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ABSTRACT

Nuclear track studies, uranium concentration measurements
and Sm—-isotope studies have been performed on both lithologies
A and B of the Elephant Morraine Shetgottite, EETA 79001. Track
studies show that EETA 79001 was a rather small object in
space with a preatmospheric radius of 12 + 2 cm, corresponding
to a preatmospheric mass of 28 + 13 kg. U~concentrations mea-
surements indicate that phosphates have concentrations ranging
from 0.3 to 1.3 ppm. There are occasional phosphates with excess
fission tracks, possibly produced from neutron induced fission
of U and Th: during the regolith exposure in the shergottite
parent body {(SPB). Sm-isotope studies, while not showing any
clear cut excess in !°°sm, enable us to derive meaningful up-
per limits to thermal neutron fluences of 2 to 3 x10!'°n/cm?,
during a possible regolith irradiation. These limits are con-
sistent with. that required to explain the track data and also
enable ug to derive an upper limit to the neutron. exposure age

of EETA 79001. of 55 Myr in the SPB regolith.

Key-words: Metzorites; Cosmic ray tracks; Meteorite cosmic ray
exposure; Fission tracks; Plutoniun 244 in meteorites; Sm iso

topes in shergottites; Neutron capture effects- in meteorites.
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INTRODUCTION

Shergottites are an extremely important group of meteorites
to study because of their possible origin from Mars, e.g. Shih
et al. (1982). The chronologies and exposure histories of these
meteorites are extremely complex. The finding of rare gases and
nitrogen with elemental and isotopic compositions similar to
those measured in Martian atmosphere in glassy phases of the Elephant
Morraine shergottite has lent strong support to the Martian ori
gin hypothesis (Bogard and Johnson, 1983; Becker and Pepin, 1984).
The Rb-Sr systematics of shergottites indicates a major resetting
event at 180 + 4 Myr (Shih et al., 1982). This has been inter-
preted by them as dating the time of shock  metamorphism when
plagioclase was partially converted into maskelynite. The U-Th-Pb
study of Shergotty by Chen and Wasserburg (1985) confirms a sig
nificant event at that time. However, in a recent work Jagoutz
and Wanke (1985) have suggested that the linear array cbserved in the
Rb-Sr systematics could be due to a mixing line efféct; They
have inferred a Sm-Nd crystallization age of 343 t 46 Myr, which
would represent a strong constraint in the permissible track re

tention age.
NUCLEAR TRACK STUDIES

We have carried out nuclear track studies and uranium con-
centration measurements on samples from the Elephant Movraine
shergottite EETA 79001. Preliminary report was published as an

abstract in Meteoritics (Rajan et al. 1984). Nuclear tracks in
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pyroxenes were revealed by etching in 37.5 N NaOH for 25 minutes.
Based on track density measurements in over 100 pyroxenes,

the range of track densities observed is given below:

79001.58 lithology A 3 to 6 x10°/cm?

79001.44 lithology B 5 to 8 x10°/cm?

Based on the short exposure age determined for this meteorite
of 0.6 Myr (Pepin and Becker, 1984; Bogard et al. 1984), we
infer that the samples had undergone little ablation and were
very close to the preatmospheric surface. In fact, the  preat
mospheric depths of the samples are tightly constrained by the
measured track densities and are only weakly dependent on the
preatmospheric radius. The deduced preatmospheric .depths are
3+ 0.5cmand 2 + 0.5 cm respectively. Recently, Bhandari et
al. (1985) reported track densities of 1 * 0.2x10°/cm? in ol-
ivines from EETA 79001.95. Their data, when corrected for the les
ser sensitivity of the olivines, yields a preatmospheric depth
of 5.0 cm. Taking into consideration the location of all the
.three samples inside the meteorite, the ablation seems to be
rather uniform around 2 to 3 cm. We derive a preatmospheric ra
dius of 12 + 2 cm, corresponding to a preatmospheric mass of
15 to 40 kg.

We have also analyzed about 800 phosphate grains from 1li-
thology B. The phosphates were etched with 0.25% HNO- for 45 se
conds. Most of the phosphates in our sample were heavily shocked,
as was expected. However, there is a small fraction of the phos

phates (1-2%) where the tracks can be observed.clearly. The track
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densities seen in these crystals range from 3x10%/cm? to
9 x10°%/cm?®. A study of the neighboring pyroxenes, discussed
earlier, indicates that cosmic ray tracks can account for on-
ly 10 to 25% of the observed tracks. Accordingly, the majority
of the tracks are indeed due to fission in the phosphates.

Uranium contents have been determined for over 50 phosphate
grains and several of those have also been analyzed with the
electron microprobe. All the phosphates analyzed were whit-
lockites and thedr uranium concentrations range from 0.3 to
1.3 ppm. Figure 1 shows the distribution of uranium concentra
tions measured. Electron probe measurements also showed that
there is no major compositional differences between phosphates
containing tracks and others.

