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2. The mass-dependence of Cd isotope fractionation during

evaporation and the mass discrimination of Nd isotopes in MC-ICPMS

2.1. ABSTRACT

Isotope fractionation laws aim to describe the mass-dependence of isotope fractionation

that occurs in nature, laboratory experiments and during mass spectrometry. They relate the

isotope fractionation factor αA for one isotope ratio to the fractionation factor αB for a second

isotope ratio of the same element, with a fractionation exponent β such that αA = αB
β. The

fractionation exponent β is a function of the masses of the relevant isotopes and therefore

determines the mass-dependence of the isotope fractionation law. The generalized power law

(GPL) defines β = (m1
n-m2

n)/(m1
n-m3

n). Through the application of the variable n, the GPL

can be used to describe the different mass-dependencies that may occur in isotope

fractionation processes. In particular, the GPL is equivalent to an equilibrium fractionation

law for n = -1 and the kinetic (exponential) fractionation law for n → 0.

The isotope fractionation that accompanied the evaporation of molten Cd into a vacuum

was studied by analyzing the Cd isotope composition of the evaporation residues relative to

the starting material. Multiple collector inductively coupled plasma mass spectrometry (MC-

ICPMS) was used for the isotope ratio measurements. The high precision of the relative

measurements allowed to resolve different fractionation mechanisms. The observed mass-

dependence of the Cd isotope fractionation that is recorded in the residues are not in accord

with a purely kinetic isotope fractionation process (Rayleigh distillation). Rather, the Cd

isotope patterns can be accounted for with the GPL using n = -0.35. This requires that both

kinetic and equilibrium isotope fractionation occurred during evaporation. The mass-

dependent fractionation is well described by a mixture of Rayleigh evaporation with αkin

(110Cd/114Cd) = 1.018 and stepwise batch equilibrium evaporation with αeq (110Cd/114Cd) �

1.005.

The evaluation of Nd isotope ratios acquired by MC-ICPMS indicates that the exponential

law correction for mass discrimination generates slightly inaccurate data, which agrees with

the results of previous studies. The overall accuracy of the data can be improved substantially

by application of the GPL with n-values that are intermediate between kinetic and equilibrium

fractionation, but closer to the former (n � -0.20 to -0.26 in this study).
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2.2. INTRODUCTION

Chemical reactions and physical and biological processes can generate mass-dependent

stable isotope fractionations as the result of equilibrium isotope exchange or kinetic isotope

separation. Following the earlier work of Matsuhisa et al. (1978), Young et al. (2002) inferred

the slightly different mass-dependencies (or mass functions) of kinetic and equilibrium

processes. If the exact function of mass can thus be determined precisely for an isotope

fractionation process, this can provide additional information about the fractionation

mechanisms, such as the extent of equilibrium. Young et al. (2002) argued that the different

mass functions for kinetic and equilibrium processes may explain the subtle differences in

∆17O between tropospheric O2 and other terrestrial materials or between different minerals in

Martian (SNC) meteorites. Both effects have previously been attributed to non mass-

dependent isotope fractionations (Farquhar et al., 1998; Luz et al., 1999). However, mainly

because of limitations in measurement precision, different mass-dependencies have so far

gained little attention.

The instrumental mass discrimination of thermal ionization mass spectrometry (TIMS)

and multiple collector inductively coupled plasma mass spectrometry (MC-ICPMS) is a major

obstacle for the acquisition of accurate and precise isotope ratios. In order to correct for this

effect, a number of empirical mass fractionation laws have been used (Table 2.1) (Russel et

al., 1978; Hart and Zindler, 1989; Habfast, 1998; Maréchal et al., 1999). The physical cause

of the mass discrimination is very different for TIMS and MC-ICPMS instruments. In TIMS,

the analyte is loaded onto a metal filament that is heated during the analysis. This leads to the

progressive evaporation and ionization of the sample and the isotopic composition of the

residue remaining on the filament changes with time. The mass discrimination of MC-ICPMS

is significantly more severe than for TIMS. In MC-ICPMS, however, the mass discrimination

displays only minor drift and is thus, to a first order, time-independent. Ions of high mass are

preferentially transmitted through the ICP-source mass spectrometer and the measured isotope

ratios are thus biased towards isotope compositions enriched in the heavy isotopes and high-

mass elements typically display better transmission efficiencies.

The exponential law is most widely used for the correction of instrumental mass

fractionation in both TIMS and MC-ICPMS (Russel et al., 1978; Wasserburg et al., 1981;

Hart and Zindler, 1989; Lee and Halliday, 1995; Luais et al., 1997; Maréchal et al., 1999).

This is surprising at first sight, because the origin of the mass discrimination is fundamentally

different for the two techniques. Based on Nd isotope measurements by MC-ICPMS, it has
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been shown that an exponential law correction of mass discrimination can yield inaccurate

results, because the procedure does not provide an exact description of the mass-dependence

of the fractionation process (Vance and Thirlwall, 2002). This obstacle can be overcome by

performing “relative” measurements, where the isotope compositions of the samples are

measured relative to well-characterized standard reference materials. Such measurements,

however, have the disadvantage that sources of errors other than those associated with the

mass discrimination correction may not be recognized. The situation becomes even more

unfavorable, if the mass-dependence of the isotope fractionation changes with time, e.g., due

to tuning of the instrument or impurities in the sample. Therefore, the study of mass functions

in mass spectrometry is important for improving the overall analytical performance.

Here, we report the precise determination of mass functions for residual Cd that remained

from the evaporation of molten Cd into a vacuum. This is a new approach for the study of

isotope fractionation mechanisms in general and for the interpretation of Cd isotope

fractionation in chondritic meteorites (Rosman and De Laeter, 1976; Rosman and De Laeter,

1988; chapter 1 and 3). Furthermore, we investigated the mass-dependence of the mass

discrimination associated with MC-ICPMS. The mass functions were determined, by

comparing Nd isotope data obtained by MC-ICPMS with TIMS reference values.

