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ABSTRACT. The isotopic composition of copper is of great interest for researchers in various fields of science, geo-
chemistry and hydrology in particular, wherein the consideration is being given to the variations in the isotopic com-
position of the Earth’s crust, extraterrestrial matter, and water basins, as well as to the origin and transfer of matter. Zn
isotopes appear to be promising for identifying the sources and pathways of the environmental pollution. The aim of this
study involves the refinement and validation of the zinc and copper isotopic ratio determination methodology covering
the whole process from sample digestion to MC ICP-MS measurements. For this reason, as well as to assess the suitabili-
ty of the methodology for the analysis of environmental samples, Zn and Cu isotopic analysis of the BHVO-2, BCR-2 and
AGV-2 USGS certified reference materials has been performed. The method for determination of Cu and Zn stable isotope
ratios by multi-collector inductively coupled plasma mass spectrometry in environmental samples is developed. The
application of the AG MP-1 resin with optimized layer parameters (resin bed height 3.5 cm, diameter 1 cm) provides
the high-purity Cu and Zn fractions. The method is characterized by high throughput and adequate analytical figures of
merit when using the standard-sample bracketing technique for mass bias correction. The procedural blanks related to
chemical dissolution and ion exchange procedures are lower than 1 and 3 ng for Cu and Zn, respectively, assuring no blank
effect on the isotopic composition of samples. The accuracy and precision obtained for Cu and Zn isotope measurements
in the BHVO-2, BCR-2 and AGV-2 geological certified reference materials demonstrate good agreement with the reference
values published.
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METO/IMKA OIPEJAEJEHUA U30TOMHBIX OTHOIIEHUM Cu U Zn METOAOM MK MCIT-MC
C UCITOJ/Ib30BAHHUEM CMOJIbI AG MP-1

T.I. OkyneBa'?, C.B. Kapnosa’, M.B. Crpesienkas’, H.I. Cosromenko!, /I.B. Kucesnesa'?

'HHCcTUTYT reosioruu U reoxuMuu um. A.H. 3aBapurikoro YpO PAH, 620016, Ekatepun6ypr, yi1. AkaieMruka BoHCOBCKOTO,
15, Poccusa

