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Abstract
The geochemical behavior of rare earth elements (REE) has been mainly investigated in geological systems where they represent the best proxies for processes occurring at the interface between different media. REE concentrations, normalized with respect to the upper continental crust, were used to assess their behavior. In this study, REE geochemical behavior was investigated in plant shoots of a facultative metallophyte naturally growing in Katanga (Democratic Republic of Congo). Anisopappus chinensis and rooting zone soil samples (n=80) were collected in four natural sites with contrasting pedogeological environments (e.g., parent rock type, pH, organic matter content) and highly variable REE contents. Soil and plant REE concentrations and chemical soil factors were was analyzed by ICP-MS, to examine relationships between soil factor and REE accumulation in plants. REE uptake by plants was primarily correlated with their concentrations and/or their speciation in the soil as previously shown in the literature. Results of this study show that REE patterns in shoots are relatively flat whereas soils are enriched in middle REE. The geochemical behavior of REE illustrates that metals accumulation in aerial parts of A. chinensis is most probably driven by mechanisms involving REE complexation processes in the rhizosphere.
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1. 
Introduction 
Rare earth elements (REE) represent a group of fifteen elements, with similar physiochemical properties and often considered and treated together (McLennan and Taylor, 2012; Davranche et al., 2017). In aquatic systems, REE concentrations are lower compared to those in host-rocks (e.g., Noack et al., 2014). Over the past few decades, the REE became highly important due to their use in many high-tech products and medical applications, therefore acquiring a great economic interest (e.g., Guyonnet et al., 2015). The increment in the industrial demand of REE has led to an increase of their release into the environment, particularly into natural waters and surrounding soils (Kulaksiz and Bau, 2013; Mihajlovic et al., 2014; Davranche et al., 2015). Although their toxicological effects and the potential environmental implications are still not fully understood (González et al., 2015; Herrmann et al., 2016; Martinez et al., 2018), it is important to assess REE biogeochemical behavior in order to better understand their occurrence and fate particularly in ecosystems. In agriculture, REE-doped food is used for pig and poultry fattening (He et al., 2001, 2003, 2010). In China REE-containing phosphate fertilizers have been applied for several years on a massive scale for growing crops, such as maize, rice, wheat, potato and cabbage (Liang et al., 2005; Pang et al., 2002; Liu et al., 2006). The recent growth in the demand for REE has led to an exponential increase of their global mining production from about 50 kt/year in 1990 to 170 kt/year in 2018 (Chen, 2011; Haxel et al., 2002; USGS, 2019). This has led to a significant presence of REE in the environment, and they are therefore being considered as emerging pollutants (Kulaksiz and Bau, 2011; Yang et al., 2009). Elevated REE concentrations have been shown particularly in China, in soils adjacent to REE mines and refining plants (Wang et al., 1997; Wei et al., 2001; Zhu et al., 1997), and in agricultural areas with intensive use of REE-enriched fertilizers (França et al., 2002). No human intoxication due to REE intake has been yet reported, nevertheless there is a growing concern about the continuous exposure to low levels of REE in foods, since it is well known that plants can accumulate REE (Xu et al., 2002; Zhang and Shan, 2001). REE have previously been considered to be nontoxic and to be readily excreted by animals and humans after ingestion (Schwabe et al., 2012). However, recent publications have reported toxic effects of REE in bacteria (Wilde et al., 2002), plants (Babula et al., 2008; Martinez et al. 2018) and animals (Briner et al., 2000; Che et al., 2010; Feng et al., 2006). 
 A better understanding of the behavior of the REE within the critical zone and more specifically in the biosphere is needed. The present study is therefore focused on understanding the role of main soil factors (i.e. organic matter, iron and manganese content, pH, other potentially toxic metals) in controlling the transfer of REE at the soil plant interface. Information on the influence and toxicity of REEs on plant development remain contradictory and not fully understood. For example, studies have shown positive Eu anomalies suggesting that Eu3+ can form stable organic complexes in place of Ca2+ in several biological processes in xylem fluids (Censi et al., 2014). However, the vast majority of dose-response studies have been conducted under hydroponic conditions. These types of research works have shown stronger effects on plant growth by REE and are not necessarily representative of natural conditions (Thomas et al., 2014). In contrast, we have not chosen a laboratory (e.g., Ding et al., 2006; Han et al., 2005; Sun et al., 1997; Semhi et al., 2009; Shtangeeva and Ayrault, 2007) or greenhouse experiment in pots enriched with anthropogenic REE (Ding et al., 2006; Liang et al., 2005; Xu et al., 2002, 2003), but an in situ approach under undisturbed natural conditions, to allow for the investigation of the REE interaction with plants from a pristine pedo-geochemical background, as done previously by Brioschi et al. (2013). The bioavailability of man-made inorganic or organic compounds to plants is one of the most important issues for environmental studies. In fact, the influence of soil properties and plant absorption capabilities are two of the main drivers that govern the bioavailability of the REE in natural settings (Thomas et al., 2014).
In this study, the geochemical behavior of REE was investigated in the broad-niched Anisopappus chinensis (Asteraceae) that grows on a high variability of chemically contrasted soils. Four sites with subtropical humid climates and contrasting pedogeological conditions were selected in order to assess the environmental variability. At each site, REE transfer from soil to shoots was studied in A. chinensis. The objectives of this study were to (i) examine intraspecific variability of REE shoot concentrations and (ii) assess the influence of soil chemical factors on the REE transfer rates at the soil-plant interface in order to contribute to a better characterization of REE bioavailability to plants, as well as flow and storage in soils and plant biomass.

