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Abstract: This study confirms the theory of the variability of the origin of radioactive potassium in various me-
teorite classes, generated from the dynamic nucleosynthesis (primordial) process, and other processes induced 
by the solar/cosmic-radiation activation or fractionation caused by the impact vaporization mechanism. High- 
precision radioactive 40K analysis confirms the differences between various types of meteorites. The concentra-
tions of potassium change from 0.50 ±0.02 Bq/kg (NWA 15015, mesosiderite) to 26.2 ±1.2 Bq/kg (Chelyabinsk, 
LL  chondrite) i.e. three orders of magnitude. All radiometric measurements have been made using a low- 
background gamma spectrometry system. Additionally, a set of common minerals – Fa (fayalite in olivine), 
Fs (ferrosilite), and Wo (wollastonite in pyroxenes) – was applied (MetBase n.d.). For the radionuclides factor vari-
ability, the principal component analysis (PCA) for the chemometric analysis has been applied. Two factors of the 
40K variability have been identified, described, and explained. In this study, PCA was applied for the interpreta-
tion of the 40K potassium origin sources in 32 meteorite specimens, represent various groups and classes of mete-
orites. Two significant PCA factors of variability have been identified, PC1 (51.04%) and PC2 (30.68%), assigned as 
an activation process by cosmic radiation exposure and a nucleosynthesis mechanism (primordial), respectively.
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INTRODUCTION

Potassium is a minor constituent of the Solar Sys-
tem and one of the most common elements of the 
Earth’s crust, where it is exclusively oxyphilic (its 
content amounts to about 2.41% mass (Palme et al. 
2014) or 2.48% mass (Hrynkiewicz 2001)). K  is 
also present as a trace element in the atmosphere 
and is one of the main cations (K+) dissolved in 
seawater (Albarède 2009, Millero 2014). Potassi-
um is classified as a moderately volatile element 
as its Tc (condensation temperature) is 1006  K 
(Lodders & Fegley 1998, Lugaro et al. 2018, Law-
son et al. 2022, Vasini et al. 2022, Nie et al. 2023a). 
Melting of the internal structure during planetary 

differentiation processes, cause the Earth and 
other differentiated bodies to be depleted of K 
and other moderately volatile elements by almost 
one order of magnitude compared to chondrites 
(Bloom et  al. 2020, Nie et  al. 2021, Steller et  al. 
2022). The alkali metal potassium K has three nat-
urally-occurring isotopes: 39K, 40K, and 41K. Two 
stable isotopes: 39K and 41K, are accounting for 
93.2581% and 6.7302% of the total isotopes, re-
spectively. Both isotopes are produced by oxygen 
burning in massive stellar explosions (e.g., Type II 
supernovae; Clayton 2003). Radioactive 40K has 
a long half-life T1/2  =  1.248 ∙ 109  years and its de-
cay products are 40Ca (89.25%) and 40Ar (11.55%) 
(Zhao et  al. 2019). In the whole of the Earth’s 

http://www.wydawnictwa.agh.edu.pl
https://doi.org/10.7494/geol.2025.51.3.225
mailto:magdalena.dlugosz@p.lodz.pl
https://orcid.org/0000-0003-1358-049X
https://orcid.org/0000-0002-8094-7944
https://orcid.org/0000-0002-2807-4111
https://creativecommons.org/licenses/by/4.0/


226

https://journals.agh.edu.pl/geol

Długosz-Lisiecka M., Przylibski T.A., Łuszczek K.

structure, 40K reaches 0.0117% of the total  K.  
The average specific activity of the 40K isotope 
concentration in the terrestrial crust ranges from 
258 to 370 Bq/kg; however, the maximum value 
of 631 Bq/kg and 1850 Bq/kg is reached in basalts, 
and in granites and syenites, respectively (Atwood 
2010). K stable and radioactive isotopes have nu-
merous applications in geochemistry, including 
surface weathering, hydrothermal alteration, oce-
anic plate subduction, and global cycling (Li et al. 
2019). Potassium isotopes play a significant role in 
cosmochemistry and have been linked to theories 
such as the giant impact origin of the Moon or the 
synestia hypothesis (Hubbard 2016, Lock et  al. 
2018), solar nebula condensation, planetary for-
mation, and magma ocean evolution. Due to geo-
chemical and cosmochemical properties, the iso-
topes of K have the potential to be used as tracers 
for understanding the different evolutionary his-
tory of meteorites and the Earth. As a moderately 
volatile element, K can help us to understand the 
genetic relations and the thermal history of dif-
ferent groups and subgroups of meteorites and to 
better explain the mechanisms of the moderately 
volatile element fractionation during either nebu-
lar or planetary condensation/vaporization events 
(Zhao et al. 2019, Huang et al. 2023).

Potassium is a minor element present in vari-
ous meteorites, including the iron group. Signif-
icant 40K abundance differences have been found 
between ordinary, enstatite, and carbonaceous 
chondrites and achondrites, caused not only by 
the stellar nucleosynthesis process but also frac-
tionation, recrystallisation or cosmic-ray prima-
ry and secondary reactions (Rosborough et  al. 
2019). Thermal processes, nuclear decays, var-
ious exposure terms (cosmic ray exposure ages 
CREAs  – different times and particle fluxes in nu-
clear reactions) present in the history of an indi-
vidual meteorite matrix generate changes in 40K 
activity concentration and are the cause of dif-
ferent concentrations of 40K measured in meteor-
ites on Earth (Burnett et al. 1966, Nie et al. 2023b, 
Voskresensky et al. 2023).

