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Abstract

The distribution of Cr isotopes provides useful information to trace the source and origin of extraterrestrial samples, but it is
usually influenced by high-energy cosmic rays. Since lunar and terrestrial materials have quite similar Cr isotope compositions,
distinguishing the effect of cosmic rays in lunar samples is especially important. Those cosmic radiation particles (primary
particles) can react with lunar materials, creating many secondary particles. Both primary and secondary particles can produce
cosmogenic nuclides on the Moon. Radiation Environment and Dose at the Moon (REDMoon) is a novel GEANT4 Monte-
Carlo model built to simulate the interactions of space particles with the lunar surface and subsurface content. Using this
model, we simulate the production of cosmogenic Cr isotopes (3" {50}$Cr,$"{52}$Cr,$"{53}3Cr,$"{54}3Cr) at different depths
of lunar surface, and compare the contribution of different reactions generating these nuclides. The results suggest that
spallation reactions are the most important process producing cosmogenic Cr isotopes. We also analyze the relationship between
$°{53}$Cr/$"{52}$Cr and $"{54}$Cr/$"{52}$Cr predicted by our model and compare it with different Apollo samples. As
previously studied, we also find an approximate linear relationship between $\varepsilon”{53}$Cr and $\varepsilon”{54}$Cr
(per 10,000 deviation of $"{53}$Cr/$"{52}$Cr and $"{54}3Cr/$"{52}$Cr ratios from the standard). Furthermore, we reveal a
change of this linear relationship in different depths of lunar surface. Besides, we investigate how the slopes can be influenced
by exposure age and the Fe/Cr ratio. With these additional factors carefully considered, the comparison between our modeled

results and the measurements is better than previous studies.
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Key Points:

« We simulate the production rate of cosmogenic Cr nuclides in the lunar terrain
with a newly validated lunar radiation model

« We compare the contributions of different processes producing Cr isotopes

« We analyze the relationship between 54Cr/52Cr and 53Cr/52Cr constraining lu-
nar evolution models
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Abstract

The distribution of Cr isotopes provides useful information to trace the source and ori-
gin of extraterrestrial samples, but it is usually influenced by high-energy cosmic rays.
Since lunar and terrestrial materials have quite similar Cr isotope compositions, distin-
guishing the effect of cosmic rays in lunar samples is especially important. Those cos-
mic radiation particles (primary particles) can react with lunar materials, creating many
secondary particles. Both primary and secondary particles can produce cosmogenic nu-
clides on the Moon. Radiation Environment and Dose at the Moon (REDMoon) is a novel
GEANT4 Monte-Carlo model built to simulate the interactions of space particles with
the lunar surface and subsurface content. Using this model, we simulate the production
of cosmogenic Cr isotopes (°°Cr,%2Cr,53Cr,5*Cr) at different depths of lunar surface, and
compare the contribution of different reactions generating these nuclides. The results sug-
gest that spallation reactions are the most important process producing cosmogenic Cr
isotopes.We also analyze the relationship between **Cr/52Cr and **Cr/®2Cr predicted
by our model and compare it with different Apollo samples. As previously studied, we
also find an approximate linear relationship between ¢*Cr and £>*Cr (per 10,000 devi-
ation of ®*Cr/52Cr and ®*Cr/52Cr ratios from the standard). Furthermore, we reveal a
change of this linear relationship in different depths of lunar surface. Besides, we inves-
tigate how the slopes can be influenced by exposure age and the Fe/Cr ratio. With these
additional factors carefully considered, the comparison between our modeled results and
the measurements is better than previous studies.

Plain Language Summary

Cosmic rays arriving at the Moon can change the isotopic compositions on the lu-
nar surface including chromium isotopes which can be used to constrain the evolution
history of the Moon. Here, we use the state-of-the-art model to simulate the high-energy
particles and the chromium isotopes generated in the lunar material by different cosmic
ray sources. After including various factors that have been omitted by previous stud-
ies, we reach a better agreement between our model prediction and the Apollo lunar sam-
ples. Such an improved analysis of the lunar cosmogenic isotopes contributes to a bet-
ter understanding of the origin of the Moon.

1 Introduction and Motivation

The short-lived radionuclides can provide constraints for models of nucleosynthe-
sis. Because of the short half life, they are also sensitive chronometers and tracers for
extraterrestrial samples and evolutionary processes in the early solar system. The °3Mn-
53Cr system is a useful tool to study the fine history of early solar system processes, es-
pecially for the first 20 million years (Myr) (Lugmair & Shukolyukov, 1998), with the
half life of ®*Mn being 3.7 Myr (Honda & Imamura, 1971). The nucleosynthetic anoma-
lies are good indicators to identify the source of the materials migrated in the solar sys-
tem, and this method is widely used in the study of the Moon. In particular, Cr shows
large nucleosynthetic anomalies between samples from various sources in the solar sys-
tem, but lunar and terrestrial samples have a quite similar Cr isotope composition (Qin
et al., 2010). The Moon has only a little higher £>3Cr and °*Cr (per 10,000 deviation
of ®3Cr/*2Cr and ®*Cr/*?Cr ratios normalized to the 5°Cr/52Cr ratio from the NIST SRM
3112a Cr standard) than the standard value according to sample measurements and this
has been suggested to be the additional contribution of cosmogenic Cr generated in the
lunar soil and rocks (Qin et al., 2010; Mougel et al., 2018).