2 HCTUTYT NpOMbINLIeHHOH 3ko0run YpO PAH, 620219, Exatepun6ypr, yi. Codbu KoBanerckoi, 20a, Poccust

3Vpasbckuil pegepanbHbii yHuBepcuTeT, 620002, EkaTepun6ypr, yi. Mupa, 19, Poccus

AHHOTALIMS. W30TONHBIN cOCTaB MeIU MPeJICTABJISIET 60JIbIION HHTEpeC A UcCaeoBaTeeld B Pa3IMYHbIX 06-
JIaCTAX HAYKH, B YaCTHOCTH B T€OXUMUU U TH/POJIOTUH, T/le pacCMaTPUBAOTCS BapUalM1 U30TOMHOI0 COCTaBa 3eMHOM
KOpbI M BHE3EMHOT0 BellleCTBa, BOJHbBIX 6accei{HOB, a TaK»Ke BOIPOCHI IPOUCXOXJEHNUS U POLecChl NepeHoca Belle-
ctBa. M30TONBI Zn NepcneKTUBHBI /151 ONpesesieHUsI MICTOYHUKOB U NyTEeHW 3arpsi3HEHUs OKpYy»Katolel cpeapbl. Llesbio
JIaHHOT'O UCCJIe/lOBaHUS SIBJISIeTCSl YTOUHEHME U Ba/lMJaliusl MeTOAMKH U3MepeHUs] U30TONHBIX COOTHOLIEHUH LIUHKa
Y MeJiy, OXBaThIBalollell Bech IIpollecc — OT pa3JioxKeHUs obpasna Ao usmepeHuit metrogom MK UCII-MC. [lns oneHkH
MPUTOAHOCTH METOUKH aHa/n3a 06pa3L0B OKpy:Kalollel cpe/ibl O6blJ MPOBeeH U30TONHbIN aHaru3 Zn u Cu B cTaH-
JapTHbIX o6pasnax BHVO-2, BCR-2 u AGV-2, ceptudunupoBanHbix ['eosorudeckuit cinyx6o0i CIIA. PaspaboTaH MeTof,
onpesie/leHUs] OTHOLIEHUH CTaGU/IBHBIX H30TONOB Cu U Zn € TOMOILbIO MyJIbTHKOJIJIEKTOPHON MacC-CIIEKTPOMETPUHU
C UHJYKTHUBHO CBSI3aHHOM IJIa3MOU B 3KOJIOTUYeCKUX Npobax. [Ipumenenne cMosibl AG MP-1 ¢ onTHMU3UPOBaHHBIMU
napameTpaMH cso4 (BbIcOoTa cj10sl cMoJibl 3.5 cM, AuameTp 1 cM) obecrneuuBaeT nojaydyenue ¢pakyuil Cu u Zn BbICO-
KOW YUCTOTBL. MeTo/| OT/IN4aeTCs BBICOKOW MPOU3BOAUTENBHOCTBIO U YA0BJIETBOPUTENbHBIMUA METPOJIOTUYECKUMH Xa-
pPaKTEepPUCTHUKAMU NPU UCIOJIb30BaHUU BPEKeTHHTa JJIsi KOPPEKIIMU JJUCKPUMUHALMY UOHOB 10 Macce. [IponeypHble
6J1aHKM (X0JI0CTble TPOODI), OTHOCALLHMECS K NPOLelypaM XMMHUYeCKOT0 PaCTBOPEHUs U XxpoMaTorpaduu, COCTaBJIAT
MeHee 1 Hr 11 Cu ¥ 3 HT 719 Z1n, 4YTO rapaHTUPYeT OTCYTCTBHE 3HAYUMOTO BJIUSAHHUSA X0JI0CTON (KOHTPOJIbHOM) NPOGEI
Ha U30TOMNHBIN cocTaB 06pa3noB. TOUHOCTh U MPELU3UOHHOCTD, N0JyYeHHble NPU U3MepeHHUsX u3otonoB Cu U Zn B
cepTUPULIUPOBAHHBIX F'e0JIOTUUECKUX CTaHAApPTHbIX MaTepuasax BHVO-2, BCR-2 u AGV-2, 1eMOHCTpHUPYIOT Xopolee
corylacue ¢ Ony6/JIMKOBaHHBIMU CepTUPUIMPOBAHHBIMHU 3HAYEHUSAMHU.

KJ/IKOYEBBIE CJIOBA: nzotonHble oTHomeHus: Cu u Zn; MK UCII-MC; 6pekeTuHr; XpoMaTorpadus; cmosaa AG MP-1

®UHAHCHUPOBAHHME: Pa6ora OxyHeBoi# T.I. noaaepxkana rpantom PH® Ne 18-77-10024; ocTa/bHBIX aBTOPOB -
rocysapctBeHHbIM 3a/janueM UIT YpO PAH Ne AAAA-A18-118053090045-8. 3oTonHble aHa/IU3bl IPOBEJEHBI C HC-
nosib3oBaHueM obopygoBaHus LKII «[eoananutuk» UI'T YpO PAH. [loocHamenue u koMmniaekcHoe pa3putue LKII

«l'eocananutuk» UIT YpO PAH ocymectBisieTcsa npu ¢uHaHCOBOH nogaepxkke Muno6pHayku P®, corsamenne N2 075-
15-2021-680.

1. INTRODUCTION

The isotopic composition of copper is of great interest
for researchers in various fields of science, geochemistry
and hydrology in particular, wherein consideration is being
given to the variations in the isotopic composition of the
Earth’s crust, extraterrestrial matter, and water basins, as
well as to the origin and transfer of matter [Vanhaecke et
al., 2009]. Environmental studies, closely related to these
areas, use copper isotopes to reveal the sources and path-
ways of pollution migration in the areas of mining and cop-
per production.

Recently, an increase in the number of studies aimed at
determining natural and anthropogenic sources of pollu-
tion is observed [Vasic et al., 2012; Grebenshchikova et al.,
2017; Gustaytis et al.,, 2018]. The sources of trace elements
and metalloids in atmospheric emissions are evidently asso-
ciated not only with natural processes, such as weathering
of rocks, mineralization and dust storms, but also with in-
dustrial activities, i.e. smelting, metal processing, and other

technological processes. Large volumes of smelting activity
cause a significant spatiotemporal variability in the concen-
trations of heavy metals in the lower atmosphere [Melaku et
al,, 2008]. In this regard, Zn isotopes appear to be promising
for identifying sources and pathways of the environmental
pollution. However, the data on the §%Zn values in liquid
and solid forms of precipitation have turned out to be large-
ly insufficient [Novak et al., 2016; Voldrichova et al., 2014].
Moreover, there is an obvious potential for determination
of zinc isotopic variations in environmental studies.

