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ARTICLE INFO ABSTRACT

Associate editor: Janne Blichert-Toft Various interference reactions producing unwanted Ar isotopes from K, Ca, Cl and Ar require correction to satisfy
the *°Ar/3°Ar age equation. Using GEANT4, we design and build a model Cadmium Lined In Core Irradiation
Tube (CLICIT) irradiation facility, as used in the Oregon State TRIGA Reactor (OSTR). We illustrate the
complexity of the irradiation of geologic samples within this framework and determine an overlooked production

channel of 3°Ar. The production of 36Ar is fed from the 39K(n,az)%Cl nuclear channel, 36¢1 subsequently decays to
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Interfe . . . . . ..
I\?u:e?r;:(fszcﬁon 36Ar (39K(n,a,ﬁ) 36Ar). Simulations in this work using a 235y fission neutron energy spectrum and modelled
Intercalibration CLICIT facility, determine a production ratio for this reaction 4¢1/2°Ar)k = 0.40 + 0.01 (106); greater than an

order of magnitude larger than any other K interference. The magnitude of the resulting age bias for an unknown
sample will be a function of the integrated neutron flux, the length of irradiation (fluence), the time elapsed since
irradiation, and the age relationship between the unknown and neutron fluence monitor. We show using the raw
data of (Niespolo et al., 2017) that the age of Alder Creek sanidine can be modified to be ca. 0.1% older (10), at
the 26 level of current analytical precision for the Alder Creek age for this study. The *°K(n,a,8)*°Ar inference
should be incorporated into routine data analysis and may be especially important in the intercalibration of the
“OAr/*°Ar system with other chronometers (e.g., 2°Pb/238U).

1. Introduction

The “°Ar/?°Ar technique (Merrihue and Turner, 1966) is a versatile
dating method in terms of application to a range of geologic timescales
and settings. “*Ar/3?Ar dating is based on the potassium-argon (K-Ar)
dating method, where the K content of the sample is calibrated to the
39Ar produced from the 39K(n,p)39Ar nuclear channel during irradiation.
To determine the production of 39Ar from 39K (39Ar]<) in the sample of
interest (which is termed the unknown), it is necessary to co-irradiate it
with another material. This other material, which has a precisely and
independently known age or *°Ar*/%*°Ary ratio, is referred to as the
neutron fluence monitor. Following irradiation, the relative abundances
of the parent proxy 3°Ar (*°Arg) and the radiogenic daughter *CAr
(*°Ar*) can be measured by mass-spectrometry of both the unknown and
neutron fluence monitor to satisfy the “°Ar/3°Ar age equation. Typically,
samples are irradiated using 2*°U fission neutrons (Watt spectrum; Watt,
1952). Fig. 1 shows how the necessary 39K(n,p)?’gAr reaction cross-
section (Evaluated Nuclear Data File (ENDF)/N-VIIL.O database; Brown
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et al. 2018) varies across the Watt fission spectrum of neutron energies
ranging from 0 to 20 MeV. Also shown in Fig. 1 are recent measurements
by Rutte et al. (2019) of the cross-section using neutrons from a
Deuterium-Deuterium fusion (High Flux Neutron Generator (HFNG))
and 7Li(p,n) ’Be (Lithium Inverse Cinematic ORsay Neutron source
(LICORNE)) sources with incident neutron energies ranging from ca. 1 to
3 MeV. We also demonstrate the interaction cross-sections of additional
argon production pathways from K and Ca, within the scope of fission
neutron energies. These are shown in Fig. S1.

Recent methodological developments including (1) New generation
of multi-collector noble gas mass spectrometers (e.g., Phillips and
Matchan, 2013; Mixon et al., 2022), (2) Increased attention to precise
determination of the neutron fluence, and (3) the use of independently
calibrated neutron fluence monitor ages (e.g., Kuiper et al., 2008). These
improvements in the “°Ar/3°Ar technique have now made it possible to
ascertain ages with an analytical precision of 0.05%, as reported by
Niespolo et al. (2017). This level of precision was determined based on
the weighted mean and the associated uncertainty derived from all the
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Fig. 1. This Fig. Shows the Watt fission spectrum that describes the distribution
of neutron energies released during the fission process (black line). The cross-
section of the 39K(n,p)39Ar interaction is shown as a dashed blue line and the
data is taken from collection of nuclear data libraries that are compiled in the
Evaluated Nuclear Data File (ENDF) VIII.O database. Rutte et al. (2019) D-D
measurements in gray and ’Li(p,n)’Be shown in purple. It can be seen directly
from these measurements that the cross-section has more complex structure in
the 1-3 MeV range than compared to the smooth cross-section of the ENDF
VIIL.O database (Brown et al. 2018).

analyses performed by Niespolo et al. (2017). With this improved pre-
cision, sources of uncertainty that were previously considered to be
negligible require re-assessment. Foremost among these are the decay
constants of “°K, which are the subject of ongoing investigations (Har-
iasz et al., 2022); Stukel et al., 2022) but are not considered here.
Another category of uncertainties is rooted in the required neutron
irradiation of samples and can be grouped as follows; (1) Recoil of S7Ar
and *°Ar (e.g., Turner and Cadogan, 1974; Onstott et al. 1995; Villa,
1997; Renne et al., 2005; Jourdan et al., 2007; Hall, 2014; Paine et al.,
2006); (2) Neutron fluence gradients (e.g., Rutte et al., 2015) and; (3)
Interference channels (e.g., Turner, 1971; Dalrymple and Lanphere,
1971).

