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Abstract

The measurement of isotope ratios by Multi Collection Inductively Coupled Plasma Mass
Spectrometry (MC-ICPMS) in transient signals often shows a drift of the isotope signal ratio
during signal acquisition. This “isotopic drift” is generally related to the small and distinct
time lags between the responses of the amplifiers involved in the Faraday detector
configuration. In this work, a method of synchronization of the transient isotope signals for a
duration of a few tens of seconds is proposed in order to: 1) quantify the time lags between
the amplifiers using the ratios of the raw isotope signals and 2) correct the isotope ratio drifts.
The method was successfully tested on lead isotope ratio measurements obtained from two
different multi-collector mass spectrometers and setups (flow injection with direct injection
and gas chromatography). This approach offered a precise determination of the time lag
between the different amplifier systems and an effective correction of the isotope ratio drift.
The performances of the methods traditionally used for isotope ratio calculation of transient

signals were also compared before and after isotope ratio drift correction.
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1 Introduction

Over the past ten years, hyphenated techniques involving Multi Collection Inductively
Coupled Plasma Mass Spectrometry (MC-ICPMS) have become a powerful tool in the field
of isotope analytical chemistry*. Development of on-line coupling methods between the MC-
ICPMS and Laser Ablation (LA)?, High Performance Liquid Chromatography (HPLC)?, lon
Chromatography (IC)*, IsoTachoPhoresis (ITP)°, Gas Chromatography (GC)° or Gold Trap
(GT)’, open a new dimension in isotopic analysis in interdisciplinary fields such as earth, life,
forensic and nuclear sciences. These hyphenated techniques offer shorter analysis time, higher
sample throughput, reduction of cross-contaminations and generally higher sensitivities,
relative to off-line techniques. On-line coupling methods provide transient signals with
specific time windows generally varying from a few dozen milliseconds to a few minutes, in

which the isotope ratios can be accurately measured.

Most experiments reveal a systematic isotope ratio increase or decrease during the transient
signal acquisition, also called isotope ratio drift> ® ®° Several hypotheses have been
proposed to explain the origin of this drift and the most plausible one is the slow time
response of the amplifier system against changes of the input ion signal® ' *2. This time
response depends on the amplifier time constant (also called tau, z), which can vary between
the individual collectors, generating a non-uniform response in time of the different Faraday-

amplifier systems. Pettke et al.*?

investigated two external tau correction schemes and
demonstrated that their use significantly minimize the isotope ratio variations in LA-MC-

ICPMS transient signals.

Isotope ratio drift during transient signals cannot be corrected for by the most commonly used
methods for isotope ratio calculation on transient signals (Linear Regression, Point by Point)"
% 1316 peak Area Integration method® ** is not influenced by the isotope ratio drift due to
integration of the total signal, but the important drawback of this method is that it does not

provide for the uncertainties of individual isotope ratio measurements.
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In this work we present a simple method for the correction of the isotope ratio drift, in
transient signals. This method is based on the synchronization of the raw isotope signals and
offers a precise calculation of the time lag between the different amplifier responses. This
time lag is then used for the isotope ratio drift correction. The feasibility of the method was
tested on Pb transient signals obtained by an MC-ICPMS Neptune using flow injection and a
demountable direct injection high efficiency nebulizer (d-DIHEN)' as the introduction
system. The method was then used for Pb isotope ratio drift correction for data acquired with
a Nu Plasma MC-ICPMS directly coupled to a Gas Chromatograph. Thirty independent Pb
injections were performed and isotope ratio uncertainty, trueness and repeatability of the data

before and after isotope ratio drift correction were calculated and compared.

2 Material and methods

2.1 Instrumentation

d-DIHEN - flow injection - MC-ICPMS (Neptune)

The Neptune MC-ICPMS (ThermoScientific, Germany) used in this work is housed in the
Geochemistry and Cosmochemistry laboratory of the Institut de Physique du Globe de Paris
(IPGP). It is equipped with a multi-collector system of nine Faraday cups attached to 10™* Q
amplifier resistors (dynamic range from 0 to 50 V). All measurements were performed in
static multi-collection mode with Faraday cups. The Faraday-amplifier gains were calibrated
daily before the analytical session, yielding a level of reproducibility of the electrical gains
better than 10 ppm per day. All amplifiers had been set for compensation of signal decay (tau
correction) according to the procedure recommended by the manufacturer'®. For lead isotope
ratio measurements, although Hg is not present in the standard solution, intensities at m/z=202
were monitored for possible ***Hg isobaric interference corrections and found to be negligible
in the case of this study (<10 V against ?>*Pb intensities). All samples were injected into the
plasma through a demountable direct injection high efficiency nebulizer'” (d-DIHEN, Analab,

France) directly coupled to a flow injection system. The flow injection system consists of a

4
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six-way high flow valve (FAST, ESI, USA) with an injection loop of 5 uL and a peristaltic
pump, which ensures the continuous flow of the carrier solution (HNO3 0.5M). 5 pL of a 100
ppb SRM981 standard solution were pushed from the carrier solution (HNO3 0.5M) into the
torch, at a rate of 50 puL min™. Cup configuration for Pb measurements and MC-ICPMS

operating conditions are summarized in table 1.