2.3. METHODS AND TECHNIQUES

2.3.1. Cd isotope ratio measurements

Two different MC-ICPMS instruments were used for this study, a Nu Instruments Nu

Plasma (e.g., Belshaw et al., 1998; Rehkämper et al., 2001) at the ETH Zürich (NuOne) and a

Micromass IsoProbe (e.g., Rehkämper and Mezger, 2000; Münker et al., 2001) at the

Universität Münster. A Cetac MCN 6000 desolvating nebulizer with a Teflon or PFA spray

chamber was used for sample introduction at the ETH and in Münster, respectively. General

instrument operating conditions are summarized in chapter 1.

In Zürich with the Nu Plasma instrument, all eight Cd isotopes were measured. The

isotopes 105Pd, 115In and 117Sn were also monitored, to correct for possible isobaric

interferences. This required three different measurement cycles, that covered the mass ranges

from 105 to 112 amu, 108 to 115 amu, and 110 to 117 amu. Interferences from In and Sn

were negligible, but correction for Pd improved the Cd data slightly. The Pd corrections for
110Cd were about 20 ppm. The Pd interference probably originated from the MCN, which was

used for the aspiration of a Pd solution in a previous measurement session. Data acquisition



Chapter 2: Mass-dependence

49

utilized 3 blocks with 15 integrations of 10 s each. Baseline measurements of 20 s were

conducted prior to each block at full masses, following deflection of the ion beam in the

electrostatic analyzer. The measurements were performed with 200 ppb Cd solutions that

yielded total signal intensities of ~25 x 10-11 A.

Table 2.1: Mass-dependent isotope fractionation laws

General form

ααααA = ααααB
ββββ

Alternative form

where the fractionation coefficient f = f (RB, rB, m1, m3)
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The generalized power law is equivalent to the equilibrium law for n = -1, the kinetic/exponential law for n → 0,
and the power law for n = 1.

The isotope fractionation factors αA and αB are defined as αA = rA/RA and αB = rB/RB. RA and RB are isotope
ratios defined as RA = N2/N1 and RB = N3/N1, where Ni is the abundance of isotope i with mass mi*. rA and rB are
the same isotope ratios, but fractionated relative to RA and RB. Thus, rA and rB are defined as rA = n2/n1 and rB =
n3/n1, where ni is the abundance of isotope i for a fractionated sample. In mass spectrometry, ni refers to the
measured flux of isotope i. RA and RB together with rA and rB define a single fractionation line in a three isotope
plot.
1 Young et al. (2002), 2 Matsuhisa et al. (1978), 3 Hart and Zindler (1989), 4 Russel et al. (1978), 5 Maréchal et al.
(1999).
* Isotope masses (mi) apply for equilibrium exchange; masses of isotopes or of molecular isotopic species apply
for kinetic transport processes (e.g., Rayleigh evaporation); reduced masses apply for breaking bond reactions
(Young et al. 2002).
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The Cd isotope analyses with the Micromass IsoProbe at Münster utilized a single

measurement sequence that covered all Cd isotopes from 106Cd to 116Cd. Interfering elements

were not monitored because their levels were found to be insignificant. Data acquisition was

performed using 4 blocks of 20 cycles with 5 s integration periods. Baselines were measured

prior to each block for 20 s at half-masses at both the high and low mass side of each peak.

The transmission efficiency of the IsoProbe was about a factor of 5 lower compared to the Nu

Plasma, such that the 1 ppm Cd sample solutions yielded a total signal intensity of about 22 x

10-11 A. The rather low transmission of the IsoProbe is due to use of (1) the soft extraction

mode for the reduction of background signals (chapter 1), (2) a PFA spray chamber and

nebulizer and (3) an inefficient set of cones.

2.3.2. Cd metal samples

Four different Cd metal samples were analyzed in the present study. The samples were

obtained from Vacuum Technology Aalen (VTA), in Aalen/Germany. This company coats

metal parts with Cd in a stream of Cd vapor in a vacuum chamber, in order to obtain a high

quality corrosion protection. Sample A represents the (unfractionated) starting material.

Samples C, D, and E are the residues of the evaporation of liquid Cd into the vacuum

chamber. Prior to the evaporation process, 25 ± 0.5 g of Cd (with the isotope composition of

sample A) was weight into Ta-boats. The Ta-boats were inductively heated in the vacuum

chamber at a pressure of about 10-4 mbar. At this pressure, Cd evaporates below 200°C. Upon

heating, the Cd melts and then evaporates for about 40 min. After the evaporation process,

Samples D and E weight 2.99 g and 0.13 g, respectively. No weight is available for sample C.

Solutions of the Cd metal samples were prepared by dissolution in 0.05 M HNO3. Because of

the high ion beam intensities, Cd washout using 0.05 M HNO3 usually required >10 min.

The isotope fractionation that occurred during the evaporation process was determined by

the analysis of the isotope compositions of samples C, D, and E relative to the unfractionated

starting material (sample A). Measurements of samples C, D, and E were bracketed by

analyses of sample A. The precision of the measured isotope fractionation for C, D, and E

relative to A is about ± 0.14 ‰/amu (2 sd), as estimated from 110Cd/114Cd data for five

repeated measurements of sample E (Table 2.2).

There are a number of reasons why the Cd metal samples and the measurement procedure

were particularly suitable for the precise determination of the mass-dependence of

evaporation-induced isotope fractionation. (1) The residual metal samples are strongly

fractionated and hence the differences between the kinetic and equilibrium mass functions



Chapter 2: Mass-dependence

51

become significant. (2) The eight isotopes of Cd span a large total mass difference of 9.4%.