The energy spectrum of 23°U fission neutrons results in the produc-
tion of a suite of unwanted argon isotopes (spanning the most important
atomic mass units 36-40) by various nuclear production channels. These
reactions are in addition to the desired 39K(n,p)ggAr reaction and result
from nuclear processes on the nuclei of samples whose chemical and
isotopic compositions (i.e., concentrations of nucleons) vary widely.
Production pathways are dominated by reactions on isotopes of potas-
sium and calcium (Fig. S1) with less probable channels on isotopes of
chlorine and argon. These additional nucleogenic sources of argon are
known as interferences. To account for these interferences and to
correctly satisfy the “°Ar/3°Ar age equation requires the measurement of
the Ar isotopes ranging in atomic mass units from 36 to 40 (e.g.,
Mitchell, 1968; Brereton, 1970; Turner, 1971; Dalrymple, 1981;
McDougall and Harrison, 1999; Renne et al. 2005). Table 1 shows the
argon isotope production pathways that are most important for
40Ar/%9Ar dating; including channels that have been previously deter-
mined (e.g., Turner, 1971; Renne et al., 2010) and from the simulations
in this work using GEANT4 which uses the ENDF V-IIL.O database.
Fig. S1 panels A and B show the ENDF V-III.O (Brown et al. 2018) nuclear
database cross-sections for Ar production nuclear channels from iso-
topes of K and Ca as a function of incident neutron energy. The impor-
tance of these corrections depends on the sample composition and age,
and flux and profile of the neutron energy spectrum, the duration of the
irradiation (neutron fluence), and the elapsed time between irradiation
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Table 1
Nuclear channels for the production of Ar isotopes from Ca, K, Ar, and ClL

Isotope Ca K Ar Cl

produced

36pr 4°Ca(n,n)l’2'3 39K(n,a,/})1""’ 35Cl(n,7,

p

37Ar 40Ca(n,(1) 1,2,3, 39K(n,t) 1,2, 36Ar(n,y) 1,2,

BAr “0Ca(n,’He)* FK(n, Arm,t) > FClnyy, p
41Ca(n’)f: np)l,z,y % Lo
42Ca(n,n) 1,2,3, 40K(n,t)"~
41K(n,a,[})1’3'
43Ca(n,2n)*

39r 49Ga(n,2p)" 39 (n,p) > BAr(ng)>
42Ca(n,a)1’2’3’ 40K(n,np)1’z’ p
“OAr(n,

*3ca(n, “IK(n,0)* d,)"
n”)l,Z,IS,—;, 40AI'(1'1,2I1) %

“OAr “2Ca(n,*He)* 40K(n,p)L 2
“ca(n,a)" > YK (n,
44Ca(n,na) L2, np) 125

* Simulation (This study).
1 Renne et al., (2005).

2 Brereton (1970).

3 Turner (1971).

and measurement. Due to this dependence on the energy profile and
flux, the suite of interferences applied for a given unknown and neutron
fluence monitor will be unique to each reactor, and position within the
reactor, used for the irradiation.

The majority of relevant corrections for interfering reactions on K
and Ca have been well established for the suite of nuclear reactors used
for “°Ar/3°Ar dating. The optimal way to determine interference cor-
rections is to measure the produced argon isotopes in samples of pure Ca
and K materials irradiated under identical conditions as unknowns and
neutron fluence monitors. Relevant production ratios are then calcu-
lated and are used to correct the unknown and neutron fluence monitor
materials.

Nuclear channels have a strong energy dependence; therefore,
additional mechanisms can also be used to limit the production pathway
of certain argon isotopes. One example is the *°K(n,p)*°Ar nuclear
channel. The cross-section of this reaction is particularly dominant in
the thermal part of the neutron energy spectrum, i.e., <0.025 eV. The
production of “°Ar by this channel can be significantly reduced by
shielding with a strong thermal neutron absorber, such as cadmium
(Tetley et al., 1980). By diligent choice of irradiation time and shielding,
interferences can be minimized and the introduced errors can be kept
below 1% (e.g., Dalrymple and Lanphere, 1971; Renne et al., 2005).
However, for extreme cases such as young samples with low K/Ca ratios,
interference reactions (particularly from calcium) can be the ultimate
accuracy-limiting factor.

The purpose of this work is to assess the irradiation process for both
routinely analyzed sample types and materials used for interference
corrections in *°Ar/3°Ar geochronology. We simulate the irradiation
process with particular emphasis on Ar-producing nuclear channels, we
demonstrate the intricate nature of irradiation and showcase the variety
of nuclei and particles generated in geological samples during this
process. The significance of the often-overlooked 3°K(n,a,)*®Ar channel
is emphasized, along with the argon correction equations necessary for
determining the “°Ar* and 3°Arg from all measured argon isotopes,
taking this interference into account. Argon correction equations are
given in the supplementary material.

2. Methods

GEANT4 is an open-source software toolkit for simulating the pas-
sage of particles through matter (Agostinelli et al., 2003). Applications
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range from particle physics to space engineering and medical physics in
the particle energy range of eV to TeV. In this work, GEANT4 Monte
Carlo models (version 4.10.07.p02) have been built to simulate the
irradiation process in the Cadmium Lined In Core Irradiation Tube
(CLICIT) at the Oregon State TRIGA Reactor (OSTR), the most widely
used reactor for “°Ar/3°Ar dating (Rutte et al., 2018). The ENDF.VIII.O
cross-section database is used for all simulations. We compare the results
of these simulations to data recorded in Renne et al. (2005) and docu-
ment nuclear processes. All GEANT4 simulation code can be found here
https://github.com/jcarter-1/Nucleogenic_36Ar and all datasets and
analytical methods can be found here https://doi.org/10.6084,/m9.figsh
are.22126607.

