012).
The sea urchin bioassays provided evidence for a spatial distribution

of soil toxicity, showing some variability between the three tested sea
urchin species and among the different endpoints, namely embry-
otoxicity, cytogenetic damage, fertilization inhibition, and offspring
damage following sperm exposure to soil suspension.

Altogether, the results showed two main peaks of soil toxicity,
namely at sites 2–5 and at sites 10–12, consistent with the previously
mentioned areas close to the PP and near the entrance of the BPP.

The consistency of the results obtained in sea urchin bioassays with
the findings of metals analysis confirms the broad applicability of this
bioassay model. Though this is based on a marine organism, its wide
range of endpoints made this bioassay useful for broad-ranging complex
mixtures, including terrestrial substrates such as soil or land-based
pollutants (reviewed in Pagano et al., 2017) and is the focus of a
growing body of literature on the use of sea urchins and of other marine
biota in toxicity testing of terrestrial and freshwater mixtures (reviewed
in Chen and Liu, 2006: Kobayashi and Okamura, 2005; Pagano et al.,
2001; Sánchez-Marín and Beiras, 2012; Vazquez, 2013).

This, and the already high concentrations of pollutants have gen-
erally led to significant soil toxicity in C. elegans (p < 0.05–0.01), with
even greater significance for the 24-h mortality endpoint for sites 5 and
11 (p < 0.001).

Altogether, both the sea urchin and the nematode bioassay data
corroborated the analytical evidence for increased pollution in two
distinct areas, close to the BPP and to the PP.

Whether, and if so to what extent, the analytical and bioassay data
may raise some concern in terms of environmental and human health, is
a sensitive question warranting further investigations in the Gardanne
residential and agricultural areas.
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