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Cosmic-ray-produced stable nuclides of Ca (mass number: 42, 43, 44 and 46), Ti (46, 47, 49 

and 50), V (50), Cr (50, 53 and 54) and the long-lived nuclides, 4 0K and 53Mn were determined 
along the radial axes of the iron meteorites Grant and Treysa. Grant was extensively examined 
and the results compared with rare gas data. Although Treysa does not include enough samples 
to allow detailed analysis, the depth profile shows typical features for a small meteorite. 

The results were compared with calculated profiles of 4 0K, 49Ti and 53Mn using thick bombard-
ment data. The approximate pre-atmospheric radii of Grant and Treysa were determined to be 
30 cm and 14 cm, respectively. The effect of space erosion was also estimated by comparing the 
data of 49Ti and radioactive 53Mn in Grant and Treysa with the calculated patterns. It is suggested 
that space erosion of both meteorites is small ( < 0 . 8 Ä / y ) during the cosmic-ray exposure of 
several hundred million years. 

1. Introduction 
The interaction of primary cosmic radiation with 

meteorites produces many secondary particles of 
various energies, causing very complex nuclear 
reactions and a variety of nuclear species to be 
produced. The distribution of these products in the 
meteorite is a function of the shielding depth, viz. it 
depends on the shape and size of the meteoroid as 
well as the depth of the sample in the body. The in-
vestigation of these depth dependences of cosmogenic 
nuclides is important to the understanding of histo-
ries of cosmic-rays, meteorites and lunar surface 
materials. 

Since the first determination of 3He in iron mete-
orites by Paneth et al. [1] , a large number of spal-
logenic rare gas data as well as their radial distribu-
tion has been published [2 — 12]. On the other hand 
the data of cosmic-ray produced spallogenic stable 
nuclides other than rare gases are limited to certain 
nuclides [13 — 19]. There have been many studies 
on spallogenic radioactive nuclides, but only a little 
work [18] has been reported on depth profiles in 
the iron meteorites. 
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Among the spallogenic nuclides in iron meteorites, 
the production rate of rare-gas isotopes decreases 
with the depth of the sample, that is, production cor-
relates almost linearly with the attenuation of high 
energy particles. Compared with rare gas isotopes, 
nuclides of mass number closer to target nuclides, 
such as 53Mn, 54Cr, 50V, 50Ti, etc., are produced in 
a large proportion by moderate energy secondaries. 
These nuclides give a maximum in the distribution 
patterns along the depth of samples [20, 21]. As is 
well known, the maximum positions in the distribu-
tion patterns of these spallogenic nuclides are almost 
inversely related to the mass differences between 
target and produced nuclides. Therefore, it would 
be ideal to study spallogenic nuclides in a wide range 
of mass differences from the main target nuclides. 
Further, it is also desirable to measure spallogenic 
stable and radioactive nuclides in the same sample 
because comparisons of stable nuclides and radio-
active nuclides with various half-lives make it possible 
to estimate the erosion rate in space and ablation in 
air, as well as the constancy of cosmic rays. 

In this paper, we report the distribution of cos-
mic-ray-produced isotopes of Mn, Cr, V, Ca and K 
including 53Mn (7^/2 = 3.7 x 106y) [22] and 
40K (7^2 = 1.28 X l 0 9 y ) [23 ,24 ] in two iron mete-
orites, Grant and Treysa. Since, all the spallogenic 
nuclides in iron meteorites are predominantly pro-
duced from Fe and Ni, the analysis of the data is 
much less complex than in the case of stone mete-
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orites. Grant, a medium-sized iron meteorite with 
recovered weight 530 kg, was chosen because a con-
siderable number of detailed rare gas data are avail-
able [4, 9] and comparison with other data is pos-
sible. Treysa has not been investigated in detail, but 
it is an interesting object due to its smaller size with 
recovered weight 63.3 kg. The experimental data are 
compared with model calculations and discussed in 
connection with the pre-atmospheric size of mete-
orites, space erosion and the constancy of the cosmic-
rays intensity. 

2. Experimental 

2.1. Samples 

Sample locations in the plane cut out from the 
meteorites are shown in Figures 1 and 2. The planes 
are supposed to pass near the center of the mete-
orites based on rare gas distributions [4, 9] . The 
samples from Grant are from the plane investigated 
by Hoffman and Nier [4], Fireman [7] , and Signer 
and Nier [9] for depth profile measurements of rare 
gases. 

About lg chunks of each sample location were cut 
from Grant and Treysa with a steel fretsaw or a 
circular rubber saw. The surfaces of the specimens 
were etched and washed successively with 6 N HCl, 
5 N HN0 3 , water and ethanol or acetone. The 
absence of inclusions such as troilite and schreiber-
site was checked in the course of these treatments. 

i . i - • . • L1NE I , i i i 
-400 -300 -200 -100 0 +100 +200 mm 

Fig. 1. Location of Grant samples used in this work. For 
example, "A-350" indicates that the specimen was taken 
from Bar A and at — 350 mm (at the center of the specimen) 
from the reference line, Contour lines shown in the figure 
are taken from the study of 3He distribution by Hoffman 
and Nier [7]. The unit of the 3He content is 10~6 ccSTP/g. 

I 

-150mm -100 - 5 0 0 +50 +100 

Fig. 2. Sample location of Treysa iron meteorite specimens 
used in this work. Location is shown as (x, y) coordinates. 

2.2. Chemical Procedure 

The sample was dissolved in a minimum amount 
of aqua regia. For the isotope dilution analyses, ap-
propiate amounts of mixed spike solution containing 
:J9K-, 42Ca-, and 46Ti-enriched isotopes and V and 
Mn of terrestrial isotopic composition were added 
to the solution at the beginning of the dissolution 
process. Because of the complex chemical behaviour 
of Cr in the solution, another chunk was taken for 
Cr extraction and a 50Cr-enriched spike was added to 
the sample. 

