Response to reviewers

Reviewer 1

We would like to thank Anonymous Referee #1 (hereafter referred to as AR1) for their timely and detailed
comments.

Overall, we disagree very little with the substance of AR1’s review. However, we believe that there is a difference
in perspective.

For better or for worse, the geochronological community compiles, calculates, and uses radioisotopic decay
constants on its own, independent of the physics community. This is evidenced by the overwhelming use of the K
decay constants published in the convention by Steiger and Jager (1977), Min et al. (2000), and to a lesser extent
Renne et al. (2010) over any of the compilations favored by the physics community. Indeed, the [IUPAC and IUGS
have commissioned a committee that publishes critical reviews of decay constants specifically for the chemical and
geological community, that largely ignore the physics databases (Villa et al., 2015; Villa et al., 2016; Villa et al.,
in press; https://doi.org/10.1016/1.2ca.2015.05.025; http://dx.doi.org/10.1016/.gca.2015.10.011;
https://doi.org/10.1016/j.gca.2020.06.022 ).

This manuscript is specifically targeted at geochronologists, who follow the conventions of geochronology, not of
the physics literature. We agree with AR1 that our results are not sensu stricto new — a major point of the
manuscript is that the original personal communication in 1962 is essentially correct. However, geochronologists
do not typically follow the physics literature, are likely not to be well-trained in the type of nuclear physics that
would recognize as obvious that there must be a complementary ground-state decay mode and are not qualified to
judge the approximate magnitude. This manuscript makes this clear for geochronologists.

That this is important should be clear from the way that decay constants are used by this community, and the
literature from which they draw from. Essentially all “*Ar/*®

publications (Beckinsale and Gale 1969; Min et al., 2000; Renne et al., 2010/2011). Among these three, Min et al.

Ar and K-Ar geochronology draws on one of the three

and Renne et al. have the strongest underlying analysis and uncertainty structure (Min et al. effectively repeat the
analysis embedded in Beckinsale and Gale, but more critically), and Min et al. is currently more popular than Renne
et al.

The confusion in the geochronological literature on the ground-state electron capture decay mode can be clearly
traced to Min et al. That this is only a single paper does not weaken the argument for our manuscript, it strengthens

it.



We strongly believe that there is a good place in the geochronological literature for our analysis; this is also
supported by the comments in this regard from Anonymous Referee #2 (hereafter AR2). However, it is clear from
the criticisms and comments of AR1 that some of our comments and data presentation may be misleading — we

will draft a revised manuscript that takes this feedback into account. These are responded to specifically below.

Response to specific points:

1) The title is a bit misleading. The paper is dealing with a potential EC branch that contributes with 0.2% to
all decays of 40K. Hence, it is not an additional “percent-level production of 40Ar”. I also do not agree with

“overlooked” since many works consider this potential EC branch (as I will also explain in the following).

The “percent-level” change is percent of all decays to **Ar, but we thank AR1 for pointing out that it may be
misinterpreted and are happy to change the title of the manuscript. We disagree that it is not “overlooked”,
inasmuch as it is overlooked by the geochronological community, but we can also clarify this in a revised

manuscript.

2) The motivation of the article is — from my point of view — very weak. It is mainly based on the assertion that
this branch is ignored or denied. This is not true. Con- sidering nuclear decay data evaluations, nuclear
physicists usually use only the most recent evaluation. Looking to two of the most important evaluation
groups (ENSDF and DDEP), we find that an EC branch to the ground state was considered. Hence, the only
remaining reference stated is Min et al. (2000). The authors do not mention several other publications which
consider this branch. In line 53 they write “Many subsequent workers both in nuclear physics and

geochronology have ignored this prediction.” but do not provide references.

(line 69 -71) We state in the manuscript that the ground state branch is included in the ENSDF and DDEP
evaluations. The fact that it is included in decay constant evaluations outside of those used by the
geochronological community is important because it strengthens the argument that in favor of the presence of a
EC ground state decay mode and should be considered (and is why they are discussed in our manuscript).
However, simply because these evaluations exist, does not mean that our manuscript is not useful to the
geochronolological community: the ENSDF and DDEP evaluations are not used for Ar-Ar or K-Ar dating. The
reference to “many subsequent workers” is somewhat confusingly written, and we thank AR1 for highlighting
this. We are referring mainly to the many geochronological works that ignore this decay mode, but we do
highlight some physics literature on line 82-83, and are also referring to the controversy over the DAMA

experiment backgrounds, discussed on line 280. We will reframe this statement to be more clear and refer to
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specific literature.

3) “Egelkemeir” (line 70) or Engelkemier (line 73 and Fig. 2, ..) or “Engelkeimer” (Table 1)? Just one example

that indicates that the manuscript was not prepared with great care
We thank the reviewer for bringing this to our attention and the spelling will be corrected.

4) Several parts in the paper correspond to textbook knowledge in nuclear physics and could be omitted (e.g.
large parts in section 4). Moreover, I am wondering whether the theoretical approach presented corresponds
still to the state-of-the art. The theory from Bambynek (1977) was a standard for long time, but in the past ~5
years, considerable progress was made by Prof. Mougeot in computation of beta (minus and plus) emission
spectra and EC decay probabilities. I think his evaluation can be considered as state of the art. What is new
or better in the paper under review? Note that the reference (Mougeot 2019) in Fig. 2 and in its caption
should probably read “Mougeot (2018)”.

We are pleased that AR1 reads this section as an explanation of textbook knowledge. The audience for our
manuscript is geochronologists, who are typically not versed in nuclear physics, so we have tried to provide a
straightforward explanation of the concepts that underpin this decay mode. The feedback from AR2 suggests that
this was in fact useful for the geochronologist audience. We did not intend to represent our calculations as state of
the art and will clarify this in the revised text by indicating that Mougeot (2018) provides the most robust
calculation. Our purpose in providing additional calculations is to demonstrate to an audience of skeptical
geochronologists (who may be skeptical of a decay constant that is derived entirely by calculation) that the
derived quantity is relatively robust to differences in the way that it is estimated. For this reason we also include
the much older Fireman (1949) calculation, and the extremely crude LogFT extrapolation, neither of which

would be considered state of the art.

5) The notations used are sometimes confusing and/or false. For example various expressions are used for the

ratio of EC and beta+ decay probabilities. Line 162, the results refers only to K EC.

We thank AR1 for pointing out these inconsistencies and will fix them in a revised draft.