GC - MC-ICPMS (Nu Plasma)

The Nu Plasma HR MC-ICPMS (Nu instrument, Wrexham, U.K.) is housed in the Institute of
Analytical and Physicochemical Sciences (IPREM, Pau). It is equipped with twelve Faraday
cups attached to 10™ Q amplifier resistors for simultaneous detection (dynamic range from 0
V to 10 V). For Pb isotope ratio measurements, in order to increase the dynamic range of the
H4 collector for *Pb detection, two preamplifiers were connected to the same Faraday cup
achieving a 20 V dynamic range (from -10 to 10 V). All measurements were performed in
static multi-collection mode with Faraday cups. Amplifier gains were calibrated daily before
the analytical session yielding a reproducibility of the electrical gains better than 10 ppm per
day. Tau-correction was performed for all Faraday-amplifier systems. Correction for isobaric
interference at mass 204 was unnecessary as Hg is not present in the standard solution and
because Hg species do not elute at the same time as PbEt,. However, **Hg presence was
monitored using 2°Hg and for all injections, *’Hg intensities were below 10 V. All signals
were acquired using the Time Resolved Analysis (TRA) mode with an integration time of 0.5
s. This MC-ICPMS was hyphenated to a Gas Chromatographic system (Focus GC, Thermo
Scientific, Milan, Italy) with a commercially available heated transfer line and a double inlet
plasma torch'®. A solution of TI (NIST SRM997, 200 ng.mL™?) was simultaneously
introduced as a wet aerosol through a self-aspirating microconcentric nebulizer (200 pL.min
!y and a cinnabar spray chamber. In this work TI solution was only used for monitoring
instrumental stability over time and not for mass fractionation correction. Cup configuration

for Pb measurements and MC-ICPMS operating conditions are summarized in table 1.
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2.2 Reagents

All sample dilutions were performed with 0.5 M nitric acid obtained from sub-boiled 14 M
nitric acid (EVAPOCLEAN system, Analab, France) and de-ionized water (Milli Q system,
Millipore, Milford, MA, USA). The same acid was also used as carrier solution for the flow
injection. For all Pb injections (Neptune-dDIHEN and Nu plasma-GC) the standard reference
material SRM981 (NIST, USA) was used. All calculations were performed with SRM981
isotope ratio values re-evaluated by Doucelance and Manhés® (*®Pb/*®pb = 2.1681,
207pp/2%ph = 0.914970(17), 2**Pb/*®Pb = 0.059019(5)). For TI, the SRM997% (NIST, USA)
standard solution was used. For GC / MC-ICPMS analysis, the SRM981 was ethylated with
NaBEt, and then injected as PbEt, in isooctane™.

2.3 Conceptualization of the isotopic drift in Faraday MC-ICPMS transient signals

Amplifiers time lag and signal ratio drift

As previously mentioned, the time response of the amplifiers depends on the amplifier time
constant (z). The first order time constant of the amplifier system is that of RC circuits and 7 =
RC; where R is the feedback resistor (10** ©) and C the dumping capacity (~10 *? F) which is
used to limit the bandwidth of the amplifier. Typical time constant values of the amplifier
systems used in this work are: 7~ (10" Q) x (10 **F) ~0.1s.

The relationship between the input voltage (ion signal) on the RC circuit and the output

voltage at the input of the electrometer can be described by this equation®:

dVout _ l _
T - Z' (Vin (t) Vout ) (1)
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Where Viqy(t) and Vo are the the RC circuit input and output voltages which are functions of
time. A simulation of the amplifier RC circuit influence on two transient signals (v.", v,") and
on the signal ratio (V" /v*") for 7, and =, time constants is given in figures 1a and 1b. The

input transient signals were simulated using a Log-normal function (2) which is a good

approximation of the transient signals presented in this work.
V. (t) = hx Exp [—(Ln(t 11%) | w)z} 2)

Where h, t** and w, are parameters corresponding to, amplitude, time of maximum signal
and width of the peak respectively. The equation (1) was numerically solved for each signal
and for different time constants (7).

As can be seen in figure 1a, the RC circuit output signals (v and v,*") are slightly shifted to

the right relative to the input signals. This shift increases for higher amplifier time constants

(slower amplifier time response) and decreases for lower time constants (faster amplifier time

response). For identical amplifier time constants (Ar = 7, - 7, = 0), V. time shift is identical
to v, time shift and no v /v,*" ratio drift is generated (Figure 1b). In case of a time lag
between the amplifiers (At # 0), the time shifts of the output signals are not identical and v

and v, signals are time shifted relative to each other given by At=t>*—t**. Due to this
time shift, output signals become enhanced or reduced for a given time relative to what they
should be if there was no time shift, generating a v /v, signal ratio drift (Figure 1b). This
ratio drift increases for higher time shifts and decreases otherwise. Therefore, the time lag
between the amplifier responses induces a time shift between the output signals which in turn

generates an isotope ratio drift. As the time shift between the output signals is too small to be

visualized in figure 1b, a schematic representation is given in figure 1c.

