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Abstract

The isotope abundance of cosmogenic K, especially the ratios of cosmogenic “°K/*'K, can be used to determine reliable cosmic-ray
exposure (CRE) ages for iron meteorites. Despite this potential, there are only very few studies and essentially no new data since the
pioneering work by H. Voshage more than 40 years ago. This shortfall is likely due to the immense analytical difficulties encountered
when extracting cosmogenic K from iron meteorites with typical concentrations in the range of a few ppb or below. Chemical extraction
procedures are very challenging, resulting in large blank contributions that must be subtracted, and do have low yields preventing an
efficient separation of K from the Fe matrix. The K extracted from iron meteorites is dominated by native K (non-cosmogenic K from
the sample), includes K from terrestrial contamination, and only a tiny amount is of cosmogenic origin. In order to separate K from iron
meteorites a physical extraction technique was developed that involves extraction of K from molten iron meteorites. In this set-up, ter-
restrial and native K can be partly separated from cosmogenic K by sophisticated pre-heating and extraction techniques. Sample K is
ion-optically collected on a rhenium filament. The filaments are then used as evaporation filaments in a double filament set-up of a Triton
Plus Thermal-Ionization Mass Spectrometer (TIMS). Though, cosmogenic K is detectable in all samples, the measured isotope ratios are
always close to terrestrial, indicating that the majority of the measured *K and *'K is from K with almost terrestrial isotope compo-
sition. The measured “°K signal is dominantly of cosmogenic origin. The K background is either native K from the sample or terrestrial
contamination. The measurements are compromised by unstable signals, i.e., by large fluctuations of the ion currents and/or large vari-
ations in the isotope ratios during the course of a single run, sometimes even with fractionation reversals. Such difficulties are likely due
to the fact that the K ions are implanted into the filament rather than deposited onto the surface. In addition, parts of the filaments are
covered with condensed iron, also affecting the signal stability. Despite these analytical challenges, clear cosmogenic signals were detected
in almost all studied iron meteorites and cosmogenic “°K/*'K ratios could be determined. However, the data quality is not yet sufficient
for precise K isotope studies and for calculating reliable “°K/*'K CRE ages for iron meteorites.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The “°K-K dating system for cosmic-ray exposure

(CRE) ages is based on the fact that the concentrations

of the two stable cosmogenic, i.e., produced by cosmic-
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of 1.248 x 10° years (Kossert and Giinther, 2004), increases
exponentially. For very long exposure times (not reached in
meteorites), 40K reaches saturation, i.e., radioactive decay
and production become equal and the concentration of
cosmogenic “’K becomes time-independent. Due to this
exponential increase, the “°K concentration always
increases slower than the *K and *'K concentrations,
which permits determining CRE ages. CRE ages derived
with the “K-K system are important data for a variety
of applications, ranging from astrophysics to climatology.
For example, whether the fluence of galactic cosmic rays
(GCR) inside but also outside the solar system was con-
stant over long time periods is one of the most important
questions in planetary sciences and astrophysics. A con-
stant GCR flux is usually implied for the interpretation
of CRE age histograms, which are powerful tools when
studying the collisional history of small solar system bodies
like asteroids, meteoroids, and micrometeoroids.

In a series of papers Shaviv (2002, 2003) and Scherer
et al. (2006) argued that cosmogenic nuclides in iron mete-
orites provide evidence for periodic variations of the GCR
fluxes, caused by the periodic passage of the solar system
through galactic spiral arms. In spiral arms, star formation
and supernova rates are higher, leading to an increased
GCR flux. The presumed periodicity of the GCR flux has
also been linked to the occurrence of ice age epochs on
Earth via more extensive global cloud coverage during
times of higher GCR intensity (Shaviv, 2003; Shaviv and
Veizer, 2003). Although some studies were supportive
(e.g., Wallmann, 2004; Gies & Helsel, 2005), many subse-
quent investigations have questioned the original hypothe-
sis (e.g., Sloan and Wolfendale, 2013) and/or re-interpreted
the iron meteorite data and either found no indications for
a periodicity (Rahmstorf et al., 2004; Jahnke, 2005; Wieler
et al., 2013) or indications for a periodicity but with a dif-
ferent period (Alexeev, 2016). In summary, Wieler et al.
(2013) concluded that the known exposure ages for iron
meteorite are too uncertain to detect GCR flux variations
smaller than a factor of about two.

In addition to periodic GCR intensity variations there
are also indications for a one-time and sudden increase in
the GCR intensity with a higher flux in the past several
Ma, relative to the long-term average over the past 500-
1000 Ma (e.g., Hampel and Schaeffer, 1979; Aylmer
et al., 1988; Lavielle et al., 1999; Wieler et al., 2013). In
all these studies, the CRE ages calculated via 19Be-2INe,
26A1-'Ne, and/or °Cl-*°Ar were compared to “°K-K
CRE ages determined earlier by H. Voshage (e.g.,
Voshage and Hintenberger, 1959,1961; Voshage,
1967,1978,1984; Voshage and Feldmann, 1979; Voshage
et al., 1983). As an example, Smith et al. (2019) measured
3Cl-*°Ar CRE ages for 57 iron meteorites, 43 of them
being from the largest group IIIAB, and found no indica-
tions for periodic GCR variations. In the same study, the
authors also tested the database for indications of a one-
time sudden change in GCR intensity by comparing
3C1-*°Ar CRE ages to “°K-K CRE ages measured earlier
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by H. Voshage (e.g., Voshage, 1984). The data indicate that
the GCR intensity in the time interval 95-656 Ma (Ma:
Mega-annum, time before present) might have been up to
40 % lower than the GCR intensity over the last few Ma
(Smith et al., 2019). Since such a large change seems unre-
alistic, the authors concluded that there is likely a system-
atic bias between the *Cl-**Ar and *’K-K dating systems.
However, this conclusion is not very robust, because the
comparison between **Cl-*°Ar and “°K-K ages is based
only on 11 meteorites due to the lack of “°K-K ages, which
clearly demonstrates the need to determine more “°K-K
CRE ages.

While “’K-K ages are commonly used for such studies,
they are not without problems. The production of cosmo-
genic *°K, “°K, and *'K in iron meteorites is poorly studied
and depends on radius and shielding of the body. It is also
possible, but has never been tested, that the 394041 pro-
duction rates and production rate ratios depend on the
Fe/Ni ratio of the meteorite. Production rates are needed
for CRE age studies, but because they are not known,
the original studies used relationships between *K/*'K
and *He/*'Ne ratios (e.g., Voshage, 1967; Voshage and
Feldmann, 1979; Voshage, 1978,1984; Voshage et al.,
1983). However, Ammon et al. (2008a) argued that this
relationship is most likely compromised by too high and
variable cosmogenic *'Ne concentrations caused by contri-
butions from the abundant trace elements S and P. Such
likely variable contributions are not accounted for in the
empirical relationship. Consequently, the relationship used
in the original studies on which all “°K-K ages and there-
fore all further studied are based, is most likely not as reli-
able as it needs to be for precise CRE age determinations.

Furthermore, the existing “°K-K database covers only
meteorites analyzed before 1984 (e.g., Voshage, 1984),
i.e., there are no new data for 40 years although the mete-
orite collections grew significantly since then. Finally, the
database only covers meteorites with CRE ages older than
100 Ma, which was the lower limit for obtaining precise
ages (e.g., Voshage, 1967; Voshage and Feldmann, 1979;
Voshage, 1978,1984; Voshage et al., 1983). Consequently,
there is an urgent need to re-evaluate the existing “’K-K
ages, to reduce their uncertainties, and especially to obtain
new data.

Despite the importance and potential of “°K-K ages,
there was only little effort to re-establish the K extraction
system and to extend and improve the database. The major
challenge in any study of cosmogenic K is the low concen-
tration, which is at a level of 10 g/g. This small amount
must be separated from the overwhelming amounts of
native K, which commonly is at a level of 10 g/g in iron
meteorites, i.e., three orders of magnitude higher than the
cosmogenic K concentration. Native K either resides along
grain boundaries, in troilite inclusions, or simply stems
from terrestrial contamination.

Wet-chemical extraction techniques cannot easily distin-
guish between native K, contamination, and cosmogenic K
and therefore suffer from a high background of non-
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cosmogenic K. Despite the problems, there were some rel-
atively successful K isotope studies using chemical extrac-
tion. Imamura et al. (1980) studied the spallogenic
production of K, Ca, Ti, V, and Mn in iron meteorites.
They were able to determine cosmogenic “°’K concentra-
tions in 12 samples from the iron meteorite Grant and in
6 samples from the iron meteorite Treysa with an accuracy
in the range of 2-4 %. However, they had to conclude that
the cosmogenic 40K /YK ratios are too uncertain for the
determination of CRE ages. For example, the multiple
measurements of the meteorite Grant showed a total K
concentration in the range of 100-470 ppb, of which
only ~ 1 ppb was of cosmogenic origin. Later Birck and
co-authors studied the iron meteorites Grant and Carbo
(e.g., Birck and Allegre, 1983,1985). However, their focus
was on the production systematics of Li, Mg, K, Ca, Ti,
V, and Cr and not on the determination of CRE ages.
More recently, Shankar (2011) tried with limited success
measuring K isotope ratios in iron meteorites with the
aim of re-calculating CRE ages. For this study, K was
chemically extracted from seven iron meteorites (Brown-
field, Charlotte, Carbo, Grant, Picacho, Signal Mountain,
Treysa) and the K isotope ratios were measured in two
of them (Brownfield, Picacho). The age of 378 Ma (no
uncertainties are given in this study) for Brownfield agrees
with the age of 355 &+ 70 Ma given by Voshage and
Feldmann (1979). Smith et al. (2019) used the *°Cl->°Ar
dating system and determined a CRE age of
243 + 18 Ma for this meteorite. For the iron meteorite
Picacho, Shankar (2011) determined a CRE age of
190 Ma (without an uncertainty), which is substantially
shorter than the CRE age of 635 £+ 55 Ma given by
Voshage and Feldmann (1979). The age of 432 + 32 Ma
obtained by Smith et al. (2019) is in-between the two, but
is closer to the age determined by Voshage and
Feldmann (1979). The problems and challenges in the
study by Shankar (2011) were the high blanks in some anal-
yses and the poor reproducibility of yields after the chem-
ical extraction procedure. The advantage of the wet
chemical extractions is that all K components (cosmogenic,
native, contamination) are extracted together and the sam-
ple can be loaded evenly on a filament allowing for stable
signals and high precision isotope ratio measurements. In
addition, a *°K spike can be added to estimate the amount
of terrestrial contamination and/or native K (Imamura
et al., 1980).

The physical extraction system, which was pioneered by
Voshage and Hintenberger (1959, 1961) and Voshage
(1967), is superior for separating small amounts of cosmo-
genic K from the overwhelming amount of native K,
because it enables a preheating step at a temperature
slightly lower than the melting temperature of iron mete-
orites, in which K from the surface but also from grain
boundaries is evaporated, while cosmogenic K still remains
in the sample. Upon further heating, K from the sample is
trapped/implanted into a filament that is later measured
using thermal ionization mass spectrometry. The disadvan-
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tage is that only a small amount of the K is collected on the
filament and this is often partly covered with condensed
iron. This makes the sample difficult to measure, as neither
the signals nor the fractionation of the isotope ratios are
constant for such a sample. Consequently, data processing
must be very sophisticated.

