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Isotope ratios on transient signals with GC–MC–ICP-MS
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Abstract

ICP-MS instruments with multiple ion collectors (MC–ICP-MS) provide highly precise and accurate isotope ratio measurements. These
instruments are easily coupled to chromatography, laser ablation or flow injection devices because of the ICP source, and thus attract general
analytical interest for measurement of highly precise element isotope ratios on transient signals. Some few papers have been published today
where MC–ICP-MS was employed for isotope ratios on transient signals, and in general, results are encouraging. Isotope ratio precision
obtained is usually at least 10-fold superior compared to measurements with ICP-QMS. Nevertheless, most authors describe a drift of isotope
ratios during the transient peak. This behaviour was either interpreted as a problem in the sample introduction system, or was related to
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nstrumental mass bias drift, but has to date not been completely evaluated or explained. In this paper, we systematically investig
bserved on lead and mercury isotopes during short transient signals obtained from GC coupled to different MC–ICP-MS system
learly show that neither changes in instrumental mass bias, nor chromatographic fractionation effects are the source of the obse
atio drift. An influence of analyte concentration on the observed drift was as well excluded as a source for this drift, because
n isotope ratios show the same values for different concentrations evaluated. In contrast, the peak width was found to influenc

o which the isotope ratio drifts during peak elution. Thus, the relative intensity change per time seems to be an important fac
easurements of transient signals with MC–ICP-MS.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Isotope ratio determination on short transient signals using
CP-QMS has gained rising significance in the recent years,
or example in species-specific IDMS using chromatography
oupled to ICP-MS.

The precision that can be obtained on isotope ratios for
hort transient signals using ICP-QMS is limited due to the
equential scanning mode, and is the limiting factor with re-
ards to quantitative results obtained when using species-
pecific IDMS: the uncertainty on isotope ratio precision may
epresent 50% or more of the overall uncertainty budget as
btained from error propagation calculations[1]. Here, the

ntroduction of high resolution ICP-MS with multiple ion
ollectors (MC–ICP-MS) has been an important step. With
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these instruments, highly precise isotope ratio determin
is possible, while the ICP source enables all kinds of fr
end-toys to be coupled. So far, only a handful of papers
been published describing MC–ICP-MS used for the d
mination of isotope ratios on short transient signals, ma
obtained using GC or HPLC coupling[1–7].

Regarding the precision obtained in isotope r
analysis for continuous sample introduction, it is dis
guished between “internal” and “external” precision. T
“internal” precision herein is related to the reproducibi
of isotope ratio data obtained during several single mea
ments of one main run, while the “external” precision is
reproducibility between repeated runs. Data obtained fr
single run are thus the average of a certain number o
gle measurements, which are then again subject to aver
repeated runs. When this concept is translated to tran
signals, then the “internal” precision on a transient wil
the reproducibility of isotope ratio values for each point d

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2004.11.026



234 E.M. Krupp, O.F.X. Donard / International Journal of Mass Spectrometry 242 (2005) 233–242

ing peak elution of a single injection, while the “external”
precision will be the reproducibility between repeated injec-
tions of the same sample. Obviously, the internal precision of
a transient is much more difficult to determine than for con-
tinuous signals, because the signal intensities change during
peak elution. Therefore, according to counting statistics, iso-
tope ratios obtained for the peak start and peak end must be
less precise than in the peak centre, where isotope signals
are high. That means, the “internal” precision on a transient
signal changes throughout peak elution.

The classical approach for determination of isotope ratios
on transient signals is whole peak integration with subse-
quent division of the integrated peak areas obtained for the
respective isotopes. Data precision is then calculated from
the standard deviation of repeated measurements of the same
sample[8].

This approach has been adopted for GC–MC–ICP-MS of
PbEt4, resulting in precision on isotope ratio determination
for different lead isotope ratios below 0.06% RSD, being at
least 10-fold improved when compared to precision obtained
for the same experiment using ICP-QMS[2,3]. In general,
all approaches using MC–ICP-MS for isotope ratio determi-
nation on transient signals report a significant improvement
in precision compared to ICP-QMS.

However, regarding the internal precision, most authors
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In summary, the findings reported to date in the cited refer-
ences are contradictory, and no common concept was found
to be the origin for isotope ratio drift during the acquisition
of transient signals with MC–ICP-MS. Moreover, in the most
cases a single isotope pair is investigated and used for data
interpretation.