All acids, ammonia and organic solvents used 
were purified by isopiestic- [25] or distillation 
methods under normal or reduced pressures. Chem-
ical treatments were performed in a dust-free 
chamber positively pressurized by clean N.>. In most 
cases, teflon or quartz vessels were used. The de-
tailed chemical procedures have already been de-
scribed in our previous papers [14 — 16], and are 
schematically summarized in Figure 3. 

2.3. Mass Spectrometry 

The isotopic ratios of K, Ca, Ti, V and Cr were 
measured by a surface ionization source mass 
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Fig. 3. Schematic diagram for the chemical separations of K, Ca, Ti, V, Cr and Mn from each other and from the 
target materials Fe, Ni and Co. 

* Spike mixture solutions containing ~ 1 /ig 39K-, ~().l jj.g 42Ca- and ~ 0.01 [j.g 46Ti-enriched isotopes and 
~ 0.1 (jLg V per 1 g solution. About 0.3 nig Mn/g carrier solution was prepared separately. Concentrations of all 
spikes and carrier were determined gravimetrically and/or by reverse isotope dilution analyses. 

** Purified by isopiestic method. Other acids and organic solvents were purified by double distillation. 
* 3 10 ml/3)" expresses that extraction was repeated 3 times using total volume ~ 10 ml of organic solvent, that 

is, in each extraction about 3.3 ml of organic solvent were used. 
*4 When Cr was extracted separately for a different specimen, the aqueous phases from the Fe extraction by 

isopropyl ether were treated in the same way as described after this step. 

spectrometer equipped with an electron multiplier, 
followed by a D.C. amplifier and a recording 
system. A digital voltmeter connected with a printer 
were used as well as a pen recorder. 

The K and Cr were measured using a single 
filament ion source but Ti and V were measured 
with triple-filament techniques. Depending on the 
sample sizes, Ca was measured with both tech-
niques. Details of the experimental procedure have 
been described elsewhere [14 — 16]. 

2.4. Radioactivation analyses of 53Mn 

After the separation of 53Mn with a Mn carrier, 
the chemical yield was determined by atomic ab-
sorption spectrometry or by flame photometry. The 
fraction was then dried on a pure Al foil and ir-
radiated by thermal neutrons together with o:JMn 
standard samples in the JRR3 or JRR 2 reactor at 
the Japan Atomic Energy Research Institute, Tokai-
mura, Japan. The Fe and Mn standard samples were 
also irradiated for the correction of small 54Mn 
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contributions which were less than a few percent in 
all samples. The samples were stacked into a small 
volume of less than 1 cm3 to minimize the effect of 
a possible flux gradient. This effect was found to be 
negligible in these irradiations. 

Post-irradiation chemistry was performed in order 
to eliminate other gamma-activities. The 54Mn in the 
sample was counted by a low-level 1.75" well-type 
Nal counter with the anticoincidence setting or by a 
lOOcc Ge(Li) detector under heavy shielding. The 
precision was equal to or less than a few per cent 
[26]. 

3. Results 

The contents of the cosmic-ray-produced nuclides 
are summarized in Table 1 for Grant and in Table 2 
for Treysa. The mass spectrometric data and the 
assumptions for calculating the contents of the 
cosmic-ray-produced nuclides are described in the 
Appendix. The errors quoted are the combined er-
rors of mass spectrometry and the chemical proce-
dure. Errors of 53Mn are obtained by quadratically 
adding the statistical errors in counting to uncer-
tainties in recovery, but do not include the absolute 
error of the 53Mn standard. 

4. Discussion 

4.1. Pre-atmospheric size of iron meteorites 

It is possible to estimate the pre-atmospheric size 
of a meteorite by comparing the measured distribu-
tions of cosmic-ray-produced nuclides with calculat-
ed profiles. The depth profiles were calculated using 
a modified version [27] of the Kohman-Bender 
model [28] which is based on thick target bombard-
ment data [20, 28]. 

The distribution of thick-target data were re-
produced according to the diffusion-type equation of 
the Kohman-Bender model with the parameters 
presented in Table 3. This was integrated to obtain 
o(R,r), an effective cross section in a position, r, 
from the center in a spherical body with a radius R. 
The integration was made in a strict form rather 
than applying an approximation as described in the 
paper by Kohman-Bender [28]. The results, how-
ever, only raise the production by about \0% in the 
surface region. 

The calculated profiles are shown in Figs. 4 and 5 
normalized to the center. For comparison with the 

data, it is necessary to estimate the distance of each 
sample from the center of an original body. From 
noble gas data[4]and our results, we have estimated 
the position of the center of Grant to be around 
125 mm left from the reference line shown in Fig-
ure 1. The determination of the pre-atmospheric 
center of Treysa is difficult because no rare gas 
data is available in the same plane as is used in the 
present investigation. The curve fitting of our data 
to the calculated patterns indicates the center to be 
around (0, + 35) in Figure 2. The distances from 
these centers to each of our samples are given in 
Table 1 and 2. The experimental data are plotted 
against the distance from the center (Figs. 4 and 5) 
and compared with the calculated depth profiles of 
40K, 49Ti and 53Mn. 

In Figs. 4 and 5 the profiles recently calculated 
by Yokoyama [29] are also given in dotted lines. 
His original data on chondrites are converted to iron 
meteorites by multiplying by a conversion factor 
taken as 

f • £Te ^Fe 1 cm ol iron meteorite = - — — 
£?chond. ^'chond. 

