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Abstract—Accelerator mass spectrometry (AMS) was used to measure the activity vs. depth proffiés of
produced by both solar cosmic rays (SCR) and galactic cosmic rays (GCR) in Apollo 15 lunar cores 15001-6
and 15008, Apollo 17 core 76001, and lunar rock 68815. Calculated GCR production rates are in good
agreement with*“C measurements at depths belewlO0 cm. Carbon-14 produced by solar protons was
observed in the top few cm of the Apollo 15 cores and lunar rock 68815, with near-surface values as high as
66 dpm/kg in 68815. Only low levels of SCR-producé@ were observed in the Apollo 17 core 76001. New
cross sections for production &fC by proton spallation on O, Si, Al, Mg, Fe, and Ni were measured using
AMS. These cross sections are essential for the analysis of the med¥Dmepth profiles. The best fit to the
activity-depth profiles for solar-proton-produc&C measured in the tops of both the Apollo 15 cores and
68815 was obtained for an exponential rigidity spectral shapaf R10-115 MV and a # flux (J,,, Ep> 10

MeV) of 103-108 protons/cffs. These values of Rare higher, indicating a harder rigidity, and the
solar-proton fluxes are higher than those determined 8w, 2°Al, and >*Mn measurements Copyright ©

1998 Elsevier Science Ltd

1. INTRODUCTION 229 ka; Reedy and Marti, 19913CI (t,,» 300 ka; Nishiizumi

_ _ ) _ ~ etal., 1989, 19957°Al (t,,, 700 ka; Kohl et al., 1978; Nishi-
Many radionuclides are produced by spallation reactions in j,,mi et al.. 1990. 1995: Fink et al. 1998Be (t,,, 1.5 Ma:
meteorites and other materials such as those in the lunar sur-yjishiizumi et al.. 1988. 1990. 1995. 1997: Fink et al. 1998)

face, which are exposed to cosmic-ray particles. Cosmic-ray 4,453\ (t,» 3.7 Ma; Kohl et al., 1978; Nishiizumi et al.

production of various nuclides and studies of its effects in 1990). The stable noble-gas isotop&¥e, 22Ne, and®®Ar have

meteorites and lunar samples has been summarized by Reedy lso been used by Rao et al. (1994) to study past SCR particle
al. (1983), Vogt et al. (1990), and Herzog (1994). Cosmogenic o5 However, the interpretation of the SCR-produced nu-

nuctl_idles grethprodulce? by the_ high-engrgyRO(lglo GeV)d clides in lunar samples has often been made more difficult by
pz&:&: nlwna deeb ggétl:?lcar?gsbmltﬁ\era);srti(cles irz,theysggcr%r:)s?r?/c the lack of cross sections for the relevant nuclear reactions
fays (SCR) Whi{h e ener(_;/eti@EO— 100 MeV) paricles (Reedy and Marti, 1991; Sisterson e}rﬂ?:l., 1991a, 1992, 1994,
; o 1996). Some new values for releva roduction cross
emitted irregularly by the Sun (Reedy and Arnold, 1972; Reedy .) W vau . v production cros
and Marti, 1991: Herzog, 1994). The production of spallation- sections, not previously published, are reported in this paper.
produced isotopes depends on the particle flux at the Samplere:cbhogtsz?d?gt?or):e(z::\x(i);Sr(')nr;t:g\ljglu écexfﬁzﬁ;i |?hr§?t1#7r1eed o
location during irradiation in space. In addition to the energy is much less than the tvpical ex osuré a0es ofglunar samoles
distribution of nuclear particles, important parameters are the (millions of years) andyrrc)alocat'oz of matger'al by erosion gr
cross sections for a nuclide’s production from various elements Idl ; Y Gault et al 1'974 hich ! yf !
as a function of energy and the chemical composition of the gardening (see Gau et al., ), which s a few mm per
million years (Langevin et al., 1982). Earl/C work, done

sample. . .
Due to their long exposure times, lunar samples provide a with gas counters, on samples from the top few centimeters of

continuous record of GCR and SCR intensities and spectral lunar r,OCk,S 12002, (Boeckl, 1972) and 12053 (Begemann etal.,
distributions. Lunar cores are also very useful in studies of the 1972_) indicated high 'eYe!s at the very surface. T_hesg d_ata_l had
production of nuclides by GCR particles in very large objects. relatively large uncertainties due to the sample size Ilmltatlons
Lunar samples contain excellent records of SCR effects and ©f thle counters used. Boeckl (1972) proposed that higher sur-
variations of SCR fluxes in the past (Reedy, 1980; Reedy and face “C values, compared to values at a few cm depth, could
Marti, 1991). Radionuclides in lunar samples that have been P& €xplained by an enhanced solar-protom #ux of 200

measured and that can be used to study SCR fluxes in the pasprotons/crﬁ/s (B, > 10 MeV; R, = 100 MV) over the last-10
include “C with a half-life (t,,) of 5.73 ka (Begemann et al., k& Begemann etal. (1972) had suggested that the very surface

1972; Boeckl, 1972; Jull et al., 199%Ni (t, , 76 ka; Lanze- layer of lunar samples could be implanted with sdfi&, and
rotti et al., 1973)*'Ca (4, 100 ka; Fink et al., 1998FKr (t,,, this could account for the enhanced surface activity in rock
12002.

