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Abstract: Cosmic ray produced 53Mn (t112
= 3.7 x 106y) has been determined 

in seventeen antarctic meteorites, among which, two have extremely low contents 

of 58Mn: 101 ±6 dpm/kg Fe in Yamato-7301 and 22±3 in Allan Hills No. 8. 

Even after corrections are made for undersaturation based on published values 

of rare gas ages, saturation specific activity of esMn in these two meteorites is 

abnormally low compared with the average value of 470±100 dpm/kg Fe in 

other antarctic meteorites. 26Al (f 112 =7.2 x lOey) and 10Be (t112 =1.6 x 106y) 

were also measured in these two meteorites and in several others. These results 

as well as those of rare gas isotopes are discussed in terms of terrestrial ages of 

the meteorites, shielding effects in the parent bodies, undersaturation of the 

radioactivities and multi-stage irradiation histories. These two meteorites ap
parently experienced a two-stage exposure history with a long preirradiation 

(> 108y) under heavy shielding in a large body before the recent brief exposure 

(::::;2x 106y) in a much smaller body. These facts seem to illustrate the com

plex nature of the exposure histories of most meteorites. The consequence of 

these multi-stage exposures is also discussed. Terrestrial ages, estimated for a 

few antarctic meteorites from the 26Al/53Mn ratio, seem to be younger than 

3 x lQG years. 

1. Introduction 

Cosmic ray produced nuclides can provide information on cosmic rays 

themselves and also on the exposure histories of meteorites. Time-space-variation 
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of cosmic rays, meteorite formation in space and pre-atmospheric size of meteorites 

have been the major concern of many investigators. In addition to the above 

areas of study, measurements of terrestrial ages of antarctic meteorites, i.e., the 

time elapsed after the fall of the objects, would offer information about the ac

cumulation mechanism and geological history of the ice sheet in the regions where 

they were found. Furthermore, measurements of cosmogenic nuclides in each of 

the collected meteorites can distinguish individual falls and clarify the possibility 

of meteorite showers. 

Radioactivity which can be usefully investigated may, however, be limited to 

long-lived radioisotopes such as 81 Kr(t112 =2.1 x l05y), 36Cl(3. l x l05y), 26 Al(7.2 x I05y), 
10Be( l .6 x I06y), 53Mn(3. 7 x I06y) and others. Recently FIREMAN (1978) tried to 

detect 14C(5736y) in the antarctic meteorites, Allan Hills Nos. 5, 6 and 8, but obtained 

only the upper limits. Radioactivity with half-life less than "'104 years may have 

decayed away to an undetectable level. On the other hand, to understand the 

antarctic meteorites, more systematic investigation of various cosmogenic nuclides 

is needed because of the complication induced by their possibly long and variable 

terrestrial ages. Among the above nuclides, 53Mn is the most sensitive, it can be 

detected in samples less than 1 gram, and it has the longest half-life. From our 

previous study (NISHIIZUMI et al., 1978) we have learned that the terrestrial age of 

some antarctic meteorites is not long enough to decrease the 53Mn content 

appreciably. Therefore, useful data are expected from the systematic investigation 

of 53Mn and other nuclides, including cosmogenic rare gas isotopes. Activity of 
36Cl or other shorter lived radionuclides, relative to 53Mn values, may give the most 

definite values for terrestrial ages. If any deviation is found from the theoretical 

correlation between 53Mn content and exposure age it could indicate a time varia

tion of cosmic ray intensity during the last several million years. The 53Mn 

content lower than the usual saturation level can be explained either by heavy 

shielding from cosmic rays or by a short exposure age. If low 53Mn activity is 

found, data on at least two other radioisotopes will be necessary to clarify the 

situation, because of the possibility of a long terrestrial age. Concentrations of 

cosmic ray produced stable nuclides, such as rare gas isotopes, also have to be 

known, since there is a possibility of a two or multi-stage irradiation history for 

the meteorite (FUSE and ANDERS, 1969; NISHIIZUMI et al., 1978; NISHIIZUMI, 1978). 

Such a complex exposure has been predicted by the model of ARNOLD (1964, 1965a, 

1965b) for the formation of stone meteorites. 

In the previous work we reported the determination of 53Mn in three Yamato 

meteorites. In this research, we have extended the 53Mn analysis to fourteen 

other antarctic meteorites: 5 Yamato, 2 Mt. Baldr and 7 Allan Hills meteorites. 

Also, 10Be and 26 Al were determined in several meteorites including Yamato-
730I( j) and Allan Hills No. 8, which were found to have very low 53Mn contents. 

Data, including those of rare gas isotopes by TAKAOKA and NAGAO (I 978), NAGAO 
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and TAKAOKA (1979) and SCHULTZ (1978) and those of 26 Al by FRUCHTER and 
Ev ANS (1977), are discussed in terms of terrestrial age, shielding effects in the 
meteorite body, undersaturation of radioactivity, and multi-stage irradiation 
history. 

