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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 ($ˆ{50}$Cr,$ˆ{52}$Cr,$ˆ{53}$Cr,$ˆ{54}$Cr) 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

$ˆ{53}$Cr/$ˆ{52}$Cr and $ˆ{54}$Cr/$ˆ{52}$Cr predicted by our model and compare it with different Apollo samples. As

previously studied, we also find an approximate linear relationship between $\varepsilonˆ{53}$Cr and $\varepsilonˆ{54}$Cr

(per 10,000 deviation of $ˆ{53}$Cr/$ˆ{52}$Cr and $ˆ{54}$Cr/$ˆ{52}$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.

1



P
os
te
d
on

11
S
ep

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
44
74
37
.7
33
54
80
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

2



P
os
te
d
on

11
S
ep

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
44
74
37
.7
33
54
80
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

3



P
os
te
d
on

11
S
ep

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
44
74
37
.7
33
54
80
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

4



P
os
te
d
on

11
S
ep

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
44
74
37
.7
33
54
80
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

5



P
os
te
d
on

11
S
ep

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
44
74
37
.7
33
54
80
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

6



P
os
te
d
on

11
S
ep

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
44
74
37
.7
33
54
80
9/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

7



manuscript submitted to JGR: Planets

The state-of-the-art modeling of cosmogenic Cr1

isotopes produced in lunar rocks compared with2

existing calculations and measurements3

Bailiang Liu1, Jingnan Guo1,2, Mikhail I. Dobynde1, Jia Liu1,2, Yingnan4

Zhang1,2, Liping Qin1,2
5

1Deep space Exploration Laboratory/School of Earth and Space Sciences, University of Science and6

Technology of China, Hefei, PR China7
2CAS Center for Excellence in Comparative Planetology, USTC, Hefei, PR China8

Key Points:9
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nar evolution models14
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Abstract15

The distribution of Cr isotopes provides useful information to trace the source and ori-16

gin of extraterrestrial samples, but it is usually influenced by high-energy cosmic rays.17

Since lunar and terrestrial materials have quite similar Cr isotope compositions, distin-18

guishing the effect of cosmic rays in lunar samples is especially important. Those cos-19

mic radiation particles (primary particles) can react with lunar materials, creating many20

secondary particles. Both primary and secondary particles can produce cosmogenic nu-21

clides on the Moon. Radiation Environment and Dose at the Moon (REDMoon) is a novel22

GEANT4 Monte-Carlo model built to simulate the interactions of space particles with23

the lunar surface and subsurface content. Using this model, we simulate the production24

of cosmogenic Cr isotopes (50Cr,52Cr,53Cr,54Cr) at different depths of lunar surface, and25

compare the contribution of different reactions generating these nuclides. The results sug-26

gest that spallation reactions are the most important process producing cosmogenic Cr27

isotopes.We also analyze the relationship between 53Cr/52Cr and 54Cr/52Cr predicted28

by our model and compare it with different Apollo samples. As previously studied, we29

also find an approximate linear relationship between ε53Cr and ε54Cr (per 10,000 devi-30

ation of 53Cr/52Cr and 54Cr/52Cr ratios from the standard). Furthermore, we reveal a31

change of this linear relationship in different depths of lunar surface. Besides, we inves-32

tigate how the slopes can be influenced by exposure age and the Fe/Cr ratio. With these33

additional factors carefully considered, the comparison between our modeled results and34

the measurements is better than previous studies.35

Plain Language Summary36

Cosmic rays arriving at the Moon can change the isotopic compositions on the lu-37

nar surface including chromium isotopes which can be used to constrain the evolution38

history of the Moon. Here, we use the state-of-the-art model to simulate the high-energy39

particles and the chromium isotopes generated in the lunar material by different cosmic40

ray sources. After including various factors that have been omitted by previous stud-41

ies, we reach a better agreement between our model prediction and the Apollo lunar sam-42

ples. Such an improved analysis of the lunar cosmogenic isotopes contributes to a bet-43

ter understanding of the origin of the Moon.44

1 Introduction and Motivation45

The short-lived radionuclides can provide constraints for models of nucleosynthe-46

sis. Because of the short half life, they are also sensitive chronometers and tracers for47

extraterrestrial samples and evolutionary processes in the early solar system. The 53Mn-48

53Cr system is a useful tool to study the fine history of early solar system processes, es-49

pecially for the first 20 million years (Myr) (Lugmair & Shukolyukov, 1998), with the50

half life of 53Mn being 3.7 Myr (Honda & Imamura, 1971). The nucleosynthetic anoma-51

lies are good indicators to identify the source of the materials migrated in the solar sys-52

tem, and this method is widely used in the study of the Moon. In particular, Cr shows53

large nucleosynthetic anomalies between samples from various sources in the solar sys-54

tem, but lunar and terrestrial samples have a quite similar Cr isotope composition (Qin55

et al., 2010). The Moon has only a little higher ε53Cr and ε54Cr (per 10,000 deviation56

of 53Cr/52Cr and 54Cr/52Cr ratios normalized to the 50Cr/52Cr ratio from the NIST SRM57

3112a Cr standard) than the standard value according to sample measurements and this58

has been suggested to be the additional contribution of cosmogenic Cr generated in the59

lunar soil and rocks (Qin et al., 2010; Mougel et al., 2018).60

Since the Moon has neither an atmosphere nor a magnetosphere, it is permanently61

bombarded by high-energy cosmic rays which are mainly composed of background Galac-62

tic Cosmic Rays (GCRs) and sporadic Solar Cosmic Rays (SCRs). SCRs are sometimes63

also referred as Solar Energetic Particles or SEPs as they are generated during occasional64
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solar eruptions (R. C. Reedy & Arnold, 1972). In the Earth’s vicinity, SCR ions may have65

a very high flux in the energy range up to 100 MeV/nucleon, while GCR particles have66

a relatively stable flux over a wider energy range from several MeV/nucleon to more than67