Since the Moon has neither an atmosphere nor a magnetosphere, it is permanently
bombarded by high-energy cosmic rays which are mainly composed of background Galac-
tic Cosmic Rays (GCRs) and sporadic Solar Cosmic Rays (SCRs). SCRs are sometimes
also referred as Solar Energetic Particles or SEPs as they are generated during occasional
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solar eruptions (R. C. Reedy & Arnold, 1972). In the Earth’s vicinity, SCR ions may have
a very high flux in the energy range up to 100 MeV /nucleon, while GCR particles have

a relatively stable flux over a wider energy range from several MeV /nucleon to more than
100 GeV/nucleon. When these high energy charged-particles reach the Moon (identified
as primary particles), they can react with the lunar surface material, producing a large
amount of secondary particles, including charge-free neutrons. The primary and secondary
particles in the lunar regolith can further induce spallation and neutron capture processes
that can significantly alter the 53Cr/52Cr and *Cr/52Cr ratios in lunar surface mate-
rials. Therefore, it is important to understand, model and quantify these cosmogenic ef-
fects.

There have been studies simulating the production of different cosmogenic nuclides
in meteorites and in the lunar return samples (Leya, Halliday, & Wieler, 2003; Leya et
al., 2021). There is an approximate linear relationship between ¢>*Cr and °*Cr in lu-
nar samples according to Mougel et al. (2018), but the predicted linear slope from sim-
ulations does not agree with the experimental data very well (Leya, Wieler, & Halliday,
2003). This may be because the model only considered the influence of GCRs when cal-
culating cosmogenic Cr isotopes, while we will show in this study that the SCR contri-
bution makes a significant impact at shallow layers of the lunar regolith.

The REDMoon (Radiation Environment and Dose at the Moon) is a particle trans-
port model in the lunar environment built by Dobynde and Guo (2021) based on GEANT4
code (Agostinelli et al., 2003). It can calculate the primary and secondary particle flux
of different types on and under the lunar surface. In this work we first use the REDMoon
model to derive the proton (both primary and secondary) and neutron (only secondary)
flux at different depths of the lunar regolith. Both GCR and SCR, primary particles are
considered as possible radiation sources for our calculations. Next, Cr, Fe, Mn, Ni in the
lunar material are considered as target elements and we simulate the spallation and neu-
tron capture process induced by energetic protons and neutrons (obtained in the pre-
vious step) arriving at these targets using the cross sections from the ENDF/B database,
Talys 1.95 codes, and INCL v6.29 codes (A. J. Koning et al., 2007; Boudard et al., 2013).

We calculate and analyze the influence of different reactions producing Cr isotopes
in lunar surface materials, and derive the ®*Cr/52Cr and 5*Cr/52Cr ratios considering
various exposure ages. We find that both SCR and GCR particles can alter the **Cr/®2Cr
and ®*Cr/52Cr ratios. Within the first few centimeters of the lunar surface, the main con-
tribution comes from SCRs while at deeper layers the GCR-induced process plays a much
more important role. Meanwhile, the sample exposure age and Fe/Cr ratio can also af-
fect the relative ratio of Cr isotopes. With various factors carefully considered in our study,
the comparison between our modeled results and the Apollo measurements is much bet-
ter than previous studies.

The paper is organized as following. In Section 2, we introduce the radiation sources
reaching the Moon, including the models and spectra of GCRs and SCRs. Section 3 de-
tails the methods and models used in our radiation transport simulations and isotope
calculations. The REDMoon model is employed first to simulate the primary and sec-
ondary particle flux on lunar surface, followed by calculations of energetic particles gen-
erating cosmogenic isotopes via different physical processes in the lunar material. Sec-
tion 4 displays the simulation results of the production rates of >*Mn, the contribution
of different radiation sources and physical processes to Cr isotopes, the 3Cr and ®*Cr
anomaly and their relationship and finally the comparison with measurements.
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Figure 1. Long-term averaged SCR spectra (see Section 2.2 for details) and GCR proton

spectra (see Section 2.1 for details) under different solar activities as shown in the legend.

2 Radiation sources: GCR and SCR sources
2.1 Galactic Cosmic Ray (GCR) Particles

GCRs are energetic charged particles from outside the solar system with a stable
flux slowly varying in the long term. At the Earth orbit (1 AU from the Sun), GCR is
nearly isotropic, approximately consisting of 87% protons, 12% helium nuclei and ~1%
heavier ions. The GCR flux is modulated by the heliospheric magnetic field as GCRs
propagate into the heliosphere (e.g., Potgieter, 2013). A so-called solar modulation po-
tential ¢ is often used to represent the average rigidity loss of a GCR, particle in the he-
liosphere. It thus indicates the strength of the modulation process and is positively cor-
related with the solar activity cycle, with larger (or smaller) ¢ values during solar max-
imum (or minimum) years. The value and definition of solar modulation potential ¢ may

vary depending on the model describing GCRs. For example, in a widely used GCR, model

built up by Usoskin et al. (2005), the value of ¢ is based on the modulation potential
derived using the count rates of worldwide neutron monitors net. For an other popular
model, the Badhwar O’Neill 2014 Galactic Cosmic Ray Flux Model (BON14 O’Neill et
al., 2015), ¢ is correlated with the number of sunspots (an indicator of solar activity).
The value of ¢, is also different in that two different models.