2. Experimental and Results 

Antarctic meteorite samples from 0.5 to 1.0 g were used for the determination 
of 53Mn by the neutron activation method. The chemical procedures were essen
tially the same as in the previous work with lunar samples and meteorites 
(IMAMURA et al., 1973, 1974; NISHIIZUMI et al., 1976, 1978; NISHIIZUMI, 1978). 
The Mn extracts were irradiated in the VG-7-6 hole of JRR3 reactor of the Japan 
Atomic Energy Research Institute, Tokai, lbaraki, for 267.5 hours for a total thermal 
neutron fluen ce of 2.5 x 1018 n/cm2 , determin ed on the basis of the monitor reaction 
59 Co(n , r)6°Co, a=37b. The 54Mn counting was performed using two Ge(Li) 
detectors the same as those described by NISHIIZUMI et al. (1978). Detailed data 
on the determination of 53Mn are presented in Table 1. 

10Be was determined in several meteorites: (Yamato-7301, -7304, -7305 and 
-74155) using the fraction of Be separated during the manganese chemistry (the 
3--4 column volume fraction of 1 N HCl eluted during the cation exchange separation ; 
see IMAMURA et al., 1973). A total of 100 µg Be carrier was added before dis
solution to each sample. Be fractions of duplicate samples were combined. The 
purification steps for Be were essentially the same as the procedure described in 
MERRIL et al. (1960), TANAKA et al. (1977) and INOUE and TANAKA (1978). In 
addition to these samples, 10.2 g and 10. 7 g of Yamato-7301 and -7304 were ground 
to the size finer than ,..., 50 mesh and separated into non-magnetic and magnetic 
fraction s. 10Be was determined in 8. 73 g and 9.06 g, respectively, of the non
magnetic fractions. These fractions were also used for the determination of 26 Al. 
The magnetic fractions were kept for the analysis of rare gas isotopes. 10Be 
activity was determined employing low background needle GM counters (FUJITA 
et al., 1975) and a Si(Li) spectrometer located in the Low Background Cell at 
Institute for Nuclear Study, University of Tokyo. The detailed counting data 
are shown in Table 2. 

The data of 26 Al activity in the Yamato-7301 and -7304 meteorites were 
obtained from the non-magnetic fractions by a low background �-r counting 
method using the detector system at the University of California, San Diego 
(SHEDLOVSKY et al., 1970; FINKEL et al., 1971). 

The concentrations of Al, Mn , Fe, Co and Ni in the meteorites are given in 
Table 3. Al, Mn , Fe and Ni were determined by atomic absorption spectroscopy. 
Co was determined by neutron activation analysis (NAA) using the Triga Mark II 
reactor at Rikkyo Un iversity. Mn , Fe and Ni were also determined by NAA and 



Table I. Results on neutron activation analysis of 63Mn. 
--------· 

Sample description Sample counted 
after irradiation After (n, 2n) iAfter Ni and 

, , .. 
54Mn#2) correction 53Mn Mn correction Sample 

wt. Fe j Mn Ni Fe I Mn MMn#l) (dpm/mg Mn) MMn (dpm/kg Fe) I 53Mn#s) 

��---
(g) (%) 

1
(ppm)

1 
(%) (µg )  

j 

(mg) (dpm) (dpm/mg Mn) l (dpm/kg Fe) 

Yamato-
74013 

I ! I I 
I ' I i 

I O .949
i 

13 .9 j 4040 I <0 .005 
74097 \ 1.498112.1 :i 4130 

.
<0.005 

74155 (1) 11.056129.8 i 2360 
i 

2.02 
(2) 

I 
0.799

1 

24.41 2520 , 1.62 
74191 (1) 1.285/ 18.9 I 2910 I 1.00 

(2) 11.126i 19.1 ! 2810 I 1.11 
14641 <1> I o.894/ 24.4 ,

1

r 2600 ! 1.10 , 
(2) I o.918

1 

25.1 2600 ! 1.86 

Mt. Baldr I I 
·-

1

- ·· ·� 

0.7 3 .38 
1.0 5 .37 
1.2 2.07 
2.2 [ 1.80 ! 

I 
, 

0.9 3 .32 
0.8 2.78 , 
1.1 2.06 
1.3 2.12 

No.1 j 1.119! 25.3 2550 1.63 0.9 2.52: 
No. 2 : 1.0001 26.4 2460 1.82 0.9 2.21 

--�------�----'-�--� I I 

Allan Hills 
I I 

No.1 , 1.143, 21.4 2640 1.33 
i I 

No. 3 (1) I' 0. 775i 21.1 2700 , 1.26 
I I (2) 0.803 20.9 2720 I 1.20 
I I I I I No.5 ! 0.982/ 15.4 4660 J<0.005 

No. 6 j 1.062 1 27. 7 2270 I 1. 76 
No. 7 ! 1.241 21.4 2740 1.14 
No. 8 (1) /: 1.177 25 .5 2410 J 1.68 