Measurements on scooped soil 10084 (Begemann et al.,
*Author to whom correspondence should be addressed (ull@ 1970; Born, 1973; Fireman et al., 1976, 1977; Fireman, 1978)
u.arizona.edu). and the trench soil samples 73221, 73241, and 73261 from the
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Table 1. Published values &fC in lunar rocks and soil

Depth e
(g/cn) (dpm/kg)
Rock 12002
0-0.28 72+ 11 Boeckl (1972)
0.28-0.52 50+ 7
0.52-1.04 44+ 6
1.04-2.08 619
2.08-5.6 29+ 4
5.6-11.2 273
Rock 12053
Begemann et al. (1972);
0-1.5 72+ 7 Born (1973)
1.5-6 33+ 3
6-19.5 30+ 3
Soil 10084
0-7.5 52+ 4 Born (1973)
50.9+ 3.9 Fireman et al. (1977)
33.8+5.2
53.0+ 0.6 Jull et al. (1995)
Soil 73221
0-2 57.5+= 4.7 Fireman et al. (1977)
50.8+ 0.8 Jull et al. (1995)
Soil 73241
2-8 26.9+ 3.3 Fireman et al. (1977)
28.0+0.3 Jull et al. (1995)
Soil 73261
8-16 21.7+ 3.8 Fireman et al. (1977)
26.8+ 0.4 Jull et al. (1995)

1 The results have been rounded off from the values published.

Apollo 17 site (Fireman et al., 1976, 1977) have been reported,
using gas counting methods and are listed in Table 1. Using

AMS, Jull et al. (1995) reported on a follow-up study of the
work of Fireman et al. (1977), who found evidence for an
implanted™C component in lunar surface soils. In the study of
Jull et al. (1995), acid etching of Apollo 17 soil samples
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sections (Jull et al., 1989b; Imamura et al., 1990; Sisterson et
al., 1996). This model of Masarik and Reedy (1994) was
previously used to calculate production rates'# by GCR
particles in meteorites as a function of depth and agreed with
measured values to within 10% (Jull et al., 1994, Wieler et al.,
1996).

1.2. Solar Cosmic Rays

Solar-cosmic-ray particles;y98% protons, with energies of
tens to hundreds of MeV, have a range~af cm in rocks. The
SCR flux can be approximated (Reedy and Arnold, 1972) as a
distribution in rigidity units of the form

dJ/dR=k exp(—R/Ry) (1)
where J is the flux, R is the rigidity (pc/Ze) of the particleg, R

is a spectral shape parameter, expressed in units of megavolts
(MV), and k is a constant. It is conventional to quote fluxes for
SCR proton energies10 MeV and 4r solid angle, defined as

J,o in this paper, with units of protons/cis. Values of R in

the range 70-125 MV have often been fitted to nuclide data
from lunar samples (see Reedy and Marti, 1991; Rao et al.,
1994; Fink et al., 1998).

1.3. Implanted Energetic Particles

The solar wind is a stream of particles, mostly protons,
emitted by the sun with an average flux at 1AU-e x10°
protons/cni/s (Keays et al., 1970). These particles ar@
keV/amu in energy and have a range of a few tens of nm in
rock. As already discussed, Begemann et al. (1972) had sug-
gested that the very surface layer of lunar samples could be
implanted with solar*C. Fireman et al. (1976) found higher
than expected levels of'C in the 600—-1000°C temperature
fractions of the Apollo 11 soil 10084 and the Apollo 17 trench

(73221, 73241, and 73261) and a surface patina sample c)fsoils 73221-73261 (see Table 1), which they interpreted as

68815 were studied. The newer results confirmed evidence for

an implanted*C component in the surface soil and rock.

In summary, the previous work witC in lunar samples has
identified three extraterrestrial sources of i€ observed in
lunar samples: production by nuclear reactions induced by
GCR or SCR patrticles, or implantation from an external source.
These three sources &fC in lunar samples will be discussed
further. Preliminary reports of some of the work discussed in

this paper have been presented at Lunar and Planetary Sciencé

Conferences (Jull et al., 1991, 1992; Jull and Cloudt, 1996).

1.1. GCR-Produced*“C in Lunar Samples

Reedy and Arnold (1972) developed a model for calculation
of the production of**C by cosmic-ray effects in the lunar

implanted solar wind“C. Fireman et al. (1976) concluded that
the surface-correlatetfC in lunar samples, if implanted from
the solar wind, would imply 3*C/*H ratio in the solar wind of

~5 X 10 . They also noted that this ratio is much more than
expected by most models for nuclear reactions in the solar
surface regions. In a recent paper, Jull et al. (1995) reported on
an experiment that confirmed the existence of the implanted
14C component first recognized by Fireman et al. (1976). Jull et
. (1995) concluded that there was an implant&d flux on

the very surfaces of lunar rocks and soil of 4 tox710°©
4C/ent/s, which is equivalent to a 2-3% 10~ ** *C/H ratio.

