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Abstract

Human serum is routinely measured for total calcium content in clinical studies. A definitive high-accuracy and low-uncertainty method is
required for reference measurements to underpin medical diagnoses. This study presents a novel octopole collision cell ICP-MS, high-accurac
methodology and comparison of that technique with double-focusing sector field ICP-MS and an ICP-OES method. Double-matched isotop
dilution mass spectrometry (IDMS) was employed for ICP-MS techniques and an exact matching bracketing technique using scandium a
an internal standard was used for ICP-OES analysis. Medium resolution mode was utilised for double-focusing sector field ICP-MS analysis
to resolve the dominant interferences on4t@af?Ca isotope pair. Hydrogen reaction gas was employed to chemically resolve a number of
polyatomic interferences predominantly through charge transfer reactions in the octopole collision cell. Comparison data presented for NIST
CRM 909b human serum analysis from all three techniques demonstrates highest accuracy (99.6%) and lowest uncertainty (1.1%) for octopo
collision cell ICP-MS. Data from ICP-OES using a non-IDMS technique produces comparably accurate data and low-uncertainties. The muck
higher total expanded uncertainties for double-focusing sector field ICP-MS compared with octopole collision cell data are explained by lower
precision on the measurement of fi€af?Ca isotope ratio. Data for octopole collision cell ICP-MS submitted for an international blind trial
comparison (CCQM K-14) demonstrated excellent agreement with the mean of all participants with a low expanded uncertainty.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of hypertension3,4], arteriosclerosis, alzheimdfs], colon
cancer and premenstrual syndrofdg Loss of Ca from the

Of the total calcium in the body 99% is found in bones and bones can result in skeletal deform[6], osteoporosis and
teeth with the remainder in soft tissue and body fluids where other degenerative joint diseagé$. Calcium serum levels
it regulates a number of normal body proceddésBenefi- are additionally measured as an indication of thyroid disease
cial Ca functions include: maintenance of healthy teeth and [4] such as primary and tertiary hyperthyroidism and as in-
bones, vital component for blood clotting and as a wound- dicators of Vitamin A and D disorders (both are linked to Ca
healing agentl]. Calcium is essential for muscle contraction uptake). It is reported that the normal value for Ca in human
[2] and helps to control blood pressure and nerve transmissionserum is 92+ 7.3 ug g ! [7] in healthy people (normal renal
[1]. Calcium deficiency is responsible for an increased risk function and nutritional status).

IMEP 17 (International Measurement Evaluation

— _ __ Programme—Trace and minor constituents in human serum)

* Correspondlqg author. Present addre§s: Thermo Electron Corporatlon,waS an international interlaboratory comparison, which
Elemental Analysis, Solaar House, Cambridge CB58BZ, UK. . !
Tel.: +44 1223347400: fax: +44 1223347401, assessed state-of-the-practice Ca measurements from 983

