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Abstract

Purpose Salt marsh plants are colonising wastes from a steel
plant deposited on the Coina River Banks posing a potential
contamination risk to the Tagus estuary ecosystem. The ob-
jectives of this study were to assess the uptake, accumulation
and translocation of hazardous elements/nutrients in three
spontaneous halophytic species, to evaluate the capacity of
Tamarix africana to stabilise a contaminated salt marsh soil,
and to evaluate the ecotoxicity of the pore water and elutriates
from phytostabilised soils.

Materials and methods The work comprises the following:
fieldwork collection of soil samples from Coina River (an
affluent of Tagus River) bank landfill, estuarine water and
spontaneous plants (Aster tripolium, Halimione portulacoides
and Sarcocornia sp.), and greenhouse studies (microcosm as-
say) with 7. africana growing in one landfill salt marsh soil,
for 97 days, and watered with estuarine water. Soils were
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analysed for pH, EC, Coganic; NPK, iron and manganese ox-
ides. Soils total (acid digestion) elemental concentrations were
determined by ICP/INAA. Estuarine waters, plants roots and
shoots (acid digestion), soils available fraction (diluted organ-
ic acids extraction-RHIZO or pore water), and salts collected
from the T africana leaves surface were analysed for metals/
metalloids (ICP-MS). Ecotoxicity assays were performed in
T africana soil elutriates and pore waters using Artemia

franciscana and Brachionus plicatillis.

Results and discussion Soils were contaminated, containing
high total concentrations of arsenic, cadmium, chromium,
copper, lead and zinc. However, their concentrations in the
available fraction were <4 % of the total. The estuarine waters
were contaminated with cadmium, but negligible ecotoxico-
logical effect was observed. The spontaneous plants had sig-
nificant uptake of the above elements, being mostly stored in
the roots. Elemental concentrations in the shoots were within
the normal range for plants. These species are not hazardous
elements accumulators. Tamarix africana was well adapted to
the contaminated saline soils, stored the contaminants in the
roots, and had small concentrations of hazardous elements in
the shoots. Excretion of hazardous elements by the salt glands
was also observed. Elutriates from soils with and without plant
did not show ecotoxicity.

Conclusions The salt marsh species play an important role in
the stabilisation of the soils in natural conditions. Tamarix
africana showed potential for phytostabilisation of saline-
contaminated soils. The low translocation of the elements
from roots to shoots and/or active excretion of the elements
by the salt glands was a tolerance mechanism in 7. africana.

Keywords Metals/metalloids contamination -
Phytostabilisation - Plant-salt excretion - Salt marsh - Tagus
River estuary
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1 Introduction

Estuaries are dynamic ecosystems with the highest specific
and functional diversity and production in the world
(Bianchi 2007). Being privileged sites for human settlements
as well as agricultural and industrial activities, estuaries can
also be a sink for wastes of the multiple human actions.
According to the waste type and land disposal, severe conse-
quences on water, sediment and/or biodiversity can occur,
including the accumulation of potentially hazardous elements
in the environment and, in some cases, their entry into the food
chain representing an ecological risk and a threat to human
health (Serafim et al.2013).

The River Tagus estuary (Portugal) received for decades,
directly in the water or in the riverbanks, untreated hazardous
wastes and sewage from several industries (e.g. chemical, pet-
rochemical, steel, cement production and shipyards), agricul-
ture and livestock contributing to high total concentrations of
several potentially hazardous elements (e.g. cadmium, copper,
lead and zinc), compounds and microorganisms in the salt
marsh sediments (Mil-Homens et al. 2009; Duarte et al.
2010). However, the total concentrations of potentially haz-
ardous elements in the soils and/or sediments do not reflect
their bioavailability and, consequently, their potential environ-
mental risk. Hazardous elements in salt marsh sediments are,
generally, in an unavailable form, but erosion processes, tide
and flooding events can be responsible for the sediment
remobilisation and transport leading to the spread of
contaminants.

Some plants, namely halophytes, colonise naturally con-
taminated salt marsh sediments, contributing to the improve-
ment of the physical and chemical properties of these mate-
rials. Reduction of the stream velocity, water erosion and ele-
ment availability are some advantages of the salt marsh plants
development (Cagador et al. 1996; Almeida et al. 2011). The
changing of the sediment-root environment by the increase of
the organic matter and release of root exudates can contribute
to the precipitation and/or chelation of elements in the sedi-
ments. Nevertheless, element availability can be reduced in
the rhizosphere as a result of their accumulation in the root
tissues and/or adsorption onto the root surfaces. Taking into
account the active role of the spontaneous salt marsh plants in
the attenuation of the contamination in sediments (Weis and
Weis 2004; Reboreda and Cagador 2007a; Duarte et al. 2010;
Andrades-Moreno et al. 2013), the implementation of a
phytostabilisation process with different tolerant and autoch-
thones plant species can be a promising strategy for sediments
and/or salt marsh soil remediation. This in situ technique is
considered adequate for the reclamation of contaminated
heavy textured soils/sediments, especially if large areas of
materials have to be treated, when other techniques are im-
practicable and most of all unprofitable (Vassilev et al. 2004).
In general, the purpose of this technique is to reduce the spread
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and transfer of hazardous elements into the neighbouring en-
vironment and food chain as well as to stabilise the medium.
The revegetation of the bare and contaminated soils/sediments
must be done with plants tolerant to high salinity environ-
ments that are able to store the hazardous elements, mainly,
in their roots, with restricted elements translocation to the
aerial part.

Some salt marsh plants are annual species and have rela-
tively low biomass, and/or environmental release of the ele-
ments accumulated inside the tissues after plant death. These
facts lead to a controversy on the role played by salt marsh
plants in the wetland remediation (Weis and Weis 2004;
Cagador et al. 2009). In this context, the use of perennial plant
species with high biomass production, and dense and deep
root systems should be studied, especially their tolerance to
estuarine environments and contaminated sediments/soils.
Depending on their behaviour, those perennial species could
be used in association with salt marsh species to develop more
effective vegetation cover, to prevent water erosion and to
immobilise contaminants from affected areas.

The chemical analysis of contaminated soils/sediments is
not sufficient to fully evaluate the potential ecotoxicological
risk of the contaminants in the environment. Those analyses
do not provide information on the effects of the contaminants
in the leaving organisms. To estimate the environmental risk
of any contaminants, chemical methods need to be
complemented with biological procedures (Garcia-Lorenzo
et al. 2014). Biotests are an example of biomonitoring tools
commonly used. They are rapid and cost-effective techniques
that provide a more direct measure of environmentally rele-
vant toxicity of contaminated sites (Allan et al. 2006; Baran
and Tarnawski 2013). Aquatic bioassays with elutriates have
already been used to evaluate the toxicity of contaminated
soils or sediments (Loureiro et al. 2005).

The objectives of this study were the following: (i) to assess
the uptake, accumulation and translocation of potentially haz-
ardous elements and nutrients in three representative halo-
phytic species that grow spontaneously in contaminated soils
of a River Coina salt marsh; (ii) to evaluate the capacity of
Salix salviifolia, Flueggea tinctoria and Tamarix afiicana for
the stabilisation of a contaminated salt marsh soil sparsely
colonised by other halophytes; and (iii) to evaluate the
ecotoxicity of the pore water and elutriates from the salt marsh
soil subjected to the phytostabilisation experiments.