The signal time shift between the output signals (At) and the time lag (Az) between the
amplifiers are related, and our simulations showed that for amplifier time constants z ~ 0.1 s

and Az varying between 0 and 0.01 s, At is identical to At (At=A7).
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The origin of the amplifier time lag is the slight differences between: 1) the ultrahigh ohmic
resistors (AR) and 2) the capacities®® (AC). An approximation of the expected time lag range
between the amplifiers can be performed using equation 3 (see Supplementary Information
SI1).

Az £+A_R (3)

For typical AR/R and AC/C values of the order of 3 % and for = 0.1 s, Az was found to be ~
0.006 s. This Az value may be smaller in the case of different AC/C and AR/R signs. Identical
time constants (z) can thus be due to identical R and C between the different amplifiers, but
also to AC/C = - AR/R.

It would be interesting to investigate the evolution of signal ratios during transient signals in a
three isotope diagram for different amplifier time lags. For this reason, three transient signals
were simulated using equation 2 with signal ratios respecting “®Pb/?®Pb and 2°’Ph/*®Pb
reference ratio values of the SRM981%°. Then, equation 1 was numerically solved for the three
signals. Time constant of 2°Pb signal (¢ °>°Pb) was fixed at 0.1 s and time constants of ***Pb
and 2P signals (r 2®Pb, r ?’Pb) varied between 0.097 and 0.013 s (Ar max of 0.006 s).
During the transient signals, for each time constant combination, signal ratios follow a straight
line and all lines cross each other in a single point located on the Exponential Mass
Fractionation Law (EMFL)? (Figure 2). When 7 2°®Pb = 7 2’Pb = £ ?®Pb (no time lag), signal
ratios are invariant to signal changes and as can be seen in figure 2, all signal ratios take a

unique value on the EMFL.
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Synchronization of the recorded isotope signals

Considering that the major source of the isotope drift in transient signals is the non-uniform
time response of the different amplifiers, our approach is to synchronize the distinct isotopic
signals with the signal of one amplifier, which is taken as the reference system. The time lags
between the different amplifiers can be calculated by synchronizing the recorded signals as a
data treatment (At = Az ). The synchronization is effective when there is no more drift in the

time corrected isotopic signals.

The signal synchronization is illustrated in figure 3 and operates as follows. We consider the
transient signals of the isotopes “a” and “b” measured with two different Faraday-amplifiers.
Signal (V,") of “b” isotope with its respective timestamp readings per cycle (t;), as recorded
from the onboard computer, is considered as the reference system. The amplifier of the “a”
isotope lags (slower time response) behind the amplifier of the “b” isotope generating a

positive signal ratio drift (V." /V,") (Figure 3a).

In order to apply a time correction to the signal of the “a” isotope, a function V,(t) describing
the signal time evolution, passing through all points (V."), is needed. To achieve this, the

transient signal of “a” isotope was modeled using Piecewise Polynomial Interpolation (PPI)
(Figure 3b). For this work the PPI was accomplished by using the command “Interpolation”
of Mathematica software. This command numerically interpolates a series of 3™ order
polynomial curves through the successive points of the signal thus creating a well-behaving
curve (no oscillations that are not supported by the data), rather than to generate a single
polynomial. The 3" order interpolation was chosen because it is the lowest polynomial order

for which curvature will be continuous. Each interpolation curve is controlled by ensuring that
the Sum of Squared Differences (SSD) between the measured signals (V") and the calculated

values from the function V,(t;) signals for each timestamp readings (t;) are equal to zero.
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Determination of the time lag between the amplifiers

Page 10 of 32

We consider the slope (S) of the linear regression for the V. /V." isotope ratios (Figure 3a, red

line):

(v

S:|1

o),

n

5

i=1

—nZt

Where S is the slope, V" and V," are the blank-corrected intensities per cycle of the “a” and

“b” isotopes respectively (in Volts), ti is the timestamp reading per cycle (in seconds) as

recorded from the onboard computer and n is the number of points used for the slope

calculation. The Slope model (equation 5) can now be easily derived from equation 4 by

replacing the measured signals V" by the signal function Va(ti+ At). This function gives the

intensity of isotope “a” at a time slightly before or after t; (At positive or negative).

S(At) =

e

V, (L + At)

th

xS -03s

[

n

2t

i=1

j —nizzl:tf

(®)

Slope (S) is now a function of At. Minimization of the Slope model calculates the Atyn value

for which the slope of the linear regression for V." /V." isotope ratio drift is closest to zero.

The absolute value for the slope is used in order to avoid negative slopes during minimization.

Atmin represents the time shift (in seconds) between V." and V." signals generated by the time

lag (Ar) between the two amplifier systems.

10
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For the V" /V,' ratio, Aty is positive if the amplifier response of the “a” isotope is slower

than that of isotope “b” (reference system) and otherwise negative. Numerical minimizations

were performed using the command “NMinimize ” of the Mathematica software.

