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Summary

The K-Ar geochronometer and its more sophisticated Ar-Ar version are among the
most used methods in geochronology. Recently the EarthTime initiative started the attempt to
calibrate the Geochronological Time Scale with a precision of 0.1% by intercalibrating orbital
tuning, absolute dating and relative dating. This requires the absolute dating to be of a precision
of 0.1%. Such a precision is achievable on modern mass-spectrometers for the measurements
of isotope ratios; however the accuracy of the Ar-Ar dating system strongly depends on the
accuracy of the constants incorporated into the age equation.

Three constants are used for Ar-Ar age calculations: 1) the age of the irradiation flux
monitor; 2) the “°K isotopic abundance and 3) the “°K decay constant and its branching ratio.
The first one has been an object of calibrations during the last two decades; and an age of some
irradiation standards is claimed to be known with a precision of 0.1%. We did not focus on this
problem and just briefly discuss the issue of the age of the Fish Canyon Tuff sanidine
irradiation standard in Chapter 3. Two other constants are the subject of this study.

The natural K isotopic composition has been measured in 1975 with the gravimetrical
method, which yielded a high precision for the “*K/**K value, but an insufficient precision for
the “°K/*K ratio, which is one of the key values for K-Ar and Ar-Ar dating. The isotopic
compositions of two standards NIST SRM 918a and SRM 918b have been measured in the
frame of this study and compared with the bulk Earth isotopic composition. | measured K
isotopic composition on a thermal ionization mass spectrometer (TIMS Triton Plus) with the
application of three different amplifiers, which allowed to acquire a wide dynamic range with
high precision. Three measurement techniques have been applied: total evaporation, block total
evaporation and conventional block measurements. Due to a high instrumental fractionation,
total evaporation measurements did not give consistent results, thus the *°K/**K ratios have
been normalized to the fixed and precise “'K/**K ratio of Garner et al. (1975) [Garner E.L. et al.
1975. J. Res. Natl. Bur. Stand. 79A, 713-725]. The resulting best estimate for the “°K/*K ratio
IS 0.000 125 116 + 57 (20), corresponding to an isotopic abundance
OK/K = (1.1668 + 8) x 10*. This value is identical with previous estimations, but the
uncertainty is five times better, which brings the uncertainty of “°K isotopic abundance from
0.35% to the desired level below 0.1%.

0K decay constants are more complicated to measure. Radioactive “°K decays to “°Ca
and to “°Ar; the decay to Ar presumably has three paths, two of which can be measured and one
that is calculated theoretically. Therefore the uncertainty on the “°K decay constants is
relatively high, which limits the accuracy of the Ar-Ar dating tool. In this work the estimation
of the “°K decay constants is approached by intercalibration of K-Ca and Ar-Ar with U-Pb and
Rb-Sr ages of well-characterized magmatic samples with simple geological histories. This task
itself relied on two subtasks: 1) developing a high precision K-Ca dating method and 2) dating
samples with a well-known geological history, using the K-Ca, Ar-Ar and Rb-Sr methods, and
comparing the obtained ages with published U-Pb reference ages.

High precision K-Ca dating relies upon high precision Ca measurements. A unique
high precision method for the simultaneous measurements of the full range of Ca isotopes was
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developed, which makes use of a TIMS Triton Plus especially designed for Ca measurements.
This allowed to measure “°Ca/**Ca ratios with an outstanding reproducibility of 0.06%o. The
method was first used to compare the internal consistency of published Ca isotopic
compositions. The isotopic compositions of two Ca standards, NIST SRM 915a and SRM
915b, were found to be identical within uncertainty and in line with published values. Small
samples measured in the frame of this study (<1pg) suffered from an intense instrumental
fractionation, which cannot anymore be sufficiently corrected with a simple exponential law.
Therefore the use of an additional term for the exponential fractionation correction, which
eliminates the offset due to an insufficient instrumental fractionation correction, is suggested
and applied here.

Finally K-Ca combined with Rb-Sr and Ar-Ar dating was performed on four samples.
Potential samples for intercalibration should be of considerable age with a “point-like”
geological history which limits the choice to well described and already dated samples.
Quantitative element profiles and semi-quantitative mapping by electron microprobe were
essential to ensure that our samples did not suffer from recrystallization or any other post-
emplacement processes. For the Archean Siilinjarvi carbonatite Rb-Sr and low precision Ar-Ar
and K-Ca dating indicate the occurrence of a post-emplacement metamorphic event at
1869 Ma. The other three samples appear to have a “point-like” geological history. A sample
from the Triassic Bolgokhtokh intrusion, Kotuy, Russia, was dated with the Ar-Ar system and
yielded an 225 Ma age, however microscopic investigations showed a very prominent zonation,
which prevented the use of this sample for the decay constant intercalibration. The Rubikon
lepidolite, Namibia, yielded an 505 Ma Rb-Sr age consistent with a previously published U-Pb
age. The low precision K-Ca age we obtained did not allow us, so far, to use this sample for the
0K decay intercalibration. The fourth sample from the Phalaborwa carbonatite complex not
only shows a “point-like” geological history, but also yielded high precision Rb-Sr and K-Ca
ages. The Rb-Sr age for this sample is coincident with previously reported U-Pb ages for this
complex and K-Ca as well as Ar-Ar ages are ca. 1% younger. Results from this last sample
allowed us to assess the “°K total decay constant. Within a reported range of the “°K branching
ratios the most suitable decay constant is the one published by Min at al. (2000) [Min, K.,
Mundil, R., Renne, P.R., Ludwig, K.R., 2000. Geochim. Cosmochim. Acta 64, 73-98]. This
constant is lower than the currently recommended value and has been previously reported to be
the best-fit constant also for Ar-Ar and U-Pb ages intercalibrations.

Thus this work presents a newly determined “°K/K ratio with a precision of 0.07%, as
well as a narrowed down range of plausible °K decay constants, and confirms the best fit total
decay constant for “°K geochronometers. It also describes high precision static Ca
measurements, recommends the most consistent Ca isotopic composition, determines isotopic
compositions of two widely used Ca standards and finally proposes an improved fractionation
correction for small Ca samples.
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Introduction

1. Short historical outline

The age of the Earth and the time of the creation have occupied human imagination
for thousands of years. Ancient Greeks, Romans, Egyptians, Hebrews, Sumerian, Chinese
and many other civilizations have tried to estimate the time of the creation with results
varying from 2'000 to 300'000 years before their time. Most estimates derived from the Old
Testament converged at around 4'000 BC (or exactly on October 26, 4004 BC at 9:00am if
the Archbishop James Ussher is to be believed). By the 19" century it had become clear to
most scientists that the Earth had to be much older than calculated from the Bible, it's age,
however, was scarcely settled; some scientists even postulated that the Earth was of
unlimited age (Hutton, Lyell). By mid-1800 several attempts were made to calculate the
age of the Earth on a scientific basis: Using the time it would take for the Sun to condense
down to its current diameter and brightness from the nebula of gas and dust from which it
was born, Hermann von Helmholtz calculated in 1858 the Earth's age at about 20 Ma. This
age estimate was shortly followed by Lord Kelvin's (at the time still William Thomson)
attempt to calculate the age of the Earth based on the time it would take for the totally
molten Earth to cool to its present temperature. In his first attempt in 1862 he calculated an
age of 98 Ma, conceding however for a maximum age of 400 Ma. Lord Kevin would then
continuously revise his age downwards to finally settle in 1897 for 24 Ma. This was clearly
not sufficiently old to account for many geological process or for the theory of evolution.
Actually Charles Darwin himself estimated (with a somewhat “Ussherian” precision) that
the geological processes that formed a specific region in England had to have taken
306'662'400 years to complete. This age which was published in the first edition of On the
origin of species in 1859, was however removed by Darwin from the third edition of his
book because it proved to be too contentious. By the end of the 19" century, and somewhat
closer to reality, John Perry produced in 1895 an age-of-Earth estimate of 2 to 3 billion
years (England et al., 2007) using a model of a convective mantle and thin crust.

Great discoveries of the twenty centuries were about to come and change the entire
understanding of the history of the Earth. Radioactivity was first discovered by Henri
Becquerel in 1896 and further findings by Ernest Rutherford, Paul Villard, Marie
Sktodowska and Pierre Curie, Frederick Soddy and others made it possible to come to the
idea of the radioactive clock counting the absolute age of the universe, the Earth and even
of individual processes.

Absolute dating was first suggested by Ernest Rutherford in 1904. He proposed that
a radioactive element decaying with a particle emission creates helium atoms, which will
be captured in the structure of the element. The amount of daughter elements is
proportional to the age of the system. Bertram B. Boltwood and Ernest Rutherford
investigated another decay path of radium to uranium and ultimately to lead. This work
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made it possible to perform the first geochronological dating of rock samples with ages
ranging from 410 million to 2.2 billion years (Ga) (Boltwood, 1907). Arthur Holmes
picked up the baton of radiometric dating. In 1927, he published The Age of the Earth, an
Introduction to Geological Ideas in which he presented a range of samples with ages
between 1.6 and 3.0 Ga.

So far only the U-Pb system was used as a geochronological tool. But in 1913 the
idea of isotopes was introduced and in 1921 Aston discovered the *’K and *'K isotopes.
Nine years later, Holmes (1932) suggested that the decay of potassium into calcium could
be used as a geochemical tracer for granite petrogenesis and as a geological clock to
directly estimate the age of the Earth. He stipulated that *'K was radioactive, which
fortunately was not the case. Later in 1935 Nier presented evidence of the *“°K isotope
existence. Von Weizsicker (1937) discussed the decay modes of “’K. He concluded that
YK undergoes decay to **Ca and *°Ar. The decay to *“°Ar was predicted on the basis of the
amount of Ar in Earth's atmosphere, which is 1000 more than expected compared to other
noble gases. He also pointed out that “’Ar should be present in old K-bearing minerals.
Aldrich and Nier (1948) confirmed Von Weizsicker's latter prediction and demonstrated

that old orthoclase, microcline, sylvite and
h langbeinite contain radiogenic *’Ar. This laid the
il foundations for the K-Ar dating system. The K-Ca
system, first suggested as a dating tool, was used
{ seldomly starting from 1950, due to *’Ca to be the
most abundant Ca isotope, which swamp the presents

of *Ca radiogenic.

: 1937 was also a vital year for another dating

'ﬁ system, which became one of the most used

kﬁl geochronological and geochemical tools after the

' 1950s. It was the year *’'Rb was dicovered to be
radioactive: Hahn and Walling (1938) discussed the

possibility of dating Rb-bearing minerals and five
years later Hahn et al. (1943) performed the first age
determination with this geochronometer.

Ay

The flourishing of geochronology started after the creation of the first mass-
spectrometer by Alfred O. C. Nier (Fig.1). He used it to isolate *°U and to demonstrate that
this isotope undergoes fission. Alfred Nier also developed the sector mass spectrometer
configuration now known as Nier-Johnson geometry, which proved to be instrumental for
the exact dating of geological events. Thanks to his invention the isotopes started to be
widely used for geochemical and geochronological purposes. Numerous isotopic systems
have been discovered and widely used for a range of geological studies and age
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estimations. This study focusses on the *’K decay system which plays an important role in
the reconstruction of Earth’s history.

2. K dating systems.

YK undergoes decays to “°Ar and *°Ca (Fig.2) and thus has a potential for two
dating systems: **K-*’Ar and **K-*’Ca. The **K-*"Ar method since being invented by
Aldrich and Nier (1948) was improved and described by multiple researchers (e.g.
Merrihue, 1965, Schaeffer and Zédhringer, 1966; Dalrymple, 1991). The PYK-4Ar method
requires separate measurements of K and Ar concentrations on different mass-
spectrometers. To avoid this inconvenience, a more sophisticated version of *Ar-*’Ar
dating was developed by Merrihue and Turner (1966) and the optimization of this method
with J parameter was described by Turner (1971). Since its invention *’Ar-*’Ar dating
became one of the most used methods in geochronology and is therefore also well
described in the literature. This contrasts with the **K-*’Ca dating method, which, due to its
extreme complexity, is much less documented. Thus we describe the **K-*Ca system in
more details.

The *K-*Ca system was first

40K )
. discussed by Holmes (1932) and
ECJ,-;:'[W \ B Ahrens (1951). One of the main
| re1.250430)c10% obstacles in the development of this

method is the high abundance of

common *°Ca which swamps the

: radiogenic excess of *’Ca. The attempts

, I."I to use *K-*"Ca dating were made for

/| I. samples with high K/Ca ratio starting

BEC_U_SZO_Q%,."I + B,+=0.001% ' By =89.25% from 1950s, but the method remained
40 Ar 4OCa exotic due to its complexity.

! /1
Beg 14607 10.55% i Iu'

Attempts to use K-Ca for

Fig.2. “K decay scheme (Bé et al., 2014) sedimentary rocks were so far limited
and did not give precise ages although

the scatter of isochron data may be interpreted as a range of crystallization ages (Polevaya
et al., 1958; Wilhelm and Ackermann, 1972; Heumann et al., 1979; Baadsgaard 1987;
Gopalan 2008; Robinson Cacil and Ducea, 2011, Nelson and McCulloch, 1989). Dating of
magmatic minerals was more successful, K-Ca ages in many cases agreed with Rb-Sr or
even sometimes with U-Pb ages (Coleman, 1971; Ovchinnikova et al., 1980; Marshall and
DePaolo, 1982; Gopalan and Kumar, 2008; Harrison et al., 2010). Négler and Villa (2000)
obtained coincident “’Ar-*’Ar and **K-*"Ca ages for a sanidine sample and calculated the
branching ratio for the *’K total decay constant from radiogenic Ca/Ar ratios. In those cases
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where K-Ca ages were younger than Rb-Sr ages (Fletcher et al., 1997), the discrepancies
were attributed to the sequential closure of these two systems. In some cases K-Ca dating
did not give a reasonable ages at all (Nelson and McCulloch, 1989). With the improvement
of mass-spectrometers from the 1990s on, “°K-*’Ca dating started to be used also for
extraterrestrial studies (Shih et al., 1993, 1994; Bogard et al., 1994). The latest attempts to
use the K-Ca isotopic system and to date extraterrestrial materials resulted in a precision of
2-8% (Simon et al., 2011; Yokoyama et al., 2013; Yokoyama et al., 2015).

3. “°K decay constants

Therefore use of the “*K-*’Ca dating tool was limited to the attempts described
above. On the contrary *’Ar-*’Ar system became widely used for determination of the ages
for the majority of the Geologic Time Scale units (Gradstein et al., 2012; Smith et al.,
1998). Its accuracy and reproducibility play an important role in the reconstruction of the
Earth’s history. When other systems like U-Pb or *'Rb-*'Sr started to be widely used, the
age discrepancies between different dating approaches raised the questions whether they
have geological meaning or can be explained solely by inaccurate constants.

The ages of isotopic systems relies on the constants used for the calculations. The
general formula for age determination is:

R=R0+RP/D(eM— 1 ),
Eq.1.

where R is the isotopic ratio, Ry is the initial ratio and Rp/p is the parent/daughter ratio, A is
the decay constant and t is the time since a system was closed. Hence the decay constant is
one of the crucial parameter of the age equation. It is mostly determined with physical
methods. Physicists uses the half-life (T, as a measure of the decay speed, which has a
relationship to A as Ty, =In2/A.

3.1. Physical methods of 40K decay constant determination

The lifetimes of various radioactive isotopes have a wide range from ca. 107 sec
to 10%' years and thus require different methods for lifetime measurements. Radioactive
isotopes used for absolute geological methods mostly have long lifetimes (>10° years) and
are still present on Earth. The decay of such nuclei can be counted with the scintillation
counting method. The isotope of interest is chemically separated in macroscopic quantities
and mounted as a source in the scintillation spectrometer. After a radioactive isotope
decays, the daughter isotope stays in the source but decay particles or gamma-rays are
emitted. The ionization trails of such emission can be recorded as e-trajectories. Emitted
particles and gamma-rays are caught in scintillators which generate light in proportion to
the energy of particle. The amount of events within a certain time-frame is then counted
and the half-life can be determined.
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The first attempts to determine the half-life of **K have been made in 1948 when
Orban measured the partial electron capture decay constant to be 0.5x10%a, which is
approximately 20 times lower than the actual value. In the subsequent years both electron
capture and ° decay were measured by numerous workers; over 40 published papers did
however not achieve much consistency. The latest attempts to measure the “’K decay
constant were made with liquid scintillation counting.

The half-life of **K has been determined by Grau Malonda and Grau Carles (2002)
of both B rays and electron capture contributions. The source was prepared as a KNO;
solution mixed with Insta-gel. The average activity for 7 samples was A=12.24+0.014 Bq/g
calculated to *°K isotopic concentration of 0.01167%, which gave a half-life of Ty,
=1.248+0.004 Ga. Later Kossert and Gunter (2004) have used the same method with
aqueous solutions of both KNO; and KCI on four samples measured on three scintillators.
The resulting activity was A= 12.2318+0.0063 Bg/g calculated to *°K isotopic
concentration of 0.01167% for KNOs; samples. The resulting half-life was
T1,=1.248+0.003 (£0.23%) Ga. The branching ratio used for calculations was from B¢ et
al., (1999): B" decay branch Bg.= 89.14 + 0.13%, electron capture with measured gamma-
emission of 1460keV Bgc 1460 = 10.66 + 0.13%,electron capture to the ground state
BECgsz 0.2+0.1%.

Almost all physics literature describing measurements of **K half-lives, with the
exception of the publication of Grau Malonda and Grau Carles (2002), has been
summarized on the web-site http://www.nucleide.org/NucData.htm with last updates up to
February 2014 (B¢ et al, 2004, B¢ et al, 2014). Based on these data, the total half-life of
Ti2=1.2504 + 0.0030 Ga is recommended. The branching ratios were calculated from the
values published in the 1940-60s Tip. and Tinec,1460. Another part of branching ratio
belonging to " transition was chosen from three available very imprecise measurements
(Engelkemeir et al., 1962; Leutz et al., 1965; Tilley and Madansky, 1959), though its
contribution is negligible. The branch of electron capture to Ar ground state cannot be
measured and was calculated theoretically. The suggested branching ratios were Bg.
=89.25+0.19%, Bec, 1460=10.55 £ 0.11%, Becgs= 0.20 + 0.10%,
Bg+=0.00100 £ 0.00012%,  which  sums up  Bc=8925+0.17  (£0.19%),
Bar=10.75 £ 0.15 (£1.40%), all uncertainties 1c. One has to specify that the publication of
Bé et al (2014) and its later updates are evaluated with a statistical approach assuming
Gaussian distribution of the data (Fig.2). They did not evaluate uncertainties of published
decay constants for systematic errors and thus the dataset uncertainties were treated as
repeatability of results (Type A evaluation (JCGM, 2012)).

The constants of Bé et al (2014) are the most recent, which are proposed by the
physics community. Although the proposed uncertainty of total half-life is only 0.24%, the
uncertainty on the branching ratio is quite significant. Depending on the adopted branching



ratio the total half-life calculated out of partial half-lives can vary. Especially crucial for
the Ar-Ar dating is the uncertainty of the B, branch which is now 1.4%.

Steiger&Jager, 1977
Béetal 2014

Number
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K half-life (x10%a)

Fig.2. The distribution of “’K half-lives measured with physical methods. With an arrow marking the values
recommended in the geochronological and physics communities.

3.2. Geological methods

Due to imprecise physical measurements of the K decay constants, and because
until 2009 the uncertainty on the total T,, was higher than 1%, the geochronological
community strived to evaluate “°K decay constants with intercomparison of the Ar-Ar, K-
Ar and U-Pb ages. A first attempt was made in 1956 by Wetherill et al. (1956), they
compared Ar-Ar ages of 12 samples with ages spreading from 4500 to 265Ma. Despite the
fact that some samples had an Ar-Ar age 7% lower than the U-Pb age, their decay constant
was incorporated into the compilation of *°’K decay constants and was used for some time
by the western geochronological community. Russian geochronologists used the same Ap-
but much lower Asa; (Dalrymple, 1979). Later Steiger and Jager (1977) published *K
decay constants based on the activity measurement evaluation of Beckinsale and Gale
(1969) recalculated to precise **K/K value of (Garner et al., 1975). Till this day the
constants of Steiger and Jiger (1977) for the K-Ca-Ar system remain the recommended
ones (Begemann et al., 2001) with values 7»3_24.962"<10'10a'1 and X40Ar=O.581*10'10a'1,
Xt0t=5.543*10'10a'1 and they agree with the values of Bé et al (2014). Based on the
comparison of U-Pb and **Ar-*’Ar ages Min et al. (2000) argued that the *’K total decay
constant is too high. They mentioned 5.37%10"%a™ to better fit to the observed ages. One
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age comparison was however not enough to recommend the adoption of a new decay
constant and therefore Min et al. (2000) recommended the use of the values by Endt and
van der Leun (1973) of Ap.=4.884+0.099 x 107%™ and Ayar=0.580 +0.014 x 107%™,
Mot = 5.464 X 10!, Similar work of Kwon et al. (2002) on five reference samples with
ages spanning from 1.9 ka to 4.5 Ga resulted in an estimated total decay constant of
Mo=5.4755+0.0170*10""a" (15). Krumrei et al. (2006) obtained a spread of Ar-Ar ages for
the Ilimaussaq complex, which were 1-2% younger than the U-Pb ages; based on this offset
they confirmed that the decay constant of Kwon et al. (2002) give coinciding Ar-Ar and U-
Pb ages. Renne et al. (2010) performed the comparison of U-Pb and Ar-Ar ages for 17
samples to determine simultaneously an age for the Fish Canyon sanidine standard used as
a flux monitor for Ar-Ar dating and a decay constants for the *’K system and obtained
Aaoar=0.5755+0.0016 x 10"°a™" and Ag.=4.9737£0.0093 x 10"%a™", A= 5.5492 x 107
%a!; later elimination of liquid scintillation data from the calculation resulted in
Aaoar = 0.5757 £ 0.0016 x 107%™ and Ag.=4.9548 £0.0134 x 10"%a™, A= 5.5305 x 107
a! (Renne et al., 2011).

An important part of the *’Ar-*’Ar age calculation is the branching ratio of *’K
decay Bca/Bar. The uncertainty of the decay constant is claimed to be known to 0.2-0.5%,
but the uncertainty on the branching ratio is still approximately 1.5%. The only
independent approach to estimate the branching ratio from molar amount of radiogenic Ar
and Ca was performed by Néigler and Villa (2000) on one sample and resulted in
Ba4oar=0.1067 and Bg.= 0.8933 (with 1% uncertainty).

This short overview reveals the disagreement in a fundamental key constituent part
of the age equation. The available compilation of the **K decay constant and the branching
ratio (B¢ et al., 2004) is coincident with those of Steiger and Jager (1977) currently used in
the geochronological community. However these values are proven to be not optimal for
YAr-*Ar dating and need to be assessed with diverse approaches. Moreover, decay
constants are not the only constants used for age determination.

4. K abundance.

Nowadays the precision and accuracy of the *’Ar-*’Ar dating system are the objects
of improvement. The international scientific initiative EarthTime (www.earthtime.org),
whose main goal is the sequencing of Earth's history through the integration of high-
precision geochronology and quantitative chronostratigraphy, is aiming for a precision of
0.1% uncertainty oin the absolute age determination. Modern mass-spectrometric
techniques can reach a permille level of precision, but the precision and accuracy of the
ages cannot be fully achieved without high accuracy of various constants included into the
age equation. Though the decay constant is one of the most important constants in such
calculations, it is not the only one which can affect the accuracy of the age determination.



Another two constants of the *°Ar-’Ar system are the *°K isotopic abundance and the age
of the flux monitor. Usually, natural samples of a known age are used as flux monitors
during the irradiation of samples for Ar-Ar dating. Natural samples are used as standards
because no metrological traceable standard is available. The age of such samples has been
an object of thorough recalibration for the last decade; for example the Fish Canyon
sanidine standard, also used in this study as a flux monitor, has been intercalibrated with
orbital tuning ages and reached a precision of 0.1% (e.g. Kuiper et al, 2008; Rivera et al,
2011). Recalibrating the standards used as flux monitors is not part of this study.

%K isotopic abundance also is included into “°Ar-*’Ar age determination. It was
measured by Burnett et al. (1966) and Garner et al. (1975) and the latter one was adopted
by the International Union of Pure and Applied Chemistry and to this day is the basis of the
IUPAC recommendation for the terrestrial K isotope composition (de Laeter et al., 2003).
This value has an uncertainty of 0.35% which is significant in comparison to the precision
of the modern mass-spectrometers and published Ar-Ar ages.
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5. Outline of this thesis
The main object of this study is to improve the widely used Ar-Ar dating system by
assessing the constants included in the equation. We focused on two constants: the “°K
isotopic abundance and the *’K decay constants with its branching ratio.

K isotopic composition of the terrestrial samples was obtained for two standards
whose composition is close to the mean Earth. The results of this study are present in
Chapter 1. Potassium was measured on a thermal ionization mass spectrometer with three
techniques: total evaporation, block total evaporation and conventional block
measurements. Due to the light mass of this element, it suffered extensive fractionation
during measurements and the total evaporation procedure did not give consistent results.
Thus the **K/*°K ratio had to be fractionation corrected to the fixed *'K/*’K ratio of Garner
et al. (1975) obtained with a high precision gravimetrical method. The *'K/*°K value of
Garner et al (1975) is sufficiently precise and consistent with the mean Earth. Our **K/*’K
is the most precise estimation obtained so far and reduces the uncertainty of *’K/*'K from
0.35% to 0.07%.

The **K decay constants are more difficult to reevaluate. Our approach is to assess
it with the geological age intercalibration method. We dated samples of a well-known age
and geologically “point-like” history with *Ar-’Ar, *“K-*Ca and *Rb-*'Sr.
geochronometers. The discrepancy between the reference age and the obtained *’Ar-*°Ar
and **K-*'Ca ages is due to a *°K decay constant offset. This method relies on high
precision K-Ca dating which is impossible without accurate and precise measurements of
Ca isotopic composition. Measurements were performed on a unique TIMS Triton Plus
specially designed for Ca measurements. These measurements allowed to obtain the
isotopic composition of two Ca standards, evaluate the internal consistency of different
published Ca isotopic compositions and to test the fractionation correction methods. This
work is shown in Chapter 2. Chapter 3 brings up the issues of geological decay constants
intercalibration. *’Rb-*"Sr, **Ar-*Ar and **K-*’Ca dating were performed on four samples.
These ages are compared with each other and with a reference U-Pb age and the best
estimate for the **K decay constant is presented.
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Abstract

Recent improvements in the precision of mass spectrometric measurements have
reduced the uncertainty of K-Ar and *°Ar-“°Ar ages measured on geological materials. Now
the major sources of uncertainty are the uncertainties on the “°K decay constant and the
absolute abundance of “°K. In order to improve on this situation we determined the
abundance of the “°K isotope in terrestrial standards.

A ThermoFischer Triton+ thermal ionization mass spectrometer was used for K
isotope ratio measurements of the NIST K standard reference materials SRM 918b and
SRM 985. lon beams were measured in Faraday cups with amplifiers equipped with 10,
10" and 10'2 Q resistors. Three measurement protocols were used: (A) dynamic
measurement with in-run fractionation correction by normalization to the IUPAC
recommended isotope ratio “'K/¥*K =0.0721677; (B) total evaporation; (C) a modified
total evaporation with interblock baseline measurements. Different measurement protocols
were combined with different loading procedures. The best results were obtained by
loading samples on single oxidized tantalum filaments with 0.1M HsPOas. The total ion
yields (ionization + transmission) were tested for the evaporation procedures (B) and (C)
and ranged up to 48 %.

The resulting best estimate for the “°K/¥*K ratio is 0.000 125 116 + 57 (20),
corresponding to an isotopic abundance “°K/K = (1.1668 * 8; 26) x 10™.
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1. Introduction

Potassium is the eighth most abundant chemical element in the Earth’s crust and a
major element in several rock-forming minerals. The isotope “°K is radioactive and
undergoes B~ decay to “°Ca and electron capture (and possibly B* decay) to “°Ar. The decay
of K to “°Ar is one of the most widely applied geochronological tools (e.g., Begemann et
al., 2001), because it has the potential to yield highly precise and accurate ages. In the case
of “°K the physical quantities that control the achievable age uncertainty are the decay
constants for electron capture, Aec, and for B~ decay, A, and the “°K abundance. Ideally
uncertainties of these constants should be lower or at least of similar magnitude as
uncertainties obtained during mass spectrometric measurements. Due to recent large
improvements in performance of mass-spectrometers the uncertainty of the *°K/K isotope
abundance has become larger than the sample measurement uncertainty. We report here an
improved precision for the “°K/K ratio.

The decay constants adopted by the IUGS Subcommission on Geochronology (Ap =
4.962x1010 a1 Aec = 0.581x102° al: Steiger and Jager, 1977) result in an accuracy and
precision no better than 2% for K-Ar ages (Min et al, 2000). Another important source of
uncertainty in age equations [1] and [2] is the isotopic abundance °K/K.

0 pr = Ofy, 4 20K LEC ¢ (p@Qptapoxt _ 1y [Eq.1]
AB"'AEC

W0g = 400q, + 0K B x (e@ptisoxt _ 1) [Eq.2]
Aﬁ"'AEC

where | corresponds to the initial content of isotopes, Ag and Aec are decay constants
due B~ decay and electron capture, respectively, t is the time elapsed since initiation of the
system.

The “°K/K isotope abundance was measured on terrestrial materials by Burnett et al.
(1966) and Garner et al. (1975). Burnett et al. (1966) determined the instrumental mass
fractionation by comparing the measured **K/*!K ratio of selected geological samples to
the *¥K/*K ratio of 0.074239 determined by Nier (1950). The appropriate fractionation
correction was then applied to the measured “°K/*'K ratio. Garner et al. (1975) reported
analyses of the newly produced NIST Standard Reference Material SRM 985 by comparing
it to six different gravimetrically calibrated synthetic reference solutions, prepared from
chemically purified K highly enriched in *°K and “*K. A special purification procedure
(crystallization of potassium perchlorate) was performed to reduce impurities to low ppm
levels. If the instrumental fractionation of the raw data of Burnett et al. (1966) is corrected
with the *K/*K ratio of Garner et al. (1975), the “°K/*'K ratio becomes 0.0001287+6, a
value fairly close to that reported by Garner et al. (1975).