2 Materials and methods
2.1 Sampling site description
The former Portuguese steel industry “Siderurgia Nacional”

was located in the industrial park of Paio Pires Village, in the
left bank of the River Coina, an affluent of the River Tagus
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estuary. This industry produced steel between 1961 and
2001 using raw materials that included iron ore, lime-
stone, mineral coal and pyrite ashes (Rollo 2005).
According to the Portuguese Environmental Agency
(APA 2008), over the 40 years of operation, 1.4 Tg of
wastes were produced and deposited in warchouses and
in a lagoon, creating a landfill. Around 21 Mg of those
wastes are still in the industrial park. The deposited
wastes contained iron, zinc and manganese sludge and
dust, in its elemental and oxidised forms, aluminium
oxide, silicon dioxide, organic carbon, asbestos, naphtha
sludge, sulphur and calcium oxide (APA 2008).

The landfill is connected to the River Coina that is
subject to tidal influence, which shaped it into a salt
marsh and a lagoon. Nowadays, the salt marsh is
colonised by several halophytic species, namely
Atriplex halimus L., Aster tripolium subsp. pannonicus
(Jacq.) So0, Cotula coronopifolia L., Phagnalon saxatile
(L.) Cass., Halimione portulacoides (L.) Aellen and
Sarcocornia sp.

2.2 Field study

Three sampling areas with ~1 m” each were selected inside the
landfill (Fig. 1) to include representative soils where the dom-
inant salt marsh plants species were growing spontaneously.
The sampling occurred in April 2013 during the low tide. In
each sampling area, composite samples of soils (SPLSI,
SPLS2 and SPLS3, =2 kg of homogenate) were collected,
with a stainless steel shovel, in the surrounding of the radicular
systems (0—20 cm) from the collected plants. In each sampling
area were collected roots and shoots of three halophytic spe-
cies: Aster tripolium ssp. pannonicus (Jacq.) So6, Halimione
portulacoides (L.) Aellen and Sarcocornia sp. Roots and
shoots were immediately separated in the field, to prevent
the translocation of the elements after collection. Plant sam-
ples represented composite samples of a homogenate of all
individuals (>10 plants) of each species growing in each sam-
pling area.

In February 2013 and during the low tide, a compos-
ite sample of soil (SPLS4) was also collected (=150 kg,
<20 cm depth), using a stainless steel shovel, inside the
landfill in an area sparsely colonised by other halo-
phytes, close to the exit point of the water from the
lagoon (Fig. 1). Two water samples (250 L each) from
the lagoon (estuarine water) were collected in February
(LW1) and April (LW2) 2013 in the intersection point
of the lagoon water with the River Coina (Fig. 1). The
soil was homogenised and kept moist, in closed plastic
bags, until its use for chemical characterisation and in
the microcosm assays. The lagoon water was kept in the
laboratory at room temperature.

2.2.1 Microcosm assay: experimental set-up and monitoring

A microcosm assay was set up with two experimental sets
(CGl-positive control group without plants and TG1-test
group with plants, n=4 each) for each riparian plant species
(Salix salviifolia Brot., Flueggea tinctoria (L.) G.L. Webster,
and Tamarix africana Poiret), in pots filled with 16 kg of soil
(SPLS4) each and watered daily with lagoon water. In order to
evaluate the potential of each species for the phytostabilisation
of contaminated salt marsh soils, positive control pots (CG1)
remained bare. Plants resulting from vegetative propagation of
cuttings harvested in uncontaminated sites from Portugal
(S. salviifolia: Z&zere watershed; F. tinctoria and T. africana:
Constanca, Tagus watershed) and planted in commercial peat
were used in the assay (cuttings 15-30 cm long) (Fig. 2). In
order to adapt the plants to the saline stress, plants were irri-
gated during eight days with the saline water from lagoon
before transplantation. These species were chosen because
they are riparian species, autochthones from Portugal, and
their root systems are extensive and deep, which can be an
advantage in the stabilisation of sediments/soils and, conse-
quently, erosion control.

Twenty plants of each species were carefully removed from
the peat, washed in tap water and then with deionised water,
and transplanted to the pots of test group (TG1, five plants per
pot). The soils in the pots were kept moist, maintaining the
pots in a tray with 2.5-4.5 cm high of the lagoon water, in
order to simulate field moist conditions of a medium salt
marsh where those species can grow. A second negative con-
trol group with T africana plants (CG2, n=2) was carried out
in cell seed tray (160 cm?) filled with peat and watered daily
with deionised water. In the CG2 were used a composite sam-
ple of five plants per replicate. All pots were kept in a green-
house for 97 days (between February and May). Additionally,
an independent test group (TG2, n=2) was set up similarly to
TGl in order to collect the salts formed at the surface of the
T. africana leaves. In this experiment, five plants per pot were
transplanted to the soil and watered daily with the lagoon
water during 97 days.

2.3 Sample characterisation
2.3.1 Water, sediment and peat

The water samples were filtered (0.45 pm pore size cellulose
nitrate membrane) and characterised for pH, electrical conduc-
tivity (EC), concentrations of chloride by potentiometry, total
sulphate by gravimetry as barium sulphate and hydrogen car-
bonate by acid—base titration. Total concentrations of alumin-
um, arsenic, cadmium, calcium, copper, chromium, iron,
lead, magnesium, manganese, nickel, potassium, sodium and
zinc were determined by inductively coupled plasma mass
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Fig. 1 Sediments (SPLSI,
SPLS2, SPLS3 and SPLS4) and
lagoon water collection sites in
the Paio Pires salt marsh located
near River Coina a tributary of the
River Tagus, Portugal

Landfill
gorLs)

.. Sedinient, *
4°715°  oallection'site
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spectrometry (ICP-MS) after acidification with HNO3 to pH<
2 (Activation Laboratories 2014a).

The collected moist soils (SPLS1 to SPLS4) were
homogenised and divided in subsamples. For samples
SPLS1, SPLS2 and SPLS3 were considered two subsamples:
One subsample (=100 g) was kept in sterilised plastic con-
tainers and frozen at —20 °C, while the remaining sample
was air dried and sieved (<2 mm). Sample SPLS4 was divided
in three subsamples as follows: One subsample (=100 g) was
kept in sterilised plastic containers and frozen at —20 °C sim-
ilarly to the other soil samples; a second subsample (=500 g)
was air-dried and sieved (<2 mm); the remaining soil was kept
moist until to be used in the microcosm assays. Samples of the
commercial peat used for rooting of the cuttings and for CG2
experiments were dried and ground.

Soil dried subsamples (fraction<2 mm) were characterised
for pH and EC in water suspension (1:2.5 m/V), organic car-
bon by dry combustion (Strohlein method) (Pévoas and Barral
1992), extractable phosphorous and potassium (Egner et al.
1960), and mineral nitrogen (molecular absorption spectro-
photometry in segmented flow autoanalyser preceded by
Micro Kjeldahl acid digestion for ammonia nitrogen). In the
soils and peat, the total concentrations of the same elements
than in the lagoon water were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-EAS)

Fig. 2 Microcosms assay: Tamarix africana growing in the
contaminated sediment (SPLS4); TG1AF and TG1BF—after plants . o .
transplanting in February 2013 (beginning of the experiment); TG1AM and instrumental neutron activation analysis (INAA) after

and TG1BM at the end of the experiment (May 2013) four-acid digestion (perchloric acid+nitric acid+hydrochloric
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acid+hydrofluoric acid), in a certified laboratory (Activation
Laboratories 2014b).