The Atyin value calculated by the model is then used in equation (6) to correct the isotope ratio
drifts:

V_(t +At .
a(l - mln) (6)
Vb

The time shift correction is applied right after data acquisition without any preliminary
calibration procedures. This internal correction, implying isotopic ratio signals, offers a
precise determination of both the time lags between the Faraday-amplifier signals and the

isotopic ratios.

For the amplifier signal synchronization and isotope ratio drift correction, alternative

calculations can also be used (see SI3).
3 Results and discussion

3.1 Application to transient signals from d-DIHEN - flow injection - MC-ICPMS

Lead transient signals generated by flow injection connected to a demountable direct injection
high efficiency nebulizer (d-DIHEN)*" were investigated using the Neptune MC-ICPMS. The
objective was to obtain an isotope ratio drift due only to the time lag between the amplifier
systems. Although the flow injection system has already been used for transient signal
studies®, the use of the d-DIHEN allows an effective elimination of isotope bias caused by

memory effects. For this purpose, 100 ppb SRM981 standard solution was pushed through a 5

11
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ML injection loop from the carrier solution (HNO3; 0.5M) into the torch, at a rate of 50 pL
min* and the transient signals were acquired with an integration time (it) of 0.5 s.

208py/20pp 207pp/2%ph and 2%Ph/*Ph isotope ratios were investigated and only 2’Pb/*°Pb
ratio showed a significant drift (Figure 4a): Point by Point 2’Pb/*®Pb isotope ratio shows a
systematic increase with time over a period of ~30 s. Neptune MC-ICPMS offers the
possibility to virtually assign amplifiers to Faraday cups. In a second injection for lead
transient signal measurement, amplifiers previously assigned to Faraday cups H1 and H2 were
switched. This second measurement shows an inversion of the point by point 2°’Pb/?*®Pb ratio
drift (decrease with time, Figure 4b), and confirms that the amplifiers are the source of the

isotope ratio drift. Identical drift range (~0.2%) was observed for both measurements.

For the isotope ratio drift correction, blank-subtracted *®Pb and ®Pb intensities with their
respective timestamp readings from the onboard computer were used. Isotope blank
intensities of 2’Pb and ®Pb isotopes were recorded over ~10 seconds before the transient
signal peak. Data processing involves subtracting the 10 s averaged blank from each intensity
point for the *°’Pb and ®Pb isotopes. “®Pb isotope is used as the reference isotope and
timestamp and intensity readings of 2°’Pb were used to obtain the signal function Vag7(t) by
the PP1 method.

In order to efficiently calculate the time shift (Atyin) between H1 and H2 amplifier signals, the
Slope model was applied over a specific time-zone in which the isotope ratios showed a
steady trend, avoiding high isotope ratio noisy or spiky behavior (Figure 4a,b, red line). This
zone corresponds to 2°’Pb intensities higher than ~0.7 V. After Slope model minimization (see
multimedia files), Atmi, values were found to be 0.0031 s and -0.0032 s before and after H1-
H2 amplifier switching respectively. From the Atyin Signs, it can be concluded that the
amplifier assigned to the H2 Faraday cup, before amplifier switching, has a slower time

response (higher time constant) relative to H1 amplifier.

Then, the time drift corrected *°’Pb/?°Pb isotope ratios were calculated from equation 6
(Figure 4c,d). Comparing the slope values (S) before and after drift correction it is obvious

that isotope ratio drifts were effectively corrected (Figure 4a vs 4c and 4b vs 4d).

12
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Using the calculated time shift between the amplifier signals (Atmi, = 0.0031 s), it would be
possible to reproduce the observed isotope ratio drift and to demonstrate that the ratio drift is
generated from the time lag between the amplifiers.

For this purpose, the previously calculated signal function Va7(t) was used in order to obtain
the Voos(t) signal function according to: Vaps(t) = Vaor(t) / 0.920187. Where 0.920187 is the
non-mass fractionation corrected 2°’Pb/*®Pb isotope ratio measured in continuous signal
mode with an integration time of 4 s (0.920187 + 80 ppm, 20). In this way, the non-time
shifted signal functions of the ?’Pb and “°Pb isotopes can be obtained. Then, the equation 1
was numerically solved for V,o7(t) and Voos(t) signal functions with time constants 77 =
0.1031 s and 7206 = 0.1 s (Az = 0.0031 s).

As can be seen in figure 5 the simulated isotope ratio drift is in good agreement with the
measured isotope ratio drift. Therefore, we can conclude that the isotope ratio drift is mainly
generated by the time lag between the amplifiers and also the time shift between the signals is

identical to the time lag of the amplifiers (At=A7).