(2) 
I 

1.1661
25 .6 2380 I 1.68 

No. 9 j 1.002
1 

21.2 2750 
j� 

0.8 2.55 
0.6 1.86 
1.0 1.95 • 
0.5 3.95 
0.5 : 2.14 
o.6 I 3.o3 
0.1 I 2.56 
0.5 I 2.45 
1.9 2.47 

53 .7±3 .2 
81.3±4.5 
66.6±3.7 
47.6±2.7 

103.3±4.8 
86.5±3.8 
64.7±2.9 
71.1±3.2 

98.6±6.2 
84.4±4.0 

92.5±4.3 
63.4±3.3 
66.1±4.4 
59.5±3.5 

115.2±5.7 
81.9±4.1 

13.91±1.00 
13 .45±0.97 
91.5±3 .9 

15 .87±1.00 
15 .13±0.89 
32.12±1.90 
26.34±1.59 
31.09±1.57 
31.10±1.50 

12.62±1.00 
11.88±0.89 
28.87±1.90 
23.09±1.59 
27.84±1.57 
27 .85± 1.50 

31.37 ± 1.54 28 .12± 1.54 
33 .49±1.65 30.24±1.65 

39.10±2.58 35 .85±2.58 
38.16±1.96 34.91±1.96 

36.25±1.84 
34.06±1.90 
33.86±2.36 
15.05±0.94 
53.81±2.87 
27 .01±1.46 
5.41±0.41 
5.47±0.41 

36.98±1.74 

33 .00±1.84 
30.81±1.90 
30.61±2.36 
11.80±0.94 
50.56±2.87 
23. 76±1.46 
2.16±0.42 
2.22±0.42 

33. 73±1. 74 

413±38 
435±39 
257±21 
268±22 
482±35 
447±32 
337±24 
344±25 

406±35 
366±27 

458±34 
443±34 
448±41 
402±37 
466±34 
342±27 
23±4.6 
23±4.6 

492±34 

401±37 
421±38 
249±20 
260±21 
467±34 
433±31 
326±23 
333±24 

394±34 
355±26 

443±33 
429±33 
434±40 
390±36 
453±33 
332±26 
22±4.5 
22±4.5 

477±33 

-
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MMn standard 
113Mn-1 
118Mn-2 
li11Mn standard 
611Mn-1 
115Mn-2 
Fe standard 
Fe-1 
Fe-2 

Table 1 (Continuedt). 

Solution (g)#4) 

0.2994 
0.3253 

Mn metal (mg) 
8.73 

0.3 0.3381 
0.6 0.3651 I 

0.1 I s.49 
0.1 111.00 11.39 

Fe metal (mg) 
3.53 

Chemical yield (%) 
%.3 

3.56 98.4 

233.1± 8.9 
257.6±10.8 

690±30 
706±33 

687±30 
703±33 

29.19±1.65 3.44±0.21 
35.18±1.79 3.20±0.10 } 3.25±0.0916) 

;dpm54Mn/ µg Fe 
i 0.080±0.006 
I 0.015±0.001 } 0.018±0.005#6) 273±18 

262±24 

dpm64Mn/dpm61iMn#6) 

889±28#6) 

#1) Weighted averages. All activities have been corrected to September 23, 1977, the end of irradiation. The uncertainties 
include 2 a counting statistics plus a 3 % uncertainty in the geometrical reproducibilities of the counting sample. 
The uncertainty in the absolute counting efficiency is not included. 

#2) Corrected for 54Fe(n, p)114Mn. A 2 % uncertainty for the Mn yield has been added quadratically to the counting 
error. 

#3) The following uncertainties have been added quadratically: 2.5 % each for the Mn and Fe concentration and the 
percentage uncertainty from the previous column. 

#4) Standard solution, "B-11"; 0.781 dpm 53Mn/mg Mn and 1200 ppm Mn. 
#5) The 5 % uncertainty in the original standardization of the 53Mn has not been included. 
#6) Weighted average. 
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Table 2. Low level counting of 10Be. 

Meteorite I Sampl� wt. I *** j C��nting ,N�t countl lOBe (g) Counter 
I time (min.) rate (cpm)'i (dpm/kg) Remarks 

_Y_a _m_a_t -o--7-30_ 1 ___ 1._2_18 ' Needl��GMT ___ 6966 ___ -fo.-0048 ± 14:} -9±;- - b.;: :::o.0040 cpm 
Needle-GM I

I 

5775 
1

o.0043±18 

Yamato-7304 

Yamato-7305 
Yamato-741551 

8. 73* Needle-GM 2736 10 .0341 ±391} 
I 1 1 9±1** Needle-GM i 4320 i

l
o .0400±37: b.g. =0.0118 cpm 1.084 Needle-GM I 7245 0.0083±181 18±4 

9 .06* Si(Li) 2736 !,O .0347 ±49} 160-555 ke V 
1.020 
1.855 

20±2** Si(Li) 4200 0.0469±47 80-555 keV 
Needle-GM 
Needle-GM! 

