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3. Cadmium stable isotope cosmochemistry

3.1. ABSTRACT

Mass-dependent variations in the Cd stable isotope compositions of stony meteorites place

new constraints on evaporation and condensation processes in the early solar system. The

sample set includes carbonaceous, ordinary, enstatite and Rumuruti chondrites and

achondrites (eucrites, shergottites, lunar anorthositic breccias, one ureilite, and one

winonaite). The Cd isotope analyses were performed by multiple collector – ICPMS. The

external reproducibility is ±1.1 εCd/amu (2 sd) and was determined from replicate analyses of

the Allende meteorite.

Bulk carbonaceous chondrite samples show no or very small Cd isotope fractionations with

respect to the reference standard (εCd/amu = 0) and the Earth (εCd/amu � 0 ±1), except for

one CV3 and two CO3 chondrites that display heavy isotope compositions of up to +11

εCd/amu. Furthermore, refractory materials separated from the Allende CV3 chondrite show

light isotope compositions up to –10 εCd/amu. Enstatite chondrites range from -1 to +39,

Rumuruti chondrites from –4 to +7 and unequilibrated and equilibrated ordinary chondrites

from –19 to +36 and from –1 to +8 εCd/amu, respectively. Achondrites show only a small

range in Cd isotope compositions (-1 to +3 εCd/amu), except for a lunar anorthositic breccia

(Dar al Gani 262), that shows a large fractionation of +26.1 εCd/amu. Dar al Gani 262 also

constitutes the only sample with anomalous 113Cd/114Cd (+36.6 ε) due to a neutron capture

effect. Both the stable isotope fractionation and the neutron capture effect probably result

from a lunar soil component. There is no evidence for different abundances of r- and s-

process nuclides in the Cd data.

Because most carbonaceous chondrites, some enstatite chondrites, the eucrites and the

Earth display identical Cd isotope compositions, it is suggested that the portion of the solar

nebula from which bodies in the inner solar system accreted was (at least initially)

homogeneous in respect to mass-dependent variations in Cd isotope compositions. However,

the presence of fractionated Cd in refractory materials separated from the Allende meteorite

suggests that Cd isotope fractionation in these materials is due to evaporation and/or

condensation processes which occurred before the accretion of the parent body.
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A literature survey of Cd and Zn abundances in chondrites revealed two different trends

that are interpreted to reflect two different processes: First, primary volatile element

depletion, which depleted Cd and Zn to the same extent such that the initial Cd/Zn ratio was

maintained. Second, preferential Cd depletion and/or redistribution that is associated with Cd

isotope fractionation. In contrast, no Cd isotope fractionation occurred during primary Cd

depletion. This rules out partial Rayleigh evaporation and condensation as the cause of

primary Cd depletion and also seems to be inconsistent with partial equilibrium evaporation

and condensation. The absence of Cd isotope fractionation during primary depletion supports

models that explain the concentrations of very volatile elements (with 50% condensation

temperatures < ~427°C) by a two-component mixture between a volatile-rich component and

a refractory component devoid of very volatile elements. Secondary depletion or

redistribution of Cd and other highly volatile elements in ordinary (and possibly in other)

chondrites is best explained by Cd volatilization during open system thermal metamorphism.

The achondrite data suggests that no or only very small Cd isotope fractionations occurred

during the formation of planetary bodies, i.e. during collisions or accretion.

3.2. INTRODUCTION

The formation of the solar system from a molecular cloud involved several stages of

thermal processing, where evaporation and/or condensation of solar system matter played an

important role in the nebular processes that led to the volatile element depletion of the inner

solar system and to the formation of chondrules and refractory inclusions. Likewise,

evaporation and condensation may have accompanied parent body processes such as shock

heating, thermal metamorphism and the accretion of planetesimals and planets. Under

appropriate conditions, partial evaporation or partial condensation result in stable isotope

fractionations. Therefore, stable isotope measurements provide constraints on evaporation and

condensation processes in the early solar system. In order to be suitable stable isotope tracers

for evaporation and condensation, elements must fulfill certain criteria: a) they must have at

least two isotopes, b) they should not display significant geological/chemical isotope

fractionation and c) their isotope composition should be initially homogeneous.

The moderately volatile element K (50% condensation temperature TC (50%) = 727°C;

Fegley and Lewis, 1980) and the highly volatile element Cd (TC (50%) = 157°C; Larimer,

1973) both fulfill these requirements (Humayun and Clayton, 1995a; chapter 1). Potassium

isotope compositions in meteorites, chondrules, terrestrial materials and lunar samples (except
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lunar soils) are remarkably uniform (Humayun and Clayton, 1995a; Humayun and Clayton,

1995b; Alexander et al., 2000). In contrast, large Cd isotope fractionations were found in

ordinary chondrites (Rosman and De Laeter, 1976; Rosman and De Laeter, 1988; Rosman et

al., 1980). The presence of Cd isotope fractionation in the absence of K isotope fractionation

in meteorites may relate to the differences in volatility.

Here, we provide a comprehensive study of Cd stable isotope compositions in chondrites

and first results for achondrites. The data place new constraints on thermal processing in the

early solar system.

3.3. SAMPLE PREPARATION AND ANALYTICAL PROCEDURES

3.3.1. Sample preparation and Cd separation

A comprehensive treatment of laboratory procedures is given in chapter 1. The main points

and new procedures that are specific to this study are given below.

Between three and 1660 mg of powdered samples were dissolved in an HF-HNO3 mixture.

Cadmium separation was carried out using an anion exchange resin followed by a clean up

chemistry utilizing the Eichrom TRU Spec resin.

Because terrestrial samples display only minor Cd isotope fractionation (–1 to +1.2

εCd/amu; chapter 1), laboratory blanks can be expected to have unfractionated Cd isotope

compositions. Blanks were typically ≤ 20pg Cd, thus being negligible. Early erratic blank

determinations yielded up to 380pg, thus some (early) results for strongly fractionated

samples with low-Cd contents could be shifted by a few percent towards terrestrial isotope

compositions, but this would not change our interpretations. All meteorite finds in this study

are North African desert finds, except Leoville, Brownfield, Dimmitt, Gladstone and Kenna

are from Kansas, Texas and New Mexico. It appears possible, that terrestrial Cd contaminated

those meteorites that are finds or that Cd loss occurred during weathering. As a precautionary

measure, the samples were mildly leached in very dilute HNO3 and then rinsed with clean

water before they were further processed. However, if some terrestrial contamination

remained, the Cd isotope composition of fractionated finds could be shifted towards the

unfractionated terrestrial isotope composition.

Matrix, chondrules and a few other materials were separated from Allende, Semarkona,

Bishunpur and Sarir Qattusah 001. Allende and Semarkona were gently crushed in an agate

mortar and matrix-rich pieces, chondrules, chondrule fragments and other refractory materials

were handpicked under the binocular microscope using plastic tweezers and dental tools.
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Allende separates (Table 3.1) were prepared from three different slices of a larger piece of

Allende. Separates 169 and 170 were separated from a piece of Allende that was subjected to

the freeze-thaw method, were the solid sample was placed inside a capped Savillex� beaker

that was filled with just enough water to cover the sample. The closed Savillex� beaker was

then placed inside a larger open Teflon� beaker and boiling water was alternated with liquid

nitrogen in order to repeatedly freeze and thaw the sample. The procedure was assisted by

occasional ultrasonifications. However, the crushing of this piece of Allende was not found to

be much easier than for the piece where the freeze-thaw method was not applied (186 to 189).

One chondrule-rich and four matrix-rich separates were drilled from slices of Allende (147,

148), Bishunpur (178, 179) and Sarir Qattusah (152) under the binocular microscope using a

microdrill device equipped with a heavy metal dental drill. Because the drilling produces a

fine powder that is partly blown away by the air-flow generated by the microdrill, the two

Bishunpur separates (178, 179) were drilled within drops of water. As soon as a drop became

cloudy it was transferred into a Savillex� beaker and replaced by a new drop of water.

Drillblanks were determined by extensive wet drilling of a quartz crystal (40 pg Cd) and a

Zhamanshinite impact melt (720 pg Cd) sample that was previously found to be almost free of

Cd (< 1 ng/g). It can be assumed that the laboratory blank has an unfractionated terrestrial Cd

isotope composition. A 40 pg blank would then have negligible effects for all drill samples. A

~720 pg addition of terrestrial Cd would have no affect for the two drilled Allende matrix

samples, but could have lowered the Cd isotope composition of the matrix-rich separate from

Sarir Qattusah 001 (147) by ~ 1 εCd/amu. A 720 pg blank for the drilled Bishunpur samples,

however, would have changed their isotope compositions by ~ -2 and -3 εCd/amu for

separates 179 (matrix-rich) and 178 (chondrule-rich), respectively.