(3) The Cd metal samples are matrix-free, such that no chemical purification was needed and

interference corrections were a minor issue. (4) The samples were measured relative to the

starting material using very similar ion beam intensities for samples and standards. Therefore,

the effects of instrumental mass fractionation and other possible sources of systematic error

(e.g., cup biases, tail corrections, small Sn interference peaks from the acid blank and

instrument/MCN memory) are almost completely cancelled out. (5) The consistency of the

results can be checked using the eight stable isotopes of Cd.

Table 2.2: Cd isotope composition of sample A and δ´-values of samples C, D, and E

Sample Instrument 106Cd/114Cd 108Cd/114Cd 110Cd/114Cd 111Cd/114Cd 112Cd/114Cd 113Cd/114Cd 116Cd/114Cd
A (raw data) Nu 0.037610 0.027816 0.405106 0.423039 0.810721 0.418196 0.269894
A (int norm) Nu 0.044206 (4) 0.031364 (3) 0.438564$ 0.448848 (7) 0.843259 (20) 0.42645 (7) 0.259661 (19)
A (raw data) IP 0.035223 0.026532 0.392549 0.413273 0.798309 0.415019 0.274039
A (int norm) IP 0.044145 (6) 0.031378 (1) 0.438564$ 0.448916 (5) 0.843393 (8) 0.426509 (10) 0.259633 (17)

δ´ 106Cd δ´ 108Cd δ´ 110Cd δ´ 111Cd δ´ 112Cd δ´ 113Cd δ´ 116Cd
C Nu -97.12 -72.11 -47.47 -35.41 -23.46 -11.67 22.92
D* Nu -47.71 -35.35 -23.40 -17.44 -11.57 -5.75 11.12
E Nu -98.28 -72.88 -47.98 -35.77 -23.69 -11.79 23.10
E Nu -98.81 -73.13 -48.19 -35.93 -23.82 -11.84 23.24
E IP -98.10 -72.65 -47.86 -35.69 -23.65 -11.78 23.08
E IP -99.48 -73.71 -48.57 -36.23 -23.99 -11.94 23.45
E IP° -98.95 -73.28 -48.29 -36.02 -23.85 -11.88 23.26

E Mean -98.72 (1.10) -73.13 (0.81) -48.18 (0.55) -35.92 (0.43) -23.80 (0.28) -11.84 (0.13) 23.23 (0.29)

Nu Plasma (Nu): 5 measurements; IsoProbe (IP): 8 measurements, one value for 106Cd/114Cd rejected. All uncertainties are
± 2 standard deviations. Raw data: not corrected for mass discrimination. Int norm: corrected for mass discrimination by
internal normalization with the exponential law relative to 110Cd/114Cd = 0.438564 (Rosman et al., 1980.) δ´: linearized δ-
notation of Hulston and Thode (1965): δ´ iCd = 1000 x ln[(iCd/114Cd)C,D,E / (iCd/114Cd)A]. * No β- and n-values are given in
Table 2.3 because the results were not consistent. °Mean of five measurements of sample E referenced to the mean of five
subsequent measurements of the starting material A.

2.3.3. Nd isotope ratio measurements

Isotope data for Nd was acquired at the ETH Zürich with two different Nu Plasma

instruments, NuOne and NuToo. Two different standard solutions (JMC Nd-A, JMC Nd-B)

with different 143Nd/144Nd ratios were analyzed. The measurements were conducted with total

Nd ion beam intensities of about 10-25 x 10-11 A. The three datasets that were evaluated in the

present study were collected in December 1999 and February 2002 with NuOne, and in

October 2001 with NuToo. These particular datasets are used in this investigation, because

they were acquired either directly after the installation of an instrument or following a

thorough cleaning of the lens stacks and replacement of the slits. Therefore, the instruments

were known to be in excellent operating condition and the interface and lens regions had not

seen any contamination by geological matrices.
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The data were acquired by simultaneous collection of all Nd ion beams in a single

measurement sequence. The analyses utilized 3 blocks with 20 integrations of 10 s. Each

block was preceded by a 20 s on-peak baseline measurement, while the ion beam was

deflected in the electrostatic analyzer.

2.3.4. Isotope fractionation laws

Isotope or mass fractionation laws relate the extent of isotope fractionation observed for

one isotope ratio to a second isotope ratio of the same element, as a function of the mass of

the isotopes. Table 2.1 gives a summary of the different mass fractionation laws that are

discussed in the following. For the two isotope ratios rA = n2/n1 and rB = n3/n1 (where ni is the

isotope abundance) that can be formed by three isotopes, the general form of the mass

fractionation laws (Young et al., 2002; Hart and Zindler, 1989) is:

αA = α B
β (2.1)

The fractionation factor α = r/R relates the fractionated isotope ratio r of a sample to a

suitable reference value R. In mass spectrometry, r is the measured isotope ratio that has been

altered by mass discrimination, whereas R is the assumed “true” value of this ratio. The

exponent β is a function of the masses m1, m2, m3 of the three isotopes 1, 2, and 3 (see caption

of Table 2.1 for further details).

For equilibrium isotope exchange, β = (1/m1-1/m2)/(1/m1-1/m3) (Matsuhisa et al., 1978;

Young et al., 2002), whereas for kinetic isotope fractionation the exponent β =

ln(m1/m2)/ln(m1/m3) (Young et al., 2002) (Table 2.1). The power and exponential isotope

fractionation laws were derived empirically to describe the instrumental mass discrimination

of TIMS (Russel et al., 1978; Hart and Zindler, 1989; Wasserburg et al., 1981), but more

recently they have also been applied to MC-ICPMS (Lee and Halliday, 1995; Luais et al.,

1997; Maréchal et al., 1999). Both laws are given in the general form by Hart and Zindler

(1989) and it is apparent that the (empirical) exponential fractionation law is identical to the

(causal) kinetic fractionation law. Maréchal et al. (1999) formulated a generalized power law

(GPL) that can be viewed as a set of isotope fractionation laws with a variable n (Table 2.1).