1.8 cm of chondrite 

(o: density, / : nuclear interaction mean free path). 
Our calculated profiles seem to agree well with 
Yokoyama's in objects with small R, but systemati-
cally deviate in objects with larger R. The ex-
perimental data on Grant and Treysa fitted very 
well to the calculated profile by Yokoyama. Devia-
tion in our calculation from the experimental data 
for larger objects ( / ? > 1 5 c m ) could be explained 
by underestimation of the secondary particles, that 
is, the thick target bombardment model experiments 
could have been performed with targets not ap-
plicable to the larger object. 

The pre-atmospheric size of Grant and Treysa are 
estimated to be approximately 30 cm and 14 cm 
which corresponds to a mass of 880 kg and 90 kg 
respectively. The estimation for Grant agrees very 
well with 880 kg estimated by Fireman [5] and 
750 kg by Maringer and Manning [30], but is con-
siderably smaller than the estimation by Hoffman 
and Nier [4] , who gave a pre-atmospheric mass of 
2000 kg. For Treysa, Fechtig et al. [31] determined 
a pre-atmospheric radius to be ^ 30 cm using rare 
gas data. 

The estimation by our method should give a good 
approximation for the pre-atmospheric size unless 
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Table 1. Cosmic-ray-produced nuclides at various locations of the iron meteorite Grant3. 

Location Distance Cosmic-ray-produced nuclides k2 

from the 
center 
(mm) 

40K 43Ca 
(1013 atoms/g) 

46Ti 47 T i 49Ti 50Ti soy 54Cr 53M nb 
(dpm/g) 

Q - 2 6 0 235 0.545 1.6 2.95 3.59 5.71 0.24 21.2 0.314 2.77 
+0.011 +0.2 +0.07 +0.05 +0.11 +0.02 + 1.0 +0.010 

A - 3 5 0 240 0.530 1.77 2.91 3.62 6.01 0.36 3.90 19.0 0.366 2.80 
±0.010 +0.03 +0.13 +0.12 +0.15 +0.07 +0.08 + 0.8 + 0.010 

G - 3 2 0 195 0.521 — 3.68 6.07 0.29 4.11 — 0.368 2.91 
+0.009 +0.10 +0.11 + 0.04 +0.14 +0.011 

E - 2 4 0 150 0.471 2.74 3.49 5.78 0.23 3.77 21.3 0.371 2.92 
+0.007 +0.06 +0.04 +0.10 +0.02 +0.06 + 0.8 +0.009 

I - 1 1 0 40 0.461 1 .ti 2.76 3.33 5.73 0.23 3.97 18.2 0.373 2.90 
+0.010 +0.2 +0.10 +0.09 +0.10 +0.05 +0.18 + 0.9 +0.010 

G - 70 55 0.460 — — 3.50 5.70 0.31 3.65 — 0.358 2.94 
+0.009 +0.12 +0.14 +0.07 +0.13 +0.014 

I - 55 80 0.460 1.46 2.69 3.51 5.73 0.25 3.68 17.1 0.357 2.91 
+0.011 +0.09 +0.33 +0.09 +0.15 +0.13 +0.15 + 5.1 +0.016 

G - 15 110 0.496 — — 3.54 5.75 0.26 — — 0.374 2.93 
+0.011 +0.11 +0.14 +0.03 +0.016 

G + 30 155 0.496 — — 3.53 5.79 0.26 3.95 — 0.361 2.90 
+0.011 +0.10 +0.13 +0.03 +0.08 +0.018 

G + 60 185 0.490 — 3.51 5.93 0.27 — — 0.360 2.88 
+0.012 +0.11 +0.13 +0.05 +0.016 

K + 100 245 0.512 — 2.71 3.38 5.39 0.24 3.34 — 0.319 2.78 
+0.009 +0.08 +0.06 +0.09 +0.01 +0.11 +0.009 

F + 150 275 0.510 — — 3.43 5.44 0.26 3.30 — 0.304 2.65 
+0.009 +0.08 +0.12 +0.03 +0.11 +0.015 

a For cosmic-ray-produced nuclides of Ca and Cr other than 43Ca and 54Cr; see [14, 15, 17]. 
b Error for 53Mn standard calibration is not included. For absolute values, + 10% uncertainty in 53Mn standard (Odessa-

53Mn standard) has to be added. 

Table 2. Cosmic-ray-produced nuclides at various locations of the iron meteorite Treysa. 

Location Cosmic-ray-produced nuclides 

4 0 K 

(101 3 a t o m s / g ) 
47T i 49 T i 50 T i s o y 5 3 M n a 

( d p m / g ) 

o , + 3 0.651 3.64 5.80 0.27 3.6 0.381 2.81 
+0.024 +0.08 +0.12 +0.03 +0.5 +0.014 

0, - 3 0.616 3.45 5.83 — — 0.372 2.86 
+0.017 +0.12 +0.16 +0.015 

0, - 40 0.597 3.53 5.59 0.24 3.70 0.359 2.73 
+0.013 +0.09 +0.12 +0.04 +0.08 +0.015 

0, - 46 0.606 3.45 5.60 0.22 — 0.357 2.73 
+0.013 +0.08 +0.12 +0.04 +0.015 

- 96, 0 0.607 3.42 5.29 — 3.61 0.322 2.60 
+0.022 +0.09 +0.14 +0.33 +0.013 

- 1 0 9 , 0 0.604 3.38 5.15 0.23 3.4 0.299 2.56 
+0.013 +0.07 +0.11 +0.06 +0.8 +0.012 

a Error for 53Mn standard calibration is not included. For absolute values, + 10% uncertainties in 53Mn standard 
(Odessa- I-53Mn standard) have to be added. 
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Table 3. Selected parameters of the Kohman-Bender 
equation. 

