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Abstract 

This PhD thesis is a multidisciplinary study about the possible use of Helichrysum microphyllum 

Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso in phytoremediation activities. The research 

takes into consideration chemical, ecophysiological and mineralogical behaviour of the soil - plant 

system. The study focuses on the Campo Pisano mine dump (South West Sardinia, Italy). Campo 

Pisano mine is abandoned since 1998. Huge quantities of waste materials were abandoned and 

actually claim for remediation. The main pollutants of this area are Zn, Pb and Cd, which come from 

the main ore minerals, blende and galena. Pyrite rich flotation muds in Campo Pisano mine dump 

have the highest environmental impact due to high mineral reactivity of pyrite and the fine size of the 

particles. Campo Pisano dump is a source of metals for the vaste area of Sulcis - Iglesiente mining 

district. Pollution affects soils, water, biosphere and finally humans 

The soil - plant system and the seed germination of H. microphyllum subsp. tyrrhenicum were 

investigated with the aim of understanding the behaviour of this species towards metals like Zn, Pb 

and Cd. The specific objectives of this work were the evaluation of: 1) the bioaccumulation potential 

and translocation of Zn, Pb and Cd in specimens, which spontaneously grow on mine waste, and on 

those subjected to laboratory growing test; 2) the growth of plant specimens under controlled 

conditions which reflect in situ conditions; 3) the germination capability of seeds and the survival of 

seedling under Zn and Pb stress; 4) the presence of bio-mineralization in roots - soil interface and in 

the different plant compartments and the possible mechanisms ruling bioavailability of metals. 

Concerning the investigation about specimens which grow spontaneously on mine waste, sundry 

samples of soil, roots and epigean organ were collected through field sampling. Four sampling sites 

were chosen: i) inside the mine dump; ii) inside a plot of a previous in situ phytoremediation 

experiment; iii) outside the mine dump and without the mining impact; iv) an area without both 

mining and anthropic impacts. Samples were analysed in order to obtain both Zn, Pb and Cd 

concentration and mineralogy. It was observed that this species is able to tolerate high concentration 

of these metals and the calculated translocation factor indicated a fair translocation to aerial organs. 

Moreover, it was found able to influence the minerals in the rhizosphere and this could be part of its 

pioneering strategy. The results, along with its capability to spontaneously colonize mining sites, 

indicate that this species can be a good candidate for revegetation and phytostabilization technologies. 

Phytoremediation laboratory tests were carried out on specimens of H. microphyllum subsp. 

tyrrhenicum (ca. two years old), previously grown in a nursery. Several specimens of this taxon were 

planted in three kind of substrates: 1) a reference soil without contaminants, 2) Campo Pisano mine 

waste and 3) Campo Pisano mine waste amended with 10% of compost. The trial lasted for six months 
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under controlled climatic conditions into a climatic chamber. The metals concentrations of substrates, 

rhizosphere materials, roots and epigeal organs were measured as well as some biometric parameters. 

Moreover, the mineralogical investigation was also applied. The study confirms the high metal 

tolerance capability of this taxon. Furthermore, the use of compost improved the soil properties, 

generally reducing the accumulation of the metals in the plant tissues and improving the survival of 

the species.  

Seed germination tests under different Zn and Pb concentrations were carried out in order to elucidate 

the capability of this species to germinate under metals stress. Germination is the most sensitive 

process during plant life and metal pollutants can affect it. The seeds were collected in three sites: 1) 

inside the Campo Pisano mine dump, 2) near this area and with the same geochemical character and 

3) in an unpolluted area. The results show that the seeds of specimens growing inside the mine dump 

have a better germination response and survival than those coming from the unpolluted area. Seeds 

treated with Zn presented the best germination percentage and survival. Concerning the seeds from 

unpolluted site, their germinative response was not completely inibhited by metals, further showing 

the great adaptability of this species. 

A preliminary investigation on the mineralogy and its evolution from rhizosphere to plant 

compartments of Helychrisum microphyllum subsp. tyrrhenicum was carried out with the aim of 

elucidating possible adaptation mechanisms of this taxon. In order to achieve this goal, some samples 

of soils, rhizosphere materials, roots, stem and leaves were collected in four sampling site: 1) inside 

the Campo Pisano mine dump; 2) outside the mine dump but near this area; 3) in two sites without 

mining and anthropic impact. X-ray diffraction (XRD), scanning electron microscopy (SEM) and 

advanced synchrotron-based techniques were used (i.e.: XAS). The investigation reveals the presence 

of Al - Si (bio) minerals on the roots surface forming a rim, whilst Zn is mainly present in the inner 

part. The mineral rim can be explained as a defence mechanism towards the highly Zn polluted 

substrates. Moreover, the XAS analysis showed that Zn minerals in the rhizosphere were mainly 

present as smithsonite, hidrozincite and Zn sulfate, whist it is mainly present as biologically 

controlled phases (i.e.: Zn apatite) in plant compartments.  

Combining the results of each part of this study, Helychrisum microphyllum subsp. tyrrhenicum 

appears to be a good candidate for future phytostabilization technologies and revegetation design to 

eventually remediate abandoned mining areas.   
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Introduction 
 

Sardinia is characterized by a long mine vocation during his history. Mine exploitation in Sardinia 

started before Roman time, continued through industrial revolution, and reached the maximum 

intensity in the second half of the last century. Sardinia mining districts were part of the European 

industrial development, and left important marks on Sardinian economy, society, architecture and 

finally environment, landscape and industrial archaeology. During the prehistoric period, the most 

important mine resources were copper, destined to bronze production, and obsidian, the volcanic 

black glass (Cauli, 1996). In the Roman period, mining activities and technologies improved but with 

the end of the Western Roman Empire, a long period of crisis was recorded. During the Pisan’s 

dominion the mining activities resumed (Mezzolani e Simoncini, 1994), but declined once again after 

the Aragonese conquest of the island. Industrial mining activities began during Savoy’s reign, when 

new technologies and innovative managerial strategies were developed. Mineral quarrying was 

widespread all over the island, but the most important and richest ores were located in the Sulcis- 

Iglesiente- Guspinese region (SW of Sardinia), in particular at the so called metalliferous ring (ca 10 

Km from the town of Iglesias) wherein the main extracted metals were zinc, lead and iron. Peaks in 

Zn - Pb extraction were reached around the ‘50s/’60s of the XXth century (Frau et al., 2015) and 

mining was the driving sector of the economy of the South West of Sardinia. However, the Sardinian 

mining industry declined in the ‘70s due to the fall in value of base metals, the impoverishment of 

the ores and the increase of labour costs. These adverse conditions led to the closure of all mines in 

1997 and no reclamation actions were in most cases settled up (Zavattero et al., 2006), leaving 

abandoned ca. 70 Mm3 of waste materials (Jiménez et al., 2010). In the 2003 an estimation about the 

amount of mining activity and its impact was made by the “Regione Autonoma della Sardegna”, 

showing important and alarming numbers: in the region, there are around 113 abandoned mines with 

100 millions tons of related wastes. Mining activity has a heavy impact on environment and living 

organism, indeed it cause a lack in biodiversity and severe modification in environment and 

landscape. During the mine exploitation, tremendous quantities of waste materials with residual metal 

content were discarded because the recovery falls below the economic cut-off. These materials are 

rich in metals and are composed by very fine particles like clays and silts and therefore they are 

subjected to wind dispersion in the surrounding areas (Varrica et al., 2014). The metals pollution is 

considered one of the most important issues for ecosystems and finally humans (Vacca et al., 2012). 

Indeed, the heavy metal contamination still affects fresh waters, soils and plants of the surrounding 

areas (Cidu et al., 2001; Cidu et al., 2011; Bacchetta et al., 2015; Concas et al., 2015a; Frau et al., 

2015; De Giudici et al., 2017), despite the mine exploitation ceased 21 years ago.  
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This PhD thesis is focused on the Sulcis Iglesiente region, in particular on the area of Campo Pisano 

mine dump. As previously cited, this area was one of the most productive mine ores of Italy. The 

productive activities have left important consequences on the environment and landscape, as observed 

in other mines of Sardinia. 

 

The Sulcis - Iglesiente region 

Geographical and climatological characters 

Located in south west of Sardinia, the Sulcis - Iglesiente region is characterized by a Mediterranean 

pluviseasonal bioclimate, with thermotypes ranging between the upper thermo - Mediterranean and 

the lower meso - Mediterranean and ombrotypes between the upper dry and the lower sub - humid 

(Bacchetta et al., 2009). Precipitation is mainly spread in autumn, winter and spring with a lack during 

summertime, occasionally interrupted by few rainfall events. The climate is temperate during all the 

year and this mild condition are also due to the mitigation effect of the near coastline. The dominant 

wind is the mistral (blowing from NW), especially during winter, which is one of the most important 

morphogenetic agent of this area. 

Geology and ore geology main characters 

The Iglesiente region is characterized by the presence of the most ancient rocks of Italy, and it is one 

of the most important fossiliferous region of all Europe. The main lithologies are ascribable to 

carbonate rock of the Paleozoic era (Boni et al., 2003), but Mesozoic and Quaternary coverage are 

present to a lesser extent. In the following geological description, the references to the “Carta 

Geologica della Sardegna” (2008) are reported in brackets [i.e.: (66a)]. They are listed from the most 

ancient to the most recent (Carmignani et al., 2001); 

 Nebida Group (66)  

Matoppa Formation (66a) is made of grey siltstones with intercalation of sandstones and quartz-

sandstones. In the top of this Formation, it is present a biohermal limestone made of archeociata, 

trilobites and echinoderms (Gandin and Debrenne, 1984); 

Punta Manna Formation (66b) 

 Gonnesa Group (65) is divided into Santa Barbara Formation (Pillola, 1991) and San 

Giovanni Formation (Pillola et al., 1995). The first Formation is made of layered marbles, whilst the 

second one is made of massive grey marbles. 
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Figure 1: Sketch of the geological map of Inglesiente region: the numbers (i.e.: 65) represent the reference to 

“Carta Geologica della Sardegna” (2008). 

 

 Cabitza Group (64):  

Campo Pisano Formation is mainly made of pelites and murbles with abundant trace of echinoderms 

and trilobite. This facies was typical of an epicontinental sea (Middle Cambrian) with low oxygen 

content (Gandin et al., 1987); 

Cabitza Formation is characterized by alternated layers of reddish pelites and metasiltstones 

(Palmerini et al., 1979); 

 Monte Argentu Formation (also called as “Puddinga” 62a) is made of metaconglomerates 

and metabreccias of different diameter (from dm to m; Carmignani et al., 2001). Clasts come from 

the Cabitza Formation. There are evident folds, which isolated this section and generated the 

Metalliferous ring; 

 Portixeddu Formation (62b) is made of grey- greenish mudstones and it is considered one 

of the richest fossiliferous site of Sardinia (Carmignani et al., 2001) (Middle/ Upper Ordovician); 

 Monte Orri Formation (62c) is a succession of grey siltstones, mudstones and sandstones 

resulting of a marine depositional environment typical of shallow waters (Upper Ordovician); 

 Rio San Marco Formation consists of metaconglomerates, basic metavulcanites alternated 

with black/ grey siltstones (Leone et al., 1991). 

The outcrop of the Upper Paleozoic is less present, due to the Ercinic orogeny and to the formation 

of the Sardinian – Corse’s batholith (Middle Paleozoic). Moreover, the erosion of the Ercinic chain 

formed the post ercinic peneplane at the end of the Carboniferous (Boni et al., 2003). 

The first sediments after the Ercinic orogeny results of the Upper Carboniferous and they are mainly 

made of continental deposits of Rio San Giorgio basin, which are rich in fossil macroflora. The 



9 
 

Mesozoic era is rapresented by sandstones, mudstones and siltstones. Quaternary deposits are made 

of clay, which filled the bottom of the valley. 

The formation of the ore deposits is strictly connected to the geological events occurred on Sardinia. 

These deposits are the results of seven metallogenetic periods from the Cambrian to the Quaternary. 

In particular, the whole area was subjected to different minerogenesis processes. Three sequences are 

recognized, as listed from the most ancient to the most recent: 

1) the deposition, from sin-sedimentary to epigenetic, of Pb- Zn- Fe- Ag sulphides linked to 

cambrian carbonate platform;  

2) the deposition of sulphides mixed with Fe oxides linked to the Ordovician's volcanic activity 

(Upper Ordovician - Silurian); 

3) the mineralization connected to the leucogranitic plutons formed during the Ercinic Orogeny 

(Carboniferous- Permian). 

 

The most abundant mineralizations are present into the Gonnesa Group (Metaliferous ring; Bechstand 

and Boni, 1994) wherein the most common minerals are blende, galena, pyrite and barite (Boni et al., 

1999). These are commonly associated to few quantities of other metals like Cd, As, Hg, Co. The 

most relevant mineralization in blende and galena is hosted at the bottom of the San Giovanni 

Formation close the ceroid limestone. The Zn - Pb mineralizations are recognizable also in the Cabitza 

Formation, Monte Argentu and in Portixeddu ones. 

During the postercinic period, the ores were subjected to two phenomena, which gave particular 

characteristic to this mineralization: 

1) variations in the water table which suddenly modified the redox conditions (Boni et al., 

2003); 

2) karst which open several cavities where rainwater flowed and modified the chemistry of 

the original mineralization (Padalino et al., 1972).  

Karst processes mobilized metals already presents and concentrated them in the same encasing rocks, 

forming columnar bodies of remarkable dimensions (up to 100 m). 

 

Vegetation characters 

In the Sulcis - Inglesiente and the area close to the mining districts, it is possible to recognize two 

vegetational series (Bacchetta et al., 2009) as called: 

 Prasio majoris – Quercetum ilicis chamaeropetosum humilis, which is common on 

calcareous substrates of Mesozoic and close to the coastline at altitudes lower than 100 m a.l.s. In this 

series are present species like: Quercus ilex L., Chamaerops humilis L., Pistacia lentiscus L., Tamus 
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communis L., Smilax aspera L., Rubia peregrina L., Asparagus acutifolius L. e Prasium majus L. 

The woody and shrubby canopy is more abundant than the herbaceous one. 

 Galio scabri – Quercetum suberis which is spread far from calcareous substrate. It is 

characterized by Quercus suber L. and Quercus ilex L., Viburnum tinus L., Arbutus unedo L., Erica 

arborea L., Phillyrea latifolia L., Myrtus communis L., Juniperus oxycedrus subsp. oxycedrus L. The 

herbaceous canopy is mainly made of Galiums scabrum With & Brith, Cyclamen repandum Sibth. & 

Sm and Ruscus aculeatus L. 

Despite their poor agronomic properties, mine areas are characterized by the presence of typical plant 

association of this environment. These associations are commonly made of terophite, which are 

recognizable on muddy/clay substrate of mine dump (i.e.: Centaurium erythraea Rafn. e Bellium 

bellidioides L.) and on gravel substrates with high metals concentration (i.e.: Jasione montana L. and 

Rumex bucephalophorus L.). Moreover, many of these entities are endemism of Sardinia and Corse, 

such as Echium anchusoides Bacch., Brullo & Selvi, Euphorbia cupanii Bertol ex Moris, Iberis 

integerrima Moris, Limonium merxmulleri Erben, Ptilostemon casabonae (L.) Greuter, Scrophularia 

canina L. subsp. bicolor (Sibth.) Greuter. The vegetational dynamics in the areas subjected to mine 

activities are different towards no polluted ones. For this reason, it was possible to identify two special 

series typical of these areas. Both are common of the thermo – meso mediterrean bioclimate, but they 

are distinguished for the growing substrate: coarse materials with a high slope or fine coherent 

materials with low slope. A typical plant assemblage of both vegetational series is the garigue of 

Dactylo hispanicae – Helichrysetum tyrrhenici, which represents a successor stage of Sardinian 

special series of the “heavy metals polluted mine substrate” (Angiolini et al., 2005; Bacchetta et al., 

2007). It forms a very dense garigue and can be followed by the last vegetation stage called 

“Helichryso - Genistetum sulcitanae”. This last association is characterized by a dense coverage and 

it is similar to those typical of no polluted areas. These communities grow on more developed 

substrates and can finally connect to the Quercus ilex L. woodlands. 
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Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso 

The genus Helichrysum (Asteraceae) consists of more than 500 taxa distributed on all continents and 

25 of which are natives of the Mediterranean area (Melito et al., 2015). The name of the genus comes 

from the Greek words "helios" sun and "chryos" gold, and it is due to its brilliant yellow 

inflorescences (Perrini et al., 2009). 

Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso is an endemic 

chamephite of Sardinia and Corse. This taxon can reach 60 cm in height. Its stems are woody at the 

bottom and the leaves (maximum length of 10 mm) are arranged alternately in axillary bundles) with 

a huge number of ramifications (Bacchetta et al., 2003). It blooms from April to June and bears fruits 

between May and July. 

 

Figure 2: Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso. 

 

The inflorescences are made of cylindrical campalunate flower heads of bright yellow color. In 

addition to its naturalistic value and its use as an ornamental plant, the interest of the cosmetic and 

pharmaceutical industries has recently increased. Indeed, the essential oil produced from its flowers 

has numerous nutraceutical, cosmeceutical and medicinal properties. 
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Metals and metalloids and their environmental implications 

Metals and metalloids are among the main pollutants of Sulcis -Iglesiente mine district. They are 

characterized by a cationic behaviour with different oxidation state with respect of the pH e Eh 

(Casalicchio, 2000; Radaelli, 2001; Zerbi and Marchiol, 2004). Moreover, they are able to form 

organic complexes. Consequently, their original classification based on density and atomic mass 

(Duffus, 2009) has been updated, promoting one based on the affinity to create organic complexes 

and on their environmental impact. Metals are generally considered trace elements, (with the 

exception of Si, Al, Fe, Ca, Na, K and Mg) because their concentration are <0.1%. In the different 

geochemical spheres, they are present as elementary state, free ions, or bound to more complex 

molecules. 

The main sources of metals in soils, fresh waters and biosphere, are linked to the anthropic activities, 

such as the use of fertilizer and pesticides (agriculture), uncontrolled waste disposal, the fall-out of 

atmospheric pollutant deriving from industrial activities, and finally mining activity. However, in 

some cases they are naturally highly present into rocks and must be considered as geochemical 

background. 

Trace metals are the main inorganic eco-systemic pollutants and they cannot be biologically degraded 

(only Hg can be discarded through heating). However, it is only possible to convert them from an 

oxidative state to another one, to adsorb into organic complexes (Garbisu and Alkorta, 2001; Gisbert 

et al., 2003) or accumulate them into living organism. 

Concerning the biological processes, metals can be classified into essential and nonessential. 

Essential metals are necessary for living organisms in a very small quantity and include iron (Fe), 

manganese (Mn), copper (Cu), zinc (Zn), nickel (Ni), cobalt (Co), and molybdenum (Mo), however 

they can be toxic at high concentration (Adamo et al., 2013) or create lack symptoms at very low 

ones. On the other hand, nonessential metals are not needed by organisms, like cadmium (Cd), lead 

(Pb), arsenic (As), mercury (Hg), and chromium (Cr) and they result toxic also at low concentration 

(Ali et al., 2013). Trace metals show their toxicity towards plants in different way: affecting the 

process of photosynthesis by interfering with electron transport chain (Rascio and Navari - Izzo, 

2011), affecting the water availability, interfering with biochemical and enzymatic activities (Ahmad 

et al., 2015; Qadir et al., 2014). Plants continuously adjust their physiological concentrations of both 

nonessential and essential metal ions in order to maintain the ionic homeostasis. 
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Toxicity is strictly dependent on the mobility, bioavailability and speciation (chemical and 

mineralogical form) of metals (Tessier et al., 1979; Barbafieri et al., 1996). Indeed, their major forms 

in soils are spread as (Adamo et al., 2013):  

 free solutes in solution;  

 adsorbed to the surface of  mineral colloids and on humus and biomass; 

 combined to mineral solids. 

Fe and Mn oxides, organic matter, carbonates, phosphates and sulfur are the main solid constituents 

of the soil, which take part to the ionic adsorption processes.  

The metals’ bioavailable fraction is defined as a part of the total concentration available for living 

organism (Krishnamurti, 2008) whilst the phyto - available fraction is the part available for plants 

(Kabata Pendias and Pendias, 2011). Mobile ions in soil pore water are generally considered the 

bioavailable fraction for plants, but also solid phases linked to mineral and/or organic phase contribute 

to the bioavailable pool (Adamo et al., 2013). 

Consequently, the total metal content is not an adequate measure of the potential mobility, toxicity 

and of the possible uptake by plants (Concas et al., 2015a; Di Bonito et al., 2008; Barbafieri et al., 

2006). Numerous speciation methods for metals in soils have been developed and they are generally 

divided into direct and indirect. Direct methods include XRD (X ray diffraction) and SEM and TEM 

microscopy (Scanning Electron Microscope and Transmission Electron Microscope), XAS (X ray 

Absorption Spectroscopy). These methods are qualitative or semiquantitative and they need the 

presence of specialized technician. Indirect methods use chemical extractions such as single (one step 

extraction) and sequential (multi step extraction). The latter gives information about the partition of 

metals into different phases, as listed: 

1) soluble metals, exchangeable and linked to the carbonates; 

2) occluded metals into Fe and Mn oxides; 

3) metals linked to the organic matter and to solphur;  

4) residual metals linked to the silicate minerals. 

 

Single and sequential extractions use various kind of extractors and there are numerous 

methodologies in literature. The most common single extraction eluents are the DPTA (Diethylene 

Triamine Penta acetic Acid) and EDTA (Ethylene Triamine Penta acetic Acid) (Lindsay and Norvell, 

1978; Gupta and Sinha, 2006; Barbafieri et al, 2006; Liphadzi et al., 2005), whilst the most common 

sequential extraction procedure are the Tessier’s (1979) and the BCR’s (Rauret et al., 1999). Among 
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the possible methods, there is the soil pore water sampling, which is increasingly applied for its 

simplicity and cheapness (Concas et al., 2015a; Di Bonito et al., 2008).  

Here follows a short description of the metals involved in this study. 

 

Zn 

Zinc is widely used in many industries and activities; for instance, it is an important component of 

several alloys, it is used as catalyst in different chemical production (i.e.: plastic, lubricants, 

pesticides) and it is present in objects of daily use (batteries, automobile equipment, pipes and 

household devices). Agricultural and mining activities are known to increase Zn contents of surface 

soils and they are considered the major source of pollution. Zn is uniformly spread in magmatic and 

in sedimentary rocks. The average Zn content in the Earth crust is estimated at 70 mg/kg (Kabata 

Pendias and Pendias, 2011). The most common Zn minerals are sphalerite (ZnS); zincite (ZnO), 

smithsonite (ZnCO3), willemite (Zn2SiO4) and hemimorphite (Zn4Si2O7(OH)2 H2O). Zn ores can 

contain trace metals like Pb, Cu, Cd, where Cd is the most common element. Zn in soils is common 

as free and complex ion. Several factors control its mobility in soils, such as pH and Eh, phosphorous 

and clay content (Kumpiene et al., 2008; Kabata-Pendias and Krakowiak, 1995).  

There are two different mechanisms of Zn sorption: 1) in acidic media, it is related to cation exchange 

sites; 2) in alkaline media, it is highly influenced by organic compound. Furthermore, Fe, Al and Mn 

oxides and hydroxides are considered the most important binding of Zn in some soils, especially for 

goethite (FeOOH). The adsorption of Zn2+ can be reduced at pH <7 by competing cations, and this 

results in easy mobilization of Zn from soils. Organic compound have an important role in the 

solubility of Zn in soil solution, indeed at pH > 7, Zn–organic complexes are very common. 

The soluble form of Zn are quickly available to plants and its uptake is linear with respect to the metal 

concentration in soils and soil pore water. The adsorbed Zn depends on the plant species and on the 

growing substrate and its uptake is generally controlled by plant metabolism (Moore, 1972). 

Zn is predominately adsorbed by roots as Zn2+, hydrated Zn and Zn chelated to organic compounds. 

It is general bound to soluble low molecular-weight proteins, showing its affinity to biomolecules and 

in particular to proteins rich in S (cysteine).  

Zn is an essential micronutrient for plants, indeed it has an important role in various metabolic 

processes. It is a component of many enzymes (dehydrogenases, proteinases, peptidases, and 

phosphohydrolases) and it is involved in the metabolism of carbohydrates, proteins, and phosphates 

and in the formation of ribosome (Lindsay, 1972; Shkolnik, 1974). Like other metals, Zn influences 

the permeability of cell membrane. 
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Some authors like Shkolnik (1974), reported that Zn is able to stimulate the resistance of plants to hot 

and dry climate conditions. The toxicity of Zn is manifested by chlorosis of the new leaves and 

through depressed plant growth. The upper toxic levels range from 100 to 500 mg/kg (Macnicol and 

Beckett, 1985). 