In this work we use the BON14 model to predict the GCR flux under different so-
lar activities. The BON14 model accounts for particle transport processes in the helio-
sphere to derive the GCR spectra by numerically solving the Fokker-Planck differential
equation. Such derived flux near the Earth can be calculated and validated against avail-
able in-situ particle measurements. The unit of the BON-modeled GCR spectra (deriva-

tive of the flux over time and energy) used as input for our work is particles/(MeV /nuc)/cm?/s.
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The GCR proton spectra obtained from the BON14 model under different solar activ-
ities are shown in Figure 1. The solar maxima condition shows the monthly average GCR
proton spectra in March 2003 and the monthly average ¢ is 1009.5 MV based on BON14,
while the solar minima condition is for May 2019 when ¢ = 425 MV.

Apart from GCR protons, GCR alpha particles and heavy ions up to nickel are all
considered as input primary particles arriving at the lunar surface. Their propagation
and particle-matter interaction in the lunar regolith is described with REDMoon model
to calculate the flux of secondary protons and neutrons.

2.2 Solar Cosmic Ray (SCR) particles

The SCRs are high-energy particles from the Sun. They are mainly protons, elec-
trons, and a small amount of heavier ions. The SCRs normally refer to Solar Energetic
Particles (SEPs) which are accelerated during sporadic solar eruptive events and there-
fore, they have a very unstable flux which can vary greatly over time. However, if we con-
sider the time scales of several solar cycles or the exposure history of an extraterrestrial
sample, the long-term average proton flux of SCRs has been estimated (R. C. Reedy &
Arnold, 1972; Nishiizumi et al., 2009) as below:

dI _R
TR k-e” To. (1)

Here I is the proton flux in the unit of particles/cm?/s; R is the proton rigidity which

is Ef, + 2m,c?E,, where E,, is the kinetic energy and mp(:2 is the rest mass of a pro-

ton in the unit of MeV. k is a constant in the same unit as I, and Ry is a fitted spec-

tral parameter, usually ranging from ~20 to ~200 MV according to observations (R. Reedy
& Nishiizumi, 1998; Nishiizumi et al., 2009). In our model, particle kinetic energies are
used and the equation (1) is re-written as a function of energy E, as:

2 \/ E2+2mpc?E
ar g E, +mype Y @)

dE, \ B2 +2m,cE,

Here g is a constant; the unit of flux dI/dE, is particles/(MeV /nuc)/cm? /s, having the
same unit as the flux of GCR spectra.

Since the Moon does not have a magnetosphere to guide the direction of incom-
ing charged particles, we consider the long-term averaged SCR flux on the Moon as om-
nidirectional, similar to the isotropic GCR flux. In this work, when calculating the con-
tribution of SCRs, we only consider SCR protons (R. C. Reedy & Arnold, 1972) using
the following parameters: Rg = 100 MV and total proton flux over 10 MeV (which is as-
sociated with g and Rg) is 70 protons/cm? /s following Kohl et al. (1978). The SCR spec-
trum used in this study is plotted in Figure 1 together with the GCR spectra. It is clearly
shown that the SCR flux is much higher than the GCR flux at proton energies below about
500 MeV while the GCR flux extends to a much higher energy range in comparison.

3 Simulation and methods
3.1 The Radiation Environment and Dose at the Moon (REDMoon) model

The REDMoon (Radiation Environment and Dose at the Moon) model (Dobynde
& Guo, 2021) is based on the GEANT4 (GEometry ANd Tracking) Monte-Carlo code
(Agostinelli et al., 2003), simulating the reaction processes between high-energy parti-
cles and the lunar material to derive the radiation environment at the surface and sub-
surface of the Moon. The lunar geometry is set up as a sphere with a radius of 1737 km

(which is the average lunar radius). The lunar surface soil/rock density and element com-
position is based on the Apollo 17 drill data (McKinney et al., 2006). The GCR/SCR
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sources are set to be isotropic arriving at the Moon. All particle interactions with the
lunar regolith are tracked down to 10 m beneath the surface of the Moon (as few par-
ticles of interest propagate or are generated below this depth). The prediction of RED-
Moon, especially for albedo neutrons and protons (which are produced secondaries in
the lunar soil and get scattered upward to be detected at the surface/orbit of the Moon),
has been validated against the measurement results (Dobynde & Guo, 2021; Xu et al.,
2022).

With the above setup, REDMoon simulates the flux of both primary and secondary
particles in the lunar regolith as a function of injected particles with different type, en-
ergy, and angle. REDMoon adopts a so-called response function approach (Dobynde et
al., 2021). Each response function is a matrix with each column representing a histogram
of secondary particles which are created by primary particles with one certain energy.
Secondary particle spectrum can be obtained simply by multiplying the incoming GCR/SCR
spectrum with the matrix, rather than running new simulations each time considering
a new input particle spectrum. In this work, considering both GCRs (under different ¢
values) and SCRs as input sources , we use REDMoon’s response functions to calculate
the induced neutron and proton flux at different depths beneath the lunar surface.

3.2 Reactions and cross sections producing cosmogenic isotopes

The main processes producing Cr isotopes in the lunar materials are spallation and
neutron capture reactions. In this work we simulate the production of 4 stable cosmo-
genic Cr isotopes (°°Cr, 52Cr, 3Cr, **Cr), considering four targets elements in the soil:
Cr, Fe, Mn, and Ni. The cosmic particles that react with them are neutrons and pro-
tons (obtained from the REDMoon model), both of which may induce spallation reac-
tions with the target elements. Besides, neutrons, especially those with energies smaller
than 10 keV (thermal and epithermal neutrons), can be captured by Cr isotopes via neu-
tron capture reactions, thus changing the Cr isotope type.