6) Is section 3 (in particular its title) justified? The reasoning is based on the assump- tion that a beta plus decay
exists. If it exists, I agree that we may also expect an EC to ground state. However, the existence of the beta +
with its very low probability in the order of 1E-5 is based on only few experiments. Did the authors consider
that detected positrons could also arise from internal pair production as in the decay of 90Y (i.e. from the beta

minus side)? In this case, the whole reasoning would collapse.

We thank AR1 for this observation. We have not considered that the single beta+ experiment might be erroneous,
and we have taken the experiments at face value. If this experimental result is incorrect, all the physics literature
that we and ARI1 cite that includes the ground state decay mode is wrong. It is outside of the scope of this
manuscript to redo the experiment, but we will gladly add the caveat in the revised manuscript that this hinges on

a single measurement of a low probability decay mode.

7) Line 204: The authors question the uncertainty stated by Mougeot without provid- ing any argument. At
present, Mougeot is one person (perhaps the only) who can accurately calculate beta and EC decay with

allowed and unique forbidden transitions.

(line 215 — 217) We agree with ARI that this is clumsily worded. The point we were trying to make is that the
uncertainty budget for the estimate in Mougeot (2018) is not clearly articulated — it is not clear if the uncertainty
presented in that paper is solely propagated from the Q-value as an intermediate precision, or whether it takes into

account other sources of uncertainty.

8) Section 5: I cannot agree with the evaluation presented here. First, we must keep in mind that the results are
correlated. Hence, a simple statistical consideration is not justified. Moreover, the choice of values that are
taken into account appears to be very arbitrary. Most (actually all, except Mougeot) apply outdated models —

as the authors do

We take this criticism seriously from AR1. Ultimately, our goal with this manuscript is to provide a simple

physics background and argument that will be straightforward to digest by working geochronologists, so that they



understand the likely magnitude of a ground state E.C. decay of “’K. In our opinion, it is unlikely that a single
estimate — even as cutting edge as possible — is likely to provide a convincing argument to our audience. For this
reason, we have provided a range of estimates, using different techniques — yes, some outdated — that all point to
a ECgomd/B" of ~200.

Most of the manuscript is dedicated to harnessing a range of evidence that it is likely that the decay mode exists
and has a ECgouma/B’ of approximately 200. Having done this, our next goal was to then communicate the effect

/39

this has on the decay rate and branching ratio used in **Ar/*Ar geochronology. For this, it’s necessary to use an

estimate, or several estimates.

We wanted to provide a reader, who for this journal is likely to be a geochronologist with skepticism that any one
estimate will by unbiased or correct with a sense of what the possible range of effects is. The most
straightforward way to do this is to group several reasonable estimates together and propagate that variance onto
the existing decay rates used by the geochronological community (the values from Min et al.). The result is that
the additional decay is negligible for most geochronological inference because it ends up being smaller than other
uncertainties. Given that any reasonable ECgouma/B produces a negligible effect, we are not concerned that

“averaging a number of different calculations” yields a result that was metrologically unsound, as AR1 argues.

It appears that the way we attempted to convey the overall magnitude of the effect of the non-zero ECgound/B"
gives the wrong impression. We intend on revising the manuscript so that the focus is on the effect of range in
calculated ECgmund/B+, and we will highlight and emphasize the Mougeot (2018) calculation as the preferred

estimate.

9) Section 6. Is it justified to use 22Na as cross check? The nature of the decay (al- lowed for the dominant
transitions and 2nd forbidden unique for the others) are different than for 40K.

We agree that 22Na is not a perfect analog, but it is probably the best choice that has a tractable calculation and
enough experimental data that the calculation can be reliably verified. In a revised manuscript we will clarify

that this is not strictly analogous.

10) Section 6, Figure 4: There are more data. Why were they excluded? E.g. Applied Radiation and Isotopes, 66,
2008, 865-871 or Mougeot (2018) and Mougeot (2019) (Applied Radiation and Isotopes 154 (2019) 108884).

(Figure 4) We regret overlooking Néhle et al. (2008), and will include this determination in a revised manuscript,
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thanks to AR1 for bringing this to our attention. We had not intended to present other calculations for Na22, but

on the suggestion of AR1, we would be happy to include them.

11) Line 241: “easy to meaure” I do not fully agree. Also 22Na is challenging, e.g. due to summing effects.

(line 248) In the manuscript, we meant it to be understood as “easier to measure than the “’K ground state decay”,
rather than imply that the **Na decay is a straightforward measurement. We thank AR1 for pointing this out, and

we will rephrase this section in a revised manuscript.

12) Line 245: x-ray with 511 keV? Perhaps “photon” or “annihilation photon”. Also “gamma-ray” would be

acceptable.

(line 252) We will correct this statement in the revised manuscript.

13) Line 264: “The orbital electron with the highest probability of capture is from the K-shell; if this electron is
captured, it results in the emission of a characteristic x-ray or Auger electron with an energy of 3.2029 keV,
the binding energy of the K-shell of 40Ar.” No! After K-capture we have the K binding energy available. To
eject an X-ray requires the binding energy of another electron in an outer shell. Hence, the x-ray energy is
lower than the K binding energy. For Auger processed even 2 additional shells are involved, which also

means that x-rays and Auger electron do NOT have the same energy.

(line 273 — 279) We thank AR1 for identifying this confusing statement, and will correct it in a revised

manuscript.

14) Line 269: “not tagged correspond to the the electron 270 capture to ground state decay”. Really? But then
you need 100% detection efficiency for the gamma-rays. “the the”?

(lines 283 - 285) We thank ARI1 for identifying this statement and we agree that by this wording is unclear. We
will clarify this in a revised manuscript that will state that with a long enough counting period it will be possible
to discern those x-rays that are untagged by the 1.46 MeV gamma and those that are tagged effectively observing

the electron-capture to ground state decay mode.



15) Reference “Di Stefano et al.”: List of authors is incomplete; Reference can be updated (Journal of Physics:

Conference Series)
We will correct this reference in a revised manuscript.

16) Line 60: “We describe experiments that could be made to measure this decay mode and also identify
observations from nuclear physics experiments that offer evi- dence for its existence” I cannot find a
sound description or proposal for such an ex- periment. Section 7 and the supplementary material are
very weak. It is not clear how the two EC branches can be distinguished. What about the Auger
contributions? If one could clearly identify x-rays as consequence of K EC, one would still need an x-ray

emission probability. This is not even mentioned.

We will correct this statement in a revised manuscript that state we are only carrying out a simple test with the
equipment available at SUERC to attempt to detect the ~3keV x-rays associated with both electron capture decay
braches of *“K.

17) In general, the paper contains many formal errors and is not in compliance with 1SO standard such as
the GUM.

ISO compliance is typically associated with certification and recertification of processes or products, and it is
not clear how the ISO, or a particular ISO standard, is relevant to this manuscript.

