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I. INTRODUCTION AND SUMMARY

Stable isotope geochemistry is mainly concerned with mass-dependent variations in the

isotope ratios of H, C, N, O and S. Mass-dependent variations in the stable isotope

compositions of elements with atomic masses heavier than S are largely unexplored, because

of the small variations that are expected for these elements due to their comparatively small

relative mass differences and due to analytical difficulties. With the advent of MC-ICPMS

(multiple collector inductively coupled plasma mass spectrometry) (Walder and Freedman,

1992; Halliday et al., 1998), certain branches of isotope geochemistry and in particular the

field of “heavy stable isotope geochemistry” evolved rapidly (Rehkämper et al., in press).

Since the first work by Hirata (1997), heavy and light element stable isotope data acquired by

MC-ICPMS was published for Li, B, Mg, Si, Ca, Fe, Cu, Zn, Ge, Se, Mo, Hg and Tl.

Cadmium has been chosen for the present study because of its potential to study evaporation

and condensation processes in the early solar system. In natural terrestrial samples Cd has

only one valence state (2+) and forms bonds that are largely ionic in character. Therefore, Cd

isotope fractionations due to chemical geological processes were expected to be insignificant

compared to the possible effects of (Rayleigh) evaporation and condensation. Significant

mass-dependent Cd isotope fractionations were already reported for unequilibrated ordinary

chondrites in the pioneering work of Rosman and Co-workers (Rosman and De Laeter, 1976;

Rosman et al., 1980; Rosman and De Laeter, 1988). Potassium isotope fractionations,

however, were not observed in meteorites (Humayun and Clayton, 1995). The different results

for Cd and K may be due to their different volatilities. In cosmochemistry, Cd is classified as

a highly volatile element, while K is classified as a moderately volatile element. Moderately

and highly volatile elements are distinguished by their 50% condensation temperatures being

above and below that of S. The other highly volatile elements Cs, In, Tl, Pb and Bi have no

more than two stable isotopes. Cadmium, however, has eight stable isotopes that span a mass

difference of 9.4%. More than two isotopes allow to check for the consistency of the data and

for other (e.g., nucleosynthetic) anomalies. Like the other highly volatile elements, Cd occurs

only at ppb level abundances in rocks and meteorites, which represents a serious analytical

challenge.

Chapter one of this study reports and evaluates the methods that have been developed for

the Cd isotope ratio measurements. Precise Cd isotope measurements by MC-ICPMS require

the effective separation of Cd from the sample matrices in order to avoid interferences and
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matrix effects. Existing Cd separation procedures have been optimized for this purpose.

Strategies for precise and accurate Cd isotope ratio measurements were developed for two

different mass spectrometers, for the double-focussing NuPlasma MC-ICPMS at the ETH

Zürich and for the IsoProbe in Münster, a single focussing MC-ICPMS instrument. MC-

ICPMS instruments are characterized by a severe instrumental mass discrimination. This

means that during a measurement, the Cd isotope ratios are fractionated to an extent that is 5

times larger than the largest natural Cd isotope fractionation observed in this study. However,

this instrumental bias is to a first order similar for the measurement of standards and samples.

Thus, the isotope ratios measured for samples can be referenced to the isotope ratios measured

for standards. Nevertheless, the second order drift in the instrumental bias needs to be

corrected. Several strategies for drift correction were evaluated, and it was found that the

addition of standard Ag (or Sb) to both, samples and standards and the simultaneous

measurement of Ag (or Sb) and Cd isotope ratios provides an excellent control for this mass

bias drift. The analytical uncertainties were evaluated by the repeated measurement of a

meteorite, a basalt and a graywacke sample throughout this study. The accuracy of the sample

measurements was verified by the comparison of data obtained with different instruments and

drift correction procedures. Furthermore, previously reported data for meteorites (e.g.,

Rosman and De Laeter, 1988) that were obtained by double spike-TIMS (thermal ionisation

mass spectrometry) agrees with the present results within the analytical uncertainties.

