
COMPLEX LUNAR SURFACE EXPOSURE HISTORY OF 12054: REPORT OF THE 12054 
CONSORTIUM.  K. Nishiizumi1, M. W. Caffee2, C. P. Kohl3, and K. C. Welten1. 1Space Sciences Laboratory, Uni-
versity of California, Berkeley, CA 94720-7450, USA (kuni@berkeley.edu), 2Department of Physics and Astronomy, 
Purdue University, West Lafayette, IN 47907-2036, USA (mcaffee@purdue.edu), 3Department of Chemistry, Univer-
sity of California, San Diego, La Jolla, CA 92093, USA. 

 
 
Introduction:  Concentrations of cosmic-ray-pro-

duced (cosmogenic) nuclides in lunar surface rocks pro-
vide important information on past solar activity. The 
most detailed study to date has been done on the Apollo 
16 impact melt breccia 64455, which was collected from 
the northeast slope of Stone Mountain [1]. Since the lu-
nar surface exposure age of 64455 is 2.0 Myr, we were 
able to obtain the average solar-proton spectrum over 
the past 2 Myr based on comparison of theoretical cal-
culations with observed solar cosmic ray (SCR) pro-
duced depth profiles in 64455, such as for 26Al. In order 
to investigate solar activities over shorter periods, we 
looked for rocks with short surface exposure ages and 
found one candidate, 12054. The rock was expected to 
have a surface exposure age of ~2x105 yr based on non-
destructive 26Al g-ray measurement [2]. Therefore we 
joined the consortium study of 12054 for lunar surface 
processes [3]. 

Sample Description and History:  The rock 12054 
(687 g) was retrieved from near a fresh-appearing 4 m 
diameter crater close to the edge of the much larger Sur-
veyor crater [4]. Much of the surface of the ilmenite bas-
alt 12054 has been coated by a glass splash of about 0.5 
mm thickness. The absence of microcraters on the bot-
tom of 12054 indicates that no tumbling occurred while 
the rock was exposed at the surface of the Moon. As part 
of a consortium 6 sub-samples of 12054 were allocated 
to us in 1977. Figure 1 shows a schematic drawing of 
the locations and lunar surface orientations of the sub-
samples taken from a 1 cm thick slab [3]. Our original 
major objective was the measurement of SCR produced 
53Mn. However, we found later that 12054 must have 
experienced a complex exposure history in the lunar 
regolith based on non-destructive measurements of 26Al, 
solar flare tracks, microcrater densities, and noble gas 
concentrations [e.g.,3, 5]. Therefore in 1978 we aban-
doned our plan to measure depth profiles of cosmogenic 
nuclides, such as 53Mn. It has been 40 years since the 
end of the 12054 consortium and we have resumed work 
on this rock, measuring cosmogenic nuclides in order to 
understand its complex exposure history. In this work 
we measured the cosmogenic nuclides, 10Be (t1/2 = 1.36 
x 106 yr), 26Al (7.05 x 105 yr), and 36Cl (3.01 x 105 yr) 
in the sub-samples 38, 76, 87, and 89 that are shown in 
red in Figure 1 (87 is not shown). Our additional 

allocated sub-samples, 36 and 47 (blue) were not used 
for this work. 

 
Figure 1. Schematic drawing showing the location and 
lunar surface orientation of most of the sub-samples of 
12054 [3]. Locations of our sub-samples 38, 76, 89 
(red), 36, and 47 (blue) are indicated. 

 
Experimental Procedures:  Fifty-four to 141 mg of 

each sample were ground to powder and dissolved with 
a HF/HNO3 mixture along with Be and Cl carriers. Sub-
sample 89 was divided into three depth fractions, 0-1.0, 
0-2.5, and 11-14 mm from the surface of 12054 in order 
to look for SCR contributions. Beryllium, Al, and Cl 
were separated and purified for accelerator mass spec-
trometry (AMS) using anion-, cation-chromatography, 
and solvent extraction. AMS was performed at PRIME 
Lab, Purdue University [6]. Major chemical composi-
tions of each dissolved sample were measured by ICP-
OES. 

Results: Average chemical compositions (wt %) of 
the 6 sub-samples of 12054 are 4.25% Mg, 5.48% Al, 
0.053 % K, 8.16% Ca, 2.4% Ti, 0.186 % Mn, 14.7% Fe, 
0.0033 % Co, and 0.0013 % Ni. Cosmogenic radionu-
clide concentrations (dpm/kg) in each sample are shown 
in Table 1. Depths (mm and g/cm2) from the top surface 
of the rock for each sample are also given. A density of 
2.8 g/cm3 was adopted. Measurement of 26Al in 
12054,89 (0-1.0 mm depth) is in progress. 

