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Abstract—'Be, “C, 22Na, 2®Al, 3%Cl, *’Ar and 3°Ar have been measured in lunar fines (10084) and
Type A rock (10057). The latter five isotopes have been studied using a selective dissolution technique
to obtain activities (dpm/kg) for the bulk samples as well as their production rates from relevant
target elements.

Our conclusions are: (1) During the past 400 years the mean flux of the high-energy component
of the cosmic radiation (£ = 200 MeV) has been roughly the same in the vicinity of the moon as that
averaged over the orbits of meteorites; perhaps it was slightly less. (2) The lunar surface layers have
been exposed to an intense flux of low-energy protons down to energies of at least 50 MeV. (3)
Averaged over the last 400 years the flux of fast neutrons with £ > 1-5 MeV has been 25 n/cm? sec.
Isotopes with different half-lifes indicate either a peculiar energy spectrum, with an exceedingly large
fraction of neutrons below 2 MeV, in which case the flux given is a lower limit, or a strong time-
dependence of the neutron flux. (4) An attempt to measure the mean flux of thermal neutrons during
the last 300,000 years gave inconclusive results, indicating the flux to have been less than 1 n/cm? sec.

INTRODUCTION

THE EXTENSIVE study of cosmic-ray produced stable and radioactive isotopes in
meteorites during the last decade has yielded a wealth of information on the intensity
of the cosmic radiation in the past as well as on the history of the meteorites. While it
appears to be generally agreed upon that on the average the high-energy component
(E > 200 MeV) of the cosmic radiation has been constant within a factor of two
during the past 10° yr (HEYMANN and SCHAEFFER, 1962; HONDA and ARNOLD, 1964;
VOSHAGE, 1962, 1967), there are a number of cases where short-lived radioisotopes
indicate short-term variations (FIREMAN, 1967; BEGEMANN et al., 1969; FIREMAN and
GOEBEL, 1969), especially of the low-energy component. Due to the fact, however,
that the orbits of individual meteorites are not known there is always an inherent
ambiguity as variations in time cannot be separated from variations in space.

In this respect, lunar surface material can be considered to be superior to meteoritic
matter as, although the ideas on the origin of the moon are still as divergent as ever,
the consensus is that it has been in its present orbit for a rather long period of time.
Furthermore, while meteorites undergo ablation losses during their passage through
the atmosphere, which to some extent destroy the record of the primary low-energy
cosmic rays, material from the surface of the moon should contain such information as
well.

It is for this reason and because of marked differences in the abundance of some
important target elements in lunar samples and meteorites that the abundance
pattern of the radioisotopes must be expected to differ from that found in meteorites.
In order to facilitate a comparison with the numerous meteoritic data it is necessary
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to know the production rates not only for the bulk samples but for individual target
elements as well. Only then the difference in the chemical composition can be
properly taken into account.

EXPERIMENTAL PROCEDURE
(A) General

Two samples of lunar material were available for the present investigation: 100-1 g of bulk fines,
<1 mm size (10084-18), and 119-1 g of rock (Type A, 10057-40). No information was supplied
regarding the original position of our rock specimen within the rock 10057.

Immediately upon receipt (September 18 and October 10, 1969, respectively) their p-activity was
determined by means of a large, high-resolution Ge(Li)-detector (13-8 per cent relative efficiency and
2-85 keV FWHM for the 1-332 MeV Co line) and a 4000-channel analyser. The bulk fines were
counted as received; the rock specimen was pulverized to pass a 60 u sieve.

Next, after addition of a 3’Cl spike (20 mg NaCl) and 0-5 cm?® STP carrier Ar the fines were leached
under vacuum for 3 hr with 500 cm?® of 10—* N HNO,, washed with acetone and dried overnight at
65°C. Subsequently, both samples were fractionally dissolved in order to fractionate as many relevant
target elements as possible.

