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Abstract

The elemental and isotopic composition of the solar wind (SW) provides information
about the composition of the outer convective zone (OCZ) of the Sun. The OCZ is
generally believed to preserve largely the original, unfractionated composition of the
protosolar nebula. In this work the noble gas composition of SW implanted into lunar
and meteorite samples was studied. In particular I measured SW-Kr and -Xe in gas-rich
meteorites and SW-He in lunar samples of different SW antiquity. Additionally, tests
for selecting a SW collector material for the NASA space mission GENESIS were
performed.

The SW noble gases were extracted from the meteorites and lunar samples by closed
system stepwise etching (CSSE), a method developed at ETH Zürich. CSSE is the most
suitable technique to extract SW noble gases, because the sample gas is released very
smoothly by stepwise dissolution of the gas carrier. Thus, depth profiles of the SW
noble gas composition can be obtained. A further advantage is that the gas is released at
room temperature. This avoids noble gas fractionation due to diffusion at high
temperatures. By choosing the etch reagent, various noble gas components residing in
different carrier phases can be separated.

Kr and Xe in gas-rich meteorites: The aim of this study was to analyse the elemental
and isotopic composition of Ar, Kr, and Xe implanted by the SW in different gas-rich
regolithic breccias. The noble gases were released by CSSE with HF to separate the
solar gases from the primordial gases. The 36Ar/84Kr ratios of Noblesville and
Fayetteville lie in the range of unfractionated bulk solar values. The rather constant
36Ar/84Kr ratio in Pesyanoe is about 40-50% lower than bulk solar values and in the
range of SW values measured in lunar samples. In contrast, the 84Kr/132Xe ratio of all
measured meteorites as well as all lunar samples is several times lower than the inferred
bulk solar values. This Xe enhancement in the SW appears to be a result of the "first
ionisation potential (FIP) effect" or related processes in the SW source region, which
lead to an enrichment of elements with a low FIP. The meteorite data show that the Xe
and Kr abundances in the SW in the past were more variable than indicated by lunar
samples alone. The "FIP-effect" may have existed at least since 4Gyr.

He and Ne in lunar samples of different SW antiquity: The SW He and Ne
composition has been analysed in lunar ilmenite grains of lunar soils (71501, 12001,
74241) and regolith breccias (79135, 79035) by CSSE. The samples have significantly
different 40Ar/36Ar ratios, indicating SW antiquities ranging from ~0.1 to �3.7Gyr. The
experiments reported here had a very high depth resolution, i.e. <0.1% of the total He is
released in each of the first 10 etch steps, and <1% in each of the following ~10 steps.



12

Thus, possible artefacts that could compromise the precise determination of the SW
composition can be very well controlled: variable implantation depths of different
isotopes, diffusive loss, erosion of grain surfaces, contributions of cosmogenic noble
gases and solar energetic particles,. At face value the (3He/4He)SW ratio correlates well
with the SW antiquity, suggesting a 3He increase of 5%/Gyr with time. Besides the
(3He/4He)SW ratio also the (20Ne/22Ne)SW ratio seems to increase with time, at about
~1.7%/Gyr. However, whereas a temporal change of (3He/4He)SW could be explained by
incomplete H-burning in intermediate layers and mild mixing of freshly produced 3He
into the OCZ there is no straightforward explanation for a concurrent temporal change
of (20Ne/22Ne)SW of the observed magnitude. Furthermore, the (3He/4He)SW and
(20Ne/22Ne)SW ratios from samples of different solar wind antiquities correlates very
well and this correlation is also congruent to the He and Ne evolution pattern resulting
from grain surface abrasion due to the etching process. Therefore, the apparent variation
of the He isotopic composition with SW antiquity might be an artefact reflecting
alteration processes on the Moon. Sedimentary processes, e.g. cratering, transportation,
and breccia compaction may cause erosion of the outermost layers of the regolith grains
and thus a partial removal of the very surface-sited low energy SW component. Thus, it
can be concluded that the 3He/4He ratio and probably also Ne isotopic composition in
the SW stayed constant over the main-sequence evolution of the Sun. The 3He/4He ratio
in the present and past SW is of interest because it provides an estimate for the
protosolar deuterium abundance. The results of this work suggest that the present-day
(3He/4He)SW can be used to deduce the protosolar (D+3He)/4He composition.

GENESIS mission – off- and on-line etch experiments for SW collector materials:
The GENESIS mission collects SW for ~2 years by implanting the SW ions into suited
target materials. The Institute for Isotope Geology and Mineral Resources at ETH
Zürich is involved in this mission and one of the main objectives is analyse the noble
gas composition in the present-day SW by CSSE. Depth profiles of the implanted noble
gases will provide clues about the composition of the solar wind particles at different
energy ranges. In this work I studied various potential target materials with respect to
their retention properties for implanted solar noble gases and their etching properties.
The metallic glass vitreloy was finally chosen as one of the SW collector materials for
the GENESIS mission because of its very homogeneous etchability and its high He and
Ne retentivity.
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Kurzfassung

Die Element- und Isotopenzusammensetzung des Sonnenwindes (SW) liefert
Informationen über die Zusammensetzung der äusseren Konvektionszone (OCZ) der
Sonne, welche im wesentlichen die originale und unfraktionierte Zusammensetzung des
solaren Nebels repräsentiert. In dieser Arbeit wurden SW Edelgase untersucht, die in
Meteoriten und Mondproben implantiert wurden. Im Speziellen untersuchte ich die SW-
Kr und SW-Xe Zusammensetzung in gasreichen Meteoriten, sowie die SW-He
Zusammensetzung in Mondproben mit unterschiedlichen SW-Altern. Zusätzlich wurden
Tests für die Auswahl eines SW-Kollektormaterials für die NASA Mission GENESIS
durchgeführt.

Die SW Edelgase wurden durch schrittweises Ätzen im Vakuum (CSSE) aus den
Meteoriten- und Mondproben freigesetzt. Diese Methode wurde an der ETH Zürich
entwickelt. Sie ist die am besten geeignete Extraktionsmethode für SW-Edelgase, da das
Gas nur langsam durch schrittweises Auflösen des Trägermaterials freigesetzt wird.
Somit kann die Zusammensetzung der implantierten Gase im Tiefenprofil bestimmt
werden. Ein weiterer Vorteil ist die Freisetzung der Gase bei Raumtemperatur, wodurch
eine Fraktionierung der Edelgase durch Diffusion durch hohe Temperaturen verhindert
wird. Ausserdem können mit der Wahl der Säure verschiedene Edelgaskomponenten,
welche in verschiedenen Trägerphasen sitzen, voneinander separiert werden.

Kr und Xe in gasreichen Meteoriten: Das Ziel dieser Arbeit war die Bestimmung der
Isotopen- und Elementzusammensetzung von Ar, Kr und Xe im SW in verschiedenen
gasreichen Regolithbrekzien. Die Edelgase wurden durch CSSE mit HF freigesetzt. Mit
HF können die SW Edelgase von den primordialen Edelgasen, welche sich
hauptsächlich in den kohligen Phasen der Meteorite befinden, voneinander separiert
werden, zumindest in den ersten Ätzschritten. Die (36Ar/84Kr)SW Verhältnisse von
Noblesville und Fayetteville liegen im Bereich unfraktionierter solarer
Zusammensetzung. Das (36Ar/84Kr)SW Verhältnis in Pesyanoe ist ~40-50% niedriger als
die solare Zusammensetzung, befindet sich aber im Bereich der SW-Werte die in
Mondproben gemessen werden. Im Gegensatz dazu sind die (84Kr/132Xe)SW Verhältnisse
in den analysierten Meteoriten sowie in den Mondproben niedriger als die solare
Zusammensetzung. Diese Xe Anreicherung im SW scheint das Ergebnis von
Fraktionierungsprozessen in der Quellenregion des SW zu sein, des "Ersten
Ionisationspotentials (FIP) Effekts" oder verwandter Prozesse. Die Prozesse führen zu
einer Anreicherung von Elementen mit niedrigem FIP im SW. Die Meteoritendaten
zeigen, dass die Xe und Kr Häufigkeiten im SW in der Vergangenheit variabler waren,
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als es die Mondproben bisher gezeigt haben. Der "FIP-Effekt könnte somit schon vor
4Ga oder früher existiert haben.

He und Ne in Mondproben mit unterschiedlichen SW-Altern: Die
Zusammensetzung des SW-He und -Ne wurde in Ilmenitseparaten von Mondregolithen
(71501, 12001, 74241) und Mondbrekzien (79135, 79035) mittels CSSE untersucht. Die
Proben haben unterschiedliche 40Ar/36Ar Verhältnisse, die auf breites Spektrum von
SW-Altern zwischen 0,1- �3,7Ga hindeuten. Die Ätzexperimente haben eine sehr hohe
Tiefenauflösung, d.h. 0,1% der Gesamt-He-Menge wurde in jedem der ersten 10
Ätzschritte freigesetzt und <1% in jedem der folgenden 10 Schritte. Mit dieser
Tiefenauflösung können mögliche Artefakte gut kontrolliert werden, z.B.
unterschiedliche Implantationstiefen verschiedener Isotope, Diffusionsverluste, Erosion
der Kornoberflächen, Beiträge von kosmogenen Gasen und solarer energiereicher
Teilchen. Auf dem ersten Blick korreliert das (3He/4He)SW Verhältnis mit dem SW Alter
sehr gut. Dieses würde einem 3He Anstieg im SW von 5%/Ga entsprechen. Neben dem
(3He/4He)SW Verhältnis steigt auch das (20Ne/22Ne)SW Verhältnis mit der Zeit um ca.
1,7%/Ga an. Die zeitliche Veränderung des (3He/4He)SW Verhältnisses kann durch einen
3He Zuwachs aus der unvollständigen H-Verbrennung in den inneren Schichten der
Sonne und dem partiellen Mischen dieses zusätzlichen 3He in die OCZ erklärt werden.
Im Unterschied dazu gibt es keine Erklärung für eine zeitliche Veränderung des
(20Ne/22Ne)SW in dem beobachteten Ausmass. Weiterhin korrelieren die scheinbar
zeitlich variierenden (3He/4He)SW und (20Ne/22Ne)SW Verhältnisse miteinander. Diese
Korrelation ist zudem deckungsgleich mit der Entwicklung der He und Ne
Isotopenzusammensetzung durch die schrittweise Abrasion der Kornoberflächen
während des Ätzprozesses.

Aufgrund dieser Beobachtungen kann die Korrelation des (3He/4He)SW Verhältnisses
mit dem SW-Alter sehr wahrscheinlich als Artefakt interpretiert werden, welcher
Alterationsprozesse auf dem Mond widerspiegelt. Durch sedimentäre Prozesse, z.B.
Kraterbildung, Transport oder Brekzienkompaktion, werden die äussersten Schichten
der Regolithkörner wegerodiert. Somit wird der in den Körnern sehr oberflächennah
sitzende, niedrigenergetische SW zumindest teilweise entfernt. Daraus kann man
schliessen, dass die 3He/4He Zusammensetzung und vermutlich auch die Ne-isotopie im
SW seit 4Ga unverändert geblieben ist. Die 3He/4He Entwicklung im SW über die Zeit
hilft die protosolare (D+3He)/4He Zusammensetzung zu bestimmen und somit die
protosolare D-Häufigkeit abzuschätzen.

GENESIS Mission – off- und on-line Ätzexperimente an SW-Kollektormaterialien:
Der GENESIS Satellit sammelt ~2 Jahre lang SW indem die geladenen SW Teilchen in
geeignete Targetmaterialien implantiert werden. Das Institut für Isotopengeologie und
Mineralische Rohstoffe an der ETH Zürich ist mit einem speziellen Targetmaterial an
dieser Mission beteiligt. Ein Hauptziel ist die Edelgase He, Ne und Ar im heutigen SW
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mittels CSSE zu analysieren. Die resultierenden Profile sollen Anhaltspunkte über
Zusammensetzung der SW Teilchen in den verschiedenen Energiebereichen liefern. In
dieser Arbeit untersuchte ich geeignete Targetmaterialien auf ihre Zurückhaltung
implantierter Edelgase und auf ihr Ätzverhalten. Das metallische Glas Vitreloy wurde
als eines der SW-Kollektormaterialien für die GENESIS Mission ausgewählt, aufgrund
des sehr homogenen Ätzverhaltens und seine hohe He- und Ne- Zurückhaltung.
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1.1  NOBLE GASES IN THE SOLAR SYSTEM

In this thesis the noble gases composition in the solar wind is investigated by
analyses of lunar and meteorite samples. Also, target materials exposed to solar
wind during the GENESIS mission are tested for their suitability as noble gas
collector materials.

Important characteristics make the noble gases helium, neon, argon, krypton, and
xenon essential for investigations of solar system processes. The noble gases are
chemically inert. They are also highly volatile and were therefore
overwhelmingly partitioned into the gas phase during the accretion of the solar
nebula. Consequently, they are extremely depleted in the solid matter, i.e. in the
terrestrial planets and their moons and asteroids. However, overall noble gases
are not rare in the solar system. The Sun represents 99.8% of the present solar
system matter. It contains 8.5% He relative to H by number in the present-day
outer convective zone (Grevesse & Sauval, 1998), and ~24% of the total mass of
the Sun. Helium is thus the second most abundant element in the solar system
(Anders & Grevesse, 1989). Like the Sun, the gaseous giant planets Jupiter and
Saturn probably also contain the volatile elements in their solar proportions
(Owen et al., 2001).

The very low abundances of the noble gases in solid matter allows us to identify
a wide range of elementally and isotopically distinct noble gas components in
extraterrestrial samples (Section 1.3). These components reflect different noble
gas reservoirs such as primordial and solar and allow us to study also
evolutionary processes in these reservoirs, e.g. variations in solar wind
composition.

1.2  SOLAR WIND

1.2.1  The solar wind – an important source of information for solar
composition of volatile elements
Our solar system formed from the protosolar nebula 4.6 billion years ago. It is
generally accepted that the Sun has preserved the original, largely unfractionated
composition of the protosolar nebula (Bochsler, 2000; von Steiger et al., 2001).
Therefore, the knowledge of the solar abundance of the elements and their
isotopic composition is important for defining the nebula composition. The latter
serves as a good reference point that helps to study how different solar system
regimes formed, such as planets and their atmospheres, comets, and asteroids,
and how these bodies evolved over the past 4.6 billion years. Also, the solar
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composition is needed to look further back, how our galaxy and the Universe
evolved.

According to standard evolution models of the Sun the composition of the outer
convective zone (OCZ) (Fig. 1.1) remains nearly unchanged throughout the main
sequence phase of the Sun's lifetime (Bochsler, 2000). Therefore the OCZ
represents solar abundances with a few exceptions explained in Section 1.2.3.
The composition of the OCZ is reflected by the photospheric composition.
Although a relatively large number of observations and measurements exists to
determine OCZ abundances, e.g. helioseismology and photospheric
spectroscopy, these methods are all indirect and mostly accompanied by relative
large uncertainties due to complex and uncertain model assumptions (von Steiger
et al., 2001).

The only way to directly probe the Sun's OCZ is to measure the solar corpuscular
radiation, e.g. the solar wind. Its formation and the different types of solar wind
are described in the following section. Analyses of the solar wind can provide
solar abundance and isotopic composition data of many elements. But for some
elements fractionation processes have to be considered, e.g. the FIP effect,
explained later in this section. Especially important are the volatile elements,
since their solar isotopic composition is still poorly known. The only way to
directly determine solar noble gases abundances is by solar wind measurements
(Anders & Grevesse, 1989; Grevesse & Sauval, 1998), except for He and
recently also for Ne (Holweger, 2001; Widing, 1997). In particular, solar wind
trapped in extraterrestrial samples (meteorites, lunar samples, see below)
provides precise isotopic composition data for solar noble gases. The elemental
composition is often influenced by secondary processes, but a few mineral
phases, e.g. ilmenite and Fe-Ni alloy, retain solar noble gases, in particular the
heavier noble gases, with little or essentially no elemental fractionation.

Solar abundance data were compiled by Anders & Grevesse (1989), Palme &
Beer (1993) and Grevesse & Sauval (1998). The abundances of most elements
are measured by spectroscopic analyses of the photosphere. Refractory element
abundances can also be determined by analyses of the most primitive meteorites,
the CI chondrites. The abundance data of both methods agree well with each
other, but generally the meteorites can be analysed with much higher precision.
Kr and Xe abundances were obtained by interpolations of abundance data of
neighbouring elements analysed in meteorites and additionally considering s-
process nucleosynthesis calculations. Solar abundances of Ne and Ar are
averaged from local galactic values and solar wind and SEP data that are
corrected for the FIP fractionation. Grevesse & Sauval (1998) have adopted the
Ne abundance obtained by EUV spectroscopy of emerging active regions. For
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isotopic compositions usually terrestrial values are assumed (Anders & Grevesse,
1989; Palme & Beer, 1993), except for H and the noble gases. For Ne, Ar, Kr,
and Xe solar wind values are adopted.

1.2.2  Formation and composition of the solar wind

The matter forming the solar wind originates in the OCZ, which remained largely
unchanged throughout the Sun's lifetime (Geiss et al., 1995) and is well mixed
because of convection. Due to the high temperatures in the corona, (1-2)�106K,
protons and electrons can escape continuously from the solar surface into the
corona simply by thermal expansion. Heavier particles need to be ionised
additionally by Coulomb collisions and wave particle interactions driven by UV
radiation (Cranmar et al., 1999; Geiss et al., 1970). Once the particles are ionised
they are accelerated by magnetic and electric fields, which originate in the
photosphere, and expand through the chromosphere into the corona.

Spacecraft measurements have revealed three different types of solar wind: slow
and fast quasi-stationary solar wind flows, and solar wind associated with

Figure 1.1. Cross-section of the Sun with special emphasis on solar wind forming
regions. Fast solar wind is generated in coronal holes near the Sun's poles. Slow solar
wind in the equator region originates in or near coronal streamers (modified figure from
Lang, 1996).
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transient events (Neugebauer, 1991; von Steiger et al., 1997) (Fig. 1.1). These
different solar wind regimes are summarised in the following:

The slow solar wind originates in equatorial coronal streamers. At the base of
the streamers the coronal plasma is densely concentrated within magnetised
loops that root in the photosphere. Farther out, the streamers narrow to long
stalks and extend out into the corona. The slow solar wind originates at the
streamers' roots and flows along the long largely closed field lines at their
periphery into space (von Steiger, 1998). The average speed of the slow solar
wind is about 400km/s at 1AU.

The fast solar wind emanates from coronal holes at higher latitudes, near the
Sun's poles. Coronal holes are large low-density regions in the corona from
which open field lines with single polarity extend into space (Neugebauer, 1991;
von Steiger, 1998). The velocity of the fast solar wind is 700-900km/s.

The quasi-stationary solar wind is interrupted by transient events, e.g. coronal
mass ejections (CME). CME’s are dynamic events in which plasma that was
initially concentrated in closed coronal magnetic field lines is ejected into
interplanetary space (Gosling, 1997). Most of the ejected material originates in
the corona. A minority of CME's are associated with solar flares, that tend to
occur after CME onsets (reviewed by Cane, 1997). Solar flares are short
catastrophic high energy eruptions. They occur when magnetic energy that has
been concentrated in magnetic loops extending from the photosphere into the
corona is suddenly released. The energy is released in form of radiation over a
wide range of the electromagnetic spectrum, from radio- to x-ray frequencies. In
most cases, solar flares are associated with the active regions of the Sun.
However, the majority of the solar energetic particle (SEP) events are
associated with shock waves driven out by CME (Gosling, 1993; Reames, 1997)
and do not originate from solar flares as was believed earlier.

The solar wind mostly consists of protons and electrons, but ions of all other
elements are also present in roughly solar abundances. Processes that change the
solar wind composition relative to that of the bulk Sun are described in the
following section.

The composition of the solar wind can be analysed in situ with mass
spectrometers on spacecrafts, e.g. Ulysses and SOHO (for details see Chapter 5 -
The GENESIS mission). These measurements are limited to the most abundant
elements (H, He, C, N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca, Cr and Fe) and the data
have systematic and instrumental uncertainties rarely below 20% (von Steiger et
al., 2001). Isotopic ratios have been measured only for a few elements, e.g. He,
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Ne, O, Mg, Si. A summary of these data is given by Wimmer-Schweingruber et
al. (1999). Because of their low concentrations, the noble gases Ar, Kr, and Xe
have not yet been measured by in situ mass spectrometry.

Another approach to analyse the solar wind is to measure its composition in
natural or artificial targets exposed to the solar wind. An example of the latter
approach is the GENESIS mission that will collect solar wind material within the
next 2–2.5 years. Already at the end of the sixties and in the early seventies, solar
wind noble gases were collected in aluminium foils exposed on the Moon during
the Apollo missions (Solar Wind Collection (SWC) experiment, Geiss et al.,
1972). For details to about these experiments see Chapter 5. So far, the foil
experiments did not provide solar wind Kr and Xe data.

Only natural targets, like dust on the lunar or asteroidal surfaces, were exposed to
the solar wind sufficiently long that Kr and Xe abundances as well their isotopic
compositions can be determined. The surfaces of the Moon and asteroids are
covered by a fine clastic sediment called regolith that formed through meteorite
impacts over billions of years. The compaction of this sediment yields regolithic
breccias. Also some meteorites are regolithic breccias. The uppermost layer of
the soil sediment is exposed to the solar wind. Owing to the long sedimentary
record on the Moon and probably on asteroids the lunar and meteoritic regolith
samples can provide data on solar wind composition for different times
throughout the solar history (see Chapter 3 - Kr and Xe in meteorites and Chapter
4 - He in lunar samples). We use the term antiquity to describe the age of the
solar wind in order to avoid confusions with rock-ages. How the solar wind
antiquity can be estimated is explained in Section 4.1.
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1.2.3  Processes affecting the solar wind composition compared to bulk
solar composition

As already mentioned, the solar wind is affected by processes which lead to
abundance differences between the solar wind and the outer convective zone
(OCZ), as well as between the OCZ and the bulk solar composition (Fig. 1.2).

Incomplete hydrogen burning: Helium-3 is an intermediate product of
hydrogen burning in the interior of the Sun, generated at comparatively low
temperatures (5�106K). To complete hydrogen-burning to the end-product 4He
higher temperatures (>107K) are required, which are only reached in the central
part of the Sun’s core. As a consequence, a 3He-rich zone should gradually build
up in the region of the outer core and lower radiative zone during the lifetime of
the Sun (Fig. 4.3) if no large scale mixing processes throughout the Sun are
involved, as it is predicted by standard solar models (Bochsler, 1992). However,
very mild mixing between the radiative and the convective zone might be
possible. A good tracer indicating such potential mixing processes is the 3He/4He
composition in the solar wind of different antiquities. Geiss (1973) found first
hints for such a mild mixing by measurements of lunar samples that contain solar
wind of different antiquities. The compiled data suggested a 3He/4He increase of
10% per Gyr. This topic is also studied in this work and the results are presented
in Chapter 4.

Figure 1.2. Processes, that potentially might affect the solar wind composition.
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Gravitational settling occurs at the lower boundary of the convective zone,
where heavier elements and isotopes from the OCZ, respectively, are
preferentially partitioned into the radiative zone (Fig. 1.2). Comparing
helioseismological data with predictions from solar models yields evidence for
gravitational settling of He. The maximum expected depletion of the He amount
in the OCZ is �10% (Vauclair, 1998). Gravitational settling does not only affect
He. Solar models, e.g. Turcotte et al. (1998), predict a continuous depletion of all
heavier elements in the OCZ over the lifetime of the Sun. According to Bochsler
(2000) even the isotopic composition can be slightly influenced by gravitational
settling. The largest fractionation can be expected for the 3He/4He composition of
the OCZ, which after 4.6Gyr should have increased by 3.3%, whereas the
isotopes of the heavier elements become fractionated by <1%.

Such predictions are difficult to verify by direct analyses of modern solar
wind. The precision of the elemental abundances determined in the photosphere
and also the precision achieved today for in situ analyses of isotopic
compositions in the solar wind are still to low for such relatively small variations.
Also, there are no independent data on the isotopic composition of the noble
gases in the Sun. However, lunar and meteorite samples allow us to study the
temporal evolution of the isotopic (and elemental) composition of the noble
gases, although, as it will be shown in Section 4.4, secondary processes affecting
the samples hinder the detection of very small variations, too. The effect of
gravitational settling may in fact strongly be reduced or even absent if convective
overshooting is a more important process as is now anticipated by the standard
solar models (Bochsler, 2000). The model of convective overshooting is based on
hydro-dynamical calculations that suggest that beyond the convective border
turbulent velocities give rise to a fully mixed region.

The fractionation according to the first ionisation potential (FIP) occurs by ion–
neutral separation in the upper chromosphere (Geiss, 1982). The FIP effect
mainly influences the elemental composition of the corona and the solar wind.
Elements with a low FIP (e.g. Mg, Si) ionise faster than elements with a high FIP
(e.g. C, O).

In the photosphere the elements are predominantly neutral. They begin to
be ionised in the overlying chromosphere due to exposure to the coronal UV
radiation. The separation between ions and neutrals must occur at the boundary
between photosphere and chromosphere, but it is not entirely understood how
this separation process works in detail (Bochsler, 2000; von Steiger, 1998).
Calculations by Marsch et al. (1995) and Peter (1998) have shown that the first
ionisation time (FIT) rather than the FIP is the directly relevant parameter for the
so called FIP fractionation. FIT is the time an atom require in the solar
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atmosphere to become ionised. The two parameters, FIP and FIT, are closely
related to each other.

In the slow solar wind and in SEPs from the equatorial corona, elements
with a low FIP (�10.2eV) are enhanced by a factor of 3–5 with respect to
photospheric abundances. The high-FIP elements (�10.2eV) show generally no
enrichment compared to the photosphere (Fig. 3.6). In contrast, the coronal hole
associated fast solar wind appears to be less fractionated, with an enrichment of
low FIP elements of two only (Geiss et al., 1995). For reviews of the FIP effect
see von Steiger et al. (1997) and Bochsler (2000).

Solar wind Kr and Xe, as measured in lunar samples (Wieler & Baur,
1995) and meteorites are an exception in the overall FIP pattern (see Chapter 3).
Although both, Kr and Xe, are high FIP elements, they are enriched in the solar
wind. The enrichment factor of Xe is similar to that observed for low FIP
elements, whereas Kr is less enriched. Such a fractionation is expected, however,
if FIT is the relevant parameter governing the elemental fractionation (Wieler &
Baur, 1995). It seems that the extent of the FIP effect for Kr and Xe varies with
solar wind antiquity (Heber et al., 2001; Wieler & Baur, 1995).

Whether the FIP effect also alters the isotopic composition has been
studied only theoretically. Some models predict at least a weak enrichment of
3He over 4He by 1.6% in the corona compared with photospheric abundances
(Bochsler, 2000; von Steiger & Geiss, 1989).

Inefficient Coulomb drag and wave particle interactions might also
fractionate the solar wind composition in the acceleration region in the inner
corona (Bochsler, 2000). A variable efficiency of Coulomb drag has been made
responsible for sometimes variable or reduced He/H ratios in the solar wind.
Coulomb drag might be important to accelerate heavy species in the slow solar
wind. The model of Bodmer & Bochsler (1998a) predicts for the high speed solar
wind a depletion of heavy ions in the solar wind of 10-20%, whereas the model
for coronal streamers yields stronger depletions of up to a factor of 2.8. In their
model the fractionation is largest for He compared to H. An isotopic fractionation
of He can amount to 30% in an extreme case.

Essentially, the different processes that fractionate the solar wind and the OCZ
composition from bulk solar composition, respectively, are not resolvable from
each other by measuring the solar wind alone. It is important to know the
physical processes responsible for solar wind formation in the chromosphere and
corona on the one hand and processes in the OCZ (e.g. gravitational settling) on
the other if one wants to use the solar wind as a sample for bulk solar
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composition. The net influence of the mentioned fractionation processes can be
estimated for some elements and isotopes.

Geiss & Gloeckler (1998) calculated on the basis of fast and slow solar wind
3He/4He ratios the present-day (3He/4He)OCZ ratio, applying corrections for
separation processes in the chromosphere or below (FIP-effect, gravitational
settling) and during acceleration. They emphasise that the net correction is
relatively minor. The average 3He/4He ratio of both slow and fast solar wind data
is only 4% higher than the (3He/4He)OCZ. The resulting (3He/4He)OCZ ratio
amounts to (3.8�0.5)�10-4. If the He isotopic composition in the fast solar wind is
much less fractionated than in the slow solar wind, the (3He/4He)OCZ ratio could
be best derived from the fast solar wind data alone, which would lower the
inferred value by 10-15% (Gloeckler & Geiss, 1998). To reveal from the present-
day (3He/4He)OCZ ratio the protosolar (D+3He/4He) ratio Geiss & Gloeckler
(1998) considered two further processes that influence the He composition:
gravitational settling and mixing of 3He from incomplete H-burning into the
OCZ. For both processes together they adopt a correction of (5�3)%. However,
the enrichment of additional 3He in the OCZ over solar history from incomplete
H-burning can now very probably be excluded, as we will show in Chapter 4. On
the basis of lunar samples we postulate that the 3He/4He in solar wind did not
change at least during the last 4Gyr, which is in good agreement with the results
from mixing computations for solar modelling, that predict that 3He in the OCZ
has not increased by more than 5% during the whole solar history (Vauclair,
1998).

The actual influence of the above-mentioned fractionation processes on the
isotopic composition of elements heavier than C might be even less than for He.
This can be shown on the basis of theoretical studies done for several
fractionation processes by Bochsler (2000). Furthermore, measurements on
SOHO show that the variability of the isotopic ratios of heavier elements (Si, Ne,
Mg) in different solar wind regimes is small. Heavier isotopes (e.g. 22Ne, 26Mg,
30Si ) are slightly depleted in the slow solar wind (~350km/s) by (1.4�1.3)% per
amu (2�-error) compared to the fast solar wind (~620km/s) (Kallenbach et al.,
1998). The overall isotopic composition of refractory elements, e.g. Mg, Si, and
Ca, in the solar wind regimes is within the now-achieved uncertainties identical
to the terrestrial, lunar, and meteorite composition (Wimmer-Schweingruber et
al., 1999).

In contrast to the short-term pictures to be deduced from satellite measurements,
lunar samples and meteorites provide average records of the solar wind noble gas
composition over very long times. We will see, however, that the solar noble gas
data obtained from these samples are in good agreement with the data obtained



28

from in situ measurements and the Apollo foils (see Chapters 3 and 4). Thus,
these samples are also suited to reveal processes influencing the solar wind
composition, e.g. the FIP effect (Chapter 3). Additionally, since the lunar regolith
preserves solar wind particles, implanted during almost the entire solar history,
also processes which change the solar wind composition over millions or billions
of years may be unravelled, e.g. a putative 3He enrichment due to incomplete H-
burning (Chapter 4), although small secular variations, e.g. a variable isotopic
fractionation due to gravitational settling, cannot be resolved with the presently
achieved accuracy.

1.2.4  Processes that can change the solar wind composition in the target
material
Solar wind particles are implanted into natural and artificial target materials,
whereby the penetration depth depends on the energy of the ions. Solar wind
particles with energies of 0.8-8keV/nucleon penetrate 30-300nm. The
implantation depth of particles with higher energy, e.g. SEP with 10-
100keV/nucleon, ranges between 400-3000nm (Mewaldt et al., 2001).

Lunar and meteorite regoliths are used as a solar wind target material only for
noble gases, H, Li, and perhaps for nitrogen, because the concentrations of all
other elements in the rocks are much higher than those of the implanted solar
wind species. Therefore, the following paragraphs refer only to the noble gases.

The composition of the solar wind species implanted in foils or grains slightly
differs from the respective values of the solar wind in space due to
backscattering during implantation. The amount of backscattered ions depends
on the atomic masses of both the impinging particles and the target material.
Backscattering is largest for the lightest noble gas He. This is confirmed by
simulations of the implantation process. A widely used computer code for such
simulations is TRIM (TRansport of Ions in Matter) developed by Ziegler and co-
workers (Ziegler et al., 1985 and updates). TRIM calculations adopting ilmenite
as target show that at energies of 1keV/amu typical for slow solar wind 20% of
the He ions are backscattered compared to 4% for Ne. TRIM calculation also
predicts a difference between the amounts of backscattered 3He (~18%) and 4He
(~22%) of ~4% at 1keV/amu. Thus, this effect might influence the 3He/4He ratios
of implanted solar wind species. However the real extent of this fractionation is
not known because TRIM predictions might not be very accurate for low
energies of ~1keV. At the resulting low penetration depths quantum effects may
play a role, which are not accounted for in this program (I. Leya, personal
communication, 2002).
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The solar wind 3He/4He ratios analysed in lunar samples in this work are not
corrected for backscattering effects, because the major interest of the
investigation here is a temporal variability of the 3He/4He ratio (Chapter 4),
whereas its absolute value is only of secondary importance.

During the bombardment with solar wind particles, the grain and foil surfaces
will be eroded due to sputtering. If the exposure time is sufficiently long the
concentrations of implanted elements will reach an equilibrium, i.e. the solar
wind flux is equal to the rate at which the implanted elements are lost by
sputtering (Jull & Pillinger, 1977). Because most grains in the lunar regolith were
exposed to solar wind for a long time, their concentrations may have reached this
equilibrium. Wieler (1998) and Pepin et al. (1999) simulated the sputtering effect
on the Ne isotopic composition with TRIM. They assumed incoming Ne ions
with a 20Ne/22Ne composition of 13.8 (present-day solar wind, Geiss et al., 1972;
Kallenbach et al., 1997) and a single energy of 1keV/amu. With TRIM they
calculated depth profiles of the Ne isotopic composition. Because of the different
penetration depths of 20Ne and 22Ne, they obtained 20Ne/22Ne ratios at the
immediate surface of ~16, i.e. 16% higher than, if sputtering was neglected.
However in a situation where sputtering equilibrium is reached, the simulations
yielded the true solar wind Ne composition at the immediate surface. There is
strong evidence that this actually happens, because the analyses of the solar wind
from the uppermost surface of lunar grains (Benkert et al., 1993) yield the same
20Ne/22Ne ratios of 13.7-13.8 as the analyses of solar wind collected in foils
(Geiss et al., 1972) as well as by in situ mass spectrometry (Kallenbach et al.,
1997). Wieler (1998) and Pepin et al. (1999) concluded that "real" solar wind
isotopic ratios are conserved at the grain surfaces where ion-implantation and
surface loss by sputtering are in equilibrium.

Diffusive loss of implanted solar wind ions is a process which might alter the
solar wind composition in lunar and meteorite samples. It mostly affects the light
noble gases He and Ne and strongly depends on the mineral phases. Baur et al.
(1972) and Jull & Pillinger (1977) determined a retentivity order on the basis of
stepwise heating experiments of different lunar mineral phases. The retentivity is
defined by the ratio of measured and the "real" solar wind elemental ratios, such
as He/Ar, and describes how well noble gases are retained in a special mineral
phase. The retentivity is therefore an important measure of the diffusion. The
retentivity increases from plagioclase, glass, pyroxene to ilmenite and Fe-Ni
alloy. Fe-Ni alloy in meteorites is the only available mineral phase that retains
unfractionated He, Ne, and Ar abundances (Murer et al., 1997). Since lunar
regoliths do not contain Fe-Ni alloy, except for some rare particles from
meteorite impacts, ilmenite is the next best choice. However, as will be shown
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later in Section 4.3.2, even ilmenite grains lose some of their solar wind He from
the outermost layers (Figs. 4.14 and 4.15).

Lunar grains of different regolith ages and from different sites are probably also
affected by erosion on the Moon. This process also influences the noble gas
composition. The outermost grain layers that contain the solar wind ions might at
least partially be removed by sedimentary processes, e.g. transportation, breccia
compaction, as well as by processes which are restricted to the active soil
surface, as micro-flaking (Nichols et al., 1994) and micro-cratering by
micrometeorite impacts (Hörz et al., 1974; Housley et al., 1974). Erosion should
not affect the measured noble gas composition, in terms of elemental and isotopic
fractionation in the sample itself. However, solar wind composition obtained
from samples from different sites and/or with different solar wind antiquities are
not simply comparable. The extent of erosional removal of the outermost grain
layers is very probably dependent on the age of the regolith and can be studied by
comparing the isotopic compositions of the He and Ne released from the
outermost grain layers of lunar samples with different solar wind antiquities. The
erosion process and its influence on the results of this work will be discussed in
more detail in Chapter 4.

