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Abstract 

Fractionation of Rare Earth Elements (REE) and the accumulation and translocation indexes were measured and determined in 
the native vegetation [Halimium lasianthum (Lam.) Spach subsp. alyssoides (Lam.) Greuter; Cytisus multiflorus (L’Hér.) Sweet; 
and Cistus monspeliensis L.; Cistus ladanifer subsp. ladanifer; Lavandula stoechas L.] from the iron mining area of Moncorvo 
(NE Portugal). There is no correlation between the amounts of REE in rhizosphere and in plants. The REE concentration as the 
fractionation follows roots>leaves>stems in plants. A slightly enrichment in HREE were found in rhizosphere and plants (roots 
and stems), whereas the leaves are enriched in LREE. The accumulation and translocation depend of internal complexes ligands. 
The redox and pH conditions of the rhizosphere conditioned the REE uptake. Greatest bioaccumulation ability of heavy REE 
(HREE) was found in C. monspeliensis, followed by H. lasianthum that also, has a high capacity of the REE translocation to the 
aerial parts, contrary to C. monspeliensis. An M-type tetrad effect was determined mainly for HREE (Gd-Ho series) indicating a 
complexation of REE. The greatest differences in the REE fractionation patterns (mainly for HREE) are observed in stems, as a 
consequence of the transport function of this organ. Cerium anomaly indicates that the pH and redox conditions affected the 
uptake of Ce by plants, where the free ionic species are dominated in roots and leaves (positive anomaly), and stems (negative 
anomaly). Also the Eu-anomaly is greater in roots and leaves than in steams probably by participation in metabolic functions due 
to similarity with calcium. 
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1. Introduction 

Rare Earth Elements (REE) show similar chemical and physical properties, which promote 
their co-existence in the nature. REE are widely used as geochemical tracers, being considered 
one of the most critical raw materials due to small number of economically viable ore deposits 
and its reduced dispersion around world. 

The concentration of REE in plants are usually low and a little attention was given in the past 
due to low detection limits of analytical techniques1,2. Although, the accumulation and 
translocation of REE in plants have been reported from relatively longtime2,3, where extreme 
high amounts were found in few plant species3,4. The great diversity of plant species, the high 
heterogeneity and complexity of soils and rhizosphere affect the study of REE in plants5. Distinct 
plant species collected from the same locations showed differences in the ability for the REE 
bioaccumulation6, verified also in the same plant species7. Few studies indicated a dependence of 
REE plant bioaccumulation of the soils levels8,9. By contrast, others1 referred no dependence. 

The REE elements do not have a high toxic effect for plants. However, little is known about 
the metabolic effects of REE, as well as its fractionation mechanisms in plant tissues7,10. The 
fractionation and the plants uptake of REE are affected in a first stage by the rhizosphere 
conditions and by roots exudates, while the REE translocation and fractionation in plants are 
dependent to internal ligands5,11. 

The aim of this work was to conduct a preliminary study on the REE fractionation and 
transference between soils (rhizosphere) to native plants and their translocation and fractionation 
from the roots to the aerial parts of plants. The study was carried out in the iron mining area of 
Moncorvo, where great amounts of phosphates occur associated with mineralization, which are 
known to be good source for REE. 

2. Study area 

The Moncorvo mining area is setting in the Central Iberian Zone (CIZ) (Fig. 1), being located 
in the Trás-os-Montes region, northeastern of Portugal. The iron ore reserves exceeds 1000 
million tones, making this deposit one of the largest from Europe, where the mining exploration 
was abandoned in the past due to the high phosphorous content that causes problems during the 
ore treatment processing12. Since to 2005, the MTI-Ferro de Moncorvo, S.A. company is 
evaluating and conduction a new exploitation plan. 

