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Abstract

The lanthanide elements or rare earth elements (REEs) are an active soil science research
area, given their usage as micro-fertilizers, documented cases of environmental impact
attributed to industry/mining, and their ability to identify lithologic discontinuities and
reveal active soil processes. To fully understand REEs requires an understanding of their
chemical reactivity, both for the individual elements and their behavior as a group of
elements. The elements of the lanthanide series, including La and Y, may have subtle to
very perceptible chemical differences that when viewed collectively reveal information
that gives emphasis to soil processes that clarify soil behavior or soil genesis. This chapter
concentrates on lanthanide soil chemistry and shows how the soil chemistry of REEs may
support soil science investigations.

Keywords: rare earth elements, hydrolysis, complexation, adsorption,
oxidation-reduction

1. The inorganic chemistry of the rare earth elements

In soil science the uniqueness and importance of the rare earth elements (REEs) arise
because their respective concentrations as a function of atomic number have been employed
to (i) assess soil genesis, (ii) augmenting soil fertility, (iii) evaluate anthropogenic impacts,
and (iv) are sufficiently mobile to infer the intensity of key pedogenic processes. Soil min-
eralogy has documented that specific rare earth elements or collections of REE are present
in specific minerals as a result of lattice isomorphic substitution or are unique minerals
based on the presence of specific rare earth elements [1].
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The rare earth elements (REE) are the 14 elements comprising the Lanthanide series: cerium
(Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (Yb), and lutetium (Lu) [1, 2]. The Lanthanide series consists of unique elements
characterized as having a ground state electronic configuration with at least one electron in the
4f electronic orbitals. Yttrium (Y) is frequently associated with the REEs because of its small
ionic radius, approximately the same ionic radius as Ho. Lanthanum (La) is associated with
the rare earth elements because of its Periodic Table position and its trivalent chemical affinity.
Promethium undergoes rapid radioactive decay (half-life is 2.62 years) and its presence in the
natural environment is virtually non-existent [1].

The lanthanide series is defined as elements having partially to filled 4f orbital ground state
electronic configurations, with REE** species resulting from having three electrons removed
from their d, s and f orbitals (Table 1). The number of f orbital electrons for each REE** species

Atomic! Ionic Radius? Ground State

Element Number Weight CN6 CNS8 Configuration'

1072 meters

Lanthanum (La) 57 138.9055 103.2 116 [Xe]5d'6s>
Cerium (Ce) 58 140.12 101 114.3 [Xe]4f'5d'6s?
Ce* 87 97 [Xe]
Praseodymium (Pr) 59 140.9077 99 112.6 [Xel4f?6s?
Neodymium (Nd) 60 144.24 98.3 110.9 [Xel4fi6s?
Promethium (Pm) 61 145 — — [Xe]4f6s*
Samarium (Sm) 62 150.36 95.8 107.9 [Xel4fo6s?
Europium (Eu) 63 151.96 94.7 106.6 [Xe]4f76s*
Eu* 117 125.0 [Xe]
Gadolinium (Gd) 64 157.25 93.8 105.3 [Xe]4f’5d'6s?
Terbium (Tb) 65 158.9254 92.3 104.0 [Xel4fP6s?
Dysprosium (Dy) 66 162.50 91.2 102.7 [Xe]4f'%6s?
Holmium (Ho) 67 164.9304 90.1 101.5 [Xe]4f"6s?
Erbium (Er) 68 167.26 89.0 100.4 [Xe]4f6s?
Thulium (Tm) 69 168.93 88.0 99.4 [Xe]4f®6s?
Ytterbium (Yb) 70 173.04 86.8 98.5 [Xe]4f6s?
Lutetium (Lu) 71 174.967 86.1 97.7 [Xe]4f5d'6s*
Yttrium (Y**) 39 88.9059 90.0 101.9 [Kr]4d'5s?

IGreenwood and Earnshaw [1].
’Lee [2], Henderson [3].

CN6 is coordination number six and CN8 is coordination number eight.

Table 1. Chemical properties of the trivalent rare earth elements, including La and Y.
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corresponds with their atomic number. Because the f-orbitals are mostly non-interactive, the
REEs exhibit considerable ionic bonding character and are considered hard acids [1, 2].

Europium has a half-filled f-orbital, allowing stability for the Eu* species (Table 1); there-
fore, Eu is a lattice constituent in selected minerals important to igneous rook classification.
Cerium exhibits oxidation-reduction behavior permitting either Ce* {[Xe]4f'} or Ce*" {[Xe]} to
be present in the soil environment.