The fact that no drift was observed before amplifier switching for the 2Pb/*®®Pb and
204ph/?%®pp ratios is due to nearly identical time constants between the amplifiers involved for
these isotope ratio measurements (see SI2). This can be also illustrated in the three isotope
diagrams, ®®Pb/?°Pb versus 2*’Pb/*®®Pb. For this diagram, the blank-corrected isotope ratios
corresponding to the linear regression zone (Figure 4a, red line zone) were used. Isotope
ratios in the 2°®Pb/*®Pb vs 2°’Pb/*®®Pb diagram follow a vertical straight line relative to the x-
axis, which crosses the Exponential Mass Fractionation Law (EMFL) (Figure 6a). Based on
figure 2, this isotope ratio distribution confirms that z 2°®Pb ~ z ?°Pb. Isotope ratio distribution
in figure 6 b is more difficult to interpret due to low 2**Pb signal favoring high 2**Pb/*Pb

ratio random variations around the EMFL.

After drift correction, the isotope ratios are in much better agreement with the EMFL which
proves that amplifier signals had been effectively synchronized (Figure 6c).

13
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3.2 Application to GC-MC-ICPMS for Pb isotope ratios

Isotope ratio drift in GC-MC-ICPMS

The previously developed method for isotope ratio drift correction in transient signals was
applied to data acquired by gas chromatography directly coupled to a Nu Instrument MC-
ICPMS for Pb isotope ratio determination. These data consist of thirty independent injections
of Pb SRM981 standard solution, acquired in static multi-collection mode with an integration
time of 0.5 s. Lead elution profiles were reproducible with regards to time, peak-shape and
maximum intensity. Typical isotope ratio profiles during Pb elution are given in figure 7.
Blank-corrected isotope ratios showed a negative drift for 2*Pb/*®Pb ratio (variation of about
1.05%) and positive drifts for °’Pb/?%®Pb and **Pb/?°®Pb ratios (variations of about 0.35%
and ~0.17%, respectively). Theoretically, when a GC is coupled to an MC-ICPMS, both
chromatographic separation and time lag between the amplifiers can be considered as possible
sources of the observed isotope ratio drift. Capillary GC column separates species according
to their boiling points and thus, isotope fractionation during separation would obey physical
laws of isotope mass fractionation favoring the elution of light isotope masses first. Therefore,
if the major source of the observed isotope ratio drifts is mass-dependent isotope fractionation
in the GC column, 2°®Pb/*®Pb and 2**Pb/*®Pb ratios should show positive and negative drifts
respectively during Pb elution, which is not what is observed (Figure 7a and c). Only
207pp/?%®ppy jsotope ratio positive drift would be consistent with an isotope mass-dependent
fractionation in the GC column (Figure 7b). In figure 8 (blue points), **Pb/*®®Pb and
207pp/2%ph jsotope ratios were plotted against 2°°Pb/*%®Pb ratios and compared to the
Exponential Mass Fractionation Law (EMFL)®. For these diagrams, the blank-corrected
isotope ratios from the linear regression zones (Figure 7 red line zones) of the thirty injections
were plotted together. If the observed drifts had been caused by a mass-dependent
fractionation in the GC column, the blue points of figures 8a and 8b should be in good
agreement with the EMFL. As can be seen, important deviations from the EMFL clearly point
out that the major source of 2>*Pb/*®Ph, 2"Ph/*®Ph and 2°®Pb/?°°Pb isotope ratio drifts cannot
be the isotope mass-dependent fractionation in the GC column during Pb elution. These
deviations are consistent with isotope ratio distributions obtained with a time lag between the

amplifiers involved in the Faraday detector configuration (z °Pb # 7 2'Pb # 7 2°°Pb # ¢ ?**Pb,

14
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Figure 2). Therefore, time lags between the amplifiers were considered as the major source of

the observed isotope ratio drifts.

GC-MC-ICPMS drift correction

For the isotope ratio drift correction, the same procedure previously described for the d-
DIHEN introduction system was used. The “®Pb isotope is considered as the reference system
and timestamp and signal readings of ?**Pb, “’Pb and %°®Pb isotopes were used for obtaining

the signal functions Va4(t), V207(t) and Voog(t) respectively by PPI.

Atmin for 2%®Pb/?%°Ph, 2'Pb/?%Ph and 2*Pb/*®®Pb ratio drifts were calculated using the Slope
model for each injection (see multimedia files). For both 2®Pb/?°®Pb and *’Pb/*®®Pb, Atmin
were reproducible across the thirty injections, with average values of -0.00706 s (£ 2.6%, 20)
and 0.00269 s (+ 8.0%, 20) respectively. Atmi, values of the 2**Pb/?°°Pb ratio show higher
fluctuations between the injections with an average value equal to 0.00115 s (x 74.6%, 20)
(see Sl 4.1). These high fluctuations are probably due to low 2**Pb signal which increase the

uncertainty of the interpolated (V2o4(t)) data.

It should be noted that, even if the time lag between the amplifiers is the dominant source of
the observed isotope ratio drift, mass-dependent isotope fractionation in the GC column
cannot be excluded. Isotope fractionation in preparative capillary GC*, HPLC?, cryo-GC?
and ITP® separation techniques have already been observed. Column isotope fractionation
generates an isotope ratio drift that should be added or subtracted to the drift coming from the
amplifiers time lag (addition for the same slope signs and subtraction otherwise). Slope model
takes into account both processes and therefore in this case Atmi, includes the amplifier time
lag and eventual column isotope fractionation. Therefore, it should be possible to highlight
isotope ratio drift generated by column mass-dependent isotope fractionation by subtracting

the amplifier time lag.