The frozen samples of soils were used to determine the iron
from total iron oxides (De Endredy 1963, extraction with
Tamm reagent (0.1 mol/L oxalic acid+0.175 mol/L ammoni-
um oxalate at pH 3.25) under UV radiation for 4 h) and non-
crystalline iron oxides (Schwertmann 1964, extraction with
Tamm reagent in obscurity for 4 h), and manganese from
manganese oxides (Chao 1972; extraction with 0.1 mol/L
hydroxylamine hydrochloride solution at pH 2.0 for 30 min).

The chemical elements of the soils (frozen samples) and
moist peat in the available fraction were extracted using an
aqueous solution composed of a diluted aqueous mixture of
organic acids (acetic acid+lactic acid+citric acid+malic ac-
id+formic acid at 10 mmol/L for 16 h) that simulate the rhi-
zosphere conditions (RHIZO solution; Feng et al. 2005). The
concentrations of aluminium, arsenic, cadmium, calcium, cop-
per, chromium, iron, lead, magnesium, manganese, nickel,
potassium, sodium and zinc in the available fraction were
analysed by ICP-MS (Activation Laboratories 2014b).

Pore water was collected by centrifugation from moist
SPLS4 soil before microcosm experiments and in the end of
the microcosm assay (97 days after plant transplantation). The
pore water from each pot was collected and filtered
(<0.45-um cellulose acetate membranes), and the concentra-
tions of the same elements analysed in the RHIZO solution
were determined by ICP-MS (Activation Laboratories
2014b).

2.3.2 Plants

The plant samples (roots and shoots) collected in the salt
marsh and those from the 7. africana experiments, except
TG2, were washed in abundant tap water followed by
deionised water. Additionally, the roots were sonicated in
deionised water, in an ultrasound-assisted bath until the phys-
ical removal of the soil particles and peat residues. Roots and
shoots were dried, at 40 °C until reaching constant weight,
homogenised and finely ground. The multiclemental total
concentrations in the shoots and roots were analysed by
ICP-MS, after ashing (475 °C) and nitric acid digestion
(Activation Laboratories 2014c).

The T africana shoots from the TG2 were washed with
0.1 % (V/V) HNOs for 2 min (Hagemeyer and Waisel 1988)
in order to dissolve the salts formed at the surface of the
leaves. The resulting solution was analysed by ICP-MS
(Activation Laboratories 2014b).

2.4 Ecotoxicity evaluation
The toxicity to aquatic organisms was evaluated in pore water

and elutriates from soil used in the microcosm assay.
Elutriates were obtained by continuous agitation of soil

samples and LW2 lagoon water (1:10 m/V) during 16 h in a
rotatory agitator. Elutriates pH and EC were measured, and
then the elutriate samples were centrifuged and stored at 4 °C
in the dark until their use. A lagoon water sample LW2 was
also tested for its ecotoxicity. Acute aquatic assays were con-
ducted with two aquatic organisms: the brine shrimp Artemia

franciscana and the rotifer Brachionus plicatillis, both main

standard organisms used in aquatic risk assessment studies
(MicroBioTests 2003, 2012). The bioassays were performed
by determining the mortality of A. franciscana larvae exposed
for 24 h and mortality of B. plicatillis juveniles exposed for
48 h according to the bioassay procedure (MicroBioTests
2003, 2012). Test dilutions with a gradient concentration
range of 100, 50, 25, 12.5 and 6.25 % (V/V) were conducted
with standard artificial seawater of normal salinity (35 g/kg
seawater) in order to mimic the lagoon water. Results were
expressed in mortality percentage for both bioassays.

2.5 Data analysis

Statistical analysis was performed with the statistical pro-
gramme SPSS v18.0 for Windows. Differences among ele-
ments concentrations in the roots and shoots of plants from
the landfill were analysed by a one-way ANOVA and post hoc
Tukey HSD test (p<0.05). Differences between elements
concentrations in roots and shoots of 7. afiicana grow-
ing in the assays were analysed non-parametrically
using Kruskal-Wallis ANOVA by ranks test. Bivariate
Pearson correlations were used to correlate plant and
soil characteristics (#>0.90). The quality control of the
analysis was performed by blanks, analytical replicate
samples, standard reference materials and laboratory
standards at the international accredited laboratory
Activation Laboratories (ISO/IEC 17025).

The soil-to-plant transfer coefficient, translocation coeffi-
cient and biological absorption coefficient were calculated in
order to evaluate the plant behaviour. Soil-to-plant transfer
coefficient (TransferC=[total element in the shoots]/[total el-
ement in the soil]) characterises the accumulation of a specific
chemical element in the shoots (Abreu et al. 2014). The trans-
location coefficient (TranslC=[total element in the shoots]/
[total element in the roots]) evaluates the plant capacity to
translocate an element from the roots to the shoots (Abreu
et al. 2014). The biological absorption coefficient
(BAC=[total element in the roots]/[element in the available
fraction of the soil]) evaluates the uptake capacity of an ele-
ment by the plant. According to the Perelman classification of
the BAC, this coefficient can be divided into five groups,
which indicate the intensity of the element absorption by the
plant roots (intensive 100>BAC>10; strong 10>BAC>1; in-
termediate 1>BAC>0.1; weak 0.1>BAC>0.01; very weak
0.01>BAC>0.001) (Perelman 1966).

@ Springer



1464

J Soils Sediments (2017) 17:1459-1473

3 Results and discussion
3.1 Salt marsh soil characteristics

The chemical characteristics of the soils collected in the River
Coina salt marsh are given in Tables 1 and 2. The soils are
neutral, strongly saline and with high concentrations of ex-
tractable phosphorus and potassium, while nitrogen concen-
tration was low (except in SPLS1, Table 1) (INIA-LQARS
2000) as was also reported by several authors for sediments
from Tagus estuary (Cagador et al. 2009; Duarte et al. 2010).
The concentrations of extractable potassium can be related to
the estuarine waters, but phosphorus can be explained by the
deposition of steel wastes in the landfill, which contained,
among other minerals, phosphates as apatite and lazulite
(Santos 1965).

The organic matter concentrations of the studied soils (255
to 457 g/kg) were higher than the values reported by several
authors for sediments collected in different areas of the Tagus
estuary (Cacador et al. 2000; Reboreda and Cagador 2007a, b;
Duarte et al. 2010). The life cycle of the majority of the plant
species collected in the lagoon can have contributed to the
increase of the organic matter in the soils by decomposition
of dead plant tissues (Cacador et al. 2009; Duarte et al. 2010).
Moreover, the past deposition of sludge naphtha in the landfill
(APA 2008) and possibly some coal can also justify the high
concentrations of organic carbon in the studied soils.

The high concentrations of iron in iron oxides in the soils
(Table 1), mostly in the non-crystalline fraction (>65 % of the
total), reflect the composition of the iron ore used in the steel
production and, consequently, its wastes (APA 2008). As ex-
pected, iron oxide concentrations were much more abundant
than the manganese oxides.