E-mail addressLorna.Simpson@thermo.com (L.A. Simpson). field labs in 35 countries. Selection of Ca as an analyte of
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interest was based on recommendations from the C-AQ wherec) is the mass fraction of analyte in sample X obtained
IFCC (Committee for the Analytical Quality of the Inter- from one measuremen€; is the mass fraction of analyte
national Federation for Clinical Chemistry and Laboratory in primary standard Zmy is the mass of spike Y added to
Medicine). Results showed a spread of data ranging from sample X to prepare the blend B (X + Yij) is the mass
59-106% deviation from the reference value for the sample of sample X added to the spike Y to prepare the blend B (X
[8]. It was shown that the combined standard uncertainty of + Y); my. is the mass of primary standard solution Z added
routine measurements-is3%. to the spike Y to make the calibration blend Bc (Bc =Y +
There is a need to have methods that can accurately deterZ); my. is the mass of spike Y added to the primary stan-
mine total Ca in serum with a low-uncertainty, to aid med- dard solution Z to make the calibration blend B is the
ical diagnosis. These methods can then be used to produceneasured isotope amount ratio of the sample blend (X + Y);
high-quality certified reference materials for the clinical an- Ry is the measured isotope amount ratio of the calibration
alytical community. Multi-elemental analysis is appropriate blend Bc;Rgc is the gravimetric value of the isotope amount
when offering a high-quality analytical service; however, for ratio of the calibration blendR; is the isotope amount ra-
the ultimate accuracy required to produce a high-quality cer- tio of primary standard Z (IUPAC valug4]) andh is the
tified reference materials single element, IDMS analysis is moisture correction. The use of double IDMS means that we
important. bracket the sample blend B (which contains the sample X,
In complex matrices such as human serum, Ca analysis ismassmy, with the spike Y, massy,) with a calibration blend
complicated by the existence of interferences and the ubiqui-Bc (which is prepared by mixing a gravimetric standard Z,
tous nature of Ca makes sample preparation and blank conmassmyc, with the spike Y, mass,). Each measured iso-
tamination major analytical issues. The aims of this study tope Ry is therefore corrected by the isotope amount ratio
were to produce a high-accuracy isotope dilution mass spec-Rg, calculated from the average of the isotope amount ratios
trometry (IDMS) reference value for Ca analysis in human of blend Bc measured before and after the sample blend B,
serum by a novel octopole collision cell ICP-MS method a process referred to as bracketing. The matching approach
and comparison of that technique with double-focusing sec- of Catterick[11] was employed with an approximate match
tor field ICP-MS and non-IDMS ICP-OES analysis. Such made between the spiked calibration blend and the spiked
comparisons embrace state-of-the art octopole collision cell sample blend, which resulted in matching counts per second
technology and sector field instrumentation in contrast to the and isotope ratios to within 5%.
optical detection system employed by ICP-OES. Agreement
between three different techniques can only serve to increase2 2
confidence in certified reference material values since itis
very unlikely that the two different (MS and OES) detection
systems will suffer from the same interferences, to the same
degree. Such confirmatory supporting data from a second in-
strument allows us to demonstrate the capability to produce
high-accuracy certified reference materials at a suitably low-
uncertainty.

ICP-OES exact matching bracketing calibration

IDMS analysis cannot be used for ICP-OES analysis be-
cause wavelengths are measured rather than masses. There-
fore, samples were analysed by ICP-OES using the exact
matching bracketing technique described in detail elsewhere
[14]. The technique uses a single elemental standard that is
prepared to match the analyte concentration (within 5%).

A suitable internal standard is then added to both sample
and standards to produce a blend. The intensity of Ca in-

2. Method ternal standard is also matched to give equal signal inten-
sity. The matching of signal intensities between samples and
2.1. IDMS calibrations standards, and analyte and internal standard, reduces the un-

certainty associated with instrument linearity. The concen-

High-accuracy analysis by IDMS is now well established tration of calcium in the sample was determined according to
[9]. The isotope dilution method utilised for this work here Eg. (2):
is a modified version of the matching technique originally
proposed by Henriofil0] and developed by Catterick and Comp=h <Ismp/1|.S.) X Cagx D @
co-workers[11,12]. The technique involves the addition of Istd/Iis.
an isotopically enriched analogue (often referred to as thewherecsmpis the amount content of Ca in the serum sample,
Ismp Signal intensity of Cal, s. signal intensity of internal

spike) of the element of interest, which is used as an internal
standard. The double-matched IDMS equation as used in this . ’ ) ) .
. PR . standard|si signal intensity of the gravimetrically prepared
investigation is given ifeq. (1). . . . ; !
calibration standardsigconcentration of the gravimetrically
prepared calibration standaid,the dilution factor prior to
my mze (Ry — Rg)- Ree/Rg, Rpc — Rx analysis antithe moisture correction. The sample was brack-
mx mvyc Ry Rec/Rg.— Rx Ry — Rac eted 10 times with the standard blend for each analytical mea-
Q) surement. The sequence therefore consisted of: blank, mass
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Table 1 with an octopole reaction system (ORS). The instrument has

Abundance of Ca isotopes and the likely interferences been described in detail elsewhét8]. The octopole colli-

Ca isotope Natural abundance Likely interferences sion cell instrument utilised #icell gas to remove a number
(%) [13] of the polyatomic interferences that interfere with the spike

40 96.941 “OArt, 24MgleOt, 9K IH* isotope*2Ca and reference isotoféCa. The advantages of

42 0.647 izMQmOjv Bset, OArtHy using a simple light reaction gas such asare that scattering

43 0.135 27;:|allé402+’ 8652+ 43CalH+ losses are kept at a minimum; almost no new interferences are

a4 2,086 26Mgl80+, 27170+, 28160+ generated and post-cell energy discrimination can be set to