Last but not least, other noble gas components in meteoritic or lunar grains are
released together with the solar wind noble gases and might overprint the solar
wind signature to different extents. This topic is treated in the next section.

In summary, the noble gas record archived in meteoritic and lunar grains is not to
be read straightforwardly but has to be carefully evaluated. Nevertheless, with
such a careful assessment the solar wind noble gas data obtained from these
targets have been shown to be in good agreement with data from in situ
measurements and the Apollo foils (Benkert et al., 1993; Geiss et al., 1972;
Kallenbach et al., 1997; Murer et al., 1997, Pedroni & Begemann, 1994). This
gives us confidence to consider the lunar and the meteorite samples as a valuable
solar wind reservoir allowing us to study on the one hand, Kr and Xe also, which
so far cannot be measured otherwise. On the other hand the lunar regolith offers a
unique possibility to analyse solar wind from different times back in solar
history.
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1.3  NOBLE GAS COMPONENTS IN THE SOLAR SYSTEM AND THEIR
RELATION TO THE SOLAR WIND

In this section some of the noble gas components are shortly described that also
occur more or less abundantly in meteorites and lunar samples and may thus
obscure or disturb the solar wind signals analysed in this samples. Detailed
reviews of all noble gas components are given in Porcelli et al. (2002) and Ozima
& Podosek (2002) and references therein.

1.3.1  Cosmogenic noble gases
Cosmogenic noble gases are produced in situ due to the interaction of highly
energetic (100MeV – 3GeV) galactic cosmic ray (GCR) particles with solid
material. The mean penetration depth of GCR particles in rocks is about 0.5m.
For most elements the effect is not or hardly discernible, but the GCR produced
fraction becomes detectable for elements with very low intrinsic concentrations
in the target rocks. This is the case for noble gases. In lunar and meteoritic rocks
the cosmogenic noble gases can be the most prominent component. The
cosmogenic contribution especially affects those isotopes, which are less
abundant in other noble gas components, e.g. 3He, 21Ne, 38Ar and 78Kr. In the
cosmogenic component all isotopes of an element have roughly the same
abundance. Production rates of cosmogenic He are similar from essentially all
elements. In contrast, Ne is mainly produced from Mg, Al, and Si, and Ar from
Ca, K, Fe, and Ni (Leya et al., 2001). Cosmogenic Kr and Xe are produced from
Rb, Sr, Zr and Te, Ba, La, Ce, respectively. The influence of the cosmogenic Kr
and Xe is especially large on the very rare Kr and Xe isotopes as 78Kr, 124Xe, and
126Xe. The contribution of cosmogenic noble gases to the solar wind He, Ne, Ar,
and Kr data of this work measured in meteorites and lunar samples is shown in
the Sections 3.5.2.3 and 4.3, respectively.

Since He and Ne are the second and tenth most abundant elements in the solar
photosphere, respectively (Palme & Beer, 1993), and similarly abundant in the
solar wind, the influence of other noble gas components on the solar wind He
data analysed in meteorites and lunar samples is almost negligible. Among the
Ne isotopes, only 21Ne can be compromised by cosmogenic contribution by up to
several percent. However, since Ne consists of three isotopes, the cosmogenic
21Ne contribution can be determined by a three-component mixing model. Then,
also the other measured Ne isotopes can be corrected for their cosmogenic
contribution. Also, other elements, as e.g. Ar and Kr can be corrected via the
cosmogenic 21Ne.
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1.3.2  Radiogenic noble gases
Radiogenic noble gases are formed in situ by the decay of both long-lived
radionuclides and short lived - now extinct - radionuclides. Examples of the
former are 4He from 235,238U and 232Th, 40Ar from 40K, an example of the latter is
129Xe from the 129I. Heavy "fissiogenic" isotopes of Kr and Xe are the product of
neutron-induced fission of 235U as well as of spontaneous fission of 238U and of
the extinct radionuclide 244Pu.

The measured amounts of 40Ar and 129Xe in the meteorites are mainly radiogenic.
However, these isotopes were of no particular interest in this work, and the
measured 4He is mostly solar anyway, hence it was not necessary to correct the
measured data for radiogenic contribution.

1.3.3  Primordial noble gases
Meteorites, in particular chondrites, contain various components of primordial
noble gases. Among these are noble gases of nucleosynthetic origin found in
presolar grains (nanodiamonds, silicon carbide) (Huss & Lewis, 1994a, 1994b;
Lewis et al., 1994). Other primordial noble gas components probably were
trapped from the early solar nebula. There, the Q component is the most
important reservoir, which is probably situated in carbonaceous phases of
chondrites (Ott et al., 1981). The primordial noble gases are marked by strong
elemental fractionation, i.e. strong depletion of the light noble gases relative to
the heavier ones and solar composition (Busemann et al., 2000; Wieler et al.,
1991) (Fig. 1.3).

Analysing the solar wind Kr and Xe in regolithic meteorites is difficult because
the primordial noble gas component is very prominent in bulk chondrites and
even in most achondrites. Furthermore, Kr and Xe are less depleted in the
primordial gases, which leads to rather similar Kr and Xe concentrations of the
solar wind and the primordial components, respectively. Therefore, these two
components have to be separated if one wants to analyse the solar wind
component in gas-rich meteorites. In our experiments we separated them by
closed system stepwise etching (see Section 2.2.1) with hydrofluoric acid,
because the phase Q is essentially resistant to HF (Busemann et al., 2000; Lewis
et al., 1975). These experiments are discussed in Chapter 3.
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1.3.4  Terrestrial atmospheric noble gases
As soon as meteorites and lunar samples are exposed to the terrestrial
atmosphere, their grain surfaces can be contaminated by adsorbed atmospheric
noble gases. Especially the heavy noble gases Kr and Xe may be affected,
because of their strong van der Waals interaction and low abundances in the
meteorites. This heavy noble gas adsorption can be "irreversible", i.e. adsorbed
Xe will be released by heating in vacuum only at temperatures of ~1000°C.
Garrison et al. (1988) and Niedermann & Eugster (1992) observed severe Xe
adsorption as a result of sample preparation, e.g. crushing. Atmospheric Ar,
however, is released at much lower temperatures. Furthermore, meteorite finds
can become altered by weathering processes, such as aqueous alteration, which
influence mainly the heavy noble gas composition (Scherer et al., 1994; Stelzner
et al., 1999). The amounts of incorporated atmospheric noble gases increase with
higher terrestrial age at least in hot desert regions (Stelzner et al., 1999). The
influence of atmospheric contamination on the present meteorite data set is
discussed in detail in Section 3.5.2.2.

In contrast to the heavy noble gases, He and Ne are not or much less affected by
atmospheric noble gas contamination, since the adsorbed atmospheric He and Ne
can be easily removed by moderate heating (100°C) in a vacuum chamber.

Figure 1.3. Elemental abundances of the noble gases of the primordial (here phase Q)
and the terrestrial atmospheric reservoir, compared to the solar abundances and Xe
(figure adapted from Busemann, 1998).
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Chapter 2 

Experimental Methods
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2.1  SAMPLES

In this section a short overview is given over the samples that were used for solar
wind noble gas analyses. The details, e.g. the criteria that led to their selection,
sample characteristics, and special remarks about their preparation are described
in the corresponding parts of this thesis: in Chapter 3 the meteorite samples
(Sections 3.3.1, 3.5.1) in Chapter 4 the lunar samples (Section 4.2.1), and in
Chapter 5 the artificial collector materials.

We have chosen the three chondritic breccias Fayetteville, Noblesville, and
Acfer111 and the achondritic breccia Pesyanoe for noble gas analyses with
CSSE. The aim of this study is to determine the Kr and Xe elemental and
isotopic composition of the solar wind. The meteorites were gently crushed in
order to sort out light and rare dark clasts, large crystals and to conserve the
original grain surfaces. Afterwards they were sieved into different grain size
fractions. From the 40-64�m, 64-100�m, and 100-125�m fractions the magnetic
particles (Fe-Ni) were removed with a hand magnet. The resulting bulk silicate
samples (Table 3.3), with weights of 300-400mg, were washed in ethanol, before
being loaded in the sample holder. For Acfer111 the metallic fraction was also
analysed.

The aim of the work on lunar ilmenites is to obtain high depth resolution He and
Ne data by CSSE. As starting materials 3-4g each of lunar soils 71501, 74241,
and 12001, and lunar breccias 79035, and 79135 were selected. The breccias
were gently crushed to sort out clasts and in particular to conserve the original
grain surfaces. Subsequently, both the breccias and soils were sieved into
different grain size fractions. The fractions 64-100�m, 100-125�m, and
125-175�m were used to separate ilmenites from the bulk sample with Clerici
solution, a heavy liquid with a density of 4.03g/cm3. The mass of the obtained
ilmenite separates ranges between 5-10mg (Table 4.3). Before the ilmenites were
loaded in the sample holder they were washed with ethanol.

In order to test the etch behaviour of the solar wind collector material used by
GENESIS, artificially irradiated metallic glass (vitreloy) samples were analysed
by CSSE. Since the He and Ne ions are implanted subsurficially, only ~3000Å
deep, the surface of the material must be treated carefully. Therefore, samples
were only washed with ethanol without further treatment.

All samples were loaded in the sample finger, which was mounted on the etch
device. After evacuating the sample finger and before etching, all samples were
preheated for several hours to remove adsorbed air, the lunar samples at 60°C
and the meteorite samples and the vitreloy at 100°C.
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2.2  EXTRACTION OF THE NOBLE GASES

2.2.1  Closed system stepwise etching (CSSE)

2.2.1.1  Advantages of CSSE
In the work presented here, we used the closed system stepwise etch technique
(CSSE) to release the noble gases from all samples. The stepwise extraction of
noble gases by CSSE has advantages compared to the conventional stepwise
extraction methods like pyrolysis and combustion. With CSSE we are able to
release the sample gas very smoothly by slowly dissolving the gas carrier. In the
ideal case we get depth profiles of the noble gas composition (see Figs. 5.6, 5.8)
in the analysed material. A major advantage is that the noble gases are released at
room temperature, which avoids noble gas fractionation due to diffusion at high
temperatures, which is especially important for the light elements He and Ne.

In particular, the CSSE technique is highly suited for analysing solar wind noble
gases for two reasons. First, the solar wind is implanted only into the outermost
few ten nanometers of the grains. Because of other noble gas components
residing deeper in the grains (see Section 1.3) it is therefore of interest to use a
gas release technique that only attacks these outermost grain layers. The second
reason is the possibility to separate various noble gas components residing in
different carrier phases by choosing the etch reagent. An example is the
separation of the implanted solar noble gases in silicates from the primordial
gases in carbonaceous carriers with HF (see Chapter 3 - Kr and Xe in meteorites).

2.2.1.2  Description of the CSSE device
All parts of the etch device in contact with the acids consist of pure gold or
platinum. Platinum is placed in between two gold flanges and as membrane in
the valves to prevent the gold from cold welding. Construction details of the
CSSE apparatus are given by Signer et al. (1993). Before starting a new etch run,
the device is baked out at 100°C for several days, except for the acid and the
sample fingers, which are cleaned separately.

The sample finger (Fig. 2.1) contains the sample and during the etching is always
kept at 22°C. The acid finger contains the etch reagent, ca. 0.3-1ml of
concentrated HNO3 or HF acid. During the etching the acid is kept at
temperatures between -20°C and +22°C. Valve G3 connects the acid finger with
an acid-resistant turbo molecular pump via a cold trap hold at -80°C. At the
beginning of every etch run the acid is degassed by this pump in several cycles of
heating (50°C) and freezing (-20°C). The sample finger and the acid finger are
connected by valve G2. With this valve the etch process is activated or stopped.
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Valve G1 connects the etch volume with the extraction line and the mass
spectrometer. The etch process itself can be controlled on one hand by time
varying the etching via opening and closing of valve G2 and on the other hand by
the temperature of the acid finger that regulates the partial pressure of the acid.

2.2.1.3  Gas extraction by CSSE
Lunar and meteorite samples are etched by the vapour of concentrated HF (37%),
vitreloy by vapour of concentrated HNO3 (65%).

Before expanding the sample gas to the extraction line the acid finger is cooled to
-40°C during 10-30min, in order to reduce the partial pressure of the acid vapour
in the system. Also the u-shaped tube (Fig. 2.1) is cooled to -70°C in an
acetone-dry ice bath, which efficiently freezes out any residual acid vapour. On
the one hand this avoids corrosion of the following parts of the extraction line,
which are made of stainless steel, and thus reduces the procedural blank. On the
other hand it prevents interferences on mass 20 in the mass spectrometer because
of HF. The HF background is monitored on mass 19, but no correction on mass
20 was ever required. Tests with calibrated gas amounts showed that Kr and Xe
are not frozen onto the u-shaped tube to any relevant extent at -70°C.

Subsequently, the sample gas is cleaned by several steps in the extraction line to
protect extraction line and mass spectrometer from residual acid and to reduce
other background gases. First, the sample gas is expanded to a getter filled with

Figure 2.1.  Closed system stepwise etching (CSSE) device. The overall dimension of
the gold-platinum line is ~35cm.
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dry CaO powder at 22°C to trap H2O, followed by two getters with Ti/Zr pellets
at 280°C to remove reactive gases and two Al/Zr getters (SAES®) to remove H2

(getter at 22°C) and CH4 (getter at 250°C or higher temperatures).

At the beginning of each run the etch device is intensively tested for blanks. For
that, first the etch device is tested for the procedural blank. Subsequently, the
acid is analysed for its blank, which is a measure for residual air dissolved in the
acid. Before starting the etching, the sample reservoir is also checked for leaks by
closing the reservoir for several hours to days, and subsequently analysing the
accumulated gas amount. Only if all blanks are low enough as not to influence
the sample analyses, we start the etch run. Nevertheless, the first one or two steps
of each sample have very short etch times (several minutes) at low acid
temperatures (-20°C) in order to test the blanks again. Since small amounts of He
are already released in these steps, they are listed in the noble gas tables (see
Tables A.1.1 - A.5.4, B.1 - B.5 and footnotes therein).

After the end of an etch run, the sample residue is recovered from the sample
finger, cleaned, and prepared for total noble gas extraction in the furnace. The
mass of the residues is about 30% higher than the initial sample mass, because
fluorides formed during the etching. In order to protect the mass spectrometer
from the fluorine ions, which would be released by total extraction of the residue,
the fluorides needed to be dissolved. The fluorides formed by the etching of the
lunar ilmenites (Fe-, Ti-fluorides) could easily be dissolved in H2O. However,
the fluorides formed during the etching of bulk silicates of the meteorites (e.g.
Mg-, Ca-fluorides) dissolved only in concentrated HCl. Unfortunately, HCl
dissolves also the carbonaceous phases of the residue. Hence it must be supposed
that the meteorite residues lost a large part of their noble gases before analysis.

2.2.2  Noble gas extraction with the furnace
In order to check the completeness of the noble gas release by CSSE and to
obtain mass balances we measured also aliquots of the respective samples to be
etched as well as etch residues by total extraction in a furnace at 1800°C. The
cleaning procedure and gas separation are similar to those of the CSSE
experiments, except for the cold trap and the CaO getter.

2.2.3  Noble gas separation
He-Ne analysis (lunar ilmenites, vitreloy): After the cleaning procedure the
gases are expanded to activated charcoal at liquid nitrogen temperature (-196°C),
to remove Ar and background molecules like H2O, CH4, CO2. This helps to
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largely suppress interferences, e.g. of 40Ar++ on 20Ne, and "memory effects". The
Ar phase was not analysed.

He-Xe analysis (meteorite samples): After the cleaning procedure the sample
gas from an etch step is separated into the three phases He-Ne, Ar, and Kr-Xe.
First, the heavier gases Ar, Kr, and Xe are trapped completely on activated
charcoal cooled with liquid nitrogen, while He and Ne is expanded to the mass
spectrometer. In a next step, the charcoal is warmed to 50°C, thereby releasing
the heavy gases. Next, the charcoal is cooled to -120°C to trap exclusively the Kr
and Xe atoms. After 20 min a second activated charcoal, at -196°C, traps the Ar.
Since the separation between the Ar and the Kr-Xe phase is not perfectly, Ar was
measured also in the Kr-Xe phase as well as Kr and Xe in the Ar phase. The
respective amounts are added to the main fraction. In all etch runs the Ar and Kr
corrections never exceed 10% and 2-3%, respectively. It was never necessary to
correct for Xe.

The separation of the noble gases into the three phases is necessary mainly to
avoid memory effects on less abundant Kr and Xe isotopes due to large gas
amounts of He, Ne, and Ar and to avoid a strong interference of 40Ar++ on mass
20Ne, as mentioned above.

2.3  NOBLE GAS MEASUREMENT

2.3.1  Mass spectrometry
The abundance of the various noble gases in the solar wind are such that very
small amounts of Kr and Xe contrast with very large amounts of He and Ne and
still large amounts of Ar (He/Kr)SW = 8�107. Therefore, we measured the He and
Ne, and Ar fractions of the meteorite samples (see Chapter 3 - Kr and Xe in
meteorites) in the mass spectrometer "Minneapolis", well suited to analyse large
gas amounts. It is equipped with a Faraday cup and an electron multiplier in
analogue mode and has a mass resolution M/�M of ~100. Gas atoms are ionised
by electrons with an energy of 100eV. The Kr and Xe fraction was analysed in
the spectrometer "Albatros", which is suitable for small noble gas amounts. Its
higher mass resolution M/�M of ~550 is sufficient to resolve 3He and HD, 20Ne
and H2

18O, and 78Kr and benzene, respectively. This spectrometer is equipped
with a multiplier operated in counting mode and a Faraday cup. The gas is
ionised with electron energies of 100eV.

The main task of the analyses of lunar ilmenites is to obtain high-resolution
depth profiles of the 3He/4He ratio of the implanted solar wind. Therefore, the
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samples were etched in very small steps with only small gas amounts. The
"Albatros" mass spectrometer was used for all these analyses. Due to the high
mass resolution of the spectrometer, interferences on 3He and 20Ne by HD and
H2

18O, respectively, are avoided. The gas is ionised by electrons with an energy
of only 45eV to reduce double ionisation of 40Ar and CO2 and thus interferences
on 20Ne and 22Ne, respectively.

2.3.2  Blanks
The noble gas results obtained by CSSE are corrected for the procedural blank,
which is the blank of the extraction line without the actual Au-Pt etch device (i.e.
valve G1 in Fig. 2.1 remaining closed). This blank was measured daily, prior to
the etch steps. The mean procedural blank values and their standard deviations
are given for each etch run in Tables 2.1 and 2.3. Blank corrections never exceed
0.01% for He, Ne, and Ar except for the first very gas poor steps. Blank
corrections for Kr and Xe are always in the range of 0.2% to max. 5% in gas-
poor steps.

Additionally, at the beginning of each etch run one or several acid blanks were
measured (Tables 2.2 and 2.4). On the etch device there are two possibilities to
extract the acid blank. One, via valve G3 over a detour line, that was specially
constructed for acid blank analyses, but is of somewhat limited use due to high
procedural blanks. Second, the acid blank can be extracted via the sample finger
when it does not contain sample material. The acid blanks lie slightly above the
procedural blanks by a factor of 2-3 for He, Ne, and Ar and a factor of up to 6 for
Kr and Xe. Since the acid blanks are so low, and as it can be assumed that they
decrease during the etch run because of further degassing, the samples were not
additionally corrected for the acid blank.
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TABLE 2.1. Average procedural blanks in all meteorite etch runs and standard
deviations.

meteorite (run)
4He

(10-12cm3)

20Ne
(10-12cm3)

36Ar
(10-12cm3)

40Ar
(10-12cm3)

84Kr
(10-14cm3)

132Xe
(10-14cm3)

Pesyanoe (VH05) 440�130 3.0�0.7 2.5�0.5 740�150 2.5�1.1 1.9�1.1
(Pesyanoe)1 4 �20 (13�6)�103

Fayetteville (VH06) 390�80 5.4�1.1 2.6�1.4 730�430 6.3�2.5 2.9�1.2
(Fayetteville)2 54�27 (16�8)�103 13�13 7.6�7.6

Acfer111 bulk (VH08) 400�80 4.2�1.1 1.5�0.3 420�80 2.9�1.2 1.4�0.6
Acfer111 Fe-Ni (VH10) 400�170 1.6�0.2 1.6�1.5 430�440 4.5�5.7 2.0�2.4
Noblesville (VH13) 510�110 0.4�1.1 0.4�0.1 100�20 18�4 1.8�0.7

He, Ne, and Ar were measured in the "Minneapolis" mass spectrometer, Kr and Xe in the "Albatros" mass
spectrometer. 20Ne is corrected for 40Ar++.
1 In some steps (8–13) high Ar procedural blanks, because of contaminated getters. The other isotopes are
in normal range. The relevant steps were corrected with the higher blank. 2 High procedural blanks for Ar,
Kr, and Xe. In this case the acid was distilled into the sample finger. Possibly, more acid than normal was
released with the sample gas and reacted with the getter material. The relevant steps (10–12) were
corrected with the higher blank.

TABLE 2.2.  Average HF acid blanks in all meteorite etch runs.

meteorite procedure
4He

(10-12cm3)

20Ne
(10-12cm3)

36Ar
(10-12cm3)

40Ar
(10-12cm3)

84Kr
(10-14cm3)

132Xe
(10-14cm3)

Pesyanoe1 average 360�28 15�5 25�12 (7.4�4)�103 29�18 20�9
Pesyanoe uncorrected 62�39 (1.9�1)�103

Fayetteville2 average 460�7 11�2 5.3�2.6 (15�8)�102 16�9 7.1�2.3
Acfer111 bulk 2.5h 23°C 890 5.3 not meas. 550 8.5 3.0
Acfer111 Fe-Ni3 2.5h 23°C 1300 2.7 2.4 740 14 7.0
Acfer111 Fe-Ni uncorrected 82 35
Noblesville 2h 23°C 960 9.1 4.5 870 18 7.8

For explanations see Table 2.1. The acid blanks of all samples, except Pesyanoe, were extracted via the
empty sample finger. For Pesyanoe the detour line was used.
1 Pesyanoe: average value from several acid blanks: 4h 23°C, 5d –27°C + 3h 23°C, 8d –27°C + 3.5h
23°C, 2.5h 23°C. Ar values are corrected with the procedural blank, since it was unusually high, probably
due to the getter material. In many cases such anomalous high procedural blanks are reflected in high Ar
and Kr-Xe amounts. Fortunately, here only Ar was affected. The uncorrected acid blanks are given in the
row below. 2 Fayetteville: average value from several acid blanks: 2d –20°C + 5h 23°C, 6d 23°C, 14d
23°C. 3 Acfer111 Fe-Ni: Kr and Xe values are corrected with the procedural blank. For explanation see
footnote 1.
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TABLE 2.3 Average procedural blanks and their standard deviations in all etch runs of
lunar ilmenites.

lunar sample (run)
3He

(10-12cm3)

4He
(10-12cm3)

20Ne
(10-12cm3)

22Ne
(10-12cm3)

71501 (VH07) 0.2 � 0.2 330 �   90 0.7 � 0.2 <0.1
79037 (VH14) 0.2 � 0.2 340 � 120 0.9 � 0.5 <0.1
74241 (VH16) <0.1 290 �   60 0.6 � 0.2 0.2 � 0.07
12001 (VH18) <0.1 300 �   60 0.6 � 0.2 <0.1
79135 (VH20) <0.1 410 �   90 0.4 � 0.1 <0.1

He, Ne were measured in the "Albatros" mass spectrometer. 20Ne, 22Ne are corrected for interferences.

TABLE 2.4. Average HF acid blanks in all etch runs of lunar ilmenites.

lunar sample (run)
3He

(10-12cm3)

4He
(10-12cm3)

20Ne
(10-12cm3)

22Ne
(10-12cm3)

71501 (VH07) 0.2 240 0.7 � 0.2 <0.1
79037 (VH14) <0.1 250 0.9 � 0.5 <0.1
74241 (VH16) <0.1 250 1.7 0.3
12001 (VH18) 0.1 300 2.7 0.2
79135 (VH20) <0.1 470 1.0 0.2

The acid blanks of all samples were extracted via the detour line. He, Ne were measured in the "Albatros"
mass spectrometer. 20Ne, 22Ne are corrected for interferences.
He data are not corrected for procedure blanks. True Ne acid blank data are more complicated to
determine, because the detour-line of the etch device, through which the acid is released, has frequently
significant higher Ne procedure blanks than the normal procedural blank. Therefore it is not easy to
decide, which proportion of the Ne actually comes from the acid. The Ne of 79135 and 74241 are
corrected, of 12001 not. For 71501 and 79035 the normal procedural values (Table 2.3) are given,
because no differences in the Ne amounts of the detour-line procedural blank and the acid blank occurred.

2.3.3  Interferences
Apart from the blank correction, the He and Ne data are also corrected for
interferences caused by background gases (H2, H2O, 40Ar, CO2, 19F), although the
corrections generally are very low. Fortunately, these corrections were lower
than the uncertainties for all measurements, except for steps with noble gas
amounts in the range of the procedural blank. The background gases are
continuously monitored throughout all measurements. All background signals are
relatively constant, both during a single run but also over several years.

The data measured in the "Minneapolis" mass spectrometer are corrected for HD
on the 3He peak, for H2

18O and 40Ar++ on the 20Ne peak and for CO2
++ on the 22Ne

peak. On all other isotopes interferences are negligible. Because of the high He
and Ne amounts which had to be released to get reliably measurable Kr and Xe
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amounts (see Section 2.3.1), the He and Ne signals are usually not influenced by
interferences due to background gases (<0.01% HD, �0.01-0.1% 40Ar++, ~10-4%
H2

18O, �0.01-0.05% CO2
++), except in the first steps with very low gas amounts.

Since the "Albatros" mass spectrometer has a much higher mass resolution, only
40Ar++ and CO2

++ interferences on 20Ne and 22Ne, respectively, need to be
corrected. But these corrections are extremely low (~0.01% CO2

++, ~0.0001%
40Ar++), except for very small gas amounts as those measured in the first steps.

At an electron energy of 100eV (Minneapolis) the ratio of double to single
ionised 40Ar is 0.072�0.019, at electron energies of 45eV (Albatros), this value is
reduced to (0.0012�6)�10-4 (Busemann, 1998). The contribution of H2

18O to the
20Ne peak can be calculated from the measured H2O amount on mass 18 and the
abundance ratio H2

18O/H2
16O = 0.0002. The contributions of HD to 3He and

CO2
++ to 22Ne, respectively, are estimated with "residual" measurements.

Residual measurements are blank analyses of the "empty" mass spectrometer
alone. It is assumed that Ne in the residual has atmospheric isotopic composition.
In this work the residual correction was also negligible, but the residual is of
importance to determine the CO2

++/CO2
+ ratio by subtracting the 22Ne signal

from the total signal on mass 22 via the 20Ne signal and the atmospheric
22Ne/20Ne ratio. The long-term average CO2

++/CO2
+ ratio is 0.020 � 0.001 for

"Minneapolis" (100eV electron energy) and (5�1)�10-4 for "Albatros" (45eV
electron energy). HD in "Minneapolis" is corrected via the assumption that the
3He signal in the residual is exclusively formed by HD. The long-term average
HD/H2 ratio is (1.6�0.1)�10-4. Because of the high mass resolution in "Albatros"
both peaks, 3He and HD, are separated from each other.

2.3.4  Calibration
The calibration of the sensitivity of the mass spectrometer is performed by using
accurately known gas amounts fed from calibrated gas reservoirs and pipettes
with accurately determined volumes. Ne-Xe of the calibration gases have
atmospheric isotopic composition, He is enriched in 3He (3He/4He = 0.047). Each
noble gas fraction (He-Ne, Ar, and Kr-Xe) has its own calibration gas reservoir.

In a normal measuring procedure "fast calibrations" (FC) are analysed daily in
order to determine the temporal variation of the mass spectrometer sensitivity. In
a FC the calibration gas directly passes from the reservoir into the mass
spectrometer. As example the variations of the 4HeF/3HeF, 20NeC/22NeC, and
21NeC/22NeC ratios for FC analyses in the "Albatros" are given in Table 2.5. Since
these variations are lower than 1% for the more abundant isotopes (20NeC/22NeC)
and still not higher than 1-2% for the least abundant isotopes (4HeF/3HeF and
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21NeC/22NeC) in the calibration gas, this shows that isotopic ratio measurements
are reproducible within one and two percent.

Additionally, at least three "slow calibrations" (SC) are measured during a
whole etch run. In these measurements, the calibration gas is treated identically
to a sample analysis. In order to correct for the daily sensitivity variations of the
mass spectrometer FC/SC ratios are calculated. With these values, the absolute
noble gas concentration for one reference isotope of each element and each
collector is calculated. Mass discrimination for the different elements in the mass
spectrometer is assumed to be constant within a etch run, and is determined from
the average of all FC's.

TABLE 2 5. Variations of isotopic ratios in the "fast calibration" over a period of two
years.

4He/3He 20Ne/22Ne 21Ne/22Ne
run (lunar
sample)

time
period

number
of FC's

average
(F)

1� (%) average
(C)

1� (%) average
(C)

1� (%)

VH07 part 1
(71501)

12/1999 9 21.34 1.9 9.72 0.78 0.0288 1.0

VH07 part 2
(71501)

10/2000 11 21.28 2.0 9.64 0.70 0.0283 1.4

VH14 (79037) 11/2000 20 21.29 1.4 9.63 0.38 0.0285 1.3
VH16 (74241) 2/2001 17 21.33 1.6 9.67 0.61 0.0286 2.1
VH18 part 1
(12001)

5/2001 16 21.32 1.0 9.57 0.87 0.0287 2.3

VH18 part 2
(12001)

6/2001 6 21.34 0.8 9.71 0.46 0.0287 1.6

VH20 (79135) 8/2001 16 21.34 1.4 9.65 0.66 0.0287 1.4

"Fast calibration" measurements in "Albatros". Interferences on 20Ne, 22Ne are negligible, therefore not
corrected for. F: Faraday collector; C: counter.
The low 3HeF  and 21NeC signals are the reason for the relatively high variations of the 4HeF/3HeF ratios
and the 21NeC/22NeC of ~1-2%. The standard deviations of the average FC isotopic ratios are similar to the
uncertainties of the isotopic ratios in a single FC.

2.3.5  Uncertainties
The uncertainties of the concentrations of the reference isotopes (Tables A.1.1 –
A.5.4 and B.1 - B.5) include the 1� statistical error of the sample analysis, the
error resulting from the calibration, i.e. the standard deviation of the FC/SC ratios
in the etch run, the uncertainty of the sample mass, and the errors due to blank
and interference corrections. Not included are the errors of the calibration gas
amounts that are estimated to be about 0.5% (He, Ne), 1% (Ar), and 4% (Kr, Xe),
respectively. The 1� error of the isotopic ratios includes the statistical error, the
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error of the mass discrimination and the errors due to blank and interference
corrections.

In lunar samples 3He and 4He are not measured on the same collector, because of
the large differences in their gas amount. The 3He/4He ratios are calculated from
the reference isotopes 3HeC, measured with the counter, and 4HeF, measured with
the Faraday. Therefore, the counter/Faraday (C/F) variation in the mass
spectrometer for He and Ne is monitored via "fast calibration" measurements. In
Table 2.6 the variations are given for 3HeC/4HeF and 20NeF/22NeC.

According to these data, the C/F ratio for the He isotopes is very stable, it varies
�0.6% in each etch run, as it was tested over two years. Hence, all 3He/4He ratios
given in Chapter 4 - He and Ne in lunar samples - are 3HeC/4HeF ratios, except
for such steps containing very small gas amounts mostly at the beginning of each
etch run. The variation of the C/F ratio is considered in the errors of the sample
3He/4He ratios.

In contrast, the C/F ratio for Ne is more variable, up to 2% (Table 2.6). Also, this
C/F variation is considered in the errors of the sample 20NeF/22NeC ratios,
although only in few steps (10-15%) the 20NeF/22NeC ratios had to be considered.
In most steps 20NeC/22NeC ratios are used.

TABLE 2.6. Variations of the counter/Faraday collector ratios in the "Albatros",
determined by "fast calibration" analyses.

3HeC/4HeF
22NeC/20NeF

run (lunar sample) time
period

number
of FC's

average
(C/F)

1� (%) average
(C/F)

1� (%)

VH07 part 1 (71501) 12/1999 9 2.84E+17 0.60 6.22E+17 1.7
VH07 part 2 (71501) 10/2000 11 2.81E+17 0.49 6.25E+17 1.4
VH14 (79037) 11/2000 20 2.82E+17 0.22 6.29E+17 1.7
VH16 (74241) 2/2001 17 2.82E+17 0.30 6.21E+17 1.0
VH18 part 1 (12001)1 5/2001 16 2.83E+17 0.64 6.55E+17 4.9
VH18 part 2 (12001)1 6/2001 6 2.60E+17 0.28 5.79E+17 1.2
VH20 (79135)1 8/2001 16 2.75E+17 0.31 6.07E+17 2.2

FC measurements in "Albatros". Interferences on 20Ne, 22Ne are negligible, therefore not corrected for. F:
Faraday collector; C: counter. The variation of the 22NeC/20NeF ratios is relatively high, ~1-2%, because of
the low 20NeF signal in the FC's.
1 The large variations of the collector ratios between VH18 part 1, part 2, and VH20 resulted from
technical problems with multiplier measurements during VH18 part 1, which strongly influenced the
measurements of heavier elements, here Ne. Before starting VH18 part 2 the problem was solved, the C/F
variations within the run were normal again. Before starting run VH20 the "Albatros" was tuned.
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Chapter 3 

Solar Krypton and Xenon in Gas-rich

Meteorites
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This section is a slightly expanded version of a paper by Veronika S. Heber,
Heinrich Baur and Rainer Wieler: "Solar Krypton and Xenon in gas-rich
meteorites: New insights into a unique archive of solar wind", which is published
in the AIP Conference Proceedings, Vol. 598: "Solar and Galactic Composition",
ed. Robert F. Wimmer-Schweingruber, Bern, 2001 (Heber et al., 2001). In an
appendix the experimental procedure and analytical problems are discussed in
more detail.

3.1  ABSTRACT

We present elemental and isotopic ratios of Ar, Kr, and Xe implanted by the
solar wind in different gas-rich regolithic meteorites. The noble gases were
released by closed system stepwise etching with HF, which allows us to separate
the solar from the primordial noble gases, at least in the first steps. The 36Ar/84Kr
ratios of Noblesville and Fayetteville lie in the range of unfractionated bulk solar
values. The rather constant 36Ar/84Kr ratio in Pesyanoe is about 40-50% lower
than bulk solar values and in the range of solar wind values measured in lunar
samples. In contrast, the 84Kr/132Xe ratio of all measured meteorites as well as all
lunar samples is several times lower than the inferred bulk solar values. This Xe
enhancement in the solar wind appears to be a result of the "FIP effect" or related
processes in the solar wind source region, which leads to an enrichment of
elements with a low first ionisation potential. The meteorite data presented here
show that the Xe and Kr abundances in the solar wind in the past were more
variable than indicated by lunar samples alone. The "FIP-effect" may have
existed since 4Gyr ago or even earlier.

3.2  INTRODUCTION

Kr and Xe in the Sun are difficult to analyse. So far the only direct information is
from solar wind (SW) implanted in the recent or ancient past in dust on the
surfaces of the Moon and asteroids. Analyses in artificial targets or in situ
measurements by spacecraft have not been possible yet, due to the low Kr- and
Xe-concentrations. Photospheric abundance determinations of noble gases by
spectroscopy are not feasible at all.

Relative Ar, Kr, and Xe abundances in the solar wind have been deduced from
lunar samples and are variable with time on a 100-1000Myr scale (for review see
Wieler, 1998). These variations indicate a time-dependent element fractionation
of the heavy noble gases in the solar wind source region. Besides lunar samples,
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"gas-rich" meteorites from surface dust on asteroids also present an archive of
ancient solar wind. It is the goal of this work to enlarge the very scarce data base
on solar Kr and Xe in meteorites (Kim & Marti, 1992; Marti, 1969; Pedroni &
Begemann, 1994), in order to compare their relative abundances with those in
lunar samples.