Cadmium isotope data reported in chapter one were obtained for a variety of terrestrial

rocks and minerals and selected meteorites. Substantial Cd isotope fractionations were found

in meteorite samples and in a layered tektite sample. Of the other terrestrial samples only two

sedimentary rocks display small but resolvable Cd isotope fractionations. From the data it is

concluded that inorganic geological processes do not result in substantial Cd isotope

fractionations even at low temperatures. In contrast, evaporation and condensation processes

can result in large Cd isotope fractionations as evident in the tektite sample, in some

meteorites and in Cd metals that are discussed in chapter two.

Chapter two focuses on the mass-dependence of isotope fractionation that accompanied the

evaporation of molten Cd into vacuum and on the mass-dependence of the plasma-source

induced instrumental mass discrimination of Nd isotopes.

It has been shown by Young et al. (2002) that the mass-dependence differs slightly for

kinetic and equilibrium isotope fractionation. The evaporation of molten Cd into vacuum at

200°C resulted in the strong enrichment of heavy Cd isotopes in the residual Cd melt. The
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high precision of the measurements of fractionated Cd metals relative to the starting material

allowed to resolve the small differences in the mass-dependence. The generalized power law

of Maréchal et al. (1999) was found to provide an elegant way for the quantification of

different mass-dependencies. The observed mass-dependence of the Cd evaporation process

appears to result from a mixed equilibrium and kinetic process. From the data, the extent of

vapor-melt equilibrium and an equilibrium fractionation factor (at 200°C) was calculated.

This new approach shows that the mechanism of isotope fractionation (e.g., the extent of

equilibrium in a system) can be investigated by measuring the isotope ratios of the

fractionated product relative to the starting material provided the isotope fractionation is large

enough and at least three isotopes can be measured with high precision. The results imply,

that the Cd isotope fractionation recorded in some chondritic meteorites can also be due to

equilibrium rather than kinetic (Rayleigh) evaporation and/or condensation.

In addition, the mass-dependence of the plasma-source induced mass discrimination was

investigated. Because the isotope composition of Nd is precisely known from TIMS studies,

Nd isotope data that were acquired by MC-ICPMS was re-evaluated for this purpose. As

found by Vance and Thirlwall (2002) the correction of the plasma-source induced mass

discrimination with the commonly used exponential law yielded slightly inaccurate results.

However, the instrumental mass discrimination can be accurately described with single best-

fit isotope fractionation laws.

While a limited number of chondrite data is discussed in chapter one, chapter three reports

Cd stable isotope compositions for a wide range of stony meteorites (carbonaceous, ordinary,

enstatite and Rumuruti chondrites, eucrites, shergottites, lunar anorthositic breccias, one

ureilite, and one winonaite). The results place new constraints on evaporation and

condensation processes in the early solar system.

The abundances of s- and r-process nuclides in the solar nebula are found to be

homogeneous at the sample scales. One polymict lunar anorthositic breccia provides evidence

for a neutron capture effects according to the nuclear reaction 113Cd (n, γ) 114Cd. The neutron

capture effect of this sample is probably due to contamination with lunar soil for which

neutron capture effects of the same order of magnitude have been reported previously (Sands

et al., 2001). No other sample, however, shows a resolvable neutron capture effect. Because

most carbonaceous chondrites, certain enstatite chondrites, the eucrites and the Earth have

identical Cd isotope compositions, it is suggested that the portion of the solar nebula from

which bodies in the inner solar system accreted was homogeneous with respect to mass-
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dependent Cd isotope fractionations. However, substantial mass-dependent Cd isotope

fractionations were found for ordinary, Rumuruti, most enstatite and a few carbonaceous

chondrites. Because variable Cd/Zn ratios are restricted to chondrite classes with fractionated

Cd isotopes, the Cd isotope fractionations must result from preferential Cd loss or

redistribution. It is suggested that the redistribution of Cd (and other highly volatile elements)

results from open system thermal metamorphism on the parent bodies. Therefore, the

calculation of accretion temperatures from (apparently incompletely condensed) highly

volatile element concentrations is inappropriate.