Discussion:  Beryllium-10 concentrations in the 6 
samples are indistinguishable and average to 11.55 ± 
0.27 dpm/kg. This 10Be activity corresponds to the 10Be 
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production rate at 70-80 g/cm2 depth in the Moon based 
on the 10Be depth profiles of the undisturbed 15008/7 
core [7] and the Apollo 15 drill core [8]. Chlorine-36 
concentrations in all 6 samples are also nearly identical 
and average to 13.36 ± 0.37 dpm/kg. After normalizing 
the concentration of 36Cl using chemical composition 
and elemental production rates to the Apollo 15 drill 
core, the 36Cl activities in 12054 correspond to the 36Cl 
production rate at 80-100 g/cm2 depth in the Moon 
based on the 36Cl depth profiles of the15008/7 core and 
the Apollo 15 drill core [7, 8]. The depth derived from 
36Cl is slightly deeper than that from 10Be but both 
depths nearly overlap. Cosmogenic 21Ne in 12054 was 
reported as 23.5 x 10-8 cm3 STP/g [5]. The 21Ne produc-
tion rate at 80 g/cm2 depth in the Moon is 0.11 x 10-8 
cm3 STP/g/Myr using the 12054 chemical composition 
and theoretical calculations [9]. The 21Ne exposure age 
can therefore be calculated to be 2.2 x 108 yr if 12054 
was exposed to galactic cosmic rays (GCR) at 80 g/cm2 
on the Moon. 

On the other hand, the 26Al activities are slightly 
higher for the less shielded sample locations. Notably, 
the surface sub-sample 12054,89 (0-0.7 g/cm2) contains 
the highest 26Al activity seen in this study. Sub-sample 
38 is located on the bottom of 12054 on the Moon (see 
Figure 1) and was below the soil line [3]. Since the min-
imum shielding depth for 12054,38 on the Moon is more 
than 14 g/cm2, the 26Al in sample 38 can only be pro-
duced by GCR. The excess of 26Al in the near surface 
samples compared to sample 38 clearly indicates the 
production of 26Al by SCR. The GCR production rate of 
26Al in this rock is estimated to be (46.5 ± 1.5) 
atom/min/kg based on the average of 26Al in sub-sam-
ples 38 and 87. The SCR produced 26Al was calculated 
by subtracting this GCR contribution. The SCR pro-
duced activities for 26Al in 12054,89 are 8.6 ± 1.9 
dpm/kg (0-0.7 g/cm2) and 5.2 ± 1.9 dpm/kg (3.1-3.9 
g/cm2), respectively. Those very small amounts of SCR 
produced 26Al could be explained by under saturation 
due to rock 12054 having experienced a short surface 
exposure time on the Moon. The surface exposure age 
is calculated using a theoretical SCR production profile 
for 26Al using the average 12054 chemical composition. 
The depth profile is calculated using the Reedy-Arnold 
model [10] with the new excitation functions [1]. If we 
adopt SCR parameter (R0 = 85 MV) with J = 80 pro-
tons/cm2/s·4π and no erosion, the surface exposure age 
is calculated to be (3.0 ± 0.6) x 104 yr. If we accept a 
higher SCR flux, R0 = 70 MV and J = 196 pro-
tons/cm2/s·4π for the last 0.2-0.5 Myr [1], the surface 
exposure age is (1.4 ± 0.4) x 104 yr. The new age is one 
order of magnitude shorter than was estimated by either 
non-destructive 26Al measurement, ~2 x 105 yr [3] or by 
measurement of SCR tracks, (1.75 ± 0.25) x 105 yr [3, 

11]. Our age is in good agreement with the value of ~2 
x 104 yr as deduced from the areal density of meteoroid 
craters [12]. 

We conclude that 12054 had a complex exposure 
history. The rock was exposed to GCR for ~2.2 x108 yr 
at a depth of 70-90 g/cm2 on the Moon and moved to the 
surface of the Moon (1.4 ± 0.4) x 104 yr ago where it 
remained until collection by the Apollo 12 astronauts. 

 
Table 1. Cosmogenic radionuclide concentrations 
(dpm/kg) in lunar surface rock 12054. 

 Depth 
(mm) 

Depth 
(g/cm2) 

10Be 26Al 36Cl 

,89 0-1.0 0-0.3 11.10 
±0.13 

 12.99 
±0.13 

,89 0–2.5 0-0.7 11.41 
±0.11 

55.1 
±1.1 

13.11 
±0.19 

,89 11-14 3.1-3.9 11.68 
±0.08 

51.7 
±1.1 

13.27 
±0.21 

,76 20 5.6 11.88 
±0.09 

50.2 
±1.0 

13.28 
±0.21 

,38 50-70 14-20 11.65 
±0.09 

47.5 
±1.0 

13.45 
±0.17 

,87   11.59 
±0.09 

45.4 
±0.9 

14.04 
±0.20 
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