The equilibrium and the power law can be viewed as particular cases of the GPL with n = -1

and n = 1, respectively, whereas the kinetic law is approached by the GPL for n → 0.

In mass spectrometry, fractionation laws are often used in a form that permits the

calculation of a (mass-independent) fractionation coefficient f as a function of the properties

of the normalizing ratio (RB, rB, m1, m3) (Table 2.1). This formulation of the fractionation
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laws has the advantage that all measured isotope ratios can be readily corrected, once f has

been obtained from the normalizing ratio. If the fractionation law is written in the general

form αA = αB
β, the exponent β must be calculated separately for each pair of isotope ratios.

2.4. RESULTS AND DISCUSSION

2.4.1. Cd isotope fractionation during evaporation of molten Cd

2.4.1.1. Extracting the fractionation exponent β from the data

Young et al. (2002) describe how the mass function defined by the exponent β can be

extracted from a set of stable isotope data. Table 2.2 lists the difference in Cd isotope

composition of the samples C, D, E relative to the mean of the bracketing measurements of

the unfractionated starting material A. The results are given in the linearized δ´-notation (‰)

of Hulston and Thode (1965):

δ´ iCd = 1000 × ln[( iCd/114Cd C,D,E) /( iCd/114Cd A)] (2.2)

The exponent β defines the slope of a fractionation line in the linearized three isotope

space (Fig. 2.1):

β = δΑ´ / δΒ´ (2.3)

Note that the use of conventional δ-values would result in curved fractionation lines.

In Fig. 2.1a, the samples and the starting material A appear to define a single straight

fractionation line in δA´- δB´ plots as shown for 106Cd/114Cd vs. 110Cd/114Cd. The close-ups

(Fig. 2.1b and c; 106Cd/114Cd vs. 110Cd/114Cd and 112Cd/114Cd vs. 110Cd/114Cd), compare the

fractionation lines that pass through the data with the fractionation lines predicted for kinetic

and equilibrium isotope fractionation. Five measurements for the strongly fractionated sample

E yield β-values for all Cd isotope ratios that are intermediate between the slopes predicted

for equilibrium and kinetic fractionation (Fig. 2.1b and c, Table 2.3). The excellent

reproducibility of the results for sample E, which were obtained with two different mass

spectrometers, supports the conclusion that the measured slopes are well resolved from the β-

values expected for equilibrium and kinetic fractionation. Furthermore, a similar result was

obtained for a single measurement of sample C (Table 2.3).
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Figure 2.1. Three isotope plots for Cd in the δ’-notation (see text). (a) Samples C, D, E and the

starting material A define a fractionation line in δ´106Cd vs. δ´110Cd isotope space. (b) Close-up of

panel (a) that shows the results obtained for samples C and E. (c) Close-up of the δ´112Cd vs. δ´110Cd

isotope space. Panels (b) and (c) also show reference lines for mass-dependent isotope fractionation

according to the kinetic and equilibrium fractionation laws, together with the best-fit fractionation

lines for sample E with slopes of β = 2.0491±21 (b) and β = 0.4940±4 (c), respectively. These β-

values are intermediate between equilibrium and kinetic fractionation. The drift of instrumental mass

discrimination that is apparent for the repeated measurements of sample E is negligible compared to

the overall magnitude of mass fractionation.
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Table 2.3: Measured and calculated β-values and calculated best-fit n-values for various Cd isotope ratios.

106Cd/114Cd 108Cd/114Cd 111Cd/114Cd 112Cd/114Cd 113Cd/114Cd 116Cd/114Cd
Instrument Sample measured β-values
Nu Plasma C 2.0459 1.5190 0.7458 0.4942 0.2459 -0.4829
Nu Plasma E 2.0480 1.5187 0.7454 0.4937 0.2456 -0.4814
Nu Plasma E 2.0505 1.5176 0.7456 0.4943 0.2457 -0.4823
IsoProbe E 2.0496 1.5178 0.7455 0.4941 0.2460 -0.4822
IsoProbe E 2.0481 1.5176 0.7459 0.4940 0.2457 -0.4827
IsoProbe E 2.0491 1.5176 0.7459 0.4939 0.2459 -0.4817

Mean (± 2 sd) E 2.0491 (21) 1.5179 (10) 0.7456 (4) 0.4940 (4) 0.2458 (3) -0.4821 (10)

calculated β-values
Equilibrium law 2.0745 1.5274 0.7430 0.4912 0.2431 -0.4744
Kinetic law 2.0361 1.5134 0.7464 0.4956 0.2464 -0.4872

best-fit n-values
C -0.26 -0.41 -0.15 -0.31 -0.14 -0.33

Mean (± 2 sd) E -0.34 (5) -0.32 (7) -0.21 (13) -0.37 (10) -0.17 (10) -0.40 (8)

2.4.1.2. Application of the generalized power law

The GPL can be used to quantitatively evaluate the mass-dependence of the fractionation

pattern of two isotope ratios in δ´- δ´ plots. For this purpose, the variable n of the fractionation

exponent β = (m1
n-m2

n)/(m1
n-m3

n) is numerically fitted to the calculated β values, such that

the fractionation generated by the GPL matches the measured isotope ratios. A value of n → 0

indicates kinetic isotope fractionation and n = -1 equilibrium fractionation. Thus, the n-value

can provide a reference for the extent of kinetic and equilibrium fractionation operating

during an isotope fractionation process. The best-fit n-values determined for the various Cd

isotope ratios (with 110Cd/114Cd acting as the reference ratio) of samples C and E are

summarized in Table 2.3. For both samples, most n-values vary between about –0.25 to –0.40.