In this paper, we report measurements of cosmog#iticin

two Apollo 15 cores (the deep drill core 15001-15006 and
drive tube 15008, which was the top half of a double drive
tube), in Apollo 17 core (76001) and in lunar rock 68815.

surface. Even with revised cross sections (see Jull et al., 1989b;Depth vs. activity profiles of other radionuclides have previ-
Imamura et al., 1990; Sisterson et al., 1991a,b, 1994, 1996) for ously been measured in these samples. In rock 68815, Kohl et
the GCR production of“C, using the model of Reedy and al. (1978) measure®Mn and 2°Al, Nishiizumi et al. (1988)
Arnold (1972) did not result in a good fit to lunar samples. Born determined®Be, and Reedy and Marti (1991) reported results

(1973) and Rao et al. (1994) found it necessary to increase thefor 8Kr. In these Apollo 15 cores, Nishiizumi et al. (1984a,b,

production rates they calculated with the Reedy and Arnold
(1972) model by up to 25% to fit their experimental data. In this
paper, we will discuss results from the model of Masarik and
Reedy (1994) for lunar GCR particle fluxes and revised cross

1989, 1990, 1997) have determin&®l, *°Be, 3¢Cl, 4'Ca, and

53Mn; Imamura et al. (1973) determin€dVin and Fruchter et
al. (1976, 1982) measurédAl. Nishiizumi et al. (1990) have
measured®Be, 26Al, 36Cl, and®>3Mn in core 76001. Rao et al.
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Table 2. Cross sections féfC production
Proton Energy O(p,x)y**C Si(p,x)-“C 27Al(p,x)*C Mg(p,x)*C Fe(p,x}“C Ni(p,x)*‘C
(MeV) (mb) (mb) (mb) (mb) (mb) (mb)
500 2.190+ 0.119 1.030t 0.056 1.480+ 0.081 1.030t 0.056 0.166+ 0.010 0.126+ 0.007
400 2.120+ 0.130 0.651*+ 0.035 0.853+ 0.047 1.070+ 0.058 0.100+ 0.006 0.073+ 0.004
300 1.900+ 0.130 0.256+ 0.015 0.753*+ 0.042 1.100t 0.062 0.033*+ 0.002 0.025+ 0.004
200 1.510+ 0.130 0.160+ 0.015 0.586+ 0.032 0.691+ 0.038 0.024+ 0.001 0.016+ 0.001
159.4+ 1.0 0.541+ 0.029 0.437+ 0.026
159.0£ 1.0 0.697+ 0.038 0.016+ 0.002
158.4+ 1.0 1.940+ 0.138
156.6+ 1.0 0.207+ 0.019
149.4+= 1.0 2.070+ 0.146
1475+ 1.0 0.177+ 0.017
139.7+ 2.0 0.008= 0.0004 0.005+ 0.0003
130.5+ 2.0 0.571+ 0.031 0.601*+ 0.034
129.3+ 2.0 1.980* 0.141
127.5+ 2.0 0.174+ 0.010
101.2+ 3.0 0.385+ 0.022
99.1+ 3.0 1.980+ 0.141
96.6+ 3.0 0.090+ 0.007
89.1+ 3.0 1.900+ 0.135
86.3+ 3.0 0.065+ 0.005
81.0£ 3.5 0.351+ 0.019 0.320+ 0.018
79.0+ 3.5 2.150+ 0.152
76.0t 3.5 0.031+ 0.002
68.9+ 3.5 2.230+ 0.158
67.5 0.283* 0.016
67.0 0.264+ 0.015
66.0 ~0.013
65.5+ 4.0 0.020+ 0.002
63.8+ 4.0 2.110+ 0.149
60.2+ 4.0 0.010+ 0.001
60.0 0.112+ 0.007
58.7+ 4.0 2.510+ 0.178
549+ 4.0 0.006+ 0.001
52.5 0.041+ 0.003
50.0 ~0.001
45.7 0.137+ 0.008
44.4 1.76+ 0.095
40.2 0.088+ 0.005
38.2 1.38+ 0.074
33 0.908+ 0.049
28 0.085+ 0.004

(1994) measured the stable noble-gas isotéide, 2>Ne, and description of the AMS analyses and calculations is given by Donahue
38Ar to study past SCR particle fluxes in 68815. We can use et al- (1990a,b).

these other measurements to compare estimated solar-cosmic-
ray fluxes deduced fror'C with the fluxes derived from the
longer-lived species for these and other lunar samples.

3. RESULTS AND DISCUSSION

3.1. New Cross Section Measurements

2. METHODS In order to estimate solar-cosmic-ray fluxes from measured
Cosmogenic*“C is extracted from rocks by fusion of the rock prOdUCt?on rates, we need good crqss-sectiop datafor
powder with Fe (which is used as a combustion accelerator) in an production from the (_alements found in meteorites and lunar
oxidizing environment. The sample is crushed, and several grams of '0Cks and cores. Until recently, few of the needed cross sec-
iron chips are added. The sample is preheated to 500°C in air to removetions had been measured (Tamers and Delibrias, 1961; Sister-
contaminants due to organics and adsorbed.dQe sample is then  gon et al., 1994, 1996). Measurements of cross sections are
heated to melting in a flow of oxygen in an radio-frequency furnace. reported in Table 2 fof’Al(p,x)*“C, Mg(p,x}C, Fe(p,x}“C,

Any evolved gases are passed over Mi®remove sulfur compounds . . - S .
and CuO/Pt at 450°C to oxidize all carbonaceous gases tp TI@ and Ni(p,x}“C. Thin-target foil-irradiation techniques were

volume of the gas is measured, and the gas is diluted with about 0.5-2.5 used which limited energy losses in each targetfbMeV per
cn® of *C-free CQ. The CQ produced is converted to graphite by  foil and <10 MeV for an entire stack of targets. Experimental
catalytic reduction over Fe (Donahue et al,, 1990b). The graphite {etajls of the irradiations have been summarized by Sisterson et

powder (usually about 0.5 mg) is pressed into an accelerator target. .
Samples of graphite as small as 100 micrograms are then analyzed byal' (1994, 1996). Revised values, corrected for naturally-occur-