In such calculations, the probability of a certain type of reaction can be represented
by the cross section, which is a function of the energy of inject particles (also called an
excitation function). We found the excitation function of the four neutron capture re-
actions which are responsible for Cr isotope generation processes from the Evaluated Nu-
clear Data File (ENDF/B-VII, Chadwick et al., 2011). These four reactions are: 5°Cr(n,g)*'Cr,
consuming *°Cr; *2Cr(n,g)*3Cr, consuming *?Cr while producing *>Cr; 53Cr(n,g)%*Cr,
consuming **Cr while producing **Cr; 54Cr(n,g)*>Cr, consuming >*Cr. where n stands
for the captured neutron and g stands for the released ~ particle. However, there lacks
sufficient cross sections based on measurements for spallation reactions we need. There-
fore another two models are employed in this work: Talys 1.95 and INCL v6.29. Talys
provides reliable cross sections with the injected particles in the energy range from about
1 keV to 200 MeV (A. Koning & Rochman, 2012). Above this energy range, we use ABLAQ7
(Keli¢ et al., 2009) as the de-excitation model coupled with INCL v6.29 (Boudard et al.,
2013) to derive the cross sections up to 20 GeV.

In additional to direct production of Cr isotopes, there are reactions producing cos-
mogenic unstable nuclides, which may decay to stable Cr isotopes. For example, °*V and
54V will decay to *>Cr and °*Cr, while ®*Ti and 5*Ti will decay to **V and **V. The cross
sections producing such nuclides are independently calculated in Talys 1.95 and INCL
v6.29 codes. We consider such cosmogenic unstable nuclides including ®2Ti, 53Ti, ®Ti,
52y, 53V, 54V, 50Mn, 52Mn, ®3Mn, **Mn and °3Fe which may finally decay to one of the
Cr isotopes (°°Cr, 52Cr, 53Cr or 54Cr). Their half-life times are all very short except for
53Mn, whose half-life is ~3.7 million years. Since cosmogenic **Mn nuclides are contin-
uously decaying and being generated, we must consider the exposure age of lunar sam-
ples.



207 3.3 Production rates of cosmogenic isotopes

228 We further calculate the production rates P;(d) of cosmogenic nuclide i via the fol-
229 lowing equation,
Q w. X B
Pi(d) = ZNAA—Q > / Oqmi(E) X J(E,d) x dE. (3)
qg=1 9 =170
230 Here d is the column depth of the lunar regolith in the unit of g/cm? and it ranges from
o 0 at the lunar surface to about 550 g/cm? (at 3 meters depth). ¢ is the type of target
232 element. Four Cr isotopes are analyzed separately as target nuclides because of the ex-
233 istence of neutron capture reactions, while natural abundances of the Fe, Mn, and Ni iso-
234 topes are considered. m is the type of cosmic particle arriving at the target and neutrons
235 and protons (M = 2) are considered as they are the main particles detected in the lu-
236 nar soil as calculated from the REDMoon model. Ny4 is the Avogadro constant; A, is
237 the molar mass of element ¢ and w, is the mass percentage of element ¢ in lunar mate-
238 rial. IV A%z gives the number of atoms of element ¢ in lunar material per unit material
239 mass. For a single type of Cr isotope, we use w, multiplied by its standard abundance
240 to obtain its number of atoms. o, ; is the cross section of the reaction with target g,
on injecting particle m, and production of nuclide ¢ as a function of injecting particle’s en-
242 ergy E. J,,(E,d) is the flux of particle m (neutrons or protons) as a function of energy
213 E and lunar subsurface depth d.
24 3.4 Derivation of isotope anomalies: £*3Cr and €%4Cr
25 With the given long-term average GCR and SCR spectra (Section 2.1 and 2.2), the
26 production rate of a specific cosmogenic nuclide is a function of depth as P;(d). By con-
247 sidering the exposure age of the lunar sample and multiplying it with the production rates,
248 we get the total accumulation of the cosmogenic nuclide in the sample.
249 We use the Standard Reference Materials (SRM) provided by the National Insti-
250 tute of Standards and Technology (NIST) “NIST SRM 3112a” Cr as the standard value
251 of Cr isotopic abundance. We assume the Cr isotope abundance of lunar samples as the
252 standard value (here we use the NIST SRM 979 value based on Shields et al. (1966) as
253 the input) when they were just exposed to cosmic ray, and consider additional genera-
254 tion of Cr isotopes during their exposure to evaluate the influence of cosmic effect on Cr
255 isotopes. Then we normalize the *°Cr/52Cr ratio to 0.043452/0.837895 (inside 0.051859-+0.000100
256 based on Shields et al. (1966)) using an exponential law, and derive the normalized *3Cr/52Cr
257 ratio and 5*Cr/%2Cr ratio. Using the normalized 33Cr/52Cr and 54Cr/52Cr, we have the
258 per 10* deviation of ‘Cr (where i is 53 or 54) as:
i 52
cicr = (LT T CMsample 41, 10009 (4)
(*Cr/52Cr)srM 3112a
250 As we have discussed in Section 3.2, cosmic ray will also produce >>Mn which fur-
260 ther decays to 3Cr with a half-life of ~3.7 million years. For lunar samples with an ex-
261 posure age of 10s Myr or longer, a dynamic equilibrium has been achieved between the
262 production and decay of >3Mn. So when we display the production rates of cosmogenic
263 53Cr in a figure, it is reasonable to just add the production rate of cosmogenic *3*Mn to
264 the directly-produced cosmogenic 3Cr. The same approach is adopted for the other un-
265 stable cosmogenic nuclides since their half-lives are all shorter than 1 year. But When
266 further calculating £33Cr, since cosmogenic >*Mn keeps decaying and generated, we should
267 consider the exact amount of cosmogenic **Mn atoms which have decayed to ®3Cr. The
268 change of ®*Mn atoms per kilo of lunar sample with time ¢ is:
dN
- AN + P. (5)
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Here, N is the number of cosmogenic 3Mn atoms in 1 kg lunar material; A = In2/7, with
7 being the half-life of 33 Mn; P is the production rate in the unit of dpm/kg, i.e., the
number of atoms produced in 1 kg of sample per minute. As we assumed the long-term
average cosmic rays, at a certain depth we consider P as a constant. Let N = 0 when

