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Abstract

Joint application of energy dispersive X-ray fluorescence analysis (EDXRF) and instrumental neutron activation analysis
(INAA) was considered to determine the contents of sixteen rare earths elements (REE) in the corresponding mineral
resources. K series of the majority of REEs was excited by the bremsstrahlung of the X-ray tube operating at accelerating
voltage 70 kV, the modified version of a portable X-ray spectrometer is equipped with. A range of ore samples collected from
three REE deposits of the Republic of Kazakhstan essentially differing in their elemental composition was investigated. A
way of EDXRF and INAA optimum integration to analyze REE resources was proposed taking account of the advantages

and drawbacks of both methods.
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Introduction

In spite of the ongoing progress in analytical techniques
for trace element determination [1], analysis of mineral
resources for individual rare earth element (REE) content
is still a difficult task. The problem is generally solved at
present by the instrumental methods of elemental analysis,
mainly by inductively coupled plasma optical emission spec-
trometry and mass spectrometry (ICP-OES and ICP-MS),
atomic absorption spectrometry, instrumental neutron acti-
vation analysis (INAA) [2—4], and different variants of X-ray
fluorescence analysis (XRF) [5].

If less-common electrothermal evaporation (ablation) of
solid samples is not considered, main disadvantage of the
first three methods lies in the necessity of sample dissolution
[3, 6]. This presents a serious challenge for the analysis since
REEs usually constitute firm natural compounds—silicates,
oxides, sulphides, and phosphates. Various decomposition
techniques are often selective, laborious and expensive;
moreover they can not prevent samples from contamination
by the reagents and do not ensure complete dissolution.
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In this respect the nondestructive methods such as INAA
and XRF can offer undoubted advantages. The first one still
occupies a leading position in REE analysis [7] owing to a
range of other favorable features too. The most important
of them comprise minimum matrix effect, absence of the
blank experiment, usually slight spectral interferences, high
sensitivity and moderate cost of the analysis. These benefits
promote broad application of INAA to analyze rocks, miner-
als, sediments and other geological objects for REE content
[8-12]. The main drawbacks of INAA consist in a rather
long time of all REE determination and in periodic technical
inaccessibility of the research reactors (nuclear fuel replace-
ment, and so on).

XRF is widely spread in elemental analysis of geological
objects owing to its such advantages as promptness, simple
sample preparation, and low cost. However, high-sensitive
determination of lanthanides by XRF is seriously impeded
by rather high values of their K-absorption edges (the mini-
mum energies required for K series excitation) — from about
38.9 keV for La to approximately 63.3 keV for Lu [13].
That is why direct analysis of geological samples for REE
contents by their K series by up-to-date energy dispersive
XRF (EDXREF) spectrometers is practically unfeasible since
they are most often equipped with X-ray tubes with Rh (Ag)
anode or with W anode and a secondary target lighter than
La.
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The task can be solved in principle using a standard
radioisotope source for REE K series excitation. E.g., the
common source >*'Am (59.5 keV, quantum yield 35.9%,
1020 mCi of the activity) makes possible rock analysis for
La to Nd contents in case of counting of secondary X-rays
by a Si semiconductor detector (SCD) [14]. Ge SCDs dis-
tinguished by their better detection efficiency of the high-
energy X-rays additionally enable Sm and less often Gd
determination in the objects characterised by REE contents
close to their average values in the upper continental crust
(UCC) [15]. If a much more active (1 Ci) > Am source is
used, Dy contents typical of common rocks can be deter-
mined too [16]. However, despite all its attractiveness, radio-
isotope excitation became of sporadic application in XRF
lately due to availability of compact air-cooled X-ray tubes
and to enhancement of legislation in the field of radioactive
material turnover [17].

Comparative sensitivity of geological object analysis for
REE contents is gained by wave dispersive XRF (WDXRF)
spectrometers equipped with powerful (several kW) X-ray
tubes for L series excitation. To deconvolve substantial spec-
tral interferences of L lines extra efforts must be applied,
usually with the help of linear regression analysis [18, 19].
WDXREF spectrometers reveal better resolution in the low-
energy region than EDXRF ones enabling determination of
all lanthanides, at least theoretically. In practice, unresolved
superposition of REE L lines overlapping with the L lines
of Ba and K lines of a matrix and minor elements from Ti
to Zn presents a serious problem for rock analysis [5, 20].
That is why reliable determination of lanthanides by L series
(both by WDXRF and EDXRF) still requires separation from
matrix and preconcentration on a substrate [21], but the main
advantages of XRF are lost then. Therefore this approach
is far less developed at present comparing with the other
destructive plasma-based techniques.

Different variants of XRF and INAA are well known to
complement excellently one another in the study of rocks
and similar objects [22-26] successfully competing together
with ICP-MS in respect of accuracy and sensitivity of the
analysis. Combining XRF and INAA, special interest is
aroused if REEs should be basically determined, e.g. in the
course of corresponding deposit explorations [27], devel-
oping the technologies of REE recovery from industrial
wastes [28], or analyzing the non-traditional REE resources
extremely resistant to chemical decomposition [29]. Study-
ing uranium-rich samples, role of XRF greatly enhances
since it makes possible to determine La, Ce, Nd, and Ho
hardly accessible to INAA in this case due to severe spectral
interferences caused by U fission products [30, 31].

Lately highly sensitive EDXRF is being used actively for
prompt evaluation of Y and light lanthanides from La to Nd
(and sometimes Sm) in different geological objects at the
levels of their average UCC contents by exciting K series of
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these elements by a low-power X-ray tube [32]. Sc and the
heavier lanthanides are determined by INAA in the separate
samples, if needed.

The present work continues the study of joint applica-
tion of EDXRF and the internal standard based comparator
INAA expanded to analyze REE mineral resources. Compar-
ing with rock investigation, determination of Pr, Dy and Er
by their short-lived radionuclides was added. Owing to REE
increased contents, Gd became accessible by a low-energy
gamma-line of the daughter radionuclide of '*'Gd using a
planar type SCD. The range of the lanthanides determined
by EDXRF was also extended. To find the way of optimum
combination of the methods a number of ore samples col-
lected from three different type REE deposits of the Repub-
lic of Kazakhstan was analyzed for the contents of all REEs.

Experimental

The samples of REE ores were prepared both for EDXRF
and INAA in the same standard manner including grounding
with a FRITSCH planetary mill PULVERISETTE 6 (Ger-
many) to the particle size < 0.071 mm controlled with the
help of a corresponding FRITSCH sieve.

