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ARTICLE INFO ABSTRACT

Keywords: Micrometeoroid impacts, solar wind bombardment, and dielectric breakdown driven by solar energetic particles
Moon all potentially alter the optical properties of the lunar regolith by creating submicroscopic metallic iron
Surfalceh (smFe?), which includes both nanophase (<33 nm) and microphase (>33 nm) iron. We create a simple model
Regoliths

that describes the time-dependent accumulation of optically active smFe® in the lunar highlands. Our model
synthesizes recent analyses of how space weathering processes form smFe’-bearing agglutinates and rims on
soil grains and how impact gardening controls the exposure time of these grains. It successfully reproduces the
results of a prior analysis of the formation of smFe’ in the highlands, particularly in regard to nanophase iron,
showing that there is consistency among diverse analyses of Apollo samples and of orbital observations. We find
that the results of our model are not consistent with the solar wind directly forming smFe’ (although the solar
wind may play a role in optical maturation via hydrogen implantation). Our model results are consistent with
smFe’ in the lunar highlands being created mainly by micrometeoroid impacts, with a possible contribution
from dielectric breakdown weathering.

Impact processes
Solar wind
Cosmic rays

1. Introduction (Jordan et al., 2019; Jordan, 2021). All three processes vary with
latitude, and the solar wind and dielectric breakdown should also be

The Moon is exposed to processes, such as bombardment by charged affected by magnetic fields, whether in Earth’s magnetotail or in the
particles and micrometeoroids, that alter the optical properties of the Moon’s magnetic anomalies (e.g., Hemingway et al., 2015; Sim et al.,
regolith (for recent reviews, see Domingue et al., 2014 and Pieters and 2017; McFadden et al., 2019; Trang and Lucey, 2019; Jordan, 2021;
Noble, 2016). These processes can amorphize mineral surfaces and pro- Jordan et al., 2022). In addition, some have concluded that the solar
duce submicroscopic metallic iron (smFe”) found either in amorphous wind may dominate the production of smaller iron inclusions, while
rims on grains or in agglutinates (glass-welded aggregates) (e.g., Keller micrometeoroids dominate the production of larger sizes (Kramer et al.,

and McKay, 1997; Keller and Clemett, 2001). The larger, microphase 2011; Trang and Lucey, 2019; Blewett et al., 2021).
inclusions (~40 nm to 2 pm) darken the reflectance spectrum in the
visible and near-infrared, while smaller, nanophase inclusions (40 nm)
both darken and redden the reflectance spectrum (Britt and Pieters,
1994; Noble et al., 2007; Lucey and Riner, 2011).

A critical outstanding question is the relative role each weathering
element plays in the maturation of regolith that can be observed
optically. The solar wind creates inclusion-poor, amorphous rims on
soil grains (Keller and McKay, 1997). Micrometeoroid impacts and
solar wind sputtering may create inclusion-rich, vapor-deposited rims
and agglutinates (e.g., Keller and McKay, 1997; Keller and Clemett,
2001). In addition, there may be another process at work: dielectric
breakdown (“sparking”) caused by extreme charging during large so-
lar energetic particle (SEP) events (Jordan et al., 2014). Breakdown
may produce inclusion-rich deposits at rates slightly less than impacts grains and exposes shielded grains from the subsurface, preventing

Consequently, determining the rate at which optically active smFe’
is created can help us constrain the relative roles of the three poten-
tial weathering processes. Four studies can help. The first derived a
function describing the growth of the abundance of agglutinitic grains
in lunar soil (Mendell and McKay, 1975). The second measured the
rate at which space weathered rims grow on soil grains and found
that the two types of rims (solar wind—created and vapor-deposited)
grow on timescales of ~1—10 Myr of exposure to the solar wind (Keller
et al., 2021). The third study developed a simple method to estimate
how long impact-gardened regolith has been exposed to a given space
weathering process as a function of the working depth of that process
(Jordan et al.,, 2013). Impact gardening buries weathered regolith
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Growth of solar wind rims on lunar anorthite grains
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Fig. 1. The thickness of a solar wind rim on a soil grain (circles) grows as a function of the time the grain has been exposed to the solar wind (data from Keller et al., 2021).