The influence of f-orbitals on the chemical attributes of the REEs observed by the regular decrease
in the ionic radii on progression from La to Lu (Table 1). The so-called “Lanthanide Contraction”
arises because of (i) the incomplete electric field shielding by the f-orbitals and (ii) unit increases
in nuclear charge. The importance of the lanthanide contraction is revealed in greater chemical
affinity for hydrolysis and greater stability of selected complexes on progression across the lan-
thanide series. The LREE are the light rare earth elements, comprised of the elements La to Eu,
and the HREE are the heavy rare earth elements, comprised of the elements Gd to Lu.

The ionic radius is largely dependent on its atomic number, oxidation state, the coordination
number (CN) and the radius of the anionic species. The ionic radii of REEs having octahedral
coordination (CN 6) range from 103.2 pm for La to 86.1 pm for Lu (pm = picometer = 10> m)
and the ionic radii of the REEs having cubic coordination (CN 8) range from 116.0 pm for La
to 97.7 pm for Lu (Table 1).

2. Rare earth element rock and primary-secondary mineral
abundances

Rock REE concentrations are predicated on rock type and source area. Most REE parent
material compositions range from 0.1 to 100 mg/kg, thus REEs have moderate abundances.
Typically, felsic’s have greater REE concentrations than mafic’s, with the LREE concentrations
greater than the HREE concentrations. Similarly, argillaceous sediments have greater REE
concentrations than limestones and sandstones.

The Oddo-Harkins rule states that an element with an even atomic number has a greater
concentration than the next element in the Periodic Table. REEs typically obey the Oddo-
Harkin rule. The PAAS, NASC, loess, and selected geochemical soil surveys usually reflect
the Oddo-Harkin rule (Table 2).

Secondary minerals are (1) minerals formed after the rock enclosing the mineral was formed or
(2) minerals that have chemically altered from primary minerals and have been transported.
In some cases, REE are involved with isomorphic substitution or undergo adsorption reac-
tions with phyllosilicates or oxyhydroxides. Precipitation reactions with fluoride, phosphate
and carbonate may yield a variety of secondary REE minerals [6]. Cerianite (CeO,) may form
in oxic soil environments [7, 8].

Clark [6] provided a listing of important REE-bearing minerals, including (i) fluorite (CaF, where
Y and Ce replace Ca), (ii) allanite [(Ce,Ca,Y),(Al,Fe*,Fe*) (SO,),OH], (iii) sphene (CaTiSiO,

51
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Element PAAS? NASC! Loess! Soil?
mg/kg
La 38.2 32 354 26.1
Ce 79.6 73 78.6 48.7
Pr 8.83 7.9 8.46 7.6
Nd 339 33 33.9 19.5
Sm 5.55 5.7 6.38 4.8
Eu 1.08 1.24 1.18 1.2
Gd 4.66 52 4.61 6.0
Tb 0.774 0.85 0.81 0.7
Dy 4.68 5.8 4.82 3.7
Ho 0.991 1.04 1.01 1.1
Er 2.85 34 2.85 1.6
Tm 0.405 0.5 bdl 0.5
Yb 2.82 3.1 2.71 2.1
Lu 0.433 0.48 bdl 0.3
Y 27 27 25

'Reported in McLennan [4].
PAAS is Post-Archean Australian Average Shale, NASC is North American Shale Composite.
“Reported in Kabata-Pendias [5].

(bdl) is below detection limit.

Table 2. Rare earth element abundances for various parent materials.

where Y and REE replace Ca), (iv) Zircon (ZrSiO, where Y and HREE replace Zr), (v) apatite
(Q,(XO,),(F,OH,CI); Q1 + =Ca,Be,Ce,Pb and Y and REE replace Ca), (vi) monazite ((CeLa)PO,),
(vii) xenotime (YPO, where REE replace Y), (viii) thabdophane ((Ce,La)PO4 and REE replace
La), and (ix) bastnaesite (LaREE fluorocarbonate).

