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Abstract

The analysis of noble gases in meteorites provides insights into physical processes that have

occurred in our solar system and even beyond. Noble gases have been incorporated or

processed during the residence of the meteorites on Earth or in space, on the meteorite parent

bodies, in the forming solar system and during nucleosynthesis in stars, outflows of which have

contributed to the presolar molecular cloud. One of the most puzzling meteoritic noble gas

components is the primordial gas that resides in an ill-defined carrier which has been named

"phase Q". This almost mass-less, carbonaceous carrier contains most of the heavier primordial

noble gases Ar, Kr and Xe, but only small amounts of the primordial He and Ne. AU primordial

noble gases are highly concentrated in HF/HCl-resistant residues. The noble gases trapped in

phase Q are released upon oxidising with acids such as HNO3. The typical large depletion, up

to seven orders of magnitude, of the light noble gases relative to Xe and solar abundances, has

been found in many meteorites of different chemical classes. Therefore, Q-gases and the

presumably related noble gases found in ureilites are assumed to have been widespread in the

early solar system. Not only the exact composition of the carrier phase is unknown, also the

location where the gases have been trapped, as well as the origin of the Q-gases, are not yet

known and are subject to debate.

The aim of this study is to better characterise especially the light Q-noble gases He and Ne

in HF/HCl-resistant residues from meteorites of different chemical classes. Closed system

stepped etching (CSSE), developed at ETH Zurich, appears to be the most suitable technique to

analyse Q-gases, since up to now it is the only one capable of measuring He abundances as weli

as the He isotopic composition. This method also yields the most precise data for Ne. A large

number of etch steps allows the separation of Q-gases and simultaneously released components

such as cosmogenic and solar noble gases, or Ne-E(L) residing in presolar graphite. In this

work, the HF/HCl-resistant residues of the chondrites C03.4 Lancé, H3.7 Dimmitt, CV3 (ox.)

Grosnaja, LL3.4 Chainpur and CM2 Cold Bokkeveld have been measured successfully. The

analyses yielded these following results: All isotopic ratios in phase Q of the different

meteorites are quite uniform, except for the (^e/^NejQ ratio. Most importantly, the

CHe/*He)Q ratio is (1.45 ± 0.01) x 10"* for CV3 (ox.) Grosnaja and (1.41 ± 0.01) x 10"4 for CM2

Cold Bokkeveld. These values are lower than the only available values for Q, measured in CV3

(ox.) Allende and CM2 Murchison (Wieler et al., 1991; 1992), which must have been slightly

compromised by cosmogenic He. The new data are also lower than the 3He/*He ratio of
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(1.66 ± 0.05) x 10"4, measured in the Jovian atmosphere (Mahaffy et al., 1998). The mean

(3He/4He)Q ratio of (1.43 ± 0.03) x 10"4 obtained here has been used to determine the protosolar

D/H ratio. The calculated value of (2.3 ± 0.5) x 10"5 is in agreement with the ratio obtained

from the Jovian atmosphere which has been assumed to have sampled unaltered protosolar

hydrogen. Therefore, it appears to be possible that both He-Q and He in the giant planet

represent unaltered primordial pre-Deuterium-burning He, slightly modified by fractionation.

The protosolar D/H ratio is of importance to test the predictions of the standard Big-Bang

nucleosynthesis theory by providing limits on cosmic parameters such as the baryon density.

As already suggested by precise earlier measurements (Schelhaas et al, 1990; Wieler et al.,

1991; 1992), the (20Ne/22Ne)Q ratio is the least uniform isotopic ratio of the noble gases in

phase Q. The data vary, on the one hand, between 10.05 ±0.05 and 10.17 ±0.03 for Cold

Bokkeveld and Lancé, respectively, and on the other hand, between 10.6 ± 0.2, 10.60 ± 0.06

and 10.66 ±0.04 for Dimmitt, Chainpur and Grosnaja, respectively. A correlation of the

C°Ne/nNe)Q ratio with the classification or the alteration history of the meteorites has not been

found. However, the isotopic ratios of the other elements in all meteorites are rather similar.

Thus, an unknown process probably accounts for the alteration of the originally incorporated

Ne-Q. The Ar, Kr and Xe isotopic ratios for all five samples are identical within their

uncertainties and similar to earlier Q determinations as well as to those found in ureilites.

This work provides the first evidence from noble gas data that Q consists of at least two

carbonaceous carrier phases "Qi" and "Q2" with slightly distinct chemical properties. However,

these sub-phases may well have incorporated noble gases from the same reservoir, which is

indicated by the similar, characteristically increasing depletion of the lighter noble gases

relative to Xe and solar abundances. The CSSE experiment on CM2 Cold Bokkeveld has

yielded that phase Q, is enriched in He and Ne relative to phase Q2 and Xe and might be related

to presolar graphite, the carrier of the simultaneously released Ne-E(L). The elemental ratios of

the heavier noble gases (Ar/Xe)Q and (Kr/Xe)Q reflect both thermal metamorphism and aqueous

alteration. These parent body processes have led to larger depletions of Ar and Kr relative to

Xe. In contrast, meteorites that suffered severe aqueous alteration, such as the CM chondrites,

do not show depletions of He and Ne relative to Ar but rather the highest (He/Ar)Q and

(Ne/Ar)Q ratios. This hints to a carrier phase Qi, which is enriched in He and Ne and less sus¬

ceptible to aqueous alteration than carrier phase Q2.

The residues of Chainpur and Cold Bokkeveld contain significant amounts of Ne-E(L). The

concentrations of 0.15 and 5.12 x 10'10 cm3 STP 22Ne-E(L)/g meteorite, respectively, confirm

the suggestion of Huss (1997) that the 22Ne-E(L) content, and thus the presolar graphite abun¬

dances, are correlated with the metamorphic history of the meteorites.
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Kurzfassung

Die Analyse von Edelgasen in Meteoriten erlaubt Einblicke in physikalische Prozesse, die in

unserem Sonnensystem und auch darüber hinaus ablaufen. Edelgase wurden während des

Aufenthalts des Meteorits auf der Erde oder im Weltall, auf den Meteoritenmutterkörpern, im

sich bildenden Sonnensystem und während der Nukleosynthese in Sternen, deren Produkte

danach in die präsolare molekulare Wolke gelangt sind, eingebaut oder in ihrer

Zusammensetzung verändert. Eine der rätselhaftesten meteoritischen Edelgaskomponenten ist

jenes primordiale Gas, welches in einem nur sehr schlecht charakterisiertem Trägermaterial

sitzt, der sogenannten „Phase Q". Dieser fast masselose kohlenstoffhaltige Träger enthält den

Grofiteil der schweren primordialen Edelgase Ar, Kr und Xe, aber lediglich kleinere Mengen

des primordialen He und Ne. Alle primordialen Edelgase sind in HF/HCl resistenten

Rückständen der Meteorite enorm angereichert. Die in Phase Q enthaltenen Edelgase werden

durch Oxidation mit Säuren wie z. B. HN03 freigesetzt. Die typische Verarmung der leichten

Edelgase He und Ne um bis zu sieben Größenordnungen, im Vergleich zu solaren Häufigkeiten

und aufXe normiert, wurde in Meteoriten verschiedenster chemischer Klassen gefunden. Daher

wird angekommen, daß die Edelgase der Phase Q und die vermutlich mit ihnen verwandten

Edelgase aus Ureiliten im jungen Sonnensystem weitverbreitet gewesen sein mußten. Nicht nur

die genaue Zusammensetzung des Trägermaterials „Phase Q" ist unbekannt, ebenso unbekannt

und Gegenstand von Diskussionen sind der Ort, an dem die Edelgase eingebaut wurden, sowie

die Herkunft dieser Edelgase.

Das Ziel dieser Arbeit ist die bessere Charakterisierung insbesondere der leichten Edelgase

He und Ne aus Phase Q in HF/HCl resistenten Rückständen von Meteoriten aus verschiedenen

chemischen Klassen. Es hat sich gezeigt, daß das Verfahren des „schrittweisen Oxidierens im

Vakuum", das an der ETH Zürich entwickelt wurde, die am besten geeignete Methode zur

Analyse der Q-Edelgase ist, und auch die bis jetzt einzige, mit der man sowohl He

Konzentrationen als auch die He Isotopenzusammensetzung messen kann. Diese Technik

brachte auch die besten Ergebnisse für Ne. Die grosse Anzahl von Schritten erlaubt die

getrennte Bestimmung der Q-Edelgase und anderer ebenfalls freigesetzter Komponenten wie

z. B. den kosmogenen und solaren Edelgasen oder auch dem Ne-E(L), das aus präsolarem

Graphit stammt. Im Rahmen dieser Arbeit wurden die HF/HCl resistenten Rückstände der

Chondrite C03.4 Lancé, H3.7 Dimmitt, CV3 (ox.) Grosnaja, LL3.4 Chainpur und CM2 Cold

Bokkeveld erfolgreich untersucht. Die Analyse brachte die folgenden Ergebnisse:
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Abgesehen vom Verhältnis (20Ne/22Ne)Q sind alle Isotopenverhältnisse in Phase Q der

verschiedenen Meteorite recht konstant. Als wichtigste Ergebnisse sind die (3He/4He>Q

Verhältnisse von (1.45 ± 0.01) x 10"4 für CV3 (ox.) Grosnaja und (1.41 ± 0.01) x 10"4 für CM2

Cold Bokkeveld zu nennen. Diese Werte sind niedriger als die einzig sonst verfügbaren Werte

für (3He/4He)Q, gemessen in CV3 (ox.) Allende und CM2 Murchison (Wieler et al., 1991;

1992), die jedoch offenbar durch kosmogenes He leicht beeinflußt wurden. Die neuen Daten

liegen auch niedriger als das 3He/*He Verhältnis von (1.66 ± 0.05) x 10"4, das in der

Atmosphäre des Jupiters gemessen wurde (Mahaffy et al, 1998). Das mittlere (3He/4He)Q von

(1.43 ± 0.03) x 10"4 wurde verwendet, um das protosolare D/H Verhältnis zu bestimmen. Der

berechnete Wert von (2.3 ± 0.5) x 10"5 stimmt mit dem Wert überein, der in der Atmosphäre des

Jupiters bestimmt wurde. Von dieser wird angenommen, daß sie unveränderten protosolaren

Wasserstoff aufgenommen hat. Daher erscheint es möglich, daß sowohl He-Q als auch das He

im Jupiter lediglich leicht fraktioniertes, primordiales He aus der Zeit vor dem solaren

Deuterium-Brennen repräsentieren. Das protosolare D/H Verhältnis ist wichtig, um die

Voraussagen der Standardtheorie der Nukleosynthese im Urknall mit primordialen

Elementverhältnissen einzugrenzen und so kosmische Parameter wie zum Beispiel die

Baryonendichte zu bestimmen.

Wie bereits durch frühere Messungen angedeutet (Schelhaas et al, 1990; Wieler et al,

1991; 1992), ist das (^Ne/^NejQ Verhältnis das am wenigsten einheitliche Isotopenverhältnis

der Edelgase aus Phase Q. Die Daten reichen von 10.05 ±0.05 und 10.17 ±0.03 für Cold

Bokkeveld und Lancé bis zu 10.6 ± 0.2, 10.60 ± 0.06 and 10.66 ± 0.04 für Dimmitt, Chainpur

und Grosnaja. Eine Korrelation der (*°Ne/nNe)Q Verhältnisse mit der Meteoritenklassifizierung

oder mit der metamorphen Geschichte der Meteorite auf den Mutterkörpern konnte nicht

festgestellt werden. Im Gegensatz dazu sind die Isotopenverhältnisse der anderen Elemente in

allen Meteoriten sehr einheitlich. Wahrscheinlich sorgte also ein noch unbekannter Prozess für

die Variationen des ursprünglich eingebauten Ne-Q. Die Ar, Kr und Xe Isotopenverhältnisse

der Q-Edelgase in allen fünf Proben sind innerhalb ihrer Fehlergrenzen identisch und sehr

ähnlich zu bereits früher bestimmten Resultaten für Q und für die Ureilite.

Diese Arbeit liefert erstmals an Hand von Edelgasdaten Anhaltspunkte dafür, daß Phase Q

aus mindestens zwei kohlenstoffhaltigen Trägern „Qi" and „Q2" mit leicht unterschiedlichen

Eigenschaften besteht. Die sehr ähnliche charakteristische Verarmung der leichten Edelgase

relativ zu Xe und den solaren Häufigkeiten läßt vermuten, daß diese „Unterphasen" Edelgase

aus demselben Reservoir aufgenommen haben. Das Experiment mit dem CM2 Chondrit Cold

Bokkeveld hat ergeben, daß die Phase Q[ gegenüber Phase Q2 an He und Ne relativ zu Xe

angereichert ist und mit präsolarem Graphit, dem Träger des gleichzeitig freigesetzten Ne-E(L)
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verbunden sein könnte. Die schweren Elementverhältnisse (Ar/Xe)Q and (Kr/Xe)<j reflektieren

sowohl thermische Metamorphose als auch Alteration durch Wasser (aqueous alteration). Diese

Prozesse auf den Meteoritenmutterkörpem führten zu grösseren Ar und Kr Verarmungen relativ

zu Xe. Im Gegensatz dazu zeigen Meteoriten wie zum Beispiel die CM Chondrite, die lediglich

„aqeous alteration" erfahren haben, keine Verarmung an He und Ne relativ zu Ar, sondern

sogar the höchsten (He/Ar)Q und (Ne/Ar)Q Verhältnisse. Dies zeigt, daß die an He und Ne

reichere Trägerphase Qi weniger empfindlich gegenüber „aqeous alteration" ist.

Die Rückstände von Chainpur und Cold Bokkeveld enthielten beträchtliche Mengen an

Ne-E(L). Die Konzentrationen von 0.15 bzw. 5.12 xlO"10 cm3 STP ^Ne-E^/g Meteorit

bestätigen den Vorschlag von Huss (1997), daß die ^Ne-E^) Konzentration, und somit auch

die Konzentration des präsolaren Graphits, mit der metamorphen Geschichte der Meteorite

korreliert.
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1 Introduction

The two most fundamental questions in cosmochemistry are: What are the chemical

compositions of all cosmic natter? What are the reasons for these compositions? The first

question is tackled by chemical, physical or astrophysical examinations of all available cosmic

"samples" or reservoirs, such as terrestrial rocks, meteorites, planets, atmospheres, stars, and

the interstellar medium. To find the answer to the latter question, physical theories are needed

that can account for the evolution of matter in the universe from Big-Bang and stellar

nucleosynthesis to its current compositions in the reservoirs mentioned above.

One important link in the "evolutionary chain" between Big-Bang and the present is the

development of our solar system from its birth in the proto-solar molecular cloud, 4.6 billion

years ago, to its present state. A way to obtain information about many of the processes which

led to the formation and the observed chemical compositions of the Sun, planets, asteroids,

comets and meteorites is to study cosmic samples that are as primitive and unprocessed as

possible. These samples show "fingerprints" of the primordial compositions in the solar system

prior to secondary alterations and therefore can provide information about the processes

involved. Secondary processes can destroy this "memory" of former primordial reservoirs.

Examples are planetary events such as thermal alteration or differentiation into mantle and core

caused by gravitation as well as simply the ability of most elements to chemically react.

Unfortunately, components of a primitive origin often coexist with more evolved altered

components which are more abundant and may swamp these primitive components.

Invaluable help to understand the conditions at the birth of our solar system is therefore

provided by those archives which underwent only slight or no differentiation due to secondary

planetary processes, i. e. primitive, undifferentiated meteorites. These meteorites, as well as

some interplanetary dust particles (IDP), are assumed to be the least processed solar system

material available, carrying information about formation and early evolution of the solar

system. Once die secondary planetary processes have been accounted for, the primary solar

system conditions such as (in)homogeneity in the starting elemental composition within

different regions of the "solar nebula" or the cooling history can be reconstructed to better

understand the history of matter from the Sun's parent molecular cloud to the first accretion of

planetesimals.

To detect possible primordial differences in these samples, suitable analytical tracers need to

be identified. For example, oxygen has become especially important, since it is a major, rock-

forming element in the solar system and shows large systematic isotopic anomalies (Clayton et
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al., 1973; Clayton, 1981). On the other hand, the analysis of elements that are especially rare,

can detect even minute inhomogeneities relative to a reference isotopic composition. As already

discussed above, most elements are chemically active and therefore are susceptible to

secondary processes. The analysis of noble gases in the solar system (Ozima and Podosek,

1983) overcomes this difficulty and provides in many respects considerable advantages over the

examination of chemically active and abundant elements. Since the noble gases helium, neon,

argon, krypton, and xenon are chemically almost completely inert, they can remain in the gas

phase, well-mixed and as atoms, while other elements already have formed compounds or have

been condensed. Therefore, they are very rare on Earth and the planets, although they are not

rare in the solar system as a whole ("solar" or "cosmic" abundances; Anders and Grevesse,

1989). Noble gases have a wide mass spectrum from 3amu to 136 amu and consist of 23

isotopes. This leads to distinct physical properties of the various noble gas elements as, e. g.

condensation temperatures, first ionisation potentials, (ion) radii, diffusion constants, solubility

or adsorptive ability. The effects of each of these physical properties on a reservoir are

therefore reflected in its noble gas composition.

Figure 1.1: Scheme of the evolution of noble gases. The noble gas path from their "birth" in

Big Bang and stellar nucleosynthesis into our solar system is roughly understood. However, no

generally accepted explanation exists how elemental and isotopic compositions of different

reservoirs within the solar system, e. g. of the planetary atmospheres or the Earth's mantle,

were established. Unknown are also genetic relations between these components, and the

"starting compositions" at the beginning of our solar system.
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The most important of the many radiogenic noble gas isotopes, e. g. ^e, *Ar, ,29Xe and

also cosmic ray produced noble gas nuclides, are very well suited for chronology purposes in

cosmo- and geochemistry. They may be lost upon relatively mild heating events which may not

completely reset other parent-daughter isotope systems (Turner, 1988). However, noble gases

are also ideal as tracers to discover differences between reservoirs, such as in primitive

meteorites, planetary atmospheres, the Earth's mantle, or the Sun (Ozima and Nakazawa, 1980;

Swindle, 1988; Pepin, 1992; Ozima et al, 1998).

In Figure 1.1, the universal evolution of the noble gases is schematically outlined. The noble

gas "trace" begins with the primordial production of 3He and 4He in the Big-Bang (Alpher et

al, 1948; Schramm and Turner, 1998) and leads to the stellar nucleosynthesis of the heavier

noble gases in stars (Burbidge et al-, 1957). Noble gases from several stellar sources contribute

then to the interstellar medium and to our presolar molecular cloud. These individual noble gas

components have thoroughly, but not completely, been mixed upon contraction of the

molecular cloud fragment from which the Sun was formed, the solar nebula, and upon the

formation of the Sun, and the subsequent mixing processes in the solar nebula (e. g. Cameron,

1962; Cassen, 1994; Sandford, 1996). However, mixing has not completely homogenised the

preserved presolar reservoirs which is discussed in chapter 1.1.2.4. Finally, other noble gas

components have been established during the accretion of the planetesimals in the early solar

system and upon subsequent secondary planetary processes, e. g. degassing, impacts, radiogenic

production or irradiation by cosmic rays (Pepin, 1992; Zahnle, 1993).

The complicated evolution of the noble gas inventory within the solar system is poorly

understood. Large efforts have been made to determine the composition of primordial,

terrestrial, planetary and solar noble gases. A meteoritic noble gas component is called

primordial, if it existed in any form at the beginning of the solar system and was incorporated

into the meteorite parent bodies. So far, no widely accepted model has been found to

genetically connect all these reservoirs (Pepin, 1992; Zahnle, 1993). Possibly, a unique and

homogeneously mixed "mother" noble gas component has existed in the gas phase and has then

been incorporated into the first planetesimals (Ozima et al, 1998). This component could

already have existed prior to the Sun (Huss and Alexander, 1987), but it may have been

processed subsequently in the solar nebula. Unknown planetary processes could also mask this

possible primordial component.

This study investigates the composition of a noble gas component which is likely to be

related to this important primordial noble gas component described above. It resides in a carrier

dubbed "phase Q" (Lewis et al, 1975) which is found in all classes of primitive meteorites and
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which is described in detail in chapter 1.1.3. First, several other primordial noble gas

components of solar (system) or presolar origin will be explained. In noble gas geochemistry, a

component designates any compositionally well-defined reservoir of one element or more. A

component may have a well-understood origin or it may simply be defined because it represents

a widespread uniform composition (Ozima and Podosek, 1983).

1.1 Meteoritic noble gas components

Meteorites provide an extraordinary look on several of the physical processes mentioned

above (see references in Kerridge and Matthews, 1988). They contain radiogenic or

cosmogenic noble gas components which help to decipher origin, age and history of the

meteorites and/or their parent bodies (Bogard et al., 1984; Caffee et al., 1988; Eugster et al.,

1997). Other noble gases reside in tiny grains which are remnants of older star generations

(Anders and Zinner, 1993; Zinner, 1995; 1998a; 1998b). Meteorites also contain primordial

gases probably incorporated into the precursors of the meteorite parent bodies during the

formation of the solar system (Swindle, 1988; Pepin, 1992; Zahnle, 1993; Ozima et al., 1998).

Most meteorites originate from the asteroid belt between Mars and Jupiter (Wetherill and

Chapman, 1988). They are ejected from asteroid surfaces by impacts or formed by complete

break-up of an asteroid due to a collision with another asteroid. Asteroids are much smaller

than "normal" planets and became therefore less hot in their interiors. Some meteorites are thus

the least altered material in our solar system and their incorporated noble gases underwent less

severe alteration due to (thermal) metamorphism (McSween and Sears, 1988; Zolensky and

McSween, 1988). The least processed "unequilibrated" chondrites (Sears and Dodd, 1988) are

of special interest, since they remained more or less unchanged since their formation 4.56 Ga

ago (Tilton, 1988). Chondrites are primitive meteorites containing distinctive chondrules,

spherical objects having once being liquid (McSween, 1977). These unequilibrated chondrites

provide the oldest material of our solar system available for examinations in terrestrial

laboratories. In particular, they are a unique archive of noble gases sampled at the beginning of

our solar system. If we can elucidate the original composition of diese noble gases and the

processes which subsequently modified them, we have gained important information about the

evolution of our solar system. Towards this goal, we will need to separate the meteoritic noble

gas components of different origin.



14

Historically, the distinction of a new noble gas component goes along with the discovery of

elemental or isotopic anomalies relative to already known compositions, such as the terrestrial

atmosphere. However, often a specific component can not be explained straightforwardly by a

known process, e. g. by the nucleosynthesis in certain shells of a suitable star (chapter 1.1.2.4),

or by a modification of a known reservoir. One important clue to the origin of a given noble gas

component is therefore the identification of its carrier. A carrier phase can be a matrix of

several mineral fractions, a single mineral, nanometer-sized mineral grains, but also a surface or

labyrinth of "adsorption sites" within minerals which contains at least one distinct noble gas

component.

The discovery, definition and characterisation of noble gas components is far from being

completed. A survey of the most common components which are mentioned in this work, their

carrier phases and their most important properties follows below: The noble gas components

are divided here into two groups according to the mechanisms by which they are incorporated

into meteorites: In situ produced noble gases are described in chapter 1.1.1, trapped and

primordial noble gas components are presented in chapter 1.1.2. The primordial noble gases of

phase Q, the main topic of this work, are discussed separately in more detail in chapter 1.1.3.

Some of the most important features of the trapped and primordial components are summarised

in Table 1.1 at the beginning of chapter 1.1.2. Unfortunately, no agreement in the naming has

been reached. Every discovery of a carrier phase or a connection between noble gas

components caused new names. First, components have been marked alphabetically ("He-A"),

others are named according to their isotopic composition ("Xe-HL"), their formation ("Kr-s")

or their carrier phase ("Q"). Synonyms for the noble gas components are therefore also given in

Table 1.1.

1.1.1 In situ produced noble gases

Noble gas "components" discussed in this section are generated by nuclear processes within

the meteorites. Cosmogenic as well as radiogenic noble gases result from numerous different

single nuclear reactions.

1.1.1.1 Cosmogenic noble gases

Cosmogenic noble gases result from nuclear reactions between energetic nuclear primary

and secondary particles with the nuclei of meteoritic target material. These primary particles,
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mainly protons and Ot-particles come from galactic sources (galactic cosmic rays) or from the

Sun (solar cosmic jays) and are able to penetrate meteoritic material in the range of a few

meters (GCR) or millimetres (SCR), respectively. These primary particles can produce

secondary reaction products, i. e. protons and neutrons. The irradiation can occur after meter-

sized meteorites have been ejected from their parent-body or within the topmost few meters of

the surfaces of their atmosphere-less parent-bodies. Reviews about cosmogenic nuclides and

irradiation records in meteorites are given by Reedy et al. (1983), Caffee et al. (1988) and Vogt

et al. (1990).

Cosmogenic nuclides are normally used to determine exposure ages of their carrier

materials, since concentrations of cosmogenic nuclides depend on the residence time of the

meteorite in space or at the surface of its parent body (see reviews cited above or e. g. Eugster,

1988 or Marti and Graf, 1992). Cosmogenic contributions mainly affect also those isotopes

with low relative abundances in other components. In particular, 3He, 2INe and ''Ar are prone

to be compromised by cosmogenic contributions. However, all isotopes of an element are

produced in more or less equal concentrations. Cosmogenic 3He is a product of almost all

elements abundant in meteorites, 21Ne is predominantly produced from Si, Mg and AI. "Ar is

mainly produced from Ca, Fe and, to a lower extent, from K, Kr and Xe isotopes from Br, Rb,

Sr, Y, Zr, I, Ba and some rare earth elements (Caffee et al., 1988; Vogt et al., 1990; Marti and

Graf, 1992).

Since these noble gases are produced in situ, they may also be abundant in carrier phases

containing other components. High abundances of the efficiently produced cosmogenic 3He

and 21Ne considerably influence the determination of e. g. trapped primordial noble gases

(chapters 1.1.2 and 1.1.3). The heavier cosmogenic noble gases (Ar, Kr, Xe) are less

problematic, since the ratios of target nuclide abundance to trapped noble gas isotope

abundance are much lower for the heavier gases than for the light noble gases and, therefore,

the relative production is much lower (Eugster, 1988; Sears and Dodd, 1988).

1.1.1.2 Radiogenic noble gases

Radiogenic noble gases are used to determine gas-retention ages of meteorites. These ages

give a measure of the time during which gaseous stable daughter products have been

accumulating due to decay and spontaneous or neutron-induced fission of radioactive nuclides.

Therefore, radiogenic noble gases often date secondary events such as (thermal) metamorphism

or shock reheating which release previously accumulated noble gases (Turner, 1988).
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Especially, 4He, ^Ar and 12*Xe are very abundant in meteorites, since their mother nuclides

235^ 238^ 2327hj *>u and 129r are or were quite prominent in almost all meteoritic samples.

Therefore, the measurement of 4He, ^Ar and 129Xe in e. g. primordial components can be

affected by these very abundant radiogenic isotopes. The heavy Kr and Xe isotopes are

produced by spontaneous or neutron-induced fission of extinct 244Pu and of a5,238U (Wetherill,

1953; Alexander, 1971; Eugster et ed., 1983; Michel and Eugster, 1994). These fissiogenic Kr

and Xe isotopes do not compromise the examinations of primordial gases in this work due to

their low abundances, in particular in carbonaceous carrier phases.

1.1.2 Trapped and primordial components

In this chapter, we discuss noble gas components which were either implanted into the

meteorites after their formation, the trapped solar gases (chapter 1.1.2.2), or were incorporated

during the condensation of the meteorite parent bodies during the formation of the solar system.

This could happen e. g. by incorporation from a gaseous atmosphere (trapped primordial

gases, chapter 1.1.3), but the noble gases could also site in already condensed matter, e. g. in

primordial presolar or circumstellar grains (chapter 1.1.2.4). Table 1.1 summarises the

information about noble gas components in meteorites. Most components important for this

work are introduced in this and the subsequent chapter. However, the most mysterious trapped

component is missing: Primordial noble gases of phase Q which dominate the heavier noble

gases in primitive chondrites and which are the topic of this thesis. Q-gases will be discussed in

detail in chapter 1.1.3.
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1.1.2.1 Distinctions of trapped and primordial noble gas components

Elemental compositions...

Figure 12: Elemental composition of noble gas reservoirs in the solar system normalised to

solar abundances (Anders and Grevesse, 1989) and 132Xe. Primordial meteoritic "planetary"
noble gases are depleted in the lighter elements by up to 7 orders of magnitude compared to

solar abundances. Planetary atmospheres display similar elemental patterns. References: Venus

& Mars: Donahue (1986); Jupiter: Niemann et al. (1998).

Early examinations revealed that most meteorites contain two dominant noble gas

components with distinct elemental compositions (Signer and Suess, 1963). One of these

components has an elemental composition similar to that in the Sun (Anders and Grevesse,

1989) or in the solar wind (chapter 1.1.2.2). The other component is heavily depleted in the

light noble gases, compared to solar abundances and normalised to Xe which is shown in

Figure 1.2. The name "planetary" (Signer and Suess, 1963) was introduced for these

meteoritic noble gases, since they roughly resemble those of planetary atmospheres as can also

be seen in Figure 1.2. These bulk "planetary" gases in meteorites were originally labelled with

the letter "A" (He-A and Ne-A; Pepin, 1967; Black and Pepin, 1969). However, today, the
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attribute "planetary" appears misleading. "Planetary" noble gas components do not have to

originate from either planetary atmospheres or even from our solar system, and most current

models of the origin of planetary atmospheres assume that noble gases in planets are not

derived from "planetary" noble gases in meteorites (e. g. Zahnle, 1993).

0.8 L—I 1 1 > 1 1 1 1 i 1 1 1_

124 126 128 130 132 134 136

mass number Xe

Figure 1.3: Xe isotope ratios in oxidised HF/HCl-resistant residues relative to solar wind

abundances, normalised to I30Xe (Eberhardt et al., 1972; Wieler and Baur, 1994). Xe in

oxidised residues is dominated by isotopically "exotic" Xe-HL, enriched in the light and heavy

isotopes. The Allende residue (Wieler et al, 1991) shows a pure HL composition. The oxidised

residues of Grosnaja and Chainpur (this work) display admixtures of isotopically "normal"

gases. The relatively high I26Xe values of Grosnaja and Chainpur are rather due to too high
hydrocarbon background than to Xe-L.

"Subsolar" noble gases show a mixture of properties of both, solar and "planetary" noble

gases. Figure 1.4 shows that Ar, Kr and Xe are elementally less fractionated, i. e. more similar

to solar composition than planetary gases. In contrast, the isotopic composition is similar to

those of "planetary" components. They are found in various meteorite classes such as

E-chondrites, ureilites and carbonaceous chondrites and are not known to be connected to a

special carrier phase (Göbel et al, 1978; Alaerts et al, 1979b; Matsuda et al, 1980; Crabb and

Anders, 1981).
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Isotopic compositions...

Very remarkable differences were also discovered in isotopic compositions of meteontic

noble gas components (see chapter 1124 for references) Isotopic ratios which can be

explained as a result of fractionation mechanisms within the solar system or the parent

molecular cloud are called "normal" Noble gases in the Sun are one example of a normal

component These are a mixture of components which are produced by nucleosynthesis in many

stellar sources Some "exotic" isotopic compositions do not show these similanties to solar

isotopic ratios They are assumed to have a clearly extra-solar system origin and can be related

to single processes of stellar nucleosynthesis (chapter 1124) Figure 1 3 shows, as an

example, the isotopic composition of Xe-HL (chapter 1 1 2 4), a very distinctive exotic noble

gas composition, relative to solar abundances and normalised to 130Xe After these general

definitions of solar and "planetary" elemental compositions, as well as normal and exotic

isotopic ratios, the components will be now described in more detail

1.1.2.2 Solar gases

Solar gases are emitted from the solar chromosphere and then implanted into the superficial

dust layers of the meteorite parent-bodies/asteroids or the moon which form, well mixed, the

regohth These regoliths are well stirred, such that almost every grain has been exposed once at

the immediate surface where it trapped solar noble gases Asteroidal regoliths may get

compacted, and upon impact induced ejection, fractions may form gas-rich meteorites

Therefore, these samples provide an important archive of the solar history (Wieler, 1998)

Fractionation processes during the transport of particles from inner to outer regions of the Sun

are not known in detail (Bochsler et al, 1990), but since the solar wmd 3He/4He ratio did not

mcrease by more than 5 %/Ga (Wieler, 1998), it is clear that the amount of He that has been

brought to the surface of the Sun must be small (Bochsler, 1992) The composition of the

emitted solar gases is not exactly the same as the noble gas composition of the bulk Sun and,

hence, the whole solar system, but the isotopic fractionation at the surface is estimated to be

only about 1 5 % per amu in the Mg/Ne mass region, favouring the light isotope (Geiss and

Gloeckler, 1998, Kallenbach et al, 1998) Xe and Kr are enriched m the solar wind, similar to

elements with a first ionisation potential (FIP) < 10 eV Since Kr and Xe have a somewhat

higher FIP, this indicates that the first ionisation time (FIT) is the parameter that actually

governs the elemental fractionation in the solar chromosphere (see Wieler, 1998 for

references)
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Two solar components have been found in all five noble gases: The solar wind ("SW",

Black, 1972; Wieler, 1998) and the solar energetic particles ("SEP", Wieler et al., 1986). The

latter have higher kinetic energies and isotopically heavier He, Ne and Ar compositions than the

solar wind (Benkert et al, 1993; Wieler, 1998). SEP originally was associated with solar flare

events ("SF", Black, 1972a; Etique et ai, 1981). These noble gases were formerly labelled with

the letters „B" and „C". Black (1972a) also identified a third solar component JD" with

isotopically lighter Ne and Ar, but heavier He (similar to "planetary" He, see chapter 1.1.2.1),

but this component has never been confirmed. Solar gases are extremely enriched in He and Ne

relative to Xe compared to "planetary" components, as illustrated in Figure 1.2. Therefore,

solar gases in meteoritic regolith breccias can significantly disturb measurements of primordial

"planetary" He and Ne.

1.1.23 Primordial noble gases in HF/HCl-resistant residues

In 1975, Lewis et al. discovered that the primordial noble gas components in chondrites can

be enriched by dissolving meteoritic samples in the demineralising acids HF/HC1. Most of the

radiogenic, cosmogenic and solar noble gases (chapters 1.1.1 and 1.1.2.2) which reside mostly

in the silicate phases of a meteorite, are removed by this procedure. The primordial noble gases

remain to a large extent in only about 1 % of the original bulk sample. This HF/HCl-resistant

residue was further dissolved in oxidising acids and it turned out that the oxidisable part of an

acid-resistant residue carried most of the heavy primordial noble gases. Lewis et al. named this

almost mass-less carrier phase Q. Noble gases of phase Q are the topic of this work and will be

further discussed in chapter 1.1.3. The non-oxidisable fraction of the residue also contained

presolar grains which were later discovered to be the carrier of Xe-HL (Lewis et al., 1987).

These presolar components are described in the subsequent chapter.

1.1.2.4 Noble gas components in presolar grains

Several noble gas components reside in presolar or circumstellar grains. These grains

have been formed in outflows of earlier star generations and have then been incorporated into

the forming solar system or, earlier, into the Sun's parent molecular cloud (reviews: Anders and

Zinner, 1993; Zinner, 1995; 1998a; 1998b). Because different stars produce different isotopic

compositions, it has become possible to assign certain grain types to certain stars. All presolar
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grains were discovered, since they are earners of substantial isotope anomalies, particularly in

the noble gases These "exotic" isotopic compositions (see chapter 1121) can not be

explained by processes within the solar system, but only by distinct nucleosynthesis processes

in stars and subsequent mixing processes

The basic nucleosynthesis processes, e g r-, s-, p-processes, which produce the elements m

stars, are known since 1957 R- and s-process stand for rapid and älow neutron capture

reactions, compared to ß-decay life times, the p-process designates groton capture reactions

(p,y) and ghotodisintegration reactions (y,n) (Burbidge et al, 1957, Wallerstem et al, 1997) It

was believed that the products of several stellar sources contributed to a well-mixed hot solar

nebula (Cameron, 1962) and that all presolar material was completely homogenised, smce the

isotopic abundances of all elements, except the noble gases, in all reservoirs such as e g Earth

or primitive meteorites have been found to be essentially the same (Reynolds, 1967) However,

it was discovered that mhomogeneities existed not only for Xe (Reynolds and Turner, 1964),

but in the isotopic compositions of e g oxygen (Clayton et al, 1973, Begemann, 1980,

Thiemens, 1988) Furthermore, some presolar grams evidently survived the formation of the

solar system and kept their isotopic compositions (Lewis et al, 1987) Smce the discovery of

these presolar grains, it is possible to test astrophysical predictions of the nucleosynthesis under

certain stellar conditions in different stars (Zmner, 1998a) by comparing isotopic and elemental

abundances

Table 1.2: Presolar grams and their origins (see e g Zmner, 1998a, 1998b for references)

presolar grain main stellar sources noble

gases

identification

diamond (C5, C;)1' supernovae yes Lewis era/, (1987)

SiC(CpsCe) AGB stars2', Supernovae yes Bematowicz et al (1987)

Tang and Anders (1988a)

graphite (ÇJ supernovae, AGB stars yes Aman et al (1990a)
TiC3) AGB stars Bematowicz et al (1991)
ZrC3' AGB stars Bematowicz et al (1996)
MoC3' AGB stars Bematowicz et al (1996)

AI2O3 (corundum) AGB stars no4> Huss et al (1992)
S13N4 Supernovae no4' Nittleretal (1995)
MBAI2O4 (spinel) AGB stars no4' Nittlerefa/ (1994)
" former nomenclature, 2)

asymptotic giant branch stars,
3>
minor minerals found as inclusions in presolar graphite

due to too low grain abundances

,
low-mass stars at the end of their evolution

and SiC (only TiC),4) probably not detectable

Presolar grains exist m all chondntic groups and their abundances correlate inversely with

the meteorites' pétrographie type (Huss, 1990) The abundances of some of these grains are

also correlated with each other Both observations indicate that the presolar grams in meteontes
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were sampled from the same homogeneously mixed reservoir (Huss et al, 1997). Table 1.2

shows a list of the identified interstellar grain types. It was suggested that these tiny grains must

originate from at least 35-40 stellar sources (Alexander, 1997). The first three grain types listed

in Table 1.2 are of importance for this work because of their occurrence in all chondrite

samples, their noble gas contents and their resistance to HF-HC1 treatment (references in:

Anders and Zinner, 1993; Zinner, 1995; 1998a; 1998b).

Below, presolar noble gas components are discussed in more detail in order of relevance to

this work. Table 1.1 summarises the most important information and gives characteristic

isotopic compositions which help to identify the components.

Noble gases in graphite and SiC...

The first group of presolar noble gas components occurs in fim-sized graphite and SiC

grains. Most relevant to this work are Ne-E(L) and its -less abundant- companions Kr-s and

Xe-s, since their carrier graphite is only weakly resistant to oxidising acids and therefore

releases significant amounts of ^Ne-EQL) on HN03-etching (Tang et al., 1988; Nichols et al.,

1991).

Ne-E was discovered due to its very exotic composition: It consists of almost pure KNe

(Black and Pepin, 1969). Two subcomponents of Ne-E can be separated due to their different

gas release temperatures and carrier densities (Eberhardt et al., 1981): Ne-E(L) resides

exclusively and in high concentrations in graphite and is released at low temperatures of

between 700 and 900 °C (Amari et al., 1990b). Ne from presolar graphite consists of at least

three fractions: Strongly dominating pure aNe from the decay of trapped ^Na, Ne with

dominating MNe originating - among other sources - from AGB-stars, and normal composed Ne

(Amari et al., 1995). Ne-E(L) is accompanied by smaller amounts of Kr-s and Xe-s (Amari et

at., 1995). Helium has not been discovered in graphite (Nichols et al., 1992; Kehm et al. 1996).

Ne-E(H) resides in a small fraction of -4 % (Nichols et al., 1992) of very stable interstellar

silicon carbide (SiC) grains, and is released at high temperatures of more than 1000 °C,

depending on the experimental procedures (Eberhardt et al., 1981; Bernatowicz et al., 1987;

Tang and Anders, 1988a). Ne-E(H) originates clearly not from the decay of 22Na, since in

addition to dominant ^Ne also ^fae and 21Ne have been found (Lewis et al., 1994). Presolar

SiC grains, containing Ne-E(H), originate from low mass AGB stars (Gallino et al, 1990). The

Ne-E(H) is accompanied by Kr-s and Xe-s, but also, unlike Ne-E(L), by *He and Ar (Lewis et

al., 1990; Nichols et al, 1992).
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Kr-s resides in graphite and in SiC It is of variable composition and is the product of

nuclear s-process reactions in different stars (Snnivasan and Anders, 1978, Lewis et al, 1994)

The ratios '"Kr/^Kr and ^Kr/^Kr are variable, depending on the stellar conditions in which Kr-

s was produced, but "W'Kr and ^Kr/^Kr are quite uniform (Ott et ai, 1988)

Xe-s is also found in graphite and in SiC It has high and constant abundances of the even

isotopes 13*Xe, lî0Xe, and mXe and but is essentially devoid of lî4Xe and 136Xe (Snnivasan and

Anders, 1978, Lewis et al, 1994) This composition agrees strikingly well with the predicted s-

process Xe production in some stars (Clayton and Ward, 1978, Ott et al, 1988)

Noble gases in diamonds...

The following components reside in very refractory presolar diamonds (Lewis et al, 1987)

These nanodmmonds have sizes of only about 2nm and are not destroyed upon etching They

are also important for this work, since He-HL and Ne-HL in diamonds dominate the light noble

gases in acid-resistant residues of primitive chondrites Furthermore, He-HL is isotopically very

similar to He-Q, the most important component of this work

Xe-HL was the first observed presolar gas component (Reynolds and Turner, 1964, Lewis et

al, 1987) It is highly enriched m the low mass (124Xe, 126Xe) and high mass isotopes (134Xe,

I36Xe) which is shown in Figure 1 3 First, this exotic component got the name carbonaceous

çhondrite fission (CCF) Xe, since the observed abundances of the heavy isotopes were

explained by a fissiogemc origin (Lewis et al, 1975, Snnivasan et al, 1977) Now, it is widely

accepted that this component onginates in the r-process (Xe-H) and p-process (Xe-L) in stellar

sources, although it is problematic two find stellar environments which provide conditions

suitable for both processes and the formation of the diamond earners (see e g Ott, 1993)

Since the discovery of Xe-HL, huge efforts were made to find possible different earner

phases of Xe-H and Xe-L which would make it easier to separately explain the observed

ennchments However, the first separation succeeded only recently (Meshik et al, 1998) The

isotopically most spectacular Xe-HL is accompanied by charactenstic components in all other

noble gases which by analogy have been labelled He-HL to Kr-HL (Huss and Lewis, 1994a)

HL gases are released at temperatures between 1100 and 1600 °C

He-HL and Ne-HL dominate the trapped He and Ne in unequilibrated chondntes (Huss and

Lewis, 1994a) In contrast to Xe-HL, which is of exotic composition, He-HL and Ne-HL are

isotopically "normal", according to the definitions given in chapter 1121 Onginally, He-A



25

and Ne-A were assumed to be the well-defined trapped components in primitive meteorites

(Pepin, 1967; Black and Pepin, 1969). Now, it is clear that these He-A and Ne-A are mixtures

of Q-gases (see chapter 1.1.3) and presolar components, such as HL/A2 or P3/A1 (Alaerts et

ai, 1980; Huss and Lewis, 1994a).

Alaerts et al. (1980) observed two sub-components of Ne-A, Ne-Al and Ne-A2. Since

Ne-A2 is released together with the already known Xe-HL, it is now labelled Ne-HL (see also

comment on Dhajala in chapter 2.1.1), whereas Ne-Al is now called Ne-P3 (Huss and Lewis,

1994a). The original composition of Ne-A2 (Alaerts et al., 1980) included also minor

contributions of Ne-P6 (Huss and Lewis, 1994a).

Xe-P3 and related other P3 gases (He-P3 to Kr-P3) also reside in diamonds and are

released at low temperatures of 200-900 °C (Tang and Anders, 1988b; Huss and Lewis, 1994a).

Thus, they are probably located near the surfaces of diamonds (Huss and Lewis, 1994a).

Significant amounts of P3 gases only reside in unmetamorphosed presolar diamonds (Huss and

Lewis, 1994b). Apart from the light elements He-P3 and Ne-P3, there are no large isotopic or

elemental differences compared to the major heavy noble gas component Q in primitive

meteorites (chapter 1.1.3).

Xe-P6 and related noble gases form a minor component (10-15 % of Xe-HL) which is

difficult to enrich and to measure (Huss and Lewis, 1994a; Huss and Lewis, 1994b). P6 gases

are also carried by diamonds and released at slightly higher temperatures than HL-gases (1100-

1600 °C).