Particle parameters 
Energy PA P B CA C B DA DD 
(BeV) (cm) (cm) (cm) (cm) (cm) (cm) 

0.45 10 11.6 0.046 1.20 5.6 12.5 
1.0 10 28 0.050 1.90 7.2 13.8 
3.0 10 30 0.050 1.51 10.3 19.5 
6.1 10 38 0.057 1.20 12.4 23 

Nuclide parameters 
Nuclides Energy <Ta(0) ffB(0) BA Bb 

(BeV) (mb) (mb) (cm-1) (cm"1) 

53Mn 0.45 27 5.9 0.59 1.39 
1.0 40 13 0.59 0.75 
3.0 48 24 0.51 0.88 
6.1 57 39 0.57 0.69 

49Tj 0.45 22 1.6 0.37 0.82 
1.0 32 4.6 0.93 0.75 
3.0 46 12 0.57 1.00 
6.1 46 20 0.74 0.76 

40]v 0.45 2.5 0.063 0.11 0.26 
1.0 8.2 0.53 0.29 0.44 
3.0 16 2.2 0.33 0.54 
6.1 16 4.6 0.30 0.40 

0 10 20 30cm 

distance from center 

Fig. 4. Radial distributions of cosmic-ray-produced 53Mn, 
49Ti and 4 0K in the iron meteorite Grant. Calculated 
distributions of these nuclides for spherical iron meteoroids 
of various size are also shown in relative numbers. Dotted 
lines show the profiles for R = 31 cm of iron meteoroid 
taken from the calculation on chondrites by Yokoyama 
[29]. (4 0K profiles was extraporated from 44Ti.) 
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0 5 10 15 20cm 

distance from center 

Fig. 5. Radial distributions of cosmic-ray-produced 53Mn, 
49Ti and 4 0K in the iron meteorite Treysa. Calculated 
distributions of these nuclides for spherical iron meteoroids 
of various size are also shown in relative numbers. Dotted 
lines show the profiles for R = 14 cm of iron meteoroid 
taken from the calculation on chondrites by Yokoyama 
[29]. (4 0K profiles was extraporated from 44Ti). 

the meteorite was actually quite elongated or ir-
regularly shaped. 

4.2. On the space erosion of iron meteorites 

Exposure ages of iron meteorites are generally 
larger than those of stone meteorites and are mostly 
distributed in the range 108— 109 years. One of ex-
planations for this fact is a space erosion model 
proposed by Whipple and Fireman [32]. The distri-
bution pattern of spallogenic stable nuclides should 
change with time if space erosion has a considerable 
effect on iron meteorites. However, radioactive 
spallogenic nuclides reflect only recent irradiation 
conditions and are not so influenced by space ero-
sion as stable isotopes. 

The total production Q{R0,r) per unit volume 
at the distance r from the center of a spherical 
meteoroid with the last pre-atmospheric radius R0 

during the exposure time can be calculated for 
various values of R0 as follows: 

i?o + <5 oo -i 
0 ( Ä o , r ) = J' S n o(R, r, £ ) - _ _ # ( £ ) dE dR Ro Eo (. — d / t /d t) 

(1) 

with J(E)dE, the fraction of cosmic ray flux with 
an energy between E and E + dE; E0 the threshold 

1 o 
0.9 

08 

07 
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energy; n, the number of target atoms per unit 
volume and <3, the extent of erosion defined as 
o 
| (d/?/df)dj, (T: exposure age). The spectrum and 

-T 
intensity of cosmic rays is assumed to have been 
constant throughout the exposure history of the 
meteorite. When erosion has occurred continuously, 
Eq. (1) becomes 

i Ro+eT 
<?( /? „ , r )= — J n dc(R, r) J dR 

e ito 
(2) 

where e is the errosion rate, ö is mean cross section 
for cosmic ray spectrum and J is the cosmic ray 
flux. The distribution pattern corresponding to vari-
ous erosion rates can be numerically calculated from 
the a calculated for different R and r. Calculations 
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0 5 10 
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cm 

(b) 
Fig. 6. Continuous erosion model for 49Ti distribution in 
Grant, (a), and Treysa, (b). Observed 49Ti profiles were 
compared with the calculated profiles expected in the 
case that continuous erosion of 0.8 A/y had occured during 
the exposure time of Grant (T — 695 my) and Treysa 
(T = 625 my). Calculation was made based on the profiles 
given by Yokoyama [29], i?o's were sestimated from 53Mn 
data. 

were made for the 49Ti isotope based on the produc-
tion profiles given by Yokoyama [29] since they 
agree quite well with the experimental data for each 
nuclide. Figure 6 shows calculated 49Ti distributions 
which experienced the continuous erosion cor-
responding to e = 0 and 0.8 A/y, for R0 = 30 cm (a) 
and for R0 = 14 cm (b). Figure 6 shows that erosion 
was not significant for Grant and Treysa and less 
than ~ 5 cm during the period of exposure. The up-
per limit of erosion rate for iron meteorites is calcu-
lated to be 0.8 A/y. McDonnel and Ashworth [33] 
have estimated the erosion effects on meteorites 
based on the calculation of ion-sputtering and hyper-
velocity impacts. They obtain erosion for metallic 
objects with masses of 102 to 103kg of ~ 1 x 10 -8 

cm/y. The upper limit obtained for Grant and Treysa 
is only slightly lower than their estimate. 

The consequence of the low erosion rate obtained 
here may be discussed in connection with the inter-
pretation of exposure ages. The maximum effects 
for a Grant-sized meteoroid were calculated to give 
ages only ~ 8 % and - 3 % lower (36Cl-36Ar and 
53Cr-53Mn exposure ages, respectively), than the real 
exposure ages, which we may take as the 40K-41K 
age, if cosmic-ray intensity has been nearly constant. 
Therefore the large ( ~ 30%) differences between 
36Cl-36Ar and 40K-41K ages [34] cannnot be ex-
plained by space erosion alone. 