The analytical precision is of the utmost importance
for isotope ratio measurement when subtle variations in
the isotopic composition of a target element are to be dis-
covered and quantified. Multicollector ICP MS (inductively
coupled plasma mass-spectrometry) instrumentation can
successfully compete in isotope ratio precision with ther-
mal ionization mass spectrometry (TIMS) - the technique
traditionally used for accurate and precise isotopic ana-
lysis of metallic elements [Vanhaecke et al., 2009].
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Moreover, one of the advantages of MC ICP-MS is the
possibility of plasma ionization of the elements with high
ionization potential, such as copper, that cannot be ana-
lyzed in thermal ionization mass spectrometry [Moynier
etal, 2017].

Due to the differences in the efficiency of ion extraction,
transmission and detection as a function of an analyte mass,
an isotope ratio measured by ICP-MS may be significantly
biased from the corresponding true value. This phenome-
non is referred to as mass discrimination (mass bias) and
may reach several % per mass unit [Vanhaecke etal., 2009].
Various approaches have been developed for [CP-MS mass
bias correction including the use of an external and inter-
nal standards.

The application of an external standard implies that the
solution containing an isotopic standard of the target ele-
ment (with an isotopic composition or at least an isotope
ratio known) is measured, and a correction factor is calcu-
lated on the basis of the bias observed between the mea-
sured value and the true value of the isotope ratio of in-
terest [Vanhaecke et al.,, 2009]. Bracketing (SSB, standard-
sample bracketing) - a special case of correction using an
external standard - implies that the measurement of each
sample is preceded and followed by the measurement of
an isotopic standard. Most of the copper isotopic ratios
are obtained by MC ICP-MS using bracketing technique
[Maréchal et al., 1999; Maréchal, Albaréde, 2002; Mathur
etal, 2005].

The first measurements of zinc and copper isotopic com-
position were performed by the thermal ionization mass-
spectrometry (TIMS) in 1960-1970 (see the review by
[Moynier et al., 2017] and the references therein). This
method is considered suitable for measuring isotopes, pre-
dominantly in combination with the double spike technique.
However, the majority of studies on zinc isotopic measure-
ments consider the inductively coupled plasma ionization
in combination with bracketing or double spike technique
as the most applicable method of isotopic analysis. More-
over, in this case, the mass bias correction is viable using
the method of internal normalization with copper as an
internal standard.

Obtained isotopic ratios are commonly expressed as
6 (%o0) relative to NIST SRM 976 (Cu) and JMC-Lyon (Zn)
standard reference materials with certified isotope ratios
used for bracketing:

[ 55Cu]
63
65 _ Cu sample
8”Cu= 65——1 x1000,
[ Cu
63
Cu NISTSRM976
7Zn
64y
n
§%07n =|——2"P _ 11%1000.

]]MCLyon

The precision of copper and zinc isotopic ratio measure-
ment depends not only on proper mass bias correction, but

also on the sample preparation quality, including the de-
gree of analyte purification, the lowest possible level of con-
trol (blank) sample, and the analyte yield in solution. Due
to the great influence of sample matrix on the mass bias,
the target element needs to be isolated from the matrix for
obtaining high-quality results and it is even necessary to
match the concentration of the target element in the sam-
ples with the standards within +30 % [Vanhaecke et al,,
2009], which is done by the thorough calculation of sample
masses and the subsequent dilution of samples and stan-
dards under similar conditions.

