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Figure 1 (Color online) Formation of lunar soil. (a) Schematic illustration of impact excavation and ejecting process. The ejecting route can be
described by the Maxwell Z-model. (b) Schematic illustration of gardening resulting from smaller impacts. (¢) Schematic illustration of Maxwell
Z-model. (d) Qualitative comparison of original depth distribution of lunar soil from craters with different sizes and at different ejecting distances.
Smaller craters can only excavate rocks from shallow depth. Ejecta from shallow depth can travel further, hence the PDF of ejecta’s original depth can
be used to decipher the traveling distance
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Table 1 Parameters used in the lava cooling model
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Figure 2 (Color online) Lava cooling as a function of time. (a) Schematic illustration of lava flow cooling. (b) Simulation results of temperature
profiles after different cooling time, with an initial lava temperature of 1100°C
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Figure 3 (Color online) Principles of diffusion chronometry. (a, b) Diffusion profiles controlled by timescale and temperature. (c—f) Simulation results
of diffusion within minerals from different depths in the lava. The diffusion process at 0.01, 15 and 25 m depths are illustrated in panel (d), (e) and (f),
respectively. Black dashed line refers to initial composition profiles, and red solid line refers to diffusion profiles when the lava cools down completely
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Figure 4 (Color online) Transferring sample diffusion timescale to sample depth. (a) Diffusion timescale as a function of mineral depth within the lava
flow, the example shown here is based on Fe-Mg diffusion in clinopyroxene. (b) Distribution histogram of diffusion timescales obtained from samples.
(c) Sampling depth distribution histogram converted from the diffusion timescales. Black dashed line represents the probability density function of
sample depth
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Figure 5 (Color online) Constraining the provenance of lunar soil. (a) For a 120 m crater, the distribution of ejecta’s origin depth at different distances
can be quantified by the Maxwell Z-model. (b) Comparing the sample’s original depth distribution with results predicted by the Maxwell Z-model, we
can estimate the ejection distance assuming it is from a 120 m crater. (c) For a sample with known original depth distribution, the ejection distance is a
function (red line) of crater size as predicted by the Maxwell Z-model. Since the size of crater also determines the maximum excavation depth and the
thickness of ejecta, we can use lunar soil thickness (yellow dashed line) and the maximum excavation depth to further constrain the size of crater and
ejection distance
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Figure 7 (Color online) Relationship between sample depth and diffusion timescale. (a) Schematic illustration of the method to trace original depth of
a mineral from the lava flow. Red line refers to the measured diffusion profile of the mineral, grey lines refer to the modelled profiles for minerals from
different depths. (b) For lava flow with variable thickness, the timescales recorded by diffusion chronometry are a function of depth. Black dashed lines
refer to maximum timescales that can be recorded by minerals with different grain sizes. Different lava thickness is marked with different colors.
(c) For a given diffusion profile, it is linked to the depth of a mineral within the lava flow, but not directly relevant to lava thickness
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Figure 8 (Color online) Magma ascent and crystallization process. (a) Schematic illustration of magma evolution including residence, ascent and
cooling. (b) Multi-stage crystal growth along with magma evolution
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Constraining the provenance of basaltic lunar soil from impact
ejection and lava cooling history
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Lunar soil, or regolith, which blankets the Moon’s surface, contains vital information about the Moon’s formation,
geological history, and surface evolution. Understanding the origin and evolution of this material is essential for
interpreting data collected during past and future lunar missions. One of the key challenges in lunar geology is tracing the
provenance of lunar soil — that is, determining where it originally came from. This is especially critical because lunar soil
is often transported and reworked over time, meaning its current location may not reflect its source. Mature lunar soil
generally undergoes two distinct processes. The first is initial formation, which occurs through high-energy impact events
that physically break down bedrock, generating fragments and ejecting them across the surface. The second is the
gardening process, where micrometeorite bombardment and continual impacts churn and mix the upper regolith layers.
This prolonged mixing leads to a homogenized material in terms of its original depth within the lava flow.

Previous efforts to trace the origin of lunar soil have mainly relied on remote sensing data and theoretical impact ejecta
models, which estimate the contribution of material from known craters or distant sources. Here we propose a novel
method that combines impact modeling with thermal diffusion chronometry to link soil samples to depths within their
source rocks as mare basalts. Using the Maxwell Z-model, which describes the excavation flow field of a crater-forming
impact, we simulate the depth distribution of ejecta from a basaltic lava flow. This model allows us to predict how deep
within a lava flow the material originated, based on the distance it was ejected from the impact site. Additionally, we
simulate the cooling history of lunar lava flows. As a lava flow cools, minerals located at different depths within the flow
experience different thermal histories, which are recorded in their diffusion profiles. These profiles can be measured using
diffusion chronometry, providing a time-temperature record for individual mineral grains.

Our findings show that the depth at which a mineral formed in the original lava flow is the primary control on its thermal
history, rather than the overall thickness of the flow or eruption rate. While this demonstrates that diffusion chronometry
provides a minimum estimate on the flux and/or volume of basaltic lava flow, it also enables us to estimate the original
depth of soil grains with the lava flow.

This integrated approach offers a new method for tracing the provenance of lunar soil using diffusion chronometry. It
enhances our ability to interpret lunar samples in a geological context and provides useful information for future lunar
missions.

lunar soil, Maxwell Z-model, lava cooling history, diffusion chronometry
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