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Introduction

Silicon is the second most abundant element in Earth's crust; thus it is involved in many chemical reactions [START_REF] Anderson | Chemical composition of the mantle[END_REF]. Whereas its role in inorganic reactions has been known for a long time, and only over the past two decades the importance of the biogenic cycle of silicon in terrestrial environments has been recognized [START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Derry | Biological control of terrestrial silica cycling and export fluxes to watersheds[END_REF][START_REF] Meunier | Biogenic silica storage in soils[END_REF]. Further, Si is known for being able to alleviate metal stress in plants in many ways [START_REF] Adrees | Mechanisms of silicon-mediated alleviation of heavy metal toxicity in plants: A review[END_REF][START_REF] Rizwan | Silicon alleviates Cd stress of wheat seedlings (Triticum turgidum L. cv. Claudio) grown in hydroponics[END_REF]. This element can immobilize heavy metals in the growth environment (by precipitation or chelation) [START_REF] Kidd | The role of root exudates in aluminium resistance and silicon-induced amelioration of aluminium toxicity in three varieties of maize (Zea mays L.)[END_REF][START_REF] Liang | Mechanisms of silicon-mediated alleviation of abiotic stresses in higher plants: A review[END_REF][START_REF] Ma | Al-induced inhibition of root elongation in corn, Zea mays L. is overcome by Si addition[END_REF][START_REF] Neumann | Heavy metal tolerance of Minuartia verna[END_REF]; increase the plant's antioxidant defense system [START_REF] Ali | Alleviation of chromium toxicity by glycinebetaine is related to elevated antioxidant enzymes and suppressed chromium uptake and oxidative stress in wheat (Triticum aestivum L.)[END_REF][START_REF] Farooq | Alleviation of cadmium toxicity by silicon is related to elevated photosynthesis, antioxidant enzymes; suppressed cadmium uptake and oxidative stress in cotton[END_REF]; modify the expressed genes [START_REF] Kim | Silicon mitigates heavy metal stress by regulating P-type heavy metal ATPases, Oryza sativalow silicon genes, and endogenous phytohormones[END_REF][START_REF] Li | Impact of rice cultivar and organ on elemental composition of phytoliths and the release of bio-available silicon[END_REF] or alter the plant's structure such as root length [START_REF] Keller | Effect of silicon on wheat seedlings (Triticum turgidum L.) grown in hydroponics and exposed to 0 to 30 µM Cu[END_REF][START_REF] Vaculík | Silicon mitigates cadmium inhibitory effects in young maize plants[END_REF].

From soil solutions, dissolved silicic acid can precipitate in the aerial tissues of some plants as micrometric opal particles called phytoliths [START_REF] Piperno | Phytolith analysis. An Archaeological and Geological Perspective[END_REF][START_REF] Piperno | Phytoliths: a comprehensive guide for archaeologists and paleoecologists[END_REF] which can present a wide range of different forms [START_REF] Conley | Terrestrial ecosystems and the global biogeochemical silica cycle[END_REF][START_REF] Liu | Response of phytoliths in Phragmites communis to humidity in NE China[END_REF][START_REF] Shakoor | Taxonomic demarcation of Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. (Arundinoideae, Poaceae) from phytolith signatures[END_REF]. While the role of phytoliths in the cycling of major elements like Si (but also C and nutrients) has been recognized [START_REF] Bartoli | Le cycle biogéochimique du silicium sur roches acides. Application à deux systèmes forestiers tempérés[END_REF]1983;[START_REF] Piperno | Phytolith analysis. An Archaeological and Geological Perspective[END_REF], their contribution to heavy metals (HM) bioaccumulation in plant tissues remains unclear.

However, as HM are nowadays of high interest in environment concerns, the potential role of phytoliths in HM sequestration and immobilization in plants has to be better investigated. Indeed, since the industrial revolution, anthropogenic activities have led to the emission and diffusion of HM in different compartments of the environment [START_REF] Duffus | Heavy metals" a meaningless term? (IUPAC Technical Report)[END_REF][START_REF] Nriagu | Quantitative assessment of worldwide contamination of air, water and soils by trace metals[END_REF]. These HM are able to enter the food chain through contaminated soils, water sources and air deposits [START_REF] Fytianos | Accumulation of Heavy Metals in Vegetables Grown in an Industrial Area in Relation to Soil[END_REF]. They cannot be chemically or biologically degraded, and therefore represent a threat to soils because they may prevent them from delivering their ecosystem services [START_REF] Madejón | Soilplant relationships and contamination by trace elements: A review of twenty years of experimentation and monitoring after the Aznalcóllar (SW Spain) mine accident[END_REF][START_REF] Rodríguez Martín | Effect of mine tailing on the spatial variability of soil nematodes from lead pollution in La Union (Spain)[END_REF]. Among the HM, the most dangerous are As, Cd, Cr, Hg and Pb because of their extensive use, toxicity and widespread distribution in the environment [START_REF] Baird | Environmental chemistry[END_REF].

Others also present a risk for environment and human health such as Cu [START_REF] Tokar | Toxic effects of metals[END_REF], Mn [START_REF] Emsley | Nature's Building Blocks: An A-Z Guide to the Elements[END_REF] or Zn [START_REF] Eisler | Zinc Hazards to Fish, Wildlife, and Invertebrates: A Synoptic Review[END_REF].