This indicates that the isotope fractionation is due to a mixed equilibrium-kinetic process that

is dominated by kinetic isotope fractionation. Two ratios, 111Cd/114Cd and 113Cd/114Cd

generate slightly larger n-values of between –0.14 and –0.21 for both samples. These

differences are almost insignificant, however, because they can be produced by errors of only

~25 ppm in the measurement of the respective isotope ratios.

The data of Fig. 2.2 demonstrate that all iCd/114Cd isotope ratios give consistent results.

For this diagram, the mean measured Cd isotope ratios of sample E were corrected for mass

fractionation using the GPL with a single best-fit n-value of -0.35. For comparison, the

sample E data were also corrected with the equilibrium and kinetic laws. The correction for

mass fractionation was performed relative to the measured 110Cd/114Cd ratio of the

unfractionated starting material. Plotted in Fig. 2.2 are the relative deviations (in ppm) of the

corrected iCd/114Cd ratios for sample E from the data for the starting material A. Because
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sample E differs from A only due to the evaporative process, any deviations seen in Fig. 2.2

must be due to the inadequacy of the particular fractionation law to correct for the isotope

fractionation that occurred during evaporation.

Figure 2.2. Deviation (in ppm) of the Cd isotope composition of sample E from the (raw)

measured isotope composition of starting material A after the correction of evaporation induced

isotope fractionation with different mass fractionation laws. The generalized power law (GPL) with n

= -0.35 provides an excellent fit. This means that it best reproduces the mass-dependence of the

evaporation process. Application of the kinetic law for the hypothetical evaporation of Cd2 molecules

cannot account for the observed mass-dependence of the Cd isotope fractionation. Uncertainties are 2

standard deviations.

It is apparent that the kinetic and the equilibrium laws do not account for the evaporation

induced isotope fractionation of sample E. Application of the GPL with an best-fit n = -0.35

for the correction of evaporation induced isotope fractionation, however, generates Cd isotope

ratios that are all within ±30 ppm of the ratios measured for sample A. The result that the

evaporation experiments produced Cd metal residues with isotopic signatures that are not

consistent with (pure) kinetic isotope fractionation is surprising, because the experimental

setup (evaporation into a vacuum) appeared to favor simple Rayleigh fractionation.
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2.4.1.3. The extent of Cd isotope fractionation caused by evaporation

In Fig. 2.3 the δ´110Cd values of samples D and E are plotted as a function of the mass

fraction of melt remaining (F). It is obvious that 110Cd is progressively depleted in the

remaining Cd melt relative to 114Cd, because the lighter isotopes are preferentially volatilized.

Differences in the average velocities of isotopes (or molecules) with different masses are

responsible for kinetic isotope fractionation during evaporation. For the fractionation of
110Cd/114Cd between the liquid Cd phase and the Cd vapor, the kinetic fractionation factor αkin

is given by:

αkin. = (110Cd/114Cd)vapor/(110Cd/114Cd)liquid = (m(114Cd)/m(110Cd))0.5 = 1.018 (2.4)

where m(114Cd) and m(110Cd) refer to the masses of the isotopes. The Rayleigh distillation

equation (Rayleigh, 1896; Hoefs, 1997) relates the isotope composition of the melt (Rl) to the

mass fraction of melt remaining (F) and the isotope composition of the starting material (Rl,0)

at F = 1:

( )1
l,0l FRR −⋅= α (2.5)

The solid curve in Fig. 2.3 denotes the isotopic evolution of the Cd melt that would be

expected for (pure) Rayleigh distillation. It is apparent that the measured isotope compositions

of the samples display only about 60% (D) or 50% (E) of the isotope fractionation expected

for evaporation accompanied by kinetic isotope fractionation. Possible causes for the

observed suppression of Cd isotope fractionation during the evaporation process are discussed

in the following.

2.4.1.4. Evaporation of molecular Cd species ?

Cadmium is expected to produce a monatomic vapor (Chizhikov, 1966). However, the

evaporation of Cd as a molecule, e.g., as Cd2, could explain the suppression of isotope

fractionation, because a lower αkin value would be expected for an evaporating species with a

higher molecular weight. Assuming Cd evaporates as Cd2, any Cd atom in an increment of

vapor will bond with a second Cd atom that has, on average, a mass equivalent to the atomic

weight of the vapor increment. Because αkin � 1, we assume for simplicity that the atomic

weight of Cd remains constant at 112.4 amu throughout the evaporation process. Therefore,
110Cd will, on average, bond with a heavier Cd atom, whereas 114Cd will, on average, bond

with a Cd atom of lower atomic weight. This generates an apparent decrease in the relative
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mass differences between 110Cd and 114Cd and this results in a different fractionation

coefficient β.

Figure 2.3. Evolution of the Cd isotope composition (as δ´110Cd) of the residual Cd melt with

progressive evaporation. F is the mass fraction of the remaining melt. The solid line marks the

calculated composition of the melt for Rayleigh evaporation with αkin = 1.018. The dotted line denotes

the evolution of the residual melt for batch evaporation and equilibrium isotope partitioning with αeq =

1.0047 and Fs = 0.01 (see text). The dashed line corresponds to the isotope composition of a Cd melt

that evolves with constant proportions of batch equilibrium (66%) and Rayleigh evaporation (34%).

Also shown are the measured isotope compositions of samples A, D, and Emeas. The points Eeq and Ekin

are the calculated isotope compositions of the Cd melt that would be obtained for F = 0.0052 and pure

batch equilibrium or Rayleigh evaporation, respectively.