100 GeV/nucleon. When these high energy charged-particles reach the Moon (identified68

as primary particles), they can react with the lunar surface material, producing a large69

amount of secondary particles, including charge-free neutrons. The primary and secondary70

particles in the lunar regolith can further induce spallation and neutron capture processes71

that can significantly alter the 53Cr/52Cr and 54Cr/52Cr ratios in lunar surface mate-72

rials. Therefore, it is important to understand, model and quantify these cosmogenic ef-73

fects.74

There have been studies simulating the production of different cosmogenic nuclides75

in meteorites and in the lunar return samples (Leya, Halliday, & Wieler, 2003; Leya et76

al., 2021). There is an approximate linear relationship between ε53Cr and ε54Cr in lu-77

nar samples according to Mougel et al. (2018), but the predicted linear slope from sim-78

ulations does not agree with the experimental data very well (Leya, Wieler, & Halliday,79

2003). This may be because the model only considered the influence of GCRs when cal-80

culating cosmogenic Cr isotopes, while we will show in this study that the SCR contri-81

bution makes a significant impact at shallow layers of the lunar regolith.82

The REDMoon (Radiation Environment and Dose at the Moon) is a particle trans-83

port model in the lunar environment built by Dobynde and Guo (2021) based on GEANT484

code (Agostinelli et al., 2003). It can calculate the primary and secondary particle flux85

of different types on and under the lunar surface. In this work we first use the REDMoon86

model to derive the proton (both primary and secondary) and neutron (only secondary)87

flux at different depths of the lunar regolith. Both GCR and SCR primary particles are88

considered as possible radiation sources for our calculations. Next, Cr, Fe, Mn, Ni in the89

lunar material are considered as target elements and we simulate the spallation and neu-90

tron capture process induced by energetic protons and neutrons (obtained in the pre-91

vious step) arriving at these targets using the cross sections from the ENDF/B database,92

Talys 1.95 codes, and INCL v6.29 codes (A. J. Koning et al., 2007; Boudard et al., 2013).93

We calculate and analyze the influence of different reactions producing Cr isotopes94

in lunar surface materials, and derive the 53Cr/52Cr and 54Cr/52Cr ratios considering95

various exposure ages. We find that both SCR and GCR particles can alter the 53Cr/52Cr96

and 54Cr/52Cr ratios. Within the first few centimeters of the lunar surface, the main con-97

tribution comes from SCRs while at deeper layers the GCR-induced process plays a much98

more important role. Meanwhile, the sample exposure age and Fe/Cr ratio can also af-99

fect the relative ratio of Cr isotopes. With various factors carefully considered in our study,100

the comparison between our modeled results and the Apollo measurements is much bet-101

ter than previous studies.102

The paper is organized as following. In Section 2, we introduce the radiation sources103

reaching the Moon, including the models and spectra of GCRs and SCRs. Section 3 de-104

tails the methods and models used in our radiation transport simulations and isotope105

calculations. The REDMoon model is employed first to simulate the primary and sec-106

ondary particle flux on lunar surface, followed by calculations of energetic particles gen-107

erating cosmogenic isotopes via different physical processes in the lunar material. Sec-108

tion 4 displays the simulation results of the production rates of 53Mn, the contribution109

of different radiation sources and physical processes to Cr isotopes, the 53Cr and 54Cr110

anomaly and their relationship and finally the comparison with measurements.111
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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 sources112

2.1 Galactic Cosmic Ray (GCR) Particles113

GCRs are energetic charged particles from outside the solar system with a stable114

flux slowly varying in the long term. At the Earth orbit (1 AU from the Sun), GCR is115

nearly isotropic, approximately consisting of 87% protons, 12% helium nuclei and ∼1%116

heavier ions. The GCR flux is modulated by the heliospheric magnetic field as GCRs117

propagate into the heliosphere (e.g., Potgieter, 2013). A so-called solar modulation po-118

tential ϕ is often used to represent the average rigidity loss of a GCR particle in the he-119

liosphere. It thus indicates the strength of the modulation process and is positively cor-120

related with the solar activity cycle, with larger (or smaller) ϕ values during solar max-121

imum (or minimum) years. The value and definition of solar modulation potential ϕ may122

vary depending on the model describing GCRs. For example, in a widely used GCR model123

built up by Usoskin et al. (2005), the value of ϕ is based on the modulation potential124

derived using the count rates of worldwide neutron monitors net. For an other popular125

model, the Badhwar O’Neill 2014 Galactic Cosmic Ray Flux Model (BON14 O’Neill et126

al., 2015), ϕ is correlated with the number of sunspots (an indicator of solar activity).127

The value of ϕ, is also different in that two different models.128

In this work we use the BON14 model to predict the GCR flux under different so-129

lar activities. The BON14 model accounts for particle transport processes in the helio-130

sphere to derive the GCR spectra by numerically solving the Fokker-Planck differential131

equation. Such derived flux near the Earth can be calculated and validated against avail-132

able in-situ particle measurements. The unit of the BON-modeled GCR spectra (deriva-133

tive of the flux over time and energy) used as input for our work is particles/(MeV/nuc)/cm2/s.134

–4–



manuscript submitted to JGR: Planets

The GCR proton spectra obtained from the BON14 model under different solar activ-135

ities are shown in Figure 1. The solar maxima condition shows the monthly average GCR136

proton spectra in March 2003 and the monthly average ϕ is 1009.5 MV based on BON14,137

while the solar minima condition is for May 2019 when ϕ = 425 MV.138

Apart from GCR protons, GCR alpha particles and heavy ions up to nickel are all139

considered as input primary particles arriving at the lunar surface. Their propagation140

and particle-matter interaction in the lunar regolith is described with REDMoon model141

to calculate the flux of secondary protons and neutrons.142

2.2 Solar Cosmic Ray (SCR) particles143

The SCRs are high-energy particles from the Sun. They are mainly protons, elec-144

trons, and a small amount of heavier ions. The SCRs normally refer to Solar Energetic145