the sample was first exposed to cosmic rays, we get:

P -\t
N:X(l—e’\). (6)

With the total amount of ®*Mn that have been produced by cosmic rays as P - t, the
amount decayed to 53Cr is P-t— N. Using (P-t— N)/(P-t) to represent the propor-
tion of ®*Mn decaying to 53Cr during time ¢, we get:

P-t— N T _ tn2

i et ) ™

Let 7 = 3.7 Myr, for the exposure age of 25 Myr the proportion is ~78.8% while for 100
Myr it is ~94.7%. Since the contribution of cosmogenic 3*Mn is quite large to the pro-
duction of cosmogenic **Cr (see discussions in Section 4.2), when calculating *3Cr, we
should consider the exact amount of cosmogenic >>Mn atoms which have decayed to 53Cr
using equation 7. As for the other unstable cosmogenic nuclides in this work with half-
live time shorter than 1 year, we can just think 100 % of them have decayed out.

4 Results
4.1 33Mmn production rates

There lacks experimental results of cosmogenic Cr isotope production rates in lu-
nar samples, but Imamura et al. (1973) measured the cosmogenic 3Mn production rate
based on samples from Apollo 15 drill cores. As we have discussed in Section 3.1, although
the lunar material in REDMoon model is based on the Apollo 17 drill core, its simula-
tion results such as secondary albedo particles fluxes fit the experimental data well, sug-
gesting that REDMoon can give a reliable prediction of the lunar radiation environment.
Such a result can be seen as an average radiation environment in lunar rocks. Figure 2
(a) shows the production rate of ®*Mn in 1 kg Fe in lunar samples as a function of depth
(in the unit of g/cm?, which also means the column mass) caused by GCR fluxes under
different solar modulation potential ¢ values. The orange squares and green diamonds
are experimental data based on Imamura et al. (1973). According to our simulation re-
sults, when ¢ is 600 MV (yellow curve), it best fits the experimental data in the soil deeper
than 100 g/cm?, but underestimates the production rates at the first two experimental
points (60 and 64 g/cm?). Therefore we chose 480 MV as a long-term average solar mod-
ulation potential, where the simulation results (azure line) are within the error range of
most experimental data points. As discussed in Section 3.2 and 3.4, there are cosmogenic
53Fe nuclides decaying to ®*Mn with a very short half-life, and it is already taken into
account when calculating the production of cosmogenic **Mn in Figure 2 (a) and (b).

Figure 2 (b) shows the total production rates of >*Mn in 1 kg of lunar Fe material
as a function of depth, considering both SCRs (Ry = 100 MV and total proton flux over
10 MeV is 70 protons/cm? /s based on Kohl et al. (1978)) and GCRs (¢ = 480 MV). The
experimental data of 53Mn production rate is from Imamura et al. (1973) based on var-
ious different lunar samples, and more data for lunar samples with thin shielding are added
comparing to Figure 2 (a). The inset at the top right is a zoom-in of the data at shal-
low depths to better show the details. It is shown that overall our modeled results can
fit the experimental data very well confirming the reliability of our model. Comparing
Figures 2 (a) and (b), we show that SCRs (not included in Figure 2 (a)) play an impor-
tant role at shallow depths.
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313 4.2 Production rates of Cr isotopes

314 Figure 3 shows the production rates of 4 Cr isotopes caused by both SCRs and GCRs
315 (modulation potential ¢ = 480 MV). The element content of the lunar regolith in the
316 calculation is based on Apollo 17 drill data. Cr production rates associated with SCRs

317 and GCRs are displayed separately, and the depth (X-axes, in the unit of g/cm?) is in

318 logarithmic scale. The influence of SCRs is high in shallow layer of the lunar regolith,

319 may higher than the GCR contribution within the depth of ~5 g/cm? (approximate 3

320 cm), but decays very quickly with depth. We consider that it should not be ignored within
321 15 g/cm? of soil depth, and their influence is almost zero for depth deeper than 50 g/cm?.