In Southern Europe, one of HM main source in soil is the mining industry, which is expected to grow in the coming years [START_REF] Elshkaki | Copper demand, supply, and associated energy use to 2050[END_REF][START_REF] Patiño Douce | Metallic Mineral Resources in the Twenty-First Century. I. Historical Extraction Trends and Expected Demand[END_REF] due to energy transition increasing demand for primary resources. Actually, HM can be largely accumulated in tailings (from mining wastes), which are highly vulnerable to water and wind erosion, as reported by [START_REF] Conesa | Metal Uptake by Spontaneous Vegetation in Acidic Mine Tailings from a Semiarid Area in South Spain: Implications for Revegetation and Land Management[END_REF] in their study concerning the Cartagena-La Unión mining district (Murcia region, SE Spain), one of the most notable sites of geochemical pollution and geotechnical instability in Spain's abandoned mining heritage. The same results were reported by [START_REF] Munoz | Geochemical and mineralogical evolution of the Zn-Cd-Pb bearing tailings from the Saint-Salvy mine, France[END_REF] in Saint-Salvy's mine and by [START_REF] Khaska | Tracking natural and anthropogenic origins of dissolved arsenic during surface and groundwater interaction in a post-closure mining context: Isotopic constraints[END_REF] in Salsigne's mine, both in south of France. The surface water running through mining sites are strongly enriched in heavy metals, as reported by [START_REF] Viers | Are Cu isotopes a useful tool to trace metal sources and processes in acid mine drainage (AMD) context?[END_REF] in the Huelva province, in Spain. Therefore, HM can move through soils, join surface water systems and then be transferred to plants during mineral nutrition.

Despite that the mining sites listed above are heavily contaminated, some plants are still able to grow in these HM-enriched environments. For example, in the Cartagena-La Unión mining district, several studies reported the presence of plants presenting relative tolerance to high HM concentrations, and reaching 30 000, 10 000 and 1100 mg kg -1 for Pb, Zn and As, respectively [START_REF] Álvarez-Rogel | Metals in soils and above-ground biomass of plants from a salt marsh polluted by mine wastes in the coast of the Mar Menor Lagoon, SE Spain[END_REF][START_REF] Conesa | Heavy metal accumulation and tolerance in plants from mine tailings of the semiarid Cartagena-La Unión mining district (SE Spain)[END_REF][START_REF] García | Selection of Autochthonous Plant Species from SE Spain for Soil Lead Phytoremediation Purposes[END_REF][START_REF] Schreck | Tillandsia usneoides as biomonitors of trace elements contents in the atmosphere of the mining district of Cartagena-La Unión (Spain): New insights for element transfer and pollution source tracing[END_REF]. Among these plants we find reeds, such as Phragmites australis (common reed) or Arundo donax (giant reed). These two species are well known for their capacity to produce phytoliths [START_REF] Liu | Response of phytoliths in Phragmites communis to humidity in NE China[END_REF][START_REF] Ramsey | Risk, Reliability and Resilience: Phytolith Evidence for Alternative "Neolithization" Pathways at Kharaneh IV in the Azraq Basin, Jordan[END_REF][START_REF] Shakoor | Taxonomic demarcation of Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. (Arundinoideae, Poaceae) from phytolith signatures[END_REF] and therefore can be used as model species to reveal the phytoliths' capacity to accumulate HM.

To our knowledge, elemental composition of phytoliths is poorly documented in the literature.

Although phytoliths are often considered as a "trap" for organic matter and nutrients e.g. K, P and Fe [START_REF] Li | Occluded C in rice phytoliths: implications to biogeochemical carbon sequestration[END_REF][START_REF] Parr | Soil carbon sequestration in phytoliths[END_REF][START_REF] Nguyen | Release of potassium accompanying the dissolution of rice straw phytolith[END_REF][START_REF] Song | Plant impact on the coupled terrestrial biogeochemical cycles of silicon and carbon: implications for biogeochemical carbon sequestration[END_REF][START_REF] Song | The potential for carbon bio-sequestration in China's paddy rice (Oryza sativa L.) as impacted by slagbased silicate fertilizer[END_REF], few data concern their capacity to accumulate the HM. [START_REF] Buján | Elemental composition of phytoliths in modern plants (Ericaceae)[END_REF] studied several Ericaceae species and suggested that phytoliths can alleviate metal stress in silicon-enriched plants, in relation to geochemical conditions of the area. Recently, two studies performed in Viet Nam [START_REF] Nguyen | Encapsulation of lead in rice phytoliths as a possible pollutant source in paddy soils[END_REF][START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF] highlighted that rice phytoliths can encapsulated the lead and thus become possible pollutant source in paddy soils, whereas grass phytoliths growing in area of Cu-fungicides application can store sizeable amount of Cu. In the latter case, Cu is encapsulated within the silica body of the phytolith [START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF].

The aim of the present work is to better quantify the role of phytoliths in HM transfer through the soil-plant continuum and HM bioaccumulation in highly contaminated environments. For this, we analyzed HM concentrations in phytoliths from two species of reeds growing in 4 sites in France and Spain, highly contaminated due to mining-extraction activities. The concentrations of HM from phytoliths and plants growing in contaminated sites were compared to those from non-contaminated sites. Enrichment factors were then calculated to determine if HM are preferentially concentrated in phytolith structures relative to the plant shoots and soils. Finally, the role of phytoliths in HM recycling and release during organic matter degradation in the litter horizon is discussed, as their contribution in HM mobility during organic matter degradation in the litter horizon remains unclear.

Materials and Methods

Study area and sampling strategy

Four polluted sites from mining districts were studied: two in Spain and two in France. One control site was also chosen in France, and one control zone unimpacted by mining activities in Spain (Figure 1). A total of 11 plant samples were taken along with their associated soils (Table 1). Two plant species of reed were studied (Phragmites Australis and Arundo Donax) and collected on each site depending of their natural abundance.