Solar noble gases in lunar samples have been analysed by different noble gas
release techniques, in particular by stepwise combustion and pyrolysis (Basford
et al., 1973; Becker & Pepin, 1989; Pepin et al., 1995) and closed system
stepwise etching (CSSE) (Rider et al., 1995; Wieler & Baur, 1994a, 1995). CSSE
on mineral separates and single-grain total fusion analyses showed that Ar, Kr,
and Xe from the solar wind are retained unfractionated in lunar soils (Wieler &
Baur, 1995; Wieler et al., 1996). In samples containing solar wind of variable
ages, Xe, and to a lesser extent Kr, are enhanced relative to Ar and inferred solar
abundances (Anders & Grevesse, 1989). It is well known that elements with a
first ionisation potential (FIP) <10eV are enriched in the solar wind (von Steiger
et al., 1997), and the Xe enrichment factor of ~4 recorded in lunar samples
(Wieler & Baur, 1995) is similar to that of low FIP elements in the "slow" solar
wind (von Steiger et al., 1997), although Xe has a FIP of 12.4eV.

Solar noble gas-rich meteorites are an attractive complement to lunar samples
mainly for two reasons. First, it is often assumed that many of them acquired
their solar wind earlier than most or all available lunar samples, perhaps more
than 4Gyr ago, as it was detected for the regolithic breccia Monahans (Bogard et
al., 2001). Second, asteroidal regoliths have much lower solar noble gas
concentrations compared to lunar samples, due to larger distances from the Sun
and shorter residence times of grains near the parent body surface. Therefore
noble gas saturation or other alteration effects should be minor. On the other
hand, the analysis of the solar component of the heavy noble gases in meteorites
is not easy. The major problem is that - unlike lunar samples - almost all
meteorites contain primordial Kr and Xe and our main task here will be to find a
way to separate the solar component from the primordial noble gases. These two
components can hardly be separated by stepwise heating. A promising approach
is CSSE by hydrofluoric acid (HF), because the carbonaceous phases containing
most of the primordial components should be much more resistant to HF than the
solar-gas-bearing silicates. In addition, CSSE avoids noble gas fractionation due
to thermal diffusion because the gas is released by destroying the carrier phase at
room temperature. Ideally, stepwise dissolution will provide a high-resolution
depth profile of elemental and isotopic composition of implanted gases, which is
crucial to resolve the different noble gas components.
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3.3  SAMPLES AND EXPERIMENTAL PROCEDURE

3.3.1  Samples
We selected three H-chondritic regolithic breccias (Fayetteville, Noblesville,
Acfer111) and the achondritic breccia Pesyanoe. The latter appeared to contain
almost no primordial Xe (Marti, 1969). Fayetteville and Noblesville are very
solar-gas-rich. Acfer111 was selected because it contains unfractionated light
solar noble gases (Pedroni & Begemann, 1994). The dark, solar-wind-bearing
matrix (Fig. 3.1) of all samples was gently crushed, sieved and washed in
ethanol. Bulk silicate grain-size separates (without Fe-Ni-alloys) in the size range
of 64-125�m (approx. 400mg) were prepared for all samples. In addition an Fe-
Ni separate of Acfer111 was analysed. Prior to etching all bulk samples were
preheated in vacuo for 10-20h at 100°C to remove adsorbed air. The Acfer111
Fe-Ni sample was extensively preheated (25d at 150°C).

3.3.2  Experimental procedure
Noble gases were released by CSSE in our Au-Pt-line directly connected to a
mass-spectrometer (Signer et al., 1993). All samples were etched by the vapour
phase of concentrated hydrofluoric acid (37%). Only for Fayetteville the acid
was distilled onto the sample towards the end of the run. HF background was
monitored via mass 19, but no correction on the 20Ne signal was ever required.
Etch parameters for the individual steps are listed in Tables A.1.1 – A.5.4. For
mass-spectrometric techniques and data reduction see Graf et al. (1990) and
Chapter 2 - Experimental methods. Isotopic ratios of Kr and Xe are calibrated

Figure 3.1.  The gas-rich regolithic breccia Noblesville. Clearly visible are light and
more rare dark xenolithic fragments in a greyish fine-grained matrix. Since only the
matrix contains solar wind noble gases, as has been shown, e.g. for Fayetteville by
Wieler et al. (1989a, 1989b), it was prepared for analyses.
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relative to the atmospheric composition given by Basford et al. (1973). All etch
steps were corrected for the procedural blank of the extraction line (in 10-10

cm3STP: 4He: 4; 20Ne: 0.03; 40Ar: 5; 84Kr: 0.0007; 132Xe: 0.0002). Additionally,
acid blanks were measured at the beginning of each etch run (in 10-10cm3STP:
4He: 8; 20Ne: 0.09; 40Ar: 9; 84Kr: 0.003; 132Xe: 0.0009). These values lie slightly
above those of the procedural blank, but most probably decrease during the etch
run. For most steps the blank correction corresponds to less than 1% of the
sample gas amounts, except for the least gas-rich steps, mainly the initial step of
each run. Therefore no additional acid blank correction was made. Since etching
was very short at low acid temperatures (10min, –20°C) for the initial step of
each etch run, resulting in gas amounts hardly above blank levels for the heavy
noble gases, we ignore these steps in the following. Xe in Pesyanoe was only
measured in the four most gas-rich steps.

3.4  RESULTS AND DISCUSSION

The complete He, Ne, Ar, Kr, and Xe data are given in Tables A.1.1 – A.5.4.
Some etch runs, e.g. Noblesville, were stopped before sizeable amounts of
cosmogenic gases appeared. We therefore use the 36Ar concentration of the bulk
aliquot to normalise gas amounts released in these etch runs (Figs. 3.3 and 3.4).

3.4.1  Light noble gases
The Ne-data are shown in Fig. 3.2. All samples display the characteristic pattern
for implanted solar Ne. The first steps have a composition comparable to that of
SW-Ne, although 20Ne/22Ne ratios very close to the SW-value of 13.8 are
observed only for Noblesville (13.51) and Acfer111 Fe-Ni (13.34). With
progressive etching, the Ne composition becomes heavier and tends toward the
SEP point. Increasing relative contributions of "cosmogenic" Ne, produced by
galactic cosmic ray interactions, lead to a deviation of the data points of the last
steps of each run towards cosmogenic Ne composition. He and Ar isotopes show
a similar behaviour as Ne (not shown). The scatter of data points for some runs
(e.g. the first two steps of Noblesville) is probably due to the different noble gas
retentivities of various minerals and their different susceptibilities to etching by
HF. The small sample amounts prevented preparation of monomineralic
separates. In summary, the pattern of the light noble gases is well understood and
will guide our interpretation of the Ar, Kr, and Xe results.
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3.4.2  Elemental ratios of Ar, Kr, Xe
Figs. 3.3 and 3.4 show the evolution of the 36Ar/84Kr and 84Kr/132Xe ratios of all
four meteorites. Solar wind compositions as deduced from lunar samples (Wieler
& Baur, 1995) and meteorites (Marti, 1969; Pedroni & Begemann, 1994) as well
as the inferred bulk solar values (Anders & Grevesse, 1989; Palme & Beer, 1993)
are given for comparison (Table 3.1).

The etching was extremely gentle in the first steps, in order to obtain pure solar
wind. Fayetteville and Noblesville show similar trends. Both meteorites start
with 36Ar/84Kr ratios higher than the respective lunar data. For Fayetteville these
first steps plot in the range of the unfractionated solar composition, considering
both solar abundance estimates by Anders & Grevesse, (1989) (3320) and Palme
& Beer, (1993) (2660). The first steps of Noblesville plot even somewhat above
both solar abundance values.

Figure 3.2.  Neon data of 4 solar-gas-rich meteorites. The gases were released by
CSSE. 1� error bars are smaller than symbol size, except for data in round and square
brackets, which have errors of 1-4% and 10%, respectively. Solar wind (SW) and solar
energetic particle (SEP) components obtained from lunar samples (Benkert et al.,
1993) are given for comparison. The first steps of each meteorite have a composition
comparable to, but somewhat lower than, pure SW-Ne. With continuous etching, the
trapped Ne composition tends towards SEP but an increasing "cosmogenic"
contribution leads to the deviation towards cosmogenic Ne (Necosm) composition.
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From these observations and the Ne results we conclude that we released pure
SW-Ar and -Kr in the first few steps. Later, the 36Ar/84Kr ratio decreases steadily,
very probably due to an increasing contribution of primordial noble gases, here
represented by phase Q (Busemann et al., 2000). The near constancy of 36Ar/84Kr
in the first few steps indicates that the very gentle initial etching with HF was
successful to separate the solar component from primordial contributions,
whereas later a reservoir of primordial noble gases must have been tapped,
although phase Q is nominally resistant to HF attack.

The 84Kr/132Xe ratios of both meteorites show a similar trend as 36Ar/84Kr. The
first steps display values in the range defined by lunar samples, followed by a
decrease, very probably again due to increasing contributions of primordial noble

Figure 3.3. 36Ar/84Kr of the four meteorite samples, analysed by CSSE. Gas
concentrations are normalised to 36Ar in the aliquot analysed by total fusion. 1� errors
are on the order of 5%. SW data obtained on lunar samples (Wieler & Baur, 1995) and
meteorites (Acfer111 from Pedroni & Begemann, 1994), the inferred bulk solar values
(Anders & Grevesse, 1989; Palme & Beer, 1993) as well as the primordial composition
(Busemann et al., 2000) are given for comparison. For Pesyanoe also our total
extraction value (furnace) is shown. The steps from which the solar wind compositions
are deduced are highlighted. The first steps of both chondrites Fayetteville and
Noblesville have high SW 36Ar/84Kr ratios, in the range of the inferred solar values. With
progressive etching the ratios decrease due to increasing contribution of primordial
noble gases. The achondrite Pesyanoe shows a rather constant 36Ar/84Kr ratio over the
entire etch run in the range of SW values from lunar samples; only at the end small
amounts of primordial gases arise. The 36Ar/84Kr ratio of both Acfer111 samples are
compromised by adsorbed air (Section 3.4.3).
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gases. In contrast to 36Ar/84Kr, the lunar samples as well as now the first steps of
Fayetteville and Noblesville display 84Kr/132Xe ratios distinctly lower than the
inferred bulk solar values.

Unlike the chondritic samples the achondrite Pesyanoe may be expected to reveal
constant heavy noble gas elemental ratios during the entire etch run, because of
the putative absence of primordial gases (Kim & Marti, 1992; Marti, 1969). This
is indeed true for the gas-rich steps. All the four major steps display relatively
constant 36Ar/84Kr and 84Kr/132Xe ratios (although 85% of the gas was released in
one step). The last four steps, with very low gas amounts, however, show
strongly decreasing 36Ar/84Kr values (no 84Kr/132Xe data for these steps are
available), indicating that also Pesyanoe contains minor amounts of primordial
noble gases, which can be separated by the CSSE technique. The mean 36Ar/84Kr
value of the etch run (1660) agrees well with the value of two total fusion
analyses of aliquot samples (Table 3.1). However, all these values are
consistently lower than the 36Ar/84Kr ratio of 2270 reported by Marti (1969). On
the other hand the mean 84Kr/132Xe ratio of our etch run is ~14% lower than both

Figure 3.4.  Same as Fig. 3.3, but for 84Kr/132Xe. Like 36Ar/84Kr the 84Kr/132Xe ratios of
Noblesville and Fayetteville have high values in the first etch steps, in the range of
lunar data, and decreasing values with continuing etching, due to increasing
contributions of primordial noble gases. Pesyanoe shows rather constant ratios. The
84Kr/132Xe ratio of both Acfer111 fractions has been compromised by adsorbed air,
leading to nearly constant ratios around 2.7 throughout the run.
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the total fusion value and the value of Marti (1969), which might be caused by
small amounts of atmospheric Xe adsorbed on the grains of the etch sample. The
36Ar/84Kr and the 84Kr/132Xe ratios of both fractions of Acfer111 are very
constant over the whole etch run but significantly lower compared to the other
meteorites (36Ar/84Kr: ~1000; 84Kr/132Xe: 2-3). This is very probably due to a
severe contamination by atmospheric Kr and Xe. Atmospheric Kr and Xe is
commonly observed in desert meteorite finds (Loeken et al., 1992). Surprisingly
our etch runs were not able to separate atmospheric from solar Kr and Xe,
whereas Pedroni & Begemann (1994) observed in an Acfer111 Fe-Ni sample at
least an unfractionated solar wind 36Ar/84Kr ratio after a very extensive (~180
days) preheating.

TABLE 3.1.  Heavy noble gas elemental ratios in the Sun and solar wind.

source 36Ar/84Kr 84Kr/132Xe data source/procedure references

solar abundances 3320 20.6 Ar = solar wind; Kr, Xe
nucleosynthesis calculations

Anders & Grevesse
(1989)

solar abundances 2660 29.3 Ar (Anders & Grevesse,
1989); Kr, Xe
nucleosynthesis calculations

Palme & Beer (1993)

"young" solar wind1 1870 8.7 lunar soils, CSSE Wieler & Baur (1995)

"old" solar wind2 2255 4.9 lunar soils, CSSE Wieler & Baur (1995)

Pesyanoe 2270 7.5 bulk, oven total extraction Marti (1969)

Acfer111 26903 - Fe-Ni, CSSE Pedroni & Begemann
(1994)

t h i s   w o r k
Noblesville 3880 13.5�34

(6.88)5
bulk, CSSE

Fayetteville 2940 9.0 bulk, CSSE

Pesyanoe 1620 6.45 bulk, CSSE

Pesyanoe 1660 7.5 bulk, oven total extraction

1 "young" solar wind: irradiated recently in the last 100Myr, for Kr/Xe average value from 71501+67601.
2 "old" solar wind: irradiated 1-2Gyr (73035) and 3-4Gyr (14301) ago, for Ar/Kr, Kr/Xe average value
from 79035+14301. 3 Ar/Kr average of the first 7 steps, not corrected according to Pedroni & Begemann
(1994). 4 air corrected value, see below. 5 measured value.

3.4.3  Xe- isotopes
The Xe isotopic composition can be used to distinguish noble gases of solar,
atmospheric and possibly also of primordial origin. This is demonstrated in Fig.
3.5, which shows that the Xe in both fractions of Acfer111 is mainly
atmospheric, as already suggested on the basis of the Ar/Kr and Kr/Xe ratios.
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In contrast, Fayetteville shows a clear SW-Xe isotopic composition in the first
etch steps 2 and 4 (step 3 probably had a blank problem), whereas the following
steps tend towards SEP or the primordial composition. The latter is much more
likely, as the elemental ratios have indeed revealed increasing contributions of
primordial Xe in later steps. Atmospheric Xe is negligible in the Fayetteville run
except in the gas poor steps 3 and 10-12.

The Pesyanoe data fall in between the solar wind and SEP points, although with a
considerable scatter. However, small amounts of atmospheric Xe cannot be
excluded, which would explain the somewhat low 84Kr/132Xe ratios compared to
the bulk samples (see above). Primordial Xe is negligible in Pesyanoe, as has
been shown above.

All data points of Noblesville plot close to each other in Fig. 3.5 as well as in
other Xe-three-isotope diagrams (not shown). To explain the Xe-isotope data of
Noblesville, two scenarios or a mixture thereof are conceivable: i) pure SEP-Xe
or primordial Xe in all steps; ii) a rather constant mixture of SW-Xe and
atmospheric Xe throughout the etch run. In analogy to Fayetteville and in view of
the Ne isotope data we exclude a pure SEP-Xe as well as a pure primordial Xe
composition throughout the run, but in particular for the first etch steps. At least
for these steps we interpret the Xe-isotope pattern of Noblesville to indicate a
~50:50 mixture between SW-Xe and atmospheric Xe. This allows us to
recalculate the SW 84Kr/132Xe ratio of Noblesville to 13.5�3, assuming that
atmospheric Xe contributed (50�10)% to the total 132Xe. Unfortunately, we
cannot directly estimate a potential atmospheric Kr contamination in the same
way, because the isotopic composition of SW-Kr and atmospheric Kr are rather
close to each other (Pepin et al., 1995; Wieler & Baur, 1994a). However,
"irreversible" adsorption of atmospheric Kr has been reported to be roughly an
order of magnitude less efficient than for Xe (Niedermann & Eugster, 1992). If
so, the 84Kr/132Xe ratio of adsorbed air would be about 2.8, indeed in very good
agreement with the observed ratios for both fractions of the desert find Acfer111
(Fig. 3.4). If this would also apply to Noblesville, the air-corrected 84Kr/132Xe
ratio for the solar wind component would be 10.7�2. Nevertheless, atmospheric
Kr probably did not contribute substantially to the total Kr inventory of
Noblesville. This is indicated by the 36Ar/84Kr ratio. For a 50% atmospheric Xe
contribution and a 84Kr/132Xe ratio of the atmospheric component of 2.8, the
corrected 36Ar/84Kr ratio in Noblesville would be ~30% higher than the highest of
the two bulk solar values. This seems unreasonable and we therefore do not
correct for a potential atmospheric Kr contribution. Our preferred 84Kr/132Xe ratio
of 13.5�3 indicates that solar Kr and Xe in Noblesville are less fractionated
relative to the other meteorites studied here as well as to lunar samples.
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3.4.4  Fractionation of solar wind noble gases; the FIP effect
In this section we compare the elemental ratios of the heavy noble gases in the
solar wind as deduced from Fayetteville, Noblesville and Pesyanoe with the
respective values reported earlier for lunar samples. Because He and Ne in bulk
samples of solar noble-gas-rich meteorites usually show a lesser degree of
elemental fractionation than lunar ilmenites, we can well assume that the Ar/Kr
and Kr/Xe ratios deduced above for the solar component in the meteorites also
represent the true abundance ratios in the solar wind at the time each meteorite
was irradiated. Furthermore this is supported by the constant Ar/Kr and Kr/Xe
ratios in etch runs on lunar ilmenite and plagioclase (Wieler & Baur, 1995) as
well as meteoritic enstatite (Pesyanoe, this work) implying that Ar, Kr, and Xe
are not lost by diffusion. This gives us confidence that also in the chondritic bulk

Figure 3.5.  Xe-isotopic composition of the four measured meteorites. The hatched
fields encompass the data of the etch steps including their 1� errors. SW and SEP
composition obtained from lunar samples (dark grey fields) (Wieler & Baur, 1994a),
atmospheric Xe (Basford et al., 1973) as well as primordial Xe (Busemann et al., 2000)
are shown for comparison. All steps of the Acfer111 Fe-Ni run (as well as all Acfer111
bulk silicate steps, not shown) plot near the atmospheric composition. The first steps of
Fayetteville (black dots) have SW composition, whereas the following steps tend
towards primordial Xe. The Pesyanoe data (squares) fall in between SW and SEP,
although with a considerable scatter (1� errors of 2% not shown). The Xe isotopic
composition of at least the first steps of Noblesville result from a mixture of atmospheric
and SW-Xe.
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samples the true relative abundances of Ar, Kr, and Xe in the solar wind are
recorded at least in the first 10-20% of gas released by etching.

In general the solar wind Ar/Kr and Kr/Xe ratios vary considerably in the three
studied meteorites. Ar/Kr in Fayetteville and Noblesville is consistent with an
unfractionated bulk solar composition, within the uncertainties of the latter,
which is reflected by the variable estimates in the solar abundance compilations
(Anders & Grevesse, 1989; Palme & Beer, 1993). This is in contrast to all
studied lunar samples as well as Pesyanoe, which show an enrichment of Kr
relative to Ar of a factor of 1.4 - 2.0. On the other hand the Kr/Xe ratio in all
three meteorites as well as in lunar samples is several times lower than estimates
of the bulk solar value. Thus, all available data on the composition of the ancient
solar wind show a Xe enrichment relative to Ar and bulk solar values, whereas
some but not all of these samples also display a lesser enrichment of Kr (Fig.
3.6). In Fayetteville, the Xe enhancement relative to Ar is somewhat lower than
that of two relatively recently irradiated (past ~100Myr) lunar samples. Both Kr
and Xe enrichments of Pesyanoe compare better with two lunar samples
irradiated one to several Gyr ago. In contrast, the Noblesville data show almost
no fractionation for Kr but also a smaller fractionation for Xe than all other
samples.

It is well known that the abundances of elements with a low first ionisation
potential (FIP) are enhanced in the solar wind by about a factor of four in the
slow solar wind and almost a factor of two in the fast solar wind from coronal
holes (von Steiger et al., 1997). The enhancement of Xe (and Kr) in the solar
wind also appears to be related to this "FIP effect", although both Kr and Xe have
first ionisation potentials larger than the 10eV threshold. Such a behaviour is
indeed predicted by models where the ionisation time in the chromosphere is the
parameter that actually governs the "FIP-effect" (Geiss et al., 1994; Marsch et al.,
1995; Peter, 1998). Wieler et al. (1996) speculated that variable proportions of
low- and high-speed solar winds in different epochs might explain part of the
observed differences in the enhancement factors, although trends for Kr and Xe
are sometimes opposite to each other, which would require additional processes
at work. The lunar samples indicate a generally larger fractionation of Ar/Xe in
the more distant past (Wieler, 1998) as had already been suggested by Kerridge
(1980) from bulk sample data. Unfortunately, for the meteorites here no reliable
information on their time of solar wind irradiation (antiquity) is available,
although it is often argued that gas-rich meteorites trapped their solar wind very
early, perhaps more than 4Gyr ago. In Fig. 3.6 none of the meteorite data patterns
match a lunar pattern well enough to allow us to tentatively assign an antiquity
for a meteorite based on such a comparison of Ar-Xe abundance data. Instead,
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the meteorite data show, that the Xe and Kr abundances in the solar wind in the
past have been even more variable than was known from the lunar samples. If at
least some of the meteorites studied here were irradiated very early, the "FIP
effect" was already active in the early Sun.

Figure 3.6. Abundances of Ar, Kr, and Xe and various other elements in the solar
corpuscular radiation relative to "photospheric" values (Anders & Grevesse, 1989)
versus their first ionisation potential (FIP) (von Steiger et al., 1997; Wieler & Baur,
1995). The Ar/Kr/Xe ratios are normalised to the inferred bulk solar values by Anders &
Grevesse (1989). Ar/Xesol and Ar/Krsol by Palme & Beer (1993) are ~15% higher and
20% lower, respectively. Kr and Xe are anchored to the Ar point of Anders & Grevesse
(1989). Lunar samples containing "old" SW, irradiated 1-2Gyr (79035) and 3-4Gyr
(14301) ago (grey, open symbols), as well as those containing "young" SW irradiated
recently within the last 100Myr (grey, filled symbols) are shown for comparison. The
arrow on the Noblesville-Xe-point marks the maximal uncertainty for the correction.
Ar/Kr and Ar/Xe of the solar wind component of meteorites considerately expand the
range of Xe and Kr enhancement factors in the solar wind previously known from lunar
samples.
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3.5  APPENDIX

3.5.1  Sample description

TABLE 3.2.  Meteorites: classification and mineral composition.

meteorite class fall/find texture mineral composition exposure
age (Myr)

Fayetteville H3-6
chondrite

fall
26.12.1934

regolith breccia,
fine grained matrix,
dark and light
clasts

monomict breccia: 20-30%
orthopyroxene, 30-40%
olivine, 30% Fe-Ni
(taenite, kamazite), traces
of plagioclase, Cr-Al-
spinel, glass, sulphides,
Ca-phosphates (Schwarz
& Sears, 1988)

>20 - 63
(Rajan &
Lugmair,
1988;
Wieler et
al., 1989a)

Noblesville H4-6
chondrite

fall
31.8. 1991

regolith breccia,
fine grained matrix
(H4), light (H6) and
very rare dark
xenolithes

genomict breccia: 35%
olivine, 28% pyroxene,
14% plagioclase, 13% Fe-
Ni, 9% sulphides, 1%
chromite (Lipschutz et al.,
1993)

42.9 - 46.3
(Lipschutz
et al.,
1993)

Acfer111 H3-6
chondrite

find
(Algeria)

regolithic breccia,
fine grained matrix,
light clasts

pyroxene, olivine, Fe-Ni 50.5�3
(Pedroni &
Begemann,
1994)

Pesyanoe aubrite
achon-
drite

fall
2.10.1933

regolith breccia,
fine grained matrix,
idiomorphous and
fragmented
enstatite clasts

monomict breccia: 90%
enstatite, traces of
clinopyroxene (1%),
plagioclase (5%), iron,
glass, troilite, and other
sulphides (DuFresne &
Anders, 1962)

43
(Eberhardt
et al.,
1965)

TABLE 3.3. Samples: composition, grain-size, mass, and preheating.

meteorite sample
composition

grain-size
(�m)

mass (mg) preheating

Fayetteville bulk, without Fe-Ni
alloys

64-100 429.3 20h 100°C

Noblesville bulk, without Fe-Ni
alloys

64-125 436.2 14h 60°C, 13h 100°C

Acfer111 bulk, without Fe-Ni
alloys

40-100 347.9 2h 80°C, 4d 50°C

Acfer111 Fe-Ni alloys 40-250 310.8 25d (11d <100°C, 12d
150°C, 2d 160°C)

Pesyanoe bulk 64-125 389.1 10h 100°C, ~10h 80°C
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3.5.2  Detailed experimental method and data analyses

3.5.2.1  Sample preparation
The meteorites were gently crushed and sieved. The sieving was always
accompanied by the separation of large crystals and clasts, because they contain
only very minor amounts of solar wind noble gases. The crushing was gentle to
preserve the original grain surfaces as well as to avoid adsorption of air, which is
especially important for Kr and Xe, as shown in experiments on Pesyanoe
(Garrison et al., 1988). Nevertheless, Noblesville, and perhaps Pesyanoe (see
Section 3.4.3) have trapped significant amounts of adsorbed air-Xe, which could
not be removed by preheating. A possibility to avoid this strong air adsorption in
future analyses is to crush the samples in a nitrogen-filled glove box, if it can be
assumed that the nitrogen contains less Kr and Xe than normal air. Acfer111, the
only find among the analysed meteorites, represents a special case. Due to its
relatively long exposure time in the desert climate of the Sahara weathering
products in the meteorite contain large amounts of atmospheric Ar, Kr, and Xe
(Scherer et al., 1994; Stelzner et al., 1999), which are not released by preheating
at temperatures low enough to ensure that no solar noble gases are released also.
Therefore, desert finds are not well suited to analyse noble gas components with
only small amounts of Kr and Xe, like the solar wind component.

3.5.2.2  Correction for air contamination
There is no satisfying possibility to correct the measured noble gas
concentrations for potential air contributions. Murer et al. (1994) corrected their
Ar data of the meteoritic Fe-Ni samples by assuming that all measured 40Ar is
entirely atmospheric. However, this method is not applicable to bulk samples,
because of a potential contribution by radiogenic 40Ar.

The measured 40Ar can only be from two sources, atmospheric (40Aratm) and
radiogenic (40Arrad) by electron capture of 40K. Assuming a constant
(21Necos/40Arrad) ratio as determined from total extraction data, this ratio can be
used to calculate the 40Arrad contribution for each etch step. The difference of
measured 40Ar and 40Arrad should yield the 40Aratm value. Unfortunately, this
method is not suitable for etching analyses of bulk samples, because of different
K concentrations in different minerals and of their different etch properties. Ar is
preferentially released at the beginning of etching whereas 21Ne is released more
or less uniformly throughout the run. At the end, the K-bearing mineral phases
have completely reacted, which thus results in a higher 21Necos/40Arrad ratio than
in a bulk sample.
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The 40Ar/36Ar ratio can nevertheless be used as a control for air contamination for
the light noble gases. The low 40Ar/36Ar ratios in all steps of the measured
meteorites (Fig. 3.7), except Acfer111, exclude significant air contribution to
36,38Ar, the two isotopes relevant for solar wind studies. Because atmospheric He
and Ne are less well adsorbed than atmospheric Ar, and because the solar wind
He/Ar and Ne/Ar ratios are higher than the atmospheric values, adsorbed
atmospheric He and Ne is therefore completely negligible.

Kratm and Xeatm can not be calculated on the basis of known atmospheric
elemental ratios, e.g. via 40Aratm, because of the distinct adsorption properties of
the various noble gases. However, a reliable method to detect Xeatm

contamination and estimate its amount is provided by the Xe-isotopic
composition (see Section 3.4.3).

Due to severe air contamination of the material remaining after the etching (etch
residue) it was impossible to set up a mass balance for the heavy noble gases.
The reaction of the silicates with HF produces insoluble fluorides with a fluffy

Figure 3.7.  40Ar/36Ar ratios in the four meteoritic samples. Gas concentrations are
normalised to 36Ar in the aliquot analysed by total fusion. 1� errors are in the range of
the line width. The high 40Ar/36Ar ratios in the silicate fraction of Acfer111 indicate a
severe atmospheric contamination. In contrast, the low 40Ar/36Ar ratios of all other
meteorites (except steps 3 and 5 for Noblesville) indicate that atmospheric contribution
at least for He, Ne, and 36,38Ar can be excluded.
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consistency, which picked up huge amounts of atmospheric Kr and Xe after the
end of an etch run when exposed to air (see Tables A.1.1 – A.5.4 and footnotes
therein). All etch residues were exposed to air several months before being
analysed. Even after dissolving the macroscopic fluorides by HCl in the
Fayetteville residue there remained a Kr excess up to 1000% compared to the
bulk sample. In contrast, the residue of Noblesville, which was not treated by
HCl shows a Kr excess of only ~200%. Therefore it is not clear if and why the
treatment of the etch residue with HCl caused such abnormal high Kr excess in
Fayetteville, although the fluffy fluorides were dissolved.

3.5.2.3  Correction for cosmogenic noble gases
The exposure of the analysed meteorites to galactic cosmic rays for several
10Myr (Table 3.2) led to the in situ production of cosmogenic nuclides, which
generally needs to be corrected for in order to determine the composition of the
solar component. For details of the production of cosmogenic nuclides see
Section 1.3.1. The correction of the cosmogenic contribution to He and Ar is
rather difficult, because both elements have only two isotopes useful for this
purpose. However, the cosmogenic contribution is only significant for a few rare
isotopes (3He, 21Ne, 38Ar, 78Kr, 124,126Xe), but almost negligible for isotopes with
high abundances. Therefore, only these isotopes (20Ne, 36Ar, 84Kr, 132Xe) are used
to calculate elemental ratios given in the previous sections. In order to show that
these isotopes are really not or only insignificantly influenced their cosmogenic
contribution is calculated in the following. A summary of these results is given in
Table 3.4.

On the basis of the three Ne isotopes, the cosmogenic 20Ne contribution can
simply be calculated by assuming a three-component-mixing model (solar wind –
SEP – cosmogenic Ne). In the first, most interesting, etch steps, the high amounts
of released solar gases overwhelm the cosmogenic contribution to all Ne isotopes
almost completely (Fig. 3.2). In these etch steps the cosmogenic contribution to
20Ne never exceeds 0.1% in all analysed meteorites, therefore we did not correct
for.

The 36Ar cosmogenic contribution can be calculated by assuming two-
component-mixing with (36Ar/38Ar)cos = 0.65 (Wieler, 2002) and (36Ar/38Ar)"solar"

= 5.32. The latter is the value of atmospheric Ar, but there is no difference in the
36Ar correction value by using the 36Ar/38Ar ratio of either solar wind, SEP or
atmospheric composition, because these values are quite similar. The resulting
36Arcos contribution of all analysed meteorites is zero in the first etch steps and
only minor, in the range of analytical uncertainties, in the following etch steps
(Table 3.4). Even in the last steps, when the solar noble gases have already been
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released almost completely, the cosmogenic component contributes only ~2% to
the measured 36Ar concentration. Thus, it is not necessary to correct for
cosmogenic contribution to 36Ar.

The cosmogenic contribution to 84Kr was calculated using the measured
78Kr/84Kr ratio, because 78Kr is the least abundant Kr isotope in the solar wind
and therefore, the 78Kr/84Kr ratio is most strongly affected by a cosmogenic
contribution. SW-Kr and atmospheric Kr have similar isotopic compositions,
thus we assume the atmospheric 78Kr/84Kr value as the (78Kr/84Kr)SW value,
because no precise SW-Kr data exist. With (78Kr/84Kr)atm = 0.0061 (Basford et
al., 1973) and (78Kr/84Kr)cos = 1.11 (Wieler & Baur, 1994a) the cosmogenic 84Kr
contribution can be calculated. Since the 84Krcos contribution is negligible in the
steps from which the solar wind elemental ratios are calculated, the measured Kr
is not corrected for.

Table 3.4 shows the percental deviation of the uncorrected 20Ne/36Ar and
36Ar/84Kr ratios from the cosmogenically corrected ratios. These deviations are in
the range of analytical uncertainties for the major gas-rich steps. Only for the last
10-15% of total gas release a cosmogenic correction for Ne, Ar and Kr would be
necessary. However, as was shown in Section 3.4.2 these last steps are not
important for the determination of the solar wind composition.

TABLE 3.4. Contribution of cosmogenic 36Ar and 84Kr to the measured concentrations.

meteorites steps contribution
to 36Ar

(%)

contribution
to 84Kr

(%)

 (20Ne/36Ar)cor /
(20Ne/36Ar)unc

(%)

 (36Ar/84Kr)cor /
(36Ar/84Kr)unc

(%)
Noblesville 1-7 0-0.06 max. 0.3 0.05-1 max. 0.2

8-10 max. 0.7 max. 0.1 1.5-4.7 max. 0.6
11 1.1 0.15 7.4 0.96

Fayetteville 1-5 0 max. 0.08 0.03 0.08
6-10 max. 0.6 max. 0.07 max. 0.5 max. 0.5
11; 12 1.5; 6 0.2 1.5; 4 1.4; 6

Pesyanoe 2-7 0 max. 0.11 0.01 0.082

8; 9 max. 0.4 max. 0.4 0.43

10-13 max. 2.8 max. 3.2 1.44

Acfer111 bulk 1-3 0 not specified max. 0.2 not specified
4-8 max. 0.6 because of air max. 0.5 because of air
9-11 max. 2 contamination max. 1.5 contamination

cor = corrected ratio, unc = uncorrected ratio. 1 Only for steps 4, 7, 8, 10; for the other steps no 78Kr data
available. 2 Steps 4, 7. 3 Step 8. 4 Step 10.
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3.5.2.4  Solar wind data for He, Ne, and Ar
The isotopic composition of He, Ne, and Ar in the first etch steps of the analysed
meteorites is shortly discussed in the following, although these data are not the
main task of these etch experiments, because of the following reasons. First, bulk
meteorite samples are only of limited use to infer elemental ratios of solar wind
He and Ne. Retaining of these light noble gases in minerals is strongly dependent
from the retentivity properties of the different mineral phases. Second, to obtain
measurable Kr and Xe amounts the etch steps have to be relatively large, which
could cause mixing of shallowly and more deeply implanted He, Ne, and Ar
already in the first steps. However, in some meteorites the first steps represent
solar wind composition.

He isotopic composition: The first steps of Fayetteville and Acfer111 Fe-Ni
have present-day solar wind He isotopic composition (Table 3.5). Amazingly, the
Fe-Ni alloys of Acfer111 retained their He and Ne unfractionated, despite of long
preheating of 25 days at high temperatures, up to 160°C. This can be confirmed
by the 4He/20Ne and the 20Ne/36Ar ratios (Fig. 3.8) of this sample, which show
solar wind values during the whole etch run. Fe-Ni alloys are the material with
the highest known noble gas retentivity. The He composition in the first etch
steps of the other meteorites is probably influenced by either preferential 3He loss
by diffusion or by admixing of more deeply implanted and isotopically heavier
SEP-He to the shallower implanted isotopically lighter SW-He.

Ne isotopic composition: Unaltered solar wind Ne isotopic composition was
conserved only in Noblesville and in Acfer111 Fe-Ni (Fig. 3.2). Thereby, Ne
with essentially pure solar wind isotopic composition amounts only to ~2% of the
total released Ne. This and the Ne ratios lower than present-day solar wind
observed in most of the analysed bulk meteorites can be explained on the one
hand by removal of the SW-bearing outermost grain layers due to erosion and
sputtering. On the other hand, the solar wind gases residing in the outermost
grain layers can be lost by diffusion, especially from minerals with low
retentivity. Therefore, it is not reasonable to determine relative proportions of the
solar wind- and SEP-components with bulk meteorite analyses because these
samples retain only highly fractionated light solar wind noble gases.
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TABLE 3.5. He and Ne isotopic composition in the first etch steps of the analysed
meteorites.

meteorite used steps % SW of
total1

(3He/4He)SW
(�104) 2

(20Ne/22Ne)SW 
2 (21Ne/22Ne)SW 

2

Fayetteville 3, 4 1.6 4.41 12.85 0.0339
Noblesville 4 2.6 3.64 13.51 0.0341
Pesyanoe 4, 5 0.7 3.72 12.85 0.0328
Acfer111 bulk 4, 5 0.4 3.57 12.71 0.0389
Acfer111 Fe-Ni 5 3.2 4.27 13.34 0.0347

SW (SWC experiment) 3 4.26 � 0.2 13.7 � 0.3 0.033 � 0.004
SW (lunar soil 71501) 4 4.57 � 0.08 13.8 � 0.1 0.0328 � 0.0005

The data here and in Table 3.6 represent solar wind composition, which are however influenced by several secondary
processes as is described in the text. Therefore they are not directly comparable to the SW data obtained from lunar
samples and from the Apollo SWC foils. The data are not corrected for cosmogenic contribution.
1 Proportion of the gas amount in the used steps relative to total released 4He. 2 The ratios are average values
weighted by gas amount. 3 Geiss et al. (1972); 4 Benkert et al. (1993).