 

Pb 

Lead is commonly used in lead-acid batteries and for many other purposes (cables, chemicals, alloys). 

In the past years, it was common in petrol as an antiknock additive, but it has been phased out in order 

to reduce the atmospheric pollution. Pb is present in the acid series of igneous rocks and argillaceous 

sediments and its average concentration in Earth’s crust is estimated at 15 mg/kg (Kabata Pendias 

and Pendias, 2011). Pb can be classified as primary and secondary: The first form has a geo – genic 

origin and was incorporated into minerals during their formation. Secondary Pb is radiogenic and 

derives from the decay of U and Th. It is commonly spread in the environment as Pb 2+, but also the 

(IV) state is known. Pb is highly chalcophilic and the most common form is the galena (PbS). Other 

common minerals are anglesite (PbSO4), cerussite (PbCO3), minium (Pb3O4), pyromorphite 

(Pb5(PO4)3Cl) and mimetesite (Pb5(AsO4)3Cl). Lead is a toxic element for plants and living organism, 

and it is considered as certain carcinogenic compound for humans. 

The toxic effects of Pb have generally effects on many processes such as photosynthesis, mitosis, and 

water absorption. Dark green leaves, wilting of older leaves, stunted foliage, and brown short roots 

are the most common macroscopic evidences of Pb poisoning in plants (Kabata- Pendias and Pendias, 

2011). 

 

Cd 

Cd is commonly present in batteries, in pigments, coatings and stabilizers in plastics production. 

Industrial sites, waste dump and mines (and their associated facilities) are the main source of this 

pollutant. Its abundance is similar in igneous and sedimentary rocks with an average content in the 

Earth’s crust of 0.1 mg/Kg (Kabata Pendias and Pendias, 2011). The most common minerals are 

greenockite (CdS) and monteponite, (CdO). Cd is often associate to Zn and Pb deposits and it is host 

in minerals like biotite, smithsonite and sphalerite. Indeed, Zn and Cd have similar behaviour and 

ionic structure, with a common affinity to S atoms.  

Some authors reported natural high levels of Cd is soil deriving from lithogenic origin in alluvional 

soils derived from pyritized quartzes and from hydrothermally altered pyritized andezine (ˇCurlik and 

Forgac, 1996) and also like natural Cd anomalies. 
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The most common form is Cd2+ and its elementary form is very rare in soils, but it can be recognized 

in clay deposits. Like other metals, Cd has a strong affinity to S atom in particular for sulfhydryl 

groups. These groups are common in metallothioneins and phytochelatins, which are proteins able to 

complex metals. Some authors (Dabin et al., 1978; Braude et al., 1980) have reported that Cd is more 

concentrated in the protein fraction of plants.  

Cd is one of the most ecotoxic metals, showing its adverse effects on all living organism. Cd is a 

nonessential element for living organism, but it can be absorbed by plants and other soil organisms. 

A fraction of Cd is passively taken up by roots, but it has been reported also metabolic absorption 

(Smeyers-Verbeke et al., 1978). Its toxicity is showed by the inhibition in the formation of 

anthocyanin and chlorophyll pigments, decrease in cell reproduction and modification in cell’s 

microtubules. These deficiencies are macroscopically reflected by growth retardation, roots damage, 

chlorosis of leaves, and red–brown coloration of leaf margins or veins. 

 

Trace metals and plants 

The transfer of trace metals into the plant can occur through two ways: 1) roots catching and 2) leaves 

absorption. The first case is the main pathway (Kabata Pendias and Pendias, 2011) whereby metals 

are transferred from soil to roots through the rhizosphere. This is the thin interface (about 1 mm thick) 

that surrounds the roots, wherein the chemistry and soil biology is modified by the chemical and 

mechanical action of the roots. The interference is due to the production of radical exudates (organic 

acids, proteins, sugars) produced directly by the roots and by the action of microorganisms such as 

fungi, bacteria and protozoa which establish symbiotic relationships (like mycorrhizae) with the plant. 

The transport mechanism of the metals can be passive or active. The passive uptake is the diffusion 

of ions from soil solutions into the roots endodermis and it does not need energy to occur, whilst the 

active uptake requires metabolic energy and takes place against a chemical gradient. Metals are 

caught by roots through the adsorption from soil pore water and other fluids or through the ions 

exchange between roots and soils. The uptake mechanism depends also on the involved metals, as Pb 

is mainly absorbed passively, whilst Cu and Zn are preferably absorbed actively (they are also 

micronutrients). 

Trace metals can be found in the atmospheric particles and can settle on leaves surface and finally 

enter into the leaves system. The adsorption by leaves can occur actively or passively. 

The uptake of metals by plants is also plant specific and depends on other soils factors such as pH, 

Eh, organic matter content, water regime and climatic condition and finally on the phyto-availability 

of the metals (Kabata Pendias and Pendias, 2011). 
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Generally, high concentration of trace metals is a limiting condition for plant growth and 

development. However, several plants taxa have developed different strategy in order to adapt and 

survive to these stressing living conditions. Plants can be classified in three categories considering 

the involved survival strategy toward metals, as proposed by Baker (1981): 

 metals excluders  

These species restrict metals in their roots through various strategies, for instance by altering the 

permeability of the cell membrane, by changing the metal binding capacity of cell walls or by exuding 

more chelating substances (Kabata Pendias et al., 2011). The metal concentration in areal organs are 

costant and low over a wide range of soil concentration, up to a critical soil value above which the 

mechanism breaks down (Baker, 1981). 

 metal indicators 

The concentration of metals in plant tissues reflect the concentration in the soil. Indicators are species 

that tolerate high concentration of metals by producing intracellular metal binding compounds 

(chelators), or storing metals in non-sensitive parts (Kabata Pendias et al., 2011). 

 metal accumulators 

Plants that can store high concentration of metal in their aerial parts. It can be possible to recognize 

hyperaccumulator and accumulator species. Hyperaccumulators are plants that contain more than 

1000 mg/g of Cu, Cd, Cr, Pb, Ni, Cb or > 10,000 mg/g of Zn or Mn in the dry matter (Brooks at al., 

1977; Baker and Brooks, 1998).  

More than 500 vascular plants are known for their hyperaccumulation capability. They are spread in 

different families such as Brassicaceae, Asteraceae, Fabaceae, and Poaceae (Kumar et al., 2016). 

Among these families, Arabidopsis, Brassica, Thlaspi, are the most investigated genera (Lone et al., 

2008). The 25% of the hyperaccumulators are reported in the Brassicaceae family, particularly in the 

genera Thlaspi. This taxon involves almost 10 species (i.e.: Thlaspi calaminare (Lej.) Lej. & 

Courtois, Thlaspi caerulescens J. Presl & C. Presl) of Zn hyperaccumulators (Brooks, 1998).  

The explanation of the hyperaccumulation behaviour is still discussed among researchers. Until now, 

some explanations have been proposed:  

 metal tolerance through the cloistering in leaf tissue which is less sensitive (Gall et al., 2015); 

 defence against predators; 

 enhancement of drought resistance (even if there are scarce experimental evidences); 

 elemental allelopathy (Brooks 1998). 
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Hyperaccumulator species are commonly endemic of metalliferous soils and they cannot survive 

without soil rich in metals. For these reasons, they are also called “strict metallophytes” (Kumar et 

al., 2016). Anyway, it is possible to recognize also“facultative metallophytes” which are able to 

survive both on nonmetalliferous soil and metalliferous ones. 

 

Biomineralization in plants 

Another kind of reaction put in place by plants to resist heavy metal stress is the production of bio 

minerals. Bio-mineralization is a complex phenomenon, which includes several factors like the 

involved plant and its roots, the minerals present in the soil and the soil micro-biota (fungi, algae, 

protozoa). The formation of bio-minerals can be biologically induced or biologically controlled 

(Lowenstam, 1981; He et al., 2014). In the first case, the plant is able to modify its close environment 

and to create the necessary physic-chemical conditions to start the mineral precipitation. The plant 

promotes the process but it cannot control the mineralogical property of the minerals (i.e.: 

localization, orientation, morphology, or composition of the crystals). In the biologically controlled 

mineralization, the plants are able to control the mineralogical property through the production of 

organic molecules like proteins, polysaccharides, proteolipids, and proteoglycans. 

Several biominerals are known and the most common in plants are Ca oxalates (CaOx), Ca carbonates 

(CaCO3) and silica (SiO2). Calcium is the predominant cation and calcium-bearing minerals comprise 

about 50 % of known biominerals (Weiner and Dove, 2003). Other Ca biominerals are Ca sulphate 

and Ca phosphate (Storey et al., 1994; Pritchard et al., 2000; He et al., 2012, 2014) but they are less 

frequent in plants. The production of CaOx and CaCO3 crystals is linked to the Ca regulation; indeed, 

a correlation was observed between the increasing of Ca in the growing medium and the presence of 

these molecules in plants tissues (He et al., 2014). Calcium is an essential plant nutrient with many 

fundamental functions in cellular metabolism and plants often accumulate Ca in excess for 

cytoplasmic requirements. However, an excessive Ca in the cytoplasm is toxic, consequently its level 

is strictly controlled (He et al., 2014). CaOx minerals are the most common family of organic minerals 

(Franceschi et al., 2005; de la Fuente et al., 2018) and their formation is biologically controlled 

(Weiner et al., 2003). CaOx family is composed by three forms: the mono-, di-, and tri-hydrates of 

CaOx. The di- hydrates form (C2CaO4·2H2O) is called Weddelite and it is the most common Ca 

oxalate salt (He et al., 2014). Its presence was observed also in the embryo tissues of Sarcocornia 

pruinosa and this could be explained through genetic control (de la Fuente et al., 2018).  

Plants take up silicon (Si) as silicic acid (Si (OH)4) (Luyckx et al., 2017). Si is considered non-

essential (or quasi-essential, Epstein and Bloom, 2005) for plant growth and development. The 

production of silica crystals is widely common in the plant kingdom where it is used for structural 
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functions (i.e.: phytolites), pathogen defence (Trembath-Reicherta et al., 2015) and alleviation of 

metals stress. Depending on the amount of biogenic silica, plants can be classified in accumulators, 

excluders and intermediate type (Mitani and Ma, 2005). Equisetelas, Cyperales, Poales and Graminae 

are considered accumulators and Oryza sativa (rice) is the highest silicifier species (Ma et al., 2008). 

In metal-polluted soil, Si may influence the bioavailability of toxic elements through the induction of 

rising pH in the rhizosphere, which induces the decrease of available heavy metal concentration in 

the soil (Wu et al., 2013). It was observed that soluble silicate hydrolyzes in order to generate 

gelatinous metasilicic acid (H2SiO3) which retains metals (Gu et al., 2011).  

Several metals bio-minerals were also observed and they are considered as a response to local 

environmental stress (Sarret et al., 2007; Medas et al., 2015; Medas et al., 2017). 

 

Trace metals effects on seed germination 

Another key factor in order to better understand the behaviour of plants toward trace metals stress is 

the germination of seeds and the growth of seedlings. Indeed, among the different steps in plant 

growth and development, the germination of a seed is a very sensitive, critical and complex process 

(Krichen et al., 2014). In this delicate frame, several factors are involved, some internal like the 

hormonal interactions, and other external, environmental related (Ahsana et al., 2007; Moosavi et al., 

2012; Marquez-Garcia et al., 2013). The first impediment for seed germination is the success in 

natural propagation of seeds which is linked to the population size, its distribution and abundance 

(Ramírez - padilla and Valverde, 2005; Flores and Briones, 2001). Some external factors play 

important roles in germination, like temperature, water availability, soil type and the rate of gas 

exchange (Krichen et al., 2014; Cota-Sánchez and Abreu, 2007; Valverde et al., 2004; Fenner and 

Thompson, 2005). In Mediterranean climate, temperature and water availability are the main involved 

factors during the germination (Porceddu et al., 2013), which can be promoted or inhibited. The soil 

properties such as texture, organic matter and metals content, are of extreme importance for the 

success of germination. Among these properties, the high concentration of metals can be a limiting 

factor. Indeed, the effects on germination depends on their ability to reach the embryo tissues through 

the seed coats and on their intrinsically chemical properties (Ko et al., 2012). It is a well known fact 

that seeds of different species have a typical coat and a different permeability (Munzuroglu and 

Geckil, 2002; Marquez-Garcia et al., 2013). Seed coat offers protection from metal stress but it could 

be more permeable upon germination, facilitating the absorption of metals. Metals can also reach the 

seed during its development from the mother plant through the mineral transport occurring in the 

phloem (Kranner and Colville, 2011). The transport is facilitated by Nicotianamine, which forms 

stable complexes with Cu, Fe, Zn, Ni, Co and Mn (Curie et al., 2009). Metals affect germination in 
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two ways, by their general toxicity and by the inhibition of water uptake (Kranner and Colville, 2011). 

Many of the toxic effects of metals are linked by the generation of ROS (Reactive Oxygen Species, 

Sharma and Dietz, 2009) and, consequently by oxidative stress. ROS act on different biochemical 

levels: on proteins, lipids, especially membrane and seed storage ones, and nucleic acids. They are 

able to produce damage in the integrity of cellular membrane and genotoxic effects. The damage in 

nucleic acids is obviously linked to the unsuccessful developing of germinating seeds. These critical 

modifications involved changes in the bases, DNA strand brakes, rearrangements and depurination 

(Briat et Lebrun, 1999), chromosomal damage or duplication (Patra et al., 2004). Despite these 

unfavourable consequences, seeds developed different strategies in response to metal stress, like the 

production of metal chelators (ferritins, metallothioneins and phytochelatins) or antioxidant 

(Ascorbate, Acetylsalicylic acid, and Glutathione) response to ROS generation (Kranner and Colville, 

2011).  

Generalities on phytoremediation 

The reclamation of mine waste is an important challenge to face, because the environment and the 

human health are involved. However, conventional technologies (like capping, excavation, chemical 

stabilization and others) may be not feasible for practical reason, for example the wide size of these 

areas and the high cost of these actions (Ardau et al., 2013; Bacchetta et al., 2015; Concas et al., 

2015b). Moreover, it is necessary to consider the possible chemical and physical modification in soil 

properties, as well as the living microbiota (Mulligan et al., 2001). Taking account of these critical 

issues, a cost effective and efficient alternative for reclamation of abandoned mining sites is 

phytoremediation. 

Phytoremediation has been well accepted by the scientific community in the last 20 years. This 

technology uses plants species, which are able to degrade, extract, contain, or immobilize 

environmental contaminants (Raskin & Ensley, 2000; USEPA, 2000). One of the most important 

advantages of phytoremediation toward conventional technologies is the lower investment cost. 

Secondly, it is a long term and permanent reclamation method, because pollutants are permanently 

moved away from the substrate. However, several factors must be taken into account, such as the 

local context (geological and geographical character), the involved metals and their bioavailability 

and speciation (Ghori et al., 2016). The most common applications for remediation of metals pollution 

are phytoextraction, phytostabilization and rhizofiltration.  

Phytoextraction uses accumulator and hyperaccumulator plants, which are able to remove metals 

from soils through the uptake by roots and by translocation to areal organs (Chaney et al., 1995; Wong 

2003; Ghosh and Singh, 2005; Hossain et al., 2011; Lai et al., 2015).  
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Phytostabilization can be considered as a containment strategy, because the pollutants are not 

removed from soil, but only immobilized in the rhizosphere, limiting their impact and preventing 

their diffusion in the surrounding areas. The plant canopy has further functions, like soil support and 

limitation of erosion and wind dispersion. Phytostabilization may need some optimization in order to 

increase the efficiency, like the adding of amendments (e.g zeolite, clay minerals, compost and 

fertilizer) (Lothenbach et al., 1998). These can improve the chemical physical and biological 

properties of the soil, assisting the plant growth and eventually modifying the metal bioavailability 

(Chen et al., 2000; Bacchetta et al., 2012; Bacchetta et al., 2015; Lai et al., 2015). 

Rhizofiltration uses terrestrial or aquatic plants in order to adsorb, concentrate and precipitate 

contaminants from polluted aqueous sources. It is used in treating industrial discharge, acid mine 

drainage and agricultural runoff (Gosh and Sigh, 2005). It is also used to treat several metals and they 

are primarily retained into roots (USEPA, 2000).  

In each kind of applications, plant species must be carefully selected based on their tolerance toward 

the involved metals. However, it is fundamental to select autochthonous species because they do not 

interfere with the local vegetation dynamics, they are not a threat for local biodiversity (Cao et al., 

2009; Concas et al., 2015b) and they are better adapted to the local climate conditions (Bacchetta et 

al., 2015).  
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Aims of work 

In this work, the possible use of H. tyrrhenicum in phytoremediation action was investigated using a 

multidisciplinary approach. This plant species was selected for several reasons: 

1) it spontaneously grows on mine waste surfaces and it is part of different vegetation assemblages 

of mine environment (Angiolini et al., 2005; Bacchetta et al., 2003; Bacchetta et al., 2007); 

2) it is an endemic species of Sardinia and Corse and it is well adapted to different edaphic and 

climatic conditions;  

3) it can grow on various substrates, especially on sandy and muddy soils, and also on arid substrates 

with low organic matter content (Angiolini et al. ,2005; Bacchetta et al., 2009). 

However, specific studies involving the metal tolerance in the studied species are at present fairly 

scarce (Cao et al., 2004). 

The soil - plant system and the eco - physiological seed germination properties were investigated, 

with the aim of understanding the behaviour of this species towards Zn, Pb and Cd. In order to achieve 

this goal, the following objectives were taken into account: 

• Bioaccumulation potential and translocation of Zn, Pb and Cd in spontaneous specimen 

growing on mine waste (Chapter1) and on those subjected to growing test (Chapter 2); 

• Growth of plant specimens under controlled conditions which reflect in situ condition 

(Chapter 2); 

• Germination capability of seeds and survival of seedling under Zn and Pb stress (Chapter 

3); 

• Presence of bio-mineralization in the roots - soil interface and the possible mechanisms 

ruling bioavailability of metals (Chapter 4). 

This work is thus aimed to provide important and supplementary information about the possible 

application of autochthonous species of Sardinian flora. 

After this general introduction, the thesis is divided in four chapter, which were structured as scientific 

publications to be submitted to international journals. One of them (Chapter 1) has been already 

published in the Bulletin of Environmental Contamination and Toxicology. 
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Abstract 

Sardinia was known as an important mine pole in Europe during his history. Still after decades from 

mine closure, 75.000.000 m3 of mine waste, rich in heavy metals, were left abandoned causing a huge 

environmental legacy on the mine district area. Consequently, cost effective remediation is required. 

In this frame, phytoremediation is considered a feasible candidate. This research was focused on 

Helichrysum microphyllum subsp. tyrrhenicum, which is pioneer in xeric soils with low-functions, 

like mine tailings. The aim of this study was to evaluate its ability to extract heavy metals from mine 

soils and accumulate them in plant tissues and its suitability for phytostabilization. Sundry samples 

of soil, roots and epigean organ were collected through field sampling and analysed in order to obtain 

metals concentration and mineralogical characteristics. Our results indicate that this species tolerates 

high concentration of zinc, lead and cadmium, behaving as a species suitable for phytostabilization. 

Keywords: Heavy metals, Mine tailings, Mediterranean flora, Phytostabilization, Vascular plant 

Introduction 

Sardinia was one of the most important mining poles in Europe until the fifties of 20th century when 

it reached the most productive period of its history (Bacchetta et al. 2012; Jimenez et al. 2014). 

However, after the mines closure, only few remediation actions have been done. As a result, high 

quantities of polluted materials are left abandoned and exposed to weathering (Jimenez et al. 2011). 

This process combined to the low presence or the absence of plant canopy affect mobilization of 

pollutants like soluble salts of heavy metals, which were recognized in high concentration in fresh 

waters, soils and plants (Bacchetta et al. 2015; Concas et al. 2015; De Giudici et al. 2017). 

Phytoremediation can be applied in these areas by using vascular plant species and their associated 

microbiota in combination with amendments and different kind of agronomic strategies in order to 

remove, limit or make contamination as harmless as possible (Raskin and Ensley 2000). Moreover, 
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it can provide a cost efficient, long-lasting and visual impact solution for contaminated sites (Mulligan 

et al. 2001). In order to preserve local plant diversity, it is important to use autochthonous species 

because they do not interfere with floristic and vegetation dynamics (Cao et al. 2009; Sprocati et al. 

2014; Concas et al. 2015; Lai et al. 2015), and are adapted to local climatic conditions. Lately, several 

studies on Sardinia mining sites have suggested different autochthonous plant species which present 

these properties, like Dittrichia viscosa L. (Greuter), Cistus salviifolius L. (Jimenez et al. 2005; 

Jimenez et al. 2014), Pistacia lentiscus L. and Scrophularia canina L. subsp. bicolor (Sibth.) Greuter 

(Jimenez et al. 2005; Jimenez et al. 2014; Bacchetta et al. 2012; Bacchetta et al. 2015; De Giudici et 

al. 2015; Tamburini et al. 2016), Euphorbia cupanii Bertol ex Moris (Jimenez et al. 2005; Medas et 

al. 2015), Phragmites australis (Cav.) Trin. ex Steud and Juncus acutus L. (De Giudici et al. 2017; 

Medas et al. 2017). It has been shown that in E. cupanii, P. lentiscus and P. australis, there are bio-

minerals of Zn, Si and/or Pb on roots epidermis different from soil’s minerals (De Giudici et al. 2015; 

De Giudici et al. 2017; Medas et al. 2015), indicating that roots build bio-minerals as a survival 

strategy of the species (Caldelas et al. 2017). 

Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso (hereafter H. 

tyrrhenicum), is an endemic shrub of Sardinia and Corse. It is well adapted to the Mediterranean 

climatic conditions and grows on different kind of substrates, especially on sandy and muddy soils, 

and arid substrates with low organic matter content (Angiolini et al. 2005; Bacchetta et al. 2009). In 

Sardinia, it can grow from sea level up to 1500 m a.s.l. and it can be recognized as part of different 

vegetation assemblages of mine environment (Angiolini et al. 2005; Bacchetta et al. 2003; Bacchetta 

et al. 2007). Specific studies involving the metal tolerance and the accumulation strategies of H. 

tyrrhenicum are at present fairly scarce (Cao et al. 2004). In this study, we collected specimens of H. 

tyrrhenicum spontaneously grown in heavy metals contaminated areas and their related soils and we 

evaluated the content of cadmium, zinc and lead in soil samples and their distribution in the plant’s 

tissues, with the aim to perform a preliminary evaluation of the plant’s metal tolerance and 

accumulation mechanisms, in the perspective of using it within phytoremediation applications. 

Materials and methods 

- Study area 

The studied area was the mine dump of Campo Pisano (Iglesias, South-West Sardinia) which is hosted 

in the Paleozoic carbonate platform, in particular on the Gonnesa’s Formation and the Metalliferous 

belt (Bechstädt and Boni 1994). The metalliferous bodies are hosted in Cambrian limestones and 

dolomites (Bechstädt and Boni 1994). The activity at Campo Pisano ceased in 1997 after centuries of 
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mine exploitation. The exploited ore minerals were mainly sphalerite and galena, plus some Zn 

calamina minerals like smithsonite, hydrozincite (and hemimorphite). The dump is made of fine 

material (< 100 µm), residue of flotation treatment for metal extraction, characterized by high levels 

of metal contamination. It is noteworthy that soils of this area are naturally enriched with heavy metals 

due to the geochemical background, and Zn, Pb and Cd being the main pollutants (Bacchetta et al. 

2012; Bacchetta et al. 2015; Concas et al. 2015). The whole area is characterized by a Mediterranean 

pluviseasonal bioclimate, with thermotypes ranging between the upper thermo-Mediterranean and the 

lower meso-Mediterranean and ombrotypes between the upper dry and the lower sub-humid 

(Bacchetta et al. 2009). 

- Experimental design 

For the aim of this study, samples of spontaneously growing plants of H. tyrrhenicum and related 

soils were collected in 2016 in four sampling sites: two inside the mining area (CP and PLOT), one 

outside the mine and with a similar mineralogical background (OCP), and one far away from the mine 

site and without mine impact (SS, Capoterra, South-West Sardinia) (see Table 1.1 for details about 

codes, and Figure 1.1 for details about localisation). The PLOT sampling site was chosen within an 

area where a field phytoremediation experiment using native plants such as Pistacia lentiscus L. and 

Scrophularia canina L. subsp. bicolor (Sibth et Sm.) Greuter has been previously carried out 

(Bacchetta et al. 2012). 

Table 1.1: Sampling sites and codes, geographical coordinates and number of collected samples. 