The maximum thickness (7,

max

uncertainties of these values are 4.8 nm and 0.3 Myr, and R?> = 0.94.

them from being continuously exposed to space weathering process. In
other words, because the solar wind, SEPs, and micrometeoroid impacts
have different working depths in the regolith, grains are exposed to
each process for a different length of time. The final study determined
the rates at which two size fractions of submicroscopic iron—>33 nm
microphase iron, or mpFe’, and <33 nm nanophase iron, or npFe’—
accumulate in the highlands of the Moon (Tai Udovicic et al., 2021).
(These sizes are different from those mentioned above because the maps
of npFe’ and mpFe’ used by Tai Udovicic et al., 2021 were created
using the smFe® size ranges defined by Morris, 1980; see Trang and
Lucey, 2019.)

In this paper, we synthesize the results from these four studies
to develop a straightforward model that describes the time-dependent
accumulation of npFe® and mpFe® in the lunar highlands. Our model
successfully reproduces the results of Tai Udovicic et al. (2021), placing
critical constraints on the processes that optically mature the lunar
regolith.

2. A model for the formation of submicroscopic iron in the high-
lands

2.1. The growth of submicroscopic iron in highland soil

Submicroscopic iron is found in all size fractions of the regolith,
but the spectral reflectance of the Moon is dominated by the finest
fraction (~15 pm) (Pieters et al., 1993; Lucey, 2006). The agglutinitic
component of the soil contains most of the mpFe’ (e.g., James et al.,
2002; Basu, 2005; Pieters and Noble, 2016). On the other hand, the
majority of optically active npFe° is found in space-weathered rims:
as the average grain diameter approaches the finest fraction, the asso-
ciated abundance of agglutinates increases only slightly, whereas the
abundance of surface-correlated npFe® increases significantly (Taylor
et al., 2001, 2010).

We consider first the growth of npFe’. We assume that the npFe®
is randomly distributed throughout these rims, which is reasonable
because we model the abundance of npFe® on size-scales (210 km?)
much larger than the size-scale of individual grains. In other words,
although the density of npFe’ in a single grain’s rim may depend on

) is reached after ~20 Myr. Our model for rim growth (Eq. (1)) best fits the data for 7,

=171 nm and 7g,,, = 5.7 Myr (black curve). The lo

ax

the composition of that grain or its vapor deposits (e.g., Keller and
McKay, 1997), we use orbital observations that average together a
very large number of grains of various compositions. Thus, we can
assume that there is an average density of npFe® in grain rims. Given
this, it is reasonable to assume that the abundance of npFe’ is linearly
proportional to the volume of the rims. Because rims are thin with
respect to their host grains, the volume of a given rim is approximately
the product of the grain’s surface area and the rim’s thickness. We
consider the growth of both solar wind and deposited rims.

The growth of solar wind rims on grains of anorthite — whether from
the mare or highlands - is well-constrained. Keller et al. (2021) showed
that the rim thickness on a grain depends on the time the grain has been
exposed to the solar wind. The thickness can be fit by a simple function:

Tspwe) = Tyax [1 —exp ("S—"Wﬂ &

TSpWe
where T is the thickness (in nm), T, is the maximum thickness
(~170 nm), tg,y, is how long the grain has been exposed to space
weathering, and g,y is the characteristic timescale (~6 Myr) for rim
growth (Fig. 1). The reason for the maximum thickness is likely because
there is a maximum penetration depth of the solar wind ions that create
amorphous rims (Keller et al., 2021).

Although amorphous solar wind rims can contain some npFe’
(Keller and McKay, 1997; Keller et al., 2000), the majority of these
inclusions is found in depositional rims formed by some combination
of solar wind sputtering and micrometeoroid bombardment (Hapke
et al., 1975; Keller and McKay, 1997; Hapke, 2001). The thickness of
depositional rims exhibits significant scatter as a function of exposure
time; this may be due to the stochastic nature of micrometeoroid
bombardment, both in energy and frequency (Keller et al., 2021).
Despite this, the average thickness of deposited rims in a soil (rather
than on an individual grain) should also follow Eq. (1), but with values
of T,,,,x and zg,,, that differ from those of solar wind rims.