In general meteorite structures, K remains 
common in lithophilic compounds; however, in 
iron meteorites, potassium’s contribution is in 
the range from 0.001 to 0.1 ppm. In chondrites, it 
is present primarily as an admixture in feldspars, 

while achondrites are poorer in K than chondrites, 
additionally showing greater concentration fluctu-
ations (13–600 ppm) (Polański 1988). The Moon’s 
rocks (and lunar meteorites) are poorer in K than 
the terrestrial rocks, and their K/Na ratio is lower 
(except the KREEP rocks). K also occurs in rocks as 
a dispersed admixture in pyroxenes or amphiboles, 
and micas. In sedimentary rocks, K concentrates as 
evaporite in K and K-Mg chlorides (Polański 1988, 
Albarède 2009, Kun et al. 2016, Erkaev et al. 2023, 
Huang et  al. 2023, Przylibski et  al. 2023, Roland 
et al. 2024, Varnam et al. 2024).

All meteorites contain the potassium element 
from mostly two sources. Potassium is formed 
through nucleosynthesis in massive stars and su-
pernovae, contributing to the interstellar medi-
um from which the solar system originated. This 
primordial potassium became incorporated into 
meteorites during the early stages of the forma-
tion of solar systems (Fischer et al. 2024). The sec-
ond source has a spallogenic character resulting 
from exposure to cosmic rays (induces spallation 
reactions within meteorites, producing cosmo-
genic isotopes of potassium). These interactions 
provide insights into the cosmic-ray exposure 
histories of meteorites. Additionally, redistribu-
tion of 40K isotope is possible and concentration 
of isotope can be controlled by thermal processes 
which parent body underwent (magmatic differ-
entiation, post magmatic, i.e., pneumatolytic pro-
cesses, and metamorphic processes, i.e., metaso-
matic exchanges). The celestial bodies of the Solar 
System are routinely exposed to cosmic radiation, 
mostly high-energy particles which initiate nucle-
ar reactions on the material and as result produce 
radioactive isotopes (Goriely & Pinedo 2015, Cur-
ry et al. 2022, Frizzell et al. 2023, Nie et al. 2023b, 
Dauphas et al. 2024).

Several studies use the 40K/K ratio as a com-
mon method for meteorite age determination (Ku 
& Jacobsen 2020). In comparison with different 
methods based on shorter-lived radionuclides, 
e.g., 26Al/21Ne or 36Cl/36Ar and 39Ar/38Ar, this meth-
od yields results about 35–50% higher (Hampel & 
Schaeffer 1979) or 40% lower in comparison to 
3He, 21Ne, and 38Ar dating methods (Ammon et al. 
2009). Hampel and Schaeffer (1979) indicate that 
the difference between dating results is probably 
caused by variations in cosmic ray intensity in the 
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inner Solar System. Burnett et al. (1966) indicate 
that the differentiation of the isotopic composition 
of potassium occurs in two cases, i.e., due to a var-
ious chemical composition and size distribution, 
in both parent and meteoroid bodies. The abun-
dance of the element in iron meteorites is low and 
does not exceed 0.1 ppm. The initial 39K,40K, and 
41K isotope contents in celestial bodies depend 
on the composition of interstellar clouds. Sever-
al studies have confirmed that meteoritical potas-
sium is a mixture of cosmogenic and ‘primordi-
al’ potassium (from the nucleosynthesis process) 
(Ammon et al. 2009, Tian et al. 2019, Zhao et al. 
2019, Nie et al. 2023a). However, for planetary ob-
jects with a primordial crust such as the Moon, 
K depletion may be due to the loss of K as the pri-
mordial crust cooled from a magma ocean (Tay-
lor & McLennan 2010, Jaumann et al. 2012, Mayer 
2012, Barr 2016). 

Herzog (2007) confirmed that primordial po-
tassium in stony meteorites exceeds the contri-
bution of the spallogenic component (Nie et  al. 
2023b). Iron and stony iron meteorites con-
tain measurable potassium abundances even for 
a relatively short cosmic ray exposures time (i.e., 
10 Myr). The meteorite evolution and its exposure 
history (π(plane) or 2π(sphere)), in theory can be 
described by the one-stage irradiation model of 
the meteorite bulk. In a parent body structure, the 
internal material, located many meters under the 
surface, has been shielded from cosmic rays. As 
a result of collisions, a fragment can be excavat-
ed and pushed out freely as a liberated meteoroid. 
The new object becomes fully exposed to cosmic 
rays (2π), orbits the Sun, until it finally strikes the 
Earth. The cosmic ray exposure age (CREA) and 
radiation flux have a significant influence on the 
component deconvolution to distinguish radio-
genic, trapped and cosmogenic components in the 
isotope signature. Therefore, radioactive isotope 
composition, measured during the last few half-
lives of nuclides, can supply valuable information 
about the age of the exposure (CREAs), different 
parent bodies origin and shielding depth, preat-
mospheric radius of the meteoroid, exposure his-
tory (one of two steps), terrestrial age, crystalliza-
tion age, etc. (Herzog 2007).

Establishing and interpreting the 40K iso-
tope abundances is challenging for a number of 

reasons. The 40K isotope production is a function 
of various processes, it can occur either in vari-
ous stellar processes with a low efficiency (e.g., ox-
ygen burning in massive stellar explosions; Clay-
ton 2003) or different nuclear reactions, based on 
a cosmic-ray-induced spallation on the main tar-
get elements like Fe or Ni or slow neutron-capture 
processes (Goriely & Pinedo 2015). The mixing of 
different components during thermal processes in 
the solar nebula is an unlikely explanation for the 
overall K isotope variations found in chondrites 
(Ku & Jacobsen 2020). However, a later study has 
shown that 41K/39K isotopic variations in carbo-
naceous chondrites are due to mixing between 
different chondritic components (Nie et al. 2021) 
while in contrast 40K in meteorites reflects both 
nucleosynthetic and cosmic ray induced anoma-
lies (Nie et al. 2023a).