Fig. 1. Location and geotectonic setting of the Moncorvo mining area. GTMZ – Galiza Trás-os-Montes Zone; CIZ – Central Iberian Zone; OMZ 
– Ossa Morena Zone; SPZ – South Portuguese Zone (adapted

15
). 
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The mineralization, with a clastic sedimentary origin, occurs interbeded with the detrital rocks 
(mainly quartzites and psamites) of Ordovician age, deposited under oxidizing conditions12-14. 
Underlying the Ordovician formation occur a monotonous marine series of shales and greywakes 
of ante-Ordovician age, while overlying are Silurian series comprising shale alternations and 
limestones. The rocks series were affected by the Hercynian orogeny that caused folding and the 
intrusion of granitic rocks. Tardi-Hercynian fractures also affected the stratigraphic sequences. 
Slope deposits of Plio-Quaternary age were deposited in the ridges flanks where the ore deposits 
are located, which correspond to more competent residual reliefs14. 

The types of iron ores followed a sequence of magnetite to specularite and martite and finally, 
to goethite, which express the evolution of the deposition environments. Thus the iron ore 
deposition began with a detrital deposition in lagoons, changed to transitional river/marine zones 
rich in oxygen, allowing phosphate deposition, followed by diagenetic and early metamorphic 
stage with magnetite oxidation to martite, then deformation stages led to specularite formation 
and recrystallization processes12. Finally, a supergene stage causes goethite formation and 
phosphate alteration12. 

3. Materials and methods 

3.1. Sampling 

Several specimens of plants typical from the native vegetation (local Mediterranean 
vegetation) were collected from the Moncorvo (Mua and Reboredo sites) mining area, as well 
the soil (rhizosphere) adhering to the roots. The plant species collected were: Halimium 
lasianthum (Lam.) Spach subsp. alyssoides (Lam.) Greuter; Cytisus multiflorus (L’Hér.) Sweet; 
and Cistus monspeliensis L.; Cistus ladanifer subsp. ladanifer; Lavandula stoechas L.. 

3.2. Samples treatment and analytical techniques 

The rhizosphere samples were disaggregated, dried at 40 ºC in oven until no changes mass 
variation were verified and then separated the <2 mm grain size fraction for chemical and 
mineralogical analyses.  

The pH determination of rhizosphere samples was carried out on a soil (<2 mm grain size 
fraction) suspension in deionized water (1Vsoil : 5 Vwater) after 5 min of mixture shaking followed 
by 2h and 24h resting period16, using a HI1113B electrode coupled to a HI255 multiparameter 
from HANNA Instruments.  

The mineralogical content of the rhizosphere samples were conducted by X-ray diffraction 
after a fine powder milled. A PANalytical X'Pert X-ray diffractometer was used to collect data 
under the following instrumental settings: CuKα radiation, 10 mm divergence and receiving slit 
in automatic mode. Samples were scanned from 4 o to 100o 2θo with a step size of 0.0167o and 
time per step of 30 seconds. 

The plant samples were carefully washed with deionized water, separated into roots, stems and 
leaves (or just in roots and stems depending on the plant species) and dried in oven at 40 ºC until 
no mass changes occur and the weight registered. After that each subsample was incinerated in a 
muffle followed a step increment of 100 ºC increase temperature in each 30 min interval until 
temperature reached to 500 ºC, and then leaved for more 5 h17. 

The chemical analyses of both soil and plant samples were carried out on ACME Labs 
(ACME Anal. ISO 9002 Accredited Lab, Canada) by inductive-coupled plasma mass 
spectrometry (ICP-MS) after an HClO4-HNO3-HCl-HF (2:2:1:1) acid digestion of samples. The 
chemical results of plant samples were converted into dry weight whenever necessary. 
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4. Results and Discussions 

The pH of rhizosphere samples ranged from 4.6 to 5.8. The mineralogy of soil samples is 
mainly composed by quartz, hematite, goethite, kaolinite, illite and mica. The samples with low 
iron minerals and high content of silicates displayed a pH below 5. 

The REE amounts are low in both rhizosphere and plant samples and no significant changes 
occur among the same type of samples, showing a typical distribution profile with high REE 
amounts with even number than the odd ones (Odd-Harkin rule) as noticed in previous studies1. 
Higher amounts of REE were found in the rhizosphere than in the plant samples (Fig. 2a), where 
the mean values of the REE sum (∑REE) range from 177 mg.kg-1 to 15 mg.kg-1, respectively. 
Light REE (LREE) amounts are higher compared to the heavy REE (HREE). This difference is 
more markedly in rhizosphere samples where the LREE/HREE ratio is 13.1, whereas in plants is 
8.8 (mean levels of samples). 

