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ABSTRACT. Unlike conventional X-ray fluorescence spectrometry, the total-reflection X-ray fluorescence spectrometry
is not a widespread and routine method for analyzing solid samples with mineral matrix, but it has a great potential for
geochemical, geological, and archaeological studies. Rapid multi-elemental analysis of very small sample amounts can be
performed by the internal standard method which does not require the-matrix-matched reference materials. This is an
undoubted advantage of the TXRF method over the conventional X-ray fluorescence method, especially if there is a limited
available sample amount and a lack of well-characterized reference materials. This paper presents our experience with
the application of TXRF spectrometry in the elemental analysis of apatite, ceramics, sediments, ores, and nodules. Special
attention has been paid to the sample preparation procedure because it is one of the main sources of errors in the analysis.
Preparing thin homogeneous specimen from the solid sample with a complex mineral matrix is not easy. Sample prepara-
tion strategy should be chosen considering the features of an analytical object, the content of the elements to be determined,
and the accuracy required for a reliable interpretation. Consideration is being given to the examples of the preparation
of a suspension for rapid analysis of ores and sediments, and to the original techniques of chemical decomposition for
apatite and ceramics.
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MPUMEHEHUE METO/JIA PEHTTEHO®/IYOPECIEHTHOH CIIEKTPOMETPUH C IOJIHBIM
BHEIIHUM OTPAXKEHUEM (TXRF) K TEOJIOTUYECKUM OB'BEKTAM: OIIbIT JIABOPATOPHUU TXRF
(LIKIT «srEOJUHAMMUKA U TEOXPOHOJIOTHU1»)

A.C. Masasbues, I.B. [IamukoBa
HuctutyT 3eMHoM kopbl CO PAH, 664033, UpkyTcK, yi1. JlepmoHTOBa, 128, Poccus

AHHOTALIMS. B oT/iMyde OT TpaJUIMOHHON peHTreHOopIyopecleHTHON CIEKTPOMETPUH, peHTTeHOdIyopecleHT-
Hasl CIEKTPOMETPHUS C IOJIHBIM BHEIIHUM OTPa)KeHUeM He sIBJIsIeTCsl paclpoCTPaHEeHHbIM U pyTUHHBIM METO/0M aHa/I1-
3a TBep/bIX 00pa31j0B C MUHEpaJbHON MaTpHliel, HO UMeeT 60JIbIIOM NOTeHI Al A/ TeOXHUMUYECKHX, Fe0J0rH4ecKux
Y apXeoJIOTUYeCKUX McCle,oBaHUM. BbICTpbI MHOT03/1eMEHTHBIN aHa/IM3 OYeHb MaJIoro KoJMyecTBa 06pasiia MOXKeT
ObITh BBITNOJIHEH C TOMOILbIO CII0CO0a BHYTPEHHEr0 CTaHAapTa, KOTOPbIM He TpebyeT cTaHAAPTHBIX 06pa3LoB A5 Ka-
JIMOPOBKHU. ITO HECOMHEeHHOe NpeuMyiecTBO MeTosa TXRF no cpaBHeHMIO € TpaJAULMOHHBIM PEHTIeHOPJIyOpeCleHT-
HbIM MeTO/I0M, 0CO6EHHO NPU OTPAaHUYEHHOM KOJIMYeCTBe JJOCTYIIHOT0 MaTepHuaJsia 06 beKTa U OTCYTCTBUU NOJXOSIINX
3TaJIOHHBIX 06pas310B. B 3ToM cTaThe NpescTaBseH Hall onbIT NpuMeHeHUs TXRF-cnekTpoMeTpuH 11 371eMEHTHOTO
aHa/M3a anaTHuTa, KepaMUKH, 0CaIKOB, Py U KOHKpelMi. Oco60e BHUMaHUe yZeJleHo NpoleJype Npo6onoroTOBKHY,
IIOCKOJIbKY OHa IBJISIETCSI OJHUM U3 OCHOBHBIX UCTOYHUKOB OIIKMGOK NpU aHaK3e. [[pUroToBUTh TOHKUH OJJHOPO/IHbIN
obpasel; U3 TBepA0ro o6pasLia co C10XKHON MUHepalbHOM MaTpuIieit HenpocTo. CTpaTeruio Npo6onoroToOBKY caeyeT
BbIOMPATh C y4eTOM 0COGeHHOCTelN aHaJIMTUYECKOr0 06'bEKTA, COZlepKaHUs onpe/e/isieMbIX 3JIeMeHTOB U TOUHOCTH, He-
006X0AMMOM [/ HaJleXKHOM HHTepIripeTalU. PaccMoTpeHbl NpUMepbl IPUTOTOBJIEHUS CyCIIEH3UH [1JIs] SIKCIIpecc-aHaIu-
3a pyZ, 4 0Ca/IKOB, OpUTHHAJIbHBIE NTPOLe;ypbl XMMHUYECKOI'0 Pa3/IoXKeHUs allaTUTa U KepaMUKH.