32 Figure 4 shows the respective contribution of spallation and neutron capture re-

23 actions to the production of >3Cr and **Cr. The blue curves stand for spallation reac-

304 tions, while the red curves represent the net result of neutron capture reactions. As many
35 spallation reactions are taken into consideration, we do not plot each of them separately.
326 As for neutron capture reactions, as we discussed in Section 3.2, we consider 4 reactions,
327 among of which 3 contribute to the generation and consumption of ®**Cr and °*Cr iso-

328 topes and thus are displayed in Figure 4. The pink curve in the left panel shows the pro-
320 duction rate of 3Cr isotope from reaction ?Cr(n,g)>3*Cr; the purple curves in both pan-
330 els are for reaction **Cr(n,g)**Cr; and the green curve in the right panel is for °*Cr(n,g)*>Cr.
331 The net contribution of neutron capture reactions to the production of ®3Cr is negative,
332 because for neutron capture reactions the consumption of *>Cr is larger than the gen-

333 eration of ®*Cr. For the production of >*Cr, the influence of reaction **Cr(n,g)>*Cr con-
334 suming %4Cr is very small (the green curve is close to zero across all depths and the red
335 curve is behind the purple curve).

336 As we have discussed in Section 3.2 and 3.4, there are cosmogenic unstable nuclides
337 decaying to Cr isotopes, increasing the Cr isotope abundance indirectly. All of them ex-
338 cept for ®>Mn have a very short half-life time, so we think all of them have decayed out.
339 The yellow curve named “Decayed from cosmogenic >*Mn” in Figure 4 (left panel) is in
340 fact the total production rate of cosmogenic **Mn (including those decayed from cos-

341 mogenic %3Fe). All cosmogenic **Mn is produced by spallation reactions, and it is ob-

342 vious that ®*Mn plays an important role in producing cosmogenic *3Cr comparing the

33 yellow curve to the blue curve.

344 Our model suggests that the dominant process controlling the cosmogenic Cr iso-

35 tope of the lunar surface composition are spallation reactions rather than neutron cap-

36 ture reactions. Alternatively, Mougel et al. (2018) suggested neutron capture reaction

247 is the main process because of the correlation between £°3Cr (or ¢>4Cr) and °°Sm/!52Sm
348 ratios, since ?Sm has very large neutron capture cross sections. However, in fact, *°Sm/1°2Sm
349 ratios can only reflect the flux of low-energy neutrons. From the results of our REDMoon
350 models, the low-energy neutron flux and high-energy neutron flux are closely and pos-

351 itively correlated. Low-energy neutrons can be captured contributing the neutron-capture
352 reactions, while high-energy neutrons can induce spallation reactions. Thus both neutron-
353 capture and spallation reactions could be important due to the large abundance of neu-
354 trons across all energy ranges in the lunar soil, and the quantification of their relative

355 contribution needs careful model assessments as we have shown in Figure 4.

356 4.3 The relationship of €%4Cr and £%3Cr

357 To calculate the isotope anomaly using the production rates, we assume the cosmic-
358 ray exposure age as 100 Myr and set the soil element content based on Apollo 17 drill.

350 Then the simulated 5°Cr/52Cr ratios considering cosmic-ray effect are normalized to the
360 standard value in order to derive e>>Cr and °*Cr (see Section 3.4). Figure 5 (a) shows

361 the relationship between £%*Cr and £°3Cr produced by GCRs only, and panel (b) shows
362 the results considering both GCRs and SCRs. Markers show calculated data at differ-
363 ent depths which are shown with the color.
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Figure 4. Production rates of spallation and neutron capture reactions producing cosmogenic
53Cr (left) and "*Cr (right) isotopes. The blue and red curves show the respective contribution

of spallation and different neutron capture reactions. The yellow curve shows the production rate
of cosmogenic *3*Mn decaying to 53Cr. The pink, purple, and green curves show different neutron

capture reactions according to the legend.

However, the linear fits shown in Figure 5 (b) of all depths are not so good. But
we notice that there is a better linear relationship between £4Cr and °3Cr at the shal-
low depth represented by the first several blue points. As stated in Section 4.2, lunar ma-
terial could be greatly effected by SCRs at shallow layers beneath the surface, while at
deeper layers the main contribution is by GCRs. If we separate these two parts, as the
red and blue lines/shadow areas displayed in Figure 5(b), there is a clear linear relation-
ship between £4Cr and £°3Cr in the shallow section (< 15 g/cm?) where the influence
of SCRs cannot be ignored. We fit the slope to be ~2.27 in this part and the result is
more consistent with the previous measurements. According to Mougel et al. (2018), there
is a good linear relationship between £>*Cr and £°2>Cr and the slope is ~2.62 as derived
from various lunar samples. The previous calculations which only considered the con-
tribution of GCRs has a fitted slope of ~5.85 (Leya, Wieler, & Halliday, 2003).

Comparing with the measurements (Mougel et al., 2018), our results suggest that
the contributions by SCRs at shallow layers are important. This is because of the dif-
ference between SCR and GCR fluxes and energy ranges. SCRs have a high flux at low-
energy ranges mostly below a few hundred MeVs while GCRs have an extended distri-
bution over a larger energy range up to 10s of GeVs and above. Particles with low en-
ergies are more easily stopped by shielding while those with higher energies can pene-
trate deeper. Therefore, with thin shielding of lunar materials, most cosmogenic nuclides
are produced by SCRs at the shallow layers while their contribution is negligible com-
pared to GCRs at deeper layers.