6966 0.0059±17 15±5 
2736 I 10.0063±23 9±3 

*Non-magnetic fraction. **4 dpm/kg Fe (saturated value) was assumed for 10Be production from Fe. ***Two sets of needle-type GM counters and one Si(Li) spectrometer were used for the counting. Background and absolute counting efficiency were 0.0072-0.0090 cpm and 47±3 % for needle-type GM counters, and 0.039 cpm and 35±2% (80-555 keV) for 
Si(Li), respectively, unless otherwise stated. Final data include the uncertainties in absolute counting efficiency as well as 1 a counting statistics. 

Table 3. Chemical composition of antarctic meteorites*. 

Meteorite 
Yamato -7301 ( j) 

-7304(m) 
-7305 ( k )  
-74013 
-74097 
-74155 
-74191 
-74647 

Mt. Baldr No. I 
No. 2 

Allan Hills No. I 
No.3 
No. 5 
No.6 
No.7 
No.8 
No.9 

Class 
- "--------

H4 

LS 
LS 

Diogenite 
Diogenite 

H4 

L3 
HS 
H 

H 

L 

L Eucrite 
H 

L 

H 

L 

I 

Al Mn Fe Co Ni (%) ( ppm) (%) (ppm) (%) 
1.09 
1.17 
1.25 
0.53 
0.34 
1.18 
1.33 
1.20 
1.20 
1.14 
1.22 
1.22 
5.47 
1.12 
1.22 
1.17 
1.27 

-----�-- - ------·-------2310 25.4 
2700 22.5 
2630 22.9 
4040 13 .9 4130 12.7 
2430 27.5 
2860 19.3 
2600 25.1 
2550 25.3 
2460 26.4 
2640 21.4 2710 21.0 
4660 15.4 2270 27.7 
2740 21.4 
2400 25.6 
2750 21.2 

700 1.56 
590 1.30 
640 1.47 
37 <0.005 
- <0.005 

810 1.85 
450 1.05 
710 1.78 
730 1.63 
780 1.82 
540 1.33 
530 1.23 
6±3<0.005 

880 1. 76 
580 1.14 
740 1.68 
590 1.22 

Remarks 
---------------------NrsHIIZUMI et al., 1978 

II 

II 

i, 

I 

------------------ -* Errors are estimatied to be 2.5 % for Mn and Fe, 3 % for Al and Ni and 5 % for Co. 



Table 4. 

Recovered 
Meteorite Class mass 

(kg) 
- -- --

Yamato -7301 ( j) H4 0.65 
-7304 (m) L5 0.50 

-7305 ( k ) L5 0.90 
-74013 Diogenite 2.06 
-74097 Diogenite 2.19 
-74155 H 4  3.07 
-74191 L3 1.09 
-74647 H5 2.32 

Mt. Baldr No. 1 H 4.11 
No. 2 H 13.78 

Allan Hills No. 1 L 20.15 
No.3 L 10.50 
No.5 Eucrite 1.43 
No.6 H 1.14 
No.7 L 0.41 
No. 8 H 1.15 
No. 9 L 407.04 

* After Ni and Mn correction. 

53Mn, 10Be and 26Al in antarctic meteorites. 
---- ---- ---

dpm 63Mn* 
/kg Fe 

101± 6d 
412±21 d 
352±18d 
401±37 
421±38 
255±15 
449±23 
329±17 
394±34 
355±26 
443±33 
431±25 
390±36 
453±33 
332±26 
22± 3 

477±34 

Apparent exposure 
dpm 10Be dpm 26Al age (my) 

/kg /kg �--- -
3He 21Ne ssAr 

9±1 30±3 8.2a 13a 11 a 
19±2 61±4 13a 18a 14a 
15±5 17a 22a 23a 

28b 32b 39b 

29b 35b 35b 
9±3 

4.3b 6.4b 5.3b 

3.P 4.9b , 5.8e 4.P 
4.8e 

23b 28b , 29c 23b 

3oe 

88.9±1.5° 

50.6±0.8° 16c 
45.2±1.0° 21 C 

11.4±0.4° 0.98b 1.4b , 1.sc 1. l b 

15e 
· ----------------�--------"------ --- -· -- ��-. 

dpm 63Mn 
/kg Fe 

saturated 
-�---

111 
427 
358 
402 
422 

643 

623 
600 
445 
432 

477 
339 
89 

508 

a) TAKAOKA and NAGAO (1978), b) NAGAO and TAKAOKA (1979) , c) SCHULTZ (1978), d) NISHIIZUMI et al. (1978), e) FRUCHTER 
and EVANS (1977). 
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the concentration s were in good agreement with those measured by atomic absorption 
spectroscopy. However, the NAA values had to be corrected for the relatively 
large neutron flux gradien t observed in side the sample stack ( "'2 cm thick), which 
ran ged from "'0 % for Fe to "' 15 % for Ni, and therefore the data were not included 
in the table. 