In summary, the major challenge measuring cosmogenic
K isotopes in iron meteorites are the extremely low concen-
trations. For example, Imamura et al. (1980) reported for
the iron meteorites Grant and Carbo cosmogenic *°K con-
centrations of 0.30-0.36 ppb and 0.39-0.43 ppb, respec-
tively. Similarly low concentrations were found by
Shankar (2011) for Brownfield (0.96 ppb) and Picacho
(0.52 ppb). At the same time, concentrations of native K
and of K from terrestrial contamination in iron meteorites
are often significantly higher than the cosmogenic K con-
centrations (e.g., Voshage and Hintenberger, 1959), requir-
ing an efficient and highly selective extraction method.

The present study presents the basics of the physical
extraction system recently developed and constructed at
the University of Bern with the goal to establish a method
to reliably and reproducibly extract K from iron mete-
orites, to efficiently separate cosmogenic K from native
and terrestrial K, to determine the cosmogenic *“°’K/*'K iso-
tope ratios, and finally to calculate CRE ages (see also
Khan, 2022). In addition, it highlights some of the prob-
lems and specialties of the TIMS measurements owing to
the fact that the sample is implanted into the filament
rather than deposited on its surface.

2. Experimental methods — Potassium extraction
2.1. Basics of the physical extraction procedure

The physical extraction technique for K from iron mete-
orites is based on the principles of fractional evaporation.
Potassium is more volatile than Fe; the evaporation tem-
perature for K is 760 °C and the melting temperature for
Fe is 1535 °C. Therefore, K can evaporate from an iron
melt. In addition, K has a low first ionization potential
of only 4.34 eV and a low electronegativity of 0.82 on the
dimensionless Pauli scale. Since the electronegativity of
Fe is much higher (1.83), the electron from the K can be
part of the electron cloud of the Fe metal, leaving the K
ionized. By applying a sufficiently high electric field, the
positive K ions can be extracted, collected, and concen-
trated onto filaments and/or samples holders using ion-
optical procedures. The basic set-up of our extraction sys-
tem is related to the instrument originally developed by H.
Voshage (e.g., Voshage and Hintenberger, 1959,1961;
Voshage, 1967,1978,1984).

There are (at least) three important aspects that must be
evaluated before reliable data can be produced. First, are
there any significant fractionation effects during the entire
sample extraction procedure? Second, are there any signif-
icant effects caused by implantation of K into the filament
instead of it being deposited on the filament surface? Third,
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how much Fe is condensing onto the filament, which likely
controls the signal intensity and stability during TIMS
measurements? Mass fractionation is discussed below, ion
implantation and Fe evaporation/condensation is dis-
cussed in Appendix | and 2, respectively.

The basic set-up of the K extraction system is shown in
Fig. 1 and a more detailed engineering drawing is shown in
Fig. 2. It is a high vacuum system consisting of an upper
(inner) and a lower (outer) part, separated by the crucible.
The lower part contains the RF coil used for heating the
crucible, which both are inside the lower vacuum part to
protect the outer part of the crucible from oxidation and
damage during heating. An RF generator (Linn High
Therm®, Germany) is used for heating with its coils inside
the vacuum chamber. The construction requires feed-
throughs able to withstand the high frequencies and cur-
rents needed for RF heating, but at the same time permit
the necessary water cooling of the coil. In the designed
RF-set-up, all RF-connections are kept below 400 °C,
i.e., below the upper temperature limit for feedthroughs
and gaskets. In order to increase the heating efficiency
and to minimize heating damage inside the system, an
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assemblage of tantalum foils serves as a heat shield. In this
set-up, the crucible can be heated up to ~ 1800 °C and the
outside of the vacuum system never exceeds ~ 150 °C, a
temperature far lower than the critical temperature for
the copper gaskets and the feedthroughs. Some details of
the extraction procedure are given in Appendix 3. During
the project, the system underwent some significant changes,
which are summarized in Appendix 4.

2.2. Mass-dependent isotope fractionation and mixing of K
isotopes

The extraction procedure for K from the metal matrix
involves fractional evaporation followed by ion-optical
extraction, and subsequent collection on or in a rhenium
filament. Due to the strong electric field applied between
sample and filament, large mass-dependent fractionation
effects due to incomplete K collection are not expected.
Assuming the exponential fractionation law, which is com-
monly used in mass spectrometry (Dauphas and Schauble,
2016), the fractionated ratio is related to the “true” unfrac-
tionated ratio via:

Fig. 1. View of the K extraction system constructed and installed at the University of Bern. The dimensions are: total height

length = 1340 mm, and total width = 650 mm.

1500

= 1380 mm, total
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Fig. 2. Engineering drawing of the K extraction system. The upper part comprises the inner part of the crucible, the aperture above the crucible, and the
filament. The lower parts consist of the RF heating coil and the heat shields. The RF coil and the flange holding the crucible are both water cooled. The

vacuum in the two parts of the extraction system is separated by the crucible.
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with i either 40 or 41, depending on the ratio, m; the atomic
masses and f§ a free parameter. In “normal” isotope stud-
ies, f is determined by measuring standards with known
isotope ratios and comparing the measured ratios to the
true ratios (also using equation 1). Unfortunately, having
appropriate standards is almost impossible for the present
study (see below). By using the terrestrial ratios as the
“true” values and varying f§, the mass dependent fraction-
ation (mdjf) line can be calculated. In a diagram *°K/*’K as
a function of *'K/*°K, the mdf line has a slope 8.3 x 10
(Fig. 3). In addition to the terrestrial ratio (open dot)
and the madf-line, Fig. 3 also shows estimates for cosmo-
genic K (Voshage, 1967) and the mixing line between native
and cosmogenic K. The numbers shown along the mixing
line stand for the ratios of native K relative to cosmogenic
K (using the total number of K atoms). Considering the
absolute ratios, there is a clear distinction between the
mdf-line and the cosmogenic ratios, which allows distin-
guishing whether the measured data indicate fractionated
terrestrial ratios or contributions from cosmogenic K.

(1)

3. Experimental methods — TIMS measurements
3.1. Interpretation of the TIMS data

Due to the sometimes large variations of the individual
ion currents during a TIMS measurement for some of the

1501

— v - —————
0 -
10 E .- E
E ~" cosmogenic K
(Voshage 1967)
™03
-1 Ratio _
0 - Maz20 . A E
E B errestrial/cosmogenic,
- (terrestrial/ )
.™7.56
h'd &
2 , 203
E 102 | 330 E
M60.1
w199
3 L : 4
107 ¢ w502 3
| mdfline
10% £ terresfrial K | 4
10" 10°

41 K/39K

Fig. 3. Fractionation and mixing pattern of the K isotope composition
expected in iron meteorites. Native K from the sample and terrestrial
contamination is expected to have terrestrial isotope composition. The
mass-dependent fractionation line is plotted through the terrestrial isotope
composition. The mdf line can be moved upwards or downwards
depending on the initial K isotope composition. The slope ~ 8.3 x 10,
however, remains unchanged. Also shown is the expected composition of
cosmogenic K (Voshage, 1967) and the mixing line between cosmogenic
and native K. The numbers along the mixing line give the ratio of native K
relative to cosmogenic K (in total number or atoms).

samples, the data handling procedure had to be adjusted.
In a regular TIMS set-up, the isotope ratios are calculated
by averaging individual ratios obtained from individual
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measurement cycles. For a sample, the final *'K/*’K ratio
is then given as the average of the *'K/*°K ratios obtained
from hundreds to thousands of individual measurement
cycles. In this study a method very similar to the “total
evaporation method” was used instead. All individual
readings for the individual K isotopes, i.e., voltages for
¥K and 'K and counts for “°K, were added up and the
YK /¥K and “°K/*’K ratios were calculated from the inte-
grated signals. With this procedure, ratios measured at low
ion intensity have less weight than ratios measured at high
ion intensity. Thus calculated ratios are much more repre-
sentative for the entire sample. As a disadvantage of this
procedure, calculating uncertainties is no longer straight-
forward. For the normal total evaporation method, one
usually determines the precision of the method by repeat-
edly measuring the total evaporation of a set of N aliquots.
From such N repeated measurements, the standard devia-
tion can then be calculated. For references see, e.g.,
Ogliore et al. (2011) and Coath et al. (2013). In this initiat-
ing phase, however, which aims to demonstrate the proce-
dure, no such systematic study was performed.

The K isotope ratios for the samples are expected to be a
mixture between terrestrial K (*°K/*°K = 0.000125116 and
YK/K = 0.0721677, e.g., Naumenko et al., 2013) and
cosmogenic K with isotope ratios in the range
YK/PK = 0969 — 1.038 and *K/*’K = 0.85 — 0.88
(Voshage, 1967). Because of this mixture, measured K iso-
tope ratios cannot be corrected for instrumental mass frac-
tionation. First, the data cannot be internally normalized
because neither “°K/*’K nor *'K/*’K are normal and can
be used as a reference. Second, the standard-sample brack-
eting method cannot be applied because our standards are
not a good match for the sample (loaded onto the filament
vs. implanted into the filament). In addition, to our knowl-
edge, there exist no metal standard with a known, homoge-
neous (on a gram level), and low (in the range of 100 ppb)
K concentration. The uncorrected data are presented in a
diagram *°K/*°K vs. *'K/*’K (e.g., Fig. 3). In such a dia-
gram, terrestrial K, i.e., standards and terrestrial contami-
nation, but also native K from the sample, plot to the lower
left and cosmogenic K to the upper right. Fig. 3 also shows
the line for mass-dependent fractionation (mdf-line). Mass-
dependent fractionation on the filament during analysis
leads to the detection of initially light isotope ratios (low
YK /K and *'K/*K) that gradually grow heavier (high
VKK and “'K/*K) as the measurement progresses
and the sample amount on the filament decreases. The iso-
tope ratios detected throughout a measurement move
approximately along the modelled mdf-line. In contrast,
cosmogenic contributions move the ratios towards higher
values but not along the mdf-line. As discussed in Appen-
dix 2; the implantation process is not expected to signifi-
cantly fractionate K isotopes, because the implantation
depths for all three isotopes are very similar. Even though
the sample data are not corrected for mass fractionation,
mass fractionation factors are nevertheless discussed for
the standards measured in combination with the samples
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to demonstrate a low and relatively constant fractionation,
which demonstrates the reliability of the TIMS set-up.