Moreover, we find that the relationship between £°3Cr and £%Cr is also controlled
by the exposure age and the Fe/Cr ratio of the sample. Figure 6 shows evolution of the
slopes in shallow (panel a) and inner layers (panel b) change with exposure age (differ-
ent curve colors) and Fe/Cr ratios (x-axes). The Pearson Correlation Coefficient (PCC)
is also plotted which shows that the linear relationship of €°3Cr and °*Cr with the depth

—11—
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Figure 5. The relationship of e**Cr and €>*Cr. Different points represent results at different
depths starting from purple for shallow depth towards red for deep layers as shown in the color-
bar. Panel (a) displays the modeled result considering only GCRs. The gray line shows the linear
regression of e>*Cr versus €**Cr. Panel (b) shows the effect of both GCRs and SCRs. The linear
fitting is performed for three regions: at shallow depth (< 15 g/cm?, blue shadow area, fitted by
the blue line), deeper depth (> 15 g/cm?, red shadow area, fitted by the red line), and the whole
depth range (fitted by the gray line). The fitted parameters are given in the legend.

< 15 g/cm? (panel a) is always good (PCC>0.997), while this linear relationship becomes
weaker at deeper layers. This agrees with the feature shown in Figure 5 (b).

As discussed in Section 3.4, the sample exposure age determines the portion of cos-
mogenic 3Mn decaying to **Cr, which is a very important process to produce cosmo-
genic 53Cr according to Section 4.2. When the exposure age get larger, the portion of
cosmogenic 3Mn decaying to *>Cr also increases, leading to a relatively high ¢*>Cr and
a small slope between £2Cr and €>*Cr. We note that the difference between 25 Myr and
50 Myr is larger than that between 100 Myr and 500 Myr. The reason is that with a 100
Myr of exposure age ~94.7% of cosmogenic ®3>Mn has already decayed to be ?3Cr, and
this result will stay almost the same (close to 100%) for a longer exposure age.
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uncertainty of the fitting. Panel (a) shows the results with the column mass less than 15 g/cm?
and panel (b) shows layers with larger column mass. Solid curves in different colors represent
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Figure 7 shows the comparison between simulation results and data obtained us-
ing Apollo samples (Mougel et al., 2018; Qin et al., 2010), and the references providing
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408 the exposure ages are shown in Table 1. Ten samples with their respective uncertain-

409 ties (green points) are marked in separate panels and the exposure age and Fe/Cr ra-

410 tio of each are shown in the legend. Each panel also plots the £°3Cr and £°*Cr values

an1 at different depth predicted by our model considering the exposure age and Fe/Cr ra-

a2 tio of the corresponding sample. The correlation of e>*Cr versus £53Cr at shallow (shown
a13 with purple markers) and inner layers (orange markers) are fitted by a linear slope in

414 each region, respectively.

a1 The original depth of samples used here is unknown. However, our model can be

416 used to give some indications. As shown in Figure 7, the modeled relationship between
a7 £?3Cr and £°*Cr within the depth of 15 g/cm? (blue curves) match with most of the ex-
a1 perimental data (green markers with errorbars), suggesting that these samples are for

410 near-surface layers with small regolith shielding. Among those 10 samples, three (12005,
420 12016 and 12063) are measured by Rancitelli et al. (1971) to obtain the production rates
21 of *Mn. We compare our simulation results of **Mn with the measured production rates
o and derive the sample depth. As shown in Figure 8, the blue curves give the depth-dependent
a3 54Mn production rates, while the orange horizontal lines show the measurement results.
a2 Their intersections can be used to derive the depth which is marked by the vertical red
s lines. All three samples are located at a depth smaller than 10 g/cm?.

426 According to Section 4.1 (see, e.g., Figure 2), our simulation results of the produc-
427 tion rates of cosmogenic isotopes can fit the measurements well. Nevertheless, we note

a8 that the values of modeled *3Cr and ¢®*Cr are mostly below experimental results. This
229 suggests that there may be other influencing factors generating Cr isotope anomaly rather
430 than cosmic rays.

Table 1. Exposure age database in Figure 7

Lunar sample Exposure age/Myr Reference

12002 144 D’Amico et al. (1971)

12040 285 Burnett et al. (1975)

12063 140 Burnett et al. (1975)

15555 81 Marti and Lightner (1972)

70017 220 Phinney et al. (1975)

77215 27.2 Stettler et al. (1974)
31 5 Summary and Discussion
32 By comparing the production rates from different reactions (Section 4.2), we sug-
433 gest that the main processes producing cosmogenic Cr isotopes are spallation reactions,
a3 rather than neutron capture reactions which were suggested by previous studies (Mougel
435 et al., 2018). In that work neutron capture reactions are thought to be the main pro-
436 cess producing Cr because of the correlation between £°3Cr (or £54Cr) and *°Sm/52Sm
237 ratios. Cosmogenic *°Sm is mostly produced by neutron capture reactions because of
438 the large cross sections of neutron capture reaction 49Sm(n,g)**°Sm. Thus, the produc-
a3 tion of °Sm directly reflects the flux of secondary neutrons in the lunar material. Al-
440 ternatively, for production of Cr isotopes, the process is not the same because the cross
441 sections of neutron capture reactions producing Cr isotopes are not so large compared
a2 to the Sm isotpoes. The production of Cr isotopes significantly depends on the neutron
a3 flux, and neutrons can not only be captured, but also induce spallation reactions. We
" also note that most of the cosmogenic ®3Cr are decayed from cosmogenic **Mn (which
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Figure 7. The simulation results and the experimental data for lunar rocks. Purple points are

simulation results with depth < 15 g/cm?, and orange points are in deeper sections. The blue

and red curves show the linear regression between £*3>Cr and **Cr in those two depth ranges

(above 15 g/cm? and below 15 g/cm?) separately. Green points are experimental data. If there is

no exposure age data for a sample, we assume it as 100 Myr, and mark it with * in the figure.
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54Mn production rates with depth in our model (blue lines). The experimental production rates
were pointed out by horizontal orange dashed curves and the fitted depth are located by the ver-

tical red dashed lines.

is produced via spallation process), and the neutron capture reaction can even reduce
33Cr because of the larger cross section of reaction **Cr(n,g)**Cr compared to °2Cr(n,g)*3Cr.