3. Irradiation of geological samples

In this section we present a summary of neutron irradiation with
geologic samples with focus on the current suite of interference cor-
rections used in *°Ar/3°Ar geochronology.

3.1. Interaction of neutrons with geologic samples

As well as the desired production of 39Arg, the interaction of neutrons
with geologic samples will produce a suite of argon isotopes ranging in
atomic mass units from 36 to 40. In addition to the production of argon,
interaction of neutrons with all of the compositional isotopes within the
sample will have produced an array of isotopes and particles. To illus-
trate the complexity of this process we simulate the irradiation of an
ideal (no impurities) 250 pm K-feldspar type sample (composition;
Fig. S2) with 5 x 10® prompt fission neutrons. All nuclei that that are
both formed or undergo scattering reactions are shown in Fig. 2. An
identical plot for a hornblende type sample (composition Fig. S3) is
given in the supplement (Fig. S4).

The creation of charged free particles during irradiation such as al-
phas or protons have the potential to form helium or hydrogen which
could potentially interfere with the ion-optics of the mass spectrometer.
The production of hydrogen from the 39K(r1,p)39Ar reaction, where the
proton p is a + 1 hydrogen ion, can potentially lead to the formation of
molecules, such as H>Cl, by combining with chlorine. This process re-
sults in a mass-to-charge (m/e) ratio that is identical to that of the 3bAr
isotope, which can subsequently cause mass interferences in the anal-
ysis. This isobar would require a mass spectrometer with a high
resolving power to resolve it from 36Ar, Phillips et al. (2017) determine
that a resolving power of 8000 is required to separate the two masses.
We do not directly model this, but highlight it as another source of
complexity in the irradiation of geologic samples.

Secondary processes involving the ejected daughter particles can
occur, for example the ejected proton can initiate the “°Ar(p,n)*°K re-
action which has a peak cross-section at ~800 millibarns for an incident
10 MeV proton (relative to 400 millibarns at ca. 20 MeV for the 39K(n,
p)39Ar reaction channel) (ENDF database; Brown et al., 2018). To our
knowledge these secondary processes have not been discussed in the
literature, but with ever increasing precision of analytical data may
require revisiting.

Another important process is the production of gamma particles (y). y
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particles are produced by (n,y) reactions and the de-excitation of nuclei
during irradiation. Following production, these y particles can interact
with the sample which is the primary mechanism by which samples are
heated during an irradiation. Typically, samples undergoing irradiations
reach temperatures of approximately 200 °C which has the potential to
cause some thermally activated loss of argon in samples which have a
lower retention of argon, such as illite (e.g., Clauer et al., 2012).

3.2. Interference corrections

The suite of argon isotopes produced (aside from the desired 3°Arg)
during irradiation require corrections to satisfy the age equation. These
produced isotopes are generally unwanted and propagate uncertainty
into a calculated age. However, some can be useful chemical tracers such
as ¥ Ar for calcium or 38Ar for chlorine. The formation rate of these, and
all activation products, is given by:

R, = ¢(E)no(E) 1)
where R, is the rate of formation (Number of formed nuclei per second),
¢(E) is the flux (neutrons/cm?/s), n is the number of target nucleons,
and 6(E) is the cross-section of the interaction (barns (1 x 10724 em?)).
Note that both the flux and cross-section of Eq. (1) are energy dependent
and thus will be unique for a given reactor and position of the sample
within the reactor. Knowledge of the amount of produced interference
argon isotopes is required to apply the “°Ar/3?Ar age equation correctly.
Interference corrections are formatted as follows (XAr/YAr)Z where X is
the interference isotope, Y is the primary/desired isotope which the
interference is measured relative to, and Z is the target element (e.g., K).
For example, the (38Ar/3°Ar)k ratio designates the 33Ar/3°Ar ratio pro-
duced from all isotopes of K. Shown in Table 1, the production channels
of 38Ar are: 39K(n,np) 38Ar, YOK(n,0) BAr, Y K(n,q, ﬂ)gsAr. For 3°Ar the
production channels from K are: 39K(n,p)39Ar, 40K(n,np)39Ar, and 41K(n,
©)3°Ar. This is carried out for all interference channels to determine the
“OAr* and 2Arg and satisfy the “°Ar/3°Ar age equation which is given by

=)

where 39ArK is the °Ar produced by 39K(n,p)39Ar, 4OAr+ is the radio-
genic portion of the total “°Ar measured, 1 is the total decay constant,
and J is the measure of neutron fluence determined by the analysis of a
co-irradiated neutron fluence monitor of an independently determined
age. J is given by:

4()Ar

YA, 2

et — 1
(),
VA )
where (*°Ar*/%°Arg)s is the ratio of the radiogenic “OAr to *Arg in
the neutron fluence monitor material, 4 is the total decay constant, and tg
is the known age of the neutron fluence monitor. Interference correc-
tions are required to determine the true “°Ar* and 3°Arg of both the
unknown sample and monitor material from the measured argon iso-