In the first step of data treatment, all cycles with read-
ings close to the baseline, i.e., below 1 mV for one of the
K isotopes (usually the least-abundant “°K if measured
on a Faraday Cup), were considered unreliable and not
considered further. For some samples and for all stan-
dards, the ion currents were relatively constant and a nor-
mal data handling procedure based on averaging individual
ratios was used. However, before calculating average ratios
an outlier test was performed. First, the 1st and 3rd quar-
tiles and the interquartile range iqr = 3rd quartile — Ist
quartile were calculated. Next, the upper boundary and
the lower boundary were calculated via upper = 3rd quar-
tile + (1.5 x iqr) and lower boundary via lower = 1st quar-
tile — (1.5 x iqr). All data above or below the upper and
lower boundary, respectively, were rejected. For most runs
there were very few rejections. The average ratios were then
calculated from the remaining data. The thus calculated
averages and their 2c uncertainties are given in Table 1
for the standards and Tables 4 and 5 for the samples. Data
calculated this way for the samples are labelled “normal
averages”.

In addition, all data, i.e., all individual ratios obtained
from hundreds to thousands of measurement cycles, are
shown in *K/*°K vs. *'K/*’K diagrams. This enables the
use of the same data but interpreting them in slightly differ-
ent ways. Some of the data plot on a linear array connect-
ing the terrestrial ratio with cosmogenic K. In such a case,
the slope of the correlation line, if forced through the data

Table 1
YK/¥K and Y'K/¥K ratios measured for terrestrial standards with
100 ng, 50 ng, 25 ng, 5 ng, and 1 ng of K on the filament.

ORPK 11079 KK 1077

K amount on filament (ng)

100 1.24011 =+ 0.00597 7.20483 £ 0.00844
100 1.23674 £ 0.00544 7.19462 £ 0.00267
100 1.23838 £ 0.00485 7.20484 + 0.00820
100 1.24015 £ 0.00496 7.20255 + 0.00381

Average 100 ng
50

50

50

50

Average 50 ng

25

25

25

Average 25 ng
5

5

5

5

Average 5 ng
1

1

1

1

Average 1 ng

1.23883 * 0.00262
1.23980 £ 0.00449
1.24032 =+ 0.00456
1.24113 £ 0.00377
1.24024 + 0.01270
1.24050 * 0.00240

1.24059 =+ 0.00453
1.24269 =+ 0.00498
1.24154 * 0.00335
1.23654 £ 0.00875
1.24233 £ 0.03257
1.23846 + 0.00656
1.23837 £+ 0.01081
1.23795 £ 0.00407

7.19816 * 0.00205
7.20311 £ 0.00234
7.20420 + 0.00805
7.19759 £ 0.00863
7.20457 £ 0.00788
7.20296 + 0.00210

7.20791 £ 0.00477
7.21667 £ 0.00601
7.20411 £ 0.01140
7.21060 * 0.00355
7.22433 £ 0.01631
7.23422 + 0.12687
7.22706 £ 0.01839
7.22867 £ 0.01646
7.22669 * 0.00097
7.20211 £ 0.17338
7.22289 + 0.00208
7.07337 £ 0.45933
7.15833 £ 0.52779
7.22288 + 0.00208
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for the standards, gives the (**K/*'K).,s ratio of the sam-
ple, which is the data relevant for calculating CRE ages.

There is a third way of interpreting some of the data.
Since the K isotope ratios are close to terrestrial values
and *K is the major isotope (93.2 % isotope abundance),
it can be assumed that essentially all *’K is either native
or from contamination and only a negligible amount is cos-
mogenic. With this assumption and based on the measured
3K signals, the expected signals for terrestrial “°K and *'K
(native + contamination) can be calculated. This calcula-
tion was done for each individual measurement cycle.
For this step of the calculation, the *'K/*’K and “°K/*’K
ratios resulting from the standards measured directly
before the sample measurement are used to represent the
isotope ratio of the contaminant. The thus calculated ter-
restrial signals were then subtracted from the measured sig-
nals and the corrected, i.e., cosmogenic, (**K/*'K). ratios
are plotted against the cycle number or the *°K signal
height. An example of this type of data treatment is dis-
cussed in Fig. 6b.

3.2. TIMS measurements

The filaments implanted with K and slightly covered
with Fe were loaded directly into the sample wheel of the
Thermo Fisher® Trition Plus TIMS spectrometer without
any addition of an activator. The instrument is the same
as the one used by Naumenko et al. (2013) to precisely
determine the terrestrial K isotope composition. Terrestrial
potassium has *'K/*’K = 0.0721677 and “°K/*K = 0.00
0125116(57), i.e., *’K is by far the most abundant isotope,
followed by *'K, and the low-abundance isotope “°K. In
contrast, cosmogenic K has *'K/*K and *“’K/*’K ratios
in the range 0.969 — 1.038 and 0.85 — 0.88, respectively.
The measurements were performed using a double filament
set-up applying ~ 430 mA to the evaporation filament with
the implanted K (start value) and ~ 860 mA to the ioniza-
tion filament. Potassium-39, *°K, and *'K were measured
on Faraday Cups L2, C, and H2, respectively. At the
beginning of the project “°K was measured in Faraday
cup C, which worked well for standards with more than
1 ng K on the filament. For smaller K amounts and for
most of the samples, however, this set-up gave inutile
results. Thus, for subsequent measurements, an ion counter
instead of the central Faraday Cup was used. Possible
interferences from Ca isotopes were controlled by measur-
ing **Ca in Faraday Cup H3. Faraday Cups L2, H2, and
H3 were all connected to 10" Q resistors.

Due to the often limited sample amounts, focusing and
peak centering was performed before the sample measure-
ments using standards. There was, however, a visual
inspection on peak centering and peak shape before the
sample measurement. The instrument is stable enough
and the set-up is reproducible enough that the samples
can be measured in the same configuration as the standard
measured directly before the samples. If sample *°K was
measured using the ion counter, also *’K from the standard
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measured before the sample was measured using the ion
counter. As not to lose any K, the isotope ratio measure-
ments for the samples started already during the heating-
up phase of the filaments after the first signals were
detected.

For standard measurements, typically 500 cycles were
measured with a single cycle integrating the signal for
4.32 s. Thanks to the stability of the signal, the number
of cycles was sufficient for obtaining high precision isotope
ratios. The measurements for the samples lasted for as long
as there was a measurable signal (usually > 1-2 mV on a
Faraday) or after a sufficient number of stable data were
collected. In doing so, up to 3000 consecutive cycles were
measured. The baseline was measured at the end of the
measurement. Typical K and *'K signal strengths for
the samples are in the range of a few V and a few
100 mV, respectively. For some cycles, however, signal
strengths can reach a few tens of V and a few V for *°K
and *'K, respectively.

The abundance sensitivity of the Triton Plus TIMS is
good enough so that no effects from the tailing of the large
¥K signal onto the *“°K signal is measurable (e.g.,
Naumenko et al., 2013; Amelin and Merle, 2021). There-
fore, no corrections are required. Other possible parame-
ters compromising the signal are isobaric interferences,
which are especially problematic for the low abundance
isotope *°K. Interferences, from molecular ions of
unknown nature and especially from *°Ca, can result in
anomalous peak shapes and irregular fractionation pat-
terns. Interferences from “’Ca can be ruled out, because
they are expected to grow with increasing filament temper-
ature due to the lower volatility of Ca compared to K,
which results in significantly higher evaporation currents
than usually applied during K measurements. Conse-
quently, *°Ca interferences would be more pronounced at
the end of the run. However, no such effects were observed
in the measurements. In addition, the **Ca signals were
monitored and were always negligible. In contrast, molec-
ular interferences are expected to be more pronounced at
the beginning of the measurements at low filament cur-
rents. No such effects were observed either. As a conclu-
sion, isobaric interferences can be neglected for the
measurements performed in this study.

3.3. TIMS-measurements — Standards

All standard measurements were performed using the
standard reference material SRM 3141a, which has a K
concentration of 0.16 mol/L in a solution containing
HNO; at a volume fraction of 1 %. The dissolution steps
to prepare 100 ng/pl, 50 ng/ul, 25 ng/ul, 5 ng/ul, 1 ng/ul,
and 0.5 ng/pl standards were all performed using solutions
with a HNO; volume fraction of 1 %. From these (diluted)
K standard solutions, 1 pl was loaded onto a rhenium fila-
ment and dried down. Standard material was not processed
and homogenized with the metal in the crucible and was
not extracted using electric fields. Consequently, standard
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and sample measurements are not directly comparable.
However, since large isotope shifts are expected, minor dif-
ferences caused by the different treatments of standards
and samples can be ignored. As another difference, the
standards were not measured using the total evaporation
method but with a number of cycles that are sufficient to
obtain high precision isotope ratios. Typically, the stan-
dards were measured in 500 cycle set-ups.

To check the procedure for reliability, dilution series
with standards ranging from 100 ng to 1 ng K on the fila-
ment were performed. The results are compiled in Table 1.
The measurements for the 100 ng, 50 ng, 25 ng, 5 ng, and
1 ng standards were performed using Faraday detectors for
all three K isotopes. The *°K measurements for the 1 ng
standards are too close to the baseline, rendering them
unreliable. The reproducibility’s, given by the 2oc-
standard deviation of the weighted mean, for the *'K/*°K
ratios are 0.028 %, 0.029 %, 0.052 %, 0.013 %, and
0.029 % for the 100 ng, 50 ng, 25 ng, 5 ng, and 1 ng stan-
dards, respectively. The reproducibility’s for “°K/*K are
0.22 % (100 ng), 0.19 % (50 ng), 0.27 % (25 ng), and
0.04 % (5 ng).

Fig. 4 depicts the readings for “°K (in V, Fig. 4a) and
the “*K/*K (Fig. 4b) and *'K/*K (Fig. 4c) ratios for a
measurement using 100 ng K on the filament. The stan-
dard was measured using the central cup as a Faraday
detector. The readings for “°K are relatively stable, the
2c standard deviation considering all measurements
is ~ 11 % (for ~ 11 pg *°K on the filament). The individ-
ual “*K/*K and *'K/**K ratios together with their aver-
ages (solid line), and the 2o standard deviations (grey
area) are shown in panels b and c, respectively. The scat-
ter for “°K/*°K is too large to discern a trend. For
4IK/¥K, however, there might be a slight trend of
decreasing ratios with advance of the measurement. This
trend is opposite to what is expected for mdf effects. A
trend dominated by mdf effects produces light isotope
ratios at the beginning of the measurement that grow
heavier throughout the measurement, i.e., opposite to
what is seen in Fig. 4. The overall pattern could be
described as reverse fractionation due to potential reser-
voir effects, e.g., a new, thus far unfractionated K reser-
voir, is activated, contributes to the measurement, and
therefore produces slope reversals.

There is a slight trend that the *'K/*’K ratios become
heavier with decreasing amount of standard material
loaded onto the filament. The average *'K/*°K ratios for
the 100 ng, 50 ng, 25 ng, 5 ng, and 1 ng standard measure-
ments are (in 107%): 7.19816(205), 7.20296(788), 7.21060
(355), 7.22669(97), and 7.22288(208), respectively. The
values in the brackets give the 2c standard deviation rela-
tive to the last relevant digits. The 4K /3K ratios become
heavier by ~ 0.35 % from 100 ng to 1 ng. There are two
possible explanations for this finding. First, an instrumen-
tal mdf that changes slightly with sample amount. For the
100 ng standards, the instrumental mdf is —0.13 %/amu.
Essentially the same fractionation is calculated for the
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Fig. 4. *°K readings (in V, upper panel), “°K/*K ratios (middle panel),
and Y'K/*K ratios (lower panel) for a K standard measurement using
100 ng K. The ratios have not been corrected for instrumental mass
fractionation. The average values and their 20 standard deviations are
shown by the solid black lines and the grey areas, respectively.