The procedure of target element isolation usually con-
sists of one- or several-stage chromatographic separation
of pure analyte fractions on ion-exchange resins [Maréchal
etal.,, 1999; Maréchal, Albarede, 2002; Mathur et al., 2005;
Borrok et al., 2007; Dirks et al., 2010]. However, the re-
searchers noted the fractionation of transition metal iso-
topes over an ion-exchange column due to the fractionation
between metals adsorbed on the resin and their aqueous
ions in an eluate [Maréchal, Albarede, 2002]. Therefore, the
use of chromatographic isolation procedures with a certain
type of resins requires checking for the absence of such
fractionation, for example, by comparing between the iso-
topic ratios of copper obtained by direct analysis and those
obtained after the chromatographic separation [Mathur et
al., 2005]. Besides, possible isobaric interferences in mass
spectrometric measurements are to be monitored for Zn,
%Ni in particular.

The aim of this study involves the refinement and vali-
dation of zinc and copper isotopic ratio measurement meth-
odology covering the whole process from sample digestion
to MC ICP-MS measurements. For this reason, as well as to
assess the suitability of the methodology for the analysis
of environmental samples, Zn and Cu isotopic analysis of
the BHVO-2, BCR-2 and AGV-2 USGS certified reference ma-
terials was performed.

2. MATERIALS AND METHODS

The study was conducted in the cleanroom facilities
(ISO 6, 7) of the Zavaritsky Institute of Geology and Geo-
chemistry, Ural Branch of the Russian Academy of Sciences.
The experiments involved the use of PFA (Savillex, USA)
or PTFE (Nalgene, USA) labware. Double sub-boiling puri-
fication was applied to ACS grade hydrofluoric, nitric and
hydrochloric acids in PFA and PTFE purification systems
(Savillex, USA; Berghof, Germany). Arium®pro unit (Sarto-
rius, Germany) was used for obtaining ultrapure deionized
water (18.2 MQ-cm™).

For Cu and Zn chromatographic separation, the AG MP-1
strongly basic anion exchange resin of analytical grade (Bio-
Rad Inc., USA) was used. This macroporous resin is usu-
ally used in an ionic form whose selectivity for the func-
tional group is lower than that for the sample ions to be
exchanged. The sample ions are then exchanged onto the
resin when introduced, and can be eluted by introducing
an ion with higher affinity for the resin or a high concen-
tration of an ion with equivalent or lower affinity. The resin
was loaded into columns in an aqueous suspension form.
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Table 1. Neptune Plus and ASX 110 FR instrumental parameters
for Cu and Zn isotope measurements
Ta6s. 1. OnepanuonHble napameTpbl Neptune Plus u ASX 110
FR npu uzotonnom ananuse Cu u Zn

Instrumental parameters Cu Faraday Cup  Zn Faraday Cup

configuration  configuration
Ar cooling 15 L min™? - - L2 %4Zn
Ar auxiliary 0.9 L min! L1 8Cu - -
Ar sample 1.08 L min™! C %Cu C %Zn
Nebulizer flow 50 pL min™ - - H1 7Zn
Wash time 60 sec - - H2 %8Zn
Takeup time 50 sec - - - -
Torch power 1050 W - - - -
Sensitivity for 15V ppm-t _ _ B _

63Cu(%°Zn)

PE (polyethylene) frits were placed both in the bottom of
the column and over the resin bed to prevent the resin
from stirring.

The column calibration procedure was performed using
the "Multi-element calibration Standard 2" (Perkin Elmer,
USA), which contained 31 elements including Cu and Zn.
The measurement of elemental concentrations for elution
curves was conducted by a NexION 300S (Perkin Elmer, USA)
quadrupole ICP mass-spectrometer. The elemental concen-
tration was measured in a 1.5 wt. % HNO, solution.

For SSB, the SRM 976 (NIST, USA) Cu and JMC-Lyon
Zn isotope standards were used. The AGV-2 andesite and
BHVO-2 and BCR-2 basalts (USGS, USA) geological certi-
fied reference materials [Novak et al., 2016] were used for
assessing the analytical figures of merit of the whole ana-
lytical procedure, including the sample digestion and chro-
matographic stages.

The measurement of Cu and Zn isotope ratios was per-
formed by the SSB technique using a MC ICP-MS Neptune
Plus (Thermo Fischer, Germany) with an ASX 110 FR auto-
matic sample introduction system (Teledyne CETAC, USA)
fitted by a PFA micro-flow nebulizer (50 pL min™') con-
nected to a quartz spray chamber. Measurement sequence
was similar for both Cu and Zn: blank, bracketing standard
(Cu NIST SRM 976 or Zn JMC-Lyon), 1 sample, bracketing
standard. Each individual acquisition contained 60 ratios
collected at 8-second integrations with each block of 10
measurements followed by a 30 second baseline measure-
ment. Blank correction was obtained using a 3 wt. % HNO,
washing solution with a configuration of 20 cycles with 8 s
integration time. The main parameters and Faraday cup
configuration are presented in Table 1.