Preliminary experiments on small aliquots showed that about 20 per cent of a// mineral components
in the fines went into solution already with cold HNO, (1:3), that hot HNO; (1:3) preferentially
dissolves feldspar, resulting in a fraction enriched in Ca and Al, and that NH;HF, + H,SO, (conc.)
at 350°C completely decomposes the residue. Hence, these were the reagents chosen, the time of
treatment was 3—4 hr. All steps were performed under vacuum, after addition of carriers (25 mg Be as
BeSO,, 25 mg Sc as Sc,(504);, 40 mg NaCl, 0-5 cm?® Ar). The Cl of the NaCl was enriched in *?Cl
(96 per cent), but was free of any detectable radioactivity.

(B) Chemistry

In order to minimize any contamination wherever possible we tried to apply procedures requiring
only such reagents which can be purified via the gaseous phase.

1. HNOy-fractions. The vacuum-system has been in use for work on meteorites for many years
(WANKE and VILCSEK, 1959). The procedure to collect and purify the Ar is essentially unchanged.

After removal of the reaction vessel from the vacuum-system the undissolved residue was separated
by centrifugation. The residues were washed repeatedly with water and finally acetone, dried at
65°C, and preserved for the next step.

An aliquot (5 per cent) of the supernatant was set aside for a determination of relevant elements.
From the main solution the chlorine was precipitated as AgCl and centrifuged. After removal of the
excess Agt-ions silica was separated by dehydration. Iron was extracted with diethyl ether from
6 N HCI. Subsequently, to the aqueous solution the same volume of diethyl ether was added and the
liquids saturated with gaseous HCI at 0°C (FiscHER and SEIDEL, 1941).

The precipitate containing Al and Na was purified by repeating the procedure, and Al separated
by two successive precipitations with NH,OH.

Mg was removed from the combined filtrates with an alcoholic solution of (NH,),CO;. After
decomposition of the ammonium salts Na was precipitated again with gaseous HCI. The Al contain-
ing hydroxides were dissolved in HCI and the Al for further purification converted to aluminate with
NaOH. The alcaline solution was acidified and Al (OH), precipitated with NH,OH.

The solution from the first gaseous HCl-precipitation step was extracted with tri-n-butyl phosphate
for the separation of Sc (EBERLE and LERNER, 1955). The aqueous phase was evaporated to dryness,
the solids taken up with HNO,, and the rare earth elements extracted with tri-n-butyl phosphate, too
(PEPPARD et al., 1953).

In the further procedure Be was separated by precipitation with NH,OH in the presence of
ammonium salts, the hydroxides dissolved in H,SO,, ammonium-peroxy-disulphate added to oxidize
chromium to chromate, and Be precipitated as hydroxide.

2. Residue. The residue after the hot HNOj, step was mixed thoroughly with a four-fold amount of
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HNHF, and put into a large Pt-beaker inside a glass vessel, which was then connected to the vacuum
system mentioned above. After evacuating the system, carefully degassed concentrated H,SO,
(4 cm?®/g residue) was added slowly, and the temperature raised to 350°C. The evolved HCI and SiF,
were condensed in a trap immersed in boiling nitrogen.

When the reaction was complete the decomposition vessel was taken off the vacuum-system,
H,S0, added to the cake, and heated to dryness to ensure the complete removal of fluorides. The
cake was then elutriated with H,O and insoluble sulfates brought into solution with HCl. From this
solution the hydroxides of Fe, Ti, Cr, Al, Mn, Sc and Be were precipitated with NH,OH, and
redissolved in HCI. The further treatment was identical to that described for the HNO,-fraction after
the removal of silica.

The filtrate of the hydroxide precipitation was further processed for the separation of Na as
described above.

3. Radiochemical purification. Cl: AgCl was decomposed with Na,CO; and the chlorine purified
in form of HCI gas (ViLcsek and WANKE, 1963) and converted to NaCl for counting.