Due to the observed drift, several questions arise related
to the data evaluation procedure: is it necessary to take the
whole peak width into account, as proposed by Evans et al.
[6], or is it better to use a certain range of data inside the
transient only, as proposed by Krupp et al.[4] and Clough et
al. [1], and what implications does the drift have on isotope
ratio accuracy?

However, the drift observed on the transient signals ob-
tained with MC–ICP-MS must have a reason, which to date
is yet not identified. It is thus of special interest to systemat-
ically investigate this phenomenon, and to identify and sub-
sequently eliminate this effect.

In this work, the authors will attempt to identify the
source of the observed isotope ratio drift, using transient
signals obtained on lead and mercury species with different
GC–MC–ICP-MS systems. Of main interest are mass bias
and chromatographic effects, as these parameters have most
frequently been supposed to be the origin of the observed
drift. Thus, theoretical considerations are compared with ex-
p as-
s pairs
a ion.
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ata points within the transient signal, thus translating to

act that internal precision is poor.
Different explanations have been given by some au

or the occurrence of this drift. For the measurement of6
ith GC–MC–ICP-MS, isotope drift was assigned to ins
cient background correction, and results on isotope
recision were greatly enhanced by defining a limited p

ntegration zone, in which this drift was less pronounced[4].
Wehmeier et al.[5] reported drifting antimony isotope r

ios for trimethylantimony measured with cryo-GC coup
o the Isoprobe MC–ICP-MS, and interpreted these fin
ith chromatographic fractionation on the GC colum
tating that the heavier isotope species elutes first from
olumn. Evans et al.[6] observed drifting isotope ratio
uring transient signals obtained by thermodesorptio
lemental mercury from gold traps. The same trend
een with three different MC–ICP-MS instruments, and
uthors assumed differences in the desorption beha
etween the mercury isotopes. Heavier isotopes seem
olatilised first, ascribed to stronger interaction of ligh
sotopes with the gold amalgam. Nevertheless, this findi
ontradictory to reaction kinetics, after which bonds betw
ighter isotopes are less strong than bonds between he
sotopes.

Günther-Leopold et al.[7] found isotope ratio drift fo
he determination of neodymium and uranium with HP
oupled to the Neptune MC–ICP-MS. They concluded
he effect could not be explained by fractionation on the c
atographic column, because the same isotope ratio dri

ound when HPLC was replaced by FIA injections.
erimental results in order to confirm or exclude certain
umptions. For this purpose, all possible isotope ratio
re examined in the attempt to draw a common conclus

. Experimental

.1. Instrumental

Capillary GC was coupled to different MC–ICP-MS
truments via a home-made transfer line for the mea
ent of a volatile lead species (PbEt4) and two volatile
ercury species, HgEt2 and HgMeEt. For lead measu
ents, two different MC–ICP-MS systems were emplo

he Axiom MC–ICP-MS (Thermo, Winsford) and the Is
robe MC–ICP-MS (GV Instruments, Manchester). De
n the setup of the coupling for lead species work, as
s details on sample preparation can be found in Ref.[2] for
easurements with the Axiom MC instrument, and in R

3] for work carried out with the Isoprobe MC.
For the measurement of mercury species, again an A

C–ICP-MS was used, but these measurements were c
ut on a different instrument. The same overall instrume
etup was used as previously described[2,3]. GC parameter
ere identical for all experiments, and are listed inTable 1.
C–ICP-MS acquisition parameters for the three diffe

xperiments are provided inTable 2.
An important detail in this coupling is that during

C runs a standard solution (thallium) was continuo
dded to the plasma by using a T-piece as conne
f GC and spray chamber to the plasma torch. With
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Table 1
GC parameters

GC Instrument HP 6850
Column Restek MXT-1, 30 m,

0.53 mm i.d.,df 1�m
Injection mode Splitless
Injection port temperature 250◦C
Injection volume 1�L
Carrier gas flow He 25 mL/min
Make up gas flow Ar 250 mL/min
Transfer line temperature 250◦C isothermal

Oven program
Initial temperature 60◦C
Initial time 1 min
Ramp rate 50◦C/min
Final temperature 260◦C
Final time 1 min

setup, the MC–ICP-MS was optimised for sensitivity in stan-
dard liquid introduction conditions, which were respected
throughout all experiments. The thallium solution serves
in several ways. First of all, MC–ICP-MS conditions like
torch position or nebulizer gas flow can be optimised us-
ing a continuous signal. Then, during GC runs, the plasma
conditions can be continuously monitored in order to as-
sure optimal acquisition conditions during analyte elution.
This is illustrated inFig. 1, where the plasma perturbation
by the solvent elution (assigned “solvent dip”) and subse-
quent stabilisation can be clearly seen. Moreover, the iso-
tope ratio of205Tl/203Tl can be used for simultaneous mass
bias correction on the lead or mercury signal, respectively
[2,3,8].