AMS. The basic studies on Bruderheim, other meteorites, and blank "Ng *“C in the target material, for the previously-reported
rock samples were published in Jull et al. (1989a, 1993). A complete important cross sections O(p' and Si(p,x}*C are included
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Table 3. Results of*C measurements on Apollo 15 soil cores

Sample Depth (g/ch Mass (g) 14C (dpm/kg)
15008,227 0-0.5cm 0.4180.413 0.0983 446 0.6
15008,228 0.5-1cm 1.2380.413 0.0923 42.3 0.6
15008,229 1.0-1.5cm 2.0630.413 0.1109 40.3 05
15008,230 1.5-2cm 2.8880.413 0.1157 37.6 0.5
15008,231 2.5-3.0cm 4.5380.413 0.0916 33.30.6
15008,232 3.5-4cm 6.188 0.413 0.1167 32.20.5
15008,233 4.5-5cm 7.8380.413 0.1034 32.8 05
15008,234 9.5-10cm 16.0880.413 0.0930 36.6 0.5
15008,235 19.5-20cm 32.5880.413 0.1068 38.3 0.5
15006,284 0.7-1.2cm 1.5680.413 0.0191 39.6 1.7
15006,283 4.7-5.2cm 8.1680.413 0.0686 319205

0.0292 26.1+ 4.0

Weighted mean: 31.80.8

15006,282 9.7-10.2cm 16.420.41 0.0704 32.80.8
15006,281 19.7-20.2cm 32.920.41 0.0708 36.1 0.6
15005,566 50-50.5cm 82.910.41 0.1034 34.8 05
0.0947 275+ 1.3

Weighted mean: 33.&24

15004,220 99.9-100.4 cm 165t20.4 0.1446 21.6-0.3
0.1031 224+ 1.2

Weighted mean: 21.60.3

15001,370 200.3-200.7 cm 33080.3 0.14812 10.7 0.3

in Table 2 (Sisterson et al., 1994). Now that these cross sections(1972). However, to fit the experimental data presented here,
are known, calculations show that95% of the'“C produced these calculated GCR production rates would still have to be
by solar protons in rock 68815 is via the reaction O}'®) increased by additional factors 6f1.25. Rao et al. (1994) also
(Sisterson et al., 1996). The cross sections reported here for theconcluded that their estimate of GCR production rates had to be
O(p,x)*C reaction show that the early measurements of Tam- increased relative to Reedy-Arnold. In his work, Born (1973)
ers and Delibrias (1961) were essentially correct, when nor- raised the GCR production rates of Reedy and Arnold (1972)
malized by Audouze et al. (1967). As described below, using by 19%, and similar estimates were also used by Begemann et
the new cross section values given in Table 2 as input to the al. (1972).

theoretical calculations leads to better estimates for the solar-

proton flux deduced from*C production profiles measured in

lunar rocks and cores. Lunar cores
3.2. **C in the Apollo 15 Cores 5°l o 15008

We have made a series of measurement¥'@fconcentra- “ 2 :«i?:;ga model
tion on samples from different depths from the Apollo 15 deep 40 .
drill core 15001/6 and the drive tube 15008. The data are a5 ®
summarized in Table 3. The bulk density of the core when _ .,
extruded from the coring devise was taken to be 1.65 §/as £
used by Nishiizumi et al. (1990). A consistent set of results §25 % 3
were obtained, although there may be a small offset of the * 20+
longer core data from the 15008 core measurements. Some 45 |
different cores densities have been reported elsewhere (Carrier
et al., 1991), but these are not relevant to the discussion of
irradiation conditions on the Moon. 51

0 T T T T

321 GCR Component 0 50 100 150 2(;0 2;0 300 3;0

Depth (g/cm?)
The measurements dfC in the longer core (15001-6) in i . ] ]

Fig. 1 indicate the expected shape as a function of depth _Fig- L.'“C concentration (dpm/kg) as a function of depth (¢fifor

. . the Apollo 15 cores. The open circles represent the deep drill core
(Armstrong and Alsmiller, 1971; Reedy and Arnold, 1972). We  15001/g; the filled circles represent drive tube 15008. The calculated
initially tried to use the Reedy and Arnold (1972) model for GCR profile using the LCS model of Masarik and Reedy (1994) is
lunar GCR particle fluxes and revised cross sections (see Jull etshown as the solid line, using a bulk density of 1.65 g/¢Nishiizumi
al., 1989b; Imamura et al., 1990: Sisterson et al., 1991a,b, 1994, &t al., 1990). As discussed in the text, the GCR profile has been

B . increased by 5% to give the best agreement with the observed profile.
1996) to calculate the GCR production §C. Using the new Samples from core 15006 do not show evidence for the displacement of

cross sections resulted in a GCR production rate about 10% the top few cm of the core reported by Fruchter et al (1976) to explain
higher than that originally calculated in Reedy and Arnold their 2°Al data.
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55
® 15008
O 15001-6
50 | — GCR+SCR (R,=110)
-—— GCR
45
2 10
£
o
=
O35
30
25
20 T T T T T T
0 5 10 15 20 25 30 35
Depth (g/cm?) Bl A R

: N : Fig. 3. Rock 68815 was removed from the top of this boulder at the
Fig. 2.%C concentration (dpm/kg) in the top 20 cm of cores 15008 . :
(e) and 15006 Q). Best-fit calculations for the combined effect of ~APOll0 16 landing site. NASA photo no. AS16-108-17699