Be: Cu was added to the solution (1 N in HCI) and precipitated as CuS. This was followed by a
purification step with Fe(OH); in NaOH and a BaSO, scavenge. The Be-acetylacetonate complex
was extracted into CCl, (ALIMARIN and GIBALO, 1956). After addition of EDTA Be was precipitated
with NH,OH and ignited to BeO.

(C) Counting

Ar was counted in the Geiger-region after addition of Q-gas (98-5 per cent He, 1-5 per cent
i-butane); the counter volume was 20 cm?, the total pressure 0-5 atm, the background 0-35 cpm, and
the counting efficiency 80 per cent. The 37Ar and®°Ar contributions were separated by following the
decay of *’Ar for periods of time from 50 to 90 days. As a further check, the Ar from the different
fractions of both samples was combined and the total **Ar-activity determined more than six half-
lifes of 37Ar after the collection of the samples. As the rock specimen was received as late as 80
days after collection the *’Ar could not be determined with any degree of accuracy. Hence, we
prefer to give no value at all.

The 2°Cl- and !°Be-activities were determined with two Sharp thin-window (800 ug/cm?) gas-flow
detectors, each shielded by a guard counter in anti-coincidence with the sample counter, again using
Q-gas. The samples were mounted on shallow gold planchets to increase the counting efficiency by
back-scattering. For both isotopes the efficiencies of the 1 in. and § in. detector were around 40 and
20 per cent, respectively, depending slightly on the amount of sample counted. For the sample-
weights in question the efficiencies for ’Be were 10 per cent lower than those for *¢Cl. The background
counting rates were 0-16 and 0-07 cpm, respectively, using dummies of a chemical composition the
same as the samples.

?2Na was measured by placing the separated NaCl in plastic containers between two 3 X 2 in.
NaJ (TD-crystals. The two 511-keV annihilation quanta were counted in coincidence, as well as the
combined spectra from both crystals registered with a 512-channel analyser. The latter information
was used only to check the absence of any interfering activities. The counting efficiency in the
511-keV coincidence mode was 5-0 per cent.

The 26Al was counted as Al,O, in plastic containers, utilizing the Ge(Li)-detector described above.
Both the 511 keV and the 1-81 MeV p-lines were used, the efficiencies were 2-3 and 0-45 per cent,
respectively. The activities found via the two y-lines always agreed within the statistical limits of
error.

*C was determined in a 10 g aliquot of the fines which was intended for determination of the
Ar-activity in the bulk fines. This Ar, however, was unfortunately lost. The procedure used to
produce CO,—after the addition of lamp black—was essentially that described by GokeL (1962)
except that the conversion temperature was 1100°C. The CO, was converted to C,H, with Li (BIEN,
1967); the activity determined by means of a thin-wall proportional counter (Oeschger-type) with a
total volume of 2-5 1. and a central volume of 1-5 1., working at a pressure of 200 torr. The counting
efficiency, with the lower and upper threshold chosen, was 49 per cent, the background 1-21 cpm.
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RESULTS AND DISCUSSION

In Table 1, columns 5 and 9, are listed the concentrations in the bulk samples of
those target elements which are most important for the production of the radioisotopes
studied. (For a comparison with the results obtained in other laboratories see
WANKE ef al., 1970b.) The amounts dissolved in each step of the fractional dissolution
procedure are also given. They were determined by wet chemistry and/or neutron
activation of aliquots of the various solutions as well as aliquots of the portions left

Table 1. Results of chemical and neutron activation analyses, and
decay rates of the radioisotopes measured