3.3.2. Mass spectrometry

All Cadmium isotope measurements were conducted using the NuPlasma MC-ICPMS

(multiple collector – inductively coupled plasma mass spectrometry) in Zürich in combination

with a Cetac MCN 6000 desolvating nebulizer. An Ag solution is added to samples and

standards prior to the measurements and the Cd isotopes are externally normalized to
107Ag/109Ag in order to correct for the drift in the instrumental mass bias. Typically 40 to 45

cycles of 5 s duration were acquired during the sample measurements with ion beam

intensities around 0.5 x 10-11 A for 112Cd. If only small amounts of Cd were available for

measurement, as little as 10 ratios of 5 s were obtained (see Table 3.1 and 3.2).
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Results are reported as εCd/amu relative to the reference standard (Johnson Matthew

Company ICP standard solution; for short: JMC Cd), i.e. the one part in 10,000 deviation of

the stable isotope composition of the sample from that of JMC Cd per atomic mass unit

(amu):

εCd/amu sample = [( iCd/ jCd) sample / ( iCd/ jCd) JMC std – 1] * 10,000 / (mi – mj) (3.1)

mi and mj refer to the mass of the isotopes i and j. According to Eq. 3.1, positive values

refer to samples enriched in the heavy isotopes, negative values denote samples of light

isotope compositions. The data given in Table 3.1 and 3.2 are based on the 112Cd/114Cd

isotope ratio.

3.3.3. Data assessment

The long-term reproducibility of ±1.1 εCd/amu (2 sd) was estimated throughout this study

from multiple measurements of repeatedly dissolved Allende meteorite powder (chapter 1).

All data presented in Table 3.1 and 3.2 were measured with ion beams of at least 0.1 x 10-11 A

for 112Cd, other data was discarded. Only Dar al Gani 216 and two Semarkona separates (175,

176) had ion beams < 150 mV for 112Cd. All analyses consumed ≥ 4 ng Cd, but typically 20 to

50 ng. The ion beams of 112Cd and 114Cd were corrected for Sn interferences. By far the

largest Sn interference of this study was observed for 111-Hvittis, nonetheless the interference

was accurately corrected (see Fig. 1.2 in chapter 1). The highest Ru/Cd ratio (Ru/Cd = 2) was

observed for 163-Homestead and even such levels were found to cause no significant oxide

interferences or matrix effects (chapter 1). Results from 112Cd/114Cd and 111Cd/114Cd agree

within ≤ 1 εCd/amu for all data presented in this study (Fig. 3.1). In four cases where
112Cd/114Cd and 111Cd/114Cd did not agree within ≤ 1 ε Cd/amu the data was discarded,

because of obvious matrix or interference problems.
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Figure 3.1. Comparison of εCd/amu values based on measurements of 112Cd/114Cd and 111Cd/114Cd,

with analytical uncertainties of ±1.1 and ±1.2 εCd/amu, respectively (2 standard deviations from

repeated analyses of the Allende meteorite; see uncertainty bars). Data based on 111Cd/114Cd and
112Cd/114Cd agrees within ±1 εCd/amu, suggesting that interferences on Cd isotopes and possible

nucleosynthetic anomalies are insignificant. The fractionation curve is represented by a straight line

that was calculated for kinetic isotope fractionation (Young et al., 2002). However, the data correlation

is also in accord with an equilibrium isotope fractionation line, within uncertainty.

3.4. ISOTOPE FRACTIONATION DURING EVAPORATION AND CONDENSATION

In geological samples, Cd occurs exclusively in the 2+ valence state and forms bonds that

are predominantly ionic. Large Cd isotope fractionations due to geological processes are

therefore not expected. Based on the limited isotope fractionation observed for terrestrial

samples and the comparatively large Cd isotope fractionations observed for a tektite and some

meteorite samples, it was concluded in chapter 1 that significant inorganic fractionations of

Cd isotopes are restricted to evaporation and condensation processes.

Isotope fractionation between a condensed phase and a gas phase can occur under kinetic

and equilibrium conditions (for a detailed discussion see Humayun and Cassen, 2000).

Kinetic isotope fractionation during evaporation and condensation is not temperature-

dependent. It results from the different velocities of isotopic species that are required by the
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equipartitioning of energy. Kinetic isotope fractionation that is associated with the progressive

evaporation from a solid or melt can be described using the Rayleigh equation (e.g., Hoefs,

1997).
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where f is the mass fraction of the residual Cd and αkin is the kinetic fractionation factor:
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Here, m(114Cd) refers to the mass of 114Cd etc. Rayleigh evaporation is an ideal case that

requires that (1) the vapor is instantaneously removed from the surface of the evaporation

residue and (2) the isotope composition in the evaporation residue remains homogeneous

during the evaporation process (e.g., Esat, 1996; Young et al., 1998; Wang et al., 1999a;

Nagahara and Ozawa, 2000; Ozawa and Nagahara, 2001). The first condition is expected to

be approached if evaporation proceeds into vacuum. The second condition is fulfilled if the

evaporation rate is small compared to the efficiency of Cd diffusion (and convection in

liquids) in the evaporation residue. If the diffusion in a solid evaporation residue is slow

compared to the evaporation rate, this “ablative” evaporation is not expected to result in

chemical fractionation. However, Ozawa and Nagahara (2001) argued that for very volatile

elements, chemical fractionation during evaporation from solid materials (e.g., preferential Cd

loss) is possible and may not be accompanied by isotope fractionation if the diffusion in the

condensed phase is very slow.

The isotope composition of the accumulated condensates established by partial kinetic

condensation was calculated using (e.g., Hoefs 1997):
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Again, Rayleigh condensation is an ideal case that requires that the condensate does not

back-react with the gas-phase, but back-reaction is likely to occur in isothermal environments

(Humayun and Cassen, 2000). However, Rayleigh condensation may be approached if

condensation takes place onto a cooler substrate (e.g., Uyeda et al., 1991; Esat and Taylor,

1999). The evolution of the Cd isotope composition of the condensed phase during partial
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Rayleigh evaporation and partial Rayleigh condensation is shown by the solid curves in

Fig. 3.2.

Figure 3.2. Calculated Cd isotope compositions (in εCd/amu) for the condensed phase for different

modes of partial evaporation and condensation. Rayleigh evaporation and condensation were

calculated with αkin = 1.0089 (Eq. 3.3). The possible effects of equilibrium isotope fractionation were

calculated, assuming αeq = 1.0025 at ~200°C (chapter 2) and αeq = 1.0006 at 700°C. All fractionation

factors are for 112Cd/114Cd. The dashed equilibrium fractionation curves were calculated with a step

size fs = 1 or fs = 0.5, respectively.

No kinetic isotope fractionation will occur, if the condensed phase and the gas phase are in

full equilibrium. However, the gas phase and the condensed phase may have different isotope

compositions due to the equilibrium partitioning of isotopes. The equilibrium isotope

fractionation between gas and condensates decreases with 1/T2 at high temperatures, therefore

no significant isotope fractionation is expected at high temperatures. In an experiment,

equilibrium isotope fractionation was observed between monatomic Cd vapor and liquid Cd at

ca. 200°C and an equilibrium fractionation factor of αeq � 1.0025 at ~200°C (for 112Cd/114Cd)

was inferred (chapter 2). Furthermore, it was suggested that the observed Cd isotope

fractionations in meteorites could result from equilibrium isotope fractionation. The results of

chapter 2 are based on the difference in the mass-dependence between equilibrium and kinetic

isotope fractionations (Young et al., 2002). In the following, we use the equilibrium

fractionation factor from chapter 2 to qualitatively investigate the possibilities of Cd isotope

fractionation during partial equilibrium evaporation and condensation. Ultimately, improved

determinations of Cd equilibrium fractionation factors acquired from more realistic
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experiments are required to investigate equilibrium Cd isotope fractionations in evaporation

and condensation processes in the early solar system more thoroughly.

Larimer (1973) reports a 50% condensation temperature of 157°C for the equilibrium

condensation of Cd from a gas of (initially) solar composition (at 10-5 bar). According to

Larimer (1973), gaseous monatomic Cd would condense as CdS in solid solution with FeS.

Because the equilibrium isotope fractionation factor αeq is temperature-dependent, αeq will

increase with proceeding equilibrium condensation during cooling. However, given the

uncertainties in the Cd condensation temperature of Larimer (1973) (Fegley, 1997) and for the

equilibrium fractionation factor from chapter 2 this minor complication was not taken into

account.

In principle, the equilibrium condensation line (c) in Fig. 3.2 also describes partial

equilibrium evaporation at ~200°C. However, due to the necessary activation energies,

evaporation of Cd from solid materials will likely occur at temperatures that are significantly

higher than those for condensation. For CM and CV carbonaceous chondrites, Lauretta et al.

(2001) inferred that Cd is released at ~700°C. We therefore used the temperature dependence

of 1/T(K)2 to extrapolate a high temperature equilibrium fractionation coefficient αeq = 1.0006

(700°C) from αeq = 1.0025 (200°C). Equilibrium evaporation at high temperature may be a

possible scenario for the volatilization of Cd within parent bodies, were a significant Cd

partial pressure could build up in the pore space. The isotope composition of the condensed

phase during partial equilibrium condensation or evaporation were calculated as:
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The dashed straight lines in Fig. 3.2 represent the calculated Cd isotope compositions of

the condensed phase for partial equilibrium evaporation and condensation that occurs in one

step (step size fs = 1) at ~200°C and ~700°C. However, during equilibrium evaporation, loss

of Cd vapor is very likely. Therefore, equilibrium evaporation should be better described

using an evaporation model, where multiple batches of equilibrated vapor are lost in a

stepwise fashion. Fig. 3.2 shows a curve that was calculated for equilibrium evaporation in

multiple steps at 700°C, assuming that in each cycle, half of the condensed Cd (fs = 0.5)

enters the gas-phase before it is lost. This particular case of equilibrium evaporation may not

accurately describe natural equilibrium evaporation process, however, the important

consequence is that partial equilibrium evaporation with contemporaneous loss of the gas
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phase can result in the strong enrichment of the heavy isotopes in the evaporation residue,

even for small equilibrium isotope fractionation factors at elevated temperatures.