2.2. Sample preparation

For lead measurements, analysed as PbEt4, an isotopic
certified standard solution of NIST 981 lead material was pre-
pared, and the inorganic lead solution was derivatized with
NaBEt4 to form PbEt4. Simultaneously with the derivatiza-
tion, the organolead compound was extracted into isooctane

Fig. 1. Chromatogram of a methylmercury and inorganic mercury standard
obtained with GC coupled to Axiom MC–ICP-MS. Open squares:198Hg
trace, filled circles:202Hg trace, black line:205Tl trace continuously intro-
duced as liquid solution.

(2,2,5-trimethylpentane), and each 1�L of the organic solu-
tion repeatedly injected into the GC–MC–ICP-MS.

Two different mercury species were investigated, inor-
ganic mercury (Hg2+) and methylmercury (HgMe+). Inor-
ganic mercury was derivatized to HgEt2 from a commercial
inorganic mercury standard solution (SPEX, Metuchen, NJ).
Methylmercury was obtained as MeHgCl (Strem, Bischheim,
99%). Dilute solutions of MeHgCl were prepared in 1% HCl
and derivatized with NaBEt4 (Strem, Bischheim) to form
MeHgEt, and organic mercury species were extracted into
hexane. Details concerning sample preparation and derivati-
zation have been published by Rodriguez et al.[8].

3. Results and discussion

The injection of ethylated lead or mercury species results
in chromatograms, as illustrated for mercury species mea-
surements inFig. 1. The first mercury peak to elute at a re-
tention time of about 100 s is the derivatized methylmercury,
assigned as HgMeEt. The second mercury species, HgEt2

Table 2
MC–ICP-MS parameters

I Isoprobe MC Axiom MC

A
C
N L/min f-

S
P

A

I T1,

I

nstrument Axiom MC

nalyte PbEt4
ontinuous internal standard (10�g/L) Tl
ebulizer GE concentric, 0.4 m

self-aspirating
pray chamber Cyclonic
ower (W) 1250

rgon gas flows (L/min)
Plasma 15
Auxiliary 1
Nebulizer 0.5
Hexapole

sotopes monitored (Faraday cups) 202Hg, 203Tl, 204Pb, 205

206Pb,207Pb,208Pb
ntegration time (ms) 50
PbEt4 MeHgEt, HgEt2
Tl Tl
Meinhard concentric,
self-aspirating

GE concentric, 0.4 mL/min sel
aspirating

Cyclonic Cyclonic, impact bead
1350 1250

13.5 16
0.6 1
0.67 0.5
1.79

203Tl, 204Pb, 205Tl,
206Pb,207Pb,208Pb

198Hg, 199Hg, 200Hg, 201Hg,
202Hg, 203Tl, 204Pb,205Tl, 208Pb

160 150
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corresponding to inorganic mercury, elutes at about 145 s.
The elution order follows the chromatographic separation by
boiling point of the species, i.e., the lower boiling species
elute first. Observation of the simultaneously aspired thal-
lium solution reveals the elution of the solvent, here as-
signed “solvent front”. At a retention time of about 60 s,
hexane elutes from the column, leading to severe plasma
perturbation: the thallium signal breaks away. About 15 s
after solvent elution, the thallium signal regains its initial
value, indicating that the plasma has stabilised. So we as-
sume that the plasma has completely recovered from the in-
jection of organic solvent, before the first analyte species is
introduced.

In the following, a description of the isotope ratio develop-
ment during peak elution is given. For lead isotope measure-
ments, the signals of206Pb,207Pb and208Pb were evaluated.
Intensity for204Pb (isotope abundance 1.4%) was too low to
get meaningful isotope ratio values.