Particles (SEPs) which are accelerated during sporadic solar eruptive events and there-146

fore, they have a very unstable flux which can vary greatly over time. However, if we con-147

sider the time scales of several solar cycles or the exposure history of an extraterrestrial148

sample, the long-term average proton flux of SCRs has been estimated (R. C. Reedy &149

Arnold, 1972; Nishiizumi et al., 2009) as below:150

dI

dR
= k·e−

R
R0 . (1)

Here I is the proton flux in the unit of particles/cm2/s; R is the proton rigidity which151

is
√
E2

p + 2mpc2Ep, where Ep is the kinetic energy and mpc
2 is the rest mass of a pro-152

ton in the unit of MeV. k is a constant in the same unit as I, and R0 is a fitted spec-153

tral parameter, usually ranging from ∼20 to ∼200 MV according to observations (R. Reedy154

& Nishiizumi, 1998; Nishiizumi et al., 2009). In our model, particle kinetic energies are155

used and the equation (1) is re-written as a function of energy Ep as:156

dI

dEp
= g· Ep +mpc

2√
E2

p + 2mpc2Ep

e−
√

E2
p+2mpc2Ep

R0 (2)

Here g is a constant; the unit of flux dI/dEp is particles/(MeV/nuc)/cm2/s, having the157

same unit as the flux of GCR spectra.158

Since the Moon does not have a magnetosphere to guide the direction of incom-159

ing charged particles, we consider the long-term averaged SCR flux on the Moon as om-160

nidirectional, similar to the isotropic GCR flux. In this work, when calculating the con-161

tribution of SCRs, we only consider SCR protons (R. C. Reedy & Arnold, 1972) using162

the following parameters: R0 = 100 MV and total proton flux over 10 MeV (which is as-163

sociated with g and R0) is 70 protons/cm2/s following Kohl et al. (1978). The SCR spec-164

trum used in this study is plotted in Figure 1 together with the GCR spectra. It is clearly165

shown that the SCR flux is much higher than the GCR flux at proton energies below about166

500 MeV while the GCR flux extends to a much higher energy range in comparison.167

3 Simulation and methods168

3.1 The Radiation Environment and Dose at the Moon (REDMoon) model169

The REDMoon (Radiation Environment and Dose at the Moon) model (Dobynde170

& Guo, 2021) is based on the GEANT4 (GEometry ANd Tracking) Monte-Carlo code171

(Agostinelli et al., 2003), simulating the reaction processes between high-energy parti-172

cles and the lunar material to derive the radiation environment at the surface and sub-173

surface of the Moon. The lunar geometry is set up as a sphere with a radius of 1737 km174

(which is the average lunar radius). The lunar surface soil/rock density and element com-175

position is based on the Apollo 17 drill data (McKinney et al., 2006). The GCR/SCR176
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sources are set to be isotropic arriving at the Moon. All particle interactions with the177

lunar regolith are tracked down to 10 m beneath the surface of the Moon (as few par-178

ticles of interest propagate or are generated below this depth). The prediction of RED-179

Moon, especially for albedo neutrons and protons (which are produced secondaries in180

the lunar soil and get scattered upward to be detected at the surface/orbit of the Moon),181

has been validated against the measurement results (Dobynde & Guo, 2021; Xu et al.,182

2022).183

With the above setup, REDMoon simulates the flux of both primary and secondary184

particles in the lunar regolith as a function of injected particles with different type, en-185

ergy, and angle. REDMoon adopts a so-called response function approach (Dobynde et186

al., 2021). Each response function is a matrix with each column representing a histogram187

of secondary particles which are created by primary particles with one certain energy.188

Secondary particle spectrum can be obtained simply by multiplying the incoming GCR/SCR189

spectrum with the matrix, rather than running new simulations each time considering190

a new input particle spectrum. In this work, considering both GCRs (under different ϕ191

values) and SCRs as input sources , we use REDMoon’s response functions to calculate192

the induced neutron and proton flux at different depths beneath the lunar surface.193

3.2 Reactions and cross sections producing cosmogenic isotopes194

The main processes producing Cr isotopes in the lunar materials are spallation and195

neutron capture reactions. In this work we simulate the production of 4 stable cosmo-196

genic Cr isotopes (50Cr, 52Cr, 53Cr, 54Cr), considering four targets elements in the soil:197

Cr, Fe, Mn, and Ni. The cosmic particles that react with them are neutrons and pro-198

tons (obtained from the REDMoon model), both of which may induce spallation reac-199

tions with the target elements. Besides, neutrons, especially those with energies smaller200

than 10 keV (thermal and epithermal neutrons), can be captured by Cr isotopes via neu-201

tron capture reactions, thus changing the Cr isotope type.202

In such calculations, the probability of a certain type of reaction can be represented203

by the cross section, which is a function of the energy of inject particles (also called an204

excitation function). We found the excitation function of the four neutron capture re-205

actions which are responsible for Cr isotope generation processes from the Evaluated Nu-206

clear Data File (ENDF/B-VII, Chadwick et al., 2011). These four reactions are: 50Cr(n,g)51Cr,207

consuming 50Cr; 52Cr(n,g)53Cr, consuming 52Cr while producing 53Cr; 53Cr(n,g)54Cr,208

consuming 53Cr while producing 54Cr; 54Cr(n,g)55Cr, consuming 54Cr. where n stands209

for the captured neutron and g stands for the released γ particle. However, there lacks210

sufficient cross sections based on measurements for spallation reactions we need. There-211

fore another two models are employed in this work: Talys 1.95 and INCL v6.29. Talys212

provides reliable cross sections with the injected particles in the energy range from about213

1 keV to 200 MeV (A. Koning & Rochman, 2012). Above this energy range, we use ABLA07214

(Kelić et al., 2009) as the de-excitation model coupled with INCL v6.29 (Boudard et al.,215