Equilibrium condensation in multiple steps is also a possible scenario, for example if the

first Cd that condensed under equilibrium conditions becomes isolated from the gas phase by

the removal or accretion of condensates. This case differs from Rayleigh condensation as any

newly formed condensates are in full equilibrium with the gas phase before they become

isolated from the gas phase. However, curves for equilibrium condensation in multiple steps

are not significantly different from the one step equilibrium condensation lines (Fig. 3.2),

especially for rather depleted samples as presented in this study. Therefore, equilibrium

condensation in multiple steps is not treated here.

3.5. RESULTS

Cadmium stable isotope compositions of chondritic and achondritic meteorites are given in

Tables 3.1 and 3.2. Data for ten chondrites is already in Table 1.4.

3.5.1. Neutron capture and nucleosynthetic anomalies

Due to the large neutron capture cross-section of 113Cd (~20,000 barn), neutron irradiation

can change the Cd isotope composition according to the reaction 113Cd (n, γ) 114Cd. A large

neutron-capture effect of ε113Cd/114Cd = -36.1 is observed for Dar al Gani 262 (Fig. 3.3), a

lunar anorthositic breccia. Neutron capture effects between –30 and –50 ε113Cd/114Cd were

observed previously in lunar soil samples (Sands et al., 2001a). All other samples, including

the other lunar anorthositic breccia sample Dar al Gani 400 display no irradiation effects

outside analytical uncertainty. The increase in the abundance of 114Cd is 30% of the decrease

in the 113Cd/114Cd ratio, which results in a 15% change of the εCd/amu value based on the

measurement of 112Cd/114Cd. For any data of this study, a small and therefore not detected

neutron capture effect would display an apparently heavier Cd isotope composition of < +0.2

εCd/amu (based on 112Cd/114Cd) which is insignificant. Only for the Semarkona separate 176,

an undetected neutron capture effect could have led to an apparently heavier Cd isotope

composition of ~ +0.7 εCd/amu. The consistency of 111Cd-112Cd-113Cd-114Cd data in Fig. 3.1

and Fig. 3.3 also shows that no nucleosynthetic anomalies are detected for the r- and s-

process nuclides. Also, 110Cd data are usually consistent, except for some data sets, where the
110Cd results are inconsistent apparently due to Pd interferences from contamination in the

nebulizer or at the interface of the mass spectrometer.
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Figure 3.3. Neutron capture effects. The ε113Cd/114Cd values for all samples are arranged in the

sequence of the measurements. The 113Cd/114Cd ratio was normalized to 111Cd/112Cd in order to remove

the effects of instrumental mass discrimination and natural stable isotope fractionation. ε113Cd/114Cd

denotes the deviation of the 113Cd/114Cd ratio for samples from that of the JMC standard in parts per

10,000. The gray bar denotes the analytical uncertainty for ε113Cd/114Cd (±1.3 ε; 2 sd) as estimated

from eight repeated measurements of the Allende meteorite. The individual uncertainty bars represent

the analytical uncertainty (2 sd) for the set of JMC Cd standards that accompanied the respective

sample set. Larger uncertainties for standards mainly result from further dilution in order to match the

Cd signal intensities of samples with low Cd concentrations. All data are corrected for Sn (section

3.3.3.) and In interferences. Indium interferences were usually < 10 ppm and never more than 85 ppm.

One lunar anorthositic breccia (Dar al Gani 262) shows a large ε113Cd/114Cd anomaly of -36.1 due to

neutron capture. All other samples display no clearly resolvable anomalies due to neutron capture. The

evaporation residue from Allende (AA2P) had been irradiated for instrumental neutron activation

analysis (Wulf, 1990), but no neutron capture effect is observed.



Chapter 3: Cadmium stable isotope cosmochemistry

79

Table 3.1: Cd stable isotope compositions of chondrites

ID-name/type S W ratios εCd/amu ID-name/type S W ratios εCd/amu

carbonaceous chondrites unequilibrated ordinary chondrites

I-Orgueil CI reg. br.* fall 40 -0.3 108-Semarkona LL3.0* 2 1-fall 45 -19.4
I-Orgueil CI reg. br.* fall 45 -0.7 108-Semarkona LL3.0* 2 1-fall 45 -19.5

separates

91-Murchison CM2 br.* 1-2 fall 45 0.9 171-matrix-rich 40 -18.4
171-matrix-rich 45 -19.2

90-Acfer 209 CR2 br. 2 2 45 0.8 174-matrix-rich, some fusion crust 40 -18.8
90-Acfer 209 CR2 br. 2 2 45 1.3 172-fines pipetted in Ethanol 40 -16.6

176-chips from large chondrule 15 -22.9
J-Acfer 094 C2 ungr. br. 1 2 40 -0.7 175-light chondrule (?) grains 15 -18.4
J-Acfer 094 C2 ungr. br. 1 2 45 -0.9

166-Acfer 171 H3.7 1 2 40 -15.3
mean-Allende CV3 oxidized* 1 fall -0.2
AA2P-Allende evaporation residue 30 -2.1 0-Dar al Gani 085 L3-4 br. fuse. 2 2 45 -1.9

separates 0-Dar al Gani 085 L3-4 br. fuse. 2 2 40 -0.9
147-matrix 30 0.5
148-matrix 40 -0.3 11-Dar al Gani 085 L3-4 br. 2 2 45 0.4
148-matrix 15 -1.0 11-Dar al Gani 085 L3-4 br. 2 2 15 0.4
189-matrix (CAI-rich) 30 -1.2 11-Dar al Gani 085 L3-4 br. 2 2 45 1.6
170-light grains/refractory inclusion 20 -5.4
169-chondrules + fragments < 1mm 40 -9.6 29-Dar al Gani 022 LL3-6 br. 2 3 45 1.6
186-irregular shaped large chondrules 30 -4.1
188-small chondrules & fragments 20 -1.4 36-Dar al Gani 216 L3 3 2 15 14.0

112-Leoville CV3 reduced 3 20 4.5 12-Adrar 003 L/LL3.2 2 2 60 15.6

156-Colony CO3.0 1 45 2.7 7-Tanezrouft 039 L3 2 1 15 16.2
143-Colony CO3.0 1 15 3.7

137-Dimmitt H3.7 reg. br.* 3 B 45 17.5
131-Dar al Gani 005 CO3 2 2 45 11.1

31-Brownfield H3.7* b B 60 27.6
89-Watson 002 CK3-anomalous 45 1.0
89-Watson 002 CK3-anomalous 45 1.2 109-Bishunpur LL3.1* 2 1-fall 20 27.2

180-Bishunpur LL3.1* 2 1-fall 20 28.8
162-Dar al Gani 275 CK4/5 2 4 45 -2.4 separates

179-matrix-rich 20 29.9
161-Dar al Gani 412 CK5 2 3 40 -2.1 181-with fusion crust and large chondrule 20 27.6

178-chondrule-rich 20 27.0
enstatite chondrites

142-Sahara 97166 EH3 45 8.4 39-Sarir Qattusah 001 L/LL3* 2 3 45 35.0
39-Sarir Qattusah 001 L/LL3* 2 3 45 35.1

110-Qingzhen EH3 3 fall 45 39.2 39-Sarir Qattusah 001 L/LL3* 2 3 45 36.6
39-Sarir Qattusah 001 L/LL3* 2 3 45 36.8

K-Indarch EH 4 3 fall 40 0.1 separates

K-Indarch EH 4 3 fall 45 -1.0 149-matrix-rich 40 35.5

135-Abee EH4 imp. melt br. 2-4 fall 40 -0.3 equilibrated ordinary chondrites

135-Abee EH4 imp. melt br. 2-4 fall 45 -1.7 140-Gladstone H4 3 45 1.7
135-Abee EH4 imp. melt br. 2-4 fall 45 -0.2

107-Forest Vale H4* 2 fall 45 7.2
111-Hvittis EL6 br. 2 fall 20 18.8 107-Forest Vale H4* 2 fall 45 8.3

134-Ilafegh�009�E7�with�imp.�melt 4 0/1 45 10.6 139-Ucera H5 c fall 30 -0.8

Rumuruti chondrites 163-Homestead L5 br. fall 20 8.0
122-North�West�Africa�755�R3.7* 2 4 45 6.8
122-North�West�Africa�755�R3.7* 2 4 45 7.5 εCd/amu based on 112Cd/114Cd

ID: lab ID-numbers refer to separate sample digestions
121-North�West�Africa�753�R3.9 2 2 45 5.2 S = shock stage; W = degree of weathering
121-North�West�Africa�753�R3.9 2 2 45 6.6 reg.= regolith, br. = breccia, imp. = impact

ungr. = ungrouped, fuse. = sample with fusion crust
94-Hammadah�al�Hamra�119�R4 3 4 45 2.5 * already in Table 1.4.
94-Hammadah�al�Hamra�119�R4 3 4 30 2.8

M-Dar al Gani 013 R3.5-6 br. 1 4 30 -4.0
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3.5.2. Carbonaceous chondrites and Allende separates

Data for carbonaceous chondrites including separates from Allende are shown in Fig. 3.4.