topes ranging from 36 to 40 in atomic mass units.
In most cases, the interference reactions on K and Ca (Fig. S1) are the
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Fig. 2. Generated and scattered nuclei and particles from the irradiation of a 250 pm feldspar type sample in the Cadmium Lined in Core Irradiation Tube (CLICIT).
This irradiation consists of 5 x 10° prompt fission neutrons. Nuclei shown are either formed or scattered by an interaction with a neutron. Natural nuclei (e.g.,
atmospheric Ar, that are not nucleogenic or have not been part of a scattering reaction) are not shown in the plot.
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most relevant to the determination of a geologically meaningful age (i.
e, 40K(n,p)40Ar, “Oca(n,x)*Ar, and *’Ca(n,na) 3°Ar). Corrections for
interferences have been well established by irradiating high-purity K
and Ca materials under identical conditions to the “°Ar/*°Ar dating
process (e.g., Brereton, 1970; Turner, 1971; Dalrymple and Lanphere,
1971; McDougall and Roksandic, 1974; Tetley et al., 1980; Roddick,
1983; Renne et al., 2005). As well as the dominant interferences on K
and Ca, other argon isotope production channels on Cl, although rela-
tively minimal in most situations, are not as well studied (Renne et al.,
2008). Chlorine has two naturally occurring isotopes (35cl and *7cl)
which produce 36¢] and 38cl by radiative capture, (n,y), reactions and
then both decay via beta emission to form both 3®Ar and 3®Ar. The short
half-life of 38Cl (t1,2 ~ 37 mins) ensures that essentially all 38l will have
decayed to *®Ar by the time of analyses. Unlike the decay of 3Cl to *®Ar,
36C1 decay to *0Ar has a much longer halflife (t; 5 ~ 3 x 10° a) meaning
that this production channel to 2®Ar is most important for Cl-rich sam-
ples (Renne et al., 2008). Renne et al. (2008) construct the methodology
for the correction of Cl-derived Ar isotopes and effects of these correc-
tions on the apparent “°Ar/3°Ar age of a sample.

4. Results

In this section we present the currently overlooked 39K(n,oz,ﬂ) 36y
interference channel and determined the effect of this interference on
40Ar/3°Ar ages. Uncertainties are given at the 68% confidence interval
throughout.

4.1. Overlooked nuclear production channel and age correction

The interfering reactions that create 2°Ar are the most critical as °Ar
is used to determine the amount of atmospheric Ar in the sample and
subsequently the atmospheric “°Ar budget. Atmospheric *°Ar is then
then subtracted from the total “CAr following all other interference
corrections to determine the radiogenic *?Ar*. Consequently, additional
channels that add 2°Ar to the system become particularly important.
From the simulation of an irradiation for a 250 pm K-feldspar compo-
sition sample we identify an additional production pathway of *°Ar (3K
(n,a,8) 36Ar). We show all argon producing nuclear channels for the
simulated irradiation of the 250 pm feldspar sample in Fig. S5. In the
next section we present corrections for the 39K(n,oz,ﬂ) 36Ar nuclear
channel and discuss the wider implications of this reaction for the
determination of apparent “°Ar/3°Ar ages.

4.2. Corrections for overlooked 39 K(n,a,p) 3Ar nuclear channel

To illustrate the effect on an apparent “°Ar/*°Ar age with the
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inclusion of the **K(n,a, 1)) 36Ar interference, we use the raw data of
Alder Creek sanidine and reference monitors used by Niespolo et al.
(2017) and include the 39K(n,oz, 1)) 36Ar from the simulated irradiations.
This correction will follow a similar framework to the chlorine correc-
tion formulated by Renne et al. (2008). To determine the 39K(n,a, 1)) 3bAr
interference correction we begin with the initial (36Cl/39Ar)K production
ratio and then determine the (*®Ar/ 39Ar)K correction from the ingrowth
of 3Ar from 3Cl and decay of 3°Ar for a given time since irradiation
(Atjyp). Similar to other interference corrections (e.g., (36Ar/ 37Ar)Ca) this
ratio will be dependent only on the cross-section and will therefore be
constant for a given irradiation. We initially create an Alder Creek type
sample and perform six simulated irradiations in GEANT4 each with 1 x
10° incident fission neutrons (estimated to be 0.0002 MW /hr assuming
that the OSU TRIGA reactor is operating at full power). We then deter-
mine an (3°Ar/3°Ar)k interference correction by initially calculating the
(36Cl/39Ar)K ratio which has a weighted mean and uncertainty of 0.40 +
0.01 (10) (Fig. 3A). Following this we now present the relative correc-
tions for the 39K(n,ot,/i') 36Ar interference as a function of the time since
irradiation (At;) and then include this correction in the determination
of the Alder Creek age using the data of Niespolo et al., (2017). The
amount of *°Ar derived from 3°Cl is given by:

36AFCI = 39Clg (l — éihﬁm“r) (4)
and the 3°Ar decay is given by:
¥Ar= PAr (e—A3gAzl,,) (5)

where Aty is the time elapsed between irradiation and analysis, 436 and
A39 are the decay constants of 36C] and 3°Ar, and 3°Cly and 3°Ar are the
initial values of 3°Cl and °Ar produced by the 39K(n,oz,/}) 36Ar and 39K(n,
p) 39Ar nuclear channels. The initial ratio (36C10/36Ar0) is determined
from the simulated irradiation and is 0.40 + 0.01. The ingrowth/decay
curve is then calculated by the ratio of Egs. (4) and (5):

AP\ (¥Cl
(), = (5an)

Fig. 3B shows how the (3®Ar/*°Ar)g ratio evolves for a given Atj,. We
use a Monte Carlo simulation to generate a 68% credible interval for the
ingrowth/decay curve using the weighted mean and error of the initial
(36C1/39Ar)1< ratio and decay constant uncertainties for both 36¢l and
39Ar. Decay constants and decay constant uncertainties of >°Cl and 3°Ar
are given in Table S1.