4.3. Depth Dependence of Spallation Systematics 

One of the goals in understanding the interaction 
between cosmic rays and meteorites is the deter-
mination of the pre-atmospheric size of the mete-
orite and the location of specific samples within this 
meteorite. For this reason it is very useful to study 
the depth effect of spallogenic nuclides. Geiss et al. 
[35] and Stauffer and Honda [13] analysed the 
cosmic-ray products in iron meteorites in view of 
the spallation systematics which can be described by 
the empirical equation, 

C(A) = kx (AA) ~kr (3 ) 

where C(A) is the spallogenic concentration of the 
isobar A, A A = 56 — A, with A 50, kx is constant 
and k2 is depth-dependent parameter [20, 35], i.e. 
energy dependent with a smaller value for the higher 
energy. Taking all available data for spallogenic 
nuclides in Grant, a better fit to the data is given by 
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Fig. 7. Relationship between the total isobaric yield and 
mass number plotted as In C vs. In (A A + a), where 
A A = 56 — A and a = 4. Figure (upper) shows for the 
interior samples of Grant (G-70 and 1-110). The ratio of 
the contents in surface sample (F + 150) to the interior 
sample is also shown in the figure (lower). 

Eq. (3 ' ) , 

C(A) (AA+ *)-**' (3') 

with a = constant ( ^ 4 ) , as illustrated in Fig. 7 for 
the interior sample (average for Grant 1-55 and 
G-70). The relative contents (ratios of surface/ 
interior) in the surface sample (F + 150) are also 
shown as a function of (AA + a). The parameters 
ho are listed in the last column of Tables 1 and 2. 
The increase of k2 is very gradual from the surface 
to the center except in the top surface layer where 
k2 is a rather steep function of depth. 

The production of mass 41 is significantly lower 
than expected from the line of Figure 7. The 41Ksp. 
was calculated from the 40K data multiplied by 
(4 1K/4 0K)S P .= 1.952 which is calculated from the 
Grant data of Voshage [34]. A deficit of about 20% 
of 41K in Grant is probably due to the closed shell 
effect at proton number 20 and neutron number 20. 
The production of ,4=41 is supposed to be sup-
pressed by unfavorable proton evaporation from the 
excited 42Ca nuclei and proton decay of excited 
41Sc. 

These observations suggest that the spallation 
systematics as described by Eq. (3') possibly breaks 
down to some extent around the mass region of K 
isotopes where products with proton and neutron 
magic numbers are involved in the reaction. 

4.4. Cosmic-Ray-Exposure Age and Constancy of 
Cosmic-Ray Intensity 

Exposure ages have been frequently discussed in 
relation to the secular variation of the galactic 
cosmic-ray intensity. Tanaka and Inoue [36] have 
recently measured 10Be depth profile in several deep-
sea sediment cores and concluded that the galactic 
cosmic-ray intensity has been constant within ± 30% 
in the last 2.5 million years. However it has been 
suggested that there was a variation of the cosmic-
ray intensity on a time scale of 108 years, on the 
basis of a significant difference between exposure 
age calculated by the 40K-41K method and other 
methods [37 — 39]. For this reason, 53Cr-53Mn is 
another pair of spallogenic nuclides which provides 
additional information on the cosmic-ray-variation. 

The apparent exposure age, T, can be calculated 
from Eq. (4), 

T= (4) 
7s Ca 

where the suffix "a " is refered to a radioactive 
isobar, " s " to a stable isobar to which the radio-
activity decays, C to the content of the product in 
atoms/g for the stable isobar and in disintegration 
per year/g for the radioactive isobar and y is the 
fraction of production among the isobars. Charge 
distribution in the production of isobars produced 
by cosmic-rays have been discussed in our previous 
paper [17]. It was found that y could be well ex-
pressed in the semiempirical forms as proposed by 
Rudstam [40]. 

y(A,Z) =VR/jiexp[-R(Z-SA)2] (5) 

with R= 1.4 ±0 .15 and S = 0.470 ±0.001. A is the 
mass number and Z is the atomic number. 

Table 4 shows the calculated 53Cr-53Mn exposure 
ages for several locations on Grant. The ^(53Mn) 
was calculated as 0.79 according to Eq. (5), which 
is in good agreement with 0.79 ±0 .04 , computed 
from the experimental data of 600 GeV p-spallation 
by Perron [41] and 0.81 from the Monte Carlo 
calculation in thick target bombardments with 1-
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Table 4. 53Cr-53Mn exposure age of Grant calculated for 
several sample locations. 

Sample 
location 

Distance 
from the 
center 
(mm) 

53(2; j.a 

(1013 atoms/g) 

53Mn-53Cr 
exposure 
age b 

(108 y) 

A-350 240 21.1 ± 1.7 8.3 ± 1.1 
Q-260 235 21.5 ± 1.9 9.9 ± 1.4 
E-240 150 21.4 ± 1.0 8.3 ± 1.0 
1-55 80 21.3 ± 9.4 8.6 ± 3.9 
1-110 40 19.0 ± 1.3 7.4 ± 0.9 

a Shima et al. [14]. 
b y(53]yin) _ o.79 was used. The decay of 53Mn due to 

possible long terrestrial age (T) of the meteorite is 
corrected assuming r = 1.7 ± 0.8 X 105 y. These values 
are compared to the 41K-40K age, 6.95 x 108 y [34]. 

and 3-BeV protons by Armstrong [42]. The agree-
ment with p-spallation data, however, could be 
fortuitous, because the application of Eq. (5) to a 
product near the target nuclide may not be ap-
propriate and the relative production of 53Cr is ex-
pected to be higher in meteorites than in p-spalla-
tion reactions, due to the contribution of 
5GFe(n, a) 53Cr. The ages given in Table 4 are cor-
rected for a long terrestrial age of Grant, which was 
estimated to be (1.7 ± 0 . 8 ) x 105 years from 36C1/ 
10Be ratio [21]. A higher value of the exposure age 
in sample Q-260 may indicate a break down of the 
edges of the meteorite in relatively recent history. 
The ages obtained are slightly longer than the 40K-
41K age, which could indicate a lower cosmic-ray 
intensity about 10" years ago compared to the 
present-day intensity. 