Sampling sites Code Coordinates (WGS 84) N° 

Campo Pisano mine dump CP 39°17'45.2"N, 8°32'15.1"E 5 

Phytoremediaton plot in Campo Pisano mine dump PLOT 39°17'47.9"N, 8°31'53.9"E 3 

Out of Campo Pisano mine dump OCP 39°17'32.3"N, 8°32'34.9"E 5 

Su Spantu SS 39°06'17.4"N, 8°56'09.3"E 3 
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Figure 1.1: Sketch of the sampling points. Upper part: localisation of Campo pisano area (red spot) and su 

Spantu area (yellow spot) and related sampling points (a, b, c, d); Lower part: detail on the Campo Pisano area 

sampling points. a) CP (Campo Pisano); b) PLOT (Area of a field phytoremediation experiment); c) OCP (Out 

of Campo Pisano); d) SS (Su Spantu). 

The number of specimens collected at each site was chosen according to the plant’s availability at the 

different selected locations. In similar works the number of collected samples varied between 3 and 

5 (Li et al. 2011; Jimenez et al. 2014; Concas et al. 2015; Erdemir et al. 2017) and these numbers 

were considered statistically adequate for inter- and intra-population variations (Concas et al. 2015). 

Plants and soils were jointly sampled and immediately processed after harvesting. Plants of similar 

dimensions were collected, in order to have homogenous samples. The roots were shaken to remove 

the bulk soil (S), i.e. all the particles that were not tightly adherent, while the rhizosphere soil (RZ), 

i.e. the particles more closely associated, was collected by putting the roots into a bag and shaking 

them vigorously. S and RZ samples were air dried for a week. 

- Soil analysis 

Zn, Pb and Cd content in S (D < 2mm) and RZ were determined by a microwave assisted acid 

digestion (Start D, Milestone), adding to 0.50 g of matrix (dried at 40°C), 9 ml HNO3 65% and 4 ml 

HF (EPA method 3052). A reference material (GSS-4, limy-yellow soil) and blank solutions were 

used during analysis in order to guarantee trustworthy results. The bioavailable metal concentrations 

(BF) were determined by a single extraction suitable for not-acidic soils as proposed by Italian official 

analytical methods for soils (D.M. 13/09/1999). This method is based on the study of Linsday and 

Norvell (1978) and Barbafieri et al. (1996) and it has been used in other similar phytoremediation 
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studies (Gupta and Sinha 2007; Zhu et al. 2012; Li and Zhjang 2013). In this method, a solution of 

0.5 M DTPA (Diethylene Triamine Penta acetic Acid), 0.01 M CaCl2 (Calcium Chloride) and 0.1 M 

TEA (Tri Ethanol Ammine) buffered at the pH 7.3, is put in contact with soil (solid liquid ratio 1:2) 

for two hours. After the supernatant was filtered and finally analysed. DTPA extraction procedure 

was described by Lindsay and Norvell (1978) as the most thermodynamically efficient and is able to 

prevent the carbonates dissolution and the consequent release of bounded metals (Feng et al. 2005). 

The total and bioavailable metal concentrations in filtered extracts were analysed through Inductively 

Coupled Plasma Spectrometry (ICP-OES, Perkin Elmer Optima DV 7000). The operative 

wavelengths (nm) and detection limits (mg/l) were: Zn 213.857 (0.005), Pb 220.353 (0.02) and Cd 

228.802 (0.02). The pH of soils was determined using the potentiometric method proposed by GURI 

(1999) using a solution of CaCl2 as eluent. This method gives realistic values of the reaction potential 

of field sample (Davey and Conyers 1988); total carbon (TC) and nitrogen (TN) were obtained by 

CHN analyzer (LECO, CHN 1000). A reference material (Ore Tailings) was used to calibrate CHN 

analyzer. 

- Plant analysis 

Plants were divided in roots (R) and epigean organs (EO), washed in deionized water, dried at 40°C 

for a week and finely ground through electric mill. Zn, Pb and Cd contents in plant samples were 

determined by a microwave assisted acid digestion using 0.50 g of the matrix and a 9 ml HNO3 and 

0.5 ml HF solution (EPA method 3052) as described above for soil matrices. The metal concentrations 

in filtered extract were determined by ICP-OES. The operative wavelengths and detection limits were 

the same of S, RZ and BF. Two reference materials were used in order to guarantee trustworthy 

result’s method (GSV-2 bush twigs and leaves and INCT-PVLT-6 Polish Virginia Tobacco leaves) 

and blank solutions were prepared and analysed. 

Two biological indexes, namely the Biological Concentration Factor (BCF) and the Translocation 

Factor (TF) were calculated in order to evaluate the capability of H. tyrrhenicum to uptake Zn, Pb 

and Cd in roots and eventually translocate them to the epigean organs. The BCF gives information 

about the uptake from soil to roots and it is defined as the ratio between the metal content in roots 

and soil (Fellet et al. 2007). In this work, this parameter was calculated with reference to both the 

total content (BCF) and the bioavailable fraction (BCF bf) in soils. The TF indicates the rate of heavy 

metals translocated from roots into epigean organ (Brooks 1998). 
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- Mineralogical analysis 

S, RZ and roots samples were finely ground in an agate mortar and investigated by XRD analyzer in 

order to obtain mineralogical composition. XRD analysis were performed by a θ-2θ conventional 

diffractometer (PANalytical X’PERT MPD) with Cu Kα radiation (1.5418 Å). Samples were lightly 

ground in agate mortar and packed into the sample holder for X-ray diffraction analysis. Peaks for 

the mineral were attributed according to the Powder Diffraction Cards by using X’Pert Highscore 

plus software. Roots surface and chemical composition were investigated using a SEM coupled with 

an EDAX analyzer. 

- Statistical analysis 

Generalized Linear Models (GLMs) were used to evaluate the differences in concentration of Zn, Pb 

and Cd in bulk soil (Tot S), rhizosphere (Tot RZ) and in bioavailable fraction (BF S) of bulk soil 

(mg/kg), as well as in the plant tissues (e.g., R and EO). GLMs were used also for the biological 

indexes (BCF, BCFbf and TF) calculated for the three metals. Significant differences highlighted by 

GLM (with a log link function and quasi poisson error structure) were then analysed by a post hoc 

pairwise comparisons t-test (with Bonferroni adjustment). Quasi poisson error structure and F test 

with an empirical scale parameter instead of chi-squared on the subsequent ANOVA were used in 

order to overcome residual overdispersion (Crawley 2007). Statistical analyses were carried out using 

R version v. 3.0.3 (R Development Core Team 2014). 

Results and discussion 

- Soil analysis 

The main chemical characteristics of bulk soils were reported in Table 1.2. The pH of both Campo 

Pisano’s waste surface samples (CP, PLOT) and those outside the mine area (OCP) was classified as 

neutral or slightly alkaline on the basis of the USDA classification (1998), while SS ones showed an 

acidic pH which is ascribable to granitic lithology. The content of TC was similar for all the sites 

influenced by mine activity, and low content of TN was measured in all sites inside and outside the 

mine district. The pH values and TC of the mine district are consistent with the dominant carbonate 

lithology as reported by Bacchetta et al. (2015), where carbon was present mainly in an inorganic 

form such as calcite (48.0 ± 4.4 g/kg) and dolomite (430.0 ± 10.1 g/kg). These data are also consistent 

with XRD analysis conducted in this study on bulk soils and rhizosphere (see in the Results chapter, 

Mineralogical analysis paragraph). Moreover, the poor agronomic properties are typical for soils of 
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mining areas and this has been recognized as one of the critical issues in applying phytoremediation 

actions (Nicoara et al. 2014; Sprocati et al. 2014).  

Table 1.2: pH, TC (g/kg) and TN (g/kg) in the bulk soils of sampling sites (mean values ± SD). 

 pH TC TN 

CP 7.2 ± 0.2 45 ± 22 0.3 ± 0.2 

PLOT 7.2 ± 0.1 69 ± 8 0.7 ± 0.2 

OCP 7.3 ± 0.3 74 ± 6 0.2 ± 0.1 

SS 6.3 ± 0.3 11 ± 5 0.2 ± 0.0 

 

Table 1.3 reports the total metal concentrations in S and RZ and the BF in bulk soils. Metal 

concentrations in S and RZ appeared very similar: Zn was always the most concentrated element, 

followed by Pb and Cd. As reported in other similar studies (Bacchetta et al. 2012; Bacchetta et al. 

2015; Concas et al. 2015), samples at the mine dump (CP and PLOT) contained very high quantities 

of metals, well above the threshold contamination levels established by the Italian law (Dlgs 

152/2006) for an industrial use of soil (1500, 1000, 15 mg/kg for Zn, Pb and Cd, respectively). The 

high variation in total concentrations measured in CP and PLOT samples can be explained by the 

heterogeneity of mine waste deposited in the Campo Pisano dump. Metal concentration values 

assessed in PLOT soils are consistent with the study of Bacchetta et al. (2012). It is noteworthy that 

also the OCP soils samples were highly contaminated, confirming a very high contaminant dispersion 

in the areas surrounding the mine site due to the wind dispersion of fine soil particles. The differences 

between metals content measured at OCP, nearby the mine area, and those inside the mine area (CP 

/ PLOT) were in fact, in most cases, not statistically significant (p < 0.05). In the case of Zn measured 

in rhizosphere soils, concentration in OCP was found to be even higher that that measured in PLOT. 
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Table 1.3: Zn, Cd and Pb total content (Tot S) and bioavailable fraction in bulk soil (BF S) and rhizosphere 

(Tot RZ) (mg/kg); mean ± SD (n = 5 for CP and OCP; n = 3 for PLOT and SS); n.d.: not detected; Different 

letters indicate significant differences between sampling sites at p < 0.05. 

  CP PLOT OCP SS 

Zn 

Tot S 24823 ± 6713a 14251 ± 4064ab 25043 ± 13702a 40 ± 14b 

BF S 124 ± 9a 93 ± 26a 135 ± 34a 0.8 ±0.7b 

Tot RZ 25218 ± 5366a 8296 ± 2819b 23209 ± 9180a 46 ± 14b 

Pb 

Tot S 5082 ± 183.55a 1659 ± 202.59b 1380 ± 562b 29 ± 2b 

BF S 21 ± 7a 5 ± 1b 13 ± 5ab 0.31 ± 0.27b 

Tot RZ 4540 ± 1189a 1316 ± 583b 1499 ± 513b 21 ± 0b 

Cd 

Tot S 95 ± 19a 51 ± 5a 253 ± 219a n.d 

BF S 2.1 ± 0.3a 1.6 ± 0.6a 8 ± 6a n.d 

Tot RZ 158 ± 29ab 68 ± 20ab 222 ± 112a 4.14 ± 0.20b 

 

As expected, SS did not exceed the above mentioned threshold levels, and this indicates the absence 

of either an anthropogenic impact or an anomalous geochemical background. The BF S values were 

a minimal percentage of the total content (Zn and Pb values < 1% and Cd around 3%) and this 

indicates that only a small quantity of metals is linked to the soluble fraction and to mineral and 

organic phases and thus available for plant species. The differences between metals content measured 

at the sampling sites inside and nearby the mine area and those measured in the site not influenced 

by the mining activity were statistically significant (p < 0.05). In some cases, significant differences 

were found also among the sampling site of the mine district CP and PLOT. 

- Plant analysis 

The plant samples of H. tyrrhenicum collected at the different sites exhibited different metal 

concentrations and metal distributions in the plant tissues. As shown in Table 1.4, Zn was the most 

abundant heavy metal in roots and epigean tissues, followed by Pb and Cd, consistently with the 

abundance order observed in bulk soils and rhizosphere. The highest concentrations of metals in R 

were recognized in CP samples followed by PLOT and OCP ones, and as expected much lower values 

were found in SS, coherently with the lower metal content measured in the bulk and rhizosphere soils 

at SS site. The amount of these metals in EO decreased in the order CP > PLOT > OCP >> SS and 

generally the concentrations measured in roots were comparable with that assessed in epigean organs 

for every metal tested. Studies carried out for other pioneer plants investigated in this area, for 
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instance P. lentiscus, C. salviifolius, S. canina subsp. bicolor (Cao et al. 2009; Bacchetta et al. 2015; 

Concas et al. 2015) report concentrations of Zn, Cd and Pb in roots and aerial organs lower in 

comparison to the results found in this study (around 500 and 200 mg/kg of Pb and around 3500 and 

1000 mg/kg of Zn in C. salviifolius and S. canina subsp. bicolor, respectively). 

Statistical analysis on Zn and Pb content measured in R and EO (Tab. 1.4) highlighted statistically 

significant differences among sampling sites (p < 0.05), while no statistical differences were observed 

for Cd (p > 0.05). In details, Zn and Pb content in R measured at CP site were significantly higher 

than those measured in SS (p < 0.05), while metal uptake in roots assessed at PLOT and OCP did not 

show significant differences (p > 0.05) with respect to CP and SS. As far as Zn content in EO was 

considered, significant differences were found among the different sampling sites (p < 0.05) with the 

exception of OCP and SS, which showed similar values to each other. Pb content in EO measured in 

CP site was significantly higher than the other sites (p < 0.05).  

Table 1.4: Concentration (mg/kg) of Zn, Pb, Cd in plant tissue (mean ± SD; n = 5 CP; n = 3 PLOT; n = 5 

OCP; n = 3 SS); R and EO correspond to roots and epigean organ respectively; n.d.: not detected; different 

letters indicate significant difference between sampling sites at p < 0.05. 

 CP PLOT OCP SS 

Zn R 2634 ± 1091a 2200 ± 1785ab 1700 ± 839ab 33 ± 12b 

Zn EO 3466 ± 620a 1679 ± 1229b 718 ± 413c 44 ± 2c 

Pb R 541 ± 224a 243 ± 203ab 140 ± 113ab 2.37 ± 0.60b 

Pb EO 1035 ± 28a 353 ± 313b 46 ± 34b 2.08 ± 0.32b 

Cd R 20 ± 8a 13 ± 5a 33 ± 21a n.d 

Cd EO 19 ± 6a 11 ± 8a 9.73 ± 8.22a n.d 

 

Table 1.5 shows the values of BCF, BCF bf and TF. Bioaccumulation and translocation data assessed 

at each sampling site reflect the variability already found for the concentration of metals in soil and 

plant tissues. Despite this considerable variability, one can generally find the same accumulation 

pattern irrespectively of both sampling site and metal. The BCF values were always lower than 1, but 

as far as BCF bf values are considered, a significant attitude to accumulate metals in roots tissue can 

be revealed. As far as metals distribution among plant tissues is concerned, H. tyrrhenicum showed 

the capability to transfer the metals from roots to leaves. The BCF bf and TF values measured for the 

different sites and the different metals indicate the attitude to behave as a species suitable for 

phytostabilization (Baker et al. 1994). Moreover, the root’s concentrations of every metal tested were 
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above the reported phytotoxic levels (Kabata – Pendias and Pendias 1992), indicating the high metal 

tolerance of the species. In the study of Cao et al. (2004), H. tyrrhenicum showed a high tolerance to 

high concentration of both Zn and Pb, behaving as accumulator for Zn and as excluder for Pb. Taking 

into account the values measured on other pioneering species, H. tyrrhenicum has BCF and TF higher 

than P. lentiscus (Bacchetta et al. 2015; Concas et al. 2015), and lower than C. salviifolius (TF values 

2.2 and 2 for Zn and Pb respectively), whilst S. canina subsp. bicolor presented a lower TF for Pb 

and a TF similar to our results for Zn (Lai et al. 2015). The statistical analysis showed no significant 

differences among the different sampling sites (p < 0.05) in BCF, BCF bf and TF (Tab. 5) with the 

exception of the BCF for Zn measured far away to the mine district (SS), that was significantly higher 

if compared to sampling sites inside the mine district (CP, PLOT and OCP). 

Table 1.5: BCF, BCF bf and TF mean values; / = undeterminable value; different letters indicate significant 

differences between sampling sites at p < 0.05. 

  CP PLOT OCP SS 

Zn 

BCF 0.1 ± 0.1a 0.2 ± 0.2a 0.1 ± 0.1a 0.9 ± 0.3b 

BCF bf 21 ± 9 a 28 ± 29 a 15 ± 6 a 53 ± 29a 

TF 1.7 ± 1.4 a 0.8 ± 0.1 a 0.5 ± 0.4 a 1.5 ± 0.7 a 

Pb 

BCF 0.11 ± 0.05 a 0.2 ± 0.1 a 0.07 ± 0.13a 0.10 ± 0.01 a 

BCF bf 29 ± 19 a 42 ± 30 a 18  ± 14 a 13 ± 8 a 

TF 2.45 ± 2.05a 1.7 ± 0.6a 0.5 ± 0.3a 0.9 ± 0.1a 

Cd 

BCF 0.2 ± 0.1 a 0.3 ± 0.1a 0.2 ± 0.1 a / 

BCF bf 9.6 ± 4 a 11 ± 10 a 6.6 ± 4.2a / 

TF 1.1 ± 0.7 a 0.8 ± 0.3 a 0.4 ± 0.3a / 

The assessed biological indexes and the ability of this native species to withstand high concentrations 

of Zn, Pb and Cd in the soils of mining site indicate that H. tyrrhenicum can be potentially suitable 

for phytostabilization projects. 

- Mineralogical analysis 

Table 1.6 shows the mineralogical composition of S, RZ and root’s powder obtained through XRD. 

CP soil samples were mainly made of quartz, dolomite, pyrite and blende according to previous 

mineralogical studies of this area (De Giudici et al. 2015). PLOT samples were similar to CP, but 

they contained also clay minerals such as alloysite. Rhizosphere of CP, PLOT and OCP had a similar 

composition to bulk soil with the addition of ankerite, jarosite, goethite. Root’s powders showed the 
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presence of amorphous cellulose and quartz in all samples collected, also observed by Medas (2015). 

SEM investigation on CP root samples showed biomineral layers and isolated grains coating the 

surface of the roots. These layers were rich in Fe oxide, whereas the grains are constituted of barite, 

Fe and Ti oxides and Al silicate. On the uncoated root’s surface traces of Si, Cl, Zn and Pb were 

observed. Furthermore, trace of Si and Cl were recognized on all the samples, also out of the mine 

area. On the surface of PLOT and OUT roots, there were grains and coats, with Zn, Fe and Ti traces. 

Table 1.6: Mineralogical composition of bulk soil, rhizosphere and root powder in the different sampling sites. 

 Bulk Soil Rhizosphere Root’s powder 

CP 
quartz, dolomite, pyrite, 

jarosite, gypsum, blende 

quartz, dolomite, ankerite, jarosite, 

gypsum, pyrite, goethite 

amorphous cellulose; 

quartz 

PLOT 
quartz, dolomite, pyrite, 

gypsum, goethite, alloysite 

quartz, dolomite, ankerite, gypsum, 

pyrite, goethite, cerussite, alloysite 

amorphous cellulose, 

quartz 

OCP 
quartz, dolomite, pyrite, 

goethite, phyllosilicate 

quartz, dolomite, muscovite, 

smithsonite, kaolinite, anglesite 

amorphous cellulose, 

quartz 

SS 
quartz, muscovite, albite, 

microcline 

quartz, muscovite, albite, 

microcline, illite, rutilo 

amorphous cellulose, 

quartz 

 

Mineral coating of Zn and Si were observed also in other studies carried on E. cupanii and J. acutus 

(Medas et al. 2015; Medas et al. 2017), P. lentiscus and P. australis (De Giudici et al. 2015; De 

Giudici et al. 2017) grown on Campo Pisano’s area. They were interpreted as a result of a survival 

strategy. Particularly, their physiological purpose is limiting the bioavailability of Zn and other ions 

(Caldelas and Weiss, 2017). Similalrly to other biomineralization occurring in the area, amorphous 

Zn biomineralization could be present in H. tyrrhenicum roots, but they cannot be detected by XRD 

(Medas et al., 2014; Podda et al. 2014). 
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Conclusion 

The aim of this study was evaluating the suitability of H. tyrrhenicum for remediation of contaminated 

sites. Samples of the plant grown on mine waste rich in Zn, Pb and Cd were studied. Different plant 

compartments and soil samples were analysed for their content in heavy metals. It was found that 

high content of pollutants in H. tyrrhenicum roots with respect to the bioavailable metals in the soils. 

Moreover, the calculated translocation factor indicated fair translocation to aerial organs, thus, H. 

tyrrhenicum can be considered as a tolerant plant. H. tyrrhenicum has also been found able to 

influence the minerals in the rhizosphere and this could be part of its pioneering strategy. These 

reasons, along with the capability to spontaneously colonize mining sites, allowed us to consider this 

plant species for revegetating the mine areas and developing phytostabilization technology. 

Phytoremediation laboratory experiment and seed germination tests on H. tyrrhenicum under heavy 

metals stress are taking place with the aim of defining the best condition for future phytostabilitation 

actions to be applied in this area and similar ones in other Mediterranean mine contexts. 
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Chapter 2 

Ex situ phytoremediation test on Helichrysum microphyllum Cambess. 

subsp. tyrrhenicum Bacch., Brullo & Giusso 

Abstract 

Metals pollution is considered one of the most critical issues for the reclamation of mine sites. Indeed, 

mine waste are often disposed in open dumps and consequently pollutants are subjected to dispersion 

in fresh and ground waters, soils and biosphere. In order to prevent or limit the contamination, 

phytoremediation could be the viable solution. The aim of this experimental study was to evaluate 

the possible use of Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso 

in phytoremediation actions. In order to achieve this aim, several specimens of this taxon were planted 

in three kind of substrate (reference soil, Campo Pisano mine waste, and Campo Pisano waste 

amended with 10% of compost). The experiment lasted six months and it was carried out under 

controlled climatic conditions. During the experiment, the concentrations of Zn, Pb and Cd in the 

substrates, rhizosphere materials, soil pore waters, roots and epigeal organs were measured. 

Moreover, some biometric parameters were assessed in order to evaluate the growth of the specimens. 

The study confirms the high contamination levels in Zn, Pb, Cd and the high metal tolerance 

capability of this taxon. Moreover, the use of compost improved the soil properties, generally 

reducing the accumulation of the metals in the plant tissues and improving the survival of the species. 

These results indicate this plant species as an excellent candidate for phytostabilization activities.  

  

Introduction 

Metals are generally considered toxic for living organisms: some are essential for metabolic system 

at low concentrations like, Cu, Cr, Ni, Se, Zn (Nagajyoti et al., 2010), others are not essential and 

result toxic also at low ones (not essential metals like As, Hg, Pb). One of the most important sources 

of metals is the mine activity and in particular its waste products, that are often disposed in open 

dumps. Mine waste are mainly made of fine particles as sands and silts, and they could be subjected 

to dispersion through wind and water erosion and consequently, they could be responsible of the 

contamination in soils, fresh waters and organisms. Indeed, the correct disposal of the mine waste 

and the design of suitable dump can avoid this phenomenon. Another issue of mine waste is the lack 

of nutrients, which does not allow the growth of living organisms (Mendez and Maier, 2008). 

Therefore, the mitigation of metals impacts and the rehabilitation of mine tailings are an 
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environmental challenge, since human health is finally involved. Sardinia had an important mining 

history, but after mine closure, few mitigation and containment activities of mine tailing dumps were 

developed (Jimenez et al., 2014), leaving consequently huge polluted areas subjected to weathering. 

The wide size of these areas makes the conventional strategies less efficient in terms of costs, 

landscape impact and modification in the physical-chemical-biological characteristic of the treated 

site (Mulligan et al., 2001). On the other hand, phytoremediation is generally considered by the 

scientific community a cost effective, long lasting and low impact alternative strategy for the 

rehabilitation of mine areas. For this purpose, it is necessary to select the best performing plant 

species, but it is also important to prefer native taxon. Indeed, autochthonous species must be 

preferred towards no native ones, because they are better adapted to extreme local condition and their 

use would preserve the biodiversity of the area (Cao et al., 2009; Bacchetta et al., 2012; Concas et al., 

2015a). Moreover, an important role can be played by amendments like compost, fertilizers, zeolites 

and their combination, since they can promote the plant grow modifying the chemical-physical 

properties of soils and the bioavailability of metals (Chen et al., 2000; Song and Greenway, 2004; 

Kumpiene et al., 2008; Bacchetta et al., 2012). Among these reasons, in situ field studies and ex situ 

laboratory experiments are necessary in order to develop efficient phytoremediation strategies, since 

it is possible to evaluate the optimal application of the selected plants. 

Along the last 10 years, several studies were carried out on the Sardinian mine context through field 

sampling (Concas et al., 2015a), in situ (Bacchetta et al., 2012) and ex situ phytoremediation 

experiments (Bacchetta et al., 2015; Tamburini et al., 2016). These works highlighted different 

autochthonous species which are able to grow in this frame, for istance Pistacia lentiscus L., 

Scrophularia canina L. subsp. bicolor (Sibth.) Greuter (Jimenez et al., 2005; Jimenez et al., 2014; 

Bacchetta et al., 2012; Bacchetta et al., 2015; De Giudici et al., 2015; Tamburini et al., 2016), 

Euphorbia cupanii Bertol ex Moris (Jimenez et al., 2005; Medas et al., 2015), Phragmites australis 

(Cav.) Trin. ex Steud and Juncus acutus L. (Bacchetta et al., 2015; De Giudici et al., 2017; Medas et 

al., 2017).  