2013) to derive the cross sections up to 20 GeV.216

In additional to direct production of Cr isotopes, there are reactions producing cos-217

mogenic unstable nuclides, which may decay to stable Cr isotopes. For example, 53V and218

54V will decay to 53Cr and 54Cr, while 53Ti and 54Ti will decay to 53V and 54V. The cross219

sections producing such nuclides are independently calculated in Talys 1.95 and INCL220

v6.29 codes. We consider such cosmogenic unstable nuclides including 52Ti, 53Ti, 54Ti,221

52V, 53V, 54V, 50Mn, 52Mn, 53Mn, 54Mn and 53Fe which may finally decay to one of the222

Cr isotopes (50Cr, 52Cr, 53Cr or 54Cr). Their half-life times are all very short except for223

53Mn, whose half-life is ∼3.7 million years. Since cosmogenic 53Mn nuclides are contin-224

uously decaying and being generated, we must consider the exposure age of lunar sam-225

ples.226
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3.3 Production rates of cosmogenic isotopes227

We further calculate the production rates Pi(d) of cosmogenic nuclide i via the fol-228

lowing equation,229

Pi(d) =

Q∑
q=1

NA
ωq

Aq

M∑
m=1

∫ Eup

0

σq,m,i(E)× Jm(E, d)× dE. (3)

Here d is the column depth of the lunar regolith in the unit of g/cm2 and it ranges from230

0 at the lunar surface to about 550 g/cm2 (at 3 meters depth). q is the type of target231

element. Four Cr isotopes are analyzed separately as target nuclides because of the ex-232

istence of neutron capture reactions, while natural abundances of the Fe, Mn, and Ni iso-233

topes are considered. m is the type of cosmic particle arriving at the target and neutrons234

and protons (M = 2) are considered as they are the main particles detected in the lu-235

nar soil as calculated from the REDMoon model. NA is the Avogadro constant; Aq is236

the molar mass of element q and ωq is the mass percentage of element q in lunar mate-237

rial. NA
ωq

Aq
gives the number of atoms of element q in lunar material per unit material238

mass. For a single type of Cr isotope, we use ωq multiplied by its standard abundance239

to obtain its number of atoms. σq,m,i is the cross section of the reaction with target q,240

injecting particle m, and production of nuclide i as a function of injecting particle’s en-241

ergy E. Jm(E, d) is the flux of particle m (neutrons or protons) as a function of energy242

E and lunar subsurface depth d.243

3.4 Derivation of isotope anomalies: ε53Cr and ε54Cr244

With the given long-term average GCR and SCR spectra (Section 2.1 and 2.2), the245

production rate of a specific cosmogenic nuclide is a function of depth as Pi(d). By con-246

sidering the exposure age of the lunar sample and multiplying it with the production rates,247

we get the total accumulation of the cosmogenic nuclide in the sample.248

We use the Standard Reference Materials (SRM) provided by the National Insti-249

tute of Standards and Technology (NIST) “NIST SRM 3112a” Cr as the standard value250

of Cr isotopic abundance. We assume the Cr isotope abundance of lunar samples as the251

standard value (here we use the NIST SRM 979 value based on Shields et al. (1966) as252

the input) when they were just exposed to cosmic ray, and consider additional genera-253

tion of Cr isotopes during their exposure to evaluate the influence of cosmic effect on Cr254

isotopes. Then we normalize the 50Cr/52Cr ratio to 0.043452/0.837895 (inside 0.051859±0.000100255

based on Shields et al. (1966)) using an exponential law, and derive the normalized 53Cr/52Cr256

ratio and 54Cr/52Cr ratio. Using the normalized 53Cr/52Cr and 54Cr/52Cr, we have the257

per 104 deviation of iCr (where i is 53 or 54) as:258

εiCr = [
(iCr/52Cr)sample

(iCr/52Cr)SRM 3112a
− 1]× 10000 (4)

As we have discussed in Section 3.2, cosmic ray will also produce 53Mn which fur-259

ther decays to 53Cr with a half-life of ∼3.7 million years. For lunar samples with an ex-260

posure age of 10s Myr or longer, a dynamic equilibrium has been achieved between the261

production and decay of 53Mn. So when we display the production rates of cosmogenic262

53Cr in a figure, it is reasonable to just add the production rate of cosmogenic 53Mn to263

the directly-produced cosmogenic 53Cr. The same approach is adopted for the other un-264

stable cosmogenic nuclides since their half-lives are all shorter than 1 year. But When265

further calculating ε53Cr, since cosmogenic 53Mn keeps decaying and generated, we should266

consider the exact amount of cosmogenic 53Mn atoms which have decayed to 53Cr. The267

change of 53Mn atoms per kilo of lunar sample with time t is:268

dN

dt
= −λN + P. (5)
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Here, N is the number of cosmogenic 53Mn atoms in 1 kg lunar material; λ = ln2/τ , with269

τ being the half-life of 53Mn; P is the production rate in the unit of dpm/kg, i.e., the270

number of atoms produced in 1 kg of sample per minute. As we assumed the long-term271

average cosmic rays, at a certain depth we consider P as a constant. Let N = 0 when272

the sample was first exposed to cosmic rays, we get:273

N =
P

λ
(1− e−λt). (6)

With the total amount of 53Mn that have been produced by cosmic rays as P · t, the274

amount decayed to 53Cr is P · t−N . Using (P · t−N)/(P · t) to represent the propor-275

tion of 53Mn decaying to 53Cr during time t, we get:276

P · t−N

P · t
= 1− τ

t · ln2
(1− e−

t·ln2
τ ) (7)

Let τ = 3.7 Myr, for the exposure age of 25 Myr the proportion is ∼78.8% while for 100277

Myr it is ∼94.7%. Since the contribution of cosmogenic 53Mn is quite large to the pro-278

duction of cosmogenic 53Cr (see discussions in Section 4.2), when calculating ε53Cr, we279

should consider the exact amount of cosmogenic 53Mn atoms which have decayed to 53Cr280

using equation 7. As for the other unstable cosmogenic nuclides in this work with half-281

live time shorter than 1 year, we can just think 100 % of them have decayed out.282