The final results for 53Mn in 17 an tarctic meteorites in cluding 3 Yamato 
meteorites studied during the previous work (NISHIIZUMI et al., 1978; NISHIIZUMJ, 
1978) are presen ted in Table 4. Data of duplicate analyses for 5 meteorites, which 
all showed excellen t agreemen t as seen in the Table 1, were calculated as weighed 
averages and the values in the table include the corrections for the Ni and Mn 
contribution to the 53Mn production . 53Mn produced from Ni has been determin ed 
to be 1/3 of that from Fe (N1sHnzuM1, 1978) and that from Mn was estimated to be 
nearly equal to that from Fe. Data for 10Be, which again showed excellent agree
men t in duplicate analyses, and for 26 Al are also presented in Table 4, together 
with other data for 26 Al determined by another group and the rare gas exposure 
ages given in literature. Errors attached to the data for 10Be and 26 Al represen t 
l a counting statistics plus uncertain ty in calibration of absolute counting efficiency. 
Errors for 53Mn are those in the last column of the Table I. 

3. Discussion 

In the last column of Table 4, the saturation specific activity of 53Mn has been 
calculated from the respective exposure ages and the measured activities after Ni 
and Mn corrections. The 21 Ne exposure age was used in all calculations because 
the 3He exposure age may represen t an incorrect shorter age due to He loss. The 
saturation activity is equal to the production rate at equilibrium for a long cosmic 
rays irradiation , sufficien tly lon ger than the mean life of 53Mn , 5.3 x 10° y. The 
variation in saturation activity may be due to the fact that the rare gas exposure 
ages do not necessarily reflect the actual exposure age. The production rates of 
cosmogenic nuclides vary with depth in a pre-atmospheric body but in the 
calculation of rare gas ages the same production rates are used for the same types 
of chondrites with no consideration for sample depth. The frequency distribution 
of saturated 53Mn activity (calculated) in antarctic meteorites is shown in Fig. 1, 
together with those for other chondrites. In this figure meteorites that required a 
saturation correction greater than a factor of 2 (rare gas age <3 x I 06 y) have not 
been included due to the uncertain ty in the rare gas ages as mention ed above. In 
the presen t work it was found that the average specific saturation activity of 53Mn 
in 12 an tarctic meteorites, excluding the low activity of Yamato-7301 and Allan 
Hills No. 8, is 470± 100 dpm/kg Fe. This value agrees fairly well with 450±90 
dpm/kg Fe for 17 chondrites, reported by NISHIIZUMI (1978), and 520±80 dpm53Mn/ 
kg Fe by HEIMANN et al. (I 974). 
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Fig. 1. Frequency distribution of saturation specific activity of 53Mn in antarctic meteorites, 
compared with the distribution for other chondrites. 

Three meteorites, Yamato-7419 1 , Mt. Baldr No. I and No. 2, seem to have 

exceptionally high saturation activity. AJthough their values are within 2 standard 

deviations of the average specific saturation activity, the higher values are unlikely to 

be due to a chance event since all these meteorites have short exposure ages of 

4-7 million years. This  is more clearly shown by examining the average activity 

for nine antarctic meteorites with exposure ages of > I07y, which is 423 ± 54 dpm/ 

kg Fe, thus specific saturation activities of the above three meteorites are larger 

than the average for meteorites with exposure age of > I07y by more than 3 standard 

deviations. The situation remains  the same when the data of other six chondrites 

of long exposure age (NISHIIZUMI, 1 978) are included. For all I 5 stone meteorites 

of long exposure age, the average MMn activity is 404± 56 dpm 53Mn/kg Fe. 

Possible reasons for the high 53Mn values in these meteorites are discussed later 

in this paper. 

In contrast to the above three meteorites, two meteorites have extremely low 

values of 53Mn, 1 0 1 ±6  for Yamato-7301 and 22± 3  dpm/kg Fe for Allan Hills 

No. 8. It may be mentioned that Yamato-7301 and Allan Hills No. 8 have the 

lowest 5 :iMn saturation activity contents reported so far among chondrites. 

3. 1 .  Terrestrial age 

The low 53Mn contents in Yamato-7301 and Allan Hil ls No. 8 cannot be 

explained by the Jong terrestrial ages of these objects because of the relatively high 

activities of 26 Al and 1 0Be measured in  them. The ratio of radioactivity content 

to the saturation activity should obey the function of exp (-Ar), where A is the 

decay constant and r the terrestrial age, so that the amount of decay should be 

larger for the nuclide of shorter half-life.  26Al and 1 0Be are not as low in these 

two meteorites as expected from the 53Mn values . The average saturation specific 

activity of 26AI is reported as 60.2 for H-group chondrites and 65.3 dpm/kg for the 

ones belonging to the L-group (FusE and ANDERS, 1 969). Saturation activity of 
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1 0Be in ordinary chondrites is 20 dpm/kg (H ONDA and ARNOLD, 1967). 
The terrestrial ages of antarctic meteorites seem to be shorter than 106y because 

the average specific act ivity of 53Mn for the meteorites with long exposure ages 
(> l 07 y) is 423± 50 dpm/kg Fe while that for s ix chondrites , which were observed to  
fall , is 381 ± 50 dpm/kg (NISHIIZUMI, 1978). 