SCR and GCR, using the SCR production fgyd® 110 MV with J,
of 108p/cnd/s. The calculated GCR curve is also plotted as the dashed

line. the core samples, the best fits were obtained for a valug,of R

of 110 MV and with J, flux of 108 protons/crfis using the
constant density model (1.65 g/@mWe obtained ninety-eight
In order to resolve these model discrepancies, we embarkedprotons/cnd/s using a variable density model (Carrier et al,
on a new calculation of GCR production rates using LCS, the 1991). Even with a varying density model, it is not possible to
LAHET Code System (e.g., Masarik and Reedy, 1994). reconcile the points from core 15008 at 15 and 30 g/with
LAHET (the Los Alamos High Energy Transport) is a im- those of core 15006. Fruchter et al. (1976) reported on an
proved version of the High Energy Transport Code that is often apparent disturbance #%Al and 22Na measurements at the top
used for cosmic-ray studies (e.g., Armstrong and Alsmiller, of core 15006. The fit to 15006 is satisfactory, and the data are
1971). These new calculations gave good agreement with ex- not consistent with the proposal of Fruchter et al. (1976) that
perimental values, only requiring a small adjustment of 1.05 to the top 3 g/crf of this core have been removed. However, only
raise the model GCR production rates to observed values (seeone point (15006, 284) would be displaced off the trend in Fig.
Fig. 1). These new calculations mean that lunar LCS calcula- 2 if the assertion of Fruchter et al. (1976) were correct.
tions for GCR *“C production and similar calculations for
meteorites, such as Knyahinya (Jull et al., 1994), are now in 3.3. *4C in Lunar Rock 68815
reasonable agreement. Nevertheless, to define the GCR produc-
tion-rate curve unambiguously, considerably more data over
the depth of the core will be required. For example, sampling at
more depths would help define the curve in the region of the
point at 165g/cr shown in Fig. 1.

Our measurements on the Apollo 15 cores encouraged us to
look at**C in a series of samples from lunar rock 68815. With
arock, we should obtain a complete SCR profile independent of
any gardening or loss of material from the core top. Erosion by
micrometeorites, of the order of mm/million years, will not
3.2.2. SCR component have any effect on th¥'C. Rock 68815 was removed from the
top of a large boulder at the Apollo 16 site (see Fig. 3). Results
Only the GCR component within 50 g/éof the surface is of our measurements are listed in Table 4. The density of the
important to understanding the SCR component. Once we haverock used was 2.8 g/cir(Kohl et al., 1978). The results show
normalized this component, we can analyze the excess valuesthat our measurements give a similar trend with depth in
close to the surface and determine if they are due to SCR or the rock as observed previously in lunar rock 12053 by Bege-
other effects. Thé““C depth dependence for 0-35 gkiis mann et al. (1972) and in rock 12002 by Boeckl (1972) but with
shown in Fig 2 . Using our GCR normalization, we could fit much greater detail. Our values on 68815 using AMS are
the observed“C depth profile with several solar-proton flux generally more precise in depth (due to the much smaller
and rigidity parameter (§ combinations. We have calculated samples) and it*C content (due to the higher AMS sensitivity)
fluxes and rigidities using the latest cross sections ‘i@ than those from previous work. Also studied were two surface
production from protons (Sisterson et al., 1991a,b, 1994, 1996 patina samples that covered a larger area of rock than the
and this work) and the SCR calculational procedures of Reedy column cut. The geometry of the samples is shown in Figs. 4
and Arnold (1972). We will discuss these calculations in detail and 5. The surface patina samples gi¢€ values that bracket
in conjunction with the rock data in the following section. For the 0—1 mm surface column sample. THE values from the
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Table 4.**C concentrations in rock 68815

Sample Depth (glcht Mass (g) 14C (dpm/kg)
68815,298 Surface patina 0 0.0219 66.0.6
68815,296 Surface patina 0 0.0324 5x3.1
68815,301 0-1mn 0.14 0.14 0.0110 64.0- 2.0
68815,316 2.06-3.56 mm 0.790.27 0.0257 444 1.0
68815,319 5.62—6.62 mm 1.710.18 0.0649 40.6: 0.5
68815,307 7-8 mm 2102 0.0338 47.2-1.2

0.0154 40.0+ 3.1

Weighted mean: 46.3 2.4

68815,324 1.10-1.3cm 340.3 0.0711 40.5- 1.0
68815,327 2.25-2.5cm 6.650.35 0.0474 30.& 1.0
68815,330 4.1-4.3cm 1180.3 0.0683 33.8: 0.5

1 The density of the rock is taken as 2.8 gfc(iohl et al., 1978).

0-1 mm sample appear to agree well with the earlier work on best fit for these five samples had a standard deviation for their
12002 and 12053. Our results do not show the very high surface observed/calculated ratios of 20% with no change in this ratio
value observed by Jull et al. (1995), which was based on an as a function of depth. As a result, we find the best fits to the
etch of a few tens of nm of the surface using a dilute HF data for R of 115 MV and J, of 103 protons/ cris. However,
solution. This component must be present, but does not con- we can also make other reasonable fits for different values of
tribute significantly to the observations here. It may have been R from 100 to 130 MV, with equivalent values of,bf 130 to
removed on pretreatment of the sample to 500°C; however, 88p/cnf/s. All fits gave a flux of 19 p/cAis for J (E >
further studies which compare these two extraction methods 57MeV). We also tried several other types of fits, such as
will resolve this apparent discrepancy. power-law spectra in both energy and rigidity, but the best fits
The measurements fdf'C production in 68815 are illus-  were found for spectra with the model energy distribution
trated in Fig. 6. There are several important points to consider shown in Egn. 1 used by Reedy and Arnold (1972). The best fit
from these data. The best fit was obtained using all samples R, was that with the smallest standard deviation of the ob-
down to 2 g/cm except the surface patina sample 68815, 296, served/calculated ratios of SCR activities using calculated SCR
which yielded 51.5 dpm/kg. We believe this point may be low production rates for a wide range of Ro values. The average
as the surface patina of a lunar rock can include glass splashegatio for the best-fit Ro was then used to adjust the arbitrary
and may be covered with dust, so that this particular sample solar-proton flux used in the calculation to get the best-fit flux.
may not necessarily indicative of SCR production'¢€. The For the Apollo 15 cores, the best fit used the data between 0.8