The gray bar delimits the variation for terrestrial rocks and minerals observed in chapter 1.

Carbonaceous chondrites of type 1 (Orgueil) and 2 have Cd isotope compositions that are

indistinguishable from terrestrial values. This is also true for the Allende CV3 chondrite and

the anomalous CK3 chondrite Watson 002. The two metamorphosed CK meteorites of type

4/5 and 5 (Dar al Gani 275 and 412) have Cd isotope compositions that appear to be lighter

than those observed for terrestrial rocks and clearly lighter than the Cd isotope composition of

the unequilibrated CK3 chondrite Watson 002. The similarity between Dar al Gani 275 and

412 suggests a possible relationship (pairing) between the two samples. Three type 3

chondrites, Leoville CV3, Colony CO3.0 and Dar al Gani 005 CO3 show heavy Cd isotope

compositions between +3.2 and +11.1 εCd/amu. An evaporation residue from the Allende

meteorite (AA2P) displays a light isotope composition. This sample was heated to 1100°C for

four days in a semi-open system with the oxygen fugacity buffered by Ni-NiO (log fO2 ~ -8.8)

(Wulf, 1990; Wulf et al., 1995). The matrix separates from Allende all reflect the isotope

composition of bulk Allende, but three out of four separates of refractory materials clearly

display light isotope compositions. A separate of only 11mg of some white material, that

resembles a refractory inclusion shows a light Cd isotope composition and a high Cd content

(separate 170; -5.4 εCd/amu; ca. 1200 ppb Cd). The separate that displays the most

fractionated Cd isotope composition comes from the same piece of Allende and consists of

ca. 180 chondrules and chondrule fragments with diameters < 1 mm (separate 169; -9.6

εCd/amu; ca. 300 ppb Cd). A second set of ca. 100 small chondrules and fragments separated

from a different piece of Allende, however, displays a light Cd isotope composition that is not

clearly outside analytical uncertainty (separate 188; -1.4 εCd/amu; ca. 100 ppb Cd). Eighteen

pieces of irregularly shaped large chondrules (complete or fragments thereof) from the same

piece of Allende display a light isotope composition (separate 186; -4.1 εCd/amu; ca. 300 ppb

Cd). This separate (186) consists, at least largely, of chondrules or fragments from chondrules

with igneous rims which make up 50% of the chondrules in CV3 chondrites (Rubin, 1984).
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Figure 3.4. Cadmium stable isotope compositions of bulk carbonaceous chondrites (solid circles)

and separates from the Allende meteorite (open symbols). The gray bar delimits the variation observed

in terrestrial samples (chapter 1). The analytical uncertainty of ±1.1 εCd/amu (2 sd) is estimated from

eight repeated analyses of Allende meteorite powder. DG = Dar al Gani.

3.5.3. Ordinary chondrites and separates

Fig. 3.5 presents the Cd isotope data obtained from bulk ordinary chondrites and separates.

The total variation observed for eleven unequilibrated ordinary chondrites comprises about 55

εCd/amu including two samples with light isotope compositions. The total variation observed

for four equilibrated ordinary chondrites comprises 8 εCd/amu. For two samples, pieces with

abundant fusion crust (O-Dar al Gani 085 and 181-Bishunpur) and without fusion crust were

analyzed. In the case of Bishunpur, the piece with the fusion crust displays a Cd isotope
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composition that is within uncertainty identical to the bulk sample. For Dar al Gani 085,

results for the piece with fusion crust are on average 2.2 εCd/amu lighter than for the piece

without fusion crust (εCd/amu = +0.8) and this difference is probably significant with respect

to the analytical uncertainty. Partial evaporation of Cd from the fusion crust, however, is

expected to result in a heavier isotope composition. Because Dar al Gani 085 is a breccia, the

small difference in isotope composition more likely results from sample heterogeneity. We

conclude, that the fusion of the meteorite surface during passage of the meteorites through the

Earth’s atmosphere does not result in measurable Cd isotope fractionations and that the small

amounts of fusion crust that were present in some other samples therefore will not cause

analytical artifacts.

Semarkona, the only known type 3.0 ordinary chondrite displays the highest Cd

concentration (1248ppb Cd; Rosman and De Laeter, 1988) ever measured for a meteorite

sample and a light isotope composition with εCd/amu = -19.5. Separates from the Semarkona

LL3.0 chondrite all display light, but somewhat variable Cd isotope compositions. One

separate (175) represents a fine fraction that has been rinsed off the crushed material with

ethanol. This separate has a somewhat heavier isotope composition compared to the bulk

sample (by 2.9 εCd/amu) and is possibly the most matrix-rich sample. Three separates (171,

174, 175) display isotope compositions that are within uncertainty similar to the bulk sample.

Separate 171 consists of the remains from which separate 175 was rinsed off and from which

chondrules were picked. This separate (171) is enriched in matrix (~ 30 to 50%), as is

separate 174 (~ 50% matrix). Separate 175 consists largely of transparent, colorless or

greenish minerals that are certainly mostly derived from chondrules. Finally, separate 176

consists of four chips from a large chondrule and this sample is 3.5 εCd/amu lighter than the

bulk sample.

The 180-Bishunpur bulk sample (εCd/amu = +28.8) represents probably the more reliable

bulk sample measurement, because more material was consumed for this analysis. Two

separates from Bishunpur (179, 181) agree within uncertainty with the heavy bulk sample

isotope composition, however, the chondrule-rich separate is 2.9 εCd/amu lighter than the

matrix-rich separate. Whether this difference is real or caused by variable Cd drill blanks is

questionable.

Unlike Semarkona and Bishunpur, Sarir Qattusah 001 is a find and therefore it is more

likely, that the distribution of Cd isotopes in this sample was altered on Earth. The matrix-rich

separate from Sarir Qattusah 001 yields the same heavy Cd isotope composition as the bulk

sample, the chondrule-rich separate contained too little Cd for a reliable measurement.
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Figure 3.5. Cadmium stable isotope compositions of bulk ordinary chondrite samples (solid

squares) and separates (open symbols: squares: matrix-rich; diamonds: chondrule-rich; triangles: fines

pipetted in Ethanol (Semarkona) or piece with fusion crust and large chondrule (Bishunpur)). The gray

bar denotes the variation observed in terrestrial samples (chapter 1). The analytical uncertainty of ±1.1

εCd/amu (2 sd) is estimated from eight repeated analyses of Allende meteorite powder. DG = Dar al

Gani; SQ = Sarir Qattusah.
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3.5.4. Enstatite chondrites

The Cd isotope compositions of enstatite chondrites are given in Fig. 3.6. Two

metamorphosed EL samples display heavy Cd isotope compositions (εCd/amu = +10.6 and

+18.8). Also, the two unequilibrated EH3 samples show heavy isotope compositions one of

which, Qingzhen, has the heaviest Cd isotope composition so far observed for natural samples

with εCd/amu = +39.2. The Abee and Indarch EH4 chondrites, however, display no Cd

isotope fractionation.

Figure 3.6. Cadmium stable isotope compositions of enstatite chondrites. The gray bar denotes the

variation observed in terrestrial samples (chapter 1). The analytical uncertainty of ±1.1 εCd/amu (2 sd)

is estimated from eight repeated analyses of Allende meteorite powder.

3.5.5. Rumuruti chondrites

The data for four Rumuruti chondrites is given in Fig. 3.7. The Cd isotope compositions

show a variation from –4 to +7 εCd/amu.
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Figure 3.7. Cadmium stable isotope compositions of Rumuruti chondrites. The gray bar denotes

the variation observed in terrestrial samples (chapter 1). The analytical uncertainty of ±1.1 εCd/amu (2

sd) is estimated from eight repeated analyses of Allende meteorite powder. NWA = North West

Africa; HH = Hammadah al Hamra; DG = Dar al Gani.