KJ/IIOYEBBIE CJ/IOBA: peHTreHod1yopecieHTHbIM aHaIu3 C MOJHbIM BHEIIHUM OTPaKeHUEeM; MHOI'03JIeMEHTHBIN
aHa/Iu3; Npo6oNoroTOBKA; OLleHKA TOUHOCTH; allaTUT; Py/ibl; KOHKPeLuH; KepaMHUKa; 0CaJIKU

®UHAHCUPOBAHHME: VccieoBaHUS BBINOJHEHBI HA 060pyA0BaHUM L|eHTpa KOJIJIEKTUBHOTO M0/1b30BaHUs «['eo-

JUHaMUKa U reoxpoHosiorusi» UHctutyTa 3eMHoi kopbl CO PAH (rpanT Ne 075-15-2021-682).

1. INTRODUCTION - A variety of sample preparation procedures (minimal

Total-reflection X-ray spectrometry (TXRF) is currently
one of the few analytical methods providing a rapid and
cost-efficient multi-elemental analysis of various liquid
and solid samples. TXRF is a variation of the energy disper-
sive X-ray fluorescence (XRF). It was first described in 1971
by Yoneda and Horiuchi [Yoneda, Horiuchi, 1971], who
used the total reflection of X-rays discovered by Compton
in 1923 [Compton, 1923] to analyze small amounts of sam-
ple on optically flat surfaces. The main parts of an energy
dispersive spectrometer are an X-ray tube, a monochro-
mator, and a detector. Fig. 1 presents the principle scheme
of TXRF. The essential difference between TXRF and con-
ventional XRF is in the special geometry of the X-ray tube
and detector. Unlike XRF, where the primary X-ray beam is
directed at 45°, the X-ray beam in the TXRF spectrometer
hits the sample on the carrier at a very small angle and is
almost totally reflected therefrom. X-ray fluorescence radia-
tion is detected by a silicon-lithium or silicon drift detec-
tor. The detector is placed at a very small distance directly
above the sample to record the characteristic radiation. Only
a small amount of sample is allowed to avoid limiting the
total reflection and blocking the detector [Klockenkdmper,
von Bohlen, 2015].

The main advantages of TXRF as compared to other spec-
tral methods are as follows:

- A small volume of the sample required (pL-mL or pg-
mg range);

sample pretreatment by direct analysis, decomposition of
matrix, preconcentration or extraction);

- Quantification by the internal standard method (no
external calibration is required);

- Fast screening (semi-quantitative and quantitative
multi-elemental analysis within 200-1000 s);

- Low operational cost (no cooling media and gas con-
sumption).

Currently, different commercial TXRF spectrometers
are available on the market and there are many examples of

SDD

X-ray tube Fluorescence

90°

Sample on the carrier

Fig. 1. Principle scheme of TXRF (SDD is silicon drift detector).

Puc. 1. [lpunuunuanbHas cxema TXRF (SDD - kpeMHUeBbIN ipeid-
¢doBrIit feTeKTOp).

https://www.gt-crust.ru


https://www.gt-crust.ru

Maltsev A.S., Pashkova G.V.: Application of Total-Reflection...