885+ 43CalH+ filter out any unwanted cell-produced reaction product ions.
46 0.004 30sit60+, 92Mo2+ A simple energy discrimination filter, set up to effect a pos-
48 0.187 #Mg**Mg*, **Mo?", 325160t itive voltage barrier is achieved through manipulation of the

dc offset voltage of the collision cell octopole relative to the
”g_uadrupole mass analyser, enabling only the higher kinetic
energy analyte ions to pass through the quadrupole to be de-
tected. The reaction process described effectively attenuates
) the polyatomic ion intensity more than the analyte ions. It
2.3. Camass spectral interferences has been reportgd 9], after work with a plasma source ion
trap (PSIT) mass spectrometer modified with a collision cell,

The abundance of the Ca isotopes and some of the inter-ynat 1, does not react appreciably with a number of atomic
ferences they are subject to are showhable 1. Underideal  jons including C4.

circumstances analysis of Ca is achieved by reference tothe ggndura et al[20], were the first to report the improved

i i 0 i . . ’ . . .
dominant %)top_é Ca. However, in standard ICP-MS anal-  precision achievable for isotope ratio measurements using a
ysis mode” Cﬁ) |sf|ff|cult to completely resolve from the  gynamic reaction cell. These authors demonstrated that the
interfering ion™"Ar™, and consequently minor isotopes have presence of a reaction/collision gas could increase the res-
to be analysed. This situation was deemed to be beneficialijence time of ions in a cell. which would in turn serve to
for this study, since this introduces the advantage that sam-gampen small-scale fluctuations in the ion beam, when com-

ples require fewer sample dilution steps to produce an ion pared with non-pressurised cells, an effect commonly known
signal that is within the linear range of the instrument detec- 55 ¢ollisional damping.

tors. Calcium is an abundant element and prone to laboratory g the octopole collision cell the initial ion spread is min-

contamination. H_ence, there is an gdvantage in keeping _the‘lmised due to the ShieldTorch Systé] (a grounded metal
sample preparation steps to a minimum to reduce the ”Skplate), which is employed to obtain a low initial ion energy
of contamination. Additionally,‘OArJr cannot be completely  ang to reduce the ion energy distribution in the ion beam
resol_ved by HR-ICP-MS, a_md since a direct comparison was 1221- similar forms of torch bonnet or sheath have also been
ZEqU|r(Zad for this study_, the isotope pair used forth|s yvork Was shown to reduce isotope ratio precisi@s]. Use of a colli-
Caf*?Ca (natural/spike). The exact theoretical optimum for  sjon/reaction cell could not only give accurate interference-
reducing the error propagation factor (EPFdpg] was cal-  free analysis but could also improve isotope ratio precision
culated to be 0.2; however, the exact matching IDMS pro- gnq therefore reduce the overall uncertainty of the analysis
cedure normally aims for isotope amount ratios, which are py reducing the contribution from the instrumental precision.
close to unity. The value of 0.6 was selected as a compromiserqr each analytical measurement the sample was bracketed
between unity and the error propagation factor of 0.2; spiking gpce with the mass bias standard blend. The sample introduc-
at 0.6 also uses less of the expensive enriched spike solution;jgp, system comprised a PFA microflow nebuliser (Agilent
Technologies, Cheadle, UK) with a double pass spray cham-
2.4. Collision and reaction cells (CC-ICP-MS) ber cooled to 2C and the torch was fitted with the Agilent
ShieldTorch System (STS). The (BOC Gases, Guildford,

A number of different collision/reaction cells are cur- UK, research grade 99.9995% purity) gas flow rate was op-
rently available (ELAN DRC, Perkin Elmer; X-series CCT, timised for both**Ca and*2Ca in the matrix. For Agilent
Thermo Elemental; Platform ICP, Micromass and 7500c, Ag- 7500c instrument operating conditions, Sedle 2. The ra-
ilent Technologies) each employing various combinations tio Rgc¢/Rg, is applied to calculate a mass bias correction
of reaction/collision technology. For example, the DRC ap- factor. In practice, this is obtained by analysing the calibra-
proach[15] to Ca" interferences is to use Nfas a reaction  tion blend solution before and after analysis of the sample in
gas and effect a charge transfer reaction of the type Ar a bracketing procedure.