50 ng standards (—0.09 %/amu). For the 25 ng standards
the fractionation is reduced to —0.04 %/amu. The situation
is slightly reversed for the 5 ng standard measurements.
The instrumental mdf is + 0.07 %/amu and for the 1 ng
standard, the instrumental mdf is + 0.04 %/amu. No such
trend is visible for the “°K/*’K ratios, the (average) isotope
ratios for the 100 ng, 50 ng, 25 ng, and 5 ng standards are
(in 10™) 1.23883(262), 1.24050(240), 1.24269(498), and
1.23795(407), respectively. The 1 ng measurement cannot
be used for this discussion, because “°K was measured on
a Faraday detector, resulting in signals indistinguishable
from the baseline. The grand average *“’K/*’K ratio
considering all standard measurements from 100 ng to
5ng (in 10™) is 1.23985(146) corresponding to mass frac-
tionation factor of —0.9 %/amu.

Since the standards were measured with a similar num-
ber of cycles (see above), the larger K amount of the 100 ng
standard is at the end of the measurement much less
exhausted than the much smaller amount of the 1 ng stan-
dard. Consequently, a 100 ng standard running for much
longer and reaching a similar level of exhaustion than the
1 ng standard might at the end produce a very similar frac-
tionation pattern.
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To summarize, the averaged *'K/*’K ratios become
slightly heavier with smaller K amounts on the filament.
This finding could indicate that there is a slight dependence
of the instrumental mdf on the sample amount. Fractiona-
tion reversals have also been observed by Amelin and
Merle (2021). These authors attribute the effect either to
reservoir mixing between variably fractionated domains
in the sample load or to emission of natural K from the
filament material. The latter can be excluded for this study
because measurements of empty filaments gave very low
signals (see below). Another possible explanation are minor
contributions from unknown interferences. Since there is
no measurable effect on the *°K/*K ratios, the hypotheti-
cal interference would be on *'K. In the present study,
however, the effect is small, i.e., in the range of a few %,
and therefore not relevant for the study of K isotopes in
iron meteorites. For example, the (weighted) average
4K /*K ratio considering all standards is 0.0721896 + 0.
0000504. The 2o standard deviation is 0.06 %. This effect
is negligible because the cosmogenic K isotope ratios are
vastly different from terrestrial ratios (see also Fig. 3).
Important is the finding that K isotope ratios can be mea-
sured reproducibly and reliably even with small sample
amounts.

3.4. TIMS-measurements — Blanks

Each measurement campaign comprised a blank mea-
surement, i.e., a filament that was processed like a sample
extraction but without any sample in the crucible. In addi-
tion, after sample extraction, there is the re-extraction, i.e.,
the filament loaded with the sample K is replaced by a new
filament, the already processed sample is heated again, and
the voltage between the sample and the filament is again set
to 4 kV. For some samples, the re-extractions gave K sig-
nals above the blank levels, but most of the re-extractions
are consistent with blanks. However, quantifying the blank
was not possible because no spikes were used for the TIMS
measurements as not to contaminate and compromise the
spectrometer and adding and equilibrating spike is almost
impossible considering the way the K is extracted from
the sample.

The data is not evaluated in the standard way via iso-
tope ratios corrected for blanks and instrumental mass
fractionation. Instead, the data is evaluated in a mixing
diagram, plotting *°K/*’K as a function of *'K/*°K. In
such a plot, the slope of the (correlated) data gives the
40K /MK ratio, which is the ratio used for CRE studies.
For this approach to be reliable, it is essential that there
are not more than two different K components on the fila-
ment. Very likely there is one component with terrestrial
(or very close to terrestrial) K isotope composition. This
component can be remaining terrestrial contamination
and/or native K from the sample. The latter might be K
from troilite inclusions. Such K is expected to have terres-
trial or close to terrestrial isotope composition because
volatile elements are not expected to show large nucleosyn-
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thetic anomalies. While the sample preparation procedure
is designed to minimize contamination, native K from
within the sample cannot be avoided.

The amount of blank in the analyses is low. First, the
*¥K blank signals for the various sessions performed in this
study range from 0 to 3 x 10° A, with an average of
(8 + 10) x 107'° A. In comparison, the 1 ng standard mea-
surement gave a >°K signal of up to 1 x 10® A. Second,
much higher currents were needed for the evaporation
and the ionization filaments of the blank measurements
than for the sample and standard measurements. There is
essentially no blank signal from the evaporation filament
at a typical heating current of ~ 430 mA; during blank
measurements the signal started at filament currents higher
than ~ 500 mA. Third, the isotope ratios for the blanks are
consistent with terrestrial values. These findings give confi-
dence that the entire blank of the extraction system includ-
ing the TIMS measurements is low and that the isotope
ratios are close to terrestrial.

4. First K isotope data

Eight measurements of the four different meteorite sam-
ples (including one mixture) were performed using different
settings and/or different versions of the extraction system.
During the project, the extraction system evolved from ver-
sion 1 to version 4, always with the goal to extract enough
cosmogenic K for reliable TIMS measurements. Table 2
gives a compilation showing which sample has been mea-
sured with which specific setting. As we were focusing for
most of the project on having enough K on the filament
for isotope ratio measurements, sometimes K collection
started too early resulting in the collection of too large
amounts of native K, i.e., the separation of cosmogenic
from native K was not sufficient. Table 3 gives a short sum-
mary of the studied iron meteorites, the total recovered
masses, CRE ages, and the shielding indicators “He/*'Ne.

4.1. Meteorite measurements — First results for Casas
Grandes

The measurement campaign started with the IIIAB iron
meteorite Casas Grandes, found 1867 in Mexico. The
recovered mass of 1.55 ton indicates that this meteorite
was most likely a large object in space, thus the amount
of cosmogenic K is expected to be low in such a large
object. The measurement campaign consisted of two stan-
dard measurements (100 ng K), the sample filament, the fil-
ament collecting the re-extraction, and a blank. In the early
phase of the study, PK, K, and *'K were all measured on
Faraday detectors, which rendered the *°K measurements
difficult and uncertain. The results are summarized in
Table 4.

Blanks were low and hardly produced any measurable
signal. In addition, the “*K/*K and *'K/*°K ratios of the
blanks, though within large uncertainties, are close to ter-
restrial ratios. The results for the two standard measure-
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Table 2
Versions and set-ups used for sample extractions.
Version Crucible & Inlet Distance Heating current Samples
(Specials) Filament —Sample (cm) (A)
Version 1 Tantalum & Graphite 8 195 Casas Grandes, first
Casas Grandes, multiple
Grant
Nantan — 1
Version 2 Molybdenum & Graphite 6 245 Nantan — 2
Meteorite mixture
Version 3 Molybdenum & BN 8 245 Kayakent
Version 4 Molybdenum & BN 8 245 Casas Grandes
(Dome)

The two samples Nantan — 1 and Nantan — 2 are not discussed because the data are unreliable likely due to the large pre-atmospheric size of Nantan and

its short CRE age (Weber et al., 1986).

Table 3

Total known mass, CRE ages, and “He/?'Ne ratios for the studied iron meteorites.

Sample Total known mass [t] CRE age [Myrs] “Hel*'Ne
Casas Grandes 1.55 437 £ 109 569
Grant 0.525 642 £+ 56 297 - 347
Nantan 9.5 68 + 50 596
Kayakent 0.085 52+3 233
Davis Mountains 0.689 415 + 29 277
Kenton County 0.194 652 £+ 99 394
Sandtown 0.00935 465 + 33 229

The CRE ages and “He/*'Ne ratios are from Smith et al. (2019), except for the “He/?'Ne ratio for Grant, which is from Lavielle et al. (1999) and the CRE

age and the “He/*'Ne ratio for Nantan, which is from Weber et al. (1986).

ments agree; though only because the uncertainty of the
YOK/¥K ratio for the second standard (Std-2) is large
(Table 4). The uncertainty-weighted averages for the two
standard measurements are *°K/*K = (1.282 + 0.097) x
10* and *'K/**K = (7.261 + 0.022) x 1072 The instrumen-
tal mass fractionation for *'K/¥K is ~ 2.5 %/amu and
~ 0.3 %/amu for “K/*K.

Fig. 5 depicts the meteorite data in a *°K/*K vs.
4K /K diagram. There is a clear trend in the data, starting
with “*K/*°K and *'K/*K ratios similar to or only slightly
higher than the terrestrial standards before they increase
almost linearly and reach final values significantly higher
than the standards. This trend is clearly distinct from the
mdjf-line. The normal average “°K/*°K and *'K/*K ratios
are (1.314 + 1.052) x 10 and (7.455 + 0.224) x 1072,
respectively. Using the integrated signals, the “°K/*K
and *'K/¥K ratios are 1.221 x 107 and 7.446 x 1072,
respectively, i.e., within the uncertainties identical to the
normal averages. The individual data for Casas Grandes
define a linear array connecting the terrestrial ratio with
cosmogenic K. By determining a linear correlation and
forcing the line through the weighted average for the two
standard measurements, the calculated slope correspond-
ing to the “°K/*'K ratio is 0.571 £ 0.003 (R = 0.967, shown
by the dotted line in Fig. 5). The slope of this correlation
line is shallower than the slope of the calculated mixing line
(slope ~ 0.9, solid line). This discrepancy might indicate
that in addition to mixing, the data are also fractionated
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(fractionation favoring light isotopes results in a shallower
slope). Another explanation could be that the cosmogenic
endmember composition is not as assumed, when calculat-
ing the mixing line (at least not for Casas Grandes).
Accordingly, the *°K/*'K ratio of 0.571 + 0.003 (not cor-
rected for fractionation) determined in the present study
is significantly lower than the expected range of 0.85 —
0.88 suggested by Voshage (1967).
The apparently low cosmogenic “°’K/*'K ratio of 0.571
£ 0.003 is confirmed by another way of data treatment.
Since all measured ratios are close to terrestrial, a simple
two-component mixing calculation assuming all *°K to be
terrestrial, can also be used to calculate cosmogenic
R /4K ratios. Performing this mixing calculation for each
individual measurement cycle gives time dependent
40K /*'K ratios with values as high as ~ 2 at the beginning
of the measurement. After ~ 600 cycles, a long and stable
plateau with constant (**K/*'K)eos = 0.573 £ 0.010 forms
up to cycle number 1100 (shown by the filled gray circles
in Fig. 5). At the end of the measurement, the (*°K/*'K)cos
ratios drop to lower values. The resulting ratio is in excel-
lent agreement with the value obtained from fitting the data
in the *°K/*°K vs. 'K/*K diagram (Fig. 5).

