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Introduction:  Space weathering causes the sur-

face soils of airless bodies like the Moon to be micro-

structurally and chemically altered by exposure to mi-

crometeoroid bombardment and solar wind irradiation 

[1]. These alterations accumulate in surface grains with 

continued residence in the uppermost millimeters of 

regolith. Low energy solar wind ions (largely H+ and 

He+) produce a layer of radiation damage as they be-

come implanted in grain surfaces. Also present are 

solar energetic particle (SEP) tracks, which are na-

noscale lineations within grain interiors formed by 

heavy, high-energy ions (mainly Fe group nuclei) pen-

etrating up to millimeters below the surface [2]. Recent 

work has determined that the width of solar wind-

damaged rims on anorthite and olivine, and their re-

spective SEP track densities are correlated with each 

other and with grain surface exposure age [3]. 

Core sample 73002, recently released under the 

Apollo Next Generation Sample Analysis (ANGSA) 

Program, has provided an opportunity to study material 

collected from the light mantle formation in the Tau-

rus-Littrow Valley during Apollo 17. The light mantle 

is thought to have been deposited via landslide origi-

nating from the neighboring South Massif [4]. Spectral 

analysis of bulk core soils found a plagioclase rich 

composition, confirming a highlands origin of the for-

mation [5]. Spectral profiles and ferromagnetic reso-

nance (FMR) measurements of bulk soils sampled at 

cm-intervals from 73002 indicate that regolith up to 

~9.5 cm in depth have maturity indices consistent with 

longer durations of surface processing than samples 

deeper in the core. Thus, this upper ~9 cm layer likely 

represents the maximum extent of an in-situ reworking 

zone which may have persisted over 5 to 17 million 

years [5,6]. Here we present an analysis of grain expo-

sure ages within the in-situ reworking zone of 73002 

derived from SEP track density measurements via 

transmission electron microscopy. 

Methods: Bulk samples of regolith from the first 

eight dissection intervals and every following fourth 

interval down the core were delivered to Purdue Uni-

versity as <45 μm size fractions. The first eight inter-

vals, representing the top 4 centimeters of regolith, 

were individually dry sieved into <20 μm size frac-

tions, and prepared by ultramicrotomy for analysis in a 

scanning transmission electron microscope (STEM). 

Bright field (BF) and dark field (DF) STEM images of 

SEP tracks and solar wind-damaged rims were ac-

quired on a JEOL 2500SE TEM, equipped with a 60 

mm2 ultra-thin window silicon drift energy dispersive 

X-ray (EDX) spectrometer at NASA Johnson Space 

Center. Nanoscale compositional variations in grains 

were determined by EDX. SEP densities and solar 

wind irradiated rim thicknesses were measured in anor-

thite and olivine grains using BF and DF images.  

Results: The ma-

jority of grains stud-

ied by STEM showed 

evidence of space 

weathering, includ-

ing solar-wind dam-

aged rims and SEP 

tracks present in 

grain interiors [Fig. 

1]. The rim thick-

nesses and SEP track 

densities were de-

termined using the 

methods of [3] for 98 

grains spanning all 

eight intervals with 32 grains observed in Interval 1 

and 18 grains in Interval 2. The remaining intervals 

contributed 4 to 10 grains each. Of the grains meas-

ured, 14 olivine grains scattered throughout the top 4 

cm of 73002 were identified with the remainder being 

anorthite. 

A track production rate of 4.4 ± 0.4 × 104 tracks 

cm−2yr−1 was determined by [3] for individual surface 

exposed grains. This value was used to estimate the 

surface exposure timescales of the grains in this study. 

The mean exposure age for all intervals is 3.1 × 106 yr 

(σ = 1.8 × 106) [Fig. 2]. Currently, it is difficult to as-

sess stratigraphic variations in grain exposure age due 

to limited samples analyzed per interval. However, in 

Interval 1, we have an increased sample size and grains 

in this section have a mean exposure age of 3.3 × 106 

yr (σ = 2.0 × 106). Overall, the grain with the highest 

track density was 4.9 × 1011 tracks cm−2 corresponding 

to an exposure age of ~11.1 × 106 yr found in Interval 

1. The second highest exposed grain was found in In-

Fig 1: DF-STEM image exhib-

iting a solar wind damaged rim 

on crystalline anorthite with 

SEP tracks. 
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terval 6 with a track density of 3.5 × 1011 tracks cm−2 

corresponding to an exposure age of ~8.0 × 106 yr. 

Track densities and solar wind damaged rim thickness 

distributions show no significant variation with inter-

val depth.  

SEP densities were compared to solar wind dam-

aged rim thicknesses of their respective grains. Mini-

mum and maximum rim thickness for anorthite were 

10 nm and 155 nm, respectively. For olivine, the min-

imum and maximum thickness were 35 nm and 120 

nm, respectively. Fig. 3 shows that rim thickness and 

SFT density is correlated for both olivine and anorthite 

grains, in agreement with [3]. 

Discussion: Our measurements were obtained pri-

marily from anorthite grains with minor olivine grains 

(~14% of the total grains). The mean and standard de-

viation of SEP track derived surface exposure ages of 

individual grains found in Interval 1 is similar to those 

determined for the combined interval distribution. We 

also found that the majority of exposure ages range 

from 1 to 5 million years with very few residing on the 

surface for longer. This is likely due to high rates of 

regolith reworking at the uppermost surface suggested 

by modern regolith reworking models [7], producing 

the in-situ reworking zone after landslide deposition. 

This process is hypothesized to rapidly homogenize 

lunar regolith at the very surface. This likely explains 

the similarities between the distribution for Interval 1 

and that for the combined intervals. The maximum 

exposure age was found to be ~11 million years which 

is within the in-situ reworking timescales suggested by 

[5-6]. It also suggests a minimum constraint for the 

landslide emplacement age. 

While the intervals discussed here primarily pro-

vide information on regolith mixing due to high rates 

of vertical overturn subsequent to avalanche emplace-

ment, we also plan to explore how distributions for 

space weathered regolith may have been altered during 

the landslide event. This unique process of regolith 

mixing may be better represented below the in-situ 

reworking zone and analysis of deeper intervals will be 

required to determine if such mechanisms should be 

considered. It is possible that an ejecta blanket origi-

nating from larger impacts may have inverted local 

stratigraphy after landslide emplacement. We intend to 

explore these potential reworking modes through the 

analysis of an additional 8 intervals in 73002 and the 

lower portion of the core (core section 73001). 

Conclusions: SEP track densities and solar-wind 

damaged rim widths were measured in space weath-

ered <20 μm sized anorthite and olivine grains within 

the first 4 cm of Apollo core sample 73002. The major-

ity correspond to surface exposure ages ranging from 

approximately 1 to 5 million years. SEP track density 

variability with respect to grain depth suggests that 

these intervals are well mixed and is further evidence 

for an in-situ reworking zone in the upper regions of 

73002. Additional grains will be analyzed to develop 

more in-depth conclusions regarding the nature of reg-

olith mixing and possible discontinuities within the 

geologic context of the 73002 core. 
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Fig. 2: Distribution of exposure ages found in the top 4 

cm of core sample 73002. 

Fig 3: Distribution of solar wind damaged rim thick-

ness with respect to SEP track density and surface 

exposure age for anorthite and olivine grains. 
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