We use the simulated (36Ar/39Ar)K ratio (Fig. 3A) to estimate the
change in age for the Alder Creek sanidine measured by Niespolo et al.,
(2017). In the study of Niespolo et al., (2017) the age of Alder Creek
sanidine age is calibrated to astronomically dated Miocene tuffs. We re-
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Fig. 3. Panel A shows the production of 3°Cl relative to 3°Ar derived from 3°K. These ratios assume no decay in each formed isotope and error bars on the individual
batch runs are only from counting statistic; N, where N is the number of generated atoms. The weighted mean and weighted mean error is also plotted (blue shaded
bar) and is determined to be 0.40 + 0.01 (16). Panel B shows magnitude of the Cl-correction as a function of time since irradiation. Initial values are determined by
the weighted mean and weighted mean error of the formed number of atoms for each batch run. Uncertainty envelope shown is at the 68% credible interval.
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determine the age of Alder Creek sanidine including the (36Ar/39Ar)K
interference in the data reduction with each of the astro-chronological
ages used as monitor materials; Mes4, FCs, and Al (Kuiper et al.,
2004; Kuiper et al., 2008; Rivera et al., 2011). The age correction is
carried out as follows; the 3°K(n,a, ﬂ)36Ar contribution to the 3°Ar
budget is determined assuming a At; of 3 months (Fig. 3B) and using
the measured 3°Ary, this is then subtracted from the total budget which
is then used to determine the *°Ar,, using the atmospheric (*°Ar/3°A-
Iatm ratio of Lee et al. (2006). Uncertainty in the atmospheric ratio
(298.56 + 0.31; Lee et al. 2006) is propagated through using a Monte
Carlo method. The new 40Armm determination is then subtracted from
the total “°Ar budget to determine the radiogenic component, “°Ar*.
These steps are followed for both the unknown and the three neutron
fluence monitors. In the study of Niespolo et al. (2017) the authors
determine R-values (Eq. (7)) for Alder Creek sanidine sample relative to
each of the neutron fluence monitors; Mes4, FCs, and Al. Here we re-
determine these values with the incorporation of the 39K(n,a, 1)) 3bAr
interference. The R-value is a metric for the age relationship between
any two samples (Renne et al. 1998) and is determined by:

X _ (ebx - 1)
(e/lty _

(PAF [ Arg),

1)~ (PAr [PAr),

- @)
where / is the total “°K decay constant, t is the age of the sample, *°Ar*
and®°Arg have the same definition as described previously, and X and Y
are place holders for samples (e.g., X = ACs and Y = FCs). Modified R-
values are determined for Alder Creek Sanidine to each neutron fluence
monitor used in the Niespolo et al. (2017) study (supplement Table S2
and Fig. S6). The modified R-values are then combined with the astro-
nomical ages of each neutron fluence monitor (Kuiper et al., 2008) and
the total decay constant of (5.463 + 0.054) x 10710 271 (Min et al.,
2000). Model ages of 1.1847 + 0.0005 Ma, 1.1849 + 0.0005 Ma, and
1.1870 + 0.0008 Ma are calculated (for ages calibrated to Mes4, FCs,
and Al; internal uncertainties only (Fig. 4A)). These result in a weighted
mean of 1.1861 + 0.0006 Ma for the age including the 3*K(n,a, )3¢Ar
inference which is greater than the weighted mean age of Niespolo et al.
(2017) by approximately 1.3 + 0.8 ka. This bias in age is approximately
equal to the 2 ¢ analytical uncertainty of the study of Niespolo et al.
(2017). We determine an ¢(R¥) value (Eq.8), which enables us to un-
derline the change in the R-value that occurs when the interference from
%K (n,a, [)’)36Ar is taken into account, as compared to the R-value ob-
tained when such interference is omitted.e(R¥) is calculated in an
analogous fashion to epsilon notation commonly used in isotope geology

as:
((Rfi"c_l) 71) x 10*
Ryomit

where R¥incl and R¥omit are defined as the R-values determined with
the inclusion and omission of the 39K(n,ot, /})36Ar interference, depicted
in Fig. 4B.

We stress that the magnitude of the 3°K(n,a, 8)3°Ar correction will be

e(RY) = ®
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dependent on the composition, atmospheric component, age, relation-
ship between the unknown and the neutron fluence monitor, and Atj.
However, the uncertainty in both the *“°K decay scheme and age of the
monitor materials are still dominant in the complete uncertainty budget
of an apparent “’Ar/*°Ar age. Nonetheless, the change in age deter-
mined is large enough to have implications for residence time studies (e.
g., Rivera et al., 2013) and/or other applications requiring utmost pre-
cision. A generalized correction is shown in the next section.

4.3. General *’K(n,a, ﬁ)36Ar correction and implications for ©ar/3PAr
geochronology

Here we present the 39K(n,a)36Cl inference correction and include
the “'K(n,a)8Cl interference to make a direct comparison to previously
documented chlorine corrections (Roddick, 1983; Foland et al., 1993;
Renne et al., 2008). Like these previous studies we determine an initial
production ratio (P(BGCI/BSCI)), which is the ratio of 3°Cl and 38l pro-
duced by (n,y) reactions on 35¢l and *7Cl. This ratio is calculated from
the irradiation simulation and then propagated through decay equations
to determine a (36Ar/38Ar)K_c1, for a given time since irradiation. Unlike
these previous studies we also include the additional chlorine correction
from 3°Cl and 38Cl produced by the (n,a) reactions on >°K and K.