This can be seen by considering the fact that the average thickness
depends on the rates at which the rims are being created and the grains
being destroyed by impacts (e.g., McKay et al., 1974). Initially, the av-
erage thickness grows linearly with exposure time ¢g,y,, because fresh
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How impact gardening affects

exposure time to space weathering
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Fig. 2. How the exposure time of impact gardened soil to a given space weathering process depends on the soil’s age and on the functional depth of that process (zg,y,) for
three values of zg,;, (see Eq. (5)). Older soils have been more gardened, exposing more grains to the weathering process, so the exposure time increases with age. In addition,
grains are exposed for more time to processes that are more penetrating (i.e., have a greater zg,,).

regolith has so few rim-bearing grains that their destruction is unlikely.
Eventually, the number of grains with rims is sufficiently high that
rim-bearing grains are destroyed at the rate at which rims are created.
At about this time, the average rim thickness in the soil has reached
a steady state. Consequently, it seems reasonable to assume that the
average thickness of depositional rims follows Eq. (1). As mentioned
above, the abundance of optically active npFe is proportional to rim
thickness and thus has the same functional form as Eq. (1).

For the growth of mpFe’, we assume that, to first order, its abun-
dance is proportional to the total volume of agglutinitic material in the
soil. The abundance of agglutinates likely has the same functional form
as does Eq. (1) (Mendell and McKay, 1975), so the abundance of mpFe”
does, as well. We do note that the formation of mpFe’ may be more
complex than we assume, as some may be formed by the coalescing of
npFe® when npFe-bearing rims and agglutinates are melted by impacts
(e.g., see the discussions in Basu, 2005 and Pieters and Noble, 2016).
As a result, the abundance of mpFe® might continue growing after the
volume of agglutinitic material has reached a steady state, e.g., mpFe’-
poor agglutinates may become mpFe’-rich via repeated melting. We
find, however, no evidence that the growth of mpFe’ deviates from our
assumed functional form in this way (see Sections 3 and 4).

We conclude, then, that both size-ranges of highland smFe® follow
this equation:

—fSpWe(f)> @

S(1) = Spax — 54 €XP <
TSpWe

where s is the weight percent (wt%) of smFe, and s,,,, is the steady-
state wt% of smFe’, s, is the difference between the steady-state
abundance and the initial abundance, 7 is the age of the soil, 75,y is
a function of 1, and 7y, is the characteristic timescale of growth for
the size-range under consideration. The values of s,,, and zg,;,, and
the function #g,y,,(¢) all depend on the space weathering process being
described.

2.2. The exposure time of the lunar regolith

To model the weight percent of smFe® as a function of time, we
must estimate 7, ,(f), a function that describes how the exposure

time of the soil to a given space weathering process increases with
time. The exposure time depends on how long soil grains have spent at
depths shallow enough for them to be space weathered. Thus, ¢,y (1)
is controlled by how impacts mix, or garden, the regolith (e.g., Jordan
et al., 2013).

The top layer of regolith has been thoroughly gardened (down to
tens of centimeters on timescales of up to ~1 Gyr), as shown by the
fact that various soil maturity indices are constant throughout the layer
(Morris, 1978). We make the simplifying assumption that all grains in
the gardened layer (i.e., the in-situ reworking zone) have spent about
equal time at all depths from the surface to the bottom of the gardened
layer (we discuss this assumption below). Consequently, all the soil
grains have been exposed to a given space weathering process for as
long as they have been at depths shallow enough for that process to
operate on them (e.g., O’'Brien and Byrne, 2021). This means that the
ratio of the soil’s exposure time to its age is approximately the ratio of
the characteristic penetration depth of space weathering (zg, ) to the
depth of gardening (z,):
lSpWe(t) _ ZSpWe (3)

t z4(1)

In other words, the soil’s grains within the gardened zone have spent
all their lifetimes (#) within that zone (i.e, at depths < z,), but only
some of that time (¢, ) at depths to which a given space weathering
process can operate (< zg,y,)- As a result, the typical exposure time
of all gardened grains in a soil to a shallow process, like solar wind
bombardment, is much less than their exposure time to a deeper
process, like micrometeoroid impacts.