The above effect, however, might also be ex-
plained by the use of a too large y(53Mn). In order 
to confirm the existence of secular cosmic-ray varia-
tions it is necessary to obtain the ^(53Mn) value ex-
perimentally from a study of the n-spallation reac-
tion. 
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Appendix 

The Tables A. 1, A. 2 and A. 3 show the mass 
spectrometric data of K, Ti and V in Grant and 
Treysa. The measured isotopic ratios of reagents K, 
Ti and V and of spikes used are also given in the 
tables. 

Errors quoted with the data of cosmic-ray-pro-
duced nuclides include ambiguities introduced from 
the chemical procedures which were estimated as 2% 
for each value, besides the statistical error of the 
mass spectrometry. 

For the estimation of spallogenic isotopic ratios 
of K the following assumptions were made: 

(39) c / (40) c = 1.4 , 

(41) c / (40)c = 1.8. 

The ratio, 1.8, is somewhat higher than experimental 
values obtained from the data without spike given 
in the bottom of Table A. 1 and also by Voshage 
[34]. Because of the predominant amount of spal-
logenic 40K in the measured 40K, the effect of a 
small difference in this ratio is not significant for 
the results. 

The spallogenic 48Ti, (48) c , was assumed to be 
j / (47) c • (49) c . Since the cosmic-ray-induced frac-
tion was dominant in the measured Ti isotopic 
ratios, the results are not strongly affected by this 
assumption. In the spiked sample (46) c / (48) c = 
0.63, obtained from the mean values of non-spiked 
samples, was used for the calculation. 

For V most of the measured V isotopic ratio 
(51)m/(50) m ranged between 4 and 10 in non-
spiked samples. The estimated ratio of the cosmo-
genic V isotopic ratio was 3, thus the laboratory 
contamination should have been less than 20 x 
10~9g. For the calculation of the cosmic-ray-pro-
duced 50V, the estimated contamination of (12 ± 8 ) 
X 10 - 9 g was taken into account. 
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Table A. l . Details of the data for obtaining cosmogenic 4 0K. 

Sample Sample Spike K K peak height ratio Cosmogenic 
location taken added found 4 0 K 

(g) M (ppm) 39/41 40/41 (1013atoms/g) 

Grant 
Q - 2 6 0 0.885 7.11 0.83 148.32 ± 0 . 4 8 0.009406 ± 0.000028 0.545 ± 0.011 
A - 3 5 0 1.251 17.67 0.51 367.36 ± 1.83 0.01487 ± 0.00009 0.525 ± 0.011 

1.088 25.68 2.03 174.96 4 - 0.58 0.006226 ± 0.000019 0.541 ± 0.012 
0.779 5.17 0.59 168.55 ± 0 . 3 6 0.01165 ± 0.00042 0.522 ± 0.030 

mean 0.530 ± 0.010 
G - 3 2 0 1.055 9.33 0.227 475.24 ± 4.52 0.02547 ± 0.00060 0.523 ± 0.019 

1.048 0.287 0.120 44.369 ± 0.105 0.04088 ± 0.00020 0.520 ± 0.011 

mean 0.521 ± 0.009 
E - 2 4 0 1.773 12.47 0.98 115.56 4 - 0.37 0.007508 ± 0.000021 0.474 ± 0.010 

1.155 7.04 0.262 312.66 ± 1.11 0.01987 ± 0.00055 0.447 ± 0.020 
0.914 0.274 0.613 20.852 ± 0.081 0.009412 ± 0.000115 0.490 ± 0.012 
1.252 5.96 1.70 54.666 ± 0.225 0.004898 ± 0.000042 0.474 ± 0.012 
1.085 9.24 0.250 429.62 ± 3 . 0 7 0.02127 ± 0.00066 0.445 ± 0.022 

mean 0.471 ± 0.007 
I —110 1.018 7.31 3.06 48.181 ± 0 . 1 3 3 0.003547 ± 0.000152 0.443 4- 0.050 

0.963 8.51 0.61 211.58 ± 0.69 0.01107 ± 0.00012 0.465 ± 0.012 

mean 0.461 ± 0.010 
G - 70 0.794 5.19 0.210 396.49 4 1.46 0.02423 4- 0.00007 0.460 ± 0.009 
l - 55 1.784 31.83 0.471 471.95 ± 1.80 0.01538 ± 0.00010 0.460 4- 0.011 
G - 15 1.090 6.35 0.296 271.06 ± 1.34 0.01931 ± 0.00014 0.496 ± 0 . 0 1 1 
G - F 30 0.850 4.86 0.145 474.57 ± 2.58 0.03372 ± 0.00027 0.496 ± 0.011 
G + 60 0.644 4.50 0.212 415.11 ± 2.13 0.02527 ± 0.00026 0.490 ± 0.012 
K +100 1.239 9.78 0.107 754.03 ± 6.22 0.04159 4- 0.00077 0.495 ± 0.015 

0.964 4.40 0.389 174.16 4 - 0.96 0.01609 ± 0.00016 0.537 ± 0.012 
0.793 0.253 1.44 17.067 ± 0.041 0.005125 ± 0.000035 0.505 ± 0.011 

mean 0.512 ± 0.009 
F +150 0.952 5.48 0.188 388.46 ± 4.02 0.02865 ± 0.00022 0.521 ± 0.012 