The letter "P" was introduced to describe that the components P3 and P6 have "planetary"

compositions (chapter 1.1.2.1) (Tang and Anders, 1988b). The isotopic composition of P3 is

normal, the composition ofP6 is rather ambiguous but is also assumed to be normal (Huss and

Lewis, 1994a). This shows that the usage of the terms "planetary" and "normal" is somewhat

misleading since both components are of extra-solar origin (chapter 1.1.2.1). In contrast, the

solar wind has also "normal" composition, but is ofsolar system origin.

1.1.2.5 Other noble gas components in meteorites

Ne-A3 resides in an oxidisable fraction of organic polymer in Murchison which remains

after déminéralisation with HF/HC1 (Srinivasan et al, 1977; Wieler et ai, 1992). Its existence
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is assumed to better explain the release of Ne-P3-like Ne during oxidation of an acid-resistant

residue of Murchison with HNO3. Hence, its composition is different from Ne-Q which is the

component normally released upon oxidation (chapter 1.1.3).

U-Xe is a primitive component, whose existence was postulated 20 years ago (Takaoka,

1972; Pepin and Phinney, 1978). U stands for "Ur", the German prefix meaning "prime,

original". U-Xe is assumed to be the primordial fission-free (244Pu) and Xe-H-free Xe,

incorporated into planetary and meteoritic bodies during the formation of the solar system. This

component was observed first in achondrites (Michel and Eugster, 1994; Weigel and Eugster,

1994).

Furthermore, there is always the possibility that a meteoritic sample (re-)adsorbs terrestrial

noble gases or other, freshly released components during weathering on earth or during

chemical or even mechanical treatments in die laboratory. This adsorption can be a serious

problem, especially for Kr and Xe (Michel and Eugster, 1994).

1.1.3 Noble gases of phase Q

As described already in chapter 1.1.2.3, Lewis et al. (1975) discovered, while analysing the

carbonaceous chondrite Allende, that the primordial noble gas components in chondrites are

almost completely retained upon dissolving meteoritic samples with HF/HC1. The primordial

noble gases largely reside in only about 1 % of die original bulk sample (e. g. Huss and Lewis,

1995). In addition, Lewis et al. showed that most of the heavier primordial noble gases but only

minor parts of the lighter He and Ne are removed by oxidising these HF/HCl-resistant residues

with e. g. HNO3 or HCIO4. For this oxidisable and rather mysterious phase of only minor mass

(about 5 % of the acid-resistant residue is dissolved in concentrated HNO3, see Table 2.5), they

introduced the name "phase Q", for "Quintessence". Another name, PI (P s "planetary") is

used by Huss et al. (1996).

Noble gases...

Noble gases contained in phase Q have proven to be a major primordial component probably

present at the formation of the solar nebula, since they were found in different classes of

primitive undifferentiated as well as differentiated meteorites, e. g. ureilites (Alaerts et al.,
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1979a; 1979b; Moniot, 1980; Ott et al, 1985a; Schelhaas et al, 1990; Wieler et al, 1991;

1992; Huss et al., 1996). Their parent bodies condensed at different distances from the Sun,

indicating that "Q-gases" must have been widely distributed in the asteroid-forming regions or

in the protosolar molecular cloud. If this suggestion can be confirmed by measuring Q-gases in

further meteorite classes, it would appear quite probable that Q-gases would also have been

incoiporated, possibly besides other components, into Earth and the other planets during their

formation.
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Figure 1.4: The same plot as Figure 1.2, but with elemental compositions of meteoritic noble

gas reservoirs. Subsolar noble gases (chapter 1.1.2.1) are less depleted in Ar and Kr relative to

solar abundances and Xe. The curve labelled "A" represents noble gases in bulk HF/HC1-

resistant residues. Noble gases from phase Q dominate the heavier gases Ar-Xe, whereas He

and Ne in bulk residues are dominated by presolar components (HL, P3,...) that resides in non-

oxidisable presolar grains. Presolar He and Ne contribute much more to the noble gases in acid-

resistant residues than He-Q and Ne-Q. References: Crabb and Anders, 1981 (South Oman);
this work (Grosnaja).

The assumption of a common origin for the Q-noble gases in all meteorite classes,

incorporated from a well-defined, widely distributed and homogeneously mixed reservoir, is

based on the characteristic depletion of the light noble gases, relative to Xe and solar

composition (Figure 1.4), that was found in all samples examined. While (4He/132Xe)Q is, as we

will see, constant within a factor of 5, it is 7 orders of magnitude smaller than (^He/'^Xe^b,. It
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is very unlikely that metamorphic processes on several different parent bodies can account for

such similar depletions.

The origin of these Q-gases is subject to debate, in contrast to that of most of the other noble

gas components mentioned above. One model proposes that Q-gases were incorporated into

their carrier phase(s) at the formation of our solar system (Ozima et al., 1998). In this model,

Q-gases are derived by mass-fractionation from noble gases of solar composition. Q-gases are

viewed as a local component derived from noble gases in the solar nebula. The young Sun can

not change the composition of noble gases incorporated from the solar nebula by stellar

nucleosyndiesis, with one exception: He. All deuterium will be converted to 3He. In the model

of Ozima et al., the present-day value of (3He/4He)sw is more suitable as initial component than

a proto-solar 'He/4He value. Therefore, this model suggests that post-D-burning He was

incorporated into carrier phase Q. Another model, proposed by Huss and Alexander (1987),

suggests that Q-gases have been brought into the solar system in solids that carried the noble

gases from the Sun's parent molecular cloud. This presolar origin implies that He in phase Q

has been derived frompre-D-burning composition.

Similar to Figure 1.2, Figure 1.4 shows the elemental noble gas compositions of phase Q and

the presolar components in acid-resistant residues, relative to solar system composition and

132Xe. The depletion of the light noble gases in phase Q, compared to HL and P3 compositions

illustrates the difficulty to obtain data for He and Ne in phase Q with sufficient precision.

First, the "planetary" and normal (chapter 1.1.2.1) noble gases in meteorites were precisely

characterised by determining Kr and Xe. Due to their prevailing abundances in unequilibrated

carbonaceous chondrites (Figure 1.4), Kr and Xe could be measured in unprepared bulk

samples. This led to a composition called AVCC-Kr and AVCC-Xe - Average Carbonaceous

Chondrites (Eugster et al., 1967b). Although these gases are in fact a mixture of mainly Q (up

to 90%) and other primordial presolar components such as HL-gases, AVCC-Kr and AVCC-Xe

are well-established as components. They are used to correct for primordial noble gases when

calculating the concentrations of cosmogenic Kr and Xe abundances.

Carrier "phase Q"

Despite of many efforts, the structure of phase Q is not yet known. Therefore, we use the

"operational" definition that phase Q is the oxidisable part ofan HF/HCl-resistant residue that

carries primordial noble gases dominating the trapped Ar, Kr and Xe in meteorites (Lewis et

al., 1975). We will see later that this definition has to be modified.
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After its discovery, it was assumed that phase Q is a "double sulfide with a Fe/Cr ratio

between 1 and 2" (Lewis et al., 1975). However, soon a carbonaceous phase was assumed for

phase Q (Phinney et al., 1976; Reynolds et al., 1978). Finally, chromite and metal sulfides were

eliminated as important noble gas carriers (Frick and Chang, 1978). Yang et al. (1982) and Ott

et al. (1984) proved the carbonaceous character of phase Q. In contrast to presolar components

which reside within the volume of presolar carrier grains, Wacker et al. (1985) assumed that Q

noble gases reside somehow on grain surfaces as indicated by the complete gas loss on

oxidation with only little mass loss. In view of this, it seems mysterious that theses gases are so

strongly bound that the release temperatures during pyrolysis lie between 1000-1200 °C (Huss

et al., 1996). Sorption experiments of noble gases on carbonaceous matter suggested

"physisorption" within a "labyrinth of micropores at or near the surfaces of amorphous carbon"

as the mechanism to trap the Q-gases (Wacker et al., 1985).

More recent experiments succeeded for the first time in enriching Q-gases solely by physical

separation techniques (Amari and Matsuda, 1998; Matsuda et al, 1999). Freeze-thaw

disaggregation was used to produce a residue from Allende with noble gas concentrations

almost as high as those of HF/HCl-resistant residues. However, this does not necessarily mean

that phase Q is indeed an original, discrete, separable phase. Nakamura et al. (1998) found that

primordial gases including Q and presolar components are enriched by two orders of magnitude

and homogeneously distributed in chondrule rims. This would indicate that phase Q possibly

was homogeneously distributed in nebular regions where the chondrules acquired the dust rims

and also that the noble gas carrier phase(s) together with mineral dust have accreted and formed

the rims on the chondrules in the early solar system prior to the formation of the parent bodies.

1.2 Objectives

The aim of this work is to contribute to a better characterisation of phase Q and its noble

gases. A major step is to extend the existing small database by measuring all five Q noble gases

in samples from different meteorite classes of different pétrographie types. This is essential to

study some of the following questions:

• Can we find Q-gases in residues of meteorites from a large variety of classes?

• Is this component Q isotopically and elementally the same in meteorites that condensed

in different regions of the solar system? If so, the noble gases should have been

homogeneously distributed in large parts of the nebula at the beginning of the solar

system, at least in the meteorite-forming regions, a scenario which would be consistent
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with the idea that the noble gases were well-mixed and largely in the gas phase prior to

incorporation On the other hand, if systematic differences m the elemental or isotopic

composition of the noble gases can be found in different meteorite classes, this would

point to an lnhomogeneous distribution of the noble gases, e g because they were

condensed on ice-grains This would, presumably, require lower temperatures in the

nebula than for the first case

Can more than one noble gas component be attributed to the poorly characterised

phase Q, indicating that possibly different earner phases with similar properties exist1?

Do metamorphic processes on the parent bodies influence the Q-noble gas

compositions''

Are Q-noble gases possibly related to a common primordial noble gas reservoir from

which terrestrial and other planetary noble gases can be deduced7

Can we obtain some evidence for the genetic origin of Q-gases and, thereby support one

of the suggested models (chapter 1 1 S)''

Can we, finally, explain the already observed differences m the measured Ne-Q

composition (Table 1 yp

Table 1.3: Examples for (""Ne/^NeJp m literature

sample pétrographie type (^e/^NeJo source

Allende" CV3 104±10 Smith et al (1977)
Hamlet21 LL4 110±15 Alaerts et al (1979a)

Bishunpur2' LL3 1 116±20 Alaerts et al (1979a)

Champur2' LL3 4 10 6 ± 1 1 Alaerts et al (1979a)
Kainsaz2' C03 1 124±18 Alaerts et al (1979a, 1979b)
Omans2' C03 3 98±06 Alaerts et al (1979a, 1979b)

Dhajala3) H3 8 10 11 ±016 Schelhaas et al (1990)
Allende* CV3 10.70*0.15 Wielerefa/ (1991)
Murchison4' CM2 10.70 ±0.20 Wielerero/ (1992)
" bulk analysis,2) pyrolysis of acid-resistant residues,3) stepwise combustion,4) CSSE

Originally, noble gases of phase Q were determined either as the difference of

conventionally measured gas concentrations m oxidised and non-oxidised HF/HCl-resistant

residues, respectively, or by stepwise pyrolysis expenments (e g Lewis et al, 1975, Alaerts et

al, 1979a, 1979b, Huss et al, 1996) These techniques are sufficient to precisely measure the

heavier Q-gases which dominate the inventory in non-oxidised residues However, these

techniques are not suitable to determine He-Q and Ne-Q, since they are only minor fractions of

the total (see Figure 1 4) and subtraction of two similar numbers results m large errors

Therefore, no isotopic ratios for He-Q and only a few and rather imprecise ratios for Ne-Q had
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been obtained with those techniques (Table 1.3). This was unsatisfactory, because He and Ne in

Q are of particular importance:

• The existence of He and Ne within Q was doubted altogether by Sabu and Manuel (1980).

Only a simultaneous measurement of all 5 noble gases released unquestionably from phase

Q could prove the existence of He-Q and Ne-Q.

• He-Q is potentially important for cosmology to test predictions of the standard Big-Bang

nucleosynthesis theory, because ('He^e^ might be used to deduce the presolar, and

therefore interstellar, D/H ratio.

• He isotopes have a larger relative mass difference than the other noble gases. The 3He/*He

ratio is therefore more sensitive to mass-dependent processes, e. g. diffusion due to

metamorphic losses or fractionation during incorporation.

• (20Ne/22Ne)Q data available prior to this work point to differences in the composition of Q in

different meteorite classes (Table 1.3).

• If Q plays a major role in the understanding of the evolution of the noble gases in the

interiors and atmospheres of the Earth and the other planets, the complete set of noble gas

abundances, including He and Ne, is required to have this possible "starting composition"

completely defined.

In 1991, the stepped on-line etch technique (Closed System Stepped Etching - CSSE) was

applied for the first time to acid-resistant residues (Wieler et al., 1991). This technique

originally was used to examine lunar samples to resolve SW and SEP particles residing at

different depths, (Wieler et al., 1986; Benkert et al, 1993). In this new application of CSSE,

the carrier phase Q was oxidised in-vacuo by HN03 and only the noble gases released upon

etching were measured. According to the operational definition of phase Q, given in chapter

1.1.3, this technique was predestined to be most suitable to measure Q-gases in almost pure

form and, especially, to measure the lighter gases He-Q and Ne-Q with sufficient precision

almost without interference from He-HL and Ne-HL.

Although CSSE is very suitable, it is not perfect: Ne-E from oxidisable graphite grains, solar

Ne and especially cosmogenic Ne can harm the analysis of the Q-gases which is implied by the

"operational definition" of phase Q. However, CSSE provides the advantage to measure several

steps which allows the resolution of these simultaneously released components. Since gas

release occurs at low temperatures by chemical destruction of the carriers), no isotopic

fractionation in the laboratory, e. g. due to diffusive fractionation, has to be expected.

This method requires large amounts of bulk meteorite to yield a sufficient amount of residue

after déminéralisation. Thus, until now, only a few measurements were carried out on the
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particularly large and gas-rich carbonaceous chondrites CV3 Allende and CM2 Murchison

(Wieler et al., 1991; 1992). Their elemental Q-noble gas compositions have shown the expected

large "planetary" depletion in the light noble gases, relative to the solar composition (Figure

1.4). The isotopic composition of Ar, Kr, and Xe was also rather similar to all previous results.

These experiments yielded the first isotopic ratios for He-Q and new data for Ne-Q which were

not in complete agreement with previously published results (Table 1.3). To measure He-Q and

Ne-Q in less gas-rich unequilibrated ordinary chondrites, thus, represents a great challenge.

Experiments on five meteorites of different classes, among them two ordinary chondrites,

performed with CSSE, their results and their discussion are the topic of this thesis and are

described in the following.
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2 Experimental

In this chapter, the criteria that led to the selection of the meteorites used for this study and

their preparation to obtain samples enriched in phase Q are described. Methods to release and

purify noble gases from phase Q and bulk residues are introduced. Finally, noble gas

measurements made with our two mass spectrometers are discussed.

2.1 Sample treatment

2.1.1 Sample selection and origin

As described in chapter 1.2, the aim of this work is to analyse the noble gases in phase Q in

a variety of different meteorite classes. For the determination of all five noble gases, but mostly

of He and Ne, the sample selection is a very important factor to obtain pure Q-data, i. e. the

samples should contain as little as possible of interfering solar, presolar and cosmogenic noble

gas components (chapter 1.1). The sample selection criteria are discussed in the following.

Most importantly, the set of chosen meteorites should cover a wide range of unequilibrated

chondrites of different pétrographie types. We attempt to find similarities and/or differences,

especially in the light noble gases He and Ne, between different meteorite classes and between

samples having experienced different metamorphic histories (chapter 1.2).

Measurements of noble gases on oxidised and non-oxidised HF/HCl-resistant residues

(chapter 1.1.3) or, if unavailable, on bulk samples should reveal meteorites with significant

Q-gas abundances. These data should also allow us to exclude meteorites with large

concentrations of solar-type noble gases ("gas-rich" meteorites). It turns out that solar gas

bearing phases can not completely be removed with our sample preparation technique (chapter

3.1.1). Therefore, regolith breccias, as collectors of solar wind gases should be excluded from

our selection. To minimise contributions of cosmogenic noble gases on 3He and 21Ne, cosmic-

ray exposure ages should be as small as possible. However, this criterion can not always be

met. In fact, as can be seen in Table 2.1, 21Ne concentrations in some bulk samples are high,

indicating long cosmic-ray exposure of up to 25 Ma. Meteorite sample amounts of 5-25 g have

to be available to provide a sufficient yield after déminéralisation with HF/HC1 (chapters 1.1.3

and 2.1.2).
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The lack of noble gas data in the literature and the rather small number of easily available

samples set limits on these goals. In the following, the meteorites selected for preparation of

HF/HCl-resistant residues (Table 2.1) and CSSE measurements, are discussed in more detail in

chronological order:

Lancé C03.4: Lancé is the first in a planned series of three CO chondrites that includes also

C03.3 Omans and C03.7 Isna. The major aim of studying this series is to find a possible

dependency of the Q-gas composition on the pétrographie type within one chondrite class

which reflects metamorphism on the CO parent body (McSween, 1977). The difference

between noble gas concentrations in oxidised and non-oxidised HF/HCl-resistant residues

(Alaerts et al., 1979b) showed that Lancé contains Q-gases, including Ne. The measurement of

Lancé with CSSE extends earlier examinations of the heavier noble gases with conventional

techniques (Alaerts et al., 1979b) to the light gases He and Ne.

Table 2.1: Sample selection for the study of Q-gases with CSSE. Exposure ages are determined

with (22Ne/11Ne)cosm= 1.11 (average chondritic value) and 2,Nebuik = zlNeC0Sm according to

Eugster (1988). The Allende and Murchison samples have already been analysed by CSSE by
Wieler etal. (1991; 1992).

sample classification 2lNei)uit C°Ne/72Ne)i^ikexposure age reference

[lOW/g] [Ma]

Lancé C03.4 1.59 ±0.01 2.55 ±0.02 5.0 i)

Vigarano CV3 (red.) 1.88 ±0.19 5.28 ±0.04 5.9
2)

Dimmitt H 3.7 1.50 ±0.04 6.58 ± 0.07 4.9 3)

Grosnaja CV3 (ox.) 0.66 ± 0.07 5.01 ± 0.06 2.1 2)

0.60*0.01 5.10 ±0.04 1.9 this work

Chainpur LL3.4 8.18 ±0.80 1.06 ±0.04 24.6 4)

Cold Bokkeveld CM2 0.11 ±0.01 7.61 ±0.09 0.4 1)

Omans C03.3 4.76 ± 0.02 1.07 ±0.01 14.9 1)

Isna C03.7 0.04 ±0.01 5.65 ±0.11 0.13 5)

Abee EH4 2.06 ±0.21 1.46 ±0.02 8.0 6)

Brownfield H3.7 4.77 ±0.18 0.91 ±0.02 15.4 3)

H3.7 12.1 ±0.6 0.93 ± 0.07 39.2 7)

Dhajala H3.8 2.48 ±0.18 0.94 ±0.01 8.0 8)

Kainsaz C03.1 8.16 ±1.64 1.70 ±0.01 25.6 9)

Krymka LL3.1 9.23 ± 1.76 1.01 ±0.01 27.8 10)

Allende CV3 (ox.) 2.18 ±0.12 2.27 ±0.01 6.5 W

Murchison CM2 0.62 ±0.01 10.04 ±0.10 2.4
12)

" Mazor et al. (1970);2) Matsuda et al. (1980);
3> Moniot (1980); 4)

Eugster (1988);
5)

Englert et al.

(1983); 6) Wacker and Marti (1983);
7> Müller et al. (1981);!) Schelhaas et al. (1990);

9> Alaerts et al.

(1979b);
"» Alaerts et al. (1979a);

"' Smith et al. (1977);12) Smith et al. (1978).

Vigarano CV3 (reduced): This meteorite is examined to detect possible differences or

similarities in the Q-composition between reduced and oxidised members of the CV3 group

(Allende, Wieler etal., 1991; and Grosnaja, this work).
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Matsuda et al. (1980) found heavy Q-gases in residues of this brecciated CV3 chondrite of

the reduced subgroup. This group consists of only a few meteorites: Arch, Efremovka, Leoville,

Vigarano and small Antarctic samples (e. g. Weisberg et al, 1997). On the other hand, Matsuda

et al. suggested only minor contributions of Ne-Q in Vigarano. The cosmic-ray exposure age of

Vigarano (5.9 Ma) is the minimum age of the available CV3 chondrites of the reduced

subgroup, but is relatively high, compared with that of CV3 Grosnaja (2.0 Ma).

Dimmitt H3.7: This meteorite is the first ordinary chondrite that has been measured by

CSSE, with the aim to extend this technique to meteorite classes other than carbonaceous

chondrites. Dimmitt was chosen mainly because large sample amounts were available which

offsets the disadvantage of its relatively high exposure age of 4.9 Ma (Table 2.1). At the time of

sample selection, it had been overlooked that Dimmitt is a solar gas-rich regolith breccia (Rubin

et al, 1983), containing large amounts of solar He and Ne. However, the CSSE technique

eventually proved that it is able to resolve different major noble gas components, since we were

able to determine He-Q and Ne-Q in Dimmitt.

Grosnaja CV3 (oxidised): The 5.8 g of Grosnaja were kindly provided by Yu. A.

Shukolyukov, Russian Academy of Science, Moscow. This sample is especially important for

this work, since it allowed us to measure He-Q and Ne-Q in particularly pure form. This

meteorite has a very low exposure age of 2.0 Ma (see Table 2.1). Therefore, cosmogenic 3He

and 21Ne are expected to affect the determination of Q noble gases less than in most other

examinations. Matsuda et al (1980) measured already all heavier Q-gases by a conventional

technique, but nominally negative concentrations of Ne-Q had been derived. This is in clear

contrast to our results (chapter 3.1.1) and Grosnaja is therefore a prime example that CSSE is

the preferred technique for the measurement of He-Q and Ne-Q.

Chainpur LL3.4: The largest part (4.3 g) of the measured sample has been kindly provided

by U. Herpers, University of Cologne. Chainpur was the first unequilibrated ordinary chondrite

(UOC) of the LL class to be analysed by CSSE. It was selected since Alaerts et al (1979a) had

already measured Ne-Q in Chainpur conventionally, though with a large error (Table 1.3).

Chainpur contains large amounts of cosmogenic 2INe (Table 2.1) yielding an exposure age of

25 Ma (Eugster, 1988) which complicated the separation of cosmogenic and Q components.

Cold Bokkeveld CM2: A sample of 27.7 g was kindly provided by M. Grady, National

History Museum, London, of which we used 9.3 g for our CSSE analysis. This CM2 meteorite
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has been selected in particular to verify the new (3He/4He)Q value from Grosnaja determined in

this work. It also offered a comparison with the CSSE data from CM2 Murchison (Wieler et al.,

1992). Cold Bokkeveld is a large meteorite with an extraordinarily short cosmic exposure age

of less than 0.5 Ma (Mazor et al., 1970; Eugster, 1988) and shows few signs (Macdougall and

Phinney, 1977) of solar gases which are common in this meteorite class. CM2 chondrites are

particularly suitable to examine Q-gases, since they exhibit characteristically short exposure

ages. Cold Bokkeveld turned out to provide the most important results obtained in this work.

Omans C03.3: This sample ("No. 581", 4.6 g) was kindly provided by C. Perron, Muséum

National d'Histoire Naturelle, Paris. Interestingly, Omans (C03.5) has a lower volatile content

than Lancé (C03.¥), including carbon and the Q-noble gases, although it has a lower

pétrographie type (the "Omans Paradox"; McSween, 1977; Alaerts et al., 1979b). These

observations suggest that the volatile concentrations were not determined by metamorphism but

were established in the solar nebula (Alaerts et al., 1979b), contrary to the suggestions of Huss

et al. (1996). The examination of especially He-Q and Ne-Q in Omans by CSSE tests these

assumptions. Unfortunately, this meteorite has a rather high exposure age of 15 Ma (Table 2.1).

Isna C03.7: Specimens were kindly provided by U. Herpers, University Cologne (2.0 g),

G. MacPherson, National Museum of Natural History, Smithsonian Institution, Washington

("USNM 5890", 5.5 g) and J. Zipfel, Max-Planck-Institute for Chemistry, Dept. of

Cosmochemistry, Mainz (2.5 g).

Isna is an especially interesting meteorite for analysis with CSSE, because of it's low

cosmic ray exposure age of 0.13 Ma (Table 2.1). It completes our series of experiments on

Q-gases in CO chondrites and their dependency on the metamorphic sequence (McSween,

1977). The elemental concentrations and ratios of He, Ar and Xe in the bulk sample are similar

to those in other CO chondrites. However, the Ne content is unusually low by a factor of -10

which possibly indicates losses. The isotopic composition of He in the bulk resembles pure

He-A (3He/*He = 1.4 x 10"4), and thus does not show any influences of cosmogenic, radiogenic

or solar He (Kirsten et al., 1980; Englert et al, 1983).

In addition, residues of several other meteorites (see Table 2.3) have been prepared, e. g.

Abee (EH4), Krymka (LL3.1) and Dhajala (H3.8). Schelhaas et al. (1990) did not find Xe-HL

in the acid-resistant residue of Dhajala. Thus, Dhajala probably contains no Ne-HL which can

also be deduced from the Ne data of the oxidised and non-oxidised samples (Schelhaas et al.,

1990). Therefore, the sample should be especially suitable for the examination of Q-noble
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gases. These results further confirm that Xe-HL and Ne-HL reside in the same diamonds and

thus justify the usage of the name "Ne-HL" (Huss and Lewis, 1994a).

Of our entire sample collection, samples from Lancé (C03.4), Dimmitt (H3.7), Grosnaja

(CV3 ox.), Chainpur (LL3.4), and Cold Bokkeveld (CM2) have been measured successfully.

This set covers different meteorite classes and several pétrographie types which enables us to

discuss differences in the incorporated reservoirs) or metamorphic losses. The isotopic

composition, in particular of the light noble gases He and Ne of phase Q, can be analysed

particularly well with Grosnaja and Cold Bokkeveld which have very short cosmic ray

exposure ages.

The first two attempts on Lancé and Vigarano failed due to too small noble gas yield, leaks

in the extraction system and insufficient gas cleaning procedures. Fortunately, the second

analysis of a residue of Lancé succeeded. Omans and Isna, as well as the other prepared

residues, are not part of this work and will be studied in a future project.

2.1.2 Chemical sample preparation and yields

The procedure used in this work to obtain the HF-HCl-resistant residues, follows that given

in the original paper of Lewis et al. (1975) and subsequent publications of the Chicago group

(e. g. Alaeits et al., 1979a; Amari et al., 1994). Table 2.2 shows the sequence of

déminéralisation steps by 10.4 molar HF, 6.0 molar HCl, 1.0 molar HCl, and 0.6 molar AICI3.

Each step requires at least 8h.

Table 2.2: Chemical procedure to produce the HF/HCl-resistant residues.

step at room temperature: step at55-65°C: step cleaning:

1 10MHF/1MHC1 23 10 M HF/1 M HCl 36-39 0.1 M HCl

2 10 M HF/1 M HCl 24 6 M HCl (several times)
3 10 M HF/1 M HCl 25 10 M HF/1 M HCl

4 6 M HCl 26 10 M HF/1 M HCl 40 acetone

5 10 M HF/1 M HCl 27 6 M HCl 41 propanoic
28 6 M HCl 42 CS2

8 cycles of: 29 10 M HF/1 M HQ 43 CS2
30 10 M HF/1 M HCl 44 acetone

6-21 10 M HF/1 M HCl 31 6 M HCl 45 propanole
6 M HCl 32 6 M HCl 46 acetone

33 0.3MA1C13 47 propanole
34 10 M HF/1 M HCl 48 acetone

22 0.3MA1C13 35 0.3MA1C1,
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The treatment with hydrochloric and hydrofluoric acid removes the bulk mass (silicates,

metals, troilite) carrying the major part of cosmogenic and solar gases. The 6 M HCl removes

precipitated fluorides and most sulfides (Johnson and Maxwell, 1981). A1C13 is then used to

complex residual fluoride ions (Johnson and Maxwell, 1981). Elemental sulphur which is

especially abundant in the residue of Cold Bokkeveld, can be removed by solution in CS2 and

acetone. This meteorite indeed contains the highest sulphur concentration of all samples

selected for déminéralisation (Dreibus et al., 1995). However, Reynolds et al. (1978) observed

even higher sulphur contents in samples treated with CS2 which was applied in order to remove

sulphur. In addition, we therefore used acetone which is probably more suitable for this

purpose. Experiments to déminéralise Allende with H3BO3 instead of A1C13, and KOH instead

of CS2, respectively, did not succeed, because the solutions formed white precipitation. This

problem disappeared upon using the standard solutions of AICI3 and CS2.

The remaining residue is a grey or black, sticky and fluffy carbonaceous substance. It

consists of several minerals including presolar minerals. Of these, presolar nanodiamonds,

graphite, and SiC are important carriers of noble gases (chapter 1.1.2.4). Other, more abundant

constituents, which probably do not contain noble gases (Flick and Chang, 1978), are:

Polymer/kerogen (macromolecular material containing C, H, O, N, S), chromite (FeCr20.(),

spinel (MgAl204), hibonite (Ca(Al, Ti)i20i9), corundum (A1203), osbomite (TiN) or metal

sulfides as daubréelite (FeG^) (Lewis et al., 1975; Alaerts et al., 1980; Crabb and Anders,

1982; Ott «a/., 1984; Aman etat., 1994; Huss and Lewis, 1995; Huss etal., 1996).

In the first experiments the acids used simply were poured off which possibly resulted in

minor losses of the lowest density parts of the sample. Therefore, beginning with Vigarano H., a

centrifuge has been used for the residue preparation, with which acids can be removed by

syringes.

Pyrolysis measurements of a residue of Lancé were corrupted by huge amounts of

background gases, with large peaks, for example, at masses 31, 50, 51, 69, 100, and 101. This

points to a Teflon contamination. The Teflon most likely was introduced during the chemical

preparation of the residues. The déminéralisation has been aided by magnetic, Teflon-coated

stirring bars and has been carried out, in the first experiments, in Teflon beakers. All other

materials in contact to samples and acids (beakers, disposable syringes, bottles, centrifuge

tubes, etc.) were made of polypropylene or polyethylene, and should, thus, not have caused the

Teflon contamination. A similar pollution of samples had already been observed in stepwise

pyrolysis of acid-resistant residues (Reynolds et al., 1978). The CSSE etch runs with HNO3

were not affected by these tiny inseparable Teflon particles, since the acid does not etch Teflon.
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The Teflon-like molecules may also have been produced by an insufficient removal of residual

fluorides during chemical processing and subsequent recombination of these fluorides with

always available carbon.

Table 2.3: Sample weights and yields of the HF/HCl-resistant residues.

sample pétrographie type weight yield yield
M [mg]

Allende CV3 (ox.) 1.78 ±0.01 73.9 ±0.1 4.2"

Lancé I C03.4 5.98 ±0.01 86.3 ±0.1 1.4

Brownfield I H3.7 13.57 ±0.01 74.6 ±0.5 0.5

Brownfield H H3.7 7.52 ±0.01 27.1 ±0.5 0.4

Vigarano I CV3 (red.) 11.35 ±0.01 104.6 ±0.1 0.9

Lancé II C03.4 6.78 ±0.01 68.5 ±0.5 1.0

Dhajala I H3.8 6.95 ±0.01 15.23 ±0.052) 0.2

Dimrnitt H3.7 25.84 ±0.01 482.1 ±0.2 1.9

Vigarano II CV3 (red.) 11.42 ±0.01 270.7 ±0.5 2.4

Grosnaja CV3 (ox.) 5.68 ±0.01 68.3 ±0.5 1.2

Chainpur LL3.4 6.05 ±0.02 279.9 + 0.2 4.6

Dhajala II H3.8 4.89 ±0.02 93.3 ±0.5 1.9

Abee EH4 9.151 ±0.005 77.2 ±0.5 0.8

Cold Bokkeveld CM2 9.299 ±0.005 276.7 ± 1.0 3.0

Krymka LL3.1 6.038 ±0.005 98.1 ±0.5 1.6

Omans C03.3 4.588 ±0.005 127.7 ±0.5 2.8

Isna C03.7 9.871 ±0.005 104.8 ±0.5 1.1

Allende CV3 (ox.) 13.106 ±0.001 134.9 ±0.5 1.0

"probably accidental pollution during chemical preparation;2)almost completely dissolved and removed,
residue grey and flurry, probably Teflon or not readily removed fluorides.

Reynolds et al. (1978) determined release patterns and temperatures for some dominant

background gases (C02, diethyl phthalate, S02, Teflon, SiF4,...). Since these gases are mainly

released at temperatures below 600 °C, a two step pyrolysis (-600 °C and -1800 °C)' is

performed here to measure bulk oxidised and non-oxidised residues. High gas pressures of

more than 1 mbar are measured, in particular, in the two heavy gas phases (Ar, Kr+Xe) of the

600 °C steps. Therefore, the 600 °C steps of these phases normally are pumped off to protect

the spectrometer. Less than 10 % of the total heavy gases should have been lost this way, as

estimated from the measurements of 'He and Ne in both, the 600 °C and 1800 "C steps

(chapter 7).

Yields of the déminéralisation procedures are given in Table 2.3 and Figure 2.1. Of the

starting mass 0.2-4.6 % remained after all acid and cleaning steps. The rather simple chemical

1
The oven temperature is estimated by heating the oven until red-hot and observing the melting of

aluminium at 660 °C.
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Construction details of the CSSE apparatus are given by Signer et al. (1993). Concentrated

nitric acid (65 %, 14.4 molar) is filled into an acid "finger" made of massive gold (total volume

0.64 ml, filling at least 0 3 ml HN03). The HF/HCl-resistant residue is located in a similar gold

finger (volume 3 82ml). Acid and sample are separated by valve "G2", whose acid exposed

parts also consist of either pure gold or pure platinum (Figure 2.2). The acid is degassed before

each etching run by several cycles of heating (up to 50 °C) and freezing (-25 °C). Typically,

16 % of the acid are lost upon this degassing. The acid vapour/gas mixture is pumped through a

special vacuum line with a cold trap (-80 °C, defrosted after each run) and an acid-resistant

turbo molecular pump equipped with nitrogen countercurrent to protect the ball-bearing.

However, degassing usually was not complete Since the solubility of Kr and Xe in water (and

therefore probably also in acid) are considerably higher than those of the lighter noble gases, Kr

and Xe are often affected by atmospheric contributions from the acid which results in nearly

atmospheric Xe isotopic compositions in the first steps (chapter 3.1.5). Elemental abundances

of these steps have to be corrected for relatively large amounts of Kr and Xe (chapter 3.2).

Fortunately, these atmospheric contributions are negligible in most steps.

<= acid pump (TMP) gas extraction line, MS =>

Figure 2.2: Closed system stepped etching (CSSE) apparatus. The sample resides in the right

gold finger, the acid in the left one. Valve "Gl" separates the etch volume from the gas

extraction line including the cleaning devices. Valve "G3" leads to a special turbo-molecular

pump (TMP). The etching is regulated with valve "G2". All parts in contact with acid consist of

pure gold or platinum. Several further noble gas cleaning steps follow to protect gas extraction

line and mass spectrometer (MS) from acid and reactive background gases.

Valves G1-G3 are directly in contact with the acids and are therefore made of pure gold and

platinum. They survive a limited number of closings (normally 100 to 150 closings, the record

being 353). All other parts of the CSSE apparatus, which are in contact with acid, are also made
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Lancé I C03.4 81.3±0.1 78.2 ±0.1

Vigaranol CV3 (red.) 97.7 ±0.1 i)

Lancé II C03.4 67.2 ±0.5 58.9 ±0.1

Dimmitt H3.7 470.1 ±0.2" 471.8 ±0.52>

Grosnaja CV3 (ox.) 68.3 ± 0.5 66.9 ± 0.2

Chainpur LL3.4 279.9 ± 0.2 238.9"
C. Bokkeveld CM2 276.7 ±0.1 273.9 ±0.2

of gold and platinum. The sealing rings used to connect two pieces of gold tube consist of pure

platinum. At the beginning, palladium instead of platinum seals were tried, but these react with

HNO3 and form red Pd(N03)2.

The released gases pass valve "Gl" and a golden cold trap (about -25 °C, Figure 2.2) which

is intended to freeze out gaseous HN03. Nonetheless, the subsequent steel vessel and copper

seals of the CaO getter become strongly oxidised and tarnished.

Table 2.4: Weights of etched samples and yields.

sample pétrographie type sample mass recovered mass Losses on etching
before etching [mg] after etching [mg] [%]

3.8

12.4

2.0

1.0

Allende I3> CV3 24.9 ±0.5 13.0 ±0.5 47.8

Allende IT0 CV3 10.6 ±0.5 3.6 ±0.5 66.0

Allende HI5' CV3 22.3 ±0.5 10.3 ± 0.5 53.8

"
inadvertently lost;

2)
weighing error probably due to remaining solvents or acid;3) etched off-line with

H202; 4)etched off-line with concentrated HNO3 (14.4 molar); "etched off-line with diluted HNO3

(0.04 molar).

To remove possible atmospheric contamination or rests of solvents, the sample finger is

heated before etching for several hours or days to up to 90 °C. At the beginning of an etching

run, the sample is etched with acid vapour which is expanded from the acid finger at room

temperature through valve "G2" onto the sample. To achieve this, the separating valve "G2" is

opened for a variable period of time (1 to 100 hours). When enough gas is presumed to have

been released from the sample, the acid in the acid finger is cooled (-15 °C to -25 °C) for

several hours. Valve "G2" is closed, and the Q-gases are expanded onto the CaO by opening

valve "Gl". After a number of vapour steps, the amount of gas released is no longer sufficient

to be measured accurately. Next, the acid is heated to about 100 °C and distilled on the sample

which is kept at -25 °C. The etching procedure can continue at acid/sample temperatures of

25 °C to 130 CC until no further significant amounts of Q-gases are released. During the heating

of the sample, the upper parts of the gold apparatus are heated to a temperature 10 °C higher

than that of the acid to keep the acid near the sample. The sample finger is cooled to -25 °C for

some hours before gas extraction to minimise the amount of acid expanded into the clean-up

line.
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To prevent extraction line and mass spectrometer from acid and reactive gases, several

cleaning steps are inserted (Figure 2.2). At the beginning of the cleaning procedure, the

released gases are cleaned with dried CaO at room temperature to absorb H20 and HN03. Two

getters, filled with commercial Zr/Ti pellets and heated to 280 °C, follow to remove reactive

gases. Finally, the gases are exposed to three commercial Zr/Al getters (SAES) to remove

especially H2 (getter at room temperature) and CH» (getter at 250 °C or higher). After the

discovery of neonhydride (NeH) in particular on mass 21 (see chapters 2.3.3 and 7.8.3), the

getter near the spectrometer has been operated at room temperature, instead of the previously

used 400 °C which eliminated the problem. The prior measurements (Lancé IL Dimmitt) are

corrected for NeH as described in chapter 7.8.2. During the first two runs on Lancé and

Vigarano, the two getters closest to the sample were filled by a Zr/Ti alloy at 700 °C. It seems

that the guttering capacity of this material had been insufficient which resulted in a too high

background in the mass spectrometer.

Table 2.5: Weighit losses upon etching; with oxidising acids

sample (#) acid loss [%] source

CV3 Allende cone. HNO3 3.5h,80°C 5 Anders et ai. (1975)
CV3 Allende (2) fuming HNO3 26h, 80 °C 24-45 Anders et al. (1975)
CM2 Murchison fuming HNO3 16h, 60 °C 44 Srinivasanera/. (1977)

LL(14) fuming HNO3 overnight, 60 °C 2-13 Alaerts et al. (1979a)
C03 (3) fuming HNO3 overnight, 60 °C 6-42 Alaerts et al. (1979b)

CV3(4) fuming HNO3 overnight, 60 °C 1-54 Matsudaefa/.(1980)
OC(3) 30 % H202 few days, 60 °C 63-95 Moniot(1980)
CV3 Allende (2) cone. HNO3 4/17h, 80 °C 14/19 Ott et al. (1981)
CV3 Allende fuming HNO3 lh, 80 °C 41 Ott et al. (1981)
CV3 Allende cone. HCIO4 1.5h, 139 °C 84 Ott et al. (1981)
OC (8) cone. HNO3 17h, 80 °C 13-63 Schelhaasefa/. (1990)
all classes (14) Cr2077H2S04 llh,75°C 9-75 Huss and Lewis (1995)

The masses of the oxidised samples, which were recovered after the etch experiments, are

given in Table 2.4. Astonishingly, oxidation with concentrated HNO3, which removes some

95 % of the total primordial Xe in acid-resistant residues, leads to a mass loss of only about

5 % (Anders et al, 1975). Losses on that order of magnitude are observed also for Lancé,

Grosnaja and Cold Bokkeveld. However, these loss fractions are upper limits, because some

samples may not have been completely recovered. Due to the uncertainty in sample recovery,

we can not detect a possible correlation between meteorite type and resistance to etching (Huss

et al., 1996). Furthermore, larger losses can be seen for me Allende samples. These samples

were etched off-line for future examinations with atomic force microscopy. Moniot (1980)

noticed that etching with H202 generally yields larger losses. A possible reason might be the
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formation of solid chemical products upon etching with HNO3. Table 2.5 also shows that our

results are in the expected range of etch yields, which largely vary, probably dependent on the

acid applied and the etching time. In view of these strongly varying results, it seems

unreasonable to calculate noble gas concentrations per gram of phase Q.

A problem can arise after opening gold valve "Gl" which separates sample volume and gas

clean-up line. Light particles in the residue can move out of the sample volume and lead to a

leaking valve. This happened during etching of Cold Bokkeveld, but most of the leaked gas was

collected at a following valve. Maximum losses per step were: 2.4 % ^e, 1.5 % ^Ne, 0.9 %

36Ar2, 1.4 % ^Kr, 1.1 % 132Xe. Since the first three steps, for which leaked gases were not

collected, produced less than 1.5 % of the total gas amounts, no systematic errors, neither in the

concentrations nor in the isotopic ratios, should have occurred in this run. After three runs, a

mere 0.05 mg of these light particles could be washed out from gold tubes and valves. Noble

gas contamination from such minute amounts of samples from earlier runs should therefore be

negligible.

2.2.2 Gas extraction with the furnace

Comparing gas concentrations in non-oxidised and CSSE-oxidised residues allows one to

check whether the CSSE experiments have released all noble gases of phase Q from the

samples (chapter 3.3). This information is needed to compare absolute abundances of Q-gases

in the samples. Aliquots of non-oxidised HF/HCl-resistant and on-line oxidised residues are

measured conventionally by pyrolysis. The molybdenum crucible is heated by electron impact

to about 1800 °C. To collect reactive gases (chapter 2.1.2), and to check for absorbed

atmospheric gases, a 600 °C step is taken prior to the main step. These first steps often contain

too much background gas and have to be pumped off. Cleaning procedures resemble those of

the CSSE experiments (chapter 2.2.1).

2.2.3 Gas separation

The released gases are separated into three fractions (He/Ne, Ar, Kr/Xe) to avoid

interference of 't0Ar++ on ^fae and Ar2 on 80Kr and not to provoke large memory effects. This

release of noble gases within the mass spectrometer due to ion-impact can increase due to long

2
Since the leaked Ar was dominated by an atmospherically composed blank, as discernible by the high

""Ar/^Ar ratio, probably from outgassing of CaO, the leaked Ar has not been added.
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gas residence times in the mass spectrometer. Furthermore, large amounts of e. g. ^Ar

especially compromises the measurement of isotopes with smaller abundances, e. g. I24Xe.

Table 2.6: Typical losses due to gas separation in dependence of the charcoal temperature,

run sample temperature Ar [%] Kr [%] Xe [%]

HB03 Lancé -100 °C 1.4 20.5 0.2

HB04 Dimmitt -105 °C 1.7 6.4 0.001

HB05 Grosnaja -110 °C 2.0 8.7 0.3

HB06 Chainpur -115 °C 3.0 6.1 0.4

HB07 oven -115 °C 2.0 4.4 0.4

HB08 Cold Bokkeveld -115 °C 4.4 7.1 0.7

HB09 oven -115 °C 3.1 6.3 0.3

HB10 oven -115 °C 2.6 7.7 0.3

First, the heavier gases (Ar, Kr, Xe) are trapped completely in a stainless steel finger filled

with activated charcoal at liquid nitrogen temperature (-196 °C), while He and Ne are

expanded into the mass spectrometer and measured. Next, He, Ne and all gases which remained

in the gas phase upon the cold charcoal are briefly pumped off. Then, Ar is released at -100-

125 °C, and trapped in another coal-filled steel finger, while Kr and Xe remain adsorbed on the

first coal. No fractionation occurs during this procedure (Marti, 1967). To correct for

incomplete separation, ^Kr and 132Xe are also measured in the Ar fraction, as well as *Ar in the

Kr/Xe fraction. Table 2.6 shows typical losses as a function of the coal temperature. Only Xe

losses exceeding 0.5 % are corrected.