A more stringent upper limit can be obtai ned  from the 20 Al data. [(26Al)0bs / 
(

20 Al)ca 1l/[(53Mn)obs/(53Mn)ca 1l will give a value of (20 Al)obs /(20 Al)ca1  corrected for 
shielding effects for meteorites with long exposure ages ,  excluding Yamato-7301, 
since 26 Al and 53Mn are produce d  by cosmic rays in similar types of nuclear 
react ions. Taking (53Mn)ca i as 423 dpm53Mn/kg Fe and (26Al)ca i  as the values 
from FusE and ANDERS (1969) ,  we calculate 0. 93, 0.75 and 0. 86 for Yamato-7304 
and Allan Hills Nos. 6 and 7, respectively. This suggests that the te rrestrial ages 
of antarctic meteorites are less than "" 3  x 105 y, although longer terrestrial ages 
cannot be excluded for u nexamined meteorites. On the other hand, the absence 
of 1 4C activity in three antarctic meteorites (FIREMAN, 1978) implies a terrestrial 
age > 2. 5  x l04y for these obje cts . These values will provide boundary condi
t ions on the mechanism of accumulation of antarct ic meteorites proposed by 
NAGATA (1977) .  

3.2. Multi-stage irradiation history 
In ou r previous papers (NISHIIZUMI et al. , 1978; NI SHII ZUMI , 1978) ,  we dis

cussed the low 53Mn content in Yamato-7301 with reference to its long exposure age 
and tried to e xpl ain the dis crepancy by a long terrestrial age , heavy shielding in 
the pre-atmospheric meteorite body and multi-stage irradiation history with a J ong 
exposure preceding a recent short exposu re .  We tentat ively decided the best ex
planation was a two-stage irradiation history (a simpl ified version of a multi-stage 
irradiation history) from the preliminary result of 1 0Be. The low 53Mn content 
in Allan Hills No. 8 seems to be due to a similar exposure. 53Mn, 26 Al and rare 
gases cannot be explained consistently by either long terrestrial age or heavy 
shielding. The low content of 53Mn in Al lan Hills No. 8 as well as in Yamato-
7301 can be explained by a model  of a two-stage cosmic ray exposu re history. The 
model can be v isual ized as follows : In the fi rst stage, the meteorites were heavily 
shielded in a large parent body for a long t ime (T1). M ost of the cosmogen ic stable 
nuclides might have bee n  produced during this period. In  the second stage, they 
were a part of small size se condary bodies ejected from the parent bodies possibly 
by a cratering event .  These small bodies were irradiated with galactic cosmic 
rays for a short t ime (T2) so that the radioactivity was less than the saturat ion value 
when the meteorites fe ll in Antarct ica. The relat ionship between several parameters 
in a two-stage irradiat ion can be written as follows : 

A =Aofs [I -exp (-lT2)] • exp (-Ar) 

+A P [I -exp (-AT1)] · exp [-A(r+ T2)] ( I )  
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where A is the measured radioactivity ,  Ao is the average satu rated specific activity, 
f s is the shielding factor, i.e. , the correction factor for shielding rel ative to a 
normal size meteorite, -r is the terrestrial age, AP is the expected saturation act ivity 
at a particular depth and radius in a l arge parent body and ). is the decay constant . 
Assuming T1 � I /J. (m ean l ife of the radioact ivity), eq. (I ) can be rewritten as 
follows; 

A = [Aofs -(Aofs -A p ) exp (-AT2 )] exp (-J.-r )  

A p/Aofs = l - exp OT2)[ l -(A /Aofs) exp 0-r)] . 

(2) 

(3) 

We can use eq. (3) for as many radionucl ides as have been measu red. Assuming 
various values of Ao , T and f s, we can determin e the constraints on A P/Ao and T2 • 

T1 is calcul ated from the relationship; T1 = (Ts - T2 )/(A p/A0), where Ta is the 
apparent exposure age from rare gases. 

In Figs. 2a and 2b, the constraints on AP/ A o and T2 are graphicall y  il l ustrated 
for Yamato-730 I .  Instead of the average saturation specific activity ,  the saturated 
specific activity of Yamato-7304 was substituted for Ao (Ao for 26 Al was corrected 
for the difference of meteorite type). The same value of fs was assumed for every 
nuclide although this is n ot strictly val id. Fig. 2a is the case with Llr= 0.2 x 106 y 
and f s = I (u sual size), and Fig. 2b the case with .d-r =O an d f s = 0.6 (large size), 
where .d-r represents the difference of terrestrial age between Yamato-7301 and 
Yamato-7304. When .d-r= O is assumed, the best fit is obtained for the Is values, 
0.73, 1 and 0.73 for 26 AI , 10Be an d 53Mn, respect ively. This case gives T2 of 
1.4 x I 06 y an d T1 of 2 x 108y. The above f s val ues, which are for a very small pre
atmospheric size body, seem to be reasonabl e since the 22N e/21 Ne rat io has been 
reported as 1 . 12 (TAKAOKA an d NAGAO, 1978a), larger than 1 .08 , the value ex
pected from heavy shieldin g in the fi rst stage. This may su ggest irradiat ion in a 
very small body during the secon d  stage. On the other han d, a positive .d-r val ue is 
indicated by the observation of weatherin g and oxidat ion in Yamato-7301 (YAGI 
et al., 1978). If terrestrial age for Yamato-7304 is assumed to  be l 0° y, an age 
of 3-4 x  I 05y for Yamato-7301 gi ves the real istic values of T2 of l. 1- l .6x 106y and 
T1 of > I 08 y for this meteorite. To determin e T2 and T1 more defi nitel y, it is im
portant to measure shorter-l ived radionucl ides such as 8 1 K r  and 36 CI . 