To conduct EDXREF, approximately 15 g of the assays
were pressed manually in aluminium dishes with Mylar film
bottoms to provide the “saturated layer geometry”. Element
content of the samples including Y, lanthanides, and Fe was
determined with a portable X-ray spectrometer—modified
version of RLP-21T (LLP “AspapGeo”, Almaty, Kazakh-
stan). The samples were measured for 30-60 min each and
interpreted automatically in the real-time operation mode.
Values of Fe mass fraction were used as the internal stand-
ard to determine other elements of interest by comparator
INAA [22, 30-32]. Mn contents varying in different samples
within more than one order of magnitude were determined
too since conducting INAA by the short-lived radionuclides
these values affected the decay time of the irradiated assays.

Modified RLP-21T presents the next generation of the
corresponding model series of laboratory X-ray spectrome-
ters specially designed to analyze powdered geological sam-
ples for lanthanide contents. Based on the commercial avail-
ability of the reliable portable X-ray tubes, the spectrometer
is equipped with a low-power (10 W) one with a tungsten
anode operating at accelerating voltage 70 kV. No intermedi-
ate target is used due to a drastic loss of the intensity of the
primary X-rays. Characteristic fluorescence of an assay is
excited by the X-ray tube bremsstrahlung. This makes pos-
sible to determine high-Z elements from Sn to Nd (or Sm)
by their K series at the levels of their average UCC contents.
The range of determined lanthanides is broadened to Er in
rich REE ores and can include Yb in REE concentrates. The
spectra are counted by a Peltier-cooled Si drift SCD, 25 mm?
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Table 1 Spect.ral interfer.enccs Element Line Energy, keV Relative Spectral Line Energy, keV Rela-
of t.he lanthanide X-ray lines (K intensity, %  interference tiveinten-
series) sity, %
Pr Ky 36.03 100 Ba Kpgs 36.30 10
Kpi 36.38 18
Nd Ky 37.36 100 Ba Kp 37.26 6
Sm Ky 39.52 55 Ce Kpi 39.26 19
Eu Ky 40.90 56 Pr Kgs 40.65 10
Kpi 40.75 19
Ky 41.54 100 Pr Kp 41.77 6
Gd Ky 42.31 56 Nd Kgs 42.17 10
Kpi 42.27 19
Ky 43.00 100 Nd Kp 43.34 6
Dy Ky 45.21 56 Sm Kgs 45.29 10
Kpi 4541 19
Ho Ky 46.70 56 Sm Kp 46.58 6
Eu Kpgs 46.90 10
Er Ky 48.22 56 Eu Kp 48.26 6
Yb Ky 52.39 100 Dy Kpi 52.12 20

of the area, with an energy resolution 140 eV at the 5.9 keV
line. A high efficiency spectra treatment algorithm is applied
to find X-ray peak areas under the unfavourable values of
signal-to-background ratio for the majority of lanthanides
caused by the intense bremsstrahlung. All characteristic
lines of both K and L series (5 and 19 lines, respectively) of
every analyzed element are used by the software to approxi-
mate the spectra. To calculate element contents of the sam-
ples, a reference-free modified version of the “fundamental
parameters method” is employed.

Table 1 presents spectral interferences of the main ana-
lytical lines K,,; and K, of the lanthanides [33] considering
degradation of SCD energy resolution for higher energies. '
K, lines never overlap one with another but only with the far
less intensive K lines of the lighter elements. Taking light
to heavy lanthanide fractionation similar to that of typical
rocks, the following interferences are the most significant:
Pr can complicate Eu determination, Nd — determination of
Gd. Sm impedes Dy evaluation to a smaller extent since only
one K, line of Dy is overlapped. Very high Ba mass frac-
tions, exceeding that of Pr and Nd by a factor of twenty and
more noticeably complicate determination of these elements;
however, this can take place only if Pr and Nd contents are
close to their average UCC values [32]. Other interferences
in Table 1 are practically insignificant. Anyway, overlapping
of lanthanide K lines is not so dramatic as L lines demon-
strate and is far more precisely accounted by the software.

! The values assessed with the help of pure chemicals amounted
~340 eV for K, line of Pr and ~380 eV for K line of Er.

Unlike automatic control of the maximum count rate in
RLP-21T by altering X-ray tube current, to avoid analyzer
overload in INAA resulting in SCD energy resolution deg-
radation, masses of REE ore assays m and irradiation time
t,.. were specially selected empirically for the predetermined
counting geometries based on the previous investigations.
Considering the REE contents of the samples varied very
significantly, expressing irradiation conditions using m t,,,
product (mg h) seems more representative. In case of pro-
longed irradiation this value differed for different assays by
a factor of 30 and more; the details are revealed below.

The assays taken with a Mettler Toledo analytical balance
up to the forth decimal (+0.1 mg) were prepared for irra-
diation following the routine procedure previously used for
rock analysis [30-32]. Besides the investigated assays, every
package included zirconium monitor (=20 mg of ZrO,) in
the middle to evaluate epithermal to thermal neutron flux
ratio 1/f and the assays of chemically pure iron” (%10 mg)
to determine Fe content of the samples more precisely, if
it was lower 1% by EDXRF. Sometimes Fe assays acted as
the external standard in comparator INAA when the inves-
tigated ones were drastically reduced in mass to avoid over-
irradiation or/and neutron flux self-shielding. The assays
presenting different objects (REE ore deposits) were irradi-
ated separately.

The ready packages wrapped in Al foil were placed in the
position Ne4 inside peripheral vertical channel Ne10-6 of the

2 CRM GSO01634, the Institute of Reference Materials, Ekaterinburg,
Russian Federation, 98.2+0.1 wt% of Fe.
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light-water research reactor WWR-K, Institute of Nuclear
Physics (INP), Almaty, in such a way that flat polyethylene
bags containing assays were perpendicular to the channel
axis. This allowed to minimize the influence of the gradient
of neutron spectrum composition since its radial component
(8.5% per 1 cm) was the same for all the assays and the axial
one (1.2% per 1 cm) can be regarded negligible. Neutron
flux gradient was accounted for every assay using the inter-
nal standard method. The thermal neutron (< 0.625 eV) flux
density in the channel was 8.9 - 10'* cm™ s™!, while the fast
neutron (0.1-1.15 MeV) one amounted to 6.0 - 10'2 cm ™2 s™!
[29]. Spectrum composition of the neutron flux assessed for
arange of irradiations by the “bare bi-isotopic method” [34,
35] was within 1/f=0.024-0.028.

To analyze the samples for Pr, Dy and Er contents the
automated pneumatic transport system (PTS) was used [36]
with the irradiation terminal installed in a horizontal chan-
nel of WWR-K. 50-100 mg of the assays were sealed in
small flat polyethylene bags and fixed in HDPE transport
capsules across the neuron flux. The capsules were irradi-
ated one by one for 1-5 min by the thermal neutron flux
density n -10'?> cm™ s™!. Trradiation time was also selected
empirically to provide maximum count rate of the analyzer,
i.e. dead time about 30%. Since the PTS irradiation terminal
abuts on the reactor tank from the outside, the neutron flux
in it is more thermalized than in the peripheral channels:
1/f=0.012+0.001.