Regarding the multielemental characterisation (Table 2), all
soil samples presented much higher total concentrations than
those reported in the literature for samples collected in other
arcas of the Tagus estuary (Cacador et al. 2000, 2009;
Reboreda and Cacgador 2007a, b; Vinagre et al. 2008;
Santos-Echeandia et al. 2010). According to the Sediment
Quality Guidelines for the Protection of Aquatic Life

(CCME 2001), the studied samples have total concentrations
of arsenic, cadmium, copper, chromium, lead and zinc above
the interim marine sediment quality guidelines (ISQG) and
probable effect level (PEL) (except for cadmium in SPLSI
and copper in all samples) representing a potential contami-
nation source.

In spite of the high total concentrations of the potentially
hazardous elements (aluminium, arsenic, cadmium, copper,
chromium, lead and zinc), their concentrations in the available
fraction were small representing less than 4 % of the total
concentrations (Table 2). The values for these element con-
centrations in the available fraction indicate that the soils may
not represent a source of hazardous elements spread and even
a potential hazard for biodiversity. The concentrations of the
elements, considered as nutrients (calcium, iron, magnesium,
manganese, nickel and potassium), in the soil available frac-
tion were a relatively small percentage of their total concen-
trations (ranging from 0.4 to 6 %), with exception of calcium
and magnesium (1020 %), and sodium that was mostly avail-
able (58-70 %). It is important not to forget that these soils are
in permanent contact with salt water from Tagus estuary con-
taining high concentrations of sodium, magnesium and
calcium.

Correlations were found between the concentrations of ar-
senic, chromium, lead, magnesium, manganese, sodium and
zinc in the soil available fraction and their total concentrations
in the soils (0.91<7r<1.00, depending on the element). Trace
element availability can also be a consequence of the soil
chemical and mineralogical composition (e.g. presence of sul-
fides, iron and manganese oxides), as well as other charac-
teristics (e.g. pH, Eh and organic matter) (Otero and Macias
2002; Weis and Weis 2004; Reboreda and Cagador 2007b). In
the present study, no significant correlations were established
between the available concentrations of the elements and the
pH and iron oxide values. However, organic matter seems to
decrease the availability of copper, iron and nickel, as well as
the manganese oxides for aluminium, chromium, lead and
zinc (—0.90<r<—1.00, depending on the element). These re-
sults are in agreement with the data obtained in the sediments
from Tagus estuary which showed that copper was mainly

Table 1  Chemical characteristics of the soils collected in the River Coina salt marsh
Samples pH EC(dS/m) mgkgDW g/kg DW

Pextractable  N-NHz  N-NO;  Mnintotal Mn  Cyanic  Kgxmactable ~ Fe in non-crystalline  Fe in total

oxides Fe-oxides Fe oxides

SPLSI1 7.1 11.7 80.0 28 8.9 1344 160.0 1.2 145.4 147.8
SPLS2 68 72 98.8 7.8 0.4 12.7 265.1 1.1 65.5 101.6
SPLS3 70 85 78.1 7.0 0.4 24.9 248.0 1.0 98.7 124.6
SPLS4 72 185 62.8 11.0 03 52.7 147.8 1.2 167.5 169.4

EC electric conductivity
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Table 2  Total and available concentrations of the elements in the soils collected in the River Coina salt marsh
Samples Al As Ca Cd Cr Cu Fe K Mg Mn Na Ni Pb Zn
Total (mg/kg dry weight)
SPLS1 59.1x10° 524 5.6x10° 3.1 648 194 175x10° 145x10° 7.9x10° 1010 93x10° 51 835 3060
SPLS2  51.5x10° 541 4.6x10° 223 809 163 121x10° 125x10° 64x10° 607 69x10° 43 3410 4320
SPLS3  52.0x10° 69.1 4.0x10° 205 883 118 162x10° 142x10° 7.1x10° 826  7.8x10° 36 4030 4350
SPLS4 49.8x10° 655 6.1x10° 54 598 161 190x10° 122x10° 73x10 803  123x10°> 51 909 2990
ISQG 5.9 06 373 357 350 123
PEL 17.0 35 900 197 913 315
Available fraction® (mg/kg dry weight)
SPLSI  83.6 0.1 1155 002 03 05 1005 862.4 1166 310 6468 05 03 477
SPLS2  119.6 02 5826 005 13 01 76238 692.1 692.1 47 3974 03 1.8 142.0
SPLS3 1388 02 6703 008 18 01 8219 7525 811.0 92 4804 04 21 175.2
SPLS4  60.3 0.1 1119 001 02 01 7159 766.8 1245 122 8025 05 0.1 56.1

ISQG Interim Sediment Quality Guideline (CCME 2001), PEL Probable Effect Level (CCME 2001)
# Extracted with RHIZO solution. Values in bold are above the ISQG (CCME 2001)

associated to organic matter, whereas only less than 10 % of
the total concentrations of lead and zinc were bound to man-
ganese oxides (Reboreda and Cacador 2007b).

3.2 Spontaneous halophyte plant behaviour

The concentrations of the elements in the roots and shoots of
the halophyte plants collected in the field are given in Table 3.
For the majority of the elements, similar concentrations in
the roots were obtained for the three species being those
concentrations always higher than the available concentra-
tions in the soils (Table 2). Nevertheless, the concentra-
tions of sodium in the roots varied with the species
reaching the highest concentrations in A. tripolium. A wide

range of elemental concentration in the roots of the three
studied species is reported by several authors (Cacador
et al. 2000, 2009; Fitzgerald et al. 2003; Reboreda and
Cacador 2007a; Sousa et al. 2008; Vinagre et al. 2008;
Caetano et al. 2008; Duarte et al. 2010; Santos-Echeandia
et al. 2010; Mili¢ et al. 2012; Andrades-Moreno et al.
2013), which are different from those obtained in the pres-
ent study. This fact can be related to the variations in the
total and/or the available concentrations of the elements in
the soils where the plants grew.

The uptake of the elements by the roots was positively
correlated with their concentrations in the soil available frac-
tion, whose values depend on the element and the species
(A. tripolium, rc,=0.98, rcq=0.91; H. portulacoides, ras=

Table 3  Total concentrations of the elements in the shoots and roots of the halophytic plants collected in the field (mean+SD; n=3)

Shoots (mg/kg dry weight) Roots (mg/kg dry weight)

A. tripolium H. portulacoides Sarcocornia sp. A. tripolium H. portulacoides Sarcocornia sp.
Al 450458 497+409° 436+109° (1.2+0.2)x10% (2.4+0.6)x 10 (1.3£0.6)x10*
As 0.5+0.1* 0.6+0.3 0.5+0.1% 8.4+5.0° 9.8+4.3 48+2.6"
Ca (3.5£0.3)x10° (3.840.7)x10% (5.2+1.5)x10% (3.6£0.5)x10%* (4.3£12)x10* (3.7£1.8)x10*
Cd 0.3+0.1° 0.2+0.1° 0.10+0.03° 2.1+1.6° 5.4+4.5 6.1£6.7*
Cr 2.5+0.5° 25+1.9° 23+02° 15.9+7.8° 25.4+3.6° 14.0+7.6°
Cu 8.4+2.0° 40+13° 6.0+£1.5% 29.8+4.8° 52.4+11.8° 48.9+20.2°
Fe 841+114° 9496807 806+147° (13.9+7.3)x10%* (13.6+6.1)x10* (6.77£3.52)x10*
Mn 25.4+8.0° 30.2+6.5° 33.9+11.0° 106.8+55.2% 67.8420.0° 484+17.4°
Na (73.6+17.1)x10° (51.5£6.5)x10° (42.8+12.3)x10% (31.3£8.7)x10°® (10.0£0.2)x10°® (12.1£1.6)x10°®
Ni <0.7° 0.7+0.6" 1.1+0.2% 2.1+0.4% 3.5+0.8° 2.6+0.8
Pb 6.9+1.2% 6.9+2.3 5.4+12° 81.1+51.0° 312.5+123.9* 105.1+104.0°
Zn 84.8+9.0° 67.9417.2% 48.8+1.6° (0.5+0.2)x10% (2.1+£0.9)x10%* (1.4+0.9)x10%*

