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ABSTRACT

Lanthanide (Ln) binding to humic acid (HA) has been investigated by combining
ultrafiltration and ICP-MS techniques. A Langmuir sorption isotherm metal complexation model
was used in conjunction with a linear programming method (LPM) to fit experimental data
representing various experimental conditions both in HA/Ln ratio (varying between 5 and 20)
and in pH range (from 2 to 10) with a ionic strength of 10 mol L™. The LPM approach, not
requiring prior knowledge of surface complexation parameters, was used to solve the existing
discrepancies in LnHA binding constants and site densities. The application of the LPM to
experimental data revealed the presence of two discrete metal binding sites at low humic acid
concentrations, (5 mg L™), with log metal complexation constants (log Ksj) of 2.65 = 0.05 and
7.00 (depending on Ln). The corresponding site densities were 2.71 + 0.57 x 10® and 0.58 + 0.32
x 10°® moles of Ln**/mg of HA (depending on Ln). Total site densities of 3.28 + 0.28 x 10® mol
mg™, 4.99 + 0.02 x 10 mol mg™ and 5.01 + 0.01 x 10® mol mg™ were obtained by LPM for
humic acid, for HA concentration of 5 mg L™, 10 mg L™ and 20 mg L™, respectively. These
results confirm that lanthanide binding occurs mainly at weak sites (i.e., ca. 80%) and secondly at
strong sites (i.e., ca. 20%). The first group of discrete metal binding sites may be attributed to
carboxylic groups (known to be the main binding sites of Ln in HA), and the second metal
binding group to phenolic moieties. Moreover, this study evidences heterogeneity in the
distribution of the binding sites among Ln. Eventually, the LPM approach produced feasible and
reasonable results, but it was less sensitive to error and did not require an a priori assumption of

the number and concentration of binding sites.



1. INTRODUCTION

The solution and mineral properties of lanthanides (Ln) make these trace elements
excellent probes of low temperature geochemical reactions. Interest in Ln geochemistry comes
from their systematic in chemical properties that often leads to fractionation in geochemical
systems [1]. Ln form a coherent geochemical group of trace elements that generally occur in the
trivalent oxidation state. The effective ionic radii of Ln systematically decrease when atomic
number increases [2] producing characteristic regular features of normalised Ln patterns defining
the CHArge and RAdius-Controlled process, CHARAC [3]. If a low temperature geochemical
system is characterized by CHARAC behaviour, elements of similar charge and radius such as
Ln are, should display extremely coherent behaviour. This behaviour disappears when chemical
processes are mainly driven by electronic external configuration producing sub-partition (non-
CHARAC processes). CHARAC behaviour of Ln should thus generate smooth patterns whereas
irregular patterns (excepting redox-related anomalies) may indicate non-CHARAC behaviour.
By studying fractionation trends, it then becomes possible to quantify the underlying
fractionation processes in the natural environment (e.g., [3, 4]). In addition, quantification of Ln
fractionation in natural geochemical systems is essential for the modelling of the immobilization
and transport of radioactive elements, as Ln are often used as naturally occurring analogs for the
trivalent actinides [5].

In aquatic geochemical systems Ln fractionation occcurs by complexation to organic or
inorganic ligands, or adsorption onto aquifer minerals. In natural waters, Ln may be associated
with organic colloids which play a key role in complexing Ln elements and facilitate the
fractionation of the Ln series (e.g., [6-10]). Dissolved organic matter (DOM), including humic
acids (HA) and fulvic acids (FA), are abundant in surface water and groundwater systems [11].
HA are potent sorbents of dissolved metal cations like Ln elements (e.g., [10]). These properties

emphasize the importance of HA in regulating the speciation, transport and subsequent