Most of the gamma-spectrometric measurements by the
long-lived radionuclides, as well as by the short-lived ones,
were carried out using an analytical complex consisting of
an extended-range coaxial SCD GX5019 (Canberra, relative
efficiency is 50% and an energy resolution is 1.86 keV at
the 1332 keV peak of ®)Co) and a Canberra multi-channel
analyzer DSA-1000. In the first case the assays were counted
twice after 7-8 days of the decay time to determine La, Sm,
Yb, and Lu, then after 3 weeks to analyze for Ce, Nd, Eu,
Tb, Tm, and Sc contents. Counting time and geometry were
20 min and 60 mm to the detector cap, then about 40 min an
24 mm, respectively.

Count rates of the short-lived radionuclides '*?Pr, 165Dy,
and '"'Er were measured after 16—18 h of decay to allow
5Mn (worsening sensitivity of Er determination due to its
intensive Compton continuum) decay to a reasonable activ-
ity. Just before counting the samples were taken from the
transport capsules and placed above the detector cap, 24 mm
distant. The counting time amounted to 2-5 h depending
on the sensitivity of '**Pr determination, the worst of all
under such conditions. La contents of the assays measured
by INAA before were used as the internal standard [29].

Ho and Gd contents of the samples were determined with
the help of another complex including a planar type SCD
GLP36360 (ORTEC, the crystal dimensions are 36 X 13 mm,
an energy resolution is 585 eV at the 122 keV line of °>’Co)

@ Springer

and a multi-channel analyzer DSPEC LF of the same manu-
facturer. The assays were counted for 40—-60 min after 7 days
of decay at the distance of 40 mm from the detector cap and
then after 12 days, 10 mm distant, to analyze for Ho and Gd
contents, respectively. Due to a higher energy resolution the
planar SCD is being used routinely to determine Ho begin-
ning from the mass fractions close to its average UCC quan-
tity [31, 32]. Moreover, increased contents of lanthanides
in REE resources enable to determine Gd by a low-energy
gamma-line of '*'Tb—the daughter radionuclide of '*'Gd
(see Table 2 below) [29, 30], despite GLP36360 has far less
absolute detection efficiency than GX5019. Overall duration
of REE determination doesn’t exceed 3 weeks mentioned
above.

Both SCDs were calibrated for relative detection effi-
ciency using a multi-gamma ray standard MGS-1 (*?Eu,
154Ey, 155Eu) by Canberra. To extend GLP36360 calibra-
tion curve to the lower energies an isotopic source '**Ba
(Canberra) was added. Fourth power polynomials were used
to approximate calibration functions. The calibration curve
trend of GLP36360 and some more details of it calibration
can be seen in [35].

MAESTRO software was used to collect gamma-ray
spectra by the planar type SCD and GENIE 2000—by the
coaxial one. Spectra treatment was carried out by “Anal-
Gamma” software developed in INP. More information con-
cerning treatment of gamma-ray spectra to calculate count
rates of analytical peaks can be found in [37].

Main data relating application of the internal standard
based INAA to analyze the samples for REE contents are
compiled in Table 2. Only one analytical gamma-line of
each radionuclide was used; if more lines are appropriate,
the selected lines generally correspond to the recommended
ones [7].

Besides Fe as the internal comparator mentioned above,
Table 2 includes Th occasionally used with the same aim
in view to determine Ho (or Ho and Gd), if *°Fe count rate
by GLP36360 was too low. Th content of such samples was
found using GX5019. If the analyzed radionuclides relate
to the uranium fission products (40La and others, U(n, /)
denotes an interference), the corresponding contribution to
their count rates was considered as usual [29]. **Xe being
of the same origin was accounted as a spectral interference
where necessary. '**Xe is not resolved reliably with '®*Ho by
a planar type SCD, so the count rate of the latter was found
analytically by the results of two measurements, the second
was a week later [29]. In the case of thorium high contents
exceeding that of terbium by more than one order of mag-
nitude, '°Tb was accounted for a **Pa gamma-line. As the
last resort GLP36360 was used to resolve '®Tb and ***Pa
gamma-lines. Moreover, if the ratio of thorium to dyspro-
sium mass fractions reached several times, contribution of a
233pa X-ray line (K,,) was accounted too. This correction to
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Table 2 Main nuclear parameters and interferences of the radionuclides used to determine REEs by comparator INAA
Radionuclide Half-life, days Energy, keV Quantum Interferences Energy, keV Quantum Detector
yield, % yield, %
46Sc 83.8 889.28 99.9 - - - GX5019
140 9 1.68 1596.2 95.4 U, f - - GX5019
4ce 325 145.44 48.3 U, f - - GX5019
15Yb 144.86 0.672
1492py 0.797 1575.6 3.70 - - - GX5019
4INd 11.0 91.11 28.1 U, f - - GX5019
153Sm 1.94 69.67 4.73 187w 69.31 3.17 GX5019
1401 5 68.92 0.075
152gy 4943 121.78 28.7 - - - GX5019
1617 (191Gd) 6.89 25.65 23.2 1228p 2527 0.950 GLP36360
1607, 72.3 298.58 26.1 233py 298.81 0.088 GX5019
165Dy 23h 94.70 3.80 233pg 94.65 10.56 GX5019
165Ho 1.12 80.57 6.71 133%Xe 81.00 36.9 GLP36360
5 7.5h 308.29 64.0 - - - GX5019
170Tm 128.6 84.25 2.48 18279 84.68 2.65 GX5019
175Yb 4.18 396.33 13.2 1401 5 397.52 0.073 GX5019
7L 6.65 208.37 10.4 176y — "Ly 208.37 10.4 GX5019
Fe 44.5 1099.2 56.5 - - - GX5019
192.34 3.08 - - - GLP36360
233pa (333Th) 27.0 311.90 38.5 - - - GX5019

165Dy count rate which usually never takes place appeared as
aresult of the long decay time optimized to determine Pr and
Er. '3Sm was determined by its the lower-energy gamma-
line to avoid interference with 2**Pa, despite potential con-
tribution of "*°La and '8’W accounted by the software which
is usually quite small. A low-intensity '“’La gamma-line can
overlap the analytical line of '7>Yb only in the cases of high
fractionation of light to heavy lanthanide, when the ratio of
La to Yb contents approaches 100; this possible interference
is usually resolved by the software. Contribution of 76Yb to
the count rate of '7"Lu due to the (n, y) reaction was evalu-
ated using the basic equation of neutron activation [7]. Tak-
ing Yb to Lu relation equal to their average crustal ratio [38],
a systematic addition to '7’Lu activity after 1 h irradiation
for the richest ore samples doesn’t exceed ~2.2% and can
be neglected comparing with the other sources of uncer-
tainty. Moreover, this addition diminishes with ¢;,,. due to a
far shorter half-life of !"7Yb (1.91 h) comparing with that of
7TLu. Other interferences were insignificant and hence were
ignored or resolved by the software.