2 Materials and methods
2.1. Plant populations
One model plant species has been selected in the study: Anisopappus chinensis (L.) Hook.f. & Arn. (Asteraceae) which is a facultative metallophyte (Lange et al., 2017). It is a short-lived perennial plant occurring on both the natural Cu-Co hills of the Katangan Copperbelt of Central Africa and the surrounding the Miombo woodlands (Séleck et al., 2013; Faucon et al., 2016). Large variations of Cu and Co concentrations in the shoots of this species have already been highlighted (Faucon et al., 2007). Four populations of this plant were selected from different sites in the Katanga region (Dem. Rep. of Congo), as illustrated in Figure 1 and shown in Table 1. Two populations have been sampled on natural Cu-Co undisturbed hills from the Tenke-Fungurume region: Fungurume 5 (F5) and Goma 2 (G2), and two populations have been sampled in the woodland: Kiswishi (Ki) and Mikembo (Mi). Details and description of the sites can be found in Pourret et al. (2016).

2.2. Sampling and samples preparation
A total of 80 plant and 80 soil samples were considered in this study. At each site, 20 plants (whole shoots) and 20 soil samples from the rooting zone of each plant (0-15 cm) were collected. Study populations were carefully delimited and sampling was carried out systematically across sites, covering edaphic heterogeneities for each site. Plants were collected at the same development stage. Anisopappus chinensis specimens were sampled in April 2012 and June 2013. After collection, plant shoots were carefully brushed, washed with Alconox® 1% in demineralized water, dried at 60°C for 48 h (Faucon et al., 2007; Lange et al., 2014) and weighted. Soil samples were dried at room temperature, sieved (2 mm) and milled (RETSCH RM 200).

2.3. Plant and soil analysis
To determine metal concentration in shoots of A. chinensis 0.25g (accurately weighed) of samples were digested using a mixture of 8 mL HNO3 and 2 mL HCl and a  microwave system (Mars 5 Microwave Accelerated Reaction System – CEM corporation, USA) according to the procedure reported by Avula et al. (2010). Rare earth element concentrations in the digest samples were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Thermo Scientific XSERIES2). Quantification was carried out by external calibration (REE multi elemental standard solution from Accu Trace Reference, USA) and indium (2.5 μg/L) as an internal standard in order to correct for instrumental drift and matrix effects. Isobaric interferences due to the formation and ionization of oxides and/or hydroxides in the ICP-MS can modify the determination especially of Eu concentrations with Ba. The REE concentrations where corrected from this potential source of error as suggested earlier (Davranche et al., 2017). The instrumental accuracy was assessed by analyzing the SPS-SW2 certified reference material (CRM) for measurement of elements in surface water (SpectraPur standards, Oslo, Norway). The analyses of real samples were carried out provided that the bias of the measured standard concentrations was <5% compared to the certified values. The method for plant analyses was validated by the analysis of a tomato leaves standard (SRM 1573a, NIST, Gaithersburg, USA). Statistical agreement with the “determined but not certified data” for La, Ce, Sm and Gd was obtained as well. Soil analyses were performed by Acme Analytical Laboratories Ltd. (Vancouver Canada). For this purpose, 0.25 g of soil samples were digested by using a mixture of HNO3- HClO4-HF; the samples were heated to fuming and taken to dryness. The residue was further dissolved in HCl and the solutions were analyzed using ICP-MS. The precision and accuracy of the analyses of elemental concentrations were determined using standard material (SO-18). Analyses agreed with standard values to within 5%. The soil samples pH was determined on a saturated soil-water paste and the total carbon content was measured by Leco Analysis (Lange et al., 2014).

2.4. Statistical analysis
Descriptive statistics were performed on total soil analyses and normality of data and homogeneity of variances were verified. One way ANOVA (Analysis of Variance) and Tukey HSD were used to test for differences in REE concentrations in shoots among populations and differences in metals fractionation among sites. Significance was defined and represented as follows: ***: p<0.001, **: p<0.01, *: p<0.05, NS=non-significant. The relationships between element concentration in plants and edaphic factors (elemental concentration, total carbon content (%), pH) were characterized using Pearson’s correlations. 