The case for All an Hil ls  No. 8 is l ess certain , because data for onl y  two 
nucl ides, 53Mn and 20 A1 , are avail abl e. The 22Ne/2 1 Ne rat io was found to be 1 .08 
(NAGAO and TAKAOKA, 1979), which is con sistent with exposure under considerable 
shiel ding. From the recovered mass of 1.15 kg, an assum ption of normal pre
atmospheric size may be val id so that f s = 1. Assumin g a terrestrial age for 
All an Hil ls  No. 8 comparable to that for Yamato-7304, we can estimate T2 from 
the foll owing equation; 

T2 = [A(26 A] )/ A0(
26 Al)-A(53Mn )/ A0(

0 3 Mn )] /[J.(26 Al )-J.e3Mn )J . ( 4) 
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Fig. 2a. Constraints on T2 and Ap/A0 for Yamato-7301 assuming Jr =0.2 million years and 
f.=1 for a two-stage irradiation model. T2 is the duration of the 2nd stage. Ap is the 
saturation activity in the first stage and Ao is the average saturation activity in usual 
size meteorites. T i, the time span of pre-irradiation in the first stage, is calculated 
from the relation : Ti = (T8 - T2)/(Ap/ A0), where T8 is the apparent exposure age 
from rare gases. The ranges given for the three radionuclides are due to the 
uncertainties in the measured data. The uncertainty (±10%) of 53Mn half-life is also 
included. 
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Fig. 2b. Constraints on T2 and Ap/ A0 for Yamato-7301 assuming a negligible terrestrial age 
(Jr =O) and a large pre-atmmpheric size (f . =0.6). 

Eq. (4) is valid when T2 �t 11z(
20 Al). Because of the very low activit ies measured 

for 53Mn and 26 Al use of this equation seems reasonable. Substituting 61 ±4 dpm/ 
kg and 427 ± 11 dpm/kg Fe, the values of Yamato-7304, for .A0(26 Al) and .A0{53Mn), 
respectively, we get 0.1 7 ± 0.02 million years for T2 , which is smaller by one order 
of magnitude than the 2 1 Ne age, 1.6±0.2 mill ion years. AP is calculated as 
7 ±4 dpm/kg Fe for 53Mn, suggestin g the pre-irradiation occurred at a depth of 
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Fig. 3. Estimated 53Mn contents in spherical pre-atmospheric meteoroids of various radii (R) 
and observed 53Mn depth profiles in Apollo 15 and 16 deep drill cores (IMAMURA et al., 
1973, 1974). Observed activity levels in Yamato-7301 and Allan Hills No. 8 is shown. 
The estimated upper limit of the activity level in the first stage of irradiation in 
Yamato-7301 is also shown. 

2-4 m i n  a large parent body with a radius larger than 4 m (Fig. 3) . T1 i s  then 
esti mated to be 90±50 mil l ion years. Thi s might, however, gi ve only the l ower 
limit of T1 because the assumption of a terrestri al age long compared to Yamato-
7304 leads to a hi gher val ue of T2 , therefore l ower value  of A P and hi gher T1 • 

Determination of 36 Cl or 8 1  K r  will hel p  t o  obtain  an upper l imit of T2 • 

In both cases of Yamato-7301 and AJlan Hill s No. 8, we have had evi dence 
for a two-stage i rradi ation hi story for the meteorites. The duration of pre
i rradiati on was found to  be of the order of I 08y or longer compared to  the recent 
exposure of "' I 06 y. This seems to be quite consi stent with the long argued scenari o 
for the formation of meteorites from ast eroid famil ies with earth-crossing orbits 
(ARNOLD, 1965b; H EYMANN and ANDERS, 1967) . Since no chondrites with  an 
exposure age of > I 08y are known, the parent bodi es of Al lan Hil l s No. 8 and 
Yamato-7301 are, probabl y, not si mply l arge meteorites but bodies l i ke asteroi ds. 