In this experimental study, phytoremediation was applied to contaminated matrices from the Sulcis –

Iglesiente area (South West Sardinia, Italy). The studied species was Helychrisum microphyllum 

Cambess subsp. tyrrhenicum Bacch., Brullo & Giusso (hereafter H. tyrrhenicum), which is an 

endemic plant of Sardinia and Corse (Bacchetta et al., 2003). Only few studies were carried out about 

this taxon in this frame; however, they all highlighted its great adaptability to restrictive environments 

(Angiolini et al., 2005; Bacchetta et al., 2009) and its metal tolerance towards Zn, Pb and Cd (Cao et 

al., 2004; Bacchetta et al., 2017; Bacchetta et al., 2018).  
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The aim of this study was to evaluate 1) the capability of H. tyrrhenicum to tolerate high concentration 

of Zn, Pb and Cd, assessed in terms of plant survival and growth; 2) its behaviour towards these 

metals by application of biological indexes regarding metal accumulation in plant tissue; 3) the 

mitigation of these stressing conditions by adding organic amendments (compost). For the aim of the 

study, a phytoremediation experiment was carried out at lab scale, consisting in three different 

treatments. A set of 30 specimens of H. tyrrhenicum was transferred into 30 pots filled with mine 

soil. A second set with an identical number of specimens was transferred into pots filled with mine 

soil amended with 10% of compost and finally a third set was implemented by using an unpolluted 

soil, to be used as a reference. Plant growth and metal accumulation were then assessed during a six 

months period. 

 

Materials and methods 

- Study area 

 

The area of interest is the Campo Pisano mine dump (Iglesias, South West Sardinia, Italy), which is 

included in the Sulcis - Iglesiente site of national interest (SIN) and it is hosted in the Rio San Giorgio 

valley. The dump is a basin where the mine waste derived of grounding and flotation processes were 

settled during the period of activity. These materials present high concentration of metals (especially 

Zn, Pb and Cd) and by poor agronomic properties (lack of nutrients and organic matter). According 

to the study of Bacchetta et al. (2009) and Rivas-Martinez et al. (2002), the area is characterized by 

a Mediterranean pluviseasonal bioclimate, with thermotypes ranging between the upper thermo - 

Mediterranean and the lower meso - Mediterranean and ombrotypes between the upper dry and the 

lower sub – humid. The fine materials are dispersed in the surrounding area in water, soil and living 

organisms (Cidu et al., 2001; Concas et al., 2015a; Bacchetta et al., 2015; Bacchetta et al., 2017; De 

Giudici et al., 2017), and their impact is amplified also by the long period of drought (> 90 days) 

common of the Mediterranean climate, especially during the summer. 

 

- Experimental design 

 

For the aim of this study, 90 specimens of H. tyrrhenicum, of about two years age, were randomly 

selected and equally divided in 3 different groups, in order to make them grow on 3 different 

substrates (30 specimens for each one):  

 unpolluted reference soil (RS) consisting of 35% of a commercial soil, 30% of sand, 30% of 

gravel and 5% of peat (Control treatment); 
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 Campo Pisano (CP) mine waste collected within a experimental plot (Figure 2.1c) realized 

during a previous phytoremediation experiment (Bacchetta et al., 2012) (Treatment on mine 

soil);  

 CP mine waste amended with compost at a percentage of 10% w/w (CPC). Compost was 

produced at “Tecnocasic” (Cagliari, Italy) from selected municipal solid waste organic 

fractions (Treatment with mine soil amended with compost). 

 

 

Figure 2.1: Sketch of the sampling point; a) position of Campo Pisano mine dump in the South of Sardinia; b) 

The Campo Pisano mine dump; c) Sampling point inside the plot of the previous phytoremediation experiment 

(red square) into the Campo Pisano mine dump. 

Before planting, the soil matrices were separately created and mixed in order to homogenize them. 

Specimen of H. tyrrhenicum were planted into 3 L polyethylene pots, which were filled with one of 

the three kind of substrates (RS, CP, CPC). The plants were provided by “Forestas Agency” of 

Regione Autonoma Della Sardegna through the nursery of Campu S’Isca (Villacidro, South West 

Sardinia). It is necessary to clarify that these specimens lived in a substratum without heavy metal 

contamination before our experiment. Consequently, they had to adapt to these new stressing 

condition. The experiment were performed into a climatic chamber at the constant temperature of 

19°C, humidity at 65 - 70%, with a photoperiod of 12 h of light / 12 h of dark for six months. 

Specimens were watered twice a week with 75 mL of distilled water. These conditions were selected 

based on a previous phytoremediation laboratory experiment (Bacchetta et al., 2015). Rhizon 

samplers (also called rhizometer) were installed with the aim to sample the soil pore water in 5 pots 

for each treatment, randomly chosen at the beginning of the experiment. Rhizometer is a kind of 

tension sampler (Di Bonito et al., 2008; Concas et al., 2015) made by a little plastic tube wrapped of 

ceramic material. It is used by inserting the tube near the roots catching zone (Figure 2.2). After, it is 

possible to extract the soil pore water connecting a syringe and creating the necessary vacuum to have 

suction. 
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Figure 2.2: Soil pore water sampling 

Several parameters were measured during the experiment: 

 the vitality of the specimens and their survival; 

 biometric parameters such as the length and the diameter of the stems, the length of the roots 

and the weight of roots and epigeal organs (Fig 2.3); 

 the concentration of Zn, Pb and Cd in every soil matrix and relative rhizosphere materials, in 

roots and epigeal organ of H. tyrrhenicum and in the soil pore water. 

Monitoring of biometric parameters and metal concentrations in soils and plants was carried out by 

sampling and analysing the involved matrices according to four different times as described in the 

following: 

 T0, at the beginning of the experiment; 

 T1, after 1 month; 

 T2, after 3 months; 

 T3, after 6 months (the end of the experiment). 

Before planting (T0), the concentrations of the metals and the biometric parameters were evaluated 

in representative samples of substrates and plants (Table 2.1). 

At T1, T2 and T3, five pots of each treatment were randomly chosen and subjected to the evaluation 

of the following parameters (Table 2.2): 1) Zn, Pb and Cd concentration in bulk soil (composite 

sample of 5 pots), plant tissues (roots and epigean organs) and related rhizosphere materials; 2) 

measuring of length and weight of stems and roots, and diameter of stems; 3) mineralogical 

composition of the rhizosphere materials and roots powder. 
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Table 2.1: Monitoring parameters and sampling modality at initial time T0 

Matrices Parameters Sampling modality 

Substrates  

(RS, CP, CPC) 

 

Zn, Pb and Cd initial total content Single sample collected before filling the pots 

Zn, Pb and Cd initial bioavailable 

content 

Single sample collected before filling the pots 

Mineralogical composition Single sample collected before filling the pots 

H. tyrrhenicum Zn, Pb and Cd initial content  5 samples collected before filling the pots 

Lenght of roots of specimens 5 samples  collected before filling the pots 

Lenght of stems of specimens  5 samples collected before filling the pots 

Diameter of stems of specimens  5 samples collected before filling the pots 

Biomass of roots  5 samples  collected before filling the pots 

Biomass of epigeal organs 5 samples collected before filling the pots 

 

Table 2.2: Monitoring parameters and sampling modality at times T1, T2 and T3. 

Matrices Parameters Sampling modality 

Substrates  

(RS, CP, CPC) 

Zn, Pb and Cd total content Composite sample of the 5 pots selected at each 

sampling time 

Rhizosphere materials 

(RS, CP, CPC)  

Zn, Pb and Cd total content 5 samples, collected from the 5 pots selected at 

each sampling time 

Mineralogical composition 5 samples, collected from the 5 pots selected at 

each sampling time 

H. tyrrhenicum 

(RS, CP, CPC) 

Zn, Pb and Cd total content in 

roots and epigeal organs  

5 samples, collected from the 5 pots selected at 

each sampling time 

Mineralogical composition of 

roots powder 

5 samples, collected from the 5 pots selected at 

each sampling time 

Lenght of stems  5 samples, collected from the 5 pots selected at 

each sampling time 

Diameter of stems  5 samples, collected from the 5 pots selected at 

each sampling time 

Length of roots  5 samples, collected from the 5 pots selected at 

each sampling time 
Biomass of epigeal organs  5 samples, collected from the 5 pots selected at 

each sampling time 
Biomass of roots  5 samples, collected from the 5 pots selected at 

each sampling time 
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Other parameters such as the plant survival were weekly assessed, whilst the soil pore waters were 

monthly collected in each treatment on five pots (Table 2.3). 

Table 2.3: Sampling modality related to plant vitality and metal content in soil pore water 

Parameters Monitoring time Sampling modality 

Plant vitality and survival  

(RS, CP, CPC) 

Weekly All specimens  

Soil pore waters: Zn, Pb and Cd 

(RS, CP, CPC) 

Monthly 5 samples of the 5 fixed pots selected at the 

beginning of the experimental work 

 

 

Figure 2.3: Measurement of the biometric parameters on H. tyrrhenicum 

 

- Soils, rhizosphere materials and soil pore water analysis 

 

Zn, Pb and Cd, total concentrations and bioavailable fractions related to the bulk soil and the 

rhizosphere material were measured on fraction < 2 mm. A microwave assisted acid digestion (Start 

D milestone) was performed, following the EPA method 3052 (0.50 g of soil dissolved in an acid 

mixture of 9 ml of HNO3 and 4 ml of HF). A reference material (GSS-4, limy-yellow soil) and blank 

solution were used in order to guarantee the reliability of the analytical methods. The bioavailable 

metal concentrations were assessed through a single extraction procedure, using a solution of 

Diethylene Triamine Pentacetic acid (DTPA), Calcium chloride (CaCl2) and triethanolammine (TEA) 

buffered at the pH 7.3, according to the procedure for not acidic soils proposed by GURI (1999) and 

by Linsday and Norwell (1969). The combination of the TEA and CaCO2 prevent the solubilisation 

of carbonates, which could contain occluded metals not really available by plants (Izza et al., 1994). 

All the extracted metals concentrations in filtered solution were finally analysed by Inductively 

Coupled Plasma spectrometry (ICP-OES, Perkin Elmer Optima DV 7000) at the following 
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wavelength: Zn 213.857; Pb 220.353; Cd 228.802. All the analysis (total content and bioavailable 

fraction) were done on two replicates. The pH values were measured using the potentiometric method 

proposed by the Italian official methods (GURI, 1999) using a solution of CaCl2 as eluent.  

Zn, Pb and Cd in soil pore water were measured by Inductively Coupled Plasma spectrometry (ICP-

OES, Perkin Elmer Optima DV 7000) using the same wavelength used for the above mentioned 

analysis. 

- Plant analysis 

 

Plants were washed with tap water and after with distilled one for several times. This was necessary 

in order to remove soil particles, which may remain on the surface of the plant. Finally, they were 

divided into roots (R) and epigean organs (EO) which were measured in length, weighted and after 

dried at 40°C in an oven until constant weight. The total concentration of Zn, Pb and Cd were 

evaluated by a microwave assisted acid digestion (Start D milestone) following the EPA method 3052 

(0.50 g of plant grounded material dissolved in an acid mixture of 9 ml of HNO3 and 0.5 ml of HF). 

Two reference materials (GSV-2 bush twigs and leaves and INCT-PVLT-6 Polish Virginia Tobacco 

leaves) and blank solution were used in order to guarantee the reliability of the analytical methods. 

The metals concentrations in filtered solution were analysed by Inductively Coupled Plasma 

spectrometry (ICP-OES, Perkin Elmer Optima DV 7000) using the same wavelength of soil and 

rhizosphere analysis. The analysis of metals concentration in plant tissues were done on two 

replicates. 

Different biological indexes were calculated in order to evaluate the behaviour of H. tyrrhenicum 

towards Zn, Pb and Cd: BAC (Biological Accumulation Coefficient), BCF (Biological Concentration 

Factor) and TF (Translocation Factor). They are defined as: 

1) 𝐵𝐴𝐶 =
[𝐻𝑚 𝑒𝑜]

[𝐻𝑚 𝑠]
 (Marchiol et al. 2013) 

where [Hm eo] is the heavy metal concentration in epigean organs, and [Hm s] is the heavy metal 

concentration in soil. It is used to estimate the accumulation of metals in areal organs with respect of 

the content in the soil. 

2) 𝐵𝐶𝐹 =
[𝐻𝑚 𝑟]

[𝐻𝑚 𝑠]
 (Fellet et al. 2007) 

where [Hm r] is the heavy metal concentration in roots, and [Hm s] is the heavy metal concentration 

in soil. It gives information about the catching ability of roots towards soil metal content; 
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3) 𝑇𝐹 =
[𝐻𝑚 𝑒𝑜]

[𝐻𝑚 𝑟]
 (Brunetti et al. 2009) 

where [Hm eo] is the heavy metal concentration in epigean organs, and [Hm r] is the heavy metal 

concentration in roots. It is used in order to evaluate the metal translocation from roots to epigean 

organs;  

Moreover, the BAC and BCF were both calculated considering also the bioavailable fraction of the 

metals. Indeed, only a small fraction of the total content is actually available for roots (Adamo et al., 

2013).  

- Mineralogical analysis 

 

Soil, rhizosphere materials and root powder were finely ground in an agate mortar and investigated 

by XRD analyser in order to obtain mineralogical composition. XRD analysis were performed by a 

θ-2θ conventional diffractometer (PANalytical X’PERT MPD) with Cu Kα radiation (1.5418 Å). 

Peaks for the mineral were attributed according to the Powder Diffraction Cards by using X’Pert 

Highscore plus software.  

 

- Statistical analysis 

 

One Way ANOVA was used to evaluate the differences in concentration of Zn, Pb and Cd in the 

different matrixes, in bioavailable fraction as well as in the plant tissues (roots and epigean organs), 

and for each biological indexes (BCF, BCF bf, BAC, BAC bf and TF). It was also applied to the 

biometric parameters under evaluation (roots length and weight, stems length, diameter and weight). 

Moreover, One way ANOVA was also used to highlighted possible time variation in each matrices 

for the previous cited parameters (from T1 to T3). Significant differences highlighted by ANOVA 

were then analyzed by a post hoc pairwise comparisons t-test (Student- Newman- Keuls). All 

statistical analyses used “Sigma Plot” v. 11. 
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Results and discussions 

- Preliminary characterization of the substrates 

 

The preliminary characterization of the substrates used during the experiment is reported in Table 

2.4. The bioavailable fraction is reported both as mg/Kg and percentage of the total content (%). The 

concentrations were expressed as mean of two replicates. 

Table 2.4: preliminary characterization of soil matrices (mg/Kg); (mean, n = 2); RS = Reference soil; CP = 

Campo Pisano; CPC = Campo Pisano + Compost; tot = total concentration; bf = bioavailable fraction. 

Parameter Substrates 

 U.M. RS CP CPC 

Zn tot mg/Kg 152.17 11442.79 6726.30 

Pb tot mg/Kg 82.78 2478.42 611.98 

Cd tot mg/Kg 0.48 65.81 34.78 

Zn bf mg/Kg 6.19 50.18 149.37 

Pb bf mg/Kg 2.94 8.63 20.86 

Cd bf mg/Kg 0.09 0.54 2.17 

Zn bf % 2.69 0.40 2.20 

Pb bf % 3.51 0.34 3.4 

Cd bf % 1.87 0.80 6.20 

pH  7.65 7.60 7.68 

 

As expected, the contaminated substrates (CP and CPC) showed the highest values for the three 

studied metals, whilst the reference soil showed the lowest ones (Tab. 2.4). The most abundant metal 

was Zn followed by Pb and Cd in each matrix. The high contamination levels of Campo Pisano area 

was also highlighted by other works (Bacchetta et al., 2015; Concas et al., 2015a; Lai et al., 2015), 

showing total contents similar to our values. As shown in Table 2.4, the values of the metals in CPC 

are lower than CP and this is partially explained by the dilution operated by the compost addition. 

The measured values are however quite different from those foreseeable as a result of the dilution 

effect. This indicates that, although a substrate homogenization procedure has been carried out, the 

intrinsically variable nature of the mining waste did not allow to obtain similar values in the different 

pots. The reported values for CP and CPC were well above the threshold contamination levels 

established by the Italian Law (D. Lgs 152/ 2006) for industrial use of soil (1500, 1000, 15 mg/Kg 
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Zn, Pb e Cd respectively), with the exception of the Pb concentration in CPC, which was under the 

cited limit.  

Very low concentration of bioavailable metals were observed in all substrates (Tab. 2.4; i.e.: 0.4- 2.7 

% for Zn), and the highest values were recorded in CPC. There are some ambiguities about the effects 

of compost in the literature. Although the compost is known for its ability to reduce the bioavailability 

of metals, Beesley and Dickinson (2010) have demonstrated that in certain cases it can enhance their 

mobility. Anyway, these values were of the same order of magnitude observed by Concas et al. 

(2015a) on a plot amended with compost of a previous field phytoremediation experiment (Bacchetta 

et al., 2012). Unfortunately, it was not possible to compare the values of CP with the other works 

carried out on the same area (Bacchetta et al., 2012; Bacchetta et al., 2015) because they used a 

sequential extraction wherein the first step was stronger than the single extraction in DTPA solution. 

All the contaminated matrices were slightly alkaline, and this is in agreement with the carbonates 

lithology of Campo Pisano area (Bechstädt and Boni 1994) 

- Metal concentrations in substrates during the experiment 

 

The average metal concentrations assessed during time for the three substrates is shown in Table 2.5. 

The contaminated matrices (CP and CPC) had the highest values of the three metals during the trial 

and RS showed the lowest values as expected by the nature of the matrix. Zn is the most abundant 

metal, followed by Pb, Cd.  

Table 2.5: Total concentration (mg/Kg) of Zn, Pb and Cd (mean, n = 2) in soil matrices during the experiment; 

T1 = after one month; T2 = after three months; T3 = after six months. 

Matrix RS CP CPC 

Zn T1 318.90 9227 6052 

T2 231.42 8123 7610 

T3 152.37 6988 7874 

Pb T1 133.12 1815 1046 

T2 102.25 1741 1575 

T3 84.04 1590 1204 

Cd T1 2.60 49.94 26.03 

T2 1.94 39.75 36.56 

T3 1.17 48.57 52.34 
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An unexpected variation of metal concentrations over time was assessed within the substrates. The 

assessed values at the times T0, T1, T2 and T3 are in fact highly variable (Fig. 2.4). Again, this 

indicates that the homogenization procedure of the substrates applied before filling the different pots 

was not effective. 

 

Figure 2.4: Graphs of the Zn, Pb and Cd concentration in the different substrates during the experiment; (mean, 

n = 2); RS = Reference soil; CP = Campo Pisano; CPC = Campo Pisano + Compost; T0 = beginning of the 

trial; T1 = after one month; T2 = after three months; T3 = after six months; 

 

- Rhizosphere chemical characterization 

 

According to the soil matrices metal content, Zn was the most abundant metal in rhizosphere 

materials, followed by Pb and Cd (Tab. 2.6). As expected, the polluted matrices (CP and CPC) 

showed the highest values for these metals, whilst RS showed the lowest one. 

Table 2.6: Total concentration (mg/Kg) of Zn, Pb and Cd (mean, n = 2) in the rhizosphere materials during 

the experiment; different letters indicate statistically significant differences among treatments at p < 0.05; T1 

= after one month; T2 = after three months; T3 = after six months. 

Matrix RS CP CPC 

Zn T1 1020 ± 196a 5439 ± 1156b 4168± 1172b 

T2 374 ± 50.2a 6610 ± 1198b 7445 ± 1621b 

T3 398 ± 43a 6988 ± 1717b 7874 ± 976b 

Pb T1 151 ± 13a 1020 ± 196b 700 ± 361b 

T2 133 ± 14.5a 927 ± 101b 934 ± 131b 

T3 139 ± 16a 1590 ±102b 1204 ± 136b 

Cd T1 2.69 ± 0.96a 34.4 ± 7.2b 20.5 ± 6.5c 

T2 2.77 ± 0.63a 40.4 ± 4.9b 36.5 ± 4.59b 

T3 3 ± 0a 48 ± 7b 52.34 ± 3.10b 

 



63 
 

The statistical analysis highlighted significant differences (p < 0.05) between contaminated matrices 

and reference soil for all metals during the experiment (Fig. 2.5a). The content in CP and CPC was 

statistically similar for each metals, with the exception of Cd at T1. Therefore, it seems that compost 

had no effects on the metal content in rhizosphere. As observed for the metal content of the bulk soil, 

a fair heterogeneity was recognized also for rhizosphere soils. However, this was lower than for the 

bulk soils. No time variations (p > 0.05) in metal contents were generally observed within each 

treatment, with the exception of Zn and Cd in CPC where it was possible to recognize a temporal 

variation (Fig. 2.5b). It was observed an initial increase in concentration between the first and the 

third month, and a decrease at the sixth. 

 

 

Figure 2.5: Graphs of the Zn, Pb and Cd concentration (mg/Kg) in the rhizosphere materials (mean ± SD; n = 

5) and related statistical analysis (from T1 to T3); a) statistical analysis of the metal content for the different 

treatments; b) statistical analysis of the metal content in each treatment along time; different letters indicate 

statistically significant differences at p < 0.05; T1 = after one month; T2 = after three months; T3 = after six 

months. 

- Soil pore waters characterization 

 

Table 2.7 reports the concentration of Zn, Pb, and Cd in soil pore waters. The same metals abundance 

order (Zn > Pb > Cd) and the same soils abundance order (CP > CPC > RS) already observed in soils 

can be evidenced. CP showed in fact the highest content of Zn and Cd and, as expected, RS showed 

the lowest metal content. It is noteworthy that after one month, the Pb concentrations become lower 
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than the instrumental detection limit (0.02 mg/L) and this may be explained by the plant capability to 

adsorb and remove the soluble fraction of this metal. The statistical analysis highlighted significant 

differences (p < 0.05) between matrices concerning the content of Zn during the experiment (Fig. 

2.6a). The content was generally different between CP and CPC (with some exceptions as reported 

in Tab. 2.7). Concerning the content of Cd, no statistical differences (p > 0.05) were observed between 

matrices during the experiment (with the only exception measured at the sixth month). It seems that 

the presence of the compost is able to reduce the soluble fraction of Zn available to plant roots in 

contaminated soil. 

Table 2.7: Zn, Pb and Cd concentrations (mg/L) in soil pore waters during time (mean ± SD; n = 5); different 

letters indicate statistically significant differences among treatments at p < 0.05. 

 Zn 

month RS CP CPC 

1 0.39 ± 0.22a 4.95 ± 0.59b 1.49 ± 1.08a 

2 0.08 ± 0.04a 2.45 ± 0.90b 0.65 ± 0.40ab 

3 0.71 ± 0.52a 2.42 ± 0.96b 0.30 ± 0.12ab 

4 0.21 ± 0.15a 2.40 ± 0.43b 0.35 ± 0.14a 

5 0.06 ± 0.06a 2.34 ± 0.34b 0.24 ± 0.06a 

6 0.15 ± 0.07a 3.45 ± 0.82b 0.59 ± 0.20c 

 Pb 

RS CP CPC 

1 0.04 ± 0.02 0.07 ± 0.04 0.08 ± 0.03 

From 2 to 6 < 0.02 < 0.02 < 0.02 

 Cd 

RS CP CPC 

1 0.011 ± 0.003a 0.011 ± 0.003a 0.011 ± 0.003a 

2 0.010 ± 0.004a 0.010 ± 0.004a 0.010 ± 0.004a 

3 0.010 ± 0,003a 0.010 ± 0,003a 0.010 ± 0,003a 

4 0.005 ± 0.002a 0.005 ± 0.002a 0.005 ± 0.002a 

5 < 0.002 0.03 ± 0.01 < 0.002 

6 0.007 ± 0.001a 0.04 ± 0.02b 0.005 ± 0.001c 

 

Significant time variations (p < 0.05) were found in each matrix during the experiment (with the 

exception of Cd in RS) in Zn and Cd concentration (Fig. 2.6b).  

  



65 
 

 

Figure 2.6: Zn and Cd concentrations (mg/L) in soil pore waters during time (mean ± SD; n = 5) and related 

statistical analysis; a) statistical analysis of the metal content in soil pore waters among treatments; b) statistical 

analysis of the metal content in soil pore waters at the different times (expressed in months); different letters 

indicate statistically significant differences at p < 0.05; 1m, 2m, 3m etc indicate the months. 

 

Generally, when the metal availability is addressed, the soil pore waters sampling gives some 

advantages with respect of indirect methods like single or sequential extractions because it is more 

rapid and if it is used in field sampling can highlight differences in metals mobility during time (i.e.: 

water seasonality). However, it is necessary to highlight that pore water gives information only about 

the soluble fraction, but does not take into account the solid constituents of soil, which take part of 

the bioavailable pool (Adamo et al., 2013).  