NH3 — NHs™ + Ar allowing interference-free analysis at

40cat. Hexapole collision cell instruments have been used 2.5. Double-focusing sector field ICP-MS

for Ca analysis using a mixture of He and keaction gas

[16,17]. The approach used in this study was to use an Ag- Quadrupole-based instruments have sufficient resolution
ilent 7500c (Agilent Technologies, Cheadle, UK) equipped to separate single mass units but not the much smaller

bias standard blend, sample, mass bias standard blend, sa
ple, etc.
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Table 2

Instrument operating parameters

Parameter HR-ICP-MS Parameter ICP-OES Parameter CC-ICP-MS
Power W 1200 W Power W 1300W Power W 1500 W
Cool gas 15L mint Cool gas 15L mint Cool gas 15Lmint
Auxiliary gas 0.9Lmint Auxiliary gas 0.5Lmint Auxiliary gas 0.9Lmint
Nebuliser gas 1Lmin? Nebuliser gas 0.8Lmin?! Carrier gas 1.01Lmir?!
Runs 10 Replicates 8 Replicates 10

Points per peak 20 Points per peak 5 Points per peak 3

Sample time 0.005s Integration time 0.1s Integration time 3.0s/peak
Passes 100 Read time 10s Octapole bias —-19V
Resolution 4500 Resolution Normal Quadrupole bias —-16V
Acquisition window 120% Measurement mode Peak area Cell gas (H) flow rate 4.0 mL mirr?

mass differences which polyatomic interferences require. levels. The CRM is certified for Ca (level 1) at 86.698
Utilisation of high-resolution mass spectrometry enables 0.618ugg~! when reconstituted according to the instruc-
us to resolve out the interferences #iCa and*2Ca and tions on the certificate and density corrected.
has been applied to biological sample analy|gig,25]. LGC as a function of its role as the UK chemical national
The most significant interferences are #§8il60*/44Car, metrology institute (NMI) also participated in a ConiEon-
4OArH, T /42Cat and?6Mgl80*/42Cat requiring resolution  sultatif pour la Quanté de Matére (CCQM) study. The studly,
of 2687, 2349 and 2221, respectively (applying the 10% CCQM-K14 was a key comparison study on the calcium con-
valley definition); thus, the medium resolution instrument tent in human serum. The aim of the study was to assess the
setting of ~4500 was sufficient to separate out most of currentanalytical measurement capabilities of a clinical ana-
the potential interferences on the Ca isotopes. The double-lyte in human serum. The sample was a frozen human serum.
focusing sector field ICP-MS instrument used was the  Results will be presented for five replicate samples of
Thermo Finnigan Element 1 (Thermo Electron, Bremen, NIST 909b level 1 CRM on all three instruments. In addi-
Germany). Medium resolution of 4500 was employed. A tion the LGC result for CCQM-K14 analysed by collision
PFA micromist nebuliser (Glass expansion, Melbourne cell ICP-MS will be presented alongside the results from all
Australia) and double-pass spray chamber cooledtG 5 participants in the study (all of which were NMls or invited
was used and the guard electrode were activated. For fullexpert laboratories), with full uncertainty budgets.
operating conditions, sedable 2. For each analytical The same sample preparation was applied to all analyses.
measurement the sample was bracketed once with the masBreliminary experiments based on microwave and heating
bias standard blend to calculate a mass bias correction factorblock acid digestion with hydrogen peroxide proved prone
to variable blanks caused by contamination problems. Blank
levels ranged from 0.8 to 8.3% of the total sample signal
3. ICP-OES with sample digestion. Experiments with Triton-X as a dilu-
ent provided blanks ranging from 1.0 to 1.7% of the sam-
The ICP-OES instrument was a Perkin-Elmer Optima ple signal. Dilution of the serum with 1% HNQjenerated
3300RL (Perkin-Elmer, Seer Green, UK) with a cross-flow much more stable and low blank signals ranging from 0.27 to
nebuliser and Scott Spray chamber. Scandium was selected®.44% of the sample signal. Therefore, the following sample
as the internal standard and measured at a wavelength opreparation procedure was adopted: the sample (0.5g) was
361.385 nm, and calciumwas measured at 393.366 nm. Therélended with the spike solution (or internal standard solution
are no major interferences for any of the Ca wavelengths andfor the ICP-OES) and diluted with 1% HNQo a total mass
the selection of 393.366 nm was based on it giving the op- of 10-20 g; no other sample manipulation was performed.
timum detector response for the sample concentration being
analysed. The internal standard was added to the blank and th8.2. Reagents
final signal intensities of the sample were corrected relative
to the signal intensity of the internal standard in the calibra-  High-purity acids were obtained from Romil (UK) and
tion solution. For full instrument operating conditions, see used throughout the procedure. Dilution water was obtained