The total production rates in our model fit the experimental data well (Imamura
et al., 1973) as shown in Figure 2. As shown in Section 3.4, by considering both the pro-
duction rates and exposure ages, we calculate the amount of cosmogenic Cr isotopes that
have been accumulated during that time. In order to simulate the isotope anomaly caused
by cosmic ray effect alone, we assume the Cr isotope abundance of lunar samples as the
standard value when they started being exposed to cosmic ray. However, the values of
simulated £°3Cr and £%*Cr are mostly lower than experimental results, as shown in Fig-
ure 7. Such results suggest that cosmogenic Cr isotopes do influence the Cr isotope abun-
dance on the Moon, but it may not be the only reason.

As for the relationship between £°3Cr and £%Cr, in Section 4.3 we compare our
modeled results with the previous experimental data which have been influenced by var-
ious factors and uncertainties such as the sample depth, exposure age, and the Fe/Cr
ratio. Therefore, we also include these factors specifically for modeling each sample. There
has been found a good linear relationship between measured £>3Cr and £%4Cr, and the
experimental slope is ~2.62 (Mougel et al., 2018; Qin et al., 2010). However, for the first
time we found that the slopes are different in two different depth ranges where shallow
layer is influenced by both SCRs and GCRs while inner layers have negligible influence
by SCRs. By comparing the fitted slope of modeled results at different depth ranges with
the experimental data, we suggest that the aforementioned lunar samples are from shal-
low layer. In this depth range, if the sample has an exposure age long enough (not shorter
than 25 Myr) and a Fe/Cr ratio not lower than 20, there is always a good linear rela-
tionship and a stable slope value derived from the modeled results (see Figure 6 (a)).

There also remain several problems in our work. First, the slope of €>*Cr versus
e53Cr is modeled to be 2.27 (Fig. 5, which is close to the experimental result (~ 2.62)
compared to previous studies (~ 5.85, by Leya, Wieler, and Halliday (2003)). However,
it is still a little lower.

Second, the samples we considered in Figure 7 are all lunar rocks which have solid
shape and different self shielding at different depth. Alternatively, our model considers
the lunar surface regolith as the only shielding and does not account for the rock self-
shielding. Future considerations of measurement based on lunar soil samples at differ-
ent subsurface depth may be more appropriate to compare with our models.
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a78 Third, our simulation about the relationship between £°3Cr and £%*Cr in samples

479 with very low Fe/Cr ratios and short exposure age is also not accurate. For instance, two
280 lunar rocks with really low Fe content (60015 with FeO content is 0.35%; 62255 with FeO
a8t content is 0.2%; both with an exposure age of ~ 2 Myr; results not shown in Figure 7)

182 were also measured by Mougel et al. (2018). But our simulated slopes of that two sam-
483 ples could not fit the data. The exposure age of 2 Myr is too short for our model that

484 most cosmogenic %3*Mn do not decay into 3Cr. A very low Fe/Cr ratio in our model can
485 cause a relatively higher impact of neutron capture reactions, consuming more °3Cr (see

486 Section 4.2 and Figure 4). All of that lead to a relatively lower ¢>*Cr and a much higher
487 slope between **Cr and £°3Cr.

488 Finally, the long-term GCR and SCR spectra should also change with time, and

489 the averaged flux would be different for samples with different exposure ages. However,

490 this effect is rather difficult to address, as the evolution of GCR/SCR spectra over hun-

201 dreds of Myr time scales is mostly unknown (Usoskin, 2017). So we use the same long-

a0 term average spectrum which is determined by the measured **Mn production rates for

493 all the lunar samples considered. Certainly, given the half-life of 53Mn being only 3.7 My,
204 this spectrum may not reflect the average spectra throughout 10s or 100s million years.

495 6 Conclusion

496 In this work we calculate the production of Cr isotopes at different depth under

a07 the lunar surface. As a novel result, we find that the main processes producing cosmo-

408 genic Cr isotopes are the spallation reactions and most of the cosmogenic ®3Cr are de-

499 cayed from cosmogenic %3Mn. Since 3Mn has a half-life of 3.7 Myr and is constantly form-
500 ing induced by cosmic rays and decaying in the lunar material, the exposure age of the

501 lunar rocks will influence the proportion of cosmogenic **Mn that decays to cosmogenic

502 5301‘.

503 We also find that the relationship between ?3Cr and °*Cr is determined by the

504 depth (which reflects the influence of different cosmic ray sources), the exposure age, and
505 the Fe/Cr ratio. For the first time, we note that there are two different slopes in two depth
506 ranges, where shallow layers are influenced by both SCRs and GCRs while in the inner

507 layers the impact of SCRs can be ignored. Comparing the modeled and measured results,
508 we further suggest the lunar rocks measured by Mougel et al. (2018); Qin et al. (2010)

509 should be collected from shallow layers. Nevertheless, the value of €>3Cr and €*Cr from

510 our model is mostly lower than the experimental results, suggesting that the isotope anomaly
511 of ®3Cr and ®*Cr in lunar samples may be influenced by other factors than cosmic rays

512 which need further investigations in the future.
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Figure 8.
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