Comparing these data with the values obtained by Concas et al. (2015b) in the same sampling site, 

the Zn and Cd content here reported are higher (approximately one order of magnitude), but they 

sampled in field condition wherein the water availability is uncontrollable. Also the Pb concentration 

here presented were higher than those reported in Concas et al. (2015), but of the same order of 

magnitude. 
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- Plant metal accumulation 

 

Table 2.8 reports the metal content in plant tissues (roots and epigeal organs) before the planting (T0). 

As expected, metals were lower than the ones observed in tissues after the planting in the different 

matrices (Tab. 2.9 and 2.10). Indeed, as previously cited, the specimen were grown on an unpolluted 

soil before the beginning of the experiment. 

Table 2.8: Metal content (mg/Kg) in plant tissues at T0 (mean ± SD n = 5); 

 

 

As shown in Figure 2.7, during the phytoremediation test the three metals were more concentrated in 

roots than in epigean organs. Zn was the most concentrated metal followed by Pb and Cd in both 

roots and areal tissues (Tab. 2.9 and Tab. 2.10). The highest concentrations were measured in 

contaminated matrices and as expected, RS showed the lowest ones. Statistical analysis (Tab. 2.9 and 

Fig. 2.7a) showed in some cases significant differences (p < 0.05) between the three matrices in terms 

of accumulation of the metals into roots. In particular, the Zn accumulation was different in all 

matrices, whilst Pb accumulation was different between contaminated matrices (CP and CPC) and 

reference soils (Fig. 2.7a). Concerning Cd, the accumulation was similar between the reference soil 

and the amended one (Fig. 2.7a). 

 

Table 2.9: Accumulation of Zn, Pb and Cd in roots (mg/Kg) (mean ± SD; n= 5); different letters indicate 

statistically significant differences among treatments at p < 0.05. 

  RS CP CPC 

Zn T1 105.46 ± 51.83a 501.93 ± 50.39b 263.62 ± 98.27c 

 T2 91.39 ± 19.74a 608.52 ± 118.31b 311.08 ± 46.72c 

 T3 115.06 ±63.65a 840 ± 265b 451.23 ± 30.87c  

Pb T1 13.2 ± 5.19a 29.25 ± 5.56b 31.64 ± 12.93b 

 T2 9.18 ± 2.61a 20.85 ± 4.28b 35.58 ± 11.10b 

 T3 10.86 ± 4.89a 39.57 ± 14.21b 38.01 ± 16.08b 

Cd T1 1.56 ± 0.72a 6.14 ± 1.12b 2.25 ± 0.36a  

 T2 1.78 ± 0.73a  9.16 ± 2.99b 1.98 ± 0.45a 

 T3 1.8 ± 0.75a 5.78 ± 2.79b 3.77 ± 0.94b 

 Zn Pb Cd 

Roots 57.18 ± 13.41 10.20± 4.98 5.78 ± 0.83 

Epigean organs 83.77 ± 25.54 4.62 ± 0.74 0.85 ± 0.31 
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Taking these differences into account, it is possible to state that the kind of matrix influenced the 

accumulation in roots. In particular, concerning Zn, the presence of compost reduced the 

accumulation by roots, whilst the accumulation of Pb by roots was similar with or without 

amendments. In agreement with this study, Bacchetta et al. (2012) and Bacchetta et al. (2015) have 

demonstrated that organic amendments reduced the metal uptake operated by roots. For instance, 

Bacchetta et al. (2015) observed a reduction in the uptake of Zn, Pb and Cd in the hypogeal tissues 

of plants treated with compost. No time variations were observed during the trial, except between T0 

and T1, that is, after a month from the beginning of the test (Fig. 2.7). Indeed the statistical analysis 

did not show differences during time after T1 (p > 0.05) in the accumulation into roots (Fig. 2.7b). 

Concerning the accumulation of metals in areal tissues (Tab. 2.10 and Fig. 2.7a), no differences were 

generally observed between treatments (p > 0.05) for Zn and Cd (with the exception of T2 for each 

metal). However, a Pb accumulation significantly higher (p < 0.05) was measured in contaminated 

soils, if compared with in reference soil. Moreover, no time variation (p > 0.05) were observed in the 

contaminated substrates for the accumulation of the three metals. On the contrary, the metal content 

measured for RS varied during the experiment (Fig 2.7b). 

 

Table 2.10: Accumulation of Zn, Pb and Cd (mg/Kg) in epigean organs (mean ± SD; n = 5); different letters 

indicate statistically significant differences among treatments at p < 0.05. 

  RS CP CPC 

Zn T1 60.24 ± 20.44a 197.32 ± 131.97 a 114.8 ± 46.65a 

 T2 70.65 ± 8.90a 158.98 ± 44.20b 109.45 ± 27.40ab 

 T3 127.05 ± 47.25a 217.68 ± 111.63a 146 ± 32a 

Pb T1 2.18 ± 0.67a 24.23 ± 21.79b 11.44 ± 7.34b 

 T2 1.7 ± 1.08a 8.94 ± 3.50b 11.15 ± 7.96b 

 T3 3.5 ± 0.36a 19.14 ± 13.25b 14.74 ± 2.76b 

Cd T1 0.30 ± 0.17a 1.88 ± 1.50a 1.30 ± 1.19a 

 T2 0.31 ± 0.05a 1.13 ± 0.37b 0.87 ± 0.67ab 

 T3 1.09 ± 0.75a 2.27 ± 1.19b 0.93 ± 0.14a 
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Figure 2.7: Zn, Pb, Cd accumulation (mg/Kg) in roots and epigean organs of H. tyrrhenicum during the 

experiment (n = 5; mean ± SD) in RS, CP and CPC and related statistical analisys (from T1 to T3); a) statistical 

analysis of the metal content among treatments; b) statistical analysis of the metal content in each treatment 

along the time; different letters indicate statistically significant differences at p < 0.05; T0 = beginning of the 

trial; T1 = after one month; T2 = after three months; T3 = after six months. 
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The accumulation data were in agreement with other studies conducted on the same species (Cao et 

al., 2004; Bacchetta et al., 2017), which reported high tolerance of the studied species towards metals. 

Moreover, the accumulation order roots> epigean organs is common of other species growing in the 

same area, like Cistus salviifolius L. (Jimenez et al., 2005), Pistacia lentiscus L. and Scrophularia 

canina L. subsp. bicolor (Sibth) Greuter (Jimenez et al., 2005; Bacchetta et al., 2012, Bacchetta et 

al., 2015; Concas et al., 2015a).  

It is noteworthy that all the metals concentration measured in hypogeal and areal organs were close 

or well above the values, which are considered phyto-toxic (Kabata-Pendias and Pendias, 1992). It is 

important to clarify that Zn is an essential nutrient for plants, while Pb and Cd are toxic and hardly 

accumulated by plants. Furthermore, roots concentrations values were higher than bioavailable 

fraction ones, showing that this species possess a metal tolerance capability and it could have 

developed an own metal detoxification system.  

In order to evaluate the phytoremediation potential of H. tyrrhenicum, some biological indexes were 

calculated. As shown in Table 2.11 the BCF values were always < 1. The statistical analysis showed 

statistically significant differences (p < 0.05) between the different substrates (Tab. 2.11). It was 

possible to recognize a different behaviour of the species towards the three metals between the 

reference soil and the contaminated substrates (CP and CPC) (Fig. 2.8a). Moreover, the BCF assumed 

significantly higher values in RS toward polluted matrices. Time differences about the behaviour of 

this species were observed only in CP and CPC for all the studied metals, showing a behaviour 

variation after the third month (Fig. 2.8b). 

 

Table 2.11: BCF (Biological Concentration Factor) di Zn, Pb and Cd in H. tyrrhenicum (n = 5; mean ± SD); 

different letters indicate statistically significant differences among treatments at p < 0.05. 

  RS CP CPC 

BCF Zn T1 0.33 ± 0.16a 0.05 ± 0.01b 0.04 ± 0.02b 

T2 0.39 ± 0.09a 0.07 ± 0.01b 0.04 ± 0.01c 

T3 0.76 ± 0.42a 0.12 ± 0.04b 0.06 ± 0.01c 

BCF Pb T1 0.10 ± 0.04a 0.02 ± 0.00b 0.03 ± 0.01b 

T2 0.09 ± 0.03a 0.011 ± 0.002b 0.02 ± 0.01c 

T3 0.13 ± 0.06a 0.02 ± 0.01b 0.03 ± 0.01b 

BCF Cd T1 0.60 ± 0.28a 0.12 ± 0.02b 0.09 ± 0.01c 

T2 0.91 ± 0.37a 0.23 ± 0.08b 0.05 ± 0.01c 

T3 1.54 ± 0.64a 0.12 ± 0.06b 0.07 ± 0.02b 
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Figure 2.8: BCF (Biological Concentration Factor) in H. tyrrhenicum (n = 5; mean ± SD) and related statistical 

analysis (from T1 to T3); a) statistical analysis of BCF among treatments; b) statistical analysis of BCF in each 

treatment along time; different letters indicate statistically significant differences at p < 0.05; T1 = after one 

month; T2 = after three months; T3 = after six months. 

The same biological index was calculated taking into account the bioavailable fraction (BCF bf) of 

the metals (Tab 2.12). The BCF bf was > 1 for every studied metals. In particular, the calculated BCF 

bf of Zn and Cd values were higher (until 18.6) than Pb. Statistical analysis showed significant 

differences (p < 0.05) between the treatments showing that the behaviour of the species toward Zn, 

Pb and Cd changes according to the involved substrate (Fig. 2.9a). In particular, the behaviour of CP 

and CPC was different, showing also in this case the effect of the compost in the metal uptake. 

Moreover, no significant time differences (p > 0.05) were highlighted during the period of the trial, 

with the exception of Zn in CPC (Fig. 2.9b). 
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Table 2.12: BCF bf (Biological Concentration Factor) of Zn, Pb and Cd in H. tyrrhenicum (n = 5; mean ± SD); 

different letters indicate statistically significant differences at p < 0.05 among treatments. 

  RS CP CPC 

BCF bf Zn T1 17.04 ± 8.37a 10.00 ± 1.00a 1.74 ± 0.65b 

T2 14.76 ± 3.19a 12.13 ± 2.36a 2.08 ± 0.31b 

T3 18.6 ± 10.28a 16.79 ± 5.29a 3.02 ± 0.2b 

BCF bf  Pb T1 4.49 ± 1.77a 3.38 ± 0.64a 1.52 ± 0.61b 

T2 3.12 ± 0.89a 2.42 ± 0.50a 1.70 ± 0.53a 

T3 3.69 ± 1.66ab 4.58 ± 1.65a 1.82 ± 0.77b 

BCF bf Cd T1 17.31 ± 8.01a 11.37 ± 2.08a 1.03 ± 0.16b 

T2 19.74 ± 8.10a 16.96 ± 5.43a 0.91 ± 0.20b 

T3 20.01 ± 8.29a 10.71 ± 5.16a 1.73 ± 0.43b 

 

 

Figure 2.9: BCF bf of Zn, Pb and Cd in H. tyrrhenicum (n = 5; mean ± SD) and related statistical analysis 

(from T1 to T3); a) statistical analysis of the BCF bf among treatments; b) statistical analysis of the BCF bf in 

each treatment along time; different letters indicate statistically significant differences at p < 0.05; T1 = after 

one month; T2 = after three months; T3 = after six months. 

Taking into account the BCF and BCF bf, it is possible to state that H. tyrrhenicum is able to tolerate 

these metals (especially Zn and Cd) catching them into roots. Furthermore, this behaviour was 

confirmed by previous studies on this taxon (Cao et al., 2004; Bacchetta et al., 2017; Bacchetta et al., 

2018). Comparing this species with other pioneer ones, which grow on the same area, the BCF values 

observed in this study were higher than those measured in P. lentiscus (Concas et al., 2015). 
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Furthermore, BCF bf values reported for P. lentiscus (Bacchetta et al., 2015), were > 1. However, 

they were lower than those observed for H. tyrrhenicum.  

BAC values reported in Table 2.13 were always < 1, with the highest values for Zn and Cd. 

Statistically significant differences among treatments (p < 0.05) were highlighted for Zn and Cd (Tab. 

2.13 and Fig. 2.10a) where the uptake in the areal organs was different between the unpolluted soil 

and the contaminated substrates. In this case, the compost did not show effects in the uptake in the 

areal organ. No statistical differences between treatments were observed concerning the Pb’s BAC 

(with the exception of T3). 

 

Table 2.13: BAC (Biological Accumulation Coefficient) of Zn, Pb and Cd in H. tyrrhenicum (n = 5; mean ± 

SD); different letters indicate statistically significant differences among treatments at p < 0.05. 

  RS CP CPC 

BAC Zn T1 0.189 ± 0.064a 0.021 ± 0.014b 0.019 ± 0.008b 

T2 0.305 ± 0.038a 0.020 ± 0.005b 0.014 ± 0.004b 

T3 0.834 ± 0.310a 0.029 ± 0.020b 0.030 ± 0.019b 

BAC Pb T1 0.016 ± 0.005a 0.013 ± 0.012a 0.011 ± 0.007a 

T2 0.017 ± 0.011a 0.005 ± 0.002a 0.007 ± 0.005a 

T3 0.042 ± 0.004a 0.012 ± 0.008b 0.012 ± 0.002b 

BAC Cd T1 0.114 ± 0.066a 0.038 ± 0.030a 0.050 ± 0.046a 

T2 0.159 ± 0.028a 0.028 ±0.009b 0.024 ± 0.018b 

T3 0.929 ± 0.643a 0.047 ± 0.025b 0.018 ± 0.003c 

 

Time variations were observed (p < 0.05) only in the unpolluted soil for all metals (Fig. 2.10b), 

showing a change in the behaviour probably linked to a decrease in soil concentration after the third 

month (Fig. 2.10b). 
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Figure 2.10: BAC of Zn, Pb and Cd of H. tyrrhenicum; (n = 5; mean ± SD) and related statistical analysis 

(from T1 to T3); a) statistical analysis of the BAC among treatments b) statistical analysis of the BAC in each 

treatment along time; different letters indicate statistically significant differences at p < 0.05; T1 = after one 

month; T2 = after three months; T3 = after six months. 

BAC was calculated also considering the bioavailable fraction (BAC bf; Tab. 2.14). These values 

were generally >1 for every metals, and in particular, Zn had the highest values, followed by Cd and 

Pb. Reference soil showed the highest values of BAC bf for each metal and it is generally followed 

by CP and CPC. 

Table 2.14: BAC bf (Biological Accumulation Coefficient) of Zn, Pb and Cd of H. tyrrhenicum (n = 5; mean 

± SD); different letters indicate statistically significant differences among treatments at p < 0.05. 

  RS CP CPC 

BAC bf Zn T1 9.73 ± 3.30a 3.93 ± 2.63a 0.77 ± 0.31b 

T2 11.41 ± 1.44a 3.17 ± 0.88b 0.73 ± 0.18c 

T3 20.53 ± 7.63a 4.07 ± 2.76b 1.58 ± 1.01b 

BAC bf  Pb T1 0.74 ± 0.23a 2.81 ± 2.52a  0.55 ± 0.35a  

T2 0.58 ± 0.37a  1.04 ± 0.41a  0.53 ± 0.38a  

T3 1.19 ± 0.12a  2.22 ± 1.53a  0.71 ± 0.13a  

BAC bf Cd T1 3.29 ± 1.90a  3.49 ± 2.78a  0.60 ± 0.55a  

T2 3.44 ± 0.60a 2.09 ± 0.69b 0.40 ± 0.31c 

T3 12.07 ± 8.35a 4.21± 2.21a 0.43 ± 0.06b 
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Statistical analysis highlighted significant differences (p < 0.05) among treatments for Zn and Cd, 

whilst no differences were observed for Pb (Fig. 2.11a). In particular, the uptake of bioavailable Zn 

and Cd in areal organs was different between contaminated substrata and unpolluted one. With fair 

exceptions, the presence of compost did not interfere with the uptake of the metal’s bioavailable 

fraction to the areal organs, as also observed for BAC. Few temporal variations were observed (p < 

0.05) during the trial (Fig. 2.11b) in RS for Zn and Pb, showing the same behaviour observed for 

BAC bf after the third month (Fig. 2.11b). However, no temporal variations (p > 0.05) were observed 

in the polluted substrates for each metals (Fig. 2.11b).  

 

 

Figure 2.11: BAC bf of Zn, Pb and Cd of H. tyrrhenicum (n = 5; mean ± SD) and related statistical analysis 

(from T1 to T3); a) statistical analysis of the BAC among treatments; b) statistical analysis of the BAC bf in 

each treatment along time; different letters indicate statistically significant differences at p < 0.05; T1 = after 

one month; T2 = after three months; T3 = after six months. 

Taking account of the results about BAC and BAC bf, it may be asserted that the species is able to 

uptake little concentration of metals. Concas et al. (2015) calculated the BAC on P. lentiscus, 

observing values <1 like in this work, but there were no information about BAC bf. 

The measured TF index, as reported in table 2.15, was always < 1. The highest values were observed 

for Pb and Cd followed by Zn. The statistical analysis showed that there were no significant 

differences (p >0.05) among treatments for every studied metal (with the exception of Zn in T2; Fig. 

2.12a). Furthermore, no temporal variations (p > 0.05) were recognized, indicating that the 

translocation of metals was the same during the experiment (Fig. 2.12b). 
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Table 2.15: TF (Translocation factor) of Zn, Pb and Cd in H. tyrrhenicum (n = 5; mean ± SD); different letters 

indicate statistically significant differences among treatments at p < 0.05. 

  RS CP CPC 

TFZn T1 0.69 ± 0.42a 0.41 ± 0.31a 0.46 ± 0.13a 

T2 0.79 ± 0.15a 0.28 ± 0.13b 0.36 ± 0.08b 

T3 1.28 ± 0.72a 0.30 ± 0.32a 0.31 ±0.06a 

TF Pb T1 0.19 ± 0.08a 0.82 ± 0.69 a 0.37 ± 0.17a 

T2 0.19 ± 0.13a 0.44 ± 0.18a 0.34 ± 0.26a 

T3 0.33 ± 0.11a 0.58 ± 0.42a 0.59 ± 0.53a 

TF Cd T1 0.20 ± 0.08a 0.32 ± 0.27a 0.65 ± 0.73a 

T2 0.19 ± 0.05a 0.14 ± 0.07a 0.43 ± 0.26a 

T3 0.62 ± 0.47a 0.51 ± 0.35a 0.28 ± 0.14a 

 

 

Figure 2.12: TF of Zn, Pb and Cd of H. tyrrhenicum (n = 5; mean ± SD) and related statistical analysis (from 

T1 to T3); a) statistical analysis of the TF among treatments; b) statistical analysis of the TF in each treatment 

along time; different letters indicate statistically significant differences at p < 0.05; T1 = after one month; T2 

= after three months; T3 = after six months. 

Taking account of the TF and BAC values, H. tyrrhenicum is able to translocate in areal organ only 

a little fraction of the metals, in particular Pb and Cd. Previous study carried out on this species (Cao 

et al., 2004; Bacchetta et al., 2017; Bacchetta et al., 2018) indicated TF values > 1. However, it can 

be noted that plant spontaneously grown in the Campo Pisano mine site were used in the studies of 

Bacchetta et al. (2017; 2018) which were born and grown locally. TF values < 1 were observed also 
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in P. lentiscus (Bacchetta et al., 2015; Concas et al., 2015a), whilst in C. salviifolius and S. canina 

subsp bicolor (Lai et al., 2015) the TF values were higher than in H. tyrrhenicum.  

 

- Plant growth and survival 

 

Table 2.16 reports the survival percentages of H. tyrrhenicum after 1, 3 and 6 months from the 

beginning of the trial. The species was able to survive after 6 months in all treatments and this data 

highlighted a good adaptation ability to the different substrates, also in contaminated ones. The 

highest survival percentage was recorded in the reference soil, followed by CPC and CP. It is 

noteworthy that the presence of compost helped the specimens in their growth, as shown by their 

higher survival than those observed in CP. However, the survival of CP was anyway high, and this 

confirm the great adaptability of this plant species. Comparing the survival data with the 

phytoremediation experiment of Bacchetta et al. (2015), a higher survival percentage of H. 

tyrrhenicum in the same kind of matrix than P. lentiscus can be recognized. Moreover, no specimen 

died after three months, whilst the survival of P. lentiscus decreased in this time frame (Tab. 2.16).  

Table 2.16: Survival (%) of H. tyrrhenicum in the phytoremediation tests, compared to Bacchetta et al. (2015) 

survival data.  

 T1  

(1 month) 

T2  

(3 months) 

T3  

(6 months) 

 H. tyrrhenicum H. tyrrhenicum P. lentiscus  

(Bacchetta et al. 2015) 

H. tyrrhenicum P. lentiscus  

(Bacchetta et al. 2015) 

RS 100 100 100 95 98 

CP 100 100 80 80 77 

CPC 100 100 89 90 89 

 

It is noteworthy that no specimens reached the flowering during the trial. An experiment performed 

for an extended timeframe would allow to evaluate the accumulation in plant tissues before and after 

this stage of the living cycle of the species. Moreover, it would provide informations about the metals 

content into inflorescences and their suitability for farmaceutical and cosmeceutical purposes. 

As far as the growth of plant is concerned, Table 2.17 reports the values of the biometric parameters 

measured on five specimens at the beginning of the phytoremediation experiment (T0). 
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Table 2.17: Biometric parameters of H. tyrrhenicum at the beginning of the phytoremediation experiment 

(T0); n = 5; mean ± SD). 

BIOMETRIC PARAMETERS  

Roots length 15.60 ± 6.58 cm 

Stems length 20.60 ± 6.58 cm 

Stems diameter 4.14 ± 0.36 mm 

Roots dry mass 4.14 ± 0.36 g 

Epigeals dry mass 6.62 ± 2.05 g 

 

The length of roots and stems measured during the trial are reported in Table 2.18. It is noteworthy 

that plants which grow on contaminated substrates displayed values not significantly different (p > 

0.05) compared to the values recorded on reference soil (Fig. 2.13a). This indicates a great 

adaptability of the species at the different environmental conditions. Significant differences along 

time (p < 0.05) were observed in each treatment concerning the root’s length (Fig. 2.13b); indeed a 

fair reduction was observed in all treatments at the end of the experiment. It is possible to recognize 

an elongation of the stem after 1 month in every treatment, whilst the root elongation is visible only 

in CPC (Fig. 2.13b). Concerning the length of stems, no significant differences were observed along 

time (p > 0.05).  

 

Table 2.18: Roots and stems length (cm) of H. tyrrhenicum during the experiment (n = 5; mean ± SD) in RS, 

CP and CPC; different letters indicate statistically significant differences among the treatments at p < 0.05. 

  RS CP CPC 

Roots length T1 21.20 ± 1.44a 24.70 ± 7.17a 27.60 ± 4.04a 

 T2 18.50 ± 3.91a 20.50 ± 3.32a 19.90 ± 13.26a 

 T3 13.20 ± 1.79a 12.40 ± 4.83a 18.20 ± 3.03a 

Stems length T1 42.00 ± 6.39a 33.10 ± 4.25a 34.70 ± 5.73a 

 T2 45.40 ± 8.50a 40.90 ± 5.87a 37.30 ± 4.15a 

 T3 42.50 ± 2.83a 42.00 ± 6.40a 45.70 ± 3.59a 
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Figure 2.13: Roots and stems length (cm) of H. tyrrhenicum during the experiment (n = 5; mean ± SD) in RS, 

CP and CPC and related statistical analysis (from T1 to T0); a) statistical analysis among treatments; b) 

statistical analysis during time for each treatment; different letters indicate statistically significant differences 

at p < 0.05; T0 = beginning of the trial; T1 = after one month; T2 = after three months; T3 = after six months. 

Table 2.19 reports the values of the diameter of the stems. Statistical analysis showed no significantly 

statistical differences (p > 0.05) between treatments, with the exception of T1 where the enlargement 

of the stem was significantly higher in RS than the contaminated matrices. Moreover, the presence of 

compost (CPC) did not seem to have effects (Fig. 2.14a). Furthermore, no significant differences (p 

> 0.05) were observed in contaminated matrices along the time. As suggested by Kranner and Colville 

(2011), this could depend to the inhibition of water uptake linked to the presence of metals. Indeed, 

only in RS it was possible to recognize a statistically significant enlargement of the stem (p < 0.05; 

Fig. 2.14b).  
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Table 2.19: Stem diameter (mm) of H. tyrrhenicum during the experiment (n = 5; mean ± SD) in RS, CP and 

CPC; different letters indicate statistically significant differences at p < 0.05 among treatments. 