After sample extraction, a second extraction at a slightly
higher temperature was performed to check if all sample K
had been extracted in the first heating step (Casas Grandes
Re, Table 4). The integrated signal of the re-extraction was
much larger than the integrated blank signal; however, it
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Table 4

K isotope ratios for Casas Grandes and Grant.

Sample T D 0K K
Casas Grandes — First

Std-1 (7.303 + 0.049) x 107 (1.280 + 0.097) x 10*

Std-2 (7.245 £ 0.031) x 10 (1.819 + 1.814) x 10*

Average Standard (7.261 % 0.022) x 10> (1.282 % 0.097) x 10

Casas Grandes, normal average (7.455 + 0.224) x 107 (1.314 + 1.052) x 107

Casa Grandes, integrated signal 7.446 x 10 1.221 x 107

Slope via linear fit 0.571 £ 0.003
Assuming all *°K is terrestrial 0.573 £ 0.010
Casas Grandes — Re (7.370 £ 0.335) x 10 (5.3 +20.6) x 10™

Casas Grandes, Summary 7.446 x 107 1.221 x 107 0.571 % 0.003
Casas Grandes — Multiple

Std-1 (100 ng) (7.162 £ 0.086) x 107 (1.246 £ 0.004) x 10™

Std-2 (100 ng) (7.178 £ 0.058) x 107 (1.251 + 0.005) x 10*

Average Standard (7.173 % 0.048) x 107 (1.248 * 0.003) x 10

Casas Grandes, normal average (7.268 + 0.060) x 107 (4.015 + 0.398) x 10*

Casas Grandes, integrated signal 7.258 x 1072 4.085 x 10 0.332
Assuming all *°K is terrestrial 0.36 +£ 0.14
Casas Grandes 1.Re, normal average (7.129 £ 0.130) x 1072 (7.988 + 0.117) x 10 n.d.

Casas Grandes 1.Re, integrated signal 7.248 x 10 5.056 x 10™ 0.504

Casas Grandes 2.Re, normal average (7.259 £+ 0.122) x 1072 (1.606 + 0.624) x 10 0.041

Casas Grandes 2.Re, integrated signal 7.266 x 102 1.594 x 107 0.037

Casas Grandes, Summary 7.248 x 107 5.056 x 10 0.504

Grant

Std-1 (100 ng) (7.174 £ 0.009) x 1072 (1.249 + 0.005) x 10

Std-2 (100 ng) (7.158 + 0.021) x 107 (1.246 + 0.004) x 10*

Std-3 (100 ng) (7.151 £ 0.018) x 107 (1.244 + 0.006) x 10™

Average Standard (7.168 + 0.008) x 107 (1.247 £ 0.003) x 10*

Grant-1, normal average (7.229 £+ 0.018) x 1072 (1.876 + 0.067) x 10 0.103 + 0.046
Grant-1, integrated signal 7.246 x 10 1.893 x 107 0.083
Assuming all *K is terrestrial 0.098 + 0.048
Grant-1 (first readings) (7.256 + 0.004) x 1072 (2.056 + 0.034) x 10* 0.092 + 0.014
Grant-1, Summary (7.255 £ 0.039) x 102 (2.016 % 0.042) x 10 0.093 £ 0.013
Grant-2, normal average (7.293 + 0.118) x 107 (1.820 + 0.040) x 10 0.046 + 0.046
Grant-2, integrated signal 7.288 x 1072 1.828 x 107 0.048
Assuming all *K is terrestrial 0.030 + 0.006
Grant-2 (first readings) (7.273 £ 0.074) x 1072 (1.948 + 0.188) x 10 0.067 + 0.055
Grant-2, Summary (7.279 % 0.062) x 1072 (1.826  0.038) x 10 0.031 £ 0.006

Dilution Series

Std-1 (0.5 ng)

Std-2 (1.0 ng)

Std-3 (1.0 ng)

Std-4 (1.0 ng)

Std-5 (1.0 ng)

Std-6 (Stock) (“°K on Faraday)
Std-7 (Stock)

Std-8 (Stock)

Average Standard

(7.203 * 0.001) x 107

(7.208 + 0.475) x 1072 (1.523 £+ 0.221) x 10™
(7.290 + 0.544) x 1072 (1.439 + 0.250) x 10™
(7.192 + 0.098) x 1072 (1.506 + 0.097) x 10
(7.201 + 0.207) x 107 (1.542 4+ 0.134) x 10*
(7.204 + 0.030) x 1072 (1.546 + 0.036) x 10
(7.202 &+ 0.002) x 107 (1.248 + 0.007) x 10*
(7.200 + 0.002) x 1072 (1.389 + 0.070) x 10*
(7.203 + 0.001) x 107 (1.486 + 0.037) x 10*

(1.248 * 0.007) x 10

was only ~ 5 % of the total integrated sample signal. The
isotope ratios indicate that K from the re-extraction was
a mixture of terrestrial and cosmogenic K.

To summarize, the *°K/*K and *'K/*’K ratios for
Casas Grandes are close to terrestrial K, cosmogenic K is
detectable, but is difficult to quantify. For “°K, the cosmo-
genic contribution is in the range 70-80 %, but for *'K
more than 95 % of the signal is terrestrial. It was therefore
decided to analyze another Casas Grandes sample after
changing the extraction procedure to evaluate whether all
cosmogenic K had been extracted.
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4.2. Meteorite measurements — Multiple K extractions for
Casas Grandes

The measurement campaign consists of two standards
(100 ng), a blank, the analysis of a Casas Grandes sample,
and two re-extractions to check for complete K extraction.
During the two re-extraction steps the temperature was
periodically cycled up and down by 10 A (~50 °C) to stir
the material from the lower part of the crucible to the
upper part to enhance K extraction. The results are given
in Table 4. The two standards agree to within ~ 0.3 %
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Fig. 5. “°K/*K as a function of *'K/**K for the (first) Casas Grandes
measurement campaign. The solid line is the calculated mixing line
between terrestrial and cosmogenic K. The dashed line is the correlation
(forced through the average ratio for the standards (gray filled circle)
calculated from the individual ratios (open symbols). The slope of this
correlation line corresponds to the “°K/*'K = 0.571 & 0.003 (R = 0.967).
Also shown is the mass-dependent fractionation line (mdf). The cycles
from 600 to 1100 are shown by filled gray circles.

and ~ 0.4 % for "K/*’K and “°K/*K, respectively, and the
fractionation is —0.25 %/amu for *°K/*’K and —0.30 %/
amu for “'K/*°K.

The results for the first extraction from Casas Grandes
are “K/¥K = (4.015 £ 0.398) x 10* and *'K/*K = (7.2
68 + 0.060) x 10 (normal averages) or “’K/*K = 4.085
x 10 and *'K/?K = 7.258 x 107 (integrated signal),
i.e., they are both higher than the standard by ~ 3¢ and
by more than a factor of ~ 3. Since the ratios also deviate
from the mdf-line, the data shows a clear cosmogenic sig-
nal. The (*K/*'K).os ratio is 0.332, calculated using the
correlation between the ratios for the standards and the
integrated signals. Assuming all *’K to be terrestrial and
correcting “°K and *'K accordingly results in (**K/*'K)os
ratios varying between ~ 0.5 at the very beginning and very
end of the measurement and ~ 0.2 at the middle of the
measurement. The grand average using all ratios is
0.36 £ 0.14. For the last ~ 80 cycles at the very end of
the measurement, there is a small plateau of almost con-
stant (‘“’K/‘”K)COS ratios, with an average of 0.62 + 0.01.

After sample extraction, a second extraction was per-
formed (Casas Grandes — 1.Re in Table 4). The *'K/*’K
and “°K/*K ratios of 7.248 x 10 and 5.056 x 10" (inte-
grated signals) are ~ 3c and a factor of 4, respectively,
higher than the terrestrial ratios. The (‘“’K/‘“K)COS ratio
of this second extraction is 0.505, i.e., even slightly higher
than the ratio of the sample extraction, but consistent with
the first sample. The integrated *’K signal of the first re-
extraction was ~ 30 % of the integrated signal of the first
sample extraction, i.e., there was still some cosmogenic
and native K in the sample after the first extraction. Con-
sidering the (**K/*'K).s ratios, the cosmogenic contribu-
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tion was even slightly higher, while the total amount of
K in the second extraction was lower than in the first sam-
ple extraction.

A second re-extraction (Casas Grandes 2nd-Re) was
performed, which gave *'K/*K and “°K/*K ratios indis-
tinguishable from the standard within 2o uncertainties.
The data therefore indicate that the extraction was not
complete after the first heating step, but that after the sec-
ond heating step, i.e., after the first re-extraction, most of
the K had been extracted. The finding that the amount of
cosmogenic K relative to native K is higher in the re-
extraction step than in the first sample extraction agrees
with the study of Voshage and Hintenberger (1959), who
argued that heating the sample for ~ 30 min at a tempera-
ture slightly below the melting point significantly reduces K
contamination without affecting the amount of cosmogenic
K.

Assuming that the highest (“‘)I(/“IK)COS ratio best reflects
the true cosmogenic ratio, the “°K/*'K ratio of 0.505
obtained in the first re-extraction step agrees well with
the data obtained for the first Casas Grandes sample (0.5
71 + 0.003, 0.573 4+ 0.010).

To summarize, the results for the second Casas Grandes
measurements are in good agreement with the data for the
first Casas Grandes samples, confirming the reproducibility
of the extraction and data handling procedure. The data
also indicate that in the first extraction step the ratio of
native/cosmogenic K was higher than the second extraction
step.

4.3. Meteorite measurements — Grant

Two aliquots of the IIIAB iron meteorite Grant were
studied. Following the results from the second extraction
experiment on Casas Grandes, the extraction was performed
using periodic heating of the sample. The results are given in
Table 4 and are shown in Fig. 6. In addition to the sample
measurements, also three K standards (100 ng) were mea-
sured to determine instrumental mass fractionation. The
data for all three standards agree within uncertainties. The
weighted average *'K/*’K and *°K/*°K ratios are (7.168 +
0.008) x 10 and (1.247 + 0.003) x 10™, respectively, which
corresponds to a mass-dependent fractionation of about
—0.35 %/amu.

Fig. 6a depicts “*K/*K as a function of *'K/*K, the
average ratios for the standards, the individual data for
the two Grant samples, the ratios for the integrated signals,
and the mdf-line. All *°K/*K and most of the *'K/*’K
ratios for Grant-1 and Grant-2 deviate from the terrestrial
values, showing a clear cosmogenic signal. In contrast to
Casas Grandes, however, there is no linear trend of the
individual *°K/*K and “'K/*°K ratios for either of the
two Grant samples. Calculating the ratios using integrated
signals results in *°K/*’K = 1.893 x 10™ for Grant-1 and
YK/PK = and 1.828 x 10 for Grant-2. For *'K/*K
the integrated ratios are 7.246 x 107 for Grant-1 and
7.288 x 102 Grant-2, (shown by the gray squares in
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Fig. 6a). Calculating the *°K/*'K ratios from the integrated
signals gives low values of 0.083 for Grant-1 and 0.048 for
Grant-2.