%////% Jull Surface Scrapings

,291 ,292 6881 5

Fig. 4. Diagram of cutting of sample column from rock 68815. Courtesy NASA Johnson Space Center.
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Fig. 5. Detail of depth slices cut from column 68815,292. Note that the sample numbers indicated here in some cases refer
to the NASA parent numbers of the sub-samples used in our study. Samples 68815, 301 and 307 are the same. Other sample
numbers used in the text correspond to the following parent numbers in brackets: 316 (303), 319 (305), 324 (309), 327 (310),

330 (311). Courtesy NASA Johnson Space Center.

and 5 g/cm (the “C activity of the surface sample being
significantly lower than calculated). The standard deviation of
the observed/calculated ratio for these five samples was 11%.
The ratio of observed to calculated SCR activities for the best
fit did not show any systematic trend with depth. Deeper
samples are consistent with this best fit.

Further, we can easily fit most data points from rock 68815
to the SCR profile deduced from the Apollo 15 core data. We
expect the implanted component discussed by Jull et al. (1995)
may affect the observations on the very surface, but our sam-
ples may sample too coarse depth increments to observe this
very-surface effect observed in that HF-etching experiment.

3.4. *C in Apollo Core 76001

We have also obtained’C information as a function of
depth in Apollo 17 drive tube core, 76001. This core was

described as undisturbed by NASA documentation and was

collected at a break in the slope of North Massif, on an 11°
slope and close to a complex of boulders (Muehlberger et al.
1973, Nagle et al., 1979). Results are listed in Table 5 and Fig
7. As can be seen in Fig. 7, the results show a disturbance of th
core data in the top few g/chof this core and a lack of'C
production by SCR. Samples below about 6 g7@how more
normal behavior, althougC activities are still below those of

“C (dpm/kg)

45

v

- GCR
68815
68815 surface etch (Jull et al, 1995)

GCR+SCR (R,=115; J,;=103 p/lcm?/s)

depth (g/cm?)

Fig. 6. **C (dpm/kg) as a function of depth in Apollo 16 rock

, 68815,292. The plot shows the experimental measurementsqm-

. pared to the best fit of SCR of,R= 115 MV and § = 103 p/cnd/s, plus

eGCR (solid line), as well as the calculated GCR production, plotted as
the dashed line. Bulk density of the rock is 2.8g?q#ohl et al, 1978).
Also shown is the higher surface value measured by Jull et al. (1995)
from acid etching of the rock surface. This sample shows the effects of
surface implantation by solar-wiftdC in the top few nm.
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Table 5.2C Results on Apollo 17 Station 6 Core, 76001

Sample Depth (cm) (g/cht Wt (mg) 14C (dpm/kg)
76001,397 0-0.1 0.084 0.089 88.5 321+ 1.3
76001,398 0.1-0.2 0.2¥ 0.08 109.4 28.1- 1.1
76001,399 0.2-0.3 0.45 0.08 114.1 31.2- 0.9
76001,400 0.3-0.4 0.62 0.08 103.1 26.3- 1.1
76001,394 0.4-1.0 1.25 0.5 82.3 38.3t 1.4
76001,401 1.0-1.5 22304 100.9 27.3 1.5
76001,395 2.0-2.5 4.0t 04 87.9 31.3t 1.3
76001,396 2.5-3.0 4.90 0.4 75.3 32.0- 15
76001,402 3.0-35 57904 114.1 27. %04
76001,403 5.0-5.5 9.350.4 117.6 28.9+ 0.6
76001,404 10.0-10.5 1880.4 96.9 27.9t 1.6
76001,405 20.0-20.5 3600.4 100.9 31.4- 0.5

1 Assumed density: 1.78 g/cm

the Apollo 15 cores. This result is very similar to the observa- 3.5. Comparisons to Other Radionuclides

tions of disturbances iA°Cl in core 76001 (Nishiizumi et al., ) _ _

1990). These radionuclides show a lack of SCR production. N Table 6, we list for comparison the,Rnd flux estimates
Evans et al. (1980) observed an exces&af and 53Mn in the obtained from measurements of several long-lived and stable

core for depths between about 2 and 20 g/dmt a definite isgtopes in lunar rocks. The values of E_znd flux obtained in
deficit below 2 g/cri. These profiles can be attributed to this work from *“C measurements are, in general, larger than
downslope movement affecting the concentration of the longer- the €quivalent values from studies using longer-lived nuclides.
lived nuclides (Evans et al., 1980; Nishiizumi et al., 1990). An In addition, for some nuclides, cross sections are not suffi-
explanation of these results would be disturbance of the core, ciently well determined to allow us to determine uniquely both
perhaps by deposition of material iradiated at greater depth (to Ro@nd Jo- Nevertheless, the fact that the rigidity and fluxes for
account for the longer-lived nuclides). This episode must have the relatively short-lived“C are higher, in general, than other
occurred recently enough on the Moon to allow for a minimum Nuclides, indicates that the SCR flux over the 1as30,000

of SCR-produced“C and also*Cl (Nishiizumi et al., 1990). years must h<_';1ve been greater than for longer intervals. '_I'he
The results from core 76001 cannot be used to estimate SCRScatter in the integral fluxes above 30 and 60 MeV for entries

fluxes, due to this disturbance, but indicate the importance of an N Table 6 are less than those forl0 MeV for the last few
undisturbed core for such measurements. million years, which suggests that the fluxes for>-E30 and

