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COSMOGENIC NUCLIDE PRODUCTION IN SMALL METALLIC SPHERULES 
Robert C. Reedy, Earth and Space Sciences Division, 
Los Alamos National Laboratory, Los Alamos, NM 87545 

The primary particles in the solar and galactic cosmic rays (SCR and 
GCR) can produce cosmogenic nuclides in small objects in interplanetary and 
interstellar space. Production rates of seven cosmogenic nuclides were 
reported earlier for small stony spheres (1). As deep-sea sediments also 
contain iron spherules in which cosmogenic nuclides have been observed (2), 
the production rates for the same seven cosmogenic nuclides plus Ni-59 in 
small metallic spherules of various radii are reported. These production 
rates can be used to interpret the measurements of cosmogenic nuclides in 
metallic spherules in terms of the spherules' origins, exposure ages, and 
sizes in space. 

The fluxes for the primary protons in the SCR and GCR are the same as 
those used for stony spherules (1). In metallic phases, large amounts of 
75,000-year Ni-59 can be made by reactions with both protons (from reactions 
with Co and Ni) and alpha particles (reacting with iron). Fluxes for GCR 
alpha particles are from (3) for an average over a solar cycle. For the 
solar alpha particles, a power law in energy, E-I *9, was used ( 4 ) ,  and an 
integral flux of 10 alphas/cn? s above 10 MeV was assumed. The fluxes of SCR 
particles in the centers of metallic spherules of various radii were 
calculated using the range-energy relations described in ( 1). The 
composition of these spherules was assumed to be 91% iron, 0.5% cobalt, and 
8% nickel. No other elements (such as S, P, or C) were considered, although 
such elements could contribute significantly to the production of the lighter 
nuclides, such as A1-26 and Be-10. Cross sections for proton-induced 
reactions were used for all eight nuclides. For the Fe-56(a,n)Ni-59 
reaction, experimental cross sections up to 25 MeV (5) were used. 

The production rates of cosmogenic nuclides by GCR protons are given in 
Table 1. The contributions of GCR alpha particles to the production of Ni-59 
depends considerably on the spectrum assumed for alpha particles with 
energies below 100 MeV. The rate given in the footnote used the spectrum of 
(3), which has some enhancement of low-energy alpha particles. The actual 
long-term spectrum of low-energy GCR alpha particles in the solar system is 
not well known and presently varies with time. Except for He-3, Mn-53, and 
Ni-59 (for which secondary particles are important), the interplanetary 
production rates (column for "Solar-Cycle Av. GCR") are similar to rates 
observed in iron meteorites. The rates for the interstellar (IS) GCR fluxes 
are higher than those for a typical interplanetary GCR spectrum, although 
there is a large uncertainty in the IS spectrum of GCR particles (1). 

The production rates by SCR protons and, for Ni-59, SCR alpha particles 
are given in Table 2 for metallic spheres of various radii (determined 
assuming a density of 7.95 gIcm3). The nuclide production rates by these 
low-energy SCR particles decrease with radius differently depending on the 
reactions that make the nuclides. Nuclides made by high-energy reactions 
(e.g., Re-10 and A1-26) are made in very low amounts by solar protons, being 
made almost entirely by GCR particles, and are not very sensitive to depth. 
The Ni-59 made by SCR alpha particles decreases extremely fast with radius 
because of the very short ranges of low-energy alpha particles (4). 

High concentrations of Mn-53 and Ni-59 in a metallic spherule would 
indicate that it was small in space. The concentration of 
solar-alpha-particle-produced Ni-59 is a very sensitive indicator of a small 
spherule's radius in space. The production rates of most other 
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radionuclides, such as Be-10, A1-26, and C1-36, are not very different than 
rates observed in iron meteorites, so their activities could not be used to 
infer size but could be used to determine exposure ages. The measurement of 
a pair of radionuclides with only one being made readily by SCR particles 
(e.g., Ni-59 and Be-10) would help to constrain the record for metallic 
spherules, such as is now done with Be-10 and A1-26 in stony spherules (1). 
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Table 1. Nuclide Production Rates (in atoms/minute/kg-metal) by Primary GCR 
Protons in Metallic Phases of Small Objects. (IS = interstellar space.) 

Solar-Cycle C+L (6) C+L (6) Webber + Yushak Ip + Axford 
Av. GCR (1) Local IS IS IS (7) IS (8) 

'production by GCR primary alpha particles contributes -0.8 atoms/min kg. 

Table 2. Nuclide Production Rates (in atoms/minute/kg-metal) by Primary 
Solar Protons inside Centers of Metallic Spheres of Various Radii. (Rates 
for Ni-59 are for both solar protons (p) and alpha particles (a).) 

Radius (mm) 0 .O 0.25 0.63 1.26 2.52 6.3 

He-3 183. 166. 147. 124. 95. 55. 
Be-10 0.30 0.29 0.28 0.26 0.23 0.17 
Ne-2 1 0.05 0.05 0.05 0.05 0.04 0.03 
A1-26 0.02 0.02 0.02 0.02 0.02 0.02 
C1-36 0.45 0.45 0.43 0.42 0.39 0.31 
Ar-38 1.05 1.04 1.02 0.98 0.91 0.74 
Mn-53 2425. 1904. 1-499. 1131. 761. 357. 
Ni-59 (p) 326. 228. 165. 114. 68. 28. 
Ni-59 (a) 1847. 122. 41. 19. 10. 6. 
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