Results and discussion

Element content of the samples (C,) by INAA was deter-
mined using a modified equation of the simple compara-
tor method of standardization [29]. The equation includes

ko-factors relatively to 411.8 keV gamma-line of radionu-
clide '*®Au for the analytical gamma-lines of the analyzed
elements and the comparator [39] and the empirical correc-
tion factor K, .. The latter takes account of the deviation of
the used model from the avowed k,-method [40] and some
other reasons. K, . values, estimated earlier for every count-
ing geometry of the both SCDs with the help of multiele-
ment CRMs, are used ever since in all investigations.
There is no a ky-factor for radionuclide 161Th (Table 2)
in the database [39], so k-factor was taken instead as the
product of the corresponding nuclear constants [35]:

k= o,0P M, ey

where o) is thermal neutron cross-section (cm?), O is isotopic
abundance (%), P, is the quantum yield of the measured
gamma-line (%), M is the atomic mass (Da). All nuclear
constants except for P, relate to the activated short-lived
radionuclide '®°Gd, P, — to the gamma-line of its daughter
long-lived '*!'Tb (25.7 ke V).

Correction for the analytical gamma-ray self-absorption
was carried out in the cases when mass or major element
composition of the assays were noticeably different from
that typical of the CRM assays used for K, . evaluation
(50-100 mg and light aluminosilicate matrix). Actually,
only the gamma-line of ''Tb was touched on. Using
the approximation of the “thin irradiating layer” [41]
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Table 3 REE and some other

Element Certified value Measured value E —score

element contents of OREAS

460 by EDXRF and INAA, EDXRF INAA EDXRF INAA

g (P=0.95)
Sc 27.9+0.8 - 29.5+2.8 - 0.55
Y 60+2 61+13 - 0.08 -
La 1369 +43 1430+200 1380120 0.32 0.09
Ce 1798 +44 1880+200 1790+ 160 0.40 —-0.05
Pr 244+5 243+48 238+23 -0.02 -0.25
Nd 781+28 800+ 100 805+75 0.23 0.30
Sm 1072 107+23 108+10 0 0.10
Eu 22.7+0.6 21.6+8.3 23.0+2.0 -0.13 0.14
Gd 50+2 54+13 47.6+4.8 0.30 —0.56
Tb 4.84+0.12 - 4.70+0.43 - —-0.31
Dy 19.8+0.5 18.7+4.4 19.5+2.0 -0.25 —0.15
Ho 2.77+0.13 - 29+04 - 0.31
Er 6.01+0.18 - 6.6+1.1 - 0.53
Tm 0.70+0.03 - 0.68+0.10 - —-0.19
Yb 391+0.14 - 3.88+0.39 - -0.07
Lu 0.52+0.03 - 0.515+0.052 - —0.08
Th 116 +2 - 117+10 - 0.10
8} 4.21+0.10 - 4.40+0.80 - 0.24
Fe, % 18.90+0.42 19.22+0.45 - 0.52 -

correction for photoelectric absorption and scattering of
25.7 keV gamma-line didn’t exceed several percents.

To assess thermal and resonance neutron self-shielding
by the samples a spreadsheet by Chilian C, et al. [42] was
applied. With 50-100 mg assays the corresponding correc-
tion is < 1% while Sm, Eu, and Gd contents don’t exceed
their 20-fold percentage in UCC. Thermal neutron self-
shielding was accounted mainly by using Fe (and La) as
the internal standard where possible. If Th was used in this
end in view, and to avoid corrections for resonance neu-
tron self-shielding following any model [43], assay masses
were reduced to the sizes securing a negligible influence
of the effect as shown below.

To assess EDXRF and INAA by the sensitivity and
accuracy of the results implying their further combina-
tion, several CRMs of REE ores were investigated at first:
OREAS 460 and OREAS 100a by Ore Research & Explo-
ration (Australia) and OSO 528 by the All-Russian Scien-
tific Research Institute of Mineral Resources (Moscow).
High mass fractions of the light lanthanides in the first
CRM (Carbonatite supergene REE-Nb ore) reaching ~30
crust average values for La, Ce and Nd gradually decrease
to the common contents in rocks for the heaviest REEs.
The other two CRMs (Uranium-bearing ore and Phospho-
rus rare earth uranium ore, respectively) are characterized
by the increased mass fractions of the heavier lanthanides
comparing with the lighter ones. The CRM assays were
prepared and analyzed by both methods as mentioned
above.
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The results of CRM analyses for REE and Fe contents
by EDXREF are presented in Tables 3, 4, 5) with their 95%
confidence limits. Sc can’t be determined reliably since its

Table4 REE and some other element contents of OREAS 100a by
EDXRF and INAA, pg g~ (P=0.95)

Element Certified value Measured value E,-score
EDXRF INAA EDXRF INAA
Sc 6.10 - 6.71+0.60 — -
Y 142+3 133+£23 - -0.39 -
La 260+9 271+48  268+23 0.23 0.32
Ce 463 +20 454+48  457+x40 017  -0.13
Pr 47.1+24 445+83 489+49 -0.30 0.33
Nd 152+38 143 +23 149+13 -037  -0.20
Sm 23.6+0.4 22.0+83 247+2.1 -0.19 0.51
Eu 3.71+0.23 - 3.74+0.31 - 0.08
Gd 23.6+1.4 233+83 238+24 -0.04 0.07
Tb 3.80+0.23 - 3.76+0.34 — -0.10
Dy 23.2+04 23.0+83 234+23 -0.02 0.09
Ho 4.81+0.14 - 4.87+0.58 — 0.10
Er 149+0.5 17.3+44 154+16 0.54 0.30
Tm 2.31+0.11 - 229+0.22 — -0.08
Yb 149+04 - 159+14 - 0.69
Lu 2.26+0.11 - 2.33+0.21 — 0.30
Th 51.6+2.7 - 51.4+5.1 - -0.03
U 135+7 - 126+11 - -0.69
Fe, % 4.66+0.06 4.72+0.17 - 0.33 -
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Table5 REE and some other element contents of OSO 528 by
EDXRF and INAA, pg g (P=0.95)