Ar isotopic composition: All measured meteorites show in their first etch steps
solar wind 36Ar/38Ar ratios as deduced from lunar samples (Benkert et al., 1993)
(Table 3.6). The two fractions of Acfer111 are an exception, both contain Ar
with atmospheric composition. For more details see Section 3.5.2.2 and Fig. 3.7.

TABLE 3.6.  Ar isotopic composition the first etch steps of
the analysed meteorites.

meteorite used steps % SW on
total 1

(36Ar/38Ar)SW 
2

Fayetteville 3, 4 9.5 5.49
Noblesville 2, 4 17 5.57
Pesyanoe 3-5 5 5.40
Acfer111 bulk 3 3, 4 (5.30)
Acfer111 Fe-Ni 2-5 (5.31)
SW (SWC experiment) 4 5.3 � 0.3
SW (lunar soil 71501) 5 5.48 � 0.05

For explanation see Table 3.5. 1 Proportion of the gas amount in the used steps
relative to total released 36Ar. 2 Ratios are average values weighted by gas
amount. 3 Values in brackets indicate atmospheric 36Ar/38Ar composition.
4 Cerutti (1974); 5 Benkert et al. (1993).

Elemental composition: The analysed meteorites Fayetteville, Noblesville, and
Pesyanoe are depleted in the light elements He and Ne compared to Ar as it was
expected above (Fig. 3.8). In most cases, the 4He/20Ne and 20Ne/36Ar ratios
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increase with ongoing etching, which indicates that the light noble gases in
deeper grain layers are less affected or unaffected by diffusive loss. Probably, the
strong fractionation of He and Ne, best visible in Fayetteville (Fig. 3.8), might
slightly affect also the isotopic ratios of these elements, which would explain the
20Ne/22Ne ratios lower than normal solar wind of the analysed bulk meteorites,
e.g. 12.85 in Fayetteville (Table 3.5). In contrast, both fractions of Acfer111
show unaltered solar wind light elemental ratios, as it was also shown previously
by Murer et al. (1997) for its metallic fraction and by Pedroni & Begemann
(1994) for its bulk fraction. Only in the uppermost grain layers, corresponding to
the first 5% of total gas release, the light elements are depleted, afterwards the
ratios are roughly constant throughout the run.

Figure 3.8.  4He/20Ne ratio of the four meteorite samples. The diagram illustrates the
fractionation of the light noble gases (He) relative to the heavier noble gases (Ne) in
bulk samples. Only in the bulk and Fe-Ni fraction of Acfer111 the original solar wind
composition survived. Gas concentrations are normalised to 36Ar in the aliquot
analysed by total fusion. 1� errors are in the range of the line width. The value in
brackets is invalid, because of the low gas amount and a high acid blank (acid
temperature 35°C). (4He/20Ne)SW = 570�70 (Geiss et al., 1972).



67

Figure 3.9. Same as Fig 3.8, but for 20Ne/36Ar. (20Ne/36Ar)SW = 45�10 (Cerutti, 1974).
The value also includes the bulk solar 20Ne/36Ar ratio of 37 (Anders & Grevesse, 1989).



68

Chapter 4 

High Resolution Solar Wind Helium

Record in Lunar Samples of Different

Solar Wind Antiquity
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4.1  INTRODUCTION

The solar wind, the only accessible sample to determine the He and Ne isotope
composition of the outer convective zone (OCZ), can be analysed in different
ways, e.g. by in situ mass spectrometer analyses with satellites, by measuring
implanted particles from foils (Chapter 5 - GENESIS mission) and from lunar
samples. Some results obtained from these methods are summarised in Table 4.1.
The comparison shows that the solar wind 3He/4He and 20Ne/22Ne ratios are all in
good agreement. However, the uncertainties of the in situ mass spectrometry are
quite high, up to 20% (Bodmer & Bochsler, 1998b) (for details see Section
5.2.1). In contrast, the He and Ne isotopic ratios measured in lunar samples have
relatively small statistical uncertainties, but systematic uncertainties cannot be
excluded. Also, lunar samples conserve an unique record of solar wind of
different antiquity.

Of particular interest are lunar regolith samples that were exposed to the solar
wind for a certain time interval and shielded afterwards, such as the grains in
regolith breccias. In this section, we provide new information about the evolution
of the 3He/4He ratio in the solar wind with time by analysing lunar ilmenite
separates of largely varying antiquity by high depth resolution CSSE (for
explanation of the CSSE technique see Section 2.2.1).

The solar wind antiquity is a synonym for the time when solar wind irradiation
occurred. Since the dusty surfaces of extraterrestrial bodies (Moon, asteroids) are
continuously exposed to the solar wind, records of older solar wind irradiation
can only be found in deeper sedimentary levels, possibly in recent crater ejecta
which excavated such deeper levels, as well as in compacted regolithic breccias,
whose interior portions were protected from exposure to recent solar wind. The
antiquity of the solar wind trapped in lunar samples can be estimated by the
40Ar/36Ar ratio of the Ar residing close to grain surfaces. Almost all 40Ar
measured in lunar samples is produced by the radiogenic decay of 40K in the
Moon. Part of this Ar escapes into the lunar atmosphere (Heymann et al., 1970;
Hodges, 1975), where it becomes ionised and accelerated by the electromagnetic
field of the solar wind and reimplanted into the lunar surface (Manka & Michel,
1970). Figure 4.1 shows the solar wind antiquity - 40Ar/36Ar ratio correlation
according to Eugster et al. (2001). In order to estimate roughly the antiquity of
the solar wind residing in our samples, their 40Ar/36Ar ratios are indicated. The so
deduced antiquities are shown in Table 4.2.
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Based on total extraction analyses of bulk lunar soils and breccias irradiated at
different times in the past, Geiss (1973) suggested that the 3He/4He ratio in the
solar wind has increased with time on the order of 10% per Gyr (Fig. 4.2). This
would indicate a minor mixing of 3He from incomplete H-burning in
intermediate layers into the convective zone (Geiss & Gloeckler, 1998). Later,
Wieler et al. (1998) proposed, on the basis of a very few high-quality in-vacuo
etch analyses of lunar samples, that such an increase would not have exceeded
5% per Gyr.

Figure 4.1. (40Ar/36Ar)trapped ratios released from lunar samples vs. solar wind antiquity
(the time of solar wind irradiation). The diagram is adapted from Eugster et al. (2001).
They calibrated the time dependency of the 40Ar/36Ar ratio in the lunar surface material
with the 235U-136Xe dating method that relies on secondary cosmic-ray neutron-induced
fission of 235U (3 samples), with the 39Ar-40Ar-gas retention age, that represent the last
degassing of the breccia grains (the 3 "oldest" samples) and with the 158Gd/157Gd ratio.
The lunar samples of this work, shown as stars, are added to the correlation curve.
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Theoretical models of the 3He evolution in the Sun's interior show that a large
amount of 3He is gradually accumulated below the convective zone (Fig. 4.3)
during the lifetime of the Sun (Bochsler et al., 1990), as a result of incomplete H-
burning (Section 1.2.3). Therefore, the 3He content at the solar surface,
representing the OCZ and analysed in the solar wind is a sensitive indicator for
mixing processes between the solar interior and the OCZ (Bochsler, 1992).

The 3He/4He evolution in the solar wind, deciphered in this work with high
depth-resolution analyses of lunar samples with different solar wind antiquities,
is therefore of considerable importance for investigations on standard solar
models, besides implications discussed in Section 5.2.1. Standard solar models
usually do not involve mixing processes between the solar layers. However, after
the observations of increasing solar wind 3He/4He ratios measured in lunar rocks
(Geiss & Gloeckler, 1998) and 7Li detected in the solar photosphere, Vauclair
(1998) included in her solar model a very mild mixing below the convective
zone.

Figure 4.2  4He/3He ratios of bulk lunar soils and breccias plotted versus their 40Ar/36Ar
ratios, the measure of solar wind antiquity. This Figure is adapted from Geiss (1973).
The correlation indicates an increase of the solar wind 4He/3He ratio with solar wind
antiquity on the order of 10% per Ga. (Open symbols refer to ilmenite separates.)
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The 3He/4He ratio in the solar wind is also expected to increase due to
gravitational settling (Section 1.2.3) during the lifetime of the Sun. Bochsler
(2000) calculated a 4He/3He fractionation factor f4,3 = 0.967 for the convective
zone after a main-sequence lifetime of the Sun of 4.6Gyr. Hence, 4He becomes
depleted in the convective zone over the lifetime of the Sun by 3.3% relative to
3He.

An alternative explanation of the lunar soil data is that old samples yield
systematically too low 3He/4He ratios as a consequence of alteration processes,
e.g. diffusion or grain surface erosion. Through these processes the outermost
solar wind bearing grain layers would have been preferentially removed, that
already the first etch steps of older samples might contain a discernible fraction
of the heavier SEP-He component (3He/4He = 2.17�10-4, see Section 4.3.1.2).

Figure 4.3. Accumulation of 3He in the interior of the Sun due to incomplete H-burning.
(The modified figure is taken from Bochsler, 1992).
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Besides the He isotopic composition also the Ne isotopes in the solar wind may
have suffered a secular change on the order of 1-2% per Gyr (Becker & Pepin,
1989; Benkert et al., 1993; Eugster et al., 2001; Pepin, 1980). However, in
contrast to He, no intrinsic physical processes were identified which would lead
to such secular changes of the reported magnitude in the outer atmosphere of the
Sun. Nichols et al. (1994) explained the different Ne isotopic composition in
lunar ilmenites of different solar wind antiquities instead as a consequence of
erosional processes on grain surfaces (micro-flaking and micro-impacts).

In this work we study the evolution of the He and Ne isotopic composition of the
solar wind with antiquities ranging from ~4Gyr to the present, by analysing lunar
ilmenite separates. The advantage of the present study is that we release the solar
noble gases from the ilmenite grains with very high depth resolution by closed
system stepwise etching (CSSE). With this method, we attempt to clarify, first,
whether the reported 5-10% increase of the 3He/4He ratio per Gyr is an effect in
the solar wind source region, e.g. related to incomplete H-burning, or results
from secondary processes on the Moon or from artificial alterations in the
laboratory. Second, the sizeable data base obtained in this work might help to
enlighten the putative secular change of the Ne isotopic composition with solar
wind antiquity.
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TABLE 4.1. Compilation of 3He/4He and 20Ne/22Ne ratios measured in the solar wind.

data source 3He/4He
(�104)

error
(�104)

20Ne/22Ne error references

space-borne
instruments

ISEE-3
(1978-1982)

3½ year (300-620km/s)
average

4.88 0.49 Coplan et al.
(1984)

ISEE-3
(1978-1982)

fast solar wind
(>450km/s), average

5.26 0.55 Coplan et al.
(1984)

SWICS on
Ulysses
(1991-1996)

average (coronal hole
dominated solar wind)

slow solar wind, average
fast solar wind, average

OCZ, derived from solar
wind values

4.08

4.26
3.89

3.75

0.77

0.70

Bodmer &
Bochsler
(1998b)

SWICS on
Ulysses

slow solar wind (<700km/s)
time weighted average

) 4.08 0.25 Gloeckler &
Geiss (1998)

SWICS on
Ulysses

fast stream (>700km/s)
time weighted average

3.3 0.3 Gloeckler &
Geiss (1998)

CELIAS/MTOF
SOHO (1996)

solar wind, average 13.8 0.8 Kallenbach et
al. (1997)

MASS on
WIND
(1995-1996)

slow solar wind 13.6 0.7 Wimmer-
Schweingruber
et al. (1998)

foil technique
Apollo SWC
experiment
(1969-1972)

weighed average of 5
missions

4.26 0.21 13.7 0.3 Geiss et al.
(1972)

lunar soils
71501 young solar wind

(<100Myr)
4.57 0.08 13.8 0.1 Benkert et al.

(1993)
79035 old solar wind (1Gyr) (4.48)1 (0.15) 13.4 0.1 Benkert et al.

(1993)

1 Helium value in brackets: no correction for cosmogenic contribution assumed to be necessary (Benkert
et al., 1993).

4.2  SAMPLES AND EXPERIMENTAL PROCEDURE

4.2.1  Samples
We selected five gas-rich lunar soils (71501, 12001, 74241) and regolith breccias
(79135, 79035) with significantly different 40Ar/36Ar ratios, indicating a wide
range of solar wind antiquities. As example, the soil 71501 is a relative recently
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irradiated sample (~100Myr), whereas the soil 74241 obtained its solar wind
inventory probably around 3Gyr ago (Table 4.2). The breccias were gently
crushed to conserve the original grain surfaces in which the solar wind particles
reside. Soils and breccias were sieved into different grain size fractions, always
accompanied by eliminating large crystals and clasts. From the grain size
fractions 64-100�m, 100-125�m, and 125-175�m, ilmenites were obtained by
density separation using Clerici solution. Due to its high noble gas retentivity,
ilmenite is the mineral phase in lunar samples best suited to obtain light solar
wind noble gas concentrations (Section 1.2.4). Then, the 100-125�m and 125-
175�m ilmenite fractions were handpicked under the binocular microscope to
increase the purity of the separates. Nevertheless, all ilmenite fractions except the
ilmenite rich samples 71501 and 79035 may contain minor amounts of
impurities, such as sulphides and probably glasses as well as pyroxene and
plagioclase intergrown with ilmenites. Since the amount of ilmenites in several
samples was very low, only those ilmenites with strong intergrowth were
eliminated. The resulting ilmenite separates had impurity grades of 1-5% (Table
4.3). The ilmenite separates of 71501 and 79035, obtained by J.-P. Benkert a few
years ago, were only handpicked.

In this work we present additional data from the lunar breccia 14301
(unpublished data obtained by R. Wieler), one of the lunar samples with the
highest known antiquity, probably exceeding 3.7Gyr (Eugster et al., 1992). This
breccia also contains on its grain surfaces parentless 244Pu fission Xe and
radiogenic 129Xe from the decay of the short lived radionuclide 129I (half-life
15.7Myr) (Bernatowicz et al., 1980; Swindle et al., 1985; Wieler & Baur, 1994b).
The He and Ne data from a pyroxene (25-200�m) and a plagioclase (25-200�m)
separate reported here were acquired in the same etch runs as the Xe data
presented by Wieler & Baur (1994b).
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TABLE 4.2. Lunar samples: sampling locality and antiquity of the implanted solar wind.

lunar
sample

sampling locality soil/
breccia

40Ar/36Ar 1 solar wind
antiquity

(Gyr)2

noble gas literature

71501 Central cluster,
associated with the
formation of Crater
Tycho, 100Myr ago

soil 0.53 0.1 Benkert et al. (1993),
Pepin et al. (1999),
Becker & Pepin (1989)

12001 traverse between
Surveyor and middle of
Crescent Craters

soil 0.94�0.03 0.6 Eberhardt et al. (1972)

79035 ejecta layer of van Serg
Crater, formed 1.6Myr
ago

breccia 3.02�0.05 ~1.8 Benkert et al. (1993),
Pepin et al. (1999),
Becker & Pepin (1989)

79135 from a layered slicken-
sided boulder in the
vicinity of van Serg Crater

breccia 5.88�0.10 ~2.8 Hintenberger et al.
(1975)

74241 Shorty Crater ejecta, ava-
lanche of South Massive,
excavated ~30Myr ago

soil 6.37�0.1 ~3 Hübner et al. (1975)

14301 ejecta from North Triplet
Crater

breccia ~13 �3.7 Bernatowicz et al.
(1980)

1 40Ar/36Ar data of total extraction analyses of aliquots in a furnace. For 71501 and 14301 no own data
available. The stated value for 71501 is an average from two total extraction analyses (0.64 and 0.42)
from Benkert et al. (1993). The stated value for 14301 is from Bernatowicz et al. (1980). 2 Solar wind
antiquity is derived from Fig. 4.1.

TABLE 4.3. Experimental data of the ilmenite samples: mass, grain size, and
preheating.

ilmenite
sample

ilmenite portion in bulk
sample of the respective

grain size (%)

impurities in
the ilmenite
separate (%)

mass of the
etch sample

(mg)
grain size

(�m)
preheating

71501 *1 0 9.55 125-175 60°C, 41h
12001 0.62 5 6.10 64-175 60°C, 17h
79035 *1 0 11.04 125-175 60°C, 16.5h
79135 0.42 5 4.58 100-175 60°C, 17h
74241 2.6 1-5 7.25 100-175 60°C, 17h

1 Ilmenite separates from J.-P. Benkert.

4.2.2  Experimental procedure
The noble gases were released by CSSE in the Au-Pt line directly connected to a
mass spectrometer (Section 2.2). All samples were etched in the vapour phase of
concentrated HF. The etch parameters for the individual steps are listed in Tables
B.1 - B.5. Before starting the etching, the samples were preheated several hours
to 60°C (Table 4.3) to remove adsorbed atmospheric He and Ne.
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For mass spectrometric techniques, data reduction, interferences, and blank
corrections as well as uncertainties see Section 2.3. Procedural blank corrections
for He and Ne are always in the range of 0.001% (Table 2.3), except for the gas-
poor steps, i.e. mainly the initial steps of each etch run. In these steps the blank
contributes up to 1%. Helium and Ne in the acid blanks are generally low, in the
range of the procedural blank (Table 2.4). Exceptions are the runs VH16, VH18,
and VH20, in which Ne is enriched in the acid blanks by a factor of ~3 compared
to the procedural blanks. Nevertheless, these blanks are still very low and do not
influence the Ne results.

The etch experiments reported here have a much higher depth resolution than
earlier similar analyses (Benkert et al., 1993). Less than 0.1% of the total He is
released in each of the first 10 etch steps, and <1% in each of the following ~10
steps. This allows an improved control on possible artefacts compromising the
determination of the solar wind composition such as variable implantation depths
of different isotopes, diffusive loss, erosion of grain surfaces or contribution of
cosmogenic and SEP noble gases.

In order to avoid systematic errors in the determination of the 3He/4He ratios, we
tried to measure both He isotopes with the same collector. However, this either
requires very high gas amounts to be able to use the Faraday cup also for 3He or
very low gas amounts to measure both isotopes on the counter. Large gas
amounts per step are in contradiction with the main objective of this work - a
high depth resolution. Small gas amounts suitable to analyse 4He on the counter
would cause 3He amounts only slightly above the detection limit. This would
lead also to an impractical number of etch steps. To obviate both these effects,
we compared 3He and 4He measurements with both, the Faraday and the counter
collector during two sample etch runs (71501, 79035) in diluted and undiluted
steps. The (3HeC/4HeC)diluted and (3HeC/4HeF)undiluted ratios are identical within their
uncertainties. All 3He/4He ratios given for the etch runs are 3HeC/4HeF ratios
except for the very gas-poor steps. In the uncertainties of the final reported
values the uncertainty of the collector ratio (counter/Faraday) of ~0.6% (Table
2.6) is also included. Almost all 20Ne/22Ne ratios are measured on the counter
except for some etch steps that have higher gas amounts. For these steps
20NeF/22NeC ratios are given including the uncertainty of the collector ratio of
~2%. For details of the collector ratio variations in the mass spectrometer and the
resulting uncertainties see Section 2.3.5.
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4.3  RESULTS

Helium and Ne concentrations and isotopic compositions of five lunar ilmenite
samples obtained by stepwise etching are presented in Tables B.1 – B.5.
Additionally, the results of total extraction analyses of the respective aliquots, as
well as the etch residues are given. Argon concentrations and isotopic
compositions, analysed in the aliquots by total extraction in a furnace, are
summarised for all samples in Table 4.5. Stepwise analyses of He and Ne for
71501 and 79035 were carried out earlier by CSSE (Benkert et al., 1993), by
combustion/pyrolysis (Becker & Pepin, 1989) and for single grains by pyrolysis
(Palma et al., 2002; Pepin et al., 1999). However, for comparison here only the
CSSE data will be considered, since during pyrolysis the noble gases may be
fractionated upon diffusive gas release.

The etch residues of all samples except 12001 contain �1% of the total gases,
indicating almost complete noble gas release by CSSE. The residue of 12001
contains 10% of the total. In particular, at the end of the 71501 etch run no
ilmenite fragments have been left over.

Variations in the gas concentration in different mg-sized aliquots are generally of
10-15% (Benkert et al., 1993). In two <1mg sized aliquots (64-175�m) of sample
12001, the gas concentrations differ around 25% in total extraction analyses
(Table B.3). The total gas concentrations in the CSSE steps plus those in the etch
residues amount to 90-95% of the respective values of the total extraction
aliquots for all samples, except for 74241 and 71501, which yield 75% and 50%,
respectively. The main reason for the differences in the gas concentrations (5-
25%) seems to be the not perfect aliquot splitting. The concentration of solar
wind noble gases in regoliths is highly depending on grain sizes, the smaller the
grain the higher the gas concentration. Therefore, the aliquots must be perfectly
splitted with respect to the grain size distribution in order to obtain identical gas
concentrations between various aliquots.

The poor agreement of the 71501 concentrations might arise because we compare
the total noble gas concentrations of our etch run with an aliquot analysis
published by Benkert et al. (1993). However, more probable is that part of the
sample gas got lost due to interrupting the etch run for a year since the
laboratories were moved. During this time the sample remained in the sample-
finger without pumping and remnants of acid might have etched the sample
continuously.

Spallation effects for both He and Ne have not been accounted for, because they
are negligible for those data, from which SW-average values have been
calculated. Based on the three Ne isotopes, the cosmogenic Ne contribution can
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be simply calculated by using a three-component-mixing model (solar wind –
SEP – cosmogenic Ne). The cosmogenic 20Ne contribution is always �0.01%,
except for the last steps containing 1-20% of the totally released gas. The
calculated 21Necosm contribution in all etch runs strongly varies between <0 and
3% in the first several percent of gas release that represent solar wind
composition. The uncertainties of 21Ne measurements in these steps are,
however, higher, at about 3-4%. Therefore, we conclude that the cosmogenic
contribution to 21Ne in the first several percent gas release is low and not
determinable. We can expect, therefore, that also the cosmogenic 3He
contribution is negligible, in particular in these first several percent. Assuming a
maximal 21Necosm contribution of 3%, we can calculate the maximal expected
3Hecosm contribution via the (3He/21Ne)cosm ratio of 59�3 for ilmenites (Benkert et
al., 1993). This would amount to ~10% of the 3He measured in the first several
etch steps. But, the 3% cosmogenic 21Ne estimate is probably too high, resulting
from the measurement uncertainties of 21Ne, for the following reason. Step 10 of
74241 that contains 1/5 of the total gas amount of the etch run shows only a
21Necosm contribution of 1%. The resulting 3Hecosm contribution amounts to 1%
and lies in the range of the uncertainties of the measured He isotopic ratios.

4.3.1  Isotopic composition

4.3.1.1  Neon isotopic ratios
The Ne-three-isotope plots (Figs. 4.5 - 4.13, odd numbers) show the evolution of
the Ne isotopic composition of the ilmenite samples with progressive etching. All
samples have nearly identical isotopic patterns. In general, the Ne isotopic
composition in the first few steps, corresponding to 1-2% of the total gas
(exceptions are 79035 with 7% and 74241 with 20%) (Table 4.4), scatters around
the modern solar wind composition (20Ne/22Ne: 13.7, 21Ne/22Ne: 0.033; Geiss et
al., 1972). These first few steps are symbolised by black dots in the insets of the
Ne-three-isotope plots. During further etching the Ne isotopic composition
evolves on a nearly straight line towards the point representing the SEP
component (solar energetic particles; 20Ne/22Ne: 11.2, 21Ne/22Ne: 0.0295). This
component was determined by etching analyses of the lunar sample 71501 by
Benkert et al. (1993). The origin of the SEP component is not well understood as
is discussed in Section 5.2.2. Note, however, that for the problem studied here
the composition of the SEP component is important, not its origin. Only the
samples 74241 and 79035 nearly reach the SEP composition. Once the solar Ne
has been released almost completely, the relative proportion of cosmogenic Ne
increases and the last steps evolve in the Ne-three-isotope plots towards the
composition of cosmogenic Ne (20Ne/22Ne: 0.85, 12Ne/22Ne: 0.90).
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In all samples ~90% of the totally released trapped gas has a 20Ne/22Ne
composition between the solar wind and the SEP values, whereas only 1-2% and
~10% have compositions identical to the pure solar wind and SEP endmembers,
respectively.

For the work presented here, the etch steps that represent solar wind composition
and correspond to the first 1-2% of total gas release are of crucial importance, as
discussed in the following. These average SW values and how they were deduced
from the individual samples are explained in Section 4.3.1.3.

4.3.1.2  Helium isotopic ratios
In Figs. 4.4 - 4.12 (even numbers) the 3He/4He composition versus the released
4He amount is shown for each sample. The large diagrams represent the 3He/4He
evolution during the first 2% of total He release, and the insets give an overview
of the whole release patterns. In all samples the 3He/4He ratios in the first 2%
(approx. 8-15 steps) range within the modern solar wind 3He/4He values, given in
Table 4.1. During further etching (10-50% of the total He amount) the 3He/4He
ratios decrease monotonously and reach more or less constant values on the order
of (3�0.3)�10-4. The lowest 3He/4He ratio measured in this work is ~2.8�10-4,
which is relatively high compared to the SEP value of (2.17�0.05)�10-4, reported
by Benkert et al. (1993). However, the plain data of 71501 and 79035 given in
this work and by Benkert et al. (1993) are in good agreement, since the lowest
measured 3He/4He values by Benkert also amount 3�10-4 in samples with grain
sizes of 125-175�m. Finally, at the end of each etch run here, the 3He/4He ratios
increase rapidly, indicating a strongly increasing proportion of cosmogenic He,
once >99% of the solar gases has been released.

Another observation concerns samples 71501 and 79035 (Figs. 4.10 and 4.12).
These samples show in their very first etch steps, corresponding to 0.3% of the
totally released He, steadily decreasing 3He/4He ratios on the order of 14%. This
may be explained either by different implantation depths of the two isotopes or
by cosmogenic He from an easily etchable phase (e.g. glass) in the first steps.
This pattern is not observed in the other samples, although the resolution is
similar. Therefore the true reason of the variable 3He/4He ratios in the first 0.3%
of total gas release found in 71501 and 79035 remains unclear.

The data for the 71501 etch run are also somewhat compromised, because ~95%
of the total noble gas inventory was erroneously released in one final step.
Fortunately, the solar wind composition deduced from the first 14 etch steps of
71501 (1.1% of the total gas amount) is not affected by this accident.
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4.3.1.3  Calculation of average SW-3He/4He and SW-20Ne/22Ne ratios from early
releases
Average SW-3He/4He and SW-20Ne/22Ne ratios, weighted by gas amount, are
calculated for each lunar sample. A summary of the deduced SW-values, the
used steps, and the proportions of the solar wind noble gases to the total gas
amounts is given in Table 4.4. The etch used steps to calculate these average
SW-values are highlighted in the figures (Figs. 4.4-4.13). In the insets of the Ne
three-isotope-plots they are shown as black dots. In the 3He/4He plots (large
diagrams) the steps used are marked by a grey rectangle. Its spread along the y-
axis covers the minimal and maximal values (Table 4.4) that are included in the
SW-average calculation. For determination of minimal and maximal values we
excluded those steps containing less than 1% of the total of the chosen steps. The
dark greyish, horizontal line represents the SW-3He/4He average value of the
respective sample.

The important idea of this work is to compare the inferred solar wind 3He/4He
and 20Ne/22Ne ratios to resolve relative differences in the isotopic composition
relating to different solar wind antiquities. It is therefore only of secondary
interest to compare the absolute values obtained here with published composition
data. In the following we discuss in some detail how the solar wind He and Ne
ratios are deduced for each sample.

The first 13 etch steps for Ne and the first 14 for He of sample 79135 are chosen
to represent the average SW-3He/4He and SW-20Ne/22Ne ratio of this sample (see
Table 4.4, Figs. 4.4 and 4.5). For Ne those steps are selected that show the
highest 20Ne/22Ne ratios. The ratios are relatively constant over the first 0.74% of
total He release. The same steps and, in addition, step 14 have 3He/4He ratios that
agree with reported solar wind composition data. If step 14 would not be
included, the average SW-3He/4He ratio would increase by 2% from 4.00�10-4 to
4.08�10-4. After step 14 the 3He/4He ratio strongly decreases.

Sample 12001 is a similar case. In the first 13 steps, which correspond to 1.4% of
the total gas amount, the 20Ne/22Ne ratios are more or less constant. The SW-
20Ne/22Ne average calculated from these steps is slightly higher than the adopted
value for modern solar wind (Fig. 4.7). Afterwards the 20Ne/22Ne ratio decreases
continuously. For calculation of the SW-3He/4He average the steps 14 and 15 are
also taken into account, which have ratios similar to those of the steps 1-13 (Fig.
4.6). Again, removing these last steps would have little effect (0.4% increase) on
the SW-3He/4He average.

The first etch steps (3-10) of 74241 have constant 20Ne/22Ne ratios (Fig. 4.9).
Therefore, they are used to calculate the SW-20Ne/22Ne average, although step 10
is a rather large step representing nearly 20% of the total gas amount. The first
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two steps are neglected because step 1 is a preheating step and the second
contains very little gas. The SW-3He/4He average ratio is calculated only from
steps 2-9 (= 2% of total gas amount), because, in contrast to Ne, the 3He/4He
composition of step 10 does not belong anymore to the plateau formed by the
other steps (Fig. 4.8).

The determination of SW-20Ne/22Ne and SW-3He/4He ratios in sample 79035 is
not straightforward. The steps 1-12 are used to calculate the average values. They
contain 7% of the total gas amount, whereas step 12 alone contains 5%. The He
isotopic composition in these 12 steps is relatively constant, apart from the 14%
decrease during the release of the first 0.3% He as mentioned above (Fig. 4.10).
Therefore, all 12 steps are considered for the SW-3He/4He average. Our He
average value of 4.30�10-4 is in excellent agreement with the average 3He/4He
ratio of 4.3�10-4 obtained for the same sample from 7 steps representing the first
12% of total He by Benkert et al. (1993). The 20Ne/22Ne ratios are very constant
in the steps 1-9, but in steps 10 and 11 the 20Ne/22Ne ratio is 1.4% and 3.9%
lower, respectively (Fig. 4.11). Step 12 has again a Ne isotopic composition that
agrees with the values of the first nine steps. Therefore, the average SW-
20Ne/22Ne ratio is calculated with all twelve steps.

The SW-He and SW-Ne average values are calculated in sample 71501 with
steps 3-14, corresponding to 1.1% of the total gas amount. The first and the
second step contain very small gas amounts with high uncertainties of >100%
and ~40%, respectively, for both He and Ne concentrations and isotopic
compositions. Step 15 contains 95% of the gas as mentioned above. The pattern
of the He isotopic composition of the steps 3-14 (Fig. 4.12) is characterised by a
3He/4He decrease of 13% during the first 0.3% gas release. Afterwards, the ratios
are roughly constant. The 3He/4He average value obtained from these steps is in
very good agreement with the 3He/4He data obtained in two etch runs
(Ilm71501/4 and Px71501/5) during several steps in the first 3-5% gas release by
Benkert et al. (1993).

The 20Ne/22Ne ratios measured in the first 14 steps are quite variable but
generally higher than modern solar wind values (Fig. 4.13). Similar 20Ne/22Ne
ratios (average: 13.97�0.17) were observed in the first few release steps of
several 71501 ilmenite grains analysed by pyrolysis by Pepin et al. (1999). They
explained their values by fractionation due to diffusive loss.
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TABLE 4.4.  Summary of the solar wind He and Ne data deduced from lunar samples.

SW 3He/4He (�104) SW 20Ne/22Ne
sample used SW

steps
proportion on

total He amount
4He total

(cm3STP/g)
average1 max min average1 max min

71501 3-14 1.1% 0.103 4.69 4.98 4.64 14.05 14.57 13.42
12001 1-15 He

1-13 Ne
1.7%
1.4%

0.132 4.55 4.75 4.42
13.98 14.51 13.84

79035 1-12 7% 0.172 4.30 4.40 4.20 13.32 13.57 12.84
79135 1-14 He

1-13 Ne
1.8%
0.74%

0.0663 4.00 4.41 3.80
13.40 13.60 13.29

74241 2-9 He
3-10 Ne

2%
21%3

0.113 4.03 4.22 3.98
13.36 13.41 13.10

14301
plag2

3-5 0.7% 3.83 4.16 3.79 12.94 12.99 12.80

14301
px2

1 1.2% 3.82 - - 13.24 - -

1 Average values weighted by gas amount, see text. 2 Analysed by R. Wieler, 1994, unpublished data.
3 Step 10 contains 19% of the total released He.
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Fig. 4.5. 79135, Ne isotopic composition of the whole etch run. The stars labelled SW
and SEP correspond to the SW-Ne (Geiss et al., 1972) and SEP-Ne (Benkert et al.,
1993) composition. The inset zooms the data points between SW and SEP. Error bars
are 1�. Data symbolised by black dots are use to calculate the average SW-Ne of
79135. Labelled steps are mentioned in the text.

Fig. 4.4. 79135, He isotopic composition of the first 2% of the total He amount,
including 1� error bars. The dark horizontal line represents the average SW-3He/4He
ratio for 79135, the grey field the minimum and maximum values. The inset shows the
3He/4He evolution of the whole etch run. The arrow points to 3He/4He ratios >6�10-4,
due to increasing Hecosm contribution. Labelled steps are mentioned in the text.
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Fig. 4.6. He isotopic composition in 12001. For explanations see Fig. 4.4. Two steps
with 3He/4He ratios lower than the adopted minimal value (grey field) are gas poor
steps. They contribute �1% to the first 2% gas amount. Those steps are generally not
used to determine the minimum and maximum value.

Fig. 4.7. Ne isotopic composition of 12001. For explanations see Fig. 4.5.
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Fig. 4.8. He isotopic composition in 74241. For explanations see Fig. 4.4.

Fig. 4.9. Ne isotopic composition of 74241. For explanations see Fig. 4.5.
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Fig. 4.10. He isotopic composition in 79035. For explanations see Figs. 4.4 and 4.6.

Fig. 4.11. Ne isotopic composition of 79035. For explanations see Fig. 4.5.
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Fig. 4.12. He isotopic composition in 71501. For explanations see Figs. 4.4 and 4.6.

Fig. 4.13. Ne isotopic composition of 71501. For explanations see Fig. 4.5.
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4.3.2  Elemental ratios
Figures 4.14 and 4.15 show the evolution of the 4He/20Ne ratios as a function of
the cumulative fraction of released 4He for all CSSE runs. In all samples the
4He/20Ne ratios are low, ~100, in the first 2% of gas release, strongly indicating
that the very outermost layers of the ilmenites have lost at least solar He by
diffusion. We will discuss in Section 4.4 that such a rather large elemental
fractionation does, however, not necessarily entail an fractionation of the He and
Ne isotopes.

After 10-20% gas release all samples, except 71501 and 12001, are characterised
by rather constant 4He/20Ne ratios that are only slightly fractionated by 20%
relative to the SWC value (570�70; Geiss et al., 1972). Thus, the solar gases, He
and Ne, apparently residing at greater depths exhibit a much less pronounced
elemental fractionation. In particular, SEP-Ne usually retained completely in
ilmenites, according to Benkert et al. (1993).

The 4He/20Ne ratios in 71501 and 12001, those samples containing the "young"
solar wind, are fractionated by 60% over the whole etch run. We have no clear
explanation for this. But we consider it unlikely that this represents a true
variation on the solar wind composition. Unfortunately, much of the information
about 71501 was obscured by the 95% gas release step. In contrast to the other
samples, the 12001 separate includes also 64-100�m-sized grains. Whereas all
separates in the 100-175�m range were handpicked, the fraction 64-100�m was
not further purified after the density separation. Noble gases released from the
impurities might therefore cause the low 4He/20Ne ratios of 12001. Eberhardt et
al. (1972) obtained similar 4He/20Ne ratios from their total extraction analyses of
12001 ilmenite grain size separates.
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Fig. 4.14. Release patterns of 4He/20Ne ratios of samples 79135, 79035, and 71501
versus the cumulative amount of 4He. 1� errors are in the range of the line width. The
grey field marks the 4He/20Ne ratio of contemporary solar wind (570�70, Geiss et al.,
1972). The 4He/20Ne obtained from meteoritic Fe-Ni alloys (650�50, Murer et al., 1997)
lies on its upper edge.