The isotope abundances measured by Garner et al (1975), viz. *K/K =
0.9325811(+292), “°K/K = 0.00011672(+41), “'K/K = 0.0673022(+292), were adopted by
the International Union of Pure and Applied Chemistry and to this day are the basis of the
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IUPAC recommendation for the terrestrial K isotope composition (De Laeter et al., 2003).
For geochronologic applications, these values result in a *°K/K isotope abundance that has
an uncertainty of 0.35% and is thus a significant contributor to the total K-Ar age
uncertainty.

In the last two decades there has been an intense collective endeavor to reduce
measurement uncertainties of the K-Ar dating system. A major effort has been made to
reduce the analytical and systematic uncertainties on the “°K decay constants (Min et al.,
2000; Nagler & Villa, 2000; Kwon et al., 2002; Grau & Grau, 2002; Kossert & Gunter,
2004; Krumrei et al., 2006; Renne et al., 2010; Schwarz et al., 2011). The most recently
published uncertainty on the Aec and Ag decay constants is + 0.27% (Renne et al., 2010).
This implies that the least precisely known term in the K-Ar age equation is the isotopic
abundance of “°K with its uncertainty of 0.35%.

A reduction of the uncertainties in geochronology to the level of 0.1% is also one of
the goals of the international scientific initiative EarthTime (www.earthtime.org), whose
main goal is sequencing Earth history through the integration of high-precision
geochronology and quantitative chronostratigraphy. It is especially remarkable that
biostratigraphy is credited with achieving a relative age resolution of 0.2 Ma for Paleozoic
strata, i.e. an uncertainty of 0.05 % (Gradstein et al., 2004). The present uncertainty on the
40K /K isotope abundance is almost an order of magnitude larger, effectively limiting the
accuracy of the K-Ar isotopic geochronometer and thus impairing its usefulness. Reducing
the uncertainty for the K-Ar dating system helps to obtain a higher accuracy for absolute
ages for rocks and minerals that allows to better constrain the absolute timing of geologic
events and the rates of processes. It also allows for a more reliable correlation of ages
obtained with different chronometers. Highly accurate ages allow to correlate geological
processes on a regional to a global scale in order to provide a highly-resolved, calibrated
time scale.

2. Methodology

2.1 Standards

For most of the high precision K measurements reported here, a solution of the
NIST SRM 918b K standard reference material was used. This material consists of KCI
purified to 999.27 + 0.14 mg/g and according to the certificate contains only the following
detectable trace impurities: Br 45 pg/g, Na 35 pg/g, Rb 2.6 pg/g, and Si 1.8 pg/g. The SRM
918b powder was dissolved in milli-Q™ water to create K solutions having concentrations
of 13 ng/ul, 26 ng/ul, 52 ng/ul and 100 ng/ul, suitable for filament loading. For the first
precise determination of K isotope abundances Garner et al. (1975) used NIST SRM 985
which is now out of stock. A small amount of SRM 985 available to us was used for a few
in-run fractionation corrected measurements using **K/*°K = 0.0721677 for normalization
(Garner et al., 1975) and total evaporation runs.
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A Ca-doped K element concentration standard solution (with a nominal Ca/K
element ratio of 0.002) was used to determine the sensitivity of the K isotope ratio
measurement on the TIMS to Ca interference. These measurements helped to identify the
optimum filament currents for K ionization of different setups (single and double filament),
filament materials (tantalum or rhenium), and loading additives. At the same time
discrimination of Ca relative to K under these various conditions was empirically
determined.

All total evaporation and block total evaporation measurements were performed
with 26 ng/ul loads; a solution with 52 ng/ul was used for in-run fractionation corrected
measurements.

2.2 Filaments

Rhenium and tantalum single filaments were degassed prior to loading (zone-
refined Re for 40 min at 1.5 A and 90 min at 4 A; zone-refined Ta 30 min at 2 A and
70 min at 4 A) and then oxidized in air for one week and one month, respectively. A
suitable amount (1-2 pL) of the K standard solution was loaded on the filament and almost
dried down with a current of 0.5 A for Re and 1 A for Ta; then it was covered with 1 pL of
an activator (a Ta20s loading solution (Birck, 1986) for the rhenium filaments or 0.1M
H3PO4 (cleaned with exchange resin added to the beaker) for the tantalum filaments) and
then evaporated to complete dryness by slowly heating up the filament until the activator
fumed around 2 A for Re and 3 A for Ta. The K blank for the Ta;Os loading solution was
30 pg, and for the 0.1 M H3PO4 loading solution 5 pg which is less than 0.02% of the total
K load.

For K isotope analyses different filament arrangements were tested. Double
filaments (Re and Ta) would be expected to cause a much lower mass fractionation due to
the predominance of ionization over evaporation. However, we found two drawbacks to
double filaments during this study. The first and foremost is that during the initial tests with
a Ca-doped K element concentration standard solution the Ca interferences were higher and
occurred earlier in the run. Three tests out of 5 with pure SRM918b gave a significantly
elevated “°K/*K ratio (0.000 129 - 0.000 130). This may be due to an additional Ca
contribution coming from the hot ionization filament and/or filament holder, or may be due
to the different ionization properties of K and Ca when loaded as chloride without the
emission enhancers, compared to the loading protocol used with single filaments. The
second is that the practical realization of the total evaporation runs was much less
straightforward than with single filaments, as it requires increasing the current
simultaneously for both, the ionization and the evaporation filament with different heating
rates. However, this is not possible due to the limitations provided by the software and lack
of manual control of the mass spectrometer. Because of the better uncertainties on the
resulting isotope ratio measurements, further analyses were performed using single
filaments.
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Both rhenium and tantalum filaments were tested for the total evaporation
measurement protocol. Loading a pure KCI solution resulted in short-lived, unstable ion
beams. Loading with the Ta-activator on Re and with phosphoric acid on Ta filaments was
more effective: 25 ng of K normally yielded an optimum intensity of 3 nA for 1-2 h
without becoming exhausted. Tantalum filaments were chosen as the best option for total
evaporation measurements due to the better total ion yield and lower blank.

2.3 Mass spectrometry

Potassium isotope compositions were measured on a ThermoFischer Triton+
thermal ionization mass spectrometer (TIMS) at the Institut fiir Geologie, Universitat Bern.
Measuring the abundance of “°K is challenging due to two main constraints: the very large
dynamic range of K isotopes and the large isotope fractionation during sample analysis.
The first problem can be tackled using different amplifier configurations; the second one
by in-run normalization to the certified “'K/*K ratio (for unspiked samples) or by applying
a total evaporation analysis protocol.

2.3.1 TIMS amplifier configurations

The K ion beams were measured simultaneously in Faraday cups with 10%°, 10!,
1012 Q resistors (table 1). Since “°K is a very minor isotope precise measurement of its
abundance requires high ion beam intensities of the more abundant K isotopes. This
problem can be addressed by using amplifiers with different resistors that provide linear
amplification in different signal intensity ranges.

Amplifier gains were intercalibrated by supplying a fixed voltage (corresponding to
about 33 pA) off-line. Because of the two orders of magnitude range in collector currents
resulting from the fixed voltage calibration, additional intercalibration tests were performed
in-run in dynamic mode by switching the 40 pA signal of **K from 10° Q (faraday cup L2)
to 101 Q (central faraday cup) and the 3 pA signal of “!K from 102 Q (faraday cup H2) to
101 Q (central faraday cup) and back each cycle. The standard deviation for in-run gain
intercalibrations was about 0.01%.

Baseline measurements were performed mainly in defocused mode when the beam
is deflected before entering the magnet. Additionally, baselines on masses 39.85 and 40.15
were measured for a total of ten filaments in different turrets while the ion beam was
focused. Baselines measured with the beam in focus were always statistically
indistinguishable from the electronic background. Additionally an evaluation of the tails
from peaks 3K and “'K was performed applying the secondary electron multiplier SEM
(see appendix). Contributions of the tails on mass 40 are 0.003%. While this is about a
third of the uncertainty of our most precise measurements (in-run normalized
measurements, see below) it is an order of magnitude less important than the overall
accuracy assigned to the abundance of the “°K proposed here.
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2.3.2. TIMS measurement protocols

Both amplifier configurations described in Table 1 were used for three
measurement protocols: (1) in-run fractionation corrected measurements, (2) classic total
evaporation and (3) block total evaporation.

Table 1. Amplifier configurations.

Configuration 1 Configuration 2
Cup L2 C H2 L2 C H2
Resistor (10" Q) 11 12 11 10 12 11
Isotope 3K 40K 4K IK 40K 4K
Average measured current 300 0.04 29 3000 0.4 290
intensity (pA)
Relative gain +1c 1.01665+2  0.100801+2  1.01444+2 | 10.02+1  0.100801+2 1.01444+2
Baseline average (fA) -2 -3 -2 10 -3 -2

The tantalum filament was heated up to 1.2 A at a rate of 50 mA/min, so as to reach
a *K signal sufficient for focusing and peak centering. When the 'K signal reached 3 pA,
the beam was centered. This starting procedure takes up to 15 minutes. Keeping track of
the time and beam current during the centering and focusing procedure is necessary, as this
may form a significant contribution of the total evaporation. When using configuration 1
(Table 1), the filament current was reduced to keep the beam at the lowest intensity needed
for focusing and peak centering. In-run fractionation corrected measurements and block
total evaporation measurements were done with automatic centering of the *°K signal
during acquisition. All measurements were performed in static mode.

In-run fractionation corrected measurements consisted of 15 blocks with 15 cycles
with 8s integration time per cycle and 6s idle time between integrations. The filament was
heated between blocks. One hundred baseline cycles of 1.05s each were measured between
blocks in defocused mode with a pre-baseline waiting time of 15s to allow for the relatively
slow decay on the 10 Q resistor. “°K/**K ratios were calculated in-run with internal
fractionation correction to the recommended IUPAC “'K/¥*K = 0.0721677 (De Laeter at al,
2003).

Total evaporation (Fiedler, 1995) is a measurement protocol that uses a steadily
increasing filament current without any interruption until the sample is totally consumed.
The main aim of this method is to overcome progressive sample fractionation (at least the
part due to sample depletion) by collecting “all” ions from the beginning to the end of the
evaporation. Classic total evaporation has the disadvantage that focusing is only performed
at the beginning of the run when the intensity of the signal is still small. This can result in
possible loss of intensity if the focusing conditions change over time. During preliminary,
semi-manual tests we observed that attempts to optimize the intensity by refocusing in mid-
run did not increase the K signal, which showed a very stable behavior throughout the run.
On the basis of these tests it was decided to follow the classical total evaporation procedure
without interrupting the run for focusing. lonization efficiency can approach 100 % for K
as it is easily ionized (DePaolo, 1988), however, the total ion yield is lower since it also
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involves the transmission efficiency of the mass spectrometer and (at least theoretically)
the possibility to lose some part of signal due to a focus change. In our K measurements
between 1 % and 48 % of all ions were collected. Measurements with a total ion yield
<6 % were discarded. Measurement parameters for both amplifier configurations 1 and 2
(Table 1) were: integration time 4 s, idle time 1s. The time required for totally evaporating
the samples was 1-4 h depending on the amplifier configuration and ionization efficiency.
Data reduction was performed off-line.

Block total evaporation or “NBL-modified total evaporation” (Richter and
Goldberg, 2003) is similar to the in-run fractionation corrected measurement protocol, the
main difference being that the data acquisition is prolonged until the sample is totally
evaporated. The measurement is divided into blocks, each block consisting of 15 cycles
with 4s integration time each and 6s idle time. Baselines are measured for every block and
the 4°K peak is centered every 5 blocks; the filament current is adjusted between blocks if
required.

3. Results and discussion

3.1. In-run normalized measurements

The normalization value chosen for in-run normalized measurements was
KK = 0.0721677 as determined by Garner et al. (1975). These authors very probably
used a linear law for a fractionation correction, but it is not explicitly stated in their study.
As we do not have access to their raw data, we estimated the influence of the different
fractionation corrections on our own raw data. It was noted that the linear law is in good
accordance with Rayleigh and exponential fractionation laws over a large range of sample
evaporated (Habfast, 1998). Application of a linear law correction instead of an exponential
correction resulted in a maximum deviation of 0.005% towards lower values; this bias is
well within the uncertainty given by Garner et al. (1975) for their corrected results. Twenty
in-run normalized measurements for SRM 918b in three different filament turrets with in-
run fractionation correction according to the exponential law built into the Triton+
instrument software were performed in late 2012 and are shown in Table 2a and in Fig. 1.
Two different amplifier configurations were applied for this procedure (Table 1). Six
filaments with SRM 985 were measured in two different filament turrets with the amplifier
configuration 2 in early 2013. Results are presented in Table 2b and Fig. 1.

The long-term reproducibility is consistent with the individual in-run measurement
uncertainty. The weighted mean of twenty “°K/**K measurements for SRM 918b is
0.000 125 127 + 12 and for SRM 985 (6 runs) is 0.000 125 123 + 16. Assuming the two
standard reference materials are derived from the same K source, their fractionation-
corrected “°K/*K ratios can be averaged, which results in a weighted average of
0.000 125 126+10. Corrected for the contribution from the tailing of neighboring masses
on “°K (0.003%), the value is 0.000 125 122 + 10. These results are indistinguishable from
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“OK/K ratio of 0.000 125 158 + 436 measured by Garner et al. (1975), but much more
precise; they are also indistinguishable from the “°K/**K =0.000 125112 +37 for
terrestrial material published by Wielandt and Bizzarro (2010).

Table 2. Results of in-run fractionation correction measurements for a) SRM 918b and b) SRM 985.
Weighted mean (bold values) calculated by Isoplot 3.75 (Ludwig, 2012).

Date Run (*K/°K)-108 +20*10°
(a)
19.11.12 1 125.122 0.038
19.11.12 2 125.144 0.036
19.11.12 3 125.136 0.078
19.11.12 4 125.135 0.103
26.11.12 5 125.125 0.052
26.11.12 6 125.148 0.062
26.11.12 7 125.111 0.039
26.11.12 8 125.126 0.058
26.11.12 9 125.119 0.041
26.11.12 10 125.106 0.041
26.11.12 11 125.127 0.062
26.11.12 12 125.123 0.047
26.11.12 13 125.131 0.230
26.11.12 14 125.145 0.232
26.11.12 15 125.189 0.062
26.11.12 16 125.110 0.047
26.11.12 17 125.107 0.241
26.11.12 18 125.131 0.052
26.11.12 19 125.130 0.040
26.11.12 20 125.171 0.278
Wtd. Mean 125.127 0.012
MSWD =0.42,
probability = 0.99
(b)
15.02.13 1 125.121 0.043
15.02.13 2 125.136 0.044
15.02.13 3 125.119 0.034
15.02.13 4 125.127 0.038
15.02.13 5 125.120 0.044
15.02.13 6 125.118 0.035
Wtd. Mean 125.123 0.016
MSWD =0.117,

probability = 0.99
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Fig. 1. Results of in-run normalized “°K/*°K measurements. SRM 918b: white bars, amplifier configuration 1;
grey bars, amplifier configuration 2; SRM 985: dark grey bars, amplifier configuration 2; IUPAC value
(De Laeter at al., 2003): black bar.

3.2. Conventional total evaporation measurements

Total evaporation analyses are less precise than in-run normalized measurements,
but they have the advantage that the determination of both “°K/¥*K and “'K/*°K ratios is
independent of the choice of a normalization value, and that they allow to estimate any
excess of isotope 40 (due to isobaric interference of Ca or any other possible
contamination, see below). As such, the two analytical approaches should be viewed as
complementary. One difficulty with the total evaporation protocol is optimizing the amount
of K that is loaded on the filament. As the ionization efficiency of K approaches 100 %, a
sample size of 100 ng requires 8-10 h for a single measurement. Such long measurements
are unlikely to provide reliable results due to unavoidable electronic instabilities that affect
baselines and amplifiers. In a total evaporation measurement following the published
procedure of Fiedler (1995), peak centering and focusing are reduced to a minimum to
reduce the loss of counted ions under changing fractionation conditions as the run
progresses. Typically, focusing of the beam and peak-centering for °K and *K are done
only at the beginning of the run, as well as the baseline measurement. No baseline is
measured subsequently. Decreasing the amount of K used for an analysis would reduce the
measurement time, but would at the same time increase the importance of the (fixed) Ca
interference introduced during loading relative to the minor “°K isotope. Since K and Ca
are ionized at different times during the measurement, it could be anticipated that Ca
interference should be negligible. Possible interference can be diagnosed by comparison of
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experimental and theoretical fractionation slopes. An excessively shallow slope shows an
increase of isotope 40 and is a good tracer of any contamination affecting this minor
isotope.

Table 3. Different fractionation laws, theoretical and experimental slopes of the “°K/*°K vs. #1K/**K diagram.
Atomic masses used for calculations are from (De Laeter et al, 2003).

Exponential law 1.973
Rayleigh law 1.961
Equilibrium law 1.949
Wielandt and Bizzaro (2010) experimental 1.958
This work (N = 24) 1.932-1.972
-2.65 —
! y = 1.958x + 14.968
& -2.64 -
o
%]
S
X |
T.
S 263 -
-
-2.62 ; ; .
-8.985 -8.989 -8.993 -8.997

Ln (*K/*K)

Fig. 2. Example of the fractionation evolution of K isotopes. The slope f = 1.958 is a fit to the total
evaporation data for a single run, and represents the experimental exponent according to the exponential
fractionation law.

Experimental fractionation slopes were calculated from the uncorrected “°K/*K and
“K/K raw data, which change owing to mass fractionation during the run. Combining
equation (A4) from Russell et al (1978) for “°K/**K and “'K/*°K

40p _ 40, (m40)27
K/, T \3% ¢ \m39

(411() _ (411() (m4-1)p
39, — |39, o
K/ K} \m39

[Eq. 3]
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. m41\P ma0\/P .
and expressing (—) as (—) we can derive
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40, a1 1
(), | _ |(=5)
M M
<40K> <41K>
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K Cc K C
where M and C mean measured and normalized ratios respectively, m is the mass of

the isotope, p is the fractionation factor (function of time, but independent of mass) and f is
a time-independent, mass-dependent coefficient.

[Eq. 4]

The exponential fractionation law yields:

f = ln(rm;;%) =1.973 [Eq. 5]
In (—)

m3g

Theoretical coefficients for other fractionation laws can be calculated following
Ranen and Jacobsen (2008) and are presented in Table 3 together with those obtained
experimentally by Wielandt and Bizzarro (2010) and in the present study. For the estimates
the atomic masses from De Laeter et al. (2003) were used. An example is shown in Fig 2
where raw total evaporation data are plotted in log-log coordinates. The slope f, obtained
by fitting the total evaporation raw data points, ranges from 1.932 to 1.972 in our data set.
Small deviations from the theoretical slope can be caused by a fractionation behavior
deviating from the exponential law at the beginning of the run.

The data obtained by total evaporation measurements were reduced off-line. The
sum of all intensities for each isotope (typically 1000-2000 cycles) was used to obtain
ratios and represents a single total evaporation run in Table 4a and 4b. We follow Birger et
al. (2010, p.68) in considering the repeatability (“external reproducibility”) as the correct
measure of the uncertainty, and in considering the “internal standard error” as an
underestimate of the actual measurement uncertainty. Each individual cycle records mass-
dependent instrumental fractionation due to two distinct mechanisms. The first one is
related to a Rayleigh-type reservoir fractionation during sample evaporation, and always
results in light isotopes being preferentially ionized at the beginning of the measurement,
with heavy isotopes dominating the residual and the last part of the measurement. The
second one is caused by the incomplete transmission of ions from the filament past the
source slits, which depends on the source focusing conditions; since total transmission
yields in the runs judged reliable ranged from 6 to 48 %, the summation is able to remove
the reservoir effect, but not the ion transmission effect, which affects each measurement to
an unknown degree. Thus, the summed data lie along the fractionation line, albeit at
unknown location relative to the true unfractionated value. An additional complication is
that these two mechanisms operate to different extents and in different proportions during a
measurement. As the filament is heated, a part of the sample is evaporated from hotspots
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and undergoes progressive fractionation due to both Rayleigh fractionation and focusing-
dependent incomplete transmission. Later during the measurements, as this hotspot shifts,
its fractionation behavior changes and other hotspots at different locations on the filament
undergo a similar Rayleigh fractionation but a different focusing-dependent transmission
fractionation. The combined effect of these fractionation processes is empirically described
by an exponential law (Russell et al, 1978).

Table 4. Total evaporation results for: (a) SRM 918b (b) SRM 985. All analyses used amplifier configuration

2. Unc.avg. means uncorrected average. Corr.avg. (in bold) is the average of the fractionation-corrected
ratios, regressed to “'K/*®K=0.721677.

Date Run (**K/*K)-108 AK/EK Slope Total ion yield %
(@)
29.10.12 1 125.258 0.07225 1.848 48
29.10.12 2 125.167 0.07219 1.899 30
29.10.12 3 125.271 0.07228 1.898 16
29.10.12 4 125.179 0.07218 1.929 21
29.10.12 5 125.186 0.07212 1.751 6
29.10.12 6 125.518 0.07229 1.661 8
29.10.12 7 125.262 0.07218 1.748 11
29.10.12 8 125.112 0.07205 1.729 8
05.11.12 9 125.348 0.07240 1.932 15
05.11.12 10 125.206 0.07224 1.971 20
05.11.12 11 125.092 0.07211 1.940 14
05.11.12 12 125.190 0.07227 1.937 15
05.11.12 13 125.561 0.07263 1.880 9
05.11.12 14 125.300 0.07230 1.891 8
05.11.12 15 125.550 0.07263 1.969 15
05.11.12 16 125.488 0.07252 1.904 7
uUnc.avg. 125.293 0.07229
2 std.dev 0.311 0.00035
Corr. avg. 125.185
2 std dev. 0.130
MSWD = 0.112,Probability = 1.0
(b)
13.02.13 1 125.054 0.07210
13.02.13 2 125.179 0.07210 1.963 9
15.02.13 3 125.221 0.07221 1.929 7
20.02.13 4 125.122 0.07226 1.940 16
20.02.13 5 125.145 0.07216 1.972 19
20.02.13 6 125.078 0.07220 1.956 40
20.02.13 7 125.099 0.07213 1.955 36
20.02.13 8 125.066 0.07215 1.930 26
Unc.avg. 125.120 0.07218 1.950 20
2 std.dev 0.117 0.07217
Corr. avg. 125.116
2 std dev. 0.057

MSWD = 0.107, Probability = 0.996
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The total evaporation data that scatter along the fractionation line can be corrected
after the runs are completed (Fig.3). Strictly speaking, this makes the results of the total
evaporation runs not a conventional total evaporation, as an additional fractionation
correction was performed to bring the measured “K/¥K ratio in agreement with the
IUPAC recommendation. The rationale for applying this correction in the case of K has to
do with the relative importance of the two competing fractionation processes: Rayleigh-
type reservoir and focusing-dependent transmission. An alkali metal such as K undergoes a
practically complete ionization. Therefore, the effect of the Rayleigh fractionation is
factored away by using the sum of the beam intensities. However, the fractionation due to
focusing is not removed by the summation. An unfractionated value can be found by using
an independently determined normalization value on the fractionated total evaporation
results, as was done for Nd isotope ratios by Wakaki et al. (2007). In the present study the
IUPAC “K/*K ratio that lies in the “Mean Earth” field (Fig. 4) is used as a normalization
value. The unfractionated “°K/*®*K can be found from simple interpolation along the
fractionation line (Fig.3). The fractionation corrected “°K/*K average ratios for sixteen
SRM 918b and eight SRM 985 analyses are 0.000 125 185 + 113 and 0.000 125 116 + 57
(20), respectively.
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Fig. 3. Total evaporation results. Filled squares: SRM 918b; black diamonds: SRM 985. The dispersion of the
points is due to isotope fractionation, as shown by the fact that regression lines are close to the theoretical
slope of the mass-dependent fractionation (dashed line). The two overlapping vertical bars are the intercepts
of the regressions for 4'K/**K = 0.0721677 with a 2 o uncertainty. The grey bar is drawn broader for reasons
of graphic clarity.
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Fig. 4. “K/*°K ratios for different materials. Mean Earth (HC 95) is the value proposed by Humayun and
Clayton (1995). Mean Earth (G 75) is the recalculated value of the Garner et al. (1975) data presented by
Humayun and Clayton (1995). The IUPAC value is from De Laeter at al. (2003) who based their
recommendation on the SRM 985 measurement by Garner et al. (1975). The two histograms for SRM 918b
and SRM 985 represent total evaporation runs without mass fractionation correction from the present study.

3.3. Block total evaporation measurements

The block total evaporation is expected to be a very precise method for the
determination of the absolute abundances of K isotopes, as it combines advantages of the
in-run normalized measurements and conventional total evaporation methods: high in-run
precision, baseline measurements and peak centering between blocks together with the
possibility to collect “all” ions and to avoid Rayleigh artifacts. However, it has the
disadvantage that not all ions are counted, especially at the beginning and the end of the
run. Loss of ions at the beginning of the run is unavoidable due to the focusing and
centering procedures, and can be reduced to a minimum as was described in the previous
section. Loss of ions also occurs at the end of the run, when the signal is still present but
not high enough for a precise measurement; this results in fast automatic filament heating
and accelerated evaporation of the rest of the sample. The part of the measurement that is
not integrated by this protocol is towards the end of the run, which corresponds to the
segment of total evaporation runs with the highest depletion of light isotopes.

The total ion yield of the block total evaporation measurements ranged from 2 to 7
% (Table 5), which is much lower than the total ion yield of conventional total evaporation
measurements (Table 4). It can be explained at least in part by the time required for inter-
block procedures (baseline, peak-centering and heating), which use up approximately half
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of the run time, during which no intensity is recorded. The loss of these ions does not
greatly affect the final result, as the losses are evenly distributed during the analysis, and
the summed ratios still represent the whole sample. A larger effect on the final result is
caused by the uncontrolled loss of 2-3 % of the material at the end of the run that is
enriched in heavy isotopes.

The weighted mean of normalized “°K/*K ratios obtained with the block total
evaporation protocol agrees with the IUPAC value (Table 5) and is statistically the same as
that of the in-run normalized measurements protocol (Table 2). The difference in
measurement uncertainties of the two analytical sessions reflects the two different amplifier
configurations.

Each of three analysis protocols has the potential to produce systematic artifacts,
but the artifacts are different for each protocol and uncorrelated with each other. The very
close similarity of the three data-sets for SRM 918b and two data-sets for SRM 985 (Fig.
5), is strong evidence that the true “°K/*K isotope ratio lies between 0.000 1250 and
0.000 1253. The in-run normalized value gives a weighted average “°K/*K of
0.000 125 122 + 10 (2 o). The fractionation-corrected high transmission total evaporation
40K /K ratios for SRM 918b (=0.000 125 185 + 130) and SRM 985 (= 0.000 125 116 + 57)
are analytically indistinguishable from the in-run normalized values. Because of the larger
number of analyses, we consider the fractionation-corrected total evaporation values as
conservative, most robust determination of the terrestrial “°K/*K isotopic ratio.

Table 5. Block total evaporation results for SRM 918b. The first 7 analyses used amplifier configuration 1,
the last 3 used configuration 2.

Date (*K/*K)-108 20 AK/EK 20 Total ion yield %
30.07.12 125.124 1.570 0.072118 0.000409 2
30.07.12 125.061 0.710 0.072061 0.000206 5
30.07.12 125.269 0.634 0.072131 0.000192 5
28.08.12 125.166 0.709 0.071940 0.000199 5
28.08.12 125.288 0.850 0.072170 0.000294 5
28.08.12 125.078 1.263 0.072092 0.000361 5
28.08.12 125.287 1.175 0.072150 0.000315 5
19.11.12 125.177 0.137 0.072217 0.000049 5
19.11.12 125.156 0.172 0.072238 0.000043 7
19.11.12 125.203 0.031 0.072198 0.000030 6

Witd. Mean 125.200 0.029 0.072205 0.000029
MSWD=0.081, MSWD = 1.5,
probability=1 probability = 0.15
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Fig. 5. Comparison of the results of SRM 918b and 985 obtained by different techniques and recommended
IUPAC value for K/*°K previously measured by Garner et al (1975) on SRM 985. The “best estimate” for
0K /*K in natural samples is: 0.000 125 116 + 57 (20) and marked with a grey horizontal bar.
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4. Conclusions

The “°K/*°K ratio was measured by thermal ionization mass spectrometery. High
precision data were obtained by three different measurement protocols for two standard
reference materials. The most accurate results were obtained with an amplifier
configuration that uses 10, 10'* and 102 Q resistors on Faraday cups. The data for in-run
normalization and total evaporation protocols were corrected for the instrumental
fractionation by the normalization to IUPAC “K/°K. The results all agree with the
terrestrial “°K/*°K value suggested by IUPAC, but have much higher precision. The “°K/¥*K
for the SRM985, which has been a standard for terrestrial K abundance since 1975, is
0.000 125122 + 16 (in-run normalization), 0.000 125 116 +57 (fractionation-corrected
total evaporation). This values within their uncertainties are coincident with the previously
accepted IUPAC value of 0.000 125 158 + 436.