Element Certified Measured value E, -score

value EDXRF  INAA  EDXRF INAA
Sc 15715 - 159+15 - 0.09
Y 603 +59 600+ 100 - -0.05 -
La 444 +33 456+48  460+40 0.21 0.31
Ce 78269 750+100 768+70 -0.26 -0.14
Pr 87.0+3.4 84+13 89.1+89 -022 022
Nd 382425 367+48  382+32 -0.28 0
Sm 82.1+4.0 89+13 839+6.8 0.1 0.23
Eu 21.7+0.5 20.1+83 224+18 -038 0.37
Gd 100.2+5.9 108+23  102+10 0.33 0.16
Tb 15.1+04 17.0+44 152+13 043 0.07
Dy 89.7+3.2 88+13 86.6+8.7 -0.13 -0.33
Ho 18.5+£0.7 21.0+83 18.8+1.8 0.30 0.16
Er 51.2+0.9 51+13  51.5+52 -0.02 0.06
Tm 6.68+0.30 - 6.70+£0.65 — 0.03
Yb 40.2+0.6 - 41.2+£39 - 0.25
Lu 5.64+0.23 - 5.81+£048 — 0.32
Th - - 9.57+0.80 — -
U 376+13 - 365+33 - -0.31
Fe, % 15.33 15.53+0.45 - - -

K, line is always completely overlapped by the far more
intensive (by several orders of magnitude) K; line of Ca.
Lu is inaccessible as a rule because the tube accelerating
voltage is not high enough to excite efficiently its K series
by the bremsstrahlung. Th and U contents by EDXRF were
out of interest. Other dashes mean lack of intensities of the
corresponding K, lines to determine these lanthanides. Due
to the high value of the ascribed expanded uncertainty U(C,)
in the interval of contents 20.0-49.9 pg g~!, several elements
inTable 4 (Sm, Gd, Dy) and Table 5 (Eu, Ho), as well as
Eu in Table 3, were analyzed semi-quantitatively (U(C,)/C,
exceeds 30%).

To appraise consistency of the results of CRM analysis by
EDXREF with the certified values (C,), E,-score was assessed
as a criterion recommended by IUPAC to verify labora-
tory performance [44]. All E,-score numbers adduced in
Tables 3, 4, 5 keep within the acceptable interval -1 < E, < 1
partly owing to high U(C,) values mentioned above. How-
ever, taking that relative deviation (C, — C,)/C, must be
lower than 10%, Er in Table 4, Tb and Ho in Table 5 didn’t
pass E,-score test. Hence, the corresponding results should
be considered as indicative ones even despite Er and Tb were
formally quantitatively determined.

On the other hand, allowable values of standard deviation
of the results of element determination oy, (in %) depend-
ing on the fixed intervals of contents are assigned by the
basic document OST 41-08-212-04 regulating application

of analytical techniques for routine analysis of mineral
resources [45]. For the lowest intervals o, doesn’t exceed
30%, i.e. coincides with a requirement for the quantitative
analysis. The other claim is insignificant values of the rela-
tive bias comparing with o, — they must be less than one
third of the latter (the so-called criterion of “negligible
inaccuracy’).

According to OST 41-08-212-04 the results of Er deter-
mination by EDXRF in OREAS 100a, Tb and Ho in OSO
528 must be excluded, as E,-score test has shown before.
Sm, Eu, Gd, and Dy passed the criterion of “negligible
inaccuracy”, but these determinations should be considered
semi-quantitative due to the high values of U(C,). As it was
expected, the results of CRM analysis for Y and light lan-
thanides are acceptable.

A part of the X-ray spectrum of CRM OSO 528 counted
for 45 min is shown in Fig. 1 as an example. In spite of
the most intensive K ; lines of Tb, Ho and Er are not too
expressed, their intensities passed a statistical test laid in
the software.

Comparing sensitivity of three CRM and common rock
analysis for lanthanide contents [32], RLP-21T addition-
ally enables to determine Eu in REE resources if its mass
fraction exceeds that of UCC by one order of magnitude or
more, Gd and Dy—if the excess is approximately fivefold.
Because of the limited choice of the CRMs certified for REE
high contents further discussion of sensitivity and accuracy
of EDXRF is made comparing this method and INAA by the
results of mineral resource analysis.

REE contents in three CRMs by comparator INAA with
the corresponding E,-score values are demonstrated in
Tables 3, 4, 5 as well. Unlike EDXRF, almost all the ele-
ments of interest were determined except for Y. Mass frac-
tions of Th and U causing the majority of spectral inter-
ferences were evaluated too. Expanded uncertainty of the
INAA results was assessed following the expression pub-
lished before [32, 37].

Peculiarities of OREAS 100a and OSO 528 analysis
by comparator INAA have been already discussed rather
explicitly [29]. In the present work Tables 4 and 5 comprise
somewhere differing estimations since another approach was
applied intended for REE determination in geological sam-
ples, not in specific objects like Zr concentrate.

Taking account of the high contents of light lanthanides
in OREAS 460, m t,,. product showing its irradiation condi-
tions was significantly diminished comparing with that for
common rocks: m=40 mg and ¢;,.=2 h. Spectral interfer-
ences to La, Ce, and Nd analytical gamma-lines caused by
the corresponding uranium fission products occurred far less
1% and hence were ignored. High count rate of Compton
continuum in the vicinity of '®*Ho gamma-line affected the
accuracy of holmium determination since the contribution
of 13*Xe was evaluated approximately (about 15%). Intensive

@ Springer



2480 Journal of Radioanalytical and Nuclear Chemistry (2024) 333:2473-2486
x10° CeKal
' N
25F Dy Kot
l ErKal
LaKal I Nd Ko SmKgi |

2} Kpi
S Ho Kal
v
=
£
=
=
V
£
=
-5

PrKail
50

Fig.1 A part of the X-ray spectrum of CRM OSO 528

spectral interferences from 2*3Pa and '®?Ta gamma-lines
compelled to use the planar type SCD to determine Tb
and Tm mass fractions, respectively. Contribution of 23*Pa
to the count rate of '®°Tb analytical gamma-line came to
~3%, while 85% of the count rate of '"°Tm gamma-line was
explained by the contribution of '®Ta. Accounted spectral
interference of K, X-ray line of **Pa to the count rate of
165Dy reached ~7%. The gamma-line of '®'Tb and K ; X-ray
line of Sn (resulting from !22Sb decay, Table 2) partially
resolved by GLP36360 were divided by the software. Owing
to the low mass fraction of Mn in OREAS 460 (about one
third of its average crustal abundance 1000 pg g~! [38]), low
content of Er in this CRM became accessible for evaluation.