 RS CP CPC 

T1 5.04 ± 0.36a 3.38  ± 1.30b 4.15 ± 0.90ab 

T2 5.65 ± 1.18a 3.61 ± 1.49a 3.95 ± 0.68a 

T3 6.47 ± 0.74a 5.45  ± 1.6a 4.18 ± 1.52a 

 

 

Figure 2.14: Stem diameter (mm) of H. tyrrhenicum during the experiment (n = 5; mean ± SD) in RS, CP and 

CPC and related statistical analysis (from T1 to T3); a) statistical analysis among matrices; b) statistical 

analysis during time; different letters indicate statistically significant differences at p < 0.05; T0 = beginning 

of the trial; T1 = after one month; T2 = after three months; T3 = after six months. 

Taking into account the roots and epigeal biomass (Table 2.20), no significant differences (p > 0.05) 

were observed between treatments (with the exception of T2 for stem weight), indicating again a great 

adaptability of this species at the heavy metal stress. Moreover, the presence of compost (CPC) did 

not influence the growth in terms of biomass (Fig. 2.15a). 
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Table 2.20: Roots and epigeal organs biomass (g) of H. tyrrhenicum during the experiment (n = 5; mean ± 

SD) in RS, CP and CPC; different letters indicate statistically significant differences among treatments at p < 

0.05. 

  RS CP CPC 

Roots biomass T1 2.13 ± 0.99a 1.56 ± 0.69a 2.17 ± 0.82a 

 T2 1.12 ± 0.84a 1.13 ± 0.43a 0.73 ± 0.35a 

 T3 0.64 ± 0.28a 0.64 ± 0.22a 0.75 ± 0.30a 

Epigeal organ biomass T1 12.99 ± 5.91a 9.51 ± 3.24a 14.33 ± 6.26a 

 T2 11.48 ± 2.33a 11.28 ± 3.41a 5.84 ± 2.28b 

 T3 12.78 ± 3.07a 9.17 ± 4.58a 9.64 ± 5.08a 

 

The weight of the roots did not change after one month from the beginning of the experiment, but a 

statistically significant decrease (p < 0.05) in root weight was observed during the first month, for all 

the treatments (Fig. 2.15b). The epigeal organs weight was constant (p > 0.05) in all substrata (Fig. 

2.15b).  

  

Figure 2.15: Roots and epigeal organ biomass (g) of H. tyrrhenicum during the experiment (n = 5; mean ± 

SD) in RS, CP and CPC and related statistical analysis (from T1 to T3); a) statistical analysis among treatment; 

b) statistical analysis during time; different letters indicate statistically significant differences at p < 0.05 

between matrices; T0 = beginning of the trial; T1 = after one month; T2 = after three months; T3 = after six 

months. 
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Also in P. lentiscus (Bacchetta et al., 2015), the biomass and length parameters did not differ between 

contaminated matrices and unpolluted one indicating the great adaptability of this taxon as for as in 

H. tyrrhenicum. However, P. lentiscus did not show a decrese of biomass in contaminated matrices 

during the experiment, whilst in this work there was a reduction during time in all matrices. 

 

- Mineralogical analysis 

 

The mineralogical composition of the substrate, rhizosphere materials and root’s powder collected 

during the experiment are reported in Table 2.21. RS soil and rhizospheres were mainly made of 

quartz, phyllosilicates, feldspars (albite, anorthite, orthoclase, microcline, sanidine). The polluted soil 

and related rhizosphere were mainly made of dolomite, quartz, pyrite and phyllosilicate. The presence 

of secondary minerals like goetithe, gypsum, jarosite and anglesite was also observed. The 

mineralogical composition of rhizosphere and soil of CP and CPC are consistent with the previous 

mineralogical investigation on samples of Campo Pisano mine dump (Bacchetta et al. 2018; De 

Giudici et al. 2015). As expected by the nature of RS, it did not present minerals linked to polluting 

metals such as pyrite, goethite, jarosite and anglesite. Moreover, minerals of rhizosphere materials 

did not vary among the time in each substrate (Fig. 2.16). This could be due to the short time of 

interaction between plant roots and soil minerals. No substantial differences were observed in the 

mineralogical composition of the roots among the different substrates. Indeed, roots were mainly 

made of amorphous cellulose and quartz, also observed in previous studies (Medas et al. 2015; 

Bacchetta et al., 2017; Bacchetta et al., 2018), for both unpolluted substrate and polluted ones.  
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Table 2.21: Mineralogical composition of soil, rhizosphere and root’s powder in RS, CP and CPC. The 

highlighted squares indicate the presence of the mineral; S = soil; Rz = Rhizosphere materials; R = roots 
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Figure 2.16: Comparison of XRD spectra of selected sample of the related substrates in RS, CP and CPC; a) 

= RS; b) = CP; c) = CPC; Rizo = rhizosphere materials.  
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Conclusion 

The aim of this laboratory experimental study was to evaluate the possible use of H. tyrrhenicum in 

phytoremediation actions of the abandoned mine area of Campo Pisano. In order to achieve this aim, 

several specimens of this species were planted in three kind of substrate (Reference soil, Campo 

Pisano mine waste, and Campo Pisano waste plus 10% of compost) for six month under controlled 

climatic conditions.  

The chemical analysis of the metal content in the substrates and the rhizosphere confirm the high 

contamination level of this area, showing heavy metal concentration higher than the threshold 

contamination levels established by the Italian Law (D. Lgs 152/ 2006) for industrial use of soil. 

During the experiment, the accumulation behaviour towards Zn, Pb and Cd was evaluated. H. 

tyrrhenicum showed high concentrations of these metals in its tissues, which seems to reflect the high 

contamination levels observed in the polluted matrices. The metal concentration was higher in roots 

than epigeal organ, as observed for other species able to grow spontaneously in this area (i.e.: P. 

lentiscus, S. canina subsp. bicolor, C. salviifolius). In order to have more information about the 

behaviour toward Zn, Pb and Cd, different biological indexes were calculated. Taking into account 

the values of BCF, BAC and TF, it can be asserted that H. tyrrhenicum can be considered a tolerant 

species towards Zn, Pb, Cd and it is able to immobilize them into roots with a fair translocation into 

areal organs. 

The mineralogical analysis carried out on the polluted substrates confirm the previous data collected 

in other studies. However, no substantial differences in composition were highlighted among the time 

and between soil and related rhizosphere materials. 

Concerning the survival and growth parameters, they confirmed the great adaptability to these 

stressing conditions. The use of compost had improved the soil properties, lowering the metals 

concentration and their uptake by plant tissues, and increasing the survival of the species. Therefore, 

compost can be suggested as an effective amendment in phytoremediation activities. Moreover, H. 

tyrrhenicum is a perennials species, which guarantees a long- term plant canopy with respect of 

annual plants. Indeed, the latter are characterized to have an annual living cycle and, consequently 

they would release contaminants in the environment after their death. These results indicate this taxon 

as an excellent candidate for phytostabilization activities. 
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Chapter 3 

Germination behaviour of Helichrysum microphyllum Cambess. subsp. 

tyrrhenicum Bacch., Brullo & Giusso under different Zinc and Lead 

concentration 

Abstract 

Seed germination is the most sensitive process during plant living circle. It can be affected by abiotic 

and biotic factors, like heavy metal stress. Some metals are micronutrients for plants but at high 

concentrations, they can be extremely toxic. One of their most important sink are the mining sites, 

wherein grow specialized plant associations adapted to this stressing condition. The study of the 

effects of pollutant metals is necessary in order to develope more efficient phytoremediation actions. 

The aim of this study was to evaluate the seed germination behaviour of Helychrisum microphillum 

subsp. tyrrhenicum, an endemic species of Sardinia and Corse, towards Zinc and Lead stress using 

different concentration of these metals. The seeds were collected inside a mine dump, outside but 

close this area, and far from the geochemical anomaly. The results of the research show that the seeds 

of specimens growing in mining sites have a better germination response and a survival percentage 

than those grown in unpolluted areas. Among these results, the species can be considered a good 

candidate for reclamation activities. Moreover, it can offer a long term canopy due to its perennial 

nature. 

Keywords: Metals – Mediterranean area – Metal tolerant plants - Mine areas – Phytoremediation 

Introduction 

Sardinia is characterized by a long mine heritage during his history, from the Nuragic Era to the ’90s 

of 20th century. The most productive period started during the reign of Sardinia of the Savoy, when 

new technologies and innovative managerial strategies were developed. Mine activities were spread 

all over the island, but the most important and richest ores where located in the Sulcis-Iglesiente 

region (South-West of Sardinia), in particular at Monteponi (Iglesias) and Montevecchio mine 

districts where the main extracted metals were zinc (Zn), lead (Pb) and iron (Fe). Although, in the 

‘70s of 20th century started the crisis of the Sardinian mine department and the consequential closure 

of all mines in 1997 (Cidu et al., 2005; Cidu et al., 2011; Bacchetta et al., 2012; Jimenez et al., 2014). 

Metals dispersion is one of the main issues of these areas (Vacca et al., 2012) for humans and 

environment, because if they were mobilized, they would be toxic. However, after mine closure only 
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very few remediation actions were designed and consequently big amount of mine waste were left 

abandoned to weathering and aerial dispersion (Jimenez et al., 2010; Bacchetta et al., 2015). 

Although the mine tailings are known to be poor in nutrients, several pioneer endemic species, like 

Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso, Ptilostemon 

casabonae (L.) Greuter, Euphorbia cupanii Guss. ex Bertol., Limonium merxmulleri Erben, Iberis 

integerrima Moris, Echium anchusoides Bacch., Brullo & Selvi, and Scrophularia canina subsp. 

bicolor (Sibth. & Sm.) Greuter are able to grow and develop typical phytocenosis of mining areas. 

These species create grasslands and garigues, also on incoherent surfaces, like mine dump and tailings 

(Angiolini et al., 2005; Zavattero et al., 2006). 

Taking account of the survival ability of these plant species and the big surfaces of the Sardinian 

mining areas, phytoremediation can provide a cost efficient, long-lasting and aesthetic solution for 

contaminated sites (Wong, 2003; Mendez and Maier, 2008; Cao et al., 2009; Jimenez et al., 2010; 

Bacchetta et al., 2015; Concas et al., 2015). It can be used in these areas in order to mitigate or remove 

pollutant from contaminated soils (Mullingan et al., 2001) and this is possible using plant species and 

their associated microbiota in combination with amendments and different kind of agronomic 

strategies (Raskin & Ensley, 2000).  

Helichrysum microphyllum subsp. tyrrhenicum (hereafter H. tyrrhenicum) is an endemic shrub of 

Sardinia and Corse well adapted to different ecological conditions and it can grow on many kinds of 

contaminated substrata, especially on mining dump and tailings (Angiolini et al., 2005; Bacchetta et 

al., 2003). It is characteristic of many plant assemblages and in particular, of the garigue of Dactylo 

hispanicae-Helichrysetum tyrrhenici, which represents a successor stage of Sardinian special series 

of the “heavy metals polluted mine substrate” (Bacchetta et al., 2007). 

Knowledges about the behaviour on seed germination of autochthonous flora of mining sites that 

grows in contaminated soil is important in order to better define the limiting ecological condition 

during germination of seeds and, as a consequence to project new phytoremediation strategies as final 

aim. Indeed, seed germination is the first part of plant’s life and it is the most sensitive process where 

different factors like environmental ones (abiotic and biotic) and hormonal interaction (Marquez-

Garcia et al., 2013) are involved. Infact some conditions like temperature, water availability and the 

soil substrate can promote or inhibit germination (Krichen et al., 2014; Porceddu et al., 2013). 

Another impact factor could be the high concentration of metals in soils. Their effects on germination 

depends on their ability to reach the embryo tissues through the seed coats and on the chemical 

properties of the involved heavy metal. Seed coat may offer protection from metal stress but it could 

be more permeable during germination. Germination is affected by metals in two ways, by their 
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general toxicity and by the inhibition of water uptake (Kranner and Colville, 2011). Many of the toxic 

effects of metals are linked by the generation of Reactive Oxygen Species (ROS) (Sharma and Dietz, 

2009) and, as a consequence of oxidative stress. 

Several seed germination studies under metals stress were conducted, in particular on cultivated plant 

species such as tomato, broccoli and lattuce seeds (Di Salvatore et al., 2008), but few studies were 

available for authochtonous Mediterranean plant species (e.g., Atriplex halimus L. and Salicornia 

ramosissima J Woods; Marquez-Garcia et al., 2013). As previously cited, H. tyrrhenicum 

spontaneously grows on mine waste like part of mine vegetation and some studies highlighted the 

tolerance of this species towards Zn, Pb and Cd and its suitability in phytoremediation activities (Cao 

et al., 2004; Bacchetta et al., 2017; Bacchetta et al., 2018). The seed germination of H. tyrrhenicum 

was previously investigated in order to determine the optimal germination condition, in terms of light, 

temperature and altitudinal gradient (Picciau et al., 2018), however there were no previous study of 

germination under heavy metal stress. 

The aims of this study are to: 1) evaluate the seed germination behaviour of H. tyrrhenicum under 

metal stress and detect if Zn and Pb act on germination process, 2) identify the concentration limit of 

Zn and Pb during germination, 3) verify if Zn and Pb may act on germination in sensu stricto and/or 

after the radicle emergence, 4) evaluate the potential use of this taxon in phytoremediation actions.  
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Materials and methods 

- Seed lot details 

Helichrysum tyrrhenicum seeds were collected from three different localities of the Sulcis-Iglesiente 

region (SW Sardinia) in July 2016. The sites are listed as follow: 1) Campo Pisano’s mine dump 

(Iglesias; CP), 2) an area outside the mine dump (approximately 2 Km far from Campo Pisano dump, 

called OUT) which is characterized by the same mineralogical background of CP but without direct 

mining impact, and 3) Campu S’Isca (Villacidro, CSI, approximately 50 Km in linear distance from 

Campo Pisano) which is an area no afflicted by mining and anthropic impact. Plants in CP grown on 

mine waste rich in Zn and Pb, resulting of flotation process of blende (ZnS) and galena (PbS); in 

OUT, they grown on methamorphytes (muddy schist) and in CSI they grown on granites. Futhermore, 

the three sampling point are hosted in the same biogeographical sector and, as a consequence, H. 

tyrrhenicum growing in these areas is subjected to the same edaphic and climatic condition. Table 

3.1 reports the information about the seed lots sampled, such us their geographical coordinates, mean 

altitude and substrate. Seeds were stored at room conditions (20°C and 40% of R.H.) for ca. two 

weeks until the beginning of germination test. 

Table 3.1: Seed lots details. 

Locality Mean Coordinate (WGS 84) Mean altitude Substrate 

Campo Pisano mine dump (CP) 39°17’45’’ N - 8°32’12’’ E 177 m a.s.l. Zn-Pb mine waste  

Outside Campo Pisano (OUT) 39°17’32’’ N - 8°32’35’’ E 208 m a.s.l. Methamorphytes 

Campu S’Isca (CSI) 39°23’60’’ N - 8°38’56’’ E 326 m a.s.l. Granites 

 

- Experimental condition and germination assay 

Four replicates of 30 seeds each of H. tyrrhenicum belonging to three locality were sown on the 

surface of 1% agar water plus four different Zn and Pb concentrations (0, 250, 500, 1000 mg/L of Zn 

and 0, 25, 50, 100 mg/L of Pb, respectively) in 90 mm diameter plastic Petri dishes and incubated in 

the light (12 h light/12 h dark) at three constant temperatures (10, 15 and 20°C) which were chosen 

from the optimal germination temperatures detected for this taxon (Picciau et al., 2018). The 

experiments were conducted using different grow chambers (model Sanyo MLR-351, SANYO 

Electric Co., Ltd) each equipped with white fluorescent lamps (FL40SS.W/37 70–10 µmol m−2 s−1). 

Germination, defined as visible radicle emergency (> 1 mm), and mortality were monitored three 

times a week for 90 days, as suggested by other studies (Porceddu et al., 2013; Picciau et al., 2018). 

Germination dynamics were analysed through: 1) final germination percentage after 90 days; 2) time 
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of the first germination (T1); 3) time to reach the 50% of germinated seeds (T50); 4) mortality of 

seedling of the first 30 germinated seeds for each operative concentration (Zn and Pb) and 

temperature, scoring the date of germination and death of seedlings.  

- Statistical analysis 

Three ways ANOVA analysis were performed in order to check interactions and differences between 

localities subjected to the different operating conditions of temperature and concentration of Zn and 

Pb. Two ways ANOVA analysis (Zn and Pb, respectively) were carried out in order to highlight 

differences in mortality of seeds and seedlings between localities and concentrations. Significant 

differences highlighted by ANOVA were then analysed by a post hoc pairwise comparisons t-test 

(Tukey Test). All statistical analyses used “R” v. 3.0.3 (R Development Core Team, 2014). 
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Results 

- Seed germination 

Zn germination test  

It was observed a decrease in total germination percentage with increasing of Zn concentration in 

every locality tested at all temperatures (Table 3.2). At 0 mg/L of Zn the best germination percentage 

was recorded in CSI followed by CP and OUT. The optimal germination temperature at this 

concentration was 20°C for all studied populations. At 250 mg/L of Zn, CP had the best germination 

percentage in comparison to the other ones, with an optimal germination temperature at 15°C. The 

same behaviour was observed for the other Zn concentrations. CSI was the most affected by the 

increasing in Zn concentration, followed by OUT and CP. 

Table 3.2: Total germination percentage (mean ± SD) at different Zn concentrations (mg/L); CP = Campo 

Pisano mine dump; OUT = Outside Campo Pisano mine dump; CSI = Campu S’Isca. 

  Concentrations 

Locality T (°C) 0 mg/L 250 mg/L 500 mg/L  1000 mg/L 

CP 

10 90.8 ± 7.4a 69.1 ± 11.3c 49.1 ± 8.7c  28.33 ± 10.36b 

15 85.8 ± 6.3a 80.0 ± 4.7ab 73.3 ± 9.0ab 59.17 ± 7.39b 

20 90.0 ± 7.2a 71.6 ± 6.4c 65.8 ± 7.8c 50.00 ± 7.20b 

OUT 

10 70.8 ± 4.2a 61.6 ± 5.8a 36.6 ± 7.2c 22.50 ± 4.19b 

15 83.31 ± 5.1a 57.5 ± 11.3ab 50.0 ± 18.2b 41.67 ± 11.06b 

20 86.6 ± 7.2a 75.0 ± 6.4ab 44.1 ± 15.2b 50.83 ± 12.58ab 

CSI 

10 91.6 ± 3.3a 55.0 ± 6.3c 33.3 ± 2.7d 22.50 ± 4.19b 

15 90.8 ± 4.2a 76.6 ± 4.7a 53.3 ± 10.5b 33.33 ± 7.20c 

20 93.3 ± 5.4a 78.3 ± 6.4a 40.8 ± 8.1b 40.83 ± 9.18b 

 

The ANOVA analysis (Table 3.3) showed statistical differences between the three studied localities, 

temperatures and concentrations (p < 0.001, respectively) as well as between the interactions “locality 

× concentration” and “temperature × concentration” (p < 0.001 respectively). However, the 

interaction between “locality × temperature” showed no statistical differences (p > 0.05). Moreover, 

the statistical analysis showed significant differences for localities, temperatures and concentrations 

(p < 0.05; Table 3). 
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Table 3.3: Results of three ways ANOVA analysis on Zn tests; DF = Degrees of freedom; SS = Sum of Square; 

MS = Mean Square; F = F statistic; P = P value. 

Source of Variation DF SS MS F P 

Locality 2 3191.821 1595.910 21.352 < 0.001 

Temperature 2 5400.617 2700.309 36.128 < 0.001 

Concentration 3 49137.654 16379.218 219.141 < 0.001 

Locality × Temperature 4 508.642 127.160 1.701 > 0.05 

Locality × Concentration 6 2263.735 377.289 5.048 < 0.001 

Temperature × Concentration 6 1853.086 308.848 4.132 < 0.001 

Locality × Concentration × Temperature 12 1885.802 157.150 2.103 < 0.05 

 

Concerning the three studied localities, there were differences between CP’s specimens and those 

growning far from the mine dump (OUT and CSI; p < 0.001), but there were no differences between 

OUT and CSI (p > 0.05). Considering each locality, it was observed differences in the germination 

response for every tested temperature (Fig. 3.1A). The seeds of CP showed differences in the final 

germination percentage on the basis of the concentration, in particular 0 mg/L towards 1000 mg/L (p 

< 0.05), whilst 250 and 500 mg/L acted in the same way (p > 0.05), but acted differently from 0 and 

1000 mg/L. CSI seeds showed different germination responses at every concentration (p < 0.05) with 

the exception of 20°C (Figure 3.1A). 

Comparing the single concentrations of Zn with the temperatures on every locality, differences in 

total germination percentage were highlighted, acting in different ways on germination depending on 

concentration for every temperatures, even if no differences were observed between 500 and 1000 

mg/L in CP and 0 and 250 mg/L in CSI (p < 0.05; Figure 3.1A). 
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Figure 3.1: A) Istograms of total germination percentage (mean % ± SD) under Zn stress at different 

concentrations (0, 250, 500, 1000 mg/L) in CP, OUT and CSI (CP= Campo Pisano mine dump; OUT= Outside 

Campo Pisano mine dump; CSI= Campu S’Isca); different letters indicate statistically significant differences 

between concentrations at different operative temperatures for each locality at p < 0.05; B) correlation between 

Zn concentration (0, 250, 500, 1000 mg/L) and total germination percentage (%) in CP, OUT and CSI; R sqr 

= R square; p = p values. 

Taking account of the ANOVA’s results, the correlations between final germination percentage and 

the increase of Zn concentration were calculated. As shown in Figure 3.1B, it was determined a 

negative linear correlations between the final germination percentage and the increase of Zn 

concentration at the different temperatures. In CP, the best correlation was recorded at 10°C (R2 = 

0.8549; p < 0.0001) followed by 20°C (R2 = 0.7951; p < 0.0001) and 15°C (R2 = 0.7255; p < 0.0001). 

In OUT, the best correlation was recordered at 10°C (R2 = 0.8549; p < 0.0001), followed by 15 and 

20°C (respectively R2 = 0.4938; p = 0.0024 and R2 = 0.4974; p = 0.0023). CSI showed the best 

correlation at 15°C (R2 = 0.8994; p < 0.0001), followed by 10 and 20°C. In comparison to the other 

populations, CSI had better correlation than OUT at 15 and 20°C and CP at 15°C. 

Taking account of the values obtained by the linear regression analysis (Fig 3.1B) and the 

correspective equation, it was possible to estimate the concentration limit of Zn, coincident to 0% of 

germinated seeds, for every populations and temperatures (Table 3.4). The highest limit of Zn 

concentration was ascribable to CP, followed by OUT and CSI, with no statistically significant 

differences (p > 0.05) between them (data not show). 
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Table 3.4: Concentration limits of Zn (mg/L) on seed germination in CP (Campo Pisano), OUT (Out of Campo 

Pisano) and CSI (Campu S’Isca). 

Temperature CP OUT CSI 

10°C 1400 mg /L 1386 mg /L 1214 mg /L 

15°C 3210 mg /L 1975 mg /L 1520 mg /L 

20°C 2285 mg /L 2140 mg /L 1610 mg /L 

Mean (± SD) 2298 ± 905 mg /L 1834 ± 396 mg /L 1448 ± 208 mg /L 

 

Table 3.5 shows T1 and T50 values measured during germination test. It was recognized a general 

increase in time (days) of germination within an increment of Zn concentration for T1 and T50. This 

phenomenon was observed in all localities and temperatures for T1 and T50 with some exception for 

T1 of CP and OUT at 15°C and for OUT and CSI at 20°C. In CP T50 values were lower than the other 

locality with some exception for CSI at 10°C at 250 and 1000 mg/L of Zn. It was not observed 

significant difference in T1 related to the different localities, but it was possible to recognize an 

increasing in T50 following the order CP < OUT< CSI. As shown in Table 5, T1 was reached in 15 

days, and T50 was reached in the first 30 days after sowing (for all concentrations and temperatures). 

Moreover, it was observed a general decrease of T1 within an increment of temperatures (except for 

CP at 20°C and 1000 mg/L and CSI at 20°C and 250 / 500 mg/L). Also T50 values were influenced 

by temperature for istance: at CP 15°C at 250/500 mg/L and at 20°C at 1000 mg/L; at OUT, T50 

decreased within the increment in temperature at every concentrations; while at CSI was observed a 

similar behaviour to CP even if there were some exception at 1000 mg/L. 

Table 3.5: T1 and T50 (mean ± SD) expressed as days; concentration of Zn are expressed mg/L; CP= Campo 

Pisano mine dump; OUT= Outside Campo Pisano mine dump; CSI= Campu S’Isca. 