2.3 Noble gas measurement

2.3.1 Mass spectrometry

Most measurements in this work are carried out in the new mass spectrometer "Albatros"

which is especially constructed to measure low noble gas abundances. The old mass

spectrometers "Minneapolis-Down/Upstream" are not suitable to measure such small He and

Ne amounts as released by CSSE (chapter 2.2.1) due to higher memory and interference of HD
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"Albatros"...

The new non-commercial mass spectrometer "Albatros" (60°, 21cm radius) has a mass

resolution M/AM of about 550. This is sufficient to resolve 3He and HD as well as benzene and

78Kr, respectively. Gas is ionised by electrons with an energy of only 45 eV to reduce double

ionisation of *°Ar and C02 and thus, the interference on ^e and 22Ne. To reach a similar

electron emission current as with a standard voltage of 100 eV, the low electron acceleration

voltage would have to be compensated by a higher filament current which would lead to a

lower lifetime of the filament. We therefore prefer to use a lower electron emission current to

protect the filament, in spite of the resulting lower ion yield.

A higher mass resolution requires a higher precision in the magnetic field settings. This

causes problems especially for jumps to lower masses, because remnant magnetism of the

deflecting magnets harms the correct peak adjustment. This can be avoided by extended

demagnetising operations prior to all measurements. "Albatros" is equipped with two

collectors: A multiplier operated in counting mode allowing an upper limit of 500 000 Hz

corresponding to 2 x 10"8 cm3 STP ^Ne and a Faraday cup to measure higher ion currents.

"Upstream"...

The old mass spectrometers "Minneapolis-Downstream" (for He and Ne) and

"Minneapolis-Upstream" (Ar-Xe), were used in this study only to measure noble gases

released by CSSE from Lancé I and Vigarano. These spectrometers are operated with electron

energies of 40 eV and 100 eV and resolutions of M/AM = 93 and 97, respectively. These

resolutions are not sufficient to resolve the interference mentioned above. For later runs, only

"Upstream" was used to measure noble gases extracted from bulk residue samples in the oven

(chapter 2.2.2). CC^** and Ar** corrections applied in these experiments are described in

chapter 2.3.4. These old, original Mer spectrometers, built in the sixties but strongly modified,

have each a Faraday cup for higher ion currents and a multiplier in analogue mode (upper limit:

5 x 10~9A = 20 x 10s cm3 STP ^Ne).

2.3.2 Blanks

Blank corrections were made by subtraction of "procedure" blanks (CSSE measurements

without sample volume) and "hot" blanks (oven measurements with pure aluminium),

respectively. These blanks were measured prior to almost every sample steps.
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Typical procedure blanks for each etch experiment are given in Table 2.7. Also shown are

maximum blank corrections observed in any step of a given run. However, most corrections are

considerably lower than these maximum values and are, in fact negligible. Ar in runs HBOS-8

(Grosnaja, Chainpur, Cold Bokkeveld) can not be corrected by a simple subtraction because of

the dilutions applied to these steps. The applied Ar-blank corrections are described in

chapter 3.1.4.

Table 2.7: Typical "procedure" blanks for CSSE experiments. Also given (in brackets) are the

maximum blank corrections for any step in the given run.

3ïfe ^Ne" ^Ä7 35Är «Kr î^Ce~~
[IQ-10cm3] [10"cm3] [10lzcm3] [10'°cm3] [ÎQ-'W] [1015cm3]

Lancé 5.3 20.8 6.4 46.3 12.2 4.1

(HB03) (18.4%)" (3.4%)" (0.1%)" (6.0%)" (0.04%) (0.01%)

Dimmitt 3.7 5.5 7.2 21.3 7.0 3.7

(HB04) (2.7%) (0.7%) (1.3%) (17.9%) (0.1%) (0.01%)

Grosnaja 3.8 5.0 10.8 32.6 28.7 9.8

(HB05) (0.7%) (0.1%) (0.2%) (17.5%f (0.1%) (0.02%)

Chainpur 3.6 10.0 2.6 7.2 65.3 41.7

(HB06) (2.0%f (0.5%f (3.2%f3> (0.2f> (0.04%f
Cold Bokkeveld 3.2 5.3 12.5 32.1 52.4 50.5

(HB08/I) (0.3%) (0.1%) (0.2%) (0.1%f (0.1%) (0.1%)

Cold Bokkeveld 3.2 5.0 16.7 38.2 32.5 29.1

(HB08/H) (2.4%) (0.7%) (0.8%) (8.5%f> (0.2%) (0.1%)
bulk residues, oven 8.4 505 256 775 5540 2780

(HB07) (0.1%) (9.1%) (8.0%) (9.1%) (12.4%) (3.3%)

bulk residues, oven 329 1950 1550 150 17800 26700

(HB09) (32.6%) (21.6%) (37.9%) (38.6%) (36.0%) (40.7%)
bulk residues, oven 26.9 2050 3530 168 35900 59500

(HB10) (7.6%) (9.8%) (4.3%) (71.4%) (4.3%) (3.3%)
u without almost gas-less step 9;

2)
see chapter 3.1.4 for Ar-blank correction;;3) without step 19 which

contains almost no gas.

In addition, 1-4 complete CSSE "gold blanks" were determined before each etch run, after

the sample had been loaded. These gold blanks include the sample volume but not the acid

volume, and were measured after closure duration of the sample volume of between 21 hours

and 49 days. These blanks were treated and analysed as "normal" steps. Results of the main

isotopes are given in Table 7.49. "Gold blanks" depend highly on duration and the time within

an etch run, at which they are measured, as is discernible best from the data for Dimmitt and

Grosnaja and from the decreasing influence of adsorbed Kr and Xe (see subsequent paragraph

about Kr and Xe). It is not possible to measure a truly adequate gold blank for every step,

because this would be too time consuming, and, in particular, blank measurements including the

sample volume are no longer possible, once valve "G2" has been opened. Therefore, we
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compare available gold blank data with those of the corresponding procedure blanks (Table 2 7

and Table 7 49)

He and Ne amounts of these gold blanks are mostly of the same order of magnitude as

average procedure blanks and, thus, do not cause any problems

Ar abundances vary strongly, but the isotopic composition is clearly close to atmospheric

(^Ar/^Ar > 200 in most cases, Table 7 49) Thus, large contributions of blank Ar from the gold

line during the sample runs would be recognised by high 40Ar/36Ar ratios Since this was never

observed in any major release fraction, essentially all measured 35Ar and 38Ar is from phase Q

and blank corrections on these isotopes are negligible On the other hand, **Ar in all steps is

most probably only a upper limit due to radiogenic admixtures

Kr and Xe in gold blanks are much more abundant than m procedure blanks Gold surfaces

seem to easily absorb the heavier noble gases Kr and Xe, similar to liquids (chapter 2 2 1) In

fact, the first few steps of each run contain significant amounts of atmosphenc admixtures,

recognised by Xe isotopic ratios close to atmosphenc composition (chapter 3 1 5) This is not

observed m later steps, and the gold blanks should not be important anymore Steps influenced

by these atmosphenc contributions are not used for the determination of isotopic compositions

of Kr and Xe in Q (chapters 3 16 and 3 15) Elemental abundances of these steps are corrected

for atmosphenc Kr and Xe (see chapter 3 2) Therefore, it is justified to use procedure blanks to

correct for all blank contnbutions including those from the sample volume

The high abundances of all noble gases m the third gold blank for Cold Bokkeveld (Table

7 49) can be explained by droplets of acid in the gold apparatus remaining from earlier

expenments The sample was heated for 50 h to 100 °C to remove absorbed gases pnor to the

gold blank measurement This old acid then had already begun to etch phase Q which is clearly

seen by the isotopic composition of the gases released in this nominal blank step This blank is

analysed as a first step He, Ne and Ar in this step amount to about 1 % of the total gas released

upon etching Kr and Xe contain higher contributions of the total amounts, but are

atmosphencally affected

2.3.3 Calibrations and standards

Mass discnrmnation and sensitivity of the spectrometers are obtained by measuring exactly

known amounts of pure calibration noble gases The expenments are calibrated separately with

at least three calibration measurements ("slow-calibration") for He-Ne, Ar and Kr-Xe each

Thus, "long-term" vanations, e g caused by the change of gas extraction procedures or

volumes are taken into account Calibration gases are measured under exactly the same
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conditions and by expanding them into the same volume (except the negligible sample volume,

« 1 %) as the sample gas. Table 2.8 and Table 2.9 show roughly calculated sensitivities for

single etch runs, as simply determined from the averaged ratio of measured ion current or count

rate and standard gas amount. No blank or interference corrections are applied for this simple

estimate, though all these corrections are included in the final data analysis. Note, however, that

blank-signals always came to less than 0.12 % of the standard amount, except for Ar where this

contribution was up to 4 %.

Table 2.8: Estimated sensitivities for counter ("Albatros") and multiplier ("Upstream").

3He 22Ne "Ar MKr 132Xe

Counter [10"]4 cm3 STP/Hz] HB03" 3.83 2.90 0.16 0.11 0.10

HB04 6.02 4.52 0.22 0.18 0.16

HB05 6.08 4.61 0.29 0.22 0.17

HB06 6.57 4.94 0.30 0.28 0.24

HB08/I 5.36 3.97 0.23 0.16 0.13

HB08/H 6.27 4.75 0.29 0.28 0.24

Multiplier [cm3 STP/A] HBffF 29T 18.3 4.74 6.39 7.16

HB09 85.3 43.7 14.0 18.1 18.5

HB10 83.8 44.3 14.0 16.9 18.4

"
old multiplier and filament, replaced between runs HB03 and HB04; 2) old filament, replaced between

runs HB07 and HB09.

Table 2.9: Estimated sensitivities for the Faraday cups.

flOW/AI "He *>Xe ""Ar MKr 132Xe

(CSSETAlbatros") HB03"

HB04

HB05

HB06

HB08/I

HB08/H

1.84 1.41 0.07 0.04 0.04

3.53 2.70 0.12 0.05 0.10

3.46 2.62 0.15

3.53 2.62 0.14

3.19 2.38 0.13

3.31 2.45 0.13

(OvenTUpstream") HB072) 0.78 0.44 0.08

HB09 1.95 1.13 0.22

HB10 1.94 1.07 0.21
"
old filament, replaced between runs HB03 and HB04;

2> old filament, replaced between runs HB07 and

HB09.

One single etch experiment lasts up to 5 months. The spectrometer sensitivity varies

considerably within such a period, since it can even change discernibly within hours. To take

into account these "short-term variations", each sample measurement is also accompanied by

relative standard gas measurements ("fast-calibration"). Residual gas determinations within

the spectrometer volume are also considered here. These variations can e. g. be caused by

decreasing ion to electron conversion efficiencies on the first multiplier dynode because of a
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too high integrated ion current. Differences in % between maximum and minimum of these

"fast-calibration" standard amount determinations are given in Table 2.10.

Table 2.10: Sensitivity variations ("Fast-Calibration") within one experiment. First number:

mean variations from fast-calibration to fast-calibration [%]; second number: Max^min. [%].

'HetC/M) "He(F) ^e(F) aNe(C/M) "ArÇC/M) *>Ai(F) "Kr(OM) 132Xe(C/M)
HB03 1/3 0/1 2/6 0/2 1/4 0/1 1/1 1/2

HB04 1/7 1/7 3/14 1/10 1/14 1/10 2/16 3/19

HB05 1/4 1/4 2/10 1/4 1/8 1/5 1/17 2/20

HB06]) 5/37 5/39 6/40 5/39 3/27 3/29 5/31 5/30

HB07 3/9 1/5 1/5 3/8 2/7 1/6 3/27 4/12

HB08/12) 1/10 0/2 2/8 1/12 1/23 0/1 2/32 2/36

HB08/n 1/4 1/5 2/9 1/5 1/6 1/4 1/14 2/15

HB09 5/19 1/2 1/2 4/16 3/14 1/1 4/17 3/12

HB 10 2/5 0/1 0/1 2/6 3/6 0/0 3/6 2/4
" The largest variations followed those steps with the largest background gas amounts which corrupted the

ionisation efficiency of the ion source;
2> The counter sensitivity for Ar, Kr and Xe decreased

continuously, indicating a considerable decrease of conversion efficiency on the first multiplier dynode.

Table 2.11: Calibration gas amounts [IP-8 cm3 STP]

reservoir HB03-5 reservoir HB06-9 reservoir HB07+9+10

3He lold 34.2 7 new 1.70 17 54.2

"He 1 726 1 28.1 1 56.7

"•Ne 1 21.1 1 1.15 1 26.4

^Ne 1

1

2.18

1.07

1 0.118 1 2.72

*Ar 8 0.071

wAr 1 316 1 20.9

wKr 6 0.0057 6 0.0057

,32Xe 1 0.0030 1 0.0030

Due to a leakage of one calibration gas reservoir, absolute gas standards from different

reservoirs were used (Table 2.11): The combined He-Ne-Ar reservoir was used for the

experiments HB03-5. Since it contained too much gas to be measurable with the counter, the

calibration steps have been diluted by a factor of about 0.04. The experiments on Chainpur,

Cold Bokkeveld and the oven measurements (HB06-10) were calibrated without dilution with

separate standard reservoirs for He plus Ne and Ar. Two reservoirs with different gas amounts

of He and Ne (one suitable to measure all isotopes with the Faraday cup and one with lower

abundances) were used. Except for He, the gas standards are of atmospheric isotope

composition.

For each element and each collector, the absolute amount of one reference isotope is

determined by peak height comparison between calibration and sample gas. Isotopic ratios are

then determined relative to these reference isotopes. Thereby, the variable sensitivities of the
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spectrometers for the different isotopes of an element have to be corrected for. These sensitivity

variations (mass discrimination3) are determined from all calibration analyses with the

equation:

!
ToàOxd

Am [%/amu]=t mtt°m{ xlOO

K-m„J

where

ratio.,j/m„ =—i""°\x—(standard I measured)
sia i msr reference isotope

mil ref
~ mass °f isotope i I reference isotope [amu]

Mass discriminations are determined for each run separately. They vary little from run to

run (Table 7.54). Most of the values are lower than 1 %/amu. However, the mass discrimination

determined from 21Ne/22Ne is significantly higher in all experiments than that obtained from

20Nel22Ne. The latter is adopted for both isotopic Ne ratios.

The ^eH interference on 21Ne (chapter 2.2.1) has been discovered due to this higher mass

discrimination for 2INe/22Ne. It is the result of too high H2-background during the first two

experiments with the new mass spectrometer (Lancé n, Dimnritt). ^Ne-hydride influences the

measurement of low 21Ne abundances. Reducing this H-background eliminates this problem for

subsequent experiments (see chapter 7.8.2 for details and corrections). But, even after

elimination of the contributions from this interference, the mass discrimination remains too

high. I suspect that this is probably due to an incorrect standard ratio (Eberhardt et al., 1965).

2.3.4 Uncertainties

The uncertainties (chapter 7) for the reference isotope concentrations include la statistical

errors4, the uncertainties of sample weight (Table 2.4), dilution (chapter 2.3.3), blank (chapter

2.3.2) and interference corrections (chapter 2.3.5). Not included are errors of the standard gas

3
Multiplier sensitivities are mass-dependent, since the incoming isotopes have different momenta, and

therefore, different conversion electron yields. This dependence is assumed to be roughly linear within the

isotopes of one element.

4
All isotopes were measured 5-8 times and the signals were extrapolated to the time of gas inlet. The

data were extrapolated linearly for He, Ne and Ar, but exponential fits were applied to most of the Kr and

Xe data. The uncertainties of these extrapolations give the statistical errors.
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amounts which are estimated to be about 1 %. The errors of the isotopic ratios include

statistical errors, errors of the mass discrimination (chapter 2.3.3), blank (chapter 2.3.2) and

interference errors (chapter 2.3.5).

2.3.5 Interference

Interference disturbs the noble gas measurements, as already mentioned above. The most

important interfering ions and the corrections applied are presented in this chapter.

The heavy hydrogen molecule HD interferes with 3He. This is eliminated for the CSSE

measurements by increasing the resolution of mass spectrometer "Albatros". Besides this, the

H2-background in this spectrometer is quite constant. Therefore, possible residual

HD-contributions to 3He are corrected by the routine blank subtraction.

In contrast, 3He data from the oven samples measured in "Upstream" are strongly affected

by HD. It is possible to determine the effective HD/H2 ratio by assuming 3He = 0 for residual

and blank measurements which is justified by the sufficiently low Tie amounts. This implicitly

also should correct for the mass discrimination between H2 and HD which may well exceed

10% (Table 7.54). However, runs HB07 and HB09 give HD/H2= (2.2 ± 0.2) x 10"4 and

(1.1 ± 0.2) x 10"4, respectively, much lower than the mean terrestrial value of 3.0 x 10"4. Direct

measurements of HD/H2 in "Albatros" without mass discrimination correction give ratios of

(3.4 ± 0.3, 3.2 ± 0.3, 3.2 ± 0.4, and 3.3 ± 0.9) x 10"4 in agreement with the terrestrial value.

Therefore, for "Upstream" data I correct for HD assuming HD/H2= (3.0 ± 1.5) x 10"4. The

large error accounts for the unknown mass discrimination. The corrections vary between

0-16 % of the total signal on mass 3.

Another interference occurs on ^Ne due to H2180. This contribution can be estimated from

the monitored H20 amounts and the natural value for H2180/H2160 = 0.002. It is in most cases

smaller than 0.5 % and never exceeds 2.5 %. An explicit correction is not necessary, since H20

is quite constant in sample and blank measurements, and hence, the correction is done

implicitly by the blank correction.

Fluorine forms hydrofluoric acid HF of mass 20 in the mass spectrometer with unknown

efficiency and, therefore, can also affect ^e. However, "Albatros" shows negligible 19F

abundances, and "F amounts in "Upstream" aie extremely constant. As with H2180, the

correction is thus performed by the blank subtraction.
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Table 2.12: Cross sections for 45 eV electron-impact single and double ionisation of Ar.

reference oC°Ai+) [ÎO"cm2] of^Ar") [10"'6cm2] oC^Ar^/o^Ar*)
(max. uncertainty) (max. uncertainty)

Wetzel et al. (1987)
Ma et al. (1991)

Syage(1992)
Straub étal. (1995)

adopted value

2.56 (± 15%)
2.42 (± 15%)

2.49"

2.66 (± 3.5%)
2.53

0.003 (± 15%)
0.002 (± 15%)
0.0065 (± 12%)
0.00048 (±4.5%)

0.0030

0.0012 ±0.0003

0.0008 ±0.0002

0.0026 ±0.0004

0.00018 ±0.00001

0.0012 ±0.0006

"data compilation.

Interfering doubly ionised 40Ar++ on ^e can be roughly estimated as the product of the

measured '"Ar in the He-Ne fraction and the electron-impact ionisation cross section ratio of

double to single ionisation, o(40Ar++)/a(40Ar+). Unfortunately, literature values are not perfectly

consistent (Table 2.12 and Table 2.13). The electron energy of 45 eV used in "Albatros" is

only slightly above the threshold for double ionisation of Ar. In this region, the excitation

function is rather steep and error-prone. The value aC°Ar++)/o(40Ar+)45ev = 0.12 % (with 50%

error) is adopted here. Cross sections for an electron acceleration of 100 eV (for "Upstream")

are higher and better known. The adopted ratio 0(4°Ar++)/<r('loAr+)1ooev is 7.2 % with 25 % error.

A correction of Ar** in CSSE measurements is not necessary, since these contributions mostly

amount to less than 0.1 % of the measured ^e and never exceed 0.7 %. The same holds for

oven run HB07 and HB 10. Only some measurements of HB09 show higher possible '"'Ar*4'

contributions of up to 11% of ^e.

Table 2.13: Cross sections for 100 eV electron-impact single and double ionisation of Ar.

reference o^Ar*) [1016 cm2] o^Ar") [1016 cm2] c(*Ar++)/a('0Ar+)
(max. uncertainty) (max. uncertainty)

Wetzel et al. (1987)
Ma étal. (1991)

Syage (1992)
Straub étal. (1995)

adopted value

2.68 (± 15%)
2.47 (± 15%)

2.53"

2.64 (± 3.5%)
2.58

0.177 (±15%)
0.215 (± 15%)
0.158 (± 12%)
0.189 (±4.5%)

0.185

0.066 ±0.014

0.087 ±0.018

0.063 ±0.011

0.072 ±0.004

0.072 ±0.018

"data compilation.

Finally, doubly ionised CCV" admixtures to Ne are discussed. "Albatros" shows very

small and very constant C02 abundances, corresponding to typically (6-10) x 10"12cm3

STP-equivalent. Thus, CCV* contributions to MNe can be neglected. "Upstream" shows a

much higher C02 background. A correction factor CO^/CCV can be estimated by using air-Ne

corrected residual measurements. The long-term mean ratio is 0.02 ±0.01. This value is used

for the corrections which can reach 13 %, but are less than 5 % in most cases.
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Interference from ions hitting the flight tube occurred after replacing the multiplier of the

mass-spectrometer "Albatros" prior to the measurement of Dimmitt for ions directed to the

Faraday cup with a magnetic field ratio BumtmivJBpak = 1-028 ± 0.001. For this reason, 38Ar

ions can not properly be measured with the Faraday cup due to interfering MAr ions.

Unfortunately, the Ar data of Dimmitt were obtained almost exclusively with the Faraday cup.

Subsequent measurements are obtained in such a way that, if necessary, the Ar fraction is

diluted to measure 36Ar/38Ar with the counter (see Ar-chapter 3.1.4). This problem does not

affect the other isotopes.
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3 Noble gas results

Noble gas data on five HF/HCl-resistant residues of Lancé (II), Dimmitt, Grosnaja,

Chainpur and Cold Bokkeveld are presented in this chapter. The first part considers the isotopic

ratios of the Q-gases. Contributions from simultaneously released components are also

discussed. The second part then deals with elemental ratios and release patterns of the noble

gases released in the etch experiments. Finally, total Q-noble gas abundances for our samples

are determined.

3.1 Isotopic ratios

The isotopic compositions of all noble gases released during the five etch runs are presented

here in order to reveal the possible release of interfering components, to give isotopic ratios for

"pure" Q-gases in the various samples and to compare the values obtained with other results.

3.1.1 Neon

Few isotopic ratios of Ne-Q have been published to date (Table 3.2). Most of these values

have large errors, since they were deduced as the small differences between Ne present in

similar abundances in oxidised and non-oxidised residues, respectively, or from stepwise

heating experiments, where the components released interfere due to overlapping release

temperatures (see also chapter 1.1.3).

Table 3.1: Isotopic composition ofNe in different reservoirs.

component ^e/^Ne

air 9.80 ±0.08 0.0290 ±0.0003

SW 13.8 ±0.1 0.0328 ±0.0005

SEP 11.2 ±0.2 0.0295 ±0.0005

A(=Q+A2+P3) 8.2 ±0.4 0.025 ±0.003

A2(sHL+P6) 8.50 ±0.06 0.036 ±0.001

P3(=A1) 8.91 ±0.06 0.029 ±0.001

E(L) = 0 = 0

E(H) 0.08 0.0006

cosmogenic "GCR" = 0.85 = 0.92

Eberhardt etal. (1965)

Benkertefai.(1993)

Benkertefaf.(1993)

Pepin (1967)
Huss and Lewis (1994a)

Huss and Lewis (1994a)

Amari«af.(1995)
Lewis et al. (1994)

typical chondritic value
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In the following, I discuss new data obtained in this work which enhance the existing small

number of reliable measurements of Ne-Q We will see that other components, like solar Ne or

Ne-E, are m some expenments released simultaneously with Ne-Q (and traces of cosmogenic

Ne) Although this leads to certam problems, it also proves the impressive capability of CSSE

to separate different noble gas components All Ne results of this work are given m Table 3 2

and Table 3 4 The determination of these results begins with Ne m Lancé that consists only of

Ne-Q and some cosmogenic Ne contributions

Table 3.2: (^e/^Ne^ obtained in this work and m literature

sample pétrographie type ('"Ne/^Nefe source

Lancé C03 4 10 17 ±003 this work

Dimrmtt H3 7 106 + 02 this work

Grosnaja CV3 (ox ) 1066±004 this work

Champur LL3 4 1060±006 this work

Cold Bokkeveld CM 2 1005*005 this work

Allende" CV3 110±20 Lewis et al (1975)
Allende0 CV3 104±10 Smith et al (1977)
Allende1' CV3 105±19 Sruuvasanefa/ (1977)
Murchison0 CM2 6 78±0065) Snnivasanefa/ (1977)
Allende0 CV3 104 + 05 Snmvasanefa/ (1978)
Murchison" CM2 6 85) Smith et al (1978)
Hamlet" LL4 110±15 Alaertsefa/ (1979a)

Bishunpur0 LL3 1 116±20 Alaertsefû/ (1979a)

Champur" LL3 4 10 6 ± 1 1 Alaertsefa/ (1979a)

"averaged Q"" LL 109±08 Alaertsera/ (1979a)
Kainsaz" C03 1 124±18 Maeitsetal (1979a)
Omans0 C03 3 98±06 Alaertsefa/ (1979a)

"averaged Q"° CO 103±043) Alaeits et al (1979b)

Hajmah "Ne-U"2) Ureihte 104±03 Ott et al (1985a)

Dhajala21 H3 8 10 11 ±016 Schelhaasefa/ (1990)
Allende4' CV3 1070±015 Wiéleietal (1991)
Murchison4' CM2 1070±020 Wielerer a/ (1992)
Abee" EH4 1016) Huss et al (1996)
Mesburg" L3 6 976) Küsset al (1996)
" Bulk pyrolysis and stepwise heating, stepwise combustion, Ne-U is included into this table, since the

primordial noble gases from ureihtes are closely related to Q-noble gases (Ott et al, 1983b),
'
uncertainties of the single measurements (Kainsaz, Omans) are much larger (Alaerts et al, 1979a),

41 obtained with CSSE,
"
mixture of Ne-E and Q,6) "modified PI", re-calculated from given regression

lines (Huss et al, 1996), assuming 2lNe/2JNe = 0 0294

C03.4 Lancé.,

Figure 3 1 shows the Ne data for Lance (Table 7 1) In such 3-isotope plots, data points

representing two-component mixtures lie on a straight line between the two points which define

the pure components The data points of all steps form a relatively well defined mixing line,
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pointing towards the cosmogenic end member on the lower nght (off scale m mam panel, in

inset) and the Q-component near the left ordinate
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Figure 3.1: Ne released from Lancé The data form a mixing line between a Q-like and a

cosmogenic component The data point for Q-Lancé (10Se/22Ne = 10 17 ± 0 03) is determined

by the extrapolation of the regression line (including bulk value) to (21Ne/KNe)Q = 0 0294

References for bulk data Mazor et al (1970), other data see Table 3 1 and Table 3 2

The mset in Figure 3 1 shows that the enrichment of Q-gases m the acid-resistant residue

succeeded very well, because all CSSE data points fall much closer to the Q data point than to

the bulk sample pomt, indicating much reduced proportions of cosmogenic Ne which are in all

steps < 1 % for ^e This allows one to deduce a precise value for (20Ne/22Ne)Q

The extrapolation5 of the data of steps 1-8 to an assumed (21Ne/22Ne)Q ratio of 0 0294, as

determmed for Murchison (Wieler et al, 1992), results m ^e/^Ne = 10 05 ± 0 10 However,

the inset in Figure 3 1 shows that this best fit line clearly misses the pomt for any reasonable

GCR-Ne composition Therefore, the regression line forced through the bulk data point (Mazor

et ai, 1970) has been calculated, since bulk Lancé is dominated by cosmogenic Ne This

s
To allow a re-calculation of the (^Ne/^NeJQ ratios for other choices of (^Ne/^NeJq, all regression

lines used in this chapter are given in Table 3 3
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extrapolation leads to ("Ne/^Ne^ = 10.17 ± 0.03 which is very similar to the value deduced

for Q-Dhajala (^Ne/^Ne = 10 11 ± 0 16) by a stepped combustion experiment (Schelhaas et al,

1990) Dhajala was m particular suitable for combustion, because it did not contain diamonds,

the carriers of most disturbing Ne-HL and Xe-HL (Schelhaas et al, 1990) Even m steps 6 and

7 with the lowest 21Ne/22Ne ratios, -50 % of the 21Ne is cosmogenic (Figure 3 1) Therefore, an

upper limit for (21Ne/22Ne)Q in Lancé can not be given

Table 33: Regression lines (2DNe/22Ne)0 = a + b * (nNelnNe)0

experiment steps a b

Lancé 1-8 10 28 ±010 -7 83 ±129

Lancé 1-8+bulk" 10 48 ±003 -10 43 ±006

Dimmitt 5-9 1059±014 -5 79±128

Dimmitt 7+8+"GCR"2) 11 10 ±002 -11 14 ±007

Grosnaja 1-15+bulk3' 1107 ±002 -13 23 + 020

Chainpur 1-3+14+bulk4' 10 93 ±006 -1145 ±010

ColdBokkeveld 4-22 -0 80 ±0 32 372 50 ±17 91

Cold Bokkeveld l-3,23-30+"GCR"2) 1035±005 -10 32 ±018

"Mazore/a/ (1970),2)Table3 1,3>Table7 15,4)Eugster(1988)

CV3 (ox.) Grosnaja...

A second meteorite, which shows only contributions of Ne-Q and cosmogenic Ne, is

Grosnaja (Table 7 14) It provides the best and purest Ne-Q data of all CSSE experiments

earned out in this work (Figure 3 2) Cosmogenic contributions are so small (in all steps

< 0 17 % of 20Ne) that a best fit line through the data points is almost horizontal The

concentration-weighted mean of CNe/^Né)^ from steps 2-14, which all have 2INe/22Ne ratios

lower than 0 04, would lead to (20Ne/22Ne)Q = 10 60 ± 0 02 for Grosnaja Similar to the other

experiments, a regression line (Table 3 3) through all data points of steps 1-15 and the bulk

value for Grosnaja (Table 7 15), has been determined and extrapolated to the "Q-standard"

value of 21Ne/22Ne = 0 0294 This yields C°NdnNe)Q = 10 68 ± 0 02 which is slightly higher

than the value determined above

The smallest 21Ne/22Ne ratio, measured in step 11, (2,Ne/22Ne)Q = 0.0314 ± 0.0004, is

adopted as the best estimate for (^Ne/^Ne^ in Grosnaja However, this value is still an upper

limit, because it can not be ruled out that even this step released cosmogenic Ne, as was also

suggested for the lowest known value of 0 0294 for Q-Murchison (Wieler et al, 1992) Using

the value of (2!Ne/22Ne)Q and the regression lme given above, the value CfieJ22'Ne)Q =

10.66 ± 0.04 is finally adopted for Grosnaja
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Figure 3.2: The experiment on Grosnaja provides the data set with the smallest non-Q
contributions achieved with the CSSE technique in this work Only minor cosmogenic

admixtures are observable The regression of the data points of all steps including that of the

bulk sample (Table 7 15) reveals (20Ne/22Ne)Q = 10 66 ±002 for ("Ne/^NeJQ = 0 0314 and

fNe/^Ne),} = 10 68 ± 0 02 for (21Ne/22Ne)Q = 0 0294 References Table 3 1 and Table 3 2

LL3.4 Chainpur...

The Ne three-isotope-plot for Chainpur (Table 7 24) m Figure 3 3 displays a quite complex

release pattern with admixtures of cosmogenic Ne as well as of Ne-E, a presolar component

(see chapter 1 1 2 4 for details) not found in the meteontes discussed above Ne-E m our

oxidisation experiments will be discussed m chapter 312 While the data points of die first

three steps are located in the region between typical Q and cosmogenic values, the following

steps are increasingly affected by Ne-E (up to 16 % of 22Ne in step 9) Beginning with step 12,

the influence of Ne-E decreases again Of these latter steps, step 14 is least influenced by Ne-E,

since its data pomt falls close to the Q-bulk mixing line Chainpur bulk has by far the largest

cosmic-ray exposure age among the meteontes investigated here (Table 2 1) Despite this, the

2,Ne/22Ne ratios measured m the residue are only slightly higher than those of Lancé and

Grosnaja This indicates that the removal of cosmogenic Ne beanng silicates during

déminéralisation has been very effective
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A linear fit (Table 3 3) through the least Ne-E affected steps (1-3, 14) and the bulk value

(Eugster, 1988) leads to (^e/^Ne^ = 10 60 ± 0 06 for Champur, if (21Ne/22Ne)Q = 0 0294 is

adopted One might object that this value deduced above is only a lower limit for Ne-Q in

Champur, since steps 1-3 and 14 could contain significant amounts of Ne-E However, steps 1-3

cluster on the Q-bulk mixing lme rather than formmg a trend towards Ne-E like steps 4-10 It is

unlikely that Ne-E and Ne-Q are released m such similar proportions in several consecutive

steps In addition, (20Ne/22Ne)Q for Champur is in the same range as observed for Allende,

Murchison and Grosnaja (Table 3 2) It is therefore reasonable to adopt (^e/^Ne^ =

10.60 ± 0.06 for Champur

11.5 I | i | i | i |

11.0

;©SEP

I Q-Murchison
— Q-Chainpur

i i i i i

Chainpur

fit 1-3,14+bulk

i i i i i i i i i i i

0.03 0.04 0.05 0.06 0 07 008 009 0.10 011 0.12 013 014 015

Figure 3.3: Ne from the Champur residue shows influences of three components Cosmogenic
Ne, which is released especially m the first steps, Ne-E, affecting only the intermediate steps
and Ne-Q Steps 1-3,14 and the Champur bulk value (Eugster, 1988) are used to determine Ne-

Q in Champur ("Ne/^efo = 10 60 ± 0 06

Assuming a three-composition mixing with the end members Ne-Q (as deduced above),

cosmogenic Ne of typical chondntic composition (Table 3 1) and Ne-E (see chapter 3 1 2), each

contnbution can be calculated Necosm amounts to no more than 1 3 % of the total ^Ne, but to

74-83 % of the measured 21Ne Therefore, (21Ne/22Ne)Q for Chainpur can not be given The fact
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that Ne-E and cosmogenic Ne are not released in constant proportions shows that the carriers of

these two components are not the same. While most of the cosmogenic Ne has been removed by

the HF/HC1 déminéralisation, as can be seen e. g. in Figure 3.1, and remaining cosmogenic Ne

most likely has been released from incompletely dissolved bulk material, the carrier of Ne-E(L)

probably survived the déminéralisation procedure completely (chapter 4.5).

0.015 0.020 0.025 0.030 0.035

^Ne/^Ne

Figure 3.4: Ne released from Cold Bokkeveld consists almost exclusively of two Ne

components. Steps 4-22 form a perfect mixing line of presolar Ne-E and Ne-Q. Steps 0-3 and

23-30 are dominated by Ne-Q with minor cosmogenic admixtures.

CM2 Cold Bokkeveld...

A "Ne-E problem" (Ne-E will be discussed separately more detailed in chapter 3.1.2.) has

also been encountered upon etching of Cold Bokkeveld (Table 7.33) as can be seen in Figure

3.4: The first steps (0-3) reveal the expected Q-like trapped component. The next steps 4-22,

however, form a "textbook mixing line" between Ne-E and Ne-Q. The remaining steps 23-30

seem to be dominated by Ne-Q again, solely affected by cosmogenic Ne. An extrapolation of

the Ne-Q/Ne-E data points (steps 4-22) to 21Ne/22Ne = 0.0294 (assumed to be error-free) leads

to ^"Ne/^Ne^ = 10.15 ± 0.32. This rather large error is easily explained by the steep slope of
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this regression line (Table 3.3). A second extrapolation (Table 3.3) of the remaining data points

(steps 1-3,23-30), which are not affected by Ne-E, including the chondritic cosmogenic Ne data

point (Table 3.1) provides (20Ne/22Ne)Q = 10.05 ±0.05. The weighted mean of both values

(^Ne/^Ne),} = 10.05 ± 0.05 is adopted for Cold Bokkeveld.

Step 26 displays the lowest 2INe/aNe ratio (0.0304 ± 0.0003) of those steps (23-30) that are

clearly not Ne-E affected. This value is, thus, an upper limit for Q in Cold Bokkeveld, and

approaches the value deduced from Murchison (0.0294). In contrast, the data point of step 22

lies exactly on the calculated Ne-E to Q mixing line. This implies that cosmogenic Ne does not

affect this step. Thus, thanks to its Ne-E component, Cold Bokkeveld offers the unique

possibility to determine also a lower limit for (21Ne/22Ne)Q of 0.0278 ± 0.0002 which is the

measured value of step 22. Therefore, the ratio ("Ne/^NeOg. for Cold Bokkeveld lies in the

interval 0.0278 - 0.0304. Another way to determine the isotopic ratios for Ne-Q of Cold

Bokkeveld is to calculate the intersection of both regression lines. This gives

(^e/^Nefo = 10.05 ± 0.05 and ("Ne^Nefo = 0.0291 ± 0.0016, in perfect agreement with the

limits deduced above.

Table 3.4: Isotopic composition of Ne-Q determined in this work.

meteorite pétrographie type ""Ne/^Ne 'Ne/^Ne

Lancé

Dimmitt

Grosnaja

Chainpur
Cold Bokkeveld

CO 3.4

H 3.7

CV 3 ox.

LL3.4

CM 2

10.17 ±0.03

10.6 ±0.2

10.66 ± 0.04

10.60 ±0.06

10.05 ± 0.05

(0.0294)"
(0.0294),)

< 0.0314 ±0.0004

(0.0294)"
0.0291 ± 0.0016

" from Murchison (Wieler et al., 1992), used for regression.

H3.7 Dimmitt...

The solar-gas-rich chondrite Dimmitt (chapter 2.1.1) demonstrates the impressive

capabilities of the CSSE technique to selectively analyse the different Ne components released

upon etching. Figure 3.5 shows the complex Ne data released from Dimmitt (Table 7.5).

^Ne/^Ne values of steps 1 and 2 are quite high, indicating a mixture of cosmogenic Ne with

solar SW/SEP-Ne (Table 3.1) rather than with Ne-Q. The abundant solar wind gases in Dimmitt

(Srinivasan, 1977) have been incompletely removed by the déminéralisation procedure with

HF/HC1. hi the next steps, the influence of solar Ne decreases progressively, while Ne-Q

dominates increasingly. The data points of steps 6-9 cluster on a mixing line between Q-like

and cosmogenic Ne, indicating that they are not compromised by large amounts of solar Ne.
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Finally, steps 10 and 11 contain again a Q-poor mixture of cosmogenic and solar Ne. A similar

trend can also be observed in the 3He/21Ne vs. 22Ne/21Ne plot (Figure 3.8).

Ï'
I ' I I "„ I i I I I I ' I ' I I

SEP "*&-... Dimmitt

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15

Figure 3.5: Isotopic composition of Ne released from Dimmitt. The first steps are clearly
dominated by solar wind Ne (SEP/SW). The next steps are less affected by solar wind Ne and

show increasing Ne-Q influences. The mixing line of steps 5-9 provides a lower limit for Ne-Q
in Dimmitt, the mixing line of steps 7 and 8 including a cosmogenic value an upper limit. From

these limits, ^Ne/^Ne = 10.6 ± 0.2 is adopted for Q in Dimmitt. References for Q and other

data: See Table 3.2 and Table 3.1.

As in the case of Lancé (see inset of Figure 3.1), the acid déminéralisation has successfully

removed most of the cosmogenic Ne, since all Ne data points fall much closer to the Q-point

than to the bulk-point Nevertheless, all steps still contain traces of cosmogenic Ne, indicated

by the 21Ne/22Ne values greater than typical Q-values. A fit through the data of steps 5-9

provides a very conservative lower limit for Ne-Q, since the slope of this fit is too flat to reach

the cosmogenic Ne data point. Small admixtures of solar gases still seem to exist in step 5 that

dominates the slope of this fit. To set an upper limit, I extrapolate the presumably most Q-like

data points, 7 and 8. As cosmogenic end member, I have adopted the standard chondritic value

(Table 3.1), since bulk data for Dimmitt (Srinivasan, 1977; Moniot, 1980; Wieler and Signer,

1989) are compromised by solar wind Ne. Assuming (21Ne/22Ne)<) to be 0.0294, the upper limit

is estimated to be 10.78 ± 0.02, the lower one is 10.42 ± 0.14. The regression lines are given in

Table 3.3. From these values, ("Ne/^NeÎQ = 10.6 ± 0.2 is adopted for Dimmitt.
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3.1.2 Neon-E

As we have seen above, two of the residues examined in this work, Chainpur (LL3.4) and

Cold Bokkeveld (CM2), released considerable amounts of Ne-E during etching (chapter 3.1.1).

The same occurred also during the CSSE-experiment on CM2 Murchison (Wieler et al., 1992).

While Ne-Q resides in an unknown phase, possibly formed in the solar system, Ne-E originates

definitely from grains of presolar origin. In this chapter, I discuss the observations of Ne-E in

our experiments.

Ne-E and Phase Q...

These observations question the "operational" defmition of phase Q given in chapter 1.1.3.

Even mild oxidation with HNO3 vapour already attacks the carrier of Ne-E (see steps 4-6 of

Chainpur in Table 7.24 and steps 4-12 of Cold Bokkeveld in Table 7.33 for etch conditions). Of

the two known presolar Ne-E carriers, graphite is more likely to be dissolved by HN03 than the

more refractory SiC. Therefore, Ne-E observed here most likely is the subcomponent Ne-E(L)

(see chapter 1.1.2.4). Both carriers survive the harsh déminéralisation procedure, but slow or

even complete destruction was observed only on graphite ("Ca") after treatment of HF/HC1-

resistant residues with oxidising acids like HNO3, Cr207" and HCIO4 (Srinivasan, 1977; Tang et

al., 1988; Nichols et al., 1991). According to the "operational" definition of phase Q, the

presolar carrier of Ne-E(L), graphite, actually would be a part of phase Q. The definition is thus

not reasonable, since graphite grains can be separated and analysed without any hints of

Q-gases. Similarly, solar gases released upon CSSE would also be part of the Q-gases (see

Dimmitt, chapter 3.1.1). Therefore, it seems reasonable to limit phase Q to be the host phase of

the "planetary" noble gas component(s) released on etching of HF/HCl-resistant residues of

primitive chondrites.

^Ne-EflL) concentrations...

Concentrations of ^Ne-E^) in meteorites depend on their pétrographie types, and thus, on

the metamorphic history of the parent bodies (Huss, 1997). I obtained the total amounts of

^Ne-EÉL) released from Chainpur and Cold Bokkeveld by CSSE by applying a three-

component decomposition of Ne-Q, cosmogenic Ne and Ne-E. The end member isotopic

compositions and the revealed ^Ne-E^) concentrations are given in Table 3.5. The 22Ne-E
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contributions amount to 6 % in Chainpur and 30 % in Cold Bokkeveld, respectively, of the

released total nNe. The concentrations of Ne-E(L) will be compared in chapter 4.5 with results

of other meteorites in order to confirm the trend suggested by Huss (1997).

Table 3.5: Ne <compositions used to determine Ne-E(L) concentrations.

component Chainpur Cold Bokkeveld

(steps 4-18) (steps 4-22)

(^Ne/^Ne),} 10.60 10.05

(»Ne/^NeU, 0.85 0.85

("Ne/^Ne^ 0 0

(^Ne/^Nefo 0.0294 0.0291

(21Ne/22Ne)Msm 0.92 0.92

("Ne/^Nefc 0 0

total ^Net 10""'cm3 STP/g residue] 49.6 567.1

^Ne-EO-) [1010cm3 STP/g residue] 3.16 172.1

^Ne-EfL) [1010cm3 STP/g meteorite] 0.15 5.12

Missing Ne-E in Dimmitt...

Here, I discuss why we detected Ne-E with CSSE in some meteorites (CM2 Murchison,

LL3.4 Chainpur, CM2 Cold Bokkeveld), while we found no evidence for Ne-E in the H3.7

chondrite Dimmitt (Figure 3.5), even though Ne-E has been released by stepwise pyroiysis of

an acid-resistant (HF/H2S04) residue of Dimmitt (Niederer and Eberhardt, 1977) (hereafter:

DimmittBem). The most Ne-E-like gas fraction for DimmittBem with ^Ne/^Ne = 1.25 and

2INe/22Ne = 0.0016 was observed at relatively low temperatures of 800 °C (Niederer, 1978).

This might indicate Ne-E(L) from graphite (see chapter 1.1.2.4). However, so far, no Ne-E(L)

has been clearly identified in meteorites other than CM2, CI and primitive LL-chondrites (e. g.

Eberhardt. 1978; Amari et al, 1990a; Huss and Lewis, 1995). This may suggest that Ne-E(H)

from SiC was released from DimmittB<m- This would also explain why no Ne-E was seen in our

etch experiment and why the carrier of Ne-E in DimmittBm was not destroyed by preparing the

acid resisting residue with HF/H2S04. Note that the carrier of Ne-E(H), SiC, is even resistant to

boiling HC104 (Tang et al, 1988). If Ne-E(H) from SiC was released, it would question the

release temperatures given for Ne-E in general (chapter 1.1.2.4) or for the specific Dimmitts«,

experiment. However, a general shift of the release temperatures for Ne-E seems rather

unlikely.