3.5.6. Achondrites

The data obtained for achondrites ranges from –1.4 (mean of winonaite sample) to +2.8

εCd/amu (Fig. 3.8, Table 3.2), except for the polymict lunar anorthositic breccia (Dar al Gani

262) with the large neutron capture effect. This sample displays a strongly fractionated heavy

Cd isotope composition (+26.2 εCd/amu; calculated from 111Cd/112Cd). The other lunar

anorthositic breccia, Dar al Gani 400, has a heavy Cd isotope composition of +2.8 εCd/amu

and no measurable neutron capture effect. Both martian meteorites (shergottites) appear to

have somewhat heavy Cd isotope compositions (εCd/amu = +1.3 and +2.3). Two monomict

eucrite breccias (εCd/amu = -0.5 and 0.0) agree well with the Cd isotope composition of the

laboratory standard (JMC Cd) and terrestrial samples. The ureilite sample, Kenna, has a heavy

Cd isotope composition (+2.8 εCd/amu). The data for Kenna was obtained from only about 5

ng of Cd and the sample solution for Kenna was repeatedly treated with aqua regia and H2O2

in order to oxidize the large amount of C in this sample. Nevertheless, a black carbon-rich

residue had to be centrifuged off. Because of this unusual treatment, the data quality for

Kenna is difficult to assess and the result should be taken with caution. Two measurements of

a winonaite sample (Hammadah al Hamra 193) yielded a somewhat light isotope composition

(εCd/amu = -2.0 and -0.8).
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Figure 3.8. Cadmium stable isotope compositions of achondrites. The gray bar denotes the

variation observed in terrestrial samples (chapter 1). The analytical uncertainty of ±1.1 εCd/amu (2 sd)

is estimated from eight repeated analyses of Allende meteorite powder. DG = Dar al Gani; SU = Sayh

al Uhaymir; HH = Hammadah al Hamra.

Table 3.2: Cd isotope compositions of achondrites

ID-name S W ratios εCd/amu

lunar anorthositic breccias

120-Dar al Gani 400 20 2.8
88-Dar al Gani 262 polymict 45 26.1*

shergottites

130-Dar al Gani 476 20 2.3
129-Sayh al Uhaymir 005 15 1.3

eucrites - monomict breccias

123-Hammadah al Hamra 059 3 30 -0.5
124-Millbillillie fall 20 0.0

Ureilite

114-Kenna low 10 2.8

Winonaite

93-Hammadah al Hamra 193 1 3 45 -2.0
93-Hammadah al Hamra 193 15 -0.8

εCd/amu based on 112Cd/114Cd; * based on 111Cd/112Cd
S = shockstage; W = degree of weathering; ID: lab number
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3.6. DISCUSSION

3.6.1. The initial homogeneity of the solar nebula Cd isotope composition

Apart from one lunar anorthositic breccia (Dar al Gani 262) that shows a neutron capture

effect, all samples lie on a single Cd isotope fractionation line (Fig. 3.1, see also section

3.5.1.). This demonstrates that nucleosynthetic anomalies, if present at all, do not show up in

the bulk Cd isotope compositions of the samples. The Cd isotope compositions obtained for

type 1, 2, and two type 3 carbonaceous chondrites, the two EH4 chondrites and the eucrites

display no mass-dependent isotope fractionation relative to the JMC Cd standard, which is

representative for the (silicate) Earth (Fig. 3.4, 3.6, 3.8). The Cd isotope compositions

obtained from the martian meteorites, the winonaite and the ureilite samples are close (Fig.

3.8). This similarity for very different materials suggests that the portion of the solar nebula

from which bodies in the inner solar system accreted was (at least initially) homogeneous in

respect to mass-dependent variations in Cd isotope compositions.

3.6.2. Preaccretionary processes: refractory inclusions and chondrules from Allende

Three out of four separates of refractory materials from the Allende chondrite display a

light Cd isotope composition between –4 and –10 εCd/amu, while the bulk sample and the

matrix separates display no resolvable Cd isotope fractionation. Two separates of small

chondrules and presumable chondrule fragments (separates 169, 188) yielded very different

Cd isotope compositions of –1.4 and -9.6 εCd/amu, respectively. It is not clear whether the

fractionated Cd is associated with the chondrules themselves or with other phases that have

been picked as chondrules or chondrule fragments by error. Separate 186 with εCd/amu =

-4.1, consists of irregularly shaped large chondrules and fragments thereof. At least most, if

not all, of these are chondrules with igneous rims (Rubin, 1984) and these rims appear to have

undergone only 20 to �80% melting (Krot and Wasson, 1995). The light colored material of

separate 170 clearly resembles a refractory inclusion. This separate has a light isotope

composition of –5.4 εCd/amu and is surprisingly rich in Cd (~1200 ppb). Because the matrix

and the bulk Allende measurements revealed a Cd isotope composition that is unfractionated

with respect to the JMC standard, refractory materials with light Cd isotope compositions

around –5 εCd/amu probably contribute < 10% to the total Cd content. Due to the absence of

any other suitable isotope fractionation mechanism for Cd, the light isotope compositions

must result from partial evaporation or condensation processes. Because it is very unlikely

that a light Cd vapor from the volatilization of Cd within Allende preferentially condenses in
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the refractory materials, the observed light Cd isotope compositions certainly resulted from a

preaccretionary process. Mass-dependent isotope fractionations including light isotope

compositions of the more refractory elements Mg, Si and Ca are common in refractory

inclusions (Clayton et al., 1988). Therefore, the light Cd isotope composition in the refractory

Allende inclusion (separate 170) may have been established during the

evaporation/condensation history of the refractory inclusion. This would suggest that the

precursor material for the refractory inclusion contained elements as volatile as Cd, thus the

refractory inclusion must have formed as an evaporation residue from early solar system

matter that contained volatile elements. The Cd may have survived the evaporation process,

because it was locked up in refractory phases (possibly spinel). In fact, the light Cd isotope

composition found in the Allende evaporation residue (AA2P) can also be explained if light

Cd in refractory phases survived the experimental evaporation procedure.

3.6.3. The chemical record of primary volatile element depletion

Volatile element depletion resulted in a chemical abundance pattern with two characteristic

features: First, the decreasing abundance of volatile elements with decreasing condensation

temperatures that is most evident in chondrites, but also in terrestrial planets (Wai and

Wasson, 1977; Palme et al., 1988; Humayun and Cassen, 2000). Second, the very volatile

elements with TC (50%) < ~427°C (this includes some moderately (e.g., Zn) and all highly

volatile elements (e.g., Cd)), are depleted to the same extent at least in most carbonaceous

chondrites (Larimer and Anders, 1967; Wolf et al., 1980). With the use of the term volatile

element depletion for this overall chemical abundance pattern, we do not want to imply that

the gradual depletions of moderately volatile elements and the uniform depletions of the very

volatile elements must have been established by the same process or at the same time.

3.6.4. Cadmium and Zn abundances in chondritic meteorites

Cadmium and Zn have very similar geochemical properties. In cosmochemistry, however,

Cd is classified as a highly volatile element, while Zn is a moderately volatile element (TC

(50%) = 411°C at 10-4 bar; Wai and Wasson, 1977). Compiled literature data for Cd and Zn

concentrations for chondritic meteorites are presented in Fig. 3.9. Most carbonaceous

chondrites are depleted to the same extent in both, Cd and Zn and hence plot along the

primitive, i.e. CI-like, Cd/Zn reference line (with Cd × 1000/Zn = 2.29). This trend reflects

primary volatile element depletion, or more precisely, the uniform depletion of the very

volatile elements (with TC (50%) < ~427°C). However, the CV3 and CO3 chondrites define

horizontal trends. Therefore, there must be a process that preferentially affected the highly
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volatile element Cd but not the less volatile element Zn. For the CO3 chondrites, this trend

may be better described as a bimodal distribution in Cd abundances with a few ”primitive”

samples and many strongly depleted samples. Likewise, the low-Cd end of the CV3 trend is

defined by members of the reduced subgroup (Leoville, Vigarano), while all oxidized samples

are closer to the primitive Cd/Zn reference line. All radiochemical neutron activation data for

the Allende CV3 chondrite, a member of the oxidized subgroup, plot to the right of this

reference line with 432 to 604 ppb Cd. These results, however, are inconsistent with isotope

dilution data that plot close to the chondritic reference line (with 235 ppb and 207 ppb; Loss

et al., 1984; Rosman and De Laeter, 1974).

Zinc depletion in the ordinary chondrites (Fig. 3.9b) resulted in uniform Zn concentrations

(~50 ppm), but Cd concentrations scatter over about four orders of magnitude. Like for the

carbonaceous chondrites, there seems to be a tendency that moderately volatile elements with

TC (50%) < ~427°C are depleted to the same extent in ordinary chondrites (e.g., Sn, Te, Zn in

Fig. 7.5.6. of Palme et al., 1988). Possibly, the ordinary chondrite matter was depleted

primarily to the same extent with respect to Cd and Zn. In this case, the Zn depletion to 50

ppm with a chondritic Cd × 1000/Zn = 2.29 corresponds to ~115 ppb Cd. The metamorphosed

ordinary chondrites of type 4 to 6 have Cd concentrations significantly below 115 ppb. In

contrast, the unequilibrated (type 3) ordinary chondrites display Cd depletions and

enrichments relative to the 115 ppb Cd reference value.

Trends for the enstatite chondrites are less well defined, which may in part reflect the

smaller data set. The EH3 group appears to define a horizontal trend with preferential Cd

depletion. One EH5 and most EH4 chondrites appear to display no or only minor depletion in

Cd and Zn compared to CI-abundances (note that the higher abundance in some EH

chondrites relative to CI chondrites in Fig. 3.9 is mainly due to the presence of water in the CI

chondrites). However, Adhi Kot (EH4) and St. Mark’s (EH5) are depleted in Cd and Zn. The

EL6 enstatite chondrites are strongly depleted in both Cd and Zn.
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Figure 3.9. Cadmium and Zn concentrations in chondritic meteorites obtained from literature data.