Mercury has seven stable isotopes, of which the five most
abundant (198Hg,199Hg,200Hg,201Hg and202Hg) were eval-
uated. During all measurements,203Tl and205Tl were mon-

itored simultaneously. All signal intensities were automati-
cally corrected for instrumental background on each Faraday
cup.

Isotope ratios were calculated by using the higher mass
isotope as enumerator and the lower mass isotope as denom-
inator. Thus, values >1 are obtained where the abundance
of the higher mass ion is higher than the abundance of the
lower mass ion, and values <1 are obtained for the opposite
case.

In Fig. 2a–d, the analyte peak of the highest abundant
isotope (208Pb for lead,202Hg for mercury measurements)
together with isotope ratios obtained during peak elution
are illustrated.Fig. 2a shows208Pb/207Pb, 208Pb/206Pb and
207Pb/206Pb as well as205T1/203T1 obtained for measure-
ments with GC coupled to the Axiom MC–ICP-MS and
Fig. 2b shows the same isotope ratios for measurements
obtained with the Isoprobe MC–ICP-MS.Fig. 2c illus-
trates mercury isotope ratios201Hg/198Hg, 200Hg/199Hg and
200Hg/198Hg, for the peak obtained for methylmercury (Hg-
MeEt), in Fig. 2d the peak obtained for inorganic mercury
(as HgEt2) is enlarged.

F
2

s
(
o
s

ig. 2. (a) Lead peak (PbEt4) and lead isotope ratios for GC coupled to Axiom
08Pb/207Pb, full circles:208Pb/206Pb, empty triangles:207Pb/206Pb; (b) lead pea
traight line:208Pb trace, grey line:205T1/203T1, empty squares:208Pb/207Pb, full c
MeHgEt) and mercury isotope ratios for GC coupled to Axiom MC–ICP-MS:
pen circles:200Hg/199Hg, filled triangles:201Hg/198Hg; (d) inorganic mercury pea
traight line:202Hg trace, dashed line:205T1/203T1, filled squares:200Hg/198Hg, op
MC–ICP-MS: straight line:208Pb trace, grey line:205T1/203T1, empty squares:
k (PbEt4) and lead isotope ratios for GC coupled to Isoprobe MC–ICP-MS:
ircles:208Pb/206Pb, empty triangles:207Pb/206Pb; (c) methylmercury peak
straight line:202Hg trace, dashed line:205T1/203T1, filled squares:200Hg/198Hg,
k (HgEt2) and mercury isotope ratios for GC coupled to Axiom MC–ICP-MS:
en circles:200Hg/199Hg, filled triangles:201Hg/198Hg.
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When regarding the development of the isotope ratios il-
lustrated inFig. 2a (GC–Axiom MC–ICP-MS), a shift to-
wards higher ratios throughout the elution of PbEt4 is visible
for all observed lead isotope ratios, while205T1/203T1 seems
to be stable during peak elution. InFig. 2b the same species
was measured using GC coupled to the Isoprobe MC–ICP-
MS, and here,208Pb/206Pb and207Pb/206Pb drift towards
higher values over the duration of peak elution, while the
ratios 208Pb/207Pb and205T1/203T1 seem to be stable over
the whole range.

In Fig. 2c and d, only three of the possible 10 isotope ratio
pairs of the five mercury isotopes considered are illustrated.
The three mercury isotope ratios show either a positive slope
versus higher ratios during peak elution (200Hg/199Hg), or
negative slope, i.e., lower isotope ratios during peak elution
(201Hg/198Hg), or no obvious drift at all (200Hg/198Hg). As
observed for the lead measurements, the isotope ratio of the
internal standard (205Tl/203T1) does not show a drift through-
out peak elution. The effect obtained here is similar for both
mercury peaks obtained, as can be seen when comparing
Fig. 2c and d.

Theoretically, different effects can be considered as the
source of this behaviour, that may either be related to the
MC–ICP-MS acquisition, or the chromatographic separation
and sample input from the GC side, namely:
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The slope and linear regression coefficients are used to
describe the magnitude of the observed drift effect. This pa-
rameter should follow certain rules, as for example a change
in mass bias should show a linear behaviour versus mass dif-
ference of the isotope pairs concerned, and should always
change into the same direction, i.e., to either higher or lower
mass bias for all isotope ratios observed.