Cartagena-La Unión (Spain) is located in the southeast of the Iberian Peninsula. It corresponds to a mining district covering an area of 50 km². The district has been an important mining area for more than 2000 years, and ceased its activity in 1991 [START_REF] Conesa | Heavy metal accumulation and tolerance in plants from mine tailings of the semiarid Cartagena-La Unión mining district (SE Spain)[END_REF][START_REF] Rodríguez Martín | Effect of mine tailing on the spatial variability of soil nematodes from lead pollution in La Union (Spain)[END_REF]. The main ore deposits contain iron, lead and zinc as major metal components [START_REF] Oen | The lead-zinc and associated ores of La Union, Sierra de Cartagena, Spain[END_REF] and are distributed between 48 tailings dumpsites covering 160 km² [START_REF] Orozco | Prioridades en la restauración e integración paisajística de la sierra minera de la Unión y Cartagena (Murcia, Sureste de España): inventario, cartografía y tipología de cortas, balsas y escombreras[END_REF][START_REF] Orozco | Prioridades en la restauración e integración paisajística de la sierra minera de la Unión y Cartagena (Murcia, Sureste de España): inventario, cartografía y tipología de cortas, balsas y escombreras[END_REF]. These mine tailings contain high concentrations of HM, such as Pb (more than 30 000 mg kg -1 ), Zn (about 10 000 mg kg -1 ) and As (about 1000 mg kg -1 ) as reported by [START_REF] Conesa | Heavy metal accumulation and tolerance in plants from mine tailings of the semiarid Cartagena-La Unión mining district (SE Spain)[END_REF] but also [START_REF] Schreck | Tillandsia usneoides as biomonitors of trace elements contents in the atmosphere of the mining district of Cartagena-La Unión (Spain): New insights for element transfer and pollution source tracing[END_REF]. In this area, some experimental zones (Santa Antonieta and Las Matildes -in which soil and plant's samplings were performed) were specifically treated by addition of organic amendments in order to test the efficiency of various remediation procedures.

Huelva province (Spain) is located in the Iberian Pyritic Belt, in SW Spain. The region is one of the most important in Europe in regard to the mining of pyrites and sulfides of metals (Cu, Fe, Pb) [START_REF] Martín | Influence of the mining activity on sediments from the Odiel river (sw of Spain) analyzed by TTPIXE[END_REF]. The extraction of pyrites began during the Roman period and reached a peak in the middle of the 19th century. Finally, a chemical industry complex was installed at the Odiel's estuary in the middle of 1960s, including factories of fertilization and Cu extraction [START_REF] Martín | Influence of the mining activity on sediments from the Odiel river (sw of Spain) analyzed by TTPIXE[END_REF].

Sampled sites were located about 20 km south of the mines. Some samples of soil and reeds (Phragmites australis) were also taken in non-impacted zone (Cartaya), as a control site for Spanish sampling.

Salsigne (France) is located in the southern foothills of the Montagne Noire in Southern France.

The mine deposits are mostly composed of Au, As and Fe [START_REF] Khaska | Tracking natural and anthropogenic origins of dissolved arsenic during surface and groundwater interaction in a post-closure mining context: Isotopic constraints[END_REF]. The mining activity began in the nineteenth century for Fe, then in 1908 Au and As were exploited. The open pit and mine were closed in 1998 and 2004 respectively [START_REF] Khaska | Tracking natural and anthropogenic origins of dissolved arsenic during surface and groundwater interaction in a post-closure mining context: Isotopic constraints[END_REF]. According to the same author, several pools of As contamination of stream waters, alluvial aquifers and vegetables were detected in the Orbiel Valley, the Orbiel being the river flowing near the mining site, in a waste storage zone.

Saint-Salvy de la Balme (France) is a mining-district located at the southwestern end of the Massif Central, in France. The ore was composed of sphalerite and galena, and 450,000 tons of Zn, Ag, Ge and Pb were produced between 1975 and 1994, along with 4 million tons of waste [START_REF] Munoz | Geochemical and mineralogical evolution of the Zn-Cd-Pb bearing tailings from the Saint-Salvy mine, France[END_REF]. After the mine was closed, dumps (covering 2 ha and 40 m thick) were covered with clayey material and sowed with grass.

Saint-Hippolyte (France) was chosen as a control site for French sampling, it hosts a 7 ha wetland (La Sagnette), protected since 2012 and belonging to the Natura 2000 network. Soils are mostly made of sand and silt from dredging [START_REF] Syndicat | Stratégie de Gestion en faveur des Zones Humides périphériques à l'étang de Salses-Leucate[END_REF].

Soils characterization

Different physico-chemical parameters were assessed: pH, soil texture, organic matter (OM) content estimate and cationic exchange capacity (CEC).

Soil pH was determined via suspending 5 g of soil in 25 mL of Milli-Q ultrapure water, after agitation and using a pH-meter (inoLab ® pH 7110 by WTW). A qualitative determination of the particle sizes expressed as soil texture was performed in the field and using the triangular diagram of the basic soil textural classes according to USDA particle sizes. Organic matter content was estimated directly in the field, and linked to soil management and agricultural or environmental practices. Finally, the Cation Exchange Capacity (CEC) was measured using the cobaltihexamine method. This method was chosen for its efficiency to measure CEC at soil pH [START_REF] Aran | A spectrophotometric measurement of soil cation exchange capacity based on cobaltihexamine chloride absorbance[END_REF]. About 40 mL of a cobaltihexamine solution (0.0193 mol.L -1 ) were added to 2 g of soil in a polypropylene tube. After agitation (60 min at 350 rpm), the solution was filtered (0.20 µm) and the concentration of cobaltihexamine was determined by spectrophotometry (Varian's Cary ® 50).

Extraction of phytoliths from plant shoots

Sufficient amounts of phytoliths were extracted from plant material by dry ashing (Parr et al., 2001a(Parr et al., , 2001b) which allows complete removal of organic matter. First, 10-20 g of plant material was rinsed with Milli-Q ultrapure water; dried in an oven at 50°C and cut into 1-2 cm pieces. Then, the material was heated in a porcelain crucible at 700 °C for 12 hours to remove organic matter by combustion. The ashes were then removed from crucibles and transferred to polypropylene tubes (0.2 g per tube). Then 10 mL of 10% HCl were added to each tube; which were put in a water bath at 70°C for 20 min. After that, tubes were centrifuged at 4500 rpm for 5 min, and the supernatant is disposed.

The remaining material was then rinsed with Milli-Q ultrapure water and centrifuged at 4500 rpm for 5 min, and the supernatant was discarded. Next, 10 mL of 15% H2O2 was put into each tube and heated in water bath at 70°C for 20 min. After that, tubes were centrifuged at 4500 rpm for 5 min, and the supernatant was discarded. Finally, the remaining material was rinsed with Milli-Q ultrapure water via repeated centrifugation at 4500 rpm during 5 min, and the supernatant was discarded. Tubes with remaining sediment were then put in an oven and dried at 50°C.