0.952 5.48 0.177 407.90 ± 2.15 0.02912 ± 0.00035 0.500 ± 0.012 

mean 0.510 ± 0.009 
Treysa 

0, - .> 1.083 0.264 0.40 22.323 ± 0.083 0.01710 4- 0.00048 0.651 ± 0.024 
0, - 3 0.904 0.308 1.02 18.645 ± 0 . 2 1 0 0.007546 4- 0.000140 0.616 ± 0 . 0 1 7 
o, - 40 0.899 0.213 0.61 19.354 ± 0.167 0.01111 ±0.00011 0.597 4- 0.013 
o, - 46 0.937 0.392 0.67 22.798 ± 0.169 0.01042 0.00009 0.606 4- 0.013 

- 96, 0 0.791 0.329 0.52 25.248 ± 0.280 0.01290 + 0.00037 0.607 ± 0.022 
- 1 0 9 , 0 0.934 0.240 0.78 18.517 ± 0.094 0.009132 ± 0.000041 0.604 ± 0.013 

Reagent (mean of 16 runs Sept. 1 9 6 7 - April 1970) 13.877 ± 0.045 0.001722 ± 0.000009 
Spike (mean of 2 runs) 2668.4 ± 13.3 0.03641 ± 0.00018 

cosmogenic 
41/40 

Grant 
G - 3 2 0 1.0 — 0.19 13.494 ± 0.084 0.02851 ± 0.00022 1.1 ± 0 . 4 
1 - 1 1 0 1.4 — 0.47 13.786 ± 0.041 0.01138 ± 0.00003 0.8 ± 0.4 

1.0 — 0.37 13.466 ± 0.068 0.01371 ± 0.00006 2.6 ± 0.5 

mean 2.0 ± 0.5 
l - 55 1.3 0.22 13.516 ± 0.039 0.02211 - 0.00008 1.4 ± 0.2 
K +100 1.1 — 0.25 13.513 ± 0.040 0.02174 ± 0.00020 1.4 ± 0.2 
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Table A.2. Details of the data for obtaining cosmogenic titanium isotopes. 

Sample 
location 

Sample Spike 
taken added 
(g) (ixg) 

Ti 
found 
(ppm) 

Ti peak height ratio X 100 Sample 
location 

Sample Spike 
taken added 
(g) (ixg) 

Ti 
found 
(ppm) 46/48 47/48 49/48 50/48 

Grant 

Q - 2 6 0 1.113 0.207 0.15 136.99 ± 1.07 14.47 ± 0 . 1 5 11.087 ± 0.094 
0.885 0.0497 0.38 28.37 ± 0.45 11.15 ± 0 . 1 3 8.97 ± 0 . 1 5 — 

A - 3 5 0 1.251 0.124 0 . 1 1 113.25 ± 1.57 14.98 ± 0 . 1 9 13.00 ± 0 . 0 8 — 

0.779 0.0361 1.4 14.833 ± 0.095 10.212 ± 0.067 7.897 ± 0.052 7.306 ± 0.114 
G - 3 2 0 1.055 0.0677 0.055 146.63 ± 1.04 18.760 ± 0.172 18.640 ± 0.124 7.579 ± 0.069 

1.048 0.0652 0.049 160.76 + 3.30 19.521 ± 0.684 20.167 ± 0.419 — 

E - 2 4 0 0.858 0.210 0.13 187.7 ± 1.8 15.56 ± 0 . 1 2 11.56 ± 0 . 0 9 7.765 ± 0.082 
1.773 0.0871 0.06 114.2 ± 3 . 0 17.88 ± 0 . 5 2 17.80 + 0 . 5 6 7.52 ± 0 . 2 3 
1.252 0.0520 0.038 148.62 ± 2.12 21.292 ± 0.266 23.554 ± 0.230 7.496 ± 0.063 
1.085 0.0704 0.041 191.09 ± 1.15 21.031 ± 0.114 21.472 ± 0.140 7.629 ± 0.056 

I - 1 1 0 1.018 0.0511 0.14 55.43 ± 0.67 12.86 ± 0.18 11.78 ± 0 . 2 4 7.10 ± 0 . 1 7 
0.963 0.0594 0.074 108.76 ± 0.52 16.078 ± 0.076 15.433 ± 0 . 1 2 2 7.511 ± 0.060 

G - 70 0.794 0.0453 0.059 125.55 ± 1.28 17.680 ± 0.165 17.390 ± 0.132 7.587 ± 0.125 
1 - 55 1.784 0.222 0.085 163.35 ± 1.01 16.397 ± 0.121 13.853 ± 0.098 7.60 ± 0 . 5 7 
G - 15 1.090 0.0555 0.068 101.93 ± 0.77 16.636 ± 0.139 16.297 ± 0 . 1 1 6 7.424 ± 0.050 
G + 30 0.850 0.0425 0.062 109.60 ± 0.40 17.275 ± 0.114 17.268 ± 0.095 ' 7.436 ± 0.047 
G + 60 0.644 0.0393 0.079 102.66 ± 0.59 15.857 ± 0.104 15.203 ± 0.082 7.458 ± 0.058 
K +100 1.239 0.0744 0.050 151.70 ± 0.84 18.970 4- 0.108 18.570 ± 0.096 7.581 ± 0.037 

0.964 0.0385 0.087 67.66 ± 0.51 14.805 ± 0.132 13.904 ± 0.158 7.333 ± 0.096 
F +150 0.952 0.0479 0.069 99.15 ± 0.31 16.356 ± 0.073 15.675 ± 0.068 7.444 ± 0.039 

Treysa 

0, + 3 1.083 0.0600 0.044 163.50 ± 0.72 20.750 ± 0.092 21.262 ± 0.072 7.581 ± 0.064 
0, - 3 0.904 0.0700 0.066 143.29 ± 0.79 17.250 ± 0.147 16.312 ± 0.168 — 