The same should be true if a chromatographic effect is
behind the observed effect; if the analyte species is separated
due to slight differences in molecular weight caused by the
different isotopic mass of the central atom incorporated, then
the observed effect should be stronger for isotope pairs with
higher mass difference, and the relation between retention
time and molecular weight may be considered linear. In or-
der to enable a direct comparison of the observed magnitude
in drift, the calculated slopes were normalized by division
through the mean value of the single points used.

Note: the isotopes of carbon and hydrogen, also present in
the organometallic species, should as well cause chromato-
graphic separation by molecular weight. Nevertheless, due
to their low natural abundance (0.02% for2H and 1.11% for
13C) their contribution to the overall effect was considered
negligible.

In Table 3a and b, the obtained results for the calculation
of values and regression parameters for lead measurements
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(i) a general drift in the overall instrumental mass bia
a drift in mass bias concerning the analyte only du
the change in concentration and/or matrix during p
elution;

(ii) a chromatographic separation between ana
molecules incorporating lower and higher mass m
isotopes;

iii) a drift in the background signal, which is not comp
sated by the automatic instrumental background co
tion;

iv) the influence of analyte concentration and peak wid

In order to make the observed effects comparable, the
ope ratio drift was described mathematically by formin
inear equation from single data points. Therefore, a de
ange of values was considered. Five points before and
oints after the peak maximum as observed on the hig
bundant isotope were used for lead measurements wi

soprobe MC–ICP-MS, and for the mercury measurem
ith the Axiom MC–ICP-MS, resulting in 11 data points u

or the calculation of slope and regression coefficient.
ead measurements with the Axiom MC–ICP-MS, each
oints before and after peak maximum were used, thus
1 points. This difference is due to the integration times

or one data point. While for the two first measurements
ration times of 150 and 160 ms, respectively, were app

he latter measurement was performed using 50 ms int
ion time (compareTable 2). By observing more data poin
or shorter integration time, about the same net peak w
as taken into account for all measurements performed
re listed, whileTable 3c and d shows the calculated para
ters for the peaks of methylmercury and inorganic mer
espectively. Here, the mean values for three repeated
ions are shown.

The repeatability of the results concerning the calcul
lopes on isotope ratios during peak elution was determ
or three repeated injections of a 500 pg MeHgEt and H2
tandard. In general, the relative standard deviation (RSD
he mean values on the absolute isotope ratios calcula
etter than 0.1%, while the RSDs for three different meas
ents for the slope on isotope ratios greatly depend o

inearity of the isotope ratio observed. For slopes on iso
atios with high linear correlation coefficients (R2 > 0.9), the
SDs for the three different values obtained for the slope

hree measurements are between 5 and 20%. Isotope
howing poor correlation for the observed drift (R2 < 0.5)
how significantly higher RSDs on repeated measurem

In the following, the experimentally obtained results w
e investigated in order to confirm or disqualify the abo
entioned possible sources. Of special interest are the

ury measurements, as 10 different isotope ratio pairs c
valuated, compared to three possibilities only for the

sotope ratio pairs.

.1. Instrumental mass bias

The instrumental mass bias observed in MC–ICP-M
oday mainly believed to be produced in the field-free re
etween the sampler and the skimmer cones. Mass-depe
iffusion leads to the preferred sampling of heavier mass

opes, which is reflected in the fact that measured hea
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light isotope ratios are higher than the true ratios. The mass
bias observed is also depending on the relative mass differ-
ence, decreasing with increasing atomic mass. Instrumen-
tal mass bias for heavy elements is usually observed to be
around 1% per mass unit, and linear or exponential equations
can be used to mathematically correct for it. For a certain
element, the mass bias is expressed per mass unit, regard-
less which isotope pair is observed. Changes in mass bias
due to sample matrix, deposits on the cones, torch position,
gas flow rate or other plasma parameters have recently been
evaluated by Andŕen et al.[9]. Obviously, plasma parame-
ters influence the optimal sampling zone of individual ele-
ment isotopes, thus changing the observed mass bias. Nev-
ertheless, higher or lower mass bias should always affect
all isotopes of the same element in the same direction: ei-
ther towards higher or towards lower mass bias per mass

unit. Otherwise, overall slow drift of mass bias leading to
changes in observed isotope ratio during long measurements
is usually observed, and one of the reasons why bracket-
ing with isotopic certified standard material is a common
method when precise isotope ratio measurements are per-
formed.

In the following, the experimental results will be evaluated
with respect to theoretical considerations of mass bias effects
that can influence isotope ratio values.