Graphite is recovered from acid-resistant residues by density separation (Huss and Lewis,

1995). During our Dimmitt residue preparation or loading of the sample, graphite might thus

unintentionally have been largely lost. However, this seems an unlikely explanation for the

missing Ne-E in our experiment, especially, since Chainpur and Cold Bokkeveld did not
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undergo such a "selective" treatment, and since graphite grains are fairly large (up to 8|im;

chapter 1.1.2.4).

0.000 0.005 0.010 0.015 0.020

^Ne/^Ne

Figure 3.6: The Ne-E(L)/Ne-Q mixing line from steps 4-22 of Cold Bokkeveld (CM2), an

extrapolation from SiC-rich separates from CM2 chondrites Murray and Murchison (Zinner et

al, 1989) and Murchison (Lewis et al, 1994).

Huss and Lewis (1995) did not find Ne-E in Dimmitt (H3.7), confirming an earlier analysis

of Moniot (1980). Their explanation of this result was that Niederer et al. had measured

graphite, brought in by CI or CM2 xenoliths in the Dimmitt regolith breccia. Indeed,

carbonaceous chondritic clasts were found in this meteorite (Rubin et al, 1983). Huss and

Lewis (1995) measured a concentration of (0.011 ±0.022) x 10"10 cm3 STP/g meteorite of

Ne-E(L) in the comparable H3.6 chondrite Tieschitz. This is less than 10 % of the amount

found in Chainpur. It seems unlikely that such a small amount of Ne-E would have been

detectable in the CSSE experiment on Dimmitt (compare Figure 3.5 with Figure 3.3). However,

it is also questionable whether comparably small amounts could have been detected by stepwise

heating experiments.

In summary, the variable resistance of the two Ne-E carriers strongly suggest that Ne-E(L)

from graphite was released during the etch experiments on Chainpur and Cold Bokkeveld, but it
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is not entirely clear, why no Ne-E was found in our analysis of Dimmitt. I believe that the

answer is to be found in the work of Niederer and Eberhardt (1977; 1978). Most probably,

Ne-E in DirnmittBem originates from carbonaceous xenoliths and resides in graphite.

2,Ne in Ne-E of Cold Bokkeveld...

Figure 3.6 shows again the regression line defined by steps 4-22 of Cold Bokkeveld which

contain essentially only Ne-E and Ne-Q (Figure 3.4, Table 3.3). For comparison, a regression

line from stepwise heating measurements obtained from Si'C-rich grain size separates of the

CM2 chondrites Murray and Murchison (Zinner et al., 1989) and data points of SiC-enriched

separates from Lewis et al. (1994) are also shown. The offset of 2INe/22Ne at the intercept with

the x-axis has been explained as due to the presolar exposure of these SiC grains to GCR for

26-58 Ma (Zinner et al., 1989). Lewis et al. (1994) calculated a presolar cosmic-ray irradiation

of SiC grains from Murchison of at least 13-133 Ma. These nominal ages could even be an

order of magnitude larger, since most of the 'Ne resides in only a small fraction of less than

10 % of the SiC grains. Surprisingly, a very similar excess is also observed in Figure 3.6 for

Ne-E(L) from graphite in Cold Bokkeveld, although cosmogenic Ne can not be produced from

graphite. Therefore, this 21Ne either must be an intrinsic part of Ne-E(L) or has been

incorporated into graphite by recoil.

Ott and Begemann (1997) determined retention factors of spallation 2,Ne in SiC by

irradiating SiC grains in suspension in paraffin wax. These factors were much smaller than

those assumed by Lewis et al. (1994). Taking these recoil losses and also the dilution with gas-

poor SiC grains into account, Ott et al. re-calculated the presolar exposure ages of SiC grains

from Lewis et al. (1994) and obtained new presolar exposure ages which would even exceed

the age of the universe. Therefore, Ott and Begemann (1997) concluded that a determination of

presolar exposure ages for SiC from a 21Ne excess is not possible. In view of these results, they

suggested to search for an explanation of this "excess" 21Ne within in the SiC source, He-shells

of AGB stars, e. g. due to neutron exposure effects. Our data might suggest a similar conclusion

for Ne-E(L) from graphite. However, the 21Ne-excess observed in Ne-E(L) from CM2 Cold

Bokkeveld is probably not an intrinsic part of Ne-E in graphite, since pure graphite separates

from CM2 Murchison, analysed by Amari et al. (1995), contain Ne with 21Ne/22Ne ratios

<0.0004. Otherwise, 21Ne incorporated into graphite by recoil should be also visible in the pure

separates of Amari et al. Therefore, this 21Ne excess might be due to cosmogenic Ne in a phase

closely related to graphite or phase Q, since the observed nearly perfect mixing line points to a

two-component mixing. The cosmogenic Ne might be in-situ produced or recoiled into this
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unknown phase. In any case, this requires a rather homogeneous mixing of the 21Necosm or

21Neiecoli residing in this unknown phase and the primordial 21Ne.

It is possible to roughly estimate the amount of 21Ne needed to produce the 21Ne excess in

the residue of Cold Bokkeveld, assuming that it consists completely of HF/HCl-resistant

phases. The 21NeC0Sm concentration in the bulk is 7 x 10'10 cm3 STP/g meteorite (Pedroni, 1993),

if one corrects for primordial Ne with (^Ne/^e),,! = 0.0035. Assuming that for Ne^i

CNe/^Ne^a = ("Ne/^eJh,» then some 5 % of the 2'NecoSm bulk concentration can cause the

2INe excess. In conclusion, it is possible that this 21Ne observed in Cold Bokkeveld is due to

recoil into a phase closely related to graphite or phase Q and not an intrinsic part of Ne-E(L)

from graphite. The 21Ne/22Ne ratio of Ne-E in Chainpur can not be determined precisely from

the extrapolation of the data points towards ^e = 0 because of the scattering of these data

points (Figure 3.3).

3.1.3 Helium

Table 3.6: Isotopic composition of He in different reservoirs.

component 3HeAle [IP'4] remarks

Q-Allende 1.59 ±0.04

Q-Murchison 1.53

SW 4.56 ±0.08

SEP 2.17 ±0.05

He-A 1.35-1.55

He-A 1.42 ±0.02"

He-HL 1.70±0.102)

He-P3 1.35 ±0.10

cosmogenic He = 0.2

Wielerera/. (1991)

upper limit Wieler etal.il992)
Benkert etal. (1993)
Benkert etal. (1993)

Q + HL + P3 in "original residues" e. g. Black (1972b);
Eberhardt (1978)

Q + HL + P3 Reynolds etal. (1978)
Huss and Lewis (1994a)

upper limit Huss and Lewis ( 1994a)

adopted value from iron meteorites

1
Murray, Murchison and Cold Bokkeveld (all CM2), Allende (CV3);2) probably too high, see text.

Helium consists of only the two isotopes, 3He and 4He, which makes it difficult to

distinguish Q and non-Q components. As described in chapter 1, primordial He in phase Q is

largely depleted relative to the heavier noble gases and other reservoirs, such as solar

abundances (Figure 1.2). Therefore, the contributions from presolar, solar and cosmogenic

components can easily affect results for He-Q. Thus, a determination of He-Q with

conventional (stepwise) pyrolysis or combustion experiments has not been possible. A major

goal of this work is to increase the small number of only two values determined for (3He/*He)Q

previously with CSSE on CV3 Allende and CM2 Murchison (Table 3.6). We will see that we

succeeded in determining ('He^HejQ ratios for Grosnaja and Cold Bokkeveld. It is evident that



69

admixtures of cosmogenic or solar He would raise the measured ratios above the Q values,

whereas additional radiogenic *He would lower this ratio. Contributions of cosmogenic He in

the analyses of Lancé, Dimmitt and Chainpur (Figure 3.7) were too large to determine He-Q

precisely. It is much more difficult to correct for cosmogenic He than for cosmogenic Ne,

because He consists of only two stable isotopes. Therefore, it is most important to analyse

meteorites with short exposure ages, such as Grosnaja or Cold Bokkeveld (< 2 Ma; Table 2.1),

to minimise these influences.

The "bulk" trapped "planetary" He-A (e. g. Black, 1972b) is assumed to have a ratio of

about 1.42 x Iff* (Table 3.6), but this He "component" is actually a mixture of He-HL and

He-P3 from presolar diamonds (Huss and Lewis, 1994a) and He-Q (Table 3.6). Huss and Lewis

(1994a) reported a value of (1.70 ± 0.10) x 10" for (3He/4He)w.. This value can not be correct.

Assuming that 132Xeo/132XeHL = 48, calculated from 17 HF/HCl-resistant residues (Huss and

Lewis, 1995), (4He/132Xe)Q = 359 (Table 3.14), ("He/'^Xe^ = 120000 (Huss and Lewis,

1994b) and assuming that P3 and P6 are negligible relative to HL, we can conclude that

4HeQ/4Heln. = 0.14. Thus, (^HefHe^ is mainly composed of (3He/4He)nL and, considering the

only slightly smaller values for HeQ (see below), the values for HeA and Hem. should be rather

similar.

CV3 (ox.) Grosnaja...

Figure 3.7 shows the 3He/*He ratios measured in all etch runs. Helium in Grosnaja (Table

7.14) shows extraordinarily constant 3He/*He ratios. This allows us to exclude a possible

release of substantial amounts of radiogenic or cosmogenic He in most steps. The data therefore

permit us to determine (^HeAfeJo. with high precision. The concentration-weighted mean of the

He released in steps 8-12, which have the lowest 21Ne/22Ne ratios (Figure 3.2), is used to define

(3He/4He)Q = (1.45 ± 0.01) x 10"4 for Grosnaja. Only the last two steps (14, 15) are

compromised by significant cosmogenic contributions which can also be seen in the increased

21Ne/22Ne ratios of these steps (Figure 3.2).

CM2 Cold Bokkeveld...

Cold Bokkeveld (Table 7.33) was exposed to cosmic rays for only some 0.4 Ma (Table 2.1).

Therefore, it is the most suitable sample to determine (3He/4He)<j in our series of CSSE
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analyses This run consists of an especially large number, 31, of steps with low and very

constant 3He/*He ratios Only the last steps (23-30) show somewhat increased values up to

1 70-1 73 x 10"4 (steps 27-29) The concentration-weighted mean of He released m steps 4-22

determines (WHefo = (1.41 ± 0.01) x 10-4 for Cold Bokkeveld
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Figure 3.7: 'He/'He release patterns of all etch runs of this work

Therefore, one might think that we simply measured the well-known "He-A" instead of a

distinct He component released from phase Q, since (3He/*He)A is about 1 42 x 10"4 (Table 3 6)

However, the release of He with extraordinanly constant 'He/'He and the parallel elemental

release patterns with e g typical Q-like 'He/^e ratios observed in all expenments (chapter

3 2) indicate that all five noble gases were clearly released from one earner, phase Q The

(3HeAle)Q ratio determined for Cold Bokkeveld is similar to the value deduced above for the

CV3 chondnte Grosnaja but distinct from the values for Allende (CV3) and Murchison (CM2)

In view of the new results presented here (Table 3 7), it is likely that the older values for

including step "0", see comment on Table 7 33
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Allende and Murchison, which are based on only 2 or 3 steps, have been slightly compromised

by cosmogenic He.

Table 3.7: Isotopic composition of He-Q.

pétrographie type 3He/*He [10"4] source

Q-Allende CV3 1.59 ±0.04 Wieler«ö/.(1991)

Q-Murchison CM2 < 1.53 Wielerefa/.(1992)

Q-Grosnaja CV3 1.45 ±0.01 this work

Q-Cold Bokkeveld CM2 1.41 ±0.01 this work

C03.4 Lancé...

Lancé, as well as Dimmitt and Chainpur discussed below, have considerably higher

exposure ages (Table 2.1) and smaller Q-gas concentrations (chapter 3.3) compared to Grosnaja

and Cold Bokkeveld. Due to this the He data of the following analyses are corrupted by

cosmogenic He and can not be used to determine (?He/*Hé)Q. The release pattern of Lancé

(Table 7.1) shows considerable contributions of cosmogenic 3He (Figure 3.7): The first steps,

which have probably etched easily dissolvable silicate remnants, and the last steps, when He-Q

has already been released completely, are most strongly dominated by cosmogenic He. Even the

lowest ratio, measured in step 5 (3He/*He = 5.92 x 10"4), is much too high to be pure He-Q: It is

even higher than the solar wind values (Table 3.6). Conservatively estimated, cosmogenic *He

amounts to less than 0.5 % of the measured *He. Therefore, cosmogenic "He does not need to

be further considered for the calculation of elemental ratios and concentrations for Q from

Lancé (chapters 3.2 and 3.3).

LL3.4 Chainpur...

Chainpur He (Table 7.24) shows a release pattern very similar to Lancé (Figure 3.7): The

first and last steps are especially high certainly due to cosmogenic 3He. The lowest 3He/*He

ratios (steps 9-15) are relatively constant which usually might be interpreted to indicate the

release of a well-defined component. However, even these ratios are much higher than all

known values deduced for Q-gases or presolar components. A solar wind origin (Table 3.6) can

also be ruled out, since the Ne-3-isotope-plot (Figure 3.3) provides no hints for a release of SW

gases in steps 9-15. Assuming that we did not discover a new component, the remaining

explanation is the release of a rather constant mixture of cosmogenic He and He-Q.

Surprisingly, 'He^He and 21Ne/22Ne are quite constant for the main steps 8-15, although the

spallogenic Ne must have been incorporated, either by recoil or during chemical preparation,
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since the earner of Q is assumed to be carbonaceous Assuming (3He/4He)cosm = 02 and 3Hecosn,

» 3He<j yields cosmogemc 4He fractions of only 0 2-0 9 % A correction of the 4He abundances

is, thus, not necessary
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Figure 3.8: 3He/21Ne vs 22Ne/21Ne for Dimmitt The released gases are a mixture of mainly

cosmogemc ("bulk") and Q-gases The last steps contain larger amounts of solar gas with

(3He/21Ne)sw = 125 and (3He/21Ne)SEp = 53 References for bulk data Snnivasan (1977),
Moniot (1980), Wieler and Signer (1989) Solar wind values are calculated from Benkert et cd

(1993) with "He/^e = 650 (Murer et al, 1997), Q data Wieler et al (1991, 1992) See also

footnote7)

H3.7 Dimmitt...

Finally, I want to discuss the data from Dimmitt (Table 7 5) Dimmitt released He with

constant, but incomprehensibly high ^e/'He ratios with a mean 3Be/*He = (6 85 ± 0 08) x 10"4

m steps 3-11 (Figure 3 7) As with Champur, the only reasonable way to explain such high

values seems to be by an admixture of cosmogemc He, because all other known reservoirs have

lower 3He/*He ratios (Table 3 6) Assuming (3He/4He)Q = 1 43 x 10"4 and that no cosmogemc

and no solar 4He has been released, 78-80% of the released 3He m each step (3-11) is

cosmogemc Thus, the 3HeQ/3Hecosnl ratio is surprisingly constant, considering that the 3He
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amounts released per step vary by a factor of 20. Helium is certainly released from the same

phase as the other Q-gases as can be seen from the almost parallel release of all noble gases

during this run (Figure 3.18).

It may seem surprising that cosmogenic gases were incorporated homogeneously into phase

Q by recoil or during the chemical preparation. On the other hand, the (3He/21Ne)COsm ratios are

also very similar in steps 3-8. Since 2lNecosm can not have been produced in situ in the

carbonaceous phase Q, this indicates that cosmogenic He could also have been trapped.

Assuming a three<omponent-mixing of Ne-Q, solar wind Ne and cosmogemc Ne, 71-81 % of

the measured 21Ne in steps 3-8 is cosmogenic. The ^He/^Ne)«,^, ratios are 3.8-5.5 which is in

the expected range for H chondrites (e. g. Eugster, 1988). However, a final solution of the

question on the origin of the constant 'He/'He in steps 3-11 can not be given, since Q-gases

have 3He/21Ne ratios in the same range, and "locally" produced gas in SiC grains, which are

also abundant in HF/HCl-resistant residues, has also a 3He/21Ne ratio of 7.4 (Reedy, 1989).

Dimmitt is a regolith breccia containing large amounts of solar wind gases (chapter 2.1.1).

Actually, the Ne isotopic data (Figure 3.5), the 3He/21Ne vs. ^Ne/'Ne plot (Figure 3.8)7, and

the elemental release pattern (Figure 3.18) show that solar wind gases partly survived the

déminéralisation by HF/HC1 and were released in steps 1, 2 and 9-11. In view of these solar

contributions, it is even more mysterious, why ^e/He is almost constant in steps 3-11.

3.1.4 Argon

Ar has three stable isotopes, but '"Ar in phase Q can most probably not be determined, since

it will always be dominated by re-trapped radiogenic or adsorbed atmospheric '"Ar. Hence, *Ar

can be used to indicate the degree of atmospheric contamination; steps with the lowest

mAs/KAt ratios will contain the purest Ar-Q.

On the other hand, 36Ar and 38Ar in Q are usually easier to determine than He-Q and Ne-Q,

because Ar-Q is the dominant Ar component in acid-resistant residues (Figure 1.4). Unlilce for

He and Ne, no problems should arise from other Ar components released simultaneously with

Ar-Q. In situ produced cosmogenic 36Ar and 38Ar should be completely negligible, since

7
This 3He/21Ne vs. ^Ne/^Ne plot is usually used to show the dependency of ^He/^Ne)«, and

(^Ne/^NeJcsn, from shielding depths of chondritic bulk samples. Diffusive 3He losses are recognisable by

data points located below a standard correlation line ("Bern-line"; Eberhardt et al., 1966; Nishiizumi et

al., 1980). The Bern-line is based on several chondrites and is defined only for typical ratios 1.06 <
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possible target elements in phase Q are rare (chapters 1.1.1 and 1.1.3). Cosmogenic Ar,

incorporated into phase Q by recoil does not compromise the determination of Ar-Q: Assuming

(2lNe/38Ar)Q = 0.0008 (Grosnaja and Cold Bokkeveld), a mean chondritic C1NePsAi)cmm= 6.7

(Eugster, 1988), and a maximum 21Necosm/2INenœuimd of 87 % (Dimmitt), the maximum

contribution of ^Aiuxm to the measured 38Ar should not exceed 0.01 %. Furthermore, no other

abundant presolar components, comparable to Ne-E, have been found in our samples. This is

easy to understand, since P3-Ar is too similar to Ar-Q to be discovered easily (see Table 3.8),

and HL-Ar which is isotopically considerably heavier resides in unetchable presolar diamonds

(Table 3.8). Therefore, besides atmospheric Ar, the solar wind Ar components SW and SEP are

the only sources that might compromise the analysis of Ar-Q (Table 3.8). However, the He and

Ne data indicate that solar wind Ar should occur only in Dimmitt.

Table 3.8: Isotopic composition of Ar in different reservoirs.

component 36Ar/38Ar source

Q-Allende 5.29 ± 0.02 Wielerefa/.(1991)

Q-Murchison 5.29 ±0.02 Wieler etal. (1992)

Pl(sQ) 5.33 ±0.03 Huss «a/. (1996)

air 5.32 ±0.01 Nier (Nier, 1950a)

SW 5.48 ±0.05 Benkerte»<z/.(1993)

SEP 4.87 ±0.05 Benkert eta/. (1993)

A 5.3 ±0.1 Reynolds etal. (1978)

HL 4.41 ±0.06 Huss and Lewis (1994a)
P3 5.26 ±0.03 Huss and Lewis (1994a)

cosmogenic (ini residues) 0.65 ± 0.05 Alaerts era/. (1979a)

The Ar compositions of several noble gas reservoirs are listed in Table 3.8, in which "PI",

as used by Huss et al. (1996), is an synonym for the noble gases of phase Q. As described in

chapter 1.1.3, Ar-Q, as well as Kr-Q and Xe-Q, dominates the noble gases in bulk samples of

primitive chondrites. Therefore, the composition of Ar-Q can, in contrast to He-Q and Ne-Q, be

deduced also with conventional stepwise heating experiments (Huss et al., 1996).

C03.4 Lancé-

Figure 3.9 shows data obtained for Lancé (Table 7.1). (36Ar/38Ar)Q is determined with steps

5-7, because these steps show the lowest """Ar/^Ar ratios (< 2.2) and also the lowest admixture

of cosmogenic Ar, as indicated by the low 21Ne/22Ne ratios (see Figure 3.1). The concentration-

weighted mean gives ("Ar/'ArOo. = 534 ± 0.04 for Lancé.
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Figure 3.9: This 3-isotope-plot shows Ar released during etching of Lancé and Grosnaja. The

steps with the lowest contributions of cosmogenic, radiogenic and atmospheric Ar (Lancé: 5-7;

Grosnaja: 9-13) are used to determine Ar-Q. References are given in Table 3.8.

CV3 (ox.) Grosnaja...

Huge amounts of Ar-Q were also released from the acid-resistant residue of Grosnaja (Table

7.14). Therefore, small splits of 2-19 % were separately re-measured on the multiplier after a

first analysis on the Faraday cup. The concentration-weighted mean of Ar released from steps

9-13 with the lowest *>Ar/36Ar ratios (< 1.31) are used to calculate (3*Ar/s,Ar)Q = 5.36 ± 0.01

for Grosnaja (Figure 3.9). The choice of data points is not critical, since the mean value of

5.37 ± 0.01 for all steps is identical to the adopted value within the error limits.

LL3.4 Chainpur...

A quite similar Ar release partem was also be observed for Chainpur (Table 7.24; data are

not shown here). Similar to Grosnaja, separated gas splits of 1-7 % were measured on the

multiplier. The mean of steps 5, 6 and 14 with the lowest '"Ar/^Ar ratios determines



76

(^Ar/^AiOo = 5.37 ± O.Ol which does not differ from the mean of all steps, indicating the

uniformity of the Ar released from Chainpur
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Q-Allende/Murchison

4 5 6 7 8 910

40Ar/36Ar
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Figure 3.10: Ar data points of the 30 steps of Cold Bokkeveld are shown in this plot Steps 21,

23, and 25 determine Ar/38Ar Steps 20 and 22 are too low and, thus, excluded, see footnote8)

CM2 Cold Bokkeveld...

Figure 3 10 displays the release pattern of Cold Bokkeveld (Table 7 33) We adopt the

weighted mean of steps 21,23 and 25 which are the three steps with the lowest ^Ar/^Ar ratios

(<1 9) This yields (^Ai/^AiOq = 537 ± 0.04 Again, this value is essentially identical to the

mean for all steps (excludmg rejected steps 20 and 228) of ^Ar^Ar = 5 36 ± 0 01

8
The non-diluted steps 20 and 22, measured prior to the main measurement with the less precise

Faraday cup, do not show significant differences from the deduced value for Ar Q (36Ar/38Ar =

5 35 ± 0 03 and 5 36 ± 0 03 respectively) This suggests that the low ratios of the diluted steps 20 and 22

are the result of fractionating losses due to incompletely closed valves
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H3.7Dimmitt...

Ar released from Dimmitt (Table 7.5) was almost exclusively measured with the Faraday

cup, not being aware at this time of the broad peak of scattered 36Ar which interferes with 38Ar

and its baseline measurement (chapter 2.3.5). Therefore, unfortunately, no dilution was applied,

and no reliable (36At/38At)q value can be given for Dimmitt.

The new values for Ar-Q are summarised in Table 3.9. Remarkably, (36Ar/38Ar)Q of Lancé,

Grosnaja, Chainpur, and Cold Bokkeveld are identical within the error limits and slightly

higher than older values for Ar-Q determined by CSSE (Wieler et al., 1991; 1992) as well as by

stepwise heating measurements on HF/HCl-resistant residues of 14 chondrites ("PI"; Huss et

al., 1996). However, Huss et al. pointed out that their value probably has an asymmetric

uncertainty, with a lower value being unlikely, but a higher value being a distinct possibility.

The differences of at most 1.5 % can not be explained with cosmogenic contributions, as

outlined above. The lowest measured ^Ar/^Ar values determined for each sample are also

given in Table 3.9. However, these data are only a measure of contamination by atmospheric or

radiogenic Ar and certainly do not reflect the correct primordial 40Ar concentrations.

Table 3.9: Isotopic composition of Ar-Q1'.
("Ar/^Artn rAr/36Ar)m

Lancé 5.34 ±0.04 1.570 ±0.007 this work

Grosnaja 5.36 ±0.01 0.90 ±0.02 this work

Chainpur 5.37 ±0.01 3.182 ±0.012 this work

Cold Bokkeveld 5.37 ±0.04 1.05 ±0.02 this work

Allende 5.29 ±0.02 Wieler et al. (1991)

Murebison 5.29 ±0.02 Wieler et al (1992)

Pl(^) 5.33 ±0.03 Huss et al. (1996)
"
As described in detail in chapter 2.3.5, interference corrupted the measurement of

Dimmitt with the Faraday cup. Therefore, the results obtained by this etch run are rejected.

3.1.5 Xenon

Due to its large number of nine stable isotopes, Xe is especially suitable to resolve distinct

simultaneously released components. Xe-Q is, in general, easy to determine, since this

component dominates, similar to Ar-Q and Kr-Q, the noble gases in HF/HCl-resistant residues

as well as in bulk primitive meteorites. Indeed, for most isotopes, the determination of Xe-Q in

our five acid-resistant residues is straightforward and confirms the results of older examinations

(Table 3.10). The isotopic composition of Kr and Xe in chondrites is generally quite uniform,



78

and the mean values from bulk samples of carbonaceous chondrites are known by the acronym

AVCC (chapter 1.1.3; Eugster et al., 1967b). However, these are not "true" components, due to

admixtures of presolar components (chapter 1.1.2.4). In particular, AVCC is not identical to Q;

only the latter should be regarded as "component" in a more fundamental sense.

Table 3.10: Isotopic composition of Xe in different reservoirs (I32Xe :

see second part of this table.

100). For references,

component ,24Xe/,32Xe 126Xe/132Xe 128Xe/132Xe 129Xe/132Xe 130Xe/132Xe

0.465 ±0.003

0.459 ± 0.006

0.462 ± 0.006

0.446 ±0.006

0.833 ±0.009

0.406 ±0.003

0.409 ±0.004

0.410 ±0.005

0.400 ±0.004

0.564 ±0.008

Q-Allende

Q-Murchison

PlsQ"
P3"
HL"

Xe-s

U-Xe

air

AVCC-Xe"
11 re-calculated according to atmospheric composition (Basford et al., 1973), see chapter 7.8.3.

Table 3.10: Isotopic composition of Xe in different reservoirs (132Xe = 100).

13,Xe/132Xe ,3<Xe/132Xe 13*Xe/,32Xe source

0.4873 0.4201

0.354 ±0.001 0.330 ±0.002

0.454 ±0.010 0.406 ±0.004

8.26 ±0.04

8.26 ±0.03

8.30 ±0.03

8.06 ±0.02

9.05 ±0.06

24±2

8.412

7.14 ±0.09

8.20 ±0.04

<107

103.6 ±0.5

104.0 ±0.2

104.2 ±0.4

105.6 ±0.2

2±6

104.0

98.32 ±0.1

16.27 ±0.06

16.22 ±0.08

16.28 ±0.04

15.89 ±0.02

15.42 ±0.03

53 ±3

16.535

15.14 ±0.01

16.06 ±0.11

nponent

Q-Allende 82.1±0.4 38.07±0.10 31.84*0.11

Q-Murchison 81.9 ±0.3 37.99 ±0.14 31.77 ±0.15

P1=Q" 82.30 ±0.12 37.77 ±0.11 31.61 ±0.10

P3" 82.47 ±0.10 37.67 ±0.10 30.96

HL1» 84.57 ±0.13 63.56 ±0.13 69.91

Xe-s 12±5 -2±3 = 0

U-Xe 82.60 35.20 27.50

air 78.90 ±0.11 38.79 ± 0.06 32.94 ±0.04

AVCC-Xe" 81.8 ±0.3 38.2 ±0.2 32.1 ±0.2

Wider et al. (1991)
Wieler etal. (1992)
Huss e» a/. (1996)

Huss and Lewis (1994a)
Huss and Lewis (1994a)
Ott et al. (1988)

Pepin and Phinney (1978)
Basford etal. (1973)

Eugster et al. (1967b)
" re-calculated according to atmospheric composition (Basford et al, 1973), see chapter 7.8.3.

Of all possible additional Xe components, only two have to be taken into consideration in

this work: Radiogenic l29Xe and adsorbed atmospheric Xe. Radiogenic 129Xe in HF/HC1-

resistant residues is recognisable by 129Xe/132Xe ratios which decrease with increasing etch step

numbers (Figure 3.11). Probably, mXeai has been incorporated into phase Q by recoil after the

decay of 129I within the matrix. Matrix-related excess-'^end can also be re-trapped during

déminéralisation, simultaneously with the adsorption of atmospheric Xe. As described in

chapter 1.1.2.5, possible adsorption of terrestrial atmospheric noble gases and gases dissolved

in the acid (chapter 2.2.1) especially concern the heavier elements. Fortunately, first steps with

significant portions of air can be easily recognised in 3-isotope-plots of Xe from low, air-like

i24,i26.i2SXe/i32Xe ratios (Rgure 3 12 ^ Figure 3.13), and by high Kr/Xe ratios. These steps

are excluded from the determination of Xe-Q.
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Figure 3.11: The 3-isotope plot I29Xe/132Xe vs. 136Xe/,32Xe for Lancé shows the decreasing
influence of re-trapped 129Xenui which is simultaneously released. The lowest value (step 8) is

adopted as the pure Q-value. See Table 3.10 for references.

No hints of presolar Xe-HL, affecting the light (124Xe, 126Xe) and the heavy isotopes (134Xe

or
"

Xe), have been found. Similar to Ar, no cosmogenic (chapter 1.1.1.1) or solar (chapter

1.1.2.2) admixtures should affect the measurements, since for most steps these components are

insignificantly small, relative to Q-gases in carbonaceous residues. Xe^^n, incorporated into

phase Q by recoil should not significantly compromise the determination of Xe-Q: Assuming

(21Ne/126Xe)Q = 3.2 (from Grosnaja and Cold Bokkeveld), a mean chondritic (21Ne/126Xe)c„sm =

4.6 x 105 (Eugster, 1988), and a maximum 21NeCOMy21Nemeasmli of 87 % (Dimmitt), the maximum

contribution of i26Xecosm to the measured ,26Xe should never exceed 0.001 %. Such low

contributions are certainly not observable. In view of (132Xe/4He)s„ = 2 x 10"' (Wieler and Baur,

1995; Murer et al., 1997), it is clear that SW Xe can not be observed, not even in the most SW-

like step of Dimmitt with 4Hesw/4HeMa5Urai = 88 % and fHe/132Xe)Q = 155. No indication of

fissiogenic Xe (chapter 1.1.1.2) can be found in any of the ,34Xe/132Xe vs. l36Xe/132Xe plots.

These ratios are most indicative, since fissiogenic Xe consists of the heavy isotopes 13I136Xe.
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Table 3 10 lists the isotopic compositions of several Xe components that can be found in

meteorites
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Figure 3.12 This plot displays the influence of atmospheric Xe on the first 3 steps of the

experiment on Dimmitt Therefore, these steps are not considered to determine Xe-Q Step 8

differs from the other steps and is not used to determme 124Xe/132Xe and 136Xe/132Xe The data

show no evidence for the release of Xe-HL References are given in Table 3 10

C03.4 Lancé...

Only minor problems arose during the measurements of Xe-Q m Lancé (Table 7 4) I used

steps 2-5 and 8 for the determination of Xe-Q Step 1 was slightly air-affected (evident by low

124Xe/132Xe = 0 0042, 126Xe/132Xe = 0 0037 and high ^Kr/'^Xe = 1 98), step 9 contained hardly

any gas and steps 6 and 7 contained too much gas to measure the most abundant isotopes 129Xe

and 132Xe with the multiplier Figure 3 11 shows the 129Xe/132Xe and I36Xe/132Xe ratios for

Lancé A trend of decreasing contributions of radiogenic 1MXe with step number is evident The

lowest value (step 8) gives an upper limit for Xe-Q in Lancé However, since this value of

I29Xe/132Xe = 1 038 ± 0 005 is m agreement with data for PI = Q (Huss et al, 1996) and Q in

Murchison (Wieler et al, 1992) and smce step 9 displays a similar value, I think that no

significant admixtures of '^Xe,^, re-trapped from the bulk during déminéralisation, has
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CV3 (ox.) Grosnaja...

Xe released from Grosnaja (Table 7 21) has a bimodal release pattern (Figure 3 13) While

the first 6 steps are dommated by atmosphenc contributions, all other steps are quite uniform

and, hence, determine Xe-Q in Grosnaja well The terrestrial gases originate from the acid One

piece of evidence for this is that the acid was distilled on the sample after step 6 Concurrently,

the acid was degassed completely Furthermore, step 2 is Q-dominated and not atmosphenc,

and in this step, valve "G2", which separates sample and acid volumes, remained closed during

etching The weighted mean of all other steps (7-15) has been used as Xe-Q for Grosnaja,

shown in Table 3 11, to take into account the statistical spread of some of the isotopic ratios

The !29Xe/132Xe ratios of steps 7-15 he between 102 2 and 106 3 Therefore, radiogenic 129Xe

can not be very abundant and this ratio was calculated from the weighted average of steps 7-15

Table 3.11: Isotopic composition of Xe-Q determined with CSSE (132Xe = 100)

steps 124Xe/132Xe laXe/'3l3fe"
Lancé 25 8 0461 ±0002 0406±0002 8 34 + 003

Dimmitt 4 6-11" 0452±0003 0411±0002 820±003

Grosnaja 715 0454±0002 0407±0002 8 17±002

Chainpur 3 6 9 12 14 15 17 182' 0 451 ± 0 002 0 408 ± 0 002 8 18 ± 0 02

Cold Bokkeveld 4-12 15 30 0 443 ± 0 001 0 394 ± 0 001 8 19 ± 0 02

Attende3' 0465±0003 0406±0003 826±004

Murchson" 0459±0006 0409±0004 826±003
" without step 8 for 124Xe/132Xe and 136Xe/'32Xe, 2) without steps 3-6 for 126Xe/132Xe and step 3 for

128Xe/132Xeand129Xe/l32Xe,3)Wieler«a/ (1991),4)Wielerefa/ (1992)

Table 3.11; Isotopic composition of Xe-Q determined with CSSE (132Xe g 100)

129Xe/132Xe 130Xe/132Xe 131Xe/132Xe 134Xe/132Xe 136Xe/l32Xe

Lancé 1038±05 1640±006 823±03 3832±013 3201±015

Dimmitt 1047±04 1616±005 816±03 3773±014 3150±013

Grosnaja 1043 + 02 1615±004 815±02 3759±011 3133±011

Chainpur 1045±03 1611 ±004 820±02 37 58±012 3173±008

ColdBokkeveld 1039±02 16 11 ± 0 03 81 8±02 3739±008 3147±007

Allende Wf1 1627±006 821±04 3807±010 3184±0U

Murchison 1036±05 1622±008 819±03 3799±014 3177 ±015

upper limit

LL3.4 Chainpur...

The measurement of Xe in Chainpur (Table 7 30) was corrupted by large amounts of

reactive gases which prevented that steps 7, 8, 13 and 16 could be measured Steps 1 and 2 in

general contain atmosphenc admixtures and were excluded from the determination of Xe-Q
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Step 19 contains no significant amount of gas. The steps 3-18 lead to the composition of Xe-Q

in Chainpur. The results for Xe-Q in Chainpur can be found in Table 3.11.

The portion of simultaneously released Xe-s can be calculated, assuming that the carrier of

Ne-E is SiC and ^NeCHy'^Xe-s = 1665 (SiC-rich sample "KJ"; Lewis et al, 1994). The

highest I32Xe-s contribution (step 10) would then not exceed 0.01 % is within the typical errors

and thus would be undetectable.
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Figure 3.14: The possible release of Xe-s would lead to a contribution of at most 0.04 % of

Xe-s (step 20) in the case where the related Ne-E (chapter 3.1.2) originates from SiC. The

calculated mixture of Xe-Q (Table 3.11) and 1 % Xe-s (Table 3.10) would lead to the data point
shown in the figure. Thus, possible admixtures of Xe-s can not be resolved. For references, see

Table 3.10.

CM2 Cold Bokkeveld...

Finally, I present the Xe data of Cold Bokkeveld (Table 7.39). Step 13 was not measured

due to problems with reactive gases, step 14 shows air admixtures (indicated by low 126Xe/I32Xe

= 0.00389 and 128Xe/132Xe = 0.0811), and the remaining steps are summed up to deduce Xe-Q

for Cold Bokkeveld (Table 3.11). A possible release of Xe-s can be estimated similar to

Chainpur. At most 0.036 % (step 20) of Xe-s would contribute to the measured Xe amounts,
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assuming that SiC is the origin of released Ne-E (chapter 3 1 2) and nNe(H)/inXe-s = 1665

(SiC-nch sample "KJ", Lewis et al, 1994) From the data in Table 3 10 and Table 3 11,

resulting Xe-Q-s mixing ratios can be calculated However, these small admixtures of Xe-s are

not resolvable within the typical uncertainties (Figure 3 14)

3.1.6 Krypton

As for
H 38Ar and Xe, Kr abundances in primitive chondrites are dominated by primordial

gases from phase Q Hence, bulk measurements of these meteorites normally represent a fairly

good approximation to Q-gases However, Kr-Q is not identical to these gases, as described

above (chapter 3 15) Due to their low abundances, cosmogemc and solar Kr do not influence

Q measurements in carbonaceous acid-resistant residues and are, therefore, not given in Table

3 12 which lists all relevant Kr-reservoirs The assumptions of an incorporation of ^Kr^s,,, due

to recoil, similar to 2INe with (2WKrXi = 0 5 and ^WXe)^= 5 4 x 104 (Alexander et

al, 1971, Eugster, 1988), reveals a limit of 0001% '"Kr«,,,,, for steps with maximum

contributions of 21Necosin of 87 % Therefore, contributions of Ki^^ are not recognisable Since

("Kr/^eW» 1 8x 10-8 (Wieler and Baur, 1995, Murer et al, 1997), it is, similar to Xe,

impossible to observe SW-Kr No hints of presolar Kr-HL or Kr-s can be found in any of our

samples, not even in the Ne-E-beanng Champur and Cold Bokkeveld (chapter 3 12) Kr-Q and

atmospheric Kr are rather similar and, therefore, not easy to resolve from one another (Table

3 12)

Table 3.12: Isotopic composition of Kr in different reservoirs ("Kr =100)

component 7lKx/siKi ""Kr/^Kr ^Kr/^Kr ^Kr/^Kr ^Kif^Ki

Q-Allende" 0621 ±0007 3952±0016 2015±010 2017±009 3099±012

Q-Murchison2) 0611±0007 3928±0011 2013±005 2019±004 3103±004

Pl3)4) 066±006 3965±0033 2024±003 2021±005 3091±009

P34)5) 064±010 395*004 2023 2032±005 3128±006

HL4)5) 042±010 305±010 1590 1989±010 3623±018

Kr-s6) 31±35 348±07 121 ± 18 409±230

air7' 0609±0002 3960±0002 20217±0004 2014±002 3052±003

AVCC-Kr4)8) 0588±0005 387±003 19 87 ± 010 1986±010 3052±011
" Wieler et al (1991),

2) Wieler et al (1992),
3> Huss et al (1996),

4) re-calculated according to

atmospheric composition (Basford et al, 1973), see chapter 7 8 3,
5) Huss and Lewis (1994a),

6) '"Kr-s
and Kr s are highly variable, since they were affected by branching in the s-process, according to

different stellar neutron environments (Ott et al, 1988, Lewis et al, 1994) The calculated values are

averages of measured temperature steps (Ott et al, 1988) The errors cover the lowest and highest values,
"Basfordetal (1973),"Eugsteretal (1967b)
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Due to the large number of Kr isotopes, only some of the results of this work are discussed

in detail. Since the composition of Kr-Q and Xe-Q is very well known (Wieler et al., 1991;

1992; Huss et al., 1996), the Kr and Xe data presented here should serve mainly as a

consistency check which finally further confirms the hypothesis of a uniform Q component in

all meteorites. As shown in Table 3.12 and Table 3.13, our results agree well with existing data.

Only the nKr/MKi ratio deserves some further attention, since 78Kr is influenced in many

measurements by interfering benzene. The new spectrometer used here resolves this

interference (chapter 2.3.1). All isotopic ratios of Q are deduced by the concentration-weighted

mean of several steps to take into account the large differences in the amounts of released gas.

C03.4 Lancé...

For the determination of Kr-Q in Lancé, steps 2-8 were used (Table 7.3). Step 1 shows some

atmospheric admixtures (chapter 3.1.5), and both steps 1 and 9 released only small amounts of

gas (< 2% of the total ^Kr). The results deduced for Q-Lancé are presented in Table 3.13.

Table 3.13: Isotopic composition of Kr-Q determined in this work. ^Kr g 100.

steps "Kr/^Kr "fe/^Kr mKi/MKr "Kr/^Kr ^Kr/^Kr

Lancé 2-8 0.595 ±0.003 3.939 ±0.013 20.26 ±0.05 20.32 ±0.06 31.22 ±0.08

Dimmitt 4-11 >0.59 ± 0.04'> 3.923 ± 0.008 20.24 ± 0.04 20.19 ± 0.04 30.96 ± 0.062>

Grosnaja 7-15 0.600±0.003 3.940±0.011 20.16±0.06 20.15 ±0.053) 30.92±0.09

Chainpur 2-5,9-12. 0.611 ± 0.004 3.964 ± 0.014 20.23 ± 0.05 20.19 ±0.05 30.92 ±0.07

14-15,

17-18

Cold 4-12,15-30 0.595 ± 0.002 3.901 ± 0.007 20.10 ± 0.04 20.10 ± 0.11 30.81 ± 0.05

Bokkeveld

Allende" 0.621 ±0.007 3.952 ±0.016 20.15 ±0.10 20.17±0.09 30.99±0.12

Murchison5' 0.611 ±0.007 3.928 ±0.011 20.13 ±0.05 20.19 ±0.04 31.03 ±0.04

" 78Kr was not measured accurately due to problems with peak centring: The highest value (step 10) is

probably a lower limit for Kr-Q in Dimmitt;
2) without step 6 and 10;3) without step 11;4) Wieler et al.

(1991); "Wieler et al. (1992).

H3.7 Dimmitt...

The first 3 steps from Dimmitt (Table 7.8) are strongly compromised by adsorbed Xe (see

chapter 3.1.5). Therefore, Kr is deduced from steps 4-11. In order to measure all isotopes with

the multiplier, some steps had to be diluted by a factor of about 3. In general, no significant

deviations in the isotopic ratios of the diluted steps could be discovered, indicating that non¬

linear effects did not disturb the measurements. The values for Q-Dimmitt are given in Table

3.13.
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CV3 (ox.) Grosnaja...

The first 6 steps of Grosnaja (up to acid distillation) are clearly dominated by adsorbed Xe

(chapter 3.1.5), as can been seen in Figure 3.13 and other 3-isotope-plots. The "Kr/'^Xe ratios

are higher than typical Q values (4.64-6.79), also indicating air admixtures. Therefore, these

steps were not taken into account to determine the Kr isotopic composition in Grosnaja (Table

7.18). Large amounts of Kr required the dilution by factors of 3-68. The resulting ratios for

Q-Grosnaja are listed in Table 3.13.
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Figure 3.15: 3-isotope-plot of ^Kr/^Kr vs. ^Kr/^Kr released from Chainpur. Even the most

Ne-E-bearing steps 9-12 do not show admixtures of Kr-s which is assumed to have the

following composition: aKi/**Ki = 0.348 and S6Kr/i4Ki = 0.409 (Ott et al., 1988). For

references, see Table 3.12.

LL3.4 Chainpur..

Kr in Chainpur could be measured without any dilution (Table 7.27). Steps 1, 7, 8, 13, 16

and 19 were excluded (see chapter 3.1.5), as well as step 6 which shows too large deviations

due to too large amounts of reactive gases; the other steps are used to determine Kr-Q (Table
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3.13). Steps 9-12 in Chainpur contain up to 16 % Ne-E (chapter 3.1.2). Since Ne-E(H) from SiC

should be accompanied by Kr-s (chapter 1.1.2.4), it is interesting to ask whether such a Kr-s

contribution might be detectable. The answer is no, since no Kr-s can be found in these steps

(Figure 3.15). Assuming a ratio of ^Ne-EW^Kr-s = 8589 (SiC-rich sample "KJ"; Lewis et

al., 1994), at most 0.006% (step 10) of 82Kr should be s-process ^Kr. This admixture can not be

resolved since average typical errors are about 0.7%. The absence of detectable amounts of

Kr-s in any etch step of Chainpur can therefore not be used to decide whether Ne-E(L) or

Ne-E(H) was released during this experiment (chapter 3.1.2).
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Figure 3.16: ^Kr/^Kr vs. ^KrACr plot for Cold Bokkeveld. Assuming that the released Ne-E

is from SiC, step 20 should display the largest (0.06 %) admixtures of 82Kr-s. Shown is the

point corresponding to an Kr-s admixture of 1 %. Obviously, an admixture of 0.06 % is

negligible, considering the uncertainties of the data points. For references and Kr-s

composition, see Table 3.12.