3. Rare earth element soil abundances

Rare earth element abundances in soils are influenced by (i) parent materials and organic mat-
ter contents, (ii) soil texture, (iii) pedogenic processes, and (iv) anthropogenic activities [5].
As with mineral assemblies, the soil LREE concentrations are generally greater than the
soil HREE. Menfro soil series exists on uplands along the confluence of the Missouri and
Mississippi Rivers (USA) and are developed in thick loess deposits. These well drained soils
exhibit an A — E — Bt — C horizon sequence with acidification, Ca leaching and clay lessivage
the dominant soil processes. The REE distribution shows that the light rare earth elements (La
to Eu) are more abundant than the heavy REEs (Gd to Lu) and the distribution follows the
Oddo-Harken rule. Figures 1 and 2
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Figure 1. REE concentration distribution in two paired soil profiles of the Menfro series. (error bars are standard
deviation). (Source: Data originally in [9]).
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Figure 2. REE water extract concentration distribution in two paired soil profiles of the Menfro series (fine-silty, mixed,
superactive, mesic Typic Hapludalfs). (error bars are standard deviation). (Source: Data originally in [9]).

The corresponding REE distribution from soil water extracts from the Menfro series closely
correspond to the whole soil REE distribution.

4. Chemical reactivity of the rare earth elements in the soil
environment

4.1. REE hydrolysis and complexation reactions

The hydrolysis of REE* species has been extensively investigated and numerous authors
have published hydrolysis data [10-14]. For example, Eu* will undergo hydrolysis to
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produce Eu(OH)*, Eu(OH),", Eu(OH), and Eu(OH),, having log K° constants log K, °=-7.64,
log K,° =-15.1, log K ,° = -23.7, log K,° = =36.2, respectively [13]. Nd and Yb hydrolysis
speciation as a function of pH illustrates that the Nd*" and Yb* species are the dominant
species in acidic and near-neutral pH environments, whereas the Nd and Yb mono- and
di-hydroxy species are the dominant species in alkaline and Nd(OH),, Nd(OH),” Yb(OH),,
and Yb(OH),” are the dominant species in strongly alkaline pH environments (Figures 3
and 4). The hydrolysis speciation of any REE* species is like that of Eu*, with a necessary
understanding that the relative stabilities of the various REE hydrolytic species are more
stable on transition with increasing atomic number across the Lanthanide series (Table 3).

Complexation of the REE elements involves coordination with primarily anionic species and
typically is expressed as:

REE* +yL™ = REE-L (),
y

where L™ is an inorganic ligand with n ionic charge and y is the stoichiometric coefficient.
Common inorganic complexing species with REE** include NO,7, CI, F-, SO, CO,*, and
HPO,*. Carbonate and dicarbonate complexes exist, with carbonate complexes more preva-
lent in the LREEs and dicarbonate complexes more prevalent in the HREE [11, 16, 17]. Luo and
Byrne [18] documented the carbonate complexing behavior of the REE. Cantrell and Byrne
[16] estimated that 86% of the La speciation existed as a dicarbonate complex, whereas 98%
of the Lu speciation occurred as the dicarbonate complex. Thus, for the Lanthanide Series, the
dicarbonate complex becomes increasingly more stable with increasing atomic number. For
illustration purposes, the La speciation involving carbonate complexes of water in equilibrium
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Figure 3. Aqueous hydroxyl speciation of Nd(III) over a pH interval. The Nd speciation involved concentrations without
recourse to activity coefficients and overall formation quotients from Baes and Mesmer [10]. The total Nd concentration
was 107° M.
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Figure 4. Aqueous hydroxyl speciation of Yb(III) over a pH interval. The Yb speciation involved concentrations without

recourse to activity coefficients and overall formation quotients from Baes and Mesmer [10]. The total Yb concentration

was 10 M.
Element LogQ, ' Infinite dilution stability constants

log CO, log (CO,), log Oxalate? log HPO,
La -8.5 6.82 11.31 5.87 4.87
Ce -8.3 6.95 11.50 5.97 4.98
Pr -8.1 7.03 11.65 6.25 5.08
Nd -8.0 7.13 11.80 6.31 5.18
Sm -7.9 7.30 12.11 6.43 5.35
Eu -7.8 7.37 12.24 6.52 5.42
Gd -8.0 7.44 12.39 6.53 5.49
Tb -7.9 7.50 12.52 6.63 5.54
Dy -8.0 7.55 12.65 6.74 5.6
Ho -8.0 7.59 12.77 6.77 5.64
Er -7.9 7.63 12.88 6.83 5.68
Tm =7.7 7.66 13.00 6.89 5.71
Yb =7.7 7.67 13.08 6.95 5.73
Lu -7.6 7.70 13.20 6.96 5.75
Y -7.7 6.66

Q11 is the overall formation quotient for a hydrolysis product, Ln(OH)*.
ZBaes and Mesmer [10].
*Carbonate-bicarbonate, phosphate, fluoride reported in Millero [11].