Assuming all measured *’K to be either native or from
terrestrial contamination and calculating individual
(*K/*'K).os ratios for each measurement cycle gives the
results shown in Fig. 6b. The (**K/*'K)., ratios for
Grant-2 start at a value of ~ 0.05, increasing up to ~ 0.25
before slowly declining and reaching a very short plateau
at the end of the measurement. The (‘“’K/‘”K)COS value of
the plateau, which is from cycles 200 to 230 is 0.030 +
0.006. For sample Grant-1 there is no clear trend, the
(*K/MK)eos ratios vary widely between 0.04
and ~ 0.15, the average value is 0.0978 + 0.049. The
(40K/41K)COS ratios calculated this way for Grant-1 and
Grant-2 are almost indistinguishable from the
values obtained using integrated signals. However, the
(**K/*'K)cos ratios determined in this way are significantly
lower than the ratio of 0.85 — 0.88 proposed by Voshage
(1967).

For some of the Grant-1 and especially for most of the
Grant-2 data shown in Fig. 6a, there is a linear trend almost
parallel to the mdf-line, indicating mass dependent fraction-
ation. If we assume that the start of the measurement pro-
duces the least fractionated signal, which might not strictly
be true as the early phase of a measurement often produces
slightly lighter isotope ratios, *'K/*°K and *°K/*K ratios
can also be calculated using only the first, e.g., 10-100 read-
ings. For the Grant data, this assumption is supported by
the observation that the first readings show no trend, scatter
around a given value, and are therefore indeed less affected
by fractionation. The results for Grant-1 and Grant-2 are:
YOK K = (2.056 + 0.034) x 10 and *'"K/*°K = (7.256 +
0.004) x 10 and “°K/*’K = (1.948 + 0.188) x 10 and
UK/PK = (7.273 + 0.074) x 1072, respectively. The resulting
*K/*'K ratios for Grant-1 are 0.092 & 0.014 and 0.067 +
0.055 for Grant-2. The values agree within the uncertainties
with the ratios obtained before.

~

4.4. Meteorite measurements — A mixture of Davis
Mountain, Kenton County, and Sandtown

For each extraction procedure, 5-6 g of sample material
is needed, which, after leaching, leaves about 3-4 g for melt-
ing and K extraction. This large amount of sample material
limits the choices of meteorites to study. The results so far
were not fully satisfying because essentially all measured
ratios were (too) close to terrestrial. Since it was not clear
whether this was due to the choice of the studied meteorite
(large objects) or a limitation of the extraction procedure, it
was decided to mix three meteorites into one sample with
the goal to extract enough cosmogenic K. The goal of this
extraction was to study and improve technical aspects of
the procedure. The K isotope ratio for a meteorite mixture
cannot be used to determine meaningful CRE ages. The
three meteorites are Davis Mountains (IIIAB), Kenton
County (ITITAB), and Sandtown (IITAB). All three mete-
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Fig. 6. “°K/*K as a function of *'K/*K for the two Grant samples. For
explanation see Fig. 5. The gray squares are the ratios calculated from
integrated signals (panel a). “°K/*'K as a function of measurement cycle
for the two Grant samples (panel b). The “°K/*'K has been calculated by
assuming all measured K is from terrestrial contamination. For sample
Grant-2 after ~ 400 cycles a relatively constant “°K/*'K ratio of
0.04157 £ 0.00325 (lo standard deviation) is reached. The dashed line
gives the terrestrial ratio (as measured for the standards). Grant-1 has
been measured for more than 100 cycles, but the last readings were all
below 1 mV and were therefore rejected.

orites have been studied before for their terrestrial ages
and their CRE ages (Smith et al., 2019). The CRE ages
are 415 4+ 29 Ma, 652 + 99 Ma, and 465 &+ 33 Ma for Davis
Mountains, Kenton County, and Sandtown, respectively,
indicating high amounts of cosmogenic nuclides. The
results are compiled in Table 5. The campaign was accom-
panied by a dilution series using standards with 0.5 ng to
100 ng of K on the filament. For this dilution series we also
used the ion counter for “°K measurements. In contrast to
the earlier stages of the study, there is no dependence of
the ' K/*’K or “°K/*°K ratios on the amount of K on the
filament (Table 5). The weighted averages are *'K/¥K =
(7.202 + 0.001) x 102 and *°K/*K = (1.503 + 0.023)
x 10" (using only ion counter measurements for “°K). In
contrast to the dilution series performed earlier (see above),
the standards in this campaign were all measured till
exhaustion. Therefore, the effect that exhaustion has on
fractionation is similar for all standards and disappears
when integral signals are considered.
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Table 5

K isotope ratios for the meteorite mixture, Kayakent, and Casa Grandes.

Sample KK KK KK
Mixture

Std-1 (100 ng) (7.169 + 0.001) x 107 (1.265 + 0.010) x 10™

Std-2 (100 ng) (7.163 £ 0.012) x 102 (1.284 + 0.010) x 10™

Std-3 (100 ng) (7.145 + 0.002) x 1072 (1.245 4+ 0.013) x 10™

Average Standard (7.164 £ 0.001) x 107 (1.269 £ 0.009) x 10*

Mixture-1, normal average (7.188 + 0.220) x 1072 (2.467 + 0.214) x 10*

Mixture, integrated signal 7.206 x 102 2.935 x 10™ 0.286
Mixture, Summary 7.206 x 1072 2.935 x 10™ 0.286
Kayakent

Std-1 (0.5 ng) (7.439 + 0.164) x 102 (1.248 + 0.064) x 10™

Std-2 (1 ng) (7.174 £ 0.160) x 102 (1.126 + 0.082) x 10™

Std-3 (100 ng) (*°K Faraday) (7.159 + 0.001) x 1072 (1.245 + 0.006) x 10

Std-4 (100 ng) (7.162 + 0.002) x 102 (1.256 + 0.008) x 10™

Average Standard (7.160 * 0.001) x 1072 (1.249 * 0.005) x 10

Kayakent, normal average (7.253 £ 0.047) x 102 (4.149 £ 0.301) x 10™ 0.312
Kayakent, integrated signal 7.254 x 10 4.146 x 10 0.440
Assuming all *K is terrestrial 0.28 + 0.06
Kayakent, Summary 7.254 % 107> 4.146 x 10™* 0.344
Casas Grandes

Std (100 ng) (7.168 + 0.002) x 1072 (1.247 £ 0.005) x 10™

Std (100 ng) (7.164 £ 0.001) x 102 (1.265 £ 0.007) x 10™

Average Standard (7.165 % 0.001) x 1072 (1.254 * 0.006) x 10

Casas Grandes-1, normal average (7.277 + 0.091) x 102 (6.961 + 0.149) x 10*

Casas Grandes-1, integrated signal 7.398 x 102 3.929 x 10 0.115
Casas Grandes-2, normal average (7.261 + 0.115) x 1072 (1.889 + 2.291) x 10*

Casas Grandes-2, integrated signal 7.372 x 10 3.491 x 10 0.108
Casa Grandes, Summary 7.385 x 1072 3.710 x 10 0.112

The measurements of the standards give a mass-
dependent fractionation of —0.4 %/amu for “°K/*’K and
—0.5 %/amu for *'K/*’K. The sample measurements were
not very stable and drifted significantly, which compro-
mises data interpretation. For the first ~ 1500 measure-
ment cycles, the “’K/*’K and *'K/*°K ratios move
parallel to the mdf-line, indicating mass-dependent frac-
tionation during the measurement. At the very end of the
measurement, i.e., after about 1800 cycles, the UK /K
ratio becomes lighter and the 40K /39K ratio becomes heav-
ier, the latter even reaching values as high as one shortly
before the sample was exhausted. Such behavior cannot
be due to a reservoir effect. However, interferences can be
ruled out as there was no detectable signal on mass 42,
i.e., from **Ca. Due to the large fractionation effects, inte-
grated signals are more reliable than normal averages. The
integrated ratios are *'K/*K = 7.206 x 102 and
YK /K =2.935 x 10 (Table 5). Again, the values, espe-
cially the “°K/*’K ratio, are significantly higher than the
ratios for the standard. The “°K/*'K ratio calculated by
using the linear correlation between sample and the stan-
dard gives *°K/*'K = 0.286.

4.5. Meteorite measurements — Kayakent

The earlier measurements were compromised by the
ill-behaving graphite liner, which was not only difficult to

clean but very often broke either during extraction and/or
cleaning. To solve the problem, the inner graphite crucible
was replaced by a BN liner (version 3, see Appendix 4). Note
that Voshage in his original work (e.g., Voshage and
Hintenberger, 1959) used a graphite liner because he
expected that graphite is almost free of terrestrial K and that
the graphite reduces the melting temperature of iron. After
changing the inner crucible, Kayakent (IIIAB) was pro-
cessed. In addition to the meteorite measurements, this batch
also comprised an instrumental blank to check whether the
BN crucible is as clean as the graphite liner.

By comparing the instrumental blank, which was
obtained by performing the entire extraction procedure,
but without processing a sample, with the measurements
of an empty filament, the blank of the BN liner is slightly
higher than that of the graphite liner. For example, while
the K blank signal for the graphite liner was ~ 3 x 107"
A, the blank signal for the BN liner was ~ 4 x 102 A. How-
ever, the slightly higher blank is easily compensated for by
the much better handling. In addition, it can be expected that
the blank will decrease over time because the BN liner can be
used multiple times. No cross contamination is expected
from the small Fe amount remaining in the BN liner after
cleaning because this Fe was already molten or even in a
gas phase and all K has already been released.

In addition to sample and blank extractions, four stan-
dards were measured, one with 0.5 ng, one with 1 ng, and
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two with 100 ng K on the filament. The results for the
100 ng standards are very reproducible; the deviations for
HK/PK and *K/*K ratios are smaller than ~ 0.05 %
and ~ 0.9 %, respectively. The deviations for the 1 ng
and the 0.5 ng standards are slightly larger, but considering
the uncertainties, the agreement is fair. Combining all four
standard measurements to a weighted mean gives 2 stan-
dard deviations of 0.4 % for *“°K/*K and 0.01 % for
“TK/*°K. The (average) ratios correspond to mass depen-
dent fractionation factors of —0.2 %/amu and —0.4 %/
amu for *°K/*°K and *'K/*°K, respectively. All data are
summarized in Table 5 and are shown in Fig. 7. The indi-
vidual sample ratios for the ~ 5000 measurement cycles,
shown by the open dots, scatter around the average (solid
gray circle), which is *K/*K = 4.146 x 10" and
MK /PK =17.254 x 10 Both ratios are significantly higher
than the standard by ~ 200c and more than a factor of 3.
For the first ~ 3500 measurement cycles, there is no trend
in the data. At the end of the measurement, after ~ 3500
cycles, the ratios move parallel to the mdf-line towards
heavier ratios. Assuming that the least-fractionated data
at the beginning of the measurement represent the real iso-
topic ratios best (see also comments above), changes only
slightly the results; the new ratios are “°K/*K = 4.081 x 1
0% and *'K/*K = 7.243 x 10, Calculating the (fully inte-
grated) (**K/*'K).os ratio gives a value of 0.440. Again, no
uncertainties can be calculated for ratios obtained from
integrated signals. The individual ratios all plot close to
the mixing line and the integrated ratios plot almost on
the mixing line, indicating the reliability of the data.