The primitive Cd/Zn reference line with Cd × 1000/Zn = 2.29 is defined by the CI chondrite data. Cd

and Zn depletion along the primitive Cd/Zn reference line is interpreted to reflect primary volatile

element depletion. The apparent Cd and Zn enrichment in some EH4 chondrites relative to the CI-

chondrites is mainly due to the water content of CI-chondrites. Preferential Cd depletion or

heterogeneous distribution is evident in the CV3, CO3, EH3 and ordinary chondrites. Cd and Zn data

are from (Bhandari et al., 1980; Binz et al., 1976; Binz et al., 1974; Dennison and Lipschutz, 1987;

Ebihara et al., 1982; Hertogen et al., 1983; Huston and Lipschutz, 1984; Kaczaral et al., 1988;

Kaczaral et al., 1989; Kallemeyn and Wasson, 1982; Kallymeyn and Wasson, 1981; Keays et al.,

1971; Krähenbühl et al., 1973; Laul et al., 1973; Linger et al., 1987; Morgan et al., 1985; Rosman and

De Laeter, 1974; Rosman and De Laeter, 1988; Rosman et al., 1980; Takahashi et al., 1978; Walsh

and Lipschutz, 1982; Wang and Lipschutz, 1998; Wang et al., 1999b; Wolf et al., 1980; Wolf and

Lipschutz, 1995a; Wolf and Lipschutz, 1995b; Xiao and Lipschutz, 1992; Zolensky et al., 1997).
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3.6.5. Cadmium isotope fractionation accompanies Cd depletion and heterogeneous

distribution.

Chondrites for which Cd isotope fractionation is observed belong to chondrite classes,

where preferential Cd depletion or heterogeneous distribution is evident. For the

carbonaceous chondrites, only the CO and CV group display evidence for preferential Cd

depletion (Fig. 3.9a). The three samples with Cd deficiencies, i.e. that plot to the left of the

primitive reference line with CI-like Cd/Zn (Leoville CV3, Colony CO3.0, Dar al Gani 005

CO3) all have heavy Cd isotope compositions. The Cd depleted enstatite chondrites of the

EH3 group (Qingzhen, Sahara 97166) also display heavy isotope compositions, while the two

members of the EH4 group that plot close to the primitive Cd/Zn reference line (Indarch,

Abee; Fig. 3.9b) have unfractionated Cd isotope compositions. The EL6 group sample

(Hvittis), however, plots close to the primitive Cd/Zn reference line, but displays a heavy Cd

isotope composition as does the EL7 chondrite Ilafegh 009. Both, Ilafegh 009 and Hvittis are

strongly depleted in Cd. The fact that also Zn is strongly depleted in the EL6 group may

suggest, that Zn has also been affected by the process that otherwise only depletes Cd.

A link between the Cd distribution and Cd isotope fractionation in the ordinary chondrites

(Fig. 3.9b) was already suggested in chapter 1, because the moderately volatile elements S, K

and Zn that show no sign of heterogeneous distribution display no or rather small isotope

fractionations in ordinary chondrites (Gao and Thiemens, 1993; Humayun and Clayton,

1995a; Luck et al., 2002). The heterogeneous distribution of elements in ordinary chondrites

is observed for all the highly volatile elements but not for moderately volatile elements (e.g.,

Anders and Grevesse, 1989) of similar chemistry as shown in the example of Cd and Zn in

Fig. 3.9b. Therefore, the heterogeneous distribution of highly volatile elements in ordinary

chondrites was not associated with a fluid phase, but must have occurred in the gas phase.

This is consistent with large Cd isotope fractionation due to evaporation/condensation

processes. Semarkona and Acfer 171 have light Cd isotope compositions. Partial evaporation

as well as partial condensation can result in light Cd isotope compositions in the first parcel of

vapor or in the remaining vapor, respectively. No matter whether evaporation or condensation

resulted in the observed light isotope compositions, condensation of Cd must have occurred in

order to preserve the light Cd isotope composition of the vapor. Therefore, condensation of

highly volatile elements is the most plausible process to account for the elevated Cd

abundances that plot to the right hand side of the primitive Cd/Zn reference line (Fig. 3.9b).
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3.6.6. No isotope fractionation during primary Cd depletion

Cd isotope fractionation does not occur during primary volatile element depletion, i.e.

along the primitive Cd/Zn reference line, as evident in the depleted but unfractionated

carbonaceous chondrites (Fig. 3.4 and 3.9a). Furthermore, the Earth and the eucrites samples

are depleted in volatile elements, but display no Cd isotope fractionation. Fig. 3.10 allows to

compare the measured Cd isotope composition with that expected from Cd depletion by

partial evaporation or condensation under equilibrium and kinetic conditions. The curves are

those from Fig. 3.2. The laboratory standard (JMC Cd) was taken to represent the initial Cd

isotope composition of the solar nebula from which bodies in the inner solar system accreted.

This is justified, because the Cd isotope compositions of many different solar system

materials are within uncertainty identical to JMC Cd, including CI, C2, C3 and EH4

chondrites, the eucrites and the Earth. Cadmium concentrations of bulk planetary bodies and

the corresponding Cd depletions relative to CI chondrites are difficult to determine, because

of the uncertainty in the geochemical affinity of Cd (lithophile, chalcophile or siderophile).

However, the knowledge of the order of magnitude of the Cd depletion is sufficient for the

discussion below. For calculations of Cd depletions, see Fig. 3.10 caption.

The lack of heavy isotope enrichment in most carbonaceous chondrites, the Earth and some

achondrites (eucrites/winonaite), despite variable Cd depletion (Fig. 3.10a) is difficult to

reconcile with partial kinetic evaporation and condensation. It appears likely that partial

equilibrium evaporation at elevated temperatures (e.g., 700°C) and partial equilibrium

condensation at low temperatures (e.g., 200°C) would also result in resolvable Cd isotope

fractionations. The case of evaporation with chemical fractionation (preferential Cd loss)

together with complete suppression of kinetic (or equilibrium) isotope fractionation due to

slow diffusion in a solid evaporation residue may be possible (Ozawa and Nagahara, 2001)

and needs to be evaluated by future experiments. However, evaporation from solid material is

not expected to result in the observed volatile element depletion patters (Wulf et al., 1995). In

summary, we consider it most likely that primary Cd depletion did not involve partial

evaporation or condensation at all.

One lunar anorthositic breccia, the two shergottites and the ureilite sample display slight

enrichments in the heavy Cd isotopes that conform to the estimated equilibrium

evaporation/condensation curve at 700°C (Fig. 3.10a). If these small Cd isotope fractionations

accompanied the overall Cd depletion, the unlikely cases of either Cd equilibrium evaporation

in one step or equilibrium condensation at high temperatures (and therefore high pressures)

would be required. However, because many other samples show no sign of Cd isotope
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fractionation, the small isotope fractionation in the lunar anorthositic breccia, the shergottites

and the ureilite is probably not due to the overall Cd depletion, but due to secondary processes

(section 3.6.8.). In the case of the ureilite sample, the small Cd isotope fractionation may

result from unconstrained secondary parent body processes or from the special sample

pretreatment in the laboratory (see discussion in section 3.5.6).

In contrast to the CI-chondrite Orgueil, the other carbonaceous chondrites with

unfractionated Cd isotopes (C2 chondrites, Allende CV3, Watson 002 CK3) are depleted in

volatile elements. The cause of primary volatile element depletion is still under debate, but it

may be due to either incomplete condensation from a hot solar nebula (Wai and Wasson,

1977; Humayun and Clayton, 1995) or evaporative loss of volatile elements during chondrule

formation (Larimer and Anders, 1967; Anders et al., 1976; Wolf et al., 1980). The abundances

of highly volatile elements (and moderately volatile elements with TC (50%) < 427°C) in

carbonaceous chondrites, however, have also been explained by a two-component mixture of

a refractory component devoid of highly volatile elements and a primitive (matrix) component

with initial abundances of highly volatile elements (Larimer and Anders, 1967; Wolf et al.,

1980). The apparent depletion due to such a two-component mixture does not involve partial

evaporation or condensation and therefore generates no Cd isotope fractionation. The

observation that probably no partial evaporation or condensation of Cd occurred during

primary volatile element depletion is therefore consistent with the two-component mixing

model.

