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Introduction: Many studies report evidence for 

the incorporation of the short-lived radionuclide (SLR) 
(T1/2 = 0.3Myr)  36Cl into early solar system materials, 
including calcium aluminum inclusions (CAIs). Lin et 
al. [1] infer an initial 36Cl/35Cl ratio of                           

≥ 4101.6  in sodalite from the carbonaceous chodrite 
Ningqiang based on Al-Mg systematics. Also relying 
upon Al-Mg systematics,  Jacobsen et al. [2] report 
that initial ratio of 36Cl/35Cl in wadalite from Allende 

would have been > 3107.8   had the initial 26Al/27Al 

ratio been the canonical value of ~ 5105  . With an 

initial 36Cl/35Cl of ~ 4102  , the source of 36Cl most 
likely would not be from a nearby super nova, or AGB 
star [3], leaving solar energetic particle (SEP) irradia-
tion as the likely source of this radionuclide.   

Bricker & Caffee [4] proposed a solar wind im-
plantation model for incorporation of 10Be in CAI pre-
cursor materials. In this model 10Be and possibly other 
SLRs are produced by SEP reactions in the proto-solar 
atmosphere of a more energetic T-Tauri Sun, charac-
terized by SEP fluxes many orders of magnitude 
greater  than contemporary particle fluxes. These SLRs 
are entrained in the solar wind that is then implanted 
into CAI precursor material. This production mecha-
nism is operational in the contemporary solar system 
and is responsible for implantation of solar wind nu-
clei, including 10Be [5] and 14C [6], in lunar material. 
Here we consider 36Cl in  CAIs in primitive carbona-
ceous meteorites in accordance with a solar wind im-
plantation model.  
     Solar Wind ImplantationModel: In the solar wind 
implantation model, SLRs are produced in the solar 
nebula ~4.6 GYR ago by the bombardment of target 
material in the solar atmosphere by solar energetic 
particles. These SLRs escape the solar atmosphere 
entrained in the solar wind. Some fraction these out-
ward flowing SLRs are incorporated into inflowing 
material which has fallen from the main accretion flow 
from the proto-planetary accretion disk. In the region 
in which the inflowing material and outflowing solar 
wind intersect SLRs may be incorporated into the pre-
cursor CAI material. The fluctuating x-wind model of 
Shu et al. [7, 8, & 9]  provides the basic framework for 
incorporation of SLRs into CAI-precursor materials 
and the subsequent transportation of these implanted 
refractory materials to asteroidal distances. 

      The refractory mass inflow rate, i.e. the mass that 
falls from the funnel flow onto the star at the X-region 
is given by 
                                 FXMS rD                                                             

where DM  is disk mass accretion rate, Xr is the cos-

mic mass fraction, and F is the fraction of material that 

enters the X-region [10]. For DM , we adopt 1x10-7 

solar masses year-1. Following Lee et al. [10] we adopt 
a cosmic mass fraction, Xr, and fraction of refractory 
material fraction F, of 4x10-3 and .01, respectively. We 
find the rate at which this refractory material is carried 
into the x-region,called here the refractory mass inflow 
rate, S, is 2.5x1014 g s-1.  
      The effective ancient 36Cl outflow rate, P in units 
of s-1, is given by: 
                                   fpP                                                                 

where p is the ancient production rate and f is the frac-
tion of the solar wind 36Cl that captured into the CAI-
forming region; f=0.1. We calculate the 36Cl produc-
tion rates assuming solar energetic particles are charac-
terized by a power law relationship:  
                                       rkE
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where r ranges from 2.5 to 4. For impulsive flares, i.e. 
r=4, we use 3He/H= 0.1 and 3He/H= 0.3, and for grad-
ual flares, i.e. r=2.5, we use 3He/H=0. We assume an 
increase over the current particle flux of ~4x105,  
yielding a  particle flux of 3.7x1012 protons cm-2s-1 for 
E > 10MeV at the surface of the proto-Sun. 
The production rates for cosmogenic nuclides can be 
calculated via: 
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where i represents the target elements for the produc-
tion of the considered nuclide, Ni is the abundance of 
the target element ( g g-1) , j indicates the energetic 
particles that cause the reaction, (E)σ ij  is the cross 

section for the production of the nuclide from the in-
teraction of particle j with energy E from target i for 

the considered reaction (cm2) , and 
jdE

dF(E)
 is the dif-

ferential energetic particle flux of particle j at energy 
E(cm-2s-1) [11]. We assume gaseous targets, Cl, K, S, 
of solar composition [12]. 
      