Fig. 4.15. Diagram analogous to Fig. 4.14, with 4He/20Ne ratios of samples 74241 and
12001.
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4.3.3  Argon isotopic composition in total extraction aliquots
The Ar isotopic composition in the lunar ilmenite aliquots has been measured by
total extraction in a furnace (Table 4.5). The data are blank corrected. The 40Ar
blank correction reaches ~50% for both aliquots of 12001 and ~30% for 79135,
79035 and 74241. The blank contributes less than 1% to the other Ar isotopes.

TABLE 4.5.  Argon composition of the lunar ilmenites (total extraction aliquots).

sample mass (mg) 36Ar error 36Ar/38Ar error 40Ar/36Ar error

74241 1.26 856 34 4.91 0.11 6.37 0.10
79135 0.76 131 9 4.90 0.12 5.88 0.10
79035 1.15 2159 94 4.97 0.11 3.02 0.05

12001.1 0.70 270 18 5.35 0.25 0.94 0.03
12001.2 1.03 318 30 5.37 0.33 0.89 0.04

Gas concentrations in 10-8cm3STP/g. 1� errors are given (uncertainties are discussed in Section 2.3.5).
The He and Ne data of these samples are given in Tables B.1 - B.5.

4.4  DISCUSSION

4.4.1  Temporal change of the solar wind He isotopic composition ?
At face value, our data indicate that the 3He/4He ratio in the solar wind seems to
have changed with solar wind antiquity. In Fig. 4.16 the inferred SW-3He/4He
ratios are plotted as a function of their 40Ar/36Ar ratios, which correspond to the
solar wind antiquity shown in the upper part of the diagram. Additionally in this
figure the 3He/4He ratios of bulk lunar samples analysed by Geiss (1973) are
plotted. These data are the same as those shown in Fig. 4.2. The generally lower
3He/4He ratios compared to our values result from addition of isotopically
heavier SEP noble gases released upon total extraction.

It is obvious that the SW-3He/4He ratios obtained in this work correlate well with
the 40Ar/36Ar ratio. At first glance it therefore seems that the 3He/4He ratio in the
solar wind has been increasing continuously with time by about 5% per Gyr,
quite as predicted by Geiss (1973), Wieler (1998) and Eugster et al. (2001). This
seems to be so regardless of the fact that the data of 14301 (a pyroxene and a
plagioclase separate) are not straightforwardly comparable to the ilmenite data
because of the different noble gas retentivities.
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As discussed above, processes that would be able to change the He isotopic
composition in the solar wind with time are, first, very mild mixing of 3He from
incomplete H-burning in the OCZ during the main lifetime of the Sun, and
second, gravitational settling that preferentially depletes 4He in the OCZ. This
second effect is expected to result in an increase of the solar wind 3He/4He ratio
of only about 3.3% throughout solar history (Section 1.2.2). This is much less
than the inferred increase of ~5% per Gyr.

However, other factors, discussed in the following, imply that this increase is
very probably an artefact that results from secondary processes.

4.4.2  Temporal change of the solar wind 20Ne/22Ne ?
Besides the 3He/4He ratio also the 20Ne/22Ne ratio in the solar wind may have
changed with time, as our data indicate at face value. The nominal 20Ne/22Ne
ratios also increase with time but about ~1.7% per Gyr, although the correlation
with antiquity is less pronounced than for He. Thus, our data are in good
agreement with the findings of several authors (Becker & Pepin, 1989; Benkert et
al., 1993; Eugster et al., 2001).

Fig. 4. 16.  Average inferred SW-3He/4He ratios of the analysed lunar samples (black
dots) versus their 40Ar/36Ar ratios. The latter is a measure of the solar wind antiquity
which is given in the upper part of the diagram. Obviously, there is a negative
correlation of the SW-3He/4He ratio with the 40Ar/36Ar ratio and the solar wind antiquity,
respectively. Additionally, the bulk analyses of Geiss (1973) from Fig. 4.2 are shown
(open triangles).
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Does the 20Ne/22Ne ratio in the OCZ, the source region of solar wind, change
with time, and if, what are the processes that are responsible for this change? One
process able to change the 20Ne/22Ne composition in the OCZ with time is
gravitational settling, in which 22Ne is preferentially lost from the OCZ into the
interior. However, the resulting fractionation of the 20Ne/22Ne ratio after 4.6Gyr
is expected to be very small, only about 0.8-1% (Bochsler, 2000). Thus,
gravitational settling is insufficient to explain the nominal solar wind 20Ne/22Ne
increase of ~1.7% per Gyr over the past ~4Gyr.

It might be conceivable that the increase of the SW-20Ne/22Ne with time, found in
lunar samples here and elsewhere, reflects a higher SEP (or solar flare) flux in
the past (Becker & Pepin, 1989; Eugster et al., 2001; Wieler et al., 1983). The
composition of SEP-Ne measured in lunar samples is isotopically heavier
(20Ne/22Ne = 11.2, Benkert et al., 1993) than the present-day solar wind. Also,
analyses of present-day SEP events show rather variable 20Ne/22Ne ratios, but
frequently lower than the solar wind Ne composition (Leske et al., 1999; Slocum
et al., 2001). It is generally accepted that the Sun was considerably more active in
its pre-main-sequence evolution, producing fluxes of energetic particles several
orders of magnitude larger than presently observed. This is assumed based on the
analogy with young stellar objects of solar mass and solar composition (e.g.
Batalha & Basri, 1993). Further hints for an active Sun during its early evolution
stages, within the first several 100Myr (e.g. Lal & Lingenfelter, 1991), with
intense solar flare activity might be found in meteorites (Goswami, 1991;
Woolum & Hohenberg, 1993).

However, there is a strong argument against the suggestion that a higher SEP
flux in the past is responsible for the apparent temporal increase of the SW-
20Ne/22Ne displayed by lunar samples. The strong solar activity with higher SEP
fluxes is generally expected to have lasted only during the Sun's very early
evolution stage, within the first several 100Myr, whereas the solar record at the
lunar surface, at least in mare basalt regoliths, is restricted to the past 3-4Gyr
(Geiss & Bochsler, 1991). Therefore, the apparent temporal change of the SW-
20Ne/22Ne ratio detected in lunar samples in this work presumably cannot be
explained in this way.

4.4.3  The apparent temporal change of He and Ne isotopic composition -
a result of alteration processes on Moon
Therefore, another approach is needed to explain the apparent temporal change of
the solar wind He and Ne composition. In Fig. 4.17 the evolution of the He and
Ne isotopic composition during etching is shown for three of the five analysed
samples. The first steps released represent shallowly implanted solar wind
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characterised by high 3He/4He and 20Ne/22Ne ratios. Subsequently, a steadily
increasing contribution of the deeper-sited SEP component changes both ratios
towards isotopically heavier compositions. The two ratios correlate with each
other in a very similar way in all etch runs. In addition to the individual steps the
average inferred SW-3He/4He and SW-20Ne/22Ne ratios from all six individual
samples are shown in the same figure. These average solar wind He and Ne
values also correlate well with each other and, very remarkably, this correlation
is congruent to the one displayed by the single etch steps.

This comparison suggests that the nominal difference in the He and Ne
composition in the solar wind of different antiquities is most probably the result
of secondary processes, influencing the solar wind carrier material (lunar grains),
rather than due to a true change of the He and Ne isotopic composition in the

Fig. 4. 17.  3He/4He ratios versus 20Ne/22Ne ratios: comparison of He and Ne isotopic
evolution during etching (small symbols) with the average SW-3He/4He and SW-
20Ne/22Ne ratios from the individual lunar samples with different solar wind antiquities
(large symbols). Solar wind antiquity increases in this order: 71501 – 12001 – 79035 –
74241 � 79135 – 14301. Large grey squares represent the minimum and maximum
3He/4He and 20Ne/22Ne ratios included in the calculation of SW-average values of the
respective sample.
The evolution of the isotopic composition during etching is shown exemplary for the
etch runs 71501, 79035, and 12001. Etch steps that are influenced by strong
cosmogenic contribution are excluded. The first steps of each run represent solar wind
composition with high 3He/4He and 20Ne/22Ne ratios, during further etching the He and
Ne composition evolves towards SEP.



95

solar wind. Secondary processes like diffusive loss and/or grain surface erosion
may lead to a partial loss of the solar wind component residing in the outermost
grain layers.

Partial grain surface loss is sketched in Fig. 4.18. Partial loss of the solar-wind-
bearing grain layers might lead to a discernible contribution of the deeper-sited
and isotopically heavier SEP component already in the first etch steps. It is
important to note that in this context the true nature of the SEP component is not
relevant. It is only important to realise the fact that in deeper grain layers the
trapped solar noble gases become isotopically heavier, as has amply been proven
by CSSE experiments (e.g. Figs. 4.4-4.13).

Actually, the presumed partial grain surface loss – on the Moon due to
sedimentary processes (e.g. cratering, transportation, and breccia compaction) or
perhaps also during disaggregation of ancient regolith breccias in the laboratory -
is quite analogous to the process of grain surface dissolution during the etching
(Fig. 4.18). Hence, the fact that the inferred SW-He and -Ne compositions of all
samples plot along the same array in Fig. 4.17 as the data of the individual etch

Fig. 4.18. Schematic comparison of the effects etching and erosion on regolith grains.
Both processes are able to remove uppermost grain layers stepwisely. The noble
gases released from the uppermost surface of a long-existing regolith grain (lower
pictures) have an apparently heavier solar wind composition than those from a young
regolith grain (upper pictures).
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steps of all runs would be a natural consequence of the partial grain surface loss
scenario proposed here.

A similar effect has also been proposed by Nichols et al. (1994), who explained
the solar Ne composition in lunar grains of different antiquities by erosional
removal of the uppermost surfaces by micro-flaking. However, these workers
needed to postulate a higher than present-day solar wind 4He flux 1-2Gyr ago.
Since their observations were based on only two samples, 71501 and 79035, they
have not addressed the question whether erosional removal may be an ongoing
process also once the grains are not exposed to the solar wind anymore. If this is
so, a higher 4He flux in the past appears not to be essential to explain the
apparently time dependent solar wind He and Ne compositions in the uppermost
surface layers of lunar samples.

Now we discuss whether diffusive loss of the light isotopes 3He and 20Ne relative
to the heavier ones, e.g. 4He and 22Ne, could explain the differences between the
inferred SW-He and Ne values. Isotopic fractionation due to diffusion has to be
considered, since the 4He/20Ne ratios of the first 2% of total gas release indicate a
rather strong elemental fractionation in the outermost grain layers.

Diffusion depends, among other factors, on the time the solar gases are
embedded in the lunar grains. Indeed, the sample 71501 that contains the
"youngest" solar wind has the highest nominal SW-3He/4He ratio (4.69�10-4) and
also the highest average 4He/20Ne ratio (~200) within the first 2% of gas release.
This 4He/20Ne ratio, is, however already 2.8 times lower than the best estimate
for the solar wind. A similar pattern can be seen for the "second-youngest"
sample 12001. The three samples 79035, 74241, and 79135 that contain old solar
wind show lower 4He/20Ne ratios of around 90, as might be expected. However,
the 4He/20Ne ratios in these three samples are almost identically, yet the 3He/4He
ratios vary considerably, an observation not straightforwardly to be explained by
diffusion.

However, even though the 4He/20Ne ratios might lead us to expect isotopic
fractionation of the inferred solar wind ratios already in the two samples with the
youngest antiquities, there are reasons to believe that this is actually not the case,
i.e. that elemental fractionation does not necessarily imply an isotopic
fractionation of He and Ne. The samples 71501 and 12001, receiving their solar
wind noble gases recently, 100Myr and 600Myr ago, respectively, contain solar
wind with Ne isotopic compositions essentially identical to directly measured
present-day solar wind values (Geiss et al., 1972; Kallenbach et al., 1997).
Furthermore also the He isotopic composition obtained by both samples range
within the present-day solar wind He compositions given in Table 4.1, although
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our values are somewhat higher than the most recently published value by
Bodmer & Bochsler (1998b). Thus we can assume that despite elemental
fractionation due to diffusion, the solar wind in the samples 71501 and 12001 are
retained isotopically unfractionated.

The same observation was made by Benkert et al. (1993). They showed that He,
Ne, and Ar are retained isotopically unfractionated in ilmenites of sample 71501,
although the elemental ratios point to a rather strong elemental fractionation in
the first several percent of gas release. They proposed that this indicates that the
very first etch steps represent a mixture of different noble gas reservoirs of highly
different retentivities for solar He and Ne on the one hand, and Ar on the other.
In this view, most of the solar He and Ne in the first steps would be from the
highly retentive and elementally rather unfractionated ilmenite proper, whereas
part of the solar Ar would be from easily etchable plagioclase or glass impurities
which have much lower retentivities for He and Ne than ilmenite.

Probably, our elemental ratios can be explained in a similar way, because the
ilmenite separates indeed contain small amounts of impurities (Table 4.3), which
might be etched faster than the ilmenite. However, the hypothesis by Benkert et
al. (1993) cannot straightforwardly be used to explain our data, unless we assume
a third mineral phase that lost only its He but retained most or all of its Ne. It is
thus unclear whether such a scenario can explain the fact that the samples with
the lowest antiquities apparently contain a reservoir with isotopically
unfractionated solar wind He and Ne.

For the samples with higher antiquities, we may next compare simultaneously the
observed differences in both inferred He and Ne isotopic compositions of the
solar wind component with those possibly expected as a result of diffusion,
assuming that isotopic fractionation is governed by the square root of mass ratios
[(m1/m2)½]. If fractional losses of He and Ne would be equal, the expected
3He/4He fractionation would be 2.8 times as large as the 20Ne/22Ne fractionation.
In Fig. 4.17, this would indeed correspond to a He and Ne variation similar to the
observed trend. However, since He is preferentially lost relative to Ne, the actual
data points, if due to diffusive loss, would be expected to show a steeper slope.
This would also imply that - at least if isotopic fractionation is governed by
[(m1/m2)½] - the true solar wind 3He/4He ratios to be inferred from the high
antiquity samples (Fig. 4.19) would be even higher than the values to be inferred
from the low-antiquity samples, which would be unexpected. This leads us to
believe that the differences between inferred solar wind isotopic compositions of
high- and low-antiquity samples are probably not due to diffusive fractionation,
although it needs to be pointed out that the actual effects of diffusion on the
isotopic composition of He and Ne are possibly more difficult to evaluate than
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discussed here. The processes governing solar noble gas diffusion from lunar
samples are not well understood. It is widely accepted that solar noble gases
accumulate in small bubbles (Futagami et al., 1993) before they get lost. If so,
the influence of mass and radius of elements, that are generally helpful
parameters to estimate roughly diffusion, might be revoked (H. Baur, personal
communication, 2002). A realistic assessment of fractionation due to diffusion is
beyond the scope of this work.

Nevertheless, the basic fact deserves to be pointed out again that lunar samples
with relatively low antiquities contain essentially isotopically unfractionated
solar wind He, Ne, and Ar.

4.4.4  Implications
Two reasons argue against the suggestion that the 3He/4He ratio in the solar wind
has really increased with time. First, there are no physical processes in the OCZ
and the upperlying solar regions known, which would be able to change the Ne
isotopic composition in the solar wind to the extent suggested by the lunar record
at face value. Second, the congruence of both correlations, the inferred SW-
3He/4He and SW-20Ne/22Ne ratios of samples with different solar wind antiquities
and of the evolution of the He and Ne isotopic composition during etching,
indicates that the apparent temporal variation is probably an artefact due to
partial grain surface loss.

Since all data in the 3He/4He vs. 20Ne/22Ne plot (Fig. 4.17) lie nearly on a straight
line, we can simply correct for this partial grain surface loss by normalising all
inferred SW-3He/4He ratios via their Ne isotopic composition to the present-day
solar wind 20Ne/22Ne value. The corrected SW-3He/4He ratios, shown in Fig.
4.19, are constant for all samples within the uncertainties. Therefore we conclude
that the 3He/4He ratio in the solar wind has remained constant at least over the
last ~4Gyr.
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In solar models mild mixing processes below the convective zone were proposed
to account for Li and Be depletions. This also would imply an increase of the 3He
abundance in the convective zone. Based on the conclusion by Geiss (1973) and
Benkert et al. (1993) that an increase of 3He in the OCZ is limited to 20% after
4Gyr, Vauclair (1998) included in her model calculations instead a very mild
mixing vanishing shortly below the convective zone in order to explain the
observations for both Li and He. As a result, 3He in this model does not increase
by more than 5% during the whole solar history. Thus, these model data are in
very good agreement to our results.

The 3He/4He ratio in the present and past solar wind is of interest because it
provides an estimate for the protosolar deuterium abundance (Geiss & Gloeckler,
1998; Geiss & Reeves, 1972) (Section 5.2.1). So far, a slight increase of the solar
wind 3He/4He ratio with time was considered to be likely. Our results suggest
instead, that the present-day solar wind can be used to deduce the protosolar

Fig. 4.19. Similar to Fig. 4.16. The black dots represent the measured average SW-
3He/4He ratios. The same ratios were corrected on the basis of their Ne isotopic
composition and normalised to the present-day solar wind 20Ne/22Ne ratio of 13.8
(Kallenbach et al., 1997) in order to account for a probable partial loss of the solar wind
component in the older samples. These corrected ratios are plotted as circles. Their
error bars reflect the uncertainty of the slope of the regression line calculated from the
average SW values from Fig. 4.16, except 79035. The corrected data indicate that the
He isotopic composition remained approximately constant within our estimated
accuracy of 7% throughout the last ~4Gyr.
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(D+3He)/4He composition without needing to correct for main-sequence
production of 3He admixed into the OCZ.

4.5  CONCLUSION

The solar wind He and Ne composition has been analysed in the uppermost
layers of lunar ilmenite grains by closed system stepwise etching. At first glance
we see a temporal change of the solar wind He isotopic ratios of around 5% per
Gyr, which is in agreement with earlier work. Also, we observe an apparent
temporal change of the 20Ne/22Ne composition in the solar wind on a smaller
scale, of around 1.7% per Gyr.

The temporal variation of the He isotopic composition in the solar wind could be
explained by incomplete H-burning and mild mixing of freshly produced 3He
into the OCZ. However, in contrast to He there are no physical processes in the
Sun known that might be able to change the Ne isotopic composition with time to
the observed extent. Furthermore, the SW-3He/4He and SW-20Ne/22Ne ratios from
samples of different solar wind antiquities correlates and this correlation is also
congruent to the He and Ne evolution pattern resulting from grain surface
abrasion due to the etching process. Therefore, we assume that the apparent
temporal variation of the solar wind composition frequently observed by
analysing lunar samples is only an artefact that results from secondary processes
which affected the carrier of the solar wind ions, the regolith grains. Secondary
processes as erosional removal of the uppermost grain layers and/or diffusion
might be time-related. Old regolith grains containing the old solar wind have
probably lost more of the outermost solar wind component than younger regolith
grains. We conclude, therefore, that the solar wind He and probably also Ne
isotopic composition remained constant within our estimated uncertainties
throughout the past ~4Gyr.
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Chapter 5 

GENESIS Mission: Off- and On-line

Etch Experiments on Target Materials
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5.1  HISTORY OF SOLAR WIND RESEARCH IN SPACE

The existence of the solar wind was first predicted by the astrophysicist
Biermann (1951) on the basis of the fact that the plasma tail of comets points
almost directly away from the Sun. Later, in 1962, the existence of the solar wind
was unambiguously proved during the flight of Mariner 2 to Venus (Neugebauer
& Snyder, 1966; Parker, 1997).

The solar wind provides the only possibility to probe directly the Sun’s outer
convective zone (OCZ), which is strongly believed to represent the solar nebula
composition. For details see Chapter 1 - Introduction. Therefore, it is important
to analyse the composition of the solar wind, which allows comparisons with and
supplements to other methods of observation and measurement, such as
helioseismology and optical remote sensing. Many elements can be analysed by
spectroscopic remote sensing, probing the photosphere. However, noble gases
are inaccessible to spectroscopic studies because these elements have no optical
transitions at photospheric temperatures, except some noble gases (He, Ne),
detected by UV-spectroscopy in the corona.

First experiments to analyse the noble gases in the solar wind directly were
carried out during the Apollo missions from 1969 to 1972. The solar wind
composition (SWC) experiment has been performed on almost all Apollo
missions to analyse the relative abundances of isotopes and ions and to determine
their possible variability (Geiss et al., 1972). Aluminium and platinum foils were
exposed to the solar wind on the lunar surface for several hours to days (e.g.
Apollo11: 1h 17min, Apollo16: 45h) to collect solar wind ions, and carried back
to Earth for laboratory analyses. The mean values for the He and Ne isotopic
composition as well as their relative elemental abundances (Geiss et al., 1972)
still serve as reference values today, e.g. Anders & Grevesse (1989).
Unfortunately, the duration the foil were exposed to the solar wind was always
too short to obtain exact data of the Ar isotopic abundances. Hence, the resulting
value of the solar wind Ar isotopic composition has a rather large error (Cerutti,
1974). Kr and Xe analyses were not possible at all. Furthermore, the SWC
experiment was not suited to elucidate supposed long-term variations of the solar
wind noble gas composition as well as variations with different solar wind
energies.

To learn more about the solar wind increasingly sophisticated space missions
were launched to study its composition and variability. The first systematic
observation of the solar wind He composition was carried out between 1978 and
1982 with the Ion Composition Experiment on the ISEE-3 spacecraft positioned
near the Lagrangian point L1. (The Lagrangian point L1 is that point between
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Sun and Earth where the orbital motion of a spacecraft will match that of the
Earth, allowing the two to stay together throughout the Earth’s annual journey
around the Sun. The distance from the Earth to L1 is about 1.5×106km.) During
this time the 3He/4He ratio was continuously recorded. This experiment provided
a complete separation of the He isotopes at all solar wind conditions (300–
620km/s) (Coplan et al., 1984; Ogilvie et al., 1980).

The Ulysses satellite, launched in 1990, orbits over the Sun’s poles. One of the
main tasks of this mission is to explore the solar corona and, related, the different
types of the solar wind. Further aims are the research of the solar magnetic field
as well as the interaction of the heliosphere with the local interstellar medium.
This mission provided the first out-of-ecliptic views of the solar system
environment. SOHO, launched in 1995, is orbiting the Sun around the L1 point.
This "observatory" is designed to study the internal structure and the dynamics of
the Sun, its complex outer atmosphere and the origin of the solar wind.

Both satellites have mass spectrometers on board for in situ solar wind
measurements, SWICS on Ulysses and CELIAS on SOHO. Results obtained by
these instruments are reviewed by von Steiger et al. (1997), Bochsler (2000) and
Wimmer-Schweingruber (2001). The advantage of such in situ analyses
compared to the Apollo foil experiment and the GENESIS mission is that the
solar wind is directly probed without any implantation or retentivity effects
having to be taken into account. Also, the instruments are able to distinguish
between the different solar wind regimes (coronal hole, interstream). In contrast
to the "standard" remote sensing technique true solar wind abundances can be
measured, independent of model-dependent charge states of the ions. However,
the results of these spaceborne mass spectrometers are limited by relatively high
systematic instrumental uncertainties, which are seldom below 20% (von Steiger
et al., 2001). The abundances of the 12 most abundant elements and - in the case
of CELIAS - their isotopic composition can be analysed. Among the noble gases
only He, Ne and Ar are measurable so far.

Since the Sun represents probably the best proxy for the composition of the solar
nebula, a better understanding of the evolution of the solar system requires higher
accuracies in the determination of solar composition and an extension of
elements and isotopes that can be studied (see the following sections and
Busemann et al., 2001).

With the findings of former and ongoing missions and the remaining open
questions in mind, the GENESIS mission was planned. This mission will
combine monitored solar wind collection in space with high precision analyses in
the laboratory.



104

5.2  GENESIS MISSION – MAJOR OBJECTIVES

The overall objective of the GENESIS mission is the accurate determination of
the Sun's composition. This will help to refine the basic understanding of the
Sun's characteristics and solar processes and thus to infer the composition of the
solar nebula 4.6Gyr ago. Precise analyses of the solar wind composition in the
different regimes yield information about differences between the solar wind and
the bulk solar composition and therefore about processes inside the Sun.
Furthermore, fundamental assumptions like the one that the outer layers of the
Sun, more exactly the OCZ and the photosphere, truly represent the solar nebula,
can be tested. The aim of this mission is to obtain precise data of the solar
abundances of many elements and their isotopic composition with special
emphasis on the volatiles Li, Be, B, C, N, O, F and the noble gases. In this work
(see the following sections), experiments are carried out to select a target
material for the GENESIS mission, which is highly suitable for noble gas
investigations on implanted solar wind.

The GENESIS mission is a solar wind sample return mission, which is based on
a similar foil technique for solar wind ion trapping as the Apollo SWC
experiments. After the launch on 8 August 2001, the spacecraft will spend 2.5
years at the Lagrangian point L1 collecting solar wind particles, before returning
in 2004. The following major improvements compared to the Apollo SWC
experiment will permit to determine elemental and isotopic abundances of solar
wind with high precision. A broad range of extremely pure collector materials is
used, which are tailored for each element or element group (e.g. Si-, Ge-, SiC-
wafers, Au-, and Al-on-sapphire, CVD diamond, metallic glass vitreloy).
Additionally, a solar wind concentrator will enrich by focussing the incoming
ions onto pure targets (diamond, SiC, and amorphous diamond-like C film on Si)
near the focal point of a parabolic electrostatic mirror. This concentrator is used
for elements lighter than Si, with particular emphasis on oxygen isotopes. The
whole collector material suite is present in triplicate, each in an extra capsule, to
probe the different solar wind regimes separately, the interstream solar wind, the
coronal hole solar wind and material from coronal mass ejections. Furthermore,
the extended exposure time will facilitate the analyses of heavy and less
abundant elements (e.g. Kr, Xe) and their isotopic composition. Finally, the solar
wind collection in space prevents the target materials from contamination, such
as dust on the lunar surface. A complete summary of the NASA Discovery
mission, including mission design, instruments, collector materials as well as
scientific objectives and their background is published on the GENESIS website
(http://www.genesismission.org). A brief general overview is given by Burnett et
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al. (2002) and Wiens et al. (2001) and an overview of the collector materials by
Jurewicz et al. (2002).

Solar and solar nebula abundances, respectively, of heavy and refractory
elements are well known by optical remote sensing of the solar photosphere and
by laboratory-based analyses of CI chondrites. The results of both methods agree
to within 10% (Anders & Grevesse, 1989; Palme & Beer, 1993). However, the
knowledge of solar abundances of the volatile elements is rather poor. This is
because the volatiles were lost by various processes during the early solar system
history, which makes the determination of their solar nebula abundances in
planetary bodies impossible. Such processes include i) fractionation due to
incomplete condensing during formation of first solids in solar system, or ii) later
volatile loss. In addition, nucleosynthetic processes in the interior of the Sun alter
abundances and composition of H, He, Li, Be, and B (Palme & Beer, 1993). The
solar isotopic composition of the light volatile elements is poorly known, also,
because of large isotopic fractionations due to their large relative mass
differences as well as their chemical reactivity (Begemann, 1980).

The highest priority objective of GENESIS is to obtain precise data of the
oxygen isotopic composition of the solar wind. The oxygen isotopic composition
of different solar system bodies varies within a few permil to several percent.
Two controversial models, the nebula mixing model (Clayton, 1993) and the
non-mass-dependent fractionation model (Thiemens & Heidenreich, 1983), have
been forwarded to explain the oxygen composition in the solar system objects.
The GENESIS oxygen data of the solar wind with an attempted precision of
0.1% (2�) will be able to distinguish between these theories. The data should
provide a baseline by which to compare other solar system materials and should
give valuable insights of solar system formation (Wiens et al., 1999).

Furthermore, the precise determination of C, N, and the noble gases abundances
and their isotopic composition in the solar wind is of high priority. In particular,
the noble gases are excellent tracers for tracking physical evolutionary processes,
because they are inert to chemical reactions. The solar abundance data, inferred
from the solar wind, enable us to study and interpret the isotopic variations in
meteorites, planets and planetary atmospheres. Such data allow to draw
conclusions on the evolution of the solar system from the presolar environment
(presolar grains) to the solar nebula 4.6Gyr ago. Moreover, the noble gases can
be used to decipher the evolution of the solar system, from the formation of
planetesimals and chondritic meteorites to the formation of the planets. Two of
the specific problems we hope to unravel after a successful sample return of the
GENESIS mission are outlined in the next two sections.
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5.2.1  Helium: What is the present-day 3He/4He composition of the solar
wind?
The present-day 3He/4He ratio in the OCZ, which can be probed by analysing the
solar wind, is of great interest, because it provides an estimate for the protosolar
deuterium abundance (Geiss & Gloeckler, 1998; Geiss & Reeves, 1972). It is
expected that the present-day 3He/4He in the OCZ is close to the protosolar
(D+3He)/4He ratio, because D was quantitatively converted into 3He early in the
solar history. The primordial value of this ratio is of great importance in standard
big bang cosmology. However, analyses of lunar samples irradiated at different
times in the past suggest that the 3He/4He ratio in the solar wind increased on the
order of 5-10% per Gyr (Geiss, 1973; Wieler, 1998). This would indicate partial
mixing of 3He from incomplete H-burning in intermediate layers into the
convective zone (Geiss & Gloeckler, 1998). If so, the present-day 3He/4He in the
OCZ would be somewhat higher than the protosolar (D+3He)/4He ratio. The
results of our work, based on lunar samples containing solar wind of different
antiquities, show instead, that the solar wind 3He/4He ratio has remained constant
over the last 4Gyr. In Chapter 4 - He in lunar samples - this topic is described in
detail.

Besides a possible long term variation of the solar wind 3He/4He composition,
also the variations of the He flux and the He isotopic composition in different
solar wind regimes should be considered. By sampling of solar wind from these
regimes by GENESIS, it will be possible to identify and clarify processes in the
Sun, e.g. gravitational settling of 4He in the OCZ, and to test the current solar
models. Furthermore, the present-day 3He/4He composition in the solar wind is
necessary to evaluate the results obtained from lunar samples.

In order to obtain reliable solar wind composition values from the GENESIS
mission wide attention was paid for selecting solar wind collector materials.
Compared to other elements He is one of the most difficult elements to collect.
Due to its low mass a rather significant amount of the solar wind He ions are
backscattered during implantation (Section 1.2.4). Also, He has a relatively high
diffusivity. Therefore, a collector material had to be found, which will retain the
He completely for several years also at temperatures around 200°C, the expected
surface temperature of the collector materials.

5.2.2  Neon: Is the SEP component a real feature ?
Neon isotopic composition of pure solar wind was first analysed by the SWC
experiment carried out during five Apollo missions. Geiss et al. (1972) analysed
the noble gases by oven total extraction. They got an average solar wind
20Ne/22Ne ratio of 13.7± 0.3 for the five Apollo SWC foil exposure periods. The
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2% error is based on the variability of the observed 20Ne/22Ne ratios obtained
from the four long-exposure experiments (Apollo12 - 16).

However, analyses of lunar samples with stepwise noble gas extraction
techniques (e.g. stepwise pyrolysis or CSSE) show that the Ne composition in a
sample ranges between light Ne released first that is in the range of the present-
day solar wind (Geiss et al., 1972), and a heavier Ne component released later
(Benkert et al., 1993; Black, 1972; Pepin et al., 1999) (see also Chapter 4). To
explain these uniform Ne release patterns detected in lunar and meteorite samples
(e.g. Figs. 3.2, 4.5-4.13 odd numbers) different possibilities have been suggested,
which will shortly be summarised in the following.

Wieler et al. (1986) and Benkert et al. (1993) concluded on the basis of these
uniform release patterns that the solar noble gases in lunar samples are a mixture
between the low energy (0.8-8keV/nucleon) solar wind (20Ne/22Ne = 13.8±0.1),
implanted very close to the grain surfaces, and a second component implanted
with higher energies (10-100keV/nucleon) deeper into the grains. This second
component has a slightly different composition (20Ne/22Ne = 11.2±0.2) and is
called "SEP" (solar energetic particles). However, this conclusion has remained
controversial, because the released "SEP" component cannot originate from SEP-
events associated with flares and coronal mass ejections. Its abundance exceeds
that expected based on the present-day SEP flux by 4-5 orders of magnitude.

Frick et al. (1987) and Becker & Pepin (1989) obtained similar data of Ne
isotopic composition in lunar ilmenite separates as, e.g. Benkert et al. (1993), by
stepwise heating and combustion, but interpreted them by a fractionation
scenario instead. According to these workers the implanted gas near the grain
surfaces is unfractionated solar wind implanted last, whereas the component
released deeper from the grains at higher temperatures represents inward-
migrated and fractionated more ancient solar wind. However, Becker (1990)
showed that the observed difference between SEP-Ne and solar wind Ne
composition cannot explained by diffusion alone, supporting the hypothesis of
two independent components.

More recently, Wimmer-Schweingruber & Bochsler (2000) interpreted the SEP
component as non-solar, possibly being interstellar matter. Therefore, they
renamed this component to HEP (heliospheric energetic particles). In their
model, particles from interstellar clouds, through which the solar system passed
during its journey through the galaxy, get ionised by the solar wind. These
particles are called interstellar pick-up ions or ACR (anomalous cosmic rays). In
the heliosphere, the pick-up ions are accelerated to suprathermal and higher
energies, i.e. to energies above those of the solar wind but <100keV/nucleon.
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This interstellar matter gets then implanted into the lunar soil in addition to solar
wind ions. The isotopic anomalies of the "HEP" component (20Ne/22Ne ratio <
solar wind; 15N/14N ratio < solar) result from the galactic chemical evolution.
However, Wimmer-Schweingruber & Bochsler (2000) also noted that the
observed abundances of SEP particles in lunar soils are three orders of magnitude
higher than expected from the present-day pick-up ion or ACR fluxes as
observed in the near-Earth environment. They explain this by occasional
encounters of the solar system with denser interstellar clouds, which leads
periodically to enhanced pick-up and ACR ion fluxes near the Earth.

Mewaldt et al. (2001) in turn again suggested a solar/heliospheric origin for the
SEP component. With the Advanced Composition Explorer (ACE) they
measured the fluence of heliospheric energetic particles as a function of their
energy over several years and calculated with these data integrated energy
spectra from 0.3keV to 300MeV for different elements. The energy spectra have
a common shape, with a peak at 0.8keV/nucleon corresponding to slow-speed
solar wind and long suprathermal tails extending to higher energies
(10keV/nucleon – 10MeV/nucleon). These spectra were used to simulate the
depth distribution of implanted 20Ne and 22Ne into solid matter, in order to
compare the results with the 20Ne/22Ne ratios obtained by stepwise release of Ne
from lunar samples. The simulations resulted in a continuous change of the
20Ne/22Ne ratio as a function of depth or implantation energy, respectively. In
particular, the authors observe a 20Ne/22Ne ratio close to the "SEP" value over an
extended depth range of 1.5×10-4- 7×10-4cm. Therefore, they conclude that the
range of the 20Ne/22Ne composition in lunar samples can be the result of a single
solar component with constant isotopic composition over the entire energy range
due to variable implantation depths of the different isotopes.

For discussion and the question how the solar wind data obtained from lunar
samples can be interpreted, see Chapter 4.

To summarise, two major questions related to the isotopic composition of solar
wind Ne can be addressed to the GENESIS mission:
a) Are there differences in the Ne isotopic composition in different solar wind

regimes at all?
b) Is there a depth-dependent variation of the Ne isotopic composition also in

artificial targets irradiated only for two years, or are the results obtained from
lunar samples artefacts originating on the Moon during implantation, or in the
laboratory?

The ability to answer these questions strongly depends on the quality of the solar
wind collector materials used. The first question can hopefully be answered by
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noble gas analyses of collector materials exposed to different solar wind regimes.
To answer the second question, a special collector material, a metallic glass
called vitreloy, is flying on GENESIS. Vitreloy is tailored to the CSSE noble gas
extraction method used at the Institute for Isotope Geology and Mineral
Resources at ETH Zürich. The process, which led to the selection of vitreloy is
described in the following sections.