Using the highest uranium concentration measured, we can
calculate that the number of fission tracks expected over 180
Myr is only 0.15 x10 %/cm?. It is known that phosphates are some
what more sensitive than pyroxenes, but no quantitativé .data
exists. If we conservatively assume that they may be as much
as 1;5 times more sensitive, then the track density expected
from cosmic rays is 0.8 to 1.2 x10 %/cm?. So the expected track
density from both cosmic rays and fission over 180 Myr is 0.95
to 1.35 x10 %/cm?. It is thus clear that the measured densities
in phosphates are two to three times higher than what is ex-
pected.

There are basically three possible explanations for these
results and we discuss them below: The first is that the fea
tures observed in phosphates are either dominated by spalla-

tion recoils or are some kind of shock induced artifacts.
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The track density of 3x10%cm? is conveniently observa-
ble in the optical microscope. Our track density measureanents
refer to counting of all tracks greater than 1 micron in
length. If spallation recoils were significantly contriluting
to the observed track density, then one would expect a lot
more tracks in the 1l-2 microns region‘than that nominally ex-
pected from the population of longer tracks. Based on our mi
croscope observations, we deduce that they are not a dominant
source and estimate the contribution from spallation recoils
to be less than 10%. This is also confirmed by a theorétical
estimate of recoil tracks expected over the cosmic ray ex-
posure age, based on simulation studies. Using about 1l spal-
lation track per am per year as the production rate and 0.6 Myr
exposure age, the spallation recoils expected would be about
6 x10°/cm?, which is only 20% of that observed.

It is much more difficult to rule out shock-induced ar-
tifacts, considering the extreme sensitivity of the phosphates
to shock and the rarity of phosphates with tracks. In the
case of phosphates from lunar. breccia 14321, Pellas and Storzer
(1975) showed that shock features similar- to tracks do get
revealed after a 45 sec etching with 0.25% HNOy However, in
our study there were two crystals where tracks were well
etched with small cone angles (10°) and lengths of upr to
10 pym. Because of these reasons, we feel that all'our ob-
servations cannot be dismissed as due to shock-induced arti-
facts and the excesg fission tracks are indeed the main
cause for our observations in some of the phosphates.

The second hypothesis would be to attribute time §ignif
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icance to the .different phosphate grains based on the measured
track densities and uranium concentrations in the different
phosphate grains. Such data, which exist only for four grains,
yield nominal fission track ages ranging from 2.5 to 4.0 Gyr.
However, there are a number of problems associated with this
hypothesis. The most serious objection would be in unddrstanding
how these grains managed to retain their tracks in spite of

the documented major metamorphic events at times as recent as

180 Myr, which was successful in totally resetting the Rb-Sr

systematics. For thds reason we think that it is unlikely that
they could be interpreted as representing relict grains with

older ages, though it cannot be totally ruled out.

The third hyphothésis, which we prefer as the most likely
one at this time, is that the additional tracks were acquired
due to neutron induced fission of U and Th during residence
in the parent body. Clearly, there are several unresolved pwrob
lems relating to a Martian origin, particularly in regard to
the time of ejection and the ejection mechanisms involved.
Treating it as a reasonable model, the neutron effects would
be accumulated over at least 180 Myr and possibly up to 340 Myr.
The burial depths will have to be constrained around a few
meters in order to satisfy the requirements of the short cosmic
ray exposure age and the possibility of neutron effects. While a precise
estimate of the neutron fluence on the Martian regolith as a function of
the burial depth is a non-trivial calculation, it is possible to make an
order of magnitude estimate of the neutron fluence required to explain the
observed track excess if we make several assumptions. 1) We

will use the measured neutron profile from Apollo 15 (Russ et
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al., 1972) as a starting point; 2) Our sample was located at
the corresponding peak depth; 3) We will assume that the Th/U
ratio in our phosphates is 10. Based on the above, we calculate
that a fluence of about 3 x10'°/cm? would be able to produce
the observed track excess, within a factor of two or so. From
the lunar analogy, we should be able to test this hypothesis
by looking for neutron capture effects in the form of increases
in isotopic ratios of !5%Sm/!“°sm and '°°Gd/!%7Gd. A neutron
fluence of 3 x10'°/cm? wil increase the '°°sm/!*%sm ratio by
about 5 parts in 10* and the '®°Gd/*°7Gd ratio by about 4 parts

in 10%.
Sm ISOTOPE STUDIES

Because of the potential pitfalls associated with the study of
phosphates in such a heavily shocked meteorite, we decided to
independently verify and possibly quantify such a neutron ex-
posure history. We have performed Sm isotopic studies on samples
of both lithologies A and B, in order to look for possible in-
crease in the Sm/Sm ratio due to neutron capture effects. The
Sm isotopic measurements were performed on about 60 mg of litho
logy A and 100 mg of lithology B. The experimental techniques and details
are similar:to that previously described in Lugmair et al., (1975), where
it is presented in great detail. Our results are summarized below

in Table 1.
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TABLE 1

Sample 150gm/1%9gm 8§ (¢ units)