The proposed “°K/*°K = 0.000 125 116 + 57 (26) for SRM 985 agrees with the
previously accepted IUPAC value of 0.000 125 158 + 436 but has a significantly improved
measurement uncertainty. This ratio corresponds to an isotopic abundance “°K/K = (1.1668
+ 8)*10, taking into account the 0.046% uncertainty on the IUPAC “K/*°K (De Laeter
J.R. at al, 2003)

The bias of K-Ar and K-Ca dating systems contributed by the uncertainty in the
abundance of *°K is now reduced from 0.35% to 0.05%. However, in order to reach the
goal of the Earthtime initiative to determine ages with an absolute uncertainty of 0.1% of
the total age requires further calibration of reference materials used for “°Ar-**Ar dating,
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and further improvements in the determination of the *°K branching ratio and the value for
the total decay constant of “°K.
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Appendix

A scan (800 steps) from mass 39.2 to 40.8 (Fig. A1) was performed with the
secondary electron multiplier (SEM), to estimate the relevant abundance sensitivity The
40K intensity was 960 000 cps corresponding roughly to 0.16 pA, which is less than half of
the signal used for data accumulation. The intensity of K beams was lowered to reduce
possibility of damaging of the SEM.

The tail from the wide and strong 3°K peak can be observed close to the mass 40. At
the region of 39.9 this tail is 40 cps, which corresponds to 7*10°pA. The *K tail
superimposed with a tail from 3°K on mass 40.1 is 25 cps (4*10° pA). Below the *°K peak
the tail intensity is 32 cps (5*10° pA), which is 0.003 % of the “°K peak intensity. Thus the
abundance sensitivity in the region of mass 40 is 2 ppb.
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Fig. Al. Mass scan performed with SEM at the area of “°K, with a “°K intensity was 960 000 cps that
corresponds to 0.16 pA.
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Abstract

This study presents static measurements of the Ca isotopic composition of standard
reference materials SRM 915 a/b on a Triton Plus™ thermal ionization mass spectrometer
with a specially developed Faraday cup array allowing simultaneous measurement of “°Ca
and *Ca. The total amount of Ca in all analyses was kept < 1 pg. With this setup the
measurement uncertainties were 0.06 %o for “°Ca/**Ca and 0.12 %, for “Ca/*°Ca.
Measuring all isotopes simultaneously better allows to test the internal consistency of
different Ca isotope abundances reported in the literature. The exponential law was
observed to correct incompletely instrumental mass fractionation. An improved
fractionation correction based on the exponential law is proposed. It changes the “°Ca/**Ca
ratio of SRM 915a (corrected relative to *?Ca/**Ca = 0.31221; “®Ca/**Ca = 0.08871) from
47.1635 = 0.0028 to 47.1649 £ 0.0047. The measurements of SRM 915b were performed
with different analytical conditions (runs were prolonged till complete filament load
depletion). Even if the “°Ca/**Ca ratio of SRM 915b, when corrected with the simple
exponential law, appears different (47.1532 + 0.0038) from that of SRM 915a, it becomes
coincident (47.1613 +0.0028) when corrected with a second-order refinement. This
supports the use of the improved exponential law to obtain internally consistent Ca isotope
ratio for natural samples.
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1. Introduction

Calcium is the fifth most abundant element in the terrestrial planets. It has five
stable isotopes “°Ca, “’Ca, “3Ca, #*Ca, “°Ca and the long lived “®Ca with a half-life of
4x10'° a. The Ca isotope abundances are of great importance for multiple disciplines like
astrophysics, biology and geology, as they provide information on nucleosynthetic
processes in stars, and act as a proxy for paleoclimate, changes in biological cycles,
fractionation in plants and animals, condensation and evaporation processes in the Early
Solar System and present-day surface processes on Earth, as well as K-Ca geochronology
(e.g. Skulan et al., 1997; Gopalan and Kumar, 2008; Caro at al., 2010; Fantle, 2010).

Such a wide spread of possible applications requires a uniform base to make
different studies comparable. In geological applications a substantial obstacle to data
intercomparison is the usage of (a) different reference materials (National Institute for
Standards and Technology, NIST, Standard Reference Materials SRM 915a and
SRM 915b; sea water; in-house reference solutions; etc.); (b) different Ca isotope ratios
published by different authors (e.g.; Russell et al., 1978; Schmitt et al., 2001; de Laeter et
al., 2003; Simon et al., 2009); and (c) different mass-dependent fractionation correction
laws (linear, power, Rayleigh, exponential, improved exponential; see § 3.2.).

The most commonly used methods for Ca isotope measurements are thermal
ionization mass spectrometry (TIMS, both single- and multicollector) and multicollector
inductively coupled plasma mass spectrometry (MC-ICP-MS). Common issues with both
measurements are isobaric interferences (“°K and, in the case of ICP-MS, “°Ar), high
abundance range (*°Ca = 96.9 %, “*Ca = 0.135 %; “6Ca (0.004%) is generally not reported
due to its very high measurement uncertainty) and wide mass range (8 amu difference
between “°Ca and “8Ca). Single collector set ups were used e.g. by Russell et al. (1978),
Skulan et al. (1997) and Nagler and Villa (2000). The use of single collectors even in the
late 90ties and early this millennium is partly due to the problem of the large relative mass
range of Ca, and concomitant issues with the focal plane and collector setups in
multicollector instruments. Multicollector measurements were found to give very good
internal precision, but poor external reproducibility, at least in part related to focussing
issues (e.g. Skulan et al,1997). However, single collector measurement requires stable
beams over long measuring times. More recently, two approaches were used to cope with
the wide mass range in multicollector setups: either the number of measured isotopes was
limited (e.g. Holmden, 2005; Gopalan et al., 2006; Schiller et al., 2012) or the isotopes
were measured in two separate groups, the first pass including masses 40, 42, 43, 44 and a
second pass including masses 44, 46, 48 (e.g. Heuser et al., 2002; Amini et al., 2009; Lehn
et al., 2013). The former is unfavorable if the subject of interest is mass-dependent isotope
fractionation; the latter if the signal is short-lived, notably in case when small amounts of
radiogenic “°Ca are to be analyzed. For the present study the Ca isotope compositions of
SRM 915a and SRM 915b were determined by measuring the whole range of Ca isotopes
from mass 40 to 48 simultaneously in static mode using a multicollector configuration
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(Bouman et al., 2011) adapted specifically for this purpose on a Thermo Scientific Triton
Plus™ TIMS at the Universitit Bern. Static measurements have advantages over
multidynamic measurements: for example, any non-uniform signal decrease causes no drift
in isotope ratios; moreover, as stable and long-lived signals are not an absolute
requirement, sample loading is less critical.

1.1 Reference materials.

Diverse materials have been used as reference materials for Ca isotope
measurements: museum- grade fluorite (Nagler and Villa, 2000), seawater (Zhu and
MacDougall, 1998; Schmitt et al., 2001), calcium carbonate NIST SRM 915a /915b (e.g.
Heuser et al., 2002; Farkas et al., 2007; Simon et al., 2009 ; Caro et al., 2010; Jorg et al.,
2012) and other materials (A.N.U. Tridacna standard, in house ultrapure CaCO3) (Fletcher
et al., 1997a; Fletcher et al., 1997b; Skulan et al., 1997). The community endeavored to
agree on a uniform basis for Ca studies. Hippler et al. (2003) compared three intra-
laboratory reference materials with SRM 915a, which at that time was commonly available.
Eisenhauer et al. (2004) suggested to use SRM 915a as an international Ca standard. At
present SRM 915a is no longer available and has been replaced with SRM 915b. Two
studies compared their two isotope compositions after internal mass fractionation
correction and report no detectable difference (Hindshaw et al., 2011; Schiller et al., 2012).

1.2 Reference isotopic compositions

The isotopic composition of standards is an essential parameter that becomes
crucial when studying natural isotopic fractionation. A comparison of the data obtained by
different laboratories strongly depends on the choice of isotope ratio used as a reference.
Currently all isotopic compositions recommended by IUPAC have been determined by
mass spectrometry taking into account instrumental fractionation effects in the best
possible way (de Laeter et al., 2003), as none can be determined with uncertainties < 1% by
absolute gravimetric methods. However studies of fractionation processes require one or
two orders of magnitude lower uncertainties. Therefore the geochemical community has
agreed on using certain reference materials, defining one of their isotope ratios by
convention (with a zero uncertainty by definition). This requires that the outcome of a mass
fractionation correction be independent of the isotope ratio chosen as normalization. The
case of Ca will be discussed in detail in § 3.1.

Russell et al. (1978) determined the Ca isotope composition of various terrestrial
and extraterrestrial materials using the double spike technique. Their double spike was
prepared gravimetrically, and isotopic compositions were measured on a single collector
TIMS. Data were corrected for instrumental mass-dependent isotope fractionation with
different mathematical approaches; Russell et al. (1978) concluded that the exponential law
was most accurate. Recently several studies have attempted to re-determine the isotopic
composition of Ca. Three approaches have been used so far: (1) mass spectrometer
measurements with normalization to one fixed value; (2) total evaporation measurements,
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where a sample is measured on TIMS while continuously heating the filament until the
sample is completely exhausted; as nominally all ions are collected, their summation
should cancel out artefacts due to Rayleigh fractionation on the filament (Fiedler, 1995;
Schmitt et al., 2001; Jorg et al., 2012); (3) a vector presentation of TIMS data developed by
Shen et al. (2009). An overview of these methods is given by Boulyga (2010) and Jorg et
al. (2012).

The present study reviews the isotopic compositions obtained with each of the three
approaches (Russell et al., 1978; Jorg et al., 2012; Shen et al., 2002) and provides an
internal consistency check for each. The fractionation corrected Ca isotopic compositions
are different in these three studies. Russell et al. (1978) proposed *?Ca/**Ca = 0.31221 and
40Ca/**Ca=47.153 using the gravimetrically defined “?Ca/*Ca ratio as fixed values. Jorg et
al. (2012) proposed *?Ca/**Ca = 0.30886 and *°Ca/**Ca=46.106 on the basis of the best total
evaporation value, whereby they assumed that the measured Ca isotope ratios are only
controlled by Langmuir fractionation from the filament, which should be cancelled out in
total evaporation measurements. Using “*Ca/**Ca ratio as correction ratio they derived an
isotopic composition of Ca, which differs from that proposed by Russell et al. (1978). The
vector analytical method of Shen et al. (2002) is based on a 3D model, with coordinates x =
“ca/*Ca, y = *Ca/*®Ca, z = **Ca/*®Ca, whereby the true spike or true natural composition
can be determined without the need of a reference ratio. Their model assumes a linear
mass-dependent fractionation during the measurement. Shen et al. (2002) tested the validity
of this assumption by comparing the fractionation-corrected “°Ca/**Ca normalized to
42Ca/**Ca = 0.31031 with exponential and linear laws. They calculated that the difference
between linear and exponential law corrections is < 50 ppm in all cases in their study.

1.3. Fractionation corrections

The new static setup allows using various approaches to correct for instrumental
mass fractionation. For unspiked samples traditionally the #?Ca/**Ca ratio is chosen to
correct all other ratios (e.g. Skulan et al., 1997; Hindshaw et al., 2011; Schiller et al.,
2012), but also other ratios can be used (Jungck et al., 1984). The application of “Ca/**Ca
to correct for instrumental fractionation during analysis could appear advantageous over
the commonly used *?Ca/**Ca ratio, as the pair “8Ca-**Ca has almost the same mass
difference as the pair “°Ca-**Ca. The wider mass range of the correction ratio can be
expected to decrease the uncertainty on the normalized “°Ca/**Ca ratio provided that the
fractionation during mass spectrometric analysis follows a simple, well-understood
mathematical equation. In the present study the variation of “°Ca/**Ca is examined as a
function of the normalization ratio chosen to correct for mass dependent fractionation.

As already noted by Russell et al. (1978), and reproduced in the present study , the
exponential law is the closest empirical representation for the behavior of the isotope
fractionation during a mass spectrometer run. The exponential correction for Ca is
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where m; is the mass of isotope 'Ca, with i = 42 or 43 or 48.

While it is generally accepted that the exponential law gives the best empirical fit
for the fractionation correction (Russell et al., 1978; Hart and Zindler, 1989; Schiller et al.,
2012), it is intuitive that there may be processes during measurements that do not follow
the exponential law. This was first mentioned by Russell et al. (1978). Later Jungck et al.
(1984) used “°Ca/**Ca for correction of the **Ca/**Ca ratio and proposed a modification to
the exponential law to eliminate a small residual effect. According to Hart and Zindler
(1989), the exponential law might be the best fit only for a limited range of the
measurement; they explained such behavior due to reservoir mixing (see below). As
pointed out by Naumenko et al. (2013), there are at least two heterogeneous sources of
isotope fractionation: the evaporation of ions from the filament, which follows Rayleigh-
type fractionation (if the hotspot on the filament is smaller than the area covered by the
sample, there may be the additional complication of reservoir mixing as discussed by Hart
and Zindler (1989)); and the incomplete transmission of ions emitted from the filament into
the collectors, due to the impossibility to focus the whole ion emission that spans a half-
space with 2m geometry. This latter point is borne out by the fact that even for elements
such as K, whose ionization efficiency approaches 100 %, the total ion yield is rarely
higher than 20 %; the missing ions entail a mass-dependent fractionation.

Caro et al. (2010) noticed that at the end of the run there is an evident fractionation
trend that is not corrected by the exponential law. Similar residual trends after exponential
fractionation correction were observed by Lehn and Jacobson (2015). They further noted
that this effect followed the “average mass rule” (Wasserburg et al., 1981), i.e. the residual
trend per atomic mass unit was largest for isotope pairs (e.g. *Ca/*®Ca vs. “°Ca/**Ca).
Gopalan et al. (2006) and Lehn et al. (2013) proposed a workaround that circumvents the
“average mass rule”, namely using a double spike having an average mass sufficiently
close to the Ca isotope ratios of interest.

An observation of incomplete fractionation correction with the exponential law was
also made for Nd isotopes. Upadhyay et al (2008) studied the reservoir mixing and
fractionation for Nd isotopes and found up to +70 ppm shift on **Nd/**Nd ratio due to
incomplete fractionation correction with the exponential law. Caro et al. (2006) compared
the Nd isotope fractionation with and without a magnet inserted in the source during TIMS
measurements in positive ion mode. Normally without the magnet the reproducibility of Nd
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measurements was 2 ppm for the #°Nd/**Nd ratio. With inserted magnet the
reproducibility was 10 ppm for the same ratio. Caro et al. (2003) suggested an additional
correction term to the commonly used exponential correction law. The present study also
focuses on the incomplete fractionation correction of Ca with conventional exponential law
and test the possibility of applying the additional correction term proposed by Caro et al.
(2003) to Ca isotopes.

2. Analytical Methods
The Thermo Scientific Triton Plus™ multicollector TIMS used for the present
measurements was equipped with a specially developed extra large Faraday cup (L5) for
the analysis of *°Ca and a special Faraday cup (H4) with extended mass range for *Ca,
allowing simultaneous measurement of masses 40 to 48 amu (Fig. 1, supplementary
materials Fig.S1). Additional zoom lenses and beam dispersion were used to optimally
center each beam in the fixed Faraday cups.

40 My, 42 43 44 46 48
Ca K Ca ia Ca Ca Ca
Voo ! ; ; !
[ cont r
Farday | s L4 L3 L2 L1 A H1 H2 H3 H4
Fixed Fixed
Amplifiers 1011 Q 10" Q 1020 102 10'2q 10" Q 102

Fig. 1. Scheme of the Faraday cup configuration and amplifiers employed.

The intensity of K was monitored on the low-mass cup L4; no K interference was
observed in either SRM 915 solution. Since Ca isotopes have high abundance ranges the
application of different amplifiers (10 and 10'? Q) gave the opportunity to measure high
(*°Ca) and low (*3Ca) intensity beams simultaneously with reduced uncertainties. During
the measurements *°Ca was detected with the 10! Q resistor, signals for *?Ca, **Ca, **Ca
and *8Ca were amplified with 10'? Q resistors. An additional improvement of the analytical
setup would be using a 10%° Q amplifier for the “°Ca beam, allowing measurements with
ten times higher Ca amounts, which should further reduce the relative uncertainty by a
factor of 3.17. As the present study focused on the analysis of small samples of terrestrial
and extraterrestrial samples, it was not anticipated that “°Ca signal intensities would exceed
100-200 pA, and it was decided to sacrifice precision deriving from large “°Ca signals in
exchange for accuracy deriving from excluding any potential instrumental artefact caused
by non-linear response when comparing small sample signals with large SRM signals.
Typical intensities for standards with a high Ca concentration (ca. 0.5 - 1 ug) were
ca. 350 pA for “°Ca and ca. 0.5 pA for **Ca. Gain calibrations were performed every 24 h
with a fixed voltage of 3 V applied to each cup and amplifier.

The present study reports Ca isotope compositions measured on NIST standard
reference materials SRM 915a and SRM 915b. In view of the geochronological
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applications it was desirable to limit sample sizes to < 1ug Ca. In the following "high
concentration measurements™ refers to Ca loads on the filament of 0.5 - 1 ug and "low
concentration measurements™ to Ca loads = 100 ng. The simultaneous acquisition ensures
high precision measurements of low Ca samples even with unstable signal intensities.

Single zone-refined rhenium filaments were used. After welding, filaments and
filament holders were prewashed for 20 s with 1 M HCI and purified Milli-Q™ water to
dissolve any possible Ca contamination; afterwards filaments were degassed for 45 min at
1500 mA, 30 min at 2000 mA and 70 min at 4000 mA with subsequent oxidizing at room
temperature for at least two weeks. SRM solution concentrations were adjusted so that only
1 pl was loaded on filament, so as to keep the ionization hotspot as small as possible. A
loading solution containing Ta2Os (Birck, 1986; Néagler and Villa, 2000) was loaded on top
of the standard. Filaments were kept at 100 mA during loading, after drying they were
brought to glowing at ca. 2500 mA for approximately 5s. The Ca loading blank was
< 30 pg.

During measurements filaments were slowly heated (50 mA/min) untill the filament
current reached 2800 mA, at which point the signal was focused. Heating resumed with a
ramp rate of 25 mA/min up to 3200-3400 mA (ca. 1450°C) when the “°Ca beam reached 50
pA or 300 pA for low and high concentration measurements respectively. Ramp rates were
further decreased to 15 mA/min until the “°Ca signal reached the target intensity of 100 pA
and 350 pA respectively. The signal was kept on target with an automatic filament current
adjustment between blocks. Typical runs consisted of 100 or 150 cycles, except for the
total evaporation, each ten cycles being grouped in one block. Each cycle was acquired for
8s, with 6s idle time. Peaks were centered before the measurement. Baselines were
acquired at the beginning of a run and every three blocks. The signal was focused several
times during heating and every 5 blocks during the measurement.

Raw data were corrected online for baseline and amplifier gain. Two off-line
instrumental mass-dependent fractionation corrections were tested and compared: (i)
exponential law (Eq.1) using six different normalizations: “éCa/**Ca, “*Ca/*Ca and
42Ca/*Ca ratios as proposed by Russell et al. (1978) and by Jorg et al. (2012); (ii)
exponential and linear laws using the same three ratios as proposed by Shen et al. (2009).
The exponential law using “3Ca/**Ca as correction ratio will not be discussed here on
account of the low intensity of “*Ca and the ensuing high measurement uncertainty, which
is then propagated to the corrected ratios. Uncertainties for weighted means are reported at
the 95 % confidence level (1.96 o), for single measurements with 1 o standard deviation.

Six total evaporation runs for SRM915a and two for SRM915b (ca. 500 ng and ca.
1000 ng each, respectively) were performed. Total evaporation data were processed in two
modes for comparison. The cumulative mode presents data as a summation of isotope
intensities, which supposedly minimize the Rayleigh fractionation effects. The cycle mode
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allows to eliminate outliers and to calculate the uncertainty of each run based on the scatter
of cycles.

It has been reported that Faraday cups in TIMS can suffer degradation from the
high intensity *°Ca beam (e.g. Simon et al, 2009; Caro et al, 2010; Hindshaw et al, 2011).
The extra large “°Ca Faraday Cup collector was exposed to a total Ca load of ca. 64 g
during the preparation of this paper. No drift in “°Ca/**Ca ratios was observed over the
period of June 2014 till February 2015 within the uncertainty of individual measurements.
The reproducibility of “°Ca/**Ca for SRM 915a and SRM 915b is presented in the
electronic supplement (Fig.S2 and S3).

3. Results and discussion

3.1 Internal consistency check of Ca isotopic compositions

The internal consistency check for published Ca isotopic compositions was
performed using the “°Ca/**Ca ratio for SRM 915a/b corrected with the exponential law
(Eq.1). It is expected that an internally consistent set of Ca isotope ratios will result in a
fractionation corrected “°Ca/**Ca that does not change depending on the correction ratio. In
the following, the term “correction ratio” specifies which ratio (*’Ca/**Ca, **Ca/**Ca or
48Ca/*Ca) was used to correct the instrumental isotope fractionation of “°Ca/**Ca. The term
“correction value” specifies the Ca isotopic composition of the correction ratio as published
in three different studies (Russell et al., 1978; Shen et al., 2009; Jorg et al., 2012). The
three correction ratios being different in the three cited studies, one obtains nine values for
the corrected “°Ca/**Ca ratio (Table 1, Fig. 2).

correction ratio
42Ca/44ca 43Ca/44ca 48Ca/44ca
correction values
Russell et al., 1978.
(*°ca/**ca)? (*°ca/**ca)Raz (*°ca/**Ca)as (*°Cca/**Ca)rus
47.15343 47.16313 47.129+17 47.16315
Jorg et al., 2012.
(*°ca/*ca)’ (*°Ca/**Ca)'az (*°Ca/**Ca)'as (*°Ca/**Ca)'as
46.106+19 46.132+4 46.132+18 46.100+6
Shen et al., 2009. (
(40Ca/44ca)sh 40Ca/44ca)5h42 (40Ca/44ca)5h43 (40Ca/44ca )Sh48
46.537+2 46.57614 46.768+19 46.669+6

Table 1. “°Ca/**Ca ratio corrected to three correction ratios assuming three different Ca isotopic compositions
published in three different papers. Superscripts R, J and Sh refer to Russell et al. (1978), Jérg et al. (2010),
and Shen et al. (2009), respectively. Subscripts 42, 43, 48 denote the "correction ratio" (*2Ca/**Ca, “*Ca/**Ca,
48Ca/*Ca) used in the calculation.

The first triplet of corrected “°Ca/**Ca ratios shown in Table 1 was calculated by
assuming as "correction ratios" the “?Ca/**Ca, “*Ca/**Ca and “8Ca/**Ca ratios as measured
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Chapter 2. TIMS measurements of full range of Ca isotopes

by Russell et al. (1978). They are denoted by the superscript "R" and the subscript referring
to the respective correction ratio: (“°Ca/**Ca)Rsz, (*°Ca/**Ca)R4s, (*°Ca/**Ca)Rss (see Table
1). If the exponential law is accurate and the Ca isotope compositions reported by Russell
et al. (1978) are internally consistent, then the three calculated ratios must coincide:
(“°Ca/**Ca)Rsz = (°Ca/**Ca)Rys = (*°Ca/**Ca)Rss. Fig. 2 shows that indeed the calculated
40Ca/**Ca ratios are identical amongst each other. The same procedure was performed with
the isotopic composition published by Jorg et al. (2012). The results of our recalculation of
our raw data, using the ratios proposed by Jorg et al. (2012) as “correction ratios”, are
shown in Table 1 with the superscript "J". The recalculated *°Ca/**Ca values are not
consistent at the 2 o level, but they are consistent at the 3 o level.

Exponentially corrected to Russell et al (1978) values Exponentially corrected to Shen et al (2009) values
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Figure 2. Comparison of the normalization protocols for 25 high intensity measurements of SRM 915a. The
40Ca/**Ca ratio was corrected with the exponential law applying three “correction ratios” “?Ca/*Ca (circles),
43Ca/*Ca (squares) and “8Ca/*Ca (triangles) provided by three distinct studies (Russell et al., 1978; Shen et
al., 2009 and Jorg et al., 2012). The dashed lines refer to the “°Ca/**Ca ratios for SRM 915a by Shen et al
(2009) and 915b by Jorg et al (2012); note that Russell et al (1978) did not have SRM 915a avalable. Our
results show that when the “?Ca/**Ca ratio of Jorg et al (2012) is used to correct the measured “°Ca/*Ca ratio,
the resulting “°Ca/*Ca ratio is inconsistent with that proposed by Jorg et al (2012) at the 0.5 %o level. The
inconsistency with the Shen et al (2009) normalization is 5 %o. Linear fractionation corrections were applied
to “°Ca/**Ca using the values of Shen et al. (2009). The Ca isotope composition from Shen et al. (2009) yields
distinct values for “°Ca/**Ca depending which “correction ratio” is used during the instrumental mass-
dependent fractionation correction.

The third internal consistency check using the isotopic compositions presented by
Shen et al. (2009) shows that the calculated (“°Ca/*Ca)*" ratios are inconsistent amongst
each other and with the “°Ca/**Ca ratio proposed by Shen et al. (2009) as the “true” value
(Fig. 2). One probable cause for this lack of internal consistency is that Shen et al. (2009)
applied a linear fractionation correction. The linearity check was performed for mass
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differences Am=2 and Am=4. Shen et al. (2009) extrapolated the linear correction to
isotope ratios with higher mass range: “°Ca/*Ca, **Ca/*®Ca and “*Ca/*®Ca. These ratios
have large mass differences and their fractionation does not strictly follow the linear law.
The inaccuracy of the linear law to correct the “8Ca/**Ca ratio was first demonstrated by
Russell et al. (1978), who found a systematic bias of >5 %.. Using *°Ca/*®Ca for the
correction gives an even greater shift. This implies that the assumption of linear
fractionation vectors for *°Ca/*¢Ca, *4Ca/*®Ca and *?Ca/*®Ca in the vector analytical method
is not applicable.

3.2 Improved exponential correction law for Ca

Similarly to Jungck et al. (1984), Hart and Zindler (1989), Upadhyay et al (2008)
and Caro et al. (2010), in the present work it was observed that the “°Ca/**Ca ratio in very
long runs showed a residual trend after the exponential fractionation correction. This
residual trend can reach 0.5 %o when the "correction ratio" was “’Ca/**Ca and 1.5 %o when
the "correction ratio" was “®Ca/**Ca. Fig. 3 shows the behavior of “°Ca/*Ca corrected with
42Ca/*Ca (open circles) and *8Ca/*Ca (triangles) as a function of the number of measured
cycles.

In the plot chosen to assess the functional form of the fractionation correction,
namely X = (4oca/44ca)measured/(4oca/44ca)c0rrected, Y = (48C3/44C3-)measured/(4gca/44ca)corrected
(Russell et al., 1978), both abscissa and ordinate are a measure of the progressively
increasing mass fractionation. When the filament is approaching exhaustion, the abscissa
and ordinate of the present measurements drop to much lower values than those of the
corresponding figure of Russell et al. (1978), that is, the fractionation is more extreme. The
corrected isotope ratios still all lie on the line labelled "exponential”, indicating that at least
to first order the dominant process that causes isotope fractionation can be best described
with the exponential fractionation law.

Fig. 4b additionally displays a time-series of the progressively increasing mass
fractionation. The trajectory trends downward, meaning that the correction of the “°Ca/**Ca
ratio with the exponential law based exclusively on the “’Ca/**Ca ratio becomes
increasingly inaccurate as the run approaches complete sample exhaustion.

A similar observation of incomplete fractionation correction of the Nd isotope
ratios with the exponential law was made by Caro et al. (2006). They also pointed out a
correlation factor r> = 0.6-0.8 between corrected ratios. A similar correlation factor r> = 0.7
is seen between (“°Ca/**Ca)Rs. and (*®Ca/**Ca)Rs. (Fig. 5). Caro et al (2006) proposed an
additional, second-order-correction term to the commonly used exponential correction law.
The adaptation to Ca, shown here, of the equation proposed for Nd by Caro et al. (20086, eq.
4) eliminates the residual trend for the corrected Ca isotope ratios (closed circles in Fig. 3).
This equation requires two fixed correction ratios: one to estimate the fractionation factor
and second one to estimate the mass dependence of the residual trend:
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where M stands for measured, C for corrected, T for “true”; f and A will be defined

A

48
below. In this example the values from Russell et al. (1978) are used: (%) =
T

0.08871 (Z%) = 0.31221. The first term is the exponential correction law following
T

Russell et al. (1978) and the second term is the correction coefficient which accounts for

mass discrepancies between corrected and correction ratios derived by Caro et al. (2003).

In this example “°Ca/**Ca is corrected with “8Ca/**Ca (the exponential term) and “*Ca/**Ca

is used to estimate the mass-dependent drift of the corrected value. The fractionation factor,

f (#0cq). 1S given by:

f(‘w(:a) = ln(m48) [Eq 3]
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4ZCa
4

In the second term of equation 2(%) is calculated from the conventional
C

exponential correction law (modified Eq. 1):

420, 8., f(4zCa)
(), _ [ (33,

2o\ 48, [Eq 4]
(), \ (),
where f(42Ca) is calculated from an equation similar to Eq. 3:

In (Z—:Z)

f(#2ca) = ) [Eq. 5]

Mmay4

The coefficient A in Eq. 2 is given by:
in(ias) n(iee)
A — 44 48 .
(2 (2] [Ea. 6]
This additional term corrects Ca fractionation over most of the range. Fig. 3
illustrates the difference between three fractionation corrections. Simply correcting
“0Ca/**Ca with *8Ca/**Ca (open triangles) produces a steep trend (ca. 1-3 %o over the
duration of the run); correcting “°Ca/**Ca with “?Ca/**Ca (open circles) results in a smaller,
but still evident trend. Only the additional term in eq. 2 (closed circles) completely removes
the trend. There can be extreme cases, when the sample on the filament is exhausted, when
the last few cycles yield extremely highly fractionated ratios. In these instances, not even
eq. 2 corrects the fractionation completely (even if the bias is reduced below 1 %o). Such
data have to be eliminated manually.