Locality Concentration 
10°C 15°C 20°C 

T1 T50 T1 T50 T1 T50 

CP 

0 7 ± 0 9 ± 1 5 ± 2 7 ± 2 5 ± 2 8 ± 2 

250 12 ± 1 16 ± 1 6 ± 3 11 ± 2 5 ± 1 15 ± 3 

500 13 ± 3 18 ± 3 8 ± 2 13 ± 2 8 ± 3 19 ± 5 

1000 19 ± 2 39 ± 32 7 ± 0 15 ± 3 8 ± 2 13 ± 3 

OUT 

0 8 ± 2 11 ± 1 5 ± 0 7 ± 2 5 ± 0 7 ± 1 

250 11 ± 1 16 ± 2 7 ± 0 14 ± 2 7 ± 0 12 ± 3 

500 12 ± 2 21 ± 5 9 ± 1 13 ± 1 6 ± 2 12 ± 3 

1000 15 ± 1 28 ± 9 8 ± 0 17 ± 11 7 ± 3 14 ± 5 

CSI 

0 8 ± 0 10 ± 1 4 ± 0 7 ± 1 4 ± 2 13 ± 7 

250 11 ± 3 14 ± 2 5 ± 2 17 ± 11 8 ± 3 23 ± 3 

500 13 ± 4 41 ± 28 6 ± 1 20 ± 14 7 ± 1 25 ± 8 

1000 17 ± 5 27 ± 15 8 ± 2 20 ± 3 8 ± 2 18 ± 5 
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Pb germination test 

Increment on Pb concentration generated a slightly drop in germination percentages in every localities 

tested at all temperatures (Tab. 3.6). At 0 mg/L of Pb, the best germination percentage was recorded 

as CSI followed by CP and OUT and the optimal germination temperature at this concentration was 

20°C for all localities. At 25 mg/L of Pb, CP had the best germination percentage in comparison to 

the other, with an optimal germination temperature at 15°C. The same behaviour was observed for 

the other Pb concentrations, with an ideal temperature of 15°C. CSI was the most affected locality by 

the increment of Pb concentration, followed by OUT and CP, even if the percentages in CSI and OUT 

were very similar. 

Table 3.6: Total germination percentage (mean ± SD) at different Pb concentration (mg/L); CP= Campo 

Pisano mine dump; OUT= Outside Campo Pisano mine dump; CSI= Campu S’Isca.  

 

Three ways ANOVA analysis (Table 3.7) showed differences between the three localities, the tested 

temperatures and concentrations (p = 0.010, 0.002 and < 0.001 respectively). It was highlighted a 

significant interaction between locality × concentration (p < 0.05), but none was observed between 

“temperature × concentration” and “locality × temperature” (p > 0.05). Moreover, a statistically 

significant interaction between locality, temperature and concentration (p < 0.05) was observed. 

Germination responses were different only at particular temperature for each locality, for example in 

CP at 20°C and in CSI at 10 and 20°C. 

  

  Concentration 

Locality T (°C) 0 mg/L 25 mg/L 50 mg/L 100 mg/L 

CP 

10 90.8 ± 7.4a 76.7 ± 4.1a 81.6 ± 6.9a 78.3 ± 11.7a 

15 85.8 ± 6.3a 87.5 ± 6.3a 85.8 ± 11.0a 77.5 ± 5.7a 

20 90.0 ± 7.2a 75.8 ± 5.7b 84.1 ± 5.0ab  72.5 ± 6.9b 

OUT 

10 70.8 ± 4.2ab 85.00 ± 5.7a 74.1 ± 6.8ab 69.1 ± 10.7b 

15 83.3 ± 15.1a 77.5 ± 5.7a 80.8 ± 3.2a 81.6 ± 6.4a 

20 86.6 ± 7.2a 71.6 ± 12.3a 77.5 ± 5.7a 72.5 ± 11.7a 

CSI 

10 91.6 ± 3.3a 69.1 ± 4.2b 74.1 ± 3.2b 68.3 ± 6.9b 

15 90.8 ± 4.2a 80.8 ± 5.7a 81.6 ± 10.4a 79.1 ± 3.8a 

20 93.3 ± 5.4a  71.6 ± 1.9a  70.8 ± 11.7a 76.0 ± 3.8a 
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Table 3.7: Three ways ANOVA analysis on Pb tests. DF = Degrees of freedom; SS = Sum of Square; MS = 

Mean Square; F = F statistic; P = P value. 

Source of Variation DF SS MS F P 

Locality 2 543.673 271.836 4.798 < 0.05 

Temperature 2 722.377 361.188 6.374 < 0.05 

Concentration 3 2924.306 974.769 17.203 < 0.001 

Locality × Temperature 4 123.457 30.864 0.545 > 0.05 

Locality × Concentration 6 1043.981 173.997 3.071 < 0.05 

Temperature × Concentration 6 568.981 94.830 1.674 > 0.05 

Locality × Concentration × Temperature 12 1253.704 104.475 1.844 < 0.05 

 

 

Figure 3.2: A) Istograms of total germination percentage (%) under Pb stress at different concentrations (0, 

25, 50, 100 mg/L) in CP, OUT and CSI (CP = Campo Pisano mine dump; OUT = Outside Campo Pisano mine 

dump; CSI = Campu S’Isca); different letters indicate statistically significant differences between 

concentration at different operative temperature for each locality at p < 0.05; B) Correlation between Pb 

concentration (0, 25, 50, 100 mg/L) and total germination percentage (%) in CP, OUT and CSI; R sqr = R 

square; p = p values. 

Taking account of the results of three ways ANOVA analysis, the correlations between the total 

germination percentage and the increase of Pb concentration were analysed. As shown in Figure 3.2B, 
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the values of R2 and P suggested the presence of a no linear correlation between total germination % 

and Pb concentrations in each localities. 

Table 3.8 shows T1 and T50 values of Pb measured during germination test. It was recognized that T1 

was reached in 10 days for all concentrations and temperatures, T50 in the first 20 days after sowing 

for all concentration and temperature. Moreover, there was a general increase in time (in days) of 

germination within an increment of Pb concentration for T1 and T50. This phenomenon was observed 

on every locality and at all temperatures. It was possible to recognize an increment in T50 following 

the order CSI > OUT > CP. 

Also in Pb’s germination test, temperature modified the fitness of germination, since it was evident a 

general decrease of T1 within increase of temperature. Moreover, also T50 values were influenced by 

temperatures in every localities understudy with minimum values at 15°C. 

Table 3.8: T1 and T50 (mean ± SD) expressed as days related to Pb germination test; concentration of Pb are 

expressed in mg/L; CP = Campo Pisano mine dump; OUT = Outside Campo Pisano mine dump; CSI = Campu 

S’Isca.  

Locality Concentration 

10°C 15°C 20°C 

T1 T50 T1 T50 T1 T50 

CP 0 7 ± 0 9 ± 1 5 ± 2 7 ± 2 5 ± 2 8 ± 2 

25 11 ± 2 14 ± 2 6 ± 0 10 ± 1 6 ± 0  14 ± 4 

50 11 ± 2 14 ± 1 6 ± 1 10 ± 1 6 ± 0 11 ± 2 

100 10 ± 0 18 ± 3 7 ± 1 9 ± 1 5 ± 1 23 ± 13 

OUT 0 8 ± 2 11 ± 1 5 ± 0 7 ± 2 5 ± 0 7 ± 1 

25 10 ± 0 16 ± 1 6 ± 1 8 ± 1 5 ± 0 11± 1 

50 11 ± 1 16 ± 3 7 ± 0 10 ± 1 5 ± 1 11 ± 2 

100 10 ± 0 18 ± 1 7 ± 0 12 ± 3 5 ± 1 11 ± 1 

CSI 0 8 ± 0 10 ± 1 4 ± 0 7 ± 1 4 ± 2 13 ± 7 

25 10 ± 0 13 ± 2 5 ± 0 11 ± 4 5 ± 1 23 ± 8 

50 8 ± 3 17 ± 3 6 ± 1 11 ± 2 5 ± 0 15 ± 4 

100 10 ± 0 16 ± 1 6 ± 1 19 ± 6 6 ± 1 18 ± 7 
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- Seedling survival under Zn and Pb 

The statistical analysis showed no differences for seedlings under Zn, both for locality and 

concentration as well as for their interaction (p > 0.05), as shown in Table 3.9 and Figure 3.3. It was 

possible to recognize a general increment in mortality until 500 mg/L of Zn, but it was observed a 

decrease after this threshold value (except for CP at 1000 mg/L of Zn). Mortality was the fewest in 

CSI in comparison to the others and it was stable on each concentration of Zn. Seedlings mortality 

under Pb (Table 9) showed a general decrease after a certain threshold concentration values. These 

were observed in each locality, with some differences in mortality percentages and Pb concentration 

values. For instance, in CP and OUT the decrease started after 50 mg/L but in CSI was at 25 mg/L. 

ANOVA analysis highlighted differences among the Pb concentrations (p < 0.05) but no differences 

between locality and the interaction between concentration and locality (p > 0.05). Considering each 

locality, no differences were observed between Pb concentrations in CP and CSI, whilst in OUT there 

were differences in seedling mortality without and within Pb stress. 

Table 3.9: Mortality percentages (mean ± SD) after 90 days from germination under different concentration 

of Zn and Pb (expressed in mg/L); CP = Campo Pisano mine dump; OUT = Outside Campo Pisano mine dump; 

CSI = Campu S’Isca; different letters indicate statistically significant differences between concentrations in 

each population at p < 0.05.  

Locality 
Zn concentration 

(mg/L) 

Mortality 

(% ± SD) 

Pb concentration 

(mg/L) 

Mortality 

(% ± SD) 

CP 

0 13 ± 23 0 13 ± 23a 

250 16 ± 19 25 16 ± 10a 

500 7 ± 12 50 29 ± 8a 

1000 21 ± 36 100 16 ± 2a 

OUT 

0 3 ± 6 0 3 ± 6a 

250 43 ± 32 25 34 ± 17b 

500 38 ± 15 50 51 ± 17b 

1000 12 ± 12 100 38 ± 12b 

CSI 

0 6 ± 10 0 6 ± 10a 

250 9 ± 5 25 46 ± 34a 

500 8 ± 2 50 40 ± 24a 

1000 7 ± 9 100 26 ± 20a 
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Figure 3.3: Istograms of mortality (%) of seedling under different Zn and Pb concentrations; A) Mortality at 

different Zn concentrations (0, 250, 500 and 1000 mg/L); B) Mortality at different Pb concentrations (0, 25, 

50 and 100 mg/L) in CP (Campo Pisano), OUT (Out of Campo Pisano) and CSI (Campou s’Isca); different 

letters indicate statistically significant differences between concentrationin each locality at p < 0.05; ns 

correspond to no-statistical differences. 

Discussion and conclusion 

Helichrysum tyrrhenicum showed germination capability at each temperature and concentration of 

Zn and Pb and the process was never completely inhibited. Taking account the Zn test, it was observed 

a general decrease of the germination percentage with increasing of the metal concentration, 

indicating a negative correlation between them, as shown by previous study concerning germination 

of the seed under metal stress (Kranner and Colville, 2013). Seeds of the mine dump (CP) was the 

less affected than OUT and CSI. This latest showed the best germination without Zn stress, whilst 

incrementing the concentration, the total germination response was lower. These facts indicate the 

great adaptation of population growing on mine waste to heavy metal stressing condition, and it is a 

well known fact that seeds produced by plants growing in contaminated sites may accumulate high 

levels of metals (Kranner and Colville, 2013). Futhermore, Maheshwari and Dubey (2008) observed 

a trend where seeds of metal tolerant plants can germinate at higher metal concentrations, and 

essential micronutrients cause damage only at very high ones. 

Another evidence of this adaptability was highlighted through the germination speed, indeed it was 

higher in CP than the other ones. Futhermore, it was influenced by temperature and concentration, 

highliting that less days were necessary to reach the T1 and T50, increasing the temperature and 

considering the lowest concentration. Some Mediterranean species like Atriplex halimus and 

Salicornia ramossisima (Marquez-Garcia et al., 2013), Bitumaria bituminosa C. H. Stirt. (Martìnez 



103 
 

Fernàndez et al., 2011) were tested regarding the germination under metals stress, (in particular Zn) 

showing high germination capability. For example, in the study of Marquez-Garcia et al. (2013), A. 

halimus were able to germinate at the different concentration of Zn with percentage close to 100%, 

whilst in S. ramosissima the percentage were lower than A. halimus (near to 60%). The germination 

percentages reported in Marquez-Garcia et al. (2013) for each tested species were higher than those 

recorded in this work for CP and OUT. It is important to clarify that also these species were naturally 

subjected to metals impact, indeed they lived in highly polluted soils of marshes environment. 

However, it is impossible to make a comparison between A. halimus, S. ramosissima and H. 

tyrrhenicum growing on unpolluted sites, because in the study of Marquez-Garcia et al. (2013) it was 

not taken into account specimens growing on uncontamined sites. 

Moreover, the absence of interaction between locality and temperature, confirms the huge climatic 

adaptability of this species, as reported by its natural distribution (Angiolini et al., 2005; Picciau et 

al., 2018). 

Regarding Pb stress, as previously cited, the germination was lower in comparison of Zn test. This 

fact could be explained by the high toxicity of Pb. Whilst Zn is an essential micronutrient for plants 

(Kranner and Colville, 2011) involving in carbohydrate, nucleic acid, and lipid metabolism (Kabata 

– Pendias and Pendias, 2011), Pb does not have role like nutrient and it is toxic for plants, acting on 

changes in permeability of the cell membrane (Kabata – Pendias and Pendias, 2011). As observed for 

Zn, CSI had the best germination without Pb stress, whilst CP was the less affected by the presence 

of Pb. It is noteworthy that the population grown on mining waste was more adapted than OCP and 

CSI. Other study, regarding the effect of Pb on germination, showed a decrease in total germination 

(Yang et al., 2010). The speed of germination was influenced by the incrising of concentration, with 

an increment of the number of days to reach the T1 and T50, but it was less evident as in Zn test. Also 

for Pb was observed the best adaption of the locality of mine waste. 

Moreover, it was established the tolerable concentration limit of Zn during germination of H. 

tyrrhenicum. As shown in table 3.4, it is able to germinate at very high concentration of Zn in every 

populations tested in particular for the mine dump one, indeed the limit concentration was higher in 

CP towards the other ones. It is noteworthy that plant species growning on mine substrate are better 

adapted to metal stress showing best germination capability and survival. This fact is in agreement 

with the previous study carried out on H. tyrrhenicum (Cao et al., 2004; Bacchetta et al., 2017; 

Bacchetta et al., 2018) which elucidated its great adaptability to high concentration of Zn, Pb and Cd. 

However, the no linear correlation of Pb germination data did not allow to determine these limits. 

It was also observed a successful growth of seedling, determing by their low mortality, and a better 

performance in Zn tests towards Pb ones. The mortality of seedling could be linked to the toxicity of 
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metals. Indeed, as preouviosly cited, Zn is an essential nutrient and has important functions in the 

metabolism of plants but is toxic at high concentrations (Kabata – Pendias, 2011; Marquez and 

Garcìa, 2013). Consequently, H .tyrrhenicum may catch a certain amount like nutrient, also suitable 

for the embryo, and the remaining amount may be softened by tolerance mechanism. This is in 

agreement with the capability of this species to tolerate high concentration of Zn, Pb and Cd in 

Sardinian abandoned mining sites context (Cao et al., 2004; Bacchetta et al., 2017; Bacchetta et al., 

2018). On the other hand, seedling mortality was higher in Pb test, and in particular, it was recorded 

a firstly increase in mortality. This fact underlines the high toxicity of Pb (Kabata – Pendias, 2011), 

especially for specimens unadapted to metals pollution (like CSI). Furthermore, it points out that the 

roots growth is more sensitive than seed germination to metal toxicity (Araujo and Monteiro, 2005; 

Iqbal and Rehman, 2002) because they are the first point of contact for metals. Therefore, it could be 

suppose that high concentration of Zn and Pb reduce germination of H. tyrrhenicum seeds, and the 

consenquentially growth of the seedling, in particular for unadapted populations.  

Taking into account the results of our study, H. tyrrhenicum appears a good candidate for 

phytostabilization activities. Moreover, considering that it is a perennial species, it must be favoured 

towards herbaceous, annual and biennial ones. Indeed, it can guarante a long-term canopy of mine 

waste, which will be preserve to wind dispersion and water erosion, preventing the pollutant 

propagation in the surrounding area. Moreover, it can help to create a soil wrap and rehabilitates the 

vegetational dynamics. Last but not least, it could be use in all mines of the Cyrho - Sardinian 

biogeographic province, being widely spread everywhere in Sardinia and Corse. Further knowledge 

about the germination of H. tyrrhenicum could be developed using combination of Zn and Pb at 

various concentration, perhaps taking account of the operative context and also considering the local 

bioavailabilty of these metals.  
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Chapter 4 

Environmental mineralogy: traits of the interaction “Helychrisum 

microphyllum Cambess subsp. tyrrhenicum Bacch Brullo & Giusso –

rhizosphere” 

Abstract 

Rhizosphere is where soil minerals and plant roots meet together with water, gas and other organisms. 

Many processes take place in the rhizosphere, like biomineralization on the surface of plant roots. 

After the uptake of metals from the root surface, metals are translocated to aerial compartments of 

the plant. Further biomineralization can occur in the aerial compartment. This study investigates the 

mineralogy and its evolution from rhizosphere to plant compartments of Helychrisum microphyllum 

subsp tyrrhenicum. In order to achieve these goals, X-ray diffraction (XRD), scanning electron 

microscopy (SEM) and advanced synchrotron-based techniques were used. The results indicate the 

presence of Al-Si (bio)minerals on the roots surface. The presence of this mineral rim can be referred 

to defense mechanism against exceeding amount of bioavailable Zn released from the substrate. 

Moreover, the XAS analysis showed that Zn in the rhizosphere is speciated in biominerals such as 

smithsonite, hydrozincite and Zn Sulfate, whilst Zn in plant tissues is speciated also in phases such 

as Zn apatite. These findings give relevant information about the defense mechanisms of plants 

pioneer in highly polluted soils; these results apply also to design of future phytostabilization 

activities. The mineralogical evolution in the investigated plant can help to better design the potential 

recovery of Zn from plant tissues and roots. 

 

Introduction 

Biosphere – geosphere interactions are particularly intense in the rhizosphere, wherein complex 

physic-chemical interactions occur, such as bio-mineralization induced or controlled by plants (He et 

al., 2014). Biomineral processes depend on several factors such as plant roots and microbiological 

activity, soil mineralogy, pore water and gas chemistry. Plants’ biominerals have long been known in 

literature. Their formation is linked to various biological and eco-physiological functions such as: the 

defence from predators, the alleviation of drought and salt stress, the regulation of Ca in the cell and 

the detoxification from metals (He et al., 2014; Shah et al., 2010). As shown by recent studies, bio-

minerals of Zn and other metals were observed on roots surface and they were considered to be a 
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response to local environmental stress (Sarret et al., 2007; De Giudici et al., 2015; Medas et al., 2015; 

Medas et al., 2017).  

Acquiring knowledge on biomineral processes is beneficial both from the point of view of 

fundamental sciences and for the possible application in phytoremediation activities. This work is 

aimed to understand the (bio)mineralogy in “Helychrisum microphyllum Cambess. subsp. 

tyrrhenicum Bacch, Brullo & Giusso” (hereafter H. tyrrhenicum) grown in soils from an abandoned 

mining area in the Campo Pisano mine dump (SW Sardinia). The species was selected for its ability 

to tolerate Zn, Pb and Cd and for its potential suitability in phytoremediation activities (Cao et al., 

2004; Bacchetta et al., 2017; Bacchetta et al., 2018). Moreover, it spontaneously grows on mine waste 

of the study area in different plant assemblages of mine environment (Angiolini et al., 2005; Bacchetta 

et al. 2007). 

After the closure of Sardinia’s mines, around 70 million of m3 of mine waste rich in pollutant metals 

were left abandoned without reclamation (Jimenez et al., 2011). The dispersion of the metals in the 

surrounding area is an important issue for this region, also considering the potential risk for human 

health. Some metals are essential micronutrients for plants (Kranner and Colville, 2013), however, 

over critical concentration (Kabata Pendias, 2011), metals become toxic for plants and the other living 

organisms. For instance, Zn plays different functions in plants, namely, it is involved in the 

metabolism of carbohydrates and proteins, in the formation of RNA and ribosome, and it stimulates 

the resistance of plants to drought, and also against bacterial and fungal diseases (Kabata Pendias, 

2011). However, the excess of Zn causes several damage in the morphology and physiology of plants, 

like: the chlorosis in young leaves, the inhibition of photosynthesis, the uptake of other nutrients, the 

inhibition of seed germination, seedling growth and root elongation (Marschner, 1995; Wang et al., 

2009; Marquez-Garcia et al., 2013). Consequently, the survival of plants to metal stress depends on 

their ability to react and give an adaptive response to these unfavourable conditions (Jenks and 

Hasegawa, 2014). 

Plants can react to metal stress in different ways:  

a) modifying the roots architecture (Malamy, 2005; Sun et al., 2008); 

b) by biochemical response at cellular levels (dos Reis et al., 2012);  

c) by symbiotic association between roots and fungi and/or algae species;  

d) by entrapping metals in bio-minerals (De Giudici et al., 2015). 
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In order to develop more efficient reclamation technologies, key factors of biomineralization 

processes must be considered, especially a) the complex interactions between roots surface and soil, 

which occurs in the rhizosphere and b) the microscopic processes ruling the bioavailability and bio-

mineralization of metals. As shown by the literature, the knowledge of these complex interactions is 

mainly empirical and only partially understood (Gardea-Torresday et al., 2001, 2005; De Giudici et 

al., 2015).  

In this awkward frame, the recent development of microscopic and synchrotron technologies has 

elucidated some of the physiological mechanisms of biomineralization, which reduces the 

bioavailability of metals (De Giudici et al., 2015; Medas et al., 2015).  

Over the past few years, some in situ and ex situ studies were conducted on different native Sardinian 

species growing on polluted mine areas, along with synchrotron-based studies. For instance, Pistacia 

lentiscus L., an autochthonous shrub of the Mediterranean woodlands, is known for its ability to grow 

on contaminated substrates resulting of mining flotation treatments and it is considered a good 

candidate for phyto-stabilization of mine waste (Bacchetta et al., 2012; Bacchetta et al., 2015; Concas 

et al., 2015). Moreover, a synchrotron-based study (De Giudici et al., 2015) pointed out the formation 

of Si and Zn bio-mineralizations at the interface between plant roots and rhizosphere. This 

phenomenon was interpreted as a survival strategy, acted by the plant species as a protective 

mechanism to higher concentrations of Zn. Synchrotron studies were also carried out on other 

Sardinian plant species like Euphorbia cupanii Bertol ex Moris (Medas et al. 2015), Juncus acutus 

L. and Phragmites australis (Cav.) Trin. Ex Steud (De Giudici et al., 2017; Medas et al., 2017), 

showing the presence of a rim of Al and Si on the surface of the roots which are able to uptake some 

Zn. 

The specific objectives of this study were: 1) to obtain more information about the evolution and 

spatial distribution of minerals in the tissues of H. tyrrhenicum; 2) to shed light about its survival 

strategy on highly Zn-contaminated tailings of Campo Pisano mine dump. The results of this study 

could possibly support practical applications in phytoremediation and biotechnologies. 

Materials and methods 

- Study area 

The study area is the Campo Pisano mine dump, which is hosted into the Rio San Giorgio Valley 

(Iglesias, Sardinia) belonging to the Sulcis Iglesiente mine district. The reference samples were 

collected in Su Spantu (Capoterra) and Is Molas (Pula) which are characterized by a granite lithology. 
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Moreover, they lie far from the mining area and metals anomaly. The main lithology of Campo Pisano 

area is carbonate rocks, as Cambrian limestones and dolomites (Bechstädt and Boni 1994). The mine 

exploitation ended in 1998 and the main extracted minerals were sphalerite and galena, plus Zn and 

Pb calamine minerals like anglesite, cerussite, hydrozincite, hemimorphite and smithsonite. The 

whole area is characterized by a Mediterranean pluviseasonal bioclimate, with thermotypes ranging 

between the upper thermo - Mediterranean and the lower meso - Mediterranean and ombrotypes 

between the upper dry and the lower sub - humid (Bacchetta et al., 2009). It is noteworthy that the 

lack of rainfall during the summer combined with the absence of a plant canopy, amplify the impact 

of the contamination (Mendez and Maier, 2008). 