4 Results283

4.1 53Mn production rates284

There lacks experimental results of cosmogenic Cr isotope production rates in lu-285

nar samples, but Imamura et al. (1973) measured the cosmogenic 53Mn production rate286

based on samples from Apollo 15 drill cores. As we have discussed in Section 3.1, although287

the lunar material in REDMoon model is based on the Apollo 17 drill core, its simula-288

tion results such as secondary albedo particles fluxes fit the experimental data well, sug-289

gesting that REDMoon can give a reliable prediction of the lunar radiation environment.290

Such a result can be seen as an average radiation environment in lunar rocks. Figure 2291

(a) shows the production rate of 53Mn in 1 kg Fe in lunar samples as a function of depth292

(in the unit of g/cm2, which also means the column mass) caused by GCR fluxes under293

different solar modulation potential ϕ values. The orange squares and green diamonds294

are experimental data based on Imamura et al. (1973). According to our simulation re-295

sults, when ϕ is 600 MV (yellow curve), it best fits the experimental data in the soil deeper296

than 100 g/cm2, but underestimates the production rates at the first two experimental297

points (60 and 64 g/cm2). Therefore we chose 480 MV as a long-term average solar mod-298

ulation potential, where the simulation results (azure line) are within the error range of299

most experimental data points. As discussed in Section 3.2 and 3.4, there are cosmogenic300

53Fe nuclides decaying to 53Mn with a very short half-life, and it is already taken into301

account when calculating the production of cosmogenic 53Mn in Figure 2 (a) and (b).302

Figure 2 (b) shows the total production rates of 53Mn in 1 kg of lunar Fe material303

as a function of depth, considering both SCRs (R0 = 100 MV and total proton flux over304

10 MeV is 70 protons/cm2/s based on Kohl et al. (1978)) and GCRs (ϕ = 480 MV). The305

experimental data of 53Mn production rate is from Imamura et al. (1973) based on var-306

ious different lunar samples, and more data for lunar samples with thin shielding are added307

comparing to Figure 2 (a). The inset at the top right is a zoom-in of the data at shal-308

low depths to better show the details. It is shown that overall our modeled results can309

fit the experimental data very well confirming the reliability of our model. Comparing310

Figures 2 (a) and (b), we show that SCRs (not included in Figure 2 (a)) play an impor-311

tant role at shallow depths.312
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Figure 2. The production rates of 53Mn in 1 kg of lunar iron material as a function of lunar

surface depth. Panel (a) shows the effect of only GCRs, while panel (b) shows the result con-

sidering both GCRs and SCRs. In panel (a), the curves with different colors are the modeled

production rates under different solar modulation potentials, while the points are the experimen-

tal data according to lunar rock 15031 and Apollo 15 drill core samples. In panel (b), the solar

modulation potential of GCRs is set to 480 MV, and the points in different colors are experimen-

tal data. The results of some rocks with shallow shielding are added in panel (b), and the details

are shown in the zoomed-in inset at the top right.

Figure 3. Production rates of Cr isotopes caused by GCRs and SCRs as a function of depth.

The results of 50Cr, 52Cr, 53Cr, 54Cr are shown in separate panels. Blue curves are total produc-

tion rates, while the SCRs and GCRs- related rates are shown in green and orange. The depth is

shown along X-axes in g/cm2 in logarithmic scale.
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4.2 Production rates of Cr isotopes313

Figure 3 shows the production rates of 4 Cr isotopes caused by both SCRs and GCRs314

(modulation potential ϕ = 480 MV). The element content of the lunar regolith in the315

calculation is based on Apollo 17 drill data. Cr production rates associated with SCRs316

and GCRs are displayed separately, and the depth (X-axes, in the unit of g/cm2) is in317

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

may higher than the GCR contribution within the depth of ∼5 g/cm2 (approximate 3319

cm), but decays very quickly with depth. We consider that it should not be ignored within320

15 g/cm2 of soil depth, and their influence is almost zero for depth deeper than 50 g/cm2.321

Figure 4 shows the respective contribution of spallation and neutron capture re-322

actions to the production of 53Cr and 54Cr. The blue curves stand for spallation reac-323

tions, while the red curves represent the net result of neutron capture reactions. As many324

spallation reactions are taken into consideration, we do not plot each of them separately.325

As for neutron capture reactions, as we discussed in Section 3.2, we consider 4 reactions,326

among of which 3 contribute to the generation and consumption of 53Cr and 54Cr iso-327

topes and thus are displayed in Figure 4. The pink curve in the left panel shows the pro-328

duction rate of 53Cr isotope from reaction 52Cr(n,g)53Cr; the purple curves in both pan-329

els are for reaction 53Cr(n,g)54Cr; and the green curve in the right panel is for 54Cr(n,g)55Cr.330

The net contribution of neutron capture reactions to the production of 53Cr is negative,331

because for neutron capture reactions the consumption of 53Cr is larger than the gen-332

eration of 53Cr. For the production of 54Cr, the influence of reaction 54Cr(n,g)55Cr con-333

suming 54Cr is very small (the green curve is close to zero across all depths and the red334

curve is behind the purple curve).335

As we have discussed in Section 3.2 and 3.4, there are cosmogenic unstable nuclides336

decaying to Cr isotopes, increasing the Cr isotope abundance indirectly. All of them ex-337

cept for 53Mn have a very short half-life time, so we think all of them have decayed out.338