fractionation of Ln in pristine and contaminated aquatic environments. The physicochemical
quantification of Ln interaction with DOM in aquatic systems is needed to predict Ln
fractionation by organic metal complexation in aqueous systems. HA contains an important
number of potential metal complexing functional groups including carboxylic sites (e.g., [12]).
Their chemical arrangement and conformation at the molecular level affects the ability of HA to
complex Ln elements. For this reason, surface complexation modelling of LnHA acid
interactions, using current surface complexation models such as FITEQL [13], WHAM and
Model V and VI [14], or NICA Donnan [15] may provide different discrete metal binding
constants for similar LnHA complexation reactions. Few studies have addressed LnHA
interactions as a function of pH, ionic strength and different Ln elements. Only a small number
of single Ln complexation constants with HA (SmHA, EuHA, TbhHA and DyHA) have been
evaluated [16-21]. Results from recent studies suggest that most of the LnHA complexation
constants have to be measured or interpolated, especially for the whole Ln series [22], [23]. In
these studies LnHA interactions have been investigated using binding interactions which are
based on one- and two-site conditional binding to discretized multi-site (e.g., [24]), and
continuous distribution models (e.g., [15]). Various electrostatic models have been developed to
account for pH and [/ effects ion binding (e.g., [24]). Sonke and Salters [25] adopted a
monodentate (carboxylic) binding mechanism. The exact binding site nature, multi-dentism, and
polyelectrolyte effects of HA are ignored in the monodentate binding concept and therefore
implicitly included in the conditional binding constant, which consequently is only valid for a
specific pH, 7, and temperature. Sonke [26], Pourret et al. [27] and Stern et al. [28] further
investigated this feature using Model V and VI. However, such modelling of LnHA
complexation only considers specific constants and thus does not implicitly distinguish different
binding sites.

The effects of HA on Ln fractionation was previously studied by monitoring the

concentration of Ln as a function of increasing concentrations of HA [27]. The resultant sorption



data were analyzed to assess multi-site metal surface binding using linear programming
regression methods (LPM) [29-31]. Most previous studies have investigated HA surface
interactions with metals using single-site sorption isotherms that do not adequately describe the
heterogeneity of HA surfaces [32]. Despite the previous application of LPM to describe metal
binding to organic surfaces [29-31], this modelling approach has not yet been applied to study

LnHA interactions.

2. MODELLING OF LnHA COMPLEXATION DATA

The experimental data used in this study has been previously published by Pourret et al.
[27]. Ln complexation with HA was investigated using a standard batch equilibration technique.
Ln (ranging from 360 to 286 nmol L™ depending on Ln) and Aldrich HA (5, 10 and 20 mg L)
were placed together in solution, at an ionic strength of 1 x 10° mol L™ and at pH values ranging
from 2.18 to 10.44. The present work will model Ln complexation to HA data using a surface
complexation modelling approach, the LPM method as described previously by Martinez and
Ferris [30] and Martinez et al. [31], which does not require prior knowledge of log K or binding
site concentrations. In order to describe Ln** complexation to deprotonated HA sites, HA", a

competition reaction was assumed to take place in a 1:1 ratio, as follows:

HHA; + Ln*" = LnHAZ + H' (1)

where HHA, represents HA reactive site. Ks; represents the concentration apparent equilibrium

constant for the reaction in Equation 1, conditional on ionic strength. For aj‘h deprotonated

binding site at the /" step of the titration, Ks, can be defined as:
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where i = 1, . . ., n titrant additions and j = 1, . . ., m binding sites. In the above expression, Ks;
implicitly embodies electrostatic parameters and is a function of experimentally determined
proton and metal concentrations, ([H]meas; and [Ln* Tmess; ) and of the amount of Ln®*" bound to
the /" site at the /™ step of the titration, [LnHA?"],. The total bound metal at the /" titrant

addition, [LnHA*]+, , and the total ligand concentration, [HA]r, can be expressed as:

(Lo, =S [enta® ] =[Ln® ], - [n*],, 3)
and
(4], =3 [11a, |- [tz b s b [ @)

where [HA7] refers to the individual site density for a particular surface functional group type.
The total concentration of bound metal, [LnHA*];;, can be expressed as a sum of complexed
metal concentrations for each of the ;™ surface ligands at the i step of the titration. However,
experimental measurements of total, [Ln*"]y, and free metal concentrations [Ln**mess: only

allow direct determination of [LnHA?*]r,, as indicated by Equation 3.

The fraction of the total /" ligand concentration, bound by Ln*" at the /™ step of the
titration, ainHa i, Can be expressed as a function of the bound metal (i.e., Ln**) at the /™ titrant

addition, [LnHA2+j],» and the /" ligand concentration, [HA']] as follows:
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The protonated ;™ ligand concentration at the i™ step of the titration, [HHA];, can in turn be
expressed as a function of [LnHA2+j],~ , by rearranging the expression for the equilibrium constant
Ks, in Equation 2. The calculated bound metal concentration at the ™ titrant addition,
[LNHAZ1 caic.., can then be determined as a function of measured, ([HJmeas; and [Ln**]meas.) and

adjustable ([HA'j]) parameters, as shown below:

- [Ln3+]meas,iKS,j

LnHA™ =N (@ [HAT]) =
[ ]T,calc,l ;( L”HAYU[ J ]) IZ; [Ln3+]meas,iKS,j + [H+]