In Fig. 2a–d, we can observe that the thallium isotope
ratio is not drifting during the elution of the analyte peak,
and this is observed for all experiments conducted. This fact
is stressed by the mathematical parameters calculated and
listed inTable 3. In all cases, the linear regression factors for
205T1/203T1 are extremely poor, with other words, there is no
linear relation, values fluctuate randomly. A general, overall

Table 3
Mean values and linear regression parameters for drift observed during peak elution on lead, mercury and thallium isotope ratios for GC–MC–ICP-MS
measurements

Isotope ratio Mean value (n= 31) RSD% Slope R2 Normalized slope �M

(a) PbEt4 by GC–Axiom MC–ICP-MS
208/207 2.478 0.683 0.0017823 0.9163 0.0007194 1
208/206 2.078 1.151 0.0025438 0.9352 0.0012242 2
207/206 0.839 0.521 0.0004232 0.7743 0.0005046 1
205/203 2.391 0.942 0.0001355 0.0030 0.0000567 2

I Slo

(
−0.0

0.0
0.0

−0.0

I Sl

(
−0.

−0.

−0.

−0.

−0.

.

−0.

.

I

(

sotope ratio Mean value (n= 11) RSD%

b) PbEt4 measurements with GC–Axiom MC–ICP-MS
208/207 2.383 0.171
208/206 0.933 0.927
207/206 2.224 0.811
205/203 2.424 0.228

sotope ratio Hg Mean value (n= 11) RSD%

c) MeHgEt by GC–Axiom MC–ICP-MS (mean of three injections)
202/201 2.273 0.307
202/200 1.303 0.470
202/199 1.793 0.254
202/198 3.048 0.491
201/200 0.574 0.175
201/199 0.789 0.077
201/198 1.341 0.192
200/199 1.375 0.240

200/198 2.339 0.050 −0.

199/198 1.701 0.257 −0.

205/203 2.418 0.085 .

sotope ratio Mean value (n= 11) RSD% Slo

d) HgEt2 by GC–Axiom MC–ICP-MS (mean of three injections)
202/201 2.272 0.189 −0.0
202/200 1.303 0.320 −0.0
202/199 1.793 0.149 −0.0
202/198 3.048 0.315 −0.0
201/200 0.573 0.143 −0.0
201/199 0.789 0.076 0.0
201/198 1.341 0.142 −0.0
200/199 1.376 0.187 0.0
200/198 2.339 0.056 0.0
199/198 1.700 0.185 −0.0
205/203 2.418 0.107 0.0
pe R2 Normalized slope �M

009049 0.5442 −0.0003797 1
025825 0.9797 0.0027679 2
053121 0.9552 0.0023888 1
001729 0.0107 −0.0000713 2

ope R2 Normalized slope �M

0020658 0.9625 −0.0009090 1
0018403 0.9904 −0.0014118 2
0012920 0.8822 −0.0007208 3
0044948 0.9904 −0.0014745 4
0002884 0.9131 −0.0005029 1
00001486 0.6450 0.0001884 2
0007583 0.9557 −0.0005654 3
00009512 0.9127 0.0006916 1

0001460 0.4101 −0.0000624 2
0012814 0.9449 −0.0007535 1
00000277 0.0259 0.0000115 2

pe R2 Normalized slope �M

012747 0.9199 −0.0005610 1
012782 0.9768 −0.0009808 2
007671 0.8592 −0.0004279 3
029455 0.9729 −0.0009664 4
002409 0.8842 −0.0004200 1
001051 0.3383 0.0001332 2
005440 0.8421 −0.0004056 3
007612 0.9006 0.0005533 1
000336 0.0712 0.0000144 2
009158 0.8677 −0.0005387 1
000777 0.1332 0.0000321 2
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change in mass bias can thus be excluded as the source for
the observed isotope ratio drift.

Otherwise, a drift in mass bias can be related to the ana-
lyte only, due to the fact that the matrix in the plasma changes
with amount of analyte introduced. If the analyte concentra-
tion is the determining factor, then isotope ratios will drift
into one direction during the rise in analyte concentration,
and then drift into the opposite direction soon as the peak
maximum is passed, as illustrated inFig. 3a and b. This be-
haviour cannot be observed in the experiments. As shown in
Fig. 2a and b, the isotope ratios drift into the same direction
during the entire peak elution. Nevertheless, a retarded mass
bias effect may be assumed, relating to the fact that the plasma
conditions can stabilise slow, or due to slow removal of car-
bon deposits on the cones from the introduction of organic
matter.