For large samples (> 1 pg Ca), if a sample does not approach exhaustion during a
run, the simple exponential law correction of “°Ca/**Ca to **Ca/**Ca is sufficient and an
application of Eqg. 2 makes no detectable difference relative to Eq. 1. Sample sizes < 1 ug
Ca can show a decreasing trend in “°Ca/**Ca (see Fig. 3), a sign of incomplete correction
that requires eg. 2. In the present study 19 out of 35 high intensity measurements for
SRM 915a show no obvious trend with the simple exponential correction to “?Ca/**Ca; 11
measurements show a visible trend over the range of a run; another five measurements
might have signs of incomplete correction at the end of a run. We consider a trend to be
present when weighted error fitting of the data returns an uncertainty envelope that does
not include the horizontal line (i.e. the slope differs from zero by more than 2¢ of the
calculated slope uncertainty). The data for SRM 915a, shown in the supplementary
materials, hint at an offset between “°Ca/**Ca corrected with “*Ca/**Ca and with “>Ca/**Ca.
Currently it is not possible to judge if this shift is significant, and if so, if it is due to
incomplete exponential correction or some other factors.

The correction with “Ca/**Ca yields isotope ratios for *°Ca/**Ca that show a
downward fractionation trend in most of the measurements. The use of “éCa/**Ca as the
"correction ratio”, or of any other ratio with a large mass range (e.g. “®Ca/**Ca, “8Ca/**Ca),
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is possible only with utilization of Eq. 2. This can be critical when using double spikes (e.g.
“8Ca-*3Ca, *®Ca-*’Ca, “®Ca-*’Ca, “%Ca-**Ca). The incomplete fractionation correction
produces an artifact on the corrected value by shifting “°Ca/**Ca towards lower values (see
Fig. 3).

Similar behavior is also seen in total evaporation runs where the fractionation is
pushed to the limit (the data for the eight total evaporation runs can be found in
supplementary materials Table S3, fig.S4, S5). The fractionation corrected total
evaporation runs, displayed in cycle mode, show similar signs of incomplete fractionation
correction at the end of each run. Sometimes incomplete fractionation correction can be
seen during the whole run and even in cumulative mode (supplementary materials Fig.S6
and S7). Smaller Ca loads were observed to have lower total ion yields; these runs suffer
most strongly from incomplete fractionation correction (see fig.S4 and S5 for P17). The
uncorrected total evaporation “°Ca/**Ca ratios vary between 42.8 and 44.2 for SRM915a.
These values are ca. 7-9 % lower relative to those by Russell et al. (1978). The breadth of
their variation, £ 1.5 %, might be due to the loss of ions either at the beginning of a run,
when the signal is focused, or at the end when the signal is decreasing rapidly. The total
evaporation approach also neglects the importance of fractionation during source focusing
of the ions. As the total Ca ion yield in ideal cases is given by DePaolo (1988) as 0.1 %, the
present total evaporation runs with lower yields (0.02 - 0.09 %) (see Table S3) are likely to
have undergone additional mass fractionation.

A unified approach to mass fractionation correction may be possible according to
the following argumentation. The very cause of mass fractionation in thermal ionization
mass spectrometry is incompletely understood. A number of effects undoubtedly play a
role: Rayleigh distillation of the evaporating filament load, optical aberrations that occur
when ions emitted in non-axial directions are deflected back into axis, superposed ion
emission from filament domains at different temperatures, etc. The relative importance of
these effects is variable, and the equations governing them are different. No quantitative
mathematical-physical formulation from first principles has been successfully attempted to
date. What is available are empirical equations that can be interpolated between, but not
extrapolated beyond, controlled laboratory constraints. The hypothesis by Russell et al.
(1978) that mass fractionation follows an exponential law amounts to stating that, to first
order, the sum of the effects listed above is described by Eq. 1. It provides no physical
model why the functional form of mass fractionation should be exactly exponential.

The second-order term in Eq. 2 is an empirical correction of the empirical law in
Eq. 1. As such, it is not based on first principles. It is required because the exponential law
breaks down for very large depletions of the sample load. It is likely that a source of
residual trends is the use of one single equation to describe a superposition of
heterogeneous physical process.
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Filament reservoir mixing as a predominant source of non-exponential mass
fractionation is not a satisfactory explanation for the observations of the present study.
When the filament load is almost entirely depleted at the end of a long run it is expected
that the remaining Ca reservoirs on the filament be closest to thermal equilibrium relative
to the beginning of the measurement. The present observations suggest that sample with the
lowest incidence of reservoir mixing have the most extreme residual trends.

The static measurement of the whole range of Ca isotopes allows to study
fractionation processes with improved precision. The application of eq. 2 to correct the
instrumental mass-dependent fractionation strongly reduces artifacts due to an incomplete
fractionation correction.

3.3 Ca isotopic composition of SRM 915a and SRM 915b

Thirty one low intensity and 28 high intensity measurements of SRM 915b are
compared with 8 low intensity and 35 high intensity measurements of SRM 915a. The raw
40Ca/**Ca data were corrected with a simple exponential fractionation law (Eq. 1) using
different “correction ratios" (as described in §3.1.), as well as with the improved
exponential law according to Eq. 2. The raw and corrected data are shown in the
supplementary materials. As the Russell et al. (1978) correction values are the most
internally consistent ones (see 8 3.1.), they will be used in the following to compare the
present results with other studies. The isotopic composition of SRM 915a and SRM 915b
obtained here with the conventional exponential law (Eq. 1) is presented in Table 2. The
40Ca/*Ca ratio obtained following Eq. 2 is presented in Table 3 together with a comparison
with data from the literature. The uncertainty of our results is limited by the sample size
chosen for this study, < 1 pg.

For SRM 915a the corrected “°Ca/**Ca ratio (Table 3, Fig. 6) is identical with that
obtained by Caro et al. (2010). There is no resolvable difference between
(“°Ca/**Ca)Rq2 = 47.1635 + 28, (*°Ca/**Ca)us = 47.1627 + 43, and °Ca/**Ca=47.1649 + 47
when Eq. 2 is used for fractionation correction, even though incomplete fractionation
correction at the permil level can be seen in Fig. 3. Furthermore, the measured “éCa/*°Ca
ratio of SRM 915a was corrected using *?Ca/**Ca = 0.31221 (Russell et al., 1978) as the
normalization ratio and yielded *8Ca/*°Ca = 0.00188081 + 23 [0.12 %0] with Eq. 1 for 43
high intensity measurements (see supplementary materials).

40Ca/44ca 42Ca/44Ca 43Ca/44Ca 4SCa/44Ca
Russell et al., 1978 47.153+3 0.31221+2 0.06486+1 0.08871+2
Caro et al., 2010 47.1622+16 fixed to 0.31221 N.D.
This study SRM 915a 47.1635+28 fixed to 0.31221 0.0648716+68 | 0.0887045+88
This study SRM 915b 47.1532+38 fixed to 0.31221 0.0648707+63 | 0.088683+12

Table 2. Isotope compositions of SRM 915a and SRM 915b obtained in this study with the exponential law
(eq.1) and normalization to “?Ca/**Ca = 0.31221 (Russell et al., 1978). Values for this study are calculated in
Isoplot 3.75 (Ludwig, 2012) as weighted mean. Absolute uncertainties, expressed at the 95 % confidence
level (1.96 o), are referred to the last digits. The Ca isotopic composition reported by Caro et al. (2010) does
not include the “éCa/*Ca ratio. Additional data can be found in the electronic supplement.
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Fig. 6. Comparison of published “°Ca/**Ca values for NIST SRM 915 a/b and other materials. All literature
data were normalized to “?Ca/**Ca=0.31221 of Russell et al (1978), the assumed fractionation laws are noted
in table 3. "BE" means Bulk Earth (Simon et al., 2009). "Corr." refers to the diverse corrections assessed in

the present study.
Method
Mass spectrometer / method / Approach Correction law for the
Publication Sample “Ca/*Ca + measured masses instrumental mass
dependent
fractionation
various - . .
Russell et al 1978 materials 47.153 0.003 single collector TIMS double spike Exponential
Simon et al 2009 Bulk Earth 47.1487 0.003 m.c. TIMS, static, 40-44 norm. to “2Ca/*Ca=0.31222 Exponential
Shen et al 2008 SRM 915a 46.537 0.002 m,c TIMS, dynamic, 40-48 vector analytical “Linear”
Simon et al 2009 SRM 915a 47.1525 0.0074 | m.c. TIMS, static, 40-44 norm. to “Ca/*Ca=0.31222 Exponential
Caro etal 2010 SRM 915a 47.1622 0.0016 | m.c. TIMS, dynamic, 40-44 norm. to “2Ca/*Ca=0.31222 Exponential
Schiller et al 2012 SRM 915a 47.1662 0.0023 | m.c. TIMS, static, 40-44 norm. to “Ca/*Ca=0.31222 Power
This work SRM 915a 47.1635 0.0028 | m.c. TIMS, static, 40-48 norm. to “Ca/*Ca=0.31222 Exponential (Eq.1)
SRM 915a 47.1627 0.0043 | m.c. TIMS, static, 40-48 norm. to “Ca/*Ca=0.08871 Exponential (Eq.1)
48~ A4 — :
SRMO15a | 47.1649 | 0.0047 | m.c. TIMS, static, 40-48 22&’?%‘;/44%2’:0?3"‘1202'(2’8871 zg‘grgg’ed exponential
Schiller et al 2012 SRM 915b 47.1645 0.0038 | m.c. TIMS, static, 40-44 norm to “Ca/*Ca=0.31221 Power
average of total evaporation
Jorg et al 2012 SRM 915b 46.106 0.019 m,c TIMS, dynamic, 40-48 and Langmuir recalculation No correction
of incipient emission
This work SRM 915b 47.1532 0.0038 | m.c. TIMS, static, 40-48 norm. to “Ca/*Ca=0.31222 Exponential (Eq.1)
SRM 915b 47.1384 0.0060 | m.c. TIMS, static, 40-48 norm. to “éCa/**Ca=0.08871 Exponential (Eq.1)
. norm. to “éCa/*Ca=0.08871 Improved exponential
SRM 915b | 47.1613 0.0028 | m.c. TIMS, static, 40-48 and #Ca/“Caz0.31229 (Eq.2)

Table 3. Comparison of published 4°Ca/**Ca values. The values in this work are calculated in Isoplot 3.75
(Ludwig, 2012) as weighted mean for 8 low intensity and 35 high intensity measurements of SRM 915a; 31
low intensity and 28 high intensity measurements for SRM 915b. Uncertainties in this work are calculated as
95% conf. (1.96 o) error. M.c. TIMS states for multicollector thermal ionization mass spectrometer, norm. for

normalization.
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The “°Ca/**Ca ratios of SRM 915b, corrected for fractionation using Eq. 1,
(“°Ca/**Ca)Rs2 = 47.1532 + 38 and (*°Ca/**Ca)Rss = 47.1384 + 60, are analytically different
from the corresponding corrected ratios of SRM 915a. This cannot be due to discrepant
"correction values" of the "correction ratio", as the weighted mean of “Ca/**Ca (corrected
with #2Ca/*Ca) is 0.088683 + 12, and thus identical to the Russell et al. (1978) value of
0.08871 * 2. This points instead to an incomplete fractionation correction of “°Ca/**Ca with
the exponential law (Eqg. 1) when *8Ca/**Ca is utilized as “correction ratio”. This effect was
more prominent for SRM 915b than for SRM 915a because of a different measurement
protocol. Each filament with SRM 915b was measured several times until the sample was
strongly depleted. As a consequence the “°Ca/*Ca ratio was incompletely corrected with
Eq. 1. The application of Eq. 2 removes the offset and brings the *°Ca/**Ca = 47.1613 + 28
in agreement with SRM 915a.

The reproducibility of results for low Ca concentration samples (100-200 ng) was
studied in detail on SRM 915b as such concentrations are likely to be encountered for some
specific cases like K-Ca dating of minerals. Low Ca concentrations in natural samples and
Al residues after column separation lead to short, unstable signals during data acquisition.
The uncertainty of such measurements can be decreased with measurements of the full
range of Ca isotopes, as the static method is less demanding for signal stability. Even short-
lived signals can be measured with sufficient precision. A 0.5 %o uncertainty on the
40Ca/*Ca ratio was obtained for 100 ng samples exponentially corrected to “*Ca/**Ca.

4. Conclusions
1. No Faraday cup degradation was observed over the period of eight months.

2. The simultaneous acquisition of all Ca isotopes by use of a specially developed
collector geometry allows sub-permil precision of Ca isotope measurements of sub-ug
samples.

3. Precise measurement of “°Ca - “8Ca makes it possible both to assess the internal
consistency of different fractionation corrections from the literature and to propose an
improved mathematical formulation.

4. The “°Ca/**Ca ratios of SRM915a (47.1649 +0.0047) and SRM 915b
(47.1613 + 0.0028) obtained in the present study are indistinguishable from that measured
by Caro et al. (2010) on SRM 915a.

5. The Ca isotopic composition proposed by Shen et al. (2009) is internally
inconsistent and cannot be used for correction of TIMS measurements with an exponential
fractionation law.

6. An incomplete mass fractionation correction using Eg. 1 is observed when
measurements were pushed to large depletions of the filament load. Eq. 2 is required to
remove this inaccuracy.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found in the online version,
at http://dx.doi.org/10.1016/1.ijms.2015.07.012
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Abstract:

Ar-Ar is one of the most used dating systems. This method has been reported to
give ages ca.1% younger then U-Pb ages. This offset is may be attributed to an inaccurate
YK decay constant. We attempted to intercalibrate four dating systems taking as a
reference U-Pb, as a monitor Rb-Sr and assessing the offset of K-Ca and Ar-Ar ages. Four
samples with a known U-Pb age have been studied to meet a requirement of geological
“point-like” event and dated with Rb-Sr, K-Ca and Ar-Ar methods. Biotite of the
Bolgohtock intrusion, Kotuy, Russia was dated with Ar-Ar age at 225.0 £4.8 Ma;
lepidolite (Rubikon pegmatite, Namibia) with Rb-Sr at 504.7 +4.2 Ma and Ar-Ar at
494.5 + 8.9 Ma. The Archean Siilinjdrvi carbonatite (Finnland) Rb-Sr age records a post-
emplacement metamorphic event at 1869 + 10 Ma and Ar-Ar at 1879 +23 Ma. The
2058.9 Ma Rb-Sr age of the Phalaborwa coincide with previous U-Pb published ages. K-Ca
and Ar-Ar dating for this complex resulted in ca.1% younger ages. Phalaborwa complex
may represent a “point-like” magmatic event and was suitable for the *’K decay constant
intercalibration. We propose that the *°K decay constant of Min et al. (2000) is the most
suitable decay constant for **K geochronometers, it brings the K-Ca age into an agreement
with U-Pb.

1. Introduction
One of the most popular dating systemss Ar-Ar (Begemann et al., 2001) was used
for determination of the ages for the majority of Geologic Time Scale units (Gradstein et
al., 2012; Smith et al., 1998) and its accuracy plays an important role in constraining the
age of the planets, durations of processes and their sequence of occurrence. Ar-Ar ages rely
on the decay constants of the parent radioactive isotope “°K, which undergoes B~ decay to
*Ca (branch Bg.) as well as decay to *Ar. The decay scheme to “’Ar consists of three
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paths: electron capture with emission of 1460 eV y-rays (branch Bgc j460), Which can be
recorded with scintillation counting method; B decay (branch Bg.), which contribution is
very small; and hypothetical electron capture decay to the ground state of **Ar (branch
Becgs), without emission of the y-ray. The Bgcgs branch was calculated by Bé et al.
(2004), but its existence is questioned by some authors (Kwon et al., 2002). Decay
branches Bc, = Bg. and Bar= Bec 1460 + Becg.s T Bg+ are equally relevant for Ar-Ar dating, as
the total decay constant A and decay branch of “Ar (Ba,) are a part of the age equation.

1.1.  “K decay constant determination

The decay constant can be determined by scintillation counting of activity, by
accumulation experiments and by geological intercomparison. *’K decay constant was
determined with scintillation counting, when either B~ decay or y-rays or both together
were measured. B decay is experimentally rare, only three experiments were performed to
measure it (Engelkemeir et al., 1962; Leutz et al., 1965; Tilley and Madansky, 1959).
Electron capture to the ground state cannot be observed directly and must be calculated
theoretically. The summary of such experiments have been made by (Audi et al., 1997;
Audi et al., 2003; Bé et al., 2014; Beckinsale and Gale, 1969; Endt and van der Leun,
1973). A recent compilation of available physical measurements is present in an online
data-base (B¢ et al., 2014). This evaluation uses a statistical approach assuming Gaussian
distribution of the data. Based on available data, Bé et al. (2014) proposed the total decay
constant to be A= 5.530 £ 0.013 * 10 a™!. They calculated branching ratios from the Bg.
and Bgc, 1460 published in 1940-60s. The branch of electron capture to Ar ground state
cannot be measured and was calculated theoretically. The suggested branching ratios were
BB_= 89.25 £ 0.19 %, Bec, 1460=10.55 £ 0.11 %, BECgs= 0.20+0.10 %,
Bg+=0.00100 + 0.00012%, which sums up to Bc=89.25+0.17% (+0.19 %),
Bar=10.75£0.15% (£1.40%), 1o uncertainties. The uncertainties of previously
published decay constants were not evaluated for systematic errors by Bé et al. (2014). The
dataset uncertainties were treated as purely statistical repeatability of results (Type A
evaluation (JCGM, 2012)).

Geological intercomparison is another approach to estimate decay constants. This
method is close to accumulation experiments, which can be described as following: the
sample of well-known composition and consisting mostly of a pure parent element is
measured after a well-defined time span. The amount of accumulated daughter elements
produced after decay is a function of the decay constant. The same approach can be used
with natural samples containing a parent element in a mineral lattice. A determination of
the “’K decay constant by a pure accumulation experiment is complicated due to a low YK
natural abundance. However this approach can be used with old natural minerals
containing high amount of K and no Ca in the lattice, which can be measured. The
reference age of a sample is determined with other geochronological methods, for example
precise U-Pb or Rb-Sr. This approach for the *’K decay system was first performed with
comparison of K-Ar and U-Pb ages for a wide range of rocks from 4500 to 267 Ma by
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Wetherill et al. (1956). Though some of their samples had discrepancies in ages up to 7%,
constants determined with this method were in use by the geochronological community for
a decade.

1.2.  *K decay constant in geochronology

The recommended decay constant for geochronological community became the
value of Steiger and Jiger (1977) Ap.=4.962* 10"%a" and Aga,=0.581* 10"°a”",
Mot = 5.543 * 104!, This decay constants were based on the compilation of activity data
of Beckinsale and Gale (1969) recalculated to the precise *’K/K value of Garner et al.
(1975). Later works criticized the value of Steiger and Jager (1977) as being too high. Min
et al. (2000) performed the comparison of Ub-Pb and Ar-Ar ages for a 1.1 Ga rhyolite and
assumed that Ar-Ar ages were too low due to an inaccurate **K decay constant. They
mentioned the best fit *’K total decay constant of 5.37 * 10"°a™, however Min et al. (2000)
recommended the decay constants of Endt and van der Leun (1973) based on activity data
compilations: A5 =4.884+0.099 * 10"°a"  and  A**"=0.580+0.014 * 10"°a",
Mot = 5.464 * 10"a™". Later Kwon et al. (2002) performed the comparison of Ar-Ar and U-
Pb ages of five reference samples whose ages span from 1.9 ka to 4.5 Ga and estimated the
total decay constant to be A= 5.4755+£0.0170 * 101937 (106). The publication of Krumrei
et al. (2006) also compares Ar-Ar and U-Pb ages of the Ilimaussaq complex assuming an
age of 523.1 Ma for the irradiation monitor McClure Mountain hornblende (MMhb). They
obtained a spread of ages 1-2% younger than the U-Pb age of baddeleyite and concluded
that the decay constants published by Kwon et al. (2002) give coinciding Ar-Ar and U-Pb
ages. Renne et al. (2010) using the approach of simultaneously determining the age of the
irradiation monitor (Fish Canyon sanidine FCs) and the decay constants for 17 samples
obtained  Agoar=0.5755+0.0016 * 10"%a"  and Ay =4.9737+0.0093 * 10"%a",
Mot = 5.5492 * 10°2!. Later elimination of liquid scintillation data from the calculation
resulted in  Agoa,=0.5757£0.0016 * 10"°a’  and Ap.=4.9548 £0.0134 * 1072,
Aot=5.5305 * 102" (Renne et al., 2011). One has to note that an important part of the
Ar-Ar age calculation is the branching ratio of Bc,/Bar. Compared to the uncertainty of the
total decay constant of 0.2-0.5%, the branching ratio is still not known better than 1.5%.
The only independent approach to estimate the branching ratio from molar amount of
radiogenic Ar and Ca was performed by Nigler and Villa (2000) on a single sample and
resulted in B4oar,= 0.1067 and Bg.= 0.8933 (1% uncertainty).

1.3.  Our approach

So far one branch (Bc,) was measured with high precision using scintillation
counting; another branch (Ba,;) was attempted to be estimated from geological
intercomparison. The branching ratio relies on scattered activity data measured in the 20™
century, and the theoretical calculation of the electron capture decay to the ground state. To
improve the precision on the decay constant and the branching ratio we attempt to
intercallibrate Ar-Ar, K-Ca, Rb-Sr ages with well-known U-Pb ages of the samples with
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“point-like” geological history. This approach allows to calculate directly the total decay
constant and the branching ratio if the age distribution of the samples is wide enough. This
has not been performed before due to high complexity and high uncertainty of the K-Ca
method. First discussed by Holmes (1932) the K-Ca method was used only in a few cases
for minerals with high K content such as K-feldspars, muscovites, sylvite, langbeinite, to
build mineral-whole rock isochrones of igneous, sedimentary rocks, some meteorites and
lunar samples (e.g. Ahrens, 1951; Ovchinnikova et al., 1980; Marshall and DePaolo, 1982;
Shih et al, 1993, 1994; Fletcher et al., 1997; Gopalan, 2008; Simon et al., 2011; Yokoyama
et al., 2015). Since we improved the Ca measurement method (Naumenko-Dézes et al.,
2015) we aimed for K-Ca age determination with an uncertainty lower than 1%. This will
allow us to assess the *’K total decay constant and the branching ratio comparing an age
offset of the K-Ca system with a reference sample age.

2. Samples
Sample selection plays a crucial role for this study. The main criteria for choosing
samples are 1) to be old enough to accumulate measurable quantity of radiogenic Ca; 2) to
be geologically “point-like” event (Begemann et al., 2001) with all isotopic systems closed
at the same time; 3) dated mineral should not be affected by low-temperature alteration; 4)
the chemical composition of dated minerals should be homogenous.

An initial selection of eight samples was evaluated based on the literature data
about their geological history, thin-sections as well as microprobe study for some of them.
Description of each sample and elimination details can be found in Appendix 2. Here we
describe and discuss three samples, which were eventually chosen for the Rb-Sr and K-Ca
study and one sample which was dated only with the Ar-Ar method.

The Phalaborwa phoscorite comes from a well-studied carbonatite complex, north-
eastern Transvaal, South Africa. Pharaborwa carbonatite is an intracratonic alkali intrusive
complex composed mainly of clinopyroxenites with minor carbonatites and phoscorites (in
some studies called micaceous pyroxenite (Eriksson, 1984)). It intruded an Archean terrain
of granites, gneisses, quartzites, granulites, amphibolites, talc and serpentine schists.
(Eriksson, 1984). Phalaborwa has been dated by numerous workers (Table 1). Wu et al
(2011) dated different layers and found coincident ages for all of them, which conforms to
the requirement that a sample has to be a “point-like” event. The carbonatite sample was
also used previously for the evaluation of the Rb-Sr decay constant by comparison with U-
Pb age (Nebel et al., 2011).

Our sample (PhB-2) is a phoscorite that consists of large crystals (up to 10 cm) of
phlogopite (ca. 45%), apatite (ca. 35%), diopside (ca. 14%), ilmenite (ca. 5%) and calcite
(ca. 1%) (Fig. 1.). Apatite forms both large idiomorphic grains (up to 10 cm) and small
mineral inclusions (1-200um) located inside phlogopite and diopside grains. Small (20-
200um) ilmenite and calcite grains fill crystal boundaries interspace. Inclusions of apatite
and calcite make it difficult to achieve high radiogenic values of *°Ca. We observe signs of
serpentinisation along diopside cleavage planes; phlogopite appears visually to be pristine.

64



Chapter 3. 87Rb-87Sr, 40K-40Ca and 49Ar-39Ar intercalibration.

The homogeneity of phlogopite was confirmed with microscope pictures, microprobe
quantative profile analysis and element maps. We found no signs of alteration or zonation
of phlogopite at the resolution of an electron microprobe analysis (EMPA) (ca.1-2%
relative uncertainty for major elements).

The Rubikon lepidolite comes from the Rubikon mine, which is located within the
Karibib pegmatite belt, Namibia. Rubikon pegmatites have intruded into medium- to high-
grade metamorphic rocks in between a quartz monzonite of Neoproterozoic age (700 —
500 Ma), and a pegmatitic granite of Ordovician-Cambrian age (600 —460 Ma).
Columbite from the Rubikon pegmatite has been dated with the U-Pb (TIMS) method at
505.5 £ 2.6 Ma (Melcher et al., 2015).

Our lepidolite sample (Lep) consists of pristine big pink sheets, which can be easily
sliced along their cleavage planes with a blade into thin transparent pieces. The microprobe
analysis shows that the sheets have no visible inclusions of other minerals, no zonation or
signs of alteration. Element maps show uniform distribution of Al, F, K, Mn and Rb.
Quantitative profile analysis also confirms homogeneity of the sample within the
uncertainty of the microprobe method (1-3%). Very high K and Rb contents make this
sample a good candidate for simultaneous dating with the Rb-Sr and K-Ca methods.

The third sample was a phlogopite from a Siilinjarvi carbonatite complex situated
in the Karelian Craton in eastern Finnland within the Ladoga-Bothnian deep fracture zone.
Pb-Pb dates the intrusion of the complex at 2594+13Ma. (Rukhlov and Bell, 2010). Despite
the pristine look of the sample in thin-sections (Fig. 2) literature data point to a post-
emplacement metamorphic event at ca. 1900Ma (summary of available ages in Rukhlov
and Bell (2010)). Nevertheless simultaneous dating of Siilinjdrvi mica with the Rb-Sr, K-
Ca and Ar-Ar methods was attempted in this study.

A biotite of Bulgokhtokh granodiorite intrusion, Kotuy, Russia was dated with Ar-
Ar method in this study. The Bolgoghtokh stock is situated at the far north-west end of the
Norilsk flood basalt field and is younger than the Norilsk and Maymecha-Kotuy provinces.
It has been interpreted to be formed out of lower crust melts (Wooden et al, 1993) during a
later tectonic reactivation at 229.05 + 0.36 Ma (U-Pb concordant ages of zircon (Kamo et
al, 2003)). Ar-Ar ages of the stock are 227.1 + 1.2 Ma for the biotite and 228.0 £ 1.9 Ma
and 224.7 = 1.0 Ma for hornblends (Dalrymple et al., 1995). Nebel et al (2011) argued that
the discrepancy between originally published Ar-Ar and U-Pb ages might be due to offset
of a flux monitor or the **K decay constant. Indeed recalculation of the Ar-Ar ages to the
recently published McClure Mountain syenite (MMhb-1=522.98+1.00 Ma (Schoene and
Bowring, 2006)) monitor ages bring the Ar-Ar biotite and hornblende ages closer to and U-
Pb zircon age, though they still remain ca. 0.5 % younger. Wooden et al. (1993) describe
certain weathering and alteration phenomena on the thin section scale, as well as Nebel et
al (2011) point out minor sericitization of feldspars. The microprobe analysis revealed
irregular zonation of mica (see Appendix 2) and thus this sample was not approved for *’K
decay constant intercalibration.
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Table 1. Literature ages of the Phalaborwa complex.
* Rb-Sr age recalculated to Ag;=1.3972 * 10" a™" (Villa et al., 2015), assuming that originally the*’Rb decay
constant of Steiger and Jager (1977) was used

Age (Ma) Method Mineral Rock type Reference
2060 U-Pb uranothorianite Holmes and Cahen
(1956)
2047 £ 19%* Rb-Sr phlogopite clinopyroxenite, Eriksson (1984)
carbonatite and
phoscorite
2047 +11/-8 U-Pb thorianite and carbonatite and Eriksson (1984)
baddeleyite phoscorite
2059.8 £0.8 U-Pb baddeleyite carbonatite Heaman and
LeCheminant
(1993)
2060.6 +£ 0.5 U-Pb baddeleyite Reischmann (1995)
2057+ 8 U-Pb baddeleyite not indicated Horn et al. (2000)
2057.1 £2.6 U-Pb baddeleyite not indicated Wingate and
Compston (2000)
2059.6 £ 0.4 U-Pb baddeleyite carbonatite French et al. (2002)
2026 +46 / -47 U-Th total carbonatite French et al. (2002)
Pb baddeleyite
2062+74 Rb-Sr hornblende, felsic dolerite Yuhara et al.
fraction, clinopyroxene (2005)
2013+93 Rb-Sr whole rock and mineral | phoscorite Yubhara et al.
(2005)
2060.1+4.1 U-Pb (in baddeleite outer pegmatitic Wu et al (2011)
2050+13 situ) zircon pyroxenite of Loolekop
pipe
2061.72+2.4 U-Pb (in baddeleite main phoscorite Wuet al (2011)
2047+27 situ) zircon
2060.0+2.2 U-Pb (in baddeleite banded carbonatite Wuetal (2011)
situ)
2056.74+2.7 U-Pb(in baddeleyite transgressive Wu et al (2011)
2059.8+1.3 situ) baddeleyite carbonatite
2053+14 zircon
206817 U-Pb (in baddeleyite satellite syenite (plug- Wu et al (2011)
2049+28 situ) zircon like bodies outside the
border of main complex
2035435 U-Pb (in baddeleite later mafic dyke Wuet al (2011)
situ)
2060.3+0.4 Pb-Pb baddeleyite carbonatite Kumar et al. (2014)
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Fig 1. The Phalaborwa phoscorite thin section: upper row plane-polarized light, lower row cross-polarized
light.
[ O

= N

Fig. 2. The Siilinjarvi carbonatite thin section: to the right cross-polarized light, to the left plane-polarized
light.