Geodynamics & Tectonophysics 2022 Volume 13 Issue 2s

applying this method to different objects, especially liquids
and biological materials. However, unlike conventional XRF
or atomic absorption or emission spectral methods, TXRF
is not a popular method for the analysis of geological ma-
terials, especially in Russia. Due to the above-mentioned
advantages, TXRF has a great potential in geochemical, geo-
logical, and archaeological studies but special sample pre-
paration procedures should be performed.

The S2 PICOFOX (Bruker Nano GmbH, Germany), a bench-
top spectrometer, has been used in the TXRF laboratory of
the Centre for Geodynamics and Geochronology since 2009.
Initially, the TXRF laboratory was specialized in the ana-
lysis of liquid samples as water [Pashkova, Revenko, 20133,
2013b, 2015; Pashkova et al., 2013], brines [Pashkova,
Revenko, 2015; Pashkova et al., 2013], milk [Smagunova,
Pashkova, 2013; Pashkova et al., 2018b], tea [Maltsev et al.,
2019a, 2021a], and beverages [Maltsev et al.,, 2019b, 2022].
Nowadays we also use TXRF for different solid samples with
a complex mineral matrix. This paper aims to present our
experience with the application of TXRF spectrometry in
the elemental analysis of apatite, ceramics, sediments, ores,
and nodules.

2. APPLICATION OF TXRF TO GEOLOGICAL OBJECTS

General procedures for preparing solid samples are
presented in Fig. 2. Fast sample preparation techniques
are called "direct" analysis including the semi-quantita-
tive technique of "deposition of particles" and suspension
preparation: the latter is the most popular among TXRF
users. Mineralization techniques are more time- and re-
agent-consuming but remain more reliable in terms of the
accuracy of measurement. The disadvantage of the miner-
alization technique is the probability of inaccurate deter-
mination of the volatile elements S, Cl, Br, As, due to full or
partial evaporation losses that's why in this case the di-
rect analysis is preferable. Extraction procedures are used
when the sensitivity of TXRF is restricted for some of the
elements (rare-earth elements REE, for example) or there
are spectral interference issues caused by a high intensity
of matrix elements. The TXRF methods developed by the re-
searchers of the TXRF laboratory (Centre for Geodynamics

and Geochronology) for different geological samples are
presented in Table 1.

Two TXRF methods for the multi-element analysis of
apatite were developed and validated, one is for large crys-
tals (size of 1-2 mm) and another for microcrystals (size
of 50-100 um) [Maltsev et al., 2020, 2021b]. The acid di-
gestion strategy was preferable for both of methods with
lower detection limits and better precision values as com-
pared to suspension preparation. Apatite elemental con-
tent was determined by TXRF in the provenance study
of Slyudyanka apatite and for a fission-track study. As is
known, some apatite samples are rich in REE and As, Sr,
Th, U, etc., and it was shown that TXRF is a well-suitable
method for the determination of these elements. Moreover,
the advantage of TXRF compared to the routine laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) is a reliable quantitative analysis. The methods
were validated through combined procedures: analysis of
Durango and Otter Lake well-known apatite samples; using
inductively coupled plasma mass spectrometry (ICP-MS)
and wavelength-dispersive X-ray fluorescence spectrome-
try (WDXRF) as reference analytical methods; assessment
of the measurement uncertainty.

TXRF can be applied for direct analysis of iron, manga-
nese, ferromanganese, nickel-copper sulfide ores, oceanic
and lacustrine nodules [Pashkova et al., 2020; Akhmet-
zhanov et al., 2021; Chubarov et al.,, 2021]. The suspension
preparation (5 mL of 1 % Triton X-100 solution and 20 mg
of fine powder with a size <10 pm and internal standard
of Ga) gives a possibility for fast reliable determination of
major and minor elements by the internal standard meth-
od with the recovery values 75-125 %. The determination
of trace elements in an ore matrix without preconcentra-
tion procedures can only be considered as semi-quantita-
tive. It was shown that the reproducibility of direct TXRF
analysis strongly depends on the particle size in the ana-
lyzed powder. The poor reproducibility values (>15 %)
were observed for samples with an average particle size
of more than 10 um, so that a thorough additional grinding
of powder before the suspension preparation is required.
Dry mechanical grinding allows obtaining the powder with

) Solids

Direct analysis

Mineralization

Deposition of

| particles Suspension

Dry grinding

Acid
decompasition

Leaching Extraction

Fig. 2. Sample preparation scheme for TXRF analysis of solid materials.