Therefore, the regression coefficients and normalized val-
ues for the slopes obtained on lead and mercury isotope ra-
tios, respectively, are examined: provided the mass bias on
the analyte isotopes is subject to change during peak elu-
tion, a similar effect must be observed on all analyte isotope
ratios, being more pronounced with higher mass difference.
In Table 3a and b, values obtained for lead measurements
are listed either with the Axiom MC–ICP-MS or with the
Isoprobe MC–ICP-MS. For PbEt4 measurements with the
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Regarding the values obtained with the Isoprobe MC–ICP-
MS (Table 3b), the behaviour is completely different. While
208Pb/207Pb shows poor linear relation with very small and
negative values for the slope,208Pb/206Pb and207Pb/206Pb re-
veal a positive linear drift withR2 > 0.995, with very similar
values for the normalized slope. These results do not reflect
the theoretical assumption that the mass bias should have a
similar influence on all isotopes of the same element. There-
fore, here a mass bias effect can be excluded as a source for
the observed isotope ratio drift. This is different from what
was seen inTable 3a for lead measurements with the Axiom
MC–ICP-MS.

Regarding the mercury isotope ratios obtained for
MeHgEt and HgEt2 (Table 3c and d), no common behaviour
is found when all isotope pairs are evaluated. While most
isotope pairs show a negative slope indicating a decrease in
mass bias,200Hg/199Hg shows a positive slope, and no sig-
nificant drift is seen for200Hg/198Hg and201Hg/199Hg with
correlation coefficients <0.65. These findings show that there
is no common rule in the behaviour of the mercury isotopes,
and a systematic drift in mass bias with a similar effect on all
mercury isotopes can definitely be ruled out.
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tween molecular weight and retention time is assumed to be
linear.

Theoretically, when the molecules elute successively with
the lightest isotope first and the heaviest last, a drift in iso-
tope ratio during the peak elution will be observed. Provided
all isotope ratios are formed by using the heavier isotope as
enumerator and the lighter isotope as denominator, all slopes
must be positive, and the normalized slopes will be a propor-
tional multiple of the mass difference. Normalized slopes for
isotope ratios with the same mass difference must be equal.

When comparing the theoretical considerations with the
experimental results as illustrated inFig. 2a–d and detailed in
Table 3a–d, a chromatographic fractionation effect can only
be assumed for the measurements of PbEt4 using the Axiom
MC–ICP-MS. Here, all isotope ratio pairs show a positive
drift, and approximate double intensity for the isotope pair
208Pb/206Pb is obtained with 2 amu mass difference compared
to the slopes obtained for208Pb/207Pb and207Pb/206Pb with
1 amu mass difference. On the contrary, the measurements
of PbEt4 with the Isoprobe MC–ICP-MS reveal no drift for
208Pb/207Pb, and as such do not correspond to the theoretical
expectations.

The majority of mercury isotope ratios show negative
slopes in contrast to the expected positive slopes, besides
two isotope ratios that do not show any drift (R2 < 0.7), and
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Fig. 4. Illustration of the two methods of chromatographic background cor-
rection applied to mercury measurements. Black line: straight correction,
grey dashed line: sloped correction.

RSDs (1–3%) are observed for the isotope ratios only where
no significant drift can be stated.

These results show that a problem related to background
correction issues may be excluded as source for the observed
drift in isotope ratio during peak elution.