The biological absorption coefficient (BAC), expressed by the ratio between the REE 
concentration in plant ashes and in rhizosphere9, show values below the unit (Fig. 2a,b). This 
confirms the low ability of plants for the REE bioaccumulation. The amounts of LREE and 
HREE in soils are 12 and 8 times higher than in plants (ash content), respectively. By contrast 
with other situations18, the plants demonstrate higher uptake ability for HREE than LREE9. The 
same was observed in the roots normalization to rhizosphere amounts, but not for leaves. This 
means that HREE are less available during fractionation from soils to leaves9. The HREE are 
also variable in the steams normalization to rhizosphere amounts (Fig. 2a). 

The REE amounts normalization of the individual species against rhizosphere amounts shows 
different pattern profiles among species6 (Fig. 2b). Quite similar profiles of plants belong to the 
same genera occur between C. ladanifer and C. multiflorus. However, this is not verified for C. 
monspeliensis, also belonging to Cistus genera7. 

 

Fig. 2. Bioaccumulation of REE in plants: (a) REE partitioning coefficients of the amounts (mean levels of samples) ratios of plants and plant 
organs regarding rhizosphere; (b) REE distribution pattern of plant species in relation to rhizosphere amounts (mean levels of samples). 

There is no correlation between the REE amounts in plants and rhizosphere, as was also 
reported in previous studies1. A positive correlation between the LREE amounts and Fe (r = 
0.78; ρ<0.05) were found in rhizosphere, whereas a positive correlation was found between 
HREE with P (r = 0.97; ρ<0.05), indicating that the REE were possible associated with different 
mineral phases in soils. 

The calculation of the Translocation Factor (FT) (expressed by the ratio between the REE 
concentration in the aerial parts of plant and their concentration in the roots19) showed that the 
leaves are enriched in LREE regarding the roots. Higher HREE amounts were found in roots 
(Fig. 3a) confirming the lower ability of plants to translocate the HREE. Similar mean REE 
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values were found between roots and the aerial parts of plants, while low REE levels occur in 
stems. Also, roots and leaves are enriched in all REE with respect to stems (Fig. 3a). H. 
lasianthum, one of the plant species with high REE amounts, is the species with high ability to 
translocate REE to the aerial parts, since the TF values obtained are greater than one for all the 
REE (Fig. 3b). C. multiflorus showed TF>1 for some of the REE, whereas the C. monspeliensis 
with the high REE concentrations, did not easily translocate the REE to the aerial parts (TF<1) 
(Fig. 3b). Thus, the internal complexes of plants, which are different among species, are 
determinant in the accumulation and translocation of REE5,11.  

Fig. 3. Translocation of REE in plants: (a) REE partitioning coefficients of the amounts (mean levels of samples) ratios among plant organs; (b) 
REE distribution pattern of aerial parts in relation to roots amounts (mean levels of samples) in plant species. 

The REE normalization of samples was carried out using PAAS (Post-Archean average 
Australian Shale) series19, showing quite similar REE patterns between rhizosphere and plant 
samples (Fig. 4a). Although significant differences occur between plant species, even in plants 
belong to the same genera6,7 (Fig. 4b), as previous verified under rhizosphere normalization. This 
may be caused either by changes in the type and concentration of organic chelates, pH and redox 
conditions in rhizosphere, or by plant internal ligands5,7,11. 

A slightly enrichment in HREE occurs in rhizosphere, plants, roots and stems (Fig. 4a), where 
the (La/Yb)N values obtained are below the unity. Otherwise, the leaves are more enriched in 
LREE10 (Fig. 4a) with a mean value of (La/Yb)N of 2.422. Generally, the REE patterns in each 
part of plant are quite similar to rhizosphere patterns, mainly in the roots (Fig. 4a). Great 
differences are found in stems and leaves (Fig. 4a), indicating that translocation of REE is 
accompanying by fractionation. Only the L. stoechas showed a (La/Yb)N greater than one 
(1.943), whereas the remaining analysed species show a slight enrichment for the HREE (Fig. 
4b). 