5.3  VITRELOY ON GENESIS

CSSE developed in our laboratory is a unique method of noble gas release
(Section 2.2.1). With this step-by-step release technique a depth profile of the
composition of the implanted noble gases can be obtained. Our contribution to
the GENESIS mission was to find a target material which strongly retains all
implanted solar noble gases and that is also highly suitable for the etch technique.
Furthermore, the material should be characterised by easy handling, ultra-high
purity, and physical, chemical, and thermal stability. Especially important for He
analyses is a high retentivity of the material, because the targets will remain for
two years at temperatures up to 200°C. Retentivity must be considered for two
types of loss of implanted ions: backscattering during implantation and diffusion
of the implanted ions during further exposure. The target material should be
isotropic or amorphous to avoid fractionation during implantation along preferred
paths on crystal planes. Moreover, to use the on-line etch technique the material
must be easily and homogeneously etchable.

5.3.1  Off-line etch experiments

5.3.1.1  Materials
In the first phase of study, the etch behaviour of the following materials was
tested, all of which were believed to meet the requirements mentioned above:
Supremax glass, silicon wafers, aluminium, and several metallic glasses. The
Supremax glass (SiO2 + 9% B2O3) and the silicon wafers are produced with high
purity. Although silicon is not amorphous, cutting vertical to the c-axis should
prevent preferred implantation paths. Aluminium is the material that has already
been used for the Apollo SWC experiment. The metallic glasses are: vitreloy101
(48% Cu, 34% Ti, 11% Zr, 8% Ni), Cu-Ti foil (66% Cu, 34% Ti) and Zr-Ni-Ti
foil (63% Zr, 22% Ni, 15% Ti). Metallic glasses are rather difficult to produce,
which is a disadvantage compared to the other commonly used materials. Also,
because they are rarely used, the long-term behaviour of these materials,
especially at higher temperatures, is not well known. Nevertheless, these
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materials, in particular vitreloy, are most promising for our purpose, as will be
shown below.

5.3.1.2  Experiment
Four ~0.5cm2 slices of each material (vitreloy101, aluminium, silicon, Supremax
glass, Cu-Ti foil, Zr-Ni-Ti foil) were made. Because of their initially uneven
surfaces, the aluminium and vitreloy101 slices were polished to a mirror finish.
All slices were carefully cleaned with ethanol in an ultrasonic bath. Afterwards,
one slice of each material was etched in the vapour phase of one of each acid
under ambient air for 24 hours. Acid used were concentrated HCl, HNO3, and
HF. A fourth slice remained unetched for comparison. After the etch experiment
the surfaces of the 24 slices were evaluated. Slices, which were strongly corroded
or dissolved, were rejected, while slices with only weakly or unalterated surfaces
were qualitatively analysed by SEM imaging.

5.3.1.3  Results

a)  Aluminium

The SEM image in Fig. 5.1a shows some scratches on the surface of the initial
highly polished aluminium slice. After the etch process with HCl and HF vapour,
the surfaces of the aluminium slices were macroscopically corroded; therefore,
these slices were rejected. Reaction with HNO3 vapour caused only a weak
macroscopically visible alteration, and a final lacklustre surface. However, in the
SEM image (Fig. 5.1b) inhomogeneous etching is clearly visible, with etch pits
of up to 6�m depth. Therefore, aluminium is not suited for depth-profiling
analyses by CSSE, since the results so obtained would represent gases from
different depths during one etch step.

Figure 5.1. SEM images of the aluminium slices:  a) the original, polished surface, b)
the surface after 24h etching in HNO3 vapour.
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b)  Vitreloy101

Scratches from polishing are also visible on the original surface of vitreloy101
(Fig. 5.2a). The vitreloy101 slice treated with HCl vapour was corroded, while
the slice which reacted with HF vapour was completely dissolved. Only the
reaction with HNO3 vapour did not cause macroscopically visible alterations.
The SEM image in Fig. 5.2b shows clearly that the etching in HNO3 vapour was
very homogeneous and left an astonishingly smooth surface behind. Some deep
leftover scratches indicate a noticeable amount of abrasion during etching and
may serve as a measure for the etch depth, provided that the initial depth of the
scratches can be evaluated. On the basis of these very homogeneous etch
properties, we infer that vitreloy101 is clearly suitable for depth profile analyses
by CSSE in HNO3 vapour.

c)  Cu-Ti foil and Zr-Ni-Ti foil

Neither of these foil types fulfil the physically requirements (e.g. physical
stability, easy handling) given above comparably well as any of the other
materials. The foils are only 40�m thick and flexible, which makes their handling
rather difficult. Additionally, traces of the milling process during foil production,
such as holes and striae, are visible with the naked eye. Nevertheless, the etching
tests in acid vapour were also performed for these materials. The piece of Cu-Ti
foil, exposed to HCl had a lacklustre surface, whereas the piece exposed to HF
was completely dissolved. The piece of Zr-Ni-Ti foil exposed to HCl was
completely dissolved, and the piece exposed to HF was corroded. Both foils
retained their metallic lustre after the exposure to HNO3, but the SEM images
showed inhomogeneous etching for the Cu-Ti foil (Fig. 5.3b). Small, but deep,
etch pits occur along preferred directions on the surface of the Cu-Ti foil,

Figure 5.2. SEM images of the vitreloy101 slices:  a) the original, polished surface, b)
the surface after 24h etching in HNO3 vapour.
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probably along milling traces. The remaining surface seems to be uncorroded.
The surface of the etched Zr-Ni-Ti foil has a rather regular, almost spongy
structure, but seems to be uniformly etched (Fig. 5.4b). Thus, the Zr-Ni-Ti foil
may also be suited for depth profile analyses with CSSE.

d)  Silicon wafer

The surface of a silicon wafer is extremely smooth (Fig. 5.5a). Silicon is very
resistant to the acid vapours of HNO3, HCl, as well as HF. The SEM images
show no alteration features at all. Therefore, the experiment was repeated with
concentrated liquid HF. After 24 hours the surface of the silicon wafer was
slightly, but inhomogeneously attacked. Fig. 5.5b shows two areas of the etched
surface of the same silicon wafer. Because of the inhomogeneous etching and the
high resistance to acid vapour, silicon wafer material is not well suited for depth
profile analyses by CSSE. Etching in liquid acid is much more difficult to control
than etching in acid vapour.

Figure 5.3. SEM images of the Cu-Ti foil:  a) the original surface, b) the surface after
24h etching in HNO3 vapour.

Figure 5.4. SEM images of the Zr-Ni-Ti foil:  a) the original surface, b) the surface after
24h etching in HNO3 vapour.
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e)  Supremax glass

The advantage of Supremax glass is its known good He retentivity, as this
material is often used for noble gas extraction lines, and its heat resistance. The
SEM-image (not shown) of the untreated Supremax glass shows a very smooth
surface. Also, after the etching in HCl and HNO3 vapour no alterations of the
surfaces were detectable in the SEM-images (not shown). Some scratches left
over from the slice preparation show that the glass is probably resistant to these
acid vapours. The 24h reaction with HF vapour left a coating of insoluble
fluorides at the surface. One hour HF vapour etching shows a rather homogenous
etch behaviour. Nevertheless, the fluoride coat that forms would seal at least
parts of the surface and shield it from further etching. Therefore, Supremax glass
is not well suited for etching analyses.

5.3.1.4  Final remarks
On the basis of its properties, vitreloy was chosen for further experiments. These
include implantation and diffusion experiments as well as on-line etching and
blank analyses. The diffusion experiments on irradiated vitreloy samples by
stepwise heating were carried out by Alex Meshik at the Washington University
in St. Louis (Meshik et al., 2000). The results of the on-line etching of irradiated
vitreloy samples as well the blank analyses are shown in the following sections.

5.3.2  On-line etch experiments and comparison with results of
simulations of ion implantation (TRIM)

5.3.2.1  Implantation on Vitreloy
On the basis of the convincing results from the offline etch and diffusion
experiments, the metallic glass vitreloy was chosen for further experiments.
Vitreloy retains He and Ne completely up to 500°C, as stepwise heating

Figure 5.5. SEM images of the silicon slices:  a) the original surface, b) different views
of the surface after 24h etching in liquid HF.
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experiments had shown (Meshik et al., 2000). It is widely believed that this high
retentivity results from the amorphous structure of the glass. The amorphous
structure should also limit elemental and isotopic fractionation during
implantation. Two vitreloy targets with different compositions were available.
Vitreloy101 consists of 48% Cu, 34% Ti, 11% Zr, 8% Ni, and vitreloy106 of
59% Zr, 16% Cu, 13% Ni, 10% Al, 3% Nb. The on-line etch experiments were
first performed with vitreloy101. However, vitreloy106 was ultimately flown on
GENESIS, because it was easier to produce. Therefore, the on-line etch
experiments were repeated for vitreloy106, although in less detail.

Both vitreloy targets were irradiated with 4He (10keV/amu) and 20Ne
(10keV/amu) with a fluence of 1�1015atoms/cm2 � 2%. The implantation was
expected to be uniform over the entire target. However, there might be a problem
with vitreloy106 in this respect. The irradiated stripes were cut into 4 pieces,
where the piece of vitreloy106 (#3), that was later used for the etch experiment,
was located relatively near to or even partly under the clips used to mount the
sample for exposure to the ion beam. This might have influenced the uniform
irradiation.

5.3.2.2  Etch experiment Vitreloy101
The noble gases were released by in-vacuo etching with HNO3 vapour in our Au-
Pt-line, which is directly connected to a mass spectrometer. Details of the mass
spectrometer technique as well as the data reduction are described in Chapter 2 -
Experimental Methods. In Table C.1 etching conditions and released gas amounts
are given. In total, 35 etch steps were carried out. The etching time was always
2h and the acid was always held at room temperature, except for the first 6 steps.
Therefore, the released gas amounts should be directly comparable to each other.

Table 5.1 compares the expected and the measured amounts of the total
implanted gas. The agreement is very good given that the surface area of 5.2mm2

of the analysed target has an estimated uncertainty of 10%. As the released gas
amounts are ~5-12% higher than the expected values corrected for
backscattering, and as the average 4He/20Ne ratio is within 6% of the expected
value, we conclude that essentially no He or Ne was lost after the implantation.
The amounts of backscattered ions were calculated by the TRIM program (for
explanation, see below).

In Figs. 5.6 and 5.8 the released gas amounts and the 4He/20Ne ratio are plotted as
a function of etch time in order to compare these results with the simulated depth
distribution profiles (Figs. 5.7, 5.9). The latter were calculated by the TRIM
(TRansport of Ions in Matter) program, which performs 3-D Monte-Carlo
calculations of individual ion trajectories in a variety of materials (Ziegler et al.,
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1985). The comparison shows a good agreement between the simulated and
measured depth distributions, for both elements (Figs. 5.6, 5.7). In particular, the
first gas-poor steps show that the etching must have been rather smooth, i.e. no
"holes" were etched.

Measured and simulated 4He/20Ne ratios are shown in Figs. 5.8 and 5.9. The high
4He/20Ne ratios in the first six steps are artefacts due to the very low gas amounts
released in these very gentle etch steps (see Fig. 5.6 and Table C.1). The same
can be supposed for step 31. In contrast, the high ratio of 2.7 in step 7 seems to
be real. In the following steps, the ratios decrease slowly from 1.2 to 0.9. As
noted above, the mean 4He/20Ne ratio of 1.03 (Table 5.1) indicates that no
preferential loss of He relative to Ne occurred, and that etching did not cause
elemental fractionation. Moreover, the decrease of the measured 4He/20Ne values
reflects the different implantation depths of He and Ne, which is also seen in the
TRIM calculation (Fig. 5.9) although the predicted trend is considerably steeper
than the measured one. This is presumably due to the fact that the depth
resolution of the etch experiment was not perfectly, i.e. each etch step sampled
material from a certain depth interval. However, the energy range in the solar
corpuscular radiation, and therefore the implantation depth range, is much larger
than in this artificial implantation. Therefore, the imperfect depth resolution of
the etch technique may actually not be a severe problem. The energy of the solar
wind particles (0.8-8keV/nucleon) corresponds to implantation depths between
3�10-6 and 3�10-5cm. The energy of solar energetic particles (10 to
>100keV/nucleon) leads to implantation depths of 4�10-5 to 3�10-4cm (TRIM
calculation of Ne in SiO2 done by Mewaldt et al., 2001).

TABLE 5.1.  Vitreloy101, expected and measured He and Ne amounts.

4He (cm³STP) 20Ne (cm³STP) 4He/20Ne

expected
(5.2mm2, fluence 1�1015atoms/cm2)

1.94�10-6 1.94�10-6 1

expected, corrected for backscattering
(TRIM, 10keV/amu)

1.85�10-6 1.90�10-6 0.97

measured
(total in 35 etch steps)

2.07�10-6 2.00�10-6 1.03

deviation of measured to expected
(corrected for backscattering) values

+ 12% + 5% + 6%
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Figure 5.7. Simulation of the depth
distribution of implanted (10keV/amu)
He and Ne in vitreloy101 by TRIM. (0 on
the abscissa represents the surface.)

Figure 5.6. He and Ne release patterns
versus etching time in vitreloy101 ob-
tained by CSSE. The squares represent
single steps (1� error bars for both He
and Ne are smaller than the symbols).
All steps had same etch conditions;
therefore, the release patterns represent
profiles of the depth distribu-tion of
implanted He and Ne. Steps 1-6 do not
belong to the depth profile patterns,
because of shorter etching time and
lower acid vapour temperatures.

Figure 5.8. 4He/20Ne ratio versus
etching time in vitreloy101 obtained by
CSSE. 1� error bars are smaller than
symbol size. The 4He/20Ne ratio is a
measure of implantation induced
elemental fractionation. The evolution of
this ratio shows also that no elemental
fractionation during gas release
occurred.

Figure 5.9. 4He/20Ne versus depth in
vitreloy101 obtained by TRIM. The large
variations at 4000-4200Å result from the
low number of ions (<30).
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After the etching, which lasted three weeks, we re-examined the surface of
vitreloy101 under the SEM. The sample had been exposed to acid vapour for 65h
totally. During the rest of the time the valve between acid and sample remained
closed and the acid was held at -25°C. Our main interest was to check the surface
texture of vitreloy after the etch process. Unfortunately, the vitreloy stripes had
not been polished, and probably had also not been well cleaned before
implantation. Furthermore, the vacuum in the implantation chamber was poor,
which might have caused a C-film deposit on the surface of the vitreloy stripes
(D. S. Burnett, personal communication, 2000). Therefore, the original surface of
this analysed vitreloy101 stripe (Fig. 5.10a) is not comparable to the vitreloy
SEM-image shown in Fig. 5.2a. Thus, the starting surface properties of
vitreloy101 (Fig. 5.10a) for the etching analysis were not as good as they could
have been.

Fig. 5.10b shows examples of the vitreloy101 surface after etching. The etched
surface is rather smooth, and only very shallow (~1�m) depressions are visible.
Surficial nitrates, formed as reaction products of the acid with vitreloy, had been
washed off with deionised water before the SEM analyses. However, on a 10µm
scale various parts of the surface etched rather inhomogeneously. This might be
explained by two reasons. First, some parts were preferentially etched because of
the inhomogeneity of the original surface. Second, reaction products may have
been deposited inhomogeneously, and then preserved various parts of the surface
from further etching to various degrees. Inhomogeneous etching and the 1�m
deep depressions might have caused the slightly less than perfect agreement of
the depth profiles of the measured and simulated 4He/20Ne ratios (Figs. 5.8, 5.9).

Figure 5.10. SEM-images of different views of the irradiated vitreloy101 surface: a)
Defoliation, small holes and impurities characterise the non-polished original surface.
b) Two examples of the vitreloy surface after 65h on-line etching: shallow depressions
(~1�m) and the relatively inhomogeneous etching are visible.
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5.3.2.3  Etch experiment Vitreloy 106
Since vitreloy106 has a distinctly different composition, the etch behaviour and
the noble gas retention obviously cannot be expected to be identical to those of
vitreloy101. Therefore the on-line etch experiment had to be repeated.
Unfortunately, no SEM-images of vitreloy106 are available. He and Ne were
released in 29 steps by in-vacuo etching in HNO3 vapour in the Au-Pt-line. The
acid temperature was always 23°C, except for steps 1 and 2. The etching lasts 2-
3h (steps 1-21) and 4-16h (steps 22-29). In Table C.2 the etch conditions and the
gas amounts are given.

Table 5.2 compares the expected and measured amounts of total implanted gas.
The expected and measured Ne concentrations are in very good agreement.
However, the measured He amount is 20% lower than the expected amount. This
might have several reasons: i) He loss from the sample, or ii) a non-uniform
implantation of He. The second reason seems to be more feasible, because the
analysed sample was positioned near the clips which fixed the vitreloy stripes
during irradiation. Unfortunately no further information about the irradiation
process are available.

Despite this discrepancy, both depth profiles of the released He and Ne amounts
are in good agreement with the depth profiles simulated by TRIM (Figs. 5.11,
5.12). Also, the different implantation depths of He and Ne are revealed to some
extent, as the peak of the Ne release occurs a few steps later than that of He. The
low gas amounts during the first etch steps and the general shape of the measured
depth profiles show that the etching of vitreloy106 was rather smooth, probably
without producing large holes. In Fig. 5.13 the measured 4He/20Ne ratios are
plotted versus the etch time. The high 4He/20Ne ratios in the first two steps are
artefacts, as the gas amounts are very low, and consequently, the blank
contributions are very high. In steps 1, 2, and 8, the blanks contribute more than
60% to the sample gas and in step 4 more than 30%.

The measured and the simulated 4He/20Ne depth distribution patterns (Figs. 5.13,
5.14) are in good agreement, which allows us to conclude that the etching did not
cause elemental fractionation. 4He/20Ne ratios larger than one, which should
reach to depths up to 2000Angstrom as predicted by TRIM, were measured only
in the first three reliable steps (3, 5, 6). This might be the result of the lower
implanted He amounts due to non-uniform He irradiation, as already assumed
above. The further development of the measured 4He/20Ne ratios agrees perfectly
with the calculated one. These results give us confidence that vitreloy106 is well
suited for analysing reliable depth profiles of the distribution of the implanted
solar wind noble gases.
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TABLE 5.2  Vitreloy106, expected and measured He and Ne amounts.

4He (cm³STP) 20Ne (cm³STP) 4He/20Ne

expected
(7mm2, fluence 1�1015atoms/cm2)

2.60�10-6 2.60�10-6 1

expected, corrected for backscattering
(TRIM, 10keV/amu)

2.46�10-6 2.53�10-6 0.97

measured
(total in 29 etch steps)

1.97�10-6 2.54�10-6 0.86

deviation of measured to expected
(corrected for backscattering) values

- 20% + 0.4% - 11%

Figure 5.11. He and Ne release
patterns versus etching time in
vitreloy106 obtained by CSSE. The
squares represent single steps (1� error
bars for both He and Ne are smaller
than the symbols). Steps 3-28 were
done under similar etch conditions;
therefore, the release patterns represent
profiles of the depth distribution of
implanted He and Ne.

Figure 5.12. Simulation of the depth
distribution of implanted (10keV/amu)
He and Ne in vitreloy106 predicted by
TRIM. (0 on the abscissa represents the
surface.)
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5.3.3  Material and Procedure Blanks
One of the most important requirements for solar wind collector materials is the
purity with respect to the desired elements to be analysed. Therefore, we carried
out extensive blank analyses on vitreloy106, in view of CSSE analyses. The
noble gas blank of vitreloy106 was determined in two different ways; first, by
total extraction in a furnace and secondly, during stepwise etching. In Table 5.3
the expected noble gas amounts after a 2.5 year solar wind collection period are
compared to the blank noble gas amounts of vitreloy106 as well as also to blanks
of extraction line and acids.

Material blank by CSSE (Table 5.3, column b): Since only 4He and 20Ne were
implanted into vitreloy106, the amounts of all other isotopes released during the
etching should represent a material blank, i.e. this blank revealed the noble gas
content expected by dissolving target material during a 2h etch step at 23°C. The
assumption is indeed the case for 3He, but the 20Ne implantation was
accompanied by sizeable amounts of 21Ne and 22Ne. Therefore, we calculated the
average Ne material blank with only one example step (step 4: 2h, 23°C). During
etching of this step, a considerable amount of material was ablated, but
nevertheless, only small amounts of implanted gases were released. These He
and Ne blanks are in the range of CSSE procedural blanks. Therefore, He and Ne
contained in the vitreloy material itself is negligible.

Material blank by total extraction (Table 5.3, column a): A piece of unirradiated
vitreloy106, produced in an Ar-atmosphere, was melted in a furnace in one step.

Figure 5.13. 4He/20Ne ratio versus etch
time in vitreloy106 obtained by CSSE.
1� error bars are smaller than symbol
size. The 4He/20Ne ratio is a measure of
implantation induced elemental fract-
ionation. The evolution of this ratio
shows also that no elemental fract-
ionation during gas releasing occurred.

Figure 5.14. 4He/20Ne versus depth in
vitreloy106 obtained by TRIM.
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The resulting noble gas blank is just an upper limit, because the etch technique
consumes only a very small proportion of the vitreloy material; totally a ~10�m
thick layer, and probably <0.1�m per step. Nevertheless, the He amount from the
entire melted sample is only 0.001% of the solar wind He amount expected after
2.5 year collection. The Ne blank of the melted sample cannot be estimated,
because the procedural blank of the furnace was dominant. However, the Ar
amount is higher than in "normal" extraction blanks in furnace, e.g. by melting
Al-foils, because vitreloy106 was produced in an Ar-atmosphere. The total Ar
amount in the tested vitreloy106 piece normalised to 1cm2 

� 750�m (see footnote
2 in Table 5.3) is nearly 10% of the total Ar amount, which can be expected after
2.5 year solar wind collection. However, since the solar wind is implanted only
into the uppermost few micrometers of the target, and each etch step consumes
roughly 0.01-0.1�m of the material, it can be assumed that the final Ar material
blank that directly influences the CSSE analysis is much lower by a factor of
1000 to 10000. But, we have not analysed the Ar blank directly by CSSE.

Also, we tested a piece of unirradiated vitreloy106 that was produced in a Kr
atmosphere. Although the Kr was separated from the Ar, even the "smaller" Kr
portion left over in the Ar fraction increased the memory in the mass
spectrometer in such a manner that subsequently no Kr measurements were
possible for several months. We suppose that small vesicles or larger cavities
may have formed during the production process of the glass, but it is unclear
whether this was a rare event or should also be expected in the vitreloy samples
that are exposed to the solar wind. In the latter case, much care will have to be
taken in order to avoid contaminating extraction lines and mass spectrometers.

CSSE procedural and acid blanks (Table 5.3, columns c, d): The total analytical
noble gas blank in CSSE analyses depends also on the procedural blank from the
whole extraction line as well as from the acid. Per step, both these blanks
contribute only 0.002%, 0.001% and 0.2% to the total He, Ne and Ar amounts,
respectively, that can be expected after 2.5 year solar wind collection. However,
solar wind Kr and Xe are difficult or impossible to analyse in vitreloy by CSSE.

The procedural blank of one etch step corresponds to 15-40% (Kr) and 30-100%
(Xe) to the total solar wind Kr and Xe amounts that will be implanted in 2.5
years. Therefore, Kr and Xe analyses on samples returning from the GENESIS
mission has to be carried out by other extraction methods, e.g. by laser
extraction.
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TABLE 5.3. Comparison of the expected noble gas amounts in vitreloy after 2.5 year
exposure to solar wind with the noble gas amounts of the vitreloy106 material, as well
as with the blank of the extraction line and mass spectrometer.

blank estimation vitreloy106
isotopes total after 2.5 year

SW irradiation1
a) total

extraction2
b) CSSE

(only 3He, 20Ne)3
c) procedural
blank (CSSE)4

d) acid blank5

(atoms/cm2) (atoms/0.5g) (atoms/step) (atoms/step) (atoms/step)
3He 2.6�1011 not detectable not detectable not detectable not detectable
4He 6.0�1014 7.1�109 1.2�1010 1.2�1010

20Ne 1.1�1012 <procedural blank 2.0�108 1.5�107 1.4�108

36Ar 2.3�1010 4.1�109 4.6�107 1.1�108

84Kr 1.2�107 1.9�106 4.6�106

132Xe 1.7�106 5.4�105 2.4�106

1 Calculation with an average solar wind proton flux of 2�108/(cm2
�sec); He/H: 0.038 (Schwenn &

Marsch, 1990); 4He/3He: 2290 (Bodmer et al., 1995); 4He/20Ne: 570 (Geiss et al., 1972); 20Ne/36Ar: 45
(Cerutti, 1974); 36Ar/84Kr: 2000 (average of SW Ar/Kr ratios measured in lunar samples, Wieler & Baur,
1995); 84Kr/132Xe: 7 (average of SW Kr/Xe ratios measured in lunar samples, Wieler & Baur, 1995).
2 Total extraction in a furnace: 0.163mg of vitreloy106, produced in an Ar atmosphere, were molten. All
Ne isotope amounts are lower than the procedural blank of the furnace. No data for Kr and Xe are
available; see text for details. The unit (atoms/0.5g) is equivalent to (atoms/cm2), because 0.5g is the mass
of 1cm2 � 750�m piece of vitreloy106 (density: 6.87g/cm3).
3 Step 4 (2h, 23°C) was used to calculate the 20Ne amount, with the assumption that Ne has the
composition of air (20Ne/22Ne = 9.8). For details, see text.
4 Blank of the whole extraction line. Ar, Kr, and Xe data are 2 year average values (see Table 2.1).
5 Acid blank for HNO3 vapour available only for He and Ne. Ar, Kr, and Xe data are from a 2 year
average of HF vapour (see Table 2.2).

5.3.4  Conclusions and final remarks
The on-line etch experiments were started with vitreloy101, but vitreloy106 was
finally chosen as one of the solar wind collector materials for the GENESIS
mission, because of its much better production properties. A comparison of the
etching of both vitreloy materials shows that the etch behaviour of vitreloy101 is
much more uniformly with respect to the amount of gas released per time. On the
other hand, the measured 4He/20Ne depth profile of vitreloy106 is closer to the
predicted profile. It remains unclear whether the low total 4He/20Ne ratio in
vitreloy106 is real or an artefact resulting from inhomogeneous irradiation.

Therefore further experiments, e.g. regarding the etching behaviour of
vitreloy106, should be performed before the return of the GENESIS targets. It is
highly desirable to test the extraction procedure with material containing
artificially implanted ions in the real solar wind energy range and with roughly
solar wind composition. The etch experiments on vitreloy showed that the
implantations at 10keV/amu did not cause elemental fractionation. However, it is
not clear if the implantation of ions with lower energies, e.g. 0.8keV/amu (the
energy of the slow solar wind), or in a broad energy range, is free of elemental
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fractionation. Furthermore, it should be determined whether the protons,
representing 90% of the solar wind particles, disturb or modify the implantation
process due to alteration of the target surface. This could cause a faster diffusion
of the light elements, and therefore fractionation, which alters the solar wind
composition.

A large effort was made to obtain a smooth polished surface of the vitreloy106
collector material, which will be important for interpretable depth profiles (Fig.
5.15). Nevertheless, the image in Fig. 5.16 shows small-scale inhomogeneities on
the surface that e.g. resemble dendritical crystallisation centres. We do not know
whether these structures are related to the production process of vitreloy or to
subsequent alterations. In the latter case, the high temperatures during the 2.5
year exposure might perhaps lead to further recrystallisations.

One vitreloy collector was mounted on the spacecraft. It is a thin (750�m), round
(6.68cm in diameter) plate arranged on the top of the array-deployment assembly
and therefore will be exposed to the bulk solar wind. The GENESIS mission was
started successfully on 8 August 2001 from Cape Canaveral. Return of the
capsules with the solar wind collector materials is planned for 2004.
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Appendix

A   NOBLE GAS DATA OF CHAPTER 3  -  KR AND XE IN METEORITES.

A.1 Noblesville

TABLE A.1.1.  He, Ne, and Ar in Noblesville, released by CSSE (Labcode: VH,17,00;
run name: VH13)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 36Ar 36Ar/38Ar 40Ar/36Ar

1 -20°C 2h 6.38(4) 2(2) 0.17(3) 12(1) 0.051(6) 0.141(2) 5.44(2) 98(2)
2 -20°C 2h 7.77(2) 3(1) 0.52(3) 12.7(5) 0.045(2) 2.62(1) 5.58(2) 31.40(6)
3 -10°C 2h 15.80(2) 3.9(6) 1.39(3) 13.4(2) 0.0422(7) 2.00(1) 5.52(1) 59.0(1)
4 0°C 2h 11123(8) 3.62(2) 439(2) 13.51(4) 0.03412(4) 16.59(4) 5.57(1) 8.46(2)
5 10°C 2.2h 1202.3(8) 3.75(4) 44.2(2) 13.35(9) 0.0349(2) 3.81(1) 5.36(3) 75.4(1)
6 23°C 2.8h 56260(40) 2.947(3) 643(3) 12.57(3) 0.0346(1) 21.59(4) 5.38(1) 8.83(1)
7 23°C 6.3h 89440(60) 2.580(4) 750(4) 12.25(3) 0.0364(1) 24.34(5) 5.30(1) 11.01(2)
8 23°C 15.4h 59190(50) 2.595(7) 328(2) 11.76(3) 0.04147(9) 9.87(2) 5.16(1) 27.85(5)
9 23°C 47.3h 67820(50) 2.761(5) 363(2) 11.45(3) 0.0544(1) 10.79(2) 5.08(1) 36.99(7)
10 23°C 106h 69440(70) 3.051(3) 380(2) 11.32(3) 0.0666(2) 11.58(3) 5.05(1) 41.73(9)
11 23°C 353h 79170(90) 3.40(1) 391(2) 11.06(4) 0.0850(5) 12.13(3) 4.92(1) 61.7(1)

total 433700(400) 3.18(4) 3340(16) 12.3(1) 0.0477(5) 115.5(2) 5.29(4) 36.2(2)
etch
residue

oven, total
extraction

214200(900) 5.167(8) 1116(2) 10.63(2) 0.1296(6) 38.7(1) 4.67(2) 62.2(1)

bulk
aliquot

oven, total
extraction

610000(3000) 3.983(8) 4097(6) 11.52(2) 0.0804(2) 142.3(3) 5.03(1) 38.75(5)

Gas concentrations in 10-8cm3STP/g. Numbers in parentheses given here and in all following tables
represent the 1� uncertainties in units of the least significant digits. Error estimation is explained in
Section 2.3.5. Procedure: all steps were etched by acid vapour. Mass of etch residue: 40.46mg and of the
bulk aliquot: 37.28mg. Etch residue is untreated, i.e. no dissolution of the fluorides. Step 1 (and 2 for He)
can be ignored, because it is a test step with very small gas amounts (see Section 2.2.1.3).
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TABLE A.1.2.  Kr in Noblesville, released by CSSE

step 84Kr 78Kr/84Kr
x 100

80Kr/84Kr
x 100

82Kr/84Kr
x 100

83Kr/84Kr
x 100

86Kr/84Kr
x 100

1 0.038(1) 0.66(7) 6.4(3) 21.1(5) 20.6(7) 29.9(7)
2 0.070(1) 0.83(4) 6.2(2) 21.2(3) 20.0(4) 29.4(6)
3 0.066(1) 0.77(5) 6.8(2) 22.2(3) 21.5(4) 29.4(5)
4 0.426(5) 0.68(2) 6.56(7) 21.7(2) 20.3(1) 29.9(1)
5 0.143(2) 0.72(3) 5.8(1) 21.5(3) 20.6(3) 30.4(3)
6 0.84(1) 0.66(2) 5.15(3) 21.06(7) 20.3(1) 30.3(1)
7 1.23(1) 0.64(2) 5.31(4) 20.85(9) 20.25(9) 30.3(1)
8 0.540(6) 0.68(2) 4.90(4) 20.6(1) 20.5(1) 30.4(1)
9 0.627(7) 0.71(1) 5.05(4) 21.00(9) 20.8(1) 30.5(2)
10 0.683(8) 0.72(1) 5.15(3) 20.9(1) 20.6(2) 30.4(1)
11 0.786(9) 0.74(1) 5.78(4) 21.2(1) 21.0(1) 30.2(2)
total 5.45(6) 0.70(5) 5.6(2) 21.2(4) 20.6(5) 30.2(4)

etch
residue

16.49(8) 0.63(1) 4.28(2) 20.3(1) 20.2(2) 30.6(2)

bulk
aliquot

7.22(3) 0.74(2) 5.75(4) 21.3(1) 20.95(9) 30.6(1)

Gas concentrations in 10-10cm3STP/g. Step 1 can be ignored.
Kr in the etch residue and the total etch steps sums up to be about 200% of the
Kr in the bulk extraction aliquot. This is probably due to the strong adsorption
of air-Kr on the fluoride salts (see Section 3.5.2.2).