To correct measured isotope ratios from the time lag drifts, Atyn values obtained from the
Slope model were used. When comparing the 2**Pb/2®Pb, 2’Pb/?**Pb and *®Pb/**®Pb slopes of
the linear regressions before and after Atmi, correction, it is obvious that isotope ratio drift is
efficiently corrected by the model (Figure 7a,b,c) and the corrected isotope ratios are in much
better agreement with the EMFL (Figure 7a and b, red points).
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For 2®Pb intensities higher than 10 V, corrected isotope ratios show a slight deviation from
the EMFL. The origin of this deviation has not been identified in this work (see Sl 4.2).

Individual injections: uncertainty, repeatability and trueness

The performances of the drift correction on the isotope ratio uncertainty, trueness and
repeatability were also tested and evaluated. Data of the thirty independent injections (GC-
MC-ICPMS) of the SRM981 standard solution were treated with the methods traditionally
used for isotope ratio calculation on transient signals: Point by Point (PbP), Linear Regression
(LR) and Peak Area Integration (PAI)" ** . The results of the PbP and LR methods were
compared before and after isotope ratio drift correction, whereas for the PAl method only raw
data were treated. For the PAI method the integration of 100% of the peak area was selected
and therefore the time lag between the amplifiers does not have any importance. Epov et al.**
4 found that the best isotope ratio precision using the PAI method was obtained for an
integration of 90-95% of the peak area. For our data, two different integration zones of 95%
and 100% of the peak area were tested and no significant differences were observed. 100% of
the peak zone was used for the LR method™*. For the PbP method the zone which was used for
the Slope model was taken into account for isotope ratio calculation (red line segments in
Figure 7). For all methods, blank intensities were calculated for each isotope as the average
value of a zone (duration ~8 s) before the transient signal peak. The blank contribution was
then subtracted from each intensity point of the respective isotopes. Isotope ratio drifts for all

injections were corrected using Atmi, Values obtained from the Slope model.

For all methods (PbP, LR, PAI) the instrumental mass fractionation was corrected internally

using the 2®®Pb/?°Pb ratio of (SRM981)%° and the exponential mass fractionation law?* '

SI5).

(see

The blank-corrected 2°’Pb/?°®Ph, 2*4Pb/®®Ph ratios (corrected for mass fractionation relative to
208pp/2%ph ratio) were treated by different methods before and after isotope ratio drift
correction (Figure 9). Final isotope ratio uncertainty for the PbP and LR methods were

calculated for each individual injection by propagating the uncertainties of the mass

16
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fractionation factor (Baosz0s) and of the 2’Pb/*%Pb, 2**Pb/*®Pb ratios. The latter were
calculated as the standard deviations (o) for the PbP method and as the slope uncertainty (SE)
for the LR method. The SE was calculated using the command “Regress” of Mathematica and
can also be calculated using the “INDEX(LINEST(...))” function of MS EXCEL™. The
detailed equation for uncertainty propagation used in this work is given in Supporting
Information section 5. Unlike the PbP and LR methods, the PAI method does not provide
isotope ratio uncertainty for individual injections. In figure 9, the uncertainty associated with
the individual injections for the PAI method was calculated as the repeatability (o) of the
thirty injections. All isotope ratio uncertainties are expressed for a coverage factor k=2.
Average values of isotope ratios, individual injection uncertainties, repeatability and trueness
are given in table 2.

For the PbP method both individual injection uncertainty and repeatability (o of thirty
injections) of the 2"Ph/?®Pb, 2**Ph/*®Pb drift corrected ratios were improved by a factor of 20
and 13 respectively, compared to the results without drift correction. In contrast, for the
isotope ratios treated with the LR method, repeatability before and after drift correction seems
to be invariant (Figure 9) but individual injection uncertainty was significantly improved by a
factor of 14. The improvement of individual injection uncertainty and repeatability after
isotope ratio drift correction is more significant for 2°’Pb/?°®Pb than for 2**Pb/*®®Pb ratios, as
the time lag Atmin is much larger for this ratio. Drift corrections have no influence on the LR
average trueness (trueness of the thirty average measurements). In contrast, for the PbP
method drift correction improved average trueness for the ?’Ph/*®Pb ratio and deteriorated it
for the 2*Pb/”®Pb ratio (Table 2). However, PbP trueness variations are less than the

uncertainty measurements, and are therefore not significant.