Both 74, and z, are functions of ¢. This equation applies only for
Zg > Zspwe, Decause when z, < zg,p., tsywe(t) =1, ie., all gardened
grains have been exposed to a given space weathering process for the
lifetime of the soil. In this study, we consider only cases where z, >
Zg,w- This is similar to Jordan et al. (2013), except that they used the
gardening function of Arnold (1975). Here, we use the function from
Morris (1978) that provides a better fit to the Apollo samples (e.g., see

Fig. 3 of Morris, 1978).
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Growth of nanophase iron
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Fig. 3. Our model provides a good fit to how the abundance of nanophase iron in the highlands depends on the age of the soil. Both plots show the same data and model output;
the top has a linear scale and the bottom a logarithmic scale. The data are from the study of Tai Udovicic et al. (2021) (for uncertainties, please see their Fig. 3). The best fit

using Eq. (8) has n,,,, =038 wt% and Y,(z;/7;) = 0.37 cm Myr~.

From Apollo core samples, the median gardened depth z, is, at a
~50% probability,

z,(t) = 2204

4

where z, is in units of cm and ¢ is in Myr (Morris, 1978). This equation
applies to timescales of ~0.1-1000 Myr (Costello et al.,, 2020). By
combining Eq. (4) with Eq. (3), we find that
ZSpWe t0_55 (5)
where 7,/ is in units of Myr and zg,/, is in cm (Fig. 2). This equation
describes the median exposure time of the gardened soil.

Our assumption that all gardened soil has spent equal times at
all depths is not quite correct, because the mixing time increases

tSpWe(t) =

with depth (e.g., Costello et al., 2020). In other words, a deep grain
would likely stay longer at its depth than would a shallower grain.
This implies that Eq. (3) overestimates the amount of time that soil
has spent at shallower depths. We note, however, that our approach
estimates exposure timescales that are somewhat shorter than those
found using the three-dimensional, lunar landscape evolution model
developed by O’Brien and Byrne (2021). They found that, in a 3500 Myr
old region, soil grains spend a median time of ~6 Myr in the top
0.1 cm. For the same age (3500 Myr) and depth (ZspWe = 0.1 cm),
Eq. (5) gives a median exposure time of 4 Myr, which is close to 6 Myr.
The similarity between the results of their forward modeling and our
more empirical approach gives us confidence that Eq. (5) provides an
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Fig. 4. How our model fits the abundance of microphase iron in the highlands as a function of soil age. Both plots show the same data and model output; the top has a linear
scale and the bottom a logarithmic scale. The data are from the study of Tai Udovicic et al. (2021) (for uncertainties, please see their Fig. 3). The first best fit of Eq. (9)

has three free parameters: m

Y.(z;/7;) =037 cm Myr~!, found from the npFe’ data; here, m,,,, = 0.71 wWt%, m, = 0.19 wt%.

adequate and straightforward way to calculate median exposure times

to space weathering processes.

2.3. The model for the production of submicroscopic iron in the highlands

We combine Egs. (2) and (5) to find how production of smFe®

depends on time:

0.55
ZSpWe !

S(t) = Spax — S4EXP <—

22 TSpWe

)

thus:

055

Z.
S@t) =Sy —Spexp| —— Y =
max A < 22 Z T,

3. Applying the model

ax = 0.73 Wt%, m, = 0.19 wt%, and Y(z,/7;) = 0.24 cm Myr™! (dashed curve). The other fit (solid curve) has two free parameters, since it uses

depth and timescale of space weathering process i. The full equation is

()

We apply this model to the analysis of Tai Udovicic et al. (2021),
(6) who determined the abundance of smFe® in the ejecta of dated impact

If multiple space weathering processes are involved, zg,w./Zs,we
should be replaced by Y ,(z;/7;), where z; and 7; are the characteristic

craters in the highlands. We fit Eq. (7) to their results for the abun-
dances of mpFe® (>33 nm) and npFe® (<33 nm). This means our results
are valid for the size-scales (310 km?) of the ejecta annuli analyzed by
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Tai Udovicic et al. (2021); they defined the inner edges of the annuli to
be at the crater rims, i.e., at one crater radius, and the outer edges at
four crater radii. We begin with npFe’, because its growth rate is more
constrained than that of mpFe.