Enrichment of the 50V, 40Ca, 43Ca, and 40K iso-
topes due to cosmic radiation has been noticed 
by Stauffer and Honda (1994) in Aroos (officially 
classified as a Yardymly IAB complex iron mete-
orite, found in 1959 in Azerbaijan) and in other 
iron meteorites. The enrichment of these isotopes 
may prove their common origin as spallation 
products from high-energy nuclear reactions 
with the Fe fraction. Stable isotopes of potassium, 
39K and 41K, in iron meteorites were produced by 
spallation reactions (Wang et  al. 2021). In 2004, 
Napolitani and co-workers estimated cross sec-
tions for 39K, 40K, and 41K reaction based on spall-
ation injected by protons equal to 8.06 ±0.88 mb, 
13.68 ±1.47 mb, and 10.22 ±1.11 mb, respectively. 
These data favour the 40K production and change 
the isotopic composition in comparison with ter-
restrial composition, resulting from a nucleo-
synthesis process in the past. In practice, in old 
(long duration spallation process in space, high 
CREAs) iron meteorites, cosmogenic 40K compo-
nent exceeds the natural (radioactive) 40K content. 
In stony meteoroids, the native potassium exceeds 
the cosmogenic component due to the shorter age 
of meteorites (lower CREAs, shorter exposure 
duration), lower iron concentration, smaller size, 
and different nuclear reaction channels for other 
chemical components of meteorites.

Additional 40K could have been produced by 
capture in stable 39K of neutrons from irradia-
tion. In this theory, in the terrestrial matter, some 
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contribution of 40K comes from a cosmogenic 
source (David & Leya 2019, Li et al. 2019).

Gastis et  al. (2020) noticed the nuclear re-
actions which determine the production of 40K 
during stellar evolution may perform a critical role. 
Zhao et al. (2019) confirmed that enstatite chon-
drites display significant 41K/39K variations, with-
out definitive trends among the chemical groups 
(EH and EL chondrites), petrological types (3–6), 
shock degrees (S2–S4), and terrestrial weather-
ing conditions. Ku and Jacobsen (2020) indicated 
the correlation of K with other neutron-rich nu-
clides, 64Ni and 54Cr. They concluded that the K 
isotope anomalies are inherited from an isotopi-
cally heterogeneous protosolar molecular cloud 
with a limited radial mixing in the protoplanetary 
disk. The thermal processing in the solar nebula 
results in the depletion of the solar system bodies 
in moderately volatile elements, fractionation, and 
the evaporation effect. Gastis et al. (2020) added 
an astrophysical reaction rate of 40K(n, p)40Ar re-
sponsible for the decreasing of 40K content during 
stellar nucleosynthesis.

Primary (mostly protons) and secondary (neu-
trons) cosmic-rays induce a large variety of high- 
and low-energy nuclear reactions. GCRs mostly 
take place in high energy nuclear reactions, with 
the domination of spallation reactions. The sec-
ondary cosmic-ray particles, especially the neu-
trons, primarily account for low energy reactions 
(<100 MeV), where the epithermal and thermal 
neutron capture processes dominate. The prima-
ry and secondary radiation and energy distribu-
tion of the particles influence the nuclear reaction 
channel and final isotope composition. As a result, 
the isotope production rate is proportional to the 
cross section of the production of specific nuclides. 
The half-life of 40K is too long to reach saturation 
level in (any) typical meteoroids. The high density 
and large size of many iron and stony meteorites 
generates a shielding effect (Flynn et al. 2018).

The aim of this study is to supplement knowl-
edge on the range of the 40K concentration in var-
ious types of meteorites on the basis of our own 
low-background measurements. The secondary 
goal of our work is to verify the origins of the 40K 
isotope in different groups of meteorites by apply-
ing PCA analysis. Principal component analysis 
(PCA) is a dimensionality reduction and machine 

learning method that enables the simplification of 
a large data set into a smaller set, while preserving 
significant patterns and trends. It achieves this by 
transforming the original correlated variables into 
a new set of uncorrelated variables called principal 
components. In the context of geochemical or iso-
topic analyses (e.g., K-40 in meteorites), PCA can 
help reveal underlying factors driving variability, 
such as cosmic exposure history, mineralogical 
differences, or potential terrestrial contamination. 
It also allows us to quantify the contribution of 
each factor to the total variance.

In this research, PCA is used to identify the 
factors determining the concentration of the K 
isotope in the material, and in relation to sam-
ples of meteorites of different origins, it was ap-
plied to determine quantitative trends. Essential-
ly, the analysis aims to help answer the question 
of where the 40K in meteorites comes from and 
what processes conditioned the accumulation or 
reduction of this isotope. Additionally, the sec-
ond isotope 26Al, was used in this study as a safe-
guard to facilitate the definition of factors iden-
tified by the PCA. Both isotopes – 26Al and 40K 
are correlated when the most important factor in 
their genesis is production by the influence of cos-
mic radiation. The 26Al produced during nucleo-
synthesis has already completely decayed, there-
fore the high values of the correlation coefficient 
between the content of both isotopes indicate 
the  paramount importance of cosmic radiation 
in the production of 40K present in the meteorite, 
which depends on its CREA.