All the results of CRM analysis for REE contents by
INAA passed E,-score test including relative deviations
from the certified values which were overall < 10%. The
results also satisfy the requirements of OST 41-08-212-04
to the analytical techniques. Adequate accuracy of La and
Th determination can be mentioned too to use them as the
internal standards where necessary.

So, EDXRF and INAA being used together to analyze
traditional rare earth resources, contents of all sixteen REE
become accessible. Depending on their mass fractions, eight
to eleven lanthanides plus Y can be determined by EDXRF
quantitatively or semi-quantitatively. This offers the oppor-
tunity to combine the methods reasonably, i.e. to substitute
INAA for far less laborious EDXRF where possible.

To verify this approach several ore samples collected
from a ledge of Kundybai titanium-REE deposit, Northern
Kazakhstan, were investigated at first. Rare earth elements
of this large-scale field are mainly concentrated in argil-
laceous minerals associated with the Mesozoic weathering
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crust of metamorphic rocks. The field differs favorably
from the majority of other ones in the higher ratios of
medium to light and heavy to light lanthanides [46].

The samples were measured for 60 min using RLP-21T;
to conduct INAA for the long-lived radionuclides 100 mg
assays (except for 30 mg one of sample 1120) were irra-
diated for 1 h, and for 3—-5 min to determine Pr, Dy, and
Er. REE contents of the Kundybai samples are presented
in Table 6. Along with Th and U mass fractions as in the
tables above, Mn contents by EDXRF and Na — by INAA
are included taking account of their substantial effect
on the sensitivity of Er and Pr determination by INAA,
respectively.

The lanthanide contents up to Er were evaluated quantita-
tively or semi-quantitatively by EDXRF. Unreliable assess-
ments due to insufficient count rates of analytical X-ray lines
were substituted for upper limits. EDXRF results basically
coincide with that by INAA within a reasonable devia-
tion + 10% except for some Tb and Ho contents. These ele-
ments and probably Eu can be scarcely reliably determined
by EDXREF in the selected samples using RLP-21T despite
several successful coincidences with INAA results.

A part of X-ray spectrum of the most REE-rich sample
is shown in Fig. 2. As the other ones except for 821, sample
1120 is characterized by low Ba content frequently imped-
ing Pr determination in rocks (Table 1). Another peculiarity
inherent to all five samples is sharp negative Ce anomaly
resulted from the conditions of Kundybai formation. There-
fore, to account correctly substantial spectral interference
with °Yb, Ce content was determined using the planar type
SCD. Heavy lanthanide enrichment is most noticeable in
samples 1119 and 1121; in terms of La/YDb ratio it reaches
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Table 6 REE and some other element contents of Kundybai deposit samples by EDXRF and INAA, pg g~ (P=0.95)
Element 821 1119 1120 1121 1194
EDXRF INAA EDXRF INAA EDXRF INAA EDXRF INAA EDXRF INAA
Sc - 342+3.4 - 45.2+4.5 - 442+4.4 - 50.7+5.0 - 522452
Y 186 +23 - 560+ 100 - 690+ 100 - 322+48 - 289+48 -
La 214+48 220422 250+48 238+24 840+100 859+86 222+48 221422 214+48 217+21
Ce 68+13 68.3+6.8 21.0+83 21.7+£22 56+13 564+56 224+83 234+23 21.6+83 204+2.0
Pr 420+83 42.6+43 65+13 65.9+6.6 203+48 221+22 5013 50.6+5.1 455483 47.6+438
Nd 174 +23 168+17 294 +48 289+28 920+100 963 +96 237+48 242 +24 207 +£48 204 +20
Sm 347+83 34.6+35 91x13 87.6+88 276+48 270+27 75+13 762+7.6 52+13 48.9+4.9
Eu <10 8.07+0.81 25.9+8.3 26.6+2.7 86+13 849+85 228+83 238+24 <10 132+1.3
Gd 31.2+83 315432 83+13 81.4+8.1 237+48 246+25 82+13 81.6+82 55+13 55.4+5.5
Tb <10 5.31+0.53 16.3+4.4 179+1.8 40.2+8.3 442+43 139x+44 148+15 103x44 8.29+0.83
Dy 292+83 30.1+3.0 118+23 125+12 235+48 231+2.3 89+13 854+85 482+83 50.0+5.0
Ho <10 5.52+0.65 29.2+8.3 23.9+2.6 46.8+83 489+49 222483 150x18 156+44 9.1+1.0
Er <10 159+1.6 67+13 70.2+7.0 125+23 116 +12 47.6+83 489+49 28.1+83 30.0+3.0
Tm - 2.18+£0.23 - 9.02+0.90 - 15.8+1.6 - 6.57+0.66 - 3.84+0.38
Yb - 142+1.4 - 61.6+6.2 - 106 +11 - 46.5+46 - 24.0+2.4
Lu - 2.02+021 - 8.95+0.90 - 147+1.5 - 6.74+0.67 - 3.73+0.37
Th - 5.00+£0.50 - 1.17+0.15 - 1.1+0.3 - 1.70+0.20 - 1.44+0.18
U - 2.6+0.5 - <1 - <1 - <1 - <1
Mn 1490 +£200 - 1770+200 - 2260+480 - 930+100 - 1230+200 -
Na, % - 0.31+0.03 - 0.61+0.06 - 0.83+0.08 - 042+0.04 - 0.56+0.06
Fe, % 9.27+0.30 - 12.22+045 - 11.30+£045 - 9.38+0.30 — 9.57+030 -
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Fig.2 A part of X-ray spectrum of sample 1120 (Kundybai)

~3.9 and =4.8, respectively, comparing with the value for
the UCC (12.2).

On the whole, apart from Mn increased contents (bring-
ing to decay time extension by one half-live of >*Mn),
elemental composition of the samples including low mass

fractions of Ba, Na, Th, and U and high contents of Fe is
favorable enough to conduct both EDXRF and comparator
INAA. The methods can be integrated as follows: Y, La to
Sm, Gd, Dy, and most often Er are determined by EDXRF,
the other seven REEs — by INAA. Main advantage consists
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Table 7 REE and some other element contents of Shok-Karagai deposit samples by EDXRF and INAA, pg g~! (P=0.95)