67



3. Method

3.1. Sample preparation

Phlogopite, apatite and calcite were detached from our samples with a steel Milli-Q
pre-cleaned scalpel into a Petri dish. Sheets of phlogopite were disconnected from each
other to obtain as thin and transparent sheets as possible. Grinding of samples (see
PhB2c2d in the Table 2) resulted in Ca blank contamination and therefore was not
performed for the rest of the samples. Transparent mica flakes were picked under the
binocular microscope to ensure that no other minerals are present in the mica fraction,
though apatite or calcite micro inclusions might have been present. After picking minerals,
they were put in Petri dishes with Milli-Q and submitted to ultrasonic treatment. The
samples were dried at 50°C overnight and then weighed. Circa 5 mg of phlogopite and
30 mg of lepidolite were used for dating. Samples were spiked with K-Ca and Rb-Sr mixed
spikes separately, due to the presence of *°Sr isotope in *Ca spike, which was used for
preparation of our K-Ca mixed spike. The presence of Sr in the Ca spike was also reported
by Baadsgaard (1987) and Gopalan (2008).

Three different procedures were applied to K-Ca samples: 1) dissolution in HF and
HNO3 on a hot plate at 100°C for two weeks 2) leaching in HC]1 and HNOs at 100°C for
two weeks and 3) first leaching with HCL and HNO; for one week, then pipetting it out,
dissolution of the residue with HF + HNO, on the hot plate at 100°C for a few days,
evaporating, joining again the leach and dissolved residue. All samples at the end were
converted into chlorides with 6.4M HCL, evaporated and diluted with 2.5M HCI for
column chemistry. The results of all three approaches plot on the same isochron (see
below), however the last one is more likely to be contaminated with a random Ca blank.
Therefore leaching with HCl and HNO; mixture is preferred for small amounts of mica.
The K-Ca column chemistry was performed with handmade Teflon columns of 300 pl
volume filled with Dowex AG 50WX8. K-Ca columns were substantially pre-cleaned to
reach column blanks of <0.5 ng. Procedure blank was variable ca.1.5 ng with casual spikes
up to 35 ng and was monitored on the routine basis. The K-Ca separation followed Négler
and Villa (2000). The Rb-Sr columns of 6.5mm diameter were filled with 6ml of the
Dowex AG 50WXS8 resin. The Rb and Sr were separated with distilled 2.5 M HCI. Sr
fraction was later purified with Sr resin SR-B50-a (100-150 um (Triskem int.). (Detailed
clean laboratory protocols can be found in Appendix 1)

3.2.  Measurements

K-Ca and Rb-Sr measurements

Calcium, K and Sr were measured in static mode on multicollector thermal
ionization mass-spectrometer (TIMS) ThermoScientific Triton Plus™ specially designed
for Ca measurements and installed at the Geological institute of the University of Bern
(Switzerland). Detailed Ca measurement description can be found in Naumenko-Dézes et
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al. (2015). Ca was measured mostly on amplifiers having 10'2Q resistors except *’Ca,
which was measured on one amplifier with a 10" Q resistor. *’K and *'K were measured in
10" Q and *K in 10" Q amplifiers. Strontium was measured with application of only 10"
Q amplifiers. Gain calibration of amplifiers was performed on each day measurements and
made with a built-in stable tension source of 3V. The discussion on the gain calibration and
on the strong signal tail of *’K can be found in Naumenko et al. (2013). Rubidium was
measured on multicollector ICP-MS Nu Instruments with a sample-bracketing technique
with an in-house Rb standard and IUPAC Rb isotopic composition (de Laeter et al., 2003).
All data were corrected for an instrumental fractionation offline. Double spike iteration
correction protocol was used for Ca, and single-spike iteration protocol was used for Sr
isotopes. K sample-spike mixtures were fractionation corrected following Chu et al. (2011)
adapted for K. Error magnification was calculated for *°K/**Ca and *’Rb/**Sr based on
spike/sample ratio (detailed description and formulas can be found in Appendix 3). Errors
for Rb-Sr and K-Ca are presented as 2 6, Ar-Ar as 1 ¢ according to the common procedure
in the respective community, if not stated differently. Isochrons were calculated with
Isoplot 3.75 (Ludwig, 2012).

Ar-Ar measurements

Few milligrams mica flakes were detached from a rock sample with a scalpel and
picked under the binocular microscope, wrapped in aluminum foil and irradiated at the
McMasters nuclear reactor (Ontario, Canada) with a Fish Canyon sanidine as a monitor
(reference age used for J calculation 28.201 Ma (Kuiper et al., 2008)). Ar ratios were
measured in Milano Bicocca University on a Nu Instruments Noblesse ™ mass-
spectrometer equipped with one Faraday cup and two ion counters. *’Ar, **Ar were
measured on Faraday cups 3 8Ar, 36AI’, 37Ar and ¥ Ar were measured on ion counters, if the
intensity was below 15 mV. The gain intercallibration was calculated offline using the
isotopic intensity of *’Ar (faraday over ion counter 0) and *°Ar (ion counter 0 over ion
counter 1), gain variations over 5 measurement days was ca.1.5%. Mass fractionation was
determined with air pipettes relative to the ratio **Ar/*°Ar=298.55 (Lee et al., 2006),
fractionation factor was calculated according to the linear law; variation of the fractionation
factor per 2 amu over 5 days was within 0.7%. Raw data was reduced offline: measured
intensities were regressed, corrected for baseline, gain and fractionation. The J-factor was
calculated from two Fish Canyon sanidine monitors. Due to unstable behavior of the ion
counters during the measurements its uncertainty was estimated to be 1%. Data is reported
according to the data reporting norms given in Renne et al. (2009).

3.3.  K-Ca mixed spike calibration

The K-Ca mixed spike was prepared from an enriched *’K spike and a “Ca-"*Ca
double spike. The isotopic composition of K was measured with a total evaporation
technique with a precision of + 0.30% (20) for *“*K/*'K and + 0.12% (20) for *’K/*'K. No
additional fractionation correction was applied to the K fraction of the K-Ca mixed spike:
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due to very low spike-sample ratios the measured K ratios were close to the natural
concentration and uncertainties of spike ratios had negligible effect on the resulting
calculations. The first approximation of Ca isotopic composition was also measured with a
total evaporation technique and then fractionation corrected with an iterative protocol to
three spike-standard mixtures, which gave an uncertainty of 0.2 % (20) on the Ca isotopic
composition of the K-Ca mixed spike.

The K-Ca mixed spike was calibrated with two NIST mixtures (NIST SRM 3109a,
NIST SRM 3141a) and mixed ICP mixtures traceable to NIST (Certipur 1.70342.0100,
Certipur 1.70308.0100). Three mixtures for each NIST and Certipur reference samples
were prepared in Savillex Teflon beakers. Each weighing step was performed five — six
times to ensure that there were no weighing artefacts. The deviation during weighing was
below 0.2%o. The deviation during weighing was included into calculation of concentration
uncertainties. Due to high concentration of Ca original standard mixtures, they were
diluted. The uncertainty on the weighing (2 %o for diluted Ca NIST SRM 3109a) is also
included into total uncertainty calculation.

Potassium and Ca of standard-spike mixtures were separated in K-Ca columns and
measured following the same procedure as for samples. The procedure was repeated
several times for each mixture to monitor for blanks. Column blanks were below Ing, but
some Ca fraction suffered from a random contamination, which shifted the resulting Ca
spike concentration downwards. Such erratic results were eliminated. Due to the high K
concentration in the sample-spike mixtures the calculated K concentration were not
affected by external contamination.

The summary of 36 measurements of six spike-standard mixtures for Ca yielded
repeatability of results of 0.5 %o. The uncertainty of NIST standards was the dominant
source of uncertainty for K-Ca mixed spike concentrations. The propagation of weighing
repeatability, measurement uncertainty and NIST standard concentration uncertainty
resulted in 0.17 % uncertainty for Ca and 0.29 % for K concentrations at 95 % confidence
level.

4. Results

The Phalaborwa sample was dated with K-Ca, Rb-Sr and Ar-Ar systems. K-Ca
dating was performed on 19 phlogopite fragments and five apatites of different weight
(Table 2, Fig.3b). A spread of points along the isochron is due to the microscopic
inclusions of the apatite in phlogopite. Seven points have been eliminated due to
incomplete fractionation correction of the measured Ca data. The issue of incomplete
fractionation correction is more pronounced for the samples with minor amount of Ca
compared to the more concentrated standards discussed in Naumenko-Dezes et al (2015).
The calculated concentration of K corresponded to those measured with the microprobe.
The K-Ca isochron has a slope of 1.8781 +0.012 (26) which corresponds to the age of
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2040.0 £ 13 Ma (20) (decay constants of Steiger and Jager (1977)). Rb-Sr dating of
phlogopite was performed to confirm that our samples correspond to the age of the
complex and has not suffered alteration and loss of Sr. Eleven phlogopite fragments and
one apatite resulted in a Rb-Sr age of 2058.9 = 5.2 Ma (Table 3, Fig. 3a), one phlogopite
aliquot was rejected due to anomalously low Rb content. Step-heating Ar-Ar dating gave
plateau age of 2000 + 40 Ma (Table 8, Fig.4). The high uncertainty of the Ar-Ar data is due
to unstable behavior of the ion counters. During Ar-Ar measurements the first four and the
last one steps contained elevated Ca/Cl ratio (Fig. 5.a), which implies that the phlogopite
sample was mostly but not entirely a pure mica phase. Early four high Ca steps might
correspond to a calcite micrograins or calcium dust present in the interlayers of mica and
the last step may correspond to the micro inclusion of apatite. Overall the Rb-Sr age
overlap with the U-Pb age of 2060 Ma, K-Ca and Ar-Ar ages are ca. 1 % younger within
the uncertainties.
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Fig. 3. Isochrons for Phalaborwa phoscorite (PhB-2). @) Rb-Sr isochron for 11 phlogopites and an apatite
calculated with a decay constant Ag;=(1.3972 £ 0.0045) * 107" a™" (Villa et al., 2015). b) K-Ca isochron for
19 phlogopites and five apatites defining a slope of 1.8781 +£0.011, which corresponds to an age of
2040 + 13 Ma with constants of Steiger and Jager (1977)
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Table 2. Results for K-Ca dating of Phalaborwa phoscorite. Samples

Sample YK/MCa +2SD% *“Ca/*Ca +2SD % K-10°ppm  Cappm
PhB2b10A1 2.175 0.7 51.184 0.21 8.94 259
PhB2b10B1 2.178 0.7 51.271 0.13 8.93 259
PhB2b10Cl1 2.185 0.7 51.299 0.05 8.94 258
PhB2c2d1Al 1.143 10.3 49.275 0.13 8.46 449
PhB2c2d1B1 1.150 10.3 49.148 0.24 8.48 447
PhB2c2d2B2 1.308 7.3 49.755 0.45 5.92 277
PhB2c2d2C1 1.301 7.3 49.632 0.32 8.60 404
PhB2c2d2C2 1.323 7.5 49.932 1.03 8.71 405
PhB2c2d1A1 1.164 10.5 49.252 0.33 8.54 445
PhB2c2d2A2 1.205 7.5 49.367 0.10 8.78 443
PhB2c2d3B1 1.212 7.3 49.344 0.25 8.64 433
PhB2c2d4B2 1.135 10.4 49.171 0.04 8.75 467
PhB91 1.381 0.7 49.692 0.24 8.76 388
PhB92 3.003 0.7 52.792 0.19 8.39 181
PhB101aliq 0.813 0.7 48.658 0.17 8.52 387
PhB102aliq 0.708 0.8 48.944 0.85 8.48 444
PhB103aliq 1.117 0.7 49.205 0.31 8.35 279
PhB104aliq 1.120 1.1 50.322 2.32 9.56 326
PhB105 2.649 0.5 52.102 0.06 8.86 214
PhB25ap 47.153 0.13 1.50-10°
PhB27tr 47.163 0.18 38.0-10°
PhB27apl 47.163 0.18 3.98:10°
PhB27ap2 47.133 0.07 3.37-10°
PhB28Ap3c not spiked 47.157 0.04

Table 3. Results for Rb-Sr dating of Phalaborwa phlogopite.

Sample Rb/*Sr +2SD% *’Sr/*Sr +2SD % Rb ppm Sr ppm
PhB2cl1 282.62 3.0 9.214 0.028 563 11
PhB2c12 277.68 3.0 8.836 0.023 563 11
PhB2c13 276.16 3.1 8.764 0.273 566 11
PhB262 189.99 0.6 6.259 0.001 651 15
PhB26b 149.79 0.7 5.070 0.000 611 17
PhB281s 259.06 0.6 8.263 0.002 624 12
PhB282s 345.06 0.6 10.760 0.002 650 11
PhB2101 205.64 1.5 6.718 0.008 676 15
PhB2102 216.47 1.2 7.037 0.025 670 15
PhB2103 306.74 1.2 9.676 0.009 691 12
PhB2104 337.09 1.1 10.556 0.011 539 9
PhB28 Ap not spiked 0.70739 0.00002
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Fig. 4. Ar-Ar ages of the Phalaborwa phlogopite. High uncertainties of a plateau and an isochrone age are due
to the high uncertainty of J calculated from the FC sanidine standard. A mean age is calculated for a low
Ca/Cl fraction, the uncertainty of J is not propagated into the mean age. All calculations performed with
Isoplot 3.75 (Ludwig, 2012) to the constants of Steiger and Jager (1977).
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Fig. 5. %" Ar/*Ar vs **C1/*° Ar representing Ca/K vs C/K ratios showing non-homogeneity of the samples

a) the Phalaborwa phlogopite. Five high Ca-Cl points corresponds to four first and one last step of the
measurement.

b) the Rubikon lepidolite. Two high CI points of the first and the last steps are not included. Another three
highest points correspond to steps 2-4, their results were not included into the weighted mean age calculation.
c¢) the Siilinjarvi phlogopite. Two high Ca/Cl points of the first two steps are not included. Another four
highest points correspond to steps 3, 10-12.

d) the Kotuy biotite. First two high Ca/Cl points are not included. Another three highest points correspond to
the last steps.

The Rubikon lepidolite was dated with Rb-Sr, K-Ca and Ar-Ar methods. Due to a
very high Rb-Sr ratio of the sample the Rb-Sr spike used in this study was not optimal,
which limited our precision on *’Rb/**Sr ratio to the minimum of 0.7%. Only four chips
were in an acceptable spike/sample range, they resulted in an age of 504.7 = 4.2 Ma (Fig.
6.a, Table 5.). The initial *’Sr/*Sr ratio was fixed to 0.710. Due to a highly radiogenic
¥7S1/*%Sr ratio of more than 500 the variation of the initial Sr in the natural limits does not
affect the resulting age. The K-Ca dating resulted with a low precision age of 481 +£ 51Ma
(Fig.6.b, Table 4.). A plateau Ar-Ar age gave 493.8 +£9.9 Ma (Fig. 7, Table 9). Step
heating of the Rubikon lepidolite showed signs of non-homogeneity despite a uniformity of
the microprobe analysis results. The first four and the last two steps are showing high Cl
content, which might be due to some accessory phase (Fig. 5.b). Pure mica steps were used
to calculate a weighted mean age. The high precision Rb-Sr and low precision Ar-Ar and
K-Ca ages overlap with the published U-Pb age of columbite (505 Ma) (Melcher et al.,
2015). However the precision of K-Ca and Ar-Ar ages is too low to assess the “°K decay
constant intercalibration.
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Fig. 6. Isochrons for the Rubikon lepidolite: a) Rb-Sr isochron for four lepidolite chips. The initial fixed to
0.710. The age is calculated with a decay constant Ag; = (1.3972 + 0.0045)*¥10™"" a™! (Villa et al., 2015). b) K-
Ca isochron with a slope 0.273 + 0.030 corresponds to the age of 481 + 53 Ma with constants of Steiger and

Jager (1977)

Table 4. Results for the K-Ca dating of the Rubikon lepidolite.

Sample YK /MCa +26 % “catCa +26 % K -10* Ca ppm
Lep-9-4¢ 19.02 0.91 52.34 0.00 8.57 29.00
Lep-9-3¢ 36.50 0.79 56.66 0.10 9.14 17.41
Lep-8-2¢ 86.20 1.03 68.34 0.27 9.63 9.32
Lep2wAl 25.39 1.65 54.96 0.04 7.44 19.78
Lep2wA?2 26.67 1.66 55.14 0.02 7.52 19.10
Lep3eBl 23.49 2.51 54.66 0.02 6.66 19.05
Lep2eB2 23.20 2.49 54.61 0.03 6.59 19.05
Lep92c 28.76 0.83 56.23 0.63 8.59 20.61
Lep5 55.36 0.70 62.92 0.03 8.46 11.77
Lep9lc 28.32 0.61 55.16 0.03 8.60 20.56
Lep72 41.70 3.29 57.15 0.01 9.69 16.29
Table 5. Results for the Rb-Sr dating of the Rubikon lepidolite.

Sample "Rb/*Sr 26% ¥7Sr/*°Sr 26% Rb-10*ppm  Srppm
Lep6 86928 3 640.81 1.29 0.86 18
Lep83s 225605 4 1562.72 2.05 1.12 22
Lep81s 136720 1 966.68 0.23 1.13 23
Lep82s 170372 1 1200.19 1.71 1.12 23
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Fig. 7. Results of the Ar-Ar dating of the Rubikon lepidolite. Plateau and isochrone ages include J uncertainty
of 1%. A mean age is calculated for a low Ca/K fraction, the uncertainty of J is not propagated. All
calculations performed with Isoplot 3.75 (Ludwig, 2012) to the constants of Steiger and Jager (1977).
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The Siilinjarvi carbonatite (sample Si-102) with a Pb-Pb age of 2594 + 13 Ma and
1.8% discordance was known to be altered by post-emplacement event approximately
dated with the lower discordia intercept at 1894 = 78 Ma (Rukhlov and Bell, 2010). Thus
limited attempts to date this sample were made. A Rb-Sr age of 1826 + 10 Ma (Fig.6.a,
Table 7) is within the lower limit of the lower discordia intercept. The K-Ca dating gave a
low precision age of 1786 + 112 Ma and overlaps with the discordia age within uncertainty
(Fig. 6.b, Table 6). An Ar-Ar age gave a bit older age of 1879 £23 Ma (Fig. 9, Table 10).
The Siilinjarvi phlogopite despite a pristine view under the microscope is not homogenous.
Step heating Ar-Ar measurements reveal high Ca and Cl contents for the first three and the
last three steps (Fig.5.c). Transition from the high Ca/Cl ratio to the low and backwards is
continuous. Higher Ca/Cl steps produced higher Ar-Ar ages. The phlogopite mean ages
were calculated only for Ca/Cl low steps 3-9.
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Fig.6. Isochrons for the Siilinjdrvi carbonatite: a) Rb-Sr isochron for 3 phlogopites and a
calcite. The age is calculated with a decay constant Ag; = (1.3972 + 0.0045)*10"" a' (Villa
et al., 2015). b) K-Ca isochron for three phlogopites and a calcite with a slope 1.474+0.094
corresponds to the age 1756 + 112 Ma with constants of Steiger and Jager (1977)

Table 6. Results for the K-Ca dating of the Siilinjérvi carbonatite

Sample YK /*Ca +206 % Nca/fCa +206 % Ca ppm K ppm
Si5Bi 1.264 0.66 49.001 0.036 2212 4.610°
Si7Bi2 0.379 1.83 47.608 0.126 1590 1.0-10°
Si7Bil 0.195 0.76 47415 0.029 2526 0.8:10°
Si7call 0.000001 32.64 47.141 0.030 3.6:10° 65

77




Table 7. Results for the Rb-Sr dating of the Siilinjérvi carbonatite. A sample Si5Bi is not included to the

isochron (Fig 6.a) due to high uncertainty, which masks other points, it does not affect the age or the
uncertainty.

Sample *Rb/**Sr 26% ¥Sr/*Sr 26% Rb ppm Sr ppm
Si5Bi 223.14 6.25 6.55 6.197 305 6
Si61 18.74 0.99 1.20 0.016 368 60
Si62 18.35 0.85 1.19 0.009 350 58
Si8Bils 24.59 1.29 1.36 0.027 336 42
Si8cal3s not spiked 0.703521308  0.011
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Fig.9. Results for the Ar-Ar dating of the Siilinjdrvi phlogopite. Plateau and isochrone ages include J
uncertainty of 1%. The mean age is calculated for low Ca/Cl steps 3-9, the uncertainty of J is not propagated.
All calculations performed with Isoplot 3.75 (Ludwig, 2012) to the constants of Steiger and Jager (1977).
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The Kotuy sample was dated only with an Ar-Ar method (Fig. 10, Table 11). The
isochron age of 225.0 4.8 Ma coincides with previously published 223.2 £ 1.2 Ma for
biotite and 224.1 + 1.9 Ma for hornblende (Dalrymple et al., 1995). Ar-Ar ages are ca.1%
lower than the U-Pb zircon age of 229.05 + 0.36 Ma (Kamo et al., 2003) despite that the
new calibrated age of FCs was used for this study. We confirm the signs of alteration
described previously by (Wooden et al., 1993). High Ca/Cl ratio at the beginning and the
end of the step-heating shows non-homogenity of the sample (Fig.5.d). Only steps 5-7
correspond to a low Ca fraction and presumably a clean mica part. Steps 5-9 with a low Ca
and uniform Cl composition were chosen for the weighted mean age calculation and
resulted in 223.32 + 0.89 Ma without propagated 1% uncertainty on the J value.
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Fig.10. Results for the Ar-Ar dating of the Kotuy biotite. Isoplot 3.75 does not define a plateau; the isochron
age includes J uncertainty of 1%. The mean age is calculated for low Ca/Cl steps 3-9, the uncertainty of J is
not propagated. All calculations performed with Isoplot 3.75 (Ludwig, 2012) to the constants of Steiger and
Jager (1977).
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Table 8. Results for the Ar-Ar step heating of the Phalaborwa phlogopite.

Step 40Ar(mV) + 39Ar(mv) t 38Ar (mV) + 37Ar (mV) + 36Ar (mV) + 35CI (mV) + 40Ar/36Ar

PhB step 1 251.70 0.16 0.830 0.022 0.9125 0.001 0.02458 0.00013 0.19432 0.0004 0.01803 0.0001 1295.27 1.91

PhB step 2 1796.71 0.72 6.765 0.022  0.4452 0.000  0.04228 0.00018 0.40590 0.0008  0.01826 0.0001  4426.49 7.35

PhB step 3 977.46 0.54 3.887 0.022 0.1773 0.000 0.00786 0.00009 0.03582 0.0002 0.01778 0.0001 27287.17 82.22

PhB step 4 866.77 0.61 3.414 0.020 0.1628 0.000 0.00722 0.00010 0.05053 0.0002 0.01774 0.0001 17151.99 52.48

PhBstep5  1156.46 0.50 4.538 0.021 0.2243 0.000  0.00804 0.00011 0.06813 0.0003  0.01791 0.0001  16973.99  48.72

PhB step 6 3988.18 3.40 15.716 0.029 0.6958 0.001 0.01176 0.00013 0.07514 0.0002 0.01753 0.0001 53077.45 89.34

PhB step 7 5055.70 6.90 20.025 0.042 0.8403 0.001 0.01356 0.00016 0.07189 0.0002 0.01740 0.0001 70323.12 152.36
PhBstep8  6349.81 6.20  25.151 0.045 1.0637 0.001  0.01442 0.00014 0.13469 0.0005  0.01856 0.0001  47142.80  85.14

PhB step 9 4270.29 4.20 16.873 0.037 0.7177 0.001 0.01086 0.00013 0.06612 0.0003 0.01778 0.0001 64585.82 107.93

PhBstep 10  4098.44 5.60  16.244 0.037 0.6973 0.001  0.01118 0.00013 0.06146 0.0002  0.01860 0.0001  66687.96  179.41

PhBstep 11  4138.44 4.60 16.401 0.031 0.7027 0.001 0.01054 0.00014 0.05702 0.0002 0.01822 0.0001 72576.74 148.92
PhBstep12 5142.81 490 20.435 0.040 0.8803 0.001  0.01157 0.00013 0.07108 0.0003  0.01831 0.0001  72355.78  121.14

PhBstep 13  7173.89 5.00 28.495 0.045 1.2062 0.001  0.01266 0.00016 0.06988 0.0003  0.01804 0.0001  102665.46 155.04

PhBstep 14  6212.81 6.40 24.618 0.039 1.0305 0.001 0.01403 0.00019 0.08101 0.0003 0.01863 0.0001 76692.57 156.67

PhBstep 15 189.17 0.08 0.583 0.020 0.0673 0.000 0.00631 0.00011 0.13413 0.0003 0.01929 0.0001 1410.35 4.90

Sum 203.976

Step 40Ar/39Ar 40*Ar + 40*Ar/39Ar  + 37Ar/39Ar  38Cl/39Ar  39Ar/36Ar t 40Ar/36Ar  + % Ar Age (Ma)  +(Ma)
PhB step 1 303.11 8.07 193.7 0.4 233.24 6.23 0.0293 1.039 4.27 0.11 1295 2 0.4 1911.8 51.0
PhB step 2 265.57 0.87 1675.5 3.3 247.66 0.95 0.0062 0.043 16.67 0.06 4426 7 3.7 1983.2 7.6
PhB step 3 251.49 1.44 966.8 3.1 248.74 1.63 0.0020 0.032 108.50 0.93 27287 82 5.6 1988.4 13.0
PhBstep4  253.87 151 8517 2.8 249.45 1.68 0.0021 0.033 67.56 0.49 17152 52 7.3 1991.9 13.4
PhB step 5 254.84 1.19 1136.1 3.5 250.36 1.40 0.0018 0.035 66.61 0.43 16974 49 9.5 1996.2 111
PhB step 6 253.76 0.52 3965.7 8.5 252.33 0.71 0.0007 0.031 209.16 0.82 53077 89 17.2 2005.7 5.7
PhB step 7 252.47 0.63 5034.2 13.8 251.40 0.87 0.0007 0.029 278.54 1.27 70323 152 27.1 2001.3 6.9
PhB step 8 252.47 0.52 6309.6 14.4 250.87 0.73 0.0006 0.029 186.73 0.79 47143 85 39.4 1998.7 5.8
PhB step 9 253.09 0.61 4250.6 9.3 251.92 0.78 0.0006 0.030 255.19 1.32 64586 108 47.7 2003.8 6.2
PhBstep 10  252.30 0.67 4080.1 13.0 251.17 0.98 0.0007 0.030 264.32 1.38 66688 179 55.6 2000.1 7.8
PhBstep 11  252.32 0.56 4121.4 10.5 251.28 0.80 0.0006 0.030 287.63 1.42 72577 149 63.7 2000.7 6.3
PhBstep12  251.67 0.55 5121.6 11.1 25063 0.73 0.0006 0.030 287.51 1.49 72356 121 73.7 1997.5 5.9
PhBstep 13  251.76 0.44 7153.0 13.9 251.03 0.63 0.0004 0.030 407.79 2.20 102665 155 87.6 1999.5 5.0
PhBstep 14  252.37 0.48 6188.6 15.5 251.38 0.74 0.0006 0.029 303.89 1.26 76693 157 99.7 2001.2 5.9
PhBstep 15  324.73 112 1491 0.5 255.99 8.88 0.0107 0.061 434 0.15 1410 5 100.0 2023.2 70.2
Sum / age calculated out of sum 51197.8 251.00 2028.7
Fractionation correction per 2amu  1.0099 Air “Ar/*Ar=298.55 (Lee et al, 2006)

1=0.0080842+1% (FCs)

A=5.543*10"° (Steiger and Jager, 1977)
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Table 9. Results for the Ar-Ar step heating of the Rubikon lepidolite.