Review of  
40K isotope nuclear production channels
Possible nuclear production channels for cosmo-
genic 40K in meteorites have been investigated. For 
this research, the open EXFOR Experimental Nu-
clear Reaction Data (IAEA) base has been applied 
(Fig. 1 on the interleaf) (EXFOR (IAEA) n.d., 
Otuka et  al. 2014, Zerkin & Pritychenko 2018). 
Five nuclear reactions have been identified as pos-
sible channels for this isotope production as a re-
sult of the interaction between a cosmic ray and 
the structure of a meteorite parent body. In gener-
al, an increase of duration of a parent body expo-
sure to the cosmic radiation causes an increase of 
cosmogenic 40K content. 
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Both SCRs and GCRs initialize two types of 
nuclear reactions based on cosmic-ray-induced 
spallation by high energy primary particles on 
Fe or Ni nuclei; nuclear activation reactions e.g., 
40Ar(p, n)40K or neutron capture reactions by sec-
ondary thermal neutrons. 

Figure 1 compiles five different sets of plots for 
various nuclear reactions as some examples, based 
on results downloaded from the EXFOR database. 
Figure 1A depicts the channel of interaction of 
high-energy protons with Fe (all isotopes in nat-
ural abundances). The plot represents the depen-
dence of the cross-section (barn) on the energy of 
the so-called ‘projectile’ particle on the target mate-
rial in 40K production. Figure 1B represents results 
of 39K(n, γ)40K reaction channel, however energy of 
particles is much lower (achievable data). Figure 1C 
represents results of 39K(n, γ)40K reaction.

An increase of potassium isotope productions 
in meteorites is caused by thermal neutron capture 
reaction 39K(n, γ)40K, but also by nuclear activation, 
e.g., 40Ca(n, p)40K shown in Figure 1D, 41K(n, x)40K, 
visible in Figure 1E. A slow neutron-capture pro-
cess (s-process) via the 39K (n, γ)40K re action and 
oxygen burning in massive stellar explosions are 
two potassium isotope 40K production channels of 
stellar nucleosynthetic processes (Clayton 2003). 

Zao et  al. (2020) noticed that a cosmogen-
ic production of the K isotopes from Fe should 
be most noticeable in samples with high Fe con-
tents due to more target nuclei and proton acti-
vation. Several studies confirm the production of 
all isotopes of K, including 40K in iron meteorites 
(Voshage et al. 1983) and stony meteorites (Her-
zog et al. 2009, Voskresensky et al. 2023).

In practice, various stony meteorites including 
HEDs, aubrites, lunar meteorites, carbonaceous 
and ordinary chondrites, as well as stony-iron and 
iron meteorites contain different 40K concentra-
tions, further validating their formation in differ-
ent regions of the solar nebula or planetary-like 
environment (differentiated objects like the Moon 
or the Vesta asteroid), and in diverse cosmic-ray 
exposure age (CREAs).

Fractionation of the elements
The concentration of K can be influenced by evap-
oration under Rayleigh–Taylor conditions as the 
cause of depletion of moderately volatile elements. 

Potassium is known as a moderately volatile ele-
ment (50% Tc of 1006 K) (Lodders & Fegley 1998). 
Therefore, several works revealed the variations in 
the K isotopic compositions between different plan-
etary materials (Zhao et al. 2019, Wang et al. 2021).

Potassium as an element tends to quantitative-
ly enter melts during partial melting processes, 
evaporation, or condensation fractionation mech-
anisms. 

In Bloom’s work (2020), there were two pos-
sible confirmed scenarios for the explanation of 
these phenomena:
1)	 a process occurring in the solar nebula envi-

ronment:
−	 incomplete condensation in the early Solar 

System (Ciesla 2008);
−	 partial evaporation of interstellar dusts 

(Yin 2005) in the solar nebula (Huss et al. 
2003, Huss 2004);

−	 mixing of chondrite components formed in 
distinct volatile-rich and volatile-poor res-
ervoirs (e.g., Alexander et al. 2001);

2)	 planetesimal creation mechanism including: 
−	 accretional volatile loss (Albarede 2009, 

Hin et al. 2017); 
−	 giant impacts (Paniello et al. 2012); 
−	 magma ocean degassing (Kato et al. 2015); 
−	 extraction into atmospheres and atmo-

spheric losses (Fegley et al. 2016).
As a result of some of these processes, it is pos-

sible to observe the depletions of volatile elements 
among various meteorites. Bloom et al. (2020) ex-
plained the K isotope fractionation observed in 
the carbonaceous chondrites with a combination 
of both nebular and parent-body processes.

MATERIAL AND METHODS

We conducted a multidisciplinary study of several 
meteorites representing various groups and class-
es. To obtain contributions from each process, 
two radionuclides 26Al and 40K concentrations and 
major minerals composition were measured in all 
known chondrite groups (ordinary, enstatite, car-
bonaceous) and achondrite meteorites (iron mete-
orites, ureilites, eucrites, mesosiderites, pallasites, 
lunar, and HED) specimens. To estimate the con-
tributions of radioactive potassium from various 
sources in meteorites, chemometric methods were 
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applied. An analysis of the results estimates a pri-
mordial and spallogenic potassium component. 

In order to identify the sources of variability of 
the potassium 40K isotope, the method of principal 
components analysis (PCA) was applied. This is 
used to reduce the number of variables describing 
the occurrence of a given phenomenon and to find 
regularities between the variables. In this research, 
Kaiser’s criterion for the selection of the number 
of significant components and the Varimax rota-
tion method were applied, which is typically used 
for factors that are potentially independent of 
each other. Results were analysed in a spreadsheet 
and the following plots of the sources of the vari-
ability were obtained. The test was repeated sev-
eral times in different configurations due to the 
smaller influence of some factors (a low content of 
wollastonite in individual samples). PCA was ap-
plied to the database, built including a radiomet-
ric approach (two long-lived radionuclides, 40K 
and 26Al) and three common mineral phases: fay-
alite (Fe-olivine), ferrosilite (Fe-orthopyroxene),  
and wollastonite.