CM2 Cold Bokkeveld..

The data from most of the 31 steps of the Cold Bokkeveld run (Table 7.36) can be used to

determine the composition of Kr-Q (see chapter 3.1.5 on Xe for step selection). Steps 20-22 had

to be diluted by a factor of 3. The results are given in Table 3.13. Cold Bokkeveld released

large amounts of Ne-E (chapter 3.1.2). Similar as for Chainpur, the amount of expected 82Kr-s
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can be calculated, assuming that SiC is the carrier phase of the released Ne-E. If so, up to

0.06 % of the measured 82Kr has to be 82Kr-s. Such a small Kr-s contribution is not resolvable.

Typical uncertainties of the measured ^Kr/^Kr ratios amount to some 0.6 % (Figure 3.16).

Hints of Kr-s can not be seen in any isotope ratio.

3.2 Elemental ratios

In this chapter elemental ratios for Q-noble gases in the five samples examined are derived.

These ratios are important for the detection of differences among meteorite classes or possible

metamorphic losses as function of the pétrographie type. Relative mass differences between

elements are larger than between isotopes and, therefore, possible physical fractionation effects

are larger and easier to uncover with elemental than with isotopic compositions. Physical

processes, such as adsorption or solubility are observed to depend rather on elements than on

isotopes (Ozima and Podosek, 1983).

In order to obtain representative values and to compensate outliers, as many steps as

possible are used to calculate these ratios. To take into account the largely different gas

amounts released by the different steps, element concentrations from the selected steps are

added up. As can be seen in Figure 3.17-Figure 3.21, the various noble gases are released rather

simultaneously, indicating that one homogeneously mixed single noble gas component is

released from phase Q. However, due to admixtures of solar or atmospheric noble gases, some

of the steps have to be rejected or to be corrected to allow for the determination of elemental

ratios and, in particular, element concentrations for Q. The corrections are listed in Table 3.15,

details are given in chapter 7.

CO.3.4 Lancé...

For the determination of the Q elemental ratios in Lancé, steps 2-8 are used, since steps 1

and 9 contain only insignificant gas amounts of together less than 2 % of the total. Step 5 shows

significantly lower Ne (33 % lower than expected by comparison with MAr concentrations) and

especially lower He abundances (66 % lower) relative to Ar, Kr and Xe (Figure 3.17). This

points to fractionating losses due to a leakage through a valve during gas separation or etching.

Therefore, He and Ne of step 5 were corrected (Table 7.1). Surprisingly, no fractionation could

be seen in the Ne isotopic ratios (Figure 3.1), although these losses should be recognisable in a

shift towards smaller NdnNe and 21Ne/22Ne ratios in the Ne three-isotope-plot. Assuming that
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the loss is in proportion to massin, the ^Ne/^Ne ratio should decrease by about 4 % The

elemental ratios obtained for Q-Lancé and all other samples are listed in Table 3 14
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Figure 3.17: Noble gas release pattern of Lancé All abundances are normalised to the total gas

amounts released upon etching He and Ne of step 5 show losses Except for this step, gases are

released in relatively uniform proportions

H3.7 Dimmitt...

As shown by the isotopic compositions in chapter 3 1 5, the first three steps of Dimmitt

clearly contain admixtures of atmospheric Xe Non-Q admixtures of Kr and Xe in steps 1-4 can

be observed also m the elemental release pattern (Figure 3 18 and Figure 7 1) These adsorbed,

isotopically atmospheric Kr and Xe contributions are corrected by assuming two-component-

mixmg of Q (elemental composition taken from step 5) and adsorbed noble gases (see Figure

7 1) Since the Kr/Xe ratio of the adsorbed air is not atmospheric, the end member is

determined by extrapolation of the first steps to C6Mn2Xe)aix^ei = 0, assuming that no Ar has

been adsorbed This is described m Table 7 8 of the appendix

The discussion of the Ne isotopic ratios m chapter 3 11 revealed that solar Ne is abundant

m steps 1, 2, 10 and 11 This is also indicated by very high 4He/36Ar (8 3-31 3) and ^e/^Ar

ratios (0 09-0 45) of steps 1-3 Furthermore, the very high amounts of ''He in the last steps 9-11

most likely are due to the presence of solar He Another possibility might be that these steps
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released fractionated (He-enriched) presolar noble gases, since the sample temperature of the

last step (130 °C) was rather high. However, the 'He/^'Ne ratio of step 11 is 407 and thus 5

times higher than the value finally deduced for Q-Dimmitt (Table 3.14). This value is

considerably higher than that of 183 for presolar diamonds (Wieler et al., 1991) and close to the

solar wind value 4He/20Ne = 650 (Murer et al., 1997). Therefore, a solar wind origin seems

more likely. These contributions can not be corrected accurately enough to certainly exclude

influences on the elemental ratios. Therefore, steps 5-8 are used to deduce the elemental

composition of Q-Dimmitt (Table 3.14).
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Figure 3.18: The noble gas release from Dimmitt is less uniform than that from Lancé. The

increased Kr and Xe amounts of steps 1 and 2 are clearly due to adsorbed atmospheric
contributions (see also chapter 3.1.5). The large He amounts in the last steps are most likely due

to the release of solar He. Steps 5-8 (inset) without contributions from solar wind noble gases

are used to determine Q-Dimmitt. As expected, these steps show a release of all noble gases in

similar proportions.

Grosnaja...

Steps 1 and 3-6 of the etch experiment on Grosnaja contain large amounts of isotopically

atmospheric Kr and Xe (chapter 3.1.5). Adsorbed Kr and Xe are also observable in the

elemental release pattern (inset in Figure 3.19). These are the steps obtained before the acid
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was distilled onto the sample. An exception to this is step 2 shows a Q-like composition similar

to steps 7-15. Notably, in this step, valve "G2", which separates sample and acid, remained

closed during etching. Therefore, Kr and Xe abundances of steps 1 and 3-6 are corrected in the

same way as those of Dimmitt (Table 7.18). After correction, the release pattern is again quite

uniform (Figure 3.19). Taking the corrections into account, the elemental composition of

Q-Grosnaja is determined as the weighted mean of all steps (Table 3.14).

25 r-T 1 1 1 1 1 1 1 1 r

step no.

Figure 3.19: Elemental release pattern of Grosnaja. Except for steps 1 and 3-6, which are

influenced by atmospheric contributions (evident by steps 1 and 3 in inset), the release of Q
noble gases is quite uniform.

Chainpur...

The elemental composition of Q-gases from Chainpur (Table 3.14) is determined

straightforwardly including steps 1 and 2 which show very slight admixtures of adsorbed

atmospheric Kr and Xe (chapter 3.1.5). These contributions are neglected since they amount to

less than 0.8 % of the total released Kr and Xe and therefore do not affect the elemental ratios

significantly. Ar, Kr and Xe of steps 8, 13 and 16 could not be measured due to too high

background. The remaining steps are shown in Figure 3.20. As in the other experiments, the

noble gases are released in similar proportions in each etch step.
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ColdBokkeveld...

The Cold Bokkeveld analysis (Figure 3.21) was not affected by atmospheric contributions

except for the very gas-poor step 14. Ar, Kr and Xe could not be measured in step 13 due to

large amounts of reactive gases in the mass spectrometer. All other steps are used to determine

the elemental composition of Q-Cold Bokkeveld (Table 3.14).

Gas release systematics...

As described above, the almost parallel release of the elements during all S experiments

appears to justify the view that these gases released from phase Q represent one single rather

uniform and homogeneously mixed component. However, a closer look at the plots and the

elemental ratios of single steps reveals a more complex situation: The lighter elements He and

Ne are released earlier than Kr and Xe. Ar shows some evidence for a slightly "delayed"

release compared to He and Ne. These trends hold for all experiments, but are partly masked by

solar and atmospheric admixtures for Dimmitt and Grosnaja. The preferential release of He and

Ne in the first steps was also observed during the CSSE experiments on Allende and Murchison
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(Wieler et ai, 1992). To better illustrate this trend, the elemental ratios are re-calculated in

Table 3.14 for the first and the second part of each run, separately. The parts for all runs except

for Cold Bokkeveld are defined in such a way that both parts contain almost the same amounts

of ''He and 20Ne. The first part of the Cold Bokkeveld run ends with step 17, the second starts

with step 23, since this division takes into account two well-defined sub-components, as we

will see below. The ratios are plotted, normalised to the ratios calculated from all steps, in

Figure 3.22.
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Figure 3.21: Noble gases released from Cold Bokkeveld. All elements are released in similar

proportions during the etch experiment.

The ratios "He/^Ne, «He/^Ar, 4He/I32Xe, ^e/^Ar and ^e/'^Xe (except for Cold

Bokkeveld) of the second half of all experiments are significantly lower than those of the first

part, while most ^Ar/^Kr and *Ar/,32Xe ratios show the reverse trend. Later steps with a

higher relative Ar abundance (e. g. steps 20-23 in Figure 3.21) are generally those with the

smallest '"Ar/^Ar ratios and are therefore used for the determination of the isotopic

composition of Ar-Q in chapter 3.1.4. In contrast, relative Kr and Xe abundances are almost

constant in both groups of steps in all experiments (Figure 3.22).
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Figure 3.22: This plot shows elemental ratios, determined separately for the first and the

second part of each run (Table 3.14), normalised to the ratios deduced from all steps. Filled

symbols are used for the first parts of released gases, open symbols for the second parts

Sub-components in Q from Cold Bokkeveld...

The experiment on Cold Bokkeveld with 30 steps allows for a more precise examination of

this phenomenon Figure 3 23 shows elemental ratios for all steps normalised to the ratios of

step 30. All ratios are well defined and further support the observation clarified above- Ratios

with He in the numerator are higher m the first 22 steps compared to later steps Plateaux with

rather constant ratios are observed between steps 4-17 This points to the release of two distinct

He-Q components rather than to a continuously decreasing portion of released He. A

continuous change would indicate different physical release properties for He compared to the

other noble gases The ®Ne/nlXe ratio is quite constant during the Cold Bokkeveld run, in

contrast to the other experiments which show larger differences of this ratio between first and

second part of the run (Figure 3 22 and Table 3 14) Similar to the other meteorites (see Figure

3 17-Figure 3 20), Ar is released in higher proportion relative to 132Xe in the later steps 21-23

which are those with the lowest ^Ar/^Ar ratios (Figure 3 10) This ratio is used as an indicator

of the purest Ar-Q fractions The binary elemental release pattern of Cold Bokkeveld can not be
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explained by contributions from other components. Assuming that steps 4-17 contain "true" Q,

atmospheric contamination would indeed lower the ratios "He/^Ne, "He/^Ar and 4He/132Xe of

the following steps 18-30. However, it is not possible to find corresponding proportions of

atmospheric 4He, ^Ne and 36Ar admixtures from the 4He/36Ar and ^e/^Ar ratios, under the

assumption that the data points of step 17 and air are pure end members. Based on the 4He/36Ar

ratio, ^eam contributions in steps 18-30 would not exceed 2.2 %, while up to 66 % of 36Ar

would be atmospheric. In contrast, based on the ""Ne/^Ar ratio, MAratm would amount to only

7 %. Adding of 7 % 36Aram would raise the ratio (40Ar/36Ar)Q from a value of 6.6 in step 17 to

values of about 26 for steps 18-30 which is not observed. Almost all steps have lower *°Ar/3lSAr

ratios; steps 20-23 and 25 have even the lowest isotopic 40Ar/36Ar ratios (<2) of all steps

released from Cold Bokkeveld. Similar arguments also exclude noble gases from diamonds,

which are the most gas-rich carriers along with phase Q, to be the components that compromise

steps 23-30: "He/^Ne, 4He/36Ar and 4He/132Xe, measured in presolar diamonds (Wieler et al.,

1991), are larger than in phase Q, and, thus, can not lower these ratios as shown in Figure 3.23.

Table 3.14: Elemental compositions of Q deduced in this work.

> 1
•*

*
ei

Ï <
S

Lancé ' 2-8 74.6 1.96 0.0262 90.0 175.5 2.35 89.7 0.996

0.8 0.03 0.0004 1.4 1.6 0.02 IS 0.008

2-4 81.5 2.35 0.0288 81.0 207.8 2.55 88.4 1.091

5-8 69.7 1.72 0.0246 96.6 155.2 2.23 90.5 0.936

Dimmitt 5-8 67.2 2.63 0.0392 97.3 142.9 2.13 54.2 0557

0.5 0.04 0.0006 1.4 1.7 0.03 1.0 0.007

5-6 67.6 3.06 0.0452 97.6 173 2.56 56.6 0.580

7-8 66.7 2.28 0.0342 97.1 119.4 1.79 52.4 0.540

Grosnaja2* 1-15 128.9 6.30 0.0489 119 663 5.15 105.2 0.881

0.7 0.05 0.0004 2 10 0.08 1.7 0.019

1-8 150.0 9.64 0.0642 106 998 6.7 104 0.98

9-15 110.4 4.47 0.0405 128.4 474 4.30 106.1 0.827

Chainpur3' 1-18 112.5 3.46 0.0308 72 202 1.80 58.4 0.82

12 0.04 0.0004 3 4 0.03 1.1 0.03

1-6 122.1 4.45 0.0365 70.5 257 2.10 57.6 0.817

7-18 102.8 2.73 0.0266 72 161 1.57 59.0 0.81

Cold 1-30 162.0 11.51 0.0710 84.1 611 3.77 53.1 0.631

Bokkeveld" i
0.7 0.06 0.0004 05 4 0.02 0.4 0.004

1-17 200.8 15.68 0.0781 73.5 722 3.60 46.1 0.627

23-30 68.0 5.29 0.0779 92.4 312 4.58 58.9 0.637

" He and Ne of step 5 corrected, see Table 7.1; 2)
Steps 1 and 3-6 corrected for Kr and Xe air

contributions, see Table 7.18;3> without steps 8, 13 and 16 (Ar, Kr, Xe not measured);4> without step 13

(Ar, Kr, Xe not measured) and step 14 (small step with significant atmospheric contributions).
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Figure 3 22 and, in particular, Figure 3 23 suggest that two noble gas components exist One

possibility is the release of one sub-component (Q2) which contains all noble gases and the

additional release of He and (possibly Ne) from a sub-component Qi which resides in a phase

slightly easier to etch The other possibility is that both components contain all noble gases, but

with different relative abundances He and Ne are enriched in phase Qi, which is etched first,

and Ar is more abundant m the second phase Q2

5 I 1 ± 1 1 1 1 1—1—1—i—r—1—1—1—1—1—1—1 1 1 1 1 1 1 | 1 1 1 1—r

5 10 15 20 25 30

step no.

Figure 3.23: Elemental ratios of all steps released from Cold Bokkeveld, normalised with

ratios of step 30 Steps 13 and 14, which were compromised by background and atmosphenc

gases, are not included The steps clearly show a binary release pattern, rather indicating two Q

sub-components than a physically explainable earlier release of He relative to the other noble

gases from a single reservoir

The hypothesis of two sub-components of Q is supported, in addition to the elemental

variations demonstrated above, by the isotopic compositions of He and Ne These change

between step 22 and step 23 3He/*He is rather constant for steps 4-22 1 phase Qi), but is slightly

increased for steps 23-30 which are dominated by Q2 noble gases (Table 7 33 and Figure 3 7)

Furthermore, Ne-E(L) from graphite (Figure 3 4) is released in steps 4-22, where ^e/^e is

rather constant (Figure 3 23), while data points of steps 23-30 do not show any Ne-E

contribution and lower "He/^Ne ratios This points to a connection between phase Qi and

graphite which is illustrated in Figure 3 24



CSSE.byetchingongasesnoblealllosthave

samplesthethatverifiedbemustitandsilicatesundissolvedofamountssignificantcontain

notshouldresiduesthesubtracted,betobavereleased,additionallywerewhichcomponents,

Someresults:theofcomparisonquantitativeforallowtoconsideredbetohaveproblems

threedata,thediscussIBeforeQ-gases.ofabundancesabsolutetheinalsobut3.2),(chapter

ratioselementaltheinseenbeonlynotshouldthissamples,ourofcontentgastheinfluenced

havebodiesparentmeteoritetheonprocessesmetamorphicIfresidues.HF/HCl-resistant

ingasesQ-nobletheofconcentrationsabsolutethedeterminetowantIchapter,thisIn

abundancesAbsolute3.3

ratios4He/20Nelowerwithregionaincluster

23-30stepswhileratios,''He/^econstantquite4-18stepsforleastatandhigherhavealso

Ne-E,containswhich4-22,Stepsfirst.releasediswhichQicomponentwithconnectedisNe-E

thatsuggestsBokkeveldColdofdatatheforplot^Ne/^evs.4He/20NeThis3.24:Figure

Ne/^Ne

0.200.180.16

22

0.140.120.10

BokkeveldCold

(14)
H*-

.17

1*V-S<
.20

19

•*;***7
*11i»9

Ne-E

.21

fi,5

97

28"b

•o

V

i2

50

100•F
CD

150

200

250

CD



98

Corrections...

Corrections for the various components released besides Q, discussed in chapter 3.2, lead to

somewhat inaccurate absolute abundances. However, because the differences of Q-gas

concentrations in the different samples are so large, the general trend displayed in Figure 3.25

is not severely disturbed. Table 3.15 lists the corrections for leakage, adsorbed atmospheric and

solar gases. Cosmogenic contributions that considerably compromised some of the He and Ne

isotope analyses (chapters 3.1.1 and 3.1.3) can be neglected here: Hecosm and Necosm do not

affect the isotopes 4He and ^e most abundant in Q. This is conservatively estimated by

assuming 3He and 21Ne to be exclusively cosmogenic and by using (3He/4He)coim = 0.2 and

(21Ne/20Ne)cosm = 1.4Hecoan and ^e^s,,, would amount to some 0.01% and 1.2 %, respectively,

of the measured concentrations.

Table 3.15: Corrections of absolute Q-gas abundances in %.

sample correction for... steps *He '"Ne î6Ar ^Kr 132Xe for details, see...

Lancé leakage 5 9.1 4.7 Table 7.1

Dimmitt adsorbed air 1-4 28.8 24.6 Table 7.8, Table 7.11

solar gases" 1-3,9-11 34.9 11.2 Table 7.5

Grosnaja adsorbed air 1-6 96.7 79.4 Table 7.18, Table 7.21

Chainpur missing Ar, Kr, Xe2) 8,13,16 18.6 18.6 18.6

Cold Bokkeveld missing Ar, Kr, Xe2) 13 1.5 1.5 1.5

" To account for solar He and Ne in the first and last steps of Dimmitt (see Figure 3.18), simple
corrections were applied;

2)
Ar, Kr and Xe were not measured due to background problems and are

calculated from He and Ne abundances.

Sample mass...

It is not clear if the samples were completely demineralised (chapter 2.1.2). If not, remaining

silicates would influence the weights and, thus, also the concentrations. A future analysis of the

major elements in aliquots of the residues will allow to answer this question. However, other

minerals such as spinel or chromite generally contribute to the residues in different and

unknown amounts. Alaerts et al. (1979a) determined chromite abundances of 35-100 % in

HF/HCl-resistant residues of LL-chondrites.

Etching efficiency...

To allow for a quantitative comparison, phase Q has to be removed completely by the

oxidising acid. The elemental release patterns (Figure 3.17-Figure 3.21) do not indicate that
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significant amounts of Q-gases remained in the oxidised residues Although the last steps of all

runs were measured after harshest and longest oxidation, they did not contain more than 5 % of

the total gas amounts Complete removal of phase Q can be checked with the analysis of the

oxidised residues Especially, the isotopic compositions of Ar and Xe should indicate

remaining Q-noble gases Xe in HF/HCl-resistant residues consists mainly of Xe-Q (> 96 %,

Huss et al, 1996) and only minor portions from presolar components Therefore, even small

remaining admixtures of phase Q strongly influence the measurement of oxidised residues

Completely oxidised and Q-depleted residues can be recognised by 36Ar/38Ar = 48 (Wieler et

al, 1991) and by the typical Xe-HL isotopic composition (Figure 13) On the other hand, from

He and Ne isotopic compositions of the oxidised samples, generally, no conclusions can be

drawn, since contributions of He-Q and Ne-Q are rather small, even without any oxidation

(Figure 1 3) Therefore, data points of oxidised and non-oxidised samples in Ne three-isotope-

plots are located too close to each other to allow for a statement about remaining Ne-Q The

^tte/^Ne ratios m oxidised and non-oxidised residues are also too similar to be diagnostic

CV3 (ox.) Grosnaja...

Data of the bulk measurements on non-oxidised and oxidised residues of Grosnaja are given

in Table 7 16, Table 7 17, Table 7 20 and Table 7 23 To avoid problems with too much

reactive gases possibly from Teflon, the Ar and Kr/Xe phases of all 600 °C and most 1800 °C

steps were not measured but pumped off The errors of the total gas concentrations because of

these gas losses should be less than 10 %, as estimated from He and Ne in some of the residues

of Dimmitt, Grosnaja and Chainpur He and Ne of the 600 °C steps amount on average to 7 %

and at maximum to 17 % of the respective gas amounts m the 1800°C steps

In a 4He/36Ar vs ^fae/^Ar plot not shown9, the data pomt of the oxidised residue lies

exactly on a mixing line between Q and the value of the oxidised residue "B" (Matsuda et al,

1980) From this, the amount of Ar-Q, which remained m the oxidised residue, is calculated to

be 66 % of the total Ar in the etched residue The ^Ar/^Ar ratio of 5 4 ± 0 2 also indicates that

Ar m the residue is dominated by Ar-Q Assuming that the mass of the removed phase Q can be

neglected, the He-Q, Ne-Q and Ar-Q fraction, which remained m the oxidised residue

'
In this plot, the data point of our non-oxidised bulk HF/HC1 resistant residue lies very close to that of

the residue "A" of Matsuda et al (1980) and exactly on the Q-oxidised residue-mixing line This indicates

that our déminéralisation procedure yielded residues comparable to those of other groups
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corresponds, each to about 27 % of the He-Q, Ne-Q and Ar-Q, respectively, measured by

CSSE.

The Ne isotopic composition of the oxidised residue might suggest that most of the Ne-Q

has been released, since the respective data point is very close to the Ne-HL data point.

However, as outlined above, since Ne-Q is only a minor part of the Ne in HF/HCl-resistant

residues, the data do not allow for a reliable quantitative estimate.

The Xe isotope composition of the oxidised residue of Grosnaja displays an isotope pattern

similar to that of presolar Xe-HL (Figure 1.3). However, the pure HL composition has not been

reached. Assuming that all Xe in the residue is Xe-HL plus Xe-Q and that mass loss due to

etching is negligible (Table 2.5) and comparing the isotope concentrations of 132Xe, 134Xe and

I36Xe, we can conclude that 41 % of the 132Xe in phase Q has not been removed by our CSSE

experiment. Under the assumption that all 36Ar and 132Xe in the oxidised residue originate from

phase Q, these gases would amount to 36 % and 45 %, respectively, of the total Q-gases in

Grosnaja.

LL3.4 Chainpur...

He and Ne data of the oxidised residue of Chainpur (Table 7.25, Table 7.26, Table 7.28,

Table 7.29, Table 7.31 and Table 7.32) can not be used to determine the degree of dissolving of

phase Q during the etch experiment. The 36Ar/38Ar ratio of 5.45 ± 0.03 in the oxidised residue is

even larger than the value 5.37 ± 0.01 for Ar-Q (Table 3.9). This is difficult to understand but

in any case indicates that Ar-Q is more abundant than Ar-A in our oxidised residue. The

*He/36Ar ratio is 101.9 for our oxidised residue which is relatively close to the value of 143

reported by Alaerts et al. (1979a) for their residue "lCla". Since the (4He/36Ar)Q ratio for

Chainpur is 3.46, this suggests that phase Q was largely removed during the CSSE experiment.

Similar to Grosnaja, the amount of Ar-Q, which remained in the oxidised residue, can be

estimated from the ^e/^Ar and ^e/^Ar ratios of our oxidised residue by assuming the end

member compositions from Q-Chainpur (chapter 3.2) and an conventionally oxidised residue

"1C5" (Alaerts et al, 1979a), respectively. It turns out that only 2 % of the total He-Q, Ne-Q

and Ar-Q in Chainpur were not released by CSSE. Using die elemental ratios of ^Ar, MKr and

132Xe instead, the remaining ^Ar, MKr and 132Xe amount to 3 %, 6 % and 5 %, respectively.

Such small proportions are also suggested by the isotopic Xe composition of the oxidised

residue. In a 134Xe/l32Xe vs. 136Xe/132Xe three isotope plot its data point lies close to the mixing

line between the end member data points for Q and Xe-HL. The decomposition of this mixture

reveals that only 5 % of Xe-Q has remained in the residue oxidised by CSSE. Figure 1.3
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displays the Xe-HL-like pattern for Chainpur Even this minor fraction of the Xe-Q in Chainpur

still dominates the Xe composition of the oxidised residue10

H3.7Dimmitt...

Bulk data for the original and the oxidised residues of Dimrmtt (Table 7 6, Table 7 7, Table

7 9, Table 7 10, Table 7 12 and Table 7 13) were obtained for all 5 noble gases The He, Ne, Ar

and Kr isotopic ratios in both residues are identical within the errors The ratios

CHd^eU = 4 05 x 104, ('He/fae)«,,. m = 4 03 x 10"4 and (^Ne/^Ne)^ =116 and

^"Ne/^Ne),» „,
= 11 4 resemble the SEP composition with (3He/4He)SEp = 4 56X10"4 and

(^e/^NeJsEp =112 (Benkert et al, 1993), respectively This indicates that solar noble gases

dominate even He and Ne in the oxidised residue The oxidised residue contains Ar with

36Ar/38Ar = 5 4 ± 0 3 Since admixtures of ArSEp with ^At/^Atsep = 4 87 can only lower this

value, it points to abundant amounts of Ar-Q Similar to the He and Ne isotopic ratios, the

elemental ratios of He, Ne and Ar are also solar-like Evidently, the déminéralisation procedure

with HF/HC1 did not completely remove an important earner of the incorporated solar gases in

the regohth breccia Dimrmtt, as we have seen m chapter 3 11 Fortunately, this earner is not

oxidisable by HNOj to a larger extent and, thus, has allowed a determination of the isotopic

composition of Ne-Q However, a determination of fraction of He-Q, Ne-Q and Ar-Q m the

oxidised residue is not possible

Most Xe isotope ratios are also similar in the oxidised and non-oxidised residues which

means that Xe-Q has not been completely released Only the ratios 124Xe/'32Xe and 126Xe/132Xe

in the oxidised residue are higher, but this ennchment in "Xe-L" must be due to insufficient

hydrocarbon background correction, since no ennchment in the heavier Xe isotopes can be

found The oxidised residue contained less than 40 % of the Xe of the onginal residue and was

therefore more easily affected by the hydrocarbon interference on masses 124 and 126

Assuming that 36Ar and 132Xe released from the oxidised residue onginate completely from

phase Q and that etching caused no significant mass losses (see Table 2 4), about 38 % and

36 %, respectively, of 36Ar-Q and 132Xe-Q were not released from Dimrmtt upon etchmg with

CSSE

10
The MKr and 132Xe concentrations measured in the non oxidised bulk residue (Table 7 28 and Table

7 31) are much smaller than the concentrations released by CSSE (Table 7 27 and Table 7 30) This can

be the result of inhomogeneities or a weighing error, but does not harm the estimations above which are

based only on elemental and isotopic ratios
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CM2 Cold Bokkeveld...

Two original and two oxidised (bulk) residues of Cold Bokkeveld (Table 7.34, Table 7.35,

Table 7.37, Table 7.38, Table 7.40 and Table 7.41) have been measured. Unfortunately, Kr and

Xe could be determined only for one aliquot each. The results show that CSSE has oxidised the

original residue incompletely and rather inhomogeneously. A comparison of the 134Xe/132Xe

and 136Xe/132Xe ratios in the oxidised residue (a) with the composition of Xe-Q and Xe-HL

yielded that 51 % of Xe-Q has not been removed by CSSE. A similar fraction of 49 % Ar-Q,

Kr-Q and Xe-Q can be derived from the 36Ar/132Xe vs. MKi/inXe plot, assuming that the

oxidised residue KBl/n from CM2 Murchison (Wieler et al., 1992) has a composition similar

to a completely oxidised residue of CM2 Cold Bokkeveld". As deduced from the 4He/36Ar vs.

2°Ne/36Ar plot, the oxidised residues (a) and (b) still contain 55 % and 32 %, respectively of

He-Q, Ne-Q and Ar-Q.

Figure 3.25: Total Q-gas concentrations in residues for all meteorites examined with CSSE

experiments. References: Allende (average of runs BA I+II; Wieler et al, 1991); Murchison

(average of runs 2Cla/m and KB1/I+H; Wieler etal., 1992).

"
This assumption seems to be justified, since all data points for Q and the residues of Murchison and

Cold Bokkeveld in three-element-plots lie exactly on mixing-lines between Q and the most-oxidised

residue of Murchison (KB1/II)
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5 0.09 7 0.02 0.03

177 2.60 63.6 0.653 1.148

6 0.08 0.6 0.008 0.016

4147 32.18 658 5.51 6.25

15 0.12 4 0.08 0.10

492 4.46 143.6 2.01 2.46

4 0.03 1.7 0.08 0.04

6497 40.03 563 6.85 10.79

20 0.12 3 0.03 0.07

C03.4 Lancé...

For the oxidised residue of Lancé, only He and Ne (Table 7.2) could be measured due to

Teflon contamination (chapter 2.1.2). The data point of our oxidised residue in the Ne-three-

isotope-plot is, within the large uncertainties of all data, similar to the oxidised ("1C5") as well

as to the untreated original residue ("ICI"; Alaerts et al., 1979b). Therefore, the amounts of Q

that remained in the residue upon etching can not be determined.

Table 3.16: Absolute abundances for noble gases of phase Q deduced in this work by CSSE.

[lQ-8cm3/g residue] "He ^Ne 36Ar MKr 132Xe

Lancé C03.4 839 11.25 431 4.81 4.81

Dimmitt H3.7

Grosnaja CV3

Chainpur LL3.4

Cold Bokkeveld CM2

Absolute Q gas concentrations...

The amounts of Q-noble gases, which remained in the residue after CSSE, vary, as shown

above, largely between less than 5 % for Chainpur and about 40-50 % for Dimmitt, Grosnaja or

Cold Bokkeveld. However, these numbers must be seen as upper limits, since contributions of

presolar P3 gases (chapter 1.1.2.4) can significantly affect the gas concentrations in the

oxidised residues of at least the less metamorphosed sample Grosnaja. Huss and Lewis (1994b)

calculated that 70 % of the Xe from the oxidised residue of the CI chondrite Orgueil is Xe-P3.

On the other hand, P3 is released at temperatures of 200-800 °C which makes it likely that some

of the P3 in our residues has been lost in the pumped-off pyrolysis steps at 600 °C. For more

altered ordinary chondrites of pétrographie type 3.5-3.6, Huss et al. gave an insignificant PS-

fraction of only 4 % in the residues. Fortunately, even using the upper limits for the remaining

concentrations of Q-gases in the oxidised residues does not affect the general trend displayed in

Figure 3.25 and Figure 3.26. Therefore, I do not correct the total Q-gas concentrations for these

roughly estimated gas amounts.

The absolute abundances of noble gases in Q are calculated as the sums of the contributions

of all steps. These values are shown in Table 3.16 and Figure 3.25. For comparison, data for

Allende and Murchison are also shown in the figure (Wieier et al., 1991; 1992). The highly
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metamorphosed meteorites C03.4 Lancé, LL3.4 Chainpur and H3.7 Dimmitt contain

significantly smaller amounts of Q-gases than the more primitive CM2 and CV3 chondrites.

The similarity in the abundance patterns of all samples within seven orders of magnitude

relative to solar and Xe abundances is striking (Figure 3.26) and supports the hypothesis that all

five noble gases have been incorporated simultaneously from the same uniform reservoir into

the meteorites' parent bodies or into the carrier phase(s) Q.

.

! j ! ! r

Figure 3.26: Elemental composition of Q noble gases normalised to solar abundances (Anders
and Grevesse, 1989) and 132Xe. He-Q and Ne-Q in all meteorites are similarly depleted by up to

7 orders of magnitude compared to cosmic abundances. The highly metamorphosed meteorites

Lancé, Chainpur and Dimmitt have lost He and Ne. Allende and Murchison data are from

Wielsretal. (1991; 1992).
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4 Discussion

The CSSE analyses of this work have proven that noble gases of phase Q exist in the

meteorites C03 4 Lance, H3 7 Dimmitt, CV3 (ox ) Grosnaja, LL3 4 Chainpur and CM2 Cold

Bokkeveld and have further confirmed that Q gases in different meteonte classes generally

have very similar elemental and isotopic compositions, despite of the depletion of the light

noble gases of many orders of magnitude relative e g to solar noble gases However, our new

data also provide insights into a "fine structure" of phase Q and its noble gases (chapter 3 2)

The composition is not identical for all samples nor for all etch steps, and the conclusion of

Wieler (1994) and Huss et al (1996) that Q is one single component has to be reconsidered
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Figure 4.1: Xe isotopic ratios in different pnmordial reservoirs Deviations from mean Xe-Q,

obtained by all CSSE expenments on 7 chondntes of different classes, are mostly <1 %

References
" Wieler et al (1991),

2) Wieler et al (1992), 3)Huss et al (1996),
4) Schelhaas et

al (1990), 5)Lavielle and Marti (1992), 6)Gobel et al (1978)

4.1 Noble gas component O in chondrites and ureilites

In this work the assumption that only one, widely distnbuted, pnmordial component has

been incorporated into all meteonte parent bodies at their formation is confirmed to be correct
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for Ar, Kr and Xe Table 4 1 lists the mean Xe-Q/Xe-Pl isotopic ratios, obtained by CSSE and

by stepwise heatmg experiments, as well as "OC-Xe" from H3 8 Dhajala, H4 Forest Vale and

mean ratios from 7 ureilites (Gobel et al, 1978, Schelhaas et al, 1990, Wieler et al, 1991,

1992, Lavielle and Marti, 1992, Huss et al, 1996) The ratios agree almost perfectly within

their uncertainties, indicating that Xe-Q has been incorporated homogeneously and did not

change its isotopic composition due to metamorphism or aqueous alteration Even Xe from

ureilites, which resides in diamonds and/or amorphous carbon that might have been formed in

the solar nebula (Fukunaga et al, 1987, Fukunaga and Matsuda, 1997) is similarly composed,

as can be seen in Figure 4 1 Ureilites contain noble gases with a "planetary" pattern similar to

the Q-noble gases (Figure 4 10), and "normal" isotopic ratios almost identical with those of Q

Therefore, Ott et al (1985a, 1985b) suggested that these ureihtic noble gases must be closely

related to the primordial phase Q noble gases, although they reside in achondntic, heavily

differentiated and partly shocked meteorites (Goodrich, 1992)

Table 4.1: Xe isotopic composition of primordial Q reservoirs 132Xe s 100

Q» PI3' OC-Xe4) FVC/OC-Xe5) ureilites6'

124Xe/132Xe 0.455 ±0.003 0462 ±0006 0458 ±0009 0463 ±0005 0463 ±0006

126Xe/132Xe 0.406 ±0.002 0410 ±0005 0419*0012 0413 ±0003 0416 ±0004

I28Xe/132Xe 8.23±0.02 830±003 824±007 827±004 827±005

129Xe/132Xe 104.1 ±0.022) 1040±02 104 6 ±06 1040±0 3 103 5 ±0 5

130Xe/'32Xe 16.20 ±0.04 16 28 ±0 04 16 24 ±012 16 20*005 16 27 ±005

!3,Xe/'32Xe 81.86 ±0.11 82 30 ±012 821 ±07 82 0±02 81 95 ±013

I34Xe/132Xe 37.81 ±0.12 37 77 ±0 11 37 9 ±0 3 37 96 ±0 11 37 76 ±012

136Xe/l32Xe 31.67 ±0.09 31 61 ±010 31 7 ±0 2 31 80 ±0 06 31 52 ±019

"
mean ratios for Q, obtained from all 7 CSSE experiments,

2) without Murchison,3> mean of 14 CI, LL,

L, H, EH, CV and CO chondntes, obtained by stepwise heating (Huss et al, 1996),
4) HF/HCl-resistant

residue "RIO" from H3 8 Dhajala which does not contain diamonds (Schelhaas et al, 1990),5) H4 Forest

Vale (Lavielle and Marti, 1992),6> mean ratios from 7 ureilites, obtained by stepwise heating of carbon-

nch separates (Gobel et al, 1978)

Few data are available for Kr-Q and related components As for Xe, all data are similar to

each other Kr in ureilites shows no deviations from Kr-Q (Table 4 2) Slight differences can be

found between the 36Ar/38Ar ratio m Q and m ureilites (Table 4 2) Ar in ureilites tends to have

somewhat lower *Ai/3SAr ratios than Ar-Q However, considering the uncertainties, it is

justified to assume that Ar-Q is uniform in chondntes and ureilites Both measurements for

Allende and Murchison gave values of (36Ar/38Ar)Q = 5 29 ± 0 02, while the newer CSSE

examinations of Q and data for PI (Huss et al, 1996) revealed ratios between 5 33 and 5 37

(Table 3 9) The extraordinarily low ^Ar/^Ar ratios of as low as (2 9 ± 1 7) x 10"4 found in

ureilites (Gobel et al, 1978) indicate that '"Ar in etch steps with ^Ar/^Ar ratios of -1 (Table

3 9) is mainly radiogenic The isotopic compositions of Ar, Kr and Xe in phase Q and ureilites
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are thus, except for 40Ar/36Ar, identical. Not considering the trapping mechanisms, their carrier

phases and their origin, these noble gases should be seen as one single component.

Table 4.2: Ar and Kr isotopic compositions of primordial Q reservoirs. ^Kr = 100.

Q» Pl3) "OC'-Ar/Kr^ ureilites6'

3*Ar/3*Ar 5.34 ±0.02 5.33 ±0.03 5.29 ±0.13 5.26 ±0.06

"Kr/^Kr 0.602 ± 0.0042' 0.66±0.064> 0.62 ±0.01 0.601 ± O.OOS7*

80Kr/84Kr 3.935 ±0.008 3.97 + 0.03 4.03 ±0.07 3.99 ±0.05

^Kr/^Kr 20.18 ±0.02 20.24 ±0.03 20.23 ±0.19 20.37 ±0.18

^Kr/^Kr 20.19 ±0.02 20.21 ±0.05 20.32 ±0.18 20.26 ±0.15

^Kr/^Kr 30.98 ±0.05 30.91 ±0.09 31.0 ±0.3 30.91 ±0.12
"
mean ratios for Q, obtained from all 7 CSSE experiments;

2) without Allende (Wieler et al., 1991) and

Dimmitt;3) mean of 14 CI, IX, L, H, EH, CV and CO chondrites, obtained by stepwise heating (Huss et

al., 1996);4)probably too high due to benzene background;
" HF/HCl-resistant residue "RIO" from H3.8

Dhajala which does not contain diamonds (Schelhaas, 1987);
6)
mean ratios from 7 ureilites, obtained by

stepwise heating (Göbel et al., 1978); " from ureilite Kenna, obtained by stepwise heating (Wilkening and

Marti, 1976).

We can not report such a perfect agreement for Ne. The reliable (20Ne/22Ne)Q ratios lie in a

range between 10.05 ± 0.05 and 10.7 ± 0.2 (Table 3.2) and show a binary distribution. This is

not explainable with experimental uncertainties. We will see in chapter 4.2.2 that these

differences are also not the result of metamorphic processes. ^e/^Ne ratios in ureilites fall

also in the interval, inferred by the chondritic data (Table 4.3). Due to the relatively large

uncertainties of the ureilitic values, it is not clear, whether they fill the gap between the

chondrite groups with high and low (^Ne/^Ne^ ratios. He data from other non-chondritic

meteorite gas components possibly related to Q are not available. We can conclude that the Ne,

Ar, Kr and Xe isotopic ratios in the chondritic phase Q and in ureilites are identical, although

the elemental compositions of both noble gas components are distinct (Figure 4.10).

Table 43: Ne isotopic ratios in ureilites.

sample ^NeZ^Ne "Ne/^Ne source

deduced from 7 ureilites" 10.70 ±0.25 0.03-0.05 Gobelet al. (1978)

Hajmah"Ne-U" 10.4 ±0.3 0.027 ±0.003 Ott et al. (1985a)
ALHA 78019 10.5 ±0.7 0.032 ±0.003 Wacker (1986)

weighted mean 10.57 ±0.19 0.030 ±0.003
"
Dingo Pup Donga, Dyalpur, Goalpara, Havaroe, Kenna, North Haig, Novo Urei

4.2 Alteration processes and phase Q

In this section, I want to discuss the possible influence of metamorphic events on the

meteorite parent bodies on the compositions of noble gases of phase Q. In the first part, the
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elemental ratios obtained in this work are compared with other ratios and with total

abundances. However, the information to be derived from the analysis of Q-gas concentrations

is rather limited, as we will see. In the second part, the Ne isotopic composition is discussed,

since Ne is the only noble gas from phase Q that shows significant differences between the

meteorites.

4.2.1 Alteration processes and Q elemental ratios

Undoubtedly, thermal metamorphism alters the elemental abundances of primordial noble

gases in chondrites. Concentrations of primordial 36Ar and 132Xe are two of several (mostly

pétrographie) parameters which are used to determine the pétrographie type and subtype of

ordinary chondrites (van Schmus, 1967; Sears et al., 1980; Anders and Zadnik, 1985). A well-

established correlation between the abundances of the heavier Q-noble gases (as well as the

abundances of presolar grains) and the metamorphic history has been described by Huss et al.

(1996), assuming that all chondrites have sampled gases of the same composition. However, He

and Ne data were not considered or yielded inconsistent results. In addition to thermal

processes that may have modified phase Q, Browning et al. (1996) suggested that aqueous

alteration also destroys the primary carrier phase of the trapped noble gases. This is to be

addressed below.

Ar, KrandXe...

Pétrographie observations of the effect of thermal metamorphism and aqueous alteration on

chondrites are displayed in Figure 4.2. Originally, it was assumed that chondrites of

pétrographie type 1, as classified according to Van Schmus (1967), are the least altered

meteorites and especially type 4-6 chondrites have suffered increasing thermal metamorphism.

However, since it turned out that CM and, especially, CI chondrites are aqueously altered, type

3 carbonaceous chondrites might better represent unaltered nebular matter (McSween, 1979).

Sears et al. (1980) introduced a petrologic subclassification for type 3 unequilibrated ordinary

chondrites (Figure 4.2 below) with subtypes 3.0-3.9 which has later been applied also on CO

chondrites (Scott and Jones, 1990). The subclassification is based, among other properties, on

thermoluminescence (TL). A higher classification should, similar to the main pétrographie

classification, be correlated with a more severe metamorphic history. However, aqueous

alteration has been observed for those meteorites which have first been classified as most

unequilibrated, e. g. LL3.0 Semarkona, LL3.1 Bishunpur or CO3.0 Colony (Hutchison et al..
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1987; Keck and Sears, 1987). The low thermoluminescence of these samples is attributed to

aqueous processes which have changed the original pétrographie type to lower values (Guimon

et ai, 1988). Therefore, samples of pétrographie type 3.2 and 3.3 of both, the C03 and LL

chondrites, as well as the CV3 chondrites are the least altered meteorites. We will see now that

the heavy noble gases of phase Q reflect this alteration classification.

Unaltered

unoitereo ^

)

Aqueous Thermol

Alteration Mefamorpftism

©

Figure 4.2: Thermal metamorphism and

aqueous alteration processes affect

carbonaceous chondrites (above) and

unequilibrated ordinary chondrites (below).

Figure from Sears and Dodd (1988).