 

Figure 4.1: Sampling site; 1= Campo Pisano Area; 1a= CP (Campo Pisano mine dump); 1b= OCP (Out of 

Campo Pisano mine dump); 2= SS (Su Spantu).  
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- Sampling design 

Different samples of H. tyrrhenicum roots, stems, leaves, soil and rhizosphere solid materials (soil 

portion within 2 mm of the roots) were collected in four sites: Campo Pisano mine dump (CP), Outside 

the mine dump (OCP), Su Spantu and Is Molas (SS and ISM). SS and ISM areas are far outside from 

the mine district and not affected by Zn pollution. Table 4.1 reports the geographical coordinates, the 

number of the collected samples and the main characters of the sampling sites. The specimens were 

collected of the same dimension and age with the aim to gather homogenous samples and minimize 

the intraspecific differences. After the harvesting, specimens were immediately processed in 

laboratory. Plants were firstly divided from soil and then, the roots were separated from rhizosphere. 

This was obtained by shaking vigorously the roots and then removing the most adherent particles 

with a little brush. An aliquot of each plant compartment was cleaned, while the other one was only 

vigorously shaked (hereafter named raw root). The clean aliquot was washed three times using 

deionized water and milli-Q water for removing soil or dust particles from their surface. This is 

necessary in order to gather information about the mineralogical composition of the tissues. The 

specimens were divided in different portions: i) raw root; ii) cleaned root; iii) epidermis (the external 

part of the root); iv) inner root (the root without the epidermis); v) stems and vi) leaves. 

Table 4.1: sample nomenclature, location and characters of the sampling sites. 

Sampling site Main Coordinates 

(WGS 84) 

Characters Lithology Number of 

sample 

Campo Pisano 

mine dump (CP) 

39°17'45.2"N, 

8°32'15.1"E 

Geochemical 

anomaly in Zn + mine 

impact 

Pyrite rich mine waste, 

carbonate rich material 

added to mine waste 

surface 

3 

Outside the mine 

dump (OCP) 

39°17'32.3"N, 

8°32'34.9"E 

Geochemical 

anomaly in Zn 

Carbonates rocks, 

close to ore outcrop 

3 

Su Spantu (SS) 39°06'17.4"N, 

8°56'09.3"E 

No Geochemical 

anomaly in Zn + no 

anthropic impact  

Granites 3 

Is molas (ISM) 38°59'31.7"N 

8°56'04.4"E 

No Geochemical 

anomaly in Zn + no 

anthropic impact 

Granites 1 

 

  



114 
 

- X-ray diffraction analysis (XRD) and Electron microscopic analysis (SEM) imaging 

and chemical composition 

X-ray diffraction was performed by a laboratory θ-2θ geometry diffractometer (Panalytical) operating 

at 40 kV and 40 mA with Cu Kα radiation (λ = 1.54060 Å) and using the X′Celerator detector. Peaks 

for the mineral were attributed according to the Powder Diffraction Cards by using X’Pert Highscore 

plus software (Philips). Soil, rhizosphere materials and plants samples were air dried for a week and 

finally ground in an agate mortar. Plants samples were oven dried at 40° C for a week and finely 

ground in an electric grinder (Retsch- ZM 200). Microscopic character and chemical composition of 

plant tissues were investigated by scanning electron microscopy (SEM) coupled with an EDAX 

analyser (ESEM QUANTA 200, FEI) at room temperature. 

- Soft X-ray Microscopy (STXM) combined with Low Energy XRF mapping (LEXRF) 

Scanning Transmission Soft X-ray Microscopy (STXM) combined with Low Energy XRF (LEXRF) 

mapping analyses were performed at the “TwinMic” beam line at Elettra Sincrotone Trieste (Trieste, 

Italy). Thin cross sections of roots (14 µm thick) were previously cut with a microtome (Micron) and 

collected on a 4 µm thick ultralene film, as previously reported by Medas et al. (2015). 

This technique provides information about the spatial distribution of the low and the mid Z-elements 

(Giannoncelli et al., 2013; Pongrac et al., 2013). The TwinMic microscope operated in Scanning 

Transmission mode, where mono - chromatised X- rays were focused on the sample. During the 

sample scanning, a CCD camera (Andor Technology) collected the transmitted X rays (Gianoncelli 

et al., 2006; Morrison et al., 2006) through an X-ray-visible light converting system, acquiring the 

XRF photons emitted by the sample. So the LEXRF spectra were acquired simultaneously with the 

transmission signal (as X ray absorption and phase contrast images), giving elemental maps which 

provide morphological and chemical information. The X-ray beam energy (E = 1.985 keV) was 

chosen to ensure the best excitation and detection of Zn, Si, and Al, with a spatial resolution (X-ray 

spot size) of 1 µm × 1 µm. The XRF elemental maps were deconvoluted and analysed with PyMCA 

software (Sole et al., 2007). 

- X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) analysis were carried out at the ELETTRA-XAFS beam line 

in Trieste (Italy, Di Cicco et al., 2009) at the Zn K-edge (9.659 keV). Rhizosphere and plant tissues 

samples were previously dried and ground, and finally pressed in solid pellets. The Zn K-edge 

absorption spectra were measured in transmission geometry for rhizosphere and external roots, and 

in fluorescence geometry for inner roots and stems, keeping the samples at the liquid nitrogen 
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temperature. Zn K-edge raw XAS data were treated following the standard methods (Meneghini et 

al., 2005, 2012) for background subtraction and edge-jump normalization. However, the quantitative 

analysis of the extended EXAFS signal could not provide further details, due the complex average 

Zn coordination. 

Results 

- XRD analisys 

Figure 4.2 shows the diffraction peaks of the samples regarding Campo Pisano mine dump: soil (Fig. 

1a), rhizosphere solid materials (Fig. 4.2b), plant root (Fig. 4.2c – e), plant stem (Fig. 4.2f) and leaves 

(Fig. 4.2g). Soil mineralogy mainly includes quartz, dolomite, gypsum, pyrite and jarosite, whilst the 

rhizosphere materials mainly consist of quartz, dolomite, goethite, gypsum and pyrite, showing no 

significant mineralogical difference between them, except for jarosite and iron sulphate. Quartz, 

dolomite and pyrite are primary minerals which are present in the ores. Goethite, jarosite and gypsum 

are secondary minerals, which form during the alteration of the primary ones. In particular, jarosite 

and goethite form from the alteration of pyrite, while gypsum derives from the alteration of dolomite 

and pyrite. The diffraction peaks of the various plant compartments (roots, stems and leaves) were 

mainly made up of amorphous cellulose, which can be ascribed to the wide peaks from the 2θ values 

of approximately 14.9° – 16.5° and 22.8°. These wide peaks are due to the amorphous structure of 

the cellulose. Moreover, in each part of root (epidermis, inner root and clean root) weddellite (Ca 

oxalate) was recognizable. In particular, the epidermis presented weddelite and quartz, whilst the 

clean root showed quartz and dolomite.  

Table 4.2 reports the mineralogical composition and its evolution from soil to plant tissues of samples 

collected in the investigated areas. The main minerals in OCP soil were quartz, dolomite, 

phyllosilicates and pyrite as primary minerals, and smithsonite and goethite that derived from the 

alteration of dolomites/blende and pyrite respectively. In the rhizosphere, quartz, dolomite and 

phyllosilicates were detected, whilst pyrite was not observed. Weddellite was not detected in roots, 

while quartz was present in each plant tissues. The soil and the rhizosphere of SS mainly consist of 

quartz and phyllosilicates (primary minerals), as observed also in ISM, in accordance with the granite 

lithology of these areas. Regarding the mineralogical composition of these specimens, quartz is the 

only crystalline mineral observed in the analyzed tissues. Weddelite and quartz observed inside plant 

tissues (i.e: inner roots, stem and leaves) must be considered biominerals because their formation is 

controlled by plant. 
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Figure 4.2: XRD patterns of soil sample (a), rhizosphere solid materials (b) and plant roots (c–e), stem (f) 

and leaves (g) from Campo Pisano mine dump. 
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Table 4.2: mineral composition and evolution from soil to plant tissues. The coloured square indicates the 

presence of the minerals. 

Sample 

W
ed

d
el

it
e 

Q
u

a
rt

z 

D
o

lo
m

it
e 

S
m

it
h

so
n

it
e 

G
o

et
h

it
e 

G
y

p
su

m
 

J
a

ro
si

te
 

P
h

y
ll

o
si

li
ca

te
 

P
y

ri
te

 

C
el

lu
lo

se
 

CP1  

Soil           

Rhizosphere           

Raw root           

Clean root           

Epidermis           

Inner root           

Stem           

Leaves           

CP2  

Soil           

Rhizosphere           

Raw root           

Clean root           

Epidermis           

Inner root           

Stem           

Leaves           

OCP 

Soil           

Rhizosphere           

Raw root           

Clean root           

Epidermis           

Inner root           

Stem           

Leaves           

SS 

Soil           

Rhizosphere           

Clean root           

Stem           

ISM 

Soil           

Rhizosphere           

Clean root           

Epidermis           

Stem            

Leaves           
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- SEM investigation 

The samples used for SEM investigation were not cleaned with water in order to observe mineral 

grains adhering to the root sufaces. Several sections (from 5 to 10) of roots were cut using a lancet 

and immediately analyzed in order to avoid dehydration of the section. 

The SEM investigation on CP and OCP root surface showed the presence of mineral layers and 

isolated grains stuck even after vigorous shaking of the roots during the cleaning procedure. EDAX 

analysis of CP samples showed that the layers were made up of Fe oxide, with the presence of Zn and 

Pb. The grains were mainly made of barite, Fe and Ti oxide. Zn, Pb and Fe are linked to the related 

ores minerals and from their alteration ones. The analysis of a portion of the root without mineral 

layers or grains (point c in figure 4.3; uncoated root) showed the presence of Si, Cl, Zn and Pb. The 

presence of these metals can be explained by the root uptake capability of the species.  

 

 

Figure 4.3: SEM images of roots of H. tyrrhenicum obtained at higher magnification with SSD detector 

collected in SS OCP and relative EDAX analysis; a= mineral layer; b and d= grains; c= uncoated root. 
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The coating on the root surface of OCP was mainly composed of grains rich in Al, Si, O, Fe, trace of 

Zn and Pb (Fig. 4.4, point a). Si and Al are constituent of silicate and aluminumsilicate minerals. The 

uncoated root (Fig. 4.4, point b) showed Si, Fe, Cl, Ca and K. In the inner part of the root, it was 

observed the presence of Si and O (Fig. 4.4, point c). 

Figure 4.4: SEM images of roots of H. tyrrhenicum obtained at higher magnification with SSD detector 

collected in OCP and relative EDAX analysis; a= mineral layer; b= uncoated root surface; c= root channel; I) 

= focus on root’s channels. 

No mineral layers were observed on the surface of the roots of SS, except only little white grains 

spread on the surface. These grains were mainly made of Ca, C, O, which are likely ascribable to Ca 
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Oxalate (Fig. 4.5, point b). The uncoated surface were made of Cl, O, Mg, K, P and S (Fig 4.5 point 

a). No trace of Zn and Pb were observed, as expected by the nature of the sampling site.  

 

Figure 4.5: SEM images of roots of H. tyrrhenicum obtained at higher magnification with SSD detector 

collected in SS and relative EDAX analysis; a= uncoated root surface; b= spot on white grains; I) = focus on 

white grains. 

- Element distribution and speciation 

Thin cross sections (14 µm thick) of roots were analysed by STXM coupled with LEXRF in order to 

investigate the distribution of Si, Al, Zn and Fe. Figure 4.6 shows the distribution of these elements 

across the section. Si and Al were mainly present in the outer part of the root, forming a rim. Their 

content decreased from the outer part to the inner one. Zn and Fe were present in the inner part of the 

rim as single concentrated spots. However, they were mainly spread in the inner part of the root. In 

this frame, Fe is more intense and distribute than Zn (Figure 4.6, II). 
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Figure 4.6: thin cross root section (14 µm) of H. tyrrhenicum collected. Ordinary light stereo - microscope 

image with location of acquired maps (a), bright field (absorption) images (b), and LEXRF maps of Si, Al, Zn 

and Fe in outer (I) and inner part (II) of roots. 

The XAFS spectroscopy information provide valuable details about the average chemical nature of 

the investigated metal, providing complementary details on its average valence state and coordination 

chemistry (XANES). The quantitative analysis of the XANES region is a difficult task when 

biological samples are used. However, if the data are compared with reference compounds, it will be 

easier to shed light on their average mineragical enviroment. Previous studies (De Giudici et al., 2015; 

Medas et al., 2015; Medas et al., 2017; Caldelas et al., 2017) showed that Zn in plants and rhizosphere 

can occur as organic or inorganic complexes. As a consequence, a large set of organic and inorganic 

compound were selected as reference materials (see table 4.3).  

Figure 4.7 reports the normalized Zn-K edge absorption spectra in XANES region of the reference 

compounds (grey spectra), of the different plant tissues (raw external roots, cleaned roots, epidermis, 

inner root, stems and leaves) and rhizosphere (black spectra) collected in CP and OCP. It is 

noteworthy that the XANES spectra of the plant tissues were smoother and broader than the reference 

materials one. This indicates a disorderly environment of Zn in biological samples. The feature of the 

rhizosphere samples were similar to those of root. This indicates that the most common Zn species in 

roots was similar to those observed in the surrounding soil. It is necessary to clarify that the XAS 

analysis give information only about the average atomic structure of few Å around the absorber. 

Consequently, XAS data must be considered only at local atomic scale.  
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Figure 4.7: Normalized absorption spectra (α) in the Zn K-edge XANES collected in CP and OCP samples 

and on selected reference compounds. Similar features among root plant samples, rhizosphere materials, soil 

and reference compounds are highlighted. Zn-ac hyd = Zn acetate hydrate; Zn-apat = Zn apatite; Zn-sulp = Zn 

sulphate; hdz = hidrozincite; smith = smithsonite; rhizo = rhizosphere; c- root = clean roots; r-root = raw roots; 

epid = epidermis; inner = inner root. 
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Table 4.3 reports the linear combination analysis (LCA) of XANES on the collected sample. The 

LCA gives quantitative information about the main Zn phases in the samples and it permits to 

distinguish in which phases Zn lies. The LCA uses a trial and error procedure, based on a statistical 

analysis of the best fit residue (2-test and F-test), to individuate the reference compounds which give 

the agreement with the samples. 

Table 4.3: results of linear combination analysis of XANES for all the investigated samples: rhizosphere 

materials, raw root, clean root, epidermis and inner root, stem, and leaves of H. tyrrhenicum. 

 Reference materials 

 

S
m

it
h

so
n

it
e 

H
y
d

ro
zi

n
ci

te
 

Z
n

 s
u

lp
h

a
te

 

Z
n

 a
p

a
ti

te
 

Z
n

 c
it

ra
te

 

Z
n

 h
is

ti
d

in
e 

Z
n

 a
ce

ta
te

 h
y

d
r
a

te
 

Z
n

 m
a
la

te
 

Z
n

 c
y
st

ei
n

e 

R
 f

a
ct

o
r 

(x
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0
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CP1            

Rhizosphere 20 27 29 - 8 - 24 - - 0.01 

Raw root - 26 18 26 2 - 16 13 - 0.01 

Clean root - 17 16 38 - - 20 9 - 0.01 

Epidermis - 16 8 55 - - 15 8 - 0.02 

Inner root - 10 - 52 2 11 - 13 12 0.01 

Stem - 15 31 15 - - 16 24 - 0.1 

Leaves - 16 28 19 - - 17 20 - 0.01 

CP2            

Rhizosphere 24 44 12 11 8 - - - - 0.3 

Raw root - 17 14 39 4 - 6 21 - 0.1 

Clean root - 17 14 38 7 3 4 17 - 0.1 

Epidermis - 12 9 44 7 - 4 19 4 0.1 

Inner root - 16 8 55 6 - - 18 - 0.2 

Stem - 12 - 48 11 - 12 16 - 0.1 

Leaves - 8 8 45 12 - 14 16 - 0.2 

OCP1           

Rhizosphere 19 35 42 - - - 11 - - 0.5 

Clean root - 14 13 26 11 8 12 15 - 1.3 

Stem - 23 6 13 14 - 28 26 - 0.4 

Leaves - 20 6 21 12 - 31 20 - 0.4 

 

The main contribution of Zn in the rhizosphere materials is related to smithsonite, hydrozincite and 

Zn sulphate that form from the alteration of ore minerals. These were present in each sampling site 

(CP1, CP2, and OCP1) but their abundance varied among them (i.e.: hydrozincite was more abundant 

in CP2 than the other ones). In the plant tissues, the main Zn phases were related to biological 

controlled minerals (i.e.: Zn citrate, Zn apatite and Zn acetate hydrated). Zn citrate and Zn acetate 
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hydrate were mainly present in CP1, Zn apatite and Zn citrate in CP2, Zn acetate hydrate in OCP1. 

 

Figure 4.5: Graph of the distribution in Zn phases related to alteration minerals (red -orange shade) and Zn 

phases related to biological controlled reaction (Blue shade). 

The abundance of smithsonite, hydrozincite and Zn sulfate decreased from rhizosphere to plant 

tissues and from the outer part of root (epidermis) to the inner one. 

 

Discussion and conclusion 

Recent literature pointed out that plant species growing in contaminated sites develop different 

strategies in order to survive in presence of toxic metals and minimize their exposure (Manara, 2012; 

Kumar et al., 2015). Plants are able to catch only the bioavailable fraction of the metals, which can 

be modified in different ways. Firstly, through the secretion of roots exudates which can rule 

variations in the physical and chemical properties of the rhizosphere (Dong et al., 2007; Kidd et al., 

2009). Secondly, mycorrhiza symbiosis can help the plant in survival for their ability to modify the 

bioavailability of metals (Turnau et al., 2010). As previously cited, rhizosphere is the critical zone 

wherein biosphere and geosphere meet and minerals undergo into dissolution and/or precipitation 

(Anderson et al., 1993). Indeed, formation of secondary minerals can result from the weathering of 

primary minerals and/or from the interaction with roots exudates (Houben et al., 2014; De Giudici et 

al 2015, 2017; Medas et al., 2015, 2017). Zn is well known to be an essential micronutrient for plants, 

but at higher concentrations, it becomes toxic. Plants mainly store Zn in their tissues as metal - organic 

complexes (De Giudici et al., 2015, 2017; Caldelas et al. 2011; Medas et al., 2015, 2017; Sarret et al., 
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2002), even if biominerals frequently occur in plant (Neumann and zur Nieden, 2001) sometime in 

the outer part of roots (Medas et al. 2015, 2017; De Giudici et al., 2015). 

In this study, the mineralogy and its evolution from rhizosphere to plant compartments of H. 

tyrrhenicum were investigated. As determined by XRD, rhizospheres and soils of affected substrates 

(CP and OCP) contained minerals related to the ore (i.e.: pyrite) and those formed from their alteration 

(i.e.: jarosite). However, they were absent in the substrates of unpolluted areas (SS and ISM). In the 

roots, the main identified minerals were quartz, dolomite and weddellite. This last was only observed 

in CP epidermis and it is a mineral build by the plant. Weddelite (C2CaO4·2H2O) is an insoluble 

organic salt and its main purpose is the regulation of Ca, but other function were observed such as 

protection by predators, structural strengthening, calcium storage, light gathering and detoxification 

from oxalic acid and metals (Horner and Wagner, 1995; Giordani et al., 2003; Franceschi and Nakata, 

2005; Mazen et al., 1998). 

The images acquired with SEM and the EDAX data showed the presence of a (bio)mineral rim on 

the surface of the roots of CP and OCP. The EDAX analysis showed the presence of Fe oxide, Zn, 

Pb on the mineral coat, which are consistent with the local mineralogy. Futhermore, the STXM data 

showed that Si and Al were mainly present in the outer part of the roots, whilst Zn and Fe were present 

in their inner part.  

LEXRF mapping combined to the results of EXAFS analysis showed that the main contribution of 

Zn-biominerals in the rhizosphere are smithsonite, hydrozincite and Zn sulphate. Their origin cannot 

be uniquely attributed to biological control or induction. Zn-biominerals were more abundant into 

plant compartment as Zn apatite, Zn acetate hydrate, Zn citrate, Zn malate Zn cysteine and Zn 

histidine. Zn histidine was observed in all sampling sites of the Campo Pisano area (CP and OCP). It 

is noteworthy that it is considered a detoxification agent used by many organisms (Hall, 2002; Eide, 

2006). Cysteine is an amino acid with a low mocecular weight, which is common of different kind of 

metal chelators. Several findings support the general statement that Zn is bound to soluble low 

molecular- weight proteins (Kabata – Pendias, 2011 and reference therein) such as phytochelatins 

and metallothioneins. Both are rich in cysteine and have a strong affinity to metals (Sharma et al., 

2015). 

Previous studies on the behaviour of H. tyrrhenicum pointed out its tolerance towards Zn, Pb and Cd 

(Cao et al., 2004; Bacchetta et al., 2017; Bacchetta et al., 2018). Considering that the mineral rim was 

present only in roots of polluted site, we can argue that it is the result of the interaction between soil 

minerals and root exudates and a physical barrier built by the species towards metals stress. Moreover, 

H. tyrrhenicum was found able to vary its survival strategy according to surrounding environment, as 

shown by the presence of (bio)minerals only in CP and OCP roots surface as well as for the abundance 
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and distribution of the Zn phases observed in the different sites. According to Medas et al. (2015, 

2017) and De Giudici et al. (2015) other species growing in unpolluted sites, like E. pithyusa, P. 

lentiscus, P. australis, developed an own built-in mechanism of metal tolerance.  

The results of this study must be considered for future phytostabilization actions. Furthermore, the 

understanding of microscopic processes ruling bio-geosphere interaction could enhance the 

development of new and more efficient bioremediation techniques. Future investigations about the 

microbiota surrounding the roots of H. tyrrhenicum are needed to elucidate the presence of microbial 

community supporting biomineralization processes.  
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Conclusion 

The aim of this PhD thesis was to investigate about the possible use of Helichrysum microphyllum 

subsp. tyrrhenicum in phytoremediation activities of Sardinian abandoned mining sites. The 

multidisciplinary nature of this study allowed to shed light about the plant – soil system and the eco- 

physiological germination response to metal stress. The area of interest was the Campo Pisano mine 

dump (South - west Sardinia), which is hosted into the Paleozoic carbonatic platform. The main 

pollutant of this area are Zn, Pb and Cd.  

In the field sampling campaign, different plant compartments and soil samples were analysed for their 

content in Zn, Pb and Cd. The chemical analysis of the metal content in the substrates and 

rhizospheres showed metal concentrations higher than the threshold contamination levels established 

by the Italian Law (D. Lgs 152/ 2006) for industrial use of soil. High contents of pollutants in H. 

tyrrhenicum roots were found with respect to the bioavailable metals in soils. Some biological indexes 

were calculated in order to evaluate the bioaccumulation of this species. In particular, the TF values 

indicate a fair traslocation to aerial organs. Consequently, H. tyrrhenicum can be considered a tolerant 

species towards these metals. Moreover, it was found able to to influence the minerals in the 

rhizosphere and this could be part of its pioneering strategy.  

The phytoremediation laboratory experiment confirms the metal tolerance of this species towards Zn, 

Pb and Cd. High concentrations of these metals in its tissues reflect the high contamination levels 

observed in the polluted matrices. The metals concentrations follow the order roots > epigeal organs. 

BCF, BAC and TF were calculated and their results further confirm its metal tolerance. The survival 

data and growth parameters confirmed the adaptability to the metal stress. The use of the compost as 

amendment improved soil properties, decreased the metal concentration and the uptake by plant 

tissues. Finally, compost increased the survival of the species. However, a different traslocation 

behaviour was observed between the spontaneous specimens and those of the laboratory test. This 

difference could be explained by the time exposure to metals (only six months for the laboratory test’s 

specimens and the entire life for the field sampling ones). 

Germination tests under different concentration of Zn and Pb showed that specimens grown in mining 

areas are better adapted than those grown on unpolluted site towards metals stress. It is noteworthy 

that the germination was not completely inhibited on seeds collected in unpolluted site. Moreover, it 

was observed a low mortality of the seedlings subjected to Zn and Pb. The best data in terms of 

germination percentage and survival were observed in Zn test, confirming the high toxicity of Pb for 

plants. 
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The mineralogy and its evolution from rhizosphere to plant compartments of Helichrysum 

microphyllum subsp. tyrrhenicum were investigated. Results shed light on the presence of Al - Si 

(bio) minerals on the roots surface of polluted specimens. Si and Al are maily present in the outer 

part of the root forming a rim, whilst Zn is more abundant in the inner part of the root. The presence 

of this rim can be interpreted as a physical barrier built by the species in order to limit the metal stress. 

Moreover, H. tyrrhenicum varied its survival strategy according to surrounding environment.  

These reasons, along with that Helichrysum microphyllum subsp. tyrrhenicum  is a perennial species 

able to spontaneously colonize mine sites, allow us to condider it a good candidate for future 

revegetation and phytostabilization actions of abandoned mining sites. Indeed, it guarantees a long- 

term plant canopy, avoiding the risk of contaminants release typical of annual plants.  
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