The anomalies in the concentration of the 40K 
isotope in different groups of chondrites and achon-
drites should be investigated. The 40K and 26Al con-
tents were tested with a low background gamma 
spectrometer in 29 meteorites, 38 specimens in 

total, including various groups, petrographic types, 
weathering grades, shock stages, and both finds 
and falls of meteorites (Fig. 2).

Most meteorite specimens come from the col-
lection of the Geological Museum of University 
of Lodz. Only HaH 346 (10 samples) come from 
two different sources (two different groups of me-
teorite hunters): seven items from a commercial 
collection and three items from a private collec-
tion. The selection of specimens and their groups 
was dictated by the available resources. All sam-
ples were on loan for the duration of the radio-
metric analysis. Long term measurements lasting 
over one year in total were carried out in the Lodz 
University of Technology in the Institute of Ap-
plied Radiation Chemistry, precisely the Labora-
tory of Isotopic Methods. In this study, a unique, 
low-background (with active and passive re-
duction of the background) gamma spectrom-
etry system has been applied (Długosz-Lisiecka 
2016, 2017, 2019, 2022). The applied method was 
non-destructive for the samples. The detection ef-
ficiency for the whole specimens was determined 
by the LabSOCS method for the quantitative anal-
ysis of the specimens. Each sample measurement 
was carried out over 320,000 s to reduce the un-
certainty of the both isotopes activity concentra-
tion analysis (Długosz-Lisiecka et al. 2022). 

Fig. 2. Spectrum of the OC meteorite specimen (green line), background (brown line). 40K (1460.8 keV peak energy line) and 26Al 
(1808.7 keV peak energy line) 

40K

26Al
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In the radioanalytical approach, only long-lived 
radionuclides, 40K, T1/2 = 1.248 ∙ 109 years and 26Al, 
T1/2 = 7.17 ∙ 105 years were analysed based on the 
1460 keV and 1808 keV peak energy line, respec-
tively (NDS Nuclear Data Services (IAEA) n.d.).

Several well-known specimens of meteorites, 
representing various classes and groups, were an-
alysed. The authors used meteorite samples from 
7 observed falls and 22 finds (Table 1). For the 
HaH 346 chondrite, the 40K isotope abundanc-
es have been analysed in 10 different specimens 

independently to test homogeneity of this mete-
orite by repeated measurements. The samples of 
the same chondritic meteorites have been used to 
check the homogeneity of the samples and robust-
ness of the measurements of the 40K isotope.

In most cases, the analysed chondrites were 
the higher petrographic types of 5 or 6 and had 
different shock stages (S1–S4). Those from ob-
served falls had low weathering changes (W0), 
while the others (finds) had a higher weathering 
grade (W1–W4).

Table 1
List of meteorites (characterized after the MBD Meteoritical Bulletin Database n.d.), specimens of which were examined for 
the 40K and 26Al activities concentration

No. Meteorite name Class, group, 
subgroup*

Applied mass
[g]

Fall/find location,
Year of find/fall

1. Northwest Africa 8529
(NWA 8529) OC, H6, S2, W2 84 Northwest Africa,

2014 (found)

2. Sayh al Uhaymir 542
(SaU 542) OC, H6, S1, W3/4 65 Al Wusta, Oman,

2011 (found)

3. Tamdakht OC, H5, S3, W0 60
Tamdakht (Ouarzazate), 

Morocco, 
2008 (fall)

4. Chergach OC, H5, S3, W0 105
SW El Mokhtar, Erg Chech, 

Timbuktu district, Mali
2007 (fall)

5. Gao-Guenie OC, H5 54

Gao, a village about 60 km N of 
the town of Leo, Upper Volta, 

Burkina Faso
1960 (fall)

6. Pultusk OC, H5 280 Poland, Ostrołęka, 
1868 (fall)

7. Buzzard Coulee OC, H4, S2, W0 56
Wilton Rural Municipality, 

Saskatchewan, Canada,
2008 (fall)

8. Ghubara OC, L5 104 Oman,
1954 (found)

9. Sayh al Uhaymir 001 (SaU 001) OC, L5, S2 W1 87 Oman,
2000 (found)

10. Hammadah al Hamra 346 
(HaH 346) OC, L6, S5, W0

134
221
198
201
200
207
163
120
141
54

Gharyan, Libya,
2019 (found)

11. Aba Panu OC, L3, S4, W0 154 Oyo, Nigeria,
2018 (fall)

12. Chelyabinsk OC, LL5, S4,W0 78 Chelyabinskaya oblast’, Russia,
2013 (fall)
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No. Meteorite name Class, group, 
subgroup*

Applied mass
[g]

Fall/find location,
Year of find/fall

13. Northwest Africa 4561
(NWA 4561) EL-melt rock 90 Erfoud, Morocco,

2006 (found)

14. Allende CV3 48 Chihuahua, Mexico,
1969 (fall)

15. Northwest Africa 14149 (NWA 
14149) CK4 164 Northwest Africa,

2021 (found)

16. Northwest Africa 8095
(NWA 8095) CO3, S1, low 31 Northwest Africa,

2013 (found)

17. Gibeon Iron, IVA 33 Namaland, Namibia,
1836 (found)

18. Odessa Iron, IAB-MG 37 Texas, USA,
1922 (found)

19. Morasko Iron, IAB-MG 379 Poland, 
1914 (found)

20. Northwest Africa 11421
(NWA 11421)

Lunar (feldspathic 
breccia) 5.2 Northwest Africa,

2017 (found)

21. Northwest Africa 15604 (NWA 
15604)

Lunar (feldspathic 
breccia) 40 Northwest Africa,

2022 (found)

22. Seymchan Pallasite, PMG 23 Magadanskaya oblast’, Russia,
1967 (found)

23. Northwest Africa 10505
(NWA 10505)

Diogenite, HED 
achondrites 26 Northwest Africa,

2015 (found)