Figure 4.3 shows a three-element-plot of the heavier Q-noble gases Ar, Kr and Xe in

HF/HCl-resistant residues. The filled squares symbolise the direct Q-measurements by CSSE

and stepwise combustion data of H3.8 Dhajala (Schelhaas et al., 1990). The other data which

were obtained conventionally are also considered to be reliable due to the predominant

abundances of phase Q in the residues. (36Ar/I32Xe)<) is clearly correlated with (84Kr/l32Xe)Q and

the chemical class or the pétrographie (sub)type, respectively, of the meteorites. Indicated by

the highest ratios, the CV3 and C03 chondrites seem to be the least metamorphosed meteorites,

while the ordinary and CM2 chondrites show lower values and thus more alteration, in

accordance with the pétrographie results outlined above. This is reflected e. g. by lower

(3SAr/132Xe)Q and (S4Kr/l32Xe)Q ratios in CI Orgueil compared to CV3 Leoville, Vigarano and

C03 Kainsaz (Figure 4.3). These data were obtained by Huss et al. (1996), who have chosen in

particular CI Orgueil and the LL3.0/3.1 chondrites to be most suitable to study the thermally

least processed primary characteristics of PI. However, Figure 4.3 shows that obviously also

aqueous alteration changes the elemental abundances of the Q-noble gases. Different grades of

alteration within chondritic classes, which have been deduced by pétrographie observations,

can be confirmed with the Q-noble gases:

• The CSSE data for Ar, Kr and Xe confirm the aqueous alteration sequence that was

found for CM chondrites by Browning et al. (1996). They stated that Cold Bokkeveld
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is the most heavily aqueously altered CM chondrite. This can be seen in the noble gas

data in Figure 4.3, since Cold Bokkeveld contains Q with (36Ar/132Xe)Q and

(84Kr/132Xe)Q ratios lower than for CM2 Murchison and as low as the more thermally

metamorphosed H3.7/8 chondrites Dimmitt and Dhajala.

• As described above, ordinary chondrites of pétrographie types 3.2-3.0 are affected by

increasing aqueous alteration rather than by thermal metamorphism. Therefore, LL

chondrites of pétrographie type 3.0 and 3.1, e. g. Semarkona and Krymka, are more

altered than LL3.4 Chainpur which indeed shows higher (^Ar/'^Xefo and ("Kr/'^Xefo

ratios and, thus, supports the TL data.

• Guimon et al. (1995) found differences among CV3 chondrites due to low-temperature

parent body metamorphism and introduced a petrologic subdivision similar to C03

chondrites and UOCs. This subdivision has been taken into account in Figure 4.3.

Guimon et al. could not find a correlation of the TL sensitivity with the noble gas

abundances of 4He, ^Ne and 36Ar. They used bulk concentrations which, especially for

the light noble gases He and Ne, can not lead to reasonable results without correcting for

the more abundant radiogenic 4He and cosmogenic ^e. The data points in Figure 4.3,

however, show that the reduced CV3 chondrites suffered higher losses of Q-gases then

the oxidised CV3 chondrites and, in general, samples of lower subtype show higher

ratios.

• H and L chondrites of subtype > 3.6 clearly cluster in the lower left of Figure 4.3 with

the lowest elemental ratios. Thus, the heavier noble gases in unequilibrated ordinary

chondrites do show a trend depending on the metamorphic history, in contrast to

observations by Huss et al. (1996).

• Finally, Figure 4.3 suggests that the C03.1 chondrite Kainsaz suffered more severe

aqueous alteration than C03.3 Omans and C03.4 Lancé. Aqueous alteration has been

suggested for Kainsaz only by analogy considerations (Rubin, 1998).

We can conclude that aqueous alteration and thermal metamorphism on the parent bodies

affect the carrier phase Q of the heavier primordial noble gases and deplete Ar and Kr relative

to Xe. Ar/Xe and Kr/Xe ratios are suitable to detect influences of both kinds of processing of

the original parent body material. However, the fractionation mechanism that led to a stronger

depletion of the lighter noble gas elements relative to the heavier ones remains unclear. A

"wholesale destruction" of the primary noble gas carrier, as proposed by Browning et al.

(1996), would release all noble gases completely. The clear dependence of the Ar/Xe and

Kr/Xe ratios on the thermal metamorphic/aqueous alteration history suggests that Ar, Kr and
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Xe have been homogeneously incorporated into all chondrite classes with a composition similar

to that in CV3 and C03 chondrites. Generally, meteorites of subtypes 3.2-3.4 of all meteorite

classes show the highest Ar/Xe and Kr/Xe ratios.

CD

«*

130

120

110

100

90

80

70

60

50

40

-\—'—r 1—i- -i—|—i—|—i—|—i—|—i—r-
cvs-aixAr-1

cv3.30x.Grg

OlL3.6Pa'

ÖCV3.30X Gr*

vH6Es CV3.2oxAI*B

Ouest"

a^upP00330''
nCVSScedVi*

ÖCVSOrea Le*

<>LL6Dh> LUMa^«*'
,

CV33red Vf OC031Ka'

CM2Mu*lQ,„,.l.ÖCV30re<i I

CM2MU- 5cœiKar

H3

H38

-i.36KhAH3

LL35ra"^
OuaoSe"

.

IVH3SD|" ALS 7 MB*

'<*&>U31Bt
*

. LL3 1 Kr'

_1_ _1_
LL36A2'

J_

CSSE

D CV3

O C03

• CI/CM2

O LL

A L

V H

I i I

AkAUenda

A1«ALH77214

A2-ALH7727B

A3-ALH77299

A4-ALHS1030

81*Bls*lunpur
Br=6rownfietd

Ch=Chajnpur
Co=CoMB<*kevBM

DteDtuinnsala

D|-Otianala
Dt=Dmmitl

GrasGrosnaJa
Ha=Hamlet

ln>fciman

Ka=Kansaz

KhaKhohar

Kr=Kiymka
La-lancé

Le-Lsovile

Me=Me26-Madaras

Mu-tourchlson

OjOrguel
Or=Omans

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Ra-Ragland
SenSemarkona

SfcStSewrtn

Vi-Vgarano

rKr/^Xe),

Figure 4.3: (^Ar/'^Xe^ vs. (84Kr/132Xe)Q plot. CSSE and stepwise combustion data are

labelled with filled squares. References: "Alaerts et al. (1979b); 2)Alaerts et al. (1979a);
3)Schelhaas et al. (1990); "'Srinivasan et al. (1977);

5) Wieler et al. (1991);
6) Wieler et al.

(1992);
n Moniot (1980);

s> Matsuda et al. (1980);
9)
Huss et al. (1996);10) this work, data from

a bulk non-oxidised residue (chapter 7.6) applicable since Dhajala does not contain diamonds

(Schelhaasefa/., 1990).

Huss et al. (1996) observed that Ar/Xe and Kr/Xe ratios in CV and CO chondrites are

higher, in accordance with Figure 4.3, but also that the Ne/Xe ratios are lower than in CI and

LL3.0/1 chondrites. They attributed this observation to nebular processing of phase Q in CV

chondrites prior to accretion and a mixture of two components for C03.2 Kainsaz. This

inference is not warranted if one assumes that aqueous alteration has lowered the Ar/Xe and

Kr/Xe ratios of the CI and LL3.0/3.1 chondrites. However, the observations by Huss et al. give

us a hint that He and Ne might behave somehow differently from Ar, Kr and Xe.
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He, Ne and Ar...

A plot (Figure 4.4) similar to Figure 4.3 shows the lighter elemental ratios (4He/36Ar)Q and

faNe/uAf)(i. The database for He and Ne is much smaller than for the heavier noble gases due

to the difficulty to exactly determine He-Q and Ne-Q by conventional pyrolysis techniques.

Nevertheless, the conventionally deduced data possibly suggest a rough trend. However, large

differences between data obtained by the "difference method" and by CSSE for Chainpur,

Murchison, and Allende indicate that they are useable for our comparison only very carefully.

Our new CSSE data alone indicate a more clear-cut correlation and we will use mostly these

data.
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Figure 4.4: (^e/^Arfo vs. (20Ne/36Ar)Q plot. CSSE and stepwise combustion data are labelled

with filled squares. The regression line is obtained from these data. See Figure 4.3 for

references.

(4He/3*Ar)<j correlates with (20Ne/36Ar)Q, similar to the correlation observed above for Ar/Xe

and Kr/Xe. In contrast to the elemental ratios of the heavier noble gases which clearly reflect

thermal metamorphism and aqueous alteration, respectively, experienced on the parent bodies,

the CHe/36Ar)(j and (20Ne/36Ar)Q ratios show a distinct trend: CM2 chondrites show the highest
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ratios while the less aqueously altered CO chondrites reveal very low (4He/36Ar)Q and

(^e/^ArJç. ratios. The noble gases of C03.4 Lancé are similarly composed as the

unequilibrated chondrites LL3.4 Chainpur and H3.7 Dimmitt. All these meteorites experienced

thermal alteration, as indicated by the pétrographie classification > 3.4. However, if one

assumes one carrier phase for all noble gases, thermal metamorphism can not be the reason for

the low He/Ar and Ne/Ar ratios of the CO chondrites, since the heavier elemental Ar/Xe and

Kr/Xe ratios do not indicate any depletion of Ar and Kr relative to Xe compared to other

chondrite classes (see Figure 4.3).

Light vs. heavy Q-noble gases...

A comparison of Figure 4.3 with Figure 4.4 suggests that metamorphism and aqueous

alteration affect the lighter and heavier noble gases of phase Q differently. This is also indicated

by a rather uncorrelated pattern of the data points in a ^e/'^Xe vs. ^Kr/^Xe plot (not

shown). This could point to two scenarios. Either there is one carrier phase Q that preferentially

loses He and Ne upon thermal processes, but Ar and Kr upon aqueous alteration. This seems

very unlikely. Or the observations could point to the existence of two carrier phases Qi and Oj

which are differently resistant to both kinds of alteration process and contain distinct amounts

of He and Ne. Two subcomponents have been already suggested in chapter 3.2 and will be

further discussed in chapter 4.4. Note that these possible subphases must be closely related,

since the most significant characteristic of the Q-noble gases, the "planetary" depletion of He-Q

relative to Xe-Q and solar abundances has been observed in all samples (Figure 3.26).

However, this plot also point to slightly different He abundances for the CV3 and CM2

chondrites with high (He/Xe)Q ratios and the other chondrites with lower (He/Xe)q ratios.

Ar, Kr and Xe elemental ratios are in general suitable to trace alteration on the parent

bodies. Primordial differences in the composition of the Q reservoir prior to incorporation into

the parent bodies seem unlikely in view of the good correlation of the (36Ar/132Xe)Q and

(^Kr/'^XeJo ratios with the degree of parent body alteration (Figure 4.3). Ne, and in particular

He, seem to monitor the abundance of the possible phase Q\. This phase Q\ seems easier to etch

(chapter 3.2). Possible is also that He and Ne are released more easily from Qi due to mild

thermal metamorphism but not due to aqueous alteration. Qi appears to be more abundant in

CM2 and CV3 (ox.) chondrites than in all other meteorite classes (Figure 3.26 and Figure 4.3).

Browning et al. (1996) found a negative correlation between the primordial 36Ar

concentrations and a "mineralogical alteration index", describing the degree of aqueous

alteration suffered by CM chondrites. They deduced that in CM chondrites the carrier phase of
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the primordial noble gases is susceptible to aqueous alteration. The more altered CM2 Cold

Bokkeveld indeed contains less uAi than CM2 Murchison (chapter 3.3 and Figure 4.5). In

addition, as demonstrated above, the (Ar/Xe)Q and (Kr/Xe)Q ratios confirm this suggestion for

CM chondrites but also suggest a similar susceptibility to aqueous alteration for meteorites of

different classes. This has been deduced without having considered the absolute gas-

concentrations.

While aqueous alteration clearly affect the elemental (Ar/Xe)Q and (Kr/Xe)(j ratios, a

correlation between the xAr concentration and the degree of aqueous alteration can not be

deduced (Figure 4.5). This, and also the absolute 132Xe abundances for PI, deduced by Huss et

al. (1996) and plotted in Figure 4.6, show that the concentrations of the heavier Q-gases are

more affected by thermal metamorphism. However, in the next section, we will discuss that the

absolute Q-gas abundances are only roughly correlated with the alteration history.

Ratios vs. abundances...

In 1979 Alaerts et al. reported that the CNel^Aï)^ ratios in nine LL-chondrites decrease

with pétrographie type and increasing 36Ar concentrations per gram dissolved "mineral" Q.

They suggested from this that the trapped noble gas abundances have been established at the

time of condensation of the LL-parent body from a cooling solar nebula. According to their

condensation model, samples that condensed first at higher temperatures had been less volatile-

rich than meteorites that condensed later but with predominant Ne, since Ne has a smaller

temperature dependence of its solubility. Since the first condensates had been located closer to

the centre of the asteroid, they suffered more severe metamorphism and represent now the

meteorites of higher pétrographie type. In contrast, if the parent body would have sampled more

or less homogeneously Q-noble gases in similar elemental proportions, subsequent

metamorphic losses would lead to increasing (^°Ne/36Ar)Q ratios with increasing MAr content

and decreasing pétrographie type.

The trend observed by Alaerts et al. has not been found by other groups. The analyses of

three C03-chondrites (Alaerts et al., 1979b) confirmed, according to the authors, this

LL-chondrite trend of decreasing (20Ne/36Ar)Q with increasing 36Ar content. However,

considering the data points of these three C03-chondrites separately yields an opposite trend. In

addition, Moniot (1980) analysed three H chondrites and did not find this inverse correlation

between (^fae/^Ar^ and trapped MAr. Ott et al. (1981) doubted the usefulness of the

(20Ne/36Ar)Q ratio as a "condensation cosmothermometer" that should indicate different

condensation temperatures, because of the insufficient abundances of Ne in Q relative to other
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primordial Ne components in acid-resistant residues and because of different weight losses

upon etching.
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Figure 4.5: (20Ne/3<Ar)<! vs. 36ArQ concentration of HF/HCl-resistant residues. The 36Ar

concentrations are calculated per gram residue. Filled squares indicate Q data obtained by
CSSE or stepwise combustion. The regression line is obtained from these data. All other data

points are calculated from concentrations of oxidised and non-oxidised residues. See caption of

Figure 4.3 for references.

At that time, all Ne-Q concentrations were calculated by difference. However, our new data

obtained by CSSE should be able to definitely prove or contradict the hypothesis of Alaerts et

al. (1979a). Figure 4.5 shows (^e/^A^Q ratios vs. 36Ar contents. The concentrations have

been calculated per gram residue in order to allow a comparison of residues produced by

different déminéralisation procedures. The direct Q-gas measurements by CSSE and stepwise

combustion of H3.8 Dhajala do not show any trend of a decreasing (20Ne/36Ar)Q ratio with

increasing 3SAr concentration. In contrast, the regression line obtained by these data points

rather indicates the opposite trend. Furthermore, the data obtained as differences between non-

oxidised and oxidised residues also do not support a scenario as suggested by Alaerts et al.

Probably, their correlation was an artefact due to errors in the weight determination of
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"mineral" Q. As stated already in chapter 2.2.1, weight losses upon etching strongly vary

(between 1-95 %, Table 2.4 and Table 2.5). For example, Alaerts et al. (1979a) determined for

Chainpur a ^Atq concentration of 2.5 x 10"* cm3 STP/g mineral. Assuming an etch loss of 1 %,

we would obtain at maximum 1.5 x 10"4 cm3 STP/g phase Q, but assuming a more typical loss

of 5 % (Table 2.5), we would obtain only 3 x 10"5 cm3 STP/g phase Q which is one order of

magnitude lower than the concentration given by Alaerts et al.

100 -

132XeQ [10"W STP/g residue]

Figure 4.6: The ratio (36Ar/l32Xe)Q vs. the 132XeQ concentration does not show any correlation,

although this would be expected for losses due to parent body alteration. Filled squares indicate

Q analysis with CSSE or stepwise combustion. See caption of Figure 4.3 for references.

A plot similar to Figure 4.5 for heavier noble gases, showing the element ratio xAiln2Xe vs.

132Xe abundance (Figure 4.6), does not reveal any correlation. However, losses due to alteration

processes should lead to both lower 132Xe concentrations and lower ''Ar/'^Xe elemental ratios

and both should thus correlate. In contrast, the elemental ratios 4He/36Ar and ^e/^Ar as well

as ^Ar/'^Xe and MKr/132Xe, respectively, do correlate to some degree with each other, as

outlined above. This leads to the question whether the total Q-gas concentrations in meteontes

are determined by different mechanisms prior to any alteration process. This could mean that

the primordial concentrations are not similar in all chondrites, in contradiction to the suggestion
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of Huss etal. (1996). On the other hand, it could also simply be the result of the largely varying

déminéralisation procedures and yields. Since the CSSE data, which are less dependent on

sample weights, vary in a similar way as the conventional obtained data, the first option seems

to be more realistic.

4.2.2 Alteration processes and Q isotopic ratios

The effect of alteration of the Q-carrier on the isotopic ratios of a putative original

Q-composition are more difficult to detect than those on elemental ratios, since mass

differences between different isotopes of an element are much smaller than those between

different noble gas elements. Ar, Kr and Xe isotopic ratios for all 7 CSSE experiments (Table

3.9, Table 3.11 and Table 3.13) do not show any deviation from each other and thus no

correlation with the pétrographie classification of the samples. Huss et al. (1996), however,

could detect small differences between the Xe isotopic compositions of relatively

unmetamorphosed (Xe-Pl) and strongly metamorphosed meteorites, respectively. The latter are

diamond-poor or diamond-free meteorites. Small contributions of Xe-HL seem to have been

retrapped by phase Q upon dissolution or destruction of the less refractory part of these presolar

diamonds. This process could have happened during metamorphism or might have occurred

during sample preparation.

Of all Q-noble gases, Ne shows the largest variations in the isotopic composition between

the different meteorites studied. The (:oNe/22Ne)Q ratios vary between 10.0 and 10.7. The

(^Ne/^Nefo vs. ^He/^efo and (20Ne/22Ne)Q vs. (36Ar/,32Xe)Q plots in Figure 4.7 and Figure

4.8, respectively, provide a test of whether the different Ne isotopic ratios can be explained by

alteration processes, similar to the elemental ratios. No correlation is visible in the two figures,

wherein only the CSSE and combustion data are precise enough to prove or exclude any trend.

The three samples Dhajala, Lancé and Cold Bokkeveld with low (^e/^NeJç. ratios of about

10.1 have largely varying elemental ratios. These meteorites do not have a similar chemical

classification and they have not suffered similar alteration. The (20Ne/22Ne)Q ratios for Allende,

Murchison, Dimmitt, Grosnaja and Chainpur are identical within the uncertainties and give a

mean value of (20Ne/22Ne)Q = 10.65 ± 0.02. The values obtained from ureilites are very similar

to this mean value, though with large errors, and lead to a weighted mean of (^'Ne/^NeJureiiiKs =

10.57 ±0.19 (Table 4.3). This agreement between chondrites and achondrites points to a

primordial (2aNe/nNe)Q ratio in the range of 10.6-10.7. However, an unknown mechanism must

be responsible for the lower values for Dhajala, Lancé and Cold Bokkeveld. Further

examinations should answer whether the mean value of 10.11+0.04 has been matched
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accidentally by these three samples or if this match might be the result of another sub-structure

of the noble gases m phase Q
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A possible mechanism for lowering the (20Ne/22Ne)Q ratios might be the retrapping of Ne-HL

with a low ^fae/^Ne of 8 50 (Table 3 1) upon metamorphic destruction of the diamonds, as

proposed for Xe-HL and Xe-Q (Huss et al, 1996) or retrapping of Ne-E Huss et al determined

similarly low fNe/^Nefo raüos of 9 7 and 10 l12 (Table 3 2) for EH4 Abee and L3 6

Julesburg, respectively Julesburg, Abee and H3 8 Dhajala are indeed (essentially) presolar

12
Huss et al determined regression lines, assuming that the Ne, released from Abee and Julesburg by

stepwise heating, is a mixture of cosmogenic and "modified PI", without significant contnbutions of

presolar Ne I recalculate both ^e/^Ne raüos for (21Ne/22Ne)Q = 0 0294, instead of 0 035, used by Huss

et al Estimated from the original plots, me errors for the ^Ne/^Ne ratios amount to about ±0 7
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diamond-free (Schelhaas et al, 1990; Huss, 1997). On the other hand, H3.7 Dimmitt also

contains only traces of presolar diamonds but showed a high (^e/^Nefo value, while Cold

Bokkeveld and Lancé have high abundances of diamonds and a low Ne isotopic ratio (Huss,

1997). Hence, not all results can be explained with the addition of Ne-HL from diamonds.

Therefore, a correlation between the abundance of diamonds, and thus the metamorphic history,

and the ("Ne/^efo ratios is not generally applicable to explain the observed variations.
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not indicate any correlation. For references see Figure 4.7.

4.3 The primordial Q composition

Even if the noble gas data suggest two carrier phases Q reacting differently upon aqueous

alteration and thermal metamorphism, it is still likely that the composition of the Q-gases,

which have originally been incorporated, are identical. The elemental composition of the

heavier elements seems to be best preserved in CV3 Grosnaja and in C03.4 Lancé. However, it

can not be ruled out that these ratios are still lower limits to the "true" primordial Q, especially

in view of the much higher elemental Ar/Xe and Kr/Xe ratios found in carbon-rich separates of

ureilites (Figure 4.10). For He, Ne and Ar ratios, the noble gas composition in CM2 chondrites
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is the best choice to determine a primordial Q elemental composition. The isotopic

compositions of all elements except for Ne are unaffected by these fractionation processes, as

shown above, and the isotopic ratios should therefore be identical to the originally incorporated

Q-gases. As demonstrated e. g. in Figure 4.6, it is very doubtful if one can give reliable

concentrations that could be regarded as a general primordial Q-gas concentration, as has been

suggested by Huss etal. (1996).

4.4 The nature ofphase Q

After the discovery of phase Q Lewis et al. (1975) assumed a hypothetical Fe/Ni/Cr-sulfide

as the carrier mineral, but it soon turned out that the Q-noble gases must reside in a

carbonaceous compound while sulfides and chromite could be excluded (Phinney et al., 1976;

Frick and Chang, 1977; 1978; Frick and Pepin, 1981; Ott et al., 1981). However, the nature of

this carbonaceous carrier has still not been identified. Wacker et al. (1985) and Wacker (1989)

suggested that Q-noble gases are located at or near grain surfaces in a layer of amorphous

carbon, trapped by adsorption on interior surfaces in a sheltered labyrinth of micropores at

temperatures of 300-400 K in the solar nebula. Heymann (1998) proposed so called nanotubes

with caps that are removable by HNO3 to be the carbonaceous carrier phase of the Q-gases. He

retreated his earlier proposal that fullerenes may be phase Q (Heymann, 1986).

A new approach by Sandford et al. (1997; 1998) tries to simulate the conditions in a typical

interstellar dense molecular cloud with temperatures of 10-25 K. These authors exposed a metal

foil to an assumed "realistic" composition of ices, noble gases, organic material and UV

photons which produces more refractory organic structures. The samples were warmed after the

deposition of 10-20 layers which resulted in an organic residue. They succeeded in enriching

Xe relative to Kr and also reached concentrations in these residues as high as those of Q-gases

observed in carbonaceous chondrites. However, the gas retentivity of the organic matter is still

not sufficient to regard the residues as a proper analogue of phase Q, since Kr and Xe are

completely released already at 250 °C, far lower than the main release temperatures of more

than 1000 °C observed for phase Q (Huss et al., 1996). On the other hand, this could also point

to a subsequent mechanism that has fixed the noble gases in phase Q. It would be interesting to

see if Sandford and co-workers could also succeed in reproducing the strong depletion for Ne

observed in phase Q.

Another group succeeded for the first time in enriching Q-gases solely by physical

separation techniques (Amari and Matsuda, 1998; Matsuda et al., 1999). These authors applied

a freeze-thaw disaggregation technique to yieid residues from Allende with noble gas
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concentrations almost as high as those of HF/HCl-resistant residues However, this does not

necessanly mean that phase Q is an onguial, discrete, separable phase A residue will be also

analysed with CSSE to better charactense especially the lighter noble gases and allow for a

better comparison of freeze-thaw disaggregation and HF/HCl-resistant residues

Figure 4.9: Elemental ratios of all steps released from Cold Bokkeveld, normalised with ratios

of step 30, similar to Figure 3 23, but the ratios are referred to the released gas amounts of the

respective denominators The ratio ^Ne/'^Xe was added in order to demonstrate the possibly
related release of Ne-E and Qpgases

Our new CSSE data provide evidence for the existence of at least two "sub-components" of

the earner phase Q This is particularly obvious from Figure 3 23 which shows higher ^He/^e,

*Ke/xAi and "He/132Xe ratios in steps 1-22 than in the last steps 23-30 of the expenment on

CM2 Cold Bokkeveld The other meteontes also support this suggestion since the elemental

ratios obtained from the first and second part of each run vary similarly to Cold Bokkeveld

(Figure 3 22) Few hints on a complex character of phase Q have been published so far Gros

and Anders (1977) earned out a stepwise etching experiment with HNO3 on an HF/HC1-

resistant residue of Allende They suggested two sub-phases13 Qi, soluble in cold diluted

13
Qt and Q2 from Gros and Anders (1977) are underlined in order to distinct these subcomponents

from those suggested in chapter 3 2
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HN03, with a Fe/Cr ratio of >20 which should contain most of the heavy noble gases and Oj,

slowly soluble in hot concentrated HNO3 with a Fe/Cr ratio of -0.5. Oj was roughly estimated

to be at least one order of magnitude poorer in die heavy noble gases than Oj. Gros and Anders

suggested that Oj consists of a sulfide with composition (Fe84Nii2Cr4,)Sx while Oj maybe is

daubréelite (FeQÄ) or a variety of chromite (FeCr204), but later work has shown that the

Q-noble gas carriers must be carbonaceous (Frick and Chang, 1978; Ott et al, 1981). Our

subcomponents Qi and Q2 seem to be similarly susceptible to HNO3 dissolution as Oj and Oj,

respectively, and contain also similar fractions of Q-noble gases as the subcomponents of Gros

and Anders. This can be seen in Figure 4.914. While He-Qi and Ne-Qi dominate the first -20

steps at moderate etch conditions and represent the major part of the released noble gases, Q2

releases its noble gases at acid temperatures higher than 35 °C. Unfortunately, Gros and Anders

could not measure any noble gases in their etched fractions. It seems well possible that their

sub-phases are related to ours in such a way that carbonaceous carriers contain the noble gases

while their minerals determine the weight and element analysis.

A scenario with a more easily etchable carrier phase Qi containing a significant part of the

light noble gases and a more refractory phase Q2 would have important implications. It would

explain why the noble gases are completely lost upon relatively slight etching with HN03,

compared to a "total dissolution" of a residue that is, as discernible by the weight losses,

strongly acid and time dependent, as outlined in chapter 2.2.1. Huss et al. (1996) observed two

PI release peaks on stepwise pyrolysis of CI Orgueil and EH4 Abee and possibly other

meteorites. However, ordinary chondrites as well as CV and CO chondrites generally did not

show the second peak. The authors attributed the two peaks to reactions of phase Q with

chromite and spinel, respectively, but the peaks could also point to different carrier phases. In

addition, Huss et al. observed slightly increasing release temperatures with increasing

metamorphic grade which could indicate that the less refractory subcomponent Qi has been

lost. Ott et al. (1985a; 1985b) suggested two different carrier phases for the trapped noble gases

in ureilites. While one carrier phase, which carries a component with a high ^Ar/'^Xe ratio of

360, is assumed to be diamond, the other, more easily combustible phase is unknown and

should contain noble gases with low a 36Ar/132Xe ratio (Ott et al, 1985a). Both carbonaceous

carriers could be shock- or metamorphically modified Qi and Q2. The larger depletion of He

and Ne in ureilites (Figure 4.10) relative to those from phase Q points to a larger loss of phase

14
This plot is similar to Figure 3.23 but is referred to the total amounts of released gas rather than step

number.
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Figure 4.10: Similar to Figure 3 26 but including data from ureilites which contain "planetary"

noble gases similar to those in phase Q He in ureilites is strongly depleted relative to Q, while

Ar and Kr are enriched ("subsolar") Data for ureilites from "C-nch
"

separates and HF/HCl-

resistant residues in Gobel et al (1978), Ott et al (1985b) and Wacker et al (1986)

Finally, the fact that the (20Ne/22Ne)Q ratios between 10 0 and 10 7 do not show any obvious

correlation with the metamorphic history might be explained by mixing of Q-subcomponents m

different proportions Unfortunately, due to the release of Ne-E(L), a possible small difference

in the Ne isotopic ratios of Qj and Q2 in Cold Bokkeveld was not recognisable However, the

intersection of the Ne E/Ne Q mixing line which should determine (20Ne/22Ne)Qi and the

Ne-Q/Necosm mixing line which should point to (20Ne/22Ne)Q2 yield almost identical values

which seems to speak against the hypothesis that Ne in Cold Bokkeveld is a mixture of

isotopically differently composed subcomponents Qi and Qj

Figure 3 24 and Figure 4 9 suggest that phase Qi may somehow be connected with Ne-E(L)

and its earner graphite This suggests that parts of the Q-gases were trapped on graphite gram

surfaces This could have happened either within the solar system, as suggested by Wacker et

al (1985) and Wacker (1989) by adsorption m a labyrinth of micropores On the other hand,

Q-noble gases sited on surfaces of presolar graphite grains could also be related to trapping

mechanisms simulated by Sandford et al (1997, 1998) and postulated by Huss and Alexander

(1987) to have happened m the presolar molecular cloud If an exposure of cold presolar grains
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to noble gases have indeed led to the trapping of the Q-noble gases, carriers other than graphite,

e. g. diamonds or SiC grains, need to be considered as well. Since Q-gases have been found

also in more metamorphosed meteorites, but Ne-E(L) and presolar grains are abundant only in

the least metamorphosed samples (Huss, 1997), Q-gases can not be related solely to graphite.

Other more refractory carriers are necessary. This would require the existence of

subcomponents of Q, and the correlation of presolar noble gas carriers and phase Q,

respectively, with the metamorphic history as deduced by Huss (1997) can be explained

straightforwardly. However, serious arguments contradict the idea of graphite as an important

part of phase Q. The release temperature of the Q-gases between 1200-1600 °C is higher than

the release temperatures of Ne-E(L) from graphite of 700 °C and 900 "C (Amari et al., 1990b;

Huss et al., 1996). It seems unlikely that the volume correlated Ne-E(L) is released prior to the

surface-correlated Q-gases. No Q-gas has been found in pure graphite separates. However,

possibly, organic coatings, may have been formed similarly to the procedures of Sandford et al.

(1997; 1998) and may have been lost completely upon preparing the graphite residues. The

enrichment of He and Ne in the easier etchable phase Qi and the somehow "delayed" Ar from

phase Q2 (chapter 3.2) would then be only due to distinct trapping efficiencies of different

carbonaceous carrier materials upon noble gas exposure. Isotopic fractionations are not

expected to occur if one assumes e. g. trapping by plasma implantation (Fukunaga and

Matsuda, 1997).

4.5 Ne-E(L) in Chainpur and Cold Bokkeveld

The Ne-E(L) concentrations of Chainpur and Cold Bokkeveld were determined in chapter

3.1.2. Here, I show that these results confirm the trend suggested by Huss (1997) that the

Ne-E(L) concentration, and therefore, the abundance of its carrier phase, presolar graphite,

strongly depends on the meteorite class and decreases as a function of increasing pétrographie

type. Huss and Lewis (1995) found highest Ne-E(L) contents in CI and CM2 chondrites. They

could not unambiguously detect (i. e. resolve) Ne-E(L) in UOCs of pétrographie type > 3.1,

since the low abundances of Ne-E(L) could have been compromised by Ne-E(H). Possibly,

Ne-E released by stepwise pyrolysis below 1000 °C in the experiment by Huss and Lewis was

rather Ne-E(H) which was released in parts. In contrast, we were able to determine an actual

value for Ne-E(L) in the LL chondrite Chainpur which is an UOC of pétrographie type 3.4.

The new data in Table 4.4 better illustrate that the carrier of Ne-E(L), graphite, is strongly

depleted due to the metamorphic history of the meteorites which is indicated by their

classification and their pétrographie type. The large difference between CI chondrite Orgueil,
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CM2 Cold Bokkeveld and the more differentiated meteorites indicate that presolar graphite has

been almost completely destroyed or has lost all Ne-E(L) by thermal metamorphism which

altered the original meteoritic material. This abundance sequence also indicates that the carrier

graphite is hardly sensitive to aqueous alteration, similar to phase Qj but in contrast to phase

Q2, as shown in chapter 4.2.1.

Table 4.4: Ne-E(L) in non-oxidised acid residues calculated to bulk meteorite mass.

meteorite pétrographie type Ne-E(L) source

[1Q'"W STP/g meteorite]

Orgueil Cl 24.4 Huss and Lewis (1995)
Cold Bokkeveld CM2 5.12 this work

Chainpur LL3.4 0.15 this work

Ragland LL3.5 <0.013" Huss and Lewis (1995)
Tieschitz H/L3.6 «cO.Oll" Huss and Lewis (1995)
"
more than 100 % uncertainty, must be seen as upper limit due to possible admixtures of Ne-E(H).

I compare the Ne-E(L) concentrations for Cold Bokkeveld and Chainpur found in this work

with those reported by Huss and Lewis for non-oxidised acid-resistant residues. Their oxidised

residues also contain Ne-E(L) contributions, indicating that their oxidising procedure did not

completely destroy presolar graphite. In contrast, the Ne-three-isotope-plots for Chainpur and

Cold Bokkeveld (Figure 3.3 and Figure 3.4) indicate that CSSE released Ne-E(L) almost

completely, since the last steps of both runs do not contain significant amounts of Ne-E(L).

Since the weights of acid-resistant residues depend considerably on the déminéralisation

procedure (Table 2.5), the Ne-E(L) concentrations in Table 4.4 are given per bulk meteorite

mass.

4.6 He in interplanetary dust particles (IDPs)

Interplanetary dust particles (IDPs) are, apart from the most primitive carbonaceous

chondrites, another important source for material almost unprocessed since the condensation of

matter in the forming solar system. This is indicated e. g. by the nearly CI composition ofmany

IDPs (Brownlee et al., 1977; Arndt et al., 1996). IDPs are assumed to originate from comets,

but asteroids also contribute in unknown relative proportions (Bradley et al., 1988).

He in 60 single IDPs and fragments of cluster IDPs, collected in the stratosphere, showed

'He/^e ratios between (1.4 ± 0.5) x 10"4 and (2.0 ± 0.3) x 10'2 (Nier and Schlutter, 1990; 1992;

1993; Pepin and Schlutter, 1998). 3 BDPs from the complete record contained He with a

'He^He ratio <2.0 x 10"*. In two of these IDPs the ^e/^Ne ratios could be measured. The IDP
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with the lowest He isotopic ratio contained Ne with 10 0 ± 1 1, the other measurement revealed

^e/^Ne = 12 4 ± 4 2 Half of the 3He/"He ratios were below 4 6x10"* and have been

interpreted as a "normal mixture" of primordial He-Q and implanted He of solar origin (Pepin

and Schnitter, 1998) Most importantly, no ratio from a set of 60 data fell below the (3He/4He)Q

ratio of (1 43 ± 0 03) x 10"4 (Table 3 7) This suggests that our new He-Q value is indeed the

correct value for pure primordial He incorporated mto the meteontes at their formation and is

not compromised by cosmogenic He or He from other sources Small admixtures of solar He,

however, might be possible Unfortunately, the Ne isotopic ratios do not unambiguously

exclude this possibility Comets have probably been formed m the Uranus-Neptune zone and

are remnants from a population of unaltered primordial building blocks, the icy planetesimals

that formed the outer planets (Greenberg et al, 1984) If the cometary origin of those IDPs with

low, Q-like 3He/*He ratios could be established, the region where Q-like He has existed and has

been incorporated into the forming planetesimals would also include the colder outer solar

system regions

Pepm and Schlutter (1998) also found IDPs with anomalous 3He/*He ratios that far exceeded

(3HeAle)sw They could not explain these 3He excesses by cosmic ray exposure and, thus,

proposed a currently unidentified 3He source, perhaps m the presolar molecular cloud No hints

on such a He source with enhanced 'He^He ratios (or of pure 3He') have been found in

meteontes yet However, one might ask, rather speculatively, if the He released from Dimmitt

with its extraordinanly constant 3He/*He ratios (Figure 3 7) might have something in common

with this hypothetical 3He source On the other hand, it seems rather unlikely that just Dimmitt,

the most severely metamorphosed meteorite of all samples examined with CSSE, should be the

one that carnes an additional He component similar to the least altered IDPs

4.7 Q and the Big-Bang nucleosynthesis theory

The Standard Big-Bang nucleosynthesis theory "SBBN" (e g Alpher et al, 1948, Peebles,

1966, Wagoner et al, 1967, Schramm and Turner, 1998) predicts the pnmordial15 abundances

of the light stable nuclei H, D, 3He, 4He and 7Li as plotted m Figure 411 (from Schramm and

Turner, 1998) These isotopes have been produced at an early stage of the universe (0 01-200 s)

dependent on universal parameters, e g the baryon density ps'6, the number of light17 neutnno

primordial refers here to the universe

16
The SBBN predictions of the elemental abundances depend on the baryon-to-photon ratio r| which

is related to the mass baryon density pB with pB = T| n, mN where nT is the number density of photons
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species NVIS and the half life of the neutron (Schramm and Turner, 1998 and references

therein). QB • h2 is the scale of the upper x-axis of Figure 4.11, where QB = Pb/Pc, i. e. QB is the

baryon density pB normalised with the critical density pc= 1.88-h2x 10'29gcm"3. The

parameter h (probably between 0.5 and 1) is a measure for the hubble constant Ho =

100 • h km s"1 Mpc"' (Schramm and Turner, 1998). Thus, QB • h2 is the contribution of the

baryons to the critical density. For values of 0B • h2 > 1, the universe oscillates or is closed, a

value < 1 means that the universe raonotonically expands.

In the noble gas context of this work, we are interested in the primordial abundances which

are necessary to test the SBBN theory and to deduce upper and lower bounds for the physical

parameters pB and Nv. This is symbolised by the "consistency" interval in Figure 4.11. The

inferred primordial abundances for D, 3He, ''He and 7Li allow for baryon densities within this

marked interval. While the upper limit is mainly determined by the D abundance, since

nucleosynthetic processes which can produce D are not known, the lower, less restricted, limit

can be set by the abundance of D + 3He, because D will be burnt only to 3He and a significant

amount of 3He survives the stellar nucleosynthesis processes (Copi et al, 1995b). Apparently,

D is the best indicator for the baryon density pB, because it decreases most steeply with

increasing pB, and therefore it is most suitable as a cosmic "baryometer" (Copi et al., 1995a;

1995b). The limits for Pb set by D alone are indicated by the darker area of the consistency

interval in Figure 4.11.

There are several possibilities to infer the abundance ratios (D/H),,, (3He/H)pnm> ^He/H),,,

and ('Li/HJpm, from observations and laboratory measurements of cosmic material. We will

discuss the ratios (D/H),^ and (1He/H)pam in detail below, since these values have been inferred

by meteoritic and planetary data. (D/H),« has been deduced from ratios measured in the

present-day galaxy in clouds which are not affected seriously by subsequent stellar

nucleosynthesis, in the local interstellar cloud (LIC), in which the Sun is located, and from the

protosolar cloud (PSC), with the aid of meteorites and the examination of the jovian

atmosphere (Geiss and Gloeckler, 1998; Linsky, 1998; Mahaffy et al, 1998). ^He/H),, is

more difficult to determine, nevertheless data have been inferred from H II regions, planetary

(411 cm"3; from the cosmic background radiation) and hin is the baiyon mass (1.66 x 10'24 g) (Copi et al.,

1995b).

17mv«lMeV
18
According to SBBN, the mass fraction of 4He in the universe ("Yp") is, among other parameters, a

function of the number of very light neutrino species Nv. 4He limits Nv, in accordance to particle physics

experiments, to be smaller than 4 (Copi et al, 1997).
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nebulae and the LIC, PSC ratios have been deduced from solar system sources (Geiss and

Gloeckler, 1998, Gloeckler and Geiss, 1998, Linsky, 1998, Mahaffy et al, 1998, Rood et al,

1998) Differences in the abundance ratios in different cosmic matter point to "chemical

evolution", i e nuclear processes and subsequent mixing m the interstellar medium, that lead to

destruction and production of elements, especially D and 3He (Pagel, 1997)

pB (g cm"1)

Figure 4.11: Abundances of the pnmordially

produced nuclei H, D, 3He, ''He and 7Li depend on

the baryon density Pb, as predicted by the standard

Big-Bang nucleosynthesis theory The

"consistency" interval, deduced from inferred

cosmic abundances, limits the possible values of

the baryon density pB The dark region of this

interval is inferred from D alone (Figure from

Schramm and Turner, 1998)

(D/H)prim deduced from meteoritic 3He/4He...

The "classical" way to determine (D/H),^ in the protosolar cloud is to use solar system

abundances of 3He and 4He (Geiss and Reeves, 1972, Geiss and Gloeckler, 1998) All

primordial D in the Sun should have been converted into 3He within <1 x 105 a during the pre-

main-sequence phase of the Sun (Ozima et al, 1998) Since there are no nuclear processes

known that produce D, (D/H)p„m can be calculated in principle with
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(D/H),,^ = («He/H)^ * [('He/foe)** - (Wife),«]

With a (4He/H)p,c ratio of 0.095 ± 0.010 (Copi et al, 1995a), two ratios are needed:

^He/^HeJsu» and (^He/^He)^. CHehie)Sm has been obtained from solar wind (SW)

measurements (Table 4.5), either in gas-rich meteorites, in lunar material or from spacecraft

(Black, 1972a; Geiss and Reeves, 1972; Benkert et al, 1993; Bodmer et al, 1995; Gloeckler

and Geiss, 1998). The (*He/4He)Sw ratio from the outer layers of the Sun does not necessarily

have to be identical to the (3He/,He)SuB ratio. However, the corrections that have to be made

because of the isotopic fractionation between the source region and the emitted solar wind and

mixing processes between the SW source and deeper layers that have produced additional 3He,

is assumed to be only 8 % (Geiss and Gloeckler, 1998). To obtain ('He/He)^, it has been

assumed that Hepsc was sampled more or less unfractionated in meteorites that accreted during

the formation of the solar system (Geiss and Reeves, 1972; Yang et al, 1984; Geiss, 1993).

Therefore, these authors adopted values deduced for "planetary" He-A in primitive meteorites

(3He/4He)A= (1.3 ± 0.6) x 104 and (1.5 ± 0.3) x 10"4, respectively, for their calculations.

However, He-A, found in several primitive meteorites, is clearly a mixture of He-Q and He

trapped in presolar grains and originating from different stars (see chapter 3.1.3). Thus, if

primordial "planetary" He, incorporated into meteorites in the solar system, is thought to be

useful for the determination of (D/H)^^, then one should rather choose He-Q (Copi et al.,

1995a) with the new value of (3He/*He)Q = (1.43 ± 0.03) x W*, as deduced in chapter 3.1.3.

Fortunately, however, all ^e/'He ratios for protosoiar He that have been derived from

meteorite data so far are identical within their errors (Table 4.5). I used this (3He/*He)Q as

(3He/4He)psc, fHe/HV from Copi et al (1995a) and ^He/'He)*^ (3.8 ±0.5) x 10-4 from

Geiss and Gloeckler (1998) to determine (D/H)^ = (2.3 ± 0.5) x 10"5 which is in agreement

with all other (D/H)psc ratios given in Table 4.6. The protosoiar data inferred from different

^e/^e ratios are listed in the first part of the table, ratios measured directly from different

cosmic sources are given in italic letters. Note in particular the very similar (D/H)^« ratio,

measured by the Galileo spacecraft directly in the jovian atmosphere.
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Table 4.5; Isotopic composition of He deduced for cosmic reservoirs.

component 3He/*He [IP-4] remarks

He-Q 1.43 ±0.03 meteoritic this work

He-A 1.50 ±0.30 meteoritic Geiss(1993)

He-A 1.42 ±0.02 meteoritic Reynolds et al. (1978)

Jupiter 1.66 ±0.05 Galileo Mahaffy et aJ. (1998)

SW 4.56 ±0.08 Benkert«a/.(1993)

SEP 2.17 ±0.05 Benkert«a/.(1993)

slow + fast SW 3.8 ±0.5 "outer convection zone" Geiss and Gloeckler (1998)
LISM" 1.70 ±0.10 Linsky ef a/. (1993)

LIC2) 2.2 ±0.8 Gloeckler and Geiss. (1996)
LIC2) z-4ö-062 Gloeckler and Geiss. (1998)

" local interstellar medium;2> local interstellar cloud.

According to Ozima et al. (1998), meteoritic noble gas data rather point to a po«-D-burning

origin of the Q-gases and thus He-Q. If so, it is not possible to determine the abundance of

primordial D from meteoritic He isotopic ratios.

Table 4.6: Protosolar and other D/H ratios deduced from different cosmic matter.

D/H [105] WHeratios [10"4] source

(see also Table 4.5)

solar wind protosolar

protosolar 2.3 ±05 3.8 ±0.5 (1.43±0.03)Q this work

protosolar 2.5 ± 0.5 Geiss and Reeves (1972)

protosolar 2.6 ±1.0 4.5 ± 0.4 (1.5 ±0.3)„» Geiss (1993)

protosolar 2.1 ±0.5 3.8 ±0.5 (1.5 ± O^ntfpu,, Geiss and Gloeckler

(1998)

protosolar 3.01 ±0.17 4.25-4.88" (l.l±0.2)jmill2) Gautier and Morel

(1997)

protosolar 2.7 ±0.3 4.4 ± 0.4 (1.66±0.05),ov,an Mahaffy etal. (1998)

Jupiter 2.6 ±0.7 Galileo probe Mahaffy et al. (1998)

(sprotosolar)
LIC 1.50 ±0.10 12 measurements Linsky (1998)3)
LISM 1.28 ±0.36 7 measurements Linsky (1998)3)
(without LIC)
' three space missions;

2> older, uncorrected 3He/4He ratio from Niemann et a/.(1996), see Table 4.5;
3>
compilation.