The CI-like Cd isotope composition of most carbonaceous chondrites, the Earth and

eucrites suggests that the depletion of Cd in the inner solar system is not due to partial

evaporation or condensation under kinetic or (possibly) equilibrium conditions. The primary

depletion of Cd (and perhaps other very volatile elements with 50% condensation

temperatures < ~427°C) in the inner solar system is therefore best explained by a mixture

between a refractory component and a volatile-rich component with primitive relative

abundances of volatile elements.

Refractory materials (one refractory inclusion and some chondrules) separated from the

Allende meteorite display light isotope compositions. This result is supported by the

unexpected light isotope composition of an Allende sample that represents a residue from

previous evaporation experiments (Wulf, 1990). The data suggests that the Cd isotope

fractionation occurred during condensation and/or evaporation prior to the accretion of the

parent body, probably during the formation of the refractory inclusion and some chondrule

precursor materials. This indicates that at least some refractory inclusions are evaporation

residues from material that initially contained elements that were as volatile as Cd.

The present thesis reports and evaluates a new method for the precise and accurate

determination of mass-dependent variations in Cd isotope compositions. The application of

this method to stony meteorites and terrestrial samples offers new insight into evaporation and

condensation processes that occurred during the formation of the solar system. The precise

measurement of mass-dependencies provides a new approach for the study of isotope

fractionation mechanisms as shown for the evaporation-induced Cd isotope fractionation.



9

References:

Halliday A.N., Lee D.-C., Christensen J.N., Rehkämper M., Yi W., Luo X., Hall C.M., Ballentine C.J., Pettke T.,

and Stirling C. (1998) Applications of multiple collector-ICPMS to cosmochemistry, geochemistry, and

paleoceanography. Geochim. Cosmochim. Acta 62, 919-940.

Hirata T. (1997) Isotopic variations of germanium in iron and stony iron meteorites. Geochim. Cosmochim. Acta

61, 4439-4448.

Humayun M. and Clayton R. N. (1995) Potassium isotope cosmochemistry: Genetic implications of volatile

element depletion. Geochim. Cosmochim. Acta 59, 2131-2148.

Maréchal C. N., Télouk P., and Albarède F. (1999) Precise analysis of copper and zinc isotopic compositions by

plasma-source mass spectrometry. Chem. Geol. 156, 251-273.

Rehkämper M., Wombacher F., and Aggarwal J. K. (in press) Stable Isotope Analysis by Multiple Collector

ICP-MS. In Handbook of Stable Isotope Analytical Techniques (ed. P. d. Groot). Elsevier.

Rosman K. J. R. and De Laeter J. R. (1976) Isotopic fractionation in meteoritic cadmium. Nature 261, 216-218.

Rosman K. J. R. and De Laeter J. R. (1988) Cadmium mass fractionation in unequilibrated ordinary chondrites.

Earth Planet. Sci. Lett. 89, 163-169.

Rosman K. J. R., De Laeter J. R., and Gorton M. P. (1980) Cadmium isotope fractionation in fractions of two H3

chondrites. Earth Planet. Sci. Lett. 48, 166-170.

Sands D. G., De Laeter J. R., and Rosman K. J. R. (2001) Measurements of neutron capture effects on Cd, Sm,

and Gd in lunar samples with implications for neutron energy spectrum. Earth Planet. Sci. Lett. 186, 335-

346.

Vance D. and Thirlwall M. (2002) An assessment of mass discrimination in MC-ICPMS using Nd isotopes.

Chem. Geol. 185, 227-240.

Walder A. J. and Freedman P. A. (1992) Isotopic ratio measurement using a double focusing magnetic sector

mass analyser with an inductively coupled plasma as an ion source. J. Anal. At. Spectrom. 7, 571-575.

Wulf A.-V. (1990) Experimentelle Untersuchungen zum Flüchtigkeitsverhalten von Spurenelementen in

primitiven Meteoriten. Dissertation, Johannes Gutenberg-Universität Mainz.

Young E. D., Galy A., and Nagahara H. (2002) Kinetic and equilibrium mass-dependent isotope fractionation

laws in nature and their geochemical and cosmochemical significance. Geochim. Cosmochim. Acta 66, 1095-

1104.



10

II. CHAPTERS