1H4;] (6)

meas,i

The linear programming approach for multisite metal sorption solves a matrix equation, b
=4 - X, for x. Here 4 is an nxm matrix of a_mna ; entries as defined in Equations 5 and 6. The b
vector is a nx1 vector of calculated bound metal concentrations for each titrant addition,
[LNHA? ]t caic., as defined in Equation 6. The mx1 vector x contains the adjustable parameters,
[HA']], for each of the m binding sites. Numerical difficulties exist in attempting to fit the model
in Equation 6 because binding constants and site densities are correlated parameters. This
problem is solved using a fixed interval grid of log Ks; values and writing the problem in matrix
form, as described by Martinez et al. [31]. In addition, the nature of the matrices as described
above makes this an i/l-posed problem, meaning that more than one error minimum can be found
from optimization for x as a solution to the equation b = 4- x, unless additional assumptions are

made about the nature of the solution [31].

Linear programming regression minimizes the number of binding sites and the absolute

error, e = |[LnHA®' ]t cac; - [LNHA* ]+ |, using a simplex method [29]. This approach finds one



global minimum for the error function, which emphasizes zero as a possible solution and avoids
convergence problems such as those found in FITEQL [30, 31]. LPM optimizes parameters such
as total binding site concentrations. Each site density, [HA'], is assigned a positive value where
zero is a possible result. This generates a log Ks; spectrum where discrete metal-binding sites are
determined by the number of log K5, values, which have a corresponding nonzero metal-binding-
site density. When [HA'j] values are added, their sum should approximate the total available

ligand concentration on the sorbent surface, [HA]y, for a maximum experimental pH value.

In our simulations, the binding of the Ln first hydrolysis product to HA was not
considered. This choice is supported by the fact that (i) all but two data points (among 28) have
pH < 7; yet, it is well established that the proportion of Ln-OH complexes and thus Ln-OH-HA
complexes may become important only for water samples having pH > 8 [17, 33]; (ii) even for
alkaline waters, recent model calculations show that Ln speciation can be reasonably well

captured by only considering Ln** complexation with HA [34].

3. RESULTS AND DISCUSSION

Tables 1 to 3 summarize LPM optimization results of log Ks; [HA;] and [HA]T as
defined by Equations 2 and 4 respectively for experimental [Ln**] sorption by three different
initial HA concentrations of 5 mg L™ to 20 mg L™, in the pH range of 2-10. Tables 1 and 2
indicate the log Ks; and [HA] values for all Ln elements at the full range of HA concentrations,
while Table 3 shows [HAj] for 2 sites (i.e., j=2) at 5 mg L™ HA. LPM optimization of Equation
6 finds an optimal solution set of binding site concentrations, [HA'j], which are assigned to the
corresponding log Ks; on fixed interval grid. This procedure generates a discrete spectrum and by
approximating the ideal condition e = |[LnHA2+]T,Ca|c,i-[LnHA2+]T,,-| = 0. LPM optimization should

generate a unique binding site density corresponding to a single log Ks; on the grid. However,



double peaks resulted for particular sites j (data not shown), because the true log Ks; of the
sample falls at an intermediate position between two adjacent log Ks; on the grid [31]. Each
doublet was converted to a single peak by averaging the two log Ks; values and computing the
weighted average of [HA’j]. The averaged values, along with existing single peaks, in replicate

spectra were used to calculate overall average log Ks; and [HAj] values (log Ksjavg and [HA

j](avg))-

The log Ksjag and binding site densities obtained for the three humic acid
concentrations are reported in Tables 1 and 2, for the 14 analyzed Ln elements respectively. The
LPM fit results for Ln, as a function of pH, are illustrated in Figure 1 for La*". Sample log Ks;
values for La** are 2.65 + 0.21 and 7, and 3.00 + 0.14 and 3.85 + 0.07 for [HA]r=5 mg L™, 10
mg L™ and 20 mg L™, respectively. The main characteristics of the LnHA experiments,
reproduced by LPM, are a low proportion of LnHA complexes at relatively low pH and a marked
increase of this proportion with increasing pH. The log Ks; values increase with HA
concentration of experimental solutions (e.g., for La from 2.65 to 3.85 for HA concentrations of
5mg L™ and 20 mg L™, respectively). Moreover, log Ksj values increase from La (2.65) to Pr
(2.75), then decrease from Eu (2.70) to Lu (2.60) for HA concentrations of 5 mg L. This feature
is further marked for a higher HA concentration (i.e., 20 mg L™) where log Ksj values increase
from La (3.85) to Eu (4.15) and then decrease from Gd (4.06) to Lu (3.95). It follows a log Ks;
pattern showing a middle rare earth elements (MREE) downward concavity (Figure 2). As
already proposed by Pourret et al. [27], literature compilation of REE-organic ligand constants as
plotted against Gd/Yb ratio (Figure 3) evidenced that new calculated log Ks; values are in the
field of natural carboxylic acids and phenolic acids. As the objective of this study was not to
document fractionation among Ln series, differences in between Sonke and Salters [25] and