‘Mono-oxalato complexation constants at infinite dilution from Schijf and Byrne [15].

Table 3. Hydrolysis and complexation constants for the La, REEs and Y.
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with typical atmospheric concentrations of CO, are displayed in Figure 5. Similarly, the REE-
Phosphate complex distribution as a pH function for La is displayed and shows that La*>* and
La(HPO,) are the dominant species (Figure 6).

The hydrolysis, carbonate and EDTA ligand complex, and solubility products for La, Eu, and
Lu (Table 4) show the expected trend of lanthanide contraction.

Millero [11] and Gramaccioli et al. [20] observed that REE-fluoride complexes obtained greater
stability on transition from La to Lu. REE-phosphate precipitates have been implicated in
limiting the mobility of the REE in soils and sediments [9].

4.2. Reactions involving organic complexation

Common organic complexes include: oxalic acid, malic acid and other low molecular weight
organic acids and the semi-stable humus components fulvic and humic acids [15, 21-25].
Tyler and Olsson [26] reported that between 46 and 74% of the REEs extracted from the soil
water of a Cambisol were associated with dissolved organic carbon. As with the inorganic
REE complexes, organic REE complexes tend to show greater stability for the HREEs than the
LREEs [15, 16].

Cteiner [27] observed monazite (NdPO,) reactivity at low temperatures and low ionic strength
to determine the influence of CI, HCO,, SO,*, oxalate and acetate on solubility. At pH levels
ranging from 6.0 to 6.5 Nd(oxalate) was the dominant species, followed by Nd** and NdSO,".
Gu et al. [21] independently proposed that organic materials may have multiple binding sites
with a range of complexing bond strengths that strongly retain REE at low concentrations and
provide non-specific REE retention at higher concentrations.
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3 0 i = | @

4 5 6 7 8 9

Figure 5. Aqueous hydroxyl and carbonate speciation of La(III). The La speciation involved concentrations with activity
coefficients determined using by the Debye-Hiickel equation. The carbonate complexation constants from Luo and
Byrne [18] and acid dissociation constants for carbonic acid and bicarbonate from Essington [19].
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Figure 6. Aqueous carbonate speciation of La(IIl). The La speciation involved concentrations with activity coefficients
determined using by the Debye-Hiickel equation. The phosphate carbonate complexes are located in Millero [11].

The role of dissolved organic matter and element mobility is an active area of research. In a
plot experiment, the release of La, Ce, Gd and Y decreased gradually as the pH of the soil was

Reaction

log B, Ksp, Log K

La* + OH = La(OH)?**"
La*+20H" = La(OH),"
La(OH),, = La™ +30H"
Eu’ + OH = La(OH)*
Eu*+40H" = La(OH),-

=Eu® +30H"

3(s)

Eu(OH)
Lu* + OH = Lu(OH)*

La(OH), = Lu* +30H"
La* + CO,* =[La(CO,)]"
Eu* + CO,* = [Eu(CO,)I"
Lu* + CO,>* = [Lu(CO,)I"

La* + EDTA* = [La(EDTA)
Eu* + EDTA* = [Eu(EDTA)]

Lu®* + EDTA* = [Lu(EDTA)]

-9.1
-17.9
-20.3
-8.4
-26.2

-24.5

251
5.00
5.76
6.02
]14.48
16.23

“18.19

Source: Smith and Martell [14].

Table 4. Selected constants involving lanthanum, europium and lutetium with hydroxide, carbonate and EDTA

(ethylenediaminetetraacetate).
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raised from strongly acidic to alkaline pH ranges [28]. Davranche et al. [29] demonstrated
that REEs and humic acid complexes frequently dominate soil aqueous systems, especially
in near-neutral pH levels and at greater dissolved organic carbon concentrations. Pourret
et al. [30] observed the strong competitive interaction between humic acids and carbonates
for REE complexation, especially at increasing pH levels. Similarly, Wu et al. [24] described
the strong competition from EDTA, humic and fulvic acids influencing lanthanum adsorption
onto goethite as a pH function.