Cu and Zn Chromatographic Isolation. The studies
described in [Streletskaya et al.,, 2020] formed the basis for
conducting the chromatographic separation experiments.
Given that the separation effectiveness increases with the
increasing of resin layer height, two chromatographic col-
umns of different dimensions and materials were packed.

The first column was made of quartz with an inner di-
ameter of 0.7 cm and a resin bed height of 9 cm. Alterna-
tive standard PP (polypropylene) columns (Bio-Rad Inc.,
USA) with an inner diameter of 1 cm and a resin bed height
of 3.5 cm were used. Column calibration was carried out
using a multi-element solution. An aliquot of a solution con-
taining 10 pug of each element was evaporated, dissolved in
0.5 mL of 10M HCI, centrifuged at 6.000 rpm for 15 min,
and then loaded onto a column pre-conditioned with 5 mL
of 10M HCl. Further, the sequence of eluents for a 9 cm col-
umn was as followed: 2 mL 10M HCl, 18 mL 4M HCI, 10 mL
1M HCI, and 6 mL H,0. A 3.5 cm column reagent sequence
included 1 mL 10M HCI, 9 mL 4M HCI], 5 mL 1M HCI] and
5 mL H,0. A 1 mL step elution was performed so that the
volume of collected portions for elemental analysis com-
prised 1 mL. In order to eliminate the effect of isotopic frac-
tionation accompanying the chromatographic separation
of copper and zinc, all fractions of these elements were col-
lected. The obtained portions were evaporated to dryness
and dissolved in 3 mL of 1.5 % HNO, for the subsequent
concentration measurement by a NexION 300S.

The resin regeneration stage or column washing was
also examined with the aim of providing the volume of re-
agents necessary and sufficient for reducing the content of
Cu, Zn and other interfering elements in the eluate to the
level that did not affect the analytical figures of merit for
the Cu and Zn isotope ratio determination. For both types
of columns, this stage involved 3x5mL of 4M HCI followed
by 5 mL of deionized H,0. The volume of analyzed portion
was 5mL. The treatment procedure prior to the elemental
analysis was the same as for column calibration.

Chemical Preparation of Reference Materials. For the
assessment of the analytical figures of merit of the whole an-
alytical procedure, 0.05 g of the AGV-2 andesite and BHVO-2
and BCR-2 basalts were sampled in Savillex PFA vials. Then
3 mL HNO, and 1 mL HF (both concentrated) were added.
The vials were screwed up and placed in the drying fur-
nace heated to 120 °C for 3 days. After evaporating to dry-
ness, the samples were admixed with 1 mL HNO, and 3 mL
HCI (concentrated) and underwent another evaporation.
After that, the obtained residue was dissolved in 4 mL of
concentrated HCl and dried. Prior to the chromatographic
step, the sample was admixed with 0.5 mL of 10 M HCI
placed into PP Eppendorfvial and centrifuged at 6.000 rpm
for 15 min.

3. RESULTS AND DISCUSSION

The Calibration of Chromatographic Columns. Fig. 1
shows the elution curves obtained for multi-element solu-
tion with the concentration of elements equal to 1 ppm
prior to chromatography (with two heights of the resin layer
provided). As a result of the experiment, the heights of the
resin layer, both 3.5 and 9 cm, provide an acceptable puri-
fication and mass yield of Cu and Zn. However, the applica-
tion of higher resin bed provides almost total purification
of Zn. Despite that, a 9 cm resin bed tends to accumulate
a bigger amount of matrix elements, which can negative-
ly affect the accessibility of exchange centers for analytes.
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Fig. 1. Elution curves of a multi-element solution using the AG MP-1 resin bed of 3.5 (a) and 9 cm high (b).