>60 MeV are better determined. As noted above, the integral
flux >57 MeV was the one best determined from all fits to our

55 14C data. Our best fits for SCR'C resulted in higher Rof
& 76001 o ) 110-115 MV and a,) flux of 108-98 protons/cfis, respec-

50 | _“: gg§+SCR (Ry=110; J;,=108p/cm’Ys) tively. In the following section, we discuss the other nuclide
data and their relevance to this conclusion.

45 — . . .

3.5.1. Comparison to results for nuclides of half-life 10° yr
'g 40 - Kohl et al. (1978) estimated the value gf,do produce the
3 53Mn and2°Al observed in 68815 to be about 70 protons?tsn
3 25 with a spectral shape parametey & 100 MV, but they noted
N that other combinations of fluxx10 MeV), R,, and erosion
4 = rates would also work. Th¥Be data (Nishiizumi et al., 1988)

30 cannot be fitted with R= 100 MV, but all three nuclidesBe,
26A1, and ®*Mn could be fitted with lower values of RHow-

25 ever, at that time there were no cross sections below 135 MeV
for the production of*°Be, and Nishiizumi et al. (1988) used
the estimated cross sections of Tuniz et al. (1984), thus their

20 T T T T T | deduced solar-proton fluxes based’8Be were fairly uncer-

0 5 10 15 20 25 30 35 tain. Recent measurements of cross sections for the production
depth (g/cm?) of *°Be by protons (for example, Sisterson et al., 1997a,b,c;

Bodemann et al., 1993; Schiekel et al., 1996) give a production
Fig. 7.%C (dpm/kg) as a function of depth in Apollo 16 station 6  rate for*Be in the surface layer of 68815 to be25% higher
core, 76001. Experimental measurements are shaynafong with than those calculated using the Tuniz et al. (1984) data set. This

best-fit calculations, from Apollo 15 cores, for the combined effect of -
SCR using the value of fof 110 MV and J, of 108p/cri/s and GCR result yields a solar proton spectral parameter 9ER70 MV

are plotted as a solid line. The calculated GCR curve is also plotted as @nd J, of 100 protons/crils. This confirms that both the cross
the dashed line. sections used and the fluxes deduced fromlBe data for
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Table 6. Solar-proton spectral parameters andrdegral fluxes (p/crfis) above 4 energies (in MeV) determined from spacecraft data
(SEL, IMP-8, and SPME) and lunar samples using different isotopes

Time range Data source Reference o (RIV) E > 10 E> 30 E> 60 E> 100
1954-1964 22Na, *°Fe Reedy (1977) 100 378 136 59 26
10% yr 14c This work 110-115 103 42 17 7
10° yr 4cg Klein et al. (1990) 70 120 28 7 1.5
Fink et al. (1998) 80 200 56 16 4
3 10 yr 81Krt Reedy and Marti (1991) ~85 — — 14 4
5 10° yr 6t Nishiizumi et al. (1995) ~75 100 26 7 2
10° yr 262 Kohl et al. (1978) 100 70 25 9 3
10° yr 10Bg, 26A2 Nishiizumi et al. (1995) 75 100 26 7 2
19Be, 26Al Michel et al. (1996) 125 55 24 11 5
Fink et al. (1998) 100 89 32 12 4
2" 10 yr 19Be, 26A12 Nishiizumi et al. (1998) >70 — ~35 ~8 ~2
5 10" yr 53Mn Kohl et al. (1978) 100 70 25 9 3
~2' 10° yr® 212Ne, 38Ar Rao et al. (1994) 80-90 58-87 ~22 ~7 ~2

1 The values obtained fdt'Ca, *Cl, and®Kr (in italics) are uncertain due to few cross-section measurements.

2The determinations fof°Al before 1996 are based on old cross sections and could change using recently-measured cross sections (Michel et al.,

1996; Sisterson et al., 1997c).

2 The determinations based on stable nuclides depends on the erosion rate model used by Rao et al. (1994), who assumed an erosion rate of 1-

mm/Ma.

68815 (Nishiizumi et al., 1988) were essentially correct. The *°Clin rock 64455 by Nishiizumi et al. (1995). However, good

latest cross sections fdPBe and?®Al were used by Fink et al. solar proton fluxes derived froffCl measurements can now

(1998) in their analysis of measurements in 74275. Also re- be calculated using the recently reported new cross section

cently, Michel et al. (1996) estimated,Jof 55 protons/crfis measurements (Sisterson et al., 1997d). The short-lived radio-

for R, = 125 MV based on theit°Be and?°Al cross sections isotopes®?Na and>*Fe show higher estimated solar-proton

and reported profiles. The studies by Fink et al. (1998) and fluxes, reflecting the very high solar activity in the decade

