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Introduction: Where the short-lived 41Ca (decays 

to 41K with a t1/2 = 0.1 Myr) in the early Solar System 
originated from has been of keen interest in cosmo-
chemistry, as it has important implications for not only 
the immediate astrophysical environment where the 
solar nebula resided but also the validity of potential 
41Ca chronology. The origin of 41Ca can be constrained 
if a comprehensive understanding of its initial abun-
dance and distribution in the early Solar System, which 
can be inferred from the isotopic measurements of po-
tassium in Ca-Al-rich Inclusions (CAIs), is established. 
However, the data available so far have not yet al-
lowed for a quantitative evaluation of the astrophysical 
source(s) of 41Ca. 

The former existence of 41Ca in the early Solar Sys-
tem was first demonstrated by [1] mainly in the E44 
and E65 CAIs from the CV3 Efremovka meteorite, and 
its initial abundance, expressed in the form of 
41Ca/40Ca, was inferred to be 1.4×10−8 from the corre-
lation between the excesses of radiogenic 41K and 
40Ca/39K ratios of the phases measured. This value, 
combined with the widespread 26Al/27Al = 5.2×10−5 
(e.g., [2]) and a later discovery of correlated presence 
or absence between 41Ca and 26Al in CV CAIs and CM 
hibonites [3], argues for a stellar origin of 41Ca.  On the 
other hand, in situ energetic particle irradiation by the 
protoSun could have also been a source for 41Ca as 
suggested from fossil records [4] of 10Be (t1/2 = 1.3 
Myr), a short-lived radionuclide produced exclusively 
by irradiation, and the fact that 41Ca could be efficient-
ly coproduced with 10Be by irradiation of targets with 
CAI-like composition [e.g., 5]. Although model calcu-
lations have always shown an overproduction of 41Ca 
by a factor of a few when 10Be matches the meteorite 
value, such discrepancies still seemed reconcilable if 
one considered the uncertainties associated with model 
parameters (e.g., cross sections, energy spectrum and 
projectile compositions, etc.)[5].  

 We performed a reanalysis of the E44 and E65 
CAIs with a latest-generation ion microprobe and re-
vised the Solar System initial 41Ca/40Ca ratio to a lower 
value of 4.2×10−9 [6]. Based on the synchronicity be-
tween 26Al and 41Ca observed in this work, we dis-
cussed three possible origins qualitatively and in the 
end concluded that this low 41Ca abundance makes an 
understanding of its origin more difficult than it used 
to be. Here we report some preliminary results from a 

more quantitative investigation of the possible astro-
physical origins for 41Ca. 

The Models: In this work, we focused on 41Ca 
originating from a supernova (SN) with different initial 
masses of 15, 19, 20, 21, and 25 M


 and from produc-

tion by irradiation of CAI-like targets. Models and 
parameters are described as follows: 

SN models: Following the methods of [7] and [8], 
we considered two types of injection scenarios: super-
nova with fallback only and with mixing fallback. The 
former assumes that all material interior to a given 
mass cut (Minj) falls back onto the remnant compact 
object, whereas the latter involves two mass cuts, with 
one being the physical mass cut (Mcut) and the other 
being a mixing boundary (Mmix). The total ejecta from 
a supernova with mixing fallback consists of all nucle-
osynthetic products from the region outside Mmix and a 
small fraction (q) of well-mixed material from the re-
gion between Mmix and Mcut. The nucleosynthetic 
yields used in calculations were taken from [9]. We 
further assumed that SN material was injected into the 
minimum-mass solar disk, rather than the whole solar 
nebula, because the correlated absence of 26Al and 41Ca 
in CAIs could have been a result of late injection [3]. 

Irradiation calculation: In our calculation for irra-
diation production of 41Ca, only proton and α-particle 
spallation of CAI-like targets was taken into account. 
The flux of projectiles was expressed in the form of a 
differential spectrum dN/dE ∝ E−γ, where γ = 2.7, 
which characterizes a gradual flare (i.e., 3He-free) en-
vironment, was chosen. The three main nuclear reac-
tions producing 41Ca, 42Ca(p,pn)41Ca, 44Ca(p,x)41Ca 
and 40Ca(α,3He)41Ca, were included in the calculation, 
and their cross sections were either taken from the nu-
clear databases (e.g., ENDF/B-VII) or estimated by 
using the TALYS code [10]. The target composition 
was assumed to be CAI-like, and no energy loss or 
neutron irradiation was considered as we assume irra-
diation of small CAI or their precursors in the nebula. 