3.4. Analyte concentration and peak shape

Another point to investigate is whether the drift in isotope
ratio depends on the peak shape and/or analyte concentration.
Therefore, the results for the two different mercury species
were closer investigated. As shown inTable 3c and d, the gen-
eral tendency for all isotope ratios is the same for MeHgEt
and HgEt2, but all values obtained for the MeHgEt peak are
slightly higher. For better comparison, slopes for MeHgEt
were plotted against the slopes obtained for HgEt2, as illus-
trated inFig. 5a. If slopes were similar for both species, a
bisecting line with a slope of 1 should be obtained. Instead,
the slope has a value of about 0.7, indicating that the isotope
ratio slope values obtained for the two mercury species differ
systematically. Regarding the mercury peaks as illustrated in
Fig. 3c and d, it can be seen that the peak for HgEt2 is larger
than the one for MeHgEt. In order to investigate if there is
a relation to the peak shape, slopes were normalized by the
peak width obtained for the respective peaks. With these nor-
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02/201 −0.0009090 −0.0009103 −0.0009069 0.19
02/200 −0.0014118 −0.0014121 −0.0014168 0.20
02/199 −0.0007208 −0.0007208 −0.0007136 0.58
02/198 −0.0014745 −0.0014758 −0.0014765 0.07
01/200 −0.0005029 −0.0005019 −0.0005094 0.81
01/199 0.0001884 0.0001898 0.0001933 1.33
01/198 −0.0005654 −0.0005655 −0.0005693 0.39
00/199 0.0006916 0.0006917 0.0007035 0.98
00/198 −0.0000624 −0.0000635 −0.0000597 3.19
99/198 −0.0007535 −0.0007548 −0.0007627 0.66
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Fig. 5. (a) Mercury isotope slopes obtained for MeHgEt and HgEt2 plotted vs. one another; (b) mercury isotope slopes obtained after normalization for peak
width for MeHgEt and HgEt2 plotted versus one another; (c) mercury isotope slopes obtained for the injection of 50 and 500 pg MeHgEt plotted versus one
another; (d) mercury isotope slopes obtained for the injection of 50 and 500 pg HgEt2 plotted vs. one another.

malized values, a slope of about 1 is obtained, as illustrated
in Fig. 5b. Thus, the extent of the isotope ratio drift observed
is likely to be dependent on the relative change in analyte
concentration per time, being more pronounced the narrower
the transient signal is.

This finding may also be related to the analyte concentra-
tion, i.e., the total peak height. Therefore, the isotope ratio
slopes obtained for 50 and 500 pg injections of MeHgEt and
HgEt2, respectively, were plotted versus each other, as illus-
trated inFig. 5c for MeHgEt andFig. 5d for HgEt peaks. In
both cases, bisecting lines with slopes around 1 are obtained,
clearly showing that the extent of the drift observed is not
related to the analyte concentration.

4. Conclusion

The repeatedly observed drift on isotope ratios on short
transient signals obtained for measurements with MC–ICP-
MS poses a major problem for the data evaluation of those

experiments. To date, neither satisfactory explanation, nor so-
lution for this problem has been found. In this work, we could
clearly show that neither chromatographic fractionation, nor
changes in instrumental mass bias can be responsible for the
observed drift. Likewise, an instrumental background shift
could be excluded, as well as the influence of overall analyte
concentration. The one parameter that seems to have influ-
ence on the extent of this drift is the overall width of the
transient, pointing to the possibility that the relative change
in intensity per time is the major problem.

However, a satisfactory solution to the described problem
cannot be given, but may put the focus on other parameters,
which may be ascribed to the concept of MC–ICP-MS in
general. One important result described here and confirmed
in literature is that a drift of analyte isotope ratios on transient
signals occurs, no matter which MC–ICP-MS is used: similar
effects are observed for the Axiom, the Isoprobe and the
Neptune[7] instruments, thus giving rise to the assumption
that the reason lies in the overall instrument concept. In fact,
the data acquisition system behind the Faraday cups is con-
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cepted for continuous signals, not for fast changing signals
(L. Rottmann, Thermo Bremen, Germany, personal commu-
nication). This concept may lead to problems in the correct
acquisition with integration times as short as 150 ms or less
and additionally changing analyte concentration. Hirata et al.
[10] described a similar effect for laser ablation work done
with MC–ICP-MS, and attributed it to a slow response of the
Faraday amplifier. In a recent work of Günther-Leopold et
al. [11], a difference in response was found when one isotope
was measured on a different Faraday cup, thus again point-
ing to an instrumental problem related to the ion detection
system.

Here, additional experiments must be conducted, for ex-
ample by using ion counters instead of faraday cups, or to
carry out the same experiment while measuring on different
faraday cups or changing the amplification system behind the
faraday cups, as is possible with the Neptune MC–ICP-MS.

Nevertheless, the analytical possibilities and challenges
that are achieved in terms of superior isotope ratio precision
gained by using MC–ICP-MS are worthwhile to be translated
to short transient signals. Here, superior results not only for
speciation, but also for laser ablation of, e.g., fluid inclusions
are of major interest for the analytical society, and instrument
manufacturers are invited to tackle the presented problem in
cooperation with analytical chemists.
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