The yellow curve named “Decayed from cosmogenic 53Mn” in Figure 4 (left panel) is in339

fact the total production rate of cosmogenic 53Mn (including those decayed from cos-340

mogenic 53Fe). All cosmogenic 53Mn is produced by spallation reactions, and it is ob-341

vious that 53Mn plays an important role in producing cosmogenic 53Cr comparing the342

yellow curve to the blue curve.343

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

tope of the lunar surface composition are spallation reactions rather than neutron cap-345

ture reactions. Alternatively, Mougel et al. (2018) suggested neutron capture reaction346

is the main process because of the correlation between ε53Cr (or ε54Cr) and 150Sm/152Sm347

ratios, since 149Sm has very large neutron capture cross sections. However, in fact, 150Sm/152Sm348

ratios can only reflect the flux of low-energy neutrons. From the results of our REDMoon349

models, the low-energy neutron flux and high-energy neutron flux are closely and pos-350

itively correlated. Low-energy neutrons can be captured contributing the neutron-capture351

reactions, while high-energy neutrons can induce spallation reactions. Thus both neutron-352

capture and spallation reactions could be important due to the large abundance of neu-353

trons across all energy ranges in the lunar soil, and the quantification of their relative354

contribution needs careful model assessments as we have shown in Figure 4.355

4.3 The relationship of ε54Cr and ε53Cr356

To calculate the isotope anomaly using the production rates, we assume the cosmic-357

ray exposure age as 100 Myr and set the soil element content based on Apollo 17 drill.358

Then the simulated 50Cr/52Cr ratios considering cosmic-ray effect are normalized to the359

standard value in order to derive ε53Cr and ε54Cr (see Section 3.4). Figure 5 (a) shows360

the relationship between ε54Cr and ε53Cr produced by GCRs only, and panel (b) shows361

the results considering both GCRs and SCRs. Markers show calculated data at differ-362

ent depths which are shown with the color.363
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Figure 4. Production rates of spallation and neutron capture reactions producing cosmogenic
53Cr (left) and 54Cr (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 53Mn 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. But364

we notice that there is a better linear relationship between ε54Cr and ε53Cr at the shal-365

low depth represented by the first several blue points. As stated in Section 4.2, lunar ma-366

terial could be greatly effected by SCRs at shallow layers beneath the surface, while at367

deeper layers the main contribution is by GCRs. If we separate these two parts, as the368

red and blue lines/shadow areas displayed in Figure 5(b), there is a clear linear relation-369

ship between ε54Cr and ε53Cr in the shallow section (< 15 g/cm2) where the influence370

of SCRs cannot be ignored. We fit the slope to be ∼2.27 in this part and the result is371

more consistent with the previous measurements. According to Mougel et al. (2018), there372

is a good linear relationship between ε54Cr and ε53Cr and the slope is ∼2.62 as derived373

from various lunar samples. The previous calculations which only considered the con-374

tribution of GCRs has a fitted slope of ∼5.85 (Leya, Wieler, & Halliday, 2003).375

Comparing with the measurements (Mougel et al., 2018), our results suggest that376

the contributions by SCRs at shallow layers are important. This is because of the dif-377

ference between SCR and GCR fluxes and energy ranges. SCRs have a high flux at low-378

energy ranges mostly below a few hundred MeVs while GCRs have an extended distri-379

bution over a larger energy range up to 10s of GeVs and above. Particles with low en-380

ergies are more easily stopped by shielding while those with higher energies can pene-381

trate deeper. Therefore, with thin shielding of lunar materials, most cosmogenic nuclides382

are produced by SCRs at the shallow layers while their contribution is negligible com-383

pared to GCRs at deeper layers.384

Moreover, we find that the relationship between ε53Cr and ε54Cr is also controlled385

by the exposure age and the Fe/Cr ratio of the sample. Figure 6 shows evolution of the386

slopes in shallow (panel a) and inner layers (panel b) change with exposure age (differ-387

ent curve colors) and Fe/Cr ratios (x-axes). The Pearson Correlation Coefficient (PCC)388

is also plotted which shows that the linear relationship of ε53Cr and ε54Cr with the depth389
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Figure 5. The relationship of ε53Cr and ε54Cr. 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 ε54Cr versus ε53Cr. Panel (b) shows the effect of both GCRs and SCRs. The linear

fitting is performed for three regions: at shallow depth (< 15 g/cm2, blue shadow area, fitted by

the blue line), deeper depth (> 15 g/cm2, 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/cm2 (panel a) is always good (PCC>0.997), while this linear relationship becomes390

weaker at deeper layers. This agrees with the feature shown in Figure 5 (b).391

As discussed in Section 3.4, the sample exposure age determines the portion of cos-392

mogenic 53Mn decaying to 53Cr, which is a very important process to produce cosmo-393

genic 53Cr according to Section 4.2. When the exposure age get larger, the portion of394

cosmogenic 53Mn decaying to 53Cr also increases, leading to a relatively high ε53Cr and395

a small slope between ε53Cr and ε54Cr. We note that the difference between 25 Myr and396

50 Myr is larger than that between 100 Myr and 500 Myr. The reason is that with a 100397

Myr of exposure age ∼94.7% of cosmogenic 53Mn has already decayed to be 53Cr, and398

this result will stay almost the same (close to 100%) for a longer exposure age.399

–12–



manuscript submitted to JGR: Planets

As shown, the Fe/Cr ratio of the sample also influences the slope and the influence400

depends on both the exposure age and the sample depth. This is because the Fe con-401

tent in lunar rocks is generally high, and spallation reactions with target Fe play an im-402

portant role in producing cosmogenic Cr isotopes. When the Fe/Cr ratio gets larger, those403

spallation reactions can have a greater impact to Cr isotope abundance, and the influ-404

ence of neutron capture reactions decrease relatively.405

Figure 6. The slope of the fitted linear relationship between ε53Cr and ε54Cr and its depen-

dence on exposure age (different colors) and Fe/Cr ratio (x-axes). The shaded area shows the

uncertainty of the fitting. Panel (a) shows the results with the column mass less than 15 g/cm2

and panel (b) shows layers with larger column mass. Solid curves in different colors represent

the slope with the exposure age of 25 Myr (blue line), 50 Myr (orange), 100 Myr (green) and

500 Myr (red), while the shadow areas are the uncertainties of slopes. The dashed curves are the

PCC (Pearson correlation coefficient) of different exposure ages, using the same color.