1722.pdf44th Lunar and Planetary Science Conference (2013)



     The concentration of 36Cl  found in refractory rock 
predicted by our model is given by: 
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where P is given atoms s-1 and S is given in g s-1. 
 

 
Results:      From the value of S given above, and 

calculations of p from (1), we calculate the concentra-
tion of 36Cl in CAIs from (2), and find the associated 
isotopic ratio for different flare parameters given in the 
table below. 

Table 1 Predicted 36Cl content in CAIs. 

Flare Parameter atoms g-1 (in CAIs) Isotopic ratio 
p=2.7, 3He/H=0 3.35x1013 1.14x10-5 
p=4, 3He/H=0.1 5.26x1013 1.79x10-5 
p=4, 3He/H=0.3 1.54x1014 5.25x10-5 

 
Discussion:  From the results above, the isotopic 

ratio predicted by the solar wind implantation model is 
from a factor of 4 to a factor of 10 below the inferred 
initial 36Cl/35Cl ratio of ~ 2x10-4. Given the uncertain-

ity in the parameters, i.e DM , Xr, F, and f, the model is 

viable for 36Cl/35Cl initial ratio of ~ 2x10-4. Jacobsen et 
al. [2] report, based on Al-Mg systematics, the initial 
36Cl/35Cl ratio may have been > 3107.8  . The model 
underproduces this value by several orders of magni-
tude for the flare parameters given here. 

Evidence suggests that the distribution of 26Al was 
homogenous in the solar system, but this is not always 
the case [3]. Marhas and Goswami [13] found several 
CAIs that had the “canonical” 10Be/9Be ratio, but were 
devoid of 26Al, demonstrating a decoupling of 26Al 
from 10Be. If 36Cl is also decoupled from 26Al, it is 
difficult to infer what the initial 36Cl/35Cl ratios was 
based solely on Al-Mg systems, although Jacobsen et 
al [2] do report a canonical initial 26Al/27Al ratio for 
primary minerals in their sample. More studies are 
needed in this area. It would be beneficial to establish 
a correlation between 10Be and 36Cl to find if the irra-
diation that most likely produced 10Be also produced 
36Cl.  

 
 
 
 
 
 
 
 
 
 
 

References: [1] Lin et al. (2005) Proc. Natl Acad. Sci., 
102, 1306. [2] Jacobsen et al. (2011) ApJL, 731, L28. 
[3] Wassserberg et al. (2006) Nucl. Phys. A., 777, 5. 
[4] Bricker, G. E., & Caffee, M. W. 2010, ApJ, 725, 
443. [5] Nishiizumi, K. & Caffee, M.W. 2001, Sci-
ence, 294, 352. [6] Jull, A.J.T., Lal, D., McHargue, 
L.R., Burr, G.S., & Donahue, D.J. 2000, Nucl. In-
strum. Methods Phys. Res. B, 172, 867. [7] Shu, F.H, 
Shang, H., & Lee, T. 1996, Science, 271, 1545 [8] 
Shu, F.H., Shang, H., Glassgold, A.E., & Lee, T. 1997, 
Science, 277, 1475. [9] Shu, F.H., Shang, H., 
Gounelle, M., Glassgold, A. & Lee, T. 2001, ApJ, 548, 
1029. [10] Lee, T. et al.1998, ApJ, 506, 8. [11] Reedy, 
R.C. & Marti, K. (1991)  In The Sun In Time, edited by 
Sonnet C.P., Giampapa, M.S., and Mathews, M.S.. 
Tucson:University of Arizona Press. pp. 260-278. [12] 
Lodders, K. (2003) ApJ, 591, 1220. [13] Marhas, K.K. 
& Goswami, J.N. (2003) Lunar Planet. Sci. XXXIV 
1303.  

  

1722.pdf44th Lunar and Planetary Science Conference (2013)