Different letters for the same element and plant part indicate significant differences (p<0.05)
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0.93, rpp=0.96; Sarcocornia sp., rx1=0.99, rcq=0.93, rc,=
1.00, rz,=0.90). Nonetheless, roots can also restrict the uptake
of some elements from the soil available fraction or even
exclude some of them (Kabata-Pendias 2011): A. tripolium,
Fe (r=—1.00); H. portulacoides Ca, Fe, Mn and Ni (-0.93<r<
—0.99) and Sarcocornia sp. Cu, Fe and Ni (—0.95<r<—1.00).

According to the biological absorption coefficients
(BAC) (Table 4), the uptake of the elements depended
on the species, the element and, in some cases, even the
plant sample. The values for the biological absorption
coefficients for arsenic, cadmium, chromium, copper and
lead indicate, according to Perelman (1966), an intensive
absorption capacity by the plant roots independently of
the species, while for calcium and sodium, the absorption
capacity was strong. The three species presented a similar
strong to intensive absorption capacity for iron and man-
ganese. Regarding the BAC for aluminium and nickel, the
H. portulacoides showed higher uptake of these elements
than the other two species. The uptake of zinc varied with
the species, being intensive for H. portulacoides, strong
for A. tripolium, and Sarcocornia sp. showed both behav-
iours. The coefficients ([element] . /[element]seqiment)
calculated by Cacador et al. (2000), Caetano et al.
(2008) and Sousa et al. (2008) for arsenic, cadmium,
chromium, copper, iron, lead, manganese, nickel and/or
zine, for S. fruticosa and H. portulacoides growing in
sediments from River Tagus, by Fitzgerald et al. (2003)
for A. tripolium from Suir Estuary, and by Mili¢ et al.
(2012) for H. portulacoides growing in the
Mediterranean coast of Montenegro were much lower
than the values obtained in the present study. This fact
can be associated with the different extraction methodol-
ogy of elements from the sediments, which represent ei-
ther the total (or pseudo-total) concentrations of the

elements or their available fraction concentrations. The
uptake and accumulation of the elements by salt marsh
plants also depend on other factors such as the age and
growth stage of the plants, seasonal variations and soils/
sediments characteristics (Cagador et al. 2000; Weis and
Weis 2004; Kabata-Pendias 2011; Mili¢ et al. 2012).

After absorption by the roots, the transport of the elements
within the plant is important because it can guarantee the
existence of adequate concentrations of nutrients to the vari-
ous physiological processes. Weis and Weis (2004) stated that
the element translocation is dependent on the species, element
and environmental conditions; however, no differences were
observed among the studied species. Similar behaviours of the
elements’ translocation were observed for the three species.
The elements (except sodium and in some cases calcium) were
stored in the roots (TranslC<1). These results agreed with
previously published data on the same species growing in
different contaminated and non-contaminated areas (Cagador
et al. 2000, 2009; Fitzgerald et al. 2003; Reboreda and
Cacador 2007a; Sousa et al. 2008; Caetano et al. 2008;
Duarte et al. 2010; Mili¢ et al. 2012; Andrades-
Moreno et al. 2013). According to Sousa et al. (2008),
H. portulacoides mostly retains metals in the cell wall
especially in the roots.

The concentrations of the elements in the shoots were sim-
ilar in all species, except for copper and zinc. The shoots of
A. tripolium had the highest concentration of copper and zinc,
which are significantly different from H. portulacoides and
Sarcocornia sp., respectively. The analysis of the published
data concerning the three species growing in different contam-
inated and non-contaminated areas showed a wide range for
the concentrations of the elements in the shoots (Cacador et al.
2000, 2009; Fitzgerald et al. 2003; Reboreda and Cagador
2007a; Caetano et al. 2008; Sousa et al. 2008; Duarte et al.

Table 4 Translocation

coefficient (TranslC) and TranslC BAC

biological absorption coefficient

(BAC) calculated to halophytic A.tripolium  H.portulacoides — Sarcocornia A.tripolium  H.portulacoides  Sarcocornia

plants collected in the field (min— SPp- Sp.

max)
Al 0.3-0.5 0.1-0.4 0.2-0.6 7.2-13.8 19.1-243 7.2-13.2
As  0.04-0.2 0.04-0.1 0.1-0.2 19.3-73.5 38.1-70.0 12.7-39.5
Ca 0.8-1.1 0.6-1.3 1.0-2.2 3.6-5.7 2.5-89 2.0-9.8
Cd 0.1-04 0.02-0.1 0.04-0.1 25.5-63.1 42.6-216 61.9-169
Cr 0.1-03 0.05-0.2 0.1-0.4 4.9-53.9 11.9-95.6 11.2-21.5
Cu 0.2-03 0.05-0.1 0.1-0.3 65.6-207 87.9-455 49.5-458
Fe  0.05-0.1 0.03-0.1 0.1-0.2 5.7-25.9 6.6-21.8 2.8-12.5
Mn 0.2-0.4 0.3-0.6 0.6-0.8 3.4-17.6 1.5-18.1 1.1-14.1
Na 2.1-2.7 44-6.0 2542 3.6-8.5 1.6-2.6 1.9-34
Ni 0.2-0.3 0.1-0.4 0.3-0.8 4.6-7.3 5.8-12.9 3493
Pb  0.1-0.2 0.02-0.03 0.03-0.2 39.6-109 183-689 42.9-105
Zn  0.1-0.3 0.03-0.04 0.02-0.1 2.9-6.5 11.4-35.0 9.2-12.9
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2010; Mili¢ et al. 2012; Sousa 2012; Andrades-Moreno et al.
2013), being the obtained data within those range.

The low translocation of potentially hazardous ele-
ments from roots to shoots of all the studied species
is an efficient tolerance mechanism to avoid the phyto-
toxic concentrations in the aboveground part of the
plants. In fact, concentrations of arsenic, cadmium,
chromium, copper, lead, manganese, nickel and zinc in
the plant shoots are in the range considered normal/
sufficient and below the toxic levels for plants in gen-
eral (Kabata-Pendias 2011). However, some shoot sam-
ples had concentrations of copper and manganese con-
sidered deficient (A. tripolium: Mn; H. portulacoides:
Cu and Mn; Sarcocornia sp.: Mn). Nutrient deficiencies
due to the competition with sodium were reported by
Hu and Schmidhalter (2005); however, this competition,
evaluated by statistical analysis, was not observed for
the studied species. Nonetheless, antagonism interactions
involving other elements can also contribute to nutrient
imbalances (Kabata-Pendias 2011). In this way, concen-
trations of copper and nickel in Sarcocornia sp. shoots
seem to affect negatively the manganese concentrations
in the same organ (»=—0.98 and —0.94, respectively).
However, for the other species, no influence was ob-
served for the studied elements.