TABLE A.1.3.  Xe in Noblesville, released by CSSE

step 132Xe 124Xe/132Xe
x 100

126Xe/132Xe
x 100

128Xe/132Xe
x 100

129Xe/132Xe
x 100

130Xe/132Xe
x 100

131Xe/132Xe
x 100

134Xe/132Xe
x 100

136Xe/132Xe
x 100

1 0.0120(2) 0.4(1) 0.4(1) 8.2(6) 127(3) 15.4(7) 81(1) 38(1) 34(1)
2 0.0114(3) 0.38(9) 0.56(6) 9.2(4) 184(4) 16.9(8) 82(2) 38(1) 30.1(9)
3 0.0181(5) 0.54(5) 0.68(7) 8.9(3) 186(3) 16.0(5) 80(2) 38(1) 32.1(7)
4 0.0613(8) 0.49(3) 0.49(4) 9.2(2) 189(1) 15.9(5) 81(1) 38.0(3) 31.2(5)
5 0.0361(7) 0.58(6) 0.61(7) 8.6(3) 212(3) 16.3(3) 81.7(7) 38.4(4) 31.8(7)
6 0.123(2) 0.48(3) 0.46(3) 8.8(2) 181.9(8) 16.0(2) 80.9(6) 38.1(3) 31.2(2)
7 0.178(2) 0.44(2) 0.48(2) 8.6(1) 216(1) 16.4(2) 81.3(4) 38.2(3) 31.7(1)
8 0.077(1) 0.50(3) 0.60(3) 8.8(2) 181(1) 16.2(2) 82.1(8) 38.2(4) 32.2(2)
9 0.099(1) 0.58(3) 0.59(3) 8.9(1) 182(1) 16.1(2) 82.1(5) 37.9(3) 32.2(2)
10 0.137(2) 0.53(3) 0.59(2) 8.7(2) 189.9(8) 15.7(2) 81.1(4) 37.9(4) 31.9(3)
11 0.225(3) 0.57(2) 0.60(3) 8.65(9) 202(1) 16.1(1) 81.6(3) 38.3(2) 32.1(2)

total 0.98(1) 0.52(9) 0.6(1) 8.8(5) 193(4) 16.1(7) 81(2) 38.1(9) 32(1)
etch
residue

6.1(1) 0.46(2) 0.42(2) 8.0(1) 118.8(9) 15.7(2) 81.3(6) 38.6(4) 32.3(4)

bulk
aliquot

5.6(1) 0.50(2) 0.46(2) 8.44(6) 135.6(5) 16.1(2) 81.8(4) 37.7(2) 31.5(1)

Gas concentrations in 10-10cm3STP/g. Step 1 for Xe can be ignored.
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TABLE A.1.4.  Elemental ratios in Noblesville, released by CSSE

step 4He/20Ne 20Ne/36Ar 36Ar/84Kr 36Ar/132Xe 84Kr/132Xe
1 37(6) 1.2(2) 375(10) 1176(30) 3.14(9)
2 14.8(8) 0.20(1) 3760(50) 22900(600) 6.1(2)
3 11.4(3) 0.69(2) 3030(50) 11050(300) 3.6(1)
4 25.3(1) 26.5(1) 3900(50) 27050(400) 6.9(1)
5 27.2(1) 11.60(6) 2670(40) 10550(200) 3.95(9)
6 87.5(4) 29.8(2) 2560(30) 17580(200) 6.9(1)
7 119.3(6) 30.8(2) 1980(20) 13690(200) 6.9(1)
8 180.6(9) 33.2(2) 1830(20) 12740(200) 7.0(1)
9 186.8(9) 33.7(2) 1720(20) 10910(100) 6.3(1)
10 182.5(9) 32.9(2) 1700(20) 8470(100) 5.00(8)
11 202(1) 32.3(2) 1540(20) 5390(70) 3.49(6)

total 114(3) 25.7(7) 2470(100) 14030(740) 5.6(4)
etch
residue

192(7) 28.9(1) 235(1) 630(10) 2.70(5)

bulk
aliquot

149(6) 28.80(7) 1971(10) 2540(40) 1.29(2)

Step 1 (and 2 for He/Ne) can be ignored.
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A.2 Fayetteville

TABLE A.2.1.  He, Ne, and Ar in Fayetteville, released by CSSE (Labcode: VH,10,00;
run name: VH06)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 36Ar 36Ar/38Ar 40Ar/36Ar

1 -23°C 0.5h 4.54(3) 2(4) 0.07(9) 12(11) 0.03(3) 0.0177(2) 5.55(6) 31.1(6)
2 -10°C 2h 24.9(1) 2.9(4) 0.60(9) 12(1) 0.034(4) 6.69(5) 5.50(6) 9.66(2)
3 0°C 2h 5710(30) 4.37(5) 19.9(3) 12.97(5) 0.0340(2) 5.03(4) 5.50(7) 23.2(1)
4 10°C 2h 4390(20) 4.45(2) 27.0(4) 12.7(1) 0.0338(1) 7.83(7) 5.48(7) 23.52(8)
5 23°C 3h 30860(100) 4.03(1) 210(3) 12.1(1) 0.0330(1) 19.0(1) 5.38(6) 12.07(2)
6 23°C 13.5h 83340(400) 2.864(4) 426(6) 11.71(6) 0.0337(1) 27.1(2) 5.25(6) 19.43(4)
7 23°C 27.5h 82380(400) 2.632(4) 318(4) 11.42(3) 0.03636(8) 17.5(1) 5.19(6) 41.63(9)
8 23°C 48.3h 78600(300) 2.748(3) 288(4) 11.29(3) 0.0415(1) 13.1(2) 5.1(2) 41.7(5)
9 23°C118.5h 91140(400) 2.875(6) 340(4) 11.18(3) 0.0484(2) 15.1(1) 5.11(6) 26.48(6)
10 23°C 3.5h1 220200(1000) 2.468(5) 1336(17) 11.26(4) 0.0506(2) 90.8(7) 5.22(6) 40.65(9)
11 23°C 24h1 28320(100) 6.114(9) 65.6(9) 8.37(2) 0.2810(6) 3.97(3) 4.80(1) 108.5(5)
12 23°C 135h1 13420(60) 5.67(1) 26.9(4) 8.09(2) 0.2399(6) 0.65(1) 3.68(4) 20(3)
total 638340(3000) 3.82(5) 3057(40) 11.1(2) 0.0832(9) 207(2) 5.1(2) 36(5)

etch
residue

oven, total
extraction

192860(500) 5.72(2) 323(4) 9.71(3) 0.2526(8) 16.6(2) 4.74(3) 93.4(5)

bulk
aliquot

oven, total
extraction

1061900(5000) 3.424(2) 3956(7) 11.29(2) 0.0628(2) 224.2(5) 5.156(9) 28.19(3)

Gas concentrations in 10-8cm3STP/g. Procedure: all steps were etched by acid vapour. 1 Except steps 10-
12 that were etched in liquid acid. Mass of etch residue: 20.40mg and of the bulk aliquot: 29.86mg. Etch
residue is treated with concentrated HCl and H2O to dissolve the fluorides. Step 1 (and 2 for He) can be
ignored, because it is a test step with very small gas amounts (see Section 2.2.1.3).
20% less He and Ne in etch residue plus total etch steps compared to the total extraction aliquot. Possible
explanations: first, the etching device might have been somewhat leaky, that in long lasting etch steps
some of the sample gas escaped, especially the light gases He, Ne. This is supported by a larger He loss
compared to Ne. A second possibility is that due to the treatment of the etch residue with concentrated
HCl in ultrasonic bath other noble gas carrier phases were dissolved, e.g. the carbonaceous phases.
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TABLE A.2.2.  Kr in Fayetteville, released by CSSE

step 84Kr 78Kr/84Kr
x 100

80Kr/84Kr
x 100

82Kr/84Kr
x 100

83Kr/84Kr
x 100

86Kr/84Kr
x 100

1 0.0034(2) 0.8(4) 4.7(8) 24(2) 21(2) 29(3)
2 0.225(1) 0.68(3) 4.37(9) 21.1(2) 20.3(2) 30.4(3)
3 0.1847(8) 0.69(5) 6.2(1) 21.5(2) 20.5(2) 30.1(2)
4 0.268(1) 0.68(3) 4.88(8) 20.9(1) 20.7(1) 30.1(2)
5 0.768(3) 0.61(2) 4.46(5) 20.46(6) 20.05(7) 30.3(1)
6 1.166(5) 0.65(1) 4.44(4) 20.41(7) 20.24(7) 30.6(1)
7 0.828(4) 0.68(2) 4.64(3) 20.47(8) 20.4(1) 30.8(1)
8 0.628(4) 0.67(2) 4.86(5) 20.7(1) 20.5(1) 30.9(1)
9 0.750(3) 0.65(2) 4.65(4) 20.2(1) 20.3(2) 30.8(1)
10 8.0(1) 0.64(1) 4.49(3) 20.59(8) 20.4(1) 30.69(8)
11 3.02(4) 0.64(2) 4.06(3) 19.8(2) 20.1(2) 30.4(2)
12 0.123(1) 0.78(6) 4.53(6) 20.3(2) 20.6(4) 30.9(3)

total 16.0(2) 0.67(8) 4.7(2) 20.5(4) 20.4(5) 30.6(5)
etch
residue

178.1(7) 0.605(6) 3.93(2) 20.17(7) 20.05(7) 30.56(9)

bulk
aliquot

12.67(5) 0.66(2) 4.65(4) 20.48(8) 20.2(1) 30.86(9)

Gas concentrations in 10-10cm3STP/g. Step 1 for Kr can be ignored.
Although the fluorides in the etch residue were at least macroscopically
dissolved, there is still an Kr excess this time even 1300% compared to the
bulk aliquot. The Kr isotopic composition of the residue is clearly atmospheric.
Before the residue was analysed, it was exposed to air during about six month.
Perhaps this long time caused the strong Kr adsorption. However the residue of
Noblesville with a Kr excess of ~200% was also exposed to air half a year.
Thus, it is not clear if the HCl treatment of the residue caused such abnormal
high Kr excess.
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TABLE A.2.3.  Xe in Fayetteville, released by CSSE

step 132Xe 124Xe/132Xe
x 100

126Xe/132Xe
x 100

128Xe/132Xe
x 100

129Xe/132Xe
x 100

130Xe/132Xe
x 100

131Xe/132Xe
x 100

134Xe/132Xe
x 100

136Xe/132Xe
x 100

1 0.0005(1) 0.4(6) 1.3(8) 7(2) 170(30) 14(5) 87(20) 34(10) 28(7)
2 0.0238(2) 0.44(7) 0.58(5) 8.6(4) 139(2) 16.5(4) 82(1) 37.3(9) 30.0(7)
3 0.0274(3) 0.53(5) 0.56(7) 9.0(3) 294(4) 16.4(3) 80(1) 38.3(7) 31.3(5)
4 0.0312(8) 0.44(7) 0.48(6) 8.6(3) 207(3) 16.8(4) 83.0(9) 37.9(6) 30.4(4)
5 0.117(1) 0.48(3) 0.49(4) 8.6(1) 172(1) 16.3(3) 81.1(5) 37.2(3) 30.7(3)
6 0.181(1) 0.47(2) 0.47(3) 8.6(1) 173.3(7) 16.3(2) 81.9(3) 37.8(2) 31.1(1)
7 0.156(2) 0.48(3) 0.53(2) 8.4(1) 179(1) 16.5(2) 82.4(5) 37.6(3) 32.0(3)
8 0.122(1) 0.55(3) 0.49(2) 8.5(1) 186(1) 16.1(2) 81.9(3) 38.1(2) 31.7(2)
9 0.166(1) 0.48(1) 0.50(1) 8.23(4) 172(1) 16.3(2) 81.3(7) 38.1(4) 31.8(4)
10 3.77(6) 0.46(2) 0.44(2) 8.01(8) 127.4(5) 16.0(1) 81.0(4) 38.2(2) 32.1(2)
11 1.93(3) 0.43(3) 0.35(2) 7.9(2) 107.4(4) 15.9(1) 80.8(3) 38.3(2) 32.1(3)
12 0.0748(8) 0.52(6) 0.45(2) 8.0(3) 127.7(7) 16.3(4) 80.0(8) 38.8(4) 31.3(3)

total 6.6(1) 0.5(1) 0.5(1) 8.4(6) 175(5) 16.3(8) 81(2) 38(1) 31(1)
etch
residue

20.4(4) 0.39(1) 0.36(1) 7.38(9) 101.3(3) 15.44(9) 79.8(3) 38.4(2) 32.4(1)

bulk
aliquot

7.1(1) 0.49(2) 0.44(2) 8.28(8) 131.3(4) 16.29(9) 82.9(5) 37.9(2) 31.8(1)

Gas concentrations in 10-10cm3STP/g. Step 1 for Xe can be ignored. 300% Xe excess, for explanation see
footnotes of Table A.2.2.

TABLE A.2.4.  Elemental ratios in Fayetteville, released by CSSE

step 4He/20Ne 20Ne/36Ar 36Ar/84Kr 36Ar/132Xe 84Kr/132Xe
1 70(90) 4(5) 520(30) 3240(500) 6(1)
2 41(6) 0.09(1) 2970(30) 28060(400) 9.4(1)
3 286(4) 3.97(6) 2720(30) 18340(300) 6.74(8)
4 163(2) 3.44(5) 2920(30) 25140(700) 8.6(2)
5 147(2) 11.0(2) 2480(20) 16240(200) 6.55(8)
6 196(3) 15.7(2) 2320(20) 14970(200) 6.45(6)
7 259(4) 18.2(3) 2110(19) 11180(200) 5.30(7)
8 273(4) 21.9(4) 2090(30) 10770(200) 5.15(6)
9 268(4) 22.5(3) 2012(18) 9080(100) 4.51(4)
10 165(2) 14.7(2) 1135(18) 2410(40) 2.12(5)
11 432(6) 16.5(3) 132(2) 205(3) 1.56(3)
12 499(7) 41.6(7) 526(8) 864(14) 1.64(2)

total 269(12) 17.0(9) 1950(80) 12479(700) 5.3(3)
etch
residue

600(60) 19.4(3) 9.3(1) 82(2) 8.7(2)

bulk
aliquot

268(12) 17.64(5) 1769(8) 3169(50) 1.79(3)

Step 1 can be ignored.
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A.3 Pesyanoe

TABLE A.3.1.  He, Ne, and Ar in Pesyanoe, released by CSSE (Labcode: VH,07,00;
run name: VH05)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 36Ar 36Ar/38Ar 40Ar/36Ar

2 -23°C 0.2h 19.9(1) 2.8(5) 0.09(5) 12(4) 0.03(1) 0.0170(2) 5.4(1) 199(1)
3 -10°C 2h 926(11) 3.21(9) 4.50(5) 12.4(2) 0.0328(5) 2.12(3) 5.40(7) 4.12(6)
4 0°C 2h 4540(20) 3.72(7) 17.1(2) 12.87(4) 0.0326(1) 2.60(2) 5.41(1) 5.32(2)
5 5°C 2.2h 758(4) 3.66(7) 3.32(3) 12.7(1) 0.0324(4) 0.503(4) 5.37(1) 10.06(7)
6 23°C 40h1 888(5) 3.22(6) 3.77(4) 12.6(1) 0.0328(4) 0.225(2) 5.40(2) 5.1(1)
7 23°C 2.5h 8590(40) 3.45(2) 53.8(5) 12.62(3) 0.03289(5) 6.45(5) 5.36(1) 8.97(2)
8 23°C 88h 645200(9000) 2.399(4) 2060(30) 11.69(3) 0.03599(6) 85(3) 5.19(3) 20.91(6)
9 23°C 5d1 559(3) 2.83(5) 1.37(3) 11.6(2) 0.0557(9) 0.032(2) 5.3(6) 35(22)
10 23°C 91h 61990(300) 2.832(5) 137(1) 9.98(2) 0.1050(1) 4.0(1) 4.78(1) 76.3(4)
11 23°C 160h 17180(80) 5.30(1) 42.4(4) 8.28(3) 0.2657(7) 1.41(5) 4.51(1) 163.2(5)
12 23°C 140h 4450(20) 6.47(3) 0.325(1) 0.38(1) 4.42(3) 192(9)
13 23°C 2h 93.8(5) 7.6(1) 0.23(2) 7.0(3) 0.38(2) 0.0130(4) 4.7(8) 190(40)

total 745000(10000) 4.1(2) 2320(40) 11.2(6) 0.121(7) 103(3) 5.1(1) 54(3)
etch
residue2

oven, total
extraction

33370(100) 18.75(8) 97.1(9) 4.14(2) 0.634(2) 3.43(6) 3.48(5) 425(9)

etch
residue3

oven, total
extraction

13250(30) 64.8(2) 52.2(4) 1.84(1) 0.802(2) 1.58(3) 1.88(3) 1388(30)

bulk4

aliquot
oven, total
extraction

363300(2000) 4.507(6) 1125(2) 9.41(2) 0.2061(8) 40.8(1) 4.81(2) 56.5(1)

Gas concentrations in 10-8cm3STP/g. Procedure: all steps were etched by acid vapour, except steps 6 and
9. 1 In steps 6 and 9 the sample gas was accumulated without etching. 2 untreated etch residue, i.e. no
dissolution of the fluorides, mass: 29.51mg; 3 etch residue treated with concentrated HCl and H2O to
dissolve the fluorides, mass: 44.87mg. 4 The bulk aliquot (mass: 40.39mg) is only a pseudoaliquot,
prepared separately, but from the same piece as the etch sample. Therefore, the concentrations of all etch
steps and of bulk analyses do not coincide. Nevertheless, the elemental and isotopic ratios should be
comparable. Steps 0, 1 are not shown, because they are test accumulation steps without etching. Step 2
can be ignored, because this is the first test etch step, with very small gas amounts (see Section 2.2.1.3).
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TABLE A.3.2.  Kr in Pesyanoe, released by CSSE

step 84Kr 78Kr/84Kr
x 100

80Kr/84Kr
x 100

82Kr/84Kr
x 100

83Kr/84Kr
x 100

86Kr/84Kr
x 100

2 0.035(1) 0.5(4) 3.9(3) 17.0(6) 18.3(5) 31(1)
3 0.169(2) 20.2(5) 20.2(4) 30.8(5)
4 0.184(2) 0.7(1) 3.9(2) 19.9(7) 19.8(6) 29.9(3)
5 0.0462(8) 20.7(7) 20(1) 31.2(7)
6
7 0.422(5) 0.55(5) 3.99(8) 19.9(2) 20.21(9) 30.7(2)
8 4.94(6) 0.67(3) 3.92(5) 19.7(2) 20.0(2) 30.90(8)
9 0.0136(8) 15(3) 24(4) 27(3)
10 0.372(4) 0.72(7) 4.4(1) 20.6(2) 20.8(3) 31.5(2)
11 0.143(2) 19.9(4) 20.7(3) 30.6(3)
12 0.0454(8) 21.2(7) 21.9(6) 31(2)
13 0.0047(4) 21(3) 23(2) 29(3)

total 6.81(8) 0.6(1) 4.1(2) 20(1) 20(2) 31.1(8)

etch
residue1

1.9(1) 0.58(8) 4.3(4) 20(2) 20(2) 30(3)

etch
residue2

2.17(8) 0.81(5) 4.3(2) 21(1) 21(1) 31(2)

bulk3

aliquot
2.49(1) 0.67(3) 4.19(7) 20.0(2) 20.5(2) 31.2(4)

Gas concentrations in 10-10cm3STP/g. 1 untreated residue, 2 treated residue,
3 pseudoaliquot, for further information see footnotes of Table A.3.1. Step 2 can
be ignored. Step 6: no Kr and Xe data. Data in italics: the magnetic field values
were slightly different from the normal settings, but the data should still be
reliable. Blank fields: the magnetic field values were significantly off the normal
value, these data were not reliable.
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TABLE A.3.3.  Xe in Pesyanoe, released by CSSE

step 129Xe 124Xe/129Xe
x 100

126Xe/129Xe
x 100

128Xe/129Xe
x 100

130Xe/129Xe
x 100

131Xe/129Xe
x 100

132Xe/129Xe
x 100

134Xe/129Xe
x 100

136Xe/129Xe
x 100

2 0.0135(3) 7.6(7) 19(1) 82(3)
3 0.0371(5) 7.3(6) 15(1) 79(1)
4 0.0377(7) 0.22(5) 0.4(1) 8.2(4) 16.5(3) 80(1) 97(2) 38(1) 30.2(9)
5 0.0239(9) 0.4(1) 7.5(4) 16.3(6) 81(2) 97(3) 38(1) 30.9(7)
6
7 0.0733(9) 0.35(6) 0.38(6) 7.3(4) 15.3(3) 80(1) 96(1) 35.5(9) 29.8(5)
8 0.775(5) 0.48(3) 0.40(5) 7.9(3) 15.6(3) 78.9(7) 97.3(8) 36.8(4) 30.7(5)
9 0.0170(4) 7(1) 16(2) 74(9)
10 0.0652(8) 0.39(9) 0.62(7) 7.9(4) 15.5(6) 79.3(8) 96.0(8) 36(1) 31.2(8)
11 0.0296(4) 7.5(9) 14.3(8) 76(2)
12 0.0123(2) 8.1(7) 16(1) 80(2)
13 0.0048(2) 8(1) 11(2) 73(5)

total 1.11(1) 0.4(1) 0.4(2) 8(2) 16(2) 79(4) 97(4) 37(2) 30(1)
etch
residue1

0.3(1) 0.2(1) 0.5(2) 8(3) 16(6) 80(30) 99(30) 34(15) 19(10)

etch
residue2

0.64(6) 0.38(7) 0.47(6) 7.2(8) 16(2) 79(9) 100(8) 38(4) 33(4)

bulk3

aliquot
0.337(7) 0.57(5) 0.59(7) 8.1(2) 15.7(3) 78(1) 96.2(9) 35.9(7) 30.0(9)

Gas concentrations in 10-10cm3STP/g. 1 untreated residue, 2 treated residue, 3 pseudoaliquot, for further
information see footnotes of Table A.3.1. Step 2 can be ignored. Step 6: no Kr and Xe data. Data in
italics and blank fields: see Table A.3.2. Attention !: 129Xe is the reference isotope here, because 129Xe
did not suffer by the magnetic field shifting.

TABLE A.3.4.  Elemental ratios in Pesyanoe, released by CSSE

step 4He/20Ne 20Ne/36Ar 36Ar/84Kr 36Ar/132Xe 84Kr/132Xe
2 220(100) 5(3) 49(1)
3 206(3) 2.13(4) 1250(20)
4 265(3) 6.59(8) 1410(20) 7080(200) 5.0(2)
5 228(2) 6.61(8) 1090(20) 2170(100) 2.0(1)
6 236(3) 16.8(2)
7 160(2) 8.3(1) 1530(20) 9140(200) 6.0(1)
8 314(7) 24.3(9) 1710(60) 11220(400) 6.6(1)
9 409(10) 42(3) 240(20)
10 451(5) 34(1) 1070(40) 6360(200) 5.9(1)
11 405(4) 30(1) 990(40) 5230(200) 5.3(2)
12 830(30)
13 400(30) 18(1) 280(30)

total 310(30) 19(2) 1040(160) 7190(600) 5.1(3)
etch
residue1

344(3) 28.3(5) 177(12) 1280(600) 7(3)

etch
residue2

254(2) 33.0(7) 73(3) 250(30) 3.4(5)

bulk3

aliquot
323(2) 27.6(1) 1638(9) 12570(300) 7.7(2)

Step 2 can be ignored. Step 6 Kr and Xe are not measured. Data in italics
and blank fields: see Table A.3.2.
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A.4 Acfer111 bulk

TABLE A.4.1.  He, Ne, and Ar in Acfer111 bulk, released by CSSE (Labcode:
VH,13,00; run name: VH08)

Step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 36Ar 36Ar/38Ar 40Ar/36Ar

1 -24°C 10min 2(20) - 0.01(6) 11(60) 0.04(30) 0.0022(1) 5.4(3) 185(6)
2 -20°C 2h 1(400) 0.04(8) 0.01(7) 12(100) 0.02(30) 0.0009(1) 5.4(7) 163(15)
3 -10°C 2h 22.8(3) 3.1(4) 0.15(7) 12(4) 0.05(2) 0.686(8) 5.35(2) 156(2)
4 0°C 2.25h 936(12) 3.6(1) 5.33(9) 12.8(1) 0.0398(4) 0.454(5) 5.21(1) 232(3)
5 10°C 2.5h 1457(19) 3.6(1) 8.1(1) 12.67(9) 0.0382(3) 1.01(1) 5.14(1) 290(2)
6 23°C 2.5h 38540(500) 3.352(5) 101(2) 12.58(5) 0.0378(1) 3.30(4) 5.18(1) 161.5(4)
7 40°C 2h 89500(1000) 2.973(6) 150(2) 12.21(6) 0.0386(1) 3.71(8) 5.13(1) 107(3)
8 23°C 14.25h 272000(4000) 2.460(8) 652(11) 12.16(4) 0.0412(1) 17.6(1) 5.11(2) 58.2(1)
9 23°C 25h 58160(800) 2.700(5) 101(2) 11.35(4) 0.0466(1) 2.31(2) 4.80(1) 157.2(4)

10 23°C 73.5h 81200(1000) 2.920(4) 140(2) 10.96(4) 0.0652(1) 3.62 (3) 4.72(1) 120.5(3)
11 23°C 144h 52700(1000) 3.66(7) 89(2) 10.2(2) 0.123(3) 2.58(3) 4.61(4) 86.1(7)

total 594600(9000) 3.2(2) 1247(20) 11.9(3) 0.054(1) 35.3(4) 5.03(5) 152(6)
etch
residue

oven, total
extraction

314300(1000) 4.054(5) 524(1) 10.37(4) 0.1358(3) 16.6(1) 4.60(1) 107.6(5)

bulk
aliquot

oven, total
extraction

1129600(5000) 3.406(5) 2049(3) 11.30(3) 0.0831(1) 54.1(1) 4.75(1) 102.7(1)

Gas concentrations in 10-8cm3STP/g. Procedure: all steps were etched by acid vapour. Mass of etch
residue: 28.51mg and of the bulk aliquot: 38.65mg. The etch residue is untreated, i.e. no dissolution of the
fluorides. Steps 1, 2 (and 3 for He, Ne) can be ignored, because they are test steps with very small gas
amounts (see Section 2.2.1.3).
20% less He and 14% less Ne in the etch residue plus the total etch steps compared to the total extraction
aliquot. A possible explanation is that the etching device might have been somewhat leaky, so that in long
lasting etch steps some of the sample gas escaped, especially the light gases He and Ne. This is supported
by a larger He loss compared to Ne and no Ar loss.
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TABLE A.4.2.  Kr in Acfer111 bulk, released by CSSE

step 84Kr 78Kr/84Kr
x 100

80Kr/84Kr
x 100

82Kr/84Kr
x 100

83Kr/84Kr
x 100

86Kr/84Kr
x 100

1 0.0036(2) 0.6(3) 3.8(7) 20(2) 20(2) 30(3)
2 0.0023(3) - 3(1) 23(3) 22(4) 36(6)
3 0.0819(8) 0.67(3) 4.1(1) 20.5(2) 20.2(2) 31.0(3)
4 0.1001(6) 0.63(6) 4.3(1) 20.5(3) 20.4(3) 30.5(4)
5 0.159(2) 0.72(3) 4.15(7) 21.1(2) 20.5(2) 30.1(4)
6 0.772(3) 0.69(2) 4.27(5) 20.3(1) 20.46(7) 30.6(1)
7 17.1(2) 0.62(2) 4.01(4) 20.2(1) 20.08(9) 30.6(2)
8 1.94(2) 0.67(1) 4.07(4) 20.3(1) 20.2(1) 30.7(1)
9 0.379(1) 0.70(2) 4.13(6) 20.5(2) 20.5(2) 30.7(2)
10 0.772(3) 0.67(2) 4.19(4) 20.3(1) 20.3(2) 30.9(1)
11 0.444(1) 0.71(2) 4.15(7) 20.5(2) 20.3(1) 30.6(1)

total 4.65(3) 0.68(9) 4.2(2) 20.5(6) 20.3(5) 30.6(7)
etch
residue

9.33(3) 0.60(2) 3.94(4) 20.08(9) 20.3(1) 30.7(2)

bulk
aliquot

4.93(2) 0.75(2) 4.39(5) 20.8(1) 21.1(2) 30.8(2)

Gas concentrations in 10-10cm3STP/g. Steps 1, 2 can be ignored. Step 7 does
not contribute to the total amount of Kr, because this step was carried out in
acid vapour of 40°C, the high Kr amount was probably released from the acid.
Nevertheless, Kr in the etch residue plus the total etch steps sums up to about
300% the Kr in the bulk sample. This is probably due to the strong adsorption
of air-Kr at the fluorides (see Section 3.5.2.2), although the residue was
exposed to air only one month.



144

TABLE A.4.3. Xe in Acfer111 bulk, released by CSSE

step 132Xe 124Xe/132Xe
x 100

126Xe/132Xe
x 100

128Xe/132Xe
x 100

129Xe/132Xe
x 100

130Xe/132Xe
x 100

131Xe/132Xe
x 100

134Xe/132Xe
x 100

136Xe/132Xe
x 100

1 0.0015(1) 0.2(4) 0.9(3) 9(1) 115(7) 16(3) 83(7) 37(5) 32(3)
2 0.0006(1) - 1(1) 6(4) 120(30) 21(7) 90(30) 37(12) 36(13)
3 0.0212(4) 0.51(8) 0.47(7) 7.2(4) 135(2) 15.4(3) 80(1) 39.4(5) 33.3(7)
4 0.0325(3) 0.43(7) 0.35(7) 7.2(2) 184(2) 14.9(4) 78(1) 38.7(7) 33.5(4)
5 0.0470(6) 0.52(4) 0.41(4) 7.6(3) 160(2) 15.3(2) 80.0(8) 38.1(4) 32.0(5)
6 0.305(2) 0.38(2) 0.38(2) 7.66(5) 128.9(6) 15.6(2) 80.8(6) 38.3(2) 32.4(3)
7 11.0(1) 0.41(1) 0.39(1) 7.73(6) 103.9(4) 15.7(1) 80.2(3) 38.3(2) 32.3(1)
8 0.850(9) 0.42(2) 0.44(2) 7.77(5) 145.9(4) 15.5(1) 80.2(4) 38.2(2) 32.3(2)
9 0.1918(9) 0.46(2) 0.49(4) 7.8(2) 127.4(8) 15.5(2) 80.2(5) 38.6(3) 32.5(3)
10 0.420(2) 0.44(2) 0.42(2) 7.8(1) 117.2(4) 15.7(1) 80.6(3) 38.4(2) 32.2(3)
11 0.206(2) 0.46(2) 0.46(2) 7.9(1) 128.6(6) 15.8(2) 81.4(6) 37.9(3) 32.8(3)

total 2.08(2) 0.4(1) 0.4(1) 7.6(6) 137(3) 15.5(7) 80(2) 38(1) 33(1)
etch
residue

4.92(8) 0.40(2) 0.38(2) 7.67(8) 108.9(3) 15.8(2) 80.4(4) 38.6(2) 32.5(2)

bulk
aliquot

3.51(6) 0.50(2) 0.52(2) 8.1(1) 132.7(7) 16.19(8) 81.8(4) 38.4(4) 32.2(3)

Gas concentrations in 10-10cm3STP/g. Steps 1, 2 can be ignored. Step 7, see footnote of Table A.4.2. Xe
in the etch residue plus the total etch steps sums up to about 200% the Xe in the bulk sample.

TABLE A.4.4.  Elemental ratios in Acfer111 bulk, released by CSSE

step 4He/20Ne 20Ne/36Ar 36Ar/84Kr 36Ar/132Xe 84Kr/132Xe
1 300(4000) 3(30) 61(3) 151(8) 2.5(2)
2 300(80000) 5(70) 40(6) 160(40) 4(1)
3 150(70) 0.2(1) 838(12) 3230(70) 3.86(8)
4 176(4) 11.7(2) 453(6) 1395(20) 3.08(4)
5 181(4) 7.9(2) 639(10) 2160(40) 3.38(6)
6 380(8) 30.7(6) 427(5) 1082(14) 2.53(2)
7 596(13) 40(1) 21.6(5) 33.7(8) 1.56(2)
8 417(9) 37.1(7) 908(11) 2070(30) 2.28(3)
9 577(12) 43.6(8) 609(5) 1204(11) 1.98(1)
10 578(12) 38.8(7) 469(4) 862(8) 1.84(1)
11 596(18) 34.3(9) 581(7) 1250(17) 2.15(2)

total 440(30) 31(2) 616(20) 1660(70) 2.64(9)

etch
residue

600(3) 31.7(2) 177(1) 336(6) 1.89(3)

bulk
aliquot

551(3) 37.8(1) 1098(6) 1540(30) 1.40(3)

Steps 1, 2 (and 3 for He/Ne, Ne/Ar) can be ignored. For the calculation of
the average Ar/Kr, Ar/Xe and Kr/Xe ratios step 7 was left out. For reasons,
see footnotes of Table A.4.2.
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A.5 Acfer111 Fe-Ni

TABLE A.5.1.  He, Ne, and Ar in Acfer111 Fe-Ni, released by CSSE (Labcode:
VH,14,00; run name: VH10)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 36Ar 36Ar/38Ar 40Ar/36Ar

1 -28°C 10min 1(9) 2(20) 0.003(70) 10(200) - 0.00049(2) 4.2(9) 200(40)
2 -10°C 2h 16.7(1) 3.5(8) 0.08(8) 13(10) 0.03(3) 0.078(1) 5.37(5) 85.0(8)
3 0°C 2h 514(3) 4.36(6) 1.65(8) 13.2(5) 0.037(1) 0.491(6) 5.33(2) 70(1)
4 10°C 3.25h 979(6) 4.11(4) 3.51(2) 12.9(2) 0.0378(7) 0.622(8) 5.24(1) 115(2)
5 23°C 2.75h 11170(70) 4.28(4) 21.23(4) 13.34(4) 0.0347(1) 0.719(9) 5.34(1) 48.7(7)
6 23°C 12.5h 44140(300) 3.56(1) 99.4(2) 12.69(6) 0.03457(7) 2.67(4) 5.30(1) 52.0(2)
7 23°C 4d 2h 169300(1000) 2.916(4) 337.3(6) 11.97(5) 0.0406(1) 8.4(1) 5.12(1) 39.0(2)
8 35°C 1.25h 12540(70) 3.13(2) 16.59(3) 12.14(4) 0.0410(2) 0.344(5) 5.11(2) 67(1)
9 23°C 4d

19.5h
104780(600) 3.005(8) 192.5(4) 11.58(5) 0.0528(1) 4.93(6) 5.01(1) 39.4(2)

total 343400(2000) 3.62(8) 672(2) 12.5(5) 0.040(2) 18.3(2) 5.23(6) 65(2)
etch
residue

oven, total
extraction

713100(3000) 3.581(3) 1261(2) 11.51(3) 0.0659(1) 38.2(1) 4.12(1) 55.5(1)

Gas concentrations in 10-8cm3STP/g. Procedure: all steps were etched by acid vapour. Mass of etch
residue: 42.29mg. The etch residue was treated with H2O, the fluorides were dissolved completely. No
total extraction aliquot analyse available. Step 1 (and 2 for He, Ne) can be ignored, because it is a test step
with very small gas amounts (see Section 2.2.1.3).

TABLE A.5.2.  Kr in Acfer111 Fe-Ni, released by CSSE

step 84Kr 78Kr/84Kr
x 100

80Kr/84Kr
x 100

82Kr/84Kr
x 100

83Kr/84Kr
x 100

86Kr/84Kr
x 100

1 0.0140(5) 0.6(2) 4.5(3) 20.0(7) 20.6(7) 31(2)
2 0.027(2) 0.4(1) 3.9(6) 19(2) 19(3) 30(4)
3 0.067(2) 0.63(5) 4.2(3) 20(1) 20(1) 31(2)
4 0.083(1) 0.66(6) 4.01(8) 20.5(3) 20.2(6) 30.8(7)
5 0.242(1) 0.67(5) 3.96(7) 20.2(2) 20.1(3) 30.8(2)
6 0.251(3) 0.66(4) 4.2(1) 20.2(4) 20.6(4) 30.8(5)
7 0.838(3) 0.66(1) 4.09(5) 20.2(1) 20.09(9) 30.6(2)
8 0.321(3) 0.69(9) 4.0(2) 20.1(4) 19.9(5) 30.4(4)
9 0.575(2) 0.70(2) 4.08(4) 20.6(2) 20.1(1) 30.9(2)

total 2.42(2) 0.7(1) 4.1(4) 20(1) 20(1) 31(2)
etch
residue

7.87(3) 0.68(1) 4.05(6) 20.3(1) 20.4(1) 30.8(2)

Gas concentrations in 10-10cm3STP/g. Steps 1 and 2 can be ignored.



146

TABLE A.5.3.  Xe in Acfer111 Fe-Ni, released by CSSE

step 132Xe 124Xe/132Xe
x 100

126Xe/132Xe
x 100

128Xe/132Xe
x 100

129Xe/132Xe
x 100

130Xe/132Xe
x 100

131Xe/132Xe
x 100

134Xe/132Xe
x 100

136Xe/132Xe
x 100

1 0.0055(1) 0.4(2) 0.5(1) 7.4(7) 110(3) 16(1) 77(3) 39(1) 35(1)
2 0.011(1) 0.5(2) 0.5(1) 7(1) 110(14) 15(2) 76(10) 37(5) 32(4)
3 0.025(1) 0.36(8) 0.50(6) 8.0(6) 143(7) 15.1(9) 77(5) 38(2) 32(2)
4 0.0299(4) 0.52(6) 0.5(1) 7.9(2) 146(2) 14.9(6) 78(2) 37.5(6) 31.6(9)
5 0.1061(9) 0.43(3) 0.34(4) 7.7(1) 155(1) 15.7(4) 79.7(7) 38.7(4) 32.3(3)
6 0.096(1) 0.41(2) 0.37(4) 7.7(2) 169(2) 15.6(5) 79(1) 38.0(8) 32.4(6)
7 0.316(3) 0.46(1) 0.41(2) 7.6(1) 139.1(4) 15.8(1) 81.3(3) 38.4(3) 32.8(2)
8 0.172(2) 0.40(3) 0.48(6) 7.6(4) 109(1) 15.5(4) 80.1(9) 38.6(4) 33.5(7)
9 0.234(2) 0.45(3) 0.44(3) 7.9(1) 146.2(7) 16.1(2) 82.0(5) 38.6(4) 33.0(2)

total 0.99(1) 0.4(1) 0.4(1) 7.8(8) 144(8) 16(1) 80(6) 38(3) 32(2)
etch

residue
4.66(8) 0.450(5) 0.41(2) 7.85(7) 121.3(5) 15.97(8) 81.4(3) 38.5(2) 32.1(2)

Gas concentrations in 10-10cm3STP/g. Steps 1 and 2 can be ignored.

TABLE A.5.4.  Elemental ratios in Acfer111 Fe-Ni, released by CSSE

step 4He/20Ne 20Ne/36Ar 36Ar/84Kr 36Ar/132Xe 84Kr/132Xe
1 200(6000) 6(100) 3.5(2) 9.0(5) 2.6(1)
2 220(200) 1(1) 290(30) 740(70) 2.6(3)
3 311(16) 3.4(2) 730(30) 1990(90) 2.7(2)
4 279(3) 5.6(1) 753(15) 2080(40) 2.77(6)
5 526(3) 29.5(4) 297(4) 678(11) 2.28(2)
6 444(3) 37.3(5) 1062(18) 2790(50) 2.63(5)
7 502(3) 40.0(5) 1006(14) 2670(40) 2.65(2)
8 756(5) 48.3(6) 107(2) 200(3) 1.87(3)
9 544(3) 39.0(5) 858(12) 2110(30) 2.45(3)

total 480(30) 29(2) 690(40) 1790(100) 2.5(2)
etch
residue

566(3) 33.0(1) 485(3) 820(14) 1.69(3)

Steps 1 and 2 can be ignored.
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B NOBLE GAS DATA OF CHAPTER 4  -  HE AND NE IN LUNAR SAMPLES.