Regarding the Guide to Uncertainty in Measurement (GUM; JCGM 100:2008), the estimation of
uncertainties follows what that guide refers to as the “law of propagation of uncertainty” described, for
example, in section E.3.1 from the GUM. Our manuscript follows some geochemical and geochronological
conventions that depart from GUM recommendations, such as notation and reference to “coverage factors”
because this is the style of the journal and the community. These “formal errors” are largely an editorial
decision, and we are happy to take direction from the editorial staff of Geochronology on this matter. We do
agree that our uncertainties for this value are misleading in the revised manuscript we will use lower and

upper bounds of this value and propagate these through the decay constant determined by Min et al. (2000).



Reviewer 2

We would like to thank Anonymous Referee #2 (hereafter referred to as AR2) for their timely and detailed
comments. We are encouraged that they identify as a geochronologist and find this to be a useful contribution to
the literature. Overall, we are pleased that AR1 finds no overall fault with our conclusion that on balance, there is
good physics-based evidence to support an ECgound/P ~ 200, and that although AR?2 identifies that they do not have
the expertise to judge the physics argument, they believe it is a useful contribution to the geochronological

literature.

Response to specific comments (numbered as they occur in RC2)

1) Line 70, Figure 1: In (for example) McDougall and Harrison (1999), the positron decay of 40K to 40Ar
is shown as also involving a gamma ray at 1.02 MeV. However, Figure 1 shows the positron decay as

direct to the ground state of 40Ar. Please address this discrepancy.

(line 70) The 1.02 MeV gamma is the sum of the 511 keV annhiliation photons from the interaction of the
positron with an electron. This is included in McDougall and Harrison (1999) adapted from Beckinsale and
Gale (1969) in which it is not included. The 1.02 MeV will be an observation in any counting experiment

however it is not a decay emission and as such we do not include it in Figure 1.

2) Line ~100: I'll preface this by noting that I'm not a physicist, but why doesn’t the energy involved in the
gamma ray come into account here? Why is it only the electron capture energy (and not the gamma) that
matters? The total energy of the electron capture plus gamma would seem to be sufficient to couple with
the positron decay. Also, given the note above (Line 70, Figure 1), is this argument affected by whether

the positron decay goes directly to ground state or has an associated gamma?

(lines 103 — 110) The energy that dictates if positron emission is possible is the Q value. The Q value is the
difference between the initial mass state and final mass product. This energy is shared between the outgoing
neutrino, atomic excitation of the daughter system, recoil energy, and possibly nuclear excitation of the
daughter system. The Q-value therefore includes the excitation of the daughter system. However, positron
decay can only compete with the electron capture if the Q value of the electron capture decay itself is greater
than the threshold 1022 MeV value requiring the positron decay to go directly to the ground state. We will

amend this to provide a clear statement in a revised manuscript.



3) Line 106: For readers who are not nuclear physicists, a brief explanation of quantum selection rules

would make this more readable.

(lines 121 - 123) Quantum selection rules place formal constraints of the possible transitions of a system
from one quantum state to another. In our case it places constraints on the possible set of transitions from the

parent “’K state to the daughter *°Ar. We will include this definition in the revised manuscript.

4) Figure 2 caption: Perhaps note that uncertainties were either not estimated or are smaller than the

symbols? This is stated in the text but would be ideal to have in the caption as well.

(Figure 2 caption) We will indicate in the caption that the uncertainties are either unknown or too small to

plot.

5) Line 287 (and throughout): The use of ‘flux monitor’ is a common error — should be ‘fluence monitor’, as
they are measuring the total neutron fluence (flux over time) af- fecting samples over the entire irradiation,

rather than monitoring the neutron flux at one specific time.
(Lines 300, 320, 322, 333) We will correct flux monitor to fluence monitor.

6) Line 303 Based on Figure 5, I calculate a different percent decrease for K-Ar ages at 1 Ga (2.5%, for ca.
25 Ma at 1 Ga, rather 1.3%). The value 0.7% at 4.5 Ga seems accurate, and the 1.6% at I Ma is not
identifiable (due to scaling of graph) in the figure. It would be helpful to have an expanded Figure 5, with
multiple scales (or just expand this scale down to 1 Ma) to highlight different parts of the geologic
timescale. It would also be helpful to show results in relative values as well as absolute values. Finally,

the K-Ar line seems to have structure (e.g. around 10°8 a) that should be explained.

(line 319 — 340) For a “’Ar/**K = 0.08, and using the decay constants in our Table 1 (Agcs = 0.580e-10 and Aal
= 5.463e-10 for Min et al; and Agc = 0.590e-10 and Ay = 5.473e-10; ), we used the K-Ar equation:

A EC**Ar
*In (1 + total oy 70
Atotal AAr K

time =



This yields dates of 1028.05 Ma and 1014.24 Ma for the Min et al. and our revised decay constants,
respectively. This is a difference of 13.81 Ma, or about 1.3 %. We have reproduced this calculation and believe

that our original calculation is correct, though we welcome any correction from AR?2 if we have misunderstood.

In a revised manuscript, we will provide a figure that provides more detail. The small kink at 100 Ma is an

lustrator artifact and will be smoothed in a revised manuscript.

7) Line 306: I'm struggling to understand the use of a fluence monitor at 23.2 Ma. I realize this is (may be?)
a theoretical monitor, but it’s in a paragraph with clear reference to Fish Canyon sanidine and I’ve spent
some time wondering if "23.2” was a typo for '28.2 Ma’. Actually, I'm still not sure — is this a typo? If not,
perhaps just note that it’s a theoretical monitor of arbitrarily chosen age (if that’s indeed what it is), to

prevent others from wondering the same.

(line 322- 323) we will change the date to 28.2 Ma.

Technical Corrections:
1) Line 97: “They are linked because both processes have the same initial and final nu- clear states.” It’s

not clear what ‘they’ refers to — likely electron capture and positron, but perhaps beta?

(Line 99) “They” refers to EC and positron, and will be clarified in the revised text.

2) Line 124: The symbol is missing from the pdf for type of emission

(line 137) The missing quantity is a beta, and we will ensure this is typeset correctly in a revised text.

3) Line 148: Is Emax defined somewhere?

(line 164 - 165) Unfortunately we neglected to define E_max, but will do so in a revised text.
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Relevant changes to manuscript
(1) The title has been modified to stress the implications of this decay mode for K-Ar dating
(2) Figure 2 has been changed to remove the preferred value.

(3) Figure 4 has been amended to include the Nihle et al. (2008) reference as suggested by reviewer 1.