Puc. 2. Cxema npo6onogrorosku Ajs TXRF-ananusa TBepAbix MaTepUaioB
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Table 1. Description of TXRF methods developed by researchers of TXRF laboratory (Centre for Geodynamics and Geochronology)

Ta6smmna 1. Onucanue metoauk TXRF, paspa6oTanHbix coTpygHukamu a6opatopur TXRF (UKII «'eoauHaMuKa 1 re0OXpOHOJIOTHSI»)

Sample Sample preparation Elements Calibration Concentration LOD, Reference
type range mg/kg

D.1gest10n: 10 mg of sample + 0.1 mL HNO3, he.atmg and dissolu- Internal standard 0.5-3.0 [Maltsev etal, 2020]

tion. 10 pL deposition on a quartz carrier, drying on a hotplate (Ga)

. Durango and Otter Lake ref-
Apatite K, Mn, Fe, Ni, As, Br, ¥, Sr 5-6000 mg/k erence materials, WDXRF and
P La, Ce, Pr, Nd, Pb, Th, U 8/%8 '

Dlggstlon: fgw ug .of sample +0.5 pL.HNoa, directly on a quartz Internal standard 1.0-20  [Maltsev etal, 2021b]

carrier, heating, dissolution, and drying on a hotplate P
Ores and Suspension: 20 mg of sample + 5 mL 1 % Triton X-100. 10 puL S, K, Ca, Ti, V, Mn, Fe, Co, Internal standard o [Pashkova et al., 2020;
nodules deposition on a quartz carrier, drying on a hotplate Ni, Cu, Zn, As, St Y, Pb (Ga) mg/kg - % 19 CRMs of ores and nodules nd Chubarov etal., 2021]

Su.spengon (vyet grmdmg): 20 mg of sample + ultrapure wate.r, Internal standard

mixing in a grinding system. 5 pL deposition on a quartz carrier, (Ga)

drying on a hotplate Al, K, Ca, Ti, V, Cr, Mn, Fe, 0.1-8.8 % for Z<20  CRM GeoPT33 (Ball Clay) [Maltsev et al,, 2021¢;
Ceramics Ni, Cu, Zn, Ga, Rb, S1, Y, 7-1000 mg/kg for ICP-MS, WDXRF nd v ’

. . . . Pashkova et al., 2021]
Acid leaching: 20 mg of sample + 1.0 mL aqua regia, heatingand Ba, Pb trace elements Interlaboratory study
. . i . . Internal standard
dissolution. 10 pL deposition on a quartz carrier, drying on a (Se)
hotplate
Br I(rétee)mal standard 5 o6 0 /kg 04  [Pashkovaetal, 2016]
i . 0, 1 -

Sediments SuspeTls.lon. 20 mg of samp?e N 5 mL 1 % Triton X-100. 10 L. . CRMs of silts and sediments

deposition on a quartz carrier, air-drying 0.2-13 % for major

Al K, Ca, Ti, V, Cr, Mn, Fe Internal standard elements
S o7 (Ga); external nd [Pashkova et al.,, 2018a]

Ni, Cu, Zn, Rb, Sr, Ba

calibration

12-860 mg/kg for
trace elements

Note. CRM - certified reference material, LOD - limit of detection, ICP-MS - inductively coupled plasma mass spectrometry, WDXRF - wavelength-dispersive X-ray fluorescence spectrometry, nd - not determined (the concen-
trations of the analytes considered were significantly higher than LOD).
[IprMeyanue. CRM - aTTecTOBaHHBIHN 3TasoHHBIM MaTepuas, LOD - npeznen o6Hapyxenus, ICP-MS - Mmacc-ciekTpoMeTpusi ¢ UHAYKTUBHOCBsI3aHHOU m1a3Moid, WDXRF - peHTreHoduyopecieHTHast CIEKTPOMETpPUS C IUC-