T
Kayakent
41 _
O
‘N o
o
~ o
% 5l |
X o
(2]
<
3 :::mixing line
2+ _
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Fig. 7. *°K/**K as a function of *'K/*’K for the Kayakent sample. The
average ratio for the standards are shown by the solid grey square. The
uncertainties are smaller than the symbol size. The individual readings for
the mixed meteorite samples are shown by the open circles and the average
ratios (calculated from the integrated signals) are shown by the solid gray
circle. Also shown is the mdf fractionation line, the ratio for (unfraction-
ated) terrestrial K, and the mixing line between terrestrial and cosmogenic
K.
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To summarize, a clear cosmogenic signal was detected
for Kayakent despite its very low CRE age of only
53 4+ 3 Ma (Smith et al., 2019). This gives some confidence
in the principal capabilities of the extraction system.

4.6. Meteorite measurements — Casas Grandes (Final)

As the currently latest improvement a (half) spherical
cover was added over the filament crucible assembly, which
should help the electrical field lines to reach further into the
crucible and therefore helps to extract more K from the
sample (version 4). Two Casas Grandes samples (IIIAB)
were measured in this latest experimental set-up. The
results are compiled in Table 5. In addition to the two
meteorite samples, the campaign also comprised two stan-
dard measurements, each using 100 ng K. The repro-
ducibility is fair, the *'K/*’K and *°K/*K ratios agree
within 0.005 % and 1.4 %, respectively. The weighted aver-
age ratios for *'K/*K are (7.165 & 0.001) x 10 (26 ~ 0.
01 %) and (1.254 + 0.001) x 102 (26 ~ 0.37 %) for
YK /K. The mass dependent fractionation is slightly
inconsistent, it is 0.24 %/amu for “°K/*°K, and —0.36 %/
amu for *'K/*K. The reproducibility for the two Casas
Grandes samples is good; the two *'K/*’K ratios agree
within 0.5 % and the %K/ K ratios agree
within ~ 12 %. The “°K/*'K ratios for the two samples
are 0.108 and 0.115, demonstrating good reproducibility.
All ratios were calculated using integrated signals.

While the data for the two Casas Grandes are repro-
ducible, they differ from the results obtained for the first
Casas Grandes samples measured at the beginning of the
project. For example, the (**K/*'K)., ratio measured early
in the project are ~ 0.5, i.e., significantly higher than the
new ratio of ~ 0.10. It might be possible that at least part
of this discrepancy is due to sample-sample heterogeneity
between the different Casas Grandes chips from our
collection.

~

5. Conclusions and outlook

The first results of this exploratory study to obtain pre-
cise and accurate “°K-K CRE ages for iron meteorites are
very promising. However, there are still some points that
must be addressed and improved before reliable and highly
precise *°K-K CRE ages can be determined.

First, the standard measurements with K amounts
between 0.5 ng and 100 ng on the filament are reliable
and reproducible. The total weighted averages are
VKK = (1.245 + 0.002) x 10* (N = 33) and
HK/PK = (7.181 £ 0.003) x 10 (N = 44). This corre-
sponds to a reproducible mass-dependent fractionation
of —0.43 %/amu for *K/**K and —0.25 %/amu for
AR /K

Second, the blanks are low. Blank extractions resulted in
filaments with almost no detectable K. In addition, the
very low K signals were obtained only at much higher
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evaporation filament currents than used for sample and
standard measurements.

Third, it was possible to obtain cosmogenic K isotope
signals for almost all iron meteorite samples. However,
the measured K isotope ratios are always very close to
terrestrial values. Even in the most cosmogenic sample,
essentially all *K is terrestrial and only ~ 5 % of the *'K
signal and more than 70 % of the “’K signal was cosmo-
genic. Considering that there was always sufficient K on
the filament, i.c., there was enough K for ~ 1000 (and
sometimes even up to ~ 5000) individual readings, it
can be concluded that K extraction from the sample
and implantation into the filament is efficient. A clear
cosmogenic K signal could even be detected for the iron
meteorite Kayakent, which has a low CRE age of only
53 4+ 3 Ma (Smith et al., 2019).

Fourth, the limiting factor is rather the large amount of
remaining native K than inefficient extraction of cosmo-
genic K. While the concentrations of native K in iron
meteorites are in the range of 40 — 1000 ppb, cosmogenic
K concentrations are as low as 1 ppb. Consequently, a
typical K isotope measurement in iron meteorites must
give ratios close to terrestrial (assuming that native K
in iron meteorites has a ratio close to terrestrial) with
slight deviations towards cosmogenic values, depending
on the exposure ages and the concentration of native K
(e.g., Buchwald, 1977; Imamura et al., 1980; Shankar,
2011).

Fifth, increasing the amount of cosmogenic K relative to
native K is not possible using wet chemical extraction
techniques, but should be possible using the physical
extraction system presented here. For example,
Voshage and Hintenberger (1959, 1961) argued that
pre-heating the sample at a temperature slightly below
the melting point significantly reduces K contamination
and releases native K from grain boundaries without
affecting cosmogenic K. While a pre-heating step was
performed, it was not close enough to the melting point
and/or not long enough. This pre-heating can easily be
improved as it is now clear the K extraction is efficient.
Sixth, the currently limiting factor for the K-isotope
measurements in iron meteorites is therefore not the
extraction system, it is the unstable signal during the
TIMS measurements. To improve on this, a more rigor-
ous total evaporation approach (TE-TIMS) will be used
in the follow-up study. In addition, there is a need to
better understand the evaporation pattern of the
implanted K from the evaporation filament, also with
the aim to optimize the extraction and implantation
voltage. Connected to this, it would be favorable having
a better matching standard, i.e., iron with a small but
known and homogeneous K concentration. This would
help further optimizing the entire extraction procedure
and would solve the problem of non-matching
standards.

Seventh, it might be possible that Multi-Collector-Induc
tively-Coupled Plasma (MC-ICP) instruments equipped
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with a collision cell, that allows removal of Ar, are better
instruments in terms of interference-free K measure-
ments (e.g., Télouk et al., 2022). However, for such a
set-up, K from the rhenium filament needs to be dis-
solved, which might add unwanted blank contributions.
Eighth, with the current data set the favored way to cal-
culate cosmogenic “°K/*'K ratios is by assuming all **K
to be terrestrial and performing two-component mixing
calculations. For some samples (but not for all) plotting
the thus calculated (40K/‘“K)COS ratios as a function of
cycle number gives a plateau with constant or almost
constant ratios. Using the plateau data gives promising
results for some samples. However, this procedure is
not the preferred way of interpreting the data because,
first, it assumes that all *K is native K and/or from con-
tamination. This clearly contradicts the major aim of the
study to detect clear cosmogenic *’K, “°K, and *'K sig-
nals. Second, it assumes that there is a stable fractiona-
tion on the filament, i.e., that the fractionation during
the entire run is constant and the same as for the stan-
dard. An assumption that is not fulfilled for all samples
and all cycles.

To summarize, while there are still some open questions,
this study presents a major step forward studying cosmo-
genic K isotope ratios in iron meteorites with the aim to
re-establish a consistent and reliable database for “°K-K
CRE ages. The currently planned changes and improve-
ments will further enhance the quality of the data.
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Appendix 1. Implantation of K into the rhenium filament

During the extraction procedure, the K ions are electro-
statically accelerated towards the filament and implanted.
With an implantation energy of 4 keV, the SRIM code
(Ziegler et al. 2010) calculates an implantation depth
of ~ 32 x 10" m (=3.2 nm) for a rhenium filament at
an incident angle of 0°. However, the depth distribution
of implanted ions shows a wide range from almost zero (di-
rectly at the surface) to 10 nm. This is also indicated by the
ion straggle of ~ 2 nm and a distribution skewness
of ~ 2 nm. The recoil losses are ~ 23 %. The implantation
depth remains essentially constant for an incident angle up
to 20°. However, the percentage of recoiled ions increases
with higher incident angles. For example, the recoil losses
are ~ 26 % for an incident angle of 20°. Important for
the present study is the finding that the implantation
depths, including straggle, skewness, and recoil, are essen-
tially the same for *K, *°K, and *'K. Consequently, large
fractionation effects during implantation are not expected.

The ionic radius for K* is in the range of 0.133—
0.164 nm, depending on coordination. Consequently, most
K ions are implanted ~ 20 ionic radii deep into the fila-
ment. This implantation depth depends on the energy of
the K ions and the incident angle. In addition, the atomic
radius for rhenium is ~ 0.137 nm, i.e., the implantation
depth also corresponds to 10-20 atomic layers of rhenium.
Consequently, the K ions are implanted deeply into the fil-
ament with a wide depth distribution, which can account
for the difficulties obtaining stable TIMS signals.

Deposition of K in the rhenium filament could reach
saturation by implantation. There are ~ 1.5 x 10'® atoms
in 1 ng of K. If implantation would only be directly at
the surface, saturation would be reached at ~ 10"}
atoms/mm?>. Optical inspection of the filament after sample
extraction indicated an area covered with metal of ca.
2 mm?. Assuming that this optically modified area corre-
sponds to where K was implanted, 1 ng K would almost
but not yet saturate the filament. The saturation limit is
further relaxed because the implantation depth is on
average ~ 3.2 nm (=3.2 x 10°° mm), i.e., far deeper than
only the immediate surface layer. For example, in a volume
of ] mm x 2 mm x 3.2 x 10® mm, ie., ~6 x 10° mm?
there are ~ 4 x 10'* Re atoms, i.e., far more than there
are K atoms in the hypothetical 1 ng sample (p(Re) = 21
4 g/em®, A(Re) = 186 g/mol). Consequently, as long as
the amount of K is only a few ng or less, and as long as
the implantation area on the filament is not too small, sat-
uration is not expected to be a limiting factor. However, for
larger sample amounts and/or narrower focusing, satura-
tion might limit the efficiency of the extraction procedure.

Appendix 2. Evaporation of Fe and condensation onto the
filament

Following the approach for the Knudsen effusion cell
described by Kendler et al. (2019), the amount of evapo-
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rated Fe as a function of temperature and cell dimensions
can be calculated via:

dm P AWM
dt — \/27RT

with P, the vapor pressure of Fe (Pa = kg / (m s%)), 4, the
area of the orifice (mz), and W, the dimensionless Clausius
factor. The molecular mass of iron is M (kg/mol), R is the
general gas constant (J / (mol K)), and T is the temperature
in K. The Clausius factor W,, which characterizes the
dimensions of the orifice, is described by the equation:

oo )

with [, as the diameter of the orifice and d, the length of the
orifice. Equation 1 gives the rate of evaporated iron in kg/s.
The crucible set-up used in the experiments is not designed
as a Knudsen cell, in which the orifice must be small
enough to ensure that the evaporated material undergoes
molecular flow. For a molecular flow to establish, atom-
wall collisions must dominate over atom-atom collisions.
As a first order approximation, the diameter of the orifice
must be kept below 1/10 of the mean free path of the vapor
species. For a pressure in the 10 mbar range and a tem-
perature of ca. 1800 K, the mean free path of the evapo-
rated iron atoms is ~ 0.5 m. This gives an upper limit for
the orifice of ~ 5 cm. In the present set-up the opening
between the crucible and the filament was 1 cm, i.e., small
enough. Consequently, the Fe vapor in the low pressure
and high temperature environment behaves like an ideal
gas, permitting us to use the equation for the Knudsen cell.