For all isotope data a slight but systematic shift from the reference value is observed. The fact
that average trueness of PAI, PbP and LR methods (before and after drift correction) are all in
good agreement, proves that this shift is not a result of the drift correction model either from
the PbP or LR data treatment. This small systematic bias cannot be treated statistically and

further investigation is needed in order to identify its origin.
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4 Conclusion

In this work we demonstrated that, during transient signal acquisition, the slight time lags
between the amplifiers involved in Faraday detector configuration generate an isotope ratio
drift. We proposed a method for the internal synchronisation of the raw isotope signals which
allowed both the precise determination of the time lags between the amplifiers, and the
isotope ratio drift correction. The method was successfully tested for transient signals
obtained by d-DIHEN-flow injection-MC-ICPMS and GC-MC-ICPMS. This approach allows
the use of the full performance range of the Faraday multi-collectors. The performances of the
traditionally used methods for isotope ratio calculation on transient signals were significantly
improved after correction of the isotope ratio drifts. The measurement uncertainties were
reduced by factors of 20 and 14 for the PbP and LR methods respectively. Repeatability was
improved by a factor of 13 for the PbP method and the drift correction benefits were found to
be less significant than for the LR method. The method can also be applied to the hyphenation
of other sample introduction systems such as LA, HPLC, or IC to MC-ICPMS.

18
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MC-ICPMS conditions Neptune Nu Plasma
Sample Introduction System GC

Nebulizer d-DIHEN Microconcentric (for TI)
Spray chamber Cinnabar 20 mL (for TI)
Sample gas 0.2 (L min™) 20 (psi)

Ar makeup gas (mL min'') 0.4

He GC carrier gas (mL min'") 25

Liquid uptake (L min™) 50 200 (for TI)
MC-ICPMS conditions

RF power (W) 1200 1300

Plasma gas flow rate (L min™) 15 13

Auxiliary flow rate (L min'*) 13 0.9

Resolution Low Low

Integration time (s) 0.524 0.5 (TRA mode)
Sensitivity on 2°®Pb (V ppm™, 120 45

continuous introduction mode)

Cup configuration L3 L2 L1 AX H1 H2 H3 H4
Neptune 202Hg 204Pb 206Pb 207Pb 208Pb

Nu Plasma 202Hg 203-” 204Pb 205TI 206Pb 207Pb 208Pb
Focus GC GC temp. Program

Injector Split/splitless Initial temperature (°C) 60
Injector volume (uL) 3 Initial time (min) 2
Injector temperature (°C) 250 Ramp 1 (°C/min) 60

Column

MXT, 30 m, 0.53 mmi.d., Finaltemperature 1 (°C) 95
1.0 mm coating

Hold time (min) 5

Ramp 2 (°C/min) 60
Final temperature 2 (°C) 250

Hold time (min) 1

Table 1. MC-ICPMS and GC operating conditions and Faraday cup configuration.
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207pp200py, PbP LR PAI
Drift uncorrected Corrected Drift uncorrected Corrected  Drift uncorrected
% Uncertainty 0.50 0.024 0.034 0.0024
% Repeatability 0.098 0.0072 0.0062 0.0062 0.0058
% Trueness 0.030 0.014 0.018 0.019 0.016
204Pb/206Pb
% Uncertainty 0.52 0.088 0.031 0.017
% Repeatability 0.125 0.034 0.022 0.022 0.062
% Trueness 0.013 0.032 0.030 0.030 0.025

Table 2. Average values of 2Pb/*®Pb and **Pb/*°°Pb isotope ratios; uncertainty,

repeatability and trueness for data uncorrected and corrected for isotope ratio drift in GC-MC-
ICPMS. Where PbP, LR and PAI are respectively the Point by Point, Linear Regression and

Peak Area Integration methods. Uncertainty and repeatability are expressed for a coverage

factor k=2.
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Figure 1. a) Simulation of the amplifier RC circuit influence on two input transient signals (

v."and v,"). The equation 2 was used for the simulation of the input signals. For both signals,

w and t

were equal to 0.4 and 50 respectively and h was 1 and 0.5 for V." and V,"

respectively. For the resolution of the equation 1, a high time constant was chosen (za = 7,

=1.2 s) in order to better visualize the time shift between the input and the output signals. b)

Simulation of the influence of the amplifier time constants (z,, 7,) on the output signal ratios.

c) Schematic representation of the time shift between the output signals (typically in the order

of some milliseconds) as a function of amplifier time constants.
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37 Figure 2. Simulation showing the evolution of signal ratios during transient signals in a three
39 isotope plot for different amplifier time constants. For each time constant combination, signal
41 ratios follow a straight line and all lines cross each other in a single point located on the
Exponential Mass Fractionation Law (EMFL). Some particular time constant combinations
44 are presented: 7 2°®Pb = ¢ ?Pb, ¢ ©'Pb = 7 2°°pb, 1 2®Ph =t ®Pb and t ®Pb =t 'Pb = ¢
46 206ph. For 7 2®Pb = 7 ?”Pb = 7 *Pb (no time lag), signal ratios take a unique value on the
48 EMFL.
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— Linear regression of the isotope drift

Figure 3. a) A simplified illustration of an exaggerated time shift between two signals for “a”
and “b” isotopes. Considering “b” isotope as the reference system, amplifier of the “a”
isotope lags behind the amplifier of the “b” isotope generating a positive drift in time of V" /
V,! isotope ratio. Where t; are the timestamp readings per cycle as recorded from the onboard
computer. b) Time lag correction of the “a” isotope signals. The time shift value between the
signals (Atmin) is calculated by minimizing the slope of the isotope ratio drift. Stars are the
new time-corrected signals of the “a” isotope which are obtained from the Va(ti+Atnin)

function. The drift-corrected isotope ratios are calculated using Va(ti+Atmin) / Vp".