Nishiizumi et al. (1995) give ,J values within~15% of our immediately before the recovery of the Apollo samples (Reedy,

estimate from*“C, but not for the same R Several radionu- 1977). We also note that all values gf&nd R, estimated for

clides, including*“C, are produced by reactions with threshold all radionuclides are within the range of spacecraft measure-

energies of 30—60 MeV, thus we must assume that fluxes for ments, which depend strongly on the solar cycle and show

lower energies down to 10 MeV depend on the spectral shape variations from 63 p/cfis (R, =40 MV) to 312 p/cni/s

parameter Rin the same way as Eqn. 1. (Rg ~ 70 MV), as discussed by Reedy (1977, 1996) and Gos-
Hence, we reached the result that radioisotopes having awami et al. (1988).

half-lives longer than 10yr generally have lower,J and lower

R, than our new estimates fofC in this work. This is true if

we compare the results of Kohl et al. (1978), Rao et al. (1994), 3.5.3. Other studies involvinf'C

Michel et al. (1996) and Fink et al. (1998) with our work. In

addition, all of the various g and J, fluxes in Table 6 for Boeckl (1972) estimated a very high flux using limited cross
nuclides integrating over-1-5 Myr have much less scatter sections, and he did not account for any implanted component.
than J, and are all are consistently lower thag and &, for The renormalized early cross sections for O(f!®)(Audouze
4c. et al, 1967) are similar to those used here (Sisterson et al.,

1991a,b, 1992, 1994, 1996). We conclude the much higher

3.5.2. Comparison to results for nuclides of shorter fluxes which Boeckl (1972) reported were due to an underes-

half-life (3 X 1C° yr) timation of the GCR contributions to thHéC activities and an
attempt to fit the high surface values without considering an
The radionuclidé’Kr measured in 68815 for E- 60MeV, implanted component (see Jull et al., 1995).
(Reedy and Marti, 1991) and neftCa (Fink et al., 1998) data Rao et al. (1994) produced a summary of solar-proton fluxes
on 74275 appear to be in better agreement with*8Gr data, and other model parameters for a series of best fits to radionu-

although both these papers indicate this estimate is uncertainclide data for noble gase¥'C, 2°Al, 5*Mn, and®*Kr. To obtain

due to uncertainties in the relevant cross sections. A study by the lowest estimates of solar-proton flux, they used several
Klein et al. (1990) of*'Ca in rock 74275 resulted in an estimate  assumptions in their normalizations of the GCR component.
of solar-proton flux of 120 protons/cits but with a low R of They concluded that discrepancies between SCR parametriza-
about 70 MV. Recent calculations fitting tféCa measure-  tions, deduced fromi’C and®Kr data, could be minimized but
ments on 74275 suggest a,Jof ~200 protons/criis and R of not eliminated. The highest values gf dvere found fronfKr,

about 80 MV give a good fit to the observations (Fink et al., but Rao et al. (1994) still required a 20—-30% higher flux but
1998). A lack of cross sections prevented Nishiizumi et al. similar R, to explain“C, compared to the best range of values
(1989) from deducing solar-proton fluxes from th&€l mea- discussed by Rao et al. (1994) for Ne and Ar for erosion rates
surements. A preliminary set of cross sections were used for of 1-3 mm/Ma. Erosion does not affetiC.
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4. LIMITS TO GIANT SOLAR PARTICLE EVENTS

For the time integrated b¥*C, of ~30,000 years, our R=
110-115 MV mean solar proton flux10 MeV of 98-108
protons/cri/s gives us a mean annual flux of 3.1-3%410°
protons/cri/yr. Short-lived nuclides such &Na are respon-
sive to individual solar-particle events, SPEs (Reedy, 1977).
We can usé“C to estimate some limits to giant SPEs over the
time scale of up to 30,000 years.

Let us define an equation for production by solar protons of
C so that

C(atoms)= P, (1 — & M)A + Pge M2 2)
where R, is the long-term average production rate over tige t
and R is the production by a giant solar particle event occur-
ring at time § in the past. If we integrate over the mean life,
of *C using the first part of Eqn. 2, then we obtain 2.0.1
X 10" protons/cm required to induce the observed activity of
14C in lunar rocks. Let us consider the effects of a giant SPE of
10" protons/cm' which would raise solar-proton production of
14C. Using Egn. 2, such an event“l@ears ago would still
affect theC measured today in a lunar rock, but only about
30% of the originally-induced“C would remain. Thus, the
present level of a SCR'C would be increased by 37%, for a
giant SPE event of 1§ protons/cri which occurred 100 years

A.J. T. Jull et al.

calculations of Michel et al. (1996) fd°Be and?®Al, and the
measurements on 74275 by Fink et al. (1998), who measured
19Be, 2°Al, and “'Ca. However, estimates based‘8€a (Fink
et al, 1998) and®’Kr (Reedy and Marti, 1981) appear to be
similar to **C, and recent studies by Fink et al. (1998) and
Nishiizumi et al. (1995) oA°Be and?®Al give J, , values within
~15% of our estimate front*C, but not for the same R
Nishiizumi et al. (1995) determined fluxes close to ours, but
they were fitted with a lower R It is important when making
these comparisons to take into account that fluxes determined
from different nuclides need to be compared for the same
energy range (E) and rigidity RUsing the same data, one can
usually fit a range of different combinations of highgg and
lower R, to the same depth profiles

Results on Apollo 17 core 76001 show evidence in'tf@
profile for a recent disturbance, so that little SGfC was
detected. These results are similar to those obtained by Nishi-
izumi et al. (1990) for®Cl in this core and are in contrast to the
profiles of longer-lived radionuclides.
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5. CONCLUSIONS

Results of*“C depth profiles in cores from Apollo 15 and
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