Table 4.6 lists several (D/H)^ ratios as determined by the method described above, as well

as data for the local interstellar medium (LISM) and Jupiter. (D/H)usm ratios derived by

spectrometric observations at different locations suggest that the D/H ratio does not largely

vary in the LISM (Piskunov et al., 1997; Linsky, 1998). These values represent the present state

and are lower than the protosolar value, which has been established 4.56 Ga ago, due to

destruction of D in the galaxy by stellar nucleosynthesis and subsequent mixing. The unaltered

(D/H)pn„, ratio should also be directly observable in very red-shifted extragalactic hydrogen
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clouds towards quasars. However, these values, which reach (D/H)^ = 2 x 10"4, vary

considerably and probably are spurious (Gloeckler and Geiss, 1996; Linsky, 1998).

A slightly different way to determine (D/H)^ is to adopt the jovian 'He/'He ratio as

('He^He),« (Gautier, 1983; Gautier and Morel, 1997; Geiss and Gloeckler, 1998). The giant

planets Jupiter and Saturn are assumed to be undisturbed reservoirs, free from production or

loss processes (Owen et al, 1986). Their compositions should represent the unaltered

protosolar gas, since due to their great masses and low temperatures, no He escape should

occur. Niemann et al. (1996) reported a (3He/4He)jOVta ratio of (1.1 ±0.2)x 10"4, measured by

the Gallileo probe. Recently, a corrected value of (1.66 ± 0.05) x 10^ was published (Mahaffy

et al., 1998; Niemann et al., 1998). This new value is higher than the value of (1.43 ±0.03)

x 10"4 deduced for He-Q in this work (Table 4.5). If the ratio obtained for Jupiter is indeed the

correct protosolar value, the value of He-Q must represent another reservoir than the protosolar

cloud.

However, Zahn et al. (1998) pointed out that the mass fraction" Y, = 0.234 ± 0.005

measured by Gallileo for Jupiter's atmosphere is lower than the protosolar value of

0.275 ± 0.010 (Bahcall and Pinnsonneault, 1995). Since no escape of H and He should occur,

the interior of the planet must contain more He relative to H (Guillot et al., 1997). The

depletion is assumed to be the result of downward migration of He-rich droplets and was also

observed for Ne (Zahn et al., 1998). At high pressures, H and He separate, and He "rains"

downward. This process has been clearly observed at the atmosphere of Venus. I speculate that

the enrichment of the heavier species in the interior might also be the mechanism to explain the

higher (3He/4He)J0Vlm ratio compared to the meteoritic protosolar value ('He^HejQ.

(3He/H)prim deduced from protosolar 3He/4He...

(3He/H)pnm can similarly be inferred by measurements within the solar system (Yang et al.,

1984; Copi et al, 1995a). Still problematic is the extent of production and destruction of 3He

in stars (Copi et al, 1995b): Bochsler et al. (1990) and Bochsler (1992) expect significant 3He

enhancements within the Sun. 3He is well observed in galactic HJJ regions and planetary

nebulae. Recently, Rood et al (1998) suggested that neither stellar production nor destruction

of 3He can be of significance for the galaxy, since they could not observe substantial variations

in a great number of HQ regions, although planetary nebulae and model calculations show

largely (up to 100-fold) evolved 3He/H ratios (Bania et al, 1993; Charbonnel, 1998; Tosi,

"
astrophysical notation for He abundances: Y = m(He) / [m(H2) + m(He) + mflieavy elements)]
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1998). Thus, Rood et al. proposed a primordial 3He/H value of 1.5^0xl0-5in the galaxy,

mostly unaffected from single stellar conditions. Using CHeM^x = 0.095 ± 0.010 (Copi et al.,

1995a) and adopting our He-Q value as protosolar, we obtain (3He/H)psc = (1.36 ± 0.15) x 10"5

in agreement with the value of Rood et al. Gloeckler and Geiss (1996) obtained a rather similar

('He/H) for the LISM of (2.42 ± 1.45) x 10-5.

If Rood et al. (1998) are right, the 3He/*//e ratio in the interstellar medium should also not

vary as much as the values observed in single stars. This could be the explanation for the

remarkable similarity of He-Q and He-A. While the first component has been possibly

incorporated at the formation of the well mixed gaseous solar nebula, the second one is

dominated by He trapped in interstellar diamonds of a distinct number of stellar sources. A

mixture of an ensemble of stellar He reservoirs, as probably represented by the interstellar

diamonds, should thus yield a similar 3HeJ*He ratio as the (3He/4He)Q which might be also a

protosolar mixture of several contributing stellar sources that have contributed to the PSC. This

suggestion would clearly require apre-D-burning origin of Q.
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5 Summary and conclusions

Five HF/HCl-resistant residues of the meteorites C03.4 Lancé, H3.7 Dimmitt, CV3 (ox.)

Grosnaja, LL3.4 Chainpur and CM2 Cold Bokkeveld have been analysed by the closed system

stepped etching (CSSE) technique which is uniquely suitable to measure in particular the light

primordial noble gases in the oxidisable phase Q. Stepwise measurements have allowed to

resolve Q-noble gases from other simultaneously released components such as solar and

cosmogenic noble gases as well as presolar Ne-E. The experiments, lasting up to five months

each and consisting of up to 30 etch steps, have shown that the primordial noble gases of phase

Q have been sampled by all examined meteorites which are of different chondritic classes. All

Q-gases released upon etching widi HNO3 show the characteristic "planetary" elemental release

pattern, which is increasingly depleted in the lighter noble gases normalised to Xe and solar

abundances, by about seven orders of magnitude in the case of He. The samples contain Q-gas

with identical "normal" Ar, Kr and Xe isotopic ratios, in agreement with results from earlier

examinations. All these similarities show that Q-gases have been widespread in the meteorite

forming regions of the early solar system and were homogeneously incorporated into the

accreting planetesimals. The new Ne data confirm a few earlier measurements which have

hinted that the Ne-Q isotopic composition is the least uniform of all elements. All reliable

(20Ne/22Ne)Q ratios lie in the range between 10.0 and 10.7 with typical errors in the order of

0.05-0.2. A correlation of (20Ne/22Ne)Q with the chemical class or alteration history of the

meteorites has not been found. However, since the isotopic ratios of all other elements appear

to be identical, it can be assumed that Ne has been incorporated homogeneously into all

meteorites and another, so far unknown, process must have been responsible for the alteration

of the original Ne-Q.

The most important result of this study is the determination of (3He/*He)Q in two meteorites.

The values are (1.45 ± 0.01) x 10"4 for Grosnaja and (1.41 ± 0.01) x 10"4 for Cold Bokkeveld.

Except for older data from the CSSE analyses of Allende and Murchison, which have been

slightly compromised by cosmogenic He, these values are the only He isotopic ratios obtained

for He-Q. Assuming that Q has been acquired by the meteorites during their formation at the

beginning of the solar system, and, in addition, that He-Q represents pre-D-buming He, the

(3He/*He)Q has been used to determine a protosolar D/H ratio which can be of importance in the

framework of standard big-bang nucleosynthesis. The calculated (D/HJ^^osoiar ratio of

(2.3 ± 0.5) x 10"5 is in accordance with values determined from the Jovian atmosphere which is
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assumed to have sampled protosolar hydrogen. This indicates that He-Q might indeed contain

protosolar He. The new (3He/*He)Q mean value of (1.43 ± 0.03) x 10"4 is lower than the

respective value for the Jovian atmosphere which is (1.66 ± 0.05) xlO"4. This hints to

fractionating processes, since both reservoirs should contain the same, unfractionated He

incorporated from the solar nebula.

Relative to solar abundances, all meteorites show a very similar "planetary" elemental

composition presumably indicating that phase Q sampled one single component. However,

there is evidence, in particular from the etch run of CM2 Cold Bokkeveld, that Q-noble gases

reside in at least two distinct carrier phases, "Qi" and "Q2", with slightly different properties.

Q[ which contains more He and Ne relative to Xe and Q2, seems to be related to the carrier of

Ne-E, presolar graphite, and is easier to etch than Q2.

Several petrologic observations on the degree of parent body alteration could be confirmed

by the Q-noble gas concentrations. The analysis of the elemental ratios of the Q-noble gases

yielded that the heavier noble gases Ar, Kr and Xe reflect both thermal metamorphism and

aqueous alteration. Both parent body processes produced larger depletions of Ar and Kr relative

to Xe. For He and Ne, the situation is different. Aqueously altered meteorites, such as the CM2

chondrites, do not show depletions of He and Ne relative to Ar. To the contrary, these

meteorites contain Q-gases with the highest He/Ar and Ne/Ar ratios. These observations also

point towards two Q carrier phases, as suspected above, where the He and Ne enriched carrier

phase Qi is less susceptible to aqueous alteration.

The determination of the 22Ne-E(L) contents in Chainpur and Cold Bokkeveld has provided

further evidence for the assumption that abundances of presolar graphite grains correlate

negatively with the grade of metamorphic alteration.

Outlook...

CSSE has proven to be a powerful tool to resolve Q-gases, Ne-E, as well as cosmogenic and

solar noble gases from each other. The most important future task will be to identify the carrier

phase(s) Q. Noble gas analyses can only help to trace the separation of the subphases Qi and Q2

according to their slightly different He and Ne abundances. The complete deciphering of phase

Q would probably help to solve the problem of the origin of the Q-noble gases and answer the

question whether they were already trapped in carbonaceous mantles of presolar grains, in the

presolar molecular cloud or "locally" within the solar system. The identification of the Q-gas

trapping mechanism and its carrier phases might also improve the models of the evolution of

planetary noble gas inventories in our solar system.
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Several additional HF/HCl-resistant residues have been prepared for this study. First, they

should be analysed to complete the series of CSSE analyses of CO chondrites. The comparison

of data obtained from members of this single meteorite class then provides a possibility to test

whether the carrier phases are differently susceptible to aqueous alteration and thermal

metamorphism. The extraordinarily short exposure age of the C03.7 chondrite Isna should

allow for a precise determination of the (3He/4He>Q ratio as well as the (20Ne/22Ne)Q ratio in a

sample that experienced more severe metamorphism than C03ox. Grosnaja or CM2 Cold

Bokkeveld. A further CSSE experiment on a residue of Allende highly enriched in primordial

noble gases by purely physical means (i. e., freeze-thaw disaggregation) is planned (Amari and

Matsuda, 1998; Matsuda et al, 1999). This should test whether Q noble gases are separately

releasable equally well as from the HF/HCl-resistant residue of Allende (Wieler et al., 1991).

This residue may yield a ('He^HeJc. ratio for Allende possibly less influenced by cosmogenic

He than the already known value of 1.59x 10"4(Wieler etal, 1991).

Another problem that should be addressed is whether graphite and (parts of) phase Q are

somehow closely related as indicated by observations discussed in chapter 4.4. Especially

interesting is also the question why graphite is, similar to phase Q, very abundant in the CM2

and some LL chondrites, but, in contrast to phase Q, absent in CV and CO chondrites.
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7 Appendix

7.1 Noble gases in Lancé

Step "IT 3He/*He

(xlO4)
»Ne ^e/^Ne 21Ne^Nel) ^Ar *Ar/38Ar *W*Ar

1 vap. lh 4.25 181 0.069 9.5 0.108 2.05 5.37 67.3

0.09 18 0.005 0.5 0.011 0.07 0.04 0.4

2 vap. 120h 113.1 12.85 1.115 9.25 0.134 37.3 5.28 19.27

0.9 0.16 0.018 0.08 0.002 1.3 0.02 0.07

3 vap.215h 143.3 10.36 1.78 9.56 0.100 59 5.30 10.76

1.1 0.14 0.02 0.04 0.002 2 0.03 0.04

4 25°C112h 124.7 9.17 1.79 9.58 0.0860 66 5.29 11.44

1.0 0.12 0.02 0.04 0.0017 2 0.03 0.05

5 50°C 20h 36.4 5.92 1.019 9.71 0.0701 58 5.34 2.172

0.4 0.11 0.07 0.03 0.0016 2 0.04 0.011

5 corrected?* 107

5

1.53

0.07

6 60°C 166h 176.9 7.47 2.53 9.94 0.0627 98 5.34 1.88

1.3 0.09 0.03 0.05 0.0008 4 0.08 0.02

7 80°C 259h 142.7 8.48 2.07 9.80 0.0627 92 5.34 1.570

1.1 0.11 0.02 0.04 0.0016 3 0.03 0.007

8 90°C 163h 27.2 12.4 0.378 9.68 0.073 16.2 5.24 3.10

0.4 0.3 0.009 0.17 0.004 0.6 0.04 0.02

9 60°C 259h -0.2 5 0.001 11 -0.1 2.09 5.15 8.28

-0.4 10 0.003 26 0.3 0.08 0.10 0.12

total 768 10.32 10.74 9.68 0.0819 431 5.32 6.43

3 0.11 0.05 0.06 0.0009 7 0.12 0.17

total corrected 839

5

11.25

0.09

Gas concentrations in 10

affected by the neon-hydride interference (chapter 2.2.1). The corrections applied are described in detail in

chapter 7.8.1;2) He and Ne in step 5 suffered losses probably due to leakage (see Figure 3.17). These losses are

corrected with the 36Ar abundance of step 5 and mean elemental ratios 'He/^Ar and ^Ne/^Ar of steps 4 and 6.

Since these ratios are almost identical, it can be assumed that step 5 is composed similar to steps 4 and 6.

Table 7.1: He and Ne" in (26.04 ± 0.05)mg oxidised HF/HCI-

resistant residue of Lancé (bulk measurement HB07, 27/08/97-

23/01/98).

Step "He 3HeAie "Ne ""Ne^Ne aNe/=Ne

(x 104)
1800°C2) 3597 2.22 19.9 8.5 0.056

22 0.05 0.4 0.2 0.002

Gas concentrations in 10"8 cm3 STP/g residue;
"
Ar, Kr and Xe could

not be measured due to too much Teflon-induced background gas

(chapter 2.1.2);2) Total extraction without pre-step at 600°C.



154

Table 7.3: Kr m the HF/HCI-resistant residue ofLancé (etch run)

Step "Kr '»Kr/^Kr «WKt ^Kr/^Kr «Kr^Kr 86Kr/84Kr

xlOO xlOO xlOO xlOO xlOO

1 511 0 575 3 86 2019 19 85 3135

006 0 018 002 013 014 015

2 482 0 583 3 99 2030 2027 30 93

06 0006 0 03 013 018 019

3 69 4 0589 3 91 2006 20 30 3092

08 0006 002 0 07 0 08 013

4 82 6 0599 3 94 20 25 20 31 3135

11 0006 004 010 0 07 014

5 600 0 598 3 88 2014 2015 30 9

07 0007 0 03 012 013 02

6 102 3 0596 3 95 20 32 2041 3147

12 0006 0 03 0 08 019 014

7 95 0 0600 3 96 20 36 20 35 3143

12 0008 003 010 009 018

8 161 0595 3 95 20 39 20 34 3124

02 0010 003 008 Oil 018

9 2 36 0663 3 87 2057 19 90 3077

003 0016 009 014 016 016

total 481 0 596 3 94 20 26 20 31 312

2 0006 003 017 017 03

Gas concentrations in 10lucm3STP/g residue

Table 7.4: Xe in the HF/HCI-resistant residue of Lancé (etch run)

Ste^ »"Xe ,24Xe/'KXe 12<Xe/132Xe '"Xe/'^Xe 12»Xe/132Xe ,3gXe/ÄXe 13lXe/l3iXe ,34Xe/i32Xe ,teXe/13iXe
xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1 258 042 037 798 1099 1572 813 3793 322

003 002 002 006 06 013 06 017 03

2 405 0456 0406 8 27 1110 1640 818 38 1 319

06 0006 0005 007 11 015 06 03 03

3 629 0462 0414 844 1087 1645 825 389 32 1

09 0004 0003 006 07 Oil 06 03 03

4 800 0467 0404 834 1079 1644 8245 3843 319

10 0003 0003 006 07 006 014 009 03

5 610 0458 0402 834 1050 1631 821 379 32 1

08 0003 0006 004 05 009 04 03 03

6 123" 0446 0397 8 1
2) 157 818 37 1 316

2 0014 0013 03 05 27 12 10

7 92 8 0488 0430 8 68 2) 17 13 85 42 39 67 33 32

12 0005 0003 003 002 018 019 016

8 15 2 0450 0407 8 12 103 8 16 30 82 2 37 59 318

02 0008 0006 004 05 007 04 016 02

9 255 0460 0395 8 12 1045 1669 816 38 1 310

0 03 0006 0009 004 0 7 012 05 02 02

total 481 0462 0408 832 107 33> ïël 826 382 327
3 0006 0005 010 10 02 10 05 04

Gas concentrations in 10lu cm3 STP/g residue,
" ,32Xe could be measured, although less precisely, with the

Faraday cup,
2)

not measured,3) ratio determined without Xe abundances of steps 6 and 7 (including 132Xe of

steps 6 and 7 129Xe/l32Xe = 59 1 ± 0 6)
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7.2 Noble gases in Dimmitt

Step «He 3He/*He

(xlO4)
»Ne "NePNe »Ne/W *Ar »Ar/^Ar «Ar^Ar

1 vap. 3h 2.98 4.98 0.0425 11.18 0.073 0.095 5.4 33

0.03 0.13 0.0008 0.14 0.003 0.011 0.7 3

; corrected* 0.29

0.75

0.004

0.002

2 vap.17h 6.92 6.2 0.0794 10.97 0.120 0.418 5.42 31.1

0.05 0.2 0.0010 0.07 0.004 0.015 0.19 0.6

2 corrected 1.3

0.6

0.021

0.011

3 vap. 162h 30.2 6.90 0.339 10.08 0.1441 3.65 5.49 10.38

0.2 0.12 0.004 0.06 0.0017 0.08 0.03 0.05

3 corrected11 11

6

0.16

0.08

4 25°Clllh 32.4 6.87 0.428 9.89 0.135 6.29 5.52 12.92

0.2 0.12 0.004 0.02 0.002 0.15 0.06 0.10

5 40°C 88h 24.1 7.13 0.355 9.87 0.1220 7.2 5.51 3.85

0.2 0.12 0.004 0.04 0.0010 0.2 0.09 0.05

6 60°C 112h 33.1 6.84 0.493 9.98 0.1033 11.5 5.48 1.91

0.2 0.10 0.005 0.03 0.0011 0.3 0.12 0.03

7 70°C 255h 37.0 6.93 0.559 10.02 0.0955 16.0 5.48 1.667

0.3 0.10 0.007 0.05 0.0016 0.4 0.03 0.008

8 90°C211h 13.46 6.86 0.197 10.02 0.0991 6.17 5.40 1.564

0.10 0.12 0.002 0.05 0.0018 0.14 0.05 0.010

9 100°C 260h 32.7 7.13 0.300 10.00 0.1067 9.0 5.45 1.359

0.2 0.10 0.003 0.03 0.0015 0.2 0.04 0.008

9 corrected7' 20

2

0.29

0.03

10 115°C40h 2.98 6.51 0.0173 10.5 0.133 0.46 5.2 2.47

0.02 0.13 0.0007 0.3 0.006 0.03 0.3 0.09

10 corrected" 1.00

0.11

0.0147

0.0017

11 130°C 187h 59.9 6.48 0.147 9.78 0.200 2.77 5.46 2.81

0.4 0.10 0.003 0.11 0.003 0.06 0.05 0.02

11 corrected2' 6.0

0.6

0.088

0.009

total 275.7 6.81 2.957 10.01 0.1186 63.6 5.47 3.82

0.7 0.04 0.012 0.06 0.0009 0.6 0.08 0.05

total corrected1' 222

8

2.63

0.08

Gas concentrations in 10"8 cm3 STP/g residue;
"
see footnote

" ofTable 7.1;2) Steps 1-3 and 9-11 contain large

abundances of solar He and Ne (see chapter 3.2, Figure 3.18). Steps 9-11 form a mixing line with Q and SW/SEP

data points as end members (Murer et al., 1997). Therefore, these steps can accurately be corrected by

calculating two-component mixing ratios. On the other hand, steps 1-3 form also a mixing line, but with an

unknown, elementally heavier component The contributions are corrected with 36Ar abundances of steps 1-3 and

elemental ratios 4He/36Ar and ^Ner'Ar of steps 4-6 with adopted errors of 50 %.
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Step "Kr ''KrACr "KiPKi "Kr/^Kr ^Kr^Kr "K»"Kr

xlOO xlOO xlOO xlOO xlOO

9 8.77 0.57 3.91 20.35 20.30 30.97

0.10 0.05 0.03 0.08 0.09 0.13

10 0.485 0.59 3.91 20.07 20.12 31.4

0.006 0.04 0.05 0.13 0.07 0.4

11 2.94 0.50 3.89 20.41 20.13 30.86

0.03 0.04 0.04 0.09 0.14 0.12

total 93.0 0.55 3.87 20.07 20.10 31.02

0.4 0.02 0.02 0.12 0.12 0.19

total 66.2

cor." 0.8

Gas concentrations in 10' cnr STP/g residue; "
Steps 1-4 contain significant

amounts of adsorbed Kr and Xe (see Figure 3.18). Steps 1-5 form a two-

component-mixing line with pure Q of step 5 and an adsorbed component

(36Ar/mXe = 0; 8*Kr/132Xe = 0.7239) as end members. These components were

used with an uncertainty assumed to be 10 % to correct for adsorbed Kr and Xe

(Figure 7.1).

Table 7.9: Kr" in the HF/HCI-resistant residue of Dimmitt (bulk measurement).

Step MKr '"Kr/^Kr "Wfo ^/"Kr ^Kr^Kr "&/"&

xlOO xlOO xlOO xlOO xlOO

1800°C 97
..

4.9 23.3 22.6

5
..

0.3 IA 1.5

Gas concentrations in 10"10 cm3 STP/g residue; " 600°C step not measured to avoid too

much background gas (chapter 2.1.2).

Table 7.10: Kr" in the oxidised HF/HCI-resistant residue of Dimmitt (bulk
measurement).

Step "Kr Kr/"Kr "W'Kr 'WKt »&/"& *&/"&

xlOO xlOO xlOO xlOO xlOO

1800°C 37 4.5 25 24

3 0.4 2 2..

vio 3
Gas concentrations in 10'10 cm} STP/g residue; " 600°C step not measured to avoid too

much background gas (chapter 2.1.2).

Table 7.11: Xe in the HF/HCI-resistant residue of Dimmitt (etch run).

Step "2Xe 'l24Xe/,32Xe :'^e/^Xe''^Xe/'^Xe ;l2W,JiXe :l3°Xe/'32Xe ,3,Xe/,32Xe 'MXe/,32Xe :l3W32Xe
xlOO xlOO xlOO xlOO x 100 x 100 xlOO xlOO

1 19.5 0.345 0.326 6.88 97.3 14.90 77.6 38.7 32.3

0.3 0.005 0.005 0.06 1.0 0.10 0.5 0.3 0.3

/ 1.53

cor." 0.16

2 10.43 0.348 0.319 7.18 97.2 15.17 78.0 38.8 32.96

0.17 0.006 0.002 0.04 0.6 0.06 0.5 0.2 0.16

2 0.41

cor." 0.04

3 11.61 0.411 0.365 7.81 104.0 15.70 80.6 38.28 32.3

0.19 0.005 0.003 0.05 0.4 0.04 0.2 0.13 0.2

cor." 5.8

0.6
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Table 7 11 continued

Step XeXe/l3ïXe *Xe/132Xe %e/lS1Xe,2WJ1Xe 3°Xe/132Xe'31Xe/132X~aXe/œXe 36Xe/132Xe

xlOO xlOO xlOO xlOO xlOO xlOO xlOO xlOO

4 15 3 0446 0385 804 105 0 1611 812 38 2 32 23

03 0005 0003 004 05 006 06 02 018

cor» 114

12

5 12 g 0446 0 443 89 112 16 6 87 36 30 3

05 0 018 0 021 04 4 08 3 2 14

6 204 0449 0 395 8 29 106 1619 82 3 37 1 314

04 0005 0005 0 07 3 012 06 03 03

7 29 2 0456 0438 8 24 104 8 16 20 812 37 5 317

05 0006 0005 0 07 08 010 06 03 02

g 13 0 0478 0411 8 22 104 3 16 27 82 7 38 2 29 68

02 0009 0004 0 05 05 0 08 04 03 016

9 14 7 0448 0 399 8 22 104 7 1613 817 37 8 30 8

02 0005 0004 006 06 008 04 05 02

10 135 0462 0423 813 104 4 16 27 819 38 4 315

002 0011 0 005 007 08 014 08 04 04

11 4 74 0456 0 397 8 26 104 4 16 42 82 2 37 6 30 5

008 0008 0 005 008 06 0 08 06 03 02

total 153 0 0429 0 392 7 99 104 0 15 96 813 37 8 315

10 0 005 0004 009 1 1 017 08 04 03

total 1153

cor" 16

Gas concentrations in 10
'" cm3 STP/g residue,

"
see footnote " of Table 7 8
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0 75

Figure 7.1: The 36Ar/32Xe vs "Kr/^Xe plot for the CSSE steps of Dimmitt

shows (in combination with the Xe three-isotope plots of chapter 3 15) that steps 1-

4 contain large amounts of adsorbed atmosphenc Kr and Xe The deduced

MKr/132Xe ratio of 0 7239 is much smaller than that of air This might be the result of

a higher solubility of Xe in acid Blank measurements of dissolved air that has been

directly released from HN03 yielded similar "Kr/'^Xe ratios between 0 4 and 1 8
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Table 7.12: Xe" in the HF/HCI-resistant residue ofDimmitt (bulk measurement).

Ste^ 132Xe ,24Xe/"2Xe ,26Xe/132Xe ,28Xe/,32Xe 12"Xe/132Xe 130Xe/,32Xe ,31Xe/132Xe ,34Xe/132Xe ,3<Xe/132Xe

xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1800°C 183 0.38 0.38 7.8 108 15.8 83 39.4 33.3

6 0.04 0.02 0.3 4 0.5 3 1.4 1.1

Gas concentrations in 10"'° cm3 STP/g residue;
!) 600°C step not measured to avoid too much background gas

(chapter 2.1.2).

Table 7.13: Xe" in the oxidised HF/HCI-resistant residue of Dimmitt (bulk measurement).

Ste^ ,32Xe 124Xe/,32Xe 126Xe/132Xe 128Xe/132Xe 129Xe/132Xe 130Xe/,32Xe 131Xe/132Xe ,34Xe/132Xe ,36Xe/132Xe

xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1800°C 66 0.50 0.45 8.1 109 16.0 81 39 32.1

3 0.03 0.04 0.4 6 0.8 4 2 1.5

Gas concentrations in 10"'° cm3 STP/g residue;
" 600°C step not measured to avoid too much background gas

(chapter 2.1.2).

7.3 Noble gases in Grosnaja

and Ar in the HF/HCI-resistant residue ofGrosnaja (etch run HB05,27/02-12/05/97).
We

5He7ife »Ne ^e/^Ne 21Ne/22Ne »Ar »Ar^Ar «A>Ar

(xlO4)
'S

Table 7.14: He, Ne

Step

1 vap. 19h

2 vap. 214h"

3 vap.127h

4 vapll3h

5 vap. 43h

6 after dest.

7 25°C 20h

8 25°C 66h

9 35°C40h

10 45°C 43h

11 55°C65h

12 65°C 68h

13 75°C 90h

14 85°C 90h

149 1.50

2 0.03

243 1.45

3 0.03

469 1.48

6 0.03

423 1.48

5 0.03

394 1.47

5 0.03

263 1.45

3 0.03

93 1.46

1 0.03

216 1.42

3 0.03

235 1.44

3 0.03

318 1.44

4 0.03

437 1.46

5 0.03

495 1.46

6 0.03

159 1.52

2 0.04

125 1.82

2 0.04

0.852 10.65

0.011 0.04

1.34 10.61

0.02 0.06

2.91 10.59

0.04 0.04

2.78 10.56

0.04 0.04

2.79 10.65

0.04 0.04

1.94 10.60

0.02 0.03

0.72 10.76

0.02 0.23

1.67 10.65

0.03 0.07

1.86 10.48

0.03 0.06

2.57 10.62

0.04 0.06

3.93 10.54

0.05 0.02

4.67 10.62

0.06 0.04

1.64 10.62

0.02 0.07

1.33 10.57

0.02 0.09

0.0447 12.6

0.0006 0.3

0.0350 12.1

0.0008 0.2

0.0357 37.1

0.0006 0.8

0.0355 44.0

0.0009 0.8

0.0348 46.7

0.0006 1.3

0.0354 35.0

0.0008 0.7

0.0351 14.1

0.0018 0.3

0.0335 31.9

0.0007 0.6

0.0332 37.2

0.0007 0.7

0.0325 52.1

0.0005 1.2

0.0314 95

0.0004 2

0.0328 116

0.0005 2

0.0338 42.8

0.0010 1.0

0.0378 48.5

0.0009 0.9

5.345 108.9

0.013 0.5

5.377 9.56

0.009 0.03

5.34 18.71

0.02 0.10

5.39 8.195

0.02 0.013

5.35 5.70

0.02 0.05

5.386 24.62

0.012 0.10

5.34 16.90

0.02 0.19

5.39 2.68

0.02 0.10

5.36 1.31

0.02 0.07

5.38 1.07

0.02 0.05

5.33 0.91

0.02 0.02

5.369 0.90

0.009 0.02

5.339 1.27

0.012 0.03

5.371 2.295

0.011 0.014
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Table 7 14 continued

Step »He WHe

(x 104)
*tto "W^e "Ne/^Ne *Ar »Ari"Ar WAr

15 95°C235h 128

2

2 43

006

119

0 02

1047

0 08

00479

00007

33 8

07

5 370

0 012

2 58

0 02

total 4147

15

1504

0009

3218

012

1059

006

00348

00003

658

4

5 36

005

702

006

Gas concentrations in 10
8 cm3 STP/g residue,!) Valve G2 (between sample and acid) closed

Table 7.15: He, Ne and Ar in (107 57 ± 0 05)mg bulk Grosnaja (bulk measurement HB07, 27/08/97-

23/01/98)

Ste^ We leTS ^e ^Ne/^Ne 21Ne^Ne »Ar »Ar/^Ar «Ar/^Ar

(x IP4)
1800°C" 1587 662 676 510 0451 299 543 256

9 006 007 004 0004 07 004 04

Gas concentrations in 10"8 cm3 STP/g meteonte,
" Total extraction without pre-step at 600°C

Table 7.16: He, Ne and Ar" in (211 ± 0 05)mg HF/HCI-resistant residue of Grosnaja (bulk
measurement HB 10,12/01/99-17/01/99)

Step «He 3He/*He

(x 104)
**Ne "Ne/^Ne 2,Ne/=Ne «Ar »Ar/^Ar «WAr

1800°C 49319

1188

154

009

267

10

8 79

019

0 0373

00007

914

53

53

06

112

0 06

Gas concentraUons in 10"8 cm3 STP/g meteonte,
" 600°C step and Kr and Xe of the 180O°C step not

measured to avoid too much background gas (chapter 212)

Table 7.17: He, Ne and Ar" in (10 91 ± 0 03)mg oxidised HF/HCI-resistant residue of Grosnaja (bulk
measurement HB09,06/05/98-22/05/98)

Step 4He 3He/4He

(x 104)
"Ne

3

afre^Ne "Ne/^Ne «Ar »Ar^Ar «Ar/^Ar

600°C 427 77 10 005

17 16 3 7 004

1800°C 49122 152 252 8 56 00413 369 54 2 70

1904 0 08 4 006 00004 7 02 0 07

total 49549 157 254 8 57 00414

1904 008 5 014 00008

Gas concentrations in 108 cm3 STP/g residue, " 600°C step not measured to avoid too much background
gas (chapter 2 1 2)

Table 7.18: Kr in the HF/HCI-resistant residue of Grosnaia (etch run)

Step "Kr "Kr/^Kr "WKr ^Kr/^Kr ^Kr/^Kr "Kr/^Kr

xlOO xlOO xlOO xlOO xlOO

1 9027 043 394 2005 2010 3077

96 005 002 007 007 010

cor
"

0

0

22) 1171 0579 3 36 2025 2016 3084

0 10 0 017 0 03 010 0 08 019



161

...Table 7.18 continued

Step "Kr '"Kr/^Kr ""Kr^Kr ^KrACr ^Kr^Kr «Kr^Kr

xlOO xlOO xlOO xlOO xlOO

3 3922 0.597 3.94 20.04 20.05 30.35

29 0.003 0.02 0.06 0.05 0.13

cor.
» 20

2

14414 0.592 3.93 20.10 20.01 30.8

14 0.008 0.03 0.13 0.13 0.2

cor.
» 35

4

10275 0.601 3.929 20.04 19.98 30.50

7 0.004 0.011 0.09 0.05 0.09

cor.
" 63

6

7196 0.596 3.94 20.09 20.17 30.66

6 0.006 0.02 0.08 0.07 0.09

cor.
» 51

5

17.57 0.6061 3.93 20.18 20.32 30.84

0.2 0.0011 0.02 0.10 0.09 0.12

8 26.5 0.616 3.949 20.06 19.93 30.88

0.2 0.011 0.015 0.10 0.04 0.19

9 31.8 0.599 3.99 20.36 20.36 30.93

0.2 0.010 0.03 0.07 0.11 0.12

10 42.6 0.579 3.86 19.96 20.17 30.14

0.4 0.004 0.03 0.14 0.15 0.16

11 77.2 0.606 3.97 20.3 20.59 31.6

0.6 0.006 0.03 0.2 0.17 0.3

12 85.6 0.607 3.927 20.09 20.14 30.78

0.6 0.005 0.012 0.06 0.07 0.09

13 30.3 0.582 3.95 20.14 20.14 30.99

0.2 0.010 0.02 0.07 0.06 0.09

14 36.1 0.603 3.93 20.05 20.05 30.65

0.3 0.014 0.02 0.07 0.10 0.14

15 27.1 0.593 3.95 20.31 20.18 31.1

0.2 0.018 0.03 0.13 0.12 0.2

total 1652

3

102

0.50 3.94 20.1 20.1 30.7

0.03 0.04 0.2 0.2 0.3

cor.
'» 544

9

Gas concentrations in 10"10 cm3 STP/g residue; 1(
Steps 1 and 3-6 contain

significant abundances of adsorbed Kr and Xe (see Figure 3.19). Steps 1-8 form

a two-component-mixing line with pure Q in steps 2, 7 and 8 and an adsorbed

component (MAr/,32Xe = 0; MKr/132Xe = 6.5549) as end members. These

components were used to correct for adsorbed Kr and Xe (Figure 7.2). 10 %

uncertainty are added;2>Valve G2 (between sample and acid) closed.
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Table 7.19: Kr m bulk Grosnaia

Ste^ "Kr '»KrACr «WKr "Kr^Kr ^KrACr "Kr^Kr
xlOO xlOO xlOO xlOQ xlOO

1800°C" 36 0 267 69 2018 19 94 313

04 54 10 013 012 02

Gas concentrations in 10
'" cm3 STP/g meteorite,

"
Total extraction without pre-step at

600°C

Table 7.20: Kr" 2>
in the oxidised HF/HCI-resistant residue of Grosnaja (bulk

measurement)

s5p" MKr ^Kr/^Kr "KiTKi ^Kr/^Kr "Kr/^Kr KKi/"Kx

xlOO xlOO xlOO xlOO xlOO

1800T 412

18

Gas concentrations m 1010 cm3 STP/g residue,
" 600°C step not measured to avoid too

much background gas (chapter 2 1 2),
2)
measurement corrupted by large amounts of

reactive gases in the mass spectrometer

Table 7.21: Xe m the HF/HCI-resistant residue of Grosnaja (etch ran)

Step" ,32Xe ,24Xe/I32Xe 12SXe/'32Xe 128Xe/132Xe ,29Xe/132Xe 13UXe/132Xe 131Xe/132Xe ,MXe/,HXe 134Xe/132Xe
xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1 1329 0345 0331 7 15 979 14 98 785 386 330

16 0004 0005 007 06 013 07 02 03

cor
"

0

0

22) 1170 0461 0383 806 1097 1659 83 1 379 32 8

014 0011 0015 Oil 09 016 07 03 06

3 616 0365 0329 7 33 1007 15 17 800 387 329

10 0004 0006 006 07 013 06 02 02

cor
" 30

3

4 251 0 365 0 340 7 31 99 8 15 33 79 7 391 33 07

3 0006 0006 005 03 013 04 02 014

cor
"

41

4

5 213 0 378 0 343 7 47 100 7 15 44 79 4 38 8 32 6

3 0003 0005 006 06 009 03 02 02

cor
"

58

6

6 155 0 373 0 360 7 45 1012 15 61 80 4 38 8 33 0

2 0006 0005 006 07 015 06 03 02

cor
" 45

5

7 163 0435 0407 813 1045 1615 814 379 321

02 0006 0012 005 06 010 07 02 02

8 334 0447 0415 807 1042 15 97 808 373 318

04 0008 0004 007 08 015 07 03 02

9 369 0460 0408 811 1053 1621 814 376 310

04 0004 0007 005 06 014 04 03 03

10 507 0454 0401 812 105 4 1644 814 375 32 1

06 0006 0004 006 08 013 09 03 02

11 987 0451 0411 8 22 1042 1604 820 376 308

10 0005 0003 005 05 008 04 03 02
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Step 132Xe124Xe/132Xe ^e/'^Xe "Xe/'^Xe 2»Xe/132Xe 3UXe/132Xe 13,Xe/,32Xe 134Xe/132Xe "Xe/'^Xe

xlOO xlOO xlOO xlOO xlOO xlOO xlOO xlOO

12 109.0 0.462 0.405 8.20 103.7 16.19 81.1 37.6 31.1

1.1 0.005 0.003 0.06 0.5 0.08 0.6 0.2 0.2

13 39.1 0.451 0.400 8.23 103.8 16.09 81.5 37.4 31.2

0.4 0.006 0.003 0.06 0.8 0.10 0.6 0.2 0.2

14 34.3 0.447 0.408 8.01 102.2 15.98 80.8 37.5 31.7

0.4 0.007 0.008 0.05 0.5 0.12 0.5 0.3 0.7

15 31.3 0.458 0.411 8.21 106.3 16.34 82.4 38.1 31.7

0.4 0.009 0.006 0.09 1.1 0.17 0.8 0.5 0.4

total 3025 0.371 0.345 7.39 99.9 15.29 79.5 38.5 32.7

20 0.004 0.004 0.08 1.0 0.16 0.6 0.4 0.3

cor.
» 623

9

Gas concentrations in 10'10 cmJ STP/g residue;

acid) closed.

1
see footnote '> of Table 7.18;2) Valve G2 (between sample and

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Figure 7.2: The 36Ar/132Xe vs. MKr/"2Xe plot shows (in combination with the Xe

three-isotope-plots of chapter 3.1.5) that steps 1-6 contain large amounts of adsorbed

Kr and Xe.

Table 7.22: Xe in bulk Grosnaia.

SteT D2Xe ,24Xe/132Xe raXe/,32Xe 125Xe/,J2Xe ,29Xe/I32Xe 130Xe/l32Xe 131Xe/"2Xe lMXe/132Xe 136Xe/132Xe
xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

0
46.9 0.4 0.3 7.4 108 15.7 79 36.9 31.8

1.6 0.4 0.3 0.3 3 0.6 2 1.3 1.0

1800oC

Gas concentrations in 10"10 cm3 STP/g meteorite; " Total extraction without pre-step at 600°C.
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Table 7.23: Xe"2' m the oxidised HF/HCl-resistant residue of Grosnaia (bulk measurement)

Steï D2Xe I24Xe/132Xe l2iXe/iÏ2Xe ^Xe/'^Xe 12»Xe/132Xe %e/132Xe 131Xe/,32Xe 134Xe/,32Xe m

1800°C 509

9

xlOO

053

007

xlOO xlOO xlOO xlOO xlOO xlOO

054

018

7 69

010

104 9

1 1

15 55

019

819

07

41 1

04

Ce/'"Xe

xlOO

36 3

04

Gas concentrations in 10 cm STP/g residue,
" 600°C step not measured to avoid too much background gas

(chapter 2 1 2),2) measurement corrupted by large amounts of reactive gases in the mass spectrometer

7.4 Noble gases in Chainpur

Table 7.24: He, Ne and Ar in the HF/HCl-resistant residue of Champur (etch run

Step" 1ÏU 'HeTIfe »Ne '"Ne/^Ne "Ne/^Ne 3
fr'"4)

HB06,,23/06-18/11/97)

'Ar 36Ar/38Ar "Ar/*Ar

1 vap 25h

2 vap 34h

3 vap 89h

4 vap 162h

5 vap 136h

6 vap 570h

7 25°C48h

8 25°C114h

9 25°C112h

10 25°C48h

11 25°C231h

12 35°C61h

13 45°C 88h

14 55°C75h

15 65°C96h

16 75°C70h

17 85°C 100h

18 95°C 122h

5 71 17 2 0 0374

012 0 6 0 0008

8 98 15 5 0 0553

018 05 00015

30 6 12 5 0189

08 05 0004

53 6 103 0 392

13 0 4 0 008

409 90 0336

10 03 0007

89 68 0863

2 03 0016

60 2 6 5 0 588

15 0 2 0 012

18 7 5 7 0 222

05 02 0005

22 1 5 1 0227

05 02 0005

606 5 12 00600

013 019 00015

17 6 4 80 0185

04 018 0004

150 453 0148

0 4 018 0 004

26 9 4 64 0 270

07 018 0 005

18 2 4 35 0170

04 017 0004

219 4 482) 0 203

05 017 0004

27 0 5 52) 0247

07 02 0005

13 1 892) 0119

0 3 0 3 0 002

16 4 13 02' 0 153

04 05 0003

921 0150 0649

007 0007 0009

9 24 0 145 0 858

014 0006 0012

9 36 0147 2 00

007 0003 003

904 0138 562

006 0002 008

921 0134 7 47

008 0002 009

9 10 01156 347

003 00011 04

9 07 01120 22 4

007 00014 1 1

8 89 0099 "

009 0002

8 20 00901 9 04

007 00014 012

825 0099 248

Oil 0 003 0 03

828 0095 798

007 0002 010

8 51 0 093 5 59

010 0003 007

8 97 00982 "

006 00014

963 0103 600

008 0002 008

9 05 0 0967 7 35

0 07 0 0011 010

9 04 0096 "

006 0002

9 32 0102 3 82

006 0004 005

9 37 0107 5 06

008 0002 007

5 363 33 68

0009 017

5 373 2131

0 016 0 07

5 39 10 24

0 02 004

5 379 8 58

0 012 0 08

5 372 5 823

0 013 0 019

5 362 3 184

0 015 0 012

5 38 9 38

002 0 07
» i)

5 366 40 3

0011 02

5 395 52 0

0019 04

5 395 53 0

0013 02

5 39 17 88

0 02 0 07
i) l)

5 369 4 59

0018 0 03

5 37 8 77

0 02 007

» i)

5 35 7 66

0 02 009

5 358 25 04

0 016 010
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Table 7 24 continued

Step 4He WHe

(x 104)
»Ne »Ne/^Ne »Ar W8Ar *Ai/»Ar

19 95°C 145h 0057

0006

1473

188

00004

00002

10

4

-013

0 33

00325

00004

5 12

002

136

2

total3' 492 756 446 900 01120 1211 5 37 1600

4 009 003 008 00011 11 004 013

Gas concentrations in 10 cm STP/g residue, Ar not measured due to too high background, ' corrected with

3He blanks up to 41% of the measured values due to leakage in a calibration bottle,3) without step 19 (almost no

gas, no Q like pattern)

Table 7.25: He, Ne and Ar" in (9 99 ± 002)mg HF/HCl-resistant residue of Chainpur (bulk
measurement HB09,06/05/98-22/05/98)

Step

600°C

1800°C

1Ü WHe "Ne »NePNe 21Ne^Ne »Ar 36Ar/38Ar «Ar/MAr

(x 104)

43 202 1 13 04

6 25 3 21 06

1442 73 109 80 0163

56 07 17 09 0018

75 5

02

5 36

003

9 02

003

total 1485

56

13 3

10

12

3

017

006

Gas concentrations in 10 cm STP/g residue,

gas (chapter 2 1 2)

600°C step not measured to avoid too much background

Table 7.26: He, Ne and Ar" in (38 64 ± 0 10)mg oxidised HF/HCl-resistant residue of Chainpur (bulk
measurement HB09,06/05

'He

i/98-22/05/98)

Step WHe ^e "Ne/^e »NèffNe ^Ar WAr WAr

(x 104)
600°C 52 202 03 4 05

2 12 05 4 05

1800°C 1026 47 59 74 0166 1059 5 45 22 39

40 04 06 05 0012 004 0 03 013

total 1079 14 3 62 70 0 20

40 07 08 12 008

Gas concentrations in 108 cm3 STP/g residue,

gas (chapter 2 1 2)

600°C step not measured to avoid too much background

Table 7.27: Kr in the HF/HCl-resistant residue of Chainpur (etch run)

Step "Kr "Kr^Kr »"&/"& "BTft "W'Kr "KlfKi

xlOO xlOO xlOO xlOO xlOO

1 1714 0 614 4 02 2045 2010 304

0010 0014 004 014 011 02

cor" 09

05

2 1847 061 4 07 20 2 20 26 30 87

0 010 003 007 02 009 012

cor" 13

06

3 3 20 0 59 3 98 2014 20 24 309

0 02 002 0 03 013 016 02

4 7 25 0 608 3 977 20 18 2013 30 86

004 0 010 0 015 008 009 011
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Table 7 27 continued

Step "Kr ^Kr/^Kr «fc/^Kr ^Kr/^Kr "Kr^Kr "Kr^Kr

xlOO xlOO xlOO xlOO xlOO

5 9 82 0 613 3 92 20 22 2012 30 84

0 05 0009 003 010 009 013

6 49 0 0588 3 89 20 0 2009 30 6

03 0010 004 03 016 03

fi 36 08 50 26 26 41

8»

7 02 13 7 7 10

9 15 11 0620 3 99 20 25 2008 30 9

010 0011 006 016 018 03

10 3 65 0596 3 99 20 3 2009 30 94

0 02 0 012 004 02 013 015

11 1064 0615 3 98 20 32 20 32 310

007 0009 002 014 017 02

12 6 41 0617 3 94 2013 20 21 30 85

0 03 0 010 003 009 009 009

132)

14 6 43 0 601 3 93 20 28 20 34 3105

004 0 019 002 Oil 0 08 0 14

15 807 0 613 3 94 2015 20 27 3100

004 0011 0 02 008 0 05 014

162>

17 4 03 0 592 3 94 20 26 2015 30 88

002 0 016 0 02 009 009 013

18 5 53 0 617 3 96 20 33 20 24 310

003 0 018 004 on 012 02

19 00594 0 37 26 18 0 19 5 316

00008 007 02 06 05 09

total3» 169 063 41 212 213 33

7 005 04 19 19 3

cor
» 168

7

Gas concentrations in 1010 cm3 STP/g residue,
"

Steps 1-2 contain minor

abundances of absorbed atmosphenc Kr (see chapter 3 2, Figure 3 20) These

contributions are corrected with 36Ar abundances of these steps and the

elemental ratio '"Ar/^Kr of steps 3-7 with adopted errors of 50 %,
2)

not

measured due to too high background,
3) without step 19 (almost no gas, no

Q-like pattern)

Table 7.28: Kr" in the HF/HCl-resistant residue of Chainpur (bulk measurement)

Step" "Kr '"Kr/^Kr "Kr/64» ^Kr/^Kr "»/"Kr "»/"ö

xlOO xlOO xlOO xlOO xlOO

1800 °C 96 2 0 67 4 28 22 28 2218

05 002 010 013 014

Gas concentrations in 1010 cm STP/g residue,
" 600°C step not measured to avoid too

much background gas (chapter 2 1 2)
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Table 7.29: Kr" in the oxidised HF/HCl-resistant residue of Chainpur (bulk

measurement).