A plot of the initial 3°C1/38Cl ratio is shown in Fig. 5A for experi-
mental values (Roddick, 1983; Foland et al. 1993; Renne et al. 2008) and
modeled values of both Cl derived and K-derived chlorine corrections
(Fig. S7 shows the cross-section for these interactions as a function of
incident neutron energy). The disparity observed among these ratios can
be attributed to two main factors. First, the utilization of difference re-
actors and shielding methods has a significant influence. For instance,
Roddick (1983) and Foland et al. (1993) subjected their samples to
irradiation without the use of cadmium shielding. Second, the inclusion
or omission of different production channels during the determination
process also contributes to this variation. Following Renne et al. (2008)
the 36C1/38Cl ratio is converted to the 3°Ar/38Ar ratio through radiogenic
ingrowth equations. In Fig. 5B, we present the (3°Ar/8Ar)q ratio as a
function of time since irradiation (At;,) for the experimental data
(Roddick, 1983; Foland et al., 1993; Renne et al., 2008) and modeled
production ratios for both Cl- and K- derived chlorine corrections. The
respective model production ratios are calculated to be 238.8 + 6.2 for
Cl-derived and 475 + 112 for K-derived corrections, with the combined
value (242.0 + 6.5) displayed in Fig. S8. These ratios are determined
from the simulated irradiation by counting the produced isotopes and
errors are derived from Poisson statistics. Relative production rates for
36Ar and 38Ar by both the Cl-derived (n,y) and K-derived (n,a) pathways
are shown in Fig. S9. We caution the use of **Ar as a direct tracer for Cl
without correction for the 3®Ar production from *'K, however the
dominance of the cross-section in the thermal energy region of the (n,y)
reactions on Cl mean that these reactions dominate the production
budget by ~46 and 4.5 times compared to the (n,a) reactions on K for
36Ar and *8Ar production respectively (Fig. S9). Nonetheless, the abso-
lute necessity of measuring potassium means the (n,a) reaction correc-
tions are applicable to all analyzed samples and neutron fluence
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Fig. 4. Re-determination of the age of Alder Creek sanidine with the inclusion of the 39K(n,¢7t,/})36Ar nuclear channel included in the relationship value of R for Alder
Creek with each neutron fluence monitor. Horizontal bars in the top panel show the weighted mean age and uncertainty of Niespolo et al. (2017) (gray) and the
model determined age (skyblue). The bottom panel shows ¢(R}) with uncertainties determined by a Monte Carlo sampling at plotted at the 1o level.

30



J.N. Carter et al.

Geochimica et Cosmochimica Acta 357 (2023) 26-34

Fig. 5. Panel A shows experimental values of P
(38cl/38cl) (Roddick, 1983; Foland et al. 1993; Renne
et al. 2008) and model values for P(3°Cl/38Cl) deter-
mined by nuclear channels from Cl and K. Error bars
are 1 and are shown where they have been docu-
mented but are smaller than the marker size. Panel B
shows data from Renne et al., (2008) (blue circles)
which measured the %6Arq/*®Arg ratio in neutron-

irradiated NaCl at various times after irradiation
and the best fitting line to these data is shown in blue.
Calculated curves are also plotted for *°Cl/*3Cl of

~252, 320, 327, 238, and 475 which correspond to
determined values from Renne et al. (2008), Roddick
(1983), Foland et al. (1993), and the model deter-
mined production ratio for chlorine corrections
derived from Cl and K isotopes.
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monitors.

To determine how an apparent *°Ar/3°Ar age will be affected by the
inclusion of the 39K(l’1,(1, ﬂ)36Ar inference we use a Monte Carlo simu-
lation to propagate a (36Ar/39Ar)K ratio for a reasonable A t; (ca. 3-12
months). Corrected age normalized to uncorrected age as a function of A
tirr is shown in Fig. 6. For a typical A tj, the corrected age will be
approximately 0.05-0.4% older than determined with this interference
omitted.

4.4. K-derived *0Ar correction dependence

Like the K-derived *°Ar correction, the magnitude of the K-derived
36Ar correction is a direct function of the neutron fluence, inverse to the

Atirr (yr)
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Fig. 6. Effect on apparent age including the K (n,a, /;')36Ar inference (Agecorr)
normalized to the uncorrected age (production channel omitted). All other
parameters of the age calculation remained constant such that the change in age
is only by the inclusion or omission of this production channel. Age change for a
typical Atj, (—~3-6 months) is approximately 0.2 + 0.05%. 68% and 95%
credible intervals shown as shades of darker and lighter shades of gray.
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age and is independent of the K/Ca of the sample (e.g., Dalrymple,
1981). As a result of these dependences the magnitude and direction
(older/younger) of the change in age will hinge on the relationship
between the neutron fluence monitor and the unknown. We explore this
by determining the change in the unknown age including the 3°K
(n,a,ﬁ)36Ar inference relative to the identically corrected commonly
used neutron fluence monitors: (1) Alder Creek sanidine (ACs; Niespolo
et al., 2017); (2) Fish Canyon sanidine (FCs; Kuiper et al., 2008); (3)
GA1550 Biotite (GA1550; McDougall and Wellman, 2011), and; (4)
Hb3gr hornblende (Hb3gr; Jourdan et al., 2006). To make these age
corrections we use corrected R values RY, where U and S define the
4OAr</3%Ark ratios of the unknown and neutron fluence monitor. R
values are then corrected for by including the 39K(n,a,/})36Ar interfer-
ence and are propagated through a range of unknown ages spanning ca.
0-4600 Ma against each of the aforementioned fluence monitors. We
assume that the analysis of the unknown and neutron fluence monitor
occur at the same time, the production of 3°Ar is the same for the un-
known and neutron fluence monitor, At;, is 1 year. Also assumed is that
each neutron fluence monitor and unknown have a consistent
4OAr* /%At m (ratio of radiogenic “OAr too atmospheric 40Ar) which is
likely unphysical but we are using Fig. 7 to illustrate the main impli-
cations when the 39I((n,oz,/J’)?’6Ar interference is included. The key in-
sights derived from this are twofold. First, the alteration in age hinges on
the relationship between the unknown sample and the neutron fluence
monitor. When the unknown sample is younger than the neutron fluence
monitor, incorporating this correction will lead to the calculated ages of
the unknown appearing older. Conversely, if the unknown sample is
older than the neutron fluence monitor, accounting for this interference
will yield younger calculated ages for the unknown sample. Second, the
extent of the age change is directly linked to the magnitude of the age
difference between the unknown sample and the neutron fluence
monitor. An extreme example of this is when a young sample, less than 1
Ma, is calibrated using the 1073.6 Ma old Hg3br neutron fluence
monitor. This would result in an approximate 0.5% increase in the
calculated age of the sample, as illustrated in Fig. 7.