Tai Udovicic et al. (2021) concluded that the initial (+ = 0) abun-
dance of npFe’ in highland regolith is 0 wt%. Thus, we can use Eq. (7):

055 .
n(t) = Ry [l —exp <_t2_2 Z %)] ®

where n is the abundance of npFe® (wt%), n,,, is the steady-state
abundance, and n, = n,,,. We fit this equation to the npFe’ data
of Tai Udovicic et al. (2021) (Fig. 3) and find that the best fit is
gy = 038 Wt% and Y,(z;/7;) = 0.37 em Myr~! (R? = 0.9, and the 1o
uncertainties in the fit parameters are 0.01 wt% and 0.03 cm Myr~1).
The timescale 7y, is likely in the range of 1-10 Myr of exposure to
the solar wind (Keller et al., 2021), and this should be the lower limit
if other, more penetrative processes create smFel (see Section 2.2).
For this range of timescales, we find that the results of Tai Udovicic
et al. (2021) constrain the functional depths of the combined space
weathering processes to be zg,y,, 2 0.3-3 cm.

The situation for mpFe® is more complex because it contains two
components. The first component is already present in the soil particles
when they form, and the second is what is created subsequently by
exposure to space weathering processes (Morris, 1980) (we discuss this
in more detail in Section 4). Consequently, the initial abundance of
mpFe’ does not start at 0 wt% (Tai Udovicic et al., 2021). Thus, Eq. (7)
becomes

10.55

m(t) = My, — My exXp <—HZ%> ©

where m is the weight percent of mpFe’, and m, is the difference
between the final abundance of mpFe® (m,,,,) and the initial abundance
m,,;,- For the best fit, we find m,,,, = 0.73 wt%, m, = 0.19 wt%, and
¥.(z;/7;) = 0.24 cm Myr~! (the lo uncertainties in the fit parameters
are, respectively, 0.02 wt%, 0.03 wt%, and 0.10 cm Myr~!, and R? =
0.4) (solid curve in Fig. 4). Again, given the minimum 1-10 Myr found
by Keller et al. (2021), the functional depth of the combined weathering
processes is at least ~0.4—4 cm.

The significant scatter in the mpFe data limits the conclusions we
can draw from them, but we note that uncertainties in the values of
¥',(z;/7;) for both npFe’ and mpFe’ slightly overlap. In addition, if we
use Y,(z;/7;) = 0.37 cm Myr~! in Eq. (9), then the values for m,,,, and
m, change insignificantly, as does the goodness of the fit (dashed curve
in Fig. 4). Thus, Y,(z;/7;) is likely similar for both mpFe’ and npFe®,
and we discuss the implications of this in the next section.

We can estimate the timescale needed to achieve a steady state
in the abundance of both size ranges of smFe’ on the size-scales
analyzed by Tai Udovicic et al. (2021). According to our model, ~90%
of the steady-state abundance of npFe’ is created in ~100 Myr, ~95%
in ~200 Myr, and ~99% in ~400 Myr. Because mpFe’ does not start
at 0 wt%, it reaches steady state more quickly: ~90% in ~30 Myr,
~95% in ~60 Myr, and ~99% in ~200 Myr. (We could do the same for
total smFe’ by adding Egs. (8) and (9).) Consequently, we find that
highland soils reach maturity in a few hundred million years, which
agrees with analyses of Apollo samples (McKay et al., 1974) and agrees
qualitatively with the analysis of Trang and Lucey (2019).

Our simple model successfully combines trends from a variety of
data sets. Eq. (7) is based on a range of soil analyses — the maturity of
Apollo cores as a function of depth, the surficial location of optically
active smFe’ in grains, the growth of grain rims and agglutinates — yet
it describes orbital observations of space weathering. This correlative
consistency gives us confidence that our model correctly describes
how space weathering produces optically active smFe’ in the lunar
highlands.

Icarus 387 (2022) 115184
4. Implications for space weathering in the lunar highlands

The success of our model places a significant constraint on the
processes forming optically active smFe® in the highlands. Both npFe’
and mpFe’ are formed by processes with a depth-to-timescale ratio
(X;(z;/7;)) of about 0.3 cm Myr~! (the average of the two ratios for
the two size fractions). This suggests that both size fractions of smFe”
could be formed by the same combination of processes.

We test this conclusion by finding the correlation between smFe®
populations in the highlands. Beginning with npFe and mpFe® abun-
dance maps between +60° latitude from Trang and Lucey (2019), we
isolate the highlands using Nelson et al. (2014). We find the abun-
dances of nanophase and microphase iron are well-correlated, with a
Pearson coefficient of 0.60 (Fig. 5). Note that both npFe’ and mpFe’
have higher maximum values in Fig. 5 than in Figs. 3 and 4 because
the values produced in the latter plots are averaged abundances over all
pixels in an annuli surrounding the craters (Tai Udovicic et al., 2021).
For this reason, we do not use those values to model the pixel-by-pixel
relationship in Fig. 5.