Element 7004/10 7005/14 7007/11 5005/8 5006/10

EDXRF INAA EDXRF INAA EDXRF INAA EDXRF INAA EDXRF INAA
Sc - 1.96+020 - 3.52+0.35 - 279+028 - 38.0+£3.8 - 62.6+£6.2
Y 348 +48 - 384+48 - 360+48 - 128 +23 - 371+48 -
La 810+100 796+80 404 +48 396+40  730+100 730+74 105+23 106 +11 168+23 164+16
Ce 500+100 508+51 244 +48 238+24  550+100 569+57 98+13 102+10  271+48 280+28
Pr 110£23  116+12 65+13 649+65 134+23 140+14 31.7+83 313+3.8 43.7+83 45.6+4.6
Nd 422448 417+42 244 +48 239+24  499+48 510+51 153+23 158+16 21123 212+21
Sm 81+13 81.8+8.2 46.6£8.3 475+48 93+13 953+9.5 43.1+83 423+42 60x13 592459
Eu - 331+033 - 2.64+0.26 — 5.83+0.58 <10 990+1.0 14.0+4.4 140+14
Gd 85+13 80.4+38.1 499483 49.1+50 82+13 80.9+8.2 389483 39.6+40 66+13 63.1+6.3
Tb 11.5+4.4 125+1.3 <10 8.82+0.8812.7+4.4 124+1.2 <10 5.45+0.54109+4.4 102+1.0
Dy 59+13 59.9+6.0 474483 50.1+5.0 62+13 60.9+6.1 26.4+83 267+28 60+13 61.0+6.1
Ho 13.7+4.4 112+1.3 16.7+4.4 10713 17.8+4.4 153+1.38 <10 5.23+0.63 18.5+4.4 13.6+14
Er 244+83 252+2.7 36.1+8.3 353435 355483 345+35 <15 156+1.7 368+83 37.4+3.7
Tm - 352+036 - 5.01+0.50 — 440+044 - 245+025 - 5.44+0.55
Yb - 19.5+£2.0 - 353+35 - 30.4+3.0 - 164+1.6 - 37.6+3.8
Lu - 241+024 - 4.77+0.48 - 392+39 - 252+025 - 5.60+£0.56
Th - 57.7£5.8 - 66.1+6.6 - 71.6+7.2 - 243+024 - 1.6+0.2
U - 142+15 - 11.7+12 - 13.0+£1.3 - 23+0.7 - 2.3+07
Mn <100 - 110+23 - <100 - 1360200 - 830100 -
Na,% - 232+023 - 1.49+0.15 - 1.43+0.14 - 090+0.09 - 0.40+£0.04
Fe, % - 0.872+0.087 1.915+0.081 - - 0.867+0.087 6.74+0.30  — 498+0.17 -

in the absence of time-consuming evaluation of Pr and Er
mass fractions by INAA. Moreover, GLP36360 can be
excluded due to negligible corrections to '®*Ho count rates
in view of low U contents.

As another example, several ore samples collected from
two different sites of Shock-Karagai REE deposit (Syrymbet
ore province, Northern Kazakhstan) were selected. The field
presented by Cenozoic weathering crusts is analogous to
Kundybai genetically. Large REE resources are associated
with ionic clays, complex rare metal and rare earth miner-
alization [47]. Light lanthanides predominate in the deposit
accompanied by Th increased contents.

100 mg of each sample were irradiated for 1 h and for
4-5 min to conduct INAA for the long-lived and short-lived
radionuclides, respectively. The determined REE contents
together with EDXREF results and other data are summarized
in Table 7. The two sites differ noticeably in their Th and U
mass fractions as well as in macro-component composition.
This affected INAA carrying out—particularly, lower Fe
contents in 7004/10 and 7007/11 were more precisely deter-
mined by INAA, and Th was used as the internal standard
to analyze the samples for Gd and Ho. In the rest, INAA of
the samples was carried out following the procedure above.
Contribution of U fission products was very small, less 1%
and less 3% to the count rates of '“’Nd and '*'Ce, respec-
tively. Correction for '*Ta count rate (Tm determination)
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was rather moderate too about 13-16% for the first three
samples. The other ones from the second site didn’t require
this correction at all.

EDXREF of the Shock-Karagai samples was complicated
by nothing including low Ba contents less than 250 pg g™
Table 7 data can be used to evaluate lower limit of semi-
quantitative analysis of the samples for Er mass fraction—
about 20 pg g~!. As for Kundybai deposit, the problem of
Eu, Tb and Ho determination arose due to insufficient sen-
sitivity and reliability of the method for these intervals of
contents. The other EDXRF results are in good agreement
with INAA. So, recommendation on combination of these
two methods is the same as above.

Table 8 presents the results of REE determination in the
samples collected from the large rare metal field Upper Espe
in Zharma-Saur belt, East Kazakhstan, characterized by
diverse metallogenic types. Rare earths are associated with
alkaline and sub-alkaline granites corresponding to Permian
intrusions [46]. Owing to vast prevalence of Y group REEs,
as well as to accompanying complex Be—-Nb-Ta mineraliza-
tion, the deposit belongs to the most promising ones in the
country.

Due to the great difference in REE contents of the mate-
rial selected from an ore body and the bearing strata revealed
by EDXREF, 100 mg assay (samples s4 and s5) was drastically
reduced for the other samples down to 2.6 mg (s2k), and
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Table 8 REE and some other element contents of Upper Espe deposit samples by EDXRF and INAA, pg g~! (P=0.95)
Element slk s2k s3 s4 85

EDXRF INAA EDXRF INAA EDXRF INAA EDXRF INAA EDXRF INAA
Sc - 5.40+0.54 - 9.77+0.98 — 0.56+0.06 — 0.83+0.08 - 0.57+0.06
Y 2010+480 - 10,470+£810 - 192+23 - 101+23 - 101+23 -
La 151+23 156 +15 590+100 584 +58 90+13 91.6+9.1 41.7+£83 43.5+43 67+13 66.6+6.7
Ce 373+48 382+38 1730+£200  1660+160 255+48 26326 14023 147+15 197+23 203+20
Pr 59+13 - 270+48 284+28 34.0+8.3 - 149+44 - 22.5+8.3 -
Nd 261+48 262 +26 1260+£200  1260+120 119+23 127+13 64+13 68.6+69 91+13 94.6+9.5
Sm 173+23 16717 890+ 100 87387 5113 51.1+£5.0 32.1+83 322+32 350+83 353+3.5
Eu - 2.60+0.26 <10 133+13 - 0.78+0.08 — 0.44+0.05 - 0.45+0.05
Gd 206+48 199+20 1160+200  1210+140 41.6+83 433+43 33.6+83 34.1+34 348+83 33.6+3.6
Tb 52+13 60.5+6.1 276+48 292 +29 <10 9.40+0.90 <10 6.93+0.68 <10 5.52+0.55
Dy 417+48 440+45 2150+480  2200+220 44.2+83 433+43 31.5+83 304+32 24.7+83 25.1+2.5
Ho 103+23 101+12 570+100 550+55 <10 10512 <10 6.62+0.70 <10 5.08£0.56
Er 296 +48 303+30 1500+200 1450+140 26.7+83 27.7+40 <I5 10+4 <15 <10
Tm - 58.8+59 - 173+17 - 4.83+0.48 — 2.34+0.23 - 1.21+£0.13
Yb 510100 519+50 1080+200 1060+ 100 - 33.7+33 - 18.8+19 - 7.29+0.73
Lu - 91.1+£9.0 - 128+12 - 5.03+0.50 - 3.00+0.30 - 1.09+0.10
Th - 1630+160 - 213+21 - 523+52 - 723+72 - 225422
U - 102+12 174+44 - - 17717 - 129+13 - 31+0.3
Mn 2110+480 - 1660 +200 - 530100 - 590+100 - 510100 -
Na, % - 4514045 - 5.43+0.54 - 4.55+045 - 3.50+0.35 - 3.45+0.35
Fe, % 3.66+0.17 - 3.40+0.17 - 211+0.17 - 2.33+0.17 - 1.614+0.081 -