(4) Table 1 has been changed to include modified decay constants using a lower and upper bound value for the

electron capture to positron ratio of the ground state decay.

(5) Figure 5 has been changed to a 2 panel figure with the left panel showing both change in age using the
“Ar/*’Ar equation with independently calibrated standards using both the lower bound and upper bound
values of the ECgmudn/B+ ratio. The right panel shows the change in age using the K-Ar equation using both
the lower and upper bound values. Both panels now include inset figures that show the fractional differences

in age by the inclusion of both the upper and lower bound EC/B" value.
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Production of “’Ar by an overlooked mode of “’K decay with
implications for K-Ar geochronology

Jack Carter’, Ryan B. Ickert'?, Darren F. Mark', Marissa M. Tremblayz, Alan J. Cresswell', David C.W. Sanderson'

'SUERC, Rankine Avenue, Scottish Enterprise Technology Park, East Kilbride, G75 0QF
*Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN 47901
3 University of St Andrews, College Gate, St Andrews, KY 16 9AJ, Fife, Scotland, UK

Correspondence to: J. Carter (j.carter.1@research.gla.ac.uk)

Abstract. The decay of “)K to the stable isotopes **Ca and *°Ar is used as a measure of time for both the K-Ca and K-Ar
geochronometers, the latter of which is most generally utilized by the variant **Ar/*’Ar system. The increasing precision of
geochronology has forced practitioners to deal with the systematic uncertainties rooted in all radioisotope dating methods. A
major component of these systematic uncertainties for the K-Ar and *’Ar/*’Ar techniques is imprecisely determined decay
constants and an incomplete knowledge of the decay scheme of *’K. Recent geochronology studies question whether *’K can
decay to *’Ar via an electron capture directly to ground state (ECgrouna)s citing the lack of experimental verification as reasoning
for its omission. In this study, we (1) provide a theoretical argument in favour of the presence of this decay mode, and (2)
evaluate the magnitude of this decay mode by calculating the electron capture to positron ratio (ECgroud/8’) and comparing
calculated ratios to previously published calculations, which yield ECgouna/ffi between 150-212. We provide support for this
calculation through comparison of the experimentally verified ECgmund/ﬁ+ ratio of *Na with our calculation using the theory
of f decay. When combined with measured values of [3+ and B decay rates, the best estimate for the calculated ECgouna/ff for
“K yields a partial decay constant for *’K direct to ground state *°Arof 11.6 = 1.5 x 10" a™ (26). We calculate a partial decay
constant of 'K to *’Ar of 0.592 + 0.014 x 10" a™", total decay constant of 5.475 + 0.107 x 10"° a” (20), and conclude that
although omission of this decay mode can be significant for K-Ar dating, it is minor for **Ar/*’Ar geochronology and is

therefore unlikely to have significantly biased published measurements.

1. Introduction

*K is a naturally occurring radioisotope of K with atomic abundance of 0.0117% (Garner et al., 1975). *K undergoes a
branched decay to “’Ar and **Ca with a total half-life of ca. 1.3 Ga, and is the basis of the K-Ca and the K-Ar geochronometers
(Aldrich and Nier, 1948; Wasserburg and Hayden, 1955; Marshall and DePaolo, 1982). The K-Ar system is most often
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exploited using the variant ‘°’Ar/*’ Ar method, wherein some of the *’K in the sample is transmuted to *’Ar by irradiation with
fast neutrons, thereby allowing both the parent and the daughter nuclides to be measured as isotopes of Ar (Merrihue and
Turner, 1966). The latter is widely used to date geological events that span Earth history, from volcanic eruptions recorded in

historical texts (e.g., Preece et al., 2018; Renne et al., 1997), to the earliest events in the solar system (e.g., Renne, 2000).

Advances in analytical precision have forced practitioners in geochronology to address systematic uncertainties that are
inherent in all radioisotope dating methods, such as uncertainties in the measurement apparatus, prior assumptions made by
the observer, or interference from environmental factors. For the K-Ar system, these uncertainties also include those that arise
from imprecisely known decay rates of *K. In the geological literature, there have been two influential reviews of
measurements of the **K decay rate. Beckinsale and Gale (1969) provided the first comprehensive review of measured and
predicted decay rates, which became the basis of the convention adopted by Steiger and Jager (1977) used by the
geochronological community for the next 20 years. Subsequently, Min et al. (2000) provided a more lengthy, critical review
of available specific activity data determined by direct measurements of decay, and updated the derived decay rates for newer
physical constants. More recently, the “’K decay parameters were estimated by Renne et al. (2010a,b), and although direct
measurements of the **K decay were incorporated into the estimate, it was heavily weighted to an intercomparison with ***U
decay. The decay rate determined by Renne et al. (2010, 2011), and the Min et al. (2000) decay rates are the most frequently
used in *Ar/*Ar geochronology. These evaluations, along with those from the nuclear physics community, have been

summarized recently by Cresswell et al. (2018, 2019).

Despite decades of work and longstanding interest in “’K decay, there remains uncertainty over the nature of the decay scheme.
There is consensus that most *’K decays by £ to *°Ca or by electron capture to “°Ar via an excited state, and that a small amount
(~0.001%) of “’K decays to **Ar via . The early but influential review of *’K decay by Beckinsale and Gale (1969) included
these decay modes, and also included a prediction of a second electron capture decay directly to the ground state of **Ar that
would add an additional ~2% to the rate of decay from *’K to *’Ar. Many workers in geochronology (e.g., those who use the
Min et al., 2000 decay constants) have ignored this prediction, and some nuclear physics tabulations do not clearly include it
(Endt 1990, Audi et al. 2003). The influential review by Min et al. (2000) described this decay mode as “unverified” and

having a “questionable” existence.

However, the putative electron capture to ground state decay mode decay constant is of the same order of magnitude as the
uncertainties in the decay rate of *’K to *’Ar, and therefore may be a non-negligible and potentially important part of the
geochronological system. Here, we describe the theoretical basis of this predicted decay mode and demonstrate the robust
nature of the prediction via an analogous calculation of **Na decay. We describe experiments that could be made to measure

this decay mode and also identify observations from nuclear physics experiments that offer evidence for its existence. We
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conclude that the evidence for this decay mode is strong, and despite the large uncertainty, should be considered in evaluations

of the *’K decay rate.

2. Historical Overview

At present, “’K has three experimentally-verified decay modes (Figure 1):

1) f decay to *°Ca. This mode can be verified by direct measurement of the f~ emission.

2) Electron capture to an excited isomer of *’Ar, followed by decay to the ground state of *’Ar accompanied by
emission of a 1.46 MeV y-ray. Hereafter we denote this decay mode as EC*. This mode can be verified by direct
measurement of the y emission.

3) " decay from the ground state of *’K to the ground state of *’Ar (Engelkemeir et al., 1962). This is a very small

component of the total decay rate and has been verified by direct measurement of the 5" emission.

In their paper reporting the measurement of /4, Engelkemeir et al. (1962), through a private correspondence with Brosi and
Kettle, proposed that an electron capture mode that goes directly to ground state *’Ar also exists, with an electron capture to
positron ratio of 155. This decay mode is hereafter denoted ECgoung. This decay mode has not been experimentally detected,
in part because the measurement is much more difficult to make than the others. If it exists, it would contribute about 0.2% to

the total decay rate of *’K, or about 2% to the *’Ar branch.

The ECgyoung decay mode was included in the review by Beckinsale and Gale (1969) and then subsequently in Steiger and Jéger
(1977). This decay mode is also included in the widely-used ENSDF and DDEP evaluations (Chen, 2017 and Mougeot &
Helmer, 2009 respectively). However, evaluations by Endt and Van der Leun (1973, 1978), Endt (1990), Audi et al., (2003)
do not explicitly include this decay mode, with Audi et.al. (2003) giving a transition intensity which is the combined EC* and
B intensities. Min et al., (2000) have questioned its validity because there is no experimental verification, and therefore do not

include ECyqung in their estimates.
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Figure 1: Decay scheme of K after McDougall and Harrison (1999) and Leutz et al., (1965), where 1 is the electron capture branch
to the excited state of “’Ar with y-ray emission (EC*), 2 is the electron capture direct to the ground state of OAr (ECyrouna)s 3 is the
positron decay to ground state of “’Ar, and 4 is the § decay to the ground state of **Ca. The disputed decay mode, ECgyrounas is
highlighted in red.

3. Why there must be an ECyynq decay mode

In nuclides that are too proton-rich and therefore radioactive, protons decay to correct this imbalance via two mechanisms.
Either, (1) the nucleus undergoes electron capture wherein an orbital electron is captured by the nucleus, or (2) the nucleus
emits a positron (£). Both processes are types of f decay and result in the transformation of a proton to a neutron to conserve
charge, and they both also emit a neutrino in order to conserve lepton number and energy. These two processes are typically
paired: coupled electron capture-f" is the second most abundant decay type on the chart of the nuclides, after ~ decay (Audi
etal., 2003). The electron capture (EC) and positron (8" ) decay modes are linked because both processes have the same initial

and final nuclear states.

S decay is always accompanied by EC, but the converse is not always true (Bambynek et al., 1977). This is because 5" decay,
unlike EC, requires a minimum amount of energy (~1022 keV, equivalent to the combined rest masses of both a positron and
an electron) in order to produce the emitted positron and an electron (the latter to satisfy charge conservation). The energy

between initial and final states is the Q value, which is a function of the difference between the initial and final masses. This
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energy is shared between the outgoing neutrino, atomic excitation of the daughter system, recoil energy, and nuclear excitation
of the daughter system. The energy which dictates if positron emission is possible is denoted Qgc. In the decay of *’K, the EC*
branch has an energy difference (Qgc) between the initial and excited isomer state of only 44 keV. In contrast, the energy
difference between “°K and the ground state of **Ar, is 1504.4 keV (Wang et al., 2017), an energy greater than the combined
rest masses of the positron and electron. Therefore, the EC* branch, with energy difference of only 44 keV, cannot be the
complement to the ﬁ+ decay and the ECgyoung must exist to provide the ,8+ complement. The experimental observation of the [i”
decay mode comes from a single measurement by Engelkemeir et al. (1962). We rely on this measurement to make our
argument for the existence the ECgyouna - It is possible that the positrons observed arise from the pair production of the ~1460
keV gamma; Engelkemier et al. (1962) discuss this possibility in their experiment, calculating this as 55-60% of the total
positron detection rate. However, positrons produced by this mode of pair production would be monoenergetic at 440 keV,
whereas the observed positron energy spectra exceed this value, with a maximum of 491 keV. A reasonable fit is also observed
between the measured 5 energy spectrum and the theoretical 3" forbidden unique energy spectrum, supporting the argument

that these " are from a decay mode rather than arising from pair production.

4. Theory and Calculation of ECgmund/Ifr

£ %K, the nuclide can reach a more stable state (**Ca or *’Ar) only by violating quantum selection rules. Quantum

In the decay o
selection rules place formal constraints of the possible transitions of a system from one quantum state to another. In this case
it places constraints on the possible set of transitions from the parent *’K state to the daughter *’Ar. Decays which violate these
selection rules undergo slow, so-called ‘forbidden’ unique transitions, which give *’K its long ~1.3 Ga half-life. The *’K decay
scheme itself is unusual because the coupled ECground'ﬂ+ and f§ branches are the only third order unique forbidden transitions
known in nature. All *’K decays undergo a parity reversal (where parity reversal is the change of sign in one of the spatial

coordinates (x, y, z)) between the initial parent state and final daughter state. Therefore, we can define the selection rules as:
"14] — 1|5torder unique forbidden decay’

where 4] = J; — ], is the change in spin from initial to final state following Krane and Halliday (1987). We can characterize
each decay mode of *’K by its degree of forbiddenness from the above selection rule. The EC* mode undergoes a spin change
of A] = 4 — 2 = 2 and is classified as a first order unique forbidden decay. The three other decay modes of *’K, including

ECground, all undergo a spin change of A] = 4 — 0 = 4 and are classified as 3" order unique forbidden decays.

The EC process occurs because the atomic electrons have a finite probability to be in the nucleus with the likelihood of being
captured highest for those closest to the nucleus. A theoretical description of  emission was first given by Fermi (1934), while
the possibility of electron capture which was first recognized by Yukawa and Sakata (1935) and later developed by Bethe and
Bacher (1936). Here we use Fermi theory of 8 decay to calculate the ECgoumd/f’ in the decay of K.
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We can use the ratio of orbital electron capture and positron emission to infer the existence of ECyoung. The ratio br is defined

as:

br = 2e< | M

Where A and Ay, are the probability per unit time of electron capture or * emission. In electron capture, orbital electrons can
be captured from any orbital shell of the atom. The EC/f" is therefore the summation of the individual capture ratios from

each shell. Following Bambynek et al. (1977), the total electron capture-to-positron ratio is:

A_x_ Yox NxCx fx
Agr  Tgrcm)’ (2)

where x is the shell, n, is the relative occupation number, C, contains the dependence of electron capture rates on nuclear
structure giving the forbiddenness classification, similar to the shape factor in § decay (Emery, 1975), £, is the integrated fermi
function in f decay, f;+ is the integrated positron spectrum, and C(W) is the theoretical shape factor for allowed or forbidden
transitions. A review of shape factors for *’K transitions is provided by Cresswell et al. (2018, 2019). We initially simplify this
equation to only consider the innermost K shell, the shell containing the electron with the highest probability to be captured

by the nucleus:

Ak wCifk 3)

g+ fprew)’
where A is the probability of K-shell capture. For this capture, fx is defined as:

fi = ZqZBiB*, 4)

T2
where g is the momentum of the neutrino particle, Pk is the Coulomb amplitude of the wave function, and By is the term for

overlap and exchange corrections. Similarly, fg is defined as:

for = [PF(=Z,W)Wp(W, — W)?dW , (5)
w=1+ % (0)
Wy =1+ E::— (7)
p=VW?2-1, )

where W is the total energy of the positron given by its kinetic energy Et and rest mass m,, defined above, and the momentum

of the positron is given by p (eq. 8), Wy is the total normalized energy defined above, Eyax is the upper limit of the positron
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energy (equal to the Q value of the decay), and F(-Z,W) is the Fermi function. We follow Bambynek et al., (1977) in the

Ck . . . .
formula for mwhlch is given by:

s = [2L = D7 g {Thay Ap? " 0(@n - D20~ ) + 11D 7 ©)

where L = AJ, and L = 1 for AJ = 0. The parameter A, cannot be calculated in a straightforward manner and therefore we follow

a typical assumption that A, = 1 (Huber, 2011). This reduces the above expression to:

6
Ck_ _ ax (10)
CW)  pO+q®+7p2q?(p%+q?)

In a given decay, the change in charge from the initial to final state can lead to an imperfect overlap of the wavefunctions of
these states. Furthermore, given the indistinguishability of electrons, there is the possibility of an exchange effect wherein an
electron does not necessarily come from the orbital where the vacancy appears. For instance, it is possible that a vacancy may
appear in the K-shell but the captured electron from an outer shell is then subsequently filled by the inner shell electron
(Bahcall, 1962; Bambynek et al., 1977). We follow Bahcall (1962) in implementing corrections for these effects, resulting in
Bk = 0.979. Then using nuclear data given in Bambynek et al. (1977) we estimate an ECgmund/[)’+ of 148.

We first note that this value is in approximate concordance with the private correspondence value in Engelkemeir et al. (1962).
However, this is only the capture ratio from the K-shell so we extend our model to a total electron capture ratio from all orbitals

following Bosch et al. (1977). The total electron-capture-to-positron ratio, an extension of Eq.1, is given by:

EC

K L ML
F_F(1+E+?E+"')' (11)

We can simplify this equation by neglecting shells that make a negligible contribution. In *’K the probability of capture is
dominated by the two inner shells K and L1, with approximate probability of ca. ~90% and ~10% with a negligible contribution

from the shells further out. We can therefore omit all shell captures except K and L1 to arrive at the total ECground/ﬁ+ ratio:

B _ X L
B* B+ (1 + K)' (12)
The ratio of each shell capture can be solved with the following equation:

X _ BEWo—Wx)*Bx
X BiWom W) By 13
K BEWo—Wy)2Bg (13)

where x = L1 and the other symbols have the same definition as above. Using this equation we calculate a total ECgmund//i‘Jr of

164.
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To further estimate the magnitude of the electron capture decay mode, we can perform another calculation of ECgmund//i‘+
following Fireman (1949). This simplified form of the calculating ECgmund/,li'+ is dependent only on the Q value (the difference

between the initial and final state energies). This is given by:

8
Jec _ _+2) 1 (14)

Aﬁ,+ 0.450m65 0.0676 + 1.251+8.4812+ 12.5n3+1.74n%+0.079n6’

where n = mi — 2. We calculate an ECgmund/ﬁ+ of 272 using this method and the updated Q-value of Wang et al. (2017). We

note that despite discrepancies in these values for each method of evaluation, they are of the same order of magnitude. The

differences in the values in these evaluations highlight the need for experimental measurement of ECground/ﬂ+.

5. Comparison with other evaluations

Other theoretical evaluations of ECground/ [3+ for “K exist in the literature (Figure 2). Pradler et al. (2013) and Mougeot (2018)
report ratios of 150 and 212 + 0.15, respectively (uncertainties are reported where they have been estimated). These workers
use broadly similar methods as us. Mougeot (2018) uses higher order corrections for both exchange and overlap and accounts
for the dependence of Ax_that we set equal to 1 in Eq.9, on the energy of the decay. Pradler et al. (2013) use the Fermi method
and data from Bambynek et al. (1977) but only perform the calculation for K-shell electrons, resulting in a slightly different
calculated value than we report. Notably, all estimated values are of the same order of magnitude, similar to the ratio 155
reported in Engelkemeir et al. (1962), and our calculated value of 164. Currently, the most commonly-used ECground/B+ value
is calculated via the LogFT program, a program used in nuclear data evaluations (ENSDF Collaboration, LOGFT). However,
the program is capable of only calculating first and second unique forbidden decay ratios, so the ECgyound/ B value from LogFT
of 200 £ 100 is an extrapolation, with the assumption that the increase in the ratio from second to third order is by the same
factor as the increase from first to second order. Finally, Chen (2017) evaluates the g decay data and reports a ECgmund/B+

value of 45.2 + 1.4 without elaboration.

The variability between the modern estimates are driven primarily by choices when making the approximations necessary for
these calculations to be tractable. Uncertainties on individual estimates which could be derived by propagating the

uncertainties in the underlying experimental data are small and where uncertainties are estimated, are generally not explicated.

The value calculated by Mougeot (2018) of 212 + 0.15 is currently the best estimate of the K ECyround/P FItis slightly higher
than two other recent estimates, our value of 164 or that of Pradler et al. (2013) of 150. Given a broad consensus in calculated

ECgmund/B‘ over several decades and via a variety of methods, it appears highly likely that it falls in the range 150-212 (Fig.
2).
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Figure 2: Comparison of theoretically calculated EC.a,m.md/ﬁ’Jr of “°K in this study using three methods; (1) Bambynek Method
(Bambynek et al. (1977)), (2) Fireman method (Fireman, 1969), and (3) Logft (LogFT, 2001). The value of Chen (2017) is not included
in the figure as it is an extreme outlier and the authors do not explain the method they use to reach this value. Our calculated ratios
are compared to previous evaluations in the literature (Engelkemeir et al. (1962); Pradler et al. (2013); Mougeot, 2018). Uncertainties

in these values are either intractable or in the case of Mougeot (2018) too small to plot.. Note the consistency in the estimated ratio
from all of the methods.

6. Comparison with *Na
To test the validity of our K ECgmund/B+ estimate, we use the same calculations to estimate the experimentally-constrained
(EC/B)* value for **Na decay. *Na is radionuclide with a half-life of ~2.6 years, it occurs in nature as a low-abundance

cosmogenic nuclide produced by spallation of *°Ar and is also produced synthetically by proton irradiation for use in positron

emission tomography. Like *’K, it decays by electron capture and positron emission. The main EC-B pair for *Na decays
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initially to the excited state of **Ne, followed by a 1.27 MeV y emission (Figure 3; Bé et al., 2006). This pair has a (EC/p")*
of approximately 0.1 and accounts for >99.9% of the total decay. A second EC-B" pair decays directly to the ground state of
*’Na with an (EC/B+)gr0und of ~ 0.02, but is a minor component. Here, we calculate the (EC/[T)* for the main branch. Unlike
*K, the dominant decay of **Na is the p* decay mode. This is due to the greater difference in energy between the initial and
final states, as positron decay will have a greater possibility of occurring in decays with a greater mass differences between

initial and final states (Emery, 1975). *Na is not a perfect analogue, however it is probably the best choice that has both a

tractable theoretical calculation and a wealth of experimental data which can be used readily for verification.

22Ne3+

9.64% EC 90.30% [B*

22N62+

1.27 MeV y

22 N eO+

Figure 3: Decay scheme of Na after Bé et al. (2006) and Leutz et al. (1965). An additional EC and p* decay pair that corresponds
to approximately 0.056% of the total decay of *’Na has been omitted for clarity.

Unlike *’K, there are numerous measurements of the electron capture to positron ratio for decay to the excited state of Ne
(Figure 4; Kreger, 1954; Vatai et al., 1968; Williams, 1964; McCann and Smith, 1969; Mac Mahon and Baerg, 1976; Bosch
et al., 1977; Baerg, 1983; Schmidt-Ott et al., 1984; Sykora and Povinec, 1986; Kunze et al., 1990). Measurement of (EC/B+)*
for **Na is accomplished by measurement of both of the gammas (which come from both the EC* and the B+*) and the x-rays
(which only come from the EC branch). Relative to the K ECgomd/B’ , the *Na (EC/B")* is a more straightforward
measurement because of the higher activity (meaning higher count rate) and the higher energy of the x-ray emitted from the
Auger electron, which an electron from the same atom that is emitted as a vacancy of an inner shell is filled. In a decay to the

excited state of **Ne, the de-excitation 1.28 MeV y will be associated with both electron capture and positron decay. However,
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those measured 1.28 MeV v that are not accompanied by two 0.511 MeV annihilation photons can be used to distinguish

between both processes. We use the experimental measurements to verify our calculations described above for *’K.

Following a similar calculation using the Fermi method, our preferred method, to that used for our proposed estimate of the
YK ECygomd/B’, we estimate an (EC/B")* of approximately 0.11. This is within the range of measured values of 0.105-0.115
(Fig. 4), suggesting that our calculation strategy of the the “’K ECgomd/B’ is accurate, and lends further confidence to the

existence of the current unmeasured *’K electron capture to ground state decay.
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Figure 4: Comparison of experimentally measured (EC/f*)* ratios of Na (grey circles) adapted from Kunze et al. (1990) with our
calculated value (black dashed line). Note the concordance of the theoretical and experimental determinations. The uncertainty in
the Baerg et al. (1983) determination is smaller than the symbol.
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7. Experimental verification of ECgyounq decay mode

In both 8 and " decay, an electron or positron is emitted which allows for direct detection and verification of the decay
process. In contrast, electron capture cannot be detected directly. Methods to experimentally verify electron capture rely on
indirect processes associated with the rearrangement of the atom following the capture of the orbital electron. Once the electron
is captured the atom will rearrange itself to fill the vacancy, resulting in the emission of a characteristic x-ray or Auger electron
with an energy defined by the binding energy of the shell vacancy of the daughter nucleus.

In the case of 4OK, verification of the ECgounq decay can be achieved by measuring the characteristic x-rays (Di Stefano et al.,
2017). The orbital electron with the highest probability of capture is from the K-shell; if this electron is captured, the resulting
vacancy in the K-shell may be filled by an electron from any of the other shells (e.g., L, M, ...), and a characteristic x-ray is
emitted with an energy dependent on the particular shell that fills the vacancy. It is not necessary, however, that all K-capture
processes result in the emission of an x-ray. By the Auger effect, a radiationless transfer may occur wherein the K-shell vacancy
is replaced by two vacancies in the next outer shell, L, or one in the next two shells; L and M. The energies of the Auger
electrons emitted in these transitions depend upon the *’Ar product resulting from K-capture. Both electron capture decays to
the ground and excited state of *’Ar (**Ar*") result in the same electron configuration and x-ray emissions. Di Stefano et al.
(2017) suggested tagging x-rays with the de-excitation y associated with electron capture to **Ar*", which has a lifetime on the
order of ~ 10™'%s (Di Stefano et al., 2017). Measuring these tagged x-rays experimentally will be challenging since it requires
identifying a low probability decay mode with x-ray signals present against a high background from the **Ar*" state. Further,
as illustrated in Di Stefano et al. (2020), it is expected that 50 EC* decays occur for every 1 ECyounq decay; therefore a detector
efficiency of > 98% is required to make sure that there is fewer than one mis-tagged EC* decay for each true EC,ung decay.
The experiment therefore requires an x-ray spectrometer able to resolve the Ar-K x-ray from other x-rays in the background,
and accurately account for the x-ray—y-ray coincidence efficiency (> 98%) to quantify x-ray emission rates in excess of those
from the *’Ar*" state. Given the complexity involved in this experiment, a pilot study was conducted at SUERC to measure
characteristic x-rays from a KCI source. The experiment was not successful because the detector was not able to resolve the
Ar-K x-ray sufficiently but demonstrates the potential of this method to detect the x-rays, given a sufficiently high-resolution

detector. Full details are provided in the supplementary material.

Ongoing attempts are being made to verify this decay mode by careful detection of the characteristic x-rays by the KDK
experiment (Di Stefano et al., 2017; Stukel, 2018). Experimental verification has implications for (1) rare event physics, as it
is a vital component in constraining the irreducible background and verifying results in the DArk MAtter (DAMA) experiment
(Pradler et al., 2013), (2) the theory of 8- decay (Fermi, 1934) as it is the only 3™ order unique forbidden electron capture
decay known (Audi et al., 2003), and (3) K-Ar and *’Ar/*Ar geochronology, for which it is currently overlooked due to lack

of experiment evidence. We further expand on the implications for geochronology below.
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8. Relevance for geochronology

Geochronology with the K-Ar system requires either both the branching ratio and the total decay constant, or in the case of an
*Ar/*° Ar age wherein the fluence monitor age is constrained independently of its K-Ar systematics (Merrihue & Turner, 1966),
only the total decay constant. Using lower and upper bound values of ECg,.Uund/ﬂ corresponding to 150 and 212 as described
above, the decay constants calculated by Min et al. (2000) (Agc+ = 0.580 £ 0.014 x 10" a'and A= 5.463 £0.107 x 10710 a'l),
and the /8 from Engelkemeir et al. (1962) (1.12 + 0.14 x 107), we calculate a 8 decay constant of 5.47 £ 0.69 x 10™° a”',
and a range of ECyoung decay constants of 8.2 - 11.6 x 10%at, Combining these values with the Min et al. (2000) quantities
yields a new partial decay constant for *’K to *’Ar (Ay4,) that ranges from 0.588-0.592 x 10" a” and total decay constant (1)
that ranges from 5.471-5.475 x 107% a”'. These ranges are within the uncertainties calculated by Min et al. (2000) for decay
constants that do not include the EC,qunq decay mode. Existing and modified constraints on the decay modes are given in

Table 1. Our preferred decay constants are those calculated with the ECground/ff "=212 from Mougeot (2018).

Table 1. Evaluations of decay mode branches and total decay constant used in age determination. A4, is the partial decay constant
for the “’Ar branch, including both the EC* and ECgnq components. Uncertainties from the £/f and EC‘D,muml/,[)’+ do not

substantially change the uncertainties in A4, or Ay,

Parameter Value £ 26 Relative Unc. (%) References

Previous values

AEcs 0.580+0.014 x 10" a™ 2.4 Min et al. (2000)
At 5.463 £0.107 x 10" a” 2.0 Min et al. (2000)
A g 547+0.69x 10" a” 13 Engelkemeir et al. (1962)

Modified values with lower bound ECgoumd/8 = 150

AECground 82+1.0x10"a" 13 This work
MaoAr 0.588 £ 0.014 x 100 4™ 2.4 This work
Ar 5471 +0.107 x 100 4! 2.0 This work

Modified values with upper bound ECgrouna/’ = 212

MECeround 11.6+1.5%x10"a" 13 This work
MaoAr 0.592+0.014 x 1004 2.4 This work
Ar 5.475+0.107 x 100 3! 2.0 This work
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Consequently, K-Ar (and *’Ar/*’Ar) ages calculated with these new decay constants will be younger than those calculated
using the Min et al. (2000) decay constants. K-Ar dates are most sensitive to shifts in the decay constant because they
incorporate the branching ratio, which is more strongly affected than the total *’K decay constant. K-Ar ages will decrease by
~1.4-2.0 % at 1 Ma, ~1.1-1.5 % at 1 Ga, and ~0.6-0.8 % at 4.5 Ga (Figure 5). Ages determined using the **Ar/*’ Ar method,
for which the fluence monitor age is independently constrained (e.g., Kuiper et al., 2008; Rivera et al., 2011), are much less
sensitive to the change in decay constant. Using equation 5 from Renne et al. (1998), and assuming calibration to a monitor
with an age of 28.2 Ma, ages < 28 Ma increase only slightly, by < 0.002%. There is no age difference at 28.2 Ma, the fluence

monitor age. Ages then decrease for ages > 28.2 Ma, with ages decreased by 0.07-0.10 % at 2.5 Ga, and by 0.09-0.13% at 4.5
Ga (Figure 5).

0
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Figure 5. Change in age, Aage, is the age of a given sample with the decay mode to ground state included, subtracted from the age
with the decay mode to ground state omitted. Panel A shows the change in age using the OAr/PAr equation with independently
calibrated standards using both the lower bound (EC/p" = 150; grey) and upper bound (EC/B* = 212; black). Panel B shows the
change in age using the K-Ar equation using both the lower bound (EC/B* = 150; grey) and upper bound (EC/B" = 212; black). Inset
figures in each panel show the fractional differences in age by the inclusion of both the upper and lower bound EC/g* value. The

larger difference in ages for the K-Ar system is due to the dependence on both the total decay constant and branching ratio.

The age of fluence monitors such as the Fish Canyon tuff sanidine (e.g., Morgan et al., 2014) determined by intercomparison

with astronomically tuned ages of ash beds (Kuiper et al., 2008; Rivera et al., 2011) is also sensitive to revision of decay

25



constants. Using the data published by Kuiper et al. (2008), and incorporating an ECgyqung decay mode, we calculate a new age
for Fish Canyon sanidine of 28.200 + 0.044 Ma, nominally lower, but indistinguishable from the published value of 28.201 +
0.044 Ma. Overall, the effects of an ECgouna decay mode are unlikely to be significant for most current applications of OArAr
geochronology. However, given the levels of analytical precision attainable by the K-Ar dating approach when dating
geologically recent materials by K-Ar (e.g., Altherr et al. 2019), the ECgound decay mode will impact the accuracy of this

chronometer.

9. Conclusion

The Fermi theory of § decay has decades of experimental support and is well established. We demonstrate this here by using
these theories to accurately calculate the decay rate of a **Na, a nuclide with an experimentally-verified decay rate. We have
used this information to demonstrate the high likelihood that the suspected second electron capture decay mode of *’K exists.
Based on the calculations of Mougeot (2018), the best estimate of the partial decay constant for *’K direct to ground state *’Ar
isbe 11.6 + 1.5 x 10™"° a™ (26), and other calculations are no lower than about 8.2 x 10" a™'. Combining this with the decay
constants published by Min et al. (2000) results in revised values of Ayos, = 0.592 = 0.014 x 10"% a™ and Ay = 5.475 + 0.107
x 10" a”!. This addresses a longstanding question in K-Ar and *’Ar/*’Ar geochronology and provides future workers with
confidence that the “’K ECgouna decay mode exists. Just as important as providing support for its existence, we also demonstrate
that the magnitude of this decay mode is small enough that neglecting it has not yet resulted in significantly biased
geochronological *Ar/*Ar data. The same cannot be stated for the K-Ar dating approach, especially for geologically-young

materials.

Despite the strong grounding in theory, the ECgoua decay mode has yet to be detected. The next step is experimental
verification to determine the branching ratio. This will allow for a more complete evaluation of uncertainties associated with

the decay mode and the branching ratio. This experiment is difficult, but not intractable.
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