Lunar fines 10084-18 Lunar rock 10057-40
HNO, HNO, HNO,
(25°C) (70°C) residue sum bulk (90°C) residue sum bulk
Chem.
analysis
(% by
weight)
O 10-6 4-5 26-4 41-5 9-5 309 40-4
Mg 19 0-14 2-8 4-8 0-4 3-8 4-2
Al 39 1-8 1-2 69 34 1-2 46
Si 39 1-8 14-0 19-7 40 149 18-9
K 0-045 0-014 0-050 0-109 0-057 0-144 0-201
Ca 36 1-6 3-6 8-8 2-3 56 7-9
Ti 0-5 <0-2 3-8 4-3 0-33 5-35 5-7
Fe 4-2 0-66 7-1 12-0 1-3 13-0 14-3
Activity
(dpm/kg)
10Be 5941 — 5-84+1 144 3% — — — — —
1C — — — — 39+4 — — — 3545
22Na 3245 1042 1943 61+6 61415 942 2446 33+7 2446
26A1 57+ 13 37+15 27+ 14 121425 86+12 | 25410 32416 57+20 70+10
6C1 6:5+0-3 19403 62403 146406 — 3-304-0-31 8-85+0-38 12-:2+0-5 —
37Ar 144409 47443 141+09 332445 — — — — —
9Ar 2434014 1-184-0-43 3-864-0-20 7-5+0-5 8-1+0-3{1-994-0-17 7-09+0-23 9-04+-80-29 8-5+0-3

* The entry of 1°Be under ‘sum’ contains a small contribution from the HNO, (70°C)-step, which was
not measured but calculated via the amount of oxygen in this fraction. The 3®Ar-activities under ‘bulk’
are not based on measurements of bulk samples, proper, but on the combined Ar from the separate fractions.

undissolved after the individual steps. Oxygen was determined by fast neutron activa-
tion in the undissolved portions as well, but the entries in columns 2, 3 and 6 are
calculated ones assuming all cations to have been present as oxides. The values
obtained from the difference between the oxygen content of the initial samples and
their respective residues are naturally rather uncertain (‘““Elephant method”, HOUTER-
MANS, 1950).

The lower part of Table 1 shows the decay rates of the radioisotopes (in dpm/kg)
for the individual fractions or the bulk samples, or both. With the exception of *Al
in the “fines’, the agreement between the sum of the activities and that obtained on
the bulk samples is good for a given isotope, showing the data to be internally con-
sistent. Where comparable they, furthermore, agree fairly well with those obtained in
other laboratories (LSPET, 1970; SHEDLOVSKY ef al., 1970; PERKINS et al., 1970;
STOENNER et al., 1970; FIREMAN et al., 1970).
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Taking into account that the lunar surface has only a 27-geometry for the exposure
to the cosmic radiation, the decay rates for all isotopes and their abundance pattern
are distinctly different from what is observed in meteorites (see e.g. HonpA and
ARNOLD, 1964), reflecting the different chemical composition as well as the presence
of low-energy solar primaries.

(A) Production rates on individual target elements

In order to separate the two effects as much as possible we shall now proceed to
calculate the decay rates of *2Na, 26Al, *Cl, 3Ar and *%Ar on individual target
elements from the data in Table 1.

39Ar. Proton-induced spallation reactions on Ca can be neglected compared to
the contribution from Ti, as only the rare isotopes of Ca with a combined abundance
of 3 per cent can yield 3°Ar. This is reflected in the 600 MeV cross section data of
STOENNER ef al. (1970) who found the production on Ca to be eight times less than that
on Ti.

Similarly, the contribution from the *'K(p, 2pn)3°Ar-reaction is insignificant.
This can be seen when comparing the activities possibly produced by analogous
reactions on other nuclides, e.g. **Fe(p, 2pn)**Mn and *®Ti(p, 2pn)*®Sc, in lunar
matter. The Q-values are —20-4 MeV and —22-1 MeV, respectively, compared to
—17-7 MeV for the *'K(p, 2pn)?®Ar-reaction; the cross sections will thus be com-
parable. Allowing for the much lower abundance of 'K we derive from the observed
%*Mn-activities of about 50 dpm/kg (SHEDLOVSKY et al., 1970; PERKINS et al., 1970;
O’KELLEY et al., 1970) a contribution of *Ar from #'K of 0-04 dpm/kg; and from the
46Sc-activities of about 10 dpm/kg (PERKINS ef al., 1970; O’KELLEY et al., 1970) a
value of 0-02 dpm/kg. These estimates are even upper limits, because both **Mn and
%6Sc are assumed to be solely produced by the (p, 2pn)-reaction. In both cases,
however, (n, p)-reactions, on 5*Fe and *¢Ti, respectively, may very well contribute
significantly to the activities observed.