According to the soil-to-plant transfer coefficients (al-
ways lower than one), the three species are accumula-
tors of sodium but non-accumulators of the analysed
potentially hazardous elements and nutrients. The low
translocation of the potentially hazardous elements, high
concentrations of elements in roots, elemental concentra-
tions in shoots below the phytotoxic level and the non-
accumulator behaviour of the species are important fac-
tors in the selection of these plant species for
phytostabilisation purposes of salt marsh sediments and
soils.

3.3 Microcosm assay
3.3.1 Irrigation water characteristics

The chemical characteristics of the soil (Section 3.1) and the
lagoon water, both used in the microcosm assay, are
summarised in Tables 1, 2 and 5. The two water samples
presented similar physical and chemical characteristics
(Table 5). The waters are slightly alkaline, strongly saline
and had high concentrations of calcium, magnesium, potassi-
um and sodium, cations that are naturally abundant in marine
waters as well as chlorides. The concentrations of the poten-
tially hazardous elements were low. However, according to
the Canadian Water Quality Guidelines for the Protection of
Aquatic Life-marine water, both samples can be considered
contaminated with cadmium (>0.12 pg/L; CCME 2014).

1467
Table 5 Chemical
characteristics of the LW1 LW2
lagoon waters
pH 8.2 8.2
EC (dS/m) 28.6 434
Total concentrations (mg/L)
Al <0.2 <0.2
As <0.003 <0.003
Ca 299.7 286.9
Cd 0.001 0.03
cr 12.6x10° 12.7x10°
Cr <0.05 <0.05
Cu <0.02 0.05
Fe <1.0 <1.0
HCO; 181 244
K 2323 213.7
Mg 846.5 743.9
Mn 2.6 0.01
Na 7.5x10° 6.5x10°
Ni <0.03 0.03
Pb <0.001 <0.001
S0, 1234 885
Zn 0.3 22

EC electrical conductivity

3.3.2 Chemical and ecotoxicological characterisation
of the soils

The chemical characteristics of the soil and the concentrations
of the elements in the pore water are given in Table 6. During
the assay, the plant growth did not affect the pH of the soil;
however, the EC varied significantly. The EC increased along
the assay, especially in the control CG1 (sediments without
plants) where the concentrations of the elements in the pore
water were also higher than those in the sediments with
T. africana (TG1).

Independently of the plant growth, the concentrations
of iron and manganese in the soils pore waters, at the
end of the experiments, were reduced when compared to
those found in the pore water of the soil SPLS4 used to
fill the pots (Table 6). This decrease can be explained
by the observed formation of iron and manganese ox-
ides. The notorious increase of the concentrations of
zinc at the end of the experiment can be explained by
the interaction of the soil with the walls of the pots,
which, in spite of being enamelled, could be damaged
exposing the underlying metal (zinc enriched) to the wet
sediment. Although vegetated soils can concentrate more
elements in the pore water than non-vegetated soils due
to the alteration of chemical conditions of the soils
(Otero and Macias 2002), this fact was not observed
in the present study. The opposite was observed for

@ Springer



1468

J Soils Sediments (2017) 17:1459-1473

Table 6 Concentration of the elements in the pore water from salt
marsh soil collected at the beginning and end of the experiment (mean
+SD; n=4)

Beginning  End of the experiment

SPLS4 CGl TGI
Soils
pH 72 6.9+0.1 6.6+0.2
EC (dS/m) 18.5 28.6+1.2% 24.6+£2.0%
Pore water (ng/kg fresh weight)
Al <24 <24 <24
As <0.4 <0.3 <0.3
Ca 662x10°  (112.4+5.9)x10°*  (85.5+15.7)x10%*
Cd 0.1 3.7+1.8 2.1%15
Cr <6 <6 <6
Cu <3 3.7+15 1.6+1.2
Fe 701 90.4+56.9 <100
K 393x10°  (52.9+4.0)x10%  (37.3+4.4)x10%*
Mg 132.0x10°  (182.3+16.2)x10%  (132.4+17.2)x10>*
Mn 203.9 6.3£9.9 7.5+8.4
Na >30.7x10*  >30.7x10* >30.7x10*
Ni <4 43+15 54425
Pb <0.1 0.7+0.7 0.5+1.0
Zn 38.7 181£21.0 303+189

Values of the same element followed by an asterisk indicate significant
differences (p<0.05)

CG1 control group, without 7. afiicana, TG1 test group, with T africana,
EC electrical conductivity

calcium, magnesium and potassium whose concentra-
tions were higher in the control (CG1) than in the ex-
periments with plants (TG1).

The increase of the elements’ concentrations in the pore
water can be associated to the enrichment through the lagoon
water used for irrigation, which had higher concentrations of
some elements (Table 5) than the pore water of the soil before
the assay.

The concentrations of the elements in the peat used to grow
the T africana (CG2-negative control) are shown in Table 7.
In general, the total concentrations of the studied elements in
the soil (Table 2), especially the potentially hazardous ele-
ments, were higher than those in the peat, but the opposite
was observed to calcium, chromium, magnesium, nickel and
potassium. The concentrations of the elements in the available
fraction (extracted with RHIZO solution) of the peat are much
lower than in the SPS4 soil used to grow the 7. africana,
except for aluminium and chromium (Tables 2 and 7).

The aquatic toxicity tests, done in the lagoon waters and sed-
iments’ elutriates, were valid according to the criteria established
in the guidelines for both bioassays (MicroBioTests 2003, 2012).
No toxic effects higher than 10 % were observed in the lagoon
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Table 7  Total and available concentrations of the elements in the peat
used in the microcosm assay at the end of the experiment (n=2)

Total (mg/kg dry weight)  Available® (ng/kg fresh weight) CG2

Al (37.0-384)x10° (170-222)x10°

As  <0.5-17 13.8-31.9

Ca (13.1-13.2)x10° (259-263)x10°

Cd <03 2545

Cr  955-1010 368-407

Cu 2128 116-185

Fe  (19.9-22.5)x10° (90.2-100)x 10°
K (18.6-20.9)x10° (134-157)x10°

Mg (73.6-76.6)x10° (79.0-97.6)x 10°
Mn 197-198 459-476

Na (7.1-74)x10° >10°

Ni  220-223 97-112

Pb 49 39.1-166

Zn  24-41 388-558

 Extracted with RHIZO solution

waters as well as in the sediments’ elutriates from microcosm
assay (with and without plants), at the end of the assay. The
growth of 7. africana did not influence the ecotoxicity of
elutriates.

3.3.3 Plants behaviour

Approximately 8 days after transplantation to the contaminat-
ed soil, S. salviifolia and F. tinctoria died, while T. africana
presented 90 % of survival. Although S. salviifolia and
F tinctoria occur naturally in areas more distant from estuaries
(Gomez-Mercado et al. 2012), these species, growing in peat
substrata, tolerated the irrigation with saline water from the
lagoon and did not show visual signs of saline stress.
However, after transplantation, a cumulative effect of salinity
and the contamination or the textural characteristics of the soil
could be occurred leading to the death of the plants.