24. Northwest Africa 6069
(NWA 6069) Ureilite 28 Northwest Africa,

2009 (found)

25. Northwest Africa 2698
(NWA 2698)

Howardite, HED 
achondrites, S3-5, W2 12 Northwest Africa,

2004 (found)

26. Northwest Africa 6266
(NWA 6266) Mesosiderite-B4 8 Northwest Africa,

2010 (found)

27. Northwest Africa 15015
(NWA 15015) Mesosiderite 331 Northwest Africa,

2022 (found)

28. Camel Donga Eucrite-mmict, HED 
achondrites 15 Western Australia, Australia,

1984 (found)

29. Djoua 001 Aubrite 101 Algieria, 
2021 (found)

* For ordinary chondrites (OC) the information on shock stage and weathering grade is included.

RESULTS AND DISCUSSION

There are several possible nuclear reaction chan-
nels for the production of the 40K nuclide by cos-
mic rays, based on protons (primary cosmic radi-
ation) or thermal/epithermal neutron (secondary 
cosmic radiation) capture. Results of the 40K iso-
tope concentrations presented in the literature in 
meteorite samples fluctuate in a wide range, from 
280 ±50 dpm/kg (dpm – disintegrations per min-
ute) (Povinec et  al. 2015) to 2000 ±150 dpm/kg 
(Povinec et al. 2020). In this study, the 40K activity 

concentration changed from 21.9 ±0.5 dpm/kg to 
2661 ±90 dpm/kg in various meteorite specimens. 
The results of all measurements of the 40K activity 
concentration in the studied meteorites are pre-
sented in Figures 3 and 4. The highest value of the 
40K activity concentration equal to 26.2 ±1.2 Bq/kg 
was found in the Chelyabinsk (LL chondrite) and 
only a slightly lower value (25.7 ±1.1 Bq/kg) in the 
ordinary chondrite of the (L chondrite) – NWA 
14149. However, the lowest values of 40K activity 
concentration were measured in the NWA 15015 
(mesosiderite) 0.50 ±0.02 Bq/kg. 

Table 1 cont.
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In the case of the K isotope fractionation (in dif-
ferent meteorites), the abundance of 40K will poten-
tially change. This can be the result of the primor-
dial and cosmogenic (secondary) origin of 40K. The 
clear cosmogenic character of 40K is shown in Fig-
ure 3, where the potassium radioactive isotope oc-
curs in a specific correlation with the 26Al isotope.

In theory, cosmogenic 40K can be a product of 
the nuclear reaction of the cosmogenic radiation to 
Fe present in meteorites (Fe(total isotopic content) 
(p, x)40K, with a cross section equal to 8 ±1 mb for 
energy 0.73 GeV of protons). Alternatively, an or-
der of magnitude more effectively, cosmogenic 40K 
isotope production can be allowed by a low-energy  
neutron capture by the stable isotope 39K, e.g., in 
reaction 39K(n, g)40K with a cross section equal 
to over 8.8 b (Guber et al. 2007). The occurrence 
of probable reactions as a result of which the 40K 
isotope can be produced in meteorites generates 
a strong theoretical basis for the prediction of its 
cosmogenic contribution.

In the stony meteorite specimens, the major 
amount of the 40K activity has a primordial origin 
(Fig. 4). In each meteorite class, its concentration 

can vary widely, due to other processes like cosmic 
exposure, thermal history and group. The cosmo-
genic contribution depends on its chemical compo-
sition, especially the content of Fe, Ca, Ar, and K sta-
ble isotopes, type of particles initialized by protons 
or neutrons, and its energy. Due to the high density 
and shielding character of the meteoroid matrix, 
particle flux can change, and reaction channels 
can be more efficient (for neutrons) or less efficient 
(for protons). The occurrence of a different mete-
orite chemical or mineral composition (silicates 
and metal phases) can locally change the 40K pro-
duction (Marshall 1962, 1968, Bogard et al. 1967).

Several studies describing Antarctic finds have 
shown that the K isotopic composition of Antarc-
tic meteorites has not been altered compared to 
meteorite falls. However, one detailed study has 
observed substantial K enrichment in hot desert 
meteorites and attributed this to terrestrial alter-
ation, probably from the precipitation of K-bearing  
salts and sulphates (e.g., sylvite (KCl)) and con-
firmed a large range of K isotopic compositions 
(including 40K) for meteorites even from the same 
fall (Zhao et al. 2019). 

Fig. 3. 40K and 26Al activity concentration correlations in various meteorites
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On the other hand, 40K isotope activities can 
change with density, chemical composition, and 
pre-atmospheric radius of the meteoroid.

For this reason, the percentage content of three 
minerals one from the group of olivines (fayalite, 
an iron-rich end member of the olivine isomor-
phous solid solution series), and two of pyroxenes 
(ferrosilite, an iron-rich end member of the ortho-
pyroxene solid solution series and wollastonite, 
the calcium end member of the pyroxenoids), 
commonly found in the studied meteorites, was 
obtained from the literature (Saunier et al. 2010, 
Korda et al. 2023) (Fig. 5).

Five variables were used for the analysis: the 
concentration of the isotopes 40K and 26Al (Fig. 3), 
and the contents of Fa, Fs, Wo (Fig. 4). The PCA 
analysis reduces the number of variables and cre-
ates new non-physical variables in the form of 
principal factors. Usually, the main factors that 

explain the total variance to the greatest extent are 
considered (criterion >10% was used). Two main 
factors PC1 and PC2 (with eigenvalue >1) explain 
about 82% of the total variance (Table 2).