2.5. Elemental ratios and anomalies
REE data are presented as distribution patterns, with the individual REE listed in the order of their atomic number, normalized to the upper continental crust (thereafter called REE patterns).  
 The change of the shape of the REE patterns between 2 successive reservoirs (i.e. in our study soil and plant) is called “fractionation of the REE”, e.g. an enrichment or a depletion in light, or heavy REE. For that, (La/Sm)UCC, (Gd/Yb)UCC and (La/Yb)UCC ratios are calculated. More specific fractionations are positive or negative peaks in the REE distribution patterns, which are most common for Ce and Eu, and referred to as positive or negative Ce and Eu anomalies. The magnitude of these anomalies is quantified by Ce/Ce* and Eu/Eu* ratios:

Ce/Ce* = (2 x CeUCC)/(LaUCC  + PrUCC) 						(1)
and
Eu/Eu*=(2 x EuUCC)/(SmUCC  + GdUCC) 						(2)

The subscript “UCC” stands for normalized values. Anomalies with Ce/Ce* and Eu/Eu* ratios >1 appear as positive peaks in a REE pattern and are therefore referred to as “positive anomalies”. Anomalies with Ce/Ce* and Eu/Eu* ratios <1 yield negative peaks and are called “negative anomalies”. The occurrence of positive or negative Ce anomalies is typical for oxidizing conditions where Ce is present as Ce4+ and therefore less soluble than the other REE (Marsac et al., 2017). By contrast, on the Earth’s surface Eu anomalies are, in most cases, related to the presence of feldspar or feldspar-derived alteration products such as clay minerals (Davranche et al., 2017). 

3. Results
3.1. Rare earth element signature in soils

Soil samples (organic layer) were collected at four sites: two from natural Cu-Co (~8000 mg/kg of Cu and 500-3000 mg/kg of Co) undisturbed hills (Ca poor, 0.14 wt %< Ca <0.27 wt %) from the Tenke-Fungurume region: Fungurume 5 and Goma 2; and two from the Miombo woodlands, both Cu-Co poor (< 65 mg/kg for Cu and <117 mg/kg for Co), Ca very poor (<0.04 wt %) and Fe rich (up to 17 wt% Fe2O3) for Mikembo and alkaline rich for Kiswishi (Table 2). It must be noted that Mikembo and Kiswishi soils have acidic pH (i.e., mean pH values of 4.4 and 4.5 respectively; Table 2) whereas Goma 2 and Fungurume 5 soils have near neutral pH (i.e., mean pH values of 6.1 and 6.2; Table 2). Goma 2 and Fungurume 5 soils have higher total C content (mean TOT C% from 2.7 to 5.4; Table 2) compared to Mikembo and Kiswishi soils (mean TOT C% from 1.6 to 1.7; Table 2). Mean La concentrations varied from 13.10 mg/kg at Mikembo, 18.94 mg/kg at Goma 2, 34.22 mg/kg at Fungurume 5. These values range from 30.00 mg/kg (UCC values; McLennan 2001) to levels up to 623.72 mg/kg at Kiswishi. Mean Eu concentrations vary from 0.59 mg/kg at Mikembo, 0.99 mg/kg at Goma 2, 1.08 mg/kg at Fungurume 5. These values range from 0.88 mg/kg (UCC values; McLennan 2001) to concentrations of 6.33 mg/kg at Kiswishi. Mean Lu concentrations vary from 0.28 mg/kg at Fungurume 5, 0.29 mg/kg at Mikembo, 0.32 mg/kg at Goma 2, and 0.56 mg/kg at Kiswishi, values that are in the range of UCC (0.32 mg/kg; McLennan 2001).
Soil REE patterns for Fungurume 5 and Goma 2 are relatively flat, suggesting middle REE (MREE) enrichment (Figure 2a, b). Indeed, (La/Sm)UCC is <1 for most samples (except 4 samples in Fungurume 5), and (Gd/Yb)UCC >1. There is no cerium anomaly, nor an europium anomaly. Mikembo samples display heavy REE (HREE) enrichment with (La/Sm)UCC <1 and (Gd/Yb)UCC <1 and (La/Yb)UCC <1. No Eu anomaly was found, however, considerable positive Ce anomalies were present (from 1.6 to 4.8) (Figure 2c). 
Eventually, as highlighted by REE patterns (Figure 2), the four sampled sites (i.e. Goma 2, Fungurume V, Kiswishi and Mikembo) display different signatures due to different controlling parameters (organic matter, Mn/Fe oxides, host rock, pH; see Table2).