Pourret et al. [27] were not discussed (for that see discussions in [27, 28]).



As evidenced in Table 1, two log Ksj values are proposed by LPM for HA concentration
of 5 mg L. This feature reflects the heterogeneity of HA binding sites which is known to be
composed from carboxylic group varying from 3.2 to 4.8 meq g™ and phenolic ones from 1.4
meq g~ to 3.4 meq g™ [35]. This latter characteristic is only evidenced by the first experimental
condition as it is the only one that spans up to a pH of 10, and thus only the conditions
considering pH greater than 7, can allow development of binding sites at alkaline pH (i.e.,
phenolic or polycarboxylic ones). Indeed, the contribution of the second site by just doubling the
concentration of HA from 5 mg L™ to 10 mg L™, should still be expected at 10 mg L™ and 20 mg
L, since the contribution of the second site may reached up to 30% (i.e., from Er to Lu) at 5 mg
L. However, analytical window does not allow this latter feature to express at both HA
concentration of 10 mg L™ and 20 mg L™ (i.e., pH does not exceed pH values of 7.26 and 6.77,
respectively) as phenolic functional groups mostly expressed from pH 8 to 10 [35]. This latter
feature is also a verification of the results of Stamberg et al. [36] who previously studied Eu®*
complexation to Aldrich HA and found that phenolic groups only occur, in Ln complexation, at
alkaline pH after neutralization of carboxylic groups. The corresponding total site densities
([HA]y) are 2.89 x 10® mol g*, 5.05 x 10°® mol g, and 5.02 x 10® mol g™ of HA, for 5mg L™,
10 mg L™ and 20 mg L™ of HA, respectively for La (Table 2). These latter total site densities
only correspond to ca. 1% of the available sites on HA surfaces. Among these sites, as displayed
in Table 3 for HA concentration of 5 mg L™, two types of sites may be considered. Weaker sites
(i.e., sites with a mean log Ks; value of 2.65) are predominant and represent 67 to 94% of the
active binding sites whereas stronger sites (i.e., sites with a mean log Ks; value of 7.00) only
represent 6 to 33% of the active binding sites. The corresponding site densities were 2.71 + 0.57
x 10® and 0.58 + 0.32 x 10® moles of Ln*/mg of HA. As already observed, sites densities

decrease with increasing log Ks; values [21].
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Even if this study only considered monodentate sites, an interesting feature would be
evidenced by the three HA concentrations. The binding of Ln by several separate complexing
sites on HA may occur (i.e., carboxylic and phenolic binding sites) resulting in the fact that metal
binding will depend upon the total HA concentration. In other words, two monodentate binding
sites would result in lower total site densities available to complex Ln, as compared to a unique
binding site. This lower total site density observed at the HA concentration of 5 mg L™, for all 14
Ln elements, indicates a direct correlation between the amount of Ln sorbed on the external
surface microenvironment of HA which would increase with increasing HA concentration. This
result confirms the results explained earlier, where the concentration of complexed metal is
proportional to the concentration of added HA [37]. Oppositely, for the same conformation (i.e.,
one single monodentate site at a HA concentration of 10 mg L™ and 20 mg L™) there is no
concentration dependence. Albeit not considered in this study, multidentate binding may also

become increasingly important with increasing pH.