Step 40Ar (mV) £ 39Ar (mv) ¢ 38Ar (mV) + 37Ar(mV) ¢ 36Ar (mv) ¢ 35CI(mV) 40Ar/36Ar

Lep step 1 192.90 0.92 0.1848 0.0190 0.3150 0.0015  0.00506 0.00013 0.6468 0.0036 0.016821  0.00015 298.26 2.02

Lep step 2 83.82 0.32 0.3238 0.0190 0.1357 0.0007 0.00534 0.00014 0.2531 0.0011 0.016928  0.00016 331.18 2.14

Lep step 3 136.35 0.37 1.1777 0.0260 0.1060 0.0005 0.00591 0.00015 0.3074 0.0010 0.017806  0.00014 443.61 2.29

Lep step 4 351.64 1.00 6.0221 0.0260 0.2634 0.0009 0.02840 0.00018 0.4509 0.0013 0.017903  0.00014 779.93 3.51

Lep step 5 1060.18 1.70 23.8981 0.0008 0.3884 0.0009 -0.00691 0.04100 0.4265 0.0002 0.019106  0.00018 2485.76 6.84

Lep step 6 1922.63 1.20 47.0573 0.0009 0.6742 0.0007 -0.00661 0.04200 0.3234 0.0001 0.018221  0.00017 5944.32 7.25

Lep step 7 732.59 0.36 17.7601 0.0200 0.2680 0.0006  0.02237 0.00038 0.1336 0.0003 0.018124  0.00016 5482.30 13.08

Lep step 8 350.72 0.19 8.3632 0.0200 0.1393 0.0004 0.01140 0.00022 0.0851 0.0003 0.018507  0.00014 4120.55 12.44

Lep step 9 886.56 0.79 21.9767 0.0006  0.2949 0.0003 -0.00598 0.03400 0.1024 0.0001 0.016303  0.00012 8656.65 12.69

Lep step 10 9645.08 14.00  243.8699  0.0039 3.1028 0.0008 -0.00605 0.40000 0.2771 0.0002 0.016526  0.00015 34801.70  51.36

Lep step 11 701.16 0.41 17.0510 0.0220  0.2483 0.0005 0.02162 0.00036 0.1286 0.0005 0.017627  0.00014 5451.37 12.39

Lep step 12 511.82 0.38 12.3185 0.0240 0.1871 0.0005 0.01558 0.00033 0.1206 0.0004 0.017569  0.00013 4245.61 11.66

Lep step 13 161.78 0.08 3.1422 0.0190 0.0762 0.0003  0.00413 0.00012 0.1367 0.0004 0.017353  0.00011 1183.76 4.90

Lep step 14 122.57 0.06 0.6774 0.0210  0.0831 0.0003 0.00177 0.00010 0.3203 0.0007 0.017616  0.00013 382.69 1.59

sum 403.83

Step 40Ar/39Ar 40*Ar + 40*Ar/39Ar + 37Ar/39Ar  38CI/39Ar 39Ar/36Ar 40Ar/36Ar % Ar Age (Ma) +(Ma)
Lep step 1 1043.65 107.91 -0.194 -0.002  -1.05 -0.11 0.0570 1.0393 0.29 0.03 298 2 0.05 -15.39 -1.59
Lep step 2 258.89 1530 83 0.1 25.50 1.52 0.0335 0.2612 1.28 0.08 331 2 0.13 338.10 20.10
Lep step 3 115.77 2.59 44.6 0.3 37.86 0.87 0.0099 0.0298 3.83 0.09 444 2 0.42 481.66 11.06
Lep step 4 58.39 0.30 217.0 1.2 36.04 0.25 0.0056 0.0180 13.36 0.07 780 4 191 461.27 3.20
Lep step 5 44.36 0.07 932.8 3.1 39.03 0.13 0.0000 0.0011 56.03 0.02 2486 7 7.83 494.77 1.65
Lep step 6 40.86 0.03 1826.1 3.1 38.81 0.07 0.0000 0.0012 145.49 0.05 5944 7 19.48 492.23 0.84
Lep step 7 41.25 0.05 692.7 1.8 39.00 0.11 0.0016 0.0019 132.91 0.35 5482 13 23.88 494.42 1.42
Lep step 8 41.94 0.10 325.3 1.0 38.90 0.16 0.0021 0.0029 98.26 0.45 4121 12 25.95 493.25 1.98
Lep step 9 40.34 0.04 856.0 1.7 38.95 0.08 0.0000 0.0007 214.59 0.19 8657 13 31.39 493.83 0.98
Lep step 10 39.55 0.06 9562.3 22.0 39.21 0.09 0.0000 0.0007 879.94 0.57 34802 51 91.78 496.73 114
Lep step 11 41.12 0.06 662.8 1.7 38.87 0.11 0.0016 0.0013 132.57 0.50 5451 12 96.00 492.94 141
Lep step 12 41.55 0.09 475.8 1.4 38.63 0.14 0.0017 0.0015 102.18 0.40 4246 12 99.05 490.25 1.76
Lep step 13 51.49 0.31 121.0 0.5 38.50 0.29 0.0031 0.0043 22.99 0.15 1184 5 99.83 488.84 3.63
Lep step 14 180.94 5.64 26.9 0.1 39.78 1.25 0.0111 0.0232 2.12 0.07 383 2 100.00 502.97 15.82
Sum / age calculated out of sum 15751.4 39.01 494.45
Fractionation correction per 2 amu 1.0096 Air “Ar/*®*Ar=298.55 (Lee et al, 2006)

1=0.0080842+1% (FCs)

A=5.543*10"° (Steiger and Jager, 1977)
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Table 10. Results for the Ar-Ar step heating of the Siilinjarvi phlogopite.

Step 40Ar (mV) ¢ (3:]@; + 38Ar(mv) ¢ 37Ar (mV) ¢ 36Ar (mv)  * 35CH (mv) ¢ ‘:OAr/ A,

Si stepl 63.93 0.03 0.062 0.02  0.0389 0.000  0.12265 0.00032 0.16047 0.0004  0.01843 0.0001  398.39 1.97

Si step2 327.09 0.25 0.977 0.02  0.0884 0.000  0.04202 0.00022 0.33611 0.0006 001842 0.0001  973.18 2.97

Si step3 545.26 0.36 2.345 0.01  0.0460 0.000 001021 0.00013 0.04240 0.0001 001782 0.0001  12859.85  82.00

Si step4 2066.76 1.00 9.016 002 0.1343 0.000 001327 0.00013 0.04404 0.0002 001769 0.0001 4693264  156.27

Si step5 2312.75 1.30 10.160 0.02 01538 0.000  0,01045 0.00013 0.06104 0.0002  0.01777 0.0001 3789163  108.64

Si step6 5031.73 5.30 22.183 0.04 03046 0.000  0,01190 0.00013 0.05404 0.0003 001754 0.0001 9311132  195.44

Si step7 7150.79 7.60 31.517 004 04313 0.000  0,01294 0.00012 0.05509 0.0003  0.01767 0.0001  129800.5  291.89

Si step8 6630.51 5.10 29.154 0.04 04034 0.000 001275 0.00013 0.04757 0.0002 001802 0.0001 1393919  317.46

Si step9 2417.63 1.90 10.574 002 0.1606 0.000  0.00686 0.00009 0.05121 0.0002 001839 0.0001 4721329 12677

Si step10 418.64 0.35 1.666 001 00591 0.000  0.00580 0.00009 0.12452 0.0003  0.01880 0.0001  3362.13 15.69

Si step11 187.54 0.09 0.775 002 00333 0.000 000551 0.00007 0.04948 0.0001 001861 0.0001  3790.49 20.66

Si step12 210.13 0.12 0.730 002 00556 0.000 000526 0.00008 0.13008 0.0004 001858 0.0001  1615.41 6.49

Sum 119.16 A ) ) '
L T .
Si stepl 1034.55 3525  16.0 0.1 259.23 88.36  1.9738 0.1340 0.39 0.13 398.39 1.97 0.1 2038.5 694.8
Si step2 334.86 6.88 226.7 0.7 232.13 4.83 0.0428 0.0147 2.91 0.06 973.18 2.97 0.9 1906.1 39.6
Si step3 232.47 1.80 532.6 3.5 227.07 2.29 0.0043 0.0044 55.32 0.47 12859.85 82.00 2.8 1880.3 18.9
Si step4 229.24 0.55 2053.6 7.2 227.78 0.96 0.0015 0.0022 204.73 1.13 46932.64 156.27 104 1883.9 7.9
Si step5 227.64 0.55 2294.5 7.1 225.84 0.88 0.0010 0.0022 166.46 0.83 37891.63 108.64 189 1874.0 73
Si step6 226.83 0.53 5015.6 12.8  226.10 0.74 0.0005 0.0015 410.49 2.65 93111.32 195.44 375 1875.3 6.2
Si step7 226.89 0.42 7134.3 19.1  226.36 0.69 0.0004 0.0016 572.10 3.23 129800.50 291.89  64.0 1876.6 5.8
Si step8 227.43 0.37 6616.3 17.2  226.94 0.67 0.0004 0.0017 612.90 3.83 139391.94 317.46  88.5 1879.6 5.6
Si step9 228.63 0.57 2402.3 7.1 227.18 0.86 0.0006 0.0025 206.51 1.08 47213.29 126.77 973 1880.9 7.1
Si step10 251.32 2.88 381.5 1.8 229.00 2.84 0.0035 0.0098 13.38 0.16 3362.13 15.69 98.7 1890.2 23.5
Si step11 242.01 7.52 172.8 1.0 222.94 7.03 0.0071 0.0193 15.66 0.49 3790.49 20.66 99.4 1858.9 58.7
Si step12 287.90 9.10 171.3 0.7 234.69 7.48 0.0072 0.0312 5.61 0.18 1615.41 6.49 100.0 1919.0 61.2
Sum / age calculated out of sum 27017.6 1878.6
Fractionation correction per 2amu  1.0056 Air “Ar/*Ar=298.55 (Lee et al, 2006)

J=0.0080842+1% (FCs)

A=5.543*10™" (Steiger and Jager, 1977)
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Table 11. Results for the Ar-Ar step heating of the Kotuy biotite

Step 40Ar(mV) + 39Ar(mV) t 38Ar (mV) + 37Ar(mV) + 36Ar(mV) + 35CI (mv) £ 40Ar/36Ar +

Ko step 1 57.28  0.02 0.243 0.02 0.6989  0.0008 0.00227  0.00008 0.19213 0.0003 1799  0.0001 298.1 0.3

Ko step 2 30.8  0.02 0509  0.021 0.1428  0.0004 0.03103  0.00019 0.08065  0.0002 0.01816  0-0001 381.9 1

Ko step 3 4191  0.02 0.694 0.02 0.1642  0.0003 0.01299  0.00015 0.1084 0.0003 1789  0.0001 386.6 0.8

Ko step 4 121.19  0.06 1.674  0.021 0.4112  0.0008 0.01959  0.00014 033543 0.0006  gp1g23  0.0001 361.3 0.8

Ko step 5 9215  0.04 3.998  0.019 0.696  0.001 0.00398  0.00012 0.09039 00003  gp1821  0.0001 1019.4 1.5

Ko step 6 86.39  0.04 3.995  0.018 0.6783  0.0009 0.00196  0.00009 0.07187  0.0002 0.0182  0.0001 1202 1.6

Ko step 7 57.38  0.03 2224 0.022 0.3882  0.0007 0.00115  0.00009 0.0702 00002 gp1819  0.0001 817.4 1.5

Ko step 8 61.99  0.03 2.42 0.02 0.4212  0.0008 0.00532  0.00011 0.07478  0.0003 0.018  0.0001 829 1.6

Ko step 9 169.25  0.06 8328  0.018 1.4168  0.0014 0.05344  0.00023 0.11216 0.0003  gp1759  0.0001 1509.1 1.6

Ko step10 214.44  0.12 11118  0.017 1.8741  0.0021 0.12378  0.00033 0.11683 0.0003  gp1g11  0.0001 1835.5 2.3

Ko step11 23338  0.11 11.61 0.02 2.0706  0.0019 0.28766 0.0006 0.15592  0.0005  0.01834  0.0001 1496.8 1.6

Ko step12 133.03  0.05 5139  0.019 1.0092  0.0011 0.2044  0.00046 0.17271  0.0005  0.01845  0.0001 770.2 0.9

Ko step13 89.18  0.03 1351 0.019 0.4053  0.0008 0.21018  0.00048 0.23286 0.0005 1867  0.0001 383 0.7

Ko step14 66.65  0.03 0.233 0.022 0.1392  0.0004 0.09037  0.00032 0.21533  0.0004 0.0181  0.0001 309.5 0.9

Ko step15 124.83  0.06 0.146  0.017 0.1484  0.0004 0.14748  0.00041 0.43138 0.0007 1865  0.0001 289.4 0.8

Sum 53.68

Step 40Ar/39Ar 40*Ar + 40*Ar/39Ar  * 37Ar/39Ar  38CI/39Ar  39Ar/36Ar  * 40Ar/36Ar £ % 39Ar ﬁaz\ +(Ma)
Ko step 1 23524 195 -0.0829 - -0.34 -0.03 0.033 2.686 1.267  0.104 298.1 0.3 0.45 -4.97 -0.41
Ko step 2 60.55  2.53 6.72 0.02 13.21 0.55 0.0713 0.2374 6.306  0.261 381.9 1 1.4  183.04 7.66
Ko step 3 6036  1.76 9.55 0.02 13.75 0.4 0.0267 0.1939 6.406  0.186 386.6 0.8 2.69  190.14 5.55
Ko step 4 7238  0.92 21.04 0.05 12.57 0.16 0.015 0.195 4992  0.063 361.3 0.8 581 174.54 2.25
Ko step 5 23.05 0.1 65.16 0.12 16.3 0.08 0.0024 0.1564 44229  0.268 1019.4 15 13.26  223.28 1.15
Ko step 6 21.63 0.1 64.93 0.11 16.26 0.08 0.002 0.153 55.579  0.312 1202 1.6 207 22274 1.09
Ko step 7 258 0.6 36.42 0.08 16.38 0.17 0.0032 0.1553 31.68  0.338 817.4 15 2485 22431 2.3
Ko step 8 2562 021 39.67 0.09 16.39 0.14 0.0046 0.1549 32364  0.299 829 1.6 2935  224.48 1.94
Ko step 9 2032 0.05 135.77 0.21 16.3 0.04 0.007 0.1542 74254  0.276 1509.1 1.6 4487  223.34 0.59
Ko step10 19.29  0.03 179.56 0.31 16.15 0.04 0.0114 0.1531 95.164  0.342 1835.5 2.3 65.58  221.38 0.51
Ko step11 201 0.04 186.83 0.28 16.09 0.04 0.0248 0.1623 7446 0271 1496.8 1.6 87.21  220.63 0.51
Ko step12 25.89 0.1 81.46 0.13 15.85 0.06 0.0401 0.1765 29.752 0.14 770.2 0.9 96.78  217.53 0.88
Ko step13 66.01  0.94 19.66 0.04 14.55 0.21 0.1569 0.2539 5802  0.083 383 0.7 99.29  200.62 2.89
Ko step14 286.53 273 2.36 0.01 10.13 0.97 0.4057 0.4126 1.08  0.102 309.5 0.9 99.73  142.05  13.59
Ko step15 855.59  100. -3.96 -0.01 -27.16 3.2 1.0314 0.4591 0338  0.039 289.4 0.8 100 -447  -52.68
Sum / age calculated out of sum 849 15.82 217.08
Fractionation correction per 2 amu 1.0056 Air “Ar/*Ar=298.55 (Lee et al, 2006)

1=0.0080842+1% (FCs)

A=5.543*10"%(Steiger and Jiger, 1977)
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5. Discussion

A precise and accurate decay constant intercalibration with geological methods
requires an exceptional accuracy to achieve the uncertainty lower than 1%. Although the
individual dating methods like U-Pb, Ar-Ar, Rb-Sr and now even K-Ca can reach low
uncertainties on the individual ages, there are a number of other conditions that have to be
met. The successful intercalibration requires samples with a wide age spread, with a “point-
like” geological history (samples have been formed rapidly and have not been altered,
exchanged or lost radiogenic daughter isotopes since); it involves precise measurements in
well constrained conditions. Such calibration includes accurate and precise spike
calibrations with spike ratios optimally suited to the isotopic ratios of each individual
sample. And the last but not the least successful intercallibration requires well known
reference constants like the age of the flux monitor for Ar-Ar and the decay constant for U-
Pb or Rb-Sr systems. Here we tested the intercalibration of the four dating systems with the
aim to obtain an accurate and precise *’K decay constant and its branching ratio. Even if
precise ages with three dating systems were obtained for the Phalaborwa sample, two main
requirements still must be met: a well calibrated Ar-Ar flux monitor and a “point-like”
geological history of the sample.

5.1.  Ar-Ar flux monitor

Fish Canyon sanidine (FCs) is often used as a flux monitor and has been dated with
a number of methods by various workers: Renne et al (1994) with age spread of 27.91-
28.09 Ma; Renne et al (1998) with age of 28.02 + 0.28 Ma; Jourdan and Renne (2007) with
more precise age of 28.03 £ 0.08 Ma; Kuiper et al (2008) with astronomically calibrated
age of 28.201 + 0.046 Ma; Renne et al. (2010) with Ar-Ar and U-Pb intercallibrated age of
28.305 = 0.036 Ma; Channell et al. (2010) with best-fit age of 27.93 Ma (without published
uncertainty band) to astrochronologically calibrated lava flows on Maui; and Rivera et al
(2011) with a precise astronomically calibrated age of 28.172 £0.028 Ma. Each of these
methods can be the subject of inaccuracies and interlaboratory calibration issues, moreover
each of this methods uses different *’K total decay constant, for example Kuiper et al
(2008) and Rivera et al (2011) used Min et al. (2000) value of (5.463 +0.214) x 10 °a™",
Renne et al (2010) used estimated by U-Pb and Ar-Ar age intercomparison value of
(5.5492 +0.0093) x 10'%a™" ; the difference in calculated Ar-Ar age between first and
second decay constants would be 1.55%. The U-Pb zircon ages were also obtained for the
FCs and represent a discrepancy in the data, some overlap with Ar-Ar ages
2798 £0.15 Ma (Villeneuve et al., 2000), some indicate older ages 28.41 + 0.05 Ma
(Oberli et al., 1990), 28.498 + 0.035 Ma (Schmitz and Bowring, 2001); or even variable
zircon population 28.67-28.03 Ma (Bachmann et al., 2007).

During step-heating measurements of our FCs monitor we observed signs of non-
homogeneity. *’Ar and **Ar release during the first and the last steps indicate high Ca and
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Cl concentrations at the released phases (Fig.11). We also observed the age variation
depending on the steps: early steps correspond to the younger and later to the older ages.
The core 8 steps gave the age discrepancy of 0.5%, and the first and the last excluded high
Ca/Cl steps gave difference of 24%. This strongly indicates that the standard itself is not
uniform. A similar dishomogeineity was observed for other natural mineral monitors (Heri
et al., 2014), who also had predicted that Fish Canyon sanidine would as well be
inhomogeneous on the basis of its polyphaser petrogenesis. Such heterogeneities can be
crucial for the precise age determination and make the desirable precision of 0.1% on the
current flux monitor questionable. Depending of the method one uses (a step heating, a
total gas release) the resulting age for the J determination might be either a few middle
steps, or, in the case of the total release, a sum of different phases. Moreover step heating
may or may not include the first cleaning step, which releases Ar of the first low
temperature phase, the total gas release with a laser integrates Ar of all phases of a mineral.
Thus the problem of the flux monitor standard is not yet resolved. A choice of the
technique and the reference standard age might produce a systematic shift in Ar-Ar ages.
Therefore the preferred reference age of the FC sanidine standard and the chosen
measurement technique might produce an additional artifact while used for the
determination of the *’K decay constant.
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Fig. 11. YAr/*Ar vs *Cl/*Ar representing Ca/K vs CUK ratios showing non-homogeneity of the Fish
Canyon sanidine. First high Cl step eliminated.

5.2. “Point-like” event
Not all our samples reflect geologically “point-like” event. Siilinjérvi carbonatite
sample Sil02 was dated by Rukhlov and Bell (2010) with a **’Pb/***Pb in situ method on
zircon at 2594 + 13 Ma. Their high MSWD=21 indicates that the complex was not a true
“geologically point-like” rock. The same authors pointed that the complex underwent a

post-emplacement metamorphic event, which was dated with a lower discordia intercept at
1894 + 78 Ma and at ca. 2000 - 2100 Ma with the ***Pb/**Th method. Our Ar-Ar isochron
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age of 1879 + 24 Ma confirms the post emplacement event and the Rb-Sr age place it more
precisely at 1869 = 10 Ma. The overlapping Ar-Ar and Rb-Sr ages suggests that the mica
was reset during a post-emplacement metamorphism. A fresh appearance of the Siilinjarvi
phlogopite under a binocular microscope (Fig.2) shows that mica crystalized during the
post-emplacement event. Because the system was not monogenetic, it is imprudent to
assume that the K-Ca and K-Ar ages should be equal.

Within the uncertainty (0.83% for Rb-Sr, 6.4% for K-Ca and 2% for Ar-Ar) the age
of the Rubikon lepidolite coincide with the U-Pb age of columbite 505.5+2.6 Ma
(Melcher et al., 2015), indicating that the sample has a “point-like” geologic history.
However the resolution unfortunately does not allow us to assess the intercalibration of the
U-Pb, Rb-Sr, Ar-Ar and K-Ca systems with the Rubikon sample. Current scatter on the K-
Ca isochron most likely can be explained not by an open system behavior, but by an
incomplete fractionation correction of the data with a conventional exponential law. The
application of an additional correction term (Caro et al., 2003; 2006) adapted to Ca
(Naumenko-Deézes et al., 2015) has to be tested for spiked samples and may reduce the
Scatter.

The Kotuy sample (Bolgoghtokh intrusion) was drilled out of a stock emplaced at
the north-west end of the Norilsk area and represents a younger event than a main phase of
the volcanism in the area. The main U-Pb age of the Siberian flood basalts is 251 Ma and
point to a very large rapid eruption. Ar-Ar ages for the area are consistently younger 248-
249Ma (Reichow et al., 2002; Renne and Basu, 1991), which is explained with the
probable 1% offset of the “’K decay constant or the Ar-Ar flux monitor miscalibration.
Thereby the Siberian flood basalts either were not affected by later alteration or it affected
the Ar-Ar system less than by 1%. Our sample belongs to the later magmatic reactivation
(ca.229Ma) of the region. The Rb-Sr age of this sample obtained by Nebel et al (2011) with
the A= 1.3975 x 10"'a" (almost identical to those used by us) gave the age of 229.04 Ma
indistinguishable from the U-Pb age of 229.05 £ 0.36 Ma (Kamo et al., 2003). Our Ar-Ar
ages within the 2% analytical uncertainty coincide with U-Pb and Rb-Sr ages. The signs of
alteration observed by us on the electron back-scattered image (see Appendix 2) and the
non-homogeneity during step-heating Ar-Ar measurements, which might be attributed to
an alteration, did not affect the Ar-Ar system higher than the limit of our uncertainty.
Therefore this sample appears to represent a “point-like” event and have to be investigated
further. Initially due to zonation of the mica this sample was not approved for the K-Ca and
Rb-Sr intercalibration; in a view of our findings this sample is considered to be a decent
candidate for the future intercalibration work.

Our best candidate for the geologically “point-like” event was the Phalaborwa
complex. It was studied and dated by multiple workers (see Table 1). The homogenous U-
Pb age distribution for the complex shows that it was intruded and cooled down to the
temperature of baddeleyite and zircon crystallization rapidly. Attempts of the Rb-Sr dating
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were less broad. Eriksson (1984) mentioned a Rb-Sr age without specifying of the decay
constant used for calculations. We assumed it was the recommended *'Rb decay constant
(Steiger and Jéager, 1977)of that time. The recalculated to the modern constant (Villa et al,
2015) the Rb-Sr age is 2047 = 19 Ma which overlaps with the U-Pb age and coincide with
a low precision Rb-Sr age of 2013 + 93 Ma published by Yuhara et al. (2005). Nebel et al.
(2011) used a carbonatite of the Phalaborwa complex for the *’Rb decay intercallibration
with the U-Pb system. Their data, recalculated with a modern *’Rb decay constant (Villa et
al, 2015), gave the Rb-Sr age of 2050+4.8 Ma (20). Our attempt to achieve a high precision
Rb-Sr age resulted in 2058.9 + 5.2 Ma (20), which overlaps with all previous Rb-Sr and U-
Pb ages. K-Ca and Ar-Ar ages calculated with the decay constants of Steiger and Jager
(1977) are younger by approximately 1%.

It should be specified that the coincidence of the K-Ca and Ar-Ar ages is within
0.5-2% of uncertainty. Moreover the coinciding age does not yet rule out the possible
alteration, whose impact on different systems was not yet profoundly studied. Phalaborwa
phlogopite which looks pristine coexists with a diopside that has signs of weathering:
serpentinisationg along cleavage planes. Alterations of element concentrations of
phlogopite below 1% cannot be resolved with the resolution of microprobe analysis, whose
sensitivity is few percent. Indeed, stepwise heating shows a slightly discordant age
spectrum and Ca/Cl/K systematics. This is proof of the presence of minor contamination by
younger phases. Inability to prove the point-like geological history of the sample to the
limit of <1% makes the intercalibrations attempts to reach 0.1 % uncertainty on the ages
subject of a chance.

5.3. “K decay constant

The discrepancies between two mostly used and precise U-Pb and K-Ar, Ar-Ar
dating systems have been a subject of critical reviewing (e.g. Renne et al., 1998, 2000,
2010; Min et al., 2000, 2001; Nomade et al., 2004; Schmitz and Bowring, 2001; Villeneuve
et al., 2000; Schoene et al., 2006, Jourdan et al., 2009) and were attributed to the offset of
the **K decay constant. Multiple attempts to recalibrate the *’K decay constants and to
reevaluate the available counting experiments data did not bring the consistency. The “°K
total decay constant and the branching ratio recommended by B¢ et al. (2004) is higher
than proposed by Min et al. (2000) and (Renne et al. (2010).

A Phalaborwa phlogopite age calculated with the K-Ca isochron strongly depends
on the decay constants used for the calculations (Table 12). Currently recommended *’K
constants of Steiger and Jager (1977) gives the age approximately 0.5-1% younger, the
same effect have the constants of Bé et al (2014), Kossert and Gilinter (2004) and the
constants modeled by Renne et al. (2010). Constants recommended by Min et al. (2000),
used for calibration of irradiation monitor standards (Kuiper et al., 2008; Rivera et al.,
2013; Rivera et al., 2011), give 0.5% higher age, but overlap within the analytical
uncertainty of the K-Ca age. The decay constants recalculated by Renne et al. (2011) also
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give the K-Ca age consistent with the Rb-Sr age of the complex but do not overlap with the
U-Pb age 0f 2060.4 = 0.4 Ma (Kumar et al., 2014).

Table 12. Various combinations of the *K total and beta decay constants, represented by branching ratio B
(Mo’ Ap.) ;and the Phalaborwa phoscorite K-Ca age calculated with the slope of 1.8781+0.012 (20).

+26 (Ma)

}\'tot (10_10) 7\[3- (10—10) ;3 O\'tot/ Xﬁ_ Age (Ma) (i064%) Reference
5.543 4.962 0.8952 2040.0 13.0 Steiger and Jager, 1977
5.549 4.974 0.8963 2036.2 13.0 Renne et al., 2010
5.531 4.955 0.8959 2043.6 13.1 Renne et al., 2011 (recalc)
5.543 4.947 0.8925 2043.5 13.1 Béetal, 2014
AP- from Kossert and Giinter, 2004; B
5.551 4.959 0.8933 2039.5 13.0 NEigler and Villa, 2000
5.464 4.884 0.8939 2071.3 13.2 Min et al., 2000
5.491 4911 0.8944 2060.4 13.2 ““best fit” this work

The constants themselves have various uncertainties, for example K decay
constants of Min et al. (2000) have an uncertainty band of ca. 2%, Renne et al. (2011) ca.
1 %, B¢ et al. (2014) ca. 0.5%, the branching ratio of Bé et al. (2014) has an uncertainty of
ca. 1.5 %, and Néagler and Villa (2000) 1%. These uncertainties on the decay constants are
neglected during Ar-Ar age calculation procedures, thus we also treated them as absolute
values without uncertainties.

The attempt to assess the best fit for the *°K total decay constant with a combination
of a possible branching ratio is shown on the fig.13. So far the minimum branching ratio (B
min) was calculated by Bé et al. (2014) and the maximum branching ratio (B max) was
estimated by Renne et al. (2010). The only independent branching ratio measured by
Négler and Villa (2000) is lying in between and has an uncertainty of 1% which is marked
on the figure. This range of B coincides with our band of the age-fit likelihood. Within 2c
uncertainty of our slope two decay constants are the most suitable: Min et al (2000) and
recalculated values of Renne et al. (2010) (Renne et al., 2011). B max and B min mark the
range of reported branching ratios without their uncertainties and states that two *’K decay
constants are most likely be accurate for the K-Ca system. The best fitting values we can
derive from this sample are Ao=(5.49140.035)*107'%"", Ag-=(4.911 £0.031) x 10,
which gives Aar=(0.580 + 0.0.005) x 10'10a'1, the same A, as suggested by Min et al.
(2000).

This work managed to narrow down the range of possibilities of **K decay
constants combinations, however the high accuracy and precision Ar-Ar data is required to
assess the independent evaluation of the branching ratio as well as additional samples of
the wide time range to establish simultaneously also the *’K total decay constant. The
single most important factor is the choice of natural samples whose internal heterogeneity
(chemical and isotopic) must be lower than 1%. At the present stage no such homogeneous
minerals have been observed, especially not the “age standards” used by the Ar-Ar
community.
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Fig. 13. The dependency of the K-Ca age on the decay constants. The black horizontal line and the grey
horizontal band represent reference U-Pb and Rb-Sr ages of the complex. The dark gray inclined line
represents the K-Ca age calculated with the *’K total decay constant of Bé et al. (2014) and variable
branching ratio B. The gray inclined band represents the uncertainty on the K-Ca slope. The uncertainty of
the decay constant was not included. The magenda and the orange lines with uncertainty bands represent
accordingly age calculated with the *’K total decay constant of Renne et al. (2011) and Min et al. (2000).
Decay constants of Renne et al. (2010) and Kossert and Giinter (2006) were not plotted here, they lie within
the uncertainty range from B¢ et al. (2014). B max represent maximum value of published branching ratio
B=hca/Mot (Renne et al., 2010) and B min accordingly minimum value (Bé et al., 2014). Most of other
published B lie in between. The uncertainties of B max and B min are not plotted; minimum uncertainty on B
published by Nigler and Villa (2000) is represented as +1% band, this range also indicates the range of *’K
total decay constant with the combination of the branching ratios which gives the proper K-Ca age.
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6. Conclusions

Four samples have been chosen for the “’K decay constant intercalibration with
geological methods. Four samples were dated with an Ar-Ar method, and three samples
were dated with Rb-Sr and K-Ca methods. The biotite of the youngest sample from a
dolerite dike, Kotuy region, Norilsk resulted in the Ar-Ar isochron age of 225.0 + 4.8 Ma
coinciding within the uncertainty with U-Pb and Rb-Sr ages of 229 Ma (Kamo et al., 2003;
Nebel et al., 2011). The Rb-Sr age of 504.7 + 4.2 Ma for the Rubikon pegmatite and the
low precision Ar-Ar and K-Ca ages confirmed the U-Pb columbite age of 505.5 Ma
(Melcher et al., 2015). Rb-Sr, Ar-Ar and K-Ca dating of the Siilinjdrvi carbonatite complex
established a post-emplacement event ca. 1900 Ma, the high precision Rb-Sr age place it at
1869 + 10Ma. The 2058.9 Ma Rb-Sr age of the Phalaborwa phoscorite coincide with
2060 Ma previously dated with U-Pb method by multiple workers (see Table 1). K-Ca and
Ar-Ar dating for this complex resulted in ca.1% younger ages.

