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Introduction: The depth-distribution of space 

weathering products in the Apollo cores have provided 
direct evidence of impact gardening and the depth and 
timescale of regolith mixing. The cores revealed space 
weathering products transported well below the depths 
at which they could be produced on an unmixed sur-
face. Using past and ongoing analysis of the distribu-
tion of submicroscopic iron and cosmogenic radionu-
clides in the cores, we have been able to draw infer-
ences about the rate and intensity of impact gardening 
on the Moon [1-4; Figure 1].  

Understanding of impact gardening where the 
Apollo cores have not sampled is of critical importance 
for future exploration of the Moon. Impact gardening 
controls the depth variation of volatiles including water 
ice in addition to the distribution of space weathering 
products. Over the last billion years, impact gardening 
has thoroughly mixed the uppermost meter of lunar 
regolith—that same meter of material to be explored 
by future landed and remote missions.  

Our theoretical models of impact gardening and its 
physical effects are able to reproduce observations 
from the Apollo cores; thus, we have established a 
useful tool with which to investigate gardening where 
cores have never been taken. We have published appli-
cation of our impact gardening model to the case of 
gardening in a variety of contexts, from the regolith at 
the Apollo sites to possibly icy polar regolith on the 
Moon [2-4], polar deposits on Mercury [2], the aster-
oid Ceres [5], and Jupiter’s astrobiologically signifi-
cant satellite Europa [6]. Moving forward, the 
knowledge gained from understanding the gardening 
evidenced in the Apollo cores and successful reproduc-
tion of that gardening using theoretical models allows 
us to predict and understand processes occurring across 
the Solar System.  

 In this abstract, we present the most up-to-date 
theoretical model calculations of gardening of the 
Moon, validation of these predictions against recent 
and past data collected from the Apollo cores, and pre-
liminary assessments of synthesis with orbital remote 
sensing of the evolution and physical effects of impact 
gardening on crater ejecta.  

 Specifically, we wish to improve understanding of 
the evolution of the depth gradient of regolith density. 
Regolith density gradients have been observed through 
analysis of the Apollo cores (e.g. [9]) and variations in 

the character and depth of the density gradient have 
been observed across the Moon in Lunar Reconnais-
sance (LRO) Diviner thermal radiometer data (“H Pa-
rameter”; [10]).  

Model: The impact gardening model predicts the 
depth and intensity of impact gardening provided a   

 
Figure 1: Impact gardening model results for more 
intense and relatively shallow homogenous mixing 
(in-situ reworking zone) and less intense, and relative-
ly deep heterogenous mixing (degradation zone) are 
shown as red and blue zones respectively, and are 
compared to past and recent analyses of the gardening 
apparent in the Apollo cores [1, 7, 8]. The yellow star 
datapoint represents analysis of the depth-distribution 
of optical maturity and implied reworking of the new-
ly opened Apollo 17 core, which is consistent with the 
depth-distribution of space weathering products in 
other cores and our prediction for in-situ reworking 
zone mixing. The yellow diamond shows the anoma-
lously deep and recent excavation observed in a re-
cent study of Apollo 17 core 70002-70009, which is 
consistent with degradation zone gardening. In ongo-
ing work, we are studying several named craters 
which feature thermophysically anomalous ejecta, 
apparent from remote sensing, their place in time, and 
gardening context. 
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crater production function informed by either a 
theoretical flux of objects onto the surface and scaling 
for the craters they produce, or an observed crater size-
frequency distribution. We recently updated the gar-
dening model to represent both excavation (craters 
explosively removing material from depth) and burial 
under ejecta [4] and share the most recent results here. 

Results: Model results predict the growth of a ho-
mogenously mixed and a heterogeneously mixed zone 
to greater depth with greater time. Results using a the-
oretical flux of dominantly secondary impacts and 
model results using the rate of small, new crater pro-
duction observed to have occurred over the decade-
long tenure of LRO [11] agree both with one another 
and with the gardening apparent in the Apollo cores 
(model results shown in Figure 1 as blue and red 
zones bound by contours).  

 Discussion: The model, which includes secondary 
impacts, can reproduce the gardening apparent from 
the distribution of space weathering products in Apollo 
cores and contextualize anomalously recent and deep 
mixing shown in Apollo 17 deep drill core 70002-

70009 [7]. Recent assessment of the depth of the in-
situ reworking zone apparent from analysis of the 
depth distribution of the optical maturity parameter 
(OMAT) in the upper section of the newly opened 
Apollo 17 core 73002 also agrees with previous find-
ings and with our model ([8]; Figure 1). 

The regolith density-depth profile also appears to 
be controlled to some measurable extent by impact 
gardening. In a preliminary analysis we plot the depth 
of the bottom boundary of the in-situ reworking zone 
as it has progressed over 1 and 10 million years (Fig-
ure 2) along with the average global depth-density dis-
tribution interpreted from remote observations of rego-
lith thermophysical properties or “H parameter” [10] 
and the relative density assessment of the Apollo cores 
provided by Carrier et al. [9]. Thermophysical anoma-
lies which appear as “cold spots” in H parameter dis-
appear after about 1 million years, a depth and lifetime 
which correlates with the 1 million year in-situ rework-
ing zone depth. Further, the inflection in the slope of 
global average H parameter appears to be correlated 
with the 1 million year in-situ reworking zone depth. 
Digging deeper into the past, the depth of the 10 mil-
lion year in-situ reworking zone appears to correlate 
with a density transition identified in the Apollo cores 
([9]; Figure 2).  

In ongoing work, we are studying several craters 
which feature thermophysically anomalous ejecta ap-
parent from remote sensing (craters named in Figure 
1), their place in time, and gardening context. Analysis 
of these craters will allow us to improve understanding 
of impact gardening over the last 10 million years, to 
synthesize recent, past, and ongoing analyses of the 
optical effects of space weathering, and the depth pro-
file of regolith density, and to understand how and why 
the density profile  as it evolves. 
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Figure 2: A plot of depth-density from analysis of 
remotely sensed thermophysical properties the regolith 
or “H parameter” [10] and relative density from analy-
sis of the Apollo cores [9]. Model-predicted in-situ 
reworking zone depths over 1 and 10 million years are 
also shown. This figure demonstrates how we can use 
1) the inflection in a continuous density distribution 
(e.g., H parameter) and 2) a horizon of relative density 
(e.g., Carrier et al., [9] Apollo core analysis) to deter-
mine the in-situ reworking depth and, ultimately, the 
gardening age of a core. 
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