To constrain the origin(s) of 41Ca, other short-lived 
radionuclides including 10Be, 26Al and 60Fe have to be 
considered. 10Be was used to place a limit for the total 
fluence experienced by the target and was set at 
10Be/9Be = 9×10−4, the value inferred in the E44 and 
E65 CAIs (see [6] and references therein). Widespread 
26Al/27Al = 5.2×10−5 in the early Solar System is be-
lieved to have resulted from 26Al injection from a stel-
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lar source (e.g., [2]) and therefore was used here as a 
reference value for SN input. 60Fe, a radionuclide only 
produced in stars, was included to check whether it can 
be delivered at the amount that matches the recently 
proposed 60Fe/56Fe = 1.1×10−8 [11].  

 Result and Discussion: The results for injections 
from SN are shown in Table 1, and the 25M


 model is 

plotted in Figure 1 as an example. The five SN models 
with both injection scenarios can reproduce 41Ca/40Ca 
~ 4.2×10−9 and 60Fe/56Fe ~ 1.1×10−8 while 26Al/27Al 
matches 5.2×10−5 by fine-tuning of Minj (fallback only) 
or Mmix and q (mixing fallback). The mass cuts Minj or 
Mmix are located in the He/C layer or at the top of the 
O/C layer (c.f., in the O/C layer found in [7] and [8]). 
A free decay time (Δ), defined as the timespan between 
supernova ejection and incorporation of the isotopes 
into CAIs, is on the order of 1 Myr. “f” is the dilution 
factor required to reproduce 26Al/27Al = 5.2×10−5. The 
smaller f values (~10−5) obtained here compared to 
those in [7] and [8] are due to the fact that the SN only 
delivered these radioisotopes into the solar disk. The q 
value spans a range from 2×10−4 to 10−3, which is in 
general smaller than the values in [8]. Overall, an in-
jection from any of the 5 SN models could account for 
the observed abundances of 26Al, 41Ca and 60Fe satis-
factorily, but it should be pointed out that whether the 
required parameters (locations of Minj or Mmix, f, q) are 
physically reasonable is still an open question.  

Our results of irradiation calculations are similar to 
the previous estimates by [5] and [12]. With the proton 
fluence required for producing 10Be/9Be = 9×10−4, 
spallation of CAI-like targets makes 41Ca/40Ca ~ 10−7, 
a factor of 20-30 higher than 4.2×10−9. The amount of 
26Al produced in this irradiation scenario is about a 
factor of 10 less than 26Al/27Al = 5.2×10−5. 

From these calculations, we infer that a SN appears 
to be a viable source for 41Ca, as well as for 26Al and 
60Fe. Under this framework, the synchronicity and cor-
related presence and absence between 26Al and 41Ca 
could be reasonably understood. Irradiation produces 
too high a 41Ca/40Ca ratio that may not be reconciled 
by involving model uncertainties. What is not clear is 
that given the efficiency of spallation production of 
41Ca, as predicted by these models, one should expect 
much higher 41Ca/40Ca ratios  (~10−7) than observed in 
10Be-bearing CAIs, but such values have never been 
found. The decoupling between 41Ca and 10Be requires 
either irradiation conditions that are conducive only to 
the production of 10Be (e.g., a longer irradiation time), 
or perhaps post CAI formation loss of radiogenic po-
tassium. The solution to this problem remains an open 
question.   

At this point, it appears that a SN is probably more 
favorable than early Solar System irradiation as the 

main source for 41Ca. One should note that this infer-
ence is based on only three CAIs [6] and more data are 
needed on a variety of samples to better constrain the 
true source of 41Ca in the solar nebula.  
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MAPS, 46, 1427 
 

SN 
model  

fallback 
only  

mixing 
fallback Note 

S25 Δ 1.06E+06 Δ 8.00E+05  
 f 9.50E-06 f 7.50E-06  
 Minj 7.31 Mmix 7.92 He/C 

   q 0.00021  
S21 Δ 1.04E+06 Δ 9.00E+05  

 f 9.50E-06 f 8.27E-06  

 Minj 5.51 Mmix 5.86 He/C 

   q 0.0011  
S20 Δ 1.08E+06 Δ 1.10E+06  

 f 1.10E-05 f 1.12E-05  
 Minj 4.90 Mmix 4.9 O/C 

   q 0.00019  
S19 Δ 1.10E+06 Δ 8.00E+05  

 f 1.19E-05 f 9.14E-06  
 Minj 4.40 Mmix 5.15 O/C, He/C 

   q 0.00021  
S15 Δ 1.09E+06 Δ 7.00E+05  

 f 1.59E-05 f 1.21E-05  
 Minj 3.08 Mmix 3.74 He/C 

   q 0.00026  
Table 1. Parameters needed in SN models to fit the observed 
abundances of 26Al, 41Ca and 60Fe. 
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Fig 1. Results for a 25 M


 supernova model. The black and 

red lines refer to “fallback only” and “mixing fallback” sce-
narios, respectively. The He/C layer is shown for reference. 
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