Fig. 3.11 illustrates the two-component mixing model for the very volatile element Zn. For

the ordinary and Rumuruti chondrites, the Zn abundance can be explained by the addition of a

matrix component with a CI-like composition. For all carbonaceous chondrites, a CI-like

matrix would require higher than observed Zn concentrations. Thus, if the carbonaceous

chondrites are to be explained by a two-component mixture, the volatile-rich component is

not represented by the bulk matrix. Rather, 40 to 75 vol % of the matrix have to consist of

refractory materials. The EH chondrites, however, do not display (significant) Zn loss and

have no or very little matrix to offer as a volatile element-rich component. It may be possible

that the EL chondrites plot only close to the mixing line, because of secondary Zn loss.
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Figure 3.10 a and b. Relationships between Cd depletion (as mass fraction f) and Cd isotope

fractionation for (a) volatile element depletion with a logarithmic scale for the x-axis and (b)

preferential Cd depletion. Partial evaporation and condensation curves are those from Fig. 3.2. Solid

lines: Rayleigh evaporation and condensation; dashed lines: equilibrium isotope fractionation. Panel a:

The Cd depletion of the Earth has been calculated as (Cd/Ti)Earth/(Cd/Ti)CI using the data of

McDonough and Sun (1995) and McDonough (1999) (see also chapter 1 for further discussion). The

Cd depletions of Mars and Moon are calculated conservatively from the Zn/Ti ratio of their silicate

portions using data of O´Neil (1991) and Wänke and Dreibus (1988). The Cd depletions in the eucrites

(both ~9 ppb Cd), and the winonaite (~64 ppb Cd) and ureilite (Kenna, 13 ppb Cd; Janssens et al.,

1987) samples have been estimated conservatively by dividing their Cd concentrations by the Cd

concentration of dry CI-chondrites (888 ppb Cd, assuming 20% water). The Cd concentrations for the

two eucrites, the winonaite and two carbonaceous chondrites have been estimated from the Cd

contents of the sample solutions (see chapter 1). Cd depletion in the remaining two unfractionated

carbonaceous chondrites, Allende and Murchison, is calculated from Cd and Ti data of Rosman and

De Laeter (1974) and Shima and Hintenberger (1976). Panel b: The Cd depletion for the carbonaceous
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chondrites and ordinary chondrites has been calculated relative to the assumed Cd abundances after

volatile element depletion (Ordinary chondrites: 115 ppb Cd; CV: 221 ppb; CO: 200 ppb). Thus, the

figure only shows the depleted ordinary chondrites with < 115 ppb Cd and with heavy isotope

compositions. For the enstatite chondrites, we assumed Cd depletion from CI abundances. Where

available, we used Cd (Rosman and De Laeter, 1974; Hertogen et al., 1983; Kaczaral et al., 1988;

Rosman and De Laeter, 1988) and Ti concentrations (Shima and Hintenberger, 1976; Newsom, 1995)

from the literature, otherwise we used our own estimates for the Cd concentrations.

Figure 3.11. Relationship between matrix abundance and Zn depletion (fZn = (Zn/Ti)X/(Zn/Ti)CI for

X = OC, EH, EL, CM, CV, CO and (Zn/Ca)Y/(Zn/Ca)CI for Y = CR, CK, R). Matrix abundance data in

vol % is taken from Brearley and Jones (1998). A matrix content of 10% was used for the Enstatite

chondrites, while Brearley and Jones (1998) report: 2 – 15? vol%. The Zn data are the same than in

Fig 3.9, but Rumuruti chondrite Zn and Ca data are from Kallemeyn et al. (1996). The CI Ti and Ca

data are from McDonough and Sun, 1995, other Ti and CK Ca data are from Newsom (1995), CR Ca

data are from Kallemeyn and Wasson (1982).

There are two principle models that are consistent with the lack of Cd isotope fractionation

due to two-component mixing and the observed volatile element patterns: (1) two-component

mixing + partial condensation model and (2) a two-component model with volatile loss from

chondrule precursors.

(1) The two-component mixing + partial condensation model. Wai and Wasson (1977)

explain the decreasing abundance of moderately volatile elements with decreasing
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condensation temperatures by gas-dust separation during cooling of a initially hot solar

nebula. The two-component mixing requires that the refractory component condensed in a

region where the very volatile elements (with TC (50%) < 427°C) never condensed from a hot

solar nebula (except for the enstatite chondrites). The low-temperature (matrix) component

formed in another region of the solar nebula, either from a hot nebula without gas-dust

separation or from a cold nebula. Both components then became mixed together in variable

portions. This model requires that the chondrule precursors (of ordinary, Rumuruti and

carbonaceous chondrites) and 40 to 75% of the carbonaceous chondrite matrix are moderately

refractory nebula condensates devoid of the very volatile elements and with variable

abundances of moderately volatile elements with TC (50%) > 427°C. However, many EH

chondrites are not (significantly) depleted in Cd and Zn (Fig. 3.9 and 3.11) despite the high

abundance of chondrules (60-80 vol%; Brearley and Jones, 1998). This suggests that either

(a) the chondrules in some EH chondrites contain very volatile elements and chondrule

formation was isochemical or (b) that there is a component in some enstatite chondrites that is

enriched in (the very) volatile elements compared to CI chondrites. In the second case, there

must be a possibility to generate the enrichment of the very volatile elements.

(2) A two-component mixing model with volatile element depletion by chondrule

formation (Larimer and Anders, 1967; Wolf et al., 1980). This model requires that Cd and the

other very volatile elements were completely evaporated from the chondrule precursors (to

avoid chemical and isotope fractionations) and that the moderately volatile elements with TC

(50%) > 427°C were partially evaporated or condensed partially. If evaporation of volatile

elements occurred also for EH chondrules, it is required that the evaporated volatile elements

condensed quantitatively in the vicinity of the chondrules. Chondrule cooling was rapid (e.g.,

Rubin, 2000), which implies a cold environment. Thus partial recondensation of volatile

elements onto still hot chondrules is less likely than condensation in the space between

chondrules (possibly onto chondrule fragments). In this scenario, the volatile element-rich

component in different chondrite classes consists of volatile element condensates and/or CI-

like matrix. The volatile element condensates would have to be incompletely sampled by the

chondrule rims and matrix or other constituents to allow for the variable depletions of the very

volatile elements in different chondrite classes.

The above models can possibly be tested by the determination of very volatile element

abundances in chondrules and other components of EH chondrites. If the EH chondrules do

not contain significant amounts of very volatile elements, a process that is capable to enrich

the very volatile elements in the non-chondrule fraction is needed. This would suggest
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evaporation of volatile elements during chondrule formation. In contrast, if the EH chondrules

contain significant amounts of very volatile elements, it is more difficult to conclude whether

chondrule formation was isochemical (e.g., no Zn and Cd loss) only for the EH chondrules or

whether these elements condensed only in the chondrule precursors of EH chondrites.

3.6.7. Cadmium redistribution and isotope fractionation during open system thermal

metamorphism

Isotope fractionation. The relationship between Cd isotope fractionation and depletion in

chondrites is shown in Fig. 3.10b. The depletion for the carbonaceous chondrites and ordinary

chondrites has been calculated relative to the assumed Cd abundances after primary volatile

element depletion (details in Fig. 3.10 caption). Isotope fractionation with preferential Cd

depletion is typically ≤ 10% of that expected from Rayleigh evaporation and also much less

than expected from Rayleigh condensation. Three out of four enstatite chondrites, however,

display rather strong isotope fractionations of 15, 16 and 36% of those expected from

Rayleigh evaporation. This estimate for the enstatite chondrites would further increase, if Cd

would have been pre-depleted by primary volatile element depletion. The suppression of

Rayleigh isotope fractionation could be due to one or more of the following mechanisms:

a) partial or even total equilibrium between Cd in the condensed and in the vapor phase,

b) diffusion limited isotope fractionation during preferential Cd loss by evaporation (Ozawa

and Nagahara, 2001) and c) three component mixing between primitive material with

unfractionated Cd (e.g., Cd in refractory host phases), fully depleted materials (e.g., small

matrix grains) and material that underwent partial (Rayleigh) evaporation and condensation

with isotope fractionation. The suppression of isotope fractionation is not uniform. For

example, the Sahara 97166 EH3 chondrite is more depleted than Qingzhen EH3, but shows

less isotope fractionation. Although there is no clear correlation between Cd isotope

fractionation and Cd depletion, there seems to be a tendency that larger enrichments in the

heavy isotopes coincide with strong depletions (f < 0.15) which would be expected from

(suppressed) isotope fractionation during evaporation.

Ordinary chondrites. Several explanations have been proposed for the distribution of Cd

and other highly volatile elements in ordinary chondrites (Fig. 3.9b). These suggestions

follow two main routes: (1) redistribution during open-system thermal metamorphism (e.g.,

Dodd, 1969), (2) primary equilibrium condensation. The latter model proposes that the low-

temperature (matrix) component of those ordinary chondrites that were later metamorphosed

inside the parent bodies accreted when the ambient nebula temperatures were still too high to
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condense large fractions of highly volatile elements. The unequilibrated ordinary chondrites

are thought to contain a low-temperature component that experienced slightly lower nebula

temperatures and thus contains higher abundances of highly volatile elements (Keays et al.,

1971; Larimer, 1973; Larimer and Anders, 1967; Laul et al., 1973; Morgan et al., 1985). In

addition it has been suggested that mobilization due to shock heating affected some highly

volatile elements at least in the L chondrites (Lipschutz and Woolum (1988) and references

therein).

It has been shown in section 3.6.5. that the Cd isotope fractionation in ordinary chondrites

coincides with the heterogeneous Cd distribution and that the Cd enrichments in

unequilibrated ordinary chondrites probably result from the condensation of Cd.