Page 27 of 32

©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry

After amplifier switching

0.922 - - - 3 0.922 s : .
a — Linear regression b L 1|, — Linear regression
* o021} | * 0921} Kl |
0 12~ Qo 2 —~
g . > 2 ° >
& 0920f ~ & 0920} g
9, Q -Q
o ; g é i
£ o919} ¢ & & 0919 ]
= /-/" S=0.8x10* ~
0.918 ' : ' : 0 0.918 : : ' : 0
50 60 70 80 9 100 50 60 70 80 90 100
Time (s) Time (s)
0.922 3 0.922 After am'pllfler 'SW|tch|'ng
¢ Cc d s — Linear regression
o 0921t o % ooz} 1 |
12 —~ o] * e 2 —~
g- 2 g .\' A 2
& 0920} o 2 0920F |lil% /\... Sag%es .\J'w Q
g 0919} . =0. S 2 oow9f ||i|At,,, =-0.0032s S
S=2.7x101%2 \ | S=3.6x101
0.918 : : : ' 0 0.918 : : : ' 0
50 60 70 80 90 100 50 60 70 80 90 100

Time (s) Time (s)

Figure 4. Lead transient signal with flow injection and a demountable direct injection high
efficiency nebulizer (d-DIHEN) on a Neptune MC-ICPMS (integration time of 0.524 s). (a)
Drift of the point by point isotopic ratio of blank-corrected 2°’Pb and 2®®Pb intensities with
time. (b) Drift of the point by point isotopic ratio of blank-corrected “°’Pb and 2°°Pb intensities
with time after H1 and H2 amplifier switching. (c) and (d) Time lag corrected isotope ratios
for (a) and (b) isotope drifts respectively. Red lines correspond to linear regression functions
and S to the slope values. Atmi, is the value for which the slope is closest to zero and
corresponds to the time shift of the 2’Pb and ?°®Pb signals and so to the lag between the

amplifiers.
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Figure 5. Simulation of the expected *°’Pb/*®Pb isotope ratio drift for lead transient signals

with flow injection and a demountable direct injection high efficiency nebulizer (d-DIHEN)

on a Neptune MC-ICPMS.
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Figure 6. Three isotope plots, for lead transient signals with flow injection and a demountable

36 direct injection high efficiency nebulizer (d-DIHEN) on a Neptune MC-ICPMS. These data

38 were obtained before amplifier H1-H2 switching. Where EMFL, is the Exponential Mass

40 Fractionation Law. a) and b) raw data, and c) drift corrected **’Pb/?*Pb ratios.
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Figure 7. Lead transient signal using a GC directly coupled with a Nu MC-ICPMS. Isotope
ratios before and after drift correction of: a) 2®Pb/?®®Pb, b) 2’Pb/***Pb and c) ***Pb/*®®Pb. Red
lines correspond to linear regression functions, (Sp) and (Sa) to the slope values before and

after isotope ratio drift correction.
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23 Figure 8. Three isotope plots for lead (SRM981) isotope ratios of 30 independent injections
25 in GC-MC-ICPMS: a) ®®Pb/*Pb versus ?’Pb/*®Pb and b) 2°*®Pb/*®Pb versus 2**Pb/*°Pb.
27 Blue and red dots represent uncorrected and corrected raw ratios, respectively. Yellow dots
show data dispersion characteristic of a single injection. For all lead isotope ratios, the
30 dispersion of the raw ratio points around the Exponential Mass Fractionation Law (EMFL) is

32 much less for corrected compared to uncorrected ratios.

11



©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry Page 32 of 32

0917
allll[[Point by Point Linear Regression Peak Area Integr.
0.916 |
o)
3 DL b i iy
& 0815 iy WW# L i —— —
- e ORI T
s | %“LUW p TN | sl
N
0.914 1 e Drift uncorrected data
® e Drift corrected data
0913 | -- Reference value
0.0592
b Point by Point Linear Regression Peak Area Integr.
0.0591 H{
o
& . I ‘
U1 LW E—— h aﬂ
—  0.059 [ r ‘ “ Wesste & \
5 o= [T TR i
: I VI ikl
e Drift uncorrected data
0.0589 e Drift corrected data
-- Reference value

0.0588

Figure 9. GC-MC-ICPMS blank-corrected and mass fractionation-corrected 2°’Pb/*®°Pb (a)
and 2**Pb/?®Phb (b) isotope ratios for thirty injections. All data were treated before and after
isotope ratio drift correction with the Point by Point (PbP), Linear Regression (LR) and Peak
Area Integration (PAI) methods. Dashed lines represent reference values of 2°’Pb/*®®Pb and
204pp2%p jsotope ratios for the SRM981 standard solution and the shaded areas correspond
to the reference value uncertainties (20). All uncertainties are expressed for a coverage factor
k=2.
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