Note that dry ashing of plant biomass for the phytolith extraction was proven to be the most efficient technique for obtaining organic-free phytoliths of bamboo (Fraysse et al., 2006b) but also horsetail, larch, elm and fern [START_REF] Fraysse | Surface chemistry and reactivity of plant phytoliths in aqueous solutions[END_REF]. In these works, we demonstrated that the use of dry ashing following by through acid wash removed the totality of organic matter linked. This conclusion was based on combination of state-of-the-art spectroscopic techniques such as the differential thermal gravimetry (DTG) analysis which should that extracted exhibited the same weight loss as amorphous silica which corresponds to the removal of non-structural water but no traces of organic matter.

Similarly, the diffuse reflectance infrared Fourier transformed (DRIFT) spectroscopy evidenced full disappearance of the bands of aliphatic carbon groups after thermal treatment (Fraysse et al., 2006a,b).

In the present study, we did not detect any traces of organic carbon within the phytoliths using ESM EDS analysis (see below) whilst our previous analyses of grass phytoliths obtained by this technique did not reveal any organic C within the analytical resolution (0.1%) of the C-S Horiba analyzer Alisson.

Finally, thorough methodological work of Parr et al. (2001a,b) demonstrated that phytoliths pattern dimensions and curvatures obtained via dry (500 °C) and wet (boiling) extractions are statistically identical and there is no detectable evidence of morphological impact of these methods.

SEM-EDX observations

Phytoliths from both Arundo donax and Phragmites australis were observed using a SEM-EDX (Figure 2), to assess the efficiency of the extraction step by checking the chemical composition of the extracted tissues, as well as to explore the morphology of the phytolith structures, as previously reported by various authors [START_REF] Shakoor | Taxonomic demarcation of Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. (Arundinoideae, Poaceae) from phytolith signatures[END_REF][START_REF] Nguyen | Encapsulation of lead in rice phytoliths as a possible pollutant source in paddy soils[END_REF][START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF]. Environmental SEM observations were performed using a Jeol JSM 6360LV (Jeol®) instrument equipped with EDX Detector to investigate the efficiency of the extraction step, the phytolith morphology, and potential elemental distribution on the plant surface. Before observation analysis, the different phytolith samples were dried and fixed on a carbon substrate without any further preparation before analysis.

The apparatus was operated in low-vacuum mode (~133 Pa) at 20 kV.

Elemental concentration determination

The acid digestion of shoot samples (100 mg) and phytoliths (around 70 mg) involved 0.2 mL of Suprapur HF, 8 mL of bi-distilled 15 N HNO3, and 1 mL of H2O2, added together in closed Teflon vials in a class 10,000 clean room in the GET laboratory (Géoscience Environnement Toulouse, France). Acid digestion was performed in CEM ® Discover microwave. Blank tests indicated that the level of contamination induced by the acid digestion procedure was negligible, < 2% of the sample element of interest. Samples were then let to evaporate to dryness, and then diluted in 15 mL of 2% HNO3. They were diluted again by a factor of 2000. Indium was used for an internal calibration. The certified reference materiel "Apple leaves" (NIST ® SRM ® 1515) was used to check the validity and reproducibility of each analysis. The same procedure was applied for soil samples, using "San Joaquin soil" (NIST ® SRM ® 2709a) as certified reference material. Note that wet digestion using a HF attack in a microwave is the most efficient method of full digestion of both mineral and organic matrices for TE analyses, as demonstrated in former studies of peat soils, vegetation and river suspended matter [START_REF] Stepanova | Elemental composition of peat profiles in western Siberia: Effect of the micro-landscape, latitude position and permafrost coverage[END_REF][START_REF] Viers | Seasonal and spatial variability of elemental concentrations in boreal forest larch folliage of Central Siberia on continuous permafrost[END_REF][START_REF] Krickov | Major and trace elements in suspended matter of western Siberian rivers: first assessment across permafrost zones and landscape parameters of watersheds[END_REF]. In this regard, we used HF attack with evaporation step to remove all Si prior trace metal analysis for consistency with majority of previous analyses of plant material. However, there are alternative techniques such as 1% Na2CO3 leaching following by HNO3 digestion that also allows efficient extraction of metals occluded within plant phytoliths (i.e., [START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF][START_REF] Nguyen | Encapsulation of lead in rice phytoliths as a possible pollutant source in paddy soils[END_REF].

Concentrations of HM were obtained by measurement on a quadrupole ICP-MS (Agilent 7500®) in the GET laboratory. Quantification limits are of 2 ppb for Cu and inferior to 0.2 ppb for all other elements (As, Cd, Mn, Pb, Sb, Sn and Zn). Uncertainties for soils analysis ranged from 1 to 10% for As, Cu, Mn, Pb, Sb and Zn, and from 1 to 20% for Cd and Sn. For plants and phytoliths analysis, uncertainties ranged from 0.1 to 5% for all elements. The agreement of certified sample analyses with recommended concentrations was better than 78% for considered elements.

Finally, in order to better assess the bioaccumulation potential of plants, via HM uptake by roots from soil, enrichment factors (EFplant) were calculated as the ratio between HM concentrations in plant shoots and HM concentrations in soil:

= [ ] ℎ [ ]
Where [HM] corresponds to the concentration of HM in the respective reservoirs. Values of EFplant > 1 suggest a significant bioaccumulation of HM in plant shoots.

Moreover, another enrichment factor (EFphytoliths) was calculated to estimate the importance of the partitioning of HM between the whole plants and their phytolith's structures:

= [ ] ℎ ℎ [ ] ℎ
Where [HM] corresponds to the concentration of HM in the respective reservoirs. Values of EFphytoliths > 1 suggest a significant bioaccumulation of HM in phytoliths.

Statistical analyses

Statistical treatment allowed rigorous comparison of metal concentrations in the whole plant and the phytoliths. This included a non-parametric Kruskal-Wallis test, suitable for low number of samples as in this work. This test was run for each element, both full set of data and solely for "polluted" samples.