Our analysis of orbital observations agrees with the analysis of
Apollo soils done by Morris (1980). That author found that a soil’s
metallic iron has three components: (1) npFe’, which is created by
space weathering processes; (2) the fraction of mpFe® also created by
those processes; and (3) the fraction of mpFe® native to the soil’s source
material. This last component is a constant for a given soil and depends
on the amount of metallic iron in the rocks that have been comminuted
to form the soil. This can be seen in Fig. 5: if npFe® is extrapolated
to zero, i.e., extrapolated to unweathered soil, mpFe® would have a
value of ~0.4 wt%. Furthermore, Morris (1980) showed that, as the soil
matures, the abundances of npFe’ and mpFe® are linearly correlated
(the exact correlation depends on the soil’s iron content, suggesting that
our approach could be modified to apply to the maria). The agreement
between Morris’s analysis of lunar soils and our analysis of orbital
observations gives us confidence that we have identified a linear corre-
lation between npFe® and the maturity-dependent (i.e., time-varying)
component of mpFe’.

The correlation implies that <33 nm smFe® (npFe®) is formed by the
same processes, on the same timescales, and thus down to the same
depths as the time-dependent (i.e., maturity-dependent) component of
>33 nm smFe’ (mpFe’). The reason for this is that the equations for
n(t) and m(t) (Eqgs. (8) and (9)) both depend non-linearly on time. As a
result, their depth-to-timescale ratios, i.e., Y ;(z;/7;), must be similar in
order for the two quantities to be linearly correlated, reinforcing our
conclusion in Section 3. It is unlikely that two different space weather-
ing processes (e.g., the solar wind creating npFe’ and micrometeoroid
impacts creating mpFe®) would have such similar (within 1¢) depth-
to-timescale ratios. For this to occur, the relative difference in depths
must be offset by the same relative difference in the timescales of
formation. This seems to be unlikely, so we conclude that it is more
reasonable that the linear correlation between npFe and the time-
dependent component of mpFe” implies that they are formed by the
same set of processes.

Under the assumption that npFe® and mpFe populations are formed
by the same processes, and considering the critical ratio },(z;/7;) ~
0.3 cm Myr~!, we can make a determination about the processes most
likely to form smFe’. We rule out solar wind as an independent and sig-
nificant contributor because the depth to which it processes the regolith
is only the top layer of grains (i.e., solar wind ions cannot pass through
grains)—too shallow to work over the modeled depths (~0.3—3 cm) and
timescales (~1-10 Myr; see Fig. 1). Downward sputtered products (e.g.,
Hapke et al., 1975; Hapke, 2001) may penetrate to the next layer of
grains but cannot pass through that layer, which is still not as deep as
required by our model results.

On the other hand, the solar wind may still play an indirect role by
aiding other, deeper processes in the formation of smFe’. Solar wind-
implanted hydrogen may help reduce iron during the impulsive heating
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Fig. 5. A two-dimensional histogram of the abundances of npFe’ and mpFe’ in the highlands (~1 km/pixel at the equator). The two size fractions are well-correlated linearly,
implying that they form on the same timescales and are thus created by the same space weathering process(es).

events — impacts and dielectric breakdown - that we discuss below
(e.g., Housley et al., 1973; Allen et al., 1993). Although grains can be
implanted with hydrogen only at the surface, impacts can distribute
these grains throughout the gardened zone (e.g., see Section 2.2), where
they are available to processes that operate deeper than the solar wind’s
penetration depth. Whether the solar wind does play such a role in the
formation of smFe is still uncertain, however, as some work has shown
that vapor deposition can form smFe® without hydrogen implantation
(Hapke et al., 1975; Hapke, 2001; Yamada et al., 1999; Sasaki et al.,
2001, 2003).