The C. monspeliensis and H. lasianthum are two species with great ability for REE 
bioaccumulation. In particular, C. monspeliensis show high enrichment in HREE, while in the 
other species there is no clear distinction between the LREE and HREE ratios. 

The Ce-anomaly (Ce/Ce*)20 and Eu-anomaly (Eu/Eu*)21 were calculated in rhizosphere and 
plant samples since these two elements can change the typical oxidation states of lanthanides 
(Ln3+). Thus, Ce3+ under oxidizing conditions change to Ce4+ and Eu3+ becomes Eu2+ under 
reducing conditions. These may explain the differences in the REE uptake by plants (particularly 
between specimens that belong to the same genera). Variations of Ce anomaly were reported for 
individuals of one species7 and are explained by different redox potential or pH of soils that 
influence the adsorption mechanisms by minerals and organic matter and, consequently, its 
bioavailability.  
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Fig. 4. REE normalization under PAAS series: (a) REE distribution pattern in the rhizosphere and in plant organs (mean levels of samples); (b) 
REE distribution pattern in the plant species collected (mean levels of samples). 

The Ce/Ce* ratio in rhizosphere samples is slightly negative, indicating more reduction 
conditions22 and the same is verified to plant species. However, a positive anomaly was found 
(Fig. 4b) for C. ladanifer. Also, the lowest pH of rhizosphere was determined for C. ladanifer 
(pH = 4.6).  The penetrability of ions through cellular membranes of plants decreases as valence 
increases10. The Ce4+ is the free ionic specie, where the absorption is facilitated, explaining the 
positive anomaly. The Ce/Ce* is weak in each plant organ, being positive in roots and leaves and 
negative in stems. 

The Eu/Eu* ratio is positive for rhizosphere, while a negative anomaly was found for plants 
species and for each plant organ. Thus, the reducing form of Eu (Eu2+) may enhance its mobility 
in plants23. In plants, the lower values were determined in stems, whose function is dedicated to 
the transport of water, ions and organic compounds. The increase of Eu/Eu* in leaves and roots 
may be associated with bounding to cellular tissues due to its similarity with Ca. Although rather 
occurs the replace of Ca2+ by Eu3+23,24. This is reinforced by a positive correlation between Ca2+ 
and REE amounts in plants (r = 0.56; ρ<0.05). 

Great variations are found for the HREE in the REE patterns, while the LREE show a more 
linear distributions profile, well observed for stems and few plant species, namely C. ladanifer, 
C. multiflorus and L. stocheas. This may reflects a tetrad effect, corresponding to an M-or W-
type effect25, which indicate different behaviour or complexation processes of REE25.  

The calculus of the tetrads was carried out in the rhizosphere and plant samples using the 
following equation: 
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where n represents the number of the tetrad and XAn to XDn are the PAAS normalized values of 
the first to fourth elements in the tetrad, respectively. Four different tetrads (tn) intervals are 
considered, being La-Nd (t1), Pm-Gd (t2), Gd-Ho (t3) and Er-Lu (t4), where the t2 usually cannot 
be calculated due to missing of Pm in nature. Only values of tn < 0.95 are significant for W-type 
tetrad, while for M-type must be greater than 1.0523.  

Usually a W-type tetrad effect indicates the REE dissolution, while the M-type indicate the 
REE association with a solid phase25. Tetrad effects are clearly observed for HREE10 as noted in 
the analysed samples.  

The results obtained show that only significant values corresponding to M-type (particularly to 
Gd-Ho tetrad) were found in rhizosphere and plant samples with exception of L. stoechas that 
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show the W-type effect to the first and fourth tetrad, but also an M-type to the third tetrad. No 
tetrad effects were found in leaves. The results suggest that HREE are mainly transported in 
plants in a complexed form, which may explain their enrichment in plants. No tetrad effects were 
determined in leaves, where the enrichment in LREE may be explained by vascular 
accumulation or, more probably, by participating in metabolic functions due to similarity with 
calcium24. 
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