With neutrons as bombarding particles the *°Ca(n, 2p)-, 4*Ca(n, o)-, *Ca(n, an)-
reactions as well as similar ones on the heavier isotopes are possible. Of these, how-
ever, only the *2Ca(n, «)-reaction with a Q-value of +0-34 MeV is of any importance
in spite of the low abundance of *2Ca. For *°Ca(n, 2p) the Q-value is —8-1 MeV and
the cross section on neighbouring nuclides at 14-7 MeV is smaller than 1 mb (BRAMLITT
and FINK, 1963), while in case of the heavier isotopes the contribution will be negli-
gible because of both the low abundance and the increasing Q-value.

Hence, the principal reactions responsible for the total 3*Ar-activity will be spalla-
tion reactions on Fe and Ti, and the **K(n, p)- and *?Ca(n, o)-reactions induced by
neutrons in the MeV energy range. Unfortunately, from the experimental data of
Table 1 the latter two cannot be separated, and contrary to chondrites where the
Ca/K-ratio is about an order of magnitude smaller the contribution from Ca cannot
be neglected entirely.

In order to estimate its importance, however, one can compare the cross sections
for the two competing reactions. Since no data are available for the 2Ca(n, o)3°Ar-
reaction, we shall assume its cross section to be the same as that of the “°Ca(n, o)37Ar-
reaction, as both are exothermic (n, «)-reactions with similar Q-values. For energies

© Lunar and Planetary Institute * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1970LPSC....1..995B

1000 F. BEGEMANN, E. ViLcSEK, R. RIEDER, W. BorN and H. WANKE

above 4 MeV the ratio o[*°Ca(n, o)®’Ar]/o] **K(n, p)3°Ar] is about 0-6 while for lower
energies it gradually decreases (JESSEN ef al., 1965; Bass, 1968). Hence, an upper
limit for the contribution from Ca is obtained by adding to the amount of potassium
in the samples 0-6 times the amount of **Ca.

The production rates P(X) thus obtained are listed in Table 2. As the contribu-
tions from Fe and Ti cannot be calculated independently the yield from Ti was set to

Table 2. Production rates of various isotopes on the major target
elements, given in dpm/kg target element

Target
Isotope Mg Al Si K Ca Fe
22Na{Fines 300 550 50
Rock 180 120 100
26Al{Fines — 1400 150
Rock — 540 170
Fines 175
36
CI{Rock 152
Fines 400
37
Al-{Rock —
39Ar{Fines 3300 — 79
Rock 2700 — 75

be four times that from Fe, corresponding to a hardness exponent of n = 2-5 in the
semi-empirical spallation formula as given by GEIss et al. (1962). This formula has
been found to fit the abundance pattern of cosmic ray produced stable and radio-
active nuclides in meteorites over a wide mass range. We wish to emphasize that the
production rates on potassium are essentially independent of the value of P(Ti)/P(Fe).
A change by a factor of two affects P(K) by less than 10 per cent. They, furthermore,
are not very sensitive to the correction for the contribution from the 42Ca(n, o)-
reaction. Neglecting it entirely, the production rates are 4400 and 3100 dpm/kg for the
fines and rock, respectively (WANKE ef al., 1970a); assuming the (n, a)-cross section
to be equal to the (n, p)-cross section for the whole range of neutron energies yields
2800 and 2500 dpm/kg, respectively.
3Ar and *Cl. The important elements are Ca, Ti and Fe. From the data available

at present, it is not possible to determine the contribution from Ti and Fe except to
say that it is very minor: In the cold HNO;-fraction and the residue the same amounts
of Ca were found as well as the same 3’Ar- and ¢Cl-activities, in spite of the fact that
the Ca/Ti-ratio in the two fractions is different by a factor of 8 (Table 1). It should be
remembered, however, that the entries in Table 2 are upper limits. For example, if
the production of *Cl on Fe and Ti is set equal to that of 3°Ar on these elements, the
production rate on Ca would be lower by about 20 per cent.