Shown in Fig. 2.2 is the pattern that is observed for sample E, if the measured data are

corrected for kinetic isotope fractionation not with the isotope masses mi but assuming

molecular masses of mi + 112.4 amu. The corrected data of sample E should agree with the

starting material A, if Cd evaporated as Cd2 by pure Rayleigh distillation during the

experiment. However, the corrected data does not agree with the isotope composition of the

unfractionated starting material. This is consistent with the expectation that no significant

amount of Cd evaporated as Cd2 (or Cdx) molecules during the experiment.
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2.4.1.5. Evaluation of Cd isotope fractionation during evaporation

The suppressed isotope fractionation could be generated by an evaporation process, that

proceeds faster than the diffusive homogenization of the isotope composition of the residue

(e.g., Young, 2000). Diffusion limited isotope fractionation is expected for evaporating solids,

but not for the hot Cd melt that should be able to mix and homogenize on very short

timescales through diffusion and/or convection.

Suppression of isotope fractionation can also result from partial equilibrium between the

Cd vapor and the Cd melt phase. This should result in reduced isotope fractionation, because

the (temperature-dependent) equilibrium fractionation factor αeq can be expected to be lower

than αkin for the evaporation processes. Furthermore, this interpretation is consistent with the

isotope fractionation patterns observed for samples C and E, which are intermediate between

kinetic and equilibrium fractionation (Fig. 2.1, Table 2.3). Therefore, we consider partial

equilibrium as the most plausible explanation for the experimental results. Consequently, the

data can be used to estimate (1) the proportion of Cd that evaporated via a kinetic or

equilibrium process and (2) the equilibrium fractionation factor αeq for the evaporation of Cd.

In a first step, the composition Ekin is calculated (Fig. 2.3 and 2.4). This is the

(hypothetical) Cd isotope composition that would have been recorded by the evaporation

residue, if it were the product of Rayleigh evaporation only. To calculate Ekin, the Rayleigh

law (Eq. 2.5) is used with F = 0.0052 and αkin (110Cd/114Cd) = 1.018 (Eq. 2.4) and where Rl,0

is represented by the starting material A. This yields an isotope composition of δ´110CdEkin = -

94.9. The value of δ´106CdEkin = -193.1 was calculated by δ´106CdEkin = βkin × δ´110CdEkin with

βkin = 2.03608 (Eq. 2.3).

Furthermore, we assume that the measured Cd isotope composition of sample E (Emeas)

represents a mixture of Cd that experienced kinetic and equilibrium isotope fractionation

during evaporation (Fig. 2.3). Because mixing produces straight lines in δA´-δB´ space, the

isotope composition of the equilibrium component (Eeq) is given by the intersection of the

(extrapolated) mixing line that connects Ekin and Emeas with the equilibrium mass fractionation

line (Fig. 2.4). The calculations yield a Cd isotope composition of δ´106CdEeq = -50.9 and

δ´110CdEeq = -24.5 for the intersection (Eeq).

In a further step, these results can be used to estimate the mass fraction of Cd that was

vaporized by kinetic (xkin) and equilibrium (xeq) evaporation. This can be done either by

applying the lever rule (Fig. 2.4) or by application of the mass balance
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(xkin × δ´110CdEkin) + (xeq × δ´110CdEeq) = 1 × δ´110CdEmeas (2.6)

where xkin + xeq = 1. The calculations result in of xkin = 0.34 and xeq = 0.66 and this

indicates that about 2/3 of the Cd evaporated via an equilibrium, rather than a Rayleigh

(kinetic) pathway. The product xkin × δ´110CdEkin quantifies that the fraction of isotope

fractionation that is due to Rayleigh distillation is 65%, which is equivalent to the best fit GPL

n-value of –0.35 for sample E. In summary, these results demonstrate that the majority of the

Cd isotope fractionation (65%) is due to the Rayleigh evaporation of a minor (34%) part of

the Cd, because kinetic evaporation resulted in significantly larger isotope fractionation (αeq <

αkin).

Figure 2.4. Three isotope diagram for Cd in the δ’-notation which illustrates the procedure that

was used to calculate the isotope composition Eeq, and the mass fractions of Cd that record kinetic

(xkin) and equilibrium (xeq) evaporation. Panel (a) is at scale, whereas (b) is a sketch of the procedure.

The solid lines denote the calculated fractionation lines for kinetic and equilibrium Cd isotope

fractionation, and the best-fit fractionation line for sample E with β = 2.0491. The dashed mixing line

defines Eeq through extrapolation of the line that connects Ekin and Emeas.
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Further calculations can be performed to estimate the isotope fractionation factor αeq for

evaporation of Cd under conditions of batch equilibrium. For batch equilibrium evaporation,

the mass fraction of the remaining Cd melt (F), is linked with αeq through the equation:

F)(1F
R

R l,0
l

−+
=

eqα
(2.7)

Application of Eq. 2.7 with the assumption that the isotope composition Eeq is produced in

a single evaporation step that generates a residue with F = 0.0052, however, would require a

equilibrium fractionation factor of αeq = 1.025 for the 110Cd/114Cd isotope ratio. With a αeq

value that is larger than αkin = 1.018 (Eq. 2.4), partial equilibrium cannot account for the

observed suppression of Rayleigh fractionation. In any case, the experimental setup, which

produces a stream of Cd vapor that emanates from the Ta boats with the hot molten Cd, is

unsuitable for producing a closed-system equilibrium between the molten residue and 66% of

the Cd vapor. It is more likely, that evaporation under equilibrium conditions occurs in small

vapor batches that are subsequently lost from the system. Such multiple equilibration steps

between vapor and residual melt can be envisioned to occur in at least two sites. First, bubbles

of Cd vapor can form in the melt during evaporation, and equilibrium conditions could be

established within such bubbles. The occurrence of Cd-vapor bubbles is indicated by splashes

of Cd melt in the Ta boats. Second, a layer of Cd vapor may form above the surface of the

melt and this could generate back-reaction between the gas and the melt phase.

