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Abstract — Bentonites are natural reservoirs of various elements and are of interest because they are sources 
of thorium and uranium, which are transition elements that provide nuclear energy. The objective of this work 
was to study the plausible association(s) of these elements with other transition elements of interest. The contents 
of 18 transition elements (cerium, cobalt, chromium, copper, iron, hafnium, lanthanum, manganese, molybde
num, neodymium niobium, nickel, tantalum, thorium, uranium, vanadium, yttrium, zinc, and zirconium) in 38 
bentonites determined experimentally by X-ray fluorescence spectroscopy (XRF) were analyzed.

The contents of the elements were plotted in (x,y) graphs and then fitted to polynomial functions (orders 
1 through 6). According to the coefficient of determination (r2: 0.5 ≤ r2 strong, 0.3 ≤ r2 ≤ 0.5 medium, and 
r2 ≤ 0.3 weak), the contents of thorium, uranium, niobium, and nickel related strongly, thus the presence of 
niobium and nickel served to predict the presence of detectable concentrations of thorium and uranium. The 
equations showing higher r2 values were

1. {Th} = 1e-6{Nb}5 − 3e-4{Nb}4 + 1.9e-2{Nb}3 − 5.4e-1{Nb}2 + 7.3{Nb} − 6.3, r2 = 0.53.
2. {Th} = −3e-8{Nb}6 + 9e-6{Nb}5 − 1e-3{Nb}4 + 4.7e-2{Nb}3 − 1.1{Nb}2 + 11.5{Nb} − 16, r2 = 0.54.
3. {Th} = 5e-6{Ni}4 − 1.5e-3{Ni}3 − 1.5e-1{Ni}2 − 5.8{Ni} + 9e+1, r2 = 0.49.
4. {Th} = −7e-8{Ni}5 + 3e-5{Ni}4 − 5.1e-3{Ni}3 + 3.4e-1{Ni}2 − 9.5{Nb} + 1e+2, r2 = 0.56.
5. {Th} = 2e-9{Ni}6 − 8e-7{Ni}5 + 2e-4{Ni}4 − 1.5e-2{Ni}3 − 7e-1{Ni}2 − 1e+1{Ni} + 1e+1, r2 = 0.60.
6. {Th} = −1e-4{U}5 + 1.3e-2{U}4 − 4.3e-1{U}3 + 5.7e-1{U}2 − 2e+1{U} + 5e+1, r2 = 0.54.
7. {Th} = 6e-6{U}6 − 9e-4{U}5 + 4.5e-2{U}4 − 1.1{U}3 + 1e+1{U}2 − 5e+1{U} + 1e+2, r2 = 0.64.
8. {U} = 8e-6{Nb}4 − 1.2e-3{Nb}3 + 4.8e-2{Nb}2 − 4.3e-1{Nb} + 6.8, r2 = 0.48.
9. {U} = 2e-7{Nb}5 − 4e-5{Nb}4 + 2.8e-3{Nb}3 − 7.6e-2{Nb}2 + 1.1{Nb} + 1.9, r2 = 0.5.
10. {U} = 1e-8{Nb}6 − 3e-6{Nb}5 + 2e-4{Nb}4 − 8e-3{Nb}3 + 1.3e-1{Nb}2 − 5.4e-1{Nb} + 5.4, r2 = 0.51.
11. {U} = 1.8e-1{Th} + 2.6, r2 = 0.49; {U} = 1.7e-3{Th}2 − 2.9e-2{Th} + 6.3, r2 = 0.60.
12. {U} = 2e-5{Th}3 − 1.7e-3{Th}2 + 1.4e-1{Th} + 4.5, r2 = 0.58; {U} = −5e-7{Th}4 + 2e-4{Th}3 − 1.5e-2 

{Th}2 + 5.5e-1{Th} + 1.5, r2 = 0.6.
13. {U} = −7e-9{Th}5 + 2e-6{Th}4 − 1e-4{Th}3 − 3e-4{Th}2 + 2.7e-1{Th} + 2.9, r2 = 0.6.
14. {U} = 2e-9{Th}6 − 8e-7{Th}5 + 1e-4{Th}4 − 8.1e-3{Th}3 − 2.4e-1{Th}2 + 15, r2 = 0.65.