High precision K-Ca dating also allowed to calculate a possible combination of the
*K total decay constant and the branching ratio. This study confirms stated earlier that the
%K decay constants recommended for the geochronological use (Steiger and Jager, 1977)
give 1% younger Ar-Ar and K-Ca ages. The decay constants of Min et al. (2000) and
Renne et al. (2011) with the range of branching ratios (B (Atot/ AB-)) from 0.8925 to 0.8963
gives the best fit of K-Ca age with the reference age of the Phalaborwa complex.
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General conclusions and outlook

A range of questions has been addressed in this study. They can be divided into two
main groups: the standardization of isotopic compositions of K and Ca, which is important
for fractionation processes studies; and the assessment of the “°K decay constant by
geological age intercorrelation which is essential for the accuracy of K-Ar and Ar-Ar
dating systems.

The isotopic compositions of K and Ca were measured on standard reference
materials; they were compared among themselves and with terrestrial and extraterrestrial
values published in the literature. I measured and compared isotopic composition of K
reference materials NIST SRM 918b and SRM 985. SRM 985 was produced and certified
over 20 years ago and never issued again since, thus the comparison of a new standard
material to the old certified value is significant for studies of the potassium fractionation in
geological processes. The isotopic abundance of “°K is so low that its accurate and precise
determination is challenging. The “°K/*K ratios of SRM918b and SRM 985 presented here
are respectively 0.000 125 185 + 130 and 0.000 125 116 + 57, when normalized to “*K/*K
of 0.721677. These results are consistent with the previous reference K isotopic
composition and are ca. 5 times more precise.

High precision static Ca measurements that allow to resolve the variation on
“Ca/*Ca value down to 0.06%o was developed in the frame of this study to determine the
isotopic composition of Ca reference materials. This precision is owed to the ability to
measure the full range of Ca masses statically. The method bears potential to bring new
insights into the history of early Earth and modern processes.

The isotopic composition of the Ca reference material SRM 915a has been widely
used for the studies of Ca fractionation in Earth processes and nucleosynthetic models. This
standard is however not available anymore and has been substituted with SRM 915b. A
comparison of the old and new standards is therefore essential. The results obtained here
show that these two standards have identical “°Ca/**Ca ratios when mass-fractionation
corrected: the “°Ca/**Ca ratios | measured for SRM 915b is 47.1613 + 28 and 47.1649 + 47
for SRM 915a, when mass-fractionation corrected to **Ca/**Ca = 0.31221. These values are
indistinguishable from previously published data on SRM 915a as well as on average
terrestrial and extraterrestrial samples.

The choice of reference Ca isotopic composition is also essential. Three Ca isotopic
compositions published in literature were compared here. Using various normalization
ratios (**Ca/*Ca, **Ca/**Ca and *®Ca/*Ca) we demonstrated that an internally consistent
isotopic composition gives the same normalized “°Ca/**Ca ratio independently of the used
normalization ratio. However two out of three Ca isotopic compositions compared in this
study show dependencies of the normalized “°Ca/**Ca ratio on the chosen normalization
ratio. Such Ca isotopic compositions are unreliable and should not be used further.

The drawbacks, which appear when such high precision data is accumulated, was
observed and described in Chapter 2. The issue of incomplete fractionation correction
becomes significant if smaller and smaller amounts of Ca are analyzed. It is relevant for
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high precision Ca isotopic studies and K-Ca dating of small samples. The additional
correction term adapted in this study for Ca reduces the effect of incomplete fractionation
correction. The processes happening during thermal ionization in the high vacuum mass-
spectrometers are not yet well understood and are described mainly on the basis of
empirical observations. When a precision is aimed for better than a permille, empirical
corrections are not sufficient anymore. A correct understanding of systematic effects, such
as fractionation processes and accurate fractionation correction becomes essential.

Another direction of this research was dedicated to the improvement of two
constants used for the Ar-Ar dating system: the “°K isotopic abundance and the *°K decay
constant. The *°K/K = (1.668 + 8)-10* value obtained in this study is coincident with
previously published values for “°K isotopic abundance, but with an uncertainty reduced
from 0.35% to 0.07%.

The “K decay constant was assessed by an intercalibration of the four
geochronometers U-Pb, Rb-Sr, Ar-Ar and K-Ca. The crucial point when performing such
intercalibrations is to only use samples which meet the requirements of geologically “point-
like” event; that is magmatic samples whose isotope record was not modified after
intrusion or eruption. Within this work four samples were studied and dated because of
their supposed “point-like” geological history. The Bolgokhtokh granodiorite intrusion,
Kotuy, Russia, gave an Ar-Ar age of 225.0 + 4.8 Ma coincident within uncertainty with
previously published Ar-Ar, Rb-Sr and U-Pb ages. A Proterosoic post-emplacement
metamorphic event was confirmed for the Archean Siilinjarvi complex; its Rb-Sr age is
1869 + 10 Ma. The Rubikon lepidolite sample, from Karibib pegmatite, Namibia, gave a
Rb-Sr age of 504.7 + 4.2 Ma coincident with the baddeleyite U-Pb age from literature.

The fourth sample, a phoscorite from the Phalaborwa carbonatite complex, was
demonstrated to meet the requirement of a “point-like” event. This sample was dated with
Rb-Sr and K-Ca, as well as with Ar-Ar dating. Rb-Sr dating gave 2058.9 + 5.2 Ma age,
identical to previous U-Pb ages. This allowed us to compare the offset of K-Ca and Ar-Ar
ages from reference Rb-Sr and U-Pb attributed to the inaccuracy of the “°K decay constant.
Based on the K-Ca age the range of possible “°K decay constants was narrowed down. Our
best estimate is the decay constants of Min et al. (2000) (see ref. in the chapter 3). This is
consistent with a previously published “best-fit” decay constant for Ar-Ar with U-Pb
dating. However one sample is not enough to assess independently both branches of the
K decay constant, moreover low precision Ar-Ar dating of our samples so far does not
allow us to include the Ar branch of the “°K decay constant into the intercalibration.

Another two samples appear to represent geologically “point-like” events: Kotuy
and Rubikon. Three samples together and provisionally a K-feldspar of the Colomera
meteorite will form four reliable geologically “point-like” samples with a wide age-span:
225 Ma, 505Ma, 2060Ma and 4610 Ma. High precision Ar-Ar and K-Ca dating of these
four samples will allow us to perform full intercalibration with Rb-Sr and U-Pb dating
systems and to assess independently the two branches of the “°K decay constant.
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Appendix 1. Clean laboratory protocols.

- K-Ca chemistry is extremely blank sensitive, therefore all procedures have to
be performed with special care and concentration.
- avoid gloves when possible, better wash hands with distilled water
approximately every15 min or when you feel they become sweaty;
- always use triple or double distilled acids;
- always use specially cleaned beakers;
- avoid using HF when possible, CaF; is insoluble, HF has 5 ng/ml Ca blank;
- use separate Ca hood if possible;
- always use only Ca drop bottles, Ca beakers, Ca columns, everything reserved
for this element;
- always keep everything closed, capped, when not used;
- always keep hood closed, when not working;
- always wipe thebottom of a hood with wet Kim-wipes before and after use.
Normal cleaning procedures:
All new beakers must be cleaned following normal beakers cleaning procedure:

e Soap step: rinse each individual beaker and its lid with Milli-Q and leave in

“soap” for 12h,

-wipe each beaker and lid with Kim-wipes, rinse each individual beaker and lid with
Milli-Q. Put open beakers and lids in a 1 L beaker, fill it with Milli-Q and put it in an
ultrasonic bath for 5 min. Dispose water, fill 1L beaker with Milli-Q twice. Dispose
water.
o HCI step: put open beakers and lids in 1 time (1x) distilled HCI (6.4 M) +
Milli-Q 1:1 for 24h on a hot plate, 100°C;
- take beakers out of HCI, put in the 1 L beaker, fill with Milli-Q and put itin an
ultrasonic bath for 5 min. Dispose water, fill the 1L beaker with Milli-Q twice.
Dispose water.
o HNOj3 step: put open beakers and lids in 1x distilled HNO3 (14 M) + Milli-Q
1:1 for 24h on a hot plate, 100°C;
- take beakers out of HNOg, put in the 1 L beaker, fill with Milli-Q and put it in an
ultrasonic bath for 5 min. Dispose water, fill the 1 L beaker with Milli-Q twice.
Dispose water.
o Milli-Q step: put open beakers and lids in Milli-Q for 24h on a hot plate,
100°C;
- take beakers out of Milli-Q. Dispose water, rinse each individual beaker and lid with
Milli-Q.
Afterwards beakers should be dried and closed.
New bottles must be cleaned following the normal bottle cleaning procedure:
- 24h on a hot plate upside down on a glass beaker with 6.4 M HCI 1x distilled;
- 24h on a hot plate upside down on a glass beaker with 14 M HCI 1xdistilled;
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- 24h on a hot plate upside down on a glass beaker with Milli-Q.

After normal beaker cleaning procedure, Ca cleaning should be applied before
beakers or bottles can be used.

Ca specific cleaning procedures:

From here on only three times (3x) distilled acids should be used, if not specified
differently.

Ca beakers cleaning

The cleaning procedure after using beakers for K-Ca chemistry or new beakers after
normal cleaning is following:

- rinse lid and beaker 3x with Milli-Q ;

- fill with Milli-Q, close beakers, putin a 1 L beaker filled with Milli-Q;

-ultrasonic for 5 min;

-dispose water from each beaker, wipe with Kim-wipe and rinse 3x with Milli-Q;
-fill each beaker with Milli-Q , close and leave overnight;

-move beakers into the Ca hood;

-dispose Milli-Q;

-rinse each beaker and lid 3x with Milli-Q from a squeeze bottle;

-fill with 2.5 M HCI 3x distilled, close tightly and leave on a hot plate at 80-100°C
for a minimum of 3 days;

-dispose acid,;

-rinse 3x lid and a beaker carefully with Milli-Q from a squeeze bottle. Do not touch
any inner surface with fingers!

-fill with Milli-Q, close tight and leave on a hot plate at 80-100°for a minimum of 3
days;

-dispose Milli-Q;

-rinse 3x lid and a beaker carefully with Milli-Q from a squeeze bottle Do not touch
any inner surface with fingers!

- fill with 1 M HCI 3x distilled, close tightly and store in a Ca drawer.

Ca bottles cleaning

-rinse 3x with Milli-Q in the Mo lab;

-fill 1/10 with 2.5 M HCI 3x distilled in the Ca hood;

-place the lid but do not close it;

-put on a hot plate in the Ca hood for at least one week. (I did Ca cleaning of bottles
each step 1 month);

-dispose acid,;

-rinse 3x with Milli-Q;

-fill 2/10 with Milli-Q;

-put on a hot plate in the Ca hood for at least one week;

-rinse with Milli-Q;

-dry bottle with open lid on HF hot plate in the Ca hood.
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Column chemistry
Ca column chemistry is an adaptation of the procedure from Négler and Villa

(2000). It was recalibrated in 2012 for handmade Teflon columns (300 pl volume).
The calibration plots can be seen in fig. A.1.1. Experiment was performed with a fake
biotite solution. Two aliquots of a the sample was loaded into two columns Al and
AZ2. Fractions with steps of 120ul were collected into 7 beakers and the last fraction
was 500 pul, that is why the Ca peak is not visible on fig.A.1.1., most of the Ca
fraction was collected in one step. Concentrations of Al, Mg, Ca and K were
determined in each fraction.

K, Al, Mg elution
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Nagler and Villa 2000. A1

\

400

mg/|

300

200

100 7

0.0
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—— Mg (mg/l)
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0.5 1.0
8.8M HBr
ml acid

2.5M Hcl

Ca elution |
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Ca (my

0.0
8.8M HBr

N

0.5 1.0
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0.5 1.0 1
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Fig. Al.1. Plots of an elution sequence in the hand—llﬂnade Teflon columns filled with 300ul of Dowex

AG 50WXa8 resin. Blue line marks the transition from 8.8 HBr 2x distilled to 2.5 M HCI 3x distilled

acids.
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Ca chemistry routine

Here are recommendations for low blank K-Ca column separations. The Ca
Teflon columns are filled with 300pl of Dowex AG 50WX8 resin. The resin itself is
dirty and needs substantial cleaning before it can be used for K-Ca. Initially all
Dowex resin in the clean laboratory is pre-cleaned in a few consecutive repeating
steps of 0.5 M, 2.5 M, 6.4 M HCI 1x distilled. After filling the Ca columns with a
new resin, multiple pre-cleaning cycles are required until the column blank becomes
1ng. In between samples | did a minimum of 3 pre-cleaning cycles. The normal K-Ca
pre-cleaning and column chemistry are described in tables A.1.1. and A.1.2. The
longer one uses the resin the cleaner it becomes.

Pre-cleaning should always be done between column chemistry, at least one
pre-cleaning cycle one day before columns. Acid cleaning steps can be repeated
several times. If one has a few days in-between sample column chemistry, these days
should be used for 2.5 M HCI-6.4 M HCI-2.5 M HCI cleaning as described in the
table A.1.1 for days 1-3. One full pre-cleaning cycle should be done immediately
before columns. One can use gloves for handling columns in-between column
chemistry, but on the day sample chemistry is performed, gloves should not be used
during pre-cleaning and separation; hands should be washed regularly with distilled
water. Pre-cleaned columns are stored in Milli-Q or very weak HCI in clean beakers.
| use open beakers and clean them with 2.5 M HCI 3x distilled on a hot plate each
time I am working in the lab. Open beakers containing acid should not be left on a hot
plate overnight otherwise the acid will evaporate and dirt will dry on the walls of the
beakers. Open beakers with columns should be covered with “cupola” for overnight
storage. If columns are not used for more than a week, they should be stored in closed
Savillex beakers with clean very week HCI. In case the procedure has to be speeded
up, day 1 of Table A.1.1. can be skipped, days 2 and 3, as well as days 4 and 5 can be
combined. It is better to not speed up the procedure if possible, as sample separation
and handling around the columns need full concentration and attention to not
contaminate them with a random blank from gloves and hands. Each cleaning step
takes about 50-60 min. For cleaning purposes the columns should be filled with
liquids till the top.

Pipette tips should be used as little as possible during samples chemistry,
drop- and squeeze bottles are preferred. If pipette tips need to be used (for sample
loading or if a bubble appears in the column), they should be filled immediately
before use 3 times to maximum volume with 6.4 M HCI 3x distilled and three times
with Milli-Q 3 distilled. Nothing should be touched with a pipette tip either before or
after rinsing. The boxes with pipette tips should be filled with green tweezers from
the Ca drawer. While refilling a box, the end of a pipette tip should not touch
anything including the box itself.
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Table A.1.1. A protocol for column chemistry of samples for K-Ca dating:

Day 1 Day 2 Day 3 Day 4 Day 5
Pre-cleaning: Pre-cleaning: Pre-cleaning: Pre-cleaning Samples
-2.56M HCI -2.5M HCI -Milli-Q -6.4M HCI -2.5M HCI
-6.4M HCI -6.4M HCI -Milli-Q -2.5M HCI -samples column
-2.5M HCI -2.5M HCI -Ammonium -Milli-Q chemistry from
Optionally repeat | Optionally repeat | acetate -Milli-Q Table N
-2.5M HCI -Ammonium

acetate

-2.5M HCI
Open beakers for | Open beakers for | Open beakers for | Open beakers for | Open beakers for
columns filled columns filled columns filled columns filled columns filled
with 2.5M HCI with Milli-Q and | with 2.5M HCI 3x | with Milli-Q and | with 2.5M HCI

3x distilled and
left on the hot
plate for this day

left on the hot
plate for this day

distilled and left
on the hot plate
for this day

left on the hot
plate for this day

3x distilled and
left on the hot
plate for this day
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Table A.1.2. K-Ca column separation protocol.

acid volume A B C D Time

Column

1 optional if afterwash
2.5 M HCl | reservoir was done before

1
6 M HCI reservoir

1
2.5M HCI reservoir

1
Pre-wash reservoir

1
Milli-Q reservoir

check neutrality (should be 5 or 7)

1/2
(am.acet.) | reservoir

1
2.5 M HCI reservoir

Here the break for the night can be done. In that case store pre-cleaned columns in Milli-Q in clean open beakers.

optional if

precleaning and
condition 1 columns are done the
ing 2.5 M HCl | reservoir same day
sample
in 2.5 M HCl 0.1ml
rinse 1 25MHCl | 0.1ml
add 8.8 M HBr | 0.6 ml
take:

Elution Al, Mg

0.3 ml (waste)

Elution Al, K (1:1)
beaker K 0.3 ml collect
add 2.5 M HCl

0.5ml waste

beaker 1
Ca reservoir Elution Ca, collect
After 1
wash 2.5 HCl reservoir
References

Négler, T.F., Villa, I.M., 2000. In pursuit of the “°K branching ratios: K-Ca and 39Ar-40Ar dating of
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Initially eight samples were available for this study from the following
complexes:
e Klokken intrusion, South Greenland. Mineral separates;
e Bulgokhtokh intrusion, Kotuy, Russia. Mineral separates;
e Dolodau dyke, Canada. Piece of biotite sovite;
e Borden carbonatite complex, Canada. Mica separates;
e Prairie Lake, Canada. Piece of carbonatite;
e Siilinjarvi carbonatite complex, Finland. Piece of carbonatite;
e Phalaborwa carbonatite, Limpopo, South Africa. Piece of phoscorite.
e Lepidolite, Karibib, Namibia. Museum exemplar of lepidolite;
Samples acceptable for calibration study must fulfill the requirement as
“point-like” geological event: minerals have to be in petrological equilibrium,
without signs of any alteration, recrystallization, retrograde reaction or dissolution.
Based on these criteria available samples were studied, evaluated and where
necessary discarded.

A syenite piece from the Klokken intrusion, South Greenland, was originally
collected for the study by Nebel et al. (2011) from the interior of syenodiorite sills.
The Klokken syenite is a shallow layered intrusion in the south-western segment of
the Gardar alkaline province. It is a 3x4 km onion-shaped body with sharp contacts
against the basement and a thin outer gabbroic sidewall that encloses the syenitic
magma chamber, which was intruded at a depth of less than 3 km and cooled below
300°C within 100ka. A more detailed description of the geology and age of this
intrusion can be found in (e.g. Parsons, 1979, 1980, 1981; Parsons et al., 1991). Due
to evidence of *’Ar loss that resulted in low Ar-Ar ages (Burgess et al., 1992) this
sample was considered as unfavorable for K-Ca and Ar-Ar ages intercomparison.

The Bulgokhtokh granodiorite intrusion, Kotuy, Russia, belongs to the
Siberian flood volcanic province of the Norilsk-Maymecha-Kotuy area formed ca.
251 Ma ago. The Bolgoghtokh stock is situated at the far north-west end of the
Norilsk flood basalt field and is younger than the Norilsk and Maymecha-Kotuy
provinces. It has been interpreted to be formed during later tectonic reactivation
(Kamo et al, 2003) out of lower crust melts (Wooden et al, 1993). The age of the
Bolgokhtokh intrusion is well studied and is presented in the Table A.2.1. Nebel et al
(2011) argued that the discrepancy between originally published Ar-Ar and U-Pb
ages might be due to the offset of a flux monitor or the **K decay constant. Indeed
recalculation of the Ar-Ar ages to the recently published McClure Mountain syenite
(MMhb-1) monitor ages bring the Ar-Ar biotite and U-Pb zircon ages in the
agreement; hornblende ages still remain younger, which might be a result of Ar loss
during alteration. Indeed Wooden et al. (1993) describe certain weathering and
alteration phenomena at thin section scale, moreover, Nebel et al (2011) point out
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minor sericitization of feldspars. Therefore biotite of the Bulgokhtokh was studied
under a microprobe (fig. A.2.1), which revealed prominent zonation of mica, visible
on the electron back-scattered image. We dated this sample with Ar-Ar method (see
Chapter 3), but based on the microprobe data and results of the Ar-Ar dating it was
not suitable for K-Ca dating.

Table. A.2.1. Literature ages for the Bulgokhtokh granodiorite intrusion (Kotuy). Ar-Ar ages are
recalculated to MMhb-1 age of 522.98+1.00 Ma (Schoene and Bowring, 2006) and are 1.736% older
than originally published.

Age (Ma) Details Reference
22905+ 036 U-Pb concordia age for zircon (MSWD of

’ ‘ concordance = 0.41)
229.0+ 0.4 200py_28 for zircon (MSWD=0.11) (Kamo et al., 2003)
229.3+0.5 27pb—23U for zircon (MSWD=0.19)
227.1+1.2 “Ar-Ar for biotite
228.0+109 (Dalrymple et al.,

404 . 39 1995)
Ar—"Ar for hornblende

2247 +1.0

.

5

15.8kY  108pm

Fig. A.2.1. Microprobe secondary electron scan of Kotuy biotite mounts (Bulgokhtokh granodiorite
intrusion) revealing zonation.
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Dolodau dyke, Canada situated in the Abitibi greenstone belt together with
Lac Shortt dyke. Complex has been extensively dated with various methods (Table
A.2.1), and showed discrepancies between U-Pb and K-Ar ages. Furthermore study
of a biotite sovite thin section under an optic microscoe showed signs of partial
dissolution and recrystallization of mica grains (Fig. A.2.2). This sample was
therefore not used in this work.

Carbonatites were considered to be promising samples as carbonatite
complexes have rapid cooling histories, and those located on platforms have the
potential to be closed systems. Hence, three samples from carbonatite complexes
were studied.

The Borden carbonatite complex from the Kapuskasing Structural Zone
intruded upper amphibolite and granulite facies host rocks of the Canadian Shield.
The minimum date of emplacement has been estimated to be 1882.0 + 3.9Ma (Pb-Pb,
zircon), but other attempts to date this complex gave variable K-Ar, U-Pb, Rb-Sr ages
(Rukhlov and Bell, 2010). Thus we consider this sample to be unsuitable for our
study.

The Prairie Lake alkaline-carbonatite complex lies within the Archean-
Proterozoic gneisses of the Quetico Subprovince of the Superior Province and is
confined to the northern extension of the Big-Bay — Ashburton Bay Fault (Sage,
1987). It has an approximate age of 1.16 Ma (Table A.2.3) but variable K-Ar ages.
Study of the sample under optical microscopy and microprobe analysis showed that
micas have signs of recrystallization, dissolution and zonation (Fig. A.2.3 and A.2.4),
making this sample also unsuitable for this study.

The Siilinjarvi carbonatite complex is situated in the Karelian Craton in
eastern Finnland within the Ladoga-Bothnian deep fracture zone. Sample Si-102 was
available to us on courtesy of Keith Bell. The Pb-Pb dating places the emplacement
of the complex at 2594 + 13Ma. Despite the pristine look of the sample in thin-
sections (Fig. A. 2.5), literature data points to a post-emplacement metamorphic event
ca. 1900Ma (summary of available ages in Rukhlov and Bell, 2010, p.24).,.
Nevertheless the attempt of simultaneous dating of Siilinjarvi mica with Rb-Sr, K-Ca
and Ar-Ar methods was performed on this sample.
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polarized light, lower row cross polarized light.

Table A.2.2. Literature ages for the Dolodau dyke granodiorite intrusion

n pticl microscpe. pper row plain

AR~ € T

Age (Ma) Method Mineral / | Details Reference
rock
26844170 U-Pb zrn LSC65, LSC7910, LSC7912(bi | Rukhov and Bell
sovites), DOD77 (bi sovite), (2010)
DOD91(bi-amf
silicocarbonatite), Upper
discordia intercept (+ 95%-
conf.), MSWD=8218, 6
fractions, 44—19% discordant
2680 U-Pb ap Upper discordia intercept, 2 Tilton and Bell
samples (1994)
2640 £ 267 Rb-Sr isochron whole biotite sovites, biotite- 3 Tilton and Bell
rock samples (1994)
2677 Pb-Pb ap biotite sovite—""Pb*/*"°Pb* Tilton and Bell
date (1994)
2479+ 79 K-Ar bt biotite sovite (dates from the bi | Bédard and
concentrate) Chown (1992)
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rcrystallizao}i. B
Upper row plain polarized light, lower row cross polarized light.
Table A.2.3. Literature ages for the Prairie Lake complex
Mineral .
Age (Ma) Method Details Reference
/rock
Sample: P21A/64.8, DP-26F. Upper
1163.5+3.5 | U-Pb zm,bd | discordia intercept (+ 95%-conf.), 2 Rukhov and
. Bell (2010)
fractions
Sample: carbonatite. SHRIMP II. Sano ef al
1157 £ 46 Pb-Pb isochron | ap PRAP Model 1 date (+ 95%-conf.), (1999) ’
MSWD=0.61, 43 analyses, 1 sample
. Samples: carbonatites MSWD=6.2, 7 Kwon et al.
1155+ 36 Pb-Pb isochron | cal fractions, 5 samples (1989)
. Bell and
. o/ _
1023+74 | Rb-Srisochron | WR Sample: carbonatites + 95%-conf, Blenkinsop
MSWD=2.3, 7 samples
(1980)
(1071- ) ) . Gittins et al.
1174)* K-Ar bt Sample: carbonatites 2 samples (1967)
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Fig. A.2.4. Microprobe secondary electron scan of Prairie Lake thin section, showing zonation of mica
and signs of recrystallization.

sl ! b

Fig. A.2.5. Microscope pictures of a Siilinj arvi carbonatite thin section. Biotite looks pristine, it shows
signs of lamination which could be of magmatic origin. To the right cross polarized to the left plain
polarized light.
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The most promising sample was a phoscorite from the Phalaborwa
carbonatite complex, north-eastern Transvaal, South Africa. This is an intracratonic
alkali intrusive complex of elongated form composed mainly of clinopyroxenites with
minor carbonatites and phoscorites (in early works called micaseous pyroxenite). It
intruded an Archean terrain composed of granites, gneisses, quartzites, granulites,
amphibolites and talc and serpentine schists. (Eriksson, 1984). The complex has been
dated by J.W.L de Villiers (Holmes and Cahen, 1956) with the U-Pb method on
uranothorianite with a single analysis and gave ane age of 2060 Ma. An age of 1000-
2000 Ma was quoted by Heinrich, 1966, 1970. (Eriksson, 1984). Eriksson (1984)
dated this complex with the U-Pb method on uranothorianites and baddeleyites and
obtained an age of 2047 +11 / -8 Ma. He however cautions, that an additional 1%
uncertainty may exist and states that the Rb-Sr age of phlogopites, phoscorite and
clinopyroxenites give an isochron age of 2012 + 19 Ma (20). I recalculated to the new
As7=1.3972 *10™"" a™! (Villa et al., 2015) — assuming that Eriksson (1984) originally
used the constant of (Steiger and Jager, 1977) — and obtained a Rb-Sr age of
2047 = 19 Ma. Later U-Pb dating confirmed an age of 2060 Ma (Heaman and
LeCheminant, 1993; Reischmann, 1995; Horn et al., 2000; Wingate and Compston,
2000; French et al., 2002). Wu et al (2011) dated different layers of the Phalaborwa
complex and found that they all are of the same age. (Table A.2.4). Rb-Sr dating on
the other hand was less successful, it gives a high scatter of the isochrones (Eriksson,
1984, Yuhara et al, 2005), though successful attempts of precise dating with Rb-Sr
method for this complex have been achieved (Nebel et al., 2011).

Our sample (PhB-2) is a phoscorite that consists of big crystals (up to 10 cm)
of phlogopite (ca. 45%), apatite (ca. 35%), diopside (ca. 14%), ilmenite (ca. 5%) and
calcite (ca. 1%). Apatite forms both big idiomorph grains (up to 10 cm) and small
mineral inclusions (1-200um) inside phlogopite and diopside grains. Small (20-
200um) ilmenite and calcite granis fill the spaces between crystal boundaries.
[lmenite also forms big massive crystals (in the current sample the crystal is 5x6 cm)
surrounded by a reaction rim of diopside - serpentine. Diopside shows signs of
serpentinisation along the cleavage (Fig. A.2.5, A.2.6.).

The detailed study of thin-sections under an optic microscope and using
microprobe analysis showed that phlogopite is pristine and does not have any signs of
alteration. Microprobe quantitative line analysis (Fig. A.2.7) and elemental mapping
(Fig.A.2.8) demonstrated that micas are chemically homogenous without any
zonation. This sample was thus considered as a suitable candidate for decay constant
intercalibration.
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Table A.2.4. Literature ages for the Phalaborwa complex.