Batch equilibrium fractionation in multiple small steps was investigated with simple

numerical techniques. In these calculations, the value of αeq that is required to generate the

composition of Eeq from the composition of sample A was determined, assuming batch

equilibrium evaporation (Eq. 2.7) in multiple small steps. The calculations must be able to

reproduce the composition Eeq for Ftotal � 0.0052, where Ftotal is the fraction of the Cd melt

remaining after ns batches of equilibrium vapor have been extracted from the system. The size

of the steps Fs (Fs is the mass fraction of the instantaneous amount of Cd melt that evaporates

in each batch) was varied from 0.01 to 0.5. Regardless of the step-size is used in the

calculations, very similar values of αeq are generated. For Fs = 0.01 (ns = 523), αeq � 1.0047,

for Fs = 0.1 (ns = 50), αeq � 1.0048, for Fs = 0.2 (ns = 24), αeq � 1.0050, and for Fs = 0.5 (ns =

8), αeq � 1.0065. This indicates that, at the conditions of the experiment, the equilibrium

fractionation factor for Cd can be approximated as αeq � 1.005 (for 110Cd/114Cd).
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2.4.2. Instrumental mass discrimination of Nd isotopes in MC-ICPMS

2.4.2.1. General considerations

The mass discrimination of MC-ICPMS instruments for intermediate mass elements such

as Cd or Nd is about 1.5 to 2 %/amu (e.g., Rehkämper et al., 2001). Thus, the mass

discrimination of MC-ICPMS is even more extreme than the Cd isotope fractionation

recorded by sample C and E. Isotope ratio measurements for radiogenic isotope systems

commonly utilize the procedure of internal normalization in order to correct for the effects of

instrumental mass discrimination. Natural variations in the 143Nd/144Nd ratio are of interest

because of the radiogenic ingrowth of 143Nd from radioactive 147Sm. In this case, the “raw”

measured 143Nd/144Nd data are corrected for instrumental mass discrimination with a

fractionation coefficient f (Table 2.1) that is calculated from the offset between the measured

and the reference value for the normalizing ratio (146Nd/144Nd with an assumed “true” value of

0.7219).

Both in TIMS and in MC-ICPMS, the exponential (= kinetic) law is generally considered

to be the method of choice to correct for mass discrimination. A number of studies have

shown that MC-ICPMS can produce isotopic data that agree with TIMS reference values

within about 50 – 100 ppm (see citations in Rehkämper et al., 2001). However, it has also

been suggested that the isotope data acquired by MC-ICPMS may only be accurate at this

level for isotope ratios that encompass masses with an average atomic weight similar to that

of the normalizing ratio (e.g., 145Nd/144Nd being similar to 146Nd/144Nd). Vance and Thirlwall

(2002), for example, noted deviations of up to 500 ppm for 150Nd/144Nd, if the mass

discrimination was corrected with the exponential law relative to 146Nd/144Nd. Such

discrepancies between the MC-ICPMS data and the TIMS reference values may be due to the

inadequacy of exponential law corrections. Vance and Thirlwall (2002) showed that such

problems could be overcome by the application of more suitable normalization procedures

e.g., by using 148Nd/144Nd for the normalization of measured 150Nd/144Nd or by using an

empirical secondary mass discrimination correction in addition to the exponential law

correction.

The obvious question that follows from these observations is whether the instrumental

mass discrimination of MC-ICPMS can be more accurately described by a different mass

fractionation law. Neodymium is an ideal element for the testing of mass bias laws, because it

has 7 isotopes that cover a mass range of about 5%, and all of its isotope ratios have been

measured with high precision by TIMS.
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Table 2.4: Nd isotope data obtained by MC-ICPMS are corrected for mass discrimination using various techniques

142Nd/144Nd 143Nd/144Nd 145Nd/144Nd 146Nd/144Nd 148Nd/144Nd 150Nd/144Nd
TIMS reference data

JMC Nd Zurich A 1.141876 0.512265 0.348415 0.7219* 0.241587 0.236446
JMC Nd Zurich B 0.512830

Mean of raw measured MC-ICPMS data

Data Set 1: NuOne, Dec. 99, JMC A 1.108827 0.504846 0.353512 0.743071 0.255838 0.257514
Data Set 2: NuOne, Feb. 02, JMC B 1.110717 0.504852 0.353216 0.741824 0.254983 0.256224
Data Set 3: NuToo, Oct. 01, JMC B 1.109193 0.504474 0.353436 0.742793 0.255648 0.257210

Deviation of mass bias corrected MC-ICPMS data from reference values (± 2 sd)

Data Set 1 (n=7)
Equilibrium law correction 342 (20) 149 (25) -45 (9) 0 278 (44) 933 (58)
Power law correction -474 (23) -155 (25) 55 (9) 0 -506 (38) -1385 (49)
Exponential law correction -69 (21) -4 (24) 5 (9) 0 -111 (41) -214 (51)
GPL correction with n = -0.20 13 (20) 27 (24) -5 (9) 0 -33 (41) 18 (52)

Data Set 2 (n=6)
Equilibrium law correction 318 (24) 153 (14) -34 (23) 0 246 (57) 816 (61)
Power law correction -450 (20) -132 (12) 60 (22) 0 -492 (60) -1367 (62)
Exponential law correction -69 (22) 13 (13) 23 (23) 0 -120 (58) -264 (61)
GPL correction with n = -0.22 15 (23) 41 (13) 3 (23) 0 -39 (58) -24 (61)

Data Set 3 (n=6)
Equilibrium law correction 287 (11) 70 (13) -69 (12) 0 274 (18) 845 (34)
Power law correction -518 (11) -229 (14) 30 (12) 0 -499 (15) -1443 (23)
Exponential law correction -119 (11) -80 (13) -19 (12) 0 -110 (16) -287 (28)
GPL correction with n = -0.26 -14 (11) -41 (13) 32 (12) 0 -9 (17) 9 (30)

The reference values are from Thirlwall (1991) for 142Nd/144Nd, 145Nd/144Nd, 148Nd/144Nd, and 150Nd/144Nd. The
143Nd/144Nd reference ratios are unpublished Zurich results. The "raw" MC-ICPMS data is uncorrected for mass
discrimination. * The mass bias correction is performed relative to 146Nd/144Nd = 0.7219. n is the number of individual
measurements.