For 37Ar we believe the predominance of Ca again to be due to fast neutrons,
specifically to the 4°Ca(n, «)3?Ar-reaction.

26Al. At present, the large statistical errors in the decay rates do not allow to deter-
mine the contributions from Al and Si with the desired accuracy. Nevertheless, it is
quite clear that in the fines as well as the rock Al is the more important target element.
Especially in the fines, although the Si/Al-ratio is about 3, by far the largest percentage
of the total ®¢Al is produced on Al.
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22Na. The target elements to be considered are Mg, Al and Si. Here again, the
entries in Table 2 are tentative only. What they do show, however, is a distinct differ-
ence in relative importance of the three target elements in the fines and in the rock. In
the latter the production rates on Al and Si are about the same, while that on Mg is
slightly higher. In the fines, on the other hand, the contribution from Si is very small
and the yield from Al is distinctly Aigher than that from Mg.

(B) Implications for the cosmic radiation

Due to the peculiar chemical composition of the lunar material, especially the
absence of major amounts of metallic iron and troilite, the only high-energy product
which could be determined with sufficient accuracy is 3°Ar produced from iron. As
mentioned above, the production rate in Table 2 has been calculated under the
assumption that for this isotope P(Ti)/P(Fe) — 4. If one uses a ratio of 2 instead—
which appears to be the lowest reasonable choice—P(Fe) would be 11 dpm/kg. In
small iron meteorites and the metal phase from stone and stony-iron meteorites,
exposed in 4m-geometry, it ranges between 20 and 30 dpm/kg (VILCSEK and WANKE,
1963; BEGEMANN and VILCSEK, 1969). Hence, during the last 400 yr the intensity of
the high-energy cosmic radiation (£ > 200 MeV) in the vicinity of the moon has been
roughly the same as that averaged over the orbits of the meteorites. If there is any
difference at all the flux near the moon has been slightly less, in accordance with direct
measurements during a solar minimum (O’GALLAGHER and SIMPSON, 1967), as well as
conclusions drawn from measurements on meteorites (FIREMAN, 1967; BEGEMANN
and VILCSEK, 1969).

For the low-energy component, there is much more information contained in the
data. In the fines, e.g. 22Na is more abundantly produced from Al than from Mg, and
the yield from Si is much lower. As found in numerous target experiments with proton
energies above 100 MeV (for a recent compilation see KIRSTEN and SCHAEFFER, 1969)
that o(Mg):o(Al):a(Si) &~ 2:1-5:1, we conclude that protons in this energy range
cannot be responsible for most of the ?*Na in the fines. At lower energies, however,
the 2’Al(p, x)?2Na cross section exhibits a pronounced maximum at about 50 MeV
(Rayupu, 1964; FURUKAWA et al., 1965) which apparently does not exist for the
Mg(p, x)?2Na-reaction. It is true that older measurements show such a maximum for
the latter reaction as well (MEADOWS and HoLT, 1957), but this appears to be an artifact
introduced by the use of an erroneous excitation function for the 2’Al(n, x)**Na
monitor reaction. Using a more recent one (HICKS ez al., 1956) the maximum
vanishes, in accordance with direct measurements by Rayupu (1964). Hence, it is
our contention that protons of around 50 MeV were the most important nuclear
active particles for the production of ?2Na in the fines.

At the same time this accounts for the low yield on Si as well (Fig. 1). It, further-
more, explains the difference between fines and rock, if one assumes our specimen of
the rock to have been partially shielded from these low energy protons. Not only will
the bulk activity be lower in the rock, but the ratio P(Mg):P(Al): P(S1) will change
towards a more equal production on the three target elements as well, in accordance
with our observation.