* Rb-Sr age recalculated to Ag;=1.3972 *10™! a! (Villa et al., 2015), assuming that Eriksson (1984)

originally used the constant of (Steiger and Jager, 1977)

Age (Ma) Method Mineral Rock type Reference
. Holmes and
2060 U-Pb uranothorianite Cahen (1956)
clinopyroxenite,
2047 + 19%* Rb-Sr phlogopite carbonatite and Eriksson (1984)
phoscorite
thorianite and carbonatite and .
2047 +11/-8 U-Pb baddeleyite phoscorite Eriksson (1984)
Heaman and
2059.8+0.8 U-Pb baddeleyite carbonatite LeCheminant
(1993)
2060.6 £ 0.5 U-Pb baddeleyite Reischmann
' ' (1995)
2057+ 8 U-Pb baddeleyite not indicated Horn et al. (2000)
. - Wingate and
2057.1+2.6 U-Pb baddeleyite not indicated Compston (2000)
. . French et al.
2059.6 £ 0.4 U-Pb baddeleyite carbonatite (2002)
U-Th total . French et al.
2026 +46 / -47 b baddeleyitch carbonatite (2002)
hornblende, felsic Yuhara et al
2062 + 74 Rb-Sr fraction, dolerite U ’
) (2005)
clinopyroxene
whole rock and . Yuhara et al.
2013 £93 Rb-Sr mineral phoscorite (2005)
. . outer pegmatitic
2060.1 £4.1 U-Pb (in baddeleite :
2050 + 13 situ) Zircon pyroxenite Qf Wu et al (2011)
Loolekop pipe
2061.72 £ 2.4 U-Pb (in baddeleite . .
2047 + 27 situ) Zircon main phoscorite Wu et al (2011)
U-PDb (in . .
2060.0 £2.2 situ) baddeleite banded carbonatite Wuet al (2011)
2056.7+£2.7 . baddeleyite .
2059.8 + 1.3 gt'P)b(m baddeleyite ransgressive Wu et al (2011)
2053 + 14 Y zircon
satellite syenite (plug-
2068 + 17 U-Pb (in baddeleyite like bodies ouside the
2049 + 28 situ) zircon border of main Wuetal (2011)
complex
2035 + 35 gtf:)b (in baddeleite later mafic dyke Wu et al (2011)
2060.3 + 0.4 Pb-Pb baddeleyite carbonatite é‘g{l:)r ctal
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P

Fig. A.2.5. PhB-2 sample from Phalaborwa carbonantite complex.

ures of the PhB-2 sample: upper raw plane polarized light, lower raw cross

Fig A.2.6. Thin-section pict
polarized light.
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Fig. A.2.7. Microprobe quantitative analysis though a Phalaborwa phlogopite (PhB-2). Picks of F+H
line shows mechanical cracks in the grain, probably due to thin-section preparation.
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Phalaborwa Complex. PHB-2

Fig. A.2.8. Microprobe maps of the Phalaborwa sample showing the uniform distribution within a
single grain of phlogopite.

The lepidolite sample, Karib, Namibia was received courtesy of Dr. Beda
Hofman (the Naturhistorisches Museum der Burgergemeinde Bern). It came from the
Rubicon mine, which is located within the zoned Karibib pegmatite of the Dimara
belt. Rubicon pegmatites have intruded into a medium- to high-grade metamorphic
environment in between a quartz monzonite of Pan-African age (700-500 Ma), and a
pegmatitic granite of late Pan-African age (600-460 Ma). U-Pb dating of the
columbite gave an age of 505.5 = 5.2 Ma (20) (Melcher et al., 2015).

The lepidolite sample (marked on the pictures as “Lep”) consists of pristine
big pink sheets, that can be easily sliced along cleavage planes with a blade into thin
transparent pieces. Microprobe analysis shows that the sheets have neither visible
inclusions of other minerals, nor zonation or signs of alteration. Element maps show a
uniform distribution of Al, F, K, Mn and Rb. Quantitative line analysis also confirms
the homogeneity of the sample (Fig. A.2.9). Lepidolite has very high K and Rb
contents and was considered as a good candidate for simultaneous dating with the
Rb-Sr and K-Ca methods.
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Lepidolite LEP-A8555
(obtained from Naturhistorisches Museum Bern.
Farm aria near mine Rubicon, Karibib, Namibia

1979. Dr.G.Jung)

{LEP-A8555
' map 1

Fig.A.2.9. Lepidolite sample, backscattered electrons image of the mapped aria and elemental maps.
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Lepidolite LEP-A8555
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Fig. A.2.10. Quantitative microprobe line analysis of the Lepidolite sample.

A-2-14



Appendix 2. Sample description.

References:

Bédard, L.P., Chown, E.H., 1992. The Dolodau dykes, Canada: An example of an archean carbonatite. Mineralogy
and Petrology 46, 109-121.

Bell, K., Blenkinsop, J., 1980. Ages and initial 87Sr/86Sr ratios from alkalic complexes of Ontario. Ont Geol Surv
Misc Pap 93, 16-23.

Burgess, R., Kelley, S.P., Parsons, 1., Walker, F.D.L., Worden, R.H., 1992. A Ar analysis of perthite
microtextures and fluid inclusions in alkali feldspars from the Klokken syenite, South Greenland. Earth and
Planetary Science Letters 109, 147-167.

Dalrymple, B.G., Czamanske, G.K., Fedorenko, V.A., Simonov, O.N., Lanphere, M.A., Likhachev, A.P., 1995. A
reconnaissance ‘’Ar/*’Ar geochronologic study of ore-bearing and related rocks, Siberian Russia. Geochimica et
Cosmochimica Acta 59, 2071-2083.

Eriksson, S.C., 1984. Age of carbonatite and phoscorite magmatism of the Phalaborwa Complex (South Africa).
Chemical Geology 46, 291-299.

French, J.E., Heaman, L.M., Chacko, T., 2002. Feasibility of chemical U-Th—total Pb baddeleyite dating by electron
microprobe. Chemical Geology 188, 85-104.

Gittins, J., Macintyre, R.M., York, D., 1967. The ages of carbonatite complexes in eastern canada. Canadian Journal
of Earth Sciences 4, 651-655.

Heaman, L.M., LeCheminant, A.N., 1993. Geochemistry of Accessory Minerals Paragenesis and U-Pb systematics
of baddeleyite (ZrO2). Chemical Geology 110, 95-126.

Holmes, L., Cahen, L., 1956. Geochronologie Africanie. Mem. CI. Sci. Nat. Med., Acad. R. Sci. Colon.(Brussels),
Fasc 1, 169.

Horn, I., Rudnick, R.L., McDonough, W.F., 2000. Precise elemental and isotope ratio determination by
simultaneous solution nebulization and laser ablation-ICP-MS: application to U-Pb geochronology. Chemical
Geology 164, 281-301.

Kamo, S.L., Czamanske, G.K., Amelin, Y., Fedorenko, V.A., Davis, D.W., Trofimov, V.R., 2003. Rapid eruption of
Siberian flood-volcanic rocks and evidence for coincidence with the Permian—Triassic boundary and mass extinction
at 251 Ma. Earth and Planetary Science Letters 214, 75-91.

Kumar, A., Nagaraju, E., Srinivasa Sarma, D., Davis, D.W., 2014. Precise Pb baddeleyite geochronology by the
thermal extraction-thermal ionization mass spectrometry method. Chemical Geology 372, 72-79.

Kwon, S., Tilton, G., Griinenfelder, M., 1989. Lead isotope relationships in carbonatites and alkalic complexes: an
overview. Carbonatites: Genesis and Evolution, 360-387.

Melcher, F., Graupner, T., Gabler, H.-E., Sitnikova, M., Henjes-Kunst, F., Oberthiir, T., Gerdes, A., Dewaele, S.,
2015. Tantalum-(niobium-tin) mineralisation in African pegmatites and rare metal granites: Constraints from Ta-Nb
oxide mineralogy, geochemistry and U-Pb geochronology. Ore Geology Reviews 64, 667-719.

Nebel, O., Scherer, E.E., Mezger, K., 2011. Evaluation of the *’Rb decay constant by age comparison against the U—
Pb system. Earth and Planetary Science Letters 301, 1-8.

Parsons, 1., 1979. The Klokken Gabbro-Syenite Complex, South Greenland: Cryptic Variation and Origin of
Inversely Graded Layering. Journal of Petrology 20, 653-694.

Parsons, 1., 1980. Alkali-feldspar and Fe-Ti oxide exsolution textures as indicators of the distribution and subsolidus
effects of magmatic-water in the Klokken layered syenite intrusion, South Greenland. Earth and Environmental
Science Transactions of the Royal Society of Edinburgh 71, 1-12.

Parsons, 1., 1981. The Klokken Gabbro-Syenite Complex, South Greenland: Quantitative Interpretation of Mineral
Chemistry. Journal of Petrology 22, 233-260.

Parsons, 1., Mason, R.A., Becker, S.M., Finch, A.A., 1991. Biotite Equilibria and Fluid Circulation in the Klokken
Intrusion. Journal of Petrology 32, 1299-1333.

Reischmann, T., 1995. Precise U/Pb age determination with baddeleyite (ZrO,), a case study from the Phalaborwa
igneous complex, South Africa. South African Journal of Geology 98, 1-4.

A-2-15



Appendix 2. Sample description.

Rukhlov, A.S., Bell, K., 2010. Geochronology of carbonatites from the Canadian and Baltic Shields, and the
Canadian Cordillera: clues to mantle evolution. Mineralogy and Petrology 98, 11-54.

Sage, R.P., 1987. Geology of carbonatite-alkalic rock complexes in Ontario: Prairie Lake carbonatite complex,
District of Thunder Bay. Ministry of Nothern Development and Mines, Ontario Geological Survey, Study 46, p. 91.
Sano, Y., Terada, K., Hidaka, H., Yokoyama, K., Nutman, A.P., 1999. Palacoproterozoic thermal events recorded in
the ~4.0 Ga Acasta gneiss, Canada: evidence from SHRIMP U-Pb dating of apatite and zircon. Geochimica et
Cosmochimica Acta 63, 899-905.

Schoene, B., Bowring, S., 2006. U-Pb systematics of the McClure Mountain syenite: thermochronological
constraints on the age of the 40Ar/39Ar standard MMhb. Contributions to Mineralogy and Petrology 151, 615-630.
Steiger, R.H., Jager, E., 1977. Subcommission on geochronology: convention on the use of decay constants in geo-
and cosmochronology. Earth and Planetary Science Letters 36, 359-362.

Tilton, G.R., Bell, K., 1994. Sr-Nd-Pb isotope relationships in Late Archean carbonatites and alkaline complexes:
Applications to the geochemical evolution of Archean mantle. Geochimica et Cosmochimica Acta 58, 3145-3154.
Villa, .M., De Biévre, P., Holden, N.E., Renne, P.R., 2015. IUPAC-IUGS recommendation on the half life of $Rb.
Geochimica et Cosmochimica Acta 164, 382-385.

Wingate, M.T.D., Compston, W., 2000. Crystal orientation effects during ion microprobe U-Pb analysis of
baddeleyite. Chemical Geology 168, 75-97.

Wooden, J.L., Czamanske, G.K., Fedorenko, V.A., Arndt, N.T., Chauvel, C., Bouse, R.M., King, B.-S.W., Knight,
R.J., Siems, D.F., 1993. Isotopic and trace-clement constraints on mantle and crustal contributions to Siberian
continental flood basalts, Noril'sk area, Siberia. Geochimica et Cosmochimica Acta 57, 3677-3704.

Wu, F.-Y., Yang, Y.-H., Li, Q.-L., Mitchell, R.H., Dawson, J.B., Brandl, G., Yuhara, M., 2011. In situ determination
of U-Pb ages and S-Nd-Hf isotopic constraints on the petrogenesis of the Phalaborwa carbonatite Complex, South
Africa. Lithos 127, 309-322.

Yuhara, M., Hirahara, Y., Nishi, N., Kagami, H., 2005. Rb-Sr, Sm-Nd ages of the Phalaborwa Carbonatite Complex,
South Africa. Polar geoscience 18, 101-113.

A-2-16



Appendix 2. Sample description.

A-2-17



Appendix 3.

Measurement protocols




Appendix 3. Measurement protocols.

A-3-1



Appendix 3. Measurement protocols.

Loading procedures

Potassium was measured on TIMS. The routine for K measurements is
described in Naumenko at al. (2013). Here is a short summary and tips and tricks.

Potassium was loaded on tantalum single filament, degassed at 2 A for
45 min, 3 A for 30 min and 5 A for 70 min. It was left to oxidize minimum two
weeks, more often more than a month before being used. Potassium was loaded in a
separate cupboard under a laminar flux with H3;PO; acting as a stabilizer. H;PO, were
pre-cleaned in a Savillex beaker with a cation exchange resin. It was kept in the resin
for few weeks, being shacked every day, afterwards beaker was centrifuged and acid
pipetted out into a drop-bottle.

The most suitable standard concentration for a routine K measurement is
100ng/ul, though for a total evaporation one should consider much lower
concentrations (10ng/ul). Potassium ionizes up to 100% and total evaporation can
take days if too much element is loaded.

Loading was done according to following procedure:

1. Ta filament heated at 0.1 A

2. H3PO,drop from a drop-bottle places on a piece of parafilm

3. Pipette tip prewashed by soaking in 3 times 10 pl of 6.4 M HCI 3x distilled
and 3 times 10 pl of Milli-Q. Usually all necessary pipette tips were pre-
washed in a such way immediately before loading.

4. 1-2 pl of H3PO, loaded onto a filament. Filament current can be increased to
0.5A

5. When the acid is almost dry a sample is loaded. Better to limit a loaded
amount to max. 3 pl. For standards I used 1-2 pl. If there was necessarily to
load more than 3 pl then it was done stepwise.

6. A sample dried on a filament at 0.5 A, maximum at 1 A. Higher current can
lead to drop being spread on a filament surface.

7. The light is switched off and the current is slowly increased until
approximately 4 A, when filament starts to glow. Glowing is kept for 10
seconds and then the current is decreased with a moderate speed
(approximately 4 A per 30s)

Afterwards filaments can be mounted on a TIMS turret, which should be done
in gloves with two tweezers, to not touch a filament. Sometimes I can touch with
gloves corners of a cover to mount it better.

The routine for Ca measurements is described in Naumenko-Dézes et al.
(2015). Rhenium single filaments were used for Ca measurements. It is described in
literature that Ta double filaments are better for high-precision measurements of Ca,
and it gives less fractionation. In the light of incomplete fractionation correction with
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an exponential law, I would recommend to test the next measurements of Ca on
double Ta filaments.

Here is the routine for Ca loading on a Re single filament. First, filaments
have to be additionally pre-washed before degassing. Each filament holder with
welded rhenium ribbon has to be immersed for 20s into 2.5 M HCI 1x distilled and
20s Milli-Q™, then dried under a glass cover in the 50°C hood overnight. Afterwards
filaments can be degassed under vacuum at 1.5 A for 45min, 2 A for 30min and 4 A
for 70min.

Calcium is loaded on a Re filament with Ta-activator (Birck, 1986; Négler
and Villa, 2000). The pharafilm is not used in this case to avoid contamination. A
drop of activator is placed into a clean beaker with a flat bottom. Pipette tips are
washed the same way as described for K. Activator is loaded at 0.1 A. After it is
almost dry the sample is loaded.

Initial sample loading included soaking 2 pl of 6.4 M HCI into pipette tip,
wiping a bottom and walls of a beaker to collect a sample. After struggling with Ca
blank the procedure that requires fewer operations above an open beaker outside of
the clean lab have been developed. After a sample is dry I add three drops of
6.4 M HCI 3x distilled into a beaker in the clean lab. A beaker is closed, revolved and
let all acid to flow down at the bottom, if necessary it can be centrifuged. Then the
beaker is opened in the Ca hood with bare washed in deionized water hands and
placed on HF hot plate at 90°C. It takes about 40 min to evaporate most of the acid.
The beaker is kept on a hotplate until the size of a drop reach ca. 3-5 pl. Afterwards
the beaker is closed. Remaining drop gets smaller while the beaker is cooling down,
therefore the drop should not get too small while on a hot plate. Samples are loaded
on filaments immediately after this procedure, maximum next morning, if the
preparation was done in an evening.

Loading is performed under a laminar flux in a separate cupboard in the mass-
spectrometry room. One pl of the activator is loaded onto a Re filament and brought
to almost dry at 0.1 A, then 1-2 pl of a sample is loaded on the top of the activator. If
the loading amount in the beaker is bigger than 2 ul, the sample should be loaded in
steps. After a sample is loaded, and the filament is dry; the light switched off and the
filament is slowly brought to glowing. It stats glowing at about 3-4 A. It is kept
glowing for 15-20s to evaporate the acid and possible K. This loading procedure for
21 filaments can take up to 5-6h.

Strontium loading is almost identical to Ca except that filaments do not need
to be pre-washed in acid or Milli-Q. Activator droplet can be placed on a parafilm
piece.
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During the writing of the K paper (Naumenko et al., 2013) we received a
useful comment from our associates editor Dimitri Papanastassiou about filament
preparation for different elements. It might be useful for future work. Here is his
message enclosed:

“We use single Ta (zone refined, microcrystalline, super-annealed, obtained a
while back from Rembar) for K, Sr, Ca, Ti, Ba. The Ta has to be microcrystalline and
super annealed, otherwise work-hardened Ta shows large crystals that get oxidized in
a patchy way (leading to hot spots), depending on orientation.

For these, the Ta filaments are first outgassed and then oxidized at 1.5 Torr
(air, leaked back into the outgasser), in the outgasser, at 4.0 Amps (once for Sr, Ba;
twice and at 4.2 Amp, for Ca, Ti). Our outgasser has a sensitive capacitance
manometer, for setting the pressure. One has to instantly go to 4Amp, because
otherwise the insulating posts for the filament provide enough cooling (the filament
time constant is a few milliseconds) that the corners are not sufficiently oxidized.
Then for Ca, Ti we add very fine Ta,Os powder and cement it with 0.5 N H3PO..

Then, I observed on the Lunatic that with a DC filament power supply, the +
end got hotter than the — end. Hence we switched to a square wave filament power,
where the square wave is produced at ground potential and then the voltage/wave go
through an isolation transformer, with the transformer secondary raised to the
acceleration voltage.

The Triton uses a DC power supply for the filaments, which may yield
problems.

For high precision Ca, on the Triton, we have used double filaments, CaCl,
(which decomposes to CaO), and phosphoric.

D. A. Papanastassiou”(Papanastassiou, 2013)

Measurements

Rubidium was measured on ICP-MS Nu Instruments with sample-bracketing
technique. Usually Apex requires pre-cleaning before Rb can be measured without
any background. Pre-cleaning of Apex can be done with filling it with 1 M HNO; for
few days, then with Milli-Q for another few days. Additional step of cleaning with
“soap” can be performed if necessarily. Usually 1 M HNO3 and Milli-Q overnight is
enough, but it depends which samples were measured before. Rubidium standard was
prepared so that the concentration is few ppb, which gives up to 3 V signal. ICP-MS
was equipped with multicollector array of Faraday cups which are able to measure up
to 10 V. Samples were diluted substantially before measurement. Three standard runs
were performed at the beginning of the measurement day to test the stability and
reproducibility of results. Samples were measured with sample-standard bracketing
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procedure. Then samples were interspaced with standard, usually one standard-one to
three samples, with washing in between till background memory is at <1 mV. The
results were corrected for baseline in-run. The fractionation factor was calculated
from standards with exponential law and applied to samples. Usually it stays stable
over measurement day. Over a year of measurements the fractionation factor varied
between -1.72 to -2.2.

Calcium, K and Sr were measured on TIMS Triton+ in the static mode. Our
TIMS equipped with nine Faraday cups, two of which were specially designed for Ca
measurements, and variable amplifiers 10'° (used only in 2013 for K), 10" and
10" Q. Strontium was measured with application of only 10" Q amplifiers to avoid
intercalibration problems. K for Chapter 1 (Naumenko et al., 2013) paper was
measured on all three amplifiers 10" Q (¥K), 10" Q (*K) and 10" Q (*'K), later
10" Q amplifier was disconnected and replaced with 10'" Q amplifier which limited
the further precision of K measurements. Ca was measured mostly on 10"2Q except
strong *°Ca signal which was amplified with 10'" Q analyzer. More detailed cup —
amplifier description for Ca can be found in Naumenko-De¢zes et al. (2015). Gain
intercalibration of amplifiers was performed with built-in stable source of 3V
current. Gain calibration issues are described in Naumenko et al. (2013). Samples
were measured mostly manually to avoid loss of the signal. Standards and sometimes
Ca in apatite were measured with automatic heating program.

Strontium was measured with cup configuration present on fig. A.3.1. The
approximate heating program can be found on fig. A.3.2. Heating for samples was
performed slower, with slope 180 mA / min till 1200 and then with 50 mA / min till
the signal of **Sr appears. If some Rb present filament was left at 1800 mA for
approximately 20 min to burn it out, and then heated till Sr gives desirable signal
intensity. Usually Rb is burned out before Sr reaches full signal.
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Appendix 3. Measurement protocols.

Actual Cup Positions

Cup [pecies v| Tamet[mm]  Actual SingeCup  Status
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e

L4F 60797 | [60.734 @ Pos. OK

L3¢ s s | CEd @ Undefined Man

L2F 8450 2200 | 2208 | [CSet ] @ Posok [ New. ]
LIF |8sRb 15063 | 15072 © Pos. 0K Reset Low
CenterF 393' Reset High

L o w TS

H2F 885t 2200 | |32203 ® Pos 0K

H3F ‘ {1418 | [41037 @ Undefined -

HeF 070 | (60738 | (S ) @ Pesk T

Fig. A.3.1. Sr cup configuration.
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Fig. A.3.2. Approximate Sr heating protocol.
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Appendix 3. Measurement protocols.

Fractionation correction

Raw data after baseline and gain correction was used for further off-line
fractionation correction. Fractionation correction for spiked samples was performed
with an iterative process in Microsoft Excel adapted from the program for MC-ICP-
MS written by Jan Krammers (Kramers, appr. 1990).

Strontium fractionation correction was performed according to following
routine:

Shortening used for formulas:

88/86N="3Sr/*°Sr natural, 88/86S="8Sr/*Sr spike, 88/86M="*Sr/*°Sr measured ratos.
m88 stands for mass of **Sr, accordingly for all other isotopes.

The constant used for calculations:
88/86N=8.375209; 88/86S=3.92966;
84/86N=0.056795132; 84/865=23.2399;
m86=85.909265; m84=83.913426; m88=87.905617.

1. Calculate the mixing line spike-sample: y=SImix*x+Intmix
Intmix=84/86N-88/86N
Slmix=(84/86S-84/86N)/(88/86S-88/86N)

2. Make fractionation line first order as linear fractionation:
Slfrac=((84-86)/(88-86))*((84/86M)/(88/86M))=-1*((84/86M)/(88/86M))
Intfrac=84/86M-88/86M*Slfrac

=>» Start iteration

3. Make intersection:
True R=(Intfrac-Intmix)/(Slmix-Slfrac)
Obs_R=88/86M
4. Calculate fractionation factor:
Fract=log(True R/Obs_R)/log(m86/m87)
5. Calculate fractionation line again using exponential factor:
Slfrac 2=(84/86M*(1-(m86/m84)"™"))/(88/86M*(1-(m86/m88) ")
Intfrac 2=84/86M-88/86M*Slfrac

Repeat iteration 5 times.

Correcting after iteration:

Use last Fract 5 as exponential correction factor in correction formula

(=), = (=),
86gr c 86gr M

fractionation corrected value, M measures ratio.

im Fract_5 . ‘
(E) , where I stands for any Sr isotopes C marks
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Appendix 3. Measurement protocols.

Spike correction was performed according to formula

8681‘

(87Sr) (87Sr>
87 87 86 —\8e6 84 84
Sr Sr Sr Sr Sr Sr
— S C
< ) spcorr = <_865r> — g i X <<_86Sr> - <_865r> ), where N stands for
86| | 86gy c N
S C

natural, S for spike ratios

Fractionation correction protocol described for Sr above did not work
properly for K correction due to an extreme spike isotopic composition and an
extreme fractionation during measurement (fig. A.3.3). Thus adapted correction
protocol from Chu et al. (2011) was applied.

14.30 |
14.25 ;
A -@-spike-natural
14.20
14.15 I Measured -m-fractionated
14.10 ) )
e % ~@-fractionation
< 14.05 corrected
& -
o =]
14.00 g
Q
&
13.95 | =
13.90
Natural
13.85 .7.:.:_‘::_:::.‘""I""I """"""""""""""""""""""""""""""""
| Fractionation corrected
13.80 !
0 0.002 0004 40,41, 0006 0.008 0.01

Fig. A.3.3. Fractionation correction of spike-sample mixture for K.
Designations are the same as for Sr.

1. Calculate fractionation factor accordingly to power law.
A= (39/44N-39/44S)/(40/41N-40/41S)

(3aNx325) ~ (33N x 225)

g = \41 41 41 41
- 40 40
(FTN-775)
40 39
— 2 — il
(EM) ~ B+\/B +4><A><41M><41M
41 /), 2XA

(Em) = (Eu) xa+s
41 )y \41 /4
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Appendix 3. Measurement protocols.

39

.
39
(M)
41
nil
Fracl =
In (m39)
m41l
2. Calculate fractionation factor (Frac.) accordingly to exponential law
(40 M)
41 /2
40, 39 m40y\ et rm39y et
— 2 il
B+\/B HAXAXEMX M (Ga7) % ()

2XxXA

() ()xA+B

Frac2 = m39

m41
3. Calculated ( " ) and (% M) like in step 2 but using Frac2, calculate
n3 n3

Ln

40 39 . .
Frac2 from (H M)n3 and (H M)ns' Repeat this step 8-10 times.

Calcium spiked samples were corrected with iterative process for double spiked
samples. Following designations used in formulas:

43
Ca
43/44 and — states for .7— T, ratio, correspondingly other isotopic ratios are noted. M

stands for measured, C for fractionation corrected, N for natural, S for spike ratios.
Ratios form Russel et al. (1978) were used for fractionation correction. m43, m44,
m48, m40m m42 stands for masses of corresponding isotopes.

The calculation protocol:

1. Calculate 43/44c¢ and 48/44c with fractionation factor Frac.=0
43/44C=43/44M*(m43/m44) ™
48/44C=48/44M*(m48/m44) ™

2. Calculate natural 43/44N’ out of 43/44M

s (B85« 220)

3. Find ratio (Iter) between 43/44N’ and 43/44N
Iter=(43/44N")/(43/44N)
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Appendix 3. Measurement protocols.

4. Iterate fractionation factor (Frac) till Iter=1 with Excel tool “Goal Seek”.
5. Correct 42/44M and 40/44M for fractionation
42/44C=42/44M*(m42/m44) ™
40/44C=40/44M*(m40/m44) ™
6. Spike correction 40/44sp.corr.

@sp.corr: ﬂC+ (gC—gS) - (gN—gC)

Important! If calculations are made in Excel the precision preferences should be
changed to 0.000 000 0001, otherwise shift downwards of fractionation and spike
corrected **Ca/*'Ca is observed !
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Appendix 4. K-Ca mixed spike calibration

Isotopic composition

K-Ca mixed spike was prepared out of *’K spike and **Ca-**Ca double spike.
Ca double spike “Bern2” composition is present in Table A.4.1. The isotopic
composition of K was measured with total evaporation technique with the precision
showed in table A.4.2.

The first approximation of Ca isotopic composition was also measured with
total evaporation technique. To calculate how much it is fractionated relatively to the
true composition, three spike-standard mixtures were prepared and measured on
TIMS. Twenty measurements for three spike-standard mixtures have suffered the
instrumental mass-dependent fractionation. Each of these mixtures has been
fractionation corrected with iteration method to natural Ca isotopic composition
(Russel et al., 1978). Afterwards natural **Ca/*Ca isotopic ratio was calculated out of
the fractionation corrected mixtures. The & deviation of this calculated ratio from
published by Russel et al (1978) is due to incorrect, instrumentally fractionated
isotopic spike composition. The exponential fractionation factor was calculated for
spike isotopic composition with an iteration process by minimizing the & deviation
described above. With this method the Ca isotopic composition of Ca was calculated
with uncertainty of 0.2%.

The uncertainty on the K ratios on the mixed spike did not affect the resulting
uncertainty of the measured samples because K spike/sample ratio was very low. The
further mixture is from the pure spike composition the less is an impact of the spike
uncertainty on the resulting concentration calculation. For the K-Ca dating the
measured K ratios of spiked micas are close to the natural composition and
uncertainties of spike ratios have negligible effect on resulting calculation. The
uncertainties on spike ratios were not included into the uncertainty propagation of
spike concentration calculation.

Table A.4.1. Isotopic composition of the Bern2 Table A.4.2. Isotopic composition of the “Jager”

Ca double spike used for preparation of the K spike used for preparation of the mixed spike.

mixed spike.

“Bern 2” Ca double spike “Jager” K spike
Nca/®Cca 2.556 O AK 11.456 +0.30
2ca/*Ca 0.16858 PK/AK 20.325 +0.12
Bcat*Ca 16.422
B ~, A4
Ca/*Ca 18.905
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Appendix 4. K-Ca mixed spike calibration

Isotopic concentration

Mixtures preparation

K-Ca mixed spike was calibrated to NIST mixtures and mixed ICP mixtures
traceable to NIST. Ca NIST SRM 3109a with concentration 10.025+0.017 mg/g
[£0.17% 2c] mg/g and K NIST SRM 3141a 10.011+0.029 mg/g [+0.29% 2c], K ICP
standard (Certipur 1.70308.0100) 987+3.9 pg/g [0.4%] and Ca ICP standard diluted
from Certipur 1.70342.0100 1.0198+0.0042 ng/g [0.4%] were used for preparation of
calibration mixtures.

Three ICP-spike and NIST-spike mixtures were used for the spike calibration.
Standard and spike were mixed in Savillex Teflon beaker, each weighing step was
performed five — six times to ensure that there is no weighing artefacts. The deviation
during weighing was below 0.2%o. The deviation during weighing was included into
propagation of concentration uncertainties. Due to high concentration of Ca in the
original standard mixtures, they had to be diluted before being used for preparation of
K-Ca mixed standards. The uncertainty on the weighing (2%o for Ca NIST diluted) is
also included into the uncertainty propagation. All weighing and concentration
together with each individual uncertainty can be found in the spread sheet “Original
weighing spread sheet for mixtures”.

Mixtures measurement

Small amount of a mixture was loaded onto K-Ca columns for separation after
mixtures have been equilibrated over few days. Potassium and Ca fractions were
measured separately and fractionation corrected as described in Appendix 3. The
procedure was repeated several times for each mixture. After measurements were
completed they were compared between each other to eliminate those contaminated
with blanks (Fig. A.4.1.). This test shows only those measurements which were
contaminated with a blank during column separation or loading procedure. If blank
was involved during mixture preparation, the calculated spike concentration will
differ from concentrations of other mixtures. Due to high K concentration in mixtures
no blank was observe to affect K measurements.

The summary on ca. 70 measurements of spike-standard mixtures for Ca
yi