Puc. 1. KpuBble 3/1l0MpOBaHUS MyJIbTU3JIEMEHTHOTO PacTBOpa C UCMoIb30BaHUeM cMoJibl AG MP-1 ¢ BeicoToii ciiost 3.5 (a) u 9 cm (b).
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Fig. 2. Elemental yield in regenerative washing stage for the AG MP-1 resin bed of 3.5 (a) and 9 cm high (b) .

Puc. 2. Beixo/1 asieMeHTa B pereHepupytoliei npomMbiBke cMoJibl AG MP-1 ¢ BeicoToi cos 3.5 (a) u 9 cm (b).

Besides, the increased amount of accumulated elements
results in extended time of resin regeneration prior to the
next separation procedure.

Fig. 2 represents the elemental mass yield during the re-
generative washing stage both for 3.5 and 9 cm resin beds.
As was mentioned above, a higher (9 cm) resin bed retains
a bigger amount of elements, resulting in the necessity for

either repeated washing stage or enlarged volume of the re-
agents applied. Therefore, the decreased time of the whole
chromatographic procedure, as well as the duration of re-
generative washing stage, argues for an application of a
3.5 cm resin bed. The determined amount of molybdenum
and thallium in Zn fraction causes no isobaric interferences
during isotopic ratio measurement.
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Table 2. Comparison of geological reference materials with
8%Cuy,¢p0,, and 6°Zn . values reported herein and stored in

the GeoReM database

Ta6.1. 2. CpaBHenue sHauenui 6%Cu, .. 1 6°Zn B reosornye-
CKHUX CTaHZAPTHBIX 06pasliaX, 0Jy4YeHHbIX B 3TOH paboTe, C IpH-
BeJIeHHBbIMU B 6a3e JaHHbIX GeoReM

§%Cu,
%o

BHVO-2 basalt in this study 0.14 0.04 5

BHVO-2 basalt in GeoRem 010 0.07 7 0.25 0.05 10
5
6

8%°Zn,
%o

0.20 0.08 8

CRM 2SD  N* 2SD  N*

AGV-2 andesite in this study 0.12  0.04 021 0.06 8
AGV-2 andesite in GeoRem  0.10  0.04 0.29 0.06 4
BCR-2 basalt in this study - - - 024 0.06 8
BCR-2 basalt in GeoRem - - - 026 0.04 8

Note. *N is a number of measurements.
[pumeuanue. *N - KOJIMYECTBO U3MEPEHUH.

The analysis of CRMs. Chromatographic preparation of
CRM samples was performed according to the abovemen-
tioned scheme using the AG MP-1resin with a 3.5 cm resin bed.
Mass scanning prior to the analysis of Cu and Zn fractions
obtained from geological reference materials confirmed the
acceptable purity of the fractions obtained. No isobaric in-
terferences in a quantity sufficient to affect the accuracy of
isotopic ratio measurement were detected. The results of
Zn and Cu isotopic ratio measurement of reference samples
expressed as § notations are presented in Table 2.

As can be seen from Table 2, the accuracy and precision
obtained for Cu and Zn isotope ratios in geological CRMs
(BHVO-2, BCR-2 and AGV-2) demonstrate good agreement
with the values stored in the GeoReM database http://geo
rem.mpch-mainz.gwdg.de/. The procedural blanks related
to chemical dissolution and ion exchange procedures are
lower than 1 and 3 ng for Cu and Zn, respectively, assuring
no blank effect on the isotopic composition of the samples.
Our analytical procedure can be used for the analysis of
both geological and environmental samples, such as dust,
sediments, and atmospheric aerosols and precipitation.

4. CONCLUSIONS

The present paper deals with the development of the
method for §%Cu and §°Zn isotope ratio determination by
MC ICP-MS in environmental samples. The calibration of
chromatographic columns has indicated that the applica-
tion of the AG MP-1 resin with optimized layer parameters
(resin bed height 3.5 cm and diameter 1 cm) provides the
high-purity Cu and Zn fractions. No isobaric interferences
in a quantity sufficient to affect the accuracy of isotopic
ratio measurement are detected. The method is charac-
terized by high throughput and adequate analytical figures
of merit when using the standard-sample bracketing tech-
nique for mass bias correction. For the method described,
the accuracy and precision obtained for Cu and Zn isotope
measurements in the BHVO-2, BCR-2 and AGV-2 geological
CRMs demonstrate good agreement with the values stored
in the GeoReM database.
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