5. Exchange and adsorption reactions

Cation exchange and adsorption reactions involving cations and their hydrolytic products
are dominant soil processes. Aide and Aide [9] reviewed REE reactions in the soil environ-
ment, including REE adsorption. Numerous studies cited in this review produced similar REE
adsorption conclusions, including: (i) cation exchange reactions are largely associated with
basal planar surfaces and pH-dependent silanol and aluminol reactions at edge positions,
(ii) predominance of outer-sphere complexes occur at pH levels less than 4 and an increasing
degree of inner sphere complexes at pH levels greater than 5, (iii) cation exchange was consis-
tent with one electrostatic and non-specific site and one specific complexation site involving
edge aluminol groups, (iv) REE affinity was reduced by increases in the ionic strength, (v)
REE complexation affinity was greater at higher pH intervals. Conversely Tertre et al. [31]
demonstrated the inner-sphere nature of aluminol sites on kaolinite and montmorillonite.
Tang and Johannesson [32] noting that REE adsorption was more pronounced at greater pH
intervals. At lower pH intervals, adsorption was attributed to REE** species whereas at greater
pH intervals adsorption was attributed to REE** and REE-carbonate species. The adsorption
constants increased regularly with an increase in REE atomic number.

6. Rare earth elements and soil availability

Tyler [33] reviewed the importance of REE in soils and plants in which he underscored the
recent contributions of Chinese soil scientists in addressing REEs as plant promoting ele-
ments. Tyler acknowledged that the traditional definitions of plant essential nutrients may
be challenged because of recent research involving the REEs and other elements. Pang et al.
[34] documented the increasing use of REE-bearing fertilizers in China. More research needs
to be performed to accurately assess whether any of the REEs are “plant essential” or simply
supportive of plant growth and development.

Rare earth elements frequently have been shown to have greater concentrations in plant roots
than leaves or above-ground woody tissue [35-37]. Li et al. [38] demonstrated that a 0.1 M
HCI based extraction protocol effectively indicated REE plant availability. Lanthanum and
to a lesser degree the other REEs exhibited root concentrations that were inversely propor-
tional to the soil pH [36]. Using nutrient solutions, Gu et al. [39] demonstrated that sulfate
inhibited REE uptake. Zhang et al. [40] reported that a mixture of malic acid and citric acid
was effective in estimating REE plant availability. Cao et al. (200b) showed that water-soluble,
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exchangeable, and carbonate-organic fractions resulting from a selective-sequential extraction
protocol were effective predictors of REE uptake in alfalfa (Medicago sativa. L). Wu et al. [25]
isolated sap from xylem from non-hyperaccumulating REE plants to discover that aspartic
acid, asparagine, histidine and glutamic acid were correlated with La and Y xylem transport.

Tyler and Olsson [41] showed that the majority of the REE were 40-50% removed from the
A and E horizons of a Swedish Haplic Podzol. In a subsequent investigation Tyler [42] per-
formed a Fagus sylvatica growth study and demonstrated only incidental REE uptake, except
for Eu which was preferentially accumulated, mostly likely as Eu*. Soil liming has been
shown to reduce REE concentrations in soil solution [43]. Tyler and Olsson [35] documented
substantial REE plant uptake of grass grown in a Cambisol.

Aide (unpublished research) employed a 45 my filtered water leach extraction on a series
of Endoaqualfs (poorly drained Alfisols) and Eutrochepts (somewhat poorly-drained
Inceptisols) in southeastern Missouri to show REE availability (Figure 7). Cerium was consis-
tently the most abundant REE leached from the soils, followed by La and Nd. The LREE had
greater leachate concentrations than the HREE. REE compliance with the Oddo-Harkin’s rule
was consistently observed.

Loell et al. [44] employed total and EDTA extractions to infer bioavailability and reported
that Ce had the greatest total concentration and the lowest bioavailability, whereas Y had
the highest availability expression. Using regression analysis, the REE bioavailability was a
function of pH, clay content, organic carbon and the total REE concentration. Mihajlovic et al.
[45] observed the vertical distribution of REE in marshland soils using selective sequential
extractions and documented that the residual fraction exhibited the largest REE abundance,
followed by the reducible fraction. They also reported that the LREE were more abundant
than the HREE, that the HREE exhibited the greater tendency to leach because of complex for-
mation and the HREE were relatively more abundant in the exchangeable/available fractions.

140
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100 | = Eutrudepts
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Figure 7. Soil water extract concentrations from two great groups in Missouri. The Endoaqualfs represent 27 observations,
whereas the Eutrudepts represent 24 observations.
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Selective, sequential extractions have been used to estimate REE plant uptake potential [40,
46-48]. Brantley et al. [49] reinforced the microbial component for REE availability, an area of
research that is largely missing within the literature.