Fig. 7 highlights the principal conclusions and controlling parame-
ters of this interference correction. However, we have shown in the
example using the raw data of Niespolo et al. (2017) that the °K
(n,a,ﬁ)36Ar interference correction will be unique to the particular un-
known and neutron fluence monitor(s) used and should be determined
using the measured 39ArK through the (36Ar/39Ar)K ratio given in Eq. (6).
We give the interference equations for all Ar nuclei with this production
channel in the supplement. These simulations reiterate the cautions of
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Fig. 7. Effect of 3K(n,o, ﬂ)36Ar interference on unknown ages relative to commonly used neutron fluence monitors: ACs; FCs; GA1550 and; Hb3gr. Dots on this plot
indicate the position at which the unknown and neutron fluence monitor are the same age at which point the 3°K(n,o, 8)3®Ar interference correction cancels and there

is no change in age.

Renne et al. (2008) that long irradiations and lengthy delay between
irradiation and analysis can produce significant age errors in all samples
due to both (n,y) reactions on 35Cl and %7Cl (Renne et al. 2008) and (n,00)
chlorine producing reactions on >°K and *!K.

In the next section we validate the simulations completed in this
study and for this correction by modeling the irradiation of pure po-
tassium salt (KCl) and then comparing modeled interference ratios to
experimental measurements by Renne et al. (2005).

4.5. Salt irradiation

The irradiation of pure salts, such as CaFy and KCl, are used to
determine the relative production ratio of Ar on isotopes of Ca and K to
make interference corrections. To validate the simulations of this study
and quantify the various interferences on potassium we perform simu-
lated irradiation of KCl salt using GEANT4. Simulated production ratios
are then compared with literature values for the CLICIT facility of the
TRIGA reactor at OSTR (Renne et al. 2005). Simulated and experimen-
tally determined interferences are shown in Table 2. Cross-section for
the major production pathways are shown in supplementary Fig. S10
with the simulated inference ratios shown and compared to data in
Fig. S11.

We find that the simulated interference ratios are largely consistent
with the experimental determinations of Renne et al. (2005). The results
shown mainly minor discrepancies however, the simulated (®8Ar/Ank
ratio is approximately 30% greater than the experimentally determined
value, we explore plausible explanations in the discussion section. These
inference corrections and the general concordance with the data of
Renne et al. (2005) verify that the model does a reasonable job of
simulating the irradiation conditions of the CLICIT facility and that the
39K(n,o:,ﬂ)%Ar nuclear channel should be included in future analytical
protocols.

Table 2
Nuclear channels for the production of Ar and Cl from K isotopes. All un-
certainties 1o.

Productionratio  Fission-spectrum neutrons (Cd- Simulation*
shielded)’

(*0Ar/*Ar)k (7.30 £ 0.92) x 10~* (7.9 +1.9) x 107*

(38Ar/*°Ang (1.22 £ 0.00) x 1072 (1.6 + 0.08) x 1072

7Ar/*Ar)g (2.24 +£0.16) x 107 N/A

(36C1/2°An)k N/A (0.40 +0.01) x 107!

(“'Ar/*°An)k N/A (2.15+0.05) x 102

(°Ar/®Ar)q 257.8 + 2.5 239+ 6

OAr/*8Ar)k.al N/A 447 + 106

* This study.
1 Renne et al., (2005).
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5. Discussion
5.1. Implications of the additional interferences

The inclusion of the 39K(n,ot,/i')‘%Ar interference will affect all abso-
lute “°Ar/3°Ar ages. Although this change in age is slight (Fig. 6) there
are potential implications for high precision studies, where the modifi-
cation in age with the inclusion of this interference is at the level of the
analytical precision of the measurement, such as dating of mass
extinction events (e.g., Renne et al. 2015; Sprain et al., 2015), or the re-
evaluation of the ages of neutron fluence monitors (e.g., Kuiper et al.,
2008; Niespolo et al., 2017). The effect of including the 39K(n,ar,ﬂ)%Ar
interference becomes more pronounced with: (1) An increase in time
between irradiation and analysis (At;) (Fig. 7) and; (2) Larger differ-
ences between the age of the unknown sample and the neutron fluence
monitor age (Fig. 7). This underscores that minimizing At;,, (observing
precautions for safe handling) and matching the ages of the unknown
sample and neutron fluence monitor are the best practices in “°Ar/3°Ar
dating.