Results

Phytolith extraction and morphological observations

The extraction step was used to quantify the percentage of phytoliths in plant shoots (in total dry weight, DW). Phytoliths were found to represent 2.57% DW (± 0.50) for Arundo donax and 3.53% DW (± 1.10) for Phragmites australis.

SEM-EDX observations of reed samples show the presence of phytolith structures in Arundo donax (Figure 2a) and Phragmites australis (Figure 2b). The EDX spectra confirms the phytolith composition (SiO2•XH2O) and allows the validation of the extraction procedure (Figure 2). Also, even if changes in morphology have been reported in the literature under heat treatment [START_REF] Nguyen | Encapsulation of lead in rice phytoliths as a possible pollutant source in paddy soils[END_REF][START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF], the morphologies of observed phytoliths (bilobate for Arundo donax; rectangular for Phragmites australis) are similar with those already observed by [START_REF] Shakoor | Taxonomic demarcation of Arundo donax L. and Phragmites karka (Retz.) Trin. ex Steud. (Arundinoideae, Poaceae) from phytolith signatures[END_REF] on phytoliths located on sites unimpacted by pollution. It shows that neither metal(oid) pollution from our sites nor the extraction procedure (and especially ashing at high temperature) have changed phytoliths' morphology. This is consistent with results of thorough methodological work of Parr et al. (2001b) who demonstrated that phytoliths pattern dimensions and curvatures obtained via dry (500 °C) and wet (boiling) extractions are statistically identical and there is no detectable evidence of morphological impact of these methods.

Soil physico-chemical properties

Results of soil physico-chemical parameters (pH, texture, OM estimate and CEC) are presented in Values of CEC are quite low for all soils, ranging from 0.96 to 12.5 cmol.kg -1 (1 cmol.kg -1 = 0.01 mol.kg -1 ). Polluted soils have CEC values ranging from 0.96 to 7.03 cmol.kg -1 , whereas soils from control sites have higher CEC values, ranging 8.3 to 12.5 cmol.kg -1 .

Heavy metals concentrations in soils

Concentrations of HM in soils (Table 2) are different between the regions and the various investigated sites inside each area.

Arsenic concentrations range from 161 to 1390 mg kg -1 on polluted sites, and are inferior to 10.8 mg kg -1 on control sites. Cadmium concentrations are inferior to 0.6 mg kg -1 everywhere except in Cartagena, where they vary from 5.8 to 18.7 mg kg -1 and in Saint-Salvy, where Cd concentration reaches 29.5 mg kg -1 . Copper concentrations range from 49 to 567 mg kg -1 on polluted sites, and are between 47 and 16 mg kg -1 in control sites. Manganese concentrations range from 1798 to 5209 mg kg -1 in Cartagena and Saint Salvy, and from 33 to 543 mg kg -1 on other polluted sites. On control sites Mn concentrations range from 188 to 353 mg kg -1 . Lead concentrations vary widely from site to site. On polluted sites, values range from 460 to 36000 mg kg -1 except in Salsigne where Pb concentration has been measured at 52 mg kg -1 . On control sites, concentrations range from 19 to 49 mg kg -1 . Antimony concentrations vary the same way as Pb concentrations. On polluted sites values range from 28 to 197 mg kg -1 , except in Salsigne (2.7 mg kg -1 ). On control sites, Sb concentrations are lower than 3 mg kg -1 .

Tin concentrations range from 3.4 to 41.4 mg kg -1 on polluted sites, and from 2.2 to 2.5 mg kg -1 on control sites. Finally, Zinc concentrations are broadly different from site to site. In Cartagena and Saint-Salvy they range from 2641 to 14203 mg kg -1 . On other polluted sites (Huelva and Salsigne) they range from 90 to 294 mg kg -1 . Zinc concentrations on control sites were measured at 53 and 128 mg kg -1 .

Heavy metals concentrations in plant shoots and phytoliths

Heavy metals concentrations in plant shoots and in phytoliths are illustrated in Figure 3 and the raw data are listed in Appendix A and B, respectively.

3.4.1. Heavy metals in plants. The highest Arsenic concentrations are found in plants from Cartagena: they range from 85 to 10500 mg kg -1 . In other sites (polluted and control sites), As concentrations in plants are found to be lower than 1 mg kg -1 or undetectable. The same observation is true for Cd, Sb

and Sn concentrations: these elements have highest concentrations (> 1 mg kg -1 ) in plant shoots in Cartagena. There, Cd concentrations range from 56 to 5650 mg kg -1 ; Sb concentrations from 762 to 14500 mg kg -1 ; and Sn concentrations from 794 to 9110 ppm. Copper concentrations in plant shoots range from 29 to 52 mg kg -1 in Cartagena, and from 1.7 to 7.0 on other polluted sites. On control sites, Cu concentrations remain in a very narrow range between 3.4 and 3.5 mg kg -1 . The same observations are made for Mn and Pb concentrations. Manganese concentrations range from 120 to 497 mg kg -1 in Cartagena, and from 33 to 187 mg kg -1 in other polluted sites. On control sites, Mn concentrations vary between 21.6 and 58.5 mg kg -1 . Lead concentrations range from 5.6 to 53 mg kg -1 in Cartagena, and from 0.28 to 3.2 mg kg -1 on other polluted sites. On control sites, Pb concentrations are lower than 0.36 mg kg -1 . Zinc concentrations range from 21 to 329 mg kg -1 on polluted sites, and from 7.8 to 18.8 mg kg - 1 on control sites.