The same conclusion is reached from the production rates of 26Al on Al and Si.
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Here, no cross section data are available, but one can compare the entries in Table 2
with those given by FUSE and ANDERS (1964) for stone meteorites. As these authors
found P(Si) = 310 dpm/kg the agreement is excellent, because for the surface of a
large body this has to be roughly reduced by a factor of two. Obviously, nuclear
reactions on Si leading to ?6Al induced by low-energy protons are insignificant. This
1s supported, e.g. by the fact that 5*Mn, produced at least partly by the analogous
reaction on *Fe, 1s found not to depend on depth in a single lunar rock (SHEDLOVSKY
et al., 1970). For the production on Al, on the other hand, the contribution from low-
energy protons must play a major role, as is apparent from the continuous decrease
of P(Al) in lunar fines [P(Al) = 1400 dpm/kg], lunar rock (540 dpm/kg) and

<«— E [MeV]
100 90 80 70 50 30 O
[mb] l}
50
40
30
20

2 4 6 8 10
—— dg/cm?

Fig. 1. Cross sections for the production of **Na from Mg, Al and Si upon bombard-
ment of a thick target with 100 MeV protons (Ravupu, 1964). The curves drawn
through the data points as well as the energy scale were added by us.

meteorites (480/2 = 240 dpm/kg) (Fuse and ANDERS, 1969). Again, this is strikingly
confirmed indirectly by the results of SHEDLOVSKY et al. (1970), who found a very
steep decrease with depth of the activity of 5°Fe, an isotope whose position relative
to the main target isotope is the same as that of 26Al to Al

In order to deduce the fast-neutron flux from the 3°K(n, p)-produced 3°Ar we
shall follow the procedure described in detail by BEGEMANN et al. (1967). There, it
has been shown that for energies above 1-5 MeV the effective cross section for the.
(n, p)-reaction is 140 mb, rather independent of the shape of the neutron energy
spectrum assumed. (The limit of £ = 1-5 MeV is solely due to the lack of cross
section data for lower neutron energies.) This value combined with a production rate
of 3000 dpm/kg potassium, found in both the fines and our rock specimen, yields
for the mean flux of fast neutrons (E > 1-5 MeV), averaged over the last 400 yr,
¢ =25 n/cm? sec.

However, the high ratio of the production rates of 3°Ar from potassium via the
(n, p)-reaction to that of 3’Ar from Ca via the (n, a)-reaction indicates that either the
neutron energy spectrum contains an extremely large fraction of neutrons below
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2 MeV, or the neutron flux is strongly time dependent (WANKE et al., 1970b). (We
want to point out that this conclusion is true even when ascribing all the 37Ar to the
Ca(n, a)-reaction. If in addition to the contributions from Ti and Fe (see above)
any other reactions on Ca and K should be important as well, the argument would
be even stronger.) In case there are indeed a large number of neutrons with energies
<2 MeV the flux of 25 n/cm? sec is a lower limit.

Finally, as was mentioned above, the first treatment of the fines consisted of a leach
with 1074 N HNOj; at room temperature. The aim was to leach possibly some
chlorine and to deduce the flux of thermal neutrons from the *Cl(n, y)-produced
36Cl-activity. The results, however, are not very conclusive. The 3¢Cl-activity found
was (12 + 1-5) x 10~2 dpm, the isotope dilution measurement showed an excess of
17 mg of chlorine after treatment of the sample, assuming normal isotopic com-
position for the excess. On the 3o-significance level this corresponds to a specific
activity of less than 3 dpm/kg for a normalized Cl-content of 100 ppm (EBERHARDT
et al., 1963), or a slow neutron flux of less than 1 nfcm? sec, provided all the excess
chlorine was actually leached from the sample. If part of it was introduced from other
sources the specific activity and the neutron flux would be correspondingly higher.
For this and other reasons the apparent agreement of this neutron flux with that
derived by ALBEE ef al. (1970) from measurements of the Gd isotopes is certainly
fortuitous.
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