3.2. Rare earth element signature in plants
Mean La concentrations in shoots of A. chinensis vary from 0.886 mg/kg at Mikembo, 0.335 mg/kg at Goma 2, 0.215 mg/kg at Fungurume 5, to values of up to 6.039 mg/kg at Kiswishi (Table 3). Mean Eu concentrations vary from 0.013 mg/kg at Mikembo, 0.013 mg/kg at Goma 2, 0.007 mg/kg at Fungurume 5, to 0.052 mg/kg at Kiswishi (Table 3). Mean Lu concentrations were found at 0.001 mg/kg at Fungurume 5, 0.014 mg/kg at Mikembo, 0.002 mg/kg at Goma 2, and 0.025 mg/kg at Kiswishi (Table 3). 
Plant REE patterns display MREE enrichment relative to the LREE (Figure 3). Indeed, Fungurume 5 samples display LREE to MREE enriched patterns with (La/Sm)UCC <1 and (Gd/Yb)UCC >1 and (La/Yb)UCC >1, without Eu and Ce anomalies (Figure 3a). Goma 2 samples were LREE to MREE enriched, with (La/Sm)UCC <1 and (Gd/Yb)UCC >1 and (La/Yb)UCC >1, without Eu and Ce anomaly (Figure 3b). Mikembo samples display LREE enriched patterns with (La/Sm)UCC >1, (Gd/Yb)UCC >1 and (La/Yb)UCC >1, and positive Ce anomalies (mean value of 1.7  and up to 2.3) (Figure 3c) and no Eu anomaly. Kiswishi samples display LREE enriched patterns with (La/Sm)UCC >1, (Gd/Yb)UCC >1 and (La/Yb)UCC >1, negative Ce anomalies (mean value of 0.54; ranging from 0.20 to 0.67) and negative Eu anomalies (mean value of 0.67; ranging from 0.48 to 0.86) (Figure 3d). Thus, shoot REE patterns are consistent with those found in soils (Figures 2, 3).

3.3. Rare earth element transfer at soil/plant interface 
The transfer factor (TF) values for the REE evidence different behavior between sites (Table 4). The mean values of the TF for La, Eu and Lu were in good agreement: ranging from 0.006 to 0.018 for La with the exception of 0.068 for Mikembo samples; from 0.004 to 0.008 for Eu with the exception of 0.035 for Mikembo samples; and from 0.004 to 0.005 for Lu with the exceptions of 0.044 and 0.048 for Kiswishi and Mikembo, respectively. Total concentrations of La, Eu and Lu in the soil samples were correlated with total La, Eu and Lu levels in plants (rPearson = 0.54, 0.46 and 0.54 with p < 0.001, respectively; see Figure 4 for La).

While REE concentrations increase, a LREE enrichment can be observed as expressed by (La/Yb)UCC ratio (Figure 5a; rPearson = 0.73 with p < 0.001); this highlights a preferential uptake of LREE at higher REE levels. This LREE fractionation is more evident for the Mikembo site (increase of La/Sm ratio in the shoots for the same La/Sm ratio in the soils) whereas no significant fractionation occurs for the Kiswishi site (Figure 5b; positive correlation with rPearson = 0.41; p value < 0.1) Moreover, a strong HREE fractionation for Mikembo site is observed (increase of Gd/Yb ratio in the shoots for the same Gd/Yb ratio in the soils) whereas no fractionation could be observed for the other sites (Figure 5c; positive correlation with rPearson = 0.82; p value < 0.001).

4. Discussion
4.1. Rare earth element fractionation in soils
Soils, derived from Fe and Mn laterite, typically show REE patterns at acidic pH dependent on Fe oxides which control the development of the positive Ce anomaly and Tetrad effect (e.g., Bau, 1999). A detailed study by Braun et al. (1990), highlighted the Ce distribution within the lateritic soil profile in Cameroon. It showed that the highest Ce contents and anomalies are present in non-ferruginous seams and are associated with the porosity of white seams, where halloysite needles precipitate. However, for some New Zealand soils positive Ce anomalies were related to the presence of Fe-Mn concretions, as observed by Rankin and Childs (1976). This was further illustrated by the modeling studies of Pourret and Davranche (2013) and highlighted for heterogenite (CoOOH) from the studied area (Decrée et al., 2015). In the present study, Kiswishi samples display LREE enrichment (with (La/Sm)UCC >1 and (Gd/Yb)UCC >1 and (La/Yb)UCC >1 with both negative Ce and Eu anomalies ranging from 0.5 to 0.7 and 0.8 to 0.9, respectively; Figure 2d). The large negative Eu anomalies at Kiswishi are similar to that observed at Luiswishi (5 km East from Kiswishi) and may be inherited from the sources, generated during brine transport or through remobilization during the second mineralization stage (Debruyne et al., 2013). The association of these negative Eu anomalies with high total REE contents favors the latter interpretation. Under the reducing conditions found at the sites of mineralization, Eu is likely reduced to fluid-mobile, divalent Eu and therefore preferentially lost to the fluid during subsequent remobilization. The presence of both Ce and Eu anomalies at Kiswishi can be explained by changing redox conditions during fluid migration, mineral precipitation and later recrystallization and inheritance in the soil derived from this host rock (Laveuf and Cornu, 2009). Cerium anomaly variations are likely due to pH change (Braun et al., 1990).  Indeed, soils from Kiswishi and Mikembo with Ce anomalies show a significantly lower pH compared to the Goma 2 and Fungurume 5 sites (4.4 and 4.5 compared to 6.0 and 6.2).