Figure 7 shows the comparison between simulation results and data obtained us-406

ing Apollo samples (Mougel et al., 2018; Qin et al., 2010), and the references providing407
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the exposure ages are shown in Table 1. Ten samples with their respective uncertain-408

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

tio of each are shown in the legend. Each panel also plots the ε53Cr and ε54Cr values410

at different depth predicted by our model considering the exposure age and Fe/Cr ra-411

tio of the corresponding sample. The correlation of ε54Cr versus ε53Cr at shallow (shown412

with purple markers) and inner layers (orange markers) are fitted by a linear slope in413

each region, respectively.414

The original depth of samples used here is unknown. However, our model can be415

used to give some indications. As shown in Figure 7, the modeled relationship between416

ε53Cr and ε54Cr within the depth of 15 g/cm2 (blue curves) match with most of the ex-417

perimental data (green markers with errorbars), suggesting that these samples are for418

near-surface layers with small regolith shielding. Among those 10 samples, three (12005,419

12016 and 12063) are measured by Rancitelli et al. (1971) to obtain the production rates420

of 54Mn. We compare our simulation results of 54Mn with the measured production rates421

and derive the sample depth. As shown in Figure 8, the blue curves give the depth-dependent422

54Mn production rates, while the orange horizontal lines show the measurement results.423

Their intersections can be used to derive the depth which is marked by the vertical red424

lines. All three samples are located at a depth smaller than 10 g/cm2.425

According to Section 4.1 (see, e.g., Figure 2), our simulation results of the produc-426

tion rates of cosmogenic isotopes can fit the measurements well. Nevertheless, we note427

that the values of modeled ε53Cr and ε54Cr are mostly below experimental results. This428

suggests that there may be other influencing factors generating Cr isotope anomaly rather429

than cosmic rays.430

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)

5 Summary and Discussion431

By comparing the production rates from different reactions (Section 4.2), we sug-432

gest that the main processes producing cosmogenic Cr isotopes are spallation reactions,433

rather than neutron capture reactions which were suggested by previous studies (Mougel434

et al., 2018). In that work neutron capture reactions are thought to be the main pro-435

cess producing Cr because of the correlation between ε53Cr (or ε54Cr) and 150Sm/152Sm436

ratios. Cosmogenic 150Sm is mostly produced by neutron capture reactions because of437

the large cross sections of neutron capture reaction 149Sm(n,g)150Sm. Thus, the produc-438

tion of 150Sm directly reflects the flux of secondary neutrons in the lunar material. Al-439

ternatively, for production of Cr isotopes, the process is not the same because the cross440

sections of neutron capture reactions producing Cr isotopes are not so large compared441

to the Sm isotpoes. The production of Cr isotopes significantly depends on the neutron442

flux, and neutrons can not only be captured, but also induce spallation reactions. We443

also note that most of the cosmogenic 53Cr are decayed from cosmogenic 53Mn (which444
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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/cm2, and orange points are in deeper sections. The blue

and red curves show the linear regression between ε53Cr and ε54Cr in those two depth ranges

(above 15 g/cm2 and below 15 g/cm2) 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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Figure 8. The production rate of 54Mn inside 12005,12016 and 12063, and the change of
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 reduce445

53Cr because of the larger cross section of reaction 53Cr(n,g)54Cr compared to 52Cr(n,g)53Cr.446

The total production rates in our model fit the experimental data well (Imamura447

et al., 1973) as shown in Figure 2. As shown in Section 3.4, by considering both the pro-448

duction rates and exposure ages, we calculate the amount of cosmogenic Cr isotopes that449

have been accumulated during that time. In order to simulate the isotope anomaly caused450

by cosmic ray effect alone, we assume the Cr isotope abundance of lunar samples as the451

standard value when they started being exposed to cosmic ray. However, the values of452

simulated ε53Cr and ε54Cr are mostly lower than experimental results, as shown in Fig-453

ure 7. Such results suggest that cosmogenic Cr isotopes do influence the Cr isotope abun-454

dance on the Moon, but it may not be the only reason.455

As for the relationship between ε53Cr and ε54Cr, in Section 4.3 we compare our456

modeled results with the previous experimental data which have been influenced by var-457

ious factors and uncertainties such as the sample depth, exposure age, and the Fe/Cr458

ratio. Therefore, we also include these factors specifically for modeling each sample. There459

has been found a good linear relationship between measured ε53Cr and ε54Cr, and the460

experimental slope is ∼2.62 (Mougel et al., 2018; Qin et al., 2010). However, for the first461

time we found that the slopes are different in two different depth ranges where shallow462

layer is influenced by both SCRs and GCRs while inner layers have negligible influence463

by SCRs. By comparing the fitted slope of modeled results at different depth ranges with464

the experimental data, we suggest that the aforementioned lunar samples are from shal-465

low layer. In this depth range, if the sample has an exposure age long enough (not shorter466

than 25 Myr) and a Fe/Cr ratio not lower than 20, there is always a good linear rela-467

tionship and a stable slope value derived from the modeled results (see Figure 6 (a)).468

There also remain several problems in our work. First, the slope of ε54Cr versus469