nepcuel 1o AyMHe BoJIHEL nd - He onpe/ie/ieHo (KOHLEHTPALMK paccMaTpUBaeMbIX aHAJIMTOB ObIIM 3HAYUTE/IbHO Bhille LOD).
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an average particle size of less than 10 pm, but the distri-
bution of particles is not unimodal, with outliers observed
among the measurement results. We have recently applied
wet grinding to prepare suspension from sulfide nickel-
copper ores. With Zr0, grinding balls of a minimum diam-
eter of 1 mm, adding water and the internal standard to
the grinding jar of the mixer mill is a good way to achieve
a homogeneous suspension with minimal particle size and
good distribution of the internal standard. In this case, the
reproducibility of the suspension preparation is 3-5 % for
major elements in ores and nodules. One of the problems
of TXRF analysis is strong peaks overlapping due to poor
spectral resolution of the energy-dispersive spectrum. For
instance, the differences between the TXRF results and the
certified values in CRMs may be more than 30 % for As,
Pb, V, Cr, Ba in the nodules due to PbLa/AsKa, BaLa/TiKa,
CrKa/VKB, VKa/TiKf lines overlapping [Pashkova et al.,
2020; Chubarov et al., 2021]. Chemometric approaches may
be used to solve this problem [Akhmetzhanov et al., 2021].
It was shown that the calibration models based on partial
least squares and principal component regressions pro-
vide a quantitative determination of Ce, La, and Nd content
in ores and nodules using the TXRF method.

TXRF was also applied to study the composition of ar-
chaeological ceramics for the characterization of raw ma-
terials and manufacturing processes [Maltsev et al., 2021c;
Pashkova et al., 2021]. TXRF may be considered a promis-
ing method in archaeology due to its capability to analyze
a very small amount of a sample (<20 mg), which is very
important for the preservation of archaeological material.
Two sample preparation techniques for the TXRF analysis
of ceramics were offered: suspensions for a bulk compo-
sition of ceramics and acid leaching for the elemental de-
termination of the ceramics’ clay component. The method
was validated by the analysis of certified reference mate-
rials (CRM), comparison of results of TXRF with ICP-MS
and WDXRF results, and interlaboratory studies. Applica-
tion of TXRF method to the archaeological ceramics from
Popovsky Lug, Eastern Siberia (Russia) allowed collecting
the first data on the elemental composition of these sam-
ples. Additionally, the elemental composition of ceramics
may be used for the next chemometric processing, which
helps to identify the groups of different origins.

TXRF method was developed to analyze the sediments
from Lake Baikal and Lake Khara-Nur (Russia) for envi-
ronmental and paleoclimate studies [Pashkova et al.,, 2016,
2018a]. Samples for multielement analysis were obtained
by cutting a sediment core with a certain step. Since the
samples are quite limited in volume, the TXRF method is
well-suitable for this task. The simple sample preparation
based on mixing of 20 mg of milled sediment sample and
2 mL of an aqueous 1 % Triton X-100 solution and con-
sequent quantification by the internal standard of Ga pro-
vides fast determination of Ca, Ti, Mn, Fe, Ni, Cu, and Sr. The
external calibrations and correction to the Compton peak
signal make it possible to compensate some systematic er-
rors and expand the elements set with Al, K, V, Cr; Zn, Rb, and
Ba. TXRF method was also applied to the Br determination

in lake sediments with only one difference in quantifica-
tion procedure: using internal standard of Ge instead of
Ga [Pashkova et al., 2016]. The detection limit of Br was
0.4 mg/kg, which is almost two times better than that for
the WDXRF method. The TXRF results were validated by
the analysis of CRMs of sediments, and the comparison of
results to the certified concentrations showed good re-
covery values. Interpretation of the measured concentra-
tion values is possible when the random error of analysis
is 2-3 times less than the variations in the contents of the
elements throughout the core depth. For most of the ele-
ments, the measurement and sample-preparation errors
were less than 10-15 %, so the direct TXRF analysis can
give information about changes in the element concentra-
tion with the core depth.

3. CONCLUSIONS

The brief examples of the application of TXRF demon-
strate the potential of this method for geological, geochemi-
cal, and archaeological research. Careful preparation of a
small volume of solid samples is the main condition for
successful analytical measurements using TXRF spectro-
metry. We believe some new possibilities of TXRF will be
found based on our experience.
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