0, - 4 0 0.899 0.0483 0.047 146.33 ± 0.99 19.531 ± 0.128 19.628 ± 0 . 1 1 4 7.494 ± 0.080 
0, - 4 6 0.937 0.0891 0.061 177.36 ± 0.51 18.019 ± 0.051 16.237 ± 0.076 7.624 ± 0.051 

96, 0 0.791 0.0748 0.069 157.47 ± 0.88 17.060 ± 0.073 14.809 ± 0.138 — 

109, 0 0.934 0.0545 0.062 120.70 ± 0.41 17.095 ± 0.037 15.894 ± 0.043 7.479 ± 0.101 

Reagent (mean of 11 runs 
Aug. 1967 - Oct. 1969) 10.871 ± 0.022 9.949 ± 0.015 7.427 ± 0.011 7.233 ± 0.015 

Spike (mean of 2 runs) 732.6 ± 2 . 4 24.37 ± 0 . 1 2 9.17 ± 0 . 0 5 9.69 ± 0 . 1 0 

Grant 

Q - 2 6 0 1.0 — 0.21 12.071 0.075 11.579 + 0.047 10.269 ± 0.051 7.245 + 0.035 
1.5 — 0.026 26.537 + 0.191 29.647 + 0.171 41.234 ± 0.359 6.584 0.031 

A - 3 5 0 1.0 — 0.17 12.466 + 0.077 11.986 + 0.078 11.107 + 0.076 7.260 ± 0.042 
1.09 — 0.07 14.91 + 0.25 15.14 + 0.75 17.47 + 0.73 6.52 ± 0.54 

E - 2 4 0 1.7 — 0.17 12.33 0.12 11.97 + 0.06 11.03 4 - 0.08 7.156 0.063 
3 — 0.25 11.885 0.048 11.325 + 0.040 9.902 + 0.044 7.208 ± 0.035 
1.3 — 0.046 17.659 + 0.147 18.968 + 0.148 23.657 + 0.152 6.993 _L 0.047 

1 - 1 1 0 1.4 — 0.12 13.18 + 0.09 12.83 + 0.09 12.76 + 0.11 7.048 0.068 
1.0 — 0.14 12.50 0.27 12.18 + 0.20 11.56 + 0.22 7.13 ± 0.019 

I — 55 2.05 — 0.12 12.77 + 0.24 12.73 ± 0.34 12.60 + 0.27 7.06 -L 0.20 
1.3 — 0.04 19.5 + 1.5 21.3 + 1.5 26.5 + 1.8 7.37 ± 0.64 

K + 100 1.1 — 0.037 19.623 + 0.139 21.273 ± 0 . 1 4 1 27.169 + 0.243 6.933 - L 0.065 
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Table A.3. Details of the data for obtaining cosmogenic 50V. 

Radial Distribution of Spallogenic Isotopes 

Sample 
location 

Sample 
taken 
(g) 

Spike 
added 
(Hg) 

V peak 
height ratio 
51/50 

Correction 
50Ti 

(%) 
50Cr 
(%) 

Cosmogenic 
5oy 
(1013 atoms/g) 

Grant 
A - 3 5 0 1.251 0.497 96.4 + 1.9 15 12 3.90 ± 0.08 
G - 3 2 0 1.048 1.239 185.9 ± 2 . 7 30 7 4.11 ± 0 . 1 4 
E - 2 4 0 1.252 

1.085 
0.352 
0.283 

76.1 ± 4 . 9 
72.7 ± 1.3 

20 
7 

65 
15 

3.80 ± 0.30 
3.76 ± 0 . 1 1 

mean 3.77 ± 0 . 1 1 
I - 1 1 0 1.018 0.206 57.4 ± 2 . 0 24 7 3.97 ± 0.18 
G - 7 0 0.794 0.307 100.2 ± 2 . 2 50 15 3.65 ± 0 . 1 3 
I - 55 1.784 0.898 118. ± 3 25 25 3.68 ± 0.15 
G + 30 0.850 0.287 85.5 ± 0 . 7 10 10 3.95 ± 0.08 
K + 1 0 0 1.239 

0.793 
0.300 
1.095 

74.7 ± 2 . 6 
222.9 ± 5 . 9 

5 
70 

55 
30 

3.37 ± 0 . 1 6 
3.30 ± 0.21 

mean 3.34 ± 0 . 1 1 
F + 1 5 0 0.952 0.324 98.0 ± 2 . 0 60 20 3.30 ± 0 . 1 1 

0, 4 
o, -

- 96, 
- 1 0 9 , 

3 
40 

0 
0 

1.083 
0.899 
0.791 
0.934 

1.141 
0.918 
1.423 
1.036 

Treysa 
189 ± 15 
182.2 ± 1.0 
239.6 ± 8 . 7 
198 ± 24 

300 
13 

200 
40 

250 
1 

15 
200 

3.6 ± 0 . 5 
3.70 ± 0.08 
3.61 ± 0.33 
3.4 ± 0 . 8 

Reagent (mean of 7 runs, Oct, 1967 - A p r i l 1969) 399.0 ± 1.9 

Grant 
Q - 2 6 0 1.5 — 4.29 ± 0.23 3 70 
A - 3 5 0 1.0 

1.09 
— 9.80 ± 0.20 

5.03 ± 0.18 
3 

41 
44 
23 

E - 2 4 0 1.3 — 7.33 ± 0.21 5 50 
I - 1 1 0 1.0 — 8.63 ± 0.30 8 27 
1 — 55 1.3 — 5.00 ± 0.15 22 3 
K + 1 0 0 1.1 — 8.31 ± 0.33 2 100 
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