7. Rare earth elements and soil development

The importance of the REEs rests with their “signature”, which may be defined as either the
actual REE concentrations, when displayed by atomic number. Analysis of the REE signatures
typically involves identifying evidence of fractionation, i.e., LREE and HREE ratios, La/Yb
ratios, Nd/Sm ratios, and the presence of Ce or Eu anomalies. REE signatures have been com-
pared to reveal (i) lithologic discontinuities [9], (ii) the presence of eolian or anthropogenic
additions [50], (iii) estimates of the weathering intensities and elemental loss rates of soils [33],
and (4) oxidation-reduction conditions in soil [9, 51]. Wang et al. [52] observed that greater
soil water contents supported greater overland water flow, in which greater quantities of REE
and P were transported. Similarly, Wu et al. [48] observed that apatite and calcium phosphate
fertilizers altered the speciation and availability of selected REEs.

In areview of literature, Aide and Aide [9] reiterated numerous studies indicating REE migra-
tion in soil profiles. A summarization of the key REE soil transformations are (i) CO, and
organic matter displace REEs as carbonate complexes and chelates in near surface horizons
to support their accumulation in deeper soil horizons because of exchangeable, adsorption or
precipitation reactions, (ii) HREE were enriched in the deeper soil horizons to a greater degree
than the LREE, whereas other studies have indicated that the LREE were more readily trans-
ported to deeper soil horizons, (iii) apatite weathering supports the relatively rapid mobiliza-
tion of the LREEs, whereas the weathering resistance mineral “zircon” limits the mobilization
of HREEs, (iv) similarities involving the REE signatures among the soil horizons and the host
rock have been used to support arguments for parent material uniformity, whereas differ-
ences involving the REE signatures among the soil horizons and the host rock have been used
to infer lithologic discontinuities (v) argillic (illuvial) horizons may have greater concentra-
tions of LREE than the near-surface horizons (eluvial) inferring that phyllosilicate adsorp-
tion is an important soil process, (vi) crystalline Fe-oxyhydroxide and labile organic fractions
accumulated HREEs than the LREEs, whereas the soil organic matter fraction representing
humic acids and fulvic acids preferentially accumulated LREEs.

As an example, recent unpolished data from the authors of this manuscript follow. The Alred soil
series (Loamy-skeletal over clayey, siliceous, semiactive, mesic Typic Paleudalfs) demonstrates
differences in the rare earth element signatures to isolate lithologic discontinuities. The Alred
series is a deep, well-drained collection of soils formed in cherty hillslope sediments (loess) and
the underlying clayey limestone residuum. The eluvial (overlying loess mantle) and the illuvial
(hill slope sediments derived from limestone residuum) differ significantly in their respective
rare earth element concentrations, suggesting the REE differences are inherited (Figure 8).

The overcup series consists very deep, poorly drained, very slowly permeable soils that formed
in alluvium (Fine, smectitic, thermic Vertic Albaqualfs). Aide (unpublished data) separated the
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Figure 8. The rare earth element distributions for the eluvial and illuvial horizons of the Alred soil series (Cape Girardeau

County, Missouri, USA). Error bars are the standard deviation).

soil horizons into their sand, silt and clay fractions, then determined the REE distribution using
aqua regia digestion with ICP-MS. Selecting La for presentation, the La concentrations for the
Ap through Btg2 horizons are rather evenly partitioned among the textural separates, with the
clay separate showing slightly greater La abundance (Figure 9). The other REE elements show
similar patterns. The Btg3 and Btg4 separates have greater La expression, especially for the
sand separate. The Btg3 horizons are marked by a significant increase in sand-sized glabules

Lanthanum
= Clay

W Silt

= Sand

0 20 40 60 80 100 120 140 160 180 200

mg / kg

Figure 9. Rare earth element distribution by particle size for the Overcup soil series.
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(nodules of Fe- and Mn-oxyhydroxides) and an abrupt increase in pH from an acidic to alka-
line regime. Thus, oxidation-reduction and pH appear to be the controlling variables.

8. Future research needs

Future research needs include; (i) understanding of the REE-microbiological interactions,
especially in the rhizosphere, (ii) are the REE elements plant essential elements or growth
promoting entities, (iii) more complex models (along with thermodynamic data) to better sim-
ulate the soil environment, and (iv) anticipate REE impacts to the soil environment because of
increasing industrial REE utilization.
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