The concentrations of the elements in the roots and shoots
of T. africana are presented in Table 8. Regardless the sub-
strata where the plants grew, the concentrations of the ele-
ments in the roots (except for aluminium in control CG2) were
higher than those either in the pore water or in the RHIZO
solution (Tables 6, 7 and 8). This fact can be explained by the
low selectivity of this species in the elements uptake (Storey
and Tomson 1994; Manousaki et al. 2008).

Significant variations were obtained between elements
concentrations in the roots of 7. africana from TG1 and from
CG2. The concentrations of aluminium, arsenic, chromium,
copper, iron, lead, sodium and zinc in the roots of the plants
growing in the soil (TG1) were higher than in the plant roots
from the control (CG2), while the opposite was observed for
calcium (CG2>TG1). Variations in the concentrations of the
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Table 8 Concentrations of the
elements in the shoots and roots Shoots (mg/kg dry weight) Roots (mg/kg dry weight)
of the Tumarix africana growing
in different substrata of the CG2 TG1 CG2 TG1
microcosm assay (mean+SD; n=
2 for CG2 and n=4 for TG1) Al 13.8+1.7 12.242.1 68.2+12.1% 142.4+56.8%
As 0.0700+0.0003* 0.10+0.09* 0.10+0.02%* 0.2+0.1*
Ca (9.6+0.3)x10%* (5.6%0.6)x 10%* (3.0£0.02)x 10%* (2.4£0.3)x 10%*
Cd 0.10+0.01* 0.20+0.04* 0.20+0.03 0.3+0.1
Cr 0.200+0.001 0.3+0.1 1.5+0.3% 4.1+£2.3%
Cu 6.5+0.5 6.8+0.6 3.7+£0.4% 5.4+1.0%
Fe 87.9+31.4 75.7+11.5 85.2+18.7* 408+132%
Mn 30.2+3.7%* 15.0+£2.4% 8.0+0.3 6.8+1.3
Na (5.3+0.1)x10%* (15.7+1.6)x10>* (1.8+£0.2)x10%* (8.1£0.4)x 103+
Ni 0.6+0.1 0.5+0.1 2.0+0.2 2.8+1.6
Pb 0.7+0.1 0.4£0.2 0.60+0.01* 3.6+1.1%
Zn 56.6+2.1% 115.9+16.5% 27.8+0.5% 91.5+19.0%*

Values of same element and plant part followed by an asterisk indicate significant differences (p<0.05)

CG?2 control group, T afficana growing in the peat, 7G 1 test group, with 7. africana growing in the soil

elements from the pore water of the soil (TG1) and the avail-
able fraction from the control (CG2) (Tables 6 and 7) did not
explain the differences in the concentrations of the elements in
the roots. Nonetheless, the salinity of the substrata can stimu-
late the uptake of the elements and their accumulation in the
roots (Kadukova and Kalogerakis 2007). Several authors
(Kadukova and Kalogerakis 2007; Manousaki et al. 2008,
2009; Moreno-Jiménez et al. 2009) reported much higher con-
centrations of arsenic, cadmium and lead, in the roots of
Tamarix sp. (growing in hydroponic conditions or organic
substrate mixture enriched with these elements) than those
found in the plant roots growing in both substrata in the pres-
ent study. Concentrations of calcium, copper, chromium, man-
ganese and sodium in the roots of Tamarix nilotica (Ehrenb.)
Bunge from banks of the River Nile (Fawzy et al. 2006) were
higher than those found in the roots of 7. afiicana collected
from both substrata used in this study. Nonetheless, the oppo-
site was observed for cadmium, nickel and zinc (Fawzy et al.
2006).

The uptake capacity, evaluated by biological absorption
coefficient (Table 9), varied especially with the substrata,
but in the plants from control (CG2), the uptake capacity
was dependent on the element. According to the Perelman
classification, the uptake of all the elements in the plants
from soil (TG1) was intensive. However, in plants from
control (CG2), the uptake of cadmium, chromium, copper,
manganese, nickel and zinc was intensive, while for arse-
nic, iron and sodium was strong and for aluminium was
intermediate.

After the absorption of the elements, 7. afiicana growing in
both soil and peat stored mostly aluminium, arsenic, cadmi-
um, chromium and nickel in the roots (TranslC< 1), while the
nutrients and sodium were translocated from the roots to

shoots (Table 9). The same translocation behaviour was ob-
served in 7. nilotica for copper, magnesium, manganese, po-
tassium, sodium and zinc, but not for calcium, chromium and
nickel (Fawzy et al. 2006). Both translocation behaviours
were observed for arsenic in plants from both substrata as well
as for cadmium in plants growing in the soil TG1. This fact
can be due to a variation on the substrata salinity and its effect
on the uptake and translocation of the elements. Manousaki
et al. (2008, 2009) reported that the salinity leads to the in-
crease of the uptake and translocation of cadmium from the

Table 9  Translocation coefficient (TranslC) and biological absorption
coefficient (BAC) calculated for Tamarix africana growing in the
different substrata of the microcosm assay (min—max; n=2 for CG2 and
n=4 for TG1)

TranslC BAC

CG2 TG1 CG2 TG1
Al 0.2-0.3 0.05-0.1 0.3-04 5308-12251
As 0.8-1.1 0.3-1.7 2.2-6.5 555-981
Ca 3.2-33 1.8-3.0 11.3-11.4 25.6-32.5
Cd 0.6-0.8 0.5-1.0 35.8-79.4 85.0-429
Cr 0.1-0.2 0.03-0.2 3442 391-1295
Cu 1.6-2.0 1.1-1.8 21.3-29.1 1778-5506
Fe 0.9-1.1 0.1-0.3 0.8-1.0 2914-5169
Mn 3.5-4.0 1.6-3.4 16.4-18.0 28014314
Na 29-32 1.7-2.1 1.6-1.9 21.1-26.4
Ni 0.2-0.3 0.1-0.3 18.8-19.5 247-870
Pb 1.1-1.2 0.1-0.3 3.9-16.7 139685155
Zn 2.0-2.1 0.9-1.6 50.5-70.7 200-515

CG?2 control group, T africana growing in the peat, TG/ test group,
T. africana growing in the soil
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roots to the aerial part in Tamarix smyrnensis Bunge growing
in soils and hydroponic experiments.

The translocation behaviour of iron and lead was depen-
dent on the substrata. The plants growing in the soil TG1 also
stored iron and lead in the roots, while the plants growing in
the peat (CG2) translocated lead to the shoots and had both
behaviours for iron. Fawzy et al. (2006) observed, in
T. nilotica growing in a non-contaminated area, the storage
of lead in the roots and translocation of iron from roots to
leaves. These observations did not agree with the results ob-
tained in the present study for plants from CG2. Differences
between lead concentrations in the roots and shoots were also
reported for 7. smyrnensis suggesting an important transloca-
tion restriction of this cation, which is stored in the roots in
order to avoid toxicity (Kadukova and Kalogerakis 2007,
Kadukova et al. 2008). However, Manousaki et al. (2009)
reported that the increase of salinity decrease the lead uptake
and accumulation in roots, whereas Kadukova et al. (2008)
found that there was no clear relationship between lead uptake
by the plant and the increase of the salinity.