irradiation conditions were changed from 250 to 6.5 mg h
(t;,,=2.5h) in terms of m t,,. product. In case of short irra-
diation m t,,,. varied less abruptly within 50-400 mg min.

The tiny mass of s2k assay ensured the value of neutron
flux self-shielding 2-2.5% assessed by the spreadsheet [42],
which can be ignored. This quantity is far less the most typi-
cal one (about 100 mg) used for rock sample analysis [7],
hence the problem of very small assay representativeness
remains in abeyance. In the present instance several mg of
the mass are seemingly still representative of the bulk sam-
ple owing to its fine grinding by the client. Good compara-
bility of EDXRF and INAA results noted below can serve as
an indirect confirmation of this assumption.3 However, the
situation can change in the case of less careful grinding or
another mineral composition of the samples, more resistant
to milling. So, investigating very small assays of geologi-
cal samples by INAA, several replicas are recommended in
general.

On the other hand, >°Fe count rate became evidently
insufficient to use Fe as the internal standard, so the method

3 Conducting EDXRF by RLP-21 T, the rock sample mass depend-
ing on the maximum escape depth of the characteristic X-rays of the
lanthanides is several g.

of “external addition” of the comparator was applied [37] to
calculate REE contents of samples s1k and s2k.

Among the other samples, the ore one slk is character-
ized by REE ratios most far from that for UCC and by the
highest Th content, hence by the largest spectral interfer-
ences caused by 2**Pa. Accounted contribution of the latter
to the count rates of '*Tb and '®*Dy gamma-lines amounted
~3.5% and approached 9%, respectively. About 12% of the
41Ce analytical peak area was explained by contribution
of '7>Yb. Correction to '°Tm gamma-line count rate was
rather moderate, about 3.7%, but reached 22-26% for the
other samples except for s2k (which didn’t need it). Intensive
Compton continuum caused by Na high contents prevented
Pr determination in all samples except for the richest amount
in s2k. On the whole, due to the complicated composition,
INAA of the Upper Espe samples turned into a rather labori-
ous procedure.

By contrast to this, the object is favorable to conduct
EDXREF including low Ba mass fractions no more than
150 pg g~'. High Yb contents became available for deter-
mination in two ore samples slk and s2k. Expressed X-ray
peaks of Yb, including interference free K, line to the left
of K, one in Fig. 3, presenting a part of the X-ray spectrum
of sample sl1k, point out that quantitative analysis of Yb
using RLP-21T can be carried out beginning from a half
content in sample slk, at least.
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Fig.3 A part of the X-ray spectrum of sample 1 k (Upper Espe)

Collation with UNAA results, where possible, showed
a comparable pattern as in the previous examples except
for sample slk analysis for Tb content. So, keeping to the
way of two method integration on the whole, Ho and Yb
can be evidently additionally determined by EDXREF in the
ore samples considerably enriched with heavy REEs like in
Upper Espe. It’s difficult to assert the same about Tb since
the number of the studied samples characterized by its high
contents was insufficient.

Conclusions

Joint application of comparator INAA and EDXRF was
considered to determine all sixteen available REEs in cor-
responding mineral resources, while eight to eleven lan-
thanides were determined by both methods depending on
their contents. Apart from INAA, this became possible
owing to the new capacities of the modified version of port-
able EDXRF spectrometer RLP-21T which was specially
designed to analyze geological samples for lanthanide con-
tents by K series of their characteristic X-rays.

Analyzing the samples from three REE fields of differ-
ent types from a usual one, characterized by significant pre-
dominance of light lanthanides, to a deposit greatly enriched
with the heavy REEs, advantages and drawbacks of the two
methods were revealed. Despite the apparent benefit of K
series excitation, RLP-21T implements rather prompt but
still less sensitive and reliable determination of medium and
heavy lanthanides comparing with INAA. Tm is left inac-
cessible due to the low count rate of its K lines against the
unfavorable peak-to-background ratio. The same concerns
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Lu, but mainly due to insufficient voltage at the X-ray tube
to produce intensive high-energy bremsstrahlung. Yb can be
measured reliably beginning from its high mass fractions of
several hundreds pg g~! only.

All REEs except for Y may be determined in principle
by INAA in REE mineral resources. In case of REE higher
contents count rates of the low-energy (25.65 keV) gamma-
line of '®'Tb become sufficient to determine Gd using a
planar-type SCD. This makes possible to reduce the time
of REE analysis by a fortnight approximately, comparing
with the traditional measuring of '>3Gd after more than a
month of decay. Reliability of Gd determination can be also
improved since REE ores are often accompanied by Th high
contents resulting in serious spectral interferences of >**Pa to
the analytical gamma-lines of '>*Gd. Moreover, in this case
Th can serve as an internal standard too [35]. However, still
far longer time and greater cost of INAA remain its main
disadvantages. Determination of high REE mass fractions in
complicated objects is rather laborious, needs the additional
equipment and a qualified personnel. Besides, sensitivity of
Pr and Er determination depends on elemental composition
of the samples, mainly on Na and Mn contents.

Based on the present investigation, the next way to com-
bine the methods to analyze REE ores can be proposed, if
necessary equipment is available. Just like the usual rock
investigation [32], EDXREF is used first to determine the
contents of Y and light lanthanides (La to Sm), as well as
Gd, Dy and Er (the last one where possible). Mass fractions
of the other seven REEs are measured by INAA, all by the
long-lived radionuclides. Necessity of the additional short-
time irradiation appears basically in the case of Er determi-
nation, if its content is inaccessible authentically by EDXRF.
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Pr and Dy, as a rule, can be reliably measured in REE ores
by their characteristic X-rays. Further development of the
approach could take place if a higher voltage model of the
X-ray tube would be installed in RLP-21T.
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