As evidenced by Table 3 and Figure 4, site density distribution varies in between Ln.
Sites 1 are more predominant (i.e., represent >80-90% of the binding sites) for the MREE (i.e.,
from Nd to Dy) whereas for La or Lu they only represent 77% or 67% of the available binding
sites. Complementary, “sites 2” in Table 3 are more present for binding La and Lu as regards to
MREE (i.e., 23% or 33% compared to <10-20%). This heterogeneity in the distribution of site
types may thus reflect the competition among Ln elements which is responsible of the
fractionation in between the Ln series. It must be noted that Ce does not follow this general trend
which may be ascribed to its redox behaviour. Log Ks; values for the Ln series are maximum for
Sm®". Binding site densities display the same feature. It may be the result of the Ln coordination
number change in the Ln complexes in solution from 9 to 8, which usually occurs in the Eu®* to
Gd** range. The water molecules about the inner Ln sphere is 9 from La** to Nd**, and 8 from

Tb* to Lu®* [38]. From a thermodynamical point of view the free energy of the Ln coordination
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number change in the Eu®* to Gd** range as a result of the sudden change of the coordination
polyhedrons type. Indeed, Choppin and Peterman [39] pointed out that Eu-acetate complexes
occur as inner sphere and as acetate represents a model molecule of simple carboxylic sites on
complex organic matter such as HA [9], such a coordination number change must be expected in
the Eu®* to Gd** range. These processes are induced by variations of inter electronic repulsive
potentials due to progressive filling of 4f orbital during structural changes that especially involve
inner coordination sphere of each Ln caused by equilibrium ligand exchange reaction (e.g.,
organic phase-aqueous phase equilibrium). Indeed, when processes involve Ln adsorption (or
surface complexation) with an inner sphere mechanism, non-CHARAC effect may take place.
The complexation behaviour of Ln does not thus exclusively depend on its ionic charge and
radius, but is additionally controlled by its electron configuration and by the type of complexing
ligand, since this latter two determine the character of the chemical bonding. Hence, aqueous
systems are characterized by non-CHARAC trace element behaviour [3], and electron structure
must be considered as an additional parameter. However, such a behaviour need to be further

explored and refined.

As already discussed by Pourret et al. [27] and Stern et al. [28] observed differences
between experiments presented by Takahashi et al. [40], Yamamoto et al. [41, 42], Sonke and
Salters [25], and both of these studies (i.e., [27], [28]) strongly suggest the heterogeneity of the
complexing sites in HS: high concentration of weak carboxylic sites and low concentrations of
strong phenolic sites [35]. The weak sites determine the behaviour of humic complexation at high
metal loading, whereas the strong sites determine the complexation strength of humic substances
at trace metal concentrations [27], [28], even when their concentration is only in the range of a
few percent of the weak sites (i.e., 10 to 22%; [35]). HS/Ln ratios considered in this study are
between 5 and 20, whereas in Yamamoto et al. [41, 42] experiments they are close to 80, in

Sonke and Salters [25] and Stern et al. [28] between 500 and 700, and in Takahashi et al. [40] as
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high as 100,000. At lower loading, stronger sites are favored whereas at higher loadings, weaker
sites are involved in the complexation. Moreover, phenolic sites are predominant at alkaline pH
whereas carboxylic are dominant binding sites at acidic pH. Indeed, the pH range in this study
spans from 2 to 10 with an analytical window in the 2-6 range, whereas in Yamamoto et al. [41,
42] experimental pH varies between 4 and 5.5 and, in Sonke and Salters [25] and Stern et al. [28]
it varies between 6 and 10. The present study sheds more light on the process dealing with Ln
loading by HA and needs to be extended to other HS by modelling existing data [25], [28] with
LPM to generalize this feature. In addition, all results, whether those of our study and Pourret et
al. [27] or those of Sonke and Salters [26] and Stern et al. [28], suggest that the multi
functionality of the organic matter surface site should be taken into account differently in
speciation studies and calculation codes. Indeed, whether Model V and VI, each of the models
considered the existence of two groups of surface sites that can form monodentate, bidentate
(e.g., as in Model V; [43]) and tridentate (e.g., as in Model VI; [14]) complexes. However, their
abundance and complexation constants are linked one to another by mathematical expressions
and as regards to Ln behaviour (i.e., fractionation among Ln series as regards to binding site

affinities), and may be refined considering the results obtained using LPM.

4. SUMMARY

Linear programming modelling was able to determine differences in Ln speciation as a
function of increasing humic acid concentration. At low concentrations of dissolved organic
matter two Ln binding sites were found, whereas one site is obtained at higher amounts.
Lanthanide binding occurs mainly at weak sites (i.e., ca. 80%; attributed to carboxylic groups)
and secondly at strong sites (i.e., ca. 20%; attributed to phenolic moieties). However,
heterogeneity in the distribution of the binding sites among Ln is evidenced, which could explain

Ln fractionation patterns. Moreover, this study has been able to quantify LnHA interactions,
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including the determination of metal binding constants and site concentrations without the need
for initial knowledge of these parameters, indicating the usefulness of the linear programming
modelling approach to solving surface metal complexation in the presence of complex organic
surfaces. Previous models including FITEQL have produced incomparable results emphasizing
the use of LPM as a tool for quantification of metal-ligand interactions as previously suggested

[29, 31].
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TABLES AND FIGURES CAPTIONS

Table 1. Log K values.