3.4.2. Heavy metals in phytoliths. In phytoliths, HM concentrations are significantly higher than those measured in aerial plant tissues for Cu, Mn, Pb and Zn (Kruskal-Wallis test; p-value < 0.05) and also substantially higher for As (not significant but a tendency is widely observed, Figure 3). By contrast, these HM concentrations in phytoliths (in comparison to total plant shoots) are lower for Cd, Sb and Sn (Kruskal-Wallis test; p-value < 0.10). Arsenic, Cd, Sb and Sn concentrations are higher in phytoliths from Cartagena than in other sites, ranging from 243 to 18520 mg kg -1 , 15 and 259 mg kg -1 , 8 and 2826 mg kg -1 , and 19 and 2260 mg kg -1 , respectively. Copper concentrations are relatively homogeneous, ranging from 60 to 231 mg kg -1 in phytoliths from plants grown on polluted sites and from 98 to 176 mg kg -1 on control sites. Manganese concentrations in phytoliths range from 391 to 3956 ppm in Cartagena, and from 191 to 939 ppm in other polluted sites. On control sites, Mn concentrations in phytoliths vary between 250 and 723 mg kg -1 . Lead concentrations in phytoliths vary between 156 and 480 mg kg -1 in plants from Cartagena, and between 4.4 and 46.9 mg kg -1 in reeds from other polluted sites. Phytoliths from control sites have Pb concentrations ranging from 3.9 to 21.6 mg kg -1 . Zinc concentrations in phytoliths range from 892 to 3489 mg kg -1 in plants from Cartagena and Saint-Salvy, and from 316 to 406 mg kg -1 in reeds from other polluted sites (Huelva and Salsigne). On control sites, Zn concentrations in phytoliths vary between 129 and 341 mg kg -1 .

Discussion

Distribution of contaminants in soil environment

First of all, relatively low OM contents, coarse texture and CEC values measured in soil samples for different sites are in accordance with literature for similar metal-contaminated soils [START_REF] Aihemaiti | The interactions of metal concentrations and soil properties on toxic metal accumulation of native plants in vanadium mining area[END_REF][START_REF] García-Carmona | Residual pollution and vegetation distribution in amended soils 20 years after a pyrite mine tailings spill (Aznalcóllar, Spain)[END_REF][START_REF] Rodríguez | Heavy metal distribution and chemical speciation in tailings and soils around a Pb-Zn mine in Spain[END_REF]. This suggests that these mining-affected soils have low fertility, few exchange complexes, and therefore quite low ability to hold cations. These factors facilitate metal lixiviation, which is further accelerated by overally acidic character of soils.

High concentrations of As, Cd, Cu, Pb and Zn were observed in Cartagena soils, consistent with results of [START_REF] Conesa | Heavy metal accumulation and tolerance in plants from mine tailings of the semiarid Cartagena-La Unión mining district (SE Spain)[END_REF] and [START_REF] Blondet | Atmospheric dust characterisation in the mining district of Cartagena-La Unión, Spain: air quality and health risks assessment[END_REF]. Besides, elevated concentrations of Mn, Sb and Sn were measured in these soils. All observed HM concentrations are hundred to thousand times superior to the geochemical background levels reported in the region [START_REF] Rubio | Geoavailability of Ni, Cu, Zn, As, Cd and Pb in the Sierra de Cartagena-La Unión (SE Spain)[END_REF]. In the Huelva province, generally high concentrations in As, Cu, Pb, Sb and Sn in soils were observed, in accordance with the type of ores exploited in the region (Martin et al., 1998). In the Salsigne's soil, high concentrations of As have been measured, as also reported by [START_REF] Khaska | Tracking natural and anthropogenic origins of dissolved arsenic during surface and groundwater interaction in a post-closure mining context: Isotopic constraints[END_REF]. In Saint-Salvy, As, Cd, Mn and Pb were found in great concentrations, along with Sb and Zn in smaller proportions, consistent with the list of elements produced by the mine [START_REF] Munoz | Geochemical and mineralogical evolution of the Zn-Cd-Pb bearing tailings from the Saint-Salvy mine, France[END_REF]. Finally, for both control sites (Huelva and Saint-Hippolyte) concentrations measured for all elements of interest were always lower or similar to geochemical background levels reported in French soils [START_REF] Baize | Teneurs totales en "métaux lourds " dans les sols français. Résultats généraux du programme ASPITET[END_REF][START_REF] Darmendrail | Fonds géochimique naturel : Etat des connaissances à l'échelle nationale[END_REF].

Therefore, all soils -except the control ones-are strongly contaminated in HM, as follows from the total HM concentrations in these soil samples. This observation is fully consistent with the past mining activities already described in these regions. Moreover, because these soils also have low capacity to hold heavy metals due to their low CEC, coarse texture and low OM content, these elements become mobile and potentially phytoavailable, and could then be transferred to plants and bioaccumulated in their shoots.

Heavy metals uptake and bioaccumulation in plants

Previous studies already reported that Phragmites australis and Arundo donax are able to accumulate HM in their shoots, roots, steams, and more specifically in their leaves. For example, [START_REF] Bonanno | Arundo donax as a potential biomonitor of trace element contamination in water and sediment[END_REF][START_REF] Bonanno | Comparative performance of trace element bioaccumulation and biomonitoring in the plant species Typha domingensis, Phragmites australis and Arundo donax[END_REF], working on biomonitoring of trace element contamination in water and sediments, demonstrated that both species can accumulate HM, and showed a correlation between Cu and Zn concentrations in plants (Arundo donax) and sediments for Cu and Zn. [START_REF] Cicero-Fernández | Long-term (two annual cycles) phytoremediation of heavy metal-contaminated estuarine sediments by Phragmites australis[END_REF] also reported the ability of Phragmites australis to accumulate HM. It was recently shown that both species strongly accumulate As and Pb (up to 8000 mg kg -1 and 1000 mg kg -1 , respectively), but preferentially in roots [START_REF] Castaldi | Mutual effect of Phragmites australis, Arundo donax and immobilization agents on arsenic and trace metals phytostabilization in polluted soils[END_REF].

As described in Section 3.3, HM concentration in plant shoots vary depending on the considered site and the element. Plants exhibit widely different HM concentrations, whereas HM concentrations in their respective soils are similar, suggesting potential influences of other parameters such as soil characteristics or metal(oid) speciation.