B.1 Sample 79135

TABLE B.1.  He and Ne in 79135, released by CSSE (Labcode: VH,24,00; run name:
VH20)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

1 -18°C 11min 0.051(1) 4.01(8) 0.039(1) 13.7(2) 0.032(4) 130(4)
2 -16°C 11min 0.069(1) 4.14(6) 0.063(1) 13.7(2) 0.031(2) 111(4)
3 -15°C 12min 0.075(1) 4.21(8) 0.074(2) 13.6(3) 0.034(2) 101(4)
4 -12°C 10min 0.051(1) 4.21(8) 0.046(1) 13.6(2) 0.030(1) 111(4)
5 -9°C 15min 0.151(1) 4.25(7) 0.417(4) 13.30(5) 0.0323(3) 36.2(9)
6 -9°C 21min 0.238(2) 4.30(6) 0.568(6) 13.48(8) 0.0335(8) 42(1)
7 -4°C 10min 0.745(5) 4.41(5) 1.52(1) 13.38(4) 0.0326(5) 49(1)
8 -4°C 10min 0.273(2) 4.19(4) 0.317(4) 13.46(10) 0.0340(5) 86(2)
9 -4°C 10min 0.313(2) 4.07(6) 0.344(4) 13.47(7) 0.0331(7) 91(2)
10 -4°C 11min 0.575(4) 4.09(5) 0.604(6) 13.41(7) 0.0332(5) 95(2)
11 -4°C 13min 0.242(2) 3.80(5) 0.179(2) 13.55(7) 0.034(1) 136(3)
12 -3°C 13min 0.860(6) 3.93(4) 0.935(9) 13.38(5) 0.0334(3) 95(2)
13 -2°C 11min 0.889(7) 3.85(4) 0.967(9) 13.29(5) 0.0342(4) 96(3)
14 0°C 10min 6.46(5) 3.95(4) 10.67(8) 12.9(1) 0.0327(1) 60.5(6)
15 0°C 9min 1.49(1) 3.63(4) 1.57(2) 12.82(6) 0.0325(4) 97(2)
16 0°C 10min 7.50(5) 3.48(4) 6.89(6) 13.0(4) 0.0327(4) 109(1)
17 0°C 10min 19.4(1) 3.33(4) 10.47(7) 13.2(3) 0.0327(1) 186(2)
18 0°C 9min 2.76(2) 3.24(3) 1.13(1) 12.88(5) 0.0325(3) 252(4)
19 0°C 9min 1.37(1) 3.07(3) 0.409(4) 12.64(6) 0.0317(7) 334(8)
20 0°C 9.5min 3.14(2) 2.83(3) 0.810(8) 12.20(5) 0.0318(6) 382(12)
21 0°C 10min 83.8(6) 3.10(3) 24.4(2) 12.6(1) 0.0319(1) 343(3)
22 0°C 9.5min 10.26(8) 2.91(3) 2.53(2) 12.48(5) 0.0320(3) 418(5)
23 0°C 9.5min 18.4(1) 2.81(3) 4.19(4) 12.18(4) 0.0311(2) 451(7)
24 0°C 9.5min 2.44(2) 2.81(3) 0.526(5) 12.11(4) 0.0306(5) 463(11)
25 0°C 9.5min 10.48(8) 2.71(3) 2.05(2) 11.86(3) 0.0313(2) 498(6)
26 0°C 9.5min 20.8(2) 2.77(3) 4.42(4) 12.08(3) 0.0311(2) 472(5)
27 0°C 9.5min 17.9(1) 2.84(3) 4.00(4) 12.12(4) 0.0316(3) 449(6)
28 0°C 10.5min 3.14(2) 2.86(3) 0.614(7) 12.20(7) 0.0315(4) 511(13)
29 0°C 12.5min 2.67(2) 2.83(3) 0.561(6) 12.06(6) 0.0313(4) 476(12)
30 5°C 10.5min 22.8(2) 2.91(3) 5.16(5) 12.2(3) 0.0313(2) 441(5)
31 5°C 10min 14.8(1) 2.94(3) 3.34(3) 12.21(3) 0.0311(3) 440(5)
32 5°C 12min 16.6(1) 2.98(3) 3.82(3) 12.20(4) 0.0320(2) 429(5)
33 5°C 12min 11.49(8) 2.96(3) 2.49(2) 12.18(4) 0.0319(3) 451(6)
34 5°C 13min 13.06(10) 3.01(3) 2.95(3) 12.20(4) 0.0321(3) 439(6)
35 10°C 10min 92.9(7) 3.27(3) 25.4(2) 12.70(9) 0.0324(1) 365(4)
36 10°C 11min 55.2(4) 3.10(3) 12.7(1) 12.1(2) 0.0324(1) 436(5)
37 10°C 11min 33.8(2) 3.04(3) 7.79(7) 12.4(3) 0.0322(2) 433(5)
38 10°C 11min 14.6(1) 3.03(3) 3.24(3) 11.88(2) 0.0325(1) 442(5)
39 10°C 13min 19.4(1) 3.14(3) 4.69(4) 11.94(4) 0.0335(2) 413(4)
40 15°C 9.5min 22.9(2) 3.32(3) 5.74(5) 11.6(3) 0.0349(1) 399(4)
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Table B.1, continued

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

41 15°C 10.5min 34.6(2) 3.45(4) 9.59(8) 11.7(3) 0.0362(2) 361(4)
42 15°C 10.5min 16.4(1) 3.66(4) 4.44(4) 11.73(5) 0.0396(2) 386(4)
43 21°C 9min 18.0(1) 3.94(4) 5.52(5) 11.4(3) 0.0434(1) 325(4)
44 21°C 12min 6.67(5) 8.38(9) 2.10(2) 10.63(4) 0.0858(5) 328(5)
45 21°C 30min 4.44(3) 28.4(3) 1.13(1) 8.40(4) 0.258(1) 393(7)
total 614(4) 3.4(3) 181(1) 12.6(1.0) 0.033(3) 290(40)

etch
residue

oven, total
extraction

11.8(8) 52(4) 2.6(1) 6.56(7) 0.408(3) 460(40)

ilmenite
aliquot

oven, total
extraction

660(40) 3.87(5) 198(13) 12.42(7) 0.0404(1) 335(30)

Gas concentrations in 10-4 (He) and 10-6 (Ne) cm3STP/g. Numbers in parentheses given here and in all
following tables represent the 1� uncertainties in units of the least significant digits. Error estimation
is explained in Section 2.3.5. Procedure: all steps were etched by acid vapour. Mass of the total
extraction aliquot: 0.76mg and of the etch residue: 0.63mg.
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B.2 Sample 74241

TABLE B.2.  He and Ne in 74241, released by CSSE (Labcode: VH,20,00; run name:
VH16)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

1 80°C 3.25h 0.155(2) 3.85(10) 0.036(2) 13.8(5) 0.031(6) 430(20)
2 -21°C 15min 0.042(1) 3.98(9) 0.030(1) 13.8(4) 0.029(4) 139(6)
3 -16°C 20min 0.063(1) 4.09(7) 0.079(2) 13.2(2) 0.030(2) 80(2)
4 -10°C 15min 0.223(1) 4.22(6) 0.54(1) 13.4(1) 0.032(1) 41.1(8)
5 -10°C 20min 0.191(1) 4.06(7) 0.227(5) 13.3(1) 0.029(2) 84(2)
6 -7°C 15min 1.435(8) 4.17(4) 2.36(4) 13.39(5) 0.0329(3) 61(1)
7 -7°C 25min 1.162(7) 4.00(4) 1.21(2) 13.10(5) 0.0317(7) 96(2)
8 -7°C 35min 1.040(6) 3.98(4) 0.77(2) 13.3(1) 0.0316(8) 135(3)
9 -4°C 10min 12.84(7) 4.01(3) 11.83(6) 13.30(7) 0.0326(2) 108.5(8)
10 -5°C 14min 154.5(9) 3.76(3) 47.6(2) 13.39(4) 0.0327(1) 325(2)
11 -5°C 8min 24.2(1) 3.45(3) 6.4(1) 13.06(4) 0.0319(2) 376(7)
12 -5°C 8min 7.41(5) 3.36(3) 1.73(3) 13.09(8) 0.0332(7) 429(8)
13 -5°C 10min 43.53(2) 3.33(3) 9.1(2) 12.93(4) 0.0325(2) 479(9)
14 -4°C 10min 15.99(9) 3.24(3) 3.70(7) 12.79(5) 0.0325(3) 433(8)
15 -6°C 11min
16 -5°C 11min 20.1(1) 3.17(3) 4.43(8) 12.75(5) 0.0321(3) 454(8)
17 -4°C 11min 4.04(2) 3.15(3) 0.88(2) 12.76(9) 0.0313(8) 461(9)
18 -5°C 10min 6.72(4) 3.06(3) 1.38(3) 12.43(7) 0.0318(4) 487(9)
19 -5°C 12min 8.94(5) 3.10(2) 1.90(3) 12.52(4) 0.0321(5) 471(9)
20 -5°C 13min 4.75(3) 3.07(3) 0.96(2) 12.48(7) 0.0309(7) 494(10)
21 -4°C 13min 9.89(6) 3.09(3) 1.97(4) 12.36(10) 0.0317(10) 501(10)
22 -4°C 14min 14.65(8) 3.07(2) 3.17(5) 12.46(4) 0.0314(4) 463(8)
23 -5°C 15min 101.0(6) 3.21(3) 24.6(1) 12.74(7) 0.0319(1) 410(3)
24 -5°C 14min 11.93(7) 3.13(3) 2.83(5) 12.69(6) 0.0318(5) 421(8)
25 -5°C 15min 24.2(1) 3.07(3) 5.15(9) 12.45(4) 0.0318(2) 471(9)
26 -5°C 15min 7.58(4) 2.97(2) 1.52(3) 12.29(5) 0.0309(7) 500(9)
27 -5°C 16min 12.96(7) 2.93(2) 2.51(5) 12.17(6) 0.0312(5) 516(10)
28 -3°C 10min 1.146(7) 2.96(3) 0.23(1) 12.3(1) 0.032(2) 501(11)
29  0°C 11min 4.23(2) 2.83(2) 0.78(1) 11.96(7) 0.0316(9) 543(11)
30 0°C 12min 3.03(2) 2.82(3) 0.57(1) 11.90(8) 0.0292(7) 533(11)
31 2°C 12min 6.09(3) 2.84(2) 1.16(2) 11.95(7) 0.0305(6) 525(10)
32 5°C 13min 17.6(1) 2.86(2) 3.49(6) 12.02(5) 0.0306(5) 504(9)
33 5°C 16min 23.1(1) 2.83(2) 4.63(8) 11.94(3) 0.0305(3) 500(9)
34 10°C 11min 41.9(2) 2.90(2) 9.0(2) 12.03(3) 0.0309(2) 467(8)
35 10°C 15min 69.6(4) 2.92(2) 15.8(2) 12.3(2) 0.0311(2) 439(6)
36 10°C 25min 64.7(4) 2.93(2) 13.7(1) 11.67(9) 0.0307(2) 471(5)
37 15°C 17min 79.8(4) 3.11(2) 17.7(1) 11.36(9) 0.0316(1) 451(4)
38 21°C 17min 18.4(1) 6.44(5) 4.44(8) 10.47(3) 0.0555(4) 414(7)
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Table B.2, continued

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

39 21°C 40min 3.52(2) 15.0(1) 1.00(2) 10.53(4) 0.1114(8) 353(6)
40 21°C 2h 0.109(2) 32.7(5) 0.0030(2) 11(1) 0.10(2) 3700(600)
total 823(5) 3.3(2) 209(2) 12.5(6) 0.031(5) 450(60)

etch
residue

oven, total
extraction

15.9(3) 17.4(5) 3.5(1) 9.9(1) 0.151(2) 458(13)

ilmenite
aliquot

oven, total
extraction

1130(20) 3.60(1) 284(5) 12.43(2) 0.0343(1) 398(9)

Gas concentrations in 10-4 (He) and 10-6 (Ne) cm3STP/g. Procedure: all steps were etched in acid
vapour; except step 1 that is a preheating step. Step 15 is not measured. Mass of etch residue: 2.08mg
and of the total extraction aliquot: 1.26mg. Etch residue is treated with H2O. Step 1 (and 2 for Ne) can
be ignored, because the gas released by 80°C preheating that is a "cleaning" step to remove adsorbed
air. Step 2 has very small gas amounts (see Section 2.2.1.3).
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B.3 Sample 12001

TABLE B.3.  He and Ne in 12001, released by CSSE (Labcode: VH,22,00; run name:
VH18)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

1 -22°C 15min 0.183(2) 4.25(8) 0.088(4) 14.1(4) 0.034(3) 208(12)
2 -16°C 13min 0.402(4) 4.52(7) 0.316(5) 14.5(1) 0.031(1) 127(5)
3 -15°C 12min 0.289(2) 4.49(7) 0.198(4) 14.2(2) 0.034(2) 146(6)
4 -15°C 15min 0.250(2) 4.30(9) 0.155(4) 14.2(3) 0.034(3) 161(7)
5 -13°C 20min 0.279(2) 4.60(6) 0.185(5) 14.0(3) 0.033(3) 151(7)
6 -10°C 20min 3.09(2) 4.75(5) 2.05(3) 14.05(8) 0.0340(7) 150(6)
7 -10°C 20min 1.03(1) 4.59(5) 0.631(8) 13.87(9) 0.0328(7) 163(6)
8 -7°C 12min 3.91(2) 4.61(5) 2.06(2) 14.06(6) 0.0325(6) 180(3)
9 -7°C 16min 3.09(2) 4.55(5) 1.74(2) 14.00(7) 0.0333(9) 185(4)
10 -7°C 24min 3.68(2) 4.54(5) 2.26(3) 13.84(7) 0.0330(5) 157(5)
11 -5°C 9min 1.23(1) 4.52(6) 0.74(1) 13.9(1) 0.032(1) 166(6)
12 -5°C 15min 0.735(4) 4.47(5) 0.398(5) 14.0(1) 0.034(1) 185(7)
13 -5°C 10min 1.46(1) 4.43(5) 0.84(1) 13.9(1) 0.0326(6) 174(7)
14 -4°C 8min 3.13(2) 4.49(5) 1.95(4) 13.6(2) 0.0354(9) 160(6)
15 -4°C 11min 1.38(1) 4.42(6) 0.91(1) 13.4(1) 0.0308(9) 152(6)
16 -4°C 16min 2.63(2) 4.39(5) 1.83(2) 13.39(9) 0.0341(9) 144(5)
17 -4°C 22min 4.12(2) 4.38(5) 3.41(4) 13.27(9) 0.033(1) 121(2)
18 -2°C 10min 4.11(2) 4.39(5) 3.24(4) 13.15(8) 0.033(1) 126(3)
19 -2°C 10min 2.70(2) 4.23(5) 1.76(3) 13.3(1) 0.0331(8) 150(4)
20 -2°C 13min 4.15(2) 4.25(5) 2.72(4) 13.0(1) 0.0323(7) 143(3)
21 -2°C 20min 6.42(4) 4.18(4) 4.43(6) 12.9(1) 0.0313(6) 140(2)
22 0°C 8min 7.98(5) 4.14(4) 4.42(5) 13.41(6) 0.0329(3) 182(3)
23 0°C 9min 7.55(4) 4.07(4) 3.67(5) 13.47(8) 0.0331(5) 212(4)
24 0°C 9min 9.64(6) 4.08(4) 4.77(5) 13.34(5) 0.0329(2) 211(3)
25 0°C 10min 9.38(5) 4.07(4) 4.41(5) 13.32(8) 0.0323(3) 218(3)
26 0°C 9min 11.39(7) 4.05(4) 5.16(6) 13.38(8) 0.0323(4) 237(3)
27 0°C 9min 9.89(6) 4.00(4) 4.21(5) 13.40(7) 0.0327(3) 239(3)
28 0°C 9min 11.44(7) 3.91(4) 4.31(4) 13.31(3) 0.0321(2) 269(4)
29 0°C 9min 11.56(7) 3.92(4) 4.41(5) 13.45(8) 0.0325(4) 266(5)
30 0°C 9min 12.26(7) 3.90(4) 4.71(5) 13.25(4) 0.0322(4) 263(5)
31 0°C 9min 11.70(7) 3.89(4) 4.51(5) 13.35(5) 0.0324(3) 268(5)
32 0°C 9min 12.45(7) 3.90(4) 4.86(5) 13.42(4) 0.0326(4) 265(5)
33 0°C 9min 11.91(7) 3.87(4) 4.57(5) 13.24(5) 0.0328(2) 269(4)
34 0°C 11min 14.54(9) 3.87(4) 5.63(6) 13.31(5) 0.0325(5) 270(3)
35 0°C 11min 11.72(7) 3.83(4) 4.53(5) 13.38(6) 0.0323(6) 272(5)
36 0°C 14min 19.4(1) 3.82(4) 7.99(9) 13.27(5) 0.0327(6) 249(3)
37 0°C 14min 12.57(7) 3.63(4) 4.33(5) 13.16(6) 0.0327(5) 277(3)
38 0°C 15min 17.1(1) 3.69(4) 6.39(8) 13.07(8) 0.0330(5) 271(4)
39 0°C 16min 16.6(1) 3.79(4) 6.7(1) 12.6(1) 0.0323(7) 265(4)
40 0°C 16min 15.47(9) 3.80(4) 6.47(7) 12.77(5) 0.0324(7) 264(7)
41 3°C 13min 20.2(1) 3.80(4) 8.7(1) 12.60(6) 0.0319(3) 245(4)
42 4°C 12min 40.5(2) 3.82(4) 19.4(2) 0.0318(3) 209(2)
43 4°C 12min 38.9(2) 3.70(4) 18.4(1) 0.0331(5) 211(2)
44 4°C 10min 23.7(1) 3.63(4) 10.7(1) 12.39(6) 0.0339(3) 234(4)
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Table B.3, continued

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

45 4°C 10min 19.1(1) 3.61(4) 8.6(1) 12.4(1) 0.0321(8) 242(2)
46 4°C 10min 9.83(6) 3.25(3) 3.49(3) 12.68(5) 0.0316(4) 280(6)
47 4°C 11min 32.3(2) 3.34(3) 12.46(8) 12.86(4) 0.0319(2) 257(3)
48 4°C 11min 22.7(1) 3.35(3) 9.07(6) 12.99(4) 0.0323(2) 252(4)
49 4°C 11min 18.4(1) 3.37(3) 6.52(5) 12.94(5) 0.0317(3) 279(4)
50 4°C 13min 19.1(1) 3.35(3) 7.67(5) 13.02(4) 0.0323(3) 244(3)
51 4°C 15min 20.3(1) 3.36(3) 8.20(5) 12.99(4) 0.0319(1) 242(3)
52 10°C 9min 53.2(3) 3.52(3) 24.1(2) 13.2(2) 0.0323(2) 220(3)
53 10°C 9min 35.4(2) 3.39(3) 15.6(2) 13.0(2) 0.0322(2) 226(3)
54 10°C 9min 25.5(1) 3.25(3) 10.10(6) 12.77(4) 0.0319(2) 248(3)
55 10°C 10min 36.9(2) 3.29(3) 15.6(2) 13.0(2) 0.0321(2) 236(3)
56 10°C 10min 29.6(2) 3.27(3) 12.63(8) 12.91(3) 0.0324(3) 231(3)
57 10°C 16min 87.6(5) 3.34(3) 44.1(4) 13.2(2) 0.0321(1) 199(2)
58 12°C 20min 64.4(4) 3.20(3) 29.1(3) 13.0(2) 0.0321(1) 221(2)
59 21°C 9min 32.8(2) 3.18(3) 14.50(9) 12.84(4) 0.0324(2) 228(3)
60 21°C 11min 36.9(2) 3.14(3) 15.9(2) 12.8(2) 0.0323(3) 233(3)
61 21°C 15min 45.7(3) 3.16(3) 19.6(2) 12.6(2) 0.0325(1) 234(3)
62 21°C 30min 250(1) 3.16(3) 107(1) 12.64(4) 0.0330(2) 237(3)
63 21°C 30min 7.27(4) 5.50(5) 3.50(2) 13.18(4) 0.0429(4) 206(3)
64 21°C 60min 6.57(4) 6.87(6) 2.82(2) 12.73(4) 0.0532(6) 234(8)
65 21°C 123min 2.61(2) 8.95(8) 0.577(8) 12.4(1) 0.075(1) 453(9)

total 1262(7) 3.9(3) 556(6) 13.3(9) 0.033(4) 220(40)
etch
residue

oven, total
extraction

175(9) 5.00(3) 59(3) 12.1(2) 0.0557(2) 300(20)

ilmenite
aliquot 1

oven, total
extraction

1630(120) 3.61(2) 720(50) 12.94(8) 0.0339(2) 230(20)

ilmenite
aliquot 2

oven, total
extraction

1320(60) 3.71(1) 570(30) 12.96(7) 0.0345(1) 230(20)

Gas concentrations in 10-4 (He) and 10-6 (Ne) cm3STP/g. Procedure: all steps were etched in acid
vapour. Mass of etch residue: 1.02mg and of the total extraction aliquots 1: 0.70mg and 2: 1.03mg.
The etch residue is treated with H2O. Steps 42 and 43 no 20Ne/22Ne data, because 20Ne and 22Ne were
measured on different collectors, which strongly diverge in the first part of this etch run and the results
would not be reliable (see Table 2.6 for further information).
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B.4 Sample 79035

TABLE B.4.  He and Ne in 79035, released by CSSE (Labcode: VH,18,00; run name:
VH14)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

1 -17°C 15min 0.077(1) 4.72(9) 0.069(2) 13.8(3) 0.033(2) 111(4)
2 -17°C 30min 0.129(1) 4.61(8) 0.212(4) 13.6(2) 0.031(1) 61(1)
3 -10°C 15min 0.539(4) 4.40(6) 2.69(3) 13.34(4) 0.0323(3) 20.1(2)
4 -10°C 20min 0.379(3) 4.25(7) 0.92(1) 13.57(8) 0.0332(6) 41.2(6)
5 -10°C 35min 0.565(4) 4.29(5) 1.06(1) 13.38(9) 0.0330(6) 53.3(8)
6 -7°C 15min 0.566(4) 4.28(5) 0.44(1) 13.35(8) 0.0324(7) 128(2)
7 -7°C 25min 0.970(7) 4.19(5) 0.69(1) 13.4(1) 0.0318(9) 140(2)
8 -7°C 35min 1.53(1) 4.20(5) 1.59(2) 13.42(5) 0.0339(4) 96(1)
9 -7°C 40min 0.908(7) 3.99(5) 0.55(1) 13.4(1) 0.0326(8) 165(3)
10 -2°C 15min 23.8(2) 4.40(5) 37.0(7) 13.2(1) 0.0328(1) 64(1)
11 -2°C 10min 6.19(4) 4.20(5) 7.17(7) 12.84(3) 0.0329(2) 86(1)
12 -2°C 10min 92.7(7) 4.28(5) 34.5(7) 13.5(2) 0.0330(2) 269(6)
13 -2°C 8min 7.69(6) 4.15(5) 2.83(3) 13.24(6) 0.0328(3) 272(3)
14 -2°C 8min 14.5(1) 3.86(4) 5.68(6) 13.09(4) 0.0341(2) 256(3)
15 -2°C 12min 13.4(1) 3.74(4) 4.77(5) 12.88(5) 0.0345(3) 281(4)
16 -2°C 13min 20.2(1) 3.87(4) 6.37(6) 13.08(5) 0.0336(3) 317(4)
17 -2°C 14min 8.73(6) 3.69(4) 2.32(3) 12.89(7) 0.0342(5) 376(5)
18 -2°C 17min 56.0(4) 3.95(4) 13.3(3) 12.9(3) 0.0336(1) 421(9)
19 -2°C 17min 18.7(1) 3.61(4) 3.98(4) 12.99(5) 0.0337(2) 469(6)
20 -2°C 20min 280(2) 3.83(4) 81.1(1.6) 13.4(3) 0.0328(1) 345(7)
21 -2°C 20min 38.3(3) 3.43(4) 8.3(2) 12.9(3) 0.0323(2) 460(10)
22 -2°C 22min 31.8(2) 3.16(3) 6.07(6) 12.55(4) 0.0322(1) 523(6)
23 -2°C 30min 72.7(5) 3.22(3) 16.1(3) 12.3(3) 0.0324(3) 451(10)
24 5°C 10min 6.06(4) 3.33(4) 1.46(2) 12.73(6) 0.0326(4) 414(5)
25 6°C 30min 41.4(3) 3.17(3) 9.6(2) 12.2(3) 0.0325(2) 430(9)
26 12°C 20min 106.3(8) 3.61(4) 36.0(7) 12.7(3) 0.0333(1) 295(6)
27 16°C 20min 752.5(5) 3.02(4) 228.3(3) 12.2(3) 0.0319(2) 330(3)
28 16°C 20min 96.0(7) 2.72(3) 21.5(4) 11.3(3) 0.0319(1) 447(10)
29 22°C 20min 102.6(7) 2.74(3) 24.6(5) 11.5(3) 0.0328(1) 416(9)
30 22°C 20min 3.65(3) 3.10(3) 0.84(1) 11.25(8) 0.0367(7) 435(6)
31 22°C 40min 0.994(7) 9.7(1) 0.095(2) 10.5(1) 0.090(2) 1049(18)
32 22°C 90min 0.599(4) 10.2(1) 0.094(2) 10.2(1) 0.122(4) 638(11)
total 1801(8) 3.8(3) 560(7) 13(1) 0.033(2) 310(30)

etch
residue

oven, total
extraction

8.13(4) 42.8(1) 1.41(3) 6.9(2) 0.403(9) 577(13)

ilmenite
aliquot

oven, total
extraction

1720(30) 3.69(1) 534(10) 12.73(3) 0.0359(2) 323(8)

Gas concentrations in 10-4 (He) and 10-6 (Ne) cm3STP/g. Procedure: all steps were etched in acid
vapour. Mass of etch residue: 3.82mg and of the total extraction aliquot: 1.15mg. Etch residue is
treated with H2O.
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B.5 Sample 71501

TABLE B.5.  He and Ne in 71501, released by CSSE (Labcode: VH,11,00; run name:
VH07)

step procedure 4He 3He/4He
(x 104)

20Ne 20Ne/22Ne 21Ne/22Ne 4He/20Ne

1 -32°C 15min 0.0002(3) 10(11) 0.0003(2) 6(3) - 80(120)
2 -25°C 15min 0.0010(6) 4(2) 0.0009(5) 12(4) 0.08(7) 110(90)
3 -18°C 15min 0.0117(7) 4.14(7) 0.011(1) 14.3(3) 0.031(4) 107(10)
4 -15°C 15min 0.056(1) 5.1(1) 0.058(2) 15.0(3) 0.037(2) 96(5)
5 -15°C 15min 0.044(1) 5.4(1) 0.048(2) 14.4(2) 0.037(3) 90(4)
6 -15°C 15min 0.049(1) 5.3(1) 0.062(2) 14.3(2) 0.033(2) 78(4)
7 -12°C 20min 0.043(1) 5.06(4) 0.058(2) 13.9(3) 0.036(2) 74(3)
8 -10°C 30min 0.138(4) 4.98(4) 0.248(8) 13.7(2) 0.035(1) 56(2)
9 -10°C 30min 0.132(3) 4.8(1) 0.198(7) 14.0(2) 0.035(2) 67(3)
10 -10°C 10min 0.063(2) 4.96(8) 0.102(3) 13.4(1) 0.030(2) 62(2)
11 -10°C 15min 0.417(1) 4.75(7) 0.203(2) 14.6(1) 0.033(1) 206(2)
12 -10°C 33min 0.169(1) 4.82(7) 0.084(2) 14.3(2) 0.037(2) 201(5)
13 -5°C 30min 1.450(5) 4.68(3) 0.65(1) 14.1(2) 0.0347(7) 222(4)
14 -5°C 60min 3.18(1) 4.64(3) 1.59(2) 14.0(1) 0.0341(4) 201(3)
15 0°C 40min 515(2) 3.60(3) 240(7) 12.9(5) 0.030(1) 214(6)
16 0°C 45min 16.26(5) 4.36(3) 3.67(3) 13.09(8) 0.0462(8) 443(3)
17 0°C 105min 2.362(7) 12.74(8) 0.501(6) 10.04(8) 0.228(3) 472(5)
18 5°C 30min 0.064(1) 4.94(9) 0.016(1) 12.9(4) 0.067(8) 403(18)
19 5°C 100min 0.126(1) 4.75(7) 0.030(1) 12.2(4) 0.046(4) 412(17)
20 10°C 60min 0.137(1) 5.41(8) 0.034(2) 12.3(4) 0.063(6) 406(19)
21 15°C 110min 0.364(1) 11.7(1) 0.087(2) 11.2(2) 0.155(5) 417(12)
22 22°C 150min 0.021(1) 14.5(3) 0.0025(5) 10(1) 0.17(5) 860(160)
23 22°C 4.5d 4.98(2) 13.86(9) 1.315(9) 11.2(1) 0.143(1) 378(3)
total 545(2) 5.2(3) 249(7) 13(1) 0.037(4) 250(40)

Benkert et al. (1993) 1030(50) 3.75(8) 480(20) 12.9(1) 0.0329(3) 215(15)

Gas concentrations in 10-4 (He) and 10-6 (Ne) cm3STP/g. Procedure: all steps were etched in acid
vapour. No residue left over. No aliquot analysis, the given data from Benkert et al. (1993) are from
the same ilmenite separate. Steps 1 and 2 can be ignored, because these steps have very small gas
amounts (see Section 2.2.1.3), and therefore uncertainties of 40-100%.
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C NOBLE GAS DATA OF CHAPTER 5  -  GENESIS MISSION.

C.1 He and Ne in vitreloy101

TABLE C.1. 4He and 20Ne in vitreloy101, released by CSSE (Labcode: VH,05,00; run
name: VH03)

step procedure 4He error 20Ne error 4He/20Ne error
1 -23°C 10min -0.0001 -0.004 0.0002 0.0001 -0.4 -20
2 -10°C 1h 0.003 0.004 0.0002 0.0001 13 18
3 -5°C 1h 0.003 0.004 0.0005 0.0001 5 7
4 0°C 1h 0.077 0.005 0.0042 0.0001 19 1
5 4°C 1h 0.009 0.004 0.0006 0.0001 16 8
6 10°C 2h 0.064 0.004 0.0035 0.0001 18 1
7 23°C 2h 0.43 0.01 0.161 0.001 2.7 0.09
8 23°C 2h 0.51 0.02 0.414 0.002 1.2 0.04
9 23°C 2h 1.90 0.02 1.70 0.01 1.117 0.01
10 23°C 2h 4.37 0.03 4.01 0.01 1.091 0.008
11 23°C 2h 8.49 0.05 7.80 0.04 1.088 0.009
12 23°C 2h 9.35 0.05 8.48 0.02 1.103 0.006
13 23°C 2h 18.27 0.09 17.26 0.04 1.058 0.006
14 23°C 2h 17.95 0.09 17.21 0.04 1.043 0.006
15 23°C 2h 12.49 0.07 11.50 0.03 1.086 0.006
16 23°C 2h 12.88 0.09 11.99 0.06 1.074 0.009
17 23°C 2h 24.3 0.2 24.0 0.2 1.012 0.012
18 23°C 2h 18.8 0.1 17.94 0.09 1.047 0.008
19 23°C 2h 13.76 0.08 13.53 0.07 1.017 0.008
20 23°C 2h 13.01 0.07 12.64 0.03 1.029 0.006
21 23°C 2h 18.16 0.09 18.25 0.04 0.995 0.006
22 23°C 2h 9.10 0.05 8.99 0.02 1.013 0.006
23 23°C 2h 6.17 0.04 6.22 0.03 0.992 0.009
24 23°C 2h 5.25 0.03 5.789 0.009 0.907 0.005
25 23°C 2h 3.14 0.02 3.339 0.006 0.940 0.006
26 23°C 2h 2.26 0.02 2.369 0.007 0.953 0.007
27 23°C 2h 1.30 0.01 1.348 0.003 0.965 0.008
28 23°C 2h 0.72 0.02 0.766 0.001 0.944 0.03
29 23°C 2h 1.27 0.01 1.330 0.002 0.956 0.01
30 23°C 2h 0.94 0.01 0.909 0.002 1.03 0.02
31 23°C 2h 0.153 0.006 0.099 0.0005 1.55 0.06
32 23°C 2h 0.61 0.02 0.663 0.001 0.92 0.03
33 23°C 2h 0.61 0.02 0.638 0.001 0.95 0.03
34 23°C 2h 0.46 0.02 0.514 0.001 0.90 0.03
35 23°C 2h 0.315 0.01 0.373 0.001 0.84 0.03
total 207.1 1.4 200.2 0.8 1.03 0.10

Gas concentrations in 10-8 cm3STP. 1� errors are given. Error estimation is explained in Section 2.3.5.
Procedure: all steps were etched in acid vapour. Blank portion He: >30% steps 1–6; ~20% step 31,
<10% steps 7-9, 25-35; <1% steps 10-25. Blank portion Ne: >30% steps 1-3, 5; <10% steps 4, 6;
<0.01 the remaining steps.
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C.2 He and Ne in vitreloy106

TABLE C.2. 4He and 20Ne in vitreloy106, released by CSSE (Labcode: VH,16,00; run
name: VH11)

step procedure 4He error 20Ne error 4He/20Ne error
1 -24°C 2.3h 0.001 0.008 0.00030 0.00003 2 27
2 10°C 2h 0.032 0.008 0.00158 0.00005 20 5
3 23°C 2h 1.64 0.03 1.165 0.003 1.41 0.03
4 23°C 2.2h 0.090 0.008 0.0552 0.0002 1.64 0.15
5 23°C 2h 1.01 0.02 0.897 0.003 1.13 0.02
6 23°C 2h 1.34 0.03 1.284 0.004 1.04 0.02
7 23°C 2.3h 1.55 0.03 1.517 0.006 1.02 0.02
8 accu. 5d, 9.5h 0.019 0.008 0.01036 0.00005 1.9 0.8
9 23°C 2.8h 3.57 0.02 3.89 0.01 0.916 0.006
10 23°C 2.8h 3.51 0.02 3.80 0.01 0.922 0.007
11 23°C 2.8h 8.42 0.05 9.14 0.03 0.921 0.006
12 23°C 2h 3.61 0.03 3.68 0.01 0.980 0.008
13 23°C 3h 3.53 0.03 3.59 0.01 0.982 0.008
14 23°C 3h 9.53 0.06 11.14 0.03 0.855 0.006
15 23°C 2.3h 5.95 0.04 7.61 0.02 0.783 0.006
16 23°C 3h 1.25 0.02 1.475 0.004 0.85 0.01
17 23°C 3h 9.81 0.06 12.77 0.04 0.769 0.005
18 23°C 3h 6.87 0.04 7.46 0.02 0.921 0.006
19 23°C 3h 13.34 0.08 15.53 0.04 0.859 0.005
20 23°C 3h 9.96 0.06 10.61 0.03 0.938 0.006
21 23°C 3h 6.59 0.04 6.46 0.02 1.020 0.007
22 23°C 3.8h 21.39 1 22.20 1 0.964 1

23 23°C 4h 25.27 0.16 27.82 0.14 0.908 0.007
24 23°C 4h 21.31 0.12 24.77 0.11 0.860 0.006
25 23°C 4h 17.69 0.10 23.49 0.10 0.753 0.005
26 23°C 5h 15.38 0.09 32.19 0.14 0.478 0.003
27 23°C 5.5h 3.63 0.03 12.62 0.03 0.288 0.002
28 23°C 6.5h 0.89 0.02 6.38 0.02 0.140 0.003
29 23°C 14.5h 0.178 0.009 2.763 0.007 0.065 0.003
total 197.4 1.2 254.3 0.8 0.86 0.06

Gas concentrations in 10-8 cm3STP. Procedure: all steps were etched in acid vapour, except step 8
(accumulation of sample gas without etching). 1 He, Ne data for step 22 are calculated. Only the first
20Ne measure point is available. From the 4He/20Ne ratio interpolated between step 21 and step 23 the
amount of 4He was calculated. Blank portion He: >20% steps 1, 2, 4, 8, 29; <5% steps 3, 5-7, 16, 28;
�1% the remaining steps. Blank portion Ne: ~16% step 1 and 4% step 2; �0.01 the remaining steps.
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