Table 2
Summary of the PCA analysis factors

No. Eigenvalue
Percentage 

of explained 
variance [%]

Cumulative 
value [%]

1. 2.55 51.04 51.04
2. 1.53 30.68 81.73

The cumulative percentage of the explained 
variance of the analysed variables (Table 2) was 
defined as the smallest number of principal com-
ponents for which the sum of their variance’s ac-
counts for a certain portion of the variance of all 
the variables subjected to reduction. 

Fig. 4. 40K and 26Al isotopes activity concentrations 
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According to various sources, the lower limit 
that this sum must exceed is 75%. In this study we 
applied Kaiser’s criterion and considered principal 
components with eigenvalues greater than one (al-
ternatively, the percentage of the explained vari-
ance must be greater than 10%). 

A detailed summary of the main factors is 
shown in Table 3. This table directly indicates the 
impact of the input data, i.e., 40K, 26Al or Fa, Fs, Wo, 
on the results of the PCA analysis, i.e., new vari-
ables in the form of the main factors. PCA allows 
for determining whether there is a set of latent fea-
tures that generate the observed 40K concentrations. 
All of the values presented in Table 3 are vectors. 

Table 3 shows principal component factors for 
all the analysed variables. The most significant 
component (PC1) highly corresponds to the 40K, 
26Al isotopes and Fa (fayalite in olivines) contri-
bution. Component no. 2 (PC2) corresponds to 

the Fs and Wo contributions, i.e. with pyroxene 
minerals.

Table 3
Influence of the input data on the PCA factors (bold values are 
statistically significant)

Variables Principal 
component PC1

Principal 
component PC2

40K 0.58 0.00
26Al 0.56 0.03
Fs 0.23 0.71
Fa 0.51 −0.05

Wo −0.21 0.71

The PC1 (percentage of explained variance 
equal to 51.04%) factor appears to be an activation 
process – generating 40K in the meteoroid (Fig. 6). 
It should be emphasized that activation is a process 
that is quantitatively dependent on several factors: 

Fig. 5. Fa, Fs, and Wo in meteorites (MBD Meteoritical Bulletin Database n.d.)
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the number of target atoms (potentially Fe, Ar in 
direct reactions with protons, or the 40Ca or 39K iso-
topes in the secondary reactions with neutrons). The 
PC1 factor is particularly important for the content 
of the 40K isotope in the lunar meteorite. The Moon, 
made of feldspar (the main mineral of anorthosites) 
and basalt, relatively younger than other studied 
meteorites, has favourable conditions for the accu-
mulation of the 40K isotope from several reaction 
channels due to the distance to the Sun and a high-
er solar radiation dose rate (Eugster et  al. 2006). 

Figure 7 directly shows the value of the identi-
fied components for each meteorite specimen. The 
principal component analysis indicates variation 
factors showed that the first factor of variation is 
responsible for about 51%, the second factor for 
about 30%, and the third factor for about 10% of 
the variability of the observed results (not statisti-
cally significant, according to Kaiser’s criterion). 

The production of 40K can not only occur 
through the (p, x) reaction, (e.g., Fe) but also com-
petitively through (n, x) reactions, where the reac-
tion channel on 40Ca is the most favoured (Fig. 1D). 
Therefore, the greatest 40K activities are observed 

in those meteorites that naturally contain silicates 
in the form of both olivines and pyroxenes. A good 
example is the LL chondrite Chelyabinsk, where 
the highest activity of the isotope was observed. 
Lower contents of potassium 40K are observed in 
specimens containing a high content of Fe. The 
PC1 factor clearly correlates potassium 40K with 
the elemental composition of measured sample, 
which confirms the presence of the oldest silicate 
material constituting the chondrules and matrix 
of chondrites. The positive value of the PC1 factor 
(Fig. 8) presumably indicates the current presence 
of the 40K isotope in the chondrites. Negative val-
ues, on the other hand, may indicate the absence 
of the 40K isotope of a primary origin which means 
that the 40K activity deposited in the silicate mate-
rial of chondrites could have undergone natural 
decay or a reduction in the mass of silicate ma-
terial during subsequent processes, e.g. fractional 
melting and crystallization. The silicate material 
that builds the parent bodies of chondrites, about 
4.5 billion years old, may have lost a significant 
portion of the activity of this isotope, considering 
its decay time of about 1.25 billion years.

Fig. 6. Correlation of PC2 (30.68%) and PC1 (51.04%) components in various meteorites 
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As Table 3 indicates, 40K has no effect on the 
PC2 factor (vector equal to 0.00), so it appears 
that PC2 may be the component that corresponds 
to the nucleosynthetic process that, in general, 
determined the isotopic composition of elements 
4.5 billion years ago and determined the 40K con-
tent of objects in the Solar System. The decay time 
of 40K is about 1.25 billion years, so after 4.5 bil-
lion years, only 8.2% portion of original nucleus 
of potassium from nucleosynthesis remains. We 
can presume that one of the factors connecting all 
of the samples is the effect related to the mech-
anism of the primary potassium synthesis (nu-
cleosynthesis – in stellar nebulae or in the core) 
(Bloom et al. 2020, Ku & Jacobsen 2020, Nie et al. 
2023b). This factor is significantly related to chem-
ical composition and will clearly differentiate in-
dividual groups of meteorites, depending on their 
structure and origin (Hu et al. 2024).

After identifying the main factors of 40K vari-
ability using factor analysis, an additional statis-
tical tool such as multiple regression can be used 
to assess the predicted concentration of 40K. This 
simple statistical approach can even be used in 
MS Excel in the data analysis section. The differ-
ence between the measured and predicted concen-
trations defines the residual.