For our set-up Ay ~ 0.8 cm?, I, ~ 1 cm, dy ~ 1 mm, the
Clausius factor W, is ~ 0.12. With a temperature
of ~ 1800 K, the mass loss rate of Fe can be calculated
as ~ 6 x 10* g/s. Assuming an extraction time
of ~ 40 min, the total amount of evaporated Feis ~ 1.5 g,
i.e., about half of the sample material evaporates during
the extraction procedure. Such a large amount is unexpected
but is corroborated by the experimental finding that after
sample extraction the weight of the material remaining is
substantially lower than the weight of the original sample.
Assuming further an area of the filament of ~ 0.1 cm?
(1 cm length, 0.1 cm width) and homogeneous condensation
of the evaporated Fe onto all cold surfaces outside the
crucible-aperture assembly, the amount of Fe on the fila-
ment would be ~ 200 mg; which is unrealistically high, Such
a deposit would be visible on the filament. It is therefore safe
to assume that most of the Fe condenses earlier, i.e., on the
upper part of the crucible or inside the aperture. Indeed,
slight iron condensation was observable in the inside of the
aperture. For example, assuming homogeneous condensa-
tion of the Fe onto the upper half of the crucible wall and/
or inside the aperture, which is ~ 20 cm?, results in almost
all Fe condensing in this area, leaving ~ 10 pg of Fe condens-
ing onto the filament, which is a more reasonable amount.
This estimate indicates that there will be some condensation

(1)

(2)
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of Fe onto the filament, likely compromising the ability to
obtain stable TIMS signals.

Appendix 3. Details of the extraction system and the
extraction procedure

The upper part of the system, which must be ultra clean,
comprises the inner part of the metal crucible, the inner cru-
cible, the sample loading system, the filament, and parts of
the ion optics. The metal crucible serves as a vacuum barrier
between the lower and the upper part of the system. Pump-
ing is via a turbomolecular pump in combination with a
three-stage diaphragm pump. Typical pressures are ~ 10®
mbar for a cold system (no heating) and ~ 10" mbar for
a hot system (crucible at ~ 1800 °C). As shown in Fig. 2
in the text, there is an aperture above the crucible with a
stepwise drilled opening that helps guiding the positive ions
onto the filament and at the same time reduces condensation
of other neutral species, including Fe onto the filament. The
filament is located above the aperture and is for a regular
double-filament set-up used for the TIMS Triton Plus spec-
trometer. After making the filaments, they were first
degassed and then stored for at least a week prior to their
use. The distance between the filament and the bottom of
the crucible is ~ 80 mm. The filament can easily be changed
by removing the top flange. In the current version, the fila-
ment can either be heated with a current of ~ 2 A while
at ground potential or it can be set to —4000 V with no cur-
rent flowing (in addition to the degassing after their manu-
facture, see above). The 2 A that can be used for pre-
heating is far more than typical heating and evaporation cur-
rents applied to the filament during TIMS measurements.
During the extraction procedure, the K ions are extracted
from the iron melt using a strong electric field of ~ 500
V/em between the sample and the filament, ie., —4000
V between sample and filament. During extraction, most
other volatile elements remain neutral (e.g., Voshage and
Hintenberger, 1959,1961) and only a very small part of them
reaches the filament; the majority likely condenses onto the
much larger cold surfaces of the surrounding. The vacuum
inside the system is closely monitored and a pressure lower
than 10 mbar is always maintained. Therefore, the vola-
tiles, including the Fe vapor, are either pumped away or they
condense in the colder regions. The outer part of the system
is actively cooled by a ventilation system. The crucible is
placed in a water-cooled flange and separates the vacuum
into upper and lower parts via a gold gasket; all other con-
nections have commercial copper gaskets. After extraction
and sample collection, the filament is used for K isotope
ratio measurements in a TIMS.

Appendix 4. The development of the extraction system

Version 1: In the first version, the metal crucible was made
of tantalum and the liner crucible of graphite. A liner cru-
cible is needed, because at high temperatures, the iron sample
would immediately react with the metal crucible forming an
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alloy, thereby seriously damaging the crucible. Graphite was
chosen for several reasons. First, RF heating is known to
work very efficiently for graphite (e.g., Patidar et al. 2017)
and even though RF heating is dominantly a surface effect,
it could be expected that graphite increases the overall heat-
ing efficiency. Second, a graphite liner is mechanically stable
enough and can therefore serve as a protective layer for the
metal crucible. Third, it is anticipated that graphite can be
produced very cleanly, i.e., essentially free of K, which is
required to reach low blank levels. Fourth, the reaction of
the iron with the graphite reduces the melting point, increas-
ing the efficiency of the heating process.

The project started with a careful and thorough testing
of the system and by determining the RF-current needed
to melt the iron meteorite sample. For the combination
tantalum & graphite ~ 190 A is needed for sample melting,
which corresponds to ~ 1800 °C (measured using an IR
thermometer, not corrected for effects caused by the glass
window). During the heating procedure the temperature
(RF-current) was slowly increased at a rate of ~ 20 A every
5 min until 120 A was reached. After this, the temperature
was increased in steps of ~ 10 A every 5 min until 160 A
was reached. The final temperature (RF-current 195 A)
was approached at a rate of ~ 5 A every 5 min. This heat-
ing procedure permitted a good control of the pressure in
the system and avoided much thermal stress on the compo-
nents. The K extraction was done at 195 A, i.e., slightly
above 1800 °C and lasted for 40 min.

While testing the system, some limitations and drawbacks
were detected. The most serious problem was with the gra-
phite liner. The iron melt stuck to the graphite liner, produc-
ing cracks after just a few heating cycles. Consequently, the
molten iron seeped through the cracks, reacted with the tan-
talum crucible, and corroded it by forming holes. This also
affected the outside of the crucible, with the risk of breaking
the RF-coil. The problem could not be solved by changing to
graphite crucibles from different suppliers. Therefore, parts
of the system were re-designed and changed.

Version 2: In the first re-design, the relatively expensive
custom-made tantalum crucible was replaced by a similarly
reliable molybdenum crucible. Staying with the original
dimensions, there was no change for the graphite liner.
After this modification, the RF-current required for melt-
ing the iron had to be increased from 190 to 245 A. The
change in RF current is expected considering that the mag-
netic permeability and therefore the inductivity of molyb-
denum is ~ 60 % lower than that of tantalum. In the
next step, the distance between the filament and sample
was reduced by increasing the bottom of the molybdenum
crucible by 20 mm. Doing so, a 20 mm molybdenum cylin-
der with a diameter fitting the inside of the molybdenum
crucible was placed at the bottom of the latter. Conse-
quently, the graphite liner had to be shortened accordingly.
This set-up reduced the distance between the filament and
the sample from ~ 80 mm to ~ 60 mm. It was anticipated
that the stronger electric field promotes K extraction. How-
ever, this set-up had a significant drawback as it exacer-
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bated the problem of breaking the graphite crucible,
because much higher RF-currents were necessary for melt-
ing the sample. As a consequence of the higher RF-
currents, there was too much thermal stress for some of
the relevant components and it was therefore necessary to
modify the system and focus on the continuously breaking
graphite liner.

Version 3: In the third version of the extraction system,
the graphite liner was replaced by a BN (boron nitride)
liner, using the original dimensions, i.e., ~80 mm distance
between the filament and the bottom of the crucible. BN,
which has a high thermal conductivity and is therefore
well-suited as a liner material, has been regularly used in
our noble gas extraction system with good results (e.g.,
Ammon et al., 2008a, 2008b, 2011; Smith et al. 2017,
2019; Smith and Leya 2022). The change from graphite
to BN as an liner material significantly improved handling
and maintaining the system. First, BN is physically stable;
it does not stick to the outer molybdenum crucible and can
therefore easily be removed for cleaning. Second, the BN
liner is easy to clean. The molten and re-crystallized sample
can easily be poured out, leaving an almost (despite some
minor iron condensation) clean (inner) crucible ready for
the next use without any further cleaning step. Conse-
quently, the combination BN liner and molybdenum outer
crucible is robust, can be kept clean, and can be used for
multiple samples and/or heating cycles. This enables low
blanks, which is essential for this project. No adjustment
of the extraction temperature was necessary when using
the BN inner crucible. Consequently, the anticipated
advantage of increasing the RF-heating efficiency by using
a graphite crucible was not fulfilled.

/
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In retrospect, this is not surprising considering the so-
called Skin-effect, which describes the very efficient damp-
ing of high frequency currents. Therefore, most of the
high-frequency currents are close to the surface. As a
numerical example, the penetration depth of RF-currents
in the crucible, J..cne, can be calculated via (e.g.,
Patidar et al. 2017):

P crucible
5crucible = A/ [m]
n:uOlucruciblef

with p.cinie the resistivity of the crucible (Q m), which is
for molybdenum p,,cipe = 53 nQ m. The magnetic perme-
ability of free space is py = 4n X 10"H/m, and Werucible 18
the relative magnetic permeability of molybdenum. For
this estimate [..,.ine = 1. The frequency of the coil current
is given by f'(Hz). With a frequency of 300 kHz, which is
well within the frequency range of 150-400 kHz of the
RF-generator, the penetration depth is less than 1 mm.
This is less than the thickness of the wall and the bottom
of the crucible. Therefore, the turbulent electric currents,
which are responsible for heating, do not reach the inner
part of the molybdenum crucible and they are therefore
also not reaching the inner crucible, neither for graphite
nor for BN. In addition, also the expectation that graphite
promotes sample melting by reducing the melting point,
did not materialize.

Version 4. Despite the improvements and changes made
from version 1 to version 3, the overall performance of the
extraction line was still not satisfactory. Extracting enough
cosmogenic K from the sample and collecting it on (or in) a
filament was still a challenge. All K isotope ratios measured
by TIMS were close to the ratios for the terrestrial stan-

(1)
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Fig. A4. Engineering drawing of the updated K extraction system (Version 4). The same as Fig. 2, but with the newly installed dome on top of the filament
crucible assembly. The dome is expected to increase the efficiency of K extraction from the sample and collection into the filament. For typical dimensions

see Fig. 2.
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dard thus representing dominantly measurements of either
blank or native K both not sufficiently separated from (the
wanted) cosmogenic K. With the goal to better guide the
electric field into the crucible and thereby promoting
extraction and collection of K, a spherical cover located
above the entire filament-crucible assembly was designed
and constructed.

Figure A4 shows an engineering drawing of the updated
system, i.e., it shows the (half) spherical cover made of
stainless steel placed over the filament. The motivation
for this change was to increase the electric field strength
between the filament and the sample, thereby promoting
K extraction out of the sample.
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