Table 2. directly from an Elga water purification system (18.2m
purity, Marlow, UK). A *?Ca spike was purchased as
3.1. Samples and sample preparation CaCQ from Oak Ridge laboratories, Tennessee, USA and

diluted in 10% HNQ to 3.1ug g . The spike enrichment
Two serum materials were used to test the method perfor-was certified at 93.5%"Ca. Two independent sources
mance in this study: a NIST SRM and a blind inter-laboratory (Alfa Spec pure Spectra 99.99% Cag @ried before use
comparison sample. NIST SRM909b is a freeze-dried hu- and NIST SRM 3109a 10.39% 0.019mgg?! aqueous
man serum available at two different analyte concentration Ca solution) of analyte ions were obtained and used to
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Fig. 1. H Cell gas flow rate optimisation graph for the octopole collision cell ICP-MS.

prepare aqueous standards for use as mass bias calibratiobias blend R, the measured isotope amount ratios of the
blends. sample and standard blenfls and Ry, and the variation of
replicate analyses. The mass fraction of the primary standard
(C,) and the associated standard uncertainty were calculated
4. Results and discussion from the data for its gravimetric preparation. The concen-
tration of the spike (¢) was determined by reverse isotope
Calcium isotopic composition is partly governed by ra- dilution usingCz as the calibrant. All weighings were per-
diogenic decay ofK [26]. Furthermore, Ca isotopes can formed on a four-figure balance. The standard uncertainty
fractionate both during natural processes and during the pro-on each mass was determined from the repeatability of cali-
duction of high-purity Ca standards. Samples were measurecbrated weight measurements and the balance certificate. The
for 44Caf*?Ca ratio relative to the calibration standard solu- isotope amount ratio of the calibration blend is calculated
tion. No differences could be observed between the ratios of from the data of the spike and the standard solutions that are

these solutions. gravimetrically mixed according t&g. (3).
The H, gas flow rate was optimised on the octopole col-
lision cell for both**Ca and*?Ca in a solution prepared to Rmc ) Rvyi + Rymycey ) Rz 3)
Bc =

represent the likely interferences in a serum matrix. The ma-
trix blank was composed of Si and Mg at 10 mgll. Sr and

Al at 10ug L1 in a matrix of 2% HNQ, 2% HCI and 2% WhereRy; is the isotope ratio of the spike, and all other
propanol. Si, Mg, Sr and Al were added at levels approxi- components are as defined in the equation.

mately representative of human ser{2#]. This matrix so- The measured isotope amount ratiog, (@d Rg.) each
lution was diluted 1:20 and was spiked with 5 mgliCa to comprise 10 individual replicate measurements from which
generate the analyte intensity profile. The optimisation graph a mean isotope ratio was calculated. The raw data from these
for #4Ca is shown irFig. 1, plotting the background equiv- measurements was blank subtracted using a reagent blank.
alent concentration (BEC) agairféCa signal intensity. The  The standard uncertainties of the measured isotope ratios
optimum gas flow rate was 4 mL mif. This was selectedto ~ were calculated as the standard deviation from the 10 re-
give the best compromise between interference removal andpeated measurements. The variation of replicate analyses was
analyte signal intensity. The optimum flow rate fé€a was estimated by using the standard deviation of the mean of the

mcY R+mc) R

identical at 4 mL mirr?L. five replicate analyses. The uncertainty for each individual
measurement is estimated by combining the uncertainties for

4.1. Uncertainty each of the components k. (1)in accordance with GUM
[28].

The main sources of uncertainty for the IDMS-ICP-MS The final standard uncertainty value was calculated by
measurements are from the mass fraction of the primary stan-combining the standard deviation of the mean of five indepen-
dardCz and spikeCy, the masses of sample and spike used to dent replicate analyses with the average uncertainty estimate
create the sample blend; the isotope amount ratio of the mas®f individually determinations. This value was expanded
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Table 3

Results for CRM NIST 909b Level 1

Sample Ca concentration Expanded standard Recovery Relative expanded
(ngg b uncertainty standard uncertainty

NIST 909b Level 1 CRM 86.98 0.62 0.7%

High Resolution ICP-MS 88.08 2.06 1013% 2.3%

Collision cell ICP-MS 86.60 0.98 99.6% 1.1%

ICP-OES 87.39 1.02 100.5% 1.2%

to the 95% confidence limit using the coverage factor
k=2.