Most ordinary chondrites of this study are only very weakly shocked (S2; Table 3.1). Up to

shock stage S2, no melt forms and no loss of noble gases occurs (Stöffler et al., 1991).

Therefore, it is unreasonable that shock metamorphism is (directly) responsible for the Cd

isotope fractionation recorded in the samples analyzed for the present study. This view is

further supported by the absence of Cd isotope fractionation in two enstatite chondrites of

higher shock stage (Indarch (S3) and Abee (S2-4 impact melt breccia)). It is furthermore

unlikely that shock heating results in the observed Cd distribution between unequilibrated and

metamorphosed ordinary chondrites.

In a scenario were partial equilibrium condensation resulted in Cd isotope fractionations

and were responsible for the observed Cd distribution between unequilibrated and

metamorphosed ordinary chondrites, the metamorphosed ordinary chondrites with their low

Cd concentrations should only record the first condensates with rather heavy Cd isotope

compositions and the unequilibrated ordinary chondrites, where Cd condensed more

completely, should display less heavy isotope compositions (curve c in Fig. 3.2). This pattern

is not observed (Fig. 3.5). Furthermore, light isotope compositions would not be expected in

the case of partial condensation, unless a residual light Cd isotope enriched gas would have

condensed preferentially (Semarkona) and partly (Acfer 171; ~20 ppb Cd) in some cases.

Such a gas transfer in response to partial condensation, however, is not observed in any other

chondrite class. In that context it also appears unreasonable that partial equilibrium

condensation results in higher abundances of (light and heavy) Cd compared to Zn (Fig. 3.9b).

In summary, partial equilibrium condensation appears implausible as the cause of the large Cd

stable isotope variations observed in the ordinary chondrites.

The exclusion of shock metamorphism and primary equilibrium condensation (and

chondrule formation in chapter 1) leaves open system thermal metamorphism as the most
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likely cause for the Cd distribution and isotope fractionation. Initially, the parent bodies

accreted cold with uniform abundances of highly volatile elements (e.g., 115 ppb Cd). After

accretion, parts of the parent bodies became heated and Cd and other highly volatile elements

were volatilized in the hot portions of the parent bodies. The volatilized Cd then migrated

along thermal and pressure gradients, which probably involved numerous steps of partial

condensation and volatilization which promoted further Cd isotope fractionation. Finally Cd

recondensed in the cooler unequilibrated parts of the parent bodies. There are smaller Cd

isotope fractionations in the four metamorphosed type 4 and 5 ordinary chondrites (Fig. 3.5)

compared to most unequilibrated ordinary chondrites. This is not surprising, because isotope

fractionation during Cd volatilization within the hot portions of parent bodies could have been

strongly suppressed by the following mechanisms: a) a high degree of equilibrium between

the vaporized and the condensed Cd at high temperatures and b) diffusion limiting in the host

phases and c) complete Cd loss from certain host phases such that no residual reservoir of

heavy Cd isotope composition remained. In addition, small scale reservoirs of fractionated Cd

isotope compositions may have had time to equilibrate. In contrast, the more significant Cd

isotope fractionation observed in the unequilibrated parts could be due to repeated

evaporation and condensation during Cd redistribution, lower degrees of equilibrium between

the vaporized and condensed Cd, possibly due to larger porosities and lower internal gas

pressures, and/or larger equilibrium isotope fractionation at lower temperatures and pressures.

Open system thermal metamorphism is capable to produce enrichments and depletions of Cd

as well as light and heavy Cd isotope compositions without obvious relationships between Cd

concentrations and the sign and extent of Cd isotope fractionation.

The data for chondrule and matrix-rich separates from Semarkona suggests some Cd

isotope heterogeneity in Semarkona. A single chondrule from Semarkona (separate 176)

displays an isotope composition that is lighter than the light bulk isotope composition and the

matrix (separates 171, 172, 174). Rosman et al. (1980) reported data for combined chondrule

separates from the Tieschitz H/L 3.6 chondrite that are heavier than the heavy bulk isotope

composition. For Tieschitz, it was argued in chapter 1 that the less fractionated Cd in the

matrix results from a mix of unfractionated primary Cd and fractionated heavy Cd introduced

in the vapor phase and that the Tieschitz chondrules were initially devoid of Cd and therefore

better reflect the fractionated Cd that were introduced in the vapor phase. The difference in

the Semarkona separates can be explained likewise.

Rumuruti, carbonaceous and enstatite chondrites. The light and heavy Cd isotope

compositions observed in the Rumuruti chondrites may also result from evaporation and
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condensation processes on the parent bodies. For the carbonaceous and enstatite chondrites,

the situation could be different. The CO3, CV3 and EH3 samples with fractionated Cd

isotopes are all unequilibrated, but all these samples are depleted in Cd and none is enriched

as it is often observed for the unequilibrated ordinary chondrites. The heavy Cd isotope

composition together with the Cd depletion in these samples can be explained by

volatilization only. The CO3 chondrites were subject to mild thermal metamorphism

(McSween, 1977; Sears et al., 1991) and therefore, the Cd isotope fractionation probably also

relates to open system thermal metamorphism. Some Cd isotope fractionation is also evident

between the CK chondrites of type 3, 4/5 and 5. However, although the CK chondrites form a

metamorphic series, Cd depletion and isotope fractionation is less obvious than in the CO

chondrites. Preaccretionary Cd isotope fractionation seems to be related to refractory

inclusions in the Allende CV3 chondrite. The CV, CO and CK chondrites contain 10, 13 and

4 vol % refractory inclusions (Brearley and Jones, 1998). Because of the Cd depletion in the

CO and the Leoville CV3 chondrites, it appears unlikely that the inclusions are responsible for

the observed heavy Cd isotope compositions. The enstatite chondrites differ from the other

meteorite classes, because the unequilibrated EH3 and the strongly metamorphosed EL6 and

EL7 samples display strong isotope fractionation with Cd depletion, but isotope fractionation

is not observed for the intermediate EH4 chondrites. Perhaps, the different behaviour of Cd

between carbonaceous chondrites (CO, CV, CK) and EH3 and EH4 and the ordinary

chondrites points to physical and mineralogical differences in the parent bodies, such as

porosity, internal gas composition (oxygen fugacity) and pressures, host mineralogy,

maximum temperatures in type 3 samples of different bodies, and the time-temperature path

of thermal metamorphism.

3.6.8. The formation of planets and lunar surface processes

Large neutron capture effects and heavy Cd isotope compositions were previously

observed in lunar soil samples (Sands et al., 2001a; Sands et al., 2001b). Dar al Gani 262, a

lunar anorthositic regolith breccia, displays the same features, which most likely result from

the admixture of a lunar soil component. This view is consistent with its 40Ar/36Ar ratio and

the significant meteoritic component in Dar al Gani 262 (Bischoff et al., 1998).

For the Earth, secondary volatile loss processes like volatilization of Cd during accretion or

during the proposed moon-forming giant impact (Cameron and Benz, 1991) either did not

lead to significant further Cd depletion or did not involve partial evaporation or condensation

(chapter 1). For the lunar anorthositic breccia (Dar al Gani 400) and for the shergottites, the
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small Cd isotope fractionations (by ~ +1 to +3 εCd/amu) may be due to planetary surface

processes like the admixture of a fractionated soil component or local impacts. Clearly, the

bulk Cd isotope compositions of the Moon and Mars should be further addressed with respect

to possible collision histories.

3.7. SUMMARY AND CONCLUSIONS

Because most carbonaceous chondrites, some enstatite chondrites, the eucrites and the

Earth display identical Cd isotope compositions within uncertainty, it is suggested that the

portion of the solar nebula from which bodies in the inner solar system accreted was (at least

initially) homogeneous in respect to mass-dependent variations in Cd isotope compositions.

However, the presence of fractionated Cd in refractory materials separated from the Allende

meteorite suggests that some Cd isotope fractionation occurred before the accretion of the

Allende parent body.

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

Earth furthermore suggests that the depletion of Cd in the inner solar system is not due to

partial Rayleigh evaporation or condensation. It appears likely that also partial equilibrium

evaporation and condensation would have resulted in resolvable Cd isotope fractionations.

The primary depletion of Cd (and probably other volatile elements with condensation

temperatures TC (50%) < ~427°C) in the inner solar system is therefore best explained by a

mixture between a refractory component (that contains fractions of moderately volatile

elements with TC (50%) > ~427°C) and a volatile-rich component with primitive relative

abundances of the very volatile elements (TC (50%) < ~427°C).

On the ordinary chondrite parent bodies, highly volatile elements were redistributed during

open system thermal metamorphism. Therefore, the calculation of accretion temperatures

from (apparently incompletely condensed) highly volatile element concentrations (e.g.,

Larimer, 1973) is inappropriate.

Either, the Earth was built up from planetesimals that did not experience Cd volatilization

or the redistribution of Cd in chondrite parent bodies occurred within a closed system, with no

significant loss of Cd into the surrounding vacuum.

The achondrite data suggests that no or only very small Cd isotope fractionations occurred

during the formation of planetary bodies, i.e. during collisions or accretion.

Careful experiments regarding Cd isotope fractionation during partial evaporation and

condensation under reasonable parent body or solar nebula conditions are highly desirable.
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