This study provided a joint experimental and theoretical approach to optimize the recovery of thorium 
and uranium and to save invaluable onsite and off-site natural resources and work time. The findings might 
expand on other studies reporting the quantification of transition metals on bentonite matrices. For 
instance, the concentrations of nickel reported in studies using bench techniques could serve as the basis 
to calculate the contents of thorium.

Keywords — Nuclear energy, nickel and niobium as predictors, industrial clays as source, experimental- 
theoretical study, X-ray fluorescence spectroscopy. 

Note — Some figures may be in color only in the electronic version.
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I. INTRODUCTION

In nature, porous media contain large amounts of small 
clay minerals (clays: ≤2-μm diameter), which are the major 
sources of transition elements, including those that generate 
nuclear energy, i.e., thorium (TH) and uranium (U). The 
justification of this contribution was to assess the contents 
of thorium and uranium related to the contents of other 
transition metals present in the clay matrix. The identification 
of empirical functions relating to the contents of the elements 
could then contribute to predicting their presence and detect
able concentrations in a given matrix, hence providing for 
better selection of the clay matrix prior to extraction.[1,2] 

Finally, the predicting equations generated were sought to 
contribute to future research on nuclear energy.

Here, 38 industrial clays, i.e., bentonites, were 
studied. The clays were characterized using X-ray 
fluorescence spectroscopy[3] (XRF). The XRF data 
were fitted to polynomial functions (orders 1 
through 6). Then, the goodness of fit of the functions 
was estimated from the coefficients of determination 
(r2). The closer the values of r2 were to 1, the better 
the polynomial function represented the (x,y) data 
trends.

II. MATERIALS AND METHODS

II.A. Bentonites

The 38 bentonites constituting the collection of the 
Federal Institute for Geosciences and Natural Resources 
(Bundesanstalt für Geowissenschaften und Rohstoffe or 
BGR, Hannover, Germany) were studied (Table I, after 
Ufer et al.[3]).

II.B. Data Analyses

The contents of selected elements (x in Table I) 
were plotted against the contents of thorium and ura
nium (y), and the data were fitted to polynomial func
tions (orders 1 through 6). Then the relations between 
x and y were classified based on the r2 of the func
tions. The functions with 0.5 ≤ r2, 0.3 ≤ r2 ≤ 0.5, and 
r2 ≤ 0.3 were concluded to be strong, medium, and 
weak, respectively.

III. RESULTS AND DISCUSSION

Table II lists the obtained functions with y = Th. The 
functions showing higher r2 values (r2 ≤ 0.5) were

Equations (1) through (7) showed that the concentrations 
of thorium related strongly with the concentrations of 
niobium (Nb), nickel (Ni), and U. The empirical 
Eqs. (1) through (7) were concluded to be useful tools 
to predict the concentrations of thorium from the concen
trations of either Nb, Ni, or U.

Next, Table III lists the obtained functions with y = U. 
The functions showing higher r2 values (r2 ≤ 0.5) were
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These results showed that the concentrations of 
U related strongly with the concentrations of Nb and 
Th (U). The empirical Eqs. (8) through (14) were 
concluded to also be useful tools to predict the con
centrations of uranium from the concentrations of 
either Nb or Th.

IV. CONCLUSIONS

Bentonites are natural reservoirs of Th and U. The 
objective of this contribution was to generate empirical, 
fitting functions for predicting the presence and contents 
of Th and U in the matrices of industrial clay. In this 
light, 38 chemical compositions of 38 bentonites were 
fitted to polynomial functions. The contents of 18 transi
tion elements [cerium (Ce), cobalt (Co), chromium (Cr), 
copper (Cu), iron (Fe), hafnium (Hf), lanthanum (La), 
manganese (Mn), molybdenum (Mo), neodymium nio
bium (Nd), Ni, tantalum (Ta), Th, U, vanadium (V), 
yttrium (Y), zinc (Zn), and zirconium (Zr)], determined 
experimentally by XRF, were analyzed. The contents of 
the elements were plotted in (x,y) graphs and then fitted 
to polynomial functions (orders 1 through 6). According 
to the r2, the contents of Th, U, Nb, and Ni related 
strongly; therefore, the presence of Nb and Ni served to 
predict the presence of detectable concentrations of Th 
and U. In all, this study provided a joint experimental and 
theoretical approach to optimize the recovery of Th and 
U and to save invaluable onsite and off-site natural 
resources and work time.
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