It should be noted that T1 mi ght be i nfluenced by the removal rate of material 
from the surface of the parent body, as was once considered as an explanation for 
the exposure ages of meteorites (WHIPPLE and FI REMAN, 1959) .  The upper l imit 
of removal rates is easily obtained because of the si mpl e relationshi p between the 
production rate of a nuclide and the depth i n  very deep locations, that i s, an 
exponenti al decrease with i ncreasi ng depth . In the case of 5:1Mn production from 
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Fe, a half attenuation len gth of about 150 g/cm2 has been found (IMAMURA et al. , 
1973, 1974). I f  the same value is adopted for 21Ne production , a removal rate is 
calculated as < 6  mm/l 06y. This is quite similar to the erosion rates observed in 
the rocks on the lunar surface (FINKEL et al. , 1972; WAHLEN et al. , 1973). Because 
too small a paren t body will lose all the materials when excavated, a low rate of 
material removal might suggest the existence of enough gravity to keep materials of 
low velocity from leavin g the surface of the parent body. 

The possibil ity of a two-stage irradiation history is not new to meteorites. A 
few meteorites are thought to have had complex irradiation records. The Sikhote
Alin (VILCSEK and WANKE, 1961), the Serra de Mage eucrite (FusE and ANDERS, 
1969; CARVER and ANDERS, 1970), the Pi tts octahedrite (BEGEMANN et al. , 1970), 
and the Weston chondrite (SCHULTZ  et al. , 1972) are such cases. Probably many 
more meteorites have experienced a multi-i rradiation hi story since it is usually very 
difficult to detect the evidence when the exposure age in the second, most recent, 
stage exceeds 3 mil lion years. Accumulation of 53Mn data together with those of 
rare gases is necessary to obtain statistically meaningful data on the general 
patterns of meteorite exposure histories. 

3.3. High 5 3Mn content in meteorites of young exposure ages 
It has been pointed out above that three meteorites, Yamato-74191, Mt. Baldr 

No. 1 and No. 2, seem to have high saturation activities of 53Mn and that these are 
all young in exposure age, in the range of 4-7 million years. This suggest possible 
variation in the production rate for the ratio 53Mn/21Ne, if we exclude the pos
sibility that cosmic rays were enhanced in the last 4-5 mill ion years, but had been 
reduced by a factor in the preceding millions of years. Gas loss may be neglected 
because K-Ar ages (NAGAO and TAKAOKA, 1979) for these three meteorites seem 
to be old enough to support the absence of any recent violen t  event to cause 
degassing of cosmic ray produced rare gases. 53Mn is produced mainly from 
56Fe through the (n , p3n )  and (n , 4n) reactions. Whereas 2 1Ne is produced by 
somewhat different types of reactions, mainly by 24Mg (n, a), which is caused by low 
energy secondary n eutrons, and 24 Mg (n , 2p2n), 24Mg (n, p3n) and other reactions. 
The l atter reactions resemble those for 53Mn production . Furthermore, a con
siderable part of 21 Ne (ca. 30% ) comes from Si through high energy spallation 
reaction. Therefore, the production rate of 21 Ne is theoretically lower than 53Mn 
in  both the surface and the deep places of a meteorite body in space. For a 
surface sample, the use of a conventional production rate for 21 Ne could  cause an 
underestimation of the exposure age by "' 30% (HERZOG and CRESSY, 1974). 
Actually Yamato-74191 does seem to be a small meteorite. I t's  22Ne/21Ne ratio 
is 1.19 (NAGAO and TAKAOKA, 1979), suggesting irradiation at shallow depths 
(WRIGHT et al. , 1973). Recently FINKEL et al. (1978) measured rare gas exposure 
ages in the small San Juan Capistrano meteorite which has the ratio 22Ne/21Ne of 
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1.19. The 81Kr-Kr age of the meteorite is longer than the 3He and 21Ne ages by 
30-50% . The saturation activity calculated from the increased exposure age is 
550 dpm53Mn/kg Fe. This seems still too high a value because 53Mn production is 
thought to be lower in the surface than inside a meteorite body of usual size. 

O n  the other hand, 22 Ne/21 Ne in Mt. Baldr No. I is r eported to be 1.05 (NAGAO 
and- TAKAOKA, 1979), which seems to indicate a large pre-atmospheric size. This 
effect may increase the exposure age of Mt. Baldr No. I by some tens of percent, 
but not enough to decrease the saturation activity of 53Mn to the normal range. 
In  addition to the difficulties with the 21 Ne production rates discussed above, the 
high saturation specific activities might be due to the overestimation of rare gas 
production because of a multi- stage irradiation history. As discussed in the 
preceding section , such complex irradiations might be very common among 
meteorites. Excess rare gases from a pre-irradiation could bias the estimation of 
the production rate of rare gas isotopes from direct comparison between 26 Al 
and rare gas contents. I f  the parent  body has been irradiated for a period of more 
than 3 x I 09y, an excess of 21Ne would be significan t for the meteorite derived from 
a depth of < 5  m. Thus the production rates given by HERZOG and ANDERS 
(1972) might be too high . The use of the previous values for rare gas production 
rates would decrease the saturation value of 5 3Mn for the 3 meteorites to 530-
580 dpm/kg Fe, which still seems high. Some combination of the two effects 
mentioned above might best explain the high saturation activity of 53Mn in these 
objects. 
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