The values of enrichment factor EFplant are reported for each heavy metal and for each combination plant species/investigated soil in Table 3. From results presented in Table 3, it is possible to distinguish two groups of metal(oid)s. First group is composed of As, Cu, Mn, Pb and Zn. For these five elements, EFplant are < 1, except 2 samples of plant/soil in Cartagena (for As), and one couple plant-soil in Huelva for Mn. Low values of EF for these elements indicate that Arundo donax and Phragmites australis are capable to grow in highly contaminated soils via limiting the uptake of As, Cu, Mn, Pb and Zn. Despite low values of EFplant in Cartagena plant and soil, the concentrations of these elements in plants of this region are higher than in other sites, even though HM concentrations in soils of Cartagena are not very different from the other sites. This suggests the role of other factors, such as soil characteristics and metal speciation in the environment, governing metal(oid)s uptake by plants in this region. For example, a concentration of 10 479 mg kg -1 of As in plant shoots was measured in the site of Las Matildes, Cartagena. This high As concentration in plant shoots could be explained here by the addition of organic amendments on soil which increase metal(oid)s uptake by plants, as already reported for As by [START_REF] Yang | Effect of amendments on growth and metal uptake of giant reed (Arundo donax L.) grown on soil contaminated by arsenic, cadmium and lead[END_REF] and [START_REF] Castaldi | Mutual effect of Phragmites australis, Arundo donax and immobilization agents on arsenic and trace metals phytostabilization in polluted soils[END_REF] for these two plant species. Overall, high concentrations found in plant shoots from Cartagena sites are in accordance with other studies on Arundo donax and Phragmites australis in regions similarly impacted by anthropogenic activities worldwide [START_REF] Castaldi | Mutual effect of Phragmites australis, Arundo donax and immobilization agents on arsenic and trace metals phytostabilization in polluted soils[END_REF][START_REF] Conesa | Role of rhizosphere and soil properties for the phytomanagement of a salt marsh polluted by mining wastes[END_REF][START_REF] Liu | Identification of indicators of giant reed (Arundo donax L.) ecotypes for phytoremediation of metal-contaminated soil in a non-ferrous mining and smelting area in southern China[END_REF][START_REF] Minkina | Morphological and anatomical changes of Phragmites australis Cav. due to the uptake and accumulation of heavy metals from polluted soils[END_REF].

Another group of HM listed in Table 3 is composed of Cd, Sb and Sn. These elements have a very high EFplant in Cartagena, from 3 to 973, which shows that Arundo donax and Phragmites australis are able to efficiently accumulate Cd, Sb and Sn in their aerial tissues. Moreover, as a result, these reeds could be considered as tolerant to Cd, Sb and Sn. However, we observe a different behavior in Huelva (for Sb and Sn) and in Saint-Salvy (for Cd and Sb). Despite relatively high HM concentrations in soils, these elements are not detected in plant shoots, or at very small concentrations. This suggests that, under particular conditions, reeds are able to prevent Cd, Sb and Sn uptake and accumulation in shoots tissues. Among these conditions, there could be metal speciation or redox state in soil, modulating their bioavailability for plants.

Preferential bioaccumulation of HM in phytoliths

In our study on reed plants, the values of EFphyto are reported for each HM in Table 4.

The first group composed of As, Cu, Mn, Pb and Zn presents relatively high EFphyto values (between 2 and 28). Arsenic and Cu presents lower EFphyto values, ranging from 1.8 to 3.8, compared to Mn, Pb and Zn for which the EFphyto values ranged from 2.8 (Mn) to 28 (Pb). Phytoliths of reeds strongly concentrate Pb, similar to results of [START_REF] Nguyen | Encapsulation of lead in rice phytoliths as a possible pollutant source in paddy soils[END_REF] on rice shoots in Viet Nam. These results suggest that, despite reeds being able to limit the uptake of As, Cu, Mn, Pb and Zn (see 4.2), efficient sequestration of these elements in phytoliths is observed in case of polluted soils. This is consistent with results of [START_REF] Buján | Elemental composition of phytoliths in modern plants (Ericaceae)[END_REF] on Ericaceae species from polluted soils which strongly concentrate Mn, Zn, Cu, Pb and As in their phytoliths.

In this regard, it is worth noting that, although phytoliths account for only about 3% of dry weight (DW) of the reed biomass, a more than one order of magnitude difference in Zn, Pb and Mn concentrations in plant shoots and phytoliths makes phytoliths a significant compartment of metal accumulation, presumably via encapsulation. For example, about 45% of total Zn bioaccumulated in reed shoots is sequestered in their phytoliths (see Figure 3 and Table 4).

In the case of Cu, the tendency of bioaccumulation in plant structures is less clear. Indeed, Cu seems to be encapsulated in phytolith structures (Figure 3), as already observed by [START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF] in grass from orange growing area. However, we observe similar concentrations of Cu in phytoliths for all species on polluted and control sites, although the concentrations of this element in soils were rather different. This observation has already been reported by [START_REF] Blotevogel | Contribution of soil elemental concentrations and Cu and Sr isotope ratios to the understanding of pedogenetic processes and mechanisms involved in the soil-to-grape transfer (Soave vineyard, Italy)[END_REF] Overall, the HM behavior and their potential sequestration via encapsulation in the phytolith structures are in accordance with first results of [START_REF] Buján | Elemental composition of phytoliths in modern plants (Ericaceae)[END_REF] and most recent data of [START_REF] Nguyen | Encapsulation of lead in rice phytoliths as a possible pollutant source in paddy soils[END_REF] and [START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF]. The identity of plant species and specific chemical reactions of HM co-precipitation with amorphous silica during phytoliths formation in plant cells are presumably the main factor controlling the degree of phytoliths enrichment in HM. However, further systematic studies of various families of plants coupled with relevant soil analyses are needed to reveal physico-chemical, physiological, and genetic mechanisms of HM incorporation into phytoliths structures during plant life cycle.