4.2. Soil  factors influencing REE accumulation in A. chinensis
It is generally assumed that, as for any other element, availability of REEs to plants result from various soil associated factors as well as plant associated factors controlling mobilization, speciation and uptake of elements at the soil-root interface (rhizosphere). Among others, soil associated factors include total concentrations, initial distribution among mineral and organic soil phases as well as soil physicochemical properties such as pH and redox conditions. The results of this study indicate a strong influence of REE concentrations and speciation in soils on REE availability to plants as A. chinensis displays relatively the same REE patterns as the soil REE pattern is (Figures 2 and 3). As an exception, differences in REE concentrations in plants compared to soil were observed at Mikembo site which might be influenced by REE concentrations in soil. According to the literature, typical REE concentrations in soils are a few tens of mg/kg for Nd and a few hundreds of mg/kg for the sum of the REE (Laveuf and Cornu, 2009; Loell et al., 2011; Tyler, 2004). REE levels in soils are primarily controlled by pedogenetic parameters and the mineralogy of the REE carrier phases in the bedrock and in the soil rather than by the REE concentrations of the bedrock. REE concentrations in soils vary according to parental soil materials and history (Laveuf and Cornu, 2009). At the soil surface, REE levels reach up to 100–200 mg/kg (Liang et al., 2005; Tyler, 2004; Wyttenbach et al., 1998; Xu et al., 2002; Zhang and Shan, 2001). These concentrations are in good agreement to the soil REE levels at sites investigated in this study, except for Kiswishi soils that were characterized by REE concentrations of roughly one order of magnitude higher. Accordingly, compared to the other sites shoot concentrations of REEs in A. chinensis were highest in populations growing at Kiswishi without significant differences between other sites, Mikembo, Fungurume and Goma. It is under these conditions that we expect toxicity to plants to be more pronounced, as explained also in previous studies (Zhang and Shan, 2001). However, transfer factors calculated based on total soil and plant concentrations (Table 4) were much higher at Goma 2 and Mikembo (La: 0.018 –0.068) compared to Kiswishi (La: 0.01). This indicates that other factors than total soil concentrations seem to control the soil-plant transfer of REEs among the investigated sites. Indeed many studies evidenced that soil REE concentration could not totally predict plant REE uptake and that the concentrations of individual REEs found in plants were not a simple function of the total content of these elements in soils (Laveuf and Cornu, 2009; Li et al., 1998; Tyler, 2004; Wyttenbach et al., 1998). Eventually, soil concentrations have an impact only at high levels (i.e., for Kiswishi site; Figure 4) or at specific soil conditions that favor their presence in shoot plant growing in the site. Soil pH and REEs associated to SOM and Fe-oxyhydroxides fractions are the most important soil factors controlling availability of REEs to plants (Wiche et al. 2017; Wiche and Heilemeier 2016). Soils at Kiswishi and Mikembo were characterized by low pH, and SOM which favors release of REEs from REE-containing soil phases such as Fe-oxyhydroxides and other secondary minerals forming the labile and potentially plant-available element pool in soils. Concomitantly, soils at Mikembo where characterized by high contents of Fe-oxyhydroxides what might explain the high soil-plant transfer of REEs at Mikembo, though total REE contents of soils where not significantly different between Mikembo, Fungurume 5 and Goma 2, respectively. However, there was no significant difference in shoot REE concentrations between Mikembo, Fungurume 5 and Goma 2, though there were significant differences between their soil functional properties. This may suggest that other factors than soil properties are needed to explain REEs accumulation by the plants and processes in the rhizosphere as well as species specific uptake and exclusion mechanisms must be taken into account which, however, remains field for further research.

