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Individual meteoritic grains from gas-rich meteorites maintain a record of exposure to energetic 
particles that pre-date compaction in the regolith of the parent body. Figure 2 shows the distribution of 
apparent exposure ages for 49 individual olivine grains from Murchison, selected on the basis of solar 
flare heavy ion tracks (demonstrating pre-compaction surface exposure). Figure 1 is a similar plot-for 
27 Murchison grains which are track-free and which, in general, provide a good confirmation of the 
nominal cosmic ray exposure age of Murchison The observed energetic particle doses for some of the 
irradiated grains are, however, quite large and require us to modify either our concept of the time 
scales involved in parent body regolith activity or our understanding of the primitive sun. 

To account for the observed pre-compaction spallation neon in Murchison by conventional 
cosmic ray exposure, it would require a minimum pre-compaction exposure time in the regolith of more 
than 130 million years. This time is truly a lower limit assuming a contemporary GCR flux, since it is 
calculated for the optimum depth, yielding the maximum possible GCR spallation production rate. It is 
inconceivable that any of these grains spent the entire pre-compaction period at this particular depth, so 
the true time spent in the parent body regolith prior to compaction would have to be considerably more 
than this value. The same view emerges for other meteoritic breccia [1,2]. It is clear that one of two 
possibilities exist: either models of the pre-compaction epoch on parent bodies must be revised to allow 
active, near-surface gardening to span hundreds of millions of years; or the actual exposure duration of 
these grains was compressed due to an enhanced particle flux in the early solar system, presumably 
from a T-Tauri sun In order to explore which of these possibilities is the most likely, and to study a 
variety of parent body regoliths, we have extensively studied grains from Murchison, Kapoeta, and 
Cold Bokkeveld. Some work has also been done on Pesyanoe and Fayetteville [1,2]. 

Pre-compaction exposure times of several hundred million years in the upper (active) part of a 
parent body regolith are distinctly "lunar-like" in that exposure times of hundreds of millions of years 
are typical for grains in the lunar regolith. However, there is the notable scarcity of other pre- 
compaction surface exposure effects (eg. impact pits, agglutinates, etc) in these meteorites, when 
compared with the lunar case. This suggests that the ratio of nuclear-active particles to interplanetary 
debris may have been larger during the active time in the meteorite parent body regolith. Such 
observations, taken together with the exceedingly long exposure times required, tend to support an 
early T-tauri phase of the sun [1,3]. There are, however, some problems with a short-duration high 
flux model. 

The duration of a T-Tauri phase is estimated to be less than about 10 million years [4]. If 
regolith exposure on meteorite parent bodies spans this period, one would expect similar maximum 
energetic particle doses on a variety of parent body regoliths, with the exception of inverse square 
effects. Figures 2 and 3 show the minimum exposure times required in a regolith for individual grains 
from Murchison and Cold Bokkeveld. The 49 irradiated grains (selected on the basis of solar flare 
tracks [I]) from Murchison form a distribution of minimum GCR equivalent regolith residence times 
up to 130 million years. The 12 grains from Cold Bokkeveld, while qualitatively similar, require 
minimum GCR equivalent residence times of nearly an order of magnitude less, well outside of the 
variability expected from purely inverse-square effects. Moreover, grains from the differentiated 
Howardite Kapoeta would require minimum GCR equivalent residence times of 200-400 million years 
[2]. The required minimum exposure times qualitatively follow our previous prejudices (based upon 
compaction constraints) with Cold Bokkeveld requiring the shortest exposure time and Kapoeta the 
longest [5,6].  There seem to be no grains in Cold Bokkeveld that have near the particle doses found in 
the more heavily irradiated grains from either Kapoeta or Murchison. This lends some support to the 
possibility that extended duration regolith processes may, in fact, dominate the observed pre- 
compaction spallation effects rather than enhanced early solar activity. If so, we can refine the parent 
body regolith exposure times that would be required for a contemporary GCR particle source. 
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Figure 4 is a plot of neon exposure ages obtained by Kirsten for individual lunar grains of similar 
size extracted from soil 10084 [7]. The distribution is similar to the irradiated Murchison grains shown 
in Figure 2. Although the gardening rates, gravity fields, mechanical strengths, and regolith depths 
may differ, the similarity of the basic shapes of the cuxves and the correspondence of exposure ages 
for individual grains from all these sets of data still allow us to infer possible parent body residence 
times for Murchison and Cold Bokkeveld. Soil 10084 resides in a mature lunar regolith 3.3 billion 
years old. This is about ten times the full width, half-maximum, of the age histogram for this sample. 
It is also about 2 1/2 times the maximum observed exposure ages observed in this set of grains, which 
is comparable in size with Murchison irradiated grain set. The distributions of individual exposure 
ages among the grains are qualitatively similar, as expected. Using the known age of the parent 
regolith of 10084, and normalizing distributions by the observed ages, distributions by observed ages, 
we would infer an active regolith exposure time of 300 f 100 million years for the Murchison parent 
body. The Cold Bokkeveld data would suggest a regolith residence of perhaps 30-40 million years, 
while K a p t a  would require a regolith history of at least 600 million years. 

In summary, two possible explanations for the large observed pre-compaction spallation effects 
remain: either exceedingly long regolith residence times are required, or there was an enhanced source 
of energetic particles early in the solar system. Constraints on the compaction times of objects such as 
Murchison can play an important time in distinguishing which model is the more viable. However, 
recent results on additional unirradiated grains from Murchison, and variations among different sets of 
irradiated grains, suggest that compaction itself may not have been a simple one-stage process. 
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Figure 1. Unirradiated Murchison Grains Figure 2. Irradiated Murchison Grains 
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Figure 3. Irradiated Cold Bokkeveld 
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- Figure 4. Lunar Dust Grains 
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