ε53Cr is modeled to be 2.27 (Fig. 5, which is close to the experimental result (∼ 2.62)470

compared to previous studies (∼ 5.85, by Leya, Wieler, and Halliday (2003)). However,471

it is still a little lower.472

Second, the samples we considered in Figure 7 are all lunar rocks which have solid473

shape and different self shielding at different depth. Alternatively, our model considers474

the lunar surface regolith as the only shielding and does not account for the rock self-475

shielding. Future considerations of measurement based on lunar soil samples at differ-476

ent subsurface depth may be more appropriate to compare with our models.477
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Third, our simulation about the relationship between ε53Cr and ε54Cr in samples478

with very low Fe/Cr ratios and short exposure age is also not accurate. For instance, two479

lunar rocks with really low Fe content (60015 with FeO content is 0.35%; 62255 with FeO480

content is 0.2%; both with an exposure age of ∼ 2 Myr; results not shown in Figure 7)481

were also measured by Mougel et al. (2018). But our simulated slopes of that two sam-482

ples could not fit the data. The exposure age of 2 Myr is too short for our model that483

most cosmogenic 53Mn do not decay into 53Cr. A very low Fe/Cr ratio in our model can484

cause a relatively higher impact of neutron capture reactions, consuming more 53Cr (see485

Section 4.2 and Figure 4). All of that lead to a relatively lower ε53Cr and a much higher486

slope between ε54Cr and ε53Cr.487

Finally, the long-term GCR and SCR spectra should also change with time, and488

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

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

dreds of Myr time scales is mostly unknown (Usoskin, 2017). So we use the same long-491

term average spectrum which is determined by the measured 53Mn production rates for492

all the lunar samples considered. Certainly, given the half-life of 53Mn being only 3.7 Myr,493

this spectrum may not reflect the average spectra throughout 10s or 100s million years.494

6 Conclusion495

In this work we calculate the production of Cr isotopes at different depth under496

the lunar surface. As a novel result, we find that the main processes producing cosmo-497

genic Cr isotopes are the spallation reactions and most of the cosmogenic 53Cr are de-498

cayed from cosmogenic 53Mn. Since 53Mn has a half-life of 3.7 Myr and is constantly form-499

ing induced by cosmic rays and decaying in the lunar material, the exposure age of the500

lunar rocks will influence the proportion of cosmogenic 53Mn that decays to cosmogenic501

53Cr.502

We also find that the relationship between ε53Cr and ε54Cr is determined by the503

depth (which reflects the influence of different cosmic ray sources), the exposure age, and504

the Fe/Cr ratio. For the first time, we note that there are two different slopes in two depth505

ranges, where shallow layers are influenced by both SCRs and GCRs while in the inner506

layers the impact of SCRs can be ignored. Comparing the modeled and measured results,507

we further suggest the lunar rocks measured by Mougel et al. (2018); Qin et al. (2010)508

should be collected from shallow layers. Nevertheless, the value of ε53Cr and ε54Cr from509

our model is mostly lower than the experimental results, suggesting that the isotope anomaly510

of 53Cr and 54Cr in lunar samples may be influenced by other factors than cosmic rays511

which need further investigations in the future.512
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Mougel, B., Moynier, F., & Göpel, C. (2018, Jan). Chromium isotopic homogeneity606

between the moon, the earth, and enstatite chondrites. Earth and Plane-607

tary Science Letters, 1–8. Retrieved from http://dx.doi.org/10.1016/608

j.epsl.2017.10.018 doi: 10.1016/j.epsl.2017.10.018609

Nishiizumi, K., Arnold, J., Kohl, C., Caffee, M., Masarik, J., & Reedy, R. (2009,610

Apr). Solar cosmic ray records in lunar rock 64455. Geochimica et Cos-611

mochimica Acta, 2163–2176. Retrieved from http://dx.doi.org/10.1016/612

j.gca.2008.12.021 doi: 10.1016/j.gca.2008.12.021613

O’Neill, P., Golge, S., & Slaba, T. (2015, Mar). Badhwar-o’neill 2014 galactic cosmic614

ray flux model description (Tech. Rep.).615

Phinney, D., Kahl, S., & Reynolds, J. (1975). /ar-40/-/ar-39/dating of apollo 16616

and 17 rocks. In In: Lunar science conference, 6th, houston, tex., march 17-21,617

1975, proceedings. volume 2.(a78-46668 21-91) new york, pergamon press, inc.,618

1975, p. 1593-1608. (Vol. 6, pp. 1593–1608).619

Potgieter, M. (2013, Jun). Solar modulation of cosmic rays. Living Reviews in So-620

lar Physics, 10 . Retrieved from http://dx.doi.org/10.12942/lrsp-2013-3621

doi: 10.12942/lrsp-2013-3622

Qin, L., Alexander, C. M., Carlson, R. W., Horan, M. F., & Yokoyama, T. (2010,623

Feb). Contributors to chromium isotope variation of meteorites. Geochim-624

ica et Cosmochimica Acta, 1122–1145. Retrieved from http://dx.doi.org/625

10.1016/j.gca.2009.11.005 doi: 10.1016/j.gca.2009.11.005626

Rancitelli, L., Perkins, R., Felix, W., & Wogman, N. A. (1971). Erosion and mix-627

ing of the lunar surface from cosmogenic and primordial radio-nuclide mea-628

surements in apollo 12 lunar samples. In Proceedings of the lunar science629

conference, vol. 2, p. 1757 (Vol. 2, p. 1757).630

–19–



manuscript submitted to JGR: Planets

Reedy, R., & Nishiizumi, K. (1998, Mar). Factors affecting the interpretation of631

solar-proton-produced nuclides and some chlorine-36 results. Lunar and Plane-632

tary Science Conference,Lunar and Planetary Science Conference.633

Reedy, R. C., & Arnold, J. R. (1972, Feb). Interaction of solar and galactic cosmic-634

ray particles with the moon. Journal of Geophysical Research, 537–555. Re-635

trieved from http://dx.doi.org/10.1029/ja077i004p00537 doi: 10.1029/636

ja077i004p00537637

Shields, W. R., Murphy, T. J., Catanzaro, E. J., & Garner, E. L. (1966). Abso-638

lute isotopic abundance ratios and the atomic weight of a reference sample of639

chromium. Journal of research of the National Bureau of Standards. Section A,640

Physics and chemistry , 70 (2), 193.641

Stettler, A., Eberhardt, P., Geiss, J., & Grögler, N. (1974). 39ar-40ar ages of sam-642
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