4.3 Fractionation of REEs in plants
The environmental behavior of REE in soil is dominated by their low solubility (Davranche et al., 2017). Fluorides, carbonates, phosphates may form complexes with low solubility REEs, resulting in low dissolved REE concentrations in the aqueous phase. In soil solution, REEs may be complexed with inorganic (e.g., carbonate, sulfate) and organic ligands (e.g., humic and fulvic acids), and at a high pH, with hydroxyl ions. The adsorption capacity of REE depends on the soil organic matter and the count of amorphous iron and manganese oxides, the latter having the highest sorption ability (Pourret and Davranche, 2013; Liu et al., 2017). The fractionation of the REEs can be related to preferential scavenging of the HREE by pedogenic minerals, most probably Fe-oxyhydroxides. LREE are consequently more mobile and preferentially exported by surface and sub-surface runoff. This also implies that LREE are more available for root absorption than HREE. Indeed, LREE enrichment of plant roots may be related to two different factors: (i) the soil water pool from where plant roots absorb REE is enriched in LREE because pedogenic Fe-oxyhydroxides include preferentially HREE in their mineral structure; (ii) the resulting LREE enrichment of plant roots is amplified by the preferential uptake of free LREE compared to HREE essentially present as complexed ions. In our study, while soil total REE concentrations increase, a LREE enrichment is observed in the plants; this highlights a preferential uptake of LREE when more REEs are abundant in soils. This LREE enrichment is more evident for Mikembo site whereas no changing in the REE pattern occurs for Kiswishi site (Figures 2 and 3). Moreover, HREE enrichment for Mikembo site is observed whereas no fractionation occurs for other sites (Figures 2 and 3).This can be largely explained by differences in soil pH, organic matter and Fe-oxyhydroxide contents among the investigated sites. At acidic pH, and lower organic matter content, the case at Mikembo and Kiswishi, REE are more mobile (e.g.,Pourret et al., 2007; Davranche et al., 2015) and thus more available to plants. However, Mikembo soils were characterized by significantly higher contents of Fe which suggest LREE enrichment relative to REEs through preferential immobilization of HREEs onto surfaces of Fe-oxyhydroxides. Possibly, such phenomena is exacerbated at higher REE content, as observed for the Kiswishi site. In contrast, at sites with near neutral pH, with high organic carbon content, like for Goma 2 and Fungurume 5, REEs are most probably mainly bound to organic material. Besides the fractionation between LREE and HREE and the anomalies of some individual REE, a Tetrad effect of the REE distribution pattern has been found in some ferns, sea- weeds, and other plants (Liang et al., 2008). The distribution curve of the REE can be divided into four similar parts: La-Nd, Nd-Gd, Gd-Ho, Ho-Lu. There exist two types of Tetrad effects in nature, the concave “W” and the convex “M”. The former exists in solution and the latter is generally present in the solid phase. Though the “W” type Tetrad effect has been found to be present in the aerial parts of plants, the mechanisms by which it arises remain unclear. However, an assessment of the geochemical behavior of REE according to the theory of the Tetrad Effect confirms that REE coming from soil are scavenged onto root tissues or mineral surfaces whereas their behavior in aerial parts of Vitis vinifera (Censi et al., 2014) or Taxodium japonicum and Thea sinensis (Fu et al., 2001) is driven by dissolved complexation. Wyttenbach et al. (1998) suggested that the types and concentrations of organic ligands in the rhizosphere may be the main factors causing the distribution patterns and levels of REE fractionation in various plants. Additions of DTPA, EDTA, citric acid, humic acid, or fulvic acid caused the decreased REE concentrations in plants, together with the decreased level of MREE enrichment in roots and HREE enrichment in leaves (Wyttenbach et al., 1998). Heavy REE enrichment in the aerial parts of plants has been observed owing to the stronger combination of most ligands with HREE than that with LREE and thus a higher mobility of HREE within the plant tissues. However, Wiche et al. (2017) demonstrated that presence of naturally occurring chelates like citric acid and the microbial siderophore DFO-B significantly decreased REE-accumulation in Phalaris arundinacea plants suggesting preferential uptake of REEs in their ionic form. These results suggest that processes in the rhizosphere, especially presence of organic ligands may lead to a discrimination of HREEs relative to LREEs during plant uptake, while complexation within the plants favors transfer of HREEs from roots to shoots. Furthermore, the fractionations of REE can be influenced by the pH value, Eh, and inorganic ions in the rhizosphere of plants. Owing to the fact that plants at our study sites generally show LREE enrichment our results suggest that processes in the rhizosphere of A. chinensis, most probably complexation with organic ligands caused REE fractionation during soil-plant-transfer. However, the extent to which the above-mentioned sub-processes influence the pattern of REEs in shoots of soil-grown plants may vary strongly between different plant species or even among populations within species.  