Role of phytoliths during litter mineralization process and element recycling in polluted zones

Our study highlights the potential role of phytoliths in HM recycling at the earth surface. It follows that, once taken up by plants, various HM can be preferentially bio-accumulated either in organic or mineral (phytoliths) part of the reed tissues. For this, HM have to cross the gradients of pH, oxygen and ionic strengths, and interact with different types of chelates present in plant sap solution [START_REF] Avellan | Nanoparticle Uptake in Plants: Gold Nanomaterial Localized in Roots of Arabidopsis thaliana by X-ray Computed Nanotomography and Hyperspectral Imaging[END_REF]. Later, when plants enter the senescence, metals and metalloids present within plant tissues are released during organic matter mineralization via bio-physico-chemical processes at the soil surface. As such, the vegetation may exhibit significant impact on HM recycling and biogeochemical cycles [START_REF] Roulier | Iodine distribution and cycling in a beech (Fagus sylvatica) temperate forest[END_REF], via changing element distribution between organic and inorganic pools. The latter point has important implications to the long-term stability of sequestered metals, as already suggested by [START_REF] Tran | Copper encapsulated in grass-derived phytoliths: Characterization, dissolution properties and the relation of content to soil properties[END_REF] in the case of Cu encapsulation in the grass phytoliths, prior its return to the soil. For example, in the case of CaCO3 biominerals produced by tobacco, metals as Zn and Cd are both present as Ca substituents in calcite and vaterite, whereas the organic complexes play rather minor role [START_REF] Sarret | Trichomes of Tobacco Excrete Zinc as Zinc-Substituted Calcium Carbonate and Other Zinc-Containing Compounds[END_REF][START_REF] Isaure | Calcium promotes cadmium elimination as vaterite grains by tobacco trichomes[END_REF].

In this regard, phytoliths can be considered as irreversible sink that allows the sequestration of HM and decreases their potential bioavailability in soil after litter mineralization. For this reason, phytoliths are largely employed in archaeological and paleo-environmental research to track vegetation reconstruction and paleoecology, due to their high robustness and capacity to be preserved under conditions that would destroy organic tissues [START_REF] Harvey | Investigating crop processing using phytolith analysis: the example of rice and millets[END_REF][START_REF] Parr | Soil carbon sequestration in phytoliths[END_REF][START_REF] Jenkins | Phytolith taphonomy: a comparison of dry ashing and acid extraction on the breakdown of conjoined phytoliths formed in Triticum durum[END_REF][START_REF] Rashid | Phytoliths as proxies of the past[END_REF]. Thus, the present study demonstrates strategic potential of reed phytoliths to be used as proxies of modern and paleo soil contamination events. We therefore call for concerted efforts to address the contribution of phytoliths in HM release during organic matter degradation in the litter horizon. Specifically, via selecting plants that have various capacity to sequester HM in phytoliths, new insights on soil decontamination and phytoremediation can be acquired. 

Conclusion
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 2 Figure 2: SEM-EDX observations of phytolith structures. a. Phytolith assemblage from Arundo donax (HUE-1 sample), BSE image (backscatter electron). The associated spectrum shows the composition of a phytolith. b. Phytolith assemblage from Phragmites australis (SVY sample), SEI image (secondary electron image). The composition of phytoliths from Arundo donax and Phragmites australis are similar.

Figure 3 :

 3 Figure3: Heavy metals (HM) concentrations (as a mean of 3 replicates ± SE expressed in mg kg -1 ) according to the studied sites in plant tissues and phytoliths. Yellow corresponds to HM concentrations in plant tissues from polluted sites; orange to HM concentrations in phytoliths from polluted sites; light blue to HM concentrations in plant tissues from control sites; dark blue to HM concentrations in phytoliths from control sites. The asterix (*) indicates a significant difference between HM concentrations in plant tissues and in phytoliths (Kruskal-Wallis test, p<0.05).

Table 2 .

 2 The pH values range from 2.82 to 8.01, showing the diversity of sampling sites. Soils from polluted sites in Spain (Cartagena and Huelva) have pH values ranging 2.82 to 6.93. In France, soils are less acidic as the pH ranged between 7.91 and 8.01. In control sites, pH ranged from 6.78 to 7.53. The soil granulometry is variable according to the considered soils but coarse texture is often encountered in this kind of mining waste environment (sand and loamy sand to silty clay). The organic matter contents are quite low to medium.

  on different vineyard soils, where Cu concentrations were different in each soil sample but quite similar in all grapevine leaves studied. The other group of HM composed of Cd, Sb and Sn, which exhibited EFphytoliths values inferior to 1, except one site in Cartagena for Sn. Contrary to HM of the first group, these elements are not preferentially stored in phytoliths, but rather accumulated in plant shoots, where they were found at high concentrations (see Section 4.2.).
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  Results demonstrated that Arundo donax and Phragmites australis are able to accumulate HM in their shoots. Cadmium, Sb and Sn are stored in great quantities in plant aerial tissues, whereas the phytoliths extracted from reeds exhibited high concentrations of As, Cu, Mn, Pb and Zn. Therefore, phytoliths could play a significant role in reducing metal stress caused by these metal(oid)s, allowing plants to grow on highly metal-contaminated soils. Specific mechanisms involving passive or active pathways of HM uptake and bioaccumulation in plant shoots can be hypothesized but remain largely unclear. Furthers investigations are needed using for example in situ synchrotron-based spectroscopy to better understand the speciation and localization of different metal(loid)s in plant tissues, especially in phytoliths. Discovering how HM are sequestered in reed tissues will help to understand how the plant copes with metal toxicity, and if this sequestration in the form of a biomineral (phytolith) is durable. Such information would provide new insights for the selection of most efficient plants for phytoremediation processes in contaminated sites and has implication for the use of phytoliths as Delplace 1 , Eva Schreck 1 , Oleg S. Pokrovsky 1 , Cyril Zouiten 1 , Isalyne Blondet 1 , José Darrozes 1 , Jérôme Viers 1
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Notes: "EFplant" corresponds to the ration between heavy metal (HM) content in plant tissues and HM content in soil; "n.d." means that the element was not detected in a significant quantity in plant tissues; "-" means that the EFplant calculated was not significant, i.e. HM content in soil is inferior to the limit of detection. 
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Notes: "EFphyto" corresponds to the ration between heavy metal (HM) content in phytoliths and HM content in plant tissues. "-" means that the EFphyto calculated was not significant, i.e. HM content in plant tissues is inferior to the limit of detection or considered as similar to the background level.