Figure 8 shows the predicted portions of the 
40K content in various meteorites. In some spec-
imens like NWA 6069 (ureilite) or NWA 10505 
(diogenite), the abundance of the isotopic potas-
sium was overestimated. The measured values 
were significantly lower than those predicted by 
the PCA analysis. The reasons for such a dispro-
portion are possibly other processes which define 
the isotopic signatures and a unique mineral com-
position, especially linked with the parent body 
structure and composition.

Fig. 7. Identified two PC1 and PC2 components of variability, compiled for individual groups of meteorites
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DISCUSSION

Determination of the 40K isotope production dy-
namic is a simple function, but its application is 
only possible when the exposure age of meteor-
ites is well known. In practice, the excess of the 
40K isotope resulting from a different cosmic ex-
posure age causes the variability of potassium 
concentrations even in the same meteorite group 
and class. Moreover, impact events cause the de-
gassing of parent rocks and resetting of isotopic 
signature (e.g., Ar-Ar) and consequently a lower 
amount of radiogenic 40K from 40Ar decay. Ad-
vanced analytical methods like PCA are essential 
to unravel the complex history and behaviour of 
potassium in extraterrestrial contexts. The prin-
cipal component PC1 (51.04%) is the axis that ex-
plains the largest portion of the variance in the 

data. PC1 is a linear combination of the original 
variables. Depending on the original data values 
and the weights (coefficients) assigned to each 
variable in this combination, the resulting val-
ues can be positive or negative. The 40K content 
is most influenced by the PC1 component (pos-
itively), i.e., cosmogenic differences in the solar 
nebula and reactions during the trajectory of the 
meteoroid (but 26Al and Fa as well). The solar and 
galactic cosmic radiation effects and secondary 
neutrons from spallation reactions thrive in the 
Fe-poor samples and thus the neutron-induced 
isotope. At the same time, PC2 is positively cor-
related with Fs and Wo, but explains the second- 
largest portion of the variance in the data. PC2 is 
orthogonal to PC1 and ensures that PC2 rep-
resents a new dimension of variability that is not 
captured by PC1.

Fig. 8. Measured, predicted, and undefined residue of the 40K activity in the measured meteorite specimen, based on multiple 
regression
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PC3 represents a new third principal compo-
nent, however, in these studies, it is not statistical-
ly significant. It is usually burdened with the larg-
est error and was therefore not considered in this 
approach. In almost every sample, 40K from both 
processes is present, i.e., from the dominant acti-
vation process (PC1) and nucleosynthesis (PC2). 
According to Figure 6, ordinary chondrites show 
the greatest contribution from the PC1 factor and 
a smaller, negative contribution from the PC2 
factor. The negative sign of the variability factor 
in PC2 case indicates a loss of 40K from the nu-
cleosynthesis process. Ordinary chondrites most 
likely lost the isotope due to its radioactive de-
cay, or a significant amount of 40K was lost due to 
other processes during the early stage of CREA 
exposure. In the case of the lunar meteorite, the 
dominant factor determining the 40K content is 
nucleosynthesis, while this meteorite shows a de-
ficiency in 40K content from nuclear reactions. Al-
ternatively, 40K could activate but did not, likely 
due to material being too deep within the parent 
body or meteoroid. It is important to note that the 
efficiency of the activation process will vary with 
the depth of the material. Activation processes 
will be weakest deep inside an asteroid, which is 
why shielding depth in the parent body is so cru-
cial in determining the cosmogenic isotope pro-
duction, including noble gases as well as 40K. This 
may be evidence that the Moon formed from ma-
terial more isolated from cosmic radiation (mate-
rial from the deeper layers of the forming planet/
planets).

Therefore, the PC1 factor reflects the accu-
mulation process of 40K from nuclear reactions, 
which depends on several important parameters: 
chemical composition (availability of 40Ca, 39Ar, 
39K and iron Fe isotopes), efficiency of the activa-
tion process (mainly cross-section), as well as the 
duration of CREA. In general, the oldest meteor-
ites, which have not undergone other processes 
conducive to fractional potassium, should exhib-
it the highest contribution of 40K. For meteorite 
clans with similar composition and origin, the 
PC1 component can determine the CREA of me-
teoroids. This is confirmed by the dominant con-
tribution of the PC1 factor in iron meteorites, me-
sosiderites, and aubrites.

CONCLUSIONS

This comprehensive overview of potassium 40K in 
the context of meteoritics and planetary science, as 
well as nuclear processes, covers multiple aspects 
of potassium’s occurrence, behaviour, and signifi-
cance. A set of 32 specimens of various meteorites 
was analysed using a unique low-background gam-
ma spectrometry system. The 40K isotope concen-
tration of the different meteorites vary in a wide 
range (three orders of magnitude), between 0.5 and 
26.2 Bq/kg (21.9 ±0.5 dpm/kg to 2661 ±90 dpm/kg), 
providing a broader range than previously present-
ed in the literature. The lowest 40K content was re-
corded in NWA 15015 mesosiderite, while the 
highest in Chelyabinsk (LL5) ordinary chondrite. 
Generally, according to our results, we can also see 
this trend in other samples – the highest content of 
40K is found in ordinary chondrites (L and LL) and 
the lowest in mesosiderite (stony-iron meteorite). 

Based on the obtained research results, the au-
thors believe that by analyzing a much larger num-
ber of different types of meteorites, it will be pos-
sible to obtain significant information about their 
origin and time of exposure to cosmic radiation. In 
this aspect, lunar meteorites may constitute an ex-
cellent model for meteorites in which 40K is main-
ly associated with nucleosynthesis, and the role of 
exposure to cosmic radiation is very limited due to 
the very short CREA – ranging from only several 
tens of thousands of years to several million years.

Data Availability Statement: The data under-
lying this article will be shared on submission of 
a reasonable request to the corresponding author.
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