4.3. Intra-specific variations of REE concentrations in plant shoots
Anisopappus chinensis is a facultative metallophyte occupying non-metalliferous soils (Kiswishi, Mikembo) as well as highly Cu and Co enriched soils (Fungurume 5, Goma 2) in southeastern D.R. Congo (Table 2). Lange et al. (2018) demonstrated that Cu-Co accumulation and tolerance is not constitutive at the species level by highlighting populations was Co tolerant compared to their relatives originating from normal soils (non metalliferous soils, e.g. Kiswishi and Mikembo). Here, we expected differences in REE shoot concentrations and soil-plant transfer factors between populations, originating from contrasting environments, including high REE soil variability. Our results highlight that REE uptake by plants was primarily correlated with soil concentrations and/or speciation as it was previously shown (e.g., Brioschi et al., 2013; Censi et al., 2014). In all investigated populations, REE patterns in shoots are relatively LREE enriched whatever soils are (Figures 2 and 3). In particular, total REE, Cu and Co concentrations, pH, SOM as well as Fe-oxyhydroxide co-varied among populations (Tables 2 and  3) make it substantially difficult to judge whether differences in shoot concentrations and soil-plant transfer factors originate from soil-associated factors or plant-associated factors. Generally, plant-associated factors affecting availability of REEs to plants involve species-specific mechanisms for mobilization and uptake in the rhizosphere during mineral nutrient (Wiche and Heilmeier, 2016; Wiche et al., 2016; 2017). Based on results from greenhouse studies, it seems that REE accumulation in plants is negatively correlated with carboxylate exudation (Wiche and Heilmeier, 2016), and with the acidification of the rhizosphere (Wiche and Heilmeier, 2016; Wiche et al. 2017; Martinez et al., 2018) and the release of siderophores (Kraemer et al., 2017). Moreover, mutualistic relationships between plant roots and rhizosphere bacteria and fungi may strongly influence speciation of REEs and consequently availability to plants (Tyler 2004; Martinez et al., 2014; Kraemer et al., 2017). These plant-associated processes may show distinct variability among different genotypes as previously demonstrated for plant nutrients (Krasilnikoff et al., 2003). Therefore, high phenotypic variation in transfer factors between sites (Table 4) as well as high variation of shoot REEs concentration within populations (Table 3) could be explained by differences in REE availability in soils, impacted by root-induced chemical changes in the rhizosphere or even by intraspecific root interactions of neighboring plants growing at the sites (Wiche et al., 2016). The hypothesis of a genetic variability of REE accumulation in plant shoots could also explain this high phenotypic variation as demonstrated for several metals (Maestri et al., 2013; Meyer et al., 2015). For example, Lange et al. (2018) observed lowest concentrations of Cu in plants from Kiswishi site that were in contact with extraordinarily high levels of REEs. It is generally accepted that organic acid anions, particularly citrate and malate, play a central role in metal resistance (Delhaize and Ryan, 1995). There are some remarkable similarities in the toxicity of REEs and Al to roots (Ishikawa et al., 1996). Aluminum and REEs both activate the efflux of malate from wheat roots (Kataoka et al., 2002). Unfortunately our data obtained in this field study do not allow further interpretation. Eventually, REE shoot concentration should be investigated growing the four populations under controlled conditions on homogeneous substrates with defined REE concentrations and properties to highlight and quantify the genetic variability. 
Mechanisms that explain REE accumulation in plants remain poorly understood and remain field for further research. Perspective is to examine this variation in several plant species and populations in contrasted soil in situ and in controlled conditions ex situ. 

5. Conclusion
In the present study, REE geochemical behavior was investigated in plant shoots of A. chinensis growing on soils from Katanga (Democratic Republic of Congo). The four natural sites with contrasting pedogeological environments and highly variable REE contents allowed us to highlight that REE uptake by plants was primarily correlated with their concentrations and/or their speciation in the soil as it was previously shown in literature. Results from this study show that REE patterns in shoots are relatively flat whereas soils are enriched in MREE. The geochemical behavior of REE illustrates that metals accumulation in aerial parts of A. chinensis is mainly driven by mechanisms involving REE complexation processes.
Further investigations are needed to understand better REE availability to plants. Our results on the intraspecific variability of REE shoot concentration and transfer factor in Anisopappus chinensis remains unclear. We can hypothesise that, in addition to soil-plant-associated factors, population-specific plant responses to REE may account for the high phenotypic variations observed in our study.  In particular, root REE absorption capacity, transport mechanisms, translocation and/or plant nutritional needs. Genetic variability of REE accumulation by facultative metallophytes from Cu and Co enriched soils should be explored growing under controlled conditions a broad sample of populations from contrasted environment, under controlled conditions, on soil artificially enriched with several REE element/dose combinations to test and quantify it.
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Figure and table captions

Table 1 Location and description of study sites. All sites are in Katanga (Democratic Republic of Congo). Coordinates are in GCS WGS84 (DD).
Table 2 Major elements (Si, Al, Fe, Ca, Cu, Co) and selected REE concentrations (La, Eu and Lu) of soil samples from Fungurume 5, Goma 2, Kiswishi and Mikembo sites. Means are compared by One way ANOVA and Tukey (HSD); the means with the same letters are not significant. 
Table 3 Selected shoot REE concentrations (La, Eu and Lu) in A. chinensis populations of Fungurume 5, Goma 2, Kiswishi and Mikembo sites. Means are compared by One way ANOVA and Tukey (HSD); the means with the same letters are not significant. 
Table 4. Transfer factor (TF) values (ratio of plant concentration on soil concentration).

Figure 1 Geological sketch map (modified from Cailteux et al. 2005 and Decrée et al. 2015) and sampling point locations.
Figure 2 Upper continental crust (UCC)-normalized rare earth element patterns in soils sampled at (a) Fungurume 5, (b) Goma 2, (c) Mikembo and (d) Kiswishi. UCC values are from McLennan (2001).
Figure 3 Upper continental crust (UCC)-normalized rare earth element patterns in A. chinensis leaves sampled at (a) Fungurume 5, (b) Goma 2, (c) Mikembo and (d) Kiswishi. UCC values are from McLennan (2001).
Figure 4 (a) Lanthanum concentrations (mg/kg) in A. chinensis as a function of La concentrations (mg/kg) in soil samples from Fungurume 5, Goma 2, Kiswishi and Mikembo sites (r pearson = 0.54, p < 0.001), and (b) Ce/Ce* in A. chinensis as a function of Ce/Ce* in soil samples from Fungurume 5, Goma 2, Kiswishi and Mikembo sites (r pearson = 0.79, p < 0.001).
Figure 5 (a) (La/Yb)UCC ratio for A. chinensis as a function of ΣREE (mg/kg) for A. chinensis from Fungurume 5, Goma 2, Kiswishi and Mikembo sites (r pearson = 0.73, p < 0.001), (b) (La/Sm)UCC ratio for A. chinensis as a function of (La/Sm)UCC ratio for soil samples from Fungurume 5, Goma 2, Kiswishi and Mikembo sites (r pearson = 0.24, p < 0.1), and (c) (Gd/Yb)UCC ratio for A. chinensis as a function of (Gd/Yb)UCC ratio for soil samples from Fungurume 5, Goma 2, Kiswishi and Mikembo sites (r pearson = 0.82, p < 0.001).