Table 2. Total site density (in mol of Ln**/mg of HA).

Table 3. Site density for both sites at a HA concentration of 5 mg L™ (in mol of Ln**/mg of HA).

Figure 1. Binding of (a) La, (b) Eu and (c) Lu to HA for various HA concentrations (i.e., 5 mg L
! 10 mg L™ and 20 mg L™) as a function of pH. Points correspond to experimental data [22]

whereas solid lines correspond to LPM best fits for which the absolute error e is minimal.

Figure 2. Log K patterns for the 14 Ln.

Figure 3. Literature compilation of REE-organic ligand constants (recalculated at 7 = 0.1 mol L™
when necessary; [6, 9]). black triangles: amino-carboxylic acids; white squares: iminoacetic
acids; black circles: phenolic acids; grey circles: carboxylic acids; white circles: natural
carboxylic acids: dark grey circles: humic substances, Aldrich Humic Acid (AHA), Suwannee
River Fulvic Acid (SRFA), Suwannee River Humic Acid (SRHA), Leonardite Humic Acid
(LHA), Suwannee River Natural Organic Matter (SRNOM) and Summit hill Soil Humic Acid

(SSHA) (°this study; ®Yamamoto et al. [42]; °Sonke and Salters [25]; “Stern et al. [28]).

Figure 4. Site density distribution (in mol of Ln®**/mg of HA) for the 14 Ln (data are from Table

3).
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Table 1.

[HA] mg L™ 10 20
La 265+021 7.00 3.00+£0.14 3.85%0.07
Ce 260+0.21 7.00 325+0.07 3.95%0.07
Pr 275+021 7.00 315+0.21 4.05%0.07
Nd 260+021 7.00 340+0.14 4.10%0.07
Sm 270+021 7.00 3.35+0.07 4.15+0.07
Eu 2.70+021 7.00 3.35%£0.07 4.15+0.07
Gd 260+0.21 7.00 3.25+0.07 4.05%0.07
Tb 260+021 7.00 3.25+0.07 3.95%0.07
Dy 260+021 7.00 3.10£0.14 3.95%0.07
Ho 265+021 7.00 3.10+0.14 3.95+0.07
Er 265+0.21 7.00 3.15+0.07 3.95%0.07
Tm 265+021 7.00 3.15+0.07 3.95%0.07
Yb 265+021 7.00 3.10+£0.14 3.95%0.07
Lu 2.65+0.21 7.00 3.15%0.07 3.95%0.07
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Table 2.

[HA] mg L™ 5 10 20
La 2.89x10% 5.05x10° 5.02x10°
Ce 3.31x10% 5.00x10% 5.02x10°
Pr 3.21x10% 4.99x10% 5.01x10°
Nd 3.65x10% 4.97x10% 5.00x10°®
Sm 3.75x10% 4.98x10° 5.00x10°®
Eu 3.65x10% 4.98x10% 5.01x10°®
Gd 350x10% 4.99x10% 5.00x10°®
Tb 3.44x10% 4.98x10% 5.01x10°
Dy 3.30x10° 4.98x10° 4.98x10°®
Ho 3.20x10% 5.00x10% 5.02x10°
Er 3.04x10% 4.99x10% 5.01x10°
m 3.03x10% 4.98x10% 5.01x10°®
Yb 3.01x10% 4.98x10° 5.00x10°®
Lu 3.00x10% 4.98x10% 4.98x10°®
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Table 3.

Site 1 Site 2
La 2.22x10% 067x10°®
Ce 3.05x10% 0.26 x 108
Pr 256 x10%  0.65x 107
Nd 3.30x10% 0.35x10°®
Sm 3.38x10% 0.37x10°8
Eu 3.32x10% 0.33x 107
Gd 3.25x10®% 0.25x10%
Tb 3.20x10% 0.24x 107
Dy 3.10x10® 0.20x 1078
Ho 2.40x10% 0.80x 107
Er 2.04x10% 1.00x 1078
Tm 2.05x10% 0.98x10°®
Yb 2.04x10% 0.97x10°8
Lu 2.00x10®% 1.00x10%
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Figure 2.
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Figure 3.
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