Micrometeoroid impacts, on the other hand, may reasonably ac-
count for most optically active smFe’, because they create both vapor
deposits and agglutinates. The timescale on which they work is unclear,
although it seems to be 1-10 Myr in terms of exposure to the solar
wind (Keller et al., 2021). Since the solar wind is less penetrating than
micrometeoroids, the exposure timescale to micrometeoroid weather-
ing is likely longer. If so, then the characteristic penetration depth is
>0.1-1 cm.

This does not seem unreasonable for micrometeoroid impacts. We
assume that micrometeoroids have masses <1072 g (e.g., Horz et al.,
1991); in this case, the median mass of a micrometeoroid is ~107 g
(Griin et al., 1985). A projectile of this mass forms a crater with a depth
of ~0.1 em (Gault, 1973), assuming a speed of 10 km s~! (Cintala,
1992), a micrometeoroid density of 3 g cm™3, and a solid target of
density 3 g cm™3 (McKay et al., 1991). (Note that ~0.1 cm represents
the crater depth in a solid target, and so is a conservative estimate of
the penetration depth in porous regolith. On the other hand, we assume
a normally incident projectile, which overestimates the penetration
depth, so we can assume that ~0.1 cm is reasonable for our purposes.)
The median penetration depth of micrometeoroids is thus ~0.1 cm.
A micrometeoroid of mass 10~2 g (the approximate upper limit for
micrometeoroids) forms a crater with a depth of ~1 cm.

Consequently, about half of all micrometeoroid impacts affect
depths ~0.1—1 cm and the rest affect depths <0.1 cm. This is in reason-
able agreement with the characteristic penetration depth we estimated
above (20.1-1 cm). Note that the time to garden to the approximate
maximum depth of impacts, ~1 cm, is ~0.1 Myr. The youngest crater in
Fig. 3 is 0.22 Myr, s0 z, 2 zg,w, for all the craters analyzed, and thus

Eq. (5) can be used. As a result, it seems that micrometeoroid impacts
can explain much of the abundance of optically active smFe°.

Another possible source of smFe is dielectric breakdown (herein
referred to as “breakdown”), which has been predicted to occur in
cold regions (e.g., much of the nightside) where large SEP events
cause extreme deep dielectric charging (Jordan et al., 2014, 2019).
If breakdown occurs, it likely creates vapor deposits (Jordan et al.,
2015) and may create smFe’ (Sheffer, 2007; Pasek et al., 2012). It
is predicted to melt and vaporize soil at a rate comparable to that
of micrometeoroid impacts (Jordan et al., 2019; Jordan, 2021) and
thus may create smFe’ on a similar timescale. In addition, it likely
operates to depths of ~0.1 cm (Jordan et al., 2014), giving it a depth-
to-exposure-time ratio of no more than ~0.01-0.1 cm Myr~!. Thus, if
breakdown weathering occurs, it may provide an additional source of
smFe?, consistent with the conclusions of Jordan (2021) and Jordan
et al. (2022).

Other locations on the Moon may give the opportunity to further
investigate these relations. In some permanently shadowed regions, the
average solar wind flux is reduced by 2—3 orders of magnitude relative
to the equator and at least an order of magnitude relative to their
immediate surroundings (Rhodes and Farrell, 2020)—less than the es-
timated ~80% reduction at the swirl Reiner Gamma (Deca et al., 2018).
Likewise, the micrometeoroid flux is somewhat reduced (Pokorny et al.,
2020), but breakdown weathering is predicted to be enhanced, because
these regions are cold throughout the lunar day (Jordan et al., 2015,
2017, 2019). Thus, permanently shadowed regions without exposed
ice may further constrain the possible processes that dominate optical
changes (e.g., Byron et al., 2019; Denevi and Robinson, 2020).

5. Conclusion

We created a simple model that describes the time-dependent accu-
mulation of optically active smFe’ in the lunar highlands. Our model
synthesizes recent analyses of how space weathering processes form
smFe’-bearing agglutinates and rims on soil grains and how impact
gardening controls the exposure time of the grains. It successfully re-
produces the results of Tai Udovicic et al. (2021), particularly in regard
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to npFe, showing that there is consistency among diverse analyses of
Apollo samples and of orbital observations.

We find that our model results are not consistent with the solar wind
directly forming smFe® (although the solar wind may play a role via
hydrogen implantation). Our model results are consistent with highland
smFe’ being created mainly by micrometeoroid impacts, with a possible
contribution from SEP-driven dielectric breakdown.
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