2.4.2.2. Results and discussion of Nd isotope data

Table 2.4 summarizes the results of Nd isotope measurements conducted on three separate

measurement sessions with two different Nu Plasma instruments. It is obvious that the

accuracy of the Nd isotope data corrected for instrumental mass discrimination depends

strongly on the choice of mass fractionation law. In all three cases, correction of the data with

the exponential law yields results that are superior to those obtained with the power or

equilibrium law. Nevertheless, even the exponential law data differs significantly from the

TIMS reference values. In accordance with the results of Vance and Thirlwall (2002), the

corrected Nu Plasma data show the largest deviations from the TIMS values for isotope ratios

were m2 differs most from m1 and m3 (Fig. 2.5). It is also apparent that a best-fit GPL

correction generates the best overall agreement between the corrected MC-ICPMS and the

TIMS reference values for the Nd isotope ratios collected in the three different measurement

sessions. For 143Nd/144Nd and 145Nd/144Nd, however, the differences between the exponential

law and the best-fit GPL are very small (Fig. 2.5; Table 2.4).
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Figure 2.5. Deviation of Nd isotope data for JMC Nd Zürich A (data set 1 of Table 2.4) obtained

by MC-ICPMS from reference values obtained by TIMS (Thirlwall, 1991; 143Nd/144Nd: unpubl. Zürich

data). The MC-ICPMS data were corrected using different mass fractionation laws. The exponential (=

kinetic) law provides a better description of the mass fractionation than the power and the equilibrium

law. The best data, however, are obtained using the GPL with a best-fit n-value of = -0.20.

Uncertainties are 2 standard deviations.

It is noteworthy, that the best fit n-values show only limited variation of between –0.20

and –0.26 (Table 2.4). This may be due to the fact that we only considered three datasets, all

of which were produced with particularly “clean” instruments. Larger variations in the mass

functions of the mass discrimination may occur due to variations in instrument settings (e.g.,

torch positions, acceleration potential, lens potentials) and as the result of lens stack-charging

or the use of dirty or damaged cones. Therefore, the application of the GPL with an

empirically determined n-value for routine analytical purposes is certainly premature at this

point. The Nd isotope data, however, shows that mass discrimination of MC-ICPMS can, in

principle, be accurately corrected for with a single mass fractionation law.

The observed n-values of –0.23 ±3 are close to the kinetic/exponential law (n � 0). This

suggests that the majority of the instrumental mass bias is of kinetic origin but fractionation

mechanisms other than kinetic also appear to contribute to the overall mass discrimination of

MC-ICPMS. Where and how these additional process(es) occur is unclear at present. It

appears unlikely that the n-values of about –0.23 indicate that about 23% of the mass

discrimination originates from an equilibrium fractionation process. To our knowledge, there

is no obvious site for significant equilibrium isotope fractionation in MC-ICPMS instruments.
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2.5. CONCLUSIONS

Provided that a chemical or physical process generates large isotope fractionation that can

be measured with high precision, the mechanism of isotope fractionation (e.g., the extent of

equilibrium) can be investigated by measuring the isotope ratios of the fractionated product

relative to the starting material. The generalized power law (GPL) of Maréchal et al. (1999)

provides a elegant way for data evaluation for this new approach.

Here, the mass-dependence of Cd isotope fractionation during evaporation into a vacuum

was investigated. The result that both kinetic and equilibrium isotope fractionation occurs

during the evaporation process is unexpected. It suggests that the mass-dependent Cd isotope

fractionations that have been observed for chondritic meteorites (e.g., Rosman and De Laeter

1976, 1988; chapter 1 and 3) could result from equilibrium processes. The understanding of

(Cd) isotope fractionation during condensation and evaporation could be improved by further

experimental studies in conjunction with precise isotope analyses. For example, the

temperature-dependence and the role of ambient gas pressures for kinetic and equilibrium

isotope fractionations during evaporation should be further investigated.

Young et al. (2002) argued that the difference in the mass functions for kinetic and

equilibrium isotope fractionation is sufficient to explain the negative ∆17O values of

tropospheric O2 and the different ∆17O values of minerals in some SNC meteorites. Such

variations have otherwise been interpreted as results of non mass-dependent isotope

fractionations. The results obtained for the residual Cd melts are relevant in this respect. They

emphasize that differences in both the fractionation mechanism and the chemical speciation of

the analyte element (e.g., Cd vs. Cd2) may generate distinct isotope fractionation patterns.

Either effect may eventually offset the isotope composition of a reservoir or sample from a

given mass fractionation reference line, such that apparent mass-independent fractionations

are produced. This indicates that deviations from mass fractionation lines must be evaluated

carefully before they are ascribed to mass-independent effects.

The evaluation of Nd isotope data that was acquired by MC-ICPMS shows that the

instrumental mass discrimination can be accurately corrected with a single best-fit isotope

fractionation law. In contrast, an exponential (= kinetic) law correction of the instrumental

mass discrimination generates inaccurate results especially for Nd isotope ratios with an

average mass that differs significantly from the average mass of the normalizing ratio (Vance

and Thirlwall, 2002). This indicates that fractionation mechanisms other than kinetic transport

processes contribute to the overall mass discrimination of MC-ICPMS.
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