Step "Kr "Kr/^Kr 8UKr/84Kr ^Kr/^Kr "'Ki^Kr ""Kr^Kr

xlOO xlOO xlOO xlOO xlOO

1800°C 10.72 ..
4.18 22.7 23.0

0.07 0.15 0.3 0.3

Gas concentrations in 10~lu cm3 STP/g residue;
" 600°C step not measured to avoid too

much background gas (chapter 2.1.2).

Table 7.30: Xe in the HF/HCl-resistant residue of Chainpur (etch run).

Step iJiXe.:*Xe/I32Xe 121Ee/'^Xe1^Xe/'^Xe1l2,Xe/132Xe:l3dXe/132Xe' 31Xe/132Xe ',34Xe/132Xe'136Xe/,32Xe

xlOO xlOO xlOO xlOO xlOO xlOO xlOO xlOO

1 1.56 0.427 0.376 7.68 106.7 15.67 81.3 37.3 31.6

0.03 0.009 0.017 0.10 1.0 0.12 0.6 0.3 0.3

cor.
'

1.1

0.6

2 2.04 0.434 0.369 7.86 106.2 15.67 80.5 36.80 31.29

0.04 0.012 0.010 0.06 0.4 0.11 0.8 0.13 0.19

cor.
'

1.5

0.7

3 4.31 0.442 0.393 7.94 106.9 16.29 81.7 37.4 32.2

0.08 0.008 0.010 0.05 0.4 0.04 0.6 0.3 0.2

4 10.8 0.470 0.404 8.19 105.8 16.14 81.9 37.4 31.31

0.2 0.006 0.004 0.05 0.7 0.08 0.5 0.2 0.14

5 13.5 0.453 0.393 8.22 104.6 16.13 82.7 37.9 32.0

0.3 0.008 0.004 0.07 0.9 0.14 0.7 0.3 0.3

6 56.9 0.446 0.386 8.09 104.9 15.99 81.6 37.7 31.82

1.1 0.004 0.007 0.04 0.5 0.06 0.4 0.3 0.11

72) 40 0.42 0.39 7.5 82 15.6 81 38 32

3 0.05 0.05 1.0 15 1.8 9 4 7

9 15.5 0.447 0.405 8.15 103.2 16.06 82.0 37.91 31.70

0.3 0.008 0.002 0.06 0.6 0.12 0.8 0.17 0.18

10 4.00 0.460 0.413 8.27 103.6 16.27 81.6 37.6 31.47

0.07 0.006 0.009 0.06 0.4 0.09 0.4 0.2 0.15

12

,32)

14

15

162)

17

18

12.1 0.452 0.409 8.22 104.1 16.34 82.2 37.9 31.49

0.2 0.003 0.009 0.04 0.5 0.09 0.6 0.3 0.19

9.8 0.457 0.405 8.25 102.6 16.07 82.2 37.3 31.9

0.2 0.008 0.008 0.04 0.5 0.12 0.6 0.2 0.3

10.3 0.455 0.414 8.28 104.3 16.12 82.1 37.1 31.9

0.2 0.004 0.005 0.06 0.7 0.13 0.8 0.3 0.3

12.0 0.454 0.414 8.24 104.8 16.20 82.4 37.5 31.7

0.2 0.007 0.007 0.06 0.7 0.11 0.6 0.2 0.2

6.40 0.449 0.405 8.21 105.5 16.18 82.0 37.0 32.06

0.12 0.005 0.003 0.04 0.6 0.15 0.4 0.2 0.17

8.30 0.443 0.400 8.30 104.2 16.34 81.9 36.9 30.9

0.11 0.009 0.010 0.11 0.6 0.10 0.5 0.3 0.3
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...
Table 7.30 continued

S^ 132Xe '*Xe/'32Xe i2iXe/(32Xe ,2iXe/,32Xe ,i9Xe/%e iS"Xe/,32Xe ,3!Xe/,32Xe ,34Xe/,32Xe ,36Xe/,32Xe

xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

19 0.135 0.43 0.46 8.1 104.7 15.9 81.9 39.9 34.4

0.003 0.04 0.06 0.2 1.2 0.3 1.0 0.7 0.5

total3' 207 0.444 0.396 8.1 101 16.0 82 37.7 31.9

3 0.014 0.012 0.2 3 0.5 2 1.1 0.9

cor.
» 206

3

Gas concentrations in 10"'° cm3 STP/g residue; " see footnote '> of Table 7.27;2) not measured due to too high

background;3) without step 19 (almost no gas, no Q-like pattern).

Table 731: Xe" in the HF/HCl-resistant residue of Chainpur (bulk measurement).

Step" 132Xe ,24Xe/132Xe ,2<iXe/i32Xe lJiXe/,32Xe 129Xe/132Xe 13°Xe/132Xe 131Xe/132Xe ,34Xe/,32Xe ,36Xe/132Xe

xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1800°C 132 0.455 0.41 8.29 104.6 16.27 82.1 37.5 31.8

2 0.013 0.02 0.12 0.7 0.11 0.5 0.3 03

Gas concentrations in 10"'° cm3 STP/g residue; " 600°C step not measured to avoid too much background gas

(chapter 2.1.2).

Table 7.32: Xe" in the oxidised HF/HCl-resistant residue of Chainpur (bulk measurement).

Step" 132Xe 124Xe/132Xe '^e/'^Xe 124Xe/'32Xe 129Xe/132Xe 130Xe/,32Xe 13,Xe/132Xe 134Xe/,32Xe 136Xe/'32Xe

x 100 x 100 x 100 x 100 x 100 x 100 x 100 x 100

1800°C 13.4 0.51 0.61 8.54 106.1 16.4 81.8 41.2 34.9

0.2 0.03 0.05 0.14 0.9 0.2 0.7 0.4 0.4

Gas concentrations in 10"10 cm3 STP/g residue; " 600°C step not measured to avoid too much background gas

(chapter 2.1.2).

7.5 Noble gases in Cold Bokkeveld

Table 7.33: He, Ne and Ar in the HF/HCl-resistant residue of Cold Bokkeveld (etch run HB08, 13/01-

07/06/98).
=„__===^==m_===__=====

Step «He WHe

(x 104)
^e «Ne/^Ne "Ne/^Ne "** "Ar/^Ar "Ar/^Ar

0" 67.7 1.70 0.393 9.55 0.0303 3.83 5.394 69.3

1.1 0.04 0.009 0.07 0.0005 0.09 0.015 0.4

1 vap. 19h 42.9 1.46 0.209 10.28 0.0328 1.85 5.412 17.31

0.7 0.03 0.004 0.04 0.0010 0.04 0.014 0.08

2 vap 48h 218 1.73 0.936 10.22 0.0388 9.2 5.41 8.70

3 0.04 0.019 0.04 0.0004 0.2 0.03 0.04

3 vap 67.5h 197 1.48 1.02 10.10 0.0323 11.4 5.379 8.56

3 0.03 0.02 0.03 0.0003 0.3 0.017 0.08

4 vap 91h 409 1.44 1.96 9.38 0.0275 21.8 5.375 6.57

6 0.03 0.04 0.04 0.0002 0.5 0.011 0.04

5 vap 113h 419 1.43 2.04 8.09 0.0240 24.1 5.392 5.96

6 0.03 0.04 0.04 0.0006 0.6 0.014 0.04

6 vap 136h 414 1.41 1.98 6.919 0.0206 23.8 5.38 7.74

10 0.05 0.04 0.017 0.0004 0.6 0.02 0.05

7 vap 159h 450 1.39 2.28 6.099 0.01847 29.1 5.39 5.29

7 0.03 0.05 0.014 0.00017 0.7 0.02 0.03
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Table 7 33 continued

Step 4He 3Hf/He

(xlO4)
^e ^e/^Ne "Ne/^Ne -*£ WAr *Ar/3<iAr

8 vap 136h 387 140 195 5 775 00178 261 5 382 5 58

6 0 03 004 0019 0 0003 06 0010 004

9 vap 109h 304 140 151 5 676 0 0179 202 5 354 7 34

5 0 03 003 0 016 0 0002 05 0 013 006

10 vap 159h 366 140 194 5 45 0 0172 26 9 5 368 400

6 003 004 0 02 0 0003 06 0 013 004

11 vap 85h 236 146 117 5 317 0 0169 164 5 398 7 96

5 004 002 0 014 0 0003 04 0 012 007

12 vap 87h 237 143 127 5 27 0 0167 18 5 5 38 4 92

4 003 003 0 02 0 0003 04 0 02 006

132) dest 16h 97 6 145 0548 5 26 0 0157

15 0 03 0012 0 03 00004

14 -25°C 308h 4 95 142 00356 5 68 00170 166 5 365 178 1

004 Oil 00010 016 00011 0 03 0017 14

15 25°C 19h 82 2 1423 0432 5 57 001813 764 5 346 301

04 0013 0003 0 02 000012 Oil 0 017 04

16 25°C42h 127 0 1397 0646 4 977 00168 957 5 36 16 88

05 0012 0004 0020 00002 014 0 02 013

17 25°C 88h 169 4 1365 0 860 4 873 0 0149 1212 5 370 663

07 0009 0005 0 019 00002 018 0 014 010

18 25°C 14 lh 217 5 1371 1 138 5 041 001532 163 5 368 3 50

08 0010 0 006 0 012 0 00012 02 0015 004

19 35°C 41h 2219 1418 1210 5 57 0 0168 18 5 5 352 2 51

09 0011 0008 0 02 00003 03 0014 003

20 45°C93h 519 1401 3140 6284 001834 52 3 5 28 150

2 0 011 0 016 0 014 0 00017 09 005 0 02

21 55°C 84h 484 7 1401 331 725 0 02068 608 5 38 1353

19 0010 002 003 0 00015 1 1 0 05 0 017

22 65°C66h 358 7 1428 3 185 9 55 0 02775 54 9 5 29 1288

14 0011 0016 002 000019 09 004 0012

23 75°C70h 133 4 1485 1745 1001 0 03058 23 5 5 365 105

05 0 014 0 010 003 0 00016 03 0015 002

24 85°C 65h 76 5 1540 1 152 10 00 0 0310 15 0 5 338 7 99

03 0 017 0 008 004 0 0005 02 0015 009

25 95°C76h 78 2 1556 1 144 9 94 00312 14 6 5 366 171

03 0 018 0008 005 0 0007 02 0016 006

26 95°C 99h 98 9 155 1356 9 96 00304 19 3 5 369 4 02

04 002 0 008 003 00003 03 0018 005

27 85°C 140h 26 14 170 0495 9 94 00317 5 38 5 40 2 80

015 002 0004 005 00008 008 0 03 013

28 85°C125h 19 99 1728 0 360 9 96 00324 3 82 5 358 3 31

009 0 017 0 003 005 00007 0 06 0016 009

29 85°C186h 18 41 1702 0 349 981 00315 3 47 5 34 3 72

009 0 027 0003 0 06 0 0007 0 05 0 02 009

30 85°C 137h 13 94 1588 0245 9 94 00342 2 83 5 382 4 42

0 08 0034 0 003 007 00005 004 0016 Oil

total 6497 1437 40 03 7 01 002141 555 5 36 5 78

20 0006 012 003 000011 2 003 004

Gas concentrations in 108 cm3 STP/g residue,
" A first "gold blank" step without any fresh acid from the acid

gold finger, but heated to 100°C contained significant amounts of Q-like gases, probably due to etching of

remaining acid droplets from earlier experiments,2> not measured due to too high background



020130140030006044

30920052019863058726399

20016200200100600

3092002201883059134378

03020160030008068

3079198419853057582387

01400900800180012059

3050200419908723058732896

020120140030006059

30920162013913058031345

01300901000180006055

7330012008208803591031754

020120110030006033

31020091998893059236183

0170120130030005029

309720202024391060316642

0170091700040019008

30752021201639405844781

200120120200070380

53098192018387604021290"

xlOOxlOOxlOOxlOOxlOO

"Kr/^Kr^Kr/^Kr«Kr/^Kr'WKr"Kt/^Kr"KrStep"
run)(etchBokkeveldColdofresidueHF/HCl-resistanttheinKr7.36:Table

2)12(chapter
gasbackgroundmuchtooavoidtomeasurednotstep600°C"

residue,STP/gcm3108inconcentrationsGas

0014042500020060160150280

352045540031500081179145059678lSOO'C"b)

00070068000040103002417

760239596500548667208144662511800°C"a)

104)(x

«WAt36Ar/3!ArMAr"Ne/^Ne^e/^Ne»Ne^HeTte*HeStep"
'

residuesofColdBokkeveld(bnlkmeasurementsHB10,12/01/99-17/01/99)

HF/HCl-resistantoxidised005)mg±79(28(b)and005)mg±(1093(a)inArandNeHe,7.35:Table

12)2

(chaptergasbackgroundmuchtooavoidtomeasurednotstep600°C2),2)12(chaptergasbackgroundmduced

Teflon-muchtootoduemeasuredbenotcouldXeandKrAr,
"

residue,STP/gcm3108mconcentrauonsGas

0006102090000300830015226

05105493703080781179T47749937lSOO^C2'b)

0000701440062663

0037870724814876269total

0001100530000500940072647

4001037598903620707212145686811800°C

0000801006009293

004717173361697588WC"a)

lp4>f

«WAr»Ai/*Ar»Ar"Ne/^Ne'WNe»NetädfaSKfeStal
10,12/01/99-17/01/99)HB(b)andHB09,06705/98-22/05/98(a)measurements(bulkBokkeveldCold

ofresiduesHF/HCl-resistant02)mg0±93(18(b)and02)mg0±11(22(a)inArandNeHe,7M:Table
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Table 7.37: Kr1' in the HF/HCl-resistant residue (a) of Cold Bokkeveld (bulk

measurement)

Step MKr '"Kr^Kr ""Kr^Kr '"Kr/^Kr "Kr/^Kr "Kr/^Kr

xlOO xlOO xlOO xlOO xlOO

1800-C 1186 404 2045 2033 3083

6 0 03 0 09 0 08 012

Gas concentrations in 10 cm STP/g residue,
" 600°C step not measured to avoid too

much background gas (chapter 212)

Table 738: Kr" in the oxidised HF/HCl-resistant residue (a) of Cold Bokkeveld

(bulk measurement)

Step" MKr WKr ""Kr^Kr °Kr/,4Kr "WKr «Kr^Kr

xlOO xlOO xlOO xlOO xlOO

1800°C 928 0 664 3 935 20 27 20 37 3100

====

9 0005 0019 007 007 012

Gas concentrations in 1010 cm3 STP/g residue,
" 600°C step not measured to avoid too

much background gas (chapter 2 12)

Table 7.39: Xe m the HF/HCl-resistant residue of Cold Bokkeveld (etch run)

Step "»Xe1'"Xe/'^Xe1'*Xe/i3iXe 12»Xe/132Xe ',aXe/132Xe' «Xe/^Xe^Xe/'^Xe'134Xe/,32Xe ,36Xe/132Xe

xlOO xlOO xlOO xlOO xlOO xlOO xlOO xlOO

0" 26 9 0 358 0 335 7 30 100 2 15 05 78 3 37 8 32 7

09 0003 0003 006 06 009 08 04 03

1 59 0411 0 378 8 26 102 4 16 02 813 38 0 3196

02 0007 0006 0 07 05 013 06 02 018

2 23 8 0 434 0 392 8 12 103 7 16 06 81 1 37 3 317

08 0004 0004 005 06 009 06 04 03

3 28 3 0442 0 388 8 01 102 6 15 89 79 7 36 8 313

10 0009 0 007 008 09 016 08 04 05

4 49 9 0450 0408 8 20 1041 15 95 809 37 4 31 19

17 0008 0 010 007 04 006 03 02 017

5 55 3 0436 0 393 8 18 104 3 16 06 818 37 67 312

18 0006 0003 0 05 06 010 03 017 02

6 52 6 0436 0 394 8 18 103 7 16 04 82 0 36 9 312

18 0 005 0003 0 07 06 010 05 03 02

7 62 0 431 0 383 8 23 105 1 16 28 82 6 37 7 316

2 0 007 0005 009 13 017 07 05 04

8 55 9 0434 0 384 8 11 103 7 16 00 814 36 93 30 96

19 0004 0005 005 04 009 03 019 019

9 43 1 0 448 0 389 8 15 103 7 1603 80 7 37 3 312

14 0006 0006 006 06 012 06 02 02

10 569 0429 0 380 817 103 7 15 93 816 37 0 312

19 0005 0005 0 08 09 014 07 04 03

11 34 2 0 447 0 399 8 12 104 4 1606 816 37 5 315

1 1 0004 0003 009 07 0 08 04 03 02

12 39 3 0 435 0 380 8 08 104 4 161 817 36 2 313

132»

13 0009 0 006 Oil 15 02 12 05 05

14 148 0461 0 389 8 11 103 4 16 14 82 2 38 6 319

002 0 010 0 008 009 08 015 07 04 03

15 14 93 0 451 0 406 8 20 103 2 16 26 813 36 57 30 7

015 0009 0007 004 05 0 10 05 0 12 02



2.1.2).(chapter

gasbackgroundmuchtooavoidtomeasurednotstep600°C"
residue;STP/gcm310"10inconcentrationsGas

0.20.140.190.070.60.050.0050.00728

32.338.3982.1216.11103.68.120.4270.48617231800°C

100x100x100xxlOOxlOOxlOOxlOOxlOO

136Xe/132Xe134Xe/,32Xe,3,Xe/132Xe,30Xe/132Xe,29Xe/132Xe,28Xe/132Xe126Xe/132Xei24Xe/mXeUiXeSte^
measurement).(bulkBokkeveldColdof(a)residueHF/HCl-resistanttheinXe"7.40:Table

7.33.Tableoffootnote2)2)see7.33;Tableof"footnote"seeresidue;STP/gcm310"10inconcentrationsGas

0.190.20.50.090.60.050.0020.0036

31.3937.281.216.00103.28.120.3910.4391064total

0.20.30.50.100.60.050.0060.0060.05

31.938.182.216.20104.48.230.4170.4545.4730

0.20.40.60.120.80.100.0070.0060.07

32.037.282.416.05103.58.160.3970.4546.3029

0.20.30.60.080.50.090.0050.0060.07

31.838.381.316.01104.88.220.4000.4546.9128

0.30.30.40.100.70.050.0050.0040.11

31.537.681.116.03104.08.170.3990.44510.9827

0.170.20.40.070.50.050.0030.0040.4

31.9038.082.116.21104.18.180.4110.46133.126

0.150.20.40.120.60.060.0040.0060.2

31.8337.282.516.21104.38.140.4000.44423.725

0.140.20.50.110.50.050.0040.0040.3

31.6738.181.716.14103.98.250.4000.44827.024

0.30.41.20.151.70.080.0050.0050.5

32.839.184.316.38103.48.340.3790.44035.923

0.20.30.30.070.50.050.0040.0040.9

31.637.181.616.11103.08.200.4000.45076.822

0.20.30.40.080.50.080.0040.0041.1

32.237.382.616.26104.68.200.3980.45895.421

0.30.20.50.080.50.050.0040.0041.0

31.637.481.616.17103.68.250.4010.45088.520

0.20.170.50.070.40.040.0030.0030.3

31.437.3780.816.08103.08.140.3950.44333.319

0.20.190.20.060.50.040.0040.0040.3

31.337.2081.616.16102.58.210.4020.44429.718

0.30.20.60.150.80.070.0030.0070.2

31.037.481.716.03103.58.230.4000.44722.317

0.30.30.80.151.00.090.0050.0070.20

32.037.982.916.34105.18.330.4030.45517.3616

100x100x100xxlOOxlOOxlOOxlOOxlOO

136Xe/132Xe134Xe/132Xe131Xe/132Xe13UXe/,32Xe12"Xe/'32Xe128Xe/132Xe126Xe/132Xe124Xe/,32Xe132XeSte^
continued7.39Table

...
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Table 7.41; Xe" in the oxidised HF/HCl-resistant residue (a) of Cold Bokkeveld (bulk measurement)

Step" ^Xe ,24Xe/i32Xe 126Xe/I32Xe 12»Xe/132Xe ,2W3lXe i3*Xe/132Xe ,31Xe/,32Xe ,34Xe/,32Xe 13W32Xe
xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1800°C 1172 0457 0405 8 29 104 0 1619 819 38 31 32 32

28 0003 0003 004 04 007 04 017 017

Gas concentrations in 1010 cm3 STP/g residue,
'» 600°C step not measured to avoid too much background gas

(chapter 2 1 2)

7.6 Noble gases in Dhajala

The HF/HCl-resistant residue of H3 8 Dhajala (I) has been originally produced for the analysis

with CSSE Unfortunately, the first déminéralisation attempt yielded only a very small residue

probably largely polluted with unsolvable fluondes as indicated by large grey particles m the residue

(chapter 2 12) For this reason, the residue has been measured completely by pyrolysis The absolute

concentrations are not reliable and amount to only 8-10 % of those obtained by Schelhaas et al

(1990) Nevertheless, since the 4He concentration has never been measured before and Dhajala does

not contain diamonds (Schelhaas et al, 1990), the elemental and isotopic ratios are useful, e g for

further CSSE examinations of a second residue produced later, and the values are given in the

following tables Most isotopic ratios are within the uncertainties identical with those obtained by

pyrolysis at 1800°C (Schelhaas et al, 1990)

Table 7.42: He, Ne and Ar" in (IS 23 ± 0 05)mg HF/HCl-resistant residue of Dhajala (bulk

measurement HB10,12/01/99-17/01/99)

S^ «H? WHe »Ne2» ^e/^Ne 21Ne^Ne »Ar2» 36Ar/38Ar *Ar/»Ar

(x 104)
1800°C 1204 16 18 63 037 680 5 29 2 859

07 5 06 15 008 OS 002 0012

Gas concentrations in 10 cm STP/g residue, 600°C step not measured to avoid too much background

gas (chapter 2 1 2),2» too small, see text above

Table 7.43: Kr" in the HF/HCl-resistant residue of Dhajala (bulk measurement)

Step «Kr2» "WKr

xlOO

»WKr

xlOO

"Kr^Kr

xlOO

^Kr^Kr "Kr^Kr

x 100 x 100

1800°C 73 0

07

4 20

008

20 8

03

2042 3107

0 15 0 14

Gas concentrations m 1010 cm STP/g residue, " 600°C step not measured to avoid too

much background gas (chapter 2 1 2),2) too small, see text above
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Table 7.44: Xe" in the HF/HCI-resistant residue of Dhaiala (bulk measurement)

Step" 132Xe2> IMXe/132Xe 126Xe/l32Xe ,28Xe/132Xe ,2,Xe/,32Xe 130Xe/132Xe ,31Xe/132Xe l34Xe/'32Xe 136Xe/,32Xe

xlOO xlOO xlOO xlOO xlOO x 100 x 100 x 100

1800°C 128 0487 044 8 38 1047 1625 823 38 1 3157

3 0017 002 006 05 009 04 02 012

Gas concentrations in 1010 ar? STP/g residue, " 600°C step not measured to avoid too much background gas

(chapter 2 1 2),2> too small, see text above

7.7 Noble gases In 2 newAntarctic meteorites GRO9S505 and WSG95300

The noble gas contents in some splits of two rather new Antarctic unequihbrated chondrites L3 6 Grosvenor

Mountains GRO95505 and H3 4 Wisconsin Range - Scott Glacier Region WSG95300 (both found m 1995,

preliminarily classified and kindly provided by NASA) were measured by total extraction pyrolysis (about

1800°C) in order to check if these samples may contain relatively large amounts of primordial noble gases and

relatively low cosmogemc portions which would allow to use these samples for CSSE experiments

Table 7.45: Primordial Ar and Xe and roughly estimated cosmic-ray exposure ages of the Antarctic meteorites

GRO95505 (L3 6) and WSG 95300 (H3 4) For comparison, the classification intervals for primordial MAr and

"2Xe in UOCs according to Anders and Zadmk (1985) are also given

Sample weight [mg] MAr

[10*WSTP/g]

132Xe

[10l0 cm3 STP/g]
Ta/He)
[Mai

T„p(21Ne)
[Ma]

GRO95505spht7
GRO95505 split 10

GRO95505 split 11

10016±005

63 43 ± 0 05

7018±005

46 0

46 6

263

35 6

35 3

770

27 1

307

28 7

30 0

340

324

WSG95300spht9
WSG95300 split 11

59 72±005

76 66 + 005

605

58 8

40 3

341

30 2

295

35 4

34 0

sub-type 3 6

sub-type 3 4

32-36

40-46

16-18

20-23

The noble gas data (Table 7 46-Table 7 48) are quite similar for splits 7 and 10 of GRO and splits 9 and 11 of

WSG, respectively Split 11 of GRO, however, shows significant deviations, both in die He, Ar, Kr and Xe

concentrations, as well as in the isotopic ratios of He, Ne and Ar While the Ar, Kr and Xe concentrations

(48-53 % lower than the average of splits 7 and 10) as well as He and Ne (rather similar in all three splits)

suggest losses during the Ar-Xe extraction procedure, the different isotopic ratios of split 11 rather point to an

usual inhomogeneity of GRO

The elemental ratios 4He/36Ar and ^Ne/^Ar are smaller than 77 and 0 32, respectively, for all measured

splits This indicates that no significant amounts of solar noble gases have been trapped To determine the total

primordial fraction (Q + HL + ) of Ar and Xe, the following simple assumptions were made '"Xe^ni =

'"Xe,, ("Ar/^NeJcB = 0 105 (Graf et al, 1990), ("Ai/^Ar)«,, = 0 65 (Eugster et al, 1998) 21Ne has been

corrected for "Ne,, assuming "Ne«.! = ^Ne,, and (20Ne/21Ne)pnin = 283 The contributions of "Ne,, amount

to about 0 4 % Table 7 45 shows the primordial 36Ar and 132Xe abundances in all splits These two element

concentrations were proposed as parameters for the pétrographie sub-classification of unequihbrated ordinary

chondrites according to their metamorphic history (Sears et al, 1980) and their accretion conditions in the solar

nebula (Anders and Zadmk, 1985) Both meteorites seem to contain more primordial noble gas than is to be

expected according to their pétrographie type The sub-classification intervals for 36Ar and l32Xe Ne in UOCs are
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also listed m Table 7 45 Nevertheless, the meteontes are not very suitable to be analysed with CSSE since both

have been exposed to cosmic rays for about 32-34 Ma (Table 7 45), estimated by the 3He and 2lNe

concentrabons under the assumpbon ^e^ = 3Hecosm, corrected for primordial 21Ne and using the formulas of

Eugster (1988) These exposure ages are even larger than that of Champur which has the longest exposure time

(Table 2 1) among the samples analysed with CSSE in this study

Table 7.46: He, Ne and Ar" in bulk GRO95505 and WSG95300 (bulk measurement HB07,27/8/97-23/1/98)

Sample 4He 3HeAfe

(xlO4)
_^_ ^e/^Ne 2,Ne/aNe *Ar "Ar/^Ar WE

GRO95505/7 1689 253 3 8 20 0998 0 822 46 5 500 1132

10 09 008 0004 0004 06 002 02

GRO95505/10 1719 263 0 8 83 1008 0 821 47 2 4 79 105 7

10 09 008 0002 0 002 07 0 02 03

GRO95505/11 2062 219 0 851 0925 0836 269 481 2219

12 11 0 08 0002 0003 04 002 03

WSG95300/9 1755 268 5 10 67 1049 0 853 61 1 4 95 561

10 12 010 0002 0002 10 0 02 03

WSG95300/11 1701 2707 1073 1043 0 867 594 4 92 413

10 10 010 0 003 0 003 08 0 02 01

Gas concentrabons in 10"*cm3 STP/g meteonte/'Total extracbon at 1800°C without pre-step at 600°C

Table 7.47: Kr" m bulk GRO95505 and WSG95300

Sample MKr '"Kr^Kr «fo^Kr "WKr »WR "&/"&

xlOO xlOO xlOO xlOO xlOO

GRO95505/7 29 7 406 20 36 20 43 31 17

03 003 011 014 016

GRO95505/10 28 4 411 20 39 2019 309

03 0 03 017 017 02

GRO95505/11 15 05 4 10 20 43 2045 311

018 004 014 014 02

WSG95300/9 32 6 0 677 4 01 2008 201 309

04 0013 004 019 02 03

WSG95300/11 33 4 404 2016 20 26 31 1

04 003 010 011 02

Gas concentrabons in 1010 cm3 STP/g,
" Total extraction at 1800°C without pre-step at

600°C

Sample U2Xel'"Xe/'^Xe'l26Xe/,32Xe128Xe/132Xe'129Xe/132Xe liuXe/%e13lXe/i35Xe'"Xe/'^Xe1 ÄXe/132Xe
xlOO xlOO xlOO xlOO xlOO xlOO xlOO xlOO

GRO/7 35 6 0445 0410 8 06 1068 15 98 812 38 0 32 0

12 0005 0 005 006 08 009 05 02 02

GRO/10 35 3 0 457 0 400 8 02 107 2 15 90 813 37 9 321

12 0012 0 013 006 06 012 05 03 02

GRO/11 170 0453 0416 8 10 110 1 1610 818 37 8 32 29

06 0013 0013 006 07 009 04 02 015

WSG/9 40 3 0 449 0 407 7 97 105 7 15 92 815 37 7 316

14 0013 0 012 006 08 010 07 03 02

WSG/11 34 1 0448 0 399 811 107 1 16 21 82 4 38 5 32 28

1 1 0007 0 002 004 03 010 04 02 0 17

Gas concentrabons in 1010 cm3 STP/g,1} Total extracbon at 1800°C without pre-step at 600°C
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7.8 Technical remarks

7.S.1 Noble gas abundances of gold blanks

Table 7.49: Main noble gas isotopes measured for CSSE gold blanks (including sample).

"Gl" closed 4He *Eë "Ar "Ar "«W "Kr T3!
;Xe

tlQ-'W] flQ-"cmJ] [HT'Wl flO'W] flQ-'W] flO'W)

Lancé 41d

20h40'

1.12 479 149 341 228.3 3336 465

0.08 17 6 12 53 9

-0.2 63 7.7 18.5 240.3 181 23.3

-1.4 34 0.4 1.2 4 1.9

Dimmitt 49d5h 5856 9305 2861 5819 203.4 119716 52299

41 118 66 129 1463 968

21h 182 250 64 129 200.1 2522 1064

2 27 9 12 33 24

Grosnaja 288h -3 17 1313 3821 291.0 83845 55474

-10 11 26 52 640 730

24h 0 70 69.6 203 291.1 3893 2449

6 11 1.4 3 44 31

Chainpur ca. 168h 0.6 21 71.2 194 272.1 1281 123

0.2 8 1.0 2 15 8

Cold ca. 216h 2 31 59.1 116.4 196.9 11108 21790

Bokkeveld 2 5 1.4 1.9 229 732

24h 2 22 28.5 53.1 186.3 3426 4480

6 8 0.7 0.9 114 174

50h 100°C" 1872 10870 10589 7427 70.1 588975 743278

29 242 247 118 10392 24916

22h 2 28 714 123 17.2 4256 7459

4 3 17 14 86 249

A first "gold blank" step without any fresh acid from the acid

100 "C, contained significant amounts of Q-like gases, probably
earlier experiments. The Wank is adopted as "step 0".

I gold finger, but after hearing of the sample to

due to etching of remaining acid droplets from

7.8.2 Neonhydride interference

As stated before, the etch experiments HB03 (Lancé) and HB04 (Dimmitt) were affected by insufficient

Hî-cleaning. During these experiments the "SAES"-getter connected directly with the mass spectrometer volume

has been run at higher temperatures (= 400"C / 70 units / 17 V) in order to provide a lower background of N, O,

CO and other reactive gases. Unfortunately, this also resulted in a too high hydrogen background and thus in a

higher probability for the formation of neon-hydride. Due to the small abundance of 21Ne, this isotope was

influenced by the interference with ^eH. This problem was discovered by an apparendy higher mass

discrimination for the ratio ^Ne/^Ne (measured ratio / standard ratio = 1.079 (HB03) and 1.049 (HB04),

respectively) compared with the discrimination for ^Ne/^Ne (1.010, 1.004). The interference was corrected with

the following simple procedure. During two dilution series, HNe and ^NeH were measured. The resulting ratios

^NeH/^Ne depending on the KNe amounts are plotted in Figure 7.3. For reasons of simplicity, these values were
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fitted by two suitable linear fits that intersect, somewhat arbitrarily, at the aNe counting rate of 22716 Hz

Assuming that the probability of forming ^NeH and aNeH should essentially be the same, these two fits were

used to calculate and subtract the ^eH interference on 2lNe

0030

0025

CD

g( 0 015

I
CD

a ooio

0005

0000

for counting rate f^Ne) < 22716 Hz

(interception of both Ms)

y=(0 024±0 005)-(8 7±7 0)*107'x

for counting rate ffae) > 22716 Hz

y=(00049±00005)-(9 9i2 4)"10% -

50000 100000 150000 200000 250000 300000 350000

22k
*Ne [Hz]

Figure 7.3: The ^NeH/^Ne ratio depends on the HNe concentration and is used to

correct for the influence of ^NeH on Ne

The corrections amount to 1-5 % of the measured 2INe in calibration steps ("Fast Calibrations") and 1-4 % in

main gas nch steps of runs HB03 and HB04 An error of 50% of the correction is added, which is enough to

include the higher discrepancies m the mass discriminations mentioned above However, this correction of

interfenng ^eH amounts to only 1 7% - 3 9% of the 21Ne abundances in the gas-nch steps 1-8 of the etching of

Lancé (step 9 contains almost no gas and is, thus, neglected) In the same way, 1 1% - 3 6% of the measured 21Ne

from Dimmitt are subtracted All other experiments are executed with the getters at room temperature (0 umts /

0 V) or 250°C (50 units /12 V) No corrections have to be made for these expenments

7.8.3 Atmospheric composition

Several sets of the atmospheric noble gas isotopic composition are known We used data sets given in Table

7 50, Table 7 51 and Table 7 52 (bold values) for calibration For Ne, the onginal atmosphenc Ne data

(Eberhardt et al 1965) have been improved, since the commercial pure Ne used m our expenments is clearly

composed distinctly However, due to inconsistent mass discrimination that occurred during this work for the

ratios "fae/^Ne and ''Ne/^Ne, respectively, I still suspect slight differences of the standard values to the real

composition This is discussed in chapter 7 8 4 Other data sets are also shown to allow re-calibration according

to these atmosphenc values
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Table 7.50: Atmospheric composition of He, Ne and Ar as used m this work

'He/HexlO6 ^e/^Ne Ne/^Ne ~*ZF£ "XtTSXT

1.399 ±0.013 98O±008

9.72s

9 7685 ±0 0011

9 786 ± 0 010

00290±00003

0.028872*
002871 ±000008

002920 ±000011

0.1880 ± 0.0004 295.5" see references in Ozima

and Podosek (1983)
297 1 ± 0 3 Valkiers et al (1994)
2960±05 Valkiers et af. (1994)

5 34±003

5 325 ±0013

i)
adopted,

2>
adopted after long-term analysis,

3) "1RMM 1992-93 MAT 271", " "IUPAC selected best

measurement 1989"

Table 7.51: Atmosphenc composition of Kr

^Kr/^Kr «"Kr^Kr ^Kr/^Kr «WKr "kFkT source

0.609 ±0.002 3.960 ±0.002 20.217 ±0.004

0620±0002 4001 ±0012 2034±006

0618±0003 401 + 002 2050±009

0 62032 ± 4 0023 ±00005 20 3251 ±

0 00013 0 0015

0632±0007 39975±00071 20330±0019

" used in this work,2) uncorrected data "Atlas CH-4

al, (1996), 3)used by Eugster et al (1967a) and

IUPAC selected best measurement 1989"

20.14 ±0.02 30.52 ± 0.03 Basford et al. (1973f
20 18 ± 0 06 30 36 ± 0 06 Eugster et al (1967a)2)
20 45 ±009 30 98 ±012 Eugster er al (1967a)3)
20 1712 ± 30 3539 ± Valkiers et al. (1994)4)
00007 00008

20 225 ± 0 019 30 372 ± 0 020 Valkiers et al. (1994)s)

spectrometer" used by Huss and Lewis (1994a) and Huss et

Eugster et al (1967b),
4) "IRMM 1992-93 MAT 271', s

Table 7.52: Atmosphenc composition ofXe (132Xe = 100)

uj__ .m__
r

,i£7 .M_.
' nt— au'

Va""'" ,2lbCe/132Xe

" '

fflXe/l32Xe ^eT5^ Source

0.3537 ±0.0011 0.3300 ±0.0017 7.136 ±0.009 98.32 ±0.12 Basford etal. (1973)"
0 3575 ±0 0016 0 3331 ±00015 7 14 ±002 98 32 ±0 35 Nier (1950b)2)
03536±00012 03308±O0007 7099±0003 9811±004 Valkiers et al (1998)3)

Table 7.52: Atmosphenc composition ofXe

vroXe/raXe "lXe/132Xe

'"Xe=100)
iMxAé ^Ce/'^Xe Source

15.136 ±0.012

15 15±005

15 129 ±0005

78.90 ±0.11

78 76 + 025

78906±0008

38.79 ±0.06

38 82 ±011

38 782±0007

32.94 ±0.04

32 98 ±008

32 916 ±0017

Basford tf at (1973)"
Nier(1950b)2)
Valbers etat (1998)3>

l> used in this work,
2) used by Huss and Lewis (1994a), Huss et al, (1996) and Eugster et al (1967b),

3) commercial Xe standard

7.8.4 Mass discrimination

The determination of the Ne mass discrimination revealed a general trend The mass discrimination (defined

only here for Ne as standard ratio/measured ratio) obtained from the 2INe/22Ne ratio has been relatively larger

than that from the ^Ne/^Ne ratio (Table 7 53) This was observed in all experiments in both mass spectrometers

(except for HB03 and HB04, where neonhydnde lowered the mass discrimination, see chapter 7 8 2) This might

suggest that the real standard (air) composition measured m this work is slightly different from the composition

assumed pnor to the expenments and given in chapter 7 8 3 The standard ^e/^Ne ratio should be larger or the

21Ne/22Ne ratio smaller, respectively Several sets of data for atmosphenc Ne are known However, commercial

one-element gas samples easily suffer fractionation For our chosen value of (^e/^Ne)^ = 9 72 (determined by

companson with air Ne according to Eberhardt et aL, 1965 ('"Ne/^Ne),,, = 9 80), a 0 2 % lower value for

2,Ne/22Ne (0 02882 instead of adopted 0 02887) would result in consistent mass discnmination for both Ne

isotopic ratios Especially in view of the new data by Valkiers et al (1994), this seems possible The
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determination of the mass discrimination for the other elements according to the formula given m chapter 2 3 3

did not cause any problems The values are given m Table 7 54

Table 7.53; Ne mass discrimination (defined here as standard ratio/measured ratio) and calculated standard

"Ne/^Ne ratios for different choices" of (2°Ne/22Ne),ld
^_^

experiment (Ne/BNeW1MI f'Ne/^Ne),^, ("Ne/^Ne)* for (^e/^Ne),«, =
9.72 9.7685 9.80

002877 0 02884 002889

0 02862 0 02869 002873

0 02892 0 02899 0 02903

0 02885 0 02892 0 02897

HB03 09897±00009 0927 ±000?'

HB04 09963±00011 0954t00042'

HB05 09917±00009 1004±0004

HB06 09919±00007 1009±0003

HB08I 09878 ±0 0012 0997±0003

HB08I1 09984 ±0 0014 1004±0003

HB07

HB09

HB10

09568 ±00004

09693 ±00011

0 9708 ± 0 0013

0985 ±0001 002880 002887 002891

0987 ±0004 0 02892 0 02899 0 02903

0 991 ±0003 002885 002892 0 02896

average
11
see chapter 7 8 3,2) NeH interference

0.02882 0.02889 0.02893

Table 7.54: Mass discnmination determined in dus work [%/amul

element

"Albatros"

counter Faraday cup

"Minneapolis"

multiplier Faraday cup

He HB03 00±00" 03±02 HB07 -8 1 ±05" 014±003

HB04 oo±oo" 09±02 HB09 -81±05 0 20 ± 0 09

HB05 00±00" 04±02 HB10 -109±12 0 26 ± 0 09

HB06 00±00" -00±03

HB08/I oo±oo" 05±03

HB08/H oo±oo" 06±02

Ne1' HB03 -052±005 19±08 HB07 -2 16*002 0 09 ± 0 08

HB04 -018±006 17±07 HB09 -1 54 ± 0 06 -02±04

HB05 -042±005 oo±oo" HB10 -08*06 -0 02±005

HB06 -0 40±003

HB08/I -008 ±007 00*00"

HB08/H -061 ±006

Ar HB03 065 ±005 1 16 ±010 HB07 007±009 0 88 ±003

HB04 086±007 0 88 * 0 12 HB09 -015 ±020 075 ±007

HB05 045±008 109*008 HB 10 -0 24±014 0 73 * 0 07

HB06 0 42 ± 0 05 093*008

HB08/I 056±010 149*011

HB08/II 021 ±005 128*012

Kr HB03 -0 65±008 00*00" HB07 -109±004

HB04 -041*006 -01*25 HB09 -0 37 ± 015"

HB05 -0 53±005 00*00" HB 10 075±006

HB06 -0 59±003

HB08/I -0 30 + 005

HB08AI -0 70±004

Xe HB03 -025±003 00±00" HB07 -0 65*002

HB04 -002 + 009 00*00" HB09 -0 37 ±015

HB05 -013 + 005 00±001) HB 10 -045 ±004

HB06 -0 27±002

HB08/I -009 + 007

HB0MI -029*008

"
adopted value,2) determined only from ^e/^Ne, see text
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