Texrrestrial Std 0.53400 + 2 s 0

Lithology A 0.53411 + 14 2 + 3

Lithology B 0.53405 + 12 1 % 3

From the above data, it is clear that there is no evidence fox
an excess Sm, within the experimental uncertainties. However,

it is possible to derive upper limits to the thermal neutron
fluenées;experienced by these samples. From the ratios measured
in samples and standard in Table 1, we calculate the neutron

fluence ¢ from:

150 147
¢ = ‘ Sm/ sm)sample

[l + (1soSm/1 QSSm)

- 150 149
( Sm/ Sm)Std

<0g

sample] 1u9>(<0.2eV)

(Russ et al., 1971) where <o > is the capture cross section

149
of '*%sm averaged over the neutron energy spectrum below

v 0.2eV suffered by the shergottites. <o > cannot be calculated

149
precisely, since the neutron energy spectrum below ~ 0.2eV in
the shergottites parent body regolith is not known. To a first

approximation, using <o > derived from the lunar energy spec

149
~trum of 5.0 x10* barns, we derive upper limits to the thermal

neutron fluences which are:

Lithology A < 3.3 x 10'5°n/cm?

Lithology B < 2.2 x 10'5n/cm?
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DISCUSSION

We can now try to see how these upper limits to. .aAsgutron
fluences compare with that estimated for explaining the dbserved
track data in phosphates. We do not know the exact Th/U ratios
in our phosphate samples, except that it could be as much . as
10 or more based on the work of Crozaz (1979). In such a case,
the contribution from induced fission of Th, could be as much
as 40% of that expected from the induced fission of U. There
is also the contribution from high energy proton induced fission,
where the contribution from Th may be as high as twice . that
from U (Hutcheon. priv. comm.). If we take the highest values
of uranium concentration measured,™ 1.5ppm, with all the above
effects (several of which are difficult to quantify), our track
data would require a thermal neutron fluence of 3.0 x10!%/cm?
to explain: the observed track excess. We estimate the uncertainty
in our calculated neutron fluence to be at least a factor of
two because of the uncertainties mentioned above.

Another way to infer neutron fluences is by looking at neu
tron effects in rare gases. Specifically, excesses in °*°Kr and
82Kr due to neutron capture reactions in ’°Br and °!Br have
already beeﬁ oberved in lithology C (Becker and Pepin, 1984;
Swindle et al. 1984; Swindle et al., 1985). An excess of
0Ky of 8.6 + 2.3% has been cbserved in EETA 79001, which is
probably due to neutron capture effects on bromine (Swindle et
al., 1985). Their measured 82Ky excess, and to a lesser cer-

1

tainty, the '%2%ye excess (from !'2?7I) are consistent with the

8%Kr observations. There are major uncertainties in estimating



CBPF-NF-083/85

the fluences from the rare gas data using Kr and Xe. Between
fluences inferred from Kr and Xe, there is an uncertainty of
a factor 4 (thermal spectrum) or a factor of 9 (a special spec
trum, where thermal to 1 MeV neutrons are captured). If one
uses the thermal spectrum, the neutron fluences required for
explaining the observed effects in Kr and Xe in lithology C
is about (5 & 3) x 10'° n/cm® (Swindle et al., 1985). The
chemistry of lithology C seems closest to that of lithology A
(Smith et al., 1984). The major question is to decouple the
observed neutron effects into those which occurtred in the re-
golith 'in situ' and those which may have occurred in the at-
mosphere : of the parent body (e.g. Mars). Swindle et al.
(1985), based on comparison of rare gas results of lithologies
A and C have convincigly argued that the substantially larger
effects in lithology C, indicates that most of it was probably
produced in the atmosphere. Based on lithglogy A; the neutron
fluence corresponding to the 'in situ' production is estimated

by them to be more than 0.7 # 0.5 x10'°n/cm?.

CONCLUSIONS

1. Nuclear track studies of pyroxenes showed that EETA 79001
was a rather small object in space with preatmospheric mass

of 28 % 13 kg.

2. The study of phosphates show that there are occasional phos
phates with fission tracks in excess of that expected from
spontaneous fission of 2°°U over 180 Myr. The most likedy

explanation for this is that the additional tracks were pro-
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duced due to neutron induced fission of U and Th, while the
sample resided in the top few meters of the shergottite par

ent body (SPB).

3. In order to verify the above hypothesis, Sm isotope studies
were performed on both lithologies of EETA 79001. Within the
uncertainties, there is no evidence for neutron-induced ef-
fects in samarium. However, the derived upper limits of the
thermal neutron fluences of 2 to 3 x10'°n/cm? are consistent
with that needed to explain the excess tracks observed in oc-

casional phosphate grains.

4. Finally, taking the measured upper limits of neutron fluences
and comparing them to the lunar rock 75075 (Lugmair et. al.,
1975), we also infer an upper limit to the neutron exposure

age of Elephant Morraine in the regolith of 55 Myr.
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FIGURE CAPTION

Fig. 1 - Measured uranium concentrations (in ppm) of 52

phosphate grains.
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