The highest concentrations of arsenic, cadmium, sodium
and zinc were obtained in the shoots of the plants growing
in the contaminated soil, while for calcium and manganese,
the highest concentrations were reached in the control (CG2).
Although the element concentrations in the shoots depend on
several biological processes of the species (e.g. uptake, accu-
mulation in roots, translocation from roots to shoots and tol-
erance capacity; Kabata-Pendias 2011), the concentrations of
calcium and manganese in the pore water (TG1) and in the soil
available fraction (GG2) seem to be related to the concentra-
tions of the same elements in the shoots.

In the shoots of the plants from both substrata, the concen-
trations of the studied elements (except manganese) were
within the range considered sufficient and below the phyto-
toxic level for various plant species (Kabata-Pendias 2011).
The concentrations of manganese were very low and consid-
ered deficient (Kabata-Pendias 2011) as was also observed in
the halophytic plants collected in the field. Although the defi-
ciency of manganese can be associated to antagonism interac-
tions, no negative effect with the studied elements was found.
A wide range of elemental concentrations in 7amarix sp.
shoots, from plants growing in mining areas, non-
contaminated areas and microcosm assays enriched with po-
tentially hazardous elements, are reported by several authors
(Del Rio et al. 2002; Boularbah et al. 2006; Fawzy et al. 2006;
Kadukova and Kalogerakis 2007; Manousaki et al. 2008;
Moreno-Jiménez et al. 2009). These concentrations are, in
general, higher than those measured in the plants of the pres-
ent study. This variation can be related not only to the species
but also to the elements’ concentrations in soil/sediments (to-
tal and/or available fractions).

According to the calculated soil-to-plant transfer coeffi-
cients (always lower than one), plants from both substrata
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were non-accumulators of potentially hazardous elements
and nutrients. For sodium and zinc, the accumulation behav-
iour varied with substrata; plants from soil TGl were non-
accumulators of zinc but accumulators of sodium, while the
opposite was observed in plants from control (CG2). For cal-
cium, the plants from soils presented both accumulator behav-
iours (TransferC 0.8—1). On the contrary, 7. nilotica was ac-
cumulator of all the studied elements except calcium, cadmi-
um and copper (Fawzy et al. 20006).

3.3.4 Salts formed at the surface of the Tamarix africana
leaves

Tamarix species have leaf salt glands, which are responsible
for the salt exclusion and, consequently, the tolerance to the
salinity (Manousaki et al. 2008; Abou-Jaoudé 2011).
Nonetheless, salt glands also provide a mechanism for the
exclusion of toxic ions (Weis and Weis 2004; Flowers et al.
2010).

The secretory product of 7. africana comprised a large
variety of ions (Table 10) related to the chemical composition
of the aqueous solutions in the rhizosphere, which is in accor-
dance with the results reported by several authors for different
species of the Tamarix genus (Storey and Thompson 1994;
Manousaki et al. 2005, 2009; Fawzy et al. 2006). In fact, the
most abundant elements in the salts (aluminium, calcium,
iron, potassium, magnesium, manganese, sodium and zinc)
corresponded to elements with higher availability from the
soil (Table 6). Leaves of T. nilotica from banks of river Nile
also secreted high amounts of calcium, iron, potassium, mag-
nesium, manganese, sodium and zinc, and in less quantity
cadmium, chromium, copper, lead and nickel, which were
determined in the salts of the plant leaves (Fawzy et al.
2006). Studies done with 7 smyrnensis also showed excretion

Table 10 Concentrations

of the elements in the salts Salts formed (mg/kg) TG1
formed on the surface of
Tamarix afiicana leaves Al 56.5-70.5
growing in the salt marsh As 0.01-0.1
soil from microcosm Ca (8.56-9.13)x10°
assay (n=2)
Cd 0.3-0.4
Cr <0.1
Cu 3348
Fe 62.2-94.7
K (10.6-14.7)x10°
Mg (5.91-5.99)x 10°
Mn 23.8-34.4
Na (102-147)%10°
Ni 1.1-14
Pb 3.0-4.6
Zn 40.2-40.8
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of cadmium and lead on the surface of their leaves
(Manousaki et al. 2005, 2008; Kadukova and Kalogerakis
2007; Kadukova et al. 2008).

The low translocations of aluminium, cadmium, iron, nick-
el and lead (Table 9) found in T aficana can be explained by
the great amounts of these elements, which were exuded
through the salts ([element]g,/[element]gyoos 1.0-8.5, de-
pending on the element), corresponding to a metal detoxifica-
tion mechanism. The existence of great amounts of sodium in
the salts also contributes to the plant detoxification
([element],/[element]gno0s 8.0) balancing the translocation
of this element to shoots. Arsenic concentration in the salts
was lower than in the shoots ([element],;./[element]g,o0is 0.7)
suggesting that the small concentrations of this element in the
shoots are only due to its low translocation. Copper and zinc,
due to their physiological function in shoots, were strongly
translocated from roots to the shoots, not being highly excret-
ed ([element],y/[element]g,0is 0.6 and 0.3, respectively). On
the contrary, calcium was excreted ([element]gaics/
[element]gpoos 1.6) in spite of the values (1.8-3.0, Table 9)
obtained for the translocation coefficient of this element be-
ing, probably a consequence of its high concentration in the
lagoon water. The deficiency in manganese observed in the
plant shoots (Table 8) can be related to the great amounts of
this element exuded by the leaves ([element]q,cs/
[element]gpoors 1.9) (Table 10).

The different behaviour observed for nutrients and poten-
tially hazardous elements in the 7. africana plants growing in
the contaminated soil suggests the existence of an efficient
mechanism of tolerance associated to chemical elements ex-
clusion through the salt formation at the surface of the leaves.

4 Conclusions

The soils developed on sediments of the lagoon, on which the
former steel plant deposited a considerable quantity of hazard-
ous wastes, can be considered contaminated by arsenic, cad-
mium, chromium, copper, lead and zinc. However, the avail-
ability of these potentially toxic elements in the soils was very
small. Although the lagoon water is only contaminated with
cadmium and presented very high salinity, no ecotoxicologi-
cal effect of soil elutriates was observed for both aquatic spe-
cies (A. franciscana and B. plicatillis).

The halophytic plants that grew spontaneously in the salt
marsh soils (A. tripolium, H. portulacoides and Sarcocornia
sp.) are tolerant to the contaminants present in the soils and
play an important role in their stabilisation. The low translo-
cation of the potentially hazardous elements from roots to
shoots, the small concentrations of these elements in the
shoots and the non-accumulator behaviour of these plant spe-
cies indicate their potential for phytostabilisation of the con-
taminated salt marsh soils.

Tamarix africana was well adapted to the contaminated
saline soils; however, the same did not occur with
S. salviifolia and F. tinctoria that died after 8 days from trans-
plantation into the contaminated soil. Tamarix afiicana was
able to decrease the contaminants’ concentrations in the pore
water at the end of the experiment. At ecotoxicological level,
no differences were observed in the elutriates from the soil
with and without plant growth. The low concentrations of
the potentially hazardous elements in the 7. africana shoots
can be associated with their low translocation from roots to
shoots, and/or active excretion mechanism by the salt glands.
The great absorption of chemical elements, storage of poten-
tially hazardous elements in the roots, their concentrations
below phytotoxic level in the shoots, low elements’ transloca-
tion and high tolerance to the high salinity with the presence of
potentially hazardous elements in the substrata indicate
T africana as a promising phytostabilisation species.
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