245
2.40

For the ICP-OES data the uncertainty was calculated in g %
a virtually identical way. Differing only in that the samples z:z N
were bracketed 10 times with the internal standard matchedz 229 . e
standard the standard uncertainties of the ratios were calcu-‘g 2.15
lated as the standard deviation of the 10 bracketed ratios,g 210

. . -]
rather than from a number of replicates of one bracketing se- £ Zzz

Ca (10-3 mol/kg)

P

quence. The variation of replicate analyses was estimated by < 3 8§ & § T B 3§ 3
using the standard deviation of the mean of the five replicate F gz - = = E * B 3
analyses in the same way as for the octopole collision cell g =

and double-focusing sector field ICP-MS data. CCQM-K14 Participant

Fig. 2. The results for all participants in CCQM-K14 Ca in human serum.

4.2. CRM results
4.3. CCQM results

The results for NIST 909b CRM on the HR-ICP-MS, the
ICP-OES and the CC-ICP-MS are givenTiable 3. Results LGC submitted results for CCQM-K14 from collision cell
show that all three techniques give excellent agreement withdata. This laboratory had previously submitted ICP-OES re-
the certified values. The instrument giving the best recovery sults for a pilot study (CCQM-P14) on the same matrix, which
of the CRM is the CC-ICP-MS with Hreaction gas, this  were~2% lower than the mean result. This slightly low result
method also gives the lowest relative expanded standard uniwas examined and ascribed to the combined effects of matrix-
certainty. The ICP-OES also gives a very good recovery andinduced interferences affecting performance of the internal
comparable expanded standard uncertainty, which is very en-standard and measurement of the analytical b[&@06k For
couraging given the two totally different analysis techniques. this study the addition of the internal standard to the blank
The two techniques also represent total independence withand correction of signal intensities accordingly had solved the
regard to potential spectral interferences. If the collision cell problems of blank contribution. The results from the CCQM-
instrument is run in standard mode (i.e. no reaction gas or K14 serum study that LGC participated in are plotteHiip 2
cool plasma conditionf29]) the resulting recovery of the  [31].
CRM is 2.8% too high indicating the additive effect of the The chart clearly shows that the result obtained (2.236
interferences present and demonstrating the interference rex 103 mol kg~1) shows the best agreement with the mean
moval success of the collision cell system for Ca analysis. The result of all participants (2.23% 10~3 mol kg~1), with one of
higher total expanded uncertainty for the double-focusing the lowest relative expanded standard uncertainties reported
sector field ICP-MS can be explained by the lower preci- in the study.
sion of the isotope ratios than measured by octopole colli-
sion cell ICP-MS, the mean R.S.D. of tffCa/fCa ratio for
double-focusing sector field ICP-MS was 1.5%, and for the 5. Conclusions
octopole collision cell was, 0.4%. The reasons for worse pre-
cision being observed by HR-ICP-MS are not counting statis-  Results for all three instruments demonstrate accuracy
tic dependant, since the sensitivity is comparable/greater ONranging from 99.6%+ 1.1% to 101.3%+ 2.3%. Results
the HR-ICP-MS compared to CC-ICP-MS. Worse precision show that when compared with double-focusing sector field
could however be expected at medium resolution than atlow |cP-MS and ICP-OES, octopole collision cell ICP-MS us-
resolution because medium resolution does not result in flat-ing H, reaction gas produces the most accurate (9%46%
topped peaks. The HR-ICP-MS is also an older instrument 1 194) results for analysis of Ca in human serum CRM NIST
than the CC-ICP-MS and the plasma is much less robustgogb Level 1 and with the lowest total expanded uncertainty
therefore much more noisy, resulting in lower precision iso- of the three techniques. Additionally, the result obtained
tope ratios. by ICP-OES demonstrates excellent agreement with only
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