Table 1 
	Sites
	Soil description
	Elevation m
	Coordinates

	Fungurume 5 (F5)
	Natural Cu-Co hill not disturbed by mining. Sampled on grassland.
	1300
	S10.61644° E026.28907°

	Goma 2 (G2)
	Natural Cu-Co hill not disturbed by mining. Sampled on grassland.
	1300
	S10.59981° E026.13888°

	Kiswishi (Kis)
	Sampled on woodlands
	1310
	S11.53160° E027.46668°

	Mikembo (Mi)
	Sampled on woodlands
	1185
	S11.47799° E027.66216°





Table 2 
	
	Fungurume 5
	Goma 2
	Kiswishi
	Mikembo
	

	
	mean
	sd
	mean
	sd
	mean
	sd
	mean
	sd
	One way ANOVA

	SiO2 (%)
	61.9a
	9.5
	62.0a
	4.4
	74.0b
	2.3
	64.1ac
	4.3
	F3,76 = 85.2; P < 0.001

	Al2O3 (%)
	7.7
	3.4
	8.5
	2.3
	8.8
	1.0
	8.4
	0.7
	NS

	Fe2O3 (%)
	3.8a
	2.1
	4.0a
	0.9
	6.5b
	0.6
	17.0c
	3.6
	F3,76 = 167; P < 0.001

	CaO (%)
	0.27a
	0.26
	0.07b
	0.02
	0.04bc
	0.01
	0.03bc
	0.01
	F3,76 = 15.4; P < 0.001

	TOT Cu (mg/kg)
	8654.5a
	2260.9
	9678.2a
	1190.9
	64.6b
	14.4
	15.2b
	2.7
	F3,76 = 342; P < 0.001

	TOT Co (mg/kg)
	3550.7a
	2550.2
	672.2b
	242.6
	117.4bc
	38.0
	16.6bc
	5.0
	F3,76 = 33.8; P < 0.001

	TOT C (%)
	5.4b
	2.5
	3.5a
	1.4
	1.7c
	0.7
	1.6c
	0.3
	F3,76 = 29; P < 0.001

	pHH2O
	6.2a
	0.6
	6.0a
	0.2
	4.4b
	0.2
	4.5b
	0.2
	F3,76 = 173; P < 0.001

	La (mg/kg)
	34.22a
	30.46
	18.94a
	7.74
	623.72b
	289.36
	13.08a
	1.63
	F3,76 = 85.2; P < 0.001

	Eu (mg/kg)
	1.078a
	0.210
	0.989a
	0.350
	6.331b
	2.009
	0.588a
	0.067
	F3,76 = 139.8; P < 0.001

	Lu (mg/kg)
	0.275a
	0.091
	0.319a
	0.141
	0.563b
	0.054
	0.290a
	0.031
	F3,76 = 81.6; P < 0.001

	Total REE (mg/kg)
	140.91a
	90.91
	121.98a
	39.14
	1898.3b
	835.15
	120.59a
	27.01
	F3,76 = 88.2; P < 0.001





Table 3 
	
	Fungurume 5
	Goma 2
	Kiswishi
	Mikembo
	One way ANOVA

	mg/kg
	mean
	sd
	mean
	sd
	mean
	sd
	mean
	sd
	

	La
	0.215a
	0.117
	0.335a
	0.280
	6.039b
	4.834
	0.886a
	0.706
	F3,73 = 24.7; p < 0.001

	Eu
	0.004a
	0.001
	0.005a
	0.003
	0.053b
	0.046
	0.021a
	0.012
	F3,73 = 17.4; p < 0.001

	Lu
	0.001a
	0.001
	0.002a
	0.002
	0.025b
	0.016
	0.014bc
	0.009
	F3,73 = 17.4; p < 0.0001


(n=20 for each site)



Table 4 Transfer factor (TF) values.
	
	La
	Eu
	Lu

	Fungurume 5
	0.006
	0.004
	0.004

	Goma 2
	0.018
	0.005
	0.006

	Kiswishi
	0.010
	0.008
	0.044

	Mikembo
	0.068
	0.035
	0.048
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1. Goma 2
2. Fungurume 5
3. Mikembo
4. Kiswishi
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Figure 2
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