Additionally, the use of 3®Ar as a means to determine cosmogenic
exposure ages (e.g., Shuster and Cassata, 2015) or as a chemical tracer
for Cl (e.g., Kelley et al., 1986) could be affected by the overlooked g
(n,a,ﬁ)SBAr interference.

5.2. Nuclear cross sections

All GEANT4 simulations shown in this paper require the use of
physics databases for the nuclear cross-sections as a function of the
incident neutron energy. Fig. 1 shows the nuclear database cross-section
(ENDF VIII.O database) with recent measurements of the cross-section
by Rutte et al., (2019) using D-D fusion neutrons and 7Li(p,n)7B of the
39K(n,p)SQAr nuclear channel. It is evident from the measurements of
Rutte et al., (2019) that there is additional structure in the cross sections
across the 1-3 MeV range with a resonance peak at ca. 2.5 MeV. As well
as the excess structure for the 39K(n,p)sgAr reaction, it is plausible that
other important reaction channels on K isotopes may have more com-
plex structure unaccounted for in these physics databases. Additional
resonances for isotopes with similar atomic number nuclei such as
chlorine, have also been observed using the same D-D fusion neutron
source as Rutte et al. (2019), as documented by Batchelder et al. (2019).

In the K-salts irradiation example the discrepancies between the
simulated and measured interferences may be explained in two ways;
(1) A different neutron energy spectrum between the simulation and
that experienced by the sample in the CLICIT facility at the OSTR reactor
and; (2) Unaccounted for excess structure in the simulations relative to
the most recent measurements (Rutte et al., 2019). It is likely that the
differences between these values are a combination of both factors
which we outline next. We see concordance for (*°Ar/2°Ar) suggesting
that the neutron fluence is adequately described in the thermal energy
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region where this reaction is dominant; however, the (®8Ar/>Ar) is
about 30% greater for the simulated value. The production of >®Ar by the
39K (n,np)*Ar nuclear channel is dominant in the higher energy region
(sharp peak in the cross-section greater than 7 MeV; supplement
Fig. S10) which suggests that the neutron fission spectrum of the sim-
ulations is subtly different in the higher energy regime. This will require
addressing in further model iterations. The other potential reason for
slight differences between model and data is in the underlying physics
cross-section databases. GEANT4 simulations require reaction cross-
section data to be included in each simulation. The ENDF cross-
sections (Brown et al. 2018) used in these simulations are smooth and
do not account for the recently measured additional structure in the
cross-section of the 39K(r1,p)39Ar reaction (Rutte et al., 2019). Given that
these ratios are dependent on these nuclear channel cross-sections in-
tegrated over the incident neutron energies, the variation in the inter-
ference ratios would need to be of the same order of magnitude as the
variation in the cross-section to explain the discrepancy (i.e., ~30%).
Rutte et al. (2019) showed that in the 1-3 MeV there were additional
resonances in the cross-section of the 39K(n,p) 39Ar that are ~5 times
larger than the ENDF database (Brown et al., 2018). Therefore, it is
plausible that this is also a factor in the difference between simulated
ratios and the suite of data, especially in the higher energy region (>1
MeV). We can do an additional check using the chlorine production ratio
from 3°Cl and 37Cl, P(36Ar/38Ar)c1, which is independent of the known
additional structure in the 39K(n,p) 39Ar cross-section and spans the
entire fission neutron energy regime. The measured value from Renne
et al. (2008) is 258 + 2.5 and the simulated value is 239 + 6. The lesser
difference (~8%) between these two values relative to the (38Ar/39Ar)K
variation suggests that it is likely a combination of a subtly different
neutron energy spectrum and additional unaccounted for structure in
the cross-section of argon producing nuclear channels on potassium
isotopes.

6. Conclusion

In this work we have presented simulations of neutron irradiation for
routinely measured materials used for interference corrections in
40Ar/39Ar geochronology. We document the secondary nuclei and par-
ticles that are formed during the irradiation of routinely analyzed
samples which highlights the complexity of the irradiation process and
potential mass spectrometry interferences by introducing hydrocarbons
and helium/hydrogen into the system.

Furthermore, simulations of a feldspar type sample has highlighted a
previously overlooked production pathway of 3°Ar from 3°K by the 3K
(n,a,/i)36Ar nuclear channel. The inclusion of this inference results in
apparent ages that are older by ca. 0.05-0.4% for typical elapsed time
since the irradiation (At;, = 3-6 months). However, this change in age is
illustrative and will be unique to the suite of the sample to be analyzed,
irradiation protocol and relationship between the unknown and neutron
fluence monitor used. The interference correction should be determined
by the (3®Ar/3°Ar)k ratio and the known Aty (Fig. 6B). This interference
should be incorporated into routine data analysis, and may be especially
important in the intercalibration of the *°Ar/*°Ar system with other
chronometers (e.g., 2Oe’Pb/Z?'gU).

However, we reiterate EARTHTIME goals (Bowring et al. 2005) that
further refinements of neutron fluence monitor ages and determination
of the *°K decay constant are needed to put this overlooked interference
into more meaningful context.

The modeling presented here may also provide the first step in a
complete simulation of a sample from formation to data acquisition
allowing complex multi-phase geologic histories to be combined with
potential isotopic disturbance of the irradiation process to be
interrogated.

These simulations are validated by comparison of interference
correction for K-salts. We show relative concordance with these values
to those measured but also highlight the need for more physical
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measurements for the K cross-sections for Ar producing nuclear chan-
nels. These may also be of importance to the